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Small Molecule Activation by Multimetallic Uranium 
Complexes Supported by Siloxide Ligands  
Luciano Barluzzi, a Marta Falcone, a  and Marinella Mazzanti,*a  

The synthesis and reactivity of uranium compounds supported by  the tris- tertbutoxysiloxide ligand is surveyed. The multiple 
binding modes of the tert-butoxysiloxide ligand have proven very well suited to stabilize highly reactive homo- and 
heteropolymetallic complexes of uranium that have shown an unusual high reactivity towards small molecules such as CO2, 
CS2, chalcogens and azides. Moreover, these ligands have allowed the isolation of dinuclear nitride and oxide bridged 
complexes of uranium in various oxidation states. The ability of the tris- tertbutoxysiloxide ligands to trap alkali ions in these 
nitride or oxide  complexes leads to unprecedented ligand based and metal based reduction and functionalization of N2, CO, 
CO2 and H2

Introduction 
In the current energetic context, the search for renewable 
alternatives to fossil fuels is attracting increasing attention 
towards 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 and renewable C1 source 
and as such, the possibility of using it in fine chemical synthesis, 
or converting it into liquid fuels is highly attractive.1 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, 
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 remains 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. Notably, the ability of 5f orbitals 
to participate in bonding, associated with the large size of the 
ion, its multiple oxidation states, and variable geometries and 
coordination numbers, confers unique properties and reactivity 
to uranium compounds rendering them a competitive 
perspective in catalytic applications.2 Uranium compounds have 
demonstrated unique reactivity in the activation of inert bonds 
such as C-H 3 and of small molecules such as CO2, CO, H2, H2O, 
N2.4 It has also been demonstrated that uranium compounds 
can be implemented in synthetic cycles on the cusp of catalysis, 
including the remarkable transformation of CO and H2 into 
methanol in ambient conditions.4b, 5 Moreover, molecular 
uranium compounds have been recently used to develop 
efficient electrocatalysts6, while uranium(III) nitride materials 
were reported since 1910 to act as effective catalysts for the 
Haber process.7 Efforts in this area have been summarized in 
several recent reviews.2b, 4c, 8 Here we just recall some examples 
that are most relevant for the work presented in this feature.  
 
A few rare examples of mononuclear complexes of uranium 
binding CO, 9 N210 or CO24a in a terminal fashion were reported 
(Figure 1). 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 
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unprecedented end-on bound CO2 unit. The structural and 
spectroscopic data suggested the presence of a U(IV) complex 
of the charge-separated CO2–× radical anion (U(IV)–(OCO–×).4a 
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.11 Beside this very unique example, 

reduction of CO, CO2 or N2 at U(III) centres involves, in the vast 
majority of reported studies, mono-electron transfer by 
mononuclear complexes of uranium (III). In most cases two 
mononuclear complexes bind the substrate and effect 
reduction to afford a dinuclear complex where two uranium(IV) 
centres are bridged by the reduced substrate. In these systems, 
each uranium ion is involved in one-electron transfer process. 
Computational studies have shown that both uranium 
cooperatively participate in the activation of the substrate.  
In Scheme 1 and 2 some key examples of this type of reactivity 
with CO2,12 CS2,13 CO14 and N215,10 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.4c, 12  
CO reduction by U(III) mixed sandwich or amide complexes 
afforded a range of linear and cyclic homologation products 
(CnOn)2–, the ethynediolate5b, 14, 16  (n = 2), deltate (n = 3) 14, and 
squarate (n=4)17 dianions. 
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 015  to -
218(Scheme 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.15, 18  
These results anticipated that cooperative binding of substrates 
by homo- and hetero-multimetallic U(III) complexes would be 

more effective in the reduction of small molecules but examples 
of such systems remain extremely rare for uranium.4d, 19,19d 

Particularly relevant is the fact that the first example of two-
electron reduction of N2 at a uranium centre was reported for a 
heterodimetallic U/Mo system (Scheme 3).19b 

The only example of dinitrogen cleavage reported for 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 a highly reactive U(II)  intermediate.20 So far, 
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uranium(III) system has not been reported , but carefully 
tailored multimetallic complexes should be able to effect such 
transformations and some progresses in this direction are 
presented in this article. 

Siloxides as supporting ligands in uranium 
chemistry 
A broad range of siloxide ligands have been used in d-block 
chemistry21 and, to some extent, in lanthanide chemistry.22 
However, beside the recent work from our group featured in 
this article, only one additional example of the use of siloxides 
in uranium chemistry has been reported.23 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).23 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)} 
alongside with other byproducts. The complex was shown to be 
very stable and to contain a reduced N22- moiety, but no 
reactivity of the bound N2 was reported.  
 
The tris- tertbutoxysiloxide ligand 

Tert-butoxysiloxide ligands have multiple binding modes (Figure 

2) and have been used extensively as supporting ligands in d- 
block chemistry21c, 24 and more sparsely in lanthanide 
chemistry22a, 22d, 22e, 22h, 25 , but never, prior to the work of our 
group, in uranium chemistry.  We found that tert-butoxysiloxide 
ligands can be used to build homopolymetallic or 

heteropolymetallic complexes of uranium in low oxidation 
state. Moreover, due to their lower basicity, they are less prone 
to insertion of small molecules in the M-L bond as found for 
monodentate phenoxides18a or amides26 (Scheme 4). Such 
properties make them attractive supporting ligands for the 
design of metal complexes capable of promoting small molecule 
activation.4d, 22e 
 

