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ABSTRACT

The development of new processes for the selective and sustainable transformation of
abundant small molecules constitutes one of the major research areas in inorganic and
organometallic chemistry. These molecules as CO,, CO, N, and H, are abundant
reservoirs of chemical energy, readily available sources of carbon, nitrogen and
hydrogen. In a patent from 1909, Haber reported that uranium and uranium nitride
were very efficient catalysts for ammonia synthesis. In order to perform multi-
electron transfer, multimetallic complexes need to be designed. Reactivity of uranium
bridging nitrides remained unexplored since we investigated the nitride based
reactivity of a dinuclear uranium(IV) bridging nitride complex towards small
molecules such as CO,, yielding the first example of a uranium complex containing a
bridging dicarbamate ligand, or CO, resulting in the complete cleavage in mild
conditions of one of the strongest bonds in nature, or H,, yielding one of the few
examples in f~elements of metal hydride, which is readily transferred to substrates
such as CO,. Beyond the ligand based reactivity, we were interested in reducing the
two metal centers to access a diuranium(IIl) bridging nitride, to pursue nitrogen
activation. This complex was shown to have high flexibility, provided by the siloxide
ligands, high reducing power and a bridging atom, the nitride, that holds together the
uranium centers, with the possibility to bend upon nitrogen activation. This approach
led us to the isolation of a hydrazido complex, resulting from the four-electron
reduction of dinitrogen by the two metal centers. Moreover, complete cleavage of the
N-N single bond was achieved by addition of CO to give two cyanate ligands or by
addition of H, to give ammonia. The nitride atom linker is nonetheless, too reactive to
act as a spectator and it is involved in reactivity. Hence, we target the isolation of the
analogue dinuclear U(III) complex with an oxide ligand as linker. This complex
showed the same reactivity towards nitrogen but DFT revealed a more ionic character
of the U-O bond nature with respect to the U-N bond, leading to different reactivity
of the hydrazido fragment upon addition of CO and upon addition of H,, showing a
smaller extent of activation in the oxo complex with respect to the nitride. The
diuranium(II) bridging oxide complex showed interesting reactivity with H,, forming
a bis-hydride complex capable of reducing CO, beyond the formate level, to

methanol.
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RIASSUNTO

Lo sviluppo di nuovi processi per l'utilizzo e la trasformazione selettiva di piccole
molecole costituisce una delle aree di ricerca piu vaste in chimica inorganica. Queste
molecole, come CO,, CO, N, e H, sono abbondanti fonti di carbonio, azoto e
idrogeno. Nel 1909, Haber riportd un patent in cui uranio € nitruri di uranio venivano
descritti come catalizzatori altamente efficienti per la produzione di ammoniaca.
Importante ¢ quindi il design di complessi multimetallici al fine di ottenere
trasferimento di piu di un elettrone da un complesso di uranio. Prima del lavoro qui
presentato, la reattivita di nitruri a ponte di uranio era essenzialmente inesplorata.
Abbiamo intrapreso cosi lo studio di reattivita del complesso dinucleare di uranio(IV)
con nitruro a ponte verso CO,, che ha portato al primo esempio contenente un
dicarbammato tra i due atomi di uranio; verso CO, che ha portato alla completa
rottura del triplo legame; e verso H,, che ha portato a isolare uno dei rari esempi di
idruri metallici tra gli elementi f, che facilmente viene trasferito a substrati quali
diossido di carbonio. Oltre alla reattivita basata sul legante nitruro, abbiamo riportato
la sintesi del complesso dinucleare di uranium(IIl) con nitruro a ponte, per studiarne
la reattivita con l'azoto. Le caratteristiche di questo complesso comprendono una
grande flessibilita, data dai leganti silossanici e un alto potere riducente, permettendo
di isolare un complesso contenente un legante idrazinico, risultante dalla riduzione a
quattro elettroni dell'azoto da parte dei due centri metallici. Inoltre, la completa
rottura del legame N—N ¢ resa possibile attraverso 1'aggiunta di reagenti quali CO per
dare cianato o H, per dare ammoniaca. Il nitruro a ponte ¢ tuttavia reattivo nel
confronti di tali reagenti. Con lo scopo di trovare un atomo a ponte che fungesse da
spettatore, 'analogo composto con un legante ossido a ponte ¢ stato sintetizzato.
Questo complesso mostra la stessa reattivita con l'azoto, ma i calcoli DFT hanno
rivelato una netta differenza della natura del legame U-O rispetto a quella del legame
U—-N. Questo si riflette in un minor grado di attivazione dell'azoto che risulta in una
diversa reattivita nei confronti di CO e Ha. Il complesso di diuranio(III) con un ossido
a ponte ha mostrato anche una reattivita interessante con 1'idrogeno, formando un bis-

idruro, il quale, facilmente riduce CO, a metanolo.



Parole chiave: uranio, nitruri, nitruri a ponte, ossido a ponte, ammoniaca, attivazione
di idrogeno, monossido di carbonio, diossido di carbonio, idruri, piccole molecole,

leganti silossanici.
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CHAPTER 1
INTRODUCTION

1.1. The Uranium element

“Nothing in life is to be feared, it is only to be understood...” — M. Curie

When a black powder was found after heating a yellow compound obtained
from pitchblende, an oxide of a new element was being discovered (Klaproth, 1789).
This new element was named Uranus and isolated as the first sample of uranium
metal in 1841, by heating uranium tetrachloride with potassium.
Uranium is an f-element, more precisely an actinide (Figure 1) and it is long-lived and
significantly abundant in the earth, along with thorium, while actinium and
protactinium are present in small amounts, as decay products of *°U (7.13 x 10°
years, natural 0.7204% abundance) and ***U (4.50 x 109 years, natural 99.2739%

abundance), the most abundant uranium isotopes.'

57 | 58 | 59 | 60 | 61 | 62 | 63 | 64 | 65 | 66 | 67 | 68 | 6 | 70 | 71
La|Ce | Pr [Nd|Pm |Sm| Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu

89 | 90 | o 92 | 93 | 94 | 95 | 96 | 97 | 98 | 99 | 100 | 101 | 102 | 103
Ac| Th| Pa| U |[Np|Pu|Am|[Cm | Bk | Cf | Es | Fm | Mb | No | Lr

Figure 1. f~elements block of the periodic table, showing lanthanides and actinides.

Actinides present some unique characteristics, such as large ionic radii, high
coordination numbers and unusual coordination geometries.!”! A particular aspect is
the radial extension of the 5f and 6d orbitals of the early actinides elements (from

thorium to neptunium), allowing some overlap with the ligand orbitals (Figure 2)."!
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Figure 2. Radial Extent of the electronic orbitals for the Pu*" ion.

1.1.1. Overview on the oxidation states

The actinides in the first half of the series present lower energies for the 5f >
6d promotion than for the 4f = 5d promotion in the lanthanides series, resulting in a
higher range of oxidation states. The uranium element exhibits a wide range of
oxidation states, from +2 to +6. The coordination chemistry of U(VI), in particular of
compounds containing the uranyl(VI) ion, UO,>","*! has been significantly studied,
due to its implication in the nuclear waste recycling process. A significant example of
non uranyl-contaning U(VI) compound is the hexafluoride complex of U(VI), UFg,
currently used in nuclear plants for the separation of uranium isotopes. Pentavalent
uranyl-containing compounds are not so common because of the tendency to
disproportionate to U(IV) and U(VI), however, while stable UO," complexes have
been reported in organic media,™ only recently the first example of water stable UO,"
complex was discovered.[”) The +4 oxidation state is very stable in non-aqueous
media and in inert atmosphere of argon and stable starting materials consist of halides
complexes as UCly and Ul4(Et;0),, while many compounds with many different
ligands are formed by oxidation of U(IIl) compounds. These will be described in
details in the following section.

Only few examples are reported with the uranium in the oxidation state +2 (Figure
3).l7
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Figure 3. Isolated compounds of uranium(II) with Cp ligands (a;b), with a chelating trisaryloxide ligand (c¢), with
bis(trimethylsilyl)amide ligands (d) and with terphenylamide ligands (e).

1.2. Trivalent uranium compounds

Trivalent uranium exhibits a strong reducing potential (between —1.5V to —
2.9V vs [(CsHs):Fe] ™), which depends on the ligand environment as well 8] (the
reducing ability increases with electron donating ligands) and a large Van der Waals
radius (1.86 A),”! resulting in high coordination numbers. Low coordination numbers
can be accessed with sterically hindered ligands, such as bis(trimethylsilyl)amide.!'”
At last, even if the metal-ligand bonding is still prevalently electrostatic and the
geometries determined by steric repulsion, trivalent uranium complexes show 7 and &

back-bonding ligation."'"! Stable uranium(III) complexes can be prepared by ligand

exchange (Scheme 1) or by reduction of a tetravalent compound (Scheme 2).

THF

a  [Ulg(THF),] + 3 NaN(SiMes), [U{N(SiMeg),}s] + 3 Nal
b [Ulg(THF),] + 3 KOTf MECN  (u(OTH)5](3MeCN)}, + 3 KI
¢ [UN(SiMeg)o}s] + 3 [pyH][OTI] Py [U(OTH)s(py)al + 3 NH(SiMe3),
d  [Uls(dme)o] + 3 MesSIOTE IM€ o [U(OTH)s(dme),] + 3 ISiMes
By
OH Ui
e Bu Bu Bu o~ \O tB\Q
3 + [UN(MesSi)als] — "% B |
- 3HN(SiMes), - u

Scheme 1. Trivalent uranium complexes prepared by ligand exchange.
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\/N \/N N~N/ J \/N\ \/N‘
R 5 R R R

R = Si'BuMe,
Scheme 2. Trivalent uranium complexes prepared by tetravalent compound reduction.

1.2.1. Ligands in U(III) chemistry

Cyclopentadienyl (Cp) supporting ligands have been widely studied in
uranium chemistry as they provide the required bulkiness to form stable species of
uranium in low oxidation states (+2 and +3). Uranium chemistry was for a long time
dominated by complexes formed with cyclopentadienyl-derived and other carbocyclic
ligands (Figure 4), as they provide complexes with only a few available coordination
sites for reactivity. Many examples of U(III) complexes stabilized by Cp ligands will

be presented in the next section.

X K D aon

R = H, Me, 'Bu, SiMeg, SilPr;

Figure 4. Classic organouranium spectator ligands.

Heteroatom-based ligands were shown to stabilize U(IIl) compounds, especially
organoboron anionic ligands,"* or oxygen-donor and nitrogen-donor monodentate
ligands, including alkoxides, aryloxides,!'*! amides !'*! and silylamides " (Figure 5).
The hard character of such ligands brings to an easy bonding of low-valent uranium,
enhancing the reducing character towards reactivity. As the cone angle of
cyclopentadienyl is estimated to be 130°, any alkoxide analogue would require the
use of a bulky group, greater in size than 'Bu (cone angle of ‘Bu < 90°). In contrast to
hindered amides, an alkoxide has only one substituent on the heteroatom, two bond
length from the metal, and hence it must be extremely large in order to have steric

control.
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Figure 5. Common aryloxide, silylamide and amide ligands in uranium chemistry.

Many other ligands containing amido or phenolate donor fragments have been
synthetized with various coordination modes as well as ligands that combine hard and
soft atoms (such as sulfur and phosphorous) to be used as ancillary ligands for

uranium in +3 oxidation state (Figure 6).!""’

Figure 6. Multidentate anionic supporting ligands used in U(III) chemistry: monoanionic (a), dianionic (b),
trianionic (¢) and tetraanionic (d) ligands.

1.3. Small molecule activation

In the current energetic context, the search for renewable alternatives to fossil
fuels is attracting increasing attention towards the low energy conversion of cheap
and largely available C; sources such as CO, and CO, or N sources such as N, into
higher value organic molecules. CO, is a cheap, very largely available and renewable

C1 source and as such, the possibility of using it in fine chemical synthesis, or its

19



conversion into liquid fuels is highly attractive.!'”? CO is readily available as part of
syngas (CO + Hy, usually obtained from coal or biomass) and is used as feedstock in
the industrial Fischer-Tropsch process for the production of alkanes, alkenes and
alcohols. This heterogeneous catalytic process is energy consuming, as the reduction
of CO by Hj; is performed 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 N, as feedstock is the Haber-Bosch.
This process allows the production of large amounts of ammonia from dinitrogen and
dihydrogen, but imposes the use of harsh conditions (about 450 °C and 300 bar) and

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

However, this is a very challenging problem due to the low reactivity of such
molecules. Metal complexes have been widely used to promote activation of small
molecules under mild conditions. Uranium compounds offer an attractive alternative
to metals of s, p and d blocks because of their unique properties and large availability
from spent nuclear fuel, and the efforts in this area have been summarized in several

. 18
recent reV1ews.[ ]

1.3.1. Binding at mononuclear uranium complexes
A few rare examples of mononuclear uranium complexes binding CO,"”! N,

20T or CO, "M in a terminal fashion were reported (Figure 7).

a R b 0

R

e N

Figure 7. Carbonyl complex of U(III) (a); dinitrogen coordination at a U(III) center (b); end-on bound CO, at a
U(IV) center (c¢).

In the carbonyl and dinitrogen U(IIT) complexes, the CO and N, bonds are unchanged
with respect to the free molecules, 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(IIl) and is interpreted in terms of a more covalent U-C interaction.
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In contrast, an important degree of activation is reported for the bound CO; in the
[U{(AdArO)3tacn}(nl-OCO)] complex, which shows a unique end-on bound CO, unit.
The structural and spectroscopic data suggested the presence of a U(IV) complex of
the charge-separated CO, " radical anion, U(IV)(OCO).*"! The unusual reactivity
leading to [U{(**ArO)stacn}(n'-OCO)] was explained in terms of the sterically
protected environment provided by the bulky (**ArO)stacn system that stabilises an
end-on bound CO,  radical anion. This was confirmed by the reactivity of the less
bulky ligand system ("®"ArO)stacn, leading to a very stable bridging oxo species and

evolution of CO.?*

1.3.2. Reactivity of uranium complexes with CO and heteroallenes

Beside the unique examples of small molecules binding at mononuclear
uranium complexes, reduction of CO, CO, or N, at U(III) centers involves, in the vast
majority of reported studies, mono-electron transfer by mononuclear and
monometallic complexes of uranium(IIl). In most cases two mononuclear complexes
bind the substrate and effect the reduction to afford a dinuclear complex, in which two
uranium(I'V) centers are bridged by the reduced substrate. Usually, each uranium
center is involved in one-electron transfer process.
In scheme 3 some key examples of this type of reactivity with CS,, CO;, and CO are

summarized.
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Scheme 3. Reduction of CS; to afford a dinuclear U(IV) complex (a); disproportionation of CO, to give a bridged
carbonate dinuclear U(IV) complex (b); carbon monoxide reduction to give the deltate bridged dinuclear U(IV)
complex (c).

One trivalent uranium metallocene complex reduces CS; by a one-electron transfer to
form a dinuclear U(IV) complex.” Reduction of CO; has resulted in the cleavage of
one CO double bond, reductive disproportionation and reductive dimerization
depending on the electronic and steric properties of the supporting ligands.*"
Furthermore, U(IV) salts of squarate were obtained, yielding the first carbocycle
synthesis only from CO; as carbon source. Carbon monoxide reduction by U(III)
mixed sandwhich or amide complexes afforded a range of linear and cyclic

5] [26]

homologation products (C,O.)*, the ethynediolate,™ deltate dianions and

squarate. >’
1.3.3. Reactivity of uranium complexes with chalcogenides

Activation of chalcogens and functionalization of chalcogenides is attracting
increasing interest in uranium chemistry ** due to its importance in catalysis and in
spent nuclear fuel processing. However, uranium compounds capable of activating
elemental chalcogens remain relatively scarce and most of them, even if chalgogens

are formally two-electron oxidizing agents, resulted in one electron transfer from the
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uranium center. Notably, U(III) mononuclear complexes are known to promote the
reduction of elemental sulfur providing a pathway to sulfide bridged diuranium(I'V)

complexes (Scheme 4).1*"

In contrast, the reaction of a dinuclear U(III) complex with
excess sulfur leads to a persulfide bridged diuranium(IV) complex.*! The formation
of the persulfide versus sulfide could be explained by a cooperative binding of sulfur

by the two metal centers associated to simultaneous one electron transfer.
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Scheme 4. Synthesis of sulfide-bridged and selenide-bridged complexes of U(IV) with the tacn-based ligand
system.
The first terminal U(IV) sulfide was reported by Hayton and coworkers by using a
ylide protecting group that disfavors the formation of bridging sulfide complexes
during sulfur transfer from Sg to a U(IIT) amido complex.”"! Single electron chalcogen
reduction was also reported for dimeric bis(imido) U(V) complexes leading to the
formation of E* or [E4]* (E =S, Se) bridged diuranium(VI) complexes.”*
1.3.4. Nitrogen activation

Dinitrogen activation at any metal center is very challenging because of its
strong chemical bonds and high barrier to activation. The nitrogen-nitrogen triple
bond is one of the strongest found in nature (945 kJ mol™) and it is apolar with tightly
bound o and m electrons. These characteristics make N, a very poor ligand with
respect to the isoelectronic CO, as it is both a weaker o-donor and a poorer -

acceptor, resulting in a much less developed chemistry. Nitrogen chemistry is well
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developed for d-block metals, and stoichiometric or catalytic conversion of dinitrogen
into ammonia are reported **! (Figure 8). Most catalysts involve N, terminally bound
mononuclear complexes as intermediates but the importance of multimetallic
cooperativity in dinitrogen activation is evident in the iron compounds reported by

Holland and Leslie, that allow full cleavage of dinitrogen.
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Figure 8. Activation of N, by d-block metals complexes leading to the catalytic formation of ammonia (a) or to
the stoichiometric formation of ammonia (b).

In 1909, Haber noted and reported the high efficiency of uranium and uranium nitride
materials as catalysts for ammonia production,”* before the iron-based process was
adopted. Uranium could be a valid alternative in molecular processes, as it is largely
available from spent nuclear fuel, it can access several oxidation states and it might
form complexes with unusual coordination numbers and geometries, possibly
resulting in complementary reactivity compared to transition metals. However, only
few examples have been reported in uranium chemistry. The reaction of U(II)
complexes supported by various ligands leads to side-on bridged dinitrogen

complexes (Scheme 5), in which the extent of dinitrogen reduction varies from 0 to —
5 [161.35]
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Scheme 5. Reversible coordination/reduction of dinitrogen by U(II) complexes: side-on coordination (a); two
electron reduction to afford the side-on N,*~ bridged diuranium(IV) complexes with Cp ligands (b) and aryloxide
ligands (c).

Most of the products show a side-on activation mode, especially in group 4 metals as
zirconium and hafnium, for which the side-on activated dinitrogen can be further
functionalized with hydrogen to give ammonia.”® For the few reported examples of
uranium N, complexes, N, is reversibly bound and reduced by two electrons, in
equilibrium with the U(IIT) monomer, it is easily lost under vacuum and any attempt
to cleave or further functionalize the uranium bound dinitrogen resulted in N;
displacement. The only stable uranium dinitrogen(2—) complex, supported by bulky
trimesitylsiloxide ligands, was reported by P. Arnold (Scheme 6).”"

+ 3 HOSi(Mes)3

Ny CgHg or C/Hg (MeS)SSiO\ wNy, /OSI(MeS)3

. el v
(Mes)sSio Uy ”/U 10Si(Mes); + by-products
~3HN(SMed:  80°C,16h  (Mes;si0” N osi(es);
36%

[U"{N(SiMeg),}s]

Scheme 6. Non reversible two-electron reduction of N to give the robust complex [{U(OSi(Mes)s)s}»(u-n"m*
N2l

These results anticipated that cooperative binding of substrates by homo- and
heteromultimetallic U(III) complexes would be more effective in the reduction of

small molecules but examples of such systems remain extremely rare for uranium.
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Particularly relevant is the fact that the first example of two electron reduction of N,

at a uranium center was reported for an heterodimetallic U/Mo system (Scheme 7).!"*!

o /@, Ar(R)N-‘LIJI\//
@ lm’"/ N2 w@
--—=ulzaN + Mo(N['Bu]Ph); —— N
N \N\)@ -THF [
RooR "\ t e/Mci"’N(‘Bu)Ph
- PRCBUN” X g on

Scheme 7. Non reversible two-electron reduction of dinitrogen by an heterodimetallic U/Mo system.

The only example of dinitrogen cleavage reported for an uranium complex was
isolated from the reduction of the U(II) complex [(Ets-calix[4]tetrapyrrole)U-
(dme)][K(dme)] under nitrogen (Scheme 8)."*!

|
N 0

UL [ N
[K(naphth)/DME ~0”
|

Scheme 8. Reaction of [(Etg-calix[4]tetrapyrrole)U(dme)][K(dme)] and [K(naphthalenide)] under N».

So far, complete cleavage of the strong N, and of the isoelectronic CO triple bonds by
uranium systems has not been reported, but carefully tailored multimetallic complexes

should be able to effect such transformations.

1.3.5. Tris(tert)butoxysiloxide as ligand

The previously presented ligand systems are mainly based on hindered
polydentate aryl oxides or classic Cp derivatives. Siloxide ligands, like
tris(tert)butoxysiloxide, that possess three equivalent bulky groups, are considered to
occupy a regular cone of space around the metal just as in Cp derivatives.””! The use
of a silyl rather than alkyl substituent on the oxygen renders the ligand less donating:
a R3Si group possesses empty low-lying 3d/c* orbitals that can interact with pa-
orbitals of oxygen, attenuating the O(pm)->M(dn) donation and hence, supporting
reduced metal centers. The tris(tert)butoxysiloxide represents a valid ancillary ligand,
characterized by the ability to bind the metal center in a mono- or bidentate fashion

(Figure 9), increasing the stability and the flexibility of such ligand framework.
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Moreover, due to their lower basicity they are less prone to insert small molecules in

the M—L bond as found for monodentate phenoxide *°* or amides.!*”!

By
BuQ BuO '
tguo"Si-0-M i O
tBuO Buo" 07
k! K2
O'Bu O'Bu
'BuO _0'Buy BuO._
S|I SII\(I)'(BU
M/O\M M/O\M
K1 M2 K2 MZ

Figure 8. Different binding modes of the tris(tert)butoxysiloxide ligand.

This ligand has been used extensively in d-block chemistry “'! but only recently
extended to lanthanides [**! and to uranium chemistry."**! It was found that it could be
used to build homopolymetallic and heteropolymetallic complexes of uranium in low
oxidation state. The reaction of [Ul4(OEt;),] with the potassium salt of the
tris(tert)butoxysiloxide ligand leads to the homoleptic complex [U(OSi(O'Bu)s)4]
(Scheme 9). The siloxide ligands act as polydentate supporting ligands in the absence

of coordinating solvents or other substrates.

Cl)si(OtBU)s [K(1 806)]+

KCé, 18¢6 T
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[Ul(OEty),] + 4 KOSI(0'Bu), envacuum ___ - BuQ O (80510
-4 Kl U
(tBUO)3SIO‘ / \Osi(otBuN (‘BUO)gSIO'\ )
(tBu0)5SiO KCg U''—08i(O'Bu)s
THF, o (BuO);Si0

Scheme 9. Formation of [U(OSi(O'Bu);)4] by salt metathesis and further reduction with KCs with and without
crown ether to obtain the ate and the heterodimetallic complexes.

The reduction of [U(OSi(O'Bu);)s] with KCs leads to the formation of the neutral
heterodimetallic U(III) complex [KU(OSi(O'Bu)s)4] and addition of crown ether
affords the ion-pair analogue [K(18¢6)][U(OSi(O'Bu)s)4] (Scheme 9). The homoleptic
dinuclear complex of U(III) [U(OSi(O'Bu););],, can be synthesised from the
metathesis reaction of the tris-silylamide complex [U(N(SiMe;),);] with the silanol
ligand (Scheme 10).1*¥

27



t ; (ot
decomposition (BUO)3SIO\ b /OSI(OBU)3

. Si(0'Bu), in toluene _ (‘Bu0)3Si0o—UY ~[—r-UY—0Si(0'Bu);
U(N(SiMe ‘BuQ— i J Osi
[UN(SMeg)2)sl - 01500 \ 7 0Si(0Bu)s (BUO)SIO OSi(0'Bu)g
+ ——— (BUO)sSIO— i7" >yl i~y
) ~ OSi(O'Bu
3HOSI(O'B), "N (Bu0)sO A o' ( )3\(‘Bu0)28i BuC_ OB siioBu),
. u > i 7
(BuO),Si— L0 !

- I\ 9)
BUuO_\ .0" “o_ | _OBu
\UIV N
Bu0” [ SO .07 1 0By
|

.0 NS
(BBuO),Si 8uG OBU Si(O'Bu),

PPN

Scheme 10. Synthesis of the dinuclear U(III) complex and its decomposition products in toluene solution and in
solid state.

solid state

This dinuclear complex decomposes slowly at room temperature, affording the
dinuclear U(IV) complex [U(OSi(O'Bu)s)x(p-0,Si(0'Bu),).**® and in toluene
solution to afford the inverted arene sandwich [K{U(OSi(O'Bu)s)s}2(p-n’n°-CHs)],
which was identified as the product of four-electron reduction of toluene (U(V)-—
(arene)4_—U(V)).

The uranium(IIl) siloxide complexes provide a versatile platform to investigate

cooperative effects in small molecule activation by U(III) complexes.

1.3.6. Activation of heteroallenes by U(III) siloxide complexes

The U(II) siloxide complexes previously described can react with CS, to give
different products (Scheme 11). The dinuclear complex [U(OSi(O'Bu)s)s]s, effects the
two-electron reduction of CS, in ambient conditions to afford [{U(OSi(OtBu)3);}2(u-
CSy)] " where the CS,* ligand bridges two U(IV) centers in a rare p-
k*(C,S1):k*(S1,S2) fashion (Scheme 11a).*! This is one of the rare examples of
diuranium(IV) complexes bridged by a CS,> ligand, together with the complex
[(RCsH4)3;ULa[u-n'm>-CS,], reported by Andersen and coworkers,™ resulting from
CS; reduction by the U(IIT) complex [(RCsH4)3U]. In contrast, Meyer et al. reported
the formation of a mixture of trithiocarbonate and tetrathiooxalate complexes when
the uranium(IIl) complex of a multidentate phenolate ligand, [(AdArO)3N)U(DME)]
was reacted with CS,.*®) DFT studies on these systems identified a CS,> bridged
U(V)/U(V) dimer as the most probable intermediate in the formation of the
trithiocarbonate and tetrathiooxalate complexes, but this intermediate was not

experimentally characterized.!**
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Scheme 11. Reduction of CS, by the dinuclear U(IIT) complex to give the bridging CS,” diuranium(IV) complex
(a); reduction of CS, by the ate complex (b) and by the heterodimetallic complex (c).

However, when the number of siloxide ligands bound to the uranium(III) centers is
increased from three to four, the reaction with CS; proceeds differently leading to the
formation of the reductive coupling and disproportionation products that are rapidly
released from the coordination sphere of the metal center due to the bulkiness. The ate
complex [K(18c6)][U(OSi(O'Bu);)s], and the heterobimetallic U/K complex
[KU(OSi(O'Bu)s)4], both effect the parallel reductive dimerization and reductive
disproportionation of CS; (Scheme 11b and c). However, the bound potassium cation
in the heterobimetallic U/K complex, with its Lewis acidic character, favors the
reductive dimerization of CS, while, the ate complex [K(18c6)][U(OSi(O'Bu)s)4]
leads to reductive disproportionation. The unstable intermediates [U(OSi(O'Bu)s)4(p-
CS3)K(18¢6),] and [U(OSi(O'Bu)3)4K2(C3Ss)]. contain bound trithiocarbonate and
bound dmit dianion (dmit*” = C3Ss> = 1,3-dithiole-2-thione-4,5-dithiolate, formed
from the reaction of C,S,> with CS). The terminal thiocarbonate was found to rapidly
release the K,CS; substrate rendering the system attractive for the development of

7] The differences in reactivity were interpreted in terms of different

catalytic cycles.
multimetallic U/K cooperativity. In contrast, the lower stability of the putative CS,>
intermediates is probably the result of combined factors, electronic and steric,

introduced by the additional electron-rich, bulky siloxide present in the
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[K(18c6)][U(OSi(O'Bu)s)s] and [KU(OSi(O'Bu)s)s] complexes compared to the

dinuclear one.

In ambient conditions, the U(III) siloxide complexes react with CO, as well
and the reactions are summarized in Scheme 12. The dinuclear complex effects the
reductive disproportionation of CO; to afford the carbonate-bridged diuranium(IV)
complex [{U(OSi(O'Bu)s)s}a(p-n':n*-CO3)], and CO (Scheme 12a). The

disproportionation of CO, to CO and uranium carbonate derivatives had been

previously reported for mixed sandwich U(IIT),**! and tris(aryloxide) systems.!**!
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Scheme 12. Carbon dioxide reduction reactions by the dinuclear U(III) complex to give the bridging carbonate
dinuclear U(IV) complex (a); carbon dioxide reduction by the ate and the heterobimetallic complexes to give the
U(IV) carbonate complex (b), and the U(V) terminal oxo complex (c).

