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Abstract

The redox chemistry of f-elements is drawing the attention of inorganic chemists due
to their unusual reaction pathways. Notably low-valent f-element complexes have been shown
to be able to activate small molecules such as CO, and N, in mild conditions. Compared to d-
block metals, f-elements present a coordination chemistry dominated by -electrostatic
interactions and steric constraints. Molecular complexes of f-elements could thus provide new
catalytic routes to transform small molecules into valuable chemicals. However the redox
chemistry of low valent f-elements is dominated by single-electron transfers while the
reductions of CO, and N, require multi-electronic processes.

Accordingly the first approach of this PhD work was the use of redox active ligands as
electron reservoir to support f-element centres increasing the electron number available for
reduction events. The coordination of uranium with tridentate Schiff base ligand was
investigated and led to isolation of a dinuclear electron-rich species able to undertake up to
eight-electron reduction combining the redox activity of the ligands and the uranium centres.
In order to obtain electron-rich compounds potentially able to polarize the C=0 bond of CO,,
the synthesis of heterobimetallic species supported by salophen Schiff base ligand was also
studied.

In a second approach we have used bulky ligands with strong donor-character to tune
the reducing abilities of low valent f-elements. In this case a bimolecular electron-transfer
process is often observed. The reactivity of the U(III) siloxide complex [U(OSi(OtBu);)4K]
was further investigated. Notably, reaction with Ph;PS led to the formation of a terminal
U(IV) sulfide complex with multiple U-S bond which was analysed by DFT studies to better
understand the bonding nature. Preliminary studies on the role of the counter-cation (M) in
the system [U(OSi(OtBu);)sM] on the outcome of the reactivity with CS; and CO; have also
been performed. The enhancement of the reducing power of the “classical” divalent
lanthanide ions was studied using two different ligand systems. The coordination of siloxide
ligands to divalent Eu, Yb and Sm metal centres led to highly reactive compounds featuring
unique reactivity with small molecules such as azobenzene, CS, and CO,. Finally, syntheses
and electrochemistry analyses of a family of homoleptic lanthanide complexes supported by
related tripodal aminophenolate ligands allowed us to quantify the influence of the ligand
donor-character and charge on the reduction potential of the lanthanide centre. The reactivity
of an Eu(Il) system with CS, was also investigated.

Keywords
f-elements, redox active ligand, heterobimetallic complexes, cobalt, siloxide, cooperative

effect, aminophenolate, small molecules.
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Résumé

La chimie d’oxydo-réduction des éléments f suscite actuellement I’attention des
chimistes inorganiciens de par la particularité des chemins réactionnels mis en jeux. Il a
notamment été montré que des complexes d’élément f a bas degré d’oxydation sont capables
d’activer des petites molécules comme CO; et N, dans des conditions acceptables de pression
et température. En comparaison des métaux du bloc d, les ¢léments f présentent une chimie de
coordination dominée par des interactions é€lectrostatiques et des contraintes stériques. Des
complexes moléculaires d’¢léments f pourraient donc offrir de nouvelles voies de synthéses
catalytiques pour transformer de petites molécules en produits chimiques commercialisables.
Cependant, la chimie d’oxydo-réduction des éléments f est dominée par des transferts mono-
¢lectroniques alors que les réductions de CO; et N, nécessitent des transferts multi-
¢lectroniques.

Le premier objectif de ce travail était I’utilisation de ligands redox-actifs en tant que
réservoirs d’électrons dans des complexes d’é¢lements f dans le but d’augmenter le nombre
d’électrons disponibles pour des réactions de réduction. L.’étude de la coordination de ligands
base de Schiff tridentate a I’'uranium a mené a la formation d’un composé dinucléaire riche en
¢lectrons capable de transférer jusqu’a huit électrons en combinant les propriétés d’oxydo-
réduction du ligand et des ions uranium. Dans le but d’obtenir des composés riches en
¢lectrons susceptibles de polariser la liaison C=0 du CO,, une voie de syntheése d’especes
hétérobimetalliques supportées par une base de Schiff salophen a été explorée.

Dans une seconde approche, nous avons utilisé des ligands encombrants fortement
donneurs pour améliorer les capacités réductrices des ¢léments f a bas degré d’oxydation.
Dans ce cas, un transfert électronique bimoléculaire est souvent observé. La réactivité du
complexe siloxide d’U(III) [U(OSi(OtBu);)4K] a été étudiée plus avant. Notamment, la
réaction avec Ph3;PS a mené¢ a la formation d’un complexe sulfure terminal d’U(IV) présentant
une liaison U-S multiple qui a été¢ analysée par DFT pour mieux comprendre la nature de la
liaison. Des études préliminaires sur le role du contre-cation (M) dans le systéme
[U(OSi(OtBu)3)sM] sur le résultat de la reduction de CS; et CO; ont également été réalisées.
L’augmentation du pouvoir réducteur des ions lanthanides divalents « classiques » a été
explorée en utilisant deux systémes de ligand différents. La complexation des ligands
silanolates aux centres métalliques divalents d’Eu, d’Yb et de Sm a mené a des composés
hautement réactifs présentant une réactivité inhabituelle avec les petites molécules telles que
I’azobenzeéne, le CS; et le CO,. Finalement, la synthése et I’analyse électrochimique d’une
famille de complexes homoleptiques de lanthanides supportés par des ligands
aminophenolates nous ont permis de quantifier I’influence de la charge et du caractere
donneur du ligand sur le potentiel de réduction de I’ion lanthanide. La réactivité d’un systéme
d’Eu(Il) avec CS; a aussi été étudiée.

Mots-clés
Eléments f, ligand redox-actif, complexes hétérobimetalliques, cobalt, silanolate, effet de

coopération, aminophenolate, petites molécules.



Abbreviation list

18¢6 = 18-crown-6 = 1,4,7,10,13,16-Hexaoxacyclooctadecane

Ad = 1-Adamantyl

Cryptand = 2.2.2-cryptand = 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane
Cp=CsHs

Cp* = CsMes

Cp’ = CsH4(SiMe3)

Cy = cyclohexyl

DFT = Density Functional Theory

Dibenzo18¢6 = 6,7,9,10,17,18,20,21-octahydrodibenzo[b,k][1,4,7,10,13,16]
hexaoxacyclooctadecine

DME = 1,2-dimethoxy ethane

Dmit = 1,3-dithiole-2-thione-4,5-dithiolate

DMSO = dimethyl sulphoxide

eq = equivalent

Ep. = anodic potential

E,. = cathodic potential

E i, = half wave potential

Fc = ferrocene

h = hour

HBPA = bis(2-pyridylmethyl)(2-hydroxybenzyl)amine

HBPPA = bis(2-pyridylmethyl)(3.5-di-tert-butyl-2-hydroxybenzyl)amine
H>,MPA = 2-pyridylmethyl)bis(3.5-di-tert-butyl-2-hydroxybenzyl)amine
hex =hexane

KHMDS = potassium bis(trimethylsilyl)amide

Me = methyl



min = minute

Np = neo-pentyl

OTf = triflate

Ph = phenyl

PhNNPh = diazobenzene

Py = pyridine

PyHCI = pyridinium chloride
PyNO = pyridine N-oxide
tBu = fert-butyl

THF = tetrahydrofuran

tol = toluene

TPA = tris(2-pyridylmethyl)amine

Trityl = triphenylmethyl
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CHAPITRE 1

General Introduction

I.1 Objectives of the project

The overarching aim of this study is to gain insight into the fundamental chemical
properties of low-valent f-elements. Compared to d-block metals, low-valent lanthanide and
uranium chemistry is much less developed. Investigation of the reactivity of low-valent f-
element species is thus of great fundamental and practical interest.

Moreover, beyond the various applications of f-elements in manufactured goods or in
nuclear industry, the study of small molecule (CO,, CO, N;) activation by low valent f-
element complexes could lead to alternative routes to renewable energy sources. Indeed, the
use of these simple molecules as renewable building blocks for the catalytic synthesis of fuels
or commodity chemicals has become an important challenge." > However, CO, and N, are
highly kinetically and thermodynamically stable, necessitating the use of reactive metal
complexes to overcome the high activation barriers to reduction.”* The reduction of CO, and
N into more elaborate molecules requires multi-electron transfer. While the long-term aim is
the design of efficient f-clement catalysts for the transformation of CO, or N, into value-
added chemicals under mild conditions, current fundamental research in this area is focused
on the synthesis of molecular f-element complexes that are able to coordinate CO, or N, and
transfer a large number of electrons.

The few examples of small-molecule activation by f-elements reported in the literature
before the beginning of this work were promising and underlined the unique reductive
chemistry of lanthanide and uranium compounds. These studies showed the important role of

the ancillary ligands and of their steric and electronic properties on the reactivity of f-element



[CHAPTER I]

complexes. Thus, it is a delicate balancing act trying to prepare electron-rich f-element
complexes that are stable enough to handle while maintaining high reactivity.

Thus, the aim of this work is to synthesise new highly reducing mono- or polymetallic
complexes of the f-elements and exploit their unique properties to promote the reduction of
small molecules. Two different approaches were envisaged during this work.

In a first approach, as low-valent f-elements mainly engage in single-electron transfer
reactions, the use of redox non-innocent ligands was investigated in order to promote metal-
mediated multi-electron transfer to the targeted substrates. The aim is to use the ligand
scaffold as a reservoir of electrons which are available to reduce small molecules and
potentially combine the redox activity of the metal and the ligand. Tetradentate Schiff bases
were previously identified by our group to be convenient redox-active ligands able to
coordinate f-elements and to store at least two electrons.”® However the previously prepared
homometallic complexes were not able to transfer electrons to unreactive molecules such as
CO;. One of the goals of this thesis was to increase the reducing ability of f-element
complexes of redox-active ligands both by modifying the architecture of the Schiff base and
by building heteropolymetallic complexes. Tridentate Schiff bases were identified as ligands
of interest because they would lead to coordinatively unsaturated metal-centres.

The second approach adopted in this work for the development of highly reactive
complexes of f-elements consists of synthesising low valent f-element complexes (U(IIl) and
Ln(IT)) supported by electron-rich ligands in order to enhance the reducing abilities of the
metal centres. Such complexes, if a synthetic route could be identified, should lead to unusual
reactivity with small molecules. In this work two different families of ligands have been
chosen for the synthesis of highly reactive complexes of f-elements, siloxides and
aminophenolates. Siloxide have been chosen because of their bulkiness and tunability.
Moreover, they have multiple binding modes and their low basicity should prevent
undesirable side reactions. Tripodal aminophenolates have been chosen due to their
polydentate character and their versatile synthesis that allow to tune steric and electronics at
the metal centre. The goal of the project was to explore the ability of these two families of
ligands to stabilize low-valent complexes of f-elements and to explore their reducing
properties. Preliminary studies had shown that the tris(tert-butoxy)siloxide ligand is
particularly effective in stabilizing highly reactive trivalent uranium complexes. My objective
was to further explore the reactivity of siloxide based uranium systems with different

substrates and to investigate the possibility of extending this chemistry to divalent
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lanthanides. Moreover, the uranium siloxide system was identified to provide adapted steric
hindrance to stabilize terminal oxo complex.” Accordingly, one of the aims of this work
consists of finding synthetic routes to terminal uranium sulfide species in order to gain insight

into U-chalcogen multiple bonds.

1.2 The f-elements

The f-elements were discovered in the late 1700°s and their use in numerous diverse
sectors has been intensified over the last 35 years. Their unique physical properties render
their presence crucial in a large range of applications such as permanent magnets for data
storage or engine in electric vehicles, luminophores in television screens, lasers, alloys in
catalytic converters, superalloys for acronautics or aerospace, miniaturized capacitors, probes
for MRI imaging, nuclear weapon and fuel for nuclear industry. The increasing demand for

. .. . .. 8
those f-elements is now raising economic and geopolitical concerns.

1.2.1 Fundamental properties

The 30 elements whose atoms or ions possess valence electrons in f-orbitals are called
the f-elements. They are divided in two families: the first row of the f-block gathers the
elements possessing 4f valence electrons and is called the lanthanides series (La-Lu) while the
second row gathering the elements possessing 5f valence electrons is called the actinide series
(Ac-Lr). The lanthanum and the actinium, despite their electronic configuration of
[Xe]5d'6s%4f" and [Rn]6d'7s* respectively, are included by extension (Figure I-1). The
elements in dark shaded cells are the unstable elements that do not occur naturally.

The f-elements feature large ionic radii leading to high coordination numbers (6 to 12
are the most common) and unusual coordination geometries compared to those observed in
transition metal chemistry. The f-elements cations are hard Lewis acids and thus have a strong
affinity for hard Lewis bases such as fluoride and alkoxides. Their tendency to form
hydroxides or oxides by hydrolysis or abstraction of oxygen atoms led to describe the f-

elements as oxophilic compounds.’
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57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

La | Ce | Pr | Nd |Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu

89 90 91 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 I-1: F-block elements. First row: the lanthanides, second row: the actinides. Dark shaded cells: unstable
elements that do not occur naturally.

The 5f orbitals of the early actinides in the +III oxidation state extend out farther from
the nucleus than the 4f orbitals of the lanthanides in the +III oxidation state. Especially when
relativistic effect are considered, the 5f electron density of Pu(Ill) ion shows an important tail
compared to the 4f electron density of Sm(III) cation (Figure 1-2)".'® This induces a greater

participation in chemical bonding of the 5f orbitals than the 4f ones that are deeper in the

lanthanide atoms.

4f

Sm3+

2
R(A)

Figure I-2": Comparison of the relativistic radial extent of theoelectronic orbitals of Sm(III) (top) and Pu(III) (bottom)
. 1
ions.

In consequence, the ligand-field does not significantly influence the electronic

structure of Ln(Ill) complexes and the metal-ligand interaction in lanthanide chemistry is

! Reprinted from Coord. Chem. Rev., 257, Neidig M. L., Clark D. L., Martin R. L., Covalency in f-element complexes, 394-
406, copyright (2013), with permission from Elsevier.
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largely electrostatic. The magnetic and spectroscopic properties of Ln(III) complexes
supported by different ligands are often comparable and very similar to the free ion properties
due to the ionic character of the ligand-metal interaction. Thus, the coordination numbers and
the coordination geometries adopted by the lanthanide centres are determined by the steric
repulsion between the ligands and charge balance effects.” ' As a result of their mainly
electrostatic character the lanthanide complexes are kinetically labile. This renders attractive
for catalytic applications.'” The rational tuning of the charge and steric hindrance of the
ligands is crucial in order to control the reactivity of the lanthanide complexes.

The increased radial probability of 5f and 6d orbitals in early actinides (Th-Pu), allows
ligand and metal orbitals to overlap in some extent. This stronger interaction of the early
actinides with the ligands leads to magnetic and spectroscopic properties more sensitive to the
coordination environment of the actinide centre. Even if the actinide-ligand bond features
some degree of covalency, the overall nature of the bonding remains mainly electrostatic and
thus the coordination geometries and coordination numbers of the actinides are also

essentially ruled by steric constraints.’

1.2.2 The lanthanide series

The discovery of lanthanides ores started in 1787 in Sweden. The first serious
characterisation of this ore was performed by Johan Gadolin in 1794. It is only in 1947 that
the lanthanide series was completed with the synthesis of promethium.” The yttrium and
scandium elements have similar physico-chemical properties to lanthanides. All together they
form the rare earth group. The term “rare earths” makes a reference to the low concentration
of these elements in the ores. However this adjective proved to be wrong as even the rarest
lanthanides (Tm, Lu) are more abundant on earth than silver or platinum.” Nowadays, China
possesses 97% of the worldwide production of lanthanides and access to rare earths resources

is becoming one of the main geopolitical stakes of the 21* century.®

The +III oxidation state is the most stable in the lanthanide series. Looking at the
evolution of the Ln(IIl) ionic radii along the series, we observe the so-called “lanthanide
contraction” (Table I-1). Indeed, when the atomic number increase along the series, the

electron is added in the buried 4f shell. As 4f electrons have poor screening abilities,
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increasing the atomic charge of the nucleus leads to a greater attraction of the 5s and S5p
electrons by the nucleus which decreases the ionic radius along the series.” Consequently,
steric control around the metal centre can be tuned not only by the ligand bulkiness but also

by using the gradually changing ionic radial size.

The lanthanide metals have mainly [Xe]4f""'6s® electron configurations except
lanthanum, cerium, gadolinium and lutetium which have [Xe]4f"5d'6s” electron
configurations (Table I-1). With the exceptions of La(Ill) and Lu(IIl), all the Ln(III) cations
possess unpaired 4f electrons and are thus paramagnetic. However other oxidation states, +IV
and +II, are reachable. Notably, the configurations Ce(IV) 4f°, Tb(IV) 4f’, Eu(Il) 4f" and
Yb(II) 4f' (i.e. empty, half-filled or filled 4f shell) are known as well as Sm(II) 4f°,

Table I-1: Electronic configurations of lanthanides and ionic radii of the Ln(I1I) cations.'*1¢

Bl Electronic configuration of the fundamental state Radii (A)
ement
Ln Ln(II) Ln(I1I) Ln(IV) Ln(II1)*

La [Xe]5d'6s” [Xe]5d! [Xe] 1.16

Ce [Xeldf'sd'es”  [Xe]df'sd! [Xe]4f' [Xe] 1.14

Pr [Xe]4f6s’ [Xe]4f*5d! [Xe]4f* [Xe]4f' 1.13
Xel4f! or

Nd [Xe]4f'6s® el . [Xe]4f’ [Xe]4f® 1.11
[Xel4f’5d

Pm [Xe]4f 6s [Xel4f! 1.09

Sm [Xe]4f%6s> [Xe]4f® [Xe]4f 1.08

Eu [Xe]4f 6s° [Xe]4f’ [Xe]4f® 1.07

Gd [XeJ4f'5d'6s*  [Xe]df'sd! [Xel4f 1.05

Tb [Xe]4f 65’ [Xe]4f*5d! [Xe]4f® [Xe]4f’ 1.04
Xel4f'? or

Dy [Xe]4f 65’ EX 14 s [Xe]4f’ [Xe]4f® 1.03

(¥

Ho [Xe]4f''6s? [Xe]4f''5d! [Xe]4f' 1.02

Er [Xe]4f'6s? [Xe]4f''5d" [Xe]4f' 1.00

Tm [Xe]4f'?6s [Xe]4f'? [Xe]af'? 0.99

Yb [Xe]4f'*6s [Xe]4f' [Xe]af" 0.99

Lu [Xel4f'*5d'6s”  [Xe]4f'*5d' [Xe]4f'™ 0.98

*Jonic radii for a coordination number of 8.



[CHAPTER I]

The three lanthanides europium, samarium and ytterbium were recognized more stable
in the +1I oxidation state than the others and thus called the “classical divalent lanthanides”."”
Recently, Evans and co-workers characterised by X-ray diffraction, UV-vis spectroscopy and
DFT calculations, the divalent complexes [LnCp’s][Kcryptand] (Cp’=CsH4SiMe;) of all the
lanthanides (except Pm)." "' This study allows the identification of three groups of Ln
centres according to their electron configuration in the +II oxidation state. In this ligand
environment Eu, Yb, Sm and Tm ions have [Xe]4f" ! electron configuration while La, Ce, Pr,
Gd, Tb, Ho, Er, and Lu ions have [Xe]4f"5d" electron configuration. However, Dy and Nd
ions, depending on their ligand environment, can cross over between these two
configurations. This work shows that, in the case of Ln(Il) complexes, the ligand field can

. : 15,20, 21
influence the ground electronic state.'*"

The redox potentials of the couples Ln(III)/Ln(Il) have been calculated (measured in
the case of Eu, Yb, Sm) in aqueous solution and are presented in Table I-2.** The classical
divalent lanthanides are indeed the less reducing elements of the series which explain that
complexes of Eu(Il), Yb(II) and Sm(II) have been the most studied. However they remain
very reactive species and samarium di-iodide Sml, has become a popular reducing agent in
organic chemistry.”>** The very low redox potentials observed for the majority of the divalent
lanthanide ions explain the high reactivity of the Ln(Il) complexes and together with their

oxophilic character renders them very attractive for small molecules activation.*

Table I-2: Reduction potentials (vs. NHE) calculated for Ln(I11)/Ln(II) couples in order of increasing reducing

power. > %
Ln E(Vvs.NHE)| Ln E (V vs. NHE)
Eu -0.35 Pr 2.7
Yb -1.15 Ho 29
Sm -1.55 Er 3.1
Tm 23 La 3.1
Dy 2.6 Ce 32
Nd 2.6 Tb 3.7
Pm 2.6 Gd 3.9
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The isolation of divalent lanthanide complexes requires a careful choice of ligand with
appropriate geometric and electronic properties. During the last decades, several ligands
systems were proved to be able to stabilize Ln(II) complexes. They can be divided in two
categories: the carbocyclic ligands and derivatives and the non-cyclopentadienyl-based

ligands.

The Ln(II) coordination chemistry is largely dominated by carbocyclic ligands because
of their suitable steric hindrance and electronic properties to form isolable Ln(II) complexes.
The solubility of metallic europium and ytterbium in liquid ammonia allowed the synthesis of
the first divalent Eu and Yb complexes supported by simple cyclopentadienyl ligands in 1964
and 1966.%”%* The divalent samarocene complex, has been synthesised in 1969 by reduction
of the trivalent [SmCps] complex with potassium naphthalenide.29 However the insolubility of
these complexes incited researchers to add substituents on the Cp template. The introduction
of alkyl or trimethylsilyl groups on the Cp ring allows the tuning of the complex solubility, of
the steric hindrance and of the electronic density around the metal centre. Notably, Evans and
co-workers reported the synthesis of decamethylsamarocene [SmCp*;] in 1984 and

investigated in depth its interesting reactivity.’ >’

For a long time it was assumed that this
chemistry could not be expanded to the other lanthanides because of their very low reduction
potentials. Notably, first “non-classical” divalent lanthanide di-iodide (Nd, Dy, Tm)
compounds were isolated only thirty years later.”>** Evans et al. were then able to
characterise the first Tm(Il) organometallic complex supported by the silylated Cp” ligand
(Cp”=C5H3—1,3—(SiMe3)2).35 This complex is unstable in solution at room temperature. In
order to increase the stability of Tm(II) complexes, Nief and co-workers successfully

employed the use of phospholyl ligands, which are weaker n-donors than Cp ligands (Scheme

I-1).°

Scheme I-1: Phospholyl ligands used for the synthesis of Tm(II) complexes.™

However, the low solubility of the Dyl, and NdI, salts in organic solvents prevented
the synthesis of Dy(II) and Nd(II) molecular complexes by salt exchange. Consequently, the
synthesis of the first Dy(II) and Nd(II) organometallic complexes was achieved by reduction
of their trivalent analogous with potassium graphite in presence of 18c6 crown ether.’” **

Finally, it is only very recently that Evans and co-workers completed the series synthesising
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the complexes [Kcryptand][LnCp’;] of the most reducing divalent lanthanides (Ln=Pr, Gd,

Tb, Ho, Er, Lu except Pm for radioactive reasons) (Scheme 1-2).'% '® 1

SS>siMes i, s (TN

[ Me;Si | o .

LnZ_ _cptand__ Lnl_ [ s ]
N NS
NN

Me;Si

Me;Si Me;Si

Ln=La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu

Scheme I-2: Synthesis of the divalent lanthanide complexes [Kcryptand][LnCp’;] for the entire series (except Pm).

Examples of divalent lanthanide complexes supported by non-Cp ligands have also
been reported since the early 1990’s. Most of these are complexes of classical divalent
lanthanides with alkyl, aryl, benzyl, alkenyl, allyl, aza-allyl, pentadienyl, cyclo-octatetraenyl,
phosphoramide, alcoholate, benzamidinate, pyrolyl, pyrazolate or pyrazolylborate ligands and

are described in the Edelmann review.” More recently, O- or/and N-donor ligands such as

40, 41 42, 43

phenolate , silanolate , aminotroponiminate** amidinate and guanidinate®, -

iminopyridine®®, pyrolyl schiff base*’, porphyrinogen®, triazacyclononane-functionalized

50-53

Cp™*, aminophenolate or hydride ligands®* >* have been used.

KCH(SiMe
X —tBu —>(KI 32 [Tm'(Tp")(CH(SiMe3),)]
. THF —~N=N THF
KTp' + Tml; —— H_B\\NleT I NaN(SiMe3)» .
K T R o (Tml(T)(N(SiMes))
AN / “tBu - Nal
N:N
NaHBEt
Z 1By 2 [Tm(Tp)(HBE)(THF)]
-Na

Scheme I-3: Synthesis of the heteroleptic Tm(II) complexes supported by scorpionate ligand.56

The only non-classical divalent lanthanide complexes supported by a non-Cp ligands
has been isolated by Takats et al. in 2008 using scorpionate ligand (Scheme 1-3).°® The
complex [Tm(Tp’)I(THF)] slowly decomposes both in solution and solid state at -30°C but

remains a useful precursor for the isolation of other heteroleptic Tm(Il) complexes.
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1.2.3 The uranium element

Uranium, one of the rare actinides that occur naturally, has been isolated as uranium
oxide in 1789 by Martin Heinrich Klaproth from the pitchblende ore. Uranium metal was
obtained in 1841 by Eugéne Melchior Péligot by reduction of UCl, with potassium.’’
Uranium occurs in nature with a proportion of 99.27% ***U and 0.72% ***U and both isotopes
are radioactive. As the *°U nucleus presents interesting decay properties, natural uranium
enriched in *°U isotope is used as nuclear fuel in nuclear power plants.”® The isotope
enrichment process affords highly pure ***U depleted uranium as by-product. The ***U isotope
decays emitting o and [~ particles of weak energy that can be stopped by simple glass
thickness.”® This property facilitates the safe handling of natural or depleted uranium
compared to more radioactive elements which needs specific and constraining facilities to be

safely handle.

Uranium features richer redox chemistry than lanthanides with a large number of
known oxidation states from +II to +VI. Among the oxidation states, presented in Table I-3,
+IV and +VI are the most stable. Under aerobic conditions, only the +VI oxidation state is
stable and uranium is found in the form of the uranyl(VI) cation UO,*". Under anaerobic
conditions, due to the high stability of U(IV) ion, reduction reactions by U(III) compounds are
dominated by mono-electronic transfers involving the U(IV)/U(III) couple. Bimolecular redox
reactions from U(III) to U(IV) are thus more common than two-electron oxidation from U(III)
to U(V)." With the exception of U(VI) ion which is iso-electronic with Rn and thus
diamagnetic, all the other uranium cations possess unpaired 5f electrons and are thus

paramagnetic.

Table I-3: Electronic configurations of uranium and ionic radius of the U(III) cations.'* % ¢!
Electronic configuration of the fundamental state Radii (A)
U u(r U(IIr) uv) uv) U(VvI) udi*  uav)y’
[Rn]5f'6d'7s* [Rn]5f6d'  [Rn]5Ff  [Rn]5f° [Rn]5f  [Rn] 1.03 1.00

*Tonic radius for a coordination number of 6. ” Ionic radius for a coordination number of 8.

10
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The redox potential of the U(IV)/U(IIl) couple depends on the coordination
environment around the metal centre and lies between -1.5 and -2.8 V vs. Fc'/Fc.®” ©* This
range of values shows that U(II) complexes are potentially strong reducing agents. The high
reducing power of U(III) associated to its oxophilic character has lead to interesting reactivity
and small molecule reduction.®® ®* However the reducing power of trivalent uranium limits

the range of experimental conditions that can be used to prepare U(III) complexes.

The preparation of U(III) precursors in the 1970’s were usually done at high
temperature and led to insoluble polymeric anhydrous UX; (X=Cl, I) compounds® .
Although the solvated compound [UCIl;(THF)], obtained by reduction of the UCly salt,

6769 \were time

presents a better solubility, the reported syntheses for its preparation
consuming, extremely sensitive to reaction time or led to variable yields and contaminations
with U(IV) species.”’ The first convenient soluble precursor [UL;(THF)4] was reported in
1994 by Sattelberger and co-workers via addition of 1.5eq of di-iodide to amalgamated
uranium turnings. Moreover, Sattelberger et al. also reported the improved synthesis of
[UMHMDS);] (HMDS=N(SiMes),) by addition of 3eq of sodium silylamide to this

[UL(THF)4] precursor.”' Significant improvements of the [UILy(THF)4] synthesis were

1'72 1‘73

recently reported by Arnold et al.”” and Kiplinger et al.”” allowing large choice of solvent
adducts (THF, Pyridine, DME, 1,4-dioxane), increased yields and room temperature and
mercury-free conditions. The syntheses of [UI;(THF)4] and [U(HMDS);] precursors rendered
possible the exploration of U(II) chemistry giving access to both salt metathesis and
protonolysis routes to yield U(III) complexes. Another approach to the preparation of U(III)
compounds is the reduction of the U(IV) analogue. This method is particularly useful when
salt exchange between deprotonated ligands and [UI3(THF)4] leads to oxidation of the

. 4
uranium centre.7 75

The first organometallic complex of U(IIl), [UCps], was isolated in 1970 by
Baumgirtner and co-workers.”® This complex demonstrates the originality of uranium and f-
elements as no tris-cyclopentadienyl analogous complex exists with transition metals.
Consequently, the chemistry of U(III) supported by Cp derivatives and other aromatic
carbocyclic ligands was largely studied.”” Examples of heteroatom-based ligands stabilizing
U(IIl) ions have emerged such as dicarbollide, polypyridine, pyrazine, imide, amide,
silylamide, tacn-based amide, pyrazolylborate, pyrrolyl, calixpyrrol, phosphinoamide,

diketiminate, N-heterocyclic carbene, phenolate, amino- aryl- or tacn-based trisphenolate,

11
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chalcogeno-phosphinoyl-carbene, thiophenolate and thio-imidazolylborate. These examples

are presented in the Baker and Liddle reviews.”* ™

Although an increasing number of non-Cp ligands have been identified that stabilize
highly reactive U(III) complexes, the study of their reactivity remain still scarce. Moreover,
the first U(II) complex was reported recently by Evans et al. and opens new perspectives in

the chemistry of low valent uranium.®’

I.3 Reactivity of low valent lanthanide and uranium

complexes with small molecules

In the next sections we will focus on the molecular reactivity of low valent f-element
(divalent lanthanide and trivalent uranium) complexes with the substrates studied during this

PhD work.

1.3.1 CO, reduction

The increasing scarcity of fuel resources and the accumulation of greenhouse gases in
the atmosphere make the chemical recycling of carbon dioxide in carbon feedstock a
seductive solution. In addition to being abundant, CO, would be an economical, non-
flammable and nontoxic building block. However, the main disadvantage is the great kinetic
and thermodynamic stability of CO, leading to chemical inertness of this molecule." >’ The
strong double C=O bonds have a large bond dissociation energy (126 kcal/mol)*® and the
carbon atom is in the most oxidized state for carbon. Thus a large input of energy is required
to reduce this apolar molecule as evidenced by its very low single-electron redox potential (-
1.9 V vs. NHE). Moreover, CO; reduction into valuable organic molecules require multi-

electron transfers (Table 1-4)." %!

12



[CHAPTER I]

Table I-4: Standard potentials (V vs. NHE) of single electron CO, reduction and proton-coupled multi-electron CO,
reductions (T=25°C, pH=7, Pco,=1 bar, [H']=1 M).*!

Reaction E° (V vs. NHE)
CO,+e > CO,” -1.90
CO, +2H" +2¢ = CO, + H,0 -0.53
CO, +2H" + 2¢” = HCO,H -0.61
CO, + 4H" + 4e” > HC(O)H + H,0 -0.48
CO, + 6H' + 6" = CH;0H + H,O -0.38
CO, + 8H" + 8¢ = CH, + 2H,0 -0.24

Despite these drawbacks, nature is able to use CO;, as carbon feedstock in the
photosynthesis process. Moreover, some enzymes (CO dehydrogenases) reduce catalytically
CO, into CO.* Catalytic generation of CO is notably of great interest because carbon
monoxide can be used in combination with H, in the Fischer-Tropsch process to produce
hydrocarbons. Consequently the CO, activation is a main contemporary challenge in
inorganic chemistry. Notably there has been a resurge of interest in identifying molecular
complexes that can reduce carbon dioxide in ambient conditions and in their implementation

in electrocatalytic processes.

1.3.1.1 CO," complexes

tBu tBu
Ad Ad Ad Ad
e] /O
O —N— O —N-
) CO, (1 atm) AN
tBu Q\/U'\" > 2—> tBu <\/U'\V/—OCO
N \N Toluene N N
NV NEAY;
¢] O
tBu tBu
Ad Ad

Scheme I-4: CO, reduction by [U((**®"Ar0O);tacn)].*
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Figure I-3: Solid state structure of [U(C02)((Ad"B“ArO)3tacn)] side view (left, 50% ellipsoids) top view (right, spacefill
representation). Hydrogen atoms on the side view and solvent molecules are omitted for clarity.82

The anionic radical CO,", formed by the single-electron reduction of CO,, has been
postulated as the highly reactive first intermediate in CO, reduction processes.” In 2004,
Meyer et al. reported the first f-element complex containing a singly reduced CO," radical
moiety.*”” Indeed the U(III) complex [U((**™"ArO)stacn)] reacts with CO, to yield the
complex [U(COz)((Ad’tB“ArO)3tacn)] which features a previously unseen nearly linear end-on
OCO ligand (Scheme 1-4). The quasi linearity of the CO," ligand is in contradiction to all the
studies performed on this radical ** * However, the experimental data support the description
of this complex as a U(IV) compound with CO, radical. The authors thus postulate that the
linear shape of the reduced CO," radical is imposed by the steric hindrance provided by the
adamantyl substituents of the ligand preventing the CO," radical to bend (Figure I-3).

Et,0 CO, (1eq)
2[Y'(N(SiMea)pls] + 2 K +2 1806 —_—= 2"Y!" -
- [Y'(N(SiMe3),)3]
(Me3S|)2N \\N(SIMe3)2 (Megsl)zN \N(SIMGQ,)Q
<{—OCO—Ti"—OCO—[K1806]2—OCO—Ti"—OCO—[K1806]2~}—
n
N(SiMeg)z N(SIMG3)2

Scheme I-5: CO, reduction by divalent yttrium complex. 86
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Figure I-4: Solid state structure of the polymeric complex [{Y(CO,),(HMDS);}{K18¢6},], (50% ellipsoids). Hydrogen
atoms are omitted for clarity. 86

The only other example of linear end-on CO," radical was reported with an yttrium
centre, an element which has similar physico-chemical properties than lanthanides. In 2012,
Evans and co-workers reported the reduction of the Y(III) complex [Y(HMDS);] by
potassium metal in presence of crown ether putatively affording a non-isolated Y (II) complex
which reacts in situ with carbon dioxide (Scheme 1-5).*® However in this case, the obtained
polymeric Y(III) complex [{Y(CO)2(HMDS);}{K18c6},], displays a less sterically
demanding environment (Figure 1-4). Moreover the elemental analysis of this compound
shows a higher nitrogen percentage than what is expected (calculated N, 3.32; obtained N,
5.35). It would be prudent to reconsider the interpretation of the authors on this CO," radical.
Instead of CO,™™ moiety it could be a linear isocyanate anion formed by the reaction of CO,
with the silylamide ligands. Reaction of CO, with the silylamide ligand has been observed in
the group of Prof. Armold” and in our group.”” Notably, the U(IIl) complex
[K18c6][UHMDS)4] reacts with CO, and subsequent multiple N-Si bond cleavage at the
silylamide  ligand  affords the  U(V)  bis-cyanate  coordination  polymer
[{UNCO),(HMDS)s} {K18c6} "’

If the yttrium complex example may need re-examination, the formation of the
uranium complex [U(CO,)((**®"ArO)stacn)] highlights the ability of trivalent uranium to
undertake CO, reduction and underlines the importance of the ligand sterical environment to

stabilize very reactive intermediates.
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1.3.1.2 Reductive deoxygenation of CO,

CO,+2e—> 0%+ CO

2M"+ 2 C0Oy — M™1-0-M"*1+ CO

M"+ COy; — M™2=0+ CO

Scheme I-6: Reductive splitting of CO,.

The reductive deoxygenation of CO, involves a two-electron transfer from the metal
(one metal or two metals) per CO, molecule yielding an oxide ligand and carbon monoxide
(Scheme 1-6). Two mechanisms are possible. If two metal centres (M") are involved, each of
them affects a single-electron transfer leading to the formation of a bridging oxide ligand
between two oxidized metal centres (M™") and the concomitant release of CO. This reaction
can also occur at a single metal centre via a two-electron transfer from the metal to the CO,
n+2)

molecule affording a terminal oxide ligand bound to the doubly-oxidized metal centre (M

and the concomitant release of CO.

> sives Me33i—© @—snvle3

Me3Si L CO, (1 atm) Me3Si \ SiMes
U e ] Oo— + CO a)
% Toluene T
Messi—t> <G> SiMes

o 0L (M
N9 CO, (1 atm) PN Sy
N,U.N — ,N.’,—U O—U\ () + CO b)
tBu \J tBu / oo

N
L Pentane J OUN7T
5 o tBu tBu
tBu tBU
tBu tBu
tBu
(tBu0)3SiO) (BuO)SIQ, 0Si(OtBu)
L s
iOma _ CO, (1 atm Oy 1V
(tBu0)3SIOTU"|—OSI(OtBU)3 2 ( ) (tBUO)3SIO\|‘(;UV\O + CO C)

L Pentane /
(tBu0);SiO (tBu0)3SiO

Scheme I-7: Reductive splitting of CO, by U(III) complexes. 7. 88,89
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The first example of CO, reductive splitting by f-clement complex was reported by
Ephritikhine et al. in 1991. They discovered that the organometallic U(III) complex [UCp’;]
is able to cleave a C=0O double bond of carbon dioxide to afford the oxo-bridged di-
uranium(I'V) complex [(UCp’3)2(u-O)] (Scheme I-7a). The putative concomitant formation of
CO was, however, not analysed.*® A similar behaviour was observed by Meyer and co-
workers for the U(III) complex [U(("**®"ArO)stacn)] (Scheme I-7b). ¥ The CO formation
was detected by IR spectroscopy. More recently our group reported the first two-electron
reductive cleavage of CO; at a single uranium centre leading to the U(V) terminal oxo
complex [UO(OSi(OtBu);)4K] (Scheme 1-7¢c).” The CO formation was detected by >C NMR
spectroscopy. Such a multi-electron redox transfer is rare in uranium chemistry. The
computed enthalpy profile of the reaction shows that the potassium presence in the U(III)
starting complex is crucial. Indeed one of the intermediates is stabilized by the coordination
of the CO,” moiety to both uranium and potassium centres which ease the C-O bond
cleavage. When the profile is computed in the absence of potassium atom, the enthalpy
energy needed to break the C-O bond is much higher. Arnold and Cloke respectively reported
the reaction of the U(IIl) complexes [{U(OAr);} z(u—Nz)]% and [U(COTT[PSZ)(CpEMe4)] (E=N,
P)’" with CO,. Oxygen abstraction of the carbon dioxide occurred affording bridging oxo
species but in both cases CO, insertions into the U-heteroatom bonds were also observed.
These examples are schematically represented in section 1.3.1.5.

To our knowledge, such reductive splitting of CO, has never been reported for

lanthanides.

1.3.1.3 Reductive disproportionation of CO,

2 CO,+2e—> CO3% +CO

e /O>_ N
M0+ O—Mn*1
\O

O (0]
n
2M"+2C0O; —»< AT S > +CO

/0>_
Mn+1 0O + Mn+1
- \O 4

Scheme I-8: Reductive disproportionation of CO,.
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The reductive disproportionation of CO, involves a two-electron transfer to two CO,
molecules yielding the carbonate dianion COs;* and concomitant formation of carbon
monoxide. (Scheme I-8). In the examples of CO, reductive disproportionation by f-element
complexes reported in the literature, two metal centres (M") undergoing a single-electron
oxidation are involved to afford a terminal or bridging carbonate ligand bound to one or two

oxidized metal centres (M™"") and CO release.

2CO,

toluene
-CO

Scheme I-9: Synthesis of the porphyrinogen Sm(III) carbonate via reductive disproportionation of CO,. The meso-
ethyl groups are omitted for clarity.92

The first and only example of reductive disproportionation of CO, by 4f-element
complex was reported by Gardiner et al. in 2006 and concerns a Sm(II) complex supported by
porphyrinogen ligand (Scheme 1-9).”> The CO formation was confirmed by high-resolution
GC-MS analyses. The mechanism of this reaction has not been investigated but the authors
postulated that the strong steric hindrance provided by the ligands might destabilize potential
bridging oxalate intermediate.

Three different U(III) systems were reported to undertake reductive disproportionation

of CO,: aromatic carbocyclic, anchored trisphenolate and siloxide platforms.
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Scheme I-10: Reductive disproportionation of CO; by organometallic the U(ILI) complexes: a) [U(COTR)(Cp*R’)] with
excess CO,,” b) [UCOTYF3)(Cp*™)] with 8eq of CO,,” and c) syntheses of [UCp*,(u-CO3)]s from the reductive
disproportionation of CO, by different U(I1I) metallocenes. 9

The ability of the mixed-sandwich U(III) complexes [U(COT®)(Cp**)] to reduce CO,
into CO3* and CO was reported by Cloke and co-workers (Scheme I-10a and b).”* **
Interestingly, the use of supercritical CO; in the cases where R=SiMe; and R’=Et, iPr or tBu
is crucial to obtain cleanly the corresponding U(IV) dinuclear carbonate complex. The use of
stoichiometric amount of CO; leads to a mixture of carbonate, oxalate and oxide compounds.
These reactions will be described in the next section. Moreover, when R=Si(iPr); and R’=H,
traces of a di-uranium(I'V) squarate complex were observed and resulted from the reductive
coupling of CO (formed during the reaction) by the starting U(III) complex. Since a large
excess of CO, was used, this observation implies that [U(COT>®?)(Cp*™)] reacts faster with
CO than with CO,. When the appropriate stoichiometry of CO, is added (8eq for 10 U(III)

complexes), 4eq of the bridging carbonate complex and leq of the bridging squarate complex
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are obtained cleanly (Scheme I-10b). Evans et al. isolated a unique hexametallic U(IV)
carbonate wheel [UCp*,(u-COs)]¢ from the reductive disproportionation of CO, by different
U(III) metallocenes (Scheme I-10c).”
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—\O Toluene

tBu tBu
{Bu tBu
/
Ad pVE
= Ad
o=y CO3 (1 atm) 02 v— lV
\Aad/ o~ 1o —> U O—< / OO co b)
N DME DME
\ /

tBu
tBu Kij\/tBu tBu Kl/tB
O/ SN
/é/\f\ld"oo CO, (1 atm) ﬁ\(\'\‘\\ulv/o\u,v,u—N 0
-U. —>
NN THF or CeHo / \N\
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Scheme I-11: Reductive disproportionation of CO, by U(III) trisphenolate com})lexes with a) mesitylene anchor,
b) nitrogen atom anchor % and ¢) tacn anchor 8,9

96,97

Changing the substituents on the phenolate groups and replacing the tacn anchor of the
trisphenolate ((*"®"ArO)stacn) ligand with mesitylene or single nitrogen atom to support
U(III) ion, Meyer and co-workers observed reductive disproportionation of CO, (Scheme I-
11).>*® The CO, reaction of the tacn-based complex with tert-butyl substituent on the
phenolate groups leads to a bridging oxo complex (in the previous section) while the tacn-
based complex with neopentyl and methyl substituents promote CO, disproportionation
(Scheme I-11¢).”® Interestingly, the reduction of the obtained carbonate complex
[{U((""M°ArO)stacn)}»(u-CO3)] by potassium graphite reforms the mononuclear U(III)
starting compounds and eliminates K,COs salt. The complex [U(("*M°ArO)stacn)] can be
reacted again with CO, affording the carbonate complex and CO (Scheme I-12). This cycle is
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terminated by the formation of the stable tetrametallic U(IV) carbonate complex

[{U(CO3)((""MeArO)stacn)}4].

m I
CO <\N /////, O\ Q

CO, [ NNUN_O_U!V"_.N J
<\/ \\\\‘{5%:\: \O"'l/////// y N\>
v/ \_/

o o) xs CO,

K,CO3 N — V- O~ J IV g\
Xs KCS

Scheme I-12: Schematic representation of the closed synthetic reduction cycle of CO, by [U(("P’M“ArO)ﬁacn)].98

The theoretical studies performed on the different systems have established different
reaction pathways. The reaction mechanism for the mesitylene anchored complex involves
CO release and a di-uranium(IV) bridging oxo intermediate which then undergoes CO;
insertion.”” In this case the reductive disproportionation of CO, involves a reductive
deoxygenation of CO, followed by a CO, insertion in the U-Oyy, bond. In order to confirm
this mechanism, the independently prepared di-uranium(IV) bridging oxide complex
[{U((tB“’tB“ArO)3mes)}z(u—O)] was reacted with CO, and underwent CO, insertion into the
U(IV)-Ooyige bond affording the expected bridging carbonate complex.” In contrast, in the
calculated enthalpy profile for the tacn-based system, the calculated favoured pathway
involves the formation of a dinuclear U(IV) complex with a bridging doubly reduced carbon
dioxide (CO,%) ligand. This CO,* moiety is then prone to undertake nucleophilic attack of on
a second CO; molecule. The subsequent CO elimination and the formation of a bridging
carbonate complex is then favoured.” The difference in reactivity observed for all these
related trisphenolate U(III) complexes emphasizes the importance of the ligand steric
hindrance on the outcome of the reaction. The described ligands are synthetically quite

challenging but they allow a subtle tuning of the reactivity of the U(III) centre.
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Scheme I-13: Reductive disproportionation of CO, by U(III) siloxide complexes. ™ '*

Finally, a U(III) system able to promote reductive disproportionation of CO, was
reported recently by our group using simple commercial monoanionic tert-butoxy siloxide
supporting ligands. The dimeric homoleptic siloxide complex of U(II): [ {U(OSi(OtBu)s)2(u-
0Si(OtBu)3)},] reacts with 2eq of CO; affording CO and a U(IV)-U(IV) carbonate complex
(Scheme I-13a).'” The obtained carbonate complex is unstable and undergoes ligand
scrambling to yield the mononuclear U(IV) complex [U(OSi(OtBu)s)s] and unidentified
U(IV) carbonate species. DFT calculations of the enthalpy profile shows that a stable
dinuclear U(IV) CO,” intermediate is primary formed and undertakes nucleophilic attack of
another CO, molecule. Indeed, the formation of a bridging oxo compound followed by CO;
insertion was also computed but presents an overall higher energy barrier. The “ate” U(II)
complex [K18c6][U(OSi(OtBu)s)4] features the first reductive disproportionation of CO; to
afford a mono-uranium(IV) carbonate complex [U(CO3)(OSi(OtBu)3)sK,(18¢6)] (Scheme I-
13b).” This remarkable coordination is attributed to the strong bulkiness provided by the
environment of four siloxide ligands preventing the bridging through the carbonate moiety to

the concomitantly formed [U(OSi(OtBu)3)4] complex.
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1.3.1.4 Reductive coupling of CO,

2C0O, + 26— C2042_

O+ .:0

V- \
2M"+2C0O; —> M"\+1 M+
00"

Scheme I-14: Reductive coupling of CO,.

The reductive coupling of CO; involves the two-electron transfer from the metal to
two CO, molecules yielding a bridging oxalate dianion C,04>. In the rare reported examples
of CO, reductive coupling performed by f-element complexes, two metal centres (M") are
involved and each of them undertakes single-electron redox process to afford a bridging

oxalate ligand between two oxidized metal centres (M™") (Scheme 1-14).
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Scheme I-15: Reductive coupling of CO, by lanthanocenes. 83, 101-103

The first example was reported by Evans et al. in 1998. The divalent
decamethylsamarocene reacts with CO, affording the dinuclear complex [(SmCp*;)x(u-
0,CCO,)] (Scheme I-15a).** The related divalent complex [SmCp",] (where
CpR=(C5Me4)SiMeg(CH2CH=CH2)) shows the same reactivity with COZ.101 In 2012, DFT
calculations were performed to gain insight in the reaction mechanism between [SmCp*,] and
C0,.'""” The mechanism involving the coupling of two Sm(III) radical complexes
[Sm(CO,")Cp*;] was ruled out. The calculated favoured pathway involves the formation of a
dinuclear Sm(IIT) complex with a bridging doubly reduced carbon dioxide (CO,>) ligand.

This dinuclear complex results from the cooperative reduction of CO, by two divalent
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decamethylsamarocene complexes. Once this dinuclear intermediate formed, a free CO,
molecule undergoes a nucleophilic attack from the bridging CO,” moiety affording the
experimentally isolated di-samarium(IIl) oxalate compound. In 2009, Evans group also
reported that the reaction of the lutetium dinitrogen adduct [ {Lu(CsMesH),}2(1-N2)] with CO,
cleanly leads to the formation of a dinuclear Lu(IIl) oxalate complex (Scheme 1-15).'
However, if the analogous lanthanum dinitrogen adduct was found to react with CO,, the
reaction products are numerous probably because of CO, insertion in the La-C bonds. Jones
and co-workers reported this year the formation of a disamarium(IIl) oxalate complex

supported by guanidinate ligands.'®

However, the isolated yield is very low (9%) and
elemental analyses are not reproducible due to co-crystallisation of protonated ligand. DFT
calculations of the enthalpy reaction profile are in agreement with the mechanism involving a
nucleophilic attack of a CO,” moiety to a free molecule of CO; to yield an oxalate compound.
However, in this case a subsequent CO; insertion in the Sm-N bond is thermodynamically

favourable and observed experimentally.
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Scheme I-16: Reductive coupling of CO, by U(III) complexes.

The reductive coupling of CO, by uranium complexes is limited to two systems both
reported in 2014. A diuranuim(I'V) oxalate compounds was isolated by Cloke et al. from the
reduction of CO, by U(III) metallocene complexes (Scheme I-16a).”* Despite the fact that the

reaction can be accompanied by carbonate and oxide formation, the selectivity can be
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controlled by tuning the substituents of the Cp ring. Meyer et al. reported that the U(III)
complex [U(("M°ArO)stacn)] can undertake, in presence of excess KCg and in THEF,
reductive coupling of CO; affording a diuranium(IV) oxalate species (Scheme I-16b).”. In
both studies presented by Cloke and Meyer, DFT calculations were performed and are in
agreement with the mechanism previously reported by Evans et al. Although both theoretical
studies predict the oxalate compound to be thermodynamically favoured, this pathway is
kinetically less favoured than the reductive disproportionation as higher activation barriers are
found. These results explain the concomitant formation of bound carbonate and oxalate
species and the difficulties to obtain pure di-uranium oxalate complexes. Notably, the
presence of KCys in the reaction reported by Meyer is essential: the formation of the carbonate
complex is kinetically favoured but this carbonate compound can be reduced by the KCsg in
excess (as seen in the previous section) to reform the U(III) complex [U((""M°ArO)stacn)].
This cycle allows, in some extent, the formation of the thermodynamically favoured oxalate

product.

1.3.1.5 Insertion into U-X or Ln-X bonds (X=C, N, P, O, S, Se)

Insertion of CO; into Ln-ligand or U-ligand bonds is an important aspect of the CO,
reactivity with f-element complexes. This insertion has been mainly reported with U(IV) and
Ln(IIT) complexes. CO; insertion in M—Calkyllos'm, M—Cauy]log’ 109 or M—Ca]kynylllo’ " bonds
(M=Ln(III) or U(IV)) provides another access to carboxylate complexes. Evans and co-
workers, who studied in details the chemistry of lanthanocenes, reported the CO; insertion
into the Ln(IIT)-Cp* bonds."'>'"*. In addition, Arnold et al. studied the insertion of CO, into
the Ln(I1I)-Cearpene bonds.'™* The insertion of one molecule of CO, is also possible in the M-N
bond (M=Ln(II) or UIV))."">"7 The insertion chemistry of CO, into the Ln(Il[)-O or
Ln(IIT)-OH bonds led to isolation of high nuclearity carbonate clusters.'*'** The U(IV)-
mediated CO, insertion into polyketones-derived enolates was proved promising for the
synthesis of small organic molecules.'” Some examples reported the CO, insertion into
chalcogenates in U(IV)"** and Ln(11)'* complexes. Moreover, unusual chalcogenocarbonate
uranium complexes were synthesised by CO; insertion into the U(IV)-chalcogenide bonds (S,

Se).126
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Investigating the CO; insertion into metal-ligand bonds with low oxidation state of the

f-element (U(IIT) and Ln(I1)) is more difficult as both reduction and insertion reactions can

occur.
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Scheme I-17: CO, insertion and reduction with U(III) complexes.

The U(IV) dinitrogen adduct [{U(OAr)3}2{p-N,}] does not react with CO, at room
temperature. However upon heating, the N, molecule is released leading to in situ formation
of the U(II) complex [U(OAr);] which reacts with CO, to afford a bridging oxo
arylcarbonate complex (Scheme I-17a).”” Reductive splitting of CO, has occurred since the
oxygen atom bridging two U(IV) centres probably arise from CO; reductive deoxygenation.
In addition one CO, molecule has inserted in one of the three supporting phenolate ligands of
each U(III) complex. Similar behaviour was observed by Cloke and co-workers for the U(III)
complexes [U(COT™™" Sz)(CpEMe“)] (E=N, P) and in these cases the CO, molecules insert in the
U-N and U-P bonds yielding cyclopentadienyl carbamate and phosphacarbonate moieties

respectively (Scheme I-17b).”' The reaction mechanism of the Arnold and Cloke systems has

26



[CHAPTER I]

not been investigated and the nature of the first step (reduction or insertion) is not established
yet. With the Sm(II) guanidinate complex, DFT studies have shown that the reductive
coupling of CO; is initially promoted and followed by insertion of leq of CO; in one U-N
bond of the Sm(IIT) dimer (Scheme I-17¢).'™ As previously mentioned, our group reported
recently that the “ate” complex [K18c6][U(HMDS)4] slowly reacts with CO; to afford the
U(IV) polymeric compound [{U(NCO),(HMDS);} {K18c6}] (Scheme I-17d).*” Theoretical
studies revealed that the mechanism leading to this polymeric complex is initiated by CO,
insertion in one of the U(III)-N bonds. Then the cleavage of a N-Si bond allows the migration
of a trimethylsilyl group to one oxygen atom of the carbamate function. Changing the
coordination mode to the uranium centre of the carbamate group from O,0 to O,N mode
renders possible the migration of the (OSiMes)” moiety. After siloxane release and structural
rearrangement a putative NCO radical (formed by another uranium complex) can complete
the uranium coordination sphere and afford the polymeric U(IV) isocyanate species. Similar
CO; insertion reactions followed by N-Si cleavage and structural rearrangements are also
postulated for the U(Il) silylamide complexes [UHMDS);]” and [UL(HMDS)s]
(L=bidentate alkoxy-tetherred NHC ligand).114 Indeed, the formation of isocyanate moieties
were detected by FTIR spectroscopy.
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Scheme I-18: Non-oxidative insertion of CO, in U(IIT) complexes.ys’ 127, 128

Rare examples of CO; insertion reactions into metal-ligand bonds have also been
reported for U(III) complexes. CO, insertion reactions into U(IIT)-C,”> '*” '2® U(III)-N and
U(IID)-S bonds'*® are presented in Scheme I-18.
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Altogether these examples of CO; insertion into Ln-L or U-L show us that a particular
attention must be given to the choice of the supporting ligand. Indeed, CO, insertion in the
ancillary ligand is unwanted reaction. Nevertheless, such an insertion in targeted substrates

bound to the metal centre can have interest for synthesising new organic molecules.

1.3.2 CS, Reduction

The heteroallene CS; is commonly used as isoelectronic model of CO,. This thio-

analogues is more reactive then CO, with C=S bond dissociation energy of 107 kcal/mol.*
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Scheme I-19: Reductions of CS, by U(IIT) complexes: a) [(UCp D12 b) [U(OSi(OtBu););],'* and c)
UM Ar0);N) 2 2

Examples of carbon disulfide reduction by U(III) complexes are limited to three
examples presented in Scheme I-19. The first example was reported by Andersen et al. in
1986.'"” The CS,” di-uranium(IV) complexes [(UCP"3)x(pu-CSy)] (Cpi=CsHsMe or
CsHsSiMes (Cp’)) were obtained from CS;, reduction by the U(III) complexes [UCpR3]
(Scheme I-19a). Similar behaviour was observed more recently in our group with the
reduction of CS, by the U(II)-U(III) dimer [U(OSi(OtBu)s)s], leading also to CS,” bridging

100

unit but featuring a different binding mode (Scheme I-19b).”™ These results contrast with the

previously described reactions of the same U(IIl) complexes [U(Cp’);] and [U(OSi(OtBu);)s3]»
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with CO, which respectively led to reductive splitting and reductive disproportionation of
CO,. The DFT calculations performed for both systems confirm that the experimentally
observed bridging CS,* complexes are the most stable product in the described experimental
conditions.'” '*? Notably, the theoretical studies performed by Maron and co-workers on the
reactivity of the U(IIl) metallocene complex revealed that the difference in reactivity is due to
the low stability of carbon monosulfide compared to carbon monoxide."”* The U(III)
trisphenolate complex [U((**™¢Ar0);N)] developed by Meyer et al. was also found to react
with CS, affording a mixture di-uranium(IV) trithiocarbonate and tetrathiooxalate complexes

130, 131
’ These two

as minor (20%) and major (80%) products respectively (Scheme I-19c).
reaction products result from two different competitive mechanisms. The reaction pathway of
the reductive disproportionation of CS; was investigated by DFT calculations and compared
to the pathway (earlier mentioned) of the reductive disproportionation of CO,. Similarly to the
CO; reduction, the CS, reduction involves a bridging sulfido intermediate arising from an
initial reductive splitting of CS,. A subsequent CS; insertion in the U-S bond affords the
thiocarbonate compound. However, the release of unstable CS is less favourable than the
release of CO leading to a weaker driving force in CS; disproportionation. This explains that
only 20% of the U(IIl) starting complex is converted in the thiocarbonate compound. The
reaction of CS, with the independently prepared U(IV)-U(IV) bridging sulfide
[{U((“*M°Ar0);N)},(u-S)] affords the same bridging thiocarbonate complex confirming the

theoretical studies.
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Scheme I-20: Reduction of CS; by Ln(II) complexes.133’ 134

The reduction of carbon disulfide by divalent lanthanide complexes is limited to
Sm(IT) complexes supported by amidinate ligands. These examples were reported by Jones'*?
and Junk'** and in both cases a reductive coupling of CS,, through C-S bond formation,

affording a (SCSCS,)” bridging moiety , was observed rather than the more common C-C
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bond formation (Scheme 1-20). DFT calculations were recently performed by Jones and co-

workers to investigate the enthalpy reaction profile of this CS, reduction.'®*

The first step
gives rise to the Sm(II)-Sm(III) bridging CS,” intermediate which then undertakes
nucleophilic attack of a free CS, molecule via C-S bond formation. In this case, the formation
of thiooxalate involves high-energy barrier preventing this pathway and the low kinetic

stability of CS prevents the thiocarbonate formation.

H H I
B B B
//l\\l\ //l‘\l\N //\\N
VY N Y N8
NN WY \ N\\N NN AN
N b C 2 AN +C 2 h / W

A O
Ut >—E un—E —_— 1L
SN “Essete N @ B=C SN
/NN’\ E=S, Se, Te NS /NN/]\
4
" \

Scheme I-21: Non-oxidative insertion of CS, in U(III) complexes.m’ 135

Ephritikhine and Meyer groups reported CS, insertion in U(IV)-chalcogen bonds for

2% and bridging chalcogenides (S*, Se™) ligands'* respectively.

terminal thiolate ligands
Finally, Bart et al. demonstrated that insertion of CS; into U(III)-C bond is also possible
(Scheme 1-21 right).'27 This insertion chemistry was also expanded to U(III)-chalcogen (S,

Se, Te) bonds although the reactions were found reversible (Scheme 1-21 left)."**

1.3.3 N, reduction

Nitrogen atom is one of the main components of life and ecosystems as it is present in
amino acids, the protein building blocks. Nitrogen is also present in numerous chemicals
industrially produced such as pesticides or fertilizers. In nature, the nitrogen atom source is
dinitrogen which is reduced by enzymes."*® In industry, ammonia is produced by the Haber-
Bosch process which uses a iron catalyst at harsh temperature and pressure conditions."’

Reducing dinitrogen under mild conditions is a real challenge due to the extremely strong N-
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N bond (226 kcal/mol).! However, uranium was found to be an efficient heterogeneous
catalyst in the Haber-Bosch process.'*® This has attracted increasing interest on N, activation

by f-elements.
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Scheme I-22: Selected examples of dinitrogen activation by lanthanide complexes.**'*!

Binding molecular activation of dinitrogen by f-elements was first reported in 1988
(Scheme I-22a)."*" In this case the dinitrogen binding was reversible. Thereafter, N, activation
was further studied using various metallocene complexes of non-classical divalent
lanthanides."** The reduction of Ln(III) complexes of non-classical divalent lanthanide by
strong reducing agent under N, atmosphere leads to two electron reduction of dinitrogen
affording more or less cleanly the bridging N, complexes (Scheme 1-22b)."" '** Simple
aryloxides were also found to be convenient ligand systems to form a Nd(II) homoleptic

complex able to reduce dinitrogen (Scheme I-22¢).'"!

More recently, the isolations of yttrium
silylamide and dysprosium aryloxide complexes bound to the further reduced N,* moiety

144
were reported.
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Scheme 1-23: Selected examples of dinitrogen activation by uranium complexes.l"s'147

Dinitrogen activation was also observed for U(IIl) complexes. Notably, a singular end-
on binding mode of N, to uranium centre was reported by Evans et al. after exposure of
[UCp*;] to N, (Scheme 1-23a).'* However this coordination is very weak and a dinitrogen
pressure of 5.5 atm was needed to stabilize the N, adduct. Binding molecular activation of
dinitrogen was also reported using triamidoamine as U(III) supporting ligands.'** '* A
reversible reduction of N, featuring a side on binding mode of the formed N,* group was

1 151
50151 Arnold and co-workers

reported for uranium complexes supported by Cp derivatives.
reported the two-electron reduction of dinitrogen by very bulky U(III) aryloxide™ and more
recently siloxide complexes.'*® Despite the fact that by-products are formed during the N,
reduction by the in situ formed U(III) siloxide complex (Scheme 1-23b), these examples show
that bulky oxygen donor ligands are suitable to form highly reducing U(III) complexes. The
combination of two different metal centres to ease the N-N bond polarisation and thus N,
reduction was explored by Cummins et al. using mononuclear complexes of U(IIl) and
Mo(III) (Scheme I-23c). This strategy was successful as dinitrogen was doubly reduced in the
isolated heterobimetallic complexes.'*’ Finally, dinitrogen cleavage was reached via N,
reduction by a U(III) complex supported by calixtetrapyrrole ligands in presence of potassium
naphthalenide affording the mixed valent U(IV)-U(V) bridging dinitrido complex (Scheme I-
24).">? The putative U(II) intermediate is highly reactive and was found to reduce DME and

silicon grease. The molecular complex active in N, reduction was never isolated.
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“|IkOME),|

Scheme I-24: Dinitrogen cleavage by uranium complex supported by calixtetrapyrrole ligand in presence of
potassium naphthalenide. The meso-ethyl groups are omitted for clarity.152

These examples confirm the potential of low valent f-element complexes for small
molecules activation despite the fact that the degree of N» reduction varies from one complex
to another. Even if these initial results are of high interest, improvement of the systems to

implement catalytic reduction of N; is still one of the main challenges in f-element chemistry.

1.3.4 PhNNPh reduction

Reduction of azobenzene has been investigated as a possible model of N, coordination
and reduction. Thanks to the phenyl substituents on the nitrogen atoms, the double N=N bond
is more reactive than its triple analogue in dinitrogen. The reactivity studies with PhNNPh
thus provide information on f-element interactions with unsaturated substrates. Low valent f-
element complexes were found to undertake one-, two- and even four-electron reductions of

azobenzene leading in the last case to N=N bond cleavage.

1.3.4.1 One-electron reduction of PhANNPh

During the reactivity studies of the organometallic Sm(II) complex [SmCp*,(THF),],
Evans and co-workers observed the one-electron reduction of azobenzene affording a Sm(III)
complex bound to a (N,Ph,)" anion (Scheme [-25a)."> If other examples of single-electron
reduction of azobenzene by lanthanides were also reported with phospholide,'> aryloxide'
or pyrazolylborate'®’ ligands, the radical character of the obtained azobenzene anion was not

mentioned. In contrast, the U((Iv) radical azobenzene complex

[U(N,Phy")((SiMe;,NPh)stacn)], obtained from the reduction of leq of PhNNPh by
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[U((SiMe;NPh)stacn)] (Scheme I-25b), features uranium-radical coupling leading to unique

single molecule magnet behaviour for a U(IV) complex.'™*
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Scheme I-25: Mono-electronic reduction of azobenzene by [SmCp*,(THF),] and [U((SiMezNPh)gtacn)].153’ 154

1.3.4.2 Two-electron reduction of PhNNPh
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Scheme 1-26: Selected examples of azobenzene two-electron reductions by Sm(II) complexes.“’ 153,158

The two-electron reduction of azobenzene by divalent lanthanide complexes is more
common than the mono-electronic one and leads to bridging (PhNNPh)z' dianion between two
Ln(II) centres. Reacting the [SmCp*,(THF),] complex with 0.5eq of azobenzene per Sm(II)
ion, leads to single-electron transfer from two Sm(Il) centres to azobenzene affording the
bridging (PhNNPh)*” moiety (Scheme I-26a)."*® This shows that the reduction of azobenzene

can be controlled by the stoichiometry of the reaction. However, the steric environment
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provided by the ligands plays also an important role in PhNNPh reduction as the bulky Sm(II)
pyrazolylborate complex reported by Takats et al. undertakes only single-electron reduction
of azobenzene even in presence of an excess of Sm(II) complex. The steric hindrance of the
complex probably prevent the bridging of the azobenzene radical anion and thus further
reduction'”” The reactivity studies of lanthanide complexes leading to two-electron reduction
of this azo compound are dominated by Sm(II) complexes supported by various ligand
systems such as silylamide'*® or siloxide® (Scheme 1-26b and c). In the absence of electron
rich ligands, non-classical divalent lanthanides are needed to activate azobenzene. Notably
Lnl, salts (Ln=Nd, Dy, Tm) were found to doubly reduce PhNNPh in 5 min at room
temperature in THF to yield a mixture of the respective Lnl; salt and the dimeric complex
[Ln(N,Ph,)I[(THF),],."” The authors mentioned that ytterbium diiodide is also able to
promote similar azobenzene reduction but more drastic conditions are required (80°C, 15h) to
overcome the lower reduction potential of Yb(II) ion.

It is to note that two-electron reduction of PANNPh by U(III) complex has not been

reported so far.

1.3.4.3 Reductive splitting of PANNPh

+ PhNNPh
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Scheme I-27: Reductive splitting of azobenzene by [UCp*;] and [U((OAr)zMezcyclam)l].160' 11

Low valent uranium complexes promote PhNNPh reductive splitting.'* The
mononuclear U(III) metallocene complex [UCp*s;], for example, is able to cleave the N=N
bond thanks to four-electron transfer: three electrons from the U(IIl) to U(VI) oxidation and

one from the oxidative coupling of Cp* ligands (Scheme 1-27a).'® However, concomitant
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ligand-based reduction is not mandatory as proven by the reaction of 2eq of the U(II)
complex supported by the redox-innocent bisphenolate cyclam ligand with 1eq of azobenzene
which afford the U(IV) analogue and the U(VI) bis-imido complex (Scheme 1-27b)."%! In this
case, the authors propose a mechanism where three electrons are transferred by one U(III)-
U(VI) transformation and the last electron by a more common U(II)-U(IV) oxidation
process. However, the authors precise that a mechanism involving a two-electron transfer at
one uranium centre followed by disproportionation of an unstable U(V) complex bound to a
(PhNNPh)* moiety cannot be ruled out. The possibility of uranium to undergo two-electron
transfer (not observed for lanthanides), even if rare, renders it attractive for the activation of

small molecules.
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Scheme 1-28: Reductive splitting of azobenzene by samarium complexes.lss’ 162

With less available oxidation states, the mononuclear divalent lanthanide complexes
mainly undertake single-electron transfer. Nevertheless, examples of azobenzene reductive
cleavage were also reported for divalent lanthanide species. Notably, the addition of 2eq of
the Sm(II) bis-silylamide complex [Sm(HMDS),(THF),] to the dinuclear Sm(III) bridging
(PhNNPh)* species provides the two electrons missing to achieve the N-N bond cleavage of
the azobenzene moiety affording the dimeric imido compound [Sm(NPh)(HMDS)], and two
[Sm(HMDS);] (Scheme 1-28a).'*® The complex [Sm(NPh)(HMDS)], was not characterised by
X-ray diffraction, yet hydrolysis of this compound affords aniline proving the N-N bond
dissociation. Divalent samarium “ate” complex supported by bisamide ligands undertakes

azobenzene reductive splitting affording a tetranuclear Sm(IIT) compound with three (N,Ph,)*
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162

moieties and two imido (PhN)* groups (Scheme I-28b).'®* However, the stoichiometry of the

reaction is not elucidated and side-products remain not identified.

1.4 Activation of sulfur in uranium chemistry

The activation of elemental sulfur or sulfur-containing compounds is of interest for the
development of synthetic pathways to produce sulfured organic molecules that have
commercial and industrial applications. Notably, sulfur atom transfer catalysis performed by
transition metal complexes is used in the syntheses of valuable thio-compounds.'®* '**
Transition-metal complexes with ligand presenting multiple bonding character are usually
involved in sulfur transfer catalysis. With a large ionic radius, a wide range of oxidation
states, an uncommon coordination geometry and 5f orbitals potentially available for
participation in bonding, uranium-mediated sulfur activation could leads to interesting and
singular outcomes.'®

Moreover, there is currently a fundamental interest in multiple bonding with actinide
ions to better understand the electronic structure, the nature of the bonding and the
involvement of the f-orbitals in it.'* Thus, the syntheses of terminal actinide nitride,m’ 168
oxide” "7 and sulfide'””""® complexes received an increasing attention as they provide a
promising way to study the covalent character of An-N, An-O and An-S bonds. The study of
the An-S interaction is particularly important as S-donor ligands were shown to be very
efficient in the An/Ln separation process of spent nuclear fuel retreatment.'® The partial
covalent character of the An-S multiple bond could be the reason of the high selectivity of
these S-containing ligands for actinide extraction.'®!"**

However, the isolation of a terminal uranium sulfide complex from two-electron
reduction of elemental sulfur or triphenylsulfide is not obvious as the nucleophilic character

185-190

of the obtained S* ligand often leads to sulfide-bridged complexes or mononuclear

disulfide complexes.'®* !
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Scheme 1-29: Reduction of sulfur agents by U(III) complexes leading to U(IV)-U(IV) bridging sulfide species. 185-187, 189

Indeed even with bulky ligand systems such as cyclopentadienyl,' sylilamide,'™" '*®
trisaryloxide'™

or silylated tacn ligands,'®® di-uranium(IV) sulfide-bridged complexes were
formed (Scheme 1-29).
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Scheme I-30: Syntheses of U(IV) terminal sulfide complexes a) by reduction of a thiolate ligand with Na/Hg,192 b) by

reduction of elemental sulfur with a U(III) complex protected by a ylide moietyI77 and c) by cleavage of a trityl
protecting group."”

To date, only two ligand systems allowed the isolation of terminal uranium sulfide
and, in each case, an unusual synthetic pathway was used. In 1999, the group of Ephritikhine
isolated a sodium-capped terminal U(IV) sulfide complex [Na1806][USCp*2(StBu)] from the
reduction of a thiolate ligand in the U(IV) complex [UCp*z(StBu)z] with Na/Hg amalgam
(Scheme I—3Oa).192 In 2012, Hayton and co-workers synthesised a series of anionic uranium
chalcogenide complexes [UE(N(SiMes),);]” (E=S, Se, Te) by addition of leq of elemental
chalcogens to the U(III) ylide adduct [U(H,C=PPh3)(NR2);] (Scheme I-30b)."”” This ylide
protecting ligand increases the bulk around the uranium atom preventing the bridging of the
chalcogenide ligand during the chalcogen transfer. The yield of the terminal sulfide remains
low. In 2014, the group of Hayton reported another synthetic route to form the anionic
uranium sulfide complex [US(N(SiMes),);]" that involves the addition of leq of KSCPhs to
[U(N(SiMes)2)3] (Scheme 1-30c).'” The trityl protecting group of the thiol is released as
Gomberg’s dimer via reductive cleavage leading to the U(IV) terminal sulfide complex.

In conclusion there are few examples of terminal uranium sulfide complexes because
the two-electron reduction affording the S* ligand often involves the mono-electronic
oxidation of two U(II) complexes in their U(IV) analogues bridged by the obtained sulfide
ligand. If the choice of a bulky ligand system is important to prevent sulfide bridging, the

selection of the appropriate synthetic route is crucial as exemplified by the uranium
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silylamide system which can lead to bridged compound (Scheme [-29b) or terminal sulfide

complex if protecting groups are involved (Scheme I-30b and c).

L.5 Schiff base ligand non-innocence in f-element chemistry

As seen in the previous sections, the reduction of small molecules often requires more
than one electron. While uranium and lanthanide chemistry is dominated by mono-electronic
redox processes, the use of redox active ligands, such as Schiff bases, affords a suitable route
to store electrons into C-C bonds between two imino groups via a reversible reductive
coupling.'” Schiff base ligands have been mainly used in uranium chemistry to coordinate the
uranyl(VI) moiety."”* "> The only examples of U(II) Schiff base complexes have been
reported by Arnold et al. with pyrrolic macrocyclic ligands of the Pacman family."’* '
However, attempt to form the mononuclear U(III) complex supported by this Pacman ligand
via protonolysis reaction between [U(HMDS)s] and the protonated ligand leads to uranium

oxidation and affords the mononuclear U(IV) complex (Scheme [-31).

Scheme I-31: Reaction of the Schiff base Pacman ligand with U(ILI) precursors.196
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Previous work in our group focused on the coordination of uranium by the salophen
ligand (Scheme I-32).” Notably, the addition of 2eq of salophenK, to [ULy(OEt,),] leads to the
homoleptic U(IV) complex [U(salophen),]. Subsequent reduction of this complex by 2eq of
metallic sodium, leads to the formation of an intramolecular C-C bond between one imino
group of each ligand affording the new hexa-anionic bis-salophen ligand scaffold. The two
electrons stored on the C-C bond are available to reduce oxidizing agents such as silver
triflate or phenanthrene quinone. In these complexes, bi-electronic reductions occur without

any change of the U(IV) oxidation state.

[U14(OEty),]
+
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THFl- 4K | 2 NaOTf
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2 AgOTF  2Ag®

SQ\SSe i @ RASS Yo

vl ©Od®© d'iuh RO

[U(salophen),] N [U(salophen),]
Naz[U(bls-sanphen)]

Scheme I-32: Synthesis and reactivity of the Na,[U(bis-salophen)] complex.5

The redox chemistry of divalent samarium supported by tetradentate pyrrolic Schiff
bases has been investigated by Gambarotta and co-workers.*” The reaction of the Sm(II)
silylamide complex [Sm(HMDS),(THF),] with three related ligands have been explored
(Scheme 1-33). While the ligand with phenylene bridge allows electronic transfer from the
samarium to the ligand scaffold affording dinuclear Sm(III) species with reductive C-C
coupling of the ligands, the presence of methyl substituents in 3,4 positions of this phenylene
bridge leads to disproportionation of the divalent samarium in Sm(IIl) ion pair species and
Sm(0). The presence of ethylene bridge and the protection of the imine groups by methyl
substituents allows the formation of the Sm(II) mono-ligand complex. This work exemplifies
that small modifications of the steric and electronic properties of the ligand can drastically

impact the redox behaviour of these systems.
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Scheme I-33: Redox chemistry of samarium centres supported by pyrrolic Schiff bases.”’

More recently in our group, the redox chemistry of the uranium salophen system has
been extended to lanthanides and a family of complexes K;[Ln(bis-salophen)] (Ln=Nd, Eu,
Tb, Yb) has been prepared® (Scheme I-34). Once again the bis-salophen ligand can be used as
a 2 electrons reservoir: the electrons stored on the C-C bond can be released to reduce
oxidizing agents. The effect of substituents in ortho and para positions on the phenolate
groups was investigated by cyclic voltammetry studies. The presence of alkyl substituents,
especially tert-butyl ones, was found to render the ligand oxidation easier as the oxidation
potential of the C-C bond of the *bis-salophen ligand ion is shifted to more negative values
(from -0.97 V vs. F¢'/Fc for K3[Nd(bis-salophen)] to -1.50 V vs. Fc¢/Fc for K3[Nd(*"bis-
salophen)]).
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Scheme I-34: Synthesis and reactivity of the K3[Ln(bis-Rsalophen)] complexes.6

Shen et al. reported the use of the tridentate Schiff base ("

Phquinolen)” featuring a
quinoline moiety and a phenolate group to coordinate Sm(III) centres. The addition of 2eq of
the sodium ligand salt to the Sm(III) chloride precursor affords the heteroleptic complex
[Sm(**"Phquinolen),Cl]. Subsequent addition of 2eq of metallic sodium leads to a Sm(III)
complex supported by a new ligand arising from the reduction and rearrangement of three
(®"Phquinolen) ligands (Scheme I1-35)."”® This new penta-anionic ligand is obtained by
Cimino-Cimino and Cimino-Cquinoline couplings and proton migration from the position 2 of one
quinoline moiety to the basic amido function of another ""Phquinolen ligand. The formation
of the Cimino-Cquinoline bond between the carbon atom of one imino function and the carbon

atom in position 2 of one quinoline moiety has then been reported for yttrium, ytterbium, and

neodymium complexes supported by this (*"Phquinolen) ligand."*- 2%
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2 NatBuPhquinolen
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Scheme I-35: Reduction of the complex [Sm(m“Phquinolen)ZCl].198
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To summarize, redox active Schiff base ligands are convenient tools to store electrons
in C-C bonds and thus increase the number of electrons potentially available rendering
possible multi-electronic reductions. However, this redox chemistry is extremely sensitive to
electronic and steric properties of the ligand system and a particular attention to the ligand

design is necessary.
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CHAPTER 11
Multi-electron Redox Reactions
Involving C-C Bond Formation and

Cleavage in Uranium and Transition

Metal Schiff Base Complexes

II.1 Electron-rich U(IV) complexes supported by
tridentate Schiff base ligands

I1.1.1 Context

As mentioned in the introduction, our group studied the use of tetradentate Schiff
bases as supporting ligand for uranium or lanthanide centres in order to achieve multi-
electronic reduction. Notably, during his PhD, Valentin Guidal investigated the reactivity of
some Ln(III) complexes supported by reduced Schiff bases. The complex K3[Nd(*“bis-
salophen)] was shown to react with CO, leading to a mixture of multiple products including
product resulting from carboxylation of the ligand.*' This suggests that, in some extent, the
CO; reaction is ligand-based probably due to the lack of available coordination site on the
Nd(III) centre. In order to improve the reactivity of the uranium complexes supported by
Schiff base ligands, we thus envisaged to design complexes that would present free

coordination sites at the metal centre.
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I1.1.2 Ligand design

Using a tridentate Schiff base ligand should free two coordination sites at the metal
centre in contrary to the Nay[U(bis-salophen)] system. The possibility for the substrate to
coordinate the uranium ion should lead to a better control of the reactivity favouring the
electron transfer from the ligand scaffold to the substrate via the metal centre. The tridentate
Schiff base ligand Mnaphtquinolen, presented in Scheme II-1, matches all the selected
criterions. The imine function is highly conjugated thanks to the quinoline moiety which
favours electronic delocalization and renders the ligand a better electron acceptor. The
protection of position 2 of the quinoline by a methyl substituent should prevent nucleophilic

or radical side reactions typically known to occur at this position.'””

N\ N\
~N N= ~N N=
Toluene KH C
é
O HN Reflux O OH THF O oK
MenaphtquinolenH MenaphtquinolenK

Scheme I1-1: Synthesis of M*naphtquinolenK.

This M*naphtquinolen ligand was obtained by condensation between 2-methylquinolin-
8-amine and 3-hydroxy-2-naphtaldehyde. The deprotonation of the phenol group was

performed under inert atmosphere using potassium hydride.
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I1.1.3 Synthesis of [U(bis-""*naphtquinolen)], and its equilibrium

in polar solvents.

The work described in this section, on the synthesis and characterization of the [U(bis-
Menaphtquinolen)], complex, was carried out in collaboration with Clement Camp, a PhD

student in the group.
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Scheme I1-2: Synthesis of [U(bis-""*naphtquinolen)],, 2, and equilibrium in coordinating solvents.

The addition of 2eq of MnaphtquinolenK to leq of [ULy(OEt,),] or UCl, affords the
heteroleptic U(IV) complex [UX,(M*naphtquinolen),], 1-X (X=I, Cl). The complex 1-CI can
be isolated pure in 72% yield thanks to its higher solubility in THF and toluene than 1-I,
which renders its extraction from KCI salt easier. Single crystals suitable for X-ray diffraction

were obtained by slow diffusion of hexane into a pyridine solution of 1-Cl.
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Figure II-1: Solid state structure of [UCL,(**naphtquinolen),].(py), 1-CL(py) (50% ellipsoids). Hydrogen atoms and
solvent molecules are omitted for clarity.

The X-ray structural analysis of 1-CL(py) shows that the uranium atom is octa-coordinated by two *naphtquinolen
and two chloride ligands in a slightly distorted square antiprism possessing a pseudo C, axis (Figure II-1). The mean
values of U-O (2.20(2) A) ; U-N (2.6(1) A) and U-C1 (2.67(4) A) bond distances (

Table II-2 at the end of section 11.1.5.2) are in the range of the ones found in other
U(IV) Schiff base complexes.” ****** The M*naphtquinolen ligands are strongly distorted from
planarity with in average 68(4)° between the quinoline and the naphtol cycles. This is most
probably due to sterical repulsion between the two tridentate ligands in the present
coordination environment. This geometry is very different from the one reported for
analogous tridentate ligands bound to Yb(III) or Y(ID)." In the crystal structure of the
[LnL,(HMDS),] (Ln = Yb{Il) or Y(I) L = bis(3,5-di-tert-butylsalicylidene)-8-
aminoquinoline), the two tridentate Schiff bases are almost planar and bind the metal in a
parallel fashion. These two binding modes are reminiscent of those found in sandwich and

meridional isomers of uranium bis-ligand complexes of tetradentate Schiff bases.> ***

The addition of 2eq of potassium metal per U atom to a THF solution of 1-I leads to a
dark brown suspension and the 'H NMR spectrum of the crude mixture in deuterated THF
features two sets of 26 signals with an integration ratio near 2:1. However, once deuterated
THF is removed under vacuum, the '"H NMR spectrum of the evaporated crude in deuterated
toluene shows only one set of 26 signals. The complex [U(bis-"“naphtquinolen)],, 2, can be

isolated pure in 67% yield by recrystallization from toluene.
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Figure II-2: Solid state structure of [U(bis-Menaphtquinolen)]2.(tol)2, 2.(tol), (50% ellipsoids). The C-C bonds formed
by the reduction of the imino functions are represented in orange. Hydrogen atoms and solvent molecules are omitted
for clarity.

The solid state structure of 2.(tol);, determined by X-ray structural studies, is
presented in Figure II-2. It shows that the dimeric compound 2 is composed of two U(IV)
[U(bis-"*naphtquinolen)] moieties bridged by the phenolate oxygens of the two tetra-anionic
bis-"“naphtquinolen ligands. The crystal structure is centrosymmetric, with an inversion
centre located halfway between the two uranium atoms. Each metal cation is hepta-
coordinated in a distorted capped trigonal prismatic environment by the four nitrogen
(average U-N = 2.5(1) A) and two oxygen atoms from a bis-""*naphtquinolen ligand (average
U-O =2.3(1) A) and by a bridging phenolate oxygen from the other [U(bis-""*naphtquinolen)]
moiety. The two bidentate phenolate bridging ligands hold the two uranium centres in the
dimer at 3.7983(8) A apart. The analysis of the structural parameters of complex 2 clearly
shows that the reduction has occurred on the imino groups of the ligands rather than on the
metal ions. Notably, the two-electron reduction of the ligand results in the formation of two
C—C bonds, 1.64(1) A long, by intramolecular coupling of the original imino groups. The
value of the C—C bond distance is larger than the one found in the [U(bis-salophen)|Na,
(1.559(7) A) complex for the C-C bonds formed after reductive coupling of the imino groups’
but remains in the range of reported values for C—C bonds in molecules with strong steric

hindrance.?** 2% The C—Namido bond distances (average C—Nymido = 1.474(5) A) of the ligand
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backbone are much longer than those observed in 1-Cl, and are in agreement with the
presence of two amido groups. The shorter U-Nymigo distances in 2 (U—Nymido = 2.36(2) A)
compared to the U—Nguinoline distances in 2 (U-Nguinotine = 2.538(3) A) and the U—Nimino
distances in 1-Cl (U~Njnino = 2.51(3) A) further confirm the presence of two amido groups.
Finally, these distances are comparable to the U-Namido (2.387(8) A) and U-Nimino (2.624(7) A)
found in Na,[U(bis-salophen)]’ and bond valence calculations are in agreement with a +IV
oxidation state for the uranium ions in 2.

