
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Using Organouranium Compounds to Explore Fundamental Chemistry of Nuclear Fuel and 
Waste Systems

Permalink
https://escholarship.org/uc/item/5k77n5dt

Author
Fordham, Avery

Publication Date
2016
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5k77n5dt
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA, 

IRVINE 

Using Organouranium Compounds to Explore Fundamental Chemistry 

of Nuclear Fuel and Waste Systems 

 

THESIS 

submitted in partial satisfaction of the requirements 

for the degree of 

MASTER OF SCIENCE 

in Chemistry 

by 

Avery Harris Fordham 

 

                                                               Thesis Committee: 

                               Professor William J. Evans, Chair 

                                     Professor Alan F. Heyduk 

                                              Professor Andy S. Borovik 

2016



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2016 Avery Harris Fordham



ii 

 

Dedication 

To my friends 

without whom, I wouldn’t be here today. Figuratively 

To my family 

without whom, I wouldn’t be here today. Figuratively and literally. 

  



iii 

 

Table of Contents 

 

Table of Figures ................................................................................................................. iv 

Acknowledgements ............................................................................................................. v 

Abstract of the Thesis ........................................................................................................ vi 

Chapter 1: Introduction and Background ............................................................................ 1 

Chapter 2:  Chemistry of Aromatic Ligands on Uranium ................................................... 3 

Introduction ..................................................................................................................... 3 

Experimental ................................................................................................................... 4 

Results and Discussion ................................................................................................... 7 

Conclusion .................................................................................................................... 14 

Chapter 3: Uranyl Nitrate, UO2(NO3)2, as a Precursor for Organometallic Complexes .. 16 

Introduction ................................................................................................................... 16 

Experimental ................................................................................................................. 17 

Results and Discussion ................................................................................................. 22 

Conclusion .................................................................................................................... 27 

Chapter 4: Thermal Analysis of Organouranium Species. ............................................... 28 

Introduction ................................................................................................................... 28 

Experimental ................................................................................................................. 29 

Results and Discussion ................................................................................................. 29 

Conclusion .................................................................................................................... 36 

References ......................................................................................................................... 37 

 

  



iv 

 

Table of Figures 

Figure 1. Thermal ellipsoid plot of [Li(Et2O)][(C5Me5)2UPh(C6H4)], 1 ........................................ 9 

Figure 2. Structures of 4 and 5. ....................................................................................................... 9 

Figure 3. Thermal ellipsoid plot of (η5:η1-C5Me4SiMe2CH2)(C5Me4SiMe3)UPh, 2 .................... 12 

Figure 4. Thermal ellipsoid plot of (C5Me4SiMe3)2UPhBr, 3 ...................................................... 13 

Figure 5. Thermal ellipsoid plot of UO2[N(SiMe3)2](NO3)(THF)2, 7 .......................................... 23 

Figure 6. Thermal ellipsoid plot of [NnBu4]2[UO2(κ
2-NO3)2(κ

1-NO3)2], 8 ................................... 24 

Figure 7. Thermal ellipsoid plot of [NnBu4][(C5Me5)UO2(NO3)2], 9 ........................................... 26 

Figure 8. Diagram of [(C5Me5)2U(μ-N)U(μ-N3)(C5Me5)2]4.......................................................... 28 

Figure 9. DSC thermogram of (C5Me4SiMe3)2UCl2 ..................................................................... 30 

Figure 10. DSC thermogram of (C5Me4SiMe3)2UCl2 cycle ......................................................... 30 

Figure 11. DSC thermogram of (C5Me4SiMe3)2UCl2 cycle. Zoom in of endothermic peaks. ..... 31 

Figure 12. DSC thermogram of (C5Me4SiMe3)2UCl2 cycle. Zoom in of exothermic peaks. ....... 32 

Figure 13. TGA thermogram of (C5Me4SiMe3)2UCl2 .................................................................. 32 

Figure 14. DSC thermogram of (C5Me5)2UCl2 ............................................................................. 33 

Figure 15. DSC thermogram of (C5Me5)2UCl2 ............................................................................. 33 

Figure 16. TGA thermogram of (C5Me5)2UCl2 ............................................................................ 34 

Figure 17. DSC thermogram of (C5Me5)2UMe2 ........................................................................... 35 

Figure 18. DSC thermogram of (C5Me5)2UMe2 cycle .................................................................. 35 

Figure 19. TGA thermogram of (C5Me5)2UMe2 ........................................................................... 36 

  



v 

 

Acknowledgements 

 

First and foremost, thank you Bill Evans for taking me into your group and showing me 

what research is all about. You showed me what it’s like to be in love with chemistry. You showed 

me the importance of keeping your mind on the grand picture while keeping your eyes peeled so 

no mistake slipped by, no matter how slight. 

To all the chemistry faculty who shook me from my cozy shell. 

I give my gratitude to my labmates for showing me all the tricks of the trade. Thanks for 

the random conversations about anything and everything, the insight into chemistry, and especially 

the random snacks.  

Ryan, thanks for being a great mentor and letting me talk at you about my problems. Also 

the absinthe. Yeah, especially the absinthe. 

To my inorganic girls, here’s a mandatory friend-time acknowledgement: As tiring as it 

was to be with all of you sometimes, it was always a blessing to have the camaraderie. You’ve all 

got this.  

  



vi 

 

Abstract of the Thesis 

Using Organouranium Compounds to Explore Fundamental Chemistry 

of Nuclear Fuel and Waste Systems 

By 

Avery Harris Fordham 

Master of Science in Chemistry 

University of California, Irvine, 2016 

Professor William J. Evans, Chair 

 

The chemistry presented in this thesis focuses on three projects involving the 

organometallic chemistry of uranium complexes.  The first encompasses attempts to form isolable 

uranium metallocene phenyl species based on the previously synthesized (C5Me5)2UPh2, which 

was reported to undergo decomposition to a transient benzyne complex, (C5Me5)2U(C6H4), in 

solution.  Initial attempts to produce the diphenyl complex for study led to the isolation of a new 

uranium benzyne complex, [(C5Me5)2UPh(μ2-C6H4)][Li(Et2O)]. Further studies with the 

[C5Me4(SiMe3)]
− ligand led to the isolation of a metallated phenyl complex, [η5:η1-

C5Me4(SiMe2CH2]U(C6H5), that is not a benzyne and [C5Me4(SiMe3)]2UBr(C6H5). The second 

project focuses on the development of the uranyl moiety, [UO2]
2+, as a precursor for 

organometallic complexes of uranium.  This study has led to the isolation of the new uranyl 

complexes UO2[N(SiMe3)2](NO3)(THF)2,  [NEt4][(C5Me5)UO2(NO3)2], and  [NEt4]2[UO2(η
1-

NO3)2(η
2-NO3)2].  The third project involves the use of thermal analysis of organouranium 

compounds to test the viability of uranium nitride production from species dense in nitrogen atoms 

and to gain a better understanding of the thermal properties of organouranium species.
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Chapter 1: Introduction and Background 

The non-aqueous chemistry of uranium has seen a great resurgence in the past 20 years.1 

This renewed interest stems from the need to understand the chemical and physical properties of 

uranium species in well-defined systems using organic ligands. This knowledge is of consequence 

because uranium, other actinides, and their daughter products have found their way into numerous 

environmental systems and because nuclear energy still produces a significant amount of 

electricity world-wide. Specifically, the development of better starting materials to more 

efficiently and safely generate electricity is desirable. Also, examining the processes involved in 

disposal of spent fuel and the separation of daughter products from the remaining fissile material 

is important in environmental remediation and prevention strategies.  