However, the disproportionation mechanism proposed on the basis of DFT
computational studies, differs significantly for the previously reported systems. In the
case of mononuclear tris(aryloxide) U(II) and mixed sandwich systems, a
diuranium(IV) oxo bridged intermediate was postulated to form upon extrusion of CO
from a the bimetallic species [U"]-(CO,* )-[U"]. The oxo dimer further inserts a
second CO, molecule to afford the final carbonate.*”! In contrast, for the dinuclear
siloxide complex, the [U"]~(CO,")-[U"] intermediate brings to the carbonate
product through a different mechanism, which shows a concerted attack of CO, and

release of CO.1* This alternative concerted mechanism of CO, reduction is probably
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favored by the dinuclear nature of the complex. This reactivity is in contrast with the
one reported for mononuclear uranium(Ill) complexes supported by aryloxide or
amide ligands with carbon dioxide, for which carbonate products were not isolated
and multiple products of reduction and insertion were found.”*™ **! This could be
attributed to the different ligand properties, both electronic and steric, confirming the
interest of siloxide as an alternative ancillary ligand in U(III) chemistry. The ion-pair
complex readily reacts in ambient condition with CO, to afford CO, the terminal
U(IV) carbonate complex [K(18c6)][KU(p-n":n>CO3)(0Si(O'Bu)s)s], and the U(IV)
tetrasiloxide complex (Scheme 12b).°”! Thus, both the dinuclear tris(siloxide)
complex and the mononuclear tetrasiloxide complex promote selectively the reductive
disproportionation of CO,. The pathway leading to reductive dimerization of CO, to
oxalate was not observed. Oxalate formation from CO, is rare and only three
examples have been reported for uranium(IIl) that were obtained as the kinetic
products of the reaction controlled by steric effects.*”™ °'! In contrast, the
heterobimetallic complex shows a dramatically different and unprecedented reactivity
with CO;, (Scheme 12c¢). This complex effects the two electron reduction of CO,
under ambient conditions leading to the terminal U(V) oxo complex
[UO(OSi(O'Bu)3)4K] and CO.” This reaction is the first example of the two-electron
reductive cleavage of CO, mediated by a single U(III) complex. One example of two-
electron reduction of CO; had been previously reported but involved the concerted
oxidation of two U(III) complexes.”” Notably, addition of carbon dioxide to the
U(III) complex [((P'ArO)stacn)U] resulted in the formation of a oxo-bridged
diuranium(IV) species with extrusion of carbon monoxide. The one electron reduction
of CO, by a very bulky aminophenolate U(IIl) complex afforded the
[(“*ArO)stacn)U"(CO,)] complex presenting a unique linear coordinated CO; radical

21 All the other reported examples of CO, reduction by U(II) complexes

anion.
involve one-electron transfer by two metal complexes and resulted either in the
reductive disproportionation to yield CO and uranium carbonate or reductive

[49b, 51-52

dimerization to afford uranium oxalate. I The reactivity of the heterobimetallic

complex is remarkable both because two-electron transfer is an unusual redox event

82.29. 331 and terminal U(V) oxo complexes are not common.

in uranium chemistry !
Notably, the use of bulky ligands and the careful choice of the oxo-transfer agent, can
prevent the formation of more stable dinuclear oxo-bridged compounds that are

usually formed in such reactivity, and yield the formation of a terminal uranium(V)
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0x0.”" U(V) mono-oxo complexes have also been obtained from the reductive
cleavage of nitrite by a U(IV) complex,”*! and from the metathesis of a U(V)-imido

6] The dramatic difference in the reactivity of the ate and the

complex with CO..
heterobimetallic complexes with carbon dioxide was explained in terms of the
presence of a bound potassium cation close to the uranium center in the first. The
combination of the reducing power of a U(II) ion and of the electropositivity of the
potassium cation is likely to result in a coordination mode of carbon dioxide similar to
the one obtained at a Co'—M (M= Li, Na) site.””! The influence of the potassium
cation and the cooperative effect between the metals were supported by DFT
studies.™"
1.3.7. Activation of chalcogenides by U(III) siloxide complexes

The use of bulky ligands has been often employed to favor the formation of
bridging sulfide complexes. However, the reaction of [KU(OSi(O'Bu);)4], with 0.125

equiv Sg leads to a complex mixture of compounds from which the disulfide and the

trisulfide diuranium(IV) dimers were isolated.
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Scheme 13. Syntheses of the U(IV) potassium-capped sulfide complex and of the U(IV) non-capped sulfide
complex.

In contrast, the rare potassium-capped [{SU(OSi(OtBu);)sK5}2], or non-capped
[SU(OSi(OtBu)3)4K][Keryptand], U(IV) sulfide complexes, could be selectively
formed by reaction with PhsPS (Scheme 13) ® and the bound potassium was shown
to be crucial in the S-transfer reaction.

A few studies of the reactivity of bridging and terminal chalcogenides have been
reported with different ancillary ligands. Terminal ®* and bridging '’ chalcogenides
were reported to further activate elemental chalcogens to afford terminal and
polychalcogenido-bridged uranium complexes respectively.

The activation of CS,, CO,, and COS by chalcogenide-bridged complexes has also
been reported for the [{((AdArO)gN)U}z(u-E)] (E = S, Se) and leads to
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trithiocarbonate bridged [{((**ArO);N)U},(n—«*1*-CS;3)] ¥ and mixed-chalcogeno
carbonate bridged complexes U-CO,E—U (E = S, Se), U-CS,E-U (E = O, Se), and
U-COSSe-U."!

The capped and terminal sulfides [{SU(OSi(OtBu)3)4K>}2] and
[SU(OSi(OtBu)3)4K][Keryptand] could react with Sg, CS; and CO, (Scheme 14).
Excess sulfur leads to polychalcogenide-bridged complexes as a result of loss of one
siloxide ligand formation, but the reaction with CS; leads to the formation of terminal
thiocarbonate complexes that release the bound K,CS; over time. The intermediate
thiocarbonate complex [U(OSi(O'Bu)s)4(1’-k*:k*: k*-CS3)Ka(18¢6),], was isolated and
crystallographically characterized from the direct reaction of the ion-pair complex
[K(18c6)][U(OSi(O'Bu)s)s], with CS,. “”! The reaction of the terminal sulfide with
CO; leads to free COS probably from the decomposition of a U(IV)-CO,S
intermediate.”” Surprisingly, U(V) terminal sulfides could not be obtained from the
activation of Sg by U(III) complexes probably due to the high nucleophilic nature of

such compounds that results in fast reaction with unreacted U(III).
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Scheme 14. Reactivity of the U(IV) sulfide complex.

1.3.8. U(II) siloxide complexes reactivity with azides

In view of the high reactivity of the U(IIl) siloxide complexes with
heteroallenes the reactivity with the isoelectronic azide (N;) ligands was investigated,
as a possible route to uranium nitride complexes. Metal azides are indeed known as
versatile precursors for the synthesis of nitride complexes.
Uranium nitrides are of great fundamental interest for investigating multiple M—

>3 621 and nitride transfer reactivity. The synthesis and study of

Ligand bonding !
molecular nitride complexes has also attracted attention because of the importance of
UN materials as potential alternative nuclear fuel.!®”! Moreover, the interest in the
high activity of UN materials reported by Haber in the catalytic conversion of N, and
H, to NHj drives the attention to the synthesis of molecular uranium nitride as

possible materials for nitrogen activation.
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The earliest examples of uranium nitrides were obtained by the laboratories of Evans
and Mazzanti from reactions of U(III) complexes with alkali-metal azide salts and
multimetallic (3-8 uranium atoms) clusters containing both bridging nitrides and
bridging azide ligands were obtained.®” A series of stable nitride bridged diuranium
complexes, (U(IV)/UV), UV)/UIV), U(V)/U(V)) 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.!”! Only a handful of additional
examples of dinuclear and terminal nitrides have been reported to this date from the
reaction of U(IIl) with azides suggesting that the choice of reaction conditions and
supporting ligands is critical in the isolation of stable uranium nitrides.!**" 33 ¢2b- 66]
The nature of the supporting ligand was also proven very important to attain nitride-
containing uranium complexes in low oxidation state and to promote reactivity. The
reaction of the dinuclear U(II) tris-siloxide complex with the organic azide AdNj3
yield to a mixture of products, [U(OSi(O'Bu);)s] and a dinuclear bis-imido complex
of uranium(VI) [Uy(NAd)4(OSi(O'Bu);)s] in a ratio 2:1, as a result of U(V)
disproportionation. Instead, the increased steric bulk and the difference in charge of
the ate complex influence the reactivity, resulting in a U(V) imido complex,

[K(18c6)][UNAA)(OSi(O'Bu)s)s], (Scheme 15) that does not undergo

disproportionation.
OSi(0'Bu);  ][(1806)" BuOLSO A [K(18c6)]*
1L AdN, (BuO)sSi " UV—0Si(O'Bu)g
(‘BuO)sSIO" 4~ 08i(0'Bu)s (‘BuO)3SiO/|
(‘Bu0)3SiO tolu?lq:, r.t. 0Si(0'Bu)s

Scheme 15. Reaction of the ate complex with the organic azide AdNj.

1.3.8.1.  Synthesis of nitrides

The reaction of the bulky tetra-siloxide ate complex with cesium azide
(Scheme 16) lead to the formation of multiple products from which the U(IV) azido
complex [K(18c6)U(N3)(OSi(O'Bu)s)4] and the bis-nitrido diuranium(V)
complex [KU(u-N)>(OSi(O'Bu)s)]> could be isolated and crystallographically

43b]

characterized.[**™ If a synthetic route to the terminal azide complex could be

identified, then it could provide access to a terminal nitride complex.
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OSi(0'Bu); (BUONS T

+ unidentified species

Scheme 16. Reaction of the ate complex with cesium azide to give the azido U(IV) complex and the bridging bis-
nitrido diuranium(IV) complex.

The bis-nitride is the first isolated U,N, complex, obtained from the reaction of U(III)
with azides. The formation of this unprecedented U(V)/U(V) complex may involve a
highly reactive intermediate (U(V) terminal nitrido) that affords the bis-nitrido
complex via loss of one siloxide ligand. The crowded environment and the high
complex charge result in a low stability intermediate that is difficult to trap. This is
consistent with what reported for the highly reactive nitride intermediate

[UN{N(SiMes),}(CsMes),], which is involved in intramolecular C—H bond activation.
[67]

The reaction of the dinuclear tris-siloxide complex with CsN3 (Scheme 17) proceeds
in contrast in a more controlled manner and affords the nitride bridged diuranium(IV)

complex [Cs(u-N){U(OSi(O'Bu)s)s},].[*"

tBuO/Si(OtBU)Z tgu tBUO\Si(OtBu)2
Hle}! . tB
. ' o /OS|(O Bu)3 (tBuo)2S|/\ \ _’_OU_SI(OtBu)
(BUO):;SIO\U||< >UIII\OS_(OtB ) Ny 8 o—" \(1) 2
(0] I us — — » u ' A
..O : ‘
(‘Bu0)5SiO | THF, -40 °C  (‘BBu0),Si{~ >UV=N=yV=0
i <‘Bu0>2\8i/o B N 07y L
(‘Bu0)5Sio OSi(O'Bu),

Scheme 17. Synthesis of the bridging nitride diuranium(IV) complex.

The reaction is likely to proceed via the formation of an azide-bridged complex that
eliminates dinitrogen to afford the final nitride. The solid-state structure of the
product consists of a heterotrinuclear (U, U, Cs) complex. The two U(IV) cations are
linked through a bridging nitrido ligand (N*") in a nearly linear fashion (U-N—U angle
: 170.2(3)°). The short U-N,iuig. bond distances (U1-N1 2.058(5) A, U2-N1 2.079(5)
A) are in agreement with a multiple bond nature. These values are similar to those
found in other nitride-bridged diuranium(IV) complexes presenting a linear U=N=U
fragment.®> 8l An important structural feature of this complex compared to the other

linear nitride-bridged U(IV)/U(IV) complexes is that its cation binds inner-sphere to

35



the nitride ligand of the U=N=U core. Notably, the six siloxide ligands are
multidentate and bridge uranium with the Cs cation through six tert-butoxy oxygen
atoms. This cesium cation lies at the apical position of the nitride ligand with a Cs—N
distance of 3.393(4) A.

The reaction of the dinuclear uranium(IIl) complex with 2 equivalents of KNj; leads to
the formation of the bridged nitride, bridged azide diuranium(IV) complex
[K>{[U(OSi(O'Bu)3)3]>} (u-N)(u-N3)] (Scheme 18a) as the only product is observed.
Its decomposition leads to the  bis-nitride diuranium(V) complex
[K>{[U(OSi(O'Bu)3)3]2(u-N)2}], (Scheme 18b), which is the second example of a
uranium bis-nitride complex, an attractive system for the study of its ability in N-C

bond formation reactivity.

. . . '
guo—SiOBY, ( Bu0|)23|,\ _Si(0'Bu), (BuO),Si Si(0'Bu),
_OSi(0'Bu)s . BuO "o o OBy BUO o o’}
(BUO),SiO—) 11~O 2KNg  (BuORSINL .\ N /€ toluene (BUO)SI~L .\ Ny 7 OBu
BSI0~ T~ >Ul_ (g 0BY————  tgyg--R0-UY" Sulai-om _toluene DI RNy
Q OSIOBUs e a0oc - BUQ Ly N O L e By0- SOV, U -0sK-0Bu
(BuO)SIO  \ gy 5 days BuO S opSiOBu) 70 Bud SO N7\ =si0'Bu),
(BBuO),Si (BBuO),Si h L ('‘BuO),Si |
a N Si(0'Bu), b Si(O'Bu),

Scheme 18. Reactivity of complex [U(OSi(O'Bu)s);],, with 2 equivalents of KN; (a) and formation of the bis-
nitride complex [K,{[U(OSi(0'Bu););]5(1-N)2}] (b).

Surprisingly, until 2016, all the nitride complexes contained uranium in high
oxidation state (U(IV), U(V), U(VI)) in spite of the fact that one global objective
behind the synthesis of these species was to model the properties of uranium
mononitride, UN. In our group, we investigated the reduction of diuranium(IV)
bridging nitride complex with Cs’. Stepwise reduction with 1 equivalent or a large
excess of Cs’ in THF at low temperature afforded the U(II)/U(IV) complex
[Cs2{[U(OSi(O'Bu)s)3]o(1-N)}, and the U(IID)/U(III) complex
[Cs3 {[U(OSi(O'Bu)s)s]2(u-N)} ], respectively (Scheme 19).1661
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Scheme 19. Syntheses of the U(III)U(IV) bridging nitride, and of the U(IIT)U(III) bridging nitride.

1.3.9. Ligand based reactivity: N-C bond formation

Beyond as nuclear fuels, uranium nitrides have been recognized as suitable
candidates for stoichiometric and catalytic N-atom transfer reactions and small
molecules transformations.!”® In recent years, more and more molecular nitride
complexes of uranium have been synthetized. [** Few terminal uranium nitrides were
synthetized using highly sterically encumbered ligands such as Tren'"> (Tren'™> =
N(CH,CH,NSi'Pr3)3).2** In particular, U(V) and U(VI) terminal nitride synthesis and
reactivity towards reduction and reductive carbonylation or C—H activation have been

reported (Scheme 20). 16671
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Scheme 20. Reduction of the U(VI) terminal nitride to U(V) terminal nitride and reactivity with carbon monoxide
(a); insertion of the terminal nitride into the C—H bond of the ligand (b).

However, most of nitride complexes contain a bridging nitride but the reactivity of
such compounds has only been reported once for a nitride-bridged diuranium(V)

complex (Scheme 21). (¢

THF -
DA N Ar(‘BU)N\ /N(*Bu)Ar M*A ot Ar(‘Bu)N /N(‘Bu)Ar
Ar, AU\ Nty — ~UNV=N=UMN. Al UV=N=_V
/N \NAr N Ar(‘Bu)N“‘ /U U "N(tBU)AI’ -Ag° AI’(tBU)N“w/U N=U ""N(tBU)AI’
B g 2 | Ar(BuN N(BuAr | .MOTf Ar(Bu)N N('Bu)Ar

[CpaFel[B(Ar"),]

- CpoFe
.
Ar(Bu)N N(Bu)Ar -
BN NI e
Ar(BuN""V _N_U\'"’N(tBu)Ar
Ar(‘Bu)N N(‘Bu)Ar

Scheme 21. Oxidation of diuranium nitride complexes from U(IV/IV) to U(V/IV) and U(V/V) (M = Na, N(n-
Bu)y).

Very recently, syntheses of a bridging diuranium(IV) nitride and a bridging
diuranium(IV/V) nitride with Tren type ligand were reported;'®” they were obtained
by reduction of a tetranuclear azide complex, [{U(Tren”™"®)(u-N3)}4], (Scheme 22),
but C-H bond activation reactivity was not reported unlike the terminal

uranium(I'V/VI)-nitrides supported by the same ligand.
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Scheme 22. Syntheses of the tetramer azido complex and its reaction with KCg and with hvto give the
diuranium(IV/IV) and the diuranium(IV/V) bridging nitride complexes, respectively.
1.3.9.1.  Group 4 nitride reactivity

Nitrogen-carbon bond formation reactions are particularly attractive for
the production of value-added chemicals such as amino acids, pharmaceuticals or
agrochemicals.'”” Synthetic methods using cheap and largely available feedstock such
as carbon dioxide are particularly desirable.'”’ However, N-C bonds formation
reactions from a nitride as nitrogen source and CO; as carbon source are rare and so
far, described only for transition metals.!”"! Chirik et al. were able to activate nitrogen
to synthetize a hafnium-N, complex, that in presence of DMAP was activated towards
reaction with CO to give the corresponding base stabilized nitride complex (Scheme

23).
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Scheme 23. Synthesis and reactivity with CO of a pyridine-stabilized dihafnocene complex prepared from N,
cleavage.

This compound can undergo a second carbonylation. The reaction leads to the transfer
of the nitrogen atom to form a cyanide ligand after deoxygenation promoted by the
hafnium centers. Both the hydrazide and the bridged-nitride complexes were reacted
with CO;. The dihafnium-N, complex leaded to the formation of two new C—N bonds,
from nitrogen and carbon dioxide (Scheme 24); the subsequent removal of the

functionalized nitrogen core gave the dicarboxylated silyl-substituted hydrazine.
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Scheme 24. Reaction of the dihafnium-N, complex with CO, (a); reaction of the dihafnium-nitride complex with
CO;, (b).

Nitride-bridged metal complexes of transition metal are usually unreactive to N
transfer reactions. Chirik showed that the nitride transfer could be activated by the
presence of a cyanate ligand affording, in the reaction with CO,, oxygen abstraction

and isocyanate.
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1.4. Purpose and objectives of the project

The PhD work presented in this thesis is in the research area of fundamental
molecular uranium chemistry. The redox chemistry of this f~element is important in
nuclear technology, especially in the nuclear fuel reprocessing and disposal, and also
in controlling the mobility of actinides in the environment. Beyond its relevance in
the nuclear industry, the chemistry of f~elements could provide alternatives for novel
supplies of energy. In particular, the great interest in low-valent f~elements chemistry
arises from their capability in promoting small molecule (CO,, CO, N») activation and
atom/group transfer.

Small molecule activation is an attractive field in contemporary catalysis as these
molecules could provide renewable chemical feedstock for the production of

[72] These molecules are generally kinetically inert

fertilizers, fuels or fine chemicals.
and thermodynamically stable preventing their facile utilization. One of the best ways
to overcome their large activation barriers involves the use of metal ions with a highly

72081 7o overcome the intrinsic low reactivity of small

negative reduction potential.!
molecules such as CO,, CO or N», fundamental research focuses on developing bi-
functional electron-rich catalysts that can easily bind the small molecule and provide

[33b, 74]

electrons. This implies the use of low valent metallic elements or the use of bi-

or multi-metallic systems ! for multi-electron transfer.’"!

Hence, the main objective of this work was to design and investigate the
reactivity of uranium multimetallic complexes towards small molecules. More
specifically, it can be divided into two main targets: the study of the ligand based
reactivity of complexes bearing linker atoms such as a bridging nitride or a bridging
oxide, between the two uranium metal centers, and the study of the metal based

reactivity of low valent diuranium(III) complexes towards dinitrogen.

The reactivity of a bridging nitride diuranium(Iv) !

complex,
[Cs{[U(OSi(O'Bu);):]2(u-N)}], was studied at the outset of this PhD work, showing
unprecedented nitride ligand based reactivity with small molecules. This complex
bears a nitride as a linker atom between the metal centers and it is supported by
siloxide ligands. The study of its reactivity and the possibility to reduce the metal

centers to access the diuranium(IIl) bridging nitride complex showed that siloxide
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[

ligands constitute a valid alternative *** to the ubiquitous Cp ligands, in particular for

their different binding modes and flexibility.

Accordingly, the first part of the work will show the reactivity of the bridging nitride
diuranium(IV) complex with small molecules, such as CO,, CS,, CO and H,, as a first
step towards uranium catalysis for N—C, N-H bond forming reactions. The reactivity
of uranium bridging nitrides had essentially been unexplored and the work we
presented allowed us to understand the nature of the ligand bonding to uranium and to
explore the possibility of both activating the molecule and releasing the product.
Attention was focused on the formation of diuranium hydride complexes upon
addition of H,, both with nitride and oxide linker atoms. The importance of such
study follows the implication of metal hydrides in both the catalytic hydrogenation of
CO; and in the ammonia formation from N, and H,. The main goal related to this
subject was to isolate uranium hydride complexes, as very few examples are reported
in literature and study the reactivity in particular with CO,, with the purpose of

reducing it beyond the formate level, possibly to methanol.

Secondly, knowing the reducing ability of low-valent uranium complexes, the second
part of the work consists in the study of the reactivity with dinitrogen of multi-
metallic systems of low-valent diuranium(IIl) with nitride and oxide atoms as linker
between the metal centers. The main goal related to this research was to find a system
capable of completely cleaving the dinitrogen molecule through redox processes at
the metal centers and further addition of H, or CO, possibly leading to ammonia
formation and to new N—-C bonds formation. The flexibility given by the ligand
framework in the bridging nitride diuranium(IIl) complex and its high reducing
ability, allowed us to report unprecedented results in dinitrogen reduction and
functionalization in uranium chemistry. Moreover, an important target consisted in
comparing two multimetallic uranium(IIl) complexs bearing different bridging
ligands, nitride and oxide, in the reactivity with dinitrogen. The goal is to find a
spectator ligand, capable of assisting the complex upon N, binding and reduction, and
not react with reagents used for further functionalization and/or cleavage of
dinitrogen. This study let us comprehend the nature of the uranium-ligand bond and
how it is possible to tune reactivity by changing the bridging ligand between the

uranium atoms in such systems.
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CHAPTER 2

Nucleophilic Reactivity of a Nitride-Bridged
Diuranium(IV) Complex: CO, and CS,
Functionalization

Introduction'

Uranium nitrides are attractive candidates for both stoichiometric and catalytic
nitrogen-transfer reactions and small-molecule transformations.!'! Understanding the
reactivity of uranium nitrides is also of great interest because of their importance in
many fields of science and engineering (e.g., as nuclear fuels).”) In recent years, an
increasing number of molecular nitride compounds of uranium have been prepared
and characterized,”™ *! but their reactivity has remained virtually unexplored. The
activation of a C—H bond by a transient terminal uranium nitride, which resulted in
the formation of new N—H and N—C bonds, was first reported by Kiplinger and co-
workers.” More recently, the two-electron reduction of terminal U(V) and U(VI)
nitrides to cyanates by carbon monoxide has also been described.”™ Although most
previously reported uranium nitride complexes contain a bridging nitride, the
reactivity of the U=N=U fragment has thus far only been studied for a diuranium(V)
complex in which the nitride reacted as a masked metallonitrene to afford a
cyanoimide diuranium(IV/IV) complex.”®! N—C bond-formation reactions are very
important in the construction of value-added chemical compounds and synthetic
methods that use inexpensive and largely available feedstock, such as carbon dioxide,
are particularly desirable. A few examples of N—C bond formation from the reaction

4 or terminal nitride

of carbon dioxide with activated nitride-bridged complexes
complexes ©°! have been reported for transition metals but thus before this work, the
reactivity of molecular nitride compounds of f~-block elements with CO, had not been

investigated.

! Portions of this chapter have been published: M. Falcone, L. Chatelain, M. Mazzanti, Angewandte Chemie
Int. Ed., 2016, 55, 4074.

Author contributions: M.F. carried out the synthetic experiments except for compound 2. M.M., M.F. and
L.C. analyzed the data and wrote the manuscript. M.M. originated the central idea, coordinated the work and
analyzed the experimental data.

51



In this chapter, reactivity studies of a previously described nitride-bridged
diuranium(IV) complex, [Cs{[U(OSi(O'Bu)s);]o(u-N)}], 1 P are reported. The high
nucleophilicity of the nitride bridging ligand is found to promote N—C bond formation
reactions with electrophiles such as CO, and CS,, through ligand based reactivity.

The metal centers are not involved in redox processes.

Results and discussion

We firstly investigated the temperature-induced decomposition of complex 1 to give
fragmentation of one siloxide ligand. The nitride-bridged diuranium(IV) complex
[Cs{[U(OSi(O'Bu)3)3]2(u-N)}], 1 is stable in solution at —40 °C for several months
but undergoes decomposition at higher temperatures. Notably, the overnight
thermolysis of 1 at 80 °C in toluene solution resulted in the complete transformation
of 1 to afford a new imido-bridged siloxide/silanediolate diuranium(IV) complex,
[Cs{Ux(0Si(0'Bu)3)s(u-0,Si(0'Bu),)(u-N'Bu)}] 2, in 65 % yield (Scheme 1). The
solid-state crystal structure of 2 was determined by single-crystal X-ray diffraction

(Figure 1).

Bu
t t .
(BuO),Sil ™\ Buj (BuO);Si —|—0 Si(OBu)
2P\ | 204201 Si(0Bu), BUO—07 N o
'B ; o _
t -/Oi B ‘,_/ A (tBUO)ZS'\Qﬁ IIIII U'V/ \UN...\\O
(‘Bu0O),Si UV=N=y'Vv-0
2707 \ (i SN NosioBu),
(BuO)sSIO 4y  OSi(OBu)s (BuO);SiO /'\
2

Scheme 1. tert-Butyl transfer from a ligand of [Cs {[U(OSi(O'Bu)3);],(u-N)}1, 1 to the bridging nitride to form
[Cs{U,(0Si(0Bu)3)s(1-0,Si(0'Bu),)(u-NBu)} ], 2. (i) 6 days at room temperature or 12 h at 80 °C.

The structure of 2 shows the presence of a tris(siloxide) U(IV) moiety,

[U(OSi(OBu););], and of a bis(siloxide)/mono(silanediolate) U(IV) moiety,
[U(0,Si(0O'Bu),)(0Si(0O'Bu)s),]. The two uranium ions are bridged by a tert-

butylimido group and by one of the oxygen atoms of the silanediolate ligand,

affording a non-symmetric structure.

52



Figure 1. Solid-state molecular structure of [Cs{Uy(OSi(0'Bu)3)s(u-0,Si(0'Bu),)(u-N'Bu)}] 2. Thermal
ellipsoids set at 50% probability. Hydrogen atoms and methyl groups were omitted for clarity. Selected bond
lengths [A]: U1-N111 2.300(3), U2-N111 2.398(3), N111-C111 1.461(6), U2-0101 2.223(4), U1-0101
2.323(4), Cs1-0101 3.340(4).

This result shows that the thermolysis of complex 1 leads to C—O cleavage in one of
the siloxide ligands with concomitant transfer of the fert-butyl group to the nitride,
giving a dianionic silanediolate ligand that bridges the two uranium centers. C—O
cleavage in a tert-butoxysiloxide ligand with concomitant elimination of isobutene
has previously been observed in the thermolysis of the diuranium(IIl) complex
[U(OSi(0'Bu)3)2(u-0Si(0'Bu)s)]2.[ The strong nucleophilic character of the bridging
nitride in 1 results in the formation of a new N—C bond with the fert-butyl group from
the siloxide ligand, yielding the tert-butylimido bridging group. The tert-butylimide
bridges the two uranium centers in a non-symmetric fashion with U—Nipigo bond
lengths of 2.300(3) and 2.398(3) A, which are slightly longer than those found in the
few reported examples of dinuclear imido-bridged U(IV) complexes (2.156(8) -
2.378(3) A).I") The high nucleophilic reactivity of the bridging nitride, as evidenced
by the slow decomposition of complex 1 at room temperature, inspired us to
investigate the reactivity of this complex with the electrophiles CS, and CO,. The
addition of two equivalents of CS; to 1 resulted in an immediate color change of the
solution to green. Storing the solution at —40 °C resulted in the isolation of

[Cs{[U(OSi(0'Bu),);],(u-NCS)(u-CS,)}1, 3 in 58 % yield (Scheme 2).

53



‘Bu t . B0 ——ai

./ B
(Bu0),Si{ N./__ 64 g0 ct=0-L .
tB:O/C\SN,) S'(O Bu)2 be (tBuO)aslo =/(3\_N\O S|(O BU)2
' N4 2 ) o \
(‘BuO)ZSiioju'VZNzu'V—O (‘BuO)3SiO~ v — \_\/,VO
0 \ morae” TN
(BuO)sSiO OSi(OBu)s (‘BuO)3sSiO - 0Si(OBu)s
3

Scheme 2. Reaction of [Cs{[U(OSi(O'Bu)s);]o(u-N)}], 1 with CS, to form [Cs{[U(OSi(O'Bu););]»(u-NCS)(u-
CSy)}1, 3.

The solid-state structure of 3 is disordered with occupancy of 0.85 for the Cs atom in
one position (3a, Figure 2a) and occupancy of 0.15 in the other position (3b, Figure
2b). The structure of 3 consists of a diuranium(IV) complex in which two
[U(OSi(O'Bu););] fragments are bridged by a thiocyanate unit and a trithiocarbonate

unit that binds the two uranium cations and the cesium cation in a w,-k*:k”:k* fashion.

Figure 2. Solid-state molecular structure of the complex [Cs{[U(OSi(O'Bu)s);]o(u-NCS)(u-CS;)}1, 3. Thermal
ellipsoids set at 50% probability. Hydrogen atoms and methyl groups were omitted for clarity. Representation of
the two disordered positions occupied by the Cs cation: structure 3a (Cs occupancy of 0.85) with the cesium cation
binding two sulphur atoms of the CS; fragment and two oxygen atoms of one siloxide ligans (a); structure 3b (Cs
occupancy of 0.15) with cesium cation coordinated by five oxygen atoms of the siloxide ligands (b). Selected bond
lengths [A] for 3a: U1-S1 2.9792(18), U1-S4 3.029(4), U1-S3 2.885(3), U2-S1 3.0411(18), U2-S2 2.881(4),
U2-N1 2.501(15), S4-C2S 1.639(15), N1-C2S 1.07(2), S1-C1S 1.740(12), S2-C1S 1.682- (9), S3-CIS
1.712(10), Cs1-S3 3.525(3), Cs1-S4 4.170(6), Cs1-S2 3.408(3), U2-Csl1 4.7200(9).
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Figure 3. Solid-state molecular structure of the complex [Cs{[U(OSi(O'Bu)s);]o(u-NCS)(u-CS;)}1, 3. Thermal
ellipsoids set at 50% probability. Hydrogen atoms and methyl groups were omitted for clarity. Representation of
the two disordered positions of the NCS™ ligand and of the Cs cation. In one position N is bound to U2 and S is
bound to U1 (0.61 occupancy) while in the other one N is bound to U1 and S is bound to U2 (0.39 occupancy).