The complex 2 is soluble in toluene, contrary to the Nay[U(bis-salophen)] complex,
probably because of its neutral formulation. Complex 2 is stable at room temperature both in
solid state and solution. The centrosymmetric dimeric structure of 2 is in agreement with the
set of 26 signals observed on its "H NMR spectrum in deuterated toluene indicating that this
structure is maintained in toluene solution. Dissolving dark crystals of 2 in deuterated THF or
pyridine leads to '"H NMR spectra with two sets of 26 signals. When THF or pyridine is
removed under vacuum and deuterated toluene is added to the resulting solid leading to a dark
solution, the '"H NMR spectrum in toluene shows again one set of 26 signals. These results
suggest that two forms of 2 are present in coordinating polar solvents. Monitoring the 'H
NMR spectrum in deuterated pyridine overtime shows an evolution of the ratio between the
two species from 3:1 half an hour after dissolution to a stable ratio of 1:2 after 4 days (Figure
II-3). Thirty minutes after dissolution, the main species of 2 in pyridine features similar
chemical shifts than the ones measured for 2 in toluene indicating that the dinuclear
compound is initially the main one in pyridine solution but slowly undertakes structural
rearrangement to form a second species. This new complex could be a solvated dinuclear

compound or a mononuclear form of the complex.
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Figure I11-3: 'H NMR spectra (200 MHz, 298K) of complex [U(bls- “naphtquinolen)],, 2, in tol-dg (bottom) and after
dissolution of 2 in py-ds: after 30 min (middle), after 4 days (top).

—e
.

|

|

—e

—e

'———-o

—a

—

Eﬁ

i

|

a_,

The diffusion coefficients, D, of both species were measured in pyridine solution by diffusion
ordered spectroscopy in order to correlate D and the molecular weight M and thus
discriminate the molecular arrangement of each species.”” The values found for the diffusion
coefficients in pyridine ((Dap/D2)’ = 1.63) are in agreement with the presence in solution of a
mononuclear and a dinuclear complexes (M2/Map = 1.69). Unfortunately, all attempts to

crystallize the mononuclear complex 2b from coordinating solvents failed.
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Scheme I1-3: Postulated pathway for the C-C bond formation leading to complex 2.

The dinuclear architecture of complex 2 is probably the result of the dimerization of
two [U(bis-"*“naphtquinolen)] complexes themselves arising from intramolecular C-C
coupling of U(IV) radical anionic species after reduction of the two imino functions in 1-X
(Scheme 1I-3). In the absence of coordinating solvent molecules, at least two coordination
sites are available at the U(IV) centre. This allow dimerization through the phenolate groups
and lead only to the dinuclear complex 2. However, in coordinating solvents, the equilibrium
between the dinuclear (2) and the solvated mononuclear (2b) species is observed.

In order to investigate if complex 2 can be further reduced to reach a highly electron-

rich U(IIT) complex, the electrochemical properties of 2 was explored.

I1.1.4 Electrochemistry studies

The cyclic voltammetry analyses of complexes 1-1 and 2 in pyridine are presented in

Figure II-4 and the redox potentials are summarized in Table II-1.
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Figure I1-4: Cyclic voltammograms for 10 mM solutions of a) complex 1-I and b) complex 2 in ~0.1 M [BuyN][PFg|
pyridine solution at 100 mV.s-1 scan-rate

Table I1-1: Voltammetric data for complexes 1-I and 2 (in V vs. Fc'/Fc)

Metal-based event Ligand-based events
Compounds
E1/2 (V) Ech (V) Epcl (V) Epa (V)
1-1 -2.16 -1.65 -1.45 -0.56
2 -2.17 -1.70 -1.49 -0.56

The voltammogram of complex 1-I does not feature any oxidation process during the
first scan of potential from -1.2 to -0.4 V vs. Fc¢'/Fc. However when the voltammogram is
then swept toward negative potentials, three distinct reduction waves are observed: two nearly
irreversible events at Ey.;= -1.45 V vs. Fc¢'/Fc and Ep= -1.65 V vs. Fc'/Fc and a quasi-
reversible event at E;p= -2.16 V vs. Fc'/Fc. The two irreversible reduction processes are
associated to an irreversible oxidation wave at E,= -0.56 V vs. Fc'/Fc as confirmed by the
presence of this oxidation process after scanning the potentials from -1.2 to -2 V vs. Fc¢'/Fc
and then from -2 to -0.4 V vs. Fc'/Fc. The cyclic voltammogram of the potassium salt
MenaphtquinolenK, measured in the same conditions, does not present any redox event
between -0.5 and -2.4 V vs. Fc'/Fc. The limited degree of reversibility observed in the
voltammogram of 1-I can be explained by the formation of the C-C bond between two ligands
which probably require an important structural rearrangement. The redox events visible on the

voltammogram of the reduced dinuclear complex 2 are very similar to the ones observed on
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the voltammogram of 1-1 with, notably, a quasi-reversible reduction at E,= -2.17 V vs.
Fc'/Fc and an irreversible oxidation at Ep= -0.56 V vs. Fc'/Fc. This latter oxidation wave
presents a shoulder at -0.68 V vs. Fc'/Fc which was attributed to the oxidation of the
mononuclear complex 2b known to be in equilibrium with the dinuclear complex 2 in
pyridine solution. To confirm this hypothesis, the voltammogram of 2 was measured twice:
immediately after dissolution of 2 in pyridine and once again after one hour as shown in
Figure II-5. The intensity of the shoulder at -0.68 V vs. Fc'/Fc is increasing with time while
the intensity of the anodic peak at -0.56 V vs. Fc'/Fc is decreasing with time. This is in
agreement with an increase of the mononuclear/dinuclear complex ratio, as observed by 'H

NMR spectroscopy, confirming the preceding assignation.

I(arb. units)

-2.5 -2 -1.5 -1 -0.5 0
E(V) vs. Fc*/Fc

Figure II-5: Cyclic voltammograms of complex 2 in ~0.1 M [BuyN][PF¢] pyridine solution at 100 mV.s-1 scan-rate.
Red curve: on a freshly prepared solution. Orange curve: on the same solution after 1 hour.

When the voltammogram of 2 is initially swept from -1.3 V vs. Fc'/Fc toward
negative potentials, the two irreversible cathodic waves, at Eye;=-1.49 V vs. Fc'/Fc and Epeo=
-1.70 V vs. Fc'/Fc, are not present and thus attributed to the two successive one-electron
reductions of the ligand as the C-C bonds are already formed in complex 2. In consequence,
the irreversible oxidation event at -0.56 V vs. Fc'/Fc is assigned to the cleavage of the C-C
bond, that is to say, the oxidation of the bis-"**naphtquinolen ligand scaffold. Differentiating
ligand-centred and metal-centred events is not obvious considering that, in this system, both
the ligand and the metal centre are electroactive. However, the irreversibility of the

reduction/oxidation events at -1.7, -1.5 and -0.6 V vs. Fc¢'/Fc indicates a rapid chemical
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transformation after the electrochemical reduction/oxidation in agreement with the
formation/cleavage of the C-C bond between two imino groups. The difference between the
much lower potential required to reduce the ligand and the potential required to oxidize it
(AEy= 0.9 V) illustrates the strong stabilisation induced by the radical coupling into C-C
bond. The quasi-reversible event at E;»= -2.16 V vs. Fc'/Fc is in the range of previously
reported redox potentials for the couple U(IV)/U(III) in quasi reversible systems (-1.5 to -2.8
V vs. F¢'/Fc).%" 27 This further reduction of complex 2 is thus attributed to a metal-based
reduction leading to an hypothetical U(IIT) complex [U(p-bis-"*naphtquinolen)],”.
Preliminary studies toward the isolation of this hypothetical highly electron-rich U(III)
complex were performed. Unfortunately, the chemical reduction of complex 2 with 2eq or an
excess of reducing agents in toluene (with KCg and K) or in THF (with K and Na) led only to
the formation of species with uninformative NMR spectra and all attempts to crystallize any
reaction product were unsuccessful. Performing these reductions under N, atmosphere did not
lead to more informative 'H NMR spectra and no products crystallized from the reaction

mixture.

I1.1.5 Reactivity of [U(bis-" ‘naphtquinolen)],

I1.1.5.1 Reactivity with pyridinium chloride

Surprisingly, the addition of leq of pyridinium chloride per U atom to a freshly
prepared pyridine solution of complex 2 does not lead to a rapid colour change of the reaction
mixture, contrary to what was observed after the addition of pyHCI to the [Nd(bis-
salophen)]K3 complex.® The '"H NMR spectrum of the crude mixture in deuterated pyridine
after 30 min of stirring shows the signals of the dinuclear complex 2 and another unidentified
set of 26 signals with an integration ratio of 0.9:1 respectively. The signals of the
mononuclear complex 2b are absent from the spectrum while the equilibrium between 2 and
2b is observed in pyridine before the addition of pyHCI. After 18h at room temperature, the
colour of the mixture turned from dark brown to brown/yellow and the "H NMR spectrum in

deuterated pyridine shows only the 26 signals of the new species as shown in Figure I1-6.

55



[CHAPTER 1I]

¢ Pyridine
THF
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Figure I1-6: '"H NMR spectra (200MHz, 298K) of the crude reaction between [U(bis-Menaphtquinolen)]2, 2 and 2eq of
pyHCl in py-ds, after 30 min (bottom) and after 1 night (top).

These results indicate a favoured protonation of the bis-"*naphtquinolen ligand in the
mononuclear form 2b which leads to a mixture of the remaining dinuclear complex 2 and the
hypothetical protonated complex [UCI(bis-"**naphtquinolenH)]. The consumption of complex
2b by the protonation reaction drives the equilibrium between 2b and 2 to the mononuclear
complex formation, which then reacts with the pyHCI still in solution (Scheme 11-4). This is
probably the reason of the observed slow rate of this reaction. The fact that only one product
is obtained by reacting a mixture of 2 and 2b confirms their isomeric relation. The absence of
direct protonation of the dinuclear complex could be due to the lack of coordination site at the
U(IV) centres in 2 for the chloride ligand while the mononuclear complex 2b is likely to have
two available sites at the U(IV) centre. This need of free coordination sites for chloride ligand
was not observed during the protonation of Ki;[Nd(bis-salophen)] by pyHCl.6 Indeed, this

latter possesses potassium counter-cations and thus KCl salt was eliminated.
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Scheme II-4: Postulated reactivity of complex 2 with pyridinium chloride.

Interestingly, after the subsequent addition of leq of pyHCI to the hypothetical
[UCI(bis-"**naphtquinolenH)], any change was observed on the '"H NMR spectrum of the
crude mixture. The '"H NMR spectrum of the crude reaction after the direct addition of an
excess of pyHCI to a pyridine solution of complex 2 shows the formation of the [UCI(bis-
MenaphtquinolenH)] as the main species. This could be due to structural issues such as a
sterically crowded protonated complex rendering a further protonation kinetically or
thermodynamically non-favoured. However, as neither the mononuclear complex 2b nor the
putative protonated complex [UCI(bis-"*naphtquinolenH)] have been characterised by X-ray

diffraction, this hypothesis has not been confirmed.

I1.1.5.2 Reactivity with oxidizing agents

In order to investigate the possibility of releasing the electrons stored in the C-C
bonds, the reactivity of [U(bis-""°naphtquinolen)],, 2, with different oxidizing agents has been
studied.

[U(bis-Menaphtquinolen)], [U(9,10-phenanthrenediol)(Menaphtquinolen),]
3

N

Scheme II-5: Reactivity of complex 2 with 9,10-phenanthrenequinone.
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The reaction between complex 2 and 2eq of 9,10-phenanthrenequinone in toluene
affords the U(IV) complex [U(9,10-phenanthrenediol)(M*naphtquinolen),], 3, in 54% yield
(Scheme 1I-5). Performing the reaction in pyridine solution leads to the same reaction
product. A slow evaporation of a pyridine solution of complex 3 led to suitable crystals for X-
ray diffraction. The solid state structure of 3.(py)ass, presented in Figure II-7, consists of a C,-
symmetric complex where the uranium atom is octacoordinated in a distorted square
antiprismatic geometry by two tridentate monoanionic “naphtquinolen ligands and one
dianionic 9,10-phenanthrenediolate ligand. The reduction of the quinone to its catecholate
form is confirmed by the analysis of the metrical parameters of the ligands. The average U-
Ophenanthrenediolate DONd distance (2.26(4) A) is relatively short, as expected for a doubly charged
phenolate ligand, and is comparable with the average U-Oppenotate distance from the
Menaphtquinolen ligand (2.23(1) A). The C-O bond distances for the catecholate ligand
(1.359(1) A in average) are in agreement with the presence of simple C-O bonds. The imino
functions of the Mnaphtquinolen ligands have been restored, as is illustrated by the short C-N
double bond distances (1.294(9) A in average) and long U-N bond distances (2.52(1) A)
which compare well with those found in complex 1-Cl. The overall neutral charge of the

complex is in agreement with an unchanged +1V oxidation state of the uranium cation in 3.

Figure I1-7: Solid state structure of [U(9,1O-phenanthrenediol)(Menaphtquinolen)zl.(py)4.5, 3.(pY)ss (50% ellipsoids).
Hydrogen atoms and solvent molecules are omitted for clarity.
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During the reduction of 9,10-phenanthrenequinone by 2, the coordination of the
substrate to each uranium atom is probably concomitant with the disruption of the dinuclear
structure and the cleavage of the two C-C bonds. In consequence, each mononuclear U(IV)
moiety [U(bis—Menaphtquinolen)] undertakes metal-assisted two-electron reduction of the
quinone using the electrons stored in the C-C bond without changing the oxidation state of the
metal centre. The structure of 3 shows that the available coordination sites at the U(IV) ion in

this tridentate Schiff base system allow the coordination of the incoming product.
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Scheme II-6: Reactivity of complex 2 with iodine.

The chemical reversibility of this system has been demonstrated by the reaction of 2
with iodine (Scheme I1-6). Indeed, the addition of 2eq of I, to complex 2 in toluene leads to
the formation of a brown/yellow precipitate. The 'H NMR spectrum in deuterated pyridine of
the obtained solid shows the signals assigned to complex 1-I in which the C-C bonds have

been cleaved but can be reformed by addition of metallic potassium.
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Scheme II-7: Reactivity of complex 2 with dry dioxygen.

When both the ligand and the uranium centre are involved in the reduction process, the

number of transferred electrons can be increased up to 4 electrons per mononuclear complex.
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The addition of an excess of dry dioxygen to a pyridine solution of 2 (in equilibrium with
complex 2b) leads to an immediate colour change of the solution from dark brown to dark
orange and the formation of the U(VI) complex [UO,(Mnaphtquinolen),], 4 which can be
isolated pure in 69% yield (Scheme II-7). Crystals suitable for X-ray diffraction were
obtained by slow diffusion of hexane into a saturated solution of 4 in toluene. In the solid
state structure, presented in Figure II-8, the uranium atom has a pentagonal bipyramidal
coordination provided by the two oxo groups in axial positions and five oxygen and nitrogen
atoms from two Mnaphtquinolen ligands in the equatorial plane. While the first
Menaphtquinolen ligand adopts a classical tridentate ONN coordination mode, as found in 1-Cl
and 3, the second Mnaphtquinolen ligand is bound to the uranium centre in a bidentate
fashion by the phenolate and the imino groups with the nitrogen atom from the quinoline
moiety remaining non-coordinated. Pentagonal bipyramid is the most common coordination
geometry for uranyl(VI) compounds, higher coordination numbers in the equatorial plane
being disfavoured for sterical reasons. The C-Ninino (1.276(6) and 1.308(6) A) bond distances
from both Mnaphtquinolen ligands are in the same range than the ones found in 1-Cl and 3
(see Table 1I-2), confirming their imino character. U-Nimino, U-Nquinoline ad U-Ophenolate mean
bond distances (respectively 2.547(2), 2.646(4) and 2.238(6) A) compare well with those

6, 195

found in other uranyl(VI) Schiff base complexes. The UO; moiety in 4 is nearly linear

(O-U-O angle 177.3(1)°) with uranyl bond distances (1.776(3) A in average) falling in the

characteristic range of heptacoordinated hexavalent uranyl complexes.” '*

Figure 11-8: Solid state structure of [UOz(Menaphtquinolen)Z], 4 (50% ellipsoids). Hydrogen atoms are omitted for
clarity.
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Table II-2: Selected bond lengths (or average) in the U(IV) complexes 1-Cl, 2, 3 and the U(VI) complex 4 (in A).

Bonds 1-Cl 2.tol 3.pVYas 4
U-Nguinotine 2.70(3) 2.538(3) 2.58(7) 2.646(4)
U-Nimino/amido 2.51(3) 2.36(2) 2.52(2) 2.55(2)
U-Opnenolate 2.204(18) 2.26(10) 2.227(13) 2.238(6)

U-X 2.67(4) X=Cl - 2:26(4) 1.776(3) Xx=0*
X=0diol

C-C = 1.636(14) = i,

C-Nimino/amido 1.293(2) 1.474(5) 1.294(9) 1.292(2)

The 'H NMR spectrum of 4 in deuterated pyridine features 13 signals in the
diamagnetic zone, in agreement with the +VI oxidation state of the uranium atom and
suggesting that the two M°naphtquinolen ligands are equivalent in solution probably because
of a fluxional coordination of the quinoline moieties which competes with coordination of
pyridine molecules.

In this reaction, the complex 2 transfers 8 electrons (4 electron from the uranium
atoms and four electrons from the ligands) to two oxygen molecules to form 2eq of complex
4. The transfer of such a high number electrons from an uranium systems has been rarely

208,209 The gverall

observed and only when the uranium is associated to redox-active ligands.
reactivity observed in this section demonstrates that reversible C-C bond formation and
cleavage is not limited to tetradentate Schiff base ligands and provides a new example of non-

innocent ligand which features multi-electronic reductions at a U(IV) centre.
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I1.2 Preliminary studies on heterobimetallic f-d complexes

supported by the salophen ligand

11.2.1 Context

Preliminary studies conducted by Clément Camp in our group have shown that
addition of 1eq of [UI4(OEt,),] precursor to the U(IV) complex Nay[U(bis-salophen)] leads to
the formation of the dinuclear U(IV) complex [U,(bis-salophen)(py)s]l> as shown in Scheme
II-8. In this complex, the hexa-anionic bis-salophen ligand unfolds adapting its coordination
to encapsulate another U(IV) centre. The X-ray structure of [Ux(bis-salophen)(py)s]l. was
obtained and features three positions at each U(IV) centre occupied by solvent molecules
indicating six potentially available coordination sites for substrates in this complex in

solution.'’
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Scheme II-8: Synthesis of the dinuclear complex [U,(bis-salophen)(py)s]1, and the reaction with I,.

Unfortunately, even if the electrons stored in the C-C bond are released to reduce
iodine leading to the formation of the mononuclear oxidized compound [Ulx(salophen)(py).],
the complex [Uj(bis-salophen)(py)s]l> does not react with CO,. This could be due to the
homobimetallic character of this complex which leads to an apolar species. If one of the
uranium atom was replaced by a d-block element, the proximity of a more nucleophilic

transition metal and an oxophilic actinide centre could improve the polarization of the very
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stable C=0 bonds in carbon dioxide. Moreover, Floriani and coworkers reported in 1978 the

"Prsalen

CO; activation by the Co(I) complex supported by the tetradentate Schiff base
ligand.2 " The X-ray structure of the obtained 1D polymer [Co(""salen)KCO,(THF)], clearly
shows a bent CO; molecule binding the Co ion via the carbon atom, and the potassium ion via
one oxygen atom. In 1996, the group of Floriani extended this reactivity with CO, to the
complexes [Coa(bis-"salophen)Nay(THF),] (R=H, x=6; R=OMe, x=4) (Scheme 1I-9). These
Co(Il) starting complexes were characterised by X-ray diffraction and their solid state
structures present an intermolecular C-C bond between two imino functions of the
[Co("salophen)Na] units. The CO, reduction products [Co(*salophen)NaCO,(THF)] have

been characterised by IR spectroscopy and elemental analyses but, unfortunately, no X-ray

structure was obtained.
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Scheme I1-9: Postulated reactivity of the [Coz(bis—Rsalophen)Naz(THF)x] (R=H, x=6; R=0OMe, x=4) with CO,. When
R=H no coordination to the Na cation, when R=OMe coordination to the Na cation.

The fact that the carbon atom of the CO, molecule coordinates the Co cation in
[Co(""salen)KCO,(THF)], and supposedly in [Co(Rsalophen)NaCOQ(THF)], leads us to
consider designing a f-d heterobimetallic complex. The stoichiometric addition of transition
metal halogenide salts to the complex Na,[U(bis-salophen)] could be a convenient synthetic

route for such heterobimetallic complexes.
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I1.2.2 A route to 5f-3d heterobimetallic complexes
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Scheme 11I-10: Synthesis of [UCo(bis-salophen)(THF),|, S-THF.

The addition of leq of CoCl, to Nay[U(bis-salophen)] in THF affords the
heterobimetallic complex [UCo(bis-salophen)(THF);], 5-THF (Scheme 1I-10). Single crystals
suitable for X-ray diffraction analysis were obtained either by slow diffusion of DIPE into a
THF solution of the complex, or by slow diffusion of hexane into a pyridine solution of the
complex, giving respectively 5-THF and 5-py (Figure II-9). These two X-ray crystal
structures are isomorphous and their metrical parameters are reported in Table II-3 but only
the bond lengths of 5-py will be discussed. The solid state structure shows that the octadentate
hexa-anionic bis-salophen ligand coordinates both the cobalt and the uranium centres. The
cobalt cation is tetracoordinated by an ONNN pocket in a square planar geometry. The
uranium ion is hexacoordinated by the bis-salophen ligand, and its coordination sphere is
completed to eight in a distorted square antiprismatic geometry by the coordination of two
solvent molecules. The overall structure is highly asymmetric and the bis-salophen ligand is
highly distorted. The C7-N1 and C27-N21 bond distances of 1.300(4) A confirm the double
bond character of the imino moieties while the C14-N2 and C34-N22 bond distances
(respectively 1.505(4) A and 1.467(4) A) are consistent with a single C-N bonding in the
amido moieties. The C14-C34 bond length of 1.565(4) A is comparable to the C-C bond
distance found in Na,[U(bis-salophen)] (1.559(7) A).” The global neutral charge of the
complex is in agreement with the +II and +IV oxidation states of the cobalt and uranium
centres respectively. The two metallic ions are connected through a pr-Namigo and a po-
Ophenolate bridging atoms. The presence of a U-Co bond has been reported in U(IV)-Co(-1)*'*

" and U(IV)-Co(I) complexes.”' In the example reported by Liddle et al. the unsupported
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metal-metal U(IV)-Co(-I) bond distance is 2.9450(9) A long*'? while in the example reported
by Arnold et al. the U(IV)-Co(-I) complex presents a bond supported by a bridging ligand
with a U-Co bond distance of 3.0319(7) A.>"* In the two U(IV)-Co(I) complexes supported by
bridging phosphinoamide ligands reported by Bart et al., the U-Co bond distances were found
to be 3.0812(7) and 2.874(3) A long.*'* The U...Co distance of 3.0439(5) A in complex 5-py
is the shortest reported for U(IV)-Co(Il) systems and is comparable to the U-Co distances
mentioned above. DFT analyses of complex 5 could allow us to gain insight on a possible

metal-metal interaction in complex 5-py.

Figure 11-9: Solid state structure of [UCo(bis-salophen)(THF),], 5-THF (left) and [UCo(bis-salophen)(py).], 5-py
(right) (50% ellipsoids). The C-C bond formed by the reduction of the imino functions is represented in orange.
Hydrogen atoms and lattice solvent molecules are omitted for clarity.

The '"H NMR spectrum of 5 in deuterated pyridine or THF shows 28 signals in
agreement with a completely dissymmetric bis-salophen ligand. Monitoring the '"H NMR
spectrum of 5 in deuterated THF over time shows a slow decomposition of the bimetallic
complex in the mononuclear U(IV) complex [U(salophen),] (Figure 11-10). The precipitation
over time of a black solid from the mixture suggests that Co(0) metal is the side-product of

the decomposition which is complete after nearly one month.
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Figure I1-10: '"H NMR spectrum (200MHz, THF-dg, 298K) of complex 5, and evolution over time.

These results indicate that the C-C bond is maintained in complex 5 and the two
electrons stored on the ligand scaffold are still available. These electrons are probably slowly
released to reduce the Co(Il) centre to yield cobalt(0). Subsequent ligand redistribution
affords the [U(salophen),] complex without change of the uranium oxidation state. A
synthetic procedure at low temperature is currently under investigations to isolate cleanly the

complex 5.
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Scheme II-11: Synthesis of [UNi(bis-salophen)(THF),], 6-THF.

We have also investigated the possibility of using the same method to obtain d-f
heterometallic complexes with different d-block metal ions. The addition of leq of Nil, to

Nay[U(bis-salophen)] in THF affords the heterobimetallic complex [UNi(bis-
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salophen)(THF);], 6-THF (Scheme II-11). X-ray quality crystals of 6-THF were obtained by
slow diffusion of DIPE into a THF solution of the complex.

Figure II-11: Solid state structure of [UNi(bis-salophen)(THF),|, 6-THF (50% ellipsoids). The C-C bond formed by
the reduction of the imino functions is represented in orange. Hydrogen atoms and lattice solvent molecules are
omitted for clarity.

The solid state structure of complex 6-THF is isostructural with the structure of 5-
THF. Thus, the hexa-anionic bis-salophen ligand encapsulates both the nickel and the
uranium atoms. The nickel cation is tetracoordinated in a square planar geometry and the
uranium ion is octacoordinated in a distorted square antiprismatic geometry with two THF
solvent molecules completing its coordination sphere. The metrical parameters of 6-THF are
reported in Table II-3. The C7-N1 and C27-N21 bond distances of 1.292(6) A and 1.310(6) A
respectively confirm the double bond character of the imino moieties while the C14-N2 and
C34-N22 bond distances (respectively 1.504(5) A and 1.477(5) A) are consistent with a single
C-N bonding in the amido moieties. The C14-C34 bond length of 1.550(6) A is comparable to
the C-C bond distances found in complexes 5 and Na,[U(bis-salophen)].” The global neutral
charge of the complex is in agreement with +II and +IV oxidation states of the nickel and
uranium centres respectively. Arnold and co-workers recently reported the first examples of
U-Ni metal-metal bond (U-Ni distance = 2.520(1) - 2.556(1) A) in the U(IV)-Ni(0) bimetallic
complexes [UNi(u-OAr");X] (X=I, F, OSiMe;) supported by bridging phosphinophenolate
ligands.*'* In the U(IV)-Ni(Il) complex 6-THF, the U...Ni distance of 3.1340(6) A is
significantly longer than those found in the [UNi(u-OAr");X] (X=I, F, OSiMes) complexes
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but is significantly shorter than the one found in all previously reported U(IV)-Ni(Il)
bimetallic complexes.”’> 2" DFT analyses of complex 6 could allow us to gain insight on a

possible metal-metal interaction in complex 6-THF.

Table II-3: Selected bond lengths (or average) in the U(IV)-M(II) complexes 5-py, S-THF (M=Co)
and 6-THF (M=Ni) (in A).

Bonds 5py 5-THF 6-THF
U-Nimino 2.474(3) 2.463(4) 2.474(3)
U-Namido 2.559(3) 2605(4)  2.613(3)
U-Ophenolate 2.3(2) 2.3(2) 2.3(2)
M-Nimine 1.9(1) 1.9(1) 1.87(8)
M-Namido 1.859(3) 1.865(6) 1.858(4)
M-Ophenolate 1.861(2) 1.880(4) 1.875(3)
U..M 3.0439(5) 3.13499)  3.1340(6)
C-Nimino 1.49(3) 1.48(2) 1.49(2)
C-Namido 1.300(4) 1.32(2) 1.30(1)
C-C 1.565(4) 15718)  1.550(6)

The 'H NMR spectrum in deuterated THF of 6 shows 28 sharp signals in agreement
with a completely dissymmetric bis-salophen ligand. However, a small amount of the
oxidized [U(salophen),] complex is present after the addition of Nil, to Nay[U(bis-salophen)].
This by-product formation could arise from an impurity in the nickel salt or from a local
excess of Nil, in the reaction mixture and is currently under studies. Contrary to its Co
analogue 5, the complex 6 is stable for months in THF solution. The greater stability of the U-
Ni complex 6 is probably due to the higher stability of the Ni(Il) ion in a square planar
geometry.

Interestingly, the "H NMR spectrum in deuterated THF of the crude reaction between
Na,[U(bis-salophen)] and 1eq of Znl, shows one set of signals of an unidentified species and
the 14 signals of unreacted Na,[U(bis-salophen)] (Figure II-12 bottom). The subsequent
addition of another equivalent of Znl, to the mixture leads to the complete consumption of the
Nay[U(bis-salophen)] precursor and to an increase in intensity of the set of 28 signals as
shown in Figure II-12 (top). Unfortunately all attempts to crystallize this new compound were

unsuccessful.
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Figure 11-12: '"H NMR spectrum (200 MHz, THF-dg, 298 K) of the 1:1 reaction mixture of Na,[U(bis-salophen)] and
Znl, (bottom) and after another addition of Znl, (top).

In conclusion the addition of halogenated salts of d-block metal to the U(IV) reduced
species Nay[U(bis-salophen)] provides a simple synthetic route to 5f-3d complexes. The
complexes 5 and 6 do not react with CO, despite the close proximity of the Ni and Co atoms
with the U centre. The electrons stored in the C-C bond formed between the two imino
moieties in the bis-salophen ligand remain in these complexes not accessible for the reduction
of CO,. However, the close vicinity of the Co and U atoms in 5 and of the Ni and U atoms in

6 may result in magnetic communication that will be studied in the future.

I1.2.3 Isolation of the 4f-3d heterobimetallic complex
[NdCo(salophen),(THF)]

We became then interested in extending this synthetic procedure to the synthesis of 4f-
3d heterobimetallic complexes. In order to do this transition metal halogenide salts were
added to the previously reported complex K3[Nd(bis-salophen)].® The 'H NMR spectrum in
deuterated THF of the crude reaction mixture of Ks3;[Nd(bis-salophen)] and leq of CoCl,
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shows one set of only 14 signals as the major species. This result indicates the formation of a
complex with a higher ligand symmetry than the one found in the complexes [UM(bis-
salophen)(THF),] (M=Co, Ni). A slow diffusion of hexane or DIPE into a pyridine or THF
solution of the complex afforded dark single crystals of the complex [NdCo(salophen)x(S)], 7-
py (S=py) or 7-THF (S=THF) (Figure 1I-13). The complex 7-py crystallizes in the P2,/c space
group with two complexes in the unit cell while complex 7-THF crystallizes in the Pnma
space group. These two X-ray crystal structures are isomorphous and their metrical

parameters are reported in Table I1-4 but only the bond lengths of 7-THF will be discussed.

Figure II-13: Solid state structure of [NdCo(salophen),(THF)], 7-THF (side view, left) and one of the complexes
[NdCo(salophen)(py)], 7-py (top view, right) (50% ellipsoids). Hydrogen atoms, disorder and lattice solvent molecules
are omitted for clarity.

The solid state structure of [NdCo(salophen),(THF)], 7-THF shows the presence of a
[Nd(salophen)(THF)] unit and of a [Co(salophen)] unit connected through the p>-Ophenolate
atoms of the [Co(salophen)] complex. The presence of a mirror plane containing the Nd1,
Col and O3 atoms is concordant with the set of 14 signals on the "H NMR spectrum of the
complex indicating that the C; symmetry of the complex in the solid state is maintained in
solution. The cobalt cation is tetracoordinated by a OONN pocket in a square planar
geometry. The neodymium ion is heptacoordinated in a distorted geometry by one salophen
ligand, the two bridging oxygen atoms of the [Co(salophen)] unit and one solvent molecule.

The average value of the C-Niyino distances (1.306(8) A) is in agreement with the double bond
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character of the imino moieties indicating that the C-C bond present in the [Nd(bis-

salophen)]K3 precursor has been cleaved. The global neutral charge of the complex indicates

the presence of Nd(III) and Co(I) cations. The complex 7-THF is, to our knowledge, the first
example of a Nd(III)-Co(I) bimetallic complex. The Nd...Co distance of 3.413(1) A is
elongated compared to the only examples of Yb(II)-Co(-I) and Sm(III)-Co(-I) bonds recently
reported by Mountford et al. (d(Yb-Co)= 2.9893(4) A, d(Sm-Co)= 2.8969(9) and 2.954(1)
A)*" However, the Nd...Co distance in 7-THF is comparable to the Ln(III)...Co(II)

distances previously reported by Costes and co-workers (from 3.4201(9) to 3.4471(8) A

Table I1I-4: Selected bond lengths (or average) in the Nd(III)-Co(I) complexes 7-THF and 7-py (in A).

Bonds 7-THF T-py

Nd-Nimino 2.524(5) 2.52(1)
Nd-Ophenotate 2.264(4) 2.265(2)
Nd-Ophen. bridging ~ 2.467(4) 2.44(2)
Co-Nimino 1.833(5) 1.844(6)
C0-Opnenolate 1.913(4) 1.916(2)
Nd...Co 3.413(1) 3.229(2)
C-Nimino 1.306(8) 1.315(9)

Changing the stoichiometry of the reaction by adding 0.5eq or 2eq of CoCl, to
K;3[Nd(bis-salophen)] in THF drastically influences the outcome of the reaction as suggested
by the "H NMR spectra of the crude mixtures in deuterated THF (Figure I1-14). Notably the
'"H NMR spectrum in deuterated THF of the reaction of 2eq of CoCl, and K3[Nd(bis-
salophen)] shows a set of six broad signals indicating the formation of a symmetric

paramagnetic species. Unfortunately, all attempts to crystallize this compound failed.
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Figure 11-14: '"H NMR spectra (200 MHz, THF-dg, 298 K) of the 1:0.5 (bottom), 1:1 (middle) and 1:2 (top) reaction
mixtures of K;[Nd(bis-salophen)] and CoCl,.

In the structure of complex 7, the C-C bond present in the K;[Nd(bis-salophen)]
precursor has been cleaved releasing the two electrons stored on the ligand scaffold.
However, only one of these electrons has been used to reduce the Co(Il) ion in a Co(I) ion. In
consequence other unidentified side-products are formed (Scheme II-12) preventing the clean

isolation of complex 7.

o"Q o _
SQ\CPS
Nd’ + CoCl, \Nd/,o o
_N‘/ \N T» <> + unidentified products
. o] 5

Scheme II-12: Reaction of K;[Nd(bis-salophen)] with 1eq of CoCl,.

According to the work reported by Floriani on cobalt complexes supported by
salophen ligands, the reduction of the Co(Il) compound [Co(salophen)] by sodium metal leads
to the ligand reduction rather than the metal one affording the [Cox(bis-salophen)Na,]
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complex.””* This suggests that the C-C bond formation is favoured compared to the Co(I)
complex formation. In the Nd-Co heterometallic complex, the electrons stored in the C-C
bond are used for the reduction of the cobalt metal centre. This could arise from the presence
of the Nd cation in the heterometallic complex leading to a different electronic environment
of the cobalt ion. These results suggest that the occurrence of C-C bond formation versus
metal reduction in these complexes might be affected by small variation in the coordination

sphere. This incited us to revisit the chemistry of cobalt ions supported by salophen ligand.

II.3 Revisiting the chemistry of cobalt complexes

supported by salophen ligands.

I1.3.1 One electron reduction of Co(II) salophen complexes by

alkali metals.

I1.3.1.1 Reduction by potassium metal and comparison with the reported

reduction with sodium metal.

\

/
N  N= =N N=
\Co/ +K Co_
o o — o_ 0
THF K
R R R R
R=H, OMe

Scheme 1I-13: Reduction of [Co(Rsalophen)] (R=H and OMe) by potassium metal. When R=H no coordination to the
K cation, when R=OMe coordination to the K cation.

In collaboration with Valentin Guidal (a PhD student in the group) we showed that the
reduction of the Co(II) complexes [Co(salophen)] and [Co(°™*salophen)] with one equivalent

of potassium metal in THF affords the Co(I) polymeric complex [Co(salophen)K(THF)],,
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and the Co(I) monomeric complex [Co(°Msalophen)K(THF)] (Scheme 1I-13).*”' Both
complexes were notably characterised by X-ray diffraction confirming their heterobimetallic
nature and the absence of C-C bond revealing the +1 oxidation state for the cobalt atoms. The
structure of the polymeric complex [Co(salophen)K(THF)], is very similar to the solid state
structure previously reported for the [Co(salen)Na(THF)], polymeric complex obtained by
reduction of [Co(salen)] with sodium metal.'" *** The methoxy substituents of the

OMe

Ol\/lesalophen ligand in [Co(~ " salophen)K(THF)] provide a convenient encapsulation of the

potassium preventing a polymeric assembly.

The structures of complexes [Co(salophen)K(THF)], and [Co(OMCsalophen)K(THF)]
differ from the solid state structures previously reported for the compound obtained from the

OMesalophen)] with sodium

reduction of the Co(II) complexes [Co(salophen)] and [Co(
metal.”?  Notably, as ecarlier mentioned, the reductions of [Co(salophen)] and
[Co(®™¢salophen)] were reported to yield the dimeric complexes of Co(Il) [Coa(bis-
salophen)Nay(THF)s] and [Coy(bis-"M°salophen)Na,(THF)4] respectively. The difference in
the solid state structure of the compounds obtained from the reduction of [Co(salophen)] and
[Co(°™¢salophen)] with K and Na, suggests that the nature of the alkali ion has an important
effect on the outcome of the reduction. While in the presence of potassium the reduction
occurs on the metal, in the presence of sodium it occurs on the ligand. This could be
explained in terms of the lower Lewis acid character of the potassium cation compared to the
sodium one leading to a more electron rich ligand scaffold less susceptible to be reduced.
However the cleavage of the C-C bond in K3;[Nd(bis-salophen)] after the addition of CoCl,
observed in the previous section and leading to [NdCo(salophen)»(THF)] is more difficult to

rationalize.

f Racie i
o it i e

Scheme II-14: Reduction of [Co(salophen)] by sodium metal.

'H NMR studies on the complexes [Co(salophen)K(THF)], and
[Co(°M¢salophen)K(THF)] were carried out and compared to those of the previously reported
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[Co,(bis-salophen)Nay(THF)s] and [Coa(bis-"Msalophen)Nay(THF)4] complexes. The proton
NMR spectrum in THF of complex [Co(salophen)K(THF)], shows 7 signals in the
diamagnetic region indicating the presence in THF solution of the Co(I) form of the complex
and the absence of C-C coupling between salophen ligands. In contrast the '"H NMR spectrum
in THF of the reported [Co,(bis-salophen)Na,(THF)s] complex prepared in situ by reduction
of [Co(salophen)] with leq of sodium metal shows a significantly more complex pattern. The
presence of two sets of signals, one of 7 signals in the diamagnetic region and one of 14
signals in the paramagnetic region suggests the presence in solution of both a square planar
diamagnetic Co(I) complex of formula analogous to the potassium complex,
[Co(salophen)Na(THF)], and of the Co(II) complex [Co,(bis-salophen)Nay(THF)s] (Scheme
11-14).

The proton NMR spectrum of complex [Co(°™salophen)K(THF)] shows 7 signals in
the diamagnetic region indicating that also this complex retains its Co(I) form in THF
solution. The 'H NMR spectrum in THF-dg of the previously reported [Coa(bis-

0Mesalophen)Naz(THF)A;] (prepared in situ by reduction of the [Co(°Me

salophen)] with one
equivalent of sodium metal) shows also the presence of only one set of 7 signals in the
diamagnetic region indicating the presence in solution of the Co(I) complex
[Co(®™¢salophen)Na] as only species. In this case dimerization is not detectable by NMR
spectroscopy in solution up to the solubility limit of the complex but occurs in the solid state

probably due to the lower solubility of the dimeric species.

I1.3.1.2 Reduction by Lithium metal

Scheme II-15: Reduction of [Co(salophen)] by lithium metal.

In order to further investigate the effect of the alkali ions we have also investigated the

reduction of the [Co(salophen)] complex with Li metal (Scheme II-15). 'H NMR studies of
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the reaction mixture obtained from the reduction of the [Co(salophen)] complex with leq of
Li metal show the presence of two sets of 7 and 14 signals that where assigned to a mono-
meric Co(I) [Co(salophen)Li(THF)s] complex and to a Co(Il) dimeric complex [Coy(bis-
salophen)Li>(THF),]. This suggests that the reduced complex behaves similarly in the

+ -t .
presence of Na” and Li" cations.

Figure 11-15: Solid state structure of [Co,(bis-salophen)Li,(py).], 8 (50% ellipsoids). The C-C bond formed by the
reduction of the imino functions is represented in orange. Hydrogen atoms are omitted for clarity.

X-ray quality crystals of the dimeric complex [Cox(bis-salophen)Lix(Py)s], 8 were
obtained by slow diffusion of hexane into a pyridine solution of the complex. The structure of
8 (Figure 11-15) shows the presence of a reduced hexa-anionic bis-salophen ligand resulting
from the formation of a C-C bond between the two carbon atoms of the reduced imino groups
from two different [Co(salophen)] units. The C-C bond length of 1.581(8) A is slightly
elongated compared to the one found in the Na,[U(bis-salophen)] complex (1.559(7) A)’ or in
the heterobimetallic [UM(bis-salophen)] (M=Co, Ni) complexes (1.565(4) and 1.550(6) A
respectively). Each cobalt centre is pentacoordinated by two oxygen and two nitrogen atoms
of the bis-salophen ligand and one pyridine nitrogen in a square pyramidal geometry. Each
lithium cation is tetracoordinated by two oxygen atom of the bis-salophen ligand and two
pyridine nitrogen atoms with a tetrahedral geometry. Significantly different C-N distances are
found for the imino (1.298(6) A) and amido (1.449(5) A) moieties in agreement with the

presence of double and simple bond respectively.
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Variable temperature NMR studies show that the ratio of Co(II) versus Co(I) species
in solution changes with the temperature in agreement with the presence of an equilibrium
between the monomeric Co(I) complex and the dimeric Co(II) complex (Scheme II-15).
Notably, the ratio Co(II)/Co(I) increases when the temperature decreases. A variable
temperature NMR study allows the determination of the thermodynamic parameters for the
interconversion Co(II)/Co(I) (Figure II-16). The thermodynamic constants of this equilibrium

was determined thanks to the Van’t Hoff equation:

AH® AS° [Co,(u-bis-salophen)Na,]
ith Keq = X C°
RT + R " €q [Co(salophen)Na]?

Ln(Keq(T)) = —

C° = standard concentration = 1 mol.L™1

Plotting Ln(Keq) as a function of 1/T leads to values of AH°= -4.1 kcal/mol and of AS°= -
11.5 cal/mol/K. The value of AG® is of -0.68 kcal/mol indicating that the C-C bond formation
is slightly thermodynamically favoured at room temperature but the bond dissociation energy
is close to zero suggesting the very weak character of the C-C bond. Several examples of
reversible C-C coupling with low dissociation energies (10-20 kcal mol™) have been reported

. 224, 225
in metal complexes “"

and in sterically hindered organic compounds such as the
Gomberg’s dimer.?* However, such a AG® value close to zero is less common.

A variable temperature NMR study was also performed on the Co(Il)/Co(I)
equilibrium with Na" counter ion revealing similar thermodynamic parameters than for the
interconversion Co(II)/Co(I) Li system. The Van’t Hoff analysis for this equilibrium with Na
cation leads to values of AH°= -5.0 kcal/mol and of AS°= -15.7 cal/mol/K. The value of AG®

is of -0.32 kcal/mol indicating once again a very weak character of the C-C bond.
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Figure II-16: Variable temperature '"H NMR spectra (400 MHz) from -40°C to 60°C of a [Co(salophen)] solution in
THF-dg reacted with one equivalent of lithium.

This study on mono-electronic reduction of Co(Il) salophen complexes reveals the
crucial role of the alkali metal chosen: the reduction occurred only at the cobalt centre using
potassium or both at the metal centre and on the ligand scaffold affording a mixture of

[Co(salophen)M] and [Co,(bis-salophen)M,] (M=Na, Li) complexes using sodium or lithium.

I1.3.2 Two electron reduction of the Co(Il) complex
[Co(°™*salophen)]

Despite the fact that reported electrochemistry studies on cobalt complexes supported
by salophen ligand indicate that several reduction events are reachable,”” *** further chemical
reduction has never been reported for these complexes. Moreover, reduced species were
reported to be involved in the electrocatalytic reduction of CO, by cobalt complex supported

by salophen ligand.**’
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Scheme I1-16: Synthesis of the trinuclear complex [C03(tris-OM°salophen)Naﬁ(THF)(,], 9 and schematic representation
of the ligand tris-°M“salophen'"",

The addition of 2eq of sodium metal to a suspension of the Co(Il) complex
[Co(OMesalophen)] leads to a green solution of the trinuclear species [Cos(tris-

0Mesal0phen)Na6(THF)6], 9 (Scheme 1I-16). Crystals of 9.hex were obtained from the slow
diffusion of hexane into a THF solution of the complex (Figure 11-17).

Figure II-17: Solid state structure of [Co3(tris-0Mesalophen)Na6(THF)6].hex, 9.hex (50% ellipsoids). The C-C bonds
formed by the reduction of the imino functions are represented in orange. Hydrogen atoms and lattice solvent
molecules are omitted for clarity.

The crystal structure of complex 9 shows that reduction has occurred both on the metal
and on the imino groups of the ligands affording a Co(I)-Co(II)-Co(I) complex supported by a

bridging deca-anionic tris-"V°salophen'® ligand. This ligand forms from the coupling of three
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OMesalophen ligands through formation of two C-C bonds. Six sodium cations counter-balance
the charge of the complex. The asymmetric unit is formed by one Co(I) moiety and half of the
central Co(II) moiety, indeed a 2-fold axis passes through the Co(Il) atom. In each Co(l)
moiety, one sodium cation is positioned into the O4 pocket formed by the phenolate and
methoxy groups of one “Vsalophen ligand, the other sodium is bound to the same phenolate
groups and to the amido function of the Co(Il) entity. Each sodium cation of the Co(II)

OMe

moiety is bound by the two phenolate groups and one methoxy group of the " salophen of

OMesalophen® fragment

the Co(Il) unit and by the imino function of the Co(I) entity. The
binding the Co(II) unit is bent in a zig-zag fashion due to the presence of the two C-C bonds
(1.587(9) A) connecting this tetra-anionic fragment to the two “™“salophen’® fragments in the
tris-"M°salophen'®" ligand. Each cobalt centre is tetracoordinated by two oxygen and two
nitrogen atoms of the tris-°M°salophen ligand with a distorted square planar geometry
(distances of the cobalt atoms from the NNO mean planes of the ligand fragments: 0.098(4) A
for Col and 0.219(3) A for Co2 due to the zig-zag arrangement). Once again significantly
different average C-N bond distances are found for the imino (1.359(8) A) and the amido
(1.457(1) A) functions.

The complex 9 is stable for weeks in THF and pyridine but decomposes in acetonitrile
affording the Co(I) complex [CO(OMesalophen)] identified by 'H NMR and by X-ray
diffraction in its dinuclear form [Co,(bis-"salophen)]. "H NMR studies of the crude reaction

mixture obtained by reacting [Co(°™®

salophen)] with 2eq of sodium and of crystals of 9 show
the formation of a new species with a "H NMR signature of 28 signals between 13 and 2 ppm.
These 28 signals are divided in two sets of 14 signals; one set is composed of sharp signals
which integrated for two protons, the other set is composed of broad signals with an
integration of one proton. Variable temperature NMR studies from -40°C to 60°C of a
solution of complex 9 in THF-dg do not reveal any change in the ratio of the two sets of 14
signals, but shifts and overlapping of the broad signals. These results suggest that the
trinuclear structure is maintained in solution without equilibrium between isomeric forms.
Complex 9 contains 4 electrons stored in two C-C bonds, two Co(I) and one Co(Il)
atoms. Globally each cobalt ion has been reduced by two electrons, which are located either
on the metal or on the ligand. In order to investigate if also in this reduced species an
alternative species containing only Co(0) could be isolated or identified we envisaged, using
cryptand, to encapsulate the sodium cations and therefore alter the nuclearity and the

electronic structure of the ligand.
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Scheme II-17: Synthesis of the Co(0) complex [Na(cryptand)]3[(C0(0Mesalophen))2Na], 10.

The addition of cryptand (4.5eq or excess) to complex 9 in THF leads to the formation
of a dinuclear Co(0) species [Na(cryptand)]s[(Co(®salophen)),Na], 10 (Scheme II-17). Dark
needles suitable for X-ray diffraction of complex 10 were obtained by slow diffusion of

cryptand in THF into a THF solution of 9.

Figure 11-18: Solid state structure of [Na(cryptand)]3[(C0(°Mesalophen))2Na], 10 (50% ellipsoids). [Na(cryptand)]”
counter-cations and hydrogen atoms are omitted for clarity.

The complex 10 crystallizes as a dimer in the P2,/c space group (Figure I1I-18). The

two Co(0) moieties [Co(*™®

salophen)]* are bridged in a quasi-perpendicular fashion (92.6(3)°
between the mean planes defined by the NNOO sites of the ligands) by one sodium cation
which is encapsulated in a Og pocket formed by the phenolate and the methoxy groups of both
[Co(°™¢salophen)] units. Three [Na(cryptand)]” cations counter-balance the charge of the
overall complex. The cobalt atoms are tetracoordinated in a square planar geometry (the

cobalt atoms are at 0.014(6) and 0.018(5) A from the mean plane). In the rare examples of
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previously reported Co(0) square planar species supported by N- and O-donor ligands, the
discrimination between a [Co’L] or a [Co'L™] compound is not obvious.””” DFT and EPR
studies are usually performed in addition to the structural parameters analyses leading so far
to the assignment of these species as [Co(I)L"] compounds.”***** Unfortunately, the precision
of the bond distances Co-N (1.84(1) A in average), Co-O (1.86(2) A in average) and C-N
(1.34(2) A in average) in the structure of 10 is not sufficient to discriminate between a [Co’L]
or [Co'L"] structure. However, the isolation of complex 10 demonstrates that the C-C bonds
in complex 9 can be cleaved by simple addition of cryptand to 9. This facile redistribution of
the electrons stored on the ligand scaffold suggests weak bond dissociation energy of the C-C
bonds in 9 even if no equilibrium between isomeric forms is visible on the 'H NMR spectrum

this complex in THF-ds.

I1.3.3 Reactivity of [C03(tris-OMesalophen)Na6(THF)6] with CO,.

The high number of electrons stored and the facile cleavage of the C-C bonds in
complex 9 incited us to investigate its reactivity with CO,. Contrary to complexes [Coa(bis-
Rsalophen)Nay(THF),] (R=H, x=6; R=OMe, x=4), reported by Floriani, which only undertake
reversible coordination of CO,, the complex 9 reacts irreversibly with an excess of °CO, in
THEF to yield a brown suspension. The 'H NMR spectrum in THF-dg of the supernatant after 1
night is silent. The removal of volatiles under vacuum and the dissolution of the residue in
THF-dg do not lead to CO, release or to the appearance of signals in the '"H NMR spectrum.
The dissolution in deuterated water of the residue leads to partial dissolution of the solid. The
C NMR spectrum of this water solution shows a signal at 167 ppm, assigned to the COs> di-

33 The addition of "°C labelled sodium acetate as internal standard allows determining

anion.
the yield in carbonate product that amounts to 53% of COs* (per Co atom). When only leq of
BCO, per Co atom is added onto a THF-dg solution of 9, a comparable yield in carbonate was
measured (58%). However if the carbonate formation can be clearly identified by *C NMR
spectroscopy this is not the case for the concomitant formation of CO probably because of the
CO coordination to low valent cobalt centres.”****” The addition of cryptand to the crude
mixture of the reaction with excess CO, allowed the isolation of few crystals of a complex

featuring the product of a ligand-based CO; reduction (Scheme II-18). Single crystals suitable
for X-ray diffraction of the complex [Na(cryptand)] 2[C0(OMesalophen—COz)Na] 2, 11, were
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obtained by slow diffusion of DIPE into the THF solution of 9 reacted with CO, and then
treated with cryptand.
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Scheme 11I-18: CO; reduction by the trinuclear complex [C03(tris-0Mesalophen)NaG(THF)ﬁl and schematic
representation of the ligand OMcsalophen-COZ "

The complex 11.(THF),, crystallizes in the P2,/c space group. The structure is

OMegalophen-CO,)Na]” anions and two [Na(cryptand)]” cations

composed of two bridged [Co(
(Figure 11-19 right). Each Co(Il) atoms are tetracoordinated in a square planar geometry by
the new tetra-anionic “™°salophen-CO," ligand (Scheme II-18). The two [Co(°™*salophen-
CO)Na] anions (Figure 1I-19 left) are bridged by the coordination of the carboxylate and one
phenolate functions to the sodium cation of the other unit. The significantly different C-N
bonds (1.456(7) and 1.474(8) A for the Ccoa-N compared to 1.302(8) and 1.320(8) A for the
C-Nimino) are in agreement with the presence of a Cco2-N single bond and a C=N double bond
for the intact imino function. The C-Ccarpoxylae bond lengths are dissymmetric, the longest of
1.590(7) A is comparable to the C-C bond lenghts found in complexes 8 and 9 and the
shortest 1.556(8) A is comparable to the one found in Na[U(bis-salophen)]’ and [UM(bis-
salophen)] (M=Co, Ni) (1.550(6)- 1.565(4) A). The O-C-O angle values of the carboxylate
moieties are 126.4(5)° and 128.9(6)°. The two carboxylate functions feature a slightly longer
C-Ocarboxylate bond distance for the oxygen atoms coordinated to the sodium cation (1.257(6) A
in average) compared to the unbound oxygen atoms (1.230(4) A in average). However these
C-O distances remain short in agreement with a delocalized double bond on each carboxylate

function.
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Figure 1I-19: Solid state structure of [Na(cryptand)]z[Co(OMesalophen-COz)Na]Z.THFz, 11.THF,. Structural
arrangement (left) and one [Co(OMesalophen-COZ)Na]' anions (right) (50% ellipsoids). Hydrogen atoms and solvent
molecules are omitted for clarity.

Unfortunately, because of the low solubility of all the reaction products complex 11
cannot be isolated cleanly. The structural parameters found in complex 11, notably the O-C-O
angles of the bent CO, group, confirm the reduction of the CO, molecule on the ligand
platform leading to carboxylate formation. This reactivity differs from the one of the
K3[Nd(bis-""salophen)] complex with CO, which leads to the formation of carboxylate
functions on the phenyl bridge of one ®"salophen ligand. These results show that the lack of
available coordination site at the Nd centre in K3[Nd(bis-""salophen)] may not be the reason
for the observed ligand-based reactivity as the Co centres in [Cos(tris-
OMesalophen)Nag(THF)s] are more accessible but ligand-based reaction is still observed. Even
if the two compounds, K3[Nd(bis—tB“salophen)] and [C03(tris—OMesalophen)Na(,(THF)é], are
very different their respective reaction with CO, confirms a strong electron delocalisation on

the ligand scaffold.

I1.3.4 A new synthetic route to [NdCo(salophen),(THF)]

In addition of the interesting reactivity of complex 9 with CO,, revisiting the

chemistry of cobalt supported by salophen ligand contributed to the syntheses of Co(I)
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precursors such as [Co(salophen)K(THF)]. A new synthetic route for the preparation of the

[NdCo(salophen);] 7 complex without side-product formation was thus envisaged.

Co(salophen)K O-Nd—0
NdI3(THF)4 + Kosalophen > h

THF _ 7—%_

Scheme 11-19: Synthesis of [NdCo(salophen),] 7.

The addition of leq of [Co(salophen)K(THF)] to the 1:1 reaction mixture of NdI; and
leq of Kpsalophen salts in THF affords the complex [NdCo(salophen),] 7 as confirmed by 'H
NMR spectroscopy (Scheme II-19). Future studies will focus on the reactivity of the complex

7 with small molecules.

I1.4 Conclusion

The work presented in this chapter focuses on the syntheses of f-elements and/or
transition metals supported by Schiff base redox active ligands to perform uncommon multi-
electronic reductions.

In the first part of this chapter, we have demonstrated that the tridentate
Menaphtquinolen ligand framework can be used as supporting ligand for U(IV) centres. This
ligand behaves as non-innocent ligand during the reduction reaction of its U(IV) complex
leading to the reversible C-C bond formation between the imino moieties of the Schiff base.
In addition the use of this tridentate Schiff base ligand instead of the tetradentate salophen one
opens coordination sites at the U(IV) metal centre. Notably, the product of the two-electron
reduction of 9,10-phenanthrenequinone by the dinuclear U(IV) complex is bound to the
uranium metal centre. The complex [U(bis-"**naphtquinolen)], is able to promote multi-
electronic reductions. Up to 4 electrons can be transferred when both the ligand and the
uranium centre are participating in the reduction process like in the case of the reaction with

dry O,. Reduction of CO; by this system is not observed.
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In the second part of this chapter, we identified a new synthetic route to
heterobimetallic 5f-3d complexes supported by the octadentate bis-salophen ligand with free
coordination sites at the metal centres. In these complexes an oxophilic U(IV) centre and a
more nucleophilic transition metal centre are brought in close proximity with the aim of
promoting a more effective polarization of the C=0O bonds in CO,. The simple synthetic
pathway developed here led to the isolation of the [UM(bis-salophen)(THF),] (M=Co, Ni) in
which the two metallic centres are in close vicinity and two electrons are stored in the
reversible C-C bond of the bis-salophen ligand. In these complexes the electrons stored on the
C-C bond remain unavailable for CO, reduction. Future studies will be directed to tune the
accessibility of these electrons for CO; reduction. The further reduction of the metal centres
also needs to be explored. The isolated complexes are also of interest for investigating the
magnetic communication between metal centres. We have also demonstrated that the
synthetic pathway used for the isolation of heterobimetallic [UM(bis-salophen)(THF);]
complexes can be extended to access heterobimetallic 4f-3d complexes. The isolation of the
Nd(II)-Co(I) complex [NdCo(salophen),;] suggests that in this case the reduction of the
Co(II) to Co(I) metal-centred is favoured over the C-C bond formation. This is discordant
with the work reported by Floriani et al. on the reduction of the Co(Il) complex
[Co(salophen)] by sodium metal which leads to the formation of a Co(II)-Co(Il) dinuclear
compound with a reduced bis-salophen ligand.**

In the last part of this chapter, the chemistry of cobalt supported by salophen ligand
was thus re-investigated. This study allowed us to gain insight in the importance of the
counter-cation role in the one-electron reduction of the [Co(salophen)] complex. We revealed
that according to the alkali metal chosen, the reduction occurred only at the cobalt centre
(using potassium) or both at the metal centre and on the ligand scaffold affording a mixture of
[Co(salophen)M] and [Coa(bis-salophen)M;] complexes (using M=Na or Li). Moreover a
redox equilibrium was observed in solution between [Co(salophen)M] and [Coa(u-bis-
salophen)M;]. The determination of the thermodynamic constants of this equilibrium
demonstrated that the C-C bond formed is very weak with bond dissociation energy close to

zero. The two-electron reduction of the Co(II) complex [Co(°™®

salophen)] was also
investigated and led to the isolation of a trinuclear Co(I)-Co(II)-Co(I) compound with four
additional electrons stored in two C-C bonds. These C-C bonds were found to be also very
weak as simple addition of cryptand to remove the sodium cations allowed their cleavage and

led to the isolation of a Co(0) complex. The trinuclear complex [Cojs(tris-

86



[CHAPTER 1I]

OMesalophen)Nag(THF)s] was found to react with CO, and preliminary analyses of the CO,
reduction products revealed the formation of carbonate and ligand-based reduction product.
These results provide evidence that C-C bonds can be used to store electrons on a metal
complex and that these electrons can also become available for the reduction of very

unreactive molecules such as CO,.
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CHAPTER III
Small Molecule Activation by
Trivalent Uranium Complexes

Supported by Siloxide Ligands

IT1.1 Context

As shown in the general introduction, low valent uranium complexes, when supported
by the appropriate ancillary ligands optimizing steric and electronic properties, are able to
reduce small molecules like CO,, CS,, N,, etc. Recent work in our team focused on the use of
a bulky siloxide ligand with U(III) centre. The tris(tert-butoxy)siloxide ligand presents several
advantages: It is commercially available and cheap, it is soluble in aliphatic solvents, it can be
used to model catalysts supported on silica nanoparticules. In addition to their steric role, the
tert-butoxy groups can coordinate the metal centre leading to various binding modes as shown
in Figure III-1. Siloxide ligands are less donating than alkoxide ligands because of the less
polar Si-O and the small w-accepting capability of the silicon atom.**® Nevertheless, siloxides
are considered more robust than alkoxides as the Si-O bond is stronger than the C-O one
limiting its cleavage to afford metal oxo species. Morever, as siloxides are less basic than the

alkoxide ligands, they are less prone to undergo insertion in the metal-oxygen bond.
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Figure I11-1: Possible binding modes of the tris(tert-butoxy)siloxide ligand.

Siloxide ligands have been mainly used with d-transition metals as precursors for the
synthesis, among others, of M-containing silica via thermal treatment of [M(OSi(OtBu);)4]
(M=Ti,?’ M=Zr,”*) [Ti(tBuO), {p-0,Si[OSi(OtBu)s]>}]»,**" [{Cr(0OSi(OtBu)3),},]** which
are used in olefin epoxidation®” or olefin polymerization.”** Molecular complexes of
transition metals supported by siloxide ligands have also been isolated and show catalytic
activity for alkyne metathesis ((MoN(OSiPhs);(Py)],*** [WCPh(OSi(OtBu);):]**).

However, the siloxide ligands have been rarely used in uranium chemistry and no
U(IID) siloxide complex had been isolated before 2012%*° probably because the high reactivity
of these complexes rendered their synthesis and handling challenging. In 2012, our team
succeeded to isolate the dimeric homoleptic siloxide complex of U(IL): [ {U(OSi(OtBu)s)(u-
OSi(OtBu)s)}2].'" As mentioned in the introduction, the reaction of [{U(OSi(OtBu)s)(u-
OSi(OtBu)3)},] with 2eq of CO, proceeds with the reductive disproportionation of CO,
affording CO and a U(IV)-U(IV) carbonate complex (Scheme III-1a). In order to investigate
the steric and electronic effects induced by a different number of siloxide ligands around the
uranium centre, our group synthesised the heterobimetallic U,K complex [U(OSi(OtBu);)4K]
and its ion-pair analoguous complex [K18c6][U(OSi(OtBu)s;)4]. Both complexes react with
CO; but lead to different reaction products (Scheme III-1b and c). Indeed, the addition of 1
atm of CO; to the U,K complex [U(OSi(OtBu);)sK] in toluene leads to the two-electron
reductive cleavage of CO, yielding CO and a U(V) terminal oxo complex
[UO(OSi(OtBu)3)4K]. The addition of 1 atm of CO, to the [K18c6][U(OSi(OtBu);)4] complex
in toluene affords the terminal carbonate [U(CO3)(OSi(OtBu);)4K>(18c6)] along with the
release of CO. This difference in reactivity can be explained by the close proximity between
the uranium and potassium centres in the [U(OSi(OtBu);)4K] complex. The coordination of
CO, by the two metal centres weakens significantly the C=O bond, rendering the C=0
cleavage easier. This cooperativity has been supported by DFT calculations of the enthalpy

profile for this reaction.
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Scheme I1I-1: CO, Reduction by [{U(OSi(OtBu);),(n-OSi(OtBu);)},], [U(OSi(OtBu);),K] and
[K18¢6][U(OSi(OtBu);)4] complexes.

b)

In comparison to the dinuclear tris-siloxide [{U(OSi(OtBu)3),(u-OSi(OtBu)s)}s]

complex, the U(III) tetrasiloxide complexes show a more important steric hindrance and only

mononuclear complexes are formed during the CO, reduction reactions. Moreover the

reactivity with CO; can be controlled by the presence or absence of the potassium cation in

the close proximity of the uranium centre. In my work I have investigated the effects of

cooperativity in the reduction of other substrates such as CS; or PhsPS.
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II1.2 Reactivity of U(III) tetrasiloxide ‘“ate” complexes :

Role of the counter-cation

Although Bianchini and co-workers underlined, in 1984, the important role of Lewis
acids present (NaBPhy, HgCl,, BF3, HBF4 or NaPF) in the reaction mixture to promote CS;
reductive coupling into C,S4* by the complex [RhCI(C,Hs)]2,>*" the cooperative effect

between f-element and alkali centres had never been studied on CS, reduction.

II1.2.1 Reactivity with CS,

osi0Bu); [K18c6]

1eq C5, )
. ““‘-U —_— [U(OSl(OtBU)3)4] + ?
(BuO)3SiO¥ \OSi(OtBu) toluene
(tBuO),SiO 3
(tBuO);SiO,,
{BUO);SiOmm | e 1eq C
(BUO)SIOm=u—-0si(0tBu)s —»toluen: [U(OSI(OtBu)s)] + ?
(BuO)sSiO

Scheme I11-2: Reactions of [K18c6][U(OSi(OtBu);),] (top) and [U(OSi(OtBu);),K] (bottom) with leq of CS,.

The addition of 1leq of CS; to the [K18c6][U(OSi(OtBu)s)s] (or the
[U(OSi(OtBu)3)4K]) complexes in toluene (Scheme I11-2) leads to an immediate change of the
brown suspension (or brown solution) to a pink/red solution (or orange solution). The reaction
with CS; is instantaneous. The '"H NMR studies of both reactions clearly show that several
U(V) intermediate species are formed and that the mixtures evolve over time as presented in
Figure I1I-2 and Figure I1I-3. A signal assigned to the [U(OSi(OtBu)3)4] complex is present,
among others, on the '"H NMR spectra right after the CS, addition. After 2 days, only the
[U(OSi(OtBu)s)4] signal is present on the spectra. A 65% and 66% conversion respectively is

determined using naphthalene as internal standard.
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Figure II1-2: 'H NMR spectrum (200MHz, tol-dg, 298K) of the crude reaction mixture of CS, and
[K18¢6][U(OSi(OtBu);)4] over the course of 2 days.
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Figure I11-3: '"H NMR spectrum (200MHz, tol-dg, 298K) of the crude reaction mixture of CS, and [U(OSi(OtBu);)4K]
over the course of 2 days.
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II1.2.1.1 Short reaction times: Isolation of intermediates

osioBu);  |[K18¢c6| . 186K 1 K186
€q 2
U 5
(BBuO)3SIO™/ ™ a: toluene ) Eu/ . + (K18¢6),C55 4 + [U(OSi(OtBu)3)4]
(BBuO):SiC OSi(OtBu)y 30min (tBu0);Sio™™ / \~0Si(OtBu), 2v24 34
3 Kokl (tBu0)3Si0 0Si(OtBu)3 + unidentified products
12
(tBuO)3SIO,, os. (OtBu)3
(tB”O)3SiO%U‘OSi(OtB“)3 1eaCre (BUO)SIQu st [ >=s_ + [U(OSi(OtBu)s)]
—_—
; toluene (tBu 0)3s|o/ ~ 34
(tBu0)3SiO 30min i OSI(OtBu)g, + unidentified products
K\ 13

Scheme III-3: Reactions of [K18¢6][U(OSi(OtBu);),] (top) and [U(OSi(OtBu);),K] (bottom) with CS; after 30min in
toluene.

Initial work performed by Clément Camp and Oliver Cooper led to the isolation of
reaction intermediates. The reaction mixtures of [K18c6][U(OSi(OtBu)s)s] or
[U(OSi(OtBu)3)4K] and CS, were worked up 30 min after the CS, addition (Scheme III-3).

After the removal of toluene, hexane was added to extract the hexane soluble species
from an insoluble precipitate. The *C NMR spectrum of the hexane insoluble residue in
deuterated pyridine shows only the signals at 70.6 ppm and 248.5 ppm assigned to the 18c6
and to the tetrathioxalate dianion *C,S,* respectively. The formation of this latter compound
was confirmed by crystallization from pyridine/hexane leading to isolation of dark green
crystals of [(K18c6),(C,S4)].Py suitable for X-Ray diffraction (Figure I11-4 left). BC NMR
spectra of those crystals in deuterated pyridine and DMSO attest the chemical shift of the
dianion "“C,S4* to be 248.5 ppm in pyridine and 264.4 ppm in DMSO. Even if the
[U(OSi(OtBu)3)4] complex is the major product of the hexane extract, few yellow crystals of
the U(IV) trithiocarbonate species [U(OSi(OtBu);)4(CS3)K2(18c6),], 12, were obtained after
recrystallization from toluene at -40°C (Figure ITI-4 right). The >C NMR spectrum of the
hexane extract in deuterated DMSO shows the signals of the [(K18c6),("*CS3)] compound
(70.6ppm for 18c6 and 267.7 ppm for CS;***?) proving that the trithiocarbonate is released
from 12 in DMSO.
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Figure I11-4: Solid state structure of isolated intermediates [(K18¢6),(C,S,)].Py and
[U(OSi(OtBu);3)4(CS3)K;(18¢6),].(tol)y, 12.(tol)4 (50% ellipsoids). Hydrogen atoms, methyl groups and solvent
molecules are omitted for clarity.

The C,S4” unit lies on a crystallographically imposed two-fold axis in the middle of
the C-C bond of the thioxalate. The C,S4* moiety is coordinated to two [K18c6]" cations in a
bridging «*:k’ mode which, to our knowledge, has not been reported before for this ligand.
The C,S4~ moiety adopts a non-planar structure, with a torsion S2-Cls—C1s-S2 angle of
83.8(3)°. A similar feature is found in the related [PPhs]o[C2S4]** and [NEts]o[C.S4]*"
structures. The central C—C bond length and the C—S bond distances (C1s—Cls 1.511(6) A,
S1-Cls 1.670(3) A and S2-Cls 1.679(3) A) are also in agreement with the presence of a
dianionic tetrathioxalate.

The structure of 12.(tol)s shows the presence of a U(IV) centre hexacoordinated by the
two S atoms of a trithiocarbonate unit and the four oxygen atoms of four terminal siloxide
ligands. The trithiocarbonate unit bridges in a p’-k”:i*i* fashion the uranium and two
[K18c6]" cations. Overall, the metrical parameters of 12 and its global charge are in
agreement with a tetravalent oxidation state for uranium. Notably, the average U-O bond
distance (2.199(14) A) falls in the range of those typically found for U(IV) siloxy systems.'*"
230.251 The C—S bond lengths are comparable (1.727(8), 1.709(9) and 1.706(8) A), and are in
agreement with an electronic delocalisation over the CS;* unit. These values are also similar

to those found in other trithiocarbonate complexes.'?" > *** Unfortunately, because of the
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presence of multiple reaction products and the labile coordination of the CS; reduction
products, compound 12 cannot be isolated cleanly, preventing further characterisation.

According to the isolation of the intermediates [(K18c6)2(C,S4)] and 12, we know that
[K18c6][U(OSi(OtBu);)4] is able to reduce CS, through both reductive dimerization and
disproportionation pathways affording tetrathioxalate and trithiocarbonate dianions
respectively.

To probe the role of the potassium cation, the U,K complex [U(OSi(OtBu);)4K] was
reacted with CS, (Scheme I11-3). Work up of the reaction 30 min after the addition of *CS; to
the U,K complex in toluene led to the isolation of a new intermediate, the U(IV) complex

[U(OSi(OtBu)3)sKa(C5Ss)]n, 13 (Figure II1-5).

@ ssn

Figure I11-5: solid state structure of the isolated intermediate [U(OSi(OtBu);),K,(C3Ss)],-hexane, 13.hex (50%
ellipsoids). Hydrogen atoms, methyl groups and solvent molecules are omitted for clarity.

The complex 13.hex crystallizes as an infinite 1D polymer. While the quality of the structure
is not sufficient to discuss the metrical parameters, it clearly shows the atom connectivity. In
the structure, the uranium centre is hexacoordinated by the four oxygens of the siloxide
ligands and the two sulfur atoms of the C3Ss> ligand (dmit™) in a slightly distorted octahedral
geometry. Two potassium cations are bound in the pockets formed by five oxygen atoms from
the siloxide ligands. The thione sulfur of the C3Ss> ligand binds one of the potassium cations
of the adjacent complex yielding a 1-D chain. The structure of 13 shows that the coordination

environment provided by the siloxide ligands can adapt allowing the coordination of the dmit
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dianion to the uranium centre. The formation of the dmit C3Ss>~ dianion probably comes from

the reaction of C,S4> with local excess CS,>* 2%

or with CS (which is also formed during the
reaction via the reductive disproportionation, see II11.2.1.2 Long reaction times). In both cases
the reductive dimerization of CS, in C,S,” seems to be the first step of this reaction. The
complex 13 is, to our knowledge, the first example of structurally characterised dmit complex
of f-element and the first dmit complex formed directly from reduction of CS; by a metallic
complex.

We remark that different intermediate species have been isolated in these reactions
depending on the presence of 18c6 crown ether in the starting U(III) tetrasiloxide complex.

Yet, to be certain that the potassium-uranium proximity plays an important role in the CS,

reduction, an analysis of the total reaction mixture is necessary.

I11.2.1.2 Long reaction times: Comparison of the reaction product ratios.

One equivalent of 'CS, was added to a brown suspension of
[K18c6][U(OSi(OtBu);)4] or a brown solution of [U(OSi(OtBu);)4K] in toluene. The obtained
solutions were let stand at room temperature during 48h. The '"H NMR spectra of both
reaction media confirmed that the reaction was complete as only the signal of the
[U(OSi(OtBu)3)4] complex was present. All the volatiles were then removed in vacuo and
deuterated DMSO was added leading to the release of the reduction products. Quantitative >C
NMR spectra recorded in DMSO-d¢ showed the four signals of the products CS:* (267.7
ppm), C,S4> (264.5 ppm) and C3Ss” (146 and 203 ppm). The *C NMR shifts of CS;* and
C3Ss° are in good agreement with those reported in the literature.”* ****> The *C NMR
shift of C,S4* is in agreement with that recorded on the isolated [(K18c6)(C2S4)] complex.
The calculated product ratios of the 3¢S, reduction by [K18c6][U(OSi(OtBu)s)4] and
[U(OSi(OtBu)3)4K] are shown in Scheme III-4. Quantitative *C NMR spectroscopy using
naphthalene as an internal standard confirms the quantitative transformation of CS; into the

reduction products.
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Cl)Si(OtBu)3 |K18c6]

U xeq Coy DMSO [U(OSi(OtBu)s)4] +
(tBu0);Sio™, \o . TTowene o
tB oluene
(tBBuO)3SiO SIOBu)s 48..209.6 KaCos +KoCoua + KoCss
x=1 10 : 0 : 1
X= 5 : 0 : 1
(tBu O)3SiO‘///
N ] c DMSO U(OSi(OtBu +
(tBU O)SSIO?U_Osl(OtBU):; Xelq 2 [ ( ( )3)4]
B toluene
(tBuO)3SiO 48 hours KoCo3 + KoChoy + KoCsog
x=1 1 : 1 : 1
x=2 1 : 4 : 1
x=4 1 : 6 : 1

Scheme III-4: Reactions of [K18c6][U(OSi(OtBu);)4] (top) and [U(OSi(OtBu);),K] (bottom) with CS, after 2 days in
toluene and subsequent addition of DMSO-d.

We remark that the crown ether complex [K18c6][U(OSi(OtBu)s)4] favours the
reductive disproportionation of CS, and thus the formation of the CS;*” compound (ratio CSs*
/C2S4%/C5S5* = 10/0/1). Reductive dimerization of CS, into C,S4* occurs in a much less
important proportion and the small quantity of C,S,> formed reacts with the highly reactive
CS or with a local excess of CS, to form the dmit dianion, C3Ss> . When an excess of CS,
(4eq) is added to [K18c6][U(OSi(OtBu)3)s], the trithiocarbonate remains the main product,
with a ratio CS3*/C1S4>/C3Ss> of 5/0/1, but the reductive dimerization in C,S4> (eventually
followed by a reaction with CS or CS; to also form C3S527) increases. As the dimerization of
CS; presumably involves a U(IV) radical anionic CS,” intermediate, increasing the amount of
CS; molecules should increases the potential amount of U-CS," intermediates and as a result
the quantity of C,S4* formed. Yet the formation of CS;” remains more favoured and this
could be due to the non-proximity of the U-K centres. Moreover, once the CS;*” compound is
formed, the presence of the [K18c6]" cation could stabilize the complex 12 by binding the
uranium-bound trithiocarbonate and thus may contribute to drive the reaction toward the
reductive disproportionation pathway.

On the other hand, we observe that the U,K complex [U(OSi(OtBu);)4K] clearly
favours the reductive dimerization of leq CS, in C,S4> with a ratio CS3*/C,S4*/C3Ss” of
1/1/1 in other words a ratio disproportionation/dimerization of 1/2. We also observe that
increasing the CS, excess up to 4eq changes the ratio CS3*/C,S4>/C3Ss> to 1/6/1 (i.e. ratio

disproportionation/dimerization of 1/7) showing that once again the CS, dimerization rises
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with the CS, stoichiometry. However, with the U,K complex, the dimerization is favoured
even in stoichiometric amount of CS,. This is in agreement with Bianchini and co-workers
conclusions: the presence of a Lewis acids like Na', Hgyor BF; (K" in our case) together with
an electron rich metal centre Rh(I) (U(IIl) in our case) favours the dimerization of CS,.
Moreover they have shown that the NBus  Lewis acid does not induce the formation of CZS42.
This is probably due to the steric hindrance of this cation which prevent a close proximity
between the metal centre and the Lewis acid.

The reaction of CS, with [U(OSi(OtBu)3),K] indicates that the dmit* formation is
probably due to the reaction of C,S,> with CS rather than excess CS,. Indeed, even when 4eq
of CS, are added to the [U(OSi(OtBu);)K] complex, the amount of C3Ss* compound
corresponds to the amount of CS;> obtained. This shows that only the CS formed during the
disproportionation of CS, in CS3* reacts with C5S,>".

When the reaction mixture obtained from the reaction of leq of CS, with
[U(OSi(OtBu)3)4K] in toluene is evaporated, the recrystallization of this residue in DMSO
layered with toluene affords yellow crystals of [K,C,S4(DMSO)s], suitable for X-ray
diffraction. The X-ray studies show the presence of a 2D polymeric structure (Figure I1I-6).
Each C,S4” ligand bridges three potassium cations yielding a 1D polymer chain. Two DMSO

molecules bridge two potassium cations from adjacent chains to afford the 2D polymeric
structure. The central C—C bond length and the C—S bond distances (C1-C3 1.496(3) A, S1—
Cl 1.700(2) A and S2-C1 1.671(2) A, S3—C3 1.678(3) A and S4-C3 1.686(2) A) are in

248

agreement with the presence of a dianionic tetrathioxalate.

Figure III-6: Solid state structure of [K,C,S4(DMSO);],, asymmetric unit (left) and 2D coordination polymer (right)
(50% ellipsoids). Hydrogen atoms are omitted for clarity.

99



[CHAPTER III]

In summary, [K18c6][U(OSi(OtBu);)4] and [U(OSi(OtBu);)4K] complexes react with
CS, affording both reductive disproportionation and dimerization. The reduction products
(CS3%, C,S4* and C3Ss°) are labile and easily released from the uranium coordination sphere
by addition of coordinating solvents such as pyridine or DMSO. The bulky environment
providing by four tris(tert-butoxy)siloxide ligands is surely the reason of the easy
displacement of the reduction products rendering these systems well suited for the
development of catalytic cycles. The reactivity of the ion-pair complex
[K18c6][U(OSi(OtBu);)4] and the U,K complex [U(OSi(OtBu);)4K] is significantly different
from the reaction of the homoleptic tris-siloxide complex [{U(OSi(OtBu)s).(u-
OSi(OtBu)3)},] which leads to a CS,” moiety strongly bound to two U(IV) centres. This
difference shows the ability of siloxide ligands to tune the reactivity of the U(IIl) metal
centre. Indeed, the outcome of the reaction is affected by the number of siloxides and thus by
sterical and the charge effects. Moreover, the crucial role of the potassium cation has been
demonstrated. The close proximity of uranium and potassium centres in [U(OSi(OtBu)3)sK]
leads preferentially to the reductive dimerization of CS, while the ion-pair
[K18c6][U(OSi(OtBu)s)4] complex favours the reductive disproportionation pathway. The X-
ray structures of isolated intermediate complexes 12 and 13 show the coordination of the K"
and [K18c6]" cations to the reduction products which suggest that the alkali ion plays an
important but probably different role in both systems. We have then become interested in

investigating the effects of cooperativity in other reactions like sulfur transfer reaction.

I11.2.2 Reactivity with sulfur donor agents

111.2.2.1 Context

As shown in the general introduction, investigations on the U-S multiple bond
received an increasing interest as complexes with Metal-Sulfur multiple bond are involved in
sulfur atom transfer catalyses. Besides, studies on U-S multiple bond allow us to gain insight
in the nature of the bonding and the f-orbital contribution to it. However, the isolation of a
terminal uranium sulfide complex is not obvious as the nucleophilic character of the sulfide

185-188, 190, 256

ligands often leads to sulfide-bridged complexes or mononuclear disulfide
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'86. 91 The recent characterisation, in our group, of the U(V) terminal oxo complex

complexes.
[UO(OSi(OtBu)3)4] from the reaction of CO, with the U(II) complex [U(OSi(OtBu);)4K]
shows that the bulk provided by four siloxide ligands is sufficient to prevent the formation of
oxo-bridged compounds. This suggest that the [U(OSi(OtBu);)sK] complex might be an
appropriate precursor for the synthesis of a uranium terminal sulfide complex from a sulfur
transfer agent. Moreover, the important role played by the siloxide-bound potassium cation in

the reactivity of [U(OSi(OtBu);)4K] and [K18c6][U(OSi(OtBu);)4] with CO; or CS; suggests

that the U/K proximity could also influence the reactivity in the sulfur transfer reactions.

II1.2.2.2 Syntheses of terminal hydrosulfide and sulfide complexes
supported by tacn-based ligand.

During my studies toward the synthesis of a uranium tetrasiloxide terminal sulfide
complex, I had the opportunity to collaborate with Pr. Meyer’s group in the development of
uranium-chalcogens multiple bonding. Discussions and mutual exchanges of information and
advices lead to the syntheses of terminal U(IV) hydrosulfide and sulfide complexes supported
by the (*“*M°ArO)stacn ligand.”®” Indeed, the addition of leq of H,S to the U(III) complex
[U((**M°ArO)stacn)] affords the hydrosulfide complex [U(SH)(**™°ArO)stacn)] in 82%
yield (Scheme III-5).

Ad N Ad Ad N H Ad
O_—N O_—N;
oo — ( /f/}zfm
N'\/JN -0.5H, N/ N

0] 0]
Ad Ad
[U((A9MeArO);tacn)] [U(SH)((A9MeArO)stacn)]

Scheme I1I-5: Synthesis of the hydrosulfide complex [USH)((**™¢ArO)stacn)].
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This complex was characterised by X-ray diffraction and the U-S bond lengths of the
two independent molecules in the asymmetric unit (2.844(4) and 2.775(2) A) are in agreement
with previously reported U-(SH) single bond (2.588(1)-2.907(3) A)** and, as expected,
significantly longer than the U-S distances reported for uranium terminal sulfide complexes

(2.382(11)-2.481(1) A)'"" 17192 (Figure 111-7).

Figure III-7: Solid state structure of one of the two complexes IU(SH)((Ad’M“ArO)ﬁacn)] (50% ellipsoids). Hydrogen
atoms of the (Ad’MeArO)3tacn ligand and solvent molecules are omitted for clarity.

In this complex the uranium ions are located slightly beneath the plane formed by the
three aryloxide oxygen atoms (Uyp= -0.282(3) and -0.268(4) A respectively) which is an
usual out-of-plane shift for U(IV) ions supported by (“* ArO)stacn®™ ligand system (R = Ad,
tBu, Np; R’ = tBu, Me). The deprotonation of the hydrosulfido ligand with potassium
bis(trimethylsilyl)amide (KHMDS) in the presence of crown ethers, dibenzo18c6 or cryptand,
yields the U(IV) terminal sulfide species [{US((Ad’MeArO)gtacn)} {Kdibenzo18c6}] and
[Kcryptand] [US((**MeArO);stacn)] respectively (Scheme I11-6).
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S
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(0]
-Ad

[U(SH)((A4MeArO);tacn)]

KN(SiMe3), KN(SiMe3),
dibenzo18c6 cryptand
- HN(SiMe3), - HN(SiMe3),

{US((*MeArO)stacn)}{Kdibenzo18c6}] [Keryptand][US((A4MeArO)stacn)]

Scheme III-6: Synthesis of the terminal sulfide complexes [{US((Ad‘McArO)3tacn)}{KdibenzolScﬁ}] and
[Keryptand][US((**™¢ArO);tacn)].

The X-ray crystal structure of [{US((**M°ArO)stacn)} {Kdibenzo18¢c6}] (Figure I1I-8
left) reveals a much shorter U-S distance of 2.507(1) A compared to the hydrosulfide starting
complex, confirming the presence of a S ligand. Yet this U-S bond length is slightly longer
than the one previously reported for uranium terminal sulfide complexes (2.382(11)-2.481(1)
A)."77 17192 The presence of the dibenzo crown ether does not prevent the coordination of the
S* moiety to the potassium cation with a S-K distance of 3.136(1) A. Surprisingly, the
uranium ion is almost located in the plane of the aryloxide oxygen atoms: the U out-of-plane
shift of -0.055(2) A is very unusual for a U(IV) centre supported by tacn-based ligand but
more common for higher oxidation states with strong m-donor ligands. This change might
suggest a more covalent U-S bond than in the hydrosulfide complex leading to a weaker
interaction  with  the tacn  cycle. The  X-ray  crystal  structure  of
[Keryptand[US((**M°ArO)stacn)]  (Figure 1III-8 right) features that, contrary to
[{US((**M°ArO)stacn)} {Kdibenzo18¢c6}], the complex is a separated ion pair of the
[Keryptand]” cation and the [US((**™°ArO)stacn)]” anion. Yet, unexpectedly, even if the S*

moiety does not coordinate the K’ cation anymore, the U-S distance in
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[Keryptand][US((**M°ArO)stacn)] is slightly longer (2.536(2) A) than the one in
[{US((**M°ArO)stacn)} {Kdibenzo18¢6}] (2.507(1) A). Concerning the uranium position, the
U,op slightly increases to -0.086(8) A but remains unusually low for a U(IV) complex.

Figure I11-8: Solid state structure of [{US((***°ArO);tacn)}{Kdibenzo18c6}] (left) and
[Kcryptand][US((Ad’MeArO)3tacn)] (right) (50% ellipsoids). Hydrogen atoms and solvent molecules are omitted for
clarity.

