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Abstract

The activation of small molecule is a topic of high current interest. A variety of homogeneous end
heterogeneous catalysts have been studied to be able to promote chemical transformation of industrial
relevance under mild condition and therefore decrease the costs. Often the most performant catalysts
are composed by rare and precious metals such as Pd, Pt, Rh, Ir, making the catalyst expensive and
not suitable for large scale reactions. Lots of effort is put in researching ways to substitute precious
and rare metal while keeping catalytic efficiency and selectivity. F-elements have shown to be able
to perform many chemical transformations that are common to d-metals, promoting also in some
cases unusual chemical reactivity. Differently from transition metals, f-elements present a unique
coordination chemistry, governed by electrostatic interaction with the ligand environment and steric
constrain. During my PhD I focused my attention on the synthesis of highly reactive, low valent metal
complexes based of f-elements for the activation of small molecules.

In particular, two main pathways have been followed to promote the multi-electrons transfer neces-
sary for the transformation of the substrate:

The first approach consists in the use of redox active ligands to support the metal centre and act as
electron reservoir in order to increase the number of electrons exchanged during the reaction. This
method has been used for d-, f- and d- mixed f-elements complexes, resulting to be an elegant way
for the preparation of multimetallic compounds capable of promoting multi-electron transfer reaction.
In the second approach, divalent classic lanthanides have been stabilized thanks to the bulky tris(zert-
butoxide)siloxide ligand that resulted a to be a useful tool for the formation of highly reactive bime-
tallic complexes.

The reactivity of the synthetized complexes towards small molecules such as CO2, CS; and arenes
has been tested, proving the ability of those compounds to act as multielectron reducing reagents.
Moreover, we proved that multidentate Schiff base ligands are capable of stabilizing low valent d-
metal complexes allowing the formation bonding interaction between different metals with the en-

hancement of the magnetic properties.
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Chapter 1. Introduction

The f-elements

The f-elements are a family of elements in which the valence electrons gradually fill the f-orbitals
along the series. Normally, they are divided into two families: the lanthanides, which contain 4f elec-
trons, and the actinides in which the electrons are present in the 5f orbitals. Lanthanum, Actinium
and Thorium with an electronic configuration of [Xe]5d'6s%, [Rn]6d!7s? and [Rn]6d%7s?, respectively

are included by extension (Figure 1).

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 1. f-elements. First row: lanthanides. Second row: actinides.

These elements were discovered in Sweden in the late 1700’s and nowadays, they are widely used in
many technological applications such as magnets in computer hard disks, lasers, phosphors for dis-
plays, MRI contrast agents and luminescent probes for bio-imaging. Consequently, the demand for f-
elements is constantly increasing, and access to these metals is an economic and geopolitical interest.
From a chemical point of view, f-elements differ considerably from d-metals. The lanthanides and
actinides tend to feature considerably larger ionic radii than the d-block metals, resulting in high
coordination numbers (normally between 6 and 12), and due to the low contribution of crystal field,
they present unusual coordination geometry that is dictated by electrostatic repulsions of the coordi-
nated molecules. The f-elements cations are hard Lewis acids and as such they preferentially bind
hard Lewis bases, in particular oxo and fluoride ligands. The aqua ions tend to hydrolyse unless they

are protected by multidentate ligands.

Lanthanides

The characteristic oxidation state for the lanthanides is +3. Despite this tendency to form stable tri-
valent cations, the lanthanides do not resemble transition metals such as Cr, Fe or Co; metallic lan-

thanides are more reactive than the d-block elements, and in this respect, they are more similar the
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alkaline earth metals. As a consequence of the poor shielding effect of the 5s and 5p sub cells by the
4f orbitals, there is a steady increase in the effective nuclear charge and concomitant reduction in the
size of the ions along the series, and this effect is called the “lanthanide contraction”. Together with
the poor shielding of the f orbitals, another phenomenon that contributes to the contraction is the
relativistic effect. Besides being more predominant for heavy elements such as gold or mercury, it
has been calculated that the contraction due to the relativistic effect is about 10 %.[!! This effect
explains the tendency of the early lanthanides to have higher coordination numbers than the latter,
and this allows for finetuning of the sterics around the metal centre by not only changing the ligand,

but also by choosing ions with a specific size.

The electronic configuration of elemental lanthanides takes the general form [Xe]4f**16s2, with the
only four exceptions being lanthanum, cerium, gadolinium and lutetium, which present a
[Xe]4f5d!6s? electronic configuration. With the exception of La and Lu, which have closed-shell
electronic configurations, lanthanide cations in the +3 oxidation state possess at least one unpaired 4f

electron, making those ions paramagnetic (Table 1).

Table 1. Electronic configuration and ionic radii for trivalent lanthanide

Elements Ln(0) Ln(IT) Ln(I1I)
La [Xe]5d'6s? [Xe]5d! [Xe]
Ce [Xe]4fl5d!6s2 [Xe]4f!'5d! [Xe]4f!
Pr [Xe]4£6s2 [Xe]4f2d! [Xe]4f2
Nd [Xe]4ft6s> [Xe]4fH/4£35d! [Xe]4f
Pm [Xe]456s> - [Xe]4f*
Sm [Xe]4f%6s> [Xe]4fo [Xe]4f5
Eu [Xe]4f76s> [Xe]4f7 [Xe]4fo
Gd [Xe]4f75d!16s2 [Xe]4f75d! [Xe]4f’
Tb [Xe]4£%6s> [Xe]4f85d! [Xe]4f®
Dy [Xe]4f%s2  [Xel4fl0/415d! [Xe]4f
Ho [Xe]4f!16s2 [Xe]4f1%d! [Xe]4f!
Er [Xe]4f1262 [Xe] 416! [Xe]4f!!

Tm [Xe]4f!36s? [Xe]4f!3 [Xe]af!?
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Yb [Xe]4fl46s? [Xeldf'4 [Xe]af!3
Lu [Xelaf45d'6s>  [Xeldf'45d! [Xe]df'4

Despite +3 being the most stable oxidation state, other oxidation states are possible. Eu, Yb and Sm
are normally called “classical divalent lanthanides” because they are the elements that show the most
stable +2 oxidation state of the series (Table 2). However, recently Evans and co-workers successfully
characterized the divalent complexes [K(cryptand)][LnCp’s] for all the lanthanides except Pm.[>]
This work allowed the division of the divalent lanthanide cations in three groups, based on the elec-
tronic configuration of the atoms. In this environment, Eu, Yb, Sm and Tm present a [Xe]4f! elec-
tronic configuration, while La, Ce, Pr, Gd, Tb, Ho, Er and Lu present a [Xe]4f"5d! configuration. The
remaining Dy and Nd can cross over between the two configurations depending on the ligand envi-
ronment. However, lanthanides in their +2 oxidation state are strong reducing agents, rendering those

1ons suitable candidates for the activation of small molecules.

Table 1. Reduction potential calculated for Ln''/Ln" couple.

In E°(VvsNHE) Ln E°(Vvs NHE)

Eu -0.35 Pr -2.7
Yb -1.15 Ho -2.9
Sm -1.55 Er -3.1
Tm -2.3 La -3.1
Dy -2.6 Ce -3.2
Nd -2.6 Tb -3.7
Pm -2.6 Gd -3.9

Other than the +2 and the +3 oxidation states, tetravalent lanthanides are also possible. Ce is the only
atom of the series that has a readily accessible +4 oxidation state. However, Ceria (CeQO>) is an oxi-
dizing agent and is indeed widely used as catalyst or support for oxidation reactions.[*! Other Ln(IV)
were known only in solid state,[>%! but recently our group and La Pierre and co-workers, reported two

other examples of molecular tetravalent lanthanides. [7-3-%:10]
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Uranium

Uranium is one of the heaviest elements found in nature and is known since the 18™ century. Uranium
occurs in nature with a proportion of about 99.7 % 2*3U and 0.7 % 23°U and both isotopes are radio-
active. Uranium is known mostly by the public opinion for producing energy in nuclear plants, or
more sadly for nuclear weapons. However, uranium presents a fascinating and unique chemistry; our
understanding of it is still in its infancy, and the potential of this element is only starting to be appre-
ciated. The massive stock of uranium and its unique properties make it a desirable tool to promote
new type of reactivity and catalysis.

From a chemical point of view, while the 4f orbitals of the lanthanides are buried deeply enough to
be almost unaffected from the ligand environment, the 5f orbitals of uranium are more external and
more available for bonding interaction, imparting to the atom a rich redox chemistry with many
known oxidation states (from 2+ to 6+). Among all, the most stable oxidation state under aerobic
conditions or in aqueous solution is U(VI), mostly found in the form of the uranyl cation, UO»?". The
uranyl ion is very stable and it forms a variety of mono- and polynuclear complexes both in aqueous
and organic medial'!l, and in contrast, examples of non-uranyl U(VI) are limited just because of the
stability of the uranyl moiety.

U(V) systems are relatively rare. This is mostly due to their tendency to disproportionate to more
stable species U(IV) and U(VI). Moreover, traces of oxygen water can easily oxidize the U(V) making
those complexes stable exclusively in organic media, most of the time in the form of pentavalent
uranyl.['2l However, recently in our group, pentavalent uranium has been stabilized in an aqueous
environment thanks to the use of multidentate ligand that prevent the disproportionation.!3:14]
Complexes containing tetravalent uranium are numerous in non-aqueous solution and have been re-
ported as stable species with a variety of ligands. Tetravalent uranium species such as [UCls] or [Ul4]
are common, stable starting material widely used for the synthesis of uranium complexes.

In the +3 oxidation state, uranium is a strong reducing agent, with a reducing potential between -1.5
V and -2.9 V depending on the conditions, and it present a large Van der Waals radius (1.86 A). Many
complexes of trivalent uranium have been synthetized, and it has been proved that this oxidation state
can be stabilized by a variety of different ligands, such as aryloxide, amides, silylamides, and many
other ancillary ligands. Uranium 3+ typically undergoes only stoichiometric reactions, but recently
Meyer and co-workers showed that U(III) can be electrochemically generated and demonstrated that

the element has great potential to be used as an electrocatalyst for hydrogen evolution.
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The +2 state is also known, but four examples of complexes featuring U(II) are reported, making

those systems almost unique and essentially unexplored.[!>16]

Small molecules activation

The development of processes and technologies for the capture and selective transformation of small
molecules is one of the largest research fields in modern chemistry and chemical engineering. Small
molecules such as CO,, CO, N3, Hz, C2Has, O2 and others represent a cheap and abundant source of
carbon, nitrogen, hydrogen and oxygen and they are widely used in chemical industry as starting
materials to produce fuels, fertilizer and other commodity chemicals.

For example, the continuous increasing demand for energy lead to an increase of the emissions of
carbon dioxide and other pollutants homogenously dispersed in the atmosphere that now must be
somehow removed. The recycling of carbon dioxide, together with a sustainable process capable of
transforming it, may contribute to the decrease of carbon emission while providing a cheap carbon
source for chemical industry. Another important process that involves the use of small molecules is
ammonia synthesis. The energy spent annually for the production of this important chemical is a
significant fraction of the global energy production because of the drastic reaction conditions that are
necessary to obtain the product in a reasonable time, and therefore reducing the cost would be a great
achievement.

However, these molecules are normally characterized by kinetic and or thermodynamic stability, and
the promotion of selective reaction focused on obtaining certain products is normally considered a
challenge. While the long-term goal is to develop an efficient system capable of transforming small
molecule into more valuable products under mild conditions, the fundamental understanding of the
chemistry related to this topic is nevertheless important for the rational design of the systems; it is

only through increased knowledge in this topic that a sustainable solution can be found.

CO; activation

In a world increasingly affected by climate change, CO> production and emissions are likely to be-
come more restricted. Research and technology concerning carbon capture, storage and recycling has
increased enormously in the last few decades, particularly the use of carbon dioxide as cheap carbon
source to build up higher valuable organic molecules.

However, this represents a scientific and technological challenge due to its thermodynamic and ki-
netic stability. Carbon dioxide has a relatively high LUMO, thus being a poor candidate for direct

electron injection. Indeed, many reactions that involve carbon dioxide are characterized by high
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activation energy barrier and for this reason, they require high temperature and pressure.!'’! Nowa-
days, about 0.1 % of the total amount of the manmade CO; is being used in chemical industries,!8
and most of it is utilized for the synthesis of bulk chemicals such as urea, cyclic carbonates and
polypropylene carbonate (Scheme 1). The direct reduction of carbon dioxide to formic acid, methanol
and methane is less common due to the unfavourable thermodynamics and kinetics of these reactions,

but ongoing research is aiming to make these processes competitive with the current methods.

Scheme 1. Examples of how carbon dioxide is used in industry.

However, it is possible to overcome the intrinsic low reactivity of carbon dioxide by designing highly
reactive metal complexes capable of binding the molecule and transferring electrons that transform it
into more desirable products. Indeed, carbon dioxide can be directly reduced to many valuable mol-
ecules such as carbon monoxide, oxalic acid, citric acid, formic acid and so on, but these reactions

require strong reducing agents and multiple electrons. (Table 1).

Table 3. Standard potential for the reduction of carbon dioxide (water, 298 K, Pco> = 1 atm).

Reaction E® (V vs NHE)
CO; +e - COzx” -1.90
CO2+2H*+2e - CO+H0 -0.73
CO2+2H"+2e - HCO:H -0.61
CO2+4H"+4 e - CH,0 + H,0 -0.48
CO2+6 H" +6 e - CH3OH + H,0 -0.38
CO,+8H"+8e -» CHs+2H0 -0.24
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In the last 20 years, a plethora of homogeneous and heterogeneous metal catalysts has been charac-
terized, and the coordination and reactivity of carbon dioxide has been summarized in several reviews
and textbooks.[1%-20-2122.23] Below, some examples of metal complexes capable of binding and trans-
forming carbon dioxide are considered: the focus is mainly on f-element and multimetallic complexes
since they are at the heart of this thesis.

The formation of CO;-" is probably the rarest event with only a few examples reported in literature.
Indeed, CO;-" is postulated to be the first and most reactive species in the reduction of carbon dioxide

.24 In 2004 by Mayer et al. were able to isolate a

and it normally undergoes further transformation
U(IV) complex containing a CO,'~ moiety coordinated to the metal centre. The trivalent uranium
complex [U((Ad,'BuArO)s)tacn] reacts at room temperature with carbon dioxide affording the un-
precedented [U(CO) {(Ad,'BuArO)s)tacn}], featuring a linear CO>-~ ligand (Scheme 2).[2°] The au-
thors postulated that the linearity of the radical anion is imposed by the steric hindrance of the ligand

scaffold, precluding the molecule from bending and reacting further.

Bu Bu
Ad Ad Ad Ad
O/ ™N—"\.O O/ N—"\.O
Q\l/) CO, §\|/§ -
YN . UT—"0CO
N N Toluene N N
Bu \_‘J Bu \_‘J
(0] (@)
Ad Bu Ad Bu

Scheme 2. Mono electron reduction of carbon dioxide promoted by a U(III) complex.

The other example of complex capable of forming the CO-~ species with an yttrium centre is reported
by Evans et al. The reduction of the trivalent [Y(HMDS)3] by metallic potassium in the presence of
18-crown-6 afforded an Y(II) species, which was not isolated, capable of reacting with carbon diox-
ide, forming a polymeric structure featuring the carbon dioxide radical anion moiety.[?! However,
the result must be treated with some caution, considering the possibility of forming isocyanate as
reported in related systems.?”] Moreover, the higher nitrogen percentage in the elemental analysis
results suggest the presence of isocyanate.

Examples of molecular compounds containing the CO2-~ moiety are rare because it normally under-
goes coupling reaction to form oxalate. Evans and coworkers reported in 1998 the reaction between
the divalent samarium compound [Sm(CsMes)(THF).] and carbon dioxide at room temperature.!*#

This reaction resulted in the selective formation of oxalate anion from CO, together with the
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formation of the trivalent samarium species (Scheme 3). Similar reactivity was also found for similar

ligands and for other lanthanide cations. [28-2°]

\ _THF  2CO, \ /O\C/O\Q%
2 Sm THE m Sm

%\THF

Scheme 3. Reduction of carbon dioxide to oxalate promoted by a divalent samarium complex.

The authors state that the pathway followed by the reaction proceed through the formation of CO»"
that undergoes coupling reaction forming the oxalate. However, this mechanism shares a common
intermediate with the reductive disproportionation of CO; that forms CO and carbonate, and those
products are sometimes found together in the reaction mixture.