The C—S bond lengths (1.740(12), 1.682(9), 1.712(10) A) are consistent with
electronic delocalization of the negative charge over the CS;* unit, and are similar to
those found in the two other reported uranium trithiocarbonate complexes.'® The
bridging thiocyanate is disordered over two positions: one with N bound to U2 and S
bound to Ul, and one with N bound to U1l and S bound to U2 (Figure 3). The U-N
bonds (U1-N1 2.501(15) A, U2-N1 2.62(2) A) are longer than those reported for
terminal N-bound U(IV) thiocyanate complexes (2.385(4) A).”! The “C NMR
spectrum of 3 in toluene-dg shows a resonance at 124.0 ppm for the bridging NCS~
ligand and one at 195.8 ppm for the bridging CS;” ligand. The >C NMR spectrum of
3 in DMSO-ds shows a resonance at 129.3 ppm that was assigned to the NCS™ anion
(Appendix 1, Figure S12). The presence of two v('’CN) stretches at 2006 and 2085
cm™ in the IR spectrum of a sample of 3 that was prepared with >CS,is consistent

with the presence of a bridging thiocyanate ligand.!"”’

The addition of an equimolar amount of CS; to 1 led to a mixture of unreacted
complex 3 and an additional species, which was transformed into 3 after addition of a
second equivalent of CS,. The C NMR spectrum in DMSO-ds of the residue
obtained after removal of the volatiles allowed us to confirm the presence of the free
NCS~ group (Appendix 1, Figure S7). This finding suggests that the formation of the

trithiocarbonate- and thiocyanate-bridged complex 3 is most likely the result of the
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reaction of a sulfide- and thiocyanate-bridged intermediate,

“[Cs{[U(OSi(0O'Bu););1,(u-NCS)(u-S)} 17, with a second molecule of CS; (Scheme 3).

Bu tBUO\SI(OtBU) tho—tBu Si(O'Bu), tBuo—Si(o‘Bu)2
(tBUO)gSI \ O—’SI(O BU) _O\SI(OtBU) /\O ~—Si(O'B
1Bu?/ 0 2 (BUORSIO, . _o N0 (BuO)sSIO AN i(O'Bu).
\ 2 . / C
'BuO)ZS|\O/U'V N= yv=o T (BuO)SIO~yy_ U/NO —>(tBu0)3s|o\Ulv/. _\U/| ©
(‘BUO)3SIO ;  OSi(OBu)g (‘BUO)sSIiO 0Si(0'Bu), (‘BuO)3S|O NI N 0Si(0'Bu)g

3

Scheme 3. Proposition of bridging sulphide complex formation as intermediate, that reacts with a second molecule
of CS; to give 3.

The formation of a trithiocarbonate-bridged diuranium(IV) complex by the
nucleophilic addition of a sulfide-bridged diuranium(IV) complex to CS, has
previously been described by Meyer et al.* Moreover, the formation of sulfide and
thiocyanate species from the nucleophilic addition of CS, to a nitride via a

dithiocarbamate intermediate has been described for a terminal V(V) nitride."*”

Rather different reactivity was observed with CO,. The addition of three equivalents
of CO,to 1 in toluene at low temperature (—70 °C) resulted in an immediate color

change to yield a blue solution. Storing the solution at —40 °C gave
[Cs[U(OSi(0O'Bu)3)3 ]2 {(u-NC,04)}], 4 in 72 % yield (Scheme 4).

‘CI)BU
t t N
Bu B“O\Si(otBu) o \\Si(O‘Bu)
(BuO)Si o> ——\O—,Si(otBu)2 (1BU0O)5SiO )Lo OtBU
tBU ‘ 0 3 CO, (tBUO 3SIO\U|V U|\//OSI(OtBU)
(tBUO)QSI\ —ulv= N u'v-0 Toluene )\O \
\ B O/SI(OtBU)
(‘BuO)38|O 1 OSI(OtBu)s (tBUO)ZSI/O Bu u

4
Scheme 4. Reaction of 1 with CO, to form [Cs[U(OSi(O'Bu)3)s]»{(u-NC,0,)}], 4.

Complex 4 is stable in toluene solution at room temperature for up to two weeks. The
solid-state structure of 4 (Figure 4) shows the presence of a dicarbamate ligand
bridging two [U(OSi(O'Bu););] fragments in an asymmetric fashion. One uranium
cation is bound by the nitrogen atom and by a carboxylate oxygen atom, while the
second uranium cation is bound by two oxygen atoms, from two different carbamate
units. The U,;NC,04 core comprises two fused rings, with one six-membered ring

(UOCNCOQO) and one four-membered ring (UNCO). The two rings share the N—C
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bond and are arranged in a planar fashion. A carbamate oxygen atom that is not bound
to the uranium ion is located above this plane, and it is bound to the Cs cation. The
U-N bond length (2.467(3) A) is longer than those usually found in U(IV) amide
complexes (ca. 2.3 A) ! but similar to the U(IV)-N bond reported for a sterically
demanding amide (2.415 A) " and in the range of U-N bond lengths reported for
amido-bridged diuranium(IV) complexes (2.4 - 2.57 A).["* The similar values of the
0121—-C121 and C121-0122 bond lengths (1.292(5) and 1.282(4) A) are consistent
with delocalization of the negative charge. The C122—-0124 bond (1.229(6) A) is
shorter than the C122—-0123 bond (1.317(4) AA), which suggests a localized C=0O
bond.

Figure 4. Solid-state molecular structure of the complex [Cs[U(OSi(0'Bu)3)s]>{(u-NC,0,)}], 4. Thermal
ellipsoids set at 50 % probability. Hydrogen atoms, methyl groups, and solvent molecules were omitted for clarity.
Selected bond lengths [A]: UI-0121 2.360(3), U1-N121 2.467(3), O121-C121 1.292(5), C121-N121 1.347(5),
C121-0122 1.282(4), N121-C122 1.396(6), C122-0124 1.229(6), C122-0123 1.317(4), U2-0123 2.252(3), U2—
0122 2.283(3), 0124-Csl 3.206(3), O123—Csl 3.045(3). Torsion angles [°]: O121-C121-N121-C122 178.11,
0124-C122-N121-C121 158.03.

The >C NMR spectrum in D,O of crystals of complex 4 shows the presence of a peak
at 162 ppm (DMSO as reference), assigned to the bicarbonate species, as the salt of
the imidodicarboxylic acid hydrolyzes in water to bicarbonate and ammonium

hydroxide, as follows:!'"

(KCO,),NH + 3H,0 - 2KHCO; + NH4OH
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The >C NMR spectrum of the crude reaction mixture obtained from the reaction of 1
with three equivalents of *CO, in toluene-ds only shows one peak at —134.1 ppm,
which was assigned to the bridging dicarbamate ligand. This result suggests that
complex 4 is the only product formed in this reaction. In contrast, 'H and C NMR
studies showed that when smaller amounts of carbon dioxide (1 - 2 equiv.) are added,
a mixture of 4, unreacted 1, and an additional species is formed (Scheme 5). This new
species cannot be transformed into 4 by the subsequent addition of excess CO,. X-ray
diffraction analysis of crystals obtained from this reaction mixture showed the
presence of two co-crystallized complexes, [Cs{[U(OSi(O'Bu)3);]o(u-NCO)(u-0)}1, 5
and [Cs,{[U(OSi(O'Bu);)3]o(u-0),}], 6 (Figure 5), in a ratio of 1:0.5.

t t tg, 'Bu
Bu 'BUO——a /i Bu Bu . 5 o.
B By Si(O'Bu), BUO S-/O\CS/O\Si(O’Bu)z (‘BuO):Sj \Cs/ Si(0'Bu)g
1Bu0),SiL O\ . (‘BuO),Si, i 0o ~
( )2 \ Cs-—'o—SI(OtBU)Z o) < / \ 0 . / \\ ~O'Bu
‘Buo/ \(') &» BuO” 0 |v’O\UI\/‘OSi(OtBU)3 (‘BUO)ZSI‘O\JJIV,O\UIV,O o
(tBuo)ZSKO\Ulv:f\]:Un;_O Toluene (‘BuO),Si—0") SN~ \O\ + 'Buo\o/\\\/O/ \O\O/SI(O Bu)s
g \ (BuO);Sio ! O,si(o‘Bu)2 . 1~ Lo
(BuO)SIO 4  OSi(O'Bu)g s 5 2y (BuO)Six, 0~ Si(OBu)s
(@] IBU tBU 6

+ 4 + "Cs{(NCO),[U(OSi(O'Bu)g)s]o}"

Scheme 5. Reaction of [Cs{[U(OSi(O'Bu););]»(u-N)}], 1 with 1 equiv. of CO,; isolation of co-crystallized
[Cs{[U(OSi(O'Bu)s);],(u-NCO)(u-0)}1, 5 and [Cs,{[U(OSi(O'Bu)s)s]x(1-0)2}1, 6.

Figure 5. Solid-state molecular structure of the cocrystallized complexes [Cs {[U(OSi(O'Bu););],(u-NCO)(u-0)}],
5 (a) and [Cs,{[U(OSi(0'Bu)s);]o(1-0),}], 6 (b) in 5.(0.5)6 with probability set at 50%. Hydrogen atoms, methyl
groups and solvent molecules were omitted for clarity. Selected bond lengths [A] of 5: U1-N121 2.535(9), U2—
N121 2.582(9), U1-0O1U 2.118(5), U2-01U 2.127(5), N121-C121 1.178(2), C121-0121 1.180(2). Selected bond
lengths [A] of 6: U3-03U 1.897(1), 03U-Cs2 2.876(9).

The “C NMR spectrum of these crystals in DMSO-ds shows the presence of free
isocyanate (Appendix 1, Figure S24), indicating that NCO™ is released when the

crystals are dissolved in DMSO. The structure of 5 shows the presence of two
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tris(siloxide) U(IV) moieties that are bridged by an oxo ligand and an N-bound
isocyanate. The U-N bonds (2.535(9) and 2.582(9) A) are longer than those found in
terminally bound isocyanates (around 2.3 A)® but similar to those reported for an
isocyanatodioxouranate(VI) (2.58(1) A), in which the cyanate group adopted a similar
bridging mode."!

The isolation of compound 5 indicates that at substoichiometric ratios of CO,, the
reaction of 1 with CO; proceeds with deoxygenation and N—C bond formation to yield
the cyanate/oxo complex, which is probably formed via a bridging carbamate
intermediate. Analogous reactivity has been reported for a terminal niobium
carbamate, which undergoes intramolecular metathesis to afford a terminal oxo
complex and free isocyanate, but only after heating at 80 °C.”"! The presence of the
co-crystallized bis(oxo) complex 6 also suggests that scrambling of the isocyanate and
oxo ligands occurs in solution, which is in agreement with the observation of only one
peak for this complex in the '"H NMR spectrum of crystals of 5-6¢5 (Appendix 1,
Figure S23). In the presence of excess CO,, the addition of a second equivalent of
CO; to the monocarbamate intermediate is faster than the isocyanate formation.
Complexes of the N(CO,),> ligand are rare, probably because of the difficulty of
preparing the parent triprotic species.l'” Only a few examples of the reactivity of the
U-N bond with CO; have been described before this work. Insertion of CO, into
U(IIT)Namige or U(IV)—Namige bonds resulted in the formation of O-bound carbamate
complexes of U(II) or U(IV) (116161 o U(Iv) isocyanate complexes,!'”! and the
reaction of CO, with U(V)imido complexes led to isocyanate extrusion and formation

16d, 18

of a terminal U(V) oxo complex by multiple metathesis.! I Very recently in our

group,'”

[K>{[U(OSi(O'Bu)s)3]2(u-N).}], with CS, has been reported. It shows similar

reactivity of the diuranium(V) bis-nitride complex

reactivity, but in contrast to the U(IV) mono-nitride presented here, the presence of
uranium(V) stabilizes the bridging sulphide formed together with the NCS™ ligand.
The resulting nitride-sulfide-thiocyanate bridged diuranium(V) complex (Figure 6a),
was isolated in high yield. Similar reactivity was observed upon addition of 1 equiv.
of CO; to the diuranium(V) bis-nitride, which forms an NCO™ ligand and a bridging
oxo (Figure 6b), showing analogous ligand based reactivity with respect to the

diuranium(IV) mono-nitride.
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Figure 6. Reaction product of the diuranium(V) bis-nitride complex with 1 equiv. of CS; (a); reaction product of
the diuranium(V) bis-nitride complex with 1 equiv. of CO; (b).

Conclusions

In this chapter, the first example of insertion of CO; into @ U-Niyrige bond was shown.
The high reactivity of 1 with electrophiles is in stark contrast to the often inert
character of nitride-bridged transition-metal complexes,”*” which require activation of
the nitride group for further functionalization. This result highlights the potential of
uranium nitrides in promoting N—C bond-formation reactions, opening up new
pathways for the selective synthesis of organic molecules from metal nitrides and the
abundant and inexpensive feedstock CO,, and demonstrate that nitride
functionalization with heteroallenes is readily feasible with uranium. This novel
reactivity of uranium nitrides inspired us to pursue reactivity with other small

molecules.

Experimental

General Considerations. Unless otherwise noted, all manipulations were carried out
at ambient temperature under an inert 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 130 °C before use.
'"H NMR experiments were carried out using NMR tubes adapted with J. Young
valves. "H 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.

Starting materials. Unless otherwise noted, reagents were purchased from
commercial suppliers and used without further purification. The solvents were
purchased from Aldrich or Eurisotop (deuterated solvents) in their anhydrous form,

conditioned under argon and vacuum distilled from K/benzophenone (toluene and
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THF). [Cs{[U(OSi(OtBu););]2(u-N)}], 1 was prepared according to the published
procedure.*™

Caution: Depleted uranium (primary isotope **U) is a weak o-emitter (4.197 MeV)
with a half-life of 4.47x10° years. Manipulations and reactions should be carried out
in monitored fume hoods or in an inert atmosphere glovebox in a radiation laboratory

equipped with a- and B-counting equipment.

Thermal rearrangement of [Cs{[U(OSi(O'Bu)s);].(1-N)}]: synthesis of [Cs{
U2(0Si(0'Bu)s)s(1-0:Si(O'Bu);)(u-N'Bu)j, 2.

A red brown solution of [Cs{[U(OSi(O'Bu)3);]»(u-N)}], 1 (27.6 mg, 0.013mmol) in
0.5 mL of toluene was heated at 80 °C overnight, yielding a light green solution. This
solution was concentrated and stored at —40°C to afford light green crystals of [Cs{
U,(0Si(0O'Bu)3)s(1-0,Si(0'Bu)y)(u-N'Bu) ], 2 (18 mg, 65% yield ). '"H NMR (400
MHz, toluene-ds, 298K) of crystals: 6 = 64.39 (s, 9H), 16.16 (br s, 9H), 9.37 (s, 27H),
5.01 (s, 9H), 3.54 (br s, 9H), —7.47 (s, 27H), —-9.72 (s, 62H), —39.66 (s, 9H). Anal.
Calcd for [Cs{ Uy(0Si(OBu);)s(u-02Si(0'Bu),)(u-N'Bu)} | (C72H162CsNO,4SisUs): C,
39.25; H, 7.41; N, 0.64. Found: C, 39.44; H, 7.54; N, 0.76.

Synthesis of [Cs{[U(OSi(O'Bu)3)3]2(1-NCS)(1-CS3)}1, 3.

The addition of CS; (1.2 uL, 0.02 mmol, 2 eq) to a red-brown solution of
[Cs{[U(OSi(O'Bu)3)3]2(u-N)}], 1 (21.9 mg, 0.01 mmol, 1 eq) in toluene (2 mL) led to
an immediate colour change affording a brown green solution. The solution was
concentrated to 0.5 mL and left standing at —40°C. After 24 hours green crystals
suitable for XRD studies formed. The crystals were collected and dried in vacuo to
give 3 as a pure crystalline solid (14.0 mg, 0.0058 mmol, 58 %,). Complex 3 is stable
in solution at —40 °C. It decomposes at room temperature within 24 h. IR, v?*CN (cm™
": 2006, 2085. The presence of two v'’CN is consistent with the presence of a
bridging thiocyanate ligand. '"H NMR (400 MHz, toluene-dg, 298 K): & = 0.36 (broad
s, 162H, CH; terminal siloxide). >C NMR (400 MHz, toluene-ds, 298 K): § = 124.0
(bridging NCS"), 195.8 (bridging CSs>). °C NMR (400 MHz, DMSO-ds, 298 K): &
=129.3 (NCS"); 236.0 (bridging CS;”). >C NMR (400 MHz, DMSO-de, 298 K, after
decomposition): 8 = 129.2 (NCS); 260.3 (CSs>). The presence of free thiocarbonate

in the spectrum of the decomposed reaction mixture measured in DMSO-d¢_suggests
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that decomposition involves ligand disproportionation affording the monomeric
[U(IV)(OSi(O'Bu)s)s] *'! complex (observed by proton NMR) and free thiocyanate
and thiocarbonate. '>°C NMR (400 MHz, D,0, 298 K): § = 134.9 (NCS"). Anal. Calcd
for  [Cs{[U(OSi(O'Bu)3);]2(u-NCS)(u-CS3)}1.(C7Hg)os  (C74H162CsNO24S4SisUs.
(CsHs)o8): C, 39.35; H, 6.99; N, 0.58. Found: C, 39.37; H, 6.99; N, 0.88

Reaction of [Cs{[U(OSi(O'Bu);)s]»(n-N)}] with 1 equivalent of CS,.

The addition of 9.9 uL of a 0.8M solution of CS; (0.008 mmol, 1 eq) to a red brown
solution of [Cs{[U(OSi(O'Bu)3)3]2(u-N)}], 1 (15.6 mg, 0.008 mmol, 1 eq) in toluene
(0.6 mL) led to an immediate colour change affording a green solution. The proton
NMR spectrum of this reaction mixture shows the presence of a major species which
was assigned to a putative thiocyanate and sulphide bridged U(IV) complex
[Cs{[U(OSi(O'Bu)3)3]2(u-NCS)(u-S)}], a. The proton NMR shows also the presence
of complex 3 suggesting that it forms also at sub-stoichiometric amounts of CS,.
When amounts of CS, lower than 1 eq are added to 1, the proton NMR spectrum of
the resulting reaction mixture shows the presence of unreacted complex 1, of complex
3 and of the SCN/S species a. This prevents the isolation of the SCN/S intermediate
in a pure form. The >C NMR in DMSO-dg of the 1:1 (1:CS,) reaction mixture shows
the presence of free SCN™ in agreement with the formulation of the intermediate as a
thiocyanate and sulphide bridged complex. The addition of a second equivalent of
CS; to the 1:1 reaction mixture of 1 and CS; leads to the formation of 3 as the only
species in solution. '"H NMR of intermediate a (400 MHz, toluene-ds, 298 K): & = —
0.52 (s, 162H, CH; terminal siloxide). C NMR of intermediate a (400 MHz,
toluene-ds, 298 K): & = 136.7 (bridging NCS")"*C NMR of intermediate a (400 MHz,
DMSO-dg, 298 K): 6 = 129.3 (NCS").

Synthesis of [Cs{[U(OSi(O'Bu);):]2(u-NC,04)}], 4.

BC0, (0.042 mmol, 28 mbar, 3 eq) was added to an NMR tube containing a red
brown solution of [Cs{[U(OSi(O'Bu)s);]»(u-N)}], 1 (30 mg, 0.014 mmol, 1 eq) in
toluene-ds (0.5 mL). Immediately the mixture turned light blue. Blue single crystals,
suitable for XRD studies, formed after 24 h at —40 °C. The crystals were collected and
dried in vacuo to give 23.5 mg of 4 (72%). IR, v'>*C=0 (cm '): 1579, 1648, 1645. 'H
NMR (400 MHz, toluene-dgs, 298 K) of crystals of 4: & = very broad signal ranging
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from —4 to 3 ppm, 162H, CH; terminal siloxide). °C NMR (400 MHz, toluene-ds,
298 K) of crystals of 4: & = —134.2 (bridging (NC,0,)) Anal. Calcd for
[Cs{[U(OSi(0O'Bu)3)3]2(u-NC204)}1.(C/Hs) (C74Hi62CsNO2sSigUs.(C7Hy)): C, 40.81;
H, 7.19; N, 0.59. Found: C, 40.92; H, 7.44; N, 0.59.

Reaction of [Cs{[U(OSi(O'Bu);)s]>(u-N)}] with 1 equivalent of CO,; isolation of
co-crystallized [Cs{[U(OSi(O'Bu)3)3]2(u-NCO){(u-0)}], 5 and
[Cs{[U(OSi(O'Bu)s)s]2(u-0)2}], 6.

BC0, (0.012 mmol, 8.2 mbar, 1 eq) was added to an NMR tube containing a red
brown solution of [Cs{[U(OSi(O'Bu)3)s;]»(u-N)}], 1 (26.7 mg, 0.012 mmol, 1 eq) in
toluene-ds (0.5 mL). Immediately the mixture turned light blue. The proton NMR
shows a mixture of species including complex 4. A similar result is obtained when 1.5
or 2.2 eq of CO; are added. Blue single crystals of 4 formed after 24 h at —40 °C and
were collected. From the supernatant, light purple single crystals of 5.6, suitable for
XRD, formed after 24 h. The proton NMR of the crystals in toluene shows the
presence of only one peak probably due to the presence of ligand scrambling in
solution. The stoichiometry of the reaction requires also the presence of an additional
species containing two bridging thiocyanate ligands. "H NMR (400 MHz, toluene-ds,
298 K) of crystals: & =-2.48.
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CHAPTER 3

Facile CO cleavage by a Multimetallic CsU, Nitride
Complex

Introduction'

Carbon monoxide is an inexpensive and readily available C; feedstock used in
industry for the production of a wide variety of chemicals, such as methanol, acetic
acid, phosgene, and hydrocarbons.! A key step in Fischer-Tropsch hydrocarbon
production from CO and H, is the cleavage of the CO triple bond, which is the
strongest chemical bond (dissociation energy at 298 K: 1076 kJ mol™). This process
requires the use of heterogeneous transition-metal catalysts at elevated temperatures.
] The cleavage of the CO bond under mild conditions is an important fundamental
challenge in the search for new routes for the production of functionalized organic
molecules from CO. The direct addition of CO to a metal nitride is a rare event
observed only for highly nucleophilic nitride complexes of d-block transition metals,
such as V, Fe, and Hf.” Notably, a few terminal monometallic nitrido complexes and
only one example of nitride-bridged dimetallic complex " effect nitrogen-atom
transfer to CO to afford cyanate, which in some cases is spontaneously extruded.*®!
Reductive carbonylation of monometallic U(V) and U(IV) nitrides by CO to afford
the isocyanate ligand has also been recently reported.’®! Several examples of CO
cleavage by metal complexes have been reported,'” and these reactions often yield
metal-carbide complexes and oxo clusters. The binding ! and the reduction ! of CO
by uranium(IIl) complexes has been demonstrated. Several examples of CO reductive

homologation effected by uranium(IIl) systems with the formation of deltate,"”

[7b, 8] 7b,9

squarate, or ethynediolate dianions ! have also been identified. We showed in

the previous chapter the high nucleophilic character of the nitride-bridged diuranium
complex [Cs{[U(OSi(O'Bu);):,(u-N)}], 1" which reacted under ambient

conditions with CO, and CS,. The reaction led to the formation of C—N bonds

! Portions of this chapter have been published: M. Falcone, C. E. Kefalidis, R. Scopelliti, M. Mazzanti,
Angewandte Chemie Int. Ed., 2016, 55, 12290

Author contributions: M.F. carried out the synthetic experiments and analysed the experimental data; C.E.K.
performed the DFT calculations; R.S. performed the X-ray single crystal structure analyses. M.M. and M.F.
wrote the manuscript.
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yielding cyanate, thiocyaniate and unprecedented dicarbamate species. In the present
chapter we describe how the high nucleophilicity of 1, and the multimetallic
cooperativity of the CsU, core, lead to complete cleavage of the CO triple bond to
yield cyanide. The cyanide ligand can be readily transferred to electrophiles, such as

MeOT{f and Me;Sil, resulting in the stoichiometric synthesis of organic nitriles.

Results and discussion

The addition of stoichiometric or excess amounts of CO or CO (1 equiv.) to the
diuranium(IV) complex [Cs{[U(OSi(O'Bu)3);]»(u-N)}], 1 in toluene at room
temperature led to an immediate colour change of the solution from brown to light
blue (Scheme 1). The proton NMR showed the disappearance of the peak assigned to
complex 1 and the appearance of a single new signal at —1.34 ppm, assigned to

complex [Cs{[U(OSi(0'Bu)s); Jo(u-CN)(u-0)}], 2.

'‘Bu B . Bu 'BUO——giot
o O O g sio'Bu), (Buo),si—0__/ Bu PIOBY:
(BUOREN 2 K0TS0 100 guQ %AO\/SKO‘BmZ
Bu | E—— O |
! N Tol ) v—0—, -0
(BUO),SIC >V =R= V>0 P tuo)si U =W
/ \ , C=N c At
(BuO)SIO  ,  OSi(O'Bu)g (BUO)3SIO OSi(0Bus

2

Scheme 1. CO cleavage reaction effected by complex 1 under ambient conditions to afford the complex
[Cs{[U(OSi(O'Bu)3)s 2 (u-CN)(u-0)}1, 2.

Blue crystals of the complex [Cs{[U(OSi(O'Bu)3)3]2(u-CN)(u-0)}], 2 were isolated in
60% yield at 40 °C. Proton NMR studies showed that complex 2 was stable in
toluene at room temperature for several hours. The >’C NMR spectrum of 2 showed
the presence of a signal at 866 ppm, which was assigned to the >CN ligand. Traces of
decomposition, evident from a new NMR peak assigned to the [U(OSi(O'Bu)s)4]
complex, appeared only after three days, probably as a result of ligand scrambling.
The solid-state structure of 2 (Figure 1) shows the presence of a diuranium(IV)
complex in which two [U(OSi(O'Bu););] framents are bridged by one oxo ligand and
one cyanide group. This structure indicates that the highly nucleophilic character of
the bridging nitride promotes the ready cleavage and deoxygenation of carbon
monoxide to afford a N=C triple bond and a bridging oxo group. The resulting
cyanide ligand adopts a bridging mode with U-C (2.610(7) A) and U-N (2.576(6) A)

bond distances comparable to those reported for cyanide-bridged diuranium(IV)
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complexes (2.549(8) - 2.583(2) A).!""! The N-C bond distance (1.155(9) A) compares
well to that found in cyanide-bridged diuranium(IV) complexes (1.177(4) A). [11b]

Figure 1. Solid-state molecular structure of [Cs{[U(OSi(O'Bu)3);],(u-CN)(-0)}], 2. Thermal ellipsoids set at
50% probability. Hydrogen atoms and methyl groups were omitted for clarity. Selected bond lengths [A]: Ul-
0105 2.124(4), U1-N1 2.576(6), N1-C113 1.155(9), U2-0105 2.144(4), U2-C113 2.610(7).

The structure of complex 2 was determined by X-ray crystallography. In complexes
containing very heavy metals, it is quite hard to differentiate between O and N atoms
by X-ray crystallography, but a comparative analysis, based on the displacement
parameters and on the R factors, with the alternative structure resolution as a putative
nitride-carbonyl complex [Cs{[U(OSi(O'Bu)3)3]2(u-CO)(u-N)}], strongly supports the
presence of the oxo-cyanide complex 2. In addition, the irreversible binding of neutral
CO to a uranium(IV) nitride is rather improbable. The only reported uranium complex
containing a bridging CO ligand was identified in a dinuclear U(III)U(IV) complex.
However in this case the complex featured a reduced CO™ ligand rather than a neutral
CO ligand." No evidence of crystallographic disorder between the C and N atoms
was observed.

The outcome of the reaction of 1 with CO is very different from that recently reported
for the reaction of mononuclear uranium nitride complexes with CO, which led to the
reductive carbonylation of U(V) and U(VI), thus affording U(II1)-OCN and U(IV)-
OCN complexes, respectively.”?! This remarkable difference in reactivity shows the
importance of multimetallic cooperativity in CO scission. To confirm the presence of
a cyanide ligand in complex 2 and to investigate the possibility of transferring the
cyanide ligand to organic substrates, we treated complex 2 with Me;Sil and with

MeOTf (Scheme 2).
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Scheme 2. Reactions of 2 with the electrophiles MeOTf and Me;Sil to afford MeCN and Me;SiCN. OTf =
trifluoromethanesulfonate.

