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Abstract 

Development of New Methods Towards Actinide-Carbene Fragments 

by 

Greggory T. Kent 

The reaction of UCl4 or ThCl4(DME)2 with 1,4,7,10-tetrazacyclodecane-1,4,7,10-

tetraacetic acid (H4DOTA), and 6 equiv of trimethylamine, in DMSO results in the formation 

of [AnIV(k8-DOTA)(DMSO)] (An = U, Th), which can be isolated in moderate yields after 

work-up. Both Complexes are the first structurally characterized actinide DOTA complexes to 

feature the k8 binding mode for the DOTA ligand. In addition, we isolated a few crystals of 

[U(k4-H2DOTA)(DMSO)4][Cl]2.  Crystallographic characterization of this material reveals 

that the [H2DOTA]2- ligand in [U(k4-H2DOTA)(DMSO)4][Cl]2 is only coordinated to U4+ by 

its four carboxylate arms, generating an overall k4 binding mode. Similar complexes have been 

previously proposed as intermediates of H4DOTA complexation pathway, but this intermediate 

had not been structurally characterized until now. 

Reaction of [Li(THF)]4[L] (L = Me8-calix[4]pyrrole]) with 0.5 equiv of [UVIO2Cl2(THF)2]2 

results in formation of the oxidized calix[4]pyrrole product, [Li(THF)]2[L∆] , concomitant with 

formation of reduced uranium oxide by-products.  [Li(THF)]2[L∆] can also be generated by 

reaction of [Li(THF)]4[L] with 1 equiv of I2. I hypothesize that formation of [Li(THF)]2[L∆] 

proceeds via formation of a highly oxidizing cis-uranyl intermediate, [Li]2[cis-

UVIO2(calix[4]pyrrole)]. To test this hypothesis, I explored the reaction of [Li(THF)]2[L∆] with 

either 0.5 equiv of [UVIO2Cl2(THF)2]2 or 1 equiv of [UVIO2(OTf)2(THF)3], which affords the 

isostructural uranyl complexes, [Li(THF)][UVIO2(L∆)Cl(THF)] and 



 

 ix 

[Li(THF)][UVIO2(L∆)(OTf)(THF)], respectively. In the solid state, 

[Li(THF)][UVIO2(L∆)Cl(THF)] and [Li(THF)][UVIO2(L∆)(OTf)(THF)] feature unprecedented 

uranyl-η5-pyrrole interactions, making them rare examples of uranyl organometallic 

complexes.  In addition, [Li(THF)][UVIO2(L∆)Cl(THF)] and 

[Li(THF)][UVIO2(L∆)(OTf)(THF)]exhibit some of the smallest O−U−O angles reported to date 

(162.0(7) and 162.7(7)°; 164.5(5)°, respectively).  Importantly, the O−U−O bending observed 

in these complexes suggests that the oxidation of [Li(THF)]4[L] does indeed occur via an 

unobserved cis-uranyl intermediate. 

The reaction of [AnCl(NR2)3] (An = U or Th; R = SiMe3) with NaCCH and 

tetramethylethylenediamine (TMEDA) results in the formation of [An(C≡CH)(NR2)3] (An = 

U, Th), which can be isolated in good yields after work-up.  Similarly, reaction of 3 equiv of 

NaCCH and TMEDA with [AnCl(NR2)3] results in the formation of 

[Na(TMEDA)][An(C≡CH)2(NR2)3] (An = U, Th), which can be isolated in fair yields after 

work-up. Reaction of [U(C≡CH)(NR2)3] with 2 equiv of KC8 and 1 equiv of 2.2.2-cryptand in 

THF results in formation of the U(III) acetylide complex, [K(2.2.2-

cryptand)][U(C≡CH)(NR2)3].  Thermolysis of [U(C≡CH)(NR2)3] or [Th(C≡CH)(NR2)3] 

results in formation of the bimetallic dicarbide complexes, [{An(NR2)3}2(μ,η1:η1-C2)] (An = 

U, Th), whereas reaction of [U(C≡CH)(NR2)3] with [Th{N(R)(SiMe2)CH2}(NR2)2] results in 

formation of [U(NR2)3(μ,η1:η1-C2)Th(NR2)3]. The 13C NMR chemical shifts of the a-acetylide 

carbons in [Th(C≡CH)(NR2)3], [Na(TMEDA)][Th(C≡CH)2(NR2)3], and 

[{Th(NR2)3}2(μ,η1:η1-C2)]  exhibit a characteristic spin-orbit induced downfield shift, due to 

participation of the 5f orbitals in the Th-C bonds. Magnetism measurements demonstrate that 
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[{U(NR2)3}2(μ,η1:η1-C2)]  displays weak ferromagnetic coupling between the U(IV) centers (J 

= 1.78 cm–1).  

The reaction of [AnCl(NR2)3] (An = U, Th, R = SiMe3) with in situ generated lithium-3,3-

diphenylcyclopropene results in the formation of [{(NR2)3}An(CH=C=CPh2)] (An = U, Th) in 

good yields after work-up. Deprotonation of [{(NR2)3}U(CH=C=CPh2)] or 

[{(NR2)3}Th(CH=C=CPh2)] with LDA/2.2.2-cryptand results in formation of the anionic 

allenylidenes, [Li(2.2.2-cryptand)][{(NR2)3}An(CCCPh2)] (An = U, Th). The calculated 13C 

NMR chemical shifts of the Cα, Cβ, and Cγ nuclei in [{(NR2)3}Th(CH=C=CPh2)] and [Li(2.2.2-

cryptand)][{(NR2)3}Th(CCCPh2)] nicely reproduce the experimentally assigned order, and 

exhibit a characteristic spin-orbit induced downfield shift at Cα due to involvement of the 5f 

orbitals in Th–C bonds. Additionally, the bonding analyses for [Li(2.2.2-

cryptand)][{(NR2)3}U(CCCPh2)] and [Li(2.2.2-cryptand)][{(NR2)3}An(CCCPh2)] show a 

delocalized multi-center character of the ligand p orbitals involving An. While a single-triple-

single-bond resonance structure (e.g., An-CºC-CPh2) predominates, the An=C=C=CPh2 

resonance form contributes, as well, more so for uranium analog. 

I also report the synthesis, characterization, and reactivity of the 

bis(diisopropylamino)cyclopropenylidene (BAC) adducts of [M(NR2)3] (M = Ce, U; R = 

SiMe3), namely, [(NR2)3M(BAC)] (M = Ce, U). Photolysis of [(NR2)3Ce(BAC)] with a 365 

nm LED source results in formation of the methylenecyclopropene species, 

[(iPr2N)2C3C(NiPr2)(CCNiPr2)], via the formal dimerization and rearrangement of two BAC 

fragments.  [(iPr2N)2C3C(NiPr2)(CCNiPr2)] can also be generated under catalytic conditions by 

performing the photolysis of BAC in the presence of 10 mol% [Ce(NR2)3]. Whereas heating 
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[(NR2)3U(BAC)] results in the formation of [(NR2)2U{N(R)(SiMe2)(2,3-(NiPr2)-

C(H)C=CC(H))}], via the formal ring opening and insertion of the BAC ligand. 

The reaction of [Cp3ThCl] with in situ generated lithium-3,3-diphenylcyclopropene results 

in the formation of [Cp3Th(3,3-diphenylcyclopropenyl)], in good yields. Thermolysis of 

[Cp3Th(3,3-diphenylcyclopropenyl)] results in isomerization to the ring-opened product, 

[Cp3Th(3-phenyl-1H-inden-1-yl)] via a hypothesized carbene intermediate. By comparison, 

reaction of [Cp3UCl] with in situ generated lithium-3,3-diphenylcyclopropene results in the 

formation of [Cp2U(h2-triphenylethylene)] via a hypothesized U(VI)-carbyne intermediate. 

Furthermore, reaction of [Cp3U(THF)] with 2 equiv 3,3-diphenylcyclopropene results in the 

formation of [Cp3U(3,3-diphenylcyclopropyl)], via formal hydrogen atom abstraction. These 

transformations represent several new modes of reactivity of 3,3-diphenylcyclopropene with 

the actinides, improving our ability to use this reagent as a carbene source.  A combined DFT 

and 13C{1H} NMR analysis of [Cp3Th(3,3-diphenylcyclopropenyl)] shows a spin–orbit 

induced downfield shift at Cα due to participation of the 5f orbitals in the Th–C bond. 
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1.1 Nuclear Energy and Closing the Nuclear Waste Cycle 

As the effects of climate change grow and the production of fossil fuels dwindles there is 

an increasing demand for non-fossil fuel energy alternatives which can be quickly constructed.1 

Nuclear power has found renewed interest as a popular carbon-free energy alternative for many 

countries, due to both its scalability and energy production density.2 The use of nuclear power 

differs from country to country, but it accounts for approximately 10% of global energy 

production and 28% of non-fossil fuel-based energy production. 2 For instance, nuclear power 

accounts for approximately 20% of all the electricity generated in the United States, whereas 

in France this number is 71%.3 Despite the evidence of nuclear power’s appeal as a non-fossil 

fuel alternative, opponents of its use cite concerns over safety issues related to operating power 

plants, and the generation of radioactive waste.  

One of the greatest challenges associated with the development of new and existing nuclear 

power plants is the handling of spent nuclear fuel.4 Over time, the conversion of fissile fuel 

into fission products, such as the lanthanides, which “quench” neutrons required for nuclear 

fission, result in reactor fuel in with a decreased efficiency.5, 6 Consequently, the now spent 

fuel must be replaced periodically. The spent fuel is comprised of mostly uranium (95.6%), 

stable fission products (2.9%), such as lanthanides and transition metals, and minor actinides 

that are formed from neutron capture by uranium and plutonium.5 The minor actinides(e.g., 

Np, Am, Cm, Bk, Cf, etc.), which account for only <0.1% of the spent fuel, contribute to much 

of the nuclear waste’s long-term radiotoxicity.7 Thus efficient separation of the minor actinides 

from the remainder of spent fuel would greatly reduce the amount of highly radioactive waste 

needed to be safely stored in the long term. Furthermore, enhanced separation techniques 
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would also permit better separation and recycling of uranium and plutonium into mixed oxide 

fuels for fast neutron reactors, which do not produce as much minor actinide waste.8 

Traditionally there have been two methods for spent fuel handling, the first is the ‘once-

through’ method wherein spent fuel is removed, allowed to cool, then sealed in casks and 

stored in underground mines. 9-11 Not only does this method produce significantly higher 

amounts of waste but the probability of leaks and environmental contamination is also high 

(see section 1.4).12 The second ‘multi-use’ method involves similar removal and cooling but 

instead of being put into storage is entered into a separation process whereby uranium and 

plutonium are separated from the remainder of nuclear waste and recycled back into usable 

nuclear fuel.9 This process, known as PUREX or Plutonium Uranium Redox Extraction, 

exploits differences in the redox chemistry between uranium/plutonium and the remainder of 

minor actinides/lanthanides for efficient separation.13  

 

Scheme 1.1. Flowchart showing spent fuel separation using the PUREX method, including 

aqueous phase separation. Adapted from Ref 13. 
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In the PUREX method uranium and plutonium are fully separated from the remainder of 

the nuclear fuel via an extraction into organic media using the extractant tri-n-butyl phosphate 

(TBP). Unfortunately, TBP is not efficient at separating the minor actinides from the minor 

fission products due to similar electronic properties.14, 15 Since the minor actinides account for 

much of the long-term radiotoxicity it would be valuable to develop better separation methods 

which can differentiate and separate the minor actinides from the remaining nuclear fuel waste. 

 

Figure 1.1. Exploitation of ‘soft’ ligand donor for selective separation of Am3+ vs. Eu3+. 

Adapted from Refs 19 and 20. 
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selective separation of Am3+ from Eu3+.20 By exchanging the hard oxygen donor in TBP, with 

a soft donor ligand (i.e., more covalent), such as sulfur, and optimizing the geometry of the 

ligand scaffold, separation between americium and europium increased by 5000 times (Figure 

1.1). While these results are incredibly promising, the continued development of better 

extractants will require detailed investigation into the fundamental differences between the 

actinides and lanthanide bonding interactions. 

1.2 f-orbital Bonding and Covalency in Actinide-Ligand Bonding  

Traditional practice and theory have treated the actinides as hard metal ions, where, like 

the lanthanides, their chemistry is governed mostly by their charge and ionic radii.21, 22 The 

lanthanides and actinides share similar ionic radii between congeners leading to similar 

chemical behavior.23 More recently, research into the chemistry of these elements has 

confirmed that the actinides, most notably the early actinides, do in fact bond differently 

compared to the lanthanides, resulting in diverging reactivities between each other.24-29 This 

can be rationalized by relativistic effects, which afford better shielding of the actinide’s valence 

electrons, and results in better overlap between actinide and ligand frontier orbitals (Figure 

1.2). 21, 28  
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Scheme 1.2. Radial distribution seen in 4f (Sm3+) versus 5f (Pu3+) orbitals. Taken from Ref 

28.  

Given the potential to exploit the differences between actinide and lanthanide covalent 

interactions for selective nuclear waste extraction, there has been a renewed interest in studying 

their differing bonding properties.30 Typically, these studies have been caried out using 

synchrotron-based X-ray techniques. X-ray absorption spectroscopy (XAS) is a common 

technique which has been widely used to probe the differences between actinide and lanthanide 

bonding.31-34 For instance, Kozimor and co-workers used Cl K-edge XAS to examine the 

covalent interactions of several isostructural metal-chloride complexes, including 

[(C5Me5)2MCl2] (M = Ti, Zr, Hf, Th, and U)and [MCl6]2- (M = Ti, Zr, Hf, and U). 35 Their 

results found slight decreases in orbital mixing as the principal quantum number of the metal 

center increased, though substantial metal character was still observed for the actinides. In 
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another example, Shuh and co-workers used C K-edge XAS to examine 5f and 6d orbital 

participation in [(C8H8)2An]. These results highlighted both actinide 5f and 6d orbital 

participation in the An-C bonds, as well as the scope of this technique.36 

Unfortunately, a systemic issue with XAS techniques is the requirement of synchrotron 

beam time, which limits the number of studies that may be performed. As a result, there is an 

emerging need for the development of new low cost and accessible techniques for covalency 

studies. One such method that the Hayton group and others have recently pioneered is the use 

of NMR spectroscopy coupled with DFT calculations to quantify the amount of 5f and 6d 

participation in An–L bonding.37-42 Simply put, NMR chemical shifts are highly sensitive to 

heavy atom spin-orbit coupling (SOC) effects.43-46 These spin-orbit effects result in deshielding 

(typically) of the directly-bound NMR active nuclei through the fermi contact mechanism 

(Figure 1.3).47 Through density functional theory (DFT) calculations the amount 

shielding/deshielding due of spin-orbit coupling can be quantified and the orbital participation 

deconvoluted.  

 

Figure 1.3. Schematic representing an analogy between indirect spin-spin coupling and the 

SOC induced heavy atom-light atom shift via a Fermi-contact mechanism. Taken from ref 47. 
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A variety of nuclei have been employed for this purpose, including 77Se, 125Te, and 15N.37, 

39, 41, 48 This analysis has also been applied to a variety of organometallic actinide and 

lanthanide complexes, including those containing alkyl, aryl, carbene, and acetylide ligands.40, 

42, 49-54 For instance, Hayton and co-workers reported the synthesis and characterization of a 

thorium(IV) nitride, [K(18-crown-6)(THF)2][(R2N)3Th(μ-15N)(Th(NR2)3] (A, R = SiMe3), and 

the parent thorium amide complex, [Th(NR2)3(15NH2)] (Figuer 1.4, B).48 Since thorium(IV) is 

a diamagnetic metal center with a directly bound 15N-containing ligand, the 15N NMR spectra 

were recorded and examined using DFT calculations. SOC effects were found to cause a net 

35 ppm downfield shift of [K(18-crown-6)(THF)2][(R2N)3Th(μ-15N)(Th(NR2)3] 15N 

resonance vs [Th(NR2)3(15NH2)] 15N resonance, suggesting greater covalent interactions 

between thorium and the nitride moiety. Their results were further corroborated by natural 

localized molecular orbital calculations (NLMO). These results not only found a substantial 

amount of covalency in [K(18-crown-6)(THF)2][(R2N)3Th(μ-15N)(Th(NR2)3] but also revealed 

relatively equal amounts of 6d and 5f orbital participation in the Th–N π-interactions.  
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Figure 1.4. Some previously reported f-element complexes with their respective Δ SOC 

chemical shift. Adapted from Refs 39, 40, 48, 49, 52 and 53. 

Schelter and co-workers have also used 13C NMR spectroscopy to investigate the covalent 

interactions of a range of U(VI) phenyl-acetylide complexes 
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metal character and between 62% to 60% 5f character, underscoring the highly covalent 5f 
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techniques will enhance our ability to quickly assess the covalent interaction of a wide library 

of actinide and lanthanide complexes with NMR active nuclei. 

1.3 f-Element-Ligand Multiple Bonds  

Within inorganic coordination chemistry, the pursuit of novel complexes featuring metal-

ligand multiple bonds has yielded critical advancements in both energy and materials 

sciences.56-61 By studying the electronic structures of metal-ligand multiple bonds chemists 

and materials scientists have been able to tailor both reactivity and electronic properties to 

enhance their utility.62-65 While weaker interactions, such as single bonds or donor pair 

interactions, are easier to generate, the enhanced covalency of metal-ligand multiple bonds 

makes their fundamental electronic structures easier to study. By comparison to the transition 

metals, the study of f-element ligand multiple bonds with main group elements remains in its 

adolescence.30, 66-68  

While f-element metal oxo,69-72 imido,73-75 chalcogenido,39, 76-80 and nitrido complexes30, 41, 

48, 81-84 have become increasingly well documented in recent years, a large gap between our 

understanding of transition metal-multiple bonds and f-element-multiple bonds remains.30 This 

knowledge gap can be further emphasized by the non-existence of Schrock-type carbenes, 

which do not rely on heteroatom support or stabilization, and f-element carbynes. The paucity 

of f-element Schrock-type carbenes and carbynes can be rationalized by an energetic mismatch 

between the ‘hard’ actinide and lanthanide f orbitals with the ‘soft’ sp2 or sp hybridized carbon 

ligand. Thus, all examples of f-element carbenes are either supported by ancillary chelators or 

require the use of hetero atom stabilization (Figure 1.5).40, 42, 85-94 For example, the first 

actinide-carbene complex, [Cp3U(CHP(Me)2R)] (G, R = Ph and Me), reported by Gilje and 
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co-workers in 1981 relies on a β-phosphorous atom to help dissipate the high partial negative 

charge at the carbene site.95 In 2018, Liddle and co-workers reported the synthesis of the 

uranium silyl-phosphino-carbene complex [U{C(SiMe3)(PPh2)}(BIPMTMS)(Cl)][Li(2,2,2-

cryptand)] (H) which utilizes a P(III) substituent to help stabilize the An=C interaction, instead 

of a P(III/V) substituent.96  

 

Figure 1.5. Representative examples of previously reported f-element carbon multiple bonds. 

Adapted from Refs 40, 88, 85, 95, and 96. 

Despite the advances in carbene and f-element multiple bond chemistry, an unsupported 

Schrock-type carbene does not exist, likewise no f-element carbynes exist either. The synthesis 
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1.4 Actinide Chelation with Polydentate Ligands 

Separation and immobilization of the actinides from aqueous solution is another important 

facet of closing the nuclear waste cycle. The hexavalent uranyl ion (trans-UO22+) is the most 

common nuclear waste fragment found in aqueous solution (>95% abundant).97 Unfortunately, 

the uranyl ion is also incredibly water soluble making it a potent groundwater and seawater 

contaminant.98 Since leaching of uranium waste, from both mining and fuel storage, into 

ground water is a frequently encountered problem,99-101 the development of new methods for 

the separation and stabilization of uranium from aqueous solution are critical.  

Several aspects of trans-uranyl are well established: (1) uranyl adopts a rigid trans 

geometry (2) the uranium center is surprisingly difficult to reduce, given its 6+ oxidation state 

(3) the U–O bond is chemically inert.56, 102-104 These aspects can be well illustrated by the U–

O bond dissociation enthalpy (604 kJ/mol),105 which 72 kJ/mol greater than the BDE for the 

C–O bond in carbon dioxide (532 kJ/mol).106  

 

Figure 1.6 trans-uranyl U–O bonding molecular orbitals. Adapted from Ref 109. 
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Careful examination of the energy landscape of uranyl isomerization has found that the cis 

isomer of [UO2(OH)4]2- is approximately 18.0 kcal/mol higher in energy than the trans 

isomer.107 The energy penalty for isomerization can be rationalized by changes in electronic 

structure.107, 108 Computational studies of trans-uranyl’s frontier orbital participation have 

found that there are two σ-interactions and four π-interactions, leading to an overall U–O bond 

order of three (Figure 1.6).109 While it is generally agreed upon that these bonding interactions 

predominately consist of oxygen based σu, σg, πu, and πg orbitals, the ordering of these 

interactions is still contested.102, 103, 105, 110-118 One study using Kohn-Sham DFT methods 

suggested an energetic ordering of πg < πu < σg << σu (Figure 1.6).109 Examination of the σu 

HOMO found a 64% uranium contribution and a small but significant amount of 6pz 

participation (8%). The large uranium contribution and involvement of 6pz orbitals in the U–

O bonds helps explain their strong covalent nature and observed trans geometry.  

 

Scheme 1.2 Previous example of an attempted uranyl trans/cis isomerization using [tmtaa]2- 

as the co-ligand. Adapted from Ref 127. 
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Given our understanding of the uranyl ion it has been suggested that careful ligand design 

could facilitate isomerization of trans-uranyl through electronic and/or steric interactions.104 

While slight deviations from uranyl’s trans geometry are uncommon, they are not completely 

unknown.119-123 Pedrick and co-workers first demonstrated that uranyl bending was possible 

when they showed that reaction of either 2,11-diaza[3,3](2,6) pyridinophane or N,N′-dimethyl-

2,11-diaza[3,3](2,6) pyridinophane with either [UO2Cl2(THF)2]2 or UO2(OTf)2(THF)3 results 

in bent uranyl complexes with O–U–O angles ranging between 168.2(3)° to 161.7(5)°.124 More 

recently, Ikeda-ono and co-workers utilized commercially available phenanthroline to enforce 

an O–U–O angle of 161.8(1)° where the deviation from linearity is rationalized by shared steric 

effects and π-π stacking of adjacent phenanthroline ligands in the solid state.125  In an another 

attempt to isomerize trans-uranyl, Hayton and co-workers chose to chelate uranyl with the 

bulky macrocyclic dibenzotetramethyltetraaza[14]annulene (tmtaa) ligand (Scheme 1.2).126 

Instead of chelation, ligand oxidation and uranyl reduction to uranium oxide was observed to 

occur through a hypothesized cis-uranyl complex, cis-[UO2(tmtaa)]. Interestingly, reduction 

of the uranyl ion by two electrons to water insoluble uranium oxides would offer an attractive 

option for selective uranyl immobilization and separation. These results suggest that, by using 

a sterically bulky and redox-active macrocyclic chelator, an electrocatalytic uranyl reduction 

cycle could be developed (Scheme 1.3). Such a model system would aid in the development 

of new methods of uranyl immobilization and stabilization. 
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Scheme 1.3. Possible model system for electrocatalytic uranyl reduction via a cis-uranyl 

intermediate. 
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significant because several applications, such as targeted alpha therapy, will require the 

development of extremely potent actinide chelators.  

Chapter 3 details the reaction of the well-known macrocyclic ligand, [Me8-calix[4]pyrrole], 

with the uranyl ion, results in ligand oxidation through a hypothesized highly-oxidizing cis-

uranyl intermediate. Reaction of the oxidized ligand with an additional equivalent of the uranyl 

ion results in the isolation of a rare bent uranyl complex. I also propose that redox active 

macrocyclic ligands could have potential uses in homogenous uranyl reduction and 

immobilization. 

Chapter 4 explores the coordination of the parent acetylide ligand (–C≡CH) to the 

actinides. In this chapter I outline the synthesis and characterization of new thorium(IV) and 

uranium(IV/III) acetylide complexes. I go on to describe the thermal decomposition of the 

An(IV) parent acetylide complexes to actinide bridging dicarbides as well as the synthesis of 

a mixed uranium/thorium dicarbide. These complexes are also explored by DFT calculations 

and a discussion of their electronic structure is given. 

Chapter 5 describes a method for the synthesis of An(IV)-allenyl and An(IV)-allenylidene 

complexes, using lithium-diphenycyclopropene as the allenyl/allenylidene source. The 

An(IV)-allenylidene complexes represent the first non-heteroatom stabilized carbenes of the 

actinides. X-ray crystallography, 13C NMR spectroscopy, IR spectroscopy, and DFT 

calculations are all used to probe the electronic structure of these complexes and a discussion 

of the results is given. 



 

 17 

Chapter 6 investigates the coordination and reactivity of the potential carbon atom transfer 

reagent bis(diisopropylamino)cyclopropenylidene (BAC) with isostructural U(III) and Ce(III) 

complexes. In the case of cerium(III) I find that photolysis of a BAC solution with 10 mol% 

Ce(III) results in catalytic ring opening of a BAC ligand and coupling to an additional 

equivalent of BAC to yield a new methylenecyclopropene species. I also find that thermolysis 

of the uranium(III)·BAC adduct results in ring opening and formation of a uranium(IV) dienyl-

metalacyclic complex. 

Chapter 7 explores the role of supporting ligands in the synthesis of the An(IV)-allenyl 

complexes from chapter 5. By changing the supporting ligand from the bulky silylamide ligand 

(N(SiMe3)2) to the less bulky cyclopentadienide (Cp) ligand, I find diverging reactivities in 

their products. In the case of thorium(IV) ortho C–H activation of a ligand phenyl substituent 

to form a thorium(IV)-indenyl complex is observed. Whereas in the case of uranium(IV) I find 

that the ring opened cyclopropene inserts itself into a Cp ligand, yielding a triphenylethylene 

dianion. To explain the diverging reactivity, I propose that a transient An-carbenoid is formed 

which, in the case of uranium, can form a highly reactive U(VI)-carbyne that inserts into the 

Cp ligand. 
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2.1 Introduction 

H4DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) and its derivatives 

form strong chelate interactions with the f elements.1  The resulting complexes have been used 

for a wide variety of applications, including MRI imaging and nuclear medicine.2-5  While 

lanthanide DOTA chemistry has been studied for decades,6-10 the synthesis and 

characterization of actinide DOTA complexes is not well established.  H4DOTA has previously 

been explored as a chelator for 225Ac,11, 12 specifically for the generation of an alpha-particle 

therapeutic.13, 14  The resulting complex was characterized by ITLC-GC and its stability was 

probed in vitro.15  In addition, the chelation of An3+ by H4DOTA has been probed by ESI-MS 

(An = Pu, Am),16 as well as UV-vis spectroscopy and EXAFS (An = Pu, Am).17  The binding 

constants of H4DOTA with Am3+ and Cm3+ have also been measured,18 and the 1H NMR 

spectrum of [Th(DOTA)] has been recorded.19 In contrast, only a few actinide DOTA 

complexes have been structurally characterized.20 For example, only one structurally 

characterized Th(DOTA) complex is known, a bimetallic aquo complex: [Th2(H2O)10(k4-

H2DOTA)2][NO3]4,20 while just two DOTA-containing uranium complexes are known: the 

U(IV) cluster, [U6(µ-OH)4(µ-O)4(H2O)8(HDOTA)4], and the 2D uranyl-coordination polymer, 

[(UO2)2(H2DOTA)(C2O4)(H2O)2].20, 21  Notably, in all three of these examples, the DOTA 

ligand does not bind to the metal ion via all eight of its donor atoms.  In fact, to the best of my 

knowledge, there are no structurally characterized actinide complexes where DOTA 

coordinates in its k8 binding mode.  Critically, the structural characterization of more 

An(DOTA) complexes would allow us to evaluate the suitability of DOTA (and its variants) 

for use as a chelator in targeted alpha therapy. 
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In the research reported herein, I report the synthesis and crystallographic characterization 

of [AnIV(k8-DOTA)(DMSO)] (An = U, Th).  I also report the crystallographic characterization 

of [U(κ4-H2DOTA)(DMSO)4][Cl]2, which is an intermediate formed along the H4DOTA 

complexation pathway. 

2.2 Results and discussion 

Scheme 2.1. Synthesis of Complexes 2.1 and 2.2. 

 

Addition of one equiv of H4DOTA and 6 equiv of NEt3 to a lime-green DMSO solution of 

UCl4 results in a gradual color change to turquoise over the course of 1 h (Scheme 2.1). Work-

up of the reaction mixture, followed by crystallization from DMSO/toluene results in isolation 

of [UIV(k8-DOTA)(DMSO)] (2.1), as green-blue blocks in 47% yield. [ThIV(k8-

DOTA)(DMSO)] (2.2) can be made similarly, using ThCl4(DME)2 in place of UCl4. It can be 

isolated in 53% yield as a white microcrystalline solid after recrystallization from hot DMSO. 

More recently, Moisey and co-workers have shown that the modification of this synthesis can 

yield both [UIV(k8-DOTA)(H2O)], [Na][UIV(k8-DOTA)(OH)], and [Na][UIV(k4-DOTA)(F)].22 

The rapid complexation of An4+ by H4DOTA under anhydrous conditions is notable.  In acidic 

aqueous solutions, by contrast, complexation of Ln3+ by H4DOTA can take days to weeks.23  
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The successful isolation of 2.1 and 2.2 requires that the DMSO and H4DOTA be relatively dry.  

If the H4DOTA contains occluded water, I have found that the reaction results in formation of 

a sticky, intractable solid, which is presumably a hydroxide-bridged coordination polymer.  

The synthesis of the related U(IV) complex, [U(DO3A)(DMSO)2][Br] (DO3A = [4,7,10-tris-

carboxymethyl-1,4,7,10-tetraazacyclododec-1-yl]-acetic acid) also requires water-free 

conditions.24  

Complexes 2.1 and 2.2 are air- and water-stable.  Complex 2.1 is soluble in DMSO and 

DMF, and modestly soluble in H2O, while complex 2.2 is only sparingly soluble in DMSO, 

but modestly soluble in H2O. They are both insoluble in CH2Cl2, THF, pyridine, alkanes, and 

aromatic solvents.  Their insolubility in CH2Cl2 is beneficial because it permits the removal of 

any residual [NEt3H][Cl], should it present in the isolated material. 

 

Figure 2.1. ORTEP diagrams of one independent molecule of [U(k8-DOTA)(DMSO)]×DMSO 

(2.1×DMSO), with 50% probability ellipsoids. Hydrogen atoms and solvate molecules omitted 

for clarity.  
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Complexes 2.1 and 2.2 are isomorphous: they crystallize in the monoclinic P21 space group 

as DMSO solvates with two independent molecules in the unit cell. The solid-state molecular 

structure of one independent molecule of 2.1×DMSO is shown in Figure 2.1.  The [DOTA]4- 

ligand in 2.1 binds to the U4+ center with an octadentate coordination mode.  A single DMSO 

ligand also coordinates to the U4+ center, resulting in an overall 9-coordinate geometry.  The 

twist angles between the N4 and O4 faces that are formed upon DOTA coordination are 40(1)o 

and 38(1)o for 2.1  and 2.2, respectively.  These values are close to the ideal value of 45° 

expected for a capped square antiprism (SAP).  Comparable values have been observed for 

several other [Ln(DOTA)]- complexes.1 The average An−Ocarboxylate distances for 2.1  and 2.2 

are 2.30 Å (range = 2.27(2) to 2.33(2) Å) and 2.36 Å (range = 2.33(2) to 2.38(2) Å), 

respectively. The average An−N distances for 2.1 and 2.2 are 2.72 Å (range = 2.67(2) to 2.74(2) 

Å) and 2.75 Å (range = 2.73(2) to 2.78(2) Å), respectively (Table 2.1).  While no An(k8-

DOTA) complexes have been characterized by X-ray crystallography, [An(k8-DOTA)(H2O)]- 

(An = Pu, Am) has been characterized by EXAFS.17 The reported An-O (Pu-O = 2.43 ± 0.02 

Å, Am-O = 2.44 ± 0.02 Å) and An-N (Pu-N = 2.67 ± 0.02 Å, Am-N = 2.68 ± 0.02 Å) distances 

are comparable to those observed in 2.1  and 2.2. For further comparison, the average M-O 

and M-N distances in [Zr(DOTA)] are 2.13 and 2.42 Å, respectively.25 Finally, the An-ODMSO 

distances for 2.1  and 2.2 are 2.38(2)/2.39(2) and 2.40(2)/2.39(2) Å, respectively.  These 

distances are consistent with previously reported An-ODMSO distances.24 
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Table 2.1. Selected Metrical Parameters for 2.1 and 2.2 (Å)

Complex 2.1 2.2 
av. An−O 2.30 2.36 
av. An−N 2.72 2.75 
An-ODMSO 2.38(2), 2.39(2) 2.40(2), 2.39(2) 
An−Oplane  0.565(7) 0.555(8) 
An−Nplane  1.72(1) 1.75(1) 
Twist angle (°) 40(1) 38(1) 

The room temperature 1H NMR spectrum of 2.1 in D2O exhibits six paramagnetically 

shifted proton environments between 38.54 and -55.61 ppm (Figure 2.2). The sharp singlets at 

21.74 and -55.61 ppm are assigned to the two acetate proton environments. I made these 

assignments by comparison with the NMR spectral data reported for [Eu(DOTA)(H2O)]-.26 

The four remaining peaks are assignable to the four unique proton environments of the cyclen 

ring. Three of these peaks, at 38.54, 19.32, and 5.76 ppm, are doublets with JHH = 15 Hz, while 

the fourth (0.76 ppm) is a singlet. The presence of six peaks of equal intensity makes it appear 

that complex 2.1 is in the slow-exchange regime at this temperature.6  Inspection of the 1H 

NMR spectrum of [Zr(DOTA)] suggests that it is also in the slow-exchange regime.25 
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Figure 2.2. 1H NMR spectrum of [U(κ8-DOTA)(DMSO)] (1) in D2O at room temperature. (*) 

indicates the resonance assignable to dimethyl sulfoxide.The room temperature 1H NMR 

spectrum of 2.2 in D2O exhibits five very broad resonances, ranging from 3.87 ppm to 2.84 

ppm, suggestive of a fluxional system.  Consistent with this hypothesis, upon heating this 

sample to 65 °C, these five resonances transform into three broad resonances, at 4.23, 3.77, 

and 3.33 ppm. These values are in good agreement with those previously reported for [Th(k8-

DOTA)(H2O)] generated in situ.19  Similar behavior was observed for [La(DOTA)(H2O)]-, and 

was explained by invoking the inversion of the cyclen ring.6 The 13C{1H} NMR spectra of 2.2 

also features evidence of fluxionality.  At room temperature, its 13C{1H} NMR spectrum 

features resonances at 55.22 and 57.09 ppm, which are assignable to two unique cyclen 

methylene environments (Figure A2.3). Upon warming to 45 °C, the two methylene 

resonances coalesce into a single peak (Figure A2.4). Using the two-site exchange 
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approximation, the activation barrier (∆Gc‡) for ring inversion was calculated to be 61 kJ/mol.27 

For comparison, ∆Gc‡ = 61 kJ/mol and 64 kJ/mol for cyclen ring inversion in [La(DOTA) 

(H2O)]- and [Eu(DOTA)(H2O)]-, respectively.26, 28  

 

Figure 2.3.  Scan rate dependent cyclic voltamogram of complex 2.1 (vs. Fc/Fc+). Measured 

in DMSO with 0.1 M [NBu4][BPh4] as the supporting electrolyte. 

I also recorded the cyclic voltammogram of complex 2.1 in DMSO at a variety of scan 

rates, using either [NBu4][PF6] or [NBu4][BPh4] as supporting electrolyte.  The cyclic 

voltammogram (with [NBu4][BPh4] as supporting electrolyte) features a reversible redox 

feature with E1/2 = -2.26 V (vs. Fc/Fc+) (Figure 2.3). I have assigned this feature to a 

U(IV)/U(III) reduction event.  Not surprisingly, this value is much decreased from the reported 

reduction potential of -0.58 V (vs. SHE) for U4+(aq),29, 30 highlighting the ability of strongly 

chelating macrocyclic ligands to stabilize the An4+ state.31 Using [NBu4][PF6] as supporting 
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electrolyte, I observe the presence of a quasi-reversible feature at +0.44 V (vs. Fc/Fc+) (Figure 

A2.8). This feature becomes increasingly reversible with increasing scan rates and has been 

assigned as a U(IV)/U(V) oxidation event.30 For further comparison, Moisy and co-workers 

recorded the cyclic voltammogram of [Na][UIV(k8-DOTA)(F)] in a 0.2 M acetate buffer and 

found two reversible redox waves, assignable to UV/UIV (1.29 V vs. SHE) and UIV/UIII (-1.38 

V vs. SHE) couples.22 The potentials of these two features, as well as the potential difference  

(ΔE1/2 = 2.7 V) are similar to those observed for 1 (ΔE1/2 = 2.77 V).  

 

Figure 2.3. ORTEP diagrams of [U(κ4-H2DOTA)(DMSO)4][Cl]2 (2.3×5DMSO), with 50% 

probability ellipsoids. Hydrogen atoms, chloride counterions, and solvent molecules have been 

omitted for clarity. Selected bond distances (Å): U1−O1 = 2.39(1), U1−O2 = 2.27(1), U1−O3 

= 2.36(1), U1−O4 = 2.29(1), av. U−ODMSO = 2.37. 

In one instance, during an attempt to crystallize 2.1 I grew a few green-brown blocks.  An 

X-ray crystallographic analysis of these crystals revealed them to be [U(κ4-

H2DOTA)(DMSO)4][Cl]2 (2.3).  Complex 2.3 crystallizes in the orthorhombic P21212 space 
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group as a DMSO solvate, 2.3×5DMSO, and its solid-state structure is shown in Figure 2.3. 

Complex 2.3 features a square antiprismatic geometry with a twist angle of 44.5(3)o between 

the DMSO and DOTA O4 planes.  The [H2DOTA]2- ligand is coordinated in a k4 fashion via 

all four carboxylate arms.  Four DMSO ligands are also coordinated to the uranium center. 

Two outer sphere Cl- ions, required to maintain charge balance, are also found in the structure. 

The average U-Ocarboxylate distance is 2.33 Å (range: 2.27(1) - 2.39(1) Å) and the average U-

ODMSO distance is 2.37 Å (range: 2.32(1) to 2.42(1) Å). While the two labile DOTA protons 

could not be located in the difference Fourier map, in the calculated structures of the related 

complexes, [M(k4-H2DOTA)(H2O)5]+ (M = Nd, Pu, Am), the four carboxylate arms are 

deprotonated and two nitrogen atoms are protonated.17  Significantly, the k4 binding mode 

observed for the DOTA fragment in 2.3 has been proposed as an intermediate binding mode 

along the DOTA complexation pathway.32-35 This binding mode has been detected by a variety 

of spectroscopies,23 but the observation of 2.3 represents the first time that it has been 

characterized by X-ray crystallography. That said, it should be noted that this binding mode 

has been observed for a handful of DOTA derivatives, including 1,4,7,10‐

tetraazacyclododecane‐1,4,7,10‐tetrakis[methylene(2‐carboxyethyl)phosphinic acid] (DOTPI) 

and 1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane (DOTAM).36, 37   

2.3 Summary 

In summary, I have synthesized and structurally characterized the first AnIV(DOTA) 

complexes that feature a k8 binding mode of the DOTA ligand. Moreover, isolation and 

characterization of 2.3 represents the first crystallographic confirmation of the previously 

proposed k4 intermediate formed during DOTA complexation. The lack of any other 
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crystallographically-characterized k8-bound actinide DOTA complexes is surprising, given the 

long f element history of this ligand.  In this regard, I attribute my success to use of non-

aqueous reaction and crystallization conditions, which results in fast metal complexation and 

the inhibition of hydrolysis. Ultimately, I believe this work will accelerate the development of 

potent An4+ chelators, which will be required for a variety of applications, including targeted 

alpha therapy.14, 38, 39  

2.4 Experimental 

2.4.1 General.  All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions under an atmosphere of nitrogen. Toluene was dried using 

a Vacuum Atmospheres DRI-SOLV Solvent Purification system and stored over 3Å sieves for 

24 h prior to use. Triethylamine, Dimethyl sulfoxide (DMSO), and dichloromethane (CH2Cl2) 

were degassed and dried over 3Å molecular sieves for 72 h prior to use. [ThCl4(DME)2] and 

UCl4 were synthesized according to previously reported literature procedures.40, 41 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (H4DOTA) was purchased from TCI 

Chemicals and dried under vacuum at room temperature for 24 h prior to use. All other reagents 

were purchased from commercial suppliers and used as received. 

