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The ability of uranium to support multiple oxidation states, achieve various
coordination numbers combined with the highly reducing nature of the U(III) ion makes
this metal a great candidate for small molecule activation.

The challenge lies in

designing the appropriate ligand that can stabilize a highly reactive uranium center while
simultaneously promoting activation and functionalization of small molecules in a
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controlled manner. Presented herein are the syntheses of two new ligand systems for
uranium coordination chemistry. The effects of different ligand environments on the
reactivity of trivalent uranium complexes toward small molecules are investigated. The
U(III) complexes containing triazacylononane tris-aryloxide ligands [((RArO)3tacn)U] (R
= t-Bu, Ad) were found to stabilize charge-separated species with radical anionic ligands.
Isolation of uranium ketyl radical complex, [((t-BuArO)3tacn)UIV(OC•t-BuPh2)], was
achieved through a one-electron reduction of di-tert-butyl benzophenone with [((tBu

ArO)3tacn)U]. One-electron reduction of diphenyldiazomethane by [((AdArO)3tacn)U]

generated a highly reactive charge-separated intermediate species [((AdArO)3tacn)U(η2NNCPh2)]‡ that underwent C─H activation, N-insertion, and H2 elimination to yield the
uranium indazole complex [((AdArO)3tacn)U(η2-3-phen(Ind))].
A comparatively bulkier diamantyl functionalized ligand system was developed
and the reactivity of the corresponding U(III) precursor complex was investigated. The
molecular structures obtained for [((DiaArO)3tacn)U(Cl)] and [((DiaArO)3tacn)U(NTMS)]
revealed a much deeper coordination cavity than in those of corresponding uranium
complexes supported by the tert-butyl and adamantyl ligand systems.

The deeper

hydrophobic pocket is potentially advantageous for activation and functionalization of
alkanes. A highly reactive trivalent uranium complex was also prepared supported by a
more flexible single N-anchored ligand, [((AdArO)3N)U]. This U(III) complex is reactive
towards a wide range of substrates.

For instance, reductive cleavage of CO2 was

observed to form bridging carbonate complex [{((AdArO)3N)U}2(µ-η1:κ2-CO3)]. A rare
transformation involving reductive coupling of CS2 was achieved generating uranium
thiooxalate complex [{((AdArO)3N)U}2(µ-κ2:κ2-C2S4)]. Activation of organic azides such

xliv

as azidotrimethylsilane yielded [((AdArO)3N)U(N3)] and [((AdArO)3N)U(NTMS)].
Uranium mesitylimide complex [((AdArO)3N)U(NMes)] can also be synthesized from
activation of mesityl azide. The trivalent uranium complex [((AdArO)3N)U] can also
activate chalcogenides such as elemental sulfur and selenium to form bridging
chalcogenide complexes of the type [{((AdArO)3N)U}2(µ-E)], E = S, Se. In the presence
of Na/Hg, [Na2][{((AdArO)3N)U}2(µ-E)2]-type complexes, E = S, Se, Te were also
obtained.
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Chapter 1. Introduction
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1.1 Uranium: History and Properties
Uranium is the heaviest naturally occurring element on earth, and can be found
within all rocks, soil, and water. Reports calculate the concentration of uranium to be
0.7 to 11 ppm in the soil1 and approximately 2 to 4 ppm in the earth’s crust,1,2 40
times more abundant than silver. The main civilian use of uranium is in fueling
nuclear power plants. One kilogram of enriched U-235 can produce 80 trillion joules
of energy, equivalent to 3000 tonnes of coal.1 The relatively high abundance of this
element has proven advantageous for chemical applications as well. However, the
public’s perception of this element has varied greatly over time, making it one of the
most polarizing and controversial elements on the periodic table. From the time of its
discovery by Martin Heinrich Klaproth in 1789 until 1896 – when Henri Becquerel
found that it was radioactive – uranium was not regarded as dangerous and its usage
in household items was common.1 Today, despite many efforts from the scientific
community, uranium is unable to shake the stigma it acquired as a notorious
participant in nuclear weapons production.

The public's negative associations

attached to the word uranium are nurtured by sensational news from the press about
energy politics and radioactive waste management associated with these issues. As a
consequence, uranium shares a reputation with other earth-abundant elements of the
periodic table that are considerably more hazardous, such as white phosphorus,
beryllium, and mercury, all of which are slowly disappearing from chemical suppliers
and research laboratories.
The uranium used in coordination chemistry is depleted uranium, a by-product
in the process of U-235 enrichment for use in nuclear reactors. Depleted uranium
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Figure 1-1. The periodic table of the elements featuring uranium.
contains >99.8% U-238 and 0.2-0.4% U-235, compared to the abundance ratios of
99.275% U-238 and 0.72% U-235 (Figure 1-1) in naturally occurring uranium. It is a
weak α-emitter that can be easily and safely handled with modest requirements for
specialized equipment and laboratories. However, uranium’s controversial standing often
translates into stricter transportation and housing regulations, which can potentially deter
young researchers from uranium chemistry.

Fortunately, despite these hurdles, the

organometallic and classical coordination chemistry of uranium has flourished in the last
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few decades, bringing forth a wealth of new reactions,3-8 bonding types,4,9-11 and
catalysis8,12-14 mediated by uranium compounds.
The potential for discovering new types of chemistry at uranium centers may be
ascribed to chemical and physical properties that differentiate the element from the
transition metals, the lanthanides, and the heavier actinides. Due to uranium’s high Z
number, the consequences of relativistic effects are much greater (proportional to Z2)
than in transition metals. Relativistic effects suggest that as the effective nuclear charge
(Zeff) increases, the average velocities of core s and p electrons increase around the
nucleus and as a consequence of relativity, their masses also increase.15,16 The resulting

Figure 1-2. Relativistic effects represented by actinide radial wavefunctions. The plot
describes 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.17
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effect is the contraction of the core electrons, leading to better shielding of the outer d
and f electrons from the nuclear charge. Overall, the outer 5f orbitals are more diffused,
as represented by the radial wavefunctions of the actinides in Figure 1-2.17 Additionally,
the 5f orbitals in actinides are less shielded by the filled 6s and 6p electrons than the 4f
orbitals in lanthanides by filled 5s and 5p electrons, making them more accessible for
bonding.18,19 Although uranium does not participate in covalent bonding to the degree
that transition metals do, the more diffuse 5f orbitals participate in covalent bonding
much more readily than their 4f counterparts, where ionic bonding interactions tend to
dominate.19 Covalency in bonding is more pronounced for lighter actinides than heavier
ones, which possess more contracted f-orbitals due to the actinide contraction and as a
consequence, behave more like lanthanides. The larger radial extension of the 5f orbitals
also causes the uranium ion to be larger than the corresponding lanthanide ion in the
same oxidation state by ~0.05 Å.19

Therefore, early actinides can achieve higher

coordination numbers, while simultaneously the diffuse f-orbitals can support a range of
oxidation states (+3 to +6) compared to the +3 oxidation states predominantly observed
for heavier actinides and lanthanides. As a result of its electronic properties, uranium
holds a unique place in the periodic table for potentially new and exciting chemistry,
making it an attractive candidate for coordination chemistry.
While the 7s and 6d orbitals play some role in forming chemical bonds between
the uranium ion and ligand in oxidation states +3 to +6, the valence region is dominated
by the 5f orbitals (Figure 1-3).

The electronic properties of the 5f elements are

intermediate between transition metals and lanthanide metals. For instance, the ligand
field splitting is the dominant factor in transition metals, while in the lanthanides the
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spin-orbit coupling is the dominating factor and the ligand field only plays a minor role.
The ligand field splitting in 5f orbitals is in the order of ~1000–2000 cm-1, in between
those of transition metals and lanthanides, and is similar to the spin-orbit coupling
(~2000–4000 cm-1).19 Unlike the lanthanides, where the electronic states are dominated
by the j–j coupling scheme, and the transition metals, where the electronic states are
dominated by the ligand field, the similar magnitudes of the ligand field and the spinorbit coupling in the actinides cause mixing of the J levels and the j–j coupling scheme is
no longer accurate at predicting spectroscopic behavior. The mixing of J levels gives rise
to magnetic data and electronic spectra that can be difficult to explain and quantify.19
Nevertheless, magnetic and electronic spectra of uranium complexes can provide
important information about the electronic structure and oxidation states. The

Figure 1-3. The seven real 5f orbitals adapted to linear symmetry.
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spectroscopic techniques employed in the characterization of uranium complexes are
presented and discussed in the following chapters.
1.2 Organouranium Chemistry
During World War II, organic derivatives of uranium were desired for potential
applications in the separation of U-235 and U-238 isotopes.

Initial attempts in

synthesizing organouranium compounds were unsuccessful due to the inherent instability
of such complexes.20 The synthesis of the first cyclopentadienyl derivative of uranium,
[(C5H5)3U(Cl)] under dry, inert conditions in 1956 by L.T. Reynolds and G. Wilkinson
launched the beginnings of organouranium chemistry.21 In the following years, the field
of cyclopentadienyl complexes of uranium advanced rapidly through the efforts of E.O.
Fischer. Among the many complexes synthesized in Fischer’s lab were [((Cp)4U],22,23
[(Cp)3U],24,25 alkyl, aryl, and hydride derivatives of the types [(Cp)3UR],26
[(Cp*)2U(R)Cl] (Cp* = (CH3)5C5),27 [(Cp*)2U(CH3)2],28 Li[((Cp)3UR],29,30 the tris(allyl)
compound [(Cp*)U(η3-C3H5)3],31 and hydride complexes such as [(C5RH4)3UH] (R =
Me3Si, Me3C)32,33 and [(C5H5)3U(µ-H)U(C5H5)3]Na(THF)2.34,35
A milestone was set in the discovery of uranocene in 1968 by Streitwieser and
Müller-Westerhoff for unveiling a new class of π-bonded sandwich complex.36-38 The
discovery of uranocene paved the way for researchers such as Ephritikhine, who made
significant developments in organouranium chemistry with the synthesis of
[(Cp)U(BH4)3],39 a complex crucial to the development of [(η8-C8H8)UX2] chemistry.40
Other notable works include the syntheses of the first stable uranium hydride,
[(Me3SiC5H4)3UH]32 and the cationic complex [(Me3SiC5H4)3U]BPh4.41 The isolation of
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Figure 1-4. Molecular structures of [{(MeC5H4)3U}2(µ-S)] (left, Me groups could not be
resolved) and [{(MeC5H4)3U}2(µ-CS2)] (right). Hydrogen atoms and co-crystallized
solvent molecules are omitted for clarity.
the first cyclopentadienyl uranium complexes with an end-on (η1) coordinated terminal
carbon monoxide and dinitrogen ligands, [(Cp’)3U(CO)] (Cp’ = C5(Me3Si)H4),42
[(Cp’’)3U(CO)] (Cp’’ = C5(CH3)4H),43 and [(Cp*)3U(N2)] (Cp* = C5(CH3)5)44 were
important recent advances. Investigations into the reactivity of the cyclopentadienyl
U(III) complexes with carbonyl sulfide and carbon disulfide resulted in one of the first
structurally

characterized

complexes

containing

uranium-sulfide

bonds,

[{(MeC5H4)3U}2(µ-S)]45 and [{(MeC5H4)3U}2(µ-CS2)]46, respectively (Figure 1-4). More
recently, the organometallic chemistry of uranium has been greatly advanced by actinide
experts such as Evans and Cloke. The elusive uranium terminal nitride complex is highly
desirable because it could provide insights into the properties of (UN)x materials for the
development of new-generation nuclear fuels. Isolation of Evans’ octa-uranium ring with
alternating nitride and azide ligands, [(C5Me5)2U(µ-N)U(µ-N3)(C5Me5)2]4, has provided
insights into the nature of U–N and N–U–N multiple bonds (Figure 1-5).4 The trivalent
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Figure 1-5. Molecular structure of [(C5Me5)2U(µ-N)U(µ-N3)(C5Me5)2]4. Methyl groups
on the Cp* rings, hydrogen atoms, and co-crystallized solvent molecules are omitted for
clarity.
uranium mixed-sandwich complexes of Cloke have shown remarkable reactivity toward
carbon monoxide. Cyclotrimerization and tetramerization of carbon monoxide occurs
through treatment of [U(η-COT†)2(η-Cp*)(THF)] with 1 bar of CO at room temperature
to produce a diuranium deltate complex, [(U(η-COT†)(η-Cp*))2(µ- η1:η2-C3O3)] († = 1,4bis(tri-isopropylsilyl))5 and a diuranium squarate complex, [(U(η-COT†)(η-CpMe H))2(µ4
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Figure 1-6. Molecular structures of dinuclear uranium deltate (left) and dinuclear
uranium squarate (right) complexes.
η2:η2-C4O4)]47 (Figure 1-6), clearly demonstrating the reducing power of trivalent
uranium and the influence of ligand steric environment on the reactivity of uranium
complexes towards small molecules.
The terminal uranium–carbon multiple bond has also been highly sought after in
organoactinide chemistry. Significant progress in this area includes the synthesis of a

Figure 1-7. Molecular structures of uranium carbene complex, (left, phenyl groups
omitted), and uranium N-heterocyclic carbene complex, (right). Hydrogen atoms and cocrystallized solvent molecules are omitted for clarity.
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uranium N-heterocyclic carbene complex [UL4] (L = OCMe2CH2[1-C(NCHCHNi-Pr)])48
through treatment of UI3(THF)4 with KL and a uranium carbene complex stabilized by a
multidentate SCS ligand, [U(µ-SCS)3{U(BH4)3}2] (SCS = (Ph2P=S)2C)49 (Figure 1-7).
1.3 Classical Coordination Chemistry of Uranium
While organometallic chemistry of uranium thrived for fifty years, the nonaqueous coordination chemistry of U(III) did not begin to develop until the late 1990’s,
likely due to the lack of starting materials. In 1997, Clark, Sattelberger, and Andersen
published the syntheses of [UI3(THF)4] and [U(N(SiMe3)2)3] (Figure 1-8), which gave
many researchers a convenient entry into trivalent uranium coordination complexes.50-52
In the following years, reports increased on the chemistry of uranium complexes
containing classical inorganic coordination ligands such as the chelating hydrotris(pyrazolyl)borate (Tp–),53 tris(amido)amine (N3N3–),54 and monodentate anilide
(Ar(R)N’).55 Dinitrogen activation at a uranium center was first reported by Peter Scott

Figure 1-8. Molecular structures of trivalent uranium complexes [UI3(THF)4] (left) and
[U(N(SiMe3)2)3] (right), compounds often used as convenient entries into trivalent
coordination complexes.

12
in 1998.

Trivalent complex [U(N3N)], (N3N = N(CH2CH2NSi(t-Bu)Me2)3) reversibly

binds dinitrogen forming the side-on bound complex [{U(N3N)}2(µ:η2,η2-N2)]56 (Figure
1-9, left).

The N─N bond distance remains nearly unperturbed in this complex at

1.109(7) Å, compared to the N─N bond length of 1.0975 Å in dinitrogen. It has been
suggested that the preference for side-on binding of N2 is facilitated by better N─N bond
activation via electron density donation from metal π orbitals into the N2 π* orbital.57-59
Dinitrogen binding of [U(NN’3)] is most likely promoted by the tripodal triamidoammine
with the sterically bulky silyl substituents creating the appropriate geometry and pre-

Figure 1-9.
Molecular structures of the first uranium dinitrogen complexes
[{U(N3N)}2(µ:η2, η2-N2)] (left) and [(Ar[t-Bu]N)3U(µ,η1,η1-N2)Mo(N[t-Bu]Ph)3] (right).
organizing the complex for side-on binding of N2. Trivalent [U(NN’3)] also reacts with
trimethylsilyl azide and trimethylsilyl diazomethane to generate the imido and hydrazido
complexes, respectively.60 Shortly after, Cummins reported a heterodimetallic dinitrogen
complex containing uranium.55

When trivalent Mo complex [Mo(N(t-Bu)(Ph))3] is

exposed to 1 atm of N2, presumably, a molybdenum dinitrogen complex [(N2)Mo(N[t-
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Bu]-Ph)3] is generated and trapped by trivalent uranium precursor [U(THF)(N(tBu)(Ar))3] (Ar = 3,5-dimethylphenyl) to form the end-on bound dinitrogen
heterodinuclear complex [(Ar[t-Bu]N)3U(µ,η1,η1-N2)Mo(N[t-Bu]Ph)3] (Figure 1-9,
right).55 Structural data reveal an N─N bond of 1.232(11) Å, confirming a reduced N2
with an N─N bond order of 2. The short Mo─N bond distance of 1.773(8) Å suggests a
Mo─N double bond and a relatively short U─N bond distance of 2.220(9) Å indicates
some degree of U─N multiple bonding. Reversible dinitrogen binding was also observed
with Cloke’s uranium pentalene complex [U(η-Cp*)(η-C8H4{SiiPr3-1,4}2)] to form the
uranium dinitrogen complex [{U(η-Cp*)(η-C8H4(SiiPr3-1,4)2)}2(η2-N2)].61

The N─N

bond in this complex of 1.232(10) Å is consistent with an N─N double bond and is the
result of a two-electron reduction from two U(III) centers giving rise to two U(IV)
centers with a bridging N22- ligand. When Cummins’ trivalent complex [U(THF)(N(t-

Figure 1-10.
Molecular structures of a U(V) borane-capped nitride [N(nBu)4][(C6F5)3BNU(N(t-Bu)Ar)3] (left) and toluene-bridged uranium complex
[{U(N(Ad)(Ar))2}2(µ-C7H8)] (right).
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Bu)(Ar))3] (Ar = 3,5-dimethylphenyl) is treated with azidoborate salt [N(nBu)4][(C6F5)3B(N3)], a U(V) nitridoborate complex [N(n-Bu)4][(C6F5)3BNU(N(tBu)Ar)3]62 is obtained through concomitant evolution of dinitrogen (Figure 1-10, left).
Alternatively, this complex can be viewed as a borane-capped uranium nitride. The
potential use of binary uranium nitride as nuclear fuel has sparked interest in isolating the
highly elusive uranium nitride moiety.

Oxidation of [N(n-Bu)4][(C6F5)3BNU(N(t-

Bu)Ar)3] yields the U(VI) analog [(C6F5)3BNU(N(t-Bu)Ar)3], where the U─N bond
distance is significantly shorter (1.880(4) Å) than in the U(V) complex (1.916(4) Å).
Remarkably, treating the trivalent complex [U(THF)(N(t-Bu)(Ar))3] (Ar = 3,5dimethylphenyl) with KC8 in toluene affords an inverted sandwich complex where the
toluene is bridged in an η6:η6 fashion between two uranium centers [{U(N(tBu)(Ar))2}2(µ-C7H8)].63 The adamantyl derivatized analog [{U(N(Ad)(Ar))2}2(µ-C7H8)]
(Figure 1-10, right) can also be obtained starting from U(III) complex [U(N(Ad)(Ar))3]
(Ar = 3,5-dimethylphenyl). The uranium valencies in these complexes are ambiguous.
One extreme interpretation involves a neutral toluene bridging two formal U(II)/U(II)
centers; the +2 oxidation state is unknown for uranium.63 Alternative interpretations
include a U(III)/U(III) complex with a dianionic bridging toluene or a U(IV)/U(IV)
complex with a tetraanionic bridging toluene. The reactivity of these uranium arene
inverted sandwich complexes show reactivity consistent with divalent uranium centers,
acting as 4e– reductants towards substrates such as PhSSPh to yield dimeric thiolatebridged U(IV) [U(µ-SPh)-(SPh)(N(R)Ar)2]2 with extrusion of toluene.
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1.4 Previous Works, Current Objectives, and Future Directions
Macrocyclic chelating ligands have been used extensively to stabilize
transition metal complexes.64,65 A similar idea can be invoked in designing a classical
chelating Werner-type ligand that could support a large and extremely reactive
uranium center, while simultaneously providing control over reactivity. The Meyer
group has shown that the macrocyclic hexadentate ligand platform containing a
triazacyclononane

anchor

functionalized

by

tris-aryloxide

pendent

arms,

(RArOH3)tacn (R = t-Bu, Ad), has been shown to stabilize very reactive U(III)
centers.66,67 The steric environment can be altered with different substituents such as
tert-butyl or adamantyl groups at the aryl ortho positions while the complex solubility
can be controlled with the substituent at the para position (Figure 1-11).

For

instance, the wide and shallow cavity of the corresponding U(III) of the tert-butyl
ligand system [((t-BuArO3)tacn)U] results from a propeller-like arrangement of the
tert-butyl groups, whereas the deeper and narrower cavity of [((AdArO3)tacn)U]

Figure 1-11. Hexadentate tris-aryloxide ligands (RArOH)3tacn (R = t-Bu (left), Ad
(right)) with triazacyclononane anchors.
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Figure 1-12. Molecular structures of U(III) complexes [((t-BuArO3)tacn)U] (left) and
[((AdArO3)tacn)U] (right) along with space-fill representations below.

results from the sterically more encumbering adamantyl substituents orienting
themselves more perpendicularly with respect to the (ArO)3 plane (Figure 1-12).
Many instances in the literature demonstrate the importance that steric environment
place on the reactivity of uranium complexes towards substrates.68

A defining

example can be illustrated with trivalent uranium complexes, [((t-BuArO3)tacn)U] and
[((AdArO3)tacn)U], and their respective differences in reactivity towards carbon
dioxide. The less sterically demanding U(III) complex [((t-BuArO3)tacn)U] reduces
CO2 by two electrons to form the bridging oxo complex [{((t-BuArO)3tacn)U}2(µ-O)]69
(Figure 1-13, left) and CO whereas the more sterically demanding [((AdArO3)tacn)U]
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Figure 1-13.
Molecular structures of uranium bridging oxo complex [{((tBu
ArO)3tacn)U}2(µ-O)] (left) and uranium end-on bound CO2•─ complex
[((AdArO)3tacn)U(OCO•─)] (right).
is able to stabilize the radical anionic end-on bound η1-OCO•─ complex
[((AdArO)3tacn)U(OCO•─)] (Figure 1-13, right).3
The activation of CO2 to form a charge-separated uranium η1-OCO•─ complex
[((AdArO)3tacn)U(OCO•─)] inspired studies of other instances, where these U(III)
complexes can stabilize analogous reactive species and allow the chance to study their
reactivity. The first part of this dissertation reports investigations into the reactivity
of U(III) complexes of the type [((RArO)3tacn)U] (R = t-Bu, Ad) with benzophenone
and diphenyldiazomethane to give U(IV) charge-separated compounds containing
radical anionic ligands.

Given that reactivity is highly dependent on ligand

environment, development of a new ligand scaffold for the stabilization of highly
reactive U(III) centers was desired. The second part of this dissertation presents the
syntheses and study of two new ligand systems for uranium: the diamantane
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Figure 1-14. Molecular structures of uranium terminal oxo complexes [((t-BuArO)3tacn)U(≡O)] (left) and [((AdArO)3tacn)U(≡O)] (right).
functionalized tris-phenolate with a triazacyclonane anchor (DiaArOH)3tacn and the
adamantyl functionalized tris-phenolate with a single nitrogen anchor (AdArOH)3N.
The motivation for the (DiaArOH)3tacn ligand lies in the desire to build a
deeper hydrophobic axial cavity for activation and functionalization of hydrocarbons.
Evidence for alkane coordination at U(III) complex [((t-BuArO)3tacn)U] have been
demonstrated.70

The increased hydrophobic pocket created by the diamantyl

substiuents in trivalent [((DiaArO)3tacn)U] is expected to have an even greater affinity
for hydrocarbons. It has been shown that the U(V) imido complexes [((RArO)3tacn)U(NMes)] (R = t-Bu, Ad) exhibit further reactivity towards CO2 to form rare U(V)
terminal oxo species [((t-BuArO)3tacn)U≡O] and [((AdArO)3tacn)U≡O] (Figure 1-14).71
One can imagine that the deeper hydrophobic axial cavity for the corresponding
theoretical complex with the diamantyl ligand [((DiaArO)3tacn)U≡O] could promote
methane activation at the oxo moiety.
The adamantyl functionalized tris-phenolate with a single nitrogen anchor
ligand, (AdArOH)3N, was designed to give the corresponding U(III) complex
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[((AdArO)3N)U] more flexibility; thereby, providing multiple coordination sites at the
uranium center for small molecule activation and functionalization.

Indeed, this

U(III) precursor shows remarkable difference in reactivity towards small molecules,
particularly carbon dioxide reductive cleavage to form a U(IV)/U(IV) bridging
carbonate complex and carbon monoxide.

The trivalent uranium complex

[((AdArO)3N)U] is reactive towards chlorinated solvents such as dichloromethane and
chloroform and orangic azides such as azidotrimethylsilane and mesityl azide. The
ability of [((AdArO)3N)U] to activate elemental chalcogenides such as sulfur,
selenium, and even metallic tellurium showcases its enhanced reducing capabilities.
In the following chapters, syntheses of the aforementioned compounds will be
described along with reactivity studies. A wide array of characterization methods
used for these compounds often include X-ray diffraction and X-ray absorption nearedge structure (XANES) analyses, variable temperature SQUID magnetization and
CW-EPR measurements, electronic absorption and FT-IR spectrosopy. DFT studies
were also performed where appropriate.
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Chapter 2. Structural and Spectroscopic Characterization of a ChargeSeparated Uranium Benzophenone Ketyl Radical Complex
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2.1 Introduction
Inspired by the previously reported O-coordinated η1-CO2 uranium complex
[((AdArO)3tacn)UIV(CO2•–)],1 which revealed unusual electronic properties as a chargeseparated species with a radical anionic ligand (UIV─L•─), we were interested in further
studying the possibilities for unique chemical transformations related to this type of
complexes.

For instance, the syntheses of ketyl radicals has attracted continuous

attention in many areas, such as aiding in drying and deoxygenating solvents, serving as
important intermediates in organic reactions,2-4 and providing interesting sources for
spectroscopic studies.5-11 However, due to the highly reactive nature of ketyl radical
species, isolation and structural characterization of benzophenone ketyl complexes have
eluded scientists for many decades. Despite successes with the structural isolation of
fluorenone ketyls,12-16 those of benzophenone ketyls are still sought after since they have
shown to be much more reactive.5,7,10,11

To date, the isolation and structural

characterization of benzophenone ketyl radical complexes are limited to complexes of
alkali/alkaline earth and samarium metals.13,17-19 Here we demonstrate the use of a
triazacyclononane-anchored tris-aryloxide ligand chelated to uranium to stabilize a
charge separated di-tert-butyl benzophenone ketyl radical species. In addition to X-ray
diffraction, this unprecedented complex has been characterized by electronic absorption
spectroscopy, combustion analysis, magnetism, XANES, and DFT studies. Preliminary
reactivity studies on the uranium ketyl complexes have led to the formation of a U(IV)
diphenyl methoxide complex via H-atom abstraction chemistry, and the first
crystallographic evidence of dimer formation resulting from a head-to-tail reductive para
coupling of two benzophenone ketyl ligands.
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2.2 Results and Discussion
The reaction of the electron-rich tris-aryloxide complex [((t-BuArO)3tacn)UIII] (1),
((t-BuArO)3tacn3- = trianion of 1,4,7,-tris(3,5-di-tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclononane), with benzophenone yielded intractable products that were not isolable.
However, based on literature precedence, we surmised that the reaction may have formed
diphenyl methoxide and reductive coupling products. Accordingly, the di-substituted
4,4’-di-tert-butylbenzophenone was chosen as an alternative that would provide
electronic stabilization of the radical and deter dimerization due to tert-butyl groups
blocking access to the para and pinacol coupling pathways.
2.2.1 Syntheses and Molecular Structures of [((t-BuArO)3tacn)UIV(OC•t-BuPh2)] (2)
and [((t-BuArO)3tacn)UIV(OCHt-BuPh2)] (3)
Treating a red-brown hexane solution of [((t-BuArO)3tacn)UIII] (1) with 1 equiv of
di-substituted 4,4’-di-tert-butylbenzophenone affords a purple precipitate (Scheme 2-1).
The deep purple solids are isolated in good yield (73%) by vacuum filtration and
characterized as a U(IV) ketyl radical complex [((t-BuArO)3tacn)UIV(OC•t-BuPh2)] (2).

Scheme 2-1. Formation of U(IV) benzophenone ketyl radical complex 2 through a oneelectron reduction of 4,4’-di-tert-butylbenzophenone by U(III) precursor complex [((tBu
ArO)3tacn)UIII] (1) followed by H-abstraction to form a U(IV) diphenyl methoxide
complex 3.
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Purple XRD-quality crystals can be obtained from diffusion of acetonitrile into a
tetrahydrofuran solution of 2. In the presence of neat 1,4-cyclohexadiene, complex 2
undergoes a color change from purple to green within 12 hours, indicative of H atom
abstraction to form the corresponding U(IV) diphenyl methoxide complex [((tBu

ArO)3tacn)UIV(OCHt-BuPh2)] (3). Recrystallization of 3 from pentane results in XRD-

quality green single crystals.

The molecular structure of 2 reveals the 4,4’-di-tert-

butylbenzophenone ketyl fragment nestled inside the reactive pocket at the seventh axial
position of the tris-aryloxide uranium compound (Figure 2-1, left). The average U–
O(ArO) and U–N(tacn) ligand distances of 2.207 and 2.683 Å, respectively, are
comparable to those of precursor complex 1 (Table 2-1). Note that four resonance
structures constitute the overall solid state molecular structure of complex 2, with three
structures possessing U(IV) oxidation states and one with U(III) oxidation state (Figure
2-2, 2a-2d). Interestingly, this one U(III) resonance structure determines, to a significant

Figure 2-1. Molecular structures of [((t-BuArO)3tacn)UIV(OC•t-BuPh2)] (2) (left) in
crystals of 2 • 3 C4H8O and of [((t-BuArO)3tacn)UIV(OCHt-BuPh2)] (3) (right) in crystals of
3 • C6H6 / CH3CN. Thermal ellipsoids are at the 50% probability level. Hydrogens
(except H1) and co-crystallized solvent molecules are omitted for clarity.
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Table 2-1. Selected structural parameters for complexes 2, 3, 6, and 7 (Bond Distances
in Å, Angles in °).
structural
parameters
U1–N1tacn
U1–N2tacn
U1–N3tacn
U1–Nav
U1–O1ArO
U1–O2ArO
U1–O3ArO
U1–Oav
U1–O4
U2–O8
C70–O4
C71–O8
U1–O4–C70
U2–O8–C71
∑∠ Cketyl
Uout–of–plane shift

2

3

6

7

2.698(4)
2.700(4)
2.652(4)
2.683
2.208(3)
2.217(3)
2.197(3)
2.207
2.178(4)

2.673(4)
2.706(4)
2.678(4)
2.686
2.218(3)
2.228(3)
2.192(3)
2.213
2.077(3)

2.646(3)
2.704(3)
2.688(3)
2.678
2.216(3)
2.233(2)
2.200(3)
2.215
2.092(3)

1.334(6)

1.406(5)

1.386(5)

159.6(3)

178.4(3)

171.9(3)

2.717(6)
2.643(6)
2.706(5)
2.689
2.196(5)
2.221(4)
2.213(4)
2.210
2.168(4)
2.109(4)
1.366(7)
1.423(7)
160.2(4)
167.6(4)

359.96
-0.232

-0.216

-0.163

-0.163/4

extent, how complex 2 structurally and spectroscopically deviates from that of typical
U(IV) 5f 2 complexes. For instance, the U1–O4 bond length of 2.178(4) Å is appreciably
longer than that of previously reported U(IV) 5f 2 complexes of the (RArO)3tacn3- ligand
system,20 and of the reported U(IV) aryloxide complex [UIV(OAr)4] (d(U-O)av = 2.136
Å).21 The bond distance of 1.334(6) Å for the C70–O4 bond is shorter than that of a C–O
single bond indicating that complex 2 may possess an oxidation that is intermediate
between U(III) and U(IV). The U1–O4 bond length of 2.178(4) Å and the C70–O4 bond
length of 1.334(6) is comparable to the bond distances reported for the Sm(III)
benzophenone ketyl complex by Domingos et. al. where the Sm–O bond is 2.199 Å and
C–O bond is 1.322 Å.18 In addition, no significant disruptions in aromaticity of the
phenyl groups are observed in the molecular structure, most likely due to complex 2
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having two resonance structures where the aromaticity remains intact (2a and 2d). A
notable feature of the structure of 2 is the sum of the angles around the ketyl carbon,
which total up to 359.96° confirming that ketyl carbon C70 is indeed sp2 hybridized and
that H-abstraction has not occurred.

Figure 2-2. Resonance structures of complex 2, 2a-2d.
The molecular structure of complex 3 reveals coordination of the diphenyl
methoxide ligand at the axial position perpendicular to the tris-aryloxide plane (Figure 21, right). The average ligand U–O(ArO) and U–N(tacn) distances in the molecular
structure of 3 remain unperturbed at 2.213 and 2.686 Å, respectively. The U1–O4 bond
distance of 2.077(3) Å and the C70–O4 distance of 1.406(5) Å in complex 3 are
appreciably different than those of 2.

The shorter U1–O4 bond of 2.077(3) Å is

indicative of stronger U–L electrostatic interaction in complex 3 than in 2, and is in
agreement with the U–O distance reported for the only other known U(IV)
diphenylmethoxide complex (2.071 Å).22 In addition, the U1–O4–C70 angle of 178.4(3)°
in 3 is close to linear, whereas the U1–O4–C70 angle of 2 is bent at an angle of
159.6(3)°.
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Figure 2-3. Comparison of selected bond distances of complexes 2 and 3.
Defined as the displacement of the uranium atom below the triangular plane of the
three phenolic oxygens, the uranium out-of-plane shift (Uoop) is an important structural
parameter in complexes of the [((RArO)3tacn)U] system because it provides an indication
of metal-ligand interaction strength.20 This parameter, which is a function of U–L orbital
involvement and electrostatic interaction, decreases as the formal oxidation state of the
uranium ion increases. For instance, the uranium out-of-plane shift (Uoop) for the sixcoordinate precursor complex 1 is -0.75 Å. With strongly bound axial ligands, such as in
complexes 2 and 3, Uoop values shift to -0.232 Å and -0.216 Å, respectively.

In

comparison, the uranium ion in 3 is pulled more towards the plane than in 2, indicating
that 3 has better U–L orbital involvement and is consistent with 2 having the U(III)
resonance structure (2d). Also, compound 2 has a much longer U1–O4 bond and shorter
C70–O4 bond (Figure 2-3) than 3, again in compliance with 2 having the U(III)
resonance structure (2d). It should be noted that such feature can also be attributed to the
delocalization of the negative charge of the ketyl radical species. In view of the two
resonance structures, where the single electron resides on the ortho and para carbons (2b
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and 2c), the C70–CAr bonds are expected to be shorter in 2 than in 3 and indeed that is
observed in the structural parameters of 2. The structural differences between 2 and 3
clearly indicate that 2 deviates from typical U(IV) 5f 2 complexes.
2.2.2

Electronic Structure of 2 and 3
In order to elucidate the electronic structure of complex 2 and 3, Kohn-Sham DFT

calculations were performed on complexes using the ADF package (2007.01).23,24 Key
geometry parameters are summarized in Table 2-2 and DFT iso surface plots are shown
(Figure 2-4 & 2-6).25,26 The experimental and computed distances agree remarkably well
and show only very small deviations of about 0.02 Å.

Figure 2-4. DFT iso surface contour plots featuring the two degenerate SOMOs (right),
the LUMO (top left) and the resulting spin density (bottom left) of [((tBu
ArO)3tacn)UIV(OCHt-BuPh2)] (3).
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Figure 2-5. Ligand-field f-orbital splitting diagram of 3, an f 2 system with an idealized
C3 symmetry and a strong axial ligand.
The core of complex 3 has an idealized C3 symmetry with a strong methoxide
oxygen ligator coordinating along the z-axis. From a ligand field point of view, it is
expected that methoxide complex 3 behaves like an f 2 system, in which the set of seven f
orbitals are antibonding with respect to the filled orbitals of the ligands. A scaled ZORA
computation on 3 revealed that SOMO and SOMO’ are mainly of f character and can be
assigned to orbitals fxyz and fz(x2-y2) (Figure 2-4). In accordance with ligand field theory,
the fxyz and fz(x2-y2) orbitals have δ symmetry with respect to the U–O axis and contain the
two f electrons since they have only weak π interactions with the aryloxide oxygens and
no interaction with the methoxide group (Figure 2-5). The fy(y2-3x2) and fx(x2-3y2) orbitals are
three-fold φ symmetry with respect to the U–O axis and are well matched for σ and π
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antibonding overlaps with ligands in the aryloxide plane. Hence, these orbitals lie higher
in energy and are empty.