The reaction of [Cs{[U(OSi(O'Bu)3)s]2(u-"CN)(u-0)}] with MesSil (1 equiv.) at
room temperature in benzene led to an immediate colour change and afforded a white
suspension. The ?C NMR spectrum of the reaction mixture showed the disappearance
of the peak assigned to the uranium bound CN group and the appearance of a new
signal at 126.3 ppm, which was assigned to the cyanide group of Me,Si">CN (Figure
2). After the addition of MesSil, proton NMR studies showed the immediate
disappearance of the peak assigned to complex 2 and the appearance of only one new
major signal at —1 ppm. This signal was assigned to an intermediate oxo iodide
species “[Cs{[U(OSi(O'Bu)3)s]»(u-I)(u-0)}]”. This species decomposes rapidly and
after 48 h only a peak assigned to [U(OSi(O'Bu)s)4] was observed. The formation of
a stable u-oxo iodide complex and Me;Si">CN was observed in the reaction of the
dihafnium  oxo  cyanide  complex  [{(n’-CsMesH),Hf(NCO)}(u-O){(n’-
CsMesH),Hf(CN)}] with Me;SiL.!"*! The formation of [U(OSi(O'Bu)s)s] from the
intermediate iodide is the result of ligand scrambling. Ligand scrambling leading to
the formation of bis(oxo) complexes and unidentified products was previously

observed for the diuranium(IV) oxo- and cyanate-bridged complex (see chapter 2).['*"]
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Figure 2. >C NMR (400 MHz, benzene-dg, 298 K) of crystals of complex 2 (a); *C NMR (400 MHz, benzene-ds,
298 K) 48 h after the addition of Me;Sil to complex 2 showing the disappearance of the signal assigned to the
bridging *CN (b); *C NMR (400 MHz, benzene-ds, 298 K) 48 h after the addition of Me;Sil to complex 2 (c).

The reaction of 2 with MeOTf proceeded more slowly, and after 24 h at room
temperature a large amount of starting material was still present. The 'H NMR
spectrum in toluene-dg after 24 h showed the presence of the signal assigned to
[U(OSi(O'Bu)s),4] and a broad signal at 0.63 ppm assigned to CH3"?CN. The formation
of CH;"°CN was confirmed by the presence of a signal at 113 ppm in the °C NMR
spectrum. The cyanide-alkylation reaction was complete after overnight heating at 55
°C. NMR studies did not show evidence of products arising from the alkylation of the
bridging oxo ligand. Overall, the successive addition of CO and MeOTf or MesSil to

complex 1 resulted in the conversion of CO into organic nitrile compounds.

For comparison, we also investigated the reactivity of the nitride complex 1 with
MeOTT{. The reaction of 1 with MeOTT (1 equiv.) at room temperature resulted in a
slow (24 hours) colour change of the solution from brown to green and a mixture of

complexes 3 and 4 (Scheme 3). Storage of the solution at —40 °C resulted in the
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isolation of light blue crystals of the bis(imido) complex [{UY(OSi(OtBu)3)s}a(u-
NMG)Q], 4.
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Scheme 3. Methylation reaction of complex 1 with MeOTf to form complexes 3 and 4.

Attempts to isolate the two products in a pure form from this reaction were not
successful. The reaction is faster when 1 is treated with 2 equivalents of MeOTT, but
the same mixture of complexes 3 and 4 is obtained, as indicated by the proton NMR
spectrum. However, in this case storage of the reaction mixture at —40 °C for 24 h
resulted in the isolation of green-blue crystals of the complex
[Cs,{U(OSi(0O'Bu)3)s} 2(u-OTH),]-2(C7Hg), 3 in 60% yield. The crystallization of
complex 3 is probably favored by the presence of an excess of MeOTf in the solution.
Subsequent cooling of the mother liquor afforded a few crystals of complex 4. Owing
to its low stability, the isolation of complex 4 in sufficient amounts for further
characterization was not possible. The low stability of the U(V) imido complex 4 is
consistent ~with the observed instability of the previously reported
“[UY(0Si(OtBu)s);}(NR)]” (R= adamantly) intermediate, which could not be isolated
because it rapidly disproportionate to afford [U(IV)(OSi(O'Bu)s)s] and
[U(VD2(NR)4(OSi(O'Bu)s)a]. ™

The solid-state structure of 3 (Figure 3) consists of a diuranium(IIl) complex where
two [U(OSi(O'Bu)s)s] fragments are bridged by two triflate anions, each one binding
the two uranium centres and a cesium cation in a p3:k*(0,0):'-O fashion. The mean
U—Oxsitoxide bond length is similar (2.165(3) A) to the U—-Ogjioxige distance found in the
U(IV) complex 1 (U-Oqyg2.19(3) A) and in the diuranium(III) tris(siloxide) complex
[U(OSi(0'Bu)3)2(n-0Si(0'Bu)s)]2 (2.193(4) A)."*! The U-U distance is longer (5.636
A) than that found in the [U(OSi(O'Bu)s3),(u-OSi(O'Bu)s)]> complex (3.9862(2) A).
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Figure 3. Solid-state molecular structure of [Cs, {U(OSi(0'Bu)s);}2(n-OTf),], 3. Thermal ellipsoids set at 50%
probability. Hydrogen atoms and methyl groups were omitted for clarity. Selected bond lengths [A]: U1-061
§:2§2(63()1,)p1—062 2.479(3), U1-063 2.323(3), S1-061 1.504(3), S1-062 1.492(3), S1-063 1.462(3), UI-U1A
The solid-state structure of 4 was determined by X-ray crystallography (Figure 4).
The unit cell consists of two independent diuranium(V) complexes, 4a and 4b where
two [U(OSi(O'Bu););] fragments are bridged by two methylimido ligands. The mean
U—Ositoxidge bond length (2.110(5) A) is slightly shorter than that found in the U(V)
terminal imido complex [K(18c6)][UNSiMe;)(OSi(O'Bu)s)s] (Ul-Ouye 2.16(2)
A).1"%) The average U-U distance in 4 is 3.8612(6) A. The U-N distances in the two
complexes are slightly different (2.319(6) A in 4a and 2.309(6) A in 4b). These

values can be compared to those found in the rare examples of previously reported

imido-bridged diuranium(V) complexes (2.387(5) - 2.078(5) A).l'4]

Figure 4. Solid-state molecular structure of [{UY(OSi(OtBu)s);}»(u-NMe),], 4, 4a (a) and 4b (b). Thermal
ellipsoids set at 50% probability. Hydrogen atoms and methyl groups were omitted for clarity. Selected bond
lengths [A]: U(1)-N(1)#1 2.314(6), U(1)-N(1) 2.324(6), U(1)-U(1)#1 3.8735(5), U(2)-N(2) 2.309(6), U(2)-
NQ)#2 2.309(6), U(2)-U(2)#2 3.8489(6), N(1)-C(53) 1.429(13), N(1)-U(1)#1 2.314(6), N(2)-C(113) 1.441(14),
N(2)-U(2)#2 2.309(6).
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The formation of imide complexes from the alkylation of nucleophilic bridging
nitrides has been reported ! but did not lead to valence disproportionation. In
contrast, the alkylation of 1 promotes the disproportionation of the metal center,
leading to the transformation of two U(IV) cations into a U(V) and a U(III) complex.
This is exceptional reactivity since U(IV) complexes are generally much more stable
than their U(IIl) and U(V) analogues, which are wusually more prone to

161 For instance, the diuranium(IV) imido-bridged

disproportionation reactions.
complex, [(MeCsH)4U,(u-NPh),], was obtained from the comproportionation reaction
of the imido complex (MeCsH);U'NPh with the tris-(cyclopentadienyl) complex
[(MeCsHs);U(IID]." The reactivity of complex 1 could be explained by the presence
of asymmetric bonding in the UIV)-N-U(IV) core that may be formulated as a
mixed valent U(V)-N-U(III) complex, but this formulation is not supported by

comparison of the optimized geometry with the experimental metrical parameters in

10a]

complex 1 (Figure 5).!

Figure 5. 3D representation of the optimized geometry together with the U(III)-N and U(V)-N bonding distances
[A] for the putative mixed valence complex 1 (a); metrical parameters for the solid-state structure of 1 (b).!'"
The unique reactivity of complex 1 towards CO and MeOTfT substrates, was further
explored by examining plausible reaction pathways with calculations at the DFT level
of theory.'®!

Full systems without any simplifications or geometrical constraints were considered

in the calculations.""” In the computed profile for the reaction of 1 with MeOTf

(Figure 6) the first step involves the coordination of the MeOTf to complex 1.
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Figure 6. DFT computed enthalpy profile for the reaction of 1 with MeOTf to afford 3 and 4 at room temperature
(the values are give in kcal mol™) and 3D representation of ts-BC.

In the non-symmetric coordination environment of the U-N—-U core resulting from
MeOTf binding, the mixed-valent intermediate int-B is enthalpically more stable
compared to the charge-delocalized int-A, by 11.4 kcal/mol (22 kcal/mol more stable
with respect to the separated reactants). Interestingly, no direct methyl-transfer TS
from MeOTT to the nitride (in an outer-sphere-type mechanism) could be located, as
every attempt lead to either int-A or int-B. The Cs' plays a crucial role in holding the
fragments together in the dinuclear mixed valence complex, but also in stabilizing the
anionic, monomeric formally U(V) nitride molecular part. From int-B, the system can
reach the transition state ts-BC where the methyl group is transferred from the triflate
moiety to terminal nitride. This reaction can be better described as a methyl transfer
from oxygen to nitrogen at the Cs atom rather than at the uranium center, as
illustrated nicely in Figure 6. Eventually, the uranium atoms act solely as Lewis acid

centers to activate the nitride and methy] triflate ligands.

ts-BC leads to the formation of complex int-C, which is a mixed-valence bimetallic
complex involving two fragments: a U(IIl) sulfonate (Cs) and a U(V) imido. The
formation of the latter, is highly favourable (—81.5 kcal/mol). Complex int-C then
undergoes a dimerization process to yield the two homoleptic U(II) and U(V)
complexes, 3 and 4 respectively. This last step is computed to be favourable by 7.0
kcal/mol, in line with experimental observations.

The computational mechanistic investigation of the reaction between complex 1 and

CO was also carried out (Figure 7).
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Figure 7. DFT computed enthalpy profile for the reaction of CO with complex 1 to afford complex 2 at room
temperature (the values are given in kcal mol™). The insert shows a 3D representation of the active core of ts-G2.

The closest, unique analogue of such exceptional reactivity is the high temperature
(110 °C) cleavage of CO by a diazenido di-hafnium complex to yield a w-oxo/u-
cyanido species that proceeds through the formation of a stable oxamidide
intermediate.!'”) Computational and experimental studies suggest that this stable

0l However, the

oxamidide species forms via an unstable nitride intermediate.”
uranium nitride reactivity appears to be significantly different. First the CO molecule
binds one uranium center with an activation barrier of 8.6 kcal/mol, yielding an
unstable CO adduct (endothermic formation of 8.1 kcal/mol). Subsequently, the CO
molecule undergoes a barrier-less migratory insertion onto the U—nitride bond. This
process is favored by the coordination of the Cs" cation to the nitride ligand in a trans
position with respect to the bound CO. Such binding mode results in the
pyramidalization of the nitride ligand that enhances its nucleophilic character. The
insertion yields int-E, that is a n°(C,N):x*(O,N) bimetallic complex.

The int-E then undergoes a isomerization process assisted by the Cs cation to yield
the isoenergetic but reactive isomer int-G (see SI for the full isomerization part). The
geometry of complex int-G is quite interesting as the cyanate ligand exhibits a 7'-N
coordination with one uranium centre and #*(C,0) with the other uranium (1',” is a
classical coordination for bimetallic uranium complexes of triatomic molecules such
as CO, ")), but also develops an interaction with the Cs cation that exemplifies the
cooperative effect of the Cs cation. From int-G, an easy elimination of a CN™ anion
(i.e., full C—O bond scission from carbon monoxide) takes place with an activation
barrier of 15.1 kcal/mol. Interestingly, at ts-G2, it appears that the elimination occurs

trans to the Cs cation, which acts as a Lewis acid activator for the C—O bond
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disruption. Once more, the heteropolymetallic cooperativity is important in explaining
the observed facile reactivity.

The cesium cation is found to play an important role in the calculated mechanism;
however, it is not necessary to achieve CO cleavage. Indeed, when the butyl
ammonium diuranium(IV) bridging nitride is prepared, and in situ reacted with °CO,
the *C NMR spectrum in D,0 of the crude mixture reveals the presence of cyanide
(Scheme 4), confirming that the combination of nucleophilicity of the nitride and
oxophilicity of the uranium atoms is enough to cleave the CO triple bond, even in
absence of the cesium cation in the core. However, the reaction does not allow the
isolation of the cyanide oxide product due to ligand scrambling and formation of

multiple species.

Si(0'Bu) ¢ . sio! ©

BuO— 2 (‘BuO)Si i(O'Bu)g

BuQ 0Si(0'Bu)s *ay g uN®

(BuO)sSIO~\ jii— \u“‘/ BusNNg , O 7/~ Si(O'Bu)y CO_ Dz0_ 1350~
. /7 0T\ TO8I0BU)g g | (BUOSIS oY EN=GEO tol
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a

Scheme 4. Reaction of the diuranium(IIl) siloxide complex with butyl ammonium azide to give the bridging
nitride with butyl ammonium as counter cation (a); in situ addition of carbon monoxide and subsequent release of
the cyanide in D,O (b).

Attempt to coordinate the cesium cation with cryptand did not succeed in removing
the cation from the pocket formed by the siloxide ligands and the nitride. When
cryptand was added to a solution of complex 1, no shift of the peak assigned to the
siloxide was observed and the reaction with CO proceeded giving the same product,

complex 2.

Conclusions

The high nucleophilic reactivity of the nitride ligand in the heterodimetallic 1 leads to
the first example of complete cleavage of CO by a nitride complex under ambient
conditions. The CO cleavage affords a complex containing two U(IV) cations bridged
by an oxo and a cyanide group. This complex can transfer the cyanide group to
electrophiles leading to N—C bond formation and release of organic molecules such as
CH;CN or CH3SiCN. An exceptional outcome is also observed for the reaction of the
U(IV) with the electrophilic MeOTf leading to the unprecedented valence
disproportionation of U(IV) to U(IIT) and U(V) with concomitant formation of a U(V)

imido complex. In this case, not only ligand based reactivity of the bridging nitride
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was observed but also metal redox activity was involved. The DFT studies support the
presence of a multimetallic cooperative effect of the two uranium centres and of the
Cs" cation in the complete cleavage of CO and in the methyl transfer to the uranium-
bound nitride. These results encouraged us to pursue the use of the easily available
CO substrate to build C-N or C—H bonds (see next chapters) and may open new

pathways for the synthesis of valuable chemicals from CO as a source of carbon.

Experimental

General Considerations. 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 130°C before use. Compounds were
characterized by elemental analysis, 'H and C NMR, IR, single-crystal X-ray
diffraction. Reaction pathways were examined by performing calculations at the DFT
level of theory. Further Details are provided in the Supplementary Information.

'"H NMR experiments were carried out using NMR tubes adapted with J. Young
valves. "H 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.

Starting materials. Unless otherwise noted, reagents were purchased from
commercial suppliers and used without further purification. The solvents were
purchased from Aldrich or Eurisotop (deuterated solvents) in their anhydrous form,
conditioned under argon and vacuum distilled from K/benzophenone (toluene and
THF). [Cs{[U(OSi(OtBu)3);]2(u-N)}], 1 was prepared according to the published
procedure.!'

Caution: Depleted uranium (primary isotope >**U) is a weak a-emitter (4.197 MeV)
with a half-life of 4.47x10° years. Manipulations and reactions should be carried out
in monitored fume hoods or in an inert atmosphere glovebox in a radiation laboratory

equipped with a- and B-counting equipment.
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Synthesis of complex [Cs{[U(OSi(O'Bu)3);](t-CN)(n-0)}], 2.

CO (0.03 mmol, 17.9 mbar, 1 eq) was added at room temperature to an NMR tube
containing a red brown solution of [Cs{[U(OSi(OtBu)3)s;]o(u-N)}] (58.7 mg, 0.03
mmol, 1 eq), complex 1 in toluene-dg (0.5 mL). The solution turned light blue. Blue
single crystals, suitable for XRD studies, formed after letting stand the solution for 24
h at -40 °C. The crystals were collected and dried in vacuo to give 35 mg of complex
[Cs{[U(OSi(O'Bu)3)3]2(u-CN)(u-0)}], 2 (60% yield). The same reaction was
performed also with labelled >CO. IR, n">CN (cm™): 2037 (bridging *CN). "H NMR
(400 MHz, toluene-dg, 298 K): 8 = —1.34 (s, 162H, CHj terminal siloxide). 'H NMR
(400 MHz, toluene-dg, 298 K) of crystals: & = —1.34 (s, 162H, CHj; terminal siloxide).
BC NMR of crystals (400 MHz, benzene-ds, 298 K): & = 865.82 (bridging CN).
Anal. Caled for [Cs{[U(OSi(O'Bu)3);]o(u-CN)(u-0)}] (C73H16,Cs1N1025SisUs): C,
39.29; H, 7.32; N, 0.63. Found: C, 39.18, H, 7.76, N, 0.63.

Reaction of complex [Cs{[U(OSi(O'Bu)3)s]2(n-"CN)(n-0)}], 2, with MeOTf
Complex [Cs{[U(OSi(O'Bu)s)3]o(u-">CN)(u-0)}] (15.7 mg, 0.007 mmol, 1 eq) was
dissolved in 0.5 mL of benzene-dg and MeOTf was added (7 mL of a solution 1M in
CsDg, 1 eq). The reaction proceeds slowly affording the complex [U(OSi(OtBu);)4]
and Me"’CN both detected by 'H and >C NMR. Within 3 days heating at 50 °C, the
decomposition is completed and the species [U(OSi(OtBu)3)4(Me'°CN)] was detected
by 'H and “C NMR. After addition of an excess of pyridine (5 mL, 10 eq) free
Me"’CN was detected by 'H (doublet at 0.59 ppm) and >C NMR. 'H NMR after 1h
(400 MHz, benzene-dg, 298 K): & = 0.66 (CH;"°CN). °C NMR after 1h (400 MHz,
benzene-ds, 298 K): & = 113.15 (CH;"°CN). 'H NMR after heating (400 MHz,
benzene-ds, 298 K): & = 1.11 (‘Bu of complex [U[(OSi(OtBu)3)s(Me’CN)]). *C
NMR after heating (400 MHz, benzene-dg, 298 K): & = 114.4 (coordinated CH;"CN).
"H NMR (400 MHz, benzene-ds, 298 K) after addition of pyridine: § = 0.59 (doublet,
free Me'?CN). °C NMR (400 MHz, benzene-ds, 298 K) after addition of pyridine: &
=115.75 (free Me"CN).

Reaction of complex [Cs{[U(OSi(O'Bu)s)3]2(n-"CN)(n-0)}], 2, with Me;Sil

The addition of 8 mL of a 0.64M solution of Me;Sil (0.005 mmol, 1 eq) to a light blue
solution of complex [Cs{[U(OSi(O'Bu)s);]o(u-">CN)(u-0)}] (11.4 mg, 0.005 mmol, 1
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eq) led to an immediate colour change resulting in a white suspension that after
centrifugation and removal of Csl afforded a colourless solution. The presence of
Me;Si’CN was detected by °C NMR. The solution turns light green within 48 hours
at room temperature, yielding quantitatively [U(OSi(OtBu)s)4] (titrated by NMR with
naphthalene as reference). '"H NMR immediately after MesSil addition (400 MHz,
benzene-de, 298 K): 8 =—1.05 (s, 162H, CH; terminal siloxide). >C NMR (400 MHz,
benzene-de, 298 K): & = 126.7 (Me;Si'’CN). 'H NMR after 48 hours (400 MHz,
benzene-ds, 298 K): § = 1.09 (CH; terminal siloxide of complex U[OSi(O'Bu)s]s).

Reaction of complex [Cs{[U(OSi(OtBu);):]2(n-N)}1, 1, with 1 eq of MeOTf

To a red brown solution of complex [Cs{[U(OSi(OtBu)3);]2(u-N)}] (9.6 mg, 0.0044
mmol, 1 eq) in toluene-dg (0.5 mL), 5.5 mL of a 0.8M solution of MeOTf in toluene-
ds (0.0044 mmol, 1 eq) were added at room temperature. The reaction is not
immediate. After 24 hours at -40 °C the solution turns light blue green.

The proton NMR (Appendix 2, Figure S17) shows the presence of on broad signal
assigned to complex [{U(OSi(OtBu););}2(u-NMe),]. 4, and one narrow signal
assigned to complex [Cs;{U(OSi(OtBu)s)3}2(n-OTf),], 3. Correct integration of the
signals was prevented by the poor resolved shape of the signal of complex 4. It was
possible to isolate light blue crystals of the complex 4, after 24h at -40 °C. Attempts
to isolate this complex in larger amount lead to the isolation of mixtures of complexes

3 and 4.

Reaction of complex [Cs{[U(OSi(OtBu););].(n-N)}1, 1, with 2 eq of MeOTf

To a red brown solution of complex [Cs{[U(OSi(OtBu)3);]2(n-N)}] (46.9 mg, 0.02
mmol, 1 eq) in toluene-dg (1.5 mL), 4.8 mL of MeOTf were added (0.04 mmol, 2 eq)
at room temperature. After 1 hour stirring at room temperature the solution turns light
blue green. Green blue single crystals, suitable for XRD studies, formed after letting
the solution stand 24 h at -40 °C. The crystals were collected and dried in vacuo to
afford the complex [Cs;{U(OSi(OtBu)3)s}2(n-OTH),]-2(C7Hs), 3-2(C7Hs) in 60%
yield (18.0 mg). The supernatant after standing 24 h at -40°C afforded a few crystals
of the [{U(OSi(OtBu)3)s}2(n-NMe),], complex 4. The isolation in larger amounts of
the complex 4 was prevented by its low stability and by co-crystallization of complex

3 and decomposition products. 'H NMR (400 MHz, toluene-dg, 298 K): & = -2 - 1
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(broad, CHj3 siloxide of 4), —2.45 (CHj siloxide of complex 3). "H NMR of crystals
(400 MHz, toluene-ds, 298 K): 6 =—2.45 (CHj3 siloxide of complex 3. Anal. Calcd for
[Cs2{U(OSi(OtBu)3)3}2(u-OT1)2]-2(C7Hg)  (C74H162Cs2030F6S2Si6Uz)(C7Hg)2: C,
37.40; H, 6.90; N, 0.00. Found: C, 37.68, H, 6.40, N, 0.00.

Reaction of complex [Cs{[U(OSi(OtBu);3)s]2(u-N)}], 1, with 18¢6 crown ether and
2.2.2-cryptand

The addition of excess (2 eq) 18c6 crown ether or 2.2.2-cryptand to a solution of 1 in
toluene did not lead to any change on the proton NMR spectrum indicating that the Cs
cation remains bound to the complex in toluene. When the addition of 18c6 crown
ether or 2.2.2-cryptand is carried out in THF a significant shift (from —0.8 ppm
without cryptand to —0.38 ppm with cryptand) of the signal assigned to the complex 1
is observed indicating the formation of a ion pair. Removal of the THF and
dissolution of the residue in toluene lead to the restauration of the original neutral
complex 1. Preliminary studies of the reactivity of the complex 1 with CO and
MeOTf in THF in the presence of 18c6 crown ether or 2.2.2-cryptand lead to a
different reaction product compared to the reactivity in toluene, but these products

remain unidentified.

Bibliography

[1] G. W. Parshall, S. D. Ittel, Homogeneous Catalysis. The Applications and
Chemistry of Catalysis by Soluble Transition Metal Complexes, 2nd ed ed.,
Wiley Interscience, 1992.

[2] H. Schulz, Appl. Catal. A 1999, 186, 3-12.

[3] a) B. Askevold, J. T. Nieto, S. Tussupbayev, M. Diefenbach, E. Herdtweck,
M. C. Holthausen, S. Schneider, Nat. Chem. 2011, 3, 532-537; b) J. I.
Scepaniak, R. P. Bontchev, D. L. Johnson, J. M. Smith, Angew. Chem. Int. Ed.
Engl. 2011, 50, 6630-6633; c) B. L. Tran, M. Pink, X. F. Gao, H. Park, D. J.
Mindiola, J. Am. Chem. Soc. 2010, 132, 1458; d) J. S. Silvia, C. C. Cummins,
J. Am. Chem. Soc. 2009, 131, 446-447; e) P. A. Cleaves, D. M. King, C. E.
Kefalidis, L. Maron, F. Tuna, E. J. L. Mclnnes, J. McMaster, W. Lewis, A. J.
Blake, S. T. Liddle, Angew. Chem. Int. Ed. Engl. 2014, 53, 10412-10415; f) S.
P. Semproni, C. Milsmann, P. J. Chirik, Angew. Chem. Int. Ed. Engl. 2012,
51,5213-5216.

[4] a) F. Calderazzo, U. Englert, A. Guarini, F. Marchetti, G. Pampaloni, A.
Segre, Angew. Chem. Int. Ed. Engl. 1994, 33, 1188-1189; b) N. M. West, A. J.

81



[5]

[6]
[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

M. Miller, J. A. Labinger, J. E. Bercaw, Coord. Chem. Rev. 2011, 255, 881-
898; ¢) D. R. Neithamer, R. E. Lapointe, R. A. Wheeler, D. S. Richeson, G. D.
Vanduyne, P. T. Wolczanski, J. Am. Chem. Soc. 1989, 111, 9056-9072; d) R.
L. Miller, P. T. Wolczanski, A. L. Rheingold, J. Am. Chem. Soc. 1993, 115,
10422-10423; e) T. Shima, Z. Hou, J. Am. Chem. Soc. 2006, 128, 8124-8125;
f) J. Ballmann, F. Pick, L. Castro, M. D. Fryzuk, L. Maron, Organometallics
2012, 31, 8516-8524; g) A. S. Batsanov, J. A. Cabeza, M. G. Crestani, M. R.
Fructos, P. Garcia-Alvarez, M. Gille, Z. Lin, T. B. Marder, Angew. Chem. Int.
Ed. Engl. 2016, 55, 4707-4710; h) P. A. Belmonte, F. G. N. Cloke, R. R.
Schrock, J. Am. Chem. Soc. 1983, 105, 2643-2650; 1) J. A. Buss, T. Agapie,
Nature 2016, 529, 72-75; j) D. J. Knobloch, E. Lobkovsky, P. J. Chirik, J. Am.
Chem. Soc. 2010, 132, 10553-10564; k) T. Matsuo, H. Kawaguchi, J. Am.
Chem. Soc. 2005, 127, 17198-17199; 1) H. Braunschweig, M. A. Celik, R. D.
Dewhurst, S. Kachel, B. Wennemann, Angew. Chem. Int. Ed. Engl. 2016, 55,
5076-5080.

a) J. G. Brennan, R. A. Andersen, J. L. Robbins, J. Am. Chem. Soc. 1986, 108,
335-336; b) J. Parry, E. Carmona, S. Coles, M. Hursthouse, J. Am. Chem. Soc.
1995, 117, 2649-2650; c) W. J. Evans, S. A. Kozimor, G. W. Nyce, J. W.
Ziller, J. Am. Chem. Soc. 2003, 125, 13831-13835.

I. Castro-Rodriguez, K. Meyer, J. Am. Chem. Soc. 2005, 127, 11242-11243.

a) O. T. Summerscales, F. G. N. Cloke, P. B. Hitchcock, J. C. Green, N.
Hazari, Science 2006, 311, 829-831; b) A. S. Frey, F. G. N. Cloke, P. B.
Hitchcock, I. J. Day, J. C. Green, G. Aitken, J. Am. Chem. Soc. 2008, 130,
13816-13817.

O. T. Summerscales, F. G. N. Cloke, P. B. Hitchcock, J. C. Green, N. Hazari,
J. Am. Chem. Soc. 2006, 128, 9602-9603.

a) P. L. Arnold, Z. R. Turner, R. M. Bellabarba, R. P. Tooze, Chem. Sci. 2011,
2, 77-79; b) S. M. Mansell, N. Kaltsoyannis, P. L. Arnold, J. Am. Chem. Soc.
2011, 733, 9036-9051; ¢) B. M. Gardner, J. C. Stewart, A. L. Davis, J.
McMaster, W. Lewis, A. J. Blake, S. T. Liddle, Proc Natl Acad Sci USA 2012,
109, 9265-9270.

a) C. Camp, J. Pecaut, M. Mazzanti, J Am Chem Soc 2013, 135, 12101-12111;
b)M. Falcone, L. Chatelain, M. Mazzanti, Angew Chem Int Edit 2016, 55,
4074-4078.

a)].-C. Berthet, P. Thuery, M. Ephritikhine, J. Chem. Soc.-Dalton Trans.
2015, 44, 7727-7742; b) A. Herve, Y. Bouzidi, J.-C. Berthet, L. Belkhiri, P.
Thuery, A. Boucekkine, M. Ephritikhine, Inorg. Chem. 2014, 53, 6995-7013.
S. P. Semproni, G. W. Margulieux, P. J. Chirik, Organometallics 2012, 31,
6278-6287.

V. Mougel, C. Camp, J. Pecaut, C. Coperet, L. Maron, C. E. Kefalidis, M.
Mazzanti, Angew. Chem. Int. Ed. Engl. 2012, 51, 12280-12284.

a) L. P. Spencer, E. J. Schelter, P. Yang, R. L. Gdula, B. L. Scott, J. D.
Thompson, J. L. Kiplinger, E. R. Batista, J. M. Boncella, Angew. Chem. Int.
Ed. Engl. 2009, 48, 3795-3798; b) C. R. Graves, J. L. Kiplinger, Chem.
Commun. 2009, 3831-3853.

a) F. Akagi, T. Matsuo, H. Kawaguchi, Angew. Chem. Int. Ed. Engl. 2007, 46,
8778-8781; b) T. M. Powers, A. R. Fout, S.-L. Zheng, T. A. Betley, J. Am.
Chem. Soc. 2011, 133, 3336-3338.

The Chemistry of the Actinide and Transactinide Elements, 3rd ed., Springer,
Dordrecht, 2006.

82



[17]

[18]

[19]

[20]

J. G. Brennan, R. A. Andersen, A. Zalkin, J. Am. Chem. Soc. 1988, 110, 4554-
4558.

a) C. E. Kefalidis, L. Castro, L. Perrin, I. Del Rosal, L. Maron, Chem. Soc.
Rev. 2016, 45, 2516-2543; b) C. E. Kefalidis, L. Castro, A. Yahia, L. Perrin,
L. Maron, Computational Methods in Lanthanide and Actinide Chemistry,
John Wiley & Sons Ltd, Chichester, UK, 2015.