The reductive disproportionation of carbon dioxide is very attractive due to the importance of CO in
chemical industries. Several example of this kind of reactivity have been reported in the literature,
and most of them involve d-metal complexes as electrocatalysts. [3%31-32] F-elements also show the
ability to perform the reductive disproportionation of CO;. In 2006 Gardiner and coworkers showed
that the divalent samarium supported by a porphyrinogen ligand performs the reduction of CO; form-
ing CO and a bridging carbonate anion.*3] Another and more recent example was reported by Maz-
zanti and co-workers. The divalent “ate” ytterbium complex supported by tris(zert-butoxy)siloxide
([K2Yb(siloxide)s]) react with carbon dioxide in toluene solution affording a mixture of carbonate,

oxalate and CO, together with the trivalent ytterbium species (Scheme 4).34)

t
BuO_ 0'Bu 'BUO_ O'Bu
tBU/O\—SI\ tBu/O\—SI\ tBU() OtBU
K—Q~ O'By K—O &7 t
tBu_/\O_/ \g'b-sliigtgu C;glz tBu_/b_/l\_O/ O'Bu 4 “yb(I)COy" + “Yb(I)C,O,” + CO
tBL:O//Sl_O \i:OtBu tBuo//Si_o Qi/OtBU
BuO 5,y “OBuU BUO 15,5 “OBu

D,O
0032_ + C2O42_

Scheme 4. Reaction between the divalent [K,Yb(siloxide)s] and COo.

Uranium based complexes also showed similar reactivity. The mixed sandwich complex
[U(COTR)(Cp*R)] was proven to be able to promote the disproportionation of carbon dioxide, to-
gether with the formation of other reduced products such as oxalate or CO. The use of supercritical

CO, was necessary to obtain a “clean” reaction in the case where R = SiMe; and R’ = Et, 'Pr and ‘Bu.
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The use of stoichiometric amount of CO; lead to a mixture of compounds such es carbonate, oxalate
and oxo uranium species.!>!

In 2010 Meyer et al. observed the disproportionation promoted by [U(II)((®?*? ArO)tacn)]. It was
noticed that depending on the nature of the substituents the complex can undergoes different reactivity
such as the formation of bridging oxo, bridging carbonate or binding of linear CO»~ as previously
shown in Scheme 2.3637381 Interestingly, the reduction of the obtained carbonate complex
[U((""MeArO)stacn)(u-CO3)] by potassium graphite forms again the starting U(III) complex with con-
comitant elimination of KoCO3 making it theoretically possible to use this complex as electrocatalyst.
Again, our group reported two interesting examples of reductive disproportionation of CO> promoted
by the bimetallic U(III) complex [U(OSi(O'Bu)s)s] and the monometallic “ate” analogue
[KU(OSi(O'Bu)3)4)]. The dimeric homoleptic [U2(OSi(O'Bu)3)s] reacts with two equivalents of CO,
affording CO and a U(IV)-U(IV) carbonate bridging species (Scheme 5a). However, the carbonate
complex was unstable in the given reaction conditions and underwent scrambling reactions affording
the mononuclear U(IV) [U(OSi(O'Bu)s)4] and other unidentified U(IV) complexes.[**l DFT calcula-
tion showed that the reaction proceeds through the formation of a dinuclear U(IV) binding a CO»*
moiety, and then a nucleophilic attack from another CO; molecule. Alternatively, oxo bridging di-
meric U(IV) complexes could be formed with concomitant formation of carbon monoxide. The oxo
complex can then insert CO>2 forming again the carbonate adduct.

The reactivity of the “ate” complex [KU(OSi(O'Bu)3)4)] resulted different. The reaction of this specie
with CO; performed in toluene afforded the U(V) terminal oxo [KUO(OSi(O'Bu)3)4] instead of the
expected carbonate anion (Scheme 5b). This reaction is particularly interesting because it underlines
the importance of the cooperation between uranium and potassium in the transformation of CO>. DFT
studies confirmed that potassium has an active role in binding the substrate and promoting the release
of CO. The removal of the counterion resulted by the addition of 18C6 changed the outcome of the
reaction  which formed CO and a mixture of [U(OSi(O'Bu)3)s)]  and
[K(18C6)][KU(CO3)(0Si(O'Bu)3)4)] (Scheme 5¢) in approximately 1 : 1 ratio.
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Scheme 5. Reaction of trivalent uranium complexes with carbon dioxide.

It is interesting to notice that the formation of CO and carbonate is always unfavoured compared to

[36.40.41] DFT studies have also indicated that the two reactions have a com-

the formation of oxalate
mon intermediate that involves the transfer of one electron to the carbon dioxide, forming the CO»-"
species discussed before. However, due to kinetic reasons, the formation of CO and carbonate is
observed most of the time, rendering oxalate formation rarer that the CO formation.

Beside carbon monoxide, formic acid is another interesting product derived from two electron reduc-
tion of CO». The interest for formic acid increased during the last few years due to the thermodynamic
instability and its tendency to decompose into COz and Ha, characteristics that makes this compound
a promising candidate for hydrogen storage. [4243:44]

There are many reported catalyst and electrocatalysts for the hydrogenation of carbon dioxide into
formic acid or formate based on d-metals!*>#647481 but only one example of stoichiometric reaction

involving an f-element complex.[*]

Another way to obtain useful product from the reduction of carbon dioxide is via reductive insertion
reactions. This consists of the incorporation of a CO; molecule into the backbone of a pre-existing
organic molecule. Being a reduction, only the insertion that involves the formation of a new C-C bond
will be taken in consideration. Non-reductive insertion reactions that form cyclic carbonates,
formylated amines, esters, and numerous heterocycles are not discussed because these reactions are

outside the scope of this thesis.
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The idea of using carbon dioxide as a building block in organic synthesis is well estab-
lished.[!8:21:50.51.52.20] There are numerous examples and industrial processes of this, necessitating a
brief discussion of cyclometallation and carboxylation reactions.

Cyclometallation reactions feature the insertion of carbon dioxide, or more generally an oxidizing
substrate, into a M-C bond. In the past, cyclometallation catalysts involve low valent Ni or Pd com-

plexes that act as reducing agents (Scheme 6).153]

/4 co, Ni(0), DBU
(UBD),Ni—O

Scheme 6. Cyclometallation reaction between ethylene, carbon dioxide and Ni(0).

These kinds of reactions are normally stoichiometric, so an enormous amount of metal is required for
large scale production. However, in 2002 Louie and co-worker discovered a Ni-based complex capa-
ble of catalysing the [2+2+2] cycloaddition.>* Following this result, Behr et al. found that the cy-
clization products are selectively formed by using [Pd(acac)s] in the presence of P'Pr3 as co-catalyst,

resulting in the formation of 3-lactones if butadiene derivatives were used as substrates (Scheme 7).15

Pd(acac),
/ PIPrs
FNF + CO; CHiCN,90°C -

intermediate

Scheme 7. Synthesis of 6-lactones catalysed by a Pd complex.

Carboxylation reactions are based on the insertion of carbon dioxide into a C-X bond (X = H, BRo,
halide etc) with the formation of a carboxylic acid or the equivalent carboxylate salt. Of particular
relevance to this thesis is the carboxylation of terminal alkynes. This reaction has been studied by
several authors and is normally conducted in the presence of a stoichiometric amount of base and a
copper or silver complex, and it represents one of the routes to incorporate carbon dioxide into an
organic compound, forming a versatile precursor for further transformation. Propiolic acid derivatives
are indeed used as precursors for heterocycles and as starting materials to prepare preservatives and
drugs.% Lots of research has been carried out to understand the mechanism and find an efficient
catalyst that allows the insertion of carbon dioxide into a terminal alkyne C-H bond under mild con-
ditions. DFT studies were carried out in order to decipher the mechanism and develop a new genera-

tion of more active catalysts.”-*83% The proposed mechanism (Scheme 8) relies on the formation of
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a metal acetylide complex in which carbon dioxide can undergo an insertion reaction into the M-C
bond. Once formed, the metal acetylide can react with the substrate and the base, releasing the pro-
piolic acid and re-forming the starting complex.

O'

[ML](n 1)+
COg?
Ph

\\ é? o I Heos

['V”-] n-1)+ CO, ML+

[ML]™*

Scheme 8. Proposed mechanism for the metal catalysed carboxylation of terminal alkynes

As shown in Chapter 8, it has been recently found that the reaction proceeds even without a metal
catalyst. Indeed, under particular conditions and in the presence of an anhydrous environment, the

cesium carbonate is able to deprotonate the terminal alkyne, favouring the insertion of carbon dioxide

CS; activation

Carbon disulphide and other sulphur-containing molecules can be found as pollutants in industrial
products or by-products that are normally separated or converted into less toxic molecules. Indeed,
inefficient removal of sulfurated molecules in fuels leads to the production of toxic sulphur oxides
upon fuel combustion, and this is one of the major causes of air pollution. For this reason, the trans-
formation of CS; has become more and more important in the petroleum industry and synthetic chem-
istry, and a variety of metal complexes has been found to be capable of activating the C-S bond.[’]
CS: is isoelectronic with COz, and for this reason it is also commonly used in inorganic chemistry as
a more reactive CO2 model.

The chemical transformation of CS; is mostly dominated by transition metal complexes such as Pt,
Rh, Ni, Fe, Ru, Re and others.[0%61] Such transformations include the binding of CS,,®!) breaking the
C=S bond,!*?! insertion reactions and other types of reactivity. Scheme 9 shows a few examples of the

possible coordination mode of CS; and products obtained by reduction of CS..
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Scheme 9. Examples of d-metal complexes capable of activate and transform carbon disulphide.

Despite the rich chemistry of sulphur and d-metal compounds, examples of reactivity involving CS»
and lanthanide or actinide complexes are much rarer, and their chemistry remains essentially unex-
plored.

Regarding uranium chemistry, the reduction of CS> is limited to a few examples. In 1986, Andersen
and a coworker reported the synthesis of [{U(Cp)s}2(pn-CS2)] obtained by oxidation of the U(III)
complex [(U(Cp)3] by CS». This complex contains the two-electron reduction product of carbon di-
sulphide bridging two uranium centres.

More recently, Meyer and co-workers reported the reduction of CS» by a trivalent uranium supported
by a multidentate tripodal phenolate ligand [U(N(A%M¢ArQ);)(DME)] to afford a mixture of thiocar-
bonate and tetrathiooxalate (Scheme 10).[93:¢41 The reaction products arise from the competition of

two different pathways, one involving the C-C coupling of two CS;- radicals formed by one-electron

reduction of CS,, and the cleavage of CS>* forming a bridging sulphide and then thiocarbonate.

Ad Ad
Q om
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’ AN @,
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Scheme 10. Reaction of [UT(N(A4MeArQ)3)(DME)] with CS,, formation of tetrathiooxalate and thi-

ocarbonate.
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An example from our group involve again the trivalent binuclear uranium species
[U2(0Si(O'Bu)3)s].1* The reaction of this complex with one equiv. of CS; afforded a U(IV) complex
that features a reduced bridging CS»?" [{U(OSi(O'Bu)3)3}2 {u-x*(C,S):x %(S,S)-CS2}] (Scheme 11).

BU\ - Si(0'Bu); (‘BUO)gSi, _Si(0'Bu)s
(0'Bu)sSin. | O ~OSiOBU);  CS; ‘Bu'\o\cl) \Cl)/o<tB-ut
(tBUO)3SIO O é OSI(O u); hexane (BUO)ZSI\O//U é/L'J\\O/SI(O Bu),

~ AN —_
(BuO),Si” 'Bu (BUO)SI” O=si(0'Bu),

Scheme 11 Two electron reduction of CS, promoted by [U(OSi(O'Bu)3)3]2

DFT calculations carried out to explain the formation of the complex revealed that the bridging CS,*
is the most stable product of the reaction because any further transformations to produce thiocar-
bonate or tetrathiooxalate are either thermodynamically or kinetically unfavourable.

Also recently from our group, the heterometallic [UCo(bis-salophen)(py)x] (x = 2 or 3) has shown
activity towards carbon disulphide, being able to release the electrons stored in the ligand scaffold to
promote the C-C coupling of two CS> molecule to afford tetrathiooxalate (see Chapter 2).

Examples related to lanthanide complexes are rarer. Jones!%®! and Junk[® reported the reactivity of
Sm(II) complexes supported by amidinate ligands. In these cases, the reduction of CS; resulted in C-
S bond coupling, affording a SCSCS,? bridging moiety instead of the more common C-C coupling

(Scheme 12).
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Scheme 12 Reduction of CS; to form SCSCS,* promoted by divalent samarium complexes.

More recently in our group, Yb(II) and Eu(Il) ate complexes supported by tris(zerz-butoxy)siloxide
ligands have shown interesting reactivity with carbon disulphide, producing a mixture of CS3*, C3Ss*
and C»S4% in different ratios depending on the metal centre involved in the reaction, underlining the
importance of the number of ligands, the coordination environment and the metal centre on the out-

come of the reaction (Scheme 13).134
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Scheme 13 Reaction of [Ln(siloxide)sK2] with CS; to form a mixture of CS3%>, C2S4> and C3Ss?".

Following the previous work, an Yb(II) complex supported by siloxide ligands has shown interesting
reactivity toward carbon disulphide, causing the cleavage of one C-S bond and the coupling of two
CS moieties, affording the rare acetylene dithionate anion, which was previously known only for a

few transition metal complexes (see Chapter 6).

Arene activation

Extended sandwich structure based on d-metal and main groups elements are well established.[®7-68]
Differently, the coordination of arenes are rarer in the chemistry of f-element and the example re-
ported are mostly based on Cp and cyclooctatetraenyl (COT) ligands.[®) Evans et al. discovered a
novel class of unsolvated triple-decker bent metallocenes of divalent lanthanides.[’ The compounds
[(COT){Ln(CsMes)}2] (Ln = Sm, Eu, Yb) were prepared by desolvation of the corresponding THF
solvates. Arene activation has been observed by Arnold and co-worker from the decomposition of
[UX3] (X = aryloxide, amide).[”! The trivalent U complex decompose in the arene solution (benzene,
toluene or naphtalene) at 90 °C forming inverse sandwich molecules [XoU(p-h®:hé-arene)UX,] and a
UX4 by- product. The reduced arene was also active for the silylation and borylation reaction. In our
group, the reduction of arenes has been achieved by using the previously presented complex
[U2(0OSi(0O'Bu)3)s].l7?! The U(III) compound is capable of reacting with excess toluene in hexane so-
lution forming the inverted sandwich [{U(OSi(O'Bu)s3)3(u-h®:hé-toluene)}»] (Scheme 14).

B §iB) . »

(OtBU)ssi\UJ/O\U/OSi(O‘Bu)3 o t (BUO).3S|O\ »\ PSI(O'But)3

(BuO),Si0” \CJ/(')\OSi(O‘Bu)3 hexane (BtltO)sSIOf/lJ W) U\—Qsl(osu)s
(‘BuO),Si”  'Bu (‘BuO)3SiO OSi(O'Bu),

Scheme 14 Reduction of toluene promoted by [U2(OSi(O'Bu)3)s].

More recently, the quadrupole-decker [K(2.2.2-crypt)]2[ {(K(OSi(O'Bu)3);Ce)(u-h®:hb-C7Hg)}.Ce]
complex was obtained by the reduction of the Ce complex, [KCe(OSi(O'Bu)3)s] with K in tolu-
ene/THF, affording an arene bridge multi-decker sandwich of an f-element.[”?) Although Ln(II)
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intermediates are likely to be involved in these reactions, the reduction of toluene or benzene by
authenticated Ln complexes was not been confirmed. In Chapter 7 a divalent samarium supported by
siloxyde ligands that showed similar reactivity towards arenes, allowing the formation of multideker

compounds will be presented.[7*]

N3 activation

The activation of dinitrogen is one of the most difficult challenges in chemistry because of the very
strong triple bond in the N> molecule and the non-polar nature of the molecule. Despite its similarity
with the CO molecule, N> is a much weaker sigma donor and a poorer m acceptor, resulting in weak
and often reversible binding. Therefore, it is not surprising if the synthesis of ammonia from N> and
H> requires drastic conditions of temperature and pressure even with the use of a catalyst, and repre-
sents one of the most important achievements in industrial chemistry.

The chemistry of nitrogen is well developed for d-block metals, and stoichiometric, catalytic or elec-

trocatalytic conversion of N> into ammonia are reported (Scheme 15).17576.77.78.79.80.81.82, 83]
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Scheme 15 Examples of d-metal complexes binding and reacting with Na.

The examples of N activation reported in the literature often rely on d-metals such as Fel8485.86.87.88]
P Y y
or Mo, 89909192931 and most take advantage of multimetallic centres in order to coordinate the mole-

cule and to release the electrons needed to break the bonds. Also, many examples of f-element based
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complexes reacting with dinitrogen are reported, proving that these elements are suitable candidates
for N> activation owing to their generally strong reducing power in low oxidation states.” The first
example of dinitrogen acting like a ligand was reported by Evans et al. in 1988. [Sm(CsMes)2] revers-
ibly binds and reduce N> in toluene solution forming a trivalent samarium complex (Scheme 16).1°
The authors claim that the reversible binding is due to the high reactivity of the complex together

with the open coordination environment.

2 Sﬁm +Na %Smilﬂl/Sm\

Scheme 16. Reaction of [Sm(CsMes)2] with Na.

