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Abstract 

The activation of small molecules is a paramount challenge in modern chemistry. The use of 

cheap and abundant molecules such as N2, H2, CO2, or CO as energy supplies or as precursors 

for fine chemicals production is highly desirable. In particular, the only industrial process 

known so far that uses the ubiquitous molecule N2 is the Haber-Bosch process for the 

production of NH3, which consumes about 2% of the world energy yearly. Low valent uranium 

complexes have been proven to be ideal candidates in the field of small molecule activation 

such as N2. The activation of N2 in the Haber-Bosch process is thought to proceed through the 

formation of metal nitrides. The study of molecular nitride species, thus, is extremely important 

in light of the possibility to achieve N-functionalization processes. Uranium nitride species, 

indeed, are able to effect the activation of small molecules by N-functionalization. Low valent 

uranium species are of interest also for their magnetic properties. The magnetic anisotropy and 

the unpaired electron in U(III) species make them, indeed, ideal candidates as Single Molecule 

Magnets (SMM).  

The main objective of this thesis is to synthesize novel uranium species for the activation of 

small molecules and to synthesize low valent uranium species of interest for their magnetic 

properties.  

In the first part the synthesis of a dimeric U(III) complex bridged by an oxo linker and its 

reactivity with N2 will be reported. The functionalization of the activated N2 shows striking 

differences compared to previously reported complexes. The difference in reactivity is 

accompanied by a difference in the magnetic properties of the complexes, which reflects their 

different electronic structure and binding scheme.  

Since the full splitting of N2 could not be achieved so far with U(III) complexes, the synthesis 

of a bis-µ-nitride complex, which would serve as a model for cleaved N2, was targeted. Its 

synthesis and characterization are reported in Chapter 3. We proved that such a bis nitride 

complex is reactive and is able to activate small molecules, forming N-C bonds by reaction 

with molecules like CO2, CS2, or CO. More importantly, H2 is activated by the bis nitride 

complex in an unprecedented oxidative cleavage.  

While uranium nitride complexes supported by the siloxide ligand were reported to exhibit 

nucleophilic reactivity, other nitride complexes are instead unreactive or even electrophilic. In 

order to rationalize this behaviour, the synthesis of different uranium nitride complexes bearing 

different coligands has been targeted and their synthesis is described in Chapter 4. The 
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importance of the coligand has been experimentally proven in closely related systems. Despite 

several bridging nitride complexes have been reported, a paucity of terminal uranium nitride 

complexes are, instead, isolable. In particular, the photochemical reactivity of terminal uranium 

azide complexes has so far failed to yield the desired terminal nitride species. In this work we 

report the first photochemical synthesis of an isolable uranium terminal nitride. The terminal 

nitride complex is remarkably stable and its functionalization with CO is reported. Lastly, the 

synthesis of low valent heteroleptic complexes is reported. These compounds can serve as 

starting materials for the synthesis of novel uranium complexes and are of interest for their 

magnetic properties. 
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Riassunto 

L’attivazione di piccole molecole è una delle sfide più impegnative nella chimica moderna. 

L’uso di molecule abbondanti ed economiche quali N2, H2, CO2, o CO come fonti di energia o 

come precursori per la produzione di molecole di interesse strategico è un obiettivo altamente 

desiderabile. L’unico processo industriale in grado di utilizzare l’ubiquitaria molecula di azoto 

(N2)è il processo Haber-Bosch per la produzione di ammoniaca (NH3), il quale consuma 

approssimativamente il 2% dell’energia mondiale annua. Composti bassovalenti di Uranio 

sono candidati ideali nel campo dell’attivazione di piccole molecole quali N2. É stato postulato 

che l’attivazione dell’azoto tramite il processo Haber Bosch comporti la formazione di nitruri 

metallici. Lo studio di nitruri metallici molecolari è, pertanto, estremamente importante in luce 

della possibilità di ottenere processi in grado di funzionalizzare l’azoto. I nitruri di Uranio sono 

specie in grado di effettuare l’attivazione di piccole molecole e la funzionalizzazione del 

nitruro. In aggiunta, composti bassovalenti di Uranio sono di interesse anche per le loro 

proprietà magnetiche. L’anisotropia magnetica e la presenza di elettroni spaiati rende i 

composti di U(III) candidati ideali come magneti a singola molecola (SMM).  

L’obiettivo principale di questo lavoro di tesi è la sintesi di nuovi composti di Uranio per 

l’attivazione di piccolo molecule e di sintetizzare composti bassovalenti di uranio di interesse 

per le loro proprietà magnetiche.  

Nella prima parte, la sintesi di un dimero di U(III) legato a ponte da un ossido e la sua reattività 

verso l’N2 verrà descritta. La funzionalizzazione dell’azoto attivato mostra enormi differenze 

rispetto ad altri esempi precedentemente riportati. La differenza enlla reattività è accompagnata 

da una differenza nelle proprietà magnetiche, sintomo di differenze elettroniche e di legame.  

Dal momento che, fino ad ora, nessun composto noto di U(III) è in grado di effettuare la 

scissione dell’azoto, la sintesi di complessi con bis-nitruri a ponte è importante obiettivo in 

quanto ne rappresenta un modello. La sintesi e la caratterizzazione di tale composto viene 

riportata nel capitol 3. Abbiamo dimostrato che tale composto è in grado di attivare piccolo 

molecule tramite la fomazione di legami N-C tramite reazione con CO2, CS2, o CO. Il bis-

nitruro è anche in grado di attivare la molecola di idrogeno (H2) in una reazione di scissione 

ossidativa senza precedenti.  

Nonostante i nitruri di uranio con silanossidi come leganti abbiano dimostrato di reagire 

nucleofilicamente, altri nitruri, invece, hanno dimostrato reattività elettrofila o di non essere 

reattivi. La sintesi di diversi nitruri di uranio molecolari con diversi leganti è stata effettuata 
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con l’intento di razionalizzare tale comportamento e verrà descritta nel capitolo 4. 

L’importanza del legante è stata dimostrata in sistemi strettamente collegati. Nonostante molti 

composti di uranio con nitruri a ponte siano stati riportati, solo pochi nitruri terminali di uranio 

sono noti. In particolare, la fotolisi di azidi terminali ha per ora fallito nello scopo di ottenere 

la molecola desiderata. In questa tesi viene riportato il primo esempio di nitruro terminale di 

uranio tramite la fotolisi di un’azide terminale. Il nitruro terminale si è dimostrato notevolmente 

stabile e la sua funionalizzazione con CO viene qui riportata. Infine, la sintesi di composti 

eterolettici di uranio bassovalentiviene qui descritta. Tali composti possono servire come 

precursori per la sintesi di nuovi composti e possono rivelare interessanti proprietà magnetiche. 
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CHAPTER 1 

 

Introduction 

 

 

 
Parts of this chapter have been taken from  

L. Barluzzi, M. Falcone, M. Mazzanti, Chem. Comm., 2019, 55, 13031-13047 
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1.1. Uranium 

 

The mineral pitchblende has been used to add yellow colour to ceramics since Roman times. 

Throughout Middle Ages, in the region of Bohemia, the mineral was intensively extracted to 

provide yellow pigments for the local glass industry. In 1789, Klaproth was able to isolate a 

black powder from the mineral and, understanding the discovery of a new element, he called it 

uranium, named like the planet Uranus discovered 8 years earlier. In 1841, by heating uranium 

tetrachloride with potassium, the first sample of metallic uranium was isolated.  

Uranium concentration in earth’s crust is about 2-4 ppm and it is about 40 times more abundant 

than Ag. Uranium is mainly composed of two long lived isotopes, namely 238U (99.2739%, 

half-life of 4.5x109 years) and 235U (0.7204 %, half-life of 7.13x108 years), while other isotopes 

are only present as traces.1 Chemically, uranium is an actinide, possessing 5f orbitals in its 

electronic configuration (Figure 1-1). 

 

 

Figure 1-1. f-elements block comprising lanthanides and actinides, of the periodic table  

 

The chemical properties of the actinides are unique, being in between lanthanides and transition 

metals.1 Indeed, large ionic radii and unusual coordination numbers and geometries are 

accompanied by a radial extension of the 5f and the 6d orbitals, allowing an overlap with the 

ones of the ligand. 
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1.1.1. Survey of accessible oxidation states 

 

The radial expansion of the 5f orbitals is also responsible for the wide range of available 

uranium oxidation states.2 In aerobic conditions the only stable oxidation state is +6. The 

coordination chemistry of uranium in this oxidation state is dominated by the presence of the 

uranyl moiety UO2
2+

.
3,4,5 A notable example of non-uranyl U(VI) compounds is UF6, a key 

species for the uranium enrichment procedure in nuclear plants. Pentavalent uranium 

complexes also feature both uranyl (U(V)O2
+) and non-uranyl species. The tendency of the 

former to disproportionate in U(VI)O2
2+ and U(IV), though, renders a kinetic stabilization of 

those complexes necessary. While stable U(V)O2
+ complexes have been reported in organic 

media,6,7,8,9,10 only recently the first example of a water stable U(V)O2
+ has been reported.11 

Non-uranyl U(V) complexes have been reported from the oxidation chemistry of lower valent 

uranium species. U(IV) is a stable oxidation state for uranium and relatively easily accessible 

starting materials consist of UCl4 and UI4(dioxane)2. A plethora of U(IV) complexes have been 

obtained through salt metathesis reaction of the halide starting materials or through the 

oxidation chemistry of low valent species. Few uranium complexes in the strongly reducing 

and unstable +2 oxidation state have been recently reported.12,13,14,15,16,17 

 

1.2. Trivalent uranium complexes 

 

U(III) is a highly reactive and not readily accessible oxidation state. It has, indeed, a strong 

reducing potential, ranging from -1.5 to -2.9 V vs FeCp2
+/0 depending from the ligand 

environment12,18,19,20,21,22 and a large ionic radius (1.86 Å).23 Indeed, it reacts with traces of O2 

and H2O, thus a rigorously inert atmosphere is necessary for the manipulation of these 

compounds. The ligand plays also a crucial role in the stabilization of such a reactive oxidation 

state, since its oxidation or its disproportionation to U(IV) and U(0)7,24,25 must be avoided. The 

choice of the solvent, thus, is also limited and most of the time reactions involving the 

formation of U(III) complexes must be performed at low temperatures in order to prevent 

decomposition.  

The most commonly used U(III) precursor is the THF-solvated iodide [UI3(THF)4]. Even 

though many synthetic procedures have been reported, a convenient method consists in the 

oxidation of U turnings with I2 using 1,4-dioxane as a solvent. The so-obtained [UI3(1,4-

dioxane)1.5] can be extracted in THF in order to afford the desired complex. The salt metathesis 
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exchange of [UI3(THF)4] with 3 equivalents of KN(SiMe3)2 leads to the formation of another 

versatile precursor such as [U{N(SiMe3)2}3].26 Such a complex has the great advantage of 

being soluble in hydrocarbons, thanks to the apolar alkyl moieties of the bulky silylamido 

ligands, preventing the utilization of oxygenated solvents, such as ethers, which could 

undesirably react with the U(III) complex. The chemistry of U(III) compounds has been 

explored starting from these useful starting materials through salt metathesis of protonolysis 

reactions. As a general rule, the stabilization of U(III) complexes is performed with bulky 

ligands which provide at the same time electronic saturation. U(III) chemistry and stabilization 

have been explored with organometallic ligands, such as cyclopentadienyl derivatives, bulky 

monodentate ligands, such as aryloxides,27 and tripodal polydentate ligands.28,29  

 

1.3. Small molecules activation 

 

In the current energetic context, the search for renewable alternatives to fossil fuels is attracting 

increasing attention toward the chemical low energy conversion of cheap and largely available 

C1 sources such as CO2 and CO or N sources such as N2 into higher value organic molecules. 

CO2 is a cheap, very largely available renewable C1 source and as such the possibility of using 

it in fine chemical synthesis, or its conversion into liquid fuels is highly attractive.30 CO is 

readily available as part of syngas (CO + H2, usually obtained from coal or biomass) and is 

used as feedstock in the industrial Fischer–Tropsch process for production of alkanes, alkenes 

and alcohols. In this very energy demanding process, the reduction of CO by H2 is catalyzed 

by heterogeneous cobalt or iron catalysts under high temperatures and pressures (200–350 °C, 

20–44 bar). 

Furthermore, in spite of the importance in agriculture of ammonia derived fertilizers, the only 

industrial process that uses dinitrogen as feedstock is the Haber-Bosch. This process is 

currently used for the production of large amounts of ammonia from dinitrogen and 

dihydrogen, but requires a metal catalyst and harsh conditions (about 450 °C and 300 bar) and 

consumes about 2% of the world’s annual energy supply.  

The sustainable transformation of small molecules such as CO2 or N2 remain a very challenging 

problem due to the low reactivity of such molecules. Metal complexes have been widely used 

to promote activation of small molecules in mild conditions. Uranium compounds offer an 

attractive alternative to metals of s, p and d block due to its unique chemical properties.  
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1.3.1. Small molecule binding at mononuclear U complexes  

 

A few rare examples of mononuclear complexes of uranium complexes binding CO, 31, 32, 33 

N2,34 or CO2
35 in a terminal fashion were reported (Figure 1-2). In the carbonyl and dinitrogen 

U(III) complexes, the CO and N2 bonds are unchanged with respect to the free molecule 

suggesting a very low degree of activation. The ability of U(III) complexes to bind CO 

contrasts with the lack of reported carbonyl complexes of Ln(III) and is interpreted in terms of 

a more covalent U-C interaction. In contrast, an important degree of activation is reported for 

the bound CO2 in the [U{(AdArO)3tacn}(η1-OCO)] complex, which exhibits an unprecedented 

end-on bound CO2 unit. The structural and spectroscopic data suggested the presence of a 

U(IV) 5 complex of the charge-separated CO2
– radical anion (U(IV)–(OCO–).35 The unusual 

reactivity of [U{(AdArO)3tacn}] was explained in terms of the sterical protected environment 

provided by the bulky (AdArO)3tacn system that stabilises an end-on bound CO2
– radical anion. 

This was confirmed by the reactivity of the U(III) complex of the less bulky ligand system 

(tBuArO)3tacn, leading to CO2 cleavage and resulting in the formation of a very stable bridging 

oxo species and CO.36  

 

 

Figure 1-2. Coordinated carbon dioxide to uranium in a radical anion form (a); 

carbonyl complex of a U(III) complex (b); monometallic U(III) complex of N 2 (c). 
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1.3.2. Reactivity of U complexes with CO, CO2, and CS2 

 

Beside the very unique examples of terminal binding of a small molecule at a uranium 

monometallic complex, reduction of CO, CO2 or N2 at U(III) centres involves, in the vast 

majority of reported studies, mono-electron transfer by mononuclear and monometallic 

complexes of uranium (III). In most cases two mononuclear complexes bind the substrate in a 

bridging fashion and effect reduction to afford a dinuclear complex where two uranium(IV) 

centres are bridged by the reduced substrate. In these systems each uranium centre is involved 

in one-electron transfer process. Computational studies have shown that both uranium centres 

cooperatively participate in the activation of the substrate.  

In Scheme 1-1 some key examples of this type of reactivity with CO2,37 CS2,38 and CO39 are 

summarized. 

Reduction of CO2 resulted in the cleavage of one CO bond, reductive disproportionation and 

reductive dimerization depending on the electronic and steric properties of the supporting 

ligands.37  

CO reduction by U(III) mixed sandwich or amide complexes afforded a range of linear and 

cyclic homologation products (CnOn)2–, the ethynediolate (n = 2),39,40,41 deltate (n = 3),39 and 

squarate (n=4)42 dianions. 

Scheme 1-1. Carbon disulfide reduction (a), carbon monoxide reductive 

cyclotrimerization (b) and reductive disproportionation of carbon dioxide (c) by 

trivalent uranium metallocenes. 
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1.3.3. Dinitrogen activation 

 

The N-N triple bond in the dinitrogen molecule N2 is one the strongest bond in nature (945 kJ 

mol-1). Its apolar nature makes its activation even more difficult. Moreover, compared to CO, 

it is a much weaker -donor and a poorer π-acceptor, making its chemistry much less developed 

than the one of its isoelectronic analogue. Despite that, the ubiquitous presence of N2 and the 

industrial importance of its potential derivatives, mostly NH3, but also value-added chemical 

with N-C bond, makes the activation of N2 one of the biggest and more important challenges 

in modern chemistry. Despite the challenges, molecular complexes able to transform N2 into 

NH3 either catalytically of stoichiometrically have been reported in d-block chemistry.  

The only industrial process which use N2 as a feedstock to produce NH3 is the Haber-Bosch 

process, which uses an Fe on FeO heterogeneous catalyst. In its original patent in 1909, Haber 

reported that uranium and uranium nitride materials could be effectively used in the catalytic 

process. For the reasons already discussed previously, such as its availability as a spent nuclear 

fuel and its chemical differences with transition metals, the activation of dinitrogen by uranium 

complexes could be a solid alternative. 

However, only few examples of dinitrogen activation by molecular uranium complexes have 

been reported to date. The reaction of two U(III) complexes supported by various ligands leads 

to side-on bridged dinitrogen complexes where the extent of dinitrogen reduction varies from 

043  to -244,45 (Scheme 1-2). In most of these complexes N2 binding is reversible and any attempt 

to cleave or further functionalize the uranium bound dinitrogen resulted in N2 

displacement.43,45,44 
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Scheme 1-2. Reversible coordination/reduction of dinitrogen by U(III) complexes: side-on 

coordination (a); two electron reduction to afford the side-on N2
2– bridged diuranium(IV) 

complexes with Cp ligands (b) and aryloxide ligands (c). 

 

In 2016, P. Arnold reported the first example of a uranium complex with activated dinitrogen 

in which no reversibility is observed. In such a complex the bielectronic activation of 

dinitrogen affording the N2
2-

 ligand in a side-on coordination geometry was observed.46 Despite 

the irreversibility of the process, no further functionalization of the activated dinitrogen was 

observed. Recently, an end-on bound dinitrogen bridging a U and a Li metal centre which 

shows no reversibility has been reported by Liddle and coworkers. Interestingly, the dinitrogen 

in formed in situ in a reaction with adamantyl azide. Moreover, the N2 was bound to a high 

valent U(V) ion, proving that exceptionally electron-rich high valent complexes can effect N2 

binding.47  

 

 

 

 

Scheme 1-3. Irreversible two-electron reduction of N2 affording the complex 

[{U(OSi(Mes)3)3}2(−22-N2)]. 
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In most of these examples, the activated dinitrogen is in a side-on geometry bridging the two 

uranium centres. Such a coordination mode has also been observed in lanthanide complexes. 

Few molecular lanthanide complexes have been reported to activate dinitrogen, either in the 

+2 oxidation state or in +3 oxidation state in presence of an external reducing agent. The 

activation of dinitrogen in lanthanide complexes consist of a two-electron reduction of the 

substrate and the newly formed complexes are stable towards loss of dinitrogen under vacuum. 

Zr and Hf complexes have also been reported to activate dinitrogen and bind in a side-on 

bridging coordination mode in presence of a reducing agent. In these complexes a 4-electron 

reduction of dinitrogen is observed, affording the N2
4- ligand.48 In these complexes the 

functionalization of the activated N2 to give either NH3,49 N-H bond formation,50,51 or N-C52 

bond formation is reported. It is important to notice that in Zr complexes, small differences in 

the ligand environment could lead to dramatic changes in the activation and the subsequent 

functionalization of dinitrogen.53 

The formation of dimeric complexes anticipates that cooperative binding of the substrates in 

homo- or heteromultimetallic complexes could be a key in the activation of the substrate. 

Particularly relevant is the fact that the first example of two electrons reduction of N2 at a 

uranium centre was reported for an heterodimetallic U/Mo system (Scheme 1-4).54  

 

Scheme 1-4. Non reversible two-electron reduction of dinitrogen by an 

heterodimetallic U/Mo system.  

 

The only reported example of dinitrogen cleavage with a uranium complex was isolated from 

the reduction of the U(III) complex [(Et8-calix[4]tetrapyrrole)U-(dme)][K(dme)] under 

nitrogen and is likely to involve an highly reactive U(II) intermediate.55  

So far complete cleavage of the strong CO and N2 triple bond by a uranium(III) system has not 

been reported, but carefully tailored multimetallic complexes are able to effect such 

transformations. Recently, a U/Rh cluster was proven able to effect the full splitting of N2.56 A 
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similar system containing redox non innocent ligands containing P(III), was able to effect the 

complete splitting of N2 obtaining phosphinimide ligands.57  

In our group, the first example of 4-electron reduction of dinitrogen and its further 

functionalization in a uranium complex has been reported, but it will be described in more 

detail later in the text. Recently, a dimeric U(IV) metallacyclic complex was reported to reduce 

N2 with 4 electrons by P. Arnold and coworkers.58 Notably, the system was reported to behave 

as a catalyst for the formation of silylamines from N2 and Me3SiCl. 

 

1.3.4. Tris(tert)butoxy siloxide ligand 

 

A broad range of siloxide ligands have been used in d-block transition metal chemistry59 and 

to some extent in lanthanide chemistry.60,61,62,63 

However, beside the recent work from our group, only one additional example of the use of 

siloxides in uranium chemistry has been reported.46 Arnold and coworkers reported the reaction 

of the bulky trimesitylsilanol HOSi(Mes)3 (Mes = mesityl, 2,4,6-Me3C6H2) with ULN3 (N = 

N(SiMe3)2).46 The protonolysis reaction did not allow the isolation of a siloxide supported 

U(III) complex, but, when performed under dinitrogen atmosphere, leads to the isolation of the 

dinitrogen complex {[U{OSi(Mes)3}3]2(μ-η2:η2-N2)} as previously described. The ligand 

adopted in the work in our group is the tris(tert)butoxysiloxide. 

Siloxide ligands which possess three equivalent groups are considered to occupy a regular cone 

of space around the metal just as in Cp derivatives.64 The presence of the Si-O bond in siloxide 

ligands renders them less basic and less donating compared to alkoxides. Indeed, empty low-

lying 3d/* orbitals that are present in the R3Si- moiety can interact with pπ-orbitals of oxygen, 

making the O(pπ)→M(dπ) less effective, thus being of great utility when supporting low valent 

metals. The presence of electron withdrawing substituents on the Si makes these processes 

even more effective. The tris(tert)butoxysiloxide ligand can bind the metal center in different 

ways, as shown in Figure 1-3, thus increasing the stability and the flexibility of the ligand 

framework, also allowing the formation of multinuclear complexes. In the small molecule 

activation framework, the decreased basicity of the siloxide ligands makes them less prone to 

insertion of small molecules in the M-L bond as found for monodentate phenoxides45 or 

amides.65 
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Figure 1-3. Different binding modes of the tris(tert)butoxysiloxide ligands 

 

1.3.5. Synthesis of uranium siloxide complexes 

 

The homoleptic U(IV) complex [U(OSi(OtBu)3)4] is easily obtained from the reaction of 

[UI4(OEt2)2] with the potassium salt of the tris-tertbutoxysiloxide ligand (Scheme 1-5).66  

 

 

Scheme 1-5. Formation of [U(OSi(OtBu)3)4] and its reduction with KC8 in presence or 

absence of crown ether 

 

The solid-state structure of crystals of isolated from hexane67 clearly shows the ability of the 

siloxide ligand to act as a polydentate supporting ligand in the absence of coordinating solvents 

or other substrates. The structure of 1 isolated from THF or Pyridine shows that the butoxy 

oxygen atom can be easily displaced by coordinating substrates such as THF or Pyridine.66  

The reaction of [U(OSi(OtBu)3)4] with 1 equiv of KC8 in THF at room temperature leads to the 

formation of the neutral heterodimetallic U(III) ate complex [KU(OSi(OtBu)3)4] in 83% yield. 

This complex is stable in solid state and in solution up to 100 °C. 1H NMR studies showed that 

the potassium cation remains bound in toluene solution in the pocket formed by the oxygen 

atoms of the siloxide ligands confirming the heterodimetallic nature of the ate complex. 

Addition of crown ether to [KU(OSi(OtBu)3)4]  affords the ion-pair analogue 

[K(18c6)][U(OSi(OtBu)3)4].68  
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The homoleptic dinuclear complex of U(III) [U(OSi(OtBu)3)3]2 can be synthesised in high yield 

from the metathesis reaction of the tris amide complex [U(N(SiMe3)2)3] with the silanol ligand 

(Scheme 1-6).67 This dinuclear complex is stable in the solid state and in hexane at -40°C, but 

decomposes slowly at room temperature. 

 

 

 

Scheme 1-6. Synthesis of a dinuclear U(III) siloxide complex, its reaction with 

toluene, and its thermolysis 

 

Decomposition is fast when the solid is heated at 80° affording the dinuclear U(IV) complex 

[U(OSi(OtBu)3)2(µ-O2Si(OtBu)2)]2. This reaction involves the oxidative cleavage of two 

tertbutyl groups from the siloxide ligand affording a new dianionic silandiolate ligand.69 The 

heteroleptic complex  can be reduced with potassium to afford the new U(III)-U(III) complex 

[K(THF)U(OSi(OtBu)3)2(μ-O2Si(OtBu)2)] in high yield. Such a compound is the first example 

of a U(III) complex containing both siloxide and silandiolate ligands, and provides a potential 

precursor for reactivity studies. 

The diuranium(III) siloxide complex reacts with toluene, reducing it to afford the inverted 

arene sandwich [{U(OSi(OtBu)3)3}2(µ-6:6-C7H8)], which was identified as the product of 

two-electron reduction of toluene (U(V)-(arene)4--U(V)). The dimeric U(III) siloxide complex 

also dissociates in coordinating solvents (THF) to afford the mononuclear solvate analogue. 

These complexes provide a versatile platform to investigate cooperative effects in small 

molecule activation by U(III) complexes. 
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1.3.6.  Reactivity of uranium siloxide complexes with 

heteroallenes 

 

In Scheme 1-7 the reactivity of U(III) siloxide complexes with CO2 in ambient conditions is 

summarized. 

 

 

 

Scheme 1-7. Carbon dioxide reduction reactions a) with the dinuclear U(III) complex 

to give the bridging carbonate dinuclear U(IV) complex b) by the ion pair complex to 

give the U(IV) carbonate complex and c) by the heterodimetallic complex to give the 

U(V) terminal oxo complex. 

 

The dinuclear tris-siloxide complex effects the reductive disproportionation of CO2 to afford 

the carbonate-bridged diuranium(IV) complex [{U(OSi(OtBu)3)3}2{µ-η1:η2-CO3}], and CO.67 

The reductive disproportionation of CO2 to CO and uranium carbonate derivatives had been 

previously reported for mixed sandwich U(III),37 and tris(aryloxide) systems. However, the 

reaction mechanism proposed for the reaction of [U(OSi(OtBu)3)3]2 with CO2 on the base of 

DFT computational studies differs significantly from the previously reported systems. In the 

case of mononuclear U(III) complexes of polydentate tris(aryloxide) and mixed sandwich 

ligands, a diuranium(IV) oxo bridged intermediate was postulated to form upon extrusion of 

CO from a bimetallic intermediate species [U(IV)]–(CO2
2−)–[U(IV)]. The oxo dimer further 
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insert a second CO2 molecule to afford the final carbonate.70,71 In contrast, in the case of 

[U(OSi(OtBu)3)3]2, the carbonate complex formation occurs through an alternative mechanism 

where the attack of CO2 and release of CO are concerted.67  

This alternative concerted mechanism of CO2 reduction is probably favoured by the dinuclear 

nature of the complex, which is so far the only dinuclear complex of uranium reported to 

activate CO2. The reactivity of [U(OSi(OtBu)3)3]2 with carbon dioxide contrasts with that 

reported for mononuclear uranium(III) complexes supported by monodentate aryloxide or 

amide ligands, for which no carbonate adducts were isolated and multiple reduction and 

insertion products were identified.45,65 This could be ascribed to the different electronic and 

steric properties of the siloxide supporting ligand confirming the interest of siloxide as 

alternative ancillary ligand in U(III) chemistry. However, the role of the dimetallic nature of 

the complex should not be underestimated. 

The ion pair complex [K(18c6)][U(OSi(OtBu)3)4] readily reacts in ambient condition with CO2 

to afford CO, the terminal U(IV) carbonate complex [(18c6)K(μ-η1:η2CO3)U(OSi(OtBu)3)4K] 

and the already described U(IV) tetrasiloxide complex. The terminal carbonate complex shows 

increased stability compared to the bridging one with respect to ligand disproportionation over 

time in toluene solution. The presence of the coordinating [K(18c6)]+ cation binding the 

carbonate group may play a role in the stabilization of the mononuclear product.68  

Thus, both the dinuclear tris-siloxide complex and the mononuclear tetrasiloxide one promote 

selectively the reductive disproportionation of CO2. This reactivity is remarkably different 

from the one with CS2. Notably the tris-siloxide leads to a stable [{U(OSi(OtBu)3)3}2{ -CS2
2-

}] intermediate, while both reductive disproportionation and reductive dimerization of CS2 

were observed with the bulky tetrasiloxide complex. The pathway leading to reductive 

dimerization of CO2 to oxalate was not observed for [U(OSi(OtBu)3)3]2. Oxalate formation 

from CO2 is rare and only three examples have been reported for uranium(III) that were 

obtained as the kinetic products of the reaction controlled by steric effects.72,73,74 In contrast, 

the heterodimetallic complex [KU(OSi(OtBu)3)4] shows a dramatically different and 

unprecedented (in uranium chemistry) reactivity with CO2. The complex effects the two-

electrons reduction of CO2 in ambient conditions leading to the terminal U(V) oxo complex 

[UO(OSi(OtBu)3)4K], and CO. 68 This reaction is the first example of the two-electron 

reductive cleavage of CO2 mediated by a single U(III) complex. One example of two-electron 

reduction of CO2 had been previously reported but involved the concerted oxidation of two 

U(III) complexes.36 Notably, addition of carbon dioxide to the U(III) complex 
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[((tBuArO)3tacn)U] resulted in the formation of a oxo-bridged diuranium(IV) species with 

extrusion of carbon monoxide. In general, all previously reported examples of CO2 reduction 

by U(III) complexes involve one-electron transfer by two metal complexes.72,73,74,75 The 

reactivity of the heterodimetallic complex is remarkable both because two-electron redox 

transfer is generally rare in uranium chemistry66,76,77,78,79,80,18 and terminal U(V) oxo complexes 

are not common. Notably, the formation of terminal uranium(V) oxo complexes from the 

reaction of U(III) with oxo-transfer reagents requires the use of bulky ligands preventing the 

formation of more stable dinuclear oxo-bridged U(IV) complexes and a careful choice of the 

oxo-transfer agents.81  U(V) mono-oxo complexes have also been obtained by the reductive 

cleavage of nitrite by a U(IV) complex,82 and from the metathesis of a U(V)−imido complex 

with CO2.83 The dramatic difference in the reactivity of complexes [KU(OSi(OtBu)3)4] and 

[K(18c6)][U(OSi(OtBu)3)4] with carbon dioxide was explained in terms of the presence of a 

coordinated potassium cation in proximity to the uranium centre in the heterodimetallic 

complex. The association of a highly reducing U(III) ion and an electropositive potassium 

cation is likely to result in the cooperative binding and activation of carbon dioxide. A similar 

coordination mode has been characterized at a CoI-M (M= Li, Na) site.84 DFT studies support 

the significant influence of the potassium atom as well as the cooperative effect between the 

metal centres in CO2 transformation.68  

 

1.3.7. Reaction of U(III) siloxide complexes with organic and 

metal azides 

 

The diuranium(III) complex [U(OSi(OtBu)3)3]2 and the ion pair complex 

[K(18c6)][U(OSi(OtBu)3)4] show a different reactivity with organic azides. The homodinuclear 

complex [U(OSi(OtBu)3)3]2 reacts with adamantyl azide affording the U(IV) complex 

[U(OSi(OtBu)3)4] and a dinuclear bis-imido complex of uranium(VI) 

[U2(NAd)4(OSi(OtBu)3)4]. The bisimido complex presents a cation-cation interaction85 (CCI) 

between two [U(NAd)2]2+ units with a U-N-U angle of 108.4(5)° and a non-planar arrangement 

of the two imido groups. Both [U(NAd)2]2+ motifs are nearly linear and can be seen as nitrogen 

analogues of the UO2
2+ moiety. The dinuclear complex provided the first example of a 

uranium(VI) trans-bisimido complex showing a cation-cation interaction between the two 

imido groups. 
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Examples of dinuclear bis-imido complexes are rare in uranium chemistry86,87 and they all 

present a diamond-shaped geometry. The reaction is likely to proceed with the formation of a 

U(V) azide that then undergoes disproportionation to U(VI) and U(IV) accompanied by ligand 

scrambling.  

In contrast, the bulky environment provided by the four siloxide in the complex ion pair 

complex prevents disproportionation during the reaction with the bulky adamantyl azide 

affording a stable U(V) terminal imido complex. Less bulky amides, such as TMS-azide, failed 

to stabilize the U(V) complex. Probably the bulky environment provided by the siloxide ligands 

and the adamantyl substituents are key in preventing U(V) disproportionation. The tendency 

of U(V) imido complexes to undergo disproportionation, even if to a less extent that uranyl(V) 

compounds,88,89,10 is probably the reason of the limited number of isolated compounds reported 

in the literature. However, such complexes may provide desirable precursors for reactivity 

studies or synthesis of otherwise non accessible compounds such as the terminal U(V) sulfide.  

In view of the high reactivity of the U(III) siloxide complexes with heteroallenes, we became 

interested in investigating the reactivity with the isoelectronic azide (N3
-) ligands as a possible 

route to uranium nitride complexes. Metal azides are indeed known as versatile precursors for 

the obtention of nitride complexes.  

Uranium nitrides are of great fundamental interest for investigating multiple M-Ligand 

bonding and nitride transfer reactivity. The synthesis and study of molecular nitride complexes 

is also attractive because of the importance of UN materials as potential alternative nuclear 

fuel. 1,90,91 Moreover, an high activity of UN materials in the catalytic conversion of N2 and H2 

to NH3 was reported by Haber.  

While the first example of an isolable uranium nitride molecular complex was reported by 

Gambarotta and coworkers,55 the obtention of these species from the splitting of N2 is a 

challenging task. The synthesis of uranium nitrides could, therefore, be performed in a more 

widely applicable way from the reaction of low valent uranium complexes with metal azides. 

The first uranium nitrides derived from azide compounds were obtained by Evans and then by 

our group from the reaction of U(III) complexes with metal azides but lead to multimetallic (3-

8 uranium atoms) clusters containing both bridging nitrides and bridging azide ligands.92,93 

A series of stable nitride bridged diuranium, (U(IV)/U(IV); U(V)/U(IV); U(V)/U(V)) 

complexes containing a linear U=N=U motif were subsequently reported by Cummins and 

coworkers. The parent diuranium(IV) complex was prepared from the reaction of a U(III) tris-

amide species with unprotected azide and then stepwise oxidized.94 The obtention of terminal 

uranium nitride moieties is even rarer and requires the use of bulky ligands to protect the 
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reactive moiety. Only a handful of additional examples of dinuclear and terminal nitrides have 

been reported to this date from the reaction of U(III) with azides, suggesting that the choice of 

reaction conditions and supporting ligands is critical in the isolation of stable uranium nitrides. 

66,77, 91, 95,96,97,98,99,100,101,102, 103 ,104,105, 106 

We found that only the dinuclear complex [U(OSi(OtBu)3)3]2 would react in a controlled 

manner with metal azides to afford a nitride compound in high yield. In contrast, the reaction 

of the bulky tetra-siloxide complex with cesium azide led to the formation of multiple products 

from which we could isolate only a few crystals of the U(IV) azido complex 

[K(18c6)U(N3)(OSi(OtBu)3)4],  and of the di µ-nitride diuranium(V) complex [KU(µ-

N)(OSi(OtBu)3)]2.66  (Scheme 1-10). 

 

 

Scheme 1-8. Reaction of the ion-pair uranium(III) complex with cesium azide 

 

If a synthetic route to the terminal azide complex could be identified it could provide access to 

a terminal nitride complex. The most interesting features in the structure of bis nitride complex 

is the presence of two nitride atoms bridging two U(V) centres in a diamond-shaped geometry. 

Such a complex is the first example of a U2N2 core isolated from the reaction of U(III) with 

azides. The formation of this unprecedented U(V)/U(V) complex may involve a highly reactive 

U(V) terminal nitride intermediate that affords the bis(nitride) complex trough the loss of one 

siloxide ligand. The crowded environment and the high complex charge result in a low stability 

of the putative terminal nitride intermediate and in the impossibility to trap it. This is in line 

with the high reactivity demonstrated by the elusive uranium nitride intermediate 

[UN{N(SiMe3)2}(C5Me5)2] which engages in intramolecular C-H bond activation107,108 and by 

the isolated terminal U(V) nitride.77 The reaction of [U(OSi(OtBu)3)3]2 with CsN3 (Scheme 1-

11) affords the nitride bridged diuranium(IV) complex [Cs(μ-N){U(OSi(OtBu)3)3}2] in 47% 

yield.66  
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Scheme 1-9. Synthesis of a bridging nitride diuranium(IV) complex bearing siloxide 

coligands 

 

The reaction is likely to proceed via the formation of an azide-bridged complex that eliminate 

dinitrogen to afford the final nitride. The solid-state structure of the complex consists of a 

heterotrinuclear (U,U,Cs) complex where two U(IV) cations are held together by a bridging 

nitride N3- ligand in a nearly linear fashion (U-N-U angle : 170.2(3)°) with short U-N nitride 

bond distances (U1-N1 2.058(5) Å, U2-N1 2.079(5) Å) in agreement with the presence of a 

multiple U=N bond. These values are similar to those found in other nitride-bridged 

diuranium(IV) complexes presenting a linear U=N=U fragment (U=N distance ranging 

from 2.05 to 2.09 Å and U-N-U angle ranging from 159 to 175 °).93,94,96,102,106 An 

important structural feature of the complex compared to the other linear nitride-bridged 

U(IV)/U(IV) complexes is its heteropolymetallic neutral nature. Notably, the six 

siloxides act as multidentate bridging ligands binding the Cs+ cation through 6 tert-

butoxy oxygen atoms. The Cs+ cation lies at the apical position of the nitride ligand and 

remains bound in a solution of toluene or THF as indicated by the fact that a different species 

is obtained upon addition of cryptand to a solution of [Cs(μ-N){U(OSi(OtBu)3)3}2]. 

Surprisingly all nitride complexes reported up to 2016 contained uranium in high oxidation 

state (U(IV), U(V), U(VI) in spite of the fact that one of the global objectives behind the 

synthesis of these species was to model the properties of U(III)N material. 

In our group, we investigated the reduction of the diuranium(IV) complex nitride complex with 

different reducing agents. Its stepwise reduction with 1 equiv or a large excess of Cs0 in THF 

at -40°C and under argon afforded the U(III)/U(IV) complex Cs2{(µ-N)[U(OSi(OtBu)3)3]2} and 

the U(III)/U(III) complex Cs3{(µ-N)[U(OSi(OtBu)3)3]2} respectively (Scheme 1-12).100 
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Scheme 1-10. Synthesis of U(III)-U(IV) and U(III)-U(III) bridging nitride complexes 

  

When the diuranium(IV) nitride complex is reacted with excess KC8 (10 equivs) in THF at −70 

°C, the potassium analogue [K3{[U(OSi(OtBu)3)3]2(-N)}] was isolated in 70% yield.109  

The nature of the cation bound to the U(III) complexes has a strong impact on their solution 

and solid-state stability. The caesium analogue is stable only few hours even at low temperature 

rendering more difficult the study of its reactivity. The solid-state structure of the U(III)/U(IV) 

and U(III)/U(III) nitrides presents respectively two and three cations bound in the pockets 

formed by the siloxide ligands. The cations also bind the nitride group in a linear or triangular 

fashion. In the U(III)/U(III) complexes the strong binding of the cation (K+ or Cs+) creates a 

flexible metallo-ligand framework that holds together the two uranium centres in close 

proximity. The cations could not be removed by addition of cryptand, showing that they are 

tightly bound. In all these U(III) containing complexes, the values of the U-N distances in the 

Cs2UIIINUIV, Cs3UIIINUIII, and K3UIIINUIII complexes and the linear arrangement of the UNU 

core suggest the presence of UIII-N multiple bonding. The variation in the U=N bond lengths 

with variation of the oxidation state in the CsxUNU cores is larger than what observed in linear 

UIVNUIV and UVNUV cores supported by bulky amides. This larger difference is most likely 

due to the presence of a different number of bound cations bound in the siloxide complexes 

leading to a reduced electron density in the UNU core. 
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1.3.8. Uranium nitride complexes 

 

The study of the reactivity of metal nitrides is of high relevance for the future development of 

catalytic processes directed to build organic molecules with added value such as amino acids, 

pharmaceuticals or agrochemicals110 from cheap raw material such as N2, CO2, CO. N-C bond 

formation reactions are particularly important in this context.111 Metal nitrides are important 

intermediates in the biological and industrial conversion of N2 to ammonia and N-H formation 

is a crucial step in both processes. In this context, a wide range of studies has been directed to 

the development of metal complexes able to effect dinitrogen transformation in mild 

conditions.112,113 Particularly desirable would be the use of cheap and/or largely available 

molecules such as H2, CO or CO2 in combination with dinitrogen for the synthesis of amines 

and new organic products. However, examples of direct dinitrogen cleavage by H2, CO or CO2 

are extremely rare. 52,50 

Examples of N-C bond formation from the reaction of carbon dioxide114,115,116,117 or carbon 

monoxide 99,118,119,120,121,122 with activated nitride complexes of transition metals or 

hydrogenolysis by d block metal nitrides are also extremely rare.123 

These reactions may involve electron transfer from the metal to the substrate or just the 

functionalization of the nitride group. 

Very little is known of the reactivity of uranium nitrides in spite of their relevance in nuclear 

industry124 and their activity as catalysts125 in the Haber process. Prior to studies from our group 

of the reactivity of uranium nitrides, a seminal study from the Cummins group of the reactivity 

of the UVNUV core supported by bulky amides fragment with nucleophilic NaCN showed that 

the cyanide acts as a two-electron reducing agent while inserting into the electrophilic nitride 

to yield a UIVN=C=NUIV species.94 The same complex was reported not to react with carbon 

monoxide. In contrast the terminal uranium(V) nitride [U(TrenTIPS)(N)][Na(12C4)2] 

(TrenTIPS= N(CH2CH2NSiiPr3)3) effects the two electron oxidation of CO to afford cyanate 

via attack of the nucleophilic nitride to the antibonding orbitals of CO.99 The anionic U(V) 

terminal nitride complex was reported to activate CO2 by splitting the C=O double bond and 

forming a U(V) terminal oxo complex. The activation of CS2 by [U(TrenTIPS)(N)]- also 

involves the splitting of a C=S double bond but the disproportionation of U(V) to U(IV) and 

U(VI) is observed. From this reactivity, no terminal sulphide could be isolated due to its fast 

reactivity with a second molecule of CS2 to afford a terminal CS3
2- ligand. 126 The 

hydrogenation of the U(V) terminal nitride complex resulted in the two-electron reduction of 
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the U center and the protonation of the nitride ligand, resulting in the formation of a terminal 

U(III)-NH2 species. When the hydrogenation was performed in presence of a Lewis Acid, such 

as B(Mes)3, a Frustrated Lewis Pair mechanism is envisaged and the formation of a terminal 

U(IV)-NH2 complex together with B(Mes)3
.- radical anion was observed. 105 

The oxidation of [U(TrenTIPS)(N)]- with I2 afforded the only reported example of U(VI) 

terminal nitride [U(TrenTIPS)(N)]. 127 [U(TrenTIPS)(N)] is able to undergo reductive 

carbonylation with CO 99 and to cleave one C=O double bond of CO2 affording a terminal oxo 

species. 126 The reaction of [U(TrenTIPS)(N)] with CS2 involves the cleavage of a C=S double 

bond and the formation of elemental sulfur S. No reactivity of the terminal nitride with H2 was 

observed even in presence of Lewis Acids.105  

 

Scheme 1-11. Summary of the reactivity of the complex [U(TrenTIPS)(N)]- with small 

molecules 
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Scheme 1-12. Summary of the reactivity of the complex [U(TrenTIPS)(N)] with small 

molecules 

 

 

While the addition of azides to U(III) complexes was reported to afford U(V) terminal nitride 

complexes,77,102,103 the formation of a U(VI) terminal nitride from the reaction of a U(IV) 

complex with azides has never been reported. The photolysis of of U(IV) terminal azide 

complexes has been investigated but failed to to afford isolable terminal nitride species. Despite 

that, the formation of a transient U(VI) terminal nitride species upon irradiation of a U(IV) 

terminal azide complex supported by Cp* and N(SiMe3)2
- ligands was postulated by Kiplinger 

and coworkers. 107 In these conditions, the transient terminal nitride was reported to activate a 

C-H bond of the ligand framework under photolytic conditions. Recently, a transient terminal 

nitride could be trapped by in situ photolysis of a U(IV) terminal azide in presence of a cyanide. 

Photolysis in absence of external substrates yielded a C-H activation product.108 The 

photochemical reactivity of the U(VI) terminal nitride complex [U(TrenTIPS)(N)] towards C-

H bonds was also reported by Liddle and coworkers. The same product could be obtained by 

photolysis of the parent terminal azide complex [U(TrenTIPS)(N3)].  
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Scheme 1-13. Photolysis of U(IV) terminal azide complexes 

 

1.3.9. Reactivity of siloxide-supported nitride bridged 

                    complexes 

These results seemed to point to a reduced reactivity of uranium bound bridging nitrides and 

incited us to explore the reactivity of siloxide supported nitride bridged complexes. We noticed 

early on that the diuranium(IV) nitride supported by siloxide ligands is stable in solution at -

40°C for several months but undergoes decomposition at higher temperatures. Its overnight 

thermolysis at 80°C in toluene solution resulted in its complete transformation to afford the 

new imido bridged siloxide/silandiolate diuranium(IV) complex Cs{(µ-NtBu)(μ-

O2Si(OtBu)2)U2(OSi(OtBu)3)5} in 65% yield. The thermolysis reaction leads to cleavage of a 

C-O bond of one siloxide ligand and to tert-butyl group transfer to the bridging nitride resulting 

in the formation of a new N-C bond. This reactivity demonstrated the strong nucleophilic 

character of the bridging nitride in [Cs(μ-N){U(OSi(OtBu)3)3}2]. Thus, its reactivity with small 

molecules has been investigated, as reported in Scheme 1-14. 
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Scheme 1-14. Thermolysis and reactivity with CS2, CO2, CO and H2 of the 

diuranium(IV) bridging nitride 

 

[Cs(μ-N){U(OSi(OtBu)3)3}2] acts as a strong nucleophile towards CS2, CO2
128 and CO129 

leading to C-S or C-O cleavage and N-C bond formation yielding respectively the 

thiocyanate/trithiocarbonate complex Cs{(µ-NCS)(µ-CS3)[U(OSi(OtBu)3)3]2}, the 

oxo/cyanate complex Cs{(µ-NCO)(µ-O)[U(OSi(OtBu)3)3]2}, and the oxo/cyanide complex 

Cs[{U(OSi(OtBu)3)3}2(μ-CN)(μ-O)], respectively. The high nucleophilic character of the 

U(IV)/U(IV) nitride leads to complete cleavage of the CO triple bond. The resultant cyanide is 

easily alkylated by MeOTf to afford MeCN that was identified by using 13C NMR 

spectroscopy. 

Addition of excess (more than 3 equivs) CO2 to the bridging nitride complex [Cs(μ-

N){U(OSi(OtBu)3)3}2] led to the unprecedented electrophilic addition of 2 CO2 molecules to 

the bridging nitride affording the bis-carbamate complex Cs{(µ -NC2O4)[U(OSi(OtBu)3)3]2}. 

This reactivity confirms the high nucleophilic character of the bridging nitride. The CsUNU 

core behaves as a Frustrated Lewis Pair and such reactivity encouraged to explore its 

ability to cleave H2. In spite of their relevance in biological and industrial dinitrogen 

reduction the formation of imido-hydrido species from H2 addition to metal-nitrides or metal-

dinitrogen complexes remains extremely rare.130,131 The bifunctional Lewis acid-Lewis base 

character of [Cs(μ-N){U(OSi(OtBu)3)3}2], led to the reversible heterolytic cleavage of 
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dihydrogen under ambient conditions to afford the reversible formation of the parent imide-

hydride complex [Cs{U(OSi(OtBu)3)3}2(-H)(-NH)].132 This complex can transfer the 

hydride to acetonitrile and CO2 to afford azavinylidene and formate insertion products 

respectively. Recently, the hydrogenation of a terminal U(V) nitride was reported.105 

The diuranium(III) nitride complex Cs3{(µ-N)[U(OSi(OtBu)3)3]2}, shows a limited stability in 

solution even at -40°C, but ligand based reactivity was observed with CS2. The reaction 

between Cs3{(µ-N)[U(OSi(OtBu)3)3]2}, and 1 equiv of CS2 in thf at -40°C immediately led to 

the isolation of the complex [(Cs(THF))2{[U(OSi(OtBu)3)3]2(μ-S)2}] in 25% yield.100 When 

the reaction is repeated with the 13C enriched 13CS2, the 13C NMR of the solid reaction mixture 

in D2O revealed the presence of N13CS- in solution, suggesting the transfer of the nitride ligand 

and the concomitant cleavage of a C=S double bond. The oxidation of the U ions from U(III) 

to U(IV) indicates that metal- based reactivity has also occurred and that other unidentified 

species must be formed. The presence of the complex [(Cs(THF))2{[U(OSi(OtBu)3)3]2(μ-S)2}] 

and N13CS- together with unidentified species has been detected also when reacting the mixed-

valent complex the complex Cs2{(µ-N)[U(OSi(OtBu)3)3]2} and one equiv of 13CS2 in toluene 

at -40°C. More remarkable is the ability of complex Cs3{(µ-N)[U(OSi(OtBu)3)3]2}, to react 

with dinitrogen at ambient conditions. The concomitant formation of decomposition products, 

though, prevented the successful isolation of the newly formed species. The increased stability 

of [K3{[U(OSi(OtBu)3)3]2(-N)}] in solid state and in solution makes it, in fact, a better 

candidate to investigate the reactivity towards dinitrogen. When [K3{[U(OSi(OtBu)3)3]2(-

N)}] is exposed to an atmosphere of N2 in solid state or in a toluene solution, the complex 

[K3{[U(OSi(OtBu)3)3]2(μ-N)(-2:2-N2)} formed in 68% yield. The dinitrogen undergoes a 

four-electron reduction to N2
4- concomitantly with the oxidation of each U ion from U(III) to 

U(V).109 Theoretical investigation suggests that the removal of a Cs+ is more favourable than 

the analogue process with K+.133 Thus, upon the rearrangement of the siloxide framework 

required to bind N2, decomposition processes are more favoured in Cs3{(µ-

N)[U(OSi(OtBu)3)3]2} than in [K3{[U(OSi(OtBu)3)3]2(-N)}]. The N2 binding and 

functionalization reactivity is summarized in Scheme 1-15. 
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Scheme 1-15. Reactivity with N2 of the diuranium (III) bridging nitride affording the nitride 

hydrazido bridged diuranium (V) complex and its subsequent reactivity with H+, CO, and H2. 

  

The oxidation state of the U ions and the extent of dinitrogen reduction in 

[K3{[U(OSi(OtBu)3)3]2(μ-N)(-2:2-N2)} was confirmed by SQUID magnetometry, EPR, 

and Raman spectroscopy. The X-ray crystal structure of [K3{[U(OSi(OtBu)3)3]2(μ-N)(-2:2-

N2)} shows that the UNU angle changes from 173.7(8)° to 106.0(5)° compared to its U(III) 

nitride precursor. Such a striking difference in the UNU angle upon binding and reduction of 

N2 confirms the ability of the siloxide ligands to create a flexible ligand framework which holds 

together the two uranium centres during the reaction with dinitrogen. Four-electron reduction 

of dinitrogen is known for group 4 d-metals.134 but is unprecedented in f element chemistry, 

Moreover, until very recently, N2 functionalization had never been reported for dinitrogen 

complexes of f-elements which usually undergo N2 displacement upon addition of H2 or CO. 

The protonation reaction of the complex [K3{[U(OSi(OtBu)3)3]2(μ-N)(-2:2-N2)} with 1 

equiv of 2,4,6-tri-tertbutylphenol led only to nitride protonation and to the formation of the 

mono protonated complex [K2{[U(OSi(OtBu)3)3]2(μ-NH)(-2:2-N2)}.  



 

 38 

In contrast, when the same complex is reacted with stronger acids such as PyHCl, HCl or 

HBArF, the protonation of the hydrazido ligand also occurs. When [K3{[U(OSi(OtBu)3)3]2(μ-

N)(-2:2-N2)}is reacted with 2 equivs of PyHCl, in fact, crystals of the complex 

[K2{[U(OSi(OtBu)3)3]2(μ- NH)2(-Cl)} have been obtained. Moreover, when 20 equivs of 

PyHCl are added to [K3{[U(OSi(OtBu)3)3]2(μ-N)(-2:2-N2)}and d6-dmso is added to the 

solid crude reaction mixture, 14NH4Cl can be identified in the reaction mixture by 1H NMR 

spectroscopy. A mixture of 14NH4Cl and 15NH4Cl, distinguishable in the 1H NMR spectrum by 

their different multiplicity, is observed when the reaction is repeated with 

[K3{[U(OSi(OtBu)3)3]2(μ-N)(-2:2-15N2)}, suggesting that the nitride and hydrazide groups 

can exchange. The yield in NH4
+, detected by quantitative 1H NMR spectroscopy, ranges from 

25% to 42% depending on the acid used, but can be increased by performing a preliminary 

reduction of [K3{[U(OSi(OtBu)3)3]2(μ-N)(-2:2-N2)} with H2. Hydrogenation of N2 with H2 

is a highly desirable feature, even though it has been accomplished only for a few complexes. 

