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Lay summary 

The present document describes the chemistry of novel uranium compounds, with 

a primary focus on the reactivity and modification of the usually unreactive uranyl 

dication. These experiments target the synthesis of model systems for nuclear waste 

characterisation. Given their comparatively low radioactivity, the synthesised 

compounds can be used to predict the properties of highly radioactive irradiated 

nuclear fuel. Furthermore, these complexes are being used to study fundamental 

electronic and magnetic properties of the elements of the actinide series. These 

experiments address the current interest in the development of molecular magnets and 

also focus on the facile chemical modification of uranyl containing systems. The 

described new compounds consist of a variety of different metals from across the 

periodic table, allowing for a systematic and comparative description of these new 

materials. 
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Abstract 

This thesis describes the reductive functionalisation of the uranyl(VI) dication by 

metalation of the uranyl oxo-groups (O=UVI=O), using reductants from Group I, 

Group II, Group IV, Group XII and Group XIII as well as from the lanthanide and 

actinide series of the periodic table. 

Chapter 1 introduces uranium and nuclear waste, and gives an introduction into 

uranium(V) chemistry. It further compares the chemistry of uranyl(V) to neptunyl(V), 

with a specific focus on solid state interactions. The chemistry of the Pacman 

calixpyrroles is briefly introduced. These macrocyclic ligands form the basis for the 

synthesis of uranyl Pacman, which represents the major uranyl complex investigated 

in this thesis. 

Chapter 2 describes the reductive and catalytic uranyl oxo-group metalation using 

Group XIII and Group I reagents. It presents the reductive uranyl alumination using 

di-(iso-butyl)-aluminium hydride and Tebbe’s reagent to form the first Al(III)-

uranyl(V) oxo complexes (AlIII-O-UV=O). The chapter shows how the transmetalation 

of these aluminated uranyl(V) complexes with alkali metal hydrides and alkyls leads 

to the formation of mono-metalated alkali metal uranyl(V) complexes (MI-O-UV=O). 

The combination of these two reactions is developed into a catalytic synthesis of the 

latter. The use of elemental alkali metals is described as another pathway of accessing 

alkali metal uranyl(V) complexes, carried out in collaboration with Dr. Rianne 

M. Lord. 

Chapter 3 describes the synthesis of the first Group IV uranyl(V) complexes, using 

low-valent titanium and zirconium starting materials. The chapter includes magnetic 

measurements on the first Ti(III)-uranyl(V) complex and a comparison of 

computational results regarding a selection of uranyl(V) complexes from this thesis. 

The magnetic measurements were carried out by Dr. Alessandro Prescimone, 

University of Edinburgh, and analysed by Dr. Nicola Magnani, Institute for 

Transuranium Elements, Karlsruhe, Germany. Theoretical calculations were carried 

out by Xiaobin Zhang and Prof. Dr. Georg Schreckenbach, University of Manitoba, 
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Canada. The chapter further describes the reductive metalation of uranyl using 

elemental Mg, Ca and Zn and their respective metal halides. 

Chapter 4 describes the uranyl functionalisation using f-elements and their 

complexes. It describes the attempted mono-metalation using lanthanides and the 

formation of a Sm(III)-bis(uranyl(V)) complex. It further describes the uranyl 

reduction using actinides and the synthesis of the first U(IV)-uranyl(V) complex. The 

chapter further describes the first Np(IV)-uranyl(V) complex and the attempted 

synthesis of a Pu(IV)-uranyl(V) complex. These syntheses were performed in 

collaboration with Michał S. Dutkiewicz at the Institute for Transuranium Elements 

(ITU) in Karlsruhe, Germany. This work was carried out with the help of Dr. Christos 

Apostolidis and Dr. Olaf Walter and supervised by Prof. Dr Roberto Caciuffo. 

Chapter 5 describes the reductive uranyl functionalisation in a redox-active 

dipyrromethene ligand, collaboratively carried out with James R. Pankhurst and Lucy 

N. Platts. The synthetic work and analyses were performed jointly with Lucy N. Platts 

(master student under the supervision of the author); UV-vis spectra and cyclic 

voltammograms were recorded by James R. Pankhurst and Lucy N. Platts. The chapter 

presents the synthesis of a new uranyl(VI) complex and its two-electron reduction to 

uranium(IV) using a titanium(III) reductant. Additionally the chapter describes the 

reductive uranyl silylation in a dipyrromethane complex of which the ligand was 

designed by Dr. Daniel Betz. 

Section 6 describes the synthetic procedures. 

Section 7 gives references to the work of others. 

Section 8 shows the publication related to this thesis. 

Section 9 is a table of the complexes described in this thesis. 
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Abbreviations 

18C6  – 18-Crown-6 

AIM – Atoms-in-Molecules 
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1 Introduction  

1.1 Uranium and nuclear waste 

As the major component of the nuclear fuel cycle uranium has become the most 

important member of the actinide series, but in addition to that it is also a very 

widespread naturally occurring element. The amount of uranium in the earth’s crust 

sums up to about 3 mg/kg, forming more than 160 mineral species which account for 

5% of all known minerals.[2] Despite its usage as a nuclear material depleted uranium 

is still used for civilian applications, such as for counterweights in aeroplane wings or 

due to its density as a radiation shield both in medical equipment as well as for the 

transport of high level radioactive material.[3] Moreover, in the 21st century uranium 

chemistry has seen rapid growth, resulting in diverse research activities concerning 

uranium magnetism studies,[4] uranium bearing hybrid materials such as uranium metal 

organic frameworks (U-MOFs) and coordination polymers (CPs),[5] uranium 

nanotubes,[6][7] uranyl hydroxide nanowires,[8] C-H bond activation[9] and catalytic 

applications such as Michael reactions and ring opening polymerisations.[10] 

However, since the advent of nuclear energy production scientists are concerned 

with the problems of nuclear waste disposal and the reprocessing of nuclear fuel.[11] 

Spent nuclear fuel is a highly complex mixture consisting of 96 % uranium dioxide, 

3 % fission products and 1 % transuranium elements, of which the latter two create the 

majority of the radioactivity and decay heat.[12] The long-term storage of high-level 

radioactive waste has long been an issue, and research is being carried out regarding 

partitioning and transmutation strategies.[13] It includes the chemical separation of 

irradiated spent nuclear fuel (partitioning) and the subsequent physical conversion of 

highly radioactive isotopes such as plutonium to low-level fission products 

(transmutation). This can help to physically decrease the amount of high level nuclear 

waste.[14] However, relatively little is known about the actual behaviour of uranium 

and the transuranium elements in nuclear waste, leading to concerns about the inherent 

safety of long-term geologic disposal sites.[15,16] In order to ensure the efficiency of 

nuclear waste disposal it is crucial to determine all relevant chemical aspects which 

are necessary to employ a proper treatment of these hazardous materials. 
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While uranium itself shows a comparatively low radioactivity of 12.44 kBq/g 

(based on 238U), the transuranium elements which are formed as side products due to 

neutron capture and β-decay reactions make up most of the radioactivity of nuclear 

waste. These elements possess isotopes which are several million times more 

radioactive than uranium and can reach levels of up to 2.99 TBq/g for specific nuclides 

such as 244Cm. This makes nuclear fuel reprocessing techniques a demanding task that 

requires an in-depth understanding of actinide interactions in nuclear waste.[17] 

The following graph (Figure 1) demonstrates the radiotoxicity of nuclear waste:[18]  

 

Figure 1 Dependency of the radiotoxicity of nuclear waste on time.[18]  

The graph shows that any produced fission products occurring in nuclear waste 

(dark red) have already decayed after 500 years to reach a level of radioactivity 

similar to naturally occurring uranium ore (green). In geological terms this time is 

relatively short, compared to the behaviour of the minor actinides and their decay 

products (red) and in particular plutonium and its decay products (blue). These strong 

alpha emitting transuranic elements pose a threat to mankind for 10 000 to 100 000 

years before reaching the level of natural uranium ore. It is therefore essential to 
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understand their chemical behaviour in order to provide secure long term storage as 

well as to handle them efficiently. 

In addition to nuclear waste disposal it is still necessary to investigate the behaviour 

of nuclear material in different chemical and biological environments[19][20] and under 

reducing and/or oxidising conditions to accurately determine in which ways they affect 

ecological systems.[21] The impact of nuclear accidents[22] such as reactor core 

meltdowns as seen in Fukushima-Daiichi in Japan in 2011 or at Chernobyl Nuclear 

Power Plant in Ukraine in 1986[23] are severe and leave affected areas heavily 

contaminated for years (Figure 2).  

 

Figure 2 The sarcophagus covering the destroyed reactor block IV of the Chernobyl Nuclear Power 

Plant in 2013 providing provisional protection from the highly radioactive material inside. 

Also non-nuclear accidents which released highly radioactive material to the 

environment as happened in Mayak (“Kyschtym disaster”) in Russia in 1957[24] pose 

a wide range of threats to the environment and people[25][26] and generate inherently 

complex systems which are difficult to model and cause demanding scientific 

investigations.[27] 
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1.2 Uranyl(V) chemistry 

 

1.2.1 Uranyl(VI) reduction and functionalisation 

Uranium, the last naturally occurring element of the periodic system, possesses a 

wide range of different chemical oxidation states and complex reactivity behaviour 

both in aqueous and non-aqueous media, as well as in oxidising and non-oxidising 

environments. These oxidation states range from the recently discovered +II oxidation 

state (f4),[28–30]over the strongly reducing +III (f3)[31,32] to the relatively stable 

+IV (f2),[33] followed by +V (f1)[34,35] and +VI (f0),[36] of which the two latter tend to 

form the oxo (“-yl”) cations UVO2
+ (uranyl(V) monocation) and UVIO2

2+ (uranyl(VI) 

dication). 

Of the above, the uranyl dication UO2
2+ with its linear trans-oxo arrangement[37] is 

the most prevalent uranium species, highly soluble in water[38] and relatively 

chemically inert, showing usually only significant reactivity in its equatorial 

coordination sphere.[39] This trans-oxo arrangement is common in actinides, but 

uncommon in d-block metals. Among the d-metals only the osmyl dication OsO2
2+ 

resembles this linear oxo-group configuration, for example in K2OsO2Cl4, but the 

corresponding aqua ion is unknown.[40] In contrast, molybdyl MoO2
2+, which has no 

accessible f-orbitals, shows a bent geometry to maximise the π-interaction with the 

t2g-orbitals.[41–43] The uranyl dication is very stable with respect to its strong oxygen 

bonding and it possesses a bond dissociation energy for the U-O bond of ΔHdiss = 

761 kJ/mol. This is even higher than the bond dissociation energy of the C-O bonds in 

CO2 (ΔHdiss = 749 kJ/mol).[44] Studies on the exchange rate of the uranyl oxygen atoms 

by Gordon and Taube using 1 M solutions of UO2(ClO4)2 in 1 M HClO4 in the presence 

of 18O-enriched water followed by mass spectrometric analysis have further shown 

that this reaction proceeds with a half-life of 36 000 hours (= 4.1 years).[45] This results, 

as Denning has shown, from a nominal bond order of three for the U-O bonds in 

O=UVI=O and demonstrates the high stability of uranyl(VI) (Figure 2).[46] 
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Figure 3 Nominal bond order of 3 for the uranyl(VI) (L = ligand). 

These uranyl(VI) oxo-groups show a very small Lewis basicity, which is greatly 

enhanced upon reduction to uranyl(V). This is supported by quantum chemical 

calculations by Vallet et al. for the singly reduced UO2
+(H2O)5 in the gas phase, who 

report an effective charge on the uranium atom of +2.19 and for the oxygen atoms 

of -0.66. In contrast, the uranyl(VI) dication UO2
2+(H2O)5 exhibits an effective charge 

of +2.43 for the uranium atom and -0.21 for the oxygen atoms resulting from the strong 

covalent U=O bond in uranyl(VI).[47]  This enhanced Lewis-basicity of the uranyl(V) 

oxo-groups is reflected in their solid state structures, of which a dominant feature is 

the presence of cation-cation interactions (CCIs).[48] These interactions occur when an 

axial Lewis-basic actinyl oxygen atom coordinates to a Lewis acidic metal centre. This 

effect was first observed in actinides by Sullivan et al. as a “specific interaction” 

between neptunyl(V) and uranyl(VI) in aqueous acidic media.[49] CCIs are very well 

known for the more basic neptunyl(V) NpO2
+ complexes,[50] and have also been 

observed for plutonyl(V) PuO2
+,[51] but remain very rare for uranyl(VI) UO2

2+ 

complexes.[52–55] CCIs in uranium(V) compounds are as such a direct effect invoked 

by the increased Lewis basicity of the “-yl” oxygen atoms in UO2
+, and can show 

different binding motifs depending on the nature of the ligand and the presence of 

available cations. In aqueous and biological systems CCIs may be a key aspect of the 

reduction of uranyl(VI) and the disproportionation of uranyl(V).[56,57] Figure 4 shows 

different CCIs known to form in actinyl complexes. 
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Figure 4 Cation-cation interactions in actinyl(V) complexes (For clarity, no equatorial ligands are 

shown except for a)). a) monomeric CCI (M = metal cation, L = ligand)[58] b) dimeric diamond-shaped 

CCI[59,60] c) trimeric CCI[61] d) tetrameric T-shaped CCI[62,63] e) hexameric neptunyl(V) CCI with 

additional Np(IV) coordination.[64] 

Figure 4 shows that the formation of multimetallic CCI complexes occurs when 

both oxo-groups of the uranyl are allowed to take part in the interaction. In fact, the 

steric bulk and shape of the ligand strongly influences which kind of complex forms. 

Hence, the formation of mono uranyl CCI complexes is rather rarely observed because 

most ligands like salen (N,N'-ethylenebis(salicylimine)),[65,66] acnac (acetyl-N-

acetonate)[67,68] and dbm (dibenzoylmethanate)[69,70] solely coordinate the equatorial 

plane of the uranyl, leaving both oxo-groups unprotected for reductive metalation. 

The reduction of uranyl(VI) to uranyl(V) can be carried out both in anhydrous and 

in aqueous media and results in the formation of the uranyl(V) monocation UO2
+.[71] 

However, this is usually unstable with respect to disproportionation, and no isolated 

hydrated uranyl(V) complexes have been reported to date.[72] For instance, if a 

UVIO2(NO3)2 solution in dimethyl sulfoxide is electrochemically reduced to uranyl(V) 

the resulting UO2
+ monocation exhibits a half-life of one hour.[73] This half-life can be 

significantly increased in aqueous media by the choice of an appropriate ligand 

(Scheme 1), so that a reduced uranyl acetylacetonate (UO2(acac)2) complex shows a 
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half-life of 1.5 hours and a similar tetraketonate (UO2(T), T = m-bis(2,4-dioxo-l-

pentyl)benzene)[74] complex has a half-life of 3.7 hours.[75]  

 

Scheme 1 Keto-enol tautomerism in β-diketonate ligands and formation of uranyl(VI) 

acetylacetonate (a) and uranyl(VI) tetraketonate (b). 

Uranyl(V) disproportionates with a ΔG of -142 kJ/mol according to the following 

scheme to uranyl(VI) and uranium(IV):[77] 

 

Scheme 2 Disproportionation of uranyl(V) to uranyl(VI) and uranium(IV) in aqueous media. 

The electrochemical potentials of the uranyl(VI) reduction both to uranyl(V) and 

uranium(IV) have been reported by Grenthe et al. and are given below.[78] 

 

Scheme 3 Electrochemical potentials of the uranyl(VI) reduction to uranyl(V) and uranium(IV). 

Steele and Taylor used Density Functional Theory to show that the U(V) 

disproportionation in water proceeds via the formation of a dimeric cation-cation 

complex followed by two consecutive protonation reactions of the axial uranyl oxygen 

atoms.[79] This process is assumed to be an inner sphere electron transfer. Bühl and 

Schreckenbach carried out computational studies on the oxygen exchange reactions in 

tetrahydroxouranylate(VI) complexes ([UO2(OH)4]
2-) and have found that the 

exchange can proceed via two non-classical molecular pathways (Scheme 4).[80] 
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Scheme 4 Oxygen exchange in tetrahydroxouranylate(VI) with two possible mechanistic pathways. 

Cis pathway (top) and T-shaped UO3 pathway (bottom) (Identical complexes in different orientation 

are connected by rotation signs).[80] 

The authors give evidence that a cis pathway employing a cis-[UO2(OH)4]
2− moiety 

as well as a T-shaped trisoxo uranium pathway with an intermediate [UO3(OH)3]
3− 

moiety can be involved in the transfer of the “-yl” oxygens. In addition to this, Szabó 

and Grenthe have investigated the mechanism of uranyl oxygen exchange using 

17O-NMR spectroscopy.[81] They observe the formation of a [UO2(OH)5]
3− which is in 

a dynamic equilibrium with [UO2(OH)4]
2−, proposing a mechanism that involves the 

ion pair [UO2(OH)5]
3−/[UO2(OH)4]

2−. The Gibbs energy of activation at 320 K derived 

from this system is ΔG‡ = 60.8 ± 2.4 kJ/mol and is in good agreement with the values 

calculated by Bühl and Schreckenbach of ΔG‡ = 52.3 ± 5.4 kJ/mol.[80] This suggests 

that the proposed mechanism by Bühl and Schreckenbach may also proceed via a 

binuclear pathway. The difference in the two results may therefore be explained 

because the computational approach is based on an “infinite” dilute system, whereas 

the 17O-NMR studies were carried out at rather high concentrations.  
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Similarly, organic acids such as benzoic acid facilitate the disproportionation of 

uranyl(V) in non-aqueous media such as pyridine to a hexanuclear U(IV) benzoate 

cluster and a uranyl bis-benzoate complex and water.[82] The provision of a 

multidentate ligand and the exclusion of H+ ions is thus a means of stabilising 

uranyl(V) successfully in order to explore its chemical and physical properties.[83] 

This chemistry is of high significance with respect to nuclear waste disposal. In 

order to accurately predict the long-term behaviour of nuclear waste it is crucial to 

understand all the processes encountered in complex mixtures of actinides and their 

fission products. However, many of the redox-reactions regarding the reduction of 

U(VI), the oxidation of U(IV) or the disproportionation of U(V) are not yet fully 

understood on a molecular level. Also the occurrence of these oxidation states side by 

side is an important factor in the light of the presence of plutonium in nuclear waste. 

Burns et al. claim for instance that the crystal-chemical requirements of Pu4+ and U4+ 

are very similar, so that it is likely that Pu(IV) ions can substitute U(IV) ions in 

ianthinite-type crystal phases of nuclear waste, thus being immobilised.[84] Burns and 

co-workers have also demonstrated that sodium-substituted metaschoepite with the 

approximate formula Na[(UO2)4O2(OH)5](H2O)5 (the prefix ‘meta’ indicating partial 

dehydration) is capable of incorporating groundwater soluble Np5+;[85] and similarly 

synthetic soddyite (UO2)2(SiO4)(H2O)2 shows increased substitution of Np5+ for U6+ 

at pH 4.[86] However, little is known on a molecular level regarding the structural 

identity and the chemical and physicochemical aspects of formation of these materials, 

which render uranyl(V) materials ideal model systems for neptunyl(V). 

Even though uranyl(V) seems to be an important intermediate in uranyl(VI) 

reduction and a key to understand anaerobic transformation of nuclear waste crystal 

phases, to date, there is only one naturally occurring uranium(V) mineral known – 

wyartite I (CaU5+(UO2)2(CO3)O4(OH)(H2O)7)
[87] and its dehydration product 

wyartite II (CaU5+(UO2)2(CO3)O4(OH)(H2O)3).
[88] However, no uranyl(V) mineral as 

such has yet been observed in nature and even wyartite itself does not exhibit a 

uranyl(V) moiety but a uranium atom with a formal charge of +5. 
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Figure 5 Depiction of the unit cells of wyartite (left) and dehydrated wyartite (right) in the direction 

of the crystallographic b-axis. The light green polyhedra represent the uranium(V) sites. 

Joan Clark mentions in her studies in 1960 that crystals of wyartite undergo 

alteration in the laboratory within the course of two years, however, she was not able 

to accurately determine the product of alteration.[89] Hawthorne and co-workers noted 

a yellow mottling on the surface of purple wyartite II crystals and suggest a partial 

oxidation similar to that of ianthinite.[88] In contrast to wyartite I the structure of 

wyartite II contains less water and carbonate and shows significant disorder. In 

Wyartite I the Ca2+ cation coordinates to both the uranyl(VI) and the uranium(V) site 

in a chain of uranium polyhedra. The disordered Ca2+ cation in wyartite II however 

links a uranyl(VI) site in one chain with a uranium(V) site in the opposite chain. Quite 

uncommon for uranyl(VI) cations the structures of both wyartite I and wyartite II show 

a cation-cation interaction of the Ca2+ cation to the uranyl(VI) oxygen atom with 

Ca···O=UVI=O separations of 2.52 Å (wyartite I) to 2.42 Å (wyartite II).  

The behaviour of the “classic” uranyl(VI) in wyartite is contrasted by the unique 

uranium(V) site, of which the coordination environment is shown in Figure 6. 

 

Figure 6 Coordination environment of the pentagonal bipyramidal uranium(V) in wyartite. Selected 

bond lengths (Å): U3-Wat14 2.47(1), U3-O4 2.09(2), U3-O8 2.06(2), U3-O11 2.48(2), U3-O9 2.44(2), 

U3-O7 2.07(2), U3-O3 2.14(2). Bond angles O7-U3-O4: 167.0(9)°, O8-U3-O3: 155.2(9)°. 
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Even though the coordination environment for the uranium(V) atom in wyartite is 

pentagonal bipyramidal it contrasts the “classic” behaviour of the uranyl(VI) cations 

found in the same structure. The U-O distances range from 2.06 to 2.48 Å and are 

significantly longer than the average U=O distance of 1.78 Å. The O-U-O bond angles 

with O7-U3-O4 167.0(9)° and O8-U3-O3 155.2(9)° deviate significantly from the 

almost linear uranyl(VI) dication with angles between 174.1(7)° and 176.7(0)°. The 

bond valence parameter calculated for the uranium atom at the U3 site in wyartite is 

5.07 valence units and confirms the U5+ oxidation state. 

In spite of this it was only in 2003 when for the first time the infra-red shift of a 

uranyl(V) N,N′-disalicylidene-o-phenylenediaminate (saloph) complex had been 

reported (Figure 7).  

 

Figure 7 N,N′-disalicylidene-o-phenylenediaminate (saloph) and the corresponding uranyl(VI) 

complex as the DMSO adduct.[90] 

By electrochemical reduction of uranyl(VI) in a thin layer electrode IR cell in 

DMSO, a shift in the U=O asymmetric stretching frequency was observed from 

895 cm-1 in uranyl(VI) to 770 cm-1 in uranyl(V), corresponding to a redox couple 

at -1.73 V vs. Fc/Fc+ (Scheme 5).[90]  

 

Scheme 5 Electrochemical reduction of the uranyl(VI) to uranyl(V). 

This results from both ligand effects in the equatorial plane as well as from the 

chemical reduction, which weakens the U=O bonds, thus increasing the U=O distance. 

This effect hence results in asymmetric stretching modes at significantly lower 

wavenumbers compared to the free UO2
2+ which has an absorption at 962 cm-1.[91] In 

the same year Berthet, Nierlich and Ephritikhine were able to isolate the first uranyl(V) 
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complex [UVO2(OPPh3)4](OTf) which was crystallographically characterised (Figure 

8). In an attempt to recrystallise [UVIO2(OPPh3)4](OTf)2 the authors serendipitously 

observed the formation of a small quantity of small red-orange cube-shaped crystals 

of [UVO2(OPPh3)4](OTf) along with yellow crystals of the parent uranyl(VI) 

complex.[92] 

 

Figure 8 Solid state structure of the first uranyl(V) complex, representing one of the two 

crystallographically independent [UVO2(OPPh3)4]+ ions (displacement ellipsoids drawn at 30 % 

probability). ‘A’ indicates symmetry related atoms. Selected bond lengths (Å): U1‐O5 1.821(6), 

U1-O5A 1.817(6).[92] 

Berthet et al. failed to repeat this first uranyl(V) structure, however, uranyl(V) 

chemistry has since seen rapid growth,[93] and – an air- and moisture-free environment 

provided - different methods of obtaining stable uranyl(V) complexes such as 

polymeric {[UO2(Py)5][KI2(py)2]}∞ have since been developed.[94,95]  

In 2004 Sarsfield and Helliwell reported the synthesis of a uranyl complex that acts as 

a Lewis base, showing an unusual coordination to the highly Lewis acidic 

tris(pentafluorophenyl) borane B(C6F5)3 to one of its oxygen atoms and a significantly 

longer U-Ocoord bond length of 1.898(3) Å than compared to the uncoordinated U-Ouncoord 

bond of  1.770(3) Å (Scheme 6).[96] 



 

 13 

 

Scheme 6 Uranyl acts as a Lewis base towards B(C6F5)3, yielding a O U O·B(C6F5)3 motif. 

Recently Mazzanti and co-workers have been able to show that U(IV) is capable of 

promoting the disproportionation of U(V) in Salophen-tBu2H2 (Salophen-tBu2H2 = 

N,N′-phenylene-bis-(3,5-di-tert-butylsalicylideneimine) and mesaldienH2  (mesaldien-

H2 = N,N′-(2-aminomethyl)diethylenebis(salicylimine)) ligands leading to linear 

{[UO2(mesaldien)-(U(mesaldien)]2(μ-O)} and pentanuclear {[UO2(salen)] 

[U(salophen-tBu2)]2[(U(salen)]2(μ-O)3(μ3-O)} oxo clusters containing UO2
+∙∙∙U4+ 

cation-cation interactions (Figure 9).[97]  

 

Figure 9 Depictions of solid state linear (left) and pentanuclear (right) UO2
+∙∙∙U4+ interactions 

(displacement ellipsoids drawn at 50% probability; O = red, U = green).[97] 

Uranyl(V) complexes have recently also gained attention as potential candidates for 

single molecule magnets (SMMs). This is due to the paramagnetism of the uranyl(V) 

monocation, created by its f1 electron and its ability to coordinate Lewis acidic metal 

cations via cation-cation interactions in the direction of its axial oxygen atoms which 

generate a pathway for magnetic superexchange.[98] 
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Recently Mazzanti and co-workers have reported the first homometallic trimeric 

uranyl(V) β-diketiminate complex [UO2L]3 (L = 2-(4-Tolyl)-1,3-bis(quinolyl)malon-

diiminate) with a blocking temperature of 12 K[61] as well as a Mn(II)-uranyl(V) 

[U12Mn6] wheel-shaped cluster  with a blocking temperature of 4 K (Figure 10).[99] 

 

Figure 10 The dodecanuclear uranyl(V) complex [{[UO2(salen)]2Mn(Py)3}6] with six Mn(II) 

centres. 

Another prominent aspect of the reduction of uranyl(VI) is the reductive silylation 

(Scheme 7), particularly within the Schiff-base polypyrrolic “Pacman” macrocycle, 

which provides reduction and selective oxo-group silylation upon bond homolysis in 

the Si-N bonds of the used silylamide metal complexes.[100] This reaction is 

particularly favoured when the lower macrocyclic pocket is occupied by a metal which 

shows a U=Oendo···M interaction, thus significantly enhancing the Lewis basicity of 

the exogenous uranyl oxo-group U=Oexo. This reductive oxo-metalation depends 

strongly on the metal amide used in the synthesis. In particular lithium, magnesium 

and zinc silylamides interact strongly with the lower macrocyclic pocket, thus 

enhancing the basicity and oxidative strength of the uranyl(VI). Specifically 

magnesium bis(hexamethyldisilylamide) Mg(N(SiMe3)2)2 shows a strong Lewis 

acidic behaviour, allowing for an endogenous U=Oendo···Mg interaction, followed by 

a dative exogenous interaction U=Oexo···Mg that concomitantly reduces via Mg-N 

bond cleavage to form a Mg(II)-uranyl(V) complex with a U-Oexo-Mg bonding motif. 
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In contrast the softer zinc chloride hexamethyldisilylamide ZnClN(SiMe3)2 forms a 

dative exogenous U=Oexo···Zn interaction, that subsequently results in reductive 

silylation by bond homolysis of the Si-N bond to form the  U-Oexo-Si motif (Scheme 

7).[100] 

 

Scheme 7 Bond homolysis in Si-E bonds resulting in reductive uranyl oxo-metalation or oxo-

silylation depending on the softness of the metal.[100] 

This mechanism has also led to the synthesis of a chemically inert and air-stable 

butterfly-shaped bimetallic uranium(V) dioxo complex in which the trans uranyl oxo, 

due to its steric congestion, is rearranged into a mutually cis position, being the first 

example of its kind (Figure 4).[101][102]  

 

Figure 11 Bimetallic uranyl(V) Pacman complex with mutual cis-trans-uranyl motif. 

Computational studies on the tetrahydroxouranylate ion [(UO2)(OH)4]
2- have 

shown that the synthesis of a cis-conformer of the trans uranyl should be feasible, 

although the cis motif is 75 - 79 kJ/mol higher in energy.[103] 
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Reductive uranyl silylation has since become a prominent feature of uranyl(V) 

chemistry. For instance Hayton et al. have recently reported a borane assisted silylation 

and shown that the equatorial ligand environment of the uranyl significantly influences 

its oxo-reactivity.[70] 

In addition to this Hayton and co-workers have shown that also iodotrimethylsilane 

Me3SiI is able to reduce uranyl(VI) to uranyl(V), claiming that the weak oxidation 

potential of the uranyl(VI) dication is greatly enhanced by coordination of the Me3Si+ 

moiety to the uranyl oxygen, in addition to the thermodynamic driving force of Si-O 

(ΔHdiss = 514 kJ/mol) bond formation versus Si-I (ΔHdiss = 322 kJ/mol) bond 

homolysis, finally stating the possibility of a subsequent deoxygenation of the uranyl 

to U(IV) complexes upon addition of excess Me3SiI (Scheme 8).[104]  

 

Scheme 8 Reductive silylation of uranyl(VI) using TMSI.[104] 

This is in concordance with the results of Berthet et al, who observed that 

UO2I2(thf)3 or UO2(OTf)2 are easily reduced in acetonitrile by Me3SiX (X = Cl, Br, I) 

yielding the tetravalent UX4(MeCN)4 complexes. However these studies have not led 

to the isolation of a silylated uranyl(V) intermediate or the expected bis-silyl ether.[105] 

 

Scheme 9 Uranyl(VI) reduction using TMSCl to yield uranium(IV) and the bis-silyl ether.[104,105] 

In contrast, the reduction of uranium either in oxidation state +4 or +6 with metallic 

reductants such as elemental alkali metals is known to reduce uranium to the 

element.[106] In fact, the first preparation of elemental uranium in 1841 by Péligot was 

carried out by heating a mixture of UCl4 with metallic K.[107] The synthesis of highly 

reactive and finely dispersed uranium metal (Rieke-uranium) can be achieved by 

reducing UCl4 with sodium-potassium alloy in dimethoxyethane.[108] It has been 
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shown that K can reduce UCl4 to uranium(III), forming K2UCl5.
[109] However, no 

controlled reduction of high oxidation state uranium using elemental alkali metals has 

been reported to date. 

 

1.2.2 Uranyl(V) vs. neptunyl(V) 

The reduced uranyl(V) monocation UO2
+ is also a useful model for the more 

radioactive transuranium element neptunium (26.04 MBq/g based on 237Np).[110] The 

neptunyl(V) monocation NpO2
+ represents the most stable oxidation state of 

neptunium and behaves – because of its two f-electrons and its subsequently increased 

Lewis basicity on the neptunyl oxygens – chemically very similar to uranyl(V). As 

previously described for uranyl(V) the decreased overall charge on the metal atom 

results in the “-yl” oxygens to become more Lewis basic, and they are therefore more 

likely to form covalent interactions with other metal ions. The bond strength of Np-O 

is weakened and the bond dissociation enthalpy is, compared to uranyl(VI), reduced 

by 41 kJ/mol  to 720 kJ/mol. Neptunyl(V) itself is also more likely to form cation-

cation interactions in a self-recognising pattern, coordinating one neptunyl oxygen to 

an adjacent Np atom in its equatorial plane.[111] This motif is known for 50 % of all 

Np(V) structures.[112] 

For example, Mazzanti and co-workers have shown that neptunyl(V) salen 

complexes [K(18C6)py]2[{NpO2(salen)}4(μ8-K)2] can form similar cation-cation 

complexes in comparison to analogous uranyl(V) material [K(18C6)py]2 

[{UO2(salen)}4(μ8-K)2] (Figure 5).[65] 
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Figure 12 Comparison between the tetrameric uranyl(V) [{UO2(salen)}4(μ8-K)2][K(18C6)Py]2 (left) 

and the tetrameric neptunyl(V) [{NpO2(salen)}4(μ8-K)2][K(18C6)Py]2 (right) by Mazzanti et al.[65] 

In these systems a potassium coordinated uranyl(V) salen complex forms a 

tetrameric uranyl(V) motif with uranyl-uranyl interactions by coordination of a uranyl 

oxygen to the equatorial plane of an adjacent uranyl. This motif was verified by 

synthesising the analogous NpO2
+ compound which leads to a similar binding motif, 

with neptunyl oxygen atoms coordinating to the equatorial plane of an adjacent 

neptunyl. Although the overall characteristics of the two tetrameric complexes are 

similar with respect to geometry, binding motif and bond angles, slight deviations can 

be found regarding the Np-O bond distances as well as the neptunyl-neptunyl 

distances. The two An=O distances found in the neptunium complex (Np-Obound = 

1.877(2) Å and Np-Ounbound = 1.830(2) Å) are slightly shorter than those in the uranium 

complex (U-Obound = 1.933(5) Å and U-Ounbound = 1.840(7) Å), mainly because of the 

differences in ionic radii (0.09 Å). 

Similar CCIs have hence also been reported by Burns et al. on neptunyl(V), 

showing a rare two-dimensional side-on interaction. This neptunyl(V) complex 

K[(NpVO2)(OH)2]⋅2 H2O thus gives a direct comparison between uranyl(V) and 

neptunyl(V) (Figure 6).[113] 
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Figure 13 Ball-and-stick and polyhedral representations of the X-ray structure of 

K[(NpVO2)(OH)2]⋅2 H2O (CCIs = yellow, Np = green, O = red).[113] 

However, even though uranium and neptunium are neighbours in the periodic table, 

the much stronger radioactivity of the transuranium elements very often inhibits more 

extensive systematic research regarding periodic trends in Th, U, Np and Pu 

compounds.[114] While the activity of the most stable isotope 237Np is still about a 1000 

times higher than that of 238U,[115] structural studies comparing U, Np and Pu suggest 

that even though the actinides show many similarities it is not advisable to only use 

substitutes or surrogates but also to work with the actual element in question.[116–118] 

In general though, access to transuranium elements is very limited and cost 

intensive[119] and quite often the focus lies on uranium and plutonium because of their 

importance for nuclear fission. This has brought neptunium the reputation of being the 

“stepchild” of transuranium chemistry,[120] although it is the element that is considered 

to possess the most hazardous potential because it will remain in nuclear waste from 

10 000 to 30 million years.[121] It is therefore crucial to investigate this first 

transuranium element in greater detail. 

 

1.3 Chemistry of the Pacman calixpyrroles 

Calixpyrroles (gr. κάλυξ = chalice, goblet) are cyclic pyrrole compounds which are, 

due to their chemical structure, able to fold and form wedge-shaped molecules. 

The calixpyrrole macrocycle used in this work is the so called “Pacman” ligand, 

first reported independently by Love[122] and Sessler.[123] Its structure and preparation 

is shown in (Scheme 10): 
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Scheme 10 Preparation of the Pacman calixpyrrole ligand. 

These macrocycles are known to complex a variety of different metals, such as Pd, 

Ni, Cu, Fe and Co, resulting usually in bimetallic complexes due to its two N4-donor 

pockets.[124] However, the uranyl dication is one of the two examples which mainly 

forms a monometallic complex, prepared as shown in Scheme 11.[125] The only other 

monometallic Pacman complex of this kind is the dimethyl tin(IV) complex 

[SnMe2(H2L)].[126] 

 

Scheme 11 Synthesis of uranyl(VI) Pacman A. 
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1.4 Aims of this thesis 

The aims of this project were to synthetically investigate the reactivity of the uranyl 

oxygen atoms by uranyl(VI) reduction and subsequent oxo-functionalisation through 

metal coordination. The first aim is to synthesise novel uranyl(V) complexes with 

cation-cation interactions to a variety of metal cations from across the periodic table. 

These will be carried out using the Pacman macrocycle to confine the uranyl(VI) and 

to constrain its oxo-metalation to only one oxo-group. 

At first the reactivity of organometallic aluminium reagents on uranyl(VI) shall be 

investigated. This will be followed by reactivity studies with alkali metal hydrides and 

alkyls. Secondly the single electron reduction of uranyl(VI) by elemental alkali metals 

shall be explored. 

Furthermore, the synthesis of novel uranyl(V) complexes coordinated by a d-metal 

via single electron reduction using low-valent organometallic Group(IV) reagents will 

be explored. In addition to this, reactions will be undertaken with uranyl Pacman and 

divalent Group II and Group XII elements to determine their reductive potential and 

aim to obtain exclusively mono-oxo metalated M(II)-uranyl(V) complexes. 

Moreover, uranyl reduction shall be tested by utilisation of low-valent or metallic 

reductants from the lanthanides series, to target f-f electron correlations through a 

bridging uranyl oxygen. 

Another aspect will be a collaboration with the Institute for Transuranium Elements 

(ITU) in Karlsruhe, Germany, to investigate the reactivity of low-valent organo-

metallic neptunium and plutonium compounds as possible one-electron-reductants to 

form actinide-uranyl(V) cation-cation interactions. 

Finally, newly developed redox-active dipyrromethane and dipyrromethene ligands 

will also be used to investigate the two-electron reduction of uranyl(VI), targeting the 

synthesis and characterisation of novel, bis-oxo metalated uranium(IV) complexes. 

This research focuses will focus on the solid state characterisation of novel 

uranyl(V) complexes by single crystal X-ray diffraction. Nuclear magnetic resonance 

spectroscopy will be used as an important tool to determine the paramagnetically 

shifted resonances resulting from the single electron reduction of uranyl(VI) to 
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uranyl(V) in solution. For selected complexes computational studies will be 

undertaken to correctly assign the oxidation state and hydrogen bonding interactions 

with the macrocycle. This will be supported by magnetic and cyclic voltammetry 

studies as well as UV-vis spectroscopy. The relevance of these materials as potential 

model systems for nuclear waste, their catalytic applications and their role as potential 

candidates for single molecule magnets will be discussed. 

 

. 
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2 Reductive and catalytic uranyl metalation with Group XIII 

and Group I reagents 

2.1 Uranyl functionalisation using organometallic aluminium(III) 

reagents 

Targeting the reductive mono-oxo uranyl functionalisation by oxophilic Lewis-

acids it was envisaged to test a variety of organoaluminium reagents, of which Tebbe’s 

reagent and di-(iso-butyl)aluminium hydride (DIBAL) have proven most useful. The 

resulting Al(III)-uranyl(V) complexes [(py)(Me2AlOUO)(py)(H2L)] 1 and 

[(py)iBu2AlOUO(py)(H2L)] 2 have hence been used as precursor materials for the 

synthesis of novel, exclusively exo-oxo coordinated alkali metal uranyl(V) complexes 

in multi-step synthesis as well as in a catalytic one-pot reaction.  