The next two higher energy orbitals, fxz2 and fyz2 (π

antibonding), and the highest orbital, fz3 (σ antibonding), are also empty.
The total spin density plot of U(IV) f 2 complex 3 confirms that the fxyz and fz(x2-y2)
orbitals indeed carry the main part of the spin; however, a small spin polarization on the
coordinated ligand is observed. Such a spin polarization on the ligand is often observed
for high valent transition metal complexes.27
Table 2-2. Comparison of computed (DFT) and actual bond lengths (XRD) for
complexes 2 and 3 (Å, °).
structural
parameters
U1–Nav
U1–Oav
U1–O4
C70–O4
U1–O4–C70

2

Computed 2

3

Computed 3

2.683
2.207
2.178
1.334
159.6

2.733
2.217
2.190
1.328
159.9

2.700
2.215
2.080
1.385
175.5

2.763
2.228
2.105
1.414
175.7

In C3 symmetry, each of the seven f orbitals are either totally symmetric (a) or
part of a degenerate pair (e). The two π orbitals transform together and form one e set.
The two δ orbitals also transform together and form another e set. The z3 is unchanged
under a 120º turn and thus totally symmetric in C3. The φ orbitals [y(y2-3x2) and x(x23y2)] are also unchanged under a 120º turn (Figure 2-5), and thus, also totally symmetric
in C3. Since the φ orbitals do not transform together, they may have individual energies.
Their chemical difference is also apparent, since one φ orbital has perfect σ overlap with
the ligands in the plane, while the other has perfect π overlap with them.
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The ketyl radical complex 2 was modeled to have three unpaired electrons by
computing it as a U(III) complex. However, the resulting orbitals and spin density plot
suggest a more complex representation (Figure 2-6). SOMO-2 and SOMO-1, of δ-type
fxyz and fz(x2-y2), are similar to the SOMOs of the U(IV) complex 3 and are purely uranium
f orbital in character. Conversely, SOMO is not simply a pure uranium f orbital, but
rather only 25.8% uranium based (24.0% f and 1.8% d); the remaining Mulliken AO
occupation of the orbital is ligand based. The uranium contribution of the orbital is an fz3

Figure 2-6. DFT iso surface contour plots featuring SOMO-1 and SOMO-2 of metal
character (top), the lowest energy SOMO of mainly ligand character (bottom right) and
the resulting spin density (bottom left) of [((t-BuArO)3tacn)UIV(OC•t-BuPh2)] (2).
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directionally optimized for π overlap with the ligand carbonyl oxygen π-orbitals. The
ligand contribution shows density exactly where one would expect for a reduced diphenyl ketone, i.e. mainly on the ketyl carbon and on the ortho and para carbon atoms in
the phenyl rings. Spin and charge densities confirm the intermediate oxidation state of
the uranium center. The Mulliken charge on the uranium of 1.46 is in between those
found for the precursor complex [((t-BuArO)3tacn)UIII] (1) (1.04) and the U(IV) methoxide
complex 3 (1.61). Likewise, the spin densities of complex 2 (2.37) is in between that of
complex 1 (3.11) and 3 (2.17). The intermediate oxidation state of the uranium ion may
explain the shift to the UV region of uranium based 5f 3 to 5f 26d1 transitions commonly
observed in the visible region of the electronic absorption spectra of the
[((RArO)3tacn)UIII] system, which give rise to their red-brown color.28,29 This agreement
between structural, spectroscopic, and the computational data of these complexes verify
that the scaled ZORA computations correctly reflect the electronic structure of complex
2.
The DFT calculations have further affirmed that the charge-separated species is
stabilized by a high degree of resonance and agrees well with structural parameters found
in the molecular structure of complex 2. The spin density map of complex 2 displays the
delocalization of the single unpaired electron throughout the ligand, including ortho and
para positions of the axial ligand’s phenyl rings. In addition, one-third of the electron has
been found to reside on the uranium metal center, confirming the resonance structures
proposed for 2 in Figure 2-2. The U1–O4–C70 angle of ketyl complex 2 is significantly
more bent (159.6°) than that of the methoxide complex 3 (178.4°) and can be attributed to
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a significant contribution of the U(III) resonance structure (2d) to the overall molecular
structure of 2 (Figure 2-2).
2.2.3

Magnetism of 2 and 3
Variable temperature magnetization data were measured on two independently

synthesized samples. The data of complex 2 show a steady drop in µeff as the temperature
is lowered, decreasing from 3.48 µB at 300 K to 1.61 µB at 5 K. Complexes of U(IV) (5f
2

) commonly show a variable temperature magnetization trace that exhibits a µeff range

from ~ 0.5 µB at 4 K to ~ 3.0 µB at 300 K.20 The reduction in magnetic moment at low
temperatures is consistent with a poorly isolated singlet ground state arising from ligand
field effects.30 The higher magnetic moment at low temperatures of 2 (5 K, µeff = 1.61
µB) is unusual and is likely due to magnetic contributions from the single unpaired
electron residing on the di-substituted benzophenone ligand fragment as well as from the
U(III) resonance structure (2d) as previously discussed (Figure 2-7, top).

The room

temperature magnetic moment is higher (300 K, µeff = 3.48 µB) than found in most U(IV)
5f

2

complexes. This is consistent with the DFT calculations, in which one-third of the

single radical electron is located on the uranium, hence, raising the magnetic moment.
The low temperature magnetic behavior of 2 is similar to that of the η1-bound uranium
CO2 complex [((AdArO)3tacn)UIV(CO2•–)] previously reported,1 which has also been
characterized as a charge-separated U(IV) complex containing a radical anionic ligand.
In conclusion, magnetization studies reveal that complex 2 is no ordinary U(IV) 5f

2

complex and should be viewed in its own class spectroscopically as a charge-separated
U(III) –L ↔ U(IV)–L•– 5f 3 ↔ 5f 2 complex.
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Figure 2-7. Temperature-dependent SQUID magnetization data (1 T) for complex 2
(top) plotted as magnetic moment (µeff) vs. temperature (T) (blue and magenta) along
with uranium CO2 radical anion complex [((AdArO)3tacn)UIV(CO2•–)] for comparison
(green). The spectrum for complex 3 is also shown (bottom). Data were corrected for
diamagnetism and reproducibility was checked on multiple independently synthesized
samples.
In contrast, the magnetization data of complex 3 reveal a temperature dependency
that is much different than that of 2, keeping in accordance with other U(IV) 5f 2 of the
(RArO)3tacn ligand system bearing closed-shell axial ligands.20 The low temperature
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magnetic moment for complex 3 (µeff = 1.14 µB to 2.81 µB, 2 K to 300 K) is lower than
that of complex 2 (Figure 2-7, bottom) but still higher than most [((RArO)3tacn)UIV(L)]
complexes, which usually exhibit a magnetic moment of 0.5 µB at 5 K.20 This could be
due to compound 3 possessing magnetic states lying closer together in energy than others
and thus, get populated faster at lower temperatures.

The general temperature

dependence and room temperature moment of 2.81 µB is typical for most U(IV) 5f

2

complexes but strays from theoretical values calculated for a 3H4 ground state µeff =
gj(J(J+1))1/2 = 3.58 µB. This can be attributed to the quenching of spin-orbit coupling of
uranium complexes leading to a reduced magnetic moment. Accordingly, U(IV)
complexes typically have low observed magnetic moment compared to theoretical values.
2.2.4

Electronic Absorption of 2 and 3
The majority of the U(IV) complexes of the tris-aryloxide ligand system, reported

in the past, have appeared as pale green solids, almost colorless in appearance. Hence,
the isolation of a deep purple powder immediately indicates the formation of the uranium
ketyl radical complex similar to the Na-ketyl radical produced for the solvent drying and
de-oxygenation process. The electronic absorption spectrum of 2 in toluene features an
intense absorption band (λmax = 562 nm, ε = 5680 M-1cm-1) in the visible region (Figure
2-8, top). This absorption gives rise to the ketyl complex’s distinctive and intense purple
color and is assigned to the π–π* transition of a highly conjugated ketyl system. The
transition energy of 562 nm is blue-shifted from that of the sodium benzophenone ketyl
radical, which exhibits the π–π* transition at 618 nm. The shift of λmax to a higher energy
wavelength upon coordination to the uranium metal has also been observed with
previously reported metal ketyl radical complexes.31,32

The electronic absorption
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spectrum of the sodium benzophenone ketyl radical is similar to those reported in the
literature.11,33
The pale green color of complex 3 signifies the loss of extended conjugation of
the π system present in ketyl complex 2 due to H-abstraction.

Consequently, the

electronic absorption spectrum of 3, recorded in toluene, shows the disappearance of the
π–π* transition from the visible region of the electromagnetic spectrum. Instead, only

Figure 2-8. Electronic absorption spectrum of 2 in toluene (top, magenta) plotted as
extinction coefficient (ε) vs. wavelength (λ) along with the spectrum of the sodium
benzophenone ketyl radical (blue). The spectrum of 3 in toluene is also shown (bottom).
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weak f–f transitions commonly observed for lanthanide and actinide complexes remain,
scattered throughout the NIR region (Figure 2-8, bottom).34 The UV/Vis/NIR spectrum
of 3 compares well with reported U(IV) complexes21,35 and demonstrates that electronic
absorption spectroscopy is diagnostic of oxidation state and 5f n electron configuration.
2.2.5 XANES (X-ray Absorption Near Edge Structure) of 2 and 3
As supported by SQUID magnetization data and DFT calculations, complex 2
exhibits a uranium oxidation state that can be more accurately described as intermediate
between +3 and +4. In order to verify this assignment further, XANES studies have been
performed to compare the U(IV) complex possessing an open-shell (OS) ligand (2) with
the U(IV) complex bearing a closed-shell (CS) ligand (3). Since the XANES method
measures the energy (edge energy) needed to eject a core electron to the continuum, it
can potentially provide a more quantitative and direct probe of the metal oxidation state.
However, the edge energy of a complex is highly dependent on the ligand environment,
especially that of the first-coordination shell.36

Hence, the edge energy values

independently cannot be correlated to metal oxidation states. XANES is best utilized as a
“fingerprint” method, where a compound of unknown oxidation state is compared to
standard compounds of known oxidation states.36 The best results are obtained when
comparisons are made between complexes with similar ligand environments. Therefore,
it is desirable to measure the U(III) to U(VI) series namely [((t-BuArO)3tacn)UIII] (1), [((tBu

ArO)3tacn)UIV(OCHt-BuPh2)] (3), [((AdArO)3tacn)UV(NTMS)], and [((AdArO)3tacn)UVI-

(NTMS)][BF4], where the oxidation states have been confirmed via multiple
spectroscopic methods and there are no ambiguities concerning the uranium oxidation
state. Furthermore, these compounds share nearly identical first-coordination ligand
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environments, where only the axial ligands are varied across the oxidation state range.
The oxidation state of the uranium center in complex 2 can be elucidated by comparing
the edge energy of 2 with the edge energies of the complexes in the U(III) to U(VI)
series. The XANES measurements performed on the uranium L3 edge of the U(III) to

Figure 2-9. Normalized data for U L3 edge XANES spectrum of the U(III) to U(VI)
series (1, black; 2, red; 3, blue; [((AdArO)3tacn)UV(NTMS)], teal;
[((AdArO)3tacn)UVI(NTMS)], magenta). Both the absorption (top) and first derivative
plot depicting the edge energies (zero-crossing values, bottom) are shown.
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U(VI) series clearly show a trend in the normalized absorbance spectrum (Figure 2-9,
top). As the oxidation state of the uranium metal increases, the energy absorbed also
increases.

The edge energy values (Table 2-3), determined from applying the first

derivative function to the absorption plots, clearly show a trend of increasing edge
energies corresponding to increasing uranium oxidation states (Figure 2-9, bottom). The
edge energy steps are not monotonic as the oxidation states proceed from +3 to +4, +4 to
+5, and +5 to +6, with the largest edge energy difference observed being the transition
from the +3 oxidation state to the +4 oxidation state (ΔIII, IV = 3.1 eV). This phenomenon
has been observed in other actinide complexes; however, the reasons behind this
observation are not well understood.37,38 A more monotonic increase in edge energy is
observed in the oxidation state transition from U(IV) (CS) to U(V) (ΔIV, V = 0.8 eV) and
U(V) to U(VI) (ΔV,

VI

= 1.2 eV). Remarkably, the U(IV) complex with an open-shell

ligand (2) exhibits an edge energy of 17169.9 eV, intermediate between U(III) complex 1
(17168.0 eV) and U(IV) complex 3 (17171.1 eV). The edge energy of 2, suggests that
although the oxidation state of the uranium is closer to +4 than +3, it is not simply +4.
These results are confirmed through DFT computations, where the spin density map
shows 0.33 of the unpaired electron spin localized at the uranium center, also indicating

Table 2-3. XANES U L3 edge energies for the U(III) to U(VI) series.
Oxidation States
U(III), 1
U(IV) (OS), 2
U(IV) (CS), 3
U(V)
U(VI)

Edge Energy (eV)
17168.0
17169.9
17171.1
17171.9
17173.1
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an intermediate oxidation state between +3 and +4. Through XANES, insight into the
extent of oxidation that the uranium center experiences in these charge-separated species
containing radical anionic ligands can be gained. In addition to further confirming the
results from SQUID magnetization data and DFT studies, this result reveals that perhaps
XANES could be used as a more quantitative approach to oxidation state determination
of uranium complexes.
2.2.6 Synthesis and Molecular Structure of [((AdArO)3tacn)UIV(OCHPh2)] (6) and
[((AdArO)3tacn)UIV(OCPhPh—CPh2O)UIV((AdArO)3tacn)] (7)
In light of the difficulties of isolating the benzophenone ketyl radical complex
with the (t-BuArO)3tacn ligand system, we attempted to stabilize the unsubstituted
benzophenone ketyl radical by using a more sterically encumbering adamantyl
derivatized ligand (AdArO)3tacn3- (trianion of 1,4,7,-tris(3-adamantyl-5-tert-butyl-2hydroxybenzyl)-1,4,7-triazacyclononane). Treating a red-brown frozen benzene solution
of trivalent [((AdArO)3tacn)UIII] (4) with 1 equiv of benzophenone results in an intense
purple color that persists for ~15 seconds after the solution is thawed before turning
greenish-brown.

Judging from its intense colorization, this transient species is

presumably a uranium benzophenone ketyl radical complex [((AdArO)3tacn)UIV(OC•Ph2)]
(5) formed from an intramolecular single electron reduction of benzophenone by U(III)
(Scheme 2-2) analogous to that seen in the formation of complex 2. Similarly, the
intense purple color is attributed to the π–π* transition of the highly conjugated
benzophenone ketyl radical ligand fragment (λmax = 550 nm) and is comparable to that of
the purple sodium benzophenone ketyl radical in toluene (λmax = 624 nm) (Figure 2-10).
Allowing the reaction to proceed for 12 hours yields a green solution. From this solution,
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Scheme 2-2. Formation of diphenyl methoxide complex 6 and para coupling dimeric
complex 7 through intermediate ketyl complex 5 from a one-electron reduction of
benzophenone by a U(III) precursor complex [((AdArO)3tacn)UIII] (4).
green solids are isolated by solvent evaporation and single crystals suitable for X-ray
diffraction were obtained from diffusion of acetonitrile into a benzene solution. The
molecular

structure

analysis

reveals

a

U(IV)

diphenylmethoxide

complex

[((AdArO)3tacn)UIV(OCHPh2)] (6) (Figure 2-11) similar to 3. One possible source of
hydrogen atom stems from complex decomposition, which also might explain the low
isolated yield of 57%. Complex 6 can be reproduced in significantly higher yield when
the reaction is done in the presence of hydrogen sources, such as THF, 1,4cyclohexadiene, or R3Sn–H (isolated 75% yield).
A closer look at the coordination sphere reveals the uranium center encased
almost entirely by the macrocyclic hexadentate ligand, leaving only the seventh axial
coordination site available, where the ligand binds roughly perpendicular to the trisaryloxide plane (Figure 2-11). The average U–O(ArO) and U–N(tacn) distances of 2.216
and 2.679 Å (Table 2-1) are consistent with other U(IV) complexes of the
[((RArO)3tacn)UIV(L)]-type.20 The U1–O4 and C70–O4 bond lengths of 2.092(3) and
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Figure 2-10. Electronic absorption spectrum of ketyl intermediate complex 5 (magenta)
and sodium benzophenone ketyl (blue).

Figure 2-11. Molecular structure of [((AdArO)3tacn)UIV(OCHPh2)] (6) in crystals of 6 •
CH3CN / 0.5 C6H6. Thermal ellipsoids are at the 35% probability level. Hydrogens
(except H1) and co-crystallized solvent molecules are omitted for clarity.
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1.386(5) Å in 6, respectively are in good agreement with compound 3. For reference, the
uranium out-of- plane shift for the six-coordinate starting complex 4 is Uoop = -0.88 Å.
The uranium out-of-plane shift for 6 of -0.163 Å is a significant shift from the sixcoordinate U(III) complex, which is consistent with the strong binding of the methoxide

Figure 2-12. Molecular structure of complex [((AdArO)3tacn)UIV(OCPhPh—CPh2O)UIV((AdArO)3tacn)] (7) in crystals of 7 • 6 CH3CN / 5 C7H8 (top) and the core with
selected bond lengths (bottom). Thermal ellipsoids are at the 35% probability level.
Hydrogens and co-crystallized solvent molecules are omitted for clarity.
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ligand to a highly oxophilic uranium center. The U1–O4–C70 angle in 6 of 171.9(3)º is
similar to that seen in 3 of 178.4(3)º. Overall, the metrics of 6 are reminiscent to those of
3; this is expected since both complexes have a similar electronic structure.
In addition to the formation of complex 6 from the reaction of 4 with
benzophenone,

dinuclear

complex

[((AdArO)3tacn)UIV(OCPhPh—CPh2O)-

UIV((AdArO)3tacn)] (7) also forms as a crystalline by-product in low yield (5%) (Figure 212). Single crystals suitable for XRD studies of 7 were obtained from slow diffusion of
acetonitrile into a toluene solution of crude 6. Evidently, the formation of 7 results from
head-to-tail para coupling of ketyl radical complex 5. In 7, where U1 bears the sp2
hybridized C70, the U1–O4 bond of 2.168(4) Å and the O4–C70 bond length of 1.366(7)
Å is reminiscent of complex 2.

The U2 in 7 bears the sp3 hybridized C71 and

correspondingly the U2–O8 bond of 2.109(4) Å and O8–C71 bond length of 1.423(7) Å
are reminiscent of complex 3. Breaking of aromaticity can be observed in the non-planar
bridged ring, where there are four long single bonds and two short double bonds.
Complex 7 represents the first structurally characterized product resulting from para
coupling of two benzophenone ketyl radical species. Pinacol coupling is typically
preferred for ketyls; however, there are a few cases where para coupling takes preference
due to steric demands,7,39 such is the case here with the bulky adamantyl groups in the
[((AdArO)3tacn)UIII] system.
2.3

Conclusion
Stabilization and structural characterization of a uranium benzophenone ketyl

radical complex was accomplished by employing the sterically demanding (RArO)3tacn3–
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ligand system. It has been demonstrated in previous works that the [((RArO)3tacn)UIII)
system can stabilize highly reactive charge-separated uranium complexes.1,40

These

charge-separated complexes containing radical anionic ligands are appreciated because
they are rare and spectroscopically interesting, and due to their highly reactive nature,
have the potential to undergo further chemistry.40 Isolating and probing the electronic
structures of these charge-separated complexes are therefore important endeavors, if one
wants to understand and control reactivity. Structural characterization of the ketyl radical
complex [((t-BuArO)3tacn)UIV(OC•t-BuPh2)] (2) along with spectroscopic methods and
DFT calculations have provided us more insight into the molecular and electronic
structure of the [((RArO)3tacn)U─L•─] system. In addition to examining the reactivity of
complex 2, we also plan to isolate and study other charge-separated complexes
containing radical anions. We are currently investigating a wide variety of ligands with
different sterics in hopes of achieving the delicate balance between stabilizing these
highly reactive complexes and promoting controlled reactivity.
2.4

Experimental Section
General Methods.

All experiments were performed under dry nitrogen

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox.
Solvents were purified using a two-column solid-state purification system (Glasscontour
System, Irvine, CA) and transferred to the glovebox without exposure to air. NMR
solvents were obtained from Cambridge Isotope Laboratories, degassed, and stored over
activated molecular sieves prior to use.
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Spectroscopic Methods. Magnetism data of crystalline powdered samples (20 –
30 mg) were recorded with a SQUID magnetometer (Quantum Design) at 10 kOe (5 –
300 K for 2 and 6) and (2 – 300 K for 3). Values of the magnetic susceptibility were
corrected for the underlying diamagnetic increment (χdia = –986.01 × 10-6 cm3 mol-1 (2), –
988.94 × 10-6 cm3 mol-1 (3), –885.84 × 10-6 cm3 mol-1 (6)) 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.

Data reproducibility was also carefully checked on independently

synthesized samples.
XAS investigations are performed at the INE-Beamline for actinide research at
ANKA, Karlsruhe, Germany. A double crystal monochromator (DCM) is used, equipped
with a pair of Ge(422) crystals (2d = 2.310 Å), and higher harmonic radiation suppressed
by detuning the parallel alignment of the DCM crystals to 70% of photon flux peak
intensity at the beginning of each scan. The incident photon flux, measured with an Ar
filled ionization chamber, is held constant using a MOSTAB feedback system. The
spectra presented are measured in fluorescence yield detection geometry using a five
pixel Canberra LEGe detector; 4 to 6 scans are averaged to reduce the noise level.
Spectra are calibrated against the first inflection point in the XANES spectrum of a Y foil
for U L3-edge measurements.
1

H NMR spectra were recorded on JEOL 270 and 400 MHz instruments operating

at respective frequencies of 269.714 and 400.178 MHz with a probe temperature of 23 ºC
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in C6D6. Chemical shifts were referenced to protio solvent impurities (δ 7.15 (C6D6)) and
are reported in ppm.
Electronic absorption spectra were recorded from 200 to 2000 nm (Shimadzu
(UV-3101PC)) in the indicated solvent.
Results from elemental analysis were obtained from the Analytical Laboratories at
the Friedrich-Alexander-University Erlangen-Nürnberg (Erlangen, Germany) on Euro EA
3000.
Computational Details.

Kohn-Sham DFT calculations were performed on

complexes 2 and 3 using the ADF package (2007.01).

Analyses and geometry

optimizations of the complexes were performed employing the BP86 gradient corrected
functional41-43 in the scalar zeroth-order regular approximation (ZORA44-46). The basis
set applied is of TZP quality with frozen cores for the second row elements (1s) and for
uranium (including 5d). In the ZORA computation, the α and β spin densities are the
sum of all densities of the α and β spin orbitals, respectively. The spin density plots are
obtained by taking the difference between the α and the β spin densities. ADF input files
are provided in the electronic supporting information.
Starting Materials. [(THF)4UI3] and [U(N(SiMe3)2)3] were prepared as described
by Clark et al.47-49

Uranium turnings were purchased from Oak Ridge National

Laboratory (ORNL) and activated according to literature procedures. Benzophenone
(98%) was purchased from Aldrich and used as received after appropriate de-gassing
procedures.
procedures.50

4,4’-Di-tert-butylbenzophenone was synthesized according to literature
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Complex Synthesis.

Synthesis of [((t-BuArO)3tacn)UIII] (1).

A solution of

[U[N(SiMe3)2]3] (1.5 g, 2.09 mmol) in hexane (17 mL) was added to a solution of 1,4,7tris(3,5-di-tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclononane ((t-BuArOH)3tacn) (1.55
g, 1.98 mmol) in hexane (20 mL) and stirred for 12 h at room temperature. The resulting
red-brown solution was filtered and stored at -40 ºC. Within 12 h, a red-brown
microcrystalline precipitate formed, was filtered, washed with cold hexane, and dried
under vacuum (yield: 1.39 g, 1.36 mmol, 69%). 1H NMR (400 MHz, benzene-d6, 20 ºC):
δ = 12.19 (s, 3H, Δν1/2 = 15.7 Hz), 9.05 (s, 3H, Δν1/2 = 12.7), 4.15 (s, 27H, Δν1/2 = 15.6 Hz),
2.63 (s, 27H, Δν1/2 = 7.08 Hz), -1.53 (s, 3H, Δν1/2 = 41.4 Hz), -4.01 (s, 3H, Δν1/2 = 20.8
Hz), -7.43 (s, 3H, Δν1/2 = 23.7 Hz), -12.41 (s, 3H, Δν1/2 = 44.1 Hz), -18.98 (s, 3H, Δν1/2 =
32.9 Hz), -21.84 (s, 3H, Δν1/2 = 45.1 Hz); elemental analysis (%) calcd for 2, C 60.10, H
4.12, N 7.71; found, C 60.02, H 4.18, N 7.84.
Synthesis of [((t-BuArO)3tacn)UIV(OC•t-BuPh2)] (2). To a red-brown hexane
solution (6 mL) of [((t-BuArO)3tacn)UIII] (1) (200 mg, 0.196 mmol), 4,4’-di-tertbutylbenzophenone (57.7 mg, 0.196 mmol) was added with stirring. Immediately, purple
precipitate formed in a purple solution. The reaction was stirred at room temperature for
1 hour. The purple solids were isolated by vacuum filtration and washed with small
amounts of hexane and dried under vacuum. Recrystallization by diffusion of acetonitrile
into a tetrahydrofuran solution afforded purple single crystals as 2 • 3C4H8O (yield: 188
mg, 0.143 mmol, 73%). 1H NMR (290 MHz, benzene-d6, 20ºC): δ = 69.06 (d, 2H, ∆ν1/2
= 50.4 Hz), 32.17 (s, 6H, ∆ν1/2 = 65.7 Hz), 8.45 (s, 18H (t-Bu H’s on BP), ∆ν1/2 = 33.1
Hz), 0.96 (d, 9H, ∆ν1/2 = 30.5 Hz), –1.29 (s, 3H, ∆ν1/2 = 27.1 Hz), –2.38 (s, 3H, ∆ν1/2 =
30.4 Hz), –2.57 (s, 27H (2-t-Bu H’s), ∆ν1/2 = 29.7 Hz), –3.13 (s, 3H, ∆ν1/2 = 28.6 Hz), –

53
4.61 (s, 2H, ∆ν1/2 = 25.9 Hz), –6.43 (s, 27H (4-t-Bu H’s), ∆ν1/2 = 44.3 Hz), –7.21 (s, 1H,
∆ν1/2 = 33.2 Hz), –10.11 (s, 2H, ∆ν1/2 = 40.5 Hz), –19.42 (s, 1H, ∆ν1/2 = 33.8 Hz);
Elemental analysis (%) calcd for 2, C 65.83, H 7.98, N 3.20; found, C 65.81, H 7.99, N
3.37.
Synthesis of [((t-BuArO)3tacn)UIV(OCHt-BuPh2)] (3). Stirring a purple solution
of [((t-BuArO)3tacn)UIV(OC•t-BuPh2)] (2) (200 mg, 0.152 mmol) in neat 1,4cyclohexadiene (1.5 mL) for 12 hours resulted in a cloudy green solution with a small
amount of fine light-gray precipitate. The light-gray precipitate was filtered off leaving a
light-green solution. The filtrate was evaporated to dryness under reduced pressure and
dried in vacuo. Recrystallization from a concentrated pentane solution produced green
block crystals suitable for X-ray diffraction as 3 • C5H12 (yield: 140 mg, 0.106 mmol,
70%). 1H NMR (290 MHz, benzene-d6, 20ºC): δ = 51.88 (s, 3H, ∆ν1/2 = 38.1 Hz), 50.47
(s, 3H, ∆ν1/2 = 6.6 Hz), 15.94 (d, 3H, ∆ν1/2 = 7.2 Hz), 5.57 (s, 6H, ∆ν1/2 = 4.5 Hz), 3.97 (s,
9H (t-Bu H’s on BP), ∆ν1/2 = 3.8 Hz), 3.69 (s, 9H (t-Bu H’s on BP), ∆ν1/2 = 4.0 Hz), 2.53
(s, 1H, ∆ν1/2 = 3.3 Hz), 2.47 (s, 6H, ∆ν1/2 = 5.1 Hz), 1.13 (s, 3H, ∆ν1/2 = 2.5 Hz), –4.64 (s,
27H (2-t-Bu H’s), ∆ν1/2 = 3.3 Hz), –6.95 (s, 3H, ∆ν1/2 = 5.5 Hz), –7.41 (s, 3H, ∆ν1/2 = 4.5
Hz), –8.11 (s, 2H, ∆ν1/2 = 26.9 Hz), –16.09 (s, 27H (4-t-Bu H’s), ∆ν1/2 = 13.4 Hz);
Elemental analysis (%) calcd for 3, C 65.78, H 8.05, N 3.20; found, C 65.67, H 8.08, N
3.34.
Synthesis of [((AdArO)3tacn)UIII] (4). A solution of [U[N(SiMe3)2]3] (0.719 g,
1.0 mmol) in benzene (10 mL) was added to a solution of 1,4,7-tris(3-adamantyl-5-tertbutyl-2-hydroxybenzyl)- 1,4,7-triazacyclononane ((AdArOH)3tacn) (1.02 g, 1.0 mmol) in
benzene (10 mL) and stirred for 12 h at room temperature. The resulting red-brown
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solution was filtered and the volatiles were removed from filtrate under vacuum to give a
red-brown solid. This was washed with pentane to obtain 3 as a red-brown solid (yield:
860 mg, 0.68 mmol, 68%). 1H-NMR (500 MHz, benzene-d6, 25 °C): δ = −21.99 (s, 3H,
Δv1/2 = 16.9 Hz), −9.62 (s, 3H, Δv1/2 = 30.6 Hz), −5.80 (s, 3H, Δv1/2 = 13.0 Hz), −5.07 (s,
3H, Δv1/2 = 50.3 Hz), −3.44 (s, 3H, Δv1/2 = 4.2 Hz), −4.44 (impurity (<1H), Δv1/2 = 18.2
Hz), −1.78 (d, 9H, Δv1/2 = 13.9 Hz), −0.21 (d, 9H), 0.25 (d, 9H), 2.18 (s, 27H, Δv1/2 =
45.1 Hz), 3.18 (s, 9H, Δv1/2 = 21.3 Hz), 4.37 (s, 9H, Δv1/2 = 29.0 Hz), 7.77 (s, 3H, Δv1/2 =
5.7 Hz), 10.27 (s, 3H, Δv1/2 = 5.7 Hz), 13.47 (s, 3H, Δv1/2 = 42.8 Hz); elemental analysis
(%) calcd for 1: C 66.11, H 7.72, N 3.35; found: C 66.25, H 7.68, N 3.31.
Synthesis of [((AdArO)3tacn)UIV(OCHPh2)] (6). A benzene solution (0.5 mL)
of benzophenone (29 mg, 0.16 mmol) was added to a thawing benzene solution (10 mL)
of [((AdArO)3tacn)UIII] (4) (200 mg, 0.16 mmol) while stirring. The reaction was allowed
to stir at room temperature for 4 hours.

Green solids were isolated by solvent

evaporation. Recrystallization of the green powder by slow diffusion of acetonitrile into
a benzene solution produces single rectangular shaped crystals of 6 • CH3CN / 0.5C6H6.
The crystals can be isolated by filtration and dried in vacuo to obtain the bulk solid (yield:
120 mg, 0.084 mmol, 52%). Alternatively, 6 can also be synthesized in higher yields by
doing the reaction of [((AdArO)3tacn)UIII] (4) (100 mg, 0.08 mmol) with benzophenone
(15 mg, 0.08 mmol) in neat 1,4-cyclohexadiene (6 mL). After 12 hours the green
reaction solution is filtered and evaporated to dryness. The crude solids are washed with
hexane and dried (yield: 85 mg, 0.06 mmol, 75%).

1

H NMR (400 MHz, benzene-d6,

20ºC): δ = 45.95 (d, 4H, ∆ν1/2 = 24.7 Hz), 5.83 (d, 6H, ∆ν1/2 = 25.1 Hz), 3.23 (d, 6H, ∆ν1/2
= 21.4 Hz), 2.26 (s, 9H, ∆ν1/2 = 8.5 Hz), 1.21 (d, 4H, ∆ν1/2 = 8.55 Hz), 1.18 (m, 12H, ∆ν1/2
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= 6.05 Hz), 0.91 (d, 3H, ∆ν1/2 = 1.11 Hz), 0.84 (t, 12H, ∆ν1/2 = 1.42 Hz), 0.05 (s, 3H, ∆ν1/2
= 1.05 Hz), –3.49 (s, 3H, ∆ν1/2 = 2.55 Hz), –4.17 (s, 27H (t-Bu H’s), ∆ν1/2 = 2.51 Hz), –
4.48 (s, 3H, ∆ν1/2 = 2.52 Hz), –5.16 (s, 6H, ∆ν1/2 = 26.8 Hz), –5.29 (s, 3H, ∆ν1/2 = 10.2
Hz), –26.78 (s, 6H, ∆ν1/2 = 25.4 Hz).
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2.6 Appendix

Figure 2-13. 1H-NMR spectrum of [((t-BuArO)3tacn)UIV(OC•t-BuPh2)] (2) recorded in
benzene-d6. Chemical shifts are in units of ppm.
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Figure 2-14. 1H-NMR spectrum of [((t-BuArO)3tacn)UIV(OCHt-BuPh2)] (3) recorded in
benzene-d6. Chemical shifts are in units of ppm.
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Figure 2-15. 1H-NMR spectrum of [((AdArO)3tacn)UIV(OCHPh2)] (6) recorded in
benzene-d6. Chemical shifts are in units of ppm.
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Crystallographic Details for 2:

Purple prismatic crystals grown from slow

diffusion of acetonitrile into a tetrahydrofuran solution at room temperature were coated
with Paratone N oil on a microscope slide. A crystal of approximate dimensions 0.36 ×
0.25 × 0.20 mm3 was selected and mounted on a nylon loop. A total of 67965 reflections
(–18≤h≤18, –22≤k≤22, –36≤l≤36) were collected at T = 100(2) K in the θ range from
3.42 to 26.37º, of which 15959 were unique (Rint = 0.0844) and 11992 were observed [I >
2σ(I)] on a Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073
Å). The structure was solved by direct methods (SHELXTL NT 6.12, Bruker AXS, Inc.,
2002). All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed in calculated idealized positions. One of the t-butyl groups (C59 – C62) of the
ligand is subjected to rotational disorder around C59. Two preferred orientations have
been refined resulting in occupancies of 74(2) % for C60 – C62 and 26(2) % for C60A –
C62A, respectively. One of the THF molecules is also disordered. Two preferred
orientations have been refined resulting in occupancies of 82.5(8) % for O7 – C84 and
17.5(8) % for O7A – C84A, respectively. SAME restraints were applied in the refinement
of the THF molecules. Additional SIMU restraints were applied in the refinement of the
disordered THF. The residual peak and hole electron density were 1.966 and –2.954 e.Å3

. The absorption coefficient was 2.123 mm-1. The least-squares refinement converged

normally with residuals of R1 = 0.0726, wR2 = 0.1273, and GOF = 1.098 (all data).
C84H128N3O7U, monoclinic, space group P21/c, a = 14.794(2), b = 18.245(2), c =
29.226(4)Å, β = 96.198(7)º, V = 7842(2) Å3, Z = 4, ρcalcd = 1.296 Mg/m3, F(000) = 3204,
R1(F) = 0.0480, wR2(F2) = 0.1138 [I > 2σ(I)]. CCDC reference number: 676962.
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X-ray Crystal Structure Details for [((t-BuArO)3tacn)UIV(OC•t-BuPh2)], 2 • 3 C4H8O
(2):

Figure 2-16. Molecular structure of [((t-BuArO)3tacn)UIV(OC•t-BuPh2)] (2). Thermal
ellipsoids are at the 50% probability level. Hydrogen atoms and co-crystallized THF
molecules are omitted for clarity.
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Table 2-3. Crystal Data and Structure Refinement for [((t-BuArO)3tacn)UIV(OC•t-BuPh2)],
2 • 3 C4H8O.
Identification code (ConQuest)

CCDC: 676962 (COJCEK), PID: opl0703

Empirical formula

C84 H128 N3 O7 U

Formula weight

1529.92

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a = 14.7935(12) Å

α= 90°

b = 18.245(2) Å

β= 96.198(7)°

c = 29.226(4) Å

γ = 90°

Volume

7842.2(15) Å3

Z

4

Density (calculated)

1.296 Mg/m3

Absorption coefficient

2.123 mm-1

F(000)

3204

Crystal size

0.36 x 0.25 x 0.20 mm3

Theta range for data collection

3.42° to 26.37°

Index ranges

-18<=h<=18, -22<=k<=22, -36<=l<=36

Reflections collected / unique

67965 / 15959 [R(int) = 0.0844]

Completeness to theta = 25.00°

99.5 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.650 and 0.458

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters
Goodness-of-fit on F

2

15959 / 262 / 957
1.098

Final R indices [I>2sigma(I)]

R1 = 0.0480, wR2 = 0.1138

R indices (all data)

R1 = 0.0726, wR2 = 0.1273

Largest diff. peak and hole

1.966 and -2.954 e.Å-3
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Crystallographic details for 3: Green rectangular-shaped crystals grown from
slow diffusion of acetonitrile into benzene at room temperature were coated with
Paratone N oil on a microscope slide. A crystal of approximate dimensions 0.29 x 0.28 x
0.27 mm3 was selected and mounted on a nylon loop. A total of 101493 reflections (–
13≤h≤12, –33≤k≤33, –62≤l≤62) were collected at T = 150(2) K in the θ range from 3.24
to 26.37º, of which 14880 were unique (Rint = 0.0465) and 10662 were observed [I >
2σ(I)] on a Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073
Å). The structure was solved by direct methods (SHELXTL NT 6.12, Bruker AXS, Inc.,
2002). All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed in calculated idealized positions. Two of the t-butyl groups are disordered. Two
alternative positions have been refined in each case resulting in site occupancies of 56(2)
and 44(2) % for C19 – C21 and C19A – C21A and of 82(2) and 18(2) % for C60 – C62
and C60A – C62A, respectively. SIMU, ISOR, and SADI restraints were applied in the
refinement of one of these t-butyl groups (C59, C60 – C62, C60A – C62A). The residual
peak and hole electron density were 1.256 and –1.669 e.Å-3. The absorption coefficient
was 2.266 mm-1. The least-squares refinement converged normally with residuals of R1 =
0.0748, wR2 = 0.0809, and GOF = 1.173 (all data). C80H114N4O4U, orthorhombic, space
group Pbca, a = 10.772(2), b = 27.180(3), c = 50.052(4)Å, V = 14654(3) Å3, Z = 8, ρcalcd
= 1.300 Mg/m3, F(000) = 5968, R1(F) = 0.0484, wR2(F2) = 0.0750 [I > 2σ(I)]. CCDC
reference number: 676963.
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X-ray Crystal Structure Details for [((t-BuArO)3tacn)UIV(OCHt-BuPh2)] • C6H6 /
CH3CN (3):

