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Å3 cubic Ångstrøm 

A Ampere; 1 A = 1 C s−1 

ACN acetonitrile 

Ad Adamantane 

(AdArO)3N
3− tris(2-hydroxy-3-adamantyl-5-methylbenzyl)amine trianion 

(AdArO)3tacn3− 1,4,7-tris(3-adamantyl-5-tert-butyl-2-hydroxybenzyl)-1,4,7-

 triazacyclononane trianion; also (Ad,t-BuArO)3tacn3− 

ADF Amsterdam Density Functional 

AgF silver fluoride 

AgOCOCF3 silver trifluoroacetate 

AgSbF6 silver hexafluoroantimonate 

Ar Aryl 

atm atmosphere, 1 bar 

ax axial 

BN boron nitride 

B.M. Bohr Magneton; µB = 9.27400915(23) · 10−24 JT−1) 
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° degree 

°C degree Celsius 

C Coulomb; 1 C = 1 A s 

cal calorie; 1 cal = 4.184 J= 2.611 · 1019 eV 

calcd. calculated 

CCDC Cambridge Crystallographic Data Centre 

cm centimeter; 10−2 m 

CO carbon monoxide 

CO2 carbon dioxide 

COS carbonyl sulfide 

COT cyclooctatetraene(yl) 

Cp cyclopentadiene(yl) 
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Cp* 1,2,3,4,5-pentamethylcyclopentadiene(yl) 

CS carbon monosulfide 

CS2 carbon disulfide 

CT Charge Transfer 

CV Cyclic Voltammetry 

δ chemical shift [ppm] 

d doublet (NMR) 

DCM methylene chloride (dichloromethane) 

DCM-d2 deuterated methylene chloride 

DFT Density Functional Theory 

DME 1,2-dimethoxyethane 

ε molar extinction coefficient [M−1 cm−1] 

ζ spin orbit coupling constant [M−1 cm−1] 

ηn hapticity, n-hapto; coordination of n atoms of a ligand to one metal 

e elementary charge; e = 1.602176487(40) · 10−19 C 

E Energy 

E chalcogenides (O, S, Se, Te) 

e.g. for example; latin abbreviation: 'exempli gratia' 

EPR Electron Paramagnetic Resonance 

eq equatorial 

Et2O diethyl ether 

eV electron Volt; 1 eV = 1.602176565(35) · 10−19 J 

EXAFS Extended X-ray Absorption Fine Structure 

Fc Ferrocene, [(Cp)2Fe] 

g gram 

g (magnetic) g-value (EPR) 

ge g value of the electron; ge = 2.0023 

ΔG  Gibbs free energy [kcal mol−1] 

G (electrical) conductance [S] 

GHz gigahertz; 109 s−1 

GooF Goodness of Fitting 

I electric current [A] 

i.e. that is; latin abbreviation: 'id est' 

INE Institut für Nukleare Entsorgung, KIT Karlsruhe 
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IR infrared 

ITI inverse trans-influence 

j total angular momentum, j = s + l 

J coupling constant [Hz] (NMR) 

J joule; 1 J = 1 kg m2 s-2 = 1 N m = 1 Pa3 = 1 W s 

M molar magnetic susceptibility [M−1 cm−1] 

κn kappa, coordination; indicating n single ligating atom attachments 

 of a polyatomic ligand to a coordination center 

K Kelvin 

KBr potassium bromide 

kcal kilocalorie; 103 cal 

kg kilogram; 103 g 

kOe kiloOersted, 103 Oe 

λ wavelength [nm] 

kJ kilojoule (1 kcal ≡ 4.1868 kJ) 

L Liter; 1 L = 103 cm3 

LDA Local Density Approximation 

LMCT Ligand-to-Metal-Charge Transfer 

µ bridging (coordination) 

µB Bohr Magneton (B.M.); µB = 9.27400915(23) · 10−24 JT−1 

µeff effective magnetic moment [µB, B.M.] 

m multiplet (NMR) 

m medium (IR) 

m meter 

m³ cubic meter 

M molar; mol L−1 

MHz megahertz; 10−6 s 

Mes Mesityl 

mg milligram; 10−3 g 

µL microliter; 10−6 L 
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~  wavenumber [cm-1]; 
~

= λ
−1 

NA Avogadro Constant; 6.02214179(30) · 1023 mol−1 

NDipp 2,6-diisopropylphenylimide 

nm nanometer; 10−9 m 

NP neo-pentyl 

(NPArO)3tacn3− 1,4,7-tris(2-hydroxy-3-neo-pentyl-5-methylbenzyl)-1,4,7-

 triazacyclononane trianion; also (NP,MeArO)3tacn3− 

Ω Ohm; 1 Ω = V A−1 = m2 kg s−1C−2 = J s−1 A−2 = J s A−2 = S−1 

Oe Oersted; 1 Oe = 1000/4π ( ≈ 79.5774715) A m−1 

oop out-of-plain shift 

ORTEP Oak Ridge Thermal Ellipsoid Presentation 

π pi; pi-bond 

PE Polyethylene 

PFY-XANES Partial Fluorescence Yield technique- X-ray Absorption Near Edge 

 Structure 

Ph Phenyl 
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PyN-O Pyridine N-oxide 

ppm parts per million 

Q electric charge [C] 

R any alkyl group 

R (electrical) resistance [Ω] 

RIXS Resonant Inelastic X-ray Spectroscopy 

ref. reference 

RT room temperature 

σ sigma; sigma-bond 

s second 

s singlet (NMR) 
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S Siemens; 1 S = Ω−1 

SQUID Superconducting Quantum Interference Device 

STO Slater type orbital 

t triplet (NMR) 
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T temperature 

t-Bu tert-butyl 

(t-BuArO)3tacn3− 1,4,7-tris(3,5-di-tert-butyl-2-hydroxybenzyl)-1,4,7-

 triazacyclononane trianion; also (t-Bu,t-BuArO)3tacn3− 

tacn triazacyclononane 

TBAPF6 tetrabutylammonium hexafluorophosphate 

tert. tertiary 

THF tetrahydrofuran 
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1 Introduction	into	the	tacn	Ligand	System	and	Uranium	

Coordination	Chemistry	

1.1 The	tacn	Ligand	and	its	Coordination	Chemistry	

1.1.1 1,4,7‐Triazacyclononane	

Crown ethers have been known for a long time and are widely used as ligands, 

mostly to coordinate alkaline kations. Some of their nitrogen analoga have first been 

synthesized in the mid fifties by Stetter et al. in only very dilute solution.[1] Starting 

during this time, the first transition metal complexes of N-heteromacrocycles have been 

published, e.g. with cobalt and rhodium using a cyclen ligand (1,4,7,10-tetraaza-

cyclododecane).[2] In the mid seventies Atkins et al. published a general synthesis route 

by which N-heteromacrocycles could be obtained in larger scale for the first time.[3] A 

synthesis for 1,4,7-triazacyclononane (tacn, Scheme 1.1) without tosylate or other 

organic groups remaining on the nitrogen atoms as well as first transition metal 

complexes with copper and nickel were presented in 1976 by Yang and Zompa.[4] Later, 

the synthesis has been improved by Atkins et al.[5] and Wieghardt et al.[6] 

 

Scheme 1.1: 1,4,7-triazacyclononane (tacn). 

With this improved synthesis, and tacn being available in larger scale, Wieghardt and 

co-workers started to study the coordination chemistry of this heterocycle intensively. 

Some early examples prepared in his group, published in 1979 and 1980, are the cobalt 

complex [(tacn)Co(Cl)3]
[6] and its related µ-hydroxo compounds [{(tacn)Co}2(µ-OH)3], 

[{(tacn)Co}2(µ-OH)2(µ-η1:η1-OCOCH3)], and [{(tacn)Co(OH)}2(µ-OH)2], di- and 

trinuclear chromium µ-hydroxo complexes,[7] such as [(tacn)2Cr2(OH2)(OH)(µ-OH)2]I3, 

[{(tacn)Cr}2(µ-OH)2]I2, and [{(tacn)Cr}3(OH)5]X4, as well as similar dinuclear rhodium 

compounds,[8] e.g. [{(tacn)Rh(OH2)}2(µ-OH)2]
4+, [{(tacn)Rh(OH)}2(µ-OH)2]

2+, and 
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related complexes with µ-carbonate and µ-acetate ligands. These new compounds were 

the starting point of the extensively studied transition metal coordination chemistry of 

the tacn ligand.[9] 

 

Scheme 1.2: N,N',N''-1,4,7-triazacyclononane (tmtacn). 

Metal complexes bearing the tacn ligand, and its widely used derivative N,N',N''-

trimethyl-1,4,7-triazacyclononane (tmtacn, Scheme 1.2),[10] have been synthesized as 

model complexes with bioinorganic relevance in order to mimic the catalytic center of 

enzymes. As an example, the dinuclear manganese compounds [{(L')MnII}2(µ-OH)-

(µ-CH3COO)]ClO4,
[11] [{(L/L')MnIII}2(µ-O)(µ-CH3COO)2](ClO4)2,

[12] [{(L')MnII}2-

(µ-CH3COO)3]BPh4,
[11] [{(L')MnII}(µ-O)3](PF6)2,

[11] the mixed valence Mn(III)/Mn(IV) 

and Mn(IV)/Mn(II) compounds [{(L')MnIII/MnIV}2(µ-O)(µ-CH3COO)2](ClO4)3,
[11] and 

[{(L)2MnIV(OH)}2(µ-O)2][MnII
3(C2O4)4(OH2)2]

[11] with L = tacn, L' = tmtacn, have been 

presented in 1988. Their spectroscopic, magnetic and electrochemical properties was 

studied in detail to better understand water oxidation by photosynthetic enzymes, 

ribonucleotide reduction in bacteria, and hydrogen peroxide disproportionation by 

catalases and pseudocatalases, processes that have been shown to occur on catalytic 

sites containing bi- or polynuclear manganese centers. The most interesting structural 

feature of the [{(L')MnII}(µ-O)3]
2+ cation is the very short Mn‒Mn distance with only 

2.296(2) Å, indicating a metal‒metal bonding interaction. 

One of the most interesting complexes of the tmtacn ligand is the dinuclear 

Fe(II)/Fe(III) complex [{(tmtacn)Fe}2(µ-OH)3]
2+ (Scheme 1.3) with spin S = 9/2, a 

model complex for the active site of ferredoxin, which has been reported in 1989.[13] Its 

unpaired electron is delocalized over both iron sites, and is the first example for so-

called double exchange, a mechanism to overcome antiferromagnetic coupling by 

introducing electron mobility, which enforces ferromagnetic coupling. This has been 

shown using a variety of different spectroscopic and techniques, including Mößbauer 
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and electron paramagnetic resonance (EPR),[14] single crystal X-ray diffraction 

crystallography (XRD),[15] X-ray absorption near edge structure (XANES)[16] and X-ray 

absorption fine structure (EXAFS),[13] electronic absorption and magnetic circular 

dichroism spectroscopies,[15] resonance raman spectroscopy,[15, 17] and detailed 

vibrational analysis.[17] 

 

Scheme 1.3: Schematic representation of the solid state structure of [{(tmtacn)Fe}2-

(µ-OH)3]
2+. 

1.1.2 Tris‐Aryloxide	Derivatized	1,4,7‐Triazacyclononane	

The first tacn ligands derivatized with phenolate arms have been reported in 1997 by 

Wieghardt et al. Among these ligands were 1,4,7-tris(3,5-di-tert-butyl-2-hydroxy-

benzyl)-1,4,7-triazacyclononane (t-BuArO)3tacn) (Scheme 1.4),[18] as well as a derivative 

with methyl groups in ortho- and para-positions of the aryloxide arms, and a ligand 

with tert-butyl group in ortho- and methoxide in para-position. 

The trisphenolate derivatized tacn ligand was also applied to early f-elements. The 

first example was the scandium(III) complex [((t-BuArO)3tacn)ScIII], that was also 

reported by Wieghardt et al. in the same study.[18] Recently, Rösky et al. prepared the 

lanthanide compounds [((t-BuArO)3tacn)LnIII][18] with Ln = Sm, Eu, Lu in a reaction of 

the protonated ligand with the Anwander amides [((HMe2Si)2N)3Ln(THF)2] for 

samarium and lutetium,[19] and the europium precursor [((Me3Si)2N)3Eu].[20] It was 

shown that this ligand can stabilize the first lanthanide SO2 complexes. These are 

obtained not from liquid, but gaseous SO2, resulting in the µ-SO2 complexes 

[{((t-BuArO)3tacn)LnIV}2(µ-SO2)] (Ln = Sm, Eu).[18] This ligand shows an unexpected 

coordination mode with µ,η1:η1-O,O' and the binding is reversible. Lutetium(III), which 

has the smallest ionic radius of the lanthanides used in this study, did not yield an SO2 

complex, since it is sterically too encumbered to allow additional coordination.[18] 
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Scheme 1.4: 1,4,7-tris(3,5-di-tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclononane 

(t-BuArO)3tacn). 

1.2 History	of	Uranium	Coordination	Chemistry	

Uranium was first discovered by M. H. Klaproth in 1789.[21] In nature, its most 

common form is in uranyl [O=UVI=O]2+, which is trans-bis-oxo, containing minerals 

such as schoepite, pitchblende, and uraninite, UIVO2. Of the most common three 

isotopes, 238U (99.28%), 235U (0.71%), and 234U (0.005%),[21] only the latter two can be 

used in nuclear fuels and thus UO2 is oxidized to gaseous UF6, which can separated in 

ultracentrifuges to enrich the fissile isotopes. The respective halides or oxides can in the 

next process step be reduced by alkali or earth alkali metals to give pure uranium 

metal.[21] The remaining 238U is called depleted uranium (DU) and is mainly used for 

applications using its high density and weight as one of the heaviest metals occurring in 

nature. DU is nowadays also the main source for chemical transformations, while in the 

last century mainly uranyl containing minerals, different oxides, halides, or nitrates 

were used as starting materials for the development of uranium chemistry. While 

uranium nitride, carbides, and other materials are well known for several decades,[21] 

their preparation as coordination compounds is complicated and thus the first uranium 

nitride complex was synthesized only recently by Liddle et al. (Scheme 1.5).[22] 
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Scheme 1.5: Synthesis of the uranium nitride complex [Na@2 12C4][(TRIPStren)UV(N)]. 

The discovery of uranium organometallic chemistry started in the 50's of the last 

century,[23] when L. T. Reynolds and G. Wilkinson synthesized the first of several 

organouranium compounds with [(Cp)3U
IV(Cl)] (Cp = cyclopentadienyl) in 1956[24]. 

Due to the large ionic radius of uranium, the ring size is very important regarding the 

number of rings to be coordinated. With Cp, both a homoleptic uranium(III) complex 

with three ligands [UIII(η5-Cp)3],
[25] and a uranium(IV) compound bearing four ligands 

[U(η5-Cp)4] were first synthesized by E. O. Fischer and co-workers in the early 

1960's.[26] The most prominent example of this type of compounds is the sandwich 

complex Uranocene [UIV(η8-COT)2] (COT = cyclooctatetraene), first proposed by R. D. 

Fischer[27] and synthesized five years later by A. Streitwieser and U. Müller-

Westerhoff.[28] As this molecule has no direct counterpart in transition metal chemistry, 

its synthesis stimulated new interest in organoactinide chemistry and comparisons with 

organotransition-metal chemistry. Thus, several studies using Uranocene or related 

compounds bearing COT ligands have been published.[29] In 1992, the first inverted 

uranium sandwich complex [{([t-Bu]MesCN)3U}2(µ-η8:η8-COT)] was synthesized by 

P. L. Diaconescu and C. C. Cummins.[30] 

Organouranium chemistry has reached a high level of sophistication in the past 

years,[31] and a large number of catalytically active organoactinide species have been 

investigated, for e.g. catalytic C‒C, C‒N, C‒O, or C‒S bond forming reactions.[32] 

While the organometallic chemistry has been developed for 50 years, a breakthrough 

and thus starting point into the intensified investigation and wider interest into the 

coordination chemistry of uranium was the availability of the uranium(III) precursor 

[UIII(I)3(THF)4] that is prepared from bare metal turnings via oxidation with iodine in 

THF, and the tristrimethylsilylamide compound obtained from its reaction with 

Na[N(SiMe3)2], [U
III(N(SiMe3)2)3] (Scheme 1.6), that were first reported by D L. Clark, 

A. P. Sattelberger and R. A. Andersen in 1997.[33] 
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Scheme 1.6: [UIII(I)3(THF)4] and synthesis of [UIII(N(SiMe3)2)3]. 

Using these precursor complexes, a wide variety of (chelating) ligands was used to 

prepare new complexes with previously unreported properties and new chemistry, such 

as e.g. dinitrogen activation shown first by Scott et al. in 1998 and later by Cummins et 

al. and Arnold et al. (Scheme 1.7).[34] 

 

Scheme 1.7: The first uranium dinitrogen complexes [{(DMTBtren)U}2(μ-η2:η2-N2)], 

[(Mes[t-Bu]N)3U(μ-η1:η1-N2)Mo(N[t-Bu]Ph)3], and [{(ArO)3U}2(μ-η2:η2-N2)]. 

1.3 Uranium	Complexes	of	the	(R,R'ArO)3tacn3−	Ligand	

1.3.1 First	Generation	‒	(t‐Bu,t‐BuArO)3tacn3−	

In 2002, Meyer et al. introduced the 1,4,7-tris(3,5-di-tert-butyl-2-hydroxybenzyl)-

1,4,7-triazacyclononane ((t-Bu,t-BuArOH)3tacn, or (t-BuArOH)3tacn)[18] to the field of 

actinide coordination chemistry, chelating uranium(III). Therefore, the ligand was 

reacted with the uranium trisamide precursor [((Me3Si)2N)3U
III], resulting in the highly 

reactive uranium(III) complex [((t-BuArO)tacn)UIII].[35] 

In this compound, the uranium(III) is coordinated by the three oxygen atoms of the 

phenolate arms, and the three nitrogen atoms of the anchor. Due to the large ionic radius 

of the metal, the coordination cannot be described as octahedral, but the compound has 

C3 symmetry with the uranium center being located 0.750 Å below the plane spanned 
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by the three phenolate oxygens; this distance is described as out-of-plane shift (OOP) 

throughout this thesis. The U‒Oav distances are 2.24 Å, the U‒Nav distances are long 

with 2.67 Å.[35] This coordination results in a wide open and easily accessible axial 

cavity, predestinated for small molecule activation by the highly reducing uranium(III) 

center. 

 

 

Figure 1.1: Molecular structure of [((t-BuArO)3tacn)UIII] in crystals of 

[((t-BuArO)3tacn)UIII] · 2 C5H12 (top),[36] and space filling model (bottom).[37] 
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1.4 Second	Generation	‒	(Ad,t‐BuArO)3tacn3−	

To increase the steric pressure, narrow the cavity and thus to shield this highly 

reactive uranium(III), the ligand's ortho-tert-butyl groups were exchanged for the bulky 

adamantyl group (Ad). The resulting ligand 1,4,7-tris(3-adamantyl-5-tert-butyl-2-

hydroxybenzyl)-1,4,7-triazacyclononane ((Ad,t-BuArOH)3tacn, or (AdArOH)3tacn), 

Scheme 1.8) can be obtained in a similar reaction as the tert-butyl derivative, using the 

adamantyl derivatized phenol in the Mannich reaction.[38] 

 

Scheme 1.8: 1,4,7-tris(3-adamantyl-5-tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclo-

nonane (AdArOH)3tacn). 

The uranium(III) complex bearing this second generation ligand, [((AdArO)tacn)UIII], 

is obtained in the same reaction with [((Me3Si)2N)3U
III] and shows the desired 

coordination. The sterically demanding adamantyl groups in ortho-position of the 

phenolate arms form a deep cylindrical cavity and shield the uranium center better than 

the smaller t-Bu groups, but the metal is still accessible for small molecule activation.[38] 

In this case, the uranium is located deeper below the aryl oxygen plane, the OOP is 

approximately 0.85 Å, U‒Oav and U‒Nav distances are 2.25 and 2.65 Å, respectively.[38] 
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Figure 1.2: Molecular structure of [((AdArO)3tacn)UIII] in crystals of 

[((AdArO)3tacn)UIII] · C6H14 (top),[38] and space filling model (bottom).[37] 

 



Chapter 1: Introduction into the tacn Ligand System and Uranium Coordination Chemistry 

10 

1.5 Small	Molecule	Activation	of	CO	and	CO2	at	Uranium	

1.5.1 Overview	

Within the past years, the small molecule activation chemistry of low valent uranium 

complexes was studied extensively.[37, 39] The first carbon monoxide complex of 

uranium was obtained in 1986, treating [((Me3Si)Cp)3U
III] with CO.[40] In lieu of an X-

ray crystallographic study, the formation of [((Me3Si)Cp)3U
III(CO)] with a reversibly 

bound CO was observed with infrared spectroscopy. A decade later, a similar complex 

bearing the Me4Cp ligand, [(Me4Cp)3U
III(CO)], was also characterized by XRD.[41] 

Varying the size of the organic ligands does lead to a variety of different compounds. 

Using [(Cp*)3U
III], the terminal carbonyl complex [(Cp*)3U

III(CO)] is formed as well 

(Scheme 1.9).[42] 

 

Scheme 1.9: Reaction of different organometallic uranium(III) complexes with CO to 

give a reversibly bound linear CO compound, µ-η1:κ2-deltate, or µ-κ2:κ2-squarate 

complexes. 
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Exchanging one of the Cp* ligands for 1,4-(Si-i-Pr3)2-cyclooctatetraene (1,4-(Si-

i-Pr3)2-COT), the complex is too sterically encumbered for a third Cp*; thus, the site is 

filled with a solvent molecule. Reacting [(1,4-(Si-i-Pr3)2-COT)(Cp*)UIII(THF)] with 

excess CO, the highly interesting bridging deltate (C3O3)
2− complex [{(1,4-(Si-i-Pr3)2-

COT)(Cp*)UIV}2(µ-η1:η2-C3O3)] is obtained.[43] Changing only one methyl group of 

Cp* for hydrogen (Me4HCp), resulting in [(1,4-(Si-i-Pr3)2-COT)(Me4HCp)UIII(THF)], 

the corresponding squarate (C4O4
2−) complex [{(1,4-(Si-i-Pr3)2-COT)(Me4HCp)UIV}2-

(µ-η2:η2-C4O4)] can be isolated upon treatment with excess CO (Scheme 1.9).[44] 

Amending the steric demand slightly by using [((1,4-(Si-i-Pr3)2-COT)(Cp*)UIII], the 

ethyne diolate complex [{(1,4-(Si-i-Pr3)2-COT)(Cp*)UIV}2(µ-η1:η1-C2O2)] is obtained 

(Scheme 1.10).[45] A mechanistic study proved a zig-zag-shaped transition state to be 

the key intermediate. Exess CO leads addition of another CO to this intermediate and 

formation of the aforementioned deltate complex. Using a mixture of CO and H2 for the 

reaction, the methoxide complex [((1,4-(Si-i-Pr3)2COT)(Cp*)UIV(OMe)] is obtained 

(Scheme 1.10).[46] 

 

Scheme 1.10: Equimolar reaction of [((1,4-(Si-i-Pr3)2-COT)(Cp*)UIII] with CO to form 

the ethyne diolate complex [{(1,4-(Si-i-Pr3)2-COT)(Cp*)UIV}2(µ-η1:η1-C2O2)], or 

CO/H2 to form the methoxide [((1,4-(Si-i-Pr3)2COT)(Cp*)UIV(OMe)]. 

Recently, Arnold et al. and Liddle et al. found similar reactivity of different low 

valent uranium compounds to reductively couple carbon monoxide to ethyne diolate.[47] 

Therefore, the very simple trisamide complex [((SiMe3)2)N)3U
III] or the triamido 

uranium complex [(DMSBtren)UIII][34a] (DMSBtren = N(CH2CH2NSiMe2-t-Bu)3) were 
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treated with excess CO to give [{[((SiMe3)2)N)3U
IV}2(µ-η1:η1-OCCO)],[47a] or 

[{(DMSBtren)UIV}2(µ-η1:η1-OCCO)],[47b] respectively (Scheme 1.11 ). In both cases, the 

ethyne diolate inserts upon heating into one of the ligands. In one case, an ethylene 

diolate is formed, in the other case the insertion results in an asymmetric µ-oxo complex 

with one pentacoordinate and one hexacoordinate uranium(IV). 

 

Scheme 1.11: Synthesis of the µ-η1:η1-ethyne diolate complexes [{[((SiMe3)2)N)3U
IV}2-

(µ-η1:η1-OCCO)], and [{(DMSBtren)UIV}2(µ-η1:η1-OCCO)] and following insertions. 

Treating [((t-BuAr)O3tacn)UIII] with CO, a mixed valence uranium(III/IV) complex 

{((t-BuAr)O3tacn)UIII/IV}2(µ-CO)] is formed (Scheme 1.12).[48] 

 

Scheme 1.12: Synthesis of the mixed valence complex [{((t-BuArO)3tacn)UIII/IV}-

(µ-CO)]. 
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Not only CO can be activated at highly reducing uranium(III) centers. In the 80's, 

Andersen et al. presented the formation of a CS2-complex from the reaction of an 

organometallic uranium(III) complex with CS2.
[49] 

 

Scheme 1.13: Synthesis of the µ-CS2 and µ-S complexes from [(R-Cp)2U
III(THF)] with 

CS2 and COS, respectively. 

In the resulting complex [{(R-Cp)2U
IV}2(µ-η2:η1-CS2)] (R = Me, SiMe3), no further 

reaction was observed (Scheme 1.13, top). With COS, the same complex reacted to the 

µ-sulfide complex under release of CO (Scheme 1.13, bottom).[50] 

 

Scheme 1.14: Synthesis of the µ-O complex [{(SiMe3Cp)2U
IV}2(µ-O)]. 

Very recently, L. Castro and L. Maron studied the different mechanisms using DFT 

to give insight into the formation of the different compounds.[51] These are due to the 

differences in stability of CS, which is not stable, and CO.[52] Ephritikhine et al. showed 

that a µ-oxo complex is obtained upon reaction of the uranium(III) with CO2 

(Scheme 1.14).[53] Again, CO formation is the driving force in this reaction. 
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Over two decades later, Cloke et al. demonstrated that CO2 can be reductively 

coupled by the organouranium complexes [(R2-COT)(Me4(Si(i-Pr)3)Cp)UIII(THF)] 

(R = H, Me) to form a bridging carbonate complex [(R2-COT)(Me4(Si(i-Pr)3)Cp)UIV}2-

(µ-κ2:η1-CO3)] (Scheme 1.15).[54]  

 

Scheme 1.15: Synthesis of the µ-κ2:η1-carbonate complex [(R2-COT)-

(Me4(Si(i-Pr)3)Cp)UIV}2(µ-κ2:η1-CO3)] from CO2. 

This type of chemistry was later also observed by Lam et al. using the single 

nitrogen anchored trisaryloxide ligand system (AdArO)3N
3− (see Chapter 7), a mesityl-

anchored trisaryloxide,[55] or most recently, with the neo-pentyl derivative of the 

(RArO)3tacn3− ligand by Schmidt et al. (vide infra). Even though the reactions yield 

similar products, they are still dissimilar as the reaction mechanisms are different and 

strongly influenced by steric pressure around the metal centers. In all cases, µ-CO2 

complexes are formed first. While in the mesityl-trisaryloxide system CO is released to 

give a µ-oxo intermediate, which is then attacked by another molecule of CO2, Clokes 

organometallic µ-CO2 reacts first with the second molecule of CO2 to form a µ-C2O4 

intermediate, followed by CO release to give the µ-CO3. 

CO2 also inserts into uranium-carbon bonds. In the case of the rare uranium(III)-alkyl 

complex [(Tp*)2U
III(CH2Ph)] (Tp* = hydrotris(3,5-dimethylpyrazolyl)borate), the inser-

tion product [(Tp*)2U
III(κ2-OCOCH2Ph)] is formed (Scheme 1.15, top),[56] in case of the 

organometallic uranium(IV) complex [(Cp*)2U
IV(CCPh)2], pressurizing the compound 

with CO2 leads to double insertion to give [(Cp*)2U
IV(κ2-OCOCCPh)2] (Scheme 1.16, 

bottom).[57] 
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Scheme 1.16: CO2 insertion reactions into U‒C bonds to form κ2-CO3 complexes. 

Similar reactivity is observed upon treatment of thiolate complexes with CO2. 

Insertion into the uranium-sulfur bond in [(Cp*)2U
IV(S-t-Bu)2] leads to formation of the 

thiocarbonate complex [(Cp*)2U
IV(κ2-OCOS-t-Bu)2] (Scheme 1.17).[58] 

 

Scheme 1.17: CO2 insertion into U‒S bonds to form the κ2-CO2S complex [(Cp*)2U
IV-

(κ2-OCOS-t-Bu)2]. 

These examples of carbon monoxide and carbon dioxide activation at different 

uranium(III) complexes show that the ligand environment is crucial for the observed 

reaction, and also small changes in the ligand can result in different reactivity and 

products. Therefore, different uranium complexes of the trisaryloxide-tacn systems were 

tested for their reactivity towards CO2 and other related small molecules. 
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1.5.2 A	Uranium(IV)‐µ‐Oxo	Complex	

As mentioned before, the uranium(III) complex [((t-BuArO)3tacn)UIII] could be 

proven to be a highly reactive compound due to its low oxidation state and the easily 

accessible, coordinatively unsaturated metal center, which makes it a perfect tool for 

small molecule activation. Thus, its reactivity towards CO2 was tested. As expected, the 

uranium(III) does react quickly, resulting in a green product. Nevertheless, this product 

was not characterized as the terminal uranium(V) oxo complex, but the uranium(IV) 

µ-oxo complex [{((t-BuArO)3tacn)UIV}2(µ-O)].[35] Most likely, this complex forms via a 

µ-carbonate intermediate, which is unstable and decomposes to the observed µ-oxo and 

carbon monoxide (Scheme 1.18).[48a] 

 

Scheme 1.18: Synthesis of the µ-O complex [{((t-BuArO)3tacn)UIV}(µ-O)]. 

Due to the interdigitation of the t-Bu groups in ortho-position of the aryloxide arms 

of the tacn-ligand leading to complete shielding of the metal centers and the µ-oxo, this 

complex is very stable and does not react with any further substrate. Therefore, it is also 

often observed as undesired product or byproduct in other reactions. 

1.5.3 A	Uranium(IV)‐CO2	 Complex	 ‒	A	New,	 Linear	 Coordination	

Mode	for	Carbon	Dioxide	

In contrast to the t-Bu derivatized uranium(III) complex, the adamantyl counterpart 

[((AdArO)3tacn)UIII] cannot form a µ-oxo complex due to the greater steric demand of 

the Ad groups, leading to the deep, cylindrical pocket formed by this ligand. Treatment 

of [((AdArO)3tacn)UIII] with 1 equivalent of CO2 leads to the formation of a colorless 

product, hinting to an oxidation state of uranium(IV). With single crystal X-ray 
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diffraction crystallography, this complex was characterized as a uranium complex with 

linearly coordinated CO2, [((
AdArO)3tacn)UIV(OCO)] (Scheme 1.19).[59]  

 

Scheme 1.19: Synthesis of the linear CO2 complex [((AdArO)3tacn)UIV(OCO)]. 

Typical coordination modes are η1-CO2,
[60] and η2-OC(O),[61] while this new 

coordination mode is η1-OCO. This coordination mode has never been observed prior to 

this compound, Due to the fact that this CO2 ligand features a monoanionic ligand 

radical, it is likely that uranium can also stabilize other charge separated complexes. 

1.5.4 A	Uranium(IV)‐Ketyl	Complex	

With di-t-Bu-benzophenone, the uranium(III) complex [((t-BuAr)O3tacn)UIII] reacts to 

a purple compound.[62] The color and its UV/vis spectrum are similar to the ones of 

sodium benzophenone, a charge separated ketyl radical, which is widely used to test the 

dryness of organic solvents. The solid state structure does reveal a slightly bent U–O–C-

bond angle with 159.6°, and U–O and O–C-distances of 2.178 and 1.334 Å, respectively. 

Along with all spectroscopic data and DFT analysis, this complex could be described as 

the open-shell charge separated ketyl radical complex [((t-BuAr)O3tacn)U-

(O‒C(t-BuPh)2
•−)] (Scheme 1.20).[62] 

 

Scheme 1.20: Synthesis of the ketyl complex [((t-BuArO)3tacn)UIV(O-C(t-BuPh)2
•−)]. 
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Four different resonance structures can be drawn for this compound (Scheme 1.21), 

out of which three are formal uranium(IV) compounds with charge separated radical 

anionic ligand, and one resonance structure with formal uranium(III) and a neutral 

ketone ligand. 

 

Scheme 1.21: Different possible resonance structures for a uranium ketyl complex. 

R and R' = t-Bu. The chelating (t-BuArO)3tacn3– ligand is omitted. Only one of the 

possible resonance structures of the ortho- and para- radical forms are depicted. 

SQUID magnetization, measuring the magnetic and thus electronic properties, 

through the number of unpaired electrons, is one of the best tools for the determination 

of oxidation states. While closed-shell uranium(IV) complexes with the non-magnetic 

singlet ground-state typically exhibit magnetic moments µeff of 0.4 µB, the ketyl 

complex shows a µeff of 1.6 µB in agreement with a charge separated species.[62] DFT 

calculations displayed electron density spread over various MOs on the ketyl ligand, the 

uranium center and barely the phenolate oxygen atoms of the tacn ligand. This all hints 

to the description as uranium(IV) with a coordinated radical anionic ligand.[62] 

Treatment of this ketyl complex with a hydrogen radical source, such as 

cyclohexadiene, results in color change to green and the formation of the corresponding 

alkoxide complex [((t-BuAr)O3tacn)UIV(O–CH(t-BuPh)2)].
[62] In the solid state structure, 

the U–O–C-bond angle linearizes with 178.4°, the U–O-distances shortens to 2.077 Å, 

while the O–C-distance is longer with 1.406 Å. All spectroscopic details are in 

agreement with a closed shell uranium(IV) complex with alkoxide ligand.[62] 

Uranium(III) does also react with unsubstituted benzophenone, but the purple ketyl 

complex cannot be isolated. Instead, a mixture of the alkoxide complex and a dimerized 

product formed though C–C-bond formation between two ketyl ligands is observed. 

This dimerization shows the high reactivity of the ketyl complexes obtained with the 

(t-BuArO)3tacn3− ligand.[62] 
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1.5.5 Diketone	Chemistry	and	Reductive	CO2	Coupling	

The uranium(III) complex [((t-BuArO)3tacn)UIII] does react with 1,2-diketones such as 

benzil (1,2-diphenylethane-1,2-dione) or 1,2-di-t-Bu-ethane-1,2-dione to give isolable 

products.[63] The species that form in this reaction depend on the stoichiometry of the 

educts. In an equimolar reaction of the uranium(III) complex and benzil, a uranium(IV) 

complex with cis-benzil-ketyl-ligand, [((t-BuAr)O3tacn)UIV(κ2-(OC(Ph)C(Ph)O)•−)], 

which again is a charge separated species, is formed (Scheme 1.22).[63] 

 

Scheme 1.22: Synthesis of the cis-benzil complex [((t-BuAr)O3tacn)UIV-

(κ2-(OC(Ph)C(Ph)O)•−)]. 

The assignment of the ligand as a monoanionic radical form of the diketone was 

achieved via C–C and C–O bond length analysis, a tool transferred to the uranium 

complexes from Wieghardt's study on first-row transition-metal diketone-based 

complexes.[64] In contrast, 2 equivalents of uranium(III) with 1 equivalent of benzil 

results in the formation of a compound with bridging, dianionic trans-benzil ligand 

(Scheme 1.23). Again, the C–C and C–O bond length analysis was sufficient to assign 

the ligand as dianionic.[63] 

While the benzil-ketyl complex is unreactive towards CO2, the new bis-uranium(IV) 

complex [{((t-BuArO)3tacn)UIV}2(µ-(OC(Ph)C(Ph)O))] now reacts with CO2 in a totally 

different way as described for [((t-BuArO)3tacn)UIII].[63] For the characterization of this 

reaction, the analogue compound with t-Bu groups instead of phenyl rings was used. In 

the isolated product obtained from the reaction of [((t-BuArO)3tacn)UIII] with 1,2-di-

t-Bu-ethane-1,2-dione, immediately followed by treatment with 1 atmosphere CO2, the 

carbon dioxide inserted into the enolate, resulting in the formation of a new C–C bond 

(Scheme 1.22).[63] The CO2 fragment is bound in η2 fashion. Reduction of the CO2 

insertion product yields a triketone complex, as shown in Scheme 1.23.  



Chapter 1: Introduction into the tacn Ligand System and Uranium Coordination Chemistry 

20 

 

Scheme 1.23: Synthesis of the trans-benzil complex [{((t-BuAr)O3tacn)UIV}2-

(µ-η1:η1-(OC(R)C(R)O))], CO2 insertion to give [{((t-BuAr)O3tacn)UIV}2-

(µ-κ2:κ2-(OOCO(R)C(R)O))], and formation of the triketone [{((t-BuAr)O3tacn)UIV}2-

(µ-η1:κ2-(OC(R)COC(R)O))] upon its reduction.[63] 

These compounds could prove that uranium can be used for metal mediated CO2 

insertion into enolates. Due to the fact that in this CO2 insertion both the oxidation state 

of the metal and the enolate coordination do not need to change, and no metal-carbon 

bond cleavages are necessary, these results have the potential to lead to metal mediated 

reductive coupling of CO2 for the formation of small organic molecules.[63] 
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1.5.6 Reductive	CO2	Conversion	to	Carbonate	and	CO	

One of the most recent versions of the tacn-anchored ligand systems is the neo-pentyl 

(NP) derivatized 1,4,7-tris(2-hydroxy-3-neo-pentyl-5-methylbenzyl)-1,4,7-triazacyclo-

nonane trianion (NPArO)3tacn3−.[65] Treating the respective uranium(III) complex of this 

system, [((NPArO)3tacn)UIII], with N2O, a µ-oxo complex [{((NPArO)3tacn)UIV}2(µ-O)] 

was isolated, which can be reduced back with KC8, leaving K2O and graphite as 

byproducts. Reacting the µ-oxo compound with CO2, the bridging carbonate complex 

[{((NPArO)3tacn)UIV}2(µ-κ2:κ2-CO3)] is formed.[65] The µ-carbonate is also obtained 

directly from the starting trivalent complex upon treatment with CO2 via reductive 

coupling, and with reduction with KC8 the starting material can be recycled as well. In 

this reaction, K2CO3 is created as byproduct. With that, a cycle for carbonate formation 

from CO2, using trivalent [((NPArO)3tacn)UIII], could be closed (Scheme 1.24).[65] 

 

Scheme 1.24: Cycle for reductive CO2 coupling at the trivalent uranium complex 

[((NPArO)3tacn)UIII] and carbonate formation upon reduction with KC8. 
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1.5.7 CO2	Insertion	in	U‒N	Bonds	

Reaction of the uranium(III) precursor [((RArO)3tacn)UIII] with 2,4,6-trimethylaniline 

results the uranium(IV) amide complex [((RArO)3tacn)UIV(NHMes)] (Scheme 1.25).[66] 

Treatment of this compound with CO2 leads to formation of two different insertion 

products, depending on the alkyl substituent in ortho-position of the ligand. In case of 

the t-Bu derivative [((t-BuArO)3tacn)UIV(OC(O)NHMes)] the formed carbamate is 

coordinated end on, while for the Ad counterpart [((AdArO)3tacn)UIV(κ2-OCONHMes)] 

the carbamate is coordinated in κ2-fashion (Scheme 1.25).[66] 

 

 

Scheme 1.25: Synthesis of uranium(IV) mesitylamido complexes [((RArO)3tacn)UIV-

(NHMes)] (top), and the CO2 insertion products [((t-BuArO)3tacnUIV(OC(O)NHMes)] 

and [((t-BuArO)3tacnUIV(κ2-OCONHMes)] (bottom).[66] 
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1.5.8 Terminal	Uranium(V)	Mono	Imido	and	Oxo	Complexes	

As mentioned before, no terminal oxo complex could be obtained from direct 

reaction of CO2 with the uranium(III) precursors [((t-BuArO)3tacn)UIII] and 

[((AdArO)3tacn)UIII] due to the formation of different products. Nevertheless, it is 

possible to create terminal uranium(V) oxo complexes upon conversion of uranium(V) 

imido complexes with CO2. 

The reaction of uranium(III) with azides gives different products, depending on the 

chemical nature of the azide. While treatment of the uranium(III) complexes 

[((RArO)3tacn)UIII] with trimethylsilylazide (Me3Si-N3), or reaction of [((t-BuArO)3tacn)-

UIV(Cl)] with sodium azide leads to the formation of a uranium(IV) azide complex 

[((RArO)3tacn)UIV(N3)],
[59, 67] treatment of [((t-BuArO)3tacn)UIII(ACN)] with Me3Si-N3 

as well as the reaction of [((RArO)3tacn)UIII] with organic azides such as phenylazide 

(Ph-N3) or mesitylazide (Mes-N3) leads to the formation of terminal uranium(V) imides, 

[((RArO)3tacn)UV(NTMS)],[67] and [((RArO)3tacn)UV(NPh)] or [((RArO)3tacn)UV-

(NMes)],[66] respectively (Scheme 1.26). N2 is released in an instantaneous reaction, and 

the uranium is oxidized by two electrons to uranium(V), an oxidation state that is not 

common, since the most stable oxidation states of uranium are +IV and +VI. 

 

Scheme 1.26: Synthesis of uranium(V) mesitylimido complexes [((RArO)3tacn)UV-

(NMes)]. 