[K3{[U(OSi(OtBu)3)3]2(μ-N)(-2:2-N2)} is completely consumed when exposed to 1 atm of 

H2 at RT for 2-3 weeks. The 1H NMR spectrum of the final reaction mixture is uninformative, 

and no NH3 could be detected in the headspace of the reaction mixture. Nevertheless, when an 

excess of HCl in ethereal solution is added to the crude reaction mixture, quantitative 1H NMR 

spectroscopy in d6-dmso reveals the formation of NH4Cl in 77% yield, suggesting that 

reactivity with H2 actually affords the cleavage of the N-N single bond of the hydrazido 

ligand.109 

Reactivity of [K3{[U(OSi(OtBu)3)3]2(μ-N)(-2:2-N2)} (K2UN(N2)U) and 

[K2{[U(OSi(OtBu)3)3]2(μ-NH)(-2:2-N2)}] with CO also provides the first examples of N 

functionalization of bound dinitrogen in f element complexes. The reaction of complex 

K2UN(N2)U with an excess of CO affords the complex [K2{[U(OSi(OtBu)3)3]2(-O)(-

NCO)2}] in 68% yield. The 13C NMR analysis of the reaction mixture when 13CO is used also 

reveals the concomitant formation of K13CN. Thus, both reductive carbonylation and cleavage 

of the CO triple bond are achieved by, respectively, the hydrazido and the nitride ligands. The 

reduced reactivity of the imido ligand compared to the nitride one leads to a different reactivity 

towards CO. In fact, the reaction of complex [K2{[U(OSi(OtBu)3)3]2(μ-NH)(-2:2-N2)} with 

excess CO affords the mixed valent U(III)/U(IV) complex [K2{[U(OSi(OtBu)3)3]2(μ-NH)(-

NCO)}] in 70% yield. While no free HNCO or CN- could be detected by 13C NMR 

spectroscopy when 13CO is used for reactivity, N2 could be detected by GC-MS of the 

headspace of the reaction mixture. Thus, in this case, the addition of CO leads to 
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disproportionation of the hydrazido ligand. Attempts to reduce [K2{[U(OSi(OtBu)3)3]2(μ-

NH)(-NCO)} to regenerate the diuranium(III) complex have not been successful so far. If 

such reduction could be easily performed, the catalytic generation of cyanate from CO and N2 

may become accessible. 

 

1.4. Magnetic properties and exchange coupling in uranium complexes 

 

While the magnetic behaviour in transition metals has been intensively studied,135 the magnetic 

behaviour in actinides is far less understood due to the lack of a theoretical model. The 

electronic structure of actinide ions is, indeed, far more complex than the one of transition 

metals or even lanthanides. Neither the Russel-Saunders method or the j-j coupling one are, 

indeed, adequate to describe the free ion electronic structure. The ligand field also plays an 

important role in determining the electronic structure of uranium complexes. Accordingly, the 

static magnetic properties of uranium compounds cannot be modelled either by a spin-only 

formalism or by the Landè formula. The Landè formula predicts a value of the magnetic 

moments of uranium complexes at room temperature of 3.62 and 3.58 µB for U(III) and U(IV) 

respectively. Thus, the room temperature magnetic moments cannot be used unambiguously 

assign oxidation states. Moreover, experimentally the values of magnetic moments vary 

significantly making impossible to use the room temperature to assign oxidation states.136 

Nevertheless, the T dependence of the magnetic susceptibility is distinctive of each oxidation 

state. The magnetic susceptibility of U(III) complexes only decreases slowly with temperature, 

with appreciable values of the magnetic moment at 2K. The magnetic susceptibility of U(IV) 

complexes, on the other hand, decreases monotonously with temperature, tending to zero at 

low temperatures. Uranium (V) compounds give rise to curves which decrease slowly with 

temperature until approximately 50K. At lower temperatures, the susceptibility decreases more 

rapidly until values of about 1.1 µB at 2K.  

Two or more paramagnetic centers present in a compound can magnetically interact with each 

other. Specifically, the spin state of one center will be influenced by its neighbour’s one and 

vice versa. The electrostatic interaction which forms chemical bonds is also at the origin of 

magnetic coupling. In a simple scenario both the paramagnetic ions have a one unpaired 

electron in a non-degenerate orbital. The orbital in which the unpaired electron lies, thus the 

magnetic orbital, is the SOMO (Singly Occupied Molecular Orbital). If the magnetic orbitals 

are orthogonal to each other, and thus no overlap is possible, the two spins will align parallel 
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to each other, giving rise to ferromagnetic (FM) coupling. If there is a non-zero overlap 

between the magnetic orbitals, the spins will tend to align in an antiparallel fashion to each 

other, giving rise to antiferromagnetic (AFM) coupling. Such an interaction between the 

paramagnetic ions can occur through the space or it can be mediated by the presence of bridging 

diamagnetic ligands. 137 

For the reasons previously stated about mononuclear compounds, the understanding of the 

static magnetic properties of multinuclear uranium complexes is complicated by spin-orbit 

coupling and ligand field. 

In order to rule out the actual effect of the magnetic exchange coupling, the terms of the 

Hamiltonian corresponding to the free ion, the ligand field, and the Zeeman effect need to be 

subtracted. A widely used methodology with other classes of compounds is the subtraction 

method, where the properties of a diamagnetic analogue of the complex of under study are 

investigated. In this way, the non-magnetic terms can be identified and subtracted. 

Unfortunately, the diamagnetic analogue of U(V) is protoactinium, the rarest and most 

expensive naturally occurring element. Despite that, subtraction methods involving Ln ions 

have been employed.138 

A further understanding of the magnetic properties of uranium compounds is not only a 

fundamental interest. Having a deeper insight into the electronic and the magnetic structure of 

uranium complexes might indeed lead to a finer tuning of their properties. For example, relating 

magnetic properties to electronic structure and reactivity of a complex might lead to a finer 

tuning of the ligand field for small molecule activation and catalysis. Moreover, the possibility 

of engaging in magnetic exchange makes uranium complexes attractive candidates for building 

SMMs. As previously stated, indeed, the presence of magnetic communication might fully 

exploit uranium anisotropy. While weak exchange has been proven detrimental in Ln 

complexes, the outer nature of the 5f orbitals compared to the 4f ones makes them more prone 

to be engaged in covalent bonding and, thus, stronger coupling. The strength of some magnetic 

exchange observed in uranium compounds rivals the one observed in transition metal 

complexes.139 

The first example of a magnetic exchange between uranium ions has been reported in 1990 by 

Edelstein and coworkers. 140 The bis U(V) complexes bridged by amido ligands 

[{(MeC5H4)3U}2(µ-L)] with L= 1,4-N2C6H4 or 1,3- N2C6H4 were isolated and characterized. 

While the variable temperature magnetometry suggested the presence of two independent 

paramagnetic ions in the complex bridged by 1,4-N2C6H4, the one bridged by the 1,3 analogue 
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showed the presence of a clear maximum in the temperature dependence of the magnetic 

susceptibility, thus unveiling AFM coupling. More recently, DFT calculations provided 

evidence for the magnetic communication occurring through spin delocalization.141 The 

effective interaction was guaranteed by a π overlap between the 5f orbitals of the U(V) cation 

and the p orbitals of the nitrogen atom of the imido ligand. 

In the +5 oxidation state, the uranyl moiety has been proven to effectively promote magnetic 

coupling between actinides, such as in the trimeric [UO2L3] complex, with L=2-(4-tolyl)-1,3-

bis(quinolyl)malondiiminate. 142,143 Multinuclear uranyl complexes bound through Cation-

Cation Interaction (CCI) were also reported to promote magnetic coupling between the U(V) 

cations in different geometries. A diamond-shaped dinuclear uranyl complex supported by 

dibenzoylmethanate ligand shows in fact antiferromagnetic coupling with a maximum in the 

susceptibility at about 5K.144 With the same supporting ligand, a tetranuclear species in a square 

geometry with T-shaped CCI has been instead reported not to show magnetic communication 

until 2K.144 The same square tetranuclear geometry has been reported with uranyl(V) 

complexes supported by salen ligands, while in this case antiferromagnetic coupling is 

observed.145 The reductive silylation and rearrangement of uranyl oxo groups lead to the 

formation of a diamond bis-oxo U(V) complex supported by a pacman ligand, leading to the 

observation of antiferromagnetic coupling with a maximum in the magnetic susceptibility at 

17K.9 A dinuclear non-uranyl U(V) complex bridged by two oxo ligands in a diamond-shaped 

geometry was also reported to exhibit antiferromagnetic coupling at an unprecedently high 

temperature of 70K.146 The parent mixed valent U(V)/U(IV) and U(IV)/U(IV) bis oxo 

compounds were also reported, but no coupling could be observed. Computational studies 

suggest that the efficient magnetic communication between the U(V) cations is mediated by 

the oxo ligand in a superexchange mechanism. This is mainly induced by the covalency of the 

U-O bond and the superimposition of the 5fxyz orbital of the U cation and the 2p of the oxo 

ligand.147 Magnetic coupling in a diamond-shaped U(V) dimeric complex has also been 

observed in the imido-bridged complex [U(µ-NtBu)(NtBu)(I)(tBu2bipy)]2.87 The magnetic 

communication, though, was observed at lower temperature compared to the oxo analogues, 

namely at 13K.  The uranyl moiety has also been proven to be effective in the magnetic 

communication between 5f and 3d metal ions. Such a strong exchange coupling was also 

effective in combining the magnetic anisotropy of uranium and the spin state of the transition 

metal ion to give rise to the most effective uranium-containing SMM, namely the wheel-shaped 

complex [{[UVO2(salen)]2MnII(Py)3}6]8 and the first uranium-containing single-chain 
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magnet.148 The magnetic communication between U(V) terminal nitride moieties bridged by 

alkali metal cations has been recently detected by EPR spectroscopy.101 

In the +4 and +3 oxidation state, magnetic coupling is rarer and more difficult to observe, given 

that crystal field may play an even bigger role149,150. To date, a few U(IV) dimeric complexes 

have been reported to show magnetic coupling151,40,152 and chlorido bridging ligands have been 

reported to promote magnetic communication between 3d metals and U(IV) centers.153,154 

In the +3 oxidation state, one example of magnetic coupling between U(III) cations has been 

reported. The cations are antiferromagnetically coupled with a Nèel temperature of 110K, the 

highest recorded so far in U complexes.155 
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CHAPTER 2 

 

Purpose and objectives 

 

The PhD work presented here is about the molecular chemistry of uranium complexes. 

Uranium chemistry could provide novel pathways for energy supplies and for the production 

of fine chemicals. Uranium complexes, indeed, have shown remarkable ability in the activation 

of small molecules, such as CO, CO2, H2, and N2, and in the functionalization of those 

substrates. The efficient use of small molecules as energy sources and as building blocks for 

the production of value-added chemicals is a paramount challenge in modern chemistry. 

Kinetic inertness and thermodynamic stability of those substrates renders their activation a 

challenging task. The use of low-valent multimetallic complexes has revealed to be an 

appealing strategy to perform multielectron transfer to the substrates necessary to achieve their 

activation. The use of cheap and abundant starting material for the formation of new bonds and 

the synthesis of value-added compounds is a particularly desirable feature. The only industrial 

process to use the ubiquitous N2 molecules is the Haber-Bosch for the production of ammonia. 

The process consumes about 2% of the annual energy of the world. Moreover, no industrial 

process which uses N2 as a feedstock for the incorporation of nitrogen in fine chemicals is 

known. Recently, the activation and the functionalization of N2 by uranium complexes has 

been reported. The discovery of novel uranium systems able to effect the activation and the 

functionalization of dinitrogen and the understanding of the fundamental steps to achieve it is 

an important and challenging tasks. Metal nitride complexes have been invoked as 

intermediates in the activation of N2 in biological and industrial systems. Therefore, the study 

of the chemistry of metal nitride complexes is a key step for gaining a better understanding of 

the mechanism of dinitrogen reduction which is in turn crucial in the design of more performant 

catalysts. Uranium nitride materials (UN) have been reported to be active catalysts in the Haber 

Haber-Bosch process and molecular uranium nitride complexes have revealed to be 

particularly efficient in small molecule activation and N-atom transfer reactivity, but the factors 

governing their chemistry are still unclear. The understanding of uranium-nitrogen multiple 

bonds remains also an important goal in fundamental uranium chemistry. 

The main objective of the work was to develop synthetic routes to oxide and nitride complexes 

of uranium and study their magnetic properties and their reactivity with small molecules.  
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In the first part, the synthesis of a low valent dimeric U(III) complex bridged by an oxo ligand 

was targeted and its reactivity with N2 investigated. The compound was able to effect the four-

electron reduction of dinitrogen but striking differences were observed compared to the already 

reported nitride analogue. The rationalization of these differences helped to improve the 

understanding of the activation of dinitrogen by low valent uranium compounds. We also set 

out to explore the chemistry of uranium nitrides. Therefore, the synthesis of a bis nitride 

compound was targeted. The compound was successfully synthesized and showed interesting 

reactivity towards small molecules. In particular, the unprecedented oxidative cleavage of H2 

was achieved. In order to shine more light on their reactivity and their ability to activate small 

molecules, uranium nitride complexes bearing different coligands were targeted. In this work, 

striking differences on the reactivity are reported by changing the coligand, proving its 

dramatic effect on the properties of the uranium nitride bonds. While several bridging nitride 

complexes have been reported, only few terminal uranium nitride complexes have been 

isolated. In particular, the photochemical activation of terminal uranium azide complexes only 

led to transient nitride species which were proven to be too reactive to be isolated. In order to 

overcome this paradigm, a terminal azide complex bearing siloxide coligands was synthesized 

and its photochemistry was studied. Notably, the first photochemical synthesis of a U(VI) 

terminal nitride is reported herein. In particular the tuning of the reaction conditions, namely 

the reaction solvent and the counterion, allowed the clean isolation of the terminal nitride. The 

N-functionalization of the complex has also been performed.  

Low valent uranium complexes are not only appealing for their small molecule reactivity, but 

also for their magnetic properties. In particular U(III) species are good candidate for Single 

Molecule Magnet applications. While being theoretically appealing, no U(III) species has so 

far revealed to shine as a single molecule magnet. The synthesis of several monomeric and 

dimeric U(III) complexes has been targeted in order to study the dependence of the magnetic 

properties on the crystal field and, thus, rationalizing the magneto-structural relationship. 

During my PhD, several U(III) species were isolated and synthesized. Preliminary study of 

their magnetic properties revealed the presence of single molecule magnet behaviour. Further 

studies directed to the rationalization of those properties and the understanding of the factors 

that regulate them are, at present times, ongoing. 

 

 



 61 

CHAPTER 3 

 

The role of bridging ligands in dinitrogen reduction and 

functionalization by uranium multimetallic complexes. 

Parts of this chapter have been taken from  

M. Falcone, L. Barluzzi, J. Andrez, F. Fadaei Tirani, I. Zivkovic, A. Fabrizio, C. Corminboeuf, 
K. Severin  and M. Mazzanti, Nature Chemistry, 11, 154-160(2019) 
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M. Falcone carried out the synthesis of complex 4, its H2 reactivity and preliminar experiments 
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out the reactivity of 4 with CO, and performed the preliminary experiments on the cation effect. 
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3.1. Introduction 

The transformation of the widely available and cheap dinitrogen (N2) molecule into ammonia 

or into valuable fine chemicals through N-C bond formation is an important current challenge 

in chemistry that continues to attract a broad range of studies. The only industrial process so 

far that uses dinitrogen as a feedstock is the Haber-Bosch. This process is currently used for 

the production of the large amounts of ammonia (NH3), required in the production of fertilizers, 

from dinitrogen and dihydrogen, but requires a metal catalyst and harsh conditions (about 450 

°C and 300 bar) and consumes about 2% of the world’s annual energy supply.  The conversion 

of N2 into high value N-containing organic products under ambient conditions would provide 

a new class of sustainable energy-saving nitrogen fixation processes. In this context, a wide 

range of studies has been directed to the development of metal complexes able to effect such 

reactions in mild conditions1,2,3-5. Particularly desirable would be the use of cheap and/or 

largely available molecules such as CO or CO2 in combination with dinitrogen for the synthesis 

of new organic products. Versatile chemical cycles for the production of isocyanates by the 

molecular fixation of  N2, CO2 and R3ECl (E=C, Si, and Ge) have been reported by Sita and 

coworkers.6 However, direct dinitrogen cleavage and N-C bond formation from the addition to 

dinitrogen complexes of cheap carbonated molecules such as CO and CO2 remains extremely 

rare7 8. 

Because iron oxide was adopted as heterogeneous catalyst in the Haber-Bosch industrial 

process and because of the important role of iron and molybdenum in the biological reduction 

of dinitrogen to ammonia, most studies on molecular compounds have focused on complexes 

of iron and molybdenum9,10,11. In contrast, less attention has been devoted to molecular models 

based on other metals known to be active heterogeneous catalysts in the reduction of dinitrogen 

to ammonia, such as uranium and uranium nitride materials as reported in an earlier patent 

published by Haber12. Thus, molecular complexes of uranium are very attractive models to 
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improve our understanding of dinitrogen cleavage and functionalization, which is essential for 

the future development of more effective catalysts. 

Very recently we reported the first example of dinitrogen reduction by a well-defined 

multimetallic complex of uranium8. The diuranium(III) nitride complex 

[K3{[U(OSi(OtBu)3)3]2(-N)}], K3UNU, effects the four electron reduction of dinitrogen in 

ambient conditions leading to the nitride-hydrazide-bridged diuranium(V) complex 

[K3{[U(OSi(OtBu)3)3]2(μ-N)(μ-N2)}], K3UN(N2)U (Scheme 3-1). We found that the bound 

dinitrogen (N2
4-) can be cleaved by addition of CO to afford cyanate. Moreover, the subsequent 

addition of hydrogen and protons to K3UN(N2)U affords quantitatively NH3. Although a few 

examples of uranium complexes binding N2 had been previously reported13-17, K3UN(N2)U 

provided the first example of dinitrogen functionalization at a uranium centre. The observed 

reactivity was ascribed to the multimetallic binding of the bridging dinitrogen to two uranium 

centres and two potassium cations, that is enabled by the bridging nitride and the flexible 

potassium-siloxide framework. However, it remains unclear how crucial is the nature of the 

group (nitride) bridging the two uranium(III) atoms. We therefore set out to explore the 

possibility of using an oxo group as linker to build multimetallic uranium complexes. 

Oxo-bridged molecular complexes are attractive models for metal oxide catalysts but usually 

contain metal centres in high oxidation state. Notably, only one example of a 

crystallographically characterized U(III)-O-U(III) complex has been reported18. This complex 

was obtained from solvent cleavage during the reduction of a U(III) complex. The number of 

rationally synthesised diuranium(IV) oxo-bridged complexes is also scarce, probably due to 

the tendency of these species to undergo further oxidation.19 20-25 
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Scheme 3-1. Dinitrogen reduction and functionalization by a multimetallic uranium nitride. 

Left: Four electron reduction of dinitrogen performed by the complex 

[K3{[U(OSi(OtBu)3)3]2(μ-N)], K3UNU to afford complex [K3{[U(OSi(OtBu)3)3]2(μ-N)(μ-

N2)}], K3UN(N2)U; Right top: N2 functionalization by CO to afford cyanate and cyanide; Right 

bottom: N2 functionalization by H2/H+ to afford ammonia. In all complexes only the -OtBu 

groups of the OSi(OtBu)3 that are metal bound are shown. 

 

Here, we have identified a novel route for the preparation of a siloxide supported oxo-bridged 

diuranium(IV) complex that is easily reduced to afford the new multimetallic oxo-bridged 

complex of uranium(III) [K2{[U(OSi(OtBu)3)3]2(μ-O)}], K2UOU. Reactivity studies allowed 

to probe the effect of the complex core structure on the reduction and functionalization of 

dinitrogen. In spite of its reduced electron-rich character and the different geometry of its core, 

the oxo complex effects the reduction of the dinitrogen in ambient conditions as previously 

found for the nitride-bridged complex. In contrast, the functionalization of the bound dinitrogen 

leads to different products compared to the nitride, suggesting that the linker has a crucial role 

in determining the reactivity of the N2 complexes in spite of the analogous binding mode found 

in both complexes.  
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3.2. Results and discussion 

Most of the reported structurally characterized diuranium(IV) oxo-bridged complexes have 

been obtained from the reaction of U(III) complexes with the solvent26 or the supporting 

ligand27 or with adventitious traces of O2 or water in the solvent. A few oxo-bridged complexes 

of U(IV) were synthesised in moderate to good yield by reacting U(III) complexes supported 

by amido or aryloxide ligands with oxo-transfer reagents such as N2O, pyridine-N-oxide 

(PyNO) or Me3NO 20-22,24,25,28 using carefully chosen reaction conditions to prevent further 

oxidation of the uranium centres. U(IV) oxo-bridged complexes have also been obtained from 

the cleavage of CO and CO2 by nitride bridged diuranium(IV) complexes.29,30 Initial attempts 

to prepare a diuranium(IV) oxo-bridged complex from the reaction of the previously reported 

complex [U(OSi(OtBu)3)3]2, 131 with common oxygen atom transfer reagents lead to intractable 

reaction mixtures (Me3NO, N2O) or to the isolation of complex 2 in very low yield (PyNO). 

However, we were able to reproducibly prepare complex [{U(OSi(OtBu)3)3}2(μ-O)], 2, in 79% 

yield by treating 1 with the N2O adduct of the N-heterocyclic carbene 1,3-dimesitylimidazol-

2-ylidene (IMes) IMesN2O32,33 in THF at –80°C (Scheme 3-2). The ability of the IMesN2O to 

selectively produce the oxodiuranium(IV) complex could be due to the higher reaction rates of 

this reagent34 compared to the other used oxygen transfer agents. 1H NMR studies showed that 

complex 2 is, once isolated from the reaction media, stable only for a few hours in toluene or 

THF at room temperature, and slowly decomposes to yield [U(OSi(OtBu)3)4] and other 

unidentified species with complete decomposition observed after 20-30 days. The solid-state 

structure of 2, determined by X-ray crystallography, is shown in Figure 3-1a. In 2, an oxo 

ligand (O2-) bridges, with an angle that deviates slightly from linearity (172.19(7) Å; U---U 

4.2129(9) Å), two inequivalent U(IV) centres. The values of the U(IV)-oxo distances 

(2.0852(13) and 2.1376(13) Å) fall in the range of those found in analogous oxo-bridged 

diuranium(IV) complexes (2.0881(4)-2.147(6) Å) 20,22,27,29,30,35 25. 
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Scheme 3-2. From left: Reaction of 1 with IMesN2O to afford the diuranium(IV) bridging oxo 

complex [{U(OSi(OtBu)3)3}2(μ-O)], 2; reduction of 2 with excess of KC8 to afford the 

diuranium(III) bridging oxo complex [K2{[U(OSi(OtBu)3)3]2(μ-O)}], 3. In all complexes only 

the -OtBu groups of the OSi(OtBu)3 that are metal bound are shown. 

 

The reduction of complex 2 with 5 equivalents of KC8 in THF at -80°C affords the multimetallic 

U(III) complex [K2{[U(OSi(OtBu)3)3]2(μ-O)}], K2UOU, 3 (Scheme 3-2) that can be isolated 

from a cold (–80°C) THF solution with a yield of 40 %. The conversion rate is significantly 

higher (70%) but isolation results in lower yields due to the low thermal stability of 3. The 

solid-state structure of 3, as determined by X-ray crystallography, is depicted in Figure 3-1b. 

The structure shows the presence of a neutral complex with two U(III) ions bridged by an oxo 

ligand that is also bound to a potassium cation located in the pocket formed by four oxygen 

atoms of the siloxide ligands (K2-O121 =2.913(4) Å). A second potassium cation is 

coordinated by the oxygen atoms of the siloxide ligands at a non-bonding distance from the 

oxo group (K1-O121 3.392(4) Å). The values of the U(III)-oxo bond distances (2.178(4) and 

2.109(4) Å), are significantly longer than those found for 2 (2.0852(13) and 2.1376(13) Å) and 

compare well with those found in the only other crystallographically characterized oxo-bridged 

diuranium(III) complexes. (2.125(13) and 2.094(14) Å)18.  
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Figure 3-1. Molecular structure of, 2 (a) and 3 (b) with thermal ellipsoids drawn at the 50% 

probability level. Hydrogen atoms and methyl groups of the tBu moieties are omitted for clarity. 

Selected bond distances (Å) for 2: U1-O5 2.0852(13), U2-O5 2.1376(13); and for 3: U1-O121 

2.178(4), U2-O121 2.109(4), K1-O121 3.392(4), K2-O121 2.913(4). 

 

In complex 3, the two uranium atoms are maintained in close proximity at a U…U distance of 

4.2619(5) Å by the oxo group and by the metallo-ligand framework formed by the potassium-

bound siloxides. This distance is slightly longer than that found in the nitride bridged 

diuranium(III) complex [K3{[U(OSi(OtBu)3)3]2(-N)}], K3UNU, (4.234(2) Å)8. The U-O-U 

core (167.4(2)°) in 3 is significantly more bent compared to that of the U-N-U core in the 

K3UNU complex (173.7(8)° ).  

In order to investigate how the linker affects the reactivity of multimetallic complexes of 

uranium(III) towards dinitrogen we have investigated the reaction of 3 with N2. 

When a toluene solution of 3 is exposed to N2 (1 atm) at room temperature (Scheme 3-3a), we 

observe an immediate change in colour from deep red to brown along with disappearance of 

the 1H NMR signal assigned to 3 and appearance of a new peak. Dark brown crystals of 
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complex [K2{[U(OSi(OtBu)3)3]2(-O)(-2:2-N2)}], 4, were isolated in 70% yield from a 

toluene solution of 4 at – 40°C. 1H NMR studies showed that complex 4 is stable in toluene at 

room temperature for several hours. No loss of N2 from 4 is observed under dynamic vacuum 

in the solid state or after three cycles of freeze-pump thaw degassing under argon of a toluene 

solution of 4.  

 

Scheme 3-3. a) Four electron reduction of dinitrogen performed by complex 3 to afford 

complex [K2{[U(OSi(OtBu)3)3]2(μ-O)(μ-N2)}], 4; reactivity of complex 4 with CO b) and H2 

c) to afford complex  [K2{[U(OSi(OtBu)3)3]2(-O)2(-NCN)}], 5 and with H2; c) to afford N2 

and a hydride complex ([K2{[U(OSi(OtBu)3)3]2(-O)2(H)2}], 7; d) reactivity of 5 with excess 

CO to give [K2{[U(OSi(OtBu)3)3]2(-O)2 }], 6. In all complexes only the -OtBu groups of the 

OSi(OtBu)3 that are metal bound are shown. 

 

The solid-state structure of 4 determined by X-ray crystallography is shown in Figure 3-2a. 

The structure reveals the presence of one oxo group (U-O-U = 105.0(3)Å and a side-on (U1-

N1A-U2= 99.0(2)° and U1-N2A-U2 = 98.56(18)°), bound hydrazido moiety (N2
4-) bridging 

two uranium(V) centres in a diamond-shaped geometry with a short U---U distance of 

(3.3801(5) Å).  Differently from the previously reported U(V) nitrido hydrazido complex 

[K3{[U(OSi(OtBu)3)3]2(μ-N)(μ-N2)}], K3UN(N2)U, in which three potassium cations were 
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bound to the nitrido and hydrazido groups in the core of the molecule (U---U distance: 

3.3052(5) Å), in 4 the two potassium cations are located in the pockets formed by the siloxide 

ligands and do not bind the core N,N,O atoms. The cation plays a crucial role in N2 activation 

by the K2UOU complex.  

The U2(-2-N2) moiety in 4 features U-N bond distances ranging from 2.279(8) to 2.157(17) 

Å that are comparable to those found in K3UN(N2)U (2.311(13) Å to 2.163 (13) Å). The 

average value of the N-N bond length is 1.40(1) Å, which confirms the presence of a highly 

activated bound dinitrogen, reduced to a hydrazido group (N2
4-). The N-N bond length in 

complex 4 is comparable to the observed bond length in hydrazine, H2NNH2 (1.47 Å) and falls 

in the range of values (1.377-1.548 Å) reported for hydrazido complexes of Zr(IV) and 

U(V)3,4,36,37.  

The presence of a hydrazido (4-) ligand and an oxo (2-) ligand requires for uranium a formal 

oxidation state of +V that was confirmed by the variable-temperature magnetic data measured 

with a superconducting quantum interference device (SQUID),as more thouroughly discussed 

later in the text.  

These results show that the two uranium(III) ions, held together by a potassim bound oxo ligand 

in a multimetallic K2UOU core, are able to bind dinitrogen and to effect its four electron 

reduction. Such a remarkable reactivity is only the second example8 of four electron reduction 

of dinitrogen by a uranium complex. These results indicate that the oxo group also provides a 

versatile linker for the assembly of highly reactive multimetallic uranium complexes. 

Moreover, the similarity of the structural parameters in K2UO(N2)U, 4, and in K3UN(N2)U 

suggests a similar degree of dinitrogen reduction in the two complexes in spite of the lower 

electron-rich character of the uranium cations in the oxo complex.  

In both complexes the dinitrogen adopts a side-on bridging mode, but the K2UO(N2)U core is 

less electron-rich compared to K3UN(N2)U (as a result of the replacement of N3- by O2-)  and 
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does not contain bound alkali ions. We therefore have investigated how these differences affect 

the reactivity of the bound dinitrogen. 

 

Figure 3-2. a) Molecular structure of [K2{[U(OSi(OtBu)3)3]2(μ-O)(μ-N2)}], 4 with thermal 

ellipsoids drawn at the 50% probability level. Hydrogen atoms and methyl groups of the tBu 

moieties were omitted for clarity. The average (over disordered positions) values of selected 

bond distances (Å): U1-O1 2.135(6), U2-O1 2.127(7), U1-N1 2.182(8), U2-N1 2.230(6), U1-

N2 2.22(1), U2-N2 2.194(9), N1-N2 1.40(1). b) Molecular structure of 

[K2{[U(OSi(OtBu)3)3]2(-O)2(-NCN)}], 5 with thermal ellipsoids drawn at the 50% 

probability level. Hydrogen atoms and methyl groups of the tBu moieties were omitted for 

clarity. Selected bond distances (Å): U1-N1 2.367(10), U1-O302 2.099(6), U2-O302 2.153(7), 

U2-N1 2.346(9), U1-O301 2.152(7), U2-O301 2.137(7), N1-C201 1.302(17), C201-N2 

1.23(2). 

 

In order to understand how the replacement of the nitride group in K3UN(N2)U by an oxo group 

in 4, (K2UO(N2)U) affects the reactivity of the bound dinitrogen we investigated the reaction 

of 4 with CO, H2 and H+. Here we show that the N-N single bond of the hydrazido ligand can 

be cleaved when complex 4 is allowed to react with CO, but addition of acid or H2 results in 

the elimination of N2.  
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When a toluene solution of complex 4 is exposed to 3 equivalents of CO, the reaction mixture 

changes immediately colour from dark brown to dark purple. Black crystals of complex 

[K2{[U(OSi(OtBu)3)3]2(-O)2(-NCN)}], 5, were isolated from a toluene solution at -40°C 

with 68% yield. 

The solid-state structure of complex 5 (Figure 3-2b) was determined by X-ray crystallography 

and shows a dinuclear complex in which each uranium atom is coordinated by three siloxide 

ligands, two bridging oxo groups and a cyanamido (N C-N2-) ligand adopting a -N,N 

bridging mode. The observed C-N bond distances in 5 are in agreement with the presence of a 

cyanamido (N C-N2-) ligand (N1-C201=1.302(17) Å and C201-N2=1.23(2) Å) and are in 

good agreement with those found in previously reported metal complexes containing the 

bridging cyanamido ligand38-40.   

The IR spectrum of the isolated compound 5 shows a strong vibration at 2008 cm-1, assigned 

to the NCN2- ligand, that is shifted at 1942 cm-1 for the 13C labelled complex 13C-5. These values 

are in the range of those reported (1975 cm-1 - 2061 cm-1) 38,41 in metal complexes of the 

cyanamide ligand, and compare well to the value  reported for a cyanamide-bridged 

diuranium(IV) complex (2034 cm-1) where the ligand adopts a linear µ-1-1N-1N’ binding 

mode40.  

In this unique reaction, both the dinitrogen bond and the CO bond are cleaved to afford a 

bridging oxo group and a bridging cyanamide ligand, leaving the oxidation state of the uranium 

atoms unchanged.  

The reactivity displayed by the oxo-hydrazido complex 4 differs completely from that observed 

for other reported hydrazido complexes and in particular from that of the nitrido-hydrazido and 

imido-hydrazido uranium(V) complexes K3UN(N2)U and K2U2(NH)(N2)] respectively. 

Notably the reaction of the U(V) complexes [K3U2N(N2)] and [K2U2(NH)(N2)] with CO results 

in the reductive carbonylation of the hydrazido ligand leading to formation of U(IV)U(IV) bis-
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cyanate and U(III)U(IV) mono-cyanate complexes, respectively8. In contrast, the reaction of 4 

with CO does not lead to reduction of the uranium centres but to the addition of CO to the 

hydrazido and subsequent cleavage of the CO triple bond at room temperature leading to the 

formation of a cyanamide dianion (NCN2-) and an oxo group.  

The reactivity of 4 with CO also differs from that observed for group 4 dinitrogen complexes. 

Notably the addition of CO to hydrazido complexes of Hf(IV) formed from dinitrogen 

reduction, results in the addition of 2 CO molecules to the Hf(IV)-bound N2
4- group and the 

formation of a oxamidide ([N2C2O2]4-) bridged Hf(IV) complex.7 

The novel reactivity suggests that reduction of the uranium centres is less accessible in complex 

4 compared to the nitride analogue, but that the strong nucleophilic character of the bound N2
4- 

group still allow the concomitant cleavage of the CO and N2 bonds. 

However, the addition of excess CO (10-100 equivalents) to the isolated cyanamide complex 

5 results in the slow transformation of 5 (3 days when 18 equivalents are used) into the bis-oxo 

diuranium (IV) complex [K2{[U(OSi(OtBu)3)3]2(-O)2}], 6 with a conversion rate of 85%. The 

solid-state structure of 6, as determined by X-ray studies (Figure 3-3), shows the presence of 

two pentacoordinated uranium(IV) cations bridged by two oxo groups. The remaining 

coordination positions are occupied by the siloxide ligands, which also create a O6 pocket 

suitable for the coordination of the K+ cation. The mean 𝑈𝑂 ̂𝑈 angle is of 106.16 (1)°. The U-

O distances of 2.092(5)- 2.182(5) Å are comparable to those reported in analogous U(IV) bis-

oxo diuranium complexes42,43. The reduction of the uranium cations is accompanied by the 

elimination of the product of CO addition to the cyanamide that could not be identified. Thus, 

while stoichiometric amounts of CO result in the cleavage of bound N2 without any change in 

the oxidation state of the uranium cations, excess CO leads to the elimination of a putative 

“NCNCO” ligand accompanied by reduction of the two uranium cations.   
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Figure 3-3.  Solid state structure of the complex complex [K2{[U(OSi(OtBu)3)3]2(-O)2}], 

6 with thermal ellipsoids drawn at the 50% probability level. H atoms and the methyl 

groups of the tBu moieties are omitted for clarity. Selected bond distances (Å): U1-O1B 

2.092(5), U1-O2B 2.182(5), U2-O1B 2.155(5), U2-O2B 2.091(5)  

 

Since the nature of the linker was shown to have an important effect on the reactivity of 

multimetallic dinitrogen complexes of uranium with CO, we also investigated the reactivity of 

the K2UO(N2)U complex with H2 and acids.  

The reaction of a toluene solution of complex 4 with excess acid (HCl(Et2O) or HBArF
4) alone 

or in the presence of a reducing agent (KC8) did not result in the formation of ammonia as 

previously observed upon addition of excess acid to K3UN(N2)U (see Scheme 1-1), but in the 

elimination of N2. A dramatic difference in reactivity between 4 and K3UN(N2)U was also 

observed upon addition of H2. The products of addition of H2 (1 atm) to K3UN(N2)U could not 

be identified, but subsequent addition of acid showed almost quantitative conversion of the 

bound dinitrogen in ammonia. In contrast, the reaction of a toluene solution of complex 4 with 

1 atmosphere of H2 for three days at room temperature or one hour at 60 °C leads to the 

quantitative conversion of 4 into a new species as indicated by 1H NMR studies, showing a 

signal at -1.4 ppm, assigned to the siloxide ligands and a signal at 12.0 ppm integrating for two 
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protons. The latter can be assigned to the protons deriving from H2, since the peak disappears 

when the reaction is carried out with D2. GC-MS of the headspace of the reaction mixture 

showed that evolution of N2 had occurred during the reaction. A yellow solid could be isolated 

from this reaction and elemental analysis did not show the presence of nitrogen. The same 

compound was also obtained from the reaction of the U(III) oxo complex 3 with 1 atm H2 and 

the magnetic data measured for the complex  are in agreement with the presence of U(IV).44
 

Examples of N2 elimination following dihydrogen addition have been reported2,45  and are 

usually indicative of a low degree of activation of the bound dinitrogen. The compound was 

later identified as [K2{[U(OSi(OtBu)3)3]2(-O)(H)(H)]}].46 

Thus, the reactivity of the oxo-bridged K2UO(N2)U dinitrogen complex differs dramatically 

from that of the nitride-bridged K2UO(N2)U complex, which reacts with H2 and acid to produce 

ammonia almost quantitatively (77% conversion of the nitrido and hydrazido groups into 

ammonia). The difference is probably due both to structural effects arising from differences in 

the alkali ion binding mode and to differences in the electronic structure of the two complexes. 

Dramatic differences in the reactivity of analogous N2 bound complexes with H2 have been 

reported by Chirik and coworkers upon subtle changes of the supporting ligand (from  5-

C5Me5 to  5-C5Me4-H),45 but in that case the change in supporting ligand leads to a different 

binding mode of the dinitrogen (end-on versus side-on) as result of steric protection by the 

ligand. In contrast the subtle change from nitride to oxide does not lead to significant steric 

changes and results in the same binding mode (side-on) and the same degree of reduction of 

the bound dinitrogen.  

In order to further investigate differences in the electronic structure of the oxo and nitride 

complexes, that may be responsible for difference in reactivity, we carried out magnetic and 

computational studies that highlighted significant differences in the nature of bonding. The two 
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dinuclear complexes (3 and K3UNU) have a similar magnetic moment (µ = 2.10 µB for 3 and 

µ = 2.04 µB for K3UNU) at room temperature in agreement with the presence of uranium(III) 

ions,44 but show remarkably different magnetic behavior, as is clearly observable in the plots 

of the magnetic susceptibility (χ) versus T  and χT  versus T  (Figure 3-4a). The χ versus T plot 

for the nitride complex K3UNU exhibits the magnetic behavior of an antiferromagnetically 

coupled dinuclear complex with a maximum at 23K.  In contrast, the χ versus T plot for 3 show 

the magnetic behavior of two magnetically independent U(III) ions. Similarly, the two 

dinuclear dinitrogen complexes 4 and K3UN(N2)U have a similar magnetic moment (µ = 1.75 

µB for 4 and µ = 1.80 µB for K3UN(N2)U) indicative of the presence of U(V) cations, but show 

different  χ  versus T  plots suggestive of the presence of two magnetically independent ions in 

4 and of an antiferromagnetically coupled system for the nitride complex (Figure 3-4b). These 

results suggest that the nitride ligand allows for a better communication between the metal 

centers compared to the oxide. 

 

Figure 3-4. Comparison of the variable temperature magnetic susceptibility of 3 versus 

K3UNU (a) and of 4 versus K3UN(N2)U (b). 

In agreement with the magnetic data, DFT level computations indicate that the singlet, 

antiferromagnetic state is the most stable at 0 K for the nitride complex, while the triplet, 

paramagnetic state is the most stable for 3 (see Appendix). Despite the inability of 

a b 
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approximated density functionals to fully capture the inherent multireference nature of the 

treated complexes, DFT computations offer robust qualitative trends at a reasonable 

computational cost. As shown in Figure 3-5 the frontier orbitals (HOMO-5 to LUMO+2) of 

the K3UIIINUIII complex suggest a markedly covalent character of the U-N-U bond. On the 

other hand, no orbital overlap exists in 3 between the bridging oxide (O2-) and the two uranium 

centers, which would suggest a strictly ionic type of bonding. Topological analysis of the 

electron density about the bonds with the bridging atom further supports the difference in 

bonding character (see Appendix). 

 

Figure 3-5. Molecular orbitals of the K3UNU (top left) and K2UOU (top right) complexes. 

Orbital overlap is present in K3UNU (covalent character), but not in K2UOU (ionic character). 

Nitride: a) LUMO, b) LUMO+1, c) LUMO+2, d) HOMO-2, e) HOMO-1, f) HOMO, g) 

Nitride (dinitrogen) Oxide (dinitrogen)

Nitride (K3U
IIINUIII) Oxide (K2U

IIIOUIII)
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HOMO-5, h) HOMO-4, i) HOMO-3. Oxide: a)-b) singly occupied orbitals, c) LUMO, d) 

HOMO-2, e) HOMO-1, f) HOMO, g) HOMO-5, h) HOMO-4, i) HOMO-3. Molecular orbitals 

of K3UN(N2)U (bottom left) and K2UO(N2)U (bottom right). Nitride: a) LUMO, b) LUMO+1, 

c) LUMO+2, d)-e) singly occupied orbitals, f) HOMO-2, g) HOMO-1, h) HOMO. Oxide: a) 

LUMO, b) LUMO+1, c) LUMO+2, d)-e) singly occupied orbitals, f) HOMO. 

 The bond character and the spin state of each complex do not change upon complexation of 

the N2 substrate. In particular, orbital overlap persists in the nitride case (covalent), while it 

does not appear in the oxide complex (ionic). As shown in Figure 3-5, this affects the binding 

of the N2 substrate resulting in significant differences between the two complexes. In the case 

of K3UN(N2)U, both uranium atoms and both nitrogen atoms from dinitrogen are involved in 

bonding, while in K2UO(N2)U the overlap is asymmetric involving only one uranium atom. 

Moreover, all N2 bonding orbitals present a strong component centred on the bridging nitride 

ligand atom, but none centred on oxygen. Natural Bond Order (NBO) analysis and Wiberg 

bond index indicate that this results in a decreased N-N bond order (1.4 in 4 and 1.0 in 

K3UN(N2)U ) and an increased U-N(N2) bond order in the nitride complex compared to the 

oxide one. This observation suggests that the bridging nitride does participate to the binding 

and to the consequent activation of N2, while the oxide does not. Combined together, the 

asymmetric orbital overlap and the spectator role of the bridging oxygen provide a theoretical 

basis to rationalise the striking difference in reactivity of N2 substrate in the nitride and oxo 

complexes.  

In order to further investigate the role of the cation in the oxo system, preliminary studies have 

been carried out. The reduction of complex 2 in a thf solution at -80°C with CsC8 affords the 

multimetallic complex [Cs2{[U(OSi(OtBu)3)3]2(μ-O)}], 3.Cs, namely the Cs analogue of  
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Figure 3-6. Molecular structure of, 3.Cs with thermal ellipsoids drawn at the 50% probability 

level. Hydrogen atoms and methyl groups of the tBu moieties are omitted for clarity. Selected 

bond distances (Å) for 3.Cs: Cs1-O1: 3.352(8) Å, Cs2-O1: 3.433(8) Å, U1-O1-U1: 178.4(4) °, 

Cs1-O1-Cs2: 170.8(3) °, U1-O1: 2.128(6) Å, U2-O1: 2.199(6) Å 

 

complex 3. XRD quality crystals could be obtained from a concentrated toluene solution at -

40°C and the solid-state structure is depicted in Figure 3-6. Surprisingly, 3.Cs does not react 

with N2 either in a thf or a toluene solution, at -40°C or at RT, despite the structural similarities 

observed with the K+ analogue 3. In order to understand if a periodic trend with Group 1 cations 

could be observed, the synthesis of the other alkali metal analogues of 3 has been targeted. 

Unfortunately, preliminary results indicate that the reduction of complex 2 with Na or Li 

reducing agents only leads to intractable reaction mixtures. In order to probe the importance of 

the cation in the reactivity, its sequestration with the macrocyclic ligand 2.2.2. cryptand has 

been pursued. Upon reaction of 3 with an excess of 2.2.2. cryptand, the signal attributed to the 
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siloxide ligands shifts from -0.1 ppm to 1.0 ppm in d8-thf at -40°C, suggesting that the K+ cation 

in complex 3 remains bound to the siloxide framework even in solution. In situ preliminary 

studies suggest that the outer sphere cation analogue of 3, 3.[K(crypt)], reacts with N2 in a 

toluene suspension, as observed by 1H NMR spectroscopy. Notably, upon addition of ethereal 

HCl to the crude reaction mixture, a yield of 8% in NH4Cl, suggesting that different reaction 

pathways can take place in the absence of the cation. Further studies will be driven to fully 

understand the influence of the cation in the dinitrogen activation in the system. 

3.3. Conclusion 

In summary, we have shown that bridging oxo groups can be used to support uranium in a low 

oxidation state affording multimetallic complexes that effect the reduction and 

functionalization of dinitrogen. The uranium bound dinitrogen is easily cleaved in ambient 

condition by carbon monoxide (CO) affording an original compound via N-C bond formation. 

This provides a route for building organo-nitrogen compounds from cheap resources (notably 

cyanamide is formed from CO and N2). We demonstrate that the substitution of a nitride linker 

with a oxo linker has dramatic effects on the reactivity of the resulting multimetallic 

uranium(III) complex towards dinitrogen. Specifically, the presence of the oxo linker results 

in the release of dinitrogen upon addition of dihydrogen while the subsequent addition of 

hydrogen and acid to the nitride complex leads to ammonia formation. Moreover, the oxo linker 

leads to unusual reactivity of the uranium bound dinitrogen as a result of structural and 

electronic differences compared to the nitride-linked diuranium complex. Thus, the results 

show that both oxo groups and nitride groups can be used as linkers to build low-valent 

multimetallic complexes for dinitrogen reduction, and on the other hand they show that the 

nature of the linker affects dramatically the reactivity of the bound dinitrogen.  DFT 

computations and magnetic data indicate a different bonding scheme for the nitride and oxide 
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complexes with amarkedly covalent character of the U-N-U bond and a strictly ionic U-O-U 

bond. This difference is maintained in the respective dinitrogen complexes where in addition 

the bridging nitride participates to the binding and to the consequent activation of N2, while 

the oxide does not. These results show that, in spite of the presence of the same dinitrogen 

binding mode, the same supporting ligands and the same oxidation level of the metal centers, 

the nature of the linker has a significant impact on the degree of N2 activation. 

3.4. Experimental  

 

General  

All manipulations were carried out under a dry and oxygen free argon atmosphere using 

Schlenk techniques and an MBraun glovebox equipped with a purifier unit. The water and 

oxygen levels were always kept at less than 0.1 ppm. Glassware was dried overnight at 140°C 

before use. Compounds were characterized by elemental analysis, 1H and 13C NMR, IR and 

single-crystal X-ray diffraction.  

 

NMR 

1H NMR experiments were carried out using NMR tubes adapted with J. Young valves. 1H 

NMR spectra were recorded on Bruker 400 MHz. NMR chemical shifts are reported in ppm 

with solvent as internal reference.  

 

 

Elemental analyses  

were performed with a Thermo Scientific Flash 2000 Organic Elemental Analyzer. Elemental 

analysis of complex 5 was performed under argon by Analytische Laboratorien GMBH at 

Lindlar, Germany.  

 

IR analyses  

were performed with a FT-IR Spectrometer Perkin-Elmer. The measurements were performed 

by using nujol mulls between KBr plates.  

 

Starting materials 
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Unless otherwise noted, reagents were purchased from commercial suppliers and used without 

further purification. Tris(tert-butoxy)silanol and 2,4,6-tri-tert-butylphenol were purified by 

sublimation. Depleted uranium was purchased from IBILABS (USA). The solvents were 

purchased from Aldrich or Cortecnet (deuterated solvents) in their anhydrous form, 

conditioned under argon and vacuum distilled from K/benzophenone (toluene, toluene-d8 (tol-

d8), tetrahydrofuran (THF), THF-d8, benzene-d6 and hexane). DMSO-d6 was freeze-degassed 

and stored over activated 3 Å molecular sieves. The complex [U(OSi(OtBu)3)3]2, 1 [12] and 

IMesN2O (IMes = N-heterocyclic carbene 1,3- dimesitylimidazol-2-ylidene) [13b, 22] were 

prepared according to the published procedure. Carbon monoxide (N47 Bt-S 10/200) was 

purchased from Carbagas and stored over activated 3 Å molecular sieves. N2 (99.9999% purity) 

was purchased from Carbagas. 13CO (93.13% 13C) and 15N2 (98% 15N) were purchased from 

Cortecnet and stored over activated 3 Å molecular sieves.  

 

Magnetic data.  

Magnetic measurements were performed using a Quantum Design MPMS-5T superconducting 

quantum interference device (SQUID) magnetometer in a temperature range 2-300 K. The 

powder sample was enclosed in an evacuated quartz capsule and placed inside a plastic straw. 

The measurements were performed with applied magnetic field of 0.1 T in the zero-field cooled 

(ZFC) regime. Caution: Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 

MeV) with a half-life of 4.47×109 years. Manipulations and reactions should be carried out in 

monitored fume hoods or in an inert atmosphere glovebox in a radiation laboratory equipped 

with α- and β-counting equipment. 

 

Synthesis of [{U(OSi(OtBu)3)3}2(μ-O)], 2 

A cold yellow suspension of IMesN2O (184.7 mg, 0.53 mmol, 1 eq) in THF (6 mL) was added 

to a cold solution (–80 °C) of complex [U(OSi(OtBu)3)3]2, 1 (1.09 g, 0.53 mmol, 1 eq) in THF 

(6 mL). N2 evolution was observed. The solution was allowed to react at –80 °C for 4 h. 

Monitoring the reaction mixture by 1H NMR in THF-d8 shows that the reaction is complete 

after 4 hours at –80 °C and some solid has formed. The resulting suspension was taken to 

dryness and the solid residue was washed several times with cold (–40 °C) toluene (2mL), until 

complete removal of the IMes carbene formed during the reaction, to afford  

[{U(OSi(OtBu)3)3}2(μ-O)], 2, as a pink solid (0.87 g, 79 % yield). X-ray suitable crystals were 
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obtained by leaving standing a 0.005 M solution of 2 in toluene at –40 °C overnight. 1H NMR 

of the solid (400 MHz, tol-d8, 298 K): δ (ppm) = 0.5 (s, CH3 terminal siloxide). 13C NMR of 

the solid (400 MHz, tol-d8, 298 K): δ (ppm) = 70.2 (s, (C(CH3)3),), δ (ppm) = 26.0 (s, 

(C(CH3)3)). Anal. Calcd for 2 C72H162O25Si6U2: C, 41.72; H, 7.88; N, 0.00. Found: C, 41.46; 

H, 7.77; N, 0.00. When the reaction is carried out at higher temperatures, a larger number of 

by-products are formed and the yield in complex 2 is significantly reduced. Complex 2 is stable 

in THF and toluene solution at room temperature for, respectively, 24 and 6 hours, but 

decomposes slowly over time to afford unidentified species and [U(OSi(OtBu)3)4]. The 

decomposition is complete after 20-30 days. 

 

Reactivity of complex [{U(OSi(OtBu)3)3}2], 1 with N2O, Me3NO, and PyNO  

The reaction of complex 1 with N2O, PyNO, or Me3NO resulted in mixtures of several products 

independently of the stoichiometry used, the temperature (25 °C, –40 °C or –80 °C) and of the 

solvent used (THF and hexane were used, toluene could not be used because 1 reacts with 

toluene). In some cases, the formation of complex 2 was observed, but only as a minor product. 

The highest reaction yield that could be obtained using a 1:1 stoichiometric ratio at –80 °C in 

hexane was 9%. In the case of the reaction of 1 with Me3NO at –80°C in hexane, only one 

product is formed that could not be identified. 

 

Synthesis of [K2{[U(OSi(OtBu)3)3]2(μ-O)}], 3 

Excess KC8 (48.3 mg, 0.355 mmol, 5 eq) was added to a cold solution (–80 °C) of 

[{U(OSi(OtBu)3)3}2(μ-O)], 2 (148.1 mg, 0.071 mmol, 1 eq) in THF (3 mL). The suspension 

was stirred at –80 °C for 15 minutes. The reaction mixture was then filtered on cooled (–80 

°C) glassware in order to remove graphite and unreacted KC8. The resulting dark red solution 

was concentrated to 1 mL and the solution was kept at –80 °C for 1h leading to the formation 

of a red precipitate. The suspension was filtered on cold glassware affording 61.9 mg of 

[K2{[U(OSi(OtBu)3)3]2(μ-O)}], 3 (40 % yield). X-ray suitable crystals were obtained by 

leaving standing a THF solution (0.07 M) of 3 at –40 °C overnight. 1H NMR of the solid (400 

MHz, THF-d8, 298 K): δ (ppm) = –0.04 (s, CH3 terminal siloxide). 1H NMR of the solid (400 

MHz, tol-d8, 298 K): δ (ppm) = 0.1 (s, CH3 terminal siloxide). 13C NMR of the solid (400 MHz, 
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THF-d8, 298 K): δ (ppm) = 67.0 (s, C(CH3)3),  27.77 (s, C(CH3)3). Anal Calcd for 3 

C72H162O25Si6K2U2: C, 40.21; H, 7.59; N, 0.00. Found: C, 40.09; H, 7.63; N, 0.00. The isolated 

yield is quite low (40 %) due to the good solubility of the complex in THF, but the effective 

yield is higher. Notably, when N2 is directly added to the reaction mixture obtained by reacting 

2 with KC8, the resulting dinitrogen complex [K2{[U(OSi(OtBu)3)3]2(μ-O)(μ-N2)}], 4, is 

isolated in 70% yield, indicating that the yield in complex 3 is at least of 70%. The use of lower 

amounts of KC8 or of higher reaction temperatures (–40 °C) in the synthesis of 3 results in the 

presence of larger amounts of unidentified by-products and to significantly lower yields. 