Again, Evans et al. discovered that the reduction of trivalent lanthanides supported by bis(trimethylsi-
lyl) amide (HMDS) generates putative divalent species that are capable of reducing N> (Scheme
17).[96,97]

THF N(SiMes),
2 [Ln(N(SiM 2K Np, THF Me3Si),N—Ln_ Il _Ln—N(SiM
[Ln(N(SiMe3)o)s] + wavps. (Mes ')g Ll Ln=N(SiMes),
(Me3Si)oN THF

Ln =La, Ce, Pr,Nd, Gd, Tb, Dy, Ho, Er, Y, Tm, Lu

Scheme 17. Examples of f-metal complexes binding and reacting with No.

N> activation was also found for U(III) complexes. The trivalent [U(CsMes)s3] reported again by Evans
allows the coordination of dinitrogen in an end on fashion.”®) However, differently from the example
previously cited for the lanthanide, the reduction of the substrate is not achieved, and a pressure of
more than 5 bar of N2 have to be applied to stabilize the complex. Arnold et al. reported the two
electron reduction of dinitrogen promoted by the trivalent uranium aryloxide® and siloxide.[1%]
Complete cleavage of Nz is also been observed. Gambarotta et al. reached the cleavage of dinitrogen
thanks to a U(III) complex supported by a calixtetrapyrrol ligand in presence of potassium naphtha-
lenide as reducing agent forming a mixed valence U(IV)-U(V) bridging bis-nitride complex.['!] Fi-
nally, recently in Mazzanti group a dinuclear “ate” U(III) complex supported by siloxide has been

identified to be able to cleave and functionalize N».[101.102]

Implementing Multi-electrons transfer for Small Molecules Activation

The activation of small molecules represents one of the biggest challenges in modern chemistry, and

the discovery of catalytic systems which allow the use of less drastic conditions would be an
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economical advantage and would make the processes more environmentally friendly. To be able to
activate small molecules, a metal complex has to fulfil some requirements: 1) it has to possess a high
reduction potential to overcome the intrinsic thermodynamic and kinetic stability of the substrate, 2)
it has to be capable of coordinate the substrate, polarizing the molecule, and 3) it has to be able to
participate in a multi-electrons transfer.

It has been described before, low valent f-elements are strong reducing agents and are strong Lewis
acids, therefore are good candidates to coordinate and to activate small molecules.

Concerning multi-electron transfer, there are different methods that can be used to achieve this goal.
The most obvious, is the use of metals which allow the transfer of more than one electron. As we
have already seen, noble metals like Pt, Pd, Rh, Ir, but also non-noble metals like Ni or Cu, are capable
of multiple electron transfer. Another possible way is the association of multiple metal centres, form-
ing a so-called multimetallic system.[!93:104.105.106] Thig approach takes inspiration from heterogeneous
catalysis, where the coordination of substrates usually involves more than one metal atom. Organo-
metallic chemistry has seen increasing interest in multimetallic systems in the last decades. Indeed,
the combination of different metal atoms has often shown a synergetic effect in the activation of small
molecules, with an enhancement of the reactivity compared to the monometallic compounds for d-

86,103,107.108] The study of multimetallic systems has been probably

metals and main group elements.!
inspired by the enormous number of biocatalysts containing multiple metal centres. Enzymes such as
tyrosinase, FeMoS, superoxide dismutase, methane monooxygenase, ribonucleotide reductase, ure-
ase, and many others take advantage of multiple metallic centres to promote very selective reactions
under mild conditions. It is therefore obvious that a deep understanding of those systems is not only
of fundamental interest but may also allow the creation of more selective catalytic systems, and pro-
mote reactivity that is not possible if only one metal is present. Forcing two or more metal centres in
close proximity (from 1.5 to 6 A)l'%] is the key to the efficiency and selectivity of enzymatic systems,
and confers them the ability to bind substrates on different sides, and consequently increasing the
reactivity (Scheme 18). In other words, complexes containing different metals can exhibit synergetic
reactivity that is different from compounds containing only one metal. From a mechanistic point of
view, one metal acts as a Lewis acid by binding the nucleophilic part of the substrate, while the second
metal acts as a Lewis base by binding the electrophilic moiety. This effect is particularly marked
when metals with different characteristics, for example early and late transition metals, are coupled

together. In those systems, the metals can play different roles, being able to cooperate to bind and

transform the substrate.
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Scheme 18. Different binding mode of a substrate to a metal or multiple metal centres

Another less utilized approach is the use of redox active ligands that can enable redox-type reactions
with metal centres that do not possess multiple oxidation states that are easily accessible. Redox active
(or non-innocent) are particular kinds of ligands capable of accepting and releasing electrons without
necessarily changing the oxidation state of the metal centre (Scheme 19). Like in the case of multi-
metallic systems, redox-active ligands have attracted increasing interest in recent years. Many ligands
that were considered just spectator ligands are now thought to be non-innocent ligands that play a

major role in chemical transformations.
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Scheme 19. Example of redox active ligand.

In our group, the strategy chosen for the activation of small molecules is a combination of redox-
active ligands with multimetallic compounds. This original idea couples the advantages of both meth-
ods, that is the major ability to bind the substrate via interaction with multiple metal centres, and the
promotion of multi electron transfer reaction even with the use of metal characterized by mono elec-
tron transfer. In the following section, multimetallic systems and redox-active ligand is presented.

Again, a particular focus is placed on f-element complexes since they are the main focus of this thesis.

Multimetallic compounds

The importance of multimetallic cooperativity in the binding and the activation of substrates is now-
adays recognized. Indeed, lately there has been an explosion of studies regarding the design of archi-
tectures for holding two or more metals in close proximity for multi-metallic cooperation for small
molecule activation. Many examples have been reported with different kinds of metals, showing
several times a synergetic effect of the two metals, with an increase in the properties (catalytic, mag-
netic, and so on) compared to the monometallic analogues.[10%-103-110.109.HLI.I3] Ag we mentioned
before, this strategy has probably been inspired by biological systems and seems particularly com-
pelling for the transformation of N> into ammonia and derivatives. Nitrogenase, the enzyme that per-

forms the natural N> reduction, take advantage of a multi-iron coordination: the active site consists
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of a cluster containing seven Fe atoms and one molybdenum in a cage and is capable of transforming
dinitrogen under ambient conditions.!””! However, dinitrogen is not the only small molecule for which
the action of multiple metals is required. As we have seen before, also for the reduction of carbon
dioxide multiple electron transfer is necessary, and this may be achieved by using multiple metal
centre releasing one electron each. Moreover, since carbon dioxide is a polar molecule, the action of
metals with different characteristic may facilitate the coordination of the molecule. In this respect,
early transition metal and f-elements are normally able to coordinate the nucleophilic oxygens of
carbon dioxide, while the late transition metal often coordinate the electrophilic part in different
modes.!!# Tt is therefore clear that complexes containing more than one metal centre possess a clear
advantage compared to the monometallic ones. However, their chemistry is challenging, probably
because of the difficulties associated with the synthesis of these compounds, that in many cases relies
on a random or unexpected self-assembly more than a rationalized method. Indeed, in the absence of
a protein bulk, the goal is to generate a ligand scaffold that could accommodate multiple transition
metal ions in the same proximal space, allowing us to explore the reaction chemistry of clusters as
molecular units. An ideal ligand platform would permit control over the coordination environment of
the individual metal sites within a mutimetallic assembly, while directing the open coordination sites
to allows the metal to interact and cooperate. Some examples of these kinds of complexes will follow.
The binuclear [Cu(m-xpt),X2][PFs]2 (X = NOs™ or CI') reported by Pokharel et al.[''] represents an
interesting case of a complex displaying an empty cavity spacing two Cu(Il) centres with a long
metal-metal distance (> 5 A) (Scheme 20). The complex can be reduced to the analogue Cu(I) com-
pound by the action of sodium ascorbate or via electrochemical way, and in its reduced forms it reacts

with carbon dioxide reducing it to oxalate bridging the two copper cations.
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Scheme 20. Selective reduction of carbon dioxide to oxalate promoted by a dinuclear Cu(l).

Interestingly, the complexes perform the reduction of carbon dioxide selectively over O.. Indeed, the
reaction can be carried out under air and oxalate results the only product of the reaction. The author
claim that this selectivity is due to the special environment in which the copper atoms are placed,
reinforcing the idea that the geometric and steric characteristic of the complex, together with the

bimetallic cooperativity, plays a key role in the outcome of a chemical reaction.
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Another case reported by Murray, involves a tris(B-diketiminate) cyclophane ligand capable of host-
ing three metal cations in its internal pocket. Trimetallic iron(II), cobalt(Il) and zinc(Il) complexes
have been synthetized and characterized. These complexes have shown interesting reactivity towards
carbon dioxide being able to selectively promote hydride transfer to carbon dioxide forming formate
bridging species.!!!®! In particular, the trinuclear zinc bridging hydride showed unusual stability in air
and water, reacting selectively with CO; and showing no reaction towards nitriles, aldehydes and
even CS,.!'!") Finally, upon reduction with alkali metals, the trinuclear complex promoted the cleav-
age of dinitrogen with the formation of bridging nitrides or amides then can act as catalysts for silyla-
tion reactions.[ 885118 The unique reactivity of those systems compared to the monometallic ana-
logues is due to the particular geometry in which the metal centres are forced, reinforcing the idea of
multimetallic cooperation.

A series of trimetallic complexes were also reported by Betley and co-workers. The particular ligand
used in that study (Scheme 21) forced the metallic centres in close proximity, with a distance within

the range of Fe-Fe bond.!'!]

15[Feo(HMDS),] g N s
HN - Fer=rj==Fe
R—NH S=,THF py other S N >
N N?Féq
H &
R—NH

Scheme 21. Formation of a trimetallic Fe(Il) complex

[120

Those complexes showed a series of interesting reactivity towards azobenzene derivatives!'?) and

121

azides!'?!], and the interaction of the iron centres give rise to an unprecedent magnetic coupling that

is retained at room temperature.[!!%]

Regarding the f-metals or mixed d-f- metal complexes, interesting examples are found in literature.
In 2014 Arnold, Love and co-workers reported the synthesis and characterization of a dinuclear ura-
nium complex supported by a polypyrrolic macrocycle (commonly known as Pacman ligand).['2?!
This macrocyclic ligand has been used to synthetize several bimetallic complexes showing the ability
of forcing them into close proximity (3.5 - 7.8 A, depending on the metal centre and coordinated
anions).!?]

Again Arnold et al. documented the synthesis of a series of U(IV) and d-metal complexes held to-
gether by a diphenylphosphino phenolate ligand. ['241251 The main characteristic of this ligand is the
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presence of two distinct coordination site capable of binding both oxophilic, hard metals such as
lanthanide, actinides or early transition metals and softer metals such as late transition metals.

Lu et al. used a similar ligand reporting the synthesis of hetero-bimetallic complexes (Scheme 22)
featuring short metal-metal distances (1.9 — 2.6 A depending on the metal centres).['?¢127] Those com-
pounds resulted are also active catalysts for hydrogenation or isomerization reactions, underlining the
utility of rare earth metal ions as promoters, being able to influence the electronics of the second

metal centre.[128]

=N, P
RE, d-metal
d

Scheme 22. Hetero- bimetallic complexes featuring short M1-M; distances.

However, the examples reported take advantage of a preorganized organic ligand specifically de-
signed to hold the metal centres in close proximity. Simpler ligands can also be used to promote the
formation of multimetallic systems. In this respect, the ancillary ligand tris(tert-butoxy)siloxide rep-
resents a good candidate thanks to its flexible coordination modes, being able to act as a mono- or
multi-dentate ligand. The tris(tert-butoxy)siloxide ligand, like alkoxides and aryloxide, can act as ¢
and m donor. Being a hard donor, the metal oxygen bond that this ligand form with f-elements is
strong, mainly due to electrostatic interactions. Moreover, this ligand is reasonably bulky (Tolman’s
angle of about 125 °) and is therefore appropriate for forming low coordinated reactive metal centres,
also thanks to the possibility of coordinate the metals in a multidentate mode. Binuclear complexes
of trivalent lanthanides supported by siloxide ligands have already been reported, proving the ability
of this ligand to promote the formation of systems with metals in proximity to each other.['*’ More-
over, in the past the use of this type of ligands has been limited in f-element chemistry, with only two

examples reported for divalent lanthanides, making this chemistry almost unexplored.!3%131]

Redox active ligands

The vast majority of homogeneous or heterogeneous catalysts contain one or more metal centres.
Generally speaking, catalytic processes can be divided into redox-active (when a change in the oxi-
dation state of the metal centre is involved in the reaction mechanism) or redox-neutral (when the
oxidation state of the metals remains unchanged during the reaction). For example, the ability of Pd

or Pt to undergo two-electron transfer (Pd/Pd’, Pt/Pd", Pt/Pd") has been widely used to promote
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[132,133

many organic reactions. 1 On the contrary, the redox stability of Ti!V or Zr!Y makes those metals

134 However, metals that does not have mul-

suitable candidates for alkene polymerization catalysts.!
tiple accessible redox states may instead possess other characteristics that make them ideal candidates
for the coordination of the substrate, and consequently the possibility to impart redox ability would
be a great achievement.

When a non-redox-active ligand is coordinated to a metal centre, the energy that is required for its
oxidation or reduction is generally much larger than the energy required for a change in the oxidation
state of the metal. Consequently, the exchange of electrons that are needed for the reaction to proceed
occurs at the metal centre. On the contrary, redox-active ligands have more energetically accessible
levels for reduction or oxidation, and this translates to their ability to participate in the electron ex-
change with the possibility of the metal maintaining the same oxidation state during the transfor-
mation. However, sometimes the assignment of the oxidation state of the metal can be difficult when
it is bound to redox-active ligands. This fact resulted in the classification of these ligands as “non-
innocent” because they are “guilty” of hiding the real oxidation state of the metal centre.

For what is discussed above, it is clear that redox active ligands may be powerful tools to confer redox
ability to metals which do not readily change oxidation state by accommodating electrons in their
scaffold, thereby acting as an electron reservoir. For these reasons, the use of these ligands has be-
come increasingly popular in d-block chemistry for both fundamental understanding of the phenom-
ena, and for the development of molecular batteries!!*> and catalysts!'*%137] for small molecule acti-
vation.

Ligand such as catechol, aminophenol and phenylenediamine derivatives can coordinate to a metal

in three different oxidation states.

QO- QO- QO
O @) @)
R R : R
+e +e
O @) @)
N\ A\
) ! )
R R R

Scheme 23 Examples of redox active ligands.
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The coordination behaviour of these ligands in their different oxidation states has been studied in

great detail for d-metals.[!3¢]

The use of redox-active ligands has been recently extended to f-elements in order to promote redox
reactions to atoms which have only one stable oxidation state. An interesting example was reported
by Bart and co-workers, who discovered that a pyridine(diimine) ligand can stabilize a series of highly

reduced uranium coordination complexes by storing one, two or three electrons in the ligand, and that

139]

they can be released afterwards for the reduction of organic azides (Scheme 24).!

Mes
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‘-,'_\U//THF KCg

N K
U

Mes =

Scheme 24. Multi electron reduction and reactivity towards organic azides of [UMePDIM®)].

Spectroscopic and structural characterization of these compounds supports the idea that electrons are

stored in the ligand framework and are used in subsequent reactivity.

Schiff base as redox active ligands

Of all the redox-active ligands that can be associated to f-elements to perform redox chemistry, our
group has identified polydentate Schiff bases as a very convenient and synthetically versatile choice.
Schiff bases contain an imine functionality and are usually obtained from the reaction of an amine
and a carbonyl compound. The simple synthesis and the possibility to easily change the steric and
electronic properties makes them ideal candidates for our studies and numerous example of multime-

tallic Schiff base complex have been reported.['®] In the last years, our group has focused on
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polydentate Schiff bases as supporting ligands for uranium and lanthanides in order to achieve multi-
electron reductions. As opposed to the previous mentioned examples in which the electrons were
stored as radicals in the ligand scaffold, the reduction of complexes containing Schiff bases often
affords the reversible formation of a C-C bond.[140-141.142.143.144]

Previously in our laboratory, uranium complexes supported by the redox-active ligand M°naphtquin-
olen!!'*! and salfen!!*} were studied (Scheme 25). The reduction of [U(salfen),] and [U(M°naphtquin-
olen),] did not lead to the formation of a U(III) species, but instead proceeded via a reductive coupling

of the imino function of the ligand, leading to a new U(IV) complex with four electrons stored in two

C-C bonds.
F 5 Ny Q 4K
a) @ﬁ%? 9%

Scheme 25. Reduction of Uranium Schiff base complexes, formation of new C-C bonds for the

complexes a) [U(salfen),] and b) [U(Menaphtquinolen),].