 

2.1.1 Uranyl functionalisation using Tebbe’s reagent 

Scheme 12 illustrates the two reductive metalation reactions which are further 

described below. 

 

Scheme 12 Reductive alumination of [(UO2)(py)(H2L)] A by Tebbe’s reagent or DIBAL. 

The combination of benzene solutions of equimolar quantities of A and 

[Cp2Ti(μ-Cl)(μ-CH2)AlMe2], and two drops of pyridine at room temperature results in 

a clear orange solution from which yellow crystals form upon standing, and are 

characterised as [(py)(Me2AlOUO)(py)(H2L)] 1, isolated in 67 % yield. The solid state 

structure of 1 was determined and shows the expected wedge-shaped Pacman 

geometry of the parent complex with exo-oxo aluminium coordination (Figure 14).  
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Figure 14 Solid state structures of 1 and 2, front view. For clarity, all hydrogen atoms except the 

pyrrole NHs and all solvent molecules are omitted (displacement ellipsoids are drawn at 50% 

probability). Selected bond lengths (Å) for 1: U1-O1 1.857(3), U1-O2 1.962(3), O1-N4 2.964(5), 

O1-N5 3.068(5). O1-U1-O2 bond angle: 174.3(1)°. Selected bond lengths for 2: U1-O1 1.855(2), 

U1-O2 1.962(2), O1-N4 3.033(4), O1-N5 3.027(4). O1-U1-O2 bond angle: 175.1(1)°. 

1 crystallises in a monoclinic crystal system, and the structural solution was 

performed in space group P21/c with four molecules in the unit cell. The uranyl oxo-

groups adopt a trans geometry, with an O1-U1-O2 angle of 174.3(1)° and U1-O1 and 

U1-O2 bond lengths elongated to 1.857(3) Å and 1.962(3) Å respectively, compared 

to the O=UVI=O bonds of 1.793(6) Å and 1.773(6) Å for A.[125] This significant 

lengthening of these bonds is indicative of a decrease in the uranyl bond order and is 

similar to related experimental and calculated systems in which an increase of 0.151 - 

0.242 Å in U-O bond lengths upon reduction of O=UVI=O to O=UV-O-M is seen.[127] 

Furthermore, the hydrogen-bonding interactions between the endo-oxo O1 and the two 

pyrrole protons in the vacant macrocyclic pocket, shown by O1···N1 2.964(5) Å and 

O1···N2 3.068(5) Å are slightly shorter than those in A (3.111(7) Å and 3.146(7) Å) 

and supports the enhanced oxo basicity of the f1 cation. To our knowledge, this is the 

first reaction in which Tebbe’s reagent is used as a source of aluminium. 
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2.1.2 Uranyl functionalisation using DIBAL 

A more atom-economic route to these heterobimetallic complexes is through the 

reaction between A and di(iso-butyl)aluminium hydride (DIBAL) in toluene at 70 °C 

for 24 h which results in the formation of yellow [(py)iBu2AlOUO(py)(H2L)] 2 in 51 % 

yield. The compound crystallises in a monoclinic crystal system and the structural 

solution was carried out in space group P21/n with four molecules in the unit cell. The 

solid state structure of 2 is shown in Figure 14 and is very similar to 1, with a bond 

length for U1-O1 of 1.855(2) Å and for U1-O2 of 1.962(2) Å. Also the O1-Npyrrole 

interactions show similar values, with an O1-N4 length of 3.033(4) Å and an O1-N5 

length of 3.027(4) Å. The elongation of the U1-O1 and U1-O2 bond distances thus 

exemplifies once more the formal UV oxidation state. Mechanistically, it is likely that 

1 and 2 are formed through Al-ligand bond homolysis (Al-H or Al-C) which provides 

the reducing electron. This process is similar to that suggested by us previously to be 

responsible for uranyl(VI) reduction in the formation of lithium-functionalised 

[(LiOUO)(py)(Li3L)] and lanthanide-functionalised [UO2(py)(Ln{N(SiMe3)2}(L)]2 

that result from C-H[128] or Ln-N bond homolysis (Scheme 13).[60] The latter is also 

known as a sterically induced reduction, which commonly occurs in congested 

trivalent lanthanide complexes.[129] 

 

Scheme 13 Bond homolysis in the Al-CH2 bond (a) forming 1 and a Cp2Ti(Cl)CH2· radical and 

sterically induced reduction in Y-substituted uranyl Pacman complexes forming uranyl(V) and a 

·N(SiMe3)2 radical[60] 
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The 1H-1H-COSY (Figure 15) spectrum of 2 shows paramagnetically shifted and 

broadened resonances between −6 and +70 ppm due to the paramagnetism of the f1 

centre. Even so, the iBu methyl hydrogens can be identified at 6.10 ppm and 6.67 ppm 

with 3JH-H coupling of 8 Hz, and the methine proton is a broad resonance at 11.31 ppm 

that couples with the methylene protons at 16.35 ppm and 16.81 ppm. The most 

contact-shifted resonance at +69 ppm is assigned to the pyrrole N-H protons.  

 

Figure 15 1H-1H-COSY of 2 in C6D6 covering the range of 18 ppm to 5 ppm showing the coupling 

of the iso-butyl groups. 

These resonances can also be identified in the 1H-NMR of 2 which is shown in 

Figure 16. 
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Figure 16 1H-NMR spectrum of 2 in C6D6 covering the range of 18 ppm to 5 ppm showing the 

coupling of the iso-butyl groups. 

Both UVO2-AlIII compounds 1 and 2 are stable in THF, pyridine and non-

coordinating solvents. A study of the redox chemistry of 2 by cyclic voltammetry in 

THF with 0.1 M [NBu4][PF6] as a supporting electrolyte at 500 mV/s reveals a 

quasi-reversible reduction at E1/2 = -1.42 V (vs. Fc/Fc+) which is ascribed to a 

uranyl(V)/uranium(IV) redox couple (Figure 17). A pre-reduction wave is also seen at 

Epc = -1.45 V, implying that the redox chemistry of 1 and 2 is not straightforward; as 

such, the chemical reduction of complex 1 or 2 has not yet been successful.  

 

Figure 17 Room temperature cyclic voltammogram of 2 (5 mM) in THF at 500 mV/s (vs. Fc/Fc+, 

0.1 M [NBu4][PF6] as supporting electrolyte) ip/c = -1.65 V; ip/a = -1.31 V; E1/2 = -1.42 V. 
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An attempt to further reduce 1 or 2, respectively, by addition of rubidium metal to 

form a potential uranium(IV) complex remained unsuccessful (Scheme 14). Prolonged 

heating at 80 ºC of a benzene solution of either 1 or 2, subsequent addition of 

naphthalene to form naphthalenide in situ and the addition of tetrahydrofuran as a 

donor solvent to help solubilise the alkali metal had no effect and no change in the 

1H-NMR spectrum was observed. 

 

Scheme 14 Attempted reduction of 1 and 2 using Rb metal. 

However, we have found that the AlR2 group is readily substituted by a Group 1 

metal cation by reaction with an alkyl or hydride reagent such as MeLi, NaH or KH; 

these experiments had been anticipated to deprotonate the two, likely acidic, pyrrole 

NHs in 1 and 2. The following Section 2.1.3 gives an overview over these reaction. 

 

2.1.3 Substitution reactions on Al(III)-uranyl(V) complexes 

Reactions between benzene solutions of 1 with either one or two equivalents of the 

strong base LiMe affords solely [{(OUO)Li(py)(H2L)}2] 3 in moderate isolated yield 

(40 %), which remains UV and doubly NH protonated (Scheme 15).  

 

Scheme 15 Transmetalation of 1 and 2 using lithium alkyls. 
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This contrasts with the reactions of the uranyl(VI) Pacman complex 

[UO2(py)(H2L)] A with single equivalents of LiR (R = H, NH2, NiPr2, N(SiMe3)2, 

CPh3, C5H5) that simply result in pyrrole deprotonation to afford the uranyl(VI) 

complex [(UO2)(py)(LiHL)],[130] and suggests that the hydrogen-bonding interaction 

between the f1 uranyl oxo-group and the pyrrole protons is significant enough to 

attenuate deprotonation. The X-ray crystal structure of 3 is shown in Figure 18.  

 

Figure 18 Solid state structure of 3. For clarity, all hydrogen atoms except pyrrole NH and all solvent 

molecules are omitted (displacement ellipsoids are drawn at 50% probability). Selected bond lengths 

(Å): U1-O1 1.908(2), U1-O2 1.891(2), U1-O1’ 2.372(3), N4-O2 3.269(4), N7-O2 3.198(5). O1-U1-O2 

bond angle: 177.7(1)°. U1···U1’: 3.5199(9) Å. 

Compound 3 crystallises in a triclinic crystal system, and the structural solution was 

performed in space group P-1 with one molecule in the unit cell. The solid state 

structure shows that the lithium cation is coordinated by the imine groups of the 

macrocycle and that the uranium centre has migrated from its usual N4 donor pocket 

to an alternative pyrrole-imine-imine-pyrrole motif. This results in the macrocycle 

folding at the meso-carbons and not the aryl groups, so resulting in a ‘bowl-shaped’ 

geometry.[124,131,132] As above, the U1-O1 and U1-O2 bond lengths of 1.891(2) and 

1.908(2) Å are elongated compared to A, supporting a UV oxidation state, and the oxo-

groups are arranged in a trans disposition. The Li cation is thus sited within the cavity 

of the macrocycle, bound to the uranyl endo-oxo atom, the two imine groups, and a 

molecule of pyridine. As in the other complexes the uranyl is five-coordinate in the 

equatorial plane but the site which was occupied by the donor solvent is now filled by 
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the exo-oxo-group of its counterpart in the dimer, resulting in a diamond-shaped U2O4-

cation-cation interaction.[41,133,134] The uranium-uranium separation in this dimer is 

short at 3.5199(9) Å, but similar to other complexes previously reported by us, for 

example 3.4487(4) Å in the uranyl(V) yttrium dimer [{UO2Y(py)2(L)}2].
[60]  

Treatment of 2 with one equivalent of LiCH2SiMe3 or LiCH(SiMe3)2 in benzene 

also yielded 3 as verified by 1H-NMR spectroscopy and crystal structure analysis (unit 

cell check). 

In contrast, reactions between 1 or 2 and an excess of LiH in the donor solvent 

pyridine at 40 °C results in the formation of the known, triply lithiated, uranyl(V) 

complex [(py)3(LiOUO)(py)({Li(py)}2L)] A3Li (Scheme 16).[128]  

 

Scheme 16 Formation of triply lithiated uranyl(V) Pacman A3Li upon treatment of 1 or 2 with excess 

LiH in pyridine at 40 °C for 12 h. 

The difference in ability of the two types of Li reagents (LiR vs. LiH) to effect N-H 

deprotonation is likely due to the nature of the reaction solvent. The use of pyridine 

stabilises the exogenous coordination of the Li cation to the uranyl oxo-group, whereas 

in benzene, the reorganization of the uranyl coordination pocket allows for maximum 

interaction of the Li cation with the macrocycle. In support of this, the addition of 

pyridine to a benzene solution of 3 shows a rearrangement from the bowl-shaped 

structure to [(py)3(LiOUO)(py)(H2L)] 4, possessing the classical Pacman structure 

(Scheme 17). This suggests that the bowl-shaped structure is only favoured in a non-

coordinating solvent. 
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Scheme 17 Addition of pyridine to 3 results in the complete conversion to 4. 

Exogenous coordination of a Li cation was also seen in the cleavage products of the 

heterobimetallic lanthanide-uranyl(V) dimers [{(UO2)Ln (py)2(L)}2] (Ln = Sc, Y, Ce, 

Sm, Eu, Gd, Dy, Er, Yb, Lu) to yield [(py)3(LiOUO)Ln(py)2(L)].[135] 

The synthesis of 4 completes the series of previously reported lithiated uranyl 

Pacman complexes,[128] where syntheses using LiH, Li silyl amides and Li alkyls have 

yielded the complexes [(OUVIO)(py)({Li(py)}HL)] ALi, [(py)3(LiOUVO)(py) 

({Li(py)}HL)] A2Li  and [(py)3(LiOUVO)(py)({Li(py)}2L)] A3Li. A comparison of the 

characteristic bond distances and angles of the named complexes is given in Table 1. 

The bond distances for these complexes are the same within the standard deviation, 

except for the uranyl(VI) complex ALi, which shows the short bond distance known 

for the uranyl(VI) moiety.[125] 

Table 1 Comparison of characteristic bond distances an angles in Li uranyl 

Pacman complexes 

Entry Li-O-UV=O 

4 

O=UVI=O···Li 

ALi 

Li-O-UV=O···Li 

A2Li 

Li-O-UV=O···(Li)2 

A3Li 

U1=O1 (Å) 1.853(6) 1.794(4) 1.835(4) 1.859(3) 

O2-U1 (Å) 1.884(7) 1.768(4) 1.879(4) 1.894(3) 

Li-O2 (Å) 1.95(2) --- 1.93(1) 1.91(1) 

O1···Li (Å) --- 2.06(1) 1.94(2) 1.980(9)/1.977(8) 

O2-U1-O1 (°) 173.8(3) 176.1(2) 174.8(2) 174.2(1) 

Li-O2-U1 (°) 166.6(8) --- 167.3(4) 169.2(3) 
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Treatment of 1 or 2 with NaH or KH in pyridine at room temperature results 

exclusively in the exchange of the aluminium cation for the respective alkali metal to 

yield [(py)3(NaOUO)(py)(H2L)] 5 and [(py)3(KOUO)(py)(H2L)] 6 (Na: 69 %, K: 

65 %); in both of these cases, the lower pocket remains protonated (Scheme 18).  

 

Scheme 18 Transmetalation of 1 and 2 using MH (M = Na, K) to yield 5 (Na) and 6 (K). 

Compounds 4 – 6 were dissolved in pyridine. The solutions were allowed to stand, 

and upon slow solvent evaporation gave red crystals suitable for X-ray diffraction. 

Single crystalline material of 4 is shown in Figure 19. 

 

Figure 19 Single crystals of [(py)3(LiOUO)(py)(H2L)] 4. Dimensions of the largest crystal (front): 

3 mm × 2 mm × 2 mm. (Photo: Jamie McKinven) 

The solid state structures of 4 – 6 are very similar and in contrast to 3 show the 

classic uranyl Pacman geometry (Figure 20). 4 and 5 are isostructural. Both 

compounds crystallise in a monoclinic crystal system and their structural solution was 

performed in space group Cc with four molecules per unit cell. 6 crystallises in an 

orthorhombic cell with space group P212121 and four molecules per unit cell. 

The main difference between the structures of 4, 5 and 6 is that the U1-O2-M1 angle 

is nearly linear for the Li (4) (173.8(3)°) and Na (5) (174.7(6)°) complexes whereas 

the U1-O2-K1 angle is considerably bent (116.0(1)°). This is caused by a 

η5-interaction between K and a U-bound pyrrolide ring due to the softness and size of 

K+ (169 pm) compared to Na+ (112 pm) and Li+ (0.73 pm).[136] The uranyl bond 
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distances are for all three complexes in within the same region, showing values for 

U1-O1 of 1.853(6) Å (4), 1.844(5) Å (5) and 1.871(2) Å (6). Similarly the U1-O2 bond 

distances show values of 1.884(7) Å (4), 1.756(7) Å (5) and 1.837(2) Å (6). These 

values all represent the +5 oxidation state of the uranyl. Also the uranyl bond angle 

O1-U1-O2 remains practically linear for all three complexes 173.8(3)° (4), 

174.2(3)° (5) and 176.1(1)° (6). 

 

Figure 20 Solid state structures of 4, 5 and 6. For clarity, all hydrogen atoms except pyrrole NHs 

and all solvent molecules are omitted (displacement ellipsoids are drawn at 50% probability). Selected 

bond lengths (Å) for 4: U1-O1 1.853(6), U1-O2 1.884(7), O1-N4 3.09(1), O1-N5 3.10(1). O1-U1-O2 

bond angle: 173.8(3)°. Selected bond lengths (Å) for 5: U1-O1 1.844(5), U1-O2 1.856(7), O1-N4 

3.010(9), O1-N5 2.988(8). O1-U1-O2 bond angle: 174.2(3)°. Selected bond lengths (Å) for 6: U1-O1 

1.871(2), U1-O2 1.837(2), O1-N4 2.898(4), O1-N5 2.932(4). O1-U1-O2 bond angle: 176.1(1)°. 

The most prominent feature which distinguishes complexes 4 – 6 is the shift of the 

NH protons of the lower macrocyclic pocket to high frequencies. The 1H-NMR 



 

 34 

resonances of 4, 5 and 6 in deuterated pyridine are successively shifted with increasing 

size of the alkali metal cation to 85.48 ppm (4), 91.11 ppm (5) and 93.06 (6). 

Additionally the 7Li-NMR of 4 shows only one resonance at 88.48 ppm, confirming 

the exogenous mono-Li coordination. In contrast, the endogenous Li coordination 

reported for uranyl(VI) Pacman complex [OUVIO(thf){Li(thf)}(HL)] has an NMR 

resonance for the Li+ at 0.66 ppm.[128] 

 

A study of the redox chemistry of 6 by cyclic voltammetry in THF with 0.2 M 

[NBu4][PF6] as a supporting electrolyte at scan rates between 100 and 500 mV/s 

reveals a quasi-reversible reduction at E1/2 = -1.31 V (vs. Fc/Fc+) which is ascribed to 

a uranyl(V)/uranyl(VI) redox couple (Figure 21).  

 

Figure 21 Room temperature cyclic voltammogram of 6 (3.2 mM) in THF at scan rates from 500 to 

100 mV/s (vs. Fc/Fc+); E1/2 = -1.31 V. 

The uranyl complexes given in Table 2 show that the observed redox couple 

of -1.31 V lies within the values of previously observed uranyl(VI)/uranyl(V) couples. 

The reductive potentials of the alkali metals in non-aqueous solvents are not well 

reported. A review by Connelly and Geiger reports reductive potentials for K (in NH3) 

at -2.38 V and for Na (in THF) at -3.04 V.[137] 
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Table 2 Comparison of reported UVIO2/UVO2 redox couples 

Complex Solvent E1/2 in V (vs. Fc/Fc+) Reference 

6 THF -1.31 This thesis 

[(K)UO2(salan-tBu2)(py)]n pyridine -1.74 [138] 

UVIO2(saldien) DMSO -1.58 [139] 

UVIO2(gha) DMSO -1.20 [140] 

UVIO2(
tBuacnac)2 CH2Cl2 -1.46 [141] 

UVIO2(ArMeacnac)2 CH2Cl2 -1.52 [142] 

UVIO2(ArBuacnac)2 CH2Cl2 -1.35 [142] 

UVIO2(dbm)2(thf) CH2Cl2 -1.19 [70] 

Ligands: salan-tBu = N,N′-bis(2-hydroxybenzyl-3,5-di-tert-butyl; saldien = N,N’-disalicylidenedi-

ethylenetriaminate; gha = glyoxal bis(2-hydroxanil)ate; tBuacnac = tBu-NC(Ph)CHC(Ph)O; ArMeacnac 

= 2,4,6-Me3C6H2-NC(Ph)CHC(Ph)O; ArBuacnac = 3,5-tBu2C6H3-NC(Ph)CHC(Ph)O; dbm = 

OC(Ph)CHC(Ph)O 

 

As a consequence it had been tried to use transition metal hydrides in a similar 

manner in order to easily synthesise transition metal uranyl(V) complexes, however, 

the available hydrides such as [PPh3CuH]6 and Cp2ZrHCl did not react and showed no 

transmetalation similar to the alkali metal hydrides. An orange-red solution of 1 and 

[PPh3CuH]6 in pyridine did not react after three days at room temperature and 1 was 

recovered as yellow crystals. To a mixture of Cp2ZrHCl and 1 benzene was added, 

however, the poor solubility of the zirconium reagent inhibited any reaction. Addition 

of THF had no effect. Carrying out this reaction in pyridine was not possible because 

of the known strong interaction with Cp2ZrHCl, forming a highly stable 18-electron 

complex Cp2ZrHCl·py.[143] 



 

 36 

 

Figure 22 Attempted transmetalation reactions of 1 with transition metal hydrides. 

In the light of previously reported boryl-mediated silylation of uranyl 

complexes[144][68] it was envisaged to further modify complexes 1 and 2 with the boron 

reagents BH3∙SMe2 and BHCl2∙thf in order to either substitute the coordinated 

aluminium for boron or to remove the uranyl oxygen completely via formation of 

R’3B-O-AlR”2(py) motifs, however, none of these reactions resulted in the formation 

of isolable material (Scheme 19). 

 

Scheme 19 Anticipated substitution reactions of 1 and 2 with BH3∙SMe2 and BHCl2∙thf. 
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Attempted reactions using 1 using BH3∙SMe2 as well as treatment of 1 with 

BHCl2∙thf in C6D6 have produced inconclusive results. The addition of BH3∙SMe2 

showed the formation of new paramagnetically shifted NMR resonances which can be 

attributed to a uranyl(V) complex (Figure 23), whereas the addition of BHCl2∙thf has 

led to complete decomposition. 

 

Figure 23 1H-NMR spectrum after treatment of 1 with BH3∙SMe2 (high frequency resonances 

omitted for clarity). 

The spectrum shows resonances attributable to the methyl groups of the 

macrocyclic backbone (-0.42 ppm, 0.57 ppm) as well as resonances attributable to the 

methyl groups of the dimethyl dipyrromethane part of the macrocycle 

(-3.87 ppm, -2.72 ppm, 13.63 ppm, 18.63 ppm). The spectrum also features a 

resonance at 58.42 ppm attributable to the pyrrole N-H atoms and shows the sharp 

singlet of free dimethyl sulphide at 1.74 ppm, indicating the coordination of the boron 

atom to another donor, most likely the uranyl oxygen. However, any attempt to isolate 

this material was unsuccessful. Removal of all volatiles under vacuum resulted in the 

formation of a brown powder which was characterised as A.  
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The addition of one equivalent of Meerwein salt (Me3OBF4) in order to either 

remove Me-O-AlR2 or to form Me-O-UV=O led instantly to decomposition (Scheme 

20). A similar reaction was observed using methyl triflate. The addition of one 

equivalent of HCl in diethyl ether afforded only the partly reformation of A. 

 

Scheme 20 Anticipated reactions of 1 and 2 with Meerwein salt Me3OBF4. 

Since it could be proven that Li coordinates to the exogenous uranyl oxygen it was 

also tried to add LiCl to 1 in pyridine at 80 °C in the hope of removing LiOAlR2 and 

generating a Cl-U=O motif (Scheme 21). This was unsuccessful and besides the 

reformation of uranyl(VI) Pacman A only minor amounts of indeterminable 

decomposition products were observed. Alternatively the formation of 4 could have 

been expected, but no resonances of that material were detected in the 1H-NMR 

spectrum. 

 

Scheme 21 Anticipated reactions of 1 and 2 with LiCl in pyridine. 
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It had also been tried to use LiNEt2 to either substitute the AlR2 group for Li, or 

remove LiOAlR2(py) in order to form an Et2N-O-UV=O motif (Scheme 22). An 

equimolar mixture of 1 and LiNEt2 which was heated to 80 ºC in C6D6 showed in the 

1H-NMR spectrum resonances of 1, A (relative ration 1 : 0.75) and a variety of 

paramagnetic resonances at low frequencies below -6 ppm as well as four individual 

resonances at high frequencies (39.02, 50.79, 64.43 and 68.51 ppm) with differing 

integral heights, indicating the probable formation of a mixture of mono- and doubly 

deprotonated species. 

 

Scheme 22 Anticipated products of the reaction of 1 or 2 with LiNEt2. 

 

2.1.4 Catalytic functionalisation 

It is clear from the above transmetalation reactions that the aluminium by-product 

is the alane or aluminium hydride. As such it was envisaged that formation of the 

reduced, alkali-metalated uranyl complexes 4 – 6 from A should be achievable using 

MH (M = Li, Na, K) and a catalytic amount of AlH(iBu)2, as this latter reagent should 

be regenerated during the transmetalation step. As such, reactions using 10 mol% of 

DIBAL and an excess of MH in toluene at 70 °C for 72 to 96 hours (Table 1) were 

carried out and were found to cleanly generate 4, 5 or 6 in essentially quantitative 

yields (Scheme 23).  
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Scheme 23 Catalytic reduction of A using 10 mol% DIBAL to yield 4 – 6 in essentially quantitative 

yield. (Photos: Max McMullon) 

To verify that the above reactions are indeed under catalytic control, reactions using 

KH were carried out using different amounts of DIBAL (Table 3). The reactions were 

heated at 70 °C from 24 to 240 hours and analysed by determining the ratios of the 1H-

NMR resonances of 6 to A. With no aluminium reagent 50% of 6 formed after 96 

hours, and increasing the reaction time up to ten days afforded a 4:1 mixture of 6 and 

A. Treatment of A with 5 mol% of DIBAL only gave 20 % of 6 with 80 % of the 

starting material still present, even after a prolonged reaction time. As such, reactions 

that incorporate 10 mol% DIBAL are significantly accelerated. 

 

Table 3 Control reactions for the HAl(i-Bu)2-catalyzed reduction of A with KH  

Entry Mol% HAl(i-Bu)2 Time/h Ratio 6/A 

1 5 24 20/80 

2 5 60 20/80 

3 10 96 100/0 

4 0 96 50/50 

5 0 240 80/20 

Reaction conditions: 70 °C, toluene, 5 equivalents KH 
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2.2 Reductive uranyl metalation using elemental alkali metals 

Since the above reactions with aluminium reagents and alkali metal hydrides have 

shown the facile reduction of uranyl(VI) and the straightforward substitution of Al3+ 

for Li+ (4), Na+ (5) and K+ (6) it was anticipated that mono-metalated uranyl(V) 

complexes should also form with the heavier alkali metal homologues Rb and Cs. Due 

to the fact that no hydride salts of Rb nor Cs exist it was envisaged that the treatment 

of a pyridine suspension of uranyl(VI) Pacman A with just the elemental alkali metal 

should result in the formation of the mono-metalated uranyl(V) complexes. The 

following section describes both the reductive uranyl metalation with elemental Rb 

(carried out in collaboration with Dr. Rianne M. Lord) and Cs. An attempt has been 

made to transfer this reactivity onto Ga metal as a possible reductant. 

 

2.2.1 Reductive uranyl metalation using Rb 

In order to extend the series of uranyl(V) alkali metal complexes we have treated a 

pyridine suspension of A with one equivalent of rubidium metal to generate the mono-

metalated rubidium complex [(py)3(RbOUO)(py)(H2L)] 7 (Scheme 24).  

 

Scheme 24 Reductive metalation of A by addition of one equivalent of metallic Rb forming 7. 

Stirring a brown solution of A in pyridine at room temperature in the presence of 

elemental rubidium results after three hours in the formation of a dark cherry red 

solution. Filtration and subsequent evaporation of the solvent resulted in the formation 

of intensely dark red prismatic crystals of [(py)3(RbOUO)(py)(H2L)] 7 (Figure 24).  
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Figure 24 Single crystals of 7. Dimensions: 5 mm × 3 mm × 2.5 mm (left, on Young’s NMR tube 

cap); 1.5 mm × 1.5 mm × 0.8 mm (right, seen through microscope). (Photos: Rianne Lord) 

The solid state structure of 7 is shown in Figure 25. 7 crystallises in an orthorhombic 

cell. The structural solution was performed in space group P212121 and four molecules 

per unit cell. 

 

Figure 25 Solid state structure of 7. For clarity, all hydrogen atoms except pyrrole NHs and all 

solvent molecules are omitted (displacement ellipsoids are drawn at 50% probability). Selected bond 

lengths (Å): U1-O1 1.871(3), U1-O2 1.837(3), O1-N4 2.940(5), O1-N5 2.906(5). O1-U1-O2 bond 

angle: 175.6(1)°. 

The compound represents to our knowledge the first mono-metalated uranyl(V) 

rubidium complex. As seen in the complexes 4 – 6 compound 7 exhibits once more 

cation-cation interaction from the alkali metal to the exogenous uranyl oxygen. All 
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other uranyl complexes that contain rubidium cations exhibit only the uranyl(VI) 

dication and show no Rb-oxo interaction. In contrast, they form layers of uranyl(VI) 

polyhedra bridged by polyoxo anions like selenate in Rb2[(UO2)(SeO4)2 

(H2O)](H2O),[145] molybdate in Rb6[(UO2)(MoO4)4]
[146] or borate in Rb2[(UO2)2 

B13O20(OH)5]
[147] with the Rb+ cation occupying the interstitial layer. 

The bond distances and angles of complex 7 are similar to those obtained for the 

potassium complex 6. The most dominating feature of the crystal structure of 7 is the 

coordination of the Rb+ cation to the two pyrrole rings of the macrocycle, coordinating 

to one ring with an η5-interaction and to the other ring with an η2-interaction, resulting 

from the size of the Rb+ cation of 186 pm.[136] This leads to a bond angle of 115.8(1)° 

for the Rb1-O2-U1 coordination which is similar to the one observed for the K 

complex 6 (116.0(1)°). The bond distances for U1-O1 and U1-O2 show similar values 

to 6 as well as the distances of the endogenous oxygen O1 to the lower macrocyclic 

pocket. Table 4 shows a comparison of the main characteristics of the solid state 

structures of the alkali metal uranyl(V) complexes 4 – 7.  

 

Table 4 Comparison of bond distances and angles of alkali metal uranyl(V) 

complexes 4 – 7 

Entry Li-O-UV=O 4 Na-O-UV=O 5 K-O-UV=O 6 Rb-O-UV=O 7 

U1-O1 (Å) 1.853(6) 1.844(5) 1.871(2) 1.871(3) 

U1-O2 (Å) 1.884(7) 1.856(7) 1.837(2) 1.837(3) 

O1-N4 (Å) 3.09(1) 3.010(9) 2.898(4) 2.940(5) 

O1-N5 (Å) 3.10(1) 2.988(8) 2.932(4) 2.906(5) 

M1-O2 (Å) 1.95(2) 2.176 2.707(3) 2.838(3) 

O1-U1-O2 (°) 173.8(3) 174.2(3) 176.1(1) 175.6(1) 

M1-O2-U1 (°) 166.6(8) 176.5(2) 116.0(1) 115.8(1) 

 

Most significantly the uranyl(V) oxygen bond lengths decrease slightly with 

increasing size of the alkali metal. In particular the exogenous oxygen O2, which 

directly coordinates the Group I cation, is predominantly affected by this and decreases 
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from 1.884(7) Å in 4 (Li) to 1.837(3) Å in 7 (Rb). This tendency can also be seen in 

the hydrogen bond interaction of the endogenous oxygen O1 with the pyrrole protons 

of the lower macrocyclic pocket, which are the longest for 4 with 3.10 Å and shortest 

in 6 and 7 with 2.898(4) Å and 2.906(5) Å respectively. However, within standard 

deviation the bond distances of 5, 6 and 7 are very similar, which can be seen in the 

similarities of the U1-O1 bond distances. Specifically 6 and 7 are very similar, with 

all bond angles and distances being statistically indistinguishable. 

This similarity can also be observed spectroscopically in the 1H-NMR shift for the 

pyrrole NH protons as well as in the IR data for the uranyl(V) asymmetric bond stretch 

(Table 5). 

 

Table 5 Comparison of 1H-NMR shifts and IR stretches of alkali metal uranyl(V) 

complexes 4 – 7 

Entry Li-O-UV=O 

4 

Na-O-UV=O 

5 

K-O-UV=O 

6 

Rb-O-UV=O 

7 

δH (NH, C5D5N) (ppm) 85.48 91.11 93.06 92.37 

(O-UV=O)asym (cm-1) 891 891 894 892 

 

The NH protons are significantly shifted to higher frequencies with increasing alkali 

metal cation size, however, the shift of 6 (K) is practically identical to the one of 7 

(Rb). The uranyl(V) asymmetric stretches are all observed at similar wavenumbers, 

and are shifted strongly from the parent uranyl(VI) complex A (958 cm-1). 

 

Even though the synthesis of complex 7 was carried out in pyridine it had been 

found that the material is unstable in this solvent. A single crystal of 7 was dissolved 

in pyridine-d5 and its 1H-NMR spectrum was recorded after three, seven, nine, eleven 

and 17 days. 7 reacts back to the starting material uranyl(VI) Pacman A. After three 

days in pyridine the percentage of 7 drops already to 25 %. After 17 days only 3% of 

the uranyl(V) complex remains. Table 6 lists the percentage of 7 versus A over time. 

However, it cannot be fully excluded that the deuterated pyridine used for this 
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experiment was contaminated with trace amounts of moisture or air which could have 

ultimately led to the disintegration of the complex. 

Table 6 Relative ratio of 7 to A over time 

Time (d)  7 (%) A (%) 

 

0 100 0 

3 25 75 

7 17 83 

9 14 86 

11 10 90 

17 3 97 

 

Complex 7 was additionally examined using variable temperature (VT) 1H-NMR 

spectroscopy.  

The VT-NMR measurements were carried out between 240 K and 340 K on a single 

crystal which was dissolved in pyridine-d5. Unfortunately this analysis was scheduled 

to a time when the amount of 7 was already decreased to 10%, and due to lack of 

starting material could not be repeated on a freshly prepared sample. However, the 

resonances of the impurity only affected the chemical shifts between 0 and 10 ppm, in 

which 7 shows only three resonances at 0.84 (s, 6H, Ph-CH3), 5.20 (s, 2H), 5.38 (s, 

2H). An initial spectrum was recorded at 300 K, after which the compound was cooled 

to 240 K and heated stepwise in increments of 10 K to 300 K, followed by two heating 

steps in increments of 20 K. The compound showed no signs of degradation at 340 K 

and gave after cooling to 300 K a 1H-NMR spectrum identical to the one initially 

recorded. To our surprise the paramagnetic resonances of 7 showed no signs of 

splitting at low temperature nor of coalescence at elevated temperature. All resonances 

above 10 ppm however were shifted to higher frequencies with decreasing temperature 

while all resonances below 0 ppm were shifted to lower frequencies with decreasing 

temperature. Figure 26 shows the spectra recorded for 7 from 240 K to 340 K in the 

range of 17.5 ppm to -12 ppm. For clarity, the spectrum was cut between 

9.80 – 5.20 ppm and 3.20 – 0.20 ppm to eliminate the resonances of A. 
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Figure 26 Variable temperature 1H-NMR spectra of 7 from 240 K to 340 K. 

The chemical shift of the pyrrole protons of the lower macrocyclic pocket could 

also be determined. Although their resonance is very broad and weak in intensity the 

respective shifts from 240 K to 340 K could be assigned. Their values are given in 

Table 7 and show a shift to lower frequencies of about 3 to 6 ppm with every 

temperature increase of 10 K. 

 

Table 7 Shift of the 1H-NMR resonances of the pyrrole NH protons of 7 in 

dependency of the temperature 

Temperature in K N-H shift in ppm 

240 119.2 

250 113.5 

260 108.5 

270 103.3 

280 99.9 

290 96.1 

300 92.3 

320 86.2 

340 80.5 
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Furthermore DOSY (Diffusion Ordered SpectroscopY) was applied in order to 

obtain the diffusion coefficient of uranyl(VI) Pacman A (83 %)and 6 (17 %). Its 

spectrum is given in Figure 27, but unfortunately the resonances of A and 7 overlap so 

that no difference in diffusion rates could be obtained. Besides this only the presence 

of the solvent pyridine is visible in the DOSY spectrum. 

 

Figure 27 DOSY spectrum of the mixture of 7 and A in pyridine. 

It was attempted to further substitute the pyrrole NH protons of the lower 

macrocyclic pocket by reacting A with an excess of Rb metal. The brown suspension 

reacted upon sonication instantly to form an orange-red precipitate which was isolated 

by centrifugation. The 1H-NMR showed paramagnetically shifted resonances which 

compare to the spectra of the previously described uranyl(V) alkali metal complexes. 

As expected, no resonances are found at high frequencies between 60 and 90 ppm, 

indicating that the pyrrole N-H atoms are replaced by the alkali metal.  

From these data it seems very likely that the uranyl(V) complex 

[(py)3(RbOUO)(py)({Rb(py)}2L)] has formed in this reaction (Scheme 25). However, 

no crystals suitable for X-ray crystallography could be grown from this material. 
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Scheme 25 Reductive metalation of A by addition of three equivalents of metallic Rb with 

deprotonation of the lower pocket of the macrocycle. 

 

2.2.2 Reductive uranyl metalation using Cs 

To complete the series of mono-metalated uranyl(V) alkali metal complexes a 

brown suspension of A was treated with one equivalent of metallic caesium in 

pyridine, and after 30 minutes yielded a dark red solution. The solution was filtered 

and allowed to crystallise by solvent evaporation to give small rectangular crystals of 

the first mono-metalated caesium uranyl(V) complex [(CsOUO)(py)(H2L)]6 8 

(Scheme 26).  

 

Scheme 26 Reductive metalation of A by addition of one equivalents of metallic Cs forming 8. 

The complex crystallises in very small, red, translucent crystals. Figure 28 shows a 

crystal of 8 mounted on the goniometer head MicroLoop™ for X-ray diffraction 

studies. The size of the depicted crystal is 0.05 mm × 0.04 mm × 0.03 mm. 
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Figure 28 Single crystal of 8 mounted on the goniometer head MicroLoop™ for X-ray diffraction 

studies. Size of the crystal: 0.05 mm × 0.04 mm × 0.03 mm. 

Complex 8 crystallises in a trigonal cell, and the structural solution was performed 

in space group R-3. The unit cell contains three formula units and has a large volume 

of 23880.5(8) Å3. The solid state structure of the complex is shown in Figure 29. 

 

Figure 29 Solid state structure of 8, depicting the asymmetric unit (left) and the crystal packing in 

the direction of the crystallographic c-axis (right). For clarity, all hydrogen atoms except pyrrole NHs 

and all solvent molecules are omitted (displacement ellipsoids are drawn at 50% probability). Selected 

bond lengths (Å): U1-O1 1.857(6), U1-O2 1.833(6), O1-N4 3.01(1), O1-N5 2.92(1). Bond angles: 

O1-U1-O2: 175.2(3)°, Cs1-O2-U1 117.6(3)°. 