Complex 3 is not stable at room temperature in THF solution. Decomposition starts 

immediately after dissolution and is complete after 12 hours.  

 

Reactivity of [Cs2{[U(OSi(OtBu)3)3]2(μ-O)}], 3.Cs with N2  

A cold solution (–40 °C) of [{U(OSi(OtBu)3)3}2(μ-O)], 2 (36.5 mg, 0.0176 mmol, 1 eq) in THF 

(1.5 mL) was added to cold (–40 °C) Cs (11.7 mg, 0.088 mmol, 5 eq). The reaction mixture 

was left stirring at –40 °C for 1h. After this time, the reaction mixture turned dark red and 1H 

NMR monitoring of the reaction showed that the reaction was complete. The reaction mixture 

was filtered and the flask was transferred to a Schlenk line and was degassed by freeze-pump-

thawing three times. N2 (1 atm) was added to the solution at room temperature. The reaction 

mixture was monitored by 1H NMR spectroscopy. No reaction with N2 was observed. 

 

Synthesis of complex [K2{[U(OSi(OtBu)3)3]2(μ-O)(μ-N2)}], 4 

A dark red solution of complex [K2{[U(OSi(OtBu)3)3]2(μ-O)}], 3 (31.7 mg, 0.015 mmol) in 

toluene (0.5 mL) was prepared in a Schlenk tube in the glove box under argon. The tube was 

transferred to the Schlenk line and was degassed by freeze-pump-thawing three times. N2 (1 

atm) was added to the solution at room temperature. The solution turned immediately dark 

brown. 1H NMR shows immediate complete conversion to complex 4. The toluene solution 

was left standing at –40 °C for 24 h yielding to X-ray suitable crystals of complex 

[K2{[U(OSi(OtBu)3)3]2(μ-O)(μ-N2)}], 4 (22 mg, 69% yield). The 15N labeled complex 15N-4 

was prepared with the same procedure from 15N2. 1H NMR of 4 (400 MHz, tol-d8, 298 K): 

δ(ppm) = –1.9 (s, CH3 terminal siloxide). Anal. Calcd for 4(toluene)2 
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C72H162N2O25K2Si6U2(C7H8)2: C, 43.71; H, 7.59; N, 1.19. Found: C, 43.62; H, 7.45; N, 1.10. 

Magnetic moment at room temperature 1.752 µB. 

 

Reaction of  [K2{[U(OSi(OtBu)3)3]2(μ-O)(μ-N2)}], 4 with acids 

 

Addition of one equivalent of 2,4,6-tri-tert-butylphenol to 4. When one equivalent of 2,4,6-

tri-tert-butylphenol was added to a solution of 4 in THF-d8 the 1H NMR spectrum showed 

formation of KOSi(OtBu)3 and other unidentified species. 

Addition of excess HCl(Et2O) to 4. Excess HCl(Et2O) (34 µL of a 2M solution, 30 

equivalents) was added to a toluene solution of complex 4 (5 mg). The mixture turned 

immediately colorless, along with the formation of a pale green precipitate. All volatiles were 

removed under vacuum and DMSO-d6 was added for ammonia detection (dimethylsulfone 

added as internal standard). No ammonia formation was detected. 

Addition of KC8 and HBArF to 4. When 10 equivalents of KC8 were added at –80 °C to a 

solution of complex 4 in Et2O and subsequently 30 equivalents of HBArF in Et2O were added, 

neither ammonium chloride or hydrazine were detected by 1H NMR or UV spectroscopy, 

respectively. 

 

Nitrogen detection after addition of excess HCl to complex 4.  

A reaction tube was charged with a toluene (1mL) solution of [K2{[U(OSi(OtBu)3)3]2(μ-O)(μ-

N2)}] (10.6 mg) and it was closed with a silicon septum and secured with a metallic clip. 30 

equivalents of 2M HCl in Et2O were added via syringe through the septum. The headspace was 

injected into a GC-MS. The measurement confirmed the formation of N2. The same experiment 

was performed with 15N-4 to confirm the formation of 15N2. 

 

Reaction of complex [K2{[U(OSi(OtBu)3)3]2(μ-O)(μ-N2)}], 4 with CO: synthesis of 

[K2{[U(OSi(OtBu)3)3]2(μ-O)2(μ-NCN)}], 5 

A dark brown solution of complex 4 (81.0 mg, 0.037 mmol) in toluene (1 mL) prepared in a 

glove box under argon was transferred to a Schlenk line, was degassed by freeze-pump-thawing 

and 3 equivalents of CO were added. The color of the solution turned immediately purple. The 

solution was concentrated to 0.2 mL and left standing at –40 °C for 24 h, affording XRD 

suitable crystals of complex [K2{[U(OSi(OtBu)3)3]2(μ-O)2(μ-NCN)}], 5 (55.4 mg, 67.8 % 
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yield). 1H NMR of 5 (400 MHz, tol-d8, 298 K): δ(ppm) = 1.2 (s, CH3 terminal siloxide), 1.3 (s, 

CH3 terminal siloxide). The 13C labelled analogue 13C-5 was prepared with the same procedure 

using 13CO. 13C NMR of 13C-5 (400 MHz, tol-d8, 298 K): δ(ppm) = 261.6 (N13CN), 73.2 

(C(CH3)3), 32.06 (C(CH3)3). IR of 5: 2008 cm-1; IR of 13C-5: 1942 cm-1. Anal. Calcd for 5 

C73H162N2O26K2Si6U2: C, 39.73; H, 7.40; N, 1.27; Found: C, 40.12; H, 7.49; N, 1.02. The 

reaction of 4 with CO to afford 5 is immediate. The addition of larger amounts of CO (10-100 

equivalents) to complex 5 slowly (the reaction time depends on the CO amount) affords new 

products as shown by 1H NMR. 

 

Reactivity of complex [K2{[U(OSi(OtBu)3)3]2(μ-O)2(μ-NCN)}], 5 with excess of CO 

A dark violet solution of complex [K2{[U(OSi(OtBu)3)3]2(μ-O)2(μ-NCN)}], 5  (3.6 mg, 1 eq) 

in tol-d8 (0.5 mL) was degassed by freeze-pump-thawing three times. 13CO (18 eq) was added. 

After 3 days, the color of the reaction mixture turned yellow. The solution was concentrated to 

0.1 mL and left standing overnight at –40 °C to obtain XRD suitable crystals. In an equivalent 

experiment, the conversion rate was calculated by quantitative 1H NMR spectroscopy after 

adding 11.8 mg (57.5 eq) of naphtalene as a standard. The complex [K2{[U(OSi(OtBu)3)3]2(μ-

O)2}], 6 was formed with a conversion of 85%. The 13C spectrum shows an additional product 

that could not be identified.   

 

Independent synthesis of [K2{[U(OSi(OtBu)3)3]2(μ-O)2}], 6 

Excess KC8 (27.5 mg, 0.203 mmol, 5 eq) was added to a cold solution (–80 °C) of 

[{U(OSi(OtBu)3)3}2(μ-O)], 2 (84.2 mg, 0.041 mmol, 1 eq) in THF (3 mL). The suspension was 

stirred at –80 °C for 15 minutes. The reaction mixture was then filtered on cooled glassware in 

order to remove graphite and unreacted KC8. The solid was washed with cold THF. The 

resulting dark red solution was concentrated to 3 mL and connected to a Schlenk line. The 

solution was degassed by freeze-pump-thawing and 1 equivalent of N2O was added. The color 

turned immediately green. The solution was then brought to dryness and the resulting solid was 

dissolved in 1.5 mL of toluene. The solution was left standing at –40 °C overnight affording 

the formation of [K2{[U(OSi(OtBu)3)3]2(μ-O)2}] as a green crystalline solid (51.1 mg, 58% 

yield).  1H NMR of 6 (400 MHz, tol-d8, 298 K): δ(ppm) = –1.4  (s, CH3 terminal siloxide). 

Anal. Calcd for 6(toluene)1.7 C72H162O26K2Si6U2(C7H8)1.7: C, 43.37; H, 7.62; N, 0.00. Found: 

C, 43.13; H, 8.04; N, 0.00. 
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Reaction of complex [K2{[U(OSi(OtBu)3)3]2(μ-O)(μ-N2)}], 4 with H2 (1 atm) 

A brown solution of complex 4 in toluene (42.0 mg, 0.006 mmol) was degassed by freeze-

pump-thawing and 1 atm of H2 was added. The reaction was followed by 1H NMR, which 

showed consumption of the starting material and concomitant appearance of a new species 

showing a signal assigned to the siloxide protons at –1.4 ppm and a signal corresponding to 

two protons at 12.0 ppm, within 24 h. The same 1H NMR spectrum of the reaction mixture 

could be obtained upon reaction of 3 with 1 atm of H2 in toluene. Complex 7 was later found 

to be [K2{[U(OSi(OtBu)3)3]2(μ-O) (H)2}] 46. 

1H NMR (400 MHz, tol-d8, 298 K): δ(ppm) = –1.4 (s, 162H, CH3 of terminal siloxide ligands), 

12.0 (broad s, 1.99H). 13C NMR of crude reaction mixture (400 MHz, tol-d8, 298 K): δ(ppm) 

= 25.8 (q, C(CH3)3), 71.1 (s, C(CH3)3).  

 

Addition of excess HCl(Et2O) after reaction of 4 with H2.  

After reaction of 4 with H2, the NMR tube was connected with an adaptor to a Schlenk tube 

containing 2 mL of HCl(Et2O) (2M). The acid solution was degassed by freeze-pump-thawing. 

All the volatiles were collected into the HCl(Et2O) solution. HCl(Et2O) was removed under 

vacuum, but no formation of solid was observed. A large excess (>100 eq) of HCl(Et2O) was 

added at room temperature to the solid residue left in the NMR tube. The solution turned 

immediately light green and a light green/white precipitate was formed. After 10 minutes, the 

acid solution was removed under vacuum and the residual solid was dissolved in DMSO-d6 (1 

equivalent of dimethylsulfone was added as internal standard) for the quantitative ammonium 

chloride detection. The 1H NMR showed no signal for ammonium chloride or hydrazinium 

chloride and showed a peak at 3.3 ppm, assigned to water (probably arising from the 

protonation of the oxo group), and free ligand. 

 

Synthesis of [Cs2{[U(OSi(OtBu)3)3]2(μ-O)}], 3.Cs  

A cold (-80°C) light green solution of [{UIV(OSi(OtBu)3)3}2(µ-O)], 1 (89.5 mg, 0.0432 mmol, 

1 equiv) in THF (2 mL) was added to cold solid CsC8 (49.4 mg, 0.216 mmol, 5 equivs) . The 

suspension was left to react for 30 min at -80°C. The resultant dark red suspension was filtered 

through cold glassware (-80°C). Volatiles were removed under vacuum and the resultant dark 

red solid was dissolved in cold (-80°C) toluene (1.2 mL). The solution was left standing at -
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40°C for 3 days affording complex [Cs2{[U(OSi(OtBu)3)3]2(μ-O)}], 3.Cs as a dark red 

crystalline solid (55.0 mg, 55% yield). 

Anal. Calcd for 3.Cs(toluene): C: 39.04%; H: 7.05 %; N: 0.00%. Found: C: 38.77%; H: 7.19%; 

N: 0.00%.  

1H NMR (400 MHz, Tol-d8, 233 K): δ = –0.1 ppm (s, CH3 siloxide) 

1H NMR (400 MHz, Tol-d8, 298 K): δ =  0.4 ppm (s, CH3 siloxide)  

1H NMR (400 MHz, THF-d8, 233 K): δ = -0.4 ppm (s, CH3 siloxide) 

1H NMR (400 MHz, THF-d8, 298 K): δ = 0.4 ppm (s, CH3 siloxide)  

 

In situ formation of [K(crypt)]2[U(OSi(OtBu)3)3]2(μ-O)], 3.[K(crypt)] and addition of acid 

 

Excess KC8 (4.9 mg, 0.036 mmol, 5 equivs) was added to a cold solution (–80 °C) of 

[{U(OSi(OtBu)3)3}2(μ-O)], 2 (15.1 mg, 0.0072 mmol, 1 equiv.) in THF (0.5 mL). The 

suspension was stirred at –80 °C for 15 minutes. The reaction mixture was then filtered on 

cooled glassware in order to remove graphite and unreacted KC8. The solid was washed with 

cold THF. Cold (-80°C), solid 2.2.2. cryptand (13.5 mg, 0.036 mmol, 5 equivs) were added to 

the solution. Volatiles were removed at -80°C and the resultant dark red solid was dissolved in 

0.5 mL of cold (-80°C) d8-thf and transferred in an NMR tube. The reaction mixture was 

analyzed by 1H NMR spectroscopy at -80°C revealing the clean formation of a new species. 

The NMR tube was connected to a Schlenck line and the solution was degassed by 3 cycles of 

freeze-pump-thawing . 1 atm of N2 was added to the reaction mixture which was then allowed 

to warm to RT. The colour of the reaction mixture changed from dark red to brown. The 1H 

NMR spectrum of the reaction mixture revealed the formation of new species. Volatiles were 

removed and 200 µL of a 2M solution of HCl in Et2O to the resultant brown solid affording a 

colourless solution and a colourless precipitate. Volatiles were removed and the resultant 

colourless solid was dissolved in 0.5 mL of d6-dmso. NH4Cl was formed in 8% yield as 

revealed by 1H NMR spectroscopy using an internal standard of dimethylsulfone . 
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CHAPTER 4 

 
Facile N-functionalization and strong magnetic communication in 

a diuranium(V) bis-nitride complex 

 

Parts of this chapter have been taken from 

L. Barluzzi, L. Chatelain, F. Fadaei Tirani, I. Zivkovic, and M. Mazzanti, Chemical Science, 

2019, 10, 8840-8849 
 

 

 

 

Contributions 

L. Chatelain carried out preliminary experiments on the synthesis and the characterization of 

the complexes 2,3,and 4 together with preliminary experiments on the reduction of complex 4. 

L. Barluzzi carried out the reactivity and the synthesis and the characterization of the complex 

5-8 together with the additional reactivity and the oxidation reactivity of complex 4. F. Fadaei-

Tirani performed the X-Ray single crystals structure analysis. I. Zivkovic performed the 

magnetic measurements and analysed them. M. Mazzanti originated the central idea 

coordinated the work and analysed the experimental data. L. Barluzzi and M. Mazzanti wrote 

the manuscript. 
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4.1. Introduction 

Metal nitrides are of interest because of their role as intermediates in biological and 

industrial dinitrogen fixation,1 and of their potential application in nitrogen transfer 

chemistry and in small molecule activation.1c, 2 N-H and N-C bond formation reactions 

are particularly important in the context of industrial ammonia production and in the 

synthesis of value-added organic compounds respectively.3 However examples of 

nitride functionalization by CO,2d, 2j, 4 CO2, CS2 
2f, 2i, 5 or H2

2a-2e, 4e, 6 remain surprisingly 

rare.  

The high activity of uranium nitride materials (UN) as catalysts for the transformation 

of N2 and H2 into ammonia in the Haber-Bosch process and their potential application 

as nuclear fuels has attracted large interest in the synthesis and reactivity of molecular 

uranium nitrides.7  

Uranium nitrides are also of interest in the fundamental study of U-N multiple bonding8 

and magnetic communication between uranium centers.9 In recent years several 

mononuclear, dinuclear and polynuclear molecular mono(nitride) compounds of 

uranium in oxidation states ranging from +3 to +6 have been prepared and 

characterized.4c, 4d, 7e, 9a, 10 Highly reactive transient terminal uranium nitrides that 

promote C-H activation of the supporting ligand were also identified.11 The few reported 

reactivity studies of isolated molecular uranium nitrides demonstrated a surprisingly 

high activity of terminal and bridging nitrides towards the activation of unreactive small 

molecules resulting in the formation of new N-H and N-C bonds.4b-4e, 5a, 5g, 6, 10h Notably, 

the reactions of the diuranium(IV) nitride bridged [Cs{[U(OSi(O tBu)3)3]2(μ-N)}] 

complex with CO2, CS2, CO and H2 are all ligand centered and involve electrophilic 

addition to the highly nucleophilic bridging nitride. In contrast, the reactions of a 

terminal U(V) nitride, [U(TrenTIPS)(N)][K(B15C5)2], with CS2, H2, and CO show a 

nucleophilic reactivity of the nitride associated to redox changes at the metal center.  

Moreover, electrophilic reactivity towards cyanide was also reported for a nitride 

bridged diuranium(V).10h However, examples of functionalization of bis(µ-nitride) 

complexes are lacking in uranium chemistry and are extremely rare for d-metals12 in 

spite of the fact that such species have been reported as the product of bimetallic 

dinitrogen reduction in reducing conditions.12b, 13  

Here, we report a reproducible synthetic route to the diuranium(V) bis-nitride complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)2}]. This rare example of nitride bridged U(V) complex 
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was previously crystallographically characterized,10i but could not be prepared 

analytically clean in reasonable amounts preventing further characterization and 

reactivity studies. We now report the reactivity of the diuranium(V) bis-nitride with 

small molecules (CO, CO2, CS2 H2) that has resulted in N-C and N-H bond formation. 

We also report the isolation and characterization of the products obtained from these 

reactions where the bridging nitride group acts as a strong nucleophile, yielding cyanate, 

thiocyanate, isocyanide, sulphide and imide groups bridging uranium(IV) or 

uranium(V) cations. 

The greater radial extension of 5f orbitals compared to 4f orbitals may provide enough 

orbital overlap with ligand orbitals to implement magnetic communication between two 

metal centers through multiply bound bridging atoms.10b, 14 However, clear cut examples 

of magnetic communications in uranium chemistry remain limited and magnetic 

exchange is usually quite weak in chalcogenide or nitride bridged diuranium 

complexes.9b, 15 In contrast, unusually strong antiferromagnetic exchange interactions, 

have been reported for a bis-oxide bridged diuranium(V) complex with a diamond 

shaped U(O)2U core.16 The development of a reproducible synthetic route to the 

U(V)/U(V) bis-nitride complex has now rendered possible to investigate its magnetic 

properties and to compare them with those of other nitride bridged complex obtained 

from the reaction of the bis-nitride with small molecules. 

 

4.2. Results and discussion 

Synthesis of a dinuclear U(V) bis-nitride complex 

1H NMR studies show that the reaction of the dinuclear uranium(III) complex 

[U(OSi(OtBu)3)3]2, 1
17

 with one equivalent of KN3 in THF at -40°C for 4 days leads to 

the formation of the nitride-bridged diuranium(IV) complex [K{[U(OSi(OtBu)3)3]2(μ-

N)}], 2 and the nitride-, azide-bridged diuranium(IV) complex  
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Scheme 4-1. Reactivity of complex [U(OSi(OtBu)3)3]2, 1 with 1 and 2 equivalents of KN3 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3 together with unreacted starting material 

(Scheme 4-1). Successive recrystallizations of the reaction mixture in thf at -40°C 

allows the isolation of pure crystalline [K{[U(OSi(O tBu)3)3]2(μ-N)}], 2 in 21% yield. 

The solid-state structure of 2 is presented in Figure 4-1. It consists of a heterometallic 

complex (U2K) in which two U(IV) cations are held together by a nitrido ligand (N3-) 

arranged in an almost linear fashion (𝑈�̂�𝑈 = 170.1(5)°). The values of the U-N bond 

distances ( 2.089(9) Å and 2.076(9) Å) are very close to those found in the previously 

reported diuranium (IV) nitride [Cs{[U(OSi(OtBu)3)3]2(μ-N)}] (2.058(5) and 2.079(5) 

Å) that presents a similar linear U-N-U arrangement (170.2(3)°).10i The K+ cation is held 

at the apical position of the nitrido ligand by 5 donor atoms from three siloxide ligands.  

 

Figure 4-1. Solid state structure of the complex [K{[U(OSi(OtBu)3)3]2(μ-N)}] with  thermal 

ellipsoids drawn at the 50% probability level. Hydrogen atoms and the methyl groups 

of the tBu moieties have been omitted for clarity. 

K1

U2
U1

N1
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When two equivalents of KN3 are reacted with [U(OSi(OtBu)3)3]2, 1, only the formation 

of [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3 could be observed. The reaction probably 

proceeds through the reaction of 1 with a first equivalent of azide to afford the 

diuranium(IV) nitride 2 that reacts faster than unreacted 1 with a second equivalent of 

KN3 to afford complex 3. Crystals of complex 3 suitable for X-ray diffraction were 

isolated from a cold (-40°C) toluene solution in 72% yield.  

The solid-state structure of 3 is presented in Figure 4-2. It consists of a heterometallic 

complex (U2K2) in which two U(IV) cations are held together by a nitrido and an azido 

(N3
-) ligand arranged in a diamond core fashion (U-Nnitride-U = 124.6(6)° and U-Nazide-

U = 91.4(5)°). The U−nitride bond distances (2.018(12) Å, 2.086(11) Å) in 3 compare 

well with the U-N distances found in the U(V)/U(V) bis-nitride complex 4 (2.101(6) 

and 2.022(5) Å)10i and in the anionic U(V)/(UIV) mixed-valent bis-nitride complex, 

[{K(dme)(calix[4]tetrapyrrole)U}2(µ-NK)2]-[K(dme)4] (2.076(6) and 2.099(5) Å).10d 

The value of the U-Nnitride-U angle is larger compared to that found in 4 (106.1(2)°). The 

two uranium centers in 3 have a distorted square pyramidal geometry and are 

crystallographically equivalent, being related by an inversion center found at the middle 

of the UN1N2U’ core. The U-azide bond distances (U1-N2=2.492(11) Å, U1’-

N2=2.578(12) Å) lie in the range of the values reported for 1,1-end-on azides in U(IV)10f 

and U(VI)18 complexes (2.453(7)- 2.565(2) Å).  

Complex 3 is soluble but not stable in toluene at room temperature and slowly 

decomposes affording a complex mixture of compounds (Figure 4-3), in which, the 

presence of the diuranium(V) bis-nitride complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4,10i 

was identified by 1H NMR spectroscopy.  

 

 

Scheme 4-2. Synthesis of complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 



 97 

The decomposition is faster at higher temperatures and, when a solution of complex 3 

in toluene is stirred for 24h at 70°C, the bis-nitride complex 4 is obtained as major 

product in 73% yield (Scheme 4-2).  

 

 
Figure 4-2. Solid state structure of [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3 with thermal 

ellipsoids drawn at the 50% probability level. Hydrogen atoms, the methyl groups of 

the tert-butyl moieties and lattice solvent have been omitted for clarity 
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Figure 4-3. Evolution of the 1H-NMR (400 MHz, 298 K, d8-tol) of isolated 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3 at room temperature 

 

Complex 4 is soluble in THF and toluene and is stable both in solid state and in solution 

at room temperature and at 70°C. The solid state structure of 4 was previously 

reported10i by our group. Single crystals of complex 4 were previously10i isolated from 

the reaction of the U(III) complex [K(18c6)][U(OSi(OtBu)3)4] with cesium azide in THF 

at -40°C. However, all attempts to prepare complex 4 pure in significant amounts failed, 

preventing further characterization and reactivity studies for this complex. Thus, the 

reaction shown in Scheme 4-2 provides a convenient and reproducible synthetic route 

for the complex 4. 

Complex 4 is only the second example of a bis-nitride complex of uranium and shows 

a diamond shaped arrangement of the two nitride ligands10i as found in the anionic 

U(V)/(UIV) mixed-valent complex, [{K(dme)(calix[4]tetrapyrrole)U}2(µ-NK)2]-

[K(dme)4]
10d obtained from dinitrogen cleavage by a U(III)/ [K(naphth)]/DME system.  

Complex 4 provides an attractive system for the study of the reactivity of bis-nitride 

species that may be formed from dinitrogen reduction.4c, 10d, 13a Thus, its ability to 

produce NH3 or C-N bonds, highly desirable feature for reduced dinitrogen compounds, 

was investigated.  

The reactivity of complex 4 towards small molecules is summarized in Scheme 4-3. 
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Reactivity of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}] towards small molecules 

 

When one equivalent of CS2 is added to a stirring solution of complex 4 in toluene, the colour 

changes from dark brown to dark orange The 1H NMR spectrum of the reaction mixture 

over time shows that the reaction of 4 with CS2 is complete after a few hours to afford 

a new species which is stable over time in toluene. From a cold hexane solution, single 

crystals of the diuranium(V) complex [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-S)(µ-NCS)}], 5 

were isolated. The solid-state structure of 5 is presented in Figure 4-4  

It shows a heterometallic complex (U2K2) in which the two U(V) cations are held 

together by three bridging ligands, namely a nitrido, a sulphido and a thiocyanato ligand, 

and are in a pseudo-octahedral geometry. The other coordination positions are occupied 

by the siloxide ligands, which provide a O6 binding pocket for the coordination of K+.  

Complex 5 is the first example of a uranium compound with a N: N bridging 

thiocyanato. The mean value of the U-NNCS distances ( 2.59(3) Å) is longer than the one 

found in the only reported U(V) thiocyanato complex where the thiocyanate is 

terminally bound (2.316 Å).19 A similar difference is observed between a 1N: 1S 

Scheme 4-3. Reactivity of complex 4 towards small molecules  
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thiocyanato bridged diuranium(IV) complex (2.510(15) Å)4c and terminal5a, 20 U(IV) 

thiocyanato complexes (2.428(4)-2.377(4)Å).  

 

 

 

 

 

Figure 4-4. Solid state structure of [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-S)(µ-NCS)}], 5tol 

with thermal ellipsoids drawn at the 50% probability. Hydrogen atoms, the methyl 

groups of the tBu moieties and lattice solvent have been omitted for clarity. 

 

The study of U-S bonds has attracted significant current interest, but most examples of 

molecular uranium sulphides are sulphide bridged diuranium(IV) complexes with a 

fewer examples of terminal U(IV) sulphides.5a, 15g, 21 Molecular sulphides containing 

uranium in higher oxidation state are rare22 and only one example of a molecular 

terminal U(V) sulphide has been reported recently.23  

Thus, the nucleophilic addition of nitride to carbon disulfide provides access to the first 

example of a bridging U(V) sulphide. The reaction of 4 with CS2 is similar to that 

reported for the mononitride complex diuranium(IV) [Cs{[U(OSi(O tBu)3)3]2(μ-N)}] 

that reacts with CS2 to yield the trithiocarbonate Cs{(µ-NCS)(µ-

CS3)[U(OSi(OtBu)3)3]2}.5g A different reactivity was reported for the terminal U(V) 

nitride [U(TrenTIPS)(N)][K(B15C5)2] that, upon reaction with CS2, forms unstable 

U1 U2

N1

C1A

N2A

S2A

S1
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intermediates that undergo disproportionation reactivity affording a trithiocarbonate 

complex of U(IV) and potassium thiocyanate.5a 

The mean value of the U-S distances of 2.67(1) Å is significantly longer than that found 

in the only reported uranium (V) sulphide complex [K(2.2.2-

cryptand)][US{OSi(OtBu)3}4]
23 where the sulphide is terminally bound (2.396(5) Å ), 

but is close to the value reported ((2.66(2) Å) for the terminal U(V) persulfide complex 

[(η2-S2){U((SiMe2NPh)3-tacn)}]24 and for U(V) thiolate complexes (2.7230(13) Å).25  

The 13C NMR spectrum in d8-toluene of 13C-5 (obtained from the reaction of complex 

4 with 13CS2) shows a resonance at ∂=132.1 ppm assigned to the N13CS ligand. The IR 

spectra of complex 5 and 13C-5 show a band at 1977 and 1931 cm-1 respectively, which 

are attributed to the (CN) stretching. The low frequency of the IR band is in agreement 

with the presence of an N-bound thiocyanate.26  

Addition of excess 13CS2 (10 equiv.) to 4 results in the formation of 5 followed by the 

slow, partial conversion of 5 into unidentified products. The 13C NMR spectrum in d6-

dmso of the reaction mixture measured after 24 hours shows the presence of increased 

amounts of the extruded NCS- anion compared to the stoichiometric reaction of 4 with 

13CS2. This suggests that the second nitride also reacts slowly with CS2.  

These results show the high nucleophilicity of the nitride ligands in 4 leading to C-S 

cleavage and N-C bond formation and prompted us to investigate the reactivity of 

complex 4 with CO2. The addition of one equivalent of CO2 to a toluene solution of 

complex 4 immediately leads to a colour change from dark brown to ochre yellow. The 

1H NMR spectrum of the reaction mixture shows immediate reaction of 4 to afford a 

new species which is stable over time in toluene. Cooling down the solution to -40°C 

affords crystals of the oxo- nitride- cyanate bridged diuranium(V) complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6, in 78% yield. The 13C labelled 

analogue 13C-6 was also prepared with a similar procedure from 13CO2. The solid-state 

structure of 6 is presented in Figure 4-5. The structure of 6 shows the presence of a 

heterodimetallic complex (U2K2) in which the two U(V) cations are held together by 

three bridging ligands, namely a nitrido, an oxo and a cyanato ligand and are in a pseudo 

octahedral geometry. The other coordination positions are occupied by the siloxide 

ligands, which also provide a O6 coordination pocket suitable for the coordination of 

K+.  
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The average U-Nnitride (2.107(41) Å) and U-Ooxo (2.103(27) Å) distances are in the range 

of those previously reported for nitride-bridged (2.0470(3)-2.101(6)Å) 4c, 10h, 10i and oxo-

bridged diuranium(V) complexes (2.0354(12)-2.1815(11)Å) 9b, 15e, 15g, 16. The average 

U-Ncyanate distance of 2.495(12) Å is slightly shorter than the one found in the previously 

reported diuranium(IV) [Cs{[U(OSi(OtBu)3)3]2(µ-O)(µ-NCO)}] (2.559(9) Å) 

complex.4c  

The 13C NMR spectrum in d8-toluene of 13C-6 shows a resonance at ∂=143.1 ppm 

attributed to the N13CO ligand. 

 

 

Figure 4-5. Solid state structure of [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6 

with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms and the 

methyl groups of the tBu moieties have been omitted for clarity. 

 

The IR spectra of 6 and 13C-6 show peaks at 2192 and 2133 cm-1 respectively, that are 

in agreement with the values found for previously reported cyanato ligands in uranium 

complexes.4d, 27 4c, 20, 28  

Upon addition of 2 equivalents of CO2 to a degassed toluene solution of complex 4 the 

1H NMR spectrum in d8-toluene reveals the presence of complex 6, [U(OSi(OtBu)3)4], 

and other unidentified products. Upon addition of a larger excess of 13CO2 (10 equiv.) 

to a degassed toluene solution of complex 4 the 1H NMR spectrum in d8-toluene reveals 

the presence of multiple species that were not identified. When the volatiles are removed 
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under vacuum and the resulting solid residue is dissolved in d6-dmso, the 13C NMR 

spectrum of the reaction mixture shows only the presence of KN13CO which is extruded 

from the complex. Thus, the addition of an excess of CO2 to complex 4 does not lead to 

a different type of reactivity but, most probably, only to the reaction of the second nitride 

with CO2 to afford cyanate followed by ligand scrambling. 

The highly nucleophilic bridging nitride in the diuranium(V) complex effects the 

complete cleavage of the C=O double bond of the CO2 molecule to afford the cyanate 

and oxide groups. A carbamate is the probable intermediate that could not be identified. 

A similar reactivity was also reported for the terminal U(V) nitride 

[U(TrenTIPS)(N)][K(B15C5)2].5a The reactivity of the [UV(μ-N)2UV] core differs from 

what reported previously in our group for the diuranium(IV) mononitride [UIV(μ-N)UIV] 

that reacts with 1 equivalent of CO2 to afford both a dicarbamate ligand bridging the 

two U(IV) cations and an oxo- cyanate bridged diuranium(IV) complex.5g However, in 

both cases the reactivity does not involve redox changes at the metal centers but is only 

promoted by the high nucleophilic character of the nitride.  

The high nucleophilicity of the bridging nitride prompted us to investigate if C-N bonds 

could be formed also with other C1 sources, such as CO. 

When CO (2-3 equivalents) is added to a degassed toluene solution of complex 4, the 

colour immediately changes from dark brown to light green. Cooling the solution down 

to -40°C affords the diuranium(IV) complex [K2{[U(OSi(OtBu)3)3]2(μ-CN)(µ-O)(µ-

NCO)}], 7, as green crystals. 

The solid-state structure of 7, presented in Figure 4-6, shows an heterodimetallic 

complex (U2K2) in which the two U cations are held together by three bridging ligands, 

namely an oxo, a cyanato and a isocyanido (The cyanato and isocyanido ligands are 

crystallographically disordered over two positions). The other three coordination  

positions are occupied by the siloxide  
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Figure 4-6. Molecular structure of [K2{[U(OSi(OtBu)3)3]2(μ-CN)(µ-O)(µ-NCO)}], 7 with 

thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms, the methyl 

groups of the tBu moieties, crystallographically disordered atoms and lattice solvent 

have been omitted for clarity. 

ligands, which also provide a O6 coordination pocket suitable for the coordination of 

K+. The U-Ooxo bond distance (2.145(19) Å) is longer than the one found in complex 6 

and is in the range of the reported values for oxo-bridged diuranium (IV) complexes 

(2.068(2)-2.176(2) Å).4b, 5g, 9b, 29 An end-on bridging isocyanido ligand is unprecedented 

in uranium chemistry, but a side-on bridging isocyanide was previously obtained from 

the reaction of the diuranium(IV) complex [Cs{[U(OSi(O tBu)3)3]2(μ-N)}] with CO.4b 

The preferential N-bonding mode of cyanide anion to U(IV) complexes has been 

reported previously and corroborated by DFT calculations30 showing a better energy 

matching between the metal and ligand orbitals for the U(IV)-N compared to the U(IV)-

C bonding mode. 

The 13C NMR spectrum of isolated crystals of 13C-7 in toluene shows two peaks at 214.2 

and at -158.5 ppm (Figure 4-7) attributed to the uranium-bound cyanato and the 

isocyanido ligands.  
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Figure 4-7. 13C-NMR spectrum (400 MHz, 298 K, d8-tol) of isolated 

[K2{[U(OSi(OtBu)3)3]2(µ-13CN)(μ-O)(µ-N13CO)}], 13C-7 

 

Thus, upon addition of CO to 4 both nitride ligands react with CO, but with different 

outcomes. One nitride cleaves completely the CO triple bond yielding a cyanide and an 

oxo group, while the second nitride undergoes reductive carbonylation to afford a 

cyanate bridging ligand with concomitant two electron reduction and formation of a 

diuranium(IV) complex. No conclusions can be drawn about the order of reactivity, 

since no intermediate can be isolated. In fact, when one equivalent of CO is added to a 

toluene solution of complex 4, only complex 7 and unreacted complex 4 can be 

identified in the reaction mixture by 1H NMR spectroscopy (Figure 4-8). This suggests 

that the putative intermediate reacts with CO much faster than the starting complex 4. 

The observed reactivity suggests that the formation of a U(III) bridging cyanate is not 

accessible from bridging U(V) nitrides. This differs from what reported for a terminal 

U(V) nitride where the reaction with CO leads only to the reductive carbonylation and 

formation of a U(III) cyanate complex5a rather than to CO cleavage. Such difference is 

likely to arise from the cooperative binding of CO by the two uranium centers and the 

high nitride nucleophilic character which remarkably leads to cleavage of the CO triple 

bond.  
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Figure 4-8: 1H-NMR spectrum (400 MHz, 298 K, d8-tol) of the reaction mixture 

immediately after the addition of 1 eqv of CO to complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 

 

Nitride hydrogenation and protonation 

Since nitrides are likely intermediates in the catalytic dinitrogen reduction to ammonia, 

hydrogen cleavage by metal nitrides is believed to be an important step in the Haber–

Bosch process.1a, 1b In spite of this, only a handful of nitrides, bridging or terminal, that 

can effect H2 cleavage have been reported2a-2e, 4e none of which were bis(-nitrido). 

Recently, the hydrogenation of a U(V) terminal nitride has been reported.4e 

The complex [UV(TrenTIPS)N]- reacts with H2 in a two-electron transfer process, yielding 

the amide product [UIII(TrenTIPS)(NH2)]
-. Interestingly, when the hydrogenation is 

carried out in presence of a Lewis Base, the terminal nitride has been shown to act a 

Lewis Acid in Fustrated Lewis Pair reactivity, leading to the formation of a neutral 

U(IV) terminal amido compound [UIV(TrenTIPS)(NH2)]. In our group, we reported that 

the diuranium(IV) nitride bridged complex [Cs{[U(OSi(OtBu)3)3]2(μ-N)}] promotes the 

reversible heterolytic activation of H2 to afford the hydride, imide bridged 

diuranium(IV) complex [Cs{U(OSi(OtBu)3)3}2(-H)(-NH)].6 

A strikingly different reactivity is observed for complex 4 when is exposed to 1 atm. of 

H2 in a toluene solution. The reaction proceeds slowly at room temperature, but, after 
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12 h, the analysis of the reaction mixture by 1H NMR spectroscopy reveals the complete 

consumption of the starting material and the clean formation of a new species.  

When the reaction mixture is heated up to 60°C, the reaction is faster and it is complete 

after 1 h. Cooling the solution at -40°C allowed the isolation of complex 

[K2{[U(OSi(OtBu)3)3]2(μ-NH)2}], 8 as a crystalline yellow solid in 75% yield. The 1H 

NMR signal assigned to the two amide protons is found at 176.5 ppm for a solution of  

8 in d8-toluene and is absent in the 1H NMR spectrum of a solution of 8 reacted with D2. 

The solid-state structure of 8 presented in Figure 4-9 shows the presence of an 

heterodimetallic complex (U2K2) in which the two U cations are held together by two 

imido (NH2-) bridging ligands. An inversion center is found at an equal distance between 

the U(IV) cations. The protons of the imido ligands can be crystallographically 

identified, making their assignment unambiguous. The U-N bond distances (2.192(3)- 

2.273(3) Å) in 8 are elongated with respect to the U-Nnitride bond distances in complexes 

3 (2.018(12) Å, 2.086(11) Å) and 4 (2.101(6) and 2.022(5) Å), and are similar to those 

found in the only other reported bridging parent imido–U(IV) linkage in the complex 

[Cs{U(OSi(OtBu)3)3}2(-H)(-NH)6 (U1-N1A = 2.231(7) Å and U2-N1A = 2.288(8), 

Å). The 𝑈𝑁�̂� angle (106.08(13)°) is the same as found present in complex 4 but the 

coordination geometry of the two uranium centers changes from distorted square 

pyramidal in 4 to distorted trigonal bipyramidal geometry in 8. In spite of their 

importance as intermediates in dinitrogen conversion to ammonia only three examples 

of parent imido complexes of uranium are reported.4c, 6, 10m These results show that that 

the bis-nitride complex 4 promotes oxidative H2 cleavage affording a reduced imido-

bridged U(IV) complex. Contrarily to what observed for a uranium terminal nitride 

species,4e each U center contributes with one electron to the two-electron oxidative 

cleavage of H2. Thus, no U(III) amido species is formed. The reaction pathway probably 

does not involve H2 coordination to the metal center but direct attack of H2 to the two 

nitrides as previously reported for a terminal iridium complex.2a The reactivity of 

complex 4 with H2 is remarkable and provides a model for the probable intermediates 

formed during the conversion of N2 and H2 into ammonia promoted by uranium nitrides 

in the Haber-Bosch process. Notably the reactivity of complex 4 shows that uranium 

bis-nitride complexes can activate dihydrogen in ambient conditions to form NH bonds.  

When complex 4 is reacted with H2 at higher pressure (5.5 atm) 1H NMR spectroscopy 

shows the formation of a mixture of species among which 8 was not identified. 
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However, the formation of ammonia could not be detected in this reaction neither in the 

headspace nor in the reaction mixture. 

 

Figure 4-9. Solid state structure of [K2{[U(OSi(OtBu)3)3]2(μ-NH)2}], 8 with thermal 

ellipsoids drawn at the 50% probability level. Hydrogen atoms, the methyl groups of 

the tBu moieties and lattice solvent have been omitted for clarity.  

The important role of nitride protonation in the biological formation of NH3 from N2 

continues to motivate the study of the reaction of nitrides with proton donors.1c, 2f-2k, 4c 

1H NMR studies show that the protonation of both 4 and 8 with 1 equiv. of PyHOTf 

proceeds slowly in toluene solution and leads to a complicate mixture of species that 

could not be identified. Complex 4 also slowly reacts with phenylacetylene (PhCCH), 

giving rise to an intractable reaction mixture. 

The reactivity of complex 4 and complex 8 with excess acid was also investigated in 

order to gain insight into the possible ammonia formation from these U(V)-N containing 

species. After treating complexes 4 and 8 with an excess of a 2M solution of HCl in 

diethyl ether a green solution was obtained. 1H NMR analysis of the products in d6-

dmso (dimethylsulfone was added as an internal standard for quantification) showed 

that NH4Cl is formed in both cases in 78% and 73% conversion for 4 and 8 respectively. 

When complex 4 is reacted with an excess of water (30 equivalents) in thf, 1H NMR 

analysis shows that NH4Cl is formed in 18(1) % yield. Lower yields in ammonia were 

reported for a terminal U(V) nitride upon water addition (10%).10l .  

U1

N6

H6

N6’
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Magnetic properties 

Examples of unambiguous magnetic coupling is rare in uranium chemistry, but RN-, N- 

or O- bridged U(V) compounds have shown antiferromagnetic interactions with values 

of the Neel temperature (TN, defined as the temperature at which the magnetic 

susceptibility reaches a maximum) ranging from 5 to 20 K.9b, 15a-15f The highest value of 

TN at 110K was reported by Cummins and Diaconescu for a arene-bridged U(III) 

dimer.15h, 15i However, unusually strong antiferromagnetic exchange interactions with 

TN of 70 K were reported for a bis-oxide bridged diuranium(V) complex with a diamond 

shaped [UV(μ-O)2U
V] core.16 In view of the strong coupling exhibited by the diamond 

core shaped bis-oxo complex we decided to investigate if a strong exchange could be 

promoted by nitride ligands in a diamond shaped geometry (Figure 4-10). 

The χ versus T plot for complex 4 (Figure 4-11) shows the magnetic behaviour of an 

antiferromagnetically coupled dinuclear complex with a TN of approximately 77 K. 

Thus the diamond core [UV(μ-N)2U
V] exhibits a strong coupling between the two f1 

ions, slightly higher than that found in the bis-oxide complex [{((nP,MeArO)3 tacn)UV}2 

(μ-O)2 ]
16  (tacn = triazacyclononane, nP= neopentyl). A significantly weaker coupling 

with a TN value of 10 K had been reported for the diuranium(V) nitride-, hydrazido 

bridged complex [K3{[U(OSi(OtBu)3)3]2(μ-N)(μ-N2)}]16 where the two uranium cations 

are 3.3052(5) Å apart and present a [UV(μ-N2)(μ-N)(UV] diamond core. No EPR signal 

was observed for a 4.6 mM toluene solution of 4. The absence of an EPR spectrum is 

indicative of a 3/2 magnetic ground state.15a 

In view of these differences we also investigated the magnetic properties of the other 

diuranium complexes presented here. 

In complex 6 where one nitride in the [UV(μ-N)2UV] core is replaced by an oxide and a 

cyanate ligand the strong antiferromagnetic exchange is retained, with a slightly lower 

TN of 60K, as shown in Figure 4-11. In contrast, the χ versus T plot for complex 5 

(Figure 4-11) does not show a clear maximum even if the presence of antiferromagnetic 

coupling cannot completely be ruled out. Even in the latter case the magnetic coupling 

would be significantly less strong in the nitride, sulphide, thiocyanate bridged complex 

compared to complexes 4 and 6 probably as a result of the increased U-U distance 
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(Figure 4-11) and of a decreased orbital overlap. The presented results suggest that the 

nature of bridging atoms in dinuclear uranium complexes plays a key role in magnetic 

communication between uranium centers. 

 

Figure 4-10. Ortep diagram of the core showing the metrical parameters for the bridging 

atoms in complexes 4, 6, 5, and [K3{[U(OSi(OtBu)3)3]2(μ-N)(μ-N2)}].4c  
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Figure 4-11. Temperature dependence of the magnetic susceptibility for complexes 4 (red), 5 

(green), and 6 (blue) at 1000 Oe. 

 

In spite of the fact that well characterized U(IV) complexes are much more common 

than their U(V) counterpart, only few examples of unambiguous magnetic coupling 

between two U(IV) ions have been reported.15g, 31 Here we have investigated the 

diuranium (IV) complexes 2, 3, 7, and 8 (Figure 4-12). In none of these complexes the 

presence of unambiguous magnetic coupling could be identified. For complex 7 and for 

the bis-imido diuranium(IV) complex 8 the χ versus T plot shows a continuous increase 

until it reaches a plateau (at 10K for 8 and at 90 K for 7). While the possibility of 

antiferromagnetic coupling cannot be completely ruled out in these complexes the 

observed behaviour could be ascribed to the presence of temperature independent 

paramagnetism (TIP) due to low lying excited states. This behaviour is characteristic of 

magnetically isolated U(IV) complexes.10f, 15g, 16, 32 

 

 

 

 

a
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Figure 4-12. Temperature dependence of the magnetic susceptibility for complexes a) 2, b) 

3, c) 7, d) 8 at 1000 Oe. 

 

The UV/Vis/NIR electronic absorption spectra of complexes 3-8 were measured in 

toluene at different concentrations from 200 to 2500 nm at 25 °C. The NIR region 

(Figure 4-13) is dominated by metal-based f−f transitions with varying intensities. Well 

resolved absorptions with average molar extinction coefficients of ∼50−120 M−1 cm−1 

can be observed for the U(V) complexes 4, 5 and 6 in the 450-2250 nm region and are 

comparable to bands observed for bis-oxo diuranium(V) complexes16 and terminal U(V) 

oxo and nitride complexes.9a,33 In contrast, complexes 3, 7,and 8 show several poorly 

resolved bands with low molar extinction coefficients of 10− 50 M−1 cm−1 as expected 

for U(IV) complexes.16 

 

 

 

Figure 4-13. NIR spectra in a toluene solution for complexes 3-8 

  

Particularly remarkable is the difference in the magnetic properties between the  [UIV(μ-

NH)2UIV] and [UV(μ-N)2U
V] cores, that present similar geometry and coordination 

environment although significantly larger U---U separation is found in the imido core 

(3.5687(2) Å) compared to the nitride one (3.2960(6) Å). This may be interpreted in 

term of a decreased covalency in the U(IV)-NH bonding compared to U(V)-N bonds 
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and of a lower orbital overlap of the imido compared to the nitride ligand resulting in 

the absence of magnetic interaction. Notably, recent computational work on related 

systems showed the presence of a markedly covalent character of the U-N-U bond in 

nitride bridged diuranium(III) and diuranium(V) complexes while no orbital overlap 

was found between the bridging oxide and the two uranium centers in analogous oxide-

bridged diuranium complexes.9b It should however be noted that unambiguous magnetic 

exchange coupling between uranium(IV) centers is more rarely observed15g, 31 than for 

uranium(V) and may be masked by other phenomena34 rendering difficult the 

comparison between U(V) and U(IV) systems.  

Further reactivity of complex 6 

In order to probe if a group transfer reactivity of the NCO- could be achieved, the reaction of 

complexes 6 with Me3SiI was investigated. The reaction with 1 equiv of Me3SiI in d8-tol was 

immediate and fully consumed the starting material, but gave rise to intractable reaction 

mixtures. The reduction of complex 6 was also investigated, in order to gain insight on the 

possibility to obtain a mixed oxo-/nitride-bridging species. Upon addition of a cold (-40°C) 

ochre yellow solution of complex 6 in toluene on cold (-40°C) solid KC8, the reaction mixture 

changed colour to dark green. The 1H NMR spectrum of the reaction mixture revealed the 

presence of the previously reported species [K2{[U(OSi(OtBu)3)3]2(μ-O)2}] suggesting that 

ligand scrambling reactivity occurs. In order to probe if KNCO was extruded from the reaction, 

the black graphite-containing precipitate of the reaction using 13C-6 was isolated and extracted 

with d6-dmso. The 13C NMR spectrum of the extract did not show the presence of KN13CO, 

thus excluding the possibility that the salt is a reaction product. 

Reduction chemistry of complex 4 

In order to probe if a family of bis-nitride uranium complexes in different oxidation states could 

be accessed, the redox chemistry of complex 4 was investigated. The reduction of complex 4 

with 6 equivs KC8 at -40°C in thf was investigated by 1H NMR spectroscopy in d8-thf. The 

disappearance of the resonance at -1.9 ppm corresponding to complex 4 together with the 

appearance of two new resonances at -6.4 and 0.1 ppm and of one resonance assigned to 

KOSi(OtBu)3 were observed (Figure 4-14). Despite numerous attempts, no XRD suitable single 

crystals could be obtained. Moreover, the reduced product proved to be very sensitive to the 
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presence of toluene in the reaction media. Crystals of the previously reported complex 

[K2{[U(OSi(OtBu)3)3]2(μ-tol)}] grew at -40°C from the reaction with traces of toluene present 

in the starting material. When complex 4 was reduced with 2 equivs of KC8, a new resonance 

was observed in the 1H NMR spectrum together with those of 4 and the resonances at -6.43 

and 0.1 ppm. The new resonance at 0.4 ppm is the only one observed when 4 is reduced with 

1 equiv of KC8, suggesting that it is possibly a monoreduction product. So far, no XRD quality 

crystals could be obtained for any of the reduction products. A summary of the 1H NMR 

spectroscopy analysis is given in Figure 4-14 and Figure 4-15. 

 

Figure 4-14. 1H-NMR (400 MHz, 298 K, d8-thf) of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}] before 

addition of KC8, after addition of 2 eqvs of KC8 and after addition of 6 eqvs of KC8 at 233K 
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Figure 4-15. 1H-NMR (400 MHz, 298 K, d8-thf) of the reaction mixture after the reduction 

of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 with 1 equiv of KC8 

The reduction of complex 3 with different alkali metals, such as Na or Cs, only lead to the 

formation of intractable reaction mixtures in which multiple reaction products can be observed 

by 1H NMR spectroscopy and no X-Ray quality crystal could be obtained. (See Appendix 2) 

Oxidation chemistry of complex 4 

We also decided to investigate the oxidation of complex 4 in view of the rarity of U(VI) nitrides 

and the absence of U(VI) bis-nitride. Such species present interest in the study of the U=N 

multiple bonds. The addition of 2 equivs. of solid I2 to a toluene solution of complex 4 led to a 

colour change from dark brown to ochre yellow together with the precipitation of a colourless 

solid, presumably KI. The 1H NMR spectrum of the reaction mixture shows the presence of 

multiple species, but cooling the concentrated reaction mixture at -30°C afforded ochre crystals 

of the mixed valence complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2(µ-I)}], 9. The solid-state structure 

of 9 is presented in Figure 4-15 and consists of a heterodimetallic complex in which a U(V) 

and a U(VI) ions are found in a pseudo octahedral geometry bound by two bridging nitride 

ligands, one bridging iodide ligand and three siloxide ligands. The siloxide ligands also provide 

a O6 coordination pocket for the K+ counterion. The U-O distances are extremely similar for 

the two U centers, suggesting no localization of the charge. The average U-O distance is of 
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2.190(5) Å. The two nitrogen and the iodine atoms in the core are disordered over three 

positions each. Because of the disorder in the core of the bridging atoms, the metric parameters 

can be discussed only for one position. The average U-I distance is of 3.197(1) Å. The uranium 

nitride distances are similar to the ones observed for complex 4 and are U1-N1A=2.180(14)Å, 

U1-N2A=2.093(15)Å, U2-N1A=2.093(15)Å, and U2-N2A=2.175(15)Å. 

The presence of the homoleptic U(IV) complex [U(OSi(O tBu)3)4] in the reaction 

mixture prevented, so far, the isolation of pure complex 9. Further studies are now 

dedicated to the obtention of a U(VI)/U(VI) bis nitride complex by varying the reaction 

conditions, such as the oxidizing agents and the solvent used. 

 

Figure 4-16. Solid state structure of [K2{[U(OSi(OtBu)3)3]2(μ-N)2(µ-I)}], 9 with thermal 

ellipsoids drawn at the 50% probability level. Hydrogen atoms, the methyl groups of 

the tBu moieties and lattice solvent have been omitted for clarity.  

 

4.3. Conclusions 

In conclusion, we reported a reproducible route for the synthesis of a diuranium(V) bis 

nitride bridged complex and the first reactivity study of a [UV(µ-N)2UV] core. The 
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[UV(µ-N)2U
V] complex reacts readily with 1 equivalent of CO2 and CS2 in ambient 

conditions leading to C-O and C-S bond cleavage and N-C bond formation. Thus, the 

nucleophilic attack of one nitride to the heteroallenes occurs without redox changes at 

the metal center leading to chalcogenido- and cyanato- bridged diuranium(V) 

complexes. The cleavage of the C-O bond appears favoured by the [UV(µ-N)2UV] core, 

compared to the analogous diuranium(IV) nitride which undergoes preferentially 

addition of two CO2 molecules to afford a dicarbamate.5g The reaction with CS2 afford 

the first example of sulphide bridged diuranium(V) complex which shows high stability 

against disproportionation. The reaction of the [UV(µ-N)2U
V] core with CO results in a 

different concomitant reactivity for the two bridging nitrides that leads both to the 

complete CO cleavage and transfer of one nitride to form CN- and to the reductive 

carbonylation of a nitride to afford a cyanate bridged diuranium(IV) complex. The 

reported reactivity demonstrated the high nucleophilicity of the two nitride groups in a 

diamond [UV(µ-N)2U
V] core suggesting that such species can provide novel routes to 

the use of easily available C1 substrates like CO and CO2 in the synthesis of valuable 

chemicals. The [UV(µ-N)2UV] core can also irreversibly effect the oxidative cleavage of 

H2 in ambient conditions affording a bis-imido bridged diuranium(IV) species that is 

relevant as a model for intermediates in the uranium mediated transformation of N 2 and 

H2 into ammonia. The conversion of the nitrides into ammonia was not achieved with 

H2 but ammonia could be obtained readily in nearly quantitative yield from the addition 

of a strong acid to the nitride. Beside the relevance of diuranium complexes reported 

here in N-transfer reactivity, they also provided a platform for interrogating electronic 

communication between uranium centers. No unambiguous magnetic coupling was 

identified for the reported diuranium(IV) complexes including the bis-imido [UIV(µ-

NH)2UIV. species. In contrast, the magnetic data measured for the [UV(µ-N)2U
V] 

complex show an unusually strong antiferromagnetic coupling between the uranium 

ions. The coupling is maintained in the nitride-oxo cyanate bridged diuranium(V) 

complex, but absent in the analogous nitride-sulphide thiocyanate compound probably 

as a result of the increased U-U distance and decreased orbital overlap. In summary 

uranium bis-nitrides not only provide competent models for species involved in 

dinitrogen activation, but demonstrated to be attractive for promoting N-transfer 

reactivity and implement magnetic interaction between uranium centers.  