All NMR spectra were recorded on a Varian UNITY INOVA 500 spectrometer. 1H and 

13C{1H} NMR spectra were referenced to external SiMe4 using the residual protio solvent 

peaks as internal standards.42, 43 IR spectra were recorded on a Nicolet 6700 FT-IR 

spectrometer with a NXR FT Raman Module.  Elemental analyses were performed by the 

Microanalytical Laboratory at University of California (Berkeley, CA). 
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2.4.2 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 inside the glovebox using a 20 mL glass vial as the cell. The 

working electrode consisted of glassy carbon (2 mm diameter), the counter electrode was a 

platinum wire, and an Ag/AgCl wire was used as a reference electrode. Solutions employed 

for CV studies were typically 1 mM in analyte and 0.1 M in [NBu4][PF6] or [NBu4][BPh4]. 

Ferrocene was used to reference all experiments.  

2.4.3 Synthesis of [U(κ8-DOTA)(DMSO)] (2.1). A colorless solution of 1,4,7,10-

Tetraazacyclododecane-1,4,7,10-tetraacetic acid (H4DOTA) (51.0 mg, 0.126 mmol) and 

triethylamine (76.6 mg, 0.757 mmol) in DMSO (1 mL) was slowly added to a lime-green, 

stirring solution of UCl4 (48 mg, 0.126 mmol) in DMSO (1 mL). The resulting solution was 

allowed to stir for 1 h, whereupon the solution turned from lime-green to turquoise. This 

solution was then layered with toluene (6 mL) and subsequent storage of this solution for 24 h 

at room temperature resulted in the deposition of a turquoise solid. The supernatant was 

decanted away and the remaining solid was rinsed with dichloromethane (3 ´ 3 mL) to remove 

any remaining [NEt3H][Cl].  The solid was then dried in vacuo to afford a green-blue powder. 

The powder was transferred to a 4 mL scintillation vial, DMSO (1.5 mL) was then added, and 

the mixture was gently heated to 80 °C. After dissolution of the solid, the 4 mL scintillation 

vial was placed inside a 20 mL scintillation vial and toluene (5 mL) was added to the outer 

vial. Storage of this two vial system for 24 h at room temperature resulted in the deposition of 

turquoise blocks of 2.1. Yield 42.6 mg, 47%.  In one instance, the attempted crystallization of 

2.1 resulted in the deposition of a few green-brown blocks of 2.3.  These were subsequently 

isolated and analyzed by X-ray crystallography.  1H NMR (500 MHz, 25 °C, D2O): δ 38.54 (d, 
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JHH = 15 Hz, Hax, 4H), 21.74 (s, Hac, 4H), 19.32 (d, JHH = 15 Hz, Heq, 4H), 2.74 (s, DMSO, 

6H), 0.76 (s, Heq, 4H), 5.77 (d, JHH = 15 Hz, Hax, 4H), -56.61 (s, Hac, 4H). IR (KBr pellet, cm-

1): 2981 (w), 2883 (w), 2862 (w), 1651 (vs), 1458 (m), 1400 (m), 1306 (s), 1292 (s), 1236 (m), 

1153 (w), 1080 (s), 1009 (m), 1003 (s), 931 (vs), 903 (m), 839 (m), 800 (m), 710 (s), 684 (w), 

646 (w), 565 (w), 499 (w), 455 (w), 401 (w). 

2.4.4 Synthesis of [Th(κ8-DOTA)(DMSO)] (2.2). A colorless solution of H4DOTA (54.5 

mg, 0.134 mmol) and triethylamine (81.8 mg, 0.809 mmol) in DMSO (1 mL) was slowly added 

to a colorless solution of [ThCl4(DME)2] (74.7 mg, 0.134 mmol) in DMSO (1 mL). This 

solution was allowed to stir for 1 h, which resulted in the deposition of a white powder. This 

solid was isolated on a medium porosity glass frit, rinsed with dichloromethane (3 ´ 1 mL), 

transferred to a 20 mL scintillation vial and dried in vacuo.  The powder was then transferred 

to a 4 mL scintillation vial, DMSO (1.5 mL) was added, and the mixture was gently heated to 

60 °C.  After dissolution of the solid, the solution was allowed to cool slowly to room 

temperature, which resulted in the deposition of 2.2 as colorless crystalline blocks. Yield 51.7 

mg, 54%. Anal. Calcd for C18H30N4O9STh: C, 30.43; H, 4.26; N, 7.82. Found; C, 30.24; H, 

4.40; N, 7.82. 1H NMR (500 MHz, 3 °C, D2O): δ 3.72 (d, JHH = 15 Hz, Hac, 4H), 3.57 (d, JHH 

= 15 Hz, Hac, 4H), 3.54 (s, Hax, 4H), 2.87 (s, Hax/eq, 8H), 2.64 (d, JHH = 15 Hz, Heq, 4H), 2.53 

(s, DMSO, 6H). 1H NMR (500 MHz, 13 °C, D2O): δ 3.79 (s, Hac, 4H), 3.67 (s, Hac, 4H), 3.63 

(s, Hax, 4H), 2.98 (s, Hax/eq, 8H), 2.73 (d, JHH = 15 Hz, Heq, 4H), 2.64 (s, DMSO, 6H). 1H NMR 

(500 MHz, 23 °C, D2O): δ 3.87 (s, Hac, 4H), 3.78 (s, Hac, 4H), 3.68 (s, Hax, 4H), 3.06 (s, Hax/eq, 

8H), 2.84 (s, Heq, 4H), 2.73 (s, DMSO, 6H). 1H NMR (500 MHz, 35 °C, D2O): δ 3.96 (s, Hac, 

8H), 3.78 (br s, Hax/eq, 8H), 3.14 (br s, Hax/eq, 8H), 2.86 (s, DMSO, 6H). 1H NMR (500 MHz, 

42 °C, D2O): δ 4.02 (s, Hac, 8H), 3.80 (br s, Hax/eq, 8H), 3.15 (br s, Hax/eq, 8H), 2.93 (s, DMSO, 
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6H). 1H NMR (500 MHz, 45 °C, D2O): δ 4.06 (s, Hac, 8H), 3.78 (br s, Hax/eq, 8H), 3.18 (br s, 

Hax/eq, 8H), 2.96 (s, DMSO, 6H). 1H NMR (500 MHz, 55 °C, D2O): δ 4.14 (s, Hac, 8H), 3.67 

(br s, Hax/eq, 8H), 3.27 (br s, Hax/eq, 8H), 3.05 (s, DMSO, 6H). 1H NMR (500 MHz, 65 °C, D2O): 

δ 4.20 (s, Hac, 8H), 3.74 (br s, Hax/eq, 8H), 3.33 (br s, Hax/eq, 8H), 3.14 (s, DMSO, 6H).  13C{1H} 

NMR (126 MHz, 3 °C, D2O): δ 181.41 (CO2-), 66.74 (CH2ac), 57.36 (CH2et), 55.37 (CH2et). 

13C{1H} NMR (126 MHz, 12 °C, D2O): δ 181.31 (CO2-), 66.70 (CH2ac), 57.32 (CH2et), 55.38 

(CH2et). 13C{1H} NMR (126 MHz, 23 °C, D2O): δ 181.20 (CO2-), 66.64 (CH2ac), 57.22 (CH2et), 

55.36 (CH2et). 13C{1H} NMR (126 MHz, 35 °C, D2O): δ 181.04 (CO2-), 66.56 (CH2ac), 57.18 

(CH2et), 55.70 (CH2et). 13C{1H} NMR (126 MHz, 42 °C, D2O): δ 180.94 (CO2-), 66.51 (CH2ac), 

56.52 (CH2et), 55.37 (CH2et). 13C{1H} NMR (126 MHz, 45 °C, D2O): δ 180.89 (CO2-), 66.49 

(CH2ac), 56.65 (CH2cylcen). 13C{1H} NMR (126 MHz, 55 °C, D2O): δ 180.75 (CO2-), 66.42 

(CH2ac), 56.19 (CH2cylcen).  13C{1H} NMR (126 MHz, 65 °C, D2O): δ 180.60 (CO2-), 66.35 

(CH2ac), 55.99 (CH2cylcen). IR (KBr pellet, cm-1): 2987 (w), 2926 (w), 2914 (w), 2860 (w), 1653 

(vs), 1471 (w), 1466 (w), 1400 (w), 1336 (s), 1300 (s), 1234 (w), 1151 (w) 1080 (s), 1030 (s), 

939 (m), 931 (s), 899 (m), 837 (m), 800 (m), 708 (s), 646 (w), 563 (w), 498 (w), 453 (w). 

2.4.5 X-ray Crystallography. Data for 2.1, 2.2, and 2.3 were collected on a Bruker 

KAPPA APEX II diffractometer equipped with an APEX II CCD detector using a TRIUMPH 

monochromator with a Mo Kα X-ray source (α = 0.71073 Å). The crystals were mounted on a 

cryoloop under Paratone-N oil, and data was collected at 100(2) K for 2.1 and 2.2 and at 105(2) 

K for 2.3, using an S3 Oxford nitrogen gas cryostream. Frame exposures of 10 s were used for 

both 2.1 and 2.3. Frame exposures of 20 s were used for 2.2. Data collection and cell parameter 

determinations were conducted using the SMART program.44 Integration of the data frames 

and final cell parameter refinements were performed using SAINT software.45 Absorption 



 

 42 

corrections of the data were carried out using the multi-scan method SADABS.46 Subsequent 

calculations were carried out using SHELXTL. 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  

The unit cells of complexes 2.1 and 2.2 both lack mirror or glide plane symmetry; therefore, 

the space group P21 was chosen over P21/c or P21/n.  Confirmation of my choice of space group 

was made by running the Addsym feature in Platon, which suggested no additional symmetry.  

This result was further confirmed by solving the structure of 2.2 in P1, and then running the 

Addsym feature in Platon, which suggested P21 as the correct space group.  Both 2.1 and 2.2 

also crystallize as racemic twins.  For both structure refinements, I applied the TWIN and 

BASF commands in SHELX. The refined BASF values are 0.55 and 0.52 for complex 2.1 and 

2.2, respectively. In addition, the EADP command was used to constrain the anisotropic 

displacement parameters of pseudo-symmetry related atoms. For complex 2.3, the EADP 

command was used to constrain the anisotropic displacement parameters of the non-hydrogen 

DOTA ligand atoms. Two of the DMSO solvates in 2.3 also contained positional disorder. The 

positional order was addressed by modeling these DMSO solvates over two positions, each 

with half occupancy, using the SADI then EADP commands. Hydrogen atoms were not 

assigned to disordered DMSO solvates, nor were positions assigned to the two labile hydrogen 

atoms of the [H2DOTA]2- ligand, as they could not be located using the difference Fourier map. 
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Table 2.2. Crystallographic details for complexes 2.1×DMSO, 2.2×DMSO, and 2.3×5DMSO. 

 2.1×DMSO 2.2×DMSO 2.3×5DMSO 
Formula C20H36N4O10S2U C20H36N4O10S2Th C34H80Cl2N4O17S9U 
Crystal Habit, Color Block, Green-blue Block, Colorless Block, Green-Brown 
Crystal Size (mm) 0.2 ´ 0.15 ´ 0.05 0.15 ´ 0.1 ´ 0.05 0.2 ´ 0.1 ´ 0.05 
MW (g/mol) 794.68 788.69 1414.49 
crystal system Monoclinic Monoclinic Orthorhombic 
space group P21 P21 P21212 
a (Å) 8.606(4) 8.621(7) 13.4985(7) 
b (Å) 34.594(15) 34.68(3) 41.320(5) 
c (Å) 9.192(5) 9.216(8) 10.3457(5) 
α (°) 90 90 90 
β (°) 108.443(10) 108.333(13) 90 
γ (°) 90 90 90 
V (Å3) 2596(2) 2616(4) 5770.4(5) 
Z 4 4 4 
T (K) 100(2) 100(2) 105(2) 
λ (Å) 0.71073 0.71073 0.71073 
GOF 0.890 0.951 1.436 
Density (calcd) (Mg/m3) 2.033 2.003 1.628 
Absorption coefficient (mm-1) 6.474 5.921 3.294 
F000 1552 1544 2872 
Total no Reflections 11520 19259 33597 
Unique Reflections 7715 10469 11711 
Final R indices* R1 = 0.0582 

wR2
 = 0.1193 

R1 = 0.0686 
wR2

 = 0.1211 
R1 = 0.0705 
wR2

 = 0.1577 
Largest Diff. peak and hole 
(e- A-3) 

2.490, -2.783 2.490, -2.783 5.248, -3.044 

* [I > 2σ(I)]  
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2.5 Appendix 

2.5.1 NMR Spectra 

 

Figure A2.1. 1H NMR spectrum of [Th(κ8-DOTA)(DMSO)] (2.2) in D2O at room temperature. 

(*) indicates the resonance assignable to dimethyl sulfoxide. 
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Figure A2.2. Variable temperature 1H NMR spectra of [Th(κ8-DOTA)(DMSO)] (2.2) in D2O 

from 3 °C (bottom) to 65 °C (top). (*) indicates the resonance assignable to dimethyl sulfoxide. 
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Figure A2.3. 13C{1H} NMR spectrum of [Th(κ8-DOTA)(DMSO)] (2.2)in D2O at room 

temperature (23 °C). (*) indicates the resonance assignable to dimethyl sulfoxide.   
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Figure A2.4. Variable temperature 13C{1H} NMR spectra of [Th(κ8-DOTA)(DMSO)] (2.2) in 

D2O from 3 °C (bottom) to 65 °C (top) . (*) indicates the resonance assignable to dimethyl 

sulfoxide 
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2.5.2 IR Spectra 

 

Figure A2.5. IR spectrum of [U(κ8-DOTA)(DMSO)]×DMSO (2.1×DMSO) (KBr Pellet). 
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Figure A2.6. IR spectrum of [Th(κ8-DOTA)(DMSO)]×DMSO (2.2×DMSO) (KBr Pellet). 
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2.5.3 Cyclic Voltammetry

 

Figure A2.7. Cyclic voltammogram of complex 2.1 (200 mV/s scan rate, vs. Fc/Fc+). 

Measured in DMSO with 0.1 M [NBu4][PF6]  as the supporting electrolyte. (*) is assignable to 

the quasi-reversible U(V)/U(IV) redox feature. (#) is assignable to the reversible U(III)/U(IV) 

redox feature. 
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Figure A2.8. Partial cyclic voltammogram of the U(V)/U(IV) redox feature of [UIV(k8-

DOTA)(DMSO)] (2.1) measured in DMSO with 0.1 M [NBu4][PF6] as the supporting 

electrolyte. 
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Table A2.1. Electrochemical parameters for the U(IV/V) feature of [UIV(k8-DOTA)(DMSO)] 

(2.1) in DMSO with 0.1 M [NBu4][PF6] as the supporting electrolyte (vs. Fc/Fc+). 

Oxidation 
Feature 

Scan rate, 
V/s 

Ep,c, V Ep,a, V ∆Epa ip,a/ip,c 

 0.025 0.381 0.549 0.168 2.78 
0.050 0.383 0.480 0.097 1.67 
0.100 0.377 0.488 0.111 1.68 
0.200 0.365 0.501 0.136 1.51 
0.300 0.355 0.512 0.157 1.48 
0.500 0.346 0.520 0.174 1.41 
1.000 0.322 0.542 0.220 1.34 
2.000 0.307 0.578 0.271 1.23 

ΔEpa is defined as the potential difference between the anodic wave and the cathodic wave 

generated after the change in sweep direction. 
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Figure A2.9. Partial cyclic voltammogram of the U(IV)/U(III) redox feature of [UIV(k8-

DOTA)(DMSO)] (2.1) measured in DMSO with 0.1 M [NBu4][PF6] as the supporting 

electrolyte. 
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Table A2.2. Electrochemical parameters for the U(III/IV) feature of [UIV(k8-DOTA)(DMSO)] 

(2.1) in DMSO with 0.1 M [NBu4][PF6] as the supporting electrolyte (vs. Fc/Fc+). 

Oxidation Feature Scan rate, 
V/s 

Ep,c, V Ep,a, V ∆Epa ip,c/ip,a 

 0.025 -2.45 -2.31 0.140 2.80 
0.050 -2.53 -2.29 0.234 2.93 
0.100 -2.55 -2.25 0.309 1.67 
0.200 -2.60 -2.12 0.481 1.27 
0.300 -2.63 -2.10 0.523 1.19 
0.500 -2.66 -2.06 0.602 1.01 
1.000 -2.69 -2.02 0.679 1.07 
2.000 -2.75 -1.94 0.812 1.14 

ΔEpa is defined as the potential difference between the anodic wave and the cathodic wave 

generated after the change in sweep direction. 
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Figure A2.10. Cyclic voltammogram of complex 2.1 (200 mV/s scan rate, vs. Fc/Fc+). 

Measured in DMSO with 0.1 M [NBu4][BPh4] as the supporting electrolyte. (*) is assignable 

to the reversible U(III)/U(IV) redox feature. 
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Figure A2.11. Partial cyclic voltammogram of the U(IV)/U(III) redox feature of [UIV(k8-

DOTA)(DMSO)] (2.1) measured in DMSO with 0.1 M [NBu4][BPh4] as the supporting 

electrolyte. 
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Table A2.3. Electrochemical parameters for the U(III/IV) feature of [UIV(k8-DOTA)(DMSO)] 

(2.1) in DMSO with 0.1 M [NBu4][BPh4] as the supporting electrolyte (vs. Fc/Fc+). 

Oxidation Feature Scan rate, 
V/s 

Ep,c, V Ep,a, V ∆Epa ip,c/ip,a 

 0.025 -2.31 -2.21 0.108 1.37 
0.050 -2.32 -2.19 0.125 1.25 
0.100 -2.33 -2.18 0.147 1.21 
0.200 -2.34 -2.17 0.174 1.17 
0.300 -2.36 -2.15 0.202 1.17 
0.500 -2.38 -2.14 0.241 1.25 
1.000 -2.42 -2.11 0.307 1.14 
2.000 -2.47 -2.06 0.407 1.09 

ΔEpa is defined as the potential difference between the anodic wave and the cathodic wave 

generated after the change in sweep direction. 
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3.1 Introduction 

The ability to manipulate the uranyl (UVIO22+) oxidation state has potential use in nuclear 

fuel processing, immobilization of uranyl contamination in groundwater, and uranium 

extraction from seawater.1-6  Control of actinyl redox also has implications for the SANHEX 

process, which has been proposed as a method to separate Am and Cm from spent fuel.7, 8 

Because of these potential applications, the redox chemistry of uranyl has come under 

increased scrutiny in recent years.9, 10 For example, in 2008 the Hayton group reported the 

formation of [UVO2(Ar2nacnac)(Ph2MePO)2] (Ar2nacnac = (2,6-

iPr2C6H3)NC(Me)CHC(Me)N(2,6-iPr2C6H3)) by reduction of 

[UVIO2(Ar2nacnac)(Ph2MePO)2][OTf] with Cp2Co.11  In this case, they argued that the 

normally unstable UVO2+ ion was stabilized by the coordination of the strongly donating and 

sterically bulky Ar2nacnac ligand to the uranyl equatorial plane.  Similarly, Mazzanti reported 

that reduction of [UVIO2(dpaea)] (dpaeaH2 = bis(pyridyl-6-methyl-2-carboxylate)-ethylamine) 

with Cp*2Co lead to formation of water-stable [Cp*2Co][UVO2(dpaea)].12  Another means of 

uranyl reduction, developed by us and others,13-25 is ‘reductive silylation’.17, 18 This technique 

has emerged as a reliable and general method for converting UO22+ to U5+ in non-aqueous 

environments - a transformation that is normally quite challenging.10   

More recently, Bart and co-workers have shown that redox-active ligands can also mediate 

uranyl reduction and functionalization.25-28 For example, treatment of the uranyl 

iminosemiquinone complex, [(dippisq)2UVIO2(THF)] (dippiq = 4,6-di-tert-butyl-2-[(2,6-

diisopropylphenyl)imino]quinone) with pivaloyl chloride results in isolation of the U(IV) 
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chloro complex, [(dippiq)2UIVCl4], along with pivalic anhydride.29  In this example, the 2 

electrons required to convert U(VI) to U(IV) come from the iminosemiquinone ligand, which 

is converted to its neutral quinone form during the transformation.  Similarly, Dr. Mikiyas 

Assefa reported that reaction of K2(tmtaa) (tmtaaH2 = 

dibenzotetramethyltetraaza[14]annulene) with [UVIO2Cl2(THF)2]2 resulted in formation of the 

2e- oxidation products of (tmtaa)2- (Scheme 3.1).30  Also formed in the reaction is the reduced 

uranium oxide, U4O9.  In this case, Dr. Assefa hypothesized that the reaction products were 

formed upon decomposition of the unobserved cis-uranyl intermediate, cis-[UVIO2(tmtaa)], 

which undergoes a facile intramolecular redox reaction.  However, the hypothesized cis-uranyl 

intermediate has yet to be observed, which has limited the understanding of the role that uranyl 

structural changes play in mediating this redox chemistry.  Moreover, this method of uranyl 

manipulation is still restricted to only a handful examples.30-32   

Scheme 3.1. Oxidation of [tmtaa]2- via the proposed cis-uranyl intermediate, cis-

[UVIO2(tmtaa)] 

 



 

 65 

In an effort to further develop this under-explored method of uranyl redox manipulation, I 

endeavored to study the ligation of other redox-active macrocycles to the uranyl ion.  In this 

regard, the [calix[4]pyrrole]4- family of porphyrinogen macrocycles may be suitable 

candidates.33, 34  This ligand framework can exist in three different oxidation states, [L]4-, [LΔ]2-

, and LΔΔ (L = [Me8-calix[4]pyrrole]x-) (Chart 3.1).33-36  Moreover, these three states can be 

reversibly interconverted via chemical and electrochemical methods.34 Given these past 

results, I hypothesized that ligation of [L]4- to uranyl would also result in metal reduction,37, 38 

concomitant with ligand oxidation. 

Chart 3.1. Chemical structures of [L]4-, [LΔ]2-, and LΔΔ 

 

3.2 Results and discussion 

Addition of 2 equiv of [Li(THF)]4[L], as a colorless THF solution, to a THF solution of 

[UVIO2Cl2(THF)2]2 results in an immediate color change from yellow to deep brown.  Work-

up of the reaction mixture results in isolation of [Li(THF)]2[LD] (3.1) as orange blocks in 40% 

yield.  Also formed in the reaction is a deep brown powder, which is likely uranium(IV) oxide 

on the basis of Dr. Assefa’s past results with the (tmtaa)2- ligand (Scheme 3.2).30 Complex 3.1 

is the product of the 2e- oxidation of [calix[4]pyrrole]4- by [UVIO2Cl2(THF)2]2.  As Dr. Mikiyas 

Assefa hypothesized for his tmtaa chemistry,30 I suggest that the reduction of uranyl to UO2 

proceeds via an unobserved, highly oxidizing cis-uranyl intermediate [Li]2[cis-
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UVIO2(calix[4]pyrrole)], which subsequently oxidizes the [calix[4]pyrrole]4- ligand.  Similar 

results are observed upon reaction of [Li(THF)]4[L] with [UVIO2Cl2(Ph3PO)2] (see further 

discussion below). 

Scheme 3.2. Oxidation of [Li(THF)]4[L] with [UVIO2Cl2(THF)2]2 or I2  

 

X-ray quality crystals of 3.1 were grown by storage of a concentrated Et2O solution for 24 

h at -25 °C.  When grown in this fashion, one of the coordinated THF molecules is partially 

replaced with a diethyl ether molecule, generating a material with the formula 

[Li(THF)][Li(THF)0.58(Et2O)0.42][L∆]×0.5Et2O (Figure 3.1).  Its solid-state molecular structure 

reveals the formation of a new carbon-carbon bond between two pyrrole rings (C15-C14 = 

1.591(5) Å), resulting in the generation of a cyclopropyl ring.  This structural change is further 

evidenced by the contraction of the oxidized dipyrrole subunit N-N distance (N3-N4 = 2.702(4) 

Å) relative to the reduced dipyrrole subunit N-N distance (N1-N2 = 2.887(4) Å). The oxidation 
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state is further confirmed by the presence of only two lithium cations in the solid state structure. 

One lithium cation is found in the inner cavity of the ring, bound to all four pyrrole nitrogen 

atoms and one molecule of THF, while the other lithium cation is found outside of the inner 

cavity and bound to two nitrogen atoms.  Its third coordination site is occupied by a mixture 

of THF and Et2O. The metrical parameters of 3.1 are in good agreement with those reported 

for other oxidized calix ligands, such as [Li]2[L′Δ] (L′ = Et8‐calix[4]pyrrole, i.e., the octaethyl-

substituted analogue of the calix[4]pyrrole ligand)35 and [LΔZn].34  

 

Figure 3.1. Solid state molecular structures of complexes 

[Li(THF)][Li(THF)0.58(Et2O)0.42][L∆]×0.5Et2O (3.1, left), [Li(THF)][UVIO2(L∆)Cl(THF)]×C7H8 

(3.2×C7H8, middle), and [Li(THF)][UVIO2(L∆)(OTf)(THF)] (3.3, right), respectively, with 50% 

probability ellipsoids shown for non-carbon atoms. Hydrogen atoms, solvate molecules, and 

coordinated Et2O/THF molecules in [Li(THF)][Li(THF)0.58(Et2O)0.42][L∆]×0.5Et2O omitted for 

clarity.  

Complex 3.1 can also be accessed by reaction of [Li(THF)]4[L] with 1 equiv of I2 in THF 

(Scheme 3.2). When synthesized in this fashion it can be isolated in 73% yield after work-up.  

Its 1H NMR spectrum in THF-d8 at -60 °C features four pyrrole and six methyl environments, 
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consistent with the Cs symmetry observed in the solid state (Figure A3.2). Curiously, upon 

warming to room temperature the six methyl resonances coalesce into three broad, overlapping 

resonances, suggesting that the saddle structure of 3.1 undergoes rapid inversion at room 

temperature (Figure A3.1). Finally, the room temperature 7Li{1H} NMR spectrum of 3.1 

exhibits two broad resonances at 0.79 and -1.09 ppm, in a 1:1 ratio, which is also consistent 

with the solid state structure (Figure A3.4).  

In an effort to isolate a model structure of the proposed [Li]2[cis-UVIO2(calix[4]pyrrole)] 

intermediate, I explored the ligation of 3.1 to the uranyl fragment.  I rationalize that, despite 

its increased rigidity due to the presence of the cyclopropyl ring, it should still be capable of 

binding to uranyl, and also provide a good approximation of the [calix[4]pyrrole]4- 

coordination environment.  Moreover, because of its reduced oxidation potential relative to 

[Li(THF)]4[L],34 I should not observe further uranyl redox chemistry.  Thus, reaction of 

[UVIO2Cl2(THF)2]2 with 2 equiv of 3.1, in THF at -25 °C, quickly results in a color change 

from yellow to deep green (Scheme 3.3). Work-up of the reaction mixture, followed by 

crystallization from hexanes/toluene affords [Li(THF)][UVIO2(L∆)Cl(THF)] (3.2), as deep 

green needles in 49% yield.  Similarly, reaction of [UVIO2(OTf)2(THF)3] with 3.1 in THF and 

at -25 °C, quickly results in a color change from yellow to deep green. Work-up of the reaction 

mixture, followed by crystallization from THF, affords the analogous triflate complex, 

[Li(THF)][UVIO2(L∆)(OTf)(THF)] (3.3), as deep green needles in 30% yield (Scheme 3.3).  I 

attribute the lower yield of 3.3 to the formation of the fully oxidized calix fragment, LΔΔ, which 

I observe in the 1H NMR spectra of the crude reaction mixtures (Figure A3.15).34 The oxidation 

of [LΔ]2- to LΔΔ during the reaction suggests that [UVIO2(OTf)2(THF)3] is a better oxidant than 
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[UVIO2Cl2(THF)2]2, which consistent with weaker donor ability of [OTf]- vs. [Cl]-.  Consistent 

with this hypothesis, LΔΔ is not observed in crude reaction mixtures of 3.2. 

Scheme 3.3. Synthesis of Complexes 3.2 and 3.3 

 

Complex 3.2 crystallizes in the triclinic space group P-1 as the toluene solvate, 3.2×C7H8, 

with two independent molecules in the asymmetric unit, while complex 3.3 crystallizes in the 

monoclinic space group P21/n (Figure 3.1). Due to poor crystal quality complex 3.3’s solid 

state structure was determined using a Bruker Kappa Apex III instrument at the University of 

Texas at El Paso by Drs. Fortier and Murillo . Complexes 3.2 and 3.3 are isostructural: both 

feature distorted octahedral geometries about the uranium center; however, 3.3 bears an k1-

triflate group in place of the chloride ligand in 3.2. The calix ligand in both complexes features 

a mixed h1/h5-binding mode to uranium, wherein the calix ligand binds to uranium via one 

pyrrole ring in an h1-fashion and a second pyrrole ring in an η5-fashion. A similar mixed-

hapticity binding mode was observed in the U(III) complex, [(Et8‐calix[4] 

pyrrole)UIII(dme)][K(dme)].39  Complexes 3.2 and 3.3 have U-centroid distances of 2.54(1) 
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(U1-C4 = 2.716(19), U1-N1 = 2.771(16), U1-C3 = 2.836(18),U1-C1 = 2.84(2), U1-C2 = 

2.871(19) Å) and 2.53(1) Å (U1-C2 = 2.690(6), U1-C3 = 2.771(6), U1-N1 = 2.792(5), U1-C4 

= 2.870(6), U1-C5 = 2.923(6) Å), respectively.  For comparison, the η5-pyrrole interaction 

observed in 3.2 and 3.3 is reminiscent of the η5-cyclopentadienyl interaction observed in 

[NEt4]2[UVIO2(h5-C5Me5)(CN)3] and (h5-C5Me5)UVIO2(MesPDIMe) (MesPDIMe = 2,6-(2,4,6-

Me3-C6H2-N=CMe)2C5H3N).  These two complexes feature similar U-centroid distances of 

2.598(3) and 2.582 Å, respectively.25, 40   

The average U=O bond lengths in 3.2 and 3.3 are 1.77 and 1.76 Å, respectively, which is 

typical of the trans-uranyl fragment.11, 41, 42  However, the O−U−O angles in 3.2 

(162.0(7)/162.7(7)°) and 3.3 (164.5(5)°) are substantially reduced from the 180° expected for 

this fragment, and are among the smallest reported to date (Table 3.1).43, 44  I attribute the 

O−U−O bending to the close approach of the ligand backbone to the Oyl atoms (3.2: O1…C25 

= 2.82 Å and O2…C3 = 2.95 Å; 3.3: O1…C9 = 2.84 Å and O2…C3 = 2.89 Å).  Significantly, 

the O−U−O bending observed upon ligation of 3.1 to uranyl appears to confirm my hypothesis 

that the initial oxidation of [calix[4]pyrrole]4- does, indeed, occur via a cis-uranyl intermediate.  

For comparison, the uranyl pyridinophane complexes, [UVIO2(OTf)2(HN4)] and 

[UVIO2(OTf)(THF)(MeN4)][OTf] (HN4 = 2,11-diaza[3,3](2,6) pyridinophane, and MeN4 = 

N,N′-dimethyl-2,11-diaza[3,3](2,6) pyridinophane) feature O-U-O angles of 162.8(3)° and 

161.7(5)°, respectively.45 Similarly, the uranyl 1,10-phenanthroline (phen) complexes, 

[UVIO2(phen)2(2,4,6-X3C6H2CO2)2] (X = F, Cl, Br), feature O−U−O angles ranging from 

164.9(2)° to 162.2(2)°.46  For further comparison, [NEt4]2[UVIO2(h5-C5Me5)(CN)3] and (h5-

C5Me5)UVIO2(MesPDIMe), which feature similar h5-bound rings, adopt O−U−O angles of 

168.40(9)°,40 and 168.3(2)°,25 respectively. In all cases, bending can be rationalized by the 
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steric constraints imposed by coordination of the ligand to the uranium center.43  Finally, the 

lithium cations in both 3.2 and 3.3 are each coordinated to four N atoms of the calix ligand, as 

well as one THF molecule.  This binding mode is reminiscent of the K+ binding mode in [(Et8‐

calix[4]tetrapyrrole)UIII(dme)][K(dme)],39 and the Li+ binding mode in 

[Li(THF)]2[UVIO2(N(SiMe3)2)2(tmtaa)].47  

Table 3.1. Selected Metrical Parameters for 3.2 and 3.3 (Å and °). 

Complex 3.2 3.3 
U=O 1.77(1)/1.78(1) 

1.77(2)/1.78(2) 
1.765(4)/ 
1.762(4) 

U−cent. 2.53(1)/2.54(1) 2.53(1) 
U-OTHF 2.42(1)/2.45(2) 2.402(4) 
U−X  
X = Cl or OTf 

2.739(5)/ 
2.736(4) 

2.441(5) 

U−N 2.54(1)/2.54(2) 2.494(5) 
O−U−O (°) 162.0(7)/162.7(7) 164.5(5) 

 

The 1H NMR spectrum of 3.2 in THF-d8 at -30 °C reveals 8 doublets between 6.0 and 7.5 

ppm, assignable to 8 unique pyrrole environments, as well as 8 singlets between 1.0 and 2.5 

ppm, which are assignable to 8 unique methyl environments (Figure A3.7), consistent with the 

C1 symmetry seen in the solid state. However, upon warming 3.2 to 25 °C the 8 pyrrole and 8 

methyl environments coalesce and broaden significantly. This observation suggests that, at 

room temperature, the ligand fragment in 3.2 is rapidly exchanging its h1- and h5-bound 

pyrrole rings, while the uranium-coordinated THF and [Cl]- ligands also likely undergo 

exchange. These parallel exchange processes result in an averaged structure that adequately 

rationalizes the room temp 1H NMR spectrum.  Similar dynamic behavior is observed for 

complex 3.3 (Figure A3.11).  In addition, the 19F{1H} NMR spectrum of 3.3 features a sharp 



 

 72 

singlet at 78.43 ppm, assignable to the [OTf]- ligand (Figure A3.13), while the 7Li{1H} NMR 

spectrum of 3.3 features a broad peak at 0.02 ppm (Figure A3.12), which is assignable to the 

lone Li+ environment. The 7Li{1H} NMR spectrum of 3.2 is essentially identical to that of 3.3 

(Figure A3.9).  

Finally, in an effort to probe the suitability of [Li(THF)]4[L] as a catalyst for uranyl 

reduction, I explored the chemical reversibility of the [Li(THF)]4[L] to 3.1 conversion. To that 

end, I monitored the reaction of [Li(THF)]4[L] with [UVIO2Cl2(Ph3PO)2] in THF-d8 by 1H 

NMR spectroscopy. This reaction results in an immediate color change from yellow to deep-

brown, while no precipitate is observed to form. The 1H NMR spectrum of the reaction mixture 

after 5 minutes revealed the presence of 3.1, along with a small amount of H4L.  These two 

species are present in a 10:2 ratio.  Subsequent addition of excess Li0 to this sample resulted 

in complete disappearance of 3.1 and reformation of [Li(THF)]4[L] over the course of 10 h. 

The ratio of [Li(THF)]4[L]:H4L in this sample is 10:2.5 (Scheme 3.4 and Figure A3.16).  On 

standing for 24 h, a deep-brown solid slowly began to deposit in the reaction mixture, which I 

ascribe to uranium(IV) oxide.  Note that Floriani and co-workers previously reported reduction 

of [Li]2[L′Δ] with 2 equiv of Li0 results in formation of [Li]4[L′].35  Overall, the reversibility of 

the [Li(THF)]4[L] oxidation suggest that it could be employed in the catalytic reduction of 

uranyl.  However, its high water sensitivity renders it impractical for use in real-world systems.  

Nonetheless, my results represent an important proof-of-principle toward the development of 

a practical system.   
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Scheme 3.4. Reversible Redox Chemistry of 3.1 

 

3.3 Summary 

In summary, I have explored the reactivity of the well-known macrocyclic ligand, 

[Li(THF)]4[Me8-calix[4]pyrrole], with the uranyl ion.  This reaction results in oxidation of the 

[calix[4]pyrrole]4- fragment, forming of the oxidized calix ligand, [Li(THF)]2[LD] (3.1), 

concomitant with reduction of the uranyl ion.  I hypothesize that this reaction proceeds through 

a highly-oxidizing cis-uranyl intermediate, [Li]2[cis-UVIO2(L)].  In an effort to test this 

hypothesis, I explored the reaction of 3.1 with uranyl salts, which results in the isolation of 

[Li(THF)][UVIO2(L∆)Cl(THF)] (3.2) and [Li(THF)][UVIO2(L∆)(OTf)(THF)] (3.3).  

Significantly, complexes 3.2 and 3.3 are the first h5-pyrrole complexes of the uranyl ion.  As 

such, they represent rare examples of organometallic uranyl complexes.25, 40, 48-55  Moreover, 

the O-U-O bending observed in the solid state for these two complexes supports my hypothesis 
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that reduction of uranyl by [Li(THF)]4[Me8-calix[4]pyrrole] occurs via a cis-uranyl 

intermediate. My results present the most detailed picture yet of the structural changes that 

occur to uranyl upon coordination to a macrocycle, and provide further support that O-U-O 

bending in the uranyl ion renders it a strong oxidant. In addition, this transformation represents 

a rare example of the controlled reduction of uranyl by ligation to a redox-active ligand.  Going 

forward, I plan to develop this method of uranyl manipulation into an electro-catalytic uranyl 

reduction process. 

3.4 Experimental 

3.4.1 General.  All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions under an atmosphere of dinitrogen. Diethyl ether (Et2O), 

toluene, and hexanes were dried using a Vacuum Atmospheres DRI-SOLV Solvent 

Purification system and stored over 3Å sieves for 24 h prior to use. Tetrahydrofuran (THF) 

was distilled over calcium hydride followed by distillation over sodium benzophenone, 

collected, and stored over 3Å sieves for 24 h prior to use.  THF-d8 and C6D6 were stored over 

3Å sieves for 24 h prior to use.  [UO2Cl2(THF)2]2,41 [UO2Cl2(Ph3PO)2],27 

[UO2(OTf)2(THF)3],56 H4L (L = Me8-calix[4]pyrrole),57 and [Li(THF)]4[L]33 were synthesized 

according to previously reported literature procedures. 

All NMR spectra were recorded on a Varian UNITY INOVA 500 spectrometer or an 

Agilent Technologies 400-MR DD2 400 MHz spectrometer. 1H and 13C{1H} NMR spectra 

were referenced to external SiMe4 using the residual protio solvent peaks as internal standards. 

The 7Li and 19F{1H} NMR spectra were referenced indirectly with the 1H resonance of SiMe4 

at 0 ppm, according to IUPAC standard.58, 59 IR spectra were recorded on a Nicolet 6700 FT-
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IR spectrometer with a NXR FT Raman Module.  Elemental analyses were performed by the 

Microanalytical Laboratory at University of California (Berkeley, CA). 

3.4.2 Synthesis of [Li(THF)]2[L∆] (3.1). To a colorless stirring solution of [Li(THF)]4[L] 

(530 mg, 0.716 mmol) in THF (10 mL) was slowly added I2 (181.6 mg, 0.716 mmol). This 

resulted in a rapid color change to deep orange.  No solid was observed in the reaction mixture.  