Synthesis of uranium siloxide complexes 
The homoleptic U(IV) complex [U(OSi(OtBu)3)4], 1 is easily 
obtained from the reaction of [UI4(OEt2)2] with the potassium 
salt of the tris-tertbutoxysiloxide ligand (Scheme 5).27 The solid-
state structure of crystals of 1, isolated from hexane4d, clearly 
shows the ability of the siloxide 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.27 
The reaction of 1 with 1 equiv of KC8 at room temperature leads 
to the formation of the neutral heterodimetallic U(III) “ate” 
complex [KU(OSi(OtBu)3)4], 2. 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 2. 
Addition of crown ether to 2 affords the ion-pair analogue 
[K(18c6)][U(OSi(OtBu)3)4], 3.19a 
The homoleptic dinuclear complex of U(III) [U(OSi(OtBu)3)3]2, 4, 
can be synthesised in high yield from the metathesis reaction of 
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the tris amide complex [U(N(SiMe3)2)3] with the silanol ligand 
(Scheme 6).4d This dinuclear complex is stable in the solid state 
and in hexane at -40°C, but decomposes slowly at room 
temperature. 
Decomposition is fast when the solid is heated at 80°C  affording 

the dinuclear U(IV) complex [U(OSi(OtBu)3)2(µ-O2Si(OtBu)2)]2, 5. 
The formation of 5 from 4 involves the oxidative cleavage of two 
tertbutyl groups  from the siloxide ligand affording a new 
dianionic silandiolate ligand.28 The heteroleptic complex 5 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)]2 6 in high yield. 
Complex 6 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 4 is also unstable in toluene, 
where clean reduction of toluene occurs to afford the inverted 
arene sandwich [{U(OSi(OtBu)3)3}2(µ-h6:h6-C7H8)], 7 which was 
identified as the product of four-electron reduction of toluene 
(U(V)-(arene)4--U(V)). Complex 4 dissociates in coordinating 
solvents (THF) to afford the mononuclear solvate analogue. 
The complexes 2, 3 and 4 provide a versatile platform to 
investigate cooperative effects in small molecule activation by 
U(III) complexes. 
Reactivity of siloxides-supported uranium 
complexes 
 

Reaction with heteroallenes (CO2 and CS2) 

In scheme 7 are summarized the reactions of the complexes 2, 
3 and 4 with CS2. The dinuclear complex [U(OSi(OtBu)3)3]2, 4, 
effects the two-electron reaction of CS2 in ambient conditions 
to afford [{U(OSi(OtBu)3)3}2{ µ-CS2}], 84d where the CS22- ligand 

bridges two U(IV) centres in a rare29 µ-h2(C,S1):h2(S1,S2) 

fashion. This is only the second example of a diuranium(IV) 
complex bridged by a CS22- ligand. The [(RC5H4)3U]2[µ-η1:η2-CS2] 
complex was obtained from the reduction of CS2 by the U(III) 
complex [(RC5H4)3U]. 13 
In contrast, Meyer et al. reported the formation of a mixture of 
trithiocarbonate and a tetrathiooxalate complexes from 
reduction of CS2 by the trivalent uranium complex of a 
multidentate phenolate [(AdArO)3N)U(DME)].30 DFT studies on 
these phenolate systems identified a CS22- bridged U(IV)/U(IV) 
dimer as the most reasonable intermediate in the formation of 
trithiocarbonate and tetrathiooxalate, 31 but this intermediate 
was not experimentally observed. In contrast, DFT studies 
indicated that complex 8 is the most stable product of the 
reaction of 4 with 1equiv of CS2 and that any further reaction 
from the bimetallic complex 8 to yield sulfide, thiocarbonate or 
tetrathiooxalate complexes are either thermodynamically or 
kinetically unfavourable, in agreement with the experimental 
observation of the complex 8 as the only product.4d  
However, when the number of siloxide ligands bound to the 
uranium(III) centres is increased from 3 to 4, the reaction with 
CS2 proceeds differently, leading to the formation of the 
reductive coupling and disproportionation products that are 
rapidly released from the coordination sphere of the metal 
centre due to the steric bulkiness of the “ate” complexes.32 The 
“ate” complex 3, and the heterodimetallic 2 both effect the 
parallel reductive dimerization and reductive 
disproportionation of CS2. However, 13C NMR studies show that 
the presence of the bound Lewis acidic potassium cation in 2 
leads preferentially to the reductive dimerization of CS2, while 
the reductive disproportionation pathway is favoured by the 
“ate” complex 3. The unstable intermediates [U(OSi(OtBu)3)4(μ3-
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bound trithiocarbonate,  and bound dmit dianion (dmit2- = C3S52- 
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of C2S42- with CS) were isolated and crystallographically 
characterized.32  
The terminal trithiocarbonate 9 was found to rapidly release the 
K2CS3 substrate, rendering the system attractive for the 
development of catalytic cycles.32 The differences in reactivity 
between complexes 3 and 2 were interpreted in terms of 
different multimetallic U-K cooperativity. In contrast, the lower 
stability of the putative CS22- intermediates is probably the 
result of combined electronic and steric factors introduced by 
the additional electron-rich, bulky siloxide present in 3 and 2 
compared to 4.  
CO2 also reacts in ambient conditions with complexes 2, 3 and 
4. The reactions are summarized in Scheme 8. 
The dinuclear tris-siloxide complex 4 effects the reductive 
disproportionation of CO2 to afford the carbonate-bridged 
diuranium(IV) complex [{U(OSi(OtBu)3)3}2{µ-η1:η2-CO3}], 11, and 