Figure 2-17. Molecular structure of [((t-BuArO)3tacn)UIV(OCHt-BuPh2)] (3). Thermal
ellipsoids are at the 50% probability level. Hydrogen atoms and co-crystallized benzene
and acetonitrile are omitted for clarity.
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Table 2-4. Crystal Data and Structure Refinement for [((t-BuArO)3tacn)UIV(OCHt-BuPh2)],
3 • C6H6 / CH3CN.
Identification code (ConQuest)

CCDC: 676963 (COJCIO), PID: opl0702

Empirical formula

C80 H114 N4 O4 U

Formula weight

1433.78

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Orthorhombic, Pbca

Unit cell dimensions

a = 10.772(2) Å

α = 90°

b = 27.180(3) Å

β = 90°

c = 50.052(4) Å

γ = 90°

Volume

14654(3) Å3

Z,

8

Density (calculated)

1.300 Mg/m3

Absorption coefficient

2.266 mm-1

F(000)

5968

Crystal size

0.29 x 0.28 x 0.27 mm3

Theta range for data collection

3.24° to 26.37°

Index ranges

-13<=h<=12, -33<=k<=33, -62<=l<=62

Reflections collected / unique

101493 / 14880 [R(int) = 0.0465]

Completeness to theta = 25.00°

99.5 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.542 and 0.479

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

14880 / 66 / 889

Goodness-of-fit on F2

1.173

Final R indices [I>2sigma(I)]

R1 = 0.0484, wR2 = 0.0750

R indices (all data)

R1 = 0.0748, wR2 = 0.0809

Largest diff. peak and hole

1.256 and -1.669 e. Å-3
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Crystallographic details for 6: Green rectangular-shaped crystals grown from
slow diffusion of acetonitrile into benzene at room temperature were coated with
Paratone N oil on a microscope slide. A crystal of approximate dimensions 0.30 × 0.27 ×
0.25 mm3 was selected and mounted on a nylon loop. A total of 61689 reflections (–
18≤h≤18, –29≤k≤28, –29≤l≤29) were collected at T = 150(2) K in the θ range from 2.92
to 27.10º, of which 16197 were unique (Rint = 0.0325) and 12987 were observed [I >
2σ(I)] on a Bruker SMART diffractometer using MoKα radiation (λ = 0.71073 Å). The
structure was solved by direct methods (SHELXTL NT 6.12, Bruker AXS, Inc., 2002).
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in
calculated idealized positions. One of the t-butyl groups is disordered. Two alternative
positions have been refined resulting in site occupancies of 73.8(8) and 26.2(8) % for
C31 – C33 and C31A – C33A, respectively. SIMU restraints were applied in the
refinement of two further t-butyl groups where no disorder could be resolved. The
residual peak and hole electron density were 2.762 and –1.497 e.Å-3. The absorption
coefficient was 2.252 mm-1. The least-squares refinement converged normally with
residuals of R1 = 0.0493, wR2 = 0.1078, and GOF = 1.063 (all data). C87H113N4O4U,
monoclinic, space group P21/n, a = 14.5176(8), b = 22.682(2), c =23.334(2), β =
106.046(1)º, V = 7384.3(7) Å3, Z = 4, ρcalcd = 1.364 Mg/m3, F(000) = 3148, R1(F) =
0.0384, wR2(F2) = 0.1046 [I > 2σ(I)]. CCDC reference number: 676964.
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X-ray Crystal Structure Details for [((AdArO)3tacn)UIV(OCHPh2)] • CH3CN / 0.5
C6H6 (6):

Figure 2-18. Molecular structure of [((AdArO)3tacn)UIV(OCHPh2)] (6). Thermal
ellipsoids are at the 50% probability level. Hydrogen atoms and co-crystallized benzene
and acetonitrile are omitted for clarity.
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Table 2-5. Crystal Data and Structure Refinement for [((AdArO)3tacn)UIV(OCHPh2)], 6 •
CH3CN / 0.5 C6H6.
Identification code (ConQuest)

CCDC: 676964 (COJCOU), PID: opl1

Empirical formula

C87 H113 N4 O4 U

Formula weight

1516.84

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, P2(1)/n

Unit cell dimensions

a = 14.5176(8) Å

α= 90°

b = 22.6824(12) Å

β= 106.0460(10)°

c = 23.3336(13) Å

γ = 90°

Volume

7384.3(7) Å3

Z

4

Density (calculated)

1.364 Mg/m3

Absorption coefficient

2.252 mm-1

F(000)

3148

Crystal size

0.30 x 0.27 x 0.25 mm3

Theta range for data collection

1.49 to 27.54°

Index ranges

-18<=h<=18, -29<=k<=28, -29<=l<=30

Reflections collected / unique

62512 / 16718 [R(int) = 0.0324]

Completeness to theta = 25.00°

100.0 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.6028 and 0.5514

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

16718 / 0 / 877

Goodness-of-fit on F2

1.047

Final R indices [I>2sigma(I)]

R1 = 0.0403, wR2 = 0.1095

R indices (all data)

R1 = 0.0521, wR2 = 0.1133

Largest diff. peak and hole

2.935 and -1.374 e.Å-3
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Crystallographic details for 7: Orange rectangular-shaped crystals grown from
slow diffusion of acetonitrile into toluene at room temperature were coated with Paratone
N oil on a microscope slide. A crystal of approximate dimensions 0.30 × 0.25 × 0.10
mm3 was selected and mounted on a nylon loop. A total of 69300 reflections (–22≤h≤22,
–23≤k≤23, –35≤l≤35) were collected at T = 100(2) K in the θ range from 2.94 to 27.10º,
of which 35321 were unique (Rint = 0.0521) and 24345 were observed [I > 2σ(I)] on a
Bruker SMART diffractometer using MoKα radiation (λ = 0.71073 Å). The structure was
solved by direct methods (SHELXTL NT 6.12, Bruker AXS, Inc., 2002). All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were placed in calculated
idealized positions. Two of the t-butyl groups of the ligand are disordered. Two
alternative positions each have been refined to give occupancies of 53(1)% for C25 – C27
and 47(1)% for C25’ – C27’ and of 82(1)% for C107 – C109 and 18(1)% for C167 –
C169, respectively. The crystal structure contains a total of 4 molecules of NCMe and
2.625 molecules of toluene, a number of which is disordered. The disordered parts
include sharing of alternative positions for toluene or NCMe molecules only but also
sharing of a site between a toluene and an NCMe. SIMU and ISOR restraints have been
applied in modelling the disordered parts of the structure. Detailed occupancies and
further information can be taken from the deposited data. The residual peak and hole
electron density were 1.898 and –1.430 e.Å-3. The absorption coefficient was 2.017 mm-1.
The least-squares refinement converged normally with residuals of R1 = 0.0973, wR2 =
0.1504, and GOF = 1.065 (all data). C190.38H245N10O8U2, triclinic, space group P-1, a =
17.321(4), b = 18.075(4), c =28.033(7)Å, α = 102.643(3)º, β = 90.799(3)º, γ = 104.456(3)
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º, V = 8271(3) Å3, Z = 2, ρcalcd = 1.316 mg/m3, F(000) = 3411, R1(F) = 0.0606, wR2(F2) =
0.1360 [I > 2σ(I)]. CCDC reference number: 676965.
X-ray Crystal Structure Details for [((AdArO)3tacn)UIV(OCPhPh—CPh2O)UIV((AdArO)3tacn)] • 6 CH3CN / 5 C7H8 (7):

Figure 2-19.
Molecular structure of [((AdArO)3tacn)UIV(OCPhPh—CPh2O)UIVAd
(( ArO)3tacn)] (7). Thermal ellipsoids are at the 50% probability level. Hydrogen
atoms and co-crystallized benzene and acetonitrile are omitted for clarity.
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Table 2-6. Crystal Data and Structure Refinement for [((AdArO)3tacn)UIV(OCPhPh—
CPh2O)UIV((AdArO)3tacn)], 7 • 6 CH3CN / 5 C7H8.

Identification code (ConQuest)

CCDC: 676964 (COJCUA), PID: opl5

Empirical formula

C190.38 H245 N10 O8 U2

Formula weight

3277.52

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 17.321(4) Å

α= 102.643(3)°

b = 18.075(4) Å

β= 90.799(3)°

c = 28.033(7) Å

γ = 104.456(3)°

3

Volume

8271(3) Å

Z

2

Density (calculated)

1.316 Mg/m3

Absorption coefficient

2.017 mm-1

F(000)

3411

Crystal size

0.30 x 0.25 x 0.10 mm3

Theta range for data collection

2.94 to 27.10°

Index ranges

-22<=h<=22, -23<=k<=23, -35<=l<=35

Reflections collected / unique

69300 / 35321 [R(int) = 0.0521]

Completeness to theta = 27.10°

96.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.817 and 0.662

Refinement method

Full-matrix-block least-squares on F2

Data / restraints / parameters

35321 / 559 / 2100

Goodness-of-fit on F2

1.065

Final R indices [I>2sigma(I)]

R1 = 0.0606, wR2 = 0.1360

R indices (all data)

R1 = 0.0973, wR2 = 0.1504

Largest diff. peak and hole

1.898 and -1.430 e.Å-3
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Chapter 3. Charge-Separation in Uranium Diazomethane Complexes
Leading to C–H Activation and Chemical Transformation
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3.1 Introduction
Diazoalkanes have received much attention in the last three decades as reactive
substrates for organometallic complexes. They have been used as models for dinitrogen
activation, since the diazoalkane N=N bond often mimics N2 binding to metal centers.1
Diphenyldiazomethane also has been used frequently as a carbene source via N2 loss for
the synthesis of transition metal carbene complexes, such as the Ni(II) diphenylcarbene
complex.2-4

In principle, a one electron reduction of diazoalkanes could produce a

charge-separated complex with a radical anionic ligand.
In the last chapter, we have witnessed that stabilization of charge-separated
species with a radical anionic ligand is possible in a suitable ligand environment.
However, given the proper conditions and impetus, further transformations can be
achieved with these complexes since they are already highly activated. This chapter
reports the results of the reaction of the six-coordinate UIII precursor complexes
[((RArO)3tacn)UIII] (R = t-Bu, Ad) with diphenyldiazomethane. Crystallographic and
spectroscopic

characterization

are

presented

for

a

rare

actinide

2

-bound

diphenyldiazomethane [((t-BuArO)3tacn)UIV(η2-NNCPh2)] and an indazole complex
[((AdArO)3tacn)UIV(η2-3-phen(Ind))] arising from an unusual transformation promoted by
C–H activation and subsequent N-insertion of a reactive intermediate complex with a
radical anionic ligand.
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3.2 Results
3.2.1 Synthesis and Molecular Structure of [((t-BuArO)3tacn)UIV(η2-NNCPh2)] (2)
Treatment of a red-brown solution of [((t-BuArO)3tacn)UIII] (1) in pentane with 1
equiv. of diphenyldiazomethane at room temperature results in an orange solution within
minutes. Orange solids of [((t-BuArO)3tacn)UIV(η2-NNCPh2)] (2, Scheme 3-1) are isolated
from a cold pentane solution in good yield.

Recrystallization from a concentrated

pentane solution at -40 ºC gives XRD-quality crystals of 2. The molecular structure of 2
in crystals of 2 • 2 C5H12 (Figure 3-1) shows an eight-coordinate complex with
diphenyldiazomethane bound in an η2 fashion through the two nitrogen atoms. This
represents a rather unique phenomenon since eight-coordinate complexes are uncommon
in the [((RArO)3tacn)U] system due to the denticity and steric demand of the hexadentate
ligand. Compared to 1, bonding interactions with the (t-BuArO)3tacn3– ligand in 2 remain
unaltered as seen by the typical average U–O(ArO) and U–N(tacn) bond distances of 2.20
and 2.70 Å, respectively (Table 3-1). The U1–N4 distance of 2.259(4) Å is comparable
to the corresponding U–N distance of 2.25(2) Å in Burns’ η2 hydrazonato complex,
[(C5Me5)2U(η2(N,N’)-CH3-NN=CPh2)(OTf)].5 Structural parameters indicate U–N4 is an
amide and U–N5 is a dative bond as shown by the much longer U1–N5 bond length of
2.582(4) Å. Most interesting are the N4–N5 and the N5–C52 bond lengths of 1.338(5) Å
and 1.333(6) Å, consistent with bond orders between 1 and 2. For comparison, these
deviate from free p-bromo diphenyldiazomethane N–N and C–N bond lengths of 1.135
and 1.287 Å.6 Additionally, the angles around C52 sum up to 359.98º clearly identifying
that C52 is sp2 hybridized.
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Scheme 3-1. Scheme of synthesis of compounds 2, 4, and 5 from precursor complexes
[((RArO)3tacn)UIII] with R = t-Bu (1) and Ad (3).
The metrical parameters found in 2 imply that the single electron is delocalized
over the C–N–N unit.

Despite the good quality XRD data, there are no structural

indications that the single electron in 2 is delocalized into the phenyl rings as no
significant disruptions in C–C bond lengths are observed. Defined as the displacement of
the uranium atom below the triangular plane of the three phenolic oxygens, the uranium
out-of-plane shift (Uoop) is an important structural parameter to monitor in complexes of
the [((RArO)3tacn)U] system because it indicates the strength of metal-ligand interaction.7
This parameter, which is a function of U–L orbital involvement and electrostatic
interaction, increases as the formal oxidation state increases. Hence, as the U center is
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pulled towards the plane, there is a decrease in the out-of-plane shift. For reference, the
uranium out-of-plane shift for the six-coordinate starting complexes 1 and 3 is Uoop = 0.75 Å and -0.88 Å, respectively. The Uoop shift of -0.151 Å for complex 2 is very small
compared to that of the starting complex 1. In comparison, this Uoop value is consistent
with

that

of

the

U

imido

complexes

[((t-BuArO)3tacn)UV(N(SiMe3))]

and

[((AdArO)3tacn)UV(N(SiMe3))] (Uoop = -0.151 and -0.188 Å respectively) with U≡N
distances reported as 1.985(5) and 2.122(2) Å, respectively.7 Hence, the strong uraniumimido bond in 2 correlates well with the observed small uranium out-of-plane shift.

Figure 3-1. Molecular structure of [((t-BuArO)3tacn)UIV(η2-NNCPh2)] in crystals of 2 • 2
C5H12. Thermal ellipsoids are at 50% probability level. Hydrogen and co-crystallized
solvent molecules are omitted for clarity.
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Table 3-1. Selected Structural Parameters for complexes 2, 5, and 6 (Bond Distances in
Å, Angles in º).
structural
parameters
U–N1tacn
U–N2tacn
U–N3tacn
U–Nav
U–O1ArO
U–O2ArO
U–O3ArO
U–Oav
U–N4
U–N5
N4–N5
N5–C52
U–N4–N5
N4–N5–C52
N5–C52–C59
Σ∠ C52
Uout–of–plane shift
3-5 Dihedral
5-6 Dihedral

2

5

6

2.725(4)
2.675(3)
2.704(3)
2.701
2.200(3)
2.181(3)
2.201(3)
2.194
2.259(4)
2.582(4)
1.338(5)
1.333(6)
87.8(3)
122.8(4)
120.7(4)
359.98
-0.151

2.780(2)
2.600(2)
2.785(2)
2.722
2.2066(19
)
2.1630(17
)
2.1789(19
)
2.183
2.419(2)
2.533(2)
1.388(3)
1.352(4)
78.30(14)
110.7(2)
108.0(3)

2.669(3)
2.709(3)
2.722(3)
2.700
2.186(2)
2.192(3)
2.208(3)
2.195
2.381(12)
2.598(8)
1.348(15)
1.249(12)
83.4(7)
117.7(10)
109.1(9)

-0.265
19.23(12)
0.98(18)

-0.150
2.75(59)
1.82(67)

Due to minor f-orbital involvement in U–L bonding compared to transition metal
bonding, we suggest a highly polarized bond between U1 and the amide N4 bond
(Ph2C=N5=N4). Since normal uranium-amide single bond lengths are slightly longer, the
short U1–N4 bond length of 2.259(4) Å and the small out-of-plane shift of -0.151 Å
suggests multiple bonding similar to that found in UV imido complexes. For instance, the
average U–N bond length in [U(N(SiMe3)2)3] is 2.32 Å.8 From metrical parameters it is
proposed that the axial ligand in complex 2 is a radical anionic species resulting from a
one-electron reduction of diphenyldiazomethane by the strongly reducing UIII center.
This idea was further probed using magnetic and spectroscopic techniques.
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3.2.2

Magnetism and Electronic Absorption of 2
Variable temperature SQUID magnetization and electronic absorption data

support the proposed electronic structure of 2 (Figure 3-2, top) as a charge-separated
species with a radical anionic ligand. Typically, for UIV f

2

complexes, the variable

temperature magnetization trace exhibits a µeff range of ~ 0.5 B.M. to ~ 3 B.M. (4 K to
300 K).7 The low µeff is due to a non-magnetic singlet electronic ground state at low
temperature.9 The magnetization curve of 2 shows a low temperature magnetic moment
of µeff ~1.75 B.M., much higher than expected and observed for other UIV f 2 complexes
[((RArO)3tacn)U–L] with axially bound closed-shell ligands L = Cl‾, Br‾, I‾, N3‾.7 The
increased µeff at 4 K is attributed to the magnetic contribution from the unpaired radical
electron delocalized over the C–N–N unit of the η2 coordinated Ph2CN2 ligand. The
same magnetic behavior was observed for the U(IV) complex with the one-electron
reduced CO2 ligand in [((AdArO)3tacn)UIV(CO2•–)].10
The UV/Vis/NIR spectrum of pale orange benzene solution of 2 was acquired at
room temperature. The absorption spectrum for tetravalent uranium complex 2 (Figure
3-2, bottom) includes an inlay of the absorption spectrum for the trivalent f 3 precursor
complex 1. It is apparent that the spectrum of f 2 complex 2 lacks the intense and colorgiving 5f 3 to 5f 26d1 transition at 441 nm (ε = 2140 M-1cm-1), resulting from coordination
and reduction of Ph2CN2. For most mid- to high-valent actinides, the 6d levels lie well
above the 5f. Accordingly, the corresponding metal-centered 5f n to 5f (n-1)6d1 transitions
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Figure 3-2. Temperature-dependent SQUID magnetization data (at 1 T) for sample 2
plotted as magnetic moment (µeff) vs. temperature (T) (top). Data were corrected for
underlying diamagnetism and reproducibility was checked on two independently
synthesized samples. Electronic absorption spectrum for sample 2 (bottom) with inlay of
absorption spectrum of 1 for comparison, both recorded in benzene.
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appear below 200 nm of their electronic absorption spectra. Consequently, complexes of
U(IV) only give rise to relatively narrow, line-like spectra in the visible and near infrared regions. These Laporte-forbidden f–f transitions differ from the analogous bands in
lanthanide spectra in that owing to covalency result in greater intensities and broader
linewidths.11 The f–f transition bands (ε = 25 - 175 M-1cm-1), spread over the UV-Vis and
NIR region, are very similar to those of the uranium CO2 complex, which has been
characterized previously as a charge-separated UIV complex with a coordinated radical
anion.10 The IR spectrum exhibits no N=N stretch for free Ph2CN2 (νN=N = 2040 cm-1).6
This is consistent with η2 binding and partial reduction in 2, where the N=N bond is
weakened significantly, with the stretch being obscured into the fingerprint region of the
spectrum. Taken together, the spectroscopic data support 2 as a charge-separated UIV
complex with a radical anionic Ph2CN2 ligand coordinated side-on at the axial position.
Multiple attempts at observing EPR signals for complex 2 were made, however, without
success. Samples of complex 2, either in the solid-state or in solution, were found to be
EPR silent (perpendicular mode X-Band) at room and cryogenic temperatures (as low as
4 K).12

This result is consistent with our studies on the previously reported

[((AdArO)3tacn)U(CO2•─)] complex which is also EPR-silent.
3.2.3 Synthesis and Molecular Structure of [((AdArO)3tacn)UIV(η2-3-phen(Ind))] (5)
Treating the precursor complex [((AdArO)3tacn)UIII] (3), bearing the sterically
more

encumbering

adamantane

functionalized

ligand,

with

1

equiv

of

diphenyldiazomethane in hexane at room temperature results in an orange-green
precipitate (66% yield). The product was collected by vacuum filtration and
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Figure 3-3. Molecular structure of [((AdArO)3tacn)UIV(η2-3-phen(Ind))] in crystals of 5.
Crystals were grown from diffusion of acetonitrile into THF. Thermal ellipsoids are at
50% probability level. Hydrogen atoms are omitted for clarity. Co-crystallized solvents
are absent in the crystal lattice.
characterized as the seven-coordinate complex [((AdArO)3tacn)UIII(η1-NNCPh2)] (4).
Spectroscopic characterization suggests that the Ph2CNN ligand is an axial ligand bound
to the uranium center in a linear η1-N fashion. Transformation to a heterocyclic indazole
product occurs upon heating complex 4 in benzene at 60 ºC for 1 hour in high yield.
Recrystallization from diffusion of acetonitrile into a solution of tetrahydrofuran yields
green crystals.

An X-ray diffraction study on a single crystal obtained from slow

diffusion of THF into an acetonitrile solution reveals an eight-coordinate complex
[((AdArO)3tacn)UIV(η2-3-phen(Ind))] (5), where a newly formed 3-phenyl indazole ligand
is η2-N,N bound to the uranium center. The molecular structure of 5 is presented in

84
Figure 3-3.

Average U–O(ArO) and U–N(tacn) distances of 2.18 Å and 2.72 Å,

respectively, are as expected (Table 3-1). The U1–N4 and U1–N5 bond lengths of
2.419(2) Å and 2.533(2) Å are in the range typically observed for U–N single bonds. The
5- and 6-membered rings are close to planar with a small deviation from planarity of
merely 0.98º. The bond lengths within the 5-membered ring are nearly equivalent,
ranging from 1.37 (N4–N5) to 1.43 Å (C71–C72). These can be described as having
bond orders of 1.5, supporting that the 5- and 6-membered ring system is aromatic,
possessing a total of 10 π-electrons, and thus satisfying Hückel’s Rule. The uranium ion
in complex 5 has a Uoop shift of -0.265 Å, and accordingly, has a much longer U–N4
bond length of 2.419(2) Å than found in 2 (d(U–N4) = 2.259(4) Å, Uoop = -0.151 Å).
This is expected, since the nature of the ligand has changed from a strongly coordinating
η1-imido-type N ligand (as seen in 2) to an η2-bound indazole in 5.
3.2.4 Magnetism and Electronic Absorption for 4 and 5
XRD-quality crystals for 4 could not be obtained, and thus, no structural
information is available for the intermediate complex 4.

However, from elemental

analysis, SQUID magnetization, electronic absorption, and 1H NMR spectroscopy, the
structure of 4 can be deduced. Variable temperature SQUID magnetization data clearly
indicate a trivalent U ion in complex 4 (Figure 3-4, top). A plot of effective magnetic
moment vs. temperature displays µeff values ranging from 1.9 – 2.9 B.M. (5K – 300K).
The temperature-dependency and µeff values are very similar to other trivalent complexes
of the [((RArO)3tacn)U] system, including that of the precursor complex 3. Also, the
electronic absorption spectra of 3 and 4 are similar. The UV/Vis/NIR spectrum of greenorange 4 obtained in benzene solution exhibits an intense 5f 3 to 5f 26d1 metal-centered,
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Figure 3-4. Temperature-dependent SQUID magnetization data (at 1 T) for sample 4
plotted as magnetic moment (µeff) vs. temperature (T) (top). Data were corrected for
underlying diamagnetism and reproducibility was checked on two independently
synthesized samples. For comparison, the electronic absorption plot features both 3
(black) and 4 (red) in C6H6 (bottom).
Laporte-allowed electronic transition at 418 nm (ε = 5410 M-1cm-1) characteristic of a UIII
complex (Figure 3-4, bottom). In contrast to U(IV) complexes, U(III) transitions are
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parity-allowed, and thus, high-intensity absorption bands arising from 5f

3

to 5f 26d1

transitions appear in the visible and near UV region of the spectrum. In SrCl2 singlecrystals doped with U3+, for instance, the transition from the lowest level of the 4I9/2
ground state of the U(III) f 3 configuration to crystal-field levels resulting from the 5f 26d1
manifold have been observed as intense bands at energies as low as 600 nm, which shift
appreciably depending on the bound ligands.13,14

The 5f

3

to 5f 26d1 transition for

complex 4 has undergone a blue-shift compared to the precursor 3, which exhibits the 5f 3
to 5f 26d1 transition at 441 nm (ε = 2140 M-1cm-1). The IR spectrum (KBr) features a
nearly unperturbed νN=N stretch at 2036 cm-1 that is close to that of free
diphenyldiazomethane (2040 cm-1); however, it is emphasized that no free
diphenyldiazomethane was present as determined by 1H-NMR spectroscopy and CHN
elemental analysis of the isolated material (see Experimental Section). In addition, free
rotation of the Ph2CN2 ligand produces an idealized C3 symmetric molecule, explaining
the 19 resonances seen in the 1H-NMR spectrum of 4 acquired in benzene-d6, at room
temperature.
From this spectroscopic data and steric considerations, we conclude that
intermediate 4 is a UIII complex with an η1-N bound diphenyldiazomethane ligand,
N=N=CPh2. We suggest a structure similar to those found in [((AdArO)3tacn)U–X],
where X is a rod-like hetero-cumulene ligand such as O=C=O, N=N=N, or N=C=N–Me
linearly coordinated in the cylindrical cavity supported by the three bulky adamantyl
substituents.7

Because the initial coordination of Ph2CN2 does not involve redox

chemistry, the N=N stretch remains virtually unperturbed upon binding.
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Figure 3-5. Temperature-dependent SQUID magnetization data (at 1 T) for sample 5
plotted as magnetic moment (µeff) vs. temperature (T) (top). Data were corrected for
underlying diamagnetism and reproducibility was checked on two independently
synthesized samples. Electronic absorption spectrum of 5 in CH2Cl2 (bottom).
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The subsequent transformation of 4 into 5 involves the formation of ½ equiv of
dihydrogen, which was detected by gas chromatography with a thermal conductivity
detector (GC-TCD, see ESI). The 1H-NMR spectrum of transformed species 5, obtained
in benzene-d6, shows two tert-butyl resonances, indicating Cs symmetry. IR spectroscopy
of 5 as a KBr pellet revealed the disappearance of the N=N stretch (2038 cm-1) after 4
underwent nitrogen insertion and coordination to the uranium center.

Variable

temperature SQUID magnetization data of 5 show a temperature dependent behavior,
varying from 1.2 B.M. at 5 K to 2.7 B.M. at 300 K (Figure 3-5, top). This temperature
dependency is characteristic of other UIV complexes such as the UIV azide complex
[((AdArO)3tacn)U(N3)] and UIV halide species [((AdArO)3tacn)U(X)] (X = Cl, Br. I).7 The
electronic absorption spectrum obtained in benzene of green 5 exhibits sharp transitions
between 500 and 2000 nm (ε = 10 – 60 M-1cm-1) (Figure 3-5, bottom). These are
attributed to f–f transitions expected for UIV complexes supporting 5 as a UIV species
possessing a closed-shell ligand.
3.2.5 Synthesis and Molecular Structure of [((AdArO)3tacn)UIV(η2-Ind)] (6)
To verify the possibility of H2 elimination from an intermediate en route to
indazolido complex 5, U(III) precursor 3 was treated with 1 equiv of 1H-indazole. As
reported, dihydrogen elimination is commonly observed for reactions of UIII complexes
with R–OH leading to formation of UIV–OR complexes.15-17 Presumably, reactions of
UIII complexes with R2N–H would correspondingly form UIV–NR2 complexes. In this
case, a single electron reduction of commercially available 1H-indazole produces ½
equiv. of H2 and a UIV complex with a monoanionic amide-type indazolido ligand
[((AdArO)3tacn)UIV(η2-Ind)] (6) (Scheme 3-2). Green single crystals of 6 suitable for X-
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ray diffraction were obtained by diffusing acetonitrile into a benzene solution. Analysis
of a single crystal of 6 confirms the indazolido ligand coordinated in an η2-N,N fashion to
the uranium center (Figure 3-6, top). With the exception of a phenyl ring in the 3
position, the coordination sphere in 6 is similar to 3-phenyl indazole complex 5, which
resulted from C–H activation and N-insertion of Ph2CN2. The U1–N4 and U1–N5 bond
lengths of 2.381(12) Å and 2.598(8) Å in 6 are comparable to those of 5. However, the
lack of the phenyl substituent results in decreased sterics for 6, creating linear
coordination of the indazolido ligand, which bisects the three adamantyl substituents
leading to an idealized Cs symmetry. Hence, the 3- and 5-membered rings are nearly
coplanar with a dihedral angle of 2.75º (Figure 3-6, bottom) (as opposed to 19.2º
observed in 5).

Scheme 3-2. Synthesis of complex [((AdArO)3tacn)UIV(η2-Ind)] (6).
The uranium out-of-plane shift for 6 of -0.150 Å is significantly smaller than that
of complex 5 (Uoop = -0.265 Å). As discussed above, this Uoop value indicates that the U–
N interaction in 6 is stronger than in 5. This difference in bonding interaction can also be
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attributed to the ability of the less sterically hindered indazolido ligand in 6 to more
effectively penetrate the uranium core, thereby allowing for better M–L interaction.

Figure 3-6. Molecular structure of [((AdArO)3tacn)UIV(η2-Ind)] in crystals of 6 •
C6H6/CH3CN (top). Thermal ellipsoids are at the 50% probability level. Hydrogen
atoms and co-crystallized solvents are omitted for clarity. Ball and stick representation of
complex 6 (bottom) displays the co-planarity of the coordinated indazolido ligand.
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3.3 Discussion
As frequently reported, when diphenyldiazomethane coordinates to metals in an
η2 fashion, it involves insertion of the α-N into a pre-existing M–L bond to form
hydrazonato complexes. Such is the case for Zr and Ti, which produce the hydrazonato
[(Cp)2Zr(Me)(η2-Ph2C=N–NMe)]18

species

and

[(Cp*)Ti(Me)(η2-Ph2C=N–

NMe][Ti(Cp*)(Me2)](µ-O)19, as well as for Burns’ uranium methyl triflato complex
[(Cp*)2U(CH3)(OTf)]5 (Scheme 3-3), which all contain M–C bonds necessary for Ninsertion.

Although [((t-BuArO)3tacn)U] (1) is comprised solely of the hexadentate

aryloxide triazacyclononane ligand (without M–C bonds), η2 coordination of Ph2CN2 to
the U center still occurs, hence forming the unprecedented actinide η2-N,N bound
diphenyldiazomethane (2) (Scheme 3-1). Complex 2 is a charge-separated complex that
possesses a radical anionic ligand, Ph2CNN•–. Such compounds are appreciated not only
for their rarity but also for their interesting spectroscopic character.20-22

Scheme 3-3. Diphenyldiazomethane insertion into the U–CH3 bond to form a uranium
triflato hydrazonato complex (Burns et al.).5
The separate products obtained from the reaction of diphenyldiazomethane with
the two different uranium systems 1 and 3 perfectly illustrate how steric alterations of the
ligand can result in significant changes in reactivity. From the space filling model of 1
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Figure 3-7. Space-filling representations of 1 (top) and 3 (bottom). Top views (left) and
side views (right) are also shown.
(Figure 3-7, top), it is clear that the bowl-shaped reactive site is much more accessible
than the 5Å-deep cylindrical reactive site of 3 (Figure 3-7, bottom).
For this reason, the less sterically pressured 2 does not undergo nitrogen insertion
when heated because the phenyl groups are allowed to freely rotate making N-insertion
into the C–H bond not entropically favorable. The nitrogen insertion leading to 5 is
attributed to the steric pressure exerted on the diphenyldiazomethane fragment by the
adamantane groups (and possibly a weak π–π interaction), thereby placing a phenyl ring
in plane with the N–N–U plane and allowing the electron-rich imido-type α-N (N4)
closer to the ortho phenyl C–H bond for insertion (Figure 3-8). Steric pressure describes
the force exerted on a substrate by the sterics of its environment thereby influencing the
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substrate’s spatial orientation, binding mode, and reactivity.

Accordingly, our

proposition that steric pressure helps trigger the N-insertion is supported by the
observation of bending in the indazole unit in 5, resulting in the dihedral angle of 19.2º
between the 3- and 5-membered rings (see complex 6).

Scheme 3-4. 3-Phenyl indazole formation through C–Br activation of 2-bromo
diphenyldiazomethane (Lemenovskii et al.).23
The transformation of diphenyldiazomethane into 3-phenyl-indazole is rare and,
to the best of our knowledge, has only been previously reported by Lemenovskii.23 In
Lemenovskii’s work, the reaction of niobocene trihydride with o-bromo diphenyldiazomethane produced a bis-indazole species in low yield (Scheme 3-4). Our high-yield
transformation is even more unexpected, given that activating the phenyl C–H bond
(~110 kcal/mol)24 is more difficult than the corresponding C–Br bond (70.9 kcal/mol)25.
A related transformation was also observed for Burns’ UIV imido complex [(Cp*)2U(=N–
2,4,6-tBu3C6H2Ar)]. When reacted with diphenyldiazomethane, the first coordination

94

Figure 3-8. Structural representations of 5 illustrating how steric constraints by bulky
adamantane group and π-π interactions place one of the two the benzene rings of Ph2CN2
in plane with the N–N–U plane for C–H activation and N-insertion. The dihedral angle
of 19.2º between the 3- and 5-membered rings is also caused by steric pressure.
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product was identified as a “nitrene complex” and upon heating this product, cyclometalation was proposed through nitrogen insertion into the C–H bond of a nearby tertbutyl group to produce [(C5Me5)2U(=N–2,4,6-tBu3C6H2)(=N–N=CPh2))].26

Also of

interest to note is Chisholm’s work featuring the formation of a diphenyldiazomethane
coordinated to tungsten in an η1 bent fashion, [W2(µ-CSiMe3)2(CH2SiMe3)4(N2CPh2)].
Heating this complex to 120ºC promotes a speculated orthometalation compound
supported by NMR.27

Curtis has also reported on a similar complex of a di-p-

tolyldiazomethane complex bound in an η1 fashion, [Cp2Mo2-(CO)3[C(C6H4-pMe)2(N2C(C6H4-p-Me)2)].28 Unfortunately, there are no reported IR stretches for the CN-N stretch of these compounds in order to compare with the proposed η1 linear bound
complex 4.

Scheme 3-5. Proposed synthetic pathways for complexes 2, 4, and 5.
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Although complex 5 resulted from 4, the exact mechanism of this transformation
is still unknown.

There is reason to assume that there must be a fleeting second

intermediate [4a] between complex 4 and 5 during heating to facilitate C–H activation
and nitrogen-insertion to produce the indazole complex (Scheme 3-5). We propose this
intermediate as an η2-N,N bound complex [((AdArO)3tacn)UIV(η2-NNCPh2)] that is
structurally similar and electronically identical to complex 2. Steric pressure from the
adamantyl groups promotes C–H activation. This is followed by nitrogen insertion of
intermediate [4a] leading to a transition state where the hydrogen resides on the nitrogen,
and the U center is finally reduced back to U(III). Subsequently, hydrogen is evolved via
reduction of the coordinated amine hydrogen, which has been detected by GC-TCD, and
complex 5 is produced, (see Experimental Section).
3.4 Conclusion
The propensity of uranium complexes to act as one electron reducing agents when
combined with careful control of the molecular architecture can give rise to interesting
and novel transformation chemistry, including the formation of charge-separated
complexes. In the case of the η2-diphenyldiazomethane charge-separated complex [((tBu

ArO)3tacn)UIV(η2-NNCPh2)] (2), no further chemical transformation occurs. Increasing

the steric pressure with adamantyl substituents produces the first actinide indazolido
complex [((AdArO)3tacn)UIV(η2-3-phen(Ind))] (5), presumably through the chargeseparated η2-diphenyldiazomethane intermediate, 4a, analogous to the tert-butyl
derivatized complex 2.

The significant impact of sterics is highlighted by use of the

adamantyl ligand substituents, which create the desirable conformation for complex 4 to
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achieve C–H activation and nitrogen insertion. The introduction of a wider variety of
ligand sterics and the exploration of the uranium complexes’ reactivity is of continued
interest in our group, and will hopefully result in synthesis of exciting new molecules via
chemical transformation of a coordinated ligand.
3.5 Experimental Section
General Methods.

All experiments were performed under dry nitrogen

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox.
Solvents were purified using a two-column solid-state purification system (Glasscontour
System, Irvine, CA) and transferred to the glovebox without exposure to air. NMR
solvents were obtained from Cambridge Isotope Laboratories, degassed, and stored over
activated molecular sieves prior to use.
Spectroscopic Methods. Magnetism data of crystalline powdered samples (20 –
30 mg) were recorded with a SQUID magnetometer (Quantum Design) at 10 kOe (5 –
300 K for 2 and 6) and (2 – 300 K for 3). Values of the magnetic susceptibility were
corrected for the underlying diamagnetic increment (χdia = –986.01 × 10-6 cm3 mol-1 (2), –
988.94 × 10-6 cm3 mol-1 (3), –885.84 × 10-6 cm3 mol-1 (6)) 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.

Data reproducibility was also carefully checked on independently

synthesized samples.
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1

H NMR spectra (400 or 500 MHz) were recorded at a probe temperature of 20 ºC

on Varian (Mercury 400 or Unity 500) in C6D6. Chemical shifts were referenced to protio
solvent impurities (δ 7.15 (C6D6)) and are reported in ppm.
Infrared spectra (400–4000 cm-1) of solid samples were obtained on a Thermo
Nicolet Avatar 360 FT-IR spectrophotometer as KBr pellets or nujol mull.
Electronic absorption spectra were recorded from 200 to 2500 nm (Shimadzu
(UV-3101PC)).
Results from elemental analysis were obtained from the Analytical Laboratories at
the Friedrich-Alexander-University Erlangen-Nürnberg (Erlangen, Germany) on Euro EA
3000.
GC-TCD results were obtained from the Analytical Laboratories at the FriedrichAlexander-University Erlangen-Nürnberg (Erlangen, Germany) on a Shimadzu GC 17A,
equipped with a 60m × 0.54 mm fused silica PLOT column and thermal conductivity
detector. Measurements were made with N2 carrier gas at 70ºC.
Starting Materials. [(THF)4UI3] and [U(N(SiMe3)2)3] were prepared as described
by Clark et al.29-31
Laboratory

(ORNL)

Uranium turnings were purchased from Oak Ridge National
and

activated

according

to

literature

procedures.