After 5 min, the volatiles were removed in vacuo to provide a deep orange solid. The solid was 

suspended in cold (-25 °C) THF (3 mL), and the resulting suspension was filtered through a 

medium porosity glass frit to provide an orange powder and a pale orange supernatant.  The 

orange powder was subsequently rinsed with 2 mL of cold THF to afford [Li(THF)]2[L∆] (3.1) 

as an orange powder. Yield: 304 mg, 73%.  Anal. Calcd for C36H48N4Li2O2: C, 74.21; H, 8.30; 

N, 9.62. Found: C, 73.84; H, 8.04; N, 9.32. 1H NMR (500 MHz, 25 °C, THF-d8): 7.60 (br s, 

Hpyr, 2H), 6.83 (br s, Hpyr, 2H), 5.67 (br s, Hpyr, 4H), 1.53 (br s, CH3, 15H), 1.42 (br s, CH3, 

6H), 1.29 (br s, CH3, 3H). (500 MHz, 0 °C, THF-d8): 7.62 (br s, Hpyr, 2H), 6.84 (br s, Hpyr, 2H), 

5.67 (br s, Hpyr, 4H), 1.63 (s, CH3, 3H), 1.59 (s, CH3, 6H), 1.51 (s, CH3, 6H), 1.42 (s, CH3, 

6H), 1.29 (s, CH3, 3H). 1H NMR (500 MHz, -20 °C, THF-d8): δ 7.63 (d, J = 4.7 Hz, Hpyr, 1H), 

6.84 (d, J = 4.9 Hz, Hpyr, 1H), 5.67 (s, Hpyr, 2H), 5.63 (s, Hpyr, 2H), 1.63 (s, CH3, 3H), 1.61 (s, 

CH3, 3H), 1.58 (s, CH3, 3H), 1.51 (s, CH3, 6H), 1.42 (s, CH3, 6H), 1.29 (s, CH3, 6H). 1H NMR 

(500 MHz, -40 °C, THF-d8): δ 7.64 (d, J = 4.5 Hz, Hpyr, 2H), 6.84 (d, J = 4.8 Hz, Hpyr, 2H), 

5.66 (d, J = 2.4 Hz, Hpyr, 2H), 5.62 (d, J = 2.7 Hz, Hpyr, 2H), 1.64 (s, CH3, 6H), 1.56 (s, CH3, 

3H), 1.51 (s, CH3, 6H), 1.42 (s, CH3, 6H), 1.31 (s, CH3, 3H). 1H NMR (500 MHz, -60 °C, 

THF-d8): δ 7.65 (d, J = 5.0 Hz, Hpyr, 2H), 6.83 (d, J = 4.8 Hz, Hpyr, 2H), 5.66 (d, J = 2.7 Hz, 

Hpyr, 2H), 5.61 (d, J = 2.6 Hz, Hpyr, 2H), 1.67 (s, CH3, 3H), 1.63 (s, CH3, 3H), 1.54 (s, CH3, 

2H), 1.51 (s, CH3, 6H), 1.42 (s, CH3, 6H), 1.33 (s, CH3, 3H). 1H NMR (500 MHz, -80 °C, 
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THF-d8): δ 7.65 (d, J = 4.9 Hz, Hpyr, 2H), 6.82 (d, J = 4.9 Hz, Hpyr, 2H), 5.65 (d, J = 2.5 Hz, 

Hpyr, 2H), 5.60 (d, J = 2.1 Hz, Hpyr, 2H), 1.70 (s, CH3, 3H), 1.64 (s, CH3, 3H), 1.52 (s, CH3, 

3H), 1.50 (s, CH3, 6H), 1.41 (s, CH3, 6H), 1.36 (s, CH3, 3H). 7Li NMR (155 MHz, 25 °C, THF-

d8): δ 0.79 (s, 1Li), -1.09 (s, 1Li). 13C{1H} NMR (126 MHz, -30 °C, THF-d8): δ 187.59 (6), 

150.88 (5/4), 150.06 (5/4), 144.17 (12), 128.35 (11), 101.75 (10), 99.00 (9), 87.53 (3), 68.39 

(THF), 47.50 (13), 41.81 (7), 39.26 (2), 37.27 (14), 31.53 (1), 30.61 (8), 30.23 (8), 26.58 

(THF). IR (KBr pellet, cm-1): 3089 (m), 3076 (m), 2962 (s), 2926 (s), 2866 (s), 1576, (s), 1460, 

(s), 1367 (m), 1350 (s), 1277 (m), 1244 (w), 1203 (m), 1155 (m), 1126 (w), 1092 (m), 1047 

(s), 1022 (m), 916 (m), 895 (m), 800 (s), 802 (s), 741 (w), 725 (s), 609 (m), 577 (w), 557 (vw), 

536 (vw), 499 (vw), 445 (m), 436 (m), 417 (s). 

3.4.3 Isolation of [Li(THF)][Li(THF)0.58(Et2O)0.42][L∆]. To a stirring yellow solution of 

[UO2Cl2(THF)2]2 (69.9 mg, 0.0717 mmol) in THF (2 mL) was added slowly a THF solution 

(2 mL) of [Li(THF)]4[L] (106.3 mg, 0.143 mmol). This resulted in a rapid color change to deep 

brown. The mixture was allowed to stir for 30 min before the volatiles were removed in vacuo, 

which afforded a brown-orange solid. The brown-orange residue was extracted into Et2O (3 ´ 

3 mL) and filtered through a Celite column supported on glass wool (0.5 cm × 2 cm). This 

yielded a brown-orange filtrate and left a brown-black solid on the Celite column. The volume 

of this solution was reduced in vacuo to 5 mL. Storage of this solution for 24 h at -25 °C 

resulted in the deposition of X-ray quality orange blocks of 

[Li(THF)][Li(THF)0.58(Et2O)0.42][L∆], which were isolated by decanting off the supernatant 

and drying in vacuo. Yield 33.4 mg, 40%. 1H NMR (500 MHz, 25 °C, THF-d8) δ 7.59 (br s, 

Hpyr, 2H), 6.83 (br s, Hpyr, 2H), 5.67 (br s, Hpyr, 4H), 3.54 (s, THF, 4H), 3.35 (q, J = 7.0 Hz, 
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Et2O, 4H), 1.69 (s, THF, 4H), 1.54 (s, CH3, 12H), 1.50 (s, CH3, 3H), 1.42 (s, CH3, 6H) 1.26 (s, 

CH3, 3H), 1.08 (t, J = 7.0 Hz, Et2O, 6H). 

3.4.4 Synthesis of [Li(THF)][UO2(L∆)Cl(THF)] (3.2). To a stirring, -25 °C solution of 

[UO2Cl2(THF)2]2 (90.1 mg, 0.0929 mmol) in THF (2 mL) was added dropwise a -25 °C 

solution of 1 (108.2 mg, 0.186 mmol) in THF (2 mL).  This addition resulted in an immediate 

color change from yellow to deep green.  As soon as the addition was complete, the volatiles 

were removed in vacuo and the resulting solids were triturated with pentane (2 ´ 2 mL), 

affording a deep green solid. This solid was then extracted into toluene (6 mL) and filtered 

through a Celite column supported on glass wool (0.5 cm × 2 cm). This yielded a deep green 

solution. The volume of this solution was reduced in vacuo to 3 mL, filtered through a Celite 

column supported on glass wool (0.5 cm × 2 cm), and layered with hexanes (8 mL). Storage 

of the solution at -25 °C for 48 h resulted in the deposition of deep green needles of 

[Li(THF)][UO2(L∆)Cl(THF)] (3.2), which were isolated by decanting off the supernatant (yield 

80 mg, 49%). Anal. Calcd for C36H48N4LiClO4U: C, 49.07; H, 5.49; N, 6.36. Found: C, 49.44; 

H, 5.63; N, 6.12. 1H NMR (500 MHz, 25 °C, THF-d8): δ 7.50 – 6.00 (br m, Hpyr, 8H), 1.92 (br 

s, CH3, 6H), 1.86 (br s, CH3, 3H), 1.69 (br s, CH3, 3H), 1.65 (br s, CH3, 6H), 1.46 (s, CH3, 3H), 

1.39 (s, CH3, 3H). 1H NMR (500 MHz, 10 °C, THF-d8): δ 7.50 – 5.93 (br m, Hpyr, 8H), 1.94 

(br s, CH3, 6H), 1.85 (s, CH3, 3H), 1.69 (br s, CH3, 3H), 1.64 (br s, CH3, 6H), 1.47 (s, CH3, 

3H), 1.39 (s, CH3, 3H). 1H NMR (500 MHz, 0 °C, THF-d8): δ 7.17 (br s, Hpyr, 1H), 6.95 (br s, 

Hpyr, 1H), 6.89 (br s, Hpyr, 1H), 6.74 (br s, Hpyr, 1H), 6.56 (br s, Hpyr, 1H), 6.30 (br s, Hpyr, 2H), 

6.04 (br s, Hpyr, 1H), 2.01 (br s, CH3, 3H), 1.85 (s, CH3, 6H), 1.69 (s, CH3, 3H), 1.64 (br s, 

CH3, 6H), 1.47 (s, CH3, 3H), 1.39 (s, CH3, 3H). 1H NMR (500 MHz, -10 °C, THF-d8): δ 7.21 

(s, Hpyr, 1H), 6.95 (s, Hpyr, 1H), 6.90 (s, Hpyr, 1H), 6.76 (s, Hpyr, 1H), 6.57 (s, Hpyr, 1H), 6.30 (s, 
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Hpyr, 1H), 6.26 (s, Hpyr, 1H), 6.04 (s, Hpyr, 1H), 2.02 (br s, CH3, 3H), 1.84 (s, CH3, 6H), 1.70 

(s, CH3, 3H), 1.66 (br s, CH3, 3H), 1.62 (br s, CH3, 3H), 1.47 (s, CH3, 3H), 1.38 (s, CH3, 3H). 

1H NMR (500 MHz, -20 °C, THF-d8): δ 7.22 (d, J = 4.9 Hz, Hpyr, 1H), 6.97 (d, J = 4.7 Hz, 

Hpyr, 1H), 6.91 (s, Hpyr, 1H), 6.78 (d, J = 4.9 Hz, Hpyr, 1H), 6.58 (s, Hpyr, 1H), 6.30 (d, J = 3.3 

Hz, Hpyr, 1H), 6.26 (d, J = 4.8 Hz, Hpyr, 1H), 6.04 (d, J = 3.1 Hz, Hpyr, 1H), 2.03 (s, CH3, 3H), 

1.83 (s, CH3, 6H), 1.70 (s, CH3, 3H), 1.66 (s, CH3, 3H), 1.61 (s, CH3, 3H), 1.47 (s, CH3, 3H), 

1.38 (s, CH3, 3H). 1H NMR (500 MHz, -30 °C, THF-d8): δ 7.24 (d, J = 5.0 Hz, Hpyr, 1H), 6.98 

(d, J = 4.9 Hz, Hpyr, 1H), 6.91 (d, J = 2.8 Hz, Hpyr, 1H), 6.80 (d, J = 4.9 Hz, Hpyr, 1H), 6.59 (d, 

J = 2.8 Hz, Hpyr, 1H), 6.30 (d, J = 3.0 Hz, Hpyr, 1H), 6.25 (d, J = 4.9 Hz, Hpyr, 1H), 6.03 (d, J = 

3.1 Hz, Hpyr, 1H), 2.03 (s, CH3, 3H), 1.82 (s, CH3, 6H), 1.69 (s, CH3, 3H), 1.66 (s, CH3, 3H), 

1.61 (s, CH3, 3H), 1.48 (s, CH3, 3H), 1.38 (s, CH3, 3H). 1H NMR (500 MHz, -40 °C, THF-d8): 

δ 7.25 (d, J = 4.8 Hz, Hpyr, 1H), 6.99 (d, J = 4.7 Hz, Hpyr, 1H), 6.92 (d, J = 2.8 Hz, Hpyr, 1H), 

6.82 (d, J = 4.7 Hz, Hpyr, 1H), 6.59 (d, J = 2.8 Hz, Hpyr, 1H), 6.30 (d, J = 3.1 Hz, Hpyr, 1H), 

6.26 (d, J = 4.9 Hz, Hpyr, 1H), 6.03 (d, J = 3.1 Hz, Hpyr, 1H), 2.03 (s, CH3, 3H), 1.82 (s, CH3, 

6H), 1.69 (s, CH3, 3H), 1.66 (s, CH3, 3H), 1.61 (s, CH3, 3H), 1.48 (s, CH3, 3H), 1.38 (s, CH3, 

3H). 1H NMR (500 MHz, -50 °C, THF-d8): δ 7.27 (d, J = 4.9 Hz, Hpyr, 1H), 7.01 (d, J = 4.9 

Hz, Hpyr, 1H), 6.92 (d, J = 2.8 Hz, Hpyr, 1H), 6.84 (d, J = 4.9 Hz, Hpyr, 1H), 6.60 (d, J = 2.8 Hz, 

Hpyr, 1H), 6.30 (d, J = 3.1 Hz, Hpyr, 1H), 6.26 (d, J = 4.9 Hz, Hpyr, 1H), 6.03 (d, J = 3.1 Hz, 

Hpyr, 1H), 2.04 (s, CH3, 3H), 1.82 (s, CH3, 6H), 1.68 (s, CH3, 3H), 1.66 (s, CH3, 3H), 1.60 (s, 

CH3, 3H), 1.48 (s, CH3, 3H), 1.37 (s, CH3, 3H). 13C{1H} NMR (126 MHz, -30 °C, THF-d8): δ 

187.77, 187.14, 166.01, 163.74, 152.40, 151.72, 149.91, 146.21, 130.65, 127.67, 127.05, 

118.16, 108.73, 108.56, 105.73, 88.25, 47.00, 42.70, 40.69, 40.01, 39.84, 39.54, 34.26, 30.85, 

30.70. 7Li{1H} NMR (155 MHz, 25 °C, THF-d8): δ -0.18 (s).  IR (KBr pellet, cm-1): 3097 (w), 
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3080 (w), 2962 (s), 2920 (s), 2875 (m), 1570 (s), 1493 (w), 1464 (m), 1381 (w), 1362 (w), 

1352 (m), 1265 (m), 1244 (w), 1207 (m), 1178 (w), 1155 (m), 1134(w), 1113 (w), 1101 (m), 

1051 (s), 1034 (w), 1011 (w), 984 (w), 974 (w), 891 (vs), 858 (s), 810 (s), 795 (s), 752 (m), 

731 (m), 696 (w), 673 (w), 606 (m), 501 (w). 

3.4.5 Synthesis of [Li(THF)][UO2(L∆)(OTf)(THF)] (3.3). To a stirring -25 °C solution 

of [UO2(OTf)2(THF)3] (121.2 mg, 0.155 mmol) in THF (2 mL) was added dropwise a -25 °C 

solution of 3.1 (114.8 mg, 0.155 mmol) in THF (2 mL). This addition resulted in an immediate 

color change from yellow to deep green. As soon as the addition was complete, the deep green-

brown solution was filtered through a Celite column supported on glass wool (0.5 cm × 2 cm). 

This yielded a deep green-brown solution. Layering of this solution with hexanes (8 mL) 

followed storage of the solution at -25 °C for 24 h resulted in the deposition of copious amounts 

of a brown solid, which I have tentatively ascribed to L∆∆ (Figure A3.14). Filtration of this 

solution and further storage at -25 °C for 24 h resulted in the deposition of deep green needles 

of [Li(THF)][UO2(L∆)(OTf)(THF)] (3.3), which were isolated by decanting off the supernatant 

(yield 35.1 mg, 30%). Anal. Calcd for C37H48F3LiN4O7SU: C, 44.67; H, 4.86; N, 5.63. Found: 

C, 44.13; H, 4.58; N, 5.27. 1H NMR (500 MHz, 25 °C, THF-d8): δ 7.32 – 5.87 (br m, 8H), 1.98 

(s, 3H), 1.83 (br s, 6H), 1.73 (s, 6H), 1.68 (s, 3H), 1.48 (s, 3H), 1.42 (s, 3H). 1H NMR (500 

MHz, 10 °C, THF-d8): δ 7.19 (br s, Hpyr, 1H), 6.95 (br s, Hpyr, 1H), 6.85 (br s, Hpyr, 1H), 6.72 

(br s, Hpyr, 1H), 6.63 (br s, Hpyr, 1H), 6.22 (br s, Hpyr, 2H), 6.05 (br s, Hpyr, 1H), 1.97 (s, CH3, 

6H), 1.74 (s, CH3, 3H) 1.72 (s, CH3, 6H), 1.64 (br s, CH3, 3H), 1.48 (s, CH3, 3H), 1.41 (s, CH3, 

3H). 1H NMR (500 MHz, 0 °C, THF-d8): δ 7.21 (s, Hpyr, 1H), 6.96 (s, Hpyr, 1H), 6.86 (s, Hpyr, 

1H), 6.75 (s, Hpyr, 1H), 6.64 (s, Hpyr, 1H), 6.23 (s, Hpyr, 1H), 6.21 (s, Hpyr, 1H), 6.05 (s, Hpyr, 

1H), 1.97 (s, CH3, 6H), 1.74 (s, CH3, 3H), 1.73 (s, CH3, 6H), 1.63 (s, CH3, 3H), 1.48 (s, CH3, 
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3H), 1.41 (s, CH3, 3H). 1H NMR (500 MHz, -10 °C THF-d8): δ 7.22 (d, J = 4.9 Hz, Hpyr, 1H), 

6.97 (d, J = 4.9 Hz, Hpyr, 1H), 6.87 (s, Hpyr, 1H), 6.76 (d, J = 4.9 Hz, Hpyr, 1H), 6.65 (s, Hpyr, 

1H), 6.24 (s, Hpyr, 1H), 6.20 (d, J = 4.8 Hz, Hpyr, 1H), 6.04 (s, Hpyr, 1H), 1.97 (s, CH3, 3H), 

1.96 (s, CH3, 3H), 1.73 (s, CH3, 3H), 1.72 (s, CH3, 6H), 1.63 (s, CH3, 3H), 1.48 (s, CH3, 3H), 

1.41 (s, CH3, 3H). 1H NMR (500 MHz, -20 °C, THF-d8): δ 7.23 (d, J = 5.0 Hz, Hpyr, 1H), 6.98 

(d, J = 5.0 Hz, Hpyr, 1H), 6.87 (d, J = 2.8 Hz, Hpyr, 1H), 6.78 (d, J = 5.0 Hz, Hpyr, 1H), 6.65 (d, 

J = 3.1 Hz, Hpyr, 1H), 6.24 (d, J = 3.1 Hz, Hpyr, 1H), 6.20 (d, J = 5.0 Hz, Hpyr, 1H), 6.04 (d, J = 

3.1 Hz, Hpyr, 1H), 1.98 (s, CH3, 3H), 1.96 (s, CH3, 3H), 1.75 (s, CH3, 3H), 1.74 (s, CH3, 3H), 

1.72 (s, CH3, 3H), 1.62 (s, CH3, 3H), 1.49 (s, CH3, 3H), 1.41 (s, CH3, 3H). 1H NMR (500 MHz, 

-30 °C, THF-d8): δ 7.24 (d, J = 5.0 Hz, Hpyr, 1H), 7.00 (d, J = 4.9 Hz, Hpyr, 1H), 6.88 (d, J = 

2.8 Hz, Hpyr, 1H), 6.80 (d, J = 5.0 Hz, Hpyr, 1H), 6.67 (d, J = 2.7 Hz, Hpyr, 1H), 6.24 (d, J = 3.0 

Hz, Hpyr, 1H), 6.20 (d, J = 5.0 Hz, Hpyr, 1H), 6.04 (d, J = 3.1 Hz, Hpyr, 1H), 1.98 (s, CH3, 3H), 

1.95 (s, CH3, 3H), 1.75 (s, CH3, 3H), 1.74 (s, CH3, 3H), 1.72 (s, CH3, 3H), 1.62 (s, CH3, 3H), 

1.49 (s, CH3, 3H), 1.41 (s, CH3, 3H). 1H NMR (500 MHz, -40 °C, THF-d8): δ 7.26 (d, J = 4.9 

Hz, Hpyr, 1H), 7.02 (d, J = 4.9 Hz, Hpyr, 1H), 6.89 (d, J = 2.8 Hz, Hpyr, 1H), 6.83 (d, J = 5.0 Hz, 

Hpyr, 1H), 6.69 (d, J = 2.8 Hz, Hpyr, 1H), 6.25 (d, J = 3.0 Hz, Hpyr, 1H), 6.21 (d, J = 5.0 Hz, 

Hpyr, 1H), 6.04 (d, J = 3.0 Hz, Hpyr, 1H), 1.99 (s, CH3, 3H), 1.94 (s, CH3, 3H), 1.75 (s, CH3, 

3H), 1.74 (s, CH3, 3H), 1.72 (s, CH3, 3H), 1.61 (s, CH3, 3H), 1.49 (s, CH3, 3H), 1.40 (s, CH3, 

3H). 1H NMR (500 MHz, -50 °C, THF-d8): δ 7.27 (d, J = 4.9 Hz, Hpyr, 1H), 7.03 (d, J = 5.0 

Hz, Hpyr, 1H), 6.89 (d, J = 2.8 Hz, Hpyr, 1H), 6.85 (d, J = 5.0 Hz, Hpyr, 1H), 6.70 (d, J = 2.8 Hz, 

Hpyr, 1H), 6.25 (d, J = 3.1 Hz, Hpyr, 1H), 6.21 (d, J = 4.9 Hz, Hpyr, 1H), 6.04 (d, J = 3.0 Hz, 

Hpyr, 1H), 1.99 (s, CH3, 3H), 1.93 (s, CH3, 3H), 1.74 (s, CH3, 3H), 1.73 (s, CH3, 3H), 1.71 (s, 

CH3, 3H), 1.61 (s, CH3, 3H), 1.49 (s, CH3, 3H), 1.40 (s, CH3, 3H). 7Li NMR (155 MHz, 25°C, 
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THF-d8): δ 0.02 (s). 19F{1H} NMR (376 MHz, 25 °C, THF-d8): δ −78.43. (s).  IR (KBr pellet, 

cm-1): 3105 (w), 3080 (w), 2966 (s), 2927 (s), 2872 (m), 1572 (m), 1462 (m), 1381 (w), 1338 

(w), 1327 (s), 1288 (m), 1261 (m), 1236 (s), 1207 (s), 1171 (m), 1111 (w), 1097 (w), 1028 (m), 

1018 (s), 985 (w), 972 (w), 912(s), 854 (m), 800 (m), 783 (m), 760 (w), 733 (w), 634 (s), 604 

(w), 571 (w), 515 (w), 498 (w), 451 (w), 426 (w).  

3.4.6 Reversible Oxidation of [Li(THF)]4[L] (3.1). An NMR tube fitted with a J-Young 

valve was charged with [Li(THF)]4[L] (23.6 mg, 0.031 mmol) and THF-d8 (0.5 mL). A 1H 

NMR spectrum was recorded (Figure A3.16).  1H NMR (400 MHz, 25 °C, THF-d8): δ 5.72 (s, 

Hpyr, 8H), 1.46 (s, CH3, 24H). The NMR tube was brought back inside the glovebox and a pale 

yellow slurry of [UO2Cl2(Ph3PO)2] (28.6 mg, 0.031 mmol) in THF-d8 (0.5 mL) was added. 

The color of the solution quickly turned very deep-brown, but no precipitate was observed. A 

1H NMR spectrum was re-recorded, which revealed the presence of 3.1 and H4L in a 10:2 ratio 

(Figure A3.16). 1H NMR (400 MHz, 25 °C, THF-d8): δ 7.53 (br d, o-C6H5, 6H) 7.47 (t, p-

C6H5, 3H), 7.32 (t, m-C6H5, 6H), 6.83 (br s, Hpyr 3.1, 2H), 5.67 (br s, Hpyr, 3.1, 4H), 5.63 (s, 

Hpyr, H4L, 8H), 1.79 (s, H4L, CH3, 24H), 1.54 (br s, CH3, 3.1 6H), 1.53 (br s, CH3, 3.1, 9H), 

1.46 (br s, CH3, 3.1, 6H), 1.34 (br s, CH3, 3.1, 3H).  The NMR tube was brought back inside 

the glovebox and Li0 metal was added to the tube as a silvery solid (0.6 mg, 0.073 mmol, 2.3 

equiv). The sample was agitated by shaking once per hour, over the course of 10 h, and a 1H 

NMR spectrum was re-recorded at 10 h, which revealed the absence of 3.1, along with the 

presence of [Li(THF)]4[L] and H4L, in a 10:2.5 ratio. 1H NMR (400 MHz, 25 °C, THF-d8): δ 

7.53 (br d, o-C6H5, 6H) 7.47 (t, p-C6H5, 3H), 7.32 (t, m-C6H5, 6H) 5.72 (s, Hpyr, [Li(THF)]4[L], 

8H), 5.63 (s, Hpyr, H4L, 8H), 1.79 (s, CH3, H4L, 24H), 1.46 (s, CH3, [Li(THF)]4[L], 24H). On 



 

 82 

standing for 24 h, a deep-brown precipitate had formed on the walls of the NMR tube, 

consistent with formation of UO2. 

3.4.7 X-ray Crystallography. Data for 3.1 and 3.3 were collected on a Bruker KAPPA 

APEX II diffractometer equipped with an APEX II CCD detector using a TRIUMPH 

monochromator with a Mo Kα X-ray source (α = 0.71073 Å). Data for 3.2 was collected on 

Bruker KAPPA APEX III diffractometer equipped with an APEX III CCD detector using a 

TRIUMPH monochromator with a Mo Kα X-ray source (α = 0.71073 Å).  The crystals were 

mounted on a cryoloop under Paratone-N oil, and data was collected at 100(2) K for 3.1, 3.2, 

and 3.3 using an S3 Oxford nitrogen gas cryostream. Frame exposures of 10 s were used for 

3.1, 3.2, and 3.3. Data collection and cell parameter determinations were conducted using the 

SMART program.49 Integration of the data frames and final cell parameter refinements were 

performed using SAINT software.60 Absorption corrections of the data were carried out using 

the multi-scan method SADABS for 3.1 and 3.3 and TWINABS for 3.2.61, 62 Subsequent 

calculations were carried out using SHELXTL. 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.54  

For complex 3.1, one of the solvent ligand sites of Li1 is occupied by a mixture of THF 

and Et2O in a 58:42 ratio.  As a result of this disorder, the positions of these coordinated Et2O 

and THF molecules were constrained with the SADI command and refined isotropically.  In 

addition, a diethyl ether solvate in 3.1 is disordered over two positions, in a 50:50 ratio.  As a 
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result, C100, C101, C103, C104, and O3 were constrained using the SADI command and 

refined isotropically.   Hydrogen atoms were not assigned to these disordered carbon atoms.  

The toluene solvate in complex 3.2 exhibited unresolved positional disorder. As a result, 

its carbon atoms were refined isotropically. 
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Table 3.2. Crystallographic details for complexes 

[Li(THF)][Li(THF)0.58(Et2O)0.42][L∆]×0.5Et2O, 3.2×C7H8, and 3.3. 

 [Li(THF)][Li(THF)
0.58(Et2O)0.42][L∆]×0.
5Et2O 

3.2.C7H8 3.3 

Formula C38H48.84N4O2.5Li2 C79H104N8O8Cl2Li2U2 C37H48N4O7SF3LiU 
Crystal Habit, Color Block, Orange Needle, Dark-Green Needle, Dark-Green 
Crystal Size (mm) 0.2 ´ 0.15 ´ 0.05 0.2 ´ 0.05 ´ 0.03 0.25 ´ 0.05 ´ 0.03 
MW (g/mol) 615.52 1854.54 994.82 
crystal system Monoclinic Triclinic Monoclinic 
space group C2/c P-1 P21/n 
a (Å) 23.649(4) 14.900(1) 10.174(1) 
b (Å) 19.253(3) 16.145(1) 19.791(1) 
c (Å) 19.371(6) 19.041(1) 18.883(2) 
α (°) 90 65.066(2) 90 
β (°) 124.753(8) 89.891(2) 94.163(5) 
γ (°) 90 70.221(2) 90 
V (Å3) 7247(3) 3855.0(4) 3792.1(5) 
Z 8 2 4 
T (K) 100(2) 100(2) 100(2) 
λ (Å) 0.71073 0.71073 0.71073 
GOF 1.191 0.951 1.017 
Density (calcd) (Mg/m3) 1.128 1.598 1.743 
Absorption coefficient 
(mm-1) 

0.070 4.324 4.404 

F000 2647 1844 1968 
Total no Reflections 14163 13600 21756 
Unique Reflections 6094 10303 6442 
Final R indices* R1 = 0.0776 

wR2 = 0.1962 
R1 = 0.0999 
wR2 = 0.2549 

R1 = 0.0372 
wR2 = 0.0744 

Largest Diff. peak and 
hole (e- A-3) 

0.744, -0.437 7.045, -5.775 1.681, -1.039 

* [I > 2σ(I)] 
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3.5 Appendix 

3.5.1 NMR Spectra 

 

Figure A3.1. 1H NMR spectrum of [Li(THF)]2[L∆] (3.1) in THF-d8 at room temperature. 

���������������������������������������	��	��
��
�������

�����������������

��
��
��
�
�

��
��

��
�
	

�
�

�

	�
�
�



 

 86 

 

 Figure A3.2. Variable temperature 1H NMR spectra of [Li(THF)]2[L∆] (3.1) in THF-d8 from 

25 °C (bottom) to -80 °C (top).  
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Figure A3.3. 13C{1H} NMR spectrum of [Li(THF)]2[L∆] (3.1) in THF-d8 at -30 °C. (*) 

indicates and unidentified impurity.  
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Figure A3.4. 7Li NMR spectrum of [Li(THF)]2[L∆] (3.1) in THF-d8 at room temperature. (*) 

indicates the resonance assignable to LiI. 
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Figure A3.5. 1H NMR spectrum of isolated crystalline material of 

[Li(THF)][Li(THF)0.58(Et2O)0.42][L∆] in THF-d8 at room temperature. 
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Figure A3.6. 1H NMR spectrum of [Li(THF)][UO2(L∆)Cl(THF)] (3.2) in THF-d8 at room 

temperature. (*) indicates resonances assignable to toluene, (^) indicates resonances assignable 

to hexanes. 
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Figure A3.7. Variable temperature 1H NMR spectra of [Li(THF)][UO2(L∆)Cl(THF)] (3.2) in 

THF-d8 from 25 °C (bottom) to -50 °C (top). (*) indicates the resonances assignable to toluene. 
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Figure A3.8. 13C{1H} NMR spectrum of [Li(THF)][UO2(L∆)Cl(THF)] (3.2) in THF-d8 at -30 

°C. 
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Figure A3.9. 7Li NMR spectrum of [Li(THF)][UO2(L∆)Cl(THF)] (3.2) in THF-d8 at room 

temperature. 
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Figure A3.10. 1H NMR spectrum of [Li(THF)][UO2(L∆)(OTf)(THF)] (3.3) in THF-d8 at room 

temperature. (*) indicates resonances assignable to hexanes. 
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Figure A3.11. Variable temperature 1H NMR spectra of [Li(THF)][UO2(L∆)(OTf)(THF)] (3.3) 

in THF-d8 from 25 °C (bottom) to -50 °C (top). 
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Figure A3.12. 7Li NMR spectrum of [Li(THF)][UO2(L∆)(OTf)(THF)] (3.3) in THF-d8 at room 

temperature. 

 

���������������������������������������������������������������
	�
����

�
��
�



 

 97 

 

Figure A3.13. 19F{1H} NMR spectrum of [Li(THF)][UO2(L∆)(OTf)(THF)] (3.3) in THF-d8 at 

room temperature. 
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Figure A3.14. 1H NMR spectrum of the brown solid isolated during the work up of 

[Li(THF)][UO2(L∆)(OTf)(THF)] (3.3) in THF-d8 at room temperature. (*) indicates 

resonances assignable to 3.3. Resonances with integrations are assigned to L∆∆.13, 14 
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Figure A3.15. 1H NMR spectrum of a crude reaction mixture of [UO2(OTf)2(THF)3] with 3.1 

in THF-d8 at room temperature. Resonances with integrations are assigned to L∆∆.34, 36 Also 

present in the spectrum is [Li(THF)][UO2(L∆)(OTf)(THF)] (3.3), indicated by (*). 
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Figure A3.16. 1H NMR spectra of a reaction of [Li(THF)]4[L] with [UO2Cl2(Ph3PO)2] 

followed by reaction with Li0 metal in THF-d8 at room temperature. (*) indicates resonances 

assignable to [Li(THF)]4[L], (^) indicates resonances assignable to 3.1, (@) indicates 

resonances assignable to H4L. 
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3.5.2 IR Spectra 

 

Figure A3.17. IR spectrum of [Li(THF)]2[L∆] (3.1) (KBr Pellet). 
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Figure A3.18. IR spectrum of [Li(THF)][UO2(L∆)Cl(THF)] (3.2) (KBr Pellet). 
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Figure A3.19. IR spectrum of [Li(THF)][UO2(L∆)(OTf)(THF)] (3.3) (KBr Pellet). 
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4.1 Introduction 

Actinide acetylide complexes have drawn increasing attention for their use in catalysis,1-11 

and more recently for their ability to reveal unique information about actinide electronic 

structure.12, 13 For example, Shores and co-workers discovered ferromagnetic communication 

in a series of bimetallic U(IV) acetylide complexes, such as [{(NN’3)U}2(1,3-(CC)2C6H4)] and 

[{(NN’3)U}2(1,4-(CC)2C6H4)] (NN’3 = [N(CH2CH2NSitBuMe2)3]), which they rationalized 

using Hund’s rule.12 Similarly, Schelter and co-workers probed the covalency of the U–C bond 

in [U(O)(C≡C−C6H4−p−R){N(SiMe3)2}3], (R = NMe2, OMe, Me, Ph, H, Cl) using 13C NMR 

spectroscopy and density functional theory (DFT).14, 15 Their results demonstrated extensive 

5f orbital participation in the U–C bond. Indeed, the use of NMR spectroscopy to study 

covalency is emerging as a valuable technique for probing the electronic structure of f-element-

ligand bonds.  A variety of nuclei have been employed for this purpose, including 77Se, 125Te, 

and 15N.16-19 This analysis has also been applied to a variety of organometallic actinide and 

lanthanide complexes, including those containing alkyl, aryl, and carbene ligands.20-25  

Despite these recent advancements in actinide acetylide chemistry, the synthesis and 

reactivity of actinide parent acetylide complexes, e.g., An–C≡CH, remains underexplored.  To 

my knowledge, only one actinide parent acetylide complex is known, [Cp3U(C≡CH)], which 

was reported by Gebala and co-workers in 1976.26  In addition, only one actinide dicarbide 

complex is known, namely, [(μ,η1:η1–C2){U(N[t-Bu]Ar)3}2], formed by reaction of UI(N[t-

Bu]Ar)3 with NaCCH.27  These complexes are intriguing targets, both because of the insights 

they could give into actinide electronic structure, but also because of the potential for enhanced 
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reactivity relative to alkyl- or aryl-substituted acetylide complexes.  However, the synthetic 

chemistry to access actinide parent acetylides is not well established.  

Herein, I report the synthesis of a family of actinide parent acetylide and dicarbide 

complexes, including [An(C≡CH)(NR2)3] (4.1, An = U; 4.2, An = Th), 

[Na(TMEDA)][An(C≡CH)2(NR2)3] (4.4, An = U; 4.5, An = Th), and [{An(NR2)3}2(μ,η1:η1-

C2)] (4.6, An = U; 4.7, An = Th). These complexes were characterized by a variety of 

techniques, including 13C NMR spectroscopy, DFT, and SQUID magnetometry, with the goal 

of understanding the nature of their An–C bonds. 

4.2 Results and discussion 

4.2.1 Synthesis and Characterization 

During his time as a visiting researcher at UCSB, Christophe Pauly found that slow 

addition of 1.1 equiv of sodium acetylide and 1.1 equiv of tetramethylethylenediamine 

(TMEDA) in a mixture of xylenes and THF to a cold stirring THF solution of [UCl(NR2)3] (R 

= SiMe3) results in an immediate color change from pink to light brown (Scheme 4.1). Work-

up and crystallization of the reaction mixture affords [U(C≡CH)(NR2)3] (4.1) as a red-purple 

solid in 81% yield. Christophe also discovered that complex 4.1 can also be accessed by 

reaction of U(NR2)3 (R = SiMe3) with acetylene in THF (See general section for experimental 

details). When synthesized in this fashion 4.1 can be isolated in 35% yield after work-up 

(Scheme 4.2). I later found that the thorium analogue, [Th(C≡CH)(NR2)3] (4.2) could be 

prepared similarly, via the reaction of [ThCl(NR2)3] with 1.1 equiv of sodium acetylide and 

TMEDA in cold THF/xylenes.  Work-up and crystallization of the resulting reaction mixture 

affords 4.2 as colorless blocks in 78% yield (Scheme 4.1).  
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Scheme 4.1. Syntheses of Complexes 4.1, 4.2, 4.4, and 4.5  

 

Scheme 4.2. Synthesis of 4.1 from [U(NR2)3] and Acetylene Gas 

 

The 1H NMR spectrum of complex 4.1 in C6D6 features two paramagnetically-shifted 

resonances at –1.95 and –5.47 ppm, in a 54:1 ratio, which are assignable the SiMe3 and ethynyl 

proton environments, respectively (Figure A4.1). Similarly, the 1H NMR spectrum of complex 

4.2 in THF-d8 features resonances at 0.38 and 2.32 ppm, in a 54:1 ratio, assignable to the SiMe3 

and ethynyl proton environments, respectively (Figure A4.3). Additionally, the 13C{1H} NMR 
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spectrum of 4.2 in THF-d8 features resonances at 176.1, 97.3, and 4.7 ppm, assignable to the 

Cα, Cβ, and SiMe3 environments (Figure A4.5). For comparison, the α-acetylide 13C chemical 

shift for [Th(C≡C-p-tolyl)(BIMA)3] (BIMA = MeC(NiPr)2) is found at 189.2 ppm, whereas 

the hafnium complex [{Cp*2Hf(C≡CH)2}(µ–C2)] exhibits an Cα 13C chemical shift of 128.29 

ppm.28 29 I attribute the ~50 ppm downfield shift between [{Cp*2Hf(C≡CH)2}(µ-C2)] and the 

two Th complexes to the spin orbit induced deshielding of the α-acetylide resonance, which is 

evidence for 5f involvement in the Th–C bonds (see below for more discussion). The IR 

spectrum of 4.1 exhibits acetylide C–H and C≡C stretches at 3292 and 1938 cm-1, respectively 

(Figure A4.16). As seen in Table 4.1, the calculated acetylide C-H and C≡C stretching 

frequencies agree well with the experimental values. The IR spectrum of 4.2 exhibits nearly 

identical acetylide C–H and C≡C stretches, at 3278 and 1938 cm-1, respectively (Figure A4.17).  

For comparison, free acetylene features a C≡C stretch at 1974 cm-1,30 whereas 

[{Cp*2Hf(C≡CH)2}(µ–C2)] features C≡C and C–H stretches at 1938 and 3280 cm–1, 

respectively.28, 29  These values indicate some activation of the C≡C bond in 1 and 2 relative 

to HCCH.  

Table 4.1. Selected IR spectral data for complexes 4.1, 4.2, 4.4, 4.5, and 4.8. 

Complex ν(C≡C) (cm–1) ν(C–H) (cm–1) 
4.1 1938 (1937)a 3292 (3328)a 
4.2 1938 3278 
4.4 1913 3255 
4.5 1917 3255 
4.8 2019 N/A 

a Calculated [PBE/6-31G(d), scaled by 0.986] frequencies in parentheses.    
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While complex 4.1 readily crystallized from pentane, all diffraction data collected for this 

material resisted refinement, despite my best efforts. In contrast, complex 4.2 crystalized nicely 

from pentane in the monoclinic space group P21/c (Figure 4.1). It features a pseudotetrahedral 

geometry about the thorium center with Th−C and C≡C distances of 2.481(8) and 1.173(12) 

Å, respectively (Table 4.2). Only a handful of thorium-acetylide complexes have been 

previously reported, including [1,3-(Me3C)2C5H3]2Th(C≡CPh)2 and Th(C≡C-p-

tolyl)(BIMA)3.31, 32 Their Th–C distances range from 2.461(4) to 2.542(2) Å, whereas their 

C≡C distances range from 1.197(5) to 1.220(5) Å.11, 29, 31, 32  The only other structurally 

characterized actinide parent acetylide complex, [Cp3U(C≡CH)], features U−C and C≡C 

distances of 2.36(3) and 1.29(5) Å, respectively.26  

 

Figure 4.1. Solid-state molecular structure of [Th(C≡CH)(NR2)3] (4.2), with 50% probability 

ellipsoids shown for all atoms. Hydrogen atoms omitted for clarity. 
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Addition of 2 equiv of KC8 to a cold stirring solution of 4.1 in THF, followed by filtration 

and addition of 1 equiv of 2.2.2-cryptand affords [K(2.2.2-cryptand)][U(C≡CH)(NR2)3] (4.3), 

which can be isolated as deep blue needles in 79% yield after work-up (Scheme 4.3). Complex 

4.3 crystallizes as a discrete cation-anion pair in the monoclinic space group P21/n and features 

a pseudotetrahedral geometry about the uranium center (Figure 4.2).  Importantly, its structural 

characterization confirms the connectivity of complex 4.1. The U−C and C≡C distances in 4.3 

are 2.512(8) Å and 1.162(11) Å, respectively (Table 4.2). For comparison, the U(III) acetylide 

complex, [Tp*2U(C≡CPh)], exhibits a U−C distance of 2.589(9) Å and a C≡C distance of 

1.100(11) Å.33  

Scheme 4.3. Synthesis of Complex 4.3 
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Figure 4.2. Solid-state molecular structure of 4.3 shown with 50% probability ellipsoids shown 

for all atoms except cryptand carbon atoms, which are shown in wireframe. Hydrogen atoms 

are removed for clarity. 

Addition of 3 equiv of sodium acetylide and 3 equiv of TMEDA to a cold stirring solution 

of [UCl(NR2)3] (R = SiMe3) in THF results in formation of [Na(TMEDA)][U(C≡CH)2(NR2)3] 

(4.4), which can be isolated in 47% yield as light green blocks after work-up and crystallization 

(Scheme 4.1). The thorium analogue, [Na(TMEDA)][Th(C≡CH)2(NR2)3] (4.5), can be 

prepared in a similar fashion in 53% yield as colorless blocks (Scheme 4.1). The highest yields 

are achieved when an excess of NaCCH is used in the reactions.  When a stoichiometric amount 

of NaCCH is employed instead, mixtures of the bis- and mono-acetylide complexes are 

generated. The 1H NMR spectrum of 4.4 in THF-d8 features one paramagnetically-shifted 
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singlet at 65.79 ppm and one extremely broad singlet centered at –9.66 ppm (ν1/2 = 3100 Hz), 

which are assignable to the ethynyl and SiMe3 environments, respectively (Figure A4.7). 