CO.4d The reductive disproportionation of CO2 to CO and 
uranium carbonate derivatives had been previously reported 
for mixed sandwich U(III), 12 and tris(aryloxide) systems.5a, 33 
However, the reaction mechanism proposed for the reaction of 
4 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)]–(CO22−)–[U(IV)]. The 
oxo dimer further inserts a second CO2 molecule to afford the 
final carbonate.34 In contrast, in the case of 4 the carbonate 
complex formation occurs through an alternative mechanism 
where the attack of CO2 and release of CO are concerted.4d  
This concerted mechanism of CO2 reduction is probably 
favoured by the dinuclear nature of complex 4, which is, so far, 
the only dinuclear complex of uranium reported to activate CO2. 
The reactivity of 4 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.18a, 26 This could be ascribed 
to the different electronic and steric properties of the siloxide 
supporting ligand confirming their interest as alternative 
ancillary ligand in U(III) chemistry. However, the role of the 
dimetallic nature of complex 4 should not be underestimated. 
The ion pair complex 3 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], 12, and the U(IV) 
complex 1. Complex 12 shows higher stability compared to 11 
with respect to ligand scrambling 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.19a 
Thus, both the dinuclear tris-siloxide complex 4 and the 
mononuclear tetrasiloxide complex 3 promote selectively the 
reductive disproportionation of CO2. This reactivity is 
remarkably different from the reactivity with CS2. Notably, the 
tris-siloxide 4 leads to a stable [{U(OSi(OtBu)3)3}2{ µ-CS22-}] 
intermediate, while both reductive disproportionation and 
reductive dimerization of CS2 were observed with the bulky 
tetrasiloxide complex 3. The pathway leading to reductive 
dimerization of CO2 to oxalate was not observed for 3. 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.35 In 
contrast, the heterodimetallic complex 2 shows a dramatically 
different and unprecedented (in uranium chemistry) reactivity 
with CO2. Complex 2 effects the two-electron reduction of CO2 
in ambient conditions leading to the terminal U(V) oxo complex 
[UO(OSi(OtBu)3)4K], 13 and CO.19a 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 reductive cleavage of CO2 had been previously 
reported but involved the concerted oxidation of two U(III) 
complexes.11 Notably, addition of carbon dioxide to the U(III) 
complex [((tBuArO)3tacn)U] resulted in the formation of an oxo-
bridged diuranium(IV) species with extrusion of carbon 
monoxide. In general, all previously reported examples of CO2 
reduction by U(III) complexes involved two metal complexes 
transferring one electron each.4c, 35-36 The reactivity of the 
heterodimetallic complex 2 is remarkable both because two-
electron redox transfer is generally rare in uranium chemistry27, 

37 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.38 U(V) mono-oxo complexes have also been 
obtained by the reductive cleavage of nitrite by a U(IV) 
complex,39 and from the metathesis of a U(V)−imido complex 
with CO2.40 The dramatic difference in the reactivity of 
complexes 2 and 3 with carbon dioxide was explained in terms 
of the presence of a coordinated potassium cation in proximity 
to the uranium centre in complex 2. The association of a highly 
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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.41 DFT studies support 
the significant influence of the potassium atom as well as the 
cooperative effect between the metal centres in CO2 
transformation.19a   
 
Reaction with chalcogen transfer reagents; synthesis of 
chalcogenide complexes 

 
Activation of chalcogens and functionalization of chalcogenides 
is attracting increasing interest in uranium chemistry42 due to 
its relevance in catalysis and in spent nuclear fuel processing. 
However, examples of activation of elemental chalcogens by 
uranium compounds remain relatively scarce and have mostly 

resulted in the single electron oxidation of the uranium centre 
even in the presence of an excess of chalcogen, which is 
formally a two-electron oxidizing agent. Notably, U(III) 
mononuclear complexes are known to promote the reduction 
of elemental sulfur providing a pathway to sulfide bridged 
diuranium(IV) complexes (Scheme 9 shows a representative 
example from ref37a). 37a, 43 In contrast, the reaction of a 
dinuclear U(III) complex with excess sulfur was reported to lead 
to a persulfide bridged diuranium(IV) complex.19c The formation 
of the persulfide versus sulfide species could be explained by a 
cooperative binding of sulfur by the two metal centres 
associated to simultaneous one electron transfer, while the 
reaction of mononuclear U(III) complexes is likely to proceed via 
the formation of a terminal U(V) sulfide that further reacts with 
another U(III) complex. The first terminal U(IV) sulfide was 
reported by Hayton and coworkers by using a ylide protecting 
group that disfavours the formation of bridging sulfide 
complexes during sulfur transfer from S8 to U(III) amido 
complex.44 Single electron chalcogen reduction was also 
reported for dimeric bis(imido) U(V) complexes leading to the 
formation of E2- or [E4]2- (E = S, Se) bridged diuranium(VI) 
complexes.45  

The use of bulky ligands has often been employed to favour the 
formation of terminal sulfide complexes. However, the reaction 
of [KU(OSi(OtBu)3)4], 2 with 0.125 equiv S8 leads to a complex 
mixture of compounds from which the disulfide 

[K2U(S2)(OSi(OtBu)3)4]2, 14 and the trisulfide [K(µ-S2)(µ-
S3){U(OSi(OtBu)3)3}2]2, 15 diuranium(IV) dimer were isolated46 
(Figure 3).  
In contrast, a rare potassium capped ([SU(OSi(OtBu)3)4K2]2), 16 
or non-capped ([SU(OSi(OtBu)3)4K][Kcryptand]), 17 U(IV) 
terminal sulfide, (Scheme 10)  could be selectively formed by 
reacting 2 with Ph3PS with or without the presence of 
cryptand.46  
Interestingly, if 2 is pre-treated with cryptand, no reaction is 
observed whit Ph3PS, which unambiguously demonstrated that 
the presence of a bound potassium cation is crucial in the S-
transfer reaction between [U(OSi(OtBu)3)4K] and Ph3PS. This 
dramatic difference in reactivity was explained in terms of steric 
differences leading to a reduced access of the S8 substrate to 
the metal centre. However, cooperative binding of uranium and 
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potassium centre to the sulfur are likely to play an important 
role in reactivity.  
A few studies of the reactivity of bridging and terminal 
chalcogenides have been reported with different ancillary 