Theoretical studies were performed on [USH)((**M°ArO)stacn)],
[{US((**M°ArO)stacn)} {Kdibenzo18¢c6}] and [Kecryptand][US((“*M°ArO)stacn)] complexes
in order to better understand the nature of the U-S bonds and the possible involvement of the
f-orbitals. The structural parameters and DFT studies of these uranium terminal hydrosulfide
and sulfide complexes will be compared, in the following sections, to the analogous

tetrasiloxide systems.

I11.2.2.3 Synthesis of tetrasiloxide U(IV) sulfide complexes

111.2.2.3.1 Reactivity with Sgas sulfur donor agent

Proton NMR studies show that the reaction of 0.125eq of Sg with the U,K complex
[U(OSi(OtBu)3)4K] in toluene affords a mixture of products. Among these multiple products,
few crystals of a dimeric U(IV) persulfide complex [U(S,)(OSi(OtBu);)sKs],, 14 were
isolated. Complex 14.tol crystallizes in the orthorombic Pbca space group as a dimer. The

solid state structure presented in Figure I11-9 shows that two [U(S;)(OSi(OtBu);)4K] moieties
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are bridged by two potassium cations capping the terminal persulfide ligands to yield a dimer.
Two potassium cations and the two terminal persulfides form a S,KS;K diamond core around
the inversion centre. The second potassium ion of the asymmetric unit is located in an Og
coordination pocket formed by three bidentate siloxide ligands. The S1-S2 distance of
2.1047(18) A is slightly elongated compared to that found in previously reported U(IV)
terminal persulfide complexes (2.075(3)-2.082(1) A)""* but is similar to the S-S bond
lengths found in the K-capped terminal persulfide complexes [K18c6][U(S2)(N(SiMe3)2)s]
and [K(Et,0),][U(S2)(N(SiMe3),)3] (2.160(7) and 2.1031(7) A respectively).'**?° The U1-S1
and U1-S2 bond lengths of 2.7836(12) and 2.7526(13) respectively are in the range of U-S
distances in U(IV) persulfide complexes (2.589(4)-2.9228(15) A).'86-188. 191. 239261 Tho ayerage
U-O bond length of 2.22(2) A falls in the range of U-O bond distances reported for U(IV)
siloxide complexes (2.11(5)-2.23(1))." 10230262

Figure I11-9: Solid state structure of [U(S,)(0OSi(OtBu);3)4K;],.tol, 14.tol (50% ellipsoids). Methyl groups and solvent
molecules are omitted for clarity.

In order to optimize the synthesis of complex 14, the UK complex
[U(OSi(OtBu)3)4K] was reacted with the stoichiometric amounts of Sg (0.25¢q) in toluene.
Unfortunately, the "H NMR spectrum of the crude mixture shows multiple resonances in
agreement with the presence of multiple products. After removal of the volatiles, and washing
of the obtained residue with hexane, the '"H NMR spectrum of this solid in tol-dg shows a
resonance at 0.44 ppm as the main signal. Crystals suitable for X-ray diffraction of a dimeric
U(IV) disulfide- trisulfide complex [{U(OSi(OtBu)s;)s}2(u-S2)(n-S3)K].tol, 15.tol were

obtained from the crude mixture at 233K. The 15.tol complex crystallizes in the Monoclinic P
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21/n space group as a dimer. The solid state structure shown in Figure III-10 features two
[U(OSi(OtBu)3);K] moieties bridged by disordered S;* and S,* ligands (occupancy factor of
0.183(5) and 0.817(5) respectively). The potassium ion of the asymmetric unit is located in an
O¢ coordination pocket formed by three siloxide ligands. The S1-S2 bond length of the
persulfide ligand is 2.131(3) A which is in the range of those reported for persulfide-bridged
uranium complexes (2.072(6)-2.1051(19) A)."86- 187261 The S-S bond lengths in the S5* ligand
are very dissymmetric with a SIB-S3B distance of 2.046(14) A which is similar to the S-S
distances in the only reported example of wuranium trisulfide complex
[K18c6][U(S3)(N(SiMes),); 1% and a shorter S2B-S3B distance of 1.666(16) A. The average
U-S distances for the S,* ligand (2.83(6) A) and for the S;* ligand (2.93(7) A) are in the
range of U-S bond lengths reported for U(IV) disulfide complexes and slightly longer than
those of U(IV) trisulfide complex [K18c6][U(S3)(N(SiMes)y)s] (2.760(1)-2.835(1) A). We
also note that each uranium centre has lost one siloxide ligand and the average U-O distance

of 2.178(6) A is similar to previously reported U-O bonds in U(IV) siloxide complexes.

Figure III-10: Solid state structure of [{U(OSi(OtBu););}>(p-S,)(n-S3)K].tol, 15.tol (50% ellipsoids). Methyl groups,
disorder and solvent molecules are omitted for clarity.

These results show that the reaction of the uranium tetrasiloxide complex with Sg leads
to multiple products. This is probably due, in part, to the low solubility of Sg that renders
difficult the control of the reaction stoichiometry. Therefore we have investigated Ph;PS as

soluble sulfur transfer agent.
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111.2.2.3.2 Ph;PS as sulfur donor agent

(tBUO),Si~_
(BuOkSin_ / ~OfBu _siOtBu)g
Q¢ of
. +PhaP KON K 0 si0tBu),
2 [U(OSI(OBU)K}————= 05 (BUO)SI~ o A==51 Z5==U + [U(OSI(OtBU)3)q
= TN
-Phy {BuO)sSi— \.
(BuO)sSi tBu})\ /" SiOBu)s
16 Si(OtBu),

Scheme III-7: Synthesis of the U(IV) sulfide complex [US(OSi(OtBu);3),K,],, 16.

The addition of 0.5 eq. or leq of PhsPS to [U(OSi(OtBu);)4K] leads, as confirmed by
"H NMR spectroscopy, to the formation of the same uranium species (and unreacted PhsPS in
the case of addition of leq).The K-capped U(IV) sulfide complex [US(OSi(OtBu);3)4K;]», 16
was obtained by the addition of 0.5eq of PhsPS to a brown solution of [U(OSi(OtBu);)4K] in
toluene. Green crystals of the K-capped U(IV) sulfide complex, 16.tol were obtained from the
toluene crude mixture at room temperature with a yield up to 62%. In both cases (addition of
1 or 0.5eq of PhiPS), the '"H NMR spectrum of the crude reaction mixture reveals the
concomitant formation of [U(OSi(OtBu);)4]. Indeed, since U(IIl) complexes favour one-
electron oxidations, two equivalents of the U(III) siloxide complex [U(OSi(OtBu);)4K] react
with one equivalent of PhsPS. One complex is oxidized to the stable U(IV) complex,
[U(OSi(OtBu)3)4], whereas the second equivalent reacts with the sulfur transfer agent,
generating 0.5eq of complex 16 like shown in Scheme I11-7.

Complex 16.tol crystallized as a dimer in the centrosymmetric, triclinic space group,
P-1. The solid-state structure of complex 16 (Figure III-11) shows that two
[US(OSi(OtBu)3)4K;] moieties are bridged by two potassium cations capping the sulfides to
yield a dimer. Two potassium cations (each one also bound to two OtBu groups) and the two
sulfides form an SKSK diamond core around the inversion centre. The second potassium ion
of the asymmetric unit is located in an Og coordination pocket formed by three siloxide

ligands.
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Figure III-11: Solid state structure of [US(OSi(OtBu);)4K;],.tol, 16.tol (50% ellipsoids). Methyl groups and solvent
molecules are omitted for clarity.

The pentacoordinated uranium centre is ligated by four oxygen atoms of the siloxide ligands
and one sulfide. The coordination geometry can best be described as distorted trigonal
bipyramidal. The U-S bond length (2.5440(8) A) is significantly longer than those found in
the previously reported sodium or potassium capped U(IV) sulfide complexes (2.4805(5)—
2.4463(6) A),' 2 but closer from the U-S bond length of the potassium capped complex
[{US((**M°ArO)stacn)} {Kdibenzo18c6}] (2.507(1) A).**" This is probably due to steric
hindrance provided by the four siloxide ligands. The S1-K2 bond length of 3.0455(12) A is
comparable to those found in the U(IV) complexes [K18c6][US(N(SiMes),)s] (3.0684(8) A
and 3.1551(8) A)'” and [{US((**M°ArO)stacn)} {Kdibenzo18c6}] (3.136(1) A),> in which
the sulfide is capped by the [K18c6]" and the [Kdibenzol8c6]" cations respectively. The
average U-Ogjoxice bond length (2.22(1) A) falls in the range of U-O bond lengths reported for
U(IV) siloxide complexes. The 'H NMR spectrum of crystals of 16 in tol-dg features a very
broad signal from 3 to -1 ppm which suggests fluxional binding in solution of the siloxide
ligands to the potassium cations. Low temperature NMR studies (Figure I1I-12) reveal the
appearance of several signals but the spectra are not fully resolved and complex 16 is poorly

soluble in toluene at low temperature.
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Figure III-12: Variable temperature '"H NMR spectra (400 MHz, tol-dg) of [US(OSi(OtBu);)4K;],, 16.

The complex 16 is stable in solid state for weeks but it slowly decomposes in toluene
at room temperature. 'H NMR studies of a toluene solution of 16 over time show the increase
of [U(OSi(OtBu)3)4], KOSi(OtBu); and unidentified signals.

In order to isolate an uncapped terminal sulfide and gain insight in the potassium role
in the stability of sulfide complexes, complex 16 was reacted with 18c6. The addition of leq
of 18c6 to a toluene solution of complex 16 leads to the formation of
[{US(OSi(OtBu)3)4Ks}2(p-18c6)], 16 which was isolated from the toluene crude mixture at -
40°C. 17.tol crystallizes in the centrosymmetric, monoclinic space group, P2i/n. In the
structure of 17, a 18c6 bridges two [US(OSi(OtBu);)4K5] units to yield a dimer with the
inversion centre located in the middle of the crown ether (Figure I1I-13). The coordination
environment of the U(IV) ion in 17 is very similar to that found in 16. In contrast, the S;K,
core present in the structure of 16 is disrupted by the presence of the bridging 18c6. Each
potassium cation capping the sulfides in 17 is also bound to two OtBu groups from a siloxide
ligand and to four oxygen atoms of the bridging crown ether. Thus, the crown ether is

coordinated to two different potassium cations, and adopts a non-planar wave shape
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conformation. The U-S distance (2.534(2) A) in 17 is similar to that found in complex 16,
indicating that the presence of crown ether coordinated to the potassium cation does not
significantly affect the U-S bonding interaction. The S1-K2 bond length (3.128(3) A) in 17 is

slightly elongated compared to 16 because of the presence of the crown ether.

Figure I11-13: Solid state structure of [{US(OSi(OtBu);)4K,},(n-18¢6)].tol, 17.tol (50% ellipsoids). Hydrogen atoms,
methyl groups, disoreder and solvent molecules are omitted for clarity.

The "H NMR spectrum of crystals of [{US(OSi(OtBu)3)4K,}2(1-18¢6)] 17 in tol-ds,
reveals two signals for the siloxide ligands at -0.9 ppm and -10.3 ppm with an integration
ratio of 3:1 respectively and no visible signal for the crown ether. This is in agreement with a
C; symmetry of the complex in solution and a labile coordination of the 18c6. The fluxional
binding of the potassium cations would leads to two different chemical environments for the
siloxide in trans of the sulfide ligand and for those in the equatorial plane explaining the 3:1
ratio. The addition of an excess of 18c6 does not lead to a more symmetric species in solution
but only to an increasingly broad peak for the crown ether signal, as shown in Figure I11-14,

in agreement with a labile coordination of 18c6.
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Figure 111-14: '"H NMR spectrum (400 MHz, tol-dg, 298 K) of the 1:1 reaction mixture of [U(OSi(OtBu);),K] and

Ph;PS (bottom), after addition of 1eq of 18¢6 per U to the crude mixture (middle) and after another addition of 1eq of
18¢6 per U.

The complex 17 can also be obtained by addition of 0.5 or leq of PhsPS to the U(III)
complex [U(OSi(OtBu);)4][K18c6] in toluene. In both reactions, the addition of 18c6 to
complex 16 or the reaction of PhsPS with [K18c6][U(OSi(OtBu);)4], the 18c6 crown ether is
not able to prevent the capping of the sulfide by the potassium cation. Therefore we decided
to use cryptand in order to better encapsulate the potassium ion.

The uncapped terminal U(IV) sulfide complex [Kcryptand][US(OSi(OtBu);)4K], 18,
was obtained by addition of leq of cryptand per U atom to [US(OSi(OtBu);)4K>]», 16, in
toluene (Scheme I11-8).
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Scheme I1I-8: Syntheses of the U(IV) sulfide complexes [US(OSi(OtBu);),K;], 16, [{US(OSi(OtBu);),K,},(n-18¢6)] 17,
and [Kcryptand][US(OSi(OtBu);),K] 18.

The complex 18 crystallizes from hexane in 74% yield. Complex 18.hex crystallized
in the centrosymmetric triclinic space group, P-1, as a separated ion pair, consisting of the
[Kcryptand]™ cation and the [US(OSi(OtBu)s;);K] anion (Figure III-15). In 18, the
pentacoordinated uranium ion is ligated by four siloxide ligands and a terminal sulfide, giving
a distorted trigonal bipyramidal coordination geometry. One potassium atom remains
encapsulated in the Og pocket made by three bridging siloxide ligands. The U-S bond length
in 18 (2.5220(14) A) is comparable to the U-S bond distance in complex 16 (2.5440(8) A).
This indicates that potassium binding and dimer formation in 16 only lead to a slight
lengthening of the U-S bond. The U-O bond length is 2.197(4) A for the terminal siloxide
oxygen, while the average for the three UK-bridging siloxide ligands is 2.26(2) A, which is in
the range of previously reported U-Os;oxige bond lengths.
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Figure III-15: Solid state structure of [Keryptand][US(OSi(OtBu););K].hexane, 18.hex (50% ellipsoids). Hydrogen
atoms, methyl groups, disorder and solvent molecule are omitted for clarity.

The 'H NMR spectrum of crystals of 18 in tol-dg reveals two signals for the siloxide
ligands at -0.5 ppm and -10.6 ppm with an integration ratio of 3:1 respectively and three
paramagnetically shifted signals for the cryptand (13.1, 12.9 and 11.8 ppm). The 3:1 ratio for
the siloxide ligands is in agreement with a C; symmetry of the complex in solution due to a
fluxional binding of the potassium cation leading to two different chemical environments for
the siloxide in trans of the sulfide ligand and for those in the equatorial plane. The important
shift of the cryptand signals could be due to an interaction in solution of the [Kcryptand]”
cation with the terminal sulfide ligand as already observed by Liddle and coworkers for the
phosphinidene complex [U(TrenTIPS)(PH)(Kcryptand)].263

Proton NMR studies show that the uncapped terminal sulfide complex 18 is stable in
solid state at room temperature for weeks but slowly decomposes in solution. The '"H NMR
spectra in Figure III-16 show the evolution of 18 in toluene and reveal that 50% of the

complex decomposed in 1 month.
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Figure III-16: "H NMR spectrum (400 MHz, tol-dg, 298K) after addition of 1eq of cryptand per U atom to
[US(OSi(0OtBu);)4K;],, 16 in anhydrous tol-dg and evolution over time.

The decomposition of complex 18 is similar in THF-ds leading to the appearance on
the 'H NMR spectrum of the U(IV) complex [U(OSi(OtBu)s)4] signal and several other
decomposition product signals. Brown crystals of the U(IV)-U(IV) complex
[Keryptand][U2(pn-S3)(0Si(OtBu)3)¢Ks], 19, were obtained from a THF/hexane mixture of
complex 18 at -40°C allowing us to identify one of the decomposition products of 18 in THF.
Complex 19 crystallizes in the orthorhombic space group, P2,2,2, as an ion pair consisting of
the [Ux(u-S)3(0OSi(OtBu);)sK3] anion and the [Kcryptand]® cation. In the [U(p-
S)3(0Si(OtBu);)¢K3] anion, three S* anions bridge the two uranium atoms. Each U(IV) ion is
six-coordinate by three oxygen atoms from three siloxide ligands, and three sulfide anions in
a distorted octahedral fashion. The average value of the U-S bond lengths is 2.748(7) A,
which is in agreement with the values of U-S bond lengths found in reported sulfide-bridged
di-uranium(IV) complexes.'®>'# 19256 The average U-O bond length (2.258(3) c) is in the
range of reported bond lengths for siloxide compounds. The average value for the S-K bond

lengths (3.053(4) A) is similar to the S-K distance in complex 16 (3.0455(12) A).
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Figure II1-17: Solid state structure of [Kcryptand][U,(p-S;)(OSi(OtBu);)cKs], 19 (50% ellipsoids). Hydrogen atoms,
methyl groups and disorder are omitted for clarity.

The structure of complex 19 shows that the decomposition process leads to the loss of
one siloxide ligand per U atom and to a sulfide bridged di-uranium(IV) species. We also
remark a sulfide redistribution with a U:S ratio of 2:3 instead of 1:1 in complexes 16, 17 and
18 which requires the presence of other decomposition products. The "H NMR spectrum,
performed after 7 months of decomposition, of complex 18 in THF-dg and the addition of
naphthalene as internal standard revealed a 20% conversion rate of 18 in complex 19.

Unfortunately, the other decomposition products remained unidentified.

Interestingly and in contrast to the complex [{US(OSi(OtBu);)4Kz}2(1-18¢6)] 17, the
complex [Kcryptand][US(OSi(OtBu);)sK] 18 cannot be obtained by reaction of the
corresponding U(III) tetrasiloxide starting complex [Kcryptand][U(OSi(OtBu);)4] with PhsPS.
This observation leads to question the role of the potassium cation in the S-transfer reaction

and a possible cooperative effect between the uranium and potassium atoms.
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I11.2.2.4 The role of the potassium cation in the U(III) siloxide reactivity

As summarized in Scheme III-9, the reactivity of the U(IIl) starting material
[U(OSi(OtBu)3)4K] with PhsPS is very different depending on the presence of 18c6 or
cryptand and on the solvent of the reaction.

The heterobimetallic [U(OSi(OtBu);)4K] complex, fully soluble in THF and toluene,
reacts with PhsPS in both solvents. When [U(OSi(OtBu);)4K] is reacted with leq of 18¢6 to
form [K18c6][U(OSi(OtBu)s)4], the latter reacts with PhsPS only in toluene. Finally, when
[U(OSi(OtBu)3)4K] is pre-treated with leq of cryptand to form [Kcryptand][U(OSi(OtBu)s3)4]
no reaction is observed neither in THF nor in toluene. Brown crystals of the U(III) complex
[Keryptand][U(OSi(OtBu)s)4], 20, were obtained by slow diffusion of hexane into a THF
solution mixture of [U(OSi(OtBu);)4sK] and 1eq of cryptand. Its solid state structure confirms
the separated ion pair character ([U(OSi(OtBu)s);]" anion and [Kcryptand]” cation) of this
compound. Two [Kcryptand][U(OSi(OtBu);)4] complexes crystallize in the asymmetric unit
and the average U-O bond lengths in both complexes (2.20(2) and 2.208(5) A) are in
agreement with U-O distances in previously reported U(III) siloxide complexes. Similarly to
[U(OSi(OtBu)3)4K] and [K18c6][U(OSi(OtBu)s3)4], the uranium centre is tetracoordinated in a
distorted  tretrahedral geometry. It is to note that the U(IIl) complex
[Keryptand][U(OSi(OtBu)s)4] is fully soluble in THF but insoluble in toluene.

K
Unidentified _ r Tolwene g5 KLU=5{ >S=ULK + UL,
products -PhsP
16
+|PhgP
THF
No reaction -——————2 U'”L;;Kﬂ» No reaction
1) + 2 cryptand 1) + 2 cryptand
2) + PhyP 2) + PhgP
1) +|218¢6
2) +|PhaP /0’7
< ::"'o
No reaction s Toluene 0.5 KL,Uu=— /KTQ‘~‘:;\ J _ + UL
-PhgP L0 o TURK 4
-18c6 QO-/'""K
17

Scheme I11-9: Reactivity of the U(I1I) complex [U(OSi(OtBu);),K] with Ph;PS in the absence and presence of 18¢6 and
cryptand in THF and toluene.
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Such differences in reactivity clearly underline the crucial role of the potassium cation
in this S-transfer reaction. In [U(OSi(OtBu);)4K], the potassium ion is bound to the siloxide
ligands in toluene and nothing can prevent its interaction with the U(III) complex even in
THF, a more dissociating solvent. Indeed we observe a reaction of [U(OSi(OtBu);)4K] in both
solvents. After the addition of 18c6 or cryptand, the potassium is encapsulated in the crown
ether and both complexes [K18c6][U(OSi(OtBu)3)4] and [Kceryptand][U(OSi(OtBu)s)4] exists
as separated ion pairs in THF. In consequence the U/K cooperative effect is not possible and
these U(Il) complexes do mno react with PhsPS in THF. In toluene, the
[K18c6][U(OSi(OtBu);)4] complex is partially soluble and the 18c6 crown ether may not fully
prevent the coordination of the potassium in solution, that is probably why we observe a
reaction of [K18c6][U(OSi(OtBu)s)s] and Ph3PS in toluene. Concerning the absence of
reactivity of [Kcryptand][U(OSi(OtBu);)4] with PhsPS in toluene, the insolubility of the
U(III) starting material renders delicate the interpretation. The absence of reaction could be
due to the impossible U/K interaction because of the ion pair character of the
[Keryptand][U(OSi(OtBu)s3)4] complex even in toluene, but its insolubility in toluene could

also prevents the reaction.

(tBu O)3Sio//
(tBu O)3SiO s 7 Sy 0Si(OtBu); [U(OSI(OtBu)3) K]
(Bu0),SiO

0Si(0Bu)s [K18c6|

L [K18c6][U(OSi(OtBu)3)4]
(BUO)SIO" /"™ 151 0tBu),

| (BuO)sSiO

(I)Si(OtBu)a [Kcryptand|

SUS Kcryptand][U(OSi(OtB
(Bu0)3SiO™" U\OSi( OBu), [Keryptand][U(OSi(OtBu)s)a]
| (Bu0);Si0

Scheme I1I-10: Drawing of complexes [U(OSi(OtBu);),K] (top), [U(OSi(OtBu);),][K18¢c6] (middle) and
[U(OSi(OtBu);)4][Keryptand] (bottom).

The steric effect, reducing the access to the uranium centre, could also be one
explanation for these differences in reactivity. To compare the steric hindrance around the
uranium atom of the three complexes [U(OSi(OtBu)3):K], [K18c6][U(OSi(OtBu);)4] and
[Keryptand][U(OSi(OtBu)s)4] (Scheme I11-10), we have compared their solid state structures.
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To identify steric differences around the uranium centres, we compared the O-U-O angles of

the three U(III) precursors in Table III-1.

Table III-1: Comparison of the O-U-O angles (°) in [U(OSi(OtBu);),K], [K18c6][U(OSi(OtBu);)4] and
[Keryptand][U(OSi(OtBu);),]

[Keryptand][U(OSi(OtBu)s)4]
[U(OSi(OtBu)3);K] [K18c6][U(OSi(OtBu)s3)4]
Complex 1 Complex 2

127.2(3) 111.3(3) 112.0(4) 113.4(3)
122.5 . . .
0.U-0 3) 110.4(3) 111.5(4) 110.9(3)
115.0(3) 110.1(3) 110.6(3) 110.4(3)
Angles
. 95.0(3) 108.6(2) 110.3(3) 107.8(4)
% 94.9(3) 108.4(2) 107.8(4) 107.1(3)
94.9(2) 108.0(2) 104.5(4) 107.0(4)

We observe a significant difference of the O-U-O angles between [U(OSi(OtBu);)4K]
and the two other complexes in which the potassium is encapsulated in a crown ether. In
[K18c6][U(OSi(OtBu);)4] and [Keryptand][U(OSi(OtBu);)4] the four siloxide ligands form a
weakly distorted tetrahedron with six similar angles and average values of 109(1)° for
[K18c6][U(OSi(OtBu)3)s] and  109(3)° for  [Kcryptand][U(OSi(OtBu)s)s]. In
[U(OSi(OtBu)3)4K], the potassium cation coordinates three siloxide ligands and bring them in
closer proximity leading to a highly distorted tetrahedral coordination geometry. The three
angles between the K-bridging siloxides are similar (mean value of 94.91(7)°) and smaller
than the angles with the terminal siloxide (127.2(3)°, 122.5(3)° and 115.0(3)°) leading to an
average angle value of 108(15)° farer from the ideal value of 109.5° and with an important
standard deviation. This is in agreement with a more accessible uranium centre in the U,K
complex [U(OSi(OtBu)3)4K] as shown in Figure III-18 and could be an explanation of the
greater reactivity of this complex with Ph;PS in THF and toluene.
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[U(OSI(OtBu),),K] [K18c6][U(OSi(OtBu),),] [Keryptand][U(OSi(OtBu)s),]

Figure I11-18: Spacefilling representation of [U(OSi(OtBu);),K], [K18c6][U(OSi(OtBu);),] and
[Keryptand][U(OSi(OtBu);)4]. Solvent molecules and [K18¢6]* and [Kcryptand]+ cations are omitted for clarity.

However, understanding if the formation of the terminal sulfide complex
[US(0Si(OtBu)3)4K;], is mainly dominated by sterics or by the a cooperative effect of the
potassium cation is not obvious. In theses systems, the steric bulk provided by the four
siloxide ligands could prevent the formation of sulfide-bridging species but the coordination
of the sulfur atom to the potassium could also reduce the nucleophilic character of the sulfur
and render the formation of a bridging compound less favourable. Computational studied

should help to identify the parameters governing this reactivity.

I11.2.2.5 Sulfur transfer reactions: reactivity with Sg, CS,, CO,

In order to assess if, despite the multiple character of the U-S bond, the transfer of the
sulfur atom was possible, we studied the reactivity of the sulfide complex
[US(0Si(OtBu)3)4Kz]2, 16, with different substrates. In the literature, it has been shown that
disulfide-***  trithiocarbonate-">' and  monothiocarbonate-bridged'*®  di-uranium(IV)
complexes can be obtained by nucleophilic addition of elemental sulfur, CS, and CO,
respectively onto sulfide-bridged di-uranium(IV) complexes. However, for previously
reported terminal U(IV) sulfide, only the sulfur atom transfers to chalcogens (S or Se) has
been investigated leading to the formation of the terminal dichalcogenide complexes
[K18c6][U(S2)(N(SiMes);] or [K18c6][U(SSe)(N(SiMes)s] and the terminal trisulfide
complex [K18c6][U(S3)(N(SiMes)s]. The added chalcogen atoms can be removed from the
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dichalogenides or trisulfide complexes by addition of Ph;P or Et;P to restore the initial

terminal U(IV) sulfide or disulfide complex.>®

We have investigated the reactivity of the complex 16 with elemental sulfur in order to
identify new routes to siloxide supported U(IV) persulfide complexes. The addition of 0.5 eq
of Sg to complex 16 results in immediate reaction with colour change from green to deep
brown. The '"H NMR spectrum of the crude reaction mixture shows several resonances in
agreement with the presence of multiple reaction products. Among these products were
identified the signals of the free siloxide ligand and of the U(IV) complex [U(OSi(OtBu)3)4].
Brown crystals of the U(IV) disulfide-trisulfide complex [{U(OSi(OtBu)s)s}2(u-S2)(n-S3)K],

21, were obtained from the toluene crude mixture solution at -40°C.
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Scheme I1I-11: Addition of 1eq of elemental sulfur per U atom to the terminal sulfide complex [US(OSi(OtBu);),K;]5,
16.

The solid state structure of complex 21 is very similar to the one of complex 15
obtained by addition of Sg to [U(OSi(OtBu);)4K] in toluene. However, the structure of 21
shows the presence of two complexes in the unit cell and the occupancy factors of the
bridging disordered S;* and S,* ligands (0.451(6) and 0.549(6) respectively) are different
from the one in the structure of 15 (0.183(5) and 0.817(5)). Moreover, in one of the
complexes present in the asymmetric unit, the disorder is so high that the establishment of a
model is much more difficult (ring of electronic density around the U-U axis). Interestingly
the '"H NMR spectrum of complex 21 shows the presence of only one shift at 0.44 ppm
previously attributed to complex 15. This could be explained by the fluxional coordination in
solution of the S;* and S,” ligands to the uranium centres. A mixture of complexes U-
(1=S3)2-U, U-(u—S2),-U and U-(p—S3)(u—S2)-U is probably present in solution and
crystallization process could lead to solid state structures with different product ratios and
thus different occupancy factors of S;* and S,”. We can conclude that the nucleophilic

addition of sulfur does occur leading to disulfide and trisulfide bridged complexes.
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Meyer et al. reported the reductive disproportionation of CS; by the U(III) complex
[U((**ArO);N)(DME)] affording a bridged-thiocarbonate U(IV) complex in 20% yield."*
They postulated that a bridging sulfide U(IV) compound is an intermediate in the reaction and
to gain insight in this question, they independently synthesised the sulfide-bridged
[{U((AdArO)gN)}z(u—S)] complex and added CS,. The bridged-thiocarbonate was obtained in
high yield suggesting the veracity of their hypothesis."”' In light of this antecedent result we
have investigated the possibility of obtaining terminal thiocarbonate species from the reaction
of the terminal U(IV) sulfide with CS, or CO,. The addition of leq of *CS, per U atom to
complex 16 in toluene leads to a rapid colour change from light green to light yellow. The 'H
NMR spectrum of the reaction mixture immediately after the °CS, addition shows the signals
of a labile species with two very broad peaks at 11.1 and -2.8 ppm with an integration ratio of
1:3 respectively. The obtained compound is unstable and the '"H NMR spectra of the mixture
over time show the disappearance of the two broad peaks and the increase in intensity of the
[U(OSi(OtBu)s)s] signal. When toluene is removed and DMSO-ds added, the *C NMR
spectrum shows only the signal of free thiocarbonate at 267 ppm®’ confirming the

nucleophilic addition of 13CS, on the terminal sulfide ligand (Scheme I11-12).
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Scheme I1I-12: Insertion of CS; into the terminal sulfide complex 16.

This indicates that the likely formed terminal thiocarbonate U(IV) complex is unstable
and quickly dissociates in toluene to yield [U(OSi(OtBu)s)4] and K,CSs;. Unfortunately all
attempts to isolate the hypothetical [U(CS3)(OSi(OtBu);)4K,] complex were unsuccessful.
The BCs, to
[Keryptand][US(OSi(OtBu)3)4K], 18.

same reactivity was observed after the addition of leq of
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When an excess of *CO, is added to complex 16 in deuterated toluene, the solution
turns immediately from light green to light pink and the "H NMR spectrum of the reaction
mixture is very similar to the one obtained after CS, addition on complex 16 with two broad
peaks at 8.7 and -2.9 ppm with an integration ratio of 1:3 respectively as shown in Figure I1I-
19. Unfortunately, once again the obtained species is unstable and decomposes quickly in
toluene. The *C NMR spectrum of the crude reaction mixture in toluene shows the increase

in intensity of a peak at 153.5 ppm that was attributed to free COS.>*°

o Tol
«U(CO,S)(0Si(0tBu)y),K,»
«U(CS;)(0Si(OtBu);)4Ky»

___________

2.0 ‘ 1I5 ' 1FD ‘ .;: - I . [') ' -:.": I -1I0 ' -{5
Figure I11-19: '"H NMR spectra (400MHz, tol-dg, 298K) of the crude mixture right after addition of 1eq of Bcs, per U
atom to 16 (bottom) and after addition of an excess of B3c0, to 16.

The release of COS could be a consequence of the decomposition of the hypothetical
[U(CO,S)(0Si(0OtBu)3)4K,] complex. So far, the other decomposition products are unknown
as the follow up of the crude mixture by 'H NMR spectroscopy does not present any
previously identified signal and attempts to isolate compounds from the decomposition
mixture failed. Once again the same reactivity, with COS formation, was observed after the

addition of an excess of CO; to complex 18.
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Figure III-20: Reactivity of terminal U(IV) sulfide complexes.

As summarized in Figure III-20, the nucleophilic additions of elemental sulfur, CS,
and CO, on the terminal sulfide complexes occurred but, probably because of steric
hindrance, the respectively obtained species present ligand loss and bridging event,

dissociation or decomposition.

I11.2.2.6 Protonation of a terminal sulfide complex to obtain a terminal

hydrosulfide one

The protonation of the terminal sulfide function, commonly used in transition metal
chemistry to yield a terminal hydrosulfide complex,*® **” has not been investigated on
uranium sulfide complexes. The only reported uranium hydrosulfide complex so far, was
isolated by Meyer et al. via reduction of H,S by the tacn-based U(IIl) complex
[U((AdArO)gN)(DME)].25 ¥ We found that the addition of leq of PyHCI per U atom to a THF
solution of complex 16 that has been pre-treated with 18c6 leads to the protonation of the
sulfide  function and to the formation of the hydrosulfide complex

[{K18c6} {U(SH)(OSi(OtBu)s)s}], 22 (Scheme I11-13).

«~— 0
(tBuO).Si <0-- 75 Keie -0
(BuOkSi__ 7/ "QBU Si(OtBu), OuKEG -0
K~ \,O \K O, o 1) + 2eq 186 _ H
(tBUO)sSi~i U= B I ANTSI(OtBU);  2) + 2eq PyHC (tBu0)3Si— O, |
Si~o<{T TN Kk S, 2 U0 g o
. K / 0] THF O | ( )3
(tBUO),Si—C V0 (BuO)SI”~ ¢
tBUO— e, O(OBU)3 .
16 Si(OtBu) 22 Si(OtBu);

Scheme III-13: Synthesis of the terminal hydrosulfide complex [{K18c6}{U(SH)(OSi(OtBu);)4}], 22.

Single crystals of complex 22.tol were obtained from cooling down the filtered crude

reaction mixture at -40°C. Complex 22.tol crystallized in the non-centrosymmetric,
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monoclinic space group, Cc (Figure I1I-21). The pentacoordinated uranium atom is ligated by
four terminal siloxide ligands and one SH™ moiety in a distorted trigonal bipyramidal
geometry. The 18c6-encapsulated potassium counter-ion is bound to the sulfur atom with a
S1-K1 bond length of 3.229(5) A. The U1-S1 distance was measured to be 2.834(3) A, which
is much longer than the U-S bond distance in 18 (2.5220(14) A), but is very similar to that
found in the only other example of a mononuclear U(IV)-SH complex (2.797(1) A).>® The
average U-Osiloxide bond length (2.15(3) A) is similar in length to that found for the terminal
siloxide ligands in the terminal sulfide complex 18 (2.197(4) A).

Figure I11-21: Solid state structure of [{K18c6}{U(SH)(OSi(OtBu);)4}], 22 (50% ellipsoids). Hydrogen atoms (except
the one of the hydrosulfide ligand), methyl groups and disorder are omitted for clarity.

The "H NMR spectrum of 22 present two signals at 3.1 and 0.7 ppm assigned to the
crown ether and the four siloxide ligands respectively. A conversion of 53% was determined
by 'H NMR spectroscopy using naphthalene as an internal standard. This relatively low yield
could be explained by the low stability of complex 16 in the presence of pyridine released by
the reaction. However, elimination of H,S to afford bridging sulfides by-products cannot be
ruled out.

The complex 22 can also be obtained, similarly to the previously reported U(IV)
hydrosulfide complex,™® from the reduction of leq of H,S by the U(III) complex
[K18c6][U(OSi(OtBu);)4]. However the isolated yield and overall conversion (determined by
'H NMR spectroscopy using naphthalene as an internal standard) are much lower with 17%

and 22% respectively. Attempts to increase the yield, using a sub-stoichiometric amount of
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H;S or more diluted conditions to avoid a fast reaction with more than one equivalent of H,S,
failed. A dimeric side-product of this H,S reduction was isolated from toluene at -40°C. The
X-ray structure of this by-product clearly shows the presence of two [U((OSi(OtBu)3);K]
moieties, bridged by three sulfur atoms (Figure I11-22). The intermediate average value of the
U-S distances (2.83(2) A) falling in between the reported values for bridging S* (2.59(1)
2.736(2) A)'**°® and bridging SH™ (2.877(1) - 2.964(1) A)*** moieties, suggests that two SH’
and one S* groups are bridging the U(IV) centres forming the [ {U(OSi(OtBu)3);}2(u-SH),(p-
S)] complex 23. The bond valence sum calculation is also in agreement with the presence of
two U(IV) ions. The hydrogen atoms of the SH™ moieties are probably fluxional, and therefore

very difficult to locate in the crystal structure.

Figure I11-22: Solid state structure of [{U(OSi(OtBu););},(n-SH),(n-S)].tol, 23.tol (50% ellipsoids). Methyl groups are
omitted for clarity.

The presence of this by-product in the crude indicates that fast reaction between the
U(III) complex and more than leq of H,S occurs explaining the low yield and conversion
observed in this reaction. This formation of polysulfide compounds via aggregation of
hydrosulfide compounds is a well-known problem in mononuclear sulfide synthesis.®” The
protonation of the terminal sulfide ligand in complex 16 represents a better synthetic pathway
leading to higher yield and avoiding the use of the very toxic H,S gas.

The obtention of terminal sulfide and terminal hydrosulfide complexes supported by
siloxide ligands allow for the comparison of the structural data of the tacn-based terminal

sulfide and terminal hydrosulfide complexes obtained by Pr. Meyer’s group.
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I11.2.2.7 Comparison of structural parameters tacn vs. siloxide system

The structural parameters for the terminal sulfide or hydrosulfide complexes in both
tacn-based and siloxide systems are summarized in Table III-2 and Table III-3. We can
observe that the U-S bond lengths in all the terminal sulfide complexes are similar and that no
particular trend is visible when crown ether is present or not. Concerning the S-K bond
distances we observe, as expected, an elongation of the bond length when the potassium is
encapsulated in 18c6 or dibenzol8c6 crown ether. The U-SH distances in the terminal

hydrosulfide complexes are comparable even if, in complex 22, the potassium binds the SH

moiety.
Table III-2: Selected bond distances for the terminal sulfide complexes complexes 16, 17, 18,
[{US((**¢ArO);tacn)} {Kdibenzo18c6}] and [Kcryptand][US((***°ArO)stacn)| (in A).
16 17 18 [{US((**M°ArO)stacn)} [Kc’r‘yptand]
{Kdibenzo18c6}] [US((**MArO);tacn)]
U-S  2.5440(8) 2.534(2) 2.5220(14) 2.507(1) 2.536(2)
S-K  3.0455(12) 3.128(3) - 3.136(1) -

Table III-3: Selected bond distances for the terminal hydrosulfide complexes 22 and [USH)((**MeArO);tacn)] (in A).

22 [USH)((**™*ArO);tacn)]

U-SH  2.834(3)  2.844(4) and 2.775(2)

SH-K  3.229(5) -

With these structural data in mind, computational bonding analysis can be performed
to gain insight in the nature of the U-S bonds in terminal sulfide and hydrosulfide complexes

supported by both siloxide and tacn-based ligand systems.
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111.2.2.8 DFT studies

DFT calculations on these systems were carried out by the group of Pr. Maron. The
geometrical optimizations of complexes 16, 18 and 22 were performed to validate the
theoretical protocol (the f-electrons of the U(IV) atoms are included in the valence shell:
small core basis set). For complex 18 and 22, the respective [Kcryptand]” and the [K18c6]"
cation were excluded from the calculations and a negative charge was assigned on each
overall complexes. The metrical parameters of the experimental X-ray data and those
predicted by the calculated optimizations are in close agreement. In consequence, analyses of
molecular orbital (MO) and of natural bond orbital (NBO) were performed and concluded to a
triple bond character (o°m’ configuration) for the U=S bonds in the terminal sulfide
complexes 16 and 18 with a bond order of 2.25 and 2.55 respectively. Moreover, in both
cases, the two highest singly-occupied orbitals (in NBO analysis) present almost pure 5f
character. Yet, interestingly, when the f-electrons of the U(IV) atoms are excluded from the
valence shell (large core basis set), the bonding pictures for complexes 16 and 18 remain
almost the same (Figure III-23). This result suggests that the triple-bond character is mainly

due to U(IV) d orbitals involvement in the bonding rather 5f orbitals.

m(U-5) m (U-5) e (U-S)
HOMO (-4.42 ¢V) HOMO-1 (-4 .44 ¢V) HOMO-2 (-4.95 V)

-—
EJ(
X o9
- ad-
e
r(U-8) x (U-5)

HOMO (-1.73 eV) HOMO-1 (-1.92 V) HOMO-2 (-2.15 eV)

Figure I11-23: ¢ and @ molecular orbitals calculated for the monomer unit of complex 16 (large core basis set) and
complex 18 (small core basis set).
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Additionally, the similarity of the bonding pictures of complexes 16 and 18 indicates
that the absence of the potassium cation near the sulfur atom in complex 18 does not affect
the U=S bond configuration. The group of Pr. Maron also computed the terminal U(IV)
sulfide complexes supported by tacn-based ligand [{US((**M¢ArO)stacn)} {Kdibenzo18c6}]
and [Kcryptand][US((Ad’MeArO)3tacn)]. Interestingly, the negligible effect of the potassium
presence, the U=S bond configuration and the U(IV) d orbitals involvement in bonding
remain similar independently of the supporting ligand nature. This comparison suggests that
the U=S bond is not affected by the ligand field.

Concerning the hydrosulfide complexes, the computational analyses of complex 22
and [U(SH)((**™°ArO)stacn)] led to a different bond configuration. In complex 22, the U=SH
bond presents a double bond character (o°n® configuration) with a bond order of 1.39.
However, MO and NBO analyses on [U(SH)((**™°ArO)stacn)] concluded to a single bond
between U and S atoms with a bond order of 0.77. In both systems, the metal orbital has
similar contribution of the uranium orbitals with 10% 7s, 40% 6d and 50% 5f for 22 and 12%
7s, 38% 6d and 50% 5f for [U(SH)((**M°ArO)stacn)]. In the previous section we also
remarked that the U-SH distances obtained by X-ray data are comparable. Actually, the
diminished degree of multiple bonding in the U-S bond of [U(SH)((Ad’MeArO)3tacn)] can be
explained by a greater interaction of the uranium centre with the N donor atoms of the tacn
ligand than in [{US((Ad’MeArO)ﬁacn)} {Kdibenzo18c6}] and
[Kcryptand][US((Ad’MeArO)ﬁacn)] (in agreement with the higher Uy, of -0.282(3) and -
0.268(4) A in their X-ray structures). This results in a less available U orbital to overlap with
the lone pairs of the S atom. This trans-effect was confirmed by the computation of the
hypothetical complex [U(SH)(“*™¢ArO);] (where the tacn-base is replaced by hydrogen
atoms) that features a double bond character between the U(IV) (in a tetrahedral geometry)
and the sulfur atom of the hydrosulfide function. In conclusion, contrary to what was
observed for the terminal sulfide complexes, the ligand plays a bigger role on the multiple

bonding character of the U-SH bond.

In order to gain insight in the nature of other uranium-chalcogen bonds, the group of
Pr. Maron performed bonding analysis with the hypothetical terminal oxo-homologues of
[{US((**°ArO)stacn)} {Kdibenzo18c6}] and [Kcryptand][US((**™°ArO)stacn)]. A much
more ionic U-O bonding is predicted which is in agreement with the observed trend in the

[U(E)(NSiMes),] (E=0, S, Se, Te) series recently reported by Hayton et al.”*® To confirm this
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trend, on-going work focuses on the synthesis of the complete series of U(IV) terminal

hydrochalcogenide and chalcogenide complexes with siloxide and tacn-based ligand systems.

_ (tBu0),Si. _
(BuO)sSIQ,,  osi(0tBu), (tBUO)sSi~—_ | O/ O\tBU O/SI(OtBU)s
(1BU O)3SiOlmmcr *+ KCq KON/ K. T0—Si(OtBu)s
3 7 U%O ———>T0|uene 0.5 (tBuO)ss'\‘O‘/‘l‘l=O\ /,Ozlu\/ S
; . K O_«
tBu0)3Si0 e o .
(tBuO)3Si (tBu0)3Si BuO_ / Si(OtBU);
24 Si(OtBu),

Figure I11-24: Synthesis of [UO(OSi(OtBu);),K,],, 24.

Preliminary studies toward the synthesis of the siloxide series [UE(OSi(OtBu)3)4Ks]»
or [Kcryptand][UE(OSi(OtBu)3)4K] (E=0, S, Se, Te) leads to the isolation of the oxo-
homologues of complex 16 : [UO(OSi(OtBu)3)4K;]>, 24. Complex 24 was obtained by
reduction with leq of KCg of the terminal U(V) oxide complex [UO(OSi(OtBu);),K]" in
toluene (Figure 11I-24). Complex 24 crystallizes from toluene at -40°C. The X-ray structure
finalization of complex 24 is on-going, nevertheless we can already observe that the structure
is isomorphous with the structure of 16 and thus features two [UO(OSi(OtBu);)4K,] moieties
bridged by two potassium cations capping the oxides to form a dimer (Figure III-25). An
OKOK diamond core is formed around an inversion centre with two potassium cations and
the two oxides ligands. The second potassium ion of the asymmetric unit is located in an Og

coordination pocket formed by three siloxide ligands.

Figure III-25: Solid state structure of [UO(OSi(OtBu);),K,],, 24 (Ball and stick representation). Methyl groups and
solvent molecules are omitted for clarity.
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The provisional average U-O distance (1.96(1) A) is slightly elongated compared to
previously reported U-O bond length in terminal mono-oxide U(IV) complexes (1.860(3)-
1.890(5) A)!7h 172 177. 179 probably due to steric hindrance. A similar elongation was also
observed for the U-S distance in complex 16. Future works will focus on the optimization of
the synthesis of complex 24, on DFT calculations and on the syntheses of the entire chalcogen
series. Further effort will also be directed toward the isolation of terminal chalcogenide
complexes containing uranium in oxidation state higher than +IV. So far, attempts to oxidize
the U(IV) sulfide complexes 16-18 in order to obtain terminal U(V) sulfide species only led to
decomposition reactions. Electrochemistry measurements were performed on complex 16
(See appendices) to know if this oxidation state was reachable. However, the decomposition
of 16 in THF renders difficult the attribution of the redox events observable on the cyclic-
voltammograms.

We observed in this section II1.2 that even if, once the terminal sulfide complexes
formed, the binding of the potassium cation to the sulfide ligand does not affect the U-S bond
configuration, the presence or not of the potassium cation in the vicinity of the U(III)
complexes [U(OSi(OtBu);)4K], [K18c6][U(OSi(OtBu)3)4] and [Keryptand][U(OSi(OtBu)s3)4]
plays an important role in their reactivity with CO,, CS; or Ph3PS. To further investigate the
role of steric and electronic effects in these reactions, we decided to synthesise the U(III)
tetrasiloxide complex with different counter-cations (Li, Na and Cs) and to compare the
reactivity of these different complexes. Indeed, an influence of the counter cation nature has

already been observed in f-element reactivity.”* "'

I11.2.3 Changing the counter-cation M" in the U(III) complex
[U(OSi(OtBu););M]

tBu 0)3SiO,
0Si(OtBu)s (BuO)s ",
tBU 0)3SiOmag
LU THF (1BUO)sS! S~yn_osios
(tBuO)3SIOM™ Y/ Ao B E—— M i(OtBu)3
> 0Si(OtBu); M ;
(tBu0)3SiO M=Li, Na, K, Cs (tBu0)3SiO
[U(OSi(OtBu)s3)4] [U(OSi(OtBu)3)4M]

Scheme I1I-14: Synthetic route of the [U(OSi(OtBu);),M] complexes (M=Li, Na, K or Cs).
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The addition of leq of the appropriate alkali metal M to a THF solution of the U(IV)
complex [U(OSi(OtBu)s)s] provides a convenient route for the synthesis of the U(III) series
[U(OSi(OtBu);3)sM] (M=Li, Na, K or Cs). The [U(OSi(OtBu);)sM] (M=Li 25, Na 26 and Cs
27) complexes crystallized from toluene (for M=Li, and Cs) and from DIPE (for M=Na) at -
40°C. The X-ray structures of 25-THF, 26, [U(OSi(OtBu)3),K]” and 27 are presented in
Figure III-26. The crystal structures of [U(OSi(OtBu);)4K] and [U(OSi(OtBu);)4Cs] are
isostructural with a tetrahedral uranium centre coordinated to one terminal siloxide and three
bridging bidentate siloxide ligands. The K and Cs atoms are located in the O¢ coordination

site made by the three bridging siloxide.

?,j o p o-Og 8%

ACEHOTINT < S VI

S

[U(OSi(OtBu),),Li(THF)] [U(OSi(OtBu),),Na] [U(OSi(OtBu);),K] [U(OSi(OtBu),),Cs]
25-THF 26 27

Figure II1-26: Solid state structures of [U(OSi(OtBu););M] complexes (M=Li 25, Na 26, K or Cs 27) (50% ellipsoids).
Hydrogen atoms, methyl groups and lattice solvent molecules are omitted for clarity.

In the X-ray structure of complex 26, the sodium cation is also encapsulated in the Og
pocket built by three bridging bidentate siloxide ligands but the fourth siloxide coordinating
the U centre is bidentate. This leads to a pentacoordinated U centre in a highly distorted
geometry. In complex 25-THF, the Li cation is not located in the usual O pocket but in an O4
coordination site created by one bridging bidentate siloxide, one bridging monodentate
siloxide and one residual molecule of THF. This arrangement is probably due to the very
small size of Li". Notably binding of the Li" in the O pocket would bring the siloxide ligands
in a too close proximity. The uranium centre is pentacoordinated by one bridging bidentate,
one bridging monodentate and two terminal monodentate siloxide ligands in a highly distorted
geometry.

Even if the four [U(OSi(OtBu);)sM] complexes do not present the same coordination
geometry around the uranium, the accessibility to the U centre can be illustrated with their O-

U-O angles (where O is the negatively charged oxygen of the siloxide ligand). These angles
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can then be compared with the O-U-O angles in [K18c6][U(OSi(OtBu)s)4] where the U centre
is tetracoordinated by four terminal monodentate siloxide in a weakly distorted tetrahedral
geometry. The O-U-O angles and U-M distances are reported in Table II1I-4. For the Na, K
and Cs compounds, the three first reported values correspond to the angles between the non-
bridging and the bridging siloxide ligands. The next three are the angles between the bridging

siloxides.

Table I1I-4: Comparison of the O-U-O angles (°) and U-M distances in [U(OSi(OtBu););M] (M=Li, Na, K, Cs) and
[K18¢6][U(OSi(OtBu)s),].

25-THF 26  [U(OSi(OtBu)s)K] 27 [U(OSi(OtBu)s)s]
(L1) (Na) (K) (Cs) ©)
136.0(1)  138.0(1) 127.2(3) 122.90(1) 111.3(3)
112.8(1)  129.1(1) 122.5(3) 117.75(1) 110.4(3)
0-U-0 109.5(1)  93.35(9) 115.0(3) 116.92(1) 110.1(3)
Angles °)  107.6(1)  92.8(1) 95.0(3) 99.39(1) 108.6(2)
106.1(1)  89.5(1) 94.9(3) 97.62(1) 108.4(2)
753(1)  86.83(9) 94.9(2) 97.46(1) 108.0(2)
U-M (A)  3.221(9) 3.396(2) 3.577(2) 3.8058(5) -

Comparing the values of the O-U-O angles of the Na—Cs complexes in Table I1I-4, we
observe that the last three angles between the bridging ligands increase with increasing cation
size. Exception is noted for the Li complex 25-THF in which the Li cation occupies a very
different position to the metals in the other complexes. Indeed, when the cation is smaller, the
three bridging siloxides between U and M are closer to each other, giving smaller O-U-O
angles. Looking at the largest O-U-O angle in each complex, we observe that this value
decreases steadily across the series from the Na compound (138(1)°) to the ion pair complex
[K18c6][U(OSi(OtBu)s)4] (111.3(3)°). The Li compound, despite its altered arrangement, has
the second largest angle in the series: 136.0(1)°. The Na compound, with the largest angle of
the series, seems to have the most accessible U centre, yet the smaller size of the sodium
cation frees up enough space for the terminal siloxide to become bidentate, thereby decreasing
this accessibility in the solid state. However, in toluene solution, the bonding of the OtBu
group is probably labile and access to the U centre should increase. Looking at the U-M

distances, we observe an expected increase of the U-M bond length with increasing cation
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size. Even for compound 25-THF, in which the Li cation is not in the same location as in the
other complexes, this trend is confirmed.

In order to assess if the nature of the cation affects the reactivity of the complex, an
excess of “CO, was added to complexes 25-THF, 26 and 27 (Scheme III-15). 'H NMR

spectra of the deuterated toluene crude reaction mixtures are presented in Figure I11-27.

(Bu0)3SiO,
7, OSi(OtBu);
(tBUO)3Si Oy,
M /N0
, (tBu0)3SiO
(tBuO)3SIQ,
N xs CO
(BUO)sSiOmm—)—0si(OtBU); :
; toluene
(tBu0)3Si0 -CO M
0
0.5 o
: \

+ 0.5 [U(OSi(OtBu)3)4]

(tBu O)3Si0yU§)Si(OtBu)3

(tBUO),SiO*-... M"_',‘OSi(OtBu)3

Scheme III-15: Addition of an excess of CO; to the [U(OSi(OtBu););M] complexes (M=Li, Na, K, Cs).

O Tol
[U(OSi(OtBu),),]
[UO(OSi(0tBu),),M] M=K, Na and Li?
[U(CO,)(OSi(CtBu);)4M] M=[K18c6] and Cs?

o 5 ’ . [UL,J[K18¢6] + CO,

[
o 0 o UL,Cs + CO,
f
I
o o J . ULK + CO,
r
[
0 o UL,Na + CO,
4 ?
|
o o UL.Li + CO,

7.5 6.5 5.5 4.5 3.5 25

Figure 111-27: 'H NMR spectra (400MHz, tol-dg, 298K) of the crude mixtures after addition of an excess of 13C02 to
[U(OSi(OtBu);)sM] complexes (M=Li, Na, K, Cs) and to [K18c6][U(OSi(OtBu);),] (from bottom to top).
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On the "H NMR spectra of all the resulting reaction mixtures we observe a signal at
the characteristic shift of the terminal U(V) oxo complex [UO(OSi(OtBu);)sK].” The
hypothetical U(V) [UO(OSi(OtBu)s)4Li] and [UO(OSi(OtBu);)sNa] complexes are likely to
be formed, similarly to [UO(OSi(OtBu);)4K], by the two electron reductive deoxygenation of
one CO, molecule at one U centre. In the Li case, the reaction is less clean and unattributed
peaks are present. This could be due to the smaller size of the Li" cation, which could affect
the reactivity. The presence of residual THF in the structure of 25-THF could also lead to
THF-adduct compounds with unidentified shifts in deuterated toluene. The reductive
disproportionation of CO, by the ion pair complex [K18c¢6][U(OSi(OtBu)s)4] is known’ and
leads to formation of the terminal U(IV) carbonate complex [U(OSi(OtBu)3)4(CO3)K,(18¢6)]
and the U(IV) [U(OSi(OtBu);)4] complex. The reaction of the Cs compound with CO, yield
mainly the [U(OSi(OtBu);)4] complex and an unknown species with a proton NMR signal at
0.66 ppm which could be attributed to a carbonate compound. The *C NMR spectra of all the
crude reaction mixtures present the signals of excess CO, at 125 ppm and of free CO at 185
ppm.

The Cs complex behaves similarly to the [K18c6][U(OSi(OtBu);)4] complex while the
reactivity of the Li and Na complexes are comparable to the one of [U(OSi(OtBu);)4K]. This
could mean that a critical size of the counter-cation exists (between K and Cs size) beyond
which the formation of the U(V) terminal oxide complex is disfavoured and the formation of
[U(OSi(OtBu)3)4] and a terminal U(IV) carbonate complex is favoured. However the
difference in reactivity could also arise from a weaker Lewis acid character of the Cs cation
which could modify its interaction with the substrate. Such an impact of the Lewis character
of the counter cation has been observed during reduction of azobenzene by Ce(Ill)
complex.””"

We also investigated the reaction of the Na complex 26 with a stoichiometric amount
of CO; in deuterated toluene. The "H NMR spectrum of the crude reaction mixture shows, in
addition to the signal of the putative U(V) oxo complex [UO(OSi(OtBu);)4Na], the signal of
[U(OSi(OtBu)3)4] and two broad signals at -2.3 and -5.7 ppm (Figure III-28). After several

hours, a purple microcrystalline solid formed in the reaction mixture.
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O Tol
[U(OSI(OtBu);),]
[UO(OSIi(OtBu);),Na]
[U(CO;)(0SI(OtBu););Nay];
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Figure I11-28: 'H NMR spectrum (400MHz, tol-dg, 298K) of the crude mixture after addition of 1leq of CO, to
[U(OSi(OtBu)3)4Na]

Recrystallization of this solid residue in DIPE afforded a terminal U(IV) carbonate
trimeric compound [U(CO3)(OSi(OtBu)s)sNaz];, 28. Complex 28.DIPE crystallizes in the
trigonal space group R-3. The solid-state structure of complex 28.DIPE (Figure I11-29) shows
that three [U(CO3)U(OSi(OtBu)s)sNay] moieties are bridged by three sodium cations capping
the carbonates to yield a trimer. The second sodium ion of each moiety is located in the Og
coordination pocket formed by three siloxide ligands. A similar carbonate-bridged U(IV)
tetrameric assembly was obtained from the CO, reduction by the U(II) complex
[U((N*PMeArO)stacn)].”® The U2 and U3 uranium centres are hexacoordinated in a distorted
octahedral geometry by a bidentate carbonate, one terminal monodentate siloxide and three
other siloxide ligands bridging each uranium centre with Na2 or Na3 atom respectively. The
U1 unit presents a similar structural arrangement with a distorted octahedral coordination
geometry around the U centre except that the fourth siloxide ligand is tridentate bridging
between the Ul and Na5 atoms. The average U-Oqarbonate distance (2.38(2) A) is in the range
of those found in previously reported terminal U(IV) carbonate complexes (2.271(1)-2.421(3)
A).”% The C-O bond lengths in the carbonate moieties are comparable with an average value
of 1.30(5) A is in agreement with other reported C-O distances in terminal U(IV) carbonate

98
compounds. "

135



[CHAPTER III]
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Figure I11-29: Solid state structure of [U(CO3)(OSi(OtBu););Na,]; DIPE, 28.DIPE (left) and core view (right) (50%
ellipsoids). Methyl groups, disorder and lattice solvent molecules are omitted for clarity.

The 'H NMR spectrum of complex 28 shows two very broad peaks at -2.3 and -5.7
ppm (with an integration ratio of 3:1 respectively) confirming that the carbonate complex 28
and [U(OSi(OtBu)s;)4] are the main products formed after the addition of leq of CO;, to
complex 26. The quantity of CO; added to complex 26 plays a crucial role on the reactivity

(Scheme III-16).
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Scheme I1I-16: Difference in reactivity of the [U(OSi(OtBu););Na] complex with leq or an excess of CO,.
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These preliminary studies on the effect of the cation nature in [U(OSi(OtBu);)sM]
complexes suggest that the reactivity with an excess of CO; can be tuned by the cation size.
To confirm this hypothesis and better compare the uranium accessibility in the Li complex,
the reduction of [U(OSi(OtBu);)4] with Li metal should be performed directly in toluene to
prevent the coordination of the THF molecule to the Li" ion. A different structural
arrangement and a different CO, reactivity could be observed. Finally the amount of added
CO; also seems to strongly influence the reactivity of the Na complex 26 leading to a U(IV)
carbonate complex or a U(V) oxo complex. To verify this trend the same stoichiometric

addition of CO; will be performed on [U(OSi(OtBu);)sM] complexes (M=Li, K and Cs).

III.3 Preliminary studies on the reactivity of
[U(OSi(OtBu);)4K] and [U(OSi(OtBu););], with hydroxo-

and oxo-donor agents.

The stoichiometric reaction of organometallic U(III) complexes with water was
reported by Andersen and co-workers to afford the analogous U(IIl) bis-hydroxide
complexes. Upon heating, these complexes decompose to afford U(IV) bis-oxo complexes
and dihydrogen by oxidative elimination.”’”> Recent work of Meyer et al. shows that the
controlled hydrolysis of the U(IIl) complex [U((Ad’MeArO)gmes)] can lead to a terminal U(IV)
hydroxo complex [UOH)((***ArO)smes)] which is likely to be involved in an
electrocatalytic cycle for H, formation.””> Former studies in our group, focusing on the
controlled hydrolysis of U(III) complexes also lead to the isolation of oxo and hydroxo

274
complexes of uranium.

The reaction of U(III) complexes with N,O provide also a route to bridging®™ *® or

. 170, 2
terminal'’® 27

oxo complexes. Recently, Severin et al. reported the synthesis of a N-
heterocyclic carbene-activated N,O (IMesN,0)*’® leading to an unusual reactivity of the N,O
moiety with transition metal complexes.”’’*” However, the N,O activation by low valent

U(II) complexes remains poorly explored.
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I11.3.1 Reactivity of [U(OSi(OtBu);),K] with water

The addition of leq of H,O to [U(OSi(OtBu)3)4K] in toluene led to the isolation of a
dimeric [{U(OSi(OtBu)s)s}2(u-OH),(p-O)].tol, 29.tol which is isostructural with complex
23.tol, its sulfur-analogue. Complex 29.tol crystallizes from the toluene crude mixture at -
40°C and the X-ray crystal structure presents two [U((OSi(OtBu););K] moieties bridged by
three oxygen atoms. This demonstrated the loss of one siloxide ligand. The average value of
the U-OlA, B, C distances (2.32(6) A) is slightly longer than reported values for
wo—oxo bridged U(IV) complexes (2.1036(2)-2.179(3) A)*™ ** ' and w,—hydroxo bridged
UIV) (2.267(3)-2.299(3) A)'7*?"* moieties. This is probably due to the bulky environment
provided by the siloxide and the bridging O* and OH™ moieties. The bond valence sum is in
agreement with the presence of two U(IV) centres but, similarly to complex 23, the hydrogen
atoms of the OH™ groups are probably fluxional, and therefore very difficult to locate in the

crystal structure.

Figure 111-30: Solid state structure of [{U(OSi(OtBu););},(n-OH),(n-O)].tol, 29.tol (50% ellipsoids). Methyl groups and
lattice solvent molecules are omitted for clarity.

The 'H NMR spectrum of the crude reaction mixture after 18h hours reveals only the
presence of complex 29, free siloxide ligands and unreacted [U(OSi(OtBu);)4K]. This shows
that, contrary to the reduction of H,S by [K18c6][U(OSi(OtBu);)4], the reduction of H,O by
[U(OSi(OtBu)3)4sK] does not form the hypothetical terminal hydroxo complex
[U(SH)(OSi(OtBu)3)4K]. This observation led us to reconsider the reaction as consisting in
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the reduction of one molecule of H,O by two [U(OSi(OtBu);)4K] complexes yielding H, and
an oxide ligand. The subsequent, or concomitant, deprotonation of two water molecules by
one siloxide ligand from each U centre releases two protonated siloxide ligands and forms
two hydroxide ligands bridging the two U(IV) centres as shown in Scheme III-17. The
synthesis was then repeated on a bigger scale and using the correct stoichiometry. A bubbling
attributed to H, release was observed. The '"H NMR spectrum of the crude reaction mixture
does not present unreacted [U(OSi(OtBu);)4K] but only the signal of free ligand and complex

29. Complex 29 was isolated pure by crystallization from the toluene crude mixture in 49%

yield.
(BuO)SiQ,, BuOkSI~ 1 siotBu),
(Bu 0)3s|o\ +3H0 5 \ O P +2 HOSI(OtB
2 U—0Si(OBu)s Toluene (tBuO)ssl\O//U<O7U S'(OtB“) (OtBu)s
(tBu O)3SIO -Hp (BuO)Si—C O 0
3 H Si(OtBu);
29

Scheme I11-17: Synthesis of the [{U(OSi(OtBu);)3},(n-OH),(p-0)] complex, 29.

II1.3.2 Reactivity of the dimeric [U(OSi(OtBu););], with N,O

sources

The reaction of the di-uranium(Ill) complex [U(OSi(OtBu)s);], with leq of the
carbene-activated N,O (IMesN,O) leads to the immediate formation of the U(IV) bridging
oxo complex [{U(OSi(OtBu);)3}2(u-0)], 30, and N, evolution (Scheme II1-18).

tBuO\ /OtBu
: 0Si(OtBu .
t8u0l S'\O (OtBu)s Mes o (1BUO)SIQ /OSl(OtBu)
[e]
Buo),si0—Y< /U(OS' (OB [ >—N 4>—>(tBuO)3S|o—/ U—0—U—0Si(OtBu);
otB N,
(tBuO)5SiO \S,/ Y Mes Mes (tBuO)3SiO 0Si(OtBu);
30

tBuO ‘OtBu
Scheme I11-18: Synthesis of the oxo complex [{U(OSi(OtBu););},(n-0)], 30.

Light pink crystals of complex 30 were obtained from the toluene crude solution at -40°C.

The molecular structure of 30 is represented in Figure I1I-31 and shows two [U(OSi(OtBu)s3);]
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moieties bridged by an oxygen atom. The coordination spheres of the two uranium centres are
different. Ul is hexacoordinated in a highly distorted geometry by the bridging oxide ligand,
one monodentate siloxide and two bidentate siloxide ligands, while U2 is pentacoordinated in
a highly distorted geometry by the bridging oxide ligand, one bidentate siloxide and two

monodentate siloxide ligands. As a consequence the distance between the more electron-rich

Ul centre and the oxo group is elongated compared to the one with the U2 centre (2.1375(4)

A and 2.0851(4) A respectively). Yet, both UI-O1A and U2-O1A distances are in agreement
88, 96, 176

with those reported in other U(IV) bridging O* moieties. The U-O-U angle is nearly

linear with a value of 172.265(2)°.

Figure III-31: Solid state structure of [{U(OSi(OtBu););},(n-0)], 30 (50% ellipsoids). Methyl groups are omitted for
clarity.

The 'H NMR spectrum of complex 30 features only one signal at 0.5 ppm suggesting
a fluxional binding of the tert-butoxy groups in solution. Complex 30 can be isolated pure in
49% yield. Monitoring its 'H NMR spectrum overtime shows that complex 30 is unstable at
room temperature in toluene and slowly decomposes in the U(IV) [U(OSi(OtBu)3)4] complex

and unidentified species (Figure I1I-32).
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o Tol *
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Figure I11-32: "H NMR (400 MHz, tol-dg, 298K) spectrum of [{U(OSi(OtBu););},(1-O)], 30 and evolution over time.

Complex 30 can also be obtained by addition of leq of PyNO to the
[U(OSi(OtBu)s3)3], complex in THF but in much lower yield (9%) probably because of the
presence of released pyridine in the reaction mixture. Interestingly, the addition of an excess
of N,O to a U(IIT) complex [U(OSi(OtBu)3);]» solution in THF shows an immediate colour
change from dark brown to yellow. The "H NMR spectrum in deuterated toluene of the crude
mixture does not present the signal of complex 30 but unidentified peaks. Suspecting an over-
oxidation of the U(III) starting material by the N,O excess, [U(OSi(OtBu);)4] was exposed to
1 atm of N;O to confirm that a U(IV) siloxide complex can reduce nitrous oxide (Scheme III-

19).

OSi(OtBu)3 )

L|J (tBuO)zssll,,,,,‘””““ | ~OSi(OtBu)3
(BuOKSIO"/ ™o 510Bu), +xsN20 _ Hex tBuo‘7l|f<O;lu\li—?tBu + ur;isggiteif;ed
(tBUO)3SIO Tol (tBUO)3S|O 0 O SI(OtBU)Z

31

Scheme I11-19: Synthesis of [(UO,),(OSi(OtBu);),], 31.
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Under a N,O atmosphere, a light blue solution of [U(OSi(OtBu);)4] in toluene turns
instantaneously dark purple. Yellow crystals suitable for X-ray diffraction of the dimeric
uranyl(VI) bis-siloxide complex [(UO;)>(OSi(OtBu)s)4], 31, were obtained from hexane at -
40°C. The structure finalisation of complex 31 is ongoing but two uranyl moieties bridged by
two bidentate siloxides are clearly recognizable. The equatorial plane of each uranium
coordination sphere is completed by one terminal monodentate siloxide ligand. The
provisional average U-O distance in the uranyl groups (1.768(3) A) is comparable to those

found in other uranyl(VI) complexes.”™

Figure I11-33: Solid state structure of [(UO,),(OSi(OtBu);)4], 31 (Ball and stick representation). Methyl groups are
omitted for clarity.

The "H NMR spectrum of the toluene crude reaction mixture reveals the appearance of
only one signal at 1.6 ppm after the N,O addition. However, as the reduction of N,O into N;
and oxo ligand needs two electrons, eight electrons were used to form the four oxo groups in
complex 31 while the two U centres only gave two electrons each. Thus, another U species
has to be present in the crude mixture. Unfortunately, this by-product has not been isolated so
far. The isolation of complex 31 from N,O addition to [U(OSi(OtBu)3)4] indicates that over-
oxydation to U(VI) is possible contrary to what was observed in some N,O reactivity studies
with U(II) starting materials.*® ** " Interestingly, complex 30 does not react with an
additional equivalent of IMesN,O. In this case, the use of this carbene-activated N,O is a

better route for controlled oxidative oxygen transfer reactions.
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I11.4 Conclusion

The work presented in this chapter focused on the reactivity of trivalent uranium
complexes supported by the tris(tert-butoxy)siloxide ligand, OSi(OtBu);.

In the first part of this chapter we demonstrated that cooperative effects play an
important role in the reduction of carbon disulfide and triphenylphosphine sulfide. The
comparison of the reaction product ratio for the reduction of CS; by [U(OSi(OtBu);)4K] or
[U(OSi(OtBu)3)4][K18c6] complexes shows that the presence of the K cation favours the
reductive coupling of CS; to yield tetrathiooxalate as the main product. Conversely, the
removal of K' by 18¢6 in [K18c6][U(OSi(OtBu)s)4] favours the reductive disproportionation
of CS; to yield trithiocarbonate as the main product. During this work two particularly
interesting U(IV) compounds, complexes 12 and 13, were isolated showing that the
coordination of CS;* and C3Ss” moieties on a U(IV) centre supported by four siloxides is
possible despite the important steric bulk. The importance of the cation role was also visible
in the PhsPS reduction reaction. In addition to the isolation of rare U(IV) terminal and
potassium capped sulfide complexes (16, 17 and 18), the study of their reactivity with Ss,
CS,, and CO; has been performed demonstrating that, despite the multiple character of the U-
S bond, the sulfur atom can be transferred to substrates. The protonation of the sulfide by
pyHCI1 was found to be a convenient route to form a U(IV) hydrosulfide complex. DFT
calculations allowed us to gain insight in the nature of the triple U-S and the double U-(SH)
bonds. Moreover, the absence of reaction of [KI18c6][U(OSi(OtBu);)s] and
[Keryptand][U(OSi(OtBu)s)s]  complexes with  PhsPS  in  THF  (contrary to
[U(OSi(OtBu)3)4K]) confirmed the need of the U/K proximity for the reduction to occur. To
better understand if this proximity influences the reactivity because of steric hindrance
(siloxide coordination to cation leading to a more accessible U centre) or because of
coordination and electronic reasons, we investigated the effect of the nature of the cation (M)
in [U(OSi(OtBu)3)sM]. These preliminary studies on the reactivity of the isolated complexes
[U(OSi(OtBu)3)sM] (M=Li, Na, K, Cs) with CO; indicate a critical size of the M cation
beyond which the favoured reaction product changes. This could point out that steric reasons

dominate this effect, yet further investigations need to be done to confirm this hypothesis.
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Indeed, the different Lewis acidity of the counter-cations could also play a role in the
reactivity.

In the second part of this chapter, preliminary studies on the reactivity of the U(III)
complexes [U(OSi(OtBu);)4K] and [U(OSi(OtBu)s);], with water and N,O were reported.
The reaction of [U(OSi(OtBu);)4K] with leq of water led to the isolation of a bis-hydroxo
mono-oxo U(IV) complex showing that controlling U(III) complex hydrolysis is not obvious
especially because of the lability of the monodentate siloxide ligand. The reaction of
[U(OSi(OtBu)3);], with N,O or its carbene-activated analogue, IMesN,O, show that the
carbene-activated N,O offers a better control of the oxidative oxygen atom transfer allowing
the isolation of a bridging oxo U(IV) dimer. Further investigations of the reactivity of U(III)
siloxide complexes with oxo donor agents will be pursued in the future. In parallel, the
isolated oxo and hydroxo complexes could be attractive precursor to investigate the magnetic

properties.
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CHAPTER 1V
Small Molecule Activation by

Divalent Lanthanide Complexes

IV.1 Synthesis and reactivity of new divalent lanthanide

complexes supported by siloxide ligands

IV.1.1 Context

In the preceding chapter, the reactivity of U(III) complexes supported by siloxide
ligands with carbon disulphide, triphenylphosphinesulfide, carbon dioxide, nitrous oxide or
water was investigated. The possibility of tuning their reactivity with CO, and CS, by
changing the number of siloxide ligands and by coordinating the counter cation renders these
systems very attractive. As shown in the general introduction, divalent lanthanide complexes

. . 2,1 281
are also known to undertake small molecule activation.® '*> 28

Because of the wide range of
ionic radii and redox potential of lanthanides, the complexes of divalent lanthanides supported

by tris(tert-butoxy)siloxide ligands could feature an unusual and possibly tunable reactivity.

The most common siloxides used as supporting ligands for lanthanide centres are

shown in Scheme IV-1.2%
Cy\S.
Cy. /O/ }O\O Ly
Ph Ph Ph OtBu si Cy‘§'~o \Si
Phs g aPh Phu,,,,\.sixo\sfiph tBUO\Sir‘LOtBu 5\0\\9 P X 0
(IDH (le 6H (IDH Cy/\s\i Sll\CySi—Cy

Scheme IV-1: Siloxide ligands commonly used in the synthesis of lanthanide complexes.
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Most reported complexes contain the lanthanide ions in the oxidation state +III. These

systems have found application as homogeneous catalysts for olefin hydrosilylation,

. . 283,284 . . 285, 2
precursors for ceramic synthesis,”* *** or dopant in thin films.**> **® They have also been
287-291

used as homogeneous molecular models for heterogeneous supported catalysts, and in

the development of luminescent silica nanoparticules.””® Selected examples of Ln(III)

supported by tris(tert-butoxy)siloxide ligands are shown in Scheme IV-2.

— N=
0Si(0tB OSi(OtBu
Ln=Sc, Y, Eu, Yb, Lu g | (OB NN R~ (OB
—  (tBu0),Si{ “LnMhOSi(OBY); —— R 5 /N“}Yb""--uOSi(OtBu)g
0 osiOBu),  THOSOBWs g SN osiotBu),
S tBu Ln=Yb
[Ln™(N(SiMe2)3]  cH,Cl,
+ _— .
4HOSI(OtBU); TS'(OB“)S’
,OSi(0tBu)
L—» (tBuO si{ n
Ln=C NdS( )2 \O( |\/OtBLI
n=Ce, ,om
tBu O~gjomu),
0Si(OtBu)3
Ln=Sc, Yb, Lu (BuO),Si Ln'" wOtBu
> u |
2SI o _Si(OtBu),
. ®
[Ln"(N(SiMe2)s]  GH,Cl, !
+ [E———
4 HOSI(OtBu); (tBUO)zsi\
\\O// OtBu
> 05 (BUORSO %, .| _osioBu),
Ln=La,Nd, Sm  (tBu0)3SiO—" n
: | YW osiou),
tBUO//,,,“ \
“Si(OtBu),

Scheme IV-2: Syntheses of Ln(III) complexes supported by tris(tert-butoxy)siloxide ligands.zss’ 2

To date isolated divalent lanthanide siloxide complexes are limited to few examples of
Sm(II) and Yb(II) complexes** ***** presented in Scheme IV-3. Interestingly, Anwander et al.
reported the formation of the bis-siloxide complexes [Ln(OSi(OtBu);AlEt;)2] (Ln=Yb, Sm)

and underlined that even when only one equivalent of siloxide ligand is added, the latter bis-

siloxide complex is formed.
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Scheme IV-3: Syntheses of the Ln(II) complexes a) [Yb(OSi(Me)z(tBu)(DME)]z,42 b) [Sm,(Cp*)(0Si(OtBu););] and
[Smy(Cp*)(OSi(OtBu)3);]1,[Sm(N(SiMe;),);],* ¢) [Ln(OSi(OtBu);AIR3);] (R=Et, Ln=Yb and Sm; R=Me, Ln=Yb).?**

The reactivity of the complexes [Yb(OSi(Me),tBu)(DME)],, [Ln(OSi(OtBu);AIR3):]
(R=Et, Ln=Yb and Sm; R=Me, Ln=Yb) and [Smy(Cp*)(OSi(OtBu);)3]2[ Sm(N(SiMe3));] has
not been investigated. The complex [Smy(CsMes)(OSi(OtBu)s);] reacts with azobenzene in
toluene leading to a bi-electronic reduction of the latter with the formation of the Sm(III)
dinuclear complex [Smy(PhNNPh)(Cp*)(OSi(OtBu)s);]. This promising reactivity, the
possibility of tuning Ln ion sizes and redox potentials, incited us to further explore the
synthesis and the reactivity of new Ln(Il) complexes supported by tris(tert-butoxy)siloxide

ligands. These studies will also allow to compare U(III) and Ln(II) reactivity.

IV.1.2 Synthesis of the series of divalent lanthanide complexes

[Ln(OSi(OtBu);),K;] (Ln=Eu, Yb, Sm)

(BuO)SIQ,
, THF BUO)sSiOna ™.
LnXs + 4 KOSi(OtBu), (BuO)s \‘\Ln—OSi(OtBu)g,
-3KX K
Ln=Eu, Yb; X=OTf (1Bu0)5SiO
Ln=Sm ; X=I ° 32-Ln

Scheme 1V-4: Synthesis of Ln(11I) tetrasiloxide complexes [Ln(OSi(OtBu);),K] (Ln=Eu, Yb, Sm), 32-Ln.
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The addition of four equivalents of the deprotonated KOSi(OtBu); ligand to Ln(III)
salts LnX; (Ln=Eu, Yb, X=OTf; Ln=Sm, X=I) affords the trivalent lanthanide tetrasiloxide
complexes [Ln(OSi(OtBu);)4K], 32-Ln (Ln=Eu, Yb, Sm), in high yields (80-85%) (Scheme
IV-4). Interestingly the addition of only three siloxide ligands per Ln centre also leads to
complex 32-Ln and unreacted lanthanide salts. Similarly to the example reported by
Anwander et al.*”* the higher coordination number is favoured even at non stoechiometric
ratios. The protonolysis reaction between [Ln(N(SiMes),);] and the protonated ligand
HOSi(OtBu); is, therefore the only way to prepare the tris-siloxide species
[Ln(OSi(OtBu););].2%*

Colorless crystals of the complex 32-Yb were obtained from a toluene solution at -
40°C. The structure of 32-YDb, presented in Figure V-1, is isomorphous with the structure of
the U(III) complex [U(OSi(OtBu)3)4K]. The Yb(III) ion is tetracoordinated by four siloxide
ligands. Three siloxides are bidentate and bridge the Yb and K ions. The values of the Yb-O
distances (2.06(2) A in average) are in the range of the values reported for mononuclear

Yb(III) siloxide complexes.** 2% 2%

Figure I'V-1: Solid state structure of [Yb(OSi(OtBu);),K], 32-Yb (50% ellipsoids). Methyl groups and solvent
molecules are omitted for clarity.

The 'H NMR spectra of 32-Ln show only one signal for the 108 protons of the
complexes in both deuterated toluene and THF. The addition of leq of 18c6 to 32-Yb leads to
a shift of the signal on the "H NMR spectrum from 5.5 to 1.9 ppm in THF. This suggest that
complex 32-Yb maintains a heterobimetallic Yb-K structure in solution with a fluxional

coordination of the potassium cation that renders all the hydrogen atoms equivalent. When the
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'H NMR spectrum of 32-Yb is acquired at -30°C in deuterated toluene, two broad signals are
present with an integration ratio of 3:1 in agreement with the solid state structure. At low
temperature the fluxional motion of the K is therefore reduced. The "H NMR spectrum of 32-
Eu at -30°C in toluene does not show the same de-coalescence but only a broadening of the
signal. The 'H NMR spectrum of 32-Sm is not significantly affected by the temperature

suggesting an increased fluxionality in agreement with the larger size of the Sm cation.

(I)tBu
/SI\
tBUO™ 1 ~OtBu
[SPe N
H K tBu/O“I!f | K.
exane O i
[Ln(OSI(OtBU))K] —— > > (BuO);Si—O =g Q
-40°C Bu-2 O "0—Si(OtBu),
32-Ln Ln=Eu, Yb, Sm ,SI-C‘J Bu
tBuO tBu
33-Ln

Scheme IV-5: Synthesis of Ln(II) tetrasiloxide complexes [Ln(OSi(OtBu);),K;], 33-Ln (Ln=Eu, Yb, Sm).

The complexes 32-Ln can be reduced by leq of potassium metal, in hexane at -40°C,
to afford the divalent complexes [Ln(OSi(OtBu);)sK5], 33-Ln (Ln=Eu, Yb, Sm) which, after
recrystallization in hexane, were isolated pure in high yields (81-88%) (Scheme IV-5).

Yellow-brown crystals of complex 33-Eu.THF were obtained from a concentrated
hexane/THF mixture at -40°C. Deep pink crystals of 33-Yb.tol and 33-Sm were obtained, at -
40°C, from concentrated toluene and hexane solutions respectively. The X-ray structures of
33-Ln show the presence of a pentacoordinated Ln(Il) centre by four siloxide oxygen atoms
and one OtBu group in a highly distorted geometry. The siloxide ligands bridge the Ln centre
to two potassium cations affording a neutral heterometallic structure (Figure IV-2). The
structures of complexes 33-Yb.tol and 33-Sm are isomorphous while the structure of 33-
Eu.THF presents an additional THF molecule bound to one potassium cation. The values of
the Ln-O distances in the 33-Ln complexes are given in Table IV-1. The Ln-O distances in
the complexes 33-Ln are significantly longer than in the Yb(III) complex 32-Yb. The shorter
Yb-O distances compared to Sm-O and Eu-O ones are in agreement with the decrease of the
ion size among the Ln series. The longer Ln-O61 and Ln-O62 distances in each complex are

explained by the bidentate binding mode of the ligand with the Ln centres.
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Figure IV-2: Solid state structure of [Ln(OSi(OtBu);),K;] complexes, 33-Sm (left), 33-Eu.THF (middle), 33-Yb.tol
(right) (50% ellipsoids). Methyl groups and solvent molecules are omitted for clarity.

Table IV-1: Ln-O bond lengths (A) in [Ln(OSi(OtBu)3)4K,] complexes.

Ln-O (A) 33-Sm 33-Eu.THF 33-Yb.tol
Ln-Ol1 2.381(2) 2.3418(19) 2.271(5)
Ln-021  2.3876(18)  2.3870(19) 2.272(5)
Ln-O41  23888(18)  2.3969(17) 2.251(6)
Ln-061  25236(19)  2.5263(17) 2.422(5)
Ln-062  2.6659(18)  2.6381(19) 2.571(6)

The 'H NMR spectra of 33-Ln (Ln=Yb, Sm) show only one signal for the 108 protons
of the complexes in both deuterated toluene and THF. The complex 33-Eu is NMR silent due
to the strong paramagnetism of its 4f electronic configuration. The complexes 33-Eu and 33-
Yb are stable in toluene and THF solutions at room temperature but the complex 33-Sm
decomposes at 25°C in toluene. Monitoring the '"H NMR spectrum of 33-Sm over time

reveals the increasing formation of 32-Sm and free ligand (Figure 1V-3).
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Figure IV-3: '"H NMR spectrum (200MHz, tol-dg, 298K) of [Sm(OSi(OtBu);)4K,], 33-Sm, and evolution over time.

Interestingly, 33-Yb features a much lower solubility in THF and dioxane than in
toluene, which can be improved by the addition of 2eq of 18c6. Varying the temperature does
not significantly affect the '"H NMR spectrum of 33-Yb in toluene. When 2eq of 18c6 are
added to a toluene solution of 33-YDb, the obtained complex becomes insoluble indicating an
ion-pair structure in presence of crown ether and a heterometallic Yb-K; structure (as found in
solid state) in absence of crown ether. The presence of only one NMR signal in toluene and in
the absence of 18c6 can be explained by a fluxional coordination of the potassium cation
rendering all the hydrogen atoms equivalent.

Cyclic voltammetry studies were performed on the divalent 33-Eu and 33-Yb
complexes in THF (6 mM concentration) but not on 33-Sm for stability reasons. The obtained
cyclic voltammograms were compared to those of the divalent salts Eul, and Ybl, in THF at
the same concentration (Figure IV-4). A strong shift of the oxidation potentials towards the
negative values is observed for 33-Eu and 33-Yb compared to those found for Eul, and Ybl,
(from Eox = -0.14 V for Eul, to Eox = -1.26 V for 33-Eu and from E,x = -0.68 V for YbI, to
Eox =-2.19 V for 33-Yb). Thus, the divalent tetrasiloxide complexes are easier to oxidize than
their iodide analogues. This shows that the coordination of siloxide ligands leads to an
increased reducing power. A smaller, enhancement of the reducing power of Sml, was

295, 296
d.

reported for the hexamethylphosphoramide ligan Interestingly, the cyclic

voltammograms of 33-Eu and 33-Yb show only an irreversible oxidation and no reduction is
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observed even when the scan rate is increased up to 1V.s™. This could be due to a kinetic

inertia of the system.

Egy = -2.19V

Eox=-1.26V

P

Current/arb. units

. y
-3.0 25 20 -15 -1.0

E/Vvs.Fc'lFc

Figure IV-4: Cyclic voltammogram for Eul, (light blue), YbI, (light red), 33-Eu + 2eq 18C6 (blue) and 33-Yb + 2eq
18C6 (red) recorded at 6mM concentration in ~0.1 M [BuyN][PF4] THF solution at 100 mV.s™" scan-rate with a glassy
carbon working electrode.