Also, complexes supported by salophen derivatives have been studied in our group for d-metals,!46]
lanthanides!'*”) and uranium.'*¥] Differently from the previous examples, those complexes can be
reduced under control with two or four electrons, forming macrocyclic ligand in the presence of two
imido groups. The new ligand obtained by four electron reduction can host two metal centres close-
ness, and it has been used in the past by Floriani and co-worker to promote the formation of metal-
metal bonds between d-metals.l'*!] As it will be shown in Chapters 2, 3 and 4, the study of Schiff base

supported complexes has been extended for iron, lanthanides and U mixed d-metals.
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Purposes and objectives of the projects

The work presented here concern the area of fundamental organometallic chemistry. The main goal
of the work was the design of f- and d-elements complexes capable to promote the activation of small
molecules, which is an attractive and challenging field in contemporary chemistry. Indeed, beyond
the fundamental interest, this research may represent a step towards the development of efficient
molecular catalysts or electrocatalysts that convert cheap and abundant molecules into valuable chem-
icals.

Being small molecule normally relative inert, their utilization depends on surmounting a significant
activation barrier. Moreover, due to their thermodynamic stability, high reducing potentials are gen-
erally required for their reduction.

To overcome these problems fundamental research is focused on designing compounds that coordi-
nate the substrate and allow them to undergo the addition of multiple electrons that are normally

required for their transformation.

Compared to d-metals, few examples of small molecule activation promoted by f-element are re-
ported in literature despite the unique properties these elements possess, such as flexible coordination
sphere and the high reducing potential in low oxidation state. However, the redox chemistry of f-
elements is mostly dominated by one electron process, while a multielectron transfer is required for

the reduction of small molecule.

During my PhD I synthetized and characterized highly reactive d- and f-metal complexes designed
to perform multi electron redox reactions that can be exploited in the activation of small molecules.
More specifically, two main strategies have been used both directed to implement multi-electron
transfer in f-element chemistry: the first involves in the study of Schiff base as supporting redox
active ligands capable to store and release electrons during reactivity, and the second consists in the

design of compounds bearing multiple metal centres in low valent oxidation state.

For what concerns the first approach, in Chapters 2, 3 and 4 will be presented a series of homo- and
hetero- bi and tri-metallic complexes supported by Schiff base ligands and their reactivity towards
small molecules. It will be shown how electrons can be stored and released from the ligand scaffold
trough the reversible formation of multiple carbon- carbon bonds. An important target of the projects

was to study the possibility of tuning the reducing ability of the complexes by changing both the
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metal centres involved and the ligand. In those studies, the reduction of metal ions supported by the

salophen and the trensal ligand was expanded to mixed metal complexes, iron and lanthanides.

In Chapters 5, 6 and 7 will be presented dinuclear systems resulting by using the ligand tris(tert-
butoxy)siloxide with 4f-metal complexes. In this case, the use of a spectator ligand was explored with
the idea of building multimetallic systems capable of multielectron reactions, that in this case were

stored in the metal centres.
Finally, in Chapter 8, the insertion of carbon dioxide into the C-H bond of terminal alkynes is pre-

sented. Despite the reaction was conducted in presence of metal catalysts, it will be shown that under

specific conditions the catalytic specie is not required.
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Chapter 2. A versatile route to homo- and het-
ero-bimetallic 5f-5f and 3d-5f complexes sup-
ported by a redox active ligand framework”

Introduction

Heterometallic 3d-5f coordination compounds are attracting increasing attention because of their im-
portance in the fundamental understanding of the nature bonding and metal-metal interaction in 5f
elements.l' Moreover, they offer the possibility to combine the distinct characteristics of fand d block
elements to obtain new physical properties and to promote novel chemical reactivity.?] Notably the
association of uranium with 3d elements led to the discovery of original uranium-3d polymetallic
assemblies with unique magnetic properties.l*) Moreover, the importance of multimetallic coopera-
tivity in the stoichiometric and catalytic transformation of molecules such as CO2, CO or CS; is in-
creasingly recognized,>* but most studies have so far focused of hetero-bimetallic complexes asso-
ciating early/main group and late d-block metal ions.[>*]

To date, only a handful examples of heterobimetallic complexes that feature d-block and uranium
metal centres in close proximity have been reported and their reactivity remains essentially unex-
plored.[®) Moreover, the of use redox active ligands!”! in the synthesis and reactivity of 5f-3d com-
plexes is so far limited to ferrocene-based systems.[6¢8]

Recently, we have explored the chemistry of uranium complexes supported by Schiff-base lig-

ands.!®*1 We found that the reduction of the [U"V(salophen),] complex with Na (Scheme 1),[°! affords

a U(IV) complex of the new dinucleating bis-salophen ligand via ligand-based reduction.

* Portion of this chapter have been published: C. Camp, D. Toniolo, J. Andrez, J. Pécaut, M. Mazzanti, Dalton Trans.
2017, 46, 11145— 11148

Authors contributions: C.C. and M.M. originated the idea and wrote the manuscript. C.C., J.A. and D.T. performed the
synthesis and the characterization of the complexes. In particular DT optimized the synthesis of all compounds beside
2-py and obtained the crystals of 3, 4-3py and 6. J. P. performed the X-ray single crystal analysis.
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Scheme 1. C-C bond formation/cleavage in U(IV) Schiff base complexes.

Here we show that the hetero-bimetallic complex [NaxU(bis-salophen)]s, 1, (Scheme 1) provides a
versatile precursor for the synthesis of homo-and hetero-bimetallic complexes of the redox-active bis-

salophen ligand via salt metathesis reaction.

Results and Discussion

The addition of one equivalent of [Ul4(OEt2)2] or UCl4 to a THF solution of [NaxU(bis-salophen)]s,
1 yields the homo-bimetallic complexes [Uz(bis-salophen)(S)n]l> (S= THF, n = 3, 2-THF; S = Py, n=
6, 2-py) and [Ux(bis-salophen)(THF),Cl], 3, respectively (Scheme 2). ESI/MS spectra of 2-THF

indicate the presence of a binuclear species in THF solution (m/z = 1231.1, corresponding to the

{[Ux(bis-salophen)]I} " moiety).
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Scheme 2. Synthesis of complexes 2-py and 3.
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Single crystals of 2-py were obtained by recrystallization of 2-THF from a pyridine/hexane solution

while crystals of 3 were obtained from slow diffusion of hexane into a THF solution of the compound.

Figure 1. Solid-state structures of the cation [Uz(bis-salophen)(py)s]*" in 2-py (right) and 3 (left)
(50% probability ellipsoids). Hydrogen atoms, outer sphere counter anions and interstitial solvent
molecules have been omitted for clarity. C-C bond formed by coupling of imino groups highlighted

in yellow.

The crystalline structure of 2-py consists of isolated ions pairs and the structure of the [Uz(bis-salo-
phen)(py)s]** cation is presented in Figure 1. The structure of 3 (Figure 1) shows the presence of a
neutral complex where a chloride ion binds each uranium cation. In both complexes two U(IV) ions
are encapsulated by the octadentate hexaanionic chelating ligand bis-salophen, which adopts a helical
structure. It is remarkable that upon substitution of the two sodium ions in 1 by a U(IV) cation the
hexaanionic ligand bi-salophen unfolds to accommodate the uranium(IV) ion. These dinuclear com-
plexes present a pseudo-C> axis located between the two uranium ions and the two carbon atoms
forming the C-C bond (in orange in Scheme 1) connecting the two salophen moieties. Both ura-
nium(I'V) centres in 2-py are eight-coordinated by two phenolate, two amido and one imino moieties
from the bis-salophen ligand and three pyridine molecules in a slightly distorted dodecahedral fash-
ion. The two imido moieties of the ligand act as bridging units and are unsymmetrically coordinated
to the uranium atoms, the U1-N2 (2.4283(1) A) and U2-N21 (2.4606(1) A) bond distances being
shorter than those of U1-N21 (2.6603(1) A) and U2-N2 (2.6643(1) A), in 2-py and U1-N2 (2.448(5)
A) and U2-N4 (2.453(5) A) being shorter than U2-N2 2.610(5) A) and U1-N4 (2.528(5) A) in 3. This
results in a 4.0241(2) A and 3.86(1) A separation of the two uranium atoms in 2-py and 3 respectively,
which is significantly longer than that (3.54(1) A) observed in the more sterically constrained com-
plex [Ux(cyclo-salophen)(THF)4].°*) The U-Nimino and the the U-Namigo average bond distances in
complexes 2-py and 3 are very similar to those found in complex 1. Similarly, the values of the C-C

bond distance between the two amido groups in the bis-salophen ligand remain unchanged compare
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to 1. The '"H NMR spectra of 2-py and 3 in py-d5 solution, display 13 and 12 shifted paramagnetic
resonances respectively in agreement with the symmetry found in the solid state structure.

The two electrons stored in the C-C bond between the two amido groups in 2-py can become available
for the reduction of oxidizing substrates. Notably, treatment of 2-py with one equivalent of iodine
leads to the cleavage of the C-C bond restoring the original Schiff base structure to yield [Ulx(salo-
phen)py2] (Scheme 3). However, the homo-bimetallic complexes 2-py and 3 do not react with less
reactive molecules such as CO; or CSo.

The reduction of 2-py and 3 by potassium or sodium metal affords the previously reported [Uz(cyclo-
salophen)(THF)4]®% complex (Scheme 3). It should be noted that the complex 2-THF could not be
prepared by reduction of [ULx(salophen)(THF).] with one equivalent of potassium or sodium, a reac-
tion that only leads to the formation of the fully reduced [Uz(cyclo-salophen)(THF)4]% complex and

unreacted precursor.

e
KA oo

I o
Py—\ /Py l2 Py \ NeoN_ /_py N UZIN
2 N \oN= py py%”i/ﬁ\)U%PV THF, -2 Na/KI NG N
C( D py N N7\ ey ’ @ il
aN T By
[Ulx(salophen)py] [U;(bis-salophen)(py)¢ll, 2-py [U,(cyclo-salophen)]

Scheme 3. Ligand-based redox reactivity of complex 2-py.

We then extended this versatile synthetic route to access original 3d-5f hetero-bimetallic complexes.
The reaction of 1 with an equimolar amount of [MX>] (M, X = Co, CI; Fe, Cl; Ni, I) in THF or in
pyridine affords [UCo(bis-salophen)(S)«] (S = THF, x = 2, 4-THF, S = py, x =2, 4-2py, S = py, X =
3, 4-3py), [UNi(bis-salophen)(THF):], 5-THF, and [UFe(bis-salophen)(py)s], 6 in 57-89% yield
(Scheme 4). The 'H NMR spectra of complexes 4 and 5 in py-d5 display 24 paramagnetic resonances

indicating fully asymmetric species in solution (Figure 2, 3).
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Figure 2 '"H NMR spectrum of 4-2py (py-d5, 298K, 400 MHz).
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Figure 3 "H NMR spectrum of 5-py (py-d5, 298K, 400 MHz).

Interestingly, in order to obtain complexes 4 and 5 as the only reaction products the addition of the
Co(II) and Ni((II) salts to 1 should be slow. Fast addition of [MX3] salts (M = Co, Ni) results in the
formation of significant amounts of the oxidation product [U(salophen),] and Co(0) or Ni(0).

Differently from 4 and 5, complex 6 resulted unstable in THF and its synthesis could only be per-
formed in pyridine solution. Dissolution of 6, isolated from pyridine, in THF resulted in the decom-

position of the complex in [U(salophen):], and other minor unidentified product, with concomitant
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formation of Fe(0). However, the 'H NMR spectrum of 6 in py-d5 displays 27 signals in the para-

magnetic range, consistent with a fully asymmetric specie already found for 4 and 5.

= [UFe(bis-salophen)(py)s] "
[ ] Py
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Figure 4 'TH NMR spectrum of 6 (py-d5, 298K, 400 MHz).

Complex 6 resulted less stable that than 4 and 5, showing traces of decomposition, such as [Fe(salo-
phen)], 2-py and other unidentified products, in pyridine solution after three days at room tempera-
ture.

The reactivity of 1 with Pbl,, does not afford a U-Pb heterobimetallic species but leads quantitatively
to the [U(salophen),] complex (Scheme 4). This shows that in order to prepare heterobimetallic com-
plexes from 1 the redox potential of the metal halide precursor has to be compatible with that of 1 to

avoid unwanted ligand-based oxidation.
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Scheme 4. Reactivity of 1 with divalent metal halides.

The molecular structures of 4-S (S = THF, 2py, 3py), 5-THF and 6 were determined by X-ray crys-
tallography (Figure 6, 7). Depending on the conditions of crystallization of 4 in pyridine (see experi-
mental part) two different types of compounds were isolated (4-2py and 4-3py). These two com-
pounds both exist in solution and display different proton NMR signals. Dissolution of 4-THF in
pyridine at room temperature affords 4-2py as a major product. When the reaction of 1 with [CoClz]
is carried out in pyridine at -30° C, 4-3py is obtained. However, 4-3py rearranges in pyridine solution
at room temperature affording 4-2py with a final ration between the two compounds of 1:10 respec-

tively, visible by 'H NMR spectroscopy (Figure 5).
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Figure 5 '"H NMR spectrum of 4-3py after 14 days in pyridine at room temperature (py-d5,
298K, 400 MHz).
The X-ray crystal structures of the THF and pyridine adducts of 4-THF, 4-2py and 5-THF are fairly

similar, showing the presence of a four-coordinate square-planar cobalt(Il) or nickel(I) ion in a

ONNN pocket (Figure 6).

021 N21

Figure 6. Solid-state molecular structures of 4-2py and its metal coordination sphere (left) and 5-
THF and its metal coordination sphere (right) (50% probability ellipsoids). Hydrogen atoms have
been omitted for clarity. C-C bond formed by coupling of imino groups highlighted in yellow.
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In contrast, in 4-3py and 6 the cobalt(II) or the iron(II) ions are pentacoordinated by the one oxygen
and two nitrogen atoms from the bis-salophen ligand and two pyridine nitrogen atoms with a square

pyramidal geometry (Figure 7).

Figure 7. Solid-state molecular structures of 4-3py and 6 (left) (50% probability ellipsoids) and
metals coordination spheres in 4-3py and 6 (right). Hydrogen atoms and interstitial solvent mole-
cules have been omitted for clarity. C-C bond formed by coupling of imino groups highlighted in

yellow

Similarly to what was observed for the formation of the homo-binuclear uranium complexes 2-py
and 3, the bis-salophen ligand unfolds to accommodate a 3d metallic ion. The overall final structures
are asymmetric and the bis-salophen ligand is highly distorted. All five structures present an octaden-
tate dinucleating bis-salophen ligand that coordinates a divalent 3d metal (Co(II), Ni(IT) or Fe(Il))
and a U(IV) ion. The metrical parameters of the ligand are in agreement with the presence of the
hexaanionic amidoiminophenolate bis-salophen. In 4-2py and 5-THF the uranium ion is hexacoor-
dinated by the ligand, and its coordination sphere is completed to eight in a distorted square antipris-
matic fashion by the coordination of two solvent molecules. The two metallic ions are connected
through p-Namido and p-Ophenolate bridging atoms, and lie in remarkably close proximity (U-M distance:
3.0439(5) A in 4-2py, 3.1340(6) A in 5-THF). These U-M distances are significantly shorter than
those found in trimeric U™VCo" (3.68(2) A) and U'VNi" (3.64(1) A) complexes supported by Schiff
bases.[**1% Arnold and colleagues recently reported the sole examples of U-Ni bonds featuring sig-
nificantly shorter intermetallic bond distances (2.556(1)—2.520(1) A).[?l The U-Co separation in 4-
2py is larger than the sum of the covalent radii for Co and U (2.81 A),!'' but is very close to the three
examples of U-Co bonds reported in the literature (3.0319(7)-2.874(3) A) (64661l syggesting the pres-
ence of a U-Co interaction. Another unexpected feature of the structure of 4-THF, 4-2py and 5-THF

is the configuration inversion of one single carbon atom from [NaxU(bis-salophen)],. This suggests
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that the C-C bridging bond is broken and reformed during the coordination of the Co and Ni cation.
This inversion is not observed in complexes 4-3py or 6.

In 4-3y and 6 the uranium ion is eptacoordinated by the ligand, and its coordination sphere is com-
pleted to eight in a distorted square antiprismatic fashion by the coordination of a pyridine molecule.
The two metallic ions are connected through the two p-Namido bridging atoms with a U-M distance
slightly longer than the one found for 4-2py and 5-THF (U-M distance: 3.0439(5) A in 4-3py, and
3.3022 A in 6).

The geometry adopted by the bis-salophen ligand as a result of the bridging mode of the imido group
in the structures of bimetallic the complexes reported here differs significantly from the geometry of
the bis-salophen ligand in previously reported homo-bimetallic complexes of Co(II) and Ni(II) where
the M(IT) metals are bound in independent ONNO pockets of the bis-salophen ligand.['?!