While the reactions of the uranium(III) complexes [((RAr)O3tacn)UIII] do not lead to 

terminal oxo formation but divers other products (vide supra), treatment of the dark 

brown mesitylimido complexes [((RArO)3tacn)UV(NMes)] with CO2 results in ligand 

exchange of the imido ligand for terminal oxo and formation of mesitylisocyanate as a 

byproduct (Scheme 1.27).[66] A likely intermediate of this [2+2] cycloaddition is a metal 

carbimato species.[66] Using this route, uranium(V) mono-oxo complexes of the tacn-

ligand system without a ligand trans to the terminal oxo have been synthesized. 
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Again, these complexes are special in several respects: the oxidation state +V is 

uncommon for uranium, terminal mono-oxo complexes with this actinide metal are still 

scarce, since the most common form of high valent uranium are di-oxo compounds of 

uranyl geometry ([O=UVI=O]2+), and no trans-ligand is bound, as is in most other 

terminal uranium oxo complexes. 

 

Scheme 1.27: Synthesis of uranium(V) terminal mono-oxo complexes 

[((RArO)3tacn)UV(O)] via multiple bond metathesis from [((RArO)3tacnUV(NMes)] with 

carbon dioxide.[66] 

The uranium(V) oxo and imido complexes presented in this section, along with the 

above mentioned uranium(III) precursors, were the basis of the chemistry of the next 

chapters of this thesis. 
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2 Uranium(VI)	Oxo	complexes	 ‐	The	Role	of	 the	 Inverse	

Trans‐Influence	

2.1 Introduction	

The uranyl trans-dioxo moiety [O=U=O]2+ is the predominant chemical feature of 

extant molecular uranium complexes.[1] Given the central importance of uranium as a 

nuclear fuel, significant theoretical and experimental work has been pursued to 

understand the unusual electronic structure of uranyl,[1,2] which is strikingly dissimilar 

from that of the analogous transition metal dioxo complexes. While such questions of 

electronic and molecular structure are central to the further development of bonding 

theory and coordination chemistry, they are also important to the development of 

essential technologies – namely, methods for uranyl sequestration and chemical 

remediation. Recent reports have documented significant progress on both goals.[3] In 

this context, it is remarkable to note that terminal uranium(VI) mono-oxo complexes 

remain an exceedingly rare class of compounds.[4] The coordination chemistry and 

reactivity of these complexes is governed by their unique electronic structure. This 

structure is analogous to the valence-core orbital mixing that drives the thermodynamic 

stability of uranyl.[2a,5] In this article we report the synthesis and characterization of 

uranium(VI) mono-oxo complexes in order to further address these issues. 

We previously reported the synthesis of uranium(V) terminal mono-oxo complexes 

via multiple-bond metathesis of a high valent uranium(V) mesitylimido complex with 

CO2 (see Chapter 1.5.8).[4d] These uranium(V) oxo complexes were obtained for two 

different ligands, both consisting of a triazacyclononane (tacn) backbone with three 

aryloxide arms (RArO)3tacn3– with different ortho-substituents R (R = tert-butyl (t-Bu), 

1-t-Bu, and adamantyl (Ad), 1-Ad). These seven-coordinate complexes, as for most of 

the tacn based compounds, present with axial coordination of the oxo ligand. This 

arrangement forms a trigonal pyramidal coordination of the oxygen atoms around the 

uranium core. Thus, the compounds are C3v symmetric. Given the unusual structural 

features of the only two crystallographically characterized uranium(VI) mono-oxo 

complexes known at the start of our studies, ([UCl5O][PPh4]
[4a] and Cp*2U(NAr)(O), 

Ar = 2,6-diisopropyl-phenyl),[4b] we were motivated to explore the oxidation of 

complexes 1-t-Bu and 1-Ad. 
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2.2 Results	and	Discussion	

Initial studies of the uranium(V) oxo complexes (1-t-Bu and 1-Ad) by cyclic 

voltammetry revealed a reversible oxidation to uranium(VI) at –0.13 V vs. Fc+/Fc for 

1-t-Bu and –0.19 V vs. Fc+/Fc for 1-Ad (see Chapter 2.4.4). Chemical oxidation of an 

orange-red solution of 1-t-Bu in methylene chloride with 1 equivalent of AgSbF6 

afforded, after workup, 86 % yield of 2-t-Bu, as a deep black powder (Scheme 2.1).  

 

Scheme 2.1: Oxidation of [((RArO)3tacn)UV(O)] (1-R) with 1 equiv. AgSbF6 to give 

[((RArO)3tacn)UVI(O)]SbF6 (2-R) or 1 equiv. AgOC(O)CF3 to form [((t-BuArO)3tacn) 

UVI(O)eq (OC(O)CF3)ax] (3-t-Bu). 

In contrast to the cleanly reversible electrochemical oxidation, solution structural 

studies indicated that chemical oxidation led to the isolation of a structurally rearranged 

product. It presents with CS symmetry as seen in, and supported by, its diamagnetic 
1H NMR spectrum in benzene-d6. Most telling, the aryloxide arms are no longer 

equivalent – rather the appropriate resonances are split in an approximate 2:1 ratio 

indicating the arms are related by a mirror plane.[6] The oxidation assignment as 

uranium(VI) was further confirmed by visible spectroscopy, which lacked any features 

attributable to metal based f–f transitions (see Chapter 2.4.3). This structural assignment 

was corroborated, reproducibly, by an XRD study, which confirmed that the complex is 

hepta-coordinate with the terminal oxo trans to a aryloxide and a non-coordinating 

SbF6
- anion (Figure 2.1).[7] 
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Figure 2.1: Solid state molecular structure of one molecule of [((t-BuArO)3tacn)UVI-

(O)eq]SbF6 (2-t-Bu · 3.5 C6H6). The non-coordinating anion, co-crystallized solvents, 

and hydrogen atoms are removed for clarity. Thermal ellipsoids are at 50 % probability. 

Selected bond lengths (Å) and angles (): U1–O4: 1.836(6); U1–O2: 2.063(5); U1–O3: 

2.092(6); U1–O1: 2.154(5); O4–U1–O2: 148.6(2); C9–O1–U1: 125.0(5); C24–O2–U1: 

152.9(4); C39–O3–U1: 141.5(5). 

In order to explore the role of a potentially coordinating anion in determining the oxo 

coordination mode, the oxidation of 1-t-Bu by AgOC(O)CF3 was performed. The 

complex [((t-BuArO)3tacn)UVI(O)eq(OC(O)CF3)ax] (3-t-Bu) was obtained in 90 % yield 

as a black-brown powder (Scheme 2.1). The 1H NMR spectrum of 3-t-Bu is similar to 

that of 2-t-Bu, but in this case all three arms have different chemical environments.[8] 

Crystallization of 3-t-Bu by slow diffusion of n-hexane into a concentrated solution of 

3-t-Bu in a mixture of DME (1,2-dimethoxyethane) and benzene gave single crystals of 

3-t-Bu DME suitable for a crystallographic study (Figure 2.2). The only significant 

connectivity difference between that of 2-t-Bu and 3-t-Bu is that the supporting anion 

(F3C(O)CO–) is bound to the metal in the axial site, yielding a pseudo-CS symmetric 

octa-coordinate complex. 

At first examination, the solid-state structures of 2-t-Bu and 3-t-Bu appear 

superimposable. The bond lengths of the terminal uranium oxo ligands are similar with 

1.836(6) and 1.820(6) Å (2-t-Bu)[9] and 1.811(2) Å (3-t-Bu) and are both slightly 

shortened compared to the bond length of the uranium(V) precursor, which is 

1.848(8) Å.[4d] These bond lengths reasonably agree with those of the previously 

characterized uranium(VI) terminal oxo compounds: du Preez's [U(O)Cl5][PPh4], U=O: 
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1.76(1) Å;[4a] Burns' [Cp*2U(O)(NAr)], U=O: 1.844(4) Å;[4b] and Hayton's most 

recently reported [(2-CH2SiMe2NSiMe3)(N(SiMe3)2)2U(O)], U=O: 1.800(2) Å.[4c]  

 

Figure 2.2: Solid state molecular structure of [((t-BuArO)3tacn)UVI(O)eq(OC(O)CF3)ax] 

(3-t-Bu · DME). Co-crystallized solvent and hydrogen atoms are removed for clarity. 

Thermal ellipsoids are at 50 % probability. Selected bond lengths (Å) and angles (): 

U1–O4: 1.811(2); U1–O3: 2.058(2); U1–O2: 2.140(2); U1–O1: 2.161(2); U1–O5: 

2.350(2); O4–U1–O3: 159.67(6); C9–O1–U1: 130.0(2); C24–O2–U1: 147.9(2); C39–

O3–U1: 157.7(2). 

However, on closer inspection the two structures differ in crucial aspects. The most 

striking feature of seven-coordinate 2-t-Bu and eight-coordinate 3-t-Bu is that the 

terminal oxo is displaced towards (2-t-Bu) or lies in the equatorial plane (3-t-Bu) (as 

defined by the aryloxide arms of the ligand). The geometric distortion created in the 

ligand is most pronounced in 3-t-Bu. One aryloxide arm is trans to the oxo (O4–U1–

O3: 159.67(6)) and the other two are disposed cis (O4–U1–O2: 89.26(6); O4–U1–O1: 

80.30(6); sum of angles around U1 in equatorial plane = 355.06). The trans aryloxide 

U1–O3 bond length, 2.058(2) Å, is about 0.1 Å shorter than the bond lengths of the cis 

aryloxides: the U1–O1 and U1–O2 bond distances are 2.161(2) and 2.140(2) Å, 

respectively. To the best of our knowledge, this phenomenon has been experimentally 

observed and reported only once previously in a uranium system, namely [UOCl5] 

[PPh4].
[4a] Similarly, in this complex the trans U–Cl bond is 0.103(3) Å shorter than the 

cis U–Cl bonds. This anomalous structural feature was originally rationalized by using 

an ionic, ligand-ligand repulsion model, whereby the trans chloride would experience 
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the least repulsion.[4a] More modern treatments, based on molecular orbital theory, 

labeled the inverse trans-influence (ITI) by Denning,[2d] invoke the participation of core 

6p orbitals via hybridization with the valence 5f orbitals, which have the same 

parity.[5a,b] This argument is similar to that developed for rationalizing the preference of 

uranyl to adopt a linear geometry, and the involvement of the 6p core orbitals has been 

shown both theoretically and experimentally.[2a,2d] While the exact mechanism by which 

the 6p orbitals affect the ITI and whether other factors play a role, remains open to 

debate, the total thermodynamic stabilization due to the ITI has been estimated (by 

consideration of crystal packing forces) to be greater than 1 kcal mol−1.[10] 

In this context, it is revealing to further examine the U–O–Cipso bond angles in the 

structure of 3-t-Bu. The trans aryloxide is disposed nearly linearly from the uranium 

center with a U1–O3–C39 angle of 157.7(2). This angle is in contrast to the much more 

acute angles of the cis-aryloxides (U1–O2–C24: 147.9(2); U1–O1–C9: 130.0(2)). 

Aryloxides, like siloxides and alkoxides, are pseudo isolobal with oxos, imides, and 

cyclopentadienide ligands in that they can all act as 1-, 2-donors.[11] The linearity of 

this trans U–O–Cipso bond angle, in analogy to arguments established for the bon-ding 

of linear imides,[12] is indicative (but not conclusive) of  donation of the trans aryl-

oxide to the uranium center. It has been phenomenologically observed that M–O–Cipso 

bond lengths and angles do not correlate for electron-deficient early transition metals 

and lanthanides, which suggests that potential well to distort this angle is very shallow 

and that the bond is largely electrostatic.[13] For the complexes reported herein the 

correlation between the shortened U–O bond and the linearized U–O–Cipso bond angle 

implies that increased -donation may be the basis of this phenomenon (not just steric 

interaction).[14] 

Thus, it is tantalizing to consider that the electronic basis of this observed ITI may be 

derived from not just hybridization of the core 6pz (Z axis defined along the uranium-

oxo axis) orbital (which has been rationalized to provide the basis of ITI via primarily 

key -bonding orbitals), but also  interactions generated by the appropriate hybridi-

zation of the 6px and 6py orbitals with the valence 5f orbitals. In this regard, the driving 

force for the equatorial oxo may be derived from the ability to adopt a uranyl-like 

geometry, as similar  interactions have been proposed as key, albeit small, components 

of the stabilization of linear uranyl.[2a] Further crystallographic evidence for such an 

argument may be derived by considering the bond lengths in Hayton's complex, 
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[(2-CH2SiMe2NSiMe3)(N(SiMe3)2)2U(O)].[4c] The U–C bond lies trans to the uranium 

terminal oxo, however, the ability to form significant  bonds is absent, and this bond is 

not significantly shorter than the expected bond length for a  U(VI)–C bond (2.319(2) 

(XRD) vs. 2.353 - 2.377 Å (DFT)).[4c] The description of the crystallographic structure 

of 3-t-Bu is completed by noting that the supporting tacn framework undergoes dis-

tortion to accommodate the electronic preferences of the uranium(VI) oxo: in the U–N 

distances, U1–N3 (N3 is the tacn-N, where the trans-aryloxide is attached) is the 

longest bond with 2.818(2) Å, while U1–N1 and U1–N2 are significantly shorter by 

about 0.11 Å, with bond lengths of 2.692(2) and 2.696(2) Å, respectively. 

Complex 2-t-Bu, in contrast to 3-t-Bu, undergoes more subtle changes to 

accommodate an equatorial oxo ligand. Most important to note, the Ooxo–U–OtransArO in 

2-t-Bu is more acute and very much non-linear (O4–U1–O2: 148.6(2); O8–U2-O6: 

149.5(2) in 2-t-Bu vs. O4–U1–O3: 159.67(6) in 3-t-Bu). As a result, the uranium 

center in 2-t-Bu lies significantly below the plane defined by the supporting aryloxide 

oxygen atoms of the ligand (U1: 0.735(4); U2: 0.710(4) Å; Figure 2.3). This effect is 

also demonstrated by considering the sum of angles around U1 in equatorial plane is 

338.8 (sum of angles around U2 in equatorial plane = 339.7). As a result, 2-t-Bu does 

not present the ITI. The trans aryloxide U1–O2 bond length, 2.063(5) Å, is approxi-

mately the same as the cis aryloxides: the U1–O1 and U1–O3 bond distances are 

2.154(5) and 2.092(6) Å, respectively (trans: U2-O6: 2.066(5) Å; cis: U2–O7: 

2.064(6) Å; U2–O5: 2.123(6) Å). 

This pattern is reproduced in the DFT analysis of 2-t-Bu (vide infra). However, as in 

3-t-Bu, the trans aryloxide is disposed from the uranium center with a wide U1–O2–

C24 angle of 152.9(4) (U2–O6–C75: 152.9(5)). This angle is in contrast to the much 

more acute angles of the cis aryloxides (U1: U1–O3–C39: 141.5(5); U1–O1–C9: 

125.0(5); U2: U2–O5–C60: 123.8(5); U2–O7–C90: 141.6(6)). As in 3-t-Bu, the 

linearly disposed trans aryloxide may indicate -bonding and overall suggests that, for 

both 2-t-Bu and 3-t-Bu, the thermodynamic driving force for the equatorial distortion of 

the oxo ligand derives from the ability to adopt a uranyl-like geometry. In 3-t-Bu, the 

coordination of (F3C(O)CO−) linearizes the Ooxo–U–OtransArO angle (159.67(6)) by 

pulling the uranium ion into the plane of the coordinating oxygens (U1: 0.3802(8) Å 

displacement below the plane defined by the three aryloxide oxygens; Figure 2.3).  
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Figure 2.3: Overlay of core geometries of 2-t-Bu · 3.5 C6H6 (full bonds) and 

3-t-Bu · DME (dotted bonds). 

Therefore, 3-t-Bu has the correct geometry for the - and -orbitals of the trans 

aryloxide to mix with the valence 5f and core 6p orbitals to generate the observed ITI. 

Complex 2-t-Bu, absent this axial ligand and further displaced from the aryloxide 

oxygen plane, does not present with a strong ITI. As with 3-t-Bu, the tacn supporting 

framework of 3-t-Bu undergoes distortion to accommodate the equatorial oxo, wherein 

the longest U–N distance belongs to the tacn-N attached to trans aryloxide arm 

(U1‒N2: 2.643(6) Å; U(2)–N(5): 2.651(6) Å). However, the other two U–N distances 

(U1: U1–N1, 2.542(7) Å; U1–N3, 2.604(7) Å; U2: U2–N4, 2.557(7) Å; U2–N6, 

2.599(7) Å) are not as similar as they are in 3-t-Bu. 

Given the demonstrated thermodynamic preference of uranium(VI) oxo supported by 

the (RArO)3tacn3– ligand system to adopt a uranyl-like geometry, it is surprising that the 

minor modification of the ligand to include Ad groups at the ortho positions of the 

aryloxides is sufficient to stabilize a uranium(VI) terminal oxo complex without a trans 

- and -donating ligand. As indicated by the initial electrochemical studies of 1-Ad 

(vide supra), the chemical oxidation of 1-Ad with 1 equivalent of AgSbF6 in methylene 

chloride affords [((AdArO)3tacn)UVI(O)]SbF6 (2-Ad) as a deep black powder in 92 % 

yield.[15] Complex 2-Ad, in contrast to 2-t-Bu, presents with C3v symmetry in solution – 

all aryloxide arms are equivalent.[6] As with 2-t-Bu, the oxidation state assignment was 

further confirmed by the absence of f–f transitions in the visible spectrum, as well as a 

SQUID measurement that supports its description as diamagnetic. 
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Table 2.1: Selected experimental and calculated data for 3-t-Bu. 

Bond Expt. [Å] Calc. [Å] Bond Order 

U1–O1 2.1606(14) 2.192 1.21 

U1–O2 2.1398(14) 2.176 1.28 

U1–O3 2.0575(13) 2.120 1.35 

U1–O4 1.8113(13) 1.826 2.64 

U1–O5 2.3499(13) 2.324 0.81 

U1–N1 2.6919(16) 2.836 0.35 

U1–N2 2.6959(16) 2.828 0.34 

U1–N3 2.8183(16) 2.971 0.29 

 

In order to gain further insight into the nature of 3-t-Bu, we carried out restricted 

DFT calculations using a ZORA/TZP all-electron basis set on the whole molecule.[16] 

The principal features of the experimentally determined structure of 3-t-Bu are 

reproduced well by the calculations (Table 2.1), and we thus conclude the calculations 

provide a qualitative description of the electronic structure of 3-t-Bu. The calculated 

Mulliken charge for 3-t-Bu at uranium is +2.67, which shows significant charge 

donation from the ligands to uranium, and the aryloxide and oxo oxygen charges are 

−0.75 (av.) and −0.64, respectively. The Nalewajski-Mrozek bond indices reveal a 

formal U≡O triple bond and that the aryloxide oxygen centers are engaged in 

-donation to uranium. Importantly, the trend of a short U–O bond trans to the oxo 

group compared to the two cis U–O aryloxide bonds are reproduced, as is the trend of 

one long and two short U–N bonds. There is extensive delocalization of the valence 

molecular orbitals across the calculated structure of 3-t-Bu due to the numerous  and 

lone pair orbitals, and thus, it is unreasonable to expect an examination of individual 

molecular orbitals will provide insight into the ITI effect, since many orbitals in the 

manifold could contribute to it. 

To deconvolute the steric and electronic effects of the (F3C(O)CO–) group in 3-t-Bu 

with respect to the ITI, we geometry optimized the structures of the corresponding 

cationic axial and equatorial oxo isomers 2-t-Bu+
ax and 2-t-Bu+

eq without the 

(F3C(O)CO−) group. For 2-t-Bu+
ax, the U≡O and U–O bond distances were calculated to 

be 1.835 and 2.110, 2.136, and 2.155 Å. Importantly, the three U–O aryloxide bonds are 

now quite similar to each other. For 2-t-Bu+
eq, the corresponding U≡O bond distance is 

shorter at 1.827 Å. Additionally, the U–O bonds now fall into two groups; the trans 
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U‒O bond is calculated to be 2.111 Å and the two cis U–O bonds are 2.150 and 2.178 Å 

(see Table 2.2). 

Table 2.2: Selected experimental and calculated data for 2-t-Bu. 

Bond Expt. [Å] Calc. [Å] Bond Order 

U1–O1 2.154(5), 2.123(6) 2.178 1.28 

U1–O2 2.063(5), 2.066(5) 2.111 1.42 

U1–O3 2.092(6), 2.064(6) 2.150 1.36 

U1–O4 1.836(6), 1.820(6) 1.827 2.67 

U1–N1 2.542(7), 2.557(7) 2.648 0.43 

U1–N2 2.643(6), 2.651(6) 2.786 0.42 

U1–N3 2.604(7), 2.599(7) 2.665 0.44 

 

The calculated Otrans–U–Ooxo and U–O–Cispo angles for 2-t-Bu+
eq are 154.4 and 

153.0°, which compares well to the corresponding experimental values of 149.5 and 

152.9°, respectively for 2-t-Bu. Thus, on moving from axial to equatorial, the U≡O and 

trans U–O bonds shorten, which can be attributed to the ITI. This effect is attenuated 

compared to 3-t-Bu, which we suggest derives from the absence of an eighth axial 

ligand, which enforces a near co-planar relationship between the uranium center and the 

aryloxide oxygen atoms. The calculations reveal that the equatorial isomer is more 

stable than the axial isomer by 6.3 kcal mol−1. This value represents the minimum 

stabilization for 3-t-Bu but is representative of the magnitude of the stabilization; and 

thus, it can be seen that sterically demanding substituents could easily stabilize an axial 

oxo isomer as experimentally and theoretically proven in 2-Ad, where the axial isomer 

is more stable than an equatorial one by 5.1 kcal mol−1, as found in the DFT calculations. 

Lastly, 1-t-Bu exhibits exclusively the axial isomer in common with the Ad derivative 

1-Ad. However, in 1-t-Bu there is a greater electronic repulsion compared to 2-t-Bu due 

to the f 1 nature of the former, which results in a longer U≡O bond; hence, the electronic 

ITI is overcome by steric effects. 

Because of the extensive delocalization of the valence molecular orbitals across the 

calculated structures we attempted to obtain a localized, more chemically relevant 

description utilizing NBO.[17] However, the NBO calculations, which inherently report a 

more ionic picture of the bonding compared to molecular orbitals, returned U‒O bonds 

exclusively polarized towards the oxygen centers. Thus, NBO effectively reports the 
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oxygen valence bond electrons as lone pairs localized at oxygen. This is consistent with 

the polarized U‒O bonds revealed by inspection of the Kohn Sham orbitals of 3-t-Bu 

(see 2.4.6 for details). This also serves to underscore the polarized nature of these U‒O 

bonds as has already been described for 1-R.[4d] 

2.3 Conclusion	

In summary, we have synthesized three new examples of rare uranium(VI) terminal 

mono-oxo complexes via the oxidation of U(V) oxo precursors supported by the 

(RArO)3tacn3− ligand system. The ITI was demonstrated to be a key thermodynamic 

driving force in the formation of an equatorial terminal oxo in the case of 3-t-Bu. A 

careful analysis of available crystallographic data indicates that, heretofore unexpected, 

-interactions may be crucial components of the ITI. Complex 2-t-Bu undergoes a 

similar but less pronounced distortion, but remarkably retains a vacant and easily 

accessible axial coordination site as is evidenced by the ready coordination of 

(F3C(O)CO−) in 3-t-Bu. The isolation of the stabilized terminal oxo, 2-Ad, facilitated 

DFT analysis of the axial and equatorial isomers of these uranium oxos and provided 

the basis of a qualitative determination of the energetic gain obtained by distortion to an 

equatorial oxo to be ~6 kcal mol−1. These complexes are valuable synthons for 

exploring the potential role of ITI in controlling chemical reactivity. Furthermore, these 

results suggest that the synthesis of other desirable terminally bound functional groups 

(i.e. nitride, alkylidyne) at high valent uranium centers would be more thermodynami-

cally favorable in the presence of a ligand architecture incorporating a strong - and 

-donating ligand in the trans position. Studies towards these ends are currently 

underway. 

2.4 Experimental	Section	

2.4.1 Methods,	Procedures	and	Starting	Materials	

All air- and moisture-sensitive experiments were performed under dry nitrogen 

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox con-

taining an atmosphere of purified dinitrogen. The glovebox is equipped with a −35°C 

freezer. Solvents were purified using a two-column solid-state purification system 

(Glass Contour System, Irvine, CA), transferred to the glovebox without exposure to air, 

and stored over molecular sieves and sodium (where appropriate). NMR solvents were 
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obtained packaged under argon and stored over activated molecular sieves and sodium 

(where appropriate) prior to use. Silver hexafluoroantimonate, silver trifluoroacetate, 

and silver fluoride were purchased from Acros and used without further purification. 

[((t-BuArO)3tacn)UV(O)] (1-t-Bu) and [((AdArO)3tacn)UV(O)] (1-Ad) were synthesized 

according to literature procedures.[4d] 1H NMR spectra were recorded on a JEOL ECX 

400 instrument at a probe temperature of 23°C. Chemical shifts, , are reported relative 

to residual 1H resonances of the solvent in ppm, followed by peak multiplicity (s: singlet, 

d: doublet, m: multiplet), coupling constant J in Hertz, integration value and proton 

assignment. Electronic absorption spectra were recorded from 250 to 2200 nm 

(Shimadzu, UV-3600) in the indicated solvent at room temperature. Infrared spectra 

were recorded on a Shimadzu Affinity-1 CE FTIR instrument from 400 to 4000 cm−1. 

Solid samples of the compounds were homogenized with excess amount of KBr and a 

pressed pellet was measured at room temperature. The peaks are listed reporting 

wavenumber ~  [cm−1] and intensity (vw: very weak; w: weak; m: medium; s: strong; 

vs: very strong; br: broad). Elemental analyses were obtained using Euro EA 3000 

(Euro Vector) and EA 1108 (Carlo-Erba) elemental analyzers in the Chair of Inorganic 

Chemistry at the University Erlangen-Nuremberg (Erlangen, Germany). 

2.4.2 Synthetic	Details	

Synthesis of [((t-BuArO)3tacn)UVI(O)eq]SbF6 (2-t-Bu) 

A 20 mL scintillation vial was charged with an orange-red solution of 0.207 g 

(0.20 mmol) [((t-BuArO)3tacn)UV(O)] (1-t-Bu) in 10 mL of methylene chloride and 

cooled to −20°C. While stirring, a solution of 0.069 g (0.20 mmol, 1.0 equiv.) silver 

hexafluoroantimonate in methylene chloride was added dropwise. The reaction mixture 

instantaneously turned black and was allowed to stir while warming to room 

temperature for 30 minutes. The dark grayish precipitate was filtered off over a celite 

pad on a glass frit, which was washed with methylene chloride. The volatiles of the 

filtrate were removed in vacuo to give 0.220 g (0.17 mmol, 86 %) of [((t-BuArO)3tacn)-

UVI(O)eq]SbF6 as a deep black-brown powder. Elemental analysis for C51F6H78N3O4SbU, 

calcd./found [%]: C: 48.20/48.51; H: 6.19/6.13; N: 3.31/3.59. 1H NMR, benzene-d6, 

400 MHz,  [ppm]: 7.97 (br s, 1H, Car-H), 7.81 (br s, 2H, Car-H), 7.60 (br s, 1H, Car-H), 

7.35 (br s, 2H, Car-H), 6.76 (br s, 1H, benzyl-H), 5.83 (br s, 1H, benzyl-H), 5.35 (br s, 

1H, benzyl-H), 5.25 (br s, 1H, benzyl-H), 4.75 (br s, 1H, benzyl-H), 4.60-4.28 (m, 3H, 

1 benzyl-H, 2 tacn-H), 4.16 (br s, 1H, tacn-H), 3.95 (br s, 1H, tacn-H), 3.88 (br s, 1H, 
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tacn-H), 3.77-3.20 (m, 7H, tacn-H), 2.83 (br s, 1H, tacn-H), 2.10 (br s, 9H, t-Bu), 1.62 

(br s, 9H, t-Bu), 1.50-1.23 (m, 36 H, t-Bu). IR, ~  [cm-1]: 2959 (vs), 2905 (s), 2868 (s), 

1653 (vw), 1599 (w), 1560 (vw), 1550 (vw), 1476 (s), 1462 (s, br), 1443 (s), 1410 (w), 

1393 (w), 1364 (m), 1306 (w), 1227 (s, br), 1201.7 (s), 1167 (vs), 1125 (s), 1094 (w, br), 

1063 (w), 1026 (w, br), 947 (vw), 914 (w), 883 (w), 841 (s), 810 (m), 793 (w), 747 (m), 

660 (vs, SbF6), 610 (vw), 565 (vw), 542 (m), 507 (vw), 455 (m, br), 428 (w). 

Synthesis of [((AdArO)3tacn)UVI(O)ax]SbF6 (2-Ad) 

A 20 mL scintillation vial was charged with an orange-red solution of 0.254 g 

(0.20 mmol) [((AdArO)3tacn)UV(O)] (1-Ad) in 10 mL methylene chloride and was 

cooled to −20°C. While stirring, a solution of 0.069 g (0.20 mmol, 1.0 equiv.) silver 

hexafluoroantimonate in methylene chloride was added dropwise. The reaction mixture 

instantaneously turned black and was allowed to stir while warming to room 

temperature for one hour. A dark grayish precipitate was filtered off over a celite pad on 

a glass frit, which was washed with methylene chloride. The volatiles of the filtrate 

were removed in vacuo to give 0.277 g (0.18 mmol, 92 %) of [((AdArO)3tacn)UVI(O)ax] 

SbF6 as a deep black-brown powder. Elemental analysis for C69F6H96N3O4SbU·C7H8, 

calcd./found [%]: C: 57.14/56.82; H: 6.56/6.12; N: 2.63/2.71. 1H NMR, benzene-d6, 

400 MHz,  [ppm]: 7.89 (s, 3H, Car-H), 7.43 (s, 3H, Car-H), 5.92 (d, J = 13.4 Hz, 3H, 

benzyl-H), 5.24 (d, J = 13.4 Hz, 3H, benzyl-H), 4.17 (unres. dd, 3H, tacn-H), 3.83 (d, 

J = 14.0 Hz, 3H, tacn-H), 3.57 (unres. d, 3H, tacn-H), 3.35 (d, J = 14.0 Hz, 3H, tacn-H), 

2.47 (q, J = 11.2 Hz, 18H, Ad-H), 2.07 (s, 6H, Ad-H), 1.98 (s, 3H, Ad-H), 1.79 (d, 

J = 11.2 Hz, 9H, Ad-H), 1.65 (d, J = 11.2 Hz, 9H, Ad-H), 1.34 (s, 27H, t-Bu). IR, 

~  [cm-1]: 2951 (s), 2903 (vs, br), 2849 (s), 1597 (w), 1456 (s, br), 1449 (s), 1410 (w), 

1397 (w), 1364 (m), 1344 (w), 1321 (w) 1308 (w), 1285 (w), 1259 (w), 1242 (w), 1202 

(vs), 1126 (m), 1105 (m), 1094 (w), 1082 (w), 1063 (w), 1026 (w, br), 974 (w), 943 

(vw), 918 (w), 880 (w), 839 (s), 806 (s), 787 (w), 772 (m), 748 (w), 731 (m), 694 (vw), 

660 (vs, SbF6), 642 (m), 596 (vw), 581 (vw), 567 (vw), 542 (m, br), 503 (vw), 484 (w), 

475 (w), 465 (w), 448 (w), 426 (w). 

Synthesis of [((t-BuArO)3tacn)UVI(O)eq (OC(O)CF3)ax] (3-t-Bu) 

A 20 mL scintillation vial was charged with an orange-red solution of 0.104 g 

(0.10 mmol) [((t-BuArO)3tacn)UV(O)] (1-t-Bu) in 5 mL methylene chloride and was 

cooled to −20°C. While stirring, a solution of 0.022 g (0.10 mmol, 1.0 equiv.) silver 

trifluoroacetate in methylene chloride was added dropwise. The reaction mixture 
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quickly turned black-brown and was allowed to stir over night at room temperature. The 

dark grayish precipitate was filtered off over a celite pad on a glass frit, which was 

washed with methylene chloride. The volatiles of the filtrate were removed in vacuo to 

give 0.103 g (0.09 mmol, 90 %) of [((t-BuArO)3tacn)UVI(O)eq(OC(O)CF3)ax] as a deep 

black-brown powder. Elemental analysis for C53F3H78N3O6U, calcd./found [%]: 

C: 55.44/55.48; H: 6.85/7.18; N: 3.66/3.83. 1H NMR, benzene-d6, 400 MHz,  [ppm]: 

8.11 (d, J = 2.2 Hz, 1H, Car-H), 7.96 (d, J = 2.2 Hz, 1H, Car-H), 7.68 (d, J = 2.2 Hz, 1H, 

Car-H), 7.33 (d, J = 2.2 Hz, 1H, Car-H), 7.21 (d, J = 2.2 Hz, 1H, Car-H), 6.80 (d, 

J = 2.2 Hz, 1H, Car-H), 6.36 (d, J = 14.1 Hz, 1H, benzyl-H), 5.39 (d, J = 12.8 Hz, 1H, 

benzyl-H), 5.04 (d, J = 11.0 Hz, 1H, benzyl-H), 4.62 (d, J = 12.8 Hz, 1H, benzyl-H), 

3.67 (d, J = 13.6 Hz, 1H, benzyl-H), 3.61 (d, J = 11.4 Hz, 1H, benzyl-H), 3.44-3.26 (m, 

2H, tacn-H), 3.26-3.12 (m, 2H, tacn-H), 3.04-2.84 (m, 2H, tacn-H), 2.85-2.63 (m, 2H, 

tacn-H), 2.55-2.20 (m, 2H, tacn-H), 2.05 (s, 9H, t-Bu), 1.99 (s, 9H, t-Bu), 1.65 (s, 9H, 

t-Bu), 1.41 (s, 9H, t-Bu), 1.35 (s, 9H, t-Bu), 1.16 (s, 9H, t-Bu). IR, ~  [cm-1]: 2958 (vs), 

2905 (s), 2868 (s), 1782 (vw), 1707 (vs, (U)(CF3)C=O), 1648 (w), 1601 (w), 1581 (vw), 

1477 (s), 1466 (s), 1440 (s), 1409 (s), 1393 (s), 1363 (s), 1348 (w), 1308 (m), 1253 (m), 

1235 (s, OC(O)CF3), 1221 (vs), 1201 (vs), 1179 (vs, OC(O)CF3), 1168 (vs), 1143 (s, 

OC(O)CF3), 1126 (s), 1100 (m), 1103 (m), 1076 (m), 1025 (w), 1015 (w), 986 (vw), 

948 (vw), 932 (vw), 916 (w), 890 (vw), 878 (m), 843 (s), 835 (s), 813 (m) 789 (m), 758 

(w), 743 (m), 718 (m, OC(O)CF3), 649 (vw), 605 (vw), 534 (m, br), 455 (m, br). 

Synthesis of [((t-BuArO)3tacn)UVI(O)(F)] (4-t-Bu) 

A 20 mL scintillation vial was charged with an orange-red solution of 0.207 g 

(0.20 mmol) [((t-BuArO)3tacn)UV(O)] (1-t-Bu) and 0.0254 g (0.20 mmol, 1.0 equiv.) 

silver fluoride in 10 mL methylene chloride. The reaction mixture was allowed to stir 

for three days at room temperature, the color changed to dark black-brown. The dark 

grayish precipitate along with unreacted orange silver fluoride was filtered off over a 

celite pad on a glass frit, which was washed with methylene chloride. The volatiles of 

the filtrate were removed in vacuo. To extract the uranium(VI) product, the dried solids 

were treated with benzene and filtered over a celite pad on a glass frit, filtering off 

approximately 40 % unreacted orange 1-t-Bu. The volatiles of the filtrate were removed 

in vacuo to give 0.124 g (0.12 mmol, 59 %) of [((t-BuArO)3tacn)UVI(O)(F)] as a deep 

black-brown powder. Elemental analysis for C51FH78N3O4U, calcd./found [%]: 

C: 58.10/58.29; H: 7.46/7.67; N: 3.99/3.82. 1H NMR, benzene-d6, 400 MHz,  [ppm]: 
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8.06 (s, 1H, Car-H), 7.95 (s, 1H, Car-H), 7.68 (s, 1H, Car-H), 7.35 (s, 1H, Car-H), 7.19 (s, 

1H, Car-H), 6.83 (s, 1H, Car-H), 5.86 (d, J = 14.7 Hz, 1H, benzyl-H), 5.83 (d, 

J = 12.8 Hz, 2H, benzyl-H), 5.00 (d, J = 11.0 Hz, 1H, benzyl-H), 4.97 (d, J = 11.0 Hz, 

1H, benzyl-H), 4.43 (d, J = 12.8 Hz, 1H, benzyl-H), 3.61 (d, J = 11.0 Hz, 1H, tacn-H), 

3.44 (d, J = 12.8 Hz, 1H, tacn-H), 3.41-3.30 (m, 1H, tacn-H), 3.29-3.15 (m, 3H, tacn-H), 

2.80-2.62 (m, 2H, tacn-H), 2.61-2.47 (m, 2H, tacn-H), 2.38-2.25 (m, 2H, tacn-H), 2.17 

(s, 9H, t-Bu), 2.05 (s, 9H, t-Bu), 1.74 (s, 9H, t-Bu), 1.41 (s, 9H, t-Bu), 1.39 (s, 9H, t-Bu), 

1.21 (s, 9H, t-Bu). IR, ~  [cm-1]: 2957 (vs), 2904 (s), 2867 (s), 1601 (vw), 1476 (s), 

1462 (s), 1439 (s), 1410 (s), 1393 (m), 1377 (vw), 1362 (s), 1348 (m), 1310 (m), 1260 

(s), 1236 (vs), 1226 (vs), 1204 (s), 1168 (vs), 1127 (s), 1104 (m), 1079 (m), 1027 (m), 

1015 (m), 989 (w), 948 (vw), 932 (vw), 916 (w), 888 (w), 877 (m), 844 (s), 839 (s), 810 

(s) 788 (m), 757 (w), 744 (m), 702 (vw), 678 (vw), 678 (vw), 673 (vw), 649 (vw), 610 

(vw), 534 (m), 481 (m), 460 (m). 

2.4.3 Spectroscopic	Details	

VT NMR Spectroscopy 

 

Figure 2.4: VT NMR of 2-t-Bu in benzene-d6, 20 to 60°C. 
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Figure 2.5: VT MMR of 2-Ad in DCM-d2, 20 to −40°C. 

Electronic Absorption Spectroscopy 

 

Figure 2.6: UV/vis/NIR spectra of 2-t-Bu in toluene with c = 2.5310−4 M (black), 

2-Ad in toluene with c = 2.5410−4 M (red), 3-t-Bu in benzene with c = 2.5810−4 M 

(blue), and 4-t-Bu in benzene with c = 2.5010−4 M (green). 
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For the three compounds of the t-Bu system, a hypsochromic shift in the LMCT 

bands is observed. This shift is correlated to the ligand strength of the axial ligand. 

While 2-t-Bu with its empty axial coordination site has a band around 800 nm, this band 

shifts to about 725 nm for 3-t-Bu, where −OC(O)CF3 is in axial position. Moreover, a 

band at 350 nm, only a barely noticeable shoulder in 2-t-Bu, becomes way more intense. 

In 4-t-Bu, the compound with the strongest axial ligand, F−, shows a shift to 

approximately 650 nm and the intensity of the band at 350 nm is increased further. This 

hypsochromic shift is in line with the fact that, the stronger the additional ligand, the 

more electron density will be transferred from the uranium to the axial ligand, 

increasing the metal's electropositivity and thus the U‒O bond strengths. 

IR Spectroscopy 

1-t-Bu ~  [cm−1]: 2955 (vs), 2905 (s), 2866 (s), 2280 (m, Mes-NCO, byproduct), 1603 

(w, br), 1472 (vs), 1443 (vs), 1412 (m), 1391 (w), 1360 (m), 1306 (m), 1259.5 (s), 1239 

(s), 1204 (m), 1169 (m), 1130 (m), 1101 (m), 1069 (w), 1026 (w), 1011 (w), 986 (w), 

947 (w), 916 (w), 878 (w), 835 (m), 808 (w), 787 (w), 264 (w), 745 (m), 679 (vw), 648 

(vw), 611 (vw), 532 (m), 446 (m). 

Only slight differences with 2-t-Bu were visible, the Sb-F-stretch in 2-t-Bu could be 

assigned at 660 cm−1. 

1-Ad ~  [cm−1]: 2953 (s), 2903 (vs), 2841 (s), 2280 (w, Mes-NCO, byproduct), 1651 

(w), 1624 (w), 1603 (w), 1460 (s, br), 1445 (s), 1412 (w), 1362 (w), 1343 (w), 1302 (m), 

1285 (m), 1262 (s, br), 1213 (s), 1150 (vw), 1130 (w), 1103 (w), 1080 (w), 1018 (w, br), 

974 (vw), 943 (vw), 918 (vw), 889 (vw), 876 (w), 837 (w), 802 (w), 785 (w), 774 (w), 

758 (w), 729 (m), 696 (vw), 675 (vw), 605 (vw), 561 (vw), 532 (w), 465 (w), 442 (w), 

421 (w). 

Only slight differences with 2-Ad were visible, the Sb-F-stretch could be assigned in 

2-Ad at 660 cm−1. 

The IR spectra of 2-t-Bu, 3-t-Bu, and 4-t-Bu are very similar. Several additional peaks 

in 3-t-Bu could be assigned to belong to the counterion −OC(O)CF3. A spectrum of 

AgOC(O)CF3 is available free of charge from SDBS database under 

http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/cre_index.cgi. 
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2.4.4 Electrochemical	Investigations	

The electrochemistry of 1-t-Bu and 1-Ad was investigated using a three-electrode 

setup with rotating glassy carbon working electrode and platinum rods as counter- and 

reference electrode. The potentiostat was an Autolab Type-III. The electrochemical 

cell was placed inside an inert-gas glovebox under nitrogen atmosphere and the samples 

were measured in 0.1 M electrolyte solutions of TBAPF6 (purchased from Acros and 

used without purification) in the respective solvents at room temperature. Cyclic 

voltammetry and linear sweep measurements have been performed. The reported half 

potentials are referenced to the Fc+/Fc redox couple, which was measured by adding 

ferrocene to the sample solution. 