Additionally, resonances at 2.30 and 2.15 ppm, in a 4:12 ratio, are assignable to the TMEDA 

moiety. The 1H NMR spectrum of 4.5 in THF-d8 exhibits four singlets at 2.30, 2.15, 1.57 and 

0.33 ppm, in an 4:12:2:54 ratio, which are assignable to the two TMEDA environments, the 

ethynyl proton environment, and the SiMe3 environment, respectively (Figure A4.8). 

Additionally, the 13C{1H} NMR spectrum of 5 in THF-d8 exhibits diagnostic resonances at 

183.9 and 94.5 ppm which correspond to α-acetylide and β-acetylide carbons (Figure A4.9).  

The IR spectrum of 4.4 exhibits acetylide C–H and C≡C stretches at 3255 and 1913 cm–1 (Table 

4.1, Figure A4.19), whereas, the IR spectrum of 4.5 exhibits acetylide C–H and C≡C stretches 

at 3255 and 1917 cm–1 (Figure A4.20). For comparison, the U(IV) bis(acetylide), 

[Li(THF)][(NN’3)U(CCPh)2], exhibits a C≡C stretch at 2044 cm–1.12 In principle, 4.4 and 4.5 

could exhibit symmetric and asymmetric C≡C stretches;34 however, only one C≡C stretch is 

observed. Similar spectral behavior was found for the aforementioned 

[Li(THF)][(NN’3)U(CCPh)2], as well as [(L)An(C≡CR′)2] (L = trans-

calix[2]benzene[2]pyrrolide; An = Th, U; R′ = SiMe3, SiiPr3).11, 12 
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Table 4.2. Selected Metrical Parameters for Complexes 4.2-4.5 (Å and deg) 

Bond 4.2 4.3 4.4 4.5 
M–C 2.481(8) 2.512(8) 2.519(5),2.572(5) 2.570(5), 2.642(5) 
C≡C 1.173(12) 1.162(11) 1.194(7), 1.190(7) 1.193(7), 1.194(7) 
M–Namide 2.302(6), 

2.302(6) 
2.313(5) 

2.379(5), 
2.382(5), 
2.383(5) 

2.251(4), 2.280(4), 
2.319(4) 

2.300(3), 
2.329(4), 2.395(4) 

Na–Cα   2.657(5), 2.673(6) 2.649(5), 2.683(6) 
Na–Cβ   2.522(5), 2.582(5) 2.482(5), 2.572(5) 
M–C≡C 176.7(8) 176.5(8) 176.1(4), 171.9(4) 175.9(4), 170.6(4) 
N–M–C 97.3(2), 

97.6(2), 
101.1(2) 

99.9(2), 
101.6(2), 
102.6(2) 

78.90(15), 85.07(15), 
92.93(14), 
109.80(15), 
117.23(14), 
169.83(13) 

78.81(14), 
85.60(14),  
92.29(13), 
110.25(13), 
116.94(13), 
168.40(12) 

C–M–C   76.92(15) 76.13(14) 
τ5   0.75 0.73 

Complexes 4.4 and 4.5 crystallize in the monoclinic space group Cc and are isostructural. 

Both 4.4 and 4.5 crystallize as contact ion pairs and feature distorted trigonal bipyramidal 

geometries about their metal centers (4.4: τ5 = 0.75; 4.5: τ5 = 0.73),35 wherein one acetylide 

ligand occupies an axial site and one occupies an equatorial site (Figure 4.3). The sodium 

counterion is bound to both acetylide ligands via η2-interactions, as well as to a TMEDA 

fragment. The axial and equatorial U−C bond lengths in 4.4 are 2.572(5) and 2.519(5) Å, 

respectively, while the C≡C bond lengths are 1.190(7) and 1.194(7) Å (Table 4.2). For 

comparison, the axial and equatorial Th−C bond lengths of 4.5 are 2.642(5) and 2.570(5) Å, 

respectively, while the C≡C bond lengths are 1.193(7) and 1.194(7) Å (Table 4.1). Not 

surprisingly, the average Th−C distance in 4.5 is longer than the U−C distance in 4.4, due to 

the larger ionic radius of Th4+ vs U4+.36   
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Figure 4.3. Solid-state molecular structure of [Na(TMEDA)][Th(C≡CH)2(NR2)3] (4.5) with 

50% probability ellipsoids shown for all atoms. Hydrogen atoms omitted for clarity. 

I also briefly explored the reactivity of complexes 4.1 and 4.2. Thus, heating a benzene-d6 

solution of 4.1 at 45 °C for 24 h results in a color change from purple to dark brown.  

Examination of the 1H NMR spectrum of this solution shows the disappearance of the 

resonances assignable to 4.1 and the appearance of a single new SiMe3 resonance at –6.29 

ppm, assignable to the dicarbide complex, [{U(NR2)3}2(μ,η1:η1-C2)] (4.6). Similarly, heating 

a benzene-d6 solution of 4.2 at 75 °C for 24 h results in formation of a new species with an 

SiMe3 resonance at 0.54 ppm, according to the 1H NMR spectrum of the reaction mixture.  

This resonance is assignable to the dicarbide complex, [{Th(NR2)3}2(μ,η1:η1-C2)] (4.7).  I 

hypothesize that the by-product of these reactions is free HCCH; however, I do not observe 
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any signals assignable to HCCH in the 1H NMR spectra of either reaction mixture.  Complexes 

4.6 and 4.7 can be isolated in 77% and 65% yields, respectively, upon work-up (Scheme 4.4). 

The 13C{1H} NMR spectrum of 4.7 in THF-d8 features resonances at 202.7 and 5.4 ppm, 

assignable to the μ-dicarbide (C2) and SiMe3 environments, respectively, consistent with the 

proposed formulation (Figure A4.14). For comparison, [{Cp*2Hf(C≡CH)2}(µ2-C2)] exhibits a 

resonance at 153.3 ppm assignable to the C2 ligand,28 whereas the C2 resonance of 

[{(CpMe)2Zr(NHtBu)2}(µ-CC)] appears at 171.0 ppm.37 Interestingly, [{Cp2Ti(PMe3)}2(µ-

C2)], which is thought to feature some Ti–C multiple bond character, exhibits a C2 resonance 

at 258.1 ppm.38 

Scheme 4.4. Synthesis of Complexes 4.6 and 4.7. 

 

Complexes 4.6 and 4.7 both crystallize in the monoclinic space group P21/n and are 

isomorphous. Each metal center features a pseudotetrahedral geometry and a nearly linear 

μ,η1:η1-C2 coordination mode of the dicarbide ligand (4.6: M–C≡C = 179.0(6)/179.1(6) Å; 4.7: 

M–C≡C 178.5(5)/178.9(5) Å) (Figure 4.4 and Table 4.3). The U−C distances in 4.6 are 

2.436(8) and 2.466(7) Å, whereas the Th−C distances in 7 are 2.484(6) and 2.501(6) Å.  The 
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C≡C distances in 4.6 and 4.7 are 1.225(10) and 1.233(8) Å, respectively.  For comparison, the 

closely related diuranium dicarbide complex, [(μ,η1:η1–C2){U(N[t-Bu]Ar)3}2], exhibits U−C 

and C≡C distances of 2.416(5) and 1.227(10) Å, respectively.27   

 

Figure 4.4. Solid-state molecular structure of [{Th(NR2)3}2(μ,η1:η1-C2)] (4.7) with 50% 

probability ellipsoids shown for all atoms. Hydrogen atoms omitted for clarity. 

I next sought to synthesize a mixed-actinide dicarbide complex for comparison to 4.6 and 

4.7. Thus, reaction of equimolar quantities of 4.1 and the thorium metallacycle, 

[Th{N(R)(SiMe2)CH2}(NR2)2] (R = SiMe3) in C6D6 for 24 h results in a color change from 

purple to pale pink. Monitoring the reaction via 1H NMR spectroscopy reveals the loss of the 

resonances assignable to [Th{N(R)(SiMe2)CH2}(NR2)2] and 4.1, contaminant with the 

observation of two new broad and paramagnetically-shifted peaks at –0.77 and –5.24 ppm, 

which integrate in a 1:1 ratio, as anticipated (Figure A4.15). Work-up of the reaction mixture, 
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followed by crystallization affords [U(NR2)3(μ,η1:η1-C2)Th(NR2)3] (4.8) as light-pink plates in 

52% yield (Scheme 4.5). The IR spectrum of complex 4.8 (KBr mull) features a C≡C stretch 

at 2019 cm–1 (Figure A4.23), which is substantially blue shifted from that observed for 

[(μ,η1:η1–C2){U(N[t-Bu]Ar)3}2] (1904 cm-1).27 Interestingly, this mode was not observed in 

the IR spectra of 4.6 and 4.7 because of their inversion symmetry.  

Scheme 4.5. Synthesis of Complex 4.8. 

 

Complex 4.8 is isomorphous with complexes 4.6 and 4.7.  Each metal center in 4.8 features 

a pseudo tetrahedral geometry and a linear coordination mode of the dicarbide ligand (M–C≡C 

= 178.8(6)/179.3(6) Å) (Table 4.3). However, the uranium and thorium atoms are disordered 

evenly over both sites. As a result, the M−C bond lengths (2.450(7) and 2.484(7) Å) are 

intermediate between those of 4.6 and 4.7. Finally, the C≡C distance in 4.8 (1.224(9) Å) is 

identical to those of 4.6 and 4.7. 
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Table 4.3. Selected Metrical Parameters for Complexes 4.6-4.8 (Å and deg) 

Bond 4.6 4.7 4.8 
M–C 2.436(8)/ 2.466(7) 2.484(6)/ 2.501(6) 2.450(7)/ 2.484(7) 
C≡C 1.225(10) 1.233(8) 1.224(9) 
M–Namide 2.238(6), 2.239(5), 

2.246(5), 2.246(5), 
2.249(6), 2.252(5) 

2.299(4), 2.300(4), 
2.303(4), 2.304(4), 
2.305(4), 2.309(5) 

2.260(5), 2.266(5), 
2.269(5), 2.270(5), 
2.270(5), 2.282(5) 

M–C≡C 179.0(6), 179.1(6) 178.5(5), 178.9(5) 178.8(6), 179.3(6) 
N–M–C 104.3(2), 105.6(2), 

105.5(2), 106.3(2), 
107.7(2), 112.6(2) 

104.04(17), 104.89(17), 
105.21(17), 105.71(18), 
107.45(17), 111.53(18) 

104.6(2), 105.0(2), 
105.5(2), 105.6(2), 
107.18(19), 112.2(2) 

4.2.2 Magnetic Properties 

The temperature dependent magnetic susceptibilities of complexes 4.6 and 4.8 were 

measured using SQUID magnetometry (Figure 4.5). Complex 4.6 exhibits a room temperature 

χMT value of 1.69 emu K mol–1, whereas 4.8 exhibits a much smaller room temperature χMT 

value (1.02 emu K mol–1), consistent with the presence of only one paramagnetic U(IV) center 

(Figure 4.5). The χMT values for 4.6 and 4.8 both trend to zero upon cooling to 2 K, consistent 

with the non-magnetic 5f2 ground state expected for U(IV).39-42 Similar magnetic susceptibility 

behavior is observed for [{(NN′3)U}2(1,3-(CC)2C6H4)].12 

To assess the presence of magnetic communication in 4.6, I applied the subtraction 

procedure developed by Long and co-workers, using complex 4.8 as the exchange-free 

control.43 The resulting data were fit using the exchange Hamiltonian, Ĥ = −2J1Ŝ1·Ŝ2. By 

setting S1 = S2 = 1, the adjusted χMT data give fit parameters of J = 1.78 cm–1, g1 = g2 = 1.76, 

and TIP = 428×10-6 emu (Figure 4.5). Comparable J values are observed for the uranium(IV)–

ethynylbenzene complexes reported by Shores and co-workers.  For example, 

[{(NN′3)U}2(1,4-(CC)2C6H4)] features J = 2.75 cm–1, despite having a much longer linker.12 
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This comparison suggest that linker length has relatively little effect on the magnitude of 

magnetic communication in uranium, and that the nature of U-L bond is the principal 

contributor to their magnetic properties.  Indeed, no magnetic communication was observed in 

[{Tp*2U}2(1,3-(CC)2C6H4)],13 likely on account of the reduced covalency in the U(III)-ligand 

bonds.  The chalcogenide-bridged U(IV) complexes, [{U(TrenTIPS)}2(μ-E)] (E = S, Se, Te; 

TrenTIPS = N(CH2CH2NSiiPr3)3) also exhibit no apparent magnetic communication.44  

Interestingly, though, their χ vs. T plots reveal a plateau at ca. 50 K, which the authors argue 

is due to presence of a singlet ground state. 

 

Figure 4.5. Temperature dependent solid-state magnetic susceptibility data (χMT vs. T) for 

complex 4.6, complex 4.8, and data obtained via the subtraction method. The black line is the 

fit (see text for details). (*) Indicates the antiferromagnetic transition of O2.  
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4.2.3 Computational Studies 

Relativistic DFT calculations were performed by Dr. Xiaojuan Yu and Prof. Jochen 

Autschbach at the University of Buffalo on complexes 4.1, 4.2, 4.6, and 4.7 to probe the nature 

of their An–C bonds. Complete computational details are given in Section 4.4.13.  The 

geometry for complex 4.1 was fully optimized, whereas calculations for complexes 4.2, 4.6, 

and 4.7 were performed using the X-ray crystal structures with hydrogen positions optimized.  

Natural Localized Molecular Orbital (NLMO) analyses found very similar An–C bonding 

interactions across all four complexes.45 These bonding interactions can be represented as two-

center two-electron σ(An−C) bonds with 18% total U weight for 4.1 and 4.6 and 17% total Th 

weight for 4.2 and 4.7. Within the metal weights, the 5f contributions range from 14% for 4.2 

to 19% for 4.6, respectively. U–Ca Wiberg bond orders (WBOs) are 0.71 in 4.1 and 0.70 in 

4.6, whereas the Th–Ca WBOs for 4.2 and 4.7 are 0.67 and 0.66, respectively. In addition, the 

calculated natural charges for An, Cα, Cb, and H are 1.66, -0.47, -0.26, and 0.25 for 4.1, and 

1.60, -0.50, -0.23, and 0.24 for 4.2, respectively. The calculated positive charges for the 

acetylide hydrogen atoms suggest that they are acidic, consistent with their observed 

reactivities (Schemes 4.3 and 4.4). Moreover, the greater covalency and increased 5f 

involvement observed for the uranium analogues is consistent with expected periodic trends.46-

49 Unsurprisingly, though, the degree of 5f orbital participation in 4.1 and 4.6 is significantly 

less than that observed for the U(VI) acetylide series, 

[U(O)(C≡C−C6H4−p−R){N(SiMe3)2}3],14 which exhibit 28-29% total U participation and 60-

62% 5f orbital participation in their U–C bonds. 
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The 13C NMR chemical shifts of the Ca nuclei were calculated for 4.2 and 4.7 using a 

variety of functionals by Dr. Xiaojuan Yu and Prof. Jochen Autschbach,50, 51 with and without 

SO coupling effects (Table 4.4).  Good agreement between calculated and experimental shifts 

was obtained in all cases. As seen in Table 4.4, the calculated chemical shifts are only slightly 

dependent on the different functionals; for brevity I will focus on the PBE/SO-PBE results. 

This functional has previously provided reliable chemical shifts in actinide complexes.23,48 The 

calculated Cα shift for complex 4.2 is 174.9 ppm (expt. = 176.1 ppm) and includes a 32.2 ppm 

deshielding contribution due to SO effects. The calculated Cα shift for complex 4.7 is 205.7 

ppm (expt. = 202.7 ppm) with 38.9 ppm deshielding due to SO effects. A similar magnitude in 

SO deshielding was previously found for [Th(C6Cl5)5]- and [ThCl3(C6Cl5)3]2-, which also 

exhibit comparable amounts of 5f involvement in their Th-C bonds.48 In contrast, much 

stronger SO-induced desheilding was found for [U(O)(C≡C−C6H4−p−R){N(SiMe3)2}3].14 The 

magnitude of the SO effects on the ligand shielding in the different complexes is consistent 

with the varying degrees of 5f orbital participation in the U–C bonds.  
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Table 4.4. Calculated carbon shielding (s) and chemical shift (d) for the Cα nuclei of 4.2 and 

4.7, using various functionals.  

Complex Method scalc(ppm)c dcalc(ppm) DSO(ppm) dexpt(ppm) 
4.2 PB86/SO-BP86 45.4 / 14.0 141.5 / 173.8  32.3 

176.1 

PBE/SO-PBE 44.8 / 13.5 142.7 / 174.9  32.2 
PBE0/SO-PBE0 
(25%)a 51.2 / 18.1 141.0 / 174.9  33.9 

PBE0/SO-PBE0 
(40%) 55.1 / 20.7  139.6 / 174.8  35.2 

4.7b PB86/SO-BP86 20.3 / -17.9 166.6 / 205.7 39.1 

202.7 

PBE/SO-PBE 20.7 / -17.3 166.8 / 205.7 38.9 
PBE0/SO-PBE0 
(25%) 23.2 / -18.5 169.0 / 211.5 42.5 

PBE0/SO-PBE0 
(40%) 24.5 / -19.4 170.2 / 214.9 44.7 

a  Fraction of exact exchange in the functional in parentheses. 

b  Data averaged over equivalent Cα nuclei of complex 4.7. 

c  The two values are derived from calculations performed without and with the inclusion of 

spin-orbit coupling, respectively. 

4.3 Summary 

In summary, I have prepared and characterized a series of actinide parent acetylide and 

dicarbide complexes, including [An(C≡CH)(NR2)3] and [{An(NR2)3}2(μ,η1:η1-C2)] (An = U, 

Th). The 13C NMR chemical shifts of the a-acetylide carbons in the Th derivatives exhibit a 

characteristic spin-orbit induced downfield shift, due to involvement of the 5f orbitals in the 

Th–C bonding. In addition, SQUID magnetometry reveals weak ferromagnetic coupling 

between the U(IV) centers in the dicarbide complex, [{U(NR2)3}2(μ,η1:η1-C2)]. The An–C 
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bonding within [An(C≡CH)(NR2)3] and [{An(NR2)3}2(μ,η1:η1-C2)] was also probed by 

relativistic DFT calculations by Dr. Xiaojuan Yu and Prof. Jochen Autschbach at the 

University of Buffalo.  Their calculations reveal moderate amounts of An–C covalency, on par 

with that observed for other An(IV) organometallic complexes, and consistent with the 

magnitude of the spin-orbit induced deshielding predicted for these species.  Overall, these 

data provide the first detailed picture of the bonding interactions between the parent acetylide 

and dicarbide ligands and the An4+ ions, an interaction which has been underexplored but is of 

particular importance for a variety of potential material science applications, including the 

development of magnetic materials and non-linear optical materials.52-55 

4.4 Experimental 

4.4.1 General.  All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions under an atmosphere of dinitrogen. Diethyl ether (Et2O), 

pentane, and hexanes were dried using a Vacuum Atmospheres DRI-SOLV Solvent 

Purification system and stored over 3Å sieves for 24 h prior to use. Tetrahydrofuran (THF) 

was distilled over calcium hydride followed by distillation over sodium benzophenone, 

collected, and stored over 3Å sieves for 24 h prior to use.  THF-d8, C6D6, and 

tetramethylethylenediamine (TMEDA) were stored over 3Å sieves for 24 h prior to use. 

[U(NR2)3] (R = SiMe3), [UCl(NR2)3], [ThCl(NR2)3], and [Th{N(R)(SiMe2)CH2}(NR2)2] were 

synthesized according to previously reported literature procedures.56-58 Sodium acetylide was 

purchased from Sigma-Aldrich as an 18% w/w slurry in xylene and used as received. 

1D NMR spectra were recorded on a Varian UNITY INOVA 500 spectrometer and 2D 

NMR spectra were recorded on a Varian Unity Inova AS600 600 MHz spectrometer. 1H and 
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13C{1H} NMR spectra were referenced to external SiMe4 using the residual protio solvent 

peaks as internal standards.59, 60 IR spectra were recorded on a Nicolet 6700 FT-IR 

spectrometer with a NXR FT Raman Module.  Elemental analyses were performed by the 

Microanalytical Laboratory at University of California (Berkeley, CA). 

4.4.2 Synthesis of [U(C≡CH)(N(SiMe3)2)3] (4.1). To a stirring, cold (-25 °C), pink 

solution of [UCl(NR2)3] (800 mg, 1.06 mmol) in THF (7 mL) was added dropwise a cold (-25 

°C) slurry of sodium acetylide (304.4 mg of an 18% sodium acetylide slurry in xylenes, 54.8 

mg of NaCCH, 1.16 mmol) and TMEDA (135.5 mg, 1.16 mmol) in THF (4 mL). After stirring 

for 20 min at room temperature, the resulting brown suspension was filtered through a Celite 

column supported on glass wool (0.5 cm × 2 cm) and the volatiles were removed in vacuo. The 

resulting red-brown powder was extracted into pentane (4 mL), filtered through a Celite 

column supported on glass wool (0.5 cm × 2 cm) and the volatiles were removed in vacuo to 

provide an analytically-pure, red-purple microcrystalline solid (637 mg, 81%). Crystals were 

grown by dissolving 4.1 (300 mg) in pentane (2 mL).  This solution was transferred to a 4 mL 

vial, which was then placed inside a 20 mL scintillation vial.  Iso-octane (2 mL) was added to 

the outer vial. Storage of this two-vial system at -25 ºC for 3 d resulted in the deposition of 

large purple plates (Figure 4.6).  Despite my best efforts, however, any diffraction data 

collected for 4.1 resisted refinement. X-ray parameters: R-3m (no. 166), a = 18.4296 Å, b = 

18.4296 Å, c = 17.6631 Å, α = 90, β = 90, γ = 120.  Anal. Calcd for UN3Si6C20H55: C, 32.28; 

H, 7.45; N, 5.65. Found: C, 32.67; H, 7.56; N, 5.79. 1H NMR (C6D6, 298 K, 500 MHz): δ -

1.95 (br s, 54H, CH3), -5.47 (s, 1H, C≡CH). IR (KBr pellet, cm‐1): 3292 (w, CC-H), 2956 (s), 

2897 (m), 1938 (m, C≡CH), 1250 (vs), 1182 (m), 916 (m), 892 (m), 847 (s), 771 (m), 654 (m), 

611(m). 
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Figure 4.6. Single crystal of 4.1 weighing 76.1 mg. 

4.4.3 Synthesis of [U(C≡CH)(N(SiMe3)2)3] (4.1) from acetylene. A 4 mL scintillation 

vial was charged with [U(N(SiMe3)2)3] (195 mg, 0.271 mmol), Et2O (2 mL), and a small stir 

bar (Scheme 4.2).  This vial was placed within a 20 mL scintillation vial, which had been 

charged with calcium carbide (700 mg, 10.9 mmol) and Et2O (4 mL). A solution of benzoic 

acid (600 mg, 4.91 mmol) in Et2O (2 mL) was then quickly added to the outer vial and the two-

vial assembly was immediately sealed. The solution in the inner vial was allowed to stir for 5 

h. After 5 h, the solution in the inner vial was filtered through a Celite column supported on 

glass wool (0.5 cm × 2 cm) and the volatiles were removed in vacuo. The resulting purple solid 

was extracted into pentane (2 mL) and the solution was filtered through a Celite column 

supported on glass wool (0.5 cm × 2 cm).  Concentration of the filtrate in vacuo followed by 

storage at -25 °C for 24 h resulted in the deposition of 4.1 as purple plates.  Yield: 70.9 mg, 35 

%.  The 1H NMR spectrum of this solid was identical to that recorded for an authentic sample 

of 4.1.  

4.4.4 Synthesis of [Th(C≡CH)(N(SiMe3)2)3] (4.2). To a stirring, cold (-25 °C), colorless 

solution of [ThCl(NR2)3] (375.1 mg, 0.501 mmol) in THF (5 mL) was added dropwise a cold 
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(-25 °C) slurry of sodium acetylide (143.9 mg of an 18% sodium acetylide slurry in xylenes, 

25.9 mg of sodium acetylide, 0.551 mmol) and TMEDA (64.1 mg, 0.551 mmol) in THF (5 

mL). After stirring for 20 min at room temperature, the resulting light-yellow suspension was 

filtered through a Celite column supported on glass wool (0.5 cm × 2 cm), the volatiles were 

removed in vacuo, and the resulting solid was triturated with pentane (3 ´ 1 mL). The light-

yellow solid was then extracted into pentane (4 mL) and the resulting solution filtered through 

a Celite column supported on glass wool (0.5 cm × 2 cm).  The volatiles were removed in 

vacuo to afford a white solid. This white solid was then redissolved in pentane (1 mL).  The 

resulting solution was transferred to a 4 mL vial, which was then placed inside a 20 mL 

scintillation vial.  Iso-octane (2 mL) was added to the outer vial. Storage of this two-vial system 

at -25 ºC for 3 d resulted in the deposition of large colorless plates. Yield: 288.4 mg, 78 %. 

Anal. Calcd for ThN3Si6C20H55: C, 32.54; H, 7.51; N, 5.69. Found: C, 32.81; H, 7.39; N, 5.72. 

1H NMR (C6D6, 298 K, 500 MHz): δ 2.02 (s, 1H, C≡CH), 0.45 (s, 54H, CH3). 1H NMR (THF-

d8, 298 K, 500 MHz): δ 2.32 (s, 1H, C≡CH), 0.38 (s, 54H, CH3). 13C{1H} NMR (C6D6, 298 K, 

126 MHz): δ 175.29 (C≡CH), 97.36 (C≡CH), 4.42 (CH3). 13C{1H} NMR (THF-d8, 298 K, 126 

MHz): δ 176.13 (C≡CH), 98.25 (C≡CH), 4.69 (CH3). IR (KBr pellet, cm‐1): 3278 (w, CC-H), 

2949 (m), 2897 (w), 1938 (m, C≡CH), 1250 (s), 1182 (w), 930 (m), 849 (m), 833 (m), 771 

(m), 615 (m), 609 (s). 

4.4.5 Synthesis of [K(2.2.2-Cryptand)][U(C≡CH)(N(SiMe3)2)3] (4.3). To a stirring, cold 

(-25 °C), red-purple solution of 4.1 (338 mg, 0.454 mmol) in THF (5 mL) was added KC8 

(122.7 mg, 0.908 mmol), which resulted in an immediate color change to dark blue. After 

stirring for 10 min at room temperature, the suspension was filtered through a Celite column 

supported on glass wool (0.5 cm × 2 cm).  2.2.2-Cryptand (151 mg, 0.454 mmol) was added 
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to the dark-blue filtrate, which was then stirred for 10 min. The volatiles were removed in 

vacuo and the resulting dark-blue solid was extracted into Et2O (3 mL). This dark-blue solution 

was then filtered through a Celite column supported on glass wool (0.5 cm × 2 cm) and layered 

with pentane (4 mL). Storage of this solution at -25 ºC for 24 h resulted in the deposition dark 

blue needles. Yield: 414 mg, 79 %. Anal. Calcd for UN5C38H91Si6O6K: C, 39.35; H, 7.91; N, 

6.04. Found: C, 39.47; H, 7.76; N, 5.84. 1H NMR (THF-d8, 298 K, 500 MHz) δ 17.12 (s, 1H, 

C≡CH), 3.31 (m, 24H, cryptand CH2), 2.32 (t, J = 4.6 Hz, 12H, cryptand CH2), -5.51 (s, 54H, 

CH3). IR (KBr pellet, cm‐1): 2900 (s), 2885 (s), 2816 (s), 1477 (m),1458 (w), 1446 (w), 1356 

(s), 1300 (m), 1257 (m), 1238 (s), 1149 (w), 1119 (s), 1107 (vs), 984 (m), 951 (s), 931 (m), 

864 (m), 831 (s), 768 (w), 752 (m), 687 (w), 663 (m), 598 (m), 525 (w). 

4.4.6 Synthesis of [Na(TMEDA)][U(C≡CH)2(N(SiMe3)2)3] (4.4). To a stirring, cold (-25 

°C), pink solution of [UCl(NR2)3] (210.3 mg, 0.278 mmol) in THF (2 mL) was added dropwise 

a cold (-25 °C) slurry of sodium acetylide (218.3 mg of an 18% sodium acetylide slurry in 

xylenes, 39.3 mg of sodium acetylide, 0.836 mmol) and TMEDA (97.2 mg, 0.836 mmol) in 

THF (2 mL). After stirring for 2 h at room temperature, the resulting green suspension was 

filtered through a Celite column supported on glass wool (0.5 cm × 2 cm) and the volatiles 

were removed in vacuo. The resulting yellow-green solid was extracted into pentane (4 mL), 

filtered through a Celite column supported on glass wool (0.5 cm × 2 cm) and the volatiles 

were removed in vacuo. The yellow-green solid was again extracted into pentane (2 mL) and 

the resulting solution was filtered through a Celite column supported on glass wool (0.5 cm × 

2 cm) and the filtrate was transferred to a 4 mL vial. This vial was then placed inside a 20 mL 

scintillation vial and iso-octane (2 mL) was added to the outer vial. Storage of this two-vial 

system at -25 ºC for 3 d resulted in the deposition of light green blocks. Yield: 120 mg, 47.4%. 
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Anal. Calcd for UN5C28H72Si6Na: C, 37.02; H, 7.99; N, 7.71. Found: C, 37.11; H, 7.79; N, 

7.65. 1H NMR (THF-d8, 298 K, 500 MHz): δ 65.79 (s, 2H, C≡CH), 2.30 (s, 4H, NCH2), 2.15 

(s, 12H, N(CH3)2), -9.66 (br. s, 54H, CH3). IR (KBr pellet, cm‐1): 3255 (m, CC-H), 2956 (m), 

2895 (m), 2835 (m), 2798 (m), 1913 (vw, C≡CH), 1462 (m), 1360 (vw), 1271 (w), 1248 (s), 

1180 (m), 1155 (w), 1132 (w), 1040 (w), 1036 (w), 1020 (w), 935 (m), 920 (m), 860 (m), (895) 

(m), 845 (s), 775 (m), 663 (m), 611 (m). 

4.4.7 Synthesis of [Na(TMEDA)][Th(C≡CH)2(N(SiMe3)2)3] (4.5). To a stirring, -25 °C, 

colorless solution of [ThCl(NR2)3] (324.0 mg, 0.432 mmol) in THF (2 mL) was added slowly 

a -25 °C slurry of sodium acetylide (338.9 mg of an 18% sodium acetylide slurry in xylenes, 

61.0 mg of sodium acetylide, 1.298 mmol) and TMEDA (150.9 mg, 1.298 mmol) in THF (2 

mL). After stirring for 2 h at room temperature, the resulting light-yellow suspension was 

filtered through a Celite column supported on glass wool (0.5 cm × 2 cm) and the volatiles 

were removed in vacuo. The pale yellow solid was extracted into pentane (4 mL), the resulting 

solution was filtered through a Celite column supported on glass wool (0.5 cm × 2 cm) and the 

volatiles were removed in vacuo. The off-white solid was again extracted into pentane (2 mL), 

and the resulting solution was filtered through a Celite column supported on glass wool (0.5 

cm × 2 cm) and the filtrate was transferred to a 4 mL vial. This vial was placed inside a 20 mL 

scintillation vial and iso-octane (2 mL) was added to the outer vial. Storage of this two-vial 

system at -25 ºC for 3 d resulted in the deposition of colorless blocks. Yield: 210 mg, 53%. 

Anal. Calcd for ThN5C28H72Si6Na: C, 37.27; H, 8.04; N, 7.76. Found: C, 37.06; H, 7.93; N, 

7.62. 1H NMR (THF-d8, 298 K, 500 MHz): δ 2.30 (s, 4H, NCH2), 2.15 (s, 12H, N(CH3)2), 1.57 

(s, 2H, C≡CH), 0.33 (s, 54H, CH3). 13C{1H} NMR (THF-d8, 298 K, 126 MHz): δ 183.91 

(C≡CH), 94.46 (C≡CH), 59.08 (CH2), 46.36 (N(CH3)2), 5.94 (CH3). IR (KBr pellet, cm‐1): 
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3255 (w, CC-H), 2954 (m), 2939 (w), 2835 (w), 2800 (w), 1917 (vw, C≡CH), 1460 (m), 1360 

(w), 1271 (w), 1248 (s), 1180 (w), 1132 (w), 1072 (w), 1020 (w), 930 (s), 910 (s), 845 (s), 775 

(m), 673 (s), 609 (s). 

4.4.8 Synthesis of [{U(NR2)3}2(μ,η1:η1-C2)] (4.6). An NMR tube fitted with a J-Young 

valve was charged with a purple solution of 4.1 (51.9 mg, 0.069 mmol) in C6D6 (1 mL). The 

NMR tube was placed into an oil bath at 45 ºC and heated for 24 h, whereupon the solution 

changed from purple to dark brown. After 24 h, the NMR tube was removed from the oil bath, 

brought back into the glovebox, and the solution transferred to a 20 mL vial. The NMR tube 

was rinsed with pentane (3 ́  0.5 mL) and the rinsings were transferred to the vial.  The volatiles 

were removed in vacuo. The brown solid was then extracted into pentane (1.5 mL), and the 

resulting solution was filtered through a Celite column supported on glass wool (0.5 × 2 cm). 

The brown filtrate was transferred to a 4 mL vial, which was placed inside a 20 mL scintillation 

vial and iso-octane (2 mL) was added to the outer vial. Storage of this two-vial system at -25 

ºC for 2 d resulted in the deposition of large brown-yellow blocks. The crystals were isolated 

by decanting the supernatant and then dried in vacuo (40 mg, 77% yield). Anal. Calcd for 

U2N6Si12C38H108: C, 31.21; H, 7.44 N, 5.75. Found: C, 31.40; H, 7.59; N, 5.43. 1H NMR (C6D6, 

298 K, 500 MHz): δ -6.29 (s, CH3). IR (KBr pellet, cm‐1): 2954 (m), 2897 (w), 1252 (s), 1182 

(w), 1045 (vw), 891 (s), 854 (s), 843 (s), 754 (w), 687 (vw). 

4.4.9 Synthesis of [{Th(NR2)3}2(μ,η1:η1-C2)] (4.7). An NMR tube fitted with a J-Young 

valve was charged with a colorless solution of 4.2 (122.9 mg, 0.166 mmol) in C6D6 (1 mL). 

The NMR tube was placed into an oil bath at 75 ºC and heated for 24 h, whereupon the solution 

changed from colorless to yellow. After 24 h, the NMR tube was removed from the oil bath, 
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brought back into the glovebox, and the solution transferred to a 20 mL vial. The NMR tube 

was rinsed with pentane (3 ´ 1 mL) and the rinsings were transferred to the vial. The volatiles 

were removed in vacuo. The resulting yellow solid was then extracted into pentane (1.5 mL), 

and the resulting solution was filtered through a Celite column supported on glass wool (0.5 × 

2 cm). The light-yellow filtrate was transferred to a 4 mL vial, which was placed inside a 20 

mL scintillation vial and iso-octane (2 mL) was added to the outer vial. Storage of this two-

vial system at -25 ºC for 3 d resulted in the deposition of large pale-yellow crystalline blocks 

of 4.7. The crystals were isolated by decanting of the supernatant followed by drying in vacuo 

(80.0 mg, 65% yield). Anal. Calcd for Th2N6Si12C38H108: C, 31.47; H, 7.51 N, 5.79. Found: C, 

31.26; H, 7.18; N, 5.61. 1H NMR (C6D6, 298 K, 500 MHz): δ 0.54 (s, CH3). 13C{1H} NMR 

(C6D6, 298 K, 126 MHz) δ 201.97 (C≡C), 5.08 (CH3). 1H NMR (THF-d8, 298 K, 500 MHz): 

δ 0.42 (s, CH3). 13C{1H} NMR (THF-d8, 298 K, 126 MHz): δ 202.65 (C≡C), 5.39 (CH3). IR 

(KBr pellet, cm‐1): 2951 (m), 2899 (w), 1400 (w), 1246 (s), 1182 (m), 918 (s), 845 (s), 822 (s), 

660 (s), 611 (s). 

4.4.10 Synthesis of [U(NR2)3(μ,η1:η1-C2)Th(NR2)3] (4.8). An NMR tube fitted with a J-

Young valve was charged with a purple solution of 1 (104.6 mg, 0.141 mmol) in C6D6 (1 mL). 

To this NMR tube was added [Th{N(R)(SiMe2)CH2}(NR2)2] (100.2 mg, 0.141 mmol) as a 

C6D6 solution (0.5 mL).  The solution turned from purple to light pink in color immediately 

upon addition. The reaction was allowed to stand at room temperature and monitored 

intermittently by 1H NMR spectroscopy. After 24 h, the NMR tube was brought back into the 

glovebox and the solution was transferred to a 20 mL vial. The NMR tube was rinsed with 

pentane (3 ´ 1 mL) and the rinsings were transferred to the vial. The volatiles were removed 

in vacuo. The resulting pink solid was then extracted into pentane (1.5 mL), and the resulting 
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solution was filtered through a Celite column supported on glass wool (0.5 × 2 cm). The light 

pink filtrate was transferred to a 4 mL vial, which was placed inside a 20 mL scintillation vial 

and iso-octane (2 mL) was added to the outer vial. Storage of this two-vial system at -25 ºC 

for 3 d resulted in the deposition of large pale pink blocks of 4.8. The crystals were isolated by 

decanting the supernatant followed by drying in vacuo (107.1 mg, 52.3% yield). Anal. Calcd 

for UThN6Si12C38H108: C, 31.34; H, 7.47 N, 5.77. Found: C, 31.04; H, 7.26; N, 5.53. 1H NMR 

(C6D6, 298 K, 500 MHz): δ -0.77 (s, CH3), -5.24 (s, CH3). IR (KBr pellet, cm‐1): 2954 (m), 

2899 (w), 2019 (m C≡C), 1271 (w), 1252 (s), 1182 (w), 933 (s), 843 (s), 771 (m), 768 (m), 

660 (w), 611 (m).  

4.4.11 X-ray Crystallography. Data for 4.2 - 4.8 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 were mounted on a 

cryoloop under Paratone-N oil, and data were collected at 100(2) K (with the exception of 4.3, 

which was collected at 110(2) K) using an Oxford nitrogen gas cryostream system. X-ray data 

for 4.2, 4.3, 4.4, 4.5, 4.6, 4.7 and 4.8 were collected utilizing frame exposures of 2, 5, 5, 2, 10, 

5, and 10 seconds, respectively. Data collection and cell parameter determination were 

conducted using the SMART program.61  Integration of the data frames and final cell parameter 

refinement were performed using SAINT software.62 Absorption corrections of the data were 

carried out using the multi-scan method SADABS.63 Subsequent calculations were carried out 

using SHELXTL.64 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.  Further crystallographic details can be found in 
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Tables S3 and S4. Complexes 4.2-4.8 have been deposited in the Cambridge Structural 

Database (4.2: CCDC 2095104; 4.3: CCDC 2095105; 4.4: 2095106; 4.5: 2095107; 4.6: CCDC 

2095108; 4.7: CCDC 2095109; 4.8: 2095110).  

The trimethylsilyl groups in complexes 4.6, 4.7, and 4.8 exhibited positional disorder that 

was modeled over two positions in 38: 62, 34: 66, and 34: 66 ratios, respectively. Additionally, 

the carbon and silicon atoms of these trimethylsilyl groups were constrained with the SADI 

and EADP commands. Complex 4.8 also exhibited positional disorder of the thorium and 

uranium atoms.  As a result, their parameters were averaged using the EXYZ command.  
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Table 4.5. X-ray Crystallographic Data for Complexes 4.2, 4.3, 4.4, and 4.5. 