With these highly reducing divalent tetrasiloxide complexes in hands, we decided to

investigate their reactivity with small molecules.

IV.1.3 Reactivity with PhNNPh

The complexes 33-Eu and 33-Yb did not show any reactivity with N, in toluene or

THEF/18c¢6.
However, the addition of 1eq of PANNPh to 33-Ln (Ln=Eu, YD) in toluene leads to the

immediate formation of the trivalent complex 32-Ln (Ln=Eu, YD), identified by 'H NMR

spectroscopy, and the precipitation of the reduced potassium radical anion KPhNNPh

(Scheme 1V-6).
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Scheme IV-6: Reactivity of complexes 33-Ln with diazobenzene.

The KPhNNPh compound is soluble in THF and NMR silent in agreement with its
radical character. It can be isolated pure in 74% yield by slow diffusion of toluene into a THF
solution of KPhNNPh. Crystals suitable for X-ray diffraction were obtained using the same
procedure. The solid state structure of KPhNNPh shows the presence of a 2D polymeric
network (Figure IV-5). The nitrogen atoms of the azobenzene radical are found on two
positions with respectively 0.66(2) and 0.34(2) occupation coefficients. The structural data
show that the N-N distance between the principal positions of the nitrogen atoms NI
(1.331(17) A) is elongated compared to free azobenzene (1.25A)*7 in agreement with the
presence of a monoanionic reduced ligand. The value of the N-N distance in KPhNNPh is in

the range of those found in carbocyclic complexes of Tm(IIl) or Sm(IIl) containing a

153, 155

monoanionic reduced diazobenzene (1.32-1.39 A).

Figure IV-5: Solid state structure of KPhNNPh (50% ellipsoids). Disorder and hydrogen atoms are omitted for
clarity.

EPR studies of the in situ generated KPhNNPh radical in DME have been reported””®

but its solid state structure was, until now, unknown. The EPR spectra measured on the

153



[CHAPTER IV]

isolated KPhNNPh compound are in agreement with those reported by Gerson et al. with an
intense signal at g~2, characteristic of an organic radical. The EPR spectrum measured in
DME/THF solution (Figure 1V-6) also shows the same hyperfine pattern as described by

Gerson.

1.75 185 1.95 2,05 2.15 2.25 2.35

] "J l‘
it

Figure 1V-6: EPR spectra of solid KPhNNPh suspended in a toluene/hexane mixture (20/2) (top) and in DME/THF
(100/1) solution (bottom) at 292K with 33dB of attenuation.

" 2022

Performing the reaction of 33-Eu with PhNNPh at -40°C allowed the isolation from
hexane of few crystals of the intermediate Eu(Ill) complex [Eu(PhNNPh)(OSi(OtBu)3)4Kz],
34. In the structure of complex 34.hex, presented in Figure IV-7, the europium ion is
hexacoordinated in a highly distorted trigonal prismatic fashion. The N81-N82 bond distance
(1.450(8)A) is similar to the N-N simple bond of hydrazine (1.45 A) and longer than in the
free radical KPhNNPh (1.331(17) A) or in the carbocyclic complexes of Tm(III) or Sm(III)
containing a monoanionic reduced PhANNPh (1.32-1.39 A). 153155 The Eu-N82 distance is
significantly longer than Eu-N81 (2.599(5) and 2.328(5) A respectively), suggesting the

presence of a radical localized on N82.
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Figure IV-7: Solid state structure of [Eu(PhNNPh)(OSi(OtBu);)4K;].hex, 34.hex (50% ellipsoids). Methyl groups,
hydrogen atoms and solvent molecule are omitted for clarity.

The structure of complex 34 demonstrates that coordination of the substrate to the
lanthanide centre is possible despite the bulky environment provided by the four siloxide
ligands. Therefore, the reduction can occur via an inner sphere mechanism. However, the
sterically crowded environment renders this complex unstable and leads to the release of the
reduction product affording the free radical anion KPhNNPh and 32-Ln. Such a spontaneous
release of the azobenzene reduction product from a lanthanide complex has never been
reported so far. Moreover, this reactivity is the first example of azobenzene reduction by an
Eu(Il) complex illustrating the enhancement of reducing abilities of the Eu(Il) ion thanks to

the electron rich environment provided by the four siloxide ligands.

IV.1.4 Reactivity with CS,

This unprecedented reactivity with azobenzene incited us to investigate the reaction of
33-Ln (Ln=Eu, Yb) with CS,. So far, the reduction of CS; by 4f-elements has been limited to
Sm(II) complexes.'™ '**'3* The addition of leq of °CS, to a THF solution of the divalent 33-
Ln (Ln=Eu, Yb) complexes pre-treated with 18c6 crown ether leads to the immediate
formation of a precipitate. The "H NMR spectra of the supernatants in deuterated THF show

only the signal of the respective trivalent complexes 32-Ln, which are formed with ~94%
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conversion (determined using naphthalene as an internal standard). The >C NMR spectra of
the precipitates in deuterated DMSO show the presence of CSs> as the main species and of
C,S4” (264 ppm) and C3Ss> (203 and 145 ppm) as minor species®> >* > (Scheme IV-7).
Pale pink crystals of the 3D polymer [(K,CS3)s(DMSO)2], were obtained from a slow
diffusion of toluene into these DMSO solutions. The X-ray structure of [(K,CS3)s(DMSO)2]a
features five CS;> units bridged together by potassium cations, DMSO molecules complete
the potassium coordination spheres. The C-S bond lengths in the thiocarbonate moieties are
comparable and the average value of 1.72(1) A is in the range with the C-S distances in

[U(OSi(OtBu)3)s(CS3)Ka(18¢6)2] 12 (1.706(8)-1.727(8) A).

Figure IV-8: Solid state structure of [(K,CS;)s(DMSO);;],, asymmetric unit (left), and detail of one K,CS; unit (right)
(50% ellipsoids). Disorder and hydrogen atoms are omitted for clarity.

Comparably to the U(III) complex [U(OSi(OtBu);)4K], the divalent tetrasiloxide 33-
Ln (Ln=Eu, Yb) are able to promote both reductive disproportionation and reductive coupling
of CS, to yield respectively to CS;7/CS and C,S4* (C3Ss> probably forms from the reaction
of C,S4> with CS). The relative ratios of the reduction products depending on the metal centre
of the complex are shown in Scheme IV-7. We can observe that the complex 33-Eu features a
better selectivity for the reductive disproportionation pathway and thus thiocarbonate
formation (ratio CS3%/C,S4%/C5Ss* = 40/1/2). Surprisingly, the relative ratios of the products
do not significantly change when the reaction is carried out in toluene or when an excess of
CS; is added. In consequence, the observed difference in selectivity is probably only due to
the different size of the Eu(II) and Yb(II) ions (1.17 and 1.02 A respectively)16 leading to
different steric demands in the respective CS;-bound reaction intermediates but a possible role

of the different redox potentials cannot be ruled out.
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Scheme IV-7: Reaction of 33-Ln (Ln=Eu, Yb) with CS, and ratios of reduction products.

Unfortunately, all attempts to isolate an intermediate presenting the reduction products
bound to the lanthanide centre failed even if one can assume that the CS, molecule, sterically
less demanding than PhNNPh, could coordinate the lanthanide ion. The steric bulk provided
by the four siloxide ligands and the dianionic charge of the reduction products are probably
responsible for the release of thiocarbonate and thioxalate.

The reactivity with CS, shows that having access to complexes with different Ln(II)
centres in the same ligand environment can be an advantage in term of tuning selectivity.
Unfortunately, as the complexes 33-Ln (Ln=Eu, Yb) precipitate from toluene after the
addition of 18c6, the role of the potassium cation cannot be easily investigated. However, the
steric hindrance and the electron-rich environment of the Ln centres provided by the siloxide
ligands lead to unprecedented CS; reductions by Eu(Il) and Yb(II) ions together with unique

thiocarbonate and thioxalate formation and release.

IV.1.5 Reactivity with CO,

The observed reactivity with CS, incited us to further study the reactivity of
complexes 33-Ln with heteroallenes and focus on CO, activation. The divalent complex 33-
Eu does not react with CO; , but an immediate colour change occurs when a toluene solution
of complex 33-Yb is exposed to an excess of carbon dioxide. During this reaction, the
formation of the trivalent complex 32-Yb was identified by 'H NMR spectroscopy in ~50%
conversion determined using naphthalene as an internal standard. The *C NMR spectrum of
the toluene crude mixture confirms the presence of the Yb(III) complex and shows the signal
of free CO at 185 ppm. These results indicate that Yb(III) complexes with bound reduction
products should be present in the crude mixture despite the absence of other signals on the
NMR spectra. To confirm the presence of COs> and C,04> bound Yb(III) complexes in the
toluene crude reaction mixture, the IR spectrum of the crude residue was performed and

compared to the one of pure 32-Yb (Figure IV-9). The IR spectrum of the reaction of 33-Yb
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with CO, (in green) clearly shows an absorption band around 1650 cm™, characteristic of
C=0 stretching, which is absent on the IR spectrum of pure 32-Yb (in blue). This suggests
that Yb(III) species containing bound carbonate and oxalate dianions are present in the

toluene crude mixture.

Transmission/ Arb. Units
3

3900 3400 2900 2400 1900 1400 900 400
Wavenumber/ cm™

Figure IV-9: IR spectra of the pure 32-Yb complex (blue) and the crude reaction of 33-Yb with CO, (green) in KBr
disc.

Attempts to crystallize these complexes only resulted in the isolation of 32-YDb. This is
probably due to a labile coordination of the CO, reduction products to the metal centre that
also explains the absence of signals on the NMR spectra.

The addition of D,O to the crude residue leads to the release of the bound reaction
products. The *C NMR spectrum in D,O shows the presence of the potassium oxalate and
potassium carbonate signals (at 173 and 168 ppm respectively) in a 1:2.2 ratio (Scheme 1V-8).
The total conversion in CO, reduction products of ~95% was determined by quantitative >C
NMR spectroscopy using °C labelled sodium acetate as an internal standard. The measured
conversion rate confirms that the CO, reduction by 33-Yb affords quantitatively CO,
carbonate and oxalate and does not lead to the formation of by-products resulting from CO;

insertion in the siloxide ligands.
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Scheme TV-8: Reaction of 33-Yb with an excess of CO,.

The ratio oxalate/carbonate was found to slightly vary with the reaction conditions
(Table 1V-2). In particular, the concentration of the Yb(II) precursor affects the ratio in
toluene which varies from 1:2.2 for a 158 mM solution of 33-Yb to 1:0.7 for a 5 mM solution
of 33-Yb. When the reaction is performed in a THF solution of 33-Yb pre-treated with 18c6
the ratio oxalate/carbonate slightly varies with the amount of carbonate increasing for diluted
solution (oxalate/carbonate 1:1.7 and 1:3.1 for 158 mM and 15 mM solutions of 33-Yb

respectively).

Table IV-2: Oxalate/carbonate ratios from the reaction of 33-Yb with excess CO,.

Reagents Solvent Concentration Oxalate:Carbonate
158 mM 1:2.2
33-Yb Toluene 15 mM 1:1.5
5 mM 1:0.7
33-Yb 158 mM 1:1.7
THF
+ 2eq 18¢c6 15 mM 1:3.1

The intermediate in the reduction of CO, could be a Yb(III)-radical anion (Yb-CO;").
Such an intermediate has been proposed in the reduction of CO;, by the Sm(II) complex
[Sm(Cp*)»(THF),]'*** and the isolation of a stable CO," radical complex has been reported
for U(IIN* and Y(IT).* The dependency of the oxalate/carbonate ratio from the concentration
in THF also fits with the proposed intermediate. In concentrated solutions two Yb-CO,"~
radical are more likely to react together to yield the oxalate product, while in diluted
conditions the Yb-CO," radical is more prone to react with a second molecule of CO; to
afford the carbonate. In toluene the effect of the concentration on the selectivity is more
difficult to explain. An important effect of the solvent on the outcome of the reduction of CO,
has already been observed for the [Sm(Cp"‘)z(THF)x].83 Moreover, as mentioned in the
introduction, the reductive disproportionation of CO, can involve a bridging oxide complex

which undergoes CO, insertion in the Ln-O bond or a nucleophilic attack of a dinuclear CO,>
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intermediate on a free CO, molecule. The solvent-effect on the reactivity in toluene or THF
could also be explained by the stabilisation of one intermediate of the carbonate formation.

Since in the reduction of CO, by 33-YDb, the trivalent Yb(III) complex 32-Yb is
reformed, we envisaged implementing this reaction in a closed synthetic cycle. After the first
reaction of 33-Yb and CO; in toluene, which leads to 32-Yb and unidentified Yb(III)
complexes with bound reduction products, 2eq of KCg are added to the reaction mixture. The
'H NMR spectrum of the centrifuged crude shows the resonance of the divalent complex 33-
Yb and new signals of side-products (among them the one of potassium siloxide can be
identified). CO; is then added and this cycle can be repeated as long as the signal of 32-Yb is
observable on the 'H NMR spectrum after the addition of CO,. After each CO, exposure, 32-
Yb is reformed with ~50% conversion compared to the amount of 33-Yb in the previous step.
On a 20 mg scale experiment, five cycles can be performed and the "H NMR spectra show the
decrease of the 33-Yb signal and the increase of the side-products signals over the cycles
(Figure 1V-10). The formation of polynuclear carbonate- or oxalate-bound Yb(III)
compounds, that cannot be reduced to reform 33-Yb, probably terminates the synthetic cycle
and prevents the implementation of a catalytic cycle. Similarly, a termination of CO,
reduction cycles by a tetrameric COs-bound U(IV) complex has been reported by Meyer et
al.”® Once again, the electron-rich environment around the Yb(I) centre leads to unique
reactivity with this first example of CO; reduction by divalent Yb(II) complex.
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Figure I'V-10: '"H NMR spectra (200MHz, tol-dg, 298K) of the CO, reduction cycles.
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During preliminary experiments to further study the influence of the number of
siloxide ligands on reactivity, the dinuclear Yb(II) complex [Yb,(OSi(OtBu)s)s)(DME)], 35,
was isolated from the reaction of the divalent complex [Yb(HMDS),] with 2eq of silanol
HOSi(OtBu); in DME. Orange crystals of 35, suitable for X-ray diffraction, were obtained
from the concentrated DME crude mixture at -40°C. The complex 35 crystallizes in the
triclinic P-1 space group with two complexes per asymmetric unit (Figure IV-11). Each Yb
centre is hexacoordinated by six oxygen atoms in a highly distorted geometry. The Yb ions
are bridged by two bidentate siloxide ligands and one DME molecule. A terminal siloxide
(monodentate for Ybl and bidentate for Yb2) completes their coordination sphere. The Yb-
Ogsiloxide bond distances in complex 22 are reported in Table IV-3 and are in the range of the
Yb-O distances found in complex 33-Yb. The two Yb atoms are in close proximity with a

Yb...Yb distance of 3.4167(15) A.

Figure IV-11: Solid state structure of one of the two complexes [Yb,(OSi(OtBu);),)(DME)], 35 (50% ellipsoids).
Disorder and hydrogen atoms are omitted for clarity.

Table IV-3: Yb-Ogjeyiac bond lengths (A) in [Yb,(OSi(OtBu)3))(DME)], 35.

Ln-O (&) 35
Yb1-Obridging bidentate 2.44(2)
Yb1-OtBu 2.526(0)
Yb1-041 2.222(17)
Yb2-Obridging bidentate 2.36(6)
Yb2-061 2.268(15)
Yb2-062 2.589(17)
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The addition of 2eq of potassium siloxide to Ybl, precursor in THF leads to a mixture
of products suggesting that the protonolysis pathway is the most appropriate to cleanly obtain
complexes with low ligand/metal ratios. Preliminary reactivity tests on complex 35 show an
immediate reaction with CS,; and CO; but further efforts need to be done to identify the

reaction products.

In summary, the reactivity of the complexes 33-Ln demonstrates that siloxide ligands
clearly enhance the reducing ability of Eu(Il) and Yb(II) ions rendering these systems very
attractive as stable and easy-to-handle precursors that can be used to reduce small molecules.
In addition, the bulkiness of the four siloxides prevents the stable coordination of the
reduction products to the Ln(III) complex in the cases of PANNPh and CS, activation. The
release of the reaction products is a prerequisite for the implementation of a catalytic cycle
and even if this step is not achieved for the CO; reduction, an optimization of the steric bulk

could promote the decoordination of the reduction products.

IV.2 Design and reactivity of divalent lanthanide

complexes supported by N- and O- donor ligands

IV.2.1 Context

In the previous chapter we show that electron-rich siloxide ligands can improve the
reducing abilities of Eu(Il) and Yb(II) ions and promote rare reactivity in homoleptic “ate”
complexes of “classical” divalent lanthanides. Our investigations for new ligand systems
capable of enhancing reducing power of Eu(Il) and Yb(II) ions, led us to study the influence
of tripodal tetradentate ligands with different charge on the redox potential of these ions in
homoleptic bis-ligand complexes.

Divalent lanthanide chemistry has been dominated for a while by carbocyclic
supporting ligands. More recently N- and O- donor chelating ligands have attracted interest in
Ln(Il) reactivity studies.”® *°' Notably tripodal polypyridyl such as tris(2-
pyridylmethyl)amine (TPA) and aminophenolate ligands, which have been largely studied
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. I 2
with transition metals,30

are less used as supporting ligands with f-eclements. Even though
Ln(Ill) complexes of TPA and tripodal aminophenolate ligands present a singular
reactivity,””>% Ln(Il) complexes supported by those ligands remain rare.”%% 39311 The
reported X-ray-characterised Ln(II) complexes supported by tripodal aminophenolate ligands

are represented in Scheme 1V-9.
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Scheme IV-9: Ln(II) complexes supported by tripodal aminophenolate ligands.5"'53’ 309-311

O,

SO,

Surprisingly homoleptic bis-ligand complexes of tripodal aminophenolate were never
studied in divalent lanthanide chemistry. Moreover, the reactivity of the Ln(Il) mono-ligand

complexes presented in Scheme V-9 has never been studied with heteroallenes. Based on the
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experience of our group in f-elements supported by TPA ligands (tris(2-

274.303.312 and on the preliminary results obtained in the group on the

pyridylmethyl)amine)
synthesis of homoleptic complexes of TPA we decided to investigate the influence of
aminophenolate ligands with different donor properties on the reducing power of the Ln(II)

centres.

IV.2.2 Syntheses of mono- and bis-ligand Ln complexes of TPA,
BPA, BPPA and MPA

I11.2.2.1 Ligand design

In order to study the influence of the charge and the number of phenolate functions of
the ligands on the reducing abilities of divalent lanthanides, TPA, a neutral tetradentate
ligand, was first investigated. TPA-derivative ligands, in which the pyridyl arms were

gradually replaced by phenol ones, were synthesised (Scheme IV-10).

NSNS o~ S~
N N~ N/ N
Z = OH B OH
N R u
% N7 HO
|
# tBu tBu
R=H, HBPA
TPA R=tBu, HBPPA HMPA

Scheme IV-10: Synthesised N- and O-donor tripodal ligands.

Tert-butyl groups on the phenol cycles were envisaged to improve the solubility of the
ligands and the final lanthanide complexes. The presence of these donating groups could also

influence the redox properties of the lanthanide compounds.
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1V.2.2.2 Syntheses of Ln complexes supported by TPA

Scheme IV-11: Synthesis of the mono-ligand complexes [Yb(TPA)I,(CH3;CN)], 36 and [Eu(TPA)(p-DI],, 37.

Preliminary studies, performed by Giilay Bozoklu during her PhD, led to the isolation
of Ln(II) complexes supported by TPA.>"* The addition of leq of TPA ligand to the divalent
lanthanide iodide salts Lnl, (Ln=Eu, Yb, Sm) in THF leads to the precipitation from the crude
mixture of the mono-ligand complexes [Ln(TPA)IL;] (Scheme IV-11). Crystals suitable for X-
ray diffraction were obtained by layering a CH3CN solution of the Eu(Il) and Yb(II) mono-
TPA complexes with DIPE. Attempts to isolate single crystals of [Sm(TPA)I,] were

unsuccessful.

Figure I'V-12: Solid state structure of [Yb(TPA)I,(CH3CN)].(CH3;CN)y5, 36.CH3CNj 5 (left) and [Eu(TPA)(n-DI], 37
(right) (50% ellipsoids). Hydrogen atoms and solvent molecules are omitted for clarity.
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The complex [Yb(TPA)L(CH3CN)].(CH3CN)gs, 36.(CH3CN)gs, crystallizes in the
triclinic space group P-1. The structure of complex 36.(CH3CN)ys, given in Figure 1V-12
(left), presents a heptacoordinated Yb(II) ion with a distorted monocapped octahedron
geometry by four nitrogen atoms of TPA, two iodide ions and a nitrogen atom of an
acetonitrile molecule. The Yb-Ngmine bond (2.620(4) A) is longer than the average Yb-Npyrigyi
bond (2.565(6) A). The complex [Eu(TPA)(u-DI],, 37, crystallizes as a dimer in the
orthorhombic Pbca space group (Figure IV-12 right). This value is larger than one observed
for the Yb(II) in 36.CH3CNys (1.087(3) A) due to the smaller ionic radius of the Yb(II) ion
compared to the Eu(Il). These differences are probably responsible for the observed
nuclearity of the Yb and Eu complexes in the solid state crystal structure. The structure of 37
has a C, symmetry with a two-fold axis passing through the two bridging iodides. The
europium atoms are heptacoordinated, with a distorted mono capped octahedron geometry, by
the four nitrogens of the TPA ligand, one terminal and two bridging iodide ligands. The
ligand TPA adopts an helical arrangement around the metal cation as found in the reported
Eu(Ill) complex [Eu(TPA)CL].>"? The Eu-Nymine distance of 2.748(3) A is longer than the
average Eu-Npyiay distance (2.67(1) A). Significantly shorter Eu-N distances were found in
the Eu(Ill) complex [Eu(TPA)Cls] (Eu-Namine = 2.612(1) A; mean Eu-Npyrigy1 = 2.57(2) A) but
the difference in bond length values remains smaller than the difference in ionic radii (0.2 A).
As expected, the Eu-I distance in 37 is shorter for the terminal iodide (Eu-12=3.2888(3) A)
than for the bridging ones (Eu-I1 3.3142(1) A and 3.3111(1) A).

The complex 37 is NMR silent in agreement with the strong paramagnetism of the 4f’
electronic configuration of Eu(Il) ion. The '"H NMR spectrum of 36 in deuterated acetonitrile
presents 5 signals in the diamagnetic zone. This is in agreement with a diamagnetic Yb(II)
complex with a C3 symmetry in solution. Both complexes 36 and 37 are stable in acetonitrile
solution for weeks. The Sm(II) analogue [Sm(TPA)I,], which precipitates from the THF crude
mixture of Sml, and leq of TPA, is stable in solid state but decomposes in acetonitrile at

room temperature.
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Scheme IV-12: Synthesis of [Ln(TPA),]I,, 38-Ln (Ln=Eu, Yb, Sm).

In order to prepare the homoleptic bis-ligand complexes, 2eq of TPA were added to
the divalent iodide salts Lnl, (Ln=Eu, Yb, Sm) in THF resulting in the precipitation of the
complexes [Ln(TPA);]l,, 38-Ln, from the crude mixture (Scheme IV-12). X-ray quality
crystals of 38-Eu and 38-Sm were obtained by slow diffusion of a THF ligand solution into a
solution of the respective Lnl, salt in THF. Crystals of 38-Yb.(CH3CN); were obtained by
slow diffusion of DIPE into an acetonitrile solution of the Yb(II) complex. The structures of
38-Eu and 38-Sm are isostructural with each other and are isomorphous with the structure of

38-Yb.(CH5CN); (Figure IV-13).

Figure I'V-13: Solid state structure of [Ln(TPA),]I, complexes, 38-Sm (left), 38-Eu (middle), 38-Yb.(CH;CN); (right)
(50% ellipsoids). Iodine counter-anions, hydrogen atoms, disorder and solvent molecules are omitted for clarity.

The complexes 38-Sm and 38-Eu crystallize in the monoclinic centrosymmetric P2,/c
space group while 38-Yb crystallizes in the non-centrosymmetric monoclinic Cc space group.
In the 38-Ln complexes the metal cations are octacoordinated by the eight nitrogen atoms
from the two TPA ligands with a distorted cubic geometry. The mean values of the Ln-N
distances found for pyridyl nitrogen are 2.69(2) A for 38-Sm, 2.67(2) A for 38-Eu, and
2.60(2) A for 38-Yb. The mean value of the Ln-N distance found for the apical tertiary amine
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nitrogen is 2.730(8) A, 2.727(3) A, and 2.65(2) A for the Sm, Eu and Yb complexes
respectively (these structural parameters are summarized in Table IV-4 and Table IV-5 in
section 1V.2.2.6). As expected in ionic bonding model, the Ln-N distances show a linear
decrease with decreasing ionic radii from Sm(II) to Yb(II). In the structures of the 38-Ln
complexes the two ligands show opposite right and left handed helical arrangement around
the cation as illustrated with 38-Sm in Figure IV-14 (left). This differs from the structure of
the previously reported Ln(IIl) complexes [Ln(TPA),]X; (Ln= La, Ce, Nd; X=I and Ln=Eu,
X=0Tf)’” where both ligands have the same helical arrangement. Such a difference in the
ligand arrangement is probably the result of the larger ionic radius of the Ln(Il) ions
compared to the Ln(Ill) ones. Notably the same difference is also observed between the
structure of 38-Sm and that of the Sm(III) complex [Sm(TPA),]I5, (Figure IV-14 right)
prepared according to the procedure described for the above mentioned [Ln(TPA),]l;
complexes. The Ln-N distances found in [Sm(TPA),]I5 (Sm-Npyrigine= 2.55(3) A and Sm-
Namine=2.59(2) A) are shorter than those found in 38-Sm (Sm-Njyrigine=2.69(2) A and Sm-
Namine=2.730(8) A) in agreement with the difference in the ionic radii between Sm(III) (1.079
A) and Sm(II) (1.27 A).

Figure I1V-14: Top view of the structures [Sm(TPA),|I, 38-Sm (left) and [Sm(TPA),]I; (right), (wireframe
representation). Hydrogen atoms and iodine counter-ion are omitted for clarity.

In the '"H NMR spectra of complexes 38-Ln (Ln=Yb, Sm), in deuterated acetonitrile,
five resonances are present: four signals for the pyridyl hydrogens and one signal for the
methylene hydrogens meaning that all the chelating arms of both TPA ligands are equivalent
with a Dsh symmetry of the complexes in solution. The complexes 38-Eu and 38-Yb are
stable in acetonitrile solution at room temperature but complex 38-Sm decomposes in one
night leading to a yellow solution of unidentified products (Figure IV-15). This lower stability

in solution of the Sm(II) complex compared to its Eu(Il) and Yb(II) analogues is in agreement
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with the more negative redox potential of Sm and is confirmed by the electrochemistry studies

on the homoleptic complexes in section [V.2.3.

o CH;CN
® [Sm(TPA),lI,
24h
g [ ]
o |
[ ]
e
| i 2
| a
[
L J
® ®
[ ]
J Sl 5min

Figure IV-15: 'H NMR spectrum (400 MHz, CD;CN, 298K) of [Sm(TPA),]I,, 38-Sm and evolution over time.

1V.2.2.3 Syntheses of Ln complexes supported by BPA

In order to investigate the effect of the substitution of one pyridyl arm of the TPA

ligand by a phenol arm on the Ln(Il) ion redox properties, we studied the complexation of Yb

and Eu in the oxidation state +III and +1I by the BPA ligand.
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Scheme 1V-13: Synthesis of the trivalent [Ln(BPA),|OTf complexes and the divalent [Eu(BPA),], 40 complex.
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The addition of 2eq of KBPA to the lanthanide triflate salts Ln(OTf); (Ln=Eu, Yb) in
acetonitrile leads to the formation of the bis-ligand complexes [Ln(BPA),]JOTf (Scheme IV-
13). The cyclic voltammograms of the crude reaction mixtures in acetonitrile are given in
section 1V.2.3. The trivalent Eu complex [Eu(BPA),]OTT, 39, was isolated and orange X-ray
quality crystals of 39 were obtained from a slow diffusion of DIPE into a THF solution of the
Eu(Ill) complex. The complex 39 crystallizes in the monoclinic P2;/n space group. The
structure presents an octacoordinated europium centre surrounded by two BPA ligands in a
distorted dodecahedral geometry (Figure [V-16). Similar values are found for the average Eu-
Nopyriayt bond distances (mean value = 2.62(3) A) and the Eu-Nupine distance (2.64(5) A). The
mean value of the Eu-O distances is 2.234(8) A and fall in the range of Eu-Ophenoxidze bond

294

distances reported in the literature.” The two BPA ligands wrap around the Eu(Ill) cation

with a pincer arrangement rather than the helical one found in bis-TPA complexes.

Figure IV-16: Solid state structure of [Eu(BPA),]OTf, 39 (left) and top view (right) illustrating the pincer
arrangement (50% ellipsoids and wireframe representation). Triflate counter-anions and hydrogen atoms are omitted
for clarity.

The addition of 2eq of KBPA to the divalent lanthanide iodide salt Eul, in THF leads
to the formation of the neutral complex [Eu(BPA);], 40 (Scheme 1V-13). The complex 40 is
poorly soluble in THF but presents a better solubility in acetonitrile and pyridine. The Eu(II)
complex is stable in acetonitrile and pyridine solution for weeks. The "H NMR spectrum of 40
shows a very broad and uninformative signal because of the paramagnetism of the Eu(II) ion.

Crystals suitable for X-ray diffraction were obtained from a slow diffusion of hexane into a
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pyridine solution of 40. This homoleptic complex crystallizes in monoclinic system and P 2,/n

space group.

Figure IV-17: Solid state structure of [Eu(BPA),], 40 (left) and top view (right) illustrating the helical arrangement
(50% ellipsoids and wireframe representation). Hydrogen atoms are omitted for clarity.

The overall neutral charge is in agreement with the presence of an Eu(Il) metal centre.
The octacoordinated europium centre is surrounded by two ligands arranged in a distorted
cubic fashion (Figure IV-17). The two ligands wrap around the metal ion in a geometry that
brings the two oxygen atoms from the phenolate arms side by side. In each ligand, a Eu-
Nopyriayl distance is significantly shorter than the other: 2.755(3) and 2.866(3) A for the first
ligand, 2.742(3) and 2.887(3) A for the second one. These distances are slightly elongated
compared to the bis-TPA europium complex 38-Eu where the average Eu-Nyyriayi is 2.68(2) A.
This is probably due to the steric effect of the phenol arms. The average value of the Eu-
Namine 2.83(5) A is 0.1 A longer than the value found for 38-Eu. The large lengthening of the
Eu-N and Eu-O (2.83(5) A) distances found in complex 40 compared to its Eu(III) analogue
39 can be interpreted in term of the difference in ionic radii of the Eu(IIl) and Eu(Il) cations
(0.19 A). The two ligands in the divalent 40 complex adopt the same helical conformation
leading to a chiral complex. Both enantiomers AA and AA are present in the structure.

The "H NMR spectrum of the crude reaction mixture of Ybl, with 2eq of KBPA in
THF (at room temperature or at -40°C) shows numerous signals in the paramagnetic region
demonstrating the formation of a mixture of Yb(III) species. Performing the reaction in
CD;CN at -40°C leads to a '"H NMR spectrum showing one set of paramagnetic signals
attributed to the Yb(III) complex [Yb(BPA),]" but also signals of an unstable diamagnetic
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intermediate which decompose rapidly even at -40°C. Attempts to isolate single crystals of
these diamagnetic intermediates failed. The reaction mixtures, both in THF and acetonitrile,
turn deep blue after 1 night at room temperature or at -40°C. As [Yb(BPA),]" is colourless,
the deep blue colour of the mixture suggests additional decomposition products such as
solvent or ligand reduction products. Indeed highly reactive Yb(I) complexes have been

2% or solvent molecules such as

shown to effect the C-C coupling of phenanthroline®
pyridine®'* and acetonitrile.’" Yet, as we were not able to isolate any reduction products, the
formation of [Yb(BPA),]" via a disproportionation reaction of an Yb(II) complex to Yb(III)
and Yb(0) species cannot be ruled out. Attempt to form the putative divalent ytterbium
complex [Yb(BPA),] in THF at -80°C under CO, atmosphere affords silent NMR species

which could not be crystallographically characterised.
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Scheme 1V-14: Synthesis of [Yb(BPA)I(CH;CN)],, 41.

However, when only leq of KBPA is added to the Ybl, salt in deuterated acetonitrile,
a dark green suspension is obtained and the "H NMR spectrum of the crude reaction mixture
shows only one set of signals in the diamagnetic zone indicating the formation of a stable
mono-ligand Yb(II) compound (Scheme IV-14). Dark green crystals suitable for X-ray
diffraction were obtained from a saturated acetonitrile solution. The crystal structure of the
divalent complex [Yb(BPA)I(CH3;CN)],.(CH3CN)g.4, 41.(CH3CN)o.4 shows that the phenolate
oxygen atoms of the ligand BPA bridge two Yb(II) ions affording a dimer with an inversion
center in the middle of the YbOYbO diamond core (Figure IV-18). The two Yb ions are
heptacoordinated by three nitrogen and two oxygen atoms from the BPA ligands, one nitrogen
from an acetonitrile molecule and one iodide in a distorted pentagonal bipyramidal geometry.
The value of the Yb-Nymine distance (2.594(3) A) and the average value of the Yb-Npyrigyi
distance (2.626(9) A) in complex 41 are similar to those found for the Yb-Nymine and Yb-
Nopyriayt distances in the bis-TPA Yb(II) complex 38-Yb. The Yb-O distances is 2.346(3) A and

falls in the range of bridging Yb-Ophenoxidae bond distances reported in literature.”'

172



[CHAPTER IV]

Figure IV-18: Solid state structure of [Yb(BPA)I(CH3CN)],.(CH3CN)y.4, 41.(CH3CN)g 4 (50% ellipsoids). Hydrogen
atoms and solvent molecule are omitted for clarity.

When leq of KBPA is added to the Eul, salt in THF at -40°C, the "H NMR spectrum
of the crude mixture in deuterated acetonitrile shows only the signals of the solvent in
agreement with the presence of NMR silent Eu(II) species.

These results show that the substitution of one pyridyl arm in the TPA ligand by a
phenol one to afford the BPA ligand significantly decreases the stability of the homoleptic
bis-BPA Yb(II) complex compared to its TPA analogue 38-Yb. The greater stability of the
bis-BPA Eu(Il) complex, 40, can be explained by its less negative redox potential (as shown
in IV.2.3 section). In contrast, the heteroleptic mono-BPA Yb(II) complex 41 is stable at
room temperature in solution and in the solid state for weeks. This complex is an attractive
species for reactivity studies and for its potential catalytic activities. Notably, some divalent
lanthanide mono-aminophenolate complexes have been shown to undertake catalytic ring

. . . . a1
opening polymerisation of cyclic esters’> 3% 3093

or catalytic hydrophosphination of
styrene.” Preliminary reactivity tests show that complex 41 reacts with azobenzene, CS, and

CO; but further efforts need to be done to identify the reaction products.
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1V.2.2.4 Syntheses of Ln complexes supported by BPPA
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Scheme IV-15: Synthesis of [Ln(BPPA),]OTf complexes.

In order to improve the solubility of the lanthanide aminophenolate complexes and
investigate the effect of the donor tert-butyl groups on the redox properties, coordination of
lanthanide ions by the BPPA ligand was studied. The addition of 2eq of KBPPA to the
lanthanide triflate salts Ln(OTf); (Ln=Eu, Yb) in acetonitrile leads to the formation of the bis-
ligand complexes [Ln(BPPA),]OTf (Scheme IV-15). The cyclic voltammograms of the crude
reaction mixtures in acetonitrile are given in section IV.2.3. The trivalent Eu complex
[Eu(BPPA),]OTT, 42, was isolated and orange needles of 42.(Py).s were obtained from a
slow diffusion of hexane into a pyridine solution of this Eu(Ill) complex. The quality of the
collected X-ray data is unfortunately insufficient to discuss the structural parameters but good
enough to determine the global structure and connectivity (Figure I1V-19). The crystal
structure shows that the europium centre is octacoordinated by two tetradentate BPPA ligands
with a distorted cubic geometry. The ligand arms are both in a helical conformation
presenting opposite rotation direction. This results in an achiral complex. The overall
monocationic charge of the Eu(Ill) complex is counterbalanced by the triflate anion. Complex
42 is fully soluble in CH3;CN but present a lower solubility in THF. The isolation of complex
42 attests that the presence of the tertbutyl groups does not prevent formation of homoleptic
bis-BPPA complexes. Attempts to isolate the divalent europium bis-ligand complexes led to

the formation of silent NMR species. Crystallization experiments were not successful.
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Figure IV-19: Solid state structure of [Eu(BPPA),]OTL.(Py),s, 42.(Py),.5 (50% ellipsoids). Triflate counter-anion,
hydrogen atoms and lattice solvent molecule are omitted for clarity.

IV.2.2.5 Syntheses of Ln complexes supported by MPA

We were then interested in the synthesis of lanthanide complexes supported by MPA
ligands possessing two phenol arms in order to study the influence of the charge and of the

donor character of the ligand on the redox properties.
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Scheme IV-16: Synthesis of [Ln(MPA),K] complexes.

The addition of 2eq of K;MPA to the lanthanide triflate salts Ln(OTf); (Ln=Eu, Yb) in
THF leads to the formation of the heterobimetallic bis-ligand complexes [Ln(MPA),K]
(Scheme IV-16). The cyclic voltammograms of the crude reaction mixtures in acetonitrile are
given in section [V.2.3. The trivalent Yb complex [Yb(MPA),K(DME);], 43-DME, was
isolated and colourless crystals suitable for X-ray diffraction were obtained from a solution of

the complex in a DME/hexane mixture (~1/30) at -40°C. The solubility in non-polar solvents
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of the complexes supported by MPA ligands is largely increased thanks to the presence of the
four tert-butyl substituents. The X-ray crystal structure (Figure 1V-20) shows that two MPA
ligands bind to the Yb(III) ion, but in the resulting complex the pyridine nitrogens remain not
binding with a Ln-N distance of 5.393(19) A. As a result the ytterbium centre is only
hexacoordinated by two MPA ligands in a distorted octahedral geometry. The average values
of the Yb-O distances and of the Yb-Nunine distances are respectively 2.16(2) A and 2.448(16)
and are slightly shorter than the Yb-O and Yb-Namine average distances of the mono-BPA
Yb(II) complex 41 (Table IV-4 and Table IV-5 in section 1V.2.2.6). This is in agreement with
the smaller ionic radii of Yb(III) centre. A potassium cation is also present in the structure and
binds a phenolate oxygen from each ligand with a K-O distance of 2.794(14) A. Two DME
molecules complete the K coordination sphere. A two-fold axis is passing through the Yb and

K atoms.

Figure IV-20: Solid state structure of [Yb(MPA),K(DME),|, 43-DME (50% ellipsoids). Methyl groups of the tert-
butyl substituents, DME solvent molecules coordinated to K and hydrogen atoms are omitted for clarity.

The 'H NMR spectrum of complex 43 in deuterated acetonitrile shows the presence of
both broad and sharp paramagnetic signals from -50 to 186 ppm confirming the +I1I oxidation
state of the Yb centre. The 'H NMR spectrum in CD3CN of the crude reaction mixture of
Eu(OTf); and 2eq of K;MPA shows one set of 18 signals from -9 to 10 ppm assigned to the
trivalent [Eu(MPA),K] complex. Unfortunately, attempts to obtain crystals of this Eu(III)

complex failed.
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Interestingly, the addition of only leq of K;MPA ligand to LnOTf; (Ln=Eu, YD) in
THF or CH;CN leads, regardless of the stoichiometry, to the formation of the bis-ligand
complexes [Ln(MPA),K] identified by '"H NMR spectroscopy. The MPA ligand seems to
feature a strong preference for bis-ligand complex formation which is quite rare in
coordination chemistry. However, similar behaviours were reported for complexes of Ln(III)
supported by tripodal aminoimidazole or aminophenolate ligands.*'*>"®

The addition of 2eq of K;MPA to Ybl, in THF at -40°C leads to the immediate
formation of the Ln(Ill) complex 43, identified by 'H NMR spectroscopy and X-ray
diffraction. This indicates the oxidation of the Yb(II) centre by solvent/ligand reduction or by
disproportionation in Yb(0) and Yb(III) species (Figure IV-21 top). Such an oxidation of a
hypothetical Yb(II) bis-ligand complexes supported by tripodal aminobisphenolate ligands in
its respective Yb(III) bis-ligand complexes has also been observed by Delbridge et al.>"*%
The addition of 2eq of K,MPA to Eul, in THF at -40°C leads to an intermediate NMR silent
species suggesting the presence of Eu(Il) complexes. This intermediate slowly decomposes at

room temperature to afford the Eu(Ill) bis-ligand complex [Eu(MPA):K] (identified by 'H

NMR spectroscopy). Crystallisation experiments were unsuccessful.

o THF
o [Yb(MPA),K]
o [Yb(MPA)]

-----------------------------------------------

IHMQ&QSS}!&E‘IE!O5"EI‘5-|II~15@-H\!J-S-Q-45~H}@-

Figure IV-21: "H NMR spectra (400 MHz, THF-dg, 298K) of the 1:2 (top) and 1:1 (bottom) YbI, and K,;MPA reaction
g Y P
mixtures at -40°C in THF-dg.
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In contrast preliminary NMR studies indicate that it is possible to obtain Ln(Il) mono-
MPA complexes (Ln=Eu, Yb) stable in THF at room temperature (Figure I[V-21 bottom for
Yb). Unfortunately, no single crystal of the complexes [Ln(MPA)] (Ln=Eu, Yb) was obtained
so far. Nevertheless, preliminary reactivity tests show that the [Yb(MPA)] complex reacts
with CO; but further efforts need to be done to identify the reaction products.

In summary, the substitution of two pyridyl arms of the TPA ligand by two phenolate
groups results in highly electron-rich metal centres with increased reactivity. This prevents
the isolation of the desired homoleptic divalent bis-ligand complexes [Ln(MPA),K,] (Ln=Eu,
Yb) and leads to the oxidation (by solvent or ligand) or disproportionation of the Ln(II)
centres. However, the formation of divalent mono-ligand [Ln(MPA)] complexes is promising
and future work will focus on the reactivity of these compounds with small molecules.
Indeed, previously reported stable Ln(II) mono-ligand complexes supported by
aminobisphenolate complexes with bulky substituents have been shown to react
stoichiometrically with carbodiimides to yield oxalamidinate or diamidocarbene®®” and to be

pre-catalyst for ring-opening polymerization of cyclic esters.’"*%>"!

1V.2.2.6 Summary of syntheses and structural parameters

The Scheme 1V-17 summarizes the reactivity of Ln(Il) salts with the aminophenolate
ligands BPA and MPA compared to TPA. Instability of the Sm complexes was observed even
for the neutral TPA ligand which led us to do not investigate the coordination of the Sm(II)
ion with the more electron-rich aminophenolate ligands. The replacement of even just one
pyridine arm by a phenolate one leads to homoleptic complexes of Yb(II) that are unstable
and decompose in their trivalent analogues [Yb(BPA),]I and [Yb(MPA),K]. However, the
mono-ligand complexes of Yb(Il) with these ligands are stable. In the case of the Eu(lIl)
centre, stable homoleptic complexes cannot be isolated with the MPA ligand. However the
putative mono-MPA complexes of Eu(IT) and Yb(II), identified by '"H NMR are stable in THF

at room temperature.
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Scheme 1V-17: Syntheses of the Ln(1I) mono- and bis-ligand complexes supported by the TPA and TPA-derivative

ligands.

The Scheme IV-18 summarizes the “in situ” reactivity of Ln(Ill) with the

aminophenolate ligands BPA and MPA compared to TPA. At least one complex was isolated

and fully characterised for each ligand system. The solid state structures of [Sm(TPA),]I;,
[Eu(BPA);]OTT, [Eu(BPPA),]OTf and [Yb(MPA);K], together with the 'H NMR spectra,

confirm the 2:1 stoichiometry of these complexes.
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Scheme I'V-18: Syntheses of the Ln(III) bis-ligand complexes supported by the TPA and TPA-derivative ligands.

The Ln-Namine, Ln-Npyrigy1 and eventual Ln-O distances (or average distance) in the
earlier described solid state structures are summarized in Table IV-4 for the europium
complexes and in Table IV-5 for the ytterbium ones. The observed variations in bond lengths
between the two tables are in agreement with the size evolution of the lanthanide ions: the
distances are found shorter for the smaller Yb ions. Besides, in each table the variations in

bond lengths are in agreement with the change in oxidation state: The distances are shorter for

the smaller and more acidic Ln(IIl) complexes.

Table IV-4: Selected bond lengths (or average) for the Eu complexes (in A).

37 38-Eu 40 39
Bonds Eudl) Eu(ID) Eu(D) Eu(III)
mono-TPA bis-TPA bis-BPA bis-BPA
Eu-Namine 2.748(3) 2.731(3) 2.83(5) 2.64(5)
Eu-Npyriay 2.67(1) 2.68(2) 2.7490) 2.62(3)
’ and 2.88(1)
Eu-O - - 2.41(3) 2.234(8)
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Table IV-5: Selected bond lengths (or average) for the Yb complexes (in A).

36 38-Yb 41 43
Bonds Yb(II) Yb(II) Yb(II) Yb(III)
mono-TPA bis-TPA mono-BPA bis-MPA
Yb-Namine 2.620(4) 2.65(3) 2.594(3) 2.448(16)
Yb-Npyriay 2.565(6) 2.68(2) 2.626(9) -
Yb-O - - 2.346(3) 2.16(2)

IV.2.3 Electrochemistry studies of the homoleptic Ln(III)

complexes

To correlate the observed reducing abilities of the divalent lanthanide complexes with
their redox properties, cyclic voltammetry analyses were performed in acetonitrile on the in
situ prepared homoleptic Ln(Ill) complexes supported by TPA, BPA, BPPA and MPA

ligands. The Table 1V-6, at the end of this section, summarizes the obtained voltammetric

data for Eu and Yb complexes.

d)
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Figure IV-22: Cyclic voltammograms of TPA (4mM) (a), KBPA (<4mM) (b), KBPPA (4mM) (c¢) and K;MPA (4mM)
(d) in ~0.1 M [BuyN][PFg] acetonitrile solution at 100 mV.s-1 scan-rate.
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Prior to the electrochemistry studies of the lanthanide complexes, the cyclic
voltammograms of the free TPA and of the potassium salts KBPA, KBPPA and K;MPA were
measured in acetonitrile under similar conditions (Figure 1V-22). The oxidation process
around 0.5 V on each voltammogram is attributed to the oxidation of the central amine while
the oxidation wave around -0.5 V on the KBPA, KBPPA and K;MPA voltammograms is

attributed to the phenolate oxidation. All these events are irreversible even when the scan rate

.. -1
is increased to 1 V.s™.

—
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0
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Figure IV-23: Cyclic voltammograms for 4 mM solutions of a) [Eu(TPA),|OTf;, b) [Yb(TPA),]OTf; and ¢)
[Sm(TPA),]OTf; in ~0.1 M [BuyN][PF¢] acetonitrile solution at 100 mV.s-1 scan-rate.

The cyclic voltammograms of the complexes [Ln(TPA),]JOTf; (Ln=Eu, Yb, Sm),
presented in Figure IV-23, show a quasi-reversible reduction of the Ln(III) metal centre for
the less reducing Eu (-0.41 V vs. Fc'/Fc) and Yb (-1.11 V vs. Fc'/Fc) systems. The
voltammogram of the Sm(II) complex show an irreversible reduction of the metal centre at -
1.7 V vs. F¢'/Fc even at 1 V.s' scan rate. This is in agreement with the stability observed for
the divalent 38-Eu and 38-Yb complexes and the instability of 38-Sm in acetonitrile.
Moreover, the differences in reduction potentials between [Eu(TPA),JOTf; and
[Yb(TPA),]OTf; (AE= -0.70 V), and [Yb(TPA),]OTf; and [Sm(TPA),]JOTf; (AE= -0.55 V),
are in reasonable agreement with the corresponding differences in reduction potentials
between Eu(Ill) and Yb(IIl), and Yb(III) and Sm(III) ions (AE= -0.80 V and AE= -0.40 V,
respectively).”” These reduction events are absent from the cyclic voltammogram of the free

TPA ligand in CH3CN confirming their metal-based characters. An irreversible oxidation,
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attributed to the oxidation of the central tertiary amine, is present on the free TPA
voltammogram at 0.63 V but absent from the one of [Ln(TPA),]OTf5. This is probably due to
the coordination of the lanthanide centre to the central amine leading to stabilization of the
latter. In consequence, the amine is more difficult to oxidize; the irreversible oxidation event

is thus shifted from 0.63 V to higher potentials.

I(arb. units)
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Figure IV-24: Cyclic voltammograms for 4 mM solutions of a) [Eu(BPA),]OTf and b) [Yb(BPA),]OTf in ~0.1 M
[BuyN][PF¢] acetonitrile solution at 100 mV.s-1 scan-rate.

The cyclic voltammogram of [Eu(BPA),JOTf shows a quasi-reversible reduction of
the Eu(III) centre at -1.73 V vs. Fc'/Fc which corresponds to a shift of this event of -1.25 V
compared to the Eu(IIl) TPA analogous complex. In the case of the [Yb(BPA),]OTf complex,
the reduction is irreversible with a cathodic potential at -2.41 V vs. Fc'/Fc close to the solvent
reduction (Figure IV-24). This event remains irreversible even at 1 V.s” scan rate which
indicates the formation of a highly reactive Yb(II) complex. The shift of -1.24 V of the
cathodic potential of [Yb(BPA),]OTf compared to the Yb(III) TPA analogue is comparable to
the shift observed in the europium systems. The lanthanide centre is significantly more
electron-rich and thus more difficult to reduce when one pyridyl group of the TPA ligand is
replaced by a phenolate one. Although a shift in the metal-based redox event towards more
negative potential was expected using BPA instead of TPA, such a large shift (> 1.2 V) is
surprising but it helps to explain the instability of the much more reducing Yb(I[)-BPA
species. The voltammograms of [Ln(BPA),]OTf present irreversible oxidation process at 0.72
V vs. F¢'/Fc for Eu and 0.70 V vs. F¢'/Fc for Yb. These oxidation events were not present in

the voltammograms of [Ln(TPA),]JOTf;. They are assigned to the oxidation of the phenolate
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moiety of BPA which is easier to oxidize than the tertiary amine. The anodic potential in the
voltammogram of the potassium salt KBPA was originally at -0.43 V vs. Fc'/Fc. This
demonstrates a stabilization of the phenol function of the BPA ligand by coordination to the

lanthanide centre.
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Figure IV-25: Cyclic voltammograms for 4 mM solutions of a) [Eu(BPPA),]OTf and b) [Yb(BPPA),]OTf in ~0.1 M
[BuyN][PF¢] acetonitrile solution at 100 mV.s-1 scan-rate.

The cyclic voltammograms of [Ln(BPPA),]OTf (Ln=Eu, YD), presented in Figure I'V-
25, feature very similar reduction potentials of the Ln(IIl) centres compared to the analogous
[Ln(BPA),]OTf voltammograms. Indeed, the cathodic potentials are almost unchanged (-2.40
V for Yb and -1.78 V for Eu with BPPA ligand compared to -2.41 V for Yb and -1.77 V for
Eu with the BPA ligand). This demonstrates that the tert-butyl groups, despite their electron-
donor character, do not impact significantly the reduction potential of the metal centre. On the
cyclic voltammograms of [Ln(BPPA),]JOTf, two quasi-reversible oxidation processes are
visible at 0.34 V and 0.65 V vs. Fc'/Fc for Eu and at 0.34 V and 0.64 V vs. Fc'/Fc for Yb.
These events are assigned to the successive oxidation of the phenolate functions forming
phenoxyl radical cations. The quasi-reversibility of the waves can be explained by the
stabilization of these radical cations by the tert-butyl groups in ortho and para positions of the
phenolate cycle in BPPA ligand. However, the coordination of the ligand to the lanthanide ion
also increase this stabilization. Indeed, the phenolate oxidation process on the voltammogram

of the potassium salt KBPPA is not reversible (Figure IV-22 c).
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Figure IV-26: Cyclic voltammograms for 4 mM solutions of a) [Eu(MPA),K] and b) [Yb(MPA),K] in ~0.1 M

1,5

E(V) vs. Fc*/Fc

b)

a)

05

[BuyN][PF¢] acetonitrile solution at 100 mV.s-1 scan-rate.

The cyclic voltammograms of [Ln(MPA),K] (Ln=Eu, Yb) do not present any metal-
based reduction event (Figure IV-26). Even when the experiment was performed in THF, a
more inert solvent, no reduction of the metal centre was visible. Some small reduction
processes appears on the second cycle but are linked to oxidation events on the ligand. This
absence of metal-based reduction indicates a shift of the redox potential beyond the solvent
reduction potential in agreement with the instability observed during the reaction between the
iodide salt Lnl, (Ln=Eu, Yb) and 2eq of K;MPA both in THF and acetonitrile. The ligand-

based redox processes are much more difficult to interpret than for the analogous BPPA

1,5

complexes.
Table IV-6: Voltammetric data for Eu and Yb complexes (in V vs. F¢*/Fc)
Metal-based event Ligand-based events
Compounds
Epc (V) Epa (V) Epal (V) EpaZ (V)

[Eu(TPA),]OTf; -0.46 -0.36 - -
[Eu(BPA),]OTf -1.77 -1.66 0.72 -
[EU(BPPA)zl()Tf —178 -152 E]/2:0.34 E1/2:O.65
[Yb(TPA)]OTf; -1.17 -1.05 - -
[Yb(BPA),|OTf 2.41 - 0.70 -
[Yb(BPPA)z]OTf -2.40 - E1/2:0.34 E1/2:0.64
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In conclusion the electrochemistry analyses illustrates the increasing electron-rich
character of the homoleptic Ln complexes when the ligands present an increased number of
phenolate arms. The changes in redox potential are very large suggesting that these ligands

should promote interesting reactivity in “classical” easy to handle Ln(II) ions.

IV.2.4 Preliminary reactivity studies

The reactivity of the Ln(II) homoleptic complexes was investigated with CO, and CS,
which were found to be reduced respectively by [Yb(OSi(OtBu);)iK;] and
[Ln(OSi(OtBu)3)4K,] (Ln=Eu and Yb).

The divalent complexes [Ln(TPA),]L, (38-Ln with Ln=FEu, Yb), [Eu(BPA),] (40) and
[Eu(MPA),K>] (at low temperature) do not react with CO,. However, while the divalent
complexes [Ln(TPA);]l» (38-Ln with Ln=Eu, Yb) do not react with CS,, the complex
[Eu(BPA);] (40) is able to reduce CS,. The addition of leq of CS; to the complex 40 in THF
or pyridine leads to a colour change from purple to red. The 'H NMR spectrum in deuterated
pyridine of the crude reaction mixture shows only the signals of the Eu(IIl) complex
[Eu(BPA),]" probably due to the fluxional nature of the putative [Eu(CS3)(BPA),]" complex.
When DMSO-dg is added to the residue after solvent removal, the "H NMR spectrum shows,
in addition of the [Eu(BPA),]" signals, a set of paramagnetic peaks attributed to the complex
[Eu(BPA)(CS;3)(DMSO),], 44 (Scheme 1V-19).

= Pyridine DMSO ¢N\

E \ / t2C5; _—Eu
A
Y ST N
= 0 NZ I -BPA- DMSO
@\;N “ o DMSO
44

40

Scheme IV-19: Reactivity of complex 40 with CS,, synthesis of complex 44.

Indeed, crystals of 44.DMSO suitable for X-ray diffraction were obtained by slow
diffusion of toluene into a DMSO solution of the reaction products. The structure of
44 DMSO, presented in Figure IV-27, shows the presence of a Eu(Ill) ion surrounded by one

BPA ligand and a terminal trithiocarbonate moiety. Two DMSO molecules complete the
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coordination sphere of the europium centre which is thus octacoordinated in a distorted
dodecahedral geometry. The values of the Eu-Numine, 0f Eu-Npyriay1 and Eu-Oppenor distances
(respectively 2.672(6) A, 2.601(7) A and 2.588(7) A and 2.272(5) A) are very similar to those
found in the Eu(Ill) bis-ligand complex [Eu(BPA),]OTf, 40. The average Eu-S bond (2.88(1)
A) falls in the range of Eu-S distances previously reported for Eu(Ill) thiocarbamate
complexes.’’® The S-C bonds of the thiocarbonate moiety, S1-C2 and S2-C2 measure
respectively 1.735(10) A and 1.725(10) A. The S3 atom is disordered between two positions.
The main position (55% occupancy) leads to a C-S distance of 1.748(15) A, the minor
position (45% occupancy) leads to a shorter C-S distance of 1.630(16) A. The C-S bond
distances remain in the range of previously reported trithiocarbonate complexes of f-element

and complex 12."'

Figure IV-27: Solid state structure of [Eu(BPA)(CS;)(DMSO),].DMSO, 44.DMSO (50% ellipsoids). Hydrogen atoms,
disorder and solvent molecules are omitted for clarity.

Complex 44 can be isolated analytically pure in 33% yield by slow diffusion of
toluene into a DMSO solution of the reaction mixture. When 1 eq of CS, is added to a 1:1
solution of Eul, and KBPA in pyridine, the formation of the [Eu(BPA),]" complex is
observed by "H NMR spectroscopy. However, the signals of complex 44 are absent from the
'H NMR spectrum in DMSO-ds. This indicates that the hypothetical heteroleptic Eu(II)
complex [Eu(BPA)I] is also able to reduce CS, affording different reduction products which
remain unidentified so far. As shown in the general introduction, the reported CS; reductions
yielding trithiocarbonate complexes containing f-elements are limited to few examples''" 2"

2l including complex 12 in chapter III. Moreover, among the four reported examples of CS,

reduction by divalent lanthanide, one involves the Eu(II) and Yb(II) tetrasiloxide complexes
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described in the first part of this chapter.*** The others involve Sm(II) complexes supported
by formamidinate’** or guanidinate'®* '** ligands which reduce CS, and afford the thioformyl
carbonotrithioate through C-S coupling. The complex 44 is thus the first example of
trithiocarbonate complex containing lanthanide and only the second example of CS, reduction
by a Eu(Il) complex.

This study on tripodal pyridylamine or pyridylaminophenolate complexation with
lanthanide ions shows that an enhancement of the Ln(II) reducing abilities is possible with the
appropriate electron-rich environment which is tunable in this ligand family. The reactivity of
complex 40 is promising and further investigations will focus on the reactivity of the

heteroleptic Eu(Il) and Yb(II) complexes of BPA and MPA with small molecules.

IV.3 Conclusion

The work presented in this chapter was dedicated to the enhancement of the reducing
abilities of “classical” divalent lanthanides complexes by electron rich ligands in order to
synthesise highly reducing complexes able to activate small molecules such as CS,, CO, etc.

In the first part of this chapter we demonstrated that the coordination of four tris(tert-
butoxy)siloxide ligands to the classical divalent lanthanides (Eu, Yb, Sm) leads to the
isolation of the highly reactive complexes [Ln(OSi(OtBu);)4K5], 33-Ln. Indeed, the reactivity
of these Eu(Il) and Yb(II) compounds with small molecules such as azobenzene, CS, or CO;
was unique for these usually less reducing lanthanide ions. Notably, the complex 33-Yb is
able to reduce CO; into oxalate and carbonate, a reducing ability never reported for Yb(II)
complexes. The cooperative effect with the K cation, observed in the reactivity of
[U(OSi(OtBu)3)4K], is more difficult to investigate in the case of the complexes 33-Ln as the
addition of 18c6 in toluene lead to completely insoluble species. The steric bulk provided by
the four siloxide ligands was appropriate to prevent the stable coordination of the reduction
products of PhNNPh and CS, to the trivalent lanthanide complexes. The release of the
reduction products is an important step for implementation of catalytic cycle. The Eu(Il) and
Yb(II) tetrasiloxide complexes are remarkable compounds as stable and easy-to-handle
precursors can be used to activate small molecules.

In the second part of this chapter we investigated the improvement of the reducing

power of the classical divalent lanthanides with another family of ligand. The coordination of
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the tripodal pyridyl amine TPA ligand with trivalent lanthanide and uranium have been

. . . 274
previously studied in our group®’*>*

and few examples of divalent lanthanide supported by
one tripodal aminophenolate ligand have been reported. However, the formation of
homoleptic bis-aminophenolate complexes of divalent lanthanide has never been studied. We
thus explored the formation of homoleptic divalent lanthanide Eu(Il) and Yb(Il) complexes
supported by TPA and tripodal pyridylaminophenolate ligands to quantify the effect of the
ligand charge and electron-donor character on the redox properties of Ln(Il) centres. Ln(II)
and Ln(III) complexes were isolated. Electrochemistry studies on the homoleptic trivalent
Eu(Ill) and Yb(III) complexes prepared in situ confirm the important increasing reducing
abilities of the divalent lanthanide complexes with the increasing electron-donor character of
the ligands. Indeed, the reduction potential of the metal centre was shifted to much more
negative values for the complexes supported by BPA ligand compared to the one supported
by TPA. The homoleptic complexes supported by MPA ligand, do not present redox process
at the metal centre suggesting that the reduction potential of the metal is even lower than the
solvent one. Preliminary studies on the reactivity of the obtained divalent complexes showed
that the reducing power of the Ln(Il) compounds is drastically increased by the simple
substitution of one pyridine arm of the TPA ligand by a phenolate one. Notably, [Eu(BPA)],
immediately reduces CS, to afford the first example of lanthanide trithiocarbonate complex.
Further investigations will focus on the reactivity of divalent mono-BPA and mono-MPA
complexes. The aimed enhancement of the reducing properties of the “classical” divalent
lanthanide has been reached. However, this was to the detriment of the bis-ligand complex
stability, especially with MPA ligand. Further tuning of the steric and electronic properties of
the ligand system needs to be investigated to obtain the right balance between high reactivity

and sufficient stability.
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General conclusion

This PhD work contributes to a better understanding of the fundamental chemical
properties of f-elements thanks to the synthesis and reactivity studies of electron-rich

lanthanide and uranium complexes.

We first have shown that despite the tendency of f-elements to undertake mono-
electronic transfer, multi-electron redox processes can be promoted by U(IV) centre thanks to
the use of redox-active ligands. The redox chemistry of a tridentate Schiff base as supporting
ligand for U(IV) ion was successfully investigated: Up to eight-electron reduction can be
performed in combining the electron stored in C-C bond on the ligand scaffold and the
electron of the metal centres. Using the salophen tetradentate Schiff base we have identified a
route to heterobimetallic complexes containing f- and d-block elements and an electron
reservoir on the ligand platform. If the synthetic conditions have to be optimized to minimize
decomposition or by-products formations, magnetic studies of the obtained heterobimetallic
compounds could allow us to gain insight into metal-metal communication and further
reduction of the metal centres, if achievable, should enhance the reducing abilities of the

species leading to original CO, reduction.

Another approach consisted of using low valent f-element complexes supported by
electron-rich ligands to enhance the reducing power of the f-element centres and thus promote
unusual reactivity. We further investigated the reactivity of the U(III) tetrasiloxide complexes
[U(OSi(OtBu)3)4K] and [K18c6][U(OSi(OtBu);)s] with the reduction reactions of other
substrates such as CS, and Phs;PS. The U/K proximity was shown to affect the selectivity of
the CS, reduction. The reduction studies of Ph;PS by the U(III) tetrasiloxide complexes led to
rare U(IV) terminal sulfide and hydrosulfide complexes. The U-S interactions were found to
consist of a triple bond (with bond order >2) for the sulfides and of a double bond (with bond

order of 1.39) for the hydrosulfide species. Moreover, the 5f orbitals were found to not take
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part in the U-S bonding. The synthesis and theoretical analyses of the U(IV) terminal
chalcogenide family is part of our future aims. During the reactivity studies of U(III)
tetrasiloxide complex with PhsPS and H,S, decomposition processes or side-reactions were
found to involve ligand loss and bridging events. Future work will be directed to identify
bulky chelating siloxide ligand to prevent ligand scrambling.

Preliminary studies suggest that the nature of the counter-cation (Li, Na, K, Cs) in the
U(III) tetrasiloxide system may have an influence on the outcomes of the CO, reduction as
well as the CO; stoichiometry in the reaction. Future investigations could be focused in this
direction. The influence of the counter-cation charge could also be studied using metallic Ca

or Mg as reducing agent to reduce the U(IV) complex [U(OSi(OtBu)3)4].

Furthermore in this work, we have identified two ligand systems that allow to increase
the reducing abilities of classical lanthanides.

We have demonstrated that the coordination of four siloxide ligands to Eu(Il), Yb(II)
and Sm(II) ions enhances their reducing abilities affording highly reactive complexes able to
reduce azobenzene, CS, and CO,. Indeed, this reactivity with CS, and CO,, previously
limited to Sm(II) species for lanthanides, is unique for Eu(Il) and Yb(II) compounds.
Moreover, the steric environment provided by the siloxides leads to the release of the
reduction products in the cases of PANNPh and CS; reductions.

Using a tripodal aminopyridine/aminophenolate ligand family, we studied the
evolution of the redox properties of homoleptic complexes of europium and ytterbium with
the increasing electron-donor character and charge of the supporting ligand. Reactivity studies
with CS; led to the first lanthanide thiocarbonate complex. Electrochemistry analyses confirm
that the reducing abilities of Eu(Il) and Yb(II) have been improved by successive substitution
of pyridyl arms by phenolate one. However, the stability of the Ln(II) bis-ligand complexes
rapidly decreases, especially for Yb(II) species, with the increasing number of phenolate arm.
The future challenge thus consists of tuning the steric and electronic properties of the ligand

to optimize the balance between high reducing reactivity and appropriate stability.
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Experimental Section

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 level were always kept at less than 1 ppm.
Glassware was systematically dried in oven overnight at 150°C followed by 3 vacuum/argon
cycles before use. Reductions or syntheses involving U(III) and Ln(II) compounds were

performed using glass-covered stirring bars.

Starting materials. Unless otherwise noted, reagents were purchased from commercial
suppliers and used without further purification. Molecular sieves were activated upon heating
at 200°C under high vacuum. The solvents were purchased from Aldrich in their anhydrous
form, conditioned under argon and vacuum distilled from K/benzophenone (DIPE, DME,
dioxane, toluene, pyridine and THF) or sodium dispersion (hexane) or CaH, (acetonitrile) and
degassed by three freeze-pump-thaw cycles. The deuterated solvents were purchased from
Eurisotop or Cortecnec and prepared identically, except pyridine-ds and DMSO-ds which
were degassed by three freeze-pump-thaw cycles and further dried over 3 A molecular sieves.
All reagents were dried under high-vacuum (107 mBar) for 5 days prior to use. The
[BusN][PF¢] electrolyte, 9,10-phenanthrenequinone were purified by recrystallization from
toluene and dried under high vacuum prior to use. The 18c6 crown ether was purified by
recrystallization from acetonitrile and dried under high vacuum prior to use. Cryptand was
dried under high vacuum and recrystallizes in the glovebox from THF prior to use. I,
PhNNPh, PyNO and HOSi(OtBu); were sublimed prior to use. IMesN,O carbene was
provided by the group of Prof. Severin. TPA was recrystallizes from Et,O prior to use. Dry
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dioxygen was prepared upon storing an O, atmosphere upon P40, for one week prior to use.
Dry “CO, was prepared by storing over molecular sieves for one week prior to use. Non-
labeled CS, was degassed by three freeze-pump-thaw cycles and further dried over 3 A
molecular sieves. Anhydrous CoCl, and Nil, salts were purified by hot extraction in THF to
afford [CoCly(THF)] and [Nil,(THF)g>]. [SmI3(THF); 7] and [NdI;(THF)4] were obtained by
hot extraction of anhydrous Smls; and Ndl; with distilled THF under argon. The amount of
THF was determined by 'H NMR using naphthalene as internal reference. Depleted uranium
turnings were purchased from the "Société Industrielle du Combustible Nucléaire" of Annecy
(France). Natural uranium oxide was provided by the CEA of Grenoble (France). [UI;(THF)4]
was prepared either from the direct reaction of uranium metal with iodine in THF,”' or by hot
extraction of [Ulx(1,4-dioxane);s)]” with THF. [UN(SiMes)):],”", [Yb(N(SiMes),)],**
[Co(N(SiMes),)2],*** [UCL],** [UL(OEty),]™%, Nay[U(bis-salophen)]’, [U(OSi(OtBu)s)4K],’
[U(OSi(OtBu)3)4][K18¢6],>° [UO(OSi(OtBu);)sK]’ and [U(OSi(OtBu)s):],'" were prepared

according to the published procedures.

Characterisations

Elemental analyses were performed under argon by Analytische Laboratorien GMBH at
Lindlar (Germany) or by the elemental analyses department of the EPFL using a Thermo
Scientific Flash 2000 Organic Elemental Analyzer.

FTIR spectra were recorded with a Thermo Scientifique IS50-FTIR spectrophotometer from

KBr pellets under nitrogen flow.

Mass spectra were acquired on a LXQ-linear ion trap (Thermo Scientific, San Jose,
CA,USA), equipped with an electrospray source in a THF solution which was prepared and
filtered on microporous filters in the glove-box and maintained under argon until injection in
the spectrometer. Electrospray full scan spectra, in the range of m/z 50 —3000 amu, were
obtained by infusion through fused silica tubing at 2-10 pL min'. The LXQ calibration (m/z
50-2000) was achieved according to the standard calibration procedure from the manufacturer
(mixture of caffeine/MRFA and Ultramark 1621). The LXQ calibration (m/z 2000-4000) was
performed with ES tuning mix (Agilent). The temperature of the heated capillary of the LXQ
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was set to the range of 180-220 °C, the ion spray voltage was in the range of 1-3 kV with an
injection time of 5-100 ms. The experimental isotopic profile was compared in each case to

the theoretical one.

NMR experiments were carried out using NMR tubes adapted with J. Young valves. 'H
NMR spectra were recorded on Bruker 200 MHz and 400 MHz and Varian Mercury 400
MHz spectrometers, at various temperatures. NMR chemical shifts (8) are reported in ppm
with solvent as internal reference. Abbreviations used for describing multiplicity and shape of
the NMR signals are: s (singulet), d (doublet), t (triplet), m (multiplet) and br (broad).
Diffusion coefficients measurements were performed by NMR using a Pulsed-Field Gradient
STimulated Echo (PFGSTE) sequence, using bipolar Gradients, at 298 K and no spinning was
applied to the NMR tube.*”® The coefficient diffusion and the molecular weight are related.
The ratio of the molecular weights of two molecules (M and Mg) can thus be conveniently

expresses as the reciprocal cubic ratio of their diffusion coefficients: Ma/Mp=(Dg/Dp)’.**’

Electrochemical Methods. Cyclic voltammetry data were carried out at room temperature in
an argon-filled glovebox described above. Data were collected using a Biologic SP-300
potentiostat connected to a personal computer. All samples were 2 to 10 mM in complex with
0.1 M [BuyN][PFs] supporting electrolyte in pyridine, acetonitrile or THF solution. The
experiments were carried out with a platinum disk (d=5 mm or d=1 mm) or a vitrous carbon
disk (d=1 mm) working electrode, a platinum wire counter-electrode and an Ag/AgCl
reference electrode. Potential calibration was performed at the end of each data collection
cycle using the ferrocene/ferrocenium Fc/Fc' couple as an internal standard.

The solutions of the trivalent complexes [Ln(TPA),]OTfs; [Ln(BPA),]OTf ; [Ln(BPPA),]JOTf
and [Ln(MPA),K] (Ln = Eu and Yb) for voltammetric studies were prepared in situ by the
addition of 2 equivalents of ligand to the corresponding LnOTf; salt.

EPR measurements at X-band was recorded with an EMX Bruker spectrometer fitted with
an OXFORD Instrument ESR900 cryostat. The spectrum was recorded under unsaturated
conditions at room temperature, with the following set of parameters:
* For the solid state EPR: v = 9.6543GHz, scan range 2940-3940 G (from g=2.346 to
g=1.751), P receiver gain 33 dB, amplitude modulation 1 G, frequency modulation

100 kHz. EPR data was expressed as the first derivative of the absorption related to
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the increase in applied magnetic field. The sample for EPR measurements was
introduced as a suspension in a 150 uLL mixture of solvents in Smm Suprasil-Quartz
tubes adapted with young valves.

* For the solution EPR: v = 9.6475GHz, scan range 3400-3480 G (from g=2.029 to
¢=1.982), P receiver gain 33 dB, amplitude modulation 0.1 G, frequency modulation
100 kHz. EPR data was expressed as the first derivative of the absorption related to
the increase in applied magnetic field. The sample for EPR measurements was
introduced as a 150 pL solution of a mixture of solvents in Smm Suprasil-Quartz tubes

adapted with young valves.

X-ray Crystallography Diffraction data were taken using an Oxford-Diffraction XCallibur
S kappa geometry or a Bruker APEX Il CCD kappa geometry diffractometers (Mo-Ka
radiation, graphite monochromator, A = 0.71073 A). To prevent evaporation of co-crystallised
solvent molecules the crystals were coated with light hydrocarbon oil and the data were
collected at between 100 K and 150 K. The datasets were reduced by CrysAlis**® or
EvalCCD*® and then corrected for absorption.”*” The solution and refinement were
performed by SHELX or Superflip.”*" *** The crystal structures were refined using full-matrix
least-squares based on F* with all non-hydrogen atoms anisotropically defined. Hydrogen
atoms were placed in calculated positions by means of the “riding” model. Additional electron
density found in the difference Fourier map (due to highly disordered solvent) was eventually
treated by the SQUEEZE algorithm of PLATON.* Details of the data collection and crystal

parameters are given in appendix.

Ligand Syntheses

Tetradentate Schiff base ligands were prepared by the condensation of 1,2-phenylenediamine
(Hjsalophen and H,°™‘salophen) with the corresponding salicylaldehyde derivatives (1:2

stoichiometric ratio) in ethanol under reflux according to previously reported procedure.”*
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H"naphtquinolen

The ligand was prepared by a modified literature procedure.’> *** A solution of 2-
methylquinolin-8- amine (1.0 g, 6.32 mmol, leq) and 3-hydroxy-2-naphtaldehyde (1.1 g, 6.39
mmol, 1.01eq) in 30 mL of anhydrous toluene was stirred in a Dean Stark set-up at 110°C
during 2 days. Then the solvent was removed under vacuum giving an orange-brown solid.
This solid was suspended in 100 mL cyclohexane and heated to reflux. Toluene was added
dropwise until most solid was soluble and the temperature was raised to maintain the reflux.
A hot filtration was carried out to remove the black insoluble impurities and the mixture was
cooled down to room temperature, affording red crystals that were filtered and dried under
vacuum to give H"*naphtquinolen (1.38 g, 4.42 mmol, 70 % yield). '"H NMR (200 MHz,
CDCl;, 298 K): 6 = 15.8 (br s, 1H, OH), 9.3 (d, 1H), 8.1 (d, 1H), 8.0 (d, 1H), 7.7-7.4 (m, 7H),
7.3-7.2 (m, 1H), 6.9 (d, 1H), 2.9 (s, 3H, CH3). C NMR (50 MHz, CDCls, 298 K): 3 = 182.3
(C=N), 159.3 (Caro), 145.9 (Caro), 139.5 (Caro), 139.3 (Caro), 136.6 (Caro), 136.0 (Caro), 134.5
(Caro), 129.5 (Caro), 128.4 (Caro), 127.2 (Caro), 126.9 (Caro), 126.7 (Caro), 125.7 (Caro), 124.1
(Caro), 123.6 (Caro), 122.3 (Curo), 118.4 (Cuaro), 113.2 (Caro), 8.0 (Caro), 25.9 (CH3). ESI-MS :
m/z=1313.2 [M+H"].

The potassium salts of the Schiff base ligands were prepared as previously described™’ by
addition of KH or NaH to a THF solution of the corresponding Schiff base. The resulting
K™naphtquinolen, Kjsalophen, Najsalophen, K;?M¢salophen and Na,*“salophen salts

were obtained in 65-95% yield.

K™*naphtquinolen
'"H NMR (200 MHz, py-ds, 298 K): & = 9.7 (s, IH, HC=N), 8.6 (d, 1H), 8.0 (d, 1H), 7.7 (m,
2H), 7.5-7.7 (m, 3H), 7.3-7.0 (m, 4H), 2.5 (s, 3H, CHj).

Kjsalophen
'H NMR (200 MHz, THF-dg, 298 K): & = 8.4 (s, 2H, HC=N), 7.2 (s, 2H), 7.1 (s, 2H), 7.0 (s,
2H), 6.8 (s, 2H), 6.4 (s, 2H), 6.1 (s, 2H).

Najsalophen.

"H NMR (200 MHz, THF-ds, 298 K): & = 8.6 (s, 2H, HC=N), 7.4 (d, 2H), 6.9-7.3 (m, 8H), 6.5
(t, 2H).
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K;*Msalophen
'"H NMR (200 MHz, DMSO-de, 298 K): 8 = 8.5 (s, 2H, HC=N), 7.0-6.9 (m, 4H), 6.7 (t, 2H),
6.4 (d, 2H), 5.7 (t, 2H), 3.6 (s, 6H).

Na,®M¢salophen
"H NMR (200 MHz, py-ds, 298 K): & = 8.6 (s, 2H, HC=N), 7.3 (s, 4H), 7.1 (d, 2H), 6.6 (d,
2H), 6.4 (t, 2H), 3.3 (s, 6H).

KOSi(tBuO); was prepared upon reaction of HOSi(tBuO); (1.636 g, 6.2 mmol, 1eq) with one
equivalent of KH (248 mg, 6.2 mmol, leq) in THF (10 mL). After 24 hours stirring, the
mixture was filtered and the filtrate was taking to dryness. The resulting white powder was
collected and dried for 3 hours to give KOSi(tBuO); (1.460 g, 4.8 mmol, 78 % yield). 'H
NMR (400 MHz, THF-dg, 298 K): & = 1.3 (s, 27H). '"H NMR (200 MHz, tol-dg, 298 K): & =
1.4 (s, 27H). *C NMR (50MHz, tol-dg, 298K): & = 70.54 (C), 32.27 (CH3).

The ligand HBPPA was prepared according to the published procedure.’”® The previously
reported HBPA ligand™* was prepared in 78% yield with the same procedure used for ligand
HBPPA.**® The previously reported ligand H,MPA**® was synthesised from 2-(3,5- di-tert-
butyl-2-hydroxybenzylaminomethyl)pyridine in 24% yield according to the literature
procedure used for a similar system.’*' The potassium salts of all ligands were prepared by
addition of KH to a THF solution of the corresponding ligand according to a published

42
procedure.’

KBPA
'"H NMR (200 MHz, py-ds, 298 K): & = 8.3 (d, 2 H), 7.5-7.1 (m, 7H), 6.9 (dd, 2H), 6.5 (td,
1H), 3.7 (m, 6H).

KBPPA

HBPPA (1.1 g, 2.5 mmol, leq) and potassium hydride (0.11 g, 2.8 mmol, 1.1eq) were mixed
in anhydrous THF (25 mL). The reaction mixture was heated at reflux under argon for 12 h.
The mixture was then filtered to remove the excess of KH, the filtrate was taken to dryness

and washed with hexane (10 mL). The obtained solid was dried under vacuum for 2 days to

give KBPPA(THF)o6s (0.9 g, 1.7 mmol, 68 % vyield), in which the amount of THF was

198



[Experimental Section]

determined by quantitative "H NMR spectroscopy. 'H NMR (200 MHz, py-ds, 298 K): & =
8.3 (d, 2 H), 7.5-7.2 (m, 6 H), 6.9 (dd, 2H), 3.9 (s, 2H), 3.8 (s, 4H), 1.8 (s, 9H), 1.5 (s, 9H).

K;MPA
'"H NMR (200 MHz, py-ds, 298 K): 8 = 7.9 (d, 1 H), 7.4-7.3 (m, 4H), 7.1 (d, 2H), 6.7 (¢, 1H),
4.1 (s, 2H), 3.9 (brs, 4H), 1.7 (s, 18 H), 1.4 (s, 18 H).

Complex Syntheses

[UCL(Menaphtquinolen),] 1-Cl

A solution of KM*naphtquinolen (92.3 mg, 0.263 mmol, 2eq) in THF (10 mL) was added to
UCl4 (50.0 mg, 0.132 mmol, leq) and the reaction mixture was stirred at room temperature
overnight, affording an orange suspension. The mixture was filtered to remove KCI, the THF
volume of the filtrate was reduced to 2 mL and the solution was layered with hexane. The
resulting orange precipitate was filtered and dried under vacuum to afford 1-Cl as an orange
solid. (89.0 mg, 0.096 mmol, 72% yield). '"H NMR (200 MHz, THF-ds, 298 K): & = 25.7 (s,
2H), 19.4 (d, 2H), 13.0 (d, 2H), 11.8 (d, 2H), 10.1 (t, 2H), 9.7 (t, 2H), 9.5 (m, 2H), 5.6 (s, 6H),
1.0 (d, 2H)-0.4 (t, 2H), -0.8 (m, 2H), -3.0 (d, 2H), -6.1 (s, 2H). Anal. Calcd for
[UCl,(Menaphtquinolen),] 1-Cl1 : C4H30C1bN4OU: C, 54.15; H, 3.25; N, 6.01. Found: C,
54.03; H, 3.41; N, 6.06. Single crystals suitable for X-ray diffraction were obtained by slow

diffusion of hexane into a pyridine solution of 1-CI.

[U(p-bis-""*naphtquinolen)], 2

A solution of KM naphtquinolen (150.0 mg, 0.428 mmol, 2eq) in THF (8 mL) was added to
[UL(OEt,)2] (191.3 mg, 0.214 mmol, leq) and the reaction mixture was stirred at room
temperature overnight, affording a yellowish-brown suspension. Intermediate data for
[UL(*naphtquinolen),] 1-I: '"H NMR (200 MHz, py-ds, 298 K): & = 108.9 (br s, 2H), 37.9 (s,
2H), 37.3 (s, 6H), 31.1 (s, 2H), 29.7 (br s, 2H), 22.1 (s, 2H), 21.6 (s, 2H), 18.0 (br s, 6H), 16.9
(s, 2H), 4.3 (s, 4H), 0.6 (s, 2H), -3.2 (s, 2H) -7.4 (s, 2H). This mixture was added onto
potassium chunks and then stirred at room temperature for 12 hours. The reaction mixture

gradually turned dark olive brown. The mixture was filtered to remove KI and the filtrate
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evaporated to dryness. The resulting brown solid was extracted with toluene (12 mL) to give a
brown suspension that was filtered. The filtrate was taken to dryness to give [U(u-bis-
Menaphtquinolen)], 2 as a brown solid (122.9 mg, 0.071 mmol, 67% yield). 'H NMR (200
MHz, tol-ds, 298 K): 6 = 88.0 (s, 2H), 46.2 (s, 2H), 41.7 (m, 4H), 33.1 (d, 2H), 31.2 (d, 2H),
30.9 (d, 2H), 20.0 (t, 2H), 17.8 (d, 2H), 15.1 (d, 2H), 14.9 (m, 2H), 13.2 (t, 2H), 12.3 (t, 2H),
10.4 (t, 2H), 8.9 (dt, 2H), 7.2 (d, 2H), 5.6 (d, 2H), 5.2 (d, 2H), 2.5 (d, 2H), -3.9 (d, 2H), -5.1
(d, 2H), -5.9 (t, 2H), -7.7 (s, 6H, CHs), -9.0 (d, 2H), -13.8 (d, 2H), -25.8 (s, 6H, CH3). Anal.
Calcd for 2 Cg4sHgoNgO4U,: C, 58.61; H, 3.51; N, 6.51. Found: C, 58.37; H, 3.73; N, 6.38.
Single crystals suitable for X-ray diffraction were obtained by slow diffusion of hexane into a
toluene solution of 2.

Upon dissolution of 2 into pyridine, 2 sets of proton signals are observed in solution assigned
to the dimeric complex 2 and the monomeric analogue 2b : "H NMR (500 MHz, py-ds, 298
K): Ratio of complexes 2:2b: 3:1 after 30 minutes, 0.5:1 after 4 days. Complex 2: 6 = 85.7 (s,
2H), 47.4 (d, 2H), 41.1 (d, 2H), 35.2 (d, 2H), 32.3 (d, 2H), 28.9 (s, 2H), 28.1 (d, 2H), 18.4 (t,
2H), 16.7 (d, 2H), 15.2 (t, 2H), 11.3 (t, 2H), 11.2 (t, 2H), 11.1 (t, 2H), 10.9 (d, 2H), 9.8 (d,
2H), 8.9 (d, 2H), 8.1 (d, 2H), 6.3 (d, 2H), 5.2 (d, 2H), 0.9 (s, 6H, CH3), -0.7 (d, 2H), -3.8 (t,
2H), -6.7 (d, 2H), -9.5 (d, 2H), -10.0 (d, 2H), -13.9 (s, 6H, CH3). Complex 2b: 6 = 91.3 (s,
2H), 47.6 (d, 2H), 45.9 (d, 2H), 44.1 (s, 2H), 35.6 (d, 2H), 32.1 (d, 2H), 20.2 (d, 2H), 19.3 (d,
2H), 19.1 (t, 2H), 17.5 (m, 2H), 14.3 (t, 2H), 13.9 (t, 2H), 13.7 (d, 2H), 13.4 (t, 2H), 13.3 (d,
2H), 6.5 (s, 6H, CH3), 5.7 (d, 2H), 4.6 (d, 2H), 3.7 (t, 2H), 2.2 (s, 2H), 1.6 (d, 2H), -5.3 (t,
2H), -5.7 (d, 2H), -7.0 (d, 2H), -11.8 (d, 2H), -15.0 (s, 6H, CH3).