The investigation of the redox chemistry of complex 4 is also of great interest. Indeed, 

no family of parent uranium bis nitride species with different oxidation states has ever 
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been reported. The synthesis of U(IV)/U(IV), U(VI)/U(VI), or even U(III)/U(III) bis 

nitride species would be of great interest in terms of fundamental understanding of the 

U-N multiple bonds. Important differences in the reactivity may also be observed, we, 

indeed, anticipate the high instability of a putative U(IV) bis nitride species. The bis-

nitride diamond-core was also shown to efficiently promote magnetic communication 

in the U(V) oxidation state. It would be of great interest the analysis of the magnetic 

properties of eventual bis-U(IV) or even bis-U(III) bis nitride species in order to 

investigate if this promotion of the magnetic communication can also be observed in 

different oxidation states. 

 

4.4. Experimental 

General procedures  

Unless otherwise noted, all manipulations were carried out at ambient temperature under 

an inert atmosphere using Schlenk techniques and/or an MBraun glovebox equipped 

with a purifier unit. The water and oxygen levels were always kept lower than 0.1 ppm. 

Glassware was dried at 150°C prior to use. 

Caution! Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 MeV) with a half-

life of 4.47 × 109 years. Manipulations and reactions should be performed in monitored f 

umehoods or in an inert atmosphere glovebox in a radiation laboratory equipped with α-counting 

equipment.  

 

Starting materials 

Unless otherwise noted, reagents were purchased from commercial suppliers and used 

without further purification. The solvents were purchased from Aldrich or Cortecnet 

(deuterated solvents) in their anhydrous form, conditioned under argon and vacuum 

distilled from K/benzophenone (toluene and tetrahydrofuran (THF)). DMSO-d6 was 

freeze- degassed and stored over activated 3 Å molecular sieves. The complex 

[U(OSi(OtBu)3)3]2, 1 was prepared according to the published procedure.17 Carbon 

monoxide (N47 Bt-S 10/200) was purchased from Carbagas and transferred prior to use 

in a flask in equipped with a Young valve and containing activated 3 Å molecular sieves. 

13CO (93.13% 13C) was purchased from Cortecnet and transferred prior to use in a flask 

equipped with a Young valve and containing activated 3 Å molecular sieves. Hydrogen 
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gas (99.9999% purity) and carbon dioxide (99.9999% purity) were purchased from 

Carbagas. 13CO2 (93.13% 13C) and D2 (99.8% D) were purchased from Cortecnet and 

transferred prior to use in a flask in equipped with a Young valve and containing 

activated 3 Å molecular sieves. KN3 was purchased from Sigma and dried under high 

vacuum prior to use.  

 

NMR, UV and IR spectroscopy 

NMR spectra were performed in J. Young tubes. 1H and 13C NMR spectra were recorded 

on Bruker 400MHz spectrometer. Quantitative 13C NMR were recorded on Bruker 

600MHz. NMR chemical shifts are reported in ppm and were referenced to the residual 

1H and 13C signals of the deuterated solvents.  

IR spectra were recorded with a Perkin Elmer 1600 Series FTIR spectrophotometer 

flushed with argon. The UV-Vis-NIR spectra were performed with a Perkin Elmer 

Lambda 750 instrument. The spectra were recorded at 25 °C in 1 mm cells adapted with 

J. Young valves for 3.8-8.3 mM toluene solutions of complexes 3-8.   

 

Elemental Analyses 

Samples were analysed under nitrogen by the elemental analyses department of the 

EPFL using a Thermo Scientific Flash 2000 Organic Elemental Analyzer.  

 

Magnetic Data 

Magnetic measurements were performed using a Quantum Design MPMS-5T 

superconducting quantum interference device (SQUID) magnetometer in a temperature 

range 2-300 K. The powder sample was enclosed in an evacuated quartz capsule and 

placed inside a plastic straw. 

 

X-ray analyses 

Bragg-intensities of 2, 3, and 7 were measured at low temperature (See Appendix 2 Table) 

using MoKα radiation on a Bruker APEX II CCD kappa diffractometer. The datasets were 

reduced by EvalCCD33 and corrected for absorption by modelling an empirical transmission 

surface as sampled by multiple symmetry-equivalent and/or azimuth rotation-equivalent 

intensity measurements by real spherical harmonic functions of even order.34 
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The X-ray diffraction data of 5, 6 and 8 were collected at low temperature (See Appendix 2 

Table 1) using CuKα radiation for 5 and 6, and MoKα radiation for 8. A Rigaku SuperNova 

dual system diffractometer with an Atlas S2 CCD detector was used for compounds 5 and 6, 

and one equipped with an Atlas CCD detector for compound 8. The datasets were reduced and 

corrected for absorption, with the help of a set of faces enclosing the crystals as snugly as 

possible, with CrysAlisPro.35 

The solutions and refinements for the structures were performed by the latest available version 

of ShelXT36 and ShelXL.37 All non-hydrogen atoms were refined anisotropically using full-

matrix least-squares based on |F|2. The hydrogen atoms were placed at calculated positions by 

means of the “riding” model where each H-atom was assigned a fixed isotropic displacement 

parameter with a value equal to 1.2 Ueq of its parent C-atom (1.5 Ueq for the methyl groups), 

except the hydrogen atom of the bridging imido ligand in 8, which was found in a difference 

map and refined freely. Crystallographic and refinement data are summarized in Table 1 in 

Appendix 2. In the structures of 2, 3, 5 and 6, one disordered toluene solvent molecule per 

formula unit was removed with the help of the solvent-masking program in OLEX2.38 In the 

structure of 3, both bridging ligands, namely nitrido and azido bridges were disordered over 

two positions found in a difference Fourier map and refined anisotropically yielding an 

occupancy of one half each. RIGU restraint was applied to the displacement parameters of all 

atoms. In case of 5, the bridging ligands, namely a nitride and a sulphido ligand, were 

disordered over two orientations found in a difference map. The major and minor parts were 

refined anisotropically, but distance restraint (SADI) had to be applied to the nitrido ligand for 

a convergent least-square refinement, yielding site occupancy ratios of 0.67(2)/ 0.33(2). SIMU 

restraint was applied to the displacement parameters of all light atoms. The structure of 6 was 

refined as a two-component inversion twin. The core of this complex was not disordered, but 

RIGU and SIMU restrains were applied to the displacement parameters of all atoms and all 

light atoms, respectively. In the structure of 7, the oxygen atom of the cyanate bridging ligand 

was disordered over two positions found in a difference Fourier map and refined 

anisotropically yielding an occupancy of one half each. The distance restraints such as DFIX 

and SADI were used for a convergent least-squares refinement of the disordered isocyanido 

ligand. RIGU and SIMU restrains were applied to the displacement parameters of all atoms 

and all light atoms, respectively. 

 

Synthesis of [K{[U(OSi(OtBu)3)3]2(μ-N)}], 2 
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A cold (-40°C) solution of, 1 (182.9 mg, 0.089 mmol, 1 equiv.) in 3 mL of THF was 

added onto cold (-40°C) KN3 (7.2 mg, 0.089 mmol, 1 equiv.), and the reaction mixture 

was vigorously stirred with a glass-coated stirring bar for 4d at −40 °C. 1H NMR 

analysis of the reaction mixture revealed the presence of [K2{[U(OSi(OtBu)3)3]2(μ-

N)(μ-N3)}], 3, starting material, and [K{[U(OSi(OtBu)3)3]2(μ-N)}], 2. Successive 

recrystallizations in THF at -40°C afforded the complex [K{[U(OSi(OtBu)3)3]2(μ-N)}], 

2 as a purple-brown crystalline solid in 21% yield (40mg, 0.019mmol). 1H NMR (400 

MHz, d8-thf, 298 K): δ = −0.67 (s, 162H, CH3, terminal siloxide). Anal. Calcd for 2 

C72H162KNO24Si6U2: C: 40.99%; H: 7.74%; N: 0.66%. Found: C: 41.03%; H: 8.05%; 

N: 0.78%. 

 

 

Synthesis of [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3 

A cold (-40°C) dark brown solution of 1 (99.2mg, 0.048mmol, 1 equiv.) in 3 mL of THF 

was added onto cold (-40°C) KN3 (7.8mg, 0.097mmol, 2 equiv.), and the reaction 

mixture was vigorously stirred with a glass-coated stir bar for 5d at −40°C. The resulting 

brown solution was filtered on microfilter and volatiles were removed under vacuum. 

The residue was dissolved in 1mL of toluene and left standing for 3d at -40°C, affording 

the complex [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3 as a brown crystalline solid (81.8 

mg, 0.035mmol, 72%). 1H NMR (400 MHz, d8-thf, 298 K): δ = −1.6 ppm (s, 162H, 

CH3, terminal siloxide), 1H NMR (400 MHz, d8-toluene, 298 K): δ = −1.4 ppm (s, 162H, 

CH3, terminal siloxide).  

Anal. Calcd for 31.5toluene C72H162N4O24K2Si6U2(C7H8)1.5: C: 42.55%; H: 7.53%; N: 

2.41%. Found: C: 42.38%; H: 7.94%; N: 2.01%. 

 

Synthesis of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 

A dark brown solution of 3 (197.3 mg, 0.09 mmol) in 4.5 mL of toluene was degassed 

and heated up to 70°C for 24h. N2 bubbling was observed. The solution was then 

evaporated (2 mL) and left standing overnight at -40°C, affording the complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 as a dark brown crystalline solid (142.8 mg, 0.066 

mmol, 73% yield). 1H NMR (400 MHz, d8-toluene, 298 K): δ = −1.8 ppm (s, 162H, 

CH3, terminal siloxide) 



 122 

Anal. Calcd for 40.3toluene C72H162N2O24K2Si6U2(C7H8)0.3: C: 40.63%; H: 7.57%; N: 

1.28%. Found: C: 40.60%; H: 7.40%; N: 1.08%. 

 

Synthesis of [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-S)(µ-NCS)}], 5 

1.3 µL of CS2 were added to a dark brown solution of 4 (47.0 mg, 0.0217 mmol, 1 

equiv.) in 3 mL of toluene. The reaction mixture was stirred at room temperature 

overnight. The reaction mixture was then evaporated (1 mL) and left standing overnight 

at -40°C, affording the precipitation of complex [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-S)(µ-

NCS)}], 5 as an orange-brown crystalline solid (35.2 mg, 0.0158 mmol, 73% yield). 

The 13C labelled complex 13C-5 was prepared with the same procedure from 13CS2. 
1H 

NMR (400 MHz, d8-toluene, 298 K): δ = 0.4 ppm (s, 162H, CH3, terminal siloxide). 

13C NMR of 13C-5 (400 MHz, d8-toluene, 298 K): δ(ppm)=132.1 (N13CS), 73.2 

(C(CH3)3), 31.96 (C(CH3)3). The 13C NMR spectrum in d6-dmso shows a resonance at 

129.4 ppm, which is assigned to KN13CS and confirms that the thiocyanate ligand is 

present in the complex 5 and is released in dmso (Appendix 2 Figure 14). 

IR of 5: 1977 cm-1 (CN); IR of 13C-5: 1931 cm-1 (CN). Anal. Calcd for 51.3toluene 

C73H162N2O24K2S2Si6U2(C7H8)1.3 C: 41.81%; H: 7.37%; N: 1.19%. found C: 41.85%; 

H: 7.57%; N: 1.47%. 

 

Synthesis of [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6 

A dark brown solution of 4 (42.7 mg, 0.0197 mmol, 1 equiv.) in 3 mL of toluene was 

degassed by freeze-pump-thawing three times and CO2 (1 equiv.) was added inside the 

reaction tube. The solution was brought back to room temperature and became ochre 

yellow. The solution was then evaporated (1.5 mL) and left standing overnight at -40°C, 

to yield the complex [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6 as an ochre 

yellow crystalline solid (33.5mg, 0.015mmol, 78% yield). The 13C labelled complex 

13C-6 was prepared with the same procedure from 13CO2. 

 1H NMR (400 MHz, d8-toluene, 298 K): δ = 0.2 ppm (s, 162H, CH3, terminal siloxide). 

13C NMR of 13C-6 (400 MHz, d8-toluene, 298 K): δ(ppm)=143.1 (N13CO), 72.7 

(C(CH3)3), 31.0 (C(CH3)3). 

The 13C NMR spectrum in D2O shows a resonance at 129.9 ppm. This confirms the 

presence in the complex of the cyanate ligand, which is extruded in D2O as KN13CO. 
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IR of 6: 2192 cm-1 (CN); IR of 13C-6: 2133 cm-1 (CN). Anal. Calcd for 6 

C73H162N2O26K2Si6U2 C: 39.73%; H: 7.40%; N: 1.27%; S: 2.86% found C: 40.04%; H: 

7.45%; N: 1.26%; S: 2.59%. 

 

Synthesis of [K2{[U(OSi(OtBu)3)3]2(μ-CN)(µ-O)(µ-NCO)}], 7 

A dark brown solution of 4 (42.2 mg, 0.0192 mmol, 1 equiv.) in 2 mL of toluene was 

degassed by freeze-pump-thawing three times and CO (3 equiv.) was added inside the 

reaction tube. The solution immediately became light green. The solution was then 

evaporated (1 mL) and left standing at -40°C overnight, affording the precipitation of 

complex [K2{[U(OSi(OtBu)3)3]2(μ-CN)(µ-O)(µ-NCO)}], 7 as a light green crystalline 

solid (28.4 mg, 0.0127 mmol, 67% yield). The 13C labelled complex 13C-7 was prepared 

with the same procedure from 13CO. 1H NMR (400 MHz, d8-toluene, 298 K): δ = 0.8 

ppm (s, 162H, CH3, terminal siloxide). 13C NMR of 13C-7 (400 MHz, d8-toluene, 298 

K): δ(ppm)=214.2 (N13CO or 13CN), 73. (C(CH3)3), 30.72 (C(CH3)3), -158.5 ((N13CO 

or 13CN). Anal. Calcd for 7 C74H162N2O26K2Si6U2 C: 40.06%; H: 7.36%; N: 1.26% 

found C: 40.02%; H: 7.67%; N: 1.18% 

The quantitative 13C-NMR spectrum of isolated crystals of 13C-6 in d6-dmso shows two 

peaks at 166.94 and 126.60 in a 1:1 ratio, assigned respectively, to K13CN and KN13CO 

released from the complex, confirming the presence and the nature of the two bridging 

ligands. 

 

Synthesis of [K2{[U(OSi(OtBu)3)3]2(μ-NH)2}], 8 

A dark brown solution of 4 (49.9 mg, 0.023 mmol, 1 equiv.) in 3 mL of toluene was 

degassed by freeze-pump-thawing three times. 1 atm of H2 was added. The reaction 

mixture was kept at 60°C for 1h. The solution became yellow. The solution was then 

evaporated (1 mL) and left standing at -40°C overnight affording the complex 

[K2{[U(OSi(OtBu)3)3]2(μ-NH)2}], 8 as a yellow crystalline solid (37.4 mg, 0.017 mmol, 

75% yield).  

 1H NMR (400 MHz, d8-toluene, 298 K): δ = -0.9 ppm (s, 162H, CH3, terminal siloxide), 

176.46 (s, 2H, NH).  

13C NMR of 8 (400 MHz, d8-toluene, 298 K): δ(ppm)= 71.0 (C(CH3)3), 22.7 (C(CH3)3). 

Anal. Calcd for 8 C72H164N2O24K2Si6U2 C: 39.95%; H: 7.64%; N: 1.29% found C: 

40.32%; H: 7.47%; N: 1.34%.   
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Addition of excess HCl(Et2O) to [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 

200 µL of a 2M solution of HCl in Et2O were added to 4 (5.1 mg, 0.00236 mmol, 1 

equiv.). The solution turned immediately light green and a light green/white precipitate 

was formed. After 10 minutes, volatiles were removed under vacuum. The resulting 

solid was dissolved in d6-dmso and dimethylsulfone was added as an internal standard 

for the quantitative NH4Cl detection. NH4Cl is formed in 78% yield (complete 

transformation of both nitrides in ammonia being 100% conversion). 

 

Addition of excess HCl(Et2O) to [K2{[U(OSi(OtBu)3)3]2(μ-NH)2}], 8 

200 µL of a 2M solution of HCl in Et2O were added to 8 (6.9 mg, 0.00319 mmol, 1 

equiv.). The solution turned immediately light green and a light green/white precipitate 

was formed. After 10 minutes, the volatiles were removed under vacuum. The resulting 

solid was dissolved in d6-dmso and dimethylsulfone was added as an internal standard 

for the quantitative NH4Cl detection. NH4Cl is formed with 72% yield. 

 

Addition of excess HCl(Et2O) to [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 in presence of KC8 

A suspension of KC8 (10.3 mg, 0.075 mmol, 10 equiv.) in 0.5 mL of toluene was added 

to a solution of 4 (16.2 mg, 0.0075 mmol, 1 equiv.). The reaction mixture was stirred 

for 10 minutes at RT. The volatiles were removed under vacuum and 400 µL of a 2M 

solution of HCl in Et2O were added to the solid residue. The reaction mixture was stirred 

for 10 minutes. 

Volatiles were removed under vacuum. The resulting solid was dissolved in d6-dmso 

and dimethylsulfone was added as an internal standard for the quantitative NH4Cl 

detection. NH4Cl is formed with 75% yield. 

 

Addition of H2 to [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 

5.5 bar of H2 were added to dark brown solution of 4 (12.2 mg, 0.006 mmol, 1 equiv.) 

in 0.5 mL of toluene. The reaction mixture immediately became yellow. The reaction 

mixture was left stirring at RT for 3h. The headspace and the volatiles were vacuum 

transferred onto a frozen solution of 2M HCl in Et2O. The resulting solution was allowed 

to thaw and volatiles were removed in vacuo. The residue was dissolved in d6-dmso but 

no NH4Cl could be detected by 1H NMR spectroscopy. 
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Reactivity of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 with 30 equivalents of H2O 

A cold (-40°C) solution 4 (7.9 mg, 0.0037 mmol, 1 equiv.) in 1.5 mL of thf was added 

to a frozen 0.5M solution of H2O in thf (220 µL, 0.11 mmol, 30 equiv.). The reaction 

mixture was brought to room temperature and was left stirring for 2d. The headspace 

and the volatiles were vacuum transferred onto 1 mL of a frozen 2M solution of HCl in 

Et2O. The solution was thawed and stirred at room temperature for 2h. The formation 

of a white precipitate of NH4Cl was observed. The volatiles were removed in vacuo and 

the resulting solid residue was dissolved in 0.5 mL of d6-dmso and dimethylsulfone was 

added as an internal standard for the quantitative NH4Cl detection. NH4Cl is formed 

with 18(1)% yield. 

 

Reactivity of [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6 with Me3SiI 

3.1 µL of a 0.7 M solution of Me3SiI in d8-toluene (0.0027 mmol, 1 equiv.) was added 

to an ochre solution of [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6 (4.8 mg, 0.0027 

mmol, 1 equiv.). The reaction mixture immediately became light brown. The reaction 

mixture was monitored by 1H NMR spectroscopy revealing the formation of an 

intractable mixture 

 

Reduction of [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6 with KC8 

A cold (-40°C) solution of complex [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6 (14.5 mg, 

0.0066 mmol, 1 equiv) in 1.5 mL of toluene was added to cold (-40°C) KC8 (1.0 mg, 

0.0066mmol, 1 equiv). The reaction mixture was stirred at -40°C with a glass coated magnetic 

stirrer. After 2h the reaction mixture was filtered with a cold (-80°C) syringe onto a cold (-

80°C) µ-pore in a cold (-80°C) NMR tube. The solution is light green. Volatiles were removed 

at -80°C and the resultant light green solid was dissolved in cold (-80°C) d8-tol. The 1H NMR 

spectrum performed at 233K is silent. When the 1H NMR spectrum was performed at RT an 

unknown species and the complex [K2{[U(OSi(OtBu)3)3]2(µ-O)2}] could be observed. Only 

crystals of the complex [K2{[U(OSi(OtBu)3)3]2(µ-O)2}] could be obtained from the 

concentrated reaction mixture at -40°C. In a similar experiment, the reaction mixture was 

centrifuged and the supernatant was decanted. The solid was extracted with d6-dmso. No 

KN13CO could be seen in the 13C NMR spectrum of the extracted portion. 
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Reduction of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 with 6 equivalents of KC8 

A cold (-40°C) solution of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 (7.3 mg, 0.00337 mmol, 1 equiv.) 

in 1 mL of thf was added to cold (-40°C) KC8 (2.8 mg, 0.02 mmol, 6 equivs). The reaction 

mixture was stirred at -40°C with a glass coated magnetic stir bar for 2h. The reaction mixture 

was filtered on µ-pore into an NMR tube. Volatiles were removed under vacuum and the 

resultant solid was dissolved in 0.5 mL of d8-thf. The reaction mixture was analysed by 1H 

NMR spectroscopy revealing the formation of new species. In multiple occasions crystals of 

the already reported complex [K2{[U(OSi(OtBu)3)3]2(μ-tol)}] grew from concentrated reaction 

mixtures at -40°C. 

 

Reduction of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 with 2 equivalents of KC8 

A cold (-40°C) solution of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 (11.3 mg, 0.005 mmol, 1 equiv.) 

in 1 mL of thf was added to cold (-40°C) KC8 (1.4 mg, 0.01 mmol, 2 equivs). The reaction 

mixture was stirred at -40°C with a glass coated magnetic stir bar for 2h. The reaction mixture 

was filtered on µ-pore into an NMR tube. Volatiles were removed under vacuum and the 

resultant solid was dissolved in 0.5 mL of d8-thf. The reaction mixture was analysed by 1H 

NMR spectroscopy revealing the formation of new species.  

 

Reduction of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 with 1 equivalents of KC8 

A cold (-40°C) solution of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 (20.1 mg, 0.01 mmol, 1 equiv.) 

in 1.5 mL of thf was added to cold (-40°C) KC8 (1.4 mg, 0.01 mmol, 2 equivs). The reaction 

mixture was stirred at -40°C with a glass coated magnetic stir bar for 2h. The reaction mixture 

was filtered on µ-pore into an NMR tube. Volatiles were removed under vacuum and the 

resultant solid was dissolved in 0.5 mL of d8-thf. The reaction mixture was analysed by 1H 

NMR spectroscopy revealing the formation of new species.  

 

Reduction of [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3 with 9 equivalents of Cs 

A cold (-40°C) solution of [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-N3)}], 3 (11.9 mg, 0.0054 mmol, 1 

equiv.) in 1.5 mL of thf was added to cold (-40°C) Cs (6.5 mg, 0.049 mmol, 9 equivs). The 

reaction mixture was stirred at -40°C with a glass coated magnetic stir bar overnight. The 

reaction mixture was filtered on µ-pore into an NMR tube. Volatiles were removed under 
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vacuum and the resultant solid was dissolved in 0.5 mL of d8-thf. The reaction mixture was 

analysed by 1H NMR spectroscopy revealing the formation of an intractable reaction mixture.  

 

Reduction of [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3 with 10 equivalents of Na 

A cold (-40°C) solution of [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-N3)}], 3 (9.1 mg, 0.0042 mmol, 1 

equiv.) in 0.5 mL of d8-thf was added to cold (-40°C) Na (1.0 mg, 0.042 mmol, 10 equivs). The 

reaction mixture was stirred at -40°C with a glass coated magnetic stir bar overnight. The 

reaction mixture was filtered on µ-pore into an NMR tube. The reaction mixture was analysed 

by 1H NMR spectroscopy revealing that the starting material was not fully consumed but a 

peak corresponding the K+ salt of the ligand KOSi(OtBu)3 was observed.  

 

Oxidation of [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 with 1 equivalents of I2 and formation of 

complex 9 

Solid I2 (1.7 mg, 0.0068 mmol, 1 equiv) was added to a dark brown solution of complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 (14.6 mg, 0.0068 mmol, 1 equiv) in 0.5 mL of d8-toluene. 

The solution immediately became dark orange and a white precipitate formed. The reaction 

mixture was monitored by 1H NMR spectroscopy overnight. Thereafter, the reaction mixture 

was filtered and concentrated until 0.3 mL and kept at -30°C overnight affording ochre crystals 

suitable for XRD studies of the complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2(µ-I)}], 9. Isolated 

crystals of complex 9 always present an impurity of [U(OSi(OtBu)3)4] preventing, so far, its 

clean isolation. 
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CHAPTER 5 

 
Tuning the Structure, Reactivity and Magnetic Communication of 

Nitride-Bridged Uranium Complexes with the Ancillary Ligands 

 

 

 

 

 

 

Parts of this chapter are taken from C.T. Palumbo, L. Barluzzi, R. Scopelliti, I. Zivkovic, A. 

Fabrizio, C. Corminboeuf and M. Mazzanti, Chem. Sci., 2019, 10, 8840–8849 
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5.1. Introduction 

 

Uranium nitride compounds are of high interest because of their recently discovered ability 

to promote the stoichiometric transformation of small molecules such a CO2, CO, N2 and H2,1 

which are widely available C1 and N feedstocks for the synthesis of high-value organic 

compounds.2 Notably, examples of small molecule activation by nitride compounds remain 

scarce3 both in d-block4 and in f-block chemistry. Moreover, uranium nitrides are driving 

experimental and computational studies because they are well suited to probe the nature of 

bonding in actinide compounds5 6 and to promote magnetic communication between uranium 

centers in various oxidation states.1i, 7  

 

Chart 5-1.  Previously characterized diuranium (U(IV)) nitride-bridged complexes supported 

by silylamide and siloxide ligands. 

The number of isolated terminal and bridging uranium nitrides continues to increase,1a, 1e, 1f, 

1i, 5b-5d, 7b, 8  but their synthesis remains far from trivial in part because of their high reactivity 

that may result in solvent deprotonation, C–H activation 8i, 9 or C–O cleavage1d of the ancillary 

ligand to afford amido or imido complexes. Moreover, studies of the reactivity of uranium 

nitrides have so far been limited to three ligand systems,1c, 1d, 1f-1i namely, complexes of the 

tris(tertbutoxy)siloxide ligand OSi(OtBu)3, the U5+-U5+ nitride [(U(N[t-Bu]Ar)3)2(μ-

N)][B(ArF)4] with amide ligands, and lastly terminal nitrides supported by the tripodal tris-

amido ligand TrenTIPS (TrenTIPS= N(CH2CH2NSiiPr3)3. The nitride in complexes of the siloxide 

and TrenTIPS ligands acts as strong nucleophile and reacts with CO2, CO, H2, and CS2 to give 

products of N–C bond formation.1c, 1d, 1f-1i,1j  In contrast, the aforementioned [(U(N[t-

Bu]Ar)3)2(μ-N)][B(ArF)4] was reported unreactive with CO but showed electrophilic reactivity 

towards cyanide resulting in the formation of a cyanoimide bridged U4+-U4+ complex.5c  
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The geometric and electronic parameters leading to the observed differences in reactivity 

remain unclear. Moreover, the effects of the inner-sphere cation on the reactivity of the siloxide 

supported complex [Cs{(LO)3U}2(µ-N)] (LO = (tBuO)3SiO)), [Cs]-1, 8g 1b was not elucidated. 

It occurred to us that the bulky silylamide ligand (LN = N(SiMe3)2) is well suited for 

determining ligand effects on the reactivity and magnetic properties of bridging nitrides 

because it is more electron-donating than the siloxide ligand LO with only a slightly higher 

steric demand.10  Earlier room temperature studies from the Hayton group8f with the LN ligand 

led to the synthesis of the methylene-bridged U4+-U4+ nitride [Na(dme)3][(LN)2U(µ-N)(µ-κ2-

C,N-CH2SiMe2NSiMe3)-U(LN)2] (dme = 1,2-dimethoxyethane), 3, complex.  The structure of 

the complexes is reported in Chart 5-1. 

Here we report the synthesis of three new diuranium U4+-U4+
 nitride complexes, namely the 

all siloxide [NBu4][{(LO)3U}2(µ-N)], [NBu4]-1, the all-amide [NBu4][{(LN)3U)2(µ-N)] (LN 

= N(SiMe3)2), 2, and the mixed-ligand [Na(dme)3][{(LN)3U}{(LO)(LN)2U}(µ-N)], 5, which 

allow a straightforward analysis of the effects of cation and ancillary ligand on nitride 

reactivity. Comparative reactivity studies with small molecules, CO, CO2, and H2 showed 

dramatic differences between the nitride complexes depending on the supporting ligands. No 

reactivity was shown by the all-amide complex 2, but high nucleophilic reactivity of the nitride 

was observed with CO, CO2, and H2 for the all-siloxide complex [NBu4]-1. Moreover, the 

presence of only one siloxide ligand out of six supporting ligands is sufficient to enable CO 

and CO2 activation by complex 5.  Computational studies inferred that the different behavior 

can be interpreted in terms of differences in the U=N=U bonding between the all-siloxide and 

the all-silylamide ligand. The increased orbital overlap between the U=N=U centers found in 

the all-silylamide complex results in stronger magnetic coupling between the two uranium 

centers and reduced nucleophilic character of the bridging nitride compared to the all-siloxide 

one.  

 

 

 

 



 136 

5.2. Results and discussion 

 

Preparation of the nitride complexes 

The U(III) complexes [U(LN)3]11 and [U(LO)2(µ-LO)]2
12 react with NBu4N3 to produce 

[NBu4][{(LN)3U}2(µ-N)] (L=LO = OSi(OtBu)3, [NBu4]-1 ; L = LN = N(SiMe3)2, 2), Scheme 

5-1. 

 

Scheme 5-1.  Synthesis of [NBu4][{(L)3U}2(µ-N)] (L = LO = OSi(OtBu)3), [NBu4]-1; L = 

LN = N(SiMe3)2, 2). 

Compound [NBu4]-1 is obtained in 70% yield using a method similar to that used to prepare 

the previously reported Cs analogue [Cs]-18g in which reduction of azide by [U(LO)2(LO)]2 in 

thf is done at low temperature (−40 °C).  Single-crystals of [NBu4]-1 were obtained after 

storage of an 8:1 toluene/hexane solution at −40 °C.  The 1H NMR spectrum of [NBu4]-1 shows 

resonances for the NBu4
+ cation and a single resonance for the OSi(OtBu)3 in d8-thf and in d8-

toluene, indicating fluxional behavior of the siloxide ligands.  Similar fluxional behavior had 

been observed for [Cs]-1 both in thf and toluene solution. Complex 2 can also be synthesized 

in thf, but in toluene precipitates as a brown powder in 58% yield. On several occasions while 

investigating the low temperature synthesis of 2 in d8-toluene, single crystals of 2 grew in the 

NMR tube, which allowed its structural characterization.  The 1H NMR spectrum of 2 at −60 

°C in d8-thf shows two narrow and four broad resonances attributed to the SiMe3 groups, 

suggesting a rigid structure under these conditions.  As the temperature is elevated to room 

temperature, the resonances become increasingly broadened until they are indistinguishable 

from the baseline; at room temperature, only those of the [NBu4]+
 cation are observed.   

Previously, it was shown that [Cs]-1 decomposes slowly at room temperature and more 

rapidly at 80 °C to afford the tert-butyl imide complex, [Cs{(LO)3U(µ-NtBu)(µ-

O2Si(OtBu)2)U(LO)2}],1d due to the high nucleophilic character of the bridging nitride in 

[Cs]-1. Monitoring the 1H NMR spectrum of [NBu4]-1 at room temperature or at 80 °C 
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demonstrates that its thermal stability is similar to that of [Cs]-1, but an imide product could 

not be identified in the decomposition mixture.   

1H NMR studies showed that 2 decomposes slowly (over six days) at room temperature and 

more rapidly at 65 °C (2 h) in d8-thf to afford a mixture of species. Among the products, the 

proton resonances of the cyclometalate uranium nitride anion, [((LN)2U(µ-N)(µ-κ2-C,N-

CH2SiMe2NSiMe3)U(LN)2]−, were identified.8f  Thus, a NBu4
+ analogue of the U(IV) nitride 

bridged complex [Na(dme)3][(LN)2U(µ-N)(µ-κ2-C,N-CH2SiMe2NSiMe3)U(LN)2] (dme = 1,2-

dimethoxyethane), 3, reported previously by Hayton and coworkers,8f is formed during the 

decomposition. These results indicate that the cyclometallation side-reaction observed by 

Hayton and coworkers during the reaction of the [U(LN)3] precursor with azide is prevented 

when the reaction is performed at low temperature. 

In order to investigate the effect of the uranium oxidation state on the spectroscopic features 

and reactivity of the N(SiMe3)2 nitride complexes, a U4+-U5+ analogue of 2, namely 

[{(LN)3U}2(µ-N)], 4, was also prepared. Complex 4 was obtained in 60% yield by oxidation 

of 2 with 1 equiv of AgBPh4, Scheme 5-2.  The 1H NMR spectrum of 4 is similar to that of 2 

in that it consists of two narrow and four broad resonances at −60 °C and at room temperature, 

the resonances broaden and become indistinguishable from the baseline.  Single crystals of 4 

characterizable by X-ray crystallography were obtained by cooling a concentrated toluene 

solution to –40 °C. 

 

Scheme 5-2.  Synthesis of [{(LN)3U}2(µ-N)], 4. 

 

In order to probe further ligand effects on reactivity and bonding, the synthesis of 

OSi(OtBu)3 / N(SiMe3)2 mixed-ligand uranium nitride complexes was pursued.  We first 

explored protonolysis reactions and attempted to synthesize [NBu4]-1 by reacting 2 with 6 

equiv of HOSi(OtBu)3, but 1H NMR spectroscopy indicated that no reaction occurred between 

these two reagents at room temperature. This suggests that the U–N bonds in complex 2 are 

significantly more resistant to protonolysis compared to those in the U(III) complex [U(LN)3]11 

that reacts rapidly with HOSi(OtBu)3 to afford the protonolysis product [U(LO)2(µ-LO)]2.
12  
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 However, the cyclometalate U4+ nitride complex, [Na(dme)3][(LN)2U(µ-N)(µ-κ2-C,N-

CH2SiMe2NSiMe3)U(LN)2], 3,8f reacts immediately with HOSi(OtBu)3, affording a mixed-

ligand nitride of N(SiMe3)2 and OSi(OtBu)3 in 70% yield, 

[Na(dme)3][((LN)3U(µ-N)U(LN)2(LO)], 5, Scheme 5-3. The room temperature 1H NMR 

spectrum of 5 in d8-thf displays three resonances; two resonances at 1.1 ppm and 0.0 ppm are 

attributed to the N(SiMe3)2 ligands and another broad resonance at −5.4 ppm has been assigned 

to OSi(OtBu)3.  Single crystals of 5 were grown by diffusion of hexane into an Et2O solution 

of 5 in the presence of dme. Further addition of HOSi(OtBu)3 to 5 did not result in protonolysis 

of amide ligands. 

 

 

Scheme 5-3. Synthesis of [Na(dme)3][((LN)3U(µ-N)U(LN)2LO], 5. 

 

 

Structural Characterization of the Nitride-Bridged Complexes 

The solid-state structures of complexes [NBu4]-1, 2, 4 and 5 were determined by X-ray 

diffraction studies. The metrical parameters are presented in Table 5-1, including those 

previously reported for complex [Cs]-18g and [Na(dme)2(tmeda)]-38f for comparison.  

Complex [NBu4]-1 crystallizes in the I2 space group and its molecular structure (Figure 5-1) 

shows the presence of a U4+-U4+ complex bridged by a nitride ligand.  In the solid-state 

structure of [NBu4]-1, the U4+ ions of [NBu4]-1 are disordered between two positions that were 

refined with 50% occupancy. Analysis of the X-ray data of [NBu4]-1 reveals significant 

differences in the overall structure with respect to the previously reported [Cs]-1, but the 

disorder of the U–N–U core is such that its parameters are not reliable. In [NBu4]-1, each U(IV) 

ion is four-coordinate and in a pseudo tetrahedral coordination environment bound by three κ1-

OSi(OtBu)3 ligands and one µ-nitride ligand, which bridges the two [((LO)3U]+
 units.  The 

OSi(OtBu)3 ligands are in a staggered orientation with respect to those of the adjacent 

[(LO)3U]+ moiety as reflected in the 6(2)° twist angle.  In the previously reported8g structure 
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of [Cs]-1, the binding situation is more complicated.  There are one κ1-OSi(OtBu)3, one 

κ2-OSi(OtBu)3, and four µ-κ2-O,OtBu-OSi(OtBu)3 ligands which bridge U(IV) and Cs+ cations.  

The inner-sphere Cs+ is located at the apical position of the nitride ligand. The metal–siloxide 

bond distances / angles are very similar in [NBu4]-1 and [Cs]-1. The disorder in the uranium 

atoms gives three distinct U–N–U angles (U1A–N–U1A = 177(1)°, U1B–N–U1B = 174(1)° 

and U1A–N–U1B = 172.2(2)°) and suggests many possibilities of U–N–U angle in the solid 

state. This could indicate the presence of two molecules with a U=N=U angle of 172.2(2)° or 

four molecules with different U=N=U angles ( two at 172.2(2)°, one at 177(1)°, and one at 

174(1)°).   

 

Figure 5-1.  Molecular structure of (a) [NBu4][{((LO)3U}2(μ-N)], [NBu4]-1, and (b) 

[NBu4][{(LN)3U}2(μ-N)], 2, with thermal ellipsoids drawn at the 50% probability level. 

Hydrogen atoms, the methyl groups of the tBu moieties and the NBu4
+ cation have been 

omitted for clarity. 
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Figure 5-2.  Molecular structure of [Na(dme)3][((LN)3U(µ-N)U(LN)2LO], 5, with thermal 

ellipsoids drawn at the 50% probability level.  Hydrogen atoms and a [Na(dme)3]+ cation are 

omitted for clarity. 

 

The structure of the [{(LN)3U}2(μ-N)]− anion (Figure 5-2) in 2 shows the presence of a 

dinuclear U(IV) complex with two [(LN)3U]+ units bridged by a nitride ligand. The 

coordination geometry of each four-coordinate uranium ion is pseudo tetrahedral and the 

arrangement of the N(SiMe3)2 ligands in the two [((LN)3U]+ units is staggered as reflected by 

the 1.7(4)° twist angle. The 178.7(2)° and 180.0° U–N–U angles found in 2 are larger than that 

found in the siloxide complex Cs-1 and are very close to linearity.  For comparison, the angle 

in the previously reported [NBu4][{((3,5-Me2C6H3)(tBu)N)3U}2(μ-N)]5c complex containing 

the (3,5-Me2C6H3)(tBu)N) amido ligand is 175.1(2)°. The other metrical parameters in 

[NBu4][{((3,5-Me2C6H3)(tBu)N)3U}2(μ-N)] are similar to 2, but changes between the U4+-U4+ 

and U4+-U5+ complexes differ in the two classes of compounds. The U-Nnitride distances in the 

U4+-U5+compound 4 are significantly different suggesting the presence of localized valence. 

The solid-state structure of 4 is shown in Figure 5-3. Complex 4 crystallizes in the P21/n space 

group with one molecule per asymmetric unit and four molecules per unit cell.  For every 

molecule of 4, there are two disordered toluene molecules in the lattice.  4 can be described as 

a bimetallic U4+-U5+ complex with two [((Me3Si)2N)3U]n+ (n = 1, 2) tetrahedrons bridged by a 
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nitride ligand; the 179.4(3)° U–N–U angle is nearly linear.  The U=N=U bonding scheme of 4 

appears less symmetric than 2 with U–Nnitride bond distances 2.080(5) Å and 2.150(5) Å.  

Consistent with an increase in oxidation state, the 2.274(5) Å U–(Namide)avg is ca. 0.08 Å shorter 

than the analogous 2.35(1) Å distance of 2 and the change in oxidation state appears to have 

influenced the U–Namide distances of each uranium ion equally.   

 

Complex [Cs]-1 [NBu4]-1 5 [Na(dme)2-

(tmeda)]-38f 

2 4 

U–Nnitride 2.058(5),  

2.079(5) 

2.032(2), 

2.067(2) 

2.055(4),  

2.066(4) 

1.95(1), 

2.12(1) 

2.076(5), 

2.083(5), 

2.075(2) 

2.080(5),  

2.150(5) 

U–

(Osiloxide)avg 

2.19(1) 2.2(1) 2.208(4) - - - 

U–

(Namide)avg 

- - 2.35(1) 2.35(1) 2.35(1) 2.274(5) 

U–N–Ua 170.3(3) 172.2(2), 

174(1), 

177(1) 

 

168.4(3) 123.5(5) 179(1) 179.4(3) 

Twist Angle 
b 

24(11)- 6(2) 15(1) - 1.7(4) 18(1) 

a. Taken as an average of 1.5 molecules in the unit cell of [NBu4][{(LN)3U}2(μ-N)], 2.  b.  

Defined as the average angle between the two closest adjacent planes defined by Nnitride, 

U, and Osiloxide or Namide atoms.  

 

Table 5-1.  Selected bond lengths (Å) and angles (°) of the previously reported 

[Cs{(LO)3U}2(µ-N)], [Cs]-1,8g along with [NBu4][{(LO)3U}2(μ-N)], [NBu4]-1, 

[Na(dme)3][(LN)3U(µ-N)U(LN)2(LO)], 5, [{(LN)3U}2(µ-N)], 4, and [NBu4][{(LN)3U}2(μ-

N)], 2, ordered by the number of amide ligands. 

 

The U–(Nnitride)avg distance becomes longer, however, and the change in twist angle reflects a 

reorientation in the ligands from staggered to gauche; in 4, the U–(Nnitride)avg bond distance is 

2.12(4) Å, whereas it is 2.078(4) Å in 2, and the 18(1)° twist angle of 4 is larger than the 1.7(4)° 

angle of 2.  The shortening of the U–(Namide)avg bond distances by ca. 0.08 Å between the U4+-

U4+ and U4+-U5+ structures and the nearly linear U–N–U angle also occur in the similar 

complexes, [NBu4][{(C6H3Me2-3,5)(tBu)N)3U}2(µ-N)] and [{(C6H3Me2-3,5)(tBu)N)3U}2(µ-

N)].  However, for other metrical parameters, the trend is reversed; the U4+-U5+ [{(C6H3Me2-

3,5)(tBu)N)3U}2(µ-N)] has the shorter U–(Nnitride)avg bond distance, 2.0625 Å, than its U4+-U4+ 

analogue, 2.079(2) Å.  Further, 25.3° and 0° twist angles of [NBu4][{(C6H3Me2-

3,5)(tBu)N)3U}2(µ-N)] and [{(C6H3Me2-3,5)(tBu)N)3U}2(µ-N)], respectively, indicate the U4+-

U4+ displays the gauche arrangement of amide ligands whereas those of the U4+-U5+ complex 
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are staggered. Lastly, [{(C6H3Me2-3,5)(tBu)N)3U}2(µ-N)] retains a symmetric U=N=U 

bonding scheme upon oxidation.  These results depict the complicated nature of bonding in 

molecular uranium complexes.  

 

 

Figure 5-3. Molecular structure of [{((Me3Si)2N)3U}2(µ-N)], 4, with thermal ellipsoids 

drawn at the 50% probability level.  Hydrogen atoms and two molecules of toluene have been 

omitted for clarity. 

 

 

The molecular structure of the mixed-ligand complex 5 shows a dinuclear nitride-bridged 

U(IV) complex with an outer sphere cation, [Na(dme)3]+. The [(LN)2(LO)U(µ-N)U(LN)3]− 

anion shows two different ligand environments for the two U(IV) centers; one U(IV) is bound 

by two N(SiMe3)2 amide ligands and one κ1-OSi(OtBu)3 siloxide ligand while the second U(IV) 

is ligated by three amides.  Both U(IV) ions are four-coordinate in a pseudotetrahedral 

coordination environment and the ligands are gauche with respect to those of the adjacent 
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U(IV) ion.  A comparison of the structure of 5 with those of [Cs]-1 and 2 shows they have 

similar U–Nnitride and U–Osiloxide and U–Namide bond distances. 

Interestingly, the presence of only one siloxide ligand results in a significant deviation of the 

U–N–U angle from linearity. The value of the U–N–U angle in 5 (168.4(3)°) is close to that 

found in Cs-1 (170.3(3)°) containing six siloxide ligands. These structural data indicate that 

the ligands significantly affect the solid -state metrical parameters of the U=N=U core.   

We assessed the small molecule reactivity of the complexes to explore the effect of ancillary 

ligands on the reactivity. 

 

 

Small Molecule Reactivity 

The reactivity of the newly prepared nitride-bridged complexes with CO, CO2, and H2 was 

investigated and compared with that of [Cs]-1 1b-1d, 1h with the objective of relating differences 

in reactivity to structure. The reactivity of 5-10 mM solutions of the complexes was monitored 

by 1H and 13C NMR spectroscopies and X-ray crystallography when single crystals were 

obtainable 

CO.  The siloxide complexes [Cs]-1 and [NBu4]-1 show immediate reactivity with 1-2 

equiv of CO.  As previously reported, [Cs]-1 reacts cleanly with CO in d8-toluene to afford the 

µ-oxo cyanide complex, [Cs{(LO)3U}2(µ-CN)(µ-O)].1c  When [Cs]-1 is reacted in d8-thf, the 

1H NMR spectrum of the reaction mixture is more complicated, but hydrolysis of the reaction 

residue with pD = 12 D2O and analysis by 13C NMR spectroscopy indicates that 13CN− is 

produced also under these conditions.   

In our previous work, computational studies had pointed out the importance of cooperative 

binding of CO by the multimetallic U–N–Cs nitride fragment. Therefore, we investigated the 

reaction of the [NBu4]-1 that does not contain a bound Cs+ cation. The reaction of [NBu4]-1 

with 13CO in both d8-toluene and d8-thf also showed conversion of 13CO to 13CN−.  In d8-

toluene, the 1H NMR spectrum of the reaction mixture is more complicated than for the [Cs]-

11c case and, among the products, the resonances of the known µ-oxo complex, [{((LO)3U}2(µ-

O)],7a and of the tetrakis(siloxide) complex, [U(LO)4],13 were identified, and indicated ligand 

scrambling reactions.  The tetrakis(siloxide) product of ligand scrambling was observed for 

[Cs]-1 only in trace amounts or only after heating solutions of [Cs{(LO)3U}2(µ-CN)(µ-O)] to 

66 °C.  The difference in behavior could be explained by an increased stability that the cesium 

cation provides to [Cs{(LO)3U}2(µ-CN)(µ-O)]. Notably, the inner sphere cesium cation binds 
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four siloxide oxygen atoms and the bridging oxo, which could hold together the overall 

structure and prevent scrambling. In the d8-thf reaction of [NBu4]-1 with 13CO, only a single 

product was observed in the 1H NMR spectrum that resonates at 2.7 ppm.  In the 13C spectrum 

of the reaction mixture in d8-thf, we identified a resonance at 634.7 ppm, which we have 

assigned to a uranium bound 13CN− ligand.  In both the d8-toluene and d8-thf reactions, when 

the reaction residue is hydrolysed with pD = 12 D2O, 13CN− is observed as the only product by 

13C NMR spectroscopy. 

 A solution of the diuranium(IV) amide complex 2 was monitored by 1H NMR 

spectroscopy after exposure to 1 atm of CO. After 5 h, only minor resonances consistent with 

decomposition were observed.  The U4+-U5+ amide complex 4 also showed no reactivity when 

exposed to 1 atm of CO. 

The 13CO reactivity of the mixed-ligand 5 was explored in d8-thf but not in d8-toluene due 

to its insolubility. Complex 5 reacts with 1-2 equiv of 13CO, but more slowly than the [Cs]-1 

and [NBu4]-1 complexes.  Full consumption of 5 was observed only after ca. 24 h and the 1H 

NMR spectrum appeared complicated.  Analysis of the reaction mixture by 13C NMR 

spectroscopy in d8-thf did not allow an assignment of a resonance for a bound 13CN− ligand.  

However, after removal of the volatiles and hydrolysis with pD = 12 D2O, 13CN− was identified 

by 13C NMR spectroscopy. Attempts to grow single crystals from reactions with 1-2 equiv of 

natural isotope abundance CO produced only amorphous powders.  

To test whether a U(IV) nitride complex without a OSi(OtBu)3 ligand would react with CO, 

we examined 3.  We report only its reactivity in d8-thf due to its limited solubility in toluene-

d8.  The 1H NMR spectra in d8-thf from reactions of 3 with either 1 atm of CO or 1-2 equiv of 

13CO appear identical suggesting that the product distribution is not affected by the 

stoichiometry of CO.  In the 1-2 equiv of 13CO reaction, complete consumption of 3 was 

observed after ca. 9 h.  Similar to the 5 result, we did not identify a resonance attributable to a 

bound 13CN− ligand in the d8-thf 13C NMR spectrum, but did observe 13CN− when the reaction 

residue was hydrolysed with pD = 12 D2O.  From the reactions of 3 with 1 atm of CO, crystals 

of several U(IV) oxo products were characterized by X-ray crystallography, namely the 

trimeric bis(amide) oxo, [(LN)2U(O)]3, 6 and an oxo product where CO had inserted into the 

uranium–methylene bond, [((LN)2U(µ-O)U(µ-κ2-O,N-OC(=C)SiMe2NSiMe3)U(LN)2], 7, 

Figure 5-4. The products obtained from the reaction of 3 with 1 atm of CO are illustrated in 

Scheme 5-4. 
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Scheme 5-4.  Reaction of [Na(dme)3][((LN)2U(µ-N)(µ-κ2-C,N-CH2SiMe2NSiMe3)U(LN)2], 

3, with CO. 

 

The trimeric µ-oxo complex 6 crystallizes in the P�̅� space group with two molecules 

per asymmetric unit.  The U(IV) ions are four-coordinate and bound in a pseudo tetrahedral 

fashion by two N(SiMe3)2 and two µ2-oxo ligands.  The N(SiMe3)2 ligands are oriented 

perpendicular to the 6-membered ring defined by the U3O3 core.  The 2.28(1) Å U–(Namide)avg 

bond distance is typical of U(IV) / N(SiMe3)2 complexes.  The 2.10(2) Å U–(Ooxo)avg bond 

distance is in the range of U–O bond distances  (2.05(1) Å-2.166(4) Å) distance found in similar 

structures.12 The average U–O–U angle (144(1)° ) is also similar, 133(1)).12 The structure of 7 

shows the presence of a dinuclear complex  with two four-coordinate U(IV) ions bridged by a 

µ-oxo ligand and a dianionic κ2-O,N-OC(=C)SiMe2NSiMe3 ligand formed by insertion of CO 

into the uranium–methylene bond of 3.  The U1–(Namide)avg, = 2.27(4) Å and U2–(Namide)avg = 

2.26(1) Å bond lengths are typical of U(IV) and are equivalent within error.  The uranium–oxo 

bond distances are close but inequivalent, U1–O1 = 2.082(15) Å vs U2–O1 = 2.130(15) Å.  

The dianionic κ2-O,N-OC(=C)SiMe2NSiMe3 ligand binds to the U1–O1–U2 fragment to afford 

a 7-membered ring.  The 1.32(3) Å C–C bond is consistent with a double bond.   

The CO insertion chemistry has been observed previously in mononuclear uranium(IV) 

metallacycles,14 but these results demonstrate its extension to uranium nitride complexes.  

The reactivity of the all-siloxide complexes [Cs]-1 and [NBu4]-1, which effect the cleavage 

of CO under ambient conditions, differs significantly from that of the all-amide complexes 2 

and 4, which do not react with CO independent of the uranium oxidation state. The CO 

cleavage reactivity is reinstated in the mixed ligand amide siloxide 5 and methanide 3 

complexes, although in the case of 3, CO insertion into the U–C bond also occurs 

concomitantly with CO cleavage. These results suggest reduced nucleophilic character of the 

nitride in the all-amide complexes compared to those with siloxide or methanide ligands.  
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Figure 5-4.  Molecular structure of (a) [((LN)2U(O)]3, 6, and (b) [(LN)2U(µ-O)U(µ-κ2-O,N-

OC(=C)SiMe2NSiMe3)U(LN)2], 7, with thermal ellipsoids drawn at the 50% probability level.  

Hydrogen atoms have been omitted for clarity.  The asymmetric unit contains 2 independent 

molecules.  Only 1 is shown for sake of clarity.  Selected bond lengths and angles of 

[(LN)2U(O)]3:  U–(Namide)avg, 2.28(1) Å; U–(Ooxo)avg, 2.10(2) Å; U–O–U, 144(1)°.  Selected 

bond lengths and angles of [(LN)2U(µ-O)U(µ-κ2-O,N-OC(=C)SiMe2NSiMe3)U(LN)2]:  U1–

(Namide)avg, 2.27(4) Å; U2–(Namide)avg, 2.26(1) Å; U1–O1, 2.082(15) Å; U2–O1, 2.130(15) Å; 

U1–N3, 2.256(16) Å; U2–O2, 2.074(13) Å; C36–C37, 1.32(3); U1–O1–U2, 150.3(7). 