Diphenyldiazomethane was synthesized based on literature procedures.32 1H-Indazole
(99%) was purchased from Aldrich and used as received.
Synthesis of [((t-BuArO)3tacn)UIV(η2-NNCPh2)] (2). A pentane solution (0.5
mL) of diphenyldiazomethane (19 mg, 0.1 mmol) was added drop-wise to [((t-BuArO)3tacn)UIII] (2) (100 mg, 0.1 mmol) in pentane (8 mL). The reaction was allowed to
proceed at room temperature for 12 hours.

The resulting solution was filtered,
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concentrated and placed in the freezer at -40 ºC. Within 2 days, single orange crystals
suitable for X-ray diffraction were obtained as 2 • 2C5H12. The crystals can be isolated
by vacuum filtration, washed with pentane and dried to produce a fine orange powder
(yield: 75 mg, 0.062 mmol, 62%). 1H NMR (400 MHz, benzene-d6, 20 ºC): δ = 23.65 (s,
2H, Δν1/2 = 25.1 Hz), 20.7 (t, 1H, Δν1/2 = 3.17 Hz), 2.32 (t, 1H, Δν1/2 = 2.84 Hz), 1.59 (s,
1H, Δν1/2 = 2.35 Hz), 1.16 (m, 9H, Δν1/2 = 18.8 Hz), 0.79 (s, 1H, Δν1/2 = 1.31 Hz), 0.78
(d, 6H, Δν1/2 = 1.15 Hz), -0.44 (s, 1H, Δν1/2 = 3.52 Hz), -2.50 (s, 2H, Δν1/2 = 2.92 Hz), 3.50 (s, 36H, Δν1/2 = 25.2 Hz), -3.70 (s, 6H, Δν1/2 = 13.5 Hz), -9.40 (s, 4H, Δν1/2 = 5.12
Hz), -10.73 (s, 18H, Δν1/2 = 334 Hz); elemental analysis (%) calcd for 3, C 63.35, H 7.31,
N 5.77; found, C 63.77, H 7.13, N 5.80.
Synthesis of [((AdArO)3tacn)UIII(η1-NNCPh2)] (4). To a solution of [((AdArO)3tacn)UIII] (1) (250 mg, 0.2 mmol) in hexane (8 mL), diphenyldiazomethane (39 mg, 0.2
mmol) was added. Stirring the reaction mixture for 1 hour at room temperature resulted
in green-orange precipitate in an orange solution.

The green-orange powder was

collected by vacuum filtration and dried (yield: 200 mg, 0.14 mmol, 70%).

1

H NMR

(400 MHz, benzene-d6, 20ºC): δ = 23.43 (s, 3H, Δν1/2 = 40.5 Hz), 21.93 (s, 3H, Δν1/2 =
40.5 Hz), 13.53 (s, 1H, Δν1/2 = 25.2 Hz), 11.74 (t, 1H, Δν1/2 = 5.15 Hz), 10.14 (s, 1H,
Δν1/2 = 33.7 Hz), 7.82 (s, 3H, Δν1/2 = 14.2 Hz), 6.27 (s, 3H, Δν1/2 = 5.10 Hz), 4.09 (s, 8H,
Δν1/2 = 25.1 Hz), 3.99 (s, 2H, Δν1/2 = 7.05 Hz), 2.66 (s, 9H, Δν1/2 = 10.2 Hz), 2.56 (d, 9H,
Δν1/2 = 19.5 Hz), 1.84 (d, 9H, Δν1/2 = 19.3 Hz), 1.19 (s, 6H, Δν1/2 = 12.8 Hz), 0.84 (t, 6H,
Δν1/2 = 3.45 Hz), 0.19 (s, 27H, Δν1/2 = 2.83 Hz), -1.02 (s, 9H, Δν1/2 = 25.7 Hz), -3.36 (s,
1H, Δν1/2 = 52.5 Hz), -4.21 (s, 2H, Δν1/2 = 22.7 Hz), -32.83 (s, 3H, Δν1/2 = 61.6 Hz);
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elemental analysis (%) calcd for 4, C 68.03, H 7.38, N 4.84; found, C 67.89, H 7.76, N
4.44.
Synthesis of [((AdArO)3tacn)UIV(η2-3-phen(Ind))] (5). A solution of [((AdArO)3tacn)UIII(η1-NNCPh2)] (4) (150 mg, 0.1 mmol) in benzene (10 mL) was heated at 60 ºC
while stirring for 2 hours. The orange solution was filtered and the volatiles were
removed from the filtrate by vacuum. The yellow-green solids were washed with pentane
and dried in vacuo. Recrystallization of the crude solids by slow diffusion of acetonitrile
into tetrahydrofuran produced single crystals of 5 suitable for X-ray diffraction analysis
(yield: 120 mg, 0.083 mmol, 83%). 1H NMR (400 MHz, benzene-d6, 20 ºC): δ = 44.48
(d, 1H, Δν1/2 = 26.2 Hz), 19.37 (s, 6H, Δν1/2 = 172 Hz), 17.05 (s, 2H, Δν1/2 = 115 Hz),
14.55 (s, 6H, Δν1/2 = 233 Hz), 9.16 (s, 3H, Δν1/2 = 118 Hz), 4.79 (s, 12H, Δν1/2 = 19.9
Hz), 3.12 (s, 33H, Δν1/2 = 25.6 Hz), 2.82 (s, 27H, Δν1/2 = 21.6 Hz), 2.27 (s, 1H, Δν1/2 =
10.4 Hz), 2.24 (t, 1H, Δν1/2 = 3.52 Hz), 1.19 (d, 1H, Δν1/2 = 3.83 Hz), 1.05 (t, 1H, Δν1/2 =
4.15 Hz), 0.83 (d, 1H, Δν1/2 = 103.6 Hz), 0.58 (d, 1H, Δν1/2 = 4.45 Hz), -1.08 (t, 2H, Δν1/2
= 4.15 Hz), -1.42 (t, 1H, Δν1/2 = 3.35 Hz), -3.96 (s, 2H, Δν1/2 = 4.25 Hz), -7.06 (s, 2H,
Δν1/2 = 117 Hz), -14.75 (s, 1H, Δν1/2 = 13.2 Hz); -33.99 (s, 1H, Δν1/2 = 34.8 Hz);
elemental analysis (%) calcd for 6, C 68.07, H 7.32, N 4.84; found, C 67.64, H 7.48, N
4.61.
Synthesis of [((AdArO)3tacn)UIV(1,2-η2-(Ind))] (6). A solution of 1H-Indazole
(19 mg, 0.16 mmol) in hexane (0.5 mL) was added to [((AdArO)3tacn)UIII] (6) (200 mg,
0.16 mmol) in hexane (10 mL). The reaction mixture stirred at room temperature for 12
hours. The resulting dark green precipitate in orange solution was collected by vacuum
filtration and washed with hexane. Recrystallization of the crude material by slow
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diffusion of acetonitrile into benzene yielded single crystals of 6 • C6D6/CH3CN suitable
for X-ray diffraction study (yield: 90 mg, 0.066 mmol, 41%).

1

H NMR (270 MHz,

benzene-d6, 20 ºC): δ = 12.44 (s, 1H, Δν1/2 = 8.35 Hz), 9.31 (s, 3H, Δν1/2 = 23.3 Hz), 7.67
(s, 3H, Δν1/2 = 25.1 Hz), 6.35 (s, 2H, Δν1/2 = 4.35 Hz), 5.74 (s, 2H, Δν1/2 = 22.7 Hz), 5.28
(s, 1H, Δν1/2 = 1.10 Hz), 4.15 (s, 2H, Δν1/2 = 24.5 Hz), 3.25 (s, 2H, Δν1/2 = 5.25 Hz), 2.96
(s, 3H, Δν1/2 = 12.3 Hz), 2.56 (s, 2H, Δν1/2 = 18.2 Hz), 2.21 (s, 2H, Δν1/2 = 12.8 Hz), 1.86
(m, 18H, Δν1/2 = 8.75 Hz), 1.55 (s, 9H, Δν1/2 = 16.6 Hz), 1.26 (m, 9H, Δν1/2 = 16.9 Hz),
1.03 (s, 3H, Δν1/2 = 5.15 Hz), 0.85 (s, 6H, Δν1/2 = 19.2 Hz), 0.50 (m, 4H, Δν1/2 = 3.55
Hz), -4.21 (s, 3H, Δν1/2 = 8.05 Hz), -4.53 (s, 6H, Δν1/2 = 6.55 Hz); -4.63 (s, 3H, Δν1/2 =
5.25 Hz); -5.78 (s, 3H, Δν1/2 =24.2 Hz); -6.09 (s, 2H, Δν1/2 = 20.5 Hz); -7.28 (s, 2H, Δν1/2
= 18.4 Hz); -8.48 (s, 1H, Δν1/2 = 17.5 Hz); -9.67 (s, 3H, Δν1/2 = 26.3 Hz); -10.94 (s, 2H,
Δν1/2 = 58.9 Hz); -11.50 (s, 1H, Δν1/2 = 44.1 Hz); -13.10 (s, 2H, Δν1/2 = 33.3 Hz); -15.71
(s, 1H, Δν1/2 = 28.7 Hz).
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3.7 Appendix

Figure 3-9. 1H-NMR spectrum of [((t-BuArO)3tacn)UIV( 2-NNCPh2)] (2) recorded in
benzene-d6. Chemical shifts are in units of ppm.
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Figure 3-10. 1H-NMR spectrum of [((AdArO)3tacn)UIII(η1-NNCPh2)] (4) recorded in
benzene-d6. Chemical shifts are in units of ppm.
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Figure 3-11. 1H-NMR spectrum of [((AdArO)3tacn)UIV(η2-3-phen(Ind))] (5) recorded in
benzene-d6. Chemical shifts are in units of ppm.
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Figure 3-12. 1H-NMR spectrum of [((AdArO)3tacn)UIV(1,2-η2-(Ind))] (6) recorded in
benzene-d6. Chemical shifts are in units of ppm.
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Crystallographic details for 2: Orange block-shaped crystals grown from a
concentrated pentane solution at -40 ºC were coated with Paratone N oil on a microscope
slide. A crystal of approximate dimensions 0.10 x 0.05 x 0.05 mm3 was selected and
mounted on a nylon loop. A total of 59650 reflections (-18<=h<=18, -25<=k<=24, 31<=l<=31) were collected at T = 100(2) K in the θ range from 2.93 to 27.10º, of which
15355 were unique (Rint = 0.0700); MoKα radiation (λ = 0.71073 Å). The structure was
solved by direct methods (Shelxtl Version 6.10, Bruker AXS, Inc., 2000). With the
exception of solvent and hydrogen atoms, all atoms were refined anisotropically.
Hydrogen atoms were placed in calculated idealized positions. The residual peak and
hole electron density were 1.007 and -0.602 e.Å-3. The absorption coefficient was 2.367
mm-1. The least-squares refinement converged normally with residuals of R1 = 0.0704 (all
data), wR2 = 0.0938, and GOF = 1.012 (I > 2σ(I)). C74H112N55O3U, space group P21/n,
monoclinic, a = 14.5905(16), b = 19.570(2), c =25.554(3), β = 93.452(2)º, V =
6998.5(13) A3, Z = 4, ρcalcd = 1.289 mg/m3, F(000) = 2828, R(F) = 0.0424, wR(F2) =
0.0850. CCDC reference number: 659085.
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X-ray Crystal Structure Details for [((t-BuArO)3tacn)UIV(η2-NNCPh2)] • 2 C5H12 (2):

Figure 3-13. Molecular structure of [((t-BuArO)3tacn)UIV(η2-NNCPh2)] (2). Thermal
ellipsoids are at the 50% probability level. Hydrogen atoms and co-crystallized THF
molecules are omitted for clarity.
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Table 3-2. Crystal Data and Structure Refinement for [((t-BuArO)3tacn)UIV(η2-NNCPh2)],
2 • 2 C5H12.

Identification code (ConQuest)

CCDC: 659085 (YOBYEU), PID: plf08

Empirical formula

C74 H112 N5 O3 U

Formula weight

1357.72

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, P2(1)/n

Unit cell dimensions

a = 14.5905(16) Å

α= 90°

b = 19.570(2) Å

β= 93.452(2)°

c = 24.554(3) Å

γ = 90°

Volume

6998.3(14) Å3

Z

4

Density (calculated)

1.289 Mg/m3

Absorption coefficient

2.367 mm-1

F(000)

2828

Crystal size

0.10 x 0.05 x 0.05 mm3

Theta range for data collection

2.93 to 27.10°

Index ranges

-18<=h<=18, -25<=k<=24, -31<=l<=31

Reflections collected / unique

59650 / 15355 [R(int) = 0.0700]

Completeness to theta = 25.00°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8908 and 0.7977

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

15355 / 219 / 835

Goodness-of-fit on F2

1.019

Final R indices [I>2sigma(I)]

R1 = 0.0424, wR2 = 0.0850

R indices (all data)

R1 = 0.0704, wR2 = 0.0938

Largest diff. peak and hole

1.007 and -0.602 e.Å-3
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Crystallographic details for 5: Green plate crystals grown from slow diffusion
of acetonitrile into a tetrahydrofuran solution at room temperature were coated with
Paratone N oil on a microscope slide. A crystal of approximate dimensions 0.30 × 0.20 ×
0.15 mm3 was selected and mounted on a nylon loop. A total of 42092 reflections (16<=h<=15, -16<=k<=16, -31<=l<=30) were collected at T = 100(2) K in the θ range
from 0.88 to 28.27º, of which 15544 were unique (Rint = 0.0271); MoKα radiation (λ =
0.71073 Å). The structure was solved by Dirdif 99 (Shelxtl Version 6.10, Bruker AXS,
Inc., 2000). With the exception of solvent and hydrogen atoms, all atoms were refined
anisotropically. Hydrogen atoms were placed in calculated idealized positions. The
residual peak and hole electron density were 1.558 and -0.669 e.Å-3. The absorption
coefficient was 2.400 mm-1. The least-squares refinement converged normally with
residuals of R1 = 0.0324 (all data), wR2 = 0.0780, and GOF = 1.055 (I > 2σ(I)).
C82H105N5O5U, space group P-1, triclinic, a = 12.2137(7), b = 12.2230(8), c =
23.6753(15), α = 86.720(1) º, β = 79.248(1)º, γ = 85.654(1)º, V = 3459.1(4) A3, Z = 2,
ρcalcd = 1.389 mg/m3, F(000) = 1496, R(F) = 0.0282, wR(F2) = 0.0757. CCDC reference
number: 659086.
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X-ray Crystal Structure Details for [((AdArO)3tacn)UIV(η2-3-phen(Ind))] (5):

Figure 3-14. Molecular structure of [((AdArO)3tacn)UIV(η2-3-phen(Ind))] (5). Thermal
ellipsoids are at the 50% probability level. Hydrogen atoms and co-crystallized THF
molecules are omitted for clarity.
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Table 3-3. Crystal Data and Structure Refinement for [((AdArO)3tacn)UIV(η2-3phen(Ind))], 5.

Identification code (ConQuest)

CCDC: 659086 (YOBYIY), PID: opl16

Empirical formula

C82 H105 N5 O3 U

Formula weight

1446.74

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 12.2137(7) Å

α= 86.720(1)°

b = 12.2230(8) Å

β= 79.248(1)°

c = 23.6753(15) Å

γ = 85.654(1)°

Volume

3459.1(4) Å3

Z

2

Density (calculated)

1.389 Mg/m3

Absorption coefficient

2.400 mm-1

F(000)

1496

Crystal size

0.3 x 0.2 x 0.15 mm3

Theta range for data collection

0.88 to 28.27°

Index ranges

-16<=h<=15, -16<=k<=16, -31<=l<=30

Reflections collected / unique

42092 / 15544 [R(int) = 0.0271]

Completeness to theta = 25.00°

99.1 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.698 and 0.480

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

15544 / 0 / 820

Goodness-of-fit on F2

1.055

Final R indices [I>2sigma(I)]

R1 = 0.0282, wR2 = 0.0757

R indices (all data)

R1 = 0.0324, wR2 = 0.0780

Largest diff. peak and hole

1.558 and -0.669 e.Å-3
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Crystallographic details for 6: Green block-shaped crystals grown from slow
diffusion of acetonitrile into a benzene solution at room temperature were coated with
Paratone N oil on a microscope slide. A crystal of approximate dimensions 0.20 × 0.20 ×
0.15 mm3 was selected and mounted on a glass fiber. A total of 83574 reflections (13<=h<=13, -21<=k<=21, -28<=l<=28) were collected at T = 100(2) K in the θ range
from 3.05 to 27.88º, of which 17350 were unique (Rint = 0.0947); MoKα radiation (λ =
0.71073 Å). The structure was solved by direct methods (Shelxtl Version 6.12, Bruker
AXS, Inc., 2002). With the exception of solvent and hydrogen atoms, all atoms were
refined anisotropically. Hydrogen atoms were placed in calculated idealized positions.
The residual peak and hole electron density were 1.421 and -0.923 e.Å-3. The absorption
coefficient was 2.284 mm-1. The least-squares refinement converged normally with
residuals of R1 = 0.0759 (all data), wR2 = 0.0888, and GOF = 1.036 (I > 2σ(I)).
C83H110N6O3U, space group P-1, triclinic, a = 10.3839(7), b = 16.525(2), c = 21.863(2), α
= 102.655(7) º, β = 91.865(8)º, γ = 95.400(6)º, V = 3638.7(6) A3, Z = 2, ρcalcd = 1.361
mg/m3, F(000) = 1546, R(F) = 0.0440, wR(F2) = 0.0798. CCDC reference number:
659087.
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X-ray Crystal Structure Details for [((AdArO)3tacn)UIV(η2-Ind)] • C6H6/CH3CN (6):

Figure 3-15. Molecular structure of [((AdArO)3tacn)UIV(η2-Ind)] (6). Thermal ellipsoids
are at the 50% probability level. Hydrogen atoms and co-crystallized THF molecules are
omitted for clarity.
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Table 3-4. Crystal Data and Structure Refinement for [((AdArO)3tacn)UIV(η2-Ind)], 6 •
C6H6/CH3CN.

Identification code (ConQuest)

CCDC: 659087 (YOBYOE), PID: opl0602

Empirical formula

C83.22 H110 N6.78 O3 U

Formula weight

1491.36

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 10.3839(7) Å

α= 102.655(7)°

b = 16.525(2) Å

β= 91.865(8)°

c = 21.863(2) Å

γ = 95.400(6)°

Volume

3638.7(6) Å3

Z

2

Density (calculated)

1.361 Mg/m3

Absorption coefficient

2.284 mm-1

F(000)

1546

Crystal size

0.20 x 0.20 x 0.15 mm3

Theta range for data collection

3.05 to 27.88°

Index ranges

-13<=h<=13, -21<=k<=21, -28<=l<=28

Reflections collected / unique

83574 / 17350 [R(int) = 0.0947]

Completeness to theta = 25.00°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.710 and 0.582

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

17350 / 513 / 1078

Goodness-of-fit on F2

1.036

Final R indices [I>2sigma(I)]

R1 = 0.0440, wR2 = 0.0798

R indices (all data)

R1 = 0.0759, wR2 = 0.0888

Largest diff. peak and hole

1.421 and -0.923 e.Å-3
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Chapter 4. A New Diamantane Functionalized Tris(aryloxide) Ligand
System for Small Molecule Activation at Reactive Uranium Complexes
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4.1 Introduction
It has been demonstrated that stabilization of U(III) ions can be achieved with the
hexadentate tris-aryloxide functionalized triazacyclononane ligand system (RArOH)3tacn
(R = t-Bu L1, Ad = L2) and that the U(III) precursors show unusual reactivity towards
small molecules.1,2 The influence of steric pressure from the (RArOH)3tacn ligand system
on the reactivity of the U(III) complexes has been well demonstrated.3,4 Varying the tertbutyl substituents at the ortho position of the aryl rings in the 1st-generation ligand (tBu

ArOH)3tacn (Figure 4-1, L1) to adamantyl substituents in the 2nd-generation ligand

(AdArOH)3tacn (Figure 4-1, L2) significantly alters the steric environment. As previously
reported, the U(III) complex [(L1)U] (Figure 4-2, left) possesses a more open and shallow
axial reactive cavity compared to [(L2)U] (Figure 4-2, right).

As a result, there

coordinated axial ligand is insufficiently protected by L1 in [(L1)U] leading to the
splitting of CO2 to form [(L1)U(µ-O)]5 whereas L2 can promote stabilization of a U(IV)
species with a radical anionic CO2•─ ligand [(L2)U(CO2•─)] (Scheme 4-1).6
Herein, we report the synthesis of a third-generation diamantyl functionalized
ligand system (DiaArOH)3tacn (Figure 4-1, L3), designed to deliver a sterically more

Figure 4-1. Chelating ligands for uranium coordination chemistry.
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Figure 4-2. Space-filling representations of U(III) precursors of previously reported
ligand systems L1 and L2.
demanding environment along with an enhanced hydrophobic reactive pocket around the
uranium center. A deep hydrophobic reactive site was envisioned as part of the initial
investigations into activation and functionalization of hydrocarbons. Syntheses of the
U(III) precursor [(L3)U] (1), U(IV) chloro complex [(L3)U(Cl)] (2), and U(V) imido
complex [(L3)U(NTMS)] (3) along with XRD and spectroscopic measurements are also
presented.

Scheme 4-1. Reactivity of (L1)U and (L2)U with CO2.
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4.2 Results and Discussion
4.2.1

Synthesis and Spectroscopic Measurements of [((DiaArOH)3tacn)] (1)
Similarly to the syntheses of L1 and L2,7,8 the diamantyl functionalized ligand L3

is synthesized from a Mannich condensation of triazacyclononane, paraformaldehyde,
and 2-adamantyl-4-tert-butylphenol. The U(III) precursor complex [((DiaArOH)3tacn)]
(1) is obtained by treating [U(N(SiMe3)2)3] with L3 in 1,2-dimethoxyethane (DME)
yielding 1 as a red-brown solid (Scheme 4-2). Although X-ray diffraction (XRD) quality
single crystals could not be obtained of 1, its spectroscopic behavior and reactivity are in
accordance with the six-coordinate precursor complex.

For instance, the 1H-NMR

spectrum shows 13 resonances, consistent with a molecule possessing an idealized C3
symmetry on the NMR time scale. Variable temperature (VT) magnetization data clearly
identifies 1 as a trivalent species exhibiting magnetic moments of 1.26 B.M. and 3.04
B.M. at 5 K and 300 K, respectively (Figure 4-3, top). The temperature dependence of
the magnetic moment is similar to those seen in other U(III) precursors.1 The electronic
absorption spectrum exhibits a Laporte-allowed, metal-centered 5f 3 to 5f 26d1 transition

Scheme 4-2. Synthesis of complex 1 bearing the new diamantane ligand L3.
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Figure 4-3. Temperature-dependent SQUID magnetization data of two independently
synthesized samples of 1 (at 1 T) plotted as a function of magnetic moment (µeff) vs.
temperature (T) (top). The electronic absorption spectra of 1 are recorded in toluene
(bottom) at two different concentrations.
in the visible region (460 nm, ε = 766 M-1cm-1) typically observed for complexes with
U(III) ions (Figure 4-3, bottom).
The CW X-band EPR spectrum of 1, recorded in frozen toluene solution at 6 K,
exhibits an isotropic signal at g = 2.08 (Figure 4-4), which is nearly identical to the one
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recorded for [((RArO)3tacn)UIII] (R = t-Bu, Ad) and similar to the one that was measured
for the parent U(III) tris-amido system [U(N(SiMe3)2)3].8 A feature clearly visible on the
low-field part of the signal could not be simulated with a set of anisotropic g-values.
Furthermore, the observed reactivity of complex 1 with small molecules is also in
accordance with trivalent uranium such as the one-electron activation of methylene
chloride to form 2 and two-electron reduction of azidotrimethylsilane to form 3.
Synthesis and spectroscopic characterization of both complexes are discussed in detail in
the following sections.

Figure 4-4. CW X-band EPR spectrum of 1 recorded in frozen toluene solution at T = 6
K. Experimental spectrum (magenta): frequency, 8.9828 GHz; power, 0.20 mW;
modulation amplitude, 5 G. Simulation (blue): g = 2.08, WFWHM = 280 G.
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4.2.2. Synthesis and Molecular Structure of [((DiaArO)3tacn)U(Cl)] (2)
Treatment of a red-brown solution of complex 1 with methylene chloride in DME
immediately results in decolorization of the reaction solution to green. The solution was
filtered and volatiles were removed giving green solids of [((DiaArO)3tacn)U(Cl)] (2)
(Scheme 4-3).

Green crystals of XRD quality were obtained from diffusion of

acetonitrile into a solution of 2 in methylene chloride. The molecular structure of 2
reveals a seven-coordinate complex where the chloride ligand is coordinated in the axial
position and the uranium center is located 0.26 Å below the plane formed by the three
phenolate oxygens (Figure 4-5). The average U─Oavg and U─Navg bond distances in
complex 2 of 2.174(6) Å and 2.652(8) Å are comparable to those of the corresponding
U(IV)

chloride

complex

derived

from

the

adamantyl

functionalized

ligand

[((AdArO)3tacn)U(Cl)] (2.160(6) Å, 2.654(7) Å).9 The U─Cl bond distance of 2.691(3) Å
also compares well with that of the [((AdArO)3tacn)U(Cl)] complex (2.708(3) Å).9 A
notable feature observed in the molecular structure of 2 is the hydrogen bonding

Scheme 4-3. Synthesis of U(IV) chloride complex 2.
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Figure 4-5. Molecular structure of U(IV) chloro complex 2; the space-filling
representation is shown at bottom.
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interaction (2.706 Å) between a co-crystallized dichloromethane hydrogen with the coordinated axial chloride (Figure 4-5). The observation of hydrogen bonding suggests that
non-polar small molecules such as methane could also be coaxed into the reactive pocket
of U(V) terminal oxo species, a necessary pathway towards C─H activation.
As expected, the three diamantyl substituents form a deep cavity in
[((DiaArO)3tacn)U(Cl)] (2) of approximately 5.9 Å, significantly deeper than that of
[((AdArO)3tacn)U(Cl)], where the adamantyl groups create a cavity depth of only 4.7 Å.
The depth of the hydrophobic pocket can be expected to be even greater in the
coordinatively unsaturated six-coordinate complex 1. Presumably, the strongly bound
axial chloride ligand in complex 2 bends the diamantyl substituents away from the
uranium center.
4.2.3. Magnetism and Electronic Absorption of [((DiaArO)3tacn)U(Cl)] (2)
Variable temperature SQUID magnetization measurements are needed to identify
U(III) f

3

and U(IV) f

2

complexes since their magnetic moment values at room

temperature are nearly indistinguishable (calc.: U(III): 3.69 µB; U(IV): 3.58 µB). Due to
a non-magnetic singlet ground state at low temperatures, U(IV) f 2 complexes exhibit
temperature independent paramagnetism (TIP), resulting in low magnetic moments at
low temperatures, typically ranging from 0.4−0.8 µB at 2 K. The VT SQUID plot of 2
clearly reveals a U(IV) species, where temperature dependent magnetic moments of 3.13
µB and 0.69 µB are observed at 300 K and 2 K, respectively (Figure 4-6, top). By
contrast, in U(III) f 3 complex 1, a steady decline from 3.04 to 1.26 µB is observed as the
temperature decreases from 300 K to 5 K.
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Figure 4-6. Temperature-dependent SQUID magnetization data (at 1 T) plotted as a
function of magnetic moment (µeff) vs. temperature (T) (top, blue and magenta) and molar
susceptibility (χm) vs. temperature (T) (top, green and red). The electronic absorption
spectrum of 2, recorded in toluene, is shown at bottom.
Two distinctive features observed in the electronic absorption spectrum further
support that complex 2 is a U(IV) species. Upon oxidation of the uranium center, the
color-giving f−d absorption band observed in the visible part of the spectrum found for
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the U(III) f 3 complex 1 shifts to the UV region and is no longer visible in the spectrum of
2, rendering the U(IV) species of this ligand system pale-colored. Only a series of weak
absorption bands (ε ≈ 20−50 M-1cm-1) spanning the region of ca. 600−1600 nm are
observed (Figure 4-6, bottom). These bands arise from Laporte-forbidden f−f transitions
and are characteristic of complexes containing tetravalent uranium centers.10
4.2.4

Synthesis and Molecular Structure of [((DiaArO)3tacn)U(NTMS)] (3)
Precursor complex 1 undergoes two-electron redox chemistry when treated with

azidotrimethylsilane to form a U(V) imido complex [((DiaArO)3tacn)U(NTMS)] (3) and
dinitrogen (Scheme 4-4). Brown single crystals suitable for XRD analysis were obtained
from a saturated solution of 3 in hexane. The molecular structure features a sevencoordinate species, where the trimethylsilylimide ligand is bound at the axial position and
the uranium center is nearly coplanar with the three phenolate oxygens (0.066 Å below
O3 plane) (Figure 4-7).

Scheme 4-4. Synthesis of U(V) imide complex 3.
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The average U─Oavg and U─Navg bond lengths of 2.191(3) Å and 2.700(3) Å in
complex 3 compare well with those of the previously published U(V) imido complex
[((AdArO)3tacn)U(NTMS)] (2.211(2) Å and 2.696(2) Å).9 Remarkably, the U─N1 bond
distance of 1.935(3) Å is significantly shorter in complex 3 compared to the
unprecedentedly long uranium imido bond of 2.122(2) Å in [((AdArO)3tacn)U(NTMS)]
and even shorter than that of [((t-BuArO)3tacn)U(NTMS)] (1.985(5) Å).9 The length of
the U─NTMS is an indication of the strength and covalency of the uranium imido bond
and is reflected by the U─N─Si angle. A more linear U─N─Si angle allows for better
orbital overlap of the uranium with the imide nitrogen resulting in a shorter bond length.
The U─N─Si angle in 3 is nearly linear measuring 177.5(2)° compared to that of
[((AdArO)3tacn)U(NTMS)] (162.6(1)°),9 accounting for a significantly shorter U─Nimido
bond distance and a small displacement of the uranium center below the tris-aryloxide
plane (0.066 Å). This latter U out-of-plane parameter shift is an exceedingly sensitive
measure of the strength of the U─X bond in these complexes. Concomitant with a short
U≡N bond, the Si─N1 bond length in complex 3 is 1.722(3) Å, considerably longer than
that observed for the analogous [((AdArO)3tacn)U(NTMS)] (1.623(2) Å).9 In order to
obtain an elusive and highly desirable uranium terminal nitride species, cleavage of the
Si─N is required and hence, a significantly weakened Si─N bond is desirable. Strategies
to accomplish such a synthesis are currently being undertaken. As observed for complex
2, the pocket in complex 3 of ~ 5.4 Å is much deeper than that of
[((AdArO)3tacn)U(NTMS)] (~ 4.6 Å). The shallower cavity in complex 3 compared to
complex 2 illustrates that the more the uranium center is bound to a stronger ligand
(TMSN2– > Cl–), the more the diamantyl groups are driven away from the uranium center.
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Figure 4-7. Molecular structure of complex U(V) imido complex 3. Thermal ellipsoids
are at 50% probability.
The difference in pocket depth (Δdepth ≈ 0.5 Å) in the complexes of the diamantyl
functionalized ligand is significantly larger than in the complexes supported by the
adamantyl functionalized ligand (Δdepth ≈ 0.1 Å).

This suggests that although the

diamantyl substituents are more sterically cumbersome, the ligand system is more
flexible and accommodating than the adamantyl derivatized ligand system.
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4.2.5

Magnetism and Electronic Absorption of [((DiaArO)3tacn)U(NTMS)] (3)
Variable temperature SQUID magnetization data can be used to clearly

differentiate U(V) f 1 complexes from the data of their f 2 and f 3 counterparts. Based on
the L─S coupling scheme, the calculated µeff value for a U(V) f

1

complex at room

temperature is 2.54 µB.11 The VT SQUID magnetization data for complex 3 shows a
temperature dependent magnetic moment ranging from 2.55 µB to 1.26 µB in the
temperature range of 300 K to 5 K, identifying 3 as a U(V) complex (Figure 4-8, top).
From the ligand field theory for U(V) complexes, the 2F manifold of a 5 f electron
will be split by the 5 f spin-orbit interaction (approx. 2200 cm-1 for the free ion) into two J
multiplets, J = 5/2 and 7/2. In C3v symmetry, the J = 5/2 ground state splits into three
magnetic doublets, two EPR active µ = ± 1/2 and one EPR inactive µ = ± 3/2 state, where
µ is the crystal ground state number.12 Despite their f 1 electron configuration, the U(V)
imido complex 3, [((DiaArO)3tacn)U(NTMS)], and all other reported U(V) imido
complexes, are found to be EPR-silent. This observation suggests that the ground state
crystal field of 3 must be µ = ± 3/2.

Interestingly, the corresponding U(V) oxo

complexes [((RArO)3tacn)U(O)] (R = t-Bu, Ad) are EPR active. These species show EPR
spectra of axial symmetry; thus, confirming their µ = ± 1/2 ground state. Preliminary
data of a U(V) oxo species, [((DiaArO)3tacn)U(O)], of the presented diamantane
derivatized system are in agreement with this observation; the details of this species will
be reported later.
Additionally, the electronic absorption spectrum of 3 displays absorption bands
characteristic of U(V) imido complexes. The intense brown-orange color of 3 arises from
intense LMCT transitions in the visible region ranging from ~ 800 to 350 nm. Weaker
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Figure 4-8. Temperature-dependent SQUID magnetization data (at 1 T) plotted as a
function of magnetic moment (µeff) vs. temperature (T) (top) and electronic absorption
spectrum of 3 (magenta) recorded in toluene (bottom) and comparison to
[((AdArO)3tacn)U(NTMS)] (blue).
Laporte-forbidden f−f transitions spanning the region between 850 nm and 2000 nm (ε ≈
25−100 M-1cm-1) are also observed (Figure 4-8, bottom). The absorption pattern of 3 is
nearly identical to that of the corresponding U(V) imido complex bearing the adamantyl
functionalized ligand [((AdArO)3tacn)U(NTMS)] (Figure 4-8, bottom).
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4.3 Conclusion
In our continued investigation of the effect of ligand environment on the reactivity
of uranium complexes, we have synthesized a new ligand system, (DiaArO)3tacn3-,
bearing sterically demanding diamantyl functionalized tris-phenolate pendent arms on a
triazacylononane anchor. The initial reactivity studies are promising in that they show
different results from the known systems [(L1)U] and [(L2)U]. In particular, the linear
binding of the trimethylsilylimide ligand in [((DiaArO)3tacn)U≡N-SiMe3] results in the
shortest U─N imide bond observed. This raises hope for a greater potential for formation
of a uranium terminal nitride species through cleavage of a significantly weakened Si─N
bond.

In addition, the cavity depth is greatly increased as intended.

The deeper

hydrophobic pocket could potentially provide a site for alkane activation and
functionalization such as monooxygenation of methane. These studies are currently
underway.
4.4. Experimental Section
General Methods.

All experiments were performed under dry nitrogen

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox.
Solvents were purified using a two-column solid-state purification system (Glasscontour
System, Irvine, CA) and transferred to the glovebox without exposure to air. NMR
solvents were obtained from Cambridge Isotope Laboratories, degassed, and stored over
activated molecular sieves prior to use.
Spectroscopic Methods. Magnetization data of crystalline powdered samples
(20 – 30 mg) were recorded with a SQUID magnetometer (Quantum Design) at 10 kOe
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(5 – 300 K for 1 and 3) and (2 – 300 K for 2). Values of the magnetic susceptibility were
corrected for the underlying diamagnetic increment (χdia = -878.98 × 10-6 cm3 mol-1 (1), 888.08 × 10-6 cm3 mol-1 (2), -906.48 × 10-6 cm3 mol-1 (3)) 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.

Data reproducibility was also carefully checked on independently

synthesized samples.
The EPR measurement was performed in a quartz tube with a J. Young valve.
Frozen solution EPR spectrum were recorded on a JEOL continuous wave spectrometer
JES-FA200 equipped with an X-band Gunn oscillator bridge, a cylindrical mode cavity,
and a helium cryostat as well as a Bruker ELEXSYS E500 spectrometer equipped with a
helium flow cryostat (Oxford Instruments ESR 910) and Hewlett-Packard frequency
counter HP5253B. Spectral simulation was performed using the program QCMP 136 by
Prof. Dr. Frank Neese from the Quantum Chemistry Program Exchange as used by Neese
et al. in J. Am. Chem. Soc. 1996, 118, 8692-8699.
1

H NMR spectra were recorded on JEOL 270 and 400 MHz instruments operating

at respective frequencies of 269.714 and 400.178 MHz with a probe temperature of 23 ºC
in C6D6 or CD2Cl2. Chemical shifts were referenced to protio solvent impurities (δ 7.15
(C6D6), δ 5.32 (CD2Cl2) and are reported in ppm.
Electronic absorption spectra were recorded from 200 to 2000 nm (Shimadzu
(UV-3101PC)) in the indicated solvent.
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Results from elemental analysis were obtained from the Analytical Laboratories at
the Friedrich-Alexander-University Erlangen-Nürnberg (Erlangen, Germany) on Euro EA
3000.
Starting Materials. Precursor complexes [(THF)4UI3] and [U(N(SiMe3)2)3] were
prepared as described by Clark et al.13,14 Uranium turnings were purchased from Oak
Ridge National Laboratory (ORNL) and activated according to literature procedures.13
The 4-hydroxydiamantane (99+%) was obtained from Chevron Technology Ventures as a
generous gift and used as received. Thionyl chloride (>99%) and azidotrimethylsilane
(95%) were purchased from Aldrich and used as received. The 4-tert-butylphenol (97%)
was purchased from Acros Organics and also used as received.