Electrochemistry for [((t-BuArO)3tacn)UV(O)] (1-t-Bu) 

Complex 1-t-Bu shows a reversible oxidation of U(V) to U(VI) at −0.13 V and a quasi-

reversible ligand oxidation at 0.93 V vs. Fc+/Fc in DCM. 

 

Figure 2.7: Cyclic voltammogram (black) at 0.1 V/s, linear sweep at 0.01 V/s (red). 

Electrochemistry for [((AdArO)3tacn)UV(O)] (1-Ad) 

Complex 1-Ad shows a reversible oxidation of U(V) to U(VI) at −0.16 V and a quasi 

reversible ligand oxidation at 0.86 V vs. Fc+/Fc in DCM. 
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Figure 2.8: Cyclic voltammogram (black) at 0.1 V/s, linear sweep at 0.01 V/s (red). 

2.4.5 X‐ray	Crystal	Structure	Determination	Details	

CCDC-857394 and CCDC-866002 (for 2-t-Bu), CCDC-857395 (for 3-t-Bu), CCDC-

865945 (for 4-t-Bu), CCDC-865963 (for [((AdArO)3tacn)UIV(F)]), and CCDC-865962 

(for [((AdArO)3tacn)UIV(OC(O)CF3)]) contain the supplementary crystallographic data 

for this chapter and related complexes. This data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/products/csd/request/ (or from Cambridge Crystallographic 

Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK, fax: ++44-1223-336-033; 

e-mail: deposit@ccdc.cam.ac.uk). 

For the redetermination of 2-t-Bu, as well as the preliminary structure of 4-t-Bu, 

crystallographic details are available in the cif submitted to CCDC. 

Crystallographic Details for [((t-BuArO)3tacn)UVI(O)eq]SbF6 (2-t-Bu) 

Single crystals for X-ray diffraction analysis were obtained by slow diffusion of 

n-hexane into a concentrated solution of [((t-BuArO)3tacn)UVIO]SbF6 in benzene as 

[((t-BuArO)3tacn)UVI(O)eq]SbF6·3.5 (C6H6). Dark purple to black prisms were coated 

with isobutylene oil on a microscope slide. Intensity data were collected at 100 K on a 

Bruker-Nonius KappaCCD diffractometer using graphite monochromatized MoK 

radiation. Data were corrected for Lorentz and polarization effects. A semi empirical 

absorption correction was applied on the basis of multiple scans (SADABS 2.10).[18a] 

The structure was solved by direct methods and refined using blocked matrix least-
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squares procedures on F2 (SHELXTL NT 6.12).[19] All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms were placed in positions of optimized 

geometry, their isotropic displacement parameters were tied to the equivalent isotropic 

displacement parameter of the corresponding carrier atom by a factor of either 1.2 or 1.5. 

The crystal under study turned out to be an inversion twin with a twin component ratio 

of 69.1(4) : 30.9(4) %. The compound crystallized with two independent molecules of 

the complex and seven molecules of benzene in the asymmetric unit. Two of the t-Bu 

groups of molecule 2 were disordered. Two alternative orientations were refined 

resulting in site occupancies of 72.4(9) and 27.6(9) % for C85 – C87 and C85A – C87A 

and of 58(2) and 42(2) % for C100 – C102 and C110 – C112, respectively. SIMU, 

ISOR, and SAME restraints were applied in the refinement of the disorder. 

Crystallographic data, data collection, and refinement details are summarized in 

Table 2.7. For the most important bond distances and angles of 2-t-Bu see Table 2.3, the 

two different values describe the distances and angles of the two independent 

orientations, atom names are given for the first molecule. The out-of-plane shift (OOP) 

describes the distance the uranium center is displaced below the plane spanned by the 

three aryloxide oxygen atoms O1-O2-O3. 

 

Figure 2.9: Molecular structure of the cation of [((t-BuArO)3tacn)UVI(O)eq]SbF6 (2-t-Bu) 

in crystals of [((t-BuArO)3tacn)UVI(O)eq]SbF6 · 3.5 (C6H6) (2-t-Bu · 3.5 (C6H6)), first of 

two independent molecules, counterion, co-crystallized solvent molecules, and 

hydrogen atoms omitted for clarity. 
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Figure 2.10: Molecular structure of the cation of [((t-BuArO)3tacn)UVI(O)eq]SbF6 

(2-t-Bu) in crystals of [((t-BuArO)3tacn)UVI(O)eq]SbF6 · 3.5 (C6H6) (2-t-Bu · 3.5 (C6H6)), 

second of two independent molecules, counterion, co-crystallized solvent molecules, 

and hydrogen atoms omitted for clarity. 

Table 2.3: Bond distances and angles for [((t-BuArO)3tacn)UVI(O)eq]SbF6 (2-t-Bu). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.154(5), 2.123(6) O1–U1–O3 139.3(2), 140.2(2) 

U1–O2 2.063(5), 2.066(5) O4–U1–O2 148.6(2), 149.5(2) 

U1–O3 2.092(6), 2.064(6) U1–O1–C9 125.0(5), 123.8(5) 

U1–O4 1.836(6), 1.820(6) U1–O2–C24 152.9(4), 152.9(5) 

U1–N1 2.542(7), 2.557(7) U1–O3–C39 141.5(5), 141.6(6) 

U1–N2 2.643(6), 2.651(6)   

U1–N3 2.604(7), 2.599(7)   

OOP [Å] 0.735, 0.710   
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Crystallographic Details for redetermined [((t-BuArO)3tacn)UVI(O)eq]SbF6 (2-t-Bu) 

 

Figure 2.11: Molecular structure of the cation of [((t-BuArO)3tacn)UVI(O)eq]SbF6 

(2-t-Bu) in crystals of [((t-BuArO)3tacn)UVI(O)eq]SbF6 · 3.5 (C6H6) (2-t-Bu · 3.5 (C6H6)), 

of one of two independent molecules, counterion, co-crystallized solvent molecules, and 

hydrogen atoms omitted for clarity. 

Crystallographic Details for [((t-BuArO)3tacn)UVI(O)eq(OC(O)CF3)ax] (3-t-Bu) 

Single crystals suitable for X-ray diffraction analysis were obtained by slow 

diffusion of n-hexane into a concentrated solution of [((t-BuArO)3tacn)UVI(O) 

(OC(O)CF3)] in a mixture of 1,2-dimethoxyethane and toluene as [((t-BuArO)3tacn) 

UVI(O)(OC(O)CF3)]DME. Dark brown plates were coated with isobutylene oil on a 

microscope slide. Intensity data were collected at 100 K on a Bruker-SMART APEX2 

diffractometer using graphite monochromatized MoK radiation. Data were corrected 

for Lorentz and polarization effects. A semi empirical absorption correction was applied 

on the basis of multiple scans (SADABS 2008/1).[18b] The structure was solved by direct 

methods and refined using blocked matrix least-squares procedures on F2 

(SHELXTL NT 6.12).[19] All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms were placed in positions of optimized geometry, their isotropic 

displacement parameters were tied to the equivalent isotropic displacement parameter of 

the corresponding carrier atom by a factor of either 1.2 or 1.5. The compound 

crystallized with one molecule of dimethoxyethane (DME) per formula unit. 

Crystallographic data, data collection, and refinement details are summarized in 

Table 2.7. For the most important bond distances and angles of 3-t-Bu see Table 2.4. 
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Figure 2.12: Molecular structure of [((t-BuArO)3tacn)UVI(O)(OC(O)CF3)] (3-t-Bu) in 

crystals of [((t-BuArO)3tacn)UVI(O)(OC(O)CF3)]DME (3-t-Bu · DME), co-crystallized 

solvent molecules, and hydrogen atoms omitted for clarity. 

Table 2.4: Bond distances and angles for [((t-BuArO)3tacn)UVI(O)eq(OCOCF3)ax] 

(3-t-Bu). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.1606(14) O1–U1–O2 157.48(5) 

U1–O2 2.1398(14) O4–U1–O3 159.67(6) 

U1–O3 2.0575(13) O1–U1–O5 80.68(5) 

U1–O4 1.8113(13) O2–U1–O5 79.19(5) 

U1–O5 2.3499(13) O3–U1–O5 78.10(5) 

U1–N1 2.6919(16) O4–U1–O5 88.77(5) 

U1–N2 2.6959(16) O5–U1–N1 149.56(5) 

U1–N3 2.8183(16) O5–U1–N2 143.11(5) 

  O5–U1–N3 129.03(5) 

  U1–O1–C9 130.03(12)

  U1–O2–C24 147.85(12)

  U1–O3–C39 157.67(12)

OOP [Å] 0.380   
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Crystallographic Details for [((t-BuArO)3tacn)UVI(O)eq(F)ax] (4-t-Bu) 

Single crystals suitable for X-ray diffraction analysis were obtained by slow 

diffusion of n-hexane into a concentrated solution of [((t-BuArO)3tacn)UVI(O)eq(F)ax] in 

benzene. A dark brown plate with approximate dimensions of 0.25 x 0.08 x 0.02 mm 

was coated with protective perfluoropolyether oil and mounted on a MiTeGen micro 

mount. Intensity data were collected at 100 K on a Bruker Kappa APEX2 Duo 

diffractometer equipped with an Incoatec IS micro-source and focusing Montel optics 

(QUAZAR) using MoKα radiation. Data were corrected for Lorentz and polarization 

effects. A semi empirical absorption correction was applied on the basis of multiple 

scans (SADABS 2008/1).[18b] The structure was solved by direct methods and refined 

using blocked matrix least-squares procedures on F2 (SHELXTL NT 6.12).[19] The 

compound crystallized with two molecules benzene per formula unit. Due to the small 

size of the crystal under study, only a preliminary structure could be obtained, which is 

sufficient to yield connectivity, but not bond angles and distances. 

 

Figure 2.13: Preliminary molecular structure of [((t-BuArO)3tacn)UVI(O)eq(F)ax] (4-t-Bu) 

in crystals of [((t-BuArO)3tacn)UVI(O)eq(F)ax] · 2 (C6H6) (4-t-Bu · 2 (C6H6)), co-crys-

tallized solvent molecules, and hydrogen atoms omitted for clarity. This preliminary 

structure is sufficient to yield connectivity. 

  



Chapter 2: Uranium(VI) Oxo complexes - The Role of the Inverse Trans-Influence 

56 

Crystallographic Details for [((AdArO)3tacn)UIV(OC(O)CF3)] (5-Ad) 

In analogy to the synthesis of 3-t-Bu, 0.127 g (0.10 mmol) [((AdArO)3tacn)UV(O)] 

(1-Ad) in 5 mL methylene chloride were treated with a solution of 0.022 g (0.10 mmol, 

1.0 equiv.) silver trifluoroacetate in methylene chloride, which was added dropwise. 

The reaction mixture quickly turned black-brown. Single crystals suitable for X-ray 

diffraction analysis were obtained by slow diffusion of n-hexane brown into a 

concentrated solution of the reaction products in toluene. Instead of a uranium(VI) 

compound, [((AdArO)3tacn)UIV(OC(O)CF3)] (5-Ad) was obtained. Dark brown plates 

were coated with isobutylene oil on a microscope slide. Intensity data were collected at 

100 K on a Bruker-SMART APEX2 diffractometer using graphite monochromatized 

MoK radiation. Data were corrected for Lorentz and polarization effects. A semi 

empirical absorption correction was applied on the basis of multiple scans 

(SADABS 2008/1).[18b] The structure was solved by direct methods and refined using 

blocked matrix least-squares procedures on F2 (SHELXTL NT 6.12).[19] All non-

hydrogen atoms were refined anisotropically. The CF3 unit of the trifluoroacetate ligand 

was disordered. Two alternative orientations were refined resulting in site occupancies 

of 51(1) and 49(1) % for F1 – F3 and F1A – F3A, respectively. Two of the t-Bu 

substituents of the tacn based ligand showed also rotational disorder. Two alternative 

orientations were refined in both cases resulting in site occupancies of 79.1(7) and 

20.9(7) % for C25 – C27 and C25A – C27A, and of 80.2(8) and 19.8(8) % for C46 – 

C48 and C46A – C48A, respectively. The compound crystallized with a total of two 

solvent molecules: one molecule of toluene and one molecule of n-hexane, both of 

which were disordered. For the toluene two alternative orientations of the methyl group 

were refined with site occupancies of 81(2) and 19(2) % for the atoms C207 and C217. 

In the case of the n-hexane two orientations of the entire solvent molecule were 

identified resulting in site occupancies of 59.7(7) and 40.3(7) % for C101 – C106 and 

C111 – C116, respectively. DFIX, SAME, SIMU, and ISOR restraints were applied in 

the refinement of the disordered parts of the structure. All hydrogen atoms were placed 

in positions of optimized geometry, their isotropic displacement parameters were tied to 

those of their corresponding carrier atoms by a factor of 1.2 or 1.5. Crystallographic 

data, data collection, and refinement details are summarized in Table 2.7. For the most 

important bond distances and angles of 5-Ad see Table 2.5. 
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Figure 2.14: Molecular structure of [((AdArO)3tacn)UIV(OC(O)CF3)] (5-Ad) in crystals 

of [((AdArO)3tacn)UIV(OC(O)CF3)] · (C7H8) · (C6H14) (5-Ad · (C7H8) · (C6H14)), co-

crystallized solvent molecules, and hydrogen atoms omitted for clarity. 

Table 2.5: Bond distances and angles for [((AdArO)3tacn)UIV(OC(O)CF3)] (5-Ad). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.168(3) O1–U1–O2 130.14(10) 

U1–O2 2.163(3) O2–U1–O3 118.00(11) 

U1–O3 2.139(3) O1–U1–O3 105.28(11) 

U1–O4 2.346(3) O1–U1–O4 81.23(11) 

U1–N1 2.571(3) O2–U1–O4 81.15(11) 

U1–N2 2.676(3) O3–U1–O4 82.42(12) 

U1–N3 2.721(3) O4–U1–N1 136.00(12) 

  O4–U1–N2 143.53(11) 

  O4–U1–N3 143.69(11) 

  U1–O1–C9 144.9(3) 

  U1–O2–C30 150.4(3) 

  U1–O3–C51 145.3(3) 

  U1-O4-C70 132.1(3) 

OOP [Å] 0.317   
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Crystallographic Details for [((AdArO)3tacn)UIV(F)] (6-Ad) 

In analogy to the synthesis of 4-t-Bu, 0.127 g (0.10 mmol) [((AdArO)3tacn)UV(O)] 

(1-Ad) in 5 mL methylene chloride were stirred with 0.0127 g (0.10 mmol, 1.0 equiv.) 

silver fluoride. The reaction mixture turned black-brown slowly. Single crystals suitable 

for X-ray diffraction analysis were obtained by slow diffusion of n-hexane brown into a 

concentrated solution of the reaction products in toluene. Instead of a uranium(VI) 

compound, [((AdArO)3tacn)UIV(F)] (6-Ad) was obtained. Green crystals were coated 

with isobutylene oil on a microscope slide. Intensity data were collected at 100 K on a 

Bruker-Nonius KappaCCD diffractometer using graphite monochromatized MoK 

radiation. Data were corrected for Lorentz and polarization effects. A semi empirical 

absorption correction was applied on the basis of multiple scans (SADABS 2.10).[18a] 

The structure was solved by direct methods and refined using blocked matrix least-

squares procedures on F2 (SHELXTL NT 6.12).[19] All non-hydrogen atoms were 

refined anisotropically. Two of the t-Bu substituents of the tacn based ligand showed 

rotational disorder. Two alternative orientations were refined in both cases resulting in 

site occupancies of 47.5(7) and 52.5(7) % for C25 – C27 and C25A – C27A, and of 

63.8(7) and 36.2(7) % for C46 – C48 and C46A – C48A, respectively. The compound 

crystallized with two molecules of toluene per formula unit. SAME, SIMU, and ISOR 

restraints were applied in both the refinement of the disordered parts of the structure and 

of the toluene solvent molecules. All hydrogen atoms were placed in positions of 

optimized geometry, their isotropic displacement parameters were tied to those of their 

corresponding carrier atoms by a factor of 1.2 or 1.5. Crystallographic data, data 

collection, and refinement details are summarized in Table 2.7. For the most important 

bond distances and angles of 6-Ad see Table 2.6. 
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Figure 2.15: Molecular structure of [((AdArO)3tacn)UIV(F)] (6-Ad) in crystals of 

[((AdArO)3tacn)UIV(F)] · 2 (C7H8) (6-Ad · 2 (C7H8)), co-crystallized solvent molecules, 

and hydrogen atoms omitted for clarity. 

Table 2.6: Bond distances and angles for [((AdArO)3tacn)UIV(F)] (6-Ad). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.177(2) O1–U1–O2 118.21(9) 

U1–O2 2.168(2) O2–U1–O3 117.33(10) 

U1–O3 2.177(2) O1–U1–O3 120.30(10) 

U1–F1 2.108(2) O1–U1–F1 82.16(9) 

U1–N1 2.741(3) O2–U1–F1 83.32(9) 

U1–N2 2.709(3) O3–U1–F1 84.09(9) 

U1–N3 2.705(3) F1–U1–N1 140.07(8) 

  F1–U1–N2 142.47(9) 

  F1–U1–N3 142.53(9) 

  U1–O1–C9 152.2(2) 

  U1–O2–C30 152.0(2) 

  U1–O3–C51 149.8(2) 

OOP [Å] 0.258   
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Table 2.7: Crystallographic data, data collection, and refinement details for 

2-t-Bu · 3.5 (C6H6), 3-t-Bu · DME, 5-Ad · (C7H8) · (C6H14), and 6-Ad · 2 (C7H8). 

 2-t-Bu 3-t-Bu 5-Ad 6-Ad 

Empirical formula C72H99F6N3O4SbU C57H88F3N3O8U C84H118F3N3O5U C83H112FN3O3U 

Mol. weight 1544.32 1238.33 1544.84 1456.79 

Crystal size [mm3] 0.16×0.12×0.08 0.19×0.11×0.06 0.42×0.38×0.36 0.20×0.12×0.09 

Wavelength [Å] 0.71073 0.71073 0.71073 071073 

Temperature [K] 100 100 100 150 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group Cc (no. 9) P21/n (no. 14) C2/c (No. 15) P21/c (no. 14) 

a [Å] 23.190(5) 16.5625(2) 39.0950(13) 16.709(2) 

b [Å] 38.864(8) 15.0709(2) 19.6845(7) 24.792(2) 

c [Å] 18.569(4)  23.2583(4) 24.6987(8) 21.212(3) 

α [°] 90 90 90 90 

β [°] 122.80(3) 96.952(1) 127.878(1) 124.050(10) 

γ [°] 90 90 90 90 

V [Å3] 14067(7) 5762.86(14) 15002.8(9) 7280.5(17) 

Z 8 4 8 4 

calc [g/cm3] 1.458 1.427 1.368 1.329 

 [mm-1] 2.747 2.879 2.224 2.282 

F (000) 6248 2536 6416 3024 

2  interval [°] 2.96 ≤ 2 ≤ 27.10 1.43 ≤ 2 ≤ 29.52  2.04 ≤ 2 ≤ 27.88 3.47 ≤ 2 ≤ 27.88 

Limiting Indices 

–29 ≤ h ≤ 26 

–49 ≤ k ≤ 49 

–18 ≤ l ≤ 23 

–22 ≤ h ≤ 21 

–20 ≤ k ≤ 20 

–30 ≤ l ≤ 31 

–51 ≤ h ≤ 50 

–20 ≤ k ≤ 25 

–32 ≤ l ≤ 26 

–21 ≤ h ≤ 21 

–32 ≤ k ≤ 32 

–27 ≤ l ≤ 27 

Completeness to   = 25.00°: 97.9 %   = 26.00°: 100 %   = 27.88°: 99.8 %   = 27.88°: 99.8 %

Collected 

reflections 
52265 119547 

46262 118463 

Independent 

reflections; Rint 

25447; 

0.0456 

15309; 

0.0465 

17161; 

0.0450 

17314; 

0.0732 

No. restraints/ re-

fined parameters 
440 / 1582 0 / 669 329 / 1023 223 / 891 

wR2 (all data) 0.0984 0.0509 0.1040 0.0831 

R1 [I ≥ 2(I)] 0.0422 0.0230 0.0404 0.0382 

GooF on F2 1.083 1.008 1.161 1.197 

max/min [e.Å3] 1.374 / –1.316 1.223 / –0.593 1.868 / –1.417 1.868 / –1.417 
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2.4.6 Computational	Details	

General Method 

Restricted geometry optimizations were performed for the full model of 3-t-Bu using 

coordinates derived from the X-ray crystal structure. Full models of 2-Ad+
ax, 2-Ad+

eq, 

2-t-Bu+
ax and 2-t-Bu+

eq were derived from 2-Ad and 3-t-Bu, respectively. No 

constraints were imposed on the structure during the geometry optimizations. The 

calculations were performed using the Amsterdam Density Functional (ADF) suite 

version 2010.01.20 The DFT geometry optimizations employed Slater type orbital 

(STO) triple-ζ-plus polarization all-electron basis sets (from the ZORA/TZP database of 

the ADF suite). Scalar relativistic approaches were used within the ZORA Hamiltonian 

for the inclusion of relativistic effects and the local density approximation (LDA) with 

the correlation potential due to Vosko et al.21 was used in all of the calculations. 

Gradient corrections were performed using the functionals of Becke22 and Perdew.23 

MOLEKEL24 was used to prepare the three-dimensional plots of the electron density. 

In order to investigate the ITI effects reported herein we geometry optimized the 

structures of the axial and equatorial isomers of cationic 2-Ad+
ax and 2-Ad+

eq as well as 

2-t-Bu+
ax and 2-t-Bu+

eq without counter ions. For 2-Ad+
ax the U≡O, U-O, and U-NH 

bond distances were calculated to be 1.837, 2.118, 2.130, 2.135, 2.701, 2.753, and 

2.770 Å, respectively. For 2-Ad+
eq the corresponding computed values were found to be 

1.827, 2.110 (trans to oxo), 2.111, 2.168, 2.585, 2.702, and 2.782 Å, respectively. As 

for 2-t-Bu and 3-t-Bu, when the oxo group is trans to an aryloxide oxygen the oxo and 

trans oxygen bond distance to uranium shorten. The calculations reveal that for 2-Ad+ 

the axial isomer is more stable than the equatorial isomer by 5.1 kcal mol−1 whereas for 

2-t-Bu+ the equatorial isomer is more stable than the axial isomer by 6.3 kcal mol−1. 

Thus, the calculations entirely reproduce the experimentally observed outcomes. 

For detailed listings of calculated atom coordinates see the Electronic Supporting 

Information of the manuscript J. Am. Chem. Soc. 2012, 134, 5284–5289. This data is 

available free of charge via http://pubs.acs.org/doi/suppl/10.1021/ja211618v. 
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Final Geometry and Selected Kohn Sham Molecular Orbitals for 3-t-Bu 

 

 (a) (b) 

 

 (c) (d) 

 

Figure 2.16: (a) Optimized structure; (b) HOMO–16 (−7.122 eV); (c) HOMO–19 

(−7.330 eV); (d) HOMO–25 (−7.702 eV). Hydrogen atoms are omitted for clarity. 
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Geometry Optimized Structures of 2-Ad+
ax and 2-Ad+

eq 

 

 (a) (b) 

 

 (c) (d) 

 

Figure 2.17: (a) side view of 2-Ad+
ax; (b) top view of 2-Ad+

ax; (c) side view of 

2-Ad+
eq; (d) top view of 2-Ad+

eq. Hydrogen atoms are omitted for clarity. 
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Geometry Optimized Structures of 2-t-Bu+
ax and 2-t-Bu+

eq 

 

 (a) (b) 

 

 (c) (d) 

 

Figure 2.18: (a) side view of 2-t-Bu+
ax; (b) top view of 2-t-Bu+

ax; (c) side view of 

2-t-Bu+
eq; (d) top view of 2-t-Bu+

eq. Hydrogen atoms are omitted for clarity. 

  



Chapter 2: Uranium(VI) Oxo complexes - The Role of the Inverse Trans-Influence 

65 

2.5 Acknowledgment	

Text, schemes, and figures of this chapter, in part, are reprints of the materials published 

in the following paper: 

Boris Kosog, Henry S. La Pierre, Frank W. Heinemann, Stephen T. Liddle, and Karsten 

Meyer, “Synthesis of Uranium(VI) Terminal Oxo Complexes: Molecular Geometry 

Driven by the Inverse Trans-Influence”, J. Am. Chem. Soc. 2012, 134, 5284–5289. 

The dissertation author was the primary researcher and author. The co-authors listed in 

the publication also participated in the research or contributed to the preparation of the 

manuscript. 

The permission to reproduce the paper was granted by the American Chemical Society. 

Copyright 2012, the American Chemical Society. 

The dissertation author thanks Prof. Dr. Stephen T. Liddle, Nottingham, for the 

performance of DFT calculations presented in this thesis and the fruitful cooperation. 

  



Chapter 2: Uranium(VI) Oxo complexes - The Role of the Inverse Trans-Influence 

66 

2.6 References	

[1] Z. Y. Zhang, R. M. Pitzer, J. Phys. Chem. A 1999, 103, 6880–6886. 

[2] a) K. Tatsumi, R. Hoffmann, Inorg. Chem. 1980, 19, 2656–2658. 

b) W. R. Wadt, J. Am. Chem. Soc. 1981, 103, 6053–6057. 

c) P. Pyykkö, L. J. Laakkonen, K. Tatsumi, Inorg. Chem. 1989, 28, 1801–1805. 

d) R. G. Denning, Struct. Bonding 1992, 79, 215–276. 

e) N. Kaltsoyannis, Inorg. Chem. 2000, 39, 6009–6017. 

f) R. G. Denning, J. C. Green, T. E. Hutchings, C. Dallera, A. Tagliaferri, 

K. Giarda, N. B. Brookes, L. Braicovich, J. Chem. Phys. 2002, 117, 8008–8020. 

g) S. Matsika, R. M. Pitzer, J. Phys. Chem. A 2001, 105, 637–645. 

[3] a) S. Beer, O. B. Berryman, D. Ajami, J. Rebek, Jr., Chem. Sci. 2010, 1, 43–47. 

b) A. C. Sather, O. B. Berryman, J. Rebek, Jr., J. Am. Chem. Soc. 2010, 132, 

13572–13574. 

c) P. L. Arnold, E. Hollis, F. J. White, N. Magnani, R. Caciuffo, J. B. Love, 

Angew. Chem., Int. Ed. 2011, 50, 887–890. 

d) P. L. Arnold, A.-F. Pecharman, E. Hollis, A. Yahia, L. Maron, S. Parsons, 

J. B. Love, Nat. Chem. 2010, 2, 1056–1061. 

e) P. L. Arnold, D. Patel, C. Wilson, J. B. Love, Nature 2008, 451, 315–317. 

f) D. R. Lovley, E. J. P. Phillips, Y. A. Gorby, E. R. Landa, Nature 1991, 350, 

413–416. 

g) G. Nocton, P. Horeglad, V. Vetere, J. Pecaut, L. Dubois, P. Maldivi, 

N. M. Edelstein, M. Mazzanti, J. Am. Chem. Soc. 2010, 132, 495–508. 

h) L. Natrajan, F. Burdet, J. Pecaut, M. Mazzanti, J. Am. Chem. Soc. 2006, 128, 

7152–7153. 

i) J.-C. Berthet, P. Thuery, M. Ephritikhine, Chem. Commun. 2005, 3415–3417. 



Chapter 2: Uranium(VI) Oxo complexes - The Role of the Inverse Trans-Influence 

67 

[4] Molecular uranium(VI) terminal mono-oxo complexes: 

a) J. F. de Wet, J. G. H. du Preez, J. Chem. Soc., Dalton Trans. 1978, 592–597. 

b) D. S. J. Arney, C. J. Burns, J. Am. Chem. Soc. 1995, 117, 9448–9460. 

c) S. Fortier, N. Kaltsoyannis, G. Wu, T. W. Hayton, J. Am. Chem. Soc. 2011, 133, 

14224–14227. 

Molecular uranium(V) terminal mono-oxo complexes: 

d) S. C. Bart, C. Anthon, F. W. Heinemann, E. Bill, N. M. Edelstein, K. Meyer, 

J. Am. Chem. Soc. 2008, 130, 12536–12546. 

e) D. S. J. Arney, C. J. Burns, J. Am. Chem. Soc. 1993, 115, 9840–9841. 

See also ref. [4c]. Molecular uranium(IV) terminal mono-oxo complexes: 

f) G. Zi, L. Jia, E. L. Werkema, M. D. Walter, J. P. Gottfriedsen, R. A. Andersen, 

Organometallics 2005, 24, 4251–4264. 

g) S. J. Kraft, J. Walensky, P. E. Fanwick, M. B. Hall, S. C. Bart, Inorg. Chem. 

2010, 49, 7620–7622. 

[5] a) E. O'Grady, N. Kaltsoyannis, J. Chem. Soc., Dalton Trans. 2002, 1233–1239. 

b) M. Straka, M. Patzschke, P. Pyykkö, Theor. Chem. Acc. 2003, 109, 332–340. 

c) H. Chermette, K. Rachedi, F. Volatron, J. Mol. Struct. THEOCHEM 2006, 762, 

109–121. 

[6] VT NMR on 2-t-Bu and 2-Ad was performed. Complex 2-t-Bu readily undergoes 

thermal isomerization. Coalesence of the aryl peaks is evident at just 30°C. 

However, a number of rearrangment processes are extant and the direct 

determination of thermodynamic parameters is not possible. Given the incipient 

isomererzation oberserved at 30°C, a lower barrier of approximately 10 kcal mol−1 

is likely. Complex 2-Ad is poorly soluble at low temperature, and no resolution of 

isomers was observed down to −50 C. See Chapter 2.4.3 for further details. 



Chapter 2: Uranium(VI) Oxo complexes - The Role of the Inverse Trans-Influence 

68 

[7] X-ray quality crystals of 2-t-Bu can be obtained reproducibly and a duplicate data 

set has been measured, which yields an identical assignment. See Chapter 2.4.5 

and cifs for crystrallographic details. 

[8] The oxidation of 1-t-Bu was also accomplished with AgF in methylene chloride to 

give a black powder, 4-t-Bu, in 59 % yield. This complex is analytically pure and 

spectroscopically similar to 3-t-Bu based on its 1H NMR and UV/Vis spectra 

implying that its solution connectivity is similar to that of 3-t-Bu. See Chapter 2.4 

for full characterization including XRD. 

[9] Complex 2-t-Bu crystallizes in the monoclinic space group Cc with two 

independent molecules of the complex and seven molecules of co-crystallized 

benzene in the asymmetric unit. Geometric parameters for the second independent 

molecule are included in parantheses. See Chapter 2.4.5 for further details. 

[10] S. G. Minasian, J. L. Krinsky, J. Arnold, Chem. Eur. J. 2011, 17, 12234–12245. 

[11] T. A. Albright, J. K. Burdett, M. H. Whangbo, Orbital Interactions in Chemistry; 

Wiley: New York, 1985. 

[12] D. E. Wigley, in Prog. Inorg. Chem., Vol. 42 (Ed.: K. D. Karlin), John Wiley & 

Sons Inc., Hoboken, NJ, USA, 1994, pp. 239–482. 

It should be noted that an argument for the bonding in early transition metal 

imides based on an electrostatic model has been proposed: 

M. T. Benson, J. C. Bryan, A. K. Burrell, T. R. Cundari, Inorg. Chem. 1995, 34, 

2348-2355. 

[13] a) B. D. Steffey, P. E. Fanwick, I. P. Rothwell, Polyhedron 1990, 9, 963–968. 

b) M. R. Russo, N. Kaltsoyannis, A. Sella, Chem. Commun. 2002, 2458–2459. 

c) W. A. Howard, T. M. Trnka, G. Parkin, Inorg. Chem. 1995, 34, 5900–5909. 



Chapter 2: Uranium(VI) Oxo complexes - The Role of the Inverse Trans-Influence 

69 

[14] A similar argument has been proposed on the basis of reduction potentials of 

uranium(VI) aryloxide complexes: 

S. Fortier, G. Wu, T. W. Hayton, Inorg. Chem. 2009, 48, 3000–3011. 

[15] The oxidation of 1-Ad by AgOC(O)CF3 or AgF gave complex mixtures. From 

these mixtures, the only isolable complexes were, respectively, [((AdArO)3tacn) 

UIV(OC(O)CF3)] (5-Ad), and [((AdArO)3tacn)UIV(F)] (6-Ad). See Chapter 2.4.5 

for crystallographic details. 

[16] The semicore 6p orbitals were not frozen in order to explore their role in ITI, as 

this phenomenon has already been well documented. See reference [5a]. 

[17] NBO 5.0.: E. D. Glendening, J. K. Badenhoop, A. E. Reed, J. E. Carpenter, 

J. A. Bohmann, C. M. Morales, F. Weinhold, Theoretical Chemistry Institute, 

University of Wisconsin, Madison, WI, 2001; http://www.chem.wisc.edu/~nbo5. 

[18] a) SADABS, Bruker AXS, Inc., 2002, Madison WI., U.S.A. 

b) SADABS, Bruker AXS, Inc., 2009, Madison WI., U.S.A. 

[19] SHELXTL NT 6.12, Bruker AXS, Inc., 2002, Madison WI., U.S.A. 

[20] a) C. Fonseca Guerra, J. G. Snijders, G. te Velde, E.J. Baerends Theor. Chem. Acc. 

1998, 99, 391–403. 

b) G. te Velde, F. M. Bickelhaupt, E. J. Baerends, C. Fonseca Guerra, S. J. A. 

van Gisbergen, J. G. Snijders, T. Ziegler, J. Comput. Chem. 2001, 22, 931–967. 

[21] S. H. Vosko, L. Wilk, M. Nusair, M. Can. J. Phys. 1980, 58, 1200–1211. 

[22] A. D. Becke, Phys. Rev. A. 1988, 38, 3098–3100. 

[23] J. P. Perdew, Phys. Rev. B. 1986, 33, 8822–8824. 

[24] S. Portmann, H. P. Luthi, Chimia 2000, 54, 766–769. 

 

 

 

 



Chapter 2: Uranium(VI) Oxo complexes - The Role of the Inverse Trans-Influence 

70 

 

 



Chapter 3: Uranium(VI) Imido complexes - The Difference Between Terminal Oxo and Imido Ligands 

71 

3 Uranium(VI)	 Imido	 complexes	 ‐	 The	 Difference	

Between	Terminal	Oxo	and	Imido	Ligands	

3.1 Introduction	

Due to their isolobal and isoelectronic properties, terminal oxo and imido groups are 

often considered equivalent ligands for coordination to metal complexes.[1] This is 

corroborated by the fact that transition metal oxo and imido complexes can both act as 

catalysts, yielding identical products in, e.g., hydrosilylation reactions,[2] reductions 

with rhenium and molybdenum compounds,[3] or manganese catalysed epoxidations.[4] 

Accordingly, oxo and imido groups are widely used ligands for the synthesis of reactive 

transition and rare-earth metal complexes. 

 The first examples of terminal uranium imido complexes were reported by 

Andersen et al. in 1988,[5] as well as Burns and Sattelberger in the early 1990's.[6] In 

1994, Denning and Jones presented the first uranyl-like oxo-imido complex, containing 

the [O=U=NR]n+ unit,[7] which is analogous to the abundant uranyl moiety [O=U=O]n+, 

the most common structural feature in high-valent uranium compounds.[8] In uranyl 

complexes, the two terminal oxo ligands are trans to each other and the U–O distances 

are typically both short at ~1.8 Å. Recently, several uranium bis-imido complexes, 

possessing uranyl-like geometry with two trans-imido ligands, [RN=U=NR]n+, have 

been reported by Hayton, Boncella, and others.[9] Though cis-configured high-valent 

dioxo complexes are unknown, examples of cis-bis-imido complexes were reported by 

Kiplinger and Evans et al., [(Cp*)2U
VI(N-2,4,6-t-Bu3C6H2)(N-NNCPh2)]

[10] (Cp* = 

C5Me5) and [(Cp*)2U
VI(NPh)2],

[11] and more recently [(Me2bpy)2(X)UV(NDipp)2] 

(X = Cl, Br, I; NDipp = 2,6-diisopropylphenylimide),[12] respectively. Complexes in 

which the highest uranium oxidation states (V) and (VI) are stabilized by a mono-imido 

(or mono-oxo)[6c, 6d, 13] moiety are still scarce. Among the few reported mono-imido 

complexes are Andersen's [UV(NSiMe3)(N")3] (N" = N(SiMe3)2),
[5] the related 

[UVI(NSiMe3)(F)(N")3],
[6a] the full halide series, [(Cp*)2(X)UV(N-2,4,6-t-Bu3-C6H2)] 

reported by Kiplinger et al.,[14] the U(V) imidos [((RArO)3tacn)UV(NR’)][15],[13b] (with 

R = t-Bu, adamantyl (Ad), R’ = SiMe3, mesityl), Cummins' unique U(VI) nitridoborate 

[((t-Bu)ArN)3U
VI(N-B(C6F5)3)],

[16] and recently Liddle’s U(V) imido complex 

[(TIPStren)UV(NSiMe3)] (TIPStren = N{CH2CH2NSi(i-Pr)3}3) prepared from the seminal 
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terminal nitride complex [(TIPStren)UV(N)][Na(12-crown-4)2].
[17] To obtain insight into 

their electronic properties, such as the degree of covalency in U‒L bonding and the 

inverse trans-influence (ITI),[18] these uranium imido complexes have been studied 

extensively by spectroscopic and DFT computational methods.[19] 

 Most oxo and imido compounds of a given metal in the same oxidation state are 

similar in geometry and reactivity. This indeed holds true for complexes of most metals 

across the periodic table, but is not necessarily correct for actinide complexes. The large 

metal actinide ion with the f-orbitals’ high nodality and radial wavefunction offers 

diverse possibilities for ligand binding; and thus, numerous coordination geometries. 

Moreover, factors such as the difference in -backbonding ability of oxo and imido 

ligands and the pronounced oxophilicity of, e.g. uranium, lead to differences in the bond 

strengths of the oxo and imido metal-ligand multiple bond.[9f] These differences explain 

the success in substituting the imido ligand in Boncella's uranyl-like bis-imido 

[(THF)2(I)2U
VI(N-t-Bu)2]

[9c] and U(V) mono-imido [((RArO)3tacn)UV(NMes)] with oxo 

ligands, resulting in terminal mono-oxo species upon treatment with B(C6F5)3 · H2O or 

CO2, respectively.[13b] 

Recently, we demonstrated the ITI to be a key feature in determining the non-uniform 

geometry of the two uranium(VI) mono-oxo complexes [((RArO)3tacn)UVI(O)]SbF6 

((RArO)3tacn3− = 1,4,7-tris(3-R-5-tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclononane, 

R = t-Bu, Ad) obtained via oxidation of the corresponding uranium(V) oxo compounds 

with silver(I) salts (see Chapter 2 and Scheme 3.1).[13d] 

 

Scheme 3.1: Oxidation of [((RArO)3tacn)UV(O)] with 1 equiv. AgSbF6 to result in the 

complexes [((t-BuArO)3tacn)UVI(O)eq]SbF6 and [((AdArO)3tacn)UVI(O)ax]SbF6.
[13d] 
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3.2 Results	and	Discussion	

Analogously to the uranium(V) oxo complexes, the uranium(V) trimethylsilylimido 

complexes [((RArO)3tacn)UV(NSiMe3)]
[15] (1-R, R = t-Bu, Ad; Ad = adamantyl) can be 

oxidized with AgSbF6 to yield the new uranium(VI) imido complexes 

[((RArO)3tacn)UVI(NSiMe3)]SbF6 (2-R, see Scheme 3.2).[20] 

 

Scheme 3.2: Oxidation of [((RArO)3tacn)UV(NSiMe3)] (1-R) with 1 equiv. AgSbF6 to 

form [((RArO)3tacn)UVI(NSiMe3)]SbF6 (2-R). 

Addition of 1 equiv. AgSbF6 to cold, dark-brown methylene chloride solutions of 

1-R results in an immediate color change to black. After filtration through celite and 

removal of the solvent in vacuo, the uranium(VI) compounds 2-t-Bu and 2-Ad are 

obtained in near quantitative yields. Interestingly, and in contrast to the aforementioned 

non-uniform U(VI) mono-oxo species, an exclusively axial coordination mode of the 

imido ligands is observed in both the tert-butyl as well as the sterically more 

encumbered adamantyl derivatized uranium(VI) imido complex. The coordination 

modes were confirmed by 1H NMR spectroscopy, showing the C3 symmetry to be 

preserved even in solution (see Chapter 3.4.2), as well as by X-ray diffraction on single 

crystals of both compounds. 

The structures of the imido complexes 2-t-Bu (Figure 3.1) and 2-Ad (Figure 3.2) are 

very similar. Their U–Nimido bond distances are short, measuring 1.911(9) and 

1.917(9) Å in 2-t-Bu and 1.921(4) Å in 2-Ad, consistent with previously reported 

U(VI)–Nimido distances.[6-7] The N–Si bond lengths are at 1.752(10) and 1.750(10) Å for 

the t-Bu and 1.745(4) Å for the adamantyl imido. While the U–N–Si bond is linear for 

2-t-Bu, the bond angle in 2-Ad is close to linear at 175.8(3)°. The uranium center lies 

0.204(5) and 0.178(5) Å below the plane of the three aryloxide oxygen atoms for 2-t-Bu, 

while the out-of-plane shift of 2-Ad is smaller at 0.139(2) Å. This trend was found 

previously for isostructural complexes of the same chelating ligand system, e.g. 

[((RArO)3tacn)UIV(OMe)][21] or [((RArO)3tacn)UV(O)],[13b] and is related to the greater 
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steric demand of the adamantyl vs. tert-butyl groups in the ortho position of the 

aryloxide ligand pendant arms. 

 

Figure 3.1: Molecular structure of one of the two independent cations of 

[((t-BuArO)3tacn)UVI(NSiMe3)]SbF6 in crystals of [((t-BuArO)3tacn)UVI(NSiMe3)]SbF6 · 

0.5 [Na(DME)3]SbF6 · 1.5 DME (2-t-Bu). Counter anion, co-crystallized solvent and 

NaSbF6, as well as hydrogen atoms are omitted for clarity. Thermal ellipsoids are at 

50% probability. Selected bond lengths (Å) and angles (): U–Nimido: 1.911(9)/1.917(9); 

N–Si: 1.752(10)/1.750(10); U–O: 2.137(3)/2.134(4); U–Ntacn: 2.617(4)/2.619(4); U–N–

Si: 180. 