0. Cooper, C. Camp, J. Pecaut, C. E. Kefalidis, L. Maron, S. Gambarelli, M.
Mazzanti, J. Am. Chem. Soc. 2014, 136, 6716-6723.

a) D. J. Knobloch, S. P. Semproni, E. Lobkovsky, P. J. Chirik, J. Am. Chem.
Soc. 2012, 134, 3377-3386; b) X. Zhang, B. Butschke, H. Schwarz, Chem.
Eur. J. 2010, 16, 12564-12569.

83



&4



CHAPTER 4

Reversible Dihydrogen Activation and Hydride
Transfer by a Uranium Nitride Complex

Introduction'

Heterolytic H, cleavage is an important step in many reactions promoted by enzymes
or synthetic catalysts.!"! Hydrogen activation is crucial in the industrial Haber-Bosch
process that is used in the production of ammonia from N, and H, and is also
important in nitrogen fixation by nitrogenase enzymes, which is enabled by hydride-
containing intermediates.” Such hydride intermediates are also believed to play a role
in the reduction of other substrates such as CO, or nitriles effected by these
enzymes.”) Moreover, hydrogenolysis by metal nitrides intermediates is believed to
be a key step in the Haber-Bosch process.! However, only three examples of
heterolytic splitting of H, by a nitride complex have been reported so far.”) Molecular
nitride complexes of uranium can effect N-C formation reactions under mild
conditions as shown for the bridging nitride with CO, and CO (Chapters 2 and 3).[°!
However, in spite of the increasing number of characterized uranium nitride
complexes,”! the study of the reactivity of these systems is still in its infancy and in
particular the reaction with dihydrogen has never been explored. In view of the ability
of uranium nitrides to effect N—C bond formation reactions we became interested in
studying the reaction of the bridging diuranium(IV) nitride with H,, to explore the

possibility of obtaining a highly reactive uranium hydride-imide complex.

Despite the fact that the seminal work of Andersen and Marks on organometallic
uranium hydrides goes back to the early 80s,™ uranium hydrides remain rare and

5% In this chapter the

most of the reported examples contain carbocyclic ligands.!
facile and reversible heterolytic cleavage of dihydrogen under ambient conditions is

presented. The bifunctional Lewis acid-base character of the U-N bond in the

! Portions of this chapter have been published: M. Falcone, L. N. Poon, F. F. Tirani, M. Mazzanti,
Angewandte Chemie Int. Ed., 2018, 57, 3697

Author contributions: M.F. and M.M. originated the idea; M.F. carried out the synthetic experiments and
analysed the experimental data; L.N.P. carried out some synthetic experiments, including the isolation of
compound 3. F.F.T. performed the X-ray single crystal structure analyses. M.M. and M.F. wrote the
manuscript.
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multimetallic U(IV) complex [Cs{U(OSi(O'Bu)s);}2(u-N)] 1,1 leads to the
reversible formation of a imide-hydride complex that can transfer the hydride to

acetonitrile and COa».

Results and discussion

When a toluene solution of the previously reported ' complex 1 is exposed to 1
atmosphere of hydrogen the solution turns from brown to yellow within 15 minutes
and the proton NMR spectrum shows the disappearance of the siloxides signal of 1
and the appearance of a new signal at 0.32 ppm, assigned to the siloxide ligands of
complex [Cs{U(OSi(O'Bu)3)s}2(u-H)(u-NH)], 2 (Scheme 1). The resonance at 571.3
ppm in the '"H NMR spectrum of 2 is assigned to the U(IV)-bound hydride and its
value is consistent with those reported for other U(IV) hydride complexes.”® ! This
resonance is absent in the 'H NMR spectrum of the deuterated analogue
[Cs{U(OSi(0O'Bu)s)3}2(u-D)(u-ND)], D,-2 (Appendix 3, Figure S2). Removal of the
headspace after reaction of 1 with H, results in slow H, loss and formation of the
nitride complex 1. Crystals of complex 2 also loose H, once removed from the
solution resulting in the isolation of complexes 1 and 2 co-crystallized in 30:70%
ratio. However, loss of H, could be avoided by maintaining at —40 °C the crystals of
2, obtained at —40 °C under 1 atm H,, during crystal mounting and by performing X-
ray data collection at —133 °C. The facile and reversible activation of H, by complex
1 is remarkable. Notably, in the only example reported so far of cooperative H,

activation by a bifunctional metal nitride, the H, cleavage is not reversible.””

Bu 'BuO )
By ‘B”Ot\Si(otBu)Z t 0. “ E&(otsu)z
(BuO),SIL_ ™\ ,gU_,Si(OtBu)Z (5“0)23'\0__‘: £.--0—-Si(0'Bu),
O™ I — H By \~::",O
tOBu ; -'O ‘——‘2 (‘BuO) Si/O\UIV’H\UIT\}‘:O
(tBuo)stO;/uIV:N=u'V-o “H, o7 N N

(BuO);SiO [ OSi(O'Bu)s
2

\
(BuO);SIO 4  OSi(0'Bu)s
Scheme 1. Reversible cleavage of H, by 1 to afford the di-uranium(IV) hydride-imide product 2.

The molecular structure of 2 (Figure 1) could be determined by X-ray analysis of
crystals of 2 and it shows a dinuclear U(IV) complex bridged by an imido and a
hydrido ligand. Electron density that could be assigned to the imide and to the hydride
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was located and both groups were refined without imposing any constraints. A Cs
cation is bound by the siloxide ligands resulting in a dissymmetric structure analogous

to that found in the nitride complex 1.

Figure 1. Solid-state molecular structure of [Cs{U(OSi(O'Bu)s)s}»(u-H)(u-NH)], 2. Thermal ellipsoids set at 50%
probability. Hydrogen atoms and methyl groups were omitted for clarity. Selected bond distances [A]: U1-N1
2.187(3), U2-N1 2.204(4), U1-H1 2.18(6), U2-H1 2.30(6), N1-H1A 0.88, H1-Cs1 2.73(6).

Notably, two siloxide ligands bridge the Ul and Cs centers binding the Cs in a
bidentate fashion while only one siloxide ligand binding the Cs cation in a bidentate
fashion bridges U2 and Cs. The Cs cation was found in the apical position of the
nitride at a Cs—N distance of 3.393(4) A in 1, while in 2 it lies at the apical position of
the hydride ligand with a Cs-H distance of 2.73(6) A and is located at a non-bonding
distance of 4.821(3) A from N1. Moreover, the U-N-U angle changes dramatically
from linear in complex 1 (U-N-U angle: 170.2(3)°) to bent in the diamond core
geometry of complex 2 (U-N-U angle: 117.5(3)°) and the U-N bond distances are
significantly elongated in 2 (2.187(3), 2.256(4) A) compared to those found in 1
(2.058(5) - 2.079(5) A). These data are in agreement with the presence of a protonated
NH group and the U-NH distances are in the range of those found in diuranium(IV)
imido bridged complexes (2.156(8) - 2.315(8) A).'*! One terminal parent imido
U(IV) complex is known,!'” but a bridging parent imido-U(IV) linkage was not
characterized previously. In contrast, the bridging parent imido U(V)U(V)
[K2{[U(OSi(O'Bu)s)sl2(u-NH)(u-1’m*Na)}] and Uavyu()
[K>{[U(OSi(O'Bu)3)3]o(n-NH)x(u-Cl1)} ] complexes were previously isolated in our
group by protonation of the nitride-hydrazide complex [K;{[U(OSi(O'Bu)s);]»(u-
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N)(u-n*n*-N2)} . The hydride bridges the two uranium cations (U-U 3.786 A) in a
non-symmetric fashion (U-H 2.18(6) and 2.36(6) A) with the shorter distance being
comparable to those determined by neutron diffraction studies for the [(CsMes),UH:]»
complex (2.134(9) A where the hydride bridges the two uranium centers in a
symmetric fashion. Complex 2 is a rare example of imide-hydride bridged

[5a, 15]

complex. Such species are very relevant as probable intermediate in N,

hydrogenation to yield NHz.!'>% ']

If the crystals of 2 were not maintained at 40 °C before mounting them to measure
the diffraction pattern, the molecular structure showed the presence of the starting
material, complex 1, overlapped to the hydrido- imido- complex 2 (crystal of the
mixture called 1.2). The U-Nyiuiqe distances found for 1 (UI-N1B =1.924(17) A and
U-N1B =1.950(17) A) in the crystal 1.2 (Figure 2a) are significantly shorter than
those found in the previously reported structure of complex 1 crystallized as a unique
species from toluene (2.058(5) A and 2.079(5) A).l'Y This difference may be
explained by the difference in binding of the Cs cation to the nitride group. Notably in
the previously reported structure the N-Cs distance is 3.393(5) A, but in 1.2 the
N(1B)-Cs(1) distance is 3.801(19) A. This difference results in an increased electron
density on the nitride group that explains the shorter U=N distances found for the
nitride group in 1.2. So the different crystallization conditions affect the Cs binding to
the nitride. The overlay of the structures of complexes 1 and 2 (Figure 2b) shows an
almost perfect overlap of the U and Cs atoms, but slight displacements of the siloxide
ligand atoms. The main structural difference is the bending of the U-N-U angle upon
protonation of the nitride to afford the imido group. These changes result in

significantly different cell parameters in 2 compared to those reported for 1.
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Figure 2. Overlay of the previously reported structure of 1 and of the structure of 1.2 showing perfect overlap of
the U and Cs atoms but slight displacement of the siloxide ligand atoms and of the nitride atom (a); overlay of the
structure of complexes 1 and 2 showing an almost perfect overlap of the U and Cs atoms, but slight displacements
of the siloxide ligand atoms.

Complex 2 displays a rich reactivity that unambiguously confirms the presence of the
hydride-imide core in 2 and demonstrates the ability of 2 to effect hydride transfer
reactions to substrates such as MeCN and CO,.

Beyond the reducing characters of the hydride, it can react as a base when reacted
with acidic substrate such as phenylacetylene. When one equivalent of PhC=CH is
added to a solution of complex 2, the alkyne proton is easily removed by the hydride

to form H, and the phenyl acetylide ion, which bridges the two uranium centers in

complex [Cs{[U(OSi(O'Bu););](u-NH)(u-PhC=C}], 3 (Scheme 2).

Si(O'Bu)
! t 2
gu BU,OESi(OtBu)z =Z t _ o/ O'Bu
(tBUO)ZSi\ :‘:Cg::_o_‘l_Si(otBu)z ( BUO)SSIO\ H / ‘L\/:;/Sli(otBu)z
gl 0 (tBuO)3Sio—/u'V\‘ ;U'V’O":Cs-'O‘Bu
-/O\ - . — s —> . l,r' NS
(BuO),SiL>ulV-H=yv=0 Tol, - Hy (BuO)Si0 o OBu
0N ) It T~si(0'Bu)
(BuO)SIO N OSi(O'Bu)s 2
2 3

Scheme 2. Reactivity of complex 2 with PhC=CH to give complex [Cs{[U(OSi(O'Bu););](u-NH)(u-PhC=C}], 3.

The X-ray structure of 3 (Figure 3) shows a non-symmetric molecule with the cesium
cation placed in the pocket created by the three siloxide ligands coordinating U2. The
proton H1 is visible by X-ray, leaving no ambiguity on the nature of the NH ligand.
The U1-N1 distance (2.259(4) A) is comparable to the U-NH distance in 2, while the
U2-N1 distance (2.177(4) A) is considerably shorter, probably to compensate the

electron density withdrawing effect of the cesium cation bound to the ligands
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coordinated to U1. The C121-C122 distance of 1.217(7) A is consistent with a typical

carbon-carbon triple bond.

Figure 3. Solid-state molecular structure of [Cs {[U(OSi(O'Bu););](u-NH)(u-PhC=C}], 3. Thermal ellipsoids set at
50% probability. Hydrogen atoms and methyl groups were omitted for clarity. Selected bond distances [A]: Ul—-
N1 2.259(4), U1-C121 2.660(5), U2-N1 2.177(4), U2-C121 2.595(5), N1-H1 0.8800, C121-C122 1.217(7),
C122-C123 1.439(7), average U1-Osiloxides 2.140(12), average U2—Osiloxides 2.185(13).

The reducing character of the bridging hydride was demonstrated by performing
reactions with acetonitrile and carbon dioxide. The addition of MeCN to a toluene
solution of 2 (Scheme 3a), led to the formation of the bridging imido-ketimide
complex [Cs{U(OSi(O'Bu)s)3}2(u-NH)(u-CH3CHN)], 4 that was isolated in high

yield (85%) as a yellow crystalline solid.

Bu tgu
0. .~ g Si(OBu),

Bu0),Si{ Cszene-
(BUORSI_ L 0~ -sioBu),
tBU \ NH S ,O
s
MeCN (tBuO)ZSI\O/U& >U\'V -0
t Toluene t N t
gu Buo\Sl(O‘Bu) / (‘Bu0)3SiO J\ OSi(O'Bu)s
1 .
(BuO)le O O_I‘SI(OtBU) Hsc H
tBU Sl O 4
Bu0),Si< U'V'H\U'V 0]
(BuO)z \ 077N\ 2CO Si(0'Bu),
(BuO);Si0 N OSi(OBu), 2 H 0; )
8 H Joluene (tBUO) SiO N 0 OBU
2 SO NN/ _i-Si(0'Bu),
b (BuO);SiO— U'V—o /U<O -Cs- -0'Bu
(BuO), SIO 020 OtBU
|L| 5 S|(O‘Bu)

Scheme 3. In situ reactions of 2 with acetonitrile to give 4 (a) and 2 equiv. of carbon dioxide to give 5 (b).
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Thus, the hydride addition to the acetonitrile results in the two-electron reduction of
the triple nitrogen-carbon triple bond. The solid-state structure of 4 (Figure 4a) shows
the presence of two uranium ions bridged by an imido and a ketimido (or
azavinylidene) group. A cesium cation binds in a dissymmetric fashion the imido
nitrogen and the siloxide ligands. The carbon atom C121 has a trigonal planar
geometry and the C121-N1 distance of 1.273(7) A is consistent with a carbon-
nitrogen double bond. The pseudo tetrahedral geometry of the N2 atom and the U-N2
distances (U1-N2 2.247(4) and U2-N2 2.209(5) A) are in agreement with the
presence of an imido group NH, indicating that the NH group is not involved in the
reactivity with MeCN. The IR spectrum shows a peak at 1629 cm™ assigned to the N—
C double bond stretching (Appendix 3, Figure S16). The insertion of nitriles into the
U-C bond has been used by Kiplinger and co-workers " as a convenient method for
the synthesis of mono- and multimetallic ketimide complexes. Formation of a
ketimide ligand from the insertion of the nitrile triple bond into a uranium hydride
complex was also reported previously but the insertion products were not
crystallographically characterized.””® The ability of 2 to perform hydride transfer
reactivity and the consequent reducing behavior of the hydride towards substrates
were confirmed in the reaction of 2 with carbon dioxide. Addition of two equivalents
of CO, (Scheme 3b) to 2 led to the formation of complex [Cs{U(OSi(O'Bu)3)s}2(u-
HCOO)(u-NHCOO)], 5 in 44% yield. The addition of less that 2 equivalent of CO,
shows only the presence of unreacted 2 and 5. The solid state structure of 5 (Figure
4b) shows the presence of two U(IV) cations bridged by a formate and a dianionic
carbamate group. A cesium cation is also bound in the pocket formed by three

siloxides bound to Ul.
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H12l H12H

Figure 4. Solid-state molecular structure of [Cs{U(OSi(O'Bu)3)s},(u-NH)(u-CH;CHN)], 4 (a) and of
[Cs{U(OSi(0OBu)3)3}(u-HCOO)(u-NHCOO)], 5 (b). Thermal ellipsoids set at 50% probability. Hydrogen atoms
and methyl groups were omitted for clarity. Selected bond distances for 4 [A]: U1-N2 2.247(4), U1-N1 2.480(4),
U1-U2 3.7912(5), U2-N2 2.209(5), U2-N1 2.429(4), N2-Csl 3.429(5), N1-C121 1.273(7), N2-H2 0.8800, C121-
C122 1.500(8). Selected bond distances for 5 [A]: U1-0121 2.409(3), U1-0141 2.574(2), U1-N1 2.423(4),
0121-C121 1.225(5), C121-H121 0.950, C121-0122 1.257(5), N1-H1 0.880, N1-C141 1.303(5), C141-0141
1.349(4), C141-0142 1.285(5), U2-0142 2.339(3), U2-0141 2.453(2), U2-0122 2.356(3).

Complex 5 is only the second example of a crystallographically characterized formate
complex obtained from the insertion of CO, into a U-H bond and the first one

P2l The U-O distances for the bridging formate in 5

containing a bridging formate.
(2.409(3) and 2.356(3) A) are slightly shorter than those found in the reported
terminal formate (2.451(3) A). The proton of the formate was located by X-ray
diffraction and was identified in the 'H NMR spectrum. The concomitant
cycloaddition of CO, to the parent imido linkage affords a bridging «’-carbamate
group. This reactivity is a rare example of cycloaddition of CO, to a metal imido
complex "* and differs from that reported for U(IV)-bound terminal bulky aryl imido
groups (N=Ph) that results in N=C bond methathesis and extrusion of the cyanate via

] The low sterical pressure of the NH group and

a proposed carbamate intermediate.
its bridging mode result in a high stability of the k’-O,0,N-carbamate group. A few
examples of U(IV) carbamate have been reported but they all present monoanionic

«%-0,0-carbamate groups. ['*"

Conclusions
In summary, the polymetallic U(IV) nitride is able to effect the reversible heterolytic
activation of dihydrogen in mild conditions (room temperature and 1 atmosphere of

H,), showing once more the high ligand based activity of this bridging nitride towards

small molecules. Notably, the hydride is readily transferred to acetonitrile and CO,
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resulting in the substrate reduction. These results anticipate that metal hydride
intermediates may play an important role in the uranium-catalyzed transformation of
N, and H; into ammonia. Moreover, the importance of this study lies in the reduction
of carbon dioxide, as it opens new routes for the development of hydrogenation
catalysts, with the possibility of reducing CO; beyond the formate level and perform
direct hydrogenation to methanol (see Chapter 8).

Experimental

Materials. Unless otherwise noted, reagents were purchased from commercial
suppliers and used without further purification. Tris(zert-butoxy)silanol was purified
by sublimation. 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-ds and n-hexane). DMSO-ds was freeze-degassed
and stored over activated 3 A molecular sieves. The complex [Cs(p-
N){U(OSi(O'Bu)s)s}2], 1.!"" was prepared according to published procedure.
Hydrogen gas (99.9999% purity) and carbon dioxide (99.9999% purity) were
purchased from Carbagas. °CO, (93.13% '*C) and D, (99.8% D) were purchased
from Cortecnet and stored over activated 3 A molecular sieves. 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. Depleted uranium metal was purchased from Ibilabs, Florida,
USA. Caution: Depleted uranium (primary isotope >°U) is a weak a-emitter (4.197
MeV) with a half-life of 4.47x10° years. Manipulations and reactions should be
carried out in monitored fume hoods or in an inert atmosphere glovebox in a radiation
laboratory equipped with a- and B-counting equipment. "H NMR experiments were
carried out using NMR tubes adapted with J. Young valves. 'H NMR spectra were
recorded on Bruker 400 MHz. NMR chemical shifts are reported in ppm with solvent
as internal reference. Elemental analyses CHN elemental microanalysis were
obtained using a Thermo Scientific Flash 2000 Organic Elemental Analyzer at the
Institut of Chemistry and Chemical Engineering at EPFL. IR analyses were

performed with a FT-IR Spectrometer Spectrum one Perkin-Elmer.
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Reaction of 1 with 1 atm H; to afford [Cs{U(OSi(O'Bu)s);},(n-NH)(u-H)], 2

A brown solution of complex [Cs{U(OSi(O'Bu)s)3}»(u-N)], 1 (27.8 mg, 0.0126 mmol) in ds-
toluene (0.5 mL) was prepared in an argon filled glove box and placed in an NMR tube
equipped with a Young Valve. The tube was transferred to a Schlenk line and degassed by
freeze-pump-thawing. Hydrogen gas (1 atmosphere) was added at room temperature. Within
15 minutes a yellow solution was obtained identified as the 97% conversion of 1 into 2 as
determined by NMR spectroscopy. The conversion decreases if lower pressure of H, is used.
While still under a headspace of H, the solution was cooled at —40 °C for 24 h to afford
yellow crystals of complex [Cs{U(OSi(O'Bu)3)s;}2(u-NH)(p-H)], 2. The crystals of 2 were
transferred quickly from the cooled solution to oil previously cooled at —40° C to prevent H,
loss during X-ray data collection and mounted on the diffractometer at low temperature.
When the crystals were handled at room temperature during mounting, H, loss from the
crystals was observed even if the data were collected at low temperature. The structure
analysis for the resulting crystals of 1.2 shows the presence of complexes 1 and 2 in 30:70 %
ratio (See Figure Appendix 3 S18). 'H NMR (400 MHz, tol-ds, 298 K): & (ppm) = 0.32 (s,
162 H, CHs;), 571.3 (s, 1H, hydride); the resonance attributable to NH could not be identified.
The hydride resonance was assigned by recording the 'H NMR spectrum of the solution
obtained after the reaction of 1 with 0.8 atm of D, in dg-toluene (carried out using a similar
procedure to that used in the synthesis of 2) to afford the deuterated analogue
[Cs{U(0Si(OBu)3)3}»(u-ND)(u-D)], D,-2 (85% conversion). The resonance assigned to the
hydride is absent from the spectrum of D,-2. Removal of the H, headspace from the tube
containing a toluene solution of 2 results in the slow formation of 1, indicating that the
reaction is reversible as shown by the evolution of the '"H NMR spectrum over time. Leaving
the isolated solid under vacuum for 5 minutes or 1 hour results in a nitride/hydride ratio of 0.2
and 5 respectively. Further analysis and recording of the isolated yield were not possible due
to the reversibility of the reaction in the absence of the H, headspace that results inevitably in
a mixture of complex 1 and 2. The vibrations of the U-H and U-NH groups could not be
identified in the IR spectrum of the isolated mixture of 1 and 2 (Figure Appendix 3 S15). This

is surprising but already reported for a imide-hydride bridged iron complex."

Synthesis of [Cs{[U(OSi(O'Bu)3);](u-NH)(u-PhC=C}], 3

A solution of complex 2 (25 mg, 0.011 mmol, 1 eq) in toluene (0.5 mL) was prepared by
addition of 1 atm of H; to a toluene solution of 1 in a NMR tube. The headspace was removed
under vacuum and 9.2 mL (0.014 mmol, 1.2 eq) of a 1.5 M solution of phenylacetylene in
toluene-dg were added to the tube. The solution turned green and darker within 3 days. X-ray
suitable amber crystals of complex [Cs{U(OSi(O'Bu);)s},(u-NH)(u-C=CPh)], 3 were
obtained by letting the solution stand at —40 °C for 24 h (11 mg, 40% yield). 'H NMR (400
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MHz, tol-dg, 298 K) of crystals of 3: & (ppm) = 3.42 (t, 1H, H,.), —0.16 (s, 162 H, CHs), —
1.02 (t, 2H, Hypew), —10.26 (bs, 2H, Hoyo). Anal. Caled for [Cs{U(OSi(O'Bu)s);}»(u-NH)(p-
C=CPh)], 3: CgoH6sCsNO,4SigU;: C 41.67; H 7.34; N 0.61; Found: C 41.33; H 7.46; N 0.65.

Synthesis of [Cs{U(OSi(O'Bu);):}»(n-NH)(u-CH;CHN)], 4

A yellow solution of complex 2 (25 mg, 0.011 mmol, 1 eq) in toluene (0.5 mL) was prepared
in situ as described above by addition of 1 atm of H; to a toluene solution of 1 in an NMR
tube and letting react at room temperature for 15 minutes. The tube was transferred to the
glove box, and, while still under H, headspace, 6.5 mL (0.011 mmol, 1 eq) of a standard
solution (1.74 mM) of acetonitrile in toluene was added to the mixture. The immediate
reaction (the 'H NMR spectrum shows complete conversion after few minutes) proceeds
without any change in color. The solution was left standing at —40 °C for 24 h and XRD
suitable crystals of complex [Cs{U(OSi(O'Bu)s);},(un-NH)(u-CH;CHN)], 4 were recovered
(21.5 mg, 84% yield). 'H NMR (400 MHz, tol-ds, 298 K) of crystals of 4: 6 (ppm) =—1.22 (s,
162 H, CHj; terminal siloxides), 3.5 (s, 3H, CH;CHN); the resonances attributable to NH and
CH could not be identified. ?C NMR (400 MHz, tol-ds, 298 K) of crystals of 4: & (ppm) =
128.7 (s, CH;CHN), 69.4 (CMe;), 26.0 (CH5CHN), 22.5 (CH; terminal siloxides). Anal.
Calcd for [Cs{U(OSi(O'Bu)3)s}»(u-NH)(u-CH3;CHN)]: C74H;67CsN,0,4SisUy: C 39.56; H
7.49; N 1.25; Found: C 39.16; H 7.83; N 1.23.

IR, vN=C (cm™): 1629

Synthesis of [Cs{[U(OSi(O'Bu)s);],(n-HCOO)(u-HNCOO)}], 5

A yellow solution of complex 2 (28.2 mg, 0.013 mmol, 1 eq) in toluene (0.5 mL) was in situ
prepared by addition of 1 atm of H, to a toluene solution of 1 in an NMR tube and by letting
react for 15 minutes at room temperature. The tube was transferred to a Schlenk line and
placed in liquid nitrogen, the head-space was removed under vacuum and two equivalents of
CO; or PCO, and 1 atm of H, were subsequently added to the frozen solution of the hydride
complex 2. In view of the reversibility of the hydride formation in the absence of H,, the
addition of 1 atm of H, before raising the temperature of the solution ensures that only
complex 2 is present to react with CO,. The reaction mixture was then left to return at room
temperature and the solution turned immediately from brown to light green. The proton NMR
of the reaction mixture shows the presence of the signals assigned to complex
[Cs{[U(OSi(0'Bu)s);]2(ui-HNCOO)(i-HCOO0) 1] 5, (or the "*C labeled analogue *C-5), of the
signal assigned to unreacted complex 2 and of signals assigned to [U(OSi(O'Bu);)4]. Light
blue crystals of complexes 5 and *C-5 (12.8 mg, 44%) were obtained by cooling the resulting
solution at —40 °C for 24 h. Conversion of 2 into 5 is higher but due to the presence of minor
products the complex 5 could only be isolated analytically pure in 44% yield. '"H NMR (400
MHz, tol-dg, 298 K) of crystals of 5: 6 (ppm) = 27.7 (bs, 1H, HCOO), 1.14 (bs, 81H, CH3
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terminal siloxide), 0.48 (bs, 81H, CH; terminal siloxide), the resonance attributable to
NHCOO could not be located as in the case of complex 2. *C NMR (400 MHz, tol-dg, 298
K) of crystals of Bc-s: 6 (ppm) = 147.04 (HCOO or NHCOO), -96.44 (HCOO or NHCOO),
69.8 (CMes), 29.12 (CHj; terminal siloxides). The resonance assigned to the formate proton is
not present in the spectrum of the solution obtained from the reaction of D,-2 with CO,.

Anal. Caled for [Cs{U(OSi(O'Bu)s);}»(n-NHCOO)(u-HCOO)]: C74H64CsNO2SisU,(0.6
C;Hg): C 39.99; H 7.24; N 0.60; Found: C 39.90; H 7.05; N 0.64. Only one IR vibration
assigned to the COO™ group was found that is assigned to both carbamate and formate ligands.
IR, v*COO™ (cm™): 1550; vCOO™ (cm'): 1593. When only one equivalent of CO, is reacted
with 2, only the signals assigned to complex 5 and to unreacted 2 are observed in the 'H NMR
spectrum indicating that both the hydride and the imido group react promptly with CO,. The
addition of 3 equiv. of CO, results in the complete conversion of 2, but also in the
decomposition of 5 as indicated by the 'H NMR spectrum probably as the result of further
addition of CO; to the carbamate group.

Bibliography

[1] a) M. R. DuBois, D. L. DuBois, Chem. Soc. Rev. 2009, 38, 62-72; b) S. G.
Zhang, A. M. Appel, R. M. Bullock, J. Am. Chem. Soc. 2017, 139, 7376-7387.

[2] a) G. J. Kubas, Chem. Rev. 2007, 107, 4152-4205; b) B. M. Hoffman, D.
Lukoyanov, Z. Y. Yang, D. R. Dean, L. C. Seefeldt, Chem. Rev. 2014, 114,
4041-4062.

[3] a) Y. Yu, A. R. Sadique, J. M. Smith, T. R. Dugan, R. E. Cowley, W. W.
Brennessel, C. J. Flaschenriem, E. Bill, T. R. Cundari, P. L. Holland, J. Am.
Chem. Soc. 2008, 130, 6624-6638; b) G. M. Henderson, (Eds.: M. Peruzzini,
R. Poli), Elsevier, New York, 2001, pp. 463-505.

[4] a) R. Schlogl, Angew. Chem. Int. Ed. Engl. 2003, 42, 2004-2008; b) H. P. Jia,
E. A. Quadrelli, Chem. Soc. Rev. 2014, 43, 547-564.

[5] a) S. D. Brown, M. P. Mehn, J. C. Peters, J. Am. Chem. Soc. 2005, 127,
13146-13147; b) B. Askevold, J. T. Nieto, S. Tussupbayev, M. Diefenbach, E.
Herdtweck, M. C. Holthausen, S. Schneider, Nat. Chem. 2011, 3, 532-537; c)
J. Schoffel, A. Y. Rogachev, S. D. George, P. Burger, Angew. Chem. Int. Ed.
Engl. 2009, 48, 4734-4738; d) F. S. Schendzielorz, M. Finger, C. Volkmann,
C. Waurtele, S. Schneider, Angew. Chem. Int. Ed. Engl. 2016, 55, 11417-
11420.