In contrast to the lighter homologues of the alkali metal uranyl(V) complexes 4 (Li), 

5 (Na), 6 (K) and 7 (Rb) which all show a monomeric complex with a triply solvated 

alkali metal, complex 8 crystallises as a ring of six metalated uranyl Pacman 

complexes, linked by the large Cs+ cation via oxo coordination to the exogenous uranyl 

oxygen of one uranyl moiety to the endogenous oxygen of another (Figure 30). 
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The uranyl oxo distances U1-O1 and U1-O2 of 1.857(6) Å and 1.833(6) Å  are 

similar to those reported above for the mono-metalated alkali metal uranyl(V) 

complexes 4 – 7 and represent the U(V) oxidation state. The Cs1-O2 distance of 

2.976(9) Å results from the large ionic radius of the Cs+ cation (202 pm).[136] The bond 

distance of the Cs+ to the adjacent uranyl moiety is slightly longer with a Cs1-O1’ 

distance of 3.440(8) Å. The uranyl bond angle O1-U1-O2 is essentially linear with 

175.2(3)°, whereas the Cs1-O2-U1 and Cs1-O1’-U1’ bond angles are bent, with values 

of 117.6(3)° and 104.0(3)°, respectively. The O2-Cs1-O1’ moiety has an angle of 

122.2(2)°, and is also bent out of the plane. 

 

Figure 30 Depiction of the six-membered Cs(I)-uranyl(V) ring with coordination polyhedra (left) 

and within the macrocyclic Pacman framework (right). 

The coordination polyhedra of 8 represent a regular hexagon and the capped stick 

model shows that the [Cs(OUO)]6 motif resembles the shape of a crown, known from 

the crown ether 18-Crown-6 (Figure 30).[148,149] Along the essentially linear uranyl 

moiety between two adjacent Cs atoms the torsion angle Cs1’-O1(U1)O2-Cs1 is 

68.4(3)°, which is close to the torsion angles for the three individual -O-CH2-CH2-O- 

moieties in 18-Crown-6 which are 67.6°, 75.4° and 79.7°, respectively. Similarly, the 

torsion angles along U1-O2-Cs1-O1’ (173.8(3)°) and U1-O1-Cs’-O2’ (166.7(3)°) 

resemble the -CH2-CH2-O-CH2- torsion angles in 18-Crown-6 (155.2° and 165.8°, 

respectively).[149] However, the Cs1-Cs1’’’ separation across the cavity measures 
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13.4807(9) Å (= 1.35 nm), and the U1-U1’’’ distance is even bigger (16.518(1) Å), yet 

this distance is not “free” as it is obstructed by equatorial nitrogen coordination. The 

cavity itself is empty. A pyridine solvent molecule is located outside the ring. This 

cavity has a volume of 648 Å3, and suggest that this complex could function as a 

uranium based host-guest complex.[150] A candidate for this could possibly be 

Buckminsterfullerene C60, which has a diameter of 700 pm (7 Å).[151] 

Robert Mulvey et al. have shown that heterobimetallic Group I and Group II metal 

amide complexes are able to interact in a similar way to form so called “inverse crown 

ethers” (ICEs). The term “inverse” indicates the interchanged Lewis acidic/Lewis 

basic positions compared to the classic organic ether: A Lewis acidic metal in an ICE 

occupies the space of a Lewis basic oxygen atom in an ether and vice versa.[152–155] 

Recently the chemistry of uranium nano-materials has seen new impact, and novel 

hybrid materials such as uranium metal-organic nanotubes (UMONs) have been 

reported. Forbes et al. report the complexation of uranyl(VI) with an iminodiacetate 

ligand and the synthesis of a UMON showing the inclusion of highly ordered water 

molecules with a thermal reversibility at 37 °C (Figure 31).[156] 

 

Figure 31 UMON with inclusion of highly ordered H2O molecules.[156] 

A wheel-shaped cation-cation complex featuring uranyl(V) and uranium(IV) in the 

Pacman macrocycle had previously been synthesised unintentionally in our research 

group (Figure 32).[157] 
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Figure 32 Wheel of [K9(UVO2)6UIV
6O6(OH)6(L)6(THF)12]·3H2O held together by CCI. 

This compound was accidentally synthesised as a binuclear uranyl Pacman complex 

K2[(Me3SiOUO)2(L)] was exposed to air and moisture for one month. It features six 

binuclear uranyl Pacman molecules each in a diamond-shaped U2O4 arrangement. The 

major motif is a binuclear UIV/UV Pacman moiety that assembles via K coordination 

at the UV oxo atoms and via a μ-O and a μ-OH bridging ligand from one UIV to the 

adjacent UIV. No other such uranium Pacman complex is known to date.  

 

Complex 8 is of great interest in the understanding of nuclear waste behaviour. For 

example, as a major component of nuclear fission, Cs is constantly being generated in 

nuclear reactors, and during the Chernobyl accident about 8.5 × 1016 Bq of 137Cs were 

released into the environment. This amount represented 33 % of the total amount of 

137Cs which was present at that time in the reactor core.[158] With a half-life of 30.1 

years[159] it emits β-radiation and decays to 137mBa, which in turn decays to the stable 

137Ba within 2.6 minutes, releasing strong γ-radiation with an energy of 0.66 MeV.[160] 

Ultimately, the water soluble Cs+ cation can relatively easily replace K+ ions in 

biological systems.[161] Its biological half-life varies from species to species and 

remains in lichen for 4.5 years, in fish 70 to 300 days, in children 57 days, in women 

84 days and in men 105 days.[162] Thus, Cs released from nuclear waste streams or in 

nuclear accidents poses a strong environmental hazard and it is crucial to understand 

its behaviour in those systems. 
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Studies have shown that uranium(VI) compounds exist which contain Cs+ cations, 

but to date no such complex has been investigated under reducing conditions. Thuéry 

and Masci report the coordination of Cs+ to uranyl(VI) in calixarene[163] and pyrazine-

2,3-dicarboxylic acid[164] complexes. Babo and Albrecht-Schmitt have shown that the 

high temperature synthesis of Cs2(UO2)2Si8O19 (Figure 33) and Rb2(UO2)2Si5O13 

yields three-dimensional networks of uranyl(VI) forming six-ring voids and ten-ring 

channels in both compounds which are occupied by Cs+ ions.[165] 

 

Figure 33 Crystal structure of Cs2(UO2)2Si8O19 by Babo and Albrecht-Schmitt.[165] 

In a similar way zur Loye et al. report the structural analysis of two caesium 

uranium oxides (Figure 34), which also show a network of equatorially linked 

uranyl(VI) polyhedra forming cavities which are occupied by Cs+ cations. However, 

neither of the structures contains an interaction of the Cs+ with the uranyl moiety.[166] 
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Figure 34 Crystal structure of Cs2.2U5O16 (left) and Cs2U4O13 (right). The differently coloured 

polyhedra represent crystallographically different uranyl polyhedra. Oxygen atoms are red, Cs atoms 

are pink (left) and purple (right).[166] 

 

2.2.3 Reductive uranyl metalation using Ga 

In an attempt to transform the reductive metalation seen for elemental rubidium and 

caesium it had been tried to use gallium to evaluate the overall reactivity of Group 13 

metal reagents on uranyl(VI) Pacman. Using metallic Ga as the reducing agent in the 

presence of two equivalents of GaI3 and three equivalents of A in pyridine was 

anticipated to generate [(py)x(I2GaOUO)(py)(H2L)] (Scheme 27).  

 

Scheme 27 Reduction of A using Ga and GaI3, postulated to have formed a GaIII-O-UV=O motif. 

Upon sonication the brown reaction mixture formed a red solution and an orange 

precipitate which was separated by centrifugation and analysed by 1H-NMR 

spectroscopy (Figure 35).  
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Figure 35 1H-NMR spectrum in C5D5N after treatment of A with Ga/GaI3. 

The spectrum showed the formation of paramagnetically shifted resonances, 

attributable to a uranyl(V) Pacman complex of the supposed formula 

[(py)x(I2GaOUO)(py)(H2L)]. In particular, there are four resonances at -20.86, -8.61, 

-7.41 and 25.31 which can be attributed to the CH3 groups of the dimethyl 

dipyrromethane moiety. Also a shift for the pyrrole N-H protons can be noted at 70.41 

ppm. However, not all of the resonances of the remaining protons of the macrocycle 

can be properly assigned. The methyl resonances of the aromatic backbone cannot be 

found at all, and also the pyrrole C-H as well as imine =N-CH- and aromatic C-H 

resonances do not comply with the “classic” Pacman behaviour. Usually these have 

been found to integrate to two protons each in uranyl(V) Pacman, yet this spectrum 

shows a variety of different peaks integrating to one proton each, supposedly because 

the symmetry of the macrocycle is broken, maybe because of the formation of a 

dimeric complex. Any attempt to purify the material by recrystallisation remained 

unsuccessful and hence no further characterisation had been carried out. 
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2.3 Conclusion 

The reported syntheses of the first reductive alumination of uranyl(VI) which 

enhance the basicity of the uranyl oxygen atoms has allowed the development of a 

catalytic route to the formation of exclusively mono-oxo metalated uranyl(V) alkali 

metal complexes. The acidity of the NH groups of the Pacman macrocycle is 

significantly decreased which allows these reactions to proceed with alkali metal 

hydrides. This catalytic functionalisation may provide an opportunity for new 

catalysed uranyl functionalisation reactions with other d- and f-Group metal cations, 

and may as well offer a general low-cost, one-pot route to the selective Group 1 cation 

metalation of d-block metal oxo complexes. It has been shown that the transmetalation 

of aluminated uranyl(V) can be driven to the formation of a dimeric cation-cation 

uranyl(V) complex by use of lithium alkyls in a non-coordinating environment. The 

reductive metalation by elemental alkali metals is exemplified in the synthesis of the 

first mono-metalated uranyl(V) complex coordinated to a Rb+ cation as well as in the 

synthesis of a hexameric Cs(I)-uranyl(V) complex, completing the series of mono-

metalated alkali metal uranyl(V) complexes. 
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3 Uranyl functionalisation with Group IV organometallic 

compounds, Group II metals and Zn metal 

3.1 Uranyl functionalisation using Group IV organometallic 

compounds 

The oxophilic character of the di-valent metallocene complexes of titanium and 

zirconium has been demonstrated in a variety of reactions by Uwe Rosenthal and 

co-workers, for instance in the activation of C-H, C-C and C-heteroatom bonds by 

bis(trimethylsilylacetylene) complexes of Group IV metals.[167,168] An example of a 

tandem C-H and C-Si bond activation in a decamethylhafnocene 

bis(trimethylsilyl)acetylene complex is shown in Scheme 28. 

 

Scheme 28 Tandem C-H and C-Si bond activation in a decamethylhafnocene bis(trimethyl-

silyl)acetylene complex.[168] 

It has been confirmed that the influence of the electronic nature of the 

cyclopentadienyl plays a vital role in the reactivity of these metallacyclopropanes upon 

reaction with water and carbon dioxide.[169] For example permethylated titanocene 

bis(trimethylsilylacetylene) complex reacts with water to form Cp*2TiIV(OH)2, 

whereas the non-methylated complex yields the titanoxane Cp2TiIIIOTiIIICp2 as the 

only product. In a similar way a reaction with CO2 with permethylated titanocene 

bis(trimethylsilylacetylene) activates carbon dioxide and yields a mixture of 

Cp*2TiII(CO)2 and Cp*2TiIIIOCO2TiCp*2. Similarly, the slightly bigger permethylated 

zirconium complex results in carbon dioxide insertion into the cyclopropane moiety to 
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yield a zirconafuranone complex. The less sterically hindered non-methylated Zr 

complex reacts to the dimeric zirconafuranone. 

Given the oxophilic nature of the titanium as well as the possibility of generating 

magnetic coupling between a d1(Ti) and f1(U) centre via a uranyl oxygen atom in a 

TiIII-O-UV=O motif the single electron reduction of uranyl(VI) to uranyl(V) by 

oxidation of Ti(II) to Ti(III) is an interesting target.  

In this context the syntheses of the relevant Ti and Zr starting materials 

(Cp2Ti(η2-C2(SiMe3)2), [Cp2TiCl]2 and Cp2Zr(η2-C2(SiMe3)2)·py) were carried out by 

Dr. Johann A. Hlina. VT magnetic analysis was performed by Dr. Alessandro 

Prescimone and the relevant data evaluation was carried out by Dr. Nicola Magnani at 

the Institute for Transuranium Elements in Karlsruhe, Germany. 

 

3.1.1 Uranyl functionalisation with Ti(II) and Ti(III) 

Treatment of A with one equivalent of Cp2Ti(η2-C2(SiMe3)2) in benzene at room 

temperature results in the formation of a pale brown solution which affords upon 

work-up the red Ti(III)-uranyl(V) complex [(py)(Cp2TiOUO)(py)(H2L)] 9, in 73 % 

yield (Scheme 29). Similarly the combination of a benzene suspension of A with 0.5 

equivalents of [Cp2TiCl]2 resulted, after sonication at 70 °C for 20 minutes in the 

formation of an orange-yellow solution which afforded after slow solvent evaporation 

dark red crystals of the new Ti(IV)-uranyl(V) complex [((Cl)Cp2TiOUO)(py)(H2L)] 

10 in 72 % yield, suitable for X-ray structural analysis. 

 

Scheme 29 Metalation of uranyl(VI) using low-valent titanium reagents. 

Complex 9 represents to our knowledge the first f1-d1 system, so the potential for 

oxo-mediated electron-coupling between the f1 centre of the uranyl(V) and the d1 

centre of the titanium(III) was investigated by VT SQUID magnetometry on this 
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material. The magnetic susceptibility χ and the inverse susceptibility 1/χ are shown as 

a function of temperature T in Figure 36. No clear sign of magnetic coupling between 

the uranyl(V) and the titanium(III) centre can be ascertained from the shape of this 

curve. A ligand-field analysis assuming a pure spin 1/2 for the d1 electron of the Ti(III) 

and a total orbital moment of J = 5/2 for the f1 electron of the uranyl(V) (carried out 

by Dr. Nicola Magnani, Institute for Transuranium Elements, Karlsruhe, Germany, cf. 

Section 6.2.10) shows that the antiferromagnetic exchange interaction is indeed 

relatively small.[170] As to why no slow magnetic relaxation can be seen in the ac 

measurements and therefore the molecule is not a single-molecule magnet it can be 

argued that the total magnetic moment of the molecule is too low and the weak 

antiferromagnetic coupling between Ti and U gives rise to an effective magnetic 

transition pathway allowing a very fast relaxation of the magnetisation of the molecule. 

 

Figure 36 Magnetic susceptibility of complex 9 as a function of temperature, plotted as χT vs. T 

(main panel) and 1/χ vs. T (inset). Dots: experimental data. Solid line: ligand-field calculation. Dashed 

line: Curie-Weiss fit.   

In addition to the successful reduction of uranyl(VI) with titanium(II) a similar 

reaction using Cp*2Co as the reductant, was taken to target a CoIII-O-UV=O motif 

(Scheme 30). 
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Scheme 30 Attempted reductive metalation of A using Cp*2Co. 

A mixture of A and Cp*2Co in THF-d8 was sonicated at 60 °C for 40 minutes to 

form a dark red-brown solution and a red-brown precipitate. After centrifugation the 

mother liquor was analysed by 1H-NMR spectroscopy and showed the formation of 

paramagnetic resonances. The precipitate was dissolved in pyridine-d5 and showed the 

clean formation of a paramagnetic product which was assigned to a uranyl(V) Pacman 

complex with CoIII coordination (Figure 37). 

 

Figure 37 1H-NMR spectrum assigned to a Co(III) uranyl(V) Pacman complex. 

The spectrum contains paramagnetic chemical shifts as would be expected for a 

uranyl(V) Pacman macrocycle complex, with NH resonances shifted to the high 

frequency of 91.60 ppm. At –2.69 ppm and 1.10 one finds two resonances ascribable 

to the methyl groups of the phenyl backbone of the macrocycle. The four methyl 
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groups of the dimethyl dipyrromethane moiety are shifted to low frequencies -8.67 

ppm and -7.46 ppm as well as higher frequencies of 11.45 ppm and 35.73 ppm. At 

5.15 ppm one finds one resonance that is attributable to the 30 hydrogen atoms of the 

pentamethyl cyclopentadienyl groups. It was attempted to isolate this material by 

crystallisation however, the only material that could be obtained was the starting 

material Cp*2Co and A, both verified by X-ray diffraction and 1H-NMR spectroscopy. 

From this it can be concluded that Cp*2Co forms with uranyl(V) and outer sphere 

complex with no direct cation-cation interaction, most likely due to the steric 

congestion invoked by the pentamethyl cyclopentadienyl rings. Scheme 31 illustrates 

the observed reactivity of Cp*2Co and A. In tetrahydrofuran solution a 

Co(III)-uranyl(V) complex forms as a precipitate which can be isolated and 

redissolved in pyridine. In pyridine solution the complex can be observed 

spectroscopically, however, upon crystallisation the starting material is reformed. 

 

Scheme 31 Observed reactivity of Cp*2Co and A. 

Similar reactivity of this kind had been previously observed by Hayton et al. in 

uranyl Aracnac (ArNC(Ph)CHC(Ph)O; Ar = 3,5-tBu2C6H3) complexes and Cp2Co as 

well as Cp*2Co have both been successfully used as a reductant to obtain outer sphere 

uranium(IV) and uranyl(V) complexes.[68,144,171] These results also speak for the 

formulation of an outer sphere complex which uranyl Pacman that could be written as 

Cp*2CoIII[(OUVO)(py)(H2L)]. It is thinkable that this results from the demanding 

sterics of the Cp*2Co, which does not allow the formation of a Cp*2CoIII-O-UV=O 

motif. 
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3.1.2 Uranyl functionalisation using Zr(II) and Zr(IV) 

The synthesis of Ti(III) complexes is relatively straightforward, and a number of 

low-valent titanium complexes have found applications as catalysts, for example in the 

McMurry reaction.[172,173] Because low-valent titanium compounds are readily 

accessible they can be used either as a molecular compound or prepared in situ.[174–177] 

In contrast, Zr(III) complexes remain relatively scarce, and only a few molecular 

Zr(III) complexes have been synthesised to date.[178–180] However, in light of the 

straightforward preparation of the TiIII-O-UV=O motif from Cp2Ti(η2-C2(SiMe3)2), it 

was anticipated that the reaction with the Zr congener Cp2Zr(η2-C2(SiMe3)2)·py would 

give a similar result by forming a ZrIII-O-UV=O bond. However, the treatment of 

uranyl Pacman A with the Zr(II) complex Cp2Zr(η2-C2(SiMe3)2)·py remained 

unsuccessful, probably because of the formation of a rather unstable Zr(III) complex 

which prefers bulkier ligands for its stabilisation.[179,181] Eventually, 

Cp2Zr(η2-C2(SiMe3)2)·py  could be used as a Zr(II) starting material for the synthesis 

of the ZrIV-O-UV=O complex by in situ comproportionation with Cp2ZrCl2. 

 

Scheme 32 Attempted reductive metalation of A using Zr(II) (a) and reductive metalation of A using 

Zr(II) and Zr(IV) (b). 

The X-ray crystal structures of 9 and 10 were determined and show the expected 

coordination of Ti to the exogenous oxygen atom of the uranyl moiety in the classic 

wedge-shaped Pacman geometry (Figure 38). Complex 9 crystallises in a triclinic 

crystal system, and the structural solution was performed in space group P-1 with two 

molecules in the unit cell. Compound 10 crystallises in a monoclinic crystal system. 
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The structural solution was performed in space group P21/c showing four molecules 

per unit cell. The uranyl oxo-groups adopt in both complexes a trans geometry, with 

an O1-U1-O2 angle of 175.3(3)° (9) and 177.43(9)° (10) and U1-O1 and U1-O2 bond 

lengths significantly elongated to 1.846(6) Å and 1.925(6) Å (7) as well as 1.841(2) Å 

and 1.979(3) Å (10) respectively, compared to the O=UVI=O bonds of 1.793(6) Å and 

1.773(6) Å for A. Both Ti atoms in 9 and 10 are η5 coordinated by two 

cyclopentadienyl rings, yet the TiIII in 9 saturates its fourth coordination sphere by 

coordination of a pyridine molecule, which in 10 is occupied by chloride. Additionally, 

the TiIII-O2 bond length of 2.155(6) Å in 9 is longer than the TiIV-O2 bond length of 

1.952(3) Å in 10, due to the higher formal charge of TiIV and its increased Lewis acidity 

compared to TiIII. For comparison the TiIII-O bond length in the reported (Cp2Ti]2(μ-

O) is 1.838(1) Å,[182] which is significantly shorter than in 9 and 10, confirming that 

the uranyl oxygen acts towards the Ti as a donor and not like an oxide. More so the 

TiIV=O double bond in Cp*2Ti(O)(4-phenylpyridine) has a distance of 1.665(3) Å, 

representing the Ti(IV) oxidation state and the Ti=O double bond character.[183] 

The hydrogen-bonding interactions between the endo-oxo O1 and the two pyrrole 

protons in the vacant macrocyclic pocket, shown by O1···N4 3.09(1) Å and O1···N5 

3.02(1) Å (9) and O1···N4 3.021(4) Å and O1···N5 3.099(3) Å (10) are slightly shorter 

than those in A (3.111(7) Å and 3.146(7) Å) and support again the enhanced oxo 

basicity of the f1 cation.  

The structural solution of the solid state structure of 11 was performed in the 

monoclinic crystal system P21/c with four molecules in the unit cell, showing that this 

complex is isostructural to the Ti(IV) complex 10. If the synthesis is carried out in the 

presence of Mg (cf. 3.1.3), compound 11-MgCl2 crystallises with one equivalent of 

MgCl2(py)2 in a monoclinic crystal system with space group C21/c and eight molecules 

per unit cell. The uranyl oxo-groups adopt a trans geometry, with an O1-U1-O2 angle 

of 176.7(3)° and U1-O1 and U1-O2 bond lengths significantly elongated to 1.829(8) 

Å and 1.995(7) Å respectively, compared to the O=UVI=O bonds of 1.793(6) Å and 

1.773(6) Å for A. The Zr atom in 11 is, as the Ti atom in 10 η5-coordinated by two 

cyclopentadienyl rings, with the fourth coordination sphere occupied by chloride. 

Additionally, the ZrIV-O2 bond length of 2.031(7) Å in 11 is longer than the TiIV-O2 
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bond length of 1.952(3) Å in 10, due to the smaller ionic radius of TiIV. As for 9 and 

10 the hydrogen-bonding interactions between the endo-oxo O1 and the two pyrrole 

protons in the vacant macrocyclic pocket of 11 are slightly shorter (O1···N4 3.09(1) 

Å and O1···N5 3.01(1) Å) than those in A. 

 

Figure 38 Solid state structures of 9 (side view), 10 and 11 (both front view). For clarity, all hydrogen 

atoms except pyrrole NHs and all solvent molecules are omitted (displacement ellipsoids are drawn at 

50% probability). Selected bond lengths (Å) for 9: U1-O1 1.846(6), U1-O2 1.925(6), O1-N4 3.09(1), 

O1-N5 3.02(1). O1-U1-O2 bond angle: 175.3(3)°. Selected bond lengths (Å) for 10: U1-O1 1.841(2), 

U1-O2 1.979(3), O1-N4 3.021(4), O1-N5 3.099(3). O1-U1-O2 bond angle: 177.43(9)°. Selected bond 

lengths (Å) for 11: U1-O1 1.829(8), U1-O2 1.995(7), O1-N4 3.09(1), O1-N5 3.01(1). O1-U1-O2 bond 

angle: 176.7(3)°. 

Table 8 lists the characteristic bond distances and bond angles of the synthesised 

Group IV uranyl(V) complexes. Most notably the TiIII-O2-U1 bond angle in 9 is 

slightly bent in comparison to 10 and 11, as the slightly bulkier pyridine molecule 

pushes the Ti(III) away from linearity as it orientates itself in a π-stacking motif in 

alignment with the aromatic backbone of the macrocycle. 

 



 

 65 

Table 8 Comparison of bond distances and angles of Group IV uranyl(V) 

complexes 9 – 11 

Bond TiIII-O-UV=O 9 TiIV-O-UV=O 10 ZrIV-O-UV=O 11 

U1-O1 (Å) 1.846(6) 1.841(2) 1.829(8) 

U1-O2 (Å) 1.925(6) 1.979(3) 1.995(7) 

O1-N4 (Å) 3.09(1) 3.021(4) 3.09(1) 

O1-N5 (Å) 3.02(1) 3.099(3) 3.01(1) 

M1-O2 (Å) 2.155(6) 1.952(3) 2.031(7) 

O1-U1-O2 (°) 175.3(3) 177.43(9) 176.7(3) 

M1-O2-U1 (°) 165.2(4) 174.3(1) 172.4(3) 

 

The similarities between 9, 10 and 11 can also be observed spectroscopically. In 

particular the uranyl(V) complexes which show a coordination to the tetravalent 

Group(IV) metal Ti (10) and  Zr (11) feature similar paramagnetic shifts in their 

respective 1H-NMR spectrum (Figure 39).  

 

Figure 39 1H-NMR spectra of 9, 10 and 11 in C6D6 in the range from 19 ppm to -7 ppm (high 

frequency resonances omitted for clarity). 

The most significant difference between complex 9 with the Ti(III) coordination 

and 10 and 11 is the shift of the cyclopentadienyl protons at 0.16 ppm, resulting from 
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the influence of the paramagnetic d1 centre on the Ti(III). In contrast to this the proton 

resonances of the Cp rings in 10 and 11 are shifted to 16.48 ppm (10) and 14.94 ppm 

(11). For comparison Table 9 lists characteristic shifts of the 1H-NMR resonances of 

9, 10 and 11. 

Table 9 Characteristic 1H-NMR shifts for complexes 9 – 11 

Resonance TiIII-O-UV=O 9 TiIV-O-UV=O 10 ZrIV-O-UV=O 11 

(s, 3H, CH3) -5.71 -5.49 -6.14 

(s, 3H, CH3) -5.09 -4.19 -3.92 

(s, 6H, Ph-CH3) -1.53 -0.95 -0.85 

(s, 6H, Ph-CH3) -0.07 -0.47 -0.26 

(s, 10H, C5H5) 0.16 16.48 14.94 

(s, 2H, pyrrole) 0.51 0.41 0.23 

(s, 2H, pyrrole) 0.99 0.89 1.64 

(d, 2H, pyrrole) 10.63 10.40 10.20 

(d, 2H, pyrrole) 12.53 11.89 11.58 

(s, 3H, CH3) 21.24 18.21 16.96 

(br, 2H, NH) 71.35 63.95 61.82 

 

In order to better understand the interactions of the Lewis basic uranyl(V) oxygen 

to the coordinating metal quantum chemical calculations were carried out by Xiaobin 

Zhang and Prof. Dr. Georg Schreckenbach at the University of Manitoba, Canada (cf. 

6.1 for details regarding the level of theory). For these studies the Quantum Theory of 

Atoms-in-Molecules (QTAIM)[184,185] has been used, which focuses on the electron 

density between two atoms rather than orbital overlap. This theory has already been 

successfully employed to determine major characteristics in the bonding in actinide 

complexes, for example actinide-nitrogen systems like [AnX3]2(μ–η2:η2-N2) (An = 

Th–Pu; X = F, Cl, Br, Me, H, OPh).[186] This theory is also being used to compare the 

degree of covalency of actinide complexes to lanthanide system, which is crucial for 

nuclear waste separation, as this determines the selectivity of the ligand.[187,188]    
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Zhang and Schreckenbach carried out calculations to compare the uranyl(V) 

complexes 1, 6, 9, 10, 11 and the uranyl(VI) starting material A. Selected bond 

properties of the bond critical points of these complexes are given in Table 10 (∇²ρ – 

Laplacian of the electron density, ρ – electron density, η – eta index, H – total 

electronic energy density; all quantities given in atomic units (a. u.)) 

Table 10 Properties of bond critical points of the metalated uranyl oxo-groups in 

the gas phase 

Complex Parameter ∇²ρ ρ η H 

1 (AlIII-O-UV=O) 

AlIII-O2 0.529 0.072  0.149  0.003  

O2-UV 0.180 0.166  0.266  -0.074 

UV=O1 0.419 0.230  0.321  -0.143  

      

6 (KI-O-UV=O) 

KI-O2 0.067 0.013  0.131  0.004  

O2-UV 0.433 0.233  0.319  -0.146  

UV=O1 0.431 0.225  0.314  -0.137  

      

9 (TiIII-O-UV=O) 

TiIII-O2 0.306 0.066  0.201  -0.003  

O2-UV 0.431 0.174  0.266  -0.082  

UV=O1 0.427 0.231  0.319  -0.145  

      

10 (TiIV-O-UV=O) 

TiIV-O2 0.446 0.104  0.218  -0.016  

O2-UV 0.410 0.154  0.259  -0.063  

UV=O1 0.431 0.237  0.321  -0.152  

      

11 (ZrIV-O-UV=O) 

ZrIV-O2 0.404 0.110  0.222  -0.025 

O2-UV 0.381 0.147  0.263  -0.058  

UV=O1 0.431 0.236  0.320  -0.150  

      

A (O=UVI=O) 
O2=UVI 0.439 0.277  0.342  -0.207  

UVI=O1 0.450 0.252  0.325  -0.171  

 

The data in Table 10 shows that the Laplacian of the electron density (∇²ρ) is 

positive for all calculated bonds, suggesting a largely ionic character. However, a 
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comparison of the absolute values of the electron density (ρ) and the total electronic 

energy density (H) indicate the covalent character of these bonds. In particular the 

value of H suggest a tendency of decreasing covalency of the O2-UV bond with 6 (KI-

O-UV=O) > 9 (TiIII-O-UV=O) > 1 (AlIII-O-UV=O) > 10 (TiIV-O-UV=O) > 11 (ZrIV-O-UV=O). 

The tendency of η, which decreases with decreasing covalent character,[189,190] is in 

good agreement with ρ and H. 

All U-O bonds show negative values of H, indicating their covalent character. This 

is also true for the metal-oxygen bonds of the coordinating metal except for complexes 

1 and 6, where H is slightly positive (0.003 and 0.004, respectively). 

A contour plot of the calculated bond critical points for 1 is given in Figure 40. 

 

Figure 40 Laplacian contour line diagrams for 1. Left: (py)N-AlIII-O-UV=O moiety. Right: Phenyl 

backbone of the macrocycle displaying the C6 ring with one aromatic hydrogen atom and one methyl-C 

atom and methyl-H atom. Solid lines represent areas of reduced electron density; dashed lines represent 

concentrated electron density. Blue spots indicate the calculated bond critical points. 

It can be clearly seen from Figure 40 that the bond critical points (BCP) for the 

aluminium atom in the (py)N-AlIII-O-UV=O motif (left) are located close to the 

nucleus, indicating the ionic character of the Al-O bond. In contrast the BCPs for the 

O-UV=O motif lie within the bond, indicating its covalent character. This is 
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comparable to the contour plot of the C-C framework of the ligand (right), where the 

BCPs of the covalent C-C and C-H bonds are as well located in equal distance from 

the two nuclei.  

Similarly Hirshfeld[191] charge analysis as well as Mulliken[192] population analysis 

agree with the experimental results and confirm the reduced formal charge on the 

uranium atom. The results are shown in Table 11. 

 

Table 11 Partial atomic charges for the uranium atom in uranyl Pacman 

complexes in the gas phase derived from Hirshfeld and Mulliken analysis 

Complex Hirshfeld Mulliken 

1 (AlIII-O-UV=O) 1.288 0.473 

6 (KI-O-UV=O) 1.245 0.429 

9 (TiIII-O-UV=O) 1.258 0.441 

10 (TiIV-O-UV=O) 1.298 0.481 

11 (ZrIV-O-UV=O) 1.300 0.484 

A (O=UVI=O) 1.339 0.520 

 

Natural bond order (NBO) calculations and Mayer NBO analysis which has found 

wide application in inorganic chemistry have been carried out to determine the bond 

order of the uranyl moiety.[193] The Wiberg[194] and Mayer[195] bond order analyses 

given in Table 12 confirm the reduction in the uranyl bond order for the synthesised 

uranyl(V) complexes. For comparison the uranyl(VI) bond order in A was calculated 

and show values for O2=UVI of 2.128 (Wiberg) and 2.455 (Mayer) and for UVI=O1 

1.906 (Wiberg) and 2.188 (Mayer). In contrast to this all bond orders calculated for 

the reduced uranyl(V) complexes show with Wiberg calculations values below 2. The 

lowest O2-UV bond order is thus calculated for the Zr(IV) complex 11 (1.116); the 

lowest bond order for UV-O1 (1.714) is calculated for the Ti(III) complex 9. Mayer 

analysis shows clearly a reduced bond order for the metalated O2-UV bond with the 

lowest value (1.382) calculated for the Zr(IV) complex 11. The endogenous uranyl-

oxygen bond UV-O1 shows in the Mayer analysis values above 2, with the lowest value 
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calculated for the K complex 6 (2.098). Both Wiberg and Mayer bond order analyses 

calculate for the K-O2 bond in complex 6 values of 0.015 and 0.083, respectively, 

indicating that this bond is rather ionic. The values for the other M-O2 bonds show 

values between 0.370 (AlIII-O2; Wiberg) and 0.897 (ZrIV-O2, Mayer) and indicate a 

more covalent nature of these bonds. 

 

Table 12 Bond orders in the gas phase of the M-O-UV=O moieties derived from 

Wiberg and Mayer calculations 

Complex Parameter Wiberg Mayer 

1 (AlIII-O-UV=O) 

AlIII-O2 0.370 0.829 

O2-UV 1.299 1.465 

UV=O1 1.777 2.159 

    

6 (KI-O-UV=O) 

KI-O2 0.015 0.083 

O2-UV 1.836 2.224 

UV=O1 1.723 2.091 

    

9 (TiIII-O-UV=O) 

TiIII-O2 0.486 0.655 

O2-UV 1.334 1.668 

UV=O1 1.714 2.197 

    

10 (TiIV-O-UV=O) 

TiIV-O2 0.728 0.883 

O2-UV 1.160 1.424 

UV=O1 1.787 2.230 

    

11 (ZrIV-O-UV=O) 

ZrIV-O2 0.623 0.897 

O2-UV 1.116 1.382 

UV=O1 1.788 2.220 

    

A 
O2=UVI 2.128 2.455 

UVI=O1 1.906 2.188 
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To elucidate the nature of the hydrogen bonding between the lower pocket pyrrole 

N-H atoms and the endogenous uranyl oxygen O1 the bond critical points of these 

bonds have been determined in the gas-phase using the QTAIM approach. Figure 41 

illustrates the calculated hydrogen bonds in the lower macrocyclic pocket, taking into 

account the contribution of the methyl groups of the dimethyl dipyrromethane moiety. 

 

Figure 41 Illustration of the calculated hydrogen bonding interactions in the lower macrocyclic 

pocket (Optimised structure; U (pink), O (red), C (yellow), N (purple), H (light blue)). 

The hydrogen bonds can be categorised as “strong” or “strongly covalent” (D···A 

2.2 – 2.5 Å), “moderate” or “mostly electrostatic” (D···A 2.5 – 3.2 Å) and “weak” or 

electrostatic/dispersion (D···A 3.2 – 4.0 Å)[196] Based on the theory of 

“Atoms-in-Molecules” Popelier also suggested eight criteria to characterise the 

hydrogen bonding,[197] of which two can be directly applied here:  

a) The electron density ρ at the bond critical point ranges from 0.002 – 0.035 a.u.  

b) The Laplacian of the electron density ∇²ρ at the bond critical point ranges from 

0.024 – 0.139 a.u.  

Table 13 lists the bond metrics derived for the hydrogen interactions in the lower 

macrocyclic pocket. 



 

 72 

Table 13 Properties of selected bond critical points of hydrogen bonds in the gas-

phase 

Complex Parameter ∇²ρ ρ H 
Bond length 

H…Aa D…Ab 

1 (AlIII-O-UV=O) 

C1-H···O 0.0217 0.0064 0.0014 2.670 3.736 

C2-H···O 0.0361 0.0093 0.0022 2.435 3.475 

N1-H···O 0.0773 0.0218 0.0021 1.986 3.010 

N2-H···O 0.0806 0.0230 0.0019 1.964 2.991 

       

6 (KI-O-UV=O) 

C1-H···O 0.0227 0.0067 0.0015 2.646 3.727 

C2-H···O 0.0360 0.0092 0.0022 2.440 3.470 

N1-H···O 0.0856 0.0249 0.0015 1.906 2.935 

N2-H···O 0.0905 0.0268 0.0011 1.935 2.962 

       

9 (TiIII-O-UV=O) 

C1-H···O –c – – 3.224 4.210 

C2-H···O 0.0342 0.0089 0.0021 2.450 3.510 

N1-H···O 0.0645 0.0176 0.0025 2.069 3.095 

N2-H···O 0.0685 0.0189 0.0024 2.041 3.066 

       

10 (TiIV-O-UV=O) 

C1-H···O 0.0138 0.0044 0.0009 2.884 3.922 

C2-H···O 0.0282 0.0074 0.0018 2.542 3.591 

N1-H···O 0.0604 0.0158 0.0027 2.044 3.073 

N2-H···O 0.0682 0.0185 0.0025 2.107 3.128 

       

11 (ZrIV-O-UV=O) 

C1-H···O 0.0155 0.0040 0.0010 2.827 3.872 

C2-H···O 0.0297 0.0077 0.0019 2.521 3.567 

N1-H···O 0.0640 0.0170 0.0026 2.080 3.101 

N2-H···O 0.0710 0.0194 0.0024 2.025 3.054 

       

A 

C1-H···O 0.0176 0.0052 0.0011 2.767 3.818 

C2-H···O 0.0313 0.0079 0.0020 2.497 3.545 

N1-H···O 0.0669 0.0173 0.0027 2.065 3.086 

N2-H···O 0.0666 0.0172 0.0027 2.068 3.088 
a H···A H = hydrogen, A = hydrogen acceptor (O) 
b D···A D = hydrogen donor, A = hydrogen acceptor (O) 
c QTAIM analysis does not locate a bond path of C1-H…O in 9. 

 

The data given in Table 13 show that both the electron density ρ and the Laplacian 

∇²ρ of the pyrrole N-H···O1 as well as of the methyl C-H···O1 lie within this range 

and the electron density of N-H···O1 is about one order of magnitude smaller than for 
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a covalent bond. Therefore both the N-H···O1 and C-H···O1 interactions can be 

classified as hydrogen bonds,[198] however, according to the bond distances the 

hydrogen bonds of the pyrrole rings to the uranyl oxygen (N-H···O1) belong to 

moderate hydrogen bonds whereas the coordination of the methyl hydrogen atoms 

(C-H···O1) belong to weak hydrogen-bonds. Thus both hydrogen bonds 

concomitantly “protect” the endogenous uranyl oxygen sterically and electronically 

and attenuate any reductive uranyl functionalisation in the lower macrocyclic pocket. 

The results regarding the synthesis of Group(IV)-uranyl(V) has led to attempt the 

synthesis of a Hf(IV)-uranyl(V) complex.  