Reduction of [UCl,(Menaphtquinolen),] 1-Cl

To a solution of 1-Cl (24.5 mg, 0.026 mmol, 1eq) in THF (2 mL) was added a suspension of
potassium graphite (7.1 mg, 0.053 mmol, 2eq) in THF (2 mL) and the reaction mixture was
stirred at room temperature for 15 minutes, affording a deep brown suspension. Graphite was
removed by centrifugation. The 'H NMR spectrum (200 MHz, THF-dg, 298 K) recorded for
the crude reaction mixture showed the formation of 2 and 2b as the only M°naphtquinolen-
containing species.

To a solution of 1-Cl (24.5 mg, 0.026 mmol, leq) in THF (4 mL) was added a potassium
chunk (2.1 mg, 0.053 mmol, 2eq) and the reaction mixture was stirred at room temperature

overnight, affording a deep brown suspension. The "H NMR spectrum (200 MHz, THF-ds,
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298 K) recorded for the crude reaction mixture showed that a complex mixture of compounds

had formed, among which the resonances of 2 and 2b could be identified.

Reaction of 2 with pyHCI

A pyridine solution (1 mL) of pyridinium hydrochloride (6.8 mg, 0.059 mmol) was prepared.
200 pL of this stock solution (i.e. leq of pyHCI per U atom) were added to a pyridine
solution (0.5 mL) of complex 2. No immediate visible change was observed. After 30 min of
stirring the "H NMR spectrum of the crude mixture in deuterated pyridine showed two sets of
signals: one set was attributed to the dinuclear form of complex 2, the other one was
unidentified. The integration ratio 2:new species was 0.9:1. After 1 night at room temperature,
the reaction mixture turned yellowish and the '"H NMR spectrum in py-ds presented only the
signals of the new species. "H NMR after 18h (200 MHz, py-ds, 298 K): & = 95.5 (s, 2H), 49.6
(s, 2H), 45.3 (s, 2H), 40.1 (s, 2H), 33.3 (s, 2H), 32.1 (s, 2H), 24.6 (t, 2H), 19.4 (d, 2H), 16.6
(s, 2H), 16.1 (s, 2H), 13.9 (s, 2H), 13.4 (d, 2H), 13.3 (t, 2H), 12.6 (s, 6H), 10.3 (s, 2H), 8.0 (s,
2H), 5.3 (s, 2H), 2.6 (s, 2H), 0.0 (d, 2H), -2.9 (s, 2H), -3.6 (d, 2H), -4.4 (s, 2H), -5.2 (s, 2H), -
11.4 (s, 2H), -26.3 (s, 6H).

[U(9,1O-phenanthrenediol)(Menaphtquinolen)z] 3

A toluene (6 mL) 9,10-phenanthrenequinone (12.2 mg, 0.059 mmol, 2eq) solution was
prepared and added to a toluene (4 mL) solution of complex 15 (50.6 mg, 0.029 mmol, leq).
Immediately the deep brown solution turned yellowish green. The mixture was stirred 3 hours
before filtration. The brown solid was washed with 2 x 0.5 mL toluene and dried in vacuo to
give [U(9,10- phenanthrenediol)(M*naphtquinolen)] 3 as a brown-gold solid (33.8 mg, 0.032
mmol, 54% yield). Similar results were obtained when performing the reaction in pyridine.
Single crystals suitable for X-ray diffraction were obtained by slow evaporation of a saturated
pyridine solution of the complex. '"H NMR (200 MHz, tol-dg, 298 K): 6 = 27.6 (s, 2H), 19.9
(s, 2H), 19.1 (s, 2H), 18.6 (s, 2H), 16.2 (d, 2H), 13.0 (t, 2H), 12.5 (d, 2H), 11.7 (t, 2H), 9.4 (t,
2H), 9.3 (t, 2H), 8.0 (d, 2H), 0.7 (t, 2H), 0.6 (d, 2H), -1.1 (d, 2H), -2.4 (d, 2H), -5.2 (d, 2H), -
10.5 (s, 6H). Anal. Calcd for 3.toly, Cs72H396N4O4U: C, 63.32; H, 3.68; N, 5.16. Found: C,
63.54; H, 3.85; N, 5.25.



[Experimental Section]

Reaction of 2 with I,

To a stirring solution of 2 (9.7 mg, 0.006 mmol, leq) in toluene (0.5 mL) was added dropwise
a solution of iodine (2.9 mg, 0.011 mmol, 2eq) in toluene (1 mL). Immediately, the dark
brown solution turned pale brown and a yellowish-brown precipitate formed. After 10
minutes stirring, the crude reaction was taken to dryness and dissolved back into pyridine.
The "H NMR spectrum (200 MHz, py-ds, 298 K) recorded for the crude reaction mixture

showed that complex 1-I was restored.

[UO,(Mnaphtquinolen),] 4

A pyridine (6 mL) solution of complex 2 (58.0 mg, 0.034 mmol, leq) was transferred into a
reaction vessel. The suspension was degassed using a freeze-pump-thaw procedure. Then 1
atmosphere of dry dioxygen was introduced into the flask. Immediately, a colour change from
dark brown to dark red/orange was observed. The reaction was stirred for 12 hours at room
temperature before the solvent was removed in vacuo. The solid was washed with toluene (3 x
2 mL), recovered and dried in vacuo to afford [UOZ(Menaphtquinolen)z] 4 as a bright orange
solid (42.0 mg, 0.047 mmol, 69% yield). Crystals suitable for X-ray diffraction were obtained
by slow diffusion of hexane into a saturated solution of 4 in toluene. "H NMR (200 MHz,
THF-dg, 298 K): & = 10.3 (s, 2H, N=CH), 8.5 (d, 2H), 8.2 (d, 2H), 7.9-7.8 (m, 6H), 7.7-7.5
(m, 6H), 7.4 (t, 2H), 7.2 (t, 2H), 6.2 (d, 2H), 3.4 (s, 6H, CH3). Anal. Calcd for 4.(KI)2s
C4oH30N4O4UKg251025: C, 54.00; H, 3.24; N, 6.00. Found: C, 53.88; H, 3.49; N, 5.98. The
presence of KI arises from the residual presence of KI in the batch of complex 2 used in this

reaction.

Reaction of Na,[U(bis-salophen)] with CoCl,, isolation of [UCo(bis-salophen)(THF);] 5

A deep purple solution of Na,[U(bis-salophen)] (105.1 mg, 0.115 mmol, 1leq) in THF (2 mL)
was added to a blue suspension of [CoCl,(THF)] (23.3 mg, 0.115 mmol, 1eq) in THF (6 mL).
The reaction mixture was stirred lh at room temperature, affording a deep black-green
suspension. The mixture was filtered; the solvent volume of the filtrate was reduced to 6 mL
and 8 mL of hexane were added. The obtained black precipitate was collected by filtration,
giving a black-green microcrystalline solid which was dried under vacuum [UCo(bis-
salophen)(THF),] 5 (20.3 mg). Re-crystallization of this solid by slow diffusion of DIPE into
a THF solution of the complex or slow diffusion of hexane into a pyridine solution of the

complex afforded black single crystals suitable for X-ray diffraction. ES-MS : m/z= 1141.7
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[M+THF]". "H NMR (200 MHz, THF-dg, 298 K): 8 = 65.5 (s, 1H), 60.2 (s, 1H), 44.3 (s, 1H),
43.9 (s, 1H), 41.0 (s, 1H), 38.3 (s, 1H), 32.1 (s, 1H), 27.6 (s, 1H), 27.1 (s, 1H), 26.8 (s, 1H),
22.7 (s, 1H), 21.2 (s, 1H), 11.2 (s, 1H), 8.9 (s, 1H), 7.2 (s, 1H), 4.1 (s, 1H), 3.1 (s, 1H), 2.8 (s,
1H), -0.7 (s, 1H), -0.9 (s, 1H), -2.6 (s, 1H), -13.5 (s, 1H), -13.8 (s, 1H), -15.1 (s, 1H), -22.1 (s,
1H), -29.0 (s, 1H), -37.7 (s, 1H). "H NMR (200 MHz, py-ds, 298 K): & = 66.3 (s, 1H), 65.6 (br
s, 1H), 42.0 (s, 1H), 40.5 (s, 1H), 38.9 (s, 1H), 36.0 (s, 1H), 31.1 (s, 1H), 30.6 (s, 1H), 27.6 (s,
1H), 26.1 (s, 1H), 24.7 (s, 1H), 21.4 (s, 1H), 16.7 (s, 1H), 9.8 (s, 1H), 9.2 (s, 1H), 5.7 (s, 1H),
3.7 (s, 1H), 2.5 (s, 1H), 1.6 (s, 1H), -1.2 (s, 1H), -4.2 (s, 1H), -6.2 (s, 1H), -10.5 (br s, 1H), -
11.2 (s, 1H), -11.6 (s, 1H), -22.4 (s, 1H), -24.0 (s, 1H), -27.1 (s, 1H). Monitoring the 'H NMR
spectrum of 5 in deuterated THF over time shows a slow decomposition of the bimetallic

complex in the mononuclear U(IV) complex [U(salophen);].

Reaction of Na,|U(bis-salophen)] with Nil,, isolation of [UNi(bis-salophen)(THF);] 6

To a deep purple solution of Na,[U(bis-salophen)] (12.1 mg, 0.013 mmol, leq) in THF (0.5
mL) was added a yellow solution of [Nil,(THF)o2] (4.3 mg, 0.013 mmol, 1eq) in THF (0.5
mL). The reaction mixture was stirred at room temperature 25 min, affording a deep green
solution above a brown precipitate. The mixture was filtered and the supernatant was layered
with DIPE. Black-green crystals suitable for X-ray diffraction analysis were obtained from
this slow diffusion. "H NMR (200MHz, THF-dg, 298K) 8= 57.9 (s, 1H); 48.3 (s, 1H); 43.4 (s,
1H); 38.2 (s, 1H); 34.6 (s, 1H); 33.9 (s, 1H); 31.1 (s, 1H); 28.6 (s, 1H); 26.1 (s, 1H); 25.5 (s,
1H); 23.9 (s, 1H); 19.0 (s, 1H); 16.0 (s, 1H); 11.3 (s, 1H); 9.8 (s, 1H); 7.3 (s, 1H); 6.6 (s, 1H);
3.9 (s, 1H); 3.2 (s, 1H); 1.9 (s, 1H); -0.3 (s, 1H); -1.5 (s, 2H); -3.1 (s, 1H); -3.8 (s, 1H); -7.2 (s,
1H); -11.3 (s, 1H); -28.4 (s, 1H). Additional signals of a small amount of [U(salophen),] are

present on the "H NMR spectrum of the crude reaction mixture.

Reaction of Na,|U(bis-salophen)] with ZnlI,

To a deep purple solution of Na,[U(bis-salophen)] (10.0 mg, 0.011 mmol, leq) in THF (0.5
mL) was added a colourless solution of Znl, (3.5 mg, 0.011 mmol, leq) in THF (0.5 mL). The
reaction mixture was stirred at room temperature 1h. The '"H NMR spectrum of the crude
reaction mixture in THF-dg shows one set of signals of a new species and one set of 14 signals
of unreacted Na,[U(bis-salophen)]. The subsequent addition of another equivalent of Znl,
(3.5 mg, 0.011 mmol, 1eq) to the mixture led, after 2h of stirring, to the disappearance of the
Nay[U(bis-salophen)] signals on the "H NMR spectrum in THF-ds. Only the signals of the
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new species was observed: '"H NMR (200MHz, THF-dg, 298K) &= 42.1 (s, 1H); 28.9 (s, 1H);
22.4 (s, 1H); 20.5 (s, 1H); 13.6 (s, 1H); 12.6 (s, 1H); 12.0 (br s, 1H); 11.7 (s, 1H); 8.2 (s, 1H);
7.8-5.2 (m, 5H); 4.4 (s, 2H); 3.8 (s, 1H); -0.2 (br s, 1H); -1.7 (s, 1H); -2.6 (s, 2H); -4.7 (s, 1H);
-5.2 (s, 1H); -9.1 (s, 1H); -10.5 (s, 1H); -13.7 (s, 1H); -16.5 (s, 1H); -19.3 (br s, 1H).

[NdCo(salophen),(THF)] 7

To a [NdI3(THF)4] (197.8 mg, 0.245 mmol, leq) suspension in THF (1 mL), a yellow
suspension of Kjsalophen (97.2 mg, 0.245 mmol, leq) in THF (3 mL) was added and the
obtained yello suspension was stirred 1h. A brown suspension of [Co(salophen)K].(KCl)g 33
(107.4 mg, 0.245 mmol, leq) in THF (2 mL) was then added to the stirred reaction mixture
which turned dark green immediately. After 1h of stirring, the mixture was filtered affording
200 mg of a dark precipitate and a green filtrate. The solid residue was stirred during 1h in 6
mL of pure THF and the resulting suspension was filtered leading to a second dark green
filtrate. The two filtrates were then layered with DIPE. After one week dark crystals of
[NdCo(salophen),(THF)] 7 formed from the slow diffusions. The crystals were collected and
dried under vacuum (67.2 mg, 0.077 mmol, 32% yield). Slow diffusion of DIPE into a THF
solution of the complex or slow diffusion of hexane into a pyridine solution of the complex
afforded dark single crystals suitable for X-ray diffraction "H NMR 200MHz at 298K (THF-
dg): 6= 21.59 (br s, 2H); 19.30 (s, 2H); 14.81 (s, 2H); 13.49 (s, 2H); 12.79 (s, 2H); 11.98 (s,
2H); 11.35 (s, 4H); 9.95 (s, 2H); 9.59 (s, 2H); 7.35 (s, 2H); 6.43 (s, 2H); 0.53 (s, 2H); -2.43 (s,
2H). Anal. Calcd for [NdCo(salophen),(THF) 5] C42H3,N4O45NdCo: C, 58.12; H, 3.72; N,
6.46. Found: C, 57.86; H, 4.09; N, 6.37. ES-MS : m/z = 831.2 [M-THF]".

OMe

The complexes [Co(salophen)], and [Co(" " salophen)] were prepared from addition of

potassium salt of the corresponding ligand to [CoCly(THF)] according to the published proce-

e, or from addition of protonated Hasalophen/H,™salophen ligand to

dur
[Co(HMDS)»(THF)]. The Co(I) species [Co(salophen)K], and [Co(OMesalophen)K] were
obtained via the reduction of the corresponding Co(Il) complex by leq of metallic

. 201
potassium.

[Coz(bis-salophen)Li>(Py)4] 8
Lithium chunks (2.7 mg, 0.391 mmol, 1eq) were added on a solution of [Co(salophen)] (145.8
mg, 0.391 mmol, leq) in THF (6 mL). The mixture was stirred for 24h affording a green
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solution. The solution was taken to dryness and the obtained residue was crystallized by slow
diffusion of hexane into a pyridine solution of the complex (135.9 mg, 0.266 mmol, 68%).
Single crystals of [Cox(bis-salophen)Liy(py)4] suitable for X-ray diffraction were obtained by
slow diffusion of hexane into a pyridine solution of [Co(salophen)Li]/[Coy(bis-salophen)Li;]
mixture.'H NMR (0.34 M solution) (400 MHz, THF-ds, 298 K): diamagnetic species 6 = 10.4
(s, 2H), 7.9 (d, 2H), 7.3 (m, 4H), 6.7 (s, 2H), 6.1 (m, 4H); paramagnetic species 6 = 50.8 (s,
2H), 32.8 (s, 2H), 17.9 (s, 2H), 12.6 (s, 2H), 7.5 (s, 2H), 7.0 (s, 2H), 2.4 (s, 2H), -3.5 (s, 2H), -
5.6 (s, 2H),-13.0 (s, 2H), -14.0 (s, 2H), -30.0 (s, 2H), -56.9 (s, 2H), -131.5(s, 2H). Anal. Calcd
for [Co(salophen)Li].(Py)i.65 Cas2sH22.25N36502CoLi: C, 66.46; H, 4.39; N, 10.01. Found: C,
66.07; H, 4.44; N, 10.40.

[Cos(tris-°™*salophen)Nag(THF)4] 9

[CoCLy(THF)] (633.1 mg, 2.9 mmol, leq) is added onto a suspension of Na,*M¢salophen (1.2
g, 2.9 mmol, leq) in THF (30 mL) and the resulting brown suspension was stirred for Sh at
50°C. Then sodium chunks (137.0 mg, 5.8 mmol, 2eq) were added. The resulting mixture was
stirred for 5 days at room temperature to yield a dark green suspension that was filtered to
obtain a green solid after washing with THF. A slow diffusion of hexane into a THF solution
of the complex affords [Cos(tris-"salophen)Nag(THF)s], 9 crystals suitable for X-ray dif-
fraction (68% yield after recristallisation). '"H NMR (400 MHz, THF-dg, 298 K): & = 12.8 (s,
2H), 12.5 (br s, 1H), 9.5 (br s, 1H), 9.2 (br s, 1H), 8.6 (d, 2H), 8.5 (br s, 1H), 8.3 (d, 2H), 7.9
(d, 2H), 7.8 (d, 2H), 7.4 (br s, 1H), 7.2 (br s, 1H), 7.0 (s, 2H), 6.7-6.6 (m, 4H), 6.5 (br s, 1H),
6.4 (d, 2H), 6.2 (d, 2H), 6.1 (br s, 1H), 5.9 (t, 2H), 5.3 (t, 2H), 4.9 (br s, 1H), 4.7 (br s, 2H),
4.5 (br s, 1H), 3.4 (s, 6H, CHs), 3.1 (s, 6H, CH3), 2.4 (br s, 3H, CH3), 2.2 (br s, 3H, CHs).
Anal. Calcd for [C03(tris—OMesalophen)Naé(THF)z,s].(NaCl)o3 C76H74NgO14.5C03Nag 3Clo3: C,
55.81; H, 4.56; N, 5.14. Found: C, 55.55; H, 4.78; N, 4.76.

[(Co(OMesalophen))zNa] [Na(cryptand)]; 10

A THF solution of cryptand (95.1 mg, 0.222 mmol, 6eq) was diffused into a green THF
solution of [Cos(tris-"M*salophen)Nag(THF), 5].(NaCl), 3 (60.5 mg, 0.037 mmol, leq) leading
to the formation of brown needles of [(Co(®salophen)),Na][Na(cryptand)]; 10 (78.6 mg,
0.038 mmol, 68% yield) suitable for X-ray diffraction. Complex 10 is insoluble in THF. The
'H NMR spectrum of 10 in deutarated pyridine is silent. Anal. Caled for
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[(Co(°M¢salophen)),Na][Na(cryptand)]s CogH144N10026C0sNay: C, 56.37; H, 6.95; N, 6.71.
Found: C, 56.44; H, 6.98; N, 6.46.

Reaction of 9 with CO,, isolation of [Co(OMesalophen-Coz)Na]z[Na(cryptand)]z 11
[C03(tris—OMesalophen)Naé(THF)2‘5].(NaCl)og (6.3 mg, 0.004 mmol) was dissolved in THF-dg
(0.5 mL) in a J.Young NMR tube under argon. The solution was degassed and an excess of
3CO, (approx. 74eq) was introduced in the tube. The mixture turned purple instantaneously
and then slowly brown with concomitant precipitate formation. The 'H NMR spectrum after 1
night is silent. THF was then removed under vacuum and the residue was dried Smin under
dynamic vacuum. THF-ds (0.5 mL) was re-added but the 'H and ?C NMR spectra remained
silent excluding labile coordination of CO; to the Co centres. THF was removed under
vacuum and the residue was dried 30min under dynamic vacuum before addition of D,0. "*C
NMR (400 MHz, D,0, 298 K): & = 167.5 (CO5”). Carbonate was formed in 53% yield (
determined using "°C labelled sodium acetate as internal standard). When only leq of *CO,
per Co atom was added onto a THF-dg solution of 9, a comparable yield in carbonate was
measured (58%).

When the reaction scale was increased (43.5 mg, 0.027 mmol of complex 9), single crystals of
[Co(®™¢salophen-CO,)Na],[Na(cryptand)],, complex 11, were obtained by slow diffusion of
DIPE into the filtered THF solution.

Reaction of [K18c6][U(OSi(OtBu);)4] with CS,, isolation of 12

Short reaction times. 100 uL of a 0.15 M toluene solution of >CS, (0.015 mmol, leq) were
added to a 2 mL suspension of [K18c6][U(OSi(OtBu)s)4] (25.0 mg, 0.015 mmol, leq) in
toluene to afford a red/pink solution. After 30 min stirring, the solvent was removed in vacuo.
The residue was extracted with hexane to give a pink/red solution (A) and an insoluble brown
solid. The solid was recovered by centrifugation and then dissolved in pyridine to give a
brown solution; slow diffusion of hexane into this pyridine solution produced deep green
needles of [(K18c6)y(C2S4)].Py suitable for X-ray diffraction (13% yield). "H NMR (200
MHz, py-ds, 298 K): 8= 3.6 (s, 24H, CH,-18¢6). *C NMR (50 MHz, py-ds, 298 K): & 70.6 (s,
CH,-18c¢6), 248.5 (s, C,S47). C NMR (50 MHz, D,0, 298 K): &= 70.0 (s, CH»-18¢6), 251.0
(s, C284%). After removing all volatiles from the pink/red hexane extract (A) the solid was
dissolved in toluene and left standing at -40°C to afford crystals of
[U(OSi(OtBu)3)4(CS3)K2(18c6):], 12 suitable for X-ray diffraction. Unfortunately, attempts to
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separate 12 from [U(OSi(OtBu);)4] were unsuccessful, preventing further characterisation of
this species. The quantitative 'H NMR spectrum recorded on a toluene solution of
[K18c6][U(OSi(OtBu);)4] reacted with one equivalent of CS, for 30 minutes after addition of
an internal standard (naphthalene) shows the formation of [U(OSi(OtBu)s3)4] in 50% yield.

Long reaction times. 10.4 uL of a 0.64 M toluene solution of *CS, (0.006 mmol, leq) were
added to a 0.5 mL suspension of [K18c6][U(OSi(OtBu)s)4] (9.5 mg, 0.006 mmol, 1 eq.) in
toluene to afford a red/pink solution. The quantitative '"H NMR spectrum of the toluene
reaction mixture after two days shows the presence of the U(IV) complex [U(OSi(OtBu)s3)4]
as the major product (65%). Quantitative *C NMR spectra in deuterated DMSO of the
reaction mixture after toluene evaporation show the presence of free *CS;” as the major
species, compared to °C3Ss> ina 10 : 1 ratio. Quantitative °C NMR using naphthalene as an
internal standard shows the quantitative transformation of *CS, into the reduction products

BCsy?, and °C5S857 .

Reaction of [U(OSi(OtBu);3)sK] with CS; , isolation of 13

Short reaction times. 30 uL (0.038 mmol, 2eq) of a 1.25 M tol-dg solution of *CS, were
added to a solution of [U(OSi(OtBu)3)4K] (25.4 mg, 0.019 mmol, leq) in tol-ds (0.5 mL) and
stirred for 30 minutes. All volatiles were then removed in vacuo. The residue was suspended
in hexane and the wundissolved solid was discarded. Pink/red crystals of
[U(OSi(OtBu)3)4K2(C3S5)]n, 13 suitable for X-ray diffraction were isolated by letting this
hexane solution to stand for few days at room temperature. Attempts to separate 13 from the
other reaction products were unsuccessful, preventing further characterisation of this species.
Long reaction times. 30 uL (0.038 mmol, leq) of a 1.25 M tol-dg solution of *CS, were
added to a solution of [U(OSi(OtBu)3)4K] (50.8 mg, 0.038 mmol, leq) in tol-ds (0.5 mL) to
afford an orange solution. After letting the solution stand at room temperature for 2 days a
few red crystals formed which were identified by *C NMR as K,CS;. The '"H NMR spectrum
of the toluene reaction mixture shows the presence of the U(IV) complex [U(OSi(OtBu);)4] as
the major product (66%). All the volatiles were then removed in vacuo to afford a brown
solid. Recrystallization of this residue by slow diffusion of toluene (4 mL) into DMSO (0.5
mL) affords [K,C,S4(DMSO)s],, as yellow crystals suitable for X-ray diffraction. >C NMR
(50 MHz, DMSO-ds, 298 K): & = 264.5 (s, C2S4%). An analogous reaction performed with a 1
: 2 ratio [U(OSi(OtBu);)4K]:"*CS, allows the isolation of the insoluble K,C»S4.(THF)s salt (5
THFs confirmed from the "H NMR spectrum in DMSO-dg) as yellow crystals in 65% yield (a
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yield consistent with the 1:3.7:1 °CS;*:"*C,S4*: C3Ss” ratio obtained from the quantitative
*C NMR spectra as indicated below). The quantitative *C NMR spectrum recorded in
deuterated pyridine or DMSO immediately after solvent evaporation of a toluene solution of
[U(OSi(OtBu)3)4K] reacted with one equivalent of 13CS, shows the presence of free Bess”,
13C2842_ and 13C38527 in a 1:1.2:1 ratio. The quantitative BC NMR spectrum recorded in
deuterated pyridine or DMSO immediately after solvent evaporation of toluene solutions of
[U(OSi(OtBu)3)4K] reacted with two or four equivalents of 1B3Cs,, showing the presence of an
increasingly higher amount of free *C,S4* compared to *CS;* and C3Ss*. (A 1:3.7:1

BCS37 10,8471 3C3Ss™ ratio was found for 2eq *CS, and a 1:5.9:1 for 4eq)

Reaction of [U(OSi(OtBu);3);K] with 1/8eq of Ss, isolation of [U(S;)(OSi(OtBu);3)sK;], 14

A brown solution of [U(OSi(OtBu)3):K] (83.0 mg, 0.062 mmol, leq) in deuterated toluene
(0.5 mL) was added onto elemental sulfur (2.0 mg, 0.008 mmol, 0.125¢eq), stirred 18 hours
and then sonicated 10 minutes. The reaction mixture turned light brownish. The 'H NMR
spectrum of the crude mixture in tol-dg shows the presence of free KOSi(OtBu); (1.4 ppm),
U(IV) complex [U(OSi(OtBu)3)4] (1.1 ppm) and of two unknown species at -1.4 ppm and 0.4
ppm. Suitable crystals for X-ray diffraction of [U(S;)(OSi(OtBu)s)sKs],.tol 14.tol were

obtained from the toluene reaction mixture at -40°C.

Reaction of [U(OSi(OtBu);3);K] with 1/4eq of Ss, isolation of [{U(OSi(OtBu)3)s}2(p-S2)(n-
S;)K] 15

A brown solution of [U(OSi(OtBu)3)4K] (76.7 mg, 0.058 mmol, leq) in toluene (2 mL) was
added onto elemental sulfur (3.7 mg, 0.001 mmol, 0.25eq), and stirred for 18 hours. The
solvent was removed under reduced pressure and the resulting solid was washed with hexane,
centrifuged and dried under vacuum. The '"H NMR spectrum of the obtained solid in tol-ds
shows the presence of a peak at 0.4 ppm as the main species. Suitable crystals for X-ray
diffraction of [{U(OSi(OtBu)s)3}2(u-S2)(1-S3)K].tol 15.tol were obtained from the crude
reaction solution at -40°C. It is noteworthy, that the |H NMR shift of complex 15 is similar to

21, even if the disulfide and trisufide ratios are different in these two structures.
[US(OSi(OtBu)3)4K2]2 16

A colourless solution of Ph3PS (26.3 mg, 0.089 mmol, 0.5eq) in toluene (2 mL) was added to
a stirred brown solution of [U(OSi(OtBu);)4K] (238.1 mg, 0.179 mmol, leq) in toluene (4
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mL). The mixture was stirred at room temperature for 18 h. The resulting green solution was
concentrated to approximately 3 mL and big green crystals formed overnight from toluene at
room temperature. The crystals were filtered and dried for 2 hours (79.3 mg, 62% yield in 2
crops). The isolated yield can be increased by recovering additional crops but it leads to co-
crystallization of small amounts of the by-product [U(OSi(OtBu)3)4]. Green single crystals of
16.tol suitable for X-ray diffraction were obtained from a concentrated toluene solution of the
complex at room temperature. 'H NMR (400 MHz, tol-ds, 298 K): & ~ 1 (very broad, 216H).
Anal. calcd for 16.(tol)os Ci002H2208032S18S,K4Usz: C, 42.09; H, 7.78; S, 2.24. Found C,
42.17; H, 7.68; S, 2.10.

[{US(0OSi(OtBu);)sK;}2(n-18¢6)] 17

A colourless solution of Ph;PS (2.1 mg, 0.007 mmol, 0.5¢q) in toluene (1 mL) was added to a
stirred brown suspension of [K18c6][U(OSi(OtBu)3)4] (22.3 mg, 0.014 mmol, leq) in toluene
(0.5 mL). The mixture was stirred at room temperature for 18 h to yield a green solution. The
'H NMR spectrum shows the presence of PPhs, [U(OSi(OtBu);)4] and complex 17 (90%
conversion determined by 'H NMR spectroscopy using naphthalene as an internal standard) in
the reaction mixture. 'H NMR (400 MHz, tol-dg, 298 K): 6= -0.9 (s, 162H), -10.3 (s, 54H).
Blue-green single crystals of 17.tol were obtained from the toluene reaction mixture at -40°C.
Due to the similar solubility of [U(OSi(OtBu);)4] and complex 17, the latter can only be
isolated in low yield from this reaction (25%). Complex 17 can also be obtained with similar
conversion rates by addition of 1eq of 18¢6 per U atom to complex 16 in toluene.

Anal. Caled for [{US(OSi(OtBu)3)sKz}2(p-18c6)] 17 CiosH240038S15S:K4Us: C, 42.28; H,
7.88; found C, 42.33; H, 8.07.

[Keryptand][US(OSi(OtBu)3)4K] 18

A colourless solution of 2.2.2-cryptand (7.8 mg, 0.021 mmol, 2eq, leq per U) in toluene (1
mL) was added to a stirred green solution of complex 16 (29.5 mg, 0.010 mmol, leq) in
toluene (1 mL). After 20 min of stirring, toluene was removed and hexane (1 mL) was added.
Green single crystals of complex 18.hex formed from hexane at room temperature. The
crystals were filtered, washed with hexane and dried under vacuum for 1h (27 mg, 74%). 'H
NMR (400 MHz, tol-ds, 298 K): 6= 13.1 (br s, 12H), 12.9 (br s, 12H), 11.8 (br s, 12H), -0.5
(br s, 81H), -10.6 (br s, 27H). Anal. calcd for [Kcryptand][US(OSi(OtBu);).K] 18
Co6H144N2,022S1sSKoU: C, 44.57; H, 8.16; N, 1.58. Found C, 44.16; H, 8.15; N, 1.65.
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Decomposition of 18 in THF, isolation of [Kcryptand][Uz(u-S3)(0OSi(OtBu)3)¢Ks] 19

A colourless solution of 2.2.2-cryptand (3.8 mg, 0.010 mmol, 2eq, leq per U) in THF (0.3
mL) was added to a stirred green solution of complex 16 (14.4 mg, 0.005 mmol, leq) in THF
(0.2 mL) to form complex 18 in situ. After 10 min of stirring, the green solution was layered
with hexane and was allowed to stand for one week at room temperature. Then the mixture
was cooled down to -40°C, resulting in the formation of brown single crystals overnight. 'H
NMR (400 MHz, THF-ds, 298 K): § = 1.4 (s, 162H). The formation of the U(IV) complex,
[U(OSi(OtBu)3)4], was also identified as decomposition product by 'H NMR spectroscopy.
The observed U/S ratio of 2:3 in 19 (compared to a U/S ratio of 1:1 in 18) requires the

presence of other decomposition products that remain unidentified.

[Keryptand][U(OSi(OtBu)3)s] 20

To a stirred brown solution of [U(OSi(OtBu)3)4K] (49.4 mg, 0.037 mmol, leq) in toluene (1
mL), a colourless solution of 2.2.2-cryptand (14.0 mg, 0.037 mmol, leq) in toluene (2 mL)
was added. An immediate brown precipitate formed instantaneously. After 15 min of stirring
the brown suspension was filtered. The obtained brown solid of [Kcryptand][U(OSi(OtBu)s3)4]
20 was washed with toluene and dried for 4 hours (48.7 mg, 0.028 mmol, 76% yield). Brown
crystals of complex 20 suitable for X-ray diffraction were obtained from slow diffusion of
hexane into a THF solution of the complex. 'H NMR (400 MHz, THF-ds, 298 K): & = 3.6 (m,
24H, cryptand), 2.6 (t, 12H, cryptand), 1.2 (s, 108H). Anal. calcd for
[Keryptand][US(OSi(OtBu)3)4K].(KCl)p2 18.(KCl)g2 CesH144N2022S14K; 2Clp2U: C, 46.03;
H, 8.43; N, 1.63. Found C, 45.63; H, 8.53; N, 1.78. The presence of KCI arises from the
residual presence of KCl in the batch of [U(OSi(OtBu);)4K] used in this reaction.

Reaction of 16 with 1/4eq of Ss , isolation of 21

A green solution of complex 16 (17.8 mg, 0.006 mmol, leq) in toluene (1 mL) was added to a
stirred yellow suspension of Sg (0.4 mg, 0.0015 mmol, 0.25¢eq) in toluene (1 mL), resulting in
a brown solution. After 1.5 h of stirring, a '"H NMR spectrum was recorded (400 MHz, tol-dg,
298 K) and it showed the formation of the complex [{U(OSi(OtBu)s)s}2(u-S2)(n-S3)K] 21
(0.4 ppm) with 36% conversion (determined by NMR spectroscopy using naphthalene as an

internal standard) among other reaction products. Brown single crystals of complex 21 were
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obtained from the toluene reaction mixture at -40°C. A similar compound (14) was also
obtained (together with other unidentified products) from the reaction of [U(OSi(OtBu)3)4K]
with 0.25eq of Sg in toluene but the occupancy factors of the disulfide and trisulfide moieties
found in the structure of 14 and 21 are different. Attempts to isolate [ {U(OSi(OtBu)s3)s}2(u-
S»2)(p-S3)K] 21 analytically pure failed due to the presence of other reaction products.

Reaction of 16 with CS;

To a green solution of complex 16 (8.5 mg, 0.003 mmol, 1eq) in deuterated toluene (0.5 mL),
9.3 mL of a 636.5 mM solution of *CS, (0.006 mmol, 2eq) in deuterated toluene were added.
The reaction mixture immediately turned light yellow. "H NMR (400 MHz, tol-ds, 298 K): &
= 11.1 (br s, 27H), -2.8 (br s, 81H). The solution was periodically monitored by '"H NMR
spectroscopy over the course of a week, and it showed a decrease in the intensity of the two
broad peaks and an increase in the intensity of the signal corresponding to the U(IV) complex
[U(OSi(OtBu)3)4]. This evolution shows the lability of the likely formed thiocarbonate
complex, resulting in the release of the thiocarbonate anion. When toluene was removed and
DMSO-d¢ added, the 'C NMR spectrum only showed the signal assigned to
thiocarbonate.?C NMR (100 MHz, DMSO-dg, 298 K): & = 267.4 (s, CS5%).

Reaction of 16 with CO,

An excess (1 atm) of *CO, was added to a frozen green solution of complex 16 (11.7 mg,
0.004 mmol, leq) in deuterated toluene (0.5 mL). The solution was allowed to warm up to
room temperature to yield a light pink solution. '"H NMR (400 MHz, tol-dg, 298 K): & = 8.7
(brs, 27H), -2.9 (br s, 81H). >C NMR (100 MHz, tol-ds, 298 K): § = 153.5 (s, CSO).

[{K18c6} {U(SH)(OSi(OtBu)s)4}] 22

A colourless solution of 18c6 (5.2 mg, 0.020 mmol, 2eq) in THF (1 mL) was added to a
stirred green solution of complex 16 (28.2 mg, 0.010 mmol, leq) in THF (1 mL). The
resulting green solution of complex 17 was stirred for ten minutes and was added to a stirred
white suspension of PyHCI (2.3 mg, 0.020 mmol, 2eq) in THF (1 mL). The resulting yellow
suspension was stirred for 2 h to yield a light green suspension. The "H NMR spectrum of the
crude reaction mixture in THF-dgs at 298 K showed the formation of complex
[{K18c6} {U(SH)(OSi(OtBu)s)4}] 22 with 53% conversion (determined by NMR

spectroscopy using naphthalene as an internal standard) as the main reaction product. Blue-
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green single crystals of complex 22.tol were obtained by storing the toluene reaction mixture
at -40°C. The crystals were collected and dried under vacuum for 2 h (11.1 mg, 0.007 mmol,
34% yield). "H NMR (400 MHz, THF-ds, 298 K): & = 3.07 (s, 24H, 18c6), 0.74 (s, 108H).
Anal. caled for 22.(tol)gs Ce3.5H13702,S14SKU: C, 45.55; H, 8.25. Found C, 45.66; H, 8.61.
Complex 22 was also obtained in lower yield (17%) (22% overall conversion determined by
NMR spectroscopy using naphthalene as an internal standard) by addition of leq of H,S to
the U(II) complex [K18c6][U(OSi(OtBu)s)4] in THF. Crystals of the side-product
[{U(OSi(OtBu)3);3}2(u-SH)2(u-S)] 23 of this H,S reaction were isolated from toluene at -
40°C.

The reaction of complex [US(OSi(OtBu);)4K;], 16 with PyHCl was carried out under
analogous conditions. The 'H NMR spectrum of the crude reaction mixture performed in
THF-ds at 298 K after addition of 18c6 showed the formation of 22 with 48% conversion. The
reaction of [Keryptand][US(OSi(OtBu)3)4K] 18 with PyHCI affords
[Keryptand][U(SH)(OSi(OtBu)s)s] with 52% conversion as determined by 'H NMR. '"H NMR
(400 MHz, THF-dg, 298 K): 6 = 3.36-3.33 (m, cryptand), 2.35 (s, cryptand), 0.70 (s, 108H)
(the identity of this complex was confirmed by comparing this '"H NMR spectrum to the one

obtained after adding cryptand to a solution of complex 22).

Isolation of [UO(OSi(OtBu)3)4K:]. 24

To a stirred pink solution of [UO(OSi(OtBu);)4K] (52.7 mg, 0.039 mmol, leq) in toluene (2
mL), KCs (5.3 mg, 0.039 mmol, leq) was added. After 2h of stirring the reaction mixture was
centrifuged affording graphite as a black solid and a brown/green solution. 'H NMR spectrum
in tol-dg of the crude mixture shows the formation of multiple products. Pale crystals of
[UO(OSi(OtBu)3)4Kz]> 24 suitable for X-ray diffraction formed from the toluene crude
mixture stored at -40°C.

Synthetic route to [U(OSi(OtBu);)sM] 25 (M=Li), 26 (M=Na), 27 (M=Cs)

To a stirred green/blue solution of [U(OSi(OtBu)s)s] (around 50 mg, leq) in THF (1 mL),
alkali metal chunks (1.1eq of Li, Na or Cs) were added. After 18h of stirring, the resulting
dark brown solution was filtered to remove the potential excess of alkali metal. Dark brown
crystals of [U(OSi(OtBu);)sM] were obtained from toluene (for M=Li 25, and Cs 27) and
from DIPE (for M=Na 26) at -40°C. '"H NMR (400 MHz, tol-ds, 298 K): for 25: & = 0.0 (s,
108H); for 26: & = -0.5 (s, 108H); for 27: 6 =-0.2 (s, 108H).
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Reaction of 25, 26 and 27 with excess CO;,

An excess (>1 atm) of CO, was added to a frozen brown solution of complex 25-27 in
deuterated toluene (0.5 mL). The solution was allowed to warm up to room temperature to
yield a light yellow (for 25), light pink (for 26) and colourless (for 27) solutions. 'H NMR
spectra (400 MHz, tol-ds, 298 K) of the crude mixture: for 25: & = 1.3 (br s), 0.9 (br s); for 26:
8 = 1.4 (s); for 27: & = 1.1 (s, 108H, [U(OSi(OtBu)3)4]), 0.7 (s). All the °C NMR spectra in

tol-dg of the crude reaction mixtures show the signal of free CO at 184 ppm.

Reaction of 26 with 1eq of CO,, isolation of [U(CO;3)(0OSi(OtBu););Na;]; 28

A stoichiometric amount of CO, (leq per U atom) was added to a frozen brown solution of
complex 26 in deuterated toluene (0.5 mL). The solution was allowed to warm up to room
temperature to yield a light pink solution. After several hours, a purple microcrystalline solid
formed in the crude mixture. Recristallisation of this solid residue from DIPE at -40°C
afforded light purple crystals of 28.DIPE. 'H NMR (400 MHz, tol-dg, 298 K): & = 5.5 (br s,
27H), -2.2 (br s, 27H).

[{U(OSi(OtBu)3)s3}2(n-OH),(p-0)] 29

To a stirred brown solution of [U(OSi(OtBu);)4K] (192.4 mg, 0.145 mmol, leq) in toluene (2
mL), 435 uL of a 0.5 M solution of H,O in THF (0.217 mmol, 1.5eq) were slowly added and
a bubbling attributed to H, release was observed. After 1 week of stirring, the reaction
mixture consisted of a light brownish solution above a pink precipitate. The mixture of
solvents was removed in vacuo. Toluene (1 mL) was added to the solid residue and the
resulting suspension was filtered affording a first crop of [{U(OSi(OtBu)s)3}2(u-OH)2(n-0)]
29 as pink microcrystalline solid. The isolated yield of the reaction can be improved by
concentrating the toluene filtrate and storing it at -40°C to recover additional crops of pink
needles (80.5 mg, 49% yield in 3 crops). Pink crystals of [ {U(OSi(OtBu)s)s}2(u-OH)2(n-0)]
31 suitable for X-ray diffraction were obtained from toluene at -40°C. 'H NMR (400 MHz,
tol-dg, 298 K): & = -0.3 (s, 162H). Anal. calcd for 29.(tol)o.s C77.6H170.4027S1sK,Uz: C, 41.27;
H, 7.60. Found C, 41.07; H, 7.56.

[{U(OSi(OtBu);)s}2(n-0)] 30
To a stirred brown solution of [U(OSi(OtBu);)s]> (826.9 mg, 0.402 mmol, leq) at -40°C in
THF (6 mL), a yellow suspension of IMesN,O (140.1 mg, 0.402 mmol, leq) at -40°C in THF
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(6 mL) was added. An immediate strong bubbling, attributed to N, release, was observed.
After 4h of stirring at room temperature the reaction mixture consisted in a dark suspension
which was taken to dryness. Toluene (2 mL) was added to the solid residue and the resulting
suspension was filtered affording [{U(OSi(OtBu)s);}2(u-O)] 30 as a pink/purple
microcrystalline solid (406.0 mg, 49% yield). Purple crystals of [ {U(OSi(OtBu)s);}2(u-0)] 30
suitable for X-ray diffraction were obtained from toluene at -40°C. 'H NMR (400 MHz, tol-
ds, 298 K): & = 0.5 (s, 162H). '"H NMR (400 MHz, THF-dg, 298 K): & = -1.3 (s, 162H). Anal.
calcd for 30 C7,H6,0,5Si6U»: C, 41.72; H, 7.88. Found C, 41.46; H, 7.76.

Reaction of [U(OSi(OtBu);)4] with N,O, isolation of [(UO;),(OSi(OtBu);)4] 31

An excess of N,O (1 atm) was added to a frozen blue solution of [U(OSi(OtBu);)4] (13.5 mg,
0.010 mmol, leq) in deuterated toluene (0.5 mL). The solution turned immediately dark
purple. The 'H NMR spectrum of the crude mixture shows only two signals: the signal
attributed to residual [U(OSi(OtBu);)4] and an intense unattributed signal at 1.6 ppm. Yellow
crystals of [(UO2)2(0Si(OtBu)s)s] 31 suitable for X-ray diffraction were obtained from
hexane at -40°C.

[Ln(OSi(OtBu)3)4K] (Ln=Eu, Yb, Sm) 32-Ln

A colourless solution of KOSi(OtBu); (4eq) in THF (3 mL) was added to Ln(OTf); (1 eq) (Ln
=Eu, Yb) or [SmI3(THF);7]. The resulting mixture was stirred 12h. THF was then removed
under vacuum and 3 mL of hexane were added, giving a suspension which was filtered to
remove KOTTf or KI salts. Hexane was finally removed under vacuum leading to a white
powder (78-85% yield). X-ray quality crystals of the complex 32-Yb were obtained from a
toluene solution at -40°C. 32-Eu: '"H NMR (200 MHz, tol-ds, 298K): & = 2.7 (s, 108H). Anal.
Calcd for [Eu(OSi(OtBu)3)4K]: CasHi05016S1sKEu: C, 46.32; H, 8.75. Found: C, 45.99; H,
8.44. ESI/MS: 1205 [M-K]". 32-Yb: '"H NMR (200 MHz, tol-dg, 298K): & = 5.6 (br s, 108H).
BC NMR (100 MHz, tol-dg, 298K): & = 72.3 (C), 35.4 (CHs). Anal. Caled for
[YDB(OSi(OtBu)3)4K].(KOTH)g.1: Cas.1H1080163S14S0.1F03K1.1Yb: C, 44.97; H, 8.47. Found: C,
44.82; H, 8.34. ESI/MS: 1226 [M-K]". 32-Sm: 'H NMR (200 MHz, tol-dg, 298K): & = 1.2 (s,
108H). *C NMR (50 MHz, tol-ds, 298K): & = 72.0 (C), 32.2 (CHs). Anal. Calcd for
[Sm(OSi(OtBu)3)4K]: CasHj0s016S1sKSm: C, 46.38; H, 8.76. Found: C, 46.17; H, 8.41.
ESI/MS: 1204 [M-K]'.
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[Ln(OSi(OtBu);)4K;] (Ln=Eu, Yb, Sm) 33-Ln

To a cold (-40°C) colourless solution of [Ln(OSi(OtBu);)4K] 32-Ln (leq) in hexane (3 mL)
potassium chunks were added (1eq) and the mixture was stirred for 12h. The resulting yellow
(33-Eu) or deep pink solution (33-Yb and 33-Sm) was filtered and the filtrate was
concentrated and put at -40°C to crystallize. The yellow (33-Eu) or pink crystals (33-Yb and
33-Sm) obtained were washed with cold (-40°C) hexane and dried under vacuum (81-88%
yield). 33-Eu: '"H NMR (200 MHz, tol-dg, 298K): NMR silent species. Anal. Calcd for
[Eu(OSi(OtBu)3)4Ks]: CagH05016SisKoEu: C, 44.91; H, 8.48. Found: C, 44.96; H, 8.36.
Single crystals suitable for X-ray diffraction were obtained from a concentrated solution of
the complex in 20:1 hexane/THF at -40°C. 33-Yb: '"H NMR (200 MHz, tol-ds, 298K): & = 1.5
(s, 108H). *C NMR (50 MHz, tol-ds, 298K): & = 71.4 (C), 32.3 (CH;). Anal. Calcd for
[Yb(OSi(OtBu)3)4Ks] : CagHi0s016S14KoYb: C, 44.18; H, 8.34. Found: C, 44.06; H, 8.15.
Single crystals suitable for X-ray diffraction grown from a concentrated toluene solution at -
40°C. 33-Sm: 'H NMR (200 MHz, tol-dg, 298K): & = 2.3 (s, 108H). Anal. Calcd for
[Sm(OSi(OtBu)3)4Ks] : CasHi0s016S1sKoSm: C, 44.96; H, 8.49. Found: C, 44.71; H, 8.60.
Single crystals suitable for X-ray diffraction grown from a concentrated solution of hexane at

-40°C.

Reaction of 33-Eu with PhNNPh, isolation of [Eu(PhNNPh)(OSi(OtBu);)4K;] 34

To a yellow solution of 33-Eu (136.3 mg, 0.106 mmol, leq) in toluene (2.5 mL), PANNPh
(19.3 mg, 0.106 mmol, leq) was added at room temperature. The reaction mixture turned
brown immediately and was left stirred 1h at room temperature. After centrifugation of the
reaction mixture, a light yellow solution and a brown precipitate were obtained. The '"H NMR
spectrum (200 MHz, tol-dg, 298K) of the evaporated yellow solution in deuterated toluene
shows only the presence of 33-Eu. The brown precipitate was washed with 8 mL of toluene
and dissolved in 3 mL of THF. The obtained yellow/brown solution was layered with toluene
to yield after 3 days a dark microcrystalline solid. The solid was washed with toluene and
dried under vacuum for two days to yield the KPhNNPh radical as a brown solid (17.5 mg,
0.078 mmol, 74% yield). Crystals of [Eu(PhNNPh)(OSi(OtBu);)4sK;] 34 were obtained by
letting stand a concentrated hexane solution at -40°C. Anal. Calcd for KPhNNPh C;,H;(N>K:
C, 65.12; H, 4.55; N, 12.66. Found: C, 64.75; H, 4.89; N, 12.87. Dark crystals of KPhNNPh
suitable for X-ray diffraction were obtained by slow diffusion of toluene into a diluted THF

solution.
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The same reactivity leading to the KPhNNPh radical anion and 32-Yb was also observed for
33-Yb.

Reactions of 33-Yb and 33-Eu with CS;

11 uL of a 0.15 M solution of CS, (0.017 mmol, leq) in THF-dg was added at room
temperature to a dark solution of 33-Yb (21.5 mg, 0.017 mmol, leq) and 18C6 (8.7 mg, 0.033
mmol, 2eq) in THF-dg (0.5mL), resulting in a rapid colour change of the solution from dark
grey to light orange and the formation of a precipitate. The '"H NMR spectrum (200 MHz,
THF-ds, 298K) showed the formation of 32-Yb (1.9 ppm) with 94% conversion determined
by NMR using naphthalene as an internal standard). >C NMR (50 MHz, THF-dg, 298K): & =
268.7 (CS;Y), 193.5 (free CS,), 71.2 (18C6), 70.8 (C), 33.5 (CHs). The precipitate was
washed with THF and dissolved in DMSO-dg. *C NMR (100 MHz, DMSO-de, 298K): & =
2669 (CS3%), 263.9 (CSs7), 203.0 and 145.7 (C3Ss™). Suitable crystals of
[(K2CS3)s5(DMSO);2]n were obtained by slow diffusion of toluene into a DMSO solution of
the precipitate.

The same reactivity was observed for 33-Eu in THF. The reaction of 33-Eu with one
equivalent of "*CS, at 298 K leads to the immediate formation of a yellow solid identified by
NMR as K,CS;3. Suitable crystals of [(K,CS3)s(DMSO);,], were obtained by slow diffusion of
toluene into the DMSO solution of the precipitate. The relative ratio of the products obtained
from the reduction of CS, by 33-Yb in THF/18C6 is CS;”:C,S47:C3Ss* 7:1:2.5. The
selectivity for the formation of the CS;* species is significantly higher when the 33-Eu
complex is used to reduce CS, (CS;”:C,S47:C3Ss”  40:1:2). Any attempt to isolate (by
conducting the reactions at low temperature) an intermediate presenting an Yb or Eu bound

thiocarbonate failed.

Reaction of 33-Yb with CO; in toluene

An excess of “CO, was added to liquid nitrogen frozen solution of 33-Yb (samples with
concentrations of 158, 15 or 5 mM were used) in deuterated toluene. The solutions were
allowed to warm up at room temperature during which time a colour fading of the solution
from pink to colourless was observed. The 'H NMR spectrum (200 MHz, tol-ds, 298K) shows
the formation of 32-Yb (5.6 ppm). °C NMR (50 MHz, tol-ds, 298K): & = 184.6 (free CO),
125.1 (free CO,), 72.3 (C), 35.4 (CH;). Quantitative °C NMR of the evaporated reaction
mixture in D,0 (100 MHz, D,0, pD=12, 298K): & = 173.5 (C,04"), 168.3 (CO3™).
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Reaction of 33-Yb with CO; in THF

An excess of “CO, was added to liquid nitrogen frozen solutions of 33-Yb (samples with
concentrations of 158, or 5 mM were used) and 2eq of 18C6 in deuterated THF. The solutions
were allowed to warm up at room temperature during which time a colour fading of the
solution from deep grey to colourless was observed. The 'H NMR spectrum (200 MHz, THF-
ds, 298K) showed the formation of 32-Yb (1.9 ppm) and the 18C6 signal (3.5 ppm). *C NMR
(50 MHz, tol-ds, 298K): & = 185.1 (free CO), 126.7 (free CO,), 71.2 (C), 33.5 (CH3).
Quantitative BC NMR of the evaporated reaction mixture in D,O (100 MHz, D,0O, pD=12,
298K): & = 173.5 (C,04%), 168.3 (CO5™).

Sequential cyclic reaction of 33-Yb with CO; in toluene

An excess of “CO, was added to a liquid nitrogen frozen solution of 33-Yb (20.4 mg) in
deuterated toluene (0.7 mL). The solution was allowed to warm up at room temperature
during which time a colour fading of the solution from pink to colourless was observed. The
'H NMR spectrum (200 MHz, tol-dg, 298K) shows the formation of 32-Yb (5.6 ppm). Then
the colourless toluene solution was stirred 15 hours with 2eq of KCs in order to reduce back
the 32-Yb complex reformed. The "H NMR spectrum (200 MHz, tol-ds, 298K) shows the
presence of 33-Yb (1.5 ppm) and side products at 1.5 and 1.4 ppm. After 5 cycles, the 33-Yb

peak decreased drastically while the side products signals increased.

Isolation of [Yb,(OSi(OtBu)3)4)(DME)] 35

To a stirred cold (-40°C) green solution of [Yb(HMDS);] (red solution at RT) in DME (0.5
mL), a cold (-40°C) colourless solution of HOSi(OtBu); in DME (0.5 mL) was added leading
to an orange solution which was stirred at -40°C for 30min. Orange crystals of
[Yby(OSi(OtBu)s)4)(DME)] 35 were obtained from a concentrated solution of complex in
DME stored at -40°C. "H NMR (200 MHz, tol-ds, 298K): & = 3.5 (DME), 3.1 (DME), 1.5 (s,
108H).

[Yb(TPA)I,(CH3CN)] 36

Slow addition of a solution of TPA (11.3 mg, 0.039 mmol, leq) in CH3CN (2 mL) to a stirred
orange solution of Ybl, (16.6 mg, 0.039 mmol, leq) in CH;CN (2 mL) resulted in a dark blue
solution. After stirring for 3 h, the reaction mixture was layered with DIPE. Big dark crystals

formed in three days and were collected by filtration and dried under vacuum to yield
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[Yb(TPA)L,(CH3CN)os] (20.4 mg, 0.028 mmol, 70% yield). Crystals suitable for X-ray
diffraction were obtained by slow diffusion of DIPE into a CH3CN solution of the complex.
'H NMR (200 MHz, CD;CN, 298K): & = 8.8 (s, 3H), 7.8 (t, 3H), 7.3 (d, 6H), 4.0 (s, 6 H).
Anal. Calcd for [Yb(TPA)I,(CH3sCN)os] CiooHi9slbNssYb: C, 31.09; H, 2.69; N, 8.69.
Found: C, 30.86; H, 2.80; N, 8.84.

[Ln(TPA)I;] Ln = Sm and Eu 37

Addition of a solution of TPA (20.9 mg, 0.071 mmol) in THF (1 mL) to a stirred solution of
Lnl; (leq) in THF (1 mL) resulted in an orange suspension for [Eu(TPA)IL;] and a red-purple
suspension for [Sm(TPA)I,]. After filtration, the residue was washed several times with THF
and hexane and dried under vacuum to yield [Eu(TPA)I,] as an orange powder in 90% yield
and [Sm(TPA)I,] as a red-purple powder in 82% yield. Crystals suitable for X-ray diffraction
were obtained for [Eu(TPA)(p-)I], 37 by slow diffusion of DIPE into an acetonitrile solution
of the complex. Anal. Calcd for [Eu(TPA)(p-DI]x 37 Cs6HselaNgEua: C, 31.06; H, 2.61; N,
8.05. Found: C, 31.11; H, 2.75; N, 8.18. Anal. Calcd for [Sm(TPA)LL(THF),-]
CissHi9,612NsOg2Sm: C, 31.85; H, 2.79; N, 7.90. Found: C, 31.84; H, 3.4; N, 7.96.

[Ln(TPA),]1; (Ln = Eu, Yb, Sm) 38-Ln

Addition of TPA (20 mg, 0.068 mmol, 2eq) in THF (2 mL) to a stirred solution of Lnl, (1eq)
in THF (2 mL) resulted in a colour change (to dark red for Ln=Eu, to green for Ln=YDb and to
purple-violet for Ln=Sm). A solid precipitates out of the solution after few minutes. After
filtration, the solids were washed several times with THF and hexane and dried under vacuum
to yield [Ln(TPA);]l, 38-Ln as powder in 70-80% yield. Crystals suitable for X-ray
diffraction were obtained by slow diffusion of a solution of TPA in THF into a solution of
Lnl, in THF (for 38-Eu and 38-Sm) and from slow diffusion of DIPE into an acetonitrile
solution of 38-Yb. 38-Eu: 'H NMR (200 MHz, CDsCN, 298 K): NMR silent species. Anal.
Calcd for [Eu(TPA),]I, C3sH3slaNsEu: C, 43.83; H, 3.68; N, 11.36. Found: C, 43.53; H, 3.85,
N, 11.44. 38-Yb: 'H NMR (200 MHz, CDsCN, 298 K): § = 7.9 (s, 6H), 7.5 (d, 6H), 7.4 (s,
6H), 6.9 (s, 6H), 4.2 (s, 12H). Anal. Calcd for [Yb(TPA)]l» C36H36[uNgYb: C, 42.92; H, 3.60;
N, 11.12. Found: C, 42.54; H, 3.70; N, 11.26. 38-Sm: 'H NMR (200 MHz, CD;CN, 298 K): &
=23.8 (s, 6H), 11.5 (d, 6H), 4.6-4.2 (m, 6H), 3.9-3.6 (m, 6H), -12.2 (s, 12H). Anal. Calcd for
[Sm(TPA);]I; Cs¢H36loNsSm: C, 43.90; H, 3.68; N, 11.38. Found: C, 43.75; H, 3.81; N,
11.41.
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[Eu(BPA),]OTf 39

A white suspension of KBPA (118.2 mg, 0.340 mmol, 2eq) in THF (2 mL) was added to a
white suspension of [Eu(OTf)s] (103.2 mg, 0.170 mmol, leq) in THF (2 mL) and stirred 30
min. The reaction mixture turned yellow in few seconds and a white precipitate formed
(KOTY) that was filtered out. The resulting solution was layered with DIPE. Orange crystals
formed in 2 days and they were filtered and dried under vacuum for 24 h leading to
[Eu(BPA),]JOTf 39 (151.3 mg, 0.160 mmol, 95% yield). Orange crystals suitable for X-ray
diffraction were obtained by slow diffusion of DIPE into a THF solution of the complex. 'H
NMR (200 MHz, py-ds, 298 K): 6 = 30.6 (br s, 4 H), 13.0-11.8 (m, 12H), 2.0-1.0 (m, 6H), -
25 to -40 (m, 8H), -15.7 (br s, 4H), -18.2 (br s, 2 H). Anal. Calcd for
[Eu(BPA)]JOTf.(KOTf)o; 39.(KOTf)o1 Cs9.1H36N6Os3F33S1.1Ko 1Eu: C, 50.57; H, 3.91; N,
9.05. Found: C, 50.62; H, 3.88; N 9.14.

[Eu(BPA),] 40

A solution of Eul, (200.0 mg, 0.49 mmol, leq) in THF (3 mL) was added to a white
suspension of KBPA (338.2 mg, 0.98 mmol, 2eq) in THF (6 mL), affording a red-brown
suspension. After 1h of stirring, the mixture was filtered. The brown solid obtained was
extracted in pyridine (4 mL) to remove KI. The two filtrates were combined, concentrated,
and layered with hexane. Brown crystals formed after one week, which were collected,
washed with hexane, and dried under vacuum for 24h to yield [Eu(BPA);] 40 (318.0 mg,
0.420 mmol, 85% yield). Dark-brown crystals suitable for X-ray diffraction were obtained by
slow diffusion of hexane into a pyridine solution of the complex. "H NMR (200 MHz, py-ds,
298 K): NMR silent species. Anal. Caled for [Eu(BPA);] CssH3sNgO.Eu: C, 60.00; H, 4.77;
N, 11.05. Found: C, 59.61; H, 4.74; N, 10.95.

[Yb(BPA)I(CH3CN)], 41

A white suspension of KBPA (17.3 mg, 0.0505 mmol, leq) in CH3CN (1.5 mL) was added
dropwise to an orange solution of [YbI(THF)2.1] (29.2 mg, 0.0505 mmol, leq) in CH3;CN
(1.5 mL) and stirred 18h. The resulting mixture turned dark green in few seconds. The mix-
ture was then concentrated to 2 mL and filtered. The filtrate was layered with DIPE. A dark-
green crystalline solid formed after 24 h. The proton NMR spectrum shows the presence of
only one set of signals assigned to [Yb(BPA)I(CH3;CN)], 41. X-ray quality dark-green
crystals of [Yb(BPA)I(CH3CN)]2.(CH3CN)o4 41.(CH3CN)o4 were obtained from a saturated
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solution of the complex in CH3;CN. Unfortunately, a satisfactory elemental analysis was not
obtained because of an important co-crystallization of KI, which we were not able to separate.
'H NMR (400 MHz, CDsCN, 298 K): & = 8.4 (d, 2 H), 7.8 (t, 2H), 7.3 (d, 2H), 7.2 (d, 1H),
7.1-7.0 (m, 3H), 6.8 (d, 1H), 6.5 (t, 1 H), 3.9-3.7 (m, 6 H).

[Eu(BPPA),|OTf 42

A white suspension of KBPPA.(THF)y¢s (93.3 mg, 0.180 mmol, 2eq) in THF (2 mL) was
added to a white suspension of [Eu(OTf)s] (55.6 mg, 0.090 mmol, leq) in THF (2 mL) and
stirred for 1h. The resulting suspension turned orange in few seconds. The solvent was then
removed under vacuum and pyridine (2 mL) was added to afford a deep orange suspension
that was filtered to partially remove KOTf. Complete removal of KOTT salt is not possible
due to the very similar solubility of the desired complex and KOTf. The filtrate was layered
with hexane to yield [Eu(BPPA),]OT{.(KOTYf), s 42.(KOTf);s (96.1 mg, 0.068 mmol, 73%
yield) as an orange solid. X-ray quality orange crystals of 42.(py).s were obtained by slow
diffusion of hexane into a pyridine solution of the complex. 'H NMR (200 MHz, py-ds, 298
K): 8 = 30.0 to -24.0 (br m, 32 H), 4.9 (s, 18 H), -15.2 (s, 18 H). Anal. Calcd for
[Eu(BPPA),]OTf.(KOTf); s Cs6sHesN6Oo sF75S: 5K sEu: C, 47.91; H, 4.84; N, 5.93. Found:
C,47.85; H,4.86; N, 6.21.

[Yb(MPA);K] 43

A light-yellow solution of K;MPA (54.9 mg, 0.080 mmol, 2eq) in THF (3 mL) was added to a
suspension of Yb(OTf); (24.8 mg, 0.040 mmol, leq) in THF (2 mL), affording a pale-yellow
suspension which was stirred for 4h. The reaction mixture was evaporated and the resulting
solid was extracted with hexane. The insoluble KOTf was removed and the colourless filtrate
was concentrated and let standing at -40°C. After 15h, colourless crystals formed that were
washed with cold hexane and dried under vacuum for 24h to afford [Yb(MPA),K] 43 (42.5
mg, 0.030 mmol, 78% yield). Colourless crystals suitable for X-ray diffraction were obtained
from a concentrated solution of the complex in 30:1 hexane/DME. 'H NMR (200 MHz,
CD;CN, 298 K): 6 = 187.0-148.0 (br m, 8H), 52.9 (br m, 4H), 43.3 (br s, 2H), 42.4 (br s, 2H),
27.7 (s, 2H), 26.4 (s, 2H), 6.2 (s, 18H), 4.8 (s, 18H), 1.6 (s, 4H), -7.6 (br s, 2H), -10.8 (br s,
2H), -43.9 (br s, 18H), -50.9 (br s, 18H). Anal. Calcd for [Yb(MPA),K][KOTf]o3
C723H100N4049F00S03K13Yb: C, 64.13; H, 7.44; N, 4.14. Found: C, 64.26; H, 7.37; N, 4.15.
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Reaction of YbI, with 2eq of K;MPA

A light yellow solution of [YbIx(THF), 4] in THF-dg and a white suspension of 2eq of K;MPA
in THF-dg were prepared separately and cooled down to -40°C. The cold ligand solution was
added to the cold suspension of ytterbium iodide leading to a light orange suspension. The 'H
NMR spectrum of this reaction mixture show the presence of the signals assigned to the

trivalent Yb complex [Yb(MPA),K] 43 as the main species.

[Eu(BPA)(CS;3)(DMSO);] 44

3CS, (4.9 L) was added to a pyridine solution (1.5 mL) of [Eu(BPA),] 40 (61.5 mg, 0.081
mmol, leq). The solution turned from red-brown to red. Then pyridine was removed under
vacuum and DMSO was added. Red crystals suitable for X-ray diffraction were obtained from
a DMSO solution of the reaction mixture layered  with  toluene.
[Eu(BPA)(CS;3)(DMSO),].(DMSO), 3 44.(DMSO),; was recovered (11.0 mg, 0.015 mmol,
37% yield). Anal. Calcd for [Eu(BPA)(CS3)(DMSO),].(DMSO)o3 Ca66H37.5N3043S¢3Eu: C,
38.85; H, 4.63; N, 5.11. Found: C, 38.46; H, 4.48; N, 4.91.
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Appendix

X-Ray structural informations

Table Al: X-ray crystallographic data

Compound 1-ClL(py) 2.(tol), 3.(py)4s 4
Formula C47H35N50,CLU | CogH76NsO4Uz | Crg.5sHeosNssO4U | CgaHgoNgOsU
Cry[;t::l]me 0.28x0.22x0.15 | 0.32x0.19x0.02 | 0.25x0.10x0.02 | 0.27x0.14x0.03
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group P-1 P-1 C2/c P2i/c
VAT 1977.10(13) 1897.75(15) 12586.6(13) 3319.99(15)
a [A] 10.0338(4) 11.1583(6) 45.625(2) 16.2723(5)
b [A] 12.7361(5) 13.4999(7) 15.8387(9) 11.8342(3)
N 16.6880(7) 13.5383(5) 18.5959(13) 18.1568(3)
o [°] 101.098(3) 97.421(3) 90 90
B[] 101.394(3) 107.177(4) 110.506(5) 108.281(3)
7 102.627(3) 98.029(4) 90 90
Z 2 1 8 2
Absorption
coefficient 4.287 4.324 2.640 4.941
[mm™|
T K] 150(2) 150(2) 150(2) 150(2)
Total no. 41283 14739 31319 39686
reflexions
Unique
reflexions | 12067 [0.0592] | 7739[0.0961] | 9013[0.1193] | 10126 [0.0740]
[R(int)]
Final R indice
0.0511 0.0780 0.0623 0.0450
[I>20(1)]
I;::(g::ltidlif)t;e 5.549 2.983 2.465 1.340
P [eA'3] and -2.664 and -1.895 and -1.712 and -1.248
GOF 1.155 0.939 1.063 1.012
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Table A2: X-ray crystallographic data (continued)

Compound | S-THF.(THF)ys 5-Py 6-THF.(THF), 5 7-THF

Formula C54H56CON407,5U C50H38CON604U C54H56N4Ni07,5U C44H36CON4NdO5
Cry[:::rlllsm 0.42x0.37x0.27 | 0.38x0.22x0.09 | 0.17x0.10x0.08 | 0.26x0.08x0.02

Crystal . . . .

Monoclinic Monoclinic Monoclinic Orthorhombic
system
Space group C2/c C2/c C2/c P nma
V [AF] 9138(5) 8466.5(3) 9151.8(4) 3568.9(4)
a [A] 26.2903(17) 26.5567(6) 26.2314(8) 24.759(2)
b [A] 12.927(7) 11.9483(2) 12.9229(3) 19.8895(8)
c [A] 27.0396(12) 26.6871(5) 27.1920(7) 7.2474(5)
o [°] 90 90 90 90
B [°] 96.065(6) 91.1024(16) 96.858(3) 90
v [°] 90 90 90 90
V4 8 8 8 4
Absorption
coefficient 3.965 4.267 4.008 1.959

[mm’]

T [K] 150(2) 150(2) 150(2) 150(2)
Total no. 26327 25630 28607 10859
reflexions

Unique
reflexions 13941 [0.0474] 12885[0.0341] | 13862 [0.0485] 3751 [0.0823]
[R(int)]
Final R
indice 0.0581 0.0369 0.0467 0.0526
[1>20(1)]
Largest diff.
peakand | 2382and-1368 | 001 14and 1166 | 1.570 and -1.589
3 -0.827
hole [e.A™]
GOF 1.058 1.022 1.027 1.017
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Table A3: X-ray crystallographic data (continued)

Compound 7-Py.(py)2 8 9.hex
Formula C100H76C02N12Nd208 C70H58C02Li2N1004 C102H130C03N6Na(,018
Crystal 0.35x0.16x0.04 | 0.23x0.16x0.031 | 0.453x0.299x0.054
size [mm]

Crystal Monoclinic Monoclinic Monoclinic
system

Space P 2./c P 2i/n C 2/

group

V [A7] 8393.6(12) 2864.2(4) 10271(3)

a [A] 18.1658(16) 11.9653(8) 18.508(3)

b [A] 11.8172(8) 13.6748(9) 29.695(5)

c [A] 39.203(4) 17.7417(15) 18.979(4)

o [°] 90 90 90

BI°] 94.148(9) 99.374(7) 100.017(15)

v [°] 90 90 90

Z 4 2 4
Absorption
coefficient 1.673 0.642 0.572
[mm’]
T [K] 150(2) 150(2) 100(2)
Total no. 53438 13162 56773
reflexions
Unique

reflexions 17129 [0.1719] 5840 [0.0618] 9452 [0.1401]
[R(int)]
Final R

indice 0.0997 0.0714 0.0852

[1>20(D)]

Largest
diff. peak | 7and-1.519 | 1.502and-0.455 |  1.047 and -0.554
and hole

[e.A”)]

GOF

1.068

1.101

1.081




Table A4: X-ray crystallographic data (continued)

[Appendix]

Compound 10 11.(THF), [(K18¢6)2(C2S4)].Py
Formula C98H144C02N10Na4026 C90H124C02N8Na4026 C31H53I<21\IOIZS4
Crystal | 95%0.045x0.288 | 0.168x0.062x0.041 |  1.07x0.13x0.02
size [mm]

Crystal Monoclinic Monoclinic Monoclinic
system

Space P 2./c P2/ C 2/

group

V [AY] 12982.7(15) 9062.5(8) 4109.4(7)

a [A] 22.2322(16) 22.0036(13) 23.321(3)

b [A] 12.7790(7) 14.5281(6) 10.1497(5)

¢ [A] 46.954(3) 28.4397(14) 21.907(3)

o] 90 90 90

B [°] 103.289(7) 94.568(5) 127.579(19)

7 [°] 90 90 90

Z 4 4 4
Absorption
coefficient 2.791 0.468 0.489
[mm]
T [K] 140(2) 140(2) 150(2)
Total no. 59483 104214 20966
reflexions
Unique

reflexions 13854 [0.1462] 22915 [0.1984] 5082 [0.0672]
[R(int)]
Final R

indice 0.1172 0.0972 0.0611

[1>20(D)]
Largest

diff. peak | ) 007 and -0.787 0.802 and -0.606 | 0.967 and -0.471
and hole

[e.A”)]

GOF

1.033

1.021

1.034

238




Table AS5: X-ray crystallographic data (continued)

[Appendix]

Compound 12.(tol)s 13.hex [K>C:S«(DMSO)3],
Formula C101H188K202883Si4U C57H122K201(,S§Si4U C8H18K203S7
Crystal 1 6 44%0.440x0.349 | 0.050x0.010x0.010 | 0.522x0.265%0.020
size [mm]
Crystal Triclinic Monoclinic Triclinic
system
Space P-1 P 2i/n P-1
group
NN 6545.9(5) 8345(4) 1008.95(6)

a [A] 14.8483(6) 24.370(4) 9.9182(3)

b [A] 17.9359(8) 13.958(5) 10.2993(4)

c[A] 25.5598(12) 25.659(5) 10.3745(4)

a°] 81.725(4) 90 90.141(3)

B I°] 85.150(3) 107.035(16) 107.571(3)

v I°] 76.692(4) 90 92.782(3)

z 2 4 2
Absorption
coefficient 1.449 2.279 1.194
[mm]
T K] 150(2) 150(2) 150(2)
Total no. 59744 22393 12179
reflexions
Unique

reflexions | 26722 [0.0880] 8691 [0.3291] 6084 [0.0408]
[R(int)]
Final R

indice 0.0919 0.1173 0.0472

[1>26(D)]
Largest

diff. peak | 5 509 and -1.881 1.414 and -0.693 | 0.459 and -0.400
and hole

[e.A”]

GOF

1.070

0.973

1.023

239




Table A6: X-ray crystallographic data (continued)

[Appendix]

Compound 14.tol 15.tol 16.tol
Formula | CssH;16K2016S:S14U | C7oH170K2024S436S14U> | C193H224K4032S,S14U»
Crystal | 188x0.171x0.018 | 0.230x0.230x0.180 0.80x0.70x0.60
size [mm]
Crystal Orthorombic Monoclinic Triclinic
system

Space P bea P2/n P-1

group

V&Y 15151.7(6) 5644.5(6) 3592.8(3)

a [A] 19.2882(5) 14.1455(8) 13.2622(7)

b [A] 19.3780(5) 18.0590(13) 15.3715(6)

c[A] 40.5378(9) 22.1126(12) 20.3762(10)

] 90 90 76.530(4)

B 1°] 90 92.218(5) 74.270(4)

v 90 90 65.093(4)

Z 8 2 1
Absorption
coefficient 2.425 3.142 2.525
[mm]
T K] 1502) 1502) 15002)
Total no. 89393 34303 43383
reflexions
Unique

reflexions 23090 [0.0718] 17040 [0.0446] 21655 [0.0499]
[R(int)]
Final R

indice 0.0550 0.0475 0.0449

[1>20(D)]
Largest
diff. peak
2.555 and -1.221 1.400 and -1.013 2.712 and -2.218
and hole
[e.A”]

GOF

1.082

1.034

1.017

240
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Table A7: X-ray crystallographic data (continued)

Compound 17.tol 18.hex 19
Formula | Ci2H»56K40355:Si5Us | C7oH 58KaN>02SS14U | CooH 19sK4N2030S3Si6U>
Crystal | 5 16x0.095x0.020 0.39x0.26x0.21 0.231x0.177x0.063
size [mm]
Crystal Monoclinic Triclinic Orthorhombic
system
Space P 2i/n P-1 P2.2,2
group
V&Y 8250.6(11) 4919.2(13) 7250.0(3)

a [A] 16.3304(14) 14.6102) 27.6846(8)

b [A] 26.8000(19) 17.2213) 17.5786(4)

c[A] 18.8582(15) 19.8684(19) 14.8975(4)

a[°] 90 84.563(10) 90

B I°] 91.476(9) 84.218(9) 90

v [°] 90 83.002(12) 90

Z 2 2 2
Absorption
coefficient 2.209 1.864 2.495

[mm™]

T K] 150Q2) 100Q2) 1502)
Total no. 37944 75038 43886
reflexions

Unique
reflexions 16850 [0.1343] 27810 [0.0677] 21867 [0.0851]
[R(int)]
Final R
indice 0.0778 0.0677 0.0752
[1>26(D)]

Largest

diff. peak
1.422 and -1.071 3.508 and -1.868 1.995 and -1.027
and hole

[e.A”]

GOF 0.931 1.181 1.021




Table A8: X-ray crystallographic data (continued)

[Appendix]

Compound 20 21.(tol); 22.tol
Formula | CscH144KN202S143U | C79H170K2024S466Si6Uz | Co7H141KO2,SSisU
Crystal 1 180x0.060x0.010 0.42x0.32%0.25 0.890x0.144x0.027
size [mm]

Crystal . .. .
Orthorhombic Monoclinic Monoclinic
system

Space P2.2:2, P 2/n Cec

group

V [A7] 17950.5(14) 11415(3) 8891.0(8)

a [A] 26.0324(13) 28.669(3) 13.8962(5)

b [A] 26.2136(9) 13.985(2) 24.5807(16)

c[A] 6.3048(13) 28.721(4) 26.1417(14)

o [°] 90 90 90

BI°] 90 97.583(9) 95.317(5)

v [°] 90 90 90

Z 8 4 4
Absorption
coefficient 1.970 3.113 2.011
[mm’]
T [K] 150(2) 100(2) 150(2)
Total no. 83574 157549 20499
reflexions
Unique

reflexions 32897 [0.1083] 32538 [0.0515] 11450 [0.0559]
[R(int)]
Final R

indice 0.0372 0.0540 0.0674

[1>20(1)]
Largest
diff. peak
1.421 and -1.297 4.982 and -4.181 1.676 and -1.648
and hole
[e.A”]

GOF

0.464

1.146

1.075

242
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Table A9: X-ray crystallographic data (continued)

Compound 23.tol 25-THF.tol 26 27
Formula C79H170K2024S3Si6U2 C59H124Li017Si4U C48H108Na0168i4U C48H108C8016Si4U
Crystal | 147%0.143x0.096 | 0.506x0.417x0.012 | 0.591x0.442x0.245 | 0.633x0.339x0.152
size [mm]

Crystal .. .. . D
Monoclinic Monoclinic Triclinic Triclinic
system
Space P2, P 2i/n P-1 P-1
group
V [A7] 5642.4(11) 7622.3(7) 3349.49(18) 3460.1(7)

a[A] 13.9735(17) 13.9291(8) 12.8185(4) 13.3400(13)

b [A] 18.2720(11) 23.8285(12) 13.8946(4) 14.0020(17)

c [A] 22.168(3) 23.0735(13) 20.6221(6) 20.165(3)

a[°] 90 90 88.407(2) 88.454(12)

BI°] 94.534(12) 95.554(5) 89.539(2) 89.945(10)

v [°] 90 90 65.824(3) 66.782(9)

Z 2 4 2 2

Absorption
coefficient 3.117 2.249 2.555 2.986

[mm']

T [K] 100(2) 150(2) 150(2) 120(2)
Total no. 72530 66485 80782 44663
reflexions

Unique
reflexions 22269 [0.0680] 15552 [0.0805] 20426 [0.0492] 15238 [0.0640]

[R(int)]

Final R

indice 0.0463 0.0443 0.0433 0.0632

[1>20(D)]

Largest

diff. peak
2.307 and -1.485 1.824 and -1.083 2.664 and -1.44 3.131 and -3.331
and hole

[e.A”)]

GOF

1.156

1.066

1.109

1.265
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Table A10: X-ray crystallographic data (continued)

Compound 28.DIPE 29.tol 30 32
Formula Cis53H336Nas055S11,Us3 C79H170027S16KoU, | C1oH162NO25S16Us | CagHi0sKO16S14Yb
.Crystal 0.374x0.266x0.103 | 0.606x0.365x0.293 | 0.862x0.491x0.453 | 0.49x0.43x0.13

size [mm]

Crystal . .. . L

Trigonal Monoclinic Triclinic Triclinic
system
Space R -3 P2, P-1 P-1
group
V [AY) 139689(15) 5542.1(13) 4988.7(13) 3415.9(2)
a [A] 74.436(4) 13.945(2) 13.3490(13) 12.9906(5)
b [A] 74.436(4) 18.1921(19) 16.186(3) 14.1745(5)
c[A] 29.1115(13) 21.896(4) 25.445(3) 20.1312(7)
a[°] 90 90 71.541(13) 87.905(3)
B I°] 90 93.900(13) 80.482(9) 88.583(3)
v [°] 120 90 73.743(9) 67.247(4)
Z 18 2 2 2
Absorption
coefficient 1.664 3.120 3.376 1.553

[mm’]

T [K] 150(2) 100(2) 100(2) 150(2)
Total no. 164408 83801 133436 41570
reflexions

Unique
reflexions 63341 [0.1997] 30662 [0.0728] 40011 [0.0262] 20663 [0.0323]
[R(int)]
Final R
indice 0.0578 0.0741 0.0304 0.0459
[1>20(1)]
Largest
diff. peak
1.296 and -0.687 5.985 and -4.606 0.864 and -1.911 1.044 and -0.765
and hole
[e.A”]
GOF 0.580 1.207

1.266

1.021
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Table A11: X-ray crystallographic data (continued)

Compound 33-Eu.THF 33-Yb.tol 33-Sm KPhNNPh
Formula CsoH116EuK;,017S14 | CssH 16K2016S14YD | CagH 0sK2016S14Sm Ci2H 1 0KN;
Croystal | 074094x072 | 0.77x0.56x0.05 0.28x0.19x0.03 | 0.22x0.08x0.01
size [mm]
Crystal .. C . .
Monoclinic Triclinic Monoclinic Orthorhombic
system
Space P 2./c P-1 P2/ P bea
group
V [A7] 7296.7(3) 3758.2(2) 7115.92) 1021.3(3)

a[A] 14.9751(3) 13.1340(4) 20.2557(3) 6.5686(6)

b [A] 23.7045(5) 14.4973(5) 14.5768(3) 7.0512(11)

¢ [A] 21.2011(6) 22.6747(8) 24.2662(4) 22.049(5)

a[°] 90 76.599(3) 90 90

B [°] 104.177(3) 78.058(3) 96.7062(17) 90

71°] 90 64.359(3) 90 90

Z 4 2 4 4
Absorption
coefficient 1.094 1.472 1.061 0.483

[mm']

T [K] 150(2) 150(2) 150(2) 150(2)
Total no. 87992 45739 83477 3506
reflexions

Unique
reflexions | 22230 [0.0447] 22784 [0.0544] 21699 [0.0773] | 1553 [0.1163]
[R(int)]
Final R
indice 0.0450 0.0844 0.0485 0.0730
[I>26(1)]
Largest
iﬁ ﬁfjf 1.770 and -0.822 | 2.487 and -2.446 | 1.882 and -1.429 0'_301_22'“‘§ld

[e.A”]

1.165 1.167 0.995 0.939

GOF
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Table A12: X-ray crystallographic data (continued)

Compound 34.hex [(K2CS3)s(DMSO)12]n 35
Formula C63H125EUK2N20168i4 C29H72K10012827 C52H1130138i4Yb2
Crystal 0.53x0.33x0.03 0.40x0.14x0.08 0.22x0.18x0.11
size [mm]

Crystal Monoclinic Triclinic Triclinic
system

Space P2i/n Pl P-1

group

V [A7] 8461.9(5) 2048.44(8) 7268.7(17)

a [A] 15.9738(6) 10.5764(2) 13.8950(17)

b [A] 22.4611(7) 14.2351(3) 18.933(3)

¢ [A] 23.6457(8) 14.2982(3) 27.899(2)

a[°] 90 84.4166(17) 90.191(10)

B I°] 94.122(4) 82.5117(18) 97.701(9)

v [°] 90 74.1047(19) 91.962(12)

Z 4 1 4
Absorption
coefficient 0.950 1.251 2.680
[mm]
T [K] 150(2) 150(2) 150(2)
Total no. 75645 42486 49711
reflexions
Unique

reflexions 17273 [0.1116] 20224 [0.0360] 49711 [0.1154]
[R(int)]
Final R

indice 0.0681 0.0493 0.0779

[1>20(D)]
Largest
diff. peak
3.520 and -1.731 0.892 and -0.516 2.814 and -2.282
and hole
[e.A”)]
GOF 1.086 1.020 0.840
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Table A13: X-ray crystallographic data (continued)

Compound | 36.(CH3;CN)os 37 38-Eu 38-Yb.(CH;CN);
Formula C2 1H22‘512N5,5Yb C36H36Eu214Ng C36H36Eu12Ng C42H4512N1 1Yb
Crystal | 68x0.44x0.27 | 0.26x0.07x0.06 | 0.21x0.12x0.08 | 0.24x0.10x0.03
size [mm]
Crystal . . .. .
Triclinic Orthorhombic Monoclinic Monoclinic
system

Space P-1 P bea P2/ Cec

group

V [A7] 1299.35(9) 4273.0(2) 1823.80(7) 4459.54(13)

a[A] 9.7066(4) 18.7333(5) 9.6921(2) 20.9808(4)

b [A] 11.8441(5) 9.8963(2) 10.6794(2) 17.9897(3)

¢ [A] 13.2726(5) 23.0485(8) 18.2566(4) 11.8325(2)

o [°] 81.086(3) 90 90 90

B I°] 67.813(4) 90 105.171(3) 93.1003(16)

v [°] 66.875(4) 90 90 90

Z 2 4 2 4
Absorption
coefficient 5.991 5.833 3.449 3.524
[mm']
T [K] 150(2) 150(2) 150(2) 150(2)
Total no. 11849 42811 22764 24007
reflexions
Unique

reflexions | 7790 [0.0243] | 13402 [0.0665] | 6113 [0.0367] 10194 [0.0351]
[R(int)]
Final R

indice 0.0361 0.0411 0.0337 0.0420

[1>20(D)]

Largest

diff. peak 1. an 1.827 an 1.592 an

and hole 10908 ‘ a0 ‘ ?3.504d 1544 and -0.509
[e.A”)]
GOF 1.021 1.002 0.884 0.858
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Table A14: X-ray crystallographic data (continued)

Compound 38-Sm 39 40 41.(CH3CN)o4
Formula | C36H36oNsSm | C3oH3sEuF3NgOsS | CisHisEuNO, | CazsHasz 21oN5 40,Y by
Crystal | 50 0.18x0.08 | 0.57x0.45x0.39 | 0.56x0.28x0.10 |  0.34x0.20x0.18

size [mm]

Crystal .. .. .. .
Monoclinic Monoclinic Monoclinic Monoclinic
system
Space P 21/0 P 21/11 P 21/11 P 21/11
group
V [A7] 1879.6(4) 3829.80(11) 3330.6(3) 2205.2(6)
a [A] 9.7886(11) 12.4858(2) 10.5841(5) 11.6761(14)
b [A] 10.8139(12) 14.8216(2) 24.1684(15) 12.6175(16)
¢ [A] 18.363(2) 20.7654(3) 13.1318(7) 15.621(3)
o [°] 90 90 90 90
B[] 104.764(12) 94.7180(17) 97.474(5) 106.621(12)
v [°] 90 90 90 90
Z 2 4 4 2
Absorption
coefficient 3.240 1.759 1.927 5.660

[mm’]

T [K] 150(2) 150(2) 150(2) 100(2)
Total no. 8052 18325 16951 55009
reflexions

Unique
reflexions | 3795[0.0396] | 11573 [0.0242] | 10045 [0.0403] 9690 [0.0800]
[R(int)]
Final R
indice 0.0631 0.0385 0.0494 0.0427
[1>20(D)]
Largest
iﬁ iﬁf 2'_01%3agd 1.867 and -1.370 1'_115. ;Sa;ld 3.918 and -3.409
[e.A”)]
GOF 1.073 1.044 1.060 1.098
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Table A15 : X-ray crystallographic data (continued)

Compound 42.(py)2s 43-DME 44.DMSO
Formula | Cg75HgosEuF3NgsOsS | CgoHi20KN4OsYb | CasHisEuN304S6
Crystal | 439%0.089x0.026 | 0.889x0.032x0.025 | 0.431x0.239x0.202

size [mm]

Crystal Monoclinic Tetragonal Monoclinic
system

Space P 2i/n P 4,22 C 2/

group

V [A7] 6669.0(13) 9323(2) 6904(2)

a [A] 9.7537(15) 20.747(3) 39.121(5)

b [A] 27.649(2) 20.747(3) 16.268(3)

¢ [A] 24.817(2) 21.6594(16) 10.908(3)

o [°] 90 90 90

B[] 94.836(11) 90 96.042(14)
v [°] 90 90 90
Z 4 4 8

Absorption

coefficient 1.034 1.093 2.214

[mm’]

T [K] 150(2) 150(2) 100(2)
Total no. 21533 24168 51467
reflexions

Unique

reflexions 21533 10.1239] 9513 [0.1454] 10016 [0.0876]
[R(int)]

Final R

indice 0.1142 0.0987 0.0787
[1>20(1)]

Largest
diff. peak
12.779 and -5.258 1.980 and -0.673 5.229 and -2.235
and hole
[e.A”)]
GOF 0.926 0.873 1.204
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Figure Al: '"H NMR spectrum (200 MHz, THF-dg, 298) of [UClz(Menaphtquinolen)z] 1-CL
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Figure A2: '"H NMR spectrum (200 MHz, py-ds, 298K) of [UIZ(Menaphtquinolen)z] 1-L
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Figure A3: '"H NMR spectrum (200 MHz, tol-dg, 298K) of [U(9,10- phenanthrenediol) (Menaphtquinolen)zl 3.
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Figure A4: '"H NMR spectrum (200 MHz, THF-dg, 298K) of [UOz(Menaphtquinolen)z] 4.
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Figure AS: "H NMR spectrum (200 MHz, THF-dg, 298K) of [UCo(bis-salophen)(THF),] 5.
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Figure A6: 'H NMR spectrum (200 MHz, THF-dg, 298 K) of the 1:1 crude reaction mixture of Na,[U(bis-salophen)]
and [Nil,(THF),,].
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Figure A7: "H NMR spectrum (200 MHz, THF-dg, 298 K) of [NdCo(salophen),(THF)] 7.
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Figure A8: "H NMR spectrum (400 MHz, THF-dg, 298 K) of the complex [Co(Salophen)K)(THF)].
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Figure A9: Variable temperature 'H NMR spectra (400 MHz, THF-dg) from -40°C to 70°C of a 0.353M solution of
[Co(salophen)] reacted with one equivalent of Na.
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Figure A10: 'H NMR spectrum (400 MHz, THF-dg, 298K) of [Co3(tris-°Mesalophen)Na6], 9.
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Figure A11: Variable temperature NMR spectrum (400 MHz, THF-dg) from -40°C to 60°C of a 15 mM solution of

[Cos(tris-"salophen)Nag], 9.
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Figure A12: 'H NMR spectrum (100 MHz, D,0, 298 K) of the 1:1 crude reaction mixture of [Co;(tris-

OMegalophen)Nagl, 9 and excess CO,.
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Figure A13 : BC NMR spectrum (100 MHz, py-ds, 298K) of the crystals of [(K18¢6),C,S,].Py isolated from
pyridine/hexane.
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Figure A14: BC NMR spectra (100 MHz, DMSO-dg, 298K) of the reaction mixture of [U(OSi(OtBu);)4K] (bottom)
and [K18¢6][U(OSi(OtBu);),] (top) with 4eq *CS,.
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Figure A15: 1H NMR spectra (400 MHz, tol-dg, 298K) of the reaction mixture of [U(OSi(OtBu);),K] with 0.125eq
(top) and 0.25eq (bottom) of Ss.
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Figure A16: '"H NMR spectrum (200 MHz, tol-dg, 298K) of the 1:0.5 reaction mixture of [U(OSi(OtBu);),K] and
Ph;PS (top) and of [US(OSi(OtBu);),K;], 16 (bottom).
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Figure A17: BC NMR spectrum (100 MHz, DMSO-dg, 298K) of the 1:2 reaction mixture of complex
[US(OSi(OtBu)3)4K:]» 16 and CS,.
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Figure A18: "H NMR spectrum (400 MHz, tol-dg, 298 K) of the crude mixture after addition of an excess of *CO, to
[US(OSi(OtBu);)4K;], 16 after S min (bottom) and after 18 h (top).
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Figure A19: B3C NMR spectrum (100 MHz, tol-dg, 298 K) of the crude mixture after addition of an excess of 13COz to
[US(0OSi(OtBu)3)4K,], 16.
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Figure A20: '"H NMR spectra (400 MHz, THF-dg, 298 K) of the stability follow up of [{K18¢c6}{U(SH)(OSi(OtBu);),}],
22, over time.
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Figure A21: '"H NMR spectra (400 MHz, tol-dg, 298 K) of the [U(OSi(OtBu););M] complexes M=Li 25 (bottom), M=Na
26 (middle), M=Cs 27 (top).
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Figure A22: '"H NMR spectra (400 MHz, tol-dg, 298K) of the crude reaction mixture of [U(OSi(OtBu);),K] with 1.5eq
of H20 (top) and of [{U(OSi(OtBu););},(n-OH),(p-0)] 29 (bottom).
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Figure A23: '"H NMR spectrum (400 MHz, tol-dg, 298K) of the crude reaction mixture of [U(OSi(OtBu););], with
excess N,O (bottom) and of [{U(OSi(OtBu);)3},(n-0)] 30 (top).
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Figure A24: '"H NMR spectrum (400 MHz, tol-dg, 298K) of the crude reaction mixture of [U(OSi(OtBu);),] with excess
N,O.
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Figure A2S: '"H NMR spectra (400 MHz, tol-dg) of [Eu(OSi(OtBu);),K] 32-Eu
at -30°C (bottom) and 25°C (top).
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Figure A26: '"H NMR spectra (400 MHz, tol-dg) of [Yb(OSi(OtBu);),K] 32-Yb
at -30°C (bottom) and 25°C (top).
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Figure A27: '"H NMR spectra (400 MHz, tol-dg) of [Sm(OSi(OtBu);),K] 32-Sm
at -30°C (bottom) and 25°C (top).
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Figure A28: "H NMR spectrum (400 MHz, tol-dg, 298K) of [Yb(OSi(OtBu);3),K,] 33-Yb.
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Figure A29: "H NMR spectrum (400 MHz, tol-dg, 298K) of [Sm(OSi(OtBu);)4K;] 33-Sm.
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Figure A30: '"H NMR spectrum (200 MHz, tol-dg, 298K) of the supernatant of the reaction of [Eu(OSi(OtBu);),K;] 33-
Eu with 1eq of PANNPh.
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Figure A31: In situ "H NMR spectrum (200MHz, tol-ds, 298K) after the addition of 1leq of CS; to
[Yb(OSi(OtBu);3)4K;] 33-Yb, after 1 hour.
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Figure A32: In situ BC NMR spectrum (50 MHz, THF-dg, 298K) of the crude mixture reaction after the addition of
1leq of '*CS; to [Yb(OSi(OtBu);),K;] + 2eq 18C6.
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Figure A33: Quantitative BC NMR spectrum (100MHz, DMSO-dg, 298K) of the crude mixture reaction after the
addition of leq of B¢s, to [Yb(OSi(OtBu);3)4K,] + 2eq 18C6 after the removal of THF.
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Figure A34: Quantitative BC NMR spectrum (100MHz, DMSO-dg¢, 298K) of the crude mixture reaction after the
addition of 1eq of *CS, to [Eu(OSi(OtBu);),K;] 33-Eu after the removal of THF.
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Figure A35: BC NMR spectrum (100MHz, DMSO-dg, 298K) of the crystals of [(K,CS3)s(DMSO);],.
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Figure A36: In situ '"H NMR spectrum (400 MHz, tol-dg, 298K) after addition of CO, to [Yb(OSi(OtBu);),K,] 33-Yb.
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Figure A37: In situ "H NMR spectrum (400 MHz, tol-dg) after addition of CO, to [Yb(OSi(OtBu);),K;] 33-Yb at -
40°C.
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Figure A38: BC NMR spectrum (50MHz, tol-dg, 298K) of the crude mixture reduction of 13C02 by
[Yb(OSi(OtBu)3)4K;] 33-Yb.