In contrast to the axially bound imido ligands of the uranium(VI) complexes 2-R, the 

isoelectronic oxo ligand leads to a markedly different geometry at the uranium center, if 

coordinated to the corresponding uranium(VI) oxo complexes. In the compound with 

the sterically less encumbered t-Bu derivatized ligand, [((t-BuArO)3tacn)UVI(O)]SbF6, the 

terminal oxo is coordinated within the equatorial plane, along with the three aryloxide 

arms of the chelating ligand. With non-coordinating anions, such as hexafluoro-

antimonate, SbF6
–, the axial position remains vacant (see Chapter 2 and Figure 3.3).[13d] 

Axial coordination of the oxo ligand, however, is still favored for the sterically more 

hindered adamantyl complex [((AdArO)3tacn)UVI(O)]SbF6 (Scheme 3.1). 
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Figure 3.2: Molecular structure of [((AdArO)3tacn)UVI(NSiMe3)]SbF6 in crystals of 

[((AdArO)3tacn)UVI(NSiMe3)]SbF6 · 2.5 toluene · 0.5 n-hexane (2-Ad). Counterion, co-

crystallized solvent, and hydrogen atoms are omitted for clarity. Thermal ellipsoids are 

at 50 % probability. Selected bond lengths (Å) and angles (): U‒Nimido: 1.921(4); N–Si: 

1.745(4); U‒O: 2.122(3), 2.131(3), 2.146(3); U‒Ntacn: 2.572(4), 2.602(4), 2.636(4); 

U‒N‒Si: 175.8(3). 

 

Figure 3.3: Molecular structure of one of the two independent cations of 

[((t-BuArO)3tacn)UVI(O)eq]SbF6 in crystals of [((t-BuArO)3tacn)UVI(O)eq]SbF6 · 3.5 C6H6. 

Counter anion, co-crystallized solvent and hydrogen atoms are omitted for clarity. 

Thermal ellipsoids are at 50% probability. Selected bond lengths (Å) and angles 

():U1−O4: 1.836(6)/1.820(6); U1−O2: 2.063(5)/2-066(5); U1−O3: 2.092(6)/2.064(6); 

U1−O1: 2.154(5)/ 2.123(6).; O4−U1−O2: 148.6(2)/149.5(2).[13d] 
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In order to explain these observed differences and to compare the electronic 

structures of the U(VI) imido and U(VI) oxo complexes, restricted DFT calculations 

were carried out, employing a ZORA/TZP all-electron basis set on the axial and 

hypothetical equatorial isomers of 2-t-Bu and 2-Ad. While the calculation of 2-Ad with 

an imido ligand hypothetically bound in the equatorial plane could not be converged 

suggesting instability of this geometrical isomer, calculations for both axial and 

equatorial imido coordination converged for 2-t-Bu. However, for the axially bound 

imido ligand in 2-t-Buax, the U–N distance is calculated to be slightly shorter by 

0.017 Å compared to the equatorial derivative. The calculated energy of 2-t-Buax is 

approximately 11 kcal mol−1 lower in absolute energy than 2-t-Bueq, which fully agrees 

with the experimentally observed axial coordination of the imido ligand. For the 

respective oxo complexes the equatorial coordination was calculated to be more stable 

than the axial by approximately 6 kcal mol−1. This suggests that the ITI is weaker for 

the imido compound than for the oxo counterpart. Whilst the steric demands of the 

t-Bu-imido ligand are obviously greater than for the oxo ligand, and thus steric 

influences should not be overlooked, DFT calculations clearly show that the U≡O bond 

is more polarized than the U≡NR bond. This observation is entirely in-line with the 

relative electronegativities of nitrogen and oxygen and simple HSAB principles. 

However, the ITI is clearly less for imido than oxo ligands. Since the ITI primarily, but 

not exclusively,[22] invokes involvement of a 6p orbital directed along the σ-bond axis 

we conclude that the oxo group induces the greater polarization of the metal atom core 

electrons; thus generating the greater ITI. Consequently the observed demand for a 

strong ligand coordinated trans to the terminal ligand (O2– vs. N3–) is more pronounced 

in the oxo species [((t-BuArO)3tacn)UVI(O)eq]SbF6. 

3.3 Conclusion	

In summary, we have synthesized the rare terminal U(VI) imido complexes 

[((RArO)3tacn)UVI(NSiMe3)]SbF6 2-R via oxidation of the U(V) compounds with 

AgSbF6.
[13d] Unlike the t-Bu derivative of the U(VI) complex with equatorial oxo 

coordination, for which ITI was shown previously to be a key feature,[13d] we find a 

different behavior for the softer terminal imido complex 2-t-Bu, with the imido group 

coordinating exclusively in the axial position. This is the most commonly observed 

coordination geometry for terminal ligands bound to the seven-coordinate uranium 

centre in compounds bearing the hexadentate (RArO)3tacn3–-chelator. While DFT 
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calculations suggest that coordination of the imido ligand in the equatorial position of 

the 2-t-Bu derivative (but not in 2-Ad) would be sterically possible, this structure is 

higher in absolute energy and therefore it is disfavored. These results show that 

although most oxo and imido complexes exhibit nearly identical reactivity and 

properties, 5f-element complexes with terminally bound oxo and imido groups and 

otherwise identical ligand sets can show markedly different molecular structures, 

electronic properties, and consequently, different reactivities. 

3.4 Experimental	Section	

3.4.1 Methods,	Procedures	and	Starting	Materials	

All air- and moisture-sensitive experiments were performed under dry nitrogen 

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox 

containing an atmosphere of purified dinitrogen. The glovebox is equipped with a 

−35°C freezer. Solvents were purified using a two-column solid-state purification 

system (Glass Contour System, Irvine, CA), transferred to the glovebox without 

exposure to air, and stored over molecular sieves and sodium (where appropriate). NMR 

solvents were obtained packaged under argon and stored over activated molecular 

sieves and sodium (where appropriate) prior to use. Silver hexafluoroantimonate was 

purchased from Acros and used without further purification. [((t-BuArO)3tacn)UV-

(NSiMe3)]
[15a] (1-t-Bu) and [((AdArO)3tacn)UV(NSiMe3)]

[15b] (1-Ad) were synthesized 

according to literature procedures. 1H NMR spectra were recorded on a JEOL ECX 400 

instrument at a probe temperature of 23°C. Chemical shifts, , are reported relative to 

residual 1H resonances of the solvent in ppm, followed by peak multiplicity (s: singlet, 

d: doublet, q: quintet, m: multiplet), coupling constant in Hertz, integration value and 

proton assignment. Electronic absorption spectra were recorded from 250 to 2200 nm 

(Shimadzu, UV-3600) in the indicated solvent at room temperature. Infrared spectra 

were recorded on a Shimadzu Affinity-1 CE FTIR instrument from 400 to 4000 cm−1. 

Solid samples of the compounds were homogenized with excess amount of KBr and a 

pressed pellet was measured at room temperature. The peaks are listed reporting 

wavenumber ~  [cm−1] and intensity (vw: very weak; w: weak; m: medium; s: strong; 

vs: very strong; br: broad). Elemental analyses were obtained using Euro EA 3000 

(Euro Vector) and EA 1108 (Carlo-Erba) elemental analyzers in the Chair of Inorganic 

Chemistry at the University Erlangen-Nuremberg (Erlangen, Germany). 
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3.4.2 Synthetic	Details	

Synthesis of [((t-BuArO)3tacn)UVI(NSiMe3)]SbF6 (2-t-Bu) 

A 20 mL scintillation vial charged with a brown solution of 0.221 g (0.200 mmol) 

[((t-BuArO)3tacn)UV(NSiMe3)] (1-t-Bu) in 10 mL cold methylene chloride. While 

stirring, a solution of 0.069 g (0.200 mmol, 1.0 eq.) silver hexafluoroantimonate in 

methylene chloride was added dropwise. The reaction mixture turned black 

instantaneously and was allowed to stir while warming up to room temperature for 60 

minutes. The dark grayish precipitate was filtered off over celite on a glass frit, which 

was washed with methylene chloride. The volatiles of the filtrate were removed in 

vacuo to give 0.262 g (0.195 mmol, 97 %) of [((t-BuArO)3tacn)UVI(NSiMe3)]SbF6 as a 

deep black-brown powder. Elemental analysis for C54H87F6N4O3SbSiU·1/5 CH2Cl2 

calc./found: C: 47.90/47.90; H: 6.48/6.36; N: 4.12/4.12. 1H NMR, benzene-

d6, 400 MHz,  [ppm]: 7.97 (d, J = 2.6 Hz, 3H, Car-H), 7.58 (d, J = 2.3 Hz, 3H, Car-H), 

6.66 (d, J = 7.0 Hz, 3H, benzyl-H), 4.88 (d, J = 14.0 Hz, 3H, benzyl-H), 3.59 (unres. dd, 

J = 14.0 H, 3H, tacn-H), 3.05-2.90 (m, 3H, tacn-H), 2.90-2.75 (m, 3H, tacn-H), 2.25-

2.05 (m, 3H, tacn-H), 1.83 (br s, 27H, t-Bu), 1.32 (br s, 27H, t-Bu), –0.22 (s, 9H, 

SiMe3-H). IR, ~  [cm−1]: 2957 (vs), 2905 (s), 2868 (s), 2112 (w), 2079 (w), 1601 (w), 

1472 (s, br), 1443 (s), 1410 (m), 1393 (m), 1362 (m), 1376 (vw), 1362 (m), 1342 (w), 

1306 (m), 1233 (vs, br), 1204 (s), 1169 (vs), 1128 (m), 1096 (m), 1059 (w), 1024 (w), 

1003 (w), 984 (vw), 947 (vw), 916 (w, br), 881 (m, br), 839 (vs), 810 (m), 779 (w), 746 

(s), 660 (vs), 613 (vw), 590 (vw), 538 (m), 507 (vw), 451 (m), 436 (w), 420 (vw). 

Synthesis of [((AdArO)3tacn)UVI(NSiMe3)]SbF6 (2-Ad) 

A 20 mL scintillation vial charged with a brown solution of 0.268 g (0.200 mmol) 

[((AdArO)3tacn)UV(NSiMe3)] (1-Ad) in 10 mL cold methylene chloride. While stirring, 

a solution of 0.069 g (0.200 mmol, 1.0 eq.) silver hexafluoroantimonate in methylene 

chloride was added dropwise. The reaction mixture turned black instantaneously and 

was allowed to stir while warming up to room temperature for 60 minutes. The dark 

grayish precipitate was filtered off over celite on a glass frit, which was washed with 

methylene chloride. The volatiles of the filtrate were removed in vacuo to give 0.304 g 

(0.193 mmol, 96 %) of [((AdArO)3tacn)UVI(NSiMe3)]SbF6 as a deep black-brown 

powder. Elemental analysis for C72H105F6N4O3SbSiU calc./found: C: 54.85/55.13; 

H: 6.71/6.43; N: 3.55/3.75. 1H NMR, benzene-d6, 400 MHz,  [ppm]: 8.01 (d, 
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J = 1.9 Hz, 3H, Car-H), 7.73 (unres. d, 3H, Car-H), 5.37 (dd, J = 14 Hz, 3.7 Hz, 3H, 

benzyl-H), 4.00 (unres. dd, J = 14 Hz, 3H, benzyl-H), 3.67 (br d, J  = 10.6 Hz, 3H, 

tacn-H), 3.3-3.0 (m, 3H, tacn-H), 3.0-2.8 (m, 3H, tacn-H), 2.89 (d, J = 11.9 Hz, 3H, 

Ad-H), 2.68 (d, J = 11.9 Hz, 3H, Ad-H), 2.15 (br s,9H, Ad-H), 1.81 (d, J = 11.9 Hz, 9H, 

Ad-H), 1.65 (d, J = 11.9 Hz, 9H, Ad-H), 1.38 (s, 27H, t-Bu), –0.12 (s, 9H, SiMe3-H). 3 

tacn protons cannot be located due to the fact that they lay under the adamantyl-H-

signals between 1.6 and 1.9 ppm. IR, ~  [cm−1]: 2953 (vs), 2901 (vs, br), 2849 (vs), 

2077 (m), 1601 (w), 1466 (vs, br), 1450 (vs, br), 1412 (m), 1395 (m), 1362 (m),  1342 

(m), 1304 (m, br), 1285 (m), 1244 (s), 1205 (vs, br), 1157 (vw),  1128 (m), 1103 (m), 

1094 (m), 1080 (w), 1057 (w), 1024 (vw), 1001 (w), 986 (w), 972 (w), 939 (w), 920 (m), 

907 (m), 878 (m), 837 (vs), 804 (s), 772 (s), 750 (m), 729 (s), 660 (vs, br), 640 (m), 608 

(vw), 581 (vw), 538 (m), 482 (w), 467 (w), 447 (m), 420 (w). 

3.4.3 Spectroscopic	Details	

1-t-Bu and 1-Ad IR reference 

1-t-Bu ~  [cm−1]: 2953 (vs), 2903 (vs), 2866 (vs), 2077 (m), 1603 (w), 1472 (vs, br), 

1441 (vs), 1412 (s), 1391 (m), 1377 (w), 1360 (s), 1342 (m), 1306 (vs), 1261 (vs, br), 

1238 (vs), 1204 (s), 1169 (s), 1132 (s), 1103 (m), 1063 (w), 1026 (w), 986 (s, br), 935 

(m, br), 914 (m), 889 (m), 878 (s), 837 (vs, br), 810 (s), 783 (m), 764 (m), 745 (s), 699 

(vw), 679 (vw), 646 (vw), 611 (w), 588 (vw), 532 (s), 444 (s). 

Only slight differences with 2-t-Bu were visible, the Sb‒F-stretch in 2-t-Bu could be 

assigned at 660 cm−1. 

1-Ad ~  [cm-1]: 2951 (s), 2903 (vs), 2847 (s), 2081 (m), 1603 (w), 1466 (s, br), 1412 

(m), 1393 (w), 1360 (m), 1343 (m), 1302 (m), 1283 (m), 1261 (s), 1252 (s), 1215 (s), 

1182 (w), 1161 (vw), 1132 (m), 1103 (m), 1080 (w), 1063 (w), 1080 (vw), 1001 (w), 

974 (w), 988 (m), 928 (m, br), 918  (w), 876 (m, br), 835 (s), 804 (m), 772 (m), 758 (w), 

729 (m), 696 (vw), 671 (vw), 652 (vw), 640 (vw), 604 (vw), 532 (m), 480 (vw), 465 (w), 

442 (m), 420 (m). 

Only slight differences with 2-Ad were visible, the Sb‒F-stretch could be assigned in 

2-Ad at 660 cm−1. 
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Absorption Spectroscopy 

 

Figure 3.4: UV/vis/NIR spectra of 2-t-Bu in toluene with c = 2.4910−4 M (black), and 

2-Ad in toluene with c = 2. 4210−4 M (red). 
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3.4.4 X‐ray	Crystal	Structure	Determination	Details	

CCDC-numbers for all complexes are to be inserted as soon as they are available. 

They contain the supplementary crystallographic data for this chapter. This data can be 

obtained free of charge via http://www.ccdc.cam.ac.uk/products/csd/request/ (or from 

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK. 

fax: ++44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). 

Crystallographic Details for [((t-BuArO)3tacn)UVI(NSiMe3)]SbF6 (2-t-Bu) 

Single crystals for X-ray diffraction analysis were obtained by slow diffusion of 

n-hexane into a concentrated solution of [((t-BuArO)3tacn)UVI(NSiMe3)]SbF6 and 

NaSbF6 in dimethoxyethane (DME) as [((t-BuArO)3tacn)UVI(NSiMe3)]SbF6 · 

0.5 [Na(DME)3]SbF6 · 1.5 DME in form of violet-brown plates. A suitable single 

crystal of approximately 0.18 × 0.12 × 0.02 mm³ size was coated with protective 

perfluoropolyether oil and mounted on a MiTeGen micromount. Intensity data were 

collected at 100 K on a Bruker Kappa APEX 2 IS duo diffractometer using MoK 

radiation ( = 0.71073 Å) and QUAZAR focussing Montel optics. Data were corrected 

for Lorentz and polarization effects. A semi empirical absorption correction was applied 

on the basis of multiple scans (SADABS 2008/1).[23a] The structure was solved by direct 

methods and refined by full-matrix least-squares procedures on F2 (SHELXTL NT 

6.12).[24] All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 

placed in positions of optimized geometry, their isotropic displacement parameters were 

tied to the equivalent isotropic displacement parameter of the corresponding carrier 

atom by a factor of either 1.2 or 1.5. The asymmetric unit of the crystal structure 

contained two independent molecules of the complex salt, one molecule of the 

[Na(DME)3]SbF6 salt and three disordered molecules of DME. The two independent 

uranium complex cations as well as the solvated [Na(DME)3] cation were situated on 

crystallographic threefold axes. In both of the independent uranium complex cations one 

of the t-Bu groups is disordered. Two preferred orientations were refined in each case 

with resulting site occupancies of 76.8(9) and 23.2(9) % for C15 – C17 and C15A – 

C17A and of 76.7(9) and 23.3(9) % for C33 – C35 and C33A – C35A, respectively. The 

independent SbF6 anion is also disordered with two preferred orientation for the 

equatorial positions. The refinement resulted in site occupancies of 53(2) and 47(2) % 

for the affected atoms F13 – F16 and F13A – F16A. The independent DME solvate 

molecule is disordered around a threefold axis. Two alternative orientations were 
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refined resulting in site occupancies of 69.8(8) and 30.2(8) % for C201 – C206 and 

C211 – C216, respectively. SIMU, ISOR, and SAME restraints were applied in the 

refinement. Crystallographic data, data collection, and refinement details are 

summarized in Table 3.4. For the most important bond distances and angles of 2-t-Bu 

see Table 3.1. 

 

Figure 3.5: Molecular structure of one of the two independent cations of 

[((t-BuArO)3tacn)UVI(NSiMe3)]SbF6 in crystals of [((t-BuArO)3tacn)UVI(NSiMe3)]SbF6 · 

0.5 [Na(DME)3]SbF6 · 1.5 DME (2-t-Bu). Counter anion, co-crystallized solvent and 

NaSbF6, as well as hydrogen atoms are omitted for clarity. 

Table 3.1: Bond distances and angles for [((t-BuArO)3tacn)UVI(NSiMe3)]SbF6 (2-t-Bu). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.137(3) O1–U1–O1A 119.18(3) 

U1–N1 2.617(4) O1–U1–N2 84.77(9) 

U1–N2 1.911(9) U1–N2–Si1 180.000(1)

Si1–N2 1.752(10) N2–U1–N1 141.43(9) 

  U1–O1–C5 148.7(3) 

OOP [Å] 0.195   
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Crystallographic Details for [((AdArO)3tacn)UVI(NSiMe3)]SbF6 (2-Ad) 

Single crystals for X-ray diffraction analysis were obtained by slow diffusion of 

n-hexane into a concentrated solution of [((AdArO)3tacn)UVI(NSiMe3)]SbF6 in toluene 

as [((AdArO)3tacn)UVI(NSiMe3)]SbF6 · 2.5 toluene · 0.5 n-hexane in form of black 

prisms. A suitable single crystal of approximately 0.18 × 0.12 × 0.06 mm³ size was 

coated with protective perfluoropolyether oil and mounted on a glass fibre. Intensity 

data were collected at 150 K on a Bruker Nonius KappaCCD diffractometer using 

graphite monochromatized MoK radiation ( = 0.71073 Å). Data were corrected for 

Lorentz and polarization effects. A semi empirical absorption correction was applied on 

the basis of multiple scans (SADABS 2.10).[23b] The structure was solved by direct 

methods and refined by full-matrix least-squares procedures on F2 (SHELXTL NT 

6.12).[24] All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 

placed in positions of optimized geometry, their isotropic displacement parameters were 

tied to the equivalent isotropic displacement parameter of the corresponding carrier 

atom by a factor of either 1.2 or 1.5. Part of the ligand is subjected to disorder. Two 

alternative orientations of one of the t-Bu-Ph moieties were refined resulting in site 

occupancies of 64.7(7) % for C50 – C55, C66 – C69 and 35.3(7) % for C50A – C55A, 

C66A – C69A, respectively. Another t-Bu-group of the ligand shows rotational disorder. 

Two alternative orientations of this group were refined with site occupancies of 66(2) % 

for C46 – C48 and 34(2) % for C46A – C48A. The compound crystallized with a total 

of 2.5 molecules of toluene and 0.5 molecules of n-hexane. 1.5 toluene molecules were 

disordered over three alternative sites with occupancies of 62.9(9) % for C201 – C207, 

38.0(9) % for C211 – C217 and 49.1(9) % for C301 – C307. The n-hexane molecule is 

situated on a crystallographic inversion centre. SIMU, ISOR, SAME, FLAT, and DFIX 

restraints were applied in the refinement. Crystallographic data, data collection, and 

refinement details are summarized in Table 3.4. For the most important bond distances 

and angles of 2-Ad see Table 3.2. 
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Figure 3.6: Molecular structure of the cation of [((AdArO)3tacn)UVI(NSiMe3)]SbF6 in 

crystals of [((AdArO)3tacn)UVI(NSiMe3)]SbF6 · 2.5 toluene · 0.5 n-hexane (2-Ad), co-

crystallized solvent molecules and hydrogen atoms omitted for clarity. 

 

Figure 3.7: Molecular structure of the SbF6
−-counterion of [((AdArO)3tacn)UVI-

(NSiMe3)]SbF6 (2-Ad). 
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Table 3.2: Bond distances and angles for [((AdArO)3tacn)UVI(NSiMe3)]SbF6 (2-Ad). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.122(3) O1–U1–O2 116.73(12) 

U1–O2 2.131(3) O2–U1–O3 118.49(12) 

U1–O3 2.146(3) O1–U1–O3 123.53(12) 

U1– N1 2.636(4) O1–U1–N4 85.84(15) 

U1–N2 2.602(4) O2–U1–N4 87.19(14) 

U1–N3 2.572(4) O3–U1–N4 85.86(15) 

U1–N4 1.921(4) U1–N4–Si1 175.8(3) 

Si1–N4 1.745(4) N4–U1–N1 140.75(16) 

  N4–U1–N2 142.47(15) 

  N4–U1–N3 139.32(15) 

  U1–O1–C9 149.6(3) 

  U1–O2–C30 148.2(3) 

  U1–O3–C51 149.9(5) 

OOP [Å] 0.139   

 

Crystallographic Details for [((AdArO)3tacn)UVI(NSiMe3)]BPh4 (3-Ad) 

The oxidation of [((AdArO)3tacn)UVI(NSiMe3)] (1-Ad) was also achieved by reaction 

with 1 equiv. AgBPh4. Single crystals for X-ray diffraction analysis were obtained by 

slow diffusion of n-pentane into a concentrated solution of [((AdArO)3tacn)UVI-

(NSiMe3)]BPh4 in methylene chloride and acetonitrile as [((AdArO)3tacn)UVI-

(NSiMe3)]BPh4 · CH2Cl2 · 0.5 C5H12 in form of dark brown to black blocks. A suitable 

single crystal of approximately 0.23 × 0.18 × 0.18 mm³ size was coated with protective 

perfluoropolyether oil and mounted on a glass fibre. Intensity data were collected at 

150 K on a Bruker-Nonius KappaCCD diffractometer using graphite monochromatized 

MoKα radiation. Data were corrected for Lorentz and polarization effects. A semi 

empirical absorption correction was applied on the basis of multiple scans (SADABS 

2.10).[23b] The structure was solved by direct methods and refined using blocked matrix 

least-squares procedures on F2 (SHELXTL NT 6.12).[24] All non-hydrogen atoms were 

refined anisotropically. The compound crystallized with one molecule of methylene 

chloride and half a molecule of n-pentane in the unit. This solvent molecule is located 

on an inversion centre and disordered with 50 % occupancy. DFIX, SIMU, and ISOR 

restraints were applied in the refinement of the disorder. According to a PLATON-
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analysis, additional voids in the structure are accessible for further solvent molecules. A 

following SQUEEZE treatment resulted only in three remaining electrons per unit cell, 

which allows for the conclusion that co-crystallized solvent already evaporated from 

these positions in the structure. Hydrogen atoms were placed in positions of optimized 

geometry, their isotropic displacement parameters were tied to the equivalent isotropic 

displacement parameter of the corresponding carrier atom by a factor of either 1.2 or 1.5. 

Crystallographic data, data collection, and refinement details are summarized in 

Table 3.4. For the most important bond distances and angles of 3-Ad see Table 3.3. 

 

Figure 3.8: Molecular structure of [((AdArO)3tacn)UVI(NSiMe3)]BPh4 in crystals of 

[((AdArO)3tacn)UVI(NSiMe3)]BPh4  CH2Cl2  0.5 C5H12 (3-Ad), counterion, co-

crystallized solvent molecules and hydrogen atoms omitted for clarity. 

 



Chapter 3: Uranium(VI) Imido complexes - The Difference Between Terminal Oxo and Imido Ligands 

87 

 

Figure 3.9: Structure of the BPh4
−-counterion of [((AdArO)3tacn)UVI(NSiMe3)]BPh4 

(3-Ad), hydrogen atoms omitted for clarity. 

Table 3.3: Bond distances and angles for [((AdArO)3tacn)UVI(NSiMe3)]BPh4 (3-Ad). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.106(3) O1–U1–O2 117.83(13) 

U1–O2 2.135(3) O2–U1–O3 123.31(13) 

U1–O3 2.108(3) O1–U1–O3 117.52(13) 

U1– N1 2.636(4) O1–U1–N4 86.37(15) 

U1–N2 2.618(4) O2–U1–N4 86.29(15) 

U1–N3 2.659(4) O3–U1–N4 85.82(15) 

U1–N4 1.911(4) U1–N4–Si1 171.3(3) 

Si1–N4 1.766(4) N4–U1–N1 141.12(15) 

  N4–U1–N2 139.42(15) 

  N4–U1–N3 143.05(15) 

  U1–O1–C9 151.0(3) 

  U1–O2–C30 148.0(3) 

  U1–O3–C51 152.2(3) 

OOP [Å] 0.142   
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Table 3.4: Crystallographic data, data collection, and refinement details for 2-t-Bu, 

2-Ad, and 3-Ad. 

 2-t-Bu 2-Ad 3-Ad 

Empirical formula C66H117F9N4Na0.5O9Sb1.5SiU C92.50H132F6N4O3SbSiU C99.50H133BCl2N4O3SiU 

Mol. weight 1741.88 1849.89 1780.93 

Crystal size [mm3] 0.18×0.12×0.02 0.18×0.12×0.06 0.23×0.18×0.18 

Wavelength [Å] 0.71073 0.71073 0.71073 

Temperature [K] 100 150 150 

Crystal system trigonal monoclinic triclinic 

Space group R3 (no. 146) P21/c (no. 14) P–1 (No. 2) 

a [Å] 14.928(2) 19.293(4) 16.1844(7) 

b [Å] 14.928(2) 16.638(3) 17.476(3) 

c [Å] 63.398(11) 28.095(5) 19.116(3) 

α [°] 90 90 94.215(13) 

β [°] 90 101.198(11) 95.920(6) 

γ [°] 120 90 111.501(5) 

V [Å3] 12234(3) 8847(3) 4967(2) 

Z 6 4 2 

calc [g/cm3] 1.419 1.389 1.191 

 [mm-1] 2.563 2.209 1.746 

F (000) 5292 3800 1854 

2  interval [°] 5.4 ≤ 2 ≤ 54.2 6.3 ≤ 2 ≤ 54.2 6.9 ≤ 2 ≤ 54.0 

Limiting Indices 

–19 ≤ h ≤ 18 

–19 ≤ k ≤ 19 

–81 ≤ l ≤ 81 

–24 ≤ h ≤ 24 

–21 ≤ k ≤ 21 

–36 ≤ l ≤ 36 

–20 ≤ h ≤ 20 

–22 ≤ k ≤ 22 

–24 ≤ l ≤ 24 

Completeness to   = 27.09°: 99.9 %   = 27.10°: 99.8 %   = 27.00°: 99.6 %

Collected 

reflections 
65892 139819 

104736 

Independent 

reflections; Rint 

12037; 

0.0768 

19494; 

0.0661 

15299; 

0.1335 

No. restraints/ re-

fined parameters 
274 / 721 616 / 1170 61 / 1036 

wR2 (all data) 0.0734 0.1136 0.1246 

R1 [I ≥ 2(I)] 0.0346 0.0480 0.0560 

GooF on F2 1.019 1.084 0.985 

max/min [e.Å3] 0.783 / –0.872 1.967 / –1.816 1.648 / –0.964 
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3.4.5 Computational	Details	

General Method 

In order to investigate possible ITI effects (or their absence) in 2-t-Bu and 2-Ad, 

restricted geometry optimizations were performed for the cationic, uranium-containing 

full models of 2-t-Bu and 2-Ad with axial (2-t-Buax and 2-Adax) and equatorial 

(2-t-Bueq and 2-Adeq) isomers using coordinates derived from the X-ray crystal 

structures as a start point. Despite exhaustive attempts, 2-Adeq suffered extensive 

convergence problems and could not be converged. We suggest this reflects the 

sterically highly unfavorable environment resulting from the bulky adamantyl groups. 

No constraints were imposed on the structures during the geometry optimizations. The 

calculations were performed using the Amsterdam Density Functional (ADF) suite 

version 2010.01.[25] The DFT geometry optimizations employed Slater type orbital 

(STO) triple-ζ-plus polarization all-electron basis sets (from the ZORA/TZP database of 

the ADF suite). Scalar relativistic approaches were used within the ZORA Hamiltonian 

for the inclusion of relativistic effects and the local density approximation (LDA) with 

the correlation potential due to Vosko et al.[26] was used in all of the calculations. 

Gradient corrections were performed using the functionals of Becke[27] and Perdew.[28] 

MOLEKEL[29] was used to prepare the three-dimensional plots of the electron density.  

Table 3.5: Calculated bond lengths and Nalewajski-Mrozek bond indices for 2-t-Buax, 

2-t-Bueq, and 2-Adax. 

 Calculated bond lengths and Nalewajski-Mrozek bond indices in parentheses 

 U=N U‒O U‒O U‒O U‒N U‒N U‒N 

2-t-Buax 1.9122 

(2.71) 

2.1677 

(1.30) 

2.1677 

(1.30) 

2.1675 

(1.30) 

2.7248 

(0.44) 

2.7244 

(0.44) 

2.7250 

(0.44) 

2-t-Bueq 1.9294 

(2.67) 

2.1327* 

(1.41) 

2.1100 

(1.41) 

2.1757 

(1.27) 

2.7078 

(0.41) 

2.6505 

(0.41) 

2.8246 

(0.39) 

2-Adax 1.9143 

(2.70) 

2.1637 

(1.30) 

2.1611 

(1.30) 

2.1722 

(1.28) 

2.7219 

(0.44) 

2.7112 

(0.44) 

2.6829 

(0.45) 

* trans to the imido group. 
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Although data for the hypothetical 2-Adeq could not be obtained, the geometry 

optimized structures of 2-t-Buax and 2-t-Bueq provide an opportunity to assess any 

possible ITI effects. The calculated parameters closely match those where experimental 

data are available, Table 3.5, and we thus conclude that the calculations provide 

qualitative models. Notably, in 2-t-Bueq the Oaryloxide‒U‒Nimido angle is calculated to be 

150.3°, which would be expected to disfavor any ITI effects on the basis of data 

obtained for related oxo-complexes.[12d] Furthermore, there is no discernible trend 

regarding U=N and U‒O bond lengths with respect to an axial or equatorial isomer as 

was the case with related oxo-complexes.[12d]  

Table 3.6: Calculated Mulliken charges for 2-t-Buax, 2-t-Bueq, and 2-Adax. 

 Calculated Mulliken charges 

 U Nimido O O O N N N 

2-t-Buax +2.61 −1.14 −0.76 −0.76 −0.76  −0.75 −0.75 −0.75 

2-t-Bueq +2.58 −1.18 −0.72* −0.72 −0.77 −0.75 −0.80 −0.73 

2-Adax +2.68 −1.15 −0.79 −0.78 −0.78 −0.75 −0.76 −0.77 

* trans to the imido group. 

The calculated charges, Table 3.6, also show little variation, and certainly no 

systematic variation that might be anticipated from any ITI effects. The calculations 

reveal that 2-t-Buax is more stable than 2-t-Bueq by ~11 kcal mol–1, which is entirely in 

line with the observation that only 2-t-Buax can be isolated experimentally. The 

convergence issues for 2-Adeq suggest that the axial isomer is more stable than the 

equatorial congener by at least ~11 kcal mol–1 and most likely by a substantially larger 

value. Thus, the calculations entirely reproduce the experimentally observed outcomes. 
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Final Geometry and Selected Kohn Sham Molecular Orbitals for 2-t-Buax 

 

 (a) (b) 

 

 (c) (d) (e) 

 

Figure 3.10: (a) Optimized structure – side view; (b) Optimized structure – top view; 

(c) HOMO–6 (–8.218 eV); (d) HOMO–7 (–8.220 eV); (e) HOMO–8 (–8.720 eV). 

HOMOs –6 and –7 are quasi-degenerate. The U=N σ-bond is delocalized over several 

MOs, but is most clearly visualized in HOMO–8. Hydrogen atoms are omitted for 

clarity. 
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Final Geometry and Selected Kohn Sham Molecular Orbitals for 2-t-Bueq 

 

 (a) (b) 

 

 (c) (d) 

 

Figure 3.11: (a) Optimized structure – side view; (b) Optimized structure – top view; 

(c) HOMO–6 (–8.260 eV); (d) HOMO–7 (–8.732 eV). HOMOs –6 and –7 are no-longer 

quasi-degenerate. The U=N σ-bond is delocalized over several MOs to such an extent 

that no one MO visualizes it clearly. Hydrogen atoms are omitted for clarity. 
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Final Geometry and Selected Kohn Sham Molecular Orbitals for 2-Adax 

 

 (a) (b) 

 

 (c) (d) (e) 

 

Figure 3.12: (a) Optimized structure – side view; (b) Optimized structure – top view; 

(c) HOMO–6 (–8.082 eV); (d) HOMO–7 (–8.101 eV); (e) HOMO–17 (–8.634 eV). 

HOMOs –6 and –7 are quasi-degenerate. The U=N σ-bond is delocalized over several 

MOs, but is most clearly visualized in HOMO–17. Hydrogen atoms are omitted for 

clarity. 
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4 XANES	 Spectroscopy	 on	 a	 Series	 of	 Isostructural	

Complexes	of	Uranium(III)	to	Uranium(VI)	

4.1 Introduction	

In the course of our studies of small molecule activation by uranium complexes 

supported by the (RArO)3tacn3– ligand system (R = t-Bu (tert-butyl): 1-t-Bu,[1] and 

R = Ad (1-adamantyl): 1-Ad[2]), we have prepared a series of isostructural hexa- and 

hepta-coordinate uranium complexes that possess nearly identical first coordination 

spheres and geometries in the full range of oxidation states from uranium(III) to 

uranium(VI) (Scheme 4.1). 

 

L R = t-Bu R = Ad Ox. State 

− 1-t-Bu, n = 0 1-Ad, n = 0 III 

O‒C(t-BuAr)2
− 2, n = 0 − IV 

O‒CH(t-BuAr)2 3, n = 0 − IV 

O‒CH3 4-t-Bu, n = 0 4-Ad, n = 0 IV 

O 5-t-Bu, n = 0 5-Ad, n = 0 V 

O 6-t-Bu, n = 1 6-Ad, n = 1 VI 

Scheme 4.1: Schematic representation of complexes of the general type 

[((RArO)3tacn)U–L]n+ and table of compounds. 
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Only recently, we have completed this series with the synthesis of uranium(V)[3] and 

uranium(VI)[4] complexes, featuring a single terminal oxo ligand. The electronic and 

molecular structure of most of these complexes has been fully characterized previously 

by standard methods (SQUID, EPR, 1H NMR, UV/Vis/NIR, XRD). Characterization of 

4-t-Bu and 4-Ad is included (see Chapter 4.4). Each complex consists of a 

triazacyclononane (tacn) anchor bearing three aryloxide side arms with t-Bu or Ad 

ortho-substituents. All complexes have approximate C3 symmetry (except for 

[((t-BuArO)3tacn)UVI(O)][SbF6] (6-t-Bu)[4], which has CS symmetry) and possess an 

axial cavity, which is either empty (U(III), 1-R) or occupied by a seventh ligand, 

namely a terminal oxo (U(V), 5-R,[3]; U(VI), 6-R[4]), an alkoxide (U(IV), 3[5]; 4-R (see 

Chapter 4.4)), or a ketyl radical (U(IV)–L–, 2)[5] (Scheme 4.1). 

 

Scheme 4.2: Different possible resonance structures for a uranium ketyl complex. In 2, 

R and R' = t-Bu. The chelating (t-BuArO)3tacn3– ligand is omitted. Only one of the 

possible resonance structures of the ortho- and para- radical forms are depicted. 

For the crystallographically characterized 1-ketyl complex 2, four different 

resonance structures can be considered (Scheme 4.2). While three of them are charge-

separated compounds, where the metal can be assigned to a formal oxidation state of 

uranium(IV) with a radical on an anionic ketyl ligand, one has a formal uranium(III) 

center and a neutral benzophenone ligand. Quantum chemical DFT studies on complex 

2 suggested that the unpaired electron is located on both the metal and the ligand.[5] 

Similarly, temperature dependent SQUID magnetization measurements revealed a 

uranium(IV) center with an uncoupled ligand radical and magnetic moments of 

~ 1.7 B.M. at 4 K.[5] In contrast, uranium(IV) complexes with closed-shell ligands have 

a non-magnetic singlet ground-state and typically exhibit magnetic moments of 

approximately 0.4 B.M.[6] In this report we use the uranium LIII edge XANES energies 

of the other near isostructural uranium complexes and of hexavalent and tetravalent 

oxide reference compounds to determine the oxidation state of the open-shell, charge-

separated uranium ketyl complex 2. Notably comparison to the closed-shell alkoxo 
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derivative 3 and the methoxide complex 4 assist in the potentially ambiguous 

assignment of 2. 

XAFS[7] (X-ray absorption fine structure) spectroscopy is a helpful tool to 

characterize near ordered structure surrounding a selected element in systems in varying 

physical states, i.e. everything from solids, including nanoparticles and amorphous 

materials, to liquids and gases. It is applicable where no long range order exists and 

X-ray diffraction structure determinations are not possible.[7] Detailed analysis of the 

extended XAFS (EXAFS) is used to characterize coordination structure, including 

determination of coordination numbers and bond distances.[8] Analysis of the XAFS 

region at energies near an element's ionization energy (XANES, X-ray absorption near-

edge structure)[9] is an exceptionally powerful tool for determining oxidation states. 

Recent studies combine XANES from both the metal ion and the coordinating ligand 

absorption edges with results from theoretical tools to define the degree of covalency in 

metal-ligand bonds in transition metal and actinide complexes.[10] 

Metal and metal ion oxidation state determinations using XANES spectroscopy rest 

on the fact that the binding energy for exciting a core photoelectron increases with the 

charge of the metal center; the transition energy, observed as an "edge" or rise in the 

measured absorption coefficient, shifts to higher energy upon increasing valence of the 

absorbing metal ion.[9] The XANES edge energy is, however, not solely a function of 

formal oxidation state. The chemical environment and other factors contributing to the 

electron density or shielding of empty final states involved in the photoelectron transi-

tion also play an important role. As a result, edge energies for compounds possessing 

highly covalent, -bonded metal-ligand multiple bonds most often differ from those for 

compounds of the same formal valence but exhibiting solely -bound ligands. Filled  

orbitals decrease the effective charge on the metal center and, as a result, a linear 

correlation between metal formal oxidation state and edge energy for such systems no 

longer strictly holds. For the lighter actinide elements in particular this phenomenon 

complicates the determination of oxidation states with XANES, since their higher valent 

complexes almost invariably form actinyl compounds, [O=An=O]n+ with multiple 

bonds between the An(m-n)+ cation and its oxo ligands.[11] For example, the energy 

position of the neptunium LIII edge for Np(IV) compounds generally lies above that of 

their neptunyl [O=Npv=O]+ counterparts, due to the relatively higher charge on the 

Np(V) center with two -bonded terminal oxo ligands. This is in reverse order of an 
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expected straightforward increase in ionization energy with increasing valence state of 

the absorbing atom.[12] Such behavior renders disentangling correlations between 

oxidation state and XANES absorption energies challenging for these elements, whose 

chemistry is critical in environmental and energy areas. 

To date, few studies of penta- and hexavalent uranium coordination compounds 

without the abundant uranyl [O=UVI=O]2+ moiety have been reported.[13] A limiting 

factor in such studies is the paucity of high-valent uranium complexes stabilized by a 

single terminal oxo ligand.[3-4,14] This systematic uranium LIII edge XANES 

investigation presented here will add to the present scarce data base for such compounds. 

In addition, the results for our isostructural series of uranium(III) to uranium(VI) 

complexes to probe uranium valence are not only useful to determine the correct 

resonance structure for 2; moreover, they can serve as a benchmark for further 

advancement of quantum chemical tools for modeling these heavy, highly correlated 

and relativistic systems in general and can help aid in challenging oxidation state 

assignments in particular. 

4.2 Results	and	Discussion	

The background subtracted, normalized uranium LIII XANES spectra of the 

complexes 1-R, 2, 3, 4-R, 5-R, and 6-R are shown in Figure 4.1 (top). The first 

derivative of the normalized absorption vs. energy plot is also shown (bottom), where 

the zero-crossing corresponds to the primary spectral XANES peak (white line) energy 

for each compound. These energy values are listed in Table 4.1. 

Table 4.1: Energies for uranium LIII XANES white line maxima of the samples studied 

and of synthetic oxide minerals uraninite and schoepite. 