From the observed reactivity it has been anticipated that also Hf should yield a 

similar uranyl(V) complex. In contrast to classic text-book chemistry which regards 

Zr and Hf to be chemically identical, the organometallic chemistry of these two metals 

is more unlike than one would expect. It has not only been shown that Hf complexes 

are capable of functionalising N2 and of coupling CO2 and N2 to substituted hydrazine 

products[199,200] but also that the metallacyclopropene complex of decamethyl-

hafnocene shows tandem Si-C and C-H bond activation which have been 

unprecedented with the similar Ti and Zr complexes. Additionally, the Hf-acetylene 

interaction in this complex is much stronger than in the analogous Ti and Zr complexes 

resulting from a larger s character in the C=C bonding giving shorter Hf-C than Zr-C 

bonds.[168] However, the hafnocene metallacyclopropene also reacts for instance with 

CO2 to a hafnofuranone complex.[201] 

Ultimately, A was treated with a twofold excess of hafnocene dichloride Cp2HfCl2 

in the presence of Mg metal in pyridine. After sonication for 3 hours a cherry red 

solution and a light yellow precipitate (MgCl2) had formed. After centrifugation the 

mother liquor was dried under vacuum and extracted with benzene. The extract was 

dried under vacuum and it was attempted to recrystallise the material from THF, from 

which also the 1H-NMR spectrum was recorded. This showed clearly a paramagnetic 

shift which related to the resonances already known from the Zr(IV)-uranyl(V) 

complex. However, due to the presence of residual oxygen in the solvent the complex 

slowly disintegrated to uranyl(VI) Pacman and μ-oxo-bis(chlorohafnocene) 

(Cp2HfCl)2O. 
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Scheme 33 In situ synthesis of Hf(IV)-uranyl Pacman with subsequent decomposition by oxygen. 

The in situ synthesis of a Hf(IV)-uranyl(V) Pacman complex using Cp2HfCl2, Mg 

and A in pyridine is feasible, however, the formation of the target material is 

accompanied by the formation of a Mg(II)-uranyl(V) Pacman complex 11 as can be 

seen from its 1H-NMR spectrum. Clearly the formation of paramagnetic resonances 

which are similarly shifted as the Zr homologue 11 allow the formulation of a Hf 

complex of uranyl Pacman. This is expected because of the similar ionic radii of Zr 

and Hf. Even though the reaction proceeds within three hours at 70 °C no pure material 

could be isolated as the contamination with 11 and MgCl2 as the side products leave 

an inseparable mixture of these three components. Figure 42 shows a comparison 

between the pyridine spectra of the in situ prepared Hf complex with 11 and 12. 

 

Figure 42 1H-NMR spectrum of in situ synthesised Hf(IV)-uranyl(V) Pacman complex in 

pyridine-d5 from 20 to -10 ppm (top). For comparison, the pyridine spectra of the Zr(IV) complex 11 

(centre) and the Mg(II) complex 12 (bottom) (high frequency resonances omitted for clarity). 
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3.1.3 Uranyl functionalisation via in-situ reduction using Group IV 

metallocene dichlorides and Mg 

The synthesis of a ZrIV-O-UV=O complex can also be achieved by reducing A with 

metallic Mg in the presence of Cp2ZrCl2 in pyridine at room temperature (Scheme 34). 

 

Scheme 34 Reductive metalation of A using Zr(IV) and Mg 

As a side product MgCl2 is formed which makes the work-up and isolation of 

sufficiently pure 11 rather tedious, however, 1H-NMR spectroscopy showed the 

formation of 11 while X-ray crystallography confirmed that this material crystallises 

as the MgCl2(py)4 co-crystallisate 11-MgCl2. 

 

 

Figure 43 NMR samples of A (left) and 11 (right). (Photo: Max McMullon) 

Therefore the synthesis of 10 was attempted from a similar reduction of A with 

metallic Mg in the presence of Cp2TiCl2, however, the desired product did not form, 

instead it was found that the Mg adduct is the sole product of this reaction (Scheme 

35). 
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Scheme 35 Reductive metalation of A with Mg in the presence of Cp2TiCl2. 

Comparing the standard bond dissociation enthalpies of the individual bonds 

involved, one finds that the bond dissociation enthalpy for the Ti-O bond is higher 

with ΔHdiss = 662 kJ/mol compared to the Mg-O bond with ΔHdiss = 394 kJ/mol. 

However, the formation of a Ti-N bond (ΔHdiss = 464 kJ/mol) with the solvent pyridine 

which is present in excess, which is therefore thermodynamically in favour of a Ti-O 

bond formation. However, the formation of a Ti-N bonds (ΔHdiss = 464 kJ/mol) with 

the solvent pyridine are favoured over the formation of Mg-N bonds 

(ΔHdiss = 201 kJ/mol).[44] A study carried out by Rodgers et al. on the periodic trends 

regarding the binding of M+ metal ions to pyridine shows a bond energy of the Mg+-py 

bond of 200.0 kJ/mol and for the Ti+-py bond of 217.2 kJ/mol, which also shows the 

higher affinity of Ti-ions towards N-donors compared to Mg ions.[202] Therefore, there 

is a possibility that every titanium species that forms may be used up by the solvent 

during the reaction. Then any excess magnesium can coordinate to the uranyl oxygen. 
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3.2 Uranyl functionalisation using divalent metals 

Having observed reduction of uranyl(VI) by addition of metallic Mg while 

attempting to synthesise 10 it was envisaged that the sole addition of a reducing metal 

should yield new uranyl(V) motifs. Thus Mg metal and Ca metal were used in the 

presence of their corresponding metal halides, MgCl2 and CaI2, respectively, to give 

the first Group(II)-uranyl(V) complexes. Similarly Zn metal has been tried as a 

reducing agent, and both comproportionation reactions with ZnCl2 as well as ZnI2 have 

led to isolable mono-oxo functionalised Zn(II)-uranyl(V) complexes. 

 

3.2.1 Uranyl functionalisation using Mg metal 

The divalent (Mg) and transition metal (Mn, Fe, Co, Ni) chemistry of uranium 

remains relatively restricted to only a few examples, of which most importantly some 

natural uranyl(VI) minerals are known to incorporate these ions into their structures,  

such as Mg[(UO2)(AsO4)]2(H2O)12 (nováčekite-I), Mg[(UO2)(PO4)]2(H2O)10 

(saléeite), Fe[(UO2)(AsO4)]2(H2O)8 (metakahlerite) and Co[(UO2)(AsO4)]2(H2O)12 

(kirchheimerite) to name but a few. However, these minerals only consist of uranyl 

phosphate and uranyl arsenate sheets of the autunite-type, incorporating the divalent 

and transition metals in their interlayers in form of octahedrally hydrated cations. 

Therefore no direct interaction of the metal with the uranyl(VI) moiety can be 

observed.[203] 

Synthesis of 12 was thus performed by suspending A and 0.5 equivalents MgCl2 

and 0.5 equivalents metallic Mg in pyridine with subsequent sonication and stirring 

for 72 hours at room temperature to form a cherry red solution which affords upon 

standing beige crystals of [(py)2(ClMgOUO)(py)(H2L)] 12 in 69 % yield (Scheme 36). 

 

Scheme 36 Reductive metalation of A using Mg and MgCl2. 
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Recrystallisation of 12 from a concentrated pyridine solution afforded suitable 

crystals for X-ray diffraction. The solid state structure is shown in Figure 46 and is 

described in comparison with its Ca analogue in Section 3.2.2.  

The synthesis of 12 can be described either with the supposed formation of a MgI-Cl 

complex in solution[204] which functions as a one-electron reductant or assuming the 

formation of a magnesium-bridged bis(uranyl(V) Pacman) complex (Scheme 37).  

 

Scheme 37 Formation of magnesium uranyl(V) Pacman proposing two different reaction 

mechanisms. Top: Uranyl(VI) reduction via MgI Bottom: Uranyl(VI) reduction via formation of a 

magnesium-bridged bis(uranyl(V) Pacman) complex. 

The formation of MgI complexes has a long history of investigations since the 

discovery of the first Grignard reaction[205] and the Schlenk equilibrium.[206] Cameron 

Jones and co-workers have shown that MgI complexes with Mg-Mg bonds are 

thermally stable[207] and can be used as facile two centre/two electron reductants[208] or 

in the synthesis of unusual low-valent main Group metal complexes.[209] It can thus be 

hypothesised that in a pyridine solution magnesium metal inserts into a magnesium 

chloride bond in MgCl2 to form Cl-Mg-Mg-Cl, which upon Mg-Mg bond homolysis 

yields two ·MgCl, which reductively metalate uranyl Pacman to give 12. However, it 

could also be possible that in a Schlenk-like equilibrium the magnesium acts as a two 

electron reductant, forming a magnesium bridged bis(uranyl(V) Pacman) complex, 
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which then reacts with the present MgCl2 to the monomeric complex 12. It is well 

known that the “classic” Schlenk equilibrium between MgCl2, RMgCl and R2Mg (with 

R = alkyl, aryl) is strongly solvent dependent and theoretical calculations show that 

the formation of R2Mg and MgCl2 is favoured in highly coordinating solvents.[210] If 

this model be transferred onto the uranyl reduction (with R = O=U-O) it is likely that 

a dimeric complex may form in solution. To support this hypothesis an experiment 

was carried out reaction two equivalents of uranyl(VI) Pacman A with one equivalent 

of Mg metal in pyridine to react overnight at room temperature to an orange-red 

suspension. The suspension was filtered and the 1H-NMR spectrum recorded (Figure 

44). The spectrum showed the formation of paramagnetic resonances which can be 

attributed to a uranyl(V) complex, but whether this complex is monomeric or dimeric 

cannot be stated from this data.  

 

Figure 44 1H-NMR spectrum after treatment of A with Mg metal in pyridine, showing the formation 

of paramagnetic resonances. 

The spectrum shows resonances shifted from -6.91 ppm to 88.16 ppm. Small 

amounts (≈ 7 %) of uranyl(VI) Pacman remain present. The resonance at 88.16 ppm 

can be attributed to the pyrrole NH protons. The resonances at 0.76 ppm and -3.10 can 
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be attributed to the methyl groups of the pyrrole backbone. The resonances at 

31.64 ppm, 1.82 ppm and -6.91 ppm can be attributed to the methyl groups of the 

dimethyl dipyrromethane moiety. The resonances at 14.06, 10.98, 10.72, 8.43, 

6.25, -0.46, -1.50 and -2.34 ppm can tentatively be assigned to the phenyl-H (2x), 

pyrrole-H (4x) and =N-CH- (2x) atoms of the Pacman macrocycle. 

All attempts to isolate this complex have failed. The filtrate was evaporated to 

dryness to yield a thick red viscous material. Recrystallisation had been attempted by 

cooling to -35 ºC and hexane diffusion, but failed to give any isolable material. 

Currently no final conclusion can be given as to whether the above reaction 

proceeds via MgI or via a bis(uranyl(V)) complex as an intermediate. 

 

3.2.2 Uranyl functionalisation using Ca metal 

In addition to the reduction of uranyl(VI) with Mg treatment of A in a similar way 

with Ca by suspending A in pyridine with 0.5 equivalents of CaI2 and 0.5 equivalents 

of metallic Ca followed by 60 minutes sonication at 50 °C followed by stirring at room 

temperature for 48 hours afforded a red solution, which after evaporation of the solvent 

and recrystallisation from THF resulted in the formation of pale red translucent plates 

of [(py)2(thf)2(ICaOUO)(py)(H2L)] 13 in 69 % yield (Scheme 38).  

 

Scheme 38 Reductive metalation of A using Ca and CaI2. 

Recrystallisation of 13 from a concentrated tetrahydrofuran solution yielded red 

tabular crystals suitable for X-ray structural analysis, of which the solid state structure 

is shown in Figure 46. 

Unlike Mg and divalent transition metals, Ca coordination to uranyl(VI) has been 

known from nature for many years. For instance, the two polymorphs of the common 

uranyl silicate uranophane Ca[(UO2)(SiO3OH)]2(H2O)5 crystallise by coordination of 
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Ca2+ ions to the apices of uranyl(VI) pentagonal bipyramids, thus linking the layers of 

the uranyl silicate.[211,212] However, to date no Ca(II)-uranyl(V) coordination has been 

reported neither from natural sources nor by synthetic approaches.  

 

Figure 45 Unit cell crystal structures of α-uranophane and β-uranophane in the direction of the 

crystallographic c-axis.[211,212] 

For comparison, the Ca···O=UVI=O distances in α-uranophane range from 2.38(1) Å 

to 2.439(9) Å and in β-uranophane from 2.471(6) Å to 2.685(6) Å, which are of mere 

electrostatic nature and therefore longer than in 13 due to its more ionic character. The 

O=UVI=O distances range from 1.76 Å to 1.81 Å as expected for uranyl(VI), whereas 

in 13 it is significantly elongated to U1-O1 1.864(2), U1-O2 1.909(2) as seen for 

uranyl(V). 
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Figure 46 Solid state structures of 12 (front view) and 13 (side view). For clarity, all hydrogen atoms 

except the pyrrole NHs and all solvent molecules are omitted (displacement ellipsoids are drawn at 50% 

probability). Selected bond lengths (Å) for 12: U1-O1 1.864(2), U1-O2 1.909(2), O1-N4 2.889(3), 

O1-N5 3.040(3). O1-U1-O2 bond angle: 174.21(9)°. Selected bond lengths for 13: U1-O1 1.88(1), 

U1-O2 1.90(1), O1-N4 2.95(2), O1-N5 2.92(2). O1-U1-O2 bond angle: 176.0(6)°. 

The two compounds 12 and 13 crystallise in a monoclinic crystal system, and the 

structural solution was performed in space group I2/a with four molecules per unit cell 

(12) and in space group P21/c with four molecules in the unit cell (13). Both complexes 

show a coordination of the alkaline earth metal to the exogenous uranyl oxygen. Both 

complexes show similar bond metrics. The distances of the uranium atom to the 

endogenous oxygen atom U1-O1 measure 1.864(2) Å (12) and 1.88(1) Å (13), and the 

distances of the uranium atom to the exogenous metalated oxygen U1-O2 show values 

of 1.909(2) Å (12) and 1.90(1) Å (13) and represent the +5 oxidation state of the 

uranium atom. The O1-Npyrrole bond distances behave similarly and show values of 

O1-N4 2.889(3) Å and O1-N5 3.040(3) Å for 12 and O1-N4 2.95(2) Å and O1-N5 

2.92(2) Å for 13. The O1-U1-O2 bond angles deviate only slightly from linearity with 

174.21(9)° (12) and 176.0(6)° (13). 
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3.2.3 Uranyl functionalisation using Zn metal 

To further  probe the reductive potential  of  other metal/metal salt systems Zn was 

used to generate singly reduced uranyl(V) Pacman complexes by adding 

stoichiometric amounts of Zn and ZnX2 (X = Cl (14), I (15)) to a pyridine solution of 

A. After 30 minutes agitation using ultrasonication a red solution is formed which after 

12 hours stirring results in the formation of a lemon yellow suspension. These mixtures 

were centrifuged and the resulting yellow precipitate extracted with fresh pyridine, 

which results upon standing in the formation of yellow translucent prisms of 

[(py)2(ClZnOUO)(py)(H2L)] 14 and [(py)2(IZnOUO)(py) (H2L)] 15, respectively. 

 

Scheme 39 Reductive metalation of A using Zn and ZnCl2 (a) or ZnI2 (b). 

The solid state structures of both compounds are shown in Figure 47.  

 

Figure 47 Solid state structures of 14 (left) and 15 (right). For clarity, all hydrogen atoms except the 

pyrrole NHs and all solvent molecules are omitted (displacement ellipsoids drawn at 50% probability). 

Selected bond lengths (Å) for 14: U1-O1 1.872(9), U1-O2 1.917(9), O2-Zn1 1.898(9), O1-N4 3.04(1), 

O1-N5 2.91(1). Selected bond angles: O1-U1-O2 174.6(4)°, U1-O2-Zn1 159.9(5)°. Selected bond 

lengths for 15: U1-O1 1.867(2), U1-O2 1.909(2), O2-Zn1 1.930(2), O1-N4 2.895(4), O1-N5 2.982(4). 

Selected bond angles: O1-U1-O2 175.7(1)°, U1-O2-Zn1 175.1(1)°. 
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Compound 14 crystallises in a monoclinic crystal system, and the structural solution 

was performed in space group I2/a with eight molecules in the unit cell. 15 crystallises 

in an orthorhombic crystal system and the structural solution was performed in space 

group P212121 with four molecules in the unit cell. Both complexes exhibit a uranyl(V) 

centre with similar bond distances of 1.87 Å for U1-O1 and 1.91 Å for U1-O2. The 

Zn1-O2 distances vary slightly, showing values of 1.898(9) Å in complex 14 and 

1.930(2) Å in complex 15. The distances between the N atoms of the lower pocket 

pyrrole rings and the uranyl oxygen O1 are similar, showing a slight asymmetry 

between N4-O1 and N5-O1 of about 0.1 Å (O1-N4 3.04(1), O1-N5 2.91(1) (14) vs. 

O1-N4 2.895(4), O1-N5 2.982(4) (15)). The O1-U1-O2 bond angle in both complexes 

is identical, showing a value of 175°, however, the Zn1-O2-U1 bond angle differs from 

complex 14 with a value of 159.9(5)° to complex 15 with a value of 175.1(1)°. 

The similarity of the two compounds can also be seen in the 1H-NMR spectra, 

which practically overlay, apart from the pyrrole N-H resonances, which are shifted 

towards 75.37 ppm for 14 and 74.52 ppm for 15 (Figure 48). 

 

Figure 48 1H-NMR spectra of 14 (top) and 15 (bottom), showing significant shifts in the pyrrole 

N-H resonances and similar shifts for the remaining macrocyclic framework. 
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In Table 14 the characteristic bond features of the Group II and Group XII uranyl(V) 

Pacman complexes are listed. The coordination of a divalent metal to the exogenous 

uranyl oxygen leads to a uranyl(V) moiety with similar bond lengths within the 

standard deviation. The endogenous U1-O1 bond distances average to 1.87 Å and the 

exogenous U1-O2 distances average to 1.91 Å. Similarly the N-H···O1 interactions 

with the lower macrocyclic pocket average to 2.944 Å and 2.963 Å, respectively. The 

uranyl O1-U1-O2 bond angle is essentially linear with 175º. The major difference 

between the four structures is the distance Ca1-O2 distance with 2.33(1) Å, which is 

significantly longer than the Zn1-O2 and Mg1-O2 distances and results from the bigger 

ionic radius of 1.14 Å for Ca, compared to 0.71 Å for Mg and 0.74 Å for Zn.[136] 

Interesting to note is that the M1-O2-U1 bond angle differs depending in the nature of 

the halide attached to the divalent metal. In the complexes which bind the smaller 

chloride the angle is bent with 158.0(1)º (12) and 159.9(5)º (14), whereas the bigger 

iodide results in a more linear angle 176.7(7)º (13) 175.1(1)º (15). 

 

Table 14 Comparison of bond distances and angles of the M(II)-uranyl(V) 

complexes 12 – 15 

Entry Mg-O-UV=O 

12 

Ca-O-UV=O 

13 

(Cl)Zn-O-UV=O 

14 

(I)Zn-O-UV=O 

15 

U1-O1 (Å) 1.864(2) 1.88(1) 1.872(9) 1.867(2) 

U1-O2 (Å) 1.909(2) 1.90(1) 1.917(9) 1.909(2) 

O1-N4 (Å) 2.889(3) 2.95(2) 3.04(1) 2.895(4) 

O1-N5 (Å) 3.040(3) 2.92(2) 2.91(1) 2.982(4) 

M1-O2 (Å) 1.901(2) 2.33(1) 1.898(9) 1.930(2) 

O1-U1-O2 (°) 174.21(9) 176.0(6) 174.6(4) 175.7(1) 

M1-O2-U1 (°) 158.0(1) 176.7(7) 159.9(5) 175.1(1) 

 

Another attempt of using metallic Zn in the presence of FeBr2 as well as in the 

presence of NiCl2 in order to yield BrFe-O-UV=O or ClNi-O-UV=O motifs has not yet 
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been successful (Scheme 40). These reactions, using stoichiometric amounts of A, Zn 

and the respective metal halide have formed red solutions upon stirring in pyridine, 

however, no pure material could be isolated and the NMR spectra remain inconclusive, 

although paramagnetic resonances were visible, which may result from a mixture of 

different reduced transition metal uranyl(V) complexes. 

 

Scheme 40 Attempted reduction of A using Zn metal in the presence of FeBr2 (a) and NiCl2 (b). 

As expected, the attempt of a homometallic reduction using the systems Fe/FeBr2 

and Ni/NiCl2 were not successful due to the relatively high reduction potential of 

metallic Fe and Ni (Scheme 41). 

 

Scheme 41 Attempted homometallic reduction of A using Fe/FeBr2 (a) and Ni/NiCl2 (b). 

 

3.3 Conclusion 

It has been shown that the synthesis of mono-metalated Group(IV) uranyl(V) 

complexes is feasible using low-valent Ti and Zr starting materials. The use of Ti(II) 

results in a single electron uranyl reduction and the first Ti(III)-uranyl(V) complex. 

The use of trivalent Ti or Zr both as a solid material or prepared in-situ results also in 

single electron uranyl(V) reduction to the mono-metalated Ti(IV)- or Zr(IV)-uranyl(V) 

complex. Single electron uranyl reduction is also accomplishable when mixtures of 

divalent metals (Mg, Ca, Zn) are used with their respective halide salts (Cl, I) to 

generate the M(II)-uranyl(V) complexes. It is possible that this reaction proceeds via 
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the formation of a dimeric, metal-bridged uranyl(V)-uranyl(V) complex, however, 

further work is needed to verify this hypothesis. For example by using the heavier 

homologues of the alkaline earth metals Sr and Ba which possess bigger ionic radii, or 

by attempting the reaction at lower temperatures over a prolonged period of time. 

Theoretical calculation in comparison with complexes presented in Chapter 2 of this 

thesis support the formulation of the uranyl(V) complexes and propose a moderately 

strong endogenous NH-O interaction which prevents further reactivity. 
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4 Uranyl functionalisation using f-elements 

4.1 Uranyl functionalisation using lanthanides 

The lanthanide ions are an important component of nuclear waste in the nuclear fuel 

cycle, because they are permanently generated in nuclear fission reactions. As such, 

they contribute to the aging of nuclear fuel due to their high neutron cross sections and 

form a major component of nuclear waste.[213] Their chemical behaviour is similar to 

the trivalent transuranium elements americium and curium which require highly 

selective ligands and demanding processes like SANEX (Selective Actinide 

Extraction),[214–216] TALSPEAK (Trivalent Actinide Lanthanide Separation by 

Phosphorus Reagent Extraction from Aqueous Komplexes)[217–219] or TRUEX 

(Transuranic Extraction)[220] in order to separate them from the nuclear waste stream. 

However, not much is known about the chemical behaviour and the solution or solid 

state structures of mixed actinide-lanthanide materials. Moreover, actinyl-lanthanide 

complex may be of importance for the development of new single molecule magnets 

(SMMs).[98,221] These are molecules whose intrinsic magnetic properties show the 

characteristics known from bulk magnets. As such, these molecules can be magnetised 

and retain their magnetisation below a certain temperature.[222] In particular some 

lanthanide complexes employing Tb3+ and Dy3+ ions have recently been synthesised 

and show high blocking temperatures of 50 K and 10 K, respectively, proving the 

suitability of these elements for molecular magnetism.[223] 

 

4.1.1 Uranyl functionalisation using SmI2(thf)2 

Attempts were made to reductively functionalise uranyl Pacman A by addition of 

one equivalents of SmI2(thf)2. This reaction was carried out in pyridine at room 

temperature, however, analysis showed that the product was not the desired adduct 

[(solv)x(I2SmIIIOUO)(py)(H2L)]. Instead, dark blue translucent crystals of A and pale 

red translucent crystals of [OU(py)5OSm(I4)OU(py)5=O]+[I]- 16 were isolated in 

crystallographic yield. 
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Scheme 42 Attempted reductive metalation of A; a) shows the desired product on addition of  Sm(II) 

and b) shows the actual products identified and postulated materials formed. 

This reaction is counter-intuitive and previously unprecedented in uranyl Pacman 

chemistry. It is the first example of a postulated transmetalation of the Pacman ligand, 

deduced from absent resonances of the free ligand. However, the formation of 

[SmIII(H2L)] and [SmII(H2L)] remains questionable, as no attributable resonances were 

observed in the 1H-NMR spectrum of the reaction mixture. This reaction was repeated 

using the correct stoichiometry yielding 16 with no starting material A remaining 

(Scheme 43). 

 

Scheme 43 Stoichiometric reaction of A with SmI2(thf)2 leading to the formation of 16 and 

unidentified side products. 
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The molecular structure of 16 is given in Figure 49. The compound crystallises in 

a monoclinic crystal system and the structural solution was performed in space group 

P21/n with two molecules in the asymmetric unit.  

Complex 16 consists of two uranyl(V) moieties, which in their equatorial plane are 

coordinated by five neutral pyridine molecules. This plane is usually occupied by a 

charged ligand to compensate the positive charge on the uranium atom, making this a 

rather unusual binding mode for uranyl, and only few examples of that kind have been 

reported so far, namely {[UVO2(py)5][KI2(py)2]}∞, independently reported by 

Ephritikhine et al.[94] and Mazzanti et al.[95], and their Li and Tl derivatives.[224]  

The two uranyl moieties in 16 are linked via one oxygen atoms to a SmIII cation. 

The Sm itself coordinates four iodide anions in its equatorial plane. The overall charge 

is ultimately balanced by one outer sphere iodide anion – crystallographically 

disordered over two sites in the lattice (Figure 49).  

 

Figure 49 Crystal structure of 16. For clarity, all hydrogen atoms and all solvent molecules are 

omitted (displacement ellipsoids are drawn at 50% probability). Selected bond lengths (Å): U1-O1 

1.810(4), U1-O2 1.911(4), O2-Sm1 2.34(1), Sm1-I1 3.0659(5), Sm1-I2 3.1077(3). Bond angles: 

O1-U1-O2 177.8(4)°, U1-O2-Sm1 176.3(4)°, O2-Sm1-O2’ 180.0(3)°. 

This molecule is entirely linear with bond angles of O1-U1-O2 177.8(2)°, 

U1-O2-Sm1 176.3(2)° and O2-Sm1-O2’ 180.0(1)°. In contrast to the previously 

described uranyl(V) Pacman complexes the bond length U1-O1 (1.810(4) Å) shows 
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practically no elongation which would be expected for a reduced uranyl. However, 

U1-O2 has a bond length of 1.911(4) Å and is drastically effected by the coordination 

of Sm. The Sm-I bond distances of 3.0659(5) Å (Sm1-I1) and 3.1077(3) Å (Sm1-I2) 

reflect the oxidation state +3 for the samarium atom. As well as the Sm1-O2 distance 

of 2.342(4) Å these values are in accord with reported bond distances for Sm(III) 

compounds. For example, cyclopentadienyl samarium(III) diiodide CpSmI2(thf)3 

shows bond lengths of 3.143 Å for SmIII-I and 2.415 for SmIII-O(thf)[225] and the seven 

coordinate cationic samarium complex [(thf)5SmI2]
+[Co(CO)4]

- has bond lengths of 

3.010 Å for SmIII-I and 2.459 Å for SmIII-O(thf).[226] In contrast, iodide complexes of 

divalent samarium show slightly longer bond distances due to the reduced charge on 

the metal centre. For instance, the dimeric pentamethyl cyclopentadienyl samarium 

iodide complex [Cp*SmI(thf)2]2 shows SmII-I distances of 3.356 Å and SmII-O(thf) 

distances of 2.670 Å.[227] Similarly, bond lengths of 3.317 Å for SmII-I and 2.542 Å 

for SmII-O(thf) were observed for the samarium diiodide tetramethylurea adduct 

[SmI2(thf)2(CO(N(Me2)2)2].
[228] 

Figure 50 shows the unit cell of 16 in the direction of the crystallographic a- and c-

axis with the non-H,C atoms drawn as polyhedra. This figure illustrates the packing 

motif of 16 in the solid state, in particular the propeller-type packing of this linear 

molecule. 

 

Figure 50 Unit cell of 16 in the direction of the crystallographic a- and c-axis. 

The 1H-NMR spectrum (Figure 51), recorded immediately after mixing A and 

SmI2(thf)2, shows the formation of new resonances which are attributable to a 
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SmIII-O-UV=O type complex within the Pacman framework. An NH resonance is 

observed at 68.78 ppm which can be assigned to the pyrrole protons in the lower 

macrocyclic pocket of the Pacman complex. Also, the methyl groups of the dimethyl 

dipyrromethane moiety are shifted to resonances of 20.62, 10.74, 1.83 and -5.29 ppm. 

These appear to be in the same region as the other oxo-metalated uranyl complexes 

which are described in this thesis. Additionally there are eight resonances which 

integrate to two hydrogen atoms each, and two resonances which integrate to six 

hydrogen atoms. These resonances can all be assigned to the symmetric Pacman 

scaffold that has been observed in mono-metalated uranyl(V) complexes. Therefore it 

appears that the Sm(III)-uranyl(V) Pacman complex may be a potentially isolable 

intermediate which subsequently undergoes transmetalation to 16. 

 

Figure 51 1H-NMR spectrum of the initial solution formed by adding SmI2(thf)3 to A. Crossed-out 

resonances are identified as uranyl(VI) Pacman (A); doubly crossed-out resonances are identified as 

pyridine and tetrahydrofuran. 

The synthesis of a mixed halide analogue of 16 was targetted by treating 

UO2Cl2(thf)3 in the presence of SmI2(thf)2 with metallic Sm (Scheme 44). The reaction 

was carried out in pyridine at room temperature and gave an instant colour change 

from yellow to red. However, after filtration of the red solution the only isolable was 

UO2I2(py)3, which was confirmed by single crystal X-ray diffraction.[229] 
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Scheme 44 Attempted reduction of uranyl chloride using Sm and SmI2, forming uranyl iodide. 

Similarly, synthesis of 16 was attempted by treatment of a brown suspension of two 

equivalents of uranium dioxide and samarium metal in pyridine by addition of 2.5 

equivalents of I2 (Scheme 45). The mixture was heated for 14 days at 80 ºC to give a 

dark red solution, which lead only to the formation of SmI3(py). This is most likely 

due to the extremely poor solubility of UO2. 

 

Scheme 45 Attempted oxidation of uranium dioxide and samarium metal with iodine in pyridine to 

16 leading to the formation of SmI3(py)2. 

Complex 16 appears to be a promising candidate for the study of mixed f-block 

complexes with potentially interesting magnetic properties, especially in the light of 

recent investigations by Mazzanti and co-workers who have successfully synthesised 

a uranyl(V) complex with a uranyl oxo capped by a manganese(II) ion. This complex 

shows the highest relaxation barrier reported for a mono-uranium system at 81 ± 0.5 K 

(Figure 52).[230]  
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Figure 52 Depiction of the [UO2Mn2] complex synthesised by Mazzanti et al. a) Molecular structure 

of [UO2Mn2] ( H atoms and solvent molecules omitted for clarity) b) View of the linear Mn-O-U-O-Mn 

core (C = grey, O = red, Mn = violet, N = light blue, I = purple, U = green.[230] 

The linearity of 16 compared to that of the [UO2Mn2] complex and the combination 

of the [Xe] 4f5 electron configuration of the Sm(III) with the [Rn] 5f1 electron 

configuration of the uranyl(V) linked via the uranyl oxygen atoms may represent a 

good pathway for strong magnetic superexchange. 

Currently a large scale synthesis of 16 is being developed with the aim of clarifying 

the reaction mechanism, identifying the side products and investigating the 

compound’s magnetic properties. 

 

4.1.2 Uranyl functionalisation using Yb and Dy 

Since complex 16 has shown that the formation of Ln(III)-uranyl(V) complexes 

does occur and may result in uranyl oxo metalation the use of the reduction potential 

of the lanthanide metals in combination with their halide salts was envisaged to form 

Ln(III) uranyl(V) Pacman complexes (Scheme 46).  

 

Scheme 46 Attempted synthesis of lanthanide functionalised uranyl(V) Pacman complexes. 
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Attempts were made to reductively functionalise A by addition of dysprosium metal 

chunks (0.33 eq) to a brown mixture of DyCl3 (0.66 eq) and A (1 eq) in pyridine. The 

reaction was stirred at room temperature for 12 hours, resulting in a red solution. The 

solution was filtered and allowed to crystallise via solvent evaporation, yielding dark 

brown crystals of A. 

Similarly, ytterbium metal (0.33 eq) was added to a solution of YbCl3 (0.66) and A 

(1 eq) in pyridine. The mixture was stirred at room temperature for 12 hours, resulting 

in a red solution. After syringe filtration the obtained solution was allowed to 

crystallise by solvent evaporation After 48 hours a dark brown precipitate was obtained 

and after analysis by 1H-NMR spectroscopy showed resonances that could only be 

assigned to that of A. 

An in-situ NMR spectrum could not be obtained for the previously discussed 

reactions, possibly due to presence of unpaired f-electrons whose relaxation times are 

too fast to be measured on the NMR timescale, and perhaps also due to fast chemical 

exchange processes. This could result from either presence of Dy3+ ([Xe] 4f9) or Yb3+ 

([Xe] 4f13) along with the possible formation of uranyl(V) ([Rn] 5f1).[231] 

Additionally, an equimolar mixture of A, ytterbium metal and I2 was stirred at room 

temperature in pyridine overnight. This was an attempt to either form YbI2 in-situ or a 

reduced uranyl Pacman complex that subsequently undergoes oxidation by I2. 

However, the only product that could be isolated from the red mixture were crystals of 

YbI2. (Scheme 47). 

 

Scheme 47 Attempted synthesis of Yb-funtionalised uranyl Pacman by combined oxidation-

reduction. 

In the light of the previously described exogenous uranyl oxo-metalation using 

Group I, Group II, Group IV, Group XII and Group XIII metals and organometallic 

reagents similar Ln-uranyl(V) complexes could not be obtained. 
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4.2 Uranyl functionalisation using organometallic uranium 

compounds 

In contrast to the lanthanides the chemical behaviour of the early actinides Th – Pu 

differs greatly and shows a wide range of different oxidation states. 

In an attempt to synthesise the first homobimetallic U(IV)-uranyl(V) complex 

different uranium(III) starting materials had been chosen to reductively functionalise 

uranyl(VI) in the Pacman complex. The material used for the syntheses described in 

paragraph 4.2.1 and 4.3 were prepared in collaboration with Michał S. Dutkiewicz at 

the Institute for Transuranium Elements in Karlsruhe, Germany; uranyl(VI) tetraethyl 

Pacman AEt was synthesised with the tetraethyl macrocycle H4L
Et and purified by 

pentane extraction. The reagent Cp3U was synthesised via reduction of Cp3UCl with 

sodium amalgam and purified by pentane extraction. All other syntheses and 

characterisations were carried out at the University of Edinburgh. 

 

4.2.1 Uranyl functionalisation using Cp3U 

Treatment of AEt with Cp3U in THF-d8 at -96 °C resulted in the formation of brown 

plates of [Cp3UOUO(thf)(H2L
Et)] 17, the first homobimetallic uranium complex 

containing both uranium(IV) and uranyl(V) (Scheme 48). 

 

Scheme 48 Reductive metalation of AEt with Cp3U. 

The solid state structure of 17 is shown in Figure 53. 17 crystallises as thin brown 

plates in a triclinic crystal system, and the structural solution was performed in space 

group P-1 with two molecules per unit cell. 
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Figure 53 Solid state structure of 17 (side view). For clarity, all hydrogen atoms except the pyrrole 

NHs and all solvent molecules are omitted (displacement ellipsoids are drawn at 50% probability). 

Selected bond lengths (Å): U1-O1 1.844(3), U1-O2 1.986(3), U2-O2 2.245(3), O1-N4 3.137(4), O1-N5 

3.070(4). Bond angles: O1-U1-O2 176.9(1)°, U1-O2-U2 171.3(1)°. 

The solid state structure of 17 represents a uranyl(V) Pacman complex with bond 

distances of 1.844(3) Å for U1-O1 and 1.986(3) Å for U1-O2, characteristic of the +5 

oxidation state for the uranyl. The bond distance of 2.245(3) Å for U2-O2 represents 

the +4 oxidation state for the capped oxo atom. This is consistent with other U(IV) 

complexes containing oxo-groups[232][233] an makes this complex an f1-f2system. The 

uranyl (O1-U1-O2) remains practically linear with a bond angle of 176.9(1)°, and the 

capped oxo uranium bond angle (U1-O2-U2) only slightly out of linearity with an 

angle of 171.3(1)°. 

1H-NMR analysis shows that this material has a high tendency to disproportionate 

in THF-d8 solution showing, showing the resonances of 17, the presence of the starting 

material AEt and an unidentified compound. The 1H-NMR resonances of 17 show 

clearly the resonances of AEt (Figure 54). 1H-DOSY showed the presence of two major 

products of comparable size, which were ascribed to 17 and AEt.  
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Figure 54 1H-NMR spectrum of crystalline 17 (top) and [UO2(thf)(H2LEt)] AEt (bottom) from 10.5 

to -0.5 ppm in THF-d8, showing the presence of AEt, indicating the tendency of 17 to decompose to give 

uranyl(VI) (high frequency resonances in 17 omitted for clarity). 

Similarly, the synthesis of 17 was attempted by adding Cp3UCl to a tetrahydrofuran 

solution of potassium uranyl(V) Pacman 6 at room temperature (Scheme 49). 

 

Scheme 49 Salt metathesis of 6 with Cp3UCl to form 17b. 

After 12 hours at room temperature a white precipitate formed and the 1H-NMR 

spectrum showed the formation of a new product which was assigned to 17b. 

However, also the formation of uranyl(VI) Pacman A (12 % with respect to the 
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resonances assigned to 17b) was observed; in addition resonances were observed 

which could not be ascribed to any known component that may be expected to form in 

this mixture. Similarly, unreacted Cp3UCl remained present and accounted for 33 % 

with respect to 17b. The 1H-NMR showed no resonances for the starting material 6, 

Cp3U∙thf  (-15.35 ppm) or Cp4U (20.20 ppm)[234] could be observed. Heating of this 

mixture to 70 ºC for three hours gave an increase of the amount of A from 12 % to 

25 %. This indicates a high tendency for disproportionation as already observed for 

17. Hence no pure material of 17b could be isolated from this reaction. 

In order to investigate whether the above salt metathesis reaction gives isolable 

products two reactions of 6 with UCl4 and ThCl4(dme)2 in pyridine were attempted. 

However, both reactions have not shown any formation of a complex that could be 

assigned to either [(solv)x(Cl3UOUVO)(py)(H2L)] or [(solv)x(Cl3ThOUVO)(py)(H2L)]. 

The 1H-NMR spectrum showed in both cases the re-formation of A, possibly 

attributable to a fast disproportionation of uranyl(V) induced by the addition of an 

actinide halide. 

 

Scheme 50 Attempted salt metathesis of 6 using UCl4 (a) and ThCl4(dme)2. 
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4.2.2 Uranyl functionalisation using U(N(SiMe3)2)3  

 

4.2.2.1 Reduction of [(UVIO2)(py)(Zn)(py)(L)] with U(N(SiMe3)2)3    

Treatment of one equivalent of uranyl(VI)-Zn(II) Pacman complex 

[(UVIO2)(py)(Zn)(py)(L)] AZn with one equivalent of uranium tris(hexamethyl-

disilylamide) U(N(SiMe3)2)3 in pyridine at -35 °C gave a dark red solution.  Upon 

standing red crystals of the singly reduced complex [(UVO2)(py)(Zn)(py)(L)] 18 

suitable for X-ray structural analysis were obtained in a 70 % yield (Scheme 51).  