°

28
®C,0,
CO,2

ik ; L

— —
. — —

1750 1700 165.0

Figure A39: Quantitative BC NMR spectrum (100MHz, D,0, 298K) of the crude mixture reduction of Bco, by
[Yb(OSi(OtBu);)4K;] 33-Yb after removal of toluene (158mM concentration).
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Figure A40: "H NMR spectrum (200MHz, tol-ds, 298K) of the 1:2 reaction mixture of [Yb(HMDS),] and
g Y
HOSi(OtBu);.
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Figure A41: 'H NMR spectrum (200 MHz, CD;CN, 298K) of [Yb(TPA)I,(CH3CN)] 36.
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Figure A42: 'H NMR spectrum (200 MHz, CD;CN, 298K) of [Yb(TPA),]I, 38-Yb.
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Figure A43: 'H NMR spectrum (200 MHz, py-ds, 298K) of [Eu(BPA),]OTf 39.
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Figure A44: "H NMR spectrum (200 MHz, CD;CN, 298K) of the 1:2 reaction mixture of Yb(OTf); and KBPA
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Figure A45: '"H NMR spectrum (200 MHz, CD;CN, 298K) of the 1:1 reaction mixture of YbI, and KBPA.
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Figure A46: 'H NMR spectrum (200 MHz, CD;CN, 298K) of the 1:2 reaction mixture of YbI, and KBPA.
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Figure A47: "H NMR spectrum (200 MHz, CD;CN, 298K) of [Yb(MPA),K] 43.
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Figure A48: '"H NMR spectrum (200 MHz, THF-dg, 298K) of the 1:2 reaction mixture of Eu(OTf); and K,MPA.
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Figure A49: "H NMR spectrum (400 MHz, DMSO-dg, 298K) of [Eu(BPA)(CS;)(DMSO),] 44.
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Figure ASO0: '"H NMR spectra (400 MHz, DMSO-dg, 298K) of the 1:2 reaction mixture of Eul, and KBPA after
addition of 1leq of CS; (top) and the 1:3 reaction mixture of Eu(OTf); and KBPA (bottom).

o DMSO
o [Eu(BPA)(CS,)(DMSO),]

{

i
M\ |
e RN NI Y
i
i ,.L | I'v
III’|U| fl |'I I|| ||I'| 3 II 'L.II ' _|
- . _,./.II ’ I“\,__N,_,JII Y Y Iw‘\'-v-__fv"' 'I"\_r'ln‘\\_/'lﬂ"\.____? - __/'\__},,______
ps % » 3 : : 1

0 A5
Figure AS1: '"H NMR spectra (400 MHz, DMSO-dg, 298K) of the 1:2 (top) and 1:1 (bottom) reaction mixture of Eul,

and KBPA after addition of leq of CS,.
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Figure A52: Cyclic voltammogram for K-"*naphtquinolen in ~0.1 M [Bu,N][PF¢] pyridine solution at 100 mV.s™
scan-rate. No reduction event is observed when the voltammogram is swept initially from -1.4 V to the negative
direction. An irreversible oxidation process attributed to the oxidation of the phenol moiety occurs at E =-0.26 V and
is associated to the irreversible reduction occurring at -1.67 V.
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Figure A53: Cyclic voltammograms of [U(bis-Menaphtquinolen)]2, 2 in ~0.1 M [BuyN]|[PF¢| pyridine solution at 100
mV.s" scan-rate. First scan: orange ; second scan : red.
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Figure A54: Cyclic voltammograms of [US(OSi(OtBu);),K;],, 16 in ~0.1 M [BuyN][PF4] THF solution at 100 mV.s*
scan-rate
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ABSTRACT: The synthesis, structure, and reactivity of a
new complex of U(IV) with the tridentate Schiff base ligand
Menaphtquinolen are reported. The reduction of the bis-ligand
complexes [UX,(Mnaphtquinolen),] (X = Cl, (1-Cl) ; I (1-T))
with potassium metal affords the U(IV) complex of the new
tetranionic hexadentate ligand y-bis-naphtquinolen formed
through the intramolecular reductive coupling of the imino

C-C bonds formation and cleavage

QQ iR,

d
\

-
t

groups of each Mnaphtquinolen unit. The solid state structure of the [U(u-bis-"*naphtquinolen)], dimer 2 isolated from toluene
confirms the presence of a U(IV) complex of the reduced ligand. Reactivity studies with molecular oxygen and 9,10-phenanth-
renequinone show that complex 2 can act as a multielectron reducing agent releasing two electrons through the cleavage of the
C—C bond to restore the original imino function of the ligand. In the resulting U(IV) and U(VI) complexes [U(9,10-
phenanthrenediol) (M naphtquinolen),], 3, and [UO,(™*naphtquinolen),], 4, the restored tridentate Schiff base allows for the
coordination of the reduced substrate to the metal. Electrochemical studies of complex 2 show the presence of irreversible ligand
centered reduction processes and of a reversible U(IV)/U(III) couple.

Bl INTRODUCTION

Complexes of low valent uranium are attracting increasing interest
because they can promote the activation and functionalization
of small molecules' ™ such as CO,*® CO,,""*™"" N,"*72% and
azides® ~** in mild conditions. Because of the unique coordina-
tion and bonding properties of uranium, its compounds could
also provide an attractive alternative to transition metals for the
catalytic transformation of small molecules.””'>2%%¢

However, metal based multielectron processes remain un-
common in uranium chemistry>>”?® especially in comparison
with the d-block metals, the chemistry of low-valent uranium
being dominated by single-electron transfers. In this context,
the association of uranium to a noninnocent ligand acting as an
independent electron reservoir at the same molecule represents
an attractive alternative that should render multielectron reactivity
possible while stabilizing highly reactive formally low-valent
oxidation states. Accordingly, in recent years ligand based redox
processes have been increasingly combined with metal centered
redox transfers to promote multielectron reductions in uranium
complexes.” ™ In most of these systems the electrons stored
on the coordinated aromatic ligands become available to
oxidizing substrates either through metal mediated processes or
by a sterically induced reduction mechanism.

An alternative ligand-based mechanism for storing and
transferring electrons in metal complexes involves the reversible
formation and cleavage of C—C bonds in tetradentate Schiff
base ligands that can function as two electron reservoir in redox
reactions.*' ™

v ACS Pub“ca‘t]ons © 2013 American Chemical Society
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Multidentate Schiff bases have been extensively used as sup-
porting ligands in the chemistry of d-block metals. In uranium
chemistry the use of Schiff base ligands has been mostly limited
to the complexation of UQ,>.***” Recently our group and
others have shown that tetradentate and pentadentate Schiff
bases are also effective ligands for the stabilization of the elusive
pentavalent uranyl.**~%°

In contrast only very few examples of U(III)*® and U(IV)*"*7~%
complexes of Schiff base ligands have been reported. Polynucleating
hexadentate Schiff bases have been used to promote the formation
of heteropolymetallic complexes of U(IV) with 3d metals which
show interesting magnetic properties.”” However, to the best of
our knowledge, the study of the redox reactivity of U(IV) Schiff
base complexes is limited to one example.** We have recently
reported redox reactivity studies of U(IV) complexes of the
tetradentate ligand salophen (salophen = N,N’-disalicylidene-o-
phenylenediaminate) which demonstrate that the salophen
ligand behaves as a redox-active ligand able to store and release
up to 4 electrons through the reversible formation and cleavage
of one or two C—C bonds.**

Here we report a new U(IV) complex supported by a redox-
active tridentate Schiff-base ligand M*naphtquinolen. The tri-
dentate nature of the ligand was chosen to render available two
coordination sites at the metal center which were not present in
the previously reported salophen system. The presence of available
coordination sites should allow the coordination of potential

Received: March 13, 2013
Published: June 4, 2013
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substrates to the metal center leading to a better control of the
reactivity. Notably, it might favor reaction pathways involving
the metal-mediated inner-sphere transfer to the coordinate sub-
strate of the electrons stored upon reduction in the C—C bond.
We show that this Schiff base behaves as a redox active ligand
when coordinated to U(IV) and that the reduction of the bis-
ligand complex of U(IV) proceeds with the reductive coupling
of the imino function of the ligand to afford a new U(IV)
complex with two electrons stored in a C—C bond. The ligand-
based multielectron redox activity of the system was confirmed
by reactivity studies of the reduced system with different oxi-
dizing substrates.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise noted, all manipu-
lations were carried out at ambient temperature under an inert argon
atmosphere using Schlenk techniques and an MBraun glovebox equip-
ped with a purifier unit. The water and oxygen levels were always kept
at less than 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 200
and 500 MHz and Varian Mercury 400 MHz spectrometers. NMR
chemical shifts are reported in ppm with solvent as internal reference.

UV-visible Spectra. UV—vis measurements were carried out with
a Varian Cary SO Probe spectrophotometer in quartz cells (optical
path lengths: 1 mm) adapted with Young valves.

Elemental Analyses. Elemental analyses were performed under
argon by Analytische Laboratorien GMBH at Lindlar, Germany.

Starting Materials. Unless otherwise noted, reagents were pur-
chased 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, hexane, pyridine, and thf).
All reagents were dried under high-vacuum for 7 days prior to use.
9,10-phenanthrenequinone was purified by recrystallization in toluene
prior to use. Dry dioxygen was prepared upon storing an O, atmosphere
upon P,O, for one week prior to use. Depleted uranium turnings were
purchased from the "Société Industrielle du Combustible Nucléaire” of
Annecy (France). UCLf1 and UL*(OEtz)Z62 were prepared according to
the published procedures.

Caution! Depleted uranium (primary isotope **U) is a weak a-emitter
(4.197 MeV) with a half-life of 447 x 10° years. Manipulations and
reactions should be carried out in monitored fume hoods or in an inert
atmosphere glovebox in a radiation laboratory equipped with - and p-
counting equipment.

H-"naphtquinolen. The ligand was prepared by a modified
literature procedure.*** A solution of 2-methylquinolin-8-amine (1.0 g,
6.32 mmol, 1 equiv) and 3-hydroxy-2-naphtaldehyde (1.1 g, 6.39 mmol,
1.01 equiv) in 30 mL of anhydrous toluene was stirred in a Dean—Stark
setup at 110 °C during 2 days. Then the solvent was removed under
vacuum giving an orange-brown solid. This solid was suspended in
100 mL of cyclohexane and heated to reflux. Toluene was added
dropwise until most solid was soluble, and the temperature was raised
to maintain the reflux. A hot filtration was carried out to remove the
black insoluble impurities, and the mixture was cooled down to room
temperature, affording red crystals that were filtered and dried under
vacuum to give H-*naphtquinolen (1.38 g, 4.42 mmol, 70% yield).

'"H NMR (200 MHz, CDCI3, 298 K): § = 15.8 (br s, 1H, OH), 9.3
(d, 1H), 8.1 (d, 1H), 8.0 (d, 1H), 7.7—7.4 (m, 7H), 7.3—7.2 (m, 1H),
6.9 (d, 1H), 2.9 (s, 3H, CH;). ®C NMR (200 MHz, CDCI3, 298 K):
8§ = 182.3 (C=N), 159.3 (C,,), 1459 (C,,), 139.5 (C,,), 139.3
(Cuo)s 1366 (Cyy), 1360 (Coo)y 1345 (Cy), 1295 (Clro), 1284
(Cuo)y 1272 (Cyo), 1269 (Cypo), 1267 (Cpo), 1257 (C,po), 1241
(Curo)y 1236 (C,yo), 1223 (C,p.), 1184 (C,y,), 1132 (C,ro), 80 (Cro),
259 (CH,). ES-MS: m/z = 3132 [M+H"].

K-"enaphtquinolen. To a stirring solution of H-Y*naphtquinolen
(1.2 g, 3.84 mmol, 1 equiv) in 30 mL of anhydrous tetrahydrofuran
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(THF) was added portion wise potassium hydride (0.15 g, 3.84 mmol,
1 equiv). The solution turned from deep orange to deep red. After
12 h stirring, an orange solid deposited. This solid was filtered and dried
under vacuum for § h to give KM*naphtquinolen (0.88 g, 2.51 mmol, 65%
yield).

'"H NMR (200 MHz, py-ds, 298 K): § = 9.7 (s, 1H, HC=N)), 8.6
(d, 1H), 8.0 (d, 1H), 7.7 (m, 2H), 7.5—7.7 (m, 3H), 7.3—7.0 (m, 4H),
2.5 (s, 3H, CHj,).

[UCl,(Menaphtquinolen),], 1-Cl. A solution of K-¥*naphtquinolen
(92.3 mg, 0.263 mmol, 2 equiv) in THF (10 mL) was added to UCl,
(50.0 mg, 0.132 mmol, 1 equiv), and the reaction mixture was stirred
at room temperature overnight, affording an orange suspension. The
mixture was filtered to remove KCI, the THF volume of the filtrate was
reduced to 2 mL, and the solution was layered with hexane. The
resulting orange precipitate was filtered and dried under vacuum to
afford an orange solid (89.0 mg, 0.096 mmol, 72% yield). '"H NMR
(200 MHz, THE-dg, 298 K): 6 = 25.7 (s, 2H), 194 (d, 2H), 13.0
(d, 2H), 11.8 (d, 2H), 10.1 (t, 2H), 9.7 (t, 2H), 9.5 (m, 2H), 5.6
(s, 6H), 1.0 (d, 2H)-0.4 (t, 2H), —0.8 (m, 2H), —3.0 (d, 2H), —6.1
(s, 2H). Anal. Calcd for [UCL,(M*naphtquinolen),] C,,H3,CL,N,0,U:
C, 54.15; H, 325; N, 6.01. Found: C, 54.03; H, 3.41; N, 6.06. Single
crystals suitable for X-ray diffraction were obtained by slow diffusion of
hexane into a pyridine solution of [UCL(*naphtquinolen),].

Reduction of [UCI,(Menaphtquinolen),], 1-Cl. To a solution of
1-CI (24.5 mg, 0.026 mmol, 1 equiv) in THF (4 mL) was added a
potassium chunk (2.1 mg, 0.053 mmol, 2 equiv), and the reaction
mixture was stirred at room temperature overnight, affording a deep
brown suspension. The "H NMR spectrum (200 MHz, THF-d,, 298 K)
recorded for the crude reaction mixture showed that a complex mixture of
compounds had formed, among which the resonances of 2 and 2b could
be identified (see Supporting Information).

A suspension of potassium graphite (7.1 mg, 0.053 mmol, 2 equiv)
in THF (2 mL) was added to a solution of 1-Cl (24.5 mg, 0.026 mmol,
1 equiv) in THF (2 mL), and the reaction mixture was stirred at room
temperature for 15 min, affording a deep brown suspension. Graphite
was removed by centrifugation. The '"H NMR spectrum (200 MHz,
THEF-d,, 298 K) recorded for the crude reaction mixture (see Supporting
Information) showed the formation of 2 and 2b as the only
Menaphtquinolen-containing species.

[U(u-bis-enaphtquinolen)],, 2. A solution of Mcnaphtquinolen-K
(150.0 mg, 0.428 mmol, 2 equiv) in THF (8 mL) was added to
[UL(OE,),] (191.3 mg, 0.214 mmol, 1 equiv), and the reaction mixture
was stirred at room temperature overnight, affording a yellowish-brown
suspension. Intermediate data for [UL(M°naphtquinolen),], 1-I:
'H NMR (200 MHz, pyridine-ds, 298 K): & = 108.9 (br s, 2H), 37.9
(s, 2H), 37.3 (s, 6H), 31.1 (s, 2H), 29.7 (br s, 2H), 22.1 (s, 2H), 21.6
(s, 2H), 18.0 (br s, 6H), 16.9 (s, 2H), 4.3 (s, 4H), 0.6 (s, 2H), —3.2
(s, 2H) —7.4 (s, 2H). This mixture was added onto potassium chunks
and then stirred at room temperature for 12 h. The reaction mixture
gradually turned dark olive brown. The mixture was filtered to remove
KI, and the filtrate evaporated to dryness. The resulting brown solid
was extracted with toluene (12 mL) to give a brown suspension
that was filtered. The filtrate was taken to dryness to give [U(u-
bis-Y*naphtquinolen)],, 2, as a brown solid (122.9 mg, 0.071 mmol,
67% yield). "TH NMR (200 MHz, toluene-dg, 298 K): & = 88.0 (s, 2H),
462 (s, 2H), 41.7 (m, 4H), 33.1 (d, 2H), 31.2 (d, 2H), 30.9 (d, 2H),
200 (t, 2H), 17.8 (d, 2H), 15.1 (d, 2H), 149 (m, 2H), 132 (t, 2H),
12.3 (t, 2H), 104 (t, 2H), 8.9 (dt, 2H), 7.2 (d, 2H), 5.6 (d, 2H), 5.2
(d, 2H), 2.5 (d, 2H), —=3.9 (d, 2H), =5.1 (d, 2H), —=5.9 (t, 2H), —=7.7
(s, 6H, CH,), —9.0 (d, 2H), —13.8 (d, 2H), —25.8 (s, 6H, CH,). Anal.
Caled for 2 CgHyNgO,U,: C, 58.61; H, 3.51; N, 6.51. Found: C,
58.37; H, 3.73; N, 6.38. Single crystals suitable for X-ray diffraction
were obtained by slow diffusion of hexane into a toluene solution of 2.

Upon dissolution of 2 into pyridine, 2 sets of proton signals are
observed in solution assigned to the dimeric complex 2 and the mono-
meric analogue 2b: 'H NMR (500 MHz, pyridine-d;, 298 K):

Ratio of complexes 2: 2b: 3:1 after 30 min, 0.5:1 after 4 days.

Complex 2: § = 85.7 (s, 2H), 474 (d, 2H), 41.1 (d, 2H), 35.2 (d, 2H),
32.3 (d, 2H), 28.9 (s, 2H), 28.1 (d, 2H), 184 (1, 2H), 167 (d, 2H), 15.2
(t,2H), 11.3 (t, 2H), 112 (t, 2H), 11.1 (t, 2H), 109 (d, 2H), 9.8 (d, 2H),

dx.doi.org/10.1021/ic4006218 | Inorg. Chem. 2013, 52, 7078—7086
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Table 1. X-ray Crystallographic Data

compound
formula

crystal size [mm]

1-Cl-(pyridine)
C47 H35 N5 02 CI2 U
0.28 X 0.22 X 0.15

2-(toluene),
C98 H76 N8 O4 U2
0.32 X 0.19 X 0.02

3-(pyridine), 5
C78.5 H60.5 N8.5 04 U
025 X 0.10 X 0.02

4
C84 H60 N8 08 U
0.27 X 0.14 x 0.03

crystal system triclinic triclinic monoclinic monoclinic
space group PT PT C2/c P2,/c

V [A%] 1977.10(13) 1897.75(15) 12586.6(13) 3319.99(15)

a [A] 10.0338(4) 11.1583(6) 45.625(2) 16.2723(5)

b [A] 12.7361(5) 13.4999(7) 15.8387(9) 11.8342(3)

c [A] 16.6880(7) 13.5383(5) 18.5959(13) 18.1568(S)

a [deg] 101.098(3) 97.421(3) 90 90

B [deg] 101.394(3) 107.177(4) 110.506(5) 108.281(3)

7 [deg] 102.627(3) 98.029(4) 90 90

z 2 1 8 2

absorption coefficient [mm™"] 4.287 4.324 2.640 4.941

F (000) 988 936 5720 1736

T [K] 150(2) 150(2) 150(2) 150(2)

total no. reflexions 41283 14739 31319 39686

unique reflexions [R(int)] 12067 [0.0592] 7739 [0.0961] 9013 [0.1193] 10126 [0.0740]
final R indices [I > 26(I)] 0.0511 0.0780 0.0623 0.0450

largest diff. peak and hole [e A7) 5.549 and —2.664 2.983 and —1.895 2.465 and —1.712 1.340 and —1.248
GOF 1.155 0.939 1.063 1.012

8.9 (d, 2H), 8.1 (d, 2H), 6.3 (d, 2H), 5.2 (d, 2H), 0.9 (s, 6H, CH,),
—0.7 (d, 2H), =3.8 (t, 2H), —6.7 (d, 2H), —9.5 (d, 2H), —10.0
(d, 2H), —13.9 (s, 6H, CH,).

Complex 2b: § = 91.3 (s, 2H), 47.6 (d, 2H), 45.9 (d, 2H), 44.1
(s, 2H), 35.6 (d, 2H), 32.1 (d, 2H), 20.2 (d, 2H), 19.3 (d, 2H), 19.1
(t, 2H), 17.5 (m, 2H), 14.3 (t, 2H), 13.9 (t, 2H), 13.7 (d, 2H), 13.4
(t, 2H), 13.3 (d, 2H), 6.5 (s, 6H, CH;), 5.7 (d, 2H), 4.6 (d, 2H), 3.7
(t, 2H), 2.2 (s, 2H), 1.6 (d, 2H), =5.3 (t, 2H), =5.7 (d, 2H), —=7.0
(d, 2H), —11.8 (d, 2H), —15.0 (s, 6H, CHj,).

Reaction of 2 with 9,10-Phenanthrenequinone. A toluene
(6 mL) 9,10-phenanthrenequinone (12.2 mg, 0.059 mmol, 2 equiv)
solution was prepared and added to a toluene (4 mL) solution of
complex 2 (50.6 mg, 0.029 mmol, 1 equiv). Immediately the deep
brown solution turned yellowish green. The mixture was stirred 3 h
before filtration. The brown solid was washed with 2 X 0.5 mL
of toluene and dried in vacuo to give [U(9,10-phenanthrenediol)-
(Menaphtquinolen),] 3 as a brown-gold solid (33.8 mg, 0.032 mmol,
54% vyield). Similar results were obtained when performing the
reaction in pyridine. Single crystals suitable for X-ray diffraction were
obtained by slow evaporation of a saturated pyridine solution of the
complex. "H NMR (200 MHz, toluene-dg, 298 K): § = 27.6 (s, 2H),
199 (s, 2H), 19.1 (s, 2H), 18.6 (s, 2H), 162 (d, 2H), 13.0 (t, 2H),
12.5 (d, 2H), 11.7 (t, 2H), 9.4 (t, 2H), 9.3 (t, 2H), 8.0 (d, 2H), 0.7 (t,
2H), 0.6 (d, 2H), —1.1 (d, 2H), —2.4 (d, 2H), —5.2 (d, 2H), —10.5 (s,
6H). Anal. Calcd for 3-(toluene,y,) Cs;,HiN,0,U: C, 63.32; H,
3.68; N, 5.16. Found: C, 63.54; H, 3.85; N, 5.25.

Reaction of 2 with I,. A solution of iodine (2.9 mg, 0.011 mmol,
2 equiv.) in toluene (1 mL) was added dropwise to a stirred solution
of 2 (9.7 mg, 0.006 mmol, 1 equiv.) in toluene (0.5 mL). Immediately,
the dark brown solution turned pale brown. After 10 min stirring, the
crude reaction was taken to dryness and dissolved into pyridine. The
"H NMR spectrum (200 MHz, py-ds, 298 K) recorded for the crude
reaction mixture showed that complex 1-I was restored.

Reaction of 2 with Dry O,. A pyridine (6 mL) solution of
complex 2 (58.0 mg, 0.034 mmol, 1 equiv) was transferred into a
reaction vessel. The suspension was degassed using a freeze—pump—
thaw procedure. Then 1 atm of dry dioxygen was introduced into the
flask. Immediately, a color change from dark brown to dark red/orange
was observed. The reaction was stirred for 12 h at room temperature
before the solvent was removed in vacuo. The solid was washed with
toluene (3 X 2 mL), recovered and dried in vacuo to afford 4 as
a bright orange solid (42.0 mg, 0.047 mmol, 69% yield). '"H NMR
(200 MHz, THE-dg, 298 K): & = 103 (s, 2H, N=CH), 8.5 (d, 2H,
H,.), 82 (d, 2H, H,,), 7.9—7.8 (m, 6H, H,,.), 7.7=7.5 (m, 6H, H,,,),
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7.4 (t, 2H, H,,,), 7.2 (t, 2H, H,,,), 6.2 (d, 2H, H,.,), 3.4 (s, 6H, CH,).
Anal. Caled for 4-(Kly»5) CyoHaoN,0,UKqslas: C, 54.00; H, 3.24; N,
6.00. Found: C, 53.88; H, 3.49; N, 5.98. The presence of KI arises
from the residual presence of KI in the batch of complex 2 used in this
reaction.

Electrochemical Methods. Cyclic voltammetry data were carried
out at room temperature in an argon-filled glovebox described above.
Data were collected using a Biologic SP-300 potentiostat connected to
a personal computer. All samples were 10 mM in complex with 0.1 M
[Bu,N][PF] supporting electrolyte in pyridine solution. The experi-
ments were carried out with a platinum disk (4 = S mm) working elec-
trode, a platinum wire counter electrode, and an Ag/AgCl reference
electrode. The experiments were repeated on independently synthesized
samples to assess the reproducibility of the measurement. Potential
calibration was performed at the end of each data collection cycle
using the ferrocene/ferrocenium [(CsHs),Fe]*® couple as an internal
standard.

X-ray Crystallography. Diffraction data were taken using an
Oxford-Diffraction XCallibur S kappa geometry diffractometer (Mo—
Ka radiation, graphite monochromator, 4 = 0.71073 A). To prevent
evaporation of cocrystallized solvent molecules the crystals were coated
with light hydrocarbon oil, and the data were collected at 150 K. The cell
parameters were obtained with intensities detected on three batches of
S frames. The crystal-detector distance was 4.5°cm. The number of
settings and frames has been established taking in consideration the
Laue symmetry of the cell by CrysAlisPro Oxford-diffraction
software.®> A total of 866 for 1-Cl, 430 for 2, 377 for 3, and 498
for 4 narrow data were collected for 1° increments in @ with a 15 s
exposure time for 1-Cl, 100 s for 2, 200 s for 3, and 80 s for 4. Unique
intensities detected on all frames using the Oxford-diffraction Red
program were used to refine the values of the cell parameters. The
substantial redundancy in data allows empirical absorption corrections
to be applied using multiple measurements of equivalent reflections
with the ABSPACK Oxford-diffraction program.65 Space groups were
determined from systematic absences. The structures were solved by
direct methods using the SHELXTL 6.14 package.®® All non-hydrogen
atoms were found by difference Fourier syntheses and refined on F~
For 1-Cl hydrogen atoms were found by Fourier synthesis and refined
except for methyl groups which were fixed in ideal position. For 2, 3,
and 4 hydrogen atoms were fixed in ideal position. Full crystallo-
graphic details for complexes 1—4 are given in Table 1.
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B RESULTS AND DISCUSSION

[UX,(Menaphtquinolen),] Complexes. Proton NMR
spectra of the reaction mixture of 2 equiv of M*naphtquinolenK
and 1 equiv of [UL(OE,),] or [UCL,] in deuterated THF shows
only one set of signals assigned to the heteroleptic mononuclear
[UX,(™naphtquinolen),] 1-X complexes (Scheme 1) where X = I

Scheme 1. Synthesis of [UX,(™*naphtquinolen),] 1-X
x=cCLI1

OK

O
[U14(OEt,),] or UCI, O >
——

THF
-2KX

2 CO

[UXz(Menaphtquinolen),] X =ClI, |
1-X

MenaphtquinolenK

or Cl respectively. The UV—visible spectra for 1-Cl and 1-I
display a series of intense absorptions below 450 nm (¢ =
25000 L cm™ mol™) that we assign to ligand-based z—n*
transitions. The solubility of 1-Cl in organic solvents (fully
soluble in THF, partially soluble in toluene) is much higher
than the one of 1-I (sparingly soluble in THF, insoluble in
toluene) facilitating its separation from KX salts. Accordingly,
the complex [UCL,(M*naphtquinolen),] was also isolated pure
in high yield. The X-ray structural analysis of 1-Cl shows that
the uranium atom is octa-coordinated by two M*naphtquinolen
and two chloride ligands in a slightly distorted square antiprism
possessing a pseudo C, axis (Figure 1). The mean values of
U—0 (220(2) A), U-N (2.6(1) A), and U-Cl (2.67(4) A) bond
distances (Table 2) are in the range of the ones found in other
U(IV) Schiff base complexes,‘“"w’58 and bond valence calcula-
tions are in agreement with a +IV oxidation state for the metal
(see Supporting Information). The M*naphtquinolen ligands
are strongly distorted from planarity with about 70° between
the quinoleine and the naphtol planes. This is most probably
due to sterical repulsion between the two tridentate ligands in
the present coordination environment. The two *naphtquinolen
ligands are arranged perpendicular to each other with the two
halide anions lying on the same face of the square antiprism.

This geometry is very different from the one reported for analogous

tridentate ligands bound to Yb(III) or Y(111).% In the crystal
structure of the [L,Ln(N(TMS),)] (Ln = Yb(III) or Y(III) L =
bis(3,5-di-tert-butylsalicylidene)-8-aminoquinoline) the two
tridentate Schiff bases are almost planar and bind the metal
in a parallel fashion. These two binding modes are reminiscent
of those found in sandwich and meridional isomers of uranium
bis-ligand complexes of tetradentate Schiff bases.*”

Synthesis and Structure of [U(u-bis-""*naphtquinolen)],.
The proton NMR spectrum in THF of the reaction mixture
after reduction of the complex 1-I with 2 equiv of potassium in
deuterated THF shows the presence of two sets of 26 signals
(ratio 66:34) (see Supporting Information, Figure S.A.3). The
proton NMR in toluene of the reaction mixture after removal
of THF shows the presence of only one set of 26 signals.
Recrystallization from toluene affords the complex [U(u-
bis-**naphtquinolen)], 2 pure in 67% yield (Scheme 2).

The solid state structure of 2 determined by X-ray structural
studies is presented in Figure 2. It shows that the dimeric com-
pound 2 is composed of two [U(IV)bis-naphtquinolen]
complexes bridged by the phenolate oxygens of the two tetra-
anionic bis-*naphtquinolen ligands. The crystal structure is
centrosymmetric, with an inversion center located halfway be-
tween the two uraniums. Each metal cation is hepta-coordinated in
a distorted capped trigonal prismatic environment by the four
nitrogen (mean U—N = 2.5(1) A) and two oxygen atoms from
a bis-"*naphtquinolen ligand (mean U-O = 2.3(1) A) and by a
bridging phenolate oxygen form the other [U(IV)-
bis-Mnaphtquinolen] complex. The two bidentate phenolate
bridging ligands hold the two uranium centers in the dimer at
3.7983(8) A apart (Figure 3). The analysis of the structural
parameters of the complex clearly shows that the reduction has
occurred on the imino groups of the ligands rather than on the
metal jons. Notably, the two electron reduction of the ligand
results in the formation of two C—C bonds, 1.64(1) A long, by
intramolecular coupling of the original imino groups. The value
of the C—C bond distance is larger than those found in the
Na,[U(bis-salophen)] (1.559(7) A) and [U,(cyclo-salophen)-
(py)s) (1.609(5) A) complexes for the C—C bonds formed
after reductive coupling of the imino groups* but remains in
the range of reported values for C—C bonds. Reductive coupling
mediated by low valent uranium has been previously reported for
carbonyl compounds,® heterocycles,” CO,° and CS,”° The
C—N,,, bond distances (mean C—N,,, = 1.474(S) A) of the ligand

Figure 1. Mercury diagrams (side and top views) of the solid-state molecular structure of [UCL,

(Me

naphtquinolen),] in 1-Cl. Hydrogen atoms and

solvent molecules are omitted for clarity. Color code: uranium (deep green), chlorine (bright green), nitrogen (blue), oxygen (red), and carbon

(gray)-
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Table 2. Mean Values of Selected Bond Lengths (A) in the U(IV) Complexes 1-Cl, 2, 3, and 4

compound U-N,, U—Ninino/amido U—Ophenolate
1-Cl 2.70(3) 2.51(3) 2.204(18)
2 2.538(3) 2.36(2) 2.26(10)
3 2.58(7) 2.52(2) 2.227(13)
4 2.646(4) 2.55(2) 2.238(6)

U-X C—Ci C-N

imino/amido
2.67#)x -l 1.293(2)
1.636(14) 1.474(5)
226(#)x - o 1.294(9)
1.776(3)x - 0=~ 1.292(2)

Scheme 2. Synthesis of [U(u-bis-M*naphtquinolen)], 2 and Schematic Representation of the Tetranionic Hexadentate Ligand

Bis-M*naphtquinolen*~

\

N'

/
2 x"\ :*
N N=

[UX(Menaphtquinolen),] X =Cl, |
1-X

1) 4 K, THF
2) toluene

[U(u-bis-Menaphtquinolen)],
2

bis-Menaphtquinolen*

Figure 2. Mercury diagram of the solid-state molecular structure of
[U(u-bis-Mnaphtquinolen)], in 2. Hydrogen atoms and solvent
molecules are omitted for clarity. The C—C bond formed by reduction
of the imine moieties of the ligands is represented in yellow. Color
code: uranium (green), nitrogen (blue), oxygen (red), and carbon
(gray). (U1A = Ul —x+1,—y+1,—2+2).

N31

N32A

N31A

Figure 3. View of the dinuclear core of complex [U(u-
bis-Y*naphtquinolen)], 2

backbone are much longer than the one observed in 1-Cl, and
are in agreement with the presence of two amido groups. This
is further confirmed by the analysis of the values of the U-N
bond distances, with the U-N,, distances in 2 (U-N_, =
2.36(2) A) being significantly shorter than the U—N,, distances
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in 2 (U- N,y = =2.538(3) A) and the U-N,,, distances in 1-Cl
(U-N;, = 2.51(3) A). This distance compares well with the
U-N,, (2.387(8) A) and U-N,, (2.624(7) A) found in
Na.2[U(bis—salophen)].45 Finally, bond valence calculations are
in agreement with a +IV oxidation state for the uraniums in 2
(see Supporting Information). The value of the magnetic moment
(2.44 py) per uranium measured using the Evans method”" for
a toluene solutlon of 2 is also in the range of values reported for
u(Iv) complexes © Thus, the formula [U(-bis-™ “naphtquinolen)],
where bis-"*naphtquinolen is a tetra-anionic hexadentate ligand
provides a good description of this neutral complex.
Compound 2 is stable for weeks at room temperature in the
solid state or in toluene solution under inert atmosphere. In
addition to the ligand-based z—n* transitions below 450 nm, a
long tail absorption extending to 750 nm is observed in the
UV—visible spectrum of 2 (see Supporting Information),
responsible for its dark-brown color in solution. The proton
NMR spectrum of 2 in toluene solution shows only one set of 26
signals assigned to a centrosymmetric dimeric solution species in
agreement with the solid state structure of 2. The 'H NMR
spectrum of 2 in deuterated THF or pyridine shows the presence
of two sets of 26 resonances indicating that two forms of the
complex are present in coordinating polar solvents (Scheme 3).
Evaporation of the pyridine and THF solutions and dissolution
of the resulting solid in toluene result again in the presence of
only one species in the proton NMR spectrum. The monitoring
of the "H NMR spectrum of complex 2 in pyridine solution at
different times after dissolution shows that the ratio between
the two isomers evolves in time, going from 3:1 after 30 min, to
a final stable ratio of 0.5:1 after 4 days. The proton chemical
shifts for the initially major species are close to the ones
measured for complex 2 in deuterated toluene. This suggests
that the initially major species in pyridine solution is a dinuclear
complex which with time undergoes a rearrangement in pyridine
solution. The second set of 26 resonances could either correspond
to a solvent adduct of the dinuclear complex 2 or to a monomeric
form of the complex. Pulsed-field-gradient stimulated-echo
diffusion NMR spectroscopy (see Supporting Information) was
used to measure the diffusion coeflicients of both species in
pyridine solution. D is a function of the molecular weight and
has been successfully used to discriminate metallosupramolecular
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Inorganic Chemistry

architectures in solution.”>”®> The values measured in pyridine
((DA/Dg)* = 1.63 ; My/My = 1.69) are in agreement with the
presence of a mononuclear and a dinuclear complexes in
solution. Attempts to isolate crystals of the monomeric complex
from pyridine or thf were not successful.

Scheme 3. Equilibrium between the Dimeric and the
Monomeric Forms of 2 in Coordinating Solvents

(o]
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.
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2b
L = pyridine, THF

The most probable pathway for the formation of 2 (see
Supporting Information) from the reduction of 1 involves the
reduction of the two imino group to afford two U(IV) radical
anion complexes which then undergo intramolecular C—C coupling.
This produces a U(IV) complex of the new hexadentate tetra-
nionic bis-phenolato bis-amido bis-**naphtquinolen ligand where
at least two coordination sites are available at the metal center for
solvent or substrate binding. In the absence of coordinating
solvents this complex dimerizes through phenolate bridging to
yield 2.

Isolation of a pure product from the reduction of the chloride
analogue 1-Cl with potassium proved more difficult. Proton
NMR in deuterated THF of the reaction mixture after reduc-
tion of 1-Cl with 2 equiv of potassium metal shows the
presence of several sets of signals. Two sets of signals were
assigned to the reduced species 2 and 2b, the other signals
remain unidentified. The presence of additional species can be
explained in terms of a competition of an intermolecular C—C
coupling process leading to complex mixtures as a result of the
presence of the more coordinating chloride ligand. Although
the ligands could rearrange in solution, the conformation adopted
by the two tridentate ligands in the solid state structure of the
complex 1-Cl with the two carbons of the imino groups situated at
a distance of 5.995(6) A is not favorable to intramolecular C—C
bond formation. However, proton NMR studies show that the
reduction of 1-Cl with KCg in THF leads cleanly to the
formation of complexes 2 and 2b. These results show that clean
ligand based reduction followed by intramolecular C—C
coupling is not limited to uranium complexes of tetradentate
Schiff bases. However in the case of tridentate Schiff bases the
choice of the halide precursor plays an important role in the
outcome of the reduction reaction. Moreover, the final complex
presents free coordination sites at the metal center which are
not available in the previously reported Na,[U(bis-salophen)]
complex obtained from the intramolecular C—C coupling of
two reduced imino groups from the [U(salophen),] precursor.”

Complex 2 provides an interesting precursor for the syn-
thesis of more reduced species. The possibility of further reduction
of the metal center in 2 was explored by electrochemical studies.

Electrochemistry. Cyclic voltammetry data were collected
for complexes 1-I and 2 in ~0.1 M [Bu,N][PF] pyridine solu-
tion and are presented in Figure 4 and Table 3. All redox poten-
tials are referenced against the [(C4Hs),Fe]*”* redox couple.
While the free ligand in K-"*naphtquinolen does not exhibits
reduction process in the range —0.5 to —2.4 V (see Supporting
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Figure 4. Cyclic voltammogram for 10 mM solutions of (a) 1-I and
(b) 2 in ~0.1 M [Bu,N][PF] pyridine solution at 100 mV s™* scan-
rate.

Table 3. Voltammetric Data for 1-I and 2

ligand-based waves metal-based wave

compd Epa V) Epcl V) Epcz (V) EI/Z(V)
1-1 —0.56 —1.45 —1.65 -2.16
2 —0.56 —-1.49 -1.70 -2.17

Information), the voltammogram of complex 1-I shows three
distinct reduction events. A first reduction process occurs at
E,; = =145V and is followed by a reduction at E,, = —1.65 V.
These two waves are associated with an irreversible oxidation
process occurring at E;, = —0.56 V which is not observed when
the voltammogram is swept initially from —1.2 V toward the
positive direction. These data indicate the presence of a system
with a limited degree of chemical reversibility as one could
expect because of the formation of the C—C bond after ligand
reduction. Finally, a third reversible process is observed at
E,), = —2.16 V. Similar redox processes are observed on the
voltammogram of the reduced species 2 which can be reversibly
reduced at E;;, = —2.17 V and irreversibly oxidized at E,, =
—0.56 V. The latter wave has a shoulder at —0.68 V that can be
reasonably assigned to the oxidation of the monomeric form in
equilibrium with the dimeric one in pyridine solution. Notably,
it has been observed that the intensity of the shoulder was
increasing 1 h after dissolution of 2 in pyridine, in agreement
with a higher ratio of monomer/dimer in pyridine solution as
observed in the NMR studies. The two irreversible reduction
waves at E,.; = —1.49 V and E,, = —1.70 V are not observed
when the voltammogram is swept initially from —1.3 V to the
negative direction and are thus associated to the reduction of
the oxidation product.

Taking into account that both the ligand and the uranium
center are electroactive species, distinguishing ligand-based
and metal-based processes is critical. The values of the redox
potentials of the first two reduction waves are not compatible
with metal based reductions (U(IV)/U(III) and U(III)/U(II)).
The pseudoreversible reduction processes in the —1.45 to
—1.70 V range probably correspond to two successive one elec-
tron transfers to the bis-**naphtquinolen ligand platform. Thus,
the irreversible oxidation occurrlng at E,, = —0.56 V cor-
responds to the oxidation of the bis-™ naphtqumolen platform,
that is, to the oxidative cleavage of the C—C bond.
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The irreversibility of the ligand-based processes suggests that
the electrochemical reduction is followed by a rapid chemical
transformation involving the formation or cleavage of the C—C
bond between two reduced imino groups. This process confers
a strong stabilization to the system, as is expressed by the much
lower potential required for transferring an electron to the
Menaphtquinolen ligand than the one required for oxidizing the
bis-M*naphtquinolen platform (AEp = 0.9 V).

The reversible wave at E,;, = —2.16 V corresponds to a
further reduction of 2 and is attributed to a U(IV)/U(III) couple.
This fits with the range of values of redox 6potentials reported for
other U(IV)/U(IIL) reversible systems.”*~”® Future studies will be
directed to identify the chemical conditions allowing the isolation
of this reduced species and to investigate its reactivity.

Reactivity of [U(u-bis-*naphtquinolen)], with Oxidiz-
ing Agents. The reaction of [U(u-bis-*naphtquinolen)], 2
with different oxidizing substrates has been investigated to assess if
the electrons stored in the C—C bond can become available. Com-
plex 2 can act as a multielectron reductant when reacted with 9,10-
phenanthrenequinone, iodine, or molecular oxygen (Scheme 4).

Scheme 4. Reactivity of [U(u-"bis-naphtquinolen)], 2 with
Oxidizing Agents

[U(p-bls— ®naphtquinolen)],

oyt "\/" o
/”§° ‘O

\NL

dry O,

214

X

[U(9,10- phenanthrenedlol)(M"naphtquinolen)2] [UO,(Menaphtquinolen),]
3 4

Complex [U(9,10-phenanthrenediol)(M*naphtquinolen),] 3
is obtained in 54% yield from the reaction of 2 with 9,10-
phenanthrenequinone in toluene. The same reactivity is observed
when using pyridine as solvent. The UV—visible spectrum for 3
is very similar to the one of 1-I, with two strong absorption
bands centered at 420 and 334 nm (e &~ 25000 L cm™" mol™")
that we assign to ligand-based 7—7z* transitions. Notably, the
tail absorption extending to 750 nm, characteristic of the
reduced form of the ligand, is not present in 3, in agreement
with an oxidation of the ligand platform. Single crystals suitable
for X-ray diffraction were obtained by slow evaporation of a
pyridine solution of 3, allowing its structural characterization.
The molecular structure, as shown in Figure 5, consists of a C,-
symmetric complex where the uranium atom is octa-coordinated
in a distorted square antiprismatic fashion by two tridentate
monoanionic ¥*naphtquinolen ligands and one dianionic 9,10-
phenanthrenediol ligand. The reduction of the quinone to its
cathecolate form is confirmed by the analysis of the metrical
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Figure S. Mercury diagram of the solid-state molecular structure of
[U(9,10-phenanthrenediol) (M*naphtquinolen),] 3. Hydrogen atoms
and solvent molecules are omitted for clarity. Color code: uranium

(green), nitrogen (blue), oxygen (red), and carbon (gray).

parameters for the ligand. The average U—Og 1o henanthrencdiol
bond distances (2.26(4) A) are relatively short, as expected for
a doubly charged phenolate ligand, and are in the same range of
the U—O,noie Moieties from the Mnaphtquinolen ligand
(2:23(1) A). The C—O bond distances for this ligand (1.359(1)
A) are in agreement with the presence of simple C—O bonds.
The imino moieties of the ™naphtquinolen ligands have been
restored, as is illustrated by the short C—N double bond
distances (1.294(9) A) and long U—N bond distances (2.52(1) A)
which compare well with those found in 1-Cl. The overall
neutral charge of the complex and the bond valence sum
calculations are in agreement with a +IV oxidation state of the
uranium cation in 3.

The reduction of 9,10-phenanthrenequinone is likely to
proceed through the coordination of the substrate to the metal
center and disruption of the dimeric structure of 2 followed by
the cleavage of the two ligand C—C bonds. Thus each mono-
nuclear uranium(IV) complex [U(u-bis-"*naphtquinolen)] acts
as a two electron reducing agent without undergoing a variation
of the oxidation state of the metal center. In contrast to what
was observed for the previously reported U(IV) multielectron
redox system based on a tetradentate Schiff base, the presence
of available coordination sites at the metal center allows a direct
coordination of the incoming substrate to the uranium as shown
by the structure of the oxidation product. This should provide a
more controlled reaction pathway.

Proton NMR studies also show that the reaction of 2 with I,
in toluene leads to the cleavage of the C—C bond restoring
the original Schiff base structure and affords the 1-I complex
demonstrating the chemical reversibility of this redox system.

The number of transferred electrons can be increased when
both the ligand and the metal are participating in the electron
transfer. The reaction of a dark brown solution of 2 with excess
dry oxygen in pyridine (where 2 is mostly present in its monomeric
form 2b) proceeds instantly to give a dark red/orange solution.
The '"H NMR spectrum recorded for the reaction mixture shows
13 resonances in the diamagnetic region, in agreement with the
presence of the new uranyl(VI) complex [UO,(*naphtquinolen),] 4

The solid-state structure of 4, determined by single crystal
X-ray diffraction, is represented in Figure 6. The uranium atom
has a pentagonal bipyramidal coordination provided by the
two oxo groups in axial positions and five O and N-donor
atoms from two M naphtquinolen ligands in the equatorial plane.
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Figure 6. Mercury diagram of the solid-state molecular structure of
[UO,(Menaphtquinolen),] 4. Hydrogen atoms are omitted for clarity.
Color code: uranium (green), nitrogen (blue), oxygen (red) and carbon

(gray).

While the first ™naphtquinolen ligand adopts a classical tri-
dentate ONN coordination mode, as found in 1-Cl and 3, the
second M*naphtquinolen ligand is bound to the uranium center
in a bidentate fashion by the phenolate and the imino group
with the nitrogen atom from the quinoline remaining non-
coordinated. Pentagonal bipyramid is the most common coordina-
tion geometry for uranyl(VI) compounds, higher coordination
numbers in the equatorial plane being disfavored for sterical
reasons. The C—N,, (1.276(6) and 1.308(6) A) bond distances
from both M*naphtquinolen ligands are in the same range than
the ones found in 1-Cl and 3, confirming their imino character.
U-Np,, U=-N,,, and U—=O, ) mean bond distances (respec-
tively 2.547(2), 2.646(4), and 2.238(6) A) compare well with
those found in other uranyl(VI) Schiff base complexes.*”>*

The uranyl UO, group in 4 is nearly linear (O—U-O angle
177.3(1)°) with uranyl bond distances (mean U—O distance
1.776(3) A) falling in the characteristic range of seven-
coordinate hexavalent uranyl complexes.*”**

The formation of complex 4 from 2b provides a rare example
of a transfer of 4 electrons from a mononuclear uranium(IV)
complex.

H SUMMARY

Here we have prepared and characterized new examples of U(IV)
complexes containing a tridentate Schiff base. Redox reactivity
studies show that the reduction of the [UX,(M*naphtquinolen),]
halides proceeds cleanly for the iodide precursor while multiple
products are formed for the chloride derivative. The reduction
leaves the oxidation state of the metal center unchanged and
occurs on the imino function of the ligand leading to intra-
molecular C—C bond formation. The two electrons stored in
the resulting amidophenolate U(IV) complex are released in
the presence of oxidizing agents. In the U(IV) and U(VI)
complexes [U(9,10-phenanthrenediol)(M*naphtquinolen),], 3,
and [UO,(M*naphtquinolen),], 4, obtained respectively in the
two- and four-electron reduction of oxidizing substrates, the
restored tridentate Schiff base allows for the coordination of the
reduced substrate to the metal. Thus tridentate Schiff bases
provide a new example of redox active ligands which enable
multielectron reductions at a U(IV) center. This shows that
ligand centered reductions are not limited to tetradentate Schiff
bases, and that controlled ligand centered reactivity can be achieved
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with lower denticity ligands by a careful choice of the reaction
condition and ligand structure. Electrochemical studies suggest
that the new U(IV) amidophenolate complex might provide a
suitable precursor for the synthesis of highly reactive U(III)
complexes. Future studies will be directed to investigate how the
ligand structure affects the reducing properties in these systems.
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Abstract: The synthesis, structure, and reactivity of stable
homoleptic heterometallic LnL,K, complexes of divalent
lanthanide ions with electron-rich tris(tert-butoxy)siloxide
ligands are reported. The [Ln(OSi(OtBu);),K,] complexes
(Ln=Eu, Yb) are stable at room temperature, but they
promote the reduction of azobenzene to yield the KPhNNPh
radical anion as well as the reductive cleavage of CS, to yield
CS;*~ as the major product. The Eu™ complex of the radical
anion PhNNPh is structurally characterized. Moreover,
[Yb(OSi(OtBu);),K,] can reduce CO, at room temperature.
Release of the reduction products in D,O shows the quanti-
tative formation of both oxalate and carbonate in a 1:2.2 ratio.
The bulky siloxide ligands enforce the labile binding of the
reduction products providing the opportunity to establish
a closed synthetic cycle for the Yb"-mediated CO, reduction.
These studies show that the presence of four electron-rich
siloxide ligands renders their Eu" and Yb" complexes highly
reactive.

M etal complexes capable of reducing small molecules, such
as CO, and CS,, in a controlled manner and under ambient
conditions are a very attractive current target.l!! The majority
of research into metal-mediated transformations of small
molecules has focused on d-block transition metals, and is
comparatively much less developed for f-block elements.?
Notably, the use of f-block elements in the activation and
reduction of CO, and CS, is limited to a few interesting and
unprecedented examples.’*™ In particular, there are only
three reported examples of CO, reduction and one example
of CS, reduction mediated by complexes of lanthanides.*! The
reduction of diazobenzene, an interesting model substrate for
N, reduction, was also reported for Sm"" complexes,”! but has
never been observed for the less-reducing Eu" complexes.
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The optimization of the ion size in a given ligand
environment provides a versatile tool for tuning the reactivity
which is unique to lanthanide ions.’! However, out of the
14 lanthanide ions that display similar coordination proper-
ties but a range of different ionic radii, the metal-centered
reduction of heteroallenes has only been reported for the Sm"!
ion. This is probably a result of the fact that the highly
reducing lanthanide ions, such as Nd", Tm", and Dy",**! are
difficult to handle and have different reactivities compared to
Sm". The Eu" and Yb" ions provide easier access to
complexes of differently sized ions because of the higher
stability of Eu" and Yb" precursors. However, the reductive
chemistry of Eu" and Yb" has been limited by the Ln**/Ln*"
redox potential of Eu and Yb ions (—0.35V and —1.15V
versus NHE respectively, NHE = normal hydrogen electrode)
that is significantly lower than the Sm"/Sm" redox potential
(—=1.55V versus NHE).

Electron-rich ligands were found to impart unusual
reducing properties to the Ce’* ion/® but the use of
electron-rich ligands to impart greater reducing ability to
Ln" ions with poor reducing ability has not been investigated.
In the search for suitable ligands that could confer higher
reducing ability to the Eu" and Yb" ions, we have identified
tris(tert-butoxy)siloxides as attractive bulky, electron-rich
ligands that can adopt mono- or bidentate forms and which
can support unusual reactivity at reduced metal centers.”!
Siloxides have rarely been used as ancillary ligands in
lanthanide chemistry!® with only two structurally character-
ized examples of dinuclear divalent lanthanide complexes.**!

Herein, we show that electron-rich tris(fert-butoxy)silox-
ide ligands (L) can impart stability and unusual reactivity to
homoleptic heterodimetallic®™!'”) LnK, “ate” complexes of
Yb" and Eu" ions. We report the syntheses and structures of
mononuclear [Ln"(0Si(OBu);),K,] complexes for Sm, Eu,
and YD ions and the first example of heteroallene activation
by a Yb" complex. The [Yb(OSi(OrBu);),K,] complex is
found to promote the reduction of PANNPh, CS,, and CO,.
Moreover, the bulky siloxide ligands enforce the labile
binding of the reduction products providing the opportunity
to establish a closed synthetic cycle for the reduction of CO,.

The reaction of the trivalent lanthanide salts LnX; (Ln=
Eu or Yb, X=OTf; Ln=Sm, X=1) with KOSi(OrBu); (L;
4 equivalents) affords the “ate” [Ln(OSi(OrBu);)K]
(Ln"L,K) complexes (Scheme S1, Supporting Information).
The structure of complex Yb"'L,K was determined by single-
crystal X-ray diffraction analysis and is shown in Figure 1a. In
this structure, the Yb™ ion is tetracoordinated by four siloxide
ligands bound to the Yb ion in a k' fashion. Three siloxide
ligands bridge the Yb and K ions, binding the K ion in
a k* mode. The Ln—O bond lengths are in the range of the
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Figure 1. Molecular structures of Yb"L,K (a) and Yb"L,K, (b). Thermal
ellipsoids are set at 50% probability. Hydrogens atoms, methyl
groups, and disorder are omitted for clarity. Selected bond lengths [A]
in Yb"'L,K: Yb-O1 2.060(2), Yb-O21 2.075(2), Yb-O41 2.070(2), Yb-O61
2.041(2); and in Yb'L,K,: Yb-O1 2.271(5), Yb-021 2.272(5), Yb-O41
2.251(6), Yb-O61 2.422(5), Yb-O62 2.571(6).

values reported for mononuclear Yb" phenoxide and siloxide
complexes.[*d

The '"HNMR spectra of Ln"L,K at 25°C in deuterated
toluene and THF show, in both solvents, one single resonance
signal for the 108 protons of the complexes, in agreement with
the presence of solution species with tetrahedral symmetry.
The addition of [18]crown-6 (18C6; 1 equivalent) to a solution
of Yb"L,K in [Dg]THF results in a shift of the '"H NMR signal
of the siloxide from 0=5.48 to 1.94 ppm. These results
suggest the presence in THF of a heterobimetallic structure
where the potassium cation adopts a fluxional coordination.
The '"H NMR spectrum of Yb™L,K shows a significantly
broader resonance signal in toluene compared to THF
suggesting the presence of fluxional coordination in toluene.

When the temperature is decreased to —30°C, the
'"HNMR spectrum of the Yb™L,K complex shows the
appearance of two different broad resonance signals with an
integration ratio of 3:1, in agreement with the solid-state
structure and the presence of a heterobimetallic LnK struc-
ture in toluene solution (Supporting Information). Variable-
temperature 'H NMR experiments carried out in toluene for
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the Eu™L,K complex show that the resonance signal of the
siloxide broadens and shifts slightly. The "H NMR spectrum
of the Sm"™L,K complex in toluene is not significantly
affected by the temperature, in agreement with an increased
potassium fluxionality. Reduction of Ln"™L,K in hexane at
—40°C with potassium (1 equivalent) affords the divalent
complexes [Ln(OSi(OtBu);),(THF),K,] (Ln"L,K,; Ln=Eu,
x=1; Ln=Yb or Sm, x=0), which were isolated as pure
compounds and in high yield after recrystallization
(Scheme 1). The compound Sm"L,K, decomposes at 25°C

tBu (l)

Si
Bu0” | Nomy
—O0—_}
K tBu o//T | /K\
hexane O/I,n/\o
(tBuO)Si—O" 2 A
-40°C By 2 0 /%0—Si(0Bu),
Ln=Sm, Eu, Yb Bu” si-0 1\
tBu O \ Bu
tBu

[Ln(OSi(OtBu)3)4K]

Ln'"LK,
81-88% yield

Scheme 1. Synthesis of Ln" tris(tert-butoxy)siloxide complexes Ln"L,K,.

in toluene solution but complexes Eu"'L,K, and Yb"L,K, are
stable for weeks in toluene at 25°C and can be prepared at
ambient temperature. Interestingly, only Yb"L,K, has a low
solubility in THF which can be increased by the addition of
18C6 (2 equivalents).

Single crystals suitable for X-ray diffraction analysis were
obtained from a concentrated solution of Ln"L,K, in toluene
at —40°C for Yb"L,K,, in hexane at —40°C for Sm"L,K,, and
in a hexane/THF 100:1 mixture at —40°C for Eu"L,K,. The
structure of Yb"L,K, (Figure 1b) shows that the Yb" center is
pentacoordinated with five siloxide oxygen atoms in the
coordination sphere in a highly distorted geometry. The
siloxide ligands bridge the Yb center to two potassium
cations, affording a neutral heterobimetallic structure. The
solid-state structure of Sm'L,K, is isostructural to the Yb"
complex, whereas in the Eu"L,K, complex an additional THF
molecule binds one potassium cation (Supporting Informa-
tion). The Ln—O bond lengths in the Ln"L,K, complexes
(Table S2) are consistent with the values previously reported
for lanthanide phenoxide and siloxide compounds.®<!

The "H NMR spectrum of Ln"L,K, in deuterated toluene
shows only one resonance signal for the 108 protons of the
siloxide ligands. Variable-temperature 'H NMR studies show
that the spectrum of Yb"L,K, in toluene is only slightly
affected by the temperature. Addition of crown ether to the
Yb"L,K, complex in deuterated toluene reduces dramatically
the solubility of the divalent Yb complex in toluene, suggest-
ing that in the absence of crown ether the potassium remains
bound to the siloxide, as found in the solid-state structure.
Thus the presence of one unique signal for all the siloxide
ligands in toluene solution can be interpreted in term of
a fluxional coordination of the potassium cation.

In view of the higher stability of the Eu" and Yb"
complexes compared to the Sm" complex, we investigated if
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the electron-rich environment provided by the four siloxide
ligands could promote the reduction of small molecules.
Notably, cyclic voltammetry studies in THF solution (with or
without the presence of 18C6) show a large shift of the
oxidation potential for the Ln"L,K, complexes (Eu: E,, =
-1.26 V; Yb: E,,=-2.19 V) compared to Lnl, (Eu: E,, =
—0.14 V; Yb: E,,=—0.68 V), clearly showing the enhance-
ment in reducing ability provided by the siloxide ligand.!!

The reaction of Ln"L,K, (Ln = Eu, Yb) with azobenzene
(1 equivalent) in toluene at room temperature affords the
trivalent lanthanide complexes Ln"L,K (Ln=Eu, Yb) and
the reduced potassium radical anion of azobenzene
KPhNNPh (Scheme 2).

NN BuO g,

Q tBu .
Toluene fBY OjSi\O/Ln---nuofS'j,o tBu .
Ln'LK, - BuO.. < | ‘__o K Ln"LK + [PRNNPhK],
NNPh kO “
Vo PKTOBU Ln=Eu, Yb
Ln=Eu, Yb Vo E
o By &-Si-BY OB
tBu O
Ln=Eu

[Eu(PhNNPh)L K]

Scheme 2. Reaction of Ln" siloxide complexes (Ln"L,K,; Ln=Eu, Yb)
with diazobenzene (PhNNPh).

The solid-state EPR spectrum of the isolated KPhNNPh
radical in suspension in a mixture of toluene/hexane (20/1 v/v)
at 19°C shows an intense signal at approximately g=2,
characteristic of an organic radical (see Supporting Informa-
tion). The solution-state EPR spectrum measured in DME/
THF (DME = 1,2-dimethoxyethane) shows a hyperfine struc-
ture consistent with the spectrum previously reported for the
KPhNNPh radical anion generated in DME solution (see
Supporting Information)."” The structure of KPhANNPh was
determined by X-ray diffraction studies and shows a 2D poly-
meric structure (Figure 2). The nitrogen atoms of the
azobenzene radical are found on two positions with occupa-
tion coefficients of 0.66(2) and 0.34(2), respectively. The
structural data shows that the N—N bond length between the
principal position of the nitrogen atoms N1 (1.331(17) A) is

a) X R b) A
-1 A ¢ 3
9 ‘ Y K
@

N1

3

| O

?1} L/’ ~

Figure 2. Molecular structure of the 2D polymer (a) and detailed

unit (b) of KPhNNPh (thermal ellipsoids set at 50% probability).
Disorder and hydrogen atoms were omitted for clarity. Selected bond
lengths [A]: N1-N1%* 1.331(17), N1-C 1.432(12), N1-K 2.921(7) (*=—x,
—y+1, —z+1).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

elongated compared to free azobenzene (1.25 A),l¥ in agree-
ment with the presence of a monoanionic reduced ligand. The
value of the N—N bond length in KPhNNPh is in the range of
those found™ in carbocyclic complexes of Tm™ or Sm™
containing a monoanionic reduced diazobenzene (1.32-
1.39 A).

Some crystals of the intermediate [Eu(n>PhNNPh)-
(0Si(OrBu);),K,], [Eu(PhNNPh)L,K,], were isolated by
carrying out the reaction at —40°C in hexane. In the structure
of [Eu(PhNNPh)L,K,] (Figure 3) the europium ion is hex-

Figure 3. Molecular structure of [Eu(PhNNPh)L,K;] (thermal ellipsoids
set at 50% probability). Hydrogen atoms, methyl groups, and solvent
molecule were omitted for clarity. Selected bond lengths [A]: Eu-O1
2.276(5), Eu-O21 2.244(4), Eu-O41 2.357(4), Eu-061 2.237(4), Eu-N81
2.599(5), Eu-N82 2.328(5), N81-N82 1.450(8), N81-C81 1.429(8), N82-
C871.377(8).

acoordinated in a highly distorted trigonal-prismatic fashion.
The N81-N82 bond length (1.450(8) A) is longer than in the
free radical KPhANNPh (1.331(17) A) and is similar to the N—
N simple bond length in hydrazine (1.45 A).'*) The Eu—N82
distance is significantly shorter than Eu—N81, suggesting the
presence of a radical localized on N82. The azobenzene
radical-anion complex, [(CsMes),Sm(N,Ph,)(THF)], has been
previously obtained from the single-electron reduction of
azobenzene by the Sm" [(Cp),Sm(THF),] complex.!'™*) The
analogous Yb" complex leads to the two-electron-reduction
product only.'“*! In all cases, the reduced diazobenzene ligand
forms a stable complex and the release of the reduced
diazobenzene ligand is not detected.

The structure of [Eu(PhNNPh)L,K,] (Figure 3) shows
that in spite of the presence of four bulky siloxide ligands, the
lanthanide center is still accessible for binding coordinating
substrates. Moreover, the presence of four electron-rich
siloxide ligands renders their Eu" and Yb" complexes highly
reactive. Notably, this reactivity provides the first example of
the reduction of azobenzene by a Eu" complex.

This unprecedented reactivity prompted us to investigate
the reaction of these complexes with heteroallenes.
NMR spectroscopic studies show that the stoichiometric
addition of "*CS, to a THF/18C6 solution of the divalent
Ln"L,K, (Ln=FEu, Yb) complexes affords the trivalent
Ln"™L,K (Ln=Eu, Yb) species in 94% yield (determined

Angew. Chem. Int. Ed. 2014, 53, 1044810452



by NMR spectroscopy using naphthalene as an internal
standard). The *C NMR spectrum in deuterated THF of the
soluble fraction of the reaction mixture after reaction of the
Ln"L,K, complex with *CS, in THF/18C6 shows the presence
of the Ln""L,K complex and a signal at § =266.97 ppm which
is assigned to the *CS,?~ anion.!"” The fraction of the reaction
mixture which was insoluble in THF was dissolved in
[D¢]DMSO. The *C NMR spectrum of this fraction showed
the presence of *CS,*>~ as a major species. The compounds
C,S.>~ (with a resonance signal at 6 =264 ppm) and C,Ss*~
(with resonance signals at 0 =203 and 145 ppm)"'! are also
present as minor products. Diffusion of toluene into a DMSO
solution of CS;K, afforded single crystals suitable for X-ray
diffraction of the 3D polymer [(K,CS;)s(DMSO),,], (Fig-
ure S3). Thus, the Ln"L,K complexes promote both the
reductive coupling of CS, to form C,S,>~ and the reductive
disproportionation of CS, to form CS;*~ and CS. The low
stability of CS often prevents its characterization but in this
case CS is partly trapped in the C;Ss>~ by-product.

The relative ratio of the products obtained from the
reduction of CS, by Yb'L,K, in THF/18C6 is
CS;77:C,8,7:C5S5% = 1:0.14:0.35. The selectivity for the for-
mation of the CS,>~ species is significantly higher when the
complex Eu"L,K, is used to reduce CS,
(CS;77:C,8,4:C5S5%” = 1:0.025:0.05) clearly showing that the
nature of the lanthanide ion plays a role in the reduction
mechanism (Scheme 3). The relative ratio of the products

THF
[Ln'(OSi(OtBu)3)4K,] + CS, I8¢ [Ln"(OSi(OtBu),),K] + CS, reduction products
Ln=Eu, Yb s 94%, \
| DMSO
KoCS3 + KoCySy + KoCoSs
Ln =Eu 1 0.025 0.05
Ln =Yb 1 0.14 0.35

Scheme 3. Reaction of Ln"L,K, with CS, and ratio of reduction prod-
ucts.

does not change when the reaction is carried out in toluene or
in the presence of an excess of CS,. The difference in
selectivity probably arises from the difference in size (ionic
radii of Yb"=1.02 A, Eu" =1.17 A)!"" of the two metal ions
leading to different steric demands in the respective CS,-
bound reaction intermediates, though the different Ln*"/Ln*"
redox potentials of the two ions (Yb=—1.15 V,Eu=-0.35V
versus NHE)!" might also play a role. These results highlight
the advantage of having access to complexes of different
Ln" ions in the same ligand environment for tuning selectiv-
ity.

Attempts to isolate intermediates with lanthanide-bound
reaction products from these reactions were not successful.
The steric bulk of the siloxide ligands and the dianionic
charge of the thiocarbonate and tetrathioxalate products are
likely to promote the decoordination of the reaction product.
However, this selectivity in the reduction of CS, by the
Ln"L,K, complexes suggests that the reaction is indeed
occurring by an inner-sphere mechanism. The structure of the
intermediate [Eu(PhNNPh)L,K,] isolated from the reaction
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of Eu" with diazobenzene also supports the fact that sterically
less-demanding substrates, such as CS, and CO,, can coor-
dinate the metal center. Herein, the electron-rich environ-
ment provided by the siloxide ligands leads to a reactivity
unprecedented for the Eu" and Yb" ions.

The ability of Ln"L,K, (Ln=Eu, Yb) to reduce CS,
prompted us to investigate their reactivity with carbon
dioxide. The Eu" complex does not react with CO, whereas
an immediate reaction was observed when a toluene solution
of the divalent Yb"L,K, complex was exposed to excess CO,.
The 'H NMR spectra of the reaction mixture after reaction of
a toluene solution of Yb"L,K, with excess *CO, show the
formation of the trivalent complex Yb™L,K (Scheme 4) in

excess CO,
[Yb'(OSi(OtBu))4Ky] — 2

Yb'L,K,

Toluene \
1,
Yb'L,K | D,0
CO5% + C,04%

Scheme 4. Reaction of Yb"L,K, with CO,.

approximately 50% yield (evaluated by '"H NMR spectros-
copy using naphthalene as an internal standard). The
BCNMR spectra of these reaction mixtures in toluene or
THF show only the presence of the trivalent complex and of
free CO. This data suggests that mononuclear Yb"™ com-
plexes containing bound reduction products are also present
in solution. Attempts to isolate single crystals of these
compounds lead only to the isolation of the Yb™L,K
complex, suggesting a labile binding of the CO, reduction
products.

When toluene and excess CO, are removed and D,O is
added to release the coordinated reaction products, *C NMR
spectroscopic studies clearly show two resonance signals
corresponding to potassium oxalate (0 =173 ppm) and potas-
sium carbonate (0=168 ppm) present in a 1:2.2 ratio.
Quantitative ®C NMR spectra measured using *C-labelled
sodium acetate show a total yield (of oxalate and carbonate)
of approximately 95 %. This confirms that the reaction of the
Yb"L,K complex with CO, leads quantitatively to the
reduction of CO, to CO, oxalate, and carbonate.

As the reduction of CO, by Yb"L,K, leads to the trivalent
Yb"™L,K complex, we envisaged the possibility to implement
this reduction in a closed synthetic cycle.

After Yb"L,K, undergoes reaction with CO, to afford
Yb"™L,K and unidentified substrate-bound Yb" compounds,
the addition of KCg to the reaction mixture yields Yb"L,K,
with the concomitant formation of side products (some free
potassium siloxide is detected). This cycle can be repeated
several times and each time Yb™L,K is formed in 50 % yield.
After 5 cycles (see Supporting Information for experimental
conditions), the 'H NMR spectra clearly show a decreased
concentration of the active divalent complex and an increased
concentration of side products. This experiment suggests that
the Yb™L,K complex is quantitatively reduced back to the
Yb"L,K, compound. The synthetic cycle is probably termi-
nated by the formation of carbonate- and oxalate-bound Yb™
species that are not further reduced to yield the Yb"L,K,
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precursor.'” Future studies will be directed to investigate the
mechanism of CO, reduction and to optimize the steric bulk
to prevent the coordination of the reaction products to the
final complex and to improve selectivity. Such optimization
should allow the implementation of a catalytic cycle.

In conclusion, the tris(tert-butoxy)siloxide ligand can be
used to isolate the heterobimetallic [Ln"(OSi(O7Bu),),K,]
complexes (Ln=Sm, Eu, and Yb). The Eu" complex
promotes the reduction of azobenzene and CS,, affording
the first example of azobenzene reduction by Eu" and the first
example of trithiocarbonate formation from the reductive
splitting of CS, promoted by a lanthanide ion. The Yb"
complex reduces CO, to carbonate and oxalate, to afford
the first example of CO, reduction by a Yb" center. Thus,
these studies show that the electron-rich environment pro-
vided by the siloxide ligands leads to a reactivity unprece-
dented for the Eu" and Yb" ions, and that siloxide “ate”
complexes of Eu'" and Yb" are very attractive stable
precursors for the reduction of heteroallenes. In these systems
the bulky siloxide ligands prevent the strong coordination to
the final lanthanide complex of the products of the reduction
of CS, and the azobenzene reaction, setting the basis for the
ready exchange of substrates which is a prerequisite for the
implementation of catalytic cycles. A suitable tuning of the
steric demand should prove very effective for the optimiza-
tion of selectivity and promote the release of carbonate and
oxalate.
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CS, activation at uranium(ii) siloxide ate
complexes: the effect of a Lewis acidic sitet

Clément Camp,?® Oliver Cooper,®® Julie Andrez,®® Jacques Pécaut®® and
Marinella Mazzanti*©

Multimetallic cooperative binding of heteroallenes provides an attractive route to their activation, but the
reduction of CS, at heterobimetallic sites, associating an electron-rich metal with a main group Lewis
acid has not been explored. Here we show that the presence of a heterometallic U, K site plays an impor-
tant role in the CS, reduction by uranium(i) complexes of the electron-rich and the sterically demanding
tris(tert-butoxy)siloxide ligand. Specifically, the ion-pair complex [K(18c6)I[U(OSi(O'Bu)s)4], 1, leads prefer-
entially to the reductive disproportionation of CS; to K,CSz and CS. The crystal structure of the thiocarbo-
nate intermediate complex [U(OSI(OBu)s)s (ps_k?k2k>"CS3)K,(18c6),], 3, isolated from the toluene
reaction mixture has been determined. In contrast, the heterobimetallic complex [U(OSi(O'Bu)s)4K], 2,
promotes preferentially the reductive dimerization of CS; to K,C,S4 and K,C3Ss. The [K,C,S4(DMSO)sl,,, 5,
and [U(OSi(O'Bu)s)4K2(C3Ss)l,. 6, polymeric compounds were isolated from this reaction and structurally
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Introduction

The metal-mediated activation of heteroallenes (CO,, CS,) is
an area of growing interest due to the potential use of CO, as a
low cost renewable C1 source." Due to the higher reactivity of
CS, compared to the thermodynamically stable CO, molecule,
the chemistry of d-block transition metals with CS, has attracted
a significant number of studies as a pertinent model for CO,
reactivity.” Depending on the nature of the metal ion and the
ancillary ligand, metal complexes have been shown to promote
CS, disproportionation to CS;*~ and CS,” reductive dimerization
to afford tetrathioxalate® or CS, reduction to sulphido complexes®
with CS or thiocarbonate complexes as by-products.

A few examples of insertion® and reduction reactions of
CS, promoted by f element complexes have been reported
so far.*?7

Notably reduction of CS, has been observed only for three
U(m) systems.”? An unusual behaviour was reported for the
reduction of CS, by the U(m) complex [((“*Ar0);N)U(DME)]
which promotes both the reductive dimerization and the
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reductive disproportionation of CS, affording two different
products (80% C,S,>~ and 20% CS;>7)’”. In contrast the reac-
tion of the U(u) complex [(RCsH,);U] (R = Me; SiMe;) with CS,
was found to afford the U(w)-U(iv) dimer [(RCsH,4)3U],-
[ :>-CS, .7

We have recently reported an analogous behaviour for the
dinuclear homoleptic siloxide complex [U(OSi(O‘Bu)s;),(n-OSi-
(O'Bu);)], (Scheme 1), which also reduces CS, yielding a
uranium(v) dimer that features a reduced CS,>” bridging
group.”? Bulky siloxide ligands such as tris(tert-butoxy)siloxide
have proven to be attractive ancillary ligands in the chemistry
of trivalent uranium’®®° and in particular in the controlled
reduction of heteroallenes.”*'® Notably, the electronic pro-
perties and steric demand of the uranium center can be tuned
by changing the number of the siloxides and their denticity.”

1 —Si
BuQ s\'c()O‘Bu)zoSi(o'Eu)3
(BuOsSO— U Sy —osioBu)s
BUO)3SIO)] \
(BuO)s (Bu0),Si—O'Bu
CO,, 1 equiv CS,, 1 equiv
hexane, -196°C hexane, r.t.
then r.r. - co
(0'Bu), o
Si BUO):SI !
o}, (BUO)SSIO By \, (BUORSIC  Bu
o1 — i
0. | /" ~Si(0'Bu)2
o/ N 2 N O — U/
(Buo),sil Su—o=( >uL_si0'Bu), (BuoysIC U= o
< AN AT

'Bu 0si(0'BU); O\S_/O‘Bu 'Bu OSiOBu);  SiOBu)
i

(O'Bu),

Scheme 1 Reaction of [U"(OSi(O'Bu)s),(u-OSi(O'Bu)s)l, with CO,
and CS,.
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Moreover, tris(tert-butoxy)siloxides due to their multiple
binding modes provide a route to heterobimetallic U, K com-
plexes." In particular we have recently shown that the neutral
homodimetallic ~ complex  [U(OSi(O‘Bu)s;),(u-OSi(O‘Bu);)],
(Scheme 1),”¢ the “ate” complex [K(18¢6)][U(OSi(O'Bu);),], 1,
and the heterodimetallic U, K complex [U(OSi(O‘Bu);),K], 2
(Scheme 2) reduce CO, leading to different reaction products.
Particularly remarkable is the observed effect of the presence
of the potassium site on the reactivity of 2 which highlights
the multimetallic cooperativity taking place in the reduction
of CO, by such heterodimetallic complex.'® Cooperative
binding of heteroallenes at polymetallic complexes provides
an attractive route for promoting their activation and
reduction.*1>:11:12

However, while the seminal work by Bianchini and co-
workers indicated that the presence of Lewis acid is important
to achieve CS, dimerization,® the effect of cooperative binding
of CS, at heterobimetallic sites, associating an electron-rich
metal with a main group Lewis acid has not been explored.

In view of the multimetallic cooperative effect observed in
CO, reduction for the U, K complex [U(OSi(O'Bu);),K], 2 we
have now explored its reactivity with CS, and compared it with
that of the “ate” complex 1. Here we show that complex 1
favors the reductive disproportionation pathway compared to
the reductive dimerization yielding trithiocarbonate as the
major product, while for the heterodimetallic complex 2 the
dimerization of CS, is the favored pathway affording the tetra-
thioxalate as the major product. We were able to isolate inter-
mediates presenting the CS, reaction products coordinated to
the resulting uranium(iv) centres but these products quickly
dissociate, laying the basis for kinetically accessible exchange
of substrates and products required in catalytic processes.