Historically, a majority of the organometallic chemistry of uranium was performed using 

cyclopentadienyl ligands. For example, the first isolated organometallic complexes containing 

uranium were produced using cyclopentadienyl ligands.2  In general, cyclopentadienyl ligands 

provide a ligand environment that allows synthetic access to cyrstallographically characterizable 

compounds. This common class of compounds still provides insight to fundamental chemistry of 

uranium complexes. Most recently, substituted cyclopentadienyl ligands were used to synthesize 

the first molecular species of uranium in the +2 oxidation state, a result that was not expected to 

be possible.3 Also, the Ephritikhine4 and Bart5 groups have been able to extend this ligand to 

complexes containing the uranyl ion, [UO2]
2+, which has proved difficult in the past.  

The uranyl ion, [UO2]
2+, is an important form of uranium in aqueous systems and 

compounds containing this moiety are common in the environment.6  Species containing this ion 

are heavily involved in the reprocessing and extraction of fissile material from spent fuel. Uranyl 

is also important as a model for “actinyl” ions, [AnO2]
2+, of other actinides that are more 
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radioactive and have shorter half-lives.  Due to the prevalence of uranyl, it has been heavily 

studied.7-8  Nevertheless, new aspects of uranyl chemistry remain to be discovered.  One aspect of 

interest in this work was to reduce the U(VI) ion to lower oxidation states which could make uranyl 

compounds good precursors to other complexes of uranium.   

Studying the fundamental chemistry and physical properties of uranium, such as bonding 

to ligands and other elements as well as the limits of stability for the resultant compounds, is 

necessary to establish the basis for which work can be performed on uranium-containing species. 

Performing air- and moisture-free chemistry hinders the formation of thermodynamically stable 

oxidized species such as the uranyl ion.  It does, however, provide access to other oxidation states 

with a wider array of ligands enabling more in-depth study into the full nature of uranium 

chemistry.  Still, due to the prevalence of uranyl, it is of interest to convert compounds containing 

the uranyl moiety into other oxidation states.9  

This thesis presents work performed on organouranium species in non–aqueous 

environments involving cyclopentadienyl ligands.  Studies of uranyl complexes as well as U(IV) 

complexes are reported. Several methods have been used to study the chemical properties and the 

behavior of these species including electrochemistry,10 photolysis,11 thermal analysis, and 

radiolysis.12 
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Chapter 2:  Chemistry of Aromatic Ligands on Uranium 

Introduction 

Transition metal benzyne complexes, species containing the η2-(C6H4)
2− moiety, have 

been known since the late 1960s, but they are rare for uranium.13  In 1981, the Marks group 

found evidence of a transient uranium benzyne species from decomposition of (C5Me5)2UPh2.
14  

This was suggested based on the product isolated after the addition of diphenylacetylene, 

Scheme 1, and by disappearance of the 1H NMR resonances associated with (C5Me5)2UPh2.  In 

2009, Evans et al. produced the same benzyne species in situ and reported insertion of N,N-

diisopropylcarbodiimide to lead to (C5Me5)2U[(iPr)NC=(NiPr)(C6H4)-κN,κC], Scheme 2.15 

 

Scheme 1.  Preparation of “(C5Me5)2U(C6H4)” and trapping with diphenylacetylene. 

 

Scheme 2. Trapping of “(C5Me5)2U(C6H4)” with N,N'-diisopropylcarbodiimide. 

The results described in this Chapter arise from an investigation of uranium phenyl and 

benzyne chemistry using the (C5Me4SiMe3)
− ligand instead of the common (C5Me5)

−. Uranium 

complexes of (C5Me4SiMe3)
− have been shown to undergo metalation of a silylmethyl group to 

form a chelating [C5Me4SiMe2(CH2)]
2− ligand capable of trapping reactive species in tethered 
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form that would be otherwise difficult to isolate.16  Therefore, the phenyl rings in a 

(C5Me4SiMe3)2UPh2 complex could abstract a hydrogen from the trimethylsilyl group of the 

ancillary (C5Me4SiMe3)
− instead of the ortho position of the phenyl ring leading to a more stable 

alkyl tethered, monophenyl compound.   

 

Scheme 3.  Proposed synthetic route to (C5Me4SiMe3)2UPh2 and potential byproduct.   

Experimental 

General Experimental Procedures.  The syntheses and manipulations described below 

were conducted with rigorous exclusion of air and water using Schlenk, vacuum line, and 

glovebox techniques under an atmosphere of argon. Solvents were sparged with UHP argon and 

dried by passage through columns containing Q-5 and molecular sieves.  Benzene-d6 and 

tetrahydrofuran-d8 (Cambridge Isotope Laboratories) were dried over sodium metal and 

benzophenone, degassed by three freeze-pump-thaw cycles, and vacuum transferred before use.  

PhMgBr (as a 3 M solution in Et2O) was purchased from Aldrich and placed under vacuum prior 

to use.  PhLi was purchased from Aldrich as a dibutyl ether solution (2.6 M) and dried under 

vacuum to white powder.  (C5Me5)2UCl2, 
14 and (C5Me4SiMe3)2UCl2

17 were prepared according 

to the literature. NMR experiments were conducted with a Bruker GN 500 MHz spectrometer at 

298 K.  Elemental analyses were performed with a Perkin-Elmer 2400 CHNS elemental 

analyzer.   
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Synthesis of [Li(Et2O)][(C5Me5)2UPh(η2-C6H4)], 1.  A colorless solution of PhLi (0.059 

g, 0.702 mmol) in Et2O (5 mL) was added dropwise to a stirred dark red solution of 

(C5Me5)2UCl2 (0.180 g, 0.311 mmol) in Et2O (5 mL) cooled to −30 °C.  The resulting 

orange/brown mixture was allowed to warm to ambient temperature.  After 3 h, an additional 

colorless solution of PhLi (0.028 g, 0.330 mmol) in Et2O (2 mL) was added to the mixture.  

Removal of solvent under vacuum after 1 h yielded tacky black solids.  The solids were washed 

with benzene (10 mL), extracted into pentane (5 mL), and dried under vacuum to yield 0.190 g 

(0.237 mmol, 76% yield) of a brown solid, identified as [Li(Et2O)][(C5Me5)2UPh(C6H4)], 1.  