Studies of the reactivity of the U-Co complex 4-3py with CS, show that the presence of the Co(II)
ion leads to an increased reactivity compared to the homo-bimetallic complexes 2-py and 3. '"H NMR
studies show that the reaction of 4-3py with 2 equiv. of CS: leads to cleavage of the C-C bond of the
bis-salophen ligand with complete conversion to the [U(salophen),] complex and concomitant for-
mation of a Co(II) compound identified by EPR spectroscopy (see appendix). 3C NMR of the reac-
tion mixture in py-d5 show a signal at 248 ppm assigned to the C>S4?" anion'*) indicating that the two
electrons stored on the bis-salophen ligand have become available for CS; reduction in the UCo het-
erobimetallic complex.

In summary, we reported a new versatile route to unusual heterobimetallic 3d-5f complexes supported
by a redox non-innocent ligand. The combination of a redox non-innocent ligand together with ura-
nium-transition metal cooperativity provides an attractive platform to enable multi-electron chemical
transformations. Notably, preliminary studies show that in the hetero-bimetallic UCo complex the
electrons stored in the ligand becomes available for the reduction of CS,. Future studies will be di-
rected to expand the reported synthetic strategy to other hetero-bimetallic systems and to investigate

their reactivity.

Experimental

General Considerations. Unless otherwise noted, all reactions were performed either using standard
Schlenk line techniques or in an inert atmosphere glovebox under an atmosphere of purified argon
(<1 ppm O2/H>0). Glassware was dried overnight at 130°C prior to use. Unless otherwise noted,
reagents were acquired from commercial sources and used without further purification. The solvents

were purchased from Aldrich or Eurisotop (deuterated solvents) in their anhydrous form, conditioned
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under argon and vacuum distilled from K/benzophenone or Nadispersion/benzophenone (hexane,
diisopropylether, pyridine and THF) and degassed prior to use. Syntheses were performed using glass
covered stirring bars. Anhydrous [CoClz] and [NiCl,] were purchased from Sigma Aldrich and further
purified by extraction in THF. The amount of THF present in the resulting [CoClo(THF)] and
[NiClo(THF)o6] solvate was determined by NMR titration using naphthalene as internal reference.
UI4(OEt2)2,'4 UCl4,' and [NaxU(bis-salophen)]n, 1,7 were prepared using literature procedures.
NMR experiments were carried out using NMR tubes adapted with J. Young valves. NMR spectra
were recorded on Bruker 200 MHz and 400 MHz spectrometers. 'H chemical shifts are reported in
ppm and were measured relative to residual solvent peaks, which were assigned relative to an external
TMS standard set at 0.00 ppm. EPR spectra of were measured with a Bruker Elexsys E5S00 spectrom-
eter working at 9.4 GHz frequency with an oxford ESR900 cryostat for 4-300 K operation. Elemental
analyses were performed under argon by Analytische Laboratorien GMBH at Lindlar, Germany and
by the analytical service at EPFL. Mass spectra were acquired on a LXQ-linear ion trap (Thermo
Scientific, San Jose, CA, USA), equipped with an electrospray source. Solutions of the complexes
were prepared and filtered on microporous filters in the glove-box and maintained under argon until
injection in the mass spectrometer. The experimental isotopic profile was compared in each case to
the theoretical one. Experimental details concerning X-ray structural determinations are reported be-
low.

Reaction of [Na,U(bis-salophen)] with Pbl,,

To a solution of 1 (10.0 mg, 0.011 mmol, 1 equiv) in THF (0.5 mL) was added a suspension of Pbl»
(5.1 mg, 0.011 mmol, 1 equiv.) in THF (0,5 mL). The reaction mixture was stirred 16 hours, affording
a dark brown suspension. The mixture was filtered to remove Nal salts and Pb(0) and the brown
filtrate was analysed by 1H NMR. The spectrum 2 (200 MHz, THF-d8, 298 K) displayed the charac-

teristic resonances of the isomeric mixture of the previously reported [U(salophen)2] complex.

Synthesis of [Uz(bis-salophen)(S)s]12 , 2-THF and 2-py.

A deep purple solution of 1 (98.2 mg, 0.107 mmol, 1 equiv.) in THF (1 mL) was added dropwise to
a red solution of [UI4(OEt2)2)] (96.2 mg, 0.107 mmol, 1 equiv.) in THF (1 mL). The reaction mixture
was stirred for 12 hours at room temperature, affording a deep orange/brown suspension. The reaction
mixture was filtered to remove Nal and 2 mL of hexane were added to the brown filtrate. The resulting
solid was collected and dried in vacuo to give [Uz(bis-salophen)l>o(THF)2].3.3Nal, 2-THF.3.3Nal as
a brown powder (107.0 mg, 50% yield). Attempts to further purify this solid from Nal impurities
were unsuccessful. Anal. Calc. (%) for [Ux(bis-salophen)(I1),(THF),].3.3Nal: C, 28.86; H, 2.22; N,
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2.80. Found: C, 28.58; H, 2.58; N, 3.00. ESI-MS: m/z = 1231.1 ([Ux(bis-salophen)I]"). 'TH NMR (200
MHz, THF-dS8, 298 K): 6 = 91.2 (brs, 2H), 74.1 (brs, 2H), 70.6 (brs, 2H), 52.2 (brs, 2H), 50.8 (brs,
2H), 39.0 (s, 2H), 36.8 (s, 2H), 35.8 (brs, 2H), 26.6 (s, 2H), 17.9 (brs, 2H), -12.8 (s, 2H), -18.3 (s,
2H), -24.5 (s, 2H), -40.4 (s, 2H). 'H NMR (200 MHz, pyridine-d5, 298 K): & = 86.0 (brs, 4H), 83.6
(s, 2H), 72.7 (s, 2H), 68.6 (s, 2H), 55.0 (s, 2H), 50.0 (s, 2H), 43.4 (s, 2H), 41.1 (s, 2H), 32.1 (s, 2H),
-19.6 (s, 2H), -21.3 (s, 2H), -24.0 (s, 2H), -27.6 (s, 2H). Single crystals of [Uz(bis-salophen)(py)s]l2,
2-py, suitable for X-ray diffraction where obtained by slow diffusion of hexane into a pyridine solu-

tion of the complex.

Synthesis of [Uz(bis-salophen)(THF),Cl;], 3.

A pale green solution of UCl4 (17.4 mg, 0.047 mmol, 1 equiv.) in THF (2.5 mL) was added dropwise
to a solution of 1 (43.3 mg, 0.047 mmol, 1 equiv.) in THF (1.5 mL). The reaction mixture was stirred
for 4 hours at room temperature affording an orange/brown solution. The reaction mixture was filtered
in order to remove NaCl. The filtrate was concentrated to 1 mL and 3 mL of hexane were added.
Complex [Uz(bis-salophen)(THF),Cl:], 3, precipitated out of the solution as an orange powder that
was collected and dried under vacuum (31.3 mg, 50% yield). Single crystals of 3 suitable for X-ray
diffraction where obtained by slow diffusion of hexane into a THF solution of the complex. 'H NMR
(400 MHz, THF-d8, 298 K): 6 = 82.9 (s, 2H), 67.0 (s, 2H), 45.6 (s, 4H), 35.6 (s, 2H), 32.8 (s, 4H),
32.0 (s, 2H), 24.3 (s, 2H), 6.7 (s, 2H), -10.2 (s, 2H), -15.2 (s, 2H), -20.6 (s, 2H), -38.2 (s, 2H). Ele-
mental analysis for [Ux(bis-salophen)(THF).Cly]: C, 43.68; H, 3.36; N, 4.24. Found: C, 43.37; H,
3.62; N, 3.85.

Reduction of 2-THF with KCs yields [Uz(cyclo-salophen)(THF)4].

A deep purple solution of 1 (20.0 mg, 0.022 mmol, 1 equiv.) in THF (1 mL) was added dropwise to
a red solution of [UI4(OEt2)2)] (19.6 mg, 0.022 mmol, 1 equiv.) in THF (2 mL). The THF volume
was adjusted to 4 mL and the reaction mixture was stirred for 12 hours, affording a deep orange/brown
suspension of 2-THF. A potassium chunk (1.7 mg, 0.043 mmol, 2 equiv.) was added to a or-
ange/brown suspension of 2-THF in THF prepared in situ by reacting a solution of Nax[U(bis-salo-
phen)] 2 (20.0 mg, 0.022 mmol, 1 equiv.) in THF (1 mL) with a solution of [UI4(OEt>))2] (19.6 mg,
0.022 mmol, 1 equiv.) in THF (2 mL). The reaction mixture was stirred for another 12 hours resulting
in a dark brown suspension. The reaction mixture was filtered and the resulting dark brown solution
was taken to dryness to give the previously reported complex [Uz(cyclo-salophen)(THF)4] as con-

firmed by 'H NMR spectroscopy
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Reduction of 3 with KCs yields [Uz(cyclo-salophen)(THF)4].
2.6 mg of KCg (0.019 mmol, 2 equiv.) were added to a solution of 3 (12.8 mg, 0.0097 mmol, 1 equiv.)
in THF-d8 (0.5ml). The reaction was stirred at room temperature overnight and then was filtered. 'H

NMR spectra of the resulting solution showed a complete conversion to the previously reported com-

plex [Uz(cyclo-salophen)(THF)4].

Reaction of [Uz(bis-salophen)(py)s]12 with I,

A solution of 2-py (10.0 mg, 0.007 mmol, 1 equiv.) in pyridine (0.5 mL) was added onto I (3.7 mg,
0.015 mmol, 2 equiv.). The mixture was stirred at room temperature for 12 hours, affording a red-
orange solution. The 'H NMR spectrum (200 MHz, py-d5, 298 K) recorded for the crude reaction

mixture showed that complex [Ulx(salophen)(py),] was quantitatively formed.

Synthesis of [Ulx(salophen)(S):] (S= THF, pyridine).

[Ulx(salophen)(S):] (S = THF, pyridine) was prepared independently by reacting the U(IV) precursor
[UL(PhCN)4] with one equivalent of the deprotonated form of the Schiff base ligand to ensure its
correct identification.

A solution of [UI4(PhCN)4] (272.1 mg, 0.235 mmol, 1 equiv.) in acetonitrile (2 mL) was added to a
yellow suspension of K2salophen (92.2 mg, 0.235 mmol, 1 equiv.) in 8 mL of acetonitrile. This sus-
pension was stirred at room temperature for 20 min to yield a clear dark red solution. The solution
was filtered and the filtrate was layered with 4 mL THF. After 2 days, 174 mg of red-orange crystals
of [Ulx(salophen)(THF):], were collected by filtration (0.183 mmol, 79% yield). Anal. Calc. (%) for
Ca3H2saN2O4U: C, 35.46; H, 2.98; N, 2.95. Found: C, 35.25; H, 3.13; N, 3.02. 'H NMR (200 MHz,
py-ds5, 298 K): & = 80.22 (s, 2H), 46.16 (s, 2H), 45.74 (s, 2H), 42.18 (s, 2H), 30.36 (s, 2H), -6.19 (s,
2H), -8.24 (s, 2H).

Reaction of [Na,U(bis-salophen)] with CoCl,, synthesis of [UCo(bis-salophen)(THF).], 4-THF.
A blue solution of [CoClx(THF)] (17.9 mg, 0.089 mmol, 1 eq) in THF (4ml) was slowly added (drop-
wise) to a stirred deep purple solution of 1 (80.9 mg, 0.089 mmol, 1 eq) in THF (3 ml) kept at -40 °C.
The resulting deep brown reaction mixture was stirred at -40°C for 3 hours. The mixture was filtered
to remove NaCl; the solvent volume was reduced to 2 ml and 3 ml of hexane were added maintaining
the solution at -40 °C. A brown solid formed after one night that was collected (13 mg). Further

solvent reduction and hexane addition afforded additional product yielding overall 58 mg of
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[UCo(bis-salophen)(THF)2].0.5 NaCl as dark brown powder (60% yield). Re-crystallization at -40
°C 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 dif-
fraction of [UCo(bis-salophen)(THF)], 4-THF and [UCo(bis-salophen)(py),], 4-2py respectively.
ES-MS: m/z= 1141.7 [M+THF]". 'H NMR (200 MHz, THF-d8, 298 K): § = 64.7 (s, 1H), 59.3 (s,
1H), 43.7 (s, 1H), 43.50 (s, 1H), 40.5 (s, 1H), 37.7 (s, 1H), 31.7 (s, 1H), 27.3 (s, 1H), 26.8 (s, 1H),
26.5 (s, 1H), 22.4 (s, 1H), 20.9 (s, 1H), 11.1 (s, 1H), 8.9 (s, 1H), 7.2 (s, 2H), 3.2 (s, 1H), 2.8 (s, 1H),
-0.65 (s, 1H), -0.74 (s, 1H), -2.4 (s, 1H), -13.2 (s, 1H), -13.5 (s, 1H), -14.0 (s, 1H), -14.9 (s, 1H), -
21.6 (s, 1H), -28.6 (s, 1H), -37.3 (s, 1H). 'H NMR (200 MHz, py-d5, 298 K): & = 65.6 (s, 1H), 41.6
(s, 1H), 40.1 (s, 1H), 38.5 (s, 1H), 36.1 (s, 1H), 30.8 (s, 1H), 30.1 (s, 1H), 27.4 (s, 1H), 25.8 (s, 1H),
24.4 (s, 1H), 21.2 (s, 1H), 16.4 (s, 1H), 9.8 (s, 1H), 9.1 (s, IH), 5.6 (s, 1H), 2.4 (s, 1H), -1.1 (s, 1H),
-4.6 (s, 1H), -6.22 (s, 1H), -11.2 (s, 1H), -11.5 (s, 1H), -22.5 (s, 1H), -23.6 (s, 1H), -27.1 (s, 1H).
Attempts to obtain the complex 4-THF analytically pure by recrystallization from THF/DIPE resulted
always in the presence of variable amount of co-crystallized NaCl. Elemental analysis calc. for
[UCo(bis-salophen)(THF),]. 0.5 NaCl: C, 52.45; H, 4.04; N, 5.10. Found: C, 52.36; H, 4.10; N, 4.96.
Complex 4-2THF and 4-2py are stable in solution at room temperature. However the complex 4-
2py, presenting a tetra-coordinate square planar cobalt, slowly undergoes a rearrangement in solution
affording complex [UCo(bis-salophen)(py);], 4-3py (see following synthesis) where a penta-coordi-
nate square pyramidal cobalt is formed upon pyridine binding to the cobalt centre. After 14 days an
equilibrium is reached showing a ratio 4-2py:4-3py of 10:1.

If [CoClx(THF)] is rapidly added to the solution of complex Na[U(bis-salophen)] at room tempera-
ture significant amounts of the oxidation products [U(salophen),] and [U(salophen)Cl] are formed
with concomitant formation of Co(0). This is probably due to the presence of local excess of

[CoCly(THF)] that leads to oxidation of the uranium complex.

Reaction of [Na,U(bis-salophen)] with CoCl,, synthesis of [UCo(bis-salophen)(py)3], 4-3py.

A -40 °C solution of [CoCl(THF)] (8.9 mg, 0.044 mmol, 1 equiv.) in py (2 ml) was slowly added to
a -40 °C solution of 1 (39.6 mg, 0.044 mmol, 1 equiv.) in py (2 ml). The mixture was stirred overnight
affording a red/brown solution. The solution was evaporated (0.5 ml), filtered and 6 ml of cold hexane
were added at -40 °C. The resulting precipitate of [UCo(bis-salophen)(py)s], 4-3py (33 mg, 57 %)
was collected and conserved at low temperature. Re-crystallization of this solid by slow diffusion of
hexane into a pyridine solution of 4-3py at —40 °C afforded dark red crystals suitable for X-ray dif-
fraction. Elemental analysis for [UCo(bis-salophen)(py)3]: C,56.82; H, 3.73; N, 8.43. Found: C,
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56.65; H, 3.55; N, 8.43. "TH NMR (400 MHz, py-d5, 298 K): = 61.39 (s, 1H), 48.23 6 (s, 1H), 47.74
(s, 1H), 43.30 (s, 1H), 35.55 (s, 1H), 34.99 (s, 1H), 32.48 (s, 1H), 28.98 (s, 1H), 28.62 (s, 1H), 28.00
(s, 1H), 20.84 (s, 1H), 17.78 (s, 1H), 6.75 (t, IH), 5.69 (s, 1H), 2.86 (d, 1H), 2,23 (s, 1H), 0.18 (s,
1H), -3.57 (s, 1H) - 3.67 (s, 1H), - 10.28 (s, 1H), -11.98 (s, 1H), -20.76 (s, 1H), -25.13 (s, 1H), - 44.13
(s, 1H), -46.78 (s, 1H), -50.60 (s, 1H), - 57.81 (s, 1H).

The proton NMR of 4-3py in py-d5 at -30 °C shows only the signals assigned to 4-3py which remains
the only product at -30°C for several days. After 14 days at room temperature a ratio 4-2py:4-3py of
10 : 1 is reached.