Anhydrous 1,2-

dimethoxyethane (99.5%) was purchased from Aldrich and further dried by distilling
over sodium benzophenone.
Ligand Synthesis. Synthesis of 4-chlorodiamantane. In a flask fitted with a
reflux condenser, thionyl chloride (18.0 mL, 0.0248 mol) was added to 4hydroxydiamantane (5.00 g, 0.0245 mol). The mixture was heated to reflux at 90 °C for
2 hours. At room temperature, the remaining thionyl chloride is removed in vacuo. The
residue is taken up in dichloromethane (50 mL) and washed three times (50 mL) with
distilled water. The volatiles in the organic fraction were removed in vacuo to yield a
white powder. Yield: 5.24 g (0.0235 mol, 96%). Elemental analysis (%) calcd: C,
75.49; H, 8.60. Measured: C, 75.67; H, 8.65.
Synthesis of 2-diamantyl-4-tert-butylphenol. In a flask equipped with a reflux
condenser, 4-chlorodiamantane (5.00 g, 0.0224 mol) and 4-tert-butylphenol (8.41 g,
0.056 mol) were heated to reflux at 140 °C. The melt was stirred for 12 hours. At room
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temperature, the solid mass was placed on a Kugelrohr device at 100 °C for 20 hours or
until a pure white product was obtained, checked by 1H-NMR. Yield: 5.88 g (0.0175
mol, 78%). 1H-NMR (400 MHz, dichloromethane-d2, 20 °C) δ = 7.27 (d, 1H), 7.07 (dd,
1H), 6.58 (d, 1H), 4.80 (s, 1H) 2.20 – 1.70 (m, 19H).
Synthesis of (DiaArOH)tacn(L3). In a flask fitted with a reflux condenser, triazacyclononane (0.43 g, 3.3 mmol) and paraformaldehyde (0.30 g, 9.9 mmol) were heated to
80 °C. After 2 hours, the 2-diamantyl-4-tert-butylphenol (5.00 g, 14.9 mmol) was added
and the reaction mixture was allowed to stir at 80 °C for an additional 14 hours. During
the cooling process to room temperature, a white precipitate started to form. A few drops
of water were added to the reaction mixture to facilitate complete precipitation of the
product. The white precipitate was collected by filtration and washed three times (10
mL) with ethanol.

Yield:

2.83 g (2.4 mmol, 72%).

1

H-NMR (400 MHz,

dichloromethane-d2, 20 °C) δ = 7.19 (d, 3H), 6.79 (d, 3H), 3.70 (s, 6H), 2.77 (s, 12H),
2.22 – 1.68 (m, 57H), 1.27 (s, 27H).
Complex Synthesis.

Synthesis of [((DiaArO)3tacn)U] (1).

A solution of

[U(N(SiMe3)2)3] (0.643 g, 0.89 mmol) in 1,2-dimethoxyethane (~8 mL) was added
dropwise to a stirring solution of (DiaArOH)3tacn (L3) (1.00 g, 0.85 mmol) in DME (~7
mL). Within 10 minutes, a red-brown solution is observed. The reaction was allowed to
stir for 4 hours. The reaction mixture was filtered through Celite and the volatiles were
removed in vacuo to obtain 1 as a red-brown powder. Yield: 0.823 g (0.70 mmol, 82%).
Synthesis of [((DiaArO)3tacn)U(Cl)] (2). Dichloromethane (7 µL, 0.11 mmol)
diluted in DME (~2 mL) was added dropwise to a stirring solution of 1 (0.150 g, 0.11
mmol) in DME (~6 mL). Immediately the red-brown reaction solution turned pale green.
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The reaction was allowed to proceed at room temperature for 5 hours. The reaction
mixture was filtered and volatiles were removed yielding 2 as pale green solids. Yield:
0.123 g (0.085 mmol, 77%).
Synthesis of [((DiaArO)3tacn)U(NTMS)] (3). Azidotrimethylsilane (14 µL, 0.11
mmol) diluted in hexane (~2 mL) was added dropwise to a stirring solution of 1 (0.150g,
0.11 mmol) in DME (~6 mL). The reaction solution turns dark brown-orange and
evolution of dinitrogen was observed. Stirring was continued for 4 hours. The reaction
mixture was filtered and volatiles were removed to obtain 3 as brown-orange solid.
Yield: 0.121 g (0.081 mmol, 76%).
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4.6 Appendix

Figure 4-9. 1H-NMR spectrum of 4-chlorodiamantane recorded in dichloromethane-d2.
Chemical shifts are in ppm.
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1
Figure 4-10.
H-NMR spectrum of 2-diamantyl-4-tert-butylphenol recorded in
dichloromethane-d2. Chemical shifts are in ppm.
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Figure 4-11. 1H-NMR spectrum of (DiaArOH)tacn (L3) recorded in dichloromethane-d2.
Chemical shifts are in ppm.

140

Figure 4-12. 1H-NMR spectrum of [((DiaArO)3tacn)U] (1) recorded in benzene-d6.
Chemical shifts are in units of ppm.
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Figure 4-13. 1H-NMR spectrum of [((DiaArO)3tacn)U(Cl)] (2) recorded in benzene-d6.
Chemical shifts are in units of ppm.
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Figure 4-14. 1H-NMR spectrum of [((DiaArO)3tacn)U(NTMS)] (3) recorded in benzened6. Chemical shifts are in units of ppm.
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Crystallographic Details for 2. Green block crystals, grown from slow diffusion
of acetonitrile into a dichloromethane solution of 2 at room temperature, were coated
with isobutylene oil on a microscope slide. A crystal of approximate dimensions 0.25 ×
0.21 × 0.14 mm3 was selected and mounted on a nylon loop. A total of 87361 reflections
(–30≤h≤30, –15≤k≤16, –32≤l≤32) were collected at T = 150(2) K in the θ range from
3.29 to 25.68º, of which 16647 were unique (Rint = 0.0726) and 13714 were observed [I >
2σ(I)] on a Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073
Å). The structure was solved by direct methods (SHELXTL NT 6.12, Bruker AXS, Inc.,
2002). All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed in calculated idealized positions. One of the t-Bu groups is disordered, with two
refined alternative positions being occupied by 36(2) and 64(2)% for C54 – C56 and
C54A – C56A, respectively. The compound crystallizes with a number of solvent
molecules of which the positions of one acetonitrile and two dichloromethane molecules
were located. Apart from this the crystal structure contains two solvent accessible voids
that are occupied by heavily disordered solvents. Here, the Squeeze algorithm was
applied.15 The residual peak and hole electron density were 3.293 and –3.787e.Å-3. The
absorption coefficient was 2.026 mm-1. The least-squares refinement converged normally
with residuals of R1 = 0.1045, wR2 = 0.2070, and GOF = 1.241 (all data).
C85H115N4O3Cl5U, monoclinic, space group P2(1)/c, a = 24.996(5), b = 13.380(2), c =
27.038(3) Å, β = 101.300(9)º, V = 8867(2) Å3, Z = 4, ρcalcd = 1.240 Mg/m3, F(000) =
3416, R1(F) = 0.0910, wR2(F2) = 0.2014 [I > 2σ(I)]. CCDC reference number: 763284.
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X-ray Crystal Structure Details for [((DiaArO)3tacn)U(Cl)] (2):

Figure 4-15. Molecular structure of [((DiaArO)3tacn)U(Cl)] (2). Thermal ellipsoids are at
the 50% probability level. Hydrogen atoms and co-crystallized methylene chloride and
acetonitrile solvent molecules are omitted for clarity.
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Table 4-1. Crystal Data and Structure Refinement for [((DiaArO)3tacn)U(Cl)], 2 • 2
CH2Cl2/CH3CN.

Identification code

CCDC: 763284, PID: opl0807sq

Empirical formula

C85 H115 Cl5 N4 O3 U

Formula weight

1656.09

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a = 24.996(5) Å

alpha = 90°

b = 13.380(2) Å

beta = 101.300(9)°

c = 27.038(3) Å

gamma = 90°

Volume

8867(2) Å3

Z

4

Density (calculated)

1.240 Mg/m3

Absorption coefficient

2.026 mm-1

F(000)

3416

Crystal size

0.25 x 0.21 x 0.14 mm3

Theta range for data collection

3.29 to 25.68°

Limiting indices

-30<=h<=30, -15<=k<=16, -32<=l<=32

Reflections collected / unique

87361 / 16647 [R(int) = 0.0726]

Completeness to theta = 25.68°

98.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.753 and 0.468

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

16647 / 97 / 924

Goodness-of-fit on F2

1.241

Final R indices [I>2sigma(I)]

R1 = 0.0910, wR2 = 0.2014

R indices (all data)

R1 = 0.1045, wR2 = 0.2070

Largest diff. peak and hole

3.293 and -3.787 e.A-3
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Crystallographic Details for 3. Brown plate crystals, grown from a saturated
solution of 3 in hexane at room temperature, were coated with Paratone N oil on a
microscope slide. A crystal of approximate dimensions 0.13 × 0.10 × 0.04 mm3 was
selected and mounted on a glass fiber. A total of 112504 reflections (–14≤h≤14, –
23≤k≤23, –30≤l≤30) were collected at T = 150(2) K in the θ range from 3.15 to 26.73º, of
which 18581 were unique (Rint = 0.1249) and 14448 were observed [I > 2σ(I)] on a
Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073 Å). The
structure was solved by direct methods (SHELXTL NT 6.12, Bruker AXS, Inc., 2002).
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in
calculated idealized positions. One of the t-Bu groups is disordered, with two refined
alternative positions being occupied by 38(3) and 62(3)% for C79 – C81 and C79A –
C81A, respectively. The asymmetric unit contains two molecules of n-hexane both of
which are disordered. The residual peak and hole electron density were 1.348 and –0.752
e.Å-3.

The absorption coefficient was 1.917 mm-1.

The least-squares refinement

converged normally with residuals of R1 = 0.0748, wR2 = 0.0885, and GOF = 1.055 (all
data). C96H145N4O3SiU, triclinic, space group P-1, a = 11.3040(6), b = 18.194 (2), c =
24.048(2) Å, α = 111.877(6)º, β = 91.959(7)º, γ = 105.210(7)º, V = 4380.6(6) Å3, Z = 2,
ρcalcd = 1.266 Mg/m3, F(000) = 1758, R1(F) = 0.0458, wR2(F2) = 0.0797 [I > 2σ(I)].
CCDC reference number: 763285.
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X-ray Crystal Structure Details for [((DiaArO)3tacn)U(NTMS)] (3):

Figure 4-16. Molecular structure of [((DiaArO)3tacn)U(NTMS)] (3). Thermal ellipsoids
are at the 50% probability level. Hydrogen atoms and co-crystallized hexane solvent
molecules are omitted for clarity.
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Table 4-2. Crystal Data and Structure Refinement for [((DiaArO)3tacn)U(NTMS)], 3 • 2
C6H14.

Identification code

CCDC: 763285, PID: opl0805

Empirical formula

C96 H145 N4 O3 Si U

Formula weight

1669.28

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 11.3040(6) Å

α = 111.877(6)°

b = 18.1942(16) Å

β = 91.959(7)°

c = 24.0482(19) Å

γ = 105.210(7)°

Volume

4380.6(6) Å3

Z

2

Density (calculated)

1.266 Mg/m3

Absorption coefficient

1.917 mm-1

F(000)

1758

Crystal size

0.13 x 0.10 x 0.04 mm3

Theta range for data collection

3.15 to 26.73°

Limiting indices

-14<=h<=14, -23<=k<=23, -30<=l<=30

Reflections collected / unique

112504 / 18581 [R(int) = 0.1249]

Completeness to theta = 26.73°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.930 and 0.704

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

18581 / 237 / 1042

Goodness-of-fit on F2

1.055

Final R indices [I>2sigma(I)]

R1 = 0.0458, wR2 = 0.0797

R indices (all data)

R1 = 0.0748, wR2 = 0.0885

Largest diff. peak and hole

1.348 and -0.752 e.Å-3
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Chapter 5. A New Single N-anchored Ligand for Trivalent Uranium:
Reactivity Studies with Carbon Dioxide and Carbon Disulfide with
Insights Into the Mechanism of Carbonate Formation
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5.1 Introduction
Activation of carbon dioxide has been of great interest to many in the field of
coordination chemistry due to its potential utility as an inexpensive, abundant C1
feedstock and as its role as a greenhouse gas that contributes to climate change.1-6 Owing
to the stability of the C=O bonds, finding a highly reactive metal for activation and
functionalization of carbon dioxide often poses a major challenge for researchers. As
previously reported, electron-rich U(III) centers, when supported by a ligand with the
appropriate steric settings, can provide a platform for unprecedented reactions of carbon
dioxide.7-9 However, the reductive splitting of CO2 to form CO32- and CO has not been
well documented with f-element complexes. In 2006, Gardiner and co-workers reported
the first reductive splitting of carbon dioxide by a Sm(II) porphyrinogen complex to form
a dinuclear Sm(III)/Sm(III) bridging carbonate complex.10 Very recently, Cloke and coworkers observed the first carbonate formation from reductive activation of CO2 by a
uranium complex to form [((η-C8H6{SiiPr3-1,4}2)(η-C5Me4H)U)2(µ-η1:η2-CO3)].11 These
remain the only two examples of carbonate formation from CO2 via reductive processes
for the f-block elements.

An intermediate uranium bridging oxo species has been

suggested in the formation of the uranium carbonate complex, but has not been
confirmed.10 Formation of carbonate complexes through oxo and hydroxo complexes of
transition metal and lanthanum has been reported.12-14 Here, we present the second report
of carbonate formation through reductive cleavage of CO2 by uranium along with insights
into the mechanism.
We have demonstrated that the U(III) complexes, [((RArO)3tacn)U], supported by
hexadentate triazacyclononane derivatized ligands with coordinating aryloxide arms
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Figure 5-1. Chelating ligands for U(III) coordination chemistry.
(1,4,7-tris(3-R-5-tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclononane, R = t-Bu, Ad;
Figure 5-1, A), can reduce CO2 to form the end-on bound η1-OCO•─ complex
[((AdArO)3tacn)U(OCO•─)],7 or doubly reduce CO2 to form the bridging oxo complex
[{((t-BuArO)3tacn)U}2(µ-O)] and CO.15 Carbon dioxide functionalization can also occur
via multiple bond metathesis with high valent U(V) imido complexes leading to
formation of isocyanates and U(V) terminal oxo species.16 Recently, we reported a U(III)
complex with a new tripodal ligand system [((RArO)3mes)U] (1) (Figure 5-2, top, R = tBu), with (RArOH)3mes = 1,3,5-trimethyl-2,4,6-tris(2-R-4-tert-butyl-hydroxybenzyl)methylbenzene; R = t-Bu, Ad (Figure 5-1, B).17
Here, we introduce a new U(III) complex bearing a tripodal tris(aryloxide) ligand
with a single nitrogen anchor [((AdArO)3N)U] (2) (Figure 5-2, bottom). The chelating
ligands A and B have demonstrated a remarkable difference in reactivity towards CO2
compared to the (RArOH)3tacn system, resulting in reductive splitting of carbon dioxide
to form bridging carbonate complexes with concomitant formation of CO. Additionally,
preliminary reactivity studies were also performed on [((AdArO)3N)U] (2) with carbon
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disulfide resulting in a uranium bridging thiooxalate complex formed through reductive
coupling of CS2. The uranium bridging thiooxalate complex represents the only example
of a thiooxalate complex belonging to the family of lanthanides and actinides. Reductive
coupling of CS2 to form thiooxalate complexes are not well-documented for transition
metal complexes, an example has been reported for Fe.18
5.2 Results and Discussion
5.2.1 Synthesis of tris(2-hydroxy-3-adamantyl-5-methylbenzyl)amine, (AdArOH)3N
(C)
The synthesis of single N-anchored tris(aryloxide) ligand (C) proceeds through a
modified Duff reaction that involves the treatment of hexamethylenetetramine (HMTA)
with 6.5 equiv of 2-adamantyl-4-methylphenol and catalytic amounts of ptoluenesulfonic acid monohydrate (Scheme 5-1). A Schlenk flask is charged with 2adamantyl-4-methylphenol, HMTA, and p-toluenesulfonic acid monohydrate under
dinitrogen. Under an outward purge of N2, anhydrous 1-propanol is introduced via a
syringe. The reaction is allowed to reflux under dinitrogen for 10 days at 115 °C. Under

Scheme 5-1. Synthesis of tris(aryloxide) N-anchored ligand (AdArOH)3N (C).
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normal atmosphere, a 50:50 mixture of diethylether:ethanol was added to the reaction
mixture, whereupon, a white precipitate emerges. The white precipitate is filtered and
washed with ethanol to yield C as a fine white solid. It is imperative that the reaction is
carried out under moisture-free and oxygen-free conditions. The presence of water will
cause the hydrolyzation of the iminium ion, a key intermediate product, to form the
benzaldehyde and other unwanted formylation side products. However, once tripodal
ligand C is formed, workup can be performed under normal atmosphere.
5.2.2 Synthesis and Molecular Structure of [((AdArO)3N)U] (2)
The U(III) precursor complex 2 is synthesized from treatment of [U(N(SiMe3)2)3]
with tris(2-hydroxy-3-adamantyl-5-methylbenzyl)amine (AdArOH)3N (Figure 5-1, C) in
1,2-dimethoxyethane (DME).

The resulting bronze-brown product was collected by

filtration as a fine micro-crystalline powder. Brown single crystals suitable for XRD
analysis were grown from a concentrated solution of 2 in DME at room temperature. The
molecular structure reveals a trigonal coordination sphere, where, for the first time with
respect to our U(III) complexes, the uranium center is located above the plane formed by
the three aryloxide oxygen atoms (0.588 Å) (Figure 5-2, bottom). The axial site in 2,
observed to be vacant in the U(III) precursors of previous ligand systems, is occupied by
a coordinating DME molecule, indicating the necessity for stabilization of a highly
coordinatively unsaturated U(III) complex. The U1─N1 bond distance in 2 of 2.622(4) Å
is comparable to the U─Navg in the (RArOH)3tacn system. The average U─Oavg distance
of 2.223 Å is also similar to those of the tacn-based systems and slightly longer than that
of 1.
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Figure 5-2. Molecular structure of U(III) precursors 1 (top) and 2 (bottom) (thermal
ellipsoids are at 50% probability).
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Figure 5-3. Space-filling representations of U(III) precursors 1 (top) and 2 (bottom).
Coordinated DME molecule in complex 2 was omitted for clarity.
5.2.3

Magnetism and Electronic Absorption of [((AdArO)3N)U] (2)
The variable temperature (VT) SQUID magnetization data for U(III) f

3

complexes have distinctive temperature-dependent behavior with magnetic moments
ranging from ~1.7–3.0 B.M. in the temperature range of 5 K to 300 K. The VT SQUID
magnetization plot of 2 shows a low temperature magnetic moment value of 1.60 B.M. (5
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K) gradually increasing to a value of 2.98 B.M. at 300 K (Figure 5-4, top). This behavior
is consistent previously measured magnetization data for other trivalent uranium
complexes such as those containing the tacn-based ligands [((RArO)3tacn)U] (R = t-Bu,
Ad).19
The UV/Vis/NIR data of trivalent uranium complexes are also very distinctive
compared to those of the tetravalent and pentavalent uranium complexes. The intense
color of U(III) complexes is due to a 5f 3 to 5f 26d1 metal-centered, Laporte-allowed
electronic transition. The electronic absorption spectrum of compound 2 displays three
such transitions in the visible region centered at ~463 nm (ε = 1364 M-1cm-1), ~511 nm
(1251 M-1cm-1), and ~553 nm (1161 M-1cm-1) (Figure 5-4; bottom, blue). The transitions
of complex 2 occur in a similar region to the U(III) complex, [((AdArO)3tacn)U]; however,
this complex exhibits one broad unresolved transition centered at 441 nm (ε = 2140 M1

cm-1). Additionally compound 2 also shows weak transitions in the visible-NIR region

(~700–1600 nm) that can be assigned to Laporte-forbidden f–f transitions (ε = ~10–110
M-1cm-1).

Both VT SQUID magnetization and electronic absorption data support the

assignment of a U(III) ion for complex 2.
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Figure 5-4. Temperature-dependent SQUID magnetization data (at 1 T) for sample 2
plotted as magnetic moment ( eff) vs. temperature (T) (top). Data were corrected for
underlying diamagnetism and reproducibility was checked on three independently
synthesized samples. Electronic absorption spectrum for sample 2 (bottom) recorded at
two different concentrations, (5.21 x 10-4 M, magenta; 8.69 x 10-3 M, blue) in
tetrahydrofuran from 200 to 2000 nm.
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5.2.4

Synthesis and Molecular Structure of [{((t-BuArO)3mes)U}2(µ-κ2:κ2-CO3)] (3)
and [{((AdArO)3N)U}2(µ-η1:κ2-CO3)] (4)
Treating a deep purple solution of 1 in toluene with excess CO2 (1 atm) at room

temperature results in formation of a pale yellow solution within 10 minutes. Removal of
the volatiles yielded yellow solids characterized as the dinuclear U(IV)/U(IV) bridging
carbonate complex [{((t-BuArO)3mes)U}2(µ-κ2:κ2-CO3)] (3; Scheme 5-2, top). Similarly,

Scheme 5-2. Syntheses of U(IV)/U(IV) bridging carbonate complexes 3 (top) and 4
(bottom) through reductive cleavage of carbon dioxide by respective complexes 1 and 2.
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a brown suspension of 2 in DME was treated with an excess of CO2 (1 atm) and within
seconds, a green product was formed. The green solids were collected through filtration
and characterized as the U(IV)/U(IV) bridging carbonate complex [{((AdArO)3N)U}2(µη1:κ2-CO3)] (4; Scheme 5-2, bottom). Single crystals of 3 suitable for X-ray diffraction
were obtained from slow ether diffusion of a solution of 3 in toluene. The molecular

Figure 5-5. Molecular structures of 3 (top, t-Bu groups omitted for clarity) and 4
(bottom, Ad groups omitted for clarity). Thermal ellipsoids are at 50% probability.
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structure confirms the bridging carbonate bound in a µ-κ2(O,O’):κ2(O,O”)-fashion (Figure
5-5, top).

The average U1─Oavg and U2─Oavg bond distances in the ligand, both

measuring 2.146 Å, remain nearly unaltered compared to 1. In contrast, the uranium
interaction to the arene centroids U1─arenecntr and U2─arenecntr are significantly weaker
at 2.594 Å and 2.608 Å, respectively, compared to 2.333 Å in 1. The core features two
short U─O bonds (2.333(4) Å, 2.332(3) Å) and two long U─O bonds (2.659(4) Å,
2.603(4) Å).

The carbonate unit exhibits two shorter C─O distances (C109─O7 =

1.279(7) Å, C109─O9 = 1.285(6) Å) and one longer C109─O8 distance of 1.305(6) Å.
These distances are comparable to Gardiner’s Sm(III)/Sm(III) bridging carbonate
complex (C─O,O’ = 1.276(4) Å, C─O” = 1.317(7) Å).10
Single crystals of 4 were obtained from a concentrated DME solution. The
bridging carbonate unit is bound to the uranium centers in a µ-η1(O):κ2(O’,O”)-fashion
(Figure 5-5, bottom), similar to Cloke’s bridging carbonate complex, [U(η-C8H6{SiiPr31,4}2)(η-C5Me4H)]2(µ-η1:κ2-CO3)]11. The U2─O8 bond is the shortest of the three U─O
bonds and measures 2.210(6) Å. The U1─O6 and U1─O7 bonds are longer and nearly
equivalent at 2.414(6) Å and 2.439(6) Å. Within the carbonate unit, the C59─O6 and
C59─O7 bonds are similar at 1.263(10) Å and 1.281(10) Å while the C59─O8 bond
distance is longer at 1.305(11) Å.

The U─O distances to the carbonate unit are

comparable to Cloke’s bridging carbonate complex; however, the bond distances within
the CO32- moiety in Cloke’s complex were not available for comparison due to a 50/50
mixture of superimposed species of κ2:η1 and η1:κ2 binding modes in the crystal
structure.11
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The departure from trigonal ligand fields observed in 1 and 2 to tetragonal ligand
fields observed in molecular structures of 3 and 4 reveals the flexible nature of the (tBu

ArO)3mes3− and (AdArO)3N3− ligand systems as compared to the (RArO)3tacn3− systems.

The different reactivity towards CO2 compared to the (RArO)3tacn3− system is attributed
to the flexibility of these ligands, since such coordination sphere distortions have not
been observed for the (RArO)3tacn3− ligand system. Gardiner suggested that a reduction
in steric bulk of the (RArO)3tacn3− ligand system could result in a more reactive µ-O2species that may undergo further reactivity with CO2 to form a carbonate complex.10
Although we have not altered the steric bulk of the ortho substituents within the
mesitylene- and N-anchored ligands, there is a significant increase in the flexibility of the
entire ligand, and effectively the overall steric pressure is reduced.
5.2.5

Syntheses of [{((t-BuArO)3mes)U}2(µ-O)] (5) and [{((AdArO)3N)U}2(µ-O)] (6)
and Molecular Structure of 6
To further verify Gardiner’s hypothesis, the syntheses of uranium bridging oxo

complexes were performed. Treatment of complex 1 in benzene with 1 atm of N2O
immediately gave a brown solution. Upon removal of the volatiles, a brown solid was
obtained and was characterized as the uranium bridging oxo species [{((t-BuArO)3mes)U}2(µ-O)] (5) (Scheme 5-3, top). Similarly, treating a suspension of complex 2 in
DME with 1 atm of N2O resulted in an immediate observation of a clear orange solution.
Filtration followed by removal of the solvents yielded orange solids of the U(IV)/U(IV)
bridging oxo species, [{((AdArO)3N)U}2(µ-O)] (6) (Scheme 5-3, bottom).
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Scheme 5-3. Syntheses of U(IV)/U(IV) bridging oxo complexes 5 (top) and 6 (bottom)
through oxygen abstraction of N2O by complexes 1 and 2, respectively.
Although single crystals could not be obtained for the uranium bridging oxo
species 5, yellow-orange XRD-quality single crystals of 6 were obtained from a
concentrated solution of 6 in DME. The molecular structure of 6 features the bridging
oxo coordinated at a cis position to the N-anchor of each U(IV) center, leaving the two
vacant axial positions to be filled by weakly bound DME molecules (Figure 5-6). The
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Figure 5-6. Molecular structure of uranium bridging oxo species 6 and core. Cocrystallized DME solvent molecules are omitted for clarity. Thermal ellipsoids are at
50% probability.
U─O bond in 6 measures 2.1036(2) Å and is comparable to that of [{((tBu

ArO)3tacn)U}2(µ-O)] (2.109(5) Å). One uranium center features a DME molecule that

binds through one oxygen with a U─O bond of 2.404(18) Å. At the other uranium center,
both oxygen atoms of the DME molecule are coordinated, featuring a short U─O bond at
2.667(13) Å and a significantly longer U─O bond at 2.945(13) Å. We speculate that the
oxygen of the longer U─O bond may be untethered in solution, allowing better access to
the bridging oxo moiety for further chemistry. Accordingly, treatment of complex 6,
formed through the reduction of N2O, with 1 atm of CO2 resulted in formation of the
uranium bridging carbonate complex 4, confirmed through XRD analysis (Scheme 5-4,
Path B). Structural data of 5 have not been obtained; however, treatment of 5 with 1 atm
of CO2 resulted in formation of complex 3. Evidently, in the formation of 3 and 4
through reductive activation of CO2, bridging oxo species 5 and 6 are initially formed
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with concomitant release of CO, followed by nucleophilic attack at CO2 by the bridging
oxo ligand (Scheme 5-4, Path A). Evolution of carbon monoxide was confirmed through
GC-TCD and IR spectroscopy (see Appendix). Additionally, the carbon dioxide gas used
for the syntheses of 3 and 4 was also tested for CO gas; none was detected by GC-TCD.

Scheme 5-4. Formation of carbonate complexes through Path A: Reductive cleavage
and insertion of CO2 and Path B: Synthesis of bridging oxo complex and subsequent
insertion of CO2.
5.2.6

Magnetism and Electronic Absorption of 3 and 4
The variable temperature SQUID magnetization data obtained for complexes 3

and 4 show a temperature-dependent magnetic moment behavior characteristic of most
U(IV)/U(IV) dinuclear complexes. Due to a non-magnetic singlet ground state at low
temperatures, U(IV) f 2 complexes exhibit temperature independent paramagnetism (TIP),
resulting in low magnetic moments at low temperatures, typically ranging from 0.4−0.8
µB at 2−5 K. The VT SQUID plot of complex 3 displays a magnetic moment of 0.93
B.M. at 5 K that rapidly increases to 3.40 B.M. at 120 K and begins to saturate, reaching
a final value of 3.63 B.M. at 300 K (Figure 5-7, top). The SQUID plot of complex 4
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Figure 5-7. Temperature-dependent SQUID magnetization data (at 1 T) for complexes 3
and 4 plotted as magnetic moment ( eff) vs. temperature (T) (top). Data were corrected
for underlying diamagnetism and reproducibility was checked on three independently
synthesized samples.
shows a different temperature-dependent behavior, where a more gradual progression
from 0.42 B.M. at 2 K to 3.60 B.M. at 300 K is observed (Figure 5-7, bottom).
Electronic absorption data further support the oxidation state assignments of +4 to
the uranium centers in 3 and 4. In contrast to U(III) complexes, which exhibit parity-
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Figure 5-8. Electronic absorption spectra of dinuclear U(IV)/U(IV) carbonate complexes
[{((t-BuArO)3mes)U}2(µ-κ2:κ2-CO3)] (3) (recorded in toluene) and [{((AdArO)3N)U}2(µη1:κ2-CO3)] (4) (recorded in tetrahydrofuran).
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allowed transitions from 5f

3

to 5f 26d1 in the visible and near UV region, the

corresponding transition (5f 2 to 5f 16d1) of U(IV) complexes are shifted to the UV region
and are not observed.20 Hence, the electronic absorption spectra of complexes 3 (Figure
5-8, top) and 4 (Figure 5-8, bottom) exhibit only the weak Laporte-forbidden f–f
transitions in the visible-NIR region (3: ~500–2000 nm, ε = ~10–120 M-1cm-1; 4: ~500–
1600 nm, ε = ~20–60 M-1cm-1). These transitions are typically observed not only for
actinide but also for lanthanide complexes.

Together, the VT SQUID magnetization

and electronic absorption data support tetravalent uranium centers for the dinuclear
bridging carbonate complexes 3 and 4.
5.2.7

Magnetism and Electronic Absorption of 6
Similar to complex 4, the dinuclear uranium bridging oxo complex 6 exhibits

similar temperature-dependent magnetic moment behavior. The VT SQUID of 6 displays
magnetic moment values ranging from 0.60–3.52 B.M. in the temperature range 2–300 K,
clearly indicating that the oxidation state of the uranium center is +4 (Figure 5-9, top).
The electronic absorption spectrum of complex 6 shows the typical weak Laporteforbidden f–f transitions in the region ~700–2000 nm (ε = 10–60 M-1cm-1) also supporting
the U(IV) oxidation state assignment (Figure 5-9, bottom).
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Figure 5-9. Temperature-dependent SQUID magnetization data (at 1 T) for complex 6
plotted as magnetic moment ( eff) vs. temperature (T) (top). Data were corrected for
underlying diamagnetism and reproducibility was checked on three independently
synthesized samples. Electronic absorption spectrum of 6 (in THF) is shown at bottom.
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5.2.8

Synthesis and Molecular Structure of [{((AdArO)3N)U}2(µ-κ2:κ2-C2S4)] (7)
Treating a brown suspension of trivalent uranium complex 2 in DME with 1 equiv

of CS2 immediately resulted in a deep, dark-green solution.

Filtration followed by

removal of the volatiles yielded dark-green solids identified as the dinuclear uranium
bridging thiooxalate complex [{((AdArO)3N)U}2(µ-κ2:κ2-C2S4)] (7) (Scheme 5-5).
Dark-green single crystals suitable for XRD analysis were obtained from a
saturated solution of 7 in DME at room temperature. The molecular structure reveals a
dinuclear complex, in which the two uranium centers are in distorted pentagonal
bipyramidal environments (Figure 5-10). The pentagonal plane at each uranium center
comprises two sulfide ligands of the thiooxalate unit, two aryloxide oxygen donors, and
the N-anchor of the tetradentate ligand. The third aryloxide arm and one DME molecule
coordinated in an η1-fashion complete the coordination sphere around uranium. The
dianionic thiooxalate fragment is bound in a µ-κ2(S,S’):κ2(S”,S”’)-fashion, bridging two
tetravalent uranium centers. Due to steric crowding of the adamantyl substituents, the
C2S42– unit in complex 7 is not planar, although the carbon atoms retain sp2 hybridization.

Scheme 5-5. Formation of dinuclear uranium bridging thiooxalate complex 7 through
reductive coupling of carbon disulfide.
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Figure 5-10. Molecular structure of U(IV)/U(IV) bridging thiooxalate complex 7 and
core. Thermal ellipsoids are at 50% probability.
The non-planarity of the thiooxalate unit in 7 is unusual and is in marked contrast to other
bridging thiooxalate complexes, all of which contain planar C2S42– moieties.18,21,22 This
non-planarity is reflected in a long C55─C56 bond distance of 1.498(5) Å, suggestive of
a single bond. The reported [Fe4(CO)12(C2S4)] complex, with similar binding modes but
a planar thiooxalate unit, features a much shorter C─C bond length of 1.332(13) Å,
indicative of a double bond. Correspondingly, the C─S(avg) bond distances averaging
1.682(4) Å is much shorter than in the C─S(avg) distances of [Fe4(CO)12(C2S4)] complex
(1.775 Å).18 The four U─S bond distances measuring 2.914(1) Å, 2.946(1) Å, 2.959(1)
Å, and 2.984(1) Å are longer than other reported U(IV)─S bond lengths.23-25 Regarding
the liberation of the C2S42– moiety from the uranium centers, these longer U─S bond
lengths are particularly promising observations.

172
The different reductive pathways observed in the reactions between 2 with carbon
dioxide and 2 with carbon disulfide may be attributed to the oxophilicity of uranium.
Presumably, the formation of uranium bridging carbonate complex 4 initially proceeds
through a U(IV) complex with a bridging carbon dioxide radical anionic ligand,
[{((AdArO)3N)U}2(CO2•–)]‡. Liberation of carbon monoxide from [{((AdArO)3N)U}2(CO2•–)]‡ produces the uranium bridging oxo species 6, a key intermediate to the bridging
carbonate complex 4. Alternatively, formation of µ-oxo species 6 may have formed
through a pentavalent terminal oxo complex [((AdArO)3N)U≡O]‡, generated from chargeseparated species [((AdArO)3N)U(CO2•–)]‡. A second equivalent of U(III) complex 2
reduces the U(V) oxo complex [((AdArO)3N)U≡O]‡ to dinuclear U(IV)/U(IV) complex 6.
In the reaction pathway to generate the thiooxalate complex 7, there is an initial
formation of [((AdArO)3N)U(CS2•–)], a complex isoelectronic to the previously reported
[((AdArO)3tacn)U(CO2•–)].7

However, progression to generate the uranium bridging

sulfide complex does not occur.

Instead, coupling of two highly unstable

[((AdArO)3N)U(CS2•–)] equivalents is preferred resulting in [{((AdArO)3N)U}2(µ-κ2:κ2C2S4)] (7). Due to the softness of the sulfide ligands, the propensity of uranium to form a
µ–S complex is much lower than to form a µ-O complex, resulting in remarkable
differences in reactivity towards CO2 and CS2.
5.3 Conclusion
In summary, one and two electron reductions of carbon dioxide have included
various transformations to a mononuclear CO2•─ complex,7 bridging oxo,15,26
carbonate,10,11,27 and oxalate complexes.28 It appears that the steric environment of the
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ligand provides the preference for generation of certain CO2 reduction products over
others. With the exceedingly bulky (AdArO)3tacn3− system, an end-on bound CO2•─ is
stabilized,7 while in the less bulky ligand system (t-BuArO)3tacn3−, a very stable bridging
oxo species is formed with concomitant evolution of CO.17 This stable bridging oxo
species features a µ-O2- ligand entirely encapsulated within the sphere of the chelating (tBu

ArO)3tacn3−, where the three tert-butyl groups on each uranium ion are interlinked due

to the staggered conformation of this dinuclear complex. This results in no observable
reaction of [{((t-BuArO)3tacn)U}2(µ-O)] with excess CO2. By contrast, the bridging oxo
species [{((t-BuArO)3mes)U}2(µ-O)] and [{((AdArO)3N)U}2(µ-O)] react further with CO2;
their increased reactivity is due to higher flexibility within the ligand, which imparts an
overall reduction in steric pressure of the (t-BuArOH)3mes and (AdArOH)3N ligands.
Gardiner also surmised that the formation of dinuclear Sm(III)/Sm(III) bridging
carbonate complex forms through destabilization of the oxalate complex that is initially
formed due to steric crowding.10 Perhaps through additional tuning of steric pressure to
the proper level, one could favor the formation of a uranium bridging oxalate complex
over other products.
The two-electron reduction of carbon disulfide by [((AdArO)3N)U] yielded U(IV)
thiooxalate complex [{((AdArO)3N)U}2(µ-κ2:κ2-C2S4)], representing the first reported
example of a thiooxalate complex of the lanthanide and actinide period. The pentagonal
bipyramidal ligand environment observed for [{((AdArO)3N)U}2(µ-κ2:κ2-C2S4)] provides
a further testament to the flexibility of the (AdArO)3N3– ligand.
In conclusion, the synthesis of two new uranium complexes, [((t-BuArO)3mes)U]
and [((AdArO)3N)U], with decreased steric protection and remarkable coordination-
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flexibility were achieved.