Brown X-ray quality crystals of 1 were grown within 24 h from a pentane solution at −30 °C.  1H 

NMR (C6D6):  δ −2.67 (s, 30 H, C5Me5).  Anal. Calcd (%) for C36H49LiOU: C, 58.22; H, 6.65.  

Found:  C, 57.93; H, 6.49. 

Synthesis of (η5:η1-C5Me4SiMe2CH2)(C5Me4SiMe3)UPh, 2.  A colorless solution of 

PhLi (0.0206 g, 0.245 mmol) in Et2O (5 mL) was added to a stirred red solution of 

(C5Me4SiMe3)2UCl2 (0.0804 g, 0.116 mmol) in Et2O (5 mL).  After 3 h of stirring, the mixture 

turned from a dark red to a cloudy dark orange solution.  After 3 days of stirring, the mixture was 

dried under vacuum to yield 0.0642 g (0.0916 mmol, 79%) of a red tacky solid, identified as 

(η5:η1-C5Me4SiMe2CH2)(C5Me4SiMe3)UPh, 2, by X-ray crystallography.  Red crystals of 2 grew 

after a week from a concentrated toluene solution at −30 °C.  1H NMR (C6D6):  δ 23.06 (s, 3 H, 

C5Me4SiMe3), δ 19.28 (s, 3 H, C5Me4SiMe3), δ 5.55 (s, 3 H, C5Me4SiMe3), δ 5.45 (s, 3 H, 

C5Me4SiMe3), δ 5.25 (s, 3 H, C5Me4SiMe3), δ 0.43 (s, 9 H, C5Me4SiMe3), δ −0.67 (s, 3 H, 

C5Me4SiMe3), δ −10.53 (s, 3 H, C5Me4SiMe3) δ −20.02 (s, 3 H, C5Me4SiMe3) δ −24.02 (s, 3 H, 

C5Me4SiMe3). Not all resonances have been observed due to the paramagnetic nature of the 

compound. Resonances for the phenyl hydrogens cannot yet be definitively assigned. 
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Synthesis of (C5Me4SiMe3)2UPhBr, 3.  PhMgBr (30 μL, 0.09 mmol) was added 

dropwise to a stirred solution of (C5Me4SiMe3)2UCl2 (0.030 g, 0.043 mmol) in toluene (3 mL).  

After 3 days, 1,4-dioxane (8 μL, 0.09 mmol) was added to the red/orange solution immediately 

causing precipitation of white solids.  After 90 minutes, the mixture was centrifuged and the 

supernatant was dried under vacuum to isolate a red oil.  The oil was extracted into toluene (2 

mL) and dried under vacuum to yield 0.033 g (0.042 mmol, 98%) of red tacky solids, identified 

as (C5Me4SiMe3)2UPhBr, 3, by X-ray crystallography. Red crystals of 3 grew after two weeks 

from a concentrated hexane solution at −30 °C. 1H NMR (C6D6):  δ 35.32 (s, 6 H, C5Me4SiMe3), 

δ 4.91 (s, 18 H, C5Me4SiMe3), δ 1.36 (s, 6 H, C5Me4SiMe3), δ −0.96 (s, 6 H, C5Me4SiMe3), δ 

−18.51 (s, 6 H, C5Me4SiMe3). Resonances for the phenyl hydrogens cannot yet be definitively 

assigned. 

X-ray Data Collection, Structure Solution and Refinement for 1.  An orange crystal 

of approximate dimensions 0.268 x 0.327 x 0.443 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX218 program package was 

used to determine the unit-cell parameters and for data collection (20 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT19 and SADABS20 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL21 

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

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

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

techniques.  The analytical scattering factors22 for neutral atoms were used throughout the 

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

and Uiso) were included using a riding model.  There was a molecule composed of approximately 
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one-half tetrhhydrofuran and one-half diethyl ether coordinated to Li(1).  The disordered 

molecule was included using multiple components with partial site-occupancy-factors.  At 

convergence, wR2 = 0.0420 and Goof = 1.025 for 546 variables refined against 8048 data 

(0.74Å), R1 = 0.0164 for those 7507 data with I > 2.0(I).   

X-ray Data Collection, Structure Solution and Refinement for 3. A red crystal of 

approximate dimensions 0.092 x 0.164 x 0.403 mm was mounted in a cryoloop and transferred to 

a Bruker SMART APEX II diffractometer.  The APEX2 program package was used to determine 

the unit-cell parameters and for data collection (20 sec/frame scan time for a sphere of diffraction 

data).18  The raw frame data was processed using SAINT19 and SADABS20 to yield the reflection 

data file.  Subsequent calculations were carried out using the SHELXTL program. The 

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

space group P21/n that was later determined to be correct. 

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

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

analysis.22  Hydrogen atoms were included using a riding model.  Several atoms were disordered 

and included using multiple components with partial site-occupancy-factors. At convergence, 

wR2 = 0.0508 and Goof = 1.040for 325 variables refined against 7863 data (0.73Å), R1 = 0.0239 

for those 6861 data with I > 2.0(I).   

Results and Discussion 

Synthesis of [Li(Et2O)][(C5Me5)2UPh(η2-C6H4)].  In an attempt to synthesize (C5Me5)2UPh2
14 

for study, Et2O solutions of (C5Me5)2UCl2 and PhLi in a 1:2 ratio were cooled to −30 °C and 

combined.  Allowing the mixture to warm to ambient temperature yielded equal amounts of the 
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expected (C5Me5)2UPh2 and a second, unidentified, product.  The unknown product was 

crystallographically characterized as [Li(Et2O)][(C5Me5)2UPh(μ2-C6H4)], 1, Figure 1.  This 

compound is a new example of an isolated uranium benzyne complex.  Adding 3 equivalents of 

PhLi to (C5Me5)2UCl2 at −78 °C led to a 1:5 mixture of benzyne to diphenyl complexes, 

respectively, by NMR. The same sample became a 1:1 mixture after 2 days at room temperature. 

The room temperature reaction yields 1 as the major product in 76% yield, eq 1.   Hence, the 

formation of (C5Me5)2UPh2 is favored at low temperatures, but as the temperature increases, the 

previously characterized benzyne species forms in situ and the extra equivalent of PhLi drives 

the reaction to produce 1.  

 

The structure of the new benzyne complex can be compared to the first 

crystallographically-characterized uranium benzyne complexes, [Li][U(2,3-C6H3CH2NMe2)(2-

C6H4CH2NMe2)3], 4, and [Li]2[U(2,3-C6H3CH2NMe2)2(2-C6H4CH2NMe2)2], 5, which were 

synthesized by the Hayton group, Figure 2.23-24  The 1.404(3) Å, 1.388(7) Å, and 1.405(9) Å  C–

C(benzyne) bond lengths in 1, 4, and 5 respectively, Table 1, compare well with the density 

functional theory calculated carbon–carbon bond length of transient hypothetical uranium  

acetylene complex U-η2-(C2H2) (1.355 Å for 5A1 U) as evaluated by Andrews et al.25  These 

bond lengths are closer to that of free ethylene (1.328 Å) than free acetylene (1.201 Å) calculated 

(1) 
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with the same basis set. This suggests that the (C6H4)
2− ligand acts as a metallacyclopropene in 1 

as opposed to an alkyne. 