Reaction of [Na,U(bis-salophen)] with NiCl,, synthesis of [UNi(bis-salophen)(S):], (S= py, 5-py;
S=THF, 5-THF).

A cold solution (-40 °C ) of [NiCl2(THF)o.] (8.5 mg, 0.049 mmol, 1 equiv.) in py (3.5 mL) was added
dropwise to a stirred cold solution of 1 (44.6 mg, 0.049 mmol, 1 equiv.) in py (1.5 mL). The mixture
was let slowly return at room temperature and left stirring overnight to give a yellow/brown solution.
The solution was evaporated (0.5 mL), filtered and 6 mL of hexane were added. [UNi(bis-salo-
phen)(py)2], S-py precipitated out of the solution immediately as a black solid, that was collected and
dried under vacuum (38 mg, 64 %). '"H NMR (400 MHz, py-d5, 298K) &= 57.8 (s, 1H); 47.7 (s, 1H);
43.9 (s, 1H); 37.9 (s, 1H); 35.3 (s, 2H); 30.8 (s, 2H); 28.4 (s, 1H); 27.9 (s, 1H); 25.3 (s, 1H); 24.1 (s,
1H); 17.6 (s, 1H); 16.8 (s, 1H); 11.90 (s, 1H); 10.10 (s, 1H); 3.9 (s, 1H); 2.9 (s, 1H); 0.6 (s, 1H); -1.1
(s, 1H); -2.3 (s, 1H); -3.4 (s, 1H); -4.8 (s, 1H); -6.7 (s, 2H); -10.1 (s, 1H); -30.0 (s, 1H). Elemental
analysis calcd. for [UNi(bis-salophen)(py),].0.9py: C, 56.70; H, 3,71; N, 8.37. Found: C, 56.66; H,
3.87; N, 8.16. The coordinated py molecules were replaced by THF molecules by dissolving the
product in THF and taking it to dryness for 3 time affording complex [UNi(bis- salophen)(THF),], 5-
THF. Elemental analysis for [UNi(bis-salophen)(THF),]: C, 53.90; H, 4.15; N, 5.24. Found: C, 53.64;
H, 4.14; N, 5.21. 'TH NMR (200MHz, THF-d8, 298K) 6= 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).

Dark-green single crystals of S-THF suitable for X-ray diffraction analysis were obtained from by

slow diffusion of DIPE into a THF solution of 5-THF.

Reaction of [Na,U(bis-salophen)| with FeCl,, synthesis of [UFe(bis-salophen)(py)s], 6.

59



A -40 °C solution of [FeClz] (14.9 mg, 0.117 mmol, 1 equiv.) in py (2 mL) was slowly added to a -
40 °C solution of 1 (120.0 mg, 0.117 mmol, 1 equiv.) in py (2 mL). The mixture was stirred overnight
affording a red/brown solution. The solution was evaporated (1 mL), filtered and cold hexane (6 mL)
was added at -40 °C. The resulting precipitate of [UFe(bis-salophen)(py);], 6 (100 mg, 89 %) was
collected and conserved at low temperature. Re-crystallization of this solid by slow diffusion of hex-
ane into a pyridine solution of 6 at -40 °C afforded dark brown crystals suitable for X-ray diffraction.
Elemental analysis for [UFe(bis-salophen)(py)3]: C,54.58; H, 3.68; N, 8.35. Found: C, 54.50; H, 3.09;
N, 8.43. 'H NMR (400 MHz, py-d5, 298 K): 6 = 58.98 (s, 1H), 38.55 (s, 1H), 34.02 (s, 1H), 30.92 (s,
1H), 29.77 (s, 1H), 29.54 (s, 1H), 26.36 (s, 1H), 24.41 (s, 1H), 16.94 (s, 1H), 14.66 (s, 1H), 10.37 (s,
1H), 9.79(s, 1H), 5.16 (t, 1H), 4.88 (s, 1H), 1.92 (d, 1H), 1.13 (s, 1H), 0.79 (s, 1H), -0.76 (s, 1H), -
2.48 (s, 1H), -7.26 (s, 1H), -10.13 (s, 1H), -15.86 (s, 1H), -20.83 (s, 1H), -24.25 (s, 1H), -28.79 (s,
1H), -25.10 (s, 1H), -38.22 (s, 1H), -63.99 (s, 1 H).

Reaction of 4-3py with CS2

13CS, (5.8 pL, 0.059 mmol, 2 equiv.) was added to a solution of 4-3py (30.0 mg, 0.0293 mmol, 1
equiv.) in 0.5 ml py-d5. The resulting suspension was stirred for 2 days until complete consumption
of 4-3py. The suspension was centrifuged to remove the formed dark solid. The 'H NMR (200MHz,
py-d5, 298K) of the resulting solution shows signals assigned to the [U(salophen);] complex. The
quantitative integration of the signals assigned to the [U(salophen),] show complete conversion of 4-
3py into [U(salophen)]. The *C NMR spectrum of the solution shows a signal at 248 ppm assigned
to the presence of '3C2S4%". The dark solid formed in the reaction is partially soluble in pyridine. The
X- band EPR spectrum of the solid formed in the reaction shows the presence of Co(II). The presence
of C2S4* in the solid was detected by '3C NMR in agreement with the presence of [Co(C2S4)]. X-ray
photoelectron spectroscopy (XPS) analysis of the solid showed a ratio S/Co of 1.8 suggesting that the
solid contains at least an additional sulphur containing Co(II) species. The low solubility of this solid

in all organic solvent prevented further analysis.
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Chapter 3. Multimetallic assembly of iron Schiff
base complexest

Introduction

Polynuclear complexes of iron compounds continue to attract large interest because of their potential
application in the catalytic conversion of dinitrogen and because they provide pertinent models for
iron catalysed enzymatic transformations.[!%3] Notably, the reactivity of multimetallic cofactors in
enzymes is proposed to rely on cooperative pathway where oxidation state changes occur simultane-
ously at several coupled metal centres and result in multielectron transfer to the substrate.[*>1 Also,
the multielectron processes required for the biological transformation of small molecules often rely
on redox-active supporting ligands incorporated into enzymatic active sites.[”#°1 Redox-active lig-
ands allow to store and release electrons during substrate transformation, with or without a change in
the metal oxidation state, thus providing access to novel reactivity.

The storage of the electrons can sometimes be accompanied by the formation of a new C-C bond that

in many cases results reversible, being broken when the electrons are released.[!%11:12.13]

Tetradentate Schiff bases has been proven to act as redox-active ligands!!+!°]

als such as Co,!!61 Ni,ll71 v [18] T [14] Zr 1197 and Mn,?% and f-metals,[2!22:23:2425] Jeading to intramo-

in complexes of d-met-

lecular or intermolecular C-C bond formation. Thanks to the formation of new bonds, Schiff bases
offer the possibility to build multi-metallic complexes via in situ formation of more elaborated lig-
ands. For example, the one electron reduction of M-salophen complexes leads to one C-C bond and
formation of the bis-salophen complexes where the new octadentate ligand can bind two ions in the
two pockets of the ligand (Co, Ni) ['®!7] (Scheme 1) or one single ion in the case of large f block ions

(Ln®* or U*).[2224

T Part of this chapter have been published: D. Toniolo, R. Scopelliti, I. Zivkovic, and M. Mazzanti, J. Am. Chem. Soc.,
2020, 142, 73017305

Author contributions: D.T. performed the synthesis and the characterizations of the compounds, R.S. performed the X
ray analysis, I.Z. performed the magnetic characterizations and M.M. originated the central idea and coordinated the
work.
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Scheme 1 Reduction of Co(salophen) complexes.

The two electron reduction of M-salophen complexes has shown to lead to the macrocyclic ami-
dophenolate cyclo-salophen ligand that hold two ions in close proximity (Nd, U, Zr, Mn)l 19-2021.22]
and in some cases leads to direct metal-metal interaction with a single bond character for Til'# at
2.518(1) A, and double bond character in the V-V complex!'®! and at 2.393(1) A . So far, only the
two-electron reduction of [Co(salophen)] resulted in the formation of an additional intermolecular C-
C bond to afford a trinuclear complex of the linear tris-salophen ligand (Scheme 1).12¢]

Here we extend the study of d-metal supported by salophen ligand to divalent iron. We show that the
reduction of an easily prepared mononuclear Fe(Il) Schiff base complex provides a facile route to the
synthesis of polynuclear complexes that exhibit iron in different oxidation states and capable of stor-
ing up to six electrons. In particular, a trinuclear Fe(Il) complexes has been synthetized, providing a

rare examplel?”! of trinuclear clusters featuring Fe-Fe interactions that produce a high spin state per-

sistent at room temperature.

Results and discussion

Reduction of [Fe(salophen)(THF)] with 1 equiv. of Na
The reduction of the Fe(Il) complex [Fe(salophen)(THF)] with one equivalent of sodium metal in
THF affords the polymeric complex [NazFex(bis-salophen)(THF)4]n, I-THF (Scheme 2).
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Scheme 2. Reduction of [Fe(salophen)] with 1 equivalent of sodium metal, synthesis of 1-THF and
1-crypt.

The solid-state structure of [NaxFex(bis-salophen)(THF)4], (Figure 1) determined by X-ray diffraction
shows the presence of a heterobimetallic Fe-Na polymer composed by [Fex(bis-salophen)]* units

connected together by sodium cations.

Figure 1. Solid-state structure of two asymmetric units in 1-THF (50 % probability ellipsoids). The
C-C bonds formed by reduction of salophen?" are highlighted in yellow. Hydrogen atoms have been

omitted for clarity.

The structure shows that the reduction does not occur on the metal centre but yields the hexa-anionic
bis-salophen ligand arising from the formation of a C-C bond (1.600(5) A) between two reduced
imino carbons of two different salophen units. The arrangement of the bis-salophen ligand around the
metal centre differs from those found in dinuclear Co(II)!!62%) and Ni(II) ' complexes, in which the
metal centres are coordinated by independent [N,O,0,N] pockets of the ligand with a large separation

of the metal ions (6.372 for Co(1I) and 6.367 A for Ni(II)). The arrangement of the bis-salophen ligand
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around the two metal centres is similar to that found in dinuclear complexes of U(IV) where the two
U(IV) ions are 4.0241(2) A and 3.86(1) A apart.**! Such difference is likely to be due to the preferred
square-planar geometry of Co and Ni. In 1-THF each iron centre is bound by the two amido nitrogen
atoms, one imino nitrogen and two oxygen atoms of the bis-salophen ligand. Each iron centre lies in
a distorted five-coordinate geometry (geometry index 1s = 0.48). The mean Fe-O (1.992(5) A) and
Fe-N (2.12(1) A) distances are comparable with those found in the parent [Fe(salophen)EtOH] com-
plex and its derivatives?® and Fe-N = 2.099(3) A). The ligand brings the iron atoms in close proxim-
ity with an Fe—Fe distance of 2.7108(7) A within range of weak Fe-Fe bonding interactions.?%-"]
Bond valence sum (BVS) analysis was performed for complex 1-THF and indicates an average oxi-
dation state of 2.06 for each iron centre, which is consistent with the presence of a bis-salophen ligand
and with the structural parameters. Recrystallization of 1-THF from pyridine afforded the analogous
pyridine solvate polymeric Fe(Il) complex [NaxFex(bis-salophen)(py)4]n, 1-py.

The '"H NMR spectra of 1-THF and 1-py (Figure 2) recorded at 298 K in the respective deuterated
solvents show the presence of only one set of ten paramagnetically shifted resonances, in agreement

with the presence of a high Fe(II) bis-salophen complex.

= 1-py ue .

= THF

= Py

|
h

| | | \‘ It
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30 25 20 15 10 5 0 -10 -15 -20 -25 -3
1H (ppm)

Figure 2.'H NMR spectrum of [NasFex(bis-salophen)(py)s], 1-py (py-d5, 400 MHz, 298 K).

However, in pyridine solution two sets of signals are present at lower temperatures that indicate the
presence of two solution species. Variable temperature 'H NMR experiments performed between 233
and 298 K showed the presence of an equilibrium between the two species that is shifted with the

temperature. At room temperature, the resonances assigned 1-py are observed between £25 ppm and
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it represent the major solution species. On progressively lowering the temperature, the seven signals
assigned to a second species steadily increase in intensity whilst the resonances of 1-py decrease
(Figure 3). The shift of the equilibrium towards the formation of the second specie is also accompa-

nied by a colour change of the solution from dark brown to dark blue.
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Figure 3. '"H NMR spectra of 1-py in py-d5 at variable temperature.

The thermodynamic parameters of the equilibrium were determined from the NMR data, giving AH
=—15.7 kI mol ! and AS =—55.9 J K"! mol™!. These values rules out a dimer-monomer equilibrium
such as that reported for the [Co'»(bis-salophen)M>] (M =Li, Na)*® because a dimerization reaction
should be accompanied by an increase of the entropy and is shifted toward the monomer when the
temperature increases.

Moreover, the significant difference in paramagnetic shift of the two complexes are more indicative
of a change in oxidation state of the metal centres. Therefore a more plausible explanation involves

a metal to ligand electron transfer resulting in the formation of a Fe(IlI) dimer (Scheme 3).
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Scheme 3. Supposed species involved in the equilibrium of 1-py.

An important effect of cation binding on the electron localization was reported for cobalt salophen
complexes, which resulted in ligand based ([Co"2(bis-salophen)M:] (M =Li, Na) versus metal based
reduction products ([Co'(salophen)K]).[2! In order to elucidate the effect of the cation binding on the
structure of the reduced Fe salophen complexes, the reaction between 1-THF and 2.2.2-crytand was
performed. The addition of 2 eq of 2.2.2-cyptand to a solution on 1-THF results in the removal of the
sodium counterions from the inner coordination sphere, leading to the cleavage of the polymeric
structure and the formation of the dinuclear complex [Fex(bis-salophen)][Na(cryptand)]>, 1-crypt
(Scheme 2). Interestingly, the solid state structure of 1-crypt shows that the coordination environment
of the Fe(Il) centres remains similar to that in 1-THF and 1-py, with comparable Fe-Fe, and mean
Fe-N and Fe-O distances (Table 1).

The '"H NMR spectrum of 1-crypt in py-d5 measured between 298 and 233 K shows the presence of
only one set of 14 signals in the paramagnetic range, in agreement with the presence of the non-
symmetric Fe(IT) complex of the bis-salophen? ligand as the only solution species in the studied

temperature range.

Table 2. Fe-Fe distances and mean values of Fe-N, Fe-O and C-C bond lengths (A) for the reduced

[Fe(salophen)] complexes.

[Fe(Slp)] 1-THF 1-py 1-crypt 2-THF 2-py 3-crypt
Fe-Fe - 2.7108(7) 2.7401(18) 2.7314(4) 2.410(1) 2.3971(14) -
Fe-N  2.0993) 2.12(1) 2.11(1) 2.124(5) 2.1(1) 2.12(8) 1.87(15)

Fe-O  1.953(3) 1.992(5)  1.993(7) 1.969(5)  2.02(2)  2.026(9)  1.88(13)
cC - 1.600(5)  1.600(10)  1.592(2)  1.60(15) 1.602) -
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Reduction of [Fe(salophen)(THF)] with 1.5 equiv. of Na

The reduction of [Fe(salophen)(THF)] with 1.5 equivalents of Na metal in THF at room temperature
led to the isolation of the tetranuclear dimer [NasFex(cyclo-salophen)(THF)s]2, 2-THF, in 64% yield.
Recrystallization of 2-THF in pyridine afforded the dinuclear complex [NasFex(cyclo-salo-

phen)(py)s], 2-py (Scheme 4).
py

py—

4
\II

E E / e
—=N_ N= 3 Na,THF \
2 \Fé' ; oy a, ©N N©
O/ \O \\ e”

[Fe(salophen)] [NasFe,(cyclo-salophen)(py)g], 2-py

Scheme 4. Reduction of [Fe(salophen)] with 1.5 equivalents of sodium metal, synthesis of 2-py.

The solid state structure of 2-THF shows a tetranuclear moieties where two [NazFex(cyclo-salo-
phen)(THF)s] moieties are bridged to yield a dimer through the binding of the sodium cations (Nal)
to the phenolate oxygen atoms from a second moiety. An inversion centre located between the two
Nal cations relates the two crystallographically equivalent [NasFex(cyclo-salophen)(THF)s] moie-
ties. Four sodium cations are found on the periphery of the tetranuclear complex and are penta-coor-
dinated by two oxygen atoms from the cyclo-salophen ligand, one bridging and two terminal THF
molecules. In the structure of the complex 2-Py (Figure 4) three molecules of pyridine solvent bind
the sodium cations disrupting the Na-Ophenolate bridges and cleaving the dimeric structure found in 2-

THF.
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Figure 4. Solid state structure of 2-py. The C-C bonds formed by reduction of salophen? are high-

lighted in yellow. Hydrogen atoms and coordinated solvent molecules have been omitted for clarity.