K(tet)
- [K(18eo)" 7
0si(0'Bu) Y
¢ 1atm. CO, 7N
2 —_— o /
(‘BuO)ssiO\“‘iu\ et (BUOSIOIN L g oip,
(BuO)siC] OSi(OBu) -co (BuO)s$i0 .
186 i/ -OSi(0'Bu),
1 &
)
~50%
+ [U(OSi(O'Bu)s)s]
u(Iv)
~50%
Si(0'Bu);
o
. )
(BUO)GSIO‘.‘/’//, 1atm O, i j—
N7, - o
(BUO)SIOM—05i(OBL), toluene  (BUOSIQT S
! o \
iy K.
(BuO)sSIC “0Si(0'Bu)

Scheme 2 Reaction of [K(18c6)][U(OSi(O'Bu)s),l, 1 (top) and of [U(OSi-
(O'Bu)s)4K], 2 (bottom) with CO,.
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Results and discussion

The reaction of the bulky and electron-rich tetrasiloxide
complex [K(18¢6)][U(0Si(O‘Bu)z)s], 1, with CS, (Scheme 3)
leads to the reductive cleavage of CS, affording trithiocarbo-
nate as the major product. The tetrathioxalate is also formed
as a by-product of this reaction. [K(18¢6)],C,S, can be isolated
from the reaction mixture after 30 minutes, but all C,S,> is
transformed into the C;Ss>~ dianion (dmitz’ = 1,3-dithiole-
2-thione-4,5-dithiolate) after 48 hours.

The 'H NMR and *C NMR spectra of the toluene crude
mixture from the reaction of 1 with one to four equivalents of
3¢S, for two days shows the presence of the U(iv) complex
[U(0Si(O'Bu);),] as the major product (65%). The *C NMR
spectra in deuterated pyridine or in DMSO of this reaction
mixture after toluene evaporation reveal the presence of free
3CS;" as the major species (resonance at +267.7 ppm'*). This
suggests that the thiocarbonate is released from uranium(iv)
intermediates in the presence of coordinating solvents. The
formation of **CS;>~ indicates that complex 1 promotes the
disproportionation of **CS, to *CS;*~ and **CS, but the high reac-
tivity of CS™ prevents its direct characterization. The >C NMR
spectrum of the reaction mixture shows also resonances at
roughly +146 and +203 ppm assigned to the '3C;S5>~
dianion."® The presence of dmit*~ is probably the result of the
reaction of the dimerization product *C,S,>~ with CS. The
reaction of *C,S,>~ with excess "*CS, could also contribute to
the formation of the *C;S5>~ dianion.'®'” A 3CS;%™: 3C;85*~
ratio of 10:1 was determined by quantitative carbon NMR
spectroscopy. The *CS;*:'°C;Ss*>” ratio is independent of
complex concentration, but varies with the number of equiva-
lents of *CS, added. Thus, complex 1 promotes both the
reductive disproportionation of CS, to CS;*~ and CS and the
reductive coupling of CS, to C,S,>~ with the reductive dispro-
portionation being the favoured pathway.

When the reaction of 1 with one equivalent of CS, in
toluene is followed over time by "H NMR spectroscopy (see
ESIt) it is evident that several uranium(v) intermediate
species, in addition to the [U(OSi(O‘Bu);),] complex, are
present in solution after 2 hours. After 48 hours only the

- [K(18c8)]* (1808)K—5——K(18c6)
0Si(0'Bu); X
168, 570N
('BuO)3SioV oSIO'E toluene . U——0Si(0'Bu);
(Bu0),SiO iOBWs | sominutes (1gy0),si0
1 3 OSi(0'Bu)s

1CS, 1) toluene, 2 days
cse | 2) DMSO

+[U(OSi(0'Bu)3)a]

(18c6)Kz

IT---

uosioswyd+ S <3

CS + Cas 4 “k(1806)

+ unidentified species
ratio CS3%: C3552 = 10: 1

Scheme 3 Reaction of [K(18c6)][U(OSi(O'Bu)s)4] 1 with CS.
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signals assigned to the [U(OSi(O‘Bu);),] complex are present in
the "H NMR spectrum. The presence of multiple reaction pro-
ducts and the labile coordination of the reduction products to
the uranium center (observed during the reactions work up)
renders the isolation of uranium complexes containing CS,
reduction products very difficult.

Thus, in order to isolate intermediate reaction species we
worked up the reaction mixture shortly after reacting 1
with CS,. Evaporation of the reaction mixture after reacting 1
with CS, for 30 minutes in toluene and extraction of the
residue with hexane allows the separation of the hexane
soluble species from an insoluble residue. The "*C NMR spec-
trum of this residue in deuterated pyridine before recrystalliza-
tion shows only the presence of one peak assigned to
[K(18¢6)],"*C,S,. The presence of the tetrathioxalate was con-
firmed by recrystallization from pyridine/hexane which pro-
duced dark-green crystals of {[K(18¢6)],C,S,}-Py, 4-Py, suitable
for X-ray diffraction studies. (The *C NMR spectrum of the
isolated crystals is shown in Fig. S3.t)

In spite of the fact that the major component of the hexane
extract even after 30 minutes is [U(OSi(O‘Bu);),], recrystalliza-
tion from toluene at —40 °C of the hexane extract afforded few
yellow crystals of the tetravalent uranium trithiocarbonate
species [U(OSi(O'Bu)s),(ps-k:k*:k>-CS3)K,(18¢6),], 3.

The *C NMR spectrum of the hexane extract (after solvent
evaporation) in deuterated DMSO shows the presence of
[K(18¢6)],'*CS; confirming that the latter is released from
complex 3 in DMSO.

The crystal structure of {[K(18¢6)],C,S.4}-Py, 4-Py is presented
in Fig. 1. The C,S,*~ unit lies on a crystallographically imposed
centre of symmetry and is coordinated to two [K(18¢6)]"
cations in a bridging x*:x* mode which, to our knowledge, has
not been reported before for this ligand. The C,S,>~ moiety
adopts a non-planar structure, with a torsion S2-C1S-C1SA-
S2A angle of 83.8(3)°. A similar feature is found in the related
[PPh,],[C5S4]"® and [NEt,],[C,S4]" structures. The central C-C
bond length and the C-S bond distances (C1S-C1SA 1.511(6)
A, S1-C1S 1.670(3) A and S2-C1S 1.679(3) A) are also in agree-
ment with the presence of a dianionic tetrathioxalate.*®

The structure of 3, set out in Fig. 2, shows the presence of a
uranium(wv) six-coordinated by the two S atoms of a trithio-
carbonate unit and the four oxygen atoms of four terminal

Fig. 1 Ellipsoid plot for {[K(18c6)],C,S4} crystallized from pyridine;
probability 50%. Hydrogen atoms and solvent molecules are omitted for
clarity.
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Fig. 2 Ellipsoid plot for [U(OSi(O'Bu)s)s (us_k2:k2%k2CSz)Ko(18c6),] 3
crystallized from toluene; probability 50%. Hydrogen atoms, methyl
groups and solvent molecules are omitted for clarity.

siloxide ligands. The trithiocarbonate unit bridges in a p;-k*:x%:*
fashion the uranium and two [K(18¢6)]" cations. Overall, the
metrical parameters for 3 and its neutral charge are in agreement
with a tetravalent oxidation state for uranium. Notably, the
average U-O bond distance (2.199(14) A) falls in the range of
those typically found for U(wv) siloxy systems.”***? The C-S bond
lengths are comparable (1.727(8), 1.709(9) and 1.706(8) A), and
are in agreement with an electronic delocalisation over the CS;>~
unit. These values are also similar to those found in other trithio-
carbonate complexes.**”’? Unfortunately, attempts to isolate
cleanly compound 3 failed in preventing further characterization.

Complex 3 is only the second example of an f-element
complex containing a coordinated trithiocarbonate ligand. In
complex 3, the thiocarbonate adopts a very different binding
mode from that found in the crystal structure of the previously
reported diuranium(iv) complex of a tripodal tris-aryloxide
ligand, where the trithiocarbonate bridges the two U(wv) ions in
a p-k*x*> mode.”” The terminal binding of the trithiocarbonate
to the U(wv) ion in complex 3 is probably the result of the sterical
demand of the four siloxide ligands combined in the presence
of potassium counterions stabilizing the mononuclear complex.

The reactivity of the “ate” tetrasiloxide complex [K(18¢6)]}-
[U(0Si(0'Bu);),], 1 with CS, differs from the one reported for
the less bulky, neutral analogue [U(OSi(OBu);),(p-OSi-
(O'Bu);)], where a CS,>~ bridged diuranium(v) complex was
obtained as a sole product. This shows the versatility of sil-
oxide ligands in tuning the reactivity of U(ur) complexes with
heteroallenes and the important effect of sterical demand and
charge on the outcome of the reaction.

In view of the presence of the K(18¢6)" cation binding the
uranium-bound trithiocarbonate in complex 3 and of its
potential role in stabilizing the thiocarbonate complex, we
decided to investigate the reactivity of the heterometallic U, K
complex 2 with CS, (Scheme 4).

This journal is © The Royal Society of Chemistry 2015
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(BuOXSIQ, 0Si(0'Bu)s
v,

7, 1Cs, ('BUO)3SiO, | WS, S
(‘8”0)38'O~U—Osi(O‘Bu)3 2 NS i S
K > | \q'/: S/\

/ toluene, 30min (‘BuO)glsj'O\
(BuO)sSIO L= OSi@BU)s
2 Ny
Y]

X CS, l 1) toluene, 2 days

»cst | 2)DMSO
+ [U(OSi(0'Bu))]

[U(OSi(O'Bu)3)a]

* KoCSs + KeCaSs + KoCsSs + unidentified species

ratio x=1 KyCS3:K;C,54: KCqSs =1:1.2:1
ratio x =4 K,CS3:K;C,5,: KCsSs =1:5.9:1

Scheme 4 Reaction of [U(OSi(O'Bu)s)4K], 2 with CS,.

The "H NMR spectrum immediately after the addition of
1 equivalent of »*CS, to a toluene solution of 2 reveals the for-
mation of a new paramagnetic species and [U(OSi(O'Bu)s),].
Following the reaction over time shows a decreasing amount
in the new paramagnetic species and after 48 hours the only
product observed in solution is [U(OSi(O‘Bu);)4]. The "*C NMR
spectrum of the reaction mixture (reacted for 30 minutes or
48 hours) measured in deuterated DMSO after the removal of
all volatiles shows the presence of free **CS;>7, **C,S,>~ and
C;S5>” in the ratio 1: 1.2 : 1. However, when the reaction is carried
out in the presence of excess CS, (4 equiv.) the *CS;*7, °C,S,>~
and "C;S;*~ compounds are formed in ratio 1:5.9: 1.

When the reaction mixture obtained from the reaction of 1
equivalent of CS, with 2 in toluene is evaporated, the recrys-
tallization of the residue from THEF, after separation of the
soluble by-products, affords the tetrathiooxalate potassium salt
in 65% yield. Recrystallization of this solid in DMSO layered
with toluene affords yellow crystals of [K,CyS,(DMSO);],, 5.
X-ray diffraction studies (Fig. S9 in ESIT) show the presence of
a 2D polymeric structure. Each C,S,”” ligand bridges three
potassium cations yielding a 1-D polymer chain. Two DMSO
molecules bridge two potassium cations from adjacent chains
to afford the 2-D polymeric structure. The central C-C bond
length and the C-S bond distances (C1-C3 1.496(3) A, $1-C1
1.700(2) A and $2-C1 1.671(2) A, S3-C3 1.678(3) A and S4-C3
1.686(2) A) are in agreement with the presence of a dianionic
tetrathioxalate."®

Attempts to isolate a uranium(iv) complex of the tetrathioxal-
ate ligand from the toluene reaction mixture were not success-
ful. However, evaporation to dryness of the toluene reaction
mixture 30 minutes after the addition of CS, to 2, and extrac-
tion with hexane of the residue resulted in the isolation of few
crystals of the U(iv) complex [U(OSi(O‘Bu);)4K»(C5S5)],,, 6 which
crystallizes as an infinite 1D polymer.} While the quality of the
structure is not sufficient to discuss the metrical parameter, it
clearly shows the atom connectivity. In the structure of 6, pre-

1 Unit cell parameters for 6-hexane: a, 24.370(4) A; b, 13.958(5) A; ¢, 25.659(5) A;
a, 90% f, 107.035(16)% y, 90°% unit cell volume 8345(4) A% formula,
C57H122K2016355i4U‘

This journal is © The Royal Society of Chemistry 2015
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O S5a

Fig. 3 Ellipsoid plot of the coordination environment of the uranium
center in the [U(OSi(O'Bu)s)4K5(C3Ss)l,, 6 polymer crystallized from
hexane; probability 50%. Hydrogen atoms, methyl groups and solvent
molecules are omitted for clarity.

sented in Fig. 3, the uranium center is hexacoordinated by the
four oxygens of the siloxide ligands and the two sulfur atoms
of the C3S5>~ ligand. Two potassium cations are bound in the
pockets formed by five oxygen atoms from the siloxide ligands.
The thione sulfur of the C;S5>~ ligand binds one of the potass-
ium cations of the adjacent complex yielding a 1-D chain. The
structure of 4 shows that the coordination environment pro-
vided by the siloxide ligands can adapt allowing the coordi-
nation of the dmit dianion to the uranium center. Dmit
complexes of transition metals have attracted considerable
attention due to their electrical conductivities.>>"*! However, to
the best of our knowledge dmit complexes of f-elements have
not so far been structurally characterized.

Moreover complex 6 provides the first example of a dmit
complex formed from the reduction of CS, by a metal
complex. The mechanism of formation of 6 remains unclear
although it should involve reductive dimerization of CS, as a
first step.

Thus, the presence of the bound potassium cation in the
heterometallic complex 2 leads to a different reduction
pathway being preferred in the reaction of the U(m) tetrasil-
oxide with CS, in toluene. Notably, the reaction affords prefer-
entially the reductive CS, coupling product tetrathiooxalate
rather than the reductive cleavage product, the trithiocarbo-
nate, found to be the major reaction product in the reaction of
1 with CS,. Future DFT studies should be performed to investi-
gate the mechanism of CS, reduction by complexes 1 and 2.

Several examples of U(m) mediated C-C coupling are
known’“** but only one example of the mediated U(m) reduc-
tive coupling of CS, has been reported to date.”

Concluding remarks

In summary the “ate” complex [K(18¢6)][U(OSi(OBu);)s], 1,
and the heterodimetallic U, K complex [U(OSi(O‘Bu);).K],
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2 both engage in the parallel reductive dimerization and reduc-
tive disproportionation of CS,. In these bulky systems the
reduction products are easily displaced from the uranium
coordination sphere by coordinating ligands, suggesting that
these systems might be well poised for the development of cat-
alytic cycles. This reactivity differs significantly from that pre-
viously observed for the analogous homoleptic tris-siloxide
complex [U(OSi(OBu);),(p-0Si(0‘Bu);)], which reduces CS, to
a CS,”>~ group that remains tightly bound to two U(wv) centers
in a bridging mode. Moreover, the presence of the bound
Lewis acidic potassium cation in the heterodimetallic U, K
complex leads preferentially to the reductive dimerization of
CS, while the reductive disproportionation pathway is favoured
by the “ate” complex [K(18¢6)][U(OSi(OBu);),]. The coordi-
nation of K" and [K(18¢6)]" in the structure of the isolated
complexes  [U(OSi(O'Bu)s)4(j13_CS3)K5(18¢6),] and [U(OSi-
(O"Bu)3)4K5(C3S5)], suggest that in both systems the alkali ion
plays an important, if different, role. Future studies will be
directed to elucidate the mechanism of CS, reduction in these
systems.

Experimental
General experimental procedures

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 level were always kept at less than 0.1 ppm.
Glassware was systematically dried in an oven overnight at
130 °C followed by 3 vacuum/argon cycles before use. Unless
otherwise noted, reagents were purchased from commercial
suppliers and used without further purification. The solvents
were purchased from Aldrich in their anhydrous form, con-
ditioned under argon and vacuum distilled from K/benzophe-
none (toluene and pyridine) or sodium dispersion (hexane)
and degassed by three freeze-pump-thaw cycles. DMSO was
dried over activated molecular sieves for one week. The deuter-
ated solvents were purchased from Eurisotop and prepared
identically. CS, was degassed by three freeze-pump-thaw
cycles and stored over molecular sieves. Depleted uranium turn-
ings were purchased from the “Société Industrielle du Com-
bustible Nucléaire” of Annecy (France). Complexes [K(18c6)]-
[U(0Si(0Bu);),4], 1°* and [U(OSi(O‘Bu);) K], 2'° were prepared
according to the published procedures. 'H and "*C NMR experi-
ments were carried out using NMR tubes adapted with J. Young
valves and the spectra were recorded on Bruker 200 MHz and
Bruker 400 MHz spectrometers. NMR chemical shifts are
reported in ppm with a solvent as an internal reference.
Caution: Depleted uranium (primary isotope 2**U) is a
weak a-emitter (4.197 MeV) with a half-life of 4.47 x 10° years.
Manipulations and reactions should be carried out in moni-
tored fume hoods or under an inert atmosphere glovebox in a
radiation laboratory equipped with a- and p-counting equipment.
Reaction of [K(18¢6)][U(0Si(0’Bu)s;),] (1) with CS,. 100 pL of
a 0.15 M toluene solution of CS, (0.015 mmol, 1 eq.) were
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added to a 2 mL suspension of 1 (25.0 mg, 0.015 mmol, 1 eq.)
in toluene to afford a red/pink solution. After 30 min stirring,
the solvent was removed in vacuo. The residue was extracted
with hexane to give a pink/red solution (A) and an insoluble
brown solid. The solid was recovered by centrifugation and
then dissolved in pyridine to give a brown solution; slow
diffusion of hexane into this pyridine solution produced deep
green needles of {[K(18¢6)],C,S,}-Py, 4-Py suitable for X-ray
diffraction (13% yield). "H NMR (200 MHz, pyridine-ds, 298 K):
5 3.58 (s, 24H, CH,-18¢6). "*C{'"H} NMR (200 MHz, pyridine-ds,
298 K): § 70.57 (s, CH,-18¢6), 248.45 (s, C,S,). *C{'H} NMR
(200 MHz, water-d,, 298 K): 6 70.00 (s, CH,-18c6), 251.03
(s, C2S4).

After removing all volatiles from the pink/red hexane extract
A the solid was dissolved in toluene and left standing at
—40 °C to afford crystals of [K(18¢c6)],[U(j-k":k*:k*CS;)(OSi-
(OBu)3)s] (3) suitable for X-ray diffraction. Unfortunately,
attempts to separate 3 from [U(OSi(O‘Bu),),] were unsuccess-
ful, preventing further characterization of this species.

The quantitative "H NMR spectrum recorded on a toluene
solution of 1 reacted with one equivalent of CS, for 30 minutes
after addition of an internal standard (naphthalene) shows the
formation of [U(OSi(O‘Bu);),] in 50% yield.

The quantitative "H NMR spectrum of the toluene reaction
mixture after two days shows the presence of the U(iv) complex
[U(0Si(0'Bu);),] as the major product (65%).

Quantitative *C NMR: 10.4 pL of a 0.64 M toluene solution
of *CS, (0.006 mmol, 1 eq.) were added to a 0.5 mL suspen-
sion of 1 (9.5 mg, 0.006 mmol, 1 eq.) in toluene to afford a
red/pink solution. **C NMR spectra in deuterated DMSO of the
reaction mixture after toluene evaporation show the presence
of free *CS;>~ as the major species, compared to **C;S5>” in a
10:1 ratio. Quantitative >*C NMR using naphthalene as an
internal standard shows the quantitative transformation of CS,
into the reduction products *CS;>~, and **C;S;>".

Reaction of [U{OSi(O‘Bu);},K] (2) with CS,

A - short reaction times. 30 pL (0.038 mmol) of a 1.25 M
toluene-dg solution of '*CS, were added to a solution of 2
(25.4 mg, 0.019 mmol, 2 eq.) in toluene-dg (0.5 mL) and stirred
for 30 minutes. All volatiles were then removed in vacuo. The
residue was suspended in hexane and the undissolved solid
was discarded. Pink/red crystals of [U(OSi(O‘Bu)3)sKx(C3S5)]n,
6 suitable for X-ray diffraction were isolated by letting this
hexane solution to stand for few days at room temperature.
Attempts to separate 6 from the other reaction products were
unsuccessful, preventing further characterization of this
species.

B - long reaction times. 30 pL (0.038 mmol) of a 1.25 M
toluene-dg solution of **CS, were added to a solution of 2
(50.8 mg, 0.038 mmol, 1 eq.) in toluene-dg (0.5 mL) to afford
an orange solution. After letting the solution stand at room
temperature for 2 days a few red crystals formed which were
identified by *C NMR as K,CS;. The "H NMR spectrum of the
toluene reaction mixture shows the presence of the U(w)
complex [U(OSi(OBu);)4] as the major product (66%). All the
volatiles were then removed in vacuo to afford a brown solid.

This journal is © The Royal Society of Chemistry 2015
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Recrystallization of this residue by slow diffusion of toluene
(4 mL) into DMSO (0.5 mL) affords [K,C,S4(DMSO);],, 5, as
yellow crystals suitable for X-ray diffraction. *C{'"H} NMR
(200 MHz, DMSO-ds, 298 K): 5 = 264.46 (s, C,S,).

An analogous reaction performed with a 1:2 ratio complex
2:CS, allows the isolation of the insoluble K,C,S,-5THF salt
(5 THFs confirmed from the *"H NMR spectrum in dmso-de) as
yellow crystals in 65% yield (a yield consistent with the
1:3.7:1 CS;%*7:C,S,%> :13C;385>” ratio obtained from the
quantitative ">C NMR spectra as indicated below).

The quantitative *C NMR spectrum recorded in deuterated
pyridine or in DMSO immediately after solvent evaporation of
a toluene solution of 2 reacted with one equivalent of CS,
shows the presence of free *CS;>, C,S,> and '*C;S;>” in a
1:1.2:1 ratio. The quantitative ">*C NMR spectrum recorded in
deuterated pyridine or in DMSO immediately after solvent
evaporation of toluene solutions of 2 reacted with two or four
equivalents of CS,, showing the presence of an increasingly
higher amount of free C,S,2~ compared to 130s;%” and
B3C48527. (A 1:3.7:1 3CS3: C,8,>7 : 13C,S5% ratio was found
for 2 equiv. CS, and a 1:5.9:1 for 4 equivalents.)

X-Ray crystallography

Diffraction data were taken using an Oxford-Diffraction XCalli-
bur S kappa geometry diffractometer (Mo-Ka radiation, graph-
ite monochromator, 4 = 0.71073 A). To prevent evaporation of
the co-crystallised solvent molecules, the crystals were coated
with light hydrocarbon oil and the data were collected at
150 K. The cell parameters were obtained with intensities
detected on three batches of 5 frames. The crystal-detector dis-
tance was 4.5 cm. The number of settings and frames has
been established taking into consideration the Laue symmetry
of the cell using CrysAlisPro Oxford-diffraction software.>* 503
for 4-Py, 508 for 3, 495 for 5 and 266 for 6 were collected for 1°
increments in @ with 150 s, 10 s, 50 s and 300 s, respectively,
exposure times. Unique intensities detected on all frames
using the Oxford-diffraction Red program were used to refine
the values of the cell parameters. Modelisation of the crystal
shape in CrysAlisPro software allows analytical absorption cor-
rection for 4-Py and 5. In the case of imprecise shape modeli-
sation, substantially redundancy in measured intensities
allows empirical multi-scan absorption correction for 3-4
toluene and 5. Space groups were determined from systematic
absences, and they were confirmed by the successful solution
of the structure. The structures were solved using Superflip
software,*® and refined with the Olex package.>” All non-hydro-
gen atoms were found by difference Fourier syntheses and
refined on F°. Hydrogen atoms were fixed in an ideal position
for 3-4 toluene, 4-Py and 5 and refined using a riding model.
In complex 3-4 toluene 835 restraints were applied: The methyl
distances, and all thermal coefficients of the toluene mole-
cules were restrained with SIMU instruction. The carbon
atoms of three toluene molecules (C151, C251 and C241) were
restrained to be planar with FLAT instruction. The thermal
coefficients of the carbon atoms of three toluene molecules
(C121, C151, and C251) were restrained to be closer to a

This journal is © The Royal Society of Chemistry 2015
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sphere with ISOR instruction. The thermal coefficients of the
carbon atoms of the toluene C251 were constrained to be
equal. The thermal coefficients of the following atoms of the
silanol ligands were restrained to be closer to a sphere with
ISOR instruction: O21B C30 C10B O1B 041 C10 C24 C27B
C30B C31B C46 C48 C50 C50B C52B C67 C70B C69B C71 C72
C72B C87 C88 O1 021 043 0O43B C5B C6B C7B C8B C9 C9B
C11B C12 C12B C29B.

The C9-C10 bonds of the tert-butyl group of a silanol
ligand were restrained to be symmetric with DELU instruction.

For structure 5 at position 000 a 169 A* empty space was
found where 30 electrons were modeled by SQUEEZE.*® The
quality of structure 6 is not sufficient for publication in
Cambridge Structural Database due to the poor quality of the
crystals.

Experimental details for X-ray data are given in Table S2.}
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Abstract: The preparation and characterization of a series of
complexes of the Yb and Eu cations in the oxidation state ||
and Il with the tetradentate N,O-donor tripodal ligands
(tris(2-pyridylmethyl)amine (TPA), BPA~ (HBPA = bis(2-pyridyl-
methyl)(2-hydroxybenzyl)amine), BPPA~ (HBPPA = bis(2-pyri-
dylmethyl)(3.5-di-tert-butyl-2-hydroxybenzyl)amine), and
MPA®~  (H,MPA = (2-pyridylmethyl)bis(3.5-di-tert-butyl-2-hy-
droxybenzyl)amine) is reported. The X-ray crystal structures
of the heteroleptic Ln** complexes [Ln(TPA)l,] (Ln=Eu, Yb)
and [Yb(BPA)I(CH,CN)],, of the Ln** homoleptic [Ln(TPA),l,
(Ln=Sm, Eu, Yb) and [Eu(BPA),] complexes, and of the Ln*"
[Eu(BPPA),JOTf and [Yb(MPA),K(dme),] (dme=dimethoxy-
ethane) complexes have been determined. Cyclic voltamme-
try studies carried out on the bis-ligand complexes of Eu®*"

and Yb*" show that the metal center reduction occurs at\
significantly lower potentials for the BPA™ ligand as com-
pared with the TPA ligand. This suggests that the more elec-
tron-rich character of the BPA™ ligand results in a higher re-
ducing character of the lanthanide complexes of BPA~ com-
pared with those of TPA. The important differences in the
stability and reactivity of the investigated complexes are
probably due to the observed difference in redox potential.
Preliminary reactivity studies show that whereas the bis-TPA
complexes of Eu** and Yb?>" do not show any reactivity
with heteroallenes, the [Eu(BPA),] complex reduces CS, to
afford the first example of a lanthanide trithiocarbonate
complex.

J

Introduction

The molecular chemistry of Eu**, Yb*>", and Sm?" has been
successfully used in a wide variety of applications and has af-
forded original reactivity."™ Furthermore, several examples of
activation of small molecules such as CO," CS,5“® and N,
by Ln** complexes have been reported. Because of the recog-
nized importance of steric and electronic factors in the control
of Ln?* reactivity,™9 the association of the high reducing abili-
ty of divalent lanthanides with a range of appropriate support-
ing ligands is crucial for establishing new Ln?*-mediated trans-
formations. Carbocyclic ligands“**® have been extensively
and successfully used as supporting ligands in divalent lantha-
nide chemistry. However, reactivity studies associating Ln?*
with  N,O-donor chelating ligands are less devel-
oped. 254262510 Trinodal polypyridyl ligands such as TPA!
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(Scheme 1) and tripodal aminophenolate ligands'? have been
largely used as supporting ligands in d-block chemistry but
they are rarer in f element chemistry.”>" Ln** complexes of
tripodal aminophenolates™ and of the TPA ligand"“%'¥ have
been reported and were shown to promote original stoichio-
metric and catalytic transformations."*"” In contrast, the com-
plexation of divalent lanthanides by the tris(2-pyridylmethyl)-
amine (TPA) ligand has never been explored. Moreover, only
a few examples of Ln*" complexes of tripodal aminobispheno-
lates have been reported."®'® Furthermore, although some of
these complexes demonstrated attractive catalytic activi-
ty'®1% 1% and the ability of activating organic molecules,"®
their reactivity with heteroallenes has not been investigated.

Recent results from our group show that electron-rich silox-
ide ligands can impart high reducing power to Ln?" ions (E,=
—1.56 V for Yb-siloxide, E,=—0.63V for Eu-siloxide vs. NHE),
with relatively high Ln**/Ln*" redox potential (E/ins/n2s
calcd for aqueous ions=—0.35V for Eu and=—1.15 for Yb vs.
NHE and E,,, measured=—0.05V (Ybl,), 0.49 V (Eul,) vs. NHE)
and promote unusual reactivity in homoleptic “ate” complexes
of the classical lanthanide ions Eu?*, Yb?* .59 |n the search for
new ligand systems capable of promoting a higher reactivity in
Eu’" and Yb?" complexes, in this work, we investigate the in-
fluence of tripodal tetradentate ligands of different charge
(Scheme 1) on the redox properties of the Eu*" and Yb*" ions
in homoleptic bis-ligand complexes.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Targeted N- and O-donor tripodal ligands.

The previously reported tripodal tetradentate ligands pre-
sented in Scheme 1, the neutral TPA (tris(2-pyridylmethyl)-
amine),"” the monoanionic BPA~ (HBPA = bis(2-pyridylmeth-
yl)(2-hydroxybenzyl)amine) and BPPA™ (HBPPA = bis(2-pyridyl-
methyl) (3.5-di-tert-butyl-2-hydroxybenzyl)amine) ligands,**2%
and the dianionic MPA?" ligand (H,MPA = (2-pyridylmethyl)-
bis(3.5-di-tert-butyl-2-hydroxybenzyl)amine),”” provide a series
of analogous ligands with different charge that allow us to in-
vestigate the effects of electronics on the stability and reactivi-
ty of divalent lanthanides. Here we report the first examples of
heteroleptic mono-ligand and homoleptic bis-ligand com-
plexes of TPA with Sm?", Eu?", and Yb*" ions. We also report
the synthesis and crystal structure of the [Eu'(BPA),] complex
and its reactivity with CS,. The redox properties of the bis-
ligand complexes of Eu** and Yb®" have been investigated for
all the tetradentate ligands presented in Scheme 1.

Results and Discussion
TPA complexes

The Ln*" heteroleptic mono-ligand complexes [Ln(TPA)I,] were
obtained by treating divalent lanthanide iodide salts Lnl, (Ln=
Sm?*, Yb?t, Eu?") with one equivalent of TPA in THF. Crystals
suitable for X-ray diffraction of [Yb(TPA)I,(CH;CN)J-(CH;CN), s
and of [Eu(TPA)(u-1)Il, were obtained by slow diffusion of diiso-
propyl ether into acetonitrile solutions of the Yb*" and Eu*"
complexes.

The complex [Yb(TPA)L,(CH;CN)]-(CH;CN), 5 crystallizes in the
triclinic space group P1. An ellipsoid diagram of the complex is
given in Figure 1 (top). The metal ion is seven-coordinated
with a distorted monocapped octahedron geometry by four ni-
trogen atoms of TPA, two cis coordinated iodide ions, and a ni-
trogen atom of an acetonitrile molecule. The coordination of
the acetonitrile is nearly linear, with an Yb-N21-C21 angle of
172.7(4)°. The triangular face N3, N2, N4 is capped by the N1
atom. The Yb—N,,.... bond (2.620(4) A) is longer than the aver-
age Yb—N,q4, bond (2.565(6) R). The complex [Eu(TPA)(u-I1,,
crystallizes as a dimer in the orthorhombic Pbca space group
(Figure 1, bottom). The europium ion is situated 1.2532(18) A
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above the plane defined by the N, .4, atoms. This value is
larger than that observed for the Yb*" in [Yb(TPA)l,(CH,CN)]
(1.087(2) A) because of the smaller ionic radius of the Yb?" ion
as compared with Eu**. These differences are probably respon-
sible for the observed nuclearity of the Yb and Eu complexes
in the solid-state crystal structure. The structure of the
[Eu(TPA)(u-)Il, has an inversion center in the middle of the
Eu2l2 core relating two Eu(TPA)(u-)l units. The europium
atoms are seven-coordinated, with a distorted monocapped
octahedron geometry, by the four nitrogens of the TPA ligand,
one terminal and two bridging iodide ligands. The ligand TPA
adopts an helical arrangement around the metal cation as
found in the in the Eu** complex [Eu(TPA)ICl;."*¥ The average
Eu—N,igy distance is 2.67(1) A and is significantly shorter than
the Eu—N, ... distance (2.748(3) A). Significantly shorter Eu—N
distances were found in the Eu** complex [Eu(TPA)ICI,"*¥ (Eu—
Nomine=2.612(1) A; mean Eu—N,4,=2.57(2) A) but the differ-
ence in bond lengths remains smaller that the difference in
jonic radii (0.2 A).?? The Eu—I distance is shorter for the termi-
nal iodide (Eu—I2=3.2888(3) A) than for the bridging ones (Eu-
11 3.3142(1) and 3.3111(1) A).

Figure 1. Ellipsoid diagram of the complex [Yb(TPA)I,(CH;CN)] (top) and
[Eu(TPA)(u-1)11, (bottom) (50% probability ellipsoids). Hydrogen atoms and
solvent molecules are omitted for clarity.

Because of the strong paramagnetism of the 4f electronic
configuration of Eu>*, an informative NMR spectrum could not
be obtained for the europium complexes. In contrast, the
"H NMR spectrum of the Yb*" complex in deuterated acetoni-
trile shows a set of 5 (with two signals overlapping) signals in
the diamagnetic region from 0 =4.0 to 8.8 ppm in agreement
with the presence of dynamically averaged C;, symmetric solu-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tion species. The [Eu(TPA),] and [Yb(TPA)l,] complexes are
stable both in the solid state and in acetonitrile solution. In
contrast, the [Sm(TPA)I,] complex is stable in the solid state
but decomposes rapidly in acetonitrile solution preventing fur-
ther characterization.

Thus, TPA has proven a suitable ligand for the synthesis of
stable heteroleptic complexes of the Eu" and Yb" cations.
Therefore, we also investigated the possibility of preparing ho-
moleptic 2:1 complexes of TPA.

The Ln*" homoleptic complexes [Ln(TPA),]l, (Ln=Sm, Yb,
Eu) have been obtained by treating the divalent lanthanide
iodide salts Lnl, (Ln=Sm?", Yb?>", Eu*") with two equivalents

of TPA in THF at room temperature (Scheme 2).
Q / \b

[Ln(TPA),]I,
Ln=Eu, Yb, Sm

[

NN
2 | ~ @ o, _HE
N N~
N
\%
TPA

Scheme 2. Synthesis of [Ln(TPA),]I,.

The isolated complexes were characterized by 'H NMR spec-
troscopy, X-ray crystallography, and elemental analysis. Because
of the very low solubility of these complexes in THF, crystals
suitable for X-ray diffraction were obtained by slow diffusion
of the ligand into a solution of Lnl, in THF (for Eu, Sm) or by
slow diffusion of DIPE into a concentrated solution of the com-
plex in acetonitrile (for Yb). The complexes [Sm(TPA),ll, and
[Eu(TPA),]I, both crystallize in the monoclinic centrosymmetric
P2,/c space group. The complex [Yb(TPA),]I, crystallizes in the
non-centrosymmetric monoclinic Cc space group. The two
complexes are isostructural and accordingly only the ellipsoid
diagram of [Sm(TPA),]** is given in Figure 2 (top).

In the [Ln(TPA),]*" complexes the metal cations are 8-coordi-
nated by the eight nitrogen atoms from the TPA ligands with
a distorted cubic geometry. The angle between the two square
faces is 1.46° in the Yb complex [Yb(TPA),ll,, whereas the two
faces are perfectly parallel (0°) in the [Sm(TPA),]l, and
[Eu(TPA),]l, complexes, resulting in a less distorted polyhedron.
The N—N distances defining the edges of the cube range from
2.77 to 3.48 A for [Sm(TPA),]l,, 2.77 to 3.45 A for [Eu(TPA),ll,,
2.65 to 3.38 A for [Yb(TPA),ll,, and the angles within the cube
described by the eight N atoms lie between 72.67 and 96.19°
for [Sm(TPA),]l,, 73.28 and 96.28° for [Eu(TPA),]l,, and 75.42
and 97.12° for [Yb(TPA),]l,. The value of the N-Ln-N (Lh=Sm,
Eu) trans angles is of 180° as required by the presence of an
inversion center symmetry in the [Sm(TPA),]l, and [Eu(TPA),ll,
complexes. The mean value of the Ln—N distances found for
pyridyl nitrogen are 2.69(2) A for [Sm(TPA),ll, 2.67(2) A for
[Eu(TPA),]l,, and 2.60(2) A for [Yb(TPA),]l,. The mean value of
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Figure 2. Ellipsoid diagram of [Sm(TPA),]** (top) (50% probability ellipsoids).
Hydrogen atoms and iodine counterion are omitted for clarity. (*=—x+1,
—y+1, —z+1). Ellipsoid diagram of the structures [Sm(TPA),]I, (bottom left)
and [Sm(TPA),]I; (bottom right), S and D; symmetric arrangement, respec-
tively. Hydrogen atoms and the iodine counterion are omitted for clarity.

the Ln—N distance found for the apical tertiary amine nitrogen
is 2.730(8), 2.727(3), and 2.65(2) A for the Sm, Eu, and Yb com-
plexes, respectively (Tables 1 and 2). Similarly to the previously
reported trivalent analogues,"* the Ln—N distances show
a linear increase with increasing ionic radii as expected in
a ionic bonding model and for ligands that can adapt well to
metals of different sizes. In the structures of the [Ln(TPA),]*"
complexes, the two ligands show opposite right- and left-
handed helical arrangement around the cation (Figure 2,
bottom left). This differs from the structure of the previously
reported Ln’" complexes [Ln(TPA),]l; (Ln=La’", Ce*", Nd*"),
[Eu(TPA),JOTE,"*@ and of the U*" [U(TPA),II,"* complex in
which both ligands have the same helical arrangement. Such
difference in the ligand arrangement is probably the result of
the larger ionic radius of the Ln** ions as compared with the
Ln** ones. Notably, the same difference is also observed be-
tween the structure of [Sm(TPA),]l, and that of the Sm®* com-
plex [Sm(TPA),]l; (Figure 2, bottom right) prepared according
to the procedure described for [Ln(TPA),]l; complexes.*® The
Ln—N distances found in the [Sm(TPA),]l; (Sm—pridine:
2.553) A and Sm—N,,..=2.59(2) A) are shorter than those
found in [SM(TPA),II, (SM—Nyigine = 2.69(2) A and SM—N,ine=
2.730(8) A), in agreement with the difference in the ionic radii
between Sm** (1.079 A) and Sm?* (1.27 A).2Z

The proton 'HNMR spectra of the [Ln(TPA),]l, complexes
(Ln=Sm*" and Yb?") in CD,CN shows the presence of one set
of signals with four resonances for the pyridyl protons and
a single resonance for the methylene protons both at room
temperature and at low temperature (283 K), in agreement
with the presence of dynamically averaged D;h symmetric so-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Selected average bond lengths [A] for Eu complexes.

the helical one found in bis-TPA
complexes (Figure 3). The

Bonds ETPAD,  [EW'(TPA),]  [EU'(BPA),] [EJ"(BPA),JOTF  [EU"(BPA)CS,)(dmso),] | 'HNMR spectrum of the com-
EuN,.e  274803) 273103) 2.83(5) 2.64(5) 2674(8) plex in CD,CN shows a set of
Eu—Nyyiay  2.67(1) 2.68(2) 2.749(9) and 2.88(1)  2.62(3) 2.61(1) very broad signals for the 18H
Eu-O - - 24103) 2.234(8) 2273(7) from =31 to —18 ppm.

The treatment of the divalent
Eul, salt with 2 equivalents of
the KBPA ligand in THF leads to

Table 2. Selected average bond lengths [A] for Yb complexes.

isolation of the neutral homolep-

tic Eu*™ complex [Eu(BPA),]
Bonds [Yb"(TPA)I,(CH;CN)] [YB'(TPA),1,] [Yb"(BPA)I(CH,CN)], [Yb"(MPA)K(dme),]
(Scheme 3). The complex has
Yb—N,ine 2.620(4) 2.65(3) 2.594(3) 2.448(16) very low solubility in THF but is
Yb—Niy gy 2.565(6) 2.68(2) 2.626(9) - . . o
Yb_O - - 2.346(3) 2.16(2) partially soluble in acetonitrile
and pyridine and is stable in the
three solvents for several weeks.
lution species in which all chelating arms of the TPA ligand are
equivalent. The complex [Sm(TPA),]l, is insoluble in THF and
unstable at room temperature in acetonitrile. After one day, :@
the color of the acetonitrile solution turned from blue green to oTf
yellow and only unidentified decomposition products were \ // \\
found in solution. THF/CH,CN
The complexes [Yb(TPA),ll, and [Eu(TPA),ll, are stable for %(OT; \):j
weeks in acetonitrile at room temperature. The higher solution i “
stability as compared with the Sm”>* analogue is in agreement 2 | \ N [Ln(BPA),]OTf
with the less negative Ln*"/Ln?" redox potential of Eu and Yb N Ln=Eu, Yb
ions (—0.35V and —1.15 vs. NHE, respectively) compared with T
that of Sm (—1.55 vs. NHE) and with the electrochemistry stud- KBPA \
ies carried out on the homoleptic complexes (see the electro- * Eulp O/\ ]@
chemistry section). l N\/b
To investigate how the charge and electron-donor character / 1 N\ J
N [Eu(BPA),]

of the ligand affects the redox properties and reactivity of Ln?"
ions, we have studied the complexation of Yb and Eu in the
oxidation state +1ll and +1I by the monoanionic tetradentate
ligands BPA~ and BPPA~ and by the dianionic MPA?~ ligands.
Because of their low solution stability, we did not attempt the
study of the analogous BPA~ and BPPA~ complexes of Sm?*

BPA complexes

The [Ln(BPA),JOTf complexes (Ln=Eu, Yb) were prepared in
situ for electrochemistry studies by treating the trivalent lan-
thanide salts [Ln(OTf);] with 2 equivalents of the KBPA ligand
in acetonitrile (Scheme 3). The Eu*" complex [Eu(BPA),]JOTf was
also prepared and characterized. Orange crystals suitable for X-
ray diffraction were obtained from a slow diffusion of diiso-
propyl ether (DIPE) into a THF solution of the complex.
[Eu(BPA),JOTf crystallizes in the monoclinic P2,/n space
group. The structure presents an octacoordinated europium
surrounded by two BPA ligands in a distorted dodecahedral
fashion (Figure 3, left). Similar values are found for the average
Eu—N,4 bond lengths (mean value =2.62(3) A) and the Eu—
N,mine distance (2.64(5) A). The mean value of the Eu—O distan-
ces is 2.234(8) A and fall in the range of Eu—Oppenoxide bONd
lengths reported in the literature.” The two ligands BPA wrap
around the Eu®" cation with a pincer arrangement rather than
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Scheme 3. Synthesis of [Eu(BPA),] and [Ln(BPA),]JOTf complexes.

The paramagnetism of the Eu>* ion leads to an uninformative
'H NMR spectrum. Suitable single crystals were obtained from
slow diffusion of hexane into a pyridine solution of the com-
plex. The X-ray diffraction studies show the presence of the
bis-ligand complex [Eu(BPA),], which crystallizes in monoclinic
system and P2,/n space group. The overall neutral charge is in
agreement with the presence of the Eu?" cation. The octacoor-
dinated europium is surrounded by two ligands in a distorted
cubic fashion (Figure 3, right). The two ligands wrap around
the metal ion in a geometry that brings the two oxygen atoms
from the phenolate arms side by side. In each ligand, one Eu—
Npyigy  distance is significantly shorter than the other:
2.755(3) A and 2.866(3) for the first ligand, 2.742(3) and
2.887(3) A for the second one. These distances are slightly
elongated as compared with the bis-TPA europium complex in
which the average Eu—N, 4, is 2.68(2) A. This is probably due
to the steric effect of the phenol arms. The average value of
the Eu—N, i 2.83(5) A is 0.1 A longer than the value found for

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Ellipsoid diagrams of [Eu(BPA),]* (left) and [Eu(BPA),] (right) (50%
probability ellipsoids). Hydrogen atoms and triflate counterion of [Eu(BPA),]
are omitted for clarity.

the bis-ligand complexes [Eu(TPA),]I,. The large lengthening of
the Eu—N and Eu—O (2.83(5) A) distances found in [Eu(BPA),] as
compared with the Eu*" analogue can be interpreted in terms
of the difference in ionic radii of the Eu®" and Eu’" cations
(0.19 A).”” The two ligands in the Eu?*" complex adopt the
same helical conformation leading to a chiral complex. Both
enantiomers AA and AA are present in the structure.

Attempts to isolate single crystals of the Yb*™ [Yb(BPA),]
complex failed because of the low stability of this species at
—40°C. Proton NMR studies of the reaction of Ybl, with two
equivalents of the KBPA ligand salt in THF at 233 K or at room
temperature shows the presence of a complicated mixture of
paramagnetic species. However, proton NMR studies of the re-
action of Ybl, with two equivalents of the KBPA ligand salt in
acetonitrile at 233 K show paramagnetic signals assigned to
the Yb>" [Yb(BPA),] " complex. Signals of intermediate diamag-
netic species are also observed immediately after mixing the
Ybl, and the ligand, but these species decompose even at
233 K. After one night at room temperature or at 233 K, the
THF and acetonitrile reaction mixture became deep blue. The
deep-blue color of the reaction mixture after complete decom-
position is suggestive of the presence of additional reaction
products, since the [Yb(BPA),]" complex is colorless. The for-
mation of [Yb(BPA),]™ could arise from a disproportionation re-
action of a Yb?" intermediate species to Yb>" and Yb® or from
solvent/ligand reduction. Notably, C—C coupling of aromatic
heterocycles by Yb?" complexes has been previously repor-
ted.Pd Attempts to isolate potential additional decomposition
products were not successful.
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These results indicate that the replacement of one pyridine
of the TPA ligand with a phenol group reduces significantly
the stability of the respective homoleptic Yb*" complexes as
compared with their Yb** analogues. The difference in stability
of the [Eu(BPA),] and of the [Yb(BPA),] complexes can be ex-
plained by the difference in redox potential between the two
cations (see the electrochemistry section).

However, the proton NMR spectrum in CD;CN of a solution
of Ybl, treated with one equivalent of BPA ligand shows the
presence of only one set of signals in the diamagnetic region,
in agreement with the formation of a stable heteroleptic Yb**
complex. Indeed, the complex [Yb(BPA)I(CH,CN)], (Figure 4)
crystallizes from a saturated acetonitrile solution in the P2,/n
space group. The crystals structure of the Yb*" mono-BPA
complex shows that the phenolate oxygen atoms of the ligand
BPA bridge two Yb?" ions, affording a dimer with an inversion
center in the middle of the YbOOYb diamond core (Figure 4).
The two Yb ions are heptacoordinated by three nitrogen and
two oxygen atoms from the BPA ligands, one nitrogen from an
acetonitrile molecule and one iodide with a distorted pentago-
nal bipyramidal geometry. The Yb—N,. distance (2.594(3) A)
and the average value of the Yb—N,q, distance (2.626(9) A)
are similar to those found for Yb—N,yie and Yb—N, 4, in the
[Yb(TPA)I,CH;CN] and [Yb(TPA),l,] complexes. The Yb—O dis-
tance is 2.346(3) A and falls in the range of bridging Yb—
Ophenorice distances reported in literature."

Figure 4. Ellipsoid diagrams of [Yb(BPA)I(CH,CN)], (50% probability ellip-
soids). Hydrogen atoms and solvent molecule are omitted for clarity.

These results suggest that, in spite of its more electron-rich
character as compared with TPA, the BPA ligand can be used
in the preparation of stable heteroleptic complexes of divalent
ytterbium. Future studies will be directed to investigate the re-
activity and catalytic activity of this compound.

BPPA complexes

The [Ln(BPPA),]JOTf complexes (Ln=Eu, Yb) were prepared in
situ for electrochemistry studies by treating the trivalent lan-
thanide salt [Ln(OTf);] with 2 equivalents of the KBPPA ligand
in acetonitrile (Scheme 4).

The Eu®" complex [Eu(BPPA),]OTf was also isolated and char-
acterized. The complex is partially soluble in THF but fully solu-
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Scheme 4. Synthesis of [Ln(BPPA),]JOTf complexes.

ble in acetonitrile. The '"H NMR spectrum of this complex in
CD,CN shows 34H broad and sharp signals in the range 6=
—15 to +23 ppm. The quality of the X-ray data collected for
the orange needles, obtained by a slow diffusion of hexane
into a pyridine solution of the complex, was good enough to
establish the overall structure and connectivity (Figure 5) but
insufficient to allow a discussion of the bond lengths.

Figure 5. Ellipsoid diagrams of [Eu(BPPA),JOTf (50% probability ellipsoids).
Hydrogen atoms, solvent molecules, disorder, and triflate counteranion are
omitted for clarity.

The crystal structure shows that the europium center is octa-
coordinated by two tetradentate BPPA ligands with a distorted
cubic geometry. The ligand arms are both in a helical confor-
mation presenting opposite rotation direction. This results in
an achiral complex. The overall monocationic charge of the
Eu’' complex is counterbalanced by the triflate anion. The
structure of the [Eu(BPPA),]JOTf complex shows that the pres-
ence of the bulky tert-butyl substituents do not prevent forma-
tion of homoleptic bis-ligand complexes.

MPA complexes

Proton NMR studies in CD;CN/THF of the reaction of the triva-
lent lanthanide salts [Ln(OTf);] (Ln=Eu, Yb) with 1 or 2 equiva-
lents of the K,MPA ligand show the formation of the bis-ligand
complex independently of the used stoichiometry (Scheme 5).

This suggests a strong preference of the MPA?~ for the for-
mation of 2:1 complexes, a behavior rarely encountered in co-
ordination chemistry®” but previously reported for Nd** com-
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Scheme 5. Synthesis of [Ln(MPA),K] complexes.

plexes of aminobis-phenolates.'”¥ The bis-ligand “ate” complex
[Yb(MPA),K] was isolated from the treatment of [Yb(OTf);] with
two equivalents of the K,MPA ligand in THF. The presence of
the tert-butyl groups renders the final complex very soluble in
non-polar solvents such as hexane. Colorless crystals suitable
for X-ray diffraction of the complex [Yb(MPA),K(dme),] were
obtained from a concentrated solution of the complex in
hexane/DME (30:1) at 233 K. The X-ray crystal structure
(Figure 6) shows that two MPA ligands bind to the Yb® ion,
but in the resulting complex the pyridine nitrogen atoms
remain non-binding with a Ln—N distance of 5.393(19) A.

Figure 6. Ellipsoid diagram of [Yb(MPA),K(dme),] (50% probability ellipsoids).
Hydrogen atoms, solvent molecules and methyl groups are omitted for clari-
ty. *=y, x, —z

As a result, the ytterbium center is only hexacoordinated by
two MPA ligands in a distorted octahedral fashion. The average
values of the Yb—O distance and of the Yb—N,,.. distance are
2.16(2) and 2.448(16) A, respectively, and are slightly shorter
than the Yb—O and Yb—N,i. average distances of the divalent
Yb complex [Yb(BPA)I(CH;CN)],. This is in agreement with the
shorter ionic radii of Yb" center (Table 2). A potassium cation is
also present in the structure, binding a phenolate oxygen from
each ligand with a K—O distance of 2.794(14) A. The K coordi-
nation sphere is completed by two DME molecules. The
"H NMR spectrum of [Yb(MPA),K] in CD,CN shows the presence
of paramagnetically shifted signals in the 0=-50 to
+186 ppm range, indicative of a Yb®>" metal center.
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Although X-ray suitable crystals of the [Eu(MPA),K] complex
were not obtained, the 'H NMR spectrum of a 1:2 solution of
Eul, and K,MPA in CD;CN only shows one set of paramagneti-
cally shifted signals in the 6 =—9 to + 10 ppm range.

'H NMR studies of the reaction of Ybl, with one equivalent
of K,MPA in THF at 233 K show the formation of a diamagnetic
species assigned to the [Yb(MPA)] complex (the Supporting In-
formation, Figure S.A.12). A broad, uninformative proton NMR
spectrum is obtained for the reaction of Eul, with one equiva-
lent of K;MPA in THF at 233 K, suggesting the presence of the
Eu?t ion. The neutral [Ln(MPA)] complexes are stable in THF at
room temperature, but the addition of small ligand excess
leads in both cases to the apparition of the paramagnetic sig-
nals of the Eu*" and Yb®' complexes. Stable mono-ligand
complexes of Yb?" with bulky aminobisphenolate (tBu sub-
stituents on the phenolate groups) containing a methoxy"®'*
or a dimethylamine arm"® have been previously reported and
proven to be active catalysts in the ring-opening polymeri-
zation of cyclic esters."®'®%% Attempts to isolate crystal of the
neutral [Ln(MPA)] complexes suitable for X-ray diffraction were
so far unsuccessful. However, NMR studies suggest that the
presence of a pyridyl arm does not lead to a decreased stabili-
ty of the mono-ligand Yb?* complexes as compared with the
methoxy and dimethylamino arms.

Treatment of the divalent Eul, salt with two equivalents of
K,MPA in THF at 233 K leads to the formation of intermediate
Eu’t species that decompose slowly to afford the Eu*t com-
plex [Eu(MPA),K] as identified by NMR spectroscopy. 'H NMR
studies of the 1:2 Ybl,/K,MPA reaction in THF at 233 K show
the immediate formation of the Yb>* complex [Yb(MPA),K],
which was also identified by X-ray diffraction studies. The for-
mation of the [Ln(MPA),K] compounds could arise from a dis-
proportionation process to afford the Ln®" bis-ligand com-
plexes and Ln® (not unambiguously identified), or from sol-
vent/ligand reduction.

The formation of a bis-ligand complex of Yb*>" has also been
observed for the reaction of the Ybl, or the [Yb{N(SiMe;),},]
precursors with tripodal aminobisphenolate ligands containing
a methoxide arm® or a dimethylamine arm."®

The presented results show that the replacement of two pyr-
idyl groups in the TPA ligand with two phenoxide groups pre-
vents the formation of stable homoleptic bis-ligand complexes
for both the Yb?" and Eu** ions.

To relate the stability properties of the described complexes
to their redox properties, cyclic voltammetry studies were per-
formed on the homoleptic complexes of the ligands TPA, BPA,
BPPA, and MPA.

Electrochemistry studies

Cyclic voltammograms were measured in acetonitrile on sam-
ples of the trivalent complexes [Yb(TPA),]JOTf; and [Eu-
(TPA),]OTf; (Figure 7) prepared in situ. These data clearly show
the quasi-reversible reduction of the metal center at E,,=
—1.11 Vand —0.41V versus Fc*/Fc, respectively. The cyclic vol-
tammogram of the Sm complex [Sm(TPA),]JOTf; prepared in
situ shows an irreversible reduction of the metal center at
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—1.7V versus Fc™/Fc (the Supporting Information, Fig-
ure S.C.2). The irreversible character of this event is in agree-
ment with the instability of the divalent Sm complex
[SM(TPA),I*" in acetonitrile. The cyclic voltammogram of the
free ligand (see the Supporting Information) confirms the ab-
sence of redox events at these potentials when the metal ions
are missing. The voltammogram of the free ligand also pres-
ents an irreversible oxidation feature at £,,=0.63 V, which is at-
tributed to the oxidation of the central tertiary amine. This
event is absent in the CV of [Eu(TPA),]JOTf. The coordination of
the amine to the metal center probably renders its oxidation
more difficult resulting in a shift of this wave from 0.63V to
higher potentials.

I(arb. units)

2.0 15 -1.0 0.5 0.0 05 1.0

E(V)vs. Fc*/Fc

Figure 7. Cyclic voltammogram for 4 mwm solutions of: a) [Eu(L1),]OTf;
b) [Yb(L1),]OTf in ~0.1 m [Bu,N][PF¢] acetonitrile solution at 100 mVs™' scan
rate.

To investigate the impact of the presence of phenolate
oxygen donors on the redox properties of their Yb?* and Eu®"
complexes, we studied the redox properties of the analogous
BPA and MPA complexes.

The cyclic voltammograms obtained in acetonitrile solutions
of the trivalent complex [Yb(BPA),]JOTf prepared in situ show
an irreversible reduction of the metal center at the very low
potential of —2.41V (vs. Fc*/Fc) close to the reduction of the
solvent (Figure 8b). This reduction does not become reversible
even at 1Vs™' scan rate, suggesting that a highly reactive
Yb?" species is formed. Notably, a shift to more negative po-
tentials of the metal center reduction process is observed for
both [Yb(BPA),JOTf and [Eu(BPA),]JOTf complexes as compared
with the TPA analogous complexes (from E, =-—1.17 to
—2.41V, that is, —1.24 V shift for Yb and from E,,=—0.48 to
—1.73V, that is, —1.25 V shift for Eu). The substitution of a pyri-
dine arm on TPA by an anionic phenolate arm on BPA ligand
renders the metal center significantly more electron-rich and
thus more difficult to reduce. As a result, the corresponding
Ln>* species are much more reductive.

Although the complexes [Yb(TPA),]JOTf, and [Eu(TPA),]OTf,
did not exhibit any oxidation process in the range 0.5-1V, the
voltammograms of the complex [Yb(BPA),JOTf and [Eu-
(BPA),]OTf show also an irreversible oxidation at 0.70 and
0.72 V, respectively, attributed to the oxidation of the phenol
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Figure 8. Cyclic voltammogram for 4 mm solutions of: a) [Eu(BPA),JOTf and
b) [Yb(BPA),]OTf in ~0.1 m [Bu,N][PF4] acetonitrile solution at 100 mVs™"
scan rate.

Table 3. Voltammetric data for Eu complexes (vs. Fc*/Fc).

Compounds Metal-based wave Ligand-based waves
E,c V] E. V] Epar V] Eper [V]
[Eu(TPA),]OTf, —0.46 —0.36 - -
[Eu(BPA),]OTf; —1.77 —1.66 0.72 -
[Eu(BPPA),]OTf, —~1.78 —~1.52 E,,=034 E,,=0.65

Table 4. Voltammetric data for Eu complexes (vs. NHE).

Compounds Metal-based wave Ligand-based waves
Epc VI Ep, V] Ear [V Eps V]
[Eu(TPA),]OTf,; 017 0.27 - -
[Eu(BPA),]OTf; —1.14 —-1.03 135 -
[Eu(BPPA),]OTf, —1.15 —0.89 E,;,=0.97 E,=128

Table 5. Voltammetric data for Yb complexes (vs. Fc*/Fc).

Compounds Metal-based wave Ligand-based waves
Eyc V] Epar V] Espy V]
[Yb(TPA),]OTf, =117 (Eyp=—-1.11) - -
[Yb(BPA),]OTf; —-241 0.70 -
[Yb(BPPA),]OTf, —240 E,,=034 E,,=0.64

Table 6. Voltammetric data for Yb complexes (vs. NHE).

Compounds Metal-based wave Ligand-based waves
Eoc V] Eoar V] Epax V]
[Yb(TPA),]OTf, —0.54 (E,;,=—0.48) - -
[Yb(BPA),]OTf, -1.78 1.33 -
[Yb(BPPA),JOTF; -1.77 E,;,=0.97 E =127

function on the BPA ligand, which is easier to oxidize than the
tertiary amine (see the Supporting Information).

A summary of the redox potentials is given in Tables 3 to 6.
To assess the effect of electron-donor substituents on the
redox properties of the [Yb(BPA),JOTf; and [Eu(BPA),]JOTf; com-
plexes, the redox properties of the complexes of the BPPA
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ligand containing electron-donor substituents on the pheno-
late arm were investigated.

The cyclic voltammograms of solutions of the trivalent com-
plexes [Yb(BPPA),JOTf and [Eu(BPPA),JOTf in acetonitrile
(Figure 9) show that the presence of the tert-butyl groups in
meta and para position of the phenolate arm in the BPPA
ligand does not affect significantly the reduction potential of
the lanthanide ions. Notably, the reduction potentials of both
[Yb(BPPA),JOTf  (E,,=—240V) and [EU(BPPA)JOTf (E,.=
—1.78 V) are similar to those of [Yb(BPA),JOTf (E,.=—2.41V)
and [Eu(BPA),]OTf (E,.=—1.77 V), respectively.

/(arb. units)

E(V) vs. Fc'/Fc

Figure 9. Cyclic voltammogram for 4 mwm solutions of: a) [Eu(BPPA),]JOTf and
b) [Yb(BPPA),]OTf in 0.1 m [Bu,N][PF] acetonitrile solution at 100 mVs™'
scan rate.

Two quasi-reversible oxidation events occur at E,,=0.34
and 0.65 V, which are attributed to the oxidation of the two
phenol groups in phenoxyl radicals stabilized by the tert-butyl
groups in the ortho and para positions. Such stabilization ex-
plains the reversibility of this oxidation process compared with
the irreversible oxidation of the BPA ligand in the analogous
[Yb(BPA),]JOTf and [Eu(BPA),]JOTf complexes.

The cyclic voltammograms obtained in acetonitrile or THF
solutions of the trivalent “ate” complexes [Yb(MPA),K] and
[Eu(MPA),K] prepared in situ do not present any redox event at
the metal center (the Supporting Information, Figure S.C.3).
These results suggest that the presence of four phenolate
oxygen donors shifts the redox potential significantly towards
lower values. The second cycle presents some small reduction
wave apparently linked to ligand oxidation processes. The
ligand-based redox processes are much more difficult to inter-
pret than are those of the analogous BPPA complexes.

Reactivity

A preliminary study of the reactivity of the isolated Ln*" com-
plexes with heteroallenes has been carried out. The Ln*" com-
plexes [Ln(TPA),]l, do not react with CO, or CS,. The [Eu(BPA),]
and [Eu(MPA),K,] complexes do not react with carbon dioxide.
In contrast, [Eu(BPA),] reduces CS,. When one equivalent of
3CS, was added to a THF suspension or a pyridine solution of
[Eu(BPA),], a color change from purple to red was observed.
Only the signals of the trivalent Eu complex [Eu(BPA),] " appear
in the "H NMR spectrum, probably due to the fluxional nature
of a putative [Eu(CS;)(BPA),]~ complex. Dissolution of the reac-
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tion mixture in deuterated DMSO leads to the release of the
free ligand BPA™ and to the appearance in the proton NMR
spectrum of an additional set of paramagnetic signals as-
signed to the thiocarbonate complex [Eu(BPA)(CS;)(dmso),]
(Scheme 6). Slow diffusion of toluene into a DMSO solution of
the reaction products lead to the isolation of the analytically
pure [Eu(BPA)(CS;)(dmso),] in 33% vyield. The structure of the
complex was confirmed by X-ray diffraction analysis. When one
equivalent of *CS, is added to a 1:1 solution of Eul, and KBPA
in pyridine, the formation of the [Eu(BPA),]" complex is ob-
served by proton NMR spectroscopy. However the 'H NMR
spectrum of the reaction mixture in deuterated DMSO does
not show the formation of the [Eu(BPA)(CS;)(dmso),]. This sug-
gests that, in this case, different products are formed from the
reduction of CS, that could not be identified.

%Q ses, _Pyridne  DMSO CN(\//b
/

[Eu(BPA)z]

o -BPA" S% S \\DMSO

~. \ ~cs" DMSO
[Eu(BPA)z] [Eu(BPA),(CS3)(DMSO),]

Scheme 6. Synthesis of [Eu(BPA)(CS;)(dmso),].

The structure [Eu(BPA)(CS;)(dmso),] (Figure 10) shows the
presence a trivalent europium ion surrounded by one BPA
ligand and a terminal thiocarbonate moiety. The coordination
sphere is completed by two DMSO molecules. The europium
center is octacoordinated in a distorted dodecahedral fashion.
The Eu—N,mines EU—Nyyigy, and EU—Opheno distances (2.672(6),
2.601(7), 2.588(7) and 2.588(7), and 2.272(5) A, respectively) are
very similar to those found in the Eu®" bis-ligand complex
[Eu(BPA),]OTf. The average Eu—S bond (2.88(1) A) falls in the
range of Eu—S distances previously reported for Eu** thiocar-
bamate complexes.”” The S—C bonds of the thiocarbonate
moiety, S1-C2 and S2—C2, measure 1.735(10) and 1.725(10) A,
respectively. The S3 atom is disordered between two positions.
The main position (55% occupancy) leads to a C—S distance of
1.748(15) A, the minor position (45% occupancy) leads to
a shorter C-S distance of 1.630(16) A. The C-S distances
remain in the range of previously reported trithiocarbonate
complexes. %"

There are two previous reports of trithiocarbonate com-
plexes containing f elements®? but the complex [Eu-
(BPA)(CS;)(dmso),] is the first example of a trithiocarbonate
complex containing a 4f element. Moreover, only three exam-
ples of CS, reduction by lanthanide complexes have been re-
ported before. The reduction of CS, by Eu?** and Yb?" tetrasil-
oxide complexes has been reported by our group® and was
found, by 3C NMR studies, to afford trithiocarbonate and tetra-
thioxalate products in different ratios depending on the Ln?*
ion. However, the CS, reduction products are quickly released
in the reaction media and no lanthanide-bound product was
isolated. Very different results were found for the reaction of
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Figure 10. Ellipsoid diagram of [Eu(BPA)(CS;)(dmso),] (50% probability ellip-
soids). Hydrogen atoms, disorder, and solvent molecules are omitted for
clarity.

formamidinato® and guanidinate® complexes of Sm** with
CS, These compounds were found to promote a C—S coupling
reaction affording the thioformyl carbonotrithioate, the
((SCSCS,)*) bridging ligand.

Conclusion

Complexation studies were performed with a series of tetra-
dentate tripodal pyridylamine and pyridylaminophenolate li-
gands for the lanthanide ions Eu and Yb in their oxidation
state Ill and Il. Stable mono ligand and bis-ligand complexes of
Eu’" and Yb?" were prepared and characterized with the neu-
tral tetradentate ligand TPA. The replacement of one pyridyl
group by a phenolate group in the ligand BPA™ leads to a de-
creased stability of the bis-ligand complex of Yb?" preventing
its isolation but the mono-BPA complex of divalent Yb can be
isolated and it is stable in acetonitrile solution. The bis-ligand
complexes of Eu*" and Eu®" with BPA~ were also isolated and
their solid-state structure was characterized. The neutral Eu**
complex [Eu(BPA),] is stable in acetonitrile solution. The re-
placement of two pyridyl groups by two phenolate group in
the ligand MPA?~ leads to a further decrease of the stability of
the bis-ligand complexes of Eu?* and Yb?", preventing their
isolation. Cyclic voltammetry studies carried out on the bis-
ligand complexes of Eu’" and Yb®" show that the metal
center reduction occurs at significantly lower potentials for the
BPA™ ligand as compared with the TPA ligands. No metal-cen-
tered redox event was observed in the used conditions for the
bis-MPA complexes, most likely because metal reduction
occurs at even lower potential. These studies show that the
successive replacement of pyridyl groups by phenolate groups,
leading to more electron-rich ligands, results in significant dif-
ferences in the reducing character of the lanthanide complexes
of TPA, BPA~, and MPA?" ligands. The important differences in
the stability and reactivity of the investigated complexes are
probably due to the observed difference in redox potential.
Preliminary reactivity studies show that, whereas the bis-TPA
complexes of Eu?" and Yb?" do not react with heteroallenes,
the [Eu(BPA),] complex reduces CS,, affording the first example
of a lanthanide trithiocarbonate complex. Future work will be
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directed to investigate the reactivity of heteroleptic Ln** com-
plexes of BPA~ and MPA2 with different substrates.

Experimental Section
General considerations

Unless otherwise noted, all manipulations were carried out at am-
bient 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 1 ppm.
Glassware was dried overnight at 130°C before use.

'HNMR experiments were performed using NMR tubes adapted
with J. Young valves. '"H NMR spectra were recorded on Bruker
200 MHz and 400 MHz spectrometers. NMR chemical shifts are re-
ported in ppm with solvent as internal reference.

Elemental analyses were performed under argon by Analytische
Laboratorien GMBH at Lindlar, Germany.

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 (hexane, pyridine, DIPE, DME, and THF).
Acetonitrile was heated at reflux on CaH, for 2 days prior to being
distilled. All reagents were dried under high vacuum for 7 days
prior to use. TPA was purchased from Aldrich and recrystallize from
Et,0 prior to use. 2-(3,5-Di-tert-butyl-2-hydroxybenzylaminome-
thyl)pyridine was prepared according to the published proce-
dure.”®

Syntheses

The ligand HBPPA®® was prepared according to the published pro-
cedure. The previously reported HBPA ligand®” was prepared in
78% yield with the same procedure® used for ligand HBPPA. The
previously reported ligand H,MPA?" was synthesized from 2-(3,5-
di-tert-butyl-2-hydroxybenzylaminomethyl)pyridine in 24 % yield ac-
cording to the literature procedure used for a similar system.?®
The proton NMR data are in agreement with those reported in the
literature. The potassium salts of all ligands were prepared accord-
ing to a published procedure.*® The complexes [Ln(TPA),]JOTf,
(Ln=Eu and Yb) were prepared in situ according to the published
procedure."*

KBPA: 'H NMR (200 MHz, [Ds]py, 298 K): 6=8.3 (d, 2H), 7.5-7.1 (m,
7H), 6.9 (dd, 2H), 6.5 (td, TH), 3.7 ppm (m, 6H).

KBPPA: HBPPA (1.1 g, 2.5 mmol, 1equiv) and potassium hydride
(0.11 g, 2.8 mmol, 1.1 equiv) were mixed in anhydrous THF (25 mL).
The reaction mixture was heated at reflux under argon for 12 h.
The mixture was then filtered to remove the excess of KH, the fil-
trate was taken to dryness and washed with hexane (10 mL). The
obtained solid was dried under vacuum for 2days to give
KBPPA(THF)o65 (0.9 g, 1.7 mmol, 68 % yield), in which the amount of
THF was determined by quantitative '"H NMR spectroscopy. 'H NMR
(200 MHz, [Ds]py, 298 K): 6=8.3 (d, 2H), 7.5-7.2 (m, 6H), 6.9 (dd,
2H), 3.9 (s, 2H), 3.8 (s, 4H), 1.8 (s, 9H), 1.5 ppm (s, 9H).

K,MPA: 'H NMR. "H NMR (200 MHz, [Dslpy, 298 K): 6=7.9 (d, 1H),
7.4-7.3 (m, 4H), 7.1 (d, 2H), 6.7 (t, 1H), 4.1 (s, 2H), 3.9 (brs, 4H), 1.7
(s, 18H), 1.4 ppm (s, 18H).

[Ln(TPA)I,] (Ln=Eu, Sm): Addition of a solution of TPA (20.9 mg,
0.071 mmol) in THF (1 mL) to a stirred solution of Lnl, (1 equiv) in
THF (1 mL) resulted in an orange suspension for [Eu(TPA)l,] and
a red-purple suspension for [Sm(TPA)L,]. After filtration, the residue
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was washed several times with THF and hexane and dried under
vacuum to yield [Eu(TPA)l,] as an orange powder in 90% vyield and
[Sm(TPA)I,] as a red-purple powder in 82% yield. Crystals suitable
for X-ray diffraction were obtained for Ln=Eu by slow diffusion of
DIPE into an acetonitrile solution of the complex. Elemental analy-
sis calcd (%) for [Eu(TPA)L,] (CsHsglsNgEu,): C 31.06, H 2.61, N 8.05;
found: C 31.11, H 2.75, N 8.18; elemental analysis calcd (%) for
[SM(TPA)L,(THF)5] (CigsHiosl,NgO0,5m): C 31.85, H 2.79, N 7.90;
found: C 31.84, H 3.4, N 7.96.

[Yb(TPA)L,]: Slow addition of a solution of TPA (11.3 mg,
0.039 mmol) in CH;CN (2 mL) to a stirred orange solution of [Ybl,]
(1 equiv) in CH;CN (2 mL) resulted in a dark-blue solution. After
stirring for 3 h, the reaction mixture was layered with DIPE. Big
dark crystals formed in three days and were collected by filtration
and dried under vacuum to yield [Yb(TPA)I,(CH;CN)y6l in 69 % vyield.
Crystals suitable for X-ray diffraction were obtained by slow diffu-
sion of DIPE into a CH,;CN solution of the complex. 'H NMR
(200 MHz, CD5CN, 298 K): 0=8.8 (s, 3H), 7.8 (t, 3H), 7.3 (d, 6H),
40ppm (s, 6H); elemental analysis caled (%) for [Yb-
(TPA)IL,(CH5CN)g6] (Cio5H105N46YD): C 31.09, H 2.69, N 8.69; found:
C 30.86, H 2.80, N 8.84.

[Ln(TPA),]JI, (Ln=Eu, Yb, Sm): Addition of TPA (20 mg,
0.068 mmol, 2 equiv) in THF (2mL) to a stirred solution of Lnl,
(1 equiv) in THF (2 mL) resulted in a color change (to dark red for
Ln=Eu, to green for Ln=Yb and to purple-violet for Ln=Sm). A
solid precipitates out of the solution after few minutes. After filtra-
tion, the solids were washed several times with THF and hexane
and dried under vacuum to yield [Ln(TPA),]l, as powder in 76%
yield. Crystals suitable for X-ray diffraction were obtained by slow
diffusion of a solution of TPA in THF into a solution of Lnl, in THF
(for Ln=Eu and Sm) and from slow diffusion of DIPE into an aceto-
nitrile solution of [Yb(TPA),]l,. "H NMR (200 MHz, CD,CN, 298 K): For
Ln=Yb: 6=7.9 (s, 6H), 7.5 (d, 6H), 7.4 (s, 6H), 6.9 (s, 6H), 4.2 ppm
(s, 12H); For Ln=Sm: 6 =23.8 (s, 6H), 11.5 (d, 6 H), 4.6-4.2 (m, 6H),
3.9-3.6 (m, 6H), —12.2 ppm (s, 12H); elemental analysis calcd (%)
for [EU(TPA),]l, (CseHselaNgEU): C 43.83, H 3.68, N 11.36; found: C
4353, H 3.85, N 11.44; calcd (%) for [Yb(TPA),]l, (CssHsel,NgYb): C
4292, H 3.60, N 11.12; found: C 42.54, H 3.70, N 11.26; calcd (%)
for [SM(TPA),]l, (CssHssl,NsSm): C 43.90, H 3.68, N 11.38; found: C
43.75, H 3.81, N 11.41.

[Eu(BPA),]JOTf: A white suspension of KBPA (118.2 mg, 0.34 mmol,
2 equiv) in THF (2mL) was added to a white suspension of
[Eu(OTf);] (103.2 mg, 0.17 mmol, 1 equiv) in THF (2 mL) and stirred
30 min. The reaction mixture turned yellow in few seconds and
a white precipitate formed (KOTf) that was filtered out. The result-
ing solution was layered with DIPE. Orange crystals formed in
2 days and they were filtered and dried under vacuum for 24 h
leading to 151.3 mg of [Eu(BPA),JOTf:(KOTf),; (0.16 mmol, 95%
yield). Orange crystals suitable for X-ray diffraction were obtained
by slow diffusion of DIPE into a THF solution of the complex.
'H NMR (200 MHz, [Ds]py, 298 K): 6 =30.6 (brs, 4H), 13.0-11.8 (brm,
12H), 2.0-1.0 (brm, 6H), —2.5 to —4.0 (brm, 8H), —15.7 (brs, 4H),
—182 ppm (brs, 2H); elemental analysis calcd (%) for [Eu-
(BPA),JOTF-(KOTfg; (Cao1Hs6NeOs3F535: 1Ko EW): C 50.57, H 3.91, N
9.05; found: C 50.62, H 3.88, N 9.14.

[Eu(BPA),]: A solution of Eul, (200.0 mg, 0.49 mmol, 1 equiv) in THF
(3mL) was added to a white suspension of KBPA (338.2 mg,
0.98 mmol, 2 equiv) in THF (6 mL), affording a red-brown suspen-
sion. After 1 h of stirring, the mixture was filtered. The brown solid
obtained was extracted in pyridine (4 mL) to remove Kl. The two
filtrates were combined, concentrated, and layered with hexane.
Brown crystals formed after one week, which were collected,
washed with hexane, and dried under vacuum for 24 h to yield
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318 mg of [Eu(BPA),] (0.42 mmol, 85% yield). Dark-brown crystals
suitable for X-ray diffraction were obtained by slow diffusion of
hexane into a pyridine solution of the complex. Elemental analysis
calcd (%) for [Eu(BPA),] (CigH36NgO,Eu): C 60.00, H 4.77, N 11.05;
found: C 59.61, H 4.74, N 10.95.

[Yb(BPA)I]: A white suspension of KBPA (0.051 mmol, 1 equiv) in
CH;CN (1.5mL) was added dropwise to an orange solution of
Ybl,(thf),; (0.051 mmol, 1 equiv) in CH,CN (1.5 mL) and stirred 18 h.
The resulting mixture turned dark green in few seconds. The mix-
ture was then concentrated to 2 mL and filtered. The filtrate was
layered with DIPE. A dark-green crystalline solid formed after 24 h.
The proton NMR spectrum shows the presence of only one set of
signals assigned to the [Yb(BPA)I(CH;CN)], complex. Unfortunately,
a satisfactory elemental analysis was not obtained because of the
co-crystallization of Kl, which we were not able to separate. X-ray
quality dark-green crystals of [Yb(BPA)I(CH,CN)],«(CH;CN),, were
obtained from a saturated solution of the complex in CH;CN
(24.3 mm). "H NMR (400 MHz, CD4CN, 298 K) 6=8.40 (d, 2H), 7.79
(t, 2H), 7.31 (d, 2H), 7.17 (d, 1H), 7.13-7.00 (m, 3H), 6.84 (d, 1H),
6.53 (t, 1H), 3.95-3.69 ppm (m, 6H).

[Eu(BPPA),]JOTf: A white suspension of KBPPA(THF)yes (93.3 mg,
0.18 mmol, 2 equiv) in THF (2 mL) was added to a white suspen-
sion of [Eu(OTf);] (55.6 mg, 0.09 mmol, 1 equiv) in THF (2 mL) and
stirred for 1 h. The resulting suspension turned orange in few sec-
onds. The solvent was then removed under vacuum and pyridine
(2 mL) was added to afford a deep orange suspension that was fil-
tered to partially remove KOTf. Complete removal of KOTf salt is
not possible due to the very similar solubility of the desired com-
plex and KOTf. The filtrate was layered with hexane to yield
96.1 mg of [Eu(BPPA),]JOTf-(KOTf),s (52% yield) as an orange solid.
X-ray quality orange crystals of [Eu(BPPA),JOTf were obtained by
slow diffusion of hexane into a pyridine solution of the complex.
'H NMR (200 MHz, [Dslpy, 298 K): =30.0 to —24.0 (broad signals
32H), 4.86 (s, 18H), —15.22 ppm (s, 18H); elemental analysis calcd
(%) for [Eu(BPPA),JOTF.[KOTf]5 (CsesHesNeOosF7.5S,5Kq5EU): C 47.91,
H 4.84, N 5.93; found: C 47.85, H 4.86, N 6.21.

[Yb(MPA),KI: A light-yellow solution of KMPA (54.9 mg,
0.08 mmol, 2 equiv) in THF (3 mL) was added to a suspension of
[Yb(OTf);] (24.8 mg, 0.04 mmol, 1 equiv) in THF (2 mL), affording
a pale-yellow suspension which was stirred for 4 h. The reaction
mixture was evaporated and the resulting solid was extracted with
hexane. The insoluble KOTf was removed and the colorless filtrate
was concentrated and let standing at —40°C. After 15 h, colorless
crystals formed that were washed with cold hexane and dried
under vacuum for 24 h to afford 42.5 mg of [Yb(MPA),KI[KOTf]y5
(0.03 mmol, 78% yield). Colorless crystals suitable for X-ray diffrac-
tion were obtained from a concentrated solution of the complex in
30:1 hexane/DME. 'H NMR (200 MHz, CD,CN, 298 K): 0=187.0-
148.0 (brm, 8H), 52.9 (brm, 4H), 43.3 (brs, 2H), 42.4 (brs, 2H), 27.7
(s, 2H), 26.4 (s, 2H), 6.2 (s, 18H), 4.8 (s, 18H), 1.6 (s, 4H), —7.6 (brs,
2H), —10.8 (bs, 2H), —43.9 (brs, 18H), —50.9 ppm (brs, 18H); ele-
mental analysis calcd (%) for [Yb(MPA),K][KOTf], 5
(Cy55H100N2040F0 650Ky 5YD): C 64.13, H 7.44, N 4.14; found: C 64.26,
H 7.37, N 4.15.

Reaction of Ybl,(thf),, with two equivalents of K,MPA: A light-
yellow solution of Ybl,(thf),, in [Dg]THF and a white suspension of
2 equiv of K,MPA in [Dg]THF were prepared separately and cooled
down to —40°C. The cold ligand solution was added to the cold
suspension of ytterbium iodide leading to a light orange suspen-
sion. The "H NMR spectrum of this reaction mixture show only the
presence of the signals assigned to the trivalent Yb complex
[Yb(MPA),K].
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[Eu(BPA)(CS;)(dmso),]: '>CS, (4.9 uL) was added to a pyridine solu-
tion of [Eu(BPA),] (0.081 mmol, 1 equiv). The solution turned from
red-brown to red. Then pyridine was removed under vacuum and
DMSO was added. Red crystals suitable for X-ray diffraction were
obtained from a DMSO solution of the reaction mixture layered
with toluene. [Eu(BPA)(CS;)(dmso),](DMSO),; was recovered (11 mg,
33%); elemental analysis caled (%) for  [Eu(BPA)-
(CS5)(dms0),1(DMSO)g 5 (Cye6H378N3043563Eu): C 38.85, H 4.63, N 5.11;
found: C 38.46, H 4.48, N 4.91.

Electrochemical methods

Cyclic voltammetry data were performed at room temperature in
an argon-filled glovebox as described above. Data were collected
using a Biologic SP-300 potentiostat connected to a personal com-
puter. All samples were 4 mm in complex with 0.1 m [BuyN][PF4]
supporting electrolyte in CH;CN solution. The experiments were
carried out with a platinum disk (d=1 mm) working electrode,
a platinum wire counter electrode, and an Ag/AgCl reference elec-
trode. Potential calibration was performed at the end of each data
collection cycle using the ferrocene/ferrocenium [(C;Hs),Fe] "
couple as an internal standard (E° =0.630 V/NHE).

The solutions of the trivalent complexes [Ln(TPA),]JOTf;;
[Ln(BPA),]JOTf; [Ln(BPPA),JOTf and [Ln(MPA),K] (Ln=Eu and Yb) for
voltammetric studies were prepared in situ by the addition of
2 equivalents of ligand to the corresponding LnOTf; salt.

X-ray crystallography

Diffraction data were taken using an Oxford-Diffraction XCallibur S
kappa geometry diffractometer (Moy, radiation, graphite mono-
chromator, 1=0.71073 A). To prevent evaporation of co-crystallized
solvent molecules, the crystals were coated with light hydrocarbon
oil and the data were collected at 150 K. The cell parameters were
obtained with intensities detected on three batches of 5 frames.
The crystal-detector distance was 4.5 cm. The number of settings
and frames has been established taking in consideration the Laue
symmetry of the cell by CrysAlisPro Oxford-diffraction software.®"
Unique intensities detected on all frames using the Oxford-diffrac-
tion Red program were used to refine the values of the cell param-
eters. The substantial redundancy in data allows empirical absorp-
tion corrections to be applied using multiple measurements of
equivalent reflections with the ABSPACK Oxford-diffraction pro-
gram.®" For, [Sm(TPA),Il, [Eu(TPA)I(uN],  [YB(TPA)]I,.(CHsCN);,
[SM(TPA), 115, [Yb(TPA)LCH,CNI-(CH,CN)ys, [Eu(TPA),]I,, [Eu(BPA),]OTF,
[Eu(BPA),]. For [Eu(BPPA),JOTf-Py,s, [Yb(MPA),K(dme),] determina-
tion of the crystal shape allowed an analytical absorption correc-
tion with ABSPACK Oxford-diffraction.®” Space groups were deter-
mined from systematic absences, and they were confirmed by the
successful solution of the structure. The structures were solved by
direct methods using the SHELXTL 6.14 package for [Sm(TPA),I,,
[Eu(TPA)I(D)],,  [YB(TPA),Jl+(CH,CN)s,  [Yb(TPA),CH,CNI-(CH,CN)ys,
[Eu(TPA),]I,, [Eu(BPA),JOTf, and by charge flipping method using
Superflip®? for [Sm(TPA),]l;, [Eu(BPPA),JOTf.Py,s, and [Yb(M-
PA),K(dme),]. All non-hydrogen atoms were found by difference
Fourier syntheses and refined on F>. For [Sm(TPA),]l, [Sm(TPA),lI;,
[Yb(TPA),ll,-(CH,CN)s,  [YB(TPA)L,CH,CNI{(CH,CN),s,  [Eu(BPPA),]-
OTf-Py,s, and [Yb(MPA),K(dme),] hydrogen atoms were fixed in
ideal position and refined with a riding model. All hydrogen atoms
were found by Fourier synthesis and isotropically refined for
[Eu(TPA),]I,, [Eu(TPA)I(u)],, [Eu(BPA),], and [Eu(BPA),JOTf. For [Eu-
(BPPA),]JOTf-Py,s data reduction were driven taking in account
a twin law with two components (62 and 38%) and the structure
was solved with the concatenated hkif5 file. For [Yb-
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(MPA),K(dme),], a squeeze treatment was applied, modeling an
electron number corresponding with a DME molecule. For the [Eu-
(BPA)(CS,)(dmso),](dmso) structure, the diffraction data were mea-
sured at low temperature [100(2) K] using Moy, radiation on
a Bruker APEX Il CCD diffractometer equipped with a kappa geom-
etry goniometer. The data sets were reduced by EvalCCD"®* and
then corrected for absorption.*” The solution and refinement was
performed by SHELX.®* The crystal structure was refined using full-
matrix least-squares based on F* with all non-hydrogen atoms an-
isotropically defined. Hydrogen atoms were placed in calculated
positions by means of the “riding” model. Additional electron den-
sity found in the difference Fourier map (due to highly disordered
solvent) was treated by the SQUEEZE algorithm of PLATON.®Y
Anion CS;*~ and DSMO molecules (bound and free) showed high
disorder and were treated by means of the split model and by ap-
plying some restraints to their thermal parameters (SIMU card). A
tough constraint was applied to the adp’s of C22A and C22B
(EADP card).