[6] a) M. Falcone, L. Chatelain, M. Mazzanti, Angew. Chem. Int. Ed. Engl. 2016,
55, 4074-4078; b) M. Falcone, C. E. Kefalidis, R. Scopelliti, L. Maron, M.
Mazzanti, Angew Chem Int Edit 2016, 55, 12290-12294; c) P. A. Cleaves, C.
E. Kefalidis, M. G. Gardiner, F. Tuna, E. J. L. Mclnnes, W. Lewis, L. Maron,
S. T. Liddle, Chem. Eur. J. 2017, 23, 2950 — 2959.

96



[7]

[8]

[9]

[10]
[11]

[12]
[13]
[14]

[15]

[16]

[17]

a) D. M. King, S. T. Liddle, Coord. Chem. Rev. 2014, 266, 2-15; b) L.
Chatelain, R. Scopelliti, M. Mazzanti, J. Am. Chem. Soc. 2016, 138, 1784-
1787; ¢) N. Tsoureas, A. F. R. Kilpatrick, C. J. Inman, F. G. N. Cloke, Chem.
Sci. 2016, 7, 4624-4632; d) L. Maria, 1. C. Santos, V. R. Sousa, J. Marcalo,
Inorg. Chem. 2015, 54, 9115-9126; e¢) A. R. Fox, P. L. Arnold, C. C.
Cummins, J. Am. Chem. Soc. 2010, 132, 3250-3251; f) P. A. Cleaves, D. M.
King, C. E. Kefalidis, L. Maron, F. Tuna, E. J. L. Mclnnes, J. McMaster, W.
Lewis, A. J. Blake, S. T. Liddle, Angew. Chem. Int. Ed. Engl. 2014, 53,
10412-10415; g) R. K. Thomson, T. Cantat, B. L. Scott, D. E. Morris, E. R.
Batista, J. L. Kiplinger, Nat. Chem. 2010, 2, 723-729; h) D. M. King, F. Tuna,
E. J. L. Mclnnes, J. McMaster, W. Lewis, A. J. Blake, S. T. Liddle, Science
2012, 337, 717-720; 1) W. J. Evans, S. A. Kozimor, J. W. Ziller, Science 2005,
309, 1835-1838; j) S. Fortier, G. Wu, T. W. Hayton, J. Am. Chem. Soc. 2010,
132, 6888-6889.

a) H. W. Turner, S. J. Simpson, R. A. Andersen, J. Am. Chem. Soc. 1979, 101,
2782-2782; b) J. M. Manriquez, P. J. Fagan, T. J. Marks, J. Am. Chem. Soc.
1978, 100, 3939-3941; ¢) P. J. Fagan, J. M. Manriquez, E. A. Maatta, A. M.
Seyam, T. J. Marks, J. Am. Chem. Soc. 1981, 103, 6650-6667.

a) J. A. Higgins, F. G. N. Cloke, S. M. Roe, Organometallics 2013, 32, 5244-
5252; b) W. J. Evans, E. Montalvo, S. A. Kozimor, K. A. Miller, J. Am. Chem.
Soc. 2008, 130, 12258-12259; ¢) J. C. Berthet, J. F. Lemarechal, M. Lance, M.
Nierlich, J. Vigner, M. Ephritikhine, J. Chem. Soc., Dalton Trans. 1992, 1573-
1577; d) W. J. Evans, K. A. Miller, A. G. DiPasquale, A. L. Rheingold, T. J.
Stewart, R. Bau, Angew. Chem. Int. Ed. Engl. 2008, 47, 5075-5078; e) H. S.
La Pierre, H. Kameo, D. P. Halter, F. W. Heinemann, K. Meyer, Angew.
Chem. Int. Ed. Engl. 2014, 53, 7154-7157; f) J. K. Pagano, J. M. Dorhout, K.
R. Czerwinski, D. E. Morris, B. L. Scott, R. Waterman, J. L. Kiplinger,
Organometallics 2016, 35, 617-620; g) M. Ephritikhine, Chem. Rev. 1997, 97,
2193-2242.

C. Camp, J. Pecaut, M. Mazzanti, J. Am. Chem. Soc. 2013, 135, 12101-12111.
C. J. Windorff, M. R. MacDonald, K. R. Meihaus, J. W. Ziller, J. R. Long, W.
J. Evans, Chem. Eur. J. 2016, 22, 772-782.

J. G. Brennan, R. A. Andersen, A. Zalkin, J. Am. Chem. Soc. 1988, 110, 4554-
4558.

D. M. King, J. McMaster, F. Tuna, E. J. L. McInnes, W. Lewis, A. J. Blake, S.
T. Liddle, J. Am. Chem. Soc. 2014, 136, 5619-5622.

D. Grant, T. J. Stewart, R. Bau, K. A. Miller, S. A. Mason, M. Gutmann, G. J.
Mclntyre, L. Gagliardi, W. J. Evans, Inorg. Chem. 2012, 51, 3613-3624.

a) T. Kimura, N. Koiso, K. Ishiwata, S. Kuwata, T. Ikariya, J. Am. Chem. Soc.
2011, 733, 8880-8883; b) M. P. Shaver, M. D. Fryzuk, J. Am. Chem. Soc.
2005, /27, 500-501; ¢) T. Shima, S. W. Hu, G. Luo, X. H. Kang, Y. Luo, Z.
M. Hou, Science 2013, 340, 1549-1552.

M. D. Fryzuk, J. B. Love, S. J. Rettig, V. G. Young, Science 1997, 275, 1445-
1447.

a) K. C. Jantunen, C. J. Burns, I. Castro-Rodriguez, R. E. Da Re, J. T. Golden,
D. E. Morris, B. L. Scott, F. L. Taw, J. L. Kiplinger, Organometallics 2004,
23,4682-4692; b) E. J. Schelter, J. M. Veauthier, C. R. Graves, K. D. John, B.
L. Scott, J. D. Thompson, J. A. Pool-Davis-Tournear, D. E. Morris, J. L.
Kiplinger, Chem. Eur. J. 2008, 14, 7782-7790.

97



[18]
[19]

[20]

A. E. Guiducci, C. L. Boyd, E. Clot, P. Mountford, J. Chem. Soc.-Dalton
Trans. 2009, 5960-5979.

S. C. Bart, C. Anthon, F. W. Heinemann, E. Bill, N. M. Edelstein, K. Meyer,
J. Am. Chem. Soc. 2008, 130, 12536-12546.

a) J. A. H. Frey, G. N. Cloke, S. M. Roe, Organometallics 2015, 34, 2102—
2105; b) E. M. Matson, P. E. Fanwick, S. C. Bart, Organometallics 2011, 30,
5753-5762; c) F. Calderazzo, G. Dellamico, M. Pasquali, G. Perego, Inorg.
Chem. 1978, 17, 474-479.

98



99



100



CHAPTER 5

Metathesis of a U(V) imido complex: a route to a
terminal U(V) sulfide

Introduction'

The interest in multiply-bonded uranium pnictogen and chalcogen compounds has
grown considerably in recent years.!! The study of actinide-chalcogen bonds is in part
motivated by the efficiency of chalcogen donors in the selective separation of
actinides from lanthanides in spent nuclear fuel, a property that has been related to
covalent contributions in actinide-chalcogen bonds.”) Early attempts to prepare
terminal sulfido, selenido and tellurido complexes of uranium involved oxidation of a
U(II) precursor with a chalcogen-atom donor, and led exclusively to chalcogenide-

(32, 3b. 3¢ 3. 3e. 3L 3¢l 1y yecent years, a handful of terminal and

bridged compounds.
alkali-capped mononuclear uranium chalcogenides have been prepared and
characterised.™” All characterised terminal sulfido, selenido and tellurido complexes

[4a, 4c-e, 5

contain a tetravalent uranium ion. I Only one U(IV) complex containing a

linear O=U=S*" core has been characterized by Hayton and co-workers.!” Several

[71.8]

terminal mono-oxo complexes of pentavalent uranium and two examples of

8.9 have been prepared in recent years, but terminal sulfido,

terminal U(V) nitrides!
selenido and tellurido complexes of U(V) remain undiscovered. Since the degree of
covalency in the uranium-chalcogenide bond is expected to be higher in higher
oxidation states," the isolation of a U(V) terminal sulfide is of great interest for
elucidating the involvement of 5/ orbitals in U-S bonding. In general, pentavalent
uranium compounds are attractive candidates for the investigation of bonding and
magnetic properties due to their simple 5f' configuration,"'” but the number of

. . e . 3g, 10b, 11
molecular uranium compounds containing a U(V)-S bond remain rare.”® "% '] The

presence of stable U(V) cations in chalcogenide materials has also been reported.!'”!

! Portions of this chapter have been published: R. P. Kelly, M. Falcone, C. A. Lamsfus, R. Scopelliti, L.
Maron, K. Meyer, M. Mazzanti, Chem. Sci., 2017, 8, 5319

Author contributions: R.P.K. carried out the synthetic experiments and analysed the experimental data; M.F.
carried out preliminary synthetic experiments, including the isolation of compound 6 and the synthesis and
characterization of compound 7. M.M. and R.P.K. wrote the manuscript. L.M. carried out the DFT studies
and K.M. provided comments. M.M. originated the central idea, coordinated the work, and analyzed the
experimental data.
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Different approaches have been used in order to prevent the formation of bridging
species when preparing U(IV) mono-chalcogenide complexes by oxidation of U(III)
compounds.!*™ *! Tris(tert-butoxy)siloxide ligands can prevent the formation of a
bridging chalcogenide complex. The reaction of the heterobimetallic complex,
[KU(OSi(O'Bu)s),], with the two-electron oxidising agent, PhsPS, in the presence of
2.2.2-cryptand, led to the isolation of the terminal uranium(IV) monosulfide complex,
[K(2.2.2-cryptand)][US(OSi(O'Bu);)sK].1*! We note that all of the examples
mentioned above resulted in the formation of a U(IV) mono-chalcogenide complex in
spite of the fact that a two-electron oxidising agent was used in the sulfur-transfer
reactions to U(III). A monosulfido complex of U(IV) was also prepared by
deprotonation of a hydrosulfido analogue, [((Ad,MeArO);stacn)USH] supported by a
tripodal hexadentate aminophenolate ligand."*!) The reported electrochemical studies
indicated that this complex could be electrochemically oxidised, most likely to the
U(V)=S species, but preliminary attempts to chemically oxidise and isolate a U(V)
sulfido complex were not successful.

In this chapter a new route to isolate a U(V) terminal sulfide using tris(tert-
butoxy)siloxide as supporting ligands is presented. This ligand previously allowed for
the isolation and characterisation of the U(V) terminal oxo complex,
[UO(OSi(0'Bu)3)4K],®” and of the U(V) terminal imido complex, [K(18c6)]-
[UNNAd)(OSi(O'Bu)s)4], 1 ! (Ad = adamantyl). Herein, we show that metathesis
reactions of U(V) tetrasiloxide imido complexes with CS, and H,S afford the first

U(V) terminal sulfide and trithiocarbonate complexes.

Results and discussion

Attempts to isolate a U(V) terminal sulfide from the chemical oxidation of the
uranium(IV) siloxide complex, [K(2.2.2-cryptand)][US(OSi(O'Bu););K], only led to
decomposition products.

Thus, in our search for a U(V) terminal sulfide, we anticipated that U(V) terminal
imido complexes would be the ideal starting materials. Notably, several examples of
reactions of transition metal imido compounds with CS, have been reported and they
usually lead to the formation of sulfide and isothiocyanate products via a
cycloaddition pathway.!'" The formation of a U(V) terminal oxo complex from the
reaction of a U(V) imido complex with CO, has been reported,™ but a similar

strategy using CS, has never been used to prepare terminal uranium sulfides.
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Hydrosulfidolysis of imido compounds also represent a successful route to terminal or
bridging sulfide complexes of d-block transition metals,!"™ but was never applied for
f-elements.

In our group it was shown that [K(18c6)][U{OSi(O'Bu);}4] can be used to effect a
two-electron reduction of adamantyl azide, affording the U(V) monoimido complex
[K(18c6)][UNAJ){OSi(0O'Bu)s}4], 1.1"*! With regard to the important effect of alkali
cations and crown-ether-bound alkali cations on the reactivity of uranium compounds
supported by tris(tert-butoxy)siloxide ligands,*® '®!
complexes, [UNNAd){0Si(OBu);}4K], 4, and [K(2.2.2-cryptand)]-
[UNAJ){OSi(O'Bu);}4] 5, by reduction of adamantyl azide with
[KU{OSi(O'Bu)s}4], 2 and [K(2.2.2-cryptand)][U{OSi(O'Bu)s}4], 3, respectively
(Scheme 1).

we have prepared the analogous

NAd
/U -0—Si(0'B
0 i(O'Bu),
a  [KU{OSI(OtBu)gk] + AdNy OUeMe_ (BuO)sSI~~ / \ _OBu
2 N2 t Jee \
BuO Sl -~ Si(OBu
( )2 \O o ( )2
'‘Bu 'Bu 0
NAd N0 0N
toluene K/O O\)
u
b [K(2.2.2-cryptand)][U{OSi(OtBu)3}4] + AdNg —— (‘BuO), si-07 /\
3 N2 0 0 ‘Si(O'Bu); 5

(tBUo)3S| Sl(OtBU)

Scheme 1. Synthesis of [U(NAd){OSi(OtBu);}4K], 4 (a) and [U(NAd){OSi(OtBu)s}4], 5 (b).

The charge-separated U(IIl) tetrasiloxide precursor, [K(2.2.2-cryptand)]-
[U{OSi(O'Bu)s}4] 3, is conveniently prepared in high yield by stirring the reported
complex, [K U{OSi(O'Bu)s}4] 2, with 2.2.2-cryptand in toluene. Complex 3
crystallised from a mixture of THF and hexane as two crystallographically unique
pairs of [K(2.2.2-cryptand)]” and [U{OSi(O'Bu)s}4] ions (Figure 1). The four-
coordinate uranium ions feature a tetrahedral coordination geometry formed by four
monodentate tris(tert-butoxy)siloxide ligands. The structure is very similar to that of
[K(18c6)][UNAA){OSi(O'Bu)s}4] and the U-O bond lengths of the two complexes
are comparable (U-O,. = 2.228 A in [K(18c6)][UNAA){O0Si(O'Bu)s}4]; U-Ouye =
2.21 Ain 3).
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Figure 1. Solid-state molecular structure of one of the crystallographically unique pairs of [K(2.2.2-cryptand)]-
[U{OSi(OtBu)3}4], 3. Thermal ellipsoids set at 50% probability. Hydrogen atoms and methyl groups were
omitted for clarity. Selected bond lengths [A]: U1-O1 = 2.223(4), U1-021 = 2.193(4), U1-041 = 2.211(4), Ul-
061 =2.220(4).

Complex 4 is highly soluble in hexane, toluene and THF, whereas 5 is sparingly
soluble in toluene but highly soluble in THF. The '"H NMR spectra of 4 and 5 in

Bl and show four

toluene-dg are similar to that of the reported complex 1,
paramagnetically shifted resonances attributable to the adamantyl protons, and one
peak corresponding to the tert-butyl protons of the siloxide ligands. However, in the
case of 5 the siloxide peak is sharp, while in the case of 4 a broad peak is observed,
suggesting fluxional binding of the potassium ion in toluene solution for complex 4.
Complex 5 shows three additional cryptand resonances in the 'H NMR spectrum.
Dark brown crystals of the heterobimetallic complex 4 crystallised from toluene
(Figure 2a). The central uranium ion is five coordinate and it is ligated by four
negatively charged oxygen atoms of the tris(tert-butoxy)siloxide ligands, and one
nitrogen atom of the imido group. The U-N bond length (1.954(3) A) is slightly
longer than the corresponding bond length in [K(18c6)][UNAd){OSi(O'Bu)s}4]
(1.937(7) A), while the average U-O bond lengths (2.20(2) A for [K(18c6)]-
[UNNAd){OSi(O'Bu)s}4] and 2.20(3) A for 4) of the two complexes are about the
same.l"” The incorporation of the potassium ion into the structure of 4 results in
significant distortion of the coordination geometry around the uranium ion relative to

that found in 1 (Figure 2b).
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Figure 2. Solid-state molecular structure of [U(NAd){OSi(OtBu);}4K], 4 (a) and of the anion of [K(18c6)]-
[UNNAA){OSi(OtBu)z}4], 1 (b). Thermal ellipsoids set at 50% probability. Hydrogen atoms and methyl groups
were omitted for clarity. Selected bond lengths for 4 [A]: UI-N1 = 1.954(3), U1-O1 = 2.243(3), U1-021 =
2.175(3), U1-041 = 2.190(3), U1-061 = 2.185(3), K1-O1 = 2.827(3), K1-02 = 2.631(3), K1-021 = 3.058(3),
K1-022 = 2.626(3), K1-041 = 2.822(4), K1-042 = 2.725(4).

In 1, the coordination geometry of the uranium centre is roughly trigonal bipyramidal,
with three siloxide ligands occupying the equatorial sites, and the axial sites being
taken up by a siloxide ligand and an imido group, respectively. However, in 4, the
coordination geometry around the uranium ion is highly distorted due to the
coordination of three siloxide ligands to the six-coordinate potassium ion, which fits

into a pocket formed by three «*O-siloxide ligands.

At first, we investigated the reaction of [UNAd){OSi(O'Bu);}4K], 4 with °CS,. An
analogous approach has been used to prepare a uranium terminal oxo complex by
reaction of a U(V) imido complex with C0,." The proposed mechanism for the
formation of the terminal oxo involves a [2+2] cycloaddition reaction followed by
extrusion of isocyanate to afford the terminal oxo complex.™ In the present case,
reactions between 4 and one or two equivalents of °CS, were slow. Monitoring the
reactions by 'H NMR spectroscopy showed that in both cases consumption of the
starting material took place over two to three days, and it proceeded with the
concomitant formation of [U{OSi(O'Bu);}4s] (in 35% yield) and additional
unidentified uranium product(s). None of these products could be identified as a
terminal sulfide, even when the 4:CS, ratio was 1:1. The °C NMR spectrum of the

crude reaction mixtures in toluene show the presence of the metathesis by-product,
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the isothiocyanate S=C=NAd, in both cases, as well as an additional signal at 132
ppm assigned to the perthiodicarbonate C,S¢*. The formation of an insoluble
compound is also observed. The C NMR spectrum in DMSO-dg of the residue
obtained after removal of toluene form the reaction mixture shows the presence of
peaks at 267 ppm and 129 ppm assigned to the CS;* and to the C,Ss” species in a
ratio of 1:1.2. Adding 18c6 to a 1:2 toluene reaction mixture of 4 and CS; allowed for
the crystallisation of the unusual CS;-coupling product, [K(18c6)]2[C2S¢], 6 (Scheme
2).

NAd (\ Q’\
i’ (o) .
0%~ 5—Si(0'Bu), 00 T ]
(BuO)sSi” o:/\‘ \O_.---stu 1%CS2(2eq)  18c6 ( /l Spess 4 < \/o"':“o
t LTI NG tol AR :
(BuO),SiK, -\ SiOBu), _lene oI o Lo/
4 Bu Bu (o) 6
+ [W{OSi(OtBu)3},] + unidentified
products

Scheme 2. Reaction of 4 with CS,: isolation of 6 after addition of 1 equivalent of 18c6.

Perthiodicarbonate species are rare but some examples are known, e.g. [PPh4][C,S¢],
which formed from aerial oxidation of a reaction mixture of PPh4Cl and K,(CS;).l'"!

Yellow crystals of 6 crystallised from toluene (Figure 3).

Figure 3. Solid-state molecular structure of [K(18c6)],[C,S¢], 6. Thermal ellipsoids set at 50% probability.
Hydrogen atoms were omitted for clarity. Only one conformation of a disordered 18c6 molecule is shown.
Selected bond lengths [A]: K1-S1 = 3.248(3), K1-S2 = 3.439(3), K2-85 = 3.222(3), K2-S6 = 3.504(3), C1-S1 =
1.664(8), C1-S2 = 1.670(9), C1-83 = 1.793(9), C2-S4 = 1.784(9), C2-S5 = 1.660(10), C2-S6 = 1.671(9), S3-S4
=2.046(3).

The complex features two potassium ions encapsulated by two 18c6 molecules. Each
potassium ion is bound to two terminal sulfur atoms of the [C2S¢]*~ dianion. Analysis

of the bond lengths shows that the binding of the two sulfur atoms to each eight-
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coordinate potassium ion is uneven (K1-S1 = 3.248(3) A, K1-S2 = 3.439(3) A; K2—
S5 = 3.222(3) A, K2-S6 = 3.504(3) A), while the C-S bond lengths indicate
delocalisation of the negative charge over the two sulfur atoms bound to each
potassium ion (C1-S1 = 1.664(8) A, C1-S2 = 1.670(9) A, C1-S3 = 1.793(9) A). The
S-S bond length is 2.046(3) A, and this, along with the C—S bond lengths, is

consistent with the structural parameters reported for [PPhy]o[C2Ss].!"”

Complex 6 plausibly arises from uranium(V)-mediated oxidation of the
trithiocarbonate in a putative [UV(CS3){OSi(O'Bu);}4K] intermediate. Such an
intermediate is likely to be formed from the reaction of a U(V) terminal sulfide,
formed from the metathesis of the imido group with a first CS, molecule, with a
second CS; molecule.

The presence of bound potassium ions incorporated into the structure of uranium
siloxide complexes has been shown to have an important effect on the reactivity of
U(IIT) complexes with CS,, and on the stability of the resulting products with respect
to trithiocarbonate or tetrathiooxalate ligand loss.!'® Thus, we anticipated that the
analogous reactions carried out with the U(V) imido complex 5, where the presence
of 2.2.2-cryptand prevents cation binding to the siloxides, might enable us to stabilise
the U(V) terminal sulfide and terminal trithiocarbonate intermediates.

Indeed, the reaction of 5 with two to five equivalents of CS; in toluene afforded the
trithiocarbonate complex [K(2.2.2-cryptand)][U(CS;){OSi(O'Bu)s}4], 7 in 57% yield
(Scheme 3). The 'H NMR spectrum of 7 in toluene-dg exhibits two signals with equal
integration ratios at 1.77 ppm and 1.51 ppm, respectively, corresponding to the tert-
butoxy protons of the siloxide ligands, indicating a C,-symmetric species in solution.
The >C NMR spectrum of 7 in toluene shows a broad signal at 180 ppm assigned to
the bound thiocarbonate ligand. In addition to this signal, the ’C NMR spectrum of
the crude reaction mixture in toluene-dg showed the presence of the isothiocyanate
product, S=C=NAd, a resonance at 132 ppm assigned to C,Ss" , and a signal at 247
ppm (free CS;*"). The 'H NMR spectrum of the reaction mixture also shows the
presence of a signal assigned to [U{OSi(O'Bu)s}4], but in a much smaller amount

(8%) compared to what was found in the reaction of 4 with CS,.
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Scheme 3. Synthesis of the terminal U(V) trithiocarbonate complex [K(2.2.2-cryptand)]-

[U(CS3){0Si(OtBu)s} 4], 7.

Dark brown crystals of complex 7 crystallised from toluene (Figure 4). The six-
coordinate uranium atom is coordinated by four siloxide oxygen atoms and two sulfur
atoms of a terminally-bound «’S-trithiocarbonate moiety, affording a distorted

octahedral coordination geometry.

Figure 4. Solid-state molecular structure of [K(2.2.2-cryptand)][U(CS3){OSi(OtBu)z}4], 7. Thermal ellipsoids
set at 50% probability. Hydrogen atoms were omitted for clarity. Only one conformation of a disordered 18c6
molecule is shown. Selected bond lengths [A]: U1-S1 2.772(3), UI-S2 2.747(3), U1-O4. 2.14(3), C73-S1ange
1.68(1) - 1.75(1).

The structure bears similarities to the recently reported terminal U(IV) thiocarbonate
[U(TrenTIPS)(k*-CS3)][K(B15C5),] "™ and to the related U(IV) trithiocarbonate
complex, [{K(18¢6)}2{p’-k*:i*:k*-CS3} {U(OSi(O'Bu)s)s} .l'* However, in the latter
U(IV) complex, the 18c6-bound potassium cation is still able to bind two sulfur atoms
of the thiocarbonate group. The average U-O bond length (2.10(3) A) is noticeably
shorter than the corresponding average bond lengths in the U(V) imido complexes,
[K(18¢6)][UNSiMes) {OSi(0O'Bu);}4] and [K(18c6)][UNAA){OSi(O'Bu)s}4] (2.16(2)
A and 2.20(2) A, respectively), and this is presumably a result of greater steric
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congestion in the two imido complexes, although electronic effects cannot be ruled
out. The U-S bond lengths (2.747(3) A and 2.772(3) A) are shorter than those in the
aforementioned terminal (2.8415(8) and 2.8520(10) A) " and K(18c6)"-capped
U(IV) trithiocarbonate complex (2.9488(19) A and 2.951(2) A).!"* In the case of the
capped complex the difference is greater than would be expected given the difference
in ionic radii between U(IV) and U(V) (0.13 A for six-coordinate ions),""”! probably
due to electron-withdrawing effect of the two coordinated {K(18c6)}" units in the
U(IV) complex. The C—S bond lengths (1.679(13) A, 1.696(12) A and 1.749(14) A)
show similar values (within error) as previously observed for the related U(IV)
trithiocarbonate ~ complex,  [{K(18¢6)]}2{k>-CS3} {U(OSi(O'Bu):)s}]  (1.723(8),
1.711(10) and 1.704(8) A) "* in agreement with charge delocalisation over the CS;*

unit.

Complex 7 is the first example of a U(V) uranium trithiocarbonate complex and is
only the second example of a terminal trithiocarbonate complex in f-element

81 Complex 7 shows higher stability than a putative trithiocarbonate

chemistry.
intermediate formed in the reaction of the K™ U(V) imido complex, 4 with CS,. This
is probably explained by the fact that in the absence of K™ cations binding the
trithiocarbonate group, oxidation of the trithiocarbonate by U(V) is not a favoured
pathway. Complex 7 is likely formed by the nucleophilic addition of a U(V) terminal
sulfide intermediate to a CS, molecule (Scheme 4). Fast addition of terminal and
bridging U(IV) sulfide to CS; to afford terminal or bridging U(IV) thiocarbonate

complexes has been previously reported.***"!

=C=N-R
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L = 0Si(0'Bu)s Ls Ly Ly 1/2 (C,Se)
R =CyoH1s

Scheme 4. Proposed pathway for the formation of complex 7 from the reaction of complex 5 with CS,.

Monitoring the reaction between equimolar amounts of complex 5 and "*CS, by 'H
NMR spectroscopy showed a very slow reaction, due in part to the very low solubility
of 5 in toluene, and after ten days, complex 7 and unreacted complex 4 were present
in equimolar quantities. There is no evidence of the formation of the U(V) terminal

sulfide intermediate under these conditions, probably due to its fast reaction with an
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additional CS; molecule. We reasoned that using a less bulky imido complex might
increase the rate of the first step of the reaction, thereby allowing for the isolation of a
terminal sulfide complex, but NMR-scale reactions between [K(2.2.2-cryptand)]-
[U(NSiMes3){OSi(O'Bu)s}4] and two equivalents of °CS, showed that this strategy
was unsuitable. The reaction was slow, and although multiple products were formed,
it was possible to identify complex 7 in the reaction mixture by 'H NMR
spectroscopy. The presence of a terminal sulfide was not detected.

These results show that although the metathesis reaction of the U(V) imido complex
with CS; leads to a terminal U(V) sulfido complex, the reaction is rather slow and the
plausible U(V) terminal sulfide intermediate cannot be isolated due to its rapid
reaction with another molecule of CS; to afford the trithiocarbonate complex. In an
analogous approach, we anticipated that the high basicity of the imido group could be
exploited in an acid/base metathesis reaction with H,S to afford a terminal sulfide
product. Indeed, treating a pre-chilled (=40 °C) suspension of [K(2.2.2-cryptand)]
[UNNAd){OSi(O'Bu)s}4], 4 in toluene with a fresh, commercially available 0.8 M
solution of H,S in THF (1.3 equiv.) afforded the first isolable U(V) terminal sulfide
complex, [K(2.2.2-cryptand)][US {OSi(O'Bu)s }4], 8 (Scheme 5) in 41 % yield.

o o
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5 8

Scheme 5. Synthesis of the terminal U(V) sulfide complex , [K(2.2.2-cryptand)][US{OSi(OtBu);}4], 8.

Some unidentified side products also formed in the reaction, but a 'H NMR
spectroscopy experiment using naphthalene as an internal standard showed that the
conversion rate to the terminal sulfide product was 76%. The '"H NMR spectrum of 8
in toluene-dg only shows one broad resonance at 1.20 ppm that corresponds to the
tert-butoxy protons of the siloxde ligands, along with three signals for the cryptand
protons. The fact that only one signal is observed for the siloxide protons suggests
that the structure of 8 is fluxional in solution. Complex 8 is reasonably thermally
stable and it only showed minor decomposition in solution over the course of a week

at room temperature. The formation of the terminal sulfide is likely to involve a

110



double H-atom transfer from the H,S to the imido nitrogen. No intermediate reaction
product was observed by NMR spectroscopy, suggesting that if the plausible uranium
amide/hydrosulfide intermediate is formed (as previously proposed in the
hydrosulfidolysis of titanium imido complexes) the H-transfer from the bound SH to

the resulting amido group is fast [15b: 15¢]

Dark brown crystals of complex 8 crystallised from toluene as two
crystallographically independent units. The molecular structure is shown in Figure 5
and selected bond lengths are listed in Table 1. The uranium atoms in each molecule
are ligated by one terminally bound sulfide atom and the negatively charged oxygen
atoms of four siloxide ligands, resulting in a distorted trigonal bipyramidal

coordination geometry.