 

Figure 1. Thermal ellipsoid plot of [Li(Et2O)][(C5Me5)2UPh(C6H4)], 1, at the 50% probability 

level.  Hydrogen atoms, except on phenyl and benzyne, have been removed for clarity.  

 

 

Figure 2. Structures of 4 and 5. 
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Table 1. Select bond lengths and angles of three isolated uranium benzyne species 1, 4, and 5.  

 1 4 5 

U–CBenzyne (Å) C27: 2.3264(18) 

C28: 2.4555(18) 

C1: 2.473(4) 

C2: 2.340(5) 

C1: 2.409(3) 

C2: 2.432(3) 

C–CBenzyne (Å) 1.404(3) 1.388(7) 1.405(9) 

Benzyne C–U–C (°) 34.01(6) 33.4(2) 33.73 

U–CPhenyl (Å) 2.563(2) 2.604(4)–2.650(7) 2.609(4) 

 

The fact that the 2.3264(18) Å U-C27(benzyne) distance is much shorter than the 

2.4555(18) Å U-C28(benzyne) length, in 1, can be attributed to the fact that C28 is bridged to Li.  

This is seen in 4 as well, where C1, which is bridged between U and Li, has a longer U–C 

distance than U–C2.  The 1.407(3) (C21-C22) Å distance in 1 is equivalent to the other C–C 

bonds in the phenyl ring:  1.394(3) (C22–C23), 1.388(3) (C23–C24), 1.386(3) (C24–C25), 

1.395(3) (C25–C26), and 1.412(3) (C21–C26) Å. 

Uranium Aryl Species from PhLi and PhMgBr.  Treatment of (C5Me4SiMe3)2UCl2 

with 2 equivalents of PhLi in toluene at room temperature leads to isolation of a metallated 

cyclopentadienyl phenyl product, (η5:η1-C5Me4SiMe2CH2)(C5Me4SiMe3)UPh, 2, eq. 2, Figure 3. 

In this reaction, the (C5Me4SiMe3)
− ligand allows the isolation of a neutral monophenyl species.  

 

Compound 2 is a uranium metallocene with metallated silylalkyl group from the (C5Me4SiMe3)
−  

ligand and an isolable phenyl ligand. The 2.436 Å U–(ring centroid) distance of the dianionic 

(2) 
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tethered (C5Me4SiMe3)
−  ligand is slightly shorter than the 2.459 Å distance of the untethered ring 

as found previously.  For example, the 2.419 Å U–(ring centroid) distance in [(η5:η1-

C5Me4SiMe2CH2)2U] is slightly shorter than the 2.443 Å distance in (C5Me4SiMe3)2UCl2, Table 

2.17 There are shorter U–(ring centroid) and U–C(phenyl) lengths in 2 than in 1 due to the tethered 

silylalkyl ligand in 2 being smaller than the benzyne ligand in 1. This steric unsaturation also 

allows for an agostic interaction to occur since the angle between the U and the hydrogen bound 

to C26. This is evidenced by the 94.4(2)° U–C25–C26 angle and the 149.3(2)° U–C25–C30 angle. 

This is seen in [Li(THF)(12-crown-4)]2-[Th(C6H5)6], isolated by the Hayton group, which has 

smaller Th–Cipso–Cortho bond angles (104–110°) than expected.26  

Table 2. Select bond lengths and angles of 1, 2, and 3 where X= (SiCH2)
− (2), Br− (3, 6). 

 U–(ring centroid (Å) Cent–U–Cent (°) U–CPhenyl (Å) U–X (Å) 

1 2.501/2.493 138.2 2.5626(19) –––– 

2 2.459/2.436 137.2 2.378(3) 2.501(3) 

3 2.442/2.453 133.56 2.372(3) 2.8107(5) 

6 2.474/2.482 134.63 –––– 2.7852(3) 

 

Reactions with PhMgBr were also examined because Burns et al. improved the synthetic 

yield of (C5Me5)2ThPh2 by treating (C5Me5)2ThCl2 with 2 equivalents of PhMgBr in toluene and 

using  two equivalents of 1,4-dioxane to precipitate magnesium dihalide.27  Equation 3 shows 

that when (C5Me4SiMe3)2UCl2 was treated with 2 equivalents of PhMgBr, 

(C5Me4SiMe3)2UPhBr, 3, was isolated, Figure 4. This compound is a typical 

bis(cyclopentadienyl) uranium complex with two anionic ligands. Interestingly, the chloride 

from the uranium starting material was replaced with a bromide. This may be a result of the 
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precipitation of MgCl2 (ΔHf = − 641.62 kJ·mol−1) being more favorable than MgBr2 (ΔHf = − 

524.26 kJ·mol−1).28  

 

Figure 3. Thermal ellipsoid plot of (η5:η1-C5Me4SiMe2CH2)(C5Me4SiMe3)UPh, 2, at the 30% 

probability level with only H26A shown to depict agostic interaction.  

 

  

  The structure of 3 is similar to that of 2 with equivalent U–C(phenyl) distances and U–

(ring centroid) distances that overlap.  The U–Br distance in 3 is similar to that in 

(C5Me5)2[(Me)NNN(Ad)-κ2N1,3]UBr, 6.29  The U–(ring centroid) distances of 3 are also shorter 

(3) 



13 

 

than those of 1 and 6 and the U–Br distance of 3 is longer, Table 2. The phenyl ring of 3 is 

cocked with a U–C25–C26 angle of 97.6(2)° and a U–C25–C30 angle of 146.4(3)°.  This may be 

due to an agostic interaction as seen with 2. The U–C(phenyl) distances of 2 and 3 compare well 

with each other, but 1 has a longer distance, potentially due to Li coordination as seen in the U–

C(phenyl) bond distances of 4 and 5. 

 

Figure 4. Thermal ellipsoid plot of (C5Me4SiMe3)2UPhBr, 3, at the 30% probability level. 

 

The reactions of (C5Me4SiMe3)2UCl2 with PhLi and PhMgBr lead to different products, 

as evidenced by 1H NMR spectroscopy and X-ray crystallography.  In the 1H NMR spectra of 

crude 3, there were resonances that corresponded to certain peaks found in some of the spectra 

collected from reactions of (C5Me4SiMe3)2UCl2 and PhLi:  δ 35.06 (s, 6 H, C5Me4SiMe3), δ 3.70 

(s, 18 H, C5Me4SiMe3), δ 2.70 (s, 6 H, C5Me4SiMe3), δ −3.76 (s, 6 H, C5Me4SiMe3), δ −18.65 (s, 

6 H, C5Me4SiMe3) in C6D6.  These peaks showed the same pattern as 3 and could arise from 
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(C5Me4SiMe3)2UPhCl, which would be expected to have the same pattern, but a different 

chemical shift. Additionally, spectra of reactions between (C5Me4SiMe3)2UCl2 and PhLi at 

−78°C contain resonances attributed to 2 and (C5Me4SiMe3)2UPhCl as well as another set of 

peaks which may correspond to another species containing (C5Me4SiMe3)
−. These resonances 

may be due to a diphenyl species that forms at low temperatures as with (C5Me5)
−.   