Both complexes 2-THF and 2-py show the presence of a dinuclear moiety [NasFex(cyclo-salo-
phen)(S)x] where the two iron ions are found in a similar coordination environment. The two iron
cations are coordinated by the octadentate octaanionic amidophenolate macrocyclic ligand cyclo-sal-
ophen, resulting from the double reductive C—C coupling of the imine moieties of two salophen lig-
ands (C-C = 1.588(9) A and 1.618(9) A). Each iron ion is coordinated by the four amido nitrogen
atoms and two oxygen atoms of the cyclo-salophen ligand in a distorted trigonal prismatic geometry.
Similar dinuclear complexes of the cyclo-salophen macrocycles were previously obtained from the
two-electron reduction of M-salophen complexes.! #17:19-22] In all these examples the oxidation state
of the metal centre remained unchanged and the two-electrons transfer resulted in the reduction of
the salophen ligand. In contrast the reduction of [Fe(salophen)] proceeds towards the formation of
the diiron complex of cyclo-salophen when less than two equivalents of reducing agents are used.
Overall the reduction of [Fe(salophen)] to the 2-py and 2-THF results in a one electron oxidation of
one of the two metal centres of the [NasFex(cyclo-salophen)(S)x] moiety affording a Fe(II)/ Fe(III)
complex. This suggests that one of iron ion, instead of being reduced by the addition of sodium metal,
contributes to the ligand reduction by transferring one electron to the ligand to yield the cyclo-salo-
phen. This is probably the result of a high stability of the mixed valent complexes 2-py and 2-THF.

The Fe-Fe distances in 2-THF and 2-py (2.410(1) A and 2.3971(14) A respectively) are significantly
shortened compared to those found in 1-THF or 1-py. The values of the Fe—O (2.02(2) A and 2.026(9)
A) and Fe-N (2.1(1) A and 2.12(8) A) distances are comparable in the two complexes (Table 1). BVS
analysis was performed for 2-THF and 2-py, resulting in an average oxidation state for the iron ions
of about 2.50, which is in agreement with a mixed valent Fe(Il)/ Fe(III) in the structure. The metrical

parameters are very similar for both Fe ions suggesting the presence of a fully delocalized valence.
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The EPR analysis performed on a frozen solution of 2-THF in a mixture THF-Tol (1:1) at 10 K shows
a signal assigned to Fe(III) (Figure 5).[*!1
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Figure 5. EPR spectrum of 2-THF.

Reduction of [Fe(salophen)(THF)] with 2 equiv. of Na

The reduction of [Fe(salophen)(THF)] with two equivalents of sodium metal in THF at room temper-
ature (Scheme 5) affords an orange solid that could be recrystallized both from THF and pyridine,
upon slow dissolution, to yield crystals of the hexanuclear heterometallic compound [Nai>Fes(tris-
cyclo-salophen)>(THF)14], 3-THF, in 84 % yield and the trinuclear complex [NagFes(tris-cyclo-sal-
ophen)(py)s], 3-py in 72 % yield.
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Scheme 5. Reduction of [Fe(salophen)] to yield 3-THF and 3-py (THF molecule coordinated to 3-

THF have been omitted for clarity).

After slow dissolution of the orange powder formed in the reduction of [Fe(salophen)(THF)] (see
experimental part), the isolated 3-THF and 3-py turned out to be highly soluble in pyridine or THF.
However, no signal could be detected in the "H NMR spectrum in THF-dS8 or in py-d5, from -40 °C
to room temperature, probably as a result of the high magnetic moment of the complex, (ymT = 14.6
emu K/mol and pesr = 10.80 pg for 3-py, and ymT = 15.7 emu K/mol and pesr = 11.20 pg for 3-THF
as measured by Evan’s method at 298 K).

Complex 3-THF crystallizes in the P2;/c space group with half a molecule per asymmetric unit while
3-py crystallizes in the P/ space group with one molecule per asymmetric unit. The overall structure
of 3-THF (see appendix) is comprised of two identical trinuclear [NagFes(tris-cyclo-salo-
phen)(THF)7] moieties which are held together by two sodium—aryloxide bonds. The structure of each
trinuclear moiety is very similar to the structure of the trinuclear complex 3-py. (Figure 5 and 6) The
trinuclear moiety in 3-THF and 3-py consists of a triangular core of Fe(I) ions held together by the
hexa-amide, hexa-phenolate macrocyclic ligand tris-cyclo-salophen!?- (Scheme 5). The macrocyclic
ligand tris-cyclo-salophen’’- is generated by the reductive coupling of the imino groups of three dis-
tinct salophen ligands resulting in three new C—C bonds (average C-C distance: 1.564(6) A for 3-
THF and 1.567(5) A for 3-py). Six inner sphere sodium counterions bind each trimeric unit in both

structures.
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In the trinuclear complex 3-py (Figure 6) each Fe(Il) ion presents a unique coordination environment
(two iron ions present a distorted square pyramidal geometry and one iron ion present a distorted
square planar geometry). The values of the Fe-N bond distances range from 2.289(3) A to 1.961(3)
A and the values of the Fe-O distance range from 1.944(3) to 2.131(3) A (2.05(6) A average) with
the longer distances found for an aryloxide binding two sodium cations. These values are in the range
of those reported for Fe(Il) amido[?>” and phenolate®*?] complexes. The C-N bond distances in 3-py
(1.450(5)-1.474(5) A) are significantly longer compared to those reported for the [Fe(salo-
phen)(EtOH)] complex (1.299(4) A) which clearly indicates imine reduction.*®! The values of the
Fe-Fe distances range from 2.4405(7) A, 2.5054(9) A and 2.7942(7) A) with a longer Fe(3)-Fe(1)
distance, indicative of a weaker bonding interaction. These values are within range of bonding inter-

actions and are similar to the Fe(II)-Fe(II) distances found in trinuclear complexes showing magnetic

,29,30,33,34,35,36]

coupling arising from direct orbital overlap. ?

Figure 6. Mercury diagram of the structure of 3-py. The three C-C bonds formed by reduction of
salophen?” are shown in yellow. Hydrogen atoms, sodium cations and Na-bound pyridine molecules

have been omitted for clarity.

Two distinct coordination environments are found in the trinuclear moiety of 3-THF (Figure 7) for
the Fe(II) ions with Fe-N and Fe-O bond distances comparable to those found in 3-py. The values of
the Fe-Fe bond distances in 3-THF (2.403(1) A, 2.438(1) A, and 2.703(1) A) are shorter than those

found in 3-py and therefore within the range of bonding interactions.
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Figure 7. Mercury diagram of the trinuclear core in the structures of 3-THF (left) and 3-py (right)
with Fe-Fe distances in A (bold), Fe-Fe-Fe angles in degrees (normal) (50% probability ellipsoids).

As mentioned before, the nature of the cation can have a significant impact on the stability of these
reduced complexes. In the case of 3-THF, the addition of 2.2.2-cryptand to a solution of 3-THF
resulted in the formation of a crystalline precipitate of the binuclear Fe(I) complex [Na(Fe(salo-

phen))2][Na(cryptand)]s, 3-crypt (Scheme 6).

(X = e
3-THF _9cryptand @ 174 \Na""\\o‘FefND fO-N g ]
—— >3 A Sl o

[Na(Fe(salophen)),][Na(cryptand)], 3-crypt
Scheme 6. Cleavage of the C—C bonds promoted by 2.2.2-cryptand, synthesis of 3-crypt.

The structure of 3-crypt (Figure 8) shows the presence of a trianionic, dimeric iron species and three
[Na(cryptand)] cations. The [Na(Fe(salophen)):]* shows two [Fe(salophen)] units connected to each
other through a sodium cation binding the oxygen atoms of the two salophen ligands in a quasi-
perpendicular fashion (65.09 © between the plane define by N2O2 sites of the ligands). The iron atoms
are tetracoordinated in a square planar geometry with average Fe-O and Fe-N distances of 1.88(13)
A and 1.87(15) A, significantly shorter than the distances found in [Fe(salophen)] (1.99 A and 2.11
A respectively).
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Figure 8. Solid state structure of [Na(Fe(salophen)):]* anion in 3-crypt (50% probability ellip-

soids). Hydrogen atoms have been omitted for clarity.

3-crypt resulted insoluble in THF but soluble in pyridine, and it did not show sign of decomposition
after one week. However, the 'H NMR spectrum of 3-crypt in py-d5 shows only two broad signals
in the diamagnetic range assigned to the [Na(cryptand)] cations. The remarkable structural change
resulting by addition of 2.2.2-cryptand underline the important role of the cation in the stabilization
of the structure and proves that the electrons can be easily redistributed between the ligand and the
metal centre. To further characterize the complex, the EPR spectrum was measured. The EPR spec-
trum of a solution of 3-crypt in pyridine solution (Figure 9) showed the presence of two sets of signals
with similar g factor (i: gl = 2.88, g2 = 2.15, g3= 1.99; ii: gl =2.74, g2 = 2.17, g3= 1.98), both

assigned to Fe(I) species, in agreement with examples previously reported in literature.”]
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Figure 9. EPR spectrum of 3-crypt in pyridine.
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Magnetic characterization

The presence of potential magnetic Fe-Fe interactions was investigated by measuring variable tem-
perature (5-300 K) magnetic susceptibility data for 1, 2 and 3 under an applied magnetic field of 1 T.
The ymT vs T plot for 1-THF (Figure 10) shows an unusual behaviour with the values of ymT increas-
ing with the temperature in a quadratic way. The ymT vs. T plot for 1-py resulted superimposable
with 1-THF.
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Figure 10. ymT vs. T graphic for 1-THF (10° Oe, 300-5 K).

Similar behaviour was also found after the cleavage of the polymeric structure by addition of cryptand
(Figure 11). The ymT vs. T plot for 1-crypt shows a decrease of the values while decreasing the
temperature, reaching a ymT of about 0.5 emuK/mol (n = 2 pg) at 5 K. This result excludes the pos-

sibility that the non-common behaviour of 1-THF was due to the polymeric nature of the complex.
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Figure 11. ymT vs. T graphic for 1-crypt (10° Oe, 300-5 K).

Preliminary analysis of 1-THF via Mossbauer spectroscopy revealed that all the iron atoms are in
high spin sate at 77 K. Therefore, the most reasonable explanation for the measured magnetic prop-
erties of 1-THF is the presence of a strong antiferromagnetic coupling that persists at room tempera-

ture.38!

The values of ymT for 2-THF and 2-py reach values of about 7 emuK/mol (n = 7.50 ug) and about
4.3 emuK/mol (p about 5.7 ug) respectively at room temperature decreasing slightly in the range 300-
30 K, while they drop rapidly below 30 K to reach a value of about 3 emu K/mol (n =4.90 ug) and 2
emu K/mol (n = 4.0 up) respectively at 5 K probably due to Zeeman effect and zero field splitting
(Figure 12).
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Figure 12. ymT vs. T graphic for 2-THF (blue) and for 2-py (red) (10° Oe, 300-5 K).

For the [Fe(III)Fe(II)(cyclo-salophen)]*- moieties present in both 2-THF and 2-py four possible com-
bination of spin state of the iron atoms are possible: HS Fe(III)-HS Fe(II), LS Fe(Ill)-LS Fe(Il), HS
Fe(IIT)-LS Fe(Il) and LS Fe(III)-HS Fe(II). For all this conformation is possible to calculate the ex-
pected ymT and p values for non-interacting ions by summing the contribution of the single atom. In
the case of both HS iron atoms the expected ymT is 7.38 emuK/mol (n = 7.68 ug), while in the case
of both atoms in LS configuration the expected ymT is 0.37 emuK/mol (n = 1.73 pg). Both these
values do not match with the experimental data. In the case of HS Fe(III)-LS Fe(II) the expected ymT
is 4.38 emuK/mol (n = 5.92 ug), and in the case of LS Fe(IIl)-HS Fe(II) the expected ymT is 3.37
emuK/mol (u = 5.19 ug).

From the values reported in Figure 12 is possible to see that in 2-py are present an HS Fe(III) and a
LS Fe(II), while the values for 2-THF seems to be due to two non-interacting [Fe(II)Fe(II)(cyclo-

salophen)]?- dimers.
Regarding 3-THF and 3-py, the values of yMT remain relatively constant in the temperature range

60-300 K (Figure 12) while they drop rapidly for both complexes below 60 K to reach a value of
about 10 emu K/mol at 5 K probably due to Zeeman effect and zero field splitting (Figure 13).
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Figure 13. ymT vs. T graphic for 3-THF (blue) and 3-py (red) (103 Oe, 300-5 K).

The values of ymT found for each [Fes(tris-cyclo-salophen)]® moiety in 3-THF (19.4 emuK/mol at
300 K and p = 12.45 pg at 300 K) and 3-py (17.7 emuK/mol and p = 11.90 pg at 300 K) are much
higher than the expected value for three non-interacting Fe(II) (9 emuK/mol) with g = 2. This suggests
the presence of a strong ferromagnetic interaction between the Fe centres in the core which is main-
tained at room temperature. These values are only slightly lower than the 21 emuK/mol expected for
a system with S = 6 ground state (g = 2). Only one example of a trinuclear Fe(II) cluster with a stable
high spin state (S = 6) at room temperature was previously reported.?”] The previously reported tri-
angular system supported by an hexamido ligand showed Fe(II)-Fe(I) distances comparable to com-
plexes 3-THF and 3-py and a similar weak-field environment. A high-spin state was observed in
weak-field tri- and hexa-nuclear iron clusters. This was interpreted as weak Fe-Fe interactions that
result in three or six atom clusters behaving as a large single spinl?”-3*4%411 approximating that of a
single metal ion. A similar type of direct magnetic exchange is likely to be at the origin of the high-

spin state in 3-THF and 3-py.

Electrochemical characterization of the compounds

Since compounds 1-THF resulted poorly soluble in THF, the electrochemical characterization was
performed in pyridine solution. The cyclic voltammogram (CV) of [Fe(salophen)py2] was obtained

in pyridine solution in presence of NBusPFs 0.1 M as electrolyte at room temperature (Figure 14).
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Figure 14. CV of [Fe(salophen)] (4 mM) in py solution in presence of NBusPFs 0.1 M, using a Pt
electrode at a scan rate of 100 mV/s (the arrow indicated the starting potential and the direction).

Starting from [Fe(salophen)], a reversible one electron process with Eg = -0.55 V is observed. This
feature is assigned to the oxidation of the metal centre forming the known [Fe'l(salophen)]" cationic
specie. Upon the return wave, two irreversible features are observed at -2.31 V and -2.43 V, and one
quasi-reversible process at -2.80 V vs FeCp2/FeCp2". The intensity of each waves presents a linear
response towards the square root of the scan rate, indicating that all the species act as molecular
compounds in the diffusion limit regime. The wave at reduction potential of -2.31 V is attributed to
the formation of compound 1-py, while, the wave at reduction potential of -2.43 V is attributed to the
formation of compound 2-py. The assignment of the redox event is supported by the CV obtained

starting from 1-py and 2-py (Figure 15, 16).
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Figure 15. CV of 1-py (4 mM) in py solution in presence of NBusPFs 0.1 M, using a Pt electrode at
a scan rate of 100 mV/s (the arrow indicated the starting potential and the direction).

3

I [t}A]

Potential [V]

Figure 16. CV of 2-py (4 mM) in py solution in presence of NBusPFs 0.1 M, using a Pt electrode at
a scan rate of 100 mV/s (the arrow indicated the starting potential and the direction).

The CV obtained starting from 2-py shows an oxidation event at about -0.8 V not visible in the case
of [Fe(salophen)] or 1-py. The hypothesis that this feature is due to the sodium ions present in solution
was excluded because it persists even after the addition of 2.2.2-cryptand (Figure S18). The third

wave at reduction potential of -2.80 V is instead attributed to the two electron reduction product of
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[Fe(salophen)]. Considering the importance of the cation in the determination of the product, com-
pounds like 3-crypt are most likely to be formed in the experimental conditions due to the presence
of non-coordinating cations. However, the formation of cluster such as [Fes(tris-cyclo-salophen)]%- or
other species that than rearrange could not be excluded. Also in this case the CV obtain starting from
3-py result different from the one obtained from [Fe(salophen)], probably for interaction between 3-
py and the oxidized species formed at the electrode (Figure 17). Again, the hypothesis that the be-
haviour was due to the presence of coordinating Na* cation can be excluded because it persists even

after the addition of excess 2.2.2 cryptand (Figure S19).

5

I [nA]

Potential [V]

Figure 17. CV of 3-py (4 mM) in py solution in presence of NBusPFs 0.1 M, using a Pt electrode at
a scan rate of 100 mV/s (the arrow indicated the starting potential and the direction).

Finally, the signal at -1.72 V is assigned to the oxidation of 1-py and 2-py formed electrochemically
(Figure S16).