Reductive activation of CO2 afforded the two uranium

carbonate complexes [{((t-BuArO)3mes)U}2(µ-κ2:κ2-CO3)] and [{((AdArO)3N)U}2(µ-η1:κ2CO3)] with two different µ-CO32- coordination modes. These processes have now been
verified to proceed through reactive uranium bridging oxo complexes. The formation of
new CO2 reduction products emphasizes the importance of ligand architecture and the
influence of steric pressure on the reactivity of U(III) towards small molecules.
5.4 Experimental Section
General Methods.

All experiments were performed under dry nitrogen

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox. All
solvents were purified using a two-column solid-state purification system (Glasscontour
System, Irvine, CA) and transferred to the glovebox without exposure to air, unless
otherwise indicated.
Spectroscopic Methods. Magnetism data of crystalline powdered samples (20 –
30 mg) were recorded with a SQUID magnetometer (Quantum Design) at 10 kOe (5 –
300 K for 2 and 3) and (2 – 300 K for 4 and 6). The magnetic susceptibility values were
corrected for the underlying diamagnetic increment (χdia = -654.09 × 10-6 cm3 mol-1 (2), 1176.94 × 10-6 cm3 mol-1 (3), -1324.26 × 10-6 cm3 mol-1 (4), -1311.54 × 10-6 cm3 mol-1
(6)) 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. Data reproducibility was also carefully checked
on independently synthesized samples.
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1

H NMR spectra were recorded on JEOL 270 and 400 MHz instruments operating

at respective frequencies of 269.714 and 400.178 MHz with a probe temperature of 23 ºC
in C6D6 or THF-d8. Chemical shifts were referenced to protio solvent impurities (δ 7.15
(C6D6)) or (δ 1.73, 3.58 (THF-d8)) and are reported in ppm.
Electronic absorption spectra were recorded from 200 to 2000 nm (Shimadzu
(UV-3101PC)) in the indicated solvent.
Results from elemental analysis were obtained from the Analytical Laboratories at
the Friedrich-Alexander-University Erlangen-Nürnberg (Erlangen, Germany) on Euro EA
3000.
Starting Materials. Precursor complexes [(THF)4UI3] and [U(N(SiMe3)2)3] were
prepared as described by Clark et al.29,30

The tris(2-hydroxy-3-adamantyl-5-

methylbenzyl)amine ligand was synthesized from a modified literature procedure.31
Carbon dioxide (99.8+%) and 1-propanol, anhydrous (99.7%) were purchased from
Aldrich.

Nitrous oxide (≥99.998%) was purchased from Fluka.

All were used as

received. Anhydrous 1,2-dimethoxyethane (99.5%) was purchased from Aldrich and
further dried by distilling over sodium benzophenone.
Ligand Synthesis. Synthesis of tris(2-hydroxy-3-adamantyl-5-methylbenzyl)amine. A one-neck Schlenk vessel was charged with 2-adamantyl-4-methylphenol (15.5
g, 0.064 mol), hexamethylenetetramine (1.38 g, 0.0098 mol), and p-toluenesulfonic acid
monohydrate (0.64 g, 0.0034 mol). Under an outward nitrogen flow, anhydrous 1propanol was introduced via a syringe. A condenser was fitted and the reaction mixture
was allowed to reflux at 115 °C for 10 days. A 50/50 mixture of ethanol and ether was
added to the Schlenk vessel containing white precipitate in a sticky yellow mother liquor.
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The resulting mixture was filtered (under air) through a frit to collect the fine white
precipitate. The product was washed with ethanol (3 x 10 mL) and dried in vacuo.
Yield: 4.1 g (0.0052 mol, 54%).
Complex Synthesis.

Synthesis of [((AdArO)3N)U] (2).

A solution of

[U(N(SiMe3)2)3] (0.600 g, 0.83 mmol) in DME (8 mL) was added dropwise to a stirring
suspension of tris(2-hydroxy-3-adamantyl-5-methylbenzyl)amine (0.625 g, 0.80 mmol) in
DME (8 mL).

The resulting brown reaction mixture was allowed to stir at room

temperature for 2 hours, after which a bronze-brown precipitate emerges. The reaction
was allowed to proceed for another hour. The mixture was filtered to collect 2 as a fine
bronze-brown precipitate, washed two times with cold DME (5 mL, -35 °C), and dried in
vacuo. Yield: 0.625 g (0.0057 mol, 71%). Elemental analysis (%) calcd for 2, C 63.03,
H 6.93, N 1.27; found, C 62.28, H 7.04, N 1.13.
Synthesis of [{((t-BuArO)3mes)U}2(µ-κ2:κ2-CO3)] (3).

A reaction vessel

containing a solution of 1 (111 mg, 0.11 mmol) in benzene (6 mL) was charged with 1
atm CO2 (balloon). After 5 minutes, the solution color changes from dark purple to
yellow with light white precipitate. The resulting yellow solution was filtered and the
volatiles were removed under vacuum to afford yellow solids. Yield: 98 mg, (0.0473
mmol, 87%). Elemental analysis (%) calcd for 3, C 62.93, H, 7.27, N, 0.00; found C,
62.63, H, 7.31, N, 0.13.
Synthesis of [{((AdArO)3N)U}2(µ-η1:κ2-CO3)] (4). A reaction vessel containing
a stirring suspension of 2 (200 mg, 0.18 mmol) in DME (10 mL) was charged with 1 atm
of CO2 (balloon). The bronze-brown reaction mixture immediately de-colors, and after 5
minutes, a green precipitate starts form. The reaction was allowed to proceed for 1 hour
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and then filtered to collect the green precipitate. The product was washed with DME (3 x
3 mL) and dried in vacuo. Yield: 163 mg, (0.0718 mmol, 80%). Alternatively, complex
4 can be synthesized from treating an orange solution of 5 (150 mg, 0.067 mmol) in DME
(10 mL) with excess CO2. The resulting green precipitate is filtered and worked up as
previously described. Yield: 108 mg, (0.0476 mmol, 71%). Elemental analysis (%)
calcd for 4, C 61.89, H 6.75, N 1.23; found, C 61.36, H 6.98, N 1.09.
Synthesis of [{((t-BuArO)3mes)U}2(µ-O)] (5). A 50 mL Schlenk tube containing
a benzene solution of [((t-BuArO)3mes)U] (121 mg, 0.120 mmol) in benzene (~6 mL) was
charged with N2O gas while stirring at room temperature. Within 5 minutes, the dark
purple solution turns brown. The resulting brown solution was filtered and the volatiles
were removed under vacuum to afford a dark green solid, which was washed with cold
Et2O to obtain pale green solids. Yield: 51 mg, (0.0250 mmol, 42%). Elemental
analysis (%) calcd for 5, C 63.70, H 7.42, N 0.00; found, C 63.65, H 7.24, N 0.00.
Synthesis of [{((AdArO)3N)U}2(µ-O)] (6). A reaction vessel containing a stirring
suspension of 2 (200 mg, 0.18 mmol) in DME (~10 mL) was charged with 1 atm of N2O
(balloon). The reaction solution immediately turns orange, with light white precipitate.
The reaction was allowed to proceed for 1 hour. The resulting mixture was filtered to
remove the white precipitate. The mother liquor was concentrated and over a few days,
crystals of 6 can be collected. Yield: 157 mg, (0.0705 mmol, 78%). Elemental analysis
(%) calcd for 6, C 62.58, H 6.88, N 1.26; found, C 62.82, H 6.93, N 1.28.
Synthesis of [{((AdArO)3N)U}2(µ-κ2:κ2-C2S4)] (7).

In a reaction vessel

containing a stirring suspension of complex 2 (100 mg, 0.09 mmol) in DME (~8 mL),
carbon disulfide (6 µL, 0.10 mmol) was introduced via a syringe. Immediately, the
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reaction solution became dark-green. After two hours, the reaction solution was filtered
and concentrated to give 7 as dark-green microcrystalline solids. Yield: 156 mg, (0.066
mmol, 73%).
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5.6 Appendix
Table 5-1. Selected bond distances for molecular structures of 2, 3, 4, and 6.

Compounds

2

3

4

6

U1─N1

2.622(4) Å

2.586(6) Å

2.550(4) Å

U2─N2

-

-

2.561(6) Å

2.550(4) Å

U1─arenecntr
U2─arenecntr

-

2.594 Å

-

-

-

2.608 Å

-

-

U1─OAr avg.

2.222(4) Å

2.146(3) Å

2.178(6) Å

2.206(3) Å

U2─OAr avg.

2.656(3) Å

2.146(4) Å

2.162(6) Å

2.206(3) Å

-

2.706(6) Å

2.667(13) Å

2.621(3) Å

-

2.592(6) Å

2.945(5) Å

U2─ODME

-

-

2.613(6) Å

2.404(18) Å

U2─ODME

-

-

2.668(6) Å

-

U1─Oµ

-

-

-

2.1036(2) Å

U2─Oη

-

-

2.210(6) Å

-

U1─CCO3

-

-

2.801(9) Å

-

C─OCO3

-

1.285(6) Å

1.263(10) Å

-

C─ OCO3

-

1.279(7) Å

1.281(10) Å

-

C─ OCO3

-

1.305(6) Å

1.305(11) Å

-

U1─Oκ

-

2.332(3) Å

2.414(6) Å

-

U1─Oκ

-

2.659(4) Å

2.439(6) Å

-

U2─Oκ

-

2.603(4) Å

-

-

U2─Oκ

-

2.333(4) Å

-

-

U1─ODME
U1─ODME
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Figure 5-11. 1H-NMR spectrum of tris(2-hydroxy-3-adamantyl-5-methylbenzyl)amine
recorded in chloroform-d1. Chemical shifts are in units of ppm.
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Figure 5-12. 1H-NMR spectrum of [((AdArO)3N)U] (2) recorded in benzene-d6.
Chemical shifts are in units of ppm.
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Figure 5-13. 1H-NMR spectrum of [{((t-BuArO)3mes)U}2(µ-κ2:κ2-CO3)] (3) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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Figure 5-14. 1H-NMR spectrum of [{((AdArO)3N)U}2(µ-η1:κ2-CO3)] (4) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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Figure 5-15. 1H-NMR spectrum of [{((t-BuArO)3mes)U}2(µ-O)] (5) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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1
Figure 5-16.
H-NMR spectrum of [{((AdArO)3N)U}2(µ-O)] (6) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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Figure 5-17. 1H-NMR spectrum of [{((AdArO)3N)U}2(µ-κ2:κ2-C2S4)] (7) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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Crystallographic Details for 2. Brown plates of 2, grown from a concentrated
solution of DME at room temperature, were coated with isobutylene oil on a microscope
slide.

Intensity data were collected at 150 K on a Bruker-Nonius KappaCCD

diffractometer using graphite monochromatized MoKα radiation (λ = 0.71073 Å). Data
were corrected for Lorentz and polarization effects, semi-empirical absorption corrections
were performed on the basis of multiple scans using SADABS.[1] The structures were
solved by direct methods and refined by full-matrix least-squares procedures on F2 using
SHELXTL NT 6.12.[2] The (AdArO)3N ligand is subjected to rotational disorder around
the central U-N axis. Two preferred orientations were refined resulting in occupancies of
83.9(9) % for the major component and 16.1(3) % for the minor component (denoted by
an additional A). SIMU, ISOR, SADI and FLAT restraints were applied in the refinement
of the disordered structure parts.

All hydrogen atoms were placed in positions of

optimized geometry, their isotropic displacement parameters were tied to those of the
corresponding carrier atoms by a factor of 1.2 or 1.5. CCDC reference number: 759475.
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X-ray Crystal Structure Details for [((AdArO)3N)U] (2):

Figure 5-18. Molecular structure of [((AdArO)3N)U] (2), represented with ellipsoids
(top) and space-filling model (bottom). Thermal ellipsoids are at the 50% probability
level. Hydrogen atoms and a co-crystallized DME solvent molecule are omitted for
clarity.
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Table 5-2. Crystal Data and Structure Refinement for [((AdArO)3N)U], 2 • DME.

Identification code

CCDC: 759475, PID: opl0911

Empirical formula

C62 H86 N O7 U

Formula weight

1195.35

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a = 12.672(2) Å

α = 90°

b = 11.219(2) Å

β = 94.067(8)°

c = 38.622(3) Å

γ = 90°

3

Volume

5477.0(14) Å

Z

4

Density (calculated)

1.450 Mg/m3

Absorption coefficient

3.017 mm-1

F(000)

2452

Crystal size

0.31 x 0.18 x 0.08 mm3

Theta range for data collection

3.14 to 27.10°

Limiting indices

-16<=h<=16, -14<=k<=14, -49<=l<=48

Reflections collected / unique

57996 / 11997 [R(int) = 0.0860]

Completeness to theta = 27.10

99.2 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.790 and 0.581

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

11997 / 394 / 834

Goodness-of-fit on F2

1.028

Final R indices [I>2sigma(I)]

R1 = 0.0454, wR2 = 0.0816

R indices (all data)

R1 = 0.0809, wR2 = 0.0911

Largest diff. peak and hole

1.189 and -1.153 e.Å-3
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Crystallographic Details for 3. Yellow needles of 3, grown from layering ether
on top of a toluene solution at room temperature, were coated with isobutylene oil on a
microscope slide. Intensity data were collected at 150 K on a Bruker-Nonius KappaCCD
diffractometer using graphite monochromatized MoKα radiation (λ = 0.71073 Å). Data
were corrected for Lorentz and polarization effects, semi-empirical absorption corrections
were performed on the basis of multiple scans using SADABS.[1] The structures were
solved by direct methods and refined by full-matrix least-squares procedures on F2 using
SHELXTL NT 6.12.[2] The compound crystallizes with one molecule of toluene and 1.5
molecules of diethylether

per formula unit. SIMU restraints were applied in the

refinement of the solvent molecules and of two of the t-Bu groups of the ligand (C51 –
C54 and C105 – C108). All hydrogen atoms were placed in positions of optimized
geometry, their isotropic displacement parameters were tied to those of the corresponding
carrier atoms by a factor of 1.2 or 1.5. CCDC reference number: 759476.

191
X-ray Crystal Structure Details for [{((t-BuArO)3mes)U}2(µ-κ2:κ2-CO3)] (3):

Figure 5-19. Molecular structure of [{((t-BuArO)3mes)U}2(µ-κ2:κ2-CO3)] (3) (top) and
core (bottom). Thermal ellipsoids are at the 50% probability level. Hydrogen atoms and
co-crystallized ether and toluene solvent molecules are omitted for clarity.
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Table 5-3. Crystal Data and Structure Refinement for [{((t-BuArO)3mes)U}2(µ-κ2:κ2CO3)], 3 • 2 C4H10O / C7H8.

Identification code

CCDC: 759476, PID: sd0803

Empirical formula

C122 H173 O10.50 U2

Formula weight

2283.66

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Orthorhombic, P2(1)2(1)2(1)

Unit cell dimensions

a = 17.4828(18) Å

α = 90°

b = 25.766(2) Å

β = 90°

c = 25.784(2) Å

γ = 90°

3

Volume

11614.7(17) Å

Z, Calculated density

4, 1.306 Mg/m3

Absorption coefficient

2.840 mm-1

F(000)

4692

Crystal size

0.30 x 0.07 x 0.06 mm3

Theta range for data collection

3.16 to 27.10 deg.

Limiting indices

-22<=h<=21, -30<=k<=32, -32<=l<=32

Reflections collected / unique

116536 / 25130 [R(int) = 0.0818]

Completeness to theta = 27.10

99.1 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.843 and 0.572

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

25130 / 133 / 1278

Goodness-of-fit on F2

1.008

Final R indices [I>2sigma(I)]

R1 = 0.0434, wR2 = 0.0711

R indices (all data)

R1 = 0.0823, wR2 = 0.0807

Absolute structure parameter

0.010(4)

Largest diff. peak and hole

1.301 and -0.741 e.Å-3
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Crystallographic Details for 4. Green blocks of 4, grown from a concentrated
solution of DME at room temperature, were coated with isobutylene oil on a microscope
slide.

Intensity data were collected at 150 K on a Bruker-Nonius KappaCCD

diffractometer using graphite monochromatized MoKα radiation (λ = 0.71073 Å). Data
were corrected for Lorentz and polarization effects, semi-empirical absorption corrections
were performed on the basis of multiple scans using SADABS.[1] The structures were
solved by direct methods and refined by full-matrix least-squares procedures on F2 using
SHELXTL NT 6.12.[2] The compound crystallizes with a total of three molecules of DME,
one of which is disordered over two independent sites that are occupied by approximately
50 % each. SAME, SIMU and ISOR restraints were applied in the refinement of the
solvent molecules. All hydrogen atoms were placed in positions of optimized geometry,
their isotropic displacement parameters were tied to those of the corresponding carrier
atoms by a factor of 1.2 or 1.5. CCDC reference number: 759477.
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X-ray Crystal Structure Details for [{((AdArO)3N)U}2(µ-η1:κ2-CO3)] (4):

Figure 5-20. Molecular structure of [{((AdArO)3N)U}2(µ-η1:κ2-CO3)] (4) (top) and core
(bottom). Thermal ellipsoids are at the 50% probability level. Hydrogen atoms and cocrystallized DME solvent molecules are omitted for clarity.
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Table 5-4. Crystal Data and Structure Refinement for [{((AdArO)3N)U}2(µ-η1:κ2-CO3)],
4 • 4 C4H10O2.

Identification code

CCDC: 759477, PID: opl0917

Empirical formula

C129 H182 N2 O19 U2

Formula weight

2540.83

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a = 22.680(3) Å

α = 90°

b = 24.539(4) Å

β = 116.041(9)°

c = 25.430(8) Å

γ = 90°

3

Volume

12716(5) Å

Z

4

Density (calculated)

1.327 Mg/m3

Absorption coefficient

2.606 mm-1

F(000)

5224

Crystal size

0.28 x 0.24 x 0.20 mm3

Theta range for data collection

3.32° to 26.37°

Limiting indices

-28<=h<=28, -30<=k<=30, -31<=l<=31

Reflections collected / unique

152032 / 25808 [R(int) = 0.0655]

Completeness to theta = 26.37°

99.2 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.0 and 0.691

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

25808 / 261 / 1439

Goodness-of-fit on F2

1.245

Final R indices [I>2sigma(I)]

R1 = 0.0588, wR2 = 0.1245

R indices (all data)

R1 = 0.1143, wR2 = 0.1619

Largest diff. peak and hole

3.990 and -2.498 e.Å-3
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Crystallographic Details for 6.

Yellow-orange blocks of 6, grown from a

concentrated solution of DME at room temperature, were coated with isobutylene oil on a
microscope slide. Intensity data were collected at 150 K on a Bruker-Nonius KappaCCD
diffractometer using graphite monochromatized MoKα radiation (λ = 0.71073 Å). Data
were corrected for Lorentz and polarization effects, semi-empirical absorption corrections
were performed on the basis of multiple scans using SADABS.[1] The structures were
solved by direct methods and refined by full-matrix least-squares procedures on F2 using
SHELXTL NT 6.12.[2] The complex molecule is situated on a crystallographic twofold
rotation axis. Disorder is observed for the DME co-ligand that is coordinating one of the
two uranium centers with two and the other uranium center with only one oxygen donor
atom. One of the adamantyl groups is disordered. Two alternative orientations were
refined resulting in occupancies of 76.6(4) % for C34 – C42 and 23.4(4) % for C34A –
C42A. SIMU and SADI restraints were applied in the refinement of this disorder. The
compound crystallizes with a total of three molecules of DME per formula unit one of
which is situated on crystallographic twofold rotation axis. All hydrogen atoms were
placed in positions of optimized geometry, their isotropic displacement parameters were
tied to those of the corresponding carrier atoms by a factor of 1.2 or 1.5. CCDC
reference number: 759478.
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X-ray Crystal Structure Details for [{((AdArO)3N)U}2(µ-O)] (6):

Figure 5-21. Molecular structure of [{((AdArO)3N)U}2(µ-O)] (6) (top) and core (bottom).
Thermal ellipsoids are at the 50% probability level. Hydrogen atoms and co-crystallized
DME solvent molecules are omitted for clarity.
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Table 5-5. Crystal Data and Structure Refinement for [{((AdArO)3N)U}2(µ-O)], 6 • 2
C4H10O2.

Identification code

CCDC: 759478, PID: opl0941

Empirical formula

C128 H182 N2 O17 U2

Formula weight

2496.82

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, C2/c

Unit cell dimensions

a = 32.734(2) Å

α = 90°

b = 15.847(2) Å

β = 92.575(8)°

c = 22.159(3) Å

γ = 90°

Volume

11483(2) Å3

Z

4

Density (calculated)

1.444 Mg/m3

Absorption coefficient

2.883 mm-1

F(000)

5136

Crystal size

0.32 x 0.28 x 0.20 mm3

Theta range for data collection

3.37° to 27.10°

Limiting indices

-41<=h<=41, -19<=k<=20, -28<=l<=28

Reflections collected / unique

78453 / 12648 [R(int) = 0.0721]

Completeness to theta = 27.10°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.562 and 0.461

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

12648 / 290 / 822

Goodness-of-fit on F2

1.081

Final R indices [I>2sigma(I)]

R1 = 0.0383, wR2 = 0.0590

R indices (all data)

R1 = 0.0924, wR2 = 0.0746

Largest diff. peak and hole

2.413 and -1.596 e.Å-3
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Crystallographic Details for 7. Dark-green block-shaped crystals, grown from a
saturated solution of 7 in DME at room temperature, were coated with Paratone N oil on
a microscope slide. A crystal of approximate dimensions 0.14 × 0.08 × 0.06 mm3 was
selected and mounted on a glass fiber.

A total of 85283 reflections (–14≤h≤14, –

23≤k≤23, –30≤l≤30) were collected at T = 150(2) K in the θ range from 2.30 to 27.10º, of
which 22872 were unique (Rint = 0.0364) and 18540 were observed [I > 2σ(I)] on a
Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073 Å). The
structure was solved by direct methods (SHELXTL NT 6.12, Bruker AXS, Inc., 2002).
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in
calculated idealized positions. The residual peak and hole electron density were 1.514
and –1.266 e.Å-3.

The absorption coefficient was 3.261 mm-1.

The least-squares

refinement converged normally with residuals of R1 = 0.0459, wR2 = 0.0719, and GOF =
1.127 (all data). C188H152N2O10S4U2, triclinic, space group P-1, a = 13.696(2), b =
15.580(2), c = 25.178(3) Å, α = 75.616(2)º, β = 85.914(3)º, γ = 86.571(2)º, V =
5185.9(12) Å3, Z = 2, ρcalcd = 1.513 Mg/m3, F(000) = 2404, R1(F) = 0.0318, wR2(F2) =
0.0677 [I > 2σ(I)].
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X-ray Crystal Structure Details for [{((AdArO)3N)U}2(µ- κ2:κ2-C2S4)] (7):

Figure 5-22. Molecular structure of [{((AdArO)3N)U}2(µ- κ2:κ2-C2S4)] (7) (top) and core
(bottom). Thermal ellipsoids are at the 50% probability level. Hydrogen atoms are
omitted for clarity.
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Table 5-6. Crystal Data and Structure Refinement for [{((AdArO)3N)U}2(µ- κ2:κ2-C2S4)],
7.

Identification code

PID: opl0942

Empirical formula

C118 H152 N2 O10 S4 U2

Formula weight

2362.72

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 13.6959(19) Å

α = 75.616(2)°

b = 15.580(2) Å

β = 85.914(3)°

c = 25.178(3) Å

γ = 86.571(2)°

Volume

5185.9(12) Å3

Z

2

Density (calculated)

1.513 Mg/m3

Absorption coefficient

3.261 mm-1

F(000)

2404

Crystal size

0.14 x 0.08 x 0.06 mm3

Theta range for data collection

2.30 to 27.10°

Limiting indices

-17<=h<=17, -19<=k<=19, -30<=l<=32

Reflections collected / unique

85283 / 22872 [R(int) = 0.0364]

Completeness to theta = 27.10°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.746 and 0.667

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

22872 / 84 / 1290

Goodness-of-fit on F2

1.127

Final R indices [I>2sigma(I)]

R1 = 0.0318, wR2 = 0.0677

R indices (all data)

R1 = 0.0459, wR2 = 0.0719

Largest diff. peak and hole

1.514 and -1.266 e.Å-3
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Carbon Monoxide Detection in the Formation of 4 from CO2:

Figure 5-23. GC-TCD chromatogram of the head space from the reaction of 2 with CO2
to form 4 with liberation of CO (retention time = 0.733 min (peak), 0.815 min (trough))
at 70 °C. The reaction was done on a 400 mg scale of 2, with an injection volume of 250
µL. Excess carbon dioxide is detected (retention time = 1.783 min) along with carbon
monoxide.
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Figure 5-24. Control experiment: GC-TCD chromatogram of carbon monoxide
(>99.99%, 10 vol% in dinitrogen) at 70 °C with an injection volume of 250 µL (retention
time = 0.717 min).
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Figure 5-25. Control experiment: GC-TCD chromatogram of carbon dioxide (99.8+%,
10 vol% in dinitrogen) used in syntheses of 3 and 4 at 70 °C with an injection volume of
250 µL (1.717 min); no CO is present.
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Figure 5-26. Gas phase IR spectrum of the head space from the reaction of 2 with CO2
to form 4 with liberation of CO (2168.06 cm-1, 2119.84 cm-1) taken with dinitrogen as the
background. Excess carbon dioxide stretches are also observed (2360.95 cm-1, 2341.66
cm-1).
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Chapter 6. Activation of Organic Azides at a Reactive U(III) Complex:
Observation of Inverse Trans Influence (ITI) in a Uranium
Coordination Complex
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6.1 Introduction
Organic azides have been employed for the synthesis of metal azides and metal
imide complexes.1 Azides are well-documented precursors to metal nitride complexes,2,3
compounds that are attractive for studies of complexes possessing metal–ligand multiple
bonds. For instance, the study of uranium–ligand multiple bonds can directly address
questions regarding the extent of covalency in actinide complexes. Despite many efforts,
the synthesis of the binary U≡N unit has remained elusive in discrete molecular
complexes.4-7 An interest in this moiety stems from its potential to offer information on
f-orbital contribution in bonding and therefore, can provide insights into the properties of
(UN)x materials for the development of new-generation nuclear fuels.8 Attempts at
obtaining U≡N species have resulted in formation of U–N clusters.5-7 A key challenge in
promoting and stabilizing a mono-nuclear U≡N unit lies in identifying a ligand with the
appropriate steric and electronic environment.
Recently, we reported the role of a tris-phenolate nitrogen-anchored ligand,
(AdArO)3N3- = trianion of tris(2-hydroxy-3-adamantyl-5-methylbenzyl)amine, in the
stabilization of trivalent uranium.9

The high reactivity of the corresponding U(III)

precursor complex, [((AdArO)3N)U] can be ascribed to the flexibility of the tris-phenolate
ligand.

The trivalent uranium complex shows a remarkable difference in reactivity

towards carbon dioxide and other small molecules compared to the previously studied
trivalent uranium complexes bearing the triazacyclononane-anchored ligand, [((RArO)3tacn)U] (R = t-Bu, adamantyl, diamantyl). Treating [((AdArO)3N)U] with carbon dioxide
yielded the dinuclear uranium bridging carbonate complex, [{((AdArO)3N)U}2(µ-η1:κ2CO3)], through reductive cleavage and nucleophilic attack of CO2.9

This reaction
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proceeds through an unusually reactive, sterically unhindered uranium bridging oxo
complex [{((AdArO)3N)U}2(µ-O)].9 Here, we further demonstrate the reducing nature of
[((AdArO)3N)U] in the activation of azidotrimethylsilane. Depending on the reaction
conditions, reaction of [((AdArO)3N)U] with Me3SiN3 yields the U(IV) azide complex,
[((AdArO)3N)U(N3)], or the U(V) trimethylsilylimide complex, [((AdArO)3N)U(NTMS)].
6.2 Results and Discussion
6.2.1

Synthesis and Molecular Structure of [((AdArO)3N)U(N3)] (2)
Treatment

of

a

red-brown

solution

of

trivalent

uranium

complex,

[((AdArO)3N)U] (1), in 1,2-dimethoxyethane (DME) with 1 equiv azidotrimethylsilane
immediately results in a yellow-orange solution. Over several hours, formation of a
green precipitate is observed.

The green product was collected by filtration and

identified as the U(IV) azide complex [((AdArO)3N)U(N3)] (2) (Scheme 6-1, top).
Cooling a saturated solution of [((AdArO)3N)U(N3)] (2) in DME at –35 °C
produced single crystals suitable for XRD analysis. The molecular structure of 2 contains
the tetradentate ligand in addition to an η1-coordinated azide ligand and a κ2-bound DME
solvent molecule coordinated to the uranium center (Figure 6-1). The U–Namine and
average U–OArO distances in 2 of 2.631(3) Å and 2.168 Å, respectively, are comparable
to those of the starting complex 1 (2.622(4) Å, 2.222 Å) (Table 6-1). The nearly linear
azide unit, with an Nα–Nβ–Nγ angle measuring 177.6(5)°, coordinates to the uranium
center at a U–Nα–Nβ angle of 151.8(3)°. This Nα–Nβ–Nγ angle is comparable to the
metal-azide angles observed for other uranium(IV) azide species.7,10-13 Complex 2 has a
much shorter U–Nα bond of 2.422(4) Å compared to [((t-BuArO)3tacn)U(N3)], which
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Scheme 6-1. Syntheses of U(IV) azide complex 2 and U(V) trimethylsilylimide complex
3.
exhibits a U–Nα bond distance of 2.564(12) Å. Another distinct difference can be
observed within the azide fragment of 2, where the Nα–Nβ and Nβ–Nγ bond lengths of
1.101(5) Å and 1.189(6) Å, respectively, are inequivalent. This is in contrast to the
analogous bonds in [((t-BuArO)3tacn)U(N3)] (1.220(14) Å, 1.209(14) Å)11 and [((AdArO)3tacn)U(N3)] (1.128(4) Å , 1.147(5) Å)10 which are nearly identical. Unlike the complexes
[((RArO)3tacn)U(N3)] (R = t-Bu, Ad), where the U–N3 interactions are more ionic, the
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Figure 6-1. Molecular structure of U(IV) azide complex 2. Co-crystallized DME
solvent molecules are omitted for clarity. Thermal ellipsoids are at 50% probability.
unequal N–N bond distances in the azide unit of 2 indicate more covalent U–N3
interactions. This characteristic is not commonly observed for binary uranium azide
complexes.7,12,13 In the documented cases where the N–N distances in the azide unit are
disparate,7,12,13 the Nα–Nβ bond is longer than the Nβ–Nγ bond. This is in agreement with
textbook-explanation of M-N3 resonance structures: M-N=N=N ↔ M-N≡N–N.

For

instance, in Crawford’s uranium(IV) heptaazide complex (Bu4N)3[U(N3)7], the Nα–Nβ
and Nβ–Nγ distances are in the ranges of 1.162(8)–1.246(9) Å and 1.055(8)–1.150(7) Å,
respectively.13 Mazzanti’s U(IV) tetraazide complex [U(N3)4(py)4] features Nα–Nβ bond
distances of 1.194 Å and Nβ–Nγ distances of 1.141 Å.7

Andersen’s U(IV) diazide
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complex [{η5-1,2,4-(Me3C)3C5H2}2U(N3)2] exhibits Nα–Nβ bond lengths of 1.201(8) Å
and 1.196(9) Å and Nβ–Nγ distances of 1.138(9) Å and 1.130(9) Å.12 To the best of our
knowledge, complex 2 is the only complex that exhibits the opposite trend, where the
Nα–Nβ distance is significantly shorter than the Nβ–Nγ distance. Furthermore, the Nα–Nβ
bond length of 1.101(5) Å is similar to the bond length found for dinitrogen. A resonance
structure can be evoked to explain this observation, where the negative charge lies on the
Nγ of the azide moiety (Figure 6-2, right). This unusual characteristic is reminiscent of
the asymmetry seen in the C–O bond lengths reported for the charge-separated U(IV)
species with a coordinated radical anionic CO2•– ligand [((AdArO)3tacn)U(CO2•–)].10 The
resonance structures for this complex are depicted as UIV=O=C•–O– ↔ UIII–O≡C–O–,
where the O–C bond adjacent to the uranium center is much shorter (1.122(4) Å) than the
terminal C–O bond (1.277(4) Å).10

Figure 6-2. Resonance structures of U(IV) azide complex 2.
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6.2.2

Magnetism and Electronic Absorption of 2
Variable temperature (VT) SQUID magnetization data can probe the oxidation

state of the metal center. Room temperature measurements do not provide adequate data
to distinguish between U(III) f

3

and U(IV) f

2

complexes because their magnetic

moments are very similar. However, trivalent and tetravalent uranium complexes can be
distinguished by observing the dependency of the magnetic moment on temperature. As
is typically observed for a tetravalent uranium center possessing a non-magnetic singlet
ground state at low temperatures, the effective magnetic moment (µeff) of complex 2 at 2
K of 0.34 B.M. is within the usual range of 0.4–0.8 B.M (2–5 K). However, the room
temperature magnetic moment of 2 is significantly lower than expected (2.14 B.M. at 300
K) (Figure 6-3, top). The significantly lower magnetic moment observed for 2, as
compared to [((AdArO)3tacn)U(N3)] (0.69 B.M., 5 K; 2.87 B.M., 300 K), could be
attributed to an increased covalency within the U-azide unit (vide supra) that quenches
spin-orbit coupling and thereby reducing the observed magnetic moments. Although the
effective magnetic moment at room temperature is unexpectedly low, the dependence of
the magnetic moment on temperature is commonly observed for U(IV) species of similar
ligand systems.14 Accordingly, the different ligand fields for complexes containing the
single N-anchored versus the tacn-anchored ligand system could be the result of the
different magnetic moments. Unfortunately, magnetic data, even in a descriptive fashion,
are scarce in uranium coordination chemistry. A more detailed collaborative study is
underway.
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Figure 6-3. Temperature-dependent SQUID magnetization data of two independently
synthesized samples of 2 (at 1 T) plotted as a function of magnetic moment (µeff) vs.
temperature (T) (top). The electronic absorption spectrum of 1 is recorded in
tetrahydrofuran (bottom).
Aside from exhibiting unusual magnetic behaviour, the electronic absorption data
of 2 confirm a tetravalent uranium center. The pale-green color of 2 is an effective visual
indicator that no charge-transfer or f–d transitions will be observed. Accordingly, the
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electronic absorption spectrum of 2 features only weak bands (ε ≈ 10–75 M-1cm-1) in the
Vis/NIR region arising from Laporte-forbidden f–f transitions (Figure 6-3, bottom).
These f–f transitions are similarly observed for the U(IV) azide complexes of the
[((RArO)3tacn)U(N3)] type.10,11
6.2.3

Synthesis and Molecular Structure of [((AdArO)3N)U(NTMS)] (3)
The reaction of complex 1 with azidotrimethylsilane proceeds differently when

ether is used as the solvent. When a red-brown solution of 1 in ether is added to a
solution of azidotrimethylsilane in ether, a red-orange reaction solution is immediately
observed along with concomitant release of N2 gas. The reaction solution was filtered
and the volatiles were removed to yield red-orange solids, which were identified as the
U(V) trimethylsilylimide complex [((AdArO)3N)U(NTMS)] (3) (Scheme 6-1, bottom).
Dark-orange single crystals of 3, suitable for XRD analysis, were grown from a
saturated solution of 3 in ether at room temperature. The molecular structure of 3
displays a uranium center in a pseudo-octahedral environment coordinated by the
TMSN2– ligand in the axial position trans to the N-anchor and by an ether molecule in the
equatorial position cis to the imide group (Figure 6-4). The transformation from a
trigonal ligand field in 1 to tetragonal in 3 demonstrates a flexibility of the single Nanchored ligand in 1 that is not exhibited when tacn-based ligands are employed. More
importantly, the weakly coordinated Et2O ligand in the equatorial plane may (in solution)
provide a cis-vacant position for substrates to react with a potentially reactive axially
bound ligand. The U–Namine and average U–OArO distances in 3 of 2.630(3) Å and 2.154
Å, respectively, are very similar to those of complex 2. The combination of an almost
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Figure 6-4. Molecular structure of pentavalent uranium trimethylsilylimide complex 3.
Co-crystallized ether solvent molecules are omitted for clarity. Thermal ellipsoids are at
50% probability.
linearly bound imide ligand (∠U–Nα–Si = 175.7(2)°) and short U–Nα distance (1.943(3)
Å) in 3 suggests U–Nα multiple bonding with a formal U≡NR triple bond. The U–Nα
distance is relatively short compared to those of the
trimethylsilylimide

complexes,

[((t-BuArO)3tacn)U(NTMS)]

previously reported
(1.985(5)

Å)11

and

[((AdArO)3tacn)U(NTMS)] (2.122(2) Å).10 Correspondingly, the Nα–Si bond length of
1.725(3) Å is longer compared to those of complexes [((t-BuArO)3tacn)U(NTMS)]
(1.713(5) Å)11 and [((AdArO)3tacn)U(NTMS)] (1.623(2) Å).10 In principle, cleavage of
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the Nα–Si bond would yield the uranium terminal nitride species, and the significantly
weakened Nα–Si bond is a promising observation.