Experimental details for X-ray data collections of all complexes are
given in Table S.B.1. (Supporting Information). Crystallographic
data have been deposited for the 12 structures with the Cam-
bridge Crystallographic Data Centre. CCDC 1402199 ([Eu(BPA)2]),
1402200 ([Eu(BPA),JOTf), 1402201 ([Eu(BPA)(CS;)(dmso),l(dmso),
1402202 ([Eu(BPPA),JOTF-Py, ), 1402203 ([Eu(TPA),]I,), 1402204 ([Eu-
(TPA)I(uN1,), 1402205 ([Sm(TPA),]L,), 1402206 ([Sm(TPA),]l;), 1402207
([Yo(MPA),K(dme),]), 1402208  ([Yb(TPA),]I,-(CH,CN),), 1402209
([Yb(TPA)I,CH;CNI-(CH;CN),5) and 1404893 ([Yb(BPA)I-
(CH;CN)1,(CH5CN)) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre.
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Synthesis and reactivity of a terminal uranium(iv)
sulfide supported by siloxide ligandsf

Julie Andrez, Jacques Pécaut,” Rosario Scopelliti,® Christos E. Kefalidis,
Laurent Maron,® Michael W. Rosenzweig,® Karsten Meyer® and Marinella Mazzanti*®

The reactions of the tetrasiloxide U(i) complexes [U(OSi(O'Bu)s)4K] and [U(OSi(O'Bu)s)41[K18c6] with 0.5
equiv. of triphenylphosphine sulfide led to reductive S-transfer reactions, affording the U(v) sulfide
complexes [SU(OSI(O'Bu)s)4Kzl,, 1, and {SU(OSI(O'Bu)s)4Ka}o(11-18¢6)], 2, with concomitant formation of
the U(v) complex [U(OSi(O'Bu)s),l. Addition of 1 equiv. of 2.2.2-cryptand to complex 1 resulted in the
isolation of a terminal sulfide complex, [SU(OSi(O'Bu)s)4K][Kcryptand], 3. The crucial role of the K* Lewis
acid in these reductive sulfur transfer reactions was confirmed, since the formation of complex 3 from
the reaction of the U(i) complex [U(OSi(O'Bu)s)sl[Kcryptand] and 0.5 equiv. of PPhsS was not possible.
Reactivity studies of the U(iv) sulfide complexes showed that the sulfide is easily transferred to CO, and
CS; to afford S-functionalized products. Moreover, we have found that the sulfide provides a convenient
precursor for the synthesis of the corresponding U(iv) hydrosulfide, {[(SH)U(OSi(O'Bu)s)41[K18c61}, 5, after
protonation with PyHCL. Finally, DFT calculations were performed to investigate the nature of the U-S
bond in complexes 1, 3 and 5. Based on various analyses, triple-bond character was suggested for the
U-S bond in complexes 1 and 3, while double-bond character was determined for the U-SH bond in
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Introduction

Actinide complexes containing terminal oxide, sulfide or nitride
ligands involved in multiple bonding with actinide ions are of
high current interest, due to both their electronic structures and
potential applications in atom transfer chemistry and catal-
ysis.*™* Though still considerably less numerous than
complexes containing bridging oxo or uranyl (UO,™") groups,
the number of well-characterized terminal uranium oxo
complexes has been rapidly increasing in recent years.>>">'* In
contrast, the majority of attempts to prepare terminal sulfides
have resulted in the formation of di-uranium sulfide-bridged
complexes'’~>* or mononuclear disulfide complexes'®** because
of the nucleophilic character of the terminal sulfide. Such
nucleophilic character has been demonstrated by reactivity
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studies of a bridging sulfide with heteroallenes, leading to
thiocarbonates.**?*

Chalcogenide complexes of actinides are also attracting
increasing interest because of their importance in energy-
related research. Additionally, the nature of the bonding
between hard actinides and soft donor atoms and especially the
involvement of f-orbitals in these bonds are of great relevance
for academia and industry.>**” Notably, the efficiency of sulfur-
containing ligands in the selective extraction of actinides from
spent nuclear fuel®® has been attributed to the presence of
covalent An-S interactions, which remains a source of
debate.** However, to date, only one ligand system has been
reported that enabled the isolation of a terminal uranium
sulfide.’®** Hayton and co-workers succeeded in synthesizing
the terminal U(wv) sulfide complex [US(NR3);] (R = SiMe;) by
disfavouring the formation of bridging sulfide complexes with
an ylide capping group during sulfur transfer from Sg.'® The
same complex was also prepared by cleavage of a trityl pro-
tecting group.®® A sodium-capped uranium mononuclear
sulfide was also reported (with Cp* as a supporting ligand) that
was isolated from the reduction of the thiolate [Cp*,U(S‘Bu),]
with Na/Hg amalgam.*® While bulky ligands are usually used in
transition metal chemistry to prevent the formation of bridging
oxides and sulfides, this approach has not been successful so
far in the preparation of a terminal uranium sulfide complex.

Recently, our group reported the synthesis of a terminal U(v)
oxo complex, [UO(OSi(0O'Bu);),K], via cooperative two-electron

This journal is © The Royal Society of Chemistry 2016
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reduction of carbon dioxide by the bulky heterobimetallic ura-
nium(m) complex [U(OSi(O‘Bu);),K]."* Herein, we report the
stabilization of a terminal uranium sulfide species by the bulky
ligand environment created by four siloxide groups. Moreover,
we found that sulfur transfer from the two-electron oxidizing
agent Ph;PS to the highly hindered uranium centre is favoured
by the presence of the Lewis acid K'. The reactivity of this U(iv)
sulfide with different substrates was also investigated. Addi-
tionally, the bonding analysis of the terminal sulfide complex
and of the potassium-bound sulfide complex revealed triple-
bond character. Most importantly, calculations highlight that
the participation of the f-orbitals in the bonding is indeed low.

Results and discussion
Syntheses and molecular structures of uranium(v) sulfides

With the goal of preparing a terminal sulfide complex, the bulky
U(m) complex [U(OSi(O'Bu);)4K] (Fig. 1, left) was reacted with
elemental sulfur. This reaction led to multiple oxidation prod-
ucts, regardless of the applied stoichiometry (0.125 eq. or
0.25 eq. of Sg). The "H NMR spectra of the crude reaction
mixtures show several resonances that are in agreement with
the presence of multiple products. Among these products, we
were able to crystallographically characterize a dimeric U(w)
persulfide complex, [(S,)U(OSi(0'Bu);),K,],, and a dimeric
tris(siloxide) U(iv) complex, {[UK(OSi(O'Bu)s);]o(1-S2)(1-S3)}
containing both disulfide and trisulfide ligands (see ESIY).
These results show that it is impossible to control the reaction
stoichiometry by using elemental sulfur; thus, Ph;PS was used
as the sulphur transfer agent.

The reaction of 0.5 equivalents of Ph;PS with a brown solu-
tion of [U(OSi(O'Bu);),K] in toluene afforded a green solution
from which the uranium(iv) sulfide complex [SU(OSi(O'Bu)s),-
K]z, 1 (Scheme 1), was isolated analytically pure with yields up
to 62%. Proton NMR studies reveal that complex 1 is formed
with similar conversion rates when [U(OSi(OBu);),K] is reacted
with 1 or 0.5 equivalents of Ph;PS. The formation of 1 is
accompanied by the formation of the uranium(wv) tetrasiloxide
complex [U(OSi(O‘Bu);),4],*” which was identified by NMR spec-
troscopy. The reaction of the U(ur) complex [U(OSi(O‘Bu);)4K]
with the two-electron oxidizing agent Ph;PS led to two different
U(wv) products rather than one U(v) species. This is due to the
fact that U(m) complexes favour one-electron redox reactions to
attain the thermodynamically more stable U(wv) ion. In this
reaction, each Ph;PS oxidizes two U(u) complexes to U(iv) and
transfers the sulfur atom to one of the two tetrasiloxide

(BuO):SIQ, OSi(OtBu); [K1 8c6]
s U'-0Si(0'Bu) \---llJ'“
! s (tBu0)SiO™ \OSKO‘BU)3
(1BuO),SiC (tBu0)zSiO
[U(OSi(OtBu)3)4K] [U(OSi(OtBu)3)4][K18¢6]
Fig. 1 Drawing of complexes [U(OSi(O'Bu)s)4Kl (left) and

[U(OSi(OBu)3)4lIK18c6] (right).

This journal is © The Royal Society of Chemistry 2016
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+
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| )
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(BuO)Si—° ? QSi(O(Bu)3
i(OtBu),
+
U(OSi(OtBu)g)s

Scheme 1 Synthesis of U(v) terminal and potassium-capped sulfide
complexes.

complexes, generating the U(v) sulfide complex 1. Green single
crystals of 1-toluene were obtained from the crude reaction
mixture at room temperature.

Complex 1-toluene crystallized as a dimer in the centro-
symmetric, triclinic space group, P1. The solid-state structure of
complex 1 (Fig. 2) shows that two [SU(OSi(O'Bu);),K,] moieties
are bridged by two potassium cations, capping the sulfides to
yield a dimer. Two potassium cations (each one also bound to
a O'Bu group) and the two sulfides form an SKSK diamond core
around the inversion centre. The second potassium ion of the
asymmetric unit is located in an O6 coordination pocket formed
by three siloxide ligands. The five-coordinate uranium centre is
ligated by four oxygen atoms of the siloxide ligands and one
sulfide. The coordination geometry can best be described as
distorted trigonal bipyramidal. The U-S bond length (2.5440(8)
A) is significantly longer than those found in the previously
reported sodium- or potassium-capped U(wv) sulfide complexes
(2.4805(5)-2.4463(6) A),**® probably due to steric hindrance.
The S1-K2 bond length of 3.0455(12) A is comparable to those

Fig. 2 Thermal ellipsoid diagram of [SU(OSI(O'Bu)s)4Kol, (1) (50%
probability ellipsoids). The methyl groups and lattice solvent molecules
are omitted for clarity.

Chem. Sci,, 2016, 7, 5846-5856 | 5847



Open Access Article. Published on 10 May 2016. Downloaded on 06/10/2016 12:50:26.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

fec)

Chemical Science

found in the U(wv) complex [K(18¢6)][U(S)(NR;);] (R = SiMe3)
(3.0684(8) A and 3.1551(8) A),* in which the sulfide is capped by
the K(18¢6)" cation. The average U-Ogjjoxiqe bond length (2.22(1)
A) falls in the range of U-O bond lengths reported for uraniu-
m(1v) siloxide complexes.'**"-*

The "H NMR spectrum of crystals of 1 in deuterated toluene
shows a very broad signal between 3 and 1 ppm, in agreement
with the presence of a fluxional behaviour of the siloxide ligands
in solution. Decreasing the temperature down to 233 K did not
lead to a fully resolved spectrum. Complex 1 is stable in the
solid state at room temperature but slowly decomposes in
toluene at room temperature, leading to the formation of
[U(OSi(O'Bu);),], free ligand and unidentified species (decom-
position products are observed after 24 hours). Complex 1 can
be isolated analytically pure from toluene due to its lower
solubility compared to [U(OSi(O‘Bu)s),].

In order to identify the role of the potassium cation in the
stabilization of the U(wv)-S species, and to prepare a terminal
sulfide, complex 1 was reacted with 18c6 and 2.2.2-cryptand.
The addition of 1 equivalent of 18c6 to 1 in toluene led to the
formation of [{SU(OSi(O'Bu);)sKy,},(1-18¢6)], 2, containing
a U(v)-S group capped by a K(18¢6)" ion.

Blue-green single crystals of 2 were obtained from a toluene
solution of the reaction mixture at 233 K. 2-tol crystallized in
the centrosymmetric, monoclinic space group, P2,/n. In the
structure of 2, a 18c6 bridges two [SU(OSi(O‘Bu);),K,] units to
yield a dimer with the inversion centre located in the middle of
the crown ether (Fig. 3). The coordination environment of the
U(w) ion in 2 is very similar to that found in 1. In contrast, the
US,K, core present in the structure of 1 is disrupted by the
presence of the bridging 18c6. Each potassium cation capping
the sulfides in 2 is also bound to two O‘Bu groups from a sil-
oxide ligand and to four oxygen atoms of the bridging crown
ether. Thus, the crown ether is coordinated to two different
potassium cations, and adopts a non-planar conformation.

The U-S distance (2.534(2) A) in 2 is similar to that found in
complex 1, indicating that the presence of the crown ether
coordinated to the potassium cation does not significantly
affect the U-S bonding interaction. The S1-K2 bond length
(3.128(3) A) in 2 is slightly elongated compared to 1 because of
the presence of the crown ether (Table 1).

Fig. 3 Thermal ellipsoid diagram of [{SU(OSi(O'Bu)s)4Ko}a(1-18c6)]
(2-tol) (50% probability ellipsoids). Methyl groups and lattice solvent
molecule are omitted for clarity.

5848 | Chem. Sci, 2016, 7, 5846-5856
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Table 1 Selected bond distances for complexes 1, 2, 3 and 5 (in A)

Structural parameters  1-tol 2-tol 3-hex 5-tol
U-S 2.5440(8)  2.534(2) 2.5220(14) 2.834(3)
S-K 3.0455(12) 3.128(3) — 3.229(5)
AV. U-Obridging 2.22(1) 2.22(2)  2.26(2) —

AV. U=Orerminal — — 2.197(4) 2.15(3)

Complex 2 can also be prepared by the reaction of 0.5 or 1
equivalent of Ph;PS with the U(m) complex [U(OSi(O‘Bu)s),]
[K18c6] (Fig. 1, right)*” in toluene for 12 hours.

The '"H NMR spectrum of 2 in deuterated toluene features
two signals for the siloxide ligands at —0.9 ppm and —10.3 ppm,
respectively, with an integration ratio of 1 : 3. This is in agree-
ment with the presence of a C;-symmetric species and a flux-
ional binding of the potassium cation in solution.

The solid-state structure of 2 shows that the addition of
crown ether to complex 1 does not prevent the binding of
potassium to the U(v)-S. The addition of excess crown ether
does not afford a more symmetric solution species, indicating
that the binding of the potassium cannot be prevented by crown
ether in solution.

In order to inhibit the coordination of potassium to the
sulfide, we resorted to the use of 2.2.2-cryptand.

The addition of 1 equivalent of cryptand to a solution of 1 in
toluene (Scheme 1) afforded the U(v) terminal sulfide complex
[SU(0Si(0Bu);),K][Keryptand], 3.

Green single crystals of 3 were obtained from hexane at room
temperature. Complex 3-hex crystallized in the centrosym-
metric, triclinic space group, P1, as a separated ion pair, con-
sisting of the [Keryptand]* cation and the [SU(OSi(O'Bu);),K]~
anion (Fig. 4). In 3, the five-coordinate uranium ion is ligated by
four siloxide ligands and a terminal sulfide, giving a distorted
trigonal bipyramidal coordination geometry. One potassium
atom remains encapsulated in the O6 pocket made by three
bridging siloxide ligands. The U-S bond length in 3 (2.5220(14)
A) is comparable to the U-S bond distance in complex 1
(2.5440(8) A) (Table 1). This indicates that potassium binding
and dimer formation only lead to a slight lengthening of the
U-S bond. The U-O bond length is 2.197(4) A for the terminal
siloxide oxygen, while the average for the three UK-bridging

Fig. 4 Thermal ellipsoid diagram of [SU(OSI(O'Bu)s)4Kl[Kcryptand]
(3-hex) (50% probability ellipsoids). Methyl groups and lattice solvent
molecule are omitted for clarity.

This journal is © The Royal Society of Chemistry 2016



Open Access Article. Published on 10 May 2016. Downloaded on 06/10/2016 12:50:26.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

fec)

Edge Article

siloxide ligands is 2.26(2) A, which is in the range of previously
reported U-Ogjjoxige bond lengths.'*37-4¢

The "H NMR spectrum of 3 in deuterated toluene shows two
signals (ratio 1 : 3) for the siloxide ligands, in agreement with
a Cz-symmetric species in solution within the NMR timescale.
This suggests the presence of a unique chemical environment
for the three siloxide ligands that compose the equatorial plane
giving rise to one signal and one environment for the siloxide
trans to the U=S giving rise to the second signal. This can be
interpreted in terms of a fluxional binding of the potassium
cation. Three additional paramagnetically shifted signals
assigned to the cryptand protons are also observed. The para-
magnetic shift of the cryptand signals strongly suggests that the
terminal sulfide could be in fast exchange in solution with
a potassium-capped sulfide species.*!

The terminal sulfide complex 3 is stable in the solid state at
room temperature, but slowly decomposes in toluene (50%
decomposition after 1 month), as well as in THF solution
(decomposition products already visible in the NMR spectrum
after 24 hours), affording the U(v) complex [U(OSi(OBu)s),]
and a mixture of other decomposition products. One of the
decomposition products of 3 in THF has been identified as the
U(1v)-U(1v) complex [S;U,(0Si(O‘Bu)s)¢Ks][Keryptand], 4 (20%
conversion in 4 after 7 months determined by NMR spectros-
copy). Complex 4 crystallizes as an ion pair consisting of the
[U,(1-S)5(0Si(0'Bu);)¢K;]~ anion and the [Keryptand]* cation.
In the [U,(u-S);(0OSi(O‘Bu);)sK;]~ anion, three S*~ anions
bridge the two uranium atoms (see ESIT). Thus, the decom-
position of complex 3 leads to the loss of one siloxide ligand
from each uranium complex, as well as sulfide redistribution
to afford a sulfide-bridged diuranium(iv) complex. Although
a terminal U(wv) sulfide is stabilized by the presence of the
sterically hindered environment provided by the four siloxide
ligands, this complex can slowly eliminate one siloxide ligand
and further react to afford a sulfide-bridged diuranium(iv)
complex.

Influence of cation binding on the S-transfer reaction

Interestingly, no reaction is observed when Ph;PS is added to
a solution of the U(m) complex [U(OSi(O‘Bu);),K] that has been
pre-treated with cryptand (Scheme 2). This unambiguously
shows that the presence of a bound potassium cation is crucial
in the S-transfer reaction between [U(OSi(O‘Bu);),K] and Ph;PS.

Notably, in toluene solution, the potassium cation remains
bound to the siloxide ligands in complex [U(OSi(O‘Bu);),K],

T Toluene

No reaction 2 UMK No reaction
1) + 2 cryptand 1) + 2 cryptand
2) + PhgP 2)+PhgP
1) +|218c6
2)+|PhsP ,.
)+|Phd 0.5 KL,U=S" ey
LS=ULK
i THF Toluene -
No reaction
-PhsP
-18¢6 + ULy

Scheme 2 Reactivity of [U(OSi(O'Bu)s)4K] with PhsPS in the presence
of cryptand and 18C6.

This journal is © The Royal Society of Chemistry 2016
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while [U(OSi(OBu);),][Keryptand] exists as separated ion pair.
The solid-state structure of [U(OSi(O'Bu);),][K18c6]*” reveals an
ion pair with (K18¢6)" located in the outer coordination sphere
of the complex, but the coordination of potassium is probably
still possible in solution.

To confirm the important role of potassium for the reactivity
of the complexes, the reactions were studied in the more polar
solvent THF. In THF, both [U(OSi(O'Bu);)4][K18¢c6] and
[U(0Si(O'Bu);)4][Keryptand] most likely exist as ion pairs and
therefore do not react with Ph;PS. Reactivity is only observed in
THF for the [U(OSi(O‘Bu);),K] complex.

To some extent, such pronounced differences in reactivity
arise from steric differences that result in reduced access of the
substrate to the metal centre in [U(OSi(O‘Bu)s),][Keryptand].
However, the possible role of cooperative binding of the
potassium to the sulfur might also be important. Comparing
the O-U-O angles in the reported X-ray structures of the het-
erobimetallic UK complex [U(OSi(O'Bu),),K] and the ion pair
[U(0Si(0"Bu);)4][K18¢6],*” a significant difference is observed.
In the ion pair [U(OSi(O‘Bu);),][K18¢6] the four ligands form
a weakly distorted tetrahedron with three angles having
a mean value of 110.6(6)° and three angles having a mean
value of 108.3(3)°. In the UK complex, the coordination tetra-
hedron is highly distorted. The potassium cation coordinates
three of the four ligands and brings them closer together,
resulting in an average value of the three O-U-O angles of
94.91(7)°. In contrast, the O-U-O angles between the bridging
siloxides and the terminal one are significantly larger
(127.2(3)°, 122.5(3)° and 115.0(3)°) than those found in
[U(0Si(O'Bu);),][K18¢6], rendering the metal centre more
accessible to the substrate.

In both complexes, the steric hindrance provided by the four
siloxide ligands prevents the rapid formation of sulfide-bridged
complexes previously observed when reacting neutral U(u)
silylamide- or tacn-based amido or aminophenolato complexes
with sulfur transfer agents (Sg or PhPS)."7 192142

However, the presence of the potassium cation in the oxygen
pocket of three siloxide ligands in the heterobimetallic UK
complex results in easier access to the uranium centre than in
the ion pair complex, in which the potassium is encapsulated in
the crown ether (Fig. 1 and 5).

Fig. 5 Space-filing representation of [U(OSi(O'Bu)s)4][K18c6] (left)
and [U(OSi(O'Bu)s)4K] (right). The lattice solvent molecule and the
[K18c6]* cation in [U(OSI(O'Bu)s)4l[K18c6] are omitted for clarity.

Chem. Sci,, 2016, 7, 5846-5856 | 5849
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On the other hand, due to the low accessibility of the metal
centre in these tetrasiloxide complexes, cooperative binding of
potassium might be also important for the S-transfer process to
occur. Binding of the sulfur atom to the potassium cation
during the sulfur transfer reaction may also reduce the nucle-
ophilic character of the sulfur, rendering reaction pathways
leading to bridging sulfides less favourable. The important role
of cooperative UK binding in the reduction of CO, and CS, by
[U(0Si(O'Bu);)4K] has been reported previously.**

Reactivity of the U(v) sulfide

Previous reactivity studies have shown that sulfide-bridged
diuranium(v) complexes can undergo nucleophilic addition of
chalcogens, CS, and CO,, to afford stable disulfide-,** trithio-
carbonate** and monothiocarbonate-bridged (CO,S> )** diur-
anium(iv) complexes, respectively. In order to probe the
possibility of sulfur transfer in complexes containing a U-S
multiple bond, we investigated the reactivity of the sulfide
complex 1 with various substrates (Scheme 3). To date, only
chalcogen atom transfer reactivity has been investigated for
terminal U(v) sulfides, affording di-chalcogenide and tri-chal-
cogenide complexes depending on the stoichiometry.*

Complex 1 reacts rapidly with **CS, (1 equivalent per U
atom) in toluene. The "H NMR spectrum of the reaction mixture
shows the presence of signals assigned to exchanging species
that we were unable to identify due to the low stability of the
corresponding compound.

After several hours, the presence of [U(OSi(O‘Bu);),] was
observed by 'H NMR spectroscopy. Dissolution of the
evaporated reaction mixture in DMSO-d¢ led to complete
dissociation of the reaction products. The 'H NMR spectrum in
DMSO-ds only contains one signal, which was assigned to
[U(OSi(O'Bu)3),]-

The *C NMR spectrum of the reaction products in DMSO-d;
shows the presence of only one signal at 267 ppm, which was
assigned to free thiocarbonate.*” This indicates that, in toluene,
the '*CS, molecule inserts into the U-S bond to afford a U(iv)
thiocarbonate complex (Scheme 4), which dissociates into
[U(0Si(0O'Bu);),] and K,CS; in DMSO. The labile trithiocar-
bonate complex [U(OSi(O‘Bu),)4(psk?:k%:k*CS;)K,(18¢6),]* was
isolated previously from the reaction of [U(OSi(O‘Bu)s),][K18c6]
with CS,. This complex quickly dissociates in solution, afford-
ing [U(OSi(0Bu)3),] and K,CSs;.

Complex 3 displays the same reactivity towards '*CO, and
3¢S, as 1. The **C NMR spectrum in DMSO-d, of the reaction of
3 with *CS, only shows the signals of thiocarbonate and 2.2.2-

CO

Scheme 3 Reactivity of U(wv) sulfide species.
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Scheme 4 CS; insertion into complex 1.

cryptand. The presence of the cryptand in the reaction mixture
does not affect the insertion of CS, into the U-S bond and
a terminal thiocarbonate U(iv) complex is also likely to be
formed in this case. Formation of a stable trithiocarbonate-
bridged di-uranium(iv) complex from the nucleophilic addition
of a sulfide-bridged diuranium(iv) complex to CS, has been
previously reported by Meyer et al.,>® but such reactivity has
never been reported for terminal sulfides.

In light of the observed fast addition of CS, to 1 and 3, we
also decided to explore the reaction of 1 with CO,. Complex 1
reacted immediately with an excess of '*CO, in toluene,
affording a new labile U(wv) species that decomposes rapidly at
room temperature. Attempts to crystallize the reaction products
were not successful. The **C NMR spectrum of the reaction
mixture in deuterated toluene shows the presence of a peak at
153.5 ppm that increases over time. This chemical shift corre-
sponds to free COS.*® The formation of COS can be interpreted
as arising from the decomposition of a hypothetical U-CO,S
intermediate.

A sulfide complex seemed the ideal precursor for the
straightforward synthesis of a U(v) hydrosulfide complex and
therefore we investigated the reactivity of complex 2 with pyHCIL
This is a known strategy in transition metal chemistry for the
synthesis of hydrosulfide complexes.*** Hydrosulfide complexes
of transition metals have attracted considerable attention
because of their relevance to metalloenzymes and metal sulfide
catalysts for industrial hydrodesulfurization.***" The only crys-
tallographically characterized uranium hydrosulfido complexes
to date have been prepared through reduction of H,S by tacn- and
N-anchored tris(aryl oxide) U(um) complexes.*>

The addition of one equivalent (per U atom) of pyHCI to the
[{SU(0Si(0'Bu)s)4K,},(1-18¢6)] complex 2 in THF led to the
formation of {[(SH)U(OSi(O'Bu);),][K18c6]}, 5, with 53%
conversion determined by "H NMR spectroscopy. Light blue-
green single crystals were obtained from the crude toluene
mixture at 233 K (Fig. 6). Complex 5-tol crystallized in the non-
centrosymmetric, monoclinic space group, Cc. The five-coordi-
nate uranium atom is ligated by four terminal siloxide ligands
and one SH™ moiety in a distorted trigonal bipyramidal geom-
etry. The 18c6-encapsulated potassium counter-ion is bound to
the sulfur atom with a S1-K1 bond length of 3.229(5) A. The U1-
S1 distance was measured to be 2.834(3) A, which is much
longer than the U-S bond distance in 3 (2.5220(14) A), but is very
similar to that found in the only other example of a mono-
nuclear U(v)-SH complex that was reported by Meyer et al.
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Fig. 6 Thermal ellipsoid diagram of {[(SH)U(OSi(O'Bu)s)4l[K18c6]}
(5-tol) (50% probability ellipsoids). Methyl groups and lattice solvent
molecule are omitted for clarity.

(2.797(1) A).% The average U-Ogjjoxiqe bond length (2.15(3) A) is
similar in length to that found for the terminal siloxides in the
terminal sulfide complex 3 (2.197(4) A).

Complex 5 can also be prepared from the reaction of the
U(m) complex [U(OSi(O'Bu);),][K18c6] with H,S, but in much
lower yield, independent of the U : H,S ratio (17% yield and
22% overall conversion was determined by quantitative NMR
spectroscopy). Moreover, this alternative synthetic route
requires the handling of a solution of toxic H,S. X-ray quality
crystals of a dimeric by-product were also isolated from this
reaction. This structure clearly shows the presence of two U(v)
and [U(OSi(O‘Bu););K] moieties, bridged by three sulfur atoms
(complex 6 in ESIt). The bond valence sum and the interme-
diate average value of the U-S distances (2.83(2) A) fall in
between the reported values for bridging S*~ (2.59(1)-2.736(2)
A)'72' and bridging SH™ (2.877(1)-2.964(1) A)** moieties, sug-
gesting that 2 SH™ and 1 S, groups are bridging the uranium
centres. The hydrogens of the SH™ moieties are probably
fluxional, and therefore very difficult to locate in the crystal
structure. The isolation of this by-product suggests that the
low yield of the reaction with H,S is probably associated with
the fast reaction of the hydrosulfide with more than one
equivalent of H,S (even using stoichiometric conditions).
The further aggregation of the initially formed mononuclear
hydrosulfide complexes leads to polynuclear sulfide
complexes. This represents a well-recognized problem in the
preparation of mononuclear hydrosulfide complexes.*®
Therefore, the protonation of the sulfide 2 provides a more
convenient route to the preparation of the hydrosulfide
complex 5.

Computational bonding analysis

In order to investigate the nature of the U-S bond in
complexes 1, 3 and 6, we performed calculations at the
B3PWO91 level. In particular for complex 1, a small core pseu-
dopotential basis set was chosen for the uranium atom, in
which the f-electrons are included in the valence shell.
Moreover, the monomeric form of complex 1 was considered

This journal is © The Royal Society of Chemistry 2016
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for the sake of computational time. To verify the validity of
such a theoretical protocol, we compared some important
geometrical features to the available X-ray data and found that
they are in close agreement (see ESIt). In particular, we found
that the calculated values of the U-S bond distances were in
agreement with the experimental ones (Fig. S.D.1t). Hence-
forth, we proceed into the analysis by firstly inspecting the
related molecular orbitals (MOs).

As expected, for the U(v) electron configuration (triplet
multiplicity), the (SOMO)* and (SOMO-1)* orbitals corre-
spond to pure non-bonding f-orbitals. Interestingly, the
subsequent three MOs correspond to two mw- (HOMO,
HOMO-1) and one o-type (HOMO-2) singly-occupied MOs of
the U-S bond, as depicted in Fig. 9. It is worth noting that in
(HOMO-2) the orbital is polarized towards the potassium
atom, indicating small, but not negligible, overlap between
the K and the S atom. This molecular orbital picture between
the dianionic sulfide and the U(wv) centre, which is uncon-
ventional for the transition metals, is also found in H,U=S
gas phase compounds.* Similarly, they closely resemble the
shape of the MOs responsible for the U=Ne;minar triple bond
in Tren""S-based complexes,**** as well as of the recently re-
ported Th(iv) chalcogenide tris(amide) system." The peculiar
triple character bonding situation is also evident based on the
natural bond orbital (NBO) analysis. In particular, the contri-
bution of the uranium atom to the o-bond is 18%, whereas the
contribution of the sulfur is 77%. For the two 7 combinations,
the contributions are 23% and 15% for the uranium atom, and
72% and 78% for the sulfur atom, respectively. Additionally,
the two highest singly-occupied orbitals based on NBO
analysis are almost pure 5f orbitals, with the composition of
(SOMO—1)* being 92% of U, and of (SOMO)”* being 84% of U
and 8% of S. In the same way, the Wiberg bond order analysis
in a Lowdin orthogonalized basis gave a bond order of 2.25 for
the U-S bond, indicating partial triple bond character. In
addition, the natural charges of the U and S are 1.39 and —0.86
|e], respectively. The natural electron configuration (NEC) of
the uranium (see Fig. 7) corresponds to what is expected for
a formal f* configuration. At first sight, this seems to indicate
a crucial role of the f-orbitals in the bonding.

In order to further investigate the role of the f-orbitals in the
bonding, we considered a different pseudopotential for the
uranium(iv) atom, the so-called “large-core”. By using this f-in-
core pseudopotential, the f-electrons are now explicitly included
in the core shell configuration, and hence not available for any
mixture with other orbitals, with the d-orbitals being the only
ones available for bonding. However, even with such a compu-
tational strategy, the bonding picture remains essentially the
same, as illustrated in Fig. 8. It should be noted that the NBO
analysis also predicts that the U-S bond features triple-bond
character as well, in line with the corresponding small-core
calculations.

Therefore, the triple-bond character is not due to 5f
involvement in the bonding. Finally, the spin density (SD) of
uranium was found to be 2.19 (being depopulated by 0.19),
with most of this residual being donated to the sulfide atom
(sD*fur — _0.12).
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o (U-S)
HOMO-2 (-4.96 eV)

NEC(U): 756" 527p03
NEC(5): 3sM%3p>!

7 (U-S)
HOMO-1 (-4.53 eV)

7 (U-S)
HOMO (-4.48 ¢V)

Fig. 7 o and © molecular orbitals (e-spin) calculated for the mono-
mer-1 using the small-core pseudopotential. The numbers in blue
correspond to the natural charges and those in italics to the Wiberg
bond orders. Hydrogen atoms are omitted for clarity.

In order to investigate the effect of the presence of S-bound
potassium on the U-S bond, we also calculated the electronic
structure of complex 3. The cryptand moiety was excluded
from the calculations, and consequently a negative charge was
placed on the overall complex. The DFT-predicted structure of
the triplet state, which is imposed by the uranium +IV oxida-
tion state, is in close agreement with that found in the solid-
state structure (see ESIt). Molecular orbital analysis gave the
same picture for the bonding situation between the U and S
atoms as for the monomeric structure 1, as clearly depicted in
Fig. 9.

Interestingly, despite the absence of a second potassium
atom in the vicinity of the sulfide, the total picture of the
bonding remains unchanged with respect to monomer-1.
Minor differences are apparent, which are mostly linked to the
absence of the polarization induced by the potassium atom on
the o-orbital (HOMO-2), and to the slightly smaller natural
charge located on the sulfide group. Moreover, there are
virtually no changes to the charges of the uranium and

7 (U-S)
HOMO-1 (-4.44 ¢V)

7 (U-S)
HOMO (-4.42 ¢V)

o (U-S)
HOMO-2 (-4.95 eV)

Fig. 8 o and © molecular orbitals (a-spin) calculated for the mono-
mer-1 using the “large-core” pseudopotential. Hydrogen atoms are
omitted for clarity.
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Fig. 9 o and 1 molecular orbitals (e-spin) calculated for 3, using the
small-core pseudopotential. The numbers in blue correspond to the
natural charges and those in italics to the Wiberg bond orders.
Hydrogen atoms are omitted for clarity.

potassium atom in 3 with respect to the corresponding ones in
monomer-1. NBO analysis also predicted a ¢>n” U-S configu-
ration, in line with a triple bond. Specifically, the c-bond has
20% uranium and 76% sulfur character, whereas the contri-
butions of each atom to the two 7 bonds are 29/18% for U and
67/75% for S, respectively. Again, as found for monomer-1, the
exclusion of the f-electrons from the valence shell does not
change the bonding picture (see ESIt). The bond order of the
U-S bond was found to be 2.55, slightly higher than that
calculated for monomer-1. In addition, the spin density (SD) of
uranium was found to be 2.21 and that of the sulfur was found
to be —0.14.

In order to gain insights into the bonding situation in
complex 5, we proceeded to the optimization of the X-ray
structure at the B3PW91 level, once again using the “small-core”
basis set for the uranium atom. The potassium crown ether
(K18C6) cation was excluded from the calculations, and conse-
quently a negative charge was placed on the overall complex.
Molecular orbital analysis is consistent with the presence of
a double bond between the U and S atoms, as depicted in
Fig. 10. This is in line with the previous MO picture found in the
monomer-1 and 3 models, since here the protonation of the
strongly nucleophilic sulfide results in the breaking of one of
the two 7 bonds. In particular, the HOMO—1 and HOMO
orbitals possess 14% and 12% uranium character, respectively,
and 82% sulfur character in both cases. The two SOMOs are
mainly composed of pure f-orbitals. This further highlights the
strongly polarized nature of this bond. Interestingly, the Wiberg
bond orders in a Lowdin orthogonalized basis gave a bond
order of 1.39 for the U-S bond, a value that is significantly
smaller than in the other complexes, and is fully consistent with
the partial double character of such an interaction.

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 o and 7 molecular orbitals (a-spin) calculated for complex 5
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orders. Hydrogen atoms are omitted for clarity.

Conclusions

In summary, we have isolated a new series of complexes con-
taining a U-S bond from the reaction of the bulky U(m) tetra-
siloxide complex [U(OSi(OBu);),K] with Ph;PS.

This is the first example of a terminal uranium(wv) sulfide
complex, which was directly obtained from the reaction of U(ur)
and a sulfur-transfer agent without the addition of protecting
groups. The bulk provided by the four siloxide ligands prevents
the formation of sulfide-bridged complexes. Moreover, the
presence of bound potassium is essential for the reaction to
occur, probably due to both steric effects and cooperative
binding of the sulfur-transfer reagent to the K and U centres.

The terminal sulfide can easily be transferred to CO, and CS,
to afford new thiocarbonates. Moreover, the terminal sulfide
provides a convenient precursor for the synthesis of the corre-
sponding hydrosulfide complex upon protonation with PyHCI.

DFT calculations carried out for the potassium-bound
sulfide complex 1, and for the terminal sulfide complex
[SU(0Si(0‘Bu);),K][Keryptand], 3, showed that the U-S interac-
tions in both complexes consist of three bonding pairs (¢ + 27
bonds) with a Wiberg bond order of 2.25 for 1 and a bond order
of 2.55 for 3. However, the use of the “large-core” pseudopo-
tential indicates that the triple-bond character is not due to 5f
involvement in the bonding. For the hydrosulfide complex 5,
the molecular orbital analysis is consistent with the presence of
a double bond between the U and S atoms with a Wiberg bond
order of 1.39, a value significantly smaller than those found in
complexes 1 and 3.

Future studies will be directed to explore the reactivity of the
terminal sulfide with other organic molecules and to isolate
terminal sulfide complexes containing uranium in oxidation
states higher than +IV and to investigate the nature of the U-S
bond in these systems.

This journal is © The Royal Society of Chemistry 2016
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Experimental
General procedures

Unless otherwise noted, all experiments were carried out at
ambient temperature under an inert atmosphere using Schlenk
techniques and an MBraun glovebox equipped with a purifier
unit. Water and oxygen levels were always kept at less than 1
ppm. Glassware was dried overnight at 150 °C prior to use.
Syntheses were performed using glass-covered stirring bars.

Starting materials

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 molecular sieves for
one week (DMSO). All reagents were dried under high-vacuum
for 5 days prior to use. Dry *CO, was prepared by storing over
molecular sieves for one week prior to use. HOSi(OBu); ligand
was purchased from Aldrich and purified by sublimation prior
to use. Depleted uranium turnings were purchased from the
“Société Industrielle du Combustible Nucléaire” of Annecy
(France). [U(OSi(OBu);),K]** and [U(OSi(O'Bu);),][18¢c6]*” were
prepared according to the published procedures.

"H NMR experiments

NMR spectra were performed in J. Young NMR tubes. 'H and
3C NMR spectra were recorded on a Bruker 400 MHz spec-
trometer. NMR chemical shifts are reported in ppm and are
referenced to the residual "H and **C signals of the deuterated
solvents.

Elemental analyses

They were performed under argon by Analytische Laboratorien
GMBH at Lindlar (Germany) or by the elemental analyses
department of the EPFL using a Thermo Scientific Flash 2000
Organic Elemental Analyzer.

X-ray analyses

Experimental details for X-ray data collections of all complexes
are given in Table S1.f Figure graphics were generated using
MERCURY 3.6 supplied by the Cambridge Structural Database;
CCDC: Cambridge, U.K., 2001-2015. Diffraction data were taken
using Oxford-Diffraction Xcalibur S or Bruker APEX II CCD
kappa geometry diffractometers (Mo-Ko. radiation, graphite
monochromator, A = 0.71073 A). To prevent evaporation of co-
crystallized solvent molecules the crystals were coated with light
hydrocarbon oil and the data were collected at 150 K or 100 K.
The datasets were reduced by CrysAlis® or EvalCCD*® and then
corrected for absorption.*”

The structure resolutions were performed with SHELXS or
Superflip and the structure refinement was performed with
SHELXL.?** The crystal structures were refined using full-
matrix least-squares based on F* with all non-hydrogen atoms
anisotropically defined. Hydrogen atoms were placed in calcu-
lated positions by means of the “riding” model. Additional
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electron density found in the difference Fourier map (due to
highly disordered solvent) was eventually treated by the
SQUEEZE algorithm of PLATON.*

Synthesis of complex 1

A colourless solution of PPh;S (26.3 mg, 0.089 mmol, 0.5 eq.) in
toluene (2 mL) was added to a stirred brown solution of
[U(0Si(0'Bu);),K] (238.1 mg, 0.179 mmol, 1 eq.) in toluene
(4 mL). The mixture was stirred at room temperature for 18 h. The
resulting green solution was concentrated to approximately 3 mL
and big green crystals formed overnight from toluene at room
temperature. The crystals were filtered and dried for 2 hours
(79.3 mg, 62% yield in 2 crops). The yield can be increased by
recovering additional crops but it leads to co-crystallization of
small amounts of the byproduct [U(OSi(O‘Bu)s)s]. "H NMR
(400 MHz, Tol-dg, 298 K): 6 [ppm] = 1 (very broad, 216H). Anal.
caled for 1-(tol)o.6 Ci00.2Ha20.80325185,K4Uy: C, 42.09; H, 7.78; S,
2.24. Found C, 42.17; H, 7.68; S, 2.10. Green single crystals of
1-tol suitable for X-ray diffraction were obtained from a concen-
trated toluene solution of the complex at room temperature.

Reaction of [U(0Si(0‘Bu);),][K18c6] with 0.5 eq. of Ph;PS:
isolation of 2

A colourless solution of PPh;S (2.1 mg, 0.007 mmol, 0.5 eq.) in
toluene (1 mL) was added to a stirred brown suspension of
[U(OSi(O'Bu);),][K18¢6] (22.3 mg, 0.014 mmol, 1 eq.) in toluene
(0.5 mL). The mixture was stirred at room temperature for 18 h
to yield a green solution. The "H NMR spectrum shows the
presence of PPh;, [U(OSi(O'Bu);),] and complex 2 (90%
conversion determined by "H NMR spectroscopy using naph-
thalene as an internal standard) in the reaction mixture. 'H
NMR (400 MHz, Tol-dg, 298 K): & [ppm] = —0.9 (s, 162H), —10.3
(s, 54H). Blue-green single crystals of 2-tol were obtained from
the toluene reaction mixture at 233 K. Due to the similar solu-
bility of [U(OSi(0’Bu);),] and complex 2, 2 can only be isolated
in low yield from this reaction (25%).

Complex 2 can also be obtained with similar conversion
rates by addition of 1 eq. of 18¢c6 per U atom to complex 1 in
toluene.

Anal. Caled for 2 CyogH400555i58,K,Uy: C, 42.28; H, 7.88;
found C, 42.33; H, 8.07.

Synthesis of complex 3

A colourless solution of 2.2.2-cryptand (7.8 mg, 0.021 mmol, 2
eq., 1 eq. per U) in toluene (1 mL) was added to a stirred green
solution of complex 1 (29.5 mg, 0.010 mmol, 1 eq.) in toluene
(1 mL). After 20 min. of stirring, toluene was removed and
hexane (1 mL) was added. Green single crystals of complex
3-hex formed from hexane at room temperature. The crystals
were filtered, washed with hexane and dried under vacuum for 1
h (27 mg, 74%). "H NMR (400 MHz, Tol-dg, 298 K): 6 [ppm] =
13.1 (bs, 12H), 12.9 (bs, 12H), 11.8 (bs, 12H), —0.5 (s, 81H),
—10.6 (s, 27H). Anal. calcd for 3 CeeH144N20,,51,SK,U: C, 44.57;
H, 8.16; N, 1.58. Found C, 44.16; H, 8.15; N, 1.65.
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Reaction of complex 1 with 2 eq. of *CS,

To a green solution of complex 1 (8.5 mg, 0.003 mmol, 1 eq.) in
deuterated toluene (0.5 mL), 9.3 pL of a 636.5 mM solution of
3¢S, (0.006 mmol, 2 eq.) in deuterated toluene was added. The
reaction mixture immediately turned light yellow, affording
a labile species. "H NMR (400 MHz, Tol-ds, 298 K): 6 [ppm] =
11.1 (bs, 27H), —2.8 (bs, 81H). The solution was periodically
monitored by "H NMR spectroscopy over the course of a week,
and it showed a decrease in the intensity of the two broad peaks
and an increase in the intensity of the signal corresponding to
the U(wv) complex [U(OSi(O‘Bu)s),]. This evolution shows the
lability of the likely formed thiocarbonate complex, resulting in
the release of the thiocarbonate anion. When toluene was
removed and DMSO-d, added, the **C NMR spectrum only
showed the signal assigned to thiocarbonate. *C{'H} NMR
(100 MHz, DMSO-dg, 298 K): 6 [ppm] = 267.4 (s, CS;>7).

Reaction of complex 1 with an excess of *CO,

An excess (1 atm) of *CO, was added to a frozen green solution
of complex 1 (11.7 mg, 0.004 mmol, 1 eq.) in deuterated toluene
(0.5 mL). The solution was allowed to warm up to room
temperature to yield a light pink solution. "H NMR (400 MHz,
Tol-dg, 298 K): 6 [ppm] = 8.7 (bs, 27H), —2.9 (bs, 81H). **C{"H}
NMR (100 MHz, Tol-dg, 298 K): 6 [ppm] = 153.5 (s, CSO).

Synthesis of complex 5

A colourless solution of 18¢6 (5.2 mg, 0.020 mmol, 2 eq.) in THF
(1 mL) was added to a stirred green solution of complex 1
(28.2 mg, 0.010 mmol, 1 eq.) in THF (1 mL). The resulting green
solution of complex 2 was stirred for ten minutes and was added
to a stirred white suspension of PyHCI (2.3 mg, 0.020 mmol, 2
eq.) in THF (1 mL). The resulting yellow suspension was stirred
for 2 h to yield a light green suspension. The "H NMR spectrum
of the crude reaction mixture in THF-dg at 298 K showed the
formation of complex 5 with 53% conversion (determined by
NMR spectroscopy using naphthalene as an internal standard)
as the main reaction product. Blue-green single crystals of
complex 5-tol were obtained by storing the toluene reaction
mixture at 233 K. The crystals were collected and dried under
vacuum for 2 h (11.1 mg, 34% yield). "H NMR (400 MHz, THF-dg,
298 K): 6 [ppm] = 3.07 (s, 24H, 18¢6), 0.74 (s, 108H). Anal. caled
for 5-(tol)o.s Ces.5H137022514SKU: C, 45.55; H, 8.25. Found C,
45.66; H, 8.61.

Complex 5 was also obtained in lower yield (17%) (22%
overall conversion determined by NMR spectroscopy using
naphthalene as an internal standard) by addition of 1 eq. of H,S
to the U(m) complex [U(OSi(O*Bu);),][K18c6] in THF.

The reaction of complex 1 with PyHCI was carried out under
analogous conditions. The "H NMR spectrum of the crude
reaction mixture performed in THF-dg at 298 K after addition of
18¢6 showed the formation of 5 with 48% conversion.

The reaction of 3 with PyHCI affords {[(SH)U(OSi(O'Bu);),]
[Kerypt]} with 52% conversion as determined by 'H NMR. 'H
NMR (400 MHz, THF-dg, 298 K): 6 [ppm] = 3.36-3.33 (m, crypt),
2.35 (s, crypt), 0.70 (s, 108H) (the identity of this complex was

This journal is © The Royal Society of Chemistry 2016
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confirmed by comparing this '"H NMR spectrum to that ob-
tained after adding cryptand to a solution of complex 5).

Computational details

All the structures reported in this study were fully optimized
with the Becke's 3-parameter hybrid functional combined with
the non-local correlation functional provided by Perdew/Wang
(denoted as B3PW91).°%** The Stuttgart-Dresden RECP (relativ-
istic effective core potential) 5f-in-valence was used for the
uranium atom, in combination with its adapted basis set.®*™*
However, in some cases, the 5f-in-core ECP augmented by a f
polarization function (« = 1.0) was used for the fixed oxidation
state IV of the uranium atom.®® In addition, silicon atoms were
treated with the corresponding Stuttgart-Dresden RECP in
combination with its adapted basis sets,*” each one augmented
by an extra set of polarization functions.®® For the rest of the
atoms, the 6-31G(d,p) basis set was used.**””* For analysing the
bonding situation in the complexes of interest, we mainly
used natural bond orbital analysis (NBO) using Weinhold's
methodology.””* Also, the Multiwfn program’™ was used for
obtaining the composition of the molecular orbitals, based on
the natural atomic orbital method,” as well as the Wiberg bond
order analysis in a Lowdin orthogonalized basis. The Chemcraft
program was used for the visualization of the molecular
orbitals.”® Finally, the GAUSSIANO9 program suite was used in
all calculations.”
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Uranium(iv) terminal hydrosulfido and sulfido
complexes: insights into the nature of the
uranium-sulfur bond+
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Herein, we report the synthesis and characterization of a series of terminal uranium(v) hydrosulfido
and sulfido complexes, supported by the hexadentate, tacn-based ligand framework (**M€ArO)stacn®~
(= trianion of 1,4,7-tris(3-(1-adamantyl)-5-methyl-2-hydroxybenzyl)-1,4,7-triazacyclononane). The
hydrosulfido complex [((**MeArO)stacn)U—-SH] (2) is obtained from the reaction of H,S with the
uranium(n) starting material [(**™®ArO)stacn)U] (1) in THF. Subsequent deprotonation with potassium
bis(trimethylsilyllamide yields the mononuclear uranium(iv) sulfido species in good yields. With the aid of
dibenzo-18-crown-6 and 2.2.2-cryptand, it was possible to isolate a terminal sulfido species, capped by
the potassium counter ion, and a “free” terminal sulfido species with a well separated cation/anion pair.
Spectroscopic and computational analyses provided insights into the nature of the uranium-sulfur bond
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Introduction

The anhydrous coordination chemistry of the light actinides
has become an active field of research since the discovery of
suitable starting materials.”® Research has mainly focused on
the chemistry of the mildly radioactive isotopes of uranium and
thorium, rendering the resulting complexes suitable for prac-
tical applications ranging from catalysis to materials science.* ™
In contrast to the extensive uranium coordination chemistry
with hard oxygen and nitrogen based ligands, bonding between
uranium and the heavier chalcogens (S, Se, Te) was assumed to
be disfavored due to the hard-soft mismatch. With the
synthesis of stable uranium thiolate complexes in the late 1950s
this theory was revoked'* and soft chalcogen containing ligands
were developed for the selective complexation and separation of
actinides and lanthanides in spent nuclear fuel. The selective
complexation of 5f metal ions compared to 4f ions is based on
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University Erlangen-Niirnberg, EgerlandstrafSe 1, 91058 Erlangen, Germany. E-mail:
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electrochemistry, detailed X-ray crystallographic data. CCDC
1452972-1452974. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c65c00677a

and
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the fundamentally different bonding and degree of covalency of
the actinide versus lanthanide chalcogen bonds."*™*# In recent
years, the number of actinide compounds with soft chalcogen
ligands has been increasing steadily.' DFT calculations of
compounds with uranium-sulfur single bonds reveal this bond
to be strongly polarized, thus essentially ionic in nature,
whereas uranium-chalcogen multiple bonding is considered to
be more covalent. Considerable academic as well as industrial
interest in uranium chalcogenide multiple bonding has trig-
gered efforts to synthesize well-defined mononuclear U=E
compounds (E = O, S, etc.), enabling a more detailed insight
into the electronic structure and degree of covalency in this
structural motif.>**?

In contrast to the rapidly increasing number of reported
terminal uranium oxo complexes,**?® the number of fully
characterized terminal uranium sulfido complexes remains
scarce.””?** This is likely due to the proclivity of uranium(im) to
undergo one electron oxidation resulting in dinuclear, sulfido-
bridged diuranium(iv/iv) complexes rather than stabilizing the
terminal sulfido ligand, S>~.?®3*% Recently, our group estab-
lished a facile synthetic route to mononuclear uranium(iv)
hydrochalcogenido complexes employing H,E (E = S, Se, and
Te) as the chalcogenido ligand source.*® Analogous to other
known examples in transition metal chemistry, these uranium
hydrosulfido complexes are suitable precursor molecules for
the high-yield synthesis of terminal chalcogenido complexes,
since the proton can be conveniently removed.?”** Additionally,
the U-EH species can be seen as “proton-capped” terminal
chalcogenido complexes and spectroscopic comparison to the

Chem. Sci., 2016, 7, 5857-5866 | 5857
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analogous, truly terminal species provides unique insight into
the nature of the chemical bond between uranium and the soft
chalcogenido ligand.?”~2>*? Until today, there is only one struc-
turally characterized uranium hydrosulfido complex reported in
the literature, namely [(**™°ArO);N)U-SH(DME)] (with
(A4MeArO),N*~ = trianion of tris(2-hydroxy-3-(1-adamantyl)-5-
methylbenzyl)amine). Due to their potential application as
catalysts, transition metal hydrochalcogenido complexes (E =
0, S, Se, and Te) have received considerable interest in recent
years.*”** Most recently a uranium(iv) hydroxo complex, namely
[(**MeArO);mes)-U-OH], was found to be the key intermediate
in the electrocatalytic production of dihydrogen from water.®

Results and discussion

We previously demonstrated that the uranium(m) complexes
[("®*“**“ArO);tacn)U] (with (®***®"ArO),tacn®~ = trianion of 1,4,7-
tris-(3,5-di-tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclononane)
and [((**™°Ar0);N)U(DME)] (with A%™°ArO);N°>~ = trianion of
tris(2-hydroxy-3-(1-adamantyl)-5-methylbenzyl)Jamine) efficiently
activate the elemental chalcogens (E = O, S, Se, and Te)** as well
as their hydrogen chalcogenides H,E.** Uranium-mediated
reductive transformations with the employed ligand systems,
however, did not facilitate the formation of terminal uranium
chalcogenido complexes. Instead, dimerization of the
complexes via (poly-)chalcogenido as well as bis-hydro-
chalcogenido bridges was observed.***** In order to prevent
dimerization reactions, we made use of a well-established tacn
anchored ligand, the sterically encumbered adamantyl deriva-
tive (**®ArO),tacn)®~ (R = tert-butyl, methyl).>® Accordingly, the
uranium(m) precursor [(**M°ArO);tacn)U] (1) ((*™°ArO)s-
tacn®~ = trianion of 1,4,7-tris(3-(1-adamantyl)-5-methyl-2-
hydroxybenzyl)-1,4,7-triazacyclononane) allowed for synthesis
of the here reported monomeric uranium (hydro-) chalcogenido
complexes. More importantly, the bulky adamantyl groups
effectively prevent dimerization upon deprotonation of the SH™
ligand; thus, yielding the targeted uranium terminal sulfido
complex for direct comparison to the bonding situation in U
complexes with n'-SH and n'-S ligands. The presence of crown
ethers or cryptands in the deprotonation step not only increases
the solubility of the formed metal salts, but additionally allows
for the quantitative evaluation of the bonding situation in
a U-S-H versus a U-S---K complex.

Syntheses and molecular structures of terminal uranium(wv)
hydrosulfido and sulfido complexes

Reaction of the uranium(m) complex [((*¥™°ArO)stacn)U] (1)
with various S atom transfer reagents, such as Ph;P=S or
elemental sulfur, does not yield terminal U=S complexes.
Either a reaction was not observed at all or an intractable
mixture of compounds without any isolable product was
received. Finally, the synthesis of terminal uranium(iv) hydro-
sulfido and sulfido complexes was successfully achieved by
treatment of complex 1 with one equivalent of H,S. The drop-
wise addition of 0.8 M H,S in THF to a red-brown solution of 1
in THF reproducibly affords the uranium(iv) hydrosulfido
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complex [((**M°ArO);tacn)U-SH] (2) in excellent yields with
concomitant evolution of H, gas (Scheme 1). After stirring for
two hours, the blue-green precipitate was collected by filtration
to afford the analytically pure complex 2 in 82% yield. The solid-
state molecular structure of 2-3.25 CH,Cl, was unambiguously
established by single-crystal X-ray diffraction analysis of the
light green prisms, obtained by n-pentane diffusion into
a concentrated DCM solution of 2.

Complex 2-3.25 CH,Cl, crystallizes in the chiral hexagonal
space group P6; with two independent molecules per asym-
metric unit (Z = 4). The mononuclear complex [((**°ArO);tacn)
U-SH] exhibits a seven-coordinate uranium ion in a face-capped
octahedral coordination environment (Fig. 1).” The U-S bond
lengths of the two independent molecules in the crystals of 2
were determined to be 2.844(4) and 2.775(2) A, respectively. This
is in good agreement with other reported uranium-sulfur single
bonds (2.588(1)-2.907(3) A)*® but distinctly longer than pub-
lished uranium species with terminal sulfido ligands (2.382(11)-
2.481(1) A).>% The SH™ ligand is situated on the C; axis of the
molecule in the axial position, ¢rans to the tacn anchor. Since the
chalcogen-bound H atom could be located in the difference
Fourier map, the U-S-H angle was determined to be 152° and
156°, respectively. The U-Ogpyioxige distances are 2.152(4) A and
2.188(3) A, respectively, and the U-Nge, bond lengths are
2.680(5) A and 2.650(4) A. The uranium out-of-plane shift (Uoop),
defined by the displacement of the uranium ion below the plane
of the three aryloxide oxygen atoms, was measured to be —0.282
and —0.268 A, respectively. All these parameters are in good
agreement with other uranium(iv) complexes supported by the
(®*K ArO);tacn®~ ligand system (R = 1-adamantyl, tert-butyl, neo-
pentyl; R’ = tert-butyl, methyl).>>**>

In order to obtain a terminal uranium(wv) sulfido species,
complex 2 was treated with potassium bis(trimethylsilyl)amide in
THF to deprotonate the -SH moiety. In order to encapsulate the
potassium counterion, the reaction was performed in the presence
of either dibenzo-18-crown-6 (= 6,7,9,10,17,18,20,21-octahydro-
dibenzo[b,k]{1,4,7,10,13,16]hexaoxacyclooctadecine; db-18-c-6) or
2.2.2-cryptand (= 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]-
hexacosane; 2.2.2-crypt) (Scheme 2). Single-crystal X-ray crystallo-
graphic structure determinations of the resulting orange products
[(**M°ArO)stacn)U=S:--K(db-18-c-6)] (3) and [K(2.2.2-crypt)]
[(**M°ArO);tacn)U=S] (4) were carried out. The uranium(wv) sul-
fido complex 3-0.62 benzene-0.38 Et,O crystallizes in the

Ad . Ad SH
Oty A
5 0. H,S (0.8 M THF)
N\/_/N ~Y%H,
(o)

Ad Ad

1: [(A9MeArO)stacn)U] 2: [(A9MeArO)stacn)U-SH]

Scheme 1 Synthesis of the uranium(v)
[(A*MeArO)stacn)U-SHI (2).

hydrosulfido complex
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Fig. 1 Molecular structure of the uranium(v) hydrosulfido complex
[((A*MeArO)stacn)U-SHI] (2) with the chalcogen-bound H atom located
in the difference Fourier map. All other hydrogen atoms and the
solvent molecules are omitted for clarity (50% probability ellipsoids).

monoclinic space group P2,/c with one molecule per asymmetric
unit, whereas 4 crystallizes in the chiral, hexagonal space group
P6; with a third of one independent molecules per asymmetric
unit. Both the uranium complex and the [K(2.2.2-crypt)] moiety
were found on a crystallographic threefold axes. As anticipated,
the sulfido ligand of the uranium(v) complex [((***°ArO),tacn)
U=S:--K(db-18-c-6)] (3) is capped by the [K(db-18-c-6)]" cation,
whereas complex  [K(2.2.2-crypt)[(**°ArO)stacn)U=S]  (4)
features a genuine terminal sulfido ligand with the [K(2.2.2-
crypt)]” cation in the outer coordination sphere of the complex
anion (Fig. 2).

Like complex 2, U" complex 3 features a seven-coordinate
uranium ion with the sulfido ligand occupying the axial posi-
tion. The S-K distance is 3.136(1) A, demonstrating a bonding
interaction between the S*~ ligand and the K' counter ion
(Fig. 2, left). The U-S bond length is 2.507(1) A, which is
significantly shorter compared to [((**™°ArO)stacn)U-SH]
(2, d(U-SH),, = 2.810(4) A), but slightly longer than those of
other reported uranium(v) sulfido complexes (2.442(2)-
2.4805(5) A).”2* While the 'H NMR spectrum of 3 reveals
a Cz-symmetrical molecule in solution (vide infra), coordination

0.\

0\

db-18-c-6

o)

0
0.

\Q KN(SiMe3), KN(SiMes),
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of the [K(db-18-c-6)]" crown ether leads to a loss of C; symmetry
in the crystal structure. The average U-Ogpyioxide distance of
2.219 A and the mean U —Niacn bond length of 2.819 Aare slightly
longer compared to U™ hydrosulfido complex 2. Interestingly,
the U out-of-plane shift (Uyp) significantly decreases from
—0.275 in 2 to —0.055 A in 3; hence, the uranium center is
positioned almost perfectly in the plane of the three oxygen
donors. This observation is quite unusual for uranium(iv) ions
in the tacn-based ligand system, and is typically only seen for
high-valent UY and U" complexes with strong mt-donor ligands,
such as the oxo and isoelectronic imido functionality.?>*
However, as shown before, the U out-of-plane shift correlates
well with the degree of U-L multiple bond character and bond
strength; and thus, might be indicative of significant multiple
bonding and covalent character of the U-S bond in 3 (vide
infra).>>>

The connectivity of the N;0;S ligand donor set in the anionic
complex [(**M°ArO);tacn)U=S]~ (4)~ is analogous to that
found for complex 3. In the case of 4, however, the potassium
cation is encapsulated by the sterically encumbered 2.2.2-
cryptand and located in the outer coordination sphere of the
anionic U" complex, leading to a discrete ion pair with isolated
[K(2.2.2-crypt)]" cations and [((*®M°ArO);tacn)U=S]" anions
(Fig. 2, right). Surprisingly, although the sulfido ligand is no
longer engaged in cationic interactions, the tetravalent complex
4 exhibits a slightly longer uranium-sulfido distance of 2.536(2)
A and—along with the longer U-S distance—a slightly but
noticeably larger Ug,p, of —0.086 A compared to 3 (d(U-S),y =
2.507(1) and Uggp = —0.055 A). Tt is suggested that the diphenyl-
18-crown-6 moiety exerts a considerable steric strain that might
push the sulfur atom slightly deeper into the cavity of the
[(*ArO);tacn)U] moiety, while at the same time, the uranium
reduces its negative out-of-plane shift and moves closer to the
sulfur atom in order to accommodate the sterically demanding
potassium diphenyl-18-crown-6 moiety in the complex
periphery. In addition, the seven-coordinate uranium center is
chiral with an idealized C; symmetry, affording a racemate of
complex 4. After crystallization, a conglomerate of enantio-
merically pure crystals was found for 4 with an A-configuration

(TN
00 i O
s 1B [ [ 5

2.2.2-crypt

§LEN

Ad

— HN(SiMes),

3: [((A4MeArO)ytacn)U=S-K(db-18-c-6)]

— HN(SiMe3),

s

Ad

4: [K(2.2.2-crypt)][(A4MeArO)stacn)U=S]

Scheme 2 Synthesis of the terminal uranium(v) sulfido complexes [(**M°ArO)stacn)U=S---K(db-18-c-6)] (3) and [K(2.2.2-crypt)l[(**MeArO)s-

tacn)U=S] (4).
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Fig. 2 Molecular structure of the uranium(v) sulfido complex [(**™°ArO)stacn)U=S:--K(db-18-c-6)] (3) (left), and [K(2.2.2-crypt)]
[(A4MeArO)stacn)U=S] (4) (right). All hydrogen atoms and the solvent molecules are omitted for clarity (50% probability ellipsoids).

of the uranium center in the analyzed crystal.*”** Complexes 2-4
are stable in the solid form or in THF solution for at least 3
weeks without any notable decomposition.

'H NMR spectroscopy

'"H NMR spectroscopy shows that compounds 2-4 possess
C; symmetry in solution, induced by coordination of the
tacn ligand to the metal center with the hydrosulfido/sulfido
ligand situated in the axial position on the C; axis (see ESIt).
Hence, complexes 2-4 are chiral in solution and the methylene
protons of the tacn system as well as the benzyl groups are
diastereotopic. Hydrosulfido complex 2 recorded in pyridine-ds
at 25 °C features 15 paramagnetically broadened and shifted
signals from 10.31 to —32.84 ppm assigned to the 79 protons of
the complex. The sulfur-bound hydrogen was assigned by
integration to the broadened resonance at —32.84 ppm. The 'H
NMR spectra of compounds 3 and 4 exhibit 14 proton signals in
the range of 107 to —118 ppm, which could not be unequivocally
assigned to certain protons of the complex. Furthermore, four
additional resonances assigned to the [db-18-c-6] crown ether as
well as three resonances for 2.2.2-crypt were observed. Apart
from the crown ether/cryptand signals, the spectra of both
terminal sulfido complexes 3 and 4 are almost perfectly super-
imposable, with only slight differences in the chemical shifts. It
is noteworthy that—in contrast to the coronate signals of 3—the
cryptate "H-NMR signals of 4 are not paramagnetically shifted,
indicating a separated ion pair in solution. Interestingly, the
solid state structure of 3 displays the sulfido ligand capped by
the potassium counter ion with a U-S-K angle of 142°, thereby
breaking the C; symmetry of the molecule. However, "H NMR
spectroscopy clearly reveals a threefold symmetrical species in
solution and the paramagnetically shifted coronate signals
prove the sustained S---K interaction.*® Low-temperature
VT-NMR measurements were performed on 3 (+20 °C to —80 °C
in THF-dg) in order to investigate the complexes’ symmetry at

5860 | Chem. Sci, 2016, 7, 5857-5866

low temperatures. Upon cooling the "H-NMR signals broaden
and shift, but coalescence is not observed. The VI-NMR exper-
iments thus suggest that, in solution, the crown ether com-
plexated potassium ion remains in the vicinity of the
paramagnetic uranium complex anion. It is further suggested
that the potassium crown ether moiety fluctuates around the
anion's threefold axis faster than the NMR timescale; even at
very low temperatures. As a consequence, the U-S bond distance
of 3 relaxes in solution, leading to a weaker uranium-sulfur
bonding interaction (see computational analysis in the gas-
phase, vide infra).

Absorption spectroscopy

The electronic structure of complexes 2-4 was studied by UV/vis
near-infrared spectroscopy. In the high-energy region (4 < 600
nm) broad and rather intense ligand-based absorption bands as
well as charge-transfer transitions are observed. In the UV
region of the spectra, all three complexes exhibit an absorption
band at 298 nm with an extremely high extinction coefficient
(Fig. S147). This spin- and parity-allowed transition most likely
arises from ligand m-7* transitions.* Based on the assumption
that the sulfido ligand has a certain degree of m-bonding
character, this intensified electronic interaction between metal
center and ancillary ligand should also be reflected in the
electronic absorption spectrum. Indeed, both sulfido complexes
3 and 4 possess an additional absorption band in the visible
region at 524 nm (e = 190 M ' em™ " (3); 300 M~ ' em ™" (4)),
absent in 2. This absorption band is most likely due to a metal
to ligand charge-transfer transition (MLCT) of a metal-centered
5f electron into a sulfido-based orbital.** The unusually low
intensity of this spin- and parity-allowed transition can be
explained by the poor overlap of the diffuse 5f orbitals with the
ligand orbital.”” This MLCT transition in the visible region is
likely to be responsible for the color differences of the orange
sulfido complexes 3 and 4 compared to the pale blue-green color

This journal is © The Royal Society of Chemistry 2016
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of 2. The visible near-IR electronic absorption spectra of
complexes 2-4 in pyridine (5 mM) are shown in Fig. 3. Ura-
nium(iv) complexes possess a 5f> electron configuration, and
therefore display rather complicated electronic absorption
spectra with multiple low-intensity absorption bands and fine
structure in the vis/NIR region.”® However, the Laporte
forbidden f-f transitions with small extinction coefficients
(e = 6-116 M~ ' cm™ ') give rise to signature absorption bands
characteristic of tetravalent uranium complexes. This is
particularly true for a series of complexes, in which the
symmetry around the metal center remains constant (C; for all
complexes in solution) and the core structure is dominated by
the ((ArO)stacn)®~ chelate, and thus, quite similar.***® The
terminal sulfido complexes 3 and 4 exhibit 10 absorption bands
with nearly identical absorption patterns in the vis/NIR region
between 540 and 2100 nm, with three relatively strong absorp-
tion peaks at around 990, 1111, and 1990 nm. Noticeably, the
molar extinction coefficients observed in the spectra of the
separate ion pair 4 are consistently larger than those of complex
3, with the capped terminal sulfido ligand. The NIR spectra have
been reproduced multiple times and the differences in extinc-
tion coefficient are significantly larger than the experimental
error. Further inspection of the NIR spectra reveals approxi-
mately equal line width for the absorption bands in complexes 3
and 4; thus, excluding an intensity stealing mechanism.f A
reduced symmetry also cannot account for different extinction
coefficients in 3 and 4, since both possess C; symmetry in
solution (as established by (VT) 'H NMR spectroscopy, vide
supra). However, it is worth noting that the timescale of elec-
tronic absorption spectroscopy is significantly shorter
compared to proton NMR spectroscopy, therefore complex 3
could lose its C; symmetry. Regardless, in the latter case,
absorption bands of complex 3 should be more intense than
those of complex 4. Since the intensity of an electronic
absorption band in the NIR region is considered indicative of

600 900 1200 1500 1800 2100
Wavelength A | nm

Fig. 3 Electronic absorption spectra of the uranium hydrosulfido
complex [(A“MeArO)stacn)U-SH] (2, black) and terminal sulfido
complexes  [(**MeArO)stacn)U=S:--K(db-18-c-6)] (3, red) and
[K(2.2.2-crypt)][((**MeArO) stacn)U=S] (4, blue); all complexes 5 mM in
pyridine, measured at RT.
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the degree of covalency of the uranium ligand multiple bond in
a conserved ligand field,>* the spectral data imply a less
covalent bonding interaction for the potassium-capped ura-
nium(wv) sulfido complex, 3. This is in contrast to the shorter
U=S bond observed in the solid-state structure of 3 implying
a stronger, more covalent bond compared to 4. Therefore, one
can only conclude—and reiterate—that the mere bond distance
is not a valid measure of covalency.

Hydrosulfido complex 2 shows about the same number of
absorption bands as 3 and 4, but the f-f transitions occur at
slightly different energies and a charge-transfer transition is not
observed. Additionally, the intensities of the bands are signifi-
cantly lower (e = 6-48 M~' cm™") and, in accordance with the
lack of charge-transfer transitions, indicate the presence of
a ligand with predominantly c-donor character.

Magnetic investigations

SQUID magnetization measurements were carried out to study
the temperature behavior of trivalent 1 and tetravalent 2-4 from
2 to 300 K (Fig. 4 bottom). Although the room temperature
magnetic moments of transition metals and lanthanides can be
accurately predicted by the spin-only (us) and total angular
momentum approximations (u;), respectively, there is currently
no approximation to predict the magnetic moment for actinide
coordination complexes, since ligand-field effects cannot be
ignored and spin-orbit coupling is large.’**"** Tetravalent
uranium ions possess an f> valence electron configuration,
which results in a non-magnetic ground state at very low
temperatures; and consequently, strongly temperature-depen-
dent magnetic moments, u.¢, With values typically ranging from
0.3 ug at 2 K to 2.8 ug at room temperature.’®*¢50-51,53,61,63,64

In contrast, trivalent U™ jons (f*) possess a half integer spin
with a doublet, EPR-active ground state (g, = 1.912, g = 2.421
(Fig. 4 top)) and should approach non-zero values at low
temperatures.®® Accordingly, only the effective magnetic
moment at low temperatures, as well as the temperature-
dependency of the complexes, can provide reasonable hints to
the ions' formal oxidation state. Complex 1 displays a strong
temperature-dependent magnetic moment, varying from 1.42
ug at 2 K to 2.82 ug at room temperature. As already mentioned,
the magnetic moment of 2.82 up at room temperature is
significantly smaller than the calculated moment (u; = 3.62 ug),
but the low temperature effective magnetic moment together
with an EPR signal confirms a trivalent uranium ion in complex
1 (Fig. 4 top).

At room temperature, complexes 2-4 possess nearly the same
magnetic moment with 2.85 ug, 2.90 ug, and 2.87 up, respec-
tively, but show significantly different temperature-dependent
behavior. These results support the notion that the room
temperature magnetic moments cannot be used to determine
the oxidation state of the uranium ion, since trivalent 1 at room
temperature shows nearly the same (or even slightly lower)
magnetic moment as tetravalent 2-4. At 2 K, however, uraniu-
m(iv) complexes with the f* ion typically show distinctively lower
magnetic moments, which are due to the ions' non-magnetic
singlet ground state.®® Complex 2 exhibits temperature-

Chem. Sci,, 2016, 7, 5857-5866 | 5861
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Fig.4 Top: X-band EPR spectrum of 1 recorded in toluene glass at 12
K. Experimental conditions: microwave frequency, 8.9641 GHz;
power, 0.0997 mW; modulation, 1 mT. The spectrum was simulated
with g, =1.912 and g = 2.421 and Gaussian lines with W, =20.1and
W) = 11.4 mT; bottom: temperature dependent SQUID magnetometry
of complexes [(**MeArO)stacn)U] (1, magenta diamonds),
[(**MeArO)stacn)U-SH] (2, black squares), [((**™°ArO)stacn)U=S.-
K(db-18-c-6)] (3, red circles), and [K(2.2.2-crypt)[((“*M°ArO)stacn)
U=S] (4, blue triangles) plotted as pess vs. T.

dependency overall typical for a uranium(v) compound. The
low magnetic moment, e of 1.03 up at 2 K continually
increases with increasing temperature. On the contrary, sulfido
complexes 3 and 4 reveal an unusually strong temperature-
dependency in the range of 2 to 50 K, with a subsequent
moderate increase from 50 to 300 K. Notably, complex 3 shows
a typically low magnetic moment of 0.84 ug at 2 K, whereas
complex 4 possesses an unusually high ueg value of 1.84 up.
Despite this high magnetic moment, complex 4 is EPR silent (in
X band, between 300 and 5 K). Similar high magnetic moments
have been observed for U™ complexes with separate ion pairs
like [Cp*;Co]-{U(O)(N(SiMe;),);],*”  [Li(DME)]-{U(NC5H; )5,
[Li(THF),]{U(CH,Bu)s], and [Li(DME),]-[U(CH,SiMe3;);].*”

5862 | Chem. Sci,, 2016, 7, 5857-5866
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On the other hand, complex 2 possesses a more isolated
magnetic ground state, where the higher magnetic states slowly
become thermally accessible with increasing temperature.
Hence, the low-lying magnetic states of complexes 3 and 4
appear to be closer in energy, and are already thermally acces-
sible at temperatures below 50 K. Consequently, the magnetic
moment increases rapidly from 2 to 50 K, and merely increases
with increasing temperatures above 50 K. The intriguing
difference in the temperature dependency of the magnetic
moments of complexes 2-4 is due to the different crystal-field-
splitting caused by the purely o-type SH™ versus the o- and -
type >~ ligands.*

Electrochemistry

Cyclic and linear sweep voltammetry were performed on 3 in
THF in the presence of ~0.1 M [N(n-Bu),][BPh,] electrolyte and
the ferrocenium/ferrocene redox couple (Fc'/Fc) acting as
internal standard. The cyclic voltammogram of 3 reveals
a quasi-reversible redox process at a half-step potential, E;,, of
—1.494 V (Fig. 5). A positive current in the linear-sweep
measurement confirms an oxidative process of the compound
(see ESIT). Accordingly, this redox process is tentatively
assigned to the uranium(iv/v) redox couple, with the half-step
potential in the range of other published U™" couples (—1.81 to
0.12 V vs. Fc'/Fc).35:9033585968 Flectrochemical data of uranium-
chalcogenido complexes are exceedingly rare and reports
on uranium-sulfido complexes are, to the best of our knowl-
edge, not reported at all. However, dimeric uranium-oxo
complex [{(("*"M°ArO)stacn)U},(11-0),] (nP = neopentyl) shows
a comparable U™ couple at a half-step potential of —1.55 V
(vs. Fc'/Fc).%®

Due to the poor solubility of 2 and 4 in polar solvents, such as
THF, cyclic voltammetry experiments could not be performed
with these complexes. Given the lack of characterized terminal
uranium(v) sulfido complexes in the literature, and the expec-
tation that the covalency of the uranium-chalcogenide bond
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Fig. 5 Quasi-reversible oxidation wave of 3 at different scan rates.
Measurement conducted in THF with ~0.1 M [N(n-Bu)4l[BPh,] elec-
trolyte, using Fc*/Fc couple as internal standard.
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increases with increasing valence,® the chemical oxidation of 3
is desirable. Unfortunately, all attempts to chemically oxidize 3
and 4 have not yet been met with success and resulted in
decomposition of the compounds.

Theoretical studies

In order to gain further insight into the nature of the U-S bond,
theoretical investigations were carried out on complexes 2-4.
Geometry optimizations were conducted on [((**™°ArO);tacn)
U-SH] (2), [(**™°ArO)stacn)U=S---K(db-18-c-6)] (3), and
[K(2.2.2-crypt)[(**M°ArO)stacn)U=S] (4) at the DFT level
without any symmetry constraints. Subsequently, molecular
orbital (MO) and natural bond orbital (NBO) analyses were
performed.

Initially, bond analysis was carried out on the hydrosulfido
species 2. The NBO analysis of 2 clearly indicates a single bond
between U and S and a single bond between S and H (Wiberg
bond indices (WBI) of 0.77 and 0.92, respectively). Accordingly,
the molecular orbitals are consistent with a single U-S bond
(Fig. 6), revealing the two non-bonding lone pairs to reside at
the sulfur atom. A comparable terminal uranium(wv) hydro-
chalcogenido complex, namely [((¢Bu0);SiO),U(SH)]™ obtained
by Andrez et al., exhibits significant double bond character of
the uranium sulfur interaction (determined by MO and WBI).*
In order to understand the origin of these electronic differences
of 2 and [((tBu0);SiO),U(SH)|”, these two complexes were
analyzed in more detail.

The U-S o-bond of complex 2 is strongly polarized with 10%
uranium and 90% sulfur orbital character. The metal orbital is
a hybrid sdf orbital with 12% 7s, 38% 6d, and 50% 5f contri-
bution. This is comparable to the hybrid orbital composition of
the hydrosulfido complex [((tBu0);Si0),U(SH)]~ exhibiting a ¢
(and ) orbital with 14% uranium character (12% for the 7) and
a strongly hybridized orbital (10% 7s, 40% 6d and 50% 5f). As
evidenced by the X-ray structure, the geometry of 2 differs
significantly from the trigonal bipyramidal complex [((¢BuO)s-
Si0),U(SH)|". The computational analysis suggests that the
pyramidalized uranium ion of 2 has an efficient overlap with the
N donor atoms of the tacn ring. This, in turn, results in a trans-
effect reducing the U-SH bond strength, which is rather
unusual for uranium complexes. In order to emphasize
the importance of the trans-influence of the tacn ligand,
a hypothetical tris(aryloxide) complex, 2* (without the triaza-
cyclononane ligand) was also computed. Interestingly, this
model complex adopts a tetrahedral geometry at the uranium

Fig. 6 Bonding o orbital of [(**M°ArO)stacn)U-SH] (2).
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center, and a U-S double bond character is found (see ESIT for
the complete MO pictures and geometry).

Bonding analysis of uranium(iv) complex 3 clearly reveals
a formal U=S triple bond with one ¢ and two m-type interac-
tions (Fig. 7). The molecular structure of 3 (and 4) illustrates
that the uranium ion is situated almost perfectly in the
trigonal plane of the three aryloxides with a weaker U-Nycn
interaction and more efficient uranium-sulfur orbital inter-
action resulting in the observed U-S multiple bond. NBO
analysis shows that the U-S bond is strongly polarized with
more than 75% charge on the sulfur. A o-bond is formed by an
sp orbital of sulfur (77%) and a d,,/f,; hybrid orbital (41% 6d,
59% 5f) of uranium (23%), and two 7 orbitals are formed by
the interaction of a p lone pair of sulfur (either p, or py, 77%)
and a hybrid d,/f, orbital (40% 6d, 60% 5f) of uranium (23%).
This formal uranium sulfur triple bond is virtually unaffected
by the minor interaction of the sulfido ligand with the potas-
sium counterion (WBI of 0.1). To further substantiate the
effect of the weakly associated K" ion in 3, the bonding analysis
of 4 with an encrypted and well-isolated potassium ion was
carried out. As expected, a triple bond between uranium and
the sulfido ligand was found with the orbitals closely resem-
bling those of 3 (see Fig. S171 for the MOs of 4). The experi-
mentally determined U-S bond length of 4 (without the S---K
interaction) is elongated compared to 3. However, this result is
not reproduced by the calculations that show the bond in 3 to
be slightly longer (0.02 A) than in 4 (see Table S4 in ESI,t
molecules calculated in the gas-phase).

In the calculation, a weak S---K interaction (10 keal mol " at
the second order donor-acceptor NBO) in 3 leads to a stronger
negative charge on the sulfido ligand (—0.1 unit difference),
which is formally interacting with two positively charged ions.
Since the charge at the uranium ion is the same for 3 and 4, the
coordination of the potassium ion leads to a higher negative
charge on the sulfido ligand in 3, counterbalancing the charge.
Consequently, a higher charge on the sulfido ligand in complex
3 leads to a smaller orbital overlap, and therefore less covalent

=G

Fig. 7 U-=S bonding orbitals in [(**MEArO)stacn)U=S:--K(db-18-c-6)]
(3), with the o (top) and the set of two 7t orbitals (bottom).
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interaction. In order to determine the nature of this discrepancy
between experiment and theory, calculations were carried out
on the putative anionic complex [((*¥™°ArO),tacn)U(S)]” (47).
The bonding analysis confirmed the negligible influence of the
K" ion on the electronic structure of the U=S bond of 3 and 4,
but not on the U-S bond length (see Fig. S187 for the MOs of the
putative complex anion 4~). Complex 4~ possesses the shortest
U-S distance, in line with the influence of the K* bonding, but
contrary to the bond lengths observed in the solid state (see
Table S4 in the ESI). Complex 3 was optimized taking disper-
sion interactions into account by applying the empirical
Grimme corrections.” This leads to a decrease in the U-S bond
length by 0.02 A in complex 3. Hence, the computational
analysis suggests that the experimentally observed shorter bond
length of 3 is likely due to crystal packing effects that were not
considered in the calculations (vide supra). Perrin et al. reported
a similar effect for the distorted geometry of an amido lantha-
nide complex.”™

Based on all of these results, we assign a significant degree of
covalency to the U-S bond of complexes 2-4. The uranium
covalency contribution is defined by up to 60% 5f orbital
character with the remainder being due to 7s and 6d orbital
involvement. The dominating role of the latter orbitals is
demonstrated by f-in-core calculations with the f-electrons
included in the core shell configuration and unavailable for
bonding. The results are essentially the same for complexes 2-4.
For instance, for 3, a triple U=S bond is obtained, which is
strongly polarized towards S (between 70 and 75%) with hybrid
s/d orbital involvement of the metal (roughly 80% 6d). Inter-
estingly, the nature of the U=S bond of complexes 3 and 4
appears to be quite similar to other computed uranium(iv)
chalcogenido complexes with different supporting ligand
systems.”>”* These results indicate that the ligand field, induced
by the supporting ligand system, does not significantly affect
the bonding within the U=S entity, regardless of whether aryl-
oxide, siloxide, or supporting amide ligands are applied. In all
reported complexes, the geometries at the uranium center are
either distorted tetrahedral or trigonal pyramidal. Quite
surprisingly, the atomic 5f and 6d orbitals experience a very
similar ligand field effect in all complexes.

In order to investigate the possible influence of the chal-
cogenido ligand, the bonding analyses of the oxo-homologs of
3 and 4 were carried out. Based on the report by Andersen on
a Cp*,UO compound, a more ionic bonding description can be
expected for the oxo complex.” The NBO analysis is in line with
a single U-O o-bond (found for the second order donor-
acceptor interaction of an sp-lone pair on O and an s/d/f hybrid
orbital). The second order donor-acceptor calculation also
hints at a small interaction between a 7 lone pair of O and an
empty d/f orbital on U, but is too small in energy to be
considered a bonding interaction (40 kcal mol™, in line with
a strong agostic interaction, see Table S4 ESIT). Hence, the oxo
complexes are strongly ionic, whereas the sulfur analogs are
more covalent. These results are in accordance with an
increase in valence orbital energy of the heavier chalcogen
homologs.
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Conclusion

In summary, we here present a new and high-yield synthetic
protocol and the characterization of the terminal uranium
hydrosulfido and sulfido complexes 2-4, supported by the
(A4MeArO)stacn®” ligand system. Proton NMR spectroscopy
reveals C; symmetry of the complexes in solution, and the
vis/NIR electronic absorption spectroscopy, together with the
SQUID magnetization measurements, allow for the unambig-
uous assignment of the uranium ion to the +IV oxidation state.
The differences in temperature-dependency of complexes 3 and
4 at low temperatures (7 < 50 K) also suggest a significant
influence of the potassium counter ion on the crystal field
splitting of the terminal sulfido complexes as well as the nature
of the U-S bond. DFT computational analyses further provided
detailed insight into the bonding properties of complexes 2-4,
and reveal a non-negligible degree of covalency in the uranium-
sulfur bond of 3 and 4. This is supported by the complexes’
structural parameters, vis/NIR electronic absorption spectros-
copy, and SQUID magnetometry. The electrochemical studies
show that complex 3 can be electrochemically oxidized, most
likely to a UY=S species, which is expected to exhibit an even
greater degree of covalency of the uranium sulfur bond.*
However, initial attempts to chemically oxidize and isolate
a U(v) sulfido complex led to decomposition products.

The synthesis of a complete series of uranium(iv) complexes
with terminal hydrochalcogenido and chalcogenido ligands is
part of our on-going studies.
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