 

CO2.  Previously, our group reported the reaction of [Cs]-1 with 2-3 equiv of CO2 in toluene , 

which produced the first example of a metal dicarbamate species, [Cs{(LO)3U}2(µ-NC2O4)], 

from CO2 addition to a metal nitride.1d We found that under analogous conditions, [NBu4]-1 

reacts similarly with CO2 to afford the dicarbamate complex, [NBu4][{(LO)3U}2(µ-NC2O4)], 

8, Scheme 5-5.  Single crystals of 8 characterizable by X-ray diffraction were grown from a 

9:1 toluene/hexane mixture at −40 °C, Figure 5-5.  The 1H NMR spectrum generated from 

crystals of 8 in d8-toluene shows a broad resonance ranging 2-0 ppm assigned to OSi(OtBu)3 

of 8.  The 13C NMR spectrum in d8-toluene shows a broad resonance at 141.5 ppm assigned to 
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the bound dicarbamate ligand.  Hydrolysis of crystals of 8 with pD = 12 D2O and analysis by 

13NMR spectroscopy showed only D13CO3
−.  Similar results were obtained when the reaction 

was performed in thf and hydrolysis of the reaction residue similarly showed only D13CO3
−. 

 

Scheme 5-5.  Reaction of [NBu4][{(LO)3U}2(μ-N)], [NBu4]-1, with CO2. 

The structure of the anion in 8 can be described as a dinuclear complex in which an 

asymmetric µ-κ2-O,O-:κ2-O,N-N(CO2)2
3− dicarbamate ligand bridges two U(IV) cations  in two 

[(LO)3U]+
 units.  One uranium cation is bound by the nitrogen atom and a carboxylate oxygen 

atom, while the second one is bound by two oxygen atoms from the two different carboxylate 

units. The U2NC2O4 core comprises two fused rings, with one six membered ring (UOCNCO) 

and one four membered ring (UNCO) which share the C–N bond and are coplanar.  A similar 

binding mode is found for the Cs analogue [Cs{(LO)3U}2(µ-NC2O4)]1d except for the fact that 

the dicarbamate moiety also binds a Cs cation.  
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Figure 5-5.  Molecular structure of [NBu4][{(LO)3U}2(µ-NC2O4)], 8 with thermal ellipsoids 

drawn at the 50% probability level.  Hydrogen atoms and the methyl groups of the tert-butyl 

moieties have been omitted for clarity. U1–(Osiloxide)avg = 2.14(2) Å, U2–(Osiloxide)avg = 2.13(2) 

Å, U1–O2 = 2.320(6) Å, U1–N1 = 2.460(7) Å, U2–O3 = 2.222(6) Å, U2–O1 = 2.267(6) Å, 

N1–C1 = 1.344(12) Å, O2–C1 = 1.279(12) Å, O1–C1 = 1.285(12) Å, O3–C2 = 1.323(11) Å, 

O4–C2 = 1.225(12) Å, N1–C1–O2 = 112.7(1)°, Torsion angles: O2–C1–N1–C2 = 176.5(8)°, 

O4–C2–N1–C1= −174.5(9)°. 

 

We explored the CO2 reactivity of the amide complexes 2 and 4 with CO2 but found that 

exposure of d8-thf solutions of these complexes to 1 atm of CO2 does not produce any change 

in their respective 1H NMR spectra indicating no reactivity.  

The bridging nitrides in the heteroleptic amide methanide, 3, and amide siloxide, 5, both 

react with 2 equiv or 1 atm CO2 in d8-thf to produce a complicated mixture of products. The 

products could not be isolated, but hydrolysis with pD = 12 D2O of the reaction residues after 

reactions of 3 or 5 with 2-6 equiv 13CO2 showed N13CO− as the only product originating of the 

nitride; evidence for a dicarbamate product was not obtained in either case. The formation of 

cyanate indicates that the reaction of 3 and 5 with excess CO2 proceeds with deoxygenation 

and N–C bond formation. Similar reactivity leading to the formation of oxo cyanate complexes 

had been reported for [Cs]-1 at substoichiometric ratios of CO2
1d and for terminal U(V) 

nitrides.1g 

These results show that the replacement of one amide ligand (out of six ligands) by one 

siloxide is sufficient to promote nitride transfer to CO2. The different reactivity of 3 and 5 

U1
U2

N1

C1

C2

O2 O1

O3
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compared to [NBu4]-1 indicates that bridging nitrides in complexes supported by amide ligands 

are less nucleophilic and react preferentially with one CO2 molecule with the rate of (NCO2)3− 

cleavage to yield NCO− and O2− being faster than the addition of a second CO2 molecule.  

 H2.  Examination of the H2 reactivity of the nitride complexes demonstrated reactivity 

only for [NBu4]-1. [NBu4]-1 reacts immediately with H2 yielding a yellow-green solution from 

which the U(IV) imide hydride complex, [NBu4][{(LO)3U}2(µ-NH)(µ-H)], 9, was obtained in 

69% yield after crystallization from a 1:1 toluene/hexane mixture, Scheme 5-6.  

 

 

Scheme 5-6.  Reaction of [NBu4][{(LO)3U}2(µ-NH)(µ-H)] with H2, 9. 

 

Complex 9 is the NBu4
+ analogue of the [Cs{U(LO)3}2(-H)(-NH)] complex previously 

obtained when [Cs]-1 was reacted with H2 under similar conditions.1h The NH and H 

resonances of [NBu4][{(LO)3U}2(µ-NH)(µ-H)] were identified  at 188.1 and 720.2 ppm, 

respectively, in d8-toluene Consistent with this, when D2 is used the resonances are no longer 

observable. The [NBu4][{(LO)3U}2(µ-NH)(µ-H)] complex is stable to dynamic vacuum and 

shows no evidence of reversible binding of H2. In contrast, H2 addition to the [Cs]-1 complex 

was found to be reversible.1h The reversibility of H2 addition to [Cs]-1 and the different 

behavior observed for [NBu4]-1 can be rationalized in the terms of the differences in the solid-

state structures of the two imide hydride complexes. Complex 9 can be described as a dinuclear 

complex in which µ-NH and a µ-H ligands bridge two 5-coordinate U(IV) ions bound as two 

[(LO)3U]+
 units (Figure 5-6).  The U–N bond distances (2.222(3)Å and 2.209(3)Å) are 

significantly longer than those found in the parent compound, [NBu4]-1 (2.032(2) Å and 

2.067(2) Å), and are similar to those found in the imido bridged diuranium(IV) complexes 

[Cs{U(LO)3}2(-H)(-NH)] 1h, (2.231(7)Å and 2.288(8)Å), and [K2{[U(LO)3]2(μ-NH)2}] 

(2.192(3)Å and 2.273(3)Å).1i The bridging hydride was located in the Fourier Diffrence map 

and the U–H distances (2.31(4)Å and 2.23(4)Å) are similar to those found in the Cs analogue 
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(2.18(6) and 2.36(6) Å) 1h, and those determined by neutron diffraction studies for the complex 

[U(C5Me5)2(µ-H)2]2 of 2.134(9) Å.15 In the cesium complex, the cesium cation lies at the apical 

position of the hydride ligand with a Cs–H distance of 2.73(6) Å. The Cs–H interaction is 

probably rendering more labile the U–H binding and facilitating the H2 elimination when the 

H2 headspace is removed. In contrast, the absence of the coordinated cesium cation evidently 

reduces its reactivity towards H2 elimination. 

 

Figure 5-6. Molecular structure of [NBu4][{(LO)3U}2(µ-NH)(µ-H)], 9, with thermal 

ellipsoids drawn at the 50% probability level.  Hydrogen atoms of the siloxide ligands, and a 

toluene molecule have been omitted for clarity. Selected structural parameters: U– 

(Osiloxide)avg =2.17(1) Å, U–Navg= 2.216(2) Å, U–Havg=2.27(3)Å, U1–N1–U2= 116.71(14)°, 

U1–H1–U2= 113 (2)°. 

 H2 cleavage was not observed for the heteroleptic complexes, 3 and 5, nor for the all-

amide complexes 2 and 4 at ambient conditions. This can be explained in term of their reduced 

nucleophilic character.  

Overall, the correlation between structural parameters and nucleophilic reactivity are not 

obvious except that the all-amide complexes with the linear U=N=U angle are the least 

reactive. The different reactivity with H2 of the mixed-ligand complex 5 and the all-siloxide 

complexes 1 suggests a reduced nucleophilicity of the nitride in complex 5 in spite of the 

presence of a bent U=N=U angle. This suggests that the nucleophilicity of the nitride is affected 

by ligand electronics which do not always result in obvious structural differences. 
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In order to further investigate how differences in bonding could explain the observed difference 

in reactivity we turned to other methods. 

Magnetic properties 

Magnetic communication between uranium centers can provide important 

information on the nature of bonding5b, 7a, 8f, 16 and lead to attractive magnetic 

properties.17 Examples of unambiguous magnetic coupling are rare in uranium 

chemistry and mostly limi-ted to antiferromagnetic coupling between uranium(V) 

centers with values of χ maximum in the χ versus T plots ranging from 5 to 77 K.7a, 16b, 

18 Stronger antiferromagnetic coupling with the highest value of χ maximum at 110K 

was reported by Cummins and Diaconescu for an arene-bridged U(III) dimer.19 In 

contrast, two examples of unambiguous magnetic coupling between two U(IV) ions 

were reported for diuranium(IV) chalcogenide complexes with χ maxima at 3 and 20 

K.20 Strong antiferromagnetic coupling has been also suggested from the ~60 K 

maximum in the χ versus T plot of an amide supported nitride-bridged U4+-U4+ also 

presenting a linear U=N=U core, complex.7b 

 

 

Figure 5-7.  Plot of χ versus temperature data for the all-siloxide complexes [Cs]-1 and 

[NBu4]-1 and the all-amide complex 2 measured in 1 T field. 

 

The χ versus T plot for complex 2 (Figure 5-7) shows the magnetic behavior of an 

antiferromagnetically coupled dinuclear complex with a maximum in the χ versus T plot 
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of approximately 90 K. Below 20K, an increase of the magnetic susceptibility is 

observed which we attribute to small amounts of paramagnetic impurities. Thus, the 

linear U(IV)=N=U(IV) unit in the all amide complex exhibits a strong coupling between 

the two f2 ions higher than for any other U4+-U4+ complex.  

 

 

Figure 5-8. χ vs T plot of complex 4 

 

For the all-siloxide complexes [NBu4]-1 and [Cs]-1 (Figure 5-7), and for the all-

amide U4+-U5+ complex 4 (Figure 5-8), the χ versus T plot shows a continuous increase 

and for [NBu4]-1 and [Cs]-1 approaches a temperature-independent plateau at low 

temperature. This behavior is characteristic of magnetically isolated uranium ions in 

complexes.8e, 18f, 20b, 21 A similar behavior was also reported for the amide methanide 

complex 3, which was interpreted in terms of a localized U=N bonding interactions of 

the bridging nitrido ligand (as suggested by the inequivalent U–Nnitride distances).8f A 

shorter U—U distance is found in the solid-state structure of the all-siloxide complexes 

[NBu4]-1 (4.107(2) Å) and Cs-1 (4.1214(4) Å) compared to the amide complex 2 (4.15 

Å), but coupling is observed only in the amide complex. The χ versus T plot for the 

mixed siloxide-amide complex 5 (Figure 5-7) shows the magnetic behavior of an 

antiferromagnetically coupled U4+-U4+ complex with a maximum in the χ versus T at 

55 K, significantly lower than for the all-amide complex 2. In this complex the U–N–U 

angle (168°) is similar to what found in all siloxide complex [Cs]-1 suggesting that there 
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is no a relation between this structural parameter and the magnetic properties. The 

dramatic difference in the magnetic properties of complexes 2 and 5 compared to 

complexes [NBu4]-1 and [Cs]-1 are likely to arise from the electronic properties of the 

supporting ligands, which evidently lead to increased orbital overlap between the nitride 

and the two uranium(IV) centers in the amide supported complex, enhancing the 

electronic communication between the two uranium centers. Such communication is 

reduced when one amide out of six is replaced by one siloxide. This is in line with the 

reactivity the nitride ligand in complex 5 which is increased compared to the all-amide 

complexes, but still lower than for all-siloxide complexes. In order to assess more 

thoroughly the U–N–U bonding scheme, we have computed the electronic structures of 

the three complexes.  

 

 

Computational studies   

Depending on the arrangement of the two 5f electrons on each UIV center, the synthesized 

complexes are characterized either by a quintet, triplet, or singlet ground-state. Computations 

on the all-siloxide 1, the all-amide 2 and the mixed-ligand 5 complexes for each of these spin-

states were performed at the DFT level (B3LYP/Def2-SVP/Def-SDD and M06L(-D3)/Def2-

SVP/Def-SDD (see Appendix 3)). The two formally degenerate states (triplet and singlet) were 

treated within a broken-symmetry (BS) formalism, starting from a spin-flip ansatz from the 

non-degenerate high-spin quintet state. According to both density functionals, the all-amide is 

characterized by a singlet anti-ferromagnetic ground-state (exchange couplings: JB3LYP (UU)=-

15.02 cm-1 and JM06L (UU)=-50.15 cm-1 ), while the quintet state is the most stable for the all-

siloxide. Assigning the multiplicity of the mixed-ligand compound is more delicate, since this 

compound is more sensitive to the choice of the density functional, which has to be able to 

capture simultaneously the asymmetry in the ligand environment between the two uranium 

centers and mimic the effects of state degeneracies (see Appendix 3). This complex results in 

a quintet with M06L and in a singlet anti-ferromagnetic state (exchange coupling: JB3LYP 

(UU)=-9.44 cm-1 ) with B3LYP. Although the results with B3LYP are in line with experimental 

magnetic properties for all the complexes, the relatively small energy differences (see 

Appendix 3) between spin-states has to be taken with care. 

Beside the differences in magnetic properties, Mayer bond order (MBO) analysis22 on the three 

complexes reveals a correlation between the increased reactivity of the complexes and a 
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decreased bond-order between the uranium centers and the bridging nitrogen, despite the 

relatively small magnitude of the bond-order differences (Figure 5-9 top panel). An opposite 

trend is found when considering the bond order between the uranium centers and the non-

bridging ligands, suggesting that the modulation of the reactivity is linked to the relative 

strength of the O-U bond, compared to the N-U (Figure 5-9 bottom panel). The overall reduced 

bond order between the bridging nitrogen and the uranium centers in the presence of oxygen-

based ligands indicate an increased localization of the electron density on the bridging nitrogen 

and a consequent increase of its nucleophilic character.  

 

 

Figure 5-9. (top) Mayer Bond Order for U-N bond in function of the complexes ordered per 

increasing reactivity. (bottom)  Mayer Bond Order between uranium centers and non-

bridging ligands in function of the complexes ordered per increasing reactivity. L1 indicates 

the position of the siloxide ligand in the mixed complex. 

 

 

5.3. Conclusions 
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In summary, four new examples of diuranium nitride bridged complexes have been 

prepared and structurally characterized, the siloxide supported [NBu4]-1, the amide 

supported 2 and 4, and the amide siloxide 5. The previously reported amide methanide 

complex 38f demonstrated to be a useful precursor for the preparation of the mixed-

ligand amide siloxide complex 5. The small molecule reactivity of the nitride group in 

the [NBu4]-1, 2, 3 and 5 has been investigated with CO, CO2, and H2.  Although [Cs]-

1 and [NBu4]-1 show differences in structure, their reactivity is similar.  Both complexes 

convert CO to CN−, react with CO2 to give dicarbamate (N(CO2)2)3−, and react with H2 

to yield imide hydride complexes. The only observed effect of the presence of an inner 

sphere cesium cation is that reversible H2 cleavage is observed in the Cs+ case versus 

NBu4
+

 where it is irreversible. 

The overall reactivity of the described nitride complexes can be summarized 

according to the ligand; the all-amide complexes 2 and 4 are unreactive with CO, CO2, 

and H2 whereas  

the all-OSi(OtBu)3 complexes 1 react with all of these substrates. The heteroleptic 

complexes 3 and 5 react with CO and CO2 but not H2.  Complexes 1, 3, and 5 convert 

of CO to CN− but their reactivity with CO2 is different; the all-OSi(OtBu)3 1 convert 

CO2 to dicarbamate, whereas the heteroleptic 3 and 5 favor NCO−  formation. Finally, 

only the all-OSi(OtBu)3 complexes 1 react with H2 and give imide/hydride complexes.  

These results demonstrate that the all-OSi(OtBu)3 ligand environment in U4+-U4+ 

nitride complexes allows reactivity that is not observed when amide ligands are used, 

(e.g., dicarbamate formation and reversible and irreversible H2 heterolysis), and 

highlights the unique chemistry that can be obtained in this coordination environment. 

The all-OSi(OtBu)3 ligand environment provides nitrides that are highly nucleophilic 

and more reactive than those with amide ligands. In contrast, the all-silylamide ligand 

promotes magnetic exchange coupling but gives less reactive complexes. 

Computational analysis at the DFT level shows that increasing reactivity of the 

complexes correlates with a decrease in bond order of the bridging nitride, as well as 

with an increase in the bond order of the ancillary ligands. 

 

5.4. Experimental 
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General Considerations.   

The syntheses and manipulations described below were conducted under argon with rigorous 

exclusion of air and water using an MBraun glovebox equipped with a purifier unit along with 

vacuum and Schlenk line techniques.  Anhydrous solvents were purchased from Aldrich and 

further distilled from K/benzophenone (THF, DME, toluene, hexane).  Depleted uranium 

turnings were purchased from IBILABS, Florida (USA).  Potassium metal was purchased from 

Sigma Aldrich and was washed with hexane and scraped to provide fresh surfaces before use. 

Deuterated solvents for NMR spectroscopy were purchased from Cortecnet.  NBu4N3 was 

purchased from Sigma Aldrich and used as received.  [U(N(SiMe3)2)3],1 

[Cs{((tBuO)3SiO)3U}2(µ-N)],2 [Cs]-1, [Na(DME)3][((Me3Si)2N)2U(μ2-κ1-N-N(SiMe3)(SiMe2-

κ1-C-CH2)(μ2-N)U(N(SiMe3)2)3],3 3, [U(OSi(OtBu)3)2(µ-OSi(OtBu)3)]2,4 and AgBPh4
5 were 

prepared as previously described. Carbon monoxide (N47 Bt-S 10/200) was purchased from 

Carbagas and stored over activated 3 Å molecular sieves.  CO2 (99.9999% purity) and H2 

(99.9999% purity) were purchased from Carbagas.  13CO (93.13% 13C), 13CO2 (93.13% 13C), 

and D2 (99.8% D) were purchased from Cortecnet and transferred to a flask containing 

activated 3 Å molecular sieves prior to use. Elemental analyses were performed under nitrogen 

with a ThermoScientific Flash 2000 Organic Elemental Analyzer.  NMR experiments were 

carried out using NMR tubes adapted with J. Young valves.  1H and 13C spectra were recorded 

using Avance 400 MHz (13C 125 MHz) or Avance III-HD 600 MHz (13C 151 MHz) NMR 

spectrometers and chemical shifts are referenced internally to residual proteo-solvent 

references. IR spectra were recorded with a Perkin Elmer 1600 Series FTIR spectrometer 

flushed with N2. The UV-Vis-NIR spectra were recorded with a Perkin Elmer Lambda 750 

instrument. The spectra were recorded at 25°C in 1 mm cells adapted with J. Young valves as 

6.5-10 mM THF solution of complexes [NBu4]-1, 2, and 5. 

 Caution:  Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 MeV) 

with a half-life of 4.47 x 109 years.  Manipulations and reactions should be carried out in 

monitored fume hoods or in an inert glovebox in a radiation laboratory equipped with α- and 

β-counting equipment. 

 

Magnetic Measurements.   

Magnetic measurements were performed using a QuantumDesign MPMS-5T superconducting 

quantum interferencedevice (SQUID) magnetometer in a temperature range 2–300 K.  The 

crushed crystalline samples were enclosed in an evacuated and flame-sealed quartz capsule and 

placed inside a plastic straw. Samples were restrained in an eicosane or deuterated cyclohexane 
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(C6D12) matrix to prevent sample torquing during measurements. Diamagnetic corrections 

were applied to the data using Pascal’s constants.6 

 

[NBu4][{((tBuO)3SiO)3U}2(μ-N)], [NBu4]-1.   

In an argon-filled glovebox, NBu4N3 (22.3mg, 0.078 mmol) dissolved in thf (3 mL) was added 

to a stirred solution of [U(OSi(OtBu)3)3]2 (160.9 mg, 0.0782 mmol) in thf (1.5 mL) at −40°C.  

After 3 d, the reaction is complete and the resultant pink-brown solution was filtered using a 

0.2 µm porosity filter frit and the volatiles of the filtrate were removed under vacuum. The 

pink-brown oily residue was triturated with hexane and the resultant solid was dissolved in 

toluene (1.5 mL).  Addition of hexane (0.2 mL) and storage at −40 °C overnight in the glovebox 

freezer produced single pink-brown crystals of [NBu4][{((tBuO)3SiO)3U}2(μ-N)], [NBu4]-1, 

characterizable by X-ray crystallography (126.8 mg, 70%).  1H NMR (400 MHz, d8-thf, 298 

K):  δ 3.20 (t, NCH2CH2CH2CH3, 8H), 1.63 (m, NCH2CH2CH2CH3, 8H), 1.35 (m, 

NCH2CH2CH2CH3, 8H), 0.94 (t, NCH2CH2CH2CH3, 12H), −0.31 (s, OCCH3, 162H) ppm.  1H 

NMR (400 MHz, d8-toluene, 298 K):  δ 1.7 (m, NCH2CH2CH2CH3, 8H), −0.3 (s, OCCH3, 

162H), −1.1 (t, CH2CH2CH2CH3, 8H), −1.3 (m, NCH2CH2CH2CH3, 12H), −2.0 (m, 

NCH2CH2CH2CH3, 8H) ppm.  Anal.  Calcd for C88H198N2O24Si6U2:  C, 45.69; H, 8.63; N, 1.21.  

Found:  C, 45.86; H, 8.66; N, 1.36.  When the reaction is carried out at room temperature, 

[NBu4]-1, unreacted starting material and unidentified species are formed. 

 

[NBu4][{((Me3Si)2N)3U}2(μ-N)], 2.   

In an argon-filled glovebox, toluene was poured onto a solid mixture of [U(N(SiMe3)2)3] (75.8 

mg, 0.105 mmol) and NBu4N3 (15.0 mg, .053 mmol).  A stir bar was added and the dark purple 

slurry was stirred at −40 °C.  After 1 h, the solids of the resultant brown slurry were left to 

settle and the light orange solution was decanted.  The solids were washed with toluene (2 x 1 

mL) and hexane (1 mL) and dried under vacuum which gave tan colored solids of analytically 

pure [NBu4][{((Me3Si)2N)3U}2(μ-N)], 2, (49.0 mg, 58%).  Single crystals suitable for X-ray 

diffraction were grown from d8-toluene in a J-Young NMR tube while studying the low 

temperature synthesis of 2.  1H NMR (400 MHz, d8-thf, −60 °C):  δ 116.2 (br s, ffhw = 1100 

Hz, SiMe3), 18.0 (br s, ffhw = 800 Hz, SiMe3), 3.1 (br m, ffhw = 25 Hz,  NCH2CH2CH2CH3, 

8H), 1.4 (br m, ffhw = 25 Hz, NCH2CH2CH2CH3, 8H), 1.1 (br m, ffhw = 25 Hz, 

NCH2CH2CH2CH3, 8H), 0.7 (br m, ffhw = 14 Hz NCH2CH2CH2CH3, 12H), −14.0 (br s, ffhw 

= 36 Hz, SiMe3), −31.9 (br s, ffhw = 770 Hz SiMe3), −36.1 (br s, ffhw = 36 Hz, SiMe3), −59.8 

(br s, ffhw = 400 Hz, SiMe3) ppm.  At room temperature, only the [NBu4]+ proton signals are 
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apparent.  Anal.  Calcd for C52H144N8Si12U2:  C, 36.85; H, 8.56; N, 6.61.  Found:  C, 36.89; H, 

8.56; N, 6.53.  Note:  It is important that toluene is poured onto the solid reagents.  Attempts 

to add a toluene solution of NBu4N3 to [U(N(SiMe3)2)3] in toluene gave 2 in very low yield 

along with unreacted [U(N(SiMe3)2)3].  Complex 2 persists in solution for several days but 

shows resonances due to decomposition within hours. 

 

[{((Me3Si)2N)3U}2(μ-N)], 4.   

In an argon-filled glovebox, a slurry of AgBPh4 (5.1 mg, 12 µmol) in Et2O (1 mL) was added 

to a stirred brown solution of [NBu4][{((Me3Si)2N)3U}2(µ-N)] (20.0 mg, 11.8 µmol) in Et2O 

(1 mL).  After stirring for 2.5 h in the dark, the volatiles were removed under vacuum and the 

residue was extracted with hexane (2 mL).  The resultant brown slurry was filtered, and the 

volatiles were removed from the filtrate under vacuum to afford [{(Me3Si)2N)3U}2(µ-N)] as a 

brown microcrystalline solid (10.2 mg, 60%).  Dark brown needles suitable for characterization 

by X-ray crystallography were obtained by cooling a concentrated toluene solution to −40 °C.  

1H NMR (400 MHz, d8-thf, −60 °C):  δ 28.0 (br s, ffhw = 400 Hz, SiMe3), 6.7 (br s, ffhw = 

460 Hz, SiMe3), −3.5 (br s, ffhw = 60 Hz,  SiMe3), −8.3 (br s, ffhw = 325 Hz, SiMe3), −10.0 

(br s, ffhw = 60 Hz, SiMe3), −17.8 (br s, ffhw = 200 Hz SiMe3) ppm.  1H NMR (400 MHz, 

toluene-d8, −60 °C):  δ 28.5 (br s, ffhw = 400 MHz, SiMe3), 7.1 (br s, analysis of ffhw 

complicated by d8-toluene resonances, SiMe3), −3.5 (br s, ffhw = 20 Hz, SiMe3), −8.4 (br s, 

ffhw = 300 Hz, SiMe3), −9.9 (br s, ffhw = 20 Hz, SiMe3), −18.0 (br s, ffhw, 180 Hz, SiMe3) 

ppm.  Anal.  Calcd for C36H108N7Si12U2:  C, 29.77; H, 7.50; N, 6.75.  Found:  C, 26.83; H, 6.21; 

N, 6.04.  The low value is consistent with the formula C36H108.07N7.00 and suggests incomplete 

combustion.  Satisfactory elementary analyses could not be obtained despite multiple attempts. 

Similar results were obtained when using [Cp2Fe][BPh4]as the oxidizing agent. 

 

[Na(dme)3][((Me3Si)2N)3U(µ-N)U(N(SiMe3)2)(OSi(OtBu)3)], 5.  

 In an argon-filled glovebox, a solution of HOSi(OtBu)3 (10.0 mg, 38.0 µmol) in Et2O (2 mL) 

was added to a stirred brown solution of [Na(dme)3][((Me3Si)2N)2U(µ-N)(µ-κ2:C,N- 

CH2SiMe2NSiMe3)U(N(SiMe3)2)2], 3, (60.0 mg, 38.0 µmol) in Et2O (2 mL) at −40 °C.  After 

3 h at room temperature, the volatiles of the resultant red-brown solution were removed under 

vacuum.  Hexane (4 mL) was added to the pink solid and to the resultant pink slurry was added 

1,2-dimethoxyethane (1 drop, excess).  The solids were filtered and washed with hexane (2 x 

2 mL) yielding [Na(dme)3][((Me3Si)2N)3U(µ-N)U(N(SiMe3)2)2(OSi(OtBu)3)], 5, as a pink 

microcrystalline solid (48.7 mg, 70%).  Single-crystals of [Na(dme)3][((Me3Si)2N)3U(µ-
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N)U(N(SiMe3)2)2(OSi(OtBu)3)]  characterizable by X-ray diffraction were grown by diffusion 

of hexane into an Et2O solution of [Na(dme)3][((Me3Si)2N)3U(µ-

N)U(N(SiMe3)2)2(OSi(OtBu)3)].  1H NMR (400 MHz, d8-thf, 23 °C):  δ  1.1 (br s, SiMe3, 36H)  

0.0 (br s, SiMe3, 54H), −5.4 (br s, OC(CH3)3, 27H) ppm.  The resonances of 5 are broadened 

into the baseline at low temperatures.  Anal.  Cald for C54H147N6NaO10Si11U2:  C, 35.08; H, 

8.01; N, 4.55.  Found:  C, 34.58; H, 8.02; N, 4.48. 

 

Thermal Stability of [NBu4]-2.  

 In an argon-filled glovebox, d8-thf (0.5 mL) was added to [NBu4]-2 (5.5 mg, 3.2 µmol) in a J-

Young NMR tube.  The tube was stored in the glovebox at room temperature and analyzed by 

1H NMR spectroscopy at −60 °C (at low temperature the spectrum is better resolved). After 6 

d, the [NBu4]-2 was still present in solution but only as a minor component (Appendix 3 

Figures 13 and 14). The 1H NMR spectrum shows that at least two products are formed, namely 

HN(SiMe3)2 and the [NBu4]+ analogue of the previously reported bis(cyclometalate) complex 

[((Me3Si)2N)U(κ2-CH2SiMe2NSiMe3)2]−.7  1H NMR (400 MHz, d8-thf, 23 °C):  39.1 (s, SiMe3, 

18H), 31.6 (s, SiMe2CH2, 6H), −6.1 (s, SiMe2CH2, 6H), −36.7 (s, SiMe3, 18H), −283.0 (s, 

SiMe2CH2, 1H) −294.1 (s, SiMe2CH2, 1H) ppm. 

 

Thermolysis of [NBu4]-2.  

 In an argon-filled glovebox, d8-thf (0.6 mL) was added to [NBu4]-2 (9.0 mg, 5.9 μmol) into a 

J-Young NMR tube. The resultant brown solution was brought out of the glovebox and placed 

in an oil bath heated at 66 °C for 4 h.  No color change was observed.  The solution was then 

removed from the oil bath for analysis by 1H NMR spectroscopy.  The 1H NMR spectrum 

indicates that at least 3 products were produced, as shown in Appendix 3 in Figure 15.  

HN(SiMe3)2 is produced along with the anion, [((Me3Si)2)2U(µ-N)(µ-κ2-C,N-

CH2SiMe2NSiMe3)U(N(SiMe3)2)2]−, presumably as [NBu4]-3.  1H NMR (400 MHz, d8-thf, 23 

°C):  δ 6.4 (br s, NSiMe3, 36H), 5.5 (s, Me3SiNSiMe2CH2, 9H), 2.1 (dd, JHH = 10 Hz, 

NCH2CH2CH2CH3, 8H), 0.6 (m, NCH2CH2CH2CH3, 8H), 0.4 (m, NCH2CH2CH2CH3, 8H), 0.2 

(t, NCH2CH2CH2CH3, 12H), −5.5 (br s, NSiMe3, 36H), −53.5 (s, SiMe2CH2, 6H), −283.0 (s, 

SiMe2CH2, 1H), −294.1 (s, SiMe2CH2, 1H)  ppm.  The previously reported 

[Na(dme)3][((Me3Si)2)2U(µ-N)(µ-κ2-C,N-CH2SiMe2NSiMe3)U(N(SiMe3)2)2], 3, was 

characterized by 1H NMR spectroscopy in d8-thf for comparison.3  1H NMR (400 MHz, d8-thf, 

23 °C):  δ 6.3 (br s, NSiMe3, 36H), 5.5 (s, Me3SiNSiMe2CH2, 9H), 3.4 (s, CH3OCH2CH2OCH3, 

12H), 3.3 (s, CH3OCH2CH2OCH3, 18H), −5.5 (br s, NSiMe3, 36H), −53.5 (s, SiMe2CH2, 6H) 
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ppm, the methylene resonances were not observed. The bis(cyclometalate) complex 

[NBu4][((Me3Si)2N)U(κ2-CH2SiMe2NSiMe3)2] was also observed.7  The 1H NMR resonances 

of complex 2 were not observed at -60°C indicating complete consumption.  The mixture was 

brought back into the glovebox and the volatiles were removed under vacuum.   

 

General procedure for the reactions of complexes 1-5 with CO and 13CO.  

 In an argon-filled glovebox, 10-15 mg of a nitride complex 1-5 was dissolved in d8-thf or d8-

toluene (0.6 mL) and transferred to a NMR tube equipped with a J-Young valve.  The tube was 

brought out of the glovebox, attached to a Schlenk line, and degassed by three freeze-pump-

thaw cycles.  To the solution, CO or 13CO (1 atm or 1-2 equiv) was added and the mixture was 

analyzed by 1H and 13C NMR spectroscopies. Attempts to isolate the reaction products were 

not successful. The solutions were then brought back into the glovebox, the volatiles were 

removed. After removal of the volatiles, the residue was taken out of the glovebox and 

hydrolyzed with 0.6 mL of pD = 12 D2O and the hydrolysis products were analyzed by 13C 

NMR spectroscopy. 

 

General Procedure for CO2 and 13CO2 Reactions.  

 In an argon-filled glovebox, 10-15 mg of a nitride complex 1-5 was dissolved in d8-thf or d8-

toluene (0.6 mL) in an NMR tube equipped with a J-Young valve.  The tube was brought out 

of the glovebox, attached to a Schlenk line, and degassed by three freeze-pump-thaw cycles.  

To the frozen solution, CO2 or 13CO2 (1 atm or 1-2 equiv condensed) was added.  When 

stoichiometric amounts were used, the amount of CO2 was measured with a recently calibrated 

pressure gauge and condensed onto the frozen solution.  The mixtures were thawed and then 

analyzed by 1H and 13C NMR spectroscopies.  Attempts to isolate the reaction products were 

not successful.  After removal of the volatiles, the residues were taken out of the glovebox and 

hydrolyzed with 0.6 mL of a pD = 12 D2O and the deuterolysis products were analyzed by 13C 

NMR spectroscopy. 

 

General Procedure for H2 and D2 Reactions.  

 In an argon-filled glovebox, 10-15 mg of a nitride complex 1-5 was dissolved in d8-thf or d8-

toluene (0.6 mL) in an NMR tube equipped with a J-Young valve.  The tube was brought out 

of the glovebox, attached to a Schlenk line, and degassed by three freeze-pump-thaw cycles.  

To the solution, H2 or D2 (1 atm) were added and the mixture was analyzed by 1H NMR 

spectroscopy. For the unreactive N(SiMe3)2 complexes, the solutions were monitored for 
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several days, and for complex 3, even heated overnight.  Despite these efforts, reactivity was 

observed only for the all-siloxide complexes which gave imide-hydride products. 

 

Reaction of 3 with CO and isolation of [[((Me3Si)2N)2U(µ-O)]3, 6, and [((Me3Si)2N)2U(µ-

O)U(µ-κ2-O,N-OC(=C)SiMe2NSiMe3)U(N(SiMe3)2)2], 7.  

 In an argon-filled glovebox, a Schlenk flask was charged with [Na(dme)3][{((Me3Si)2N)2U(µ-

N)(µ-κ2-C,N-CH2SiMe2NSiMe3)U(N(SiMe3)2)2], 3, (100 mg, 0.063 mmol) and 4 mL of thf.  

The brown solution was brought out of the glovebox, attached to a Schlenk line, and degassed 

by three freeze-pump-thaw cycles.  To the thawed solution was added CO (1 atm, excess) 

which caused a slow color change from brown to yellow.  After stirring overnight, the volatiles 

were removed from the resultant yellow solution.  The flask was brought back into the 

glovebox and the yellow-brown residue was extracted into hexane (4 mL) and concentrated (1 

mL).  One drop of dme was added and the mixture was stored at −40 °C in the glovebox freezer 

producing a mixture of crystals. Single crystals of the trimetallic U4+ oxo, [((Me3Si)2N)3U(O)]3, 

6, and of the CO insertion product, [((Me3Si)2N)2U(µ-O)U(µ-κ2-O,N-

OC(=C)SiMe2NSiMe3)U(N(SiMe3)2)2], 7, were characterized by X-ray crystallography. 

 

Reaction of [NBu4]-1 with CO2 and isolation of [NBu4][{((tBuO)3SiO)3U}2(µ-NC2O4)], 8.  

In an argon-filled glovebox, d8-toluene (0.6 mL) was added to a vial containing [NBu4]-1. The 

resultant pink-brown solution was pipetted into an NMR tube equipped with a J-Young valve.  

The tube was brought out of the glovebox, attached to a Schlenk line, and degassed by three 

freeze-pump-thaw cycles. To the frozen solution was added 2 equiv of CO2 and upon thawing, 

the pink brown solution changed color to light blue.  Addition of hexane (0.1 mL) and storage 

at −40 °C overnight in the glovebox freezer produced light-blue crystals of 

[NBu4][{((tBuO)3SiO)3U}2(µ-NC2O4)], 8, characterizable by X-ray crystallography.  The 

previously reported [U(OSi(OtBu)3)4]8 complex is also produced in the reaction and 

cocrystallizes with 8 rendering impossible elemental analysis determination for complex 8. 

Reaction of [NBu4]-1 with H2 and isolation of [NBu4][{((tBuO)3SiO)3U}2(µ-NH)(µ-H)], 9.  

In an argon-filled glovebox, toluene (1 mL) was added to [NBu4]-1 (55.8 mg, 0.024 mmol, 1 

equiv) in a reaction tube equipped with a J-Young valve.  The tube was brought out of the 

glovebox, attached to a Schlenk line, and degassed by three freeze-pump-thaw cycles.  To the 

frozen solution H2 (1 atm) was added and upon thawing, the pink brown solution changed color 
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to yellow-green. Concentration of the resultant solution until 0.2 mL, addition of hexane (0.2 

mL), and storage at −40 °C overnight in the glovebox freezer produced single yellow-green 

crystals of [NBu4][{((tBuO)3SiO)3U}2(µ-NH)(µ-H)], 9, characterizable by X-ray 

crystallography (35.4 mg, 63.4%).  1H NMR (400 MHz, toluene-d8, 298 K): δ 720 (s, 1H, NH 

or H), 189 (s, 1H, NH or H), 0.4 (m, 2H, CH2), 0.3 (m, 3H, CH3), −0.4 (m, 2H, CH2), −0.7 (s, 

162H, CH3) ppm. Anal.  Calcd for C88H200N2O24Si6U2 • (toluene)0.25 :  C, 46.10; H, 8.71; N, 

1.20.  Found:  C, 46.08; H, 9.08; N, 1.43.  Complex 9 is stable in solution in the absence of H2 

in the headspace and in the solid state under vacuum. 
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CHAPTER 6 

The photochemical synthesis of a stable U(VI) terminal nitride 
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Terminal nitride metal complexes have been highly sought-after synthetic targets because of 

their important role in the catalytic N2 hydrogenation for ammonia production and in N-transfer 

processes.1 Molecular terminal uranium nitride compounds provide relevant models of 

inorganic uranium nitride materials (UN) which are effective catalysts in the Haber-Bosch 

synthesis of ammonia.2 In recent years, few examples of mononuclear borane-3 or alkali ion-4 

capped terminal nitrides and several multimetallic nitrides have been synthesized1g, 5 which 

have demonstrated high reactivity towards small molecule activation and functionalization.1g, 

6 However, the synthesis of bona fide terminal U(V) and U(VI) nitrides remains limited to a 

single polydentate ligand system (TrenTIPS: N(CH2CH2NSiiPr3)3).4b, 7   

Photolysis of metal azide complexes has revealed the most effective route for the synthesis of 

metal nitrides in transition metal chemistry, 1c,1h, 8, 9 but has so far failed to yield a stable terminal 

uranium nitride complex. More generally, the photochemistry of organometallic actinide 

complexes remains limited to a handful of studies, most of them going back to 40 years ago.10 

Particularly relevant to this work is the first report of a putative terminal U(VI)-nitride 

intermediate that was generated in photolytic conditions but could not be isolated because it 

readily effected the C-H activation of the supporting cyclopentadienyl ligand.11 Photolysis of 

uranium(IV) azide complexes with bulky amide supporting ligands6h, 7b also failed to produce 

isolable terminal U(VI) nitrides, but resulted in the intramolecular insertion of the nitride 

intermediate in the ligand framework. This led to the conclusion that it may not be possible to 

prepare terminal uranium nitrides by photolysis of azides due to the low stability of transient 

nitrides under the energetic photolytic conditions. Here we report the second example of a 

terminal U(VI) nitride, [U(OSi(OtBu)3)4(N)], 3, and show that by a careful tuning of the 

reaction conditions it is possible to prepare 3 by photolysis of the sterically demanding terminal 

U(IV) azide [NBu4][U(OSi(OtBu)3)4(N3)], [NBu4]-2. Notably, the fast conversion of [NBu4]-

2 into the nitride 3 under irradiation renders possible its isolation, and suggests that previous 

attempts failed to produce isolable terminal U(VI) nitrides because the photolysis of the U(IV) 

azide precursor required longer times (24-80 hours). 6h,11 

In order to investigate the photolysis of U(IV) azide complexes, we first pursued the synthesis 

of an anionic U(IV)-terminal azide supported by four alkoxy(siloxide) ligands 

[U(N3)(OSi(OtBu)3)4]-. The bulky environment provided by the four siloxides was chosen for 

its ability to stabilize a terminal U(V) oxide by preventing the formation of oxide bridged 

multimetallic species.12 



 168 

 

6.2. Results and discussion 

 

Synthesis of the azide complexes 

In previous studies we isolated and crystallographically characterized the complex [K(18c6)(µ-

N3)U(OSi(OtBu)3)4], [K(18c6)]-2 (18c6= 18-crown-6) which formed, together with a bis-

nitride diuranium(V) complex and other products, from the reaction of the U(III) complex 

[K(18c6)][U(OSi(OtBu)3)4] with CsN3.5g This reaction failed to yield a terminal nitride and 

[K(18c6)]-2 could not be reproducibly prepared from this route. Therefore, we set out to 

prepare the U(IV) azide [(N3)U(OSi(OtBu)3)4]- by reacting the homoleptic U(IV) tetrasiloxide 

complex [U(OSi(OtBu)3)4],5g 1 with different azides. 

 

 

 

Scheme 6-1.  Synthesis of the U(IV) terminal azide complexes [K(18c6)]-2, [K(crypt)]-2, 

and [NBu4]-2 (OSi = OSi(OtBu)3). 

 

The reaction of 1 with KN3 resulted in intractable mixtures independently of the reaction 

temperature. In contrast, the addition of NBu4N3 to a solution of 1 in d8-thf at room temperature 

led to the formation of a single new species resonating at 0.3 ppm. Cooling down the reaction 

mixture in toluene at -80°C afforded light blue single crystals of the ion pair complex 

[NBu4][U(OSi(OtBu)3)4(N3)], [NBu4]-2 in 74% yield (Scheme 6-1). The synthesis of the 

K(18c6) analogue [K(18c6)(µ-N3)U(OSi(OtBu)3)4], [K(18c6)]-2 in analytically pure form 
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required performing the reaction between 1 and [K(18c6)]N3 in thf at -80°C for 5h. 

Crystallization from toluene at -40°C affords the crystalline complex [K(18c6)]-2 in 72% yield. 

The isolated complexes [NBu4]-2 and [K(18c6)]-2 are both stable in a thf or toluene solution 

at RT for at least one week or at 70°C for at least 3 days. Moreover, 1H NMR studies of 

[K(18c6)]-2 in d8-thf and d8-toluene showed that the [K(18c6)]+ cation remains bound to the 

azide in both solvents. The 2.2.2. cryptand (crypt) analogue [K(crypt)(µ-N3)U(OSi(OtBu)3)4], 

[K(crypt)]-2 could only be prepared in situ upon reaction of 1 with excess (5 equivs.) of 

[K(crypt)]N3 in toluene or thf to avoid release of the bound azide. Light blue crystals of 

[K(crypt)]-2 were obtained from a concentrated reaction mixture in hexane at -40°C. 

The molecular structures of complex [K(crypt)]-2 (Figure 6-1) and [NBu4]-2 (Figure 6-2) were 

determined by XRD studies. The three complexes 2 all show a similar coordination 

environment and only differ in the nature of the counterion. Both [K(crypt)]+ and [K(18c6)]+ 

cations bind the azide ligand in an end-to-end fashion in [K(crypt)]-2 and [K(18c6)]-2 (Figure 

6-3), while [NBu4]-2 consists of a separated ion pair. The N1-K1 distance of 3.3(1)Å in 

[K(crypt)]-2 is much longer than the one observed for [K(18c6)]-25g of 2.562(6)Å. This 

difference is in line with the cryptand being bulkier than the crown ether and is likely to be the 

origin of the different stability of the uranium-bound azides. The values of the U1-N1 in the 

complexes [NBu4]-2, [K(crypt)]-2, and [K(18c6)]-2, of 2.375(4) Å, 2.379(6) Å, and 2.351(7) 

Å respectively, are on the longer end of the range of values found in previously reported U(IV) 

azide complexes (2.142(5) Å- 2.442(6), Å).7b, 11, 13 The N-N bond distances are very close to 

each other in all the three complexes (1.187(5) and 1.165(6) Å for [NBu4]-2, 1.18(1) and 

1.145(6) Å for [K(crypt)]-2, and 1.180(9) and 1.226(11) Å for [K(18c6)]-2). These values do 

not necessarily suggest a low activation of the azide moiety. Notably, a similarly long U-N 

distance and similar equivalency in N-N distances were found in the terminal U(IV) azide 

supported by the bulky TrenTIPS ligand, which readily undergo photolysis to yield a 

cyclometallated amide trough a nitride intermediate.7b Moreover, the higher value found for 

the nas(N3) of [K(18c6)]-2 (2096 cm-1) compared to [NBu4]-2 (2057 cm-1) and  (2096 cm-1) 

indicates a higher degree of activation. This value compares well with those previously 

reported for U(IV) terminal azide complexes (2055-2096 cm-1).3a,6g,6h,7b,14 With the terminal 

azide complexes in hand, we set out to investigate their photochemical reactivity.  
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Figure 6-1. Solid state structure of the complex [K(crypt)(µ-N3)[U(OSi(OtBu)3)4], [K(crypt)]-

2 with ellipsoids drawn at the 50% probability level. A second indipendent molecule and the 

methyl groups of the tBu moieties have been omitted for clarity. 

 

Figure 6-2. Solid state structure of the anion [U(OSi(OtBu)3)4(N3)]- in [NBu4]-2 with ellipsoids 

drawn at the 50% probability level. The tBu moieties have been omitted for clarity. 

 

 

O1

O41

O61

O21

U1

N1

N2

N3

U1 

O1 

O41 

O61 

N1 
N2 

N3 

K1 



 171 

 

Figure 6-3. Solid state structure of the complex [K(18c6)(µ-N3)[U(OSi(OtBu)3)4], [K(18c6)]-

2 with ellipsoids drawn at the 50% probability level. A second indipendent molecule and the 

methyl groups of the tBu moieties have been omitted for clarity. 

 

 

 

Photochemical reactivity of the terminal azide complexes 

The photolysis of d8-thf solutions of [NBu4]-2 with a UV lamp (253.7 nm) for 30 minutes 

yielded an orange solution whose 1H NMR spectrum showed only one major species with a 

resonance at 1.4 ppm. Single crystals of the terminal nitride complex 

[NBu4][U(OSi(OtBu)3)4(N)], 3 were obtained in 70% yield from a 1:1 toluene/hexane mixture 

at -25°C. Longer irradiation times (8 h) resulted in the full transformation of 3 into unidentified 

products. Complex 3 shows remarkable stability in thf and toluene under ambient light for up 

to three weeks. As a comparison, 1 week was indicated as the half-life of the only other reported 

terminal U(VI) nitride [U(TrenTIPS)N] in a toluene solution.7b 

However, photolysis of thf and toluene solutions of 3 with a UV lamp (253.7 nm) resulted in 

the appearance of the same unidentified decomposition products after 5h and 30 minutes 

respectively, showing that the photolytic stability of 3 varies with the solvent nature.  

Photolysis of d8-toluene solutions of [NBu4]-2 with a UV lamp (253.7 nm) for 2 to 5h showed 

the simultaneous progressive formation of 3 and other decomposition products, also formed by 

photolysis of 3 in toluene, rendering impossible the isolation of the nitride 3 in these conditions. 

These results show that both, the photochemical stability of the nitride 3, and its rate of 
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formation from the azide vary with the solvent, rendering its choice crucial for the isolation of 

the nitride. Notably, in thf the formation of the nitride from the azide is much faster than its 

decomposition, allowing its clean formation and isolation. We also became interested in 

investigating the potential effects of cations on the photochemical stability of the nitride and 

on the reactivity of the terminal azide. 

1H NMR studies showed that the addition of excess (10 equivs.) [K(18c6)]I to complex 3 in 

toluene results in the formation of a capped nitride, [K(18c6)]-3, which is stable in toluene 

under irradiation (253.7 nm) for 5h. These results indicate a significantly higher photochemical 

stability of the capped nitride compared to 3. In contrast, the addition of excess [K(crypt)]I to 

3 did not affect its decomposition rate under irradiation, suggesting that labile binding of 

[K(crypt)]+ does not enhance the photochemical stability of the nitride. 

1H NMR studies showed that the photolysis of d8-toluene solutions of [K(18c6)]-2 with a UV 

lamp (253.7 nm) afforded the clean formation of [K(18c6)]-3, which is complete after 5 h 

(Scheme 6-2). Thus, although the formation of the nitride from the [K(18c6)]-capped azide is 

slow, as found for the uncapped [NBu4]-2 azide in toluene, the increased stability of the 

[K(18c6)]-capped nitride compared to 3 renders possible its clean formation in toluene. 

 

 

Scheme 6-2. Synthesis of the terminal nitride complex 3. (OSi = OSi(OtBu)3). 

Photolysis of d8-toluene and d8-thf solutions of [K(crypt)]-2 led in both cases to mixtures of 

[K(crypt)]-2, [K(crypt)]-3, and its decomposition products (Scheme 6-2). The presence of 

cryptand bound to the azide results in a slower N2 elimination compared to the uncapped azide 

[NBu4]-2 rendering impossible the isolation of the nitride product in these conditions.  
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Thus, capping alkali ions can increase the stability of terminal nitride but also decrease the rate 

of the dinitrogen release. Thus, the counterion choice is key in the photochemical synthesis of 

nitrides. 

Compound 3 represents the first example of an isolated U(VI) terminal nitride complex 

photochemically generated. The molecular structure of the [U(OSi(OtBu)3)4(N)]- anion (Figure 

6-4), as determined by XRD studies, presents the uranium in a slightly distorted trigonal 

bipyramidal geometry, with three siloxides lying on the equatorial plane and the axial positions 

occupied by the nitride ligand and a fourth siloxide ligand. The U1-O21 distance at 2.073(1) Å 

is approximately 6% smaller compared to the mean value of the equatorial U-Osiloxide bond 

distances (2.20(3)Å). This is indicative of an Inverse Trans Influence (ITI), often manifested 

in high valent f-element complexes.15, 7b The U1-N1 bond distance (1.769 (2) Å) is slightly 

shorter than the U-nitride distance reported for [U(TrenTIPS)N] (1.799(7) Å) 7b and compares 

well with the value calculated for the matrix-isolated terminal nitride complex [UNF3] (1.76 

Å).16  

The IR spectrum of complex 3 shows a band at 977 cm-1 that was tentatively assigned to the 

UN triple bond (see Appendix). This value is in good agreement with those observed in 

[U(TrenTIPS)N] (914 cm-1) 7b and in the matrix isolated terminal nitrides UNF3 (938 cm-1)16 and  

NUN(N2)5 (1002.6 cm-1).17 
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Figure 6-4. Solid state structure of the anion [U(OSi(OtBu)3)4(N)]- in 3 with the ellipsoids 

drawn at the 50% probability level. The tBu moieties have been omitted for clarity. 

 

Reactivity of the terminal nitride 

Complex 3 reacts with H+ sources to afford ammonia. A 100% conversion to NH4Cl was 

observed upon reaction of 3 with excess HCl. Using H2O as the proton source yielded 20% 

conversion to NH3. This value increased to 56% when the reaction was carried out in presence 

of 3 equivalents of CoCp*2. Complex 3 was also found to react readily with 1 atm of CO in 

thf, yielding the reductive carbonylation product [NBu4][U(OSi(OtBu)3)4(NCO)], 4 in 80% 

yield.  

The solid-state structure of 4 (Figure 6-5), as determined by XRD studies shows that the nitride 

group in 3 has been converted into an isocyanate ligand. The U1-N1 bond distance of 2.406(2) 

Å falls in the range of previously reported U(IV)-isocyanate complexes (2.270-2.559 Å).6d, 18 

The IR spectrum of complex 4 shows a band at 2162 cm-1, which compares well with 

previously reported uranium isocyanate complexes5a, 6f, 19 (see Appendix). The 13C NMR 

spectrum of isolated complex 13C-4 in d8-toluene shows a peak at 472.2 ppm attributed to the 

U-bound N13CO- ligand.  

A similar two-electrons reduction by CO was reported for U(V) and U(VI) terminal nitride 

species6f as well as for the dimeric U(V) bis-µ-nitride complex [K2{U(OSi(OtBu)3)2(µ-N)}2].5a 

However, the U(VI) terminal nitride complex, [U(TrenTIPS)N], reacts with CO over the course 

of 16h while complex 3 reacts immediately with CO. The addition of 1 equiv. of SiMe3I to 

U1

O1
O61

O21

O41

N1
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[NBu4][U(OSi(OtBu)3)4(NCO)], 4 led to the formation of [U(OSi(OtBu)3)4], 1 as the main U-

containing species and of SiMe3NCO as confirmed by 1H and 13C NMR spectroscopy. The 

formation of [U(OSi(OtBu)3)4], 1 allows to close the synthetic cycle for the formation of 

SiMe3NCO from NBu4N3 and CO. 

 

Figure 6-5. Solid state structure of the anion [U(OSi(OtBu)3)4(NCO)]- in 4 with ellipsoids 

drawn at the 50% probability level. The tBu moieties have been omitted for clarity. 

 

Additional reactivity of the terminal nitride 

 

The reactivity of complex 3 towards the activation of X-H bonds was investigated, but no 

reactivity was observed with substrates like xanthene, Et3SiH, or H2 even under irradiation. 