ligands. Terminal47 and bridging48 chalcogenides were reported 
to further activate elemental chalcogens to afford terminal and 
bridging  polychalcogenido uranium complexes respectively. 
The activation of CS2, CO2, and COS by chalcogenide-bridged 
complexes has also been reported for the  [{((AdArO)3N)U}2(μ -
E)] (E =S, Se) and leads to trithiocarbonate bridged [{((AdArO)3 
N)U}2(μ−κ2:κ2-CS3 )]31 and mixed-chalcogeno carbonate bridged 
complexes of the types U−CO2E−U (E = S, Se), U−CS2E−U (E = O, 
Se), and U−COSSe−U.49  
In our group, we investigated the reactivity of the capped and 
terminal sulfides with S8, CS2 and CO2 (Scheme 11). Excess sulfur 
leads to polychalcogenide-bridged complexes as a result of loss 
of one siloxide ligand, but the reaction with CS2 leads to the 
formation of terminal trithiocarbonate complexes that release 
the bound K2CS3 over time. The trithiocarbonate intermediate 
complex [U(OSi(OtBu)3)4(μ3-k2:k2: k2-CS3)K2(18c6)2],9, was 
isolated and crystallographically characterized from the direct 
reaction of the ion-pair complex [K(18c6)][U(OSi(OtBu)3)4], 3, 
with CS2. 32 The reaction of the terminal sulfide 17 with CO2 
leads to free COS probably from the decomposition of a U(IV)-
CO2S intermediate.46  
Surprisingly, U(V) terminal sulfides could not previously be 
obtained from the activation of S8 by U(III) complexes, probably 
due to the high nucleophilic nature of such compounds that 
results in fast reaction with unreacted U(III). We succeeded in 
preparing the first example of a terminal U(V) terminal sulfide 
via metathesis of the U(V) imido [K(2.2.2-
cryptand)][U(NAd){OSi(OtBu)3}4], 1827 (see the following 
chapter for the synthesis of imido complexes) with H2S to give 
[K(2.2.2-cryptand)][US{OSi(OtBu)3}4], 19 (Scheme 12).50 Based 
on DFT calculations, triple-bond character with a strong 
covalent interaction is suggested for the UV=S bond. The 
terminal U(V) sulfide rapidly reacts with CS2 to afford a terminal 
U(V) trithiocarbonate [K(2.2.2-cryptand)][U(CS3){OSi(OtBu)3}4], 
20 that was also obtained from the metathesis of 18 with CS2 
probably via the highly reactive terminal U(V) sulfide 
intermediate. 50 

In contrast to the difficulty encountered in obtaining terminal 
sulfide complexes, the formation of a terminal U(V) monoxo 

complex is quite straightforward and can be achieved by 
reacting the bulky tetrasiloxide complex 2 with pyridine N-oxide 
or even with CO2.  
Several diuranium(IV) oxo-bridged have been reported, 5a, 33, 38, 

51 but, surprisingly, the controlled synthesis of a diuranium(IV) 
bridging oxide revealed to be significantly more difficult than 
expected with tris-tertbutoxysiloxide as supporting ligand. 
Notably, the reaction of 4 with classical oxygen transfer agents 
such as PyNO, Me3NO or N2O only led to complicated mixtures 
of products including uranyl(VI) species. Only the use of the N2O 
adduct of the N-heterocyclic carbene 1,3-dimesitylimidazol-2-
ylidene (IMes) IMesN2O52 in THF at –80°C (Scheme 13) allowed 
the synthesis of the oxo-bridged diuranium(IV) complex 
[{U(OSi(OtBu)3)3}2(μ-O)], 21, in 79% yield.53 The ability of the 
IMesN2O to selectively produce the oxodiuranium(IV) complex 
could be due to the higher reaction rates of this reagent54 
compared to the other used oxygen transfer agents.  

 

S

U
+ CS2

+ CO2

+ S8 S

U
S

S

U
S
S

COS

S

U

S

S
KK

2 U(OSi(OtBu)3)4
+ 2 K2CS3

NAd

UV
O

OO
O

S

UV
O

OO
O

UV
O

OO
O

S S

S

18

19

20

- H2NAd

- S=C=NAd
CS2

H2S

K
N

O O
N

OO
O O

K
N

O O
N

OO
O O

K
N

O O
N

OO
O O

UIII O
O UIII

O

O
O

O

O Si

OSi
-80 °C

IMesN2O

N N
Mes

Mes

N
N

O

UIV

O

O

O

O
Si

UIV

O

O

O
O

Si

Si
O

O

5 KC8

UIII
O

UIII

O
K O

KO O

O
O

Si

O

SiO

4

21

22

– 80 °C



ARTICLE Journal Name 

8  | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Oxo-bridged molecular complexes are attractive models for 
metal oxide catalysts but usually contain metal centres in high 
oxidation state. The unique example of a crystallographically 
characterized U(III)-O-U(III) complex55 was obtained from 
adventitious oxygen source during the reduction of a U(III) 
complex. The reduction of the oxo-bridged diuranium(IV) 
complex, 21, leads to the multimetallic U(III) complex 
[K2{[U(OSi(OtBu)3)3]2(μ-O)}], K2U-O-U, 22. This result confirms 
the ability of the tertbutoxysiloxide ligand to stabilize 
multimetallic complexes of uranium in low oxidation states  and 
provides a new precursor for studying the reactivity of dinuclear 
complexes of U(III) with small molecules.  
 