Figure 5. Solid-state molecular structure of the anion of [K(2.2.2-cryptand)][US {OSi(OtBu)s} 4], 8. Thermal
ellipsoids set at 50% probability. [K(2.2.2-cryptand)]’, hydrogen atoms were omitted for clarity. Only one
;f)lnofz);;lation of a disordered 18c6 molecule is shown. Selected bond lengths [A]: U1-S1 2.376(5), Ul-Oj
The U-S bond lengths of the two independent molecules are 2.376(5) A and 2.396(5)
A, respectively, which are considerably shorter than the corresponding bond length in
the U(IV) analogue, [K(2.2.2-cryptand)][US(OSi(O'Bu);)sK] (2.5220(14) A).*!
However, this difference is about what would be expected after accounting for the
difference in ionic radii between U(IV) and U(V). The average U-O bond lengths
(2.14(3) A for molecule 1 and 2.13(4) A for molecule 2, respectively) are longer than

the corresponding average bond length in complex 7. Given that a sulfide ligand is
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considerably less bulky than a trithiocarbonate moiety, this difference can probably be

ascribed primarily to electronic effects.

Table 1. Selected bond lengths (A) for complexes 7-tol and 8-1.5tol

Structural parameters 7-tol 8-1.5tol
Ul-S1 2.772(3) 2.376(5)
U1-S2 2.747(3) -
Ul-Opgye 2.14(3) 2.10(3)
C73—Srange 1.68(1)-1.75(1) -

A "H NMR experiment showed that complex 7 reacted immediately with 1 equiv. of
1CS, in toluene-dg to yield 8 as the only product. This result supports the possibility
of 7 as an intermediate in the formation of 8 from 5.

The X-band EPR spectra of 7 and 8 were measured in a toluene/acetonitrile glass (see
Appendix 4). While no signal was detected at room temperature, an EPR signal,
featuring broad linewidths (600 to 800 mT), that unambiguously originates from a
metal-centred unpaired electron was observed at 10 K for both complexes. In both
cases, the EPR signal was fitted with a rhombic set of g-values (g; = 1.246; g, = 1.03;
g3 = 0.725 for 7 and g, = 1.378; g» = 1.24; g3 = 0.25 for 8) that are comparable to
those reported for the octahedral uranium(V) complex, [UO(OSi(O'Bu);).K] (g1 =
1.248; g, = 0.856; g3 = 0.485).["]

Computational bonding analysis

In order to investigate the nature of the U-S bond in complexes 7 and 8, we
performed calculations at the B3PWO1 level, as this method was successfully applied
to describe the U—chalcogen bonds in previous studies.[***! Firstly, the bonding
situation was analysed in the U(V) trithiocarbonate complex 7. No clear U-S multiple
bond character was found. Rather, two ¢ U-S bonds (HOMO-4 and HOMO-5 in
Figure 6) and a C=S double bond (HOMO and HOMO-1 in Figure 6) are found in

the MO spectrum. The NBO analysis indicates the same bonding situation, with two
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bonds that are strongly polarised towards S (77-78% S and 22-22% U), and involve a
hybrid 6d/5f orbital at the uranium centre.

e-HOMD-2 ortital

o HOMO-4 orital o-HOMO-5 orhitel

Figure 6. Frontier molecular orbitals of complex 7.

Finally, the WBI of the U-S bonds are 0.94 and 1.02, in line with a ¢ bond with
highly covalent character. The bonding in the U(IV) dipotassium trithiocarbonate is
quite similar to the one found in 7. Indeed, two ¢ U-S bonds are found but these
bonds are even more polarised than in 7, with a contribution of 90% from sulfur. This

is reflected in the WBI (only 0.47/0.50), indicating a less covalent bond.

However, since the U(IV) trithiocarbonate complex involves the coordination of two
potassium atoms, its putative U(V) equivalent was computed to check the influence of
the two potassium ions on the bonding. In the latter U(V) complex, the bonding is
also consistent with two U-S o bonds. These bonds appear to be as polarised as in 7,
with a 77/80% contribution from sulfur to the bonding.

On the other hand, the WBI are 0.72/0.75, intermediate between the values found for
7 and the U(IV) compound, in line with an influence of the potassium on the
covalency. Indeed, the presence of the interaction between the potassium and the
trithiocarbonate decreases the covalency in the U-S bond, mainly because the atomic
orbitals of sulfur need to overlap with both U and K. Using similar methods, we

analysed the bonding in complex 8 and compared it with the bonding found in its

113



U(IV) analogue.[*! Molecular orbital analysis (Figure 7) clearly indicates a triple

bond that is similar to that observed for the U(IV) analogue.
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Figure 7. Frontier molecular orbitals of complex 8.

The HOMO-3 is the ¢ bond, whereas HOMO-1 and HOMO are the two n orbitals.
Natural bonding orbital (NBO) analysis is in line with this bonding description.
Indeed, at the first order, three bonding orbitals (1o and 1n) are found and they are
strongly polarised towards S (77%, 80% and 81% for the o orbital and the two =«
orbitals, respectively). Finally, the Wiberg Bond Index (WBI) is 2.2, in line with a
triple bond with very strong covalent character. This is very close to the value of 2.25
that was found for the U(I)V analogue, indicating that oxidation of the U(IV) complex
does not affect the bonding but only removes an electron from one of the 5f orbitals

that becomes the LUMO of the U(V) system.

Conclusions

To summarise, we have prepared and fully characterised the first examples of
stable terminal U(V) sulfide and thiocarbonate complexes using bulky siloxides
as supporting ligands.

DFT calculations were performed to investigate the nature of the U-S bond in
complexes 7 and 8, and the results were compared with the analyses of the
analogous U(IV) complexes. Based on this analysis, triple-bond character with
strong covalent character is suggested for the U-S bond in the terminal
uranium(V) sulfide 8, in line with previous studies on terminal U(IV) sulfides.
Single-bond character was found for the U-S bond in complex 7, which turned

out to be more covalent than in the U(IV) analogue.
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In conclusion, we have shown that the metathesis of U(V) imido complexes
with CS; or H»S provides a convenient route to terminal sulfides. However, the
metathesis reaction with CS, was very slow and resulted in nucleophilic
addition of the putative sulfide intermediate to CS,. Moreover, the presence of
siloxide-bound cations in the U(V)imido precursor resulted in the isolation of a
side-reaction product, the perthiodicarbonate, salt [K(18c6)]2[C2S¢], resulting
from the oxidation of CS;*” by U(V).

In contrast, the metathesis of U(V) with H,S readily forms a stable terminal U(V)
sulfide. The hydrosulfidolysis of uranium imides reported here provide a versatile
route to uranium terminal chalcogenides that should be easily extended to other
uranium oxidation states and to other chalcogenides. Work in this direction is in

progress.

Experimental

General procedures. Unless otherwise noted, all manipulations were carried
out at ambient temperature under an inert atmosphere using Schlenk techniques
and an MBraun glovebox equipped with a purifier unit. The water and oxygen
level were always kept at less than 1 ppm. Glassware was dried overnight at
150 °C prior to use. Starting materials. The solvents were purchased, in their
anhydrous form, from Aldrich or Cortecnec (deuterated solvents), conditioned
under argon and vacuum distilled from K/benzophenone (toluene, THF) or
sodium dispersion (hexane) or dried over 4 A molecular sieves for one week
(DMSO). All reagents were dried under high-vacuum for 5 days prior to use.
HOSi(OtBu); was purified by sublimation prior to use. Depleted uranium
turnings were purchased from the “Société Industrielle du Combustible
Nucléaire”  of  Annecy  (France). [U(OSi(OtBu);)K], 2 B
[K(18¢6)][U{OSi(OtBu)s}4],'"*! and [K(18c6)][UNNAA{OSi(OtBu)s}4], 1
were prepared according to the published procedures. The complex [K(2.2.2-
cryptand) ][U(NSiMe;) {OSi(OtBu);}4] was prepared from 3 following a
procedure analogous to that reported for
[K(18¢6)][UNSiMe3)(0Si(O'Bu)s)4].!"* Synthetic details for the preparation of
[K(2.2.2-cryptand)][U{OSi(OtBu)s}4], 3, [UNAd){OSi(OtBu);}4+K], 4, and
[K(2.2.2-cryptand)][U(NAd){OSi(OtBu);}4], 5 are given in the supporting
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information. NMR and EPR spectroscopy. NMR spectra were performed in J.
Young NMR tubes. 'H and “C NMR spectra were recorded on a Bruker
400MHz spectrometer. NMR chemical shifts are reported in ppm and were
referenced to the residual 'H and °C signals of the deuterated solvents. EPR
spectra of 7 and 8 were measured with a Bruker Elexsys E500 spectrometer
working at 9.4 GHz frequency with an oxford ESR900 cryostat for 4-300 K

operation. Baseline correction of the raw EPR spectrum was performed with
cubic spline (Xepr 2.4b.12, Bruker). Simulations were performed with the
Easyspin 5.1.3 program.”*'! Elemental analyses. Samples were analysed under
nitrogen by the elemental analyses department of the EPFL using a Thermo

Scientific Flash 2000 Organic Elemental Analyzer.

Synthesis of [K(2.2.2-cryptand)][U(CS3){OSi(OtBu)s}4], 7
[K(2.2.2-cryptand)][U{OSi(OtBu)s}4] (46 mg, 0.025 mmol) was suspended in
toluene (0.5 mL) and then °CS, (7.4 pL, 0.12 mmol) was added by syringe.
The mixture was monitored periodically by '"H NMR spectroscopy until there
was no more starting material (ca. 10 days). The product crystallised from
solution in two batches and the dark brown crystals of 7 were dried under
vacuum (26 mg, 57 %). Single crystals suitable for X-ray crystallography were
grown from toluene. Anal. calcd for 7 Cg7H144KN202:S3S14U (1815.55): C,
44.32; H, 7.99; N, 1.54. Found C, 44.37; H, 8.22; N, 1.45. "H NMR (400 MHz,
dg-toluene, 298 K): & [ppm] 3.24 (brs, 12H, 2.2.2-cryptand), 3.13 (brs, 12H,
2.2.2-cryptand), 2.14 (brs, 12H, 2.2.2-cryptand), 1.77 (brs, 54H, OSiOtBu),
1.51 (brs, 54H, OSi(OtBu);). *C NMR (100.6 MHz, ds-toluene, 298 K): &
[ppm] 180.88 (CS3), 77.78 (OSiOC(CH3)), 71.80 (OSiOC(CH3)), 70.82 (2.2.2-
cryptand) 67.81 (2.2.2-cryptand), 54.08 (2.2.2-cryptand), 32.62 (OSiOC(CH53)),
27.97 (OSiOC(CH3)).

Synthesis of [K(2.2.2-cryptand)][US{OSi(OtBu)s}4], 8

[K(2.2.2-cryptand)][U{OSi(OtBu)s}4] (89 mg, 0.048 mmol) was suspended in
toluene (1.5 mL) and the mixture was chilled to —40 °C. A 0.8 M solution of
H>S in thf (75 pL, 0.060 mmol) was added by syringe, immediately giving a
dark brown solution. A slight excess (1.3 eq.) of H,S is needed to ensure

consumption of the starting material and the reaction is sensitive to the quality
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of the H,S solution that is used. The resulting dark brown solution was stirred
overnight at —40 °C and then for two hours at room temperature the following
morning. The solvent was then removed under vacuum, leaving a dark brown
oil. Hexane (0.5 mL) was added to the oil and then the mixture was dried under
vacuum giving a brown solid. The solid was washed with hexane (3 x 1 mL),
and then the resulting solid was recrystallised from toluene several times at —40
°C, affording analytically pure dark brown crystals of 8 (36 mg, 41 %). Single
crystals suitable for X-ray crystallography were grown from toluene at —40 °C.
Anal. calcd for 8-0.8toluene Cg7.75H1504KN202,SSi4,U (1813.12): C, 47.43; H,
8.36; N, 1.55. Found C, 47.46; H, 8.83; N, 1.58. 'H NMR (400 MHz, ds-
toluene, 298 K): & [ppm] 4.08 (s, 12H, 2.2.2-cryptand), 4.01 (t, 12H, 2.2.2-
cryptand), 3.05 (t, 12H, 2.2.2-cryptand), 1.20 (brs, 108H, OSi(OtBu);). °C
NMR (100.6 MHz, ds-toluene, 298 K): & [ppm] 180.88 (CS;), 73.76
(OSiOC(CH3)), 71.05 (OSiOC(CH3)), 56.38 (2.2.2-cryptand), 32.44
(OSi0C(CH3)).

A conversion experiment using naphthalene as an internal standard determined

the conversion of 4 to 8 to be 76 % by 'H NMR spectroscopy.

Reaction of 4 with CS;: isolation of [K(18¢6)]2[C2S¢], 6

BCS, (1.6 pL, 0.027 mmol) was added to a dark brown solution of 4 (20 mg,
0.014 mmol) in ds-toluene (0.5 mL), and the resulting dark brown solution was
kept at room temperature for several days until complete consumption of 4 was
observed. Then, 18c6 (3.7 mg, 0.014 mmol) was added. After several days, a
few yellow single crystals of [K(18c6)]2[C2S¢], 6 deposited. The crystals were
reproducibly obtained but attempts to isolate larger amounts only gave mixtures

of products.

A conversion experiment using naphthalene as an internal standard determined the

conversion of 4 into [U{OSi(OtBu)3}4] to be 35 % by "H NMR spectroscopy.

Reaction of 8 with CS; to afford 7

A 0.59 M solution of ’CS; in ds-toluene (5.0 pL, 0.0030 mmol) was added to a
brown solution of [K(2.2.2-cryptand)][US {OSi(OtBu);}4], 8 (4 mg, 0.0023 mmol)
in ds-toluene (0.5 mL). "H NMR spectroscopy showed immediate and complete
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consumption of 8, and the appearance of signals corresponding to [K(2.2.2-

cryptand)][U(CS3) {OSi(OtBu)3}4], 7.
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CHAPTER 6

Nitrogen reduction and functionalization by a
multimetallic uranium nitride complex

Introduction'

Molecular nitrogen (N,) is cheap and widely available, but its unreactive nature is a
challenge when attempting to functionalize it under mild conditions with other widely
available substrates such as carbon monoxide, to produce value-added compounds.
Biological N, fixation can do this, but the industrial Haber-Bosch process for
ammonia production operates under harsh conditions (450 °C and 300 bar), even
though both processes are thought to involve multimetallic catalytic sites.'! And
although molecular complexes capable of binding and even reducing N, under mild
conditions are known, with co-operativity between metal centres considered crucial
for the N, reduction step!' ), the multimetallic species involved are usually not well
defined, and further transformation of N,-binding complexes to achieve N-H or N-C

.o 1b, 2d, 2f, 2h, 3
bond formation is rare. % 2% 25 2h.

I Haber noted,' before an iron-based catalyst was
adopted for the industrial Haber—Bosch process, that uranium and uranium nitride
materials are very effective heterogeneous catalysts for ammonia production from N,.
However, few examples of uranium complexes binding N are known,” and soluble
uranium complexes capable of transforming N, into ammonia or organonitrogen
compounds have not yet been identified. In this chapter the four-electron reduction of
N, under ambient conditions is presented. The dinitrogen reduction is effected by a
complex with two U(III) ions and three K" centers held together by a nitride group
and a flexible metalloligand framework. The addition of hydrogen and/or protons, or
CO to the resulting N,* complex results in the complete cleavage of N, with
concomitant N—H or N-C bond-forming reactions. These observations establish that a

molecular uranium complex can promote the stoichiometric transformation of N into

value-added compounds, and that a flexible, electron-rich, multimetallic, nitride-

! Portions of this chapter have been published: M. Falcone, L. Chatelain, R. Scopelliti, I. Zivkovic, M.
Mazzanti, Nature, 2017, 547, 332

Author contributions: M.F. carried out the synthetic experiments and analysed the experimental data; L.C.
carried out preliminary synthetic experiments, including the isolation of the dinitrogen complex. R.S.
performed the X-ray single crystal structure analyses; 1.Z. carried out and analysed the magnetic
measurements; M.M. and M.F. wrote the manuscript.
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bridged core unit is a promising starting point for the design of molecular complexes

capable of cleaving and functionalizing N, under mild conditions.

Results and discussion

We prepared the diuranium(III) nitride complex [K;3{[U(OSi(O'Bu);3)3]2(u-N)}], 1, by

reduction of the previously reported [©

[Cs{[U(O Si(0'Bu)3)3]2(u-N)}] with excess KCg (10 equiv.) in THF (tetrahydrofuran)

diuranium(IV) nitride-bridged complex

at =70 °C. The presence of potassium results in greater solid-state and solution
stability of complex 1 compared to the previously reported ! Cs analogue
[Cs3{[U(OSi(O'Bu)3)3]»(1-N)} ] (CssU-N-U), allowing for more controlled reactivity.
The solid-state molecular structure of complex 1 (Figure 1) features a heterometallic
K3U—-N-U core in which the two uranium(III) are bridged by a nitride group. Three
siloxide-ligated K bind the nitride moiety, forming a distorted triangular array that is
perpendicular to the U(III)~N—U(II) core with a U-N-U angle of 173.7(8)° and a U—
U distance of 4.234(2) A. Overall, the potassium-siloxide framework results in the

presence of three flexible bidentate metalloligands bridging the two uranium ions.

Figure 1. Solid-state molecular structure of [K3{[U(OSi(O'Bu););]»(u-N)}], 1. Thermal ellipsoids set at 50%
probability. Hydrogen atoms and methyl groups were omitted for clarity. Selected bond lengths [A]: U1-N1
2.129(14), U2-N1 2.111(14), K1-N1 3.115(17), K2-N1 3.017(16), K3-N1 3.243(15), average U—Ogijoxide
2.288(28).

Exposing the multimetallic uranium(III) complex 1 to N, (0.5 - 1 atm) at room
temperature in the solid state or in a toluene solution affords

[K3{[U(OSi(O'Bu)s)3]2(u-N)(p-n"m>-N2) ], 2, in 68% isolated yield (Scheme 1).
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Scheme 1. Four-electron reduction of N, by 1 to afford the diuranium(V) complex 2.

The X-ray crystal structure of 2 (Figure 2) shows one nitrido atom and a side-on-
bound hydrazido moiety (N,*) bridging two uranium centres in a diamond-shaped
geometry with a U-U distance of 3.305(1) A. The assignment of the three nitrogen
atoms in 2 as a hydrazido(4-) ligand and a nitrido(3—) ligand requires a formal
oxidation state of +5 for the uranium ions. Each of the three N atoms in 2 is also
bound to a siloxide-ligated potassium cation. The U-N3 distance (2.069(2) A) is in
the range of U-N distances reported for nitride-bridged uranium compounds./®” The
Us(u-n"1>-N2) moiety features U-N bond distances ranging from 2.163(13) A to
2.311(13) A, consistent with the presence of U-N single bonds."™ The value of the N—
N bond length (1.521(18) A) corresponds to the presence of a highly activated bound
N, that has been reduced to a hydrazido(4—) (N,*) moiety. This value is comparable
to the observed bond length in hydrazine, H,NNH, (1.47 A) and falls in the range of
values (1.377(3) - 1.635(5) A) reported for hydrazido complexes. ! ¢ ¢ 2¢: ]

The flexible potassium-siloxide framework plays a crucial role in holding together the
U-N-U core while it bends upon N, binding (the U-N-U angle changes from
173.7(8)° in 1 to 106.0(5)° in 2).
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Figure 2. Solid-state molecular structure of [Ks{[U(OSi(O'Bu)s);]o(u-N)(u-1>1°-Ny)}], 2. Thermal ellipsoids set
at 50% probability. Hydrogen atoms and methyl groups were omitted for clarity. Selected bond lengths [A] and
angles: U2-N3 2.071(13), U1-N3 2.068(13), UI-N2 2.163(13), U2-N2 2.247(13), U2-N1 2.234(13), UI-N1
2.311(13), N1-N2 1.521(18), KIA-N1 1.926(14), K1A-N2 2.440(18), K1B-N3#1 3.067(17), KIB-N3 3.182(17),
average U-Ogioyige 2.229(15); UI-N1-U2 = 93.3(5)° and U1-N2-U2 = 97.1(5)°. Only one of the three disordered
positions (occupancy 0.33) of the N atoms in complex 2 is shown.

The +5 oxidation state of the two uranium centers is supported by electron
paramagnetic resonance (EPR) data and variable temperature magnetic data measured
with a superconducting quantum interference devide (SQUID). The X-Band EPR
spectrum of 2 (Figure 3a) shows an intense signal at 10 K that was fitted with a
rhombic set of g-values (g, = 1.73; g»= 0.78; gz = 0.46), confirming the presence of
uranium in the +5 oxidation state. The g values of 2 can be compared to those
reported for an octahedral uranium(V) monoxo-complex (g; = 1.248; g, = 0.856; g3 =
0.485). 1" The solid-state magnetic moment of 2 at 298 K was found to be of 2.06 pg
per uranium. This value is significantly lower than the theoretical U(V) free ion value
(Uefr = 2.54 pup) but is in the range of magnetic moments previously reported for U(V)
complexes (1.35 - 3.40 pg)."" The value of the magnetic moment decreases gradually
with the temperature from a value of 2.92 pg per dimer at 300 K to a value of 1.6 g
at 50 K and then more rapidly reaching a value of 0.4 ug at 2.5 K. This temperature
response of the magnetic moment is also characteristic of U(V) complexes. Magnetic
susceptibility of 2 (Figure 3b) shows a paramagnetic behaviour from 300 K down to

approximately 50 K where a deviation occurs, which can probably be attributed to

antiferromagnetic coupling between two uranium spins.
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Figure 3. X-band (9.40 GHz) EPR spectrum of crystal of 2 in toluene/hexane glass at 10 K (red line exp., black
line fitted) (a); plot of measured y versus temperature (b).

Notably, the different metallo-ligand framework provided by the caesium cation in
Cs3U-N-U does not lead to well defined reactivity. Cs3U-N—-U also reacts with Nj
under ambient conditions but the isolation of the reaction products was not successful
owing to the concomitant formation of decomposition products. The identity of the
specific alkali ion is ordinarily not critical, but a crucial effect of the nature of the

cation has been recently shown in models of the iron-based Haber-Bosch process ']

and in models of the oxygen-evolving complex (OEC).!"*!

The few N,-binding uranium complexes reported to date are, with one exception,"

all dinuclear complexes with a side-on bridging N, (where the N—N distance remains
essentially the same as found in free N,)P or with a side-on bridging N>~ moiety
resulting from the two-electron reduction of N, by mononuclear complexes of
uranium(I1).°*°) We also note that uranium complexes containing the highly
activated hydrazido moiety have not been reported so far. Moreover, no information
on the reactivity of the dinitrogen in N»-bound uranium complexes has been reported
to date, probably owing to the lability of the bound N, in the previously characterized

complexes.

Treating 2 with 1 equiv. of 2,4,6-tri-tert-butylphenol (Scheme 2a) gives the mono-
protonated compound [K;{[U(OSi(O'Bu)3)s]2(u-NH)(p-n"m>-N2)} 1, 3, in 70% yield.
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Scheme 2. Protonation reactions of the nitrido (a) and hydrazido (b) ligands in 2, affording 3 and 4, respectively;
protonation of 2 with an excess of acid leads to ammonia formation (c).

The molecular structure of 3 (Figure 4a) shows two [K{U(OSi(O'Bu)s);}] fragments
bridged by an NH* ligand and an N,* ligand. The geometry of the diamond-shaped

U,Nj; core remains similar to that found in complex 2, with essentially unchanged U—

N distances in the U-N,* fragment. The mean value of the U-N3 distances (2.11(5)

A) is longer than that found in the nitride-bridged complex 2 (2.069(2) A), and is
(8]

consistent with the presence of a U(V) imido-bridged species.

Figure 4. Solid-state molecular structure of [K,{[U(OSi(O'Bu)s);(u-NH)(u-1"m?-Ny)}], 3 (a) and of
[K>{[U(OSi(O'Bu););]o(u1-NH),(u-C1)}], 4 (b). Thermal ellipsoids set at 50% probability. Hydrogen atoms and
methyl groups were omitted for clarity. Selected bond lengths for 3 [A]: UI-N1A 2.147(9), UI-N2A 2.295(12),
UI-N3A 2.151(8), U2-N1A 2.204(9), U2-N2A 2.244(13), U2-N3A 2.089(8), N1A-N2A 1.492(10), U1-U2
3.3717(2), average U—Ogiioxige 2.215(5). Selected bond lengths for 4 [A]: UI-N2 2.23(2), U1-CI1 2.833(7), UI-N3
2.285(16), U2-N2 2.25(2), U2—-Cl1 2.809(7), U2-N3 2.261(17), average U—Oy;joxige 2.216(11).

Addition of the stronger acids PyHCI, HC1 or HBAr® (BAr" = [{3,5-(CF3),C¢H3}4B]
to 2 results also in the protonation of the hydrazido ligand (Scheme 2b), with addition

of two equivalents of PyHCI enabling isolation of a few single crystals of a doubly
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protonated species with structural parameters consistent with the presence of the
bis(imido)-bridged diuranium(IV/V) complex, [Kz{[U(OSi(O'Bu)s)s]o(u-NH)x(p-
Ch}l, 4.

Adding excess PyHCI (20 equiv.) to complex 2 led to the formation of a precipitate,
the '"H NMR spectrum of which (in deuterated DMSO, dimethyl sulfoxide-ds) shows
ammonium chloride ('*NH4CI) as the only product (Figure 5a). This result and the
isolation of complex 4 suggest that the protonation of complex 2 leads to the cleavage
of dinitrogen. The same experiment with the '"N-labelled complex '"N-2 gave a 'H
NMR spectrum with signals assigned to '"NH,Cl (doublet) and '*NH,CI (triplet) in a
ratio of 1:0.85 (Figure 5b).

a b 15NH,CI
PyHCI in excess @ NH,CI
@ NH,CI PyHCI excess
(<]
(<] (<)
85 80 75 70 9 65 95 90 85 80 75 70 65
f1(ppm) f1(ppm)

Figure 5. 'H NMR (400 MHz, DMSO-dg, 298 K) of the white precipitate formed after addition of excess PyHCI to
2 (a); 'H NMR (400 MHz, DMSO-dg, 298 K) of the white precipitate formed after addition of excess PyHCI to
N-2 (b).

The addition of excess HBAr', PyHCI or HCI to complex 2 resulted in overall yields
of ammonia of 25%, 35% and 42% (Scheme 2c), respectively (determined by
quantitative NMR spectroscopy and indophenol titration, considering a yield of 100%

to be when 1 equiv. of complex 2 gives 3 equiv. of NH3). The low ammonia yield

could reflect hydrazine disproportionation to form N».

Because direct hydrogenation of N, with hydrogen (H,) under mild conditions is

desirable, yet has been observed only for a few N, complexes,** ¢!

we also explored
functionalizing the bound N, in complex 2 with H,. Letting 2 stand under H, (1 atm)
at room temperature slowly consumes the complex over two to three weeks. The 'H

NMR spectrum of the final reaction mixture shows only the presence of the free
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ligand (10% yield), and no NHj3 is observed among the volatiles. However, adding a
solution of HCI in ether to the product of the reaction of 2 with H, leads to formation
of ammonia in 77% yield (Figure 6a). Adding a solution of HCI in ether to the
product of the reaction of N-2 with H, leads to the formation of ""NH4CIl and
"NH,CI (giving a doublet and a triplet signal, respectively, in the 'H NMR spectrum)
in a 2:1 ratio, indicating that the three nitrogen atoms are all incorporated in the

ammonia generated (Figure 6b).

o b °
® DMSO-d ® DMSO-dg
® NH,CI e NH,CI
* Dimethylsulfone 15NH,Cl
*
+ Et,0 * * Dimethylsulfone
+ Et,0
+ +
il M#LLJLJJ_ ﬁ' JUULLL
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Figure 6. Quantitative 'H NMR (400 MHz, DMSO-dg, 298 K) of NH,CI formed after addition of HCI(Et,0) to the
residual solid of reaction between 2 and H, (2 equivalents of dimethylsulfone added) (a); 'H NMR (400 MHz,
DMSO0-dg, 298 K) of 15NH4C1 and NH,C1 formed in ratio 2:1 after addition of HCI(Et,0) to the residual solid from
the reaction between complex °N-2 and H, (1 equivalent of dimethylsulfone).

The addition of hydrogen to complex 2 might involve protonation of the nitride (as
seen for the reactivity of the diuranium(IV) bridging nitride with H in Chapter 4) and
the resulting hydride might reduce the N-N single bond, allowing the formation of
ammonia upon acid addition, without disproportionation reactions to form N,.
However, H, might play a role independently from the protonation of the nitride and
formation of a hydride species, as when added to a solution of complex 3, a slow
reaction occurs, even though the species formed could not be characterized. A

preliminary structure obtained shows three electron density in the core, but it is not

conclusive, as the occupancy of these densities could not be assigned.

Complex 2 also reacts with CO (10 equiv.) in THF or benzene at room temperature to
afford the U(IV)/U(IV) oxo/cyanate complex [K,{[U(OSi(O'Bu)s)s]>(n-O)(p-
NCO),}], 5, which was isolated by recrystallization from THF in 68% yield (Scheme
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3). Elemental analysis supports the assignment of 5§ as an oxo/cyanate complex, an
assignment further corroborated by the formation of CN™ as a by-product detected by
PC NMR.

tBu By .
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Scheme 3. Reactivity of the nitrido and hydrazido ligands to give a bridging oxo ligand (and cyanide extrusion)
and two cyanate ligands, respectively.

The X-ray crystal structure of complex 5 (Figure 7) shows two [K{U(OSi(O'Bu);)3}]
fragments bridged by an oxo group (O*") and two cyanate (OCN") moieties in a bent
geometry, with a U1-O-U2 angle of 108.7(3)° and U—Ncyanaie—U angles of 88.0(3)°
and 89.0(3)°. The nitride and the hydrazido ligands thus both react with CO, so that
successive reaction of the nitride-bridged diuranium(IIl) complex 1 with N, and CO
leads to N, cleavage and functionalization by a well-defined uranium complex. The
nucleophilic addition of the nitride to CO results in the complete cleavage of the CO
triple bond, leading to the formation of a bridging oxo complex and cyanide (CN")
that is extruded as KCN.