The activation of H2 was not observed even in the presence of a Lewis Acid such as BMes3.  

Complex 3 does not show any electrophilic reactivity either. No reaction was observed upon 

complex 3 and NBu4CN.  

In order to ascertain wether of a U(VI) terminal imido complex could be obtained, the reactivity 

of complex 3 with stoichiometric amounts of acid was investigated. The reaction of complex 

3 with 1 equiv. of HBArF did not lead to the full consumption of the starting material and two 

additional resonances in the 1H NMR spectrum were observed. The addition of a second 

equivalent of HBArF to the reaction mixture led to full consumption of the starting material 

and the formation of a clean species as evidenced by 1H NMR spectroscopy. This result seems 

to suggest that a terminal imido species cannot be formed cleanly in these conditions and a 

second protonation event occurs rapidly. The compound could not, so far, be isolated due to 
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C79
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the presence of NBu4BArF in the reaction mixture. Similar results were obtained by reaction of 

3 NEt3HBPh4. 

Since no terminal amido species could be obtained from this route, the reaction with other 

proton sources was performed. The reaction of 3 with 1 equiv of 2,6-ditertbutylphenol 

(HOArtBu) gave rise to a mixture of species from where no U containing species could be 

identified. From concentrated reaction mixture in toluene crystals of an anionic phenol 

coupling product were isolated (Figure 6-8). The structural parameters cannot be discussed in 

detail, but the connectivity is clearly established, revealing the formation of a coupled phenol 

product.  

 

Figure 6-6. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of the reaction mixture between 

complex 3 and 1 equiv of HBArF 

 



 177 

 

Figure 6-7. 1H NMR spectrum (400 MHz, 298 K, d8-thf) after addition of 1 equiv of HBArF 

to the reaction mixture between complex 3 and 1 equiv of HBArF 

 

 

 

Figure 6-8.  Solid state structure of the salt [NBu4][{C6H2(tBu)2O}2] drawn at the 50% 

probability level.  
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In order to assess the ability of the terminal nitride to bind other metals, the reactivity of 

complex 3 with transition metal salts was targeted. Complex 3 reacts with 1 equiv of AgBPh4 

overnight yielding a mixture of products whence single crystals of the complex 

[NBu4][Ag(OSi(OtBu)3)(µ-N)U(OSi(OtBu)3)4], 5 were obtained. The solid-state structure of 

complex 5 is shown in Figure 6-9 and consists of an ion pair in which the anion is a 

heterodimetallic complex. Complex 5 is the [Ag(OSi(OtBu)3)] capped analogue of the terminal 

nitride 3 and the structural parameters are, indeed, really similar. The U1-N2 bond distance of 

1.783(5) Å is only slightly longer than the one of complex 3 and it is still indicative of a triple 

bond. The abstraction of a siloxide ligand from complex 3 to form complex 5 is responisible 

for the formation of multiple species in solution. This result proves the ability of the terminal 

nitride to act as a ligand for transition metals and to serve as a useful starting material for the 

obtention of heterodimetallic bridging nitride complexes. Further studies will be dedicated to 

the rational synthesis of complex 5 and to the formation of other heterodimetallic bridging 

nitride complexes. 

 

 

 

Figure 6-9. Solid state structure of the anion [Ag(OSi(OtBu)3)(µ-N)U(OSi(OtBu)3)4] in 5 with 

the ellipsoids drawn at the 50% probability level. The tBu moieties have been omitted for 

clarity. 

U1 

N1 

Ag1 
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6.3. Conclusions 

In summary we have photochemically generated and characterized the second example of a 

U(VI) terminal nitride which is stable under ambient conditions but displays high reactivity 

towards electrophiles undergoing reductive carbonylation to yield cyanate. Photolysis studies 

of three sterically demanding anionic uranium azide complexes demonstrated that facile release 

of dinitrogen occurs in all conditions, but clean formation of the nitride requires a careful tuning 

of the solvent and counterion. The use of an anionic azide precursor allows a fine tuning of the 

photochemical generation of the nitride. These finding anticipates that elusive terminal nitrides 

might be accessible for a wide range of ligand systems upon careful choice of precursor and 

conditions. 

 

6.4. Experimental 

 

General Considerations.  

The syntheses and manipulations described below were conducted under nitrogen with 

rigorous exclusion of air and water using an MBraun glovebox equipped with a purifier unit 

along with vacuum and Schlenk line techniques. Unless otherwise noted, reagents were 

purchased from commercial suppliers and used without further purification. Anhydrous 

solvents were purchased from Aldrich and further distilled from K/benzophenone (THF, 

toluene, hexane). Depleted uranium turnings were purchased from IBILABS, Florida (USA). 

Deuterated solvents (d8-thf and d8-toluene) for NMR spectroscopy were purchased from 

Cortecnet and further distilled from K/benzophenone. d6-dmso was freeze-degassed and stored 

over 3Å activated molecular sieves. [U(OSi(OtBu)3)4], 1 was prepared as previously 

described.5g Carbon monoxide (N47 Bt-S 10/200) was purchased from Carbagas. 13CO 

(93.13% 13C) was purchased from Cortecnet and transferred to a flask containing activated 3 

Å molecular sieves prior to use. NBu4N3, KN3, 18-crown-6 (18c6), KI, and 2.2.2. cryptand 

(crypt) were purchased from Sigma-Aldrich and dried under high vacuum prior to use. H2O 

was degassed on a Schlenck line. Elemental analyses were performed under nitrogen with a 

ThermoScientific Flash 2000 Organic Elemental Analyzer. NMR experiments were carried out 

using NMR tubes adapted with J. Young valves. 1H and 13C spectra were recorded using 

Avance 400 MHz (13C 125 MHz) or Avance III-HD 600 MHz (13C 151 MHz) NMR 
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spectrometers and chemical shifts were referenced internally to the signals of the deuterated 

solvents. FT-IR spectra were recorded with a Perkin Elmer 1600 Series FTIR 

spectrophotometer flushed with N2. The UV-Vis-NIR spectra were performed with a Perkin 

Elmer Lambda 750 instrument. The spectra were recorded at 25 °C in 1 mm cells adapted with 

J. Young valves for 6.3-10.2 mM toluene solutions. 

 Caution: Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 MeV) 

with a half-life of 4.47 x 109 years. Manipulations and reactions should be carried out in 

monitored fume hoods or in an inert glovebox in a radiation laboratory equipped with α- and 

β-counting equipment. 

 

Photochemical experiments.  

Photolysis experiments were carried out in a Rayonet Photochemical Chamber Reactor RPR-

100. In a nitrogen-filled glovebox, solutions of the azide compounds in different solvents were 

transferred into a J-Young adapted NMR tube. The sample was irradiated in the NMR tube 

with 16 UV lamps with maximum irradiation at 253.7 nm. The cooling fan integrated in the 

photochemical reactor was always on during the reaction time. In these conditions, the normal 

operating temperature is of 35°C.  

 

Reaction of [U(OSi(OtBu)3)4], 1 with KN3.  

In a nitrogen-filled glovebox, a solution of [U(OSi(OtBu)3)4], 1 (15.8 mg, 0.012 mmol, 1 equiv) 

in 1.5 mL of thf was poured onto solid KN3 (1.0 mg, 0.012 mmol, 1 equiv). The reaction 

mixture was stirred with a glass-coated stir bar for 2 days. Thereafter, the reaction mixture 

changed color from blue-green to light purple. The reaction mixture was analyzed by 1H NMR 

spectroscopy (see Appendix), revealing the formation of an intractable reaction mixture. When 

the reaction was carried out at lower temperatures, no reaction was observed. 

 

Synthesis of [K(18c6)(µ-N3)U(OSi(OtBu)3)4], [K(18c6)]-2. 

 In a nitrogen-filled glovebox, a cold (-80°C) suspension containing KN3 (6.5 mg, 0.08 mmol, 

1 equiv) and 18-crown-6 (18c6) (21.3 mg, 0.08 mmol, 1 equiv) in 1.5 mL of thf was added to 

a cold (-80°C) solution of [U(OSi(OtBu)3)4], 1 (104.3 mg, 0.08 mmol, 1 equiv) in 1.5 mL of 

thf. The reaction mixture immediately changed color from blue-green to light blue. The 

reaction mixture was left reacting at -80°C for 5 hours. Thereafter, the reaction mixture was 

filtered using a 0.2 µm porosity filter frit and the volatiles of the filtrate were removed under 

vacuum. The resultant light blue solid was dissolved in 3 mL of toluene and the mixture was 
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kept at -40°C overnight affording light blue crystals of the complex [K(18c6)(µ-

N3)U(OSi(OtBu)3)4], [K(18c6)]-2 (95.3 mg, 72% yield). 1H NMR (400 MHz, d8-thf, 298 K): δ 

4.4 (s, 18c6, 24H), 0.2 (br s, OSi(OtBu)3, 108H) ppm.  1H NMR (400 MHz, d8-toluene, 298 

K): δ 8.7 (s, OSi(OtBu)3, 12H), 4.3 (s, 18c6, 24H), 1.1 (s, OSi(OtBu)3, 48H), −0.6 (s, 

OSi(OtBu)3, 48H) ppm. Anal. Calcd for [K(18c6)]-20.5toluene C60H132KN3O22Si4U(C7H8)0.5, 

: C, 45.31; H, 8.14; N, 2.50.  Found:  C, 45.24; H, 7.85; N, 2.22.  

The 1H NMR spectrum in d8-thf of complex [K(18c6)]-2 shows only one resonance for the 

siloxide ligands at 0.2 ppm, suggesting a fluxional behaviour of the molecule in a thf solution. 

In contrast, three distinct resonances are observed for the siloxides in d8-toluene at 8.7, 1.1, and 

-0.6 ppm, suggesting the presence of more rigid solution species. The 1H NMR spectrum in d8-

thf and d8-toluene of complex [K(18c6)]-2 shows the presence of resonances attributed to the 

azide-bound K+-crown ether moiety (4.4 ppm in thf and 4.3 ppm in toluene) indicating that the 

[K(18c6)]+ cation remains bound to the azide in both solvents. 

 

If the reaction is carried out at higher temperatures the final reaction mixture contains larger 

amounts of byproducts (Figure see Appendix). No evolution of the final reaction mixtures 

(after complete conversion of 1) was observed with time at room temperature. 

Complex [K(18c6)]-2 is stable in a thf or a toluene solution for more than 1 week at room 

temperature and for at least 3 days at 70°C. 

 

Synthesis of [NBu4][U(OSi(OtBu)3)4N3], [NBu4]-2.  

In a nitrogen-filled glovebox, a solution of NBu4N3 (25.7 mg, 0.09 mmol, 1 equiv) in 1.5 mL 

of thf was added to a solution of [U(OSi(OtBu)3)4], 1 (116.6 mg, 0.09 mmol, 1 equiv) in 1.5 

mL of thf at room temperature. The reaction mixture immediately changed color from blue-

green to light blue. The reaction mixture was stirred at room temperature for 10 minutes. 

Volatiles were removed under vacuum and the resultant light blue solid was dissolved in 0.5 

mL of toluene. The resultant solution was kept at -80°C for 8h affording light blue crystals of 

[NBu4][U(OSi(OtBu)3)4N3], [NBu4]-2 (107.2mg, 74% yield). 1H NMR (400 MHz, d8-thf, 

298K): δ 3.9 (t, NBu4, 2H), 2.2 (q, NBu4, 2H), 1.8 (m, NBu4, 2H), 1.3 (t, NBu4, 3H), 0.3 (br s, 

OSi(OtBu)3, 108H) ppm. 1H NMR (400 MHz, d8-toluene, 298K): δ 8.7 (t, NBu4, 2H), 6.1 (q, 

NBu4, 2H), 4.9 (m, NBu4, 2H), 3.4 (t, NBu4, 3H), -0.5 (s, OSi(OtBu)3, 108H) ppm. Anal. Calcd 

for [NBu4]-2, C64H144N4O16Si4U1: C, 48.77; H, 9.21; N, 3.55. Found: C, 48.54; H, 9.27; N, 

3.15. The reaction proceeds in a similar way if carried out at lower temperature. 
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Isolation of [K(crypt)(µ-N3)U(OSi(OtBu)3)4], [K(crypt)]-2.  

In a nitrogen-filled glovebox, a suspension containing KN3 (1.5 mg, 0.019mmol, 1 equiv) and 

2.2.2. cryptand (7.1 mg, 0.019 mmol, 1 equiv) in 0.5 mL of thf was added to a solution of 

[U(OSi(OtBu)3)4], 1 (24.3 mg, 0.019 mmol, 1 equiv) in 1 mL of thf at room temperature. The 

color immediately changed from blue-green to light blue. Volatiles were removed and the 

resultant light blue solid was dissolved in 1 mL of hexane. The resultant light purple solution 

was kept at -40°C affording light blue crystals of [K(crypt)(µ-N3)U(OSi(OtBu)3)4], [K(crypt)]-

2. The 1H-NMR spectrum of the reaction mixture in d8-thf shows the presence of 1 and 

[K(crypt)]-2 (see Appendix). Removal of thf and dissolution of the residue in d8-toluene shows 

the presence of 1 as the only product after one night indicating that release of [K(crypt)]N3 

occurs in toluene (see Appendix). The addition of excess [K(crypt)]N3 (5 equiv.) to 1 both in 

thf or toluene leads to the complete conversion of 1 to [K(crypt)]-2 (see Appendix). The 

reaction proceeds in a similar way if carried out at lower temperature. 

The presence of multiple species in the reaction mixture prevented the isolation of pure samples 

of [K(crypt)]-2.  

 

 

Synthesis of [NBu4][U(OSi(OtBu)3)4N], 3  

In a nitrogen-filled glovebox, [NBu4][U(OSi(OtBu)3)4N3], [NBu4]-2 (83.7mg, 0.053 mmol, 1 

equiv) was dissolved in 1 mL of thf and the resultant light blue solution was transferred into a 

J-Young adapted NMR tube. The solution was irradiated in the photochemical reactor with 

253.7 Å. After 5 minutes, the solution changed color from light blue to orange and the 1H NMR 

spectrum revealed the partial conversion of [NBu4]-2 into the nitride 

[NBu4][U(OSi(OtBu)3)4N], 3 (see Appendix). Full conversion was observed after 30 min. 

Volatiles were removed giving rise to an orange oily residue which was triturated twice with 

hexane affording an orange powder. The powder was suspended in 0.2 mL of hexane and 0.2 

mL of toluene were added obtaining an orange solution. The resultant solution was kept at -

25°C overnight affording XRD suitable orange crystals of [NBu4][U(OSi(OtBu)3)4N], 3. 

Crystals of 3 are sensitive to temperature, transforming into an oily residue within a minute at 

room temperature. The oily residue was triturated with hexane twice affording pure complex 

[NBu4][U(OSi(OtBu)3)4N], 3 as an orange powder. Alternatively, the crystals could be dried at 

-80°C for 5h, affording pure complex [NBu4][U(OSi(OtBu)3)4N], 3 as an orange powder (57.5 
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mg, 70% yield). 1H NMR (400 MHz, d8-thf, 298K): δ 3.3 (t, NBu4, 2H), 1.7 (q, NBu4, 2H), 1.4 

(s, OSi(OtBu)3, 108H) 1.2 (m, NBu4, 2H), 1.0 (t, NBu4, 3H), ppm. 1H NMR (400 MHz, d8-

toluene, 298K): δ 1.8 (s, OSi(OtBu)3, 108H), 1.2 (t, NBu4, 2H), 1.1 (q, NBu4, 2H), 1.0 (m, 

NBu4, 2H), 0.8 (t, NBu4, 3H), ppm. Anal. Calcd for 3, C64H144N2O16Si4U1: C, 49.65; H, 9.38; 

N, 1.81. Found: C, 49.59; H, 9.41; N, 1.77. 

 

The 1H NMR spectrum of a solution of 3 (13.2 mg, 0.008 mmol, 1 equiv) in 0.5 mL of d8-

toluene recorded after the addition of excess K(18c6)I (10 equiv) showed the formation of a 

new species assigned to a K(18c6)-capped nitride [K(18c6)]-3 (see Appendix). Conversely, 

when the same reaction was carried out in d8-thf, no change in the 1H NMR spectrum was 

observed (see Appendix) indicating that K(18c6)-3 is not formed in thf. Similarly, the 1H NMR 

of a solution of 3 (10.8 mg, 0.0072 mmol, 1 equiv) in 0.5 mL of d8-toluene recorded after the 

addition of excess K(crypt)I (10 equiv) showed the formation of a new species assigned to a 

K(crypt)-capped nitride [K(crypt)]-3 (see Appendix). When the same reaction was carried out 

in d8-thf, no change in the 1H NMR spectrum was observed (see Appendix) indicating that 

K(crypt)-3 is not formed in thf. 

 

Irradiation of [NBu4]-2  

1H NMR spectroscopy revealed only the presence of 3 in the reaction mixture after irradiation 

of a solution of [NBu4]-2 (7.3 mg, 0.005 mmol) in d8-thf (0.5 mL) for up to 3 hours. After 5 

hours a color change of the solution from orange (color of the solution after 3 hours irradiation) 

to light green was observed and the 1H NMR spectrum of the resulting mixture showed the 

appearance of new species at 1.9 and 1.3 ppm. (see Appendix) Complete conversion of 3 to the 

new species is observed after 8 hours. (see Appendix) The formation of the same products was 

observed upon irradiation of the isolated crystals of 3 in thf. 

Irradiation of solutions of [NBu4]-2 in d8-toluene for 2 to 5 hours leads to the formation of 3 

and unidentified products (see Appendix). Irradiation for 7 hours led to the full conversion of 

3 into unidentified species (see Appendix). 

 

 

Irradiation of [K(18c6)]-2  

Irradiation of a solution of [K(18c6)]-2 (17.9 mg, 0.011 mmol) in d8-toluene (0.5 mL) for 5h 

leads to full conversion to [K(18c6)]-3 as evidenced by 1H NMR spectroscopy (see Appendix). 

Irradiation of a solution of [K(18c6)]-2 (12.4 mg, 0.008 mmol) in d8-thf for 30 minutes leads 
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to a mixture of [K(18c6)]-2, [K(18c6)]-3, and unidentified species (see Appendix). [K(18c6)]-

2 and [K(18c6)]-3 are fully consumed after 1 hour (see Appendix) and 3 hours (see Appendix) 

of irradiation respectively. These results suggest that the conversion of the [K(18c6)]-capped 

azide to nitride is slower compared to the uncapped [NBu4]-2 azide rendering impossible the 

nitride clean formation in thf. 

 

Irradiation of [K(crypt)]-2. 

Irradiation of a toluene solution of [K(crypt)]-2 formed in situ (by reacting 1 (13.6 mg, 0.01 

mmol, 1 equiv) with 5 equiv. of [K(crypt)]N3 (24.1 mg, 0.05 mmol, 5 equivs)) for 1h leads to 

the formation of a mixture of K(crypt)]-2, K(crypt)]-3, and unidentified species (see 

Appendix). Full consumption of K(crypt)]-2 and K(crypt)]-3 was observed after 2h (see 

Appendix). Similarly, when [K(crypt)]-2 is irradiated in a thf solution for 30 minutes a mixture 

of K(crypt)]-2, K(crypt)]-3, and unidentified species was observed by 1H NMR spectroscopy 

(see Appendix). Full consumption of K(crypt)]-2 and K(crypt)]-3 was observed 3 hours (see 

Appendix) and 4 hours (see Appendix) of irradiation respectively. 

 

Irradiation of 3, [K(crypt)]-3, and [K(18c6)]-3  

Compound 3 is stable under irradiation for 3 hours in a thf solution. Irradiating for longer times 

leads to the formation of unidentified species after 5 hours (see Appendix) and full 

consumption of 3 after 7 hours (see Appendix). Irradiation of a toluene solution of 3 for 30 

minutes leads to the formation of unidentified species (see Appendix). Full consumption of 3 

was observed after 5h (see Appendix). Irradiation of [K(crypt)]-3 in a toluene solution for 30 

minutes leads to the formation of unidentified species (see Appendix). Full consumption of the 

starting material was observed after 2 hours (see Appendix). The photolysis of [K(crypt)]-3 is 

faster compared to the one of 3. Conversely, [K(18c6)]-3 is stable under irradiation in a toluene 

solution for 3 hours, but irradiating for longer times leads to full consumption of [K(18c6)]-3 

after 10 hours (see Appendix). 

 

 

 

Synthesis of [NBu4][U(OSi(OtBu)3)4NCO], 4.  

 In a nitrogen-filled glovebox, [NBu4]-2 (24.2 mg, 0.015 mmol, 1 equiv) was dissolved in 0.5 

mL of toluene and the solution was transferred into a J-Young adapted NMR tube. The NMR 

tube was connected to a Schlenck line and degassed by three cycles of freeze-pump-thawing. 
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1 atm of CO was added into the tube. No reaction was observed between [NBu4]-2 and CO. 

The reaction mixture was irradiated in the photochemical reactor for 5h, thereafter a color 

change from light blue to light green was observed. 1H NMR spectroscopy revealed the full 

consumption of the starting material and the formation of a new species (see Appendix). The 

reaction mixture was concentrated until 0.2 mL and was kept overnight at -40°C, affording 

light green crystals of the complex [NBu4][U(OSi(OtBu)3)4.NCO], 4 (19.4 mg, 80% yield). 

This result shows that the fast reaction of the nitride with CO prevents nitride decomposition 

from occurring in toluene under photolytic conditions. The same compound could be obtained 

from direct reaction of 3 with CO in thf. The 13C enriched analogue 13C-4 was obtained with a 

similar procedure using 13CO. The 13C NMR spectrum in d8-toluene of isolated crystals of 13C-

4 showed a resonance at 472.2 ppm attributed to a U-bound N13CO- ligand.1H NMR (400 MHz, 

d8-thf, 298K): δ 5.2 (t, NBu4, 2H), 3.3 (q, NBu4, 2H), 2.7 (m, NBu4, 2H), 1.9 (t, NBu4, 3H), 0.1 

(br s, OSi(OtBu)3, 108H) ppm. 1H NMR (400 MHz, d8-toluene, 298K): δ 8.8 (t, NBu4, 2H), 6.2 

(q, NBu4, 2H), 5.0 (m, NBu4, 2H), 3.4 (t, NBu4, 3H), -0.6 (s, OSi(OtBu)3, 108H) ppm. Anal. 

Calcd for 40.3toluene, C65H144N2O17Si4U1(C7H8)0.3: C, 50.25; H, 9.20; N, 1.75. Found: C, 

50.34; H, 9.35; N, 1.76.  

Hydrolysis of isolated 13C-4 with pD=12 D2O resulted in the formation of free N13CO- as 

evidenced by the 13C NMR spectrum in D2O. 

 

Closure of the synthetic cycle forming Me3SiNCO.  

 Complex 4 was formed in situ as described before by irradiating [NBu4]-2 (11.0 mg, 0.07 

mmol, 1 equiv) under 1 atm of 13CO in a d8-toluene solution for 5h. Me3SiI (1 µL, 0.07 mmol, 

1 equiv) was added to the reaction mixture with a 10 µL Hamilton syringe. The reaction 

mixture immediately changed color from light green to light blue-green. The reaction mixture 

was analyzed by 1H and 13C NMR spectroscopy, revealing the formation of complex 1 and 

Me3SiNCO (see Appendix). So far, we were unable to implement a catalytic cycle probably 

because the NBu4N3 also reacts with the nitride intermediate. 

 

Addition of excess HCl to complex 3.  

300 µL of a 2M solution of HCl in Et2O were added to 3 (8.0 mg, 0.005 mmol, 1 equiv.). The 

solution turned immediately light green. After 10 minutes, volatiles were removed under 
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vacuum. The resulting solid was dissolved in d6-dmso and dimethylsulfone was added as an 

internal standard for the quantitative NH4Cl detection. NH4Cl is formed in 100% yield. 

 

Addition of excess H2O and CoCp*2 to complex 3.  

[CoCp*2] (6.4 mg, 0.02 mmol, 3 equivs) and H2O (2 µL, 15 equivs) in 0.3 mL of toluene were 

added to a frozen solution of 3 (10 mg, 0.0066 mmol, 1 equiv) in 0.2 mL of toluene in a J 

Young adapted flask. The reaction mixture was allowed to thaw and was stirred at room 

temperature with a glass-coated magnetic stir bar for 16h. Then, the ammonia generated was 

vacuum transferred onto a frozen 2 M solution of HCl in Et2O (0.4 mL). The solution was 

allowed to thaw and was stirred at room temperature for 30 minutes. Volatiles were removed 

and the residue was dissolved in d6-dmso and dimethylsulfone was added as an internal 

standard for the quantitative NH4Cl detection. NH4Cl is formed in 55% yield. Repeating the 

reaction without bis(pentamethyl)cobaltocene gives a 20% yield of NH4Cl. 

 

Reaction of complex 3 with HBArF 

An orange solution of complex 3 (19.6 mg, 0.013 mmol, 1 equiv) in 0.5 mL of d8-thf was added 

on solid HBArF (12.8 mg, 0.013 mmol, 1 equiv). The reaction mixture immediately became 

light bown. The reaction mixture was analysed by 1H NMR spectroscopy revealing the 

presence of unreacted starting material and new resonances. No change was observed 

overnight. Solid HBArF (12.8 mg, 0.013 mmol, 1 equiv.) was added to the reaction mixture, 

which changed immediately colour from light brown to intense yellow. The reaction mixture 

was analysed by 1H NMR spectroscopy revealing the consumption of the starting material. No 

U-containing could be obtained from the reaction mixture since only crystals of the salt 

NBu4BArF could be obtained from different trials. 

 

Reaction of complex 3 with 2,6-tertbutylphenol 

 

A colourless solution of 2,6-tertbutylphenol (2.1 mg, 0.01 mmol, 1 equiv) in 0.3 mL of d8-thf 

was added to an orange solution of complex 3 (15.5 mg, 0.01 mmol, 1 equiv) in 0.2 mL of d8-

thf. The reaction mixture changed colour from orange to intense green over the course of 1 

night. The 1H NMR spectrum of the reaction mixture revealed the presence of multiple species 

in solution. Volatiles were removed and 1 mL of hexane was added to the resultant green solid 
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giving rise to a deep green solution and a green precipitate. The solution was decanted and left 

standing at -40°C overnight, yielding XRD suitable crystals of the phenol coupling product 

[NBu4][{C6H2(tBu)2O}2]]. The green solid was dissolved in 0.5 mL of thf and the solution was 

layered with 1 mL of hexane. Leaving the slow diffusion at -40°C yielded after 3 days XRD 

suitable crystals of the phenoxide salt [NBu4][C6H3(tBu)2O]. No U-containg species could be 

isolated from the reaction. 

 

Reaction of complex 3 with AgBPh4 and formation of complex 5 

 

A suspension of AgBPh4 (2.8 mg, 0.0063 mmol, 1 equiv) in 0.3 mL of d8-thf was added to an 

orange solution of complex 3 (10.3 mg, 0.0063 mmol, 1 equiv) in 0.2 mL of d8-thf. The reaction 

mixture was monitored by 1H NMR spectroscopy, revealing the full consumption of the starting 

material after 12h and the concomitant formation of new species. Thereafter, the reaction 

mixture changed colour from orange to light brown and a grey precipitate formed. The reaction 

mixture was filtered using a 0.2 µm porosity frit and volatiles were removed. The resultant 

light brown solid was dissolved in 0.2 mL of toluene. The reaction mixture was left at -40°C 

overnight affording XRD suitable crystals of complex [NBu4][Ag(OSi(OtBu)3)(µ-

N)U(OSi(OtBu)3)4], 5. 
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CHAPTER 7 

 

Synthesis of heteroleptic U(III) complexes  
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7.1. Introduction 

 

Molecules which exhibit a slow relaxation of the magnetization (relaxation time, ) below a 

certain temperature (blocking temperature, T), giving rise to a hysteretic behaviour of purely 

molecular origin are called Single Molecule Magnets (SMM).1 In these molecules, a high spin 

state accompanied by a large magnetic anisotropy create a barrier to the relaxation of the 

magnetization, thus giving rise to magnetic bistability which allows the phenomenon to occur. 

In this regard, f element complexes are ideal candidates for obtaining efficient SMMs.1 ,2 

SMMs in which the phenomenon can be observed at high temperature may find potential 

application in important strategic fields such as molecular-based information storage,3 quantum 

information processing,4,5,6 magnetocaloric refrigeration7 and spintronics8,9. SMM behaviour  

was firstly discovered in 1993 by Gatteschi and coworkers10,11 in a  dodecanuclear manganese 

cluster [Mn12O12(OCMe2)16(H2O)4], which was able to retain the magnetization for a relatively 

long period of time below a temperature of 4 K. This spurred a large number of studies, directed 

to increase the blocking temperature to higher values, that could eventually allow the 

application of these molecules in electronic storage devices. After 20 years of research focused 

on transition metals, mononuclear lanthanide complexes of the type Ln(Pc)2
- (where Ln=Tb,Dy 

and Pc2- is the phtalocyanin dianion)12 were reported to behave as a SMM with high relaxation 

barrier, proving that this property was not only due to the presence of a big total spin number.  

The explanation of the phenomenon comes from purely quantum mechanic origins and is 

described by the presence of a doubly degenerate ground state. In this case, in fact, the Ms 

values, namely the total spin quantum numbers of the states,  can be associated with a “double-

well“ diagram where there are two degenerate minima, ideally the states corresponding to 

|Ms|max
13. At the thermal equilibrium, the two states will be equally populated. In the presence 

of an applied magnetic field, one of the two states will be stabilized while the other will be 

destabilized. As a result, the destabilized state will be depopulated in favour of the stabilized 

one. 

In a simplified model, when the applied magnetic field is removed, the thermal equilibrium can 

be reached through excited states, literally by climbing the energy potential well. The ease to 

do that depends on the energy barrier and the temperature of the system. The process is depicted 

in Figure 7-1.  
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Figure 7-1: Graphical explanation for SMM behaviour. The energy of the equally populated 

degenerate states varies when a magnetic fied is applied, leading to a depopulation of the 

destabilized state. The thermal equilibrium can be reached again only through excited states 

or tunneling. Diagram taken from ref13 

 

The energy of the spin reversal barrier can be calculated by ∆𝐸 = |𝐷|𝑆2, where S is the total 

spin number and D is the zero-field splitting parameter from the spin Hamiltonian of the 

system. Thus, possessing a huge spin number, e.g. in a cluster, does not guarantee itself the 

presence of SMM behaviour but the ions must possess intrinsic anistropy expressed by the 

value of D. The bigger the energy of the barrier, the slower the system will come back to 

thermal equilibrium. This will happen after a relaxation time  at a temperature T. These three 

parameters, ∆E,  and T, are the figures of merit in the description of the properties of a SMM. 

In particular, for a SMM a paramount parameter is the blocking temperature Tb, which can 

either be defined as the temperature at which the relaxation time is of 100s1 or the lowest 

temperature at which magnetic hysteresis is observed.14 

The relaxation of the magnetization can occur via different mechanisms, each of that depends 

in a different way from the temperature.15  

The relaxation parameters can be experimentally obtained by ac (alternating current) magnetic 

susceptibility measurements16. The sample is irradiated with a small oscillating magnetic field, 

which allows to measure the values of in-phase and out-of-phase components of the magnetic 

susceptibility and study their behaviour when temperature, static magnetic field or oscillation 

frequencies are changed. In particular the relaxation time  is related to the maximum of the 

function 𝝌𝑰𝑰(𝝎), where 𝝌𝑰𝑰 is the imaginary part (out-of-phase component) of the magnetic 

susceptibility and 𝝎 is the frequency.  

Overall, the maximization of both the spin and the magnetic anisotropy together with the 

suppression of QTM are the paramount challenges to be overcome in the design of efficient 
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SMMs. Notably, it was shown that clusters possessing giant spins (with a record of S=83/2) 

did not result in improvement of the energy barrier, due to the low magnetic anisotropy.17 For 

that reason, lanthanides and actinides are the best candidates for  increasing the value of D.  

With these premises, the slow relaxation of f elements complexes, with particular attention to 

lanthanide ones, has been the object of intense investigation in the past 17 years.1,15,2,18,19  

The inner nature of the 4f valence electron, indeed, reduces the superimposition of the metal 

orbitals with the ligand ones, preventing efficient magnetic communication in multinuclear 

complexes of lanthanides. Radical ligands, though, have been proven to promote magnetic 

exchange between lanthanide ions. Notably, the use of a N2
3- ligand derived from N2 activation 

promotes magnetic exchange in dinuclear lanthanide complexes. The complex 

[{[(Me3Si)2N]2(THF)Tb}2N2]- shows, indeed, slow relaxation of the magnetization with an 

effective barrier of 326.6 K, the highest observed in dinuclear lanthanide complexes.20 In an 

N2
3- bridged Tb3+ system a giant magnetic coercivity was observed.21 A similar approach would 

be extremely desirable but challenging to achieve for analogous U(III) compounds. 

Recently, linear Dy(III) complexes bearing bulky cyclopentadienyl ligands which can operate 

just below (60K)22,23 or even above (80K)24 the nitrogen boiling point have been identified, 

setting a record on SMMs efficiency.  

In principle, actinides and, in particular, uranium have properties that render these ions ideal 

candidates for building SMMs.15,2,18,19 Uranium, indeed, exhibits enhanced magnetic 

anisotropy and crystal field splitting compared to lanthanides.  

U(V) is a 5f1 ion. Given its monoelectronic nature, U(V) complexes are not ideal candidates to 

build value-added mononuclear SMMs. However, a strongly axial ligand field increases 

magnetic anisotropy and allows SMM behaviour. The first monometallic U(V) SMM was the 

terminal oxo [U(O)(TrenTIPS)] (TrenTIPS = {N(CH2CH2NSiiPr3)3}3-) complex reported by 

Liddle and coworkers25, with an energy barrier of 21.5 K. In the uranyl moiety U(V)O2
+, 

though, the coupling with transition metals allows to overcome the problem of the low spin, 

thus allowing SMM behaviour. Indeed, this exchange coupling strategy would allow to exploit 

the anisotropy of the U(V) cation together with the spin of the coupled transition metal. The 

coupling between transition metals and uranium centers can be achieved through cation-cation 

interaction (CCI), namely the direct coordination of the oxo ligand of a uranyl moiety (UO2
n+) 

to another metal centre. Through this approach, mixed 5f-3d SMMs were successfully obtained 

in our group. In particular, the polymetallic “wheel” [{[UVO2(salen)]2MnII(Py)3}6] exhibits 

SMM behaviour, with an energy barrier of 142 K and a blocking temperature of 4.5K.26 This 

complex is, so far, the uranium based SMM with the highest energy barrier ever reported. 
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U(IV), instead, is a non-Kramers ion, thus it does not possess the intrinsic characteristic 

behaviour to be an ideal candidate for designing SMMs. Despite that, Coronado and coworkers 

reported a monometallic U(IV) SMM, managing to switch the parity of the complex by using 

a radical ligand.27 The coupling of the radical to the magnetic ground state of U(IV) in the 

complex [{(SiMe2NPh)3tacn}UIV(2-N2Ph2•)] led to observation of the slow relaxation of the 

magnetization, with an energy barrier close to previously reported U(III) SMMs.  

Overall, U(III) compounds are the most promising candidates for building U-based SMMs. 

Due to synthetic difficulties, U(III) complexes have been studied less extensively than 

lanthanide ones. U(III) complexes have been reported to possess inherent SMM behaviour, 

independently on the point group and the nature of the ligand.28  

The first example of a uranium based SMM was reported by Long29, namely the U(III) 

mononuclear complex [U(Ph2BPz2)3] (where Ph2BPz2
-=diphenyl(bispyrazolyl)borate). In such 

a complex the axial ligand field, deriving from the trigonal prismatic geometry, well suits the 

oblate anisotropy of the U(III) ion, giving rise to SMM behaviour. The success obtained with 

the bispyrazolyl borate system led to several reports of U(III) mononuclear SMM based on 

similar ligand systems. 30 31 32 33 The influence of the donor atom in these systems was also 

investigated by replacing pyrazolate substituents with carbonic ones. The presence of the more 

donating carbene complex gave rise to improved SMM behaviour in the complex34 and recent 

theoretical studies suggest that the presence of strongly donating ligands can, indeed, enhance 

the anisotropy in monuclear U(III)-based SMMs.35 Despite in these systems the importance of 

a symmetric ligand field was found to be paramount by Quantum chemical modelling also 

indicated that symmetry is a key requirement for SMM behaviour.36 This contrasts with the 

experimental finding that complexes of U(III) with different ligands, such as siloxide, 

silylamide37,38,28 or iodide28, in different geometries showed SMM behaviour with energy 

barriers ranging from 5 to 32 K.  Overall, slow relaxation of the magnetization in U(III) 

mononuclear28-48 complexes has only been observed under an external magnetic field or at 2K.  

In particular, because of the huge magnetic anisotropy, any mononuclear U(III) complex can 

inherently show SMM behaviour. 28  

In order to exploit the oblate electron density of U(III), linear sandwich compounds of U(III) 

were synthesized and their magnetic properties investigated. The anionic uranocene complex 

[Li(dme)3][U(COT’’)2] (COT’’= 1,4-bis(trimethylsilyl)-cyclooctatetraenyl dianion) was 

reported by Murugesu and coworkers. Despite its linear geometry, dynamic magnetic 

properties in line with previously reported complexes have been observed.43  More recently, 
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the Cp derivatives  [U(CpiPr5)2]+ 41 ( Cp-U-Cp =152.63(6)° ) and a more bent analogue, 

[U(CpiPr4)2]+39  (Cp-U-Cp = 142.26(8)°), were also reported.  Despite a less linear environment 

and the presence of aromatic C-H bonds, proven to be detrimental for SMM behaviour in 

Dy(III) compounds, the complex [U(CpiPr4)2]+ exhibit more intense out-of-phase peaks of the 

magnetic susceptibility compared to its analogue [U(CpiPr5)2]+. DFT calculations suggest that 

this behaviour is due to the covalent character of the U-C bonds with the CpiPr5 ligand.41  

Moreover, the relaxation mechanism is different in U(III) systems compare to Ln(III) system 

due to more covalent uranium-ligand interaction. 49 For this reason, a better understanding of 

the electronic structure of U compounds is necessary for the improved design of U-based 

SMMs. In this regard, X-Ray Magnetic Circular Dichroism (XMCD) has been employed to 

unravel the electronic structure of U(IV) anionic fluoride complexes.50 In particular, new light 

needs to be shone in the relaxation mechanisms and its dependence to electronic structure and 

the molecular geometry in uranium compounds, in order to access a new paradigm that might 

allow the obtainment of efficient U(III)-based molecular magnets. In particular, theoretical 

studies suggest that U(III) complexes with a pentagonal bipyramidal geometry with weak 

equatorial ligands and axial ligands which are strong but with small covalency could be 

attractive SMM candidates.51 

Due to the much more challenging synthetic approach, the superexchange pathway has not 

been intensively explored in U(III) complexes. The only example of a dimeric uranium based 

SMM consists of a toluene U(III) sandwich compound52. 

Recent DFT studies suggest that increased efficiency in mononuclear U(III) SMMs could be 

observed in complexes in D5h geometry, with weak donor equatorial ligands and stronger donor 

axial ligands.51 This prompted us to investigate the possible formation of U(III) bearing strong 

donor siloxide or aryloxide axial ligands and a weak donor macrocyclic equatorial one. It 

should be noted that mononuclear Dy(III) in 𝐷5ℎ or 𝐷6ℎ symmetry with strong donor alkoxide 

or siloxide axial ligands and weak donor equatorial ones were reported to lead to large Ueff 

(1815 and 1124 cm-1 respectively) and high blocking T (14 and 5 K respectively).53,54 

We envisaged that those complexes could be synthesized starting from the synthesis of low 

valent heteroleptic uranium complexes in which the coordination sphere is occupied by two 

strong anionic monodentate ligand (Xs), one weak anionic ligand (Xw), and eventual weak 

neutral ligands (L) to provide steric stabilization. In complexes of the type [(U(Xs)2(Xw)Ln], 

the weak anionic ligand as well as the neutral ones could be abstracted or replaced by a 

macrocyclic one. The synthesis of low valent heteroleptic uranium complexes with one weak 

ligand is extremely challenging. U(III) complexes tend, indeed, to disproportionate if not 
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properly stabilized by bulky ligands by completion of the ligand sphere. The use of bulky 

substituted Cp ligands allows the synthesis of heteroleptic complexes via reduction of parent 

U(IV) complexes, 55,56 protonolysis of uranium alkyl complexes affording heteroleptic 

compounds with a weakly bound BPh4 ligand,57,58,59, or even stoichiometric salt metathesis 

with bulkier Cp derivatives. 41,39 The synthesis of homoleptic U(III) complexes with bulky Cp 

ligands is, indeed, more challenging.57 

Conversely, the synthesis of heteroleptic complexes with monodentate, monohaptic ligands is 

more challenging and only few examples have been reported (Scheme 7-1). 60,61,62 Notably, in 

complexes of the type [(U(Xs)2(Xw)Ln], only complexes with N-donor strong anionic ligands 

have been reported, while no O-donor ligand have been employed so far.63 Herein we report 

the synthesis of the heteroleptic complex [U(OSi(OtBu)3)2I(thf)3], 1 and its reactivity with 

macrocyclic ligands such as 2.2.2. cryptand and 18 crown 6, which successfully afford the 

desired complexes [U(OSi(OtBu)3)2(crypt)]I, 3 and [U(OSi(OtBu)3)2(18c6)]I, 4.  

 

 

Scheme 7-1. Reported complexes of the type [(U(Xs)2(Xw)Ln] 

 

7.2. Results and discussion 

Upon addition of 2 equivs of the K salt of the tris tertbutoxysiloxide ligand, KOSi(OtBu)3, to a 

blue suspension of UI3(thf)4 in thf, the color of the reaction mixture immediately changed to 

dark brown. 

The 1H NMR spectrum in d8-thf of the reaction mixture immediately after the addition showed 

resonances corresponding to the previously reported U(III) siloxide complexes, 

[U(OSi(OtBu)3)3(thf)x]64 and K[U(OSi(OtBu)3)4]65. After leaving the reaction mixture at RT 

for 1h, the color changed to dark red and a consistent amount of a white precipitate, attributed 

to KI, appeared. In the 1H NMR spectrum (Figure 7-2) in d8-thf, a resonance at 6.1 ppm is 

observed, while the ones corresponding to [U(OSi(OtBu)3)3] and K[U(OSi(OtBu)3)4 drastically 
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decrease in intensity. Filtering the reaction mixture, concentrating the resultant solution, and 

leaving it stand at -40°C overnight affords the precipitation of the complex 

[U(OSi(OtBu)3)2I(thf)3], 1 as dark red crystals in 70% yield (Scheme 7-2). The solid-state 

structure is presented in Figure 7-3. It consists of a mononuclear U(III) complex in which the  

 

 

Figure 7-2. 1H NMR (400MHz, 298K, d8-thf) evolution of the reaction mixture between 

UI3(thf)4 with 2 equivs of KOSi(OtBu)3 

 

metal center is hexacoordinated in a distorted octahedral geometry. The two siloxide ligand 

and the iodide ligand lie on a face of the octahedron.  

The average U-Osiloxide bond distance of 2.213(5) Å is very similar to the ones of the previously 

reported U(III) siloxide.64,65 The U-I distance of 3.1454(9) Å is very close to the average U(III)-

I distance found in UI3(thf)4 of 3.13(3)Å.66 The 𝑶�̂�𝑶 angle is of 105.3(3)°. The coordinated 

thf molecules are not removed when isolated crystals of complex 1 are exposed to high vacuum 

(10-5 mbar) overnight. After this time no change in the morphology of the solid or in the mass 

of the sample is observed.  
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Figure 7-3.  Solid state structure of the complex [U(OSi(OtBu)3)2I(thf)3], 1 with thermal 

ellipsoids drawn at the 50% probability level. H atoms and the methyl groups of tBu moieties 

of the siloxide ligands have been omitted for clarity. Selected bond distances and angles: U1-

O1=2.218(9) Å, U1-O21= 2.209(9) Å, O21U1O1= 105.3(3)°. 

 

 

Scheme 7-2.  Synthesis of the complexes [U(OSi(OtBu)3)2I(thf)3], 1 and [U(OSi(OtBu)3)(µ- 

OSi(OtBu)3)I(thf)]2, 2 

Dissolution of 1 in toluene gave rise to a dark brown solution. Chilling the resultant solution at 

-30°C affords the precipitation of the complex [U(OSi(OtBu)3)(µ-OSi(OtBu)3)I(thf)]2, 2 as a 

dark brown crystalline solid in 75% yield. The solid-state structure of 2 is shown in Figure 7-

4 and consists of a homodimetallic complex in which each U(III) ion is in a pseudooctahedral 

geometry, bound by one 1-OSi(OtBu)3 ligand, one µ(O)-2(O,OtBu)- OSi(OtBu)3 ligand, one 

iodide ligand and one thf. The molecule is symmetric with an inversion center between the two 

U atoms. The U1-O21 bond distance of 2.198(2) Å is very similar to the one observed in 

complex 1. The U1-O1 distance of 2.340(2)Å is longer than the one of the terminal siloxide, 

as expected from the bridging siloxide and already observed in the complex 

[U(OSi(OtBu)3)3]2.64 The U-I distance of 3.1099(2)Å is very close to the one of complex 1. 

O1 O21 

U1 
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The U-U distance of 3.9492(6) Å is very close to the one of the previously reported dimeric 

siloxide complex [U(OSi(OtBu)3)3]2 of 3.9862(2)Å.64 The U1O1U1’ angle of 107.21(8)° is also 

very similar to the one reported for the complex U(OSi(OtBu)3)3]2 of 107.42(6)°.64 The 1H 

NMR spectrum of isolated complex 2 in d8-tol showed no resonance apart from the ones 

attributed to the proteo residue of the deuterated solvent. No resonance could be observed even 

when the spectra were recorded at temperatures as low as 193K. When isolated complex 2 is 

dissolved in thf, complex 1 is reformed, meaning that the dimeric structure is not retained in a 

solution of a coordinating solvent.  

 

 

Figure 7-4. Molecular structure of [U(OSi(OtBu)3)(µ-OSi(OtBu)3)I(thf)]2, 2, with thermal 

ellipsoids drawn at the 50% probability level. Hydrogen atoms and the methyl groups of the 

tert-butyl moieties cation have been omitted for clarity. Selected bond distances and angles: 

U1-O1= 2.340(2) Å, U1’-O1= 2.564(2) Å, U1-O3= 2.584(2)Å, U1-O21= 2.198(2) Å, U1-I1= 

3.1099(2) Å, U1-U1’= 3.9492(6) Å, U1O1U1’= 107.21(8)°. 

Reactivity with macrocyclic ligands 

The 𝑂�̂�𝑂 angle of 105.3(3) ° in complex 1 is very far from linearity, meaning that the steric 

clash between the siloxide ligands is not sufficient to induce a broader angle. In order to push 

the siloxide ligands far from each other, the reactivity of complex 1 with macrocyclic ligands 

has been investigated. When a colourless toluene solution of 2.2.2. cryptand was added to a 

dark brown toluene solution of complex 1, the color changed immediately to ochre yellow. The 

1H NMR spectrum of the reaction mixture in d8-tol showed the appearance of a new resonance 

at 18.4 ppm together with the disappearance of the one corresponding to the starting material. 
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Layering the solution with hexane and letting the slow diffusion at -30°C afforded, after 2 days, 

complex [U(OSi(OtBu)3)2(crypt)]I, 3 in 80% yield (Scheme 7-3). 

The solid-state structure is shown in Figure 7-5 and consists of a monuclear U(III) complex in 

which the U(III) cation is encapsulated in the cavity of the cryptand, while the siloxide ligands 

remain bound with a 𝑂�̂�𝑂 angle of 138.99(16) °. An outer sphere iodide anion completes the 

structure. The average U-Osilox bond distance of 2.33(1) Å is longer than previously reported 

U-Osilox distances in terminal siloxides,64,65 being closer to the ones reported for bridging 

siloxides. This might be interpretated as a steric effect from the presence of the cryptand 

coligand. Thus, addition of cryptand displaces the thf and the iodide ligand. The encapsulation 

of a U(III) ion in 2.2.2. cryptand was reported by Evans and coworkers for UI3.67 Complex 3, 

though, is the first example of a U complex encapsulated in a cryptand macrocylic ligand 

featuring additional bulky polyatomic ligands.  Complex 3 can also be synthesized upon 

addition of 2.2.2. cryptand to the dimeric complex 2 with no observed difference compared to 

the reaction performed using the monomeric complex 1 as a starting material. 

 

Scheme 7-3.  Synthesis of the complexes [U(OSi(OtBu)3)2(crypt)]I, 3 and 

[U(OSi(OtBu)3)2(18c6)]I, 4  
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Figure 7-5. Molecular structure of the cation [U(OSi(OtBu)3)2(crypt)]+ in the complex 

[U(OSi(OtBu)3)2(crypt)]I, 3, with thermal ellipsoids drawn at the 50% probability level. 

Hydrogen atoms, the methyl groups of the tBu moieties of the siloxide ligands, and the outer 

sphere iodide counterion have been omitted for clarity. Selected bond distances and angles: 

U–(Osiloxide)avg =2.33(1) Å, O1–U1–O21= 138.99(16)°.  

 

The conformation of the cryptand does not allow to reach a 180° angle between the siloxide 

ligands, but the formation of this complex prompted us to investigate to reactivity with other 

macrocyclic ligands. When a colourless toluene solution of 18-crown-6 (18c6) was added to a 

dark brown toluene solution of 1, the color immediately changed to deep red. Leaving the 

reaction mixture stand at -40°C overnight afforded the precipitation of the complex 

[U(OSi(OtBu)3)2(18c6)]I, 4 in 83% yield as a red crystalline solid. The solid-state structure of 

complex 4 is shown in Figure 7-6 and features a separated charges species. The cationic part 

features a monometallic U(III) complex in which the 18c6 ligand occupies the equatorial 

position of a distorted hexagonal bipyramidal complex. The axial positions are occupied by the 

siloxide ligands with a 𝑂�̂�𝑂 angle of 164.3(2) °. An outer sphere iodide anion completes the 

structure. The average U-Osilox bond distance of 2.233(5)Å is slightly longer than the one 

observed for complex 1 but shorter than the one in the cryptand complex 3.  
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Figure 7-6.  Molecular structure of the complex [U(OSi(OtBu)3)2(18c6)]I, 4, with thermal 

ellipsoids drawn at the 50% probability level. Hydrogen atoms and the methyl groups of the 

tBu moieties of the siloxide ligands have been omitted for clarity. Selected bond distances 

and angles: U–(Osiloxide)avg =2.233(5) Å, O1–U1–O21= 164.3(2)°. 

 

 

Figure 7-7. Space filling view of the molecular structure of a) the cationic part 

[U(OSi(OtBu)3)2(crypt)]+ of the complex [U(OSi(OtBu)3)2(crypt)]I, 3 and b) Space filling 

view of the molecular structure of the cationic part [U(OSi(OtBu)3)2(18c6)]+ of the complex 

[U(OSi(OtBu)3)2(18c6)]I, 4. 
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In Figure 7-7 is shown the space filling view of the cationic parts of the complexes 

[U(OSi(OtBu)3)2(crypt)]I, 3 and [U(OSi(OtBu)3)2(18c6)]I, 4. It is evident that the additional 

arm of the cryptand does not allow to obtain a linear geometry in complex 3. In complex 4 the 

steric clash between the CH2 moieties of the crown ether and the methyl groups of the siloxide 

ligand is still such that a perfectly linear geometry cannot be obtained. In order to achieve that, 

using ligands that are either less bulky or in which the bulk is more distant from the metal 

center should be used.  

 

Magnetic properties of the heteroleptic siloxide compounds 

 

The static magnetic properties of the complexes have been measured. All the mononuclear 

complexes show a similar behaviour typical of paramagnetic species. The effective magnetic 

moment (of 3.3µB for complex 1, 3.2 µB for complex 3, and 3.0 µB for complex 4) and T (of 

1.35 cm3 K mol-1 for complex 1, 1.26 cm3 K mol-1 for complex 3, and 1.10 cm3 K mol-1 for 

complex 4) are in the range of other U(III) complexes for the three complexes.68 The 

temperature dependence of the magnetic susceptibility of the dimeric complex 2 shows a 

paramagnetic behaviour and suggests the presence of independent U(III) ions. The T value at 

RT of 2.50 cm3 K mol-1 for complex 2 yields an effective magnetic moment per U ion of 3.2 

µB, which is in line with the U(III) formulation. The variable temperature magnetic 

susceptibility data for the three complexes are shown in Figure 7-8.  

The three mononuclear complexes show a butterfly-shaped hysteresis of the magnetization at 

2K, suggesting a SMM behaviour for all the three mononuclear complexes. No hysteresis at 2 

K was observed for the dimeric complex 2. Alternating current (ac) measurements were 

performed for complex 1. Ac measurements in zero external field show no sign of the out-of-

phase component of the dynamic susceptibility. Nevertheless, in presence of a small direct 

current (dc) field of 600 Oe clear out-of-phase signals are observed (Figure 7-9). Ac 

measurements performed for complex 2 showed no out-of-phase component of the dynamic 

susceptibility in zero external field or in presence of a small dc field at 2 K. 

The magnetic measurements for the complexes 3 and 4 and their analysis are ongoing. 
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Figure 7-8. Variable temperature magnetic susceptibility data for the complexes a) 1, b) 3, 

and c) 4 
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Figure 7-9. Temperature dependence of the in-phase (’, a)) and of the out-of -phase (’’, c)) 

components of the ac magnetic susceptibility measured under 600 Oe dc field at different 

frequencies. Frequency dependence of the in-phase (’, b)) and of the out-of -phase (’’, d)) 

components of the ac magnetic susceptibility measured under 600 Oe dc field at different T. 