Reaction with organic azides 

The diuranium(III) complex 4 and the ion pair complex 3 show a 
different reactivity with organic azides (Scheme 14 and Scheme 
15). Complex 4 reacts with adamantyl azide affording the U(IV) 
complex [U(OSi(OtBu)3)4], 1, and a dinuclear bis-imido complex 
of uranium(VI) [U2(NAd)4(OSi(OtBu)3)4], 26. The bis-imido 
complex presents a cation-cation interaction56 (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 UO22+ moiety. The dinuclear complex 26 provided the first 
example of a uranium(VI) trans-bisimido complex showing a 
cation-cation interaction between the two imido groups. 
Examples of dinuclear bis-imido complexes are rare in uranium  
chemistry57 and they all present a diamond-shaped geometry. 
The reaction is likely to proceed with the formation of a U(V) 
azide that then disproportionates to U(VI) and U(IV) 
accompanied by ligand scrambling.  
The bulky environment provided by the four siloxides in 
complex 3 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,58 is probably the reason 
of the limited number of isolated compounds reported in the 

literature.37g However, such complexes may provide desirable 
precursors for reactivity studies or synthesis of otherwise non 
accessible compounds such as the terminal U(V) sulfide 19.  
 
Reaction with metal azides: synthesis of uranium nitrides 

In view of the high reactivity of the U(III) siloxide complexes with 
heteroallenes, we became interested in investigating their 
reactivity with the isoelectronic azide (N3-) 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 bonding37b, 59 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. 59b, 60 Moreover, 
we were particularly interested by the high activity of UN 
materials reported by Haber in the catalytic conversion of N2 
and H2 to NH3.7 The first examples of uranium nitrides were 

obtained by Evans and then by our group from the reaction of 
U(III) complexes with metal azides, but led to multimetallic (3-8 
uranium atoms) clusters containing both bridging nitrides and 
bridging azide ligands.61 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.62 Only a 
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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. 27, 37b, 59b, 63   
We found that only the dinuclear complex 4 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 3 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], 
27  and of the di µ-nitride diuranium(V) complex [KU(µ-
N)(OSi(OtBu)3)]2 28.27  (Scheme 16). 
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 28 is the 
presence of two nitride atoms bridging two U(V) centres in a 
diamond-shaped geometry. Complex 28 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 activation64 and by the isolated 
terminal U(V) nitride. 37b 
The reaction of the dinuclear tris-siloxide complex 4 with CsN3 
(Scheme 17) affords the nitride bridged diuranium(IV) complex 
[Cs(μ-N){U(OSi(OtBu)3)3}2], 29 in 47% yield.27 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 29 (Figure 4) 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 °).61b, 62, 63b, 63h, 65 An important 
structural feature of the complex 29 compared to the other 
linear nitride-bridged U(IV)/U(IV) complexes is its 
heteropolymetallic neutral nature. Notably, in 29 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 29. 
The bis-nitride bridged diuranium(V) complex can be prepared 
in 53% yield from the reaction of 4 with 2 equivs of potassium 
azide followed by heating at 70°C. These diuranium complexes 
provide a good substrate for comparative studies of the 
reactivity of bridging nitrides for different oxidation states of 
uranium. The X Ray crystals structure of complex 28 is 
presented in Figure 5. 
Surprisingly all nitride complexes reported up to 2016 contained 
uranium in high oxidation state (U(IV), U(V), U(VI), in spite of the 
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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 diuranium(IV) 
complex 29 with different reducing agents. Stepwise reduction 
of 29 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}, 31 and the U(III)/U(III) complex Cs3{(µ-
N)[U(OSi(OtBu)3)3]2}, 33, respectively (Scheme 18).63f 
When the diuranium(IV) nitride complex 29 is reacted with 
excess KC8 (10 equivs) in THF at −70 °C, the potassium analogue 
[K3{[U(OSi(OtBu)3)3]2(µ-N)}], 34, was isolated in 70% yield.19d  
The nature of the cation bound to the U(III) complexes has a 
strong impact on their solution and solid-state stability. The 
cesium 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 X-Ray crystal 
structure of complex 34 is presented in Figure 6). The cations 

also bind the nitride group in a linear (31) or triangular fashion 
(33, 34). 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 (Table 1) 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 in the siloxide 
complexes leading to a reduced electron density in the UNU 
core. 
More recently, computational studies showed a marked 
covalent character of the K3UIIINUIII with a U-N bond order of 
1.4.66 Moreover, magnetic data measured for K3UIIINUIII at 
variable temperature show a maximum at 23 K in the χ versus T 
plot showing that the two uranium centres are 
antiferromagnetically coupled at low temperature. These 
results indicate that nitride ligands can promote magnetic 
communication between U(III) centres. 

 CsUNU, 29 Cs2UNU, 31 Cs3UNU, 33 K3UNU, 34 
U1-N 2.058(5) Å 2.099(12) Å 2.1495(12) Å 2.129(14) Å 

U2-N 2.079(5) Å 2.243(25) Å 2.1495(12) Å 2.111(14 )Å 

U-Oavg   2.19(3) Å 2.243(25) Å 2.282(24) Å 2.303(7) Å 
M1-N 3.393(4) Å 3.276(12) Å 3.348(8) Å 3.115(7) Å 
M2-N - 3.635(12) Å 3.348(8) Å 3.017(16) Å 
M3-N - - 3.22(2) 3.243 (15)Å 
U-N-U 170.2(3)° 169.1(7)° 174.2(11)° 173.7(7)° 

Table 1: Comparative structural parameters of complexes 29, 31, 33, and 34 
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Reactivity of siloxide-supported nitride 
bridged 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 agrochemicals 67 from cheap raw material 
such as N2, CO2, CO. N-C bond formation reactions are 
particularly important in this context. 68 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.69 
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 ammines and new organic 
products. However, examples of direct dinitrogen cleavage by 
H2, CO or CO2 are extremely rare70.  
Examples of N-C bond formation from the reaction of carbon 
dioxide71a, 71b { Brask, 2002 #22948, 71c, 71d or carbon monoxide 63e, 72 
with activated nitride complexes of transition metals or 
hydrogenolysis by d-block metal nitride are also extremely 
rare.69a, 72a, 73 
These reactions may involve electron transfer from the metal to 
the substrate or just the functionalization of the highly 
nucleophilic nitride group. 
Very little is known of the reactivity of uranium nitrides in spite 
of their relevance in nuclear industry60 and their activity as 
catalysts2a, 7 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 NaCN showed that 

the cyanide acts as a two-electron reducing agent while 
inserting into the nitride to yield a UIVN=C=NUIV species.62 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.63e These contrasting 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. 
 