 4.2 4.3 4.4 4.5 
empirical formula C20H55N3Si6Th C38H91KN5O6Si6U C28H72N5NaSi6U C28H72N5NaSi6Th 
Crystal habit, color Block, Colorless Needle, Dark-Blue Block, Light-green Block, Colorless 
crystal size (mm) 0.25 × 0.25 × 0.15 0.3 × 0.1 ×0.1 0.2 ×  0.15 × 0.10 0.30 ×  0.25 × 0.20 
crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
space group P21/c P21/n Cc Cc 
vol (Å3) 3477.3(18) 5726.1(10) 4475.4(19) 4475.4(19) 
a (Å) 17.587(5) 16.1683(16) 12.355(3) 12.355(3) 
b (Å) 12.407(4) 21.814(2) 30.306(7) 30.306(7) 
c (Å) 15.963(5) 16.2839(16) 12.443(3) 12.443(3) 
α (deg) 90.00 90 90.00 90.00 
β (deg) 93.318(4) 94.422(2) 106.152(3) 106.152(3) 
γ (deg) 90.00 90 90.00 90.00 
Z 4 4 4 4 
fw (g/mol) 738.25 1159.82 908.46 902.47 
density (calcd) 
(Mg/m3) 

1.410 1.345 1.348 1.339 

abs coeff (mm-1) 4.507 3.073 3.820 3.525 
F000 1480 2388 1848 1840 
Total no. reflections 7808 36803 18218 23446 
Unique reflections 7808 12117 5425 8000 
Rint 0.0586 0.1037 0.0271 0.0347 
final R indices [I > 
2s(I)] 

R1 = 0.0498 
wR2 = 0.0936 

R1 = 0.0516 
wR2 = 0.0950 

R1 = 0.0162, 
wR2 = 0.0360 

R1 = 0.0199, 
wR2 = 0.0411 

largest diff peak and 
hole (e-Å-3) 

2.358 and -2.727 1.060 and -1.777 0.378 and -0.248 0.526 and -0.298 

GOF 1.029 0.974 1.012 0.828 
 
  



 

 140 

 
Table 4.6. X-ray Crystallographic Data for Complexes 4.6, 4.7, and 4.8. 

 4.6 4.7 4.8 
empirical formula C38H108N6Si12U2 C38H108N6Si12Th2 C38H108N6Si12ThU 
Crystal habit, color Block, Dark-

yellow 
Block, Light-
yellow 

Plate, Light-pink 

crystal size (mm) 0.30 ×  0.25 × 
0.20 

0.30 ×  0.25 × 
0.20 

0.3 × 0.25 × 0.20 

crystal system Monoclinic Monoclinic Monoclinic 
space group P21/n P21/n P21/n 
vol (Å3) 6685.0(8) 6758.5(5) 6705.8(7) 
a (Å) 16.1343(10) 16.1757(8) 16.1339(10) 
b (Å) 11.7792(8) 11.8447(5) 11.8136(7) 
c (Å) 35.186(2) 35.2874(16) 35.197(2) 
α (deg) 90 90.00 90 
β (deg) 91.4254(8) 91.548(2) 91.6431(8) 
γ (deg) 90 90.00 90 
Z 4 4 4 
fw (g/mol) 1462.44 1450.46 1456.45 
density (calcd) 
(Mg/m3) 

1.453 1.425 1.443 

abs coeff (mm-1) 5.083 4.637 4.870 
F000 2920 2904 2912 
Total no. reflections 70531 27747 47574 
Unique reflections 12734 11825 15033 
Rint 0.0574 0.0190 0.0481 
final R indices [I > 
2s(I)] 

R1 = 0.0462 
wR2 = 0.0916 

R1 = 0.0357, 
wR2 = 0.0747 

R1 = 0.0460, 
wR2 = 0.0918 

largest diff peak and 
hole (e-Å-3) 

3.091 and -2.961 2.253 and -1.919 3.201 and -2.546 

GOF 1.031 1.025 1.028 

 

  



 

 141 

4.4.12 SQUID Magnetometry.  The magnetic properties of 4.6 and 4.8 were recorded 

using a Quantum Design Magnetic Property Measurement System SQUID vibrating sample 

magnetometer (MPMS3 SQUID-VSM). 10.8 mg and 41.3 mg of polycrystalline 4.6 and 4.8, 

respectively, were used for each measurement. Samples were loaded under an inert atmosphere 

into a glass NMR tube packed with 1 cm of quartz wool on either side of the sample. The 

samples were flame sealed to prevent exposure to air. The magnetic susceptibilities of 6 and 8 

was corrected for the sample diamagnetism (4.6: cdia = -8.039 × 10-4 cm3·mol–1, 4.8:  cdia = -

7.919 × 10-4 cm3·mol–1) using Pascal’s constants.65 Data subtraction to determine coupling 

between metal centers was done using Eq. S1 and setting cmTs.o. = 1.000389 emu·K·mol–1.43  

χMTsub = χMT6 – 2·χMT8 + 2(χMTs.o.)     (Eq. A1) 

4.4.13 Computational Details. Density functional calculations for 4.1, 4.2, 4.6, and 4.7 

were performed with the Perdew-Burke-Ernzerhof66 (PBE) exchange-correlation functional. 

The geometry of complex 4.1 was fully optimized. Calculations for complexes 4.2, 4.6, and 

4.7 were carried out based on crystal structure coordinates; only the positions of the hydrogen 

atoms were optimized. Small-core Stuttgart energy-consistent relativistic pseudopotentials, 

ECP60MWB for Th and U, were utilized with matching valence basis sets.67 The 6-31G(d) 

basis set was used for the Si, C, N, and H atoms.68 Atom-pairwise corrections for dispersion 

forces were considered via Grimme’s D3 model augmented with the Becke-Johnson (BJ) 

damping.69 The optimizations and single-point calculations employed the Gaussian 16 

package.70 To identify the compositions of the chemical bond, natural localized molecular 

orbital (NLMO) analyses were carried out with NBO program, version 6.0.71 
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NMR shielding constants (s, ppm) for 4.2 and 4.7 were calculated with the NMR module 

of the ADF package (version 2017),50, 51, 72 using the scalar relativistic and spin-orbit all 

electron Zeroth-Order Regular Approximation73 (ZORA) Hamiltonian, in conjunction with all-

electron doubly polarized triple-z (TZ2P)74 Slater-type basis set. The conductor-like screening 

model (COSMO) was used to describe solvent effect (tetrahydrofuran).75 For the NMR 

calculations, the functionals BP86, PBE, PBE0 (25% exact exchange), and PBE0 (40% exact 

exchange) were used.50, 51 The 13C chemical shifts (d, ppm) were obtained by subtracting the 

Ca nuclear magnetic shielding of interest from the reference compound (Tetramethylsilane, 

TMS), with the latter calculated at the same level of theory. 

Table 4.7. % compositions of the An-C (An = Th, U) bonding NLMOs in 4.1, 4.2, 4.6, and 4.7. 

Complex Orbital Total C 2s 2p Total An 7s 7p 6d 5f 
4.1 s(U-C) 80 50 50 18 16 1 66 17 
4.2 s(Th-C) 81 46 54 17 18 1 67 14 
4.6 s(U-C) 79 46 54 18 13 0 68 19 
4.7 s(Th-C) 82 47 53 17 13 1 70 16 

 

Table 4.8. Calculated carbon shielding (s) for the reference (TMS) complex, using various 

functionals. 

Complex Method scalc (ppm) 

TMS 

BP86/SO-BP86 186.9 / 187.8 
PBE/SO-PBE 187.5 / 188.4 
PBE0/SO-PBE0 (25%)a 192.2 / 193.0 
PBE0/SO-PBE0 (40%) 194.7 / 195.5 

a Numbers in parentheses indicate the fraction of exact exchange in the functional.   
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4.5 Appendix 

4.5.1 NMR Spectra

  

Figure A4.1. 1H NMR spectrum of [U(C≡CH)(N(SiMe3)2)3] (4.1) in C6D6 at room 

temperature. 
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Figure A4.2. 1H NMR spectrum of [Th(C≡CH)(N(SiMe3)2)3] (4.2) in C6D6 at room 

temperature. 
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Figure A4.3. 1H NMR spectrum of [Th(C≡CH)(N(SiMe3)2)3] (4.2) in THF-d8 at room 

temperature.  
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Figure A4.4. 13C{1H} NMR spectrum of [Th(C≡CH)(N(SiMe3)2)3] (4.2) in C6D6 at room 

temperature. 
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Figure A4.5. 13C{1H} NMR spectrum of [Th(C≡CH)(N(SiMe3)2)3] (4.2) in THF-d8 at room 

temperature.  
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Figure A4.6. 1H NMR spectrum of [K(2.2.2-Cryptand)][U(C≡CH)(N(SiMe3)2)3] (4.3) in THF-

d8 at room temperature. (*) indicates free HN(SiMe3)2. 
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Figure A4.7. 1H NMR spectrum of [Na(TMEDA)][U(C≡CH)2(N(SiMe3)2)3] (4.4) in THF-d8 

at room temperature. (*) indicates free HN(SiMe3)2. Inset shows silylamide peak. 
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Figure A4.8. 1H NMR spectrum of [Na(TMEDA)][Th(C≡CH)2(N(SiMe3)2)3] (4.5) in THF-d8 

at room temperature. (*) indicates free HN(SiMe3)2. 
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Figure A4.9. 13C{1H} NMR spectrum of [Na(TMEDA)][Th(C≡CH)2(N(SiMe3)2)3] (4.5) in 

THF-d8 at room temperature. (*) indicates free HN(SiMe3)2. 
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Figure A4.10. 1H NMR spectrum of [{U(NR2)3}2(μ,η1:η1-C2)] (4.6) in C6D6 at room 

temperature. (*) indicates free HN(SiMe3)2. 
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Figure A4.11. 1H NMR spectrum of [{Th(NR2)3}2(μ,η1:η1-C2)] (4.7) in C6D6 at room 

temperature. (*) indicates free HN(SiMe3)2. 
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Figure A4.12. 1H NMR spectrum of [{Th(NR2)3}2(μ,η1:η1-C2)] (4.7) in THF-d8 at room 

temperature. (*) indicates free HN(SiMe3)2. 
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Figure A4.13. 13C{1H} NMR spectrum of [{Th(NR2)3}2(μ,η1:η1-C2)] (4.7) in C6D6 at room 

temperature. 
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Figure A4.14. 13C{1H} NMR spectrum of [{Th(NR2)3}2(μ,η1:η1-C2)] (4.7) in THF-d8 at room 

temperature. (*) indicates free HN(SiMe3)2. 
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Figure A4.15. 1H NMR spectrum of [U(NR2)3(μ,η1:η1-C2)Th(NR2)3] (4.8) in C6D6 at room 

temperature. (*) indicates free HN(SiMe3)2.   
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4.5.2 IR Spectra 

 

Figure A4.16. IR spectrum of 4.1 (KBr Pellet). 
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Figure A4.17. IR spectrum of 4.2 (KBr Pellet). 
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Figure A4.18. IR spectrum of 4.3 (KBr Pellet). 
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Figure A4.19. IR spectrum of 4.4 (KBr Pellet). 
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Figure A4.20. IR spectrum of 4.5 (KBr Pellet). 
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Figure A4.21. IR spectrum of 4.6 (KBr Pellet). 
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Figure A4.22. IR spectrum of 4.7 (KBr Pellet). 

  



 

 165 

 

Figure A4.23. IR spectrum of 4.8 (KBr Pellet). 
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5.1 Introduction 

Despite the significant advancements made in actinide-carbene chemistry in the past 

decade,1-6 every example reported thus far has relied on ancillary chelators or heteroatom-

containing substituents to stabilize the An–C multiple bond.7-10 For example, the groups of 

Ephritikhine and Zi employed a pincer-type ligand to form [U{C(PPh2S)2}(BH4)2(THF)2] and 

[Th{C(PPh2S)2}2(DME), respectively,11 where two thiophosphinoyl pendant arms support the 

An-carbene interaction.12 In addition, Liddle et al. isolated the silyl-phosphino-carbene 

[Li(2.2.2-cryptand)][U{C(SiMe3)(PPh2)}(BIPMTMS)(Cl)] (BIPMTMS = C(PPh2NSiMe3)2), 

whose U=C bond is stabilized by a P(III) substituent.13 Similarly, the uranium(IV) arsonium 

carbene complex [U(TrenTIPS)(CHAsPh3)] (TrenTIPS = N(CH2CH2NSiPri3)3) features 

stabilization by an As(V) substituent.14 These heteroatom substituents help dissipate the 

negative charge at the carbene carbon caused by the weak An=C p-bond, which itself results 

from the energetic mismatch between actinide and carbon valence orbitals combined with the 

relatively small rmax of the 5f orbitals.14 Without these substituents, the An=C bond would 

likely be too reactive to isolate. 

Because of the requirement for heteroatom substituents, no isolable “Schrock-type” 

actinide alkylidenes, i.e., An=CR2 (R = H, alkyl, aryl), are known,7, 9, 15 although they have 

been observed in inert gas matrices.16-22  Even vinylidene and allenylidene complexes, which 

should be less reactive than alkylidenes, are unknown, in part due to the lack of viable synthetic 

routes.  Allenylidenes are especially informative in this regard, as they are typically made by 

H2O elimination from a propargyl alcohol – a route that is problematic for actinide 

organometallics given their high sensitivity to water.23, 24 
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Herein, I report the synthesis of the actinide allenyl complexes 

[{(NR2)3}An(CH=C=CPh2)] (An = U, 5.1; Th, 5.2), formed via salt metathesis with lithium-

3,3-diphenylcyclopropene. Subsequent deprotonation of 5.1 and 5.2 results in the formation of 

the actinide allenylidene complexes, [Li(2.2.2-cryptand)][{(NR2)3}An(CCCPh2)] (An = U, 

5.4; Th, 5.5). Significantly, 5.4 and 5.5 represent the first complexes with An–C multiple bonds 

that do not feature heteroatom stabilization.  

5.2 Results and discussion 

5.2.1 Synthesis and Characterization 

Drawing inspiration from the groups of Hashmi and Binger,25, 26 I sought to synthesize an 

An-cyclopropenyl complex, which I hypothesized could undergo thermal ring opening to form 

an An-allenyl complex.  In fact, addition of in situ generated lithium-3,3-diphenylcyclopropene 

to an Et2O solution of [UCl(NR2)3] (R = SiMe3) does result in formation of the allenyl complex, 

5.1, which can be isolated as dark-brown blocks in 72% yield after work up (Scheme 5.1).25 

The thorium analogue 5.2 can be prepared in a similar fashion in 62% yield, via the reaction 

of [ThCl(NR2)3] with 1 equiv of lithium-3,3-diphenylcyclopropene in Et2O. I hypothesize that 

the ring opening occurs after salt metathesis. 
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Scheme 5.1. Synthesis of complexes 5.1, 5.2, 5.4 and 5.5. 

 

The 1H NMR spectrum of complex 5.1 in C6D6/THF-d8 features a resonance at –174.8 ppm 

assigned to the proton attached to the Cα carbon (Figure A5.1). The 1H NMR spectrum of 5.2 

in C6D6/THF-d8 displays a resonance at 5.77 ppm assigned to same ligand environment (Figure 

A5.2). Additionally, the 13C{1H} NMR spectrum of 5.2 features resonances at 139.4, 204.7, 

and 96.7 ppm assigned to the Cα, Cβ, and Cγ environments of the allenyl ligand, respectively 

(Figure A5.3). For comparison, the Cα and Cβ NMR shifts of 1,1-diphenylallene are 78.2 and 

210.0 ppm, respectively,27 whereas the Cα, Cβ, and Cγ shifts of 

[OsCl2(NO)(CH=C=CPh2)(PiPr3)2] are 79.1, 199.1, and 101.0 ppm, respectively.28 I attribute 

the large Cα shift of 5.2 to spin-orbit coupling (SOC) effects (see below for more discussion).4, 

29-32 33 Finally, the IR spectra of 5.1 and 5.2 exhibit Cα–Cβ and Cβ–Cγ stretching modes at 

1934/1871 and 1934/1869–1 cm–1, respectively (Table 5.1).  For comparison, 

[OsCl2(NO)(CH=C=CPh2)(PiPr3)2] exhibits a single C=C stretch at 1881 cm-1 in its IR 

spectrum.28 
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Table 5.1. Selected IR spectral data for complexes 5.1, 5.2, 5.4 and 5.5.  

Complex ν(Cα–Cβ) (cm–1) ν(Cβ–Cγ) (cm–1) 
5.1 1934 1871 
5.2 1934 1869 
5.4 2050 1911 
5.5 2044 1921 

Complexes 5.1 and 5.2 both crystallize in the triclinic space group P–1 with one and two 

independent molecules in their asymmetric unit cells, respectively (Figure 5.1). The An–C 

distances (5.1: 2.457(3); 5.2: 2.529(5), 2.536(5) Å) are consistent with those previously 

reported for An(IV)–C single bonds.34-37 Additionally, the longer distances observed for 5.2 

reflect the increased ionic radius of Th(IV) vs. U(IV) (Table 5.2).38 The Cα–Cβ and Cβ–Cγ 

distances of the allenyl ligands, along with the Cα–Cβ–Cγ angles, are consistent with those 

previously reported for transition metal allenyl complexes.28, 39-42 Furthermore, the An–Cα–Cβ 

angles (5.1: 133.2(2); 5.2: 132.0(4), 128.6(4)°) confirm that Cα is sp2 hybridized, consistent 

with my proposed formulation. Notably, 5.1 and 5.2 are the first reported f element allenyl 

complexes. 
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Figure 5.1. Solid-state structure of 5.1 shown with 50% probability ellipsoids. Hydrogen 

atoms omitted for clarity. 

During an attempt to isolate 5.2, a few crystals of the Th-allenylidene complex 

[{Li(DME)2}{{(NR2)3}ThCl2}][{Li(DME)}{{(NR2)3}Th(CCCPh2)}]2 were isolated (5.3, 

Figure 5.2). Complex 5.3 crystallizes in the P–1 space group with two molecules of 

[{Li(DME)}{{(NR2)3}Th(CCCPh2)}], one anion of {(NR2)3}ThCl2}–, and a {Li(DME)2}+ 

counterion in its asymmetric unit. The allenylidene anion crystallizes as a contact ion pair with 

a [Li(DME)]+ counterion, where the Li–C bond distances are shortest at the Li–Cβ carbon 

interaction (2.02(2) and 2.109(17) Å, Table 5.2) and longest at the Li–Cγ interaction (2.40(2) 

and 2.539(18) Å). The Cα–Cβ distances are 1.214(10) and 1.250(11) Å, and resemble the 

distances seen in a C≡C bond, while the Cβ–Cγ distances are similar to a C=C bond (1.409(12) 

and 1.418(10) Å). Given the short Th–C bond distances in each 

[{Li(DME)}{{(NR2)3}Th(CCCPh2)}] fragment (2.397(8), 2.439(8) Å), I believed that 
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complete characterization of a separated ion pair An-allenylidene anion would provide the first 

example of an non-heteroatom stabilized An=C bond.   

Table 5.2. Selected metrical parameters for Complexes 5.1–5.5. 

Bond (Å, °)  5.1 5.2 5.3 5.4·C5H12 5.5·C5H12 

An–Cα 2.457(3) 2.529(5), 
2.536(5) 

2.439(8), 
2.397(8) 

2.305(8) 2.368(16) 

Cα–Cβ 1.299(4) 1.292(7), 
1.288(7) 

1.214(10), 
1.250(11)  

1.221(11) 1.23(2) 

Cβ–Cγ 1.329(4) 1.327(7), 
1.319(7) 

1.409(12), 
1.418(10) 

1.403(11) 1.40(2) 

Cγ–Cipso 1.490(4), 
1.474(4) 

1.492(7), 
1.487(7),  
1.497(7), 
1.488(7) 

1.460(13), 
1.455(10), 
1.484(11), 
1.458(13)  

1.443(12), 
1.468(12) 

1.47(2), 
1.45(2) 

Li–Cα/β/γ N/A N/A 2.287(18), 
2.02(2), 
2.40(2)/ 
2.265(17), 
2.109(17), 
2.539(18) 

N/A N/A 

An–Cα–Cβ 133.2(2) 132.0(4), 
128.6(4) 

160.0(7), 
157.2(8) 

173.3(8) 172.0(14) 

Cα–Cβ–Cγ 176.1(3) 175.5(6), 
176.5(6) 

171.0(9), 
172.1(10) 

176.7(9) 174.6(16) 

S(ÐCipso/β–
Cγ–Cipso) 

359.0 360.0/359.9 359.8 359.9 359.9 

Given the low proton affinity at Cα,43  it is unsurprising that addition of base to 5.1 or 5.2 

would yield an actinide–allenylidene. Thus, addition of 1 equiv of LDA and 2.2.2-cryptand to 

5.1 in Et2O results in the formation of 5.4, which can be isolated as dark purple blocks in 54% 

yield after work-up (Scheme 5.1). The thorium analogue 5.5 can be prepared in a similar 

fashion, via the reaction of 5.2 with 1 equiv of LDA and 2.2.2-cryptand, in 46% yield as deep 

orange-red solid. Complexes 5.4 and 5.5 are the first reported f-element allenylidenes and are 
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the first An=C complexes that do not employ heteroatoms or ancillary chelators to stabilize the 

An=C interaction. 

 

Figure 5.2. Solid-state structure of one molecule of [{Li(DME)}{{(NR2)3}Th(CCCPh2)}] in 

5.3 shown with 50% probability ellipsoids. {(NR2)3}ThCl2}–, {Li(DME)2}+, Hydrogen atoms 

omitted for clarity. 

The 1H NMR spectrum of 5.4 in C6D6/THF-d8 features a broad singlet at –1.60 ppm, 

assignable to the lone SiMe3 environment (Figure A5.4).  The 1H NMR spectrum of 5.5 

features a sharp singlet at 0.53 ppm, assignable to its SiMe3 environment (Figure A5.6), 

whereas its 13C{1H} NMR spectrum exhibits resonances at 205.4, 128.5, and 70.6 ppm. These 

resonances are assigned to the Cα, Cβ, and Cγ environments of the allenylidene ligand, 

respectively (Figure 5.3). Complexes 5.4 and 5.5 exhibit Cα–Cβ and Cβ–Cγ stretching modes at 
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2050/1911 and 2044/1921 cm–1, respectively, in their IR spectra (Table 5.1). These values are 

blue-shifted from those observed for their respective precursors, suggesting an increase in both 

the Cα–Cβ and Cβ–Cγ bond orders upon deprotonation.  For further comparison, the Os 

allenylidene complex, [Os(CCCPh2)(CH3CN)3(IPr)(PiPr3)][BF4]2, features a single C=C band 

at 1929 cm-1 in its IR spectrum.44  Finally, the UV-vis spectrum of 5.5 in C6H6 features intense 

absorptions at 403 nm (ε = 8310 L·mol–1·cm–1) and 537 nm (ε = 15,030 L·mol–1·cm–1) (Figure 

A5.8).  The spectrum is qualitatively similar to that recorded for [CPh3]–,45 suggesting a similar 

electronic environment for Cγ (see below for more discussion).  

 

Figure 5.3. 13C{1H} NMR spectrum of [Li(2.2.2-Cryptand)][{(NR2)3}Th(CCCPh2)] (5.5) in a 

10:1 mixture of C6D6 and THF-d8 at room temperature. (*) indicates pentane. 
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Complexes 5.4 and 5.5 crystallize in the monoclinic space group P21 as the pentane 

solvates, 5.4×C5H12 and 5.5×C5H12, respectively.  They are isomorphous and crystallize as 

discrete cation-anion pairs (Figure 5.4). The An–Cα distances in 5.4 and 5.5 are 2.305(8) and 

2.368(16) Å, respectively (Table 5.2). These distances are among the shortest known An-C 

distances and suggest the presence of An-Cα multiple bond character.  Additionally, these 

values are shortened by 0.15 Å from the An–Cα distances observed for their respective 

precursors.  For comparison, the U–Cα distances in Cp3U=CHPMe3 and 

[U{C(SiMe3)(PPh2)}(BIPMTMS)(DMAP)2] are 2.274(8) and 2.296(5) Å,46 13 respectively, 

whereas the Th–Cα distances in [(C5Me5)2ThCl(CHPPh3)] and [Th(CHPPh3)(NR2)3] are 

2.3235(1) and 2.362(2) Å, respectively.4, 5 

Scheme 5.2. Available resonance forms to allenylidene complexes. 

 

Compared to 5.1 and 5.2, the Cα–Cβ distances in 5.4 and 5.5 are slightly shortened, whereas 

the Cβ–Cγ distances are slightly elongated. The Cα–Cβ distances are similar to those observed 

for the An-acetylide complexes [Th(C≡CH)(NR2)3] (1.173(12) Å) and [(NN′3)U(CCPh)] 

(1.212(5) Å, NN′3 = [N(CH2CH2NSitBuMe2)3]).  However, the An–C distances in these 

examples are much longer, at 2.481(8) and 2.480(4) Å, respectively, reflecting their single 
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bond character.47, 48 The Cα–Cβ–Cγ angles in 5.4 and 5.5 remain unchanged, whereas the An–

Cα–Cβ angles approach linear. In addition, the sum of angles around Cγ confirms that it is sp2 

hybridized (Table 5.2). These metrical parameters are typical of the allenylidene ligand and 

can be rationalized by the contribution of resonance forms I and II to its electronic structure 

(Scheme 5.2).49 For comparison, [Os(CCCPh2)(CH3CN)3(IPr)(PiPr3)][BF4]2 features Cα–Cβ 

and Cβ–Cγ distances of 1.246(8) and 1.362(9) Å, respectively.44  

 

Figure 5.4. Solid-state structure of [Li(2.2.2-cryptand)][{(NR2)3}U(CCCPh2)] (5.4) shown 

with 50% probability ellipsoids. Hydrogen atoms, [Li(2.2.2-cryptand)], and pentane solvate 

omitted for clarity. 
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5.2.2 Electronic Structure Analysis 

The An-allenylidene interaction in complexes 5.4 and 5.5 was analyzed via relativistic 

density functional theory (DFT) by Dr. Xiaojuan Yu and Prof. Jochen Autschbach at the 

University of Buffalo.50-53  Complete computational details and results are provided in the SI.  

Based on Natural Localized Molecular Orbital (NLMO) analyses, complexes 5.4 and 5.5 

exhibit strong p-delocalization (Figure 5.3). Taking 5.5 as an example, the NLMO picture 

indicates triple bond character between Cα and Cβ, corresponding to resonance structure (RS) 

II in Scheme 5.2. However, three-center character involving thorium, Cα, and Cβ, denoted as 

p(Th–C) in Table 5.3 (in section 5.4.6), also reveals an important contribution from RS I. The 

calculated natural charges for Th, Cα, Cβ, and Cγ are 1.52, –0.67, 0.05 and –0.22, respectively, 

whereas the averaged natural charge for three N atoms bound to Th is -1.65. The NLMO 

representing the lone pair (and negative charge) at Cγ is π-LP(Cγ), and is strongly delocalized 

over the phenyl groups, Cβ, and even Cα and Th. This delocalization further confirms that RS 

I contributes to the overall electronic structure. In addition, for complex 5.4, the Mulliken spin 

population of U is 2.3 (excess alpha over beta spin), beyond the two unpaired spins expected 

for the f2 configuration, indicating preferential alpha spin electron donation from ligand to 

metal. The spin populations for Cα, Cβ, and Cγ are -0.08, 0.02, -0.10, respectively; the 

remaining spin density in the ligand is further delocalized.  
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Table 5.3. % compositions of the An-C (An = Th, U) bonding NLMOs in 5.1-5.5. 

Complex Orbital Total 
Ca 

2s 2p Total 
Cb 

2s 2p Total 
An 

7s 7p 6d 5f 

5.1 s(U-C) 75 31 69 4 0 100 16 12 1 69 18 
 p(U-C) 50 0 100 44 0 100 4 0 0 53 47 
5.2 s(Th-C) 77 30 70 5 0 100 14 13 1 73 13 
 p(Th-C) 50 0 100 44 0 100 4 0 0 53 47 
5.4 s(U-C) 78 47 53 0 0 0 20 16 1 67 16 
 p(U-C) 47 0 100 47 0 100 5 0 0 55 45 
 p(U-C) 31 0 100 28 0 100 11 0 0 32 68 
5.5 s(Th-C) 80 47 53 0 0 0 18 16 1 71 12 
 p(Th-C) 48 0 100 45 0 100 5 0 0 60 40 
 p(Th-C) 53 0 100 37 0 100 7 0 0 62 38 

An NLMO representing the p-component of a An=C double bond is clearly seen for both 

5.4 and 5.5 (Figure 5.3).  This NLMO features multi-center character (5.4: 31% Ca, 28% Cb, 

and 11% U; 5.5: 53% Ca, 37% Cb, and 7% Th), and indicates that RS I is an important 

contributor to the overall electronic structure of both complexes, more so for 5.4 than for 5.5; 

although the metal weight in 5.5 is still significant. The other p–bonding NLMO in either 

complex has only 5% metal weight. Finally, the σ(An−C) bonds of 5.4 and 5.5 are represented 

by two-center two electron NLMOs with 20% and 18% total An weight for 5.4 and for 5.5, 

respectively (Figure 5.3).  These results are similar to the weights found in the uranium 

methanediide complex, [{C(PPh2S)2}U(BH4)2(THF)2].12   

As seen in Table 5.4, the Wiberg Bond Order (WBO) analyses are consistent with the 

conclusions drawn from the NLMO picture.  For example, the An–Cα, Ca-Cb, and Cb-Cg 

WBOs are 0.91, 2.36, and 1.31, respectively, for 5.5, and 0.98, 2.40, and 1.28, respectively, 

for 5.4, further suggesting RS I is more important for 5.4 than for 5.5. Interestingly, the An–
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Cα WBOs in 5.4 and 5.5 are notably larger than those of 5.1 (0.60) and 5.2 (0.57).  The An–Ca 

WBOs in 5.4 and 5.5 are also larger than those of the An(IV) parent acetylides, 

[An(C≡CH)(NR2)3] (An = Th, WBO = 0.67; U, WBO = 0.71).48  Thus, the larger An-Ca WBOs 

evident in 5.4 and 5.5 vs. [{(NR2)3}An(CH=C=CPh2)] vs. [An(C≡CH)(NR2)3] also supports 

the importance of resonance form I for these species, and confirms that they can be properly 

described as actinide carbenes. 

Table 5.4. The Wiberg Bond Orders for the selected bonds in 5.1-5.5 and [An(C≡CH)(NR2)3] 

(An = U or Th) complexes. 

Complexes An-Ca Ca-Cb Cb-Cg 
5.1 0.597 2.005 1.638 
5.2 0.565 2.003 1.634 
5.4 0.983 2.401 1.281 
5.5 0.912 2.355 1.305 
[U(C≡CH)(NR2)3]48 0.709   
[Th(C≡CH)(NR2)3]48 0.674   

An alternative way to examine the bonding in complexes 5.4 and 5.5 is offered by the 

quantum theory of atoms in molecules (QTAIM). This theory utilizes a variety of descriptors 

based on the topology of the electron density at a bond critical point (BCP).54 QTAIM data 

(Table 5.6) suggest that the An-C bonds in 5.4 and 5.5 are polarised toward the ligand but 

possess covalent character, and, for 5.4, the results are nearly identical to the data reported for 

[U(BIPMMes)(Cl)2(THF)2] (BIPMMes={C(PPh2NMes)2}).3 Furthermore, the QTAIM data 

suggest that Th-C bond in 5.5 is somewhat less covalent than the U-C bond in 5.4, consistent 

with the NLMO analysis.   
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5.2.3 13C Chemical Shift Analysis 

An NLMO analysis of the 13C NMR shielding for complexes 5.2 and 5.5 was also 

performed by Dr. Xiaojuan Yu and Prof. Jochen Autschbach at the University of Buffalo using 

the computational methods reported in References 50-52, 55-57. Data reported here are from the 

SR-PBE and SO-PBE levels of theory. Additional data provided show that the calculated shifts 

do not vary strongly with the functional used in the calculations (Table 5.5). A shielding 

analysis of allene (H2C=C=CH2) was also performed,58 for comparison with complex 5.2.  For 

all compounds, the diamagnetic and paramagnetic contributions to the shieldings were 

combined. Dr. Xiaojuan Yu and Prof. Jochen Autschbach confirmed that the observed 

variations in the carbon shielding and chemical shift come from the (usually negative) 

paramagnetic shielding mechanism, involving magnetic coupling between occupied and 

unoccupied orbitals,59 along with SO effects. The diamagnetic shielding per carbon is 

essentially constant, as usual. 
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Table 5.5. Calculated carbon shielding (s) and chemical shift (d) for TMS, Allene, Acetylene, 

and the Cα, Cb, and Cg nuclei of 5.2 and 5.5 using various functionals. 

Complex Method scalc(ppm) dcalc(ppm) DSO(ppm) dexpt(ppm) 

TMS 

PB86/SO-BP86 186.9 / 187.8    
PBE/SO-PBE 187.5 / 188.4    
PBE0/SO-PBE0 
(25%)a 192.2 / 193.0    

PBE0/SO-PBE0 (40%) 194.7 / 195.5    

Allene PBE/SO-PBE 
107.9, -41.1, 107.9 
/ 
108.5, -40.4, 108.5 

79.6, 228.6, 79.6 / 
79.9, 228.8, 79.9 

0.3, 0.2, 0.3  

 MPW1PW91 109, -41, 109b   73.9, 208.5, 73.9c 
Acetylene PBE/SO-PBE 108.3 / 108.9 79.2 / 79.5 0.3  

5.2d 

PB86/SO-BP86 
69.9, -23.4, 82.2 / 
43.7, -26.2, 82.8 

117.0, 210.3, 104.7 
/ 
144.1, 214.0, 105.0 

27.1, 3.7, 0.3 

139.4, 204.7, 
96.7 

PBE/SO-PBE 
70.4, -22.9, 82.8 / 
44.5, -25.7, 83.4 

117.1, 210.4, 104.7 
/ 
143.9, 214.1, 105.0 

26.8, 3.7, 0.3 

PBE0/SO-PBE0 (25%) 
75.3, -26.5, 88.7 / 
46.2, -28.8, 89.1 

116.9, 218.7, 103.6 
/ 
146.8, 221.8, 103.9 

29.9, 3.1, 0.3 

PBE0/SO-PBE0 (40%) 
78.5, -27.5, 91.8 / 
47.2, -29.4, 92.0 

116.2, 222.2, 102.9 
148.3, 224.9, 103.5 

32.1, 2.7, 0.6 

5.5 

PB86/SO-BP86 
12.3, 59.3, 104.3 / 
-23.2, 51.2, 105.2 

174.6, 127.6, 82.6 / 
211.0, 136.6, 82.0 

36.4, 9.0, 0.0 

205.4, 128.5, 
70.6 

PBE/SO-PBE 
12.6, 59.6, 104.8 / 
-22.7, 51.4, 105.8 

174.9, 127.9, 82.7 / 
211.1, 137.0, 82.6 

36.2, 9.1, -0.1 

PBE0/SO-PBE0 (25%) 
19.4, 62.8, 115.1 / 
-19.3, 55.1, 115.5 

172.8, 129.4, 77.1/ 
212.3, 137.9, 77.5 

39.5, 8.5, 0.4 

PBE0/SO-PBE0 (40%) 
23.7, 65.0, 120.4/ 
-16.8, 57.4, 120.6 

171.0, 129.7, 74.3/ 
212.3, 138.1, 74.9 

41.3, 8.4, 0.6 

a Fraction of exact exchange in the functional in parentheses. 

b Values taken from Ref 58. 

c Values taken from Ref 81. 

d The shielding and chemical shifts are averaged from two experimental geometries. 
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The calculated shielding constants for allene agree well with those reported by Wiberg at 

al. who analyzed the system in great detail (Table 5.7 in section 5.4.6).58 Effects from spin-

orbit coupling (SOC) are very minor, as expected for an organic molecule without a heavy 

element. Cβ is strongly deshielded, by almost 150 ppm, relative to the methylene carbons. The 

primary reason for this difference is a strong paramagnetic deshielding from both π(C–C) 

NLMOs for Cβ (Table 5.7 in section 5.4.6). Although, the σ-bond NLMOs also contribute 

somewhat to the large shielding difference between the central and terminal carbons.  

The calculated chemical shifts for complex 5.2 agree reasonably well with the experimental 

data (Tables 5.5 and table 5.8 in section 5.4.6).  For example, the calculated Cα shift for 5.2 is 

144 ppm (expt. = 139.4 ppm).  The replacement of CγH2 in allene by CγPh2 in 5.2 and the 

bonding of Cα to Th has a noticeable effect on most of the NLMO shielding contributions, 

leading to an overall decrease of the Cα and Cγ shielding, relative to allene, and a modest 

increase (13–17 ppm) of the Cβ shielding. The shielding patterns and contributions remain 

allene-like, however.  This conclusion is further buttressed by the WBOs for Cα–Cβ (2.0) for 

Cβ–Cγ (1.6). The former value corresponds exactly to the expected bond order, whereas the 

latter reflects the aforementioned delocalization of π(Cβ–Cγ) onto Cipso.  The main difference 

to allene is the inequivalency of Cα and Cγ. The shielding difference is –13 ppm in the 

calculations without SOC, and is primarily caused by more negative contributions from σ(Cα–

Th) and σ(Cα–H) to the Cα shielding versus the σ(Cγ–Cipso) contributions to the Cγ shielding, 

and a more negative contribution of s(Ca–Cb) to the Cα shielding vs. s(Cb–Cg) contributing to 

the Cγ shielding. These differences are partially counteracted by a more positive allene-like Cα 

shielding from π(Cα–Cβ) compared to the Cγ shielding from π(Cβ–Cγ) (Table 5.8 in section 

5.4.6). The delocalization onto Cipso evidently enhances the Cγ paramagnetic deshielding 
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relative to allene. With SOC effects included, the difference between the Cα and Cγ shielding 

becomes –39 ppm, as a result of the Th 5f (and 6d) AO contributions in σ(Cα–Th) and an 

associated SOC deshielding in the Cα core. The situation is reminiscent of the SOC effects on 

the shielding of nitrogen atoms bound to Th that was identified recently.60, 61 

The calculated 13C chemical shifts for complex 5.5 (Table 5.5 and table 5.9 in section 5.4.6) 

also agree reasonably well with the experimental data.  For example, the calculated Cα shift for 

complex 5.5 is 211 ppm (expt. = 205.4 ppm).  This value includes a 36 ppm deshielding 

contribution due to SOC, which is about 10 ppm larger in magnitude than that calculated for 

Cα in complex 5.2 as a result of the stronger σ(An−C) covalency in 5.5.  The calculations also 

reproduce the experimentally assigned chemical shift ordering Cα > Cβ > Cγ, in 5.5, which is 

different from complex 5.2, for which the shifts are Cβ > Cγ > Cα. The increased Cβ shielding 

(smaller chemical shift) in 5.5 compared to 5.2 partially reflects the formal Cα–Cβ triple bond, 

according to RS II. However, Cβ in 5.5 is still substantially deshielded relative to Cβ in an 

authentic alkyne, such as PhCCH (77.2 ppm chemical shift),62 consistent with delocalization 

according to RS I. The different ordering is the result of two effects: (1) Cβ in 5.5 has triple 

bond character with a concomitant increase in magnetic shielding; and (2) The stronger Cα–Th 

covalency lowers the shielding of Cα in 5.5, compared to 5.2, via the combined effects of 

greater paramagnetic deshielding due to stronger Th–C bonding, and a stronger SOC 

deshielding (Tables 5.8 and 5.9 in section 5.4.6).  Finally, the SOC induced deshielding for Cβ 

in 5.5 (–9 ppm) is much larger than that calculated for complex 5.2 (–4 ppm), which shows 

independently from the NLMO analysis that the delocalization involves Th, where most of the 

SOC originates. 
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5.3 Summary 

In summary, reaction of [AnCl(NR2)3] with in situ generated lithium-3,3-

diphenylcyclopropene affords the first actinide-allenyl complexes, 

[{(NR2)3}An(CH=C=CPh2)] (An = U, Th). Subsequent treatment with LDA and 2.2.2-

cryptand results in the formation of the actinide-allenylidene complexes, [Li(2.2.2-

cryptand)][{(NR2)3}An(CCCPh2)] (An = U, Th), which represent the first non-heteroatom 

supported carbene complexes of the actinides.  Importantly, their isolation suggests that other 

actinide cumulenylidene complexes could be isolable, provided a viable synthetic route is 

available. Quantum chemical calculations give a detailed picture of the actinide-allenylidene 

interaction, which features partial An=C double bond character. Additionally, the Ca chemical 

shift in the two Th complexes exhibit SOC-induced deshielding due to 5f orbital participation 

in the Th–C bonds. The larger deshielding in the allenylidene complex vs. the allenyl is 

consistent with its greater σ(Th−C) covalency.   

Going forward, I plan to explore the reactivity of my actinide allenylidene for comparison 

with the late transition metal allenylidenes, which will provide further insight into their 

electronic structure and potentially uncover new modes of allenylidene reactivity.  The latter 

point is significant because the polarity of the carbon atoms within the actinide allenylidene 

unit is reversed relative to that observed in the late transition metals (e.g., resonance form III, 

Scheme 5.2).23, 24, 63  
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5.4 Experimental 

5.4.1 General.  All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions under an atmosphere of dinitrogen. Diethyl ether (Et2O), 

pentane and hexanes were dried using a Vacuum Atmospheres DRI-SOLV Solvent 

Purification system and stored over 3Å sieves for 24 h prior to use. Tetrahydrofuran (THF) 

was distilled over calcium hydride then distilled over sodium benzophenone, collected, and 

stored over 3Å sieves for 24 h prior to use. Isooctane was distilled over sodium benzophenone, 

collected, and stored over 3Å sieves for 24 h prior to use. THF-d8 and C6D6 were stored over 

3Å sieves for 24 h prior to use. [UCl(NR2)3] (R = SiMe3), [ThCl(NR2)3], LDA, and 3,3-

diphenylcyclopropene were synthesized according to previously reported literature 

procedures.64-67 All other reagents were purchased from commercial vendors and used as 

received. 