Compound Ox. State Edge Energy 

1-t-Bu, 1-Ad III 17173.6, 17173.0 

4-t-Bu, 4-Ad IV 17176.6, 17176.7 

5-t-Bu, 5-Ad V 17178.4, 17178.1 

6-t-Bu, 6-Ad VI 17180.6, 17180.1 

Schoepite VI 17179.0 

UO2 IV 17177.2 

2, 3 IV 17176.6, 17176.6 
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Figure 4.1: Normalized absorption vs. energy plot (top) and their corresponding first 

derivatives (bottom) of uranium LIII edge XANES for compounds 1-R (brown, ocre), 

4-R (light green, blue), 5-R (red, orange), 6-R (black, grey) for both ligand systems 

(R = t-Bu, Ad), and for compounds 2 (purple) and 3 (dark green). In the upper plot, the 

last two spectra are shifted along the y axis by 0.25 for clarity. 
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The observed energy increase with uranium valence is consistent with the expec-

tation that increased formal charge correlates with higher core electron binding energy 

and concomitant upward shift in the XANES edge energies. The observed LIII edge 

energy dependence on uranium valence for this series is not strictly linear (see Table 4.1 

and Figure 4.2), as the energy shifts associated with unit valence changes is not constant. 

 

Figure 4.2: Uranium oxidation state vs. uranium LIII XANES white line energy for the 

1-R, 4-R, 5-R, 6-R (R = t-Bu or Ad) samples and the associated trend (determined as 

linear regression through the data points). The data for compound 2 and for the oxide 

minerals uraninite and schoepite are added for comparison. Note the slope of the trend 

using the oxide mineral data is much smaller than the trend for the samples of this study 

(0.9 instead of 2.32). 

The edge energy difference associated with a change of one formal charge from 

uranuim(III) to uranium(IV) (1-R vs. 4-R) is 3.0 eV (t-Bu) and 3.7 eV (Ad). This 

separation is substantially larger than the energy difference between uranium(IV) and 

uranium(V) (4-R vs. 5-R), 1.8 (t-Bu) and 1.4 eV (Ad). The shift of the white line for 

uranium(V) to uranium(VI) (5-R vs. 6-R) is intermediate to the other two pairs and 

exhibits a shift of 2.2 (t-Bu) and 2.0 eV (Ad). The non-linearity of edge energy with 
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formal charge in this series is partially due to the terminal oxo ligand present in the 5-R 

and 6-R compounds, which leads to a relative reduction of the effective uranium charge. 

The white line energies for 5-R and 6-R are higher than those generally observed for 

dioxo uranyl uranium(V,VI) species. For example, the white line maximum for uranyl 

in the spectrum of the mineral schoepite lies well below 1 eV from that for the 

uranium(VI) compounds in this series. Obviously, the singly -bonded terminal oxo 

6-R compounds have a higher effective charge on uranium than the trans-dioxo 

[O=U=O]2+ moiety. 

The spectra in Figure 4.1 exhibit the XANES features known for light actinides: 

strong white lines for the tri- and tetravalent uranium compounds and a lowering of 

white line intensity for higher valent uranium with -bonded terminal oxo ligands.[15] 

An extensively studied feature of the LII/III XANES of light actinides is the multiple-

scattering feature appearing as a shoulder on the high energy side of the white line for 

the An(V/VI) actinyl complexes.[16] While the white line peak shape in the spectra of 

1-R and 4-R can be described as asymmetric Gaussian-like, the uranium(V) and 

uranium(VI) terminal oxo complexes 5-R and 6-R exhibit broader white lines with a 

shoulder on the high-energy side, reminiscent of spectra for actinyl complexes but 

comparatively less resolved. Notably, the peak forms for 6-t-Bu and 6-Ad are similar 

but not identical, which might reflect their differences in ground state coordination 

geometry (CS vs. C3, vide supra). 

Fits to these two XANES using two asymmetric Lorentz functions to model the 

white line (see Chapter 4.4.5) reveal the primary difference in these spectra to lie in the 

energy splitting of the white line modeled by these two functions. This splitting is 

smaller for the low symmetry 6-t-Bu than for 6-Ad. The shoulder in the 5-R and 6-R 

spectra might be considered due to multiple-scattering on the mono-oxo ligand, 

analogous to the white line and its multiple-scattering feature observed in uranium LIII 

XANES of uranyl compounds. Generally an increase in the energy difference between 

white line and high energy shoulder (E) in uranyl compounds with smaller U–O 

distances is observed due to the relation E  1/R(U–O)2.[17] For example, the observed 

value for E in the schoepite LIII spectrum is around 13 eV, which is 1-2 eV larger than 

for the 6-R compounds. This reflects the differences in R(U‒O) in these systems, which 

is shorter in schoepite (1.78 Å)[18] than in 6-t-Bu or 6-Ad (1.81 and 1.84 Å, respec-

tively).[4] We also explored if the shoulder on the white line in 6-R spectra might also 
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result from photoelectron transitions to split d-like final states near continuum by 

calculating the angular momentum projected density of states (ℓDOS) for dipole 

allowed final d-states in the 2p3/2 → 5d transition using the FEFF8.4 code[19] (see 

Chapter 4.4.5). The calculations for both compounds reveals a strong unoccupied dDOS 

associated with the spectra white lines. This main d-state shows an asymmetric doublet 

for 6-Ad, which is not found for 6-t-Bu; however, no correlation between calculated 

dDOS and the shoulder features in the experimental XANES is evident. 

The shape of the XANES spectra and the edge energy of the closed-shell 

uranium(IV) methoxide and alkoxide (4-t-Bu and 3) are identical, which shows that the 

different alkyl groups on the axial ligand do not affect the ligand-to-metal 

charge-transfer, peak position, or shape. Therefore, the spectrum of the open-shell ketyl 

complex 2 can be directly compared to these spectra. The edge energy for 2 is the same 

and its peak shape nearly identical to these two other uranium(IV) species, allowing 

unambiguous assignment of 2 as a tetravalent uranium(IV) complex. In other words, the 

uranium(III) resonance structure does not significantly contribute to the oxidation state 

of this compound. Note that if we had compared the edge energy for 2 with oxide 

reference compounds uraninite (UO2) and schoepite, we would have via extrapolation 

erroneously come to the conclusion that the mean oxidation state in 2 is 3.3, falsely 

indicating a contribution of the uranium(III) resonance structure. 

4.3 Conclusion	

We have characterized the spectroscopic oxidation state in a series of isostructural 

hexa- and hepta-coordinate uranium complexes by means of uranium LIII edge XANES. 

The oxidation states of the compounds in the U(III) to U(VI) series are correlated to 

defined edge energies and this information is used to successfully identify the oxidation 

state in the isostructural open-shell uranium-ketyl complex 2, clearly shown to be 

tetravalent. Comparison of edge energies of structurally similar compounds proved to 

be essential. This series of complexes also exhibits subtle differences in various spectral 

features for compounds in the same oxidation state. Further investigation of this series 

with higher energy resolution, such as with partial fluorescent yield (PFY)-XANES or 

resonant inelastic X-ray scattering (RIXS), and combining results with quantum 

chemical studies will provide quantified information concerning effective metal ion 

charge and associated electronic structure of uranium coordination complexes. This will 
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allow quantitative evaluation of geometry effects compared to electronic effects, 

thereby making refinement of oxidation state determinations, notably for systems 

lacking structurally similar reference compounds. With increasing interest in uranium 

coordination chemistry, these investigations promise to become a prominent tool in the 

elucidation of structure – reactivity relationships and be an indispensable probe of the 

electronic structure of novel molecules, thereby assisting in elucidating the origins of 

their reactivity. For example, in the complexes NaU2Cl6,
[20] K2[{(R,R'C=N)3U}2-

(µ-η6:η6-C10H8)],
[21] [{(Ar[R]N)2U}2(-6:6-C7H8)],

[22] [{(Cp*)2U}2(-6:6-C6H6)]
[23], 

or [{(TMSBIPMH)U(I)}2(µ-η6:η6-C6H5CH3)] (TMSBIPMH = C(PPh2NSiMe3)2),[24] the 

uranium center has the rare formal oxidation state of +II, reportedly an unstable 

oxidation state for uranium. Uranium in the unusual arene-bridged complex 

[{(XyTs)U}2(µ-η6:η6-C6H5Me)] (XyTs = HC(SiMe2NAr)3),
[25] has an oxidation state of 

+V. XANES information would have been helpful in the characterization of its 

electronic structure. Nevertheless, structurally similar compounds are presently needed 

as reference samples, as we show in this manuscript. Such novel compounds generally 

have rather unique coordination geometries and appropriate references may not be 

readily available. Further investigation combined with development of robust quantum 

chemical tools should advance our understanding of XANES to a level allowing 

accurate prediction and thus help solve cases lacking structurally similar references. The 

determination of the uranium oxidation state and characterization of electronic structure 

of such complexes thus hinges on the application of such refined spectroscopic 

techniques. 
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4.4 Experimental	Section	

4.4.1 Methods,	Procedures	and	Starting	Materials	

All air- and moisture-sensitive experiments were performed under dry nitrogen 

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox 

containing an atmosphere of purified dinitrogen. The glovebox is equipped with a 

−35°C freezer. Solvents were purified using a two-column solid-state purification 

system (Glass Contour System, Irvine, CA), transferred to the glovebox without 

exposure to air, and stored over molecular sieves and sodium (where appropriate). NMR 

solvents were obtained packaged under argon and stored over activated molecular 

sieves and sodium (where appropriate) prior to use. Methanol (anhydrous, 99.8 %) was 

purchased from Acros and used without further purification outside the glove box. 

[((t-BuArO)3tacn)UIII] (1-t-Bu),[1] [((AdArO)3tacn)UIII] (1-Ad),[2] [((t-BuArO)3tacn)UIV-

(O‒C(t-BuAr)2
•−)] (2),[5] [((t-BuArO)3tacn)UIV(O–CH(t-BuAr)2)] (3),[5] [((t-BuArO)3tacn)UV-

(O)] (5-t-Bu),[3] [((AdArO)3tacn)UV(O)] (5-Ad),[3] [((t-BuArO)3tacn)UVI(O)]SbF6 

(6-t-Bu),[4] and [((AdArO)3tacn)UVI(O)]SbF6 (6-Ad)[4] (see Chapter 2) were synthesized 

according to literature procedures. 1H NMR spectra were recorded on a JEOL ECX 400 

instrument at a probe temperature of 23°C. Chemical shifts  are reported relative to 

residual 1H resonances of the solvent in ppm, followed by peak multiplicity (s: singlet, 

m: multiplet), integration value and proton assignment where possible. Electronic 

absorption spectra were recorded from 250 to 2200 nm (Shimadzu, UV-3600) in the 

indicated solvent at room temperature. Infrared spectra were recorded on a Shimadzu 

Affinity-1 CE FTIR instrument from 400 to 4000 cm−1. Solid samples of the compounds 

were homogenized with excess amount of KBr and a pressed pellet was measured at 

room temperature. The peaks are listed reporting wavenumber ~  [cm−1] and intensity 

(vw: very weak; w: weak; m: medium; s: strong; vs: very strong; br: broad). Elemental 

analyses were obtained using Euro EA 3000 (Euro Vector) and EA 1108 (Carlo-Erba) 

elemental analyzers in the Chair of Inorganic Chemistry at the University Erlangen-

Nuremberg (Erlangen, Germany). 
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4.4.2 Synthetic	Details	

Synthesis of [((t-BuArO)3tacnUIV(OMe)] (4-t-Bu) 

A 25 mL Schlenk tube was charged with a deep brown solution of 0.2038 g 

(0.200 mmol) [((t-BuArO)3tacn)UIII] (1-t-Bu) in 5 mL of benzene and capped with a 

rubber septum. While stirring, 1 mL methanol (anhydrous, excess) was added with a 

gastight Hamilton syringe. The reaction mixture was allowed to stir at to room 

temperature for 1.5 hours turning to light blue-green. The volatiles were removed in 

vacuo and triturated with 1,2-dimethoxyethane (DME) and twice with n-hexane to give 

0.1827 g (0.174 mmol, 87 %) of [((t-BuArO)3tacn)UIV(OMe)] as a blue-green powder. 

Elemental analysis for C52H81N3O4U, calc./found [%]: C: 59.47/59.02; H: 7.77/7.87; 

N: 4.00/3.83. 1H NMR, benzene-d6, 400 MHz,  [ppm]: 110.02 (s, 3H), 51.24 (s, 3H), 

50.07 (s, 3H), 0.23 (s, 3H), −4.83 (s, 27H, t-Bu), −5.90 (vbr, 2H), −6.85 (br s, 3H), 

−7.44 (s, 3H), −7.45 (s, 3H), −14.08 (br s, 27H, t-Bu), −123.61 (s, 3H). IR, ~  [cm−1]: 

3032 (w), 2953 (vs), 2911 (s), 2866 (s), 2805 (s) 1602 (m), 1474 (vs), 1439 (vs), 1414 

(s), 1389 (m), 1375 (w), 1360 (m), 1342 (m), 1306 (vs), 1271 (vs, br), 1238 (s), 1204 

(m), 1169 (m), 1132 (m), 1113 (vs, br), 1065 (m), 1024 (m, br), 1003 (m), 984 (m), 949 

(vw), 928 (vw), 914 (w), 891 (w), 876 (m), 837 (vs), 808 (m), 785 (m), 768 (w), 743 (s), 

679 (vw), 667 (vw), 646 (vw), 610 (vw), 588 (vw), 530 (m), 444 (s), 413 (m). 

Synthesis of [((AdArO)3tacnUIV(OMe)] (4-Ad) 

A 25 mL Schlenk tube was charged with a deep brown solution of 0.2506 g 

(0.20 mmol) [((AdArO)3tacn)UIII] (1-Ad) in 5 mL of benzene and capped with a rubber 

septum. While stirring, 1 mL methanol (anhydrous, excess) was added with a gastight 

Hamilton syringe. The reaction mixture was allowed to stir at to room temperature for 

1.5 hours turning to light blue-green. The volatiles were removed in vacuo and triturated 

with 1,2-dimethoxyethane (DME) and twice with n-hexane to give 0.2295 g 

(0.179 mmol, 89 %) of [((AdArO)3tacn)UIV(OMe)] as a blue-green powder. Elemental 

analysis for C70H99N3O4U·C6H14, calc./found [%]: C: 66.59/66.48; H: 8.31/8.46; 

N: 3.07/3.17. 1H NMR, benzene-d6, 400 MHz,  [ppm]: 108.11 (s, 3H), 49.44 (s, 3H), 

49.07 (s, 3H), 4.45-4.15 (m, 9H, Ad), 2.75-2.55 (m, 9H, Ad), 2.02 (s, 9H, Ad), −4.19 

(br s, 3H), −4.49 (s, 27H, t-Bu; 3H), −5.73 (br s, 12H, Ad), −6.10 (s, 3H), −7.32 (s, 3H), 

−29.09 (s, 9H, Ad), −113.47 (s, 3H). IR, ~  [cm−1]: 3032 (w), 2955 (vs), 2903 (vs, br), 

2847 (vs), 2801 (m), 2675 (w), 2654 (w), 1600 (m), 1465 (vs, br), 14341(vs), 1416 (m), 
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1393 (w), 1362 (m), 1340 (m), 1304 (vs), 1285 (vs), 1267 (vs), 1254 (s), 1217 (vs), 

1107 (vs, br), 1065 (m), 1022 (vw, br), 1003 (m), 989 (w), 972 (m), 943 (vw), 918 (w), 

889 (w), 876 (m), 839 (vs), 804 (m), 775 (m, br), 758 (w), 727 (s), 675 (m), 652 (vw), 

646 (vw), 601 (vw), 581 (vw), 530 (s), 480 (vw), 463 (w), 442 (s), 415 (m). 

4.4.3 Spectroscopic	Details	

Electronic Absorption Spectra 

 

Figure 4.3: UV/vis/NIR spectra of 4-t-Bu in benzene with c = 5.0110‒3 M (black) and 

4-Ad in benzene with c = 5.0010−3 M (red). 
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SQUID Magnetization 

 

Figure 4.4: SQUID magnetization measurements of 4-t-Bu. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles). 

 

Figure 4.5: SQUID magnetization measurements of 4-Ad. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles). 
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4.4.4 X‐ray	Crystal	Structure	Determination	Details	

CCDC-868693 (for 1-t-Bu · 2 C5H12), CCDC-868694 (for 4-t-Bu · 3 C6H6), CCDC-

868695 (for 4-Ad · MesN3 · 2 C5H12), and CCDC-868696 (for 4-Ad · 1.5 C4H10O) 

contain the supplementary crystallographic data for this chapter. This data can be 

obtained free of charge via http://www.ccdc.cam.ac.uk/products/csd/request/ (or from 

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK. 

fax: ++44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). 

Crystallographic Details for [((t-BuArO)3tacn)UIII] · 2 C5H12 (1-t-Bu · 2 C5H12) 

Single crystals for X-ray diffraction analysis were obtained by slow diffusion of 

n-pentane into a concentrated solution of [((t-BuArO)3tacn)UIII] in benzene as 

[((t-BuArO)3tacn)UIII] · 2 C5H12. A single crystalline plate was coated with protective 

perfluoropolyalkylether oil and mounted on the tip of a glass fiber. Intensity data were 

collected at 100 K on a Bruker-Nonius KappaCCD diffraktometer using graphite 

monochromatized MoK radiation ( = 0.71073 Å). Data were corrected for Lorentz 

and polarization effects. A semiempirical absorption correction was applied on the basis 

of multiple scans (SADABS 2.10).[26] The structure was solved by direct methods and 

refined by full- matrix least-squares procedures on F2 (SHELXTL NT 6.12).[27] All non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in positions 

of optimized geometry, their isotropic displacement parameters were tied to the 

equivalent isotropic displacement parameter of the corresponding carrier atom by a 

factor of either 1.2 or 1.5. The compound crystallized with two molecules of n-pentane 

per formula unit. One of the t-Bu groups was disordered. Two alternative orientations 

were refined resulting in site occupancies of 61(2) and 39(2) % for C49 – C51 and 

C49A – C51A, respectively. The t-Bu group C33 – C36 seemed to be disordered around 

the pivot atom C33. However, attempts to model this disorder by a splitting model gave 

no useful results. SIMU and ISOR restraints were applied in the refinement of the atoms 

affected by disorder. Crystallographic data, data collection, and refinement details are 

summarized in Table 4.6. For the most important bond distances and angles of 1-t-Bu 

see Table 4.2. 
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Figure 4.6: Molecular structure of [((t-BuArO)3tacn)UIII] (1-t-Bu) in crystals of 

[((t-BuArO)3tacn)UIII] · 2 C5H12 (1-t-Bu · 2 C5H12), hydrogen atoms omitted for clarity. 

Table 4.2: Bond distances and angles for [((t-BuArO)3tacn)UIII] (1-t-Bu). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.230(4) O1–U1–O2 105.58(15) 

U1–O2 2.240(4) O1–U1–O3 112.12(15) 

U1–O3 2.245(4) O2–U1–O3 110.35(14) 

U1– N1 2.676(5) O1–U1–N1 76.07(14) 

U1–N2 2.669(5) O1–U1–N2 141.82(14) 

U1–N3 2.659(5) O1–U1–N3 105.32(14) 

  O2–U1–N1 101.72(15) 

  O2–U1–N2 75.82(14) 

  O2–U1–N3 142.66(15) 

  O3–U1–N1 142.39(14) 

  O3–U1–N2 102.37(15) 

  O3–U1–N3 76.17(14) 

  N1–U1–N2 66.55(14) 

  N1–U1–N3 66.38(14) 

  N2–U1–N3 66.94(14) 

  U1–O1–C9 136.6(4) 

  U1–O2–C24 137.9(4) 

  U1–O3–C39 136.1(4) 

OOP [Å] 0.750   
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Crystallographic Details for [((t-BuArO)3tacn)UIV(OMe)] · 3 C6H6 (4-t-Bu · 3 C6H6) 

Single crystals for X-ray diffraction analysis were obtained by slow diffusion of 

n-hexane into a concentrated solution of [((t-BuArO)3tacn)UIV(OMe)] in benzene as 

[((t-BuArO)3tacn)UIV(OMe)] · 3 C6H6 in the form of light-green colored blocks. A 

suitable single crystal was coated with protective perfluoropolyalkylether oil and 

mounted on the tip of a glass fiber. Intensity data were collected at 150 K on a Bruker-

Nonius KappaCCD diffraktometer using graphite monochromatized MoK radiation 

( = 0.71073 Å). Data were corrected for Lorentz and polarization effects. A 

semiempirical absorption correction was applied on the basis of multiple scans 

(SADABS 2.10).[26] The structure was solved by direct methods and refined by full-

matrix least-squares procedures on F2 (SHELXTL NT 6.12).[27] All non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms were placed in positions of 

optimized geometry, their isotropic displacement parameters were tied to the equivalent 

isotropic displacement parameter of the corresponding carrier atom by a factor of either 

1.2 or 1.5. The compound crystallized with two independent molecules of the complex. 

While one of the independent complex molecules is situated on a general position 

(Wyckoff position 6c) the other one is situated on a crystallographic threefold axis 

(Wyckoff position 2b). The asymmetric unit further contains four molecules of benzene. 

One of the t-Bu groups of molecule 1 (on position 6c) was disordered. Two alternative 

orientations were refined resulting in site occupancies of 60(2) and 40(2) % for C18 – 

C21 and C18A – C21A, respectively. SIMU, ISOR, and SAME restraints were applied 

in the refinement of the disorder. SIMU and ISOR restraints were also applied in the 

refinement of the solvent molecules. One significant residual electron density maximum 

(> 4 e·Å−3) is located in close vicinity of the central U atom. Crystallographic data, data 

collection, and refinement details are summarized in Table 4.6. For the most important 

bond distances and angles of 4-t-Bu see Table 4.3. 
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Figure 4.7: Molecular structure of [((t-BuArO)3tacn)UIV(OMe)] (4-t-Bu) in crystals of  

[((t-BuArO)3tacn)UIV(OMe)] · 3 C6H6 (4-t-Bu · 3 C6H6), hydrogen atoms (except for the 

OMe unit) omitted for clarity. 

Table 4.3: Bond distances and angles for [((t-BuArO)3tacn)UIV(OMe)] (4-t-Bu). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.198(3) O1–U1–O2 119.26(11) 

U1–O2 2.227(3) O1–U1–O3 118.37(11) 

U1–O3 2.226(3) O2–U1–O3 119.76(11) 

U1–O4 2.079(4) O1–U1–O4 85.26(13) 

U1–N1 2.708(4) O2–U1–O4 83.49(12) 

U1–N2 2.701(4) O3–U1–O4 85.12(13) 

U1–N3 2.707(4) N1–U1–O4 141.98(13) 

O4–C52 1.388(8) N2–U1–O4 140.54(12) 

  N3–U1–O4 143.17(12) 

  N1–U1–N2 64.60(12) 

  N1–U1–N3 64.35(12) 

  N2–U1–N3 64.81(11) 

  U1–O1–C9 149.0(3) 

  U1–O2–C24 148.6(3) 

  U1–O3–C39 148.1(3) 

  U1–O4–C52 178.2(4) 

OOP [Å] 0.208   
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Crystallographic Details for [((AdArO)3tacn)UIV(OMe)] · MesN3 · 2 C5H12 

(4-Ad · MesN3 · 2 C5H12) 

Single crystals suitable for X-ray diffraction analysis were obtained by slow 

diffusion of n-hexane into a concentrated solution of [((AdArO)3tacn)UIV(OMe)] 

containing MesN3 as [((AdArO)3tacn)UIV(OMe)] · MesN3 · 2 C5H12 in the form of green 

blocks. A suitable single crystal was coated with protective perfluoropolyalkylether oil 

and mounted on the tip of a glass fiber. Intensity data were collected at 150 K on a 

Bruker-Nonius KappaCCD diffraktometer using graphite monochromatized MoK 

radiation ( = 0.71073 Å). Data were corrected for Lorentz and polarization effects. A 

semiempirical absorption correction was applied on the basis of multiple scans 

(SADABS 2.10).[26] The structure was solved by direct methods and refined by full-

matrix least-squares procedures on F2 (SHELXTL NT 6.12).[27] All non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms were placed in positions of 

optimized geometry, their isotropic displacement parameters were tied to the equivalent 

isotropic displacement parameter of the corresponding carrier atom by a factor of either 

1.2 or 1.5. One of the t-Bu groups of the ligand was disordered. Two alternative 

orientations were refined resulting in site occupancies of 72(2) and 28(2) % for C25 – 

C27 and C25A – C27A, respectively. The compound crystallizes with a total of one 

molecule of mesityl azide and two molecules of n-pentane per formula unit. Both 

n-pentane molecules were disordered. Two alternative orientations were refined in each 

case resulting in site occupancies of 71.7(7) and 28.3(7) % for C80 – C84 and C80A – 

C84A and of 70.4(8) and 29.6(8) % for C85 – C89 and C85A – C89A.  SAME, SIMU, 

and ISOR restraints were applied in the refinement of the disordered structure parts. 

Crystallographic data, data collection, and refinement details are summarized in 

Table 4.6. For the most important bond distances and angles of 4-Ad see Table 4.4. 
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Figure 4.8: Molecular structure of [((AdArO)3tacn)UIV(OMe)] (4-Ad) in crystals of  

[((AdArO)3tacn)UIV(OMe)] · MesN3 · 2 C5H12 (4-Ad · MesN3 · 2 C5H12), hydrogen 

atoms (except for the OMe unit) omitted for clarity. 

Table 4.4: Bond distances and angles for [((AdArO)3tacn)UIV(OMe)] (4-Ad).  

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.171(4) O1–U1–O2 114.44(13) 

U1–O2 2.210(3) O1–U1–O3 118.33(14) 

U1–O3 2.189(3) O2–U1–O3 124.80(13) 

U1–O4 2.097(4) O1–U1–O4 85.76(15) 

U1–N1 2.764(4) O2–U1–O4 83.93(14) 

U1–N2 2.666(4) O3–U1–O4 84.82(14) 

U1–N3 2.752(4) N1–U1–O4 143.70(14) 

O4–C70 1.385(7) N2–U1–O4 139.50(14) 

  N3–U1–O4 142.83(14) 

  N1–U1–N2 64.56(13) 

  N1–U1–N3 63.40(13) 

  N2–U1–N3 65.28(13) 

  U1–O1–C9 151.9(3) 

  U1–O2–C30 147.5(3) 

  U1–O3–C51 152.1(3) 

  U1–O4–C70 175.5(4) 

OOP [Å] 0.198   



Chapter 4: XANES Spectroscopy on a Series of Isostructural Complexes of Uranium(III) to Uranium(VI) 

118 

Crystallographic Details for [((AdArO)3tacn)UIV(OMe)] · 1.5 C4H10O (4-Ad · 1.5 

C4H10O) 

Single crystals suitable for X-ray diffraction analysis were obtained by slow 

diffusion of n-pentane into a concentrated diethyl ether solution of [((AdArO)3tacn)UIV-

(OMe)] as [((AdArO)3tacn)UIV(OMe)] · 1.5 C4H10O in the form of light-green blocks.  A 

suitable single crystal was coated with protective perfluoropolyalkylether oil and 

mounted on the tip of a glass fiber. Intensity data were collected at 100 K on a Bruker-

Nonius KappaCCD diffraktometer using graphite monochromatized MoK radiation 

( = 0.71073 Å). Data were corrected for Lorentz and polarization effects. A semi-

empirical absorption correction was applied on the basis of multiple scans (SADABS 

2.10).[26] The structure was solved by direct methods and refined by full-matrix least-

squares procedures on F2 (SHELXTL NT 6.12).[27] All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms were placed in positions of optimized 

geometry, their isotropic displacement parameters were tied to the equivalent isotropic 

displacement parameter of the corresponding carrier atom by a factor of either 1.2 or 1.5. 

One of the t-Bu-groups (C66 – C69) of the ligand was subjected to rotational disorder. 

Two preferred orientations were refined resulting in occupancies of 62(2) % for C67 – 

C69 and 38(2) % for C67’ – C69’, respectively. A half diethyl ether molecule is situated 

on a crystallographic inversion centre with the central O atom being disordered (50:50). 

A number of restraints (DFIX, ISOR, SAME) was applied in treating the disorder. Two 

significant residual electron density maxima (> 3 e·Å−3) were located in the vicinity of 

the central U atom. Crystallographic data, data collection, and refinement details are 

summarized in Table 4.6. For the most important bond distances and angles of 4-Ad see 

Table 4.5. 
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Figure 4.9: Molecular structure of [((AdArO)3tacn)UIV(OMe)] (4-Ad) in crystals of 

[((AdArO)3tacn)UIV(OMe)] · 1.5 C4H10O (4-Ad · 1.5 C4H10O), hydrogen atoms (except 

for the OMe unit) omitted for clarity. 

Table 4.5: Bond distances and angles for [((AdArO)3tacn)UIV(OMe)] (4-Ad).  

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.171(4) O1–U1–O2 114.44(13) 

U1–O2 2.210(3) O1–U1–O3 118.33(14) 

U1–O3 2.189(3) O2–U1–O3 124.80(13) 

U1–O4 2.097(4) O1–U1–O4 85.76(15) 

U1–N1 2.764(4) O2–U1–O4 83.93(14) 

U1–N2 2.666(4) O3–U1–O4 84.82(14) 

U1–N3 2.752(4) N1–U1–O4 143.70(14) 

O4–C70 1.385(7) N2–U1–O4 139.50(14) 

  N3–U1–O4 142.83(14) 

  N1–U1–N2 64.56(13) 

  N1–U1–N3 63.40(13) 

  N2–U1–N3 65.28(13) 

  U1–O1–C9 151.9(3) 

  U1–O2–C30 147.5(3) 

  U1–O3–C51 152.1(3) 

  U1–O4–C70 175.5(4) 

OOP [Å] 0.198   
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Table 4.6: Crystallographic data, data collection, and refinement details for 1-t-Bu · 

2 C5H12, 4-t-Bu · 3 C6H6, 4-Ad · MesN3 · 2 C5H12, and 4-Ad · 1.5 C4H10O. 

 1-t-Bu · 

 2 C5H12 

4-t-Bu · 

3 C6H6 

4-Ad · MesN3 · 

2 C5H12 

4-Ad · 

1.5 C4H10O 

Empirical formula C61H102N3O3U C70H99N3O4U C89H134N6O4U C76H114N3O5.5U 

Mol. weight 1163.49 1284.55 1590.05 1395.73 

Crystal size [mm3] 0.34×0.12×0.05 0.25×0.24×0.14 0.16×0.14×0.12 0.36×0.32×0.28 

Temperature [K] 100 150 150 100 

Crystal system monoclinic trigonal triclinic triclinic 

Space group P21/c (no. 14) P31c (no. 159) P-1 (no. 2) P-1 (no. 2) 

a [Å] 12.483(2) 38.428(6) 10.587(4) 10.8181(9) 

b [Å] 28.107(4) 38.428(6) 17.900(9) 13.5123(8) 

c [Å] 17.587(2) 10.146(2) 22.308(6) 24.670(2) 

 [°] 90 90 83.84(3) 102.403(5) 

 [°] 99.230(6) 90 79.66(2) 97.577(8) 

 [°] 90 120 82.24(3) 95.465(7) 

V [Å3] 6091(2)   12975(4)   4106(3)   3462.7(5)   

Z 4 8 2 2 

calc [g/cm3] 1.269 1.315 1.286 1.339 

 [mm-1] 2.707 2.550 2.029 2.396 

F (000) 2420 5312 1668 1454 

Tmin; Tmax 0.537; 0.870 0.797; 1.000 0.541; 0.784 0.404; 0.511 

2 interval [°] 6.4 ≤ 2≤ 52.8  6.4 ≤ 2≤ 55.8  6.2 ≤ 2≤ 54.0  6.6 ≤ 2≤ 54.2  

Collected 

reflections 
85508 125331 86286 50041 

Independent 

reflections; Rint 

12360;   

0.1070 

17833;   

0.0436 

17906;   

0.0930 

14854;   

0.0362 

Observed 

reflections  

[I ≥ 2(I)] 

8624 16182 13635 13150 

No. refined 

parameters 
667 958 1037 804 

wR2 (all data) 0.1097 0.0889 0.0932 0.01064 

R1 [I ≥ 2(I)] 0.0550 0.0379 0.0481 0.0431 

GooF on F2 1.060 1.232 1.060 1.274 

Flack parameter  0.017(4)   

max/min 1.872 /  –2.038 4.331 /  –1.153 1.741 /  –1.215 3.203 /  –1.626 
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4.4.5 XANES	Details	

General Method 

Approximately 10 mg solid of all sample compounds were homogenized with boron 

nitride (BN) and pressed into pellets of approximately 1 mm thickness inside a 

glovebox, either in the laboratory at the FAU, Erlangen or at the INE, Karlsruhe. Fresh 

samples of the ketyl complex 2 were also synthesized at the INE as well, in order to 

obtain reproducible and reliable results. The pellets were covered with Kapton tape and 

mounted to the standard inert gas sample holder available at the INE-Beamline.[28] The 

holder was flushed with an argon stream during the entire measurement, in order to 

prevent degradation of the air and moisture sensitive samples. 

XANES Measurments 

XAFS measurements were performed at the INE-Beamline for actinide research[29] at 

the Ångströmquelle Karlsruhe (ANKA), Forschungszentrum Karlsruhe, Germany. The 

ANKA storage ring was operated at 2.5 GeV electron energy with a mean electron 

current of 120 mA. A pair of Ge(422) crystals (2d = 3.412 Å) was used in the double 

crystal monochromator (DCM). Higher harmonic radiation in the incident beam is 

suppressed by the two mirrors in the optics of the INE-Beamline and by detuning the 

parallel alignment of the crystals to 70 % of maximum photon flux peak intensity at the 

beginning of each scan. All spectra were measured in standard transmission detection 

mode using Ar-filled ionization chambers at ambient pressure. The incident flux was 

held constant by a digital MOSTAB feedback unit. The spectra are calibrated against 

the white line maximum in a uranium LIII XANES spectrum of the mineral schoepite 

measured simultaneously, defining the energy as the zero crossing in the first derivative 

spectrum as 17179.00 eV. The spectra are measured in a step-by-step fashion, recording 

incoming and absorbed intensities for 2 seconds in 5 eV steps starting from −150 eV 

below the edge and up to −50 eV, then in 2 eV steps up to −30 eV and then in 0.5 eV 

steps over the white line up to an energy of 17205 eV. Thereafter the stepsize and 

counting times were monotonously increased to 1.6 eV and 5.2 s up to the end of the 

scan at 17350 eV. Three to five scans are collected and averaged for each sample. Data 

reduction involving subtraction of the pre-edge background absorption and 

normalization of the edge jump to unity was performed using the ATHENA[30] program 

packages. White line maxima are determined as the zero crossing in the first derivative 

spectrum to within 0.05 eV. The results are shown graphically in Figure 4.2. 
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XANES Fits 

The U LIII XANES for sample 6-t-Bu and 6-Ad were modeled with an arctan step 

function to simulate the edge jump and two asymmetric Lorentzian functions to model 

the broadened white line, allowing all parameters to vary in a least squares fit routine, 

using the WinXAS program.[29] A first-order polynomial was added to the fit to correct 

for any XANES background subtraction errors. An exemplary fit for the 6-t-Bu sample 

is shown in Figure 4.10 and the results of the fits listed in Table 4.6. The half-width of 

the step function was found to be about 2 eV broader than the tabulated (calculated) 

natural linewidth of the U 2p3/2 core hole (7.4 eV);[30] its energy position nearly identical 

(~17.176 keV) and its amplitude close to the expected step height of unity (1.03 in both 

cases). The energy separation between the two Lorentz functions used to model the 

white line for 6-Ad (12.5 eV) is greater than that for 6-t-Bu (12.2 eV). This difference is 

small but the separation for 6-Ad is found to remain larger, regardless of what type of 

function is used (Gauß, Pseudo-Voigt) and if the arctan parameters are allowed to vary 

or held constant. For the fits holding the arctan parameters constant, the values obtained 

for the energy separation for both spectra was less, on the order of 10.5 eV. 

 

Figure 4.10: XANES fit results for U LIII spectrum of 6-t-Bu using an arctan step 

function and two asymmetric Lorentz functions to model the white line shape. 
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Table 4.7: Energy positions and areas of functions used in XANES fits to the U LIII 

XANES of samples 6-t-Bu and 6-Ad. 

Function E / eV Area / arb. units 

6-t-Bu 

Lorentz-1 17174.6 0.014 

Lorentz-2 17186.8 0.005 

arctan 17175.7 0.051 

6-Ad 

Lorentz-1 17174.9 0.014 

Lorentz-2 17187.4 0.004 

arctan 17176.0 0.050 

XANES and ℓDOS calculations 

The XANES and projected density of d-like states are performed using the ab initio 

full multiple scattering formulism in the FEFF8.4 code.[19] Muffin-tin potentials with 

automated overlap are calculated self consistently over 4 Å for a 47 and 65 atom cluster 

having Cartesian coordinates for 6-t-Bu and 6-Ad, respectively, but without H atoms 

and the para-t-butyl groups. Calculations are performed using default exchange-

correlation potentials, a non-screened core hole, a global mean square displacement of 

0.035 Å, 0.3 eV Lorentzian broadening convoluted with 3 eV experimental broadening 

and explicitly calculating S02. The resulting theoretical angular momentum projected 

density of states (ℓDOS) for the d-states of the excited uranium and the p-density of 

states (DOS) for coordinating O and N atoms are shown in Figure 4.11. The clusters 

used in the calculations are indicated in the figure. The calculated ℓDOS can assist in 

identifying origins of XANES features. The main white line absorption feature results 

from dipole allowed final states near continuum for the 2p3/2 → 5d transitions to the 

large dDOS for both compounds. The dDOS shows an asymmetric doublet for 6-Ad, 

which is not found for 6-t-Bu. The 6-t-Bu dDOS is distributed over two peaks separated 

by 9 eV. No correlation between calculated dDOS and the shoulder features at 12.2 to 

12.5 eV above the white line in the experimental XANES for neither 6-t-Bu nor 6-Ad is 

evident. 
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Figure 4.11: Results for calculations of ℓDOS for 6-t-Bu (top) and 6-Ad (bottom) using 

the atomic clusters shown and the FEFF8.4 code as described in the text. 
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5 Ligand	 Influence	 on	 Electronic	 and	 Magnetic	

Properties	of	Uranium(IV)	Compounds	

5.1 Introduction	

Spectroscopic and magnetic properties of transition metal complexes are mostly 

affected by orbital splitting. This is mainly influenced by the geometry around the metal, 

ligand field strengths and the position of the metal in the periodic table. Ligands and 

transition metals are therefore listed in spectrochemical series. The order arises from 

increasing ligand field strength. 

In lanthanides, the spectroscopic, electronic and magnetic properties are mainly 

influenced by the spin-orbit coupling. The ligand field splitting plays only a minor role. 

For early actinides, the 5f orbital splitting is in the order of ~1000–2000 cm−1, which is 

in between those of transition metals and lanthanides, and the spin-orbit coupling is in a 

similar range with ~2000–4000 cm−1.[1] While the electronic structure of lanthanides is 

dominated by the j–j coupling scheme, and electronic states of transition metals are 

dominated by the ligand field splitting, the similar magnitudes of both ligand field and 

spin-orbit coupling in the actinides results in mixing of their J levels. As a result, the 

spectroscopic behavior cannot be accurately predicted using the j–j coupling scheme, 

and explanation and quantification of electronic absorption spectra and magnetic 

measurements can be challenging.[1] 

Relativistic effects become more important for the description of the electronic 

structure of the elements with increasing nuclear charge Z. This trend in the periodic 

table is due to the fact the relativistic effects are proportional to Z². An increasing 

effective nuclear charge Zeff results in a higher average velocity of core-near s and p 

electrons. This leads to a higher mass of these electrons, resulting in the contraction of 

core-near orbitals and thus better shielding of outer d and f orbitals.[2] Therefore the 

valence orbitals are more diffuse; this effect is called "lanthanide contraction", its 

influence is shown in Figure 5.1. The plot shows the probability of finding an electron 

on the surface of the orbital (4π2r2R) at a given distance from the nucleus R. Relativistic 

effects are shown with solid lines. 
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.  

Figure 5.1: Influence of relativistic effects on actinide wave functions.[3] 

 

Figure 5.2: Representation of seven possible f orbitals.[4] 

In actinide coordination chemistry, the 5f orbitals (shown in Figure 5.2) play an 

important role for the compound's electronic properties.[1] Due to a greater Z, and thus 

stronger orbital contraction, they are more diffuse than their 4f counterparts in 

R / Å
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lanthanides. Therefore, they are better accessible for covalent bonding compared to the 

lanthanides, where exclusively ionic interactions are observed. Despite the fact that 7s 

and 5d orbitals can participate in the covalent bonding of actinides to ligands, the 

valence region is mostly dominated by the 5f orbitals.[1] 

The electronic difference in orbital composition of actinide complexes is responsible 

for their great differences compared to transition metal compounds. Uranium as an early 

actinide therefore has a unique position in the periodic table. This leads to a range of 

oxidation states between +III and +VI and potential reactivity of uranium complexes. 