Reactivity of uranium(V) nitride bridged complexes 

The diuranium(V) bis(nitride) 28 demonstrated high 
nucleophilic reactivity towards diverse small molecules which is 
summarized in Scheme 19.53 The reactivity of a toluene solution 
of 28 with one equiv of CS2 led to CS2 cleavage affording the 
sulfide-thiocyanate complex [K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-S)(µ-
NCS)}], 35. Cleavage of CS2 and concomitant formation of NCS- 
was also observed for the U(IV) bridging nitride 29 (see next 
section) and for U(V) and U(VI) terminal nitrides.74 In none of 
these cases, though, a uranium sulfide could be isolated. For 
complex 29 and the U(V) terminal nitride 
[NU(TrenTIPS)][K(B15C5)2] a putative uranium sulfide further 
reacts with CS2 to give a trithiocarbonate ligand.74 The different 
reactivity of 28 could be explained in terms of higher steric  
 
hindrance around the sulfide. In contrast, the U(VI) terminal 
nitride [NU(TrenTIPS)] cleaves CS2 affording a U(IV) terminal 
thiocyanate and elemental sulfur.74 The reaction of a toluene 
solution of complex 28 with 1 equiv of CO2 led to C-O cleavage 
resulting in the isolation of the oxo-cyanate-complex 
[K2{[U(OSi(OtBu)3)3]2(μ-N)(µ-O)(µ-NCO)}], 36. A similar 
reactivity leading to oxo and cyanate ligands is also observed for 
the U(V) and the U(VI) terminal nitrides 
[NU(TrenTIPS)][K(B15C5)2] and [NU(TrenTIPS)].74  
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The reaction of 28 with 2 equivs of CO at room temperature 
affords the complex [K2{[U(OSi(OtBu)3)3]2(μ-NC)(µ-O)(µ-NCO)}], 
37. Two equivs of CO react with the two bridging nitride ligands 
with different outcomes. In fact, one nitride cleaves the CO 
triple bond affording a cyanido and an oxo complex, while the 
second nitride undergoes reductive carbonylation to form a 
cyanate ligand with the concomitant reduction of the two U 
centres from U(V) to U(IV). Thus, both ligand-based and metal-
based reactivity are observed. The formation of thiocyanate, 
cyanate, and cyanide was confirmed by structural studies and 
13C NMR analysis of the products after reaction with 13CS2, 13CO2 
and 13CO.53 
The complete cleavage of the CO triple bond (one of the 
strongest bonds in nature) in ambient conditions is particularly 
remarkable and is probably the result of the cooperative 
binding of CO by the two metal centres. Notably, CO cleavage is 
not observed in the reaction of terminal nitrides with CO which 
leads to reductive carbonylation.74 Complete CO cleavage is a 
key step in the Fischer-Tropsch hydrocarbon production from 
CO and H2 but examples of complete cleavage of CO by 
molecular complexes remain rare.75 
The reactivity of complex 28 with 1 atm of H2 in ambient 
conditions is remarkable in that the bis-nitride effects the 
oxidative cleavage of H2 in mild conditions to yield the bis-imido 
complex [KU(µ-NH)(OSi(OtBu)3)]2, 38.53 Notably, cleavage of H2 
by metal-nitride is a rarely observed event.  
The reaction pathway probably does not involve H2 
coordination to the metal centre but direct attack of H2 to the 
two nucleophilic nitrides as previously reported for a terminal 
iridium complex.76 The reactivity of complex 28 with H2 is a likely 
model of the intermediates formed during the conversion of N2 
and H2 into ammonia promoted by uranium nitrides in the 
Haber-Bosch process.  
 
Reactivity of uranium(IV) nitride bridged complexes 

 
The overnight thermolysis of 29 at 80°C in toluene solution 
resulted in the complete transformation of 29 to afford the new 
imido bridged siloxide/silandiolate diuranium(IV) complex 
Cs{(µ-NtBu)(μ-O2Si(OtBu)2)U2(OSi(OtBu)3)5}, 39. 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 29 and incited to explore the reactivity with small 
molecules summarized in Scheme 20.  
We found that the bridging nitride in the U(IV)/U(IV) complex 
29 acts as a strong nucleophile towards CS2, CO277 and CO77 
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}, (43), the oxo/cyanate complex 
Cs{(µ-NCO)(µ-O)[U(OSi(OtBu)3)3]2}, (44), and the oxo/cyanide 
complex Cs[{U(OSi(OtBu)3)3}2(μ-CN)(μ-O)], (41) respectively. 
The high nucleophilic character of the U(IV)/U(IV) nitride leads 
to complete cleavage of the CO triple bond as observed for the 

bis-nitride 28. The cyanide in 41 is easily alkylated by MeOTf to 
afford MeCN. 
 
Addition of excess (more than 3 equivs) CO2 to 29 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},(42). 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.78 The 
bifunctional Lewis acid-Lewis base character of complex 29, led 
to the reversible heterolytic cleavage of dihydrogen under 
ambient conditions to afford the reversible formation of the 
parent imide-hydride complex [Cs{U(OSi(OtBu)3)3}2(µ-H)(µ-
NH)], 40.79 This complex can transfer the hydride to acetonitrile 
and CO2 to afford azavinylidene and formate insertion products 
respectively. 
 