Of interest to note is the ether

molecule coordinated cis to the TMSN2– ligand in the equatorial position. The weakly
bound ether (U–Oether = 2.563(3) Å) can be readily displaced leaving a vacant site for
additional incoming substrates. The flexibility of the ligand in trivalent complex 1 could
potentially lead to different reactivity towards small molecules than previously observed
in U(III) complexes [((RArO)3tacn)U] (R = t-Bu, Ad), where only coordination at the
seventh axial position is possible.
Table 6-1. Selected bond distances (Å) and angles (°) for 2, 3, 4.

structure parameters
U–Namine
U–OArO, avg
U–ODME (avg, 2); ether (3 & 4)
U–Nα
Nα–Nβ
Nβ–Nγ
Nα–Si
Nα–C55
∠Nα–Nβ–Nγ
∠U–Nα–Nβ
∠U–Nα–Si
∠U–Nα–C55

2
2.631(3)
2.168
2.613
2.422(4)
1.101(5)
1.189(6)
–

3
2.630(3)
2.154
2.563(3)
1.943(3)
–
–
1.725(3)

177.6(5)
151.8(3)
–
–

–
–
175.7(2)
–

4
2.508(3)
2.165
2.435(3)
1.950(3)
–
–
–
1.391(5)
–
–
–
177.5(3)
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6.2.4

Magnetism and Electronic Absorption of 3
U(V) f

1

complexes exhibit very distinct temperature-dependent magnetic

behaviors compared to their U(III) f

3

and U(IV) f

2

counterparts. The VT SQUID

magnetization data of 3 displays effective magnetic moment values ranging from 0.90
B.M. at 2 K and to 1.57 B.M. at 300 K (Figure 6-5, top). The µeff value of 1.57 B.M. is
lower than the calculated effective magnetic moment at room temperature for U(V) f 1
complex (2.54 B.M.).15 The increased covalency in the U–NTMS unit, indicated by a
relatively short U–Nα bond distance of 1.943(3) Å, quenches spin-orbit coupling,
resulting in a lowered effective magnetic moment.
The intense colors of uranium complexes can result from either a Laporte-allowed
f–d or ligand-to-metal charge transfer transitions. The 5f 3 to 5f 26d1 transition is typically
observed for trivalent uranium complexes. The electronic absorption data of pentavalent
uranium complexes commonly show LMCT transitions in the UV-Vis region.

The

electronic absorption spectrum of 3 shows intense, unresolved charge-transfer bands over
the entire visible part of the absorption spectrum (Figure 6-5; bottom, magenta).
Additionally, the typical Laporte-forbidden f–f transitions are observed in the visible and
near-IR region (Figure 6-5; bottom, blue). The VT SQUID magnetization and electronic
absorption data support a U(V) center in uranium imide complex 3.
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Figure 6-5. Temperature-dependent SQUID magnetization data of two independently
synthesized samples of 3 (at 1 T) plotted as a function of magnetic moment (µeff) vs.
temperature (T) (top). The electronic absorption spectrum of 3 is recorded in
tetrahydrofuran (bottom).

221
6.2.5

Synthesis and Molecular Structure of [((AdArO)3N)U(NMes)] (4)
Addition of 1 equiv of the red-brown solution of 1 in ether to a brown mesityl

azide solution in ether immediately resulted in a dark green solution with evolution of
dinitrogen gas. Filtration followed by removal of volatiles yielded a fine dark green
powder, which was identified as the U(V) mesitylimide complex [((AdArO)3N)U(NMes)]
(4) (Scheme 6-2).
Dark-green crystals suitable for XRD analysis were grown from a saturated
solution of 4 in ether at room temperature. Similar to 3, the molecular structure of 4
features the uranium center in a pseudo-octahedral coordination sphere. Unexpectedly
and in contrast to the uranium trimethylsilylimide complex 3, the mesitylimide ligand is
coordinated at the equatorial position cis to the N-anchor while the ether molecule
occupies the axial position (Figure 6-6) trans to the single N-anchor. The equatorial
coordination of the MesN2– ligand is reflected in a relatively short U–Namine bond length
of 2.508(3) Å in complex 4 compared to complexes 2 (2.631(3) Å) and 3 (2.630(3) Å),

Scheme 6-2. Synthesis of pentavalent uranium mesitylimide complex 4.
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where the N3– ligand of 2 and the TMSN2– ligand of 3 occupy the axial position trans to
the N-anchor and effectively weaken the U–Namine bond. The mesitylimide ligand binds
to the uranium center with a U–Nα–C55 angle measuring 177.5(3)°.

Although the

MesN2– ligand is coordinated equatorially, complex 4 possesses a U–Nα bond length
(1.950(3) Å) that is comparable to the U–Nα bond length in 3 (1.943(3)) Å. Similar to 3,
the nearly linear binding angle of the imide fragment and short U–Nα bond length in 4
suggest uranium-nitrogen multiple bonding with a formal U≡NR triple bond.
Additionally, the strongly bound mesitylimide ligand exerts an inverse trans influence
(ITI) on the U–O3 bond, observed to be the shortest U–OArO bond within the
[(AdArO)3N)U≡NMes] complex. The U–O3 bond distance is 2.145(2) Å while the U–O1
and U–O2 bond distances are 2.177(2) Å and 2.173(2) Å, respectively.

The trans

influence is well-documented in transition metal complexes and is commonly found in
square planar and pseudo-octahedral complexes.16,17 It describes the phenomenon in
which the M–L bond trans to a strongly bound ligand is effectively weakened. The
opposite occurs in complexes that exhibit an inverse trans influence (ITI), such as in
complex 4, where the M–L bond trans to the strong MesN2– ligand is strengthened. It has
been reported that the ITI can be observed in certain pseudo-octahedral heavy-metal (e.g.
W) and actinide complexes.16,18 Kaltsoyannis offers a thorough theoretical study on the
ITI in actinide complexes of the type [MOX5]n– (M = Pa, U, Np; X = F, Cl, or Br).18 As
suggested by Denning, the inverse trans influence may be explained by the electrostatic
interaction between the strong anionic ligand and the metal core electrons, resulting in a
polarization of the metal core electrons.19 For many transition metals, the core atomic
orbitals (AOs) are p and the valence orbitals are d, giving an induced polarization that is a
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dipole. This causes the negative charge to build up trans to the strongly bound ligand
and due to electron-electron repulsion, the trans M–L bond is weakened. In actinide
complexes, while the core AOs are p, the presence of valence f orbitals causes the
polarization to be predominantly quadrupole. Consequently, the negative charge builds
up cis to the strongly bound ligand and an ITI is observed.19

Figure 6-6. Molecular structure of pentavalent uranium mesitylimide complex 4. Cocrystallized ether solvent molecules are omitted for clarity. Thermal ellipsoids are at
50% probability.
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6.2.6

Magnetism and Electronic Absorption of 4
The VT SQUID magnetization data of 4 shows a narrow magnetic moment range

of 1.0 B.M.–1.68 B.M. in the temperature range between 5 K and 300 K (Figure 6-7, top).
Similar to the magnetization data of complexes 2 and 3, the increased covalency of the

Figure 6-7. Temperature-dependent SQUID magnetization data of two independently
synthesized samples of 4 (at 1 T) plotted as a function of magnetic moment (µeff) vs.
temperature (T) (top). The electronic absorption spectrum of 4 is recorded in
tetrahydrofuran (bottom).
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U–NMes unit results in a relatively decreased magnetic moment of 1.68 B.M. compared
to the calculated value of 2.54 B.M. at 300 K.
The intense dark-green color of complex 4 is reflected in the electronic absorption
spectrum which features two very broad, unresolved LMCT bands in the UV and visible
region with extinction coefficients ranging from ~500–3000 M-1cm-1 (Figure 6-7; bottom,
magenta). Along with these LMCT transitions, weak f–f transitions are also observed in
the near-IR region (ε ≈ 50–100 M-1cm-1). Both VT SQUID magnetization data and
electronic absorption data support an oxidation state assignment of +5 for the uranium
center.
6.3 Conclusion
With the purpose of studying uranium-ligand multiple bonds and ultimately
isolating a uranium terminal nitride species, we set out to obtain uranium azide and imide
complexes with our newly developed [(AdArO)3N)U] (1) system. Like the previously
developed six-coordinate tacn-based tris(aryloxide) uranium complex, four-coordinate 1
is electron-rich; however, the latter is significantly more coordinatively unsaturated.
Additionally, the (AdArO)3N3- chelator exhibits remarkable flexibility, supporting
uranium complexes in both trigonal and tetragonal ligand environments. The activation
of azidotrimethylsilane by 1 resulted in isolation of U(IV) azide complex 2 and U(V)
trimethylsilylimide complex 3. The azide unit in 1 is unusual in that it possesses a short
U-Nα bond and a Nα–Nβ bond distance that is significantly shorter than the Nβ–Nγ
distance. The U(V) trimethylsilylimide complex 3 offers a cis vacant position for further
chemistry, a characteristic not observed in complexes of previous tacn-based ligand
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systems. Activation of mesityl azide can also be achieved to yield the U(V) mesitylimide
complex 4. The mesitylimide ligand exhibits an inverse trans influence, an unusual
observation that is not well-documented for actinide coordination compounds with more
complex ligand systems. Overall, the reactions of 1 with organic azides have produced
compounds that are markedly different than those of previous uranium complexes,
employing tacn-based ligands. The unusual characteristics exhibited by complexes 2, 3,
and 4 are promising and could potentially lead to the synthesis of the elusive uranium
terminal nitride complex. Investigations on further reactivity of these compounds are
currently underway.
6.4 Experimental Section
General Methods.

All experiments were performed under dry nitrogen

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox.
Solvents were purified using a two-column solid-state purification system (Glasscontour
System, Irvine, CA) and transferred to the glovebox without exposure to air.
Spectroscopic Methods. Magnetization data of crystalline powdered samples
(20 – 30 mg) were recorded with a SQUID magnetometer (Quantum Design) at 10 kOe
(2 – 300 K for 2) and (5 – 300 K for 3 and 4). Values of the magnetic susceptibility were
corrected for the underlying diamagnetic increment (χdia = -647.71 × 10-6 cm3 mol-1 (2), 676.98 × 10-6 cm3 mol-1 (3), -717.82 × 10-6 cm3 mol-1 (4) 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

227
spectroscopy.

Data reproducibility was also carefully checked on independently

synthesized samples.
1

H NMR spectra were recorded on JEOL 270 and 400 MHz instruments operating

at respective frequencies of 269.714 and 400.178 MHz with a probe temperature of 23 ºC
in THF-d8. Chemical shifts were referenced to protio solvent impurities (δ 1.73, 3.58
(THF-d8)) and are reported in ppm.
The electronic absorption spectra were measured with 10x10 mm matched quartz
cuvettes at room temperature on a VARIAN Cary 5000 UV-Vis-NIR spectrophotometer
in the region from 200nm to 2000 nm.
Results from elemental analysis were obtained from the Analytical Laboratories at
the Friedrich-Alexander-University Erlangen-Nürnberg (Erlangen, Germany) on Euro EA
3000.
Starting Materials. Precursor complexes [(THF)4UI3] and [U(N(SiMe3)2)3] were
prepared as described by Clark et al.20-22 Uranium turnings were purchased from Oak
Ridge National Laboratory (ORNL) and activated according to literature procedures.20
Azidotrimethylsilane (95%) was purchased from Sigma-Aldrich and used as received.
Mesityl azide was synthesized according to a literature procedure.23 Anhydrous 1,2dimethoxyethane (99.5%) was purchased from Aldrich and further dried by distilling
over sodium benzophenone.
Complex Synthesis. Synthesis of [((AdArO)3N)U(N3)] (2). Azidotrimethylsilane (15 µL, 12.4 mg, 0.107 mmol) diluted in DME (~2 mL) was added dropwise to a
stirring red-brown suspension of complex 1 (100 mg, 0.090 mmol) in DME (~6 mL).
Immediately, all solids are solvated and the solution turns yellow-orange. The reaction
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mixture was allowed to proceed for 10 hours, after which a green precipitate forms. The
reaction mixture was concentrated to one-third the volume and placed in a –35 °C freezer.
After a few hours, the green precipitate was filtered cold and dried under vacuum,
yielding 2 as a fine green powder. Yield: 64 mg (0.056 mmol, 62%).
Synthesis of [((AdArO)3N)U(NTMS)] (3). A red-brown suspension of complex 1
(100 mg, 0.090 mmol) in diethylether (~6 mL) was added dropwise to a solution of
azidotrimethylsilane (15 µL, 12.4 mg, 0.107 mmol) in diethylether (~2 mL). Nitrogen
evolution was observed, along with an immediate solution color change to red-orange.
The reaction mixture was allowed to proceed for 2 hours. The solution was filtered
through a glass filter paper and the volatiles were removed to yield red-orange solids of 3.
Yield: 85 mg (0.072 mmol, 80%).
Synthesis of [((AdArO)3N)U(NMes)] (4). A red-brown suspension of complex 1
(100 mg, 0.090 mmol) in diethylether (~6 mL) was added dropwise to a stirring solution
of mesityl azide (17.5 µL, 17.5 mg, 0.109 mmol) in diethylether (~2 mL). Immediately,
the reaction solution became dark-green and dinitrogen gas evolution was observed. The
reaction mixture was allowed to stir for 2 hours and then filtered through a glass filter
paper. Removal of volatiles yielded dark-green solids of 4. Yield: 82 mg (0.067 mmol,
74%).
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6.5 Appendix

Figure 6-8. 1H-NMR spectrum of [((AdArO)3N)U(N3)] (2) recorded in tetrahydrofuran-d8.
Chemical shifts are in units of ppm.
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1
Figure 6-9.
H-NMR spectrum of [((AdArO)3N)U(NTMS)] (3) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.

231

1
Figure 6-10.
H-NMR spectrum of [((AdArO)3N)U(NMes)] (4) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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Crystallographic Details for 2.

Pale-green prisms, grown from cooling a

saturated solution of 2 at –35 °C, were coated with isobutylene oil on a microscope slide.
A crystal of approximate dimensions 0.41 × 0.30 × 0.23 mm3 was selected and mounted
on a nylon loop. A total of 59117 reflections (–19≤h≤19, –19≤k≤19, –19≤l≤19) were
collected at T = 150(2) K in the θ range from 3.53 to 27.88º, of which 13235 were unique
(Rint = 0.0662) and 11087 were observed [I > 2σ(I)] on a Bruker-Nonius KappaCCD
diffractometer using MoKα radiation (λ = 0.71073 Å, graphite monochromator). The
structure was solved by direct methods and refined by full-matrix least squares
procedures on F2 (SHELXTL NT 6.12, Bruker AXS, Inc., 2002). The compound
crystallizes with one molecule of DME per formula unit. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were placed in calculated idealized positions.
The residual peak and hole electron density were 2.309 and –1.338 e.Å-3. The absorption
coefficient was 2.968 mm-1. The least-squares refinement converged normally with
residuals of R1 = 0.0534, wR2 = 0.0782, and GOF = 1.106 (all data). C62H86N4O7U1,
triclinic, space group P-1, a = 14.4624(8), b = 14.791(2), c = 15.032(2) Å, α = 65.803(9),
β = 83.783(7), γ = 71.972(5)º, V = 2788.3(5) Å3, Z = 2, ρcalcd = 1.474 Mg/m3, F(000) =
1268, R1(F) = 0.0353, wR2(F2) = 0.0711 [I > 2σ(I)].
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X-ray Crystal Structure Details for [((AdArO)3N)U(N3)] (2):

Figure 6-11. Molecular structure of [((AdArO)3N)U(N3)] (2). Thermal ellipsoids are at
the 50% probability level. Hydrogen atoms and a co-crystallized DME solvent molecule
are omitted for clarity.
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Table 6-2. Crystal Data and Structure Refinement for [((AdArO)3N)U(N3)], 2 • C4H10O2.

Identification code

PID: opl0920

Empirical formula

C62 H86 N4 O7 U

Formula weight

1237.38

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 14.4624(8) Å

α = 65.803(9)°

b = 14.7905(15) Å

β = 83.783(7)°

c = 15.032(2) Å

γ = 71.972(5)°

Volume %

2788.3(5) Å3

Z

2

Density (calculated)

1.474 Mg/m3

Absorption coefficient

2.968 mm-1

F(000)

1268

Crystal size

0.41 x 0.30 x 0.23 mm3

Theta range for data collection

3.53 to 27.88°

Limiting indices

-19<=h<=19, -19<=k<=19, -19<=l<=19

Reflections collected / unique

59117 / 13235 [R(int) = 0.0662]

Completeness to theta = 27.88°

99.6

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.0 and 0.585

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

13235 / 0 / 675

Goodness-of-fit on F2

1.106

Final R indices [I>2sigma(I)]

R1 = 0.0353, wR2 = 0.0711

R indices (all data)

R1 = 0.0534, wR2 = 0.0782

Largest diff. peak and hole

2.309 and -1.338 e.Å-3
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Crystallographic Details for 3. Brown-orange block-shaped crystals, grown
from a saturated solution of 3 in diethylether at room temperature, were coated with
isobutylene oil on a microscope slide. A crystal of approximate dimensions 0.21 × 0.20
× 0.17 mm3 was selected and mounted on a nylon loop. A total of 77821 reflections (–
38≤h≤38, –23≤k≤23, –30≤l≤30) were collected at T = 150(2) K in the θ range from 3.40
to 27.10º, of which 12449 were unique (Rint = 0.0789) and 8812 were observed [I > 2σ(I)]
on a Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073 Å,
graphite monochromator). The structure was solved by direct methods and refined by
full-matrix least squares procedures on F2 (SHELXTL NT 6.12, Bruker AXS, Inc., 2002).
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in
calculated idealized positions.

The compound crystallizes with half a molecule of

diethylether per formula unit. This solvent molecule is situated on a crystallographic twofold axis and disordered and SIMU and ISOR restraints were applied in its refinement.
The residual peak and hole electron density were 1.839 and –0.802 e.Å-3. The absorption
coefficient was 2.942 mm-1. The least-squares refinement converged normally with
residuals of R1 = 0.0696, wR2 = 0.0645, and GOF = 1.033 (all data). C63H90N2O4.5Si1U1,
monoclinic, space group C2/c, a = 30.215(2), b = 18.212(2), c = 23.904(2) Å, β =
120.735(8)º, V = 11306(2) Å3, Z = 8, ρcalcd = 1.426 Mg/m3, F(000) = 4992, R1(F) =
0.0324, wR2(F2) = 0.0543 [I > 2σ(I)].
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X-ray Crystal Structure Details for [((AdArO)3N)U(NTMS)] (3):

Figure 6-12. Molecular structure of [((AdArO)3N)U(NTMS)] (3). Thermal ellipsoids are
at the 50% probability level. Hydrogen atoms and a co-crystallized diethylether solvent
molecule are omitted for clarity.
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Table 6-3. Crystal Data and Structure Refinement for [((AdArO)3N)U(NTMS)], 3 •
C4H10O.

Identification code

PID: opl0926

Empirical formula

C63 H90 N2 O4.50 Si U

Formula weight

1213.49

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, C2/c

Unit cell dimensions

a = 30.215(2) Å

α = 90°

b = 18.2120(14) Å

β = 120.735(8)°

c = 23.9040(17) Å

γ = 90°

Volume

11306.2(17) Å3

Z

8

Density (calculated)

1.426 Mg/m3

Absorption coefficient

2.942 mm-1

F(000)

4992

Crystal size

0.21 x 0.20 x 0.17 mm3

Theta range for data collection

3.40 to 27.10°

Limiting indices

-38<=h<=38, -23<=k<=23, -30<=l<=30

Reflections collected / unique

77821 / 12449 [R(int) = 0.0789]

Completeness to theta = 27.10°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.600 and 0.466

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

12449 / 30 / 666

Goodness-of-fit on F2

1.033

Final R indices [I>2sigma(I)]

R1 = 0.0324, wR2 = 0.0543

R indices (all data)

R1 = 0.0696, wR2 = 0.0645

Largest diff. peak and hole

1.839 and -0.802 e.Å-3
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Crystallographic Details for 4. Dark-green block-shaped crystals, grown from a
saturated solution of 4 in diethylether at room temperature, were coated with isobutylene
oil on a microscope slide. A crystal of approximate dimensions 0.18 × 0.15 × 0.13 mm3
was selected and mounted on a nylon loop. A total of 193275 reflections (–30≤h≤30, –
17≤k≤24, –32≤l≤33) were collected at T = 100(2) K in the θ range from 2.77 to 27.88º, of
which 13308 were unique (Rint = 0.0510) and 9628 were observed [I > 2σ(I)] on a Bruker
Kappa APEX2 Duo diffractometer equipped with an Incoatec IµS micro-source and
focusing Montel optics (QUAZAR) using MoKα radiation (λ = 0.71073 Å).

The

structure was solved by direct methods and refined by full-matrix least squares
procedures on F2 (SHELXTL NT 6.12, Bruker AXS, Inc., 2002). All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were placed in calculated idealized
positions. The coordinating diethylether molecule is disordered. Two orientations of one
of the ethyl groups were refined with occupancies of 55(2)% for C66, C67 and 45(2)%
for C66A, C67A. The residual peak and hole electron density were 2.362 and –0.972
e.Å-3.

The absorption coefficient was 2.961 mm-1.

The least-squares refinement

converged normally with residuals of R1 = 0.0574, wR2 = 0.0898, and GOF = 1.112 (all
data). C67H87N2O4U1, orthorhombic, space group Pbca, a = 23.411(3), b = 18.614(3), c =
25.602(4) Å, V = 11156(3) Å3, Z = 8, ρcalcd = 1.456 Mg/m3, F(000) = 5016, R1(F) =
0.0309, wR2(F2) = 0.0727 [I > 2σ(I)].
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X-ray Crystal Structure Details for [((AdArO)3N)U(NMes)] (4):

Figure 6-13. Molecular structure of [((AdArO)3N)U(NMes)] (4). Thermal ellipsoids are
at the 50% probability level. Hydrogen atoms are omitted for clarity.
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Table 6-4. Crystal Data and Structure Refinement for [((AdArO)3N)U(NMes)], 4.

Identification code

PID: opl0931

Empirical formula

C67 H87 N2 O4 U

Formula weight

1222.42

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system, space group

Orthorhombic, Pbca

Unit cell dimensions

a = 23.411(3) Å

alpha = 90°

b = 18.614(3) Å

beta = 90°

c = 25.602(4) Å

gamma = 90°

Volume

11156(3) A3

Z

8

Density (calculated)

1.456 Mg/m3

Absorption coefficient

2.961 mm-1

F(000)

5016

Crystal size

0.18 x 0.15 x 0.13 mm3

Theta range for data collection

2.77 to 27.88°

Limiting indices

-30<=h<=30, -17<=k<=24, -32<=l<=33

Reflections collected / unique

193275 / 13308 [R(int) = 0.0510]

Completeness to theta = 27.88°

99.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.747 and 0.653

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

13308 / 0 / 695

Goodness-of-fit on F2

1.112

Final R indices [I>2sigma(I)]

R1 = 0.0309, wR2 = 0.0727

R indices (all data)

R1 = 0.0574, wR2 = 0.0898

Largest diff. peak and hole

2.362 and -0.972 e.Å-3
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Chapter 7. Activation of Elemental Sulfur, Selenium, and Tellurium at
Reactive U(III) Centers
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7.1 Introduction
Metal chalcogenide complexes formed through activation of elemental
chalcogenides have long been of interest to coordination chemists.1-3 Activation of
elemental chalcogenides has been established for transition metals such as Mo,1,4,5
Nb,6 Ti,7 Ge,8,9 Zr,10 as well as lanthanide metals.11,12 Comparatively, the reactivity
of actinide metal complexes with chalcogenides are not well-studied. For instance,
the activation of heavier chalcogens, such as selenium and tellurium has not been
documented for actinide metals.

The bonding in actinide metals tends to be

predominantly ionic when hard ligands, such as nitrogen and oxygen donors, are
employed. Hence, studying the bonding of actinides to softer sulfide and selenide
ligands could help address the extent of covalency exhibited in actinide complexes.
Most chalcogenide complexes of the actinides contain organochalcogenide ligands
with few containing purely inorganic chalcogenide ligands.13-18 Of these, actinide
complexes containing inorganic selenide and telluride ligands are the most scarce.13,18
The lack of such compounds may be attributed to the difficulties associated with
activation of elemental selenium and tellurium. There are few documented cases of
U–Se13,18-23 and U–Te13,20,24 bonds, with only one report of a purely inorganic U–Se
bond18.
We herein report the activation of elemental sulfur and selenium can be
achieved by employing highly reactive U(III) complexes supported by the trisaryloxide chelating ligands [((t-BuArO)3tacn)U] and [((AdArO)3N)U] to form uranium
bridging chalcogenide complexes. In the presence of an external reducing agent,
dianonic di-µ-chalcogenide complexes of uranium can also be obtained. Herein, we

245
report the syntheses, molecular structures, and electronic properties of uranium
complexes containing purely inorganic sulfide, selenide, and telluride ligands.
7.2 Results and Discussion
7.2.1 Syntheses and Molecular Structures of [{((t-BuArO)3tacn)U}2(µ-S)] (3) and
[{((t-BuArO)3tacn)U}2(µ-Se)] (4)
Treating a dark red-brown solution of electron-rich U(III) complex [((tBu

ArO)3tacn)U] (1), ((t-BuArO)3tacn3- = trianion of 1,4,7,-tris(3,5-di-tert-butyl-2-

hydroxybenzyl)-1,4,7-triazacyclononane), with an excess of elemental sulfur results in

Scheme 7-1. Syntheses of U(IV) bridging sulfide (3) and U(IV) bridging selenide (4)
complexes of the tacn-based ligand system.
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Table 7-1. Selected bond distances (Å) and angles (°) for [{((t-BuArO)3tacn)U}2(µ-O)]
(2), 3, and 4, E = O (2), S (3), Se (4).

structure parameters
U–Ntacn, avg
U–OAr, avg
U–E
∠U–E–U
Uout–of–plane shift

2
2.746
2.225
2.110(4)
180
–0.078

3
2.659
2.203
2.592
180
–0.163

4
2.676
2.206
2.719
180
–0.183

the formation of a bright yellow precipitate in a yellow supernatant (Scheme 7-1, top).
The fine yellow solid was isolated by filtration with a yield of 62%. Recrystallization
from a saturated toluene solution produced single crystals suitable for X-ray diffraction
(XRD) analysis. The molecular structure reveals a dinuclear uranium complex with a
bridging S2– ligand [{((t-BuArO)3tacn)U}2(µ-S)] (3) (Figure 7-1, left). In contrast, the
reaction of U(III) compound 1 with elemental selenium proceeds much slower, forming
an orange precipitate over the course of two days. A shorter reaction time and better
yield of the product can be achieved when 1 is treated with 1 equiv of selenide transfer
reagent, PPh3Se, whereupon a bright orange precipitate forms within minutes (Scheme 71, bottom). The product is collected by filtration with a yield of 58%. Orange single
crystals suitable for XRD analysis were obtained from diffusion of acetonitrile into a
solution of 4 in benzene. The molecular structure features two U(IV) centers bridged by
a Se2– ligand [{((t-BuArO)3tacn)U}2(µ-Se)] (4) and is isostructural to 3 (Figure 7-1, right).
Both complexes 3 and 4 feature the chalcogenide ligands coordinated at axial positions of
the U(IV) centers, where a C3 symmetric environment is retained at the seven-coordinate
U ion. The uranium to ligand bond distances in complexes 3 (U–Navg = 2.659 Å, U–Oavg
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Figure 7-1. Molecular structures of 3 (left) and 4 (right). The tert-butyl groups,
hydrogen atoms, and co-crystallized solvent molecules were omitted for clarity. Thermal
ellipsoids are at 50% probability.
= 2.203) and 4 (U–Navg = 2.676 Å, U–Oavg = 2.206) are similar to each other and also to
six-coordinate complex 1. By contrast, these distances are significantly shorter than
those of the previously published uranium bridging oxo complex [{((t-BuArO)3tacn)U}2(µ-O)]25 (2) (U–Navg = 2.746 Å, U–Oavg = 2.225 Å) (Table 7-1).

This

lengthening of the uranium to ligand distances in 2 is most likely due to the greater shift
in electron density of the metal center to a much harder, stronger O2– ligand rather than to
the soft S2– and Se2– ligands. Similarly, the observed increase in U–E (E = O, S, Se)
distances from 2.110(4) Å (2), to 2.592 Å (3), to 2.719 Å (4) is apparent and attributed to
the increase in size and softness of the ligands as one descends the chalcogenide group.
An informative parameter to examine is the uranium out-of-plane shift (Uoop), which
measures the distance from the uranium center to the plane formed by the three phenolate
oxygen atoms. This Uoop shift is a sensitive indicator of the strength of the U─X bond in

248
these complexes: the stronger the axial seventh ligand is bound, the closer the uranium is
pulled towards the plane. In moving from the O2– ligand in 2 to the S2– in 3, the uranium
center shifts away from the plane by almost twice the distance (–0.078 to –0.163 Å).
This observation is consistent with an increase of almost 0.5 Å in the U–O distance in 2
to the U–S distance in 3. The linearity of the U–E–U angle and short U–E distances
indicate that the chalcogenide group in each complex acts as a π-donor ligand.13
7.2.2

Synthesis and Molecular Structure of [{((AdArO)3N)U}2(µ-S)] (7) and
[{((AdArO)3N)U}2(µ-S)] (8)
The U(III) complex [((AdArO)3N)U] (5) supported by the single nitrogen anchored

ligand ((AdArO)3N3– = trianion of tris(2-hydroxy-3-adamantyl-5-methylbenzyl)amine) has
shown remarkable reactivity towards CO2 through a reactive bridging oxo intermediate,
[{((AdArO)3N)U}2(µ-O)] (6), to form the dinuclear carbonate complex [{((AdArO)3N)U}2(µ-η1:κ2-CO3)].26

Treating complex 5 with an excess of elemental sulfur results in

immediate formation of a yellow-orange precipitate in an orange supernatant (Scheme 72, top). The isolated yellow-orange precipitate was characterized as the U(IV)/U(IV) µsulfido complex [{((AdArO)3N)U}2(µ-S)] (7). When complex 5 is treated with 1 equiv of
elemental selenium, a yellow-orange precipitate is formed from a red-brown suspension
within 1 hour (Scheme 7-2, bottom), indicating that it is much more reactive than the
analogous tacn-derivatized U(III) complex 1. The yellow-orange solids were isolated and
characterized as the dinuclear bridging selenide complex [{((AdArO)3N)U}2(µ-S)] (8).
Single crystals suitable for XRD analyses of both compounds 7 and 8 were grown
from saturated solutions of 1,2-dimethoxyethane (DME).

Similar to 3 and 4, the

molecular structures of 7 and 8 are isostructural (Figure 7-2). In contrast to 3 and 4, 7
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Scheme 7-2. Syntheses of U(IV)/U(IV) bridging sulfide (7) and U(IV)/U(IV) bridging
selenide (8) complexes of the single N-anchored ligand system.
and 8 feature positive Uoop values, where the uranium centers lie above the tris-aryloxide
plane. Additionally, the S2– and Se2– ligands in 3 and 4 are coordinated at the axial
position, while the S2– and Se2– ligands in 7 and 8 coordinate in the equatorial position,
cis to the nitrogen anchor, rendering the coordination polyhedron of 7 and 8 pseudooctahedral. The change in coordination environment from trigonal in 5 to tetragonal in 7
and 8 is indicative of the flexibility of the single nitrogen-anchored ligand in 5, a
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Figure 7-2. Molecular structures of 7 (left) and 8 (right). Adamantyl groups, hydrogen
atoms, and co-crystallized solvent molecules were omitted for clarity. Thermal ellipsoids
are at 50% probability.
characteristic observed in 1, where the triazacyclononane anchor maintains a rigid ligand
framework. The U–N and average tris-aryloxide U–O distances of complex 7 (2.558(6)
Å, 2.185 Å) are comparable to 8 (2.556(6) Å, 2.178 Å). Similar to the U–E–U series of
the (t-BuArO)3tacn3– ligand system, an increase in U–E distances from 2.104(1) Å (6), to
2.736(2) and 2.713(2) Å (7), and to 2.830(1) Å and 2.816(1) Å (8) is the consequence of
increasing covalency between the metal and chalcogenide as the group is descended
(Table 7-2). Notably, the slightly bent U–E–U angles in 7 (173.5°) and 8 (174.2°)
compared to 3 (180°) and 4 (180°) are reflected in the significantly longer U–E bonds
observed for 7 (avg. 2.725 Å) and 8 (avg. 2.823 Å) than for 3 (2.592 Å) and 4 (2.716 Å).
While the tert-butyl groups in 3 and 4 are arranged in a staggered conformation, which
allows for a linear U–E–U angle, the bent U–E–U angles in 7 and 8 can be attributed to
the steric congestion caused by the adamantyl substituents that prevents optimum orbital
overlap in the U–E–U fragment. As expected, no trends are observed in the uranium outof-plane shifts of 7 and 8, since the coordination sites of the chalcogenide ligands are
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Table 7-2. Selected bond distances (Å) and angles (°) for [{((AdArO)3N)U}2(µ-O)] (6), 7,
and 8, E = O (6), S (7), Se (8).

structure parameters

6

7

8

U–N

2.550(4)

U–OAr, avg
U1,2–E

2.206
2.104(1)
2.104(1)
179.9
0.530
0.530

2.558(6)
2.565(6)
2.185, 2.180
2.736(2)
2.713(2)
173.5
0.526
0.590

2.556(6)
2.551(6)
2.178, 2.179
2.830(1)
2.816(1)
174.2
0.533
0.587

∠U–E–U
U1,2 out–of–plane shift

equatorial and not axial.
As mentioned above, the formation of a bridging carbonate complex from
reductive

cleavage

of

CO2

[{((AdArO)3N)U}2(µ-O)] (6).26

proceeds

through

a

bridging

oxo

intermediate

This observation is unusual since lanthanides and

actinides often form thermodynamically stable bridging oxo complexes. For instance, the
uranium bridging oxo complex [{((t-BuArO)3tacn)U}2(µ-O)] (2) is completely inert. The
nature of the reactivity behind 6 can be attributed to the flexibility of the (AdArO)3N3–
ligand, which promotes equatorial binding of the fifth ligand, leaving access to the
bridging oxo moiety for further chemistry. Complexes 7 and 8 are structurally similar to
6 and may show further reactivity; these investigations are currently under study.
7.2.3

Syntheses and Molecular Structures of [Na2][{((AdArO)3N)U}2(µ-S)2] (9),
[Na2][{((AdArO)3N)U}2(µ-Se)2] (10), and [Na2][{((AdArO)3N)U}2(µ-Te)2] (11)
Treating 5 with 1 equiv of sulfur in the presence of sodium amalgam resulted in

precipitation of yellow-green solids from a green solution. The solids were collected by
filtration and characterized as dinuclear dianionic uranium di-µ-sulfide complex
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Scheme 7-3. Syntheses of U(IV)/U(IV) di-µ-sulfide (9), U(IV)/U(IV) di-µ-selenide (10),
and U(IV)/U(IV) di-µ-telluride (11) complexes of the single N-anchored ligand system.
[Na2][{((AdArO)3N)U}2(µ-S)2] (9) (Scheme 7-3, left). Analogously, the bright orange
dianionic U(IV)/U(IV) di-µ-selenide complex [Na2][{((AdArO)3N)U}2(µ-Se)2] (10)
(Scheme 7-3, center) and di-µ-telluride complex [Na2][{((AdArO)3N)U}2(µ-Te)2] (11)
(Scheme 7-3, right) can be obtained by treating 5 with 1 equiv of elemental selenium and
tellurium, respectively, in the presence of sodium amalgam.
Orange single crystals suitable for XRD studies of 9, 10, and 11 can all be
obtained from diffusion of 1,2-dimethoxyethane into solutions of the respective
compounds in tetrahydrofuran. The molecular structures of 9, 10, and 11 are isostructural
and feature uranium centers in pseudo-octahedral environments, with the two bridging
S2–, Se2–, Te2– ligands, respectively, occupying the positions trans and cis to the nitrogen
anchor (Figure 7-3). The U(IV)/U(IV) dianionic complexes are counter-balanced by two
sodium counterions, each solvated by three molecules of DME. The U–N distances for 9
(2.628(6) Å, 2.633(7) Å), 10 (2.612(5) Å), and 11 (2.614(4) Å) and the average U–O
distances for 9 (2.209 Å, 2.226 Å), 10 (2.198 Å), and 11 (2.185 Å) are comparable to
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those of 7 and 8 (Table 7-3). The U–S, U–Se, and U–Te bond distances in 9, 10, and 11
are in the expected range for U(IV)–S, U(IV)–Se, U(IV)–Te bonds (~2.69–2.71 Å, 9;
~2.82–2.87 Å, 10; ~3.03–3.11 Å). Unlike the almost symmetrical U–S bonds in the
molecular structures of 9, the U–Se and U–Te bonds in 10 and 11, respectively, are
slightly asymmetrical, featuring a long U–Se bond of 2.866(1) Å and a short U–Se bond
of 2.819(1) in compound 10, a long U–Te bond of 3.112(1) Å and a short U–Te bond of

Figure 7-3. Molecular structures of 9 (top-left), 10 (top-right), and 11 (bottom).
Hydrogen atoms and two sodium counterions each solvated by three DME solvent
molecules were omitted for clarity. Thermal ellipsoids are at 50% probability.
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Table 7-3. Selected bond distances (Å) and angles (°) for 9, 10, and 11; E = S (9), Se
(10), Te (11).

structure parameters
U1,2–N1,2
U–OArO, avg.
U1–E1,2
U2–E1,2
U1–U2
∠U1–E1,2–U2
U1,2 out–of–plane shift

9
10
2.628(6), 2.633(7) 2.612 (5), 2.612(5)
2.209, 2.226
2.198, 2.198
2.690(2), 2.714(2) 2.819(1), 2.866(1)
2.711(2), 2.688(2) 2.866(1), 2.819(1)
3.8914(6)
4.003(1)
92.19(7), 92.17(7) 89.52(3), 89.52(3)
0.545, 0.567
0.554, 0.554

11
2.614(4), 2.614(4)
2.185, 2.185
3.031(1), 3.112(1)
3.031(1), 3.112(1)
4.189
85.99(2), 85.99(2)
0.544, 0.554

3.031(1) in compound 11. Given the appropriate conditions, these longer U–Se and U–
Te bonds can be potentially cleaved to generate U=Se and U=Te species, complexes
which are currently unknown. Such uranium terminal selenide and telluride complexes
could be utilized in atom transfer chemistry.
7.2.4 Magnetism of 3, 4, 7, and 8
Variable temperature (VT) SQUID magnetization measurements can be used to
distinguish between trivalent f 3 and tetravalent f 2 complexes because both classes of
compounds exhibit similar magnetic moments at room temperature (calc.: U(III): 3.69
µB; U(IV): 3.58 µB).27 Due to a non-magnetic singlet ground state, a typical U(IV) f 2
complex displays low magnetic moment values, ranging 0.4 – 0.8 B.M. at 2 K. Therefore,
they can be easily distinguished from U(III) f 3 complexes, because the trivalent uranium
complexes show significantly higher magnetic moment values of 1.7 – 1.9 at 2 K. Figure
7-4 displays the temperature dependent magnetic behavior of the uranium chalcogenide
series for the two different ligand systems [{((t-BuArO)3tacn)U}2(µ-E)] (E = O (2), S (3),
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Se (4)) (top) and [{((AdArO)3N)U}2(µ-E)] (E = O (6), S (7), Se (8)) (bottom). The low
temperature (2 K – 5 K) magnetic moments (0.4 – 1.0 B.M.) and the room temperature
(300 K) magnetic moments (3.5 – 4.0 B.M.) are consistent with values typically observed
for tetravalent uranium complexes. The main difference between the complexes of the

Figure 7-4. Variable temperature magnetization data for complexes of type [{((tBu
ArO)3tacn)U}2(µ-E)], E = O (2), S (3), Se (4) (top) and [{((AdArO)3N)U}2(µ-E)], E = O
(6), S (7), Se (8) (bottom).
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tacn tris(aryloxide) series, [{((t-BuArO)3tacn)U}2(µ-E)], and the single N-atom anchored
tris(aryloxide) complexes, [{((AdArO)3N)U}2(µ-E)], is that above temperatures of 100 K,
the magnetic moment is less temperature dependent for complexes of the [{((t-BuArO)3tacn)U}2(µ-E)] series. One possible explanation for this observation is that complexes 6,
7, and 8 possess magnetic states lying closer together in energy than 2, 3, and 4 and thus
get populated faster at lower temperatures. No definitive trends are observed in the room
temperature magnetic moment values. As the chalcogenide series is descended in the U–
E–U complexes, the magnetic moments tend to decrease. However, the difference is
perhaps too insignificant to make any definitive conclusions about the extent, if any, of
magnetic interaction between the uranium centers. Unfortunately, there is a dearth of
information on temperature dependent magnetic behavior of uranium complexes in the
literature.