The fate of the uranium(III) trisamide[235] remains unclear in this reaction. It is 

assumed that it reacts to the uranium(IV) metallacycle,[236] however, no resonances 

attributable to that product could be found in the in-situ 1H-NMR spectrum. 

 

Scheme 51 Synthesis of a uranyl(V)-Zn Pacman complex with no exogenous oxo-metalation. 

18 crystallises in an orthorhombic cell, and the structural solution was performed 

in space group Pnnm with four molecules per unit cell. The solid state structure is 

shown in Figure 55. It shows that the molecule adopts the Pacman geometry with the 

zinc atom being crystallographically disordered. The disorder shows that 69 % of the 

zinc (Zn1A) is coordinated between the pyrrole-N and the imine group. In addition the 

Zn1A is coordinated by a pyridine solvent molecule and hence obtains a tetrahedral 

coordination environment. Also, 31% of the zinc (Zn1B, not shown for clarity) is 

sitting on the mirror plane between the two pyrrole-N and the endo-oxygen atom O1. 
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Figure 55 Solid state structure of 18. For clarity only the major component is shown and all hydrogen 

atoms and all solvent molecules are omitted (displacement ellipsoids at 50% probability). Selected bond 

lengths (Å): U1-O1 1.92(2), U1-O2 1.82(2), O1-Zn1A 2.081(7), Zn1A-N3 2.00(2), Zn1A-N4 2.06(2). 

Bond angles: O1-U1-O2 172.4(7)°, U1-O1-Zn1A 107.3(7)° 

The bond angle of 172.4(7)º for the O1-U1-O1 bond is representative of a trans oxo 

configuration. As observed in the previously described uranyl Pacman complexes the 

U-O bond distance that coordinates the metal atom is slightly longer than the 

uncoordinated one. In this case however it affects the endogenous U1-O1 distance, 

giving a bond length of 1.92(2) Å, whereas the exogenous U1-O2 bond distance has a 

value of 1.82(2) Å. This elongation of the bond lengths is significant for the +5 

oxidation state of 18 when compared to the uranyl(VI) O=UVI=O bonds of 1.793(6) Å 

and 1.773(6) Å as reported for A.[125]  

This reaction exemplifies that uranyl(V) compounds of the Pacman complex can be 

accessed by previous complexation of the lower macrocyclic pocket in uranyl(VI) 

Pacman with an oxophilic metal that subsequently helps to stabilise the uranyl(V) 

oxidation state. In contrast to the Zn(II)-uranyl(V) complexes 14 and 15 which show 

an exogenous oxo-coordination and which have been obtained via reduction using 

elemental zinc this complex is not reduced by the coordinating zinc but by the non-

coordinating reducing agent U(N(SiMe3)2)3. It can be hypothesised that uranyl(V) oxo-

metal complexes may be obtained regardless of the oxophilicity of the reducing agent 

when a suitable coordination environment is provided. 
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4.2.2.2 Synthesis of [(py)3(KOUO)(py)(H2L)] 6 via reduction of A using 

K[UIII(N(SiMe3)2)4] 

Attempts to use UIII(N(SiMe3)2)3 as a reducing agent for uranyl(VI) Pacman A has 

serendipitously led to the synthesis of UIV(N(SiMe3)2)4. The addition of 

K(py)6[U
III(N(SiMe3)2)4],

[237] prepared by combining pyridine solutions of 

KN(SiMe3)2 with UIII(N(SiMe3)2)3, to A led to the formation of the previously 

described uranyl(V) alkali metal complex 6 (cf. 2.1.2). 1H-NMR spectroscopy 

confirmed the formation of UIV(N(SiMe3)2)4 B as the side product in essentially 

quantitative yield (Scheme 52). 

 

Scheme 52 Synthesis of 6 and C by reduction of A using K(py)6[UIII(N(SiMe3)2)4]. 

The formation of UIV(N(SiMe3)2)4 can easily be observed by its 1H-NMR resonance 

at -3.23 ppm in pyridine-d5 as shown in Figure 56. Subsequent hexane extraction of 

this material allows the isolation of both pure metalated uranyl Pacman 6 and B. 

 

Figure 56 1H-NMR spectrum from 15 to -10 ppm in C5D5N of pure 6 (top) and of a reaction between 

A and K(py)6[UIII(N(SiMe3)2)4] yielding a 1:1 mixture of 6 and B (-3.23 ppm) (bottom).  
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At the same time that this work was being carried out the uranium(IV) tetrakisamide 

complex B was synthesised independently by Schelter and co-workers in 2013 by 

controlled single electron oxidation of UIII(N(SiMe3)2)3 using oxidising agents such as 

[TEMPO][BF4] or FcPF6 in THF.[238] This method gave low yields which was later 

improved by oxidation of K(thf)6[U
III(N(SiMe3)2)4] with CuI,  resulting in the 

formation of UIV(N(SiMe3)2)4 quantitatively. The crystallographic characterisation of 

this material is identical to the material described in this thesis.[238] 

 

The synthesis of this uranium(IV) compound has been quite a difficult task for 

many years, with Andersen and co-workers only report the formation of 

HUIV(N(SiMe3)2)3 by addition of four equivalents of NaN(SiMe3)2 to a THF 

suspension of UCl4, assuming THF to be the source of hydrogen, which reacts upon 

heating to 140 °C for 45 minutes to the uranium(IV) metallacycle in 85 % yield.[236][239] 

 

Scheme 53 Synthesis of the uranium(IV) metallacycle. 

Notably, the comproportionation reaction of A and K(py)6[U
III(N(SiMe3)2)4] 

described here features all four common oxidation states of uranium in a one-pot 

synthesis. It yields quantitatively the alkali metal uranyl(V) complex and the sterically 

congested, yet stable uranium(IV) tetrakis(hexamethyldisilylamide), both of which 

may be used as versatile starting materials for uranyl(V) and uranium(IV) chemistry. 
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4.3 Uranyl functionalisation using transuranium elements 

The functionalisation of uranyl(VI) with transuranium elements is, not only in the 

light of air- and moisture-sensitive materials, a very demanding task. When 

undertaking transuranic research one encounters scarce availability of these materials, 

high radiotoxicity and also very high bureaucratic barriers, leading to a very limited 

number of places worldwide in which one is allowed to handle these elements in higher 

quantities. Regarding the specific requirements in synthesis, analysis and radiologic 

safety these materials can only be handled in designated research institutes. The 

following experiments were therefore undertaken at the Institute for Transuranium 

Elements (ITU) in Karlsruhe, Germany, a Joint Research Centre of the European 

Commission. This institute is a high-security area equipped with low-pressure glove-

boxes and hot cells, designed for the safe handling, manipulation and analysis of 

nuclear power plant reactor core material, highly enriched nuclear fuel and highly 

radioactive isotopes for α-immunotherapy (213Bi, 225Ac). In particular, the ITU is one 

of the few places where one can handle and study the early transuranium elements 

neptunium, plutonium, americium and curium. An outstanding fact is that the ITU is 

worldwide the only institute which can provide elemental neptunium metal for 

synthetic chemistry (Figure 57). 

 

Figure 57 114 mg of metallic 237Np used for the synthesis of low-valent organometallic neptunium 

starting material. The size of this material is approximately 5 mm × 3 mm × 3 mm. The activity is about 

3 MBq. At the time of usage this material provided roughly 50 % of the world stock in elemental 

neptunium metal. 
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The EU Actinet-I3-AC3-JRP-02 and Talisman-JRPL-C02-07 programs granted 

altogether nine weeks of laboratory work in the Actinide User Labs of the ITU. The 

work was supervised by Prof. Dr. Roberto Caciuffo, Dr. Christos Apostolidis and Dr. 

Olaf Walter and carried out in close collaboration with Michał S. Dutkiewicz. During 

this time the syntheses of a variety of low-valent organometallic neptunium starting 

materials were undertaken (of which the description is subject to the doctoral thesis of 

Michał S. Dutkiewicz). The main focus was to target uranyl functionalisation, and it 

was envisaged to specifically compare the chemistry of trivalent uranium and 

neptunium complexes and their reductive potential towards uranyl(VI) Pacman. 

 

4.3.1 Uranyl functionalisation using Cp3
237Np 

Treatment of AEt with one equivalent of Cp3
237Np in tetrahydrofuran at -78 °C lead 

to the formation of a red solution. Filtration of this solution and recrystallisation by 

hexane diffusion led to the isolation of the first transuranium uranyl(V) Pacman 

complex [Cp3NpOUO(thf)(H2L
Et)] 19 (Scheme 54).  

 

Scheme 54 Reductive metalation of AEt with Cp3
237Np. 

The reaction between Cp3Np and AEt led to the formation of crystalline material 

suitable for X-ray diffraction. The solid state structure of 19 is shown in Figure 58. 19 

crystallises as dark brown plates in a triclinic crystal system and the structural solution 

was performed in space group P-1 with two molecules in the unit cell. It is isostructural 

to its uranium congener [Cp3UOUO(thf)(H2L
Et)] 17. 
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Figure 58 Solid state structure of the first heterobimetallic transuranium-uranyl(V) complex 19 in 

front view (left) and side view (right). For clarity, all hydrogen atoms except the pyrrole NHs and all 

solvent molecules are omitted (displacement ellipsoids are drawn at 50% probability). Selected bond 

lengths (Å): U1-O1 1.826(8), U1-O2 1.973(7), Np1-O1 2.251(7), O1-N4 3.15(1), O1-N5 3.09(1). Bond 

angles: O1-U1-O2 176.9(3)°, Np1-O1-U1 170.6(4)°. 

Complex 19 is the Np analogue of complex 17. The uranyl moiety shows a similar 

elongation for U1-O1 and U1-O2 in 19 (1.826(8) Å and 1.973(7) Å) as in 17 (1.844(3) 

Å and 1.986(3) Å). The same behaviour can be observed in the O1-Npyrrole distances 

(3.15(1) Å/3.09(1) Å (19) and 3.137(4) Å/3.070(4) Å (17)). Both the coordination of 

neptunium(IV) and uranium(IV) to the uranyl moiety are essentially linear 

(AnIV-O2-U1: 170.6(4)° (19) and 171.3(1)° (17)). Table 15 lists the main 

characteristics of the two actinide(IV)-uranyl(V) complexes. The bond distances are 

comparable in both complexes, with all values within the experimental error. 

 

Table 15 Comparison of bond distances and angles of complexes 17 and 19 

Entry UIV-O-UV=O 17 NpIV-O-UV=O 19 

U1-O1 (Å) 1.844(3) 1.826(8) 

U1-O2 (Å) 1.986(3) 1.973(7) 

O1∙∙∙N (Å) 3.137(4)/3.070(4) 3.15(1)/3.09(1) 

AnIV-O2 (Å) 2.245(3) 2.251(7) 

O1-U1-O2 (°) 176.9(1) 176.9(3) 

AnIV-O2-U1 (°) 171.3(1) 170.6(4) 
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The similarity of the two materials 17 and 19 exemplifies the proximity of the solid 

state behaviour of low-valent neptunium complexes to low-valent uranium complexes. 

It demonstrates the crucial role of An4+ ions in nuclear material.[240] Compounds like 

these may represent an important bonding motif of nuclear waste, since nuclear fuel is 

mainly formed of UO2 pellets, which in a nuclear reaction can be transformed to NpO2 

with the metal in the oxidation state +4. Similarly dissolved nuclear fuel rods contain 

mainly UO2
2+ as well as NpO2

+ with the actinide metals in their higher oxidation states. 

During the nuclear fuel cycle and waste disposal these ions change their oxidation 

states in a similar manner. Hence neptunium can be seen as a hazardous substitute for 

uranium in nuclear fuel, nuclear waste and in nuclear accidents.  

 

Additionally, an experiment that originally targeted the functionalisation of AEt 

with Cp3
237Np has led to a new transuranium oxo-complex Treatment of AEt with 

Cp3Np in THF has resulted in the formation of a red solution, from which crystals of 

[Cp3NpONp(Cp2)ONpCp3] 20. However, at the time of writing it is not clear from 

which particular reaction this product might stem, and current attempts to reproduce 

this material by the co-workers at ITU (Michał S. Dutkiewicz et al.) have failed. 

It is conceivable that this material may have formed due to a simple contamination 

of the reaction vessel with molecular oxygen, however, in the absence of oxygen this 

compound may have formed in a successive deoxygenation of the THF solvent[241,242] 

or uranyl (Scheme 55). 

 

Scheme 55 Proposed reaction of AEt with Cp3Np leading to the formation of 19. 
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As a preliminary result the crystallographic *.res file (courtesy to Dr. Olaf Walter) 

is used in Figure 59 to displaying the connectivity in 20. 

 

Figure 59 Solid state structure of the 20 based on the crystallographic *.res file. For clarity, all 

hydrogen atoms are omitted (displacement ellipsoids are drawn at 50% probability). Selected bond 

lengths (Å): Np-O1 2.0834, Np1-O2 2.0843, Np2-O1 2.0947, Np3-O2 2.0915. Bond angles: 

O1-Np1-O2 100.94°, Np1-O1-Np2 172.82°, Np1-O2-Np3 173.44°. 

The solid state structure of 20 shows three Np(IV) centres, linked by two oxygen 

atoms. The Np-O distances are similar and average to 2.088 Å, representing the Np(IV) 

oxidation state.[243] The structure of the molecule is bent, and the main angle is 

represented by O1-Np1-O2 with 100.94°. The two Np-O-Np angles are essentially 

linear with 172.82° (Np1-O1-Np2) and 173.44° (Np1-O2-Np3). The geometry around 

the Np atoms is pseudo-tetrahedral. The angles on Np1 are with 121.58° largest for the 

Cp-Np1-Cp angle because of the steric demand of the Cp groups, but close to the ideal 

tetrahedral angle of 109.5° for the Cp-Np1-O angles  (Cp-Np1-O2: 104.32° and 

108.58°; Cp-Np1-O1: 109.86° and 109.45°). The six bond angles around Np2 fluctuate 

slightly around 109.5° (100.64°, 101.54°, 101.61°, 115.74°, 116.02° and 117.08°) as 

do the six angles around Np3 (99.86°, 101.40°, 102.60°, 116.01°, 116.26° and 

116.51°). 

 

4.3.2 Uranyl functionalisation using Cp3
239Pu 

The chemistry of the transneptunium element plutonium has recently lead to the 

first plutonium based 5f5 single molecule magnet in form of a Pu(III) [tris-(tri-1-

pyrazolylborato)] complex.[244] 

Here we attempted to generate the first heterobimetallic transneptunium uranyl(V) 

complex in a PuIV-O-UV=O motif in a 5f4 – 5f1 electron combination. 
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Olive green AEt was mixed with dark green Cp3
239Pu in a Schlenk vessel and cooled 

the mixture with dry ice pellets. To this THF-d8 was added and the dark green mixture 

was allowed to stir and warm to room temperature, and no colour change was 

observed. The material was dried and attempted to be recrystallised from this THF-d8 

solution by hexane diffusion but only microcrystalline material could be isolated 

which was tested for X-ray structural analysis but showed no diffraction. Because of 

poor quality of the obtained material and because of the handling difficulties regarding 

239Pu and the larger quantities of material needed for UV-vis or NMR spectroscopy 

this material was put aside and not considered for any further chemical analysis. 

 

Scheme 56 Attempted reductive metalation of AEt with Cp3
239Pu 

4.4 Conclusion 

It has been shown in this chapter that the synthesis of lanthanide-actinyl and 

actinide-actinyl cation-cation complexes results in shows some inherent difficulties. 

The reductive metalation of uranyl(VI) with lanthanides and their respective metal 

halides is likely to happen in analogy with the previously described reactivity 

regarding Group I (Chapter 2) and Group II or Group XII (Chapter 0) metals. However, 

the presence of unpaired f-electrons inhibits their spectroscopic characterisation and it 

has not been possible to isolate a mono-metalated Ln(III)-uranyl(V) complex. In 

contrast to this results the treatment of uranyl(VI) Pacman with SmI2(thf)2 to a 

transamination and the formation of a bis(uranyl(V))-Sm(III) complex. 

The reductive uranyl functionalisation has been demonstrated using Cp3U to 

generate the first U(IV)-uranyl(V) CCI complex. This chemistry could be repeated 

successfully using a transuranium element, to generate the first heterobimetallic 

actinide(IV)-actinyl(V) complex with tetravalent neptunium. Both complexes are 

isostructural and prove that under reducing conditions the formation of actinide-actinyl 

CCIs is possible.  
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5 Uranyl functionalisation in redox active dipyrrole ligands 

The chemistry of the Pacman ligand in Pacman porphyrins, heteroditopic pyrroles 

and calix[n]pyrroles has allowed for a wide variety of new bimetallic cobalt, 

palladium, nickel, copper, manganese and chromium complexes to be 

isolated.[132,245,246] Such complexes have demonstrated their reactivity towards 

photocatalytic oxidation of hydrocarbons,[247] their ability to serve as oxygen reduction 

catalysts[248–250] and their use as single molecule magnets.[60] This chemistry is limited 

with respect to the rigid ligand framework, which, if altered, can potentially affect the 

structural and electronic properties of some of these metal complexes, and hence lead 

to unexpected and novel reactivity modes. 

One approach to functionalise the Pacman framework is the substitution of the 

methyl groups on the dimethyl dipyrromethane moiety for an electron withdrawing 

pentafluorophenyl Group and a hydrogen atom (Figure 60). This results in the 

dipyrromethane (sp3) moiety to become redox active, and to oxidise readily to a 

dipyrromethene (sp2) (also referred to as “dipyrrin”). Upon deprotonation the ligand 

formally changes from an L-2 ligand in the dipyrromethane to an L-1 ligand in the 

dipyrromethene. These dipyrromethenes have recently seen significant development, 

particularly with respect to applications regarding fluorescence and other optical 

properties.[251] In particular, the boron dipyrromethene BODIPY (Figure 60) has been 

studied intensively because of its intense colour and fluorescence,[252] photosensitivity 

with application to photodynamic therapy,[253] stability[254] and ease of access.[255]  

 

Figure 60 BODIPY and modification of the ‘classic’ Pacman dipyrromethane moiety by substitution 

of methyl for pentafluorophenyl and hydrogen, resulting in a redox-active ligand. 
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These ligands have been recently made in our labs[256] and their complexation 

studies were carried out along with Lucy N. Platts, James R. Pankhurst (synthesis and 

characterisation of uranyl(VI) (21) and uranium(IV) (22) dipyrrin complexes) and 

Dr. Daniel Betz (reductive silylation of uranyl dipyrromethane complexes (23)). This 

collaborative work is described in the following section. 

 

5.1 Uranyl functionalisation in dipyrromethene ligand 

 

5.1.1 Synthesis of uranyl(VI) dipyrromethene complex 

The newly developed 4N-donor ligand H2L
ane, consisting of a pentafluorophenyl 

dipyrromethane moiety readily oxidises on air[256] to give the corresponding purple 

dipyrromethene HLene. Treatment of the latter with one equivalent of uranyl 

bis(hexamethyldisilylamide) at room temperature in pyridine or tetrahydrofuran and 

subsequent substitution of the remaining silylamide group by treatment with one 

equivalent of pyridine hydrochloride yield the blue dipyrromethene uranyl(VI) 

chloride complex [UO2(Cl)(Lene)] 21 in 76 % yield (Scheme 57). 

 

Scheme 57 Synthesis of uranyl(VI) dipyrromethene complex [UO2(Cl)(Lene)] 21. 

Single red pleochroic prisms of 21 which appear blue under transmitted light were 

obtained after recrystallisation from a concentrated benzene solution and were suitable 

for X-ray crystallographic analysis. 21 crystallises in a monoclinic crystal system and 

the structural solution was performed in space group Cc with four molecules per unit 

cell. The molecular structure is shown in Figure 61. 
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Figure 61 Solid state structure of 21. For clarity, all hydrogen atoms and all solvent molecules are 

omitted (displacement ellipsoids are drawn at 50% probability). Selected bond lengths (Å): U1-O1 

1.766(4), U1-O2 1.763(4). Bond angles: O1-U1-O2 175.5(2)°. 

The solid state structure of 21 exhibits a pentagonal-bipyramidal uranyl(VI) moiety 

with bond distances for U1-O1 of 1.766(4) Å and U1-O2 of 1.763(4) Å, with an 

O1-U1-O2 bond angle of 175.5(2)°. The uranyl is coordinated in its equatorial plane 

by one chloride atom and by the four nitrogen atoms of the ligand with a U-Nimine bond 

length of 2.683 Å and a U-Npyrrole bond length of 2.474 Å. The C-C bond distances 

from the methene carbon to the pyrrole rings have values of 1.404(7) Å (C10-C9) and 

1.387(7) Å (C10-C17), which are shorter than the average C-C single bonds of 1.54 Å 

and longer than the average C=C double bonds of 1.33 Å,  representing the mesomeric 

stabilisation of the dipyrromethene (Figure 62). 

 

Figure 62 Mesomeric stabilisation of dipyrromethene. 

Compound 21 has been tested for its stability in benzene, toluene, hexane, 

tetrahydrofuran and pyridine. It was found that the compound is unstable in the latter 

if left standing for a prolonged period of time. The 1H-NMR spectrum was recorded 

straight after dissolving 21 in C5D5N, and after 12 and 36 hours. A dominant feature 

that could be observed is an increase in the resonance of the tert-butyl group of the 
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tert-butyl amine at 1.16 ppm (#). After 12 hours at room temperature the ratio of 21 to 

free tert-butyl amine is 70 % to 30 %, which rises to a ratio of 55 % to 45 % after 36 

hours. Similarly, the imine resonance at 9.65 ppm (*) decreases with the same ratio 

(Figure 63). This suggests that the compound disintegrates by a bond-breakage of the 

imine-bond. 

 

Figure 63 1H-NMR of 21 in pyridine at room temperature over 36 hours. The compound 

disintegrates by imine bond break. The imine resonance at 9.65 ppm (*) decreases as the tert-butyl 

resonance of free tert-butyl amine at 1.16 ppm (#) increases over time. 

The redox chemistry of complex 21 was investigated using cyclic voltammetry and 

Figure 64 shows the cyclic voltammogram obtained from a 5 mM THF solution of 21 

using 0.01 M [nBu4N][PF4] as the supporting electrolyte at a scan rate of 100 mVs–1. 

All values are reference against Fc/Fc+. 
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Figure 64 Cyclic voltammogram of 21 in a 5 mM THF solution using 0.01 M [nBu4N][PF6] at a scan 

rate of 100 mV s-1. 

The cyclic voltammogram of 21 shows two quasi-reversible reduction features 

assigned to the U(VI)/U(V) couple and the U(V)/U(IV) couple, respectively. One 

reductive feature is assigned to free ligand reduction. A small oxidation wave is 

assigned to an oxidative decomposition. The relevant processes and assignments are 

given in Table 16: 

Table 16 Electrochemical processes observed by cyclic voltammetry of 21 

Process Epc / V Epa / V ΔEp / V Couple Reversibility 

1 -0.95 -0.85 -0.80 U(VI)/U(V) quasi-reversible 

2 -1.48 ––– ––– Ligand reduction irreversible 

3 -1.90 -1.80 -1.85 U(V)/U(IV) quasi-reversible 

4 ––– -1.05 ––– Oxidative decomposition irreversible 

 

The uranyl reduction features (1 and 3) are assigned as quasi-reversible because of 

the observed strong scan-rate dependence and large peak separation of about 100 mV 

each, which increase with increasing scan-rate. The ligand reduction at -1.48 V (2) was 

assigned by comparison of the cyclic voltammogram of the free ligand HLene. It is 

attributed to the first ligand reduction to the radical anion, which appears at the same 

potential.[256] The assignment of the U(VI)/U(V) couple (1) is in accord with 
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previously measured redox couples for multi-dentate, Schiff-base ligands in the range 

from -0.85 V to -1.09 V vs. Fc/Fc+.[257,258] The U(V)/U(IV) (3) reduction potential is 

lower in comparison with other uranium(V) complexes with potentials in the range 

between -1.21 V and -1.89 V vs. Fc/Fc+,[35,141,259,260] but is less negative than for 

previously reported uranyl Pacman complexes with values between -2.60 V 

and -2.88 V.[133] There is a small oxidative wave in the voltammogram at -1.05 V (2), 

which only appears after sweeping past the U(V)/U(IV) reduction process and is thus 

assigned to an oxidative decomposition because no corresponding reduction wave was 

detected by differential pulse voltammetry. 

 

5.1.2 Synthesis of uranyl(IV) dipyrromethene complex 

The uranyl(VI) dipyrromethene complex 21 has further been used to investigate its 

potential to undergo reductive metalation as previously demonstrated for the uranyl 

Pacman complexes.  

At first, potassium metal was chosen as a reducing agent. Compound 21 was treated 

with two equivalents of K in pyridine and the mixture was allowed to stir at room 

temperature overnight, targeting the uranium(IV) complex [(py)3KOUOK(py)3(L
ene)] 

(Scheme 58).  

 

Scheme 58 Attempted reduction of 21 using K metal in pyridine. 

The 1H-NMR spectrum was recorded after 12 hours, and showed six resonances 

shifted paramagnetically from -10 to -50 ppm and two resonances shifted to 38.5 ppm 

and 50 ppm, respectively. Several inseparable resonances were found between 0 ppm 

and 10 ppm, and could not be fully identified. The paramagnetic resonances may be 

attributed to a reductive metalation of the uranyl, possibly to a mixture of singly and 

doubly metalated product. It is possible that dehalogenation may have occurred as a 

side-reaction. A product of such a dehalogenation could be a uranyl(V) which may 



 

 116 

form cation-cation complexes in solution as demonstrated for uranyl(V) systems by 

Liddle and co-workers, who observed the formation of both dimeric and trimeric 

mixed valence uranyl(V)-uranyl(VI) complexes in solution and in the solid state.[261] 

Ultimately the redox activity of the dipyrromethene ligand itself may play a vital role, 

and, given the right reducing agent may be reduced to the dipyrromethane, thus 

complicating the feasibility of isolating defined products. Taking all this into account 

no further characterisation was carried out regarding reduction with K metal. 

 

Figure 65 1H-NMR spectrum after treatment of 21 with 2 equivalents of metallic K in pyridine 

showing paramagnetic resonances indicating the formation of reduced uranyl/uranium species. 

Given the relatively complex chemistry of 21 as demonstrated above, 

bis(cyclopentadienyl)titanium(III) chloride [Cp2TiCl]2 was chosen as a mild reducing 

agent. The oxophilicity of Ti is characterised by the bond dissociation enthalpy of the 

Ti-O bond of ΔHdiss = 662 kJ/mol, and as a single electron reductant it forms 

titanium(IV) as the thermodynamically most stable form of titanium. 

Treatment of 21 with one equivalent of [Cp2TiCl]2 in benzene at room temperature 

lead to the straightforward formation of the first doubly titanated uranyl(IV) complex 

[(Cp2TiCl)OUO(Cp2TiCl)(Cl)(Lene)] 22 known to date in 37 % yield (Scheme 59). 
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Scheme 59 Two electron reduction of 21 by [Cp2TiCl]2 to yield the uranium(IV) complex 22. 

Blue crystals suitable for X-ray diffraction could be obtained after recrystallisation 

of 22 from a concentrated benzene solution. 22 crystallises in a monoclinic crystal 

system, and the structural solution was performed in space group P21/c with four 

molecules in the unit cell. The solid state structure of 22 is shown in Figure 66.  

 

 

Figure 66 Solid state structure of 22, in side view (left) and front view (right) showing the O-U-O 

plane (light blue) and the plane for the sp2-hybridised meso-C atom (light red). For clarity, all hydrogen 

atoms and all solvent molecules are omitted (displacement ellipsoids are drawn at 50% probability). 

Selected bond lengths (Å): U1-O1 2.066(7), U1-O2 2.062(7), Ti1-O1 1.841(7), Ti2-O2 1.842(7). Bond 

angles: O1-U1-O2 177.0(2)°, Ti1-O1-U1 170.9(4)°, Ti2-O2-U1 169.2(3)°.  

The solid state structure exhibits long U-O distances of 2.066(7) Å for U1-O1 and 

2.062(7) Å for U1-O2, representing the U(IV) oxidation state.[262,263] The Ti-O bond 

distances show identical values of 1.841(7) Å for Ti1-O1 and 1.842(7) Å for Ti2-O2. 

The O1-U1-O2 bond angles is linear with 177.0(2)°, the U1-O1-Ti1 bond angle is 
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slightly bent with a value of 170.9(4)°, similar to the U1-O2-Ti2 angle (169.2(3)°). 

The C-C bond distances of the methene carbon to the pyrrole rings show values of 

1.40(1) Å (C10-C9) and 1.39(1) (C10-C17) Å, similar to those seen in the uranyl(VI) 

complex 21 and representing the dipyrromethene moiety. The U-Npyrrole bond lengths 

are elongated from 2.474 Å in 20 to 2.531 Å in 21. The X-ray diffraction data shows 

that the molecule is asymmetric, with the pentafluorophenyl group being rotated away 

from the O-U-O plane by 20.2° (Figure 66). Additionally, the tert-butyl groups point 

in opposite directions away from the plane along the methene carbon, which is 

similarly affecting the imine nitrogen atoms as well as the pyrrole rings. The twisting 

of the molecule can also be seen in the 1H and 19F-NMR spectra for this compound, 

which show individual environments for the protons as well as five individual fluorine 

resonances. 

 

Figure 67 1H-NMR spectrum in C6D6 of 22 showing individual resonances for all protons confirming 

the complex’ asymmetry in solution. The resonances from 0 ppm to 2.5 ppm are attributed to residual 

hexane and silicon grease introduced from freshly recrystallised [Cp2TiCl]2. 
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The 1H-NMR spectrum of 22 shows the formation of a paramagnetic product within 

the range from -40 ppm to +45 ppm. The tert-butyl groups are observed as separate 

resonances at -31.83 ppm and -8.59 ppm representing the molecule’s asymmetry. 

Similarly the imine protons resonate individually at -37.74 ppm and -8.33 ppm. The 

cyclopentadienyl rings however show three individual resonances, with two of them 

at 5.92 ppm and 19.02 ppm representing 5 protons each and the third one at 43.70, 

representing 10 protons of two cyclopentadienyl rings. This suggests that the 

asymmetry of the complex has a less strong effect on these two groups and allows 

them to rotate freely and are equivalent. 

The C-H hydrogen atoms of the two pyrrole rings have been identified 

at -22.72 ppm and -17.84 ppm corresponding to one ring and at -3.79 ppm 

and -1.55 ppm corresponding to the other ring. Correlation spectroscopy was used to 

identify the coupling between these hydrogen atoms and revealed a coupling constant 

of 5 Hz for the latter two. However, we were not able to determine the coupling 

constant of the second pyrrole ring. Figure 68 shows the coupling of the pyrrole 

protons. 

 

Figure 68 1H-1H-COSY experiment on 22 revealing the coupling of the pyrrolic protons. 
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The asymmetry of complex 22 is also reflected in its 19F-NMR spectrum, which 

shows five individual fluorine resonances at δF -139.81 (d, Fortho), -143.92 (d, 

Fortho), -154.29 (t, Fmeta), -156.49 (t, Fmeta), -163.09 (m, Fpara) ppm. 

Additionally we attempted the synthesis of the uranyl(V) intermediate with a mono-

oxo-metalated uranyl, however, this hypothetic complex was not accessible in our 

hands (Scheme 60). Treatment of 21 with 0.5 equivalents of [Cp2TiCl]2 in benzene has 

led to the formation of the uranyl(IV) complex 22 and the uranyl(VI) complex 21, 

resulting either from a two electron reduction or a disproportionation of uranyl(V) to 

uranyl(IV) and uranyl(VI).  

 

Scheme 60 Attempted single electron reduction of 21 to a Ti(IV)-uranyl(V) complex 

This instability of uranyl(V) intermediates however is a well-known aspect of 

uranyl(VI) functionalisation (cf. Chapter 1.2.1). In similar approaches Hayton and co-

workers have observed that a that the addition of B(C6F5)3 to a uranyl(V) complex also 

yields a doubly metalated uranium(IV) moiety, along with the uranyl(VI) starting 

material and other products.[171] 

 

Scheme 61 Uranyl(V) disproportionation observed by Hayton et al.[171] 
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To date we have not been able to measure the cyclic voltammogram of 22 which 

should give further insight into the redox processes of this material. However, the 

reduction chemistry of [Cp2TiCl]2 has been investigated by Daasbjerg et al.[264,265] and 

shows a reductive potential between -0.41 V and -1.27 V. This is not negative enough 

for the second reduction feature of -1.85 V seen for 21 (Table 16). Quite possibly this 

is because the coordination of a Lewis acid to one uranyl oxo-group enhances the 

Lewis basicity of the other oxo-group and alters the second reduction potential, 

favouring a concerted two-electron reduction. To support this theory computational 

studies are currently being carried out by Laurent Maron and co-workers in Toulouse, 

France. 

In order to gain deeper insight into the electronic nature of complex 22 this material 

was further investigated using UV-vis spectroscopy. The spectrum of 22 is compared 

with the starting material 21 and with the free ligand HL in Figure 69. 

 

Figure 69 UV-vis spectra for the protonated ligand HL (green, hexane solution), UVIO2Cl(L) 21 

(blue) and UIVO2(TiCp2Cl)2Cl(L) 22 (red) (both toluene solutions). 

The spectrum of the free ligand HLene shows a strong absorption at 486 nm which 

corresponds to its orange-red colour in solution, as well as a smaller absorption in the 

UV region at 270 nm. The transition at 486 nm can be assigned to a ligand based π – π* 
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transition from HOMO (H) to LUMO (L), whereas the latter can be assigned to a 

H−(L+1) transition as reported for similar ligands.[256] In comparison the uranyl(VI) 

complex 21 and the uranium(IV) complex 22 show a strong red-shift, with complex 

21 absorbing at 597 nm with an extinction coefficient of ε  = 47,924 M-1 cm-1 and a 

shoulder at 550 nm. In contrast to this complex 22 shows two absorption bands at 

595 nm and 546 nm with extinction coefficients of ε = 7,869 M-1 cm-1 and 

9,673 M-1 cm-1 respectively. Both complexes show an additional absorption at 280 nm. 

These values correspond to their blue to purple colour in solution and in the solid state. 

The large values of the extinction coefficients may suggest that these transitions are 

either π – π* or charge-transfer (CT) transitions. However, this is speculative and 

further work is needed to confirm this. Currently these complexes are under 

investigation using computational chemistry in order to determine the nature of their 

UV-vis behaviour and to assign if the excitation is ligand or metal based. 

Compared to the well-studied BODIPY systems with extinction coefficients of 

above 80,000 M-1 [266] cm-1 and up to 120,000 M-1 cm-1 [267] the extinction coefficients 

for 21 and 22 are rather small. However, they are quite similar to pyridomethane-BF2 

complexes, in which the pyrrole rings are substituted for pyridine rings.[268] For 

comparison Table 17 lists the obtained ε-values for the obtained complexes. 

  

Table 17 Extinction coefficients for HLene, U(VI) (21) and U(IV) (22) 

Compound λ (nm) ε (M-1 cm-1) Error (M-1 cm-1) 

HL 486 24, 329 1262 

U(VI) 597 47, 924 5887 

U(VI) 280 38, 432 4953 

U(IV) 595 7, 869 4554 

U(IV) 546 9, 673 4646 

U(IV) 280 18, 288 4373 
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The table shows that the extinction coefficient for the uranium(IV) complex has 

dropped to about one fourth of the value for the uranyl(VI) complex, whereas the value 

at 280 nm is merely reduced to one half. This absorption is even lower than the one 

determined for the free ligand. Currently no sufficient explanation can be given as to 

why these values show a tendency in absorption of U(VI) > HL > U(IV). 

 

5.2 Uranyl functionalisation in a dipyrromethane ligand 

In an attempt to synthesise a uranyl(VI) dipyrromethane complex by a simple 

acid-base reaction between UO2(N(SiMe3)2)2 and the pentafluorophenyl 

dipyrromethane ligand H2L
aneAr in pyridine at room temperature the desired complex 

could not be isolated (Scheme 62). 

  

 

Scheme 62 Intended reaction by treatment of H2LaneAr with UO2(N(SiMe3)2)2. 

Instead, upon heating a mixture of the purple pentafluorophenyl dipyrromethane 

ligand (H2L
eneAr) with one equivalent of uranyl(VI) silylamide at 70 °C in pyridine 

reductive silylation was observed in both the 1H-NMR spectrum and X-ray 

crystallography. The results of the diffraction studies show that 23 is a mixture of two 

products forming superimposed crystals of a uranium(IV) dipyrromethane complex 

(29 %) and a uranium(III) dipyrromethene complex (71 %) which results from the 

oxidation of the ligand (Scheme 63).  
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Scheme 63 Treatment of H2L yielding a U(III) and a U(IV) siloxide. 

Figure 70 shows the 1H-NMR spectrum of an inseparable mixture of 23, showing 

resonances within a range of -14 ppm to +40 ppm. The paramagnetic resonances which 

were observed can be assigned to both a reductively silylated uranium(III) and a 

reductively silylated uranium(IV) complex, however, four resonances at -0.05 ppm, 

0.30 ppm, 1.13ppm and 1.37 ppm could not be assigned and quite possibly suggest the 

formation of one or more side-products which were not isolated upon work-up. 

 

Figure 70 1H-NMR spectrum of the inseparable mixture of 23 in C6D6. The green spectrum (top) is 

assigned to the U(IV) complex, the red spectrum (bottom) is assigned to the U(III) complex.  
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Dark blue single crystals were obtained by solvent evaporation of the reaction 

mixture, which crystallises in a triclinic crystal system. The structural solution was 

performed in space group P-1 with two formula units per unit cell. The solid state 

structure of the major component of 23 in shown in Figure 71. The ligand coordinates 

in the equatorial plane of the O-U-O moiety with its four N-donor atoms. Additionally 

the uranium atom coordinates a pyridine solvent molecule at its fifth coordination site 

between the two aryl groups of the ligand orientated in a π-stacking motif. The 

coordination environment of the uranium is hence pentagonal-bipyramidal. Both oxo-

groups of the uranium are capped by a trimethylsilyl group, resulting from a bond 

cleavage of the N-Si bond of the hexamethyldisilylamide group during the reaction. 

 

 

Figure 71 Solid state structure of the major component of 23. For clarity, all hydrogen atoms, all 

atoms of the minor component and all solvent molecules are omitted (displacement ellipsoids are drawn 

at 50% probability). Selected bond lengths (Å): U1-O1 2.114(4), U1-O2 2.113(4), Si1-O1 1.638(5), 

Si2-O2 1.631(4), U1-N1 2.561(6), U1-N2 2.437(5), U1-N3 2.417(6), U1-N4 2.590(6). Bond angles: 

O1-U1-O2 170.1(2)°, Si1-O1-U1 158.7(3)°, Si2-O2-U1 157.2(3)°. 