 

Towards U macrocyclic complexes with different supporting ligands: aryloxides  

 

In order to probe the effect of the supporting ligand on the structure and, thus, the magnetic 

properties of U(III) complexes featuring a weak equatorial ligand and hard axial ones, the 

synthesis of complexes of the type [U(Xs)2(18c6)]+ with aryloxide supporting ligands was 

investigated.  

The reaction of UI3 (thf)4 with 2 equivs of the potassium salt of 2,6-ditertbutylphenol (KOArtBu) 

in thf led to a colour change from blue to brown. The 1H NMR spectrum of the reaction mixture 

in d8-toluene shows the presence of a mixture of species among which the homoleptic 

[U(OArtBu)3] could be identified. The temperature dependence of the reaction mixture was 

studied, showing that the lowest amount of [U(OArtBu)3] could be obtained by performing the 

reaction at 60°C. Crystallization by slow diffusion of hexane into the reaction mixture in 

a) b)

c) d)
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toluene in presence of excess pyridine afforded complex [UI(OArtBu)2(Py)2], 5 as dark purple 

material in 84% yield (Scheme 7-4). Crystals suitable for XRD studies were obtained by slow 

diffusion of hexane into a pyridine solution of complex [UI(OArtBu)2(Py)2], 5. The solid-state 

structure of the complex is shown in Figure 7-10 and shows a monometallic U(III) complex in 

a pseudo square-pyramidal geometry, with the aryloxide ligands being one at the apex of the 

pyramid and the other at one of the corners. The angle formed by the aryloxides and uranium, 

O1-U1-O2, is 117.60(11)°. The average U-O distance of 2.199(3) Å is very close to the one 

reported for [U(OArtBu)3].69 The U-I distance of 3.1201(3) Å is very close to the average U(III)-

I distance found in UI3(thf)4 of 3.13(3)Å.66 

 

 

 

Figure 7-10. Molecular structure of the complex [UI(OArtBu)2(Py)2], 5 with thermal 

ellipsoids drawn at the 50% probability level. Selected bond lengths [Å]: U1-O1 and U1-O2: 

2.199(3), U1- N1: 2.689(3), U1-N2: 2.635(4), U1-I1: 3.1201(3). Selected angles [°]: O1-U1-

O2: 117.60(11). 
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Scheme 7-4.  Synthesis of the complex [UI(OArtBu)2(Py)2], 5 

 

Having complex 5 on hand we pursued the reaction with 18 crown 6. When a colourless toluene 

solution of 18c6 was added to a dark purple solution of [UI(OArtBu)2(Py)2], 5, the colour 

immediately changed to red. A red solid precipitated from the reaction mixture. When the 

concentration of the reagents is 0.007 mM, the solid precipitates as single crystals of the 

complex [UI(18c6)(OArtBu)][UI2(OArtBu)2(Py)], 6 which are suitable for XRD studies (Scheme 

7-5). Despite the quality of the crystals does not allow a discussion of the structural parameters, 

a clear evidence of the connectivity of the compound can be obtained. The solid-state structure 

of the complex is shown in Figure 7-11 and consists of an ion pair complex in which both the 

cation and the anion are mononuclear U(III) complexes. Pure samples of complex 6 could not 

be isolated. 
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Figure 7-11.  Molecular structure of the complex [UI(18c6)(OArtBu)][UI2(OArtBu)2(Py)], 6  

with thermal ellipsoids drawn at the 50% probability level showing its connectivity. H atoms 

are omitted for clarity.  

 

 

 

Scheme 7-5. Reaction of the complex [UI(OArtBu)2(Py)2], 6 with 1 equiv of 18c6 affording 

the complex [UI(18c6)(OArtBu)][UI2(OArtBu)2(Py)], 7 and other unidentified species 

 

 

Differently from what observed for the siloxide analogue, the reaction of complex 6 with 18c6 

leads to a ligand redistribution reaction and not to the desired product. In order to probe if the 

precipitation of complex 6 could be a driving force for the reaction and if the solvent could 

have an effect, the reaction was also performed using pyridine as a solvent but led to the same 

result. Performing the reaction in a different solvent, thus, does not prevent the occurrence of 

ligand redistribution reactions.  
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Reduction chemistry of complex 1 

 

Recentyl few examples of U(II) molecular complexes have been reported. 60,70,71,72,73,74 While 

anionic U(II) complexes have been reported with Cp ligands derivatives and HMDS ligands 

by reduction of neutral U(III) complexes with alkali cations in presence of macrocyclic ligands, 

neutral U(II) complexes have been reported with imido and CpiPr5 ligands by reduction of 

heteroleptic complexes. In the latter examples the precipitation of an insoluble salt from the 

reaction mixture might serve as a thermodynamic driving force for the formation of such an 

instable oxidation state. Thus, the synthesis of U(II) neutral complex supported by siloxide 

ligands was targeted.  

The reduction of either complex 1 or 2 with KC8 in a toluene solution at -40°C only gave rise 

to intractable mixtures in presence or not of 2.2.2. cryptand. When the reduction of complex 1 

was performed with KC8 in thf at -80°C, only the presence of the previously reported 

homoleptic U(III) complex [U(OSi(OtBu)3)3(thf)n]64 could be detected by 1H NMR 

spectroscopy at -80°C. The formation of the complex [U(OSi(OtBu)3)3(thf)n] could not be 

prevented even when the reduction was carried out in presence of 2.2.2. cryptand. No 

dependence on the amount of KC8 used was observed. When the reduction of the dimeric 

complex 2, though, was performed with 2 equivs of KC8 in Et2O at -80°C or in hexane at -

40°C in presence of 2 equivs of 2.2.2. cryptand, [U(OSi(OtBu)3)3] was not observed and a red 

solid precipitated from the reaction mixture. No comparison could be made with complex 1 

because of the extremely scarce solubility of the monomeric complex in Et2O or hexane. The 

newly formed compound could be extracted from the precipitated graphite with cold (-80°C) 

thf, giving rise to a deep red solution. The 1H NMR spectrum of the extracted compound in d8-

thf recorded at -80°C shows the presence of two resonances at 15.3 and -3.7 ppm together with 

numerous smaller resonances attributed to decomposition species. When the reduction was 

carried out in presence of tetramethylethylendiamine (TMEDA), less resonances attributed to 

decomposition species could be observed in the 1H NMR spectrum. Carrying out the reduction 

under an Ar or an N2 atmosphere did not lead to changes in the composition of the reaction 

mixture, suggesting that the putative U(II) siloxide species does not react with N2. Efforts in 

obtaining single crystals of the reaction product, so far only produced amorphous solids. 
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7.3. Conclusions 

 

In summary, a family of U(III) heteroleptic complexes has been synthesized and characterized. 

Despite the paucity of heterolpetic U(III) complexes bearing halide ligands, here we show that 

the fine tuning of the reaction conditions may be crucial for the obtention of the desired product 

and avoid the formation of the homoleptic complex. The magnetic properties of these 

complexes will be investigated with the goal of shining light on the dependence of the ligand 

field on the SMM property of mononuclear U(III) complexes. Further reactivity of the siloxide 

complex [U(OSi(OtBu)3)2I(thf)3], 1 has also been explored. In particular, the reactivity with 

macrocycles gave rise to some of the few examples of U(III) bound inside a cryptand and a 

crown ether. In particular, we have proven that this type of reactivity is possible without loss 

of bulky coligands, such as the tristertbutoxy siloxide. The reaction with the macrocyclic 

ligands gave rise to complexes with a different OUO angles. Preliminary results suggest that 

the mononuclear complexes 1,3, and 4 exhibit hysteresis of the magnetization. In particular, ac 

measurements for complex 1 evidenced the presence of out-of-phase susceptibility in presence 

of an external dc field of 600 Oe. The magnetic properties of these complexes are currently 

under investigation with the goal of relating them to the geometry of the complex. 

  

7.4. Experimental 

 

General considerations 

 

The syntheses and manipulations described below were conducted under argon with rigorous 

exclusion of air and water (<0.1 ppm) using an MBraun glovebox equipped with a purifier unit 

along with vacuum and Schlenk line techniques. Anhydrous solvents were purchased from 

Aldrich and further distilled from K/benzophenone (THF, E2O, toluene, hexane, pyridine) or 

CaH2.  Depleted uranium turnings were purchased from IBILABS, Florida (USA). Deuterated 

solvents for NMR spectroscopy were purchased from Cortecnet and further distilled from 

K/benzophenone (d8-thf, d8-tol) or degassed by three cycles of freeze-pump-thawing and stored 

over molecular sieves (d5-pyr). UI3(thf)4,75 and KOArtBu 76 were prepared as reported in 

literature. KOSi(OtBu)3 was isolated from the reaction of HOSi(OtBu)3 with KH in thf. 18c6 

and 2.2.2. cryptand were dried under high vacuum for 1 week before being used in reactions. 

Elemental analyses were performed under nitrogen with a ThermoScientific Flash 2000 

Organic Elemental Analyzer.  NMR experiments were carried out using NMR tubes adapted 
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with J. Young valves.  1H and 13C spectra were recorded using Avance 400 MHz (13C 125 

MHz) or Avance III-HD 600 MHz (13C 151 MHz) NMR spectrometers and chemical shifts are 

referenced internally to residual proteo-solvent references.  

 Caution:  Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 MeV) 

with a half-life of 4.47 x 109 years.  Manipulations and reactions should be carried out in 

monitored fume hoods or in an inert glovebox in a radiation laboratory equipped with α- and 

β-counting equipment. 

 

Synthesis of [U(OSi(OtBu)3)2I(thf)3], 1 

 

A solution of KOSi(OtBu)3 (520.4 mg, 1.72mmol, 2 equivs) in 2 mL of thf was added to a blue 

suspension of UI3(thf)3.5 (749.2mg, 0.86mmol, 1 equiv). The reaction mixture was left reacting 

at RT for 1h. The reaction mixture was filtered on a porosity 4 frit. The frit was washed with 

thf until the extract was colourless. The resultant solution was brought to dryness and 10 mL 

Et2O were added. The suspension was filtered on a porosity 4 frit. The solid was washed with 

Et2O until the extract was colourless. Volatiles were removed and the resultant solid was 

dissolved in 2 mL of thf. The solution was kept at -40°C overnight, affording crystalline 

[U(OSi(OtBu)3)2I(thf)3] (669.9mg, yield=70%). 

1H NMR spectrum (d8-thf, 400 MHz, 298K) ∂=6.1 ppm (54H, CH3) 

EA for [U(OSi(OtBu)3)2I(thf)3] calcd. C:39.02%, H:7.10%, N:0.00% found C:38.94%, 

H:7.19%, N:0.00% 

 

Synthesis of [U(OSi(OtBu)3)(µ-OSi(OtBu)3)I(thf)]2, 2 

 

[U(OSi(OtBu)3)2I(thf)3] (231.6 mg, 0.21 mmol, 1 equiv) was dissolved in 10 mL of toluene. 

The resultant solution was kept overnight at -30°C, affording complex [U(OSi(OtBu)3)(µ-

OSi(OtBu)3)I(thf)]2, 2 as a dark brown crystalline solid (151.8 mg, yield= 75%) 

EA for [U(OSi(OtBu)3)(µ-OSi(OtBu)3)I(thf)]2(tol)2.3 calcd. C:40.47%, H:6.71%, N:0.00% 

found C:40.54%, H:7.06%, N:0.00% 

 

Synthesis of [U(OSi(OtBu)3)2(crypt)]I, 3 

 

A colourless solution of 2.2.2. cryptand (27.9 mg, 0.074 mmol, 1 equiv.) in 1 mL of toluene 

was added to a dark brown solution of [U(OSi(OtBu)3)2I(thf)3], 1 in 4 mL of toluene. The 
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reaction mixture became deep red then ochre yellow over the course of 30min. After that time, 

the reaction mixture was filtered over µ-pore and concentrated until 2.5 mL. The resultant 

ochre yellow solution was layered with 2 mL of hexane and the slow diffusion was kept at -

30°C. After 2 days, complex [U(OSi(OtBu)3)2(crypt)]I, 3 precipitates as a ochre yellow 

crystalline material (73.7 mg, yield=92%).  

EA for [U(OSi(OtBu)3)2(crypt)]I(tol)0.8  calcd. C:42.60%, H:7.24%, N:2.09% found C:42.65%, 

H:7.49%, N:2.35% 

1H NMR (d8-tol, 400 MHz, 298K) ∂=18.4 ppm  

 

Synthesis of [U(OSi(OtBu)3)2(18c6)]I, 4 

 

A colourless solution of 18c6 (19.9 mg, 0.075 mmol, 1 equiv.) in 1 mL of toluene was added 

to a dark brown solution of [U(OSi(OtBu)3)2I(thf)3], 1 (83.1mg, 0.075mmol, 1 equiv) in 4 mL 

of toluene. The reaction mixture became deep over the course of 20min. The reaction mixture 

was then kept at -40°C overnight, affording [U(OSi(OtBu)3)2(18-c-6)]I, 4 as a deep red 

crystalline material (72.5 mg, yield=83%) 

EA for [U(OSi(OtBu)3)2(18-c-6)]I(tol)0.7  calcd. C:40.25%, H:6.90%, N:0.00% found 

C:40.08%, H:7.05%, N:0.00% 

1H NMR (d8-tol, 400 MHz, 298K) ∂=19.1 ppm , ∂=3.3 ppm , ∂=2.9 ppm, ∂=1.4 ppm, ∂=1.1 

ppm, ∂=-8.5 ppm, ∂=-38.0 ppm 

13C NMR (d8-tol, 400 MHz, 298K) ∂=74.8 ppm, ∂=32.5 ppm, ∂= 28.0 ppm  

 

Synthesis of [UI(OArtBu)2(Py)2], 5 

 

A colourless solution of KOArtBu (90.5 mg, 0.37 mmol, 2 equiv.) in THF (3 mL) was added to 

a dark blue suspension of UI3(THF)4 (167.8 mg, 0.185 mmol, 1 equiv.) in THF (7.5 mL) in a 

Schlenk flask. The reaction mixture immediately changed color from blue to red. The 

headspace of the flask was removed under vacuum and the mixture left stirring at 60°C for 30 

minutes, after which a white precipitate was visible and the reaction mixture became dark 

brown. The mixture was cooled to room temperature and filtered over a por. 4 glass fritted 

funnel. The filtrate was evaporated 2 mL of toluene were added to the residue. The resultant 

suspension was filtered on µ-pore and 2 drops (excess) of pyridine were added, giving rise to 

an intense purple solution. The solution was layered with hexane (2.5 mL) and the slow 
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diffusion was kept at -40 °C to crystallize overnight, affording complex [UI(OArtBu)2(Py)2], 5 

(155.4 mg) as a dark purple crystalline material. 

1H-NMR (400 MHz, d8-toluene, 298 K): 𝛿 8.2 (s, 18H), 18.4 (s, 1H), 23.2 (s, 2H). 

EA for [UI(OArtBu)2(Py)2](tol)2, calcd. C 55.86%, H 6.13%, N 2.51%; found C 56.24%, H 

6.27%, N 2.51%. 

 

Reaction of [UI(OArtBu)2(Py)2], 5 with 18c6 yielding complex 6 

 

18c6 (3.1 mg, 0.0119 mmol, 1 equiv.) was added in solid state to a solution of 

[UI(OArtBu)2(Py)2], 5 (11.1 mg, 0.0119 mmol, 1 equiv.) in d8-toluene (0.75 mL) at RT. A color 

change from brown to red was observed. After 1 hour of reaction, crystalline complex 

[UI(18c6)(OArtBu)][UI2(OArtBu)2(Py)], 6 precipitated from the reaction mixture (3.8 mg, 35% 

of the initial U content). In a similar reaction, the reagents were mixed in d5-pyridine and the 

reaction mixture was analyzed by 1H NMR spectroscopy, revealing the formation of complex 

7 even upon changing the solvent. 

 

Reduction of [U(OSi(OtBu)3)2I(thf)3], 1 with 1 equivalent of KC8 in toluene 

0.5 mL of cold (-40°C) d8-tol were poured onto a cold (-40°C) vial containing a cold (-40°C) 

solid mixture of [U(OSi(OtBu)3)2I(thf)3] (19.2mg, 0.017mmol, 1 equiv) and KC8 (2.3 mg, 

0.017mmol, 1 equiv). The reaction mixture was left reacting at -40°C overnight. After that time 

the reaction mixture changed colour from brown-red to dark brown and a black precipitate of 

graphite was observed. The reaction mixture was filtered on a cold (-40°C) µ-pore into cold (-

40°C) NMR tube. The analysis of the reaction mixture by 1H NMR spectroscopy revealed the 

presence of an intractable reaction mixture. When a similar experiment is repeated under an 

atmosphere of N2, the outcome of the reaction is the same. Similar results were obtained upon 

reduction of complex [U(OSi(OtBu)3)(µ-OSi(OtBu)3)I(thf)]2, 2. 

 

Reduction of [U(OSi(OtBu)3)2I(thf)3], 1 with 1 equivalent of KC8 in toluene in presence of 

cryptand 

 

A cold (-80°C) solution of [U(OSi(OtBu)3)2I(thf)3] (15.1mg, 0.014mmol, 1 equiv) in 0.5 mL 

of d8-tol was added to a cold (-80°C) mixture of the solid reagents KC8 (1.9mg, 0.014mmol, 1 

equiv), and 2.2.2. cryptand (5.3mg, 0.014 mmol, 1 equiv). The reaction mixture was left 

reacting at -80°C for 30 minutes. After that time the reaction mixture changed colour from 
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brown-red to deep red and black graphite precipitate was observed. The reaction mixture was 

filtered on a cold (-80°C) µ-pore into cold (-80°C) NMR tube. The analysis of the reaction 

mixture by 1H NMR spectroscopy at -80°C revealed the presence of unknown species. 

Crystallization trials have so far been unsuccessful. When a similar experiment is repeated 

under an atmosphere of N2, the outcome of the reaction is the same. Similar results have been 

obtained upon reduction of complex [U(OSi(OtBu)3)(µ-OSi(OtBu)3)I(thf)]2, 2 in toluene in 

presence of cryptand. 

 

Reduction of [U(OSi(OtBu)3)2I(thf)3], 1 with 1 equivalent of KC8 in thf 

 

A cold (-80°C) solution of [U(OSi(OtBu)3)2I(thf)3] (8.7mg, 0.008 mmol, 1 equiv) in 0.5 mL of 

d8-thf was poured onto cold (-80°C) KC8 (1.1mg, 0.008mmol, 1 equiv). The reaction mixture 

was left reacting at -80°C for 30 minutes. After that time the reaction mixture was filtered on 

a cold (-80°C) µ-pore into a cold (-80°C) NMR tube. The analysis of the reaction mixture by 

1H NMR spectroscopy at -80°C revealed the presence of [U(OSi(OtBu)3)3(thf)x] as the only 

species present in solution. When a similar experiment was repeated under an atmosphere of 

N2, the outcome of the reaction was the same. 

 

Reduction of [U(OSi(OtBu)3)2I(thf)3], 1 with 1 equivalent of KC8 in thf in presence of 

cryptand 

 

A cold (-80°C) solution of [U(OSi(OtBu)3)2I(thf)3] (20.1 mg, 0.018 mmol, 1 equiv) in 0.5 mL 

of d8-thf was poured in a vial containing a cold (-80°C) solid mixture of KC8 (2.5 mg, 0.018 

mmol, 1 equiv) and 2.2.2. cryptand (6.8 mg, 0.018 mmol, 1 equiv). The reaction mixture was 

left reacting at -80°C for 30 minutes. After that time the reaction mixture was filtered on a cold 

(-80°C) µ-pore into cold (-80°C) NMR tube. The analysis of the reaction mixture by 1H NMR 

spectroscopy at -80°C revealed the presence of [U(OSi(OtBu)3)3] together with free cryptand 

in solution. When a similar experiment was repeated under an atmosphere of N2, the outcome 

of the reaction is the same. 

 

Reduction of [U(OSi(OtBu)3)(µ-OSi(OtBu)3)I(thf)]2, 2 in Et2O at -80°C or hexane at -40°C 

with KC8 in presence of cryptand 
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1.5 mL of cold (-80°C) Et2O were poured in a cold (-80°C) vial containing a solid mixture of 

[U(OSi(OtBu)3)(µ- OSi(OtBu)3)I(thf)]2 (10.5mg, 0.0054 mmol, 1 equiv), KC8 (1.5 mg, 

0.011mmol, 2 equivs), and 2.2.2. cryptand (4.1mg, 0.011mmol, 2 equivs). The reaction mixture 

was left reacting at -80°C for 30 minutes. After that time, the reaction mixture changed colour 

from dark brown to deep red. A deep red precipitate could also be observed. The reaction 

mixture was filtered on cold (-80°C) glassware into a cold (-80°C) reaction tube. A deep red 

solid was left on the frit and an almost colourless solution was observed in the reaction tube. 

The solid on the frit was washed with 1.5 mL of cold (-80°C) thf, giving rise to a red thf solution 

and a dark solid. The solution was brought to dryness at -80°C and the resultant deep red solid 

dissolved in 0.5 mL of cold (-80°C) d8-thf. The resultant solution was transferred into a cold (-

80°C) NMR tube. The 1H NMR spectrum of the reaction mixture reveals two major resonances.  

In a similar experiment, 1.5 mL of cold (-40°C) hexane were added to a cold (-40°C) vial 

containing a solid mixture of [U(OSi(OtBu)3)(µ- OSi(OtBu)3)I(thf)]2 (11.3mg, 0.0059mmol, 1 

equiv), KC8 (1.6mg, 0.012mmol, 2 equivs), and 2.2.2. cryptand (4.4 mg, 0.012mmol, 2 equivs). 

The reaction mixture was left reacting at -40°C overnight yielding a deep red precipitate and 

an almost colourless supernatant. The reaction mixture was filtered on cold (-80°C) glassware 

into a cold (-80°C) reaction tube. A deep red solid was left on the frit and an almost colourless 

solution was observed in the reaction tube. The solid on the frit was washed with 1.5 mL of 

cold (-80°C) thf, giving rise to a deep red thf extract and a black solid. The solution was brought 

to dryness at -80°C and the resultant deep red solid dissolved in 0.5 mL of cold (-80°C) d8-thf. 

The resultant solution was transferred into a cold (-80°C) NMR tube. The 1H NMR spectrum 

of the reaction mixture revealed to be the same as when the reaction is performed in Et2O. The 

reaction gives rise to the same reaction mixture independently if the reaction is performed 

under an atmosphere of Ar or N2. Only amorphous solids could be obtained so far from several 

crystallization trials. 

 

Reduction of [U(OSi(OtBu)3)(µ-OSi(OtBu)3)I(thf)]2, 2 in hexane at -40°C with KC8 in 

presence of cryptand and tmeda 

 

1.5 mL hexane were added to a vial containing [U(OSi(OtBu)3)(µ- OSi(OtBu)3)I(thf)]2 

(15.8mg, 0.0082mmol, 1 equiv). Tmeda (3.7 µL, 3 equivs) was added with a Hamilton syringe. 

The solution was chilled at -40°C and was then added to a cold (-40°C) mixture of the reagents 

KC8 (2.2 mg, 0.016mmol, 2 equivs) and 2.2.2. cryptand (6.2mg, 0.016mmol, 2 equivs). The 

reaction mixture was left reacting at -40°C overnight. A deep red precipitate and an almost 
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colourless supernatant were observed. The reaction mixture was filtered on cold (-80°C) 

glassware into a cold (-80°C) reaction tube. A deep red solid was left on the frit and an almost 

colourless solution was observed in the reaction tube. The solid on the frit was washed with 

1.5 mL of cold (-80°C) thf, giving rise to a deep red thf solution and a black solid. The solution 

was brought to dryness inside the cold well at -80°C and the resultant deep red solid dissolved 

in 0.5 mL of cold (-80°C) d8-thf. The resultant solution was transferred into a cold (-80°C) 

NMR tube. The 1H NMR spectrum at -80°C revealed a cleaner reaction mixture compared to 

the reduction performed without tmeda. Crystallization trials so far gave rise to oily residues. 
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CHAPTER 8 

 

Conclusions and Perspectives 

 

The objective of this work was the synthesis of novel uranium oxide and nitride compounds 

the study of their magnetic properties and reactivity with small molecules.  

Firstly, the synthesis and the characterization of a U(III) bridging oxo was reported. The 

compound exhibited high reactivity and was able to activate the inert N2 molecule with four 

electrons yielding an hydrazido ligand. The activated dinitrogen could be functionalized with 

CO forming the rather exotic NCN2- ligand upon cleavage of the CO triple bond. Surprisingly, 

the addition of H2 or H+ to the hydrazido complex, led to the release of N2. This reactivity is 

strikingly different compared to the previously reported U(III) bridging nitride and its N2 

activation product. Thus, we demonstrated that the nature of the linker greatly influences the 

functionalization of the activated N2. Further studies will be directed to the obtention of dimeric 

U(III) complexes bearing a different bridging atom, such as sulfur, phosphour, or carbon. 

Preliminary reports also suggest that the nature of the alkali ion present in the complex 

influences the N2 activation and functionalization. Further studies are directed in the 

understanding of this dependence.  

Uranium nitrides have proven to be ideal candidates for the activation of small molecules and 

the understanding of the nature of the bond is of great fundamental interest. An objective of 

this thesis was the synthesis of different uranium nitride complexes in order to shine light on 

the parameters that influence the reactivity. 

A U(V) µ-bis nitride complex was isolated and characterized. This complex exhibits a rare 

example of a U2N2 diamond core motif reactivity towards small molecules was studied and 

proved that bis nitride systems are able to form N-C bonds by reaction with small molecules 

such as CS2, CO2, and CO. More importantly, the bis nitride system was proved to be able to 

effect the unprecedented oxidative cleavage of H2 forming two bridging NH ligands.  Recently, 

a U(V) terminal nitride complex was reported to perform the oxidation of H2 yielding a U(III) 

terminal NH2 complex. 

The role of the coligands on the reactivity of uranium nitrides was also investigated. In 

particular, we proved that the reactivity of a uranium bridging nitride complex bearing siloxide 
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coligands is not affected by the counterion while a uranium bridging nitride bearing 

hexametyldisilylamide (HMDS) coligands is unreactive towards small molecules. The 

difference in the bonding between U and the coligands, thus, greatly affect the nucleophilicity 

of the nitride ligand. In particular, we also showed that by substituting only one HMDS ligand 

with one siloxide, the nitride is reactive towards CO and CO2 but not H2. A fine tuning of the 

frameworks of the coligands would, thus, allow the obtention of nitride complexes with 

specific properties.  

In this work we also report the isolation and characterization of the second example of U(VI) 

terminal nitride. In particular, its synthesis could be achieved for the first time by photolysis of 

a terminal U(IV) azide complex. Previously reported examples failed to yield the desired 

terminal nitride complex but resulted, instead, in the C-H activation of the ligand framework. 

The photolysis of three different terminal azide complexes was investigated proving that a fine 

tuning of the counterion and the reaction solvent allows the clean formation and isolation of 

the desired terminal nitride species. Strikingly, the formation of the terminal nitride by 

photolysis takes 30 minutes while the previously reported examples take 24 to 80h. The fast 

formation of the desired species is probably a key feature for its isolation. The terminal nitride 

can be functionalized with CO forming an NCO- ligand and can give quantitative NH4
+ upon 

treatment with excess of a strong acid.  

Further research will be dedicated to the synthesis of novel nitride species. In particular, the 

dependence of the reactivity of the uranium bis nitride system on the oxidation state will be 

investigated. The formation of uranium bis nitride species bearing different co-ligands can also 

affect the reactivity and the stabilization of different oxidation states. Preliminary results show 

that the terminal nitride complex is able to bind transition metal ions. The obtention of 

heterometallic bridging nitrides could, thus, be achieved. The results presented in this thesis 

provide evidence that bridging and terminal uranium nitrides can be used in N transfer reactions 

with small molecules such as CO, CO2, and H2. Further research will be dedicated to obtain 

nitride linkers directly from the reduction of N2. In order to achieve the full cleavage of the 

molecules, six-electron transfer is needed. A six-electron transfer from U(II) to U(V) or U(III) 

to U(VI) should be targeted in dinuclear systems and implemented by careful ligand choice.  

Lastly, several heteroleptic U(III) monometallic compounds bearing monodentate ligands have 

been synthesized by a careful tuning of the reaction conditions. These compounds allow the 

study of the relation between coordination environment and magnetic properties on simple 

mononuclear systems. The analysis of the magnetic properties of the synthesized complexes 
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should lead to a better understanding of how magnetic properties are affected by the ligand and 

geometry of the complex. Moreover, these complexes provide interesting starting materials for 

the synthesis of new U(II) and U(III) species.  
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1. NMR data  

 

 

Figure A3- 1. 1H NMR (400 MHz, tol-d8, 298 K) of the residue after solvent 

removal from the crude reaction mixture after addition of IMesN2O to 1 in THF at 

233K. 

 

 

Figure A3- 2. 1H NMR (400 MHz, tol-d8, 298 K) of crystals of 2 
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Figure A3- 3. 13C NMR (400 MHz, tol-d8, 298 K) of crystals of 2 

 

 

Figure A3- 4. 1H NMR (400 MHz, tol-d8, 298 K) of a solution of crystals of 2 after 

6h at room temperature.  
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Figure A3- 5. 1H NMR (400 MHz, tol-d8, 298 K) of a solution of crystals of 2 after 

1 week at room temperature. 

 

 

 
 

Figure A3- 6. 1H NMR (400 MHz, tol-d8, 298 K) of a solution of crystals of 2 after 

20 days at room temperature. 
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Figure A3- 7. 1H NMR (400 MHz, THF-d8, 298 K) of a solution of crystals of 2 

at room temperature, at different times. 

 

 
       

 

Figure A3- 8. 1H NMR (400 MHz, THF-d8, 298 K) of the reaction mixture after 

addition at 193 K, of 1 eq of N2O in hexane to complex 1 
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Figure A3- 9. 1H NMR (400 MHz, THF-d8, 298 K) of the crude reaction mixture 

after addition of 1 eq N2O in THF at 298 K to complex 1 

 

 

 
 

Figure A3- 10. 1H NMR (400 MHz, tol-d8, 233 K) of the crude reaction mixture 

after addition of 1 eq PyNO in hexane at 193 K, to complex 1 

 

 

THF-d8 



 235 

 

 

 

 
 

Figure A3- 11. 1H NMR (400 MHz, tol-d8, 233 K) of the crude reaction mixture 

after addition of 1 eq Me3NO as a solution in THF at 193 K, to complex 1 

 

 
Figure A3- 12. 1H NMR (400 MHz, THF-d8, 298 K) of the crude reaction mixture 

after addition of 1 eq Me3NO in hexane at 193 K, to complex 1 
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Figure A3- 13. 1H NMR (400 MHz, tol-d8, 298 K) of the crude reaction mixture 

after addition of 5 eq. KC8 at 193 K to complex 2 in THF. 

 

 

 

 

Figure A3- 14. 1H NMR (400 MHz, THF-d8, 298 K) of crystals of 3 
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Figure A3- 15. 1H NMR (400 MHz, tol-d8, 298 K) of crystals of 3 

 

 

 
Figure A3- 16. 1H NMR (400 MHz, THF-d8, 298 K) of a solution of crystals of 3 

kept at room temperature measured at different times. 
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Figure A3- 17. 1H NMR (400 MHz, THF-d8, 298 K) of a solution of crystals of 3 

after 12h at 298K 

 

 

 

 
Figure A3- 18. 1H NMR (400 MHz, tol-d8, 298 K) of 3 in toluene at room 

temperature measured at different times. 
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Figure A3- 19. 1H NMR (400 MHz, tol-d8, 298 K) of complex 3.Cs 

 

 

 

 
Figure A3- 20. 1H NMR (400 MHz, tol-d8, 298 K) immediately after addition of 

N2 to complex 3.Cs at 298K in tol. 
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Figure A3- 21. 1H NMR (400 MHz, tol-d8, 298 K) of the reaction mixture 

immediately after addition of N2 (1 atm) to complex 3. 

 

 

Figure A3- 22. 1H NMR (400 MHz, tol-d8, 298 K) of crystals of complex 4. 
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Figure A3- 23. 1H NMR (400 MHz, THF-d8, 298 K) after addition of one 

equivalent of 2,4,6-tri-tert-butylphenol to 4. 

 

 

Figure A3- 24. 1H NMR (400 MHz, DMSO-d6, 298 K) of the crude reaction 

mixture after addition of excess HCl(Et2O) to complex 4. 
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Figure A3- 25. 1H NMR (400 MHz, tol-d8, 298 K) of the reaction mixture 

immediately after addition of 3 eq of CO to complex 4. 

 

 

Figure A3- 26. 1H NMR (400 MHz, tol-d8, 298 K) of crystals of 5  
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Figure A3- 27. 1H NMR (400 MHz, tol-d8, 298 K) of the crude reaction mixture 

immediately after addition of 18 equivalents of CO to a solution of complex 5  

 

 

Figure A3- 28. 1H NMR (400 MHz, tol-d8, 298 K) of the crude reaction mixture 3 

days after addition of 18 equivalents of CO to a solution of isolated complex 5. 
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Figure A3- 29. 13C NMR (400 MHz, C6D6, 298 K) of the crude reaction mixture 8 

days after addition of 10 equivalents of 13CO to a solution of isolated complex 5 

 

Figure A3- 30. 1H NMR (400 MHz, THF-d8, 298 K) immediately after reaction 

of 3 with 1 equivalent of N2O. 
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Figure A3- 31. 1H NMR (400 MHz, tol-d8, 298 K) of isolated crystals of 6 

 

 

Figure A3- 32. 1H NMR (400 MHz, tol-d8, 298 K) before and after reaction of 4 

with 1 atm of H2.  
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. 

 

Figure A3- 33. 1H NMR (400 MHz, tol-d8, 298 K) of the crude reaction mixture 3 

days after the addition of 1 atm of H2 to 4 

 

Figure A3- 34. 1H NMR (400 MHz, tol-d8, 298 K) of crystals of 7. 
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Figure A3- 35. Quantitative 1H NMR (400 MHz, tol-d8, 298 K) of the crude 

mixture from reaction of 4 with H2, after heating for 1 h at 60 °C. 

 

 

 

Figure A3- 36. 1H NMR (400 MHz, tol-d8, 298 K) kept 1 h at 60 °C after the 

addition of D2 to 4. 
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Figure A3- 37. 1H NMR (400 MHz, DMSO-d6, 298 K) of the crude mixture from 

the reaction of the compound isolated from the reaction of 4 with H2 (at room 

temperature) with excess HCl(Et2O).  
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Figure A3- 38. 1H NMR (400 MHz, tol-d8, 298 K) of the crude reaction mixture 

before (top) ad after consecutive additions of H2 (middle) and CO (bottom) to 4. 

 

 

 

Figure A3- 39. 1H NMR (400 MHz, tol-d8, 298 K) of the crude mixture after 

addition of 5 atm H2 to 4. 
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Figure A3- 40. 1H NMR (400 MHz, tol-d8, 298 K) of the crude mixture after 

addition of 1 atm H2 to 3. 

 

 

Figure A3- 41. 1H NMR (400 MHz, tol-d8, 298 K) of complex 7 as isolated after 

addition of 1 atm H2 to 3. 
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Figure A3- 42. 1H NMR (400 MHz, tol-d8, 298 K) of the crude mixture before and 

after addition of 1 atm D2 to 3 (impurities are due to the decomposition of 3 during 

reaction at room temperature). 
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Figure A3- 43. 1H NMR (400 MHz, tol-d8) at variable temperatures of 7.  
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Figure A3- 44. 1H NMR (400 MHz, tol-d8) at variable temperatures of the product 

isolated after addition of 1 atm of H2 to 3. 

 

 

 

 

 
 

Figure A3-45. 1H NMR (400 MHz, thf-d8, 233K) after addition of cryptand to 3  
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Figure A3-46. 1H NMR (400 MHz, thf-d8, 298K) after addition of N2 to 

3.[K(crypt)] formed in situ 

 

 

 
 

Figure A3-47. 1H NMR (400 MHz, dmso-d6, 298K) after addition of excess 

HCl (2M in Et2O) to the crude reaction mixture of N2  3.[K(crypt)] with N2. 
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2. MS spectra from GC-MS measurements 

 

 
 

Figure A3- 48. Nitrogen detection after reaction of 4 with excess HCl 

 

 

 
Figure A3- 49. Nitrogen detection after reaction of 15N-4 with excess HCl 
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Figure A3- 50. Nitrogen detection after addition of H2 (1 atm, 1h at 60 °C) to 4. 

 

 

 
Figure A3- 51. Nitrogen detection after addition of H2 (1 atm, 1h, 60 °C) to 15N-

4. 
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3. IR spectra 

 

 
 

Figure A3- 52. IR spectrum of 5 

 

 

 

 
 

Figure A3- 53. IR spectrum of 13C-5 
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Figure A3- 54. IR spectrum of 7 obtained from addition of H2 to 4 (orange) and 

from addition of H2 to 3 (blue). 

 

 

4. Crystallographic data 

 

The X-ray diffraction data of 2 were measured at 100 K using MoKα radiation on 

a Bruker APEX II CCD kappa diffractometer. The dataset was reduced by 

EvalCCD1 and then corrected, by modelling an empirical transmission surface as 

sampled by multiple symmetry-equivalent and/or azimuth rotation-equivalent 

intensity measurements by real spherical harmonic functions of even order, for 

absorption2. 

Bragg-intensities of 3, 4 and 5 were collected at 140 K and those of 6 at 100 K 

using Cu Kα radiation. A Rigaku SuperNova dual system diffractometer with an 

Atlas S2 CCD detector was used for compounds 4, 5, and 6, and one equipped with 

an Atlas CCD detector for compound 3. The datasets were reduced and then 

corrected for absorption, with the help of a set of faces enclosing the crystals as 

snugly as possible, with CrysAlisPro3. 
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The solutions and refinements for the structures were performed by the latest 

available version of SHELXT4 and SHELXL,5 respectively, except the structure 

solution of 2 that was obtained by SHELXS-976. All non-hydrogen atoms were 

refined anisotropically using full-matrix least-squares based on |F|2, but the 

hydrogen atoms were placed at calculated positions by means of the “riding” 

model. 

In the structure of 3, The contributions of highly disordered solvent molecules were 

removed from the model by the SQUEEZE algorithm of PLATON7. 

In the case of 4, each of the bridging hydrazido and oxo ligands are disordered over 

three positions found in a difference Fourier map and refined anisotropically. For 

the least-squares refinement, the distance and similarity restraints (SADI and 

SIMU) were applied. 

The structure of 5 was refined as a two-component inversion twin yielding a BASF 

parameter of 0.467(8). 

In the structure of 6, each of the bridging oxo ligands are disordered over two 

positions found in a difference map and refined anisotropically by applying 

distance and similarity restraints (SADI and SIMU) for the least-squares 

refinement. Highly disordered solvent molecules were removed with the help of 

the solvent-masking program in OLEX28. 
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Table A3- 1. X-ray crystallographic data of 2, 3 and 4 

 

 2 3 4 

Formula C72H162O25Si6U2 C72H162K2O25Si6U2 C72H162K2N2O25Si6U2 

Crystal size 

(mm3) 
0.491 x 0.462 x 0.453 0.243 x 0.200 x 0.149 0.260 x 0.235 x 0.170 

cryst syst Triclinic Monoclinic Triclinic 

space group P1 P21/c P1  

volume (Å3) 4988.7(13) 10917.5(4) 5754.67(16) 

a (Å) 13.3490(13) 15.4845(4) 14.1735(2) 

b (Å) 16.186(3) 26.0288(5) 17.4801(3) 

c (Å) 25.445(3) 27.5024(6) 25.4162(4) 

α (deg) 71.451(13) 90 79.0497(12) 

β (deg) 80.481(9) 99.961(2) 88.5818(12) 

γ (deg) 73.743(9) 90 68.7349(14) 

Z 2 4 2 

formula weight 

(g/mol) 
2072.61 2150.81 2178.83 

density (g cm-3) 1.380 1.309 1.257 

absorption 

coefficient (mm-1) 
3.376 10.068 9.562 

F(000) 2124 4400 2228 

temp (K) 100(2) 139.99(10) 140.00(10) 

total no. 

reflections 
133395 46467 42155 

unique reflections 

[R(int)] 
39997 [0.0262] 21972 [0.0408] 23173 [0.0198] 

Final R indices 

[I > 2σ(I)] 

R1 = 0.0302, 

wR2 = 0.0439 

R1 = 0.0418, 

wR2 = 0.1045 

R1 = 0.0257, 

wR2 = 0.0639 

Largest diff. peak 

and hole (e.A-3) 
1.103 and -1.218 2.099 and -1.918 2.262 and -1.259 

GOOF 1.157 1.022 1.035 
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Table A3- 2. X-ray crystallographic data of 5, and 6 

 

 5(C7H8) 6 

Formula C80H170K2N2O26Si6U2 C72H162K2O26Si6U2 

 

Crystal size 

(mm3) 
0.206 x 0.068 x 0.056 0.158 x 0.129 x 0.102 

cryst syst Monoclinic Triclinic 

space group P21 P 

volume (Å3) 5520.03(7) 5726.8(3) 

a (Å) 13.96090(10) 14.2026(3) 

b (Å) 17.98093(13) 17.4810(4) 

c (Å) 22.01302(17) 25.3076(6) 

α (deg) 90 79.203(2) 

β (deg) 92.6473(8) 88.9716(18) 

γ (deg) 90 68.330(2) 

Z 2 2 

formula weight 

(g/mol) 
2298.97 2166.81 

density (g cm-3) 1.383 1.257 

absorption 

coefficient (mm-1) 
10.006 9.608 

F(000) 2356 2216 

temp (K) 140.00(10) 100.00(10) 

total no. 

reflections 
40549 43509 

unique reflections 

[R(int)] 
20377 [0.0405] 23197 [0.0258] 

Final R indices 

[I > 2σ(I)] 

R1 = 0.0376, 

wR2 = 0.0962 

R1 = 0.0346, wR2 = 

0.0808 

Largest diff. peak 

and hole (e.A-3) 
1.776 and -2.501 3.407 and -3.060 

GOOF 1.042 1.030 
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5. Magnetic Data  

 

 

 

Figure A3- 55. Plot of measured 1/(χ – χ0)  vs T for complex 4 

 

 

 

 

 

Figure A3- 56.  Plot of effective moment vs T for complex 4 
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6. Computational Analysis 

 

Computational Details 

 

Density functional theory (DFT) computations on the experimentally synthesized 

K3UIIINUIII and K2UIIIOUIII compounds, as well as their N2 complexes, have been 

performed with the M06L9 functional in combination with the 6-31G** basis set for all 

first, second and third row atoms, while the LanL2DZ basis set and corresponding 

effective core potentials were chosen for U and K (78 and 10 core electrons 

respectively). Scalar relativistic effects for U were included through the LanL2DZ 

ECPs. The X-Ray resolved structures of all compounds were retained with the 

exception of the hydrogen and N2 positions, which were fully relaxed. All DFT 

computations were performed within the unrestricted open-shell formalism in 

Gaussian16.10 The electron density about the bridging U-N-U and U-O-U bonds has 

been analyzed with the Density Overlap Region Indicator (DORI11) in combination 

with a modified version of the DGRID software. 

 

Spin State Stability 

 

Table A3-s S3 and S4 respectively report the relative spin stability for the lowest spin 

multiplicities of the K3UIIINUIII/K2UIIIOUIII and K3UVN(N2)UV/K2UVO(N2)UV 

complexes. The electronic energies are computed at the M06L/LanL2DZ/6-31G** 

level. 

 

Table A3- 3. Electronic energies in kcal mol-1 at M06L/LanL2DZ/6-31G** of the 

lowest spin multiplicities relative to the most sTable A3- state of K3UIIINUIII and 

K2UIIIOUIII.  

Spin Multiplicity Nitride Oxide 

Singlet 0.0  100.68  

Triplet 2.10  0.0  

Quintet 6.57  14.66  

Septet 15.20  23.69  
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Table A3- 4. Electronic energies in kcal mol-1 at M06L/LanL2DZ/6-31G** of the 

lowest spin multiplicities relative to the most sTable A3- state of K3UVN(N2)UV and 

K2UVO(N2)UV.  

Spin Multiplicity Nitride Oxide 

Singlet 0.0  45.85  

Triplet 1007.79  0.0  

 

 

 

Dori Analysis 

The electron density about the bridging bond has been analyzed using the Density 

Overlap Region Indicator (DORI).11 Figure A3- S50 shows the DORI basins and their 

integrated value for both K3UIIINUIII and K2UIIIOUIII. 

 

 

Figure A3- 57. Integral of the electron density within a) U-N-U and b) U-O-U DORI 

basins [e/bohr3]. DORI isovalue set to 0.8.  

 

The higher value of the integrated electronic density in the basins of the nitride complex 

indicates a more covalent character of the bridging bond.  

 

 

Natural Bond Analysis 

 

Table A3- S4 and S5 report the Wiberg bond index matrix computed respectively on 

the K3UVN(N2)UV and  K2UVO(N2)UV. 
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Table A3- 5. K2UVO(N2)UV : Wiberg bond index in the natural atomic orbital basis. 

 U(1) U(2) N(1) N(2) O 

U(1) - - 0.62 0.45 0.75 

U(2) - - 0.85 0.68 1.02 

N(1) 0.62 0.85 - 1.4 - 

N(2) 0.45 0.68 1.4 - - 

O 0.75 1.02 - - - 

 

 

Table A3- 6. K3UVN(N2)UV : Wiberg bond index in the natural atomic orbital basis. 

 U(1) U(2) N(1) N(2) N(bridging) 

U(1) - - 1.12 1.27 2.14 

U(2) - - 0.80 0.65 0.78 

N(1) 1.12 0.80 - 1.0 - 

N(2) 1.27 0.65 1.0 - - 

N(bridging) 2.14 0.78 - - - 
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Appendix for chapter 4 

 

Facile N-functionalization and strong magnetic communication in a 

diuranium(V) bis-nitride complex  
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A) NMR spectra 

 

 

Figure A4-1: 1H NMR (400 MHz, 298K, d8-thf) of the crude reaction mixture between 

[U(OSi(OtBu)3)3]2, 1 and one equivalent of KN3 in thf after 4 days at -40°C leading to a mixture 

of complex [K{[U(OSi(OtBu)3)3]2(μ-N)}], 2 and complex [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-

N3)}], 3 

 

 

Figure A4-2:  1H NMR (400 MHz, 298K, d8-thf) of isolated [K{[U(OSi(OtBu)3)3]2(μ-N)}], 2 
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Figure A4-3: 1H NMR (400 MHz, 298K, d8-thf) of the reaction mixture between 

[U(OSi(OtBu)3)3]2, 1 and two equivalents of KN3 in thf at -40°C for 5 days forming complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3 

 

 

 

Figure A4-4: 1H NMR (400 MHz, 298K, d8-thf) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-

N3)}], 3 
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Figure A4-5: 13C NMR (400 MHz, 298K, d8-thf) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-

N3)}], 3 

 

 

 

 

Figure A4-6: 1H NMR (400 MHz, 298K, d8-tol) in of isolated [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-

N3)}], 3 after 24h at 70°C affording complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 
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Figure A4-7: 1H NMR (400 MHz, 298 K, d8-tol) of [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3 

after 5 days at RT (top) and after 24h at 70°C (bottom). 

 

Figure A4-8: 1H NMR (400 MHz, 298 K, d8-tol) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 

4 
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Figure A4-9: 13C-NMR (400 MHz, 298 K, d8-tol) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 

4 

 

 

 

Figure A4-10: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture 6h after the addition 

of one equivalent of CS2 to [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 affording complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-S)(µ-NCS)}], 5 



 273 

 

 

 

Figure A4-11: 1H-NMR (400 MHz, 298 K, d8-tol) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-

S)(µ-NCS)}], 5 

 

 

Figure A4-12: 13C NMR (400 MHz, 298 K, d8-tol) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-

S)(µ-N13CS)}], 13C-5 
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Figure A4-13: 13C NMR (400MHz, 298 K, d6-dmso) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-

N)(µ-S)(µ-N13CS)}], 13C-5 

 

Figure A4-14: Evolution of the 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture 

between [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 10 equivalents of 13CS2 affording complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-S)(µ-N13CS)}], 13C-5 and an unidentified precipitate 
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Figure A4-15: 13C NMR (400 MHz, 298 K, d8-tol) of the reaction mixture between 

[K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 10 equivalents of 13CS 

 

 

Figure A4-16: Quantitative 13C-NMR (600 MHz, 298 K, d6-dmso) of the reaction mixture 

between [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 10 equivalents of 13CS2 
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Figure A4-17: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture immediately after 

the addition of one equivalent of CO2 to [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 affording complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6 

 

Figure A4-18: 1H NMR (400 MHz, 298 K, d8-tol) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-

O)(µ-NCO)}], 6 
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Figure A4-19: 13C NMR (400 MHz, 298 K, d8-tol) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-

O)(µ-N13CO)}], 13C-6 

 

 

Figure A4-20: 13C NMR (400 MHz, 298 K, D2O) using d6-dmso as a reference of isolated 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-N13CO)}], 13C-6 
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Figure A4-21: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture immediately after 

the addition of 2 equivalents of CO2 to complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 

 

Figure A4-6: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture immediately after the 

addition of 10 equivalents of 13CO2 to complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 
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Figure A4-23: 13C NMR (400 MHz, 298 K, d6-dmso) of the reaction mixture after the addition 

of 10 eqvs of 13CO2 to complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 

 

 

 

Figure A4-24: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture immediately after 

the addition of 3 eqvs of CO to complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 affording complex 

[K2{[U(OSi(OtBu)3)3]2(µ-CN)(μ-O)(µ-NCO)}], 7 
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Figure A4-25: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture immediately after 

the addition of 1 atm of CO to complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 affording complex 

[K2{[U(OSi(OtBu)3)3]2(µ-CN)(μ-O)(µ-NCO)}], 7 

 

Figure A4-26: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture immediately after 

the addition of 6 atm of CO to complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 
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Figure A4-27: 1H NMR (400 MHz, 298 K, d8-tol) of isolated [K2{[U(OSi(OtBu)3)3]2(µ-

CN)(μ-O)(µ-NCO)}],  

 

 

Figure A4-28: Quantitative 13C NMR (600 MHz, 298 K, d6-dmso) of isolated 

[K2{[U(OSi(OtBu)3)3]2(µ-13CN)(μ-O)(µ-N13CO)}],13C-7 
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Figure A4-29: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction between complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 1 atm of H2 heated up at 60°C for 1h affording complex 

[K2{[U(OSi(OtBu)3)3]2(μ-NH)2}], 8 

 

 

Figure A4-30: Evolution of the 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture 

between [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 1 atm of H2 affording complex 

[K2{[U(OSi(OtBu)3)3]2(μ-NH)2}], 8 
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Figure A4-31: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction between complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 1 atm of H2 after 16h at RT affording complex 

[K2{[U(OSi(OtBu)3)3]2(μ-NH)2}], 8 

 

 

Figure A4-32: 1H-NMR (400 MHz, 298 K, d8-tol) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-

NH)2}], 8 



 284 

 

 

Figure A4-33: 1H-NMR (400 MHz, 298 K, d8-tol) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-

NH)2}], 8 on a broader spectral window 

 

 

Figure A4-34: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction between complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and D2 heated up at 60°C for 1h affording complex 

[K2{[U(OSi(OtBu)3)3]2(μ-ND)2}], 8 
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Figure A4-35: 13C NMR (400 MHz, 298 K, d8-tol) of isolated [K2{[U(OSi(OtBu)3)3]2(μ-

NH)2}], 8 

 

Figure A4-36: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction between complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 5.5 atm of H2 after 3h at RT 
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Figure A4-37: 1H NMR (400 MHz, 298 K, d6-dmso) of the volatiles and the headspace of the 

reaction between complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 5.5 atm of H2 after 3h at RT 

collected in a frozen 2M solution of HCl in Et2O 

 

Figure A4-38: 1H NMR (400 MHz, 298 K, d6-dmso) of the reaction mixture between solid 

complex 4 and an excess of a 2M solution of HCl in Et2O 
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Figure A4-39: 1H NMR (400 MHz, 298 K, d6-dmso) of the reaction mixture between solid 

complex 8 and an excess of a 2M solution of HCl in Et2O 

 

 

Figure A4-40: 1H NMR (400 MHz, 298 K, d6-dmso) of the reaction mixture between solid 

complex 8 and an excess of a 2M solution of HCl in Et2O in presence of excess KC8 
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Figure A4-41: Evolution of the 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture 

between [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 1 equiv of PyHOTf 

 

 

 

Figure A4-42: Evolution of the 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture 

between [K2{[U(OSi(OtBu)3)3]2(μ-NH)2}], 8 and 1 equiv of PyHOTf 
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Figure A4-43: 1H NMR (400 MHz, 298 K, d6-dmso) of the volatiles and the headspace of the 

reaction mixture between between [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 30 equivs of H2O in 

thf collected in a frozen 2M solution of HCl in Et2O 

 

Figure A4-44: Evolution of the 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture 

between [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 1 equiv of Si2Me6. The formation of an 

unidentified yellow precipitate is also observed 
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Figure A4-45: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture between 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6 and 1 equiv of SiMe3I.  

 

 
Figure A4-46: 1H NMR (400 MHz, 298 K, d8-tol) of the reaction mixture between 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 6 and 1 equiv of KC8 at -40°C. 
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Figure A4-47: 1H NMR (400 MHz, 233 K, d8-thf) of the reaction mixture between 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-N3)}], 3 and 9 equivs of Cs at -40°C. 

 

Figure A4-48: 1H NMR (400 MHz, 233 K, d8-thf) of the reaction mixture between 

[K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-N3)}], 3 and 9 equivs of Na at -40°C. 
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Figure A4-49: 1H NMR (400 MHz, 298 K, d8-toluene) of the reaction mixture between 

[K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 and 1 equiv. of I2 immediately after reaction (bottom) and 

one night after (top) affording complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2(µ-I)}], 9. 