As an example for the different behavior of transition metal and actinide complexes, the 

normal trans-influence, which is the weakening of trans-ligand-metal-bonds, is 

observed for transition metal complexes. In contrast, the inverse trans-influence (ITI, 

see Chapters 2 and 3) is observed for high valent uranium compounds. The ITI is due to 

5d orbital contraction and was proven to be a key feature for the coordination mode and 

thus structure of high valent uranium complexes.[5] 

Only very few studies probing the effect of different ligands on electronic and 

magnetic properties of uranium in coordination complexes are reported to date. High 

energy resolution X-Ray absorption spectroscopy is a technique that is highly suitable 

for the investigation of the electronic structure, orbital mixing, and the ligand influences 

on the electronic properties of a metal.[6] X-Ray absorption near edge structure 

(XANES) has become a well established tool for oxidation state determination of 

actinides.[7] Uranium LIII edge XANES has been applied on uranium complexes bearing 

the (RArO)3tacn3− ligand (see previous chapter).[8] Nevertheless, only one example for 

high resolution experiments on a series of uranium compounds is reported.[9] Partial 

fluorescence yield technique-XANES (PFY-XANES), which has rapidly developed 

during the past years, is of special interest.[10] The advantage of this method over 

"normal" XANES spectroscopy lies in the smaller broadening of the spectra and that, 

through higher resolution, pre-edge features become visible. These stem from f-state 

transitions that are important for the interpretation of the electronic properties of the 

metal.[9] The energy resolution of a XANES spectrum is defined by line broadening, 

which depends on two different effects.[11] The core-hole lifetime is responsible for a 

broadening according to Heisenberg equation. The shorter the lifetime of the core hole, 

the larger is the uncertainty in energy. Experimental setup and spectrometer design are 

responsible for an even larger part of the broadening, and thus, the energy resolution. 
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Improvements in spectrometer design can reduce this experimental broadening. This 

leads to a higher resolution of the recorded spectra, and as a consequence, it gives the 

possibility to resolve different orbitals that cannot be separated using standard 

resolution techniques. The 2p3/2 core-hole lifetime broadening in a standard transmission 

mode actinide LIII edge XANES experiment is 7.1–8.8 eV (Th to Cf).[12] Employing an 

X-ray emission spectrometer, a spectral narrowing below the natural core-hole lifetime 

width can be achieved.[13] This is done by tuning the spectrometer to the Lα1 

(3d5/2→2p3/2) fluorescence line, recording the absorption by monitoring the Lα1 intensity 

as a function of the incident energy. In this case the width of spectral features is no 

longer limited by the 2p3/2 core-hole lifetime but by the sharper 3d5/2 core-hole width 

(4 eV) in the final state.[14] Using a standard fluorescence experiment the advantage of 

recording measurements with about half the natural line width cannot be exploited, 

since the energy resolution of a widely used solid state fluorescence detector is greater 

than 100 eV, thereby limiting the overall spectral energy resolution. In 1991, the ability 

and advantage of PFY-XANES was demonstrated for the first time.[11a] However, 

studies on actinide LIII edge PFY-XANES are still scarce.[9] To perfectly model and 

understand the recorded spectra, detailed calculations are needed. To improve the 

accuracy of different calculation methods, it is necessary to calculate the measured 

spectra of a series of compounds to obtain reference data for the comparison of the 

accuracy of different methods. 

For the investigation of the electronic structure and the influence of different ligands 

according to the spectroscopic series of ligands, it is of great importance that all 

compounds under investigation are well defined and characterized. Moreover, they have 

to present with similar structure, varying only one ligand at one defined position to 

exclude influences of structural changes. Herein, such a series of uranium(IV) 

complexes using the (AdArO)3tacn3− ligand system is presented with complexes of the 

general formula [((AdArO)3tacn)UIV–L] (Scheme 5.1). As axial ligands L, the halides I−, 

Br−, Cl−, and F− are used, as well as the methoxide MeO−, azide N3
−, an alkyl, n-Bu−, 

and the phosphide (t-Bu)2P
−, to result in the uranium(IV) complexes 

[((AdArO)3tacn)UIV(I)] (2), [((AdArO)3tacn)UIV(Br)] (3), [((AdArO)3tacn)UIV(Cl)] (4),[15] 

[((AdArO)3tacn)UIV(F)] (5), [((AdArO)3tacn)UIV(OMe)] (6),[8] [((AdArO)3tacn)UIV-

(N3)] (7),[15] [((AdArO)3tacn)UIV(n-Bu)] (8), and [((AdArO)3tacn)UIV(P(t-Bu)2)] (9), out 

of which some have been reported previously; the synthesis and characterization of the 

other compounds are described in Chapter 5.4. 
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Scheme 5.1: Schematic representation of complexes of the general type 

[((AdArO)3tacn)UIV–L] and table of compounds. 

5.2 Results	and	Discussion	

Most of the complexes of this series are obtained from the uranium(III) complex 

[((AdArO)3tacn)UIII].[16] The halide complexes 2, 3, 4, and 5 are synthesized reacting 1 

with trimethylsilyl iodide, 4-bromotoluene, methylene chloride, or silver fluoride, 

respectively, the methoxide 6 can be obtained by treatment of 1 with methanol in 

benzene,[8] and 7 by reaction of 1 with trimethylsilyl azide. Complexes 8 and 9 are 

obtained by salt metathesis reactions of [((AdArO)3tacn)UIV(Cl)] (4)[15] with butyl 

lithium to result in the alkyl complex 8, and lithium di-t-Bu-phosphide to give the 

uranium phosphide 9 (see Chapter 5.4 for experimental details). 

While the color of the compounds varies from pale yellow (2) over pale green (4) to 

pale blue green (5, 6), the azide (7) is colorless, the alkyl complex 8 shows an intense 

light red color, and the di-tert-butyl-phosphide (9) is intense yellow. This intense color 

is due to strong LMCT bands. The electronic absorption spectra of all compounds show 

several d‒f- and f‒f-transitions in the range of 500 and 2200 nm with varying intensities. 

Their molar absorption coefficients are between 25 and 125 cm−1 M−1 (Figures 5.3 and 

5.4). Slight shifts of these absorption energies are observed between the compounds, but 

for a qualitative interpretation and assignment of the respective transitions detailed 

computational analysis would be needed. Nevertheless, the differences in the transitions 

is directly related to different ligand strengths and thus different orbital splitting. 

L Compound

I 2 

Br 3 

Cl 4 

F 5 

MeO 6 

N3 7 

n-Bu 8 

(t-Bu)2P 9 
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Figure 5.3: UV/vis/NIR spectra of 2 with c = 2.0010−3 M (black), 3 with 

c = 1.0010−3 M (red), 4 with c = 2.0010−3 M (blue), and 5 with c = 2.0010−3 M 

(green), all in methylene chloride. 

 

Figure 5.4: UV/vis/NIR spectra of 6 in benzene with c = 5.0010−3 M (black), 8 in 

benzene with c = 5.0010−3 M (blue), 9 in benzene with c = 5.0010−3 M (green). 
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The differences in ligand strength do not only result in subtle changes in the 

electronic absorption spectra, but also in quite pronounced differences in their magnetic 

properties. The magnetic moments, µeff, obtained from temperature-dependent SQUID 

measurements are in agreement with the assignment as uranium(IV) complexes. 

Nevertheless, the shape and slope of the curves are all different and a tendency, in line 

with the ligand strength according to the spectrochemical series is observed (Figure 5.5, 

see Chapter 5.4.3 for full details). For complexes bearing weak ligands, the increase of 

the magnetic moment from 2 to 150 K with temperature is steadily and reaches 

moments of approximately 2.25 µB at 150 K. In contrast, magnetic moments of 2.25 µB 

are already observed at 25 K compounds bearing ligands that are considered strong. 

Thus, magnetic behavior of the compounds differs the most at temperatures of up to 

100 K. 

 

Figure 5.5: Plotted magnetic moment µeff vs. T of SQUID magnetization data of all 

compounds, averaged values from three independent measurements. 

The changes are also strongly pronounced in the shape of the curve and absolute 

values of magnetic susceptibility χm at low temperatures (Figure 5.6). These vary over 

an order of magnitude with 0.01cm³ mol−1 for complex 2, with I− as the weakest ligand, 
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and 0.18 cm³ mol−1 for complex 8 bearing a strong alkyl ligand. The magnetic data for 

the azide complex 7 does not perfectly fit into the series, as its magnetic moment at 

300 K reaches 2.8 µB. This is most probably due to the electronic properties of the azide 

ligand, that strongly differs from all other ligands used in this study. 

 

Figure 5.6: Plotted magnetic susceptibility χM vs. T of SQUID magnetization data of all 

compounds, averaged values from three independent measurements. 

As discussed in the previous chapter, uranium LIII XANES can be a powerful tool to 

investigate electronic properties from a series of uranium complexes. Probing the 

oxidation state of these compounds is relatively easy compared to the small electronic 

changes that are due to changes in electronegativity, bond and ligand field strengths of 

the varying axial ligands. This is due to the fact that the oxidation state mainly 

influences the absorption energy of the white line, while the small changes in the ligand 

and thus the electronic properties mainly influence the peak shape as well as pre- and 

post-edge features. Investigations using the above-mentioned high-resolution uranium 

LIII edge PFY-XANES, as well as theoretical calculations modeling these spectra, are 

needed to be able to see and explain these small changes as well as low intensity 

features such as the pre-edge. Preliminary results of calculated uranium LIII XANES 

spectra for some of the compounds are shown in Figure 5.7. 
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Figure 5.7: Calculated uranium LIII XANES spectra. 

For the calculations presented here, the real-space multiple scattering based quantum 

chemical code FEFF9,[17] with 350 atom clusters using atom positions obtained from 

single crystal X-ray diffraction structures, was utilized. While the structures of 

complexes 5, 6, and 7 only have one independent molecule in the elemental cell, two 

independent molecules are present in case of the chloride complex 4. Interestingly, 

calculating spectra for both independent sites (shown in red and black) results in two 

different spectra. One is similar to the fluoride spectrum (purple), while the other one is 

closer to the spectra of methoxide (green) and azide (blue). To fully understand these 

calculations and the development of the spectra, time demanding shell by shell 

calculations for at least two cases are needed and experimental data has to be obtained. 

Moreover, crystal structures of the other compounds are needed to be able to calculate 

their spectra as well. In lieu of these structures, DFT calculations fitting their structure 

that have been carried out using the ZORA/TZP database of the ADF suite can help 

obtaining reasonable input files for the FEFF calculations of the LIII XANES spectra. 
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5.3 Conclusion	

Herein, a unique series of isostructural uranium(IV) complexes is presented. The 

influence of different ligands according to the spectrochemical series on electronic and 

magnetic properties of the metal center of an actinide is investigated. While the 

absorption spectra show some differences in f‒f-transitions, for their interpretation a 

detailed DFT study is needed. The SQUID measurements show a strong pattern 

regarding the slope, especially between 20 and 150 K in line with increasing ligand 

strength. Stronger ligands in axial position of the complex result in higher magnetic 

moment at low temperatures. To obtain insight into the electronic structure, high 

resolution uranium LIII PFY-XANES measurements are planned that will provide 

detailed information on absorption and fluorescence energies. Their results are 

important for both understanding the ligand strength influence on the electronic 

structure of the samples of this series, and to give further insight into the spectroscopic 

technique. Exact calculations of the spectra are of major importance to be able to 

explain the observed results. 

5.4 Experimental	Section	

5.4.1 Methods,	Procedures	and	Starting	Materials	

All air- and moisture-sensitive experiments were performed under dry nitrogen 

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox 

containing an atmosphere of purified dinitrogen. The glovebox is equipped with a 

−35°C freezer. Solvents were purified using a two-column solid-state purification 

system (Glass Contour System, Irvine, CA), transferred to the glovebox without 

exposure to air, and stored over molecular sieves and sodium (where appropriate). NMR 

solvents were obtained packaged under argon and stored over activated molecular 

sieves and sodium (where appropriate) prior to use. Trimethylsilyl iodide (95-97 %), 

silver fluoride (99+ %), silver cyanide (99 %, p.a.), and n-butyllithium (2.5M in hexane) 

were purchased from Acros, and all used without further purification. 4-Bromotoluene 

(99 %) was ordered from Acros and freeze-pump-thaw degassed prior to use. Lithium 

di-t-butylphosphide,[18] [((AdArO)3tacn)UIII] (1),[16] [((AdArO)3tacn)UIV(Cl)] (4),[15] 

[((AdArO)3tacn)UIV(OMe)] (6),[8] and [((AdArO)3tacn)UIV(N3)] (7),[15] were synthesized 

according to literature procedures. 1H NMR and 31P NMR spectra were recorded on a 

JEOL ECX 400 instrument at a probe temperature of 23°C. Chemical shifts  are 
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reported relative to residual 1H resonances of the solvent in ppm, followed by peak 

multiplicity (s: singlet, d: doublet), integration value and proton assignment where 

possible. Electronic absorption spectra were recorded from 250 to 2200 nm (Shimadzu, 

UV-3600) in the indicated solvent at room temperature. Infrared spectra were recorded 

on a Shimadzu Affinity-1 CE FTIR instrument from 400 to 4000 cm−1. Solid samples of 

the compounds were homogenized with excess amount of KBr and a pressed pellet was 

measured at room temperature. The peaks are listed reporting wavenumber ~  [cm−1] 

and intensity (vw: very weak; w: weak; m: medium; s: strong; vs: very strong; br: 

broad). Magnetization data of crystalline powdered samples (20 - 30 mg) were recorded 

with a SQUID magnetometer (Quantum Design) at 10 kOe (2 - 300 K) and values of the 

magnetic susceptibility were corrected for the underlying diamagnetic increment 

(dia = −844.04·10−6 cm3 mol−1 (2), −828.04·10−6 cm3 mol−1 (3), −816.84·10−6 cm3 mol−1 

(4), −802.54·10−6 cm3 mol−1 (5), −839.96·10−6 cm3 mol−1 (6), −837.44·10−6 cm3 mol−1 

(7), −808.81·10−6 cm3 mol−1 (8), and −920.48·10−6 cm3 mol−1 (9)) by using tabulated 

Pascal constants, and the effect of the blank sample holders (gelatin capsule/straw). 

Samples used for magnetization measurement were recrystallized multiple times and 

checked for chemical composition and purity by elemental analysis (C, H and N) and 1H 

NMR spectroscopy. Elemental analyses were obtained using Euro EA 3000 (Euro 

Vector) and EA 1108 (Carlo-Erba) elemental analyzers in the Chair of Inorganic 

Chemistry at the University Erlangen-Nuremberg (Erlangen, Germany). 
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5.4.2 Synthetic	Details	

Synthesis of [((AdArO)3tacnUIV(I)] (2) 

A 20 mL scintillation vial was charged with a deep brown solution of 0.2507 g 

(0.200 mmol) [((AdArO)3tacn)UIII] (1) in 5 mL of dimethoxyethane (DME). While 

stirring,  30.0 µL (0.210 mmol, 1.05 eq.) trimethylsilyl iodide were added, upon which 

the color lightens up quickly. The reaction mixture was allowed to stir at to room 

temperature over night, turning a into light brownish solution with pale yellow-white 

precipitate. The solvent was removed in vacuo, the remaining powder triturated with 

pentane, followed by extraction of unreacted educt with pentane. The pale yellow-white 

solid was collected on a porosity 4 frit, washed with pentane and dried in vacuo, 

extracted with methylene chloride and filtered over a celite plug. The volatiles were 

again removed in vacuo and the powder dried to give 0.2582 g (0.187 mmol, 94 %) of 

[((AdArO)3tacn)UIV(I)]. Elemental analysis for C69H96IN3O3U, calc./found [%]: 

C: 60.03/60.36; H: 7.01/6.90; N: 3.04/3.35. 1H NMR, methylene chloride-d2, 400 MHz, 

 [ppm]: 33.89 (s, 3H), 15.34 (s, 3H), 12.44 (d, J = 11.0 Hz, 9H, Ad), 12.04 (s, 3H), 

6.44 (s, 9H, Ad), 3.58 (s, 27H, t-Bu), 2.20 (s, 9H, Ad), 1.36 (d, J = 5.5 Hz, 9H, Ad), 

0.70 (d, J = 11.0 Hz, 9H, Ad), 0.47 (s, 3H), −0.52 (s, 3H), −6.32 (d, J = 16.6 Hz, 3H), 

−18.16 (s, 3H), −37.35 (s, 3H). IR, ~  [cm−1]: 2691 (s), 2954 (s), 2902 (vs), 2847 (s), 

1602 (w), 1467 (s, br), 1450 (s, br), 1424 (w), 1393 (vw), 1362 (w), 1342 (w), 1303 (m), 

1281 (w), 1261 (s), 1249 (vs), 1214 (vs), 1184 (vw), 1160 (vw), 1131 (w), 1102 (m), 

1082 (w), 1060 (w), 1023 (w, br), 1004 (w), 989 (w), 972 (w), 948 (vw), 937 (vw), 919 

(vw), 892 (w), 876 (m), 835 (s), 816 (w), 805 (s), 780 (w), 773 (m), 760 (w), 753 (w), 

729 (m), 677 (w, br), 653 (vw), 641 (vw), 604 (vw, br), 586 (vw), 580 (vw), 533 (m), 

482 (w), 465 (w), 443 (m), 422 (w), 417 (w), 415 (w). 

Synthesis of [((AdArO)3tacnUIV(Br)] (3) 

A 20 mL scintillation vial was charged with a deep brown solution of 0.2507 g 

(0.200 mmol) [((AdArO)3tacn)UIII] (1) in 5 mL of hexane. While stirring, a hexane 

solution of 0.034 g (0.220 mmol, 1.10 eq.) 4-bromotoluene were added, upon which the 

color lightens up quickly. The reaction mixture was allowed to stir at to room 

temperature for three hours, turning to a yellowish solution with pale yellow-green to 

white precipitate. This product was collected on a porosity 4 frit, washed with pentane 

and dried in vacuo, extracted with methylene chloride and filtered over a celite plug. 



Chapter 5: Ligand Influence on Electronic and Magnetic Properties of Uranium(IV) Compounds 

143 

The volatiles were again removed in vacuo and the remaining solid was dried to give 

0.2044 g (0.1533 mmol, 77 %) of [((AdArO)3tacn)UIV(Br)] as a pale yellow-green to 

white powder. Elemental analysis for C69H96BrN3O3U, calc./found [%]: C: 62.15/62.40; 

H: 7.26/7.37; N: 3.15/3.09. 1H NMR, methylene chloride-d2, 400 MHz,  [ppm]: 16.75 

(s, 3H), 13.27 (s, 3H), 10.12 (s, 3H), 8.92 (d, J = 9 Hz, 9H, Ad), 2.83 (s, 27H, t-Bu), 

1.97 (s, 9H, Ad), 1.46 (s, 3H), 1.31 (d, J = 11 Hz, 9H, Ad), 0.70 (d, J = 15 Hz, 9H, Ad), 

0.07 (s, 3H), −0.86 (s, 3H), −1.88 (d, J = 17 Hz, 3H), −2.86 (s, 3H), −4.47 (s, 3H), 

−11.90 (s, 3H), −23.78 (s, 3H). IR, ~  [cm−1]: 2962 (s), 2953 (s), 2903 (vs), 2847 (s), 

1602 (w), 1467 (s, br), 1450 (s), 1441 (s), 1414 (m), 1393 (w), 1377 (vw), 1362 (m), 

1342 (w), 1317 (w), 1303 (s), 1282 (m), 1262 (s), 1251 (s), 1215 (s, br), 1183 (vw), 

1160 (vw), 1131 (w), 1103 (m, br), 1083 (vw), 1062 (w), 1040 (vw), 1020 (wv, br), 

1004 (w), 989 (vw), 973 (w), 947 (vw), 938 (vw), 919 (vw), 891 (vw), 876 (m), 837 (s), 

817 (w), 805 (s), 780 (vw), 773 (m), 761 (w), 754 (vw), 740 (w), 729 (s), 703 (vw, br), 

677 (vw), 669 (w), 651 (vw, br), 641 (vw), 603 (vw, br), 585 (vw), 580 (w), 533 (m), 

481 (w), 465 (w), 443 (m, br), 420 (m). 

Synthesis of [((AdArO)3tacnUIV(Cl)] (4) 

In addition to the published procedure,[15] [((AdArO)3tacn)UIV(Cl)] (4) can be 

synthesized via an alternative method. A 20 mL scintillation vial was charged with a 

deep brown solution of 0.6285 g (0.50 mmol) [((AdArO)3tacn)UIII] (1) in 10 mL of 

benzene. While stirring, methylene chloride was diffused in, upon which the color of 

the reaction mixture changed immediately to light green and a greenish-white 

precipitate formed. The solvent was reduced in vacuo to approximately 5 mL and the 

product was collected by filtration on a porosity 4 frit, washed with pentane and dried in 

vacuo to give 0.5192 g (0.40 mmol, 80 %) of [((AdArO)3tacn)UIV(Cl)] as a pale green to 

white powder. For elemental analysis and 1H NMR data see Ref [3]. IR, ~  [cm−1]: 

2961 (s), 2952 (s), 2902 (vs), 2847 (vs), 1602 (vw), 1466 (s, br), 1458 (s), 1442 (s), 

1415 (m), 1393 (w), 1376 (vw), 1361 (m), 1342 (m), 1317 (m), 1303 (s), 1282 (s), 1262 

(vs), 1251 (vs), 1216 (vs), 1182 (w), 1160 (vw), 1130 (m), 1103 (m), 1082 (vw), 1062 

(w), 1033 (vw), 1021 (vw), 1003 (w), 989 (w), 972 (w), 946 (vw), 937 (vw), 919 (w), 

891 (w), 876 (m), 838 (s), 817 (w), 805 (s), 781 (w), 773 (m), 761 (w), 754 (w), 729 (s), 

677 (w), 670 (w), 653 (vw), 650 (vw), 630 (vw), 624 (vw), 617 (vw), 604 (vw), 598 

(vw), 584 (vw), 579 (vw), 549 (vw), 533 (m, br), 518 (vw), 511 (vw), 505 (vw), 498 

(vw), 492 (vw), 480 (w), 473 (vw), 467 (w), 462 (w), 441 (m, br), 422 (w), 418 (m). 
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Synthesis of [((AdArO)3tacnUIV(F)] (5) 

A 20 mL scintillation vial was charged with a deep brown solution of 0.1254 g 

(0.10 mmol) [((AdArO)3tacn)UIII] (1) in 5 mL of DME, and 0.0133 g (0.105 mmol, 

1.05 eq.) orange silver fluoride. The reaction mixture was allowed to stir at to room 

temperature for two days, turning to light blue-green. Grayish silver precipitate was 

filtered off over a celite plug and the blue-green filtrate was dried in vacuo. The blue 

greenish solid was triturated with pentane, followed by extraction of unreacted educt 

with pentane. The light blue green solid was collected on a porosity 4 frit, washed with 

pentane and dried in vacuo to give 0.1041 g (0.082 mmol, 82 %) of [((AdArO)3tacn) 

UIV(F)]. Elemental analysis for C69H96FN3O3U, calc./found [%]: C: 65.12/64.92; 

H: 7.60/7.60; N: 3.30/3.21. 1H NMR, methylene chloride-d2, 400 MHz,  [ppm]: 97.61 

(s, 3H), 43.91 (s, 3H), 43.49 (s, 3H), 5.69 (d, J = 11 Hz, 9H, Ad), 3.26 (d, J = 11 Hz, 9H, 

Ad), 2.42 (s, 9H, Ad), −3.56 (s, 9H, Ad), −3.82 (s, 27H, t-Bu), −4.50 (s, 3H), −4.79 (s, 

3H), −5.70 (s, 3H), −8.44 (s, 3H), −24.37 (s, 9H, Ad), −103.56 (s, 3H). IR, ~  [cm−1]: 

2960 (s), 2952 (s), 2903 (vs), 2847 (vs), 1602 (w), 1468 (vs,br), 1440 (m), 1415 (m), 

1392 (w), 1376 (vw), 1361 (m), 1342 (m), 1318 (m), 1304 (s), 1282 (s), 1267 (vs), 1251 

(s), 1218 (vs, br), 1182 (vw), 1161 (vw), 1130 (m), 1107 (m), 1083 (w), 1064 (w), 1042 

(vw), 1033 (vw), 1018 (vw), 1004 (w), 989 (w), 972 (m), 946 (vw), 938 (vw), 919 (w), 

890 (w), 876 (m), 840 (s), 817 (w), 806 (m), 783 (w), 773 (m), 762 (w), 755 (w), 729 (s), 

695 (vw), 669 (w, br), 653 (vw), 651 (vw), 640 (vw), 601 (vw, br), 584 (vw), 580 (vw), 

532 (m, br), 492 (m, br), 481 (w), 464 (w), 441 (m), br), 419 (m, br). 

Synthesis of [((AdArO)3tacnUIV(n-Bu)] (8) 

A 20 mL scintillation vial was charged with 0.1289 g (0.10 mmol) pale green 

[((AdArO)3tacn)UIV(Cl)] (4) in 5 mL of diethyl ether. While stirring, 40.0 µL 

(0.100 mmol, 1.00 eq.) of n-butyllithium in hexane were added with a Hamilton syringe, 

upon which color turned to orange red quickly. The reaction mixture was allowed to stir 

at room temperature for two hours and the volatiles were removed in vacuo. The orange 

product was extracted with toluene and filtered over a celite plug to remove lithium 

chloride. The solvent was removed and the orange powder dried in vacuo to give 

0.1263 g (0.096 mmol, 96 %) of [((AdArO)3tacn)UIV(n-Bu)]. 1H NMR, benzene-d6, 

400 MHz,  [ppm]: 98.58 (s, 2H), 57.04 (s, 1H), 55.85 (s, 1H), 45.27 (s, 6H), 33.18 (s, 

2H), 20.95 (s, 1H), 9.00 (s, 1H), 7.18 (s, 1H), 2.10 (s, 3H), 1.08 (d, J = 10 Hz, 9H, Ad), 

0,54 (d, J = 10 Hz, 9H, Ad), −0.56 (s, 6H, Ad), −0.60 (s, 3H, Ad), −1.92 (s, 1H), −3,45 
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(s, 1H), −3,79 (s, 27H, t-Bu), −4.85 (s, 3H), −5.58 (s, 3H), −6.59 (s, 2H), −8.15 (s, 6H, 

Ad), −8.22 (s, 3H, Ad), −8.53 (s, 3H), −25.47 (s, 9H, Ad), −115.99 (s, 2H). IR, 

~  [cm−1]: 2960 (s), 2952 (s), 2903 (vs), 2846 (s), 1602 (w), 1495 (w), 1466 (s, br), 

1458 (s), 1448 (s), 1439 (m), 1414 (m), 1392 (w), 1376 (vw), 1361 (m), 1342 (w), 1318 

(w), 1305 (m, br), 1283 (m), 1264 (s, br), 1217 (s), 1182 (w), 1162 (vw), 1131 (w), 

1104 (m, br), 1082 (w), 1064 (w), 1053 (w), 1029 (w), 1022 (w), 1004 (w), 989 (w), 

972 (w), 948 (vw), 938 (vw), 919 (vw), 889 (w), 876 (m), 837 (m), 817 (w), 805 (m), 

782 (w), 773 (m), 762 (vw), 755 (vw), 729 (m), 695 (vw), 676 (vw), 670 (vw), 668 (vw), 

650 (vw), 640 (vw), 621 (vw, br), 603 (vw, br), 587 (vw), 579 (vw), 531 (m, br), 501 

(vw, br), 482 (w, br) 464 (w), 449 (w), 442 (m), 440 (m), 419 (w). 

Synthesis of [((AdArO)3tacnUIV(P(t-Bu)2)] (9) 

A 20 mL scintillation vial was charged with 0.1289 g (0.10 mmol) pale green 

[((AdArO)3tacn)UIV–Cl] (4) in 5 mL of DME. 0.0160 g (0.105 mmol, 1.05 eq.) of white 

lithium di-t-butylphosphine were added. The reaction mixture was allowed to stir at 

room temperature over night, resulting in a color change to yellow. The volatiles were 

removed in vacuo, the remaining solid triturated with hexane and the product was 

extracted with hexane, filtering off lithium chloride over a celite plug. The solvent was 

removed and the yellow powder dried in vacuo to give 0.0881 g (0.063 mmol, 63 %) of 

[((AdArO)3tacn)UIV(P(t-Bu)2)]. 
31P NMR, benzene-d6, 400 MHz,  [ppm]: 12.89 (br s). 
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5.4.3 SQUID	Magnetization	Details  

 

Figure 5.8: SQUID magnetization measurements of 2. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles). 

 

Figure 5.9: SQUID magnetization measurements of 3. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles). 
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Figure 5.10: SQUID magnetization measurements of 4. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles).  

 

Figure 5.11: SQUID magnetization measurements of 5. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles). 
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Figure 5.12: SQUID magnetization measurements of 6. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles).[8]  

 

Figure 5.13: SQUID magnetization measurements of 7. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles). 
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Figure 5.14: SQUID magnetization measurements of 8. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles). 

 

Figure 5.15: SQUID magnetization measurements of 9. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles). 
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5.4.4 Computational	Details	

Unrestricted geometry optimisations were performed for full models of 

[((AdArO)3tacn)UIV(X)] (where X = F, Cl, Br, I, CN, OMe, N3) using coordinates 

derived from their X-ray crystal structures where available or from models generated in 

silico. No constraints were imposed on the structures during the geometry optimisations. 

The calculations were performed using the Amsterdam Density Functional (ADF) suite 

version 2007.01.[19] The DFT geometry optimisations employed Slater type orbital 

(STO) triple-ζ-plus polarisation all-electron basis sets (from the ZORA/TZP database of 

the ADF suite). Scalar relativistic approaches were used within the ZORA Hamiltonian 

for the inclusion of relativistic effects and the local density approximation (LDA) with 

the correlation potential due to Vosko et al.[20] was used in all of the calculations. 

Gradient corrections were performed using the functionals of Becke[21] and Perdew.[22] 

MOLEKEL[23] was used to prepare the three-dimensional plot of the electron density.  

Table 5.1: Calculated bond lengths for the complexes [((AdArO)3tacn)UIV(X)]. 

Compound U‒X U‒O U‒O U‒O U‒N U‒N U‒N 

[((AdArO3tacn)UIV(I)] (2) 3.121 2.180 2.180 2.180 2.726 2.725 2.725 

[((AdArO3tacn)UIV(Br)] (3) 2.847 2.180 2.180 2.180 2.737 2.735 2.736 

[((AdArO3tacn)UIV(Cl)] (4) 2.657 2.183 2.183 2.183 2.742 2.742 2.742 

[((AdArO3tacn)UIV(F)] (5) 2.104 2.193 2.199 2.205 2.770 2.754 2.749 

[((AdArO3tacn)UIV(OMe)] (6) 2.099 2.231 2.214 2.225 2.800 2.810 2.745 

[((AdArO3tacn)UIV(N3)] (7) 2.296 2.192 2.189 2.179 2.759 2.725 2.775 

[((AdArO3tacn)UIV(CN)] 2.512 2.166 2.176 2.181 2.743 2.733 2.687 

 

Table 5.2: Calculated uranium charges and spin densities. 

Compound U MDC-q charge U MDC-m spin density 

[((AdArO3tacn)UIV(F)] (5) 2.50 2.19 

[((AdArO3tacn)UIV(Cl)] (4) 1.91 2.26 

[((AdArO3tacn)UIV(Br)] (3) 2.11 2.26 

[((AdArO3tacn)UIV(I)] (2) 1.81 2.30 

[((AdArO3tacn)UIV(OMe)] (6) 1.90 2.21 

[((AdArO3tacn)UIV(N3)] (7) 1.83 2.24 

[((AdArO3tacn)UIV(CN)] 2.14 2.28 
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Calculated Structures for complexes [((AdArO)3tacnUIV(X)] 

 

Figure 5.16: Top and side views of the optimized structure of [((AdArO)3tacn)UIV(I)] 

(2) (Hydrogen atoms omitted). 

 

Figure 5.17: Top and side views of the optimized structure of [((AdArO)3tacn)UIV(Br)] 

(3) (Hydrogen atoms omitted). 
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Figure 5.18: Top and side views of the optimized structure of [((AdArO)3tacn)UIV(Cl)] 

(4) (Hydrogen atoms omitted). 

 

Figure 5.19: Top and side views of the optimized structure of [((AdArO)3tacn)UIV(F)] 

(5) (Hydrogen atoms omitted). 
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Figure 5.20: Top and side views of the optimized structure of [((AdArO)3tacn)UIV-

(OMe)] (6) (Hydrogen atoms omitted). 

 

Figure 5.21: Top and side views of the optimized structure of [((AdArO)3tacn)UIV(N3)] 

(7) (Hydrogen atoms omitted). 
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Figure 5.22: Top and side views of the optimized structure of [((AdArO)3tacn)UIV(CN)] 

(Hydrogen atoms omitted). 

5.4.5 XANES	Computational	Details	

The calculations of the uranium LIII edge XANES spectra are performed with the 

real-space multiple scattering based quantum chemical code FEFF9.[17] This theoretical 

approach solves the Fermi’s golden rule by using Green’s function within the one 

electron, dipole and Muffin thin potential approximations.[17, 24] Hedin-Lundquist 

potential with a core-hole, self-consistent field (SCF) and full multiple scattering (FMS) 

for a cluster of 350 atoms was used. No experimental broadening is taken into account. 

The white line at about 17168 eV, describing 2p → 6d transitions, remains with similar 

shape and intensity for compounds 6, 7, and one of the two sites of 4. However, the 

energy shift of the white line is not correlated with the increasing electronegativity of 

the ligand. FEFF9 does not always accurately calculate the Fermi energy, typical errors 

of a few eV lead to wrong energy positions of the spectra. Additionally, the different 

crystal structures can introduce energy shifts. In order to study the influence of the 

electronegativity of the ligand on the spectrum, we fixed the crystal structure and  

varied the ligand, i.e., I− or Br− instead of Cl−. However, the calculated uranium LIII 

XANES spectra do not show any change. This demonstrates that the high 2p core-hole 

lifetime broadening prevents from detecting the different screening of the 2p core-hole 

due to the transferred charge from the metal to the ligand. Unexpectedly, the uranium 

LIII XANES of the fluoride complex 5 exhibits broader distribution of 6d states and a 

calculated spectrum with overall shape similar to the spectrum calculated for the second 

site of the chloride complex 4. 



Chapter 5: Ligand Influence on Electronic and Magnetic Properties of Uranium(IV) Compounds 

155 

5.5 Acknowledgment	

The dissertation author thanks Tonya Vitova from INE, KIT Karlsruhe, for help with 

FEFF calculations and fruitful discussions as well as insight into HR-XANES 

techniques. Stephen T. Liddle, University of Nottingham, is thanked for the DFT 

calculations presented in this chapter. 

5.6 References	

[1] T. J. Marks, Progress in Inorganic Chemistry, Vol. 25, John Wiley & Sons, Inc., 

New York, 1979. 

[2] a) P. Pyykkö, Chem. Rev. 1988, 88, 563–594. 

b) K. B. Yatsimirskii, Theor. Exp. Chem. 1995, 31, 153–168. 

[3] D. L. Clark, S. S. Hecker, G. D. Jarvinen, M. P. Neu, Plutonium: The Chemistry 

of the Actinide and Transactinide Elements, Los Alamos National Laboratory, 

2006. 

[4] O. P. Lam, C. Anthon, K. Meyer, Dalton Trans. 2009, 9677–9691. 

[5] a) B. Kosog, H. S. La Pierre, F. W. Heinemann, S. T. Liddle, K. Meyer, 

J. Am. Chem. Soc. 2012, 134, 5284–5289. 

b) B. Kosog, C. Hauser, F. W. Heinemann, S. T. Liddle, K. Meyer, 

Chem. Commun. 2012., submitted. 

c) R. G. Denning, Struct. Bonding 1992, 79, 215–276. 

[6] S. D. Kelly, D. Hesterberg, B. Ravel, in Methods of Soil Analysis. Part 5. 

Mineralogical Methods (Eds.: L. R. Drees, A. L. Ulery), American Society of 

Agronomy, Madison, Wisconsin, USA, 2008, pp. 387–463. 

[7] M. A. Denecke, Coord. Chem. Rev. 2006, 250, 730–754. 

[8] B. Kosog, H. S. La Pierre, M. A. Denecke, F. W. Heinemann, K. Meyer, 

Inorg. Chem. 2012, 51, 7940–7944. 



Chapter 5: Ligand Influence on Electronic and Magnetic Properties of Uranium(IV) Compounds 

156 

[9] T. Vitova, K. O. Kvashnina, G. Nocton, G. Sukharina, M. A. Denecke, 

S. M. Butorin, M. Mazzanti, R. Caciuffo, A. Soldatov, T. Behrends, H. Geckeis, 

Phys. Rev. B 2010, 82, 235118, 1–6. 

[10] a) H. Hayashi, Anal. Sci. 2008, 24, 15–24. 

b) F. de Groot, G. Vankó, P. Glatzel, J. Phys.: Condens. Matter 2009, 21, 104207, 

1–7. 

c) T. Vitova, J. Hormes, M. Falk, K. Buse, J. Appl. Phys. 2009, 105, 013524, 1–6. 

[11] a) K. Hämäläinen, D. P. Siddons, J. B. Hastings, L. E. Berman, Phys. Rev. Lett. 

1991, 67, 2850–2853. 

b) F. de Groot, A. Kotani, Core Level Spectroscopy of Solids, Vol. 6, CRC Press 

Inc., Boca Raton, Florida, USA, 2008. 

[12] M. O. Krause, J. H. Oliver, J. Phys. Chem. Ref. Data 1979, 8, 329–338. 

[13] P. Glatzel, U. Bergmann, Coord. Chem. Rev. 2005, 249, 65–95. 

[14] O. Keski-Rahkonen, M. O. Krause, Phys. Rev. A 1977, 15, 959–966. 

[15] I. Castro-Rodriguez, H. Nakai, K. Meyer, Angew. Chem., Int. Ed. 2006, 45, 2389–

2392. 

[16] H. Nakai, X. Hu, L. N. Zakharov, A. L. Rheingold, K. Meyer, Inorg. Chem. 2004, 

43, 855–857. 

[17] J. J. Rehr, J. J. Kas, M. P. Prange, A. P. Sorini, Y. Takimoto, F. Vila, 

Compt. Rend. Phys. 2009, 10, 548–559. 

[18] J. Meiners, A. Friedrich, E. Herdtweck, S. Schneider, Organometallics 2009, 28, 

6331–6338. 

[19] a) C. Fonseca Guerra, J. G. Snijders, G. te Velde, E. J. Baerends, 

Theor. Chem. Acc. 1998, 99, 391–403. 

b) G. te Velde, F. M. Bickelhaupt, E. J. Baerends, C. Fonseca Guerra, 



Chapter 5: Ligand Influence on Electronic and Magnetic Properties of Uranium(IV) Compounds 

157 

S. J. A. van Gisbergen, J. G. Snijders, T. Ziegler, J. Comput. Chem. 2001, 22, 

931–967. 

[20] S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200–1211. 

[21] A. D. Becke, Phys. Rev. A 1988, 38, 3098–3100. 

[22] J. P. Perdew, Phys. Rev. B. 1986, 33, 8822–8824. 

[23] S. Portmann, H. P. Lüthi, Chimia 2000, 54, 766–770. 

[24] a) J. J. Rehr, R. C. Albers, Rev. Mod. Phys. 2000, 72, 621–654. 

b) B. Ravel, J. Alloys Compd. 2005, 401, 118–126. 

  



Chapter 5: Ligand Influence on Electronic and Magnetic Properties of Uranium(IV) Compounds 

158 

 

 



Chapter 6: The N-Anchored Ligand System and a µ-CS3 complex 

159 

6 The	N‐Anchored	Ligand	System	and	a	µ‐CS3	complex	

6.1 The	N‐Anchored	Ligand	System	

In addition to the tacn-based tris-phenolate ligands presented in the previous chapters 

that have been in use for some years now in the Meyer group, a new ligand system 

based on a single nitrogen anchor has been introduced recently, the tris(2-hydroxy-3-

adamantyl-5-methylbenzyl)amine trianion (AdArO)3N
3− (Scheme 6.1).[1] 

 

Scheme 6.1: Schematic representation of the (AdArO)3N
3− ligand. 

The ligand is obtained from a Duff-reaction of 2-Adamantylcresol and hexa-

methylenetetramine. In contrary to the more rigid tacn ligands, which is due to the quite 

inflexible backbone, the ligand consisting of an N-anchor bearing Ad,Me derivatized 

aryloxides is exceedingly more flexible; and thus, the resulting trivalent 

[((AdArO)3N)UIII(DME)] (1, Figure 6.1) is more reactive and bears a coordinated, labile 

dimethoxyethane (DME) in axial position. This complex is obtained in good yields from 

the reaction of [((Me3Si)2N)3U
III],[2] the precursor that is also used for the tacn-based 

ligands, with the protonated (AdArOH)3N in DME. 
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Figure 6.1: Molecular structure of [((AdArO)3N)UIII(DME)] (1) in crystals of 

[((AdArO)3N)UIII(DME)] · DME (1 · DME). Co-ctrystallized solvent and hydrogen 

atoms have been omitted for clarity. Thermal ellipsoids are at 50 % probability.[1] 

6.2 Small	Molecule	Activation	

6.2.1 µ‐Chalcogenide	and	µ‐Carbonate	Complexes	

The trivalent uranium complex [((AdArO)3N)UIII(DME)] (1) has proven to be highly 

reactive towards small molecules. It has been shown recently that 1 readily reductively 

cleaves CO2 or N2O to form the µ-oxo complex [{((AdArO)3N)UIV}2(µ-O)][1] 

(Scheme 6.2). Further reaction with CO2 leads to the formation of a µ-carbonate 

complex [{((AdArO)3N)UIV}2(µ-η:κ2-CO3)],
[1] with the carbonate coordinated in µ-η:κ2 

fashion. In case of the N2O reaction, the µ-oxo is the final product. 

 

Scheme 6.2: Synthesis of [{((AdArO)3N)UIV}2(µ-O)] from 1 with CO2 or N2O, and 

further reaction with CO2 to yield [{((AdArO)3N)UIV}2(µ-η:κ2-CO3)].
[1] 
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The formation of this bridging carbonate via the µ-oxo complex has also been 

investigated theoretically. In this study, Maron and co-workers could prove that the 

µ-oxo is indeed the intermediate in the formation of the carbonate, not, as one could 

also speculate, an oxalate intermediate.[2] The oxalate, even though it would be the 

thermodynamic favored product, is not formed in the reaction due to the relatively large 

activation barrier. 