The structural analysis revealed two superimposed molecules (Figure 72), 71 % of 

which shows a doubly silylated uranyl motif in an oxidised ligand, making it formally 

a uranium(III) dipyrromethene complex, and 29 % show a doubly silylated uranyl in 

the reduced form of the ligand, making it a uranium(IV) dipyrromethane complex. 
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Figure 72 Crystallographically superimposed U(III) and U(IV) complex, indicated by the occupancy 

of the F and C atoms of the pentafluorophenyl ring. 

A discussion of the bond distances and angles must therefore remain rather 

unspecific as the Solid state structure represents the average of two components. 

Likewise all bond parameters average between the characteristic values of U(III) and 

U(IV). 

The uranium-oxygen distances U1-O1 and U1-O2 (2.114(4) Å and 2.113(4) Å) are 

longer than the uranyl(VI) bond distances of 1.78 Å and also longer than any 

uranyl(V)-oxygen bond distances reported in this thesis of which the longest appears 

in compound 10 with a U-O distance of 1.979(3) Å, indicating the formation of a 

uranium oxidation state below +5.   

The U-O bond lengths in U(IV) bis(benzopinacolate) U(Ph4C2O2)(thf)2 complexes 

deviate from 2.131(4), 2.158(3), 2.159(3) and 2.162(4) Å,[269] which are in the same 

range as the observed values for complex 22, whereas the U-O bond lengths in 

uranium(III)-aryl oxide U(ODtbp)3 (ODtbp – 2,6-di-tert-butyl phenolate) complexes 

range from 2.149(4) to 2.165(3), averaging to 2.159 Å.[270] The analogous uranium(IV) 

complex shows bond distances 2.135(4) Å.[271] Uranium(III) tris(aryloxide) complexes 

reported by Meyer et al. with an average U-O distance of 2.679 Å.[272] 

A uranium(IV) siloxide complex synthesised by Hayton et al.[144] is shown in Figure 

73.  
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Figure 73 Uranium(IV) siloxide complex by Hayton et al.[144]  

The U-O bond distances for this complex measure 2.129(2) Å and are similar to 

other reported uranium siloxides,[141] and resemble those  as [Cp2Co][U(OSiPh3) 

(OB{C6F5}3)(Aracnac)2] (2.173(8) Å)[68] and Cp3U(OSiPh3) (2.135(8) Å).[273] The 

authors report that the U-N bond distances (2.484(3) Å) and the U-OAracnac (2.268(2) Å) 

bond lengths are consistent with the uranium(IV) oxidation state. 

 

In order to gain more extensive analysis on compound 23 a qualitative UV-vis 

spectrum was recorded on the mixture of oxidation states. Figure 74 shows the 

spectrum of a 0.2 mM toluene solution of 23. 

 

Figure 74 Qualitative UV-vis spectrum of a 0.2 mM toluene solution of 23 (inset). (Photo: 

Max McMullon) 
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Pankhurst et al.[256] report the dominant absorption band for the free 

dipyrromethane ligand H2L
aneAr at 373 nm and assign the observed absorption to a 

mixture of HOMO (H) to LUMO H–(L+1) (59%) and (H−1)–L (32%) transitions, with 

the H–L transition appearing as a shoulder at 413 nm. The oxidation of H2L
aneAr to the 

dipyrrin HLeneAr results in a red-shift of both the (H−1)–L and H–L transitions to be 

red-shifted to 520 nm and 540 nm, respectively, while the H–(L+1) transition remains 

in the UV-region at 290 nm. This change in electronic structure is typical for 

dipyrromethene compounds[274] and reflects a 1.6 eV stabilisation of the LUMO upon 

oxidation.  

Compound 23 shows a strong absorption at 665 nm, with two shoulders appearing 

at 619 nm and 566 nm, corresponding to the light blue colour of the solution. This red-

shift is stronger than the absorption reported for the free dipyrrin, and these values are 

assigned to a ligand based π – π* transition from HOMO to LUMO. Another strong 

absorption appears at 341 nm. The obtained values are comparable to those measured 

for complex 21 and 22 (cf. Section 5.1.2), however, due to the mix of oxidation states 

a full assignment cannot be given at this stage. 

 

To our surprise the light blue solution did not change its colour when exposed to air 

and the UV-vis spectrum showed no change in absorption. Only after the sample was 

exposed to air for a week a change in colour back to purple (= free ligand H2L
aneAr) 

could be observed, suggesting a relative inertness of the uranium siloxide complex to 

oxygen and moisture. 

Most likely the observed reaction results from a bond cleavage of the Si-N bond in 

HN(SiMe3)2, as previously observed in reductive uranyl silylation.[102,134] Quite 

possibly this is enhanced via a formation of a cation-cation complex between two 

uranyl moieties which may form in solution (Scheme 64).  
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Scheme 64 Proposed reaction mechanism of uranyl(VI) complexation and reduction in 

dipyrromethane complexes. 

It can be hypothesised that the reduction from the U(IV) complex to the U(III) 

complex could also proceed in the solid state. This could possibly be verified by 

careful isolation of the U(IV) complex at temperatures below 70 °C and subsequent 

gentle heating of the isolated material (Scheme 65). 

 

Scheme 65 Proposed solid state synthesis of U(III) siloxide complex. 
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The described reactions show a potential to successively access all oxidation states 

of uranium in one ligand system, if the proposed products have been correctly 

identified. However, so far it was not possible to reproduce this work or to isolate pure 

material. Further work needs to be carried out to precisely determine all reaction 

products and to accurately synthesise pure material. Further spectroscopic studies like 

19F and 29Si NMR, UV-vis-NIR and cyclic voltammetry are needed to confirm these 

preliminary results. This may be supported by computational studies to gain insight 

into the electronic structure of this material. 

 

5.3 Conclusion 

It has been shown in this chapter that the use of redox active dipyrromethane and 

dipyrromethene ligands offers new modes of reactivity regarding uranyl oxo 

functionalisation. The successful synthesis of a new uranyl(VI) dipyrromethene 

complex is presented. The reduction of this complex with Ti(III) leads to the two-

electron reduction of the uranyl and to a doubly titanated uranium(IV) complex. 

UV-vis spectra and cyclic voltammetry support the assignment of the oxidation state.  

The reductive silylation of uranyl(VI) in a dipyrromethane complex has been 

exemplified in the isolation of crystalline material, that suggests the formulation of a 

mixed uranium(III)/uranium(IV) complex. This material is currently still being 

investigated. 
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6 Experimental section 

6.1 General methods and instrumentation 

All manipulations were carried out under dry, oxygen-free dinitrogen atmosphere using 

standard Schlenk techniques or an MBraun Unilab glove-box. Deuterated pyridine, deuterated 

tetrahydrofuran and deuterated benzene were boiled over potassium, distilled and three times 

freeze-pump-thaw degassed prior to use. All other solvents were nitrogen purged and dried via 

passage through Vacuum Atmosphere drying towers. Pyridine was degassed and distilled over 

potassium. 

All reactions involving 237Np and 239Pu were carried out using standard Schlenk techniques 

under argon atmosphere inside low-pressure nitrogen-filled glove-boxes at the Institute for 

Transuranium Elements in Karlsruhe, Germany. 

1H, 13C{1H}, 7Li{1H}, 19F{1H} and 29Si-NMR spectra were recorded on a Bruker ava400 at 

298 K at 400 MHz, Bruker ava500 at 298 K at 500 MHz, Bruker pro500 at 298 K at 500 MHz 

and Bruker ava600 at 298 K at 600 MHz. Chemical shifts are given in parts per million and 

referenced to residual proton resonances of the respective solvent. 

Single crystal X-Ray diffraction data was collected using an Oxford Diffraction Supernova 

instrument at 120 K, fitted with a CCD area detector using CuKα radiation (λ = 1.5418 Å) or 

MoKα radiation (λ = 0.7107 Å) or using an Eos Excalibur instrument at 170 K using MoKα 

radiation (λ = 0.7107 Å). Structural solution and refinement was carried out using either 

SHEL-XS-97 direct methods,[275] SHEL-XS-97 Patterson methods,[275] SIR92[276] or the 

SUPERFLIP charge-flipping program[277] and refined using a full-matrix least square 

refinement on |F|2 using SHELXL-97.[275] All programs were used either within the WinGx 

suite[278] or OLEX2.[279] 

Elemental analysis was carried out by Mr. Stephen Boyer, London Metropolitan 

University. 

Infrared spectra were recorded on a Jasco 410 spectrophotometer as a nujol mull between 

NaCl disks. Intensities are assigned as: w = weak, m = medium, s = strong. UV/Vis/NIR 

spectra were recorded on a Jasco V-670 spectrophotometer in a 10 mm quartz cuvette fitted 

with a Teflon tap. 

Cyclic voltammograms were recorded using an Autolab 302 potentiostat and the data 

processed using GPES Manager version 4.9. Experiments were undertaken at room 

temperature in a glove-box in a 15 ml glass vial as the cell with a platinum wire embedded in 
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glass as the working electrode, a platinum gauze as the counter electrode and a silver wire as 

the pseudo-reference electrode. The solution employed was 5.0 mM of the compound with 0.2 

M [NBu4][PF6] as the supporting electrolyte and scan rates between 100–1000 mVs–1. All 

potentials were referenced against [Cp2Fe]0/+ (i.e. Fc/Fc+ = 0.0 V). 

Variable temperature magnetic susceptibility (dc and ac) measurements were carried out 

by Dr. Alessandro Prescimone at the University of Edinburgh and made on a Quantum Design 

Magnetic Property Measurement System (SQUID magnetometer) equipped with a 7T magnet 

operating in the 350±2 K temperature range. Diamagnetic corrections were applied using 

Pascal’s constants. The sample was placed in a gelatine capsule and fitted inside a plastic 

straw. The data analysis was carried out by Dr. Nicola Magnani at the Institute for 

Transuranium Elements in Karlsruhe, Germany. 

Theoretical calculations were performed by Xiaobin Zhang and Prof. Dr. Georg 

Schreckenbach at the University of Manitoba, Canada. All geometries were fully optimised at 

the Density Functional Theory (DFT) level using the Perdew-Burke-Ernzerhof (PBE) 

functional[280,281] with correlation consistent all-electron cc-pVDZ basis sets for the large 

component and corresponding kinetically balanced basis sets for the small component,[282] 

using the Priroda code, version 13.[283] Priroda applies the full Dirac equation but with spin-

orbit projected out and neglected.[284] Vibrational frequency calculations were performed at 

the same level of theory in order to verify that the geometries are real minima on the potential 

energy surfaces. QTAIM analysis was performed with the MultiWFN code.[285] The NBO 6.0 

program[286] as interfaced with Amsterdam Density Functional (ADF)[287–289] was used for 

NBO analysis. ADF calculations were performed using the PBE functional and the scalar 

zeroth order regular approximation (ZORA) method[290–294] with corresponding double zeta 

polarised (DZP) basis set for light elements and triple zeta polarised (TZP) for uranium. 

 

6.2 Synthetic procedures for isolated compounds 

[(UO2)(py)(H2L)][125] A, Tebbe’s reagent[295], H4L(Pacman),[132] UO2Cl2(thf)3,[296] UI3,[297] 

UO2(N(SiMe3)2)2(py)3,[298], HL,[256] H2L,[256] Cp2Ti(η2-C2(SiMe3)2
[299], [Cp2TiCl]2

[300] and 

Cp2Zr(η2-C2(SiMe3)2)·py[301] were synthesised according to literature procedures. AZn was 

synthesised according to a modified literature procedure, using Zn(N(SiMe3)2)2.[302] 

U(N(SiMe3)2)3 was synthesised according to a modified literature procedure using UI3 as the 

starting material.[303] All other reagents were used as received.  
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6.2.1 Synthesis of [(py)(Me2AlOUO)(py)(H2L)] 1 

A brown suspension of [(UO2)(py)(H2L)] A (150 mg, 0.1035 

mmol) in C6D6 (1.0 ml plus 0.1 ml pyridine) was combined with 

Cp2TiCH2ClAlMe2 (0.15 ml, 0.1035 mmol) (Tebbe’s reagent) at room 

temperature to form a dark brown solution. The solvent was reduced 

to ca. 0.5 ml under vacuum to afford [(py)(Me2AlOUO)(py)(H2L)] 1 

as yellow crystals. The product was isolated by filtration and washed 

with cold toluene (3 x 0.5 ml, -35 ºC). Recrystallisation of 1 from 

toluene at -35 °C afforded yellow crystals suitable for X-ray diffraction. Yield: 79 mg (67%). 

1H-NMR (C6D6): δH -5.11 (s, 3H, CH3), -4.96 (s, 3H, CH3), -2.04 (s, 2H), -1.35 (s, 6H, 

Ph-CH3), 0.12 (s, 2H), 0.29 (s, 6H, Ph-CH3), 0.85 (s, 2H), 0.87 (s, 2H), 3.02 (s, 2H), 7.19 (s, 

2H), 8.10 (s, 3H, CH3), 10.21 (d, 2H, pyrrole, 3JH-H = 4 Hz), 12.18 (d, 2H, pyrrole, 3JH-H = 

4 Hz), 14.51 (s, 6H, Al-CH3), 21.25 (s, 3H, CH3), 68.65 (br, 2H, NH); 13C{1H}-NMR (C6D6): 

δC 15.74, 15.92, 16.34, 16.90, 17.56, 18.69, 21.04, 21.76, 34.10, 52.23, 77.29, 101.99, 108.06, 

109.35, 112.11, 115.90, 119.93, 120.40, 122.79, 126.03, 126.33, 126.77, 128.90, 129.66, 

138.22, 145.22, 148.97, 162.64; Analysis. Found: C, 56.58; H, 4.99; N, 12.17 % 

C54H60AlN10O2U requires: C, 56.59; H, 5.28; N, 12.22 %; FTIR (nujol, cm-1):  2927 (w, NH/ 

nujol), 2854 (w, nujol), 1581 (w, imine), 1462 (s, nujol), 1377 (s, nujol), 1285 (m, L), 1261 

(m, L), 1084 (w, L), 1044 (m, L), 1019 (m, L), 893 (w, asymm. UO stretch), 865 (w, L), 800 

(s, L), 722 (w, nujol). L = stretches attributed to the Pacman ligand. 

 

6.2.2 Synthesis of [(py)(iBu2AlOUO)(py)(H2L)] 2 

A solution of di(iso-butyl)aluminium hydride in hexane (1.0 M, 

3.5 ml, 3.53 mmol) was added to a stirred brown solution of A 

(2.30 g, 1.77 mmol) in toluene (40 ml) in a Teflon-tapped ampoule 

and the resulting mixture heated to 70 °C for 24 h. The pale brown 

reaction mixture was filtered hot, concentrated to a volume of 20 

ml and cooled to -35 °C upon which a dark-yellow solid of 

[(py){(i-Bu)2AlOUO}(py)(H2L)] 2 precipitated. The product was 

isolated by filtration and washed with cold toluene (3 x 0.5 ml, -35 ºC). Recrystallisation of 2 

from benzene-THF at -35 °C yielded yellow needles suitable for X-ray diffraction. Yield: 

1.10 g (51%).  
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1H-NMR (C6D6): δH -5.29 (s, 3H, CH3), -5.22 (s, 3H, CH3), -2.50 (s, 2H), -0.01 (d, 2H, pyrrole, 

3JH-H = 4 Hz), 0.16 (s, 6H, Ph-CH3), 0.67 (d, 2H, pyrrole, 3JH-H = 4 Hz), 1.09 (s, 2H), 2.42 (s, 

2H), 6.08 (d, 6H, Al-CH2CH(CH3)2, 
3JH-H = 8 Hz), 6.66 (d, 6H, Al-CH(CH3)2, 

3JH-H = 8 Hz), 

7.43 (s, 2H), 8.05 (d, 4H, 3JH-H = 4 Hz), 8.61 (m, 2H), 10.33 (d, 2H, pyrrole, 3JH-H = 4 Hz), 

11.29 (br, 2H, Al-CH2CH(CH3)2), 12.23 (d, 2H, pyrrole, 3JH-H = 4 Hz), 16.30 (d, 2H, Al-

CH2CH(CH3)2, 
3JH-H = 8 Hz), 16.78 (d, 2H, Al-CH2CH(CH3)2, 

3JH-H = 8 Hz), 20.71 (s, 3H, 

CH3), 22.35 (s, 2H), 69.12 (br, 2H, NH); 13C{1H}-NMR (C6D6): δC 1.75, 2.98, 15.72, 16.73, 

20.71, 25.17, 30.55, 36.41, 39.25, 52.12, 76.27, 101.97, 107.83, 109.51, 111.58, 113.65, 

115.88, 118.70, 120.49, 122.93, 123.27, 126.02, 127.19, 130.67, 142.91, 145.53, 149.59, 

162.74; Analysis. Found: C, 58.57; H, 5.85; N, 11.26 % C60H70AlN10O2U requires: C, 58.67; 

H, 5.74, N, 11.40 %; FTIR (nujol, cm-1):  2924 (w, NH), 2853 (w, NH), 1581 (w, imine), 

1461 (s, L), 1377 (s, L), 1284 (m, L), 1262 (m, L), 1217 (m, L), 1070 (m, L), 1043 (m, L), 

1019 (m, L), 892 (w, asymm. UO stretch), 867 (w, L), 796 (s, L), 722 (w, L). L = stretches 

attributed to the Pacman ligand; CV: ip/c = -1.65 V; ip/a = -1.31 V; E1/2 = -1.42 V 

uranium(IV)/uranyl(V). 

 

6.2.3  Synthesis of [{(UO2)Li(py)(H2L)}2] 3 

With MeLi (1eq): A solution of MeLi in Et2O (0.23 ml, 0.036 mmol, 

0.16 mM) was added by micro-syringe to a yellow solution of 

[(py){(i-Bu)2AlOUO}(py)(H2L)] 2 (45.0 mg, 0.036 mmol) in C6D6 (0.5 

ml) in a Teflon-tapped NMR tube. The resulting brown solution was 

separated from a small amount of precipitate by centrifugation (4500 

rpm/10 min). This clear brown solution afforded red-brown crystals of 

[{(UO2)Li(py)(H2L)}2] 3 suitable for X-ray structural analysis. The 

solvent was decanted off and the product dried under vacuum. Yield: 7.4 mg (40 %). 

With MeLi (2eq): A solution of MeLi in Et2O (0.46 ml, 0.072 mmol, 0.16 mM) was added 

by micro-syringe to a yellow solution of [(py){(i-Bu)2AlOUO}(py)(H2L)] 2 (45.0 mg, 0.036 

mmol) in C6D6 (0.5 ml) in a Teflon-tapped NMR tube. The resulting brown solution was 

separated from a small amount of precipitate by centrifugation (4500 rpm/10 min). The brown 

solution afforded a red-brown precipitate of [{(UO2)Li(py)(H2L)}2] 3. The supernatant was 

decanted off and dried under vacuum. Yield: 8.3 mg (45 %). 

With LiCH2(TMS): Solid LiCH2(TMS) (1.6 mg, 0.016 mmol) was added to a yellow 

solution of 2 (20.0 mg, 0.016 mmol) in C6D6 (0.5 ml) in a Teflon-tapped NMR tube and the 

mixture heated at 50 °C for 12 h. The resulting brown solution afforded dark red crystals of 3 
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suitable for an X-ray crystallographic cell check. The product was decanted and dried under 

vacuum. Yield: 3.3 mg (40 %). 

With LiCH(TMS)2: Solid LiCH(TMS)2 (2.7 mg, 0.016 mmol) was added to a yellow 

solution of 2 (20.0 mg, 0.016 mmol) in C6D6 (0.5 ml) in a Teflon-tapped NMR tube and the 

mixture allowed to react at room temperature for 48 h. The resulting brown solution afforded 

dark red crystals of 3 suitable for an X-ray crystallographic cell check. The product was 

decanted and dried under vacuum. Yield: 3.6 mg (44%). 

1H-NMR (C6D6): δH -4.50 (s, 3H, CH3), -1.07 (s, 3H, CH3), -1.03 (s, 3H, CH3), -0.75 (s, 

6H, Ph-CH3), -0.35 (s, 2H), 1.77 (s, 6H, Ph-CH3), 2.12 (s, 2H), 7.44 (s, 2H), 7.60 (s, 2H), 9.89 

(s, 2H), 10.69 (s, 2H), 11.24 (s, 2H), 11.92 (s, 2H), 10.09 (s, 3H, CH3), 19.56 (br, 2H, NH); 

13C{1H}-NMR (C5D5N): δC 1.48, 3.42, 15.38, 16.54, 17.94, 25.90, 38.70, 67.93, 106.00, 

107.24, 107.38, 109.41, 111.42, 115.73, 120.42, 149.18; Analysis. Found: C, 55.80; H, 4.46; 

N, 12.57% C94H94Li2N18O4U2 requires: C, 55.62; H, 4.67, N, 12.42 %; FTIR (nujol, cm-1):  

2952 (w, NH), 2854 (w, nujol), 1578 (w, imine), 1462 (s, nujol), 1377 (s, nujol), 1279 (m, L), 

1262 (m, L), 1047 (m, L), 1019 (w), 894 (w, asymm. UO stretch), 796 (w, L), 722 (m, nujol). 

L = stretches attributed to the Pacman ligand. 

Rearrangement of 3 to 4: Solid 3 (7 mg, 3.5 µmol) was dissolved in C5D5N at room 

temperature and the 1H-NMR spectrum was recorded. The spectrum shows resonances that 

support the formation of complex 4. 

 

6.2.4 Synthesis of [(py)3(LiOUO)(py)({Li(py)}2L)] A3Li 

An excess of solid LiH (2.0 mg, 0.251 mmol) was added to an orange solution of 2 (6.0 

mg, 4.79 μmol) in C5D5N (0.5 ml) in a Teflon-tapped NMR tube and the resulting dark red 

mixture was heated at 40 °C for 12 h. The reaction mixture was then centrifuged (7000 rpm/1 

min) to remove any unreacted LiH. The resulting clear red solution afforded orange crystals 

of [(py)3(LiOUO)(py) ({Li(py)}2L)] A3Li suitable for X-ray diffraction. The crystals were 

decanted and dried under vacuum. Yield: 2.3 mg (34%).  

1H-NMR (C5D5N): δH -8.34 (s, 2H), -4.92 (s, 3H, CH3), -2.40 (s, 2H), -2.31 (s, 2H), -1.87 

(s, 6H, Ph-CH3), -1.19 (s, 2H), 0.33 (s, 6H, Ph-CH3), 1.10 (s, 2H), 1.33 (s, 3H, CH3), 7.10 (s, 

2H), 7.90 (s, 3H, CH3), 9.60 (s, 2H), 11.30 (s, 2H), 20.98 (s, 3H, CH3); Analysis. Found: C, 

60.63; H, 5.02; N, 13.67 % C72H70Li3N14O2U requires: C, 60.80; H, 4.96, N, 13.79 %; FTIR 

(nujol, cm-1):  1594 (w, imine), 1463 (s, nujol), 1376 (s, nujol), 1305 (m, L), 1261 (m, L), 
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1089 (m, L), 1041 (m, L), 968 (w), 894 (w, asymm. UO stretch), 804 (w, L), 722 (m, nujol). 

L = stretches attributed to the Pacman ligand. 

6.2.5 Synthesis of [(py)3(LiOUO)(py)(H2L)] 4 

A solution of DIBAL (0.1 M, 0.05 ml, 5.4 μmol) in hexane was added to a mixture of A 

(60.0 mg, 54.0 μmol) and LiH (2.1 mg, 0.27 mmol) in toluene (3 ml) at room temperature. The 

suspension was stirred at 65 °C for 72 h after which an orange suspension had formed. All 

volatiles were removed under vacuum and the residues were dissolved in C5D5N (0.5 ml) to 

give a red solution. This solution was centrifuged (7000 rpm/min) to remove excess LiH. 

Analysis of the 1H-NMR and 7Li-NMR spectra showed the sole formation of 4. On standing 

at room temperature, crystalline 4 formed and was isolated by decanting the supernatant and 

drying under vacuum. Isolated yield: 16 mg (24%). 

 

1H-NMR (C5D5N): δH -8.57 (s, 2H), -6.90 (s, 2H), -6.44 (s, 2H), -3.55 (s, 2H), -2.33 (s, 6H, 

Ph-CH3), -1.79 (s, 2H), -0.47 (s, 3H, CH3), 0.52 (s, 6H, Ph-CH3), 1.75 (s, 3H, CH3), 5.70 (s, 

2H), 9.10 (s, 2H), 13.87 (s, 2H), 26.35 (s, 3H, CH3), 32.13 (s, 3H, CH3), 85.48 (br, 2H, NH); 

7Li-NMR (C5D5N): δLi 88.48; 13C{1H}-NMR (C5D5N): δC 15.27, 16.95, 18.27, 18.67, 35.12, 

37.40, 93.93, 95.86, 106.43, 106.65, 107.34, 107.78, 110.86, 111.41, 112.32, 115.50, 117.81, 

118.87, 120.11, 120.97, 122.92, 125.96, 126.95, 129.17, 144.13, 146.46, 146.99, 153.86, 

167.64, 174.28; Analysis. Found: C, 59.51; H, 4.86; N, 13.46 % C62H62LiN12O2U requires: C, 

59.47; H, 4.99, N, 13.42 %; FTIR (nujol, cm-1):  2923 (w, NH/ nujol), 2854 (w, nujol), 1580 

(w, imine), 1462 (s, L), 1377 (s, nujol), 1287 (m, L), 1215 (w, L), 1181 (w, L), 1040 (m, L), 

969 (s), 891 (w, asymm. UO stretch), 823 (w, L), 722 (s, nujol). L = stretches attributed to the 

Pacman ligand. 

 

6.2.6 Synthesis of [(py)3(NaOUO)(py)(H2L)] 5 

Solid NaH (1.0 mg, 0.040 mmol) was added to an orange solution of 

2 (50.0 mg, 0.040 mmol) in C5D5N (0.4 ml) in a Teflon-tapped NMR tube 

and the mixture was allowed to react at room temperature for 1 h. The 

resulting dark red solution was allowed to crystallise for two weeks, 

affording dark red crystals of [(py)3(NaOUO)(py)(H2L)] 5 suitable for 

X-ray structural analysis. The product was decanted and dried under 

vacuum. Yield: 20.0 mg (40%). 
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Catalytic synthesis of 5: 

A solution of DIBAL (0.01 M, 0.90 ml, 9.00 μmol) in hexane was added to a mixture of A 

(89.6 mg, 90.0 μmol) and NaH (10.7 mg, 0.45 mmol) in toluene (3 ml) at room temperature. 

The suspension was stirred at 70 °C for 72 h after which an orange precipitate had formed. All 

volatiles were removed under vacuum and the residues were dissolved in C5D5N (0.5 ml) to 

give a red solution. This solution was centrifuged (7000 rpm/ min) to remove excess NaH. 

Analysis of the 1H-NMR spectrum showed the sole formation of 5. On standing at room 

temperature, crystalline 5 formed and was isolated by decanting the supernatant and drying 

under vacuum. Yield: 70 mg (62%). 

1H-NMR (C5D5N): δH -7.59 (s, 3H, CH3), -7.44 (s, 3H, CH3), -3.44 (s, 2H), -2.62 (s, 6H, 

Ph-CH3), -2.07 (s, 2H), -1.87 (s, 3H, CH3), 0.45 (s, 6H, Ph-CH3), 0.72 (s, 2H), 0.74 (s, 2H), 

5.78 (s, 2H), 10.83 (s, 2H), 11.01 (s, 2H), 14.18 (s, 2H), 31.79 (s, 3H, CH3), 91.11 (br, 2H, 

NH); 13C{1H}-NMR (C5D5N): δC 15.20, 16.80, 19.60, 19.73, 19.94, 24.98, 25.15, 27.11, 28.58, 

29.04, 35.22, 36.51, 40.45, 41.71, 106.29, 109.61, 112.72, 114.95, 119.49, 121.32, 132.83, 

134.00, 135.53, 141.11, 144.64, 145.40, 149.49, 159.67, 165.07; Analysis. Found: C, 57.82; 

H, 6.32; N, 12.97 % C62H42D20N12NaO2U requires: C, 57.80; H, 6.41, N, 13.05 %; FTIR (nujol, 

cm-1):  2928 (w, NH/ nujol), 2854 (w, nujol), 1579 (w, imine), 1462 (s, nujol), 1377 (s, nujol), 

1289 (m, L), 1214 (w, L), 1181 (w, L), 1041 (m, L), 967 (s), 891 (w, asymm. UO stretch), 823 

(w, L), 761 (m, L), 722 (s, nujol). L = stretches attributed to the Pacman ligand. 

 

6.2.7 Synthesis of [(py)3(KOUO)(py)(H2L)] 6 

Solid KH (0.8 mg, 0.020 mmol) was added to an orange solution of 2 

(25.0 mg, 0.020 mmol) in C5D5N (0.4 ml) in a Teflon-tapped NMR tube 

and the mixture was allowed to react at room temperature for 2 h. The 

resulting dark red solution was stored at room temperature for three days 

to afford block-shaped red crystals of [(py)3(KOUO)(py)(H2L)] 6 suitable 

for X-ray diffraction. The crystals were decanted and dried under vacuum. 

Yield: 34.0 mg (34%). 

1H-NMR (C5D5N): δH -7.53 (s, 3H, CH3), -6.57 (s, 3H, CH3), -3.59 (s, 2H), -2.71 (s, 6H, 

Ph-CH3), -2.45 (s, 2H), -1.09 (s, 3H, CH3), 0.11 (s, 2H), 0.71 (s, 6H, Ph-CH3), 4.80 (s, 2H), 

5.51 (s, 2H), 11.07 (s, 2H), 11.13 (s, 2H), 14.39 (s, 2H), 32.73 (s, 3H, CH3), 93.06 (br, 2H, 

NH); 13C{1H}-NMR (C5D5N): δC 14.88, 16.56, 19.27, 91.53, 106.05, 109.08, 110.02, 112.35, 

114.76, 115.22, 118.59, 118.86, 120.71, 122.03, 123.28, 125.88, 128.76, 129.51, 146.44, 
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146.70, 148.44, 159.28, 161.10, 161.52; Analysis. Found: C, 52.93; H, 4.82; N, 11.40 % 

C42H42KN8O2U requires: C, 52.11; H, 4.37, N, 11.58 %; FTIR (nujol, cm-1):  2927 (w, nujol), 

2854 (w, nujol), 1581 (w, imine), 1462 (s, nujol), 1377 (s, nujol), 1283 (m, L), 1214 (w, L), 

1042 (m, L), 1018 (w, L), 907 (s), 894 (w, asymm. UO stretch), 771 (m, L), 722 (s, nujol). L 

= stretches attributed to the Pacman ligand. 

 

6.2.7.1 Synthesis of 6 and U(N(SiMe3)2)4 via reduction of A with 

K[UIII(N(SiMe3)2)4]  

To a purple solution of U(N(SiMe3)2)3 (500.0 mg, 0.69 mmol) in C5H5N (3 ml) a colourless 

solution of KN(SiMe3)2 (138.7 mg, 0.69 mmol) in C5H5N (2 ml) was added. This mixture was 

added to a brown suspension of A (920.7 mg, 0.69 mmol) in C5H5N (3 ml) at room temperature 

and the mixture allowed to stir for 15 minutes. The solvent was removed und vacuum and the 

dried material extracted with toluene (3 × 15 ml). The residue was recrystallised from C5H5N 

to yield 6 (600 mg, η = 67 %). The toluene washings were combined, dried under vacuum and 

the dried material re-extracted with hexane (3 × 3 ml) to give U(N(SiMe3)2)4 B. Yield: 270 mg 

(44 %). 

6.2.7.2 Catalysis 

General procedures: 

Small scale reactions (entries 1, 2, 5, 6): 

A solution of DIBAL (see Table 18 for quantities) was added to a suspension of 

[(UO2)(py)(H2L)] A (see table) and KH in C6D6 (0.5 ml) and heated to 70 ˚C. After a certain 

time period (Table 1), the mixture was filtered, the filtrate evaporated to dryness under reduced 

pressure, and the residues dissolved in C5D5N and analysed by 1H-NMR spectroscopy. 

Table 18 DIBAL concentrations 

Entry Mol% HAl(i-Bu)2 Time/h Ratio 6/A 

1 5 24 20/80 

2 5 60 20/80 

3 10 96 100/0 

4 0 96 50/50 

5 0 240 80/20 
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Large scale reaction (entry 3): 

A solution of DIBAL in hexane (0.01 M, 90.0 μL, 9.00 μmol) was added to a suspension 

of [(UO2)(py)(H2L)] A (100 mg, 90.00 μmol) and KH (18.0 mg, 0.45 mmol) in toluene (15 ml) 

at room temperature and stirred at 70 °C for 96 h. The mixture was filtered and the filtrate 

dried under reduced pressure and redissolved in C5D5N. Analysis of the 1H-NMR spectrum 

showed the sole formation of 6. On standing, crystals of 6 formed, and were isolated by 

decanting the supernatant liquors and drying under vacuum. Yield: 60 mg (52%). 

 

6.2.8 Synthesis of [(py)3(RbOUO)(py)(H2L)] 7 

Rb metal (6.6 mg, 0.077 mmol) was added to a dark brown solution 

of A (82.9 mg, 0.076 mmol) in C5D5N (1.0 ml) in a Teflon-tapped 

reaction ampoule and allowed to react at room temperature for 3 h to form 

an intensely dark red solution. The solution was centrifuged (6000 rpm/ 

1 min) and syringe filtered (0.45 µm PTFE filter) into a Teflon-tapped 

NMR tube. The volume was concentrated by removing the solvent under 

vacuum to a volume of ca. 0.3 ml to afford intensely dark red prismatic 

crystals of [(py)3(RbOUO)(py)(H2L)] 7 suitable for X-ray diffraction. The crystals were 

decanted and dried under vacuum. Yield: 66.0 mg (64%). 

1H-NMR (C5D5N): δH -7.36 (s, 3H, CH3), -6.15 (s, 3H, CH3), -3.60 (s, 2H), -2.63 (s, 6H, 

Ph-CH3), -2.47 (s, 2H), -0.94 (s, 2H), 0.05 (s, 2H), 0.84 (s, 6H, Ph-CH3), 5.20 (s, 2H), 5.38 (s, 

2H), 10.98 (s, 2H), 11.12 (s, 3H, CH3), 14.32 (s, 2H), 32.82 (s, 3H, CH3), 92.37 (br, 2H, NH); 

13C{1H}-NMR (C5D5N): δC 15.30, 16.98, 19.67, 19.69, 19.72, 20.11, 106.15, 106.43, 108.28, 

109.32, 112.88, 115.06, 115.10, 115.18, 115.57, 118.22, 118.48, 118.94, 120.47, 120.86, 

122.38, 122.86, 126.54, 133.10, 133.21, 134.03, 134.74, 135.06, 140.51, 141.29, 141.81, 

142.85, 144.37, 144.76, 146.44, 147.04, 148.33, 152.42, 159.49; Analysis. Found: C, 56.12; 

H, 4.63; N, 12.70 % C62H62N12O2RbU requires: C, 55.96; H, 4.70, N, 12.63 %; FTIR (nujol, 

cm-1):  3368 (w, NH) 2927 (nujol), 2854 (w, nujol), 1582 (w, imine), 1462 (s, nujol), 1377 

(s, nujol), 1290 (m, L), 1214 (w, L), 1039 (m, L), 1000 (w, L), 963 (s), 892 (w, asymm. UO 

stretch), 771 (m, L), 722 (s, nujol). L = stretches attributed to the Pacman ligand. 
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6.2.9 Synthesis of [(CsOUO)(py)(H2L)]6 8 

Cs metal (24.7 mg, 0.186 mmol) was added to a dark brown 

solution of A (202 mg, 0.186 mmol) in C5D5N (1.0 ml) in a 

Teflon-tapped reaction ampoule and allowed to react at room 

temperature for 30 minutes to form an intensely dark red solution. 

The solution was syringe filtered (0.45 µm PTFE filter) into a 

Teflon-tapped NMR tube. The volume was concentrated by 

removing the solvent under vacuum to a volume of ca. 0.3 ml to 

afford after three weeks small rectangular red crystals of 

[(CsOUO)(py)(H2L)]6 8 suitable for X-ray diffraction. The crystals were decanted and dried 

under vacuum. Yield: 144.0 mg (68 %). 

1H-NMR (C5D5N): δH -7.01 (s, 3H, CH3), -5.73 (s, 3H, CH3), -3.46 (s, 2H), -2.65 (s, 6H, 

Ph-CH3), -0.82 (s, 2H), 0.98 (s, 6H, Ph-CH3), 2.05 (br, 4H), 5.42 (br, 2H), 5.69 (br, 2H), 11.06 

(s, 2H), 11.37 (s, 3H, CH3), 14.48 (s, 2H), 33.78 (s, 3H, CH3), 92.21 (br, 2H, NH); Analysis. 

Found: C, 49.56; H, 4.26; N, 11.02 % C47H47CsN9O2U requires: C, 49.48; H, 4.15, N, 11.05 %; 

FTIR (nujol, cm-1):  3368 (w, NH) 2906 (nujol), 1582 (s, imine), 1461 (s, nujol), 1377 (s, 

nujol), 1289 (m, L), 1213 (w, L), 1041 (m, L), 1017 (w, L), 960 (w), 892 (m, asymm. UO 

stretch), 775 (m, L), 721 (s, nujol). L = stretches attributed to the Pacman ligand. 

 

6.2.10 Synthesis of [(py)(Cp2TiOUO)(py)(H2L)] 9 

A brown suspension of [(UO2)(py)(H2L)] A (300 mg, 0.226 

mmol) in C6H6 (5.0 ml) was combined with Cp2Ti(η2-C2(SiMe3)2 

(78.9 mg, 0.226 mmol) at room temperature to form a light brown 

solution. The solvent was reduced to ca. 1.5 ml under vacuum to 

afford [(py)(Cp2TiOUO)(py)(H2L)] 9 as a beige powder. The 

mother liquor was filtered off and the powder recrystallised from 

pyridine to afford red crystals suitable for X-ray diffraction. The 

pyridine was decanted off and the crystals were isolated and dried under vacuum. Yield: 

230 mg (73%). 