1H, 13C{1H}, and 7Li{1H} NMR spectra were recorded on a Varian UNITY INOVA 400 

MHz or a Varian UNITY INOVA 500 MHz spectrometer.  1H and 13C{1H} NMR spectra were 

referenced to external SiMe4 using the residual protio solvent peaks as internal standards.68, 69 

7Li{1H} spectra were referenced to a saturated LiCl solution in D2O. IR spectra were recorded 

on a Nicolet 6700 FT-IR spectrometer with a NXR FT Raman Module. 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). 

5.4.2 Synthesis of [{(NR2)3}U(CH=C=CPh2)] (5.1). To a cold (-25 °C), colorless Et2O 

solution (0.5 mL) of 3,3-diphenylcyclopropene (42.1 mg, 0.0.219 mmol) was added quickly a 

cold (-25 °C), colorless Et2O solution (0.5 mL) of LDA (22.3 mg, 0.208 mmol). Immediately, 
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the solution turned light yellow.  This solution was then added drop wise to a cold (-25 °C) 

stirring pink slurry of [UCl(NR2)3] (157.2 mg, 0.208 mmol) in Et2O (3 mL). The stirring 

solution immediately turned red-brown concomitant with the deposition of a light tan 

precipitate. After stirring for 45 min the resulting brown solution was filtered through a Celite 

column supported on glass wool (0.5 cm × 2 cm) and the volatiles were removed from the 

filtrate in vacuo. The resulting brown oil was extracted into pentane (4 mL), filtered through a 

Celite column supported on glass wool (0.5 cm × 2 cm) and the volatiles were removed from 

the filtrate in vacuo, yielding a brown solid. The resulting brown powder was extracted again 

into pentane (2 mL), filtered through a Celite column supported on glass wool (0.5 cm × 2 cm) 

and transferred to a 4 mL scintillation vial. This vial was placed into a 20 mL scintillation vial 

and the solution was concentrated to 0.5 mL. Isooctane (2 mL) was added to the outer vial and 

storage of this two-vial system at -25 ºC for 24 h resulted in the deposition of brown blocks. 

Decanting the supernatant, rinsing the crystals with cold (-25 °C) pentane (2 mL), and drying 

in vacuo afforded 5.1 (137.3 mg, 72.4 % yield) Anal. Calcd for UN3Si6C33H65: C, 43.53; H, 

7.20; N, 4.62. Found: C, 43.34; H, 7.03; N, 4.68. 1H NMR (C6D6/THF-d8, 298 K, 500 MHz): 

δ 3.34 (t, J = 7.1 Hz, 4H, m-CH), 3.03 (t, J = 7.2 Hz, 2H, p-CH), -1.84 (br. s, 54H, CH3), -9.13 

(d, J = 7.1 Hz, 4H, o-CH), -174.80 (s, 1H, α-CH). IR (KBr pellet, cm‐1): 2954 (m), 2897 (w), 

1936 (w, Cα–Cβ stretch), 1871 (w, Cβ–Cγ stretch), 1400 (w), 1250 (s), 1182 (w), 904 (s), 847 

(s), 769 (m), 681 (w), 656 (w), 611 (m). 

5.4.3 Synthesis of [{(NR2)3}Th(CH=C=CPh2)] (5.2). To a cold (-25 °C), colorless Et2O 

solution (0.5 mL) of 3,3-diphenylcyclopropene (40.5 mg, 0.211 mmol) was added quickly a 

cold (-25 °C), colorless Et2O solution (0.5 mL) of LDA (21.4 mg, 0.200 mmol). Immediately, 

the solution turned light yellow.  This solution was then added drop wise to a cold (-25 °C) 
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stirring colorless slurry of [Th(Cl)(NR2)3] (150.2 mg, 0.200 mmol) in Et2O (3 mL). The stirring 

solution immediately turned yellow-orange concomitant with the deposition of a light tan 

precipitate. After stirring for 45 min the resulting orange suspension was filtered through a 

Celite column supported on glass wool (0.5 cm × 2 cm) and the volatiles were removed from 

the filtrate in vacuo. The resulting orange oil was extracted into pentane (4 mL), filtered 

through a Celite column supported on glass wool (0.5 cm × 2 cm) and the volatiles were 

removed from the filtrate in vacuo, yielding a brown solid. The resulting orange oil was 

extracted again into pentane (2 mL), filtered through a Celite column supported on glass wool 

(0.5 cm × 2 cm) and transferred to a 4 mL scintillation vial. This vial was placed into a 20 mL 

scintillation vial and the solution was concentrated to 0.5 mL. Isooctane (2 mL) was added to 

the outer vial and storage of this two-vial system at -25 ºC for 24 h resulted in the deposition 

of off-white blocks. Decanting the supernatant, rinsing the crystals with cold (-25 °C) pentane 

(2 mL), and drying in vacuo afforded 5.2 (112.0 mg, 61.7 % yield) Anal. Calcd for 

ThN3Si6C33H65: C, 43.82; H, 7.24; N, 4.65. Found: C, 43.71; H, 7.03; N, 4.57. 1H NMR 

(C6D6/THF-d8, 298 K, 500 MHz): δ = 7.42 (d, J = 7.3 Hz, 4H, o-CH), 7.17 (t, J = 7.7 Hz, 4H, 

m-CH), 6.96 (d, J = 7.4 Hz, 2H, p-CH), 5.77 (s, 1H, α-CH), 0.27 (s, 54H, CH3). 13C{1H} NMR 

(C6D6/THF-d8, 298 K, 126 MHz) δ 204.67 (Cβ), 150.63 (Cipso), 139.38 (Cα), 128.89 (Cortho), 

128.39 (Cmeta), 125.63 (Cpara), 96.72 (Cγ), 4.57. IR (KBr pellet, cm–1): 2953 (m), 2895 (w), 

1934 (w, Cα–Cβ stretch), 1869 (m, Cβ–Cγ stretch), 1597 (m), 1491 (m), 1450 (m), 1252 (s), 

1182 (m), 1113 (w), 1072 (w), 1030 (w), 931 (s), 847 (s), 768 (s), 696 (s), 658 (w), 640 (w), 

609 (m). 

5.4.4 Synthesis of [Li(2.2.2-Cryptand)][{(NR2)3}U(CCCPh2)] (5.4). To a cold (-25 °C), 

dark brown Et2O solution (3 mL) of 5.1 (65.8 mg, 0.072 mmol) and 2.2.2-cryptand (27.2 mg, 
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0.072 mmol) was added dropwise a cold (-25 °C), colorless Et2O solution (0.5 mL) of LDA 

(7.74 mg, 0.072 mmol). Upon addition, the solution turned dark purple-red.  After 2 min, the 

solution was concentrated in vacuo to 0.5 mL and filtered through a Celite column supported 

on glass wool (0.5 cm × 2 cm) into a 4 mL scintillation vial. This vial was placed into a 20 mL 

scintillation vial and isooctane (2 mL) was added to the outer vial. Storage of this two-vial 

system at -25 ºC for 48 h resulted in the deposition of dark purple solid. Decanting off the 

supernatant, rinsing with pentane (2 mL), and drying in vacuo afforded 5.4 as an analytically 

pure dark purple solid (50.0 mg, 53.5 % yield).  X-ray quality crystals of 5.4 were grown by 

dissolving 40 mg of this material in THF:pentane (0.25:2.5 mL).  Storage of this solution at -

25 ºC for 24 h resulted in the deposition of dark purple needles. Anal. Calcd for 

C51H100LiN5O6Si6U: C, 47.38; H, 7.80; N, 5.42. Found: C, 47.33; H, 7.59; N, 5.04. 1H NMR 

(C6D6/THF-d8, 298 K, 500 MHz,) δ 2.78 (br s, 12H, CH2), 2.59 (br s, 12H, CH2), 2.07 (t, J = 

8.3 Hz, 4H, m-CH), 1.86 (br s, 12H, CH2), -1.60 (br s, 54H, CH3), -1.74 (t, J = 8.3 Hz, 2H, p-

CH), -12.89 (d, J = 8.8 Hz, 4H, o-CH). 7Li{1H} NMR (C6D6/THF-d8, 25 °C, 155 MHz): δ –

1.59. IR (KBr pellet, cm–1): 2954 (m), 2887 (m), 2862 (w), 2050 (w, Cα–Cβ stretch), 1911 (w, 

Cβ–Cγ stretch), 1514 (w), 1477 (m), 1385 (m), 1356 (s), 1263 (m), 1255 (s), 1136 (m), 1101 

(s), 1088 (w), 933 (s), 862 (w), 841 (s), 894 (w), 694 (w).  

5.4.5 Synthesis of [Li(2.2.2-cryptand)][{(NR2)3}Th(CCCPh2)] (5.5). To a cold (-25 °C), 

dark brown Et2O solution (3 mL) of 5.2 (82.1 mg, 0.091 mmol) and 2.2.2-cryptand (29.0 mg, 

0.091 mmol) was added dropwise a cold (-25 °C), colorless Et2O solution (0.5 mL) of LDA 

(9.7 mg, 0.091 mmol). Upon addition, the solution turned dark red-orange. After 2 min, the 

solution was concentrated in vacuo to 0.5 mL and filtered through a Celite column supported 

on glass wool (0.5 cm × 2 cm) into a 4 mL scintillation vial. This vial was placed into a 20 mL 
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scintillation vial and isooctane (2 mL) was added to the outer vial. Storage of this two-vial 

system at -25 ºC for 48 h resulted in the deposition of dark orange blocks. Decanting off the 

supernatant, rinsing with pentane (2 mL), and drying in vacuo afforded 5.5 as an analytically 

pure dark orange solid (53.4 mg, 45.7 % yield).  X-ray quality crystals of 5.5 were grown by 

dissolving 36 mg of this material into THF:pentane (0.25:2.5 mL).  Storage of this vial at -25 

ºC for 24 h resulted in the deposition of orange needles. Anal. Calcd for C51H100LiN5O6Si6Th: 

C, 47.60; H, 7.83; N, 5.44. Found: C, 47.30; H, 7.46; N, 5.14. 1H NMR (C6D6/THF-d8, 298 K, 

500 MHz): δ 7.85 (d, J = 8.3 Hz, 4H, o-CH), 7.09 (t, J = 7.7 Hz, 4H, m-CH), 6.45 (t, J = 7.0 

Hz, 2H, p-CH), 3.08 (m, 12H, CH2), 3.03 (t, J = 5.0 Hz, 12H, CH2), 2.08 (t, J = 5.0 Hz, 12H, 

CH2), 0.53 (s, 54H, CH3). 7Li{1H} NMR (C6D6/THF-d8, 25 °C, 155 MHz): δ –1.81. 13C{1H} 

NMR (C6D6/THF-d8, 298 K, 126 MHz) δ: 205.40 (Cα), 145.79 (Cipso), 128.49 (Cβ), 127.04 

(Cortho), 122.53 (Cmeta), 114.29 (Cpara), 70.58 (Cγ), 67.87 (Ccryptand), 67.84 (Ccryptand), 53.07 

(Ccryptand), 4.70 (CH3). UV-Vis/NIR (C6H6, 0.263 mM, 25 °C, L·mol–1·cm–1): 403 nm (ε = 

8310) 537 nm (ε = 15,030). IR (KBr pellet, cm–1): 2954 (m), 2883 (m), 2816 (w), 2044 (m, 

Cα–Cβ stretch), 1921 (s, Cβ–Cγ stretch), 1585(w), 1479 (m), 1444 (w), 1356 (m), 1296 (w), 

1250 (s), 1144 (w), 1115 (m), 1101 (s), 933 (s), 837 (s), 771 (m), 696 (w), 663 (w), 607 (w). 
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5.4.6 Computational Details. Kohn-Sham density functional calculations were employed 

for 5.1-5.5 with the Gaussian 16 package.70 The crystal structure coordinates were optimized 

for hydrogen positions using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional.71 Small-core Stuttgart energy-consistent relativistic pseudopotentials, 

ECP60MWB for Th and U, were utilized with matching valence basis sets.72 The 6-31G(d) 

basis set was used for the Si, C, N, and H atoms.73 Atom-pairwise corrections for dispersion 

forces were considered via Grimme’s D3 model augmented with the Becke-Johnson (BJ) 

damping.74 To quantify the compositions of the chemical bonds of interest, natural localized 

molecular orbital (NLMO) analyses were carried out with the NBO program, version 6.0.75 

The quantum theory of atoms in molecules (QTAIM) analysis was performed with Multiwfn 

3.6.76 

NMR shielding constants (s, ppm) for 5.2 and 5.5 were calculated with the NMR module 

of the ADF package (version 2017),77 using the scalar relativistic and spin-orbit all electron 

Zeroth-Order Regular Approximation (ZORA) Hamiltonian,78 in conjunction with all-electron 

doubly polarized triple-x (TZ2P)79 Slater-type basis set. The conductor-like screening model 

(COSMO) was used to describe solvent effect (tetrahydrofuran).80 Functionals used for the 

NMR calculations were BP86, PBE, PBE0 (25% exact exchange), and PBE0 (40% exact 

exchange) The 13C chemical shifts (d, ppm) were obtained by subtracting the Ca, Cb, Cg nuclear 

magnetic shielding of interest from the reference compound (Tetramethylsilane, TMS), with 

the latter calculated at the same level of theory. The localized molecular orbital (LMO) analysis 

of the NMR shielding and the character of specific chemical bonds quantified on the basis of 

orbital localizations were described elsewhere.55, 56 It helps to provide useful information on 

how spin-orbit coupling affects the chemical shifts. Note that the NLMOs produced from 
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ECP60MWB valence basis set and Slater-type basis set (TZ2P) are qualitatively comparable 

to each other. 
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Table 5.6. QTAIM analysis of the complexes 5.4 and 5.5. 

Complex BCPa r(r)b Ñ2r(r)c H(r)d e(r)e 
5.4 U-Ca 0.102 0.147 -0.038 0.300 
 Ca-Cb 0.399 0.939 -0.693 0.026 
 Cb-Cg 0.295 0.751 -0.293 0.201 
5.5 Th-Ca 0.093 0.116 -0.033 0.193 
 Ca-Cb 0.388 0.958 -0.662 0.012 
 Cb-Cg 0.292 0.739 -0.293 0.229 

a The bond critical points. 

b The electron density (r(r), au). 

c Laplacian of electron density (Ñ2r(r), au). 

d Total electronic energy density (H(r), au). 

e Ellipticity of electron density (e(r), au). 
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Table 5.7  Localized Molecular Orbital(LMO) Analysis of NMR Shielding for allene. 

LMO type SR/ 
Ca(L+NL) 

SOC/ 
Ca(L+NL) 

SR/ 
Cb(L+NL) 

SOC/ 
Cb(L+NL) 

SR/ 
Cg(L+NL) 

SOC/ 
Cg(L+NL) 

s(Ca-Cb) -57.9 -57.9 -77.1 -77.1 -6.3 -6.3 

p(Ca-Cb) 32.2 32.2 -40.7 -40.8 2.0 2.0 

s(Ca-H1) -32.1 -32.1 -2.0 -2.0 -0.6 -0.5 

s(Ca-H2) -32.1 -32.1 -2.0 -2.0 -0.6 -0.5 

s(Cb-Cg) -6.3 -6.3 -77.1 -77.1 -57.9 -57.9 

p(Cb-Cg) 2.0 2.0 -40.7 -40.7 32.2 32.2 

Ca(core) 203.4 204.1 -0.6 -0.6 -0.1 -0.1 

Cb(core) -0.1 -0.1 203.6 204.4 -0.1 -0.1 

Cg(core) -0.1 -0.1 -0.6 -0.6 203.4 204.1 

s(Ca-H3) -0.6 -0.5 -2.0 -2.0 -32.1 -32.1 

s(Ca-H4) -0.6 -0.5 -2.0 -2.0 -32.1 -32.1 

åother 0.0 -0.2 0.0 0.1 0.0 -0.2 

Total calc. 107.9 108.5 -41.1 -40.4 107.9 108.5 
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Table 5.8.  Localized Molecular Orbital(LMO) Analysis of NMR Shielding for complex 5.2. 

 

  

LMO 
type 

SR/ 
Ca(L+NL) 

SOC/ 
Ca(L+NL) 

DSO/ 
Ca 

SR/ 
Cb(L+NL) 

SOC/ 
Cb(L+NL) 

DSO/ 
Cb 

SR/ 
Cg(L+NL) 

SOC/ 
Cg(L+NL) 

DSO/ 
Cg 

s(Ca-
Cb) 

-49.2 -48.3 0.9 -85.8 -86.3 -0.5 -6.0 -6.0 0.0 

p(Ca-
Cb)/ 
p(Th-C) 

26.3 26.4 0.1 -15.7 -15.8 -0.1 1.6 1.6 0.0 

s(Ca-H) -48.1 -46.9 1.2 -4.2 -4.1 0.1 0.4 0.4 0.0 

s(Cb-Cg) -6.6 -6.6 0.0 -89.6 -89.7 -0.1 -37.3 -37.3 0.0 

p(Cb-Cg) 0.2 0.2 0.0 -29.9 -29.8 0.1 5.6 5.5 -0.1 

s(Cg-
Cipso1) 

-0.3 -0.3 0.0 1.0 1.1 0.1 -38.1 -38.1 0.0 

s(Cg-
Cipso2) 

-0.3 -0.3 0.0 0.5 0.5 0.0 -35.4 -35.4 0.0 

Ca(core) 203.6 189.5 -
14.1 

-0.5 -0.5 0.0 -0.1 -0.1 0.0 

Cb(core) -0.3 -0.3 0.0 203.7 203.1 -0.6 0.0 0.0 0.0 

Cg(core) -0.2 -0.2 0.0 -1.0 -1.0 0.0 203.3 204.0 0.7 

s(Th-
Ca) 

-50.1 -61.0 -
10.9 

2.7 1.5 -1.2 2.0 2.0 0.0 

Th(core)  -1.9 -3.9 -2.0 -0.4 -0.3 0.1 -0.1 -0.1 0.0 

åother -3.1 -3.5 -0.4 -5.4 -6.1 -0.7 -13.1 -13.1 0.0 

Total 
calc. 

70.0 44.8 -
25.2 

-24.6 -27.4 -2.8 82.8 83.4 0.6 



 

 202 

 

Table 5.9.  Localized Molecular Orbital(LMO) Analysis of NMR Shielding for complex 5.5. 

LMO 
type 

SR/ 
Ca(L+N
L) 

SOC/ 
Ca(L+NL
) 

DSO/ 
Ca 

SR/ 
Cb(L+NL
) 

SOC/ 
Cb(L+NL
) 

DSO/ 
Cb 

SR/ 
Cg(L+N
L) 

SOC/ 
Cg(L+N
L) 

DSO/ 
Cg 

s(Ca-
Cb) 

-69.2 -68.0 1.2 -68.5 -69.1 -0.6 -2.6 -2.7 -0.1 

p(Ca-
Cb) 

-2.2 -1.8 0.4 13.4 13.0 -0.4 1.7 1.7 0.0 

p(Ca-
Cb) 

-12.5 -12.3 0.2 37.6 37.5 -0.1 -0.4 -0.5 -0.1 

s(Cb-Cg) -7.7 -8.0 -0.3 -72.1 -72.6 -0.5 -26.5 -26.4 0.1 

s(Cg-
Cipso1) 

-1.0 -1.0 0.0 0.5 0.5 0.0 -37.7 -37.8 -0.1 

s(Cg-
Cipso2) 

-0.9 -0.9 0.0 0.1 0.0 -0.1 -37.6 -37.8 -0.2 

Ca(core) 203.7 183.4 -20.3 -0.5 -0.4 0.1 -0.1 -0.1 0.0 

Cb(core) -0.7 -0.6 0.0 203.6 201.1 -2.5 0.2 0.2 0.0 

Cg(core) -0.2 -0.2 0.0 -0.7 -0.7 0.0 203.3 204.1 0.8 

s(Th-
Ca) 

-81.4 -95.2 -13.8 -12.9 -15.9 -3.0 2.0 2.0 0.0 

Cg LP -7.6 -7.6 0.0 -27.9 -28.1 -0.2 17.9 18.2 0.3 

Th(core)  -4.5 -6.9 -2.4 -1.2 -1.6 -0.4 -0.3 -0.2 0.1 

åother  -3.2 -3.6 -0.4 -11.8 -12.3 -0.5 -15.1 -14.9 0.2 

Total 
calc. 

12.6 -22.7 -35.3 59.6 51.4 -8.2 104.8 105.8 1.0 

  



 

 203 

5.4.7 X-ray Crystallography. Data for complexes 5.1-5.5·C5H12 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 were 

mounted on a cryoloop under Paratone-N oil, and data were collected at 110(2) K using an 

Oxford nitrogen gas cryostream system. X-ray data for 5.1, 5.2, 5.3, 5.4·C5H12, and 5.5·C5H12 

were collected utilizing frame exposures of 5, 10, 10, 20, and 20 s, respectively. Data collection 

and cell parameter determination were conducted using the SMART program.82  Integration of 

the data frames and final cell parameter refinement were performed using SAINT software.83 

Absorption corrections of the data were carried out using the multi-scan method SADABS.84 

Subsequent calculations were carried out using SHELXTL.85 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.
85  

The pentane solvate molecule in 5.4⋅C5H12 exhibited positional disorder, as a result the 

pentane carbon atoms were constrained using the SADI and EADP commands and refined 

isotopically. The cryptand ligand in 5.4⋅C5H12 also contained slight positional disorder and as 

a result the temperature factors of the carbon and nitrogen atoms were constrained using the 

EADP command. The pentane solvate in 5.5⋅C5H12 contained more severe disorder, as a result 

it was constrained using the SADI and EADP commands, refined isotopically and hydrogen 

atoms were not assigned. The cryptand moiety in 5.5⋅C5H12 contained unresolved positional 

disorder, as a result carbon and oxygen atom temperature factors were constrained using the 

EADP command, and the lithium and nitrogen atoms were refined isotopically. Bond distances 
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on the cryptand moiety were constrained using SADI command and three hydrogen-hydrogen 

distances were constrained, using the DFIX command, to a distance of 1.99 Å. 

Further crystallographic details can be found in Tables 5.8. Complexes 5.1-5.4 have been 

deposited in the Cambridge Structural Database (5.1: CCDC 2098903; 5.2: CCDC 2098904; 

5.3∙C5H12: CCDC 2098905; 5.4∙C5H12: CCDC 2098906). 

Table 5.10. X-ray Crystallographic Data for Complexes 5.1, 5.2. 

 5.1 5.2 

empirical formula C33H65N3Si6U C33H65N3Si6Th 
Crystal habit, color Block, Brown Block, Colorless 
crystal size (mm) 0.30 × 0.20 × 0.10 0.30 × 0.20 × 0.10 
crystal system Triclinic Triclinic 
space group P–1 P–1 
vol (Å3) 2162.2(9) 4339.3(18) 
a (Å) 11.486(3) 11.816(3) 
b (Å) 11.561(3) 19.383(5) 
c (Å) 18.978(5) 19.538(5) 
α (deg) 77.340(4) 97.533(3) 
β (deg) 80.647(4) 101.555(3) 
γ (deg) 61.820(4) 91.603(3) 
Z 2 4 
fw (g/mol) 910.45 904.46 
density (calcd) 
(Mg/m3) 

1.398 1.384 

abs coeff (mm-1) 3.944 3.626 
F000 920 1832 
Total no. reflections 23271 43276 
Unique reflections 9281 18382 
Rint 0.0399 0.0376 
final R indices [I > 
2s(I)] 

R1 = 0.0237 
wR2 = 0.0556 

R1 = 0.0381 
wR2 = 0.0810 

largest diff peak and 
hole (e-Å-3) 

1.235 and -0.448 6.071and -1.692 

GOF 1.149 1.005 
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Table 5.11. X-ray Crystallographic Data for Complexes 5.3, 5.4·C5H12, and 5.5·C5H12. 

 5.3 5.4·C5H12 5.3·C5H12 

empirical formula C100H222Cl2Li3N9Si18Th C56H112LiN5O6Si6U C56H112LiN5O6Si6Th 
Crystal habit, color Plate, Yellow Needle, Dark-purple Needle, Orange 
crystal size (mm) 0.20 × 0.20 × 0.10 0.40 ×  0.10 × 0.05 0.40 ×  0.10 × 0.05 
crystal system Triclinic Monoclinic Monoclinic 
space group P–1 P21 P21 
vol (Å3) 7267(3) 3449.1(13) 3520.1(16) 
a (Å) 13.967(4) 12.471(3) 12.595(3) 
b (Å) 19.169(5) 10.829(2) 10.892(3) 
c (Å) 27.846(7) 25.657(6) 25.756(7) 
α (deg) 93.197(4) 90.00 90.00 
β (deg) 96.007(4) 95.484(3) 94.977(4) 
γ (deg) 100.600(4) 90.00 90.00 
Z 2 2 2 
fw (g/mol) 2972.31 1365.01 1359.02 
density (calcd) 
(Mg/m3) 

1.358 1.314 1.282 

abs coeff (mm-1) 3.294 2.503 2.265 
F000 3028 1420 1416 
Total no. reflections 60075 36346 28848 
Unique reflections 29682 14410 14458 
Rint 0.0899 0.0343 0.0444 
final R indices [I > 
2s(I)] 

R1 = 0.0657 
wR2 = 0.0899 

R1 = 0.0404, 
wR2 = 0.1001 

R1 = 0.0623, 
wR2 = 0.1615 

largest diff peak and 
hole (e-Å-3) 

4.495 and -2.852 1.180 and -0.840 1.859 and -1.978 

GOF 1.138 1.012 1.049 
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5.5 Appendix 

5.5.1 NMR Spectra 

 

Figure A5.1. 1H NMR spectrum of [{(NR2)3}U(CH=C=CPh2)] (5.1) in a 10:1 mixture of C6D6 

and THF-d8 at room temperature. 
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Figure A5.2. 1H NMR spectrum of [{(NR2)3}Th(CH=C=CPh2)] (5.2) in a 10:1 mixture of 

C6D6 and THF-d8 at room temperature. 
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Figure A5.3. 13C{1H} NMR spectrum of [{(NR2)3}Th(CH=C=CPh2)] (5.2) in a 10:1 mixture 

of C6D6 and THF-d8 at room temperature. 
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Figure A5.4. 1H NMR spectrum of [Li(2.2.2-Cryptand)][{(NR2)3}U(CCCPh2)] (5.4) in a 10:1 

mixture of C6D6 and THF-d8 at room temperature. (*) indicates free HN(SiMe3)2, (#) indicates 

an unidentified impurity. (!) indicates pentane. 
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Figure A5.5. 7Li{1H} NMR spectrum of [Li(2.2.2-Cryptand)][{(NR2)3}U(CCCPh2)] (5.4) in 

a 10:1 mixture of C6D6 and THF-d8 at room temperature. 
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Figure A5.6. 1H NMR spectrum of [Li(2.2.2-Cryptand)][{(NR2)3}Th(CCCPh2)] (5.5) in a 10:1 

mixture of C6D6 and THF-d8 at room temperature. 
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Figure A5.7. 7Li{1H} NMR spectrum of [Li(2.2.2-Cryptand)][{(NR2)3}Th(CCCPh2)] (5.5) in 

a 10:1 mixture of C6D6 and THF-d8 at room temperature. 
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5.5.2 UV-Vis Spectra 

  

Figure A5.8. UV-Vis spectra of 5.5 (0.263 mM) in C6H6.   
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5.5.3 IR Spectra 

 

Figure A5.9. IR spectrum of 5.1 (KBr Pellet). 
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Figure A5.10. IR spectrum of 5.2 (KBr Pellet). 
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Figure A5.11. IR spectrum of 5.4 (KBr Pellet). 
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Figure A5.12. IR spectrum of 5.5 (KBr Pellet). 
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6.1 Introduction 

While f-element N-heterocyclic carbene (NHC) complexes are now relatively common,1-4 

f-element complexes containing unsupported Schrock- or Fischer-type carbenes are essentially 

unknown.  Likewise, f-element carbides and alkylidynes are also unknown.  That said, some 

progress has been made toward the generation of An/Ln-C multiple bonds in recent years.  For 

example, Liddle and co-workers have reported the synthesis of the cerium methanediide 

complexes, [Ce(BIPMTMS)(ODipp)2] and [Ce(BIPMTMS)2] (BIPMTMS = [C(PPh2NR)2]2−, R = 

SiMe3; Dipp = 2,6‐diisopropylphenyl).5-8 More recently, Zhu and co-workers ligated the 

carbodiphosphorane, C(PPh3)2, to Ce(III),9, 10 forming [BrCe(CDP)2][BPh4]2.  DFT 

calculations revealed that the Ce-C bond in this complex consisted of a strong σ-interaction 

and a weak π-interaction.  In contrast, a significant number of heteroatom-stabilized actinide 

carbene complexes have been reported in recent years,6, 11-16 including 

[U(TrenTIPS)(CHAsPh3)] (TrenTIPS = N(CH2CH2NSiPri3)3),17 

[U{C(SiMe3)(PPh2)}(BIPMTMS)(Cl)]- (BIPMTMS = C(PPh2NSiMe3)2),18 and 

[An(CHPPh3)(NR2)3] (An = Th, U; R = SiMe3).19, 20 Additionally, in Chapter 5 I described the 

synthesis of the actinide allenylidenes [{(NR2)3}An(CCCPh2)]– (An = U, 5.3; Th, 5.4), which 

were also the first reported An carbenes that contain no heteroatom stabilization.21 

In the past few years, a number of carbon-atom transfers reagents have been identified, 

which could, in principle, be employed to generate an elusive unsupported Ln/An-C multiple 

bond. For example, Smith and co-workers demonstrated that 

bis(diisopropylamino)cyclopropenylidene (BAC) can transfer a carbon atom to the iron(IV) 

nitride, [{PhB(iPr2Im)3}Fe(N)] (iPr2Im = 1,2-diisopropylimidazolylidene), resulting in 
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formation of a cyanide complex concomitant with loss of bis(diisopropylamino)acetylene 

(Scheme 6.1a).22 Additionally, Agapie and coworkers showed in 2021 that reaction of 

[Tp*M(μ3-S)3Fe3Cl(BAC)3][BPh4] (Tp* = hydrotris(3,5-dimethylpyrazolyl)borate, M = W or 

Mo) with excess KC8 results in ring opening of one BAC ligand to form the Fe3-μ3-carbyne 

complex [Tp*M(μ3-S)3Fe3(μ3-C-(C(iPr)=C(iPr))(BAC)2] (Scheme 6.1b).23 

Scheme 6.1. Previously reported reactivity of BAC. 

 

Generally speaking, the use of these carbon-atom transfer reagents requires reducing 

conditions to effect C-atom transfer.22, 23 While uranium(III) is strongly reducing and can be 

easily oxidized to U(IV), U(V), or U(VI),19, 24, 25 depending on the conditions, cerium(III) is 

not usually considered to be a good reductant, as it prefers the 3+ oxidation state;26, 27 however, 

it has recently been shown that photolysis of cerium(III) results in the generation of a 
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substantially more reducing metal center.28 For example, Schelter and co-workers reported that 

photolysis of [Ce(NR2)3] (R = SiMe3) resulted in formation of a relatively long-lived excited 

state.29, 30 This excited state species is strongly reducing, and can elicit homolytic cleavage of 

the C-Cl bond in PhCH2Cl, resulting in formation of [Ce(Cl)(NR2)3] and bibenzyl.29  Since 

then, Ce(III) has been shown to facilitate a variety of photo-mediated transformations, 

including aryl coupling and borylation reactions.30-33 In addition, Dr. Mikiyas Assefa 

previously reported that photolysis of a cerium nitrate complex, [Li(2,2,2-cryptand)][Ce(κ2-

O2NO)(NR2)3], resulted in formation of the terminal Ce=O complex, [Li(2,2,2-

cryptand)][Ce(O)(NR2)3], via formal loss of NO2.34  Motivated by these past results, I 

hypothesized that ligation of a carbon-atom transfer reagent to cerium(III) or uranium(III), 

followed by photolysis or thermolysis, respectively, could induce either partial or complete 

carbon atom transfer and allow access to novel Ce(IV) and U(V/VI) organometallics.   

Herein, I describe the ligation of the prospective carbon-atom transfer reagent and 

bis(diisopropylamino)cyclopropenylidene (BAC), to the well-known f-element (III) 

tris(amide) complexes, [M(NR2)3] (M = Ce, U), along with an investigation of their photolytic 

or thermolytic chemistry, respectively. While carbon-atom transfer from BAC is nominally a 

4e- redox process,22 and each Ce(III) and U(III) center can provide only one electron and three 

electrons, respectively, I envisioned that cooperative reactivity of multiple M(III) (M = Ce, U) 

centers could give rise to unique alkylidene- or carbide-containing complexes or clusters.  
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6.2 Results and discussion 

6.2.1 Synthesis and Characterization of BAC Adducts 6.1 and 6.2 

Scheme 6.2. Synthesis of BAC adducts 6.1 and 6.2. 

 

Reaction of [Ce(NR2)3] with 1 equiv of bis(diisopropylamino)cyclopropenylidene (BAC) 

in Et2O results in a rapid color change from deep yellow to orange (Scheme 6.2). Work up of 

the reaction mixture, followed by crystallization from pentane/hexamethyldisiloxane 

(HMDSO), results in the isolation of [(NR2)3Ce(BAC)] (6.1) as yellow blocks in 60% yield. 

The uranium analog 6.2 can be prepared in a similar manner in 62% yield from the reaction of 

[U(NR2)3] with 1 equiv BAC in Et2O. The 1H NMR spectrum of 6.1 exhibits broad resonances 

at 3.12, 0.81, and 0.01 ppm, which are assignable to a BAC methine environment and two 

BAC isopropyl methyl environments, respectively. In addition, a broad singlet at -2.25 ppm is 

assignable to the SiMe3 proton environment. The chemical shift of the SiMe3 groups, along 

with a broadening of all resonances, is consistent with the presence of a paramagnetic Ce(III) 

metal center. The 1H NMR spectrum of 6.2 exhibits broad resonances at -2.60, -6.43, and -

9.88, which are assignable to BAC isopropyl methyl, SiMe3 groups and BAC Methine 

environments, respectively. 

MIII
NR2

R2N

R2N

C

iPr2 N NiPr2

MIII
NR2

R2N

R2N
C

iPr2 N NiPr2

Et2O, 25 ºC
M = Ce, 6.1; U, 6.2

R = SiMe3



 

 231 

 

Figure 6.1. Solid-state molecular structure of 6.1, shown with 50% probability ellipsoids. 

Hydrogen atoms removed for clarity. Selected bond lengths (Å) and angles (°): 6.1: Ce1-N3 = 

2.371(3), Ce1-N4 = 2.380(3), Ce1-N5 = 2.384(3), Ce1-C1 = 2.669(4), C1-C2 = 1.380(5), C1-

C3 = 1.393(5), C2-C3 = 1.365(5), N3-Ce1-N4 = 121.1(1), N3-Ce1-N5 = 113.7(1), N4-Ce1-

N5 = 104.1(1). 6.2: U1-N3 = 2.366(3), U1-N4 = 2.378(3), U1-N5 = 2.353(3), U1-C1 = 

2.614(4), C1-C2 = 1.389(5), C1-C3 = 1.404(5), C2-C3 = 1.361(5), N3-U1-N4 = 104.1(1), N3-

U1-N5 = 119.9(1), N4-U1-N5 = 113.3(1). 

Complex 6.1 crystalizes in the monoclinic space group P21/c and features a pseudo-

tetrahedral geometry about the cerium(III) center (Figure 6.1). The Ce-Namide distances (av. 

Ce-N = 2.38 Å) are similar to Ce-N distances reported for other cerium(III) amide 

complexes,34-38 while the Ce-CBAC bond length (2.669(4) Å) is slightly longer than those 
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reported for other Ce(III)-NHC adducts.4  The C1-C2 and C1-C3 distances are 1.380(5) and 

1.393(5) Å, respectively, which are comparable to those of the free ligand (1.405(3) Å).39 The 

C2-C3 distances in complex 6.1 (1.365(5) Å) and free ligand (1.344(3) Å) are also comparable. 

Complex 6.2 is isomorphous to 6.1 and features a pseudo-tetrahedral geometry about the 

uranium(III) center (Figure 6.1). The U-Namide distances (av. U-N = 2.36 Å) are similar to U-

N distances reported for other uranium(III) amide complexes,19, 20, 40-42 while the U-CBAC bond 

length (2.614(4) Å) is somewhat shorter than those reported for other U(III)-NHC adducts.4, 43  

The C1-C2 and C1-C3 distances are 1.389(5) and 1.404(5) Å, respectively, which are 

comparable to those of 6.1 and the free ligand (1.405(3) Å).39 The C2-C3 distances in complex 

6.2 (1.361(5) Å), 6.1, and free ligand are also comparable. 

 

Figure 6.2. UV-vis spectrum of complex 6.1 (0.49 mM, lmax = 343 nm, ε = 352 L·mol-1·cm-

1) in benzene. 
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The UV-vis spectrum of 6.1 in benzene features a broad absorption at 343 nm (ε = 352 M-

1cm-1), along with a prominent shoulder at ca. 380 nm (Figure 6.2), which I have assigned to 

the 4f ® 5dxz/yz and 4f ® 5dz2 transitions, respectively.  The latter assignment is significantly 

blue shifted with respect to that reported for [Ce(NR2)3],29 a consequence of donation from the 

strongly-donating BAC ligand to the 5dz2 orbital. 

 

Figure 6.3. Solid-state molecular structure of 6.3, shown with 50% probability ellipsoids. 

Hydrogen atoms removed for clarity. Selected bond lengths (Å) and angles (°): C1-C2 = 

1.370(3), C1-C5 = 1.408(3), C1-C6 = 1.418(3), C2-C3 = 1.403(3), C6-C5 = 1.359(3), C6-N3 

= 1.363(3), C5-N4 = 1.358(3), C2-N1 = 1.478(3), C4-N2 = 1.355(3), C3-C4 = 1.211(3), C6-

C1-C2 = 153.6(2), C5-C1-C6 = 57.5(2), C5-C1-C2 = 148.9(3) C4-N2-C22 = 118.4(2), C4-N2-

C21 = 116.8(2), C22-N2-C21 = 117.5(2). 
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6.2.2 Photochemical Reactivity of 6.1 

Given the similar optical properties of 6.1 and [Ce(NR2)3], I hypothesized that photolysis 

of 6.1 would also generate a highly reducing photo-excited state, which could initiate a C-atom 

transfer to the Ce center. Photolysis of a benzene-d6 solution of 6.1, in an NMR tube equipped 

with a J-Young valve, using a 365 nm LED lightstrip slowly generated a new diamagnetic 

product, according to the 1H NMR spectrum. This spectrum features four new magnetically 

inequivalent diisopropylamino groups, as evidenced by septets at 4.37, 3.61, 3.59, and 3.00 

ppm.  Also present in this spectrum is free [Ce(NR2)3], as evidenced by a broad singlet at -3.38 

ppm (Scheme 6.3 and Figure A6.3). The new diamagnetic product was identified as the 

methylenecyclopropeneyne, [(iPr2N)2C3C(NiPr2)(CCNiPr2)] (6.3), by X-ray crystallography, 

which is evidently formed by a photo-induced dimerization of the BAC ligand.   

Scheme 6.3. Synthesis of [(iPr2N)2C3C(NiPr2)(CCNiPr2)] (6.3). 
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Compound 6.3 crystalizes in the monoclinic space group P21/c (Figure 6.3).  The C1-C2 

(1.370(3) Å) and C6-C5 (1.359(3) Å) distances are somewhat longer than those expected for a 

C-C double bond, whereas the C1-C5 (1.408(3) Å) and C1-C6 (1.418(3) Å) distances are 

shorter than those expected for a C-C single bond (Figure 6.4).  Overall, these metrical 

parameters are evidence of mesoionic character in 6.3.  For comparison, the metrical 

parameters of the methylenecyclopropene unit in 6.3 are essentially identical with those 

previously reported for 4,4-dicyano-2,3-diphenyltriafulvene (Figure 6.4),44 which was also 

thought to feature considerable mesoionic character.45 

 

Figure 6.4. Comparison of the metrical parameters of 6.3 and 4,4-dicyano-2,3-

diphenyltriafulvene.44  Bond lengths are reported in Å. 