The (C5Me4SiMe3)
− system is able to cleanly yield products, such as 

(C5Me4SiMe3)2UMe2, that are stable at room temperature and only become reactive at elevated 

temperatures.17 The stability of 3 was tested by heating a C6D6 solution at 55 °C in a sealed J-

Young NMR tube and observing changes in the spectrum over time. After one week of heating, 

the resonance corresponding to benzene grew and only minor decomposition was seen to occur.  

The new peaks that were seen to grow did not correspond to 2 and may correspond to a 

metallated product, (η5:η1-C5Me4SiMe2CH2)(C5Me4SiMe3)UBr, Scheme 4, which would also 

account for the increase in the amount of benzene that was observed. 

 

Scheme 4.  Proposed thermal decomposition product of 3. 

Conclusion 

Investigation of uranium-phenyl chemistry has led to a new example of a uranium 

benzyne complex, [Li(Et2O)][(C5Me5)2UPh(η2-C6H4)], 1.  The only other structurally 

characterized uranium benzyne complexes are [Li][U(2,3-C6H3CH2NMe2)(2-C6H4CH2NMe2)3], 
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4, and [Li]2[U(2,3-C6H3CH2NMe2)2(2-C6H4CH2NMe2)2], 5, which were synthesized by the 

Hayton group.23-24 The trimethylsilyl group of (C5Me4SiMe3)
− can act as a site for metalation in 

the uranium phenyl system leading to an isolable U-Ph complex, (η5:η1-

C5Me4SiMe2CH2)(C5Me4SiMe3)UPh, 2. The reaction of (C5Me4SiMe3)2UCl2 with PhMgBr to 

make (C5Me4SiMe3)2UPhBr, 3, shows that the reactivity of uranium metallocene dichlorides 

with phenyl reagents is quite sensitive to the exact reagents and conditions.  
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Chapter 3: Uranyl Nitrate, UO2(NO3)2, as a Precursor for Organometallic 

Complexes 

 

Introduction   

UCl4 and UI3 are the most common starting materials for organouranium chemistry and 

are made from UO3 and uranium metal, respectively.1  Salts of the hexavalent uranyl moiety, 

[UO2]
2+, are byproducts of the PUREX (Plutonium and Uranium Redox EXtraction) process 

which involves dissolving spent nuclear fuel in nitric acid and extracting the resultant uranyl 

nitrate into kerosene using tributyl phosphate leading to uranyl compounds in high purity.30  

Finding a way to use readily available uranyl salts as precursors to synthetically useful 

uranium species would help reduce waste from mining and enrichment processes. This could 

also offer access to underexplored chemistry accessible only through penta- and hexavalent 

uranium. Uranyl halides, triflate, and nitrate are soluble in a number of organic solvents 

including pyridine, tetrahydrofuran (THF), Et2O, and toluene making these salts compatible with 

standard synthetic techniques.    

Uranyl species have been heavily studied since the 1960’s in aqueous systems, but only 

recently has the non-aqueous chemistry of high-valent (U5+, U6+) species experienced significant 

advances.1,4,31-33 Despite these recent advances, organometallic complexes involving the uranyl 

moiety are still limited to a few ligands such as cyanide,34 pincer-carbenes,35-36 substituted 

imidazoleylidene,37 and pentamethylcyclopentadienide.4  This is possibly the result of an 

inherent synthetic challenge of uranyl complexes, as the trans oxo ligands are relatively inert and 

will direct the position of other ligands around the metal to be in the equatorial plane and may 

limit the kinds of ligands that can be utilized.38 
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Despite the difficulties associated with uranyl chemistry, some success has recently been 

seen in the utility of these species. First, the Ephritikhine and Hayton groups have used reductive 

silylation to reduce the metal center and functionalize the oxo ligands so that the chemistry of 

other oxidation states can potentially be accessed from uranyl starting materials.39-40  The ease 

with which a uranyl oxo ligand is functionalized by reductive silylation correlates to the U–

O(sym) vibrational modes in the infrared spectrum enabling a crude model for prediction of 

reduction potential.8,40 Recently, the first uranyl(VI)–alkyl complex, 

[Li(DME)1.5]2[UO2(CH2SiMe3)4], was isolated, demonstrating the viability of discovering new 

species from this class of compounds.41 

Experimental 

General Experimental Procedures.  The syntheses and manipulations described below 

were conducted with rigorous exclusion of air and water using Schlenk, vacuum line, and 

glovebox techniques under an atmosphere of argon. Solvents were sparged with UHP argon and 

dried by passage through columns containing Q-5 and molecular sieves.  Benzene-d6 and 

tetrahydrofuran-d8 (Cambridge Isotope Laboratories) were dried over sodium metal and 

benzophenone, degassed by three freeze-pump-thaw cycles, and vacuum transferred before use.  

Tetrabutyl ammonium nitrate and potassium bis(trimethylsilyl)amide, KN(SiMe3)2, were 

purchased from Aldrich and placed under vacuum prior to use.  UO2(NO3)2·6H2O was heated at 

40 °C under high vacuum (10-5 torr) for 3 days then refluxed in THF for 12 h and dried.42  The 

pale yellow product was extracted into fresh THF and dried.  (2,2,6,6-Tetramethylpiperidin-1-

yl)oxy (TEMPO) and pyridine N-oxide were sublimed before use. [NnBu4][Cp*2UCl2NO3] was 

prepared according to the literature.43  NMR experiments were conducted with a Bruker GN 500 
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MHz spectrometer at 298 K.  Elemental analyses were performed with a Perkin-Elmer 2400 

CHNS elemental analyzer.   

Synthesis of UO2[N(SiMe3)2](NO3)(THF)2, 7.  A colorless solution of KN(SiMe3)2 

(0.096 g, 0.481 mmol) in toluene (5 mL) was added dropwise over 1 minute to a stirred pale 

yellow solution of UO2(NO3)2(THF)2 (0.256 g, 0.474 mmol) in toluene (10 mL).  The resulting 

orange solution was stirred for 1 h at ambient temperature and then dried under vacuum to yield 

a mixture of oily red and brown solids.  The mixture was extracted into toluene (20 mL), dried 

under vacuum, then extracted into pentane (20 mL) and dried to yield 0.160 g (0.025 mmol, 

53%) of dark orange solids identified by X-ray crystallography as 7.  Analysis calculated for 

C14H34N2O7Si2U:  C, 26.41; H, 5.38; N, 4.40.  Found:  C, 26.23; H, 5.39; N, 4.24.  1H NMR 

(C6D6):  δ 0.055 (s, 18 H, N(SiMe3)2, δ 3.60 (m, 8 H, THF (OC2H4C2H4)2), δ 1.42 (m, 8 H, THF 

OC2H4C2H4)2). 