1H-NMR (C6D6, 400 MHz): δH -5.71 (s, 3H, CH3), -5.09 (s, 3H, CH3), -3.57 (s, 2H), -1.53 

(s, 6H, Ph-CH3), -0.07 (s, 6H, Ph-CH3), 0.16 (s, 10H, C5H5), 0.51 (s, 2H, pyrrole), 0.99 (s, 2H, 

pyrrole), 7.70 (s, 2H), 8.27 (s, 3H, CH3), 10.63 (d, 2H, pyrrole, 3JH-H = 4 Hz), 12.53 (d, 2H, 

pyrrole, 3JH-H = 4 Hz), 21.24 (s, 3H, CH3), 71.35 (br, 2H, NH); 1H-NMR (C5D5N, 400 MHz): 
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δH -11.09 (s, 3H, CH3), -5.95 (s, 3H, CH3), -3.02 (s, 2H), -2.38 (br, 6H, Ph-CH3), -1.64 (s, 10H, 

C5H5), -0.62 (s, 6H, Ph-CH3), 1.13 (s, 2H), 8.21 (s, 2H), 9.10 (s, 2H), 11.08 (s, 3H, CH3), 13.18 

(s, 2H), 25.54 (s, 3H, CH3), 75.40 (br, 2H, NH);  13C{1H}-NMR (C6D6): δC 10.06, 15.92, 18.15, 

20.80, 34.23, 52.63, 106.46, 109.15, 114.54, 116.34, 122.54, 123.17, 123.42, 125.90, 126.47, 

146.04, 149.26, 163.54; Analysis. Found: C, 59.71; H, 5.12; N, 11.53 % C67H67N11O2TiU 

requires: C, 59.86; H, 5.02; N, 11.46 %; FTIR (nujol, cm-1):  2925 (w, NH), 2854 (w, NH), 

1581 (w, imine), 1461 (s, L), 1377 (s, L), 1288 (m, L), 1268 (m, L), 1181 (w, L), 1044 (m, L), 

1019 (m, L), 893 (w, asymm. UO stretch), 865 (w, L), 800 (s, L), 722 (w, L). L = stretches 

attributed to the Pacman ligand. 

SQUID: Variable temperature magnetic susceptibility (dc and ac) 

measurements were carried out by Alessandro Prescimone and performed on a Quantum 

Design Magnetic Property Measurement System (SQUID magnetometer) equipped with a 7 T 

magnet operating in the 350±2 K temperature range. Diamagnetic corrections 

were applied using Pascal’s constants. 

The magnetic properties were modelled by Nicola Magnani, Institute for Transuranium 

Elements, Karlsruhe Germany, stating the following: “The magnetic properties of the Ti(III)-

U(V) complex 9 were modelled assuming that the former 3d1 ion is represented by a pure-spin 

moment S = 1/2 and the latter 5 f1 ion by a total (orbital+spin) moment J = 5/2. The 

Hamiltonian which describes the quantum states of the U-Ti pair in an external magnetic field 

B can then be written as −2𝐽𝑒𝑥𝐒 ∙ 𝐉 + 𝐵2
0𝑂2

0(𝐉) + 𝐵4
0𝑂4

0(𝐉) − µ𝐵𝐁 ∙ (𝑔𝑆𝐒 + 𝑔𝐽𝐉), where Jex is 

the exchange coupling constant, the Bk
q's (Ok

q's) are the ligand-field parameters (operators) for 

the U(V) ion, and the g's are the gyromagnetic factors. No ligand-field parameters has been 

explicitly considered for the Ti(III) sites because its orbital moment is expected to be 

quenched; for the same reason, we can safely assume that gS = 2. The choice of a purely axial 

ligand-field potential for U(V) was made assuming that the two linearly arranged O atoms 

account for the large majority of it, and that the five N's in the equatorial plane mostly 

contribute with a term proportional to 𝑂6
5(𝐉) which, however, does not affect a J = 5/2 moment 

(the Stevens factor γ is equal to zero). Mixing of the ground state with the excited J = 7/2 spin-

orbit multiplet was not investigated in detail, but it was effectively taken into account by using 

gJ as a variable fitting parameter instead of fixing its value to the usual Landé factor (6/7 for 

the f1 configuration); this can also account for covalency, to the extent where it can be 

described by an orbital reduction factor kL defined so that 𝑔𝐽𝐉 = 𝑘𝐿𝐋 + 2𝐒. The best fit of the 

susceptibility curve, shown in the main panel of Fig. X as χT-vs-T, was found with the 

parameters gJ = 0.80, B2
0 = −30 cm-1, B4

0 = 1.9 cm-1, and Jex = −0.97 cm-1. The relatively small 
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value of the coupling constant explains why no clear antiferromagnetic behaviour is visible 

above 5 K, for example as a maximum in the χ-vs.-T curve. The signs of B2
0 and B4

0 are the 

same as for the Stevens factors α and β for the f1 configuration, which means that their 

geometrical factor is positive in both cases, as expected for two O ligands coordinated at an 

angle close to 180°.  

According to the above calculations, the single-ion ground state of U(V) is the Jz = ±3/2 

doublet, separated from the ±5/2 level by 95 cm-1 and from the ±1/2 level by 760 cm-1. Indeed, 

the dc susceptibility plotted as 1/χ vs T (Figure 36, inset) follows almost precisely a straight 

line in the low-temperature region, where only the ground state is thermally populated. The 

best fit to a Curie-Weiss behaviour 1/𝜒 = (𝑇 − θ)/𝐶 gives θ = −1.7 K and 𝐶 =

0.585 emu K/mol. The sum of the contribution to C of a pure-spin Sz = ±1/2 doublet (0.375 

emu K/mol) and of a Jz = ±3/2 ligand-field doublet (0.207 emu K/mol) gives 0.574 emu K/mol, 

in excellent agreement with the experimental value, and the small negative value of θ confirms 

that the U and Ti ions are weakly antiferromagnetically coupled.” 

 

6.2.11 Synthesis of [((Cl)Cp2TiOUO)(py)(H2L)] 10 

A brown suspension of [(UO2)(py)(H2L)] A (40.6 mg, 0.033 mmol) 

in C6D6 (0.5 ml) was combined with [Cp2TiCl]2 (7.1 mg, 0.0165 mmol) 

to form a light orange-brown solution. The suspension was sonicated at 

70 °C for 70 minutes to afford an orange-yellow solution. The mixture 

was centrifuged and allowed to crystallise by solvent evaporation to 

afford [(Cp2Ti(Cl)OUO)(py)(H2L)] 10 as dark red crystals suitable for 

X-ray diffraction. The crystals were isolated by decanting off the 

mother liquor and dried under vacuum. Yield: 29 mg (72%). 

1H-NMR (C6D6): δH -5.49 (s, 3H, CH3), -4.24 (s, 2H), -4.19 (s, 3H, CH3), -0.95 (s, 6H, Ph-

CH3), -0.47 (s, 6H, Ph-CH3), 0.03 (s, 2H), 0.41 (s, 2H, pyrrole), 0.89 (s, 2H, pyrrole), 2.55 (s, 

2H), 6.68 (br, 2H, pyridine), 6.99 (br, 1H, pyridine), 7.38 (s, 3H, CH3), 8.45 (s, 2H), 8.56 (s, 

2H, pyridine), 10.40 (d, 2H, pyrrole, 3JH-H = 4 Hz), 11.89 (d, 2H, pyrrole, 3JH-H = 4 Hz), 16.48 

(s, 10H, C5H5), 18.21 (s, 3H, CH3), 63.95 (s, 2H, NH); 13C{1H}-NMR (C6D6): δC 15.94, 16.35, 

16.78, 22.88, 32.99, 50.46, 50.57, 68.16, 73.35, 107.03, 108.14, 110.65, 112.84, 113.48, 

115.34, 119.12, 121.76, 122.75, 123.91, 124.75, 125.81, 127.20, 127.49, 131.12, 135.60, 

137.48, 145.38, 151.98, 161.52; Analysis. Found: C, 55.66; H, 4.52; N, 10.18 % 

C57H57ClN9O2TiU requires: C, 56.05; H, 4.70, N, 10.32 %; FTIR (nujol, cm-1):  2926, (w, 
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NH/nujol), 2854 (w, nujol), 1580 (w, imine), 1462 (s, nujol), 1377 (s, nujol), 1288 (m, L), 

1265 (m, L), 1216 (m, L), 1076 (m, L), 1038 (m, L), 1018 (m, L), 893 (w, asymm. UO stretch), 

811 (w, L), 766 (s, L), 722 (w, nujol). L = stretches attributed to the Pacman ligand. 

 

6.2.12 Synthesis of [((Cl)Cp2ZrOUO)(py)(H2L)] 11 

In situ reduction with Mg: A brown suspension of [(UO2)(py)(H2L)] 

A (100 mg, 0.076 mmol) in C5D5N (0.5 ml) was combined with 

Cp2ZrCl2 (22.0 mg, 0.076 mmol) and one piece of Mg turnings at room 

temperature to form a light brown suspension. The suspension was 

sonicated at 70 °C for 70 minutes to afford an orange-yellow solution. 

The mixture was centrifuged and allowed to crystallise by solvent 

evaporation to afford [(Cp2Zr(Cl)OUO)(py)(H2L)]·MgCl2 11-MgCl2 

as beige crystals suitable for X-ray diffraction. The crystals were isolated by decanting off the 

mother liquor and dried under vacuum. Yield: 63 mg (66%). 

In situ reduction with Zr(II): A mixture of Cp2ZrCl2 (200 mg, 0.69 mmol) and 

Cp2Zr(η2-C2(SiMe3)2)·py (324.6 mg, 0.69 mmol) in pyridine was added to a brown suspension 

of [(UO2)(py)(H2L)] A (383 mg, 0.35 mmol) in benzene (3 ml) at room temperature and 

allowed to stir for 24 hours. The resulting red solution was evaporated to 1 ml and the yellow 

precipitated isolated by centrifugation (2 min, 6000 rpm). The mother liquor was removed and 

the precipitate was recrystallised from THF to afford light red crystals of 

[(Cp2Zr(Cl)OUO)(py)(H2L)] 11 suitable for X-ray diffraction. The crystals were isolated by 

decanting off the mother liquor and dried under vacuum. Yield: 260 mg (60%). 

1H-NMR (C6D6, 600MHz): δH -6.14 (s, 3H, CH3), -3.92 (s, 3H, CH3), -2.31 (s, 3H, 

CH3), -0.85 (s, 6H, Ph-CH3), -0.67 (s, 2H), -0.26 (s, 6H, Ph-CH3), 0.23 (s (br), 2H, pyrrole), 

1.64 (s (br), 2H, pyrrole),  2.58 (s, 2H), 7.05 (s, 2H), 8.35 (s, 2H), 10.20 (s, 2H, pyrrole), 11.58 

(s, 2H, pyrrole), 14.94 (s, 10H, C5H5), 16.96 (s, 3H, CH3), 61.82 (br, 2H, NH); 1H-NMR 

(C5D5N, 400 MHz): δH -5.65 (s, 3H, CH3), -4.18 (s, 3H, CH3), -1.92 (s, 3H, CH3), -0.85 (s, 6H, 

Ph-CH3), -0.15 (s, 6H, Ph-CH3), 1.30 (d, 2H, pyrrole, 3JH-H = 4 Hz), 1.41 (d, 2H, pyrrole, 3JH-H 

= 4 Hz), 2.50 (s, 2H), 7.35 (s, 2H), 8.44 (s, 2H), 10.38 (d, 2H, pyrrole, 3JH-H = 4 Hz), 11.80 (d, 

2H, pyrrole, 3JH-H = 4 Hz), 15.57 (s, 10H, C5H5), 17.87 (s, 3H, CH3), 63.32 (br, 2H, NH); 

1H-NMR (THF-d8, 500 MHz): δH -5.54 (s, 3H, CH3), -3.86 (s, 3H, CH3), -1.89 (s, 2H), -0.66 

(s, 6H, Ph-CH3), -0.03 (s, 6H, Ph-CH3), 1.30 (d, 2H, pyrrole, 3JH-H = 5 Hz), 1.54 (d, 2H, pyrrole, 

3JH-H = 5 Hz), 2.71 (s, 2H), 7.29 (s, 2H), 8.48 (s, 2H), 10.24 (d, 2H, pyrrole, 3JH-H = 5 Hz), 
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11.61 (d, 2H, pyrrole, 3JH-H = 5 Hz), 15.10 (s, 10H, C5H5), 17.26 (s, 3H, CH3), 61.37 (br, 2H, 

NH); 13C{1H}-NMR (THF-d8): δC 0.33, 16.01, 16.53, 23.90, 32.94, 42.74, 50.02, 78.11, 

107.48, 111.06, 111.22, 114.52, 114.98, 115.05, 116.77, 120.72, 122.35, 122.53, 126.77, 

131.06, 136.18, 145.16, 150.81, 151.22, 160.53 Analysis. Found: C, 54.26; H, 4.63; N, 9.86% 

C57H57ClN9O2ZrU requires: C, 54.13; H, 4.54, N, 9.97 %; FTIR (nujol, cm-1):  2924 (w, 

nujol), 2854 (w, nujol), 1580 (w, imine), 1462 (s, nujol), 1377 (s, nujol), 1286 (m, L), 1263 

(m, L), 1046 (m, L), 1019 (w), 894 (w, asymm. UO stretch), 803 (w, L), 722 (m, nujol). L = 

stretches attributed to the Pacman ligand. 

 

6.2.13 Synthesis of [(py)2(ClMgOUO)(py)(H2L)] 12 

A mixture of A (274.2 mg, 0.246 mmol), MgCl2 (11.7 mg, 0.123 

mmol) and Mg (3.0 mg, 0.123 mmol) was suspended in pyridine 

(5 ml), sonicated for 160 minutes and stirred for 72 hours to form a 

cherry red solution. The mixture was dried and recrystallised from 

pyridine, affording beige crystals of [(py)2(ClMgOUO)(py)(H2L)] 12 

suitable for X-ray structural analysis. The crystals were decanted and 

dried under vacuum. Yield: 210.0 mg (69%).  

From mixture with Cp2TiCl2: To a mixture of A (300.0 mg, 0.18 mmol), Cp2TiCl2 (45.5 mg, 

0.18 mmol) and Mg (4.4 mg, 0.18 mmol) pyridine (2 ml) was added and the dark brown 

suspension was allowed to stir at room temperature for 48 hours to give a dark red solution. 

The solution was centrifuged (2 min, 6000 rpm) and the mother liquor was allowed to 

evaporate slowly to afford light beige crystals of [(py)2(ClMgOUO)(py)(H2L)] 12 suitable for 

X-ray diffraction. The crystals were isolated by decanting off the mother liquor and dried under 

vacuum. Yield: 129 mg (58%). 

1H-NMR (C5D5N): δH -6.20 (s, 3H, CH3), -5.99 (s, 3H, CH3), -2.04 (s, 6H, Ph-CH3), -1.76 

(s, 3H, CH3), -1.13 (s, 2H), -0.29 (s, 2H), 0.23 (s, 6H, Ph-CH3), 0.99 (s, 2H), 2.83 (s, 2H), 6.85 

(s, 2H), 9.32 (s, 3H, CH3), 10.64 (s, 3H, CH3), 13.08 (s, 2H), 77.28 (br, 2H, NH); 

13C{1H}-NMR (C5D5N): δC 12.32, 15.08, 16.23, 16.78, 17.62, 27.07, 36.81, 56.16, 67.03, 

69.09, 94.29, 100.89, 106.05, 108.55, 112.93, 118.06, 119.72, 122.33, 127.19, 129.99, 141.38, 

146.26, 147.64, 148.59, 165.89, 179.11 Analysis. Found: C, 55.68; H, 4.58; N, 12.46% 

C57H57ClMgN11O2U requires: C, 55.84; H, 4.69, N, 12.57 %; FTIR (nujol, cm-1):  2925 (w, 

NH/nujol), 2725 (w, NH), 1580 (w, imine), 1462 (s, nujol), 1377 (s, nujol), 1286 (m, L), 1213 
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(w, L), 1155 (w, L), 1041 (m, L), 973 (s), 891 (w, asymm. UO stretch), 827 (w, L), 722 (s, 

nujol). L = stretches attributed to the Pacman ligand. 

6.2.14 Synthesis of [(py)2(thf)2(ICaOUO)(py)(H2L)] 13 

A mixture of A (200.0 mg, 0.180 mmol), CaI2 (26.4 mg, 0.090 

mmol) and Ca (3.6 mg, 0.090 mmol) was suspended in pyridine 

(3 ml), sonicated for 60 minutes at 50°C and stirred for 48 hours 

at room temperature to form a red solution. The mixture was dried 

and recrystallised from tetrahydrofuran, affording pale red 

translucent plates of [(py)2(thf)2(ICaOUO)(py)(H2L)] 13 suitable 

for X-ray structural analysis. The crystals were decanted and 

dried under vacuum. Yield: 210.0 mg (69%).  

1H-NMR (C5D5N): δH -8.41 (s, 2H), -6.32 (s, 3H, CH3), -2.65 (s, 2H), -2.17 (s, 6H, 

Ph-CH3), -0.63 (s, 3H, CH3), -1.36 (s, 2H), -1.23 (s, 2H), 0.23 (s, 6H, Ph-CH3), 0.85 (s, 2H), 

1.59 (s, 2H), 6.83 (s, 2H), 9.76 (s, 3H, CH3), 10.80 (s, 2H), 13.38 (s, 2H), 28.16 (s, 3H, CH3), 

79.30 (br, 2H, NH); 13C{1H}-NMR (C5D5N): δC 13.80, 15.16, 16.34, 17.67, 22.14, 23.00, 

26.02, 31.86, 36.15, 55.82, 60.71, 68.08, 89.47, 96.42, 106.99, 108.18, 112.91, 114.36, 117.05, 

121.04, 125.86, 147.11, 165.55 Analysis. Found: C, 49.00; H, 4.35; N, 10.03% 

C51H55CaIN9O3U requires: C, 49.12; H, 4.45, N, 10.11 %; FTIR (nujol, cm-1):  2932 (w, 

nujol), 2725 (w, NH), 1552 (w, imine), 1462 (s, nujol), 1377 (s, nujol), 1272 (m, L), 1214 (w, 

L), 1179 (w, L), 1042 (m, L), 970 (s), 891 (w, asymm. UO stretch), 828 (w, L), 722 (s, nujol). 

L = stretches attributed to the Pacman ligand. 

 

6.2.15 Synthesis of [(py)2(ClZnOUO)(py)(H2L)] 14 

A mixture of A (100.0 mg, 0.092 mmol), ZnCl2 (6.3 mg, 0.046 

mmol) and Zn (3.0 mg, 0.046 mmol) was suspended in pyridine (3 ml), 

sonicated for 80 minutes to form a red solution which was left stirring 

overnight at room temperature to form a lemon yellow suspension. The 

mixture was centrifuged and the precipitate extracted with fresh 

pyridine, forming a yellow solution from which yellow, translucent 

plates of [(py)2(ClZnOUO)(py)(H2L)] 14 crystallised, which were 

suitable for X-ray structural analysis. The crystals were isolated by decanting the mother liquor 

off, followed by drying under vacuum. Yield: 83.0 mg (71%).  
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1H-NMR (C5D5N): δH -5.83 (s, 3H, CH3), -4.30 (s, 2H), -1.77 (s, 6H, Ph-CH3), -1.41 (s, 

2H), -0.29 (s, 2H), -0.22 (s, 2H), 0.58 (s, 6H, Ph-CH3), 3.65 (s, 2H), 6.67 (s, 2H), 9.24 (s, 3H, 

CH3), 10.51 (s, 2H), 12.93 (s, 2H), 25.98 (s, 3H, CH3), 75.37 (br, 2H, NH); 13C{1H}-NMR 

(C5D5N): δC 9.61, 11.55, 14.66, 15.47, 16.96, 23.27, 24.51, 26.25, 32.14, 35.57, 39.52, 68.28, 

95.12, 101.33, 108.09, 110.57, 116.86, 117.61, 126.79, 147.79, 164.28 Analysis. Found: C, 

49.00; H, 4.35; N, 10.03% C57H57ClN11O2UZn requires: C, 54.03; H, 4.53, N, 12.16 %; FTIR 

(nujol, cm-1):  2954 (w, NH), 2723 (w, NH), 1563 (w, imine), 1462 (s, nujol), 1377 (s, nujol), 

1287 (m, L), 1217 (w, L), 1154 (w, L), 1040 (m, L), 972 (s, L), 893 (w, asymm. UO stretch), 

770 (w, L), 722 (s, nujol). L = stretches attributed to the Pacman ligand. 

 

6.2.16 Synthesis of [(py)2(IZnOUO)(py)(H2L)] 15 

A mixture of A (100.0 mg, 0.092 mmol), ZnI2 (14.6 mg, 0.046 mmol) 

and Zn (3.0 mg, 0.046 mmol) was suspended in pyridine (3 ml), 

sonicated for 30 minutes to form a red solution which was left stirring 

overnight at room temperature to form a lemon yellow suspension. The 

mixture was centrifuged and the precipitate extracted with fresh 

pyridine, forming a yellow solution from which yellow, translucent 

plates of [(py)2(IZnOUO)(py)(H2L)] 15 crystallised, which were 

suitable for X-ray structural analysis. The crystals were isolated by decanting the mother liquor 

off, followed by drying under vacuum. Yield: 91.2 mg (73%).  

1H-NMR (C5D5N): δH -5.71 (s, 3H, CH3), -4.86 (s, 2H), -1.75 (s, 6H, Ph-CH3), -1.33 (s, 

2H), -0.57 (s, 2H), -0.11 (s, 2H), 0.47 (s, 6H, Ph-CH3), 3.35 (s, 2H), 6.74 (s, 2H), 9.14 (s, 3H, 

CH3), 10.47 (s, 2H), 12.84 (s, 2H), 25.75 (s, 3H, CH3), 74.52 (br, 2H, NH); Analysis. Found: 

C, 50.51; H, 4.35; N, 11.31% C57H57IN11O2UZn requires: C, 50.40; H, 4.23, N, 11.34 %; FTIR 

(nujol, cm-1):  2928 (w, nujol), 2853 (w, nujol), 1559 (w, imine), 1462 (s, nujol), 1377 (s, 

nujol), 1287 (m, L), 1215 (w, L), 1182 (w, L), 1046 (m, L), 978 (s, L), 892 (w, asymm. UO 

stretch), 769 (w, L), 722 (s, nujol). L = stretches attributed to the Pacman ligand. 
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6.2.17 Synthesis of [OU(py)5OSm(I4)OU(py)5O]+[I]- 16 

Synthetic route that led to the isolation of the first batch: To 

a brown solution of A (61.8 mg, 0.055 mmol) in pyridine-d5 (0.5 ml) 

in a Teflon-tapped NMR tube SmI2(thf)2 (30.5 mg, 0.055 mmol) was 

added and the 1H-NMR spectrum recorded. The resulting red 

reaction mixture was allowed to stand at room temperature. After 

four days the formation of several dark coloured crystals was 

observed. The crystalline material was examined under a microscope 

under Fomblin oil and found to exhibit two different kind of crystals, one of dark blue colour 

which revealed after X-ray structural analysis starting material A and another set of translucent  

pale red prisms of [O=U(py)5-O-Sm(I4)-O-U(py)5=O]+ I- 16. Since the isolated material 16 

could not be separated from A no further characterisation could be carried out. The initial 1H-

NMR resonances recorded are not consistent with 16 and suggest the formation of a Sm(III) 

uranyl(V) Pacman complex.   

Bulk scale synthesis: To a brown solution of A (97.4 mg, 0.089 mmol) in pyridine-d5 (0.7 

ml) in a Teflon-tapped ampoule SmI2(thf)2 (73.7 mg, 0.134 mmol) was added and vigorously 

stirred to form a red solution. An aliquot was taken and the initial 1H-NMR spectrum recorded. 

The remaining solution was centrifuged (6000 rpm / 1 min) and syringe filtered (0.45 µm 

PTFE), the solvent removed under vacuum to a volume of ca. 0.3 ml and the mixture was 

allowed to crystallise at room temperature. After six days the formation of a few translucent 

pale red prisms of [O=U(py)5-O-Sm(I4)-O-U(py)5=O]+ I- 16 was observed and the chemical 

identity confirmed by X-ray crystallography. Yield: Crystallographic. 

The amount of material obtained was not sufficient for complete spectroscopic and 

elemental analysis. 

 

6.2.18 Synthesis of [Cp3UOUO(thf)(H2LEt)] 17 

A mixture of AEt (80.0 mg, 0.075 mmol) and Cp3U (32.6 mg, 0.075 

mmol) was cooled to -96 °C. To this mixture tetrahydrofuran (1.8 ml) 

was slowly added and the mixture left stirring and warm to room 

temperature overnight. The yellow brown suspension was centrifuged 

(1 min, 6000 rpm) and the amber-brown supernatant removed from the 

yellow precipitate. The precipitate was extracted with tetrahydrofuran to 

give a yellow-brown solution, from which yellow-brown plates of 

[Cp3UOUO(thf)(H2LEt)] 17 formed, which were suitable for X-ray structural analysis. The 
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crystals were isolated by decanting the mother liquor off, followed by drying under vacuum. 

Yield: 36.0 mg (32 %). 

 

1H-NMR (THF-d8): δH -9.43 (s, 2H), -7.88 (s, 2H), -5.92 (t, 3H, CH3), -2.72 (q, 2H, CH2), 

0.00 (s, 6H, Ph-CH3), 1.37 (q, 2H, CH2), 2.14 (s, 2H), 2.66 (t, 3H, CH3), 3.17 (s, 15H, Cp), 

3.48 (q, 2H, CH2), 3.69 (s, 6H, Ph-CH3), 3.85 (s, 2H), 3.92 (t, 3H, CH3), 5.86 (m, 3H, CH3), 

8.38 (s, 2H, pyrrole), 9.54 (s, 2H, pyrrole), 51.42 (br, 2H, NH); 13C{1H}-NMR  (THF-d8): δC 

1.75, 2.11, 11.52, 11.96, 12.93, 16.47, 17.57, 21.58, 23.06, 30.07, 53.92, 109.23, 113.79, 

120.15, 120.30, 127.73, 128.12, 128.59, 141.32, 145.10, 147.71, 155.79 Analysis. Found: C, 

52.22; H, 5.07; N, 7.39 % C65H73N8O3U2 requires: C, 52.38; H, 4.94, N, 7.52 %; FTIR (nujol, 

cm-1):  3583 (w, NH), 1581 (w, imine), 1462 (s, nujol), 1377 (s, nujol), 1304 (m, L), 1286 

(w, L), 1154 (w, L), 1049 (m, L), 973 (s), 893 (w, asymm. UO stretch), 770 (w, L), 722 (s, 

nujol). L = stretches attributed to the Pacman ligand. 

 

6.2.19 Synthesis of [(UVO2)(py)(ZnL)] 18 

A pyridine solution of uranium tris(hexamethyldislylamide) (311 mg, 

0.433 mmol) was added to a -35 °C pyridine solution of 

[(UVIO2)(py)(ZnL)] AZn (500 mg, 0.433 mmol) over 20 minutes. The 

mixtures was allowed to warm to room temperature overnight to form a 

slight suspension. The mixture was concentrated under vacuum to a 

volume of about 3 ml and centrifuged (4500 rpm/ 5 min) to remove any 

precipitate formed. The mother liquor was further concentrated under vacuum to yield red 

crystals of [(UVO2)(py)(ZnL)] 18 suitable for X-ray diffraction. Yield: 219 mg (44 %). 

 

1H-NMR (C5D5N): δ = -14.57 (s, 2H), -6.35 (s, 3H, CH3), -4.82 (s, 2H), -4.74 (s, 2H), -3.54 

(s, 2H), -3.06 (s, 2H), -2.70 (s, 2H), -2.34 (s, 2H), -2.04 (s, 3H, CH3), -1.77 (s, 3H, CH3), -0.27 

(s, 3H, CH3), -0.01 (s, 2H), 0.26 (s, 2H), 1.98 (s, 2H), 2.55 (s, 3H, CH3), 5.23 (s, 3H, CH3), 

8.13 (s, 2H), 9.33 (s, 3H, CH3), 10.30 (s, 2H), 11.69 (s, 2H), 12.55 (s, 2H), 12.79 (s, 2H), 29.55 

(s, 3H, CH3), 59.06 (s, 2H); 13C{1H}-NMR (C6D6): δ = 15.43, 15.61, 15.81, 19.04, 19.40, 

21.35, 35.44, 55.27, 94.06, 105.80, 107.46, 112.76, 113.75, 118.53, 119.04, 120.50, 122.14, 

125.33, 125.37, 125.48, 128.99, 130.40, 139.44, 142.67, 148.58, 151.64, 151.87, 161.84, 

176.18 Analysis. Found: C, 54.18; H, 4.49; N, 12.16. C52H50N10O2UZn requires: C, 54.29; H, 

4.38; N, 12.18 %. FTIR (nujol, cm-1): 1580 (w, imine), 1460 (s, L), 1377 (s, L), 1281 (m, L), 
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1262 (m, L), 1090 (w, L), 1048 (m, L), 1018 (m, L), 893 (w, asymm. UO stretch), 799 (s, L), 

722 (w, L). 

 

6.2.20 Synthesis of [Cp3NpOUO(thf)(H2LEt)] 19 

A mixture of AEt (71 mg, 66.0 μmol) and Cp3Np (42.8 mg, 

99.0 μmol) was cooled to -78 °C. To this mixture tetrahydrofuran (5 ml) 

was slowly added and the mixture left stirring and warm to room 

temperature overnight to afford a red solution. The solution was 

concentrated under vacuum. Brown plates of [Cp3NpOUO(thf)(H2LEt)] 

19 were grown by pentane diffusion into the concentrated mother liquor 

and were suitable for X-ray structural analysis. The crystals were 

isolated by decanting the mother liquor off, followed by drying under vacuum. Yield: 51.4 mg 

(46 %). The stability of 19 was checked via X-ray cell check after storage for 5 days at room 

temperature under Ar. 

 

6.2.21 Synthesis of [Cp3NpONp(Cp2)ONpCp3] 20 

Olive green AEt (42.8 mg, 39.8 μmol) and brown Cp3
237Np 

(17.2 mg, 39.8 μmol) were mixed and cooled with solid dry 

ice pellets. To this mixture THF-d8 (4 ml) was added and 

the mixture was allowed to stir and warm to room 

temperature, forming a red solution within three hours. The material was dried and 

recrystallised from thf solution by hexane diffusion to yield big red needles of 

[Cp3NpONp(Cp2)ONpCp3] 20. Yield: Crystallographic. 

 

6.2.22 Synthesis of [UO2(Cl)(Lene)] 21 

 Dark purple HLene(pentafluorophenyl dipyrromethene) 

(0.40 g, 0.84 mmol) and red UO2{N(SiMe3)2}2 (0.63 g, 

0.84 mmol) were weighed into a Schlenk flask, to which 

pyridine (15 ml) was added under cold conditions (-60 °C) 

forming a magenta purple solution. The solution was stirred 

at this temperature for two hours and was then stirred at room temperature for a further 12 

hours, after which the solution had become a deep violet/blue colour. Pyridine hydrochloride 

(97.0 mg, 0.84 mmol) dissolved in pyridine (4 ml) was injected into the blue solution and 
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stirred for 12 hours. All volatiles were removed and the dried material was washed with hexane 

(2 x 20 ml) and dried under vacuum for 12 hours to yield [UO2(Cl)(Lene)] 21. Purple-blue 

single crystals suitable for X-ray crystallography were obtained by recrystallisation from a 

concentrated benzene solution. Yield: 497 mg (76 %). 

 

1H-NMR (THF-d8, 500 MHz): δH 2.00(s, 18H, C(CH3)3), 7.18 (d, 2H, pyrrole, , 3JH-H = 

5 Hz) 7.25 (m, 2H, CHmeta pyridine), 7.29 (d, 2H, pyrrole, 3JH-H = 5 Hz), 7.65 (m, 1H, CHpara 

pyridine, 8.56 (m, 2H, CHortho pyridine), 9.52 (s, 2H, CH-N-C(CH3)3). 13C{1H}-NMR (THF-d8, 

500 MHz): δC 14.57, 23.67, 31.12, 32.68, 124.51, 124.91, 129.19, 135.17, 135.93, 136.44, 

147.64, 150.97, 159.81, 160.93 19F-NMR (THF-d8, 500 MHz): δF -163.34 (td, Fmeta), -155.18 

(t, Fpara), -140.67 (Fortho). Analysis. Found: C, 38.40; H, 3.25; N, 7.04 % C25H24ClF5N4O2U 

requires: C, 38.45; H, 3.10; N, 7.17 %; FTIR (nujol, cm-1): υ 2925 (s,  nujol), 2854 (s, nujol), 

2726 (w, nujol), 1655 (w, L), 1607 (w, L), 1556 (m, imine), 1464 (s, nujol), 1408 (w, L), 1377 

(s, nujol), 1266 (m, L), 1216 (m, L), 1188 (m, L), 1062 (m, L), 1004 (m, L), 952 (w, L), 932 

(m, L), 879 (w, L), 847 (w, asymm. UO stretch), 819 (w, L), 773 (w, L), 756 (w, L), 722 (w, 

nujol). L = stretches attributed to the dipyrrin ligand. 

 

6.2.23 Synthesis of [(Cp2TiCl)OUO(Cp2TiCl)(Cl)(Lene)] 22 

Purple-blue 21 [UO2(Lene)(Cl)] (38.4 mg, 0.049 mmol) 

and [Cp2TiCl]2 (21.0 mg, 0.049 mmol) were measured into 

separate Teflon-tapped ampoules and dissolved in toluene (5 

ml). The two solutions were combined and stirred for 12 

hours at -40 °C, forming a dark blue solution which was 

allowed to warm to room temperature and allowed to stand for two days to afford blue crystals 

of [(Cp2TiCl)OUO(Cp2TiCl)(Lene)(Cl)] 22 suitable for X-ray diffraction. Yield: 115 mg 

(37 %). 

 

1H-NMR (C6D6, 500 MHz), δH -37.74 (s, 1H, CH-N-C(CH3)3), -31.83 (s, 9H, 

C(CH3)3), -22.72 (s, 1H, pyrrole), -17.84 (s, 1H, pyrrole), -8.59 (s, 9H, C(CH3)3), -8.33 (s, 1H, 

CH-N-C(CH3)3), -3.79 (d, 1H, pyrrole, 3JH-H = 5 Hz), -1.55 (d, 1H, pyrrole, 3JH-H = 5 Hz), 5.92 

(s, 5H, C5H5TiCl), 19.02 (s, 5H, C5H5TiCl), 43.70 (s, 10H, C5H5TiCl). 19F-NMR (C6D6, 500 

MHz): δF -139.81 (d, Fortho), -143.92 (d, Fortho), -154.29 (t, Fmeta), -156.49 (t, Fmeta), -163.09 (m, 

Fpara). Analysis. Found: C, 44.59; H, 3.69; N, 4.51 % C45H44Cl3F5N4O2Ti2U requires: C, 44.74; 
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H, 3.67; N, 4.64 %; %; FTIR (nujol, cm-1): υ 2923 (s, nujol), 2856 (s, nujol), 2726 (w, nujol), 

1659 (w, L), 1610 (m, L), 1560 (s, imine), 1521 (m, L), 1499 (s, L), 1463 (s, nujol), 1407 (m, 

L), 1377 (s, nujol), 1272 (s, L), 1220 (m, L), 1193 (s, L), 1156 (w, X), 1062 (s, L), 1001 (s, 

L), 982 (s, L), 962 (w, L), 948 (m, L), 898 (w, U-Oasym), 845 (m, X), 814 (s, X), 772 (m, L), 

728 (m, nujol). L = stretches attributed to the dipyrrin ligand, X = stretches attributed to 

TiCp2Cl. 

 

6.2.24 Synthesis of [Me3SiOUIIIOSiMe3(py)(LeneAr)] / 

[Me3SiOUIVOSiMe3(py)(LaneAr)] 23 

Red UO2(N(SiMe3)2)2(py)2 (35.6 mg, 0.047 mmol) was 

added to a solution of bis-[4-((1H-pyrrol-2-yl) 

methylidene(4-(tert-butyl)tolyl)]imine)-yl] (pentafluoro-

phenyl) methane (H2LaneAr) (30.0 mg, 0.047 mmol) in 

pyridine and heated for 41 hours at 70 °C to give a blue 

solution. All volatiles were removed in vacuo and the dried 

material redissolved in pyridine. From this solution blue 

crystals of superimposed [Me3SiOUIIIOSiMe3(LeneAr)] / 

[Me3SiOUIVOSiMe3(LaneAr)] 23 were grown. The mother 

liquor was decanted off and the crystals dried under 

vacuum. Yield: 32 mg (57 %). 

 

1H-NMR (C6D6, 600 MHz): UIII component: δH -7.18 (s, 18H, C(CH3)3), -6.61 (s, 18H, 

Si(CH3)3), 6.56 (d, 2H, pyrrole, 3JH-H = 6 Hz), 6.75 (m, 8H, Ar-H), 7.06 (s, 2H, N=CH), 7.29 

(d, 2H, pyrrole, 3JH-H = 6 Hz). UIV component: δH -4.34 (s, 18H, C(CH3)3), 1.25 (m, 4H, 

pyrrole), 1.27 (m, 8H, Ar-H), 2.11 (s, 1H, meso-H), 7.29 (s, 2H, N=CH), 39.81 (s, 18H, 

Si(CH3)3). Analysis. Found: C, 52.54; H, 5.38; N, 6.79 % C53H55D5F5N6O2Si2U (UIII) requires: 

C, 52.73; H, 5.43; N, 6.96 %; C53H56D5F5N6O2Si2U (UIV) requires: C, 52.68; H, 5.51; 

N, 6.96 %; FTIR (nujol, cm-1): υ 1583 (w, imine), 1462 (s, nujol), 1376 (s, nujol), 1290 (m, 

L), 1260 (m, L), 1051 (m, ν Si-O), 1000 (w, L), 946 (w, L), 923 (w, L), 878 (s, ν U-O), 836 

(m, ν U-O), 722 (s, nujol). L = stretches attributed to the ligand. 

 

 



 

 152 

6.3 Control reactions and others that did not yield the target 

product 

 

6.3.1 Reactions to target functionalisation of 

[(py)(Me2AlOUO)(py)(H2L)] 1 and [(py)(iBu2AlOUO)(py)(H2L)] 2 

 

6.3.1.1 Treatment of 1 and 2 with Rb metal 

To a yellow solution of 1 (54.9 mg, 0.048 mmol) in C6D6 (0.5 ml) Rb metal (4.1 mg, 

0.048 mmol) was added. The mixture was heated overnight at 80 ºC yet no change in the 

1H-NMR spectrum was observed. Naphthalene was added and the mixture heated for another 

72 hours at 80 ºC, with the 1H-NMR spectrum showing only the resonances of 1. 

A yellow solution of 2 (28.7 mg, 0.023 mmol) in C6H6 (0.4 ml) was layered with C4H8O 

(0.5 ml) and Rb metal (2.0 mg, 0.023 mmol) was added. The mixture was shaken and gave an 

orange solution, but no immediate reaction was observed. Heating this mixture at 80 °C 

overnight resulted in decomposition. 

6.3.1.2 Treatment of 1 with HCl 

To a yellow solution of 1 (28.6 mg, 0.025 mmol) in C6D6 (0.5 ml) HCl (0.25 M soln in 

Et2O, 0.1 ml, 0.025 mmol) was added. The mixture was allowed to react for one hour to form 

a precipitate which was centrifuged off. The mother liquor was removed and the precipitate 

dried and redissolved in C6D6. The 1H-NMR spectrum showed only the resonances of 1 and 

the formation of A. 