 
Figure A4-50: 1H NMR (400 MHz, 298 K, d8-toluene) of isolated complex 

[K2{[U(OSi(OtBu)3)3]2(μ-N)2(µ-I)}], 9 with impurities of [U(OSi(OtBu)3)4]. 
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B) IR spectra 

 

 

Figure A4-51: IR spectrum of isolated complex [K2{[U(OSi(OtBu)3)3]2(μ-S)(µ-N)(μ-NCS)}], 

5 in a Nujol suspension measured on KBr windows 

 

 

Figure A4-52: IR spectrum of isolated complex [K2{[U(OSi(OtBu)3)3]2(μ-O)(µ-N)(μ-

N13CS)}], 5 in a Nujol suspension measured on KBr windows 
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Figure A4-53: IR spectrum of isolated complex [K2{[U(OSi(OtBu)3)3]2(μ-O)(µ-N)(μ-NCO)}], 

6 in a Nujol suspension measured on KBr windows 

 

 

Figure A4-54: IR spectrum of isolated complex [K2{[U(OSi(OtBu)3)3]2(μ-O)(µ-N)(μ-

N13CO)}], 13C-6 in a Nujol suspension measured on KBr window 
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C) X-Ray crystallographic data 

 
Table A4-1. X-Ray crystallographic data of 2,3, and 5 

 

 2 3 5 

Formula C72H162KNO24Si6U2 C72H162K2N4O24Si6U2 
C73H162K2N2O24S2Si6

U2 

Crystal size 

(mm3) 
0.642 x 0.503 x 0.419  0.48×0.31×0.26 

0.12×0.06×0.04 

crystal system Monoclinic Monoclinic monoclinic 

space group P21/c P21/n P21 

volume (Å3) 10803(2) 5538.4(16) 5619.3(4) 

a (Å) 14.210(3) 14.382(2) 13.9065(4) 

b (Å) 28.1537(19) 17.661(3) 18.2338(7) 

c (Å) 27.910(3) 21.819(4) 22.1810(9) 

α (deg) 90 90 90 

β (deg) 104.632(8) 92.012(9) 92.450(4) 

γ (deg) 90 90 90 

Z 4 2 2 

formula weight 

(g/mol) 
2109.72 2190.85 2238.96 

density (g cm-3) 1.297 1.314 1.323 

absorption 

coefficient (mm-1) 
3.156 3.118 10.139 

F(000) 4320 2240 2288 

temp (K) 100(2) 100(2) 139.99(10) 

total no. 

reflections 
115428 97679 

38004 

unique reflections 

[R(int)] 
24309 [0.1089] 19106 [0.0447] 13621 [0.0881] 

Final R indices 

[I > 2σ(I)] 

R1 = 0.0686, 

wR2 = 0.1330 

R1 = 0.0592, 

wR2 = 0.1241 

R1 = 0.0772, 

wR2 = 0.1898 
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Largest diff. peak 

and hole (e.A-3) 
2.689 and -2.107 4.561 and -2.717 3.583 and -4.163 

GOOF 1.111 1.135 1.074 

 

Table A4-2. X-Ray crystallographic data of 6, 7, and 8 

 6 7 8 

Formula C73H162K2N2O26Si6U2  C81H170K2N2O26Si6U2 C79H172K2N2O24Si6U2 

Crystal size 

(mm3) 
0.10×0.06×0.04 0.19×0.09×0.08 0.76×0.42×0.35 

cryst syst Monoclinic Monoclinic Monoclinic 

space group P21 P21 P21/n 

volume (Å3) 5510.8(3) 5673.2(9) 5536.5(3) 

a (Å) 13.9377(5) 13.9927(15) 14.4207(4) 

b (Å) 17.9175(5) 18.2874(12) 17.5321(5) 

c (Å) 22.0849(6) 22.208(2) 21.9098(6) 

α (deg) 90 90 90 

β (deg) 92.306(3) 93.321(7) 91.840(3) 

γ (deg) 90 90 90 

Z 2 2 2 

formula weight 

(g/mol) 
2206.84 2310.98 2256.98 

density (g cm-3) 1.330 1.353 1.354 

absorption 

coefficient (mm-1) 
10.000 3.049 3.121 

F(000) 2256 2368 2316 

temp (K) 100.00(10) 120(2) 140.01(10) 

total no. 

reflections 
39631 67143 73741 

unique reflections 

[R(int)] 
17996 [0.0796] 20671 [0.0523] 19069 [0.0618] 

Final R indices 

[I > 2σ(I)] 

R1 = 0.0640, 

wR2 = 0.1592 

R1 = 0.0511, 

wR2 = 0.1029 

R1 = 0.0390, 

wR2 = 0.0824 
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Largest diff. peak 

and hole (e.A-3) 
2.543 and -3.689 1.503 and -0.802 2.543 and -1.684 

GOOF 1.017 1.067 1.060 

 

Table A4-3. X-Ray crystallographic data of 9 

 

 

 9 

Formula C72H162IK2N2O24Si6U2 

Crystal size 

(mm3) 
0.39×0.05×0.05 

cryst syst Monoclinic 

space group P21 

volume (Å3) 5571.5(2) 

a (Å) 13.9014(3) 

b (Å) 18.1586(5) 

c (Å) 22.0984(5) 

α (deg) 90 

β (deg) 92.822(2) 

γ (deg) 90 

Z 2 

formula weight 

(g/mol) 
2289.80 

density (g cm-3) 1.365 

absorption 

coefficient (mm-1) 
12.045 

F(000) 2318 

temp (K) 140.00(10) 

total no. 

reflections 
107607 

unique reflections 

[R(int)] 
21762  [0.0698] 
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Final R indices 

[I > 2σ(I)] 

R1 = 0.0481, 

wR2 = 0.1200 

Largest diff. peak 

and hole (e.A-3) 
1.693 and -1.328 

GOOF 1.043  

 

 

 

 

Figure A4-55. Core of the solid-state structure of complex 9 showing the disorder between 

the bridging atoms 
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D) Magnetic data 

 

Figure A4-56:  vs T plot for complex [K2{[U(OSi(OtBu)3)3]2(μ-N)2}], 4 
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Figure A4-57:  vs T plot for complex [K2{[U(OSi(OtBu)3)3]2(μ-S)(µ-N)(μ-NCS)}], 5 

 

 

 

 

Figure A4-58:  vs T plot for complex [K2{[U(OSi(OtBu)3)3]2(μ-O)(µ-N)(μ-NCO)}], 6 
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Figure A4-59: Ortep diagram of the core showing the metrical parameters for the bridging 

atoms in complexes a) [K2{[U(OSi(OtBu)3)3]2(μ-N)(μ-N3)}], 3; b) [K2{[U(OSi(OtBu)3)3]2(µ-

CN)(μ-O)(µ-NCO)}], 7; c) [K2{[U(OSi(OtBu)3)3]2(μ-NH)2}], 8 

E) UV-Vis data 

 

 

Figure A4-60: UV-Vis absorption spectra in toluene solution of complexes 3-8.  
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Appendix for Chapter 5 

 

Tuning the Structure, Reactivity and Magnetic Communication of Nitride-

Bridged Uranium Complexes with the Ancillary Ligands 
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NMR Spectra  

 

 

 

Figure A5-1. 1H NMR spectrum (400 MHz, 23 °C) of [Cs{((tBuO)3SiO)3U}2(µ-N)], [Cs]-1, 

in thf-d8. 
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Figure A5-2.  1H NMR spectrum (400 MHz, 23 °C) of [NBu4][((tBuO)3SiO)3U}2(µ-N)], 

[NBu4]-1, in toluene-d8. 

 



 305 

 

 

Figure A5-3.  1H NMR spectrum (400 MHz, 23 °C) of [NBu4][((tBuO)3SiO)3U}2(µ-N)], 

[NBu4]-1, in thf-d8 
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Figure A5-4.  1H NMR spectrum (400 MHz) of [NBu4][((Me3Si)2N)3U}2(µ-N)], 2, in thf-d8 at 

(a) −60 °C, (b) −40 °C, and (c) 23 °C.  The upper-right image shows the resonances for NBu4
+. 
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Figure A5-5.  1H NMR spectrum (400 MHz) of [((Me3Si)2N)3U}2(µ-N)], 4, in toluene-d8 at 

(a) −60 °C, (b) −40 °C, and (c) 23 °C. 
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Figure A5-6.  1H NMR spectrum (400 MHz) of [((Me3Si)2N)3U}2(µ-N)], 4, in thf-d8 at (a) −60 

°C, (b) −40 °C, and (c) 23 °C.  The spectrum was generated from the reaction mixture of 2 and 

AgI. 
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Figure A5-7.  1H NMR spectrum (400 MHz, 23 °C) of [Na(dme)3][((Me3Si)2)2U(µ-N)(µ-κ2-

C,N-CH2SiMe2NSiMe3)U(N(SiMe3)2)2],3 3, in thf-d8. 
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Figure A5-8.  1H NMR spectrum (400 MHz, 23 °C) of [Na(dme)3][((Me3Si)2N)3U(µ-

N)U(N(SiMe3)2)(OSi(OtBu)3)], 5, in thf-d8. 
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Figure A5-9.  1H NMR spectrum (400 MHz, 23 °C, toluene-d8) of the reaction mixture of 

[NBu4]-1 and CO2. 
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Figure A5-10.  1H NMR Spectrum of (400 MHz, 23 °C, toluene-d8) of 

[NBu4][{((tBuO)3SiO)3U}2(µ-NC2O4)], 8; isolated crystals always contain traces of the 

[U(OSi(OtBu)3)4]8 by product. 
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Figure A5-11.  1H NMR Spectrum of (400 MHz, 23 °C, toluene-d8) of 

[NBu4][{((tBuO)3SiO)3U}2(µ-NH)(µ-H)], 9. The upper-left image shows the resonances for 

NH and H protons. 
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Figure A5-12.  1H NMR spectra (400 MHz, 23 °C) showing the room temperature 

decomposition of 2 in thf-d8 after (a) 10 min and (b) 24 h. 
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Figure A5-13.  1H NMR spectra (400 MHz) showing the room temperature decomposition of 

2 in thf-d8 at (a) −60 °C, after 2 d; (b) −60 °C, after 4 d; (c) −80 °C, after 6 d. 
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Figure A5-14.  1H NMR spectra (400 MHz, 23 °C, thf-d8) after heating 2 at 66 °C for 2 h in 

thf-d8. 
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Figure A5-15.  1H NMR spectrum (400 MHz, 23 °C, thf-d8) of the reaction mixture after 

reaction of [Cs]-1 with CO in thf-d8 
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Figure A5-16.  13C NMR spectrum (151 MHz, 23 °C, D2O) after hydrolysis of the reaction 

mixture of [Cs]-1 with 13CO in thf-d8 with a pD = 12 D2O solution. NaO2
13CCH3 was added 

as an internal standard. 
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Figure A5-17.  1H NMR spectrum (400 MHz, 23 °C, toluene-d8) of the reaction of [NBu4]-1 

with CO in toluene-d8. 
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Figure A5-18.  1H NMR spectrum (400 MHz, 23 °C, thf-d8) of the reaction mixture of [NBu4]-

1 with CO in thf-d8. 
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Figure A5-19.  13C NMR spectrum (151 MHz, 23 °C, D2O) after hydrolysis of the reaction 

mixture of [NBu4]-1 with 13CO in thf-d8 with a pD = 12 D2O solution. NaO2
13CCH3 was added 

as an internal standard. 
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Figure A5-20.  1H NMR spectra (400 MHz, thf-d8) of the reaction mixture of 3 and excess CO 

(1 atm) (a) before the introduction of CO, (b) 17 min after CO introduction, (c) 45 min after 

CO introduction, and (d) 1 h 15 min after CO introduction. 
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Figure A5-21.  1H NMR spectra (400 MHz, 23 °C, thf-d8) of the reaction mixture of 3 and 

13CO (1-2 equiv) after (a) 13 min, (b) 3 h 22 min, and (c) 70 h. 
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Figure A5-22.  13C NMR spectrum (151 MHz, 23 °C, D2O) after hydrolysis of the 3 / 13CO 

reaction mixture with a pD = 12 D2O solution.  NaO2
13CCH3 was added as an internal standard. 
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Figure A5-23.  1H NMR spectra (400 MHz, 23 °C, thf-d8) of the reaction mixture of 5 and 

excess CO (1 atm) after (a) 10 min, (b) 30 min, and (c) 90 min. 
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Figure A5-24.  1H NMR spectra (400 MHz, 23 °C, thf-d8) of the reaction mixture of 5 and 

13CO (1-2 equiv) after (a) 10 min, (b) 2 h, (c) 21 h, and (d) and 24 h. 
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Figure A5-25.  13C NMR spectrum (151 MHz, 23 °C, thf-d8) of the reaction mixture of 5 and 

13CO (1-2 equiv). 
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Figure A5-26.  13 NMR spectrum (151 MHz, 23 °C, D2O) after hydrolysis of the reaction 

mixture of 5 and 13CO (1-2 equiv) with pD = 12 D2O. 
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CO2 Reactivity 

 

 

 

Figure A5-27.  1H NMR spectrum (400 MHz, 23 °C, thf-d8) of the reaction mixture of [NBu4]-

1 and 6 equiv of 13CO2. 
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Figure A5-28.  13C NMR spectrum (151 MHz, 23 °C, toluene-d8) of the reaction mixture of 

[NBu4]-1 and 13CO2. 
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Figure A5-29.  13C NMR spectrum (151 MHz, 23 °C, D2O) after hydrolysis of the reaction 

mixture of [NBu4]-1 and 6 equiv of 13CO2 with pD = 12 D2O. 
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Figure A5-30. 1H NMR spectra (400 MHz, 23 °C, thf-d8) of the reaction mixture of 3 and 

excess CO2 (1 atm) (a) before the CO2 addition, (b) 30 min after CO2, (c) 1 h after CO2, (d) 1 

h 30 min after CO2, and (e) 7 h after CO2. 
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Figure A5-31.  1H NMR spectrum (400 MHz, 23 °C, thf-d8) of the reaction mixture of 3 and 2 

equiv 13CO2 after 1 h. 
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Figure A5-32.  13C NMR spectrum (151 MHz, 23 °C, D2O) after hydrolysis of the reaction 

mixture of 3 and 2 equiv of 13CO2 with pD = 12 D2O.  NaO2
13CCH3 was added as an internal 

standard. 
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Figure A5-33.  1H NMR spectrum (400 MHz, 23 °C, thf-d8) of the reaction mixture of 5 and 

excess CO2 (1 atm) (a) immediately after addition and (b) 1 h 10 min after addition. 

 

 



 336 

 

Figure A5-34.  1H NMR spectra (400 MHz, thf-d8) of the reaction mixture of 5 and (a) 2 equiv 

of 13CO2, after 6 h 38 min and (b) after 7 h 50 min with 4 more equiv of 13CO2 added, so 6 

equiv 13CO2 total. 
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Figure A5-35.  13C NMR spectrum (151 MHz, 23 °C, D2O) of the hydrolyzed reaction mixture 

of 5 and 6 equiv of 13CO2 with pD = 12 D2O. 
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H2 Reactivity 

 

Figure A5-36.  1H NMR spectrum (400 MHz, 23 °C, toluene-d8,) of the reaction mixture of 

[NBu4]-1 and H2. The left-side image shows the peaks for the NH and H protons. 
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Figure A5-37.  1H NMR spectrum (400 MHz, 23 °C, thf-d8) of the reaction mixture of [NBu4]-

1 and H2. 
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Figure A5-38. 1H NMR spectrum (400 MHz, 23 °C, toluene-d8) of the reaction mixture of 

[NBu4]-1 and D2 on a large spectral window showing the disappearance of the peaks 

corresponding to NH and H protons. 
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Figure A5-39. 1H NMR spectrum (400 MHz, 23 °C) of isolated [NBu4][((tBuO)3SiO)3U}2(µ-

NH)(µ-H)], 9 in toluene-d8 
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X-ray Crystallographic Details and Refinement Data 

The diffraction data for all compounds were measured at low temperature [140 or 100 K] using 

Cu Kα or Mo Kα radiation on a Rigaku SuperNova dual system in combination with Atlas type 

CCD detector. The data reduction was carried out by CrysAlisPro.1 The solutions and 

refinements were performed by SHELXT2 and SHELXL,3 respectively. The crystal structures 

were refined using full-matrix least-squares based on F2 with all non-hydrogen atoms 

anisotropically defined. Hydrogen atoms were placed in calculated positions by means of the 

“riding” model. For compound [NBu4]-1, the NBu4 cation was very disordered and its 

geometry and geometry was corrected by means of restraints concerning atomic distances 

(DFIX and SADI cards). All light atoms (C, N, O) were anisotropically restrained (SIMU and 

RIGU cards). For compound 2, some similarity restraints have been employed in the case of a 

disordered NBu4 cation (DFIX and SIMU cards). In the case of compound 4, restraints have 

been included to model a disordered toluene (FLAT, SADI, DFIX and SIMU cards).For 

compound 7, some constraints have been employed for the refinement of some carbons, 

nitrogens and oxygens in order to get reasonable ellipsoids (EADP cards). In the case of 

compound 5, some restraints were used for the refinement of a disordered DME belonging to 

the [Na(DME)3]+ cation (SADI and SIMU cards). For compound 9, in order to adjust two 

disordered moieties (one tert-butyl and NBu4+) some similarity restraints were employed 

(SADI and SIMU cards).In the case of compound 8, one ligand displayed rotational disorder 

and it was treated by adjusting the atomic distances and their adp’s (SADI, DFIX and SIMU 

cards). Pseudo merohedral twinning was found for compound 7 and treated directly by 

CrysAlisPro 9 obtaining this BASF factor: 0.37(1).  CCDC numbers: [NBu4]-1, 1913264, 2 

1913257 ;4, 1913258 ; 6, 1913259 ;7, 1913260 ;5 1913261 ;9, 1913262 ; 8, 1913263. 
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Table A5-1.  Crystal data and structural refinement parameters for complexes 

[NBu4][{((tBu3O)3SiO)3U}2(µ-N)],  [NBu4]-1, [NBu4][{((Me3Si)2N)3U}2(µ-N)],  2,  and 

[{((Me3Si)2N)3U}2(µ-N)],  4. 

 [NBu4]-1 2 4 

Formula C88H198N2O24Si6U2 C52H144N8Si12U2 C50H124N7Si12U2 

Crystal size (mm) 0.337x0.226x0.199 0.15×0.06×0.02 0.33×0.09×0.07 

Crystal System monoclinic monoclinic monoclinic  

Space Group I2 I2/a P21/n  

Volume (Å3) 5810.2(3) 24839.8(11) 7609.56(13) 

a (Å) 14.2946(4) 27.5312(6)  14.65806(12)  

b (Å) 16.3627(3) 21.7757(6)  31.4333(2)  

c (Å) 25.1526(6) 43.5129(11)  17.60034(19)  

 (°) 90 90  90  

 (°) 99.031(3) 107.785(3)  110.2211(11)  

 (°) 90 90  90  

Z 2 12 4 

Formula Weight 2313.07 1694.88 1636.69  

Density (g cm−3) 1.322 1.360 1.429 

 (mm−1) 2.906 12.840 13.952 

F(000) 2400 10368.0 3300.0 

Temperature (K) 100(2) 140.00(10) 139.99(10) 

Total Reflections 60518 87079 80831 

Unique Reflections 

Rint 

17734 

0.0345 

18125  

0.0531 

14974  

0.0397 

R Indices [I > 2σ(I)] R1 = 0.0498 

wR2 = 0.1173 

R1 = 0.0377 

wR2 = 0.0829 

R1 = 0.0336 

wR2 = 0.0810 

Largest Diff. Peak 

and Hole (e.A−3) 

1.661 and -1.000 1.463 and -2.401 1.654  and -1.962 

GooF 1.061 0.986 1.163 

F(000), structure factor evaluated in the zeroth-order case, h=k=l= 0; R(int) =∑|Fo2−Fo2(mean)| /∑[Fo2]; I, measured 

intensities; ‘Largest diff. peak and hole’, maximum and minimum electron density found in the final Fourier difference map; 

GooF, goodness of fit (= {∑ [w(Fo2−Fc2)2]/(n−p)}1/2, where n is the number of reflections and p is the total number of 

parameters refined). 
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Table A5-2.  Crystal data and structural refinement parameters for complexes 

[Na(dme)3][((Me3Si)2N)3U(µ-N)U(N(SiMe3)2)2(OSi(OtBu)3)], 5, [{((Me3Si)2N)2U(µ-O)]3, 6, 

and [((Me3Si)2N)2U(µ-O)U(µ-κ2-O,N-OC(=C)SiMe2NSiMe3)U(N(SiMe3)2)2], 7. 

 5 6 7 

Formula C54H147N6NaO10Si11U2 C36H108N6O3Si12U3 C31H89N5O2Si10U2 

Crystal size (mm) 0.19×0.10×0.09 0.07×0.06×0.04 0.21×0.15×0.02 

Crystal System triclinic triclinic  triclinic  

Space Group P1  P1  P1  

Volume (Å3) 4440.8(2) 6960.3(4) 5671.5(4) 

a (Å) 15.1641(4)  12.4529(4)  14.4014(6)  

b (Å) 15.3150(4)  21.7100(6)  19.5701(8)  

c (Å) 19.3228(6)  26.8860(7)  20.1516(9)  

 (°) 88.488(2)  83.801(2)  91.085(4)  

 (°) 87.105(2)  78.048(3)  92.236(4)  

 (°) 82.328(2)  78.888(3)  91.691(4)  

Z 2 4 4 

Formula Weight 1848.81 1724.45  1321.03 

Density (g cm−3) 1.383 1.646 1.547 

 (mm−1) 12.018 21.660  5.944 

F(000) 1884.0 3336.0 2600.0 

Temperature (K) 140.00(10) 140.00(10) 139.99(11) 

Total Reflections 32284 48673 22606 

Unique Reflections 

Rint 

17171 

0.0402 

24554 

0.0500 

22606 

- 

R Indices [I > 

2σ(I)] 

R1 = 0.0390 

wR2 = 0.1007 

R1 = 0.0408 

wR2 = 0.0844 

R1 = 0.0855 

wR2 = 0.2150 

Largest Diff. Peak 

and Hole (e.A−3) 

1.917 and -1.097 3.294 and -2.279 6.993 and -2.057 

GooF 1.052 0.994 1.068 

F(000), structure factor evaluated in the zeroth-order case, h=k=l= 0; R(int) =∑|Fo2−Fo2(mean)| /∑[Fo2]; I, 

measured intensities; ‘Largest diff. peak and hole’, maximum and minimum electron density found in the final 

Fourier difference map; GooF, goodness of fit (= {∑ [w(Fo2−Fc2)2]/(n−p)}1/2, where n is the number of reflections 

and p is the total number of parameters refined). 
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Table A5-3.  Crystal data and structural refinement parameters for complexes 

[NBu4][{((tBuO)3SiO)3U}2(µ-NC2O4)], 8, and [NBu4][{((tBuO)3SiO)3U}2(µ-NH)(µ-H)], 9. 

 8 9 

Formula C90H198N2O28Si6U2 C95H208N2O24Si6U2 

Crystal size (mm) 0.29×0.24×0.20 0.26×0.04×0.01 

Crystal System monoclinic  monoclinic  

Space Group P21/n P21/c 

Volume (Å3) 12124.9(3) 12127.7(2) 

a (Å) 16.9403(2)  13.74703(14)  

b (Å) 40.0672(5)  32.4889(3)  

c (Å) 17.9903(2)  27.4987(3)  

 (°) 90  90  

 (°) 96.8053(12)  99.0810(10)  

 (°) 90 90 

Z 4 4 

Formula Weight 2401.09 2407.22 

Density (g cm−3) 1.315 1.318 

 (mm−1) 8.541 8.514 

F(000) 4976 5008 

Temperature (K) 140.00(10) 100.01(10) 

Total Reflections 24134 24736 

Unique Reflections 

Rint 

22290 

0.0501 

21791 

0.0384 

R Indices [I > 2σ(I)] R1 = 0.0730 

wR2 = 0.1878 

R1 = 0.0288 

wR2 = 0.0664 

Largest Diff. Peak 

and Hole (e.A−3) 

6.335 and -6.619 1.877 and -2.482 

GooF 1.061 1.018 

F(000), structure factor evaluated in the zeroth-order case, h=k=l= 0; R(int) =∑|Fo2−Fo2(mean)| /∑[Fo2]; I, measured 

intensities; ‘Largest diff. peak and hole’, maximum and minimum electron density found in the final Fourier difference map; 

GooF, goodness of fit (= {∑ [w(Fo2−Fc2)2]/(n−p)}1/2, where n is the number of reflections and p is the total number of 

parameters refined). 
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Table A5-4.  Comparison of bond lengths (Å) and angles (°) of [NBu4][{((Me3Si)2N)3U}2(μ-

N)], 2, [{((Me3Si)2N)3U}2(µ-N)], 4, [NBu4][{(C6H3Me2-3,5)(tBu)N)3U}2(µ-N)], and 

[{(C6H3Me2-3,5)(tBu)N)3U}2(µ-N)]. 

Complex 2 a 4 [NBu4][{(C6H3Me2

-

3,5)(tBu)N)3U}2(µ-

N)]  

[{(C6H3Me2-

3,5)(tBu)N)3U}2

(µ-N)]  

U–Nnitride 2.076(5), 

2.083(5), 

2.075(2) 

2.080(5), 

2.150(5) 

2.077(4), 2.080(4) 2.0625(3), 

2.0625(3) 

U–(Nnitride)avg 2,078(4) 2.12(4) 2.079(2) 2.0625 

U–Namide 2.338(5), 

2.340(5), 

2.342(4), 

2.347(4), 

2.350(5), 

2.354(4), 

2.364(5), 

2.365(5), 

2.366(5) 

2.268(4), 

2.271(4), 

2.272(4), 

2.274(4), 

2.277(4), 

2.283(4) 

2.276, 2.285, 

2.294, 2.302, 

2.377, 2.414 

2.235, 2.235, 

2.241, 2.241, 

2.253, 2.253 

U–(Namide)avg 2.35(1) 2.274(5) 2.32(5) 2.243(7) 

U–N–U 178.7(2), 

180.0 

179.4(3) 175.1(2) 180 

Twist Angle b 1.7(4) 18(1) 25.3 0 

a.  Taken as an average of 1.5 molecules in the unit cell of 2.  b.  Defined as the average angle 

between the two closest adjacent planes defined by Nnitride, U, and Namide atoms. 
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Magnetic Data 

 

Figure A5-40.  1/χ vs T plot of complex [NBu4]-1 
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Figure A5-41.  1/χ vs T plot of complex 2 
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Figure A5-42.  χ vs T plot of complex 4 
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Figure A5-43.  1/χ vs T plot of complex 4 
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Figure A5-44.  1/χ vs T plot of complex 5 
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IR Spectra 

 

 

Figure A5-45: IR spectrum of isolated complex [NBu4-1] in a Nujol suspension measured on 

KBr windows 
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Figure A5-46: IR spectrum of isolated complex 2 in a Nujol suspension measured on KBr 

windows 
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Figure A5-47: IR spectrum of isolated complex 5 in a Nujol suspension measured on KBr 

windows 
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UV-Vis-NIR Spectra 

 

 

Figure A5-48: UV-Vis-NIR spectrum of a 6.5mM THF solution of complex [NBu4-1]  
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Figure A5-49: UV-Vis-NIR spectrum of a 10mM THF solution of complex 2  
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Figure A5-50: UV-Vis-NIR spectrum of a 10mM THF solution of complex 5 

 

Computational Details 
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effective core potentials were chosen for U (60 core electrons). The structural parameters of 

the complexes were fixed according to X-ray data for all heavy atoms, while hydrogen 

positions were relaxed at M06L-D3. Singlet open-shell and triplet states were computed within 

the broken-symmetry formalism, starting from the converged quintet ansatz. Scalar relativistic 

effects for U were included through the SD-ECP. All computations were performed in ORCA 

4.0.9 
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Table A5-5. B3LYP/def2-SVP/def-SDD: Energy difference in meV between the different 

possible spin-states of the complexes. Data are reported relative to the most sTable A5-pin-

state. 

 O N NO 

Open-Shell Singlet 35.57 0 0 

Triplet 518.11 364.84 391.65 

Quintet 0 7.42 4.65 

 

Table A5-6. M06L/def2-SVP/def-SDD: Energy difference in meV between the different 

possible spin-states of the complexes. Data are reported relative to the most sTable A5-pin-

state. 

 O N NO 

Open-Shell Singlet 923.11 0 956.42 

Triplet  461.57 520.55 602.61 

Quintet 0 24.84 0 

 

While the most stable spin state for the all-siloxide and the all-amide complex does not change 

with M06L compared to B3LYP, the situation for the mixed complex is more delicate (Tables 

S5 and S6). In fact, while semi-local functionals such as M06L have the advantage of 

mimicking the effects of static correlation, they also over-delocalize electron density and 

struggle to describe correctly the distribution of charges in asymmetric ligand environments, 

such as in the mixed ligand complex.  For instance, the two uranium centers in the mixed ligand 

complex are not symmetrically equal, since their environments differ; therefore, their bond 

order should reflect the asymmetric nature of the compound. As shown in Figure A5-52, 

B3LYP is able to capture this asymmetry, while in M06L is not observed. Nevertheless, despite 

the fundamental difference between the functionals, the computed Mayer bond order trend is 

the same both in M06L and B3LYP (Figure A5-52). 
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Figure A5-51. Mayer Bond Order for U-N bond in function of the complexes ordered per 

increasing reactivity (left) M06L/def2-SVP/def-SDD. (right)  B3LYP-D3/def2-SVP/def-SDD. 
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NMR Spectra  

 

Figure A6-1. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of the reaction mixture between 

[U(OSi(OtBu)3)4], 1 and 1 equiv. of KN3.  

 

Figure A6-2. 1H NMR spectra (400 MHz, 298 K, d8-thf) of the reaction mixture between 

[U(OSi(OtBu)3)4], 1, 1 equiv of KN3, and 1 equiv of 18c6 performed at a) -80°C, b) -40°C, 

and c) room temperature. 
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Figure A6-3. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) of isolated crystals of 

[K(18c6)(µ-N3)U(OSi(OtBu)3)4], [K(18c6)]-2. 

 

Figure A6-4. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of isolated crystals of [K(18c6)(µ-

N3)U(OSi(OtBu)3)4], [K(18c6)]-2.  
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Figure A6-5. 1H NMR spectrum (400 MHz, 298K, d8-thf) of the reaction mixture between 1 

and 1 equiv of NBu4N3. 

 

 

 

Figure A6-6. 1H NMR spectrum (400 MHz, 298K, d8-thf) of isolated crystals of [NBu4]-2. 
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Figure A6-7. 1H NMR spectrum (400 MHz, 298K, d8-toluene) of isolated crystals of [NBu4]-

2. 

 

 

Figure A6-8. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of the reaction mixture between 

[U(OSi(OtBu)3)4], 1, 1 equiv. of KN3, and 1 equiv. of 2.2.2. cryptand. 
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Figure A6-9. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) of the residue after 

evaporation of the reaction mixture between [U(OSi(OtBu)3)4], 1, 1 equiv. of KN3, and 1 

equiv. of 2.2.2. cryptand in thf at room temperature. 

 

Figure A6-10. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) of the residue after 

evaporation of the reaction mixture between [U(OSi(OtBu)3)4], 1, 1 equiv. of KN3, and 1 

equiv. of 2.2.2. cryptand in thf at room temperature and left in toluene overnight. 
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Figure A6-11. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of the reaction mixture between 

[U(OSi(OtBu)3)4], 1, 5 equivs. of KN3, and 5 equivs. of 2.2.2. cryptand in thf at RT. 

 

Figure A6-12. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) of the reaction mixture 

between [U(OSi(OtBu)3)4], 1, 5 equivs. of KN3, and 5 equivs. of 2.2.2. cryptand in thf at 

room temperature. 
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Figure A6-13. 1H NMR spectrum (400 MHz, 298K, d8-thf) after irradiation of isolated 

[NBu4]-2 in thf for 5 minutes. 

 

 

Figure A6-14. 1H NMR spectrum (400 MHz, 298K, d8-thf) after irradiation of isolated 

[NBu4]-2 in thf after 30 minutes. 
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Figure A6-15. 1H NMR spectrum (400 MHz, 298K, d8-thf) of isolated crystals of 3. 

 

Figure A6-16. 1H NMR spectrum (400 MHz, 298K, d8-toluene) of isolated crystals of 3. 
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Figure A6-17. 1H NMR spectra (400 MHz, 298 K, d8-toluene) of a) complex 3 and b) after 

addition of 10 equivs. of [K(18c6)]I to 3. 

 

Figure A6-18. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of 3 after addition of 10 equivs. 

of [K(18c6)]I in thf. 
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Figure A6-19. 1H NMR spectra (400 MHz, 298 K, d8-toluene) of (a) complex 3 and (b) after 

addition of 10 equivs. of [K(crypt)]I. The left side image shows a zoom in the [2.15;1.65] 

ppm region. 

 

Figure A6-20. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of 3 after addition of 10 equivs. 

of [K(crypt)]I in thf. 
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Fig. S21. 1H NMR spectrum (400 MHz, 298K, d8-thf) after irradiation of [NBu4]-2 in thf for 

5h. 
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Figure A6-22. 1H NMR spectrum (400 MHz, 298K, d8-thf) after irradiation of [NBu4]-2 in 

thf for 8h. 

 

 

Figure A6-23. 1H NMR spectrum (400 MHz, 298K, d8-toluene) after irradiation of [NBu4]-2 

in toluene for 2h. 
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Figure A6-24. 1H NMR spectrum (400 MHz, 298K, d8-toluene) after irradiation of [NBu4]-2 

in toluene for 5h. 

 

 

Figure A6-25. 1H NMR spectrum (400 MHz, 298K, d8-toluene) after irradiation of [NBu4]-2 

in toluene for 7h. 
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Figure A6-26. 1H NMR spectra (400 MHz, 298K, d8-toluene) showing the evolution of the 

irradiation of isolated [K(18c6)]-2 in toluene. 

 

 

 

Figure A6-27. 1H NMR spectrum (400 MHz, 298, d8-thf) of the irradiation of [K(18c6)]-2 in 

thf for 30 minutes. 
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Figure A6-28. 1H NMR spectrum (400 MHz, 298, d8-thf) of the irradiation of [K(18c6)]-2 in 

thf for 1h. 

 

 

 

Figure A6-29. 1H NMR spectrum (400 MHz, 298, d8-thf) of the irradiation of [K(18c6)]-2 in 

thf for 3 hours. 
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Figure A6-30. 1H NMR spectra (400 MHz, 298K, d8-toluene) of the irradiation of 

[K(crypt)]-2 in  toluene for 1 hour. 

 

 

Figure A6-31. 1H NMR spectra (400 MHz, 298K, d8-toluene) of the irradiation of 

[K(crypt)]-2 in toluene for 2 hours. 
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Figure A6-32. 1H NMR spectrum (400 MHz, 298K, d8-thf) after irradiation of [K(crypt)]-2 

in thf for 30 minutes. 

 

 

Figure A6-33. 1H NMR spectrum (400 MHz, 298K, d8-thf) after irradiation of [K(crypt)]-2 

in thf for 3h. 
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Figure A6-34. 1H NMR spectrum (400 MHz, 298K, d8-thf) after irradiation of [K(crypt)]-2 

in thf for 4h. 

 

 

Figure A6-35. 1H NMR spectrum (400 MHz, 298K, d8-thf) after irradiation of 3 in thf for 5h. 
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Figure A6-36. 1H NMR spectrum (400 MHz, 298K, d8-thf) after irradiation of 3 in thf for 7h. 

 

 

Figure A6-37. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) after irradiation of 3 for 30 

minutes. 

 

 



 380 

Figure A6-38. 1H NMR spectrum (400 MHz, 298K, d8-toluene) after irradiation of 3 in 

toluene for 5h. 

 

Figure A6-39. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) after irradiation of 

[K(crypt)]-3 for 30 minutes.  

 

 

Figure A6-40. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) after irradiation of 

[K(crypt)]-3 for 2h.  



 381 

 

Figure A6-41. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) after irradiation of 

[K(18c6)]-3 for 10h.  

 

 

 

Figure A6-42. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) after irradiation of NBu4-2 

under 1 atm of CO in toluene for 5h.  
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Figure A6-43. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of the reaction mixture between 

3 and 1 atm of CO. 

 

 

Figure A6-44. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of isolated complex 4. 
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Figure A6-45. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) of isolated complex 4. 

 

 

 

Figure A6-46. 13C NMR spectrum (151 MHz, 298 K, d8-toluene) of isolated complex 13C-4. 
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Figure A6-47. 13C NMR spectrum (151 MHz, 298 K, D2O) of the hydrolysis of isolated 

complex 13C-4 with pD=12 D2O. d6-dmso was added as a reference. 

 

 

Figure A6-48. 1H NMR spectrum (400 MHz, 298 K, d8-thf) after addition of 1 equiv. of 

Me3SiI to 4 formed in situ. 
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Figure A6-49. 13C NMR spectrum (151 MHz, 298 K, d8-thf) after addition of 1 equiv. of 

Me3SiI to 4 formed in situ. 

 

 

Figure A6-50. 1H NMR spectrum (400 MHz, 298 K, d6-dmso) of the residue after 

evaporation of the addition of excess 2 M HCl (Et2O) to complex 3. 
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Figure A6-51. 1H NMR spectrum (400 MHz, 298 K, d6-dmso) of the volatiles of the reaction 

mixture between 3, H2O, and CoCp*2 collected in excess HCl (2M Et2O). 

 

 

Figure A6-52. 1H NMR spectrum (400 MHz, 298 K, d6-dmso) of the volatiles of the reaction 

mixture between 3 and H2O collected in excess HCl (2M Et2O). 
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Figure A6-53. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of the reaction mixture between 

3 and 1 equiv of 2,6-tertbutylphenol. 

 

Figure A6-54. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of the reaction mixture between 

3 and 1 equiv of AgBPh4. 
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X-ray Crystallographic Details and Refinement Data 

 

The diffraction data for the analysed crystal structures were collected at 140 K using 

Mo ([NBu4]-2, [K(crypt)]-2 and 4) or Cu (3)  radiation on a Rigaku SuperNova dual system 

in combination with Atlas type CCD detector. The data reduction and correction were carried 

out by CrysAlisPro.1 

The solutions and refinements were performed by SHELXT2 and SHELXL3, 

respectively. The crystal structures were refined using full-matrix least-squares based on F2 

with all non-H atoms defined in anisotropic manner. Hydrogen atoms were placed in calculated 

positions by means of the “riding” model.  

The refinement of the crystal structures was complicated by positional disorder. It could 

affect – in particular – the tert-Butyl substituents of the ligand, the solvent molecules (toluene 

in our case) and the entire ligand itself. The split method was employed to take this disorder 

into account, in combination with a series of restraints dealing with atomic distances (bond 

lengths, essentially) and atomic displacement parameters (adp). These restraints correspond to 

the following instructions (SADI, RIGU, SIMU) of the SHELXL3 software.  
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Table A6-1. Crystal data and structural refinement parameters for complexes 
[NBu4][U(OSi(OtBu)3)4N3], [NBu4]-2, [K(crypt)(µ-N3)U(OSi(OtBu)3)4], [K(crypt)]-2,  and 
[NBu4][U(OSi(OtBu)3)4N], 3. 

 [NBu4]-2 [K(crypt)]-2 3 

Formula C71H152N4O16Si4U  C66H144KN5O22Si4U  C78H160N2O16Si4U 
Crystal size (mm) 0.28×0.16×0.10  0.43×0.13×0.09  0.16×0.12×0.07  

Crystal System triclinic  triclinic triclinic 
Space Group P-1 P-1 P-1  
Volume (Å3) 4525.4(3) 9498.7(4)  4651.24(10)  

a (Å) 13.7935(5)  14.2473(3)  14.10407(17)  
b (Å) 18.2700(6)  24.0781(5)  16.7659(2)  
c (Å) 18.3454(7)  27.7546(7)  19.9097(2)  

 (°) 91.909(3)  90.6362(19)  88.6774(9)  

 (°) 91.064(3)  93.3686(18)  81.8561(10)  

 (°) 101.560(3)  91.8783(17)  86.4823(10)  

Z 2 4 2 
Formula Weight 1668.35  1749.34  1732.46  
Density (g cm−3) 1.224  1.223  1.237  

 (mm−1) 1.903  1.863  5.857  

F(000) 1764 3672 1836 
Temperature (K) 140.00(10)  140.00(10) 140.00(10)  
Total Reflections 54845  94947 41424  

Unique Reflections 
Rint 

27594 
0.0491 

38753 
0.0462 

18050  
0.0194 

R Indices [I > 2σ(I)] R1 = 0.0561 
wR2 = 0.1184 

R1 = 0.0578 
wR2 = 0.1227 

R1 = 0.0188 
wR2 = 0.0449 

Largest Diff. Peak 
and Hole (e.A−3) 

2.374 and -1.652 1.798 and -1.404 0.790  and -0.767 

GooF 1.097 1.050 1.034 
F(000), structure factor evaluated in the zeroth-order case, h=k=l= 0; R(int) =∑|Fo2−Fo2(mean)| /∑[Fo2]; I, 
measured intensities; ‘Largest diff. peak and hole’, maximum and minimum electron density found in the final 
Fourier difference map; GooF, goodness of fit (= {∑ [w(Fo2−Fc2)2]/(n−p)}1/2, where n is the number of reflections 
and p is the total number of parameters refined). 
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Table A6-2.  Crystal data and structural refinement parameters for complex 

[NBu4][U(OSi(OtBu)3)4NCO], 4 

 

 4 5  

Formula C72H152N2O17Si4U C76H171AgN2O20Si5U 

Crystal size (mm) 0.26×0.25×0.18  0.26×0.12×0.10 

Crystal System triclinic orthorhombic 

Space Group P-1  Pbca 

Volume (Å3) 4535.89(16)  20208.9(9) 

a (Å) 13.8047(2)  18.7073(4) 

b (Å) 18.2614(4)  28.4660(8)  

c (Å) 18.3619(4)  37.9495(10) 

 (°) 91.9047(17)  90 

 (°) 91.0275(16)  90 

 (°) 101.2611(16)  90 

Z 2 8 

Formula Weight 1668.34  1919.49 

Density (g cm−3) 1.222  1.262  

 (mm−1) 1.898  1.911 

F(000) 1764 8080 

Temperature (K) 140.00(10) 140.00(10) 

Total Reflections 58441  203870  

Unique Reflections 

Rint 

30122  

0.0302 

24814 

0.0826 

R Indices [I > 2σ(I)] R1 = 0.0379 

wR2 = 0.0793 

R1 = 0.0771 

wR2 = 0.01300 

Largest Diff. Peak 

and Hole (e.A−3) 

2.489 and -1.520 2.882 and -1.577 

GooF 1.047 1.137 
F(000), structure factor evaluated in the zeroth-order case, h=k=l= 0; R(int) =∑|Fo2−Fo2(mean)| /∑[Fo2]; I, 

measured intensities; ‘Largest diff. peak and hole’, maximum and minimum electron density found in the final 

Fourier difference map; GooF, goodness of fit (= {∑ [w(Fo2−Fc2)2]/(n−p)}1/2, where n is the number of reflections 

and p is the total number of parameters refined). 

 U-Osil avg 

(Å) 

K1-N3 (Å) U1N1N2 

(°) 

U1-N1 (Å) N1-N2 

(Å) 

N2-N3 

(Å) 

[K(18c6)]-2 2.16(2) 2.562(6) 167.75(4) 2.351(7) 1.180(9) 1.226(11) 

[K(crypt)]-2 2.148(1) 3.3(1) 167.7(5) 2.379(6) 1.18(1) 1.145(6) 

[NBu4]-2 2.139(8) - 175.2(4) 2.375(4) 1.187(5) 1.65(6) 

 

Table A6-3. Comparison of the structural parameters of the U(IV) terminal azide complexes 

[K(18c6)]-2, [K(crypt)]-2, and [NBu4]-2 
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IR Spectra 
 

 

Figure A6-55. IR spectrum of isolated complex [K(18c6)]-2 in a Nujol suspension measured 

on KBr windows 

 

0

10

20

30

40

50

60

70

80

90

100

5001000150020002500300035004000

%
T

Wavenumber (cm-1 )



 392 

 

Figure A6-56. IR spectrum of isolated complex [NBu4]-2 in a Nujol suspension measured on 

KBr windows 
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Figure A6-57. IR spectrum of isolated complex 3 in a Nujol suspension measured on KBr 

windows 
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Figure A6-58. IR spectra comparison of isolated complex [NBu4]-2 (blue) and isolated 

complex 3 (orange) in the [1500-500] cm-1 region, with emphasis on the presence of the band 

at 977 cm-1 attributed to the UN triple bond in 3. 
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Figure A6-59. IR spectrum of isolated complex 4 in a Nujol suspension measured on KBr 

windows 
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UV-Vis-NIR Spectra 
 

 

Figure A6-60. UV-Vis-NIR spectrum of a 7.3 mM solution of NBu4-2 in toluene 
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Figure A6-61. UV-Vis-NIR spectrum of a 6.3 mM solution of [K(18c6)]-2 in toluene 

 

 

Figure A6-62. UV-Vis-NIR spectrum of a 10.2 mM solution of [K(crypt)]-2 in toluene 
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Figure A6-63. UV-Vis-NIR spectra of NBu4-2 (green), [K(18c6)]-2 (light blue), and 

[K(crypt)]-2 (violet) in toluene 

 

0

500

1000

1500

200 700 1200 1700

ε 
(M

-1
cm

-1
)

wavelenght (nm)

[K(18c6)]-2

NBu4-2

[K(crypt)]-2



 399 

 

Figure A6-64. UV-Vis-NIR spectrum of an 8.9 mM solution of 3 in toluene 

 

Figure A6-65. UV-Vis-NIR spectrum of a 7.8 mM solution of [K(18c6)]-3 in toluene 
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Figure A6-66. UV-Vis-NIR spectrum of a 6.5 mM solution of [K(crypt)]-3 in toluene 

 

Figure A6-67. UV-Vis-NIR spectra of 3 (red), [K(18c6)]-3 (orange), and [K(crypt)]-3 

(green) in toluene  
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Appendix for Chapter 7 

Synthesis of heteroleptic U(III) complexes 
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1. NMR Spectra  

 

Figure A7-1. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of isolated crystals of complex 

[U(OSi(OtBu)3)2I(thf)3], 1. 

 

Figure A7-2. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) of isolated crystals of 

complex [U(OSi(OtBu)3)(µ-OSi(OtBu)3)I(thf)]2, 2. 
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Figure A7-3. 1H NMR spectrum (400 MHz, 193 K, d8-toluene) of isolated crystals of 

complex [U(OSi(OtBu)3)(µ-OSi(OtBu)3)I(thf)]2, 2. 

 

 

Figure A7-4. 1H NMR spectrum (400 MHz, 298 K, d8-toluene) of the reaction mixture 

between complex 1 and cryptand, forming complex [U(OSi(OtBu)3)2(crypt)]I, 3 
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Figure A7-5. 1H NMR spectrum (400 MHz, 298K, d8-toluene) of isolated complex 

[U(OSi(OtBu)3)2(crypt)]I, 3 

 

 

 

Figure A7-6. 1H NMR spectrum (400 MHz, 298K, d8-toluene) of the reaction mixture 

between  [U(OSi(OtBu)3)2I(thf)3], 1 and 18c6 affording complex [U(OSi(OtBu)3)2(18c6)]I, 4 



 406 

 

 

Figure A7-7. 1H NMR spectrum (400 MHz, 298K, d8-toluene) of isolated complex 4. 

 

 

Figure A7-8. 13C NMR spectrum (100 MHz, 298 K, d8-toluene) of isolated complex 4. 
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Figure A7-9. 1H NMR spectrum (400 MHz, 298K, d8-toluene) of the reaction mixture 

between UI3(thf)4 and 2 equivs of KOArtBu in thf at a) -40°C, b) RT, c) 60°C affording 

complex 5. 

UI(OAr)2Py2

U(OAr)3

Toluene

c)

b)
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Figure A7-10. 1H NMR spectrum (400 MHz, 298K, d8-toluene) of isolated crystals of 5. 

 

Figure A7-11. 1H NMR spectra (400 MHz, 298 K, d5-pyridne) of the reaction mixture 

between complex 5 and one equivalent of 18c6 in pyridine (top) and the reaction mixture . 

between complex 5 and one equivalent of 18c6 in toluene 
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Figure A7-12. 1H NMR spectrum (400 MHz, 298K, d8-toluene) of the reduction of complex 

1 in toluene at 233K 

 

 

Figure A7-13. 1H NMR spectrum (400 MHz, 298K, d8-toluene) of the reduction of complex 

1 in toluene at 233K in presence of cryptand 
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Figure A7-14. 1H NMR spectra (400 MHz, 298K, d8-thf) of the reduction of complex 1 in thf 

at 233K 

 

Figure A7-15. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of the reduction of complex 1 in 

thf at 233K in presence of cryptand 
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Figure A7-16. 1H NMR spectrum (400 MHz, 193K, d8-thf) of the reduction of complex 2 in 

Et2O at 193K in presence of cryptand 

 

Figure A7-17. 1H NMR spectrum (400 MHz, 298 K, d8-thf) of the reduction of complex 2 in 

Et2O at 193K in presence of cryptand and tmeda 
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2. X-ray Crystallographic Details and Refinement Data 
 

Table A7-1. Crystal data and structural refinement parameters for complexes 1, 2, and 3 

 

 1 2 3 
Formula C36H78IO11Si2U C56H124I2O18Si4U2  C42H90IN2O14Si2U  

Crystal size (mm) 0.28×0.17×0.07 0.20×0.04×0.03  0.38×0.04×0.03  

Crystal System monoclinic  triclinic monoclinic  

Space Group P21/n P1  I2/a  

Volume (Å3) 4830.05(17)  2085.39(9)  12249.5(9)  

a (Å) 9.0645(2) 10.2044(2)  13.8627(6)  

b (Å) 20.0871(4) 14.1838(4)  36.9774(16)  

c (Å) 26.5271(5)  15.4276(4)  23.9810(11)  

 (°) 90 96.298(2)  90 

 (°) 90.106(2)  99.9102(19)  94.810(4)  

 (°) 90 105.976(2)  90 

Z 4 1 8 

Formula Weight 1108.09  1927.76  1268.26  

Density (g cm−3) 1.524  1.535  1.375  

 (mm−1) 15.343  17.640  12.218  

F(000) 2220 950 5128 

Temperature (K) 100.01(10)  140.00(10) 140.00(10)  

Total Reflections 9468  16127  43555  

Unique Reflections 
Rint 

9401  

n/a 

8071  

0.0251 

11971  

0.0781 

R Indices [I > 2σ(I)] R1 = 0.0587 

wR2 = 0.1544 

R1 = 0.0229 

wR2 = 0.0548 

R1 = 0.0470 

wR2 = 0.1199 

Largest Diff. Peak 
and Hole (e.A−3) 

4.436 and -4.296 1.444 and -1.418 1.869 and -2.937 

GooF 1.235 1.024  1.086 
F(000), structure factor evaluated in the zeroth-order case, h=k=l= 0; R(int) =∑|Fo2−Fo2(mean)| /∑[Fo2]; I, 
measured intensities; ‘Largest diff. peak and hole’, maximum and minimum electron density found in the final 
Fourier difference map; GooF, goodness of fit (= {∑ [w(Fo2−Fc2)2]/(n−p)}1/2, where n is the number of reflections 
and p is the total number of parameters refined). 
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Table A7-2.  Crystal data and structural refinement parameters for the complexes 4 and 6 

 

 4 6 

Formula C36H78IO14Si2U C38H52IN2O2U  

Crystal size 

(mm) 

0.143 x 0.064 x 

0.063 

0.33×0.09×0.07  

Crystal System monoclinic monoclinic  

Space Group P21/c P21/c  

Volume (Å3) 5560.1(2) 3756.79(12)  

a (Å) 9.2102(2) 15.8176(3) 

b (Å) 29.4866(7) 14.3825(2) 

c (Å) 20.4867(4) 17.9002(3) 

 (°) 90 90 

 (°) 92.066(2) 112.700(2) 

 (°) 90 90 

Z 4 4 

Formula Weight 1156.09 933.74  

Density (g 

cm−3) 

1.381 1.651 

 (mm−1) 13.394 18.857  

F(000) 2316 1820 

Temperature 

(K) 

139.99(10) 140.01(11)  

Total 

Reflections 

45516  21367 

Unique 

Reflections Rint 

11501  

0.0723 

7752 

0.0331 

R Indices [I > 

2σ(I)] 

R1 = 0.0600 

wR2 = 0.1533 

R1 = 0.0355 

wR2 = 0.0951 

Largest Diff. 

Peak and Hole 

(e.A−3) 

4.088 and -3.487 2.554 and  

-3.018 

GooF 1.115 1.075 
F(000), structure factor evaluated in the zeroth-order case, h=k=l= 0; R(int) =∑|Fo2−Fo2(mean)| /∑[Fo2]; I, 

measured intensities; ‘Largest diff. peak and hole’, maximum and minimum electron density found in the final 

Fourier difference map; GooF, goodness of fit (= {∑ [w(Fo2−Fc2)2]/(n−p)}1/2, where n is the number of reflections 

and p is the total number of parameters refined). 
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3. Magnetic measurements 
 

 

 

Figure A7-18. µeff vs T for complex 1 

 

Figure A7-19. µeff vs T for complex 2 
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Figure A7-20. µeff vs T for complex 3 

 

 

Figure A7-21. µeff vs T for complex 4 
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Figure A7-22. Hysteresis curve for complex 1 between -5 and 5 T at 2K 

 

 

 

 

 

Figure A7-23. Hysteresis curve for complex 2 between -5 and 5 T at 2K 
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Figure A7-24. Hysteresis curve for complex 3 between -5 and 5 T at 2K 

 

 

Figure A7-25. Hysteresis curve for complex 4 between -5 and 5 T at 2K 
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Figure A7-26. Frequency dependence of the dynamic susceptibility of complex 2 at different 

fields at 2K. 
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