The unsubstituted methylenecyclopropene fragment is highly reactive and has only been 

observed at low temperatures (ca. -95 °C).46-49  Alkyl-substituted methylenecyclopropenes are 

somewhat more stable, but still decompose quickly at ambient temperatures.50  In contrast, 6.3 

shows no evidence of decomposition at room temperature even over the course of several 

weeks. No doubt, the enhanced thermal stability of 6.3 is due to its strongly donating 

diisopropylamino substituents.  Similar thermal stability is seen with Bertrand’s tetra(amino)-

substituted methylenecyclopropene, likely for similar reasons.51  That said, 6.3 is still highly 
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reactive.  For instance, attempts to isolate and purify 6.3 using an aqueous work-up result in 

its complete decomposition, which is likely initiated by protonation at C2.  Because of this 

reactivity, and its similar solubility with [Ce(NR2)3], I was unable to isolate analytically pure 

samples of 6.3.   

To rationalize the formation of 6.3, I hypothesized that photolysis of 6.1 results in a redox-

mediated ring opening of the BAC fragment, followed by a 1,2-nitrogen shift to generate a 

transient Ce(III) amino alkynyl carbene, [Ce(iPr2NCCºCNiPr2)(NR2)3], which subsequently 

reacts with the BAC fragment in unreacted 6.1 to form the cross-coupled product 6.3 and 

regenerate [Ce(NR2)3] (Scheme 6.3).  In support of this proposed mechanism, I note that 

Bertrand has previously observed coupling of the highly nucleophilic BAC to both cyclic 

alkyl(amino) carbenes (CAACs) and six- and seven-membered diamido carbenes (DACs).51  

In addition, Bertrand has also reported the ring opening of BAC fragment.51, 52 

The reformation of [Ce(NR2)3] during the photolysis of 6.1 suggests that 6.3 could be 

generated in a catalytic manner. To test this hypothesis, I photolyzed a C6D6 solution of BAC 

in the presence of 10 mol% [Ce(NR2)3] (eq 6.1). Exposure of this mixture to blue light from a 

365 nm LED lightstrip, over the course of 6 d, resulted in 90% conversion of BAC to 6.3 

(Figure A6.4).  Control experiments reveal that the formation of 6.3 is, in fact, catalyzed by 

[Ce(NR2)3]. For instance, photolysis of a benzene-d6 solution of BAC alone for 20 h resulted 

in partial decomposition of the BAC starting material, according to 1H NMR spectroscopy 

(Figure A6.7), but no formation of 6.3.  Likewise, thermolysis of 6.1 at 50 °C for 2 d, in the 

absence of light, resulted in partial decomposition of 6.1, but no formation of 6.3, according to 

the 1H NMR spectrum of the reaction mixture (Figure A6.6).   
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6.2.3 Thermolytic Reactivity of 6.2 

To explore the reactivity of the uranium(III) BAC adduct, I heated a benzene-d6 solution 

of 6.2, in an NMR tube equipped with a J-Young valve, and slowly observed the generation of 

a new paramagnetic product, as well the uranium metallacycle, 

[U{N(R)(SiMe2)CH2}(NR2)2],53 in a 1:0.75 ratio, respectively, according to the 1H NMR 

spectrum (Scheme 6.4, Figure A6.9). Work up of this reaction mixture followed by slow 

evaporation of a concentrated pentane solution affords a mixture of 

[U{N(R)(SiMe2)CH2}(NR2)2], as yellow needles and [(NR2)2U{N(R)(SiMe2)(2,3-(NiPr2)-

C(H)C=CC(H))}] (6.4), as yellow plates. The 1H NMR spectrum of 6.4 in benzene-d6 shows 

a complex NMR spectrum with four inequivalent SiMe3 environments, at 19.92, 7.65, -19.65 

and -24.80 ppm, as well as nine isopropyl methyl environments located at 21.61, 9.27, 7.32, -

0.91, -3.92, -5.27, 6.46, -16.36, and -17.95 ppm, suggestive of C1 symmetry in solution (Figure 

A6.8). It should be noted that one SiMe3 environment, the isopropyl methine proton 

environments, and the dienyl proton resonances could not be located in the 1H NMR spectrum, 

while resonances assignable to [U{N(R)(SiMe2)CH2}(NR2)2] are also still present. 

Unfortunately, due to the low yields and high solubility of complex 6.4 in non-polar solvents 

(including pentane, HMDSO, hexanes and isooctane), the isolation analytically pure samples 

eluded me and I was unable to complete the characterization of this material.  
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Scheme 6.4. Synthesis of Complex 6.4. 
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(1.356(6) and 1.384(6) Å, respectively) and C2-C3 bond distance (1.503(6) Å) are consistent 

with the formation of a metallacyclic dienyl moiety.  

To account for the formation of 6.4, I propose that the reaction proceeds via an initial 

hydrogen atom abstraction from 0.5 equiv of 6.2, resulting in loss of 0.5 equiv BAC and 

[U{N(R)(SiMe2)CH2}(NR2)2] (Scheme 6.4). Subsequent cyclopropenyl ring opening results 

in generation of a transient carbene, which can then insert undergo C–H insertion into a SiMe3 

methyl group and H2 elimination to afford the final product, 6.4.  To support the proposed 

mechanism, I note the near 1:1 formation of [U{N(R)(SiMe2)CH2}(NR2)2] and 6.4 in crude 

mixtures (Figure A6.9). While I would also expect to observe the formation of free BAC, the 

instability of this molecule likely results in its decomposition over the course of the reaction. 

Furthermore [U(NR2)3] has been previously shown to act as an efficient H-atom donor.55, 56    
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Figure 6.5. Solid-state molecular structure of 6.4, shown with 50% probability ellipsoids. 

Hydrogen atoms removed for clarity. Selected bond lengths (Å) and angles (°): U1-N1 = 

2.292(4), U1-N2 = 2.293(4), U1-N3 = 2.274(4), U1-C1 = 2.401(4), U1-C4 = 2.894(5), C1-C2 

= 1.356(6), C2-C3 = 1.503(6), C3-C4 = 1.384(6), Si3-C4 = 1.868(5), N1-U1-N2 = 108.3(1), 

N1-U1-N3 = 98.0 (1), N2-U1-N3 = 136.3(1), U1-C1-C2 = 123.7(3). 

6.3 Summary 

In summary, I have explored the coordination chemistry of [M(NR2)3] (M = Ce, U) with 

bis(diisopropylamino)cyclopropenylidene (BAC).  Photolysis of [(NR2)3Ce(BAC)] (6.1) or 
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thermolysis of [(NR2)3U(BAC)] 6.2, does not result in the originally envisioned carbon-atom 

transfer, but instead results in ligand rearrangement.  In the case of [(NR2)3Ce(BAC)], I isolate 

the methylenecyclopropene species, [(iPr2N)2C3C(NiPr2)(CCNiPr2)] (6.3), which is generated 

by the formal dimerization and rearrangement of two BAC fragments. While in the case of 

[(NR2)3U(BAC)], I isolate the ring opened and dienyl product, [(NR2)2U{N(R)(SiMe2)(2,3-

(NiPr2)-C(H)C=CC(H))}] (6.4), along with [U{N(R)(SiMe2)CH2}(NR2)2]. While ultimately 

unsuccessful in my efforts to generate either a carbide or alkylidene complex, this work 

expands the scope of Ce(III)-mediated photochemistry, which is an emerging area of 

photocatalysis.  In addition, I have discovered a new synthetic pathway to the highly reactive 

methylenecyclopropene fragment, which is of interest for its insights into aromaticity, as well 

as its use as a precursor to spiro-compounds.57-61  

6.4 Experimental 

6.4.1 General.  All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions under an atmosphere of nitrogen.  Hexanes, Et2O, and 

toluene were dried using a Vacuum Atmospheres DRI-SOLV Solvent Purification system and 

stored over 3Å sieves for 24 h prior to use. THF was dried by distillation from sodium/ 

benzophenone, and stored over 3Å sieves for 24 h prior to use.  Benzene-d6 and THF-d8 were 

dried over 3Å molecular sieves for 24 h prior to use.  [Ce(N(SiMe3)2)3], CNNPPh3,  and BAC 

were synthesized according to the previously reported procedures.34, 39, 62  All other reagents 

were purchased from commercial suppliers and used as received. 

 NMR spectra were recorded on an Agilent Technologies 400-MR DD2 400 MHz 

Spectrometer or a Varian UNITY INOVA 500 spectrometer. 1H NMR spectra were referenced 
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to external tetramethylsilane (TMS) using the residual protio solvent peaks as internal 

standards. 13C{1H} and 31P{1H} NMR spectra were referenced indirectly with the 1H resonance 

of TMS at 0.0 ppm, according to IUPAC standard,63, 64 using the residual solvent peaks as 

internal standards.  Lumcrissy 12V flexible LED Lightstrips, emitting at 380 nm, and 

Waveform lighting 12V flexible LED Lighstrips, emitting at 365 nm, were used for photolyses. 

IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer with a NXR FT Raman 

Module.  Electronic absorption spectra were recorded on a Shimadzu UV3600 UV-NIR 

Spectrometer. Elemental analyses were performed by the Micro-Analytical Facility at the 

University of California, Berkeley. 

6.4.2 Synthesis of [(NR2)3Ce(BAC)] (6.1).  To a stirring deep yellow solution of 

[Ce(N(SiMe3)2)3] (120.6 mg, 0.194 mmol) in diethyl ether (2 mL) was added a light-yellow 

solution of BAC (45.9 mg, 0.194 mmol) in diethyl ether (2 mL). After stirring for 30 min the 

volatiles were removed in vacuo to yield a dark yellow solid. The solid was then extracted into 

pentane (5 mL) and the yellow orange solution was filtered through a Celite column supported 

on glass wool (0.5 × 2 cm). The yellow filtrate was concentrated in vacuo to 2 mL and layered 

onto HMDSO (4 mL). Storage of this solution for 24 h at -25 ºC resulted in the deposition of 

X-ray quality pale yellow plates. The crystals were isolated by decanting the supernatant and 

then dried in vacuo to afford 6.1. Yield: 0.098 g, 60% yield. Anal. Calcd for CeN5Si6C33H69: 

C, 46.93; H, 8.23; N, 8.23. Found: C, 46.39; H, 9.78; N, 8.00. 1H NMR (400 MHz, 25 °C, 

C6D6): δ -2.25 (s, 54H, SiCH3), 0.01 (br s, 12H, CHCH3), 0.81 (br s, 12H, CHCH3), 3.12 (br s, 

4H, CHCH3). UV-Vis/NIR (C6H6, 0.49 mM, 25 °C, L·mol-1·cm-1): 343 nm (ε = 352), 380 (sh). 

IR (KBr pellet, cm-1): 538(w), 597(s), 665(s), 674(m), 752(s), 767(s), 825(vs), 935(m), 977(s), 
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1114(m), 1182(w), 1245(s), 1322 (w), 1363(w), 1370(m), 1470(s), 1521(w), 1614(w), 

1625(w), 1828(s), 2898(m), 2956(s). 

6.4.3 Synthesis of [(NR2)3U(BAC)] (6.2). To a stirring deep purple solution of 

[U(N(SiMe3)2)3] (122.0  mg, 0.170 mmol) in diethyl ether (2 mL) was added a light-yellow 

solution of BAC (40.1 mg, 0.170 mmol) in diethyl ether (2 mL). After stirring for 30 min the 

volatiles were removed in vacuo to yield a dark green solid. The solid was then extracted into 

pentane (5 mL) and the green solution was filtered through a Celite column supported on glass 

wool (0.5 × 2 cm). The green filtrate was concentrated in vacuo to 2 mL and layered onto 

HMDSO (4 mL). Storage of this solution for 24 h at -25 ºC resulted in the deposition of X-ray 

quality dark green-blue plates. The crystals were isolated by decanting the supernatant and 

then dried in vacuo to afford 6.2. Yield: 0.100 g, 62% yield. 1H NMR (400 MHz, 25 °C, THF-

d8): δ -2.60 (br s, 24 H, CHCH3), -6.43 (s, 54H, SiCH3), -9.88 (br s, 4 H, CHCH3). 

6.4.4 Synthesis of [(iPr2N)2C3C(NiPr2)(CCNiPr2)] (6.3). An NMR tube fitted with a J-

Young valve was charged with a light-yellow solution of BAC (25.0 mg, 0.106 mmol), 

[Ce(N(SiMe3)2)3] (65.7 mg, 0.106 mmol), and C6D6 (1 mL). A 1H NMR spectrum was then 

recorded (Figure A6.3). 1H NMR (400 MHz, 25 °C, C6D6): δ -2.25 (s, 54H, SiCH3), 0.01 (br 

s, 12H, CHCH3), 0.81 (br s, 12H, CHCH3), 3.12 (br s, 4H, CHCH3). This mixture was then 

placed into an aluminum foil-wrapped beaker with a 4 ft (0.7 watts/ ft), 365 nm LED strip 

lining the inside. The internal temperature of the beaker was determined to be 50 °C during 

photolysis.  After 5 d of photolysis, the NMR tube was brought back into the glove box, where 

the solution was transferred to a 20 mL scintillation vial and the volatiles were removed in 

vacuo to afford a dark orange oil. The oil was extracted into pentane (2 mL) and the resulting 
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orange solution was filtered through a Celite column supported on glass wool (0.5 × 2 cm). 

The orange filtrate was concentrated in vacuo to 1 mL and stored at -25 ºC for 24 h, which 

resulted in the deposition of yellow needles of [Ce(N(SiMe3)2)3], whose identity was confirmed 

by comparison of its 1H NMR spectrum and unit cell to the literature values.1, 11  The 

supernatant was decanted away and the volatiles were removed in vacuo to afford a dark orange 

oil. This oil was then stored at -25 ºC for 24 h, which resulted in the deposition of a few 

colorless X-ray quality crystals of 6.3 on the vial walls. It should be noted that these crystals 

quickly melt when taken out of the freezer. 

6.4.5 Catalytic Synthesis of 6.3. An NMR tube fitted with a J-Young valve was charged 

with a light-yellow solution of BAC (30 mg, 0.127 mmol) and [Ce(N(SiMe3)2)3] (10 mol%, 

7.9 mg, 0.012 mmol) in C6D6 (1 mL). A 1H NMR spectrum was then recorded (Figure A6.4). 

1H NMR (500 MHz, 25 °C, C6D6): δ -2.26 (s, 54H, SiCH3), 1.24 (br s, 24h, CH3), 3.47 (br s, 

4H, CH). This mixture was then placed into an aluminum foil-wrapped beaker with a 4 ft (0.7 

watts/ft), 365 nm LED strip lining the inside. The photolysis was monitored intermittently by 

1H NMR spectroscopy. After 6 d of photolysis, hexamethylbenzene (HMB) (1.0 mg, 0.006 

mmol) was added to the NMR tube as an internal standard, and the conversion was determined 

to be 90%.  The NMR tube was brought back into the glove box, the solution was transferred 

to a 20 mL scintillation vial, and the volatiles were removed in vacuo to afford a dark orange 

oil (35.8 mg). 1H NMR (500 MHz, 25 °C, benzene-d6) δ: 4.37 (septet, J = 6.8 Hz, 2H, 

(CH(CH3)2)2), 3.61 (septet, J = 6.8 Hz, 2H, (CH(CH3)2)2), 3.59 (septet, J = 6.8 Hz, 2H, 

(CH(CH3)2)2), 3.00 (septet, J = 6.8 Hz, 2H, (CH(CH3)2)2), 2.13 (s, 18H, HMB), 1.40 (d, J = 

6.8 Hz, 6H, (CH(CH3)2)2), 1.38 (d, J = 6.8 Hz, 6H, (CH(CH3)2)2), 1.32 (d, J = 6.8 Hz, 12H, 

(CH(CH3)2)2), 1.28 (d, J = 6.8 Hz, 12H, (CH(CH3)2)2), 1.12 (d, J = 6.8 Hz, 12H, (CH(CH3)2)2), 
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-2.22 (s, N(Si(CH3)3)2). 13C{1H} NMR (126 MHz, 25 °C, benzene-d6) δ: 123.91 (NC=CN), 

115.24 (NC=CN), 107.76 (C=C-C≡C-N(CH(CH3)2)2), 90.13 (C=C-C≡C-N(CH(CH3)2)2), 

73.69 (C=C-C≡C-N(CH(CH3)2)2), 71.14 (C=C-C≡C-N(CH(CH3)2)2), 52.97 (CH(CH3)2), 

49.14 (CH(CH3)2), 49.11 (CH(CH3)2), 48.68 (CH(CH3)2), 21.98 (CH(CH3)2), 21.92 

(CH(CH3)2), 21.89 (CH(CH3)2), 21.22 (CH(CH3)2). 

6.4.6 Thermolysis of 6.1. An NMR tube fitted with a J-Young valve was charged with a 

light-yellow solution of BAC (5.7 mg, 0.024 mmol) and [Ce(N(SiMe3)2)3] (15.1 mg, 0.024 

mmol) in C6D6 (1 mL). A 1H NMR spectrum was then recorded (Figure A6.6). 1H NMR (400 

MHz, 25 °C, C6D6): δ -2.25 (s, 54H, SiCH3), 0.01 (br s, 12H, CHCH3), 0.81 (br s, 12H, 

CHCH3), 3.12 (br s, 4H, CHCH3). This mixture was then wrapped in aluminum foil and heated 

to 50 °C. After 2 d, a 1H NMR spectrum was re-recorded, which revealed the absence of 6.3, 

along with the formation of several unidentified decomposition products.  Complex 6.1 had 

decomposed by approximately 15%, according to the integration of its silylmethyl resonances 

against the solvent peak before and after thermolysis (Figure A6.6). 

6.4.7 Photolysis of BAC. An NMR tube fitted with a J-Young valve was charged with a 

light-yellow solution of BAC (3.6 mg, 0.015 mmol) in C6D6 (0.5 mL) and exposed to blue light 

in an aluminum foil-wrapped beaker with a 4 ft (0.7 watts/ft) 365 nm LED strip lining the 

inside. A 1H NMR spectrum was recorded after 20 h, which revealed the absence of 6.1, along 

with the formation of several unidentified decomposition products. The BAC had decomposed 

by approximately 20%, according to the integration of its isopropyl resonances against the 

solvent peak before and after thermolysis (Figure A6.7). 
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6.4.8 Synthesis of [(NR2)2U{N(R)(SiMe2)(2,3-(NiPr2)-C(H)C=CC(H))}] (6.4). An NMR 

tube fitted with a J-Young valve was charged with a green-blue solution of BAC (35.5 mg, 

0.151 mmol), [U(N(SiMe3)2)3] (108.6 mg, 0.151 mmol), and C6D6 (1 mL) and heated for 3 d 

at 50 ºC. After heating for 3d the conversion to 6.4 was confirmed via 1H NMR spectroscopy. 

The NMR tube was brought back into the glove box, the solution was transferred to a 20 mL 

scintillation vial, and the volatiles were removed in vacuo to afford a dark brown oil. The oil 

was extracted into pentane (1 mL) and the resulting brown solution was filtered through a 

Celite column supported on glass wool (0.5 × 2 cm) and transferred to a 4 mL scintillation vial. 

This vial was placed into a 20 mL scintillation vial and the solution was concentrated to 0.5 

mL. Isooctane (2 mL) was added to the outer vial and storage of this two-vial system at -25 ºC 

for 1 w resulted in the deposition of yellow-brown plates. Decanting the supernatant and drying 

in vacuo afforded 6.4  1H NMR (600 MHz, Benzene-d6) δ 21.61 (s, 3H, iPrMe), 19.92 (s, 9H, 

SiMe3), 9.27 (s, 3H, iPrMe), 7.65 (s, 9H, SiMe3), 7.32 (s, 3H, iPrMe), -0.91 (s, 3H, iPrMe), -

3.92 (s, 3H, iPrMe), -5.27 (s, 3H, iPrMe), -6.46 (s, 3H, iPrMe), -16.36 (s, 3H, iPrMe), -17.95 

(s, 3H, iPrMe), -19.65 (s, 9H, SiMe3), -24.80 (s, 9H, SiMe3). 
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6.4.9 X-ray Crystallography. Data for 6.1, 6.2, 6.3, and 6.4 were collected on a Bruker 

KAPPA APEX II diffractometer equipped with an APEX II CCD detector using a TRIUMPH 

monochromator with a Mo Kα X-ray source (α = 0.71073 Å). The crystals were mounted on a 

cryoloop under Paratone-N oil.  Complexes 6.1, 6.2, 6.3 and 6.4 were collected at 100(2) K, 

110(2) K, 123(2) K, and 113(2) K, respectively, using an Oxford nitrogen gas cryostream. Data 

were collected using ω scans with 0.5° frame widths.  Frame exposures of 15, 10, 20, and 20 

seconds were used for 6.1, 6.2, 6.3, and 6.4, respectively.  Data collection and cell parameter 

determinations were conducted using the SMART program.65 Integration of the data frames 

and final cell parameter refinements were performed using SAINT software.66 Absorption 

corrections of the data were carried out using the multi-scan method SADABS for 6.2-4, and 

TWINABS for 6.1.67,9 Subsequent calculations were carried out using SHELXTL.10 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.68  Further crystallographic details can be found in Table 6.1. 
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Table 6.1. X-ray Crystallographic Data for 6.1, 6.2, 6.3 and 6.4. 

 6.1 6.2 6.3 6.4 
empirical formula C33H82N5Si6Ce C33H82N5Si6U C30H56N4 C33H81UN5Si6 
crystal habit, color Block, Yellow Plate, Dark Green Block, Colorless Plate, yellow 
crystal size (mm) 0.2 × 0.15 × 0.15 0.25 × 0.10 × 0.05 0.2 × 0.2 × 0.1 0.2 × 0.1 × 0.05 
space group P21/c P21/c P21/c P21/n 
volume (Å3) 4858.5(10) 4853.6(4) 3139.1(11) 4688.2(7) 
a (Å) 19.658(2) 19.7027(8) 12.507(2) 10.8501(9) 
b (Å) 12.588(2) 12.5449(5) 11.416(2) 18.2485(14) 
c (Å) 19.736(2) 19.7335(9) 22.608(5) 24.039(2) 
α (deg) 90 90 90 90 
β (deg) 95.823(3) 95.679(3) 103.476(9) 99.941(2) 
γ (deg) 90 90 90 90 
Z 4 4 4 4 
formula weight 
(g/mol) 857.69 955.60 472.78 954.59 

density (calculated) 
(Mg/m3) 1.173 1.308 1.000 1.352 

absorption coefficient 
(mm-1) 1.111 3.518 0.058 3.642 

F000 1828 1964 1056 1960 
total no. reflections 36544 30801 11063 21322 
unique reflections 12437 11743 5596 9610 
Final R Indices  
(I >2σ(I)] 

R1 = 0.0526 
wR2 = 0.0658 

R1 = 0.0362 
wR2 = 0.0556 

R1 = 0.0621 
wR2 = 0.0745 

R1 = 0.0331 
wR2 = 0.0622 

largest diff. peak and 
hole (e- A-3) 0.890 and 0.834 0.706 and -0.736 0.258 and -0.196 1.784 and -0.912 

GOF 1.043 0.986 1.220 0.849 
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6.5 Appendix 

6.5.1 NMR Spectra 

 

 Figure A6.1.  1H NMR spectrum of [(NR2)3Ce(BAC)] (6.1) in C6D6. 
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Figure A6.2.  1H NMR spectrum of [(NR2)3U(BAC)] (6.2) in THF-d8. (%) indicates the 

presence of free HN(SiMe3)2. 
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Figure A6.3. Partial 1H NMR spectra of the photolysis of 6.1 in C6D6 over 5 days. (*) indicates 

6.3, (@) indicates 6.1, (^) indicates [Ce(N(SiMe3)2)3], (%) indicates the presence of free 

HN(SiMe3)2, and (?) indicates an unidentified by-product.  
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Figure A6.4. 1H NMR spectra of the photocatalytic generation of 6.3, in the presence of 10 

mol% of [Ce(N(SiMe3)2)3], over the course of 6 d in C6D6. (*) indicates 6.3, (@) indicates 6.1, 

(^) indicates hexamethylbenzene (HMB), (%) indicates the presence of free HN(SiMe3)2. 
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Figure A6.5. 13C{1H} NMR spectrum of the photocatalytic generation of 6.3, in the presence 

of 10 mol% of [Ce(N(SiMe3)2)3], after 6 d in C6D6. (*) indicates Et2O. 
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Figure A6.6. 1H NMR spectra of the thermolysis of 6.1 at 50 ºC in C6D6. (*) indicates 6.1, (^) 

indicates free HN(SiMe3)2, and (?) indicates an unidentified Ce(III) complex. 
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Figure A6.7.  1H NMR spectrum of the BAC ligand after 20 h of photolysis @ 365 nm in 

C6D6. 
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Figure A6.8. Tentative NMR of crystals of complex 6.4 in C6D6. (*) indicates 

[U{N(R)(SiMe2)CH2}(NR2)2]. 
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Figure A6.9. 1H NMR spectrum of a crude reaction mixture of 6.4 in C6D6. (*) indicates 

[U{N(R)(SiMe2)CH2}(NR2)2]. (^) indicates free [U(NR2)3]. ($) indicates free HN(SiMe3)2. 
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6.5.2 IR Spectra 

 
Figure A6.10.  IR spectrum of [(NR2)3Ce(BAC)] (6.1) (KBr pellet). 
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7.1 Introduction 

A large number of heteroatom-stabilized actinide carbene complexes have been reported 

in recent years,1-7 including [U(TrenTIPS)(CHAsPh3)] (TrenTIPS = N(CH2CH2NSiPri3)3),8 

[U{C(SiMe3)(PPh2)}(BIPMTMS)(Cl)]- (BIPMTMS = C(PPh2NSiMe3)2),9 and 

[An(CHPPh3)(NR2)3] (An = Th, U; R = SiMe3).10, 11  Yet, an isolable “Schrock-type” actinide 

alkylidene, which features no heteroatom stabilization, remains elusive. Their scarcity is likely 

due to a number of factors, but the high reactivity of the An=C linkage, a consequence of the 

weak An-C p bond, plays a significant role.8  Another important factor is the dearth of viable 

synthetic routes.12-14  For instance, in a seminal contribution, Kiplinger and co-workers found 

that reaction of [Cp*2U(NAr)] (Ar = 2,4,6-tBu3C6H2) with diphenyldiazoalkane did not result 

in N2 elimination and carbene formation, but instead resulted in generation of the U(VI) 

hydrazonato complex, [Cp*2U(NAr)(N2CPh2)].15  Several other groups have reported similar 

diazoalkane reactivity with the actinides.1, 16-19 

In an effort to find new routes to an actinide alkylidene, we turned our attention to 3,3-

diphenylcyclopropene and its derivatives.  This reagent has been successfully employed by 

Binger,20, 21 and others,22-26 to generate transition metal vinyl carbenes and allenylidenes.27-29 

For example, reaction of [Cp2Ti(PMe3)2] with 3,3-diphenylcyclopropene results in ring 

opening and formation of the vinyl carbene complex, [Cp2Ti(=C(H)C(H)=CPh2)(PMe3)].20 

Similarly, reaction of [RuCl2(PPh3)4] with 3,3-diphenylcyclopropene results in formation of 

[Ru(=C(H)C(H)=CPh2)Cl2(PPh3)2].28, 30   

Drawing inspiration from this work, as well as recent results from Hashmi and co-

workers,31 we began exploring the reactivity of 3,3-diphenylcyclopropene with the actinides.  
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In particular, we found that reaction of 1-lithium-3,3-diphenylcyclopropene with 

[AnCl(NR2)3] (An = Th, U; R = SiMe3) resulted in the formation of the An-allenyl complexes 

[{(NR2)3}An(CH=C=CPh2)] (An = U, 5.1; Th, 5.2).32 Subsequent deprotonation resulted in 

the formation of the first An allenylidenes, [{(NR2)3}An(CCCPh2)]– (An = U, 5.4; Th, 5.5), 

which were also the first reported An carbenes that contain no heteroatom stabilization.  These 

results were reported and discussed in Chapter 5. 

Given the rarity of An carbenes, and the promise of this new synthetic protocol for 

generating An=C bonds, we wanted to explore the generality of this approach.  Herein I 

describe the synthesis and characterization of [Cp3Th(3,3-diphenylcyclopropenyl)] (7.1), 

which was formed by reaction of [Cp3ThCl] with 1-lithium-3,3-diphenylcyclopropene. This 

complex isomerizes to [Cp3Th(3-phenyl-1H-inden-1-yl)] (7.3) upon thermolysis. I propose 

that this transformation proceeds via a transient carbene intermediate. I also describe the 

reactivity of [Cp3UCl] with 1-lithium-3,3-diphenylcyclopropene, which instead forms 

[Cp2U{1-phenyl-2-diphenyl-ethylene}] (7.4) after salt metathesis. I propose that the formation 

of 7.4 proceeds by an unobserved U(VI) carbyne.  Finally, I report the synthesis of [Cp3U{η1-

2,2-diphenylcylopropane}] (7.5), which can be formed by reaction of 3,3-

diphenylcyclopropene with [Cp3U(THF)].  
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7.2 Results and discussion 

7.2.1 Synthesis and Characterization 

Scheme 7.1. Synthesis of complexes 7.1-7.3. 

 

Addition of in situ generated 1-lithium-3,3-diphenylcyclopropene to an Et2O solution of 

[Cp3ThCl] results in the formation of the cyclopropenyl complex, [Cp3Th(3,3-

diphenylcyclopropenyl)] (7.1), which was isolated as colourless plates in 75% yield after work-

up (Scheme 7.1). The 1H NMR spectrum of 1 in THF-d8 features diagnostic resonances at 6.17 

ppm and 7.62 ppm, which are assignable to the Cp and Hb environments, respectively. The 

peaks are present in a 15:1 ratio, consistent with the proposed formulation. Additionally, the 

13C{1H} NMR spectrum of 7.1 features three cyclopropenyl environments at 177.4, 127.2, and 

39.5 ppm, which are assignable to the Cα, Cβ, and Cq (q = quaternary) positions, respectively 

(Figures 7.2 and A7.2).  Complex 7.1 crystallizes in the orthorhombic space group Pbca and 

confirms the connectivity of the diphenylcyclopropenyl ligand (Figure 1). The Th–C bond 

distance is 2.52(1) Å and is within error of those reported for thorium allenyl or vinylic 

complexes, including [{(NR2)3}Th(CH=C=CPh2)] (R = SiMe3, 2.529(5)/2.536(5) Å) and [η5-
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1,2,4-tBu3C5H2][η5-1,2-tBu2-4-(CH2CMe2)C5H2]Th[C(Ph)=CH(C6H11)] (2.480(6) Å).32-34 The 

Cα–Cβ distance is 1.28(1) Å, consistent with its double bond character, whereas the Cα–Cq 

(1.47(1) Å) and Cβ–Cq (1.56(1) Å) distances are assignable to C–C single bonds. Interestingly, 

the two C–C single bonds differ by ca. 0.1 Å, suggesting activation of the cyclopropenyl ring 

(see below). Hashmi and co-workers observed a similar level of activation in [(IPr)Au(3,3-

diphenylcyclopropenyl)] complex (IPr = 1,3-bis-(2,6-diisopropylphenyl)imidazole-2-

ylidene).31 Finally, the isolation of 7.1 supports our hypothesis that the ring opening required 

to form [{(NR2)3}An(CH=C=CPh2)] (An = U, 5.4; Th, 5.5) occurs after salt metathesis (see 

Chapter 5).32 

 

Figure 7.1. Solid-state molecular structures of 7.1 (left) and 7.3 (right); thermal ellipsoids set 

at 50% probability and hydrogen atoms are omitted for clarity. Selected bond lengths [Å] and 

angles [deg]: 1: Th1–C1 = 2.523(11), C1–C2 = 1.278(14), C1–C3 = 1.559(14), C2–C3 = 

1.467(13), Th1–C1–C2 = 153.6(8), Th1–C1–C3 = 145.1(7), C2–C1–C3 = 61.3(7). 3: Th1–C1 

= 2.674(6), C1–C2 = 1.429(9), C1–C5 = 1.451(10), C2–C3 = 1.399(9), C3–C4 = 1.438(10), 

C4–C5 = 1.422(9), Th1–C1–C2 = 104.0(4), Th1–C1–C5 = 112.3(4), C1–C2–C3 = 109.7(7). 
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For further spectroscopic and structural comparison we independently synthesized and 

characterized the parent thorium vinyl complex [Cp3Th(C(H)=CH2)] (7.2) via reaction of 

[Cp3ThCl] with [ClMg(C(H)=CH2)] in Et2O (Scheme 7.1). Complex 7.2 can be isolated in 

80% yield as white needles after work-up. It represents the first reported thorium parent vinyl 

complex.33-35 The 1H NMR spectrum of 7.2 in C6D6 exhibits three vinyl environments at 8.19, 

7.00, and 6.21 ppm, and one Cp environment at 5.96 ppm (Figure A7.3). These resonances are 

present in a 1:1:1:15 ratio.  The 13C{1H} NMR spectrum of 7.2 in C6D6 features resonances at 

199.6, 134.3, and 116.7 ppm, which are assignable to the Cα, Cβ, and Cp environments, 

respectively (Figures 7.2 and A7.4).  

 

Figure 7.2. Partial 13C{1H} NMR spectra overlay of complexes 7.1 (top), 7.2 (middle), and 

7.3 (bottom), with labelled Cα resonances.  

�����������������������	��
����������
�������

Cα 

Cα 

Cα 7.1 

7.2 

7.3 



 

 271 

The connectivity of 7.2 was further confirmed by X-ray crystallography (Figure 7.3). 

Complex 7.2 crystallized in the orthorhombic space group Pna21.  Its Th–C bond distances are 

2.52(3) and 2.52(2) Å and are consistent with previously report Th–C single bonds.32, 36, 37 The 

vinyl C–C distances (1.32(3) and 1.24(3) Å) are also consistent with the expected C=C double 

bond, while the Th–Cα–Cβ angles (134(2) and 139.1(19)º) confirms the sp2 hybridization at Cα. 

 

Figure 7.3. Solid state molecular structure of 7.2, shown with thermal ellipsoids set at 50% 

probability. A second molecule in the asymmetric unit and hydrogen atoms are omitted for 

clarity. Selected bond lengths [Å] and angles [deg]: Th1–C1= 2.52(3), Th2–C33 = 2.52(2), 

C1–C2 = 1.32(3), C33–C34 = 1.24(3), Th1–C1–C2 = 139.1(19), Th2–C33–C34= 134(2). 

In an effort to effect ring-opening, we heated a toluene solution of 7.1 for 36 h.  Work-up 

of the resulting yellow-orange solution resulted in the isolation of the thorium indenyl 

complex, [Cp3Th(3-phenyl-1H-inden-1-yl)] (7.3), in a 60% yield. The 1H NMR spectrum of 

complex 7.3 in THF-d8 features doublets at 7.57 (JHH = 2.1 Hz) and 5.35 ppm (JHH = 2.1 Hz), 

which are assignable to the Hα and Hβ environments of the indenyl ring (Figure A7.5). The 

13C{1H} NMR spectrum of 7.3 in THF-d8 features 14 resonances, consistent with the proposed 
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structure. Notably, the Cα resonance (88.9 ppm) is downfield (less shielded) in comparison to 

the equivalent carbon resonance of 3-phenylindene, primarily due to metalation (Figures 7.2 

and A7.6).38, 39  

Complex 7.3 crystallizes in the monoclinic space group P21/n and its solid-state structure 

confirms the connectivity of the indenyl ligand (Figure 7.1). The Th–C distance is 2.674(6) Å, 

which is elongated in comparison to that of 7.1 on account of the weaker σ-donating ability of 

the indenyl ligand. The sum of angles around Cα (325.7º) also confirm that that Cα is sp3 

hybridized. Furthermore, the range of the intra-ring distances (1.399(9)-1.451(10) Å) falls 

between the expected C–C single and double bond distances, and suggests that the 

cyclopentene ring is aromatic.  

Scheme 7.2. Diverging reactivity of the ring-opened carbene A.  
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C-H bond to form 7.3.  A similar transformation was observed by Hashmi upon thermolysis of 

[(IPr)Au(3,3-diphenylcyclopropenyl)].31  Curiously, reaction of [ThCl(NR2)3] with 1-lithium-

3,3-diphenylcyclopropene does not generate the analogous indenyl complex, and instead 

results in isolation of [{(NR2)3}Th(CH=C=CPh2)] (5.2), presumably via a 1,2-H-shift from an 

analogous carbenoid intermediate (Scheme 7.2).  Steric maps of the [{(NR2)3}Th]+ and 

[ThCp3]+ fragments (Figure 7.4) demonstrate that the former is substantially more bulky than 

the latter,40 suggesting that the ortho C–H bonds cannot approach the Cα carbenoid center in 

[{(NR2)3}Th(CC(H)=CPh2)], leaving the 1,2-H-shift as the next best pathway for 

isomerization.  

  

Figure 7.4. Steric profile maps of [Th(N(SiMe3)2)3]+ (left) and [ThCp3]+ (right).40 

Having investigated the reactivity of 1-lithium-3,3-diphenylcyclopropene with [Cp3ThCl], 

I next endeavored to examine its reactivity with [Cp3UCl]. Addition of in situ generated 1-

lithium-3,3-diphenylcyclopropene to an Et2O solution of [Cp3UCl] instead results isolation of 

the triphenylethylene complex, [Cp2U(h2-triphenylethylene)] (7.4), which is evidently formed 

by opening of the cyclopropenyl ring and insertion into a Cp ligand. The crude 1H NMR 

spectrum of 7.4 shows two inequivalent Cp environments at 10.91 and –10.54 ppm which are 
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present in a 1:1 ratio, nine aryl environments and a single Hα resonance at –136.86 ppm (Figure 

A7.7). Complexes 7.4 is very temperature sensitive and degrades in solution, even at –25 ºC, 

thus I was only able to isolate 7.4 in a 5% yield. Consequently, analytically pure samples 

eluded me and I was unable to complete the characterization of this material. To isolate a more 

stable derivative of complex 7.4, I also attempted to react tBu-isocyanide with a crude reaction 

mixture of 7.4. Unfortunately, the 1H NMR spectrum of this reaction mixture seemed to 

suggest that the triphenylethylene ligand dissociated from the metal center, as only a U(III) 

species containing resonances assignable Cp (–14.73 ppm) and tBu-isocyanide(–2.36 ppm) 

could be located in its 1H NMR spectrum. I also attempted to isolate a more stable derivative 

of complex 7.4 by reacting the crude reaction mixture with an additional equivalent of diphenyl 

cyclopropene. Interestingly this reaction results in the formation of the uranium(IV)-

cyclopropyl complex [Cp3U(3,3-diphenylcyclopropyl)] as the major product (7.5, see below 

for more details). 

Scheme 7.3. Synthesis of complex 7.4. 
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I was, however, able to grow single crystals of complex 7.4 via slow mixing of a toluene 

solution of 7.4 with hexanes. Complex 7.4 crystalizes in the triclinic space group P–1 (Figure 

7.5) and confirms the ring opening and insertion of the diphenylcyclopropene ring into a Cp 

ligand to yield a η2-triphenylethylene ligand. The U–C2 and U–C3 distances are 2.512(12) and 

2.603(12) Å, respectively, and are slightly elongated in comparison to most U–C single bonds. 

This elongation likely stems from the approach of the triphenylethylene ligand plane to the Cp 

rings. For comparison, Walter and co-workers previously reported the Cp-linked 

metallacyclopropane complex [(η5-C5Me5)U(η5-C5Me4CH2C(Ph)=C(Ph)C(Ph)CHPh)] which 

shows similar U–C bond distances of 2.528(3) and 2.498(4) Å.41 Walter and co-workers also 

reported [(η5-C5Me5)2U(η2-C2(SiMe3)2)], which can be viewed as an unsaturated analog to[(η5-

C5Me5)2U(η2-C2(SiMe3)2)] and 7.4. This compound displays slightly shorter U–C bond 

distances (2.315(9) and 2.350(9) Å) where the shortening is likely due to the greater σ-donating 

ability of sp2-hybridized carbon atoms and the π-interaction from the U-(η2-C=C) moiety. 

Furthermore, the C2–C3 bond distance (1.497(15) Å) is indicative of a C–C single bond and 

confirms the η2-triphenylethylene ligand as a dianion coordinated to the uranium(IV) metal 

center as a metallacyclopropane complex. Drs. Pedrick and Seaman of the Hayton group 

previously reported the dibenzyne, [Li]2[U(2,3-C6H3CH2NMe2)2(2-C6H4CH2NMe2)2], which 

can be described as a metallacyclopropene complex. Interestingly, its U–C bond distances are 

substantially shorter (2.409(3) and 2.432(3) Å) than those found in 7.4, in line with the greater 

σ-donating ability of its sp2-hybridized carbon atoms.42 
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Figure 7.5. Solid state molecular structure of 7.4, shown with thermal ellipsoids set at 50% 

probability. A second molecule in the asymmetric unit and hydrogen atoms are omitted for 

clarity. Selected bond lengths [Å] and angles [deg]: U–C2 = 2.512(12), U–C3 = 2.603(12), 

C3–C2 = 1.497(15), C4–C3 = 1.436(17), C2–C10 = 1.524(15), C1–C2 = 1.460(16), C1–C2–

C3 = 115.8(10), C3–C2–C10 = 117.9(9), C1–C2–C10 = 122.9(10), C4–C3–C2 = 119.4(11). 