6.3.1.3 Treatment of 1 with BH3∙SMe2 

To a yellow solution of 1 (22.9 mg, 0.020 mmol) in C6D6 (0.3 ml) an equivalent of 

BH3∙SMe2 (0.2 M in thf, 0.1 ml, 0.020 mmol) was added via syringe. The mixture gave a clear 

red solution after 2 minutes. The 1H-NMR spectrum showed a new set of resonances and no 

starting material could longer be seen. The mixture was dried under vacuum to remove all 

volatiles and redissolved in benzene. No pure and uniform material could be isolated from this 

synthesis. 
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6.3.1.4 Treatment of 1 with BHCl2∙dioxane 

To a yellow solution of 1 (22.9 mg, 0.020 mmol) in C6D6 (0.3 ml) an equivalent of 

BHCl2∙dioxane (0.3 M in CH2Cl2, 0.067 ml, 0.020 mmol) was added via a syringe to give a 

brown precipitate immediately. The precipitate was separated from the mother liquor by 

centrifugation and dried under vacuum. The 1H-NMR spectrum of the precipitate was recorded 

in a C6D6 solution. The material decomposed upon addition of pyridine and no pure and 

uniform material could be isolated from this synthesis. 

6.3.1.5 Treatment of 1 with LiCl 

To an orange-red solution of 1 (18.9 mg, 0.016 mmol) in C5D5N (0.4 ml) LiCl (0.7 mg, 

0.016 mmol) was added and the mixture heated at 80 ºC. After 24 hours the 1H-NMR spectrum 

showed mainly the formation of A along with minor amounts of indeterminable decomposition 

products. 

6.3.1.6 Treatment of 1 with LiNEt2 

To a yellow solution of 1 (18.8 mg, 0.016 mmol) in C6D6 (0.4 ml) LiNEt2 (1.3 mg, 

0.016 mmol) was added. The mixture was heated at 80 ºC to solubilise the LiNEt2. The 

1H-NMR spectrum resonances of 1, A (relative ration 1 : 0.75) and a variety of paramagnetic 

resonances at low frequencies below -6 ppm as well as four individual resonances at high 

frequencies (39.02, 50.79, 64.43 and 68.51 ppm) with differing integral heights, indicating the 

probable formation of a mixture of mono- and doubly deprotonated species. 

6.3.1.7 Treatment of 1 with MeOTf  

To a yellow solution of 1 (30.3 mg, 0.026 mmol) in C6D6 (0.5 ml) methyl triflate 

(0.88 mmol in C6D6, 0.03 ml, 0.026 mmol) was added. The material decomposed instantly, 

forming a red, viscous oil. The 1H-NMR spectrum showed no resonances attributable to any 

product. 

6.3.1.8 Treatment of 1 with [PPh3CuH]6  

To an orange-red solution of 1 (30.0 mg, 0.026 mmol) in C5D5N (0.4 ml) [PPh3CuH]6 

(8.6 mg, 0.004 mmol) was added and the mixture was allowed to react at room temperature 

for three days. No reaction occurred and 1 was recovered as yellow crystals. 
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6.3.1.9 Treatment of 2 with Cp2ZrHCl 

To an orange-red solution of 2 (12.0 mg, 9.7 μmol) in C6D6 (0.4 ml) Cp2ZrHCl (5.0 mg, 

0.019 mmol) was added and the mixture heated at 80 °C for 21 days. No reaction was observed 

and 2 was recovered as yellow crystals. 

To an orange-red solution of 2 (12.0 mg, 9.7 μmol) in C6D6 (0.4 ml) Cp2ZrHCl (5.0 mg, 

0.019 mmol) and two drops of THF was added and the mixture sonicated and allowed to stand 

for 2 days. No reaction was observed and 2 was recovered as yellow crystals. 

To an orange-red solution of 2 (24.3 mg, 19.4 μmol) in C6D6 (0.4 ml) Cp2ZrHCl (5.0 mg, 

0.019 mmol) and one drop of THF was added. The mixture was sonicated for 10 minutes 

heated at 40 °C for 90 min. No reaction was observed and 2 was recovered as yellow crystals. 

6.3.1.10  Treatment of 1 with Me3OBF4  

To a yellow solution of 1 (10.0 mg, 0.008 mmol) in C6D6 (0.4 ml) Me3OBF4 (1.3 mg, 

0.008 mmol) was added. The material decomposed instantly, forming a red, viscous oil. The 

1H-NMR spectrum showed no resonances attributable to any product. 

 

6.3.2 Reactions to target further functionalisation of 

[(py)3(KOUO)(py)(H2L)] 6 

6.3.2.1 Treatment of 6 with Cp3UCl 

To a red solution of 6 (21.4 mg, 0.016 mmol) in C5D5N (0.4 ml) Cp3UCl (7.8 mg, 

0.016 mmol) was added and allowed to stand for one weak, forming a white precipitate. The 

1H-NMR spectrum of the supernatant showed the formation of a new product, as well as 

resonances attributed to Cp3UCl, Cp3U∙py, Cp4U (relative ratio: 0.5:1:1) and uranyl(VI) 

Pacman A (12 %). Heating for three hours at 70 ºC increased the amount of A present to 25 %. 

1H-NMR (C5D5N): δH -8.94 (s, 2H), -8.57 (s, 20H, Cp4U), -7.35 (s, 3H, CH3), -3.25 (s, 15H, 

Cp3U∙py), -2.61 (s, 15H, Cp3UCl), -2.93 (s, 3H, CH3), -0.59 (s, 6H, Ph-CH3), 0.17 (s, 3H, 

CH3), 0.45 (s, 2H), 0.52 (s, 2H), 3.26 (s, 2H), 3.60 (s, 6H, Ph-CH3), 3.94 (s, 2H), 4.34 (s, 15H, 

Cp), 5.93 (s, 2H), 10.31 (s, 2H), 58.09 (br, 2H, NH) 

6.3.2.2 Treatment of 6 with UCl4 

A red solution of 6 (50.0 mg, 0.039 mmol) in pyridine (30 ml) was mixed with a freshly 

prepared solution of olive green UCl4 (14.8 mg, 0.039 mmol) in pyridine (30 ml) and allowed 

to stir for two hours. The volume was reduced to 2 ml under vacuum. The mixture was left to 
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settle overnight and centrifuged the next day to remove any undissolved material. The mother 

liquor was transferred to a Young’s tap NMR tube, evaporated to dryness and replaced with 

fresh C5D5N. The 1H-NMR spectrum showed only the resonances of A. 

6.3.2.3 Treatment of 6 with ThCl4(dme)2  

To a red solution of 6 (35.0 mg, 0.027 mmol) in C5D5N (0.4 ml) ThCl4(dme)2 (15.0 mg, 

0.027 mmol) was added and allowed to stand for three hours. The 1H-NMR spectrum of the 

solution showed only the clean formation of A. 

 

6.3.3 Further reductive metalations of [(UO2)(py)(H2L)] A 

6.3.3.1 A + Rb (excess) 

To a brown suspension of A (31.1 mg, 0.029 mmol) in C5D5N (0.4 ml) Rb metal (7.0 mg, 

0.082 mmol) was added and the mixture sonicated for 80 minutes to give an orange precipitate. 

The precipitate was centrifuged off (2 min/6000 rpm) and redissolved in C5D5N to give a 

1H-NMR spectrum similar to that of 7 and no pyrrole-NH resonances, indicating the formation 

of [(py)3(RbOUO)(py)({Rb(py)}2L)]. Recrystallisation had been attempted by solvent 

evaporation, but remained unsuccessful. 

6.3.3.2 A + Ga + GaI3  

To a brown suspension of A (53.8 mg, 0.049 mmol) in C5D5N (0.4 ml) a solution of GaI3 

(14.9 mg, 0.033 mmol) in C5D5N was added. To this Ga metal (1.4 mg, 0.020 mmol) was 

added and the mixture sonicate for 80 minutes and then left to stir at room temperature 

overnight to give an orange suspension. The suspension was centrifuged (2 min/6000 rpm) 

and the material redissolved in C5D5N. The 1H-NMR showed the formation of multiple 

paramagnetic resonances, some of which could be attributed to a [(py)x(I2GaOUO)(py) (H2L)] 

complex. The material was split in half into two fractions. The first fraction was allowed to 

crystallise by solvent evaporation; the second fraction was dried under vacuum and redissolved 

in THF. It was not possible to isolate uniform material from these fractions. 

1H-NMR (C5D5N): -22.36 (s, 3H, CH3), -19.91, -19.28, -15.80, -15.44, -10.11, -8.96, -6.02, 

-5.74, -4.54, -4.17, -1.07, -0.95, -0.81, 0.29, 0.43, 0.81, 0.82, 0.83, 1.12, 1.15, 1.17, 1.45, 1.96, 

2.12, 2.13, 6.44, 10.20, 10.21, 11.91, 11.91, 17.46, 17.72, 19.59, 19.82, 23.81 (s, 3H, CH3), 

26.30, 27.00, 68.95 (br, 2H, NH). 
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6.3.3.3 A + Cp*2Co 

To a brown suspension of A (50.0 mg, 0.037 mmol) in THF-d8 (0.15 ml) a suspension of 

Cp*2Co in THF-d8 (0.15 ml) was added and sonicated at 60 °C for 40 minutes to form a dark 

red-brown solution and precipitate. After centrifugation the mother liquor was analysed by 1H-

NMR spectroscopy and showed the formation of paramagnetic resonances. The precipitate 

was dissolved in pyridine-d5 and showed the clean formation of a paramagnetic product which 

was assigned to a uranyl(V) Pacman complex with CoIII coordination. Upon crystallisation 

only the reformation of the starting material was observed. 

1H-NMR (C5D5N): δH -8.67 (s, 2H), -7.46 (s, 3H, CH3), -4.51 (s, 2H), -2.96 (s, 2H), -2.69 

(s, 6H, Ph-CH3), 1.10 (s, 6H, Ph-CH3), 4.84 (s, 2H), 5.15 (br, 30H, Cp*), 5.61 (br, 2H), 10.73 

(s, 2H), 11.45 (s, 3H, CH3), 14.31 (s, 2H), 35.73 (s, 3H, CH3), 91.60 (br, 2H, NH) 

6.3.3.4 A + Zr(II) 

A mixture of brown A (150 mg, 0.122 mmol) and dark purple Cp2Zr(η2-C2(SiMe3)2·py 

(57.4 mg, 0.122 mmol) in a Teflon-tapped ampoule was frozen in a Dewar flask filled with 

liquid N2. To this mixture toluene (1.5 ml) was added slowly so that it immediately froze upon 

contact with the material and the glass of the ampoule. The temperature of the cold bath was 

slowly increased to -96 °C by careful addition of acetone. The brown suspension was allowed 

to stir at this temperature and allowed to warm to room temperature overnight to give a cherry-

red suspension. The solvent was removed under vacuum. The 1H-NMR spectrum was recorded 

in C6D6 and showed the formation of multiple paramagnetic resonances from 65 ppm 

to -45 ppm not attributable to a single product. No resonances of starting material A were 

observed. 

6.3.3.5 A + Hf(IV) + Mg 

a) equimolar: To a brown suspension of A (50.0 mg, 0.045 mmol) in C5D5N (0.4 ml) 

Cp2HfCl2 (17.0 mg, 0.045 mmol) and Mg metal (1.1 mg, 0.045 mmol) was added and the 

mixture was sonicated at room temperature for 2 hours with no colour change. The mixture 

was heated to 70 °C and sonicated for 80 minutes to give a red solution. The mixture was 

filtered via a syringe filter (0.45 μm PTFE). The 1H-NMR spectrum in C5D5N showed the 

formation of paramagnetic resonances attributable to a [((Cl)Cp2HfOUO)(py)(H2L)] complex 

along with multiple resonances of inseparable side products. 

b) excess Hf: To a brown suspension of A (73.1 mg, 0.065 mmol) in C5H5N (2.0 ml) 

Cp2HfCl2 (100.0 mg, 0.263 mmol) and Mg metal (1.6 mg, 0.065 mmol) was added and the 
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mixture was allowed to stir for six days until no Mg metal was left. The solvent was removed 

under vacuum and the dried material extracted with C6D6 to give an orange solution. The 1H-

NMR spectrum showed resonances attributable to a [((Cl)Cp2HfOUO)(py)(H2L)] complex. 

The solvent was removed and the material redissolved in C4H8O. Residual oxygen in the 

solvent resulted in the slow disintegration of the material to uranyl(VI) Pacman A 

and μ-oxo-bis(chlorohafnocene) (Cp2HfCl). 

1H-NMR (C6D6, 600MHz): δH -6.09 (s, 3H, CH3), -3.90 (s, 3H, CH3), -2.44 (s, 3H, 

CH3), -0.82 (s, 6H, Ph-CH3), -0.65 (s, 2H), -0.29 (s, 6H, Ph-CH3), 0.70 (s (br), 2H, pyrrole), 

1.63 (s (br), 2H, pyrrole),  2.65 (s, 2H), 4.06 (s, 2H), 4.32 (s, 2H), 10.19 (s, 2H, pyrrole), 11.56 

(s, 2H, pyrrole), 14.97 (s, 10H, C5H5), 16.87 (s, 3H, CH3), 61.53 (br, 2H, NH); 

6.3.3.6 A + Mg  

To a brown suspension of A (84.0 mg, 0.074 mmol) in C5H5N (2 ml) Mg metal (0.89 mg, 

0.037 mmol) was added and the mixture was allowed to stir for 24 hours at room temperature 

to form an orange-red suspension. The suspension was filtered and the 1H-NMR spectrum. 

The spectrum showed the formation of paramagnetic resonances which can be attributed to a 

uranyl(V) complex. Any attempts to isolate this complex have failed. The solvent of the 

filtered solution was removed under vacuum to yield a thick red viscous material. 

Recrystallisation had been attempted by cooling to -35 ºC and hexane diffusion, but failed to 

give any isolable material. 

1H-NMR (C5D5N): δH -6.91 (s, 2H), -3.10 (s, 6H, Ph-CH3), -2.34 (s, 3H, CH3), -1.50 (s, 

2H), -0.46 (s, 2H), 0.76 (s, 6H, Ph-CH3), 1.83 (s, 3H, CH3), 6.25 (s, 2H), 8.43 (s, 2H), 10.72 

(s, 2H), 10.98 (s, 3H, CH3), 14.06 (s, 2H), 31.64 (s, 3H, CH3), 88.16 (br, 2H, NH) 

6.3.3.7 A + Fe + FeBr2 

To a mixture of A (75.0 mg, 67.5 μmol) and FeBr2 (7.3 mg, 33.7 μmol) in C5D5N (0.3 ml) 

Fe (1.9 mg, 33.7 μmol) was added and the suspension allowed to stir for 72 hours at 80 °C. 

The 1H-NMR spectrum was recorded and showed only the resonances of A. 

6.3.3.8 A + Ni + NiCl2  

To a mixture of A (48.0 mg, 43.2 μmol) and NiCl2 (5.6 mg, 43.2 μmol) in C5D5N (0.3 ml) 

a Ni grain (excess) was added and the suspension allowed to stir for 72 hours at 80 °C. The 

1H-NMR spectrum was recorded and showed only the resonances of A. 
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6.3.3.9 A + Zn + FeBr2 

To a mixture of A (75.0 mg, 67.5 μmol) and FeBr2 (7.3 mg, 33.7 μmol) in C5D5N (0.3 ml) 

Fe a Zn grain was added and the suspension allowed to stir for 72 hours at 80 °C. The 1H-NMR 

spectrum was recorded and showed the formation of multiple paramagnetic resonances that 

could not be assigned to a single product. 

6.3.3.10  A + Zn + NiCl2  

To a mixture of A (48.0 mg, 43.2 μmol) and NiCl2 (5.6 mg, 43.2 μmol) in THF-d8 (0.3 ml) 

a Zn grain (excess) was added and the suspension allowed to stir for 14 days at 80 °C. The 

1H-NMR spectrum was recorded and showed paramagnetically shifted resonances attributable 

to a uranyl(V) Pacman complex. Recrystallisation was attempted from a concentrated THF 

solution, but no defined material could be isolated. 

 

6.3.4 Unsuccessful functionalisation of AEt using Cp3
239Pu 

 

Olive green AEt (49.3 mg, 45.9 μmol) and dark green Cp3
239Pu (23.2 mg, 45.9 μmol) were 

mixed and cooled with solid dry ice pellets. To this mixture THF-d8 (4 ml) was added and the 

mixture was allowed to stir and warm to room temperature, without any colour change. The 

material was dried and attempted to be recrystallised from thf solution by hexane diffusion but 

no product could be isolated. 

 

6.3.5 Further reductive metalations of [UO2(Cl)(L)] 21 

6.3.5.1 Treatment of 21 with Me3SiX (X = Cl, I) 

Chlorotrimethylsilane (TMSCl) (0.01 ml, 0.076 mmol) was added dropwise to a blue 

solution of 21 (30.0mg, 0.038 mmol) in benzene (1.0 ml) in a Teflon-tapped NMR tube and 

the mixture was allowed to stir at room temperature for 2 hours and no colour change was 

observed. The mixture was subsequently heated for 12 hours at 90 °C. Paramagnetically 

shifted resonances in the 1H-NMR in the range of δH 0 – 20 ppm indicated the slow formation 

of a reduced uranyl species. Excess iodotrimethylsilane (TMSI) was added dropwise to the 

mixture and an instant colour change was observed from blue to green. The 1H-NMR spectrum 

showed paramagnetic resonances in the range of δH -25 to 50 ppm. 29Si-NMR showed the 
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formation of two new Si resonances which were attributed to the doubly silylated uranyl 

moiety. From the oily green reaction mixture no isolable material could be obtained.  

1H-NMR (C6D6, 500 MHz), δH -18.04 (s, 18H), 0.07 (s, 0.5H), 0.14 (s, 6H), 0.16 (s, 1H), 

0.19 (s, 1H), 0.24 (s, 0.5H), 0.31 (s, 2.5H), 0.61 (d, 1H), 2.17 (s, 6H), 4.03 (s, 1H), 53.98 (s, 

9H). 19F-NMR (C6D6, 500 MHz): δF, -160.07, -147.59, -140.53. 29Si-NMR (C6D6, 500 MHz): 

δSi -21.85, 7.11. 

6.3.5.2 Treatment of 21 with K 

Metallic K (3.6 mg, 0.092 mmol) was added to a blue solution of 21 (36.0 mg, 0.046 mmol) 

in pyridine (1.0 ml) in a Teflon-tapped NMR tube. The mixture was allowed to react at room 

temperature under stirring for 24 hours. The 1H-NMR spectrum of the reaction showed an 

unidentifiable mixture of products with paramagnetic resonances in the range of δH -50 – 50 

ppm. 

1H-NMR (C5D5N): δH -49.24, -45.72, -21.81, -20.95, -10.47, -2.78, 0.12, 2.12, 38.54, 50.04  
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6.4 Crystallographic Data summary tables 

 Crystal data 

Compound 
[(py)(Me2AlOUO)(py)(H2L)] 

1 

[(py){(i-Bu)2AlOUO} 

(thf)(H2L)] 2 

[{(UO2)Li(py)(H2L)}2] 3 

Chemical formula C93H97AlN10O2U C74H88AlN9O3U C124H124Li2N18O4U2 

MW 1651.82 1416.54 2420.35 

Crystal system, space 

group 

monoclinic, P 21/c monoclinic, P21/n triclinic, P-1 

Temperature (K) 120 120 170 

a, b, c (Å) 21.6483(2), 15.4318(2), 

24.4807(2) 

12.5004 (2), 40.0423 

(6), 14.2199 (2) 

11.963(5), 14.243(5), 

17.926(5) 

α, β, γ (º) 90.00, 98.4807, 90.00 90.00, 105.173 (2), 

90.00 

99.705(5), 90.311(5), 

114.231 

V (Å3) 8086.50(14) 6869.57 (18) 2736.0(17) 

Z 4 4 1 

Radiation type Cu Kα Mo Kα Mo Kα 

μ (mm-1) 6.182 2.43 3.019 

Crystal size (mm) 0.1794 × 0.0864 × 0.167 0.30 × 0.12 × 0.09 0.3746 × 0.1856 × 0.1567 

 Data collection 

Diffractometer SuperNova, Dual, Cu at zero, 

Atlas 

SuperNova, Dual, Cu at 

zero, Atlas  

Xcalibur, Eos 

Absorption correction Gaussian Gaussian multi-scan 

Tmin, Tmax 0.481, 0.895  0.648, 0.826 0.851, 1.000  

No. of measured, 

independent and observed 

[I > 2σ(I)] reflections 

96487, 16582, 13507 140222, 17029, 14619 21299, 21299, 16404 

Rint 0.0700 0.079 0.0000 

(sin θ/𝜆)max (Å-1) 0.630 0.667 0.650 

 Refinement 

R[F2 >  2σ(F2)], wR( F2), S 0.039, 0.103, 1.03 0.046, 0.109, 0.95 0.040, 0.096, 1.05 

No. of reflections 16582 17029 21299 

No. of parameters 980 812 661 
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No. of restraints 0 87 0 

H-atom treatment mixed mixed constrained 

Δρmax,Δρmin(e Å-3) 2.17, -2.92 1.96, −2.22 4.26, -2.06 

 

 Crystal data 

Compound [(py)3(LiOUO)(py)(H2L

)] 4 

[(py)3(NaOUO)(py)(H2

L)] 5 

[(py)3(KOUO)(py)(H2L)] 6 

Chemical formula C84.39H84.39Li0.87N16.48O2

U 

C62H62N12NaO2U C77H76KN15O2U 

MW 1606.79 1268.26 1520.66 

Crystal system, space group monoclinic, Cc monoclinic, Cc orthorhombic, P 21 21 21 

Temperature (K) 170 170 170 

a, b, c (Å) 14.7282 (5), 24.4176 (6), 

22.8717 (7) 

14.427 (5), 24.602 (5), 

23.182 (5) 

13.6930(3), 21.7419(5), 

24.2382(4) 

α, β, γ (º) 90.00, 90.634 (3), 90.00 90.00, 90.881 (5), 90.00 90.00, 90.00, 90.00 

V (Å3) 7973.5(4) 8227 (4) 7216.0(3) 

Z 4 4 4 

Radiation type Mo Kα Mo Kα Mo Kα 

μ (mm-1) 2.09 2.02 2.364 

Crystal size (mm) 0.92 × 0.58 × 0.35 0.93 × 0.40 × 0.23 1.2244 × 0.6915 × 0.4865 

 Data collection 

Diffractometer Xcalibur, Eos Xcalibur, Eos  Xcalibur, Eos 

Absorption correction multi-scan multi-scan multi-scan 

Tmin, Tmax 0.464, 1.000 0.530, 1.000 0.571, 1.000  

No. of measured, 

independent and observed [I 

> 2σ(I)] reflections 

41408, 18020, 14162 37697, 17997, 13051 46333, 16376, 14702 

Rint 0.058 0.048 0.036 

(sin θ/𝜆)max (Å-1) 0.649 0.649 0.649 

 Refinement 

R[F2 >  2σ(F2)], wR( F2), S 0.051, 0.103, 1.00 0.065, 0.170, 0.96 0.032, 0.076, 0.72 



 

 162 

No. of reflections 18020 17997 16376 

No. of parameters 960 581 874 

No. of restraints 76 8 48 

H-atom treatment constrained mixed constrained 

Δρmax, Δρmin (e Å-3) 1.25, -0.68 4.51, −0.92 1.04, -0.95 

 

 Crystal data 

Compound [(py)3(RbOUO)(py)(H2

L)] 7 

[(CsOUO)(py)(H2L)

]6 8 

[(py)(Cp2TiOUO)(py)(H2L)] 9 

Chemical formula C62H62N12O2RbU·3(C5H5

N) 

C282H282Cs6N54O12U6

·6(C5H5N) 

C80H80N13O2TiU 

MW 1586.03 7319.84 1541.50 

Crystal system, space group Orthorhombic, P212121 Trigonal, R-3 Triclinic, P-1 

Temperature (K) 170 120 170 

a, b, c (Å) 13.6821 (2), 21.8875 (3), 

24.2440 (3) 

27.7671 (4), 27.7671 

(4) 35.7644 (5) 

14.017 (5), 15.236 (5), 17.911 (5) 

α, β, γ (º) 90.00, 90.00, 90.00 90.00, 90.00, 120.00 87.225 (5), 69.531 (5), 77.365 (5) 

V (Å3) 7260.27 (18) 23880.5 (8) 3495 (2) 

Z 4 3 2 

Radiation type Mo Kα Cu Kα Mo Kα 

μ (mm-1) 2.09 14.25 2.49 

Crystal size (mm) 1.26 × 0.86 × 0.52 0.05 × 0.04 × 0.03 0.12 × 0.11 × 0.07 

 Data collection 

Diffractometer Xcalibur, Eos SuperNova, Dual, Cu 

at zero, Atlas 

Xcalibur, Eos  

Absorption correction analytical gaussian multi-scan 

Tmin, Tmax 0.425, 0.681 0.992, 0.995 0.926, 1.000 

No. of measured, 

independent and observed [I 

> 2σ(I)] reflections 

216174, 16642, 15775 

 

123779, 11060, 9096 26501, 11901, 7334 

Rint 0.076 0.096 0.122 

(sin θ/𝜆)max (Å-1) 0.649 0.630 0.588 
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 Refinement 

R[F2 >  2σ(F2)], wR( F2), S 0.025, 0.054, 1.05 0.066, 0.176, 1.03 0.080, 0.122, 0.99 

No. of reflections 16642 11060 11901 

No. of parameters 873 579 874 

No. of restraints 76 21 58 

H-atom treatment constrained constrained mixed 

Δρmax, Δρmin (e Å-3) 1.24, −0.86 12.92, −1.91 0.98, −0.90 

 

 Crystal data 

Compound [(Cl)(Cp2TiOUO)(py)(H2L)] 

10 

[(Cl)(Cp2ZrOUO)(py

)(H2L)] 11 

[(Cl)(Cp2ZrOUO)(py)(H2L)] × 

MgCl2(py)4 11MgCl2 

Chemical formula C87H87ClN9O2TiU C82H86ClN12O3UZr C86.48H86.48Cl3MgN15O2UZr 

MW 1612.04 1652.33 1827.82 

Crystal system, space 

group 

Monoclinic, P21/c Monoclinic, P21/c Monoclinic, C2/c 

Temperature (K) 120 170 170 

a, b, c (Å) 20.517 (5), 21.431 (5), 19.018 

(5) 

20.2769 (12), 21.7767 

(10), 18.5794 (11) 

47.424 (5), 14.484 (5), 30.602 (5) 

α, β, γ (º) 90.00, 117.115 (5), 90.00 90.00, 115.829 (7), 

90.00 

90.00, 127.576 (5), 90.00 

V (Å3) 7443 (3) 7384.4 (7) 16659 (7) 

Z 4 4 8 

Radiation type Mo Kα Mo Kα Mo Kα 

μ (mm-1) 2.37 2.43 2.23 

Crystal size (mm) 0.21 × 0.10 × 0.07 0.53 × 0.23 × 0.17 0.30 × 0.06 × 0.02 

 Data collection 

Diffractometer SuperNova, Dual, Cu at zero, 

Atlas 

Xcalibur, Eos Xcalibur, Eos 

Absorption correction gaussian multi-scan Multi-scan 

Tmin, Tmax 0.916, 0.965 0.626, 1.000 0.971, 1.000 
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No. of measured, 

independent and 

observed [I > 2σ(I)] 

reflections 

156288, 18357, 15202 75846, 14015, 10516 49400, 14167, 7401 

Rint 0.058 0.105 0.199 

(sin θ/𝜆)max (Å-1) 0.680 0.610 0.588 

 Refinement 

R[F2 >  2σ(F2)], wR( 

F2), S 

0.036, 0.080, 0.92 0.072, 0.178, 1.09 0.097, 0.203, 1.01 

No. of reflections 18357 14015 14167 

No. of parameters 910 901 979 

No. of restraints 0 1 108 

H-atom treatment constrained mixed mixed 

Δρmax, Δρmin (e Å-3) 1.12, −0.59 5.64, −1.57 1.34, −1.08 

 

 Crystal data 

Compound [(py)2(ClMgOUO)(py)(

H2L)] 12 

[(py)2(thf)2(ICaOUO)(py)(

H2L)] 13 

[(py)2(ClZnOUO)(py)(H2L)] 14 

Chemical formula C175H175Cl2Mg2N33O4U2 C65H73CaIN11O4U C57H57ClN11O2UZn 

MW 3400.06 1477.35 1266.98 

Crystal system, space 

group 

Monoclinic, I2/a Monoclinic, P21/c Monoclinic, I2/a 

Temperature (K) 120 170 120 

a, b, c (Å) 24.852 (5), 23.010 (5), 

28.754 (5) 

17.4073 (7), 15.5310 (4), 

33.3439 (15) 

28.7327 (5), 22.9300 (3), 

24.8036 (3) 

α, β, γ (º) 90.00, 102.183 (5), 90.00 90.00, 114.157 (5), 90.00 90.00, 102.0775 (13), 90.00 

V (Å3) 16072 (6) 8225.2 (5) 15980.0 (4) 

Z 4 4 8 

Radiation type Cu Kα Mo Kα Cu Kα 

μ (mm-1) 6.53 2.45 6.62 

Crystal size (mm) 0.17 × 0.04 × 0.04 0.66 × 0.54 × 0.24 0.13 × 0.08 × 0.05 

 Data collection 
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Diffractometer SuperNova, Dual, Cu at 

zero, Atlas 

Xcalibur, Eos SuperNova, Dual, Cu at zero, 

Atlas 

Absorption correction gaussian multi-scan gaussian 

Tmin, Tmax 0.893, 0.972 0.527, 1.000 0.889, 0.955 

No. of measured, 

independent and 

observed [I > 2σ(I)] 

reflections 

165331, 16761, 14608 130415, 11791, 10091 129575, 16675, 14839 

Rint 0.058 0.121 0.081 

(sin θ/𝜆)max (Å-1) 0.630 0.555 0.630 

 Refinement 

R[F2 >  2σ(F2)], wR( 

F2), S 

0.030, 0.074, 0.92 0.121, 0.282, 0.87 0.098, 0.237, 1.14 

No. of reflections 16761 11791 16675 

No. of parameters 984 724 660 

No. of restraints 10 102 12 

H-atom treatment mixed mixed constrained 

Δρmax, Δρmin (e Å-3) 1.36, −0.96 3.22, −9.14 5.27, −3.70 

 

 Crystal data 

Compound 
[(py)2(IZnOUO)(py)(H2

L)] 15 

[O=U(py)5-O-Sm(I4)-O-

U(py)5=O]+ I- 16 

[(Cp3UOUO)(thf)(H2L)] 17 

Chemical formula C62H62IN12O2UZn C65H65I5N13O4SmU2 C77H97N8O6U2 

MW 1437.54 2353.21 1706.69 

Crystal system, 

space group 

Orthorhombic, P212121 Monoclinic, P21/n Triclinic, P-1 

Temperature (K) 120 170 120 

a, b, c (Å) 13.2730 (1), 16.4368 (1), 

27.8646 (2) 

12.2775 (3), 17.1367 (3), 

18.5315 (3) 

12.6233 (2), 15.6060 (2), 18.6047 (2) 

α, β, γ (º) 90.00, 90.00, 90.00 90.00, 104.174 (2), 90.00 93.935 (1), 100.005 (1), 105.575 (1) 

V (Å3) 6079.10 (7) 3780.25 (13) 3451.07 (8) 
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Z 4 2 2 

Radiation type Cu Kα Mo Kα Cu Kα 

μ (mm-1) 12.32 7.13 13.57 

Crystal size (mm) 0.12 × 0.06 × 0.03 0.29 × 0.26 × 0.23 0.09 × 0.08 × 0.04 

 Data collection 

Diffractometer SuperNova, Dual, Cu at 

zero, Atlas 

Xcalibur, Eos SuperNova, Dual, Cu at zero, Atlas 

Absorption 

correction 

multi-scan multi-scan gaussian 

Tmin, Tmax 0.692, 1.000 0.638, 1.000 0.622, 0.783 

No. of measured, 

independent and 

observed [I > 2σ(I)] 

reflections 

99868, 12683, 12267 68099, 8655, 7615 85839, 14344, 13514 

Rint 0.054 0.058 0.032 

(sin θ/𝜆)max (Å-1) 0.631 0.649 0.630 

 Refinement 

R[F2 >  2σ(F2)], 

wR( F2), S 

0.020, 0.047, 0.90 0.040, 0.075, 1.12 0.027, 0.062, 1.02 

No. of reflections 12683 8655 14344 

No. of parameters 720 439 867 

No. of restraints 0 53 0 

H-atom treatment mixed mixed mixed 

Δρmax, Δρmin (e Å-3) 0.46, −1.01 1.59, −1.46 2.83, −1.98 

 

 Crystal data 

Compound [(OUVO)(py)(ZnL)

] 18 

[Cp3NpONp(Cp2)O

NpCp3] 19 

[(Cp3NpOUO)(thf)(H2L)] 20 

Chemical formula C56.68H55.84N10.7O2

UZn1.37·C5H6N·C5

H5N 

 C65H73N8NpO3U·C4.46H9.04O 

·2(C4H8O) 

MW 1405.72  1712.28 
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Crystal system, space group Orthorhombic, 

Pnnm 

monoclinic, P21/n Triclinic, P-1 

Temperature (K) 170 100 100 

a, b, c (Å) 19.8646 (4), 

25.0270 (3), 

13.5831 (5) 

8.3268 27.6985 

14.6706 

12.6253 (15), 15.5437 (18), 18.576 

(2) 

α, β, γ (º) 90.00, 90.00, 90.00 90.000 90.748 90.000 93.830 (2), 100.069 (2), 105.514 (2) 

V (Å3) 6752.9 (3) 3383.34 3433.6 (7) 

Z 4 4 2 

Radiation type Mo Kα Mo Kα Mo Kα 

μ (mm-1) 2.93  3.92 

Crystal size (mm) 0.34 × 0.33 × 0.18  0.06 × 0.06 × 0.02 

 Data collection 

Diffractometer Xcalibur, Eos  Bruker APEX II 

Quazar 

diffractometer 

Bruker APEX II Quazar 

diffractometer 

 

Absorption correction multi-scan  multi-scan 

Tmin, Tmax 0.507, 1.000  0.649, 0.848 

No. of measured, independent 

and observed [I > 2σ(I)] 

reflections 

100156, 6461, 5694  29244, 15350, 7913 

Rint 0.092  0.087 

(sin θ/𝜆)max (Å-1) 0.602  0.667 

 Refinement 

R[F2 >  2σ(F2)], wR( F2), S 0.137, 0.335, 1.21  0.068, 0.169, 0.95 

No. of reflections 6461  15350 

No. of parameters 419  831 

No. of restraints 72  90 

H-atom treatment constrained  constrained 

Δρmax, Δρmin (e Å-3) 2.73, −6.28  2.77, −3.04 

 

 Crystal data 
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Compound [UO2(Cl)(Lene)] 21 [(Cp2TiCl)OUO(Cp2Ti

Cl)(Cl)(Lene)] 22 

[Me3SiOUIIIOSiMe3(py) 

(LeneAr)] / [Me3SiOUIVO-

SiMe3(py)(LaneAr)] 23 

Chemical formula C37H36ClF5N4O2U C51H50Cl3F5N4O2Ti2U C53H60.29F5N6O2Si2U 

MW 937.18 1286.13 1202.57 

Crystal system, space group monoclinic, Cc Monoclinic, P21/c Triclinic, P-1 

Temperature (K) 120 120 120 

a, b, c (Å) 24.5647 (2), 8.4279 

(1), 16.8859 (1) 

14.486 (5), 30.377 (5), 

12.092 (5) 

10.9488 (3), 14.1061 (5), 

18.1614 (7) 

α, β, γ (º) 90.00, 91.172 (1), 

90.00 

90.00, 107.081 (5), 90.00 83.116 (3), 75.585 (3), 79.391 

(3) 

V (Å3) 3495.14 (5) 5086 (3) 2662.11 (16) 

Z 4 4 2 

Radiation type Cu Kα Cu Kα Cu Kα 

μ (mm-1) 14.35 13.44 9.53 

Crystal size (mm) 0.11 × 0.05 × 0.04 0.12 × 0.04 × 0.02 0.09 × 0.05 × 0.03 

 Data collection 

Diffractometer SuperNova, Dual, 

Cu at zero, Atlas 

SuperNova, Dual, Cu at 

zero, Atlas 

SuperNova, Dual, Cu at zero, 

Atlas 

Absorption correction gaussian gaussian gaussian 

Tmin, Tmax 0.743, 0.871 0.982, 0.996 0.722, 0.887 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 

34748, 7244, 7139 75069, 9330, 7021 39293, 9731, 7223 

Rint 0.033 0.158 0.098 

(sin θ/𝜆)max (Å-1) 0.630 0.602 0.602 

 Refinement 

R[F2 >  2σ(F2)], wR( F2), S 0.027, 0.068, 1.04 0.056, 0.112, 1.06 0.043, 0.083, 0.97 

No. of reflections 7244 9330 9731 

No. of parameters 439 601 741 

No. of restraints 2 0 29 

H-atom treatment mixed mixed mixed 

Δρmax, Δρmin (e Å-3) 3.81, −0.85 0.99, −1.59 1.08, −1.67 
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9 Table of complexes 

 

Nr./ Formula Molecular structure Schematic drawing 

A  

[(UO2)(py)(H2L)] 

 
 

AEt  

[(UO2)(thf)(H2L)] 

 
 

A3Li 

[(py)3(LiOUO)(py) 

({Li(py)}2L)] 

  

B 

U(N(SiMe3)2)4 
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1  

[(py)(Me2AlOUO) 

(py)(H2L)] 

  

2 

[(py)(iBu2AlOUO) 

(py)(H2L)] 

 
 

3 

[{(OUO)Li(py) 

(H2L)}2] 

 

 

4 

[(py)3(LiOUO)(py) 

(H2L)] 
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5 

[(py)3(NaOUO)(py) 

(H2L)] 

 
 

6 

[(py)3(KOUO)(py) 

(H2L)] 

  

7 

[(py)3(RbOUO)(py) 

(H2L)] 
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8 

[(CsOUO)(py) 

(H2L)]6 

  

9 

[(py)(Cp2TiOUO) 

(py)(H2L)] 

 

 

10 

[((Cl)Cp2TiOUO) 

(py)(H2L)] 

  

11 

[((Cl)Cp2ZrOUO) 

(py)(H2L)] 
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12 

[(py)2(ClMgOUO) 

(py)(H2L)] 

  

13 

[(py)2(thf)2(ICa 

OUO)(py)(H2L)] 

 
 

14 

[(py)2(ClZnOUO) 

(py)(H2L)] 

 
 

15 

[(py)2(IZnOUO)(py) 

(H2L)] 
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16 

[O=U(py)5-O-Sm(I4)-

O-U(py)5=O]+ I- 

 

 

17 

[Cp3UOUO(thf) 

(H2L
Et)] 

 
 

18 

[(UVO2)(py)(ZnL)] 

 
 

19 

[Cp3NpOUO(thf) 

(H2L
Et)] 
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20 

[Cp3NpONp(Cp2)O 

NpCp3] 
  

21 

[UO2(Cl) (Lene)] 

 

 

22 

[Cp2TiCl)OUO 

(Cp2TiCl)(Cl)(Lene)] 

 
 

23 

[Me3SiOUOSiMe3 

(py) (LaneAr)] 
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