Not only the µ-oxo complex is accessible, also other µ-chalcogenides have been 

synthesized. While the µ-O could not be generated from molecular oxygen but N2O was 

used as oxygen source, similar µ-E compounds (E = S, Se), [{((AdArO)3N)UIV}2(µ-S)] 

(2), and [{((AdArO)3N)UIV}2(µ-Se)] could be obtained directly in a reaction of 1 with 

the respective elements, or, in better yields, from triphenylphosphine sulfide and 

selenide, respectively (Scheme 6.3).[3] 

 

Scheme 6.3: Synthesis of [{((AdArO)3N)UIV}2(µ-E)] (E = S, Se) from 1 with elemental 

sulfur or selenium, or the respective Ph3P=E.[3] 

Even the bis-µ-chalcogenides of this ligand system are accessible due to its great 

flexibility. Reacting 1 with elemental sulfur, selenium, and even tellurium in DME in 

presence of a strong reducing agent, such as sodium amalgam (Na/Hg), lead to the for-

mation of the compounds [{((AdArO)3N)UIV}2(µ-E)2]
2− (E = S, Se, Te, Scheme 6.4).[3] 

 

Scheme 6.4: Synthesis of [{((AdArO)3N)UIV}2(µ-E)2]
2− (E = S, Se, Te) from 1 with 

elemental sulfur, selenium, or tellurium, and Na/Hg.[3] 
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This series was completed with the synthesis of the bis-µ-oxo complex using 

pyridine N-oxide as oxygen transfer reagent. In this case, the resulting complex was not 

a dianionic [{((AdArO)3N)UIV}2(µ-O)2]
2−, but [{((AdArO)3N)UV}2(µ-O)2(PyN-O)] with 

two uranium(V) centers and one coordinated pyridine N-oxide (Scheme 6.5).[3] 

 

Scheme 6.5: Synthesis of [{((AdArO)3N)UIV}2(µ-O)2(PyN-O)] from 1 with pyridine 

N-oxide.[3] 

6.2.2 µ‐C2S4	Complexes	

In contrary to the reductive coupling of CO2 to form the µ-carbonate presented above, 

reductive coupling of CS2 does result in a µ-tetrathiooxalate (µ-TTO) complex 

[{((AdArO)3N)UIV}2(µ-κ2:κ2-C2S4)]
[4] as the main product (Scheme 6.6, top).  

 

Scheme 6.6: Reductive coupling of CS2 at 1 to form [{((AdArO)3N)UIV}2(µ-C2S4)] 

(µ-TTO) (top) and its two electron reduction with Na/Hg to give [{((AdArO)3N)UIV}2-

(µ-C2S4)]
2− (µ-ETT).[4] 
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The TTO unit is bound in the unique µ-κ2(S,S'):κ2(S'',S''')-fashion, which has not been 

reported previously. Upon reduction of this µ-TTO complex with 2 equiv. Na/Hg, not 

the uranium(IV) centers are reduced, but the µ-C2S4-unit, upon which it changes its 

coordination mode to form a µ-ethylenetetrathiolate (µ-ETT) complex, [Na(DME)3]2 

[{((AdArO)3N)UIV}2(µ-C2S4)]
[4] (Scheme 6.6, bottom). Also this complex features a rare 

coordination mode of the ETT unit, since the five membered rings of USCCS are not 

planar but show a folding angle of 62.1°, which is remarkably large. 

6.2.3 Introduction	to	the	µ‐CS3	Complex	

Reductive cleavage of CO2 and CS2 to form carbonates and trithiocarbonates has 

been well-documented for transition metal complexes.[5] With respect to f-element 

coordination chemistry, however, there are only three reports of carbonate formation 

from reductive splitting of CO2
[1,6] and, to the best of our knowledge, no records of 

trithiocarbonate formation from reductive splitting of CS2. For the most part, the 

mechanisms and intermediates of carbonate formation remain unclear. A couple of 

pathways have been proposed in the transformation of CO2 to CO3
2−. One involves the 

reductive cleavage of CO2 to form oxo complexes with concomitant evolution of CO, 

followed by the addition of 1 equiv. of CO2.
[6b] Another route involves transformation 

of the initially formed reductive coupling product, oxalate, with subsequent elimination 

of CO.[6b] As for trithiocarbonate formation from disproportionation of CS2, a 

mechanism has not been proposed. 

Oxo-bridged complexes of the lanthanide and actinide metals are often very stable 

compounds and do not exhibit further reactivity. Compared to such an inert complex, 

[{((t-BuArO)3tacn)UIV}2(μ-O)],[7] the surprisingly high reactivity of the µ-oxo complex 

[{((AdArO)3N)UIV}2(µ-O)][1] is attributed to the less encumbering and more flexible 

nature of the chelating ligand (vide supra), which allows substrate access to the highly 

nucleophilic oxygen. From these observations, one would surmise that 1 would react 

similarly with CS2. However, the reaction of 1 with CS2 yields predominantly the tetra-

thiooxalate reductive coupling product µ-TTO[4] (vide supra) with the trithiocarbonate 

complex [{((AdArO)3N)UIV}2(μ-κ2:κ2-CS3)] (3-DME) forming as a byproduct in only 

20 % yield. Alternatively, the trithiocarbonate complex 3-DME can be synthesized 

analytically pure from the reaction of [{((AdArO)3N)UIV}2(μ-S)] (2) with CS2. The 

possible formation pathways of this complex from 1 and CS2 will be rationalized via 
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density functional theory (DFT) studies. Herein, the synthesis and characterization of 

the only example of a trithiocarbonate complex containing an f-element is reported. 

6.3 Results	and	Discussion	

6.3.1 Formation	of	a	µ‐CS3	Complex	

The trivalent complex 1 engages in one- and two-electron reduction of CS2, giving 

rise to two different products (Scheme 6.7). The purple precipitate was characterized as 

the µ-TTO complex[4] and forms in approximately 80 % yield. The mother liquor of this 

reaction contains the orange trithiocarbonate complex 3-DME in 20 % yield and was 

identified through 1H NMR spectroscopy. 

 

Scheme 6.7: Reaction of [((AdArO)3N)UIII(DME)] (1) with 2 equiv. CS2 to form the 

reductive coupling product [{((AdArO)3N)UIV}2(μ-κ2:κ2-C2S4)] (4, top) as main product, 

and [{((AdArO)3N)UIV}2(μ-κ2:κ2-CS3)] (3-DME) via reaction of CS2 with the isolable 

[{((AdArO)3N)UIV}2(μ-S)] (2) from (1) with CS2. 

Alternatively, the deep-red-orange trithiocarbonate complex 3-DME can be 

synthesized in excellent yields directly from the nucleophilic addition of CS2 to the 

sulfide-bridged complex 2.[3] From this reaction, a red-orange solid was isolated in 89 % 

yield and characterized as the uranium trithiocarbonate complex 3-DME (Scheme 6.8). 
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Scheme 6.8: Reaction of [{((AdArO)3N)UIV}2(μ-S)] (2) with 1 equiv. CS2 to yield 

selectively [{((AdArO)3N)UIV}2(μ-κ2:κ2-CS3)] (3-DME). 

 

Single crystals of 3-DME suitable for X-ray diffraction (XRD) studies were obtained 

by allowing a concentrated solution of 1,2-dimethoxyethane (DME) to stand at room 

temperature. The molecular structure reveals the dianionic trithiocarbonate ligand bound 

in a μ-κ2(S,S'):κ2(S,S'') fashion to the two uranium(IV) centers (Figure 6.2). 

 

Figure 6.2: Molecular structure of the uranium trithiocarbonate complex 3-DME (top) 

and core (bottom). Hydrogen atoms and adamantyl groups have been omitted for 

clarity. Thermal ellipsoids are at 50 % probability. 

The binding mode found here is in contrast to the one present in the uranium 

carbonate complex [{((AdArO)3N)UIV}2(μ-η1:κ2-CO3)], which features the CO3
2− ligand 

bound in a μ-η1(O):κ2(O',O'') fashion (Figure 6.3). The U1−Oavg and U2−Oavg bond 
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distances of 2.147 and 2.133 Å remain unaltered from those of the bridging sulfide 

complex 2. Likewise, the U1−N1 and U2−N2 distances of 2.587(3) and 2.625(3) Å are 

as expected. The U1−S1 and U2−S1 distances (3.096(2) and 3.130(2) Å) are 

significantly longer than the U1−S2 and U2−S3 distances (2.872(2) and 2.868(2) Å). 

The C−S bond lengths of 1.724(4), 1.707(4), and 1.710(4) Å are nearly equivalent, 

suggesting that there is complete delocalization of electrons over the μ-CS3
2− unit. 

 

Figure 6.3: μ-κ2(S,S'):κ2(S,'') coordination mode of the trithiocarbonate complex 

3-DME (left) and the μ-η(O):κ2(O',O'') coordination mode of the carbonate complex 

[{((AdArO)3N)U}2(μ-η:κ2-CO3)]
[1] (right). 

The variable-temperature SQUID magnetization data are characteristic of U(IV) 

centers and also very similar to those of the uranium carbonate complex 

[{((AdArO)3N)UIV}2(μ-η:κ2-CO3)],
[1] where magnetic moments of 3.49 μB at 300 K and 

0.40 μB at 2 K are observed (see Chapter 6.5.3). Overall, the magnetization data support 

tetravalent uranium centers for complex 3-DME. The preference of 1 to undergo dispro-

portionation of CO2 over CS2 may be explained by examining the relative proclivity at 

which the uranium oxo-bridged complex versus the uranium sulfide-bridged complex 

(2) is formed. 

6.3.2 Mechanistic	DFT	Calculations	

Hence, DFT studies were performed on the uranium oxo-bridged complex and 2. The 

reaction profiles leading to the oxo-bridged uranium complex and 2 are shown in 

Scheme 6.9. The formation of intermediate species A, a uranium(IV)/uranium(IV) 

complex bridged by a CS2
2− ligand, [{((AdArO)3N)UIV}2(μ-CS2

2−)], is exergonic by 

17.3 kcal mol−1, while formation of the analogous intermediate C, [{((AdArO)3N)UIV}2-

(μ-CO2
2−)], is exergonic by 22.8 kcal mol−1. The transition state species B and D 

represent the C−S and C−O bond-breaking processes, with optimized structures of 

[(CS)U(μ-S2−)U]‡ and[(CO)U(μ-O2−)U]‡, respectively. Transition states B and D have 

activation barriers of 24.4 and 22.3 kcal mol−1, respectively. While the formation of 

oxo-bridged species 5 is exergonic (31.6 kcal mol−1), the generation of sulfide-bridged 
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species 2 is slightly endergonic (2.6 kcal mol−1). The DFT studies clearly reveal that the 

formation of CS is not as favorable as that of CO. Carbon monosulfide is known to be 

very unstable;[8] however, there have been instances where CS was trapped in situ 

during reductive disproportionation processes of CS2.
[5c,g] The driving force for 

formation of the bridged complex is clearly the large energy gain from the formation of 

a very stable CO molecule. This driving force is not as strong in disproportionation 

reactions with CS2, and hence only 20 % of the uranium trithiocarbonate product 

3-DME is observed. An additional contribution to the preference of carbonate 

generation may also be the formation of two U−O bonds over two U−S bonds. 

Although, Andersen's report of a uranium sulfide-bridged complex from the reaction of 

[(CH3C5H4)3U(THF)] with COS suggests that the formation of CO vs. CS is the main 

competing driving force rather than the formation of the U−O vs. U−S bond.[9] 

 

Scheme 6.9: Reaction profiles for the formation of the µ-S complex (2) and the 

respective µ-O compound. 

Finally, the possibility of the involvement of a mononuclear U=S species, and its 

subsequent reaction with CS2, has also been investigated theoretically. The formation of 

the mononuclear complex is endergonic (by 20 kcal mol−1) with respect to the U−S−U 

dinuclear species. Moreover, the transition state of CS2 insertion has also been located 

and is 16.5 kcal mol−1 higher in energy than the one found for the U−S−U dimer. 
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Accordingly, this pathway is energetically too demanding and, thus, is unlikely, it is 

shown in blue in the full profile, which is shown in Scheme 6.10. However, the 

independent synthesis and isolation of the sulfide-bridged complex, followed by the 

reaction with CS2, generates the uranium trithiocarbonate complex 3-DME in high 

yields. 

 

Scheme 6.10: Calculated mechanism pathways for the formation of 

[{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] (3) from [((AdArO)3N)UIII] (1) via the intermediate 

[{((AdArO)3N)UIV}2(µ-S)] (2). 

6.4 Conclusion	

We have shown that the reaction of 1 with CS2 resulted in the formation of a major 

product, the uranium tetrathiooxalate complex µ-TTO,[3] and a minor product, the 

uranium trithiocarbonate complex 3-DME. This parallel one- and two-electron 

reduction of CS2 is remarkable in itself, showcasing the versatility of trivalent uranium 

as a reducing agent. The uranium trithiocarbonate complex can be synthesized in 

excellent yields by the addition of CS2 to the sulfide-bridged compound 2. This process 

to trithiocarbonate synthesis is unique; no such reaction pathway has been described in 

the literature. The reactivity of the bridging chalcogenide complexes µ-O and µ-S (2) 

have now been established. With the compounds presented herein as a starting point, the 

synthesis of bridging mixed carbonates from the respective µ-chalcogenides with CO2, 

CS2, and COS has been achieved and have recently been published.[10] 
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6.5 Experimental	Section	

6.5.1 Methods,	Procedures	and	Starting	Materials	

All air- and moisture-sensitive experiments were performed under dry nitrogen 

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox 

containing an atmosphere of purified dinitrogen. The glovebox is equipped with a 

−35°C freezer. Solvents were purified using a two-column solid-state purification 

system (Glass Contour System, Irvine, CA), transferred to the glovebox without 

exposure to air, and stored over molecular sieves and sodium (where appropriate). NMR 

solvents were obtained packaged under argon and stored over activated molecular 

sieves and sodium (where appropriate) prior to use. Carbon disulfide, anhydrous 

(≥99 %) was purchased from Aldrich and dried over molecular sieves prior to use. The 

trivalent uranium precursor [((AdArO)3N)UIII(DME)] (1)[1] and the uranium sulfur-

bridged complex [{((AdArO)3N)UIV}2(µ-S)] (2)[3] were synthesized according to 

published procedures. 1H NMR spectra were recorded on a JEOL ECX 400 instrument 

at a probe temperature of 23°C. Chemical shifts  are reported relative to residual 
1H resonances of the solvent in ppm, followed by peak multiplicity (s: singlet, 

d: doublet), integration value and proton assignment where possible. Electronic 

absorption spectra were recorded from 250 to 2200 nm (Shimadzu, UV-3600) in the 

indicated solvent at room temperature. Magnetism data of crystalline powdered samples 

(20 to 30 mg) were recorded with a SQUID magnetometer (Quantum Design) at 10 kOe 

(2 to 300 K for 3-DME). Values of the magnetic susceptibility were corrected for the 

underlying diamagnetic increment (χdia = –1359.18 · 10-6 cm³ mol−1 (3)) by using 

tabulated Pascal constants and the effect of the blank sample holder (gelatin 

capsule/straw). Samples used for magnetization measurement were recrystallized 

multiple times and checked for chemical composition and purity by elemental analysis 

(C, H, and N) and 1H NMR spectroscopy. Data reproducibility was also carefully 

checked on independently synthesized samples. Elemental analyses were obtained using 

Euro EA 3000 (Euro Vector) and EA 1108 (Carlo-Erba) elemental analyzers in the 

Chair of Inorganic Chemistry at the University Erlangen-Nuremberg (Erlangen, 

Germany).  
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6.5.2 Synthetic	Details	

Synthesis of [{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] · 2 DME (3-DME). 

In a 20 mL scintillation vial, 68 mg (0.030 mmol) yellow-green [{((AdArO)3N)UIV}2-

(µ-S)] (2) was taken up in 5 mL of neat carbon disulfide. Immediately, the color of the 

reaction mixture turned into an intense red-orange. The reaction was allowed to proceed 

for an additional 30 minutes. The resulting red-orange mixture was filtered and the 

volatiles were removed in vacuo to yield 69.9 mg (0.027 mmol, 89 %) 

[{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)]·2 DME as an intense orange powder. Elemental 

analysis for C117H152N2O6S3U·2 DME, calc./found [%]: C: 60.08/60.34; H: 6.94/7.32; 

N: 1.12/1.20; S: 3.85/3.53. 

Synthesis of [{((AdArO)3N)UIV}2(μ-κ2:κ2-CS3)]   2 THF (3-THF). 

Dissolving [{((AdArO)3N)UIV}2(μ-κ2:κ2-CS3)] · 2 DME (3-DME) in THF will result 

in replacement of coordinated DME molecules by THF molecules to form (3-THF). 

The crystal structure is shown below. 

6.5.3 Spectroscopic	Details	

1H NMR Spectroscopy 

 

Figure 6.4: 1H NMR of 3-DME, 400 MHz, THF-d8. 
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Electronic Absorption Spectroscopy 

 

Figure 6.5: UV/vis/NIR spectrum of 3-DME in THF with c = 3.0010−3 M. 

SQUID Magnetization 

 

Figure 6.6: SQUID magnetization measurements of 3-DME. Three measurements of 

independently synthesized samples (black, red, blue); eff/T (rectangles) and /T 

(triangles, average). 
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6.5.4 X‐ray	Crystal	Structure	Determination	Details	

CCDC-817632 (for 3 · 2 DME) and CCDC-817633 (for 3 · 2 THF) contain the 

supplementary crystallographic data for this chapter. This data can be obtained free of 

charge via http://www.ccdc.cam.ac.uk/products/csd/request/ (or from Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: 

++44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). 

 

Crystallographic Details for 3-DME 

Single crystals for X-ray diffraction analysis were obtained from a concentrated 

solution of [{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] in DME at room temperature as 

[{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] · 2 DME. Orange blocks were coated with iso-

butylene oil on a microscope slide. A crystal was selected and mounted on a nylon loop. 

Intensity data were collected at 150 K on a Bruker-Nonius KappaCCD diffractometer 

using graphite monochromatized MoK radiation. Data were corrected for Lorentz and 

polarization effects. A semi empirical absorption correction was applied on the basis of 

multiple scans (SADABS 2.10).[11a] The structure was solved by direct methods and 

refined by full-matrix least-squares procedures on F2 (SHELXTL NT 6.12).[12]
 All non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in calculated 

idealized positions. The compound crystallizes with a total of two molecules of DME. 

One of the DME molecules is situated on a crystallographic inversion center (atoms 

C201, O202, C203). Another DME is disordered on a crystallographic inversion center 

(atoms C301 – C306) and only occupied by 50 %. The third independent DME moiety 

is situated on a general position and disordered. Two alternative orientations were 

refined resulting in site occupancies of 35.9(5) % for the atoms C401 – C406 and 

64.1(5) % for the atoms C501 – C506. SIMU, ISOR and SAME restraints were applied 

in the refinement of the solvent molecules. Crystallographic data, data collection, and 

refinement details are summarized in Table 6.3. For the most important bond distances 

and angles of of 3-DME see Table 6.1. 
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Figure 6.7: Molecular structure of [{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] in crystals of 

[{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] · 2 DME (3-DME), hydrogen atoms omitted for 

clarity. 

Table 6.1: Bond distances and angles for [{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] (3-DME). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.167(2) O1–U1–N1 72.46(10) 

U1–O2 2.141(3) O2–U1–N1 74.71(10) 

U1–O3 2.134(2) O3–U1–N1 71.59(10) 

U1–N1 2.587(3) O1–U1–S2 134.92(7) 

U1–O7 2.555(3) N1–U1–S2 152.58(7) 

U2–O4 2.152(3) O2–U1–S1 143.94(8) 

U2–O5 2.127(3) O3–U1–O7 167.34(10) 

U2–O6 2.121(3) O4–U2–N2 71.67(10) 

U2–N2 2.625(3) O5–U2–N2 74.17(11) 

U2–O9 2.634(3) O6–U2–N2 71.07(10) 

U1–S1 3.0964(11) O5–U2–S1 144.40(8) 

U1–S2 2.8719(11) N2–U2–S3 155.70(8) 

U2–S1 3.1301(11) O6–U2–O9 169.33(11) 

U2–S3 2.8676(12) S1–U1–S2 59.59(3) 
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S1–C109 1.724(4) S1–U2–S3 59.34(3) 

S2–C109 1.707(4) S1–C109–S2 120.0(2) 

S3–C109 1.710(4) S1–C109–S3 120.2(2) 

  S2–C109–S3 119.7(3) 

 

Crystallographic Details for 3-THF 

Single crystals for X-ray diffraction analysis were obtained from a concentrated 

solution of [{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] in THF at room temperature as 

[{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] · 2 THF. Orange blocks were coated with isobutylene 

oil on a microscope slide. A crystal was selected and mounted on a nylon loop. Intensity 

data were collected at 100 K on a Bruker Smart APEX2 diffractometer using MoKα 

radiation. Data were corrected for Lorentz and polarization effects. A semi empirical 

absorption correction was applied on the basis of multiple scans (SADABS 2008/1).[11b] 

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

procedures on F2 (SHELXTL NT 6.12).[12]
 All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were placed in calculated idealized positions. The 

dinuclear complex molecule is situated on a crystallographic twofold rotation axis 

running through the atoms S1 and C55 (Wyckoff position 4e). The compound 

crystallizes with a total of two molecules of THF. One of the THF molecules is situated 

on a crystallographic twofold axis running through the oxygen atom (atoms O100, 

C101, C102, (Wyckoff position 4e). The second THF molecule is disordered on a 

crystallographic twofold axis (atoms O200 – C204, (Wyckoff position 4e). SIMU, 

DFIX and SAME restraints were applied in the refinement of the solvent molecules. 

Crystallographic data, data collection, and refinement details are summarized in 

Table 6.3. For the most important bond distances and angles of of 3-THF see Table 6.2. 
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Figure 6.8: Molecular structure of [{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] in crystals of 

[{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] · 2 THF (3-THF), hydrogen atoms omitted for 

clarity. 

Table 6.2: Bond distances and angles for [{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)] (3-THF). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.166(3) O1–U1–O3 116.94(10) 

U1–O2 2.114(3) O2–U1–O4 169.47(10) 

U1–O3 2.139(3) O1–U1–O2 116.94(10) 

U1–N1 2.590(3) O2–U1–O3 94.78(10) 

U1–O4 2.510(3) O3–U1–O4 78.00(10) 

U1–S1 3.04932(19) O1–U1–N1 72.56(10) 

U1–S2 2.8702(11) O2–U1–N1 70.74(10) 

S1–C55 1.727(6) O3–U1–N1 73.72(11) 

S2–C55 1.700(3) N1–U1–S1 134.50(8) 

  N1–U1–S2 152.65(7) 

  S1–U1–S2 60.07(3) 

  S1–C55–S2 119.92(17) 

  S1–C55–S2A 120.2(3) 
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Table 6.3: Crystallographic data, data collection, and refinement details for 3 · 2 DME, 

and 3 · 2 THF. 

 3 · 2 DME 3 · 2 THF 

Empirical formula C125H172N2O14S3U2 C125H164N2O10S3U2 

Mol. weight 2498.96 2426.90 

Crystal size [mm3] 0.25×0.19×0.13 0.34×0.18×0.14 

Wavelength [Å] 0.71073 0.71073 

Temperature [K] 150 100 

Crystal system Triclinic monoclinic 

Space group P–1 (no. 2) C2/c (no. 15) 

a [Å] 14.0781(4) 17.8622(3) 

b [Å] 15.431(2) 26.2518(3) 

c [Å] 28.274(3)  23.7790(4) 

 [°] 85.983(9) 90 

 [°] 85.503(6) 92.037(1) 

 [°] 70.132(6) 90 

V [Å3] 5752(1) 11143.3(3) 

Z 2 4 

calc [g/cm3] 1.443 1.447 

 [mm-1] 2.929 3.019 

F (000) 2560 4960 

2  interval [°] 3.20 ≤ 2 ≤ 27.10 2.17 ≤ 2 ≤ 27.88 

Limiting Indices 

–18 ≤ h ≤ 18, 

–19 ≤ k ≤ 19, 

–36 ≤ l ≤ 36 

–23 ≤ h ≤ 23, 

–33 ≤ k ≤ 33, 

–31 ≤ l ≤ 31 

Completeness to   = 27.10°: 99.5 %   = 25.00°: 99.9 % 

Collected reflections 124996 98408 

Independent reflections; 

Rint 

25242; 

0.0737 

13186; 

0.0593 

No. restraints/ refined 

parameters 
205 / 1407 47 / 669 

wR2 (all data) 0.0734 0.0984 

R1 [I ≥ 2(I)] 0.0415 0.0341 

GooF on F2 1.187 1.360 

max/min [e.Å3] 1.430 / –1.334 1.560 / –0.977 
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6.5.5 Calculation	Details	

Uranium atoms were treated with two different effective core potentials. First, the 

very small core ECP was used in combination with its adapted basis set to study the 

change of oxidation state from +III to +IV.[13] Second, the 5f-in-core ECP adapted to the 

uranium +IV oxidation state was used in combination with its adapted basis set in order 

to account for reactions involving dinuclear complexes.[14] Sulfur atoms were treated 

with Stuttgart-Dresden pseudopotentials in combination with their adapted basis set, 

augmented by a set of polarization functions.[15] Carbon, oxygen, nitrogen and hydrogen 

atoms have been described with a 6-31G(d,p) basis set.[16] Calculations were carried out 

at the DFT level of theory using the hybrid functional B3PW91.[17] Geometry optimi-

zations were performed without any geometry restrictions and the nature of the extrema 

(minima and transition states) was verified with analytical frequency calculations. Gibbs 

free energies were obtained at T = 298.15 K within the harmonic approximation. IRC 

calculations were performed to confirm the connections of the optimized transition 

states. DFT calculations were carried out with the Gaussian03 suite program.[18] 

The experimental ligand (AdArO)3N
3− was modeled by the sterically less encum-

bering methyl derivative, (MeArO)3N3− in order to simplify the calculations. The 

breaking of the U–S–U dimer to form a U=S monomer, and its subsequent reaction with 

CS2, has been investigated theoretically. Formation of the monomer is endergonic by 

20 kcal mol−1 with respect to the U–S–U dinuclear complex. Moreover, the transition 

state of CS2 insertion has also been located and is 16.5 kcal mol−1
 higher in energy than 

the one found for the U–S–U dimer. Accordingly, this pathway (in blue, see profile in 

Scheme 7.9) is energetically too demanding; and thus, is unlikely. 

For detailed listings of calculated atom coordinates see the Electronic Supporting 

Information of the manuscript Inorg. Chem. 2012, 51, 781–783. This data is available 

free of charge via http://pubs.acs.org/doi/suppl/10.1021/ic202535e. 
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7 Terminal	Alkyne	C–C‐Coupling	and	Formation	of	U(IV)	

µ‐Vinyl	Complexes	

7.1 Introduction	

The reaction of low-valent metal complexes with terminal alkynes forms isolable 

vinyl species or fleeting intermediates that often catalyze their C–C-coupling[1] and 

cycloisomerization.[2] The broad interest in this type of chemistry is well documented in 

the extensively studied gold(I) chemistry. Complexes of this noble metal are known 

catalysts for C–X (X = C, N, O) bond formation chemistry,[3] for which vinyl complexes 

and intermediates have been isolated and characterized.[4] It is particularly interesting to 

note that a cooperative effect of a second metal center has been proposed,[5] suggesting 

a bimetallic mechanism in these catalytic reactions. Moreover, numerous rare-earth 

compounds with Ln‒C σ-bonds have been investigated and have been found to exhibit 

interesting catalytic activity in Ziegler-Natta anionic polymerization as well as in e.g., 

olefin hydrogenation, hydrosilylation, and alkyne dimerization.[6] The importance of 

this type of reactivity has led to the reinvestigation of the corresponding actinide 

organometallic chemistry,[7] which resulted in several catalytically active uranium 

species,[8] and other compounds with U‒C σ-[9] or π-bonds.[10] Typically, uranium reacts 

with terminal alkynes in C‒H-activation reactions to yield uranium acetylide[11] or 

µ-carbide complexes;[12] however, some of them have shown to be active catalysts for 

the dimerization of alkynes or hydrosilylation reactions.[8a, 8c, 8e] In the late 90's, Eisen 

et al. proposed a monometallic mechanism for the catalytic hydroamination of 

alkynes[8a] and alkyne dimerization, involving a uranium vinyl intermediate.[8b] 

Nevertheless, to the best of our knowledge, the isolation and structural characterization 

of uranium vinyl complexes remained elusive, even though some examples of vinyl 

complexes have been reported for lanthanides.[13] 

Herein, we present the synthesis and characterization of four dinuclear uranium(IV) 

complexes with bridgingbis-vinyl ligands, derived from intra- or intermolecular C‒C-

coupling and cycloisomerization reactions of terminal mono- or bis-alkynes with 

trivalent [((AdArO)3N)UIII(DME)][14] (1; Ad = adamantane, DME = 1,2-dimethoxy-

ethane). Moreover, a DFT analysis is presented to rationalize a bimetallic mechanism 

for the formation of these compounds.Herein, the synthesis and characterization of four 
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dinuclear uranium(IV) complexes with bridging bis-vinyl ligands, derived from intra- 

and intermolecular radical C–C-coupling reactions of terminal mono- or bis-alkynes 

with trivalent [((AdArO)3N)UIII(DME)][16] (1; Ad = adamantane, DME = 1,2-

dimethoxyethane) is presented. Moreover, a DFT analysis is shown to rationalize a 

bimetallic mechanism for the formation of these compounds. 

7.2 Results	and	Discussion	

7.2.1 Formation	of	µ‐Vinyl	Complexes	

[((AdArO)3N)UIII(DME)] (1) reacts with one equivalent of the terminal bis-alkynes 

1,7-octadiyne or 1,6-heptadiyne, undergoing intramolecular C–C-coupling and cycli-

zation to form the uranium(IV) complexes [{((AdArO)3N)UIV}2(µ-η2:η1-1,2-(CH)2-

cyclohexane)] (2) and [{((AdArO)3N)UIV}2(µ-η2:η2-1,2-(CH)2-cyclopentane)] (3) with 

bridging bis-vinyl cyclic hydrocarbons, forming C–C bonds between C2–C7 and C2–C6, 

respectively (Scheme 7.1, for nomenclature schemes see Chapter 7.4.1). 

 

Scheme 7.1: Reaction of [((AdArO)3N)UIII(DME)] (1) with 1 eq. of 1,7-octadiyne or 

1,6-heptadiyne to form [{((AdArO)3N)UIV}2(-2:1-1,2-(CH)2-cyclohexane)] (2) and 

[{((AdArO)3N)UIV}2(-2:2-1,2-(CH)2-cyclopentane)] (3). 
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Similarly, trivalent complex 1 reacts with two equivalents of the terminal mono-

alkynes, 1-hexyne or 4-t-butyl-phenylacetylene, in an intramolecular radical C–C-

coupling reaction to yield the complexes [{((AdArO)3N)UIV}2(µ-η2(C1):η1(C4)-2-n-Bu-

1,3-octadiene)] (4) and [{((AdArO)3N)UIV}2(µ-η2(C4):η1(C1)-1,3-di-(p-t-Bu-phenyl)bu-

tadiene))] (5), forming C–C bonds between C1 and C2; thus, leading to a different 

coordination mode (Scheme 7.2, for nomenclature schemes see Chapter 7.4.1). 

 

Scheme 7.2: Reaction of [((AdArO)3N)UIII(DME)] (1) with 2 eq. of 1-hexyne or 4-t-Bu-

phenylacetylene to yield [{((AdArO)3N)UIV}2(-2(C1):1(C4)-2-n-Bu-1,3-octadiene)] 

(4) and [{((AdArO)3N)UIV}2(-2(C4):1(C1)-1,3-di-(p-t-Bu-phenyl)butadiene))] (5). 

This difference in C–C bond formation, as compared to the previous one, is due to a 

different mechanism, which would in principle be possible for bis-alkynes as well, but 

is not observed due to higher energy of the relevant transition states (vide infra). 

In detail, adding one equivalent of a terminal bis-alkyne, such as 1,7-octadiyne or 

1,6-heptadiyne, to a brown solution of [((AdArO)3N)UIII(DME)] (1) in benzene leads to 

an immediate color change to dark yellow and quantitative formation of the bis-vinyl 

complexes 2 and 3 (see Chapter 7.4 for synthetic details). 
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Figure 7.1: Molecular structure of [{((AdArO)3N)UIV}2(-2:1-1,2-(CH)2-cyclo-

hexane)] · 3 DME (2 · 3 DME, top), and molecular structure of [{((AdArO)3N)UIV}2-

(-2:2-1,2-(CH)2-cyclopentane)] · 2 DME (3 · 2 DME, bottom). Co-crystallized 

solvent molecules and hydrogen atoms are omitted for clarity. Thermal ellipsoids are at 

50 % probability. 
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The molecular structures of these compounds are very similar to each other and show 

only slight differences (Figure 7.1). For steric reasons, both vinyl carbons C109 and 

C110 bridge the two uranium centers in the cyclopentyl-compound 3; thus, leading to a 

µ-η2:η2-coordination mode of the bridging hydrocarbon ligand. In cyclohexyl-derivative 

2, however, one carbon is coordinated to both uranium atoms, while the other is bound 

to only one uranium center, resulting in a µ-η2:η1 coordination mode. In both complexes, 

2 and 3, the aryloxide-oxygen O4 of one of the N-anchored tris-aryloxide ligands 

bridges the two uranium(IV) centers, which places the aryloxides O3 and O5 trans to it. 

For 2, both uranium centers are coordinated in a pseudo-octahedral fashion formed by 

the N-anchored tris-aryloxide, the additional aryloxide-oxygen of the second chelator, 

and the vinyl carbon at U1; the U2 center is coordinated by the four heteroatoms of the 

second chelator and both vinyl carbons, C109 and C110. In complex 3, U2 is 

coordinated in a similar fashion, while U1, due to the additional coordination of the 

second vinyl carbon, C110, is hepta-coordinated. 

The U1–O(1-3)av distances are 2.142 Å in 2 and 2.188 Å in 3, while U1–O4 are long 

with 2.472(3) and 2.503(3) Å, respectively. The U2–O(5-6)av distances are in the same 

range with 2.151 Å in 2, and 2.168 Å in 3; the longest U–O distance is the bond to O4, 

which is the µ-aryloxide oxygen with 2.326(3) and 2.311(3) Å. U1–N1 and U2–N2 

distances are 2.564(4) and 2.624(4) Å for 2 and 2.557(4) and 2.550(4) Å for 3, 

respectively. The most interesting metric parameters in these complexes are the 

uranium-carbon bond distances U1–C109/U2‒C109 and U1‒C110/U2‒C110. For 2, 

these are 2.511(5) and 2.632(5) Å for C109 and 4.476(5) and 2.434(5) Å for C110, 

clearly showing no bonding interaction of C110 to U1. In complex 3, the distances are 

2.613(5) and 2.549(4) Å for C109 and 2.839(5) and 2.503(5) Å for C110; both carbon 

centers are interacting with and bridging both U ions. In both instances, the vinyl-

C‒ring-C-bond distances, C109‒C111 and C110–C112, are short with 1.378(7) and 

1.349(8) for 2 and 1.372(6) and 1.360(6) Å for 3, which supports the double bond 

character within this bridging unit. As expected, the newly formed C‒C bonds upon 

ring-closure, C111–C112, are significantly longer with 1.470(8) in 2 and 1.477(7) Å in 

3; and thus, indicative of a normal C‒C single bond. 
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Figure 7.2: Molecular structure of [{((AdArO)3N)UIV}2(-2(C1):1(C4)-2-n-Bu-1,3-

octadiene)] · DME (4 · DME, top), and molecular structure of [{((AdArO)3N)UIV}2-

(-2(C4):1(C1)-1,3-di-(p-t-Bu-phenyl)butadiene)] · 1.5 DME (5 · 1.5 DME, bottom). 

Co-crystallized solvent molecules and hydrogen atoms are omitted for clarity. Thermal 

ellipsoids are at 50 % probability. 
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Similar to the above-reported uranium(III)-mediated cyclomerization of bis-alkynes, 

mono-alkynes also yield uranium(IV) μ-bis-vinyl complexes. Thus, adding one 

equivalent of 1-hexyne or 4-t-Bu-phenylacetylene to a brown solution of 

[((AdArO)3N)UIII(DME)] (1) in benzene leads to instant color change to dark yellow and 

quantitative formation of the µ-bis-vinyl complexes 4 and 5 (see chapter 8.4 for synthe-

tic details). It is interesting to note, however, that the newly formed hydrocarbon ligands 

in 4 and 5 adopt identical coordination modes. This is despite the steric demand of the 

coordinated 1,3-di-(p-t-Bu-phenyl)butadiene in complex 5, compared to 2-n-Bu-1,3-

octadiene in compound 4. In both reactions, the C–C-coupling is an intermolecular C1–

C2-coupling; and thus, the coordination occurs µ-η2:η1 in both complexes (Figure 7.2). 

The coordination geometry is comparable to that found for complex 2. The average 

U1‒O(1-3)av aryloxide distances in both complexes are 2.152 Å in 4 and 2.159 Å in 5; 

the bridging aryloxide, U1‒O4, is again the longest U‒OArO bond with 2.462(2) and 

2.495(3) Å for 4 and 5, respectively. The aryloxide-oxygen bond lengths to the second 

uranium center, U2‒O(5-6)av, are 2.155 Å in 4 and 2.141 Å in 5. The respective 

-aryloxide-oxygen O4 has again a longer distance to U2 in both compounds with 

2.331(2) and 2.334(3) Å. U1‒N1 and U2‒N2 distances are 2.556(3) and 2.572(3) Å for 

4 and 2.555(4) and 2.592(3) Å for 5, respectively. As in 2, the bridging hydrocarbon 

ligand in complexes 4 and 5 is unsymmetrically coordinated. This results in the 

previously observed µ-η2:η1 coordination mode, in which C116 (4)/ C118 (5) is bridging 

both uranium ions (µ-η2) and C114 (4)/C116 (5) is bound η1 to U2. 

Accordingly, the U1/U2‒C114 bond distances in 4 are determined to be 2.528(3) and 

2.608(4) Å and the U2–C116-distance is 2.464(4) Å. In 5, the corresponding 

U1/U2‒C116 and U2‒C118 distances are 2.535(4) and 2.643(4) Å for C116 and 

2.474(4) Å for C118. The vinyl-C‒chain-C bonds C114‒C113 (4) and C116‒C115 (5) 

are found to be at 1.359(5) and 1.363(6) Å, characteristic for C=C double bonds, just 

like the chain-C‒C bonds C116–C115 (4) and C118‒C117 (5) with 1.357(6) and 

1.355(6) Å, while the chain-C–C bonds C113–C115 (4) and C115–C117 (5) correspond 

to typical single bond distances with 1.475(6) and 1.484(6) Å, respectively. The 

conjugated π-system over the phenyl ring and the two conjugated double bonds in 1,3-

di-(p-t-Bu-phenyl)butadiene should force the fragment to be planar. Regardless, the 

steric pressure exerted by the bulky adamantyl groups leads to a considerable twist in 

this coordinated hydrocarbon ligand. The central C4 unit C116-C115-C117-C118 
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deviates significantly from planarity as is evidenced by its corresponding torsion angle 

of −26.4(7)°. The least-squares planes of the two adjacent phenyl rings C109 – C114 

and C119 – C124 are twisted by 39.4(4)° and 37.3(4)° with respect to the planar 

C115‒C117‒C118 fragment. 

 

Figure 7.3: Temperature-dependent SQUID magnetization measurements for complex 

5. For reproducibility, three independently synthesized samples were measured. 

Variable temperature SQUID measurements were carried out for all four vinyl 

complexes. The effective magnetic moment, µeff, at 2 K is low with approximately 

0.5 µB for all compounds, and 3.4 µB at 300 K. As one example, the data for complex 5 

are shown in Figure 7.3 (see Chapter 7.4.4 for data of 2, 3, and 4). The oxidation state 

assignment of two, magnetically uncoupled, uranium(IV) centers is in line with the 

observed magnetic properties.[15] 
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7.2.2 Mechanistic	DFT	Calculations	

A series of DFT (B3PW91) calculations were carried out in order to establish a 

possible reaction profile. In order to obtain a computationally convenient molecule size, 

models of 2 and 4 were calculated, in which the adamantyl groups of the ligand were 

replaced by methyl groups.[16] The most favorable mechanism, found by DFT 

computational analyses, is a bimolecular one (Figure 7.3, see Chapter 7.4.6 for full 

calculation details and mechanism pathways). 

 

Figure 7.4: Gibbs free energy ΔG [kcal mol−1] profile for the cyclization of 1,7-octa-

diyne (some atoms from the anchoring ligand (MeArO)3N
3− are omitted for clarity). 
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As already found in previous cases,[17] the oxidation of the U(III) to U(IV) is induced 

by the coordination of the substrate (here 1,7-octadiyne) that replaces the DME and 

leads to the formation of a dinuclear complex; the "key intermediate" (see boxed species 

in Figure 8.4). It should be noticed that other dinuclear intermediates are found to be 

much higher in energy (see Chapter 7.4.6); especially, when each uranium center is 

disrupting a different triple bond (initial and terminal ones). As studied by Labouille et 

al.,17d the formation of the dinuclear complex occurs in one step, involving two 

subsequent one-electron oxidations (one for each uranium center). The stabilization 

energy is computed to be −22.8 kcal mol−1 with respect to the starting materials. This 

stabilization can be attributed to the existence of the aryloxide bridge, connecting the 

two U(IV) ions,  and the formation of two U(IV)‒C bonds via alkyne reduction. This 

intermediate further reacts to form the bis-vinyl complex and it involves an ionic 

transition state, in which the second triple bond is polarized by one uranium center, 

allowing the formation of an empty sp2-orbital at one of the two carbon centers and a 

lone-pair at the second carbon atom of the former triple bond. This empty sp2-orbital 

further interacts with the filled sp2-orbital of one of the carbon interacting with one of 

the U(IV). The computed activation barrier for this transition is low at 12.3 kcal mol−1 

(with respect to the key intermediate). 

The final product 2 is then formed after the cyclization step and the overall reaction 

is strongly exergonic (−61.4 kcal mol−1). It is noteworthy to mention that cyclization at 

a single uranium center is strongly disfavored. In fact, the transition state for such a 

transformation lies above the starting materials (see Chapter 7.4.6 for further details). 