To account for the formation of 7.4, I hypothesize that upon formation of intermediate B 

spontaneous ring opening occurs. This is likely due to the smaller ionic radii of U(IV), in 

comparison to Th(IV), which results in stronger steric interactions between [Cp3U]+ and the 

cyclopropenyl ligand (Scheme 7.3).45 The spontaneous ring opening then results in the 

formation of the transient uranium(VI) carbyne C. Intermediate C would be extremely unstable 

and quickly react with a neighboring Cp ligand to form 7.4 (Scheme 7.3). While rare, 

cyclopentadienide ring expansions are not unknown. For instance Messerle and Deboer 

reported that reduction of [(C5Me5)Ta(COCH2CMe3)Cl3] with excess magnesium metal results 
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in ring expansion of (C5Me5)– and liberation of C6Me5(CH2CMe3), via formal carbyne transfer 

(Scheme 7.4a).43 In another example of deoxygenative acyl insertion, de With and de Boer 

found that reaction of [(C5Me5)2TiC(O)Me] with 0.5 equiv [CpMo(CO)3]2 resulted in 

formation of hexamethylbenzene via insertion of a “MeC” carbyne fragment into (C5Me5)– 

(Scheme 7.4b).44  

Scheme 7.4. Some previous examples of Cp ring expansion, data taken from refs 43 (a) and 

44 (b). 

 

Finally, I believe that the inherent instability of 7.4 stems from the unfavorable steric 

interactions between the [Cp2U]2+ fragment and the bulky triphenylethylene ligand, which 

promotes dissociation of the triphenylethylene ligand, resulting in the formation of the 

[Cp2U(II)] and triphenylethylene. To support this hypothesis, I do observe a diagnotsic singlet 

at 6.41 ppm in the crude 1H NMR spectra which is assignable to triphenylethylene. 

Furthermore, there is precident for synthesis of U(II) cylcopentadienyl sandwich complexes.46-

50 For instance, Layfield and co-workers showed that potassium graphite reduction of the 

uranium(III) metallocene [(η5-C5iPr5)2UI] resulted in the isolation of [(η5-C5iPr5)2U].48 While 
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[(η5-C5iPr5)2U], was shown to decompose in aliphatic solvents over the course of several weeks 

at –40 ºC, [Cp2U(II)] would be even more reactive, due to the lack of bulky supporting 

substituents on the Cp rings, and be expected to rapidly decompose in a reaction mixture.  

In my continued efforts to synthesize a uranium-alkylidene complex using 3,3-

diphenylcyclopropene, I also explored the reactivity of diphenylcyclopropene with 

[Cp3U(THF)]. Reaction of 2 equiv. of diphenylcylopropene with [Cp3U(THF)] in Et2O for 16 

h results in the formation of [Cp3U(3,3-diphenylcyclopropyl)] (7.5, Scheme 7.5), which can be 

isolated as brown plates in 55% yield, after work-up. The 1H NMR spectrum of 7.5 in THF-d8 

features one Cp environment located at –3.04 ppm, six diastereotopic aryl proton 

environments, and three diastereotopic cyclopropyl proton environments, where the Hα 

chemical shift can be located at –171.94 ppm (Figure A7.8).  

Scheme 7.5. Synthesis of complex 7.5 from diphenylcyclopropene. 

  

Alternatively, Complex 7.5 can also be synthesized via reaction of [Cp3UCl] with in situ 
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be isolated in 63% yield and its isolation by this route confirms the formation of 7.5 in the 

reaction between [Cp3U(THF)] and 3,3-diphenylcyclopropene (Scheme 7.5). The thorium 

analog can be prepared in a similar manner, whereby addition of an Et2O solution of in situ 

generated 1-lithium-3,3-diphenylcyclopropyl to an Et2O solution of [Cp3ThCl] affords 

[Cp3Th(3,3-diphenylcyclopropyl)] (7.6) in 82% yield, after work-up (Scheme 7.6). The 1H 

NMR spectrum of 7.6 in benzene-d6 features one Cp environment located at 5.83 ppm, six 

diastereotopic aryl proton environments, and three diastereotopic cyclopropyl proton 

environments, where the Hα chemical shift can be located at 0.85 ppm as an overlapping 

doublet of doublets (Figure A7.9). The 13C{1H} NMR spectrum of 7.6 in benzene-d6 exhibits 

the expected 12 resonances and features three cyclopropyl environments at 66.1, 42.8, and 28.4 

ppm, which are assignable to the Cα, Cq, and Cβ (q = quaternary) positions, respectively (Figure 

A7.10). I was also able to grow crystals of complexes 7.5 and 7.6; both crystallize in the 

orthorhombic space group Cmca and confirm the connectivity of the 3.3-diphenylcyclopropyl 

ligand. Complexes 7.5 and 7.6 exhibit disorder of their Cp and 3,3-diphenylcyclopropyl 

ligands over two orientations and as a result the metrical parameters are subject to large errors, 

which makes analysis uninformative (Figure 7.6).  
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Scheme 7.6. Synthesis of complexes 7.5 and 7.6. 

 

To rationalize the generation of complex 7.5 from 3,3-diphenylcyclopropene and 

[Cp3U(THF)], I hypothesize that a highly reactive π-complex between 3,3-

diphenylcyclopropene and [Cp3U(THF)], namely D, is initially formed. Intermediate D can 

then abstract a hydrogen atom from another equivalent of 3,3-diphenylcyclopropene or solvent 

and form 7.5. In support of this mehcanism, I note that in benzene-d6 2 equiv 3,3-

diphenylcyclopropene was required for complete conversion to 7.5, where 1 equiv of 3,3-

diphenylcyclopropene is acting as a hydrogen atom source. However, when the reaction is 

carried out in a hydrogen atom donor solvent, such as THF or diethyl ether, conversion to 7.5 

does apparently not require excess 3,3-diphenylcyclopropene. I also observe the formation of 

another [Cp3U]+ containing product in crude reaction mixtures, when the reaction is carried 

out in benzene-d6, further supporting my proposed mechanism and the need for hydrogen atom 

transfer to occur. Unfourtunatly, I was unable to isolate and characterize this product. In an 

attempt to provide an alternative hydrogen atom donor, reaction of 3,3-diphenylcyclopropene 

with [Cp3U(THF)] and excess 1,4-cyclohexadiene in toluene-d8 results in the formation of 

benzene. However, it appears that donation of a hydrogen atom by 1,4-cyclohexadiene or 3,3-

Cl

AnIV

Et2O, –25 ºC
–LiCl

Ph Ph

Li

AnIV

Ph

Ph
H

H

An = U, 7.5; Th, 7.6



 

 281 

diphenylcyclopropene is competitive as the same unidentified [Cp3U]+ containing product is 

still observed.  

 

Figure 7.6. Solid state molecular structure of 7.5, shown with thermal ellipsoids set at 50% 

probability. A second molecule in the asymmetric unit and hydrogen atoms are omitted for 

clarity. Selected bond lengths [Å] and angles [deg] 7.5: U–C1 = 2.435(14), C1–C2 = 1.49(2), 

C1–C3 = 1.525(19), C2–C3 = 1.56(4), U–C1–C2 = 128.6(10), U–C1–C3 = 142.8(12). 7.6: Th–

C1 = 2.48(3), C1–C2 = 1.59(4), C1–C3 = 1.59(4), C2–C3 = 1.56(4), Th–C1–C2 = 130.2(18), 

Th–C1–C3 = 139(2). 

7.2.2 Electronic Structure Analysis 

To better understand the nature of the Th-C interactions in complexes 7.1-7.3, as well as 

intermediate A, Dr. Xiaojuan Yu and Prof. Jochen Autschbach at the University of Buffalo 

analyzed their electronic structures by relativistic density functional theory with different 

functionals.  Natural localized molecular orbital (NLMO)51 analysis of 7.1 is indicative of a 
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two-center two-electron σ(Th–C) bond with 22% total thorium weight (8% 7s; 76% 6d; 16% 

5f). The polarization toward C is typical, and reflective of the dative character of the bond 

(Table 1).  The An-C interaction in 7.2 is similar to that of 7.1, with 23% total thorium weight 

(7% 7s; 79% 6d; 14% 5f).  The NLMO analysis of complex 7.3 shows donation bonding via a 

delocalized p orbital evincing the conjugation between the 5- and 6-membered rings of the 

ligand.  The total Th contribution in this orbital is only 10%, indicating weaker donation 

bonding, which is consistent the relatively long Th-C bond observed for this complex.  The 

Th–Cα Wiberg bond orders (WBOs) are 0.68, 0.72, and 0.39 for 7.1, 7.2, and 7.3, respectively, 

supporting the visual analysis of the orbitals (Table 2). The combined Th-C WBOs for all 

carbons in the 5-membered ring of 7.3 is 0.59, which is still much below the WBOs of 7.1 and 

7.2 and consistent with the increased distance.  The total thorium weights calculated for 7.1 

and 7.2 are slightly larger (ca. 5% points) than those calculated for [Th{NR2}3(CCH)] and 

[Th{NR2}3(CH=C=CPh2)] (4.2 and 5.2),32, 37 but comparable overall. The DFT optimized 

structure of A is indicative of a triplet ground state for the carbene, which is lower by 4.9 

kcal/mol than the singlet state.  Most of its spin density resides on Cα (1.26 electron spin 

population), with the remainder delocalized toward Cq and Th, the former arising from the π 

delocalization across Cα, Cβ, and Cq as revealed by NLMO analysis. The Th-C bond in A also 

has some, albeit weak, π-character. 
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Table 1. % compositions of the Th-C bonding NLMOs in complexes 7.1-7.3. 

Complex Orbital Total 
Ca 

2s 2p Total 
Cb 

2s 2p Total 
An 

7s 7p 6d 5f 

7.1 s(Th-C) 77 47 53 / / / 22 8 0 76 16 
 p(Th-C) 45 0 100 49 0 100 2 0 0 38 62 

7.2 s(Th-C) 74 33 67 / / / 23 7 0 79 14 
 p(Th-C) 47 0 100 51 0 100 3 0 0 42 58 

7.3 s(Th-C) 56 6 94 / / / 10 5 0 80 15 
 

Table 2. The Wiberg Bond Orders for the selected bonds in complexes 7.1-7.3. 

Complex Th-Ca Ca-Cb 
7.1 0.678 1.873 
7.2 0.721 1.995 
7.3 0.392 / 

7.2.3 13C Chemical Shift Analysis 

The 13C NMR chemical shifts of the α-carbon nuclei were also calculated by Dr. Xiaojuan 

Yu and Prof. Jochen Autschbach at the University of Buffalo for complexes 7.1-7.3 using a 

variety of functionals, with and without SO coupling effects.52-54 The Hayton group, others, 

and myself (see chapters 4 and 5) have previously used 13C NMR chemical shifts to assess the 

covalency of An-C and Ln-C bonds.11, 36, 55-60  The calculated chemical shifts are not strongly 

functional dependent; for convenience, I only discuss the PBE0/SO-PBE0 results (Table 3, in 

Section 7.4.9).  The calculated α-carbon shift for 7.1 is 179.9 ppm (expt. = 177.4 ppm) and 

includes a 20.8 ppm deshielding contribution due to SO effects.  Complex 7.2 also exhibits 

good agreement between calculated (200.8 ppm) and experimental (199.6 ppm) α-carbon 

shifts, with 18.7 ppm deshielding due to SO effects. Complex 7.3 exhibits almost no SO effects 

on the calculated α-carbon shielding (4.7 ppm), likely for two reasons. First, the donation 

bonding is weaker, and second the relevant orbital is of local p symmetry at the carbon atoms, 

which does not support the effective transmission of isotropic SO effects to the ligand.  The 
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SO contributions observed for 7.1 and 7.2 are clear evidence of the covalent nature of the Th—

C interactions, but they are smaller than those reported for other thorium organometallics,37, 59 

even after controlling for the carbon 2s character and despite comparable bond orders and 5f 

contributions from Th. Because shielding is a magnetic response property, changes to the 

ancillary ligands at Th will modulate the magnitude of the spin density induced by the SO 

coupling and the external field, which in turn modulates the SO shielding effect. Therefore, 

care must be taken when comparing SO contributions between complexes with disparate ligand 

environments. 

7.3 Summary 

In summary, reaction of [Cp3ThCl] with in situ generated lithium-3,3-

diphenylcyclopropene results in the formation of [Cp3Th(3,3-diphenylcyclopropenyl)]. This 

species undergoes ring opening upon thermolysis to generate the ortho C–H activated product, 

[Cp3Th(3-phenyl-1H-inden-1-yl)].  I propose that this transformation proceeds via a transient 

triplet carbene intermediate. In the case of [Cp3UCl] I instead isolate [Cp2U(1-phenyl-2,2-

diphenyl-triphenyletheylenyl)] which is the product of cyclopropene ring-opening and 

insertion into a Cp ligand. I propose that this transformation instead proceeds via a transient 

U(VI) carbyne intermediate. I also investigated the reaction of [Cp3U(THF)] with 

diphenylcyclopropene and instead of ring opening observe the formation of the cyclopropyl 

complex [Cp3U(3,3-diphenylcyclopropyl)]. Finally, I am able to isolate [Cp3U(3,3-

diphenylcyclopropyl)] and its thorium analog via salt metathesis of [Cp3AnCl] (An = U, Th) 

with in situ generated lithium-3,3-diphenylcyclopropane. Importantly, this work uncovers 

multiple new modes of reactivity of 3,3-diphenylcyclopropene with the actinides, improving 
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our ability to use this reagent as a carbene source. Moving forward, the Hayton group will 

continue to explore the reactivity of 3,3-diphenylcyclopropene, and its derivatives, with 

common actinide fragments in an effort to generate an elusive actinide shrock-carbene. 

7.4 Experimental 

7.4.1 General.  All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions under an atmosphere of dinitrogen. Diethyl ether (Et2O), 

pentane, and hexanes were dried using a Vacuum Atmospheres DRI-SOLV Solvent 

Purification system and stored over 3Å sieves for 24 h prior to use. Tetrahydrofuran (THF) 

was distilled over calcium hydride then distilled over sodium benzophenone, collected, and 

stored over 3Å sieves for 24 h prior to use. Isooctane was distilled over sodium benzophenone, 

collected, and stored over 3Å sieves for 24 h prior to use. THF-d8 and C6D6 were stored over 

3Å sieves for 24 h prior to use. [Cp3AnCl], lithium diisopropylamide (LDA), 1-bromo-3,3-

diphenylcyclopropane, and 3,3-diphenylcyclopropene were synthesized according to 

previously reported literature procedures.61-63 All other reagents were purchased from 

commercial vendors and used as received. 

1H, 13C{1H}, and 2D NMR spectra were recorded on a Varian UNITY INOVA 500 MHz 

or a Varian Unity Inova AS600 600 MHz spectrometer.  1H and 13C{1H} NMR spectra were 

referenced to external SiMe4 using the residual protio solvent peaks as internal standards.64, 

65 IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer with a NXR FT Raman 

Module. 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). 
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7.4.2 Synthesis of [Cp3Th(3,3-diphenylcyclopropenyl)] (7.1). To a cold (-25 °C), 

colorless Et2O solution (0.5 mL) of 3,3-diphenylcyclopropene (69.0 mg, 0.358 mmol) was 

added quickly a cold (–25 °C), colorless Et2O solution (0.5 mL) of LDA (36.6 mg, 0.342 

mmol). The solution immediately turned pale yellow.  This solution was then added drop wise 

to a cold (–25 °C) stirring white slurry of [Cp3ThCl] (158.3 mg, 0.342 mmol) in Et2O (3 mL). 

The stirring solution immediately turned pale yellow concomitant with the deposition of a pale 

grey precipitate. After stirring for 25 min the volatiles were removed in vacuo and the resulting 

grey solid was triturated with pentane (3 × 1 mL). The grey solid was then extracted into 

toluene (6 mL), and the resulting pale yellow solution was filtered through a Celite column 

supported on glass wool (0.5 cm × 2 cm) and the filtrate was layered with hexanes (6 mL). 

Storage of this solution at -25 ºC for 24 h resulted in the deposition of colorless plates. 

Decanting the supernatant, rinsing the crystals with cold (–25 °C) pentane (2 mL), and drying 

in vacuo afforded 1 as white plates (158.7 mg, 75 % yield). Anal. Calcd for ThC30H26: C, 

58.25; H, 4.25. Found: C, 58.25; H, 4.35. 1H NMR (500 MHz, 25 ºC, THF-d8): δ 7.62 (s, 1H, 

α-CH), 7.39 (d, J = 6.8 Hz, 4H, o-CH), 7.27 (t, J = 7.6 Hz, 4H, m-CH), 7.06 (t, J = 7.3 Hz, 2H, 

p-CH), 6.17 (s, 15H, Cp). 13C NMR (126 MHz, 25 ºC, THF-d8): δ 177.37 (Cα), 152.04 (Cipso), 

129.59 (o-C), 128.46 (m-C), 127.23 (Cβ), 124.86 (p-C), 117.58 (Cp), 39.49 (Cq). IR (KBr 

pellet, cm‐1): 3095 (w), 3076 (w), 3024 (w), 1603 (w), 1593 (w), 1574 (w), 1489 (m), 1439 

(m), 1284 (w), 1196 (w), 1173 (w), 1120 (w), 1095 (w), 1076 (w), 1012 (m), 991 (w), 895 (m), 

808 (s), 783 (s), 731 (s), 698 (s), 669 (s), 561 (m), 544 (w). 

7.4.3 Synthesis of [Cp3Th(C(H)=CH2)] (7.2). To a stirring colorless slurry of [Cp3ThCl] 

(114.5 mg, 0.247 mmol) in cold (–25 ºC) Et2O (3 mL) was added vinyl magnesium chloride 

dropwise as a cold (–25 ºC) 1.6 M THF solution (155 μL, 0.247 mmol). The stirring solution 
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immediately turned pale yellow, concomitant with the deposition of a dark-grey precipitate. 

After stirring for 25 min the volatiles were removed in vacuo and the resulting grey solid was 

triturated with pentane (3 × 1 mL). The grey solid was then extracted into toluene (1.5 mL), 

and the resulting pale yellow solution was filtered through a Celite column supported on glass 

wool (0.5 cm × 2 cm) and the filtrate was layered with hexanes (6 mL). Storage of this solution 

at -25 ºC for 24 h resulted in the deposition of colorless needles. Decanting the supernatant, 

rinsing the crystals with cold (–25 °C) pentane (2 mL), and drying in vacuo afforded 2 as white 

needles (90.1 mg, 80 % yield). Anal. Calcd for ThC17H18: C, 44.94; H, 3.99. Found: C, 44.88; 

H, 3.97. 1H NMR (500 MHz, 25 ºC, Benzene-d6): δ 8.19 (dd, J = 21.1, 16.4 Hz, 1H, CaH), 

7.00 (dd, J = 16.4, 5.2 Hz, 1H, CbH), 6.21 (dd, J = 21.1, 5.2 Hz, 1H, CbH), 5.96 (s, 15H, Cp). 

13C NMR (126 MHz, 25 ºC, Benzene-d6): δ 199.55 (Cα), 134.34 (Cβ), 116.73 (Cp). IR (KBr 

pellet, cm‐1): 3088 (w), 2983 (w), 2929 (w), 2891 (w), 2830 (w), 2810 (w), 2713 (w), 1547 

(w), 1439 (m), 1383 (w), 1240 (w), 1122 (w), 1063 (w), 1011 (s), 922 (m), 787 (s), 640 (m), 

609 (w). 

7.4.4 Synthesis of [Cp3Th(3-phenyl-1H-inden-1-yl)] (7.3). A 25 mL Schlenk flask 

equipped with the teflon rotoflow valve was charged with a magnetic stir bar, 7.1 (100.1 mg, 

0.162 mmol), and toluene (5 mL). The flask was removed from the glovebox and heated to 70 

ºC with stirring, which resulted in a colour change to yellow-orange.  After 36 h, the solution 

was cooled to room temperature, which resulted in the deposition of yellow-orange crystals on 

the walls of the reaction vessel. The reaction mixture was brought inside the glovebox and the 

solution and crystals were transferred to a 20 mL scintillation vial. Decanting the supernatant, 

rinsing the crystals with cold (–25 °C) pentane (2 × 1 mL), and drying in vacuo afforded 3 as 

yellow-orange blocks (45 mg, 45 % yield). The supernatant was concentrated in vacuo to 3 mL 



 

 288 

and layered with hexane (5 mL). Storage of this solution at −25 °C for 48 h led to the deposition 

of more crystals (15 mg), which were isolated by decanting off the supernatant, rinsing the 

crystals with cold (–25 °C) pentane (2 × 1 mL), and drying in vacuo (combined yield: 60 mg, 

60%). Anal. Calcd for ThC30H26: C, 58.25; H, 4.25. Found: C, 57.89; H, 4.27. 1H NMR (500 

MHz, 25 ºC, THF-d8): δ 8.00 (d, J = 8.1 Hz, 1H, 5/8), 7.85 (d, J = 8.0 Hz, 1H, 5/8), 7.81 (d, J 

= 8.2 Hz, 2H, o-H), 7.57 (d, J = 2.1 Hz, 1H, 2), 7.41 (t, J = 7.7 Hz, 2H, m-H), 7.15 (t, J = 7.4 

Hz, 1H, p-H), 7.11 (t, J = 7.5 Hz, 1H, 6/7), 7.04 (t, J = 7.5 Hz, 1H, 6/7), 6.20 (s, 15H, Cp), 

5.35 (d, J = 2.1 Hz, 1H, 1). 13C NMR (126 MHz, 25 ºC, THF-d8): δ 142.26 (4/3/Cipso), 140.23 

(4/3/Cipso), 136.99 (4/3/Cipso), 130.28 (2), 129.39 (m-C), 128.37 (o-C), 126.19 (9), 125.51 (p-

C), 122.36 (5/8), 121.1 (5/8), 121.03 (6/7), 120.64 (6/7), 119.97 (Cp), 88.90 (1). UV-Vis/NIR 

(C6H6, 0.60 mM, 25 °C, L·mol–1·cm–1): 369 nm (ε = 2200). IR (KBr pellet, cm‐1): 3082 (vw), 

3024 (vw), 1595 (w), 1514 (w), 1439 (w), 1333 (w), 1306 (w), 1227 (vw), 1186 (w), 1142 (w), 

1072 (vw), 1072 (m), 1009 (s), 941 (w), 910 (vw), 816 (s), 793 (s), 789 (s), 773 (s), 741 (s), 

700 (s), 683 (m), 650 (m), 638 (m), 611 (w), 577 (w), 513 (w). 

 

7.4.5 Synthesis of [Cp2U(1-phenyl-2,2-diphenyl-triphenyletheylenyl)] (7.4). To a cold 

(-25 °C), colorless toluene solution (0.5 mL) of 3,3-diphenylcyclopropene (36.1 mg, 0.188 

mmol) was added quickly a cold (–25 °C), colorless Et2O solution (0.25 mL) of LDA (20.1 
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mg, 0.188 mmol). Immediately, the solution turned light yellow and was let stir for 2 min. This 

solution was then added drop wise to a cold (–25 °C) stirring brown slurry of [Cp3UCl] (83.9 

mg, 0.180 mmol) in toluene (2 mL). The stirring solution immediately turned black-green 

concomitant with the deposition of a dark grey precipitate. After stirring for 30 s the solution 

was concentrated in vacuo to 2 mL and filtered through a Celite column supported on glass 

wool (0.5 cm × 2 cm). Layering with hexanes (6 mL) and storage of this solution at –25 ºC for 

24 h resulted in the deposition of black-green blocks. Decanting the supernatant, rinsing the 

crystals with cold (–25 °C) pentane (2 mL), and drying in vacuo afforded 1 as black-green 

blocks (5 mg, 4.5 % yield). 1H NMR (500 MHz, Benzene-d6) δ 87.98 (s, 1H, Haryl), 28.45 (s, 

1H, Haryl), 11.86 (m, 2H, Haryl), 11.67 (m, 2H, Haryl), 10.91 (s, 5H, Cp), 7.85(s, 1H, Haryl), 0.23 

(s, 1H, Haryl), -10.54 (s, 5H, Cp), -26.95 (m, 1H, Haryl), -26.98 (m, 1H, Haryl), -39.19 (s, 1H, 

Haryl) , -136.86 (s, 1H, ethylene H). 

7.4.6 Synthesis of [Cp3U(3,3-diphenylcyclopropyl)] (7.5). To a cold (-25 °C), colorless 

Et2O solution (0.5 mL) of 1-bromo-3,3-diphenylcyclopropane (139.2 mg, 0.510 mmol) was 

added dropwise a cold (-25 °C), colorless pentane solution of 1.5 M tBuLi (0.3 mL,  0.510 

mmol). Immediately, the solution turned light yellow.  This solution was then added drop wise 

to a cold (-25 °C) stirring brown slurry of [Cp3UCl] (159.3 mg, 0.340 mmol) in Et2O (3 mL). 

The stirring solution immediately turned red-brown concomitant with the deposition of a red-

brown precipitate. After stirring for 45 min the volatiles were removed from the filtrate in 

vacuo. The red-brown powder was then extracted into toluene (3 mL) and filtered through a 

Celite column supported on glass wool (0.5 cm × 2 cm) leaving behind a tan precipitate on the 

celite column. Layering this solution with hexanes (5 mL) and storage of this vial at -25 ºC for 

24 h resulted in the deposition of brown plates. Decanting the supernatant, rinsing the crystals 
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with cold (-25 °C) pentane (2 mL), and drying in vacuo afforded 7.5 (142.7 mg, 62.6 % yield) 

Anal. Calcd for UN3Si6C33H65: C, 57.51; H, 4.50. Found: C, 57.35; H, 4.50. 1H NMR (600 

MHz, THF-d8) δ 7.86 (m, 1H, p-H), 6.87 (m, 2H, m-H), 2.23 (m, 1H, p-H), 1.54 (m, 2H, m-

H), -3.04 (s, 15H, Cp), -4.69 (s, 2H, o-H), -9.30 (d, J = 6.9 Hz, 2H, o-H), -17.43 (s, 1H, Hβ), -

23.55 (s, 1H, Hβ), -171.94 (s, 1H, Hα). IR (KBr pellet, cm‐1): 3026 (w), 2960 (w), 2873 (w), 

1595 (w), 1491 (w), 1441 (w), 1124 (w), 1065 (w), 1011 (m), 924 (w), 891 (w), 781 (s), 758 

(s), 696 (m), 592 (w), 540 (w). 

7.4.7 Isolation of [Cp3U(3,3-diphenylcyclopropyl)] (7.5). To a stirring brown Et2O (5 

mL) slurry of [Cp3U(THF)] (107.6 mg, 0.213) was added 3,3-diphenylcyclopropene (81.8, 

0.426 ) as colorless Et2O (1 mL) solution. After stirring for 16 h the volatiles were removed in 

vacuo. The brown residue was then extracted into toluene (4 mL) and filtered through a Celite 

column supported on glass wool (0.5 cm × 2 cm). Layering this brown solution with hexanes 

(5 mL) and storage of this vial at –25 ºC for 24 h resulted in the deposition of brown plates. 

Decanting the supernatant, rinsing the crystals with cold (-25 °C) pentane (2 mL), and drying 

in vacuo afforded 7.5 (73.2 mg, 55 % yield) The 1H NMR spectrum of this solid was identical 

to that recorded for an authentic sample of 7.5.  

7.4.8 Synthesis of [Cp3Th(3,3-diphenylcyclopropyl)] (7.6). To a cold (-25 °C), colorless 

Et2O solution (0.5 mL) of 1-bromo-3,3-diphenylcyclopropane (81.0 mg, 0.297 mmol) was 

added dropwise a cold (-25 °C), colorless pentane solution of 1.5 M tBuLi (0.174 mL,  0.297 

mmol). Immediately, the solution turned light yellow.  This solution was then added drop wise 

to a cold (-25 °C) stirring colorless slurry of [Cp3ThCl] (91.5 mg, 0.198 mmol) in Et2O (3 mL). 

The stirring solution immediately turned grey concomitant with the deposition of a grey 
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precipitate. After stirring for 45 min the volatiles were removed from the filtrate in vacuo. The 

colorless powder was then extracted into toluene (3 mL) and filtered through a Celite column 

supported on glass wool (0.5 cm × 2 cm) leaving behind a grey precipitate on the celite column. 

Layering this solution with hexanes (5 mL) and storage of this vial at -25 ºC for 24 h resulted 

in the deposition of colorless plates. Decanting the supernatant, rinsing the crystals with cold 

(-25 °C) pentane (2 mL), and drying in vacuo afforded 7.6 (100.2 mg, 81.7 % yield) Anal. 

Calcd for UN3Si6C33H65: C, 58.06; H, 4.55. Found: C, 57.79; H, 4.61. 1H NMR (500 MHz, 

Benzene-d6) δ 7.65 (d, 2H, Ho), 7.45 (d, 2H, Ho), 7.22 (t, 2H, Hm), 7.21 (t, 2H, Hm) 7.10 (t, 1H, 

Hp), 7.03 (t, 1H, Hp), 5.83 (s, 13H), 1.90 (dd, J = 9.6, 2.8 Hz, 1H, Hβ), 1.80 (dd, J = 10.8, 2.8 

Hz, 1H, Hβ), 0.85 (t, J = 10.2 Hz, 1H, Hα). 13C NMR (126 MHz, Benzene-d6) δ 151.74 (Cipso), 

148.36 (Cipso), 131.47 (Cm/o), 128.05 (Cm/o), 128.00 (Cm/o), 126.84 (Cm/o), 125.77 (Cp), 124.80 

(Cp), 116.50 (Cp), 66.13 (Cα), 42.79 (Cq), 28.43 (Cβ). IR (KBr pellet, cm‐1): 3026 (w), 2960 

(w), 2873 (w), 1595 (m), 1491 (m), 1441 (m), 1319 (w), 1124 (w), 1065 (w), 1011 (s), 924 

(w), 883 (m), 802 (s), 698 (m), 648 (w), 592 (m), 540 (w). 
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7.4.9 Computational Details. Kohn-Sham density functional calculations were performed 

for 7.1-7.3 with the 2017 release of the Amsterdam Density Functional (ADF) suite.10 The 

crystal structure coordinates were optimized for hydrogen positions using the Perdew-Burke-

Ernzerhof11 (PBE) exchange-correlation functional, the all-electron scalar-relativistic Zeroth-

Order Regular Approximation12 (ZORA) Hamiltonian, and Slater-type atomic orbital (STO) 

basis sets of triple-z doubly polarized (TZ2P)13 quality for all atoms. An atom-pairwise 

correction for dispersion forces were considered via Grimme’s D3 model augmented with the 

Becke-Johnson (BJ) damping.14 The conductor-like screening model (COSMO) was used to 

describe solvent effect.15 To quantify the compositions of the chemical bonds, natural localized 

molecular orbital (NLMO) analyses were carried out with the NBO program, version 6.0, as 

interfaced with ADF.16   

The computations of the NMR shielding tensors (s, ppm) for 7.1-7.3 were performed with 

the NMR module of ADF 2017, using both the scalar relativistic and spin-orbit all electron 

ZORA Hamiltonian.17 Functionals used for the NMR calculations were BP86, PBE, PBE0 

(25% exact exchange), and PBE0 (40% exact exchange). The 13C chemical shifts (d, ppm) 

were obtained by subtracting the a-carbon nuclear magnetic shielding of interest from the 

reference compound (Tetramethylsilane, TMS), with the latter calculated at the same level of 

theory. 
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Table 3. Calculated carbon shielding (s) and chemical shift (d) for TMS and the Cα, Cb, Cq 

nuclei of 7.1-7.3 using various functionals. 

Complex Method scalc(ppm) dcalc(ppm) DSO (ppm) dexpt(ppm) 

TMS 

BP86/SO-BP86 186.9 / 187.8 / /  

PBE/SO-PBE 187.5 / 188.4 / /  

PBE0/SO-PBE0 
(25%) a 192.2 / 193.0 / /  

PBE0/SO-PBE0 
(40%) 194.7 / 195.5 / /  

7.1 

BP86/SO-BP86 26.6, 59.7, 132.8/ 
8.0, 58.9, 133.4 

160.3, 127.2, 54.1/  
179.8, 128.9, 54.4 

19.5, 1.7, 
0.3 

177.4, 
127.2, 
39.5 

PBE/SO-PBE 26.7, 60.3, 133.4/ 
8.2, 59.4, 134.0 

160.8, 127.2, 54.1/ 
180.2, 129.0, 54.4 

19.4, 1.8, 
0.3 

PBE0/SO-PBE0 
(25%) 

33.1, 61.9, 145.3/ 
13.1, 61.2, 145.7 

159.1, 130.3, 46.9/ 
179.9, 131.8, 47.3 

20.8, 1.5, 
0.4 

PBE0/SO-PBE0 
(40%) 

36.9, 63.5, 151.6/ 
16.3, 62.9, 151.9 

157.8, 131.2, 43.1/ 
179.2, 132.6, 43.6 

21.4, 1.4, 
0.5 

7.2 

BP86/SO-BP86 3.7, 59.4/  
-12.6, 56.4 

183.2, 127.5 / 200.4, 
131.4 17.2, 3.9 

199.6, 
134.3 

PBE/SO-PBE 3.3, 59.9/ 
 -13.0, 57.0 

184.2, 127.6/ 201.4, 
131.0 17.2, 3.8 

PBE0/SO-PBE0 
(25%) 

10.1, 62.2/ 
-7.8, 59.8 

182.1, 130.1/ 200.8, 
133.2 18.7, 3.2 

PBE0/SO-PBE0 
(40%) 

14.4, 64.0/ 
-4.4, 62.0 

180.3, 130.7/ 
199.9, 133.5 19.6, 2.8 

7.3 

BP86/SO-BP86 90.6 / 88.1 96.3 / 99.7 3.4 

88.9 

PBE/SO-PBE 91.3 / 88.8 96.2 / 99.6 3.4 

PBE0/SO-PBE0 
(25%) 101.9 / 98.0 90.3 / 95.0 4.7 

PBE0/SO-PBE0 
(40%) 107.8 / 103.0 86.9 / 92.5 5.6 

a Fraction of exact exchange in the functional in parentheses.  
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7.4.10 X-ray Crystallography. Data for complexes 7.1-7.6 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 were mounted on a 

cryoloop under Paratone-N oil. Data for complexes 7.1 and 7.3were collected at 110(2) K, 

whereas data for 7.2 and 7.4-7.6 were collected at 100(2) K using an Oxford nitrogen gas 

cryostream system. X-ray data for 7.1, 7.2, 7.3, 7.4, 7.5 and 7.6 were collected utilizing frame 

exposures of 30, 15, 40, 30, 20 and 60 s, respectively. Data collection and cell parameter 

determination were conducted using the SMART program.66  Integration of the data frames 

and final cell parameter refinement were performed using SAINT software.67 Absorption 

corrections of the data were carried out using the multi-scan method SADABS.68 Subsequent 

calculations were carried out using SHELXTL.69 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.
69  
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Table 4. X-ray Crystallographic Data for Complexes 7.1, 7.2, and 7.3. 

 1 2 3 
empirical formula C30H26Th C17H18Th C30H26Th 
Crystal habit, color Plate, Colorless Needle, Colorless Block, Yellow-

Orange 
crystal size (mm) 0.20 × 0.15 × 0.10 0.25 ×  0.15 × 0.10 0.25 × 0.15 × 0.10 
crystal system Orthorhombic Orthorhombic Monoclinic 
space group Pbca Pna21 P21/n 
vol (Å3) 4577.5(8) 2948.8(9) 2265.8(11) 
a (Å) 8.4047(8) 24.971(6) 11.148(3) 
b (Å) 20.089(2) 8.4506(11) 11.719(3) 
c (Å) 27.111(2) 13.974(3) 18.069(5) 
α (deg) 90.00 90.00 90.00 
β (deg) 90.00 90.00 106.281(6) 
γ (deg) 90.00 90.00 90.00 
Z 8 8 4 
fw (g/mol) 618.55 454.35 618.55 
density (calcd) 
(Mg/m3) 

1.795 2.047 1.813 

abs coeff (mm-1) 6.530 10.094 6.596 
F000 2368 1680 1184 
Total no. reflections 17950 17268 13039 
Unique reflections 4686 6206 4792 
Rint 0.1436 0.0985 0.0652 
final R indices [I > 
2s(I)] 

R1 = 0.0504 
wR2 = 0.0868 

R1 = 0.0539, 
wR2 = 0.0742 

R1 = 0.0416 
wR2 = 0.0680 

largest diff peak and 
hole (e-Å-3) 

1.360 and -1.790 1.748 and -1.401 1.524 and -1.248 

GOF 0.982 1.063 0.977 
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Table 5. X-ray Crystallographic Data for Complexes 7.4, 7.5, and 7.6. 

 7.4 7.5 7.6 
empirical formula C30H26U C30H28U C30H28Th 
Crystal habit, color Plate, Black Plate, Brown Plate, Colorless 
crystal size (mm) 0.20 × 0.10 × 0.05 0.15 ×  0.10 × 0.05 0.20 × 0.10 × 0.05 
crystal system Triclinic Orthorhombic Orthorhombic 
space group P–1 Cmca Cmca 
vol (Å3)  4543(4) 4625.0(19) 
a (Å) 9.023(19) 8.066(4) 8.0925(19) 
b (Å) 9.86(2) 28.094(15) 28.423(6) 
c (Å) 12.91(3) 20.048(11) 20.107(5) 
α (deg) 85.95(6) 90.00 90.00 
β (deg) 82.85(5) 90.00 90.00 
γ (deg) 83.92(12) 90.00 90.00 
Z 2 8 8 
fw (g/mol) 624.54 626.57 620.55 
density (calcd) 
(Mg/m3) 

1.833 2.101 1.788 

abs coeff (mm-1) 7.188 7.177 6.463 
F000 596 2656 2400 
Total no. reflections 8103 30855 7821 
Unique reflections 4441 2831 2057 
Rint 0.0777 0.0985 0.1383 
final R indices [I > 
2s(I)] 

R1 = 0.0610 
wR2 = 0.1283 

R1 = 0.0414, 
wR2 = 0.1626 

R1 = 0.0613 
wR2 = 0.1433 

largest diff peak and 
hole (e-Å-3) 

2.315 and -3.918 1.430 and -3.621 1.659 and -2.612 

GOF 0.971 1.394 1.037 
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7.5 Appendix 

7.5.1 NMR Spectra 

 

Figure A7.1. 1H NMR spectrum of [Cp3Th(3,3-diphenylcyclopropenyl)] (7.1) in THF-d8 at 

room temperature. 
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Figure A7.2. 13C{1H} NMR spectrum of [Cp3Th(3,3-diphenylcyclopropenyl)] (7.1) in THF-

d8 at room temperature. 
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Figure A7.3. 1H NMR spectrum of [Cp3Th(C(H)=CH2)] (7.2) in C6D6 at room temperature, 

(*) denotes THF, (^) denotes Et2O, and (!) denotes pentane.  
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Figure A7.4. 13C{1H} NMR spectrum of [Cp3Th(C(H)=CH2)] (7.2) in C6D6 at room 

temperature, (*) denotes a spectrometer artifact.  
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Figure A7.5. 1H NMR spectrum of [Cp3Th(3-phenyl-1H-inden-1-yl)] (7.3) in THF-d8 at room 

temperature.  
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Figure A7.6. 13C{1H} NMR spectrum of [Cp3Th(3-phenyl-1H-inden-1-yl)] (7.3) in THF-d8 at 

room temperature. 
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Figure A7.7. 1H NMR spectrum of [Cp2U(1-phenyl-2,2-diphenyl-triphenyletheylenyl)] (7.4) 

in C6D6 at room temperature, (*) denotes pentane.  
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Figure A7.8. 1H NMR spectrum of [Cp3U(3,3-diphenylcyclopropyl)] (7.5) in THF-d8 at room 

temperature, (*) denotes pentane.  
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Figure A7.9. 1H NMR spectrum of [Cp3Th(3,3-diphenylcyclopropyl)] (7.6) in C6D6 at room 

temperature, (*) denotes pentane.  
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Figure A7.10. 13C{1H} NMR spectrum of [Cp3Th(3,3-diphenylcyclopropyl)] (7.6) in THF-d8 

at room temperature.  
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7.5.2 UV-Vis Spectra 

 

Figure A7.11. UV–Vis spectra of 7.3 (0.60 mM) in C6H6. 
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7.5.3 IR Spectra 

 

Figure A7.12. IR spectrum of 7.1 (KBr Pellet). 
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Figure A7.13. IR spectrum of 7.2 (KBr Pellet). 
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Figure A7.14. IR spectrum of 7.3 (KBr Pellet). 
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Figure A7.15. IR spectrum of 7.5 (KBr Pellet). 
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Figure A7.16. IR spectrum of 7.6 (KBr Pellet). 
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