Treatment of 5 with [HNEt3][BPh4].  A yellow solution of 7 (0.031 g, 0.049 mmol) in 

toluene (5 mL) was added to white [HNEt3][BPh4] (0.020 g, 0.047 mmol) powder and stirred to 

form a yellow cloudy mixture.  After 12 h, the mixture became cloudy and brown.  After 24 h, 

the mixture was centrifuged and the solids were washed 3 times with toluene (3 mL).  The solids 

were extracted into THF and the resulting dark brown solution was dried under vacuum to yield 

light brown solids.  1H NMR (C6D6):  δ 1.74 (m, 8 H, THF (OC2H4C2H4)2), δ 3.60 (m, 8 H, THF 

OC2H4C2H4)2), δ 6.73 (d, 8 H, o-Ph), δ 6.88 (d, 8 H, m-Ph), δ 7.34 (d, 4 H, p-Ph). 

Treatment of 7 with KC5Me5.  A yellow solution of 7 (0.039 g, 0.061 mmol) in toluene 

(2 mL) was added to solid white KC5Me5 (0.011 g, 0.063 mmol). The mixture was stirred for 24 

h and the resulting cloudy brown mixture was centrifuged to remove red and white precipitates.  

The brown supernatant was dried under vacuum to yield 31 mg of brown oil.  1H NMR (C6D6):  
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δ 0.88 (s) which does not correspond with the C5Me5 resonances of 5.31 (C6D6) and 4.36 

(MeCN-d3) for [NBu4][(C5Me5)UO2(NO3)2] and [NEt4]2[(C5Me5)UO2(CN)3], respectively. 

Synthesis of [NnBu4]2[UO2(κ2-NO3)2(κ1-NO3)2], 8. A pale yellow solution (0.0655 g, 

0.122 mmol) of UO2(NO3)2(THF)2 in toluene (15 mL) was added to white [NnBu4][NO3] (0.0704 

g, 0.231 mmol) powder. The mixture was stirred for 3 h and the resulting yellow solids were 

filtered out of the colorless solution. The yellow crystalline solid was dissolved in THF (5 mL) 

and then dried under vacuum to 111 mg (0.111 mmol, 96%) of yellow powder identified as 

[NnBu4]2[UO2(κ
2-NO3)2(κ

1-NO3)2], 8, by X-ray crystallography. Yellow needle-like crystals 

grew by vapor deposition from a concentrated solution of THF with Et2O as an anti-solvent. 1H 

NMR (THF–d8):  δ 0.969 [t, 12 H, N(CH2CH2CH2CH3)4], δ 1.40 [m, 8 H, N(CH2CH2CH2CH3)4], 

δ 1.74 [m, 8 H, N(CH2CH2CH2CH3)4], δ 3.32 [m, 8 H, N(CH2CH2CH2CH3)4]. 

Synthesis of [NnBu4][(C5Me5)UO2(NO3)2], 9.  A pale orange solution of TEMPO (0.020 

g, 0.128 mmol) in THF (3 mL) was added to a stirred red/orange solution of 

[NnBu4][(C5Me5)2UCl2(NO3)], 10, (0.051 g, 0.059 mmol) in THF (5 mL). The solution of 10 

immediately turned black after addition of the TEMPO solution. After 3 h of stirring, a golden 

yellow solution on top of a brown oil was present. After approximately 12 h, the mixture became 

purple and brown.  The solution dried to a mixture of purple and brown tacky solids which were 

washed with hexane (3 mL) and the purple product was extracted into Et2O (5 mL). Purple X-ray 

quality crystals of [NnBu4][(C5Me5)UO2(NO3)2], 9, grew as needles from a concentrated ether 

solution after a week at −30 °C. 1H NMR (C6D6):  δ 5.31 (s, 30 H, C5Me5). 

Performing the reaction in toluene instead of THF yields a yellow solution after 12 h that 

persists over the subsequent 48 h with stirring at room temperature.  The isolated unidentified 

product was analyzed by 1H NMR spectroscopy, but an accurate assignment of peaks could not 
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be made, the reported integrations are relative between the major resonances.  1H NMR (C6D6):  

δ 1.30 (s, 30 H), δ 4.90 (s, 9 H), δ 7.35 (d, 9 H).  

Treatment of 10 with Pyridine-N-oxide, C5H5NO.  A colorless solution of pyrNO, 

pyridine-N-oxide, C5H5NO, (0.007 g, 0.078 mmol) in THF (5 mL) was added to a red/orange 

solution of 10 (0.027 g, 0.032 mmol) in THF (5 mL).  No color change was observed after 

stirring for 12 h at ambient temperature.  The mixture was heated at 70 °C for 2 days in an 

evacuated Schlenk flask fitted with a Teflon stopcock on a Schlenk line resulting in the 

formation of a lighter orange solution and brown oil.  The mixture was dried under vacuum 

resulting in a yellow oil with small amounts brown oil dispersed throughout.    Extraction of the 

yellow material into toluene and removal of solvent under vacuum yielded yellow oil.  Orange 

crystalline material, not suitable for X-ray analysis, formed from a yellow Et2O solution. 1H 

NMR (C6D6): δ 1.28 (s), δ 1.30 (s), δ 6.11 (s), δ 7.75 (d). 

 X-ray Data Collection, Structure Solution and Refinement for 7.  An orange crystal 

of approximate dimensions 0.067 x 0.076 x 0.129 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX2 program package was 

used to determine the unit-cell parameters and for data collection (60 sec/frame scan time for a 

sphere of diffraction data).18  The raw frame data was processed using SAINT19 and SADABS20 

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

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

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

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

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

analysis.22  Hydrogen atoms were included using a riding model.  At convergence, wR2 = 0.0393 
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and Goof = 1.030 for 241 variables refined against 5794 data (0.73Å), R1 = 0.0177 for those 

5035 data with I > 2.0(I). 

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

crystal of approximate dimensions 0.177 x 0.287 x 0.446 mm was mounted in a cryoloop and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX2 program package was 

used to determine the unit-cell parameters and for data collection (15 sec/frame scan time for a 

sphere of diffraction data).18  The raw frame data was processed using SAINT19 and SADABS20 

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

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

the monoclinic space groups Cc and C2/c.21  It was later determined that space group C2/c was 

correct. 

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

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

analysis.22  Hydrogen atoms were included using a riding model.  The molecule was located on a 

two-fold rotation axis and was disordered.  Atoms U1, O7, O8, O9 and N3 were disordered and 

included using partial site-occupancy-factors (0.50). At convergence, wR2 = 0.0470 and Goof = 

1.058 for 267 variables refined against 5504 data (0.73Å), R1 = 0.0216 for those 5001 data with 

I > 2.0(I). 