Andersen and co-workers have reported the room temperature magnetic

moments for the bridging chalcogenide series [{(MeC5H4)3U}2(µ-E)] (E = S (2.93 B.M.),
Se (2.85 B.M.), Te (3.02 B.M.)).13 From variable temperature SQUID magnetization
data, the authors concluded that there were no magnetic interactions between the two
uranium centers.13
7.2.5 Magnetism of 9 and 10
The VT SQUID of complexes 9 and 10 show temperature-dependent magnetic
moment behaviors that resemble those of complexes 7 and 8. The effective magnetic
moments at 2 K of 9 and 10 are nearly identical to those of 7 and 8; however, the room
temperature magnetic moments at 300 K are significantly lower for 9 and 10 (~3.0 B.M.)
compared to 7 and 8 (~3.5 B.M.) (Figure 7-5). For these two cases, the decrease in the
RT magnetic moments is peculiar and warrants further magnetism studies. One possible
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explanation is that the considerably shorter uranium-to-uranium distances measured for
complexes 9 (4.02 Å) and 10 (4.00 Å) compared to those of complexes 7 (5.44 Å) and 8
(5.64 Å) may lead to some degree of magnetic interactions between the two uranium
centers. More detailed magnetization and DFT studies are currently underway.

Figure 7-5. Variable temperature magnetization data of 9 and 10. Reproducibility was
verified on three independently synthesized samples. Data have been corrected for
underlying diamagnetism.
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7.3 Conclusion
The activation of elemental sulfur and selenium demonstrate the powerful
reducing nature of the U(III) complexes [((t-BuArO)3tacn)U] (1) and [((AdArO)3N)U] (5).
The uranium complexes containing purely inorganic chalcogenide ligands 3, 4, 7, and 8
represent the first examples of elemental sulfur and selenium activation by uranium.
Moreover, the virtually linear U–E–U angles in these complexes imply a significant
degree of covalency involving the metal f-orbitals and π-donating chalcogenides. The
low magnetic moments at RT observed in the temperature-dependent SQUID
magnetization data of the dianionic di-µ-E (E = S (9), Se (10)) complexes and the short
uranium-uranium distances observed in these complexes may be correlated. Complex 11
represents the first actinide complex with a purely inorganic Te2– ligand.

Detailed

magnetization and DFT studies are currently underway in order to gain more insight into
the electronic structure and bonding of these unusual uranium chalcogenide complexes.
7.4 Experimental Section
General Methods.

All experiments were performed under dry nitrogen

atmosphere using standard Schlenk techniques or an MBraun inert-gas glovebox.
Solvents were purified using a two-column solid-state purification system (Glasscontour
System, Irvine, CA) and transferred to the glovebox without exposure to air.
Spectroscopic Methods. Magnetization data of crystalline powdered samples
(20 – 30 mg) were recorded with a SQUID magnetometer (Quantum Design) at 10 kOe
(5 – 300 K for 3 and 4) and (2 – 300 K for 7, 8, 9, and 10). Values of the magnetic
susceptibility were corrected for the underlying diamagnetic increment (χdia = -1232.40 ×
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10-6 cm3 mol-1 (3), -1061.18 × 10-6 cm3 mol-1 (4), -1321.93 × 10-6 cm3 mol-1 (7), -1329.93
cm3 mol-1 (8), -1269.14 cm3 mol-1 (9), -1229.14 cm3 mol-1 (10)) 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.

Data reproducibility was also carefully checked on independently

synthesized samples.
1

H NMR spectra were recorded on JEOL 270 and 400 MHz instruments operating

at respective frequencies of 269.714 and 400.178 MHz with a probe temperature of 23 ºC
in THF-d8. Chemical shifts were referenced to protio solvent impurities (δ 7.15 (C6D6))
or (δ 1.73, 3.58 (THF-d8)) and are reported in ppm.
Electronic absorption spectra were recorded from 200 to 2000 nm (Shimadzu
(UV-3101PC)) in the indicated solvent.
Results from elemental analysis were obtained from the Analytical Laboratories at
the Friedrich-Alexander-University Erlangen-Nürnberg (Erlangen, Germany) on Euro EA
3000.
Starting Materials. Precursor complexes [(THF)4UI3] and [U(N(SiMe3)2)3] were
prepared as described by Clark et al. Uranium turnings were purchased from Oak Ridge
National Laboratory (ORNL) and activated according to literature procedures. Sulfur
(≥99.5%) was purchased from Sigma-Aldrich and used as received. Selenium pellets
(~2mm, 99.999+%) and tellurium shots (1–2 mm, 99.999%) were purchased from SigmaAldrich and were crushed to fine slivers before usage. Triphenylphosphine sulfide (98%)
and triphenylphosphine selenide (98+%) were purchased from Acros Organics and were
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used as received. Anhydrous 1,2-dimethoxyethane (99.5%) was purchased from Aldrich
and further dried by distilling over sodium benzophenone.
Complex Synthesis. Synthesis of [{((t-BuArO)3tacn)U}2(µ-S)] (3). Elemental
sulfur (5 mg, 0.019 mmol) was suspended in hexane (2 mL) and added to a stirring
solution of [((t-BuArO)3tacn)U] (1) (110 mg, 0.108 mmol). Within 10 minutes, a bright
yellow precipitate could be observed. The reaction was allowed to proceed for at least 12
hours. The yellow precipitate was collected by filtration, washed with hexane three times
(3 mL), and dried in vacuo. Yield: 128.2 mg (0.062 mmol, 57%).
Synthesis of [{((t-BuArO)3tacn)U}2(µ-Se)] (4).

A suspension of triphenyl-

phosphine selenide (36 mg, 0.105 mmol) in hexane (~1 mL) was added to a stirring
suspension of 1 (100 mg, 0.098 mmol) in hexane (~7 mL). Within minutes, a bright
orange precipitate formed in an orange solution with concurrent formation of white
triphenylphosphine. After 10 minutes, the orange precipitate was collected by filtration,
washed with hexane three times (3 mL), and dried in vacuo. Yield: 121.6 mg (0.057
mmol, 58%). Elemental analysis (%) calcd for 3, C 57.86, H 7.43, N 3.97; found, C
57.69, H 7.42, N 3.77.
Synthesis of [{((AdArO)3N)U}2(µ-S)] (7). A suspension of elemental sulfur (5
mg, 0.019 mmol) in DME (~1 mL) was added to a stirring suspension of [((AdArO)3N)U]
(5) (100 mg, 0.090 mmol) in DME (~7 mL). The reaction was allowed to proceed for 12
hours. The resulting yellow-orange precipitate was filtered, washed with cold DME three
times (3 mL), dried in vacuo. Yield: 113.6 mg (0.051 mmol, 57%).
Alternatively, complex 7 can be synthesized from the addition of a suspension of
triphenylphosphine sulfide (27 mg, 0.092 mmol) in DME (~1 mL) to a stirring
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suspension of 5 (100 mg, 0.090 mmol) in DME (~7 mL). Over a few minutes, a yelloworange precipitate emerged out of a yellow-green solution. The yellow-orange solids
were collected by filtration, washed with cold DME three times (3 mL), and dried in
vacuo. Yield: 127.5 mg (0.057 mmol, 62%).
Synthesis [{((AdArO)3N)U}2(µ-Se)] (8). Selenium pellets (7 mg, 0.089 mmol),
crushed into fine slivers, were added as a suspension in DME (~1 mL) to a stirring
suspension of 5 (100 mg, 0.090 mmol). After 1 hour, a yellow-orange precipitate formed
in a yellow-green solution. The reaction was allowed to proceed for another 7 hours.
The yellow-orange precipitate were collected by filtration, washed with cold DME three
times (3 mL), and dried in vacuo. Yield: 128.3 mg (0.056 mmol, 62%).
Alternatively, complex 8 can be synthesized from the addition of a suspension of
triphenylphosphine selenide (31 mg, 0.091 mmol) in DME (~1 mL) to a stirring
suspension of 5 (100 mg, 0.090 mmol) in DME (~7 mL). Over 3-4 minutes, a yelloworange precipitate emerged out of a yellow-green solution. The yellow-orange solids
were collected by filtration, washed with cold DME three times (3 mL), and dried in
vacuo. Yield: 123.9 mg (0.054 mmol, 60%).
Synthesis of [Na2][{((AdArO)3N)U}2(µ-S)2] (9). Sodium amalgam (~3 g, 1–
1.5%) was added to a stirring suspension of 5 (100 mg, 0.090 mmol) in DME (7 mL).
The mixture was allowed to stir for a few minutes and a suspension of elemental sulfur
(10 mg, 0.039 mmol) was then introduced. After 5 minutes, the reaction solution turned
dark green with some precipitate. The reaction was allowed to proceed for 20 hours. The
resulting yellow-green precipitate was filtered, washed with cold DME three times (3
mL), and dried in vacuo. Yield: 110.4 mg (0.052 mmol, 58%).
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Synthesis of [Na2][{((AdArO)3N)U}2(µ-Se)2] (10). Sodium amalgam (~3 g, 1–
1.5%) was added to a stirring suspension of 5 (100 mg, 0.090 mmol) in DME (7 mL).
The mixture was allowed to stir for a few minutes and a suspension of elemental
selenium (7 mg, 0.089 mmol) was then introduced. After 2 hours, the reaction solution
turned bright orange with orange precipitate. The reaction was allowed to proceed for
another 15 hours. The resulting orange precipitate was filtered, washed with cold DME
three times (3 mL), and dried in vacuo. Yield: 132.2 mg (0.059 mmol, 66%).
Synthesis of [Na2][{((AdArO)3N)U}2(µ-Te)2] (11). Sodium amalgam (~3 g, 1–
1.5%) was added to a stirring suspension of 5 (100 mg, 0.090 mmol) in DME (7 mL).
The mixture was allowed to stir for a few minutes and a suspension of elemental
tellurium (12 mg, 0.094 mmol) was then introduced. The reaction mixture was allowed
to stir for 11 hours after which a bright orange precipitate is observed. The orange
product was collected by filtration, washed with cold DME three times (3 mL), and dried
in vacuo. Yield: 128 mg (0.057 mmol, 61%).
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7.5 Appendix

Figure 7-6. 1H-NMR spectrum of [{((t-BuArO)3tacn)U}2(µ-S)] (3) recorded in benzene-d6.
Chemical shifts are in units of ppm.
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Figure 7-7. 1H-NMR spectrum of [{((t-BuArO)3tacn)U}2(µ-Se)] (4) recorded in benzened6. Chemical shifts are in units of ppm.
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1
Figure 7-8.
H-NMR spectrum of [{((AdArO)3N)U}2(µ-S)] (7) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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1
Figure 7-9.
H-NMR spectrum of [{((AdArO)3N)U}2(µ-Se)] (8) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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Figure 7-10. 1H-NMR spectrum of [Na2][{((AdArO)3N)U}2(µ-S)2] (9) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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Figure 7-11. 1H-NMR spectrum of [Na2][{((AdArO)3N)U}2(µ-Se)2] (10) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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Figure 7-12. 1H-NMR spectrum of [Na2][{((AdArO)3N)U}2(µ-Te)2] (11) recorded in
tetrahydrofuran-d8. Chemical shifts are in units of ppm.
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Crystallographic Details for 3. Orange-red block-shaped crystals, grown from
diffusion of hexane into a saturated solution of 3 in benzene at room temperature, were
coated with isobutylene oil on a microscope slide. A crystal of approximate dimensions
0.10 × 0.10 × 0.05 mm3 was selected and mounted on a nylon loop. A total of 55998
reflections (–21≤h≤21, –22≤k≤21, –105≤l≤103) were collected at T = 100(2) K in the θ
range from 2.98 to 27.10º, of which 5180 were unique (Rint = 0.1414) and 2967 were
observed [I > 2σ(I)] on a Bruker-Smart diffractometer using MoKα radiation (λ =
0.71073 Å, graphite monochromator). The structure was solved by direct methods and
refined by full-matrix least-squares procedures on F2 (SHELXTL NT 6.12, Bruker AXS,
Inc., 2002). All non-hydrogen atoms were refined anisotropically. The dinuclear complex
is situated on a crystallographic three-fold inversion axis (Wyckoff position 6b). The
compound crystallizes with a total of three benzene and two hexane molecules per
formula unit. The benzene is situated on a crystallographic two-fold axis (Wyckoff
position 18e) while the hexane is disordered on a crystallographic three-fold axis
(Wyckoff position 12c). The positional parameters of this disordered hexane were kept
fixed during the refinement and no hydrogen atoms were included. All other hydrogen
atoms were placed in calculated idealized positions. The residual peak and hole electron
density were 2.413 and –2.426 e.Å-3. The absorption coefficient was 2.360 mm-1. The
least-squares refinement converged normally with residuals of R1 = 0.1182, wR2 = 0.1305,
and GOF = 1.364 (all data).

C132H202N6O6S1U2, trigonal, space group R-3c, a =

17.249(2), b = 17.249(2), c = 81.99(2) Å, V = 21127(6) Å3, Z = 6, ρcalcd = 1.168 Mg/m3,
F(000) = 7704, R1(F) = 0.0563, wR2(F2) = 0.1192 [I > 2σ(I)].
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X-ray Crystal Structure Details for [{((t-BuArO)3tacn)U}2(µ-S)] (3):

Figure 7-13. Molecular structure of [{((t-BuArO)3tacn)U}2(µ-S)] (3). Thermal ellipsoids
are at the 50% probability level. Hydrogen atoms and co-crystallized benzene and
hexane solvent molecules are omitted for clarity.
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Table 7-4. Crystal Data and Structure Refinement for [{((t-BuArO)3tacn)U}2(µ-S)], 3 •
C6H6 / C6H14.

Identification code

PID: plf15

Empirical formula

C132 H202 N6 O6 S U2

Formula weight

2477.12

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system, space group

Trigonal, R-3c

Unit cell dimensions

a = 17.249(2) Å

α = 90°

b = 17.249(2) Å

β = 90°

c = 81.989(16) Å

γ = 120°

3

Volume

21127(6) Å

Z

6

Density (calculated)

1.168 Mg/m3

Absorption coefficient

2.360 mm-1

F(000)

7704

Crystal size

0.10 x 0.10 x 0.05 mm3

Theta range for data collection

2.98 to 27.10°

Limiting indices

-21<=h<=21, -22<=k<=21, -105<=l<=103

Reflections collected / unique

55998 / 5180 [R(int) = 0.1414]

Completeness to theta = 27.10°

99.7 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.0 and 0.810

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

5180 / 60 / 243

Goodness-of-fit on F2

1.364

Final R indices [I>2sigma(I)]

R1 = 0.0563, wR2 = 0.1192

R indices (all data)

R1 = 0.1182, wR2 = 0.1305

Largest diff. peak and hole

2.413 and -2.426 e.Å-3
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Crystallographic Details for 4.

Orange plates, grown from diffusion of

acetonitrile into a benzene solution of 4 at room temperature, were coated with
isobutylene oil on a microscope slide. A crystal of approximate dimensions 0.23 × 0.18
× 0.10 mm3 was selected and mounted on a nylon loop. A total of 57269 reflections (–
19≤h≤19, –19≤k≤19, –23≤l≤23) were collected at T = 100(2) K in the θ range from 3.28
to 27.48º, of which 14944 were unique (Rint = 0.0485) and 13095 were observed [I >
2σ(I)] on a Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073
Å, graphite monochromator). The structure was solved by direct methods and refined by
full-matrix least-squares procedures on F2 (SHELXTL NT 6.12, Bruker AXS, Inc.,
2002). The crystal under study was composed of a mixture of 98% of the selenido
complex and 2% of the corresponding sulfido complex. Similar ratios were found in
different crystals of this compound tested. The dinuclear complex is situated on a
crystallographic inversion centre (on the bridging Se atom). All non-hydrogen atoms
were refined anisotropically.

Hydrogen atoms were placed in calculated idealized

positions. The compound crystallizes with a total of four molecules of acetonitrile and
four molecules of benzene. Two of the acetonitrile and two of the benzene solvate
molecules are disordered over two different sites being occupied by approximately 50 %
each. SIMU, ISOR and SAME restraints were applied in the refinement of the disorder.
The residual peak and hole electron density were 2.230 and –2.439 e.Å-3. The absorption
coefficient was 2.798 mm-1. The least-squares refinement converged normally with
residuals of R1 = 0.0495, wR2 = 0.0969, and GOF = 1.101 (all data).
C134H192N10O6S0.02Se0,98U2, triclinic, space group P-1, a = 14.861(2), b = 15.046(2), c =
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17.804(2) Å, α = 70.93(1), β = 81.73(2), γ = 60.48(1)°, V = 3273.3(8) Å3, Z = 1, ρcalcd =
1.315 Mg/m3, F(000) = 1332, R1(F) = 0.0387, wR2(F2) = 0.0920 [I > 2σ(I)].

X-ray Crystal Structure Details for [{((t-BuArO)3tacn)U}2(µ-Se)] (4):

Figure 7-14. Molecular structure of [{((t-BuArO)3tacn)U}2(µ-Se)] (4). Thermal ellipsoids
are at the 50% probability level. Hydrogen atoms and co-crystallized benzene and
acetonitrile solvent molecules are omitted for clarity.
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Table 7-5. Crystal Data and Structure Refinement for [{((t-BuArO)3tacn)U}2(µ-Se)], 4 •
C6H6 / CH3CN.

Identification code

PID: opl0701

Empirical formula

C134 H192 N10 O6 S0.02 Se0.98 U2

Formula weight

2593.06

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system, space group

Triclinic, P-1

Unit cell dimensions

a = 14.8605(19) Å

α = 70.931(9)°

b = 15.046(2) Å

β = 81.732(11)°

c = 17.8037(16) Å

γ = 60.483(10)°

Volume

3273.3(8) Å3

Z

1

Density (calculated)

1.315 Mg/m3

Absorption coefficient

2.798 mm-1

F(000)

1332

Crystal size

0.23 x 0.18 x 0.10 mm3

Theta range for data collection

3.28 to 27.48°

Limiting indices

-19<=h<=19, -19<=k<=19, -23<=l<=23

Reflections collected / unique

57269 / 14944 [R(int) = 0.0485]

Completeness to theta = 25.00°

99.7 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.760 and 0.518

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

14944 / 243 / 755

Goodness-of-fit on F2

1.101

Final R indices [I>2sigma(I)]

R1 = 0.0387, wR2 = 0.0920

R indices (all data)

R1 = 0.0495, wR2 = 0.0969

Largest diff. peak and hole

2.230 and -2.439 e.Å-3
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Crystallographic Details for 7. Yellow block-shaped crystals, grown from a
saturated solution of 7 in DME at room temperature, were coated with isobutylene oil on
a microscope slide. A crystal of approximate dimensions 0.32 × 0.30 × 0.21 mm3 was
selected and mounted on a nylon loop. A total of 133321 reflections (–28≤h≤28, –
30≤k≤29, –31≤l≤31) were collected at T = 150(2) K in the θ range from 3.19 to 26.37º, of
which 25276 were unique (Rint = 0.0591) and 17140 were observed [I > 2σ(I)] on a
Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073 Å,
graphite monochromator). The structure was solved by direct methods and refined by
full-matrix least-squares procedures on F2 (SHELXTL NT 6.12, Bruker AXS, Inc., 2002).
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in
calculated idealized positions. The residual peak and hole electron density were 6.944
and –3.187 e.Å-3. The most significant residual electron density maxima were located in a
distance of less than 1 Å from the two uranium centers and might be attributed to
truncation effects. A PLATON analysis revealed the presence of two solvent accessible
voids. Attempts to treat this with the SQUEEZE procedure did not lead to meaningful
results. The compound crystallizes with a total of 3.5 molecules of DME per formula unit
with one DME being occupied by approximately 50 % only indicating loss of included
solvent. ISOR, SIMU and SAME restraints were applied in the refinement of the solvent
molecules. The absorption coefficient was 2.674 mm-1. The least-squares refinement
converged normally with residuals of R1 = 0.1050, wR2 = 0.1535, and GOF = 1.068 (all
data). C130H187N2O17S1U2, monoclinic, space group P21/c, a = 22.837(2), b = 24.081(2),
c = 25.250(2) Å, β = 116.123(8)°, V = 12468 (2) Å3, Z = 4, ρcalcd = 1.363 Mg/m3, F(000)
= 5268, R1(F) = 0.0569, wR2(F2) = 0.1242 [I > 2σ(I)].
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X-ray Crystal Structure Details for [{((AdArO)3N)U}2(µ-S)] (7):

Figure 7-15. Molecular structure of [{((AdArO)3N)U}2(µ-S)] (7). Thermal ellipsoids are
at the 50% probability level. Hydrogen atoms and co-crystallized DME solvent
molecules are omitted for clarity.
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Table 7-6. Crystal Data and Structure Refinement for [{((AdArO)3N)U}2(µ-S)], 7 • 4
C4H10O2.

Identification code

PID: opl0933

Empirical formula

C130 H187 N2 O17 S U2

Formula weight

2557.94

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a = 22.8370(16) Å

α = 90°

b = 24.081(2) Å

β = 116.123(8)°

c = 25.250(2) Å

γ = 90°

Volume

12467.5(17) Å3

Z

4

Density (calculated)

1.363 Mg/m3

Absorption coefficient

2.674 mm-1

F(000)

5268

Crystal size

0.32 x 0.30 x 0.21 mm3

Theta range for data collection

3.19 to 26.37°

Limiting indices

-28<=h<=28, -30<=k<=29, -31<=l<=31

Reflections collected / unique

133321 / 25276 [R(int) = 0.0591]

Completeness to theta = 26.37°

99.1 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.570 and 0.493

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

25276 / 276 / 1396

Goodness-of-fit on F2

1.068

Final R indices [I>2sigma(I)]

R1 = 0.0569, wR2 = 0.1242

R indices (all data)

R1 = 0.1050, wR2 = 0.1535

Largest diff. peak and hole

6.944 and -3.187 e.Å-3
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Crystallographic Details for 8. Yellow-green prisms, grown from a saturated
solution of 8 in DME at room temperature, were coated with isobutylene oil on a
microscope slide. A crystal of approximate dimensions 0.44 × 0.27 × 0.22 mm3 was
selected and mounted on a nylon loop. A total of 132976 reflections (–29≤h≤28, –
30≤k≤28, –32≤l≤32) were collected at T = 150(2) K in the θ range from 3.32 to 27.10º, of
which 26758 were unique (Rint = 0.0937) and 16003 were observed [I > 2σ(I)] on a
Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073 Å,
graphite monochromator). The structure was solved by direct methods and refined by
full-matrix least-squares procedures on F2 (SHELXTL NT 6.12, Bruker AXS, Inc.,
2002). All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed in calculated idealized positions. This compound is isostructural with the
corresponding sulfur-bridged complex 7. A PLATON analysis revealed the presence of
two solvent accessible voids. Attempts to treat this with the SQUEEZE procedure did
not lead to meaningful results. The compound crystallizes with a total of 3.5 molecules
of DME per formula unit with one DME being occupied by approximately 50 % only
indicating loss of included solvent. ISOR, SIMU and SAME restraints were applied in
the refinement of the solvent molecules. The residual peak and hole electron density
were 2.199 and –1.080 e.Å-3. The absorption coefficient was 2.942 mm-1. The leastsquares refinement converged normally with residuals of R1 = 0.1217, wR2 = 0.1322, and
GOF = 1.025 (all data).

C130H187N2O17Se1U2, monoclinic, space group P21/c, a =

22.793(2), b = 24.1118(9), c = 25.319(3) Å, β = 116.09(1)°, V = 12497(2) Å3, Z = 4, ρcalcd
= 1.384 Mg/m3, F(000) = 5340, R1(F) = 0.0520, wR2(F2) = 0.1060 [I > 2σ(I)].
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X-ray Crystal Structure Details for [{((AdArO)3N)U}2(µ-Se)] (8):

Figure 7-16. Molecular structure of [{((AdArO)3N)U}2(µ-Se)] (8). Thermal ellipsoids
are at the 50% probability level. Hydrogen atoms and co-crystallized DME solvent
molecules are omitted for clarity.
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Table 7-7. Crystal Data and Structure Refinement for [{((AdArO)3N)U}2(µ-Se)], 8 • 4
C4H10O2.

Identification code

PID: opl0922

Empirical formula

C130 H187 N2 O17 Se U2

Formula weight

2604.84

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a = 22.7926(18) Å

α = 90°

b = 24.1118(9) Å

β = 116.089(10)°

c = 25.319(3) Å

γ = 90°

Volume

12497(2) Å3

Z

4

Density (calculated)

1.384 Mg/m3

Absorption coefficient

2.942 mm-1

F(000)

5340

Crystal size

0.44 x 0.27 x 0.22 mm3

Theta range for data collection

3.32 to 27.10°

Limiting indices

-29<=h<=28, -30<=k<=28, -32<=l<=32

Reflections collected / unique

132976 / 26758 [R(int) = 0.0937]

Completeness to theta = 27.10°

97.1 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.530 and 0.378

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

26758 / 306 / 1406

Goodness-of-fit on F2

1.025

Final R indices [I>2sigma(I)]

R1 = 0.0520, wR2 = 0.1060

R indices (all data)

R1 = 0.1217, wR2 = 0.1322

Largest diff. peak and hole

2.199 and -1.080 e.Å-3
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Crystallographic Details for 9. Yellow-orange prisms, grown from diffusion of
DME into a THF solution of 9 at room temperature, were coated with isobutylene oil on a
microscope slide. A crystal of approximate dimensions 0.26 × 0.23 × 0.19 mm3 was
selected and mounted on a nylon loop. A total of 124655 reflections (–34≤h≤34, –
20≤k≤20, –67≤l≤66) were collected at T = 150(2) K in the θ range from 3.34 to 25.68º, of
which 23618 were unique (Rint = 0.1075) and 18973 were observed [I > 2σ(I)] on a
Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073 Å,
graphite monochromator). The structure was solved by direct methods and refined by
full-matrix least-squares procedures on F2 (SHELXTL NT 6.12, Bruker AXS, Inc., 2002).
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in
calculated idealized positions. Disorder is observed for one of the ligand arms, where
two alternative orientations could be refined being occupied by 75(2) % for the major
fraction and by 25(2) % for the minor fraction. The three DME molecules coordinating
Na1 are also subjected to disorder. Two alternative positions of 50(2) % occupancy were
refined. SIMU, ISOR and SAME restraints were applied in the refinement of the
disordered structure parts. The residual peak and hole electron density were 1.934 and –
1.969 e.Å-3. The absorption coefficient was 2.566 mm-1. The least-squares refinement
converged normally with residuals of R1 = 0.1004, wR2 = 0.2182, and GOF = 1.481 (all
data).

C132H192N2Na2O18S2U2, monoclinic, space group C2/c, a = 28.397(3), b =

17.161(2), c = 55.426(11) Å, β = 103.78(2)°, V = 26233(7) Å3, Z = 8, ρcalcd = 1.358
Mg/m3, F(000) = 11040, R1(F) = 0.0805, wR2(F2) = 0.2101 [I > 2σ(I)].
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X-ray Crystal Structure Details for [Na2][{((AdArO)3N)U}2(µ-S)2] (9):

Figure 7-17. Molecular structure of [Na2][{((AdArO)3N)U}2(µ-S)2] (9). Thermal
ellipsoids are at the 50% probability level. Hydrogen atoms and two sodium counterions
each solvated by three DME solvent molecules are omitted for clarity.
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Table 7-8. Crystal Data and Structure Refinement for [Na2][{((AdArO)3N)U}2(µ-S)2], 9 •
6 C4H10O2.

Identification code

PID: opl1003

Empirical formula

C132 H192 N2 Na2 O18 S2 U2

Formula weight

2681.04

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, C2/c

Unit cell dimensions

a = 28.397(3) Å

α = 90°

b = 17.1610(19) Å

β = 103.778(11)°

c = 55.426(11) Å

γ = 90°

Volume

26233(7) Å3

Z

8

Density (calculated)

1.358 Mg/m3

Absorption coefficient

2.566 mm-1

F(000)

11040

Crystal size

0.26 x 0.23 x 0.19 mm3

Theta range for data collection

3.34 to 25.68°

Limiting indices

-34<=h<=34, -20<=k<=20, -67<=l<=66

Reflections collected / unique

124655 / 23618 [R(int) = 0.1075]

Completeness to theta = 25.68°

94.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.615 and 0.371

Refinement method

Full-matrix-block least-squares on F2

Data / restraints / parameters

23618 / 877 / 1744

Goodness-of-fit on F2

1.481

Final R indices [I>2sigma(I)]

R1 = 0.0805, wR2 = 0.2101

R indices (all data)

R1 = 0.1004, wR2 = 0.2182

Largest diff. peak and hole

1.934 and -1.969 e.Å-3
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Crystallographic Details for 10. Orange block-shaped crystals, grown from
diffusion of DME into a THF solution of 10 at room temperature, were coated with
isobutylene oil on a microscope slide. A crystal of approximate dimensions 0.37 × 0.22
× 0.16 mm3 was selected and mounted on a nylon loop. A total of 78022 reflections (–
31≤h≤31, –27≤k≤27, –34≤l≤23) were collected at T = 150(2) K in the θ range from 3.35
to 27.10º, of which 14761 were unique (Rint = 0.0852) and 10524 were observed [I >
2σ(I)] on a Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073
Å, graphite monochromator). The structure was solved by direct methods and refined by
full-matrix least-squares procedures on F2 (SHELXTL NT 6.12, Bruker AXS, Inc., 2002).
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in
calculated idealized positions. The dinuclear complex is situated on a crystallographic
two-fold axis running through the center of the U1···U1B connecting line. A PLATON
analysis revealed the presence of solvent accessible voids. Attempts to treat this with the
SQUEEZE procedure did not lead to meaningful results. The crystal structure contains a
major fraction of 95.3(2) % of the U di-µ-selenide complex with a disorder of the Se site
(two alternative positions were refined being occupied by 90.1(8) and 5.2(8) %). The
minor fraction (atoms U1A and Se1A) of 4.7(2) % very likely represents a di-µ-selenide
complex. SIMU restraints were applied in the refinement of the disordered structure
parts. The residual peak and hole electron density were 1.501 and –1.204 e.Å-3. The
absorption coefficient was 3.022 mm-1. The least-squares refinement converged normally
with residuals of R1 = 0.0897, wR2 = 0.1345, and GOF = 1.082 (all data).
C132H192N2Na2O18Se2U2, monoclinic, space group C2/c, a = 24.887(5), b = 21.404(4), c =
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26.847(5) Å, β = 110.322(9)°, V = 13411(4) Å3, Z = 4, ρcalcd = 1.374 Mg/m3, F(000) =
5664, R1(F) = 0.0527, wR2(F2) = 0.1219 [I > 2σ(I)].
X-ray Crystal Structure Details for [Na2][{((AdArO)3N)U}2(µ-Se)2] (10):

Figure 7-18. Molecular structure of [Na2][{((AdArO)3N)U}2(µ-Se)2] (10). Thermal
ellipsoids are at the 50% probability level. Hydrogen atoms and two sodium counterions
each solvated by three DME solvent molecules are omitted for clarity.
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Table 7-9. Crystal Data and Structure Refinement for [Na2][{((AdArO)3N)U}2(µ-Se)2],
10 • 6 C4H10O2.

Identification code

PID: opl0934

Empirical formula

C132 H192 N2 Na2 O18 Se2 U2

Formula weight

2774.84

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, C2/c

Unit cell dimensions

a = 24.887(5) Å

α = 90°

b = 21.404(4) Å

β = 110.322(9)°

c = 26.847(5) Å

γ = 90°

Volume

13411(4) Å3

Z

4

Density (calculated)

1.374 Mg/m3

Absorption coefficient

3.022 mm-1

F(000)

5664

Crystal size

0.37 x 0.22 x 0.16 mm3

Theta range for data collection

3.35 to 27.10°

Limiting indices

-31<=h<=31, -27<=k<=27, -34<=l<=23

Reflections collected / unique

78022 / 14761 [R(int) = 0.0852]

Completeness to theta = 27.10°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.620 and 0.425

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

14761 / 98 / 752

Goodness-of-fit on F2

1.082

Final R indices [I>2sigma(I)]

R1 = 0.0527, wR2 = 0.1219

R indices (all data)

R1 = 0.0897, wR2 = 0.1345

Largest diff. peak and hole

1.501 and -1.204 e.Å-3

288
Crystallographic Details for 11. Orange plates, grown from diffusion of DME
into a THF solution of 11 at room temperature, were coated with isobutylene oil on a
microscope slide. A crystal of approximate dimensions 0.27 × 0.15 × 0.06 mm3 was
selected and mounted on a nylon loop. A total of 82862 reflections (–31≤h≤31, –
27≤k≤27, –34≤l≤23) were collected at T = 150(2) K in the θ range from 3.35 to 27.10º, of
which 14851 were unique (Rint = 0.0898) and 10948 were observed [I > 2σ(I)] on a
Bruker-Nonius KappaCCD diffractometer using MoKα radiation (λ = 0.71073 Å,
graphite monochromator). The structure was solved by direct methods and refined by
full-matrix least-squares procedures on F2 (SHELXTL NT 6.12, Bruker AXS, Inc., 2002).
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in
calculated idealized positions. This compound is isostructural with the corresponding diµ-selenide complex 10. The residual peak and hole electron density were 2.019 and
–1.098 e.Å-3. The absorption coefficient was 2.889 mm-1. The least-squares refinement
converged normally with residuals of R1 = 0.0794, wR2 = 0.1104, and GOF = 1.068 (all
data). C134H196N2Na2O18.5Te2U2, monoclinic, space group C2/c, a = 24.818(2), b =
21.454(2), c = 27.070(3) Å, β = 110.585(11)°, V = 13493(2) Å3, Z = 4, ρcalcd = 1.432
Mg/m3, F(000) = 5888, R1(F) = 0.0477, wR2(F2) = 0.1003 [I > 2σ(I)].
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X-ray Crystal Structure Details for [Na2][{((AdArO)3N)U}2(µ-Te)2] (11):

Figure 7-19. Molecular structure of [Na2][{((AdArO)3N)U}2(µ-Te)2] (11). Thermal
ellipsoids are at the 50% probability level. Hydrogen atoms and two sodium counterions
each solvated by three DME solvent molecules are omitted for clarity.
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Table 7-10. Crystal Data and Structure Refinement for [Na2][{((AdArO)3N)U}2(µ-Te)2],
11 • 6 C4H10O2.

Identification code

PID: opl0921

Empirical formula

C134 H196 N2 Na2 O18.5 Te2 U2

Formula weight

2908.17

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system, space group

Monoclinic, C2/c

Unit cell dimensions

a = 24.818(2) Å alpha = 90°
b = 21.454(2) Å

beta = 110.585(11)°

c = 27.070(3) Å gamma = 90°
Volume

13493(2) Å3

Z

4

Density (calculated)

1.432 Mg/m3

Absorption coefficient

2.889 mm-1

F(000)

5888

Crystal size

0.27 x 0.15 x 0.06 mm3

Theta range for data collection

3.35 to 27.10°

Limiting indices

-31<=h<=30, -27<=k<=27, -34<=l<=34

Reflections collected / unique

82862 / 14851 [R(int) = 0.0898]

Completeness to theta = 27.10°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.840 and 0.400

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

4851 / 188 / 916

Goodness-of-fit on F2

1.068

Final R indices [I>2sigma(I)]

R1 = 0.0477, wR2 = 0.1003

R indices (all data)

R1 = 0.0794, wR2 = 0.1104

Largest diff. peak and hole

2.019 and -1.098 e.Å-3
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