Reactivity of nitride bridged diuranium(III) complexes 

The reaction between Cs3{(µ-N)[U(OSi(OtBu)3)3]2}, 33 and 1 
equiv of 13CS2 led to the formation of the complex 
[(Cs(THF))2{[U(OSi(OtBu)3)3]2(μ-S)2}], 4563f and of N13CS- 
suggesting that the transfer of the nitride ligand and the 
concomitant cleavage of a C=S double bond occurred. 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.  
More remarkable is the ability of complex Cs3{(µ-
N)[U(OSi(OtBu)3)3]2}, 33 to react with dinitrogen in ambient 
conditions. The concomitant formation of decomposition 
products, though, prevented the successful isolation of the 
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newly formed species. The increased stability of 
[K3{[U(OSi(OtBu)3)3]2(µ-N)}], 34 in solid state and in solution 
makes it, in fact, a better candidate to investigate the reactivity 
towards dinitrogen. When complex 34 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)(µ-h2:h2-N2)}, 46 is formed. 
Dinitrogen undergoes a four-electron reduction to N24- 
concomitantly with the oxidation of each U ion from U(III) to 
U(V).19d Theoretical investigation suggests that the removal of a 
Cs+ in 33 is more favourable than the analogue process with K+ 

in 34.80 Thus, upon the rearrangement of the siloxide 
framework required to bind N2, decomposition processes are 
more favoured in 33 than 34. The N2 binding and 
functionalization reactivity is summarized in Scheme 22. 

The oxidation state of the U ions and the extent of dinitrogen 
reduction in 46 was confirmed by SQUID magnetometry, EPR, 
and Raman spectroscopy. The X-ray crystal structure of 46 
(Figure 7) shows that the UNU angle changes from 173.7(8)° in 
complex 33 to 106.0(5)° in complex 46. 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.81 but is 
unprecedented in f element chemistry.8d 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 46 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)(µ-h2:h2-N2)}, 47.  
In contrast, when complex 46 is reacted with stronger acids 
such as PyHCl, HCl or HBArF, the protonation of the hydrazido 
ligand also occurs and crystals of the complex 
[K2{[U(OSi(OtBu)3)3]2(μ-NH)2(µ-Cl)}, 48 have been obtained. 
Moreover, when 20 equivs  of PyHCl are added to complex 46 
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)(µ-h2:h2-15N2)}, 15N-46, 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  46 with H2. 
Hydrogenation of N2 with H2 is a highly desirable feature, even 
though it has been accomplished only for a few complexes. 
Complex 46 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. 19d   
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Reactivity of 46 and 47 with CO also provides the first examples 
of N functionalization of bound dinitrogen in f element 
complexes. The reaction of complex 46 (K2UN(N2)U) with an 
excess of CO affords the complex [K2{[U(OSi(OtBu)3)3]2(µ-O)(µ-
NCO)2}], 49 and the concomitant formation of KCN. 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 in complex 47 
compared to the nitride ligand in complex 46 leads to a different 
reactivity towards CO. In fact, the reaction of complex 47 with 
excess CO affords the mixed valent U(III)/U(IV) complex 
[K2{[U(OSi(OtBu)3)3]2(μ-NH)(µ-NCO)}, 50 and free N2.79 Thus, in 
this case, the addition of CO leads to disproportionation of the 
hydrazido ligand. Attempts to reduce 50 to regenerate the 
diuranium(III) complex 34 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. 
 
Reactivity of Siloxide-Supported Uranium(III) 
Oxide Complexes  
 
N2 activation and functionalization by oxide bridged 
diuranium(III) complexes 
 
The highly reducing nature of the [K2{[U(OSi(OtBu)3)3]2(μ-O)}], 
K2U-O-U, 22 was evidenced by its reactivity with the inert N2 
molecule that affords the dinitrogen complex 
[K2{[U(OSi(OtBu)3)3]2(µ-O)(µ-h2:h2-N2)}], 51.66 The N2 binding 
and functionalization reactivity of 22 is summarized in Scheme 
23. 
The crystallographically determined N-N bond distance 
together with SQUID magnetometry measurements confirmed 
the nature of the U centres in 51 to be U(V), in agreement with 
the presence of a bound N24- ligand. These data suggest a similar 
degree of activation of the bound N2 in 51 as that found in the 
nitride N2 complex 46. However, important differences were 
found in the reactivity of the bound dinitrogen. The reaction of 
51 with 3 equivs of CO affords the formation of the complex 
[K2{[U(OSi(OtBu)3)3]2(µ-O)2(µ-NCN)}], 52.66 Such a reactivity is 
different from the one observed for the complexes 
[K3{[U(OSi(OtBu)3)3]2(μ-N)(µ-h2:h2-N2)}, 46, and 

[K2{[U(OSi(OtBu)3)3]2(μ-NH)(µ-h2:h2-N2)}, 47, in which the 
formation of cyanate ligands with concomitant reduction of the 

U centres was observed. This novel reactivity suggests that the 
reduction of the U cations in complex 51 is less accessible, but, 
when an excess of CO (10-100 equivs) is added, the slow 
transformation into a new species is observed. In particular the 
bis U(IV) complex [K2{[U(OSi(OtBu)3)3]2(µ-O)2}], 53 is formed. 
More surprising is the difference in reactivity compared to 
complex 46 observed for reactions with H2 and H+. In both cases, 
N2 is released from the complex 51  and no NH3 or NH4+ could be 
detected. In contrast when complex 46 is reacted with H+, NH4+ 
is formed with a yield of 25-42% which is increased to 80% if 46 
is pre-treated with H2. Moreover, when complex 51 is reacted 
with 1 atm of H2, release of N2 and concomitant formation of 
the complex [K2{[U(OSi(OtBu)3)3]2(µ-O)(µ-H)2}], 54 is observed 
(see following paragraph for the synthesis and 
characterization). Such a different reactivity is originated from 
important differences in the nature of bonding and in the 
electronic structure of the oxide and nitride complexes. 
Notably, the measurements of magnetic susceptibility in 
function of temperature show the presence of 
antiferromagnetic coupling between the two uranium ions of 
the nitride bridged complexes 34 and 46, but show that the 
oxide bridged counterparts 22 and 51 behave as independent 
paramagnets. Moreover, computational studies show a 
different binding scheme for the two complexes, with a degree 
of covalency in the U-Nnitride bonding but not in the U-Ooxo one. 
Furthermore, while in complex 46 the nitride ligand does 
participate in the bonding and in the subsequent activation of 
N2, the oxo ligand in complex 51 acts as a spectator ligand. 
These results show that linkers used to build polymetallic 
uranium systems can have dramatic electronic effects in 
dinitrogen activation and functionalization. Cations may also 
play a role in tuning such differences in reactivity and should be 
further explored. 
 