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

approximate dimensions 0.074 x 0.091 x 0.265 mm was mounted on a glass fiber and transferred 

to a Bruker SMART APEX II diffractometer.  The APEX2 program package was used to 

determine the unit-cell parameters and for data collection (25 sec/frame scan time for a sphere of 
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diffraction data).18  The raw frame data was processed using SAINT19 and SADABS20 to yield 

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

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

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

The structure was solved by direct methods and refined on F2 by full-matrix least-squares 

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

analysis.22  Hydrogen atoms were included using a riding model. At convergence, wR2 = 0.0500 

and Goof = 1.013 for 352 variables refined against 7945 data (0.73Å), R1 = 0.0228 for those 

6347 data with I > 2.0(I).   

Results and Discussion  

In order to diversify the ligand set around uranyl nitrate, reactivity with the well-studied 

N(SiMe3)2
− was investigated with the goal of forming a mixed ligand amide nitrate uranyl  

complex.  The desired mixed ligand set should allow for multiple forms of functionalization, 

such as protonation of the [N(SiMe3)2]
−, to form HN(SiMe3)2, and metathesis of the nitrate.38,44  

Addition of one equivalent of KN(SiMe3)2 to a stirred toluene solution of UO2(NO3)2(THF)2 

yielded the new compound UO2[N(SiMe3)2](NO3)(THF)2, 7, eq 4.  This compound was 

identified by X-ray crystallography, Figure 5.  The crystal structure revealed that the THF 

molecules are coordinated in adjacent positions as opposed to the trans orientation observed in 

UO2(NO3)2(THF)2.
45 

 

(4) 



23 

 

 

Figure 5. Thermal ellipsoid plot of UO2[N(SiMe3)2](NO3)(THF)2, 7, at the 50% probability 

level. 

 

In an attempt to isolate [NnBu4][UO2(NO3)3], UO2(NO3)2(THF)2 was treated with one 

equivalent of [NnBu4][NO3] in toluene. This was expected to make the nitrate ligands more 

reactive as seen in the reactions of [NnBu4][NO3] and [NnBu4]Cl with (C5Me5)2UCl2 which made 

more reactive [NnBu4][ (C5Me5)2UCl2X] complexes (X = NO3, Cl).46 Instead, a product that had 

added two equivalents of [NnBu4][NO3] to the uranyl nitrate starting material was isolated, 

[NnBu4]2[UO2(κ
2-NO3)2(κ

1-NO3)2], 8, in low yield along with white unidentified solids.  The 

complex was identified by X-ray crystallography, Figure 6.  When a stoichiometric reaction with 

two equivalents of [NnBu4][NO3] was examined, 8 was isolated in almost quantitative yield, eq 

5. Since this this species formed from the reaction of UO2(NO3)2(THF)2  with both one and two 

equivalents of [NnBu4][NO3], this is likely a thermodynamically favored product in this system. 

This fact suggests that the reactivity of this compound will be less than the initial di-nitrate 

starting material.   
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Figure 6. Thermal ellipsoid plot of [NnBu4]2[UO2(κ
2-NO3)2(κ

1-NO3)2], 8, at the 30% probability 

level. Tetrabutyl ammonium cations omitted for clarity. 

 

  

There is partial occupancy seen in the structure of 8 leading to disorder in the structure. 

Complex 8 has a similar structure to the starting dinitrate species with two bidentate and two 

monodentate ligands around the equatorial plane.  The U–Oequ bond distances of 

UO2(NO3)2(THF)2, 2.50(3) (nitrate), 2.49(2) (nitrate), and 2.42(2) (THF) Å,45 are shorter than 

those of 8, 2.4944(18)–2.574(4) Å and 2.501(3)/2.404(3) Å for the κ2
 and κ1 nitrate ligands, 

respectively. This could be due to the two outer sphere cations accepting some electron density 

(5) 
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causing an overall increase in bond distance for 8. The U–Oequ bond distances seen in 8 are also 

longer than those in [NMe4][UO2(NO3)3], 2.448(4)–2.481(4) Å.47 Averaging the U–Ooxo in 8 to 

account for the disorder of the U1 position leads to 1.758 Å, which compares to the 1.75(2) Å 

distance in the dinitrate and 1.760(4) and 1.758(4) Å as seen in the trinitrate species. 

The conversion of 7 to a more reactive cationic species, [UO2(NO3)2][BPh4],  by 

protonation was attempted by treating 7 with [HNEt3][BPh4] as the proton source in toluene 

which yielded a brown THF-soluble product.  Initial characterization was performed with 1H 

NMR spectroscopy leading to diamagnetic spectra showing peaks at 7.34, 6.88, and 6.73 ppm, 

consistent with [BPh4]
−. The appearance of these peaks in conjunction with the disappearance of 

the resonance at 0.55 ppm, assigned to the trimethylsilyl groups of [N(SiMe3)2]
− suggests that a 

new material has been made.  The THF resonances are shifted downfield by 0.05 ppm suggesting 

THF is coordinated to the uranium metal.  The compound could not be definitively identified as 

[UO2(NO3)2][BPh4],  because crystallographic identification of the product has not yet been 

performed due to unsuitable material being formed.   

Salt metathesis was attempted by treating 7 with KC5Me5.  Initial 1H NMR studies of the 

resulting brown oil show mainly the formation of the unwanted byproduct (C5Me5)2 which is 

often a product of sterically induced reduction.48  Interestingly, the oxidation reactions of 10 with 

both TEMPO and pyrNO also lead to large amounts of (C5Me5)2 being formed.  Currently, it is 

unclear whether the data lend themselves to sterically induced reduction being a viable process 

that this system can undergo.  There is precedence, however, for reactions of organoactinide 

complexes with TEMPO to produce (C5Me5)2 as a byproduct.49 

Ephritikhine et al. isolated the first cyclopentadienyl complex of uranyl, 

[NEt4]2[(C5Me5)UO2(CN)3], 11, through the oxidation of [NEt4]3[(C5Me5)2U(CN)5] with 2 
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equivalents of pyridine N-oxide (pyrNO).4  To further study the organometallic chemistry of 

uranyl nitrates, 10 was treated with 2 equivalents of pyrNO.  This led to a yellow product with a 

diamagnetic 1H NMR spectrum indicative of U6+ species, but single crystals suitable to identify 

the product by crystallography have not been obtained. 

Hayton et al. reported oxo formation from reacting U[N(SiMe3)2]3 with one equivalent of 

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl, TEMPO.50  Attempting to examine similar reactivity 

with 10, the oxidation reaction was repeated in THF with 2 equivalents of TEMPO resulting in a 

yellow solution that turns brown/purple after stirring for 12 hours at room temperature. 