Figure 7. Solid-state molecular structure of [K,{[U(OSi(O'Bu););]2(1-0)(u-NCO),}], 5. Thermal ellipsoids set at
50% probability. Hydrogen atoms and methyl groups were omitted for clarity. Selected bond lengths [A]: Ul-
0123 2.161(6), U2-0123 2.161(6), UI-N2 2.493(7), U2-N2 2.517(8), UI-N1 2.521(9), U2-N1 2.534(8), N1—
C121 1.244(14), C121-0121 1.207(13), N2-C122 1.217(13), C122-0122 1.215(12), U1-U2 3.5127(3)), average
U_Osiloxide 2210(1 1)
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We have recently reported similar reactivity for the nitride-bridged diuranium(IV)
complex, [Cs{[U(OSi(O'Bu)s)s;]>(n-N)}], which completely cleaves the CO triple
bond under ambient conditions to yield the oxo/ cyanide diuranium(IV) complex,
[Cs{[U(OSi(O'Bu)3)3]2(u-CN)(1-0)} 1.l' The reductive carbonylation of uranium(V)
and uranium(VI) terminal nitrides to afford cyanate has also been reported,! but
reductive carbonylation of metal dinitrogen complexes is unprecedented. Ligand-
induced cleavage of dinitrogen has been achieved with Zr(IV) and Hf(IV)
metallocene complexes, but differs from the reactivity of 2 in that addition of excess
CO (1 - 4 atm) to the reduced N,* in Zr(IV) and Hf(IV) metallocene complexes
affords the [N,C,0,]* (oxamidide) fragment and does not involve metal-centred
electron transfer. ™ ') The addition of 4 equivalents of 2.2.2cryptand to the nitrogen
adduct, 2 leads to immediate precipitation of an unknown product, possibly a species
that can be assigned to [Ks_{K(cryptand)},{[U(OSi(OBu)s);lo(-N)(u-1n*n>N2)}]
and the "H NMR spectrum shows only the presence of free cryptand (Figure 8a).
When 1 equivalent of cryptand is added in a THF solution, no precipitate is observed
and the '"H NMR spectrum shows a considerable shift of the peak assigned to the
siloxide ligands (Figure 8b), which shifts upon addition of other 2 equivalents of
cryptand. This preliminary results show that it is possible to remove one or more
potassium cations from the core of the molecule. The addition of CO to the reaction
mixture in toluene after addition of 4 equivalents of cryptand, in presence of the
precipitate, leads to a different proton NMR spectrum but no species could be
identified. Further studies should focus on the isolation of the species [Kj-
(K (cryptand)} {[U(OSi(O'Bu)s)s lo(u-N)(u-n*n>-N3)}] and reactivity products to
understand the role of the K-Nhiyrido and K-Npydrazido bonds in guiding towards different

products.
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Figure 8. 'H NMR (400 MHz, tol-ds, 298K) before (top) and after (bottom) addition of 4 equivalents of
2.2 2cryptand to complex 2 in toluene (a); 'H NMR (400 MHz, THF-dg, 298K) after addition of 1 equivalent of
2.2 2cryptand to complex 2 in THF (top) and 'H NMR (400 MHz, THF-dg, 298K) after addition of 2 other
equivalents of 2.2.2cryptand (bottom) (b).

The high reactivity of both the nitride and the hydrazido ligands in complex 2 with
CO renders it difficult to envisage a possible synthetic cycle that would allow for the
transformation of N, and CO into cyanate and then restore the U(III)-N-U(III)

precursor.

Anticipating reduced reactivity of the protonated nitride group with CO, we explored
the reactivity of complex 3, and found that addition of CO (10 equiv.) to a toluene
solution of 3 and standing for 24 h at room temperature gave brown crystals of the
cyanate complex, [K,{[U(OSi(O'Bu););]2(u-NH)(u-NCO)}], 6, in 70% yield (Scheme
4). The high yield suggests that the U(II[)/U(IV) complex 6 is the major uranium
species formed in this reaction. The >C NMR spectrum of the reaction mixture of 3

with *CO in deuterated water does not show free HN'>CO or *CN".
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Scheme 4. Reaction of the imido complex 3 with CO to afford 6, with concomitant release of %2 N.

The stoichiometry and the electron balance of the reductive carbonylation of 3 require

the concomitant elimination of dinitrogen. Analysis of the headspace from the
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reaction of ’N-3 with CO by GC-MS analysis confirmed the presence of '°N, and
"N'"N at mass to charge ratios m/z = 30 and m/z = 29 respectively (see Appendix 5).

The X-ray crystal structure of 6 (Figure 9) is consistent with a mixed-valent
U(IIN)/U(IV) complex, with one imido (NH*") group and one cyanate (NCO") group
(disordered over two crystallo- graphic positions) bridging the two uranium centres in
a non-planar diamond-shaped geometry. The mean value of the U-NH distance
(2.18(3) A) is longer than in complex 3 (2.10(5) A), in agreement with the presence of

a uranium(III) centre.

Figure 9. Solid-state molecular structure of [K,{{U(OSi(O'Bu););]2(1-NH)(u-NCO)}], 6. Thermal ellipsoids set at
50% probability. Hydrogen atoms and methyl groups were omitted for clarity. Selected bond lengths [A]: UI-N3
2.200(8), UI-N1 2.569(10), U2-N3 2.161(9), U2-N1 2.576(10), N1-C131 1.224(6), C131-0131 1.214(6),
average U—Ogoxige 2-197(6).

The bridging nitride present in complex 4 is lost upon addition of CO, and a briging
oxo is formed. Instead, in complex 6 the imido ligand does not react further with CO,
and it is a good candidate for reduction studies, with the aim of performing cycles of
nitrogen reduction. Attempt to reduce complex 6 to the starting bridging U(III)
nitride, with extrusion of KNCO, resulted inconclusive. After addition of excess KCg
at =70 °C to a solution of complex 6, the 'H NMR spectrum shows the presence of

free ligand and an unknown species that could not be identified. Further studies

should be performed to identify conditions that allow the implementation of a cycle.

Conclusions

The observed difference in reactivity between complex 2 and 3 is probably due to
replacement of N°~ with a less electron donating NH*™ group, which enables U(V)
reduction to U(II). Preliminary attempts to reduce complex 6 to regenerate the

diuranium(II) precursor have not been successful, and future studies will focus on the
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identification of possible synthetic cycles allowing the production of cyanate from N,
and CO. Bimetallic complexes containing highly activated side-on-bound dinitrogen
(N>, that can be further reduced and completely cleaved by the addition of reducing
ligands such as H, or CO have so far only been reported for group 4 metals.*¢ 2% 2& 2
2 In these systems, the intermediate species (probably dinuclear Zr(I) and Hf{(II)
complexes) involved in N, activation were prepared by in situ reduction of
mononuclear M(IV) complexes under a N, atmosphere and not characterized. Ligand-
induced N, cleavage in these systems also differs from the reactivity of 2 and 3 in that
no metal-centred electron transfer is involved,”® 2 while the reaction of the (U-
(N2)*) complex with CO that we report confirms uranium-centred electron transfer
that yields different reaction products from those obtained with the group 4 metals.
We also note that the higher redox flexibility of uranium makes it well positioned for
the implementation of catalytic N—C bond-forming cycles that exploit the assembly of
low-valent metals and alkali ions through bridging nitrides as an optimized
arrangement for the cooperative binding and activation of dinitrogen; the stable yet
flexible U-N-U core can bend to accommodate the N, moiety. We envisage that
these design principles could also be extended to other metals, provided that the
corresponding low-valent nitride complex can be stabilized, and thereby aid the
development of new molecular systems for the catalytic transformation of N.
However, the bridging nitride does not act as a spectator linker atom and it is involved
in the reactivity with protons, CO and probably with H,. In the next chapter the
synthesis and reactivity of an analogous diuranium(III) complex with an oxo as linker
atom will be described. We anticipated that the oxo linker is less likely to be involved

in the reactivity compared to the nitride.

Experimental

Materials. 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. The solvents were purchased from
Aldrich or Cortecnet (deuterated solvents) in their anhydrous form, conditioned under
argon and vacuum distilled from K/benzophenone (toluene, THF, benzene-ds and n-
hexane). DMSO-ds was freeze-degassed and stored over activated 3 A molecular
sieves. The complexes [Cs{[U(OSi(0'Bu)3)s]>(1-N)} L6] and
[Cs3{[U(OSi(0O'Bu)3)s]2(u-N)}] 7 were prepared according to published procedure.
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Carbon monoxide (N47 Bt-S 10/200) was purchased from Carbagas and stored over
activated 3 A molecular sieves. N, (99.9999% purity) was purchased from Carbagas.
BCO (93.13% *C) and "N, (98% '"N) were purchased from Cortecnet and stored
over activated 3 A molecular sieves. 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.
Caution: Depleted uranium (primary isotope >**U) is a weak a-emitter (4.197 MeV)
with a half-life of 4.47x10° years. Manipulations and reactions should be carried out
in monitored fume hoods or in an inert atmosphere glovebox in a radiation laboratory
equipped with a- and B-counting equipment. '"H NMR experiments were carried out
using NMR tubes adapted with J. Young valves. 'H NMR spectra were recorded on
Bruker 400 MHz. NMR chemical shifts are reported in ppm with solvent as internal
reference. Elemental analyses CHN elemental microanalysis were obtained using a
Thermo Scientific Flash 2000 Organic Elemental Analyzer at the Institut of
Chemistry and Chemical Engineering at EPFL. IR analyses were performed with a
FT-IR Spectrometer Spectrum one Perkin-Elmer; the measurement for complex 6 was
performed with a Perkin Elmer Frontier FT-IR equipped with a liquid nitrogen cooled
MCT detector. The sample was placed into the Harrick High Temperature Chamber
DRIFT cell under argon atmosphere. Scans were performed in a range between 400
and 4000 cm ' at a resolution of 4 cm™'. Raman analysis was performed with a
LabRam spectrometer Jobin Yvon Horiba. Excitation line was provided by an Ar

laser (532.19 nm).

Synthesis of [K3{[U(OSi(O'Bu););]2(n-N)}], 1

A cold (=70 °C) red-brown solution of [Cs{[U(OSi(O'Bu)s);]»(u-N)}], (223.2 mg,
0.101 mmol, 1 equiv) in THF (2.0 mL) was added onto cold (-70°C) KCs(136.8 mg,
1.01 mmol, 10 equiv) under argon. After 5 minutes stirring at —70 °C, the resulting
dark purple suspension was evaporated maintaining the reaction flask at cold
temperature and the resulting residue was extracted with ImL of cold n-hexane. The
resulting suspension was filtered at —70°C to remove the excess of KCg and graphite,
which were then washed with cold n-hexane (30 mL). The filtrate was evaporated
(ImL). After 4 hours at —70°C, a dark purple solid formed that was collected on a
cold filter, yielding 156.8mg of 1 (70%). Elemental analysis performed (under argon)

134



Anal. Calcd for 1.0.2(n-hexane) Cy3,H,sK3NO»4SigUs: C, 39.87; H, 7.53; N, 0.64.
Found: C, 39.92; H, 7.77; N, 0.52. "H NMR of 1 (400 MHz, THF-dg, 298 K): §(ppm)
= 1.56 (s, 162H, CH; terminal siloxide), (400 MHz, Toluene-ds, 298 K): o(ppm) =
1.74 (s, 162H, CH; terminal siloxide). °C NMR (400 MHz, Toluene-ds, 298 K):
d(ppm) = 32.2 (CH3), 74.7 (CMe3).

Synthesis of [K3{[U(OSi(O'Bu);)s]2(n-N)(u-n"-N2)}], 2

Complex 1, (128.5 mg, 0.03 mmol), was introduced into a glass tube equipped with a
Young valve under argon in the glove box. The tube was then connected to a Schlenk
line and evacuated maintaining the tube in liquid nitrogen. The solid was exposed to
N2 (0.5 atm.) for 2 h at room temperature. The colour of the solid changed within few
minutes from dark purple to brown. The solid was stirred every 10 minutes. After 2
hours the solid was transferred to the glove box and dissolved in cold toluene. The
resulting toluene solution was filtered and left standing at —40 °C. After 2 days, 2
precipitated out of the solution as a microcrystalline brown solid that was vacuum-
dried (60 mg, 68% yield. The Ilabelled analogue of complex 2,
[K3{[U(OSi(O'Bu))3]2(u-N)(u-n>-""N3)}], °N-2, is easily prepared using the same
procedure by exposing 2 to °N,. 'H NMR (400 MHz, toluene-ds, 298 K): §(ppm) =
1.34 (s, 162H, CH; terminal siloxide). ’C NMR (400 MHz, toluene-dg, 298 K):
S(ppm) = 31.4 (CH3), 71.6 (CMe3). Anal. Calcd for [K;3{[U(OSi(O'Bu)s);]2(u-N)(u-
°-N2)} ] (C72H16K3N30,48i6Us): C, 39.03; H, 7.37; N, 1.90. Found: C, 39.05; H,
7.36; N, 1.63. per (298 K): 2.06ps Raman of powder, v(cm '): 2: 797 (817); "N-2:
785 (1100). No loss of N; from 2 is observed under dynamic vacuum in the solid state
or after three cycles of freeze-pump-thaw degassing under argon of a toluene or THF
solution of 2. The synthesis can also be performed by exposure of a solution of 1 in
THF or toluene solution to N at room temperature but the yield for these reactions is
lower due to the low solution stability of 1 at room temperature. When the previously
reported cesium analogue [Cs;{[U(OSi(O'Bu)s);]2(u-N)}] is reacted with N, the
reaction proceeds with similar colour change. The proton NMR spectrum in THF-dg
of the crude mixture shows the presence of a new peak at —0.2 ppm, the presence of
the previously reported U(III)/U(IV), UIV)/U(IV) nitride complexes ! and free
ligand. The U(III)/U(1V), UIV)/U(IV) nitride complexes [M,{[U(OSi(O'Bu)3)s]>(p-
N)}] and [M{[U(OSi(O'Bu)s)3]2(1-N)}] (M =K, Cs) do not react with N».
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Synthesis of [K:{[U(OSi(O'Bu))s](»-NH)(u-n"-N2)}], 3

A solution of 2,4,6-tri-tert-butylphenol (2.4 mg, 0.009 mmol, 1 eq) in THF was added
to a brown solution of 2 (20 mg, 0.009 mmol, 1 eq) in THF (0.5 mL). The mixture
was stirred for 1 h. The colour changed from dark brown to light brown. THF was
evaporated and the residue was suspended in toluene. The resulting solution was
filtered and let standing at —40 °C. After 24 h, XRD suitable brown crystals of 3
formed (14.7 mg, 70% yield). The "N labelled complex '*N-2 was prepared from
>N-2 following the same procedure. Crystals of 3 could also be isolated from the
reaction of complex 2 with 2 equivalents of PyHCI in THF, in 24 h from a toluene
solution at —40 °C. Proton NMR studies show that addition of one equivalent of
PyHCI affords complex 3, unreacted starting material and other protonation products.
From the reaction with two equivalents we have also isolated pale brown crystals of a
minor product that cannot be isolated clean in sufficient amount for further analysis.
X ray crystallography studies indicate the presence of the diprotonated complex
[K>{[U(OSi(O'Bu)s)s]a(1-NH)(u-Cl), 4.

"H NMR of crystals of 3 (400 MHz, THF-ds, 298 K): 8(ppm) = —1.26 (s, 162H, CH;
terminal siloxide), 78 (s, 1H, NH). "H NMR of crystals of 3 (400 MHz, toluene-ds,
298 K): 3(ppm) = —1.10 (s, 162H, CH; terminal siloxide), °C NMR (400 MHz,
toluene-dg, 298 K): o(ppm) = 29.5 (CHs), 71.9 (CMes). Anal. Caled for
[K>{[U(OSi(O'Bu)3)3]o(n-NH)(u-n*-N2)} ] (C72H163KaN30,48i6Us)  (C/Hg)1s @ C,
42.78; H, 7.62; N, 1.81. Found: C, 42.95; H, 7.73; N, 1.54. "H NMR of crystals of 4
(400 MHz, THF-ds, 298 K): d(ppm) = 0.1 (s, 162H, CHj; terminal siloxide).

Ammonia formation after addition of excess PyHCI to 2

To a brown solution of 2 (20 mg, 0.009 mmol, 1 eq) in THF (1 mL), an excess of
PyHCI was added (20 mg, 0.17 mmol, 20 eq). The mixture was stirred overnight,
affording a colourless solution and a white precipitate. The supernatant was removed
and the solid was washed twice with 0.5 mL THF. The solid was dried under vacuum
and then dissolved in DMSO-ds. 'H NMR analysis allowed the detection of
ammonium chloride as the only product. The reaction was repeated also with the
labelled "N compound [K3{[U(OSi(O'Bu)3)s](u-N)(i-n*-""N2)}]. The experiment
suggests that both the nitride and the hydrazido ligands are transformed into NHs by
addition of acid. The ratio of "NH4Cl:"*NH,Cl was found to be 1:0.85. The global

yield in NH; was determined in a separate experiment by integration (with an internal
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standard) of the NMR signals to be 35%. 'H NMR of NH4Cl (400 MHz, DMSO-ds,
298 K): 8(ppm) = 7.3 (triplet, J = 52 Hz) 'H NMR of "NH,Cl (400 MHz, DMSO-ds,
298 K): 6(ppm) = 7.4 (doublet, J = 72 Hz)

Ammonia formation after addition of excess HCI(Et,0) to 2

To a brown solution of complex 2 (5.2 mg, 0.0023 mmol, 1 eq) in THF (1 mL), an
excess of a 2M solution of HCI in Et,O (34.5 pL, 0.069 mmol, 30 eq) was added. The
reaction mixture turned immediately colourless. After 24 h the solvent was removed
under vacuum, DMSO-d¢ was added and the amount of ammonia was evaluated by

quantitative '"H NMR (dimethylsulfone as internal standard) (42% yield of ammonia).

Ammonia formation after addition of excess HBAr", - 2Et,0 to 2

A Schlenk flask was charged with a solution of complex [K;{[U(OSi(O'Bu)s)3]a(u-
N)(i-n*-N2)}] (10 mg, 0.0045 mmol, 1 eq) in 2 mL of Et,O and it was cooled down at
—70 °C. HBAr',; - 2E,0 (114 mg, 0.11 mmol, 25 eq) was dissolved in Et,0 and
cooled down at —70 °C. The HBAr'4 - 2Et,0 solution was added and the mixture was
stirred for 10 minutes at — 70 °C. The reaction mixture was left stirring at room
temperature for 15 minutes. All the volatiles were then vacuum transferred into a
Schlenk flask containing a 2 M HCl solution in Et;0 (4 mL). NaO'Bu (40 mg in 3 mL
of Et,0) was added to the residual solid. It was left stirring for 10 minutes at room
temperature and then the volatiles were vacuum transferred into the HCI(Et,0)
Schlenk. The HCI(Et,O) was removed under vacuum and the white solid was
dissolved in DMSO-dg to evaluate by quantitative 'H NMR (dimethylsulfone as
internal standard) the amount of ammonia (25% yield). The same result was obtained
in a separate experiment by dissolving the white solid in 20 mL of distilled water for

the indophenol test for ammonia quantification (25% yield of ammonia).

Ammonia formation after reaction of 2 with H, and HCI(Et,0)

In an NMR tube, a brown toluene solution of 2 (5.2 mg, 0.0023 mmol) was prepared
by dissolving 2 in 0.5 mL of toluene in the glove-box under argon. The solution was
freeze-degassed three times and exposed to 1 atmosphere of hydrogen gas. The tube
was closed and left for three weeks at room temperature, until disappearance of all the
starting material. The "H NMR spectrum shows only the presence of free ligand in

10% yield. After three weeks, all the volatiles were vacuum transferred into a Schlenk
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flask containing a 2 M HCI solution in Et,O (4 mL). After removal of the HCI(Et,O)
solution under vacuum, no white precipitate was visible. The absence of any amount
of ammonium chloride was confirmed by proton NMR. To the residual solid left in
the NMR tube, 1 mL of a solution of 2 M HCI in Et,0 was added. Immediately, white
solid precipitated out of the solution. HCI(Et,O) was removed under vacuum and the
white solid was titrated in DMSO-ds using dimethyl sulfone as internal standard (77%
yield in ammonia). Preliminary studies show that hydrogenation of complex 3 does

not lead to decomposition, but to the clean formation of a new uranium species.

Reaction of 2 with CO, synthesis of [K,{[U(OSi(O'Bu)s);].(n-0)(u-NCO),}], 5

A brown benzene solution of 2, (19 mg, 0.0086 mmol, 1 eq) prepared by dissolving 2
in benzene-ds (0.5 mL) in the glove-box under argon, was freeze-degassed three
times. 10 equivalents of CO were then added at room temperature. The solution
turned light yellow. The proton NMR of the reaction mixture shows the presence of
only one signal. Benzene was removed and THF (0.1 mL) was added, the suspension
was filtered and the resulting solution was left standing at —40 °C. After 48 h X-ray
suitable brown crystals 5 formed (13 mg, 68% yield). The "°N labelled complex '°N-5
was prepared from '°N-2 following the same procedure. IR, v’NCO (cm™): 2195. °C
NMR of the evaporated reaction mixture (400 MHz, D,O, 298 K): d(ppm) = 129
(NCO), 164 (CN). 'H NMR of crystals of complex 5 (400 MHz, C¢Ds, 298 K):
8(ppm)= 1.07 (s, 162H, CH; terminal siloxide). ’C NMR of reaction mixture (400
MHz, C¢Dg, 298 K): 6(ppm)=—164 (NCO), 30.8 (CHs), 73.3 (CMe;). Anal. Calcd for
[K2{[U(OSi(OBu)3)3]2(1-O)(u-NCO)2}] (C74H162KaN2027SiUn): C, 39.77; H, 7.31;
N, 1.25. Found: C, 39.74; H, 7.21; N, 1.27. *C NMR of '°N-5 shows the presence of
a broad peak at —163.9 (NCO"). The °C NMR (’Cigp30; d1=120) in water shows a
doublet at 129 ppm (J= 64, "'N'>CO) and a singlet at 165 ppm (*C'*N), in ratio 2:1

respectively.

Reaction of 3 with CO, synthesis of [K,{[U(OSi(O'Bu)s3);](n-NH)(n-NCO)}], 6

A brown solution of 3 (11.5 mg, 0.0053 mmol, 1 eq) in toluene (0.5 mL) prepared
under argon in a tube equipped with a Young valve was freeze-degassed three times.
10 equivalents of CO were added. The solution turned yellow and proton NMR
indicate completion within 24 h. X-ray suitable orange crystals of 6 were isolated

after letting stand the toluene solution at room temperature for 24h (8 mg, 70% yield).
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The "N labelled complex '"N-6 was prepared from '"N-2 following the same
procedure. Titration of the residual compound present in the mother liquor show the
presence of an additional amount of 6 to afford a 80 % overall yield. The proton NMR
spectrum showed that when 100 equivalents of CO are added to 3, a different species
identified as a bis-cyanate [K{[U(OSi(O'Bu);3);]2(u-NH)(u-NCO),}] complex is
formed. In contrast the complex 6 does not react with carbon monoxide or with 2,4,6-
tri-tert-butylphenol. >C NMR spectroscopy in D,O of the residue after solvent
evaporation from the reaction mixture obtained from the reaction of 3 with CO (10
equiv.) only shows the presence of the signal at 130.0 ppm assigned to cyanate, no
formation of cyanide is observed. The addition of excess PyHCI (20 eq.) to complex
">N-6 leads to the formation of a precipitate. The proton NMR spectrum in dmso-ds of
this solid shows the presence of signals assigned to '"NH,CI (doublet) and '*"NH,Cl1
(triplet) suggesting that hydrazide/nitride exchange occurs during protonation of 2 to
yield 3. IR, vN">CO (cm™): 2135, vNH (cm™): 3428 '"H NMR of crystals of 6 (400
MHz, toluene-dg, 298 K): 8(ppm) = 0.36 (s, 162H, CHj; terminal siloxide).”>’C NMR
of crystals of 6 (400 MHz, toluene-dg, 298 K): o(ppm) = 145 (NCO). Anal. Calcd for
[K>{[U(OSi(O'Bu)3)3]2(1-NH)(1-NCO)} ] (C73H163K2N20558i6Us): C, 40.02; H, 7.45;
N, 1.28. Found: C, 40.25; H, 7.22; N, 1.67. Preliminary trials of reduction of complex
6 were performed at —70 °C in THF-dg by addition of 10 equivalents of KCs. The 'H
NMR spectrum (400 MHz, toluene-ds, 233 K) shows the presence of free ligand and
of a new species at —1.3 ppm in a ratio 1:0.5 respectively. Attempts to isolate the new

species were not successful.
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CHAPTER 7

The role of bridging ligands in dinitrogen reduction
and functionalization by wuranium multimetallic
complexes

Introduction'

Multimetallic complexes that reduce and functionalize dinitrogen in the absence of
strong alkali reducing agents are crucial to establish a structure-activity relationship,
but remain extremely rare. In chapter 6, a multimetallic nitride-bridged diuranium(III)
complex capable of reducing and functionalizing dinitrogen is described. Here an
analogous complex assembled with an oxide instead of a nitride linker is presented.
The resulting complex is able to effect the four electrons reduction of dinitrogen, but
the reactivity of the resulting oxo/(Ny) complex differs remarkably from that of the
nitride/(N,). Computational studies, performed by prof. C. Corminboeuf et al., show a
different bonding scheme for the dinitrogen where the bridging nitride does
participate to the binding and to the consequent activation of N, while the oxide does
not.

A wide range of studies has been directed to the development of metal complexes
able to effect the conversion of N, into high N-containing organic products in mild
conditions!'"?. Particularly desirable would be the use of cheap and/or largely
available molecules such as CO or CO, in combination with dinitrogen for the
synthesis of new organic products. Versatile chemical cycles for the production of
isocyanates by the molecular fixation of N, CO, and R3;ECI (E=C, Si, and Ge) have

been reported by Sita and coworkers™). However, direct dinitrogen cleavage and N-C

! Portions of this chapter have been published: M. Falcone, L. Barluzzi, J. Andrez, F. F. Tirani, 1. Zivkovic,
A. Fabrizio, C. Corminboeuf, K. Severin, M. Mazzanti, Nature Chemistry, 2018, 11, 154

Author contributions: compounds 2 and 3 were first isolated and characterized by J.A., while their synthesis
was optimized by L.B. Compound 4 was isolated, synthetized and characterized by M.F. Compound 5 was
isolated by M.F. and further characterized by L.B. Compound 6 was first isolated and characterized by L.B.
Reactivity studies with acids and hydrogen were performed by M.F. M.F. and L.B. collaborated all along for
the synthesis of compounds and analysis of data. X-ray analyses were performed by F.F.T. Magnetic
measurements were performed and analyzed by 1.Z. A.F and C.C. performed the DFT calculations. K.S.
suggested the use and provided the oxo transfer agent. M.M., M.F. and L.B. wrote the manuscript. M.M.
originated the central idea, coordinated the work and analyzed the experimental data.

143



bond formation from the addition to dinitrogen complexes of cheap carbonated
molecules such as CO and CO, remains extremely rare"""*], The observed reactivity
of complex [K;{[U(OSi(OtBu););]2(u-N)}] (Chapter 6) giving the first example of
dinitrogen functionalization at a uranium centre, is 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 reported'®. This
complex and most of the reported structurally characterized diuranium(IV) oxo-
bridged complexes have been obtained from the reaction of U(IIT) complexes with the
solvent [ or the supporting ligand * or with adventitious traces of O, or water in the
solvent. In contrast, the number of rationally synthesised diuranium(IV) oxo-bridged
complexes remains limited, probably due to the tendency of these species to undergo

further oxidation.”'%

"I In this chapter a novel route for the preparation of a
siloxide oxo-bridged diuranium(I'V) complex is described. Moreover, the reduction to
afford a rare multimetallic oxo-bridged diuranium(III) is presented, together with
reactivity studies to prove the effect of the core structure on the reduction and
functionalization of dinitrogen, showing that the linker has a crucial role in

determining the reactivity of analogous multimetallic N, complexes.

Results and discussion

Initial attempts to prepare a diuranium(I'V) oxo-bridged complex from the reaction of
the previously reported complex [U(OSi(O'Bu)s)s]», 1 ' with common oxygen atom
transfer reagents lead to intractable reaction mixtures (Me;NO, N,O) or to the
isolation of complex 2 in very low yield (PyNO). However, we were able to
reproducibly prepare complex [{U(OSi(O'Bu)3)3}2(n-0)], 2, in 79% yield by treating
1 with the N,O adduct of the N-heterocyclic carbene 1,3-dimesitylimidazol-2-ylidene
(IMes) IMesN,O ! in THF at —80 °C (Scheme la). The ability of the IMesN,O to
selectively produce the oxodiuranium(IV) complex could be due to the higher

4]

reaction rates of this reagent 'Y compared to the other used oxygen transfer agents.
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Scheme 1. Reaction of 1 with IMesN,O affords the diuranium(V) oxo-bridged complex 2 (a); reduction of 2 with
excess of KCy affords the diuranium(I1I) oxo-bridged complex 3 (b).

In the solid-state structure of 2 (Figure la), an oxo ligand (O*") bridges, with an angle
that deviates slightly from linearity (172.19(7) A; U--U 4.2129(9) A), two
inequivalent U(IV) centres. The values of the U(IV)—oxo distances (2.0852(13) and
2.1376(13) A) fall in the range of those found in analogous oxo-bridged
diuranium(IV) complexes (2.0881(4) - 2.147(6) A) [ 102 10e- 11.15]

The reduction of complex 2 with 5 equivalents of KCgin THF at —80 °C affords the
formation of the multimetallic  oxo-bridged diuranium(Ill) complex
[K> {[U(OSi(O'Bu)3)3]2(n-0)}], KoUOU, 3 (Scheme 1b) 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 structure of 3 (Figure 1b) 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) A). 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)
A). The values of the U(III)-oxo bond distances (2.178(4) and 2.109(4) A), are
significantly longer than those found for 2 (2.0852(13) and 2.1376(13) A) and
compare well with those found in the only other crystallographically characterized
oxo-bridged diuranium(IIT) complexes. (2.125(13) and 2.094(14) A).') In complex 3,
the two uranium atoms are mai<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>