H2 Cleavage by oxide bridged diuranium(III) complexes 

Complex 54 is a rare example of a stable uranium(IV) bis-hydride 
that can be prepared from the reaction of 22 with 1 atm of H2.82 
The bis hydride complex 54 shows a remarkable stability 
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towards H2 release, making it an attractive candidate for being 
used in hydride transfer reactivity. Notably, the reaction of 54 
with 2 equivs of MeCN afforded the complex 
[K2{[U(OSi(OtBu)3)3]2(μ-O)(µ-k2-NC(CH3)NCH2CH3)}], 55 
(Scheme 24) where the reductive coupling of two acetonitrile 
molecules has occurred following hydride transfer from the 
uranium to the nitrile. The reaction between complex 54 and 1 
equiv of CO affords the oxomethylene complex 
[K2{[U(OSi(OtBu)3)3]2(μ-O)(µ-CH2O)}], 56 trough the four-
electron reduction of CO and the concomitant oxidation of the 
two hydride bridging ligands. Complex 56 was found to 
irreversibly cleave H2 in ambient conditions to afford the 
methoxide complex [K2{[U(OSi(OtBu)3)3]2(μ-O)(µ-H)(µ-CH3O)}], 
57 in 75% yield.82  
Complex 54 also effect the direct reduction of CO2 to methoxide 
which the first example of such reactivity in f-element 
chemistry. 
These results show that polynuclear oxide-supported hydrides 
are excellent candidates for the conversion of CO and CO2 to 
methoxide. These systems also provide competent models of 
the surface mediated hydride transfer to CO or CO2 at metal 
oxide surfaces in the heterogeneously catalysed Fischer-
Tropsch process. The transformation of H2 an CO into methanol 
could be driven catalytically if conditions for the addition of H2 
to complex 57 could be identified.  

Conclusions 
The tris- tertbutoxysiloxide ligand has proven to be particularly 
well suited to support the formation of stable homo and 
heteropolymetallic complexes of uranium that have shown high 
ligand and metal-based reactivity towards small molecule 
fixation and functionalization. These simple ligands allow, by 
binding several metals, to build flexible frameworks for the 
multimetallic cooperative binding and activation of small 
molecules. The role of the ligand electronics and of nature of 
the counterion in reactivity remains ambiguous and 
comparative studies using other simple ligands and diverse 
counterions will be required to further understand it. 
The presented results show that the reactivity of the 
uranium(III) complexes supported by siloxide ligands can be 
tuned simply by changing the number of ligands. We have 
shown that, in mononuclear complexes, the increase in number 
of ligands allows to increase the steric hinderance which does 
not result in reduced reactivity but facilitates the removal of the 
CO2 or CS2 reduction products from the uranium coordination 
sphere. These experiments suggest that catalytic cycles should 
be easily implemented without strong coordination of 
reduction products such as carbonate or thiocarbonate being a 
limitation. Analogous synthetic cycles were implemented for 
the reduction of CO2 to carbonate and CO by uranium(III) 
complexes supported by bulky polydentate amine-phenolate 
ligands,5a but in the non-optimized conditions carbonate 
binding by uranium leads to insoluble products and to the 
termination of the cycle. Ideally, one should be able to drive 
such reactions electrochemically. The first example of the use 
uranium(III) compounds in electrocatalysis was recently 

reported for the H2 production from H2O6 and it can be 
anticipated that use of uranium(III) compounds as 
electrocatalysts can be extended to CO2 and N2 reduction. 
The use of simple nitride and oxide linkers for assembling 
compounds containing more than one uranium(III) centre 
allowed to demonstrate that an unique reactivity results from 
the cooperative binding of dinitrogen or hydrides by two 
uranium cations. Notably, the four electrons reduction of 
dinitrogen is promoted by both the oxo- and nitride bridged 
diuranium(III) complexes affording diuranium(V) complexes of 
N24-. Moreover, it is remarkable that the uranium-bound 
dinitrogen can be functionalized by CO, CO2 and even H2 and in 
some cases results in the reduction of the uranium centers. In 
these stoichiometric processes, new molecules, such as cyanate 
and cyanamide, are built from readily available substrates (CO 
and N2). Despite the fact that N2 functionalization was also 
reported for group 4 metals,81 the increased redox flexibility of 
uranium renders its compounds well suited for developing 
catalytic cycles (chemical and electrochemical). The nitride 
linker is involved in the reactivity of the dinuclear dinitrogen 
complexes but the more robust oxide linker may be 
implemented in catalytic cycles for the transformation of small 
molecules if the system electronics can be properly tuned.  
Very recently, we have shown that replacement of siloxides 
with amide ligands leads to very different reactivity of the 
uranium bound nitride.83 We foresee that a careful combined 
tuning of the electronics of the linkers and ancillary ligand 
should lead to systems where reducing reactants such as 
hydrogen or CO may be used to restore the uranium(III) 
precursor alone or in combination with reducing agents. Such 
studies should open the way to the development of uranium-
based catalysts for dinitrogen functionalization and provide a 
better understanding of dinitrogen reduction by polymetallic 
compounds. 
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