[NnBu4][(C5Me5)UO2(NO3)2], 9 was isolated in low yield from the purple fraction and 

characterized by X-ray crystallography, Figure 7.   Interestingly, if oxidation using TEMPO is 

performed in toluene, the yellow solution forms and persists after 48 hours.  Oxidation of 10, 

using either TEMPO or pyrNO, leads to the formation of (C5Me5)2 in high yield as observed by 

1H NMR spectroscopy.  Complex 9 is the third example of a cyclopentadienyl complex 

containing uranyl.4-5    

 

Figure 7. Thermal ellipsoid plot of [NnBu4][(C5Me5)UO2(NO3)2], 9, at the 50% probability level.    
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Conclusion   

Attempts to use anhydrous uranyl nitrate as a starting material led to new complexes, 

UO2[N(SiMe3)2](NO3)(THF)2, 7, and the speculated [UO2(NO3)2][BPh4], which are interesting 

for their potential to lead to further reactivity. However, the synthetic utility of uranyl species as 

starting materials has yet to be identified and may lead to products which are more 

thermodynamically favored as was seen in the synthesis of [NnBu4]2[UO2(κ
2-NO3)2(κ

1-NO3)2], 8. 

A third example of a cyclopentadienyl complex containing uranyl [NnBu4][(C5Me5)UO2(NO3)2], 

9,  has also been identified by studying the oxidation of U(IV) complexes.  
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Chapter 4: Thermal Analysis of Organouranium Species. 

Introduction 

Uranium nitride (UN) has shown potential as a nuclear fuel due to high thermal 

conductivity and melting point compared to uranium oxides.51  The most common method of 

producing UN is by carbothermic reduction which requires heating metal oxides in the presence 

of graphite under nitrogen atmosphere.  This method leads to amounts of oxygen and carbon 

impurities that are high enough to limit the development of UN as a fuel source.52-53   

Previously, the Evans group isolated a 24-membered organouranium ring, [(C5Me5)2U(μ-

N)U(μ-N3)(C5Me5)2]4, Figure 8.54  The high nitrogen content of this species makes it attractive as 

a UN precursor.  The feasibility of using of [(C5Me5)2U(μ-N)U(μ-N3) (C5Me5)2]4 as a UN 

precursor can be tested by studying the thermal behavior by thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC).  Additionally, using TGA and DSC will hopefully 

lead to a general understanding of the thermal characteristics of organouranium species.  

Specifically, it is hoped that this will provide optimum temperatures for thermal reactions as well 

as solid state reactions with gases.  

 

 

Figure 8. Diagram of [(C5Me5)2U(μ-N)U(μ-N3)(C5Me5)2]4. 
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Experimental 

Thermal analyses were performed on TA Instruments Q500 thermogravimetric analyzer 

and Q200 differential scanning calorimeter.  Samples were between 1.5 and 2 mg in aluminum 

hermetically sealed pans.  The lids of thermogravimetric sample pans were punctured to allow 

the release of mass. 

Results and Discussion 

Before testing of [(C5Me5)2U(μ-N)U(μ-N3)(C5Me5)2]4, the instruments were tested on 

compounds that were readily available. DSC of (C5Me4SiMe3)2UCl2 resulted in an endothermic 

peak at 194 °C during a ramp experiment, Figure 9.  This value correlates to a melting point of 

184 °C which was measured in a typical melting point apparatus.  Cycling (C5Me4SiMe3)2UCl2 

between 130 and 250 °C five times, Figure 10, shows an endotherm between 190 and 193 °C and 

an exotherm between 130 and 140 °C.  This gives further evidence that the endotherm in Figure 

9 is most likely due to a phase change, specifically a melt, because of the reproducible nature of 

this peak.  The difference in melting point obtained traditionally versus DSC can be explained by 

differences in ramp rate and non-crystalline material being used for the melting point 

determination.  Figure 11 shows that as the number of cycles increases, the endotherm occurs at 

lower temperatures.  These data suggest that as the sample is heated, it may undergo partial 

decomposition, resulting in a lowering of the endotherm temperature in each cycle.  A 

relationship between run time and exotherm temperature was not observed, Figure 12.  The TGA 

thermogram shows steep weight loss up to 180-190 °C, Figure 13, which may be due to weight 

loss being halted upon phase change. 
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Figure 9. DSC thermogram of (C5Me4SiMe3)2UCl2 ramp to 500 °C at 10 °C/min. 

 

Figure 10. DSC thermogram of (C5Me4SiMe3)2UCl2 cycle  between 130 and 250 °C. 
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Figure 11. DSC thermogram of (C5Me4SiMe3)2UCl2 cycle. Zoom in of endothermic peaks. 
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Figure 12. DSC thermogram of (C5Me4SiMe3)2UCl2 cycle. Zoom in of exothermic peaks.

 

Figure 13. TGA thermogram of (C5Me4SiMe3)2UCl2 ramp to 500 °C at 10 °C/min (top) and 

ramp to 575 °C at 2 °C/min (bottom). 

 

The DSC thermogram of (C5Me5)2UCl2 being heated to 575 °C shows a large exotherm, 

Figure 14.  This process is not reversible, Figure 15, as was seen with (C5Me4SiMe3)2UCl2, 

Figure 10.  The non-reproducible nature of the peaks upon heating and cooling suggest 

decomposition of (C5Me5)2UCl2.  The TGA data, however, do not give conclusive evidence of a 

specific product, Figure 16.   
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Figure 14. DSC thermogram of (C5Me5)2UCl2 ramp to 575 °C at 10 °C/min. 

 

Figure 15. DSC thermogram of (C5Me5)2UCl2 cycle between 200 and 280 °C. 
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Figure 16. TGA thermogram of (C5Me5)2UCl2 ramp to 575 °C at 10 °C/min (top) and 2 °C/min 

(bottom). 

 

The DSC thermogram of (C5Me5)2UMe2
 shows two exotherms between 150 and 250 °C, 

a strong endotherm at 250 °C, 3 smaller endotherms between 325 and 425 °C and noise around 

500 °C in a ramp to 575 °C, Figure 17.  Thermal analysis of (C5Me5)2UMe2 suggests that the two 

irreversible DSC exotherms, Figure 18, correspond to decomposition.  The TGA data indicates a 

weight loss of about 30% consistent with formation of (C5Me5)UMe or (C5Me5)UMe2, Figure 

19.  Loss of a methyl group corresponds to a weight loss of 3% weight which occurs around 100 

°C in the trials presented, but this may be within the error limits of the instrument. 

The reasons why (C5Me5)2UCl2 decomposes while (C5Me4SiMe3)2UCl2 undergoes a 

phase change at a lower temperature are unclear.  Identification of the decomposition products 

may allow for investigation of new reactivity for this system.  
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Figure 17. DSC thermogram of (C5Me5)2UMe2 ramp to 575 °C at 10 °C/min. 

 

Figure 18. DSC thermogram of (C5Me5)2UMe2 cycle between 100 °C and 300 °C at 10 °C/min. 
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 Figure 19. TGA thermogram of (C5Me5)2UMe2 ramp to 575 °C at 10 °C/min (top) and 2 °C/min 

(bottom). 

 

Conclusion 

Thermal analysis of a selection of organouranium complexes gave insight into the 

thermal properties in these compounds. Surprisingly, slight ligand modifications can lead to 

drastic changes in the thermal stability and phase changes that occur. It is possible that a 

decomposition product was observed upon the heating of (C5Me4SiMe3)2UMe2 but no direct 

studies were undertaken to prove this. 
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