Similarly, C‒H bond activation of the key intermediate has been investigated and was 

found to be kinetically less favorable than the cyclization by 10.5 kcal mol−1 and is 

endergonic by 17.9 kcal mol−1, ruling out any kinetic formation of these products. These 

results are in line with the experimental observations (see Chapter 8.4.6). Finally, the 

addition of a second bis-alkyne molecule has been considered, which would result in a 

C‒C-coupling product; either in a 1,2- or a 2,2-fashion. However, the activation barriers 

are computed to be 10.0 to 13.0 kcal mol−1 higher than the cyclization route (22.6 and 

23.9 kcal mol−1, respectively). Consequently, these two reactions are disfavored under 

these conditions. Accordingly, the theoretical results are in excellent agreement with the 

experimental observation. 
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The use of terminal mono-alkynes instead of a bis-alkynes, as in cases 4 and 5, 

experimentally leads to the intermolecular C‒C-coupling products, since obviously no 

cyclization can occur. Computing the reaction profiles for the 1-hexyne case (see 

Chapter 8.4.6 for the pathway), it is found that after the formation of the corresponding 

bimetallic key intermediate, C‒C-coupling in 1,2- or 2,2-fashion can proceed, leading to 

the corresponding U(IV) bis-vinyl complexes. The activation barriers for the respective 

reactions were found to be 20.9 and 22.8 kcal mol−1, respectively, while both reactions 

were found to be exergonic by 51.1 and 50.9 kcal mol−1, in favor of the 1,2-C‒C-

coupling product. This result is also in line with the experimental observations. 

Although the C‒H-activation reaction in this case is predicted to be kinetically 

accessible (ΔG# = 21.8 kcal mol−1) this reaction is computed to be endergonic by 

16.5 kcal mol−1 (see Chapter 8.4.6 for the whole pathway); and thus, experimentally not 

observed. 

7.3 Conclusion	

In summary, reaction of [((AdArO)3N)UIII(DME)] (1) with terminal mono- or bis-

alkynes provided the first examples of uranium µ-vinyl complexes, which were fully 

characterized by NMR, UV/vis/NIR, SQUID magnetization, C/H/N elemental analysis, 

and X-ray diffraction. DFT computational analyses further provided detailed insight 

into the mechanisms of formation of these unique species. It is shown that U(IV)-µ-

vinyl complexes form via inter- and intramolecular C‒C-coupling and cyclization 

reactions of terminal mono- or bis-alkynes with a reactive uranium(III) precursor 1, 

involving a bimetallic key intermediate with one metal coordinated to each carbon of 

only one former C≡C triple bond.The results of this study can be translated to catalytic 

C‒C bond formation reactions of transition metals, rare earth, or actinides, where a 

bimetallic mechanism is suggested. The presented vinyl complexes can thus be seen as 

trapped intermediates in a catalytic C‒C-coupling reaction of terminal alkynes, which 

has been shown with different uranium(III) catalysts by Eisen et al.[8b] 
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7.4 Experimental	Section	

7.4.1 Complex	Nomenclature	Schemes	

[{((AdArO)3N)UIV}2(µ-η2:η1-1,2-(CH)2-cyclohexane)] (2) 

 

Scheme 7.3: Labeling of 2; coordination of the 1,2-dimethylenecyclohexane fragment: 

µ-η2:η1-(CH)2. 

 

[{((AdArO)3N)UIV}2(µ-η2:η2-1,2-(CH)2-cyclopentane)] (3) 

 

Scheme 7.4: Labeling of 3; coordination of the 1,2-dimethylenecyclopentane fragment: 

µ-η2:η1-(CH)2. 
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[{((AdArO)3N)U2(µ-η2(C1):η1(C4)-2-n-Bu-1,3-octadiene)] (4) 

 

Scheme 7.5: Labeling of 4; coordination of the 2-n-Bu-1,3-octadiene fragment: 

µ-η2(C1):η1(C4). 

 

[{((AdArO)3N)UIV}2(µ-η2(C4):η1(C1)-1,3-di-(p-t-Bu-phenyl)butadiene))] (5) 

 

Scheme 7.6: Labeling of 5; coordination of the 1,3-di-(p-t-Bu-phenyl)butadiene 

fragment: µ-η2(C4):η1(C1). 
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7.4.2 Methods,	Procedures	and	Starting	Materials	

All air- and moisture-sensitive experiments were performed under dry nitrogen 

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox 

containing an atmosphere of purified dinitrogen. The glovebox is equipped with a 

−35°C freezer. Solvents were purified using a two-column solid-state purification 

system (Glass Contour System, Irvine, CA), transferred to the glovebox without 

exposure to air, and stored over molecular sieves and sodium (where appropriate). NMR 

solvents were obtained packaged under argon and stored over activated molecular 

sieves and sodium (where appropriate) prior to use. 1,7-octadiyne, 1,6-heptadiyne, 

1-hexyne, and 4-t-Bu-phenylactylene were purchased from Acros and used without 

further purification. [((AdArO)3N)UIII(DME)] (1) was synthesized according to literature 

procedures.[14] 1H NMR spectra were recorded on a JEOL ECX 400 instrument at a 

probe temperature of 23°C. Chemical shifts, , are reported relative to residual 1H 

resonances of the solvent in ppm. Due to the complexity of the spectra these are shown 

as images. Electronic absorption spectra were recorded from 250 to 2200 nm (Shimadzu, 

UV-3600) in the indicated solvent at room temperature. Magnetization data of 

crystalline powdered samples (20 to 30 mg) were recorded with a SQUID 

magnetometer (Quantum Design) at 10 kOe (2 to 300 K) and values of the magnetic 

susceptibility were corrected for the underlying diamagnetic increment 

(dia = −1167.18·10−6 cm3 mol−1 (2), −1155.32·10−6 cm3 mol−1 (3), −1220.48·10−6 

cm3 mol−1 (4), and −1317.36·10−6 cm3 mol−1 (5)) by using tabulated Pascal constants, 

and the effect of the blank sample holders (gelatin capsule/straw). Samples used for 

magnetization measurement were recrystallized multiple times and checked for 

chemical composition and purity by elemental analysis (C, H and N) and 1H NMR 

spectroscopy. Elemental analyses were obtained using Euro EA 3000 (Euro Vector) and 

EA 1108 (Carlo-Erba) elemental analyzers in the Chair of Inorganic Chemistry at the 

University Erlangen-Nuremberg (Erlangen, Germany). 

7.4.3 Synthetic	Details	

Synthesis of [{(AdArO)3NUIV}2(µ-η2:η1-1,2-(CH)2-cyclohexane)] (2) 

A 20 mL scintillation vial was charged with 0.1105 g (0.100 mmol) [(AdArO)3NUIII-

(DME)] (1) in 5 mL benzene. While stirring, 0.0053 g (0.050 mmol, 0.5 eq.), 6.63 µL 

1,7-octadiyne were added with a Hamilton syringe to the dark brown solution, resulting 
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in a slight color change to yellow-brown. The reaction was stirred at RT over night. The 

volatiles were removed in vacuo and dried to give 0.1019 g (0.048 mmol, 95 %) of (2) 

as a yellow-brown solid. Elemental analysis for C116H142N2O6U2·2C4H10O2, 

calcd./found [%]: C: 64.29/64.28; H: 7.05/6.97; N: 1.21/1.32. 

Synthesis of [{(AdArO)3NUIV}2(µ-η2:η2-1,2-(CH)2-cyclopentane)] (3) 

A 20 mL scintillation vial was charged with 0.1105 g (0.100 mmol) [(AdArO)3NUIII-

(DME)] (1) in 5 mL benzene. While stirring, 0.0046 g (0.050 mmol, 0.5 eq.), 5.72 µL 

1,6-heptadiyne were added with a Hamilton syringe to the dark brown solution, 

resulting in a slight color change to yellow-brown. The reaction was stirred at RT over 

night. The volatiles were removed in vacuo and dried to give 0.1055 g (0.050 mmol, 

99 %) of (3) as a yellow-brown solid. Elemental analysis for C115H140N2O6U2·2C4H10O2, 

calcd./found [%]: C: 64.16/64.11; H: 7.00/7.23; N: 1.22/1.08. 

Synthesis of [{(AdArO)3NU2(µ-η2(C1):η1(C4)-2-n-Bu-1,3-octadiene)] (4) 

A 20 mL scintillation vial was charged with 0.1105 g (0.100 mmol) [(AdArO)3NUIII 

(DME)] (1) in 5 mL benzene. While stirring, 0.0086 g (0.105 mmol, 1.05 eq.), 12.15 µL 

1-hexyne were added with a Hamilton syringe to the dark brown solution, resulting in a 

slight color change to orange-brown. The reaction was stirred at RT over night. The 

volatiles were removed in vacuo and dried to give 0.1066 g (0.049 mmol, 97 %) of (4) 

as an orange-brown solid. Elemental analysis for C120H152N2O6U2, calcd./found [%]: 

C: 67.56/67.53; H: 6.87/6.96; N: 1.19/1.22. 

Synthesis of [{(AdArO)3NUIV}2(µ-η2(C4):η1(C1)-1,3-di-(p-t-Bu-phenyl)butadiene))] 

(5) 

A 20 mL scintillation vial was charged with 0.1105 g (0.100 mmol) [(AdArO)3NUIII]· 

DME (1) in 5 mL benzene. While stirring, 0.0166 g (0.105 mmol, 1.05 eq.), 18.7 µL 

4-t-Bu-phenylactylene were added with a Hamilton syringe to the dark brown solution, 

resulting in a slight color change to dark yellow. The reaction was stirred at RT over 

night. The volatiles were removed in vacuo and dried to give 0.1055 g (0.050 mmol, 

99 %) of (5) as a dark yellow-brown solid. Elemental analysis for C132H160N2O6U2, 

calcd./found [%]: C: 65.68/65.33; H: 6.98/6.78; N: 1.28/1.37. 
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7.4.4 Spectroscopic	Details	

1H NMR Spectroscopy 

 

Figure 7.5: 1H NMR of 2, 400 MHz, benzene-d6.
 

 

Figure 7.6: 1H NMR of 3, 400 MHz, benzene-d6. 
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Figure 7.7: 1H NMR of 4, 400 MHz, benzene-d6. 

 

Figure 7.8: 1H NMR of 5, 400 MHz, benzene-d6. 
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Electronic Absorption Spectroscopy 

 

Figure 7.9: UV/vis/NIR spectra of 2 in THF with c = 2.0010−3 M (black), 3 in THF 

with c = 7.0710−4 M (red), 4 in THF with c = 5.0010−3 M (blue), and 5 in THF with 

c = 5.0010−3 M (green). Inlay shows the transitions in the visible to NIR region of 2 in 

THF with c = 2.0010−4 M (black), 3 in THF with c = 7.0710−4 M (red), 4 in THF with 

c = 5.0010−4 M (blue), and 5 in THF with c = 5.0010−4 M (green). 
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SQUID Magnetization 

 

Figure 7.10: SQUID magnetization measurements of 2. Three measurements of 

independently synthesized samples (black, red, blue) are shown for reproducibility. 

 

Figure 7.11: SQUID magnetization measurements of 3. Three measurements of 

independently synthesized samples (black, red, blue) are shown for reproducibility. 
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Figure 7.12: SQUID magnetization measurements of 4. Two measurements of 

independently synthesized samples (red, blue) are shown for reproducibility. 

 

Figure 7.13: SQUID magnetization measurements of 5. Three measurements of 

independently synthesized samples (black, red, blue) are shown for reproducibility. 
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7.4.5 X‐ray	Crystal	Structure	Determination	Details	

CCDC-872233 (for 2 · 3 DME), CCDC-872234 (for 3 · 2 DME), CCDC-872235 

(for 4 · DME), and CCDC-872236 (for 5 · 1.5 DME) contain the supplementary 

crystallographic data for this chapter. This data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/products/csd/request/ (or from Cambridge Crystallographic 

Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: ++44-1223-336-033; 

e-mail: deposit@ccdc.cam.ac.uk). 

Crystallographic Details for [{((AdArO)3N)UIV}2(µ-η2:η1-1,2-(CH)2-cyclohexane)]· 

3 DME (2 · 3 DME) 

Single crystals for X-ray diffraction analysis were obtained from a concentrated 

solution of [{((AdArO)3N)UIV}2(µ-η2:η1-1,2-(CH)2-cyclohexane)] (2) in DME in form of 

brown plates. A suitable single crystal of approximately 0.43 x 0.41 x 0.07 mm³ size 

was coated with protective perfluoropolyether oil and mounted on the tip of a glass fiber. 

Intensity data were collected at 100 K on a Bruker Smart APEX2 diffractometer using 

graphite monochromatized MoK radiation ( = 0.71073 Å). Data were corrected for 

Lorentz and polarization effects. A semiempirical absorption correction was applied on 

the basis of multiple scans (SADABS 2008/1).[18a] The structure was solved by direct 

methods and refined by full-matrix least-squares procedures on F2 (SHELXTL NT 

6.12).[19] All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 

placed in positions of optimized geometry, their isotropic displacement parameters were 

tied to the equivalent isotropic displacement parameter of the corresponding carrier 

atom by a factor of either 1.2 or 1.5. One of the adamantyl groups was disordered, two 

alternative orientations were refined resulting in site occupancies of 58.1(5) and 

41.9(5) % for the atoms C23 – C31 and C23A – C31A, respectively. The compound 

crystallized with a total of three molecules of DME that turned out to be disordered over 

five crystallographic sites. Site occupancies were 50 % for the molecules C201 – C206, 

C211 – C216, C221 – C226 and C241 – C246. The molecules comprised of the atoms 

C231 – C236 and C251 – C256 were disordered on a common crystallographic site and 

their refinement resulted in site occupancies of 67.9(9) and 32.1(9) %, respectively. 

SIMU, ISOR, and SAME restraints were applied in the refinement of the disordered 

structure parts. Crystallographic data, data collection, and refinement details are 

summarized in Table 7.5. Selected bond distances and angles are given in Table 7.1. 
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Figure 7.14: Molecular structure of [{((AdArO)3N)UIV}2(µ-η2:η1-1,2-(CH)2-cyclohe-

xane)] (2) in crystals of [{((AdArO)3N)UIV}2(µ-η2:η1-1,2-(CH)2-cyclohexane)]  3 DME 

(2 · 3 DME), solvent molecules, and hydrogen atoms omitted for clarity, side view 

(top), top view (bottom). 
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Figure 7.15: Core structure of [{((AdArO)3N)UIV}2(µ-η2:η1-1,2-(CH)2-cyclohexane)] 

(2). 

Table 7.1: Bond lengths of [{((AdArO)3N)UIV}2(µ-η2:η1-1,2-(CH)2-cyclohexane)] (2). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.133(4) O1–U1–O2 152.15(13) 

U1–O2 2.126(3) O3–U1–O4 176.28(11) 

U1–O3 2.166(3) N1–U1–C109 166.25(14) 

U1–O4 2.472(3) O4–U2–O5 142.40(13) 

U1–N1 2.564(4) O6–U2–C109 167.96(14) 

U2–O4 2.326(3) N2–U2–C110 176.88(16) 

U2–O5 2.145(3) U1–O4–U2 106.32(13) 

U2–O6 2.157(3) U1–C109–U2 96.60(17) 

U2–N2 2.624(4) U1–C109–C111 138.5(4) 

U1–U2 3.8411(3) U2–C109–C111 100.4(3) 

U1–C109 2.511(5) U2–C110–C112 112.9(4) 

U1–C110 4.476(5) C109–C111–C112 121.6(5) 

U2–C109 2.632(5) C111–C112–C110 119.8(5) 

U2–C110 2.434(5)   

C109–C111 1.378(7)   

C111–C112 1.470(8)   

C112–C110 1.349(8)   
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Crystallographic Details for [{((AdArO)3N)UIV}2(µ-η2:η2-1,2-(CH)2-cyclopentane)]· 

2 DME (3 · 2 DME) 

Single crystals for X-ray diffraction analysis were obtained from a concentrated 

solution of [{((AdArO)3N)UIV}2(µ-η2:η2-1,2-(CH)2-cyclopentane)] (3) in DME in form 

of brown plates. A suitable single crystal with approximate dimensions of 

0.19 x 0.11 x 0.06 mm³ was coated with protective perfluoropolyether oil and mounted 

on a MiTeGen micro mount. Intensity data were collected at 100 K on a Bruker Kappa 

APEX2 Duo diffractometer equipped with an Incoatec IS micro-source and focusing 

Montel optics (QUAZAR) using MoKα radiation (λ = 0.71073 Å). Data were corrected 

for Lorentz and polarization effects. A semi empirical absorption correction was applied 

on the basis of multiple scans (SADABS 2008/1).[18a] The structure was solved by direct 

methods and refined using blocked matrix least-squares procedures on F2 (SHELXTL 

NT 6.12).[19] All non-hydrogen atoms were refined anisotropically. Hydrogen atoms 

were placed in positions of optimized geometry, their isotropic displacement parameters 

were tied to the equivalent isotropic displacement parameter of the corresponding 

carrier atom by a factor of either 1.2 or 1.5. One of the ligand arms is disordered, two 

alternative orientations were refined resulting in site occupancies of 50.3(5) and 

49.7(5) % for the affected atoms C18 – C21, C44 – C54 and C18A – C21A, C44A – 

C54A, respectively. The compound crystallized with a total of two molecules of DME. 

Both DME molecules were disordered. In one case the disorder affected the central 

ethylene bridge. Two alternative orientations were refined resulting in site occupancies 

of 39(1) % for C203, C204 and 61(1) % for C213, C214, respectively. The second DME 

molecule was disordered over three different sites that were occupied by 32.7(5) % for 

C301 – C306, 34.7(6) 5 for C311 – C316 and 32.7(5) % for C321 – C326. SIMU, ISOR, 

and SAME restraints were applied in the refinement of the disordered structure parts. 

Crystallographic data, data collection, and refinement details are summarized in Table 

7.5. Selected bond distances and angles are given in Table 7.2. 
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Figure 7.16: Molecular structure of [{((AdArO)3N)UIV}2(µ-η2:η2-1,2-(CH)2-cyclopen-

tane)] (3) in crystals of [{((AdArO)3N)UIV}2(µ-η2:η2-1,2-(CH)2-cyclopentane)]  2 DME 

(3 · 2 DME), solvent molecules, and hydrogen atoms omitted for clarity, side view 

(top), top view (bottom). 
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Figure 7.17: Core structure of [{((AdArO)3N)UIV}2(µ-η2:η2-1,2-(CH)2-cyclopentane)] 

(3). 

Table 7.2: Bond lengths of [{((AdArO)3N)UIV}2(µ-η2:η2-1,2-(CH)2-cyclopentane)] (3). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.216(3) O1–U1–O2 148.38(11) 

U1–O2 2.181(3) O3–U1–O4 173.75(11) 

U1–O3 2.167(3) N1–U1–C109 149.88(14) 

U1–O4 2.503(3) O4–U2–O5 150.76(12) 

U1–N1 2.557(4) O6–U2–C109 167.79(13) 

U2–O4 2.311(3) N2–U2–C110 147.52(14) 

U2–O5 2.173(3) U1–O4–U2 97.76(10) 

U2–O6 2.162(3) U1–C109–U2 89.31(14) 

U2–N2 2.550(4) U1–C110–U2 85.34(13) 

U1–U2 3.6287(4) U1–C109–C111 104.9(3) 

U1–C109 2.613(5) U2–C109–C111 97.0(3) 

U1–C110 2.839(5) U1–C110–C112 99.8(3) 

U2–C109 2.549(4) U2–C110–C112 97.9(3) 

U2–C110 2.503(5) C109–C111–C112 118.7(4) 

C109–C111 1.372(6) C111–C112–C110 119.1(4) 

C111–C112 1.477(7)   

C112–C110 1.360(6)   
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Crystallographic Details for [{((AdArO)3N)U2(µ-η2(C1):η1(C4)-2-n-Bu-1,3-octadi-

ene)] · DME (4 · DME) 

Single crystals for X-ray diffraction analysis were obtained from a concentrated 

solution of [{((AdArO)3N)U2(µ-η2(C1):η1(C4)-2-n-Bu-1,3-octadiene)] (4) in DME in 

form of brown prisms. A suitable single crystal of approximately 

0.25 x 0.12 x 0.07 mm³ size was coated with protective perfluoropolyether oil and 

mounted on the tip of a glass fiber. Intensity data were collected at 150 K on a Bruker-

Nonius KappaCCD diffractometer using graphite monochromatized MoK radiation 

( = 0.71073 Å). Data were corrected for Lorentz and polarization effects. A 

semiempirical absorption correction was applied on the basis of multiple scans 

(SADABS 2.10).[18b] The structure was solved by direct methods and refined by full-

matrix least-squares procedures on F2 (SHELXTL NT 6.12).[19] All non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms were placed in positions of 

optimized geometry, their isotropic displacement parameters were tied to the equivalent 

isotropic displacement parameter of the corresponding carrier atom by a factor of either 

1.2 or 1.5. The compound crystallized with a one molecule of DME that was disordered 

over two sites with the second site being on a crystallographic inversion centre. The 

refined occupancy factors were: 0.655(6) for C201 – C206 and 0.345(6) for C211 – 

C216, respectively. No hydrogen atoms were included for the disordered solvent 

molecules. SIMU restraints were applied in the refinement of these DME molecules. 

Crystallographic data, data collection, and refinement details are summarized in Table 

7.5. Selected bond distances and angles are given in Table 7.3. 
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Figure 7.18: Molecular structure of [{((AdArO)3N)U2(µ-η2(C1):η1(C4)-2-n-Bu-1,3-

octadiene)] (4) in crystals of [{((AdArO)3N)U2(µ-η2(C1):η1(C4)-2-n-Bu-1,3-octadi-

ene)] · DME (4 · DME), solvent molecules, and hydrogen atoms omitted for clarity, 

side view (top), top view (bottom). 
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Figure 7.19: Core structure of [{((AdArO)3N)U2(µ-η2(C1):η1(C4)-2-n-Bu-1,3-octadi-

ene)] (4). 

Table 7.3: Bond lengths of [{((AdArO)3N)U2(µ-η2(C1):η1(C4)-2-n-Bu-1,3-octadiene)] 

(4). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.149(2) O1–U1–O2 150.78(9) 

U1–O2 2.140(2) O3–U1–O4 173.75(8) 

U1–O3 2.167(2) N1–U1–C114 160.43(11) 

U1–O4 2.462(2) O4–U2–O5 146.50(9) 

U1–N1 2.556(3) O6–U2–C114 173.12(11) 

U2–O4 2.331(2) N2–U2–C116 166.02(12) 

U2–O5 2.134(2) U1–O4–U2 107.08(8) 

U2–O6 2.175(2) U1–C114–U2 97.27(12) 

U2–N2 2.572(3) U1–C114–C113 122.5(3) 

U1–U2 3.8552(3) U2–C114–C113 97.2(2) 

U1–C114 2.528(3) U2–C116–C115 106.7(3) 

U2–C114 2.608(4) C114–C113–C115 120.8(3) 

U2–C116 2.464(4) C113–C115–C116 123.2(4) 

C114–C113 1.359(5)   

C113–C115 1.475(6)   

C115–C116 1.357(6)   
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Crystallographic Details for [{((AdArO)3N)UIV}2(µ-η2(C4):η1(C1)-1,3-di-(p-t-Bu-

phenyl)butadiene))] · 1.5 DME (5 · 1.5 DME) 

Single crystals for X-ray diffraction analysis were obtained from a concentrated 

solution of [{((AdArO)3N)UIV}2(µ-η2(C4):η1(C1)-1,3-di-(p-t-Bu-phenyl)butadiene))] (5) 

in DME in form of brown blocks. A suitable single crystal with approximate 

dimensions of 0.22 x 0.18 x 0.17 mm³ was coated with protective perfluoropolyether oil 

and mounted on a MiTeGen micro mount. Intensity data were collected at 100 K on a 

Bruker Kappa APEX2 Duo diffractometer equipped with an Incoatec IS micro-source 

and focusing Montel optics (QUAZAR) using MoKα radiation (λ = 0.71073 Å). Data 

were corrected for Lorentz and polarization effects. A semi empirical absorption 

correction was applied on the basis of multiple scans (SADABS 2008/1).[18a] The 

structure was solved by direct methods and refined using blocked matrix least-squares 

procedures on F2 (SHELXTL NT 6.12).[19] All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were placed in positions of optimized geometry, their 

isotropic displacement parameters were tied to the equivalent isotropic displacement 

parameter of the corresponding carrier atom by a factor of either 1.2 or 1.5. The 

compound crystallized with a total of 1.5 molecules of DME. Half a molecule of DME 

was disordered on a crystallographic inversion center. The disorder of the other DME 

molecule affected the atoms O205 and C206. Two alternative orientations were refined 

with occupancy factors of 0.630(8) for O205, C206 and 0.370(8) for O215, C216, 

respectively. No hydrogen atoms were included for the half DME molecule. SIMU 

restraints were applied in the refinement of these DME molecules. Crystallographic data, 

data collection, and refinement details are summarized in Table 7.5. Selected bond 

distances and angles are given in Table 7.4. 
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Figure 7.20: Molecular structure of [{((AdArO)3N)UIV}2(µ-η2(C4):η1(C1)-1,3-di-

(p-t-Bu-phenyl)butadiene))] (5) in crystals of [{(AdArO)3NUIV}2(µ-η1(C4):η2(C1,C4)-

1,3-di-(p-t-Bu-phenyl)butadiene))] · 1.5 DME (5 · 1.5 DME), solvent molecules, and 

hydrogen atoms omitted for clarity, side view (top), top view (bottom). 
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Figure 7.21: Core structure of [{((AdArO)3N)UIV}2(µ-η2(C4):η1(C1)-1,3-di-(p-t-Bu-

phenyl)butadiene))] (5). 

Table 7.4: Bond lengths of [{((AdArO)3N)UIV}2(µ-η2(C4):η1(C1)-1,3-di-(p-t-Bu-phe-

nyl)butadiene))] (5). 

Bond Distance [Å] Bond Angle [°] 

U1–O1 2.144(3) O1–U1–O2 152.53(11) 

U1–O2 2.178(3) O3–U1–O4 174.42(10) 

U1–O3 2.154(3) N1–U1–C116 170.70(12) 

U1–O4 2.495(3) O4–U2–O5 147.21(11) 

U1–N1 2.555(4) O6–U2–C116 172.52(12) 

U2–O4 2.334(3) N2–U2–C118 166.55(13) 

U2–O5 2.127(3) U1–O4–U2 105.88(11) 

U2–O6 2.154(3) U1–C116–U2 96.19(14) 

U2–N2 2.592(3) U1–C116–C115 133.9(3) 

U1–U2 3.8547(4) U2–C118–C117 104.8(3) 

U1–C116 2.535(4) U2–C116–C115 96.4(3) 

U2–C116 2.643(4) C116–C115–C117 122.3(4) 

U2–C118 2.474(4) C115–C117–C118 125.3(4) 

C116–C115 1.363(6)   

C115–C117 1.484(6)   

C117–C118 1.355(6)   
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Table 7.5: Crystallographic data, data collection, and refinement details for 2 · 3 DME, 

3 · 2 DME, 4 · DME, and 5 · 1.5 DME. 

 2 · 3 DME 3 · 2 DME 4 · DME 5 · 1.5 DME 

Empirical 

formula 
C128H172N2O12U2 C123H160N2O10U2 C124H162N2O8U2 C138H175N2O9U2 

Mol. weight 2406.74 2302.59 2284.62 2481.86 

Crystal size 

[mm3] 
0.43×0.41×0.07 0.19×0.11×0.06 0.25×0.12×0.07 0.22×0.18×0.17 

Temperature [K] 100 100 150 100 

Crystal system triclinic monoclinic triclinic monoclinic 

Space group P-1 (no. 2) P21/c (no. 14) P-1 (no. 2) P21/n (no. 14) 

a [Å] 16.0415(8) 28.114(3) 15.308(2) 16.441(2) 

b [Å] 17.5400(9) 18.512(2) 16.2270(8) 28.227(3) 

c [Å] 21.4178(11) 21.760(2) 22.224(3) 25.512(3) 

 [°] 90.053(1) 90 102.031(5) 90 

 [°] 99.441(1) 109.604(2) 101.942(9) 104.997(3) 

 [°] 110.809(1) 90  91.137(8) 90 

V [Å3] 5545.4(5)   10668(2)   5271(2)   11436(2)   

Z 2 4 2 4 

calc [g/cm3] 1.441 1.434 1.439 1.441 

 [mm-1] 2.979 3.092 3.128 2.890 

F (000)  2468 4704 2336 5092 

Tmin; Tmax 0.547; 0.746 0.614; 0.746 0.584; 0.999 0.610; 0.746 

2  interval [°] 5.4 ≤ 2 ≤ 55.8  4.1 ≤ 2 ≤ 54.2  11.6 ≤ 2 ≤ 59.0  4.3 ≤ 2 ≤ 56.6  

Collected 

reflections 
91270 97532 161847 116665 

Independent 

reflections; Rint 

25826; 

0.0609 

23528; 

0.0481 

29117; 

0.0868 

28357; 

0.0407 

Observed reflns. 

[I ≥ 2(I)] 
18359 19861 21474 21660 

No. refined 

parameters 
1556 1519 1288 1412 

wR2 (all data) 0.1120 0.0863 0.0802 0.1092 

R1 [I ≥ 2(I)] 0.0429 0.0427 0.0363 0.0408 

GooF on F2 1.025 1.885 1.006 1.056 

max/min 1.880 / –1.722 2.633 / –1.599 1.478 / –1.365 3.153 / –1.914 
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7.4.6 Computational	Details	

General Method 

In view of the good performance of density functional theory (DFT), we were 

instigated to perform DFT calculations at the B3PW91 level of theory on all stationary 

points of the potential energy surfaces (PES) we studied using the GAUSSIAN09 

program suite.[20] The equilibrium and transition structures were fully optimized at the 

Becke’s 3-parameter hybrid functional[21] combined with the non-local correlation 

functional provided by Perdew/Wang.[22] Two different effective core potentials were 

picked from the same Stuttgart-Dresden ECPs family pot for the uranium atoms. The 

small core ECP was used in combination with its adapted basis set to study the change 

of oxidation state from +III to +IV,[23] while the 5f-in-large-core ECP (augmented by a f 

polarization function, α = 1.0) was used for the reactions involving dinuclear complexes, 

in which the uranium’s oxidation state is +IV.[24] The correctness of the latter is well 

documented in previous publications from our group.[25] For the rest of non-metal atoms 

the 6-31G(d,p) basis set was used.[26] In all computations no constrains were imposed on 

the geometry. Full geometry optimization was performed for each structure using 

Schlegel’s analytical gradient method[27] and the attainment of the energy minimum was 

verified by calculating the vibrational frequencies that result in absence of imaginary 

eigenvalues. All stationary points have been identified for minimum (number of 

imaginary frequencies Nimag = 0) or transition states (Nimag = 1). The vibrational modes 

and the corresponding frequencies are based on a harmonic force field. This was 

achieved with the SCF convergence on the density matrix of at least 10-9 and the rms 

force less than 10-4 au. All bond lengths and bond angles were optimized to better than 

0.001 Å and 0.1, respectively. Gibbs free energies were obtained at T = 298.15 K 

within the harmonic approximation. Intrinsic Reaction Paths (IRPs)[28] were traced from 

the various transition structures to make sure that no further intermediates exist. Finally, 

because of the computational cost due to the relatively big size of the compounds under 

consideration, to obtain a computationally convenient size, we used models resulting 

upon substitution of the adamantyl groups of the ligand by methyl groups. The use of 

such models does not alter the description of the "core" region of the compounds.[17c] 

For detailed listings of calculated atom coordinates see the Electronic Supporting 

Information of the manuscript J. Am. Chem. Soc. 2012, 134, 12792–12797. This data is 

available free of charge via the Internet at http://pubs.acs.org. 
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Calculated Bond Distances for [{((AdArO)3N)UIV}2(µ-η2:η1-1,2-(CH)2-cyclohexane)] 

(2) 

Table 7.6: Calculated and experimental bond distances for 2. 

Bond distances Exp. [Calc.]  Exp. [Calc.] 

U1‒O1 2.126(3) [2.209] U2‒O4 2.326(3) [2.348] 

U1‒O2 2.133(4) [2.208] U2‒O5 2.145(3) [2.185] 

U1‒O3 2.166(3) [2.185] U2‒O6 2.157(3) [2.209] 

U1‒O4 2.472(3) [2.506] U2‒C109 2.632(5) [2.721] 

U1‒C109 2.511(3) [2.551] U2‒C110 2.434(5) [2.484] 

U1‒C110 4.476(3) [4.424] U2‒N2 2.624(4) [2.762] 

U1‒N1 2.564(4) [2.725] C110‒C112 1.349(8) [1.360] 

C109‒C111 1.378(8) [1.372] C111‒C112 1.470(8) [1.492] 

Bond angles    

O1‒U1‒O2 152.15(13) [146.85] O4‒U2‒O5 142.40(13) [142.03] 

O3‒U1‒O4 176.28(11) [171.86] C109‒U2‒O6 167.96(14) [166.22] 

N1‒U1‒C109 166.25(14) [169.33] C110‒U2‒N2 176.88(16) [171.51] 

 
 

Calculated Bond Distances for [{((AdArO)3N)U2(µ-η2(C1):η1(C4)-2-n-Bu-1,3-

octadiene)] (4) 

Table 7.7: Calculated and experimental bond distances for 4. 

Bond distances Exp. [Calc.]  Exp. [Calc.] 

U1‒O1 2.149(2) [2.208] U2‒O4 2.331(2) [2.344] 

U1‒O2 2.140(2) [2.212] U2‒O5 2.134(2) [2.183] 

U1‒O3 2.167(2) [2.186] U2‒O6 2.175(2) [2.212] 

U1‒O4 2.462(2) [2.511] U2‒C114 2.608(4) [2.700] 

U1‒C114 2.528(3) [2.549] U2‒C116 2.464(4) [2.513] 

U1‒C116 4.085(3) [4.355] U2‒N2 2.572(3) [2.747] 

U1‒N1 2.556(3) [2.732] C116‒C115 1.357(6) [1.360] 

C114‒C113 1.359(5) [1.376] C113‒C115 1.475(6) [1.478] 
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Calculated possible mechanisms for reaction of [((AdArO)3N)UIII(DME)] (1) with 

1,7-octadiyne 

 

Scheme 7.7: Gibbs free energy ΔG [kcal mol−1] profiles for 1,7-octadiyne. 
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Calculated possible mechanisms for reaction of [((AdArO)3N)UIII(DME)] (1) with 

1-hexyne 

 

Scheme 7.8: Gibbs free energy ΔG [kcal mol−1] profiles for 1-hexyne. 
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8 Summary	in	English	and	German	

8.1 Summary	in	English	

In this thesis several different aspects of uranium chemistry are presented. It was 

shown that terminal uranium(V) oxo and imido complexes [((RArO)3tacn)UV(O)] and 

[((RArO)3tacn)UV(NSiMe3)] (R = t-Bu, Ad) can be oxidized by silver(I) hexafluoro-

antimonate to the uranium(VI) oxo and imido complexes [((RArO)3tacn)UVI(O)]SbF6 

and [((RArO)3tacn)UVI(NSiMe3)]SbF6. While for the t-Bu-derivative of the oxo complex 

an equatorial coordination is observed due to stabilization by the inverse trans-influence, 

normal axial coordination is observed for the Ad-derivative and both imido complexes. 

The inverse trans-influence was thus proven to be a key factor for the coordination 

mode of a terminal ligand on high valent uranium complexes. 

LIII XANES was shown to be a great tool for the determination of oxidation states of 

uranium complexes. Therefore, a series of uranium complexes in all stable oxiation 

states for uranium, +III to +VI was prepared, and their spectra analyzed. All compounds 

bear only O-donor ligands in addition to the chlating trisaryloxide-tacn-ligand. A 

separation of 1.5 to 3 eV in the white line energy is observed between the different 

oxidation states. This series can be used as reference for compounds, where oxidation 

state assignment is not obvious, such as a ketyl radical complex [((t-BuAr)O3tacn)U(O–

C(t-BuPh)2
•−)]. For this complex, the oxidation state of +IV could be assigned. 

Moreover, a series of isostructural uranium(IV) complexes was prepared. The 

influence of different ligands according to the spectrochemical series on the electronic 

and magnetic properties could be shown using UV/vis/NIR spectroscopy and variable 

temperature SQUID measurements. Calculations of uranium LIII XANES spectra show a 

variation in the shape of the spectra and thus high resolution PFY-XANES would be a 

great tool to determine the electronic influence of these different axial ligands. 

Using the single N-anchored ligand system, the first example of a uranium(IV) 

µ-trithiocarbonate was synthesized and characterized. Reaction of the µ-sulfide complex 

[{((AdArO)3N)UIV}2(µ-S)], which is obtained by reaction of the uranium(III) complex 

with triphenylphosphine sulfide, with CS2 leads to the formation of the 

[{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)]. The coordination mode of the trithicarbonate 
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differes from that of the respective carbonate, obtained previously from a similar 

recation of the µ-oxo complex with CO2. With the help of detailed DFT calculations, 

the different reactivity of uranium(III) towards CO2 and CS2 is rationalized. 

Finally, a series of the first uranium vinyl complexes is presented. These are obtained 

through inter- and intramolecular C‒C-coupling reactions of terminal mono- or 

bisalkynes on a uranium(III) complex. Detailed mechanistic DFT calculations show that 

a bimetallic mechanism is energetically most likely. This mechanism can be transferred 

to the catalytic alkyne coupling using both uranium(III), as reported by Eisen in the late 

90's, and also transition metal catalyzed C‒C-coupling, where a bimetallic mechanism 

should be taken into account. 

8.2 Zusammenfassung	auf	Deutsch	

In dieser Arbeit werden einige unterschiedliche Aspekte der Koordinationschemie 

von Uran beleuchtet. Es wurde gezeigt, dass die terminalen Uran(V) Oxo und Imido 

Komplexe [((RArO)3tacn)UV(O)] und [((RArO)3tacn)UV(NSiMe3)] (R = t-Bu, Ad) durch 

Silber(I)hexafluoroantimonat zu den jeweiligen Uran(VI) Oxo und Imido Komplexen 

[((RArO)3tacn)UVI(O)]SbF6 und [((RArO)3tacn)UVI(NSiMe3)]SbF6 oxidiert werden. 

Während für das t-Bu-Derivat des Uran(VI) Oxo Komplexes aufgrund des inversen 

Trans-Effekts äquatoriale Koordination des Oxo-Liganden beobachtet wird, findet man 

normale axiale Koordination sowohl für den Oxo des Ad-Derivats, als auch die Imido-

Liganden beider Uran(VI) Imido Komplexe. Es konnte so gezeigt werden, dass der 

inverse Trans-Effekt einen entscheidenden Einfluss auf den Koordinationsmodus eines 

terminalen Liganden hochvalenter Uranverbindungen hat. 

LIII XANES ist eine ideale Spektroskopiemethode um die Oxidationsstufen von 

Urankomplexen aufzuklären. Dies wurde anhand einer Serie von Uranverbindungen 

aller stabiler Oxidationsstufen des Uran, +III bis +VI, gezeigt, die sowohl isostrukturell 

sind, als auch ausschließlich O-Donorliganden tragen. Für die unterschiedlichen 

Oxidationsstufen wurden Energieunterschiede der sogenannten "white line", der 

intensivsten Absorptionsbande, von 1.5 bis 3 eV gefunden. Diese Serie kann als 

Referenz für Verbindungen, bei denen die Zuordnung einer Oxidationsstufe nicht trivial 

ist, wie etwa dem Ketyl-Radikal-Komplex [((t-BuAr)O3tacn)U(O–C(t-BuPh)2
•−)], dienen. 

Dieser Verbindung konnte mit Hilfe dieser Spektroskopie eindeutig eine Oxidations-

stufe von +IV zugeordnet werden. 
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Weiter wurde eine Serie isostruktureller Uran(IV) Komplexe synthetisiert. Der 

Einfluss verschiedener axialer Liganden nach der Spektrochemischen Reihe auf die 

elektronischen und magnetischen Eigenschaften der Verbindungen wurde wurde anhand 

von UV/vis/NIR Spektroskopie und SQUID-Magnetisierungsmessungen gezeigt. 

Berechnungen von Uran LIII XANES Spektren zeigen eine deutliche Variation in der 

Form der Spektren. Hochaufgelöste PFY-XANES-Spektroskopie wäre daher eine ideale 

Methode, um den Einfluss der Liganden auf die Orbitalaufspaltung und daher die 

elektronischen Eigenschaften der Komplexe zu zeigen. 

Mit Hilfe des einfach N-geankerten Ligandandensystems wurde das erste Beispiel 

eines Uran(IV) µ-Trithiocarbonats synthetisiert und charakterisiert. Die Reaktion des 

µ-Sulfid Komplexes [{((AdArO)3N)UIV}2(µ-S)], der aus der Reaktion der Uran(III) 

Verbindung mit Triphenylphosphinsulfid erhalten wird, mit CS2 führt zur Bildung von 

[{((AdArO)3N)UIV}2(µ-κ2:κ2-CS3)]. Der Koordinationsmodus des Trithiocarbonates 

unterscheidet sich hierbei vom bereits bekannten Carbonat, welches durch Reaktion des 

entsprechenden µ-Oxo Komplexes mit CO2 erhalten wird. Mit Hilfe von detaillierten 

DFT-Rechnungen wird die unterschiedliche Reaktivität von Uran(III)-Komplexen mit 

CO2 beziehungsweise CS2 erklärt. 

Desweiteren werden die ersten vier Beispiele von Uran Vinylkomplexen präsentiert. 

Diese bilden sich in der Reaktion von Uran(III) mit terminalen Mono- oder Bisalkinen, 

wobei inter- beziehungsweise intramolekulare C‒C-Bindungsbildung beobachtet wird. 

Anhand detaillierter mechanistischer DFT Rechnungen konnte gezeigt werden, dass ein 

bimetallischer Mechanismus energetisch am günstigsten ist. Dieser kann auf die 

katalytische Alkinkupplung an Uran(III), wie von Eisen et al. in den späten 90ern 

gezeigt, aber auch übergangsmetallkatalysierte C‒C-Kupplung übertragen werden. 
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