Electrochemical response in presence of CO:. In order to study the ability of the complex to promote
the electrocatalytic reduction of carbon dioxide and to better understand the reactivity (vide infra),
the electrochemical response of [Fe(salophen)pyz] in presence of CO, was tested (Figure 18). Upon
the addition of a saturated solution of CO; in py only two feature irreversible features were visible.
The presence of carbon dioxide did not cause any significant change in the potential of the first re-
duction process, but an increase of the Faradaic current was observed. This suggests that the formation
of 1-py proceed in the same way in presence or in absence of CO;, that does not bind the starting
[Fe(salophen)] under the experiment conditions. However, once compound 1-py is formed, CO; is

capable to react causing the increase of the current. The second feature is observed at -2.68 V and it
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could represent the reactivity of 2-py with carbon dioxide. The Faradaic current is about three time
bigger than the one observed in absence of carbon dioxide, suggesting that [Fe(salophen)] is capable
to act as electrocatalyst. In the return wave, is possible to observe the oxidation process visible also
in absence of CO,. However, the signal is shifter to -1.45 V and a second shoulder is visible at a
potential of -1.16 V. This could indicate that the presence of multiple species in solution and suggest
that the reduction products (CO3* and CO) binds the complexes, causing the shift of the potential. A
shift of the potential is also observed for the oxidation (-0.61 V) and two small features at -0.14 V
and 0.63 V are visible.
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Figure 18. CV of [Fe(salophen)] (4 mM) in presence of CO> and in presence of NBusPF¢ 0.1 M, us-
ing a GC electrode at a scan rate of 100 mV/s (the arrow indicated the starting potential and the di-

rection).

Reactivity

One of the most attractive properties of metal complexes supported by non-innocent ligands is their
ability to store electrons. Complexes 1-py, 2-py and 3-py are capable of storing two, three and six
electrons in C—C bonds, respectively. As has been shown, those electrons may be used for redox
reactions, and in some cases are capable of activating small molecules that are normally considered
inert. For this reason, we studied the reactivity of the complexes towards carbon dioxide in order to

test the availability of the electrons stored in the C—C bonds.
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The addition of CO2 (6 equiv.) to a pyridine solution of 3-py (Scheme 7) resulted in a colour change
of the solution from dark brown to dark green. The 'H NMR spectrum recorded after one hour of the
reaction mixture showed the formation of [Fe(salophen)] as only product visible by 'H NMR spec-
troscopy. The residue that was obtained after removal of the solvent was analysed by '*C NMR spec-
troscopy in basic D>O (pD = 13.4) and a resonance at 168 ppm was assigned to CO3*. The addition
of 3 AcONa as an internal standard allowed quantitative determination of the carbonate formed during
the reaction. that resulted to be 100% (Figure S7). The quantitative formation of carbonate indicates
that the complex 3-py promotes the reductive disproportionation of CO> to carbonate and CO. The

signal of 1*CO could not be detected in the used reaction conditions.

- 3 N32003 + 3CO

[NagFe;(tris-cyclo-salophen)(py)s] [Fe(salophen)]

Scheme 7. Reaction of 3-py with CO..

The reaction of 3-py with CO> was also performed with sub-stoichiometric amount of CO: (4 equiv.
and 2 equiv.) to study the reaction pathway. The reaction proceeds trough the formation of 2-py and
1-py, evident from the 'H NMR spectrum of the crude reaction mixture. Again, after removal of the
solvent and dissolution of the residue in basic D2O (pD = 13.4), only COs> was observed.

Similar reactivity was performed also with 2-py and 1-py with stoichiometric and sub-stoichiometric
amount of carbon dioxide, resulting in the quantitative reductive disproportionation of CO; and for-

mation of the starting [Fe(salophen)] complex (Scheme 8).
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Scheme 8. Reaction of 2-py and 1-py with CO».

The reaction of 3-py, 2-py and 1-py with carbon dioxide proceeds very differently in comparison
with the analogous Co complex, which showed only reversible binding of the substrate or attack of

the ligand scaffold in the case of more reduced species. 2!

Conclusion

In conclusion, we have found that the one electron reduction of [Fe(salophen)] promoted by Na is
ligand centred and affords the complex [NazFex(bis-salophen)S:] (S = THF or py), where the two
salophen units are connected through a C-C bond. Further reduction of the complex affords a mixed
valence Fe(Il)Fe(I) specie with four electrons stored in two C-C bond, where part of the electron
needed for the formation of the second bond is given by one of the iron centres. The two electron
reduction of [Fe(salophen)] leads to the formation of a macrocyclic dodecadentate ligand perfectly
suited for binding three Fe(Il) centres at short distances allowing for strong magnetic coupling. Fi-
nally, the rearrangement of the electrons in the trinuclear complex is possible by simply cation ex-
change, affording an Fe(I) specie. It has been proven that the electrons stored in the ligand become
available for the reduction of carbon dioxide with selective formation of carbonate. Future works
imply the study of those complexes for the electrochemical reduction of carbon dioxide, and the mod-

ification of the ligand to study different kind of assembly.

Experimental

General Considerations.
Unless otherwise noted, all manipulations were carried out 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 dried overnight at 150°C prior to use.
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Unless otherwise noted, reagents were acquired from commercial sources and used without further
purification. The solvents were purchased from Sigma Aldrich or Cortecnet (deuterated solvents) in
their anhydrous form, conditioned under argon and vacuum distilled from K/benzophenone (THF,
THF-d8), Na sand/benzophenone (n-hexane) or dried with molecular sieves 3 A (py, py-d5).The syn-
thesis were performed using glass covered stirring bars. Na metal and [FeClz] were purchase from
Sigma Aldrich and used without further purification. Schiff-base ligands were prepared in air by the
condensation of 1,2- phenylenediamine with salicylaldehyde (1:2 stoichiometric ratio) in ethanol un-
der reflux in according with published procedures.??) 'H and '*C NMR experiments were carried out
using NMR tubes adapted with J. Young valves. The NMR spectra were recorded on Bruker 400
MHz or 600 MHz. 'H chemical shifts are reported in ppm and were measured relative to residual
solvent peaks, which were assigned relative to an external TMS standard set at 0.00 ppm. Elemental
analyses were performed under helium by the analytical service at EPFL. The UV-Vis-NIR spectrum
was performed with PerkinElmer Lambda 750. The IR spectrum was performed with PerkinElmer
Frontier spectrometer. The magnetic measurements were performed using a QuantumDesign MPMS-
5T superconducting quantum interference device (SQUID) magnetometer in a temperature range be-
tween 5 and 300 K. The microcrystalline samples were enclosed in a quartz tube flame sealed under
vacuum. The samples were strained with eicosane to prevent the torqueing during the measurement.
The magnetic moment was also measured in THF and pyridine solutions respectively using Evans
method. For the reaction of the complexes with 3CO, or CO», the compound was dissolved in py-d5
inside the glovebox and transfer in an NMR tube equipped with J. Young valves. The tube was
brought outside of the glovebox, attached to a Schlenk line and degassed with three freeze-pump-

thaw cycle.

Starting materials.
Nassalophen. '"H NMR (200 MHz, THF-ds, 298 K): & = 8.6 (s, 2H), 7.4 (d, 2H), 6.9-7.3 (m, 8H), 6.5
(t, 2H).

[Fe(salophen)(THF)]. A solution of Nassalophen (1.87 g, 3.9 mmol, 1 equiv.) in THF (25 mL) was
added at room temperature to a suspension of FeCl> (500 mg, 3.9 mmol, 1eq) in THF (25 mL). The
mixture was stirred at room temperature for 7 days affording a dark suspension. The mixture was
filtered to remove NaCl and the solvent volume was reduced under vacuum to approximately 10 mL.
Storage of the resulting concentrated solution at -40 °C afforded dark green crystals of [Fe(salo-
phen)(THF)] (1.40 g, 80 % yield). The magnetic data measured in solution and in the solid state are
comparable to those reported in the literature®® (ymMT = 3.7 emu K/mol in solid state and ymT = 3.5
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emu K/mol in THF solution at 300 K). "H NMR spectrum of the crystals in py-d5 (400 MHz, py-d5,
298 K): 6 = 60.72 (s, 1H), 44.11 (s, 1H), 14.77 (s, 1H), 10.63 (s, 2H), -7.51 (s, 1H), -17.04 (s, 1H).
Elemental analysis calc. for [Fe(salophen)(THF)] (444.2 g mol™!): C, 59.86; H, 4.27; N, 6.18. Found:
C, 59.66; H, 4.59; N, 5.80.

Syntheses of the complexes.

[NazFez(bis-salophen)(THF)4]n, 1-THF. Na (7.8 mg, 0.339 mmol, 1 equiv.) were added to a solution
of [Fe(salophen)(THF)] (150 mg, 0.339 mmol, 1 equiv.) in of THF (6 mL) at -40 °C. The reaction
was stirred overnight at -40 °C affording a brown solution. The solvent volume was reduced under
vacuum to (I mL) and the precipitate obtained was recovered by centrifugation. 157 mg of product
were recovered (73% yield). Crystals suitable for X-ray diffraction were obtained by slow diffusion
of hexane into a THF solution 1-THF. Recrystallization of 1-THF in pyridine afforded 1-py. 'H
NMR of 1-py (400 MHz, py-d5S, 298 K): 6 = 25.76 (s, 2H), 25.57 (s, 2H), 21.11 (s, 2H), 17.76 (s,
2H), 17.20 (s, 2H), 14.22 (s, 2H), -1.24 (s, 2H), 0.65 (s, 2H), -1.70 (s, 2H), -20.37 (s, 2H). '"H NMR
of 1 (400 MHz, py-d5, 233 K): 6 = 24.28 (s, 1H), 24.07 (s, 1H), 19.65 (s, 1H), 16.24 (s, 1H), 15.71
(s, 1H), 12.77 (s, 1H), -0.29 (s, 1H), -2.20 (s, 1H), -3.32 (s, 1H), -21.88 (s, 1H). Elemental analysis
calc. for [NaxFex(bis-salophen)(THF)s6] (1262 g mol™!): C, 62.29; H,5.23 ; N, 5.59. Found: C, 62.05;
H, 5.13; N, 5.66.

[Fez(bis-salophen)][Na(cryptand)]z, 1-crypt. 2.2.2-cryptand (20 mg, 0.053 mmol, 2 equiv.) were
added to a brown dispersion of 1-THF (30 mg, 0.026 mmol, 1 equiv.) in THF (2 mL) at room tem-
perature. The reaction was stirred two hours forming a brown precipitate and a clear supernatant. The
precipitate obtained was recovered by centrifugation. 40 mg of product were recovered (96% yield).
Crystals suitable for X-ray diffraction were obtained by slow diffusion of a solution of 2.2.2-cryptand
into a THF solution 1-THF. 'H NMR of 1-crypt (400 MHz, py-d5, 298 K): = 51.38 (s, 2H), 41.32
(s, 2H), 32.33 (s, 2H), 31.09 (s, 2H), 24.73 (s, 2H), 19.83 (s, 2H), 2.00 (s, 12H), 1.89 (s, 12H), 1.06
(s, 12H), -4.49 (s, 2H), -5.39 (s, 2H), -12.56 (s, 2H), -15.87 (s, 2H), -35.41 (s, 2H). Elemental analysis
calc. for [Fex(bis-salophen)][Na(cryptand)]>.0.5THF (1575.37 g mol™!): C, 59.47; H,6.65 ; N, 7.11.
Found: C, 59.54; H, 6.64; N, 7.17.

[NagFes(cyclo-salophen)(THF)19], 2-THF. Na (3.9 mg, 0.169 mmol, 1.5 eq) was added to a solution
of [Fe(salophen)(THF)] (50 mg, 0.113 mmol, 1 eq) in THF (4 mL) at -40 °C. The reaction was stirred
overnight at -40 °C affording a purple solution. 40 mg of black solid precipitated out from the solution
after one night at room at -40 °C (64% yield). Crystals suitable for X-ray diffraction were obtained
by slow diffusion of hexane into a THF solution 2-THF. Recrystallization of 2-THF in pyridine
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solution afforded 2-py. 'H NMR of 2-THF (400 MHz, THF-d8, 298 K): & = 35.96 (s), 30.51 (s), -
13.85 (s), -31.09 (s). 'H NMR of 2-py (400 MHz, py-d5, 298 K): 8 = 36.31 (s), -13.61 (s), -33.57 (s).
Elemental analysis calc. for [NasFes(cyclo-salophen),(THF)s] (2194.9 g mol™!): C, 61.27; H, 5.51; N,
5.10. Found: C, 60.93; H, 5.61; N, 5.14.

[NagFes(tris-cyclo-salophen)(py)o], 3-py and [NagFes(tris-cyclo-salophen)(THF)7]2, 3-THF. So-
dium metal (20.8 mg, 0.904 mmol, 2 eq) was added to a solution of [Fe(salophen)(THF)] (200 mg,
0.452 mmol, 1 eq) in THF (4 mL) at room temperature. The reaction was stirred overnight at room
temperature affording a brown solution and an orange precipitate. The precipitate was separated from
the solution by centrifugation and the resultant solid was washed three times with THF (2 mL). Dis-
solution of the orange precipitate in pyridine afforded a dark brown solution. Diffusion of hexane into
the pyridine solution afforded the complex [NagFes(tris-cyclo-salophen)(py)o], 3-py (188 mg, 72 %
yield). Crystals suitable for X-ray diffraction were obtained by slow diffusion of n-hexane into a
pyridine solution of 3-py.

The 'H NMR spectrum of 3-py in py-d5 did not show any resonance attributable to the complex when
recorded either at -40 °C or at room temperature. A magnetic moment = 10.8 ug (ymT = 14.6 emu
K mol!) was measured for 3-py in pyridine solution at 298 K using the Evans method. Elemental
analysis calcd. for [NagFes(tris-cyclo-salophen)(py)-] (1801.5 g mol™): C, 63.34; H, 4.31; N, 10.11.
Found: C, 63.02; H, 4.55; N, 10.23.

SQUID magnetometry was performed in samples containing different amounts of pyridine (7-10) due
to different exposure times of the isolated solid to vacuum. No significant differences were observed
among the measurements.

The orange precipitate obtained from the reduction of [Fe(salophen)(THF)] in THF could also be
solubilized in THF but this required stirring the solid for 4 weeks at room temperature and led to a
dark red solution. Slow diffusion of hexane into the resulting solution afforded the complex
[NagFes(tris-cyclo-salophen) (THF)7]2, 3-THF as dark brown microcrystalline solid (205 mg, 84%
yield). The 'H NMR spectrum of 3-THF in THF-d8 did not show any resonance attributable to the
complex when recorded either at -40 °C or at room temperature.

Crystals suitable for X-ray diffraction were obtained by slow diffusion of n-hexane into a THF solu-
tion 3-THF. Elemental analysis calcd. for [Nai2Fee(tris-cyclo-salophen)>(THF)14] (3506.4 g mol™!):
C, 60.29; H, 5.63; N, 4.79. Found: C, 60.64; H, 5.28; N, 4.86.

A magnetic moment = 11.2 pg (ymT = 15.7 emu K mol'!) was measured for 3-THF at 298 K in THF

solution by Evans method.
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The amount of coordinated THF is dependent on the drying time. The amount of THF present in the
solid, detected by elemental analysis, does not affect the magnetometry measurements, suggesting

that the trinuclear structure is retained independently on the amount of coordinated THF.

[(Fe(salophen));Na][Na@?2.2.2-cryptand]s, 3-crypt. 2.2.2 cryptand (23.6 mg, 0.063 mmol, 9 eq)
were added to a solution of 3-THF (20 mg, 0.007 mmol, 1 eq) in THF (2 mL) at room temperature.
Crystals, 3-crypt, precipitated out from the solution after one night was recovered by centrifugation
(38 mg, 88 % yield). '"H NMR of 3-crypt (400 MHz, py-d5, 298 K): & = 1.95 (s), 0.84 (s). Elemental
analysis calc. for [Na(Fe(salophen)),][Na(cryptand)]s. THF (2033.9 g mol™!): C, 57.87; H, 7.14; N,
6.89. Found: C, 57.58; H, 7.04; N, 6.56.

Reaction with 13CQO;. The complex 3-py (10 mg, 0.0028 mmol, 1 eq) was dissolved in py-d5 (0.4
mL) in an NMR tube equipped with a J Young valve under an argon atmosphere. The solution was
degassed by three cycles of freeze-pump-thawing. 3CO> (6 eq) was added to the frozen solution. The
reaction mixture rapidly changed colour from dark brown to dark green upon thawing and a dark
precipitate formed. The '"H NMR spectrum was recorded after one night at 298 K, this showed only
the resonances assigned to [Fe(salophen)(THF)]. Volatiles were removed under vacuum and basic
D>0O (pD = 13.4) was added to the residue. The *C NMR spectrum in DO showed the presence of a
signal at 168 ppm assigned to CO3%. A reproducible yield in carbonate of 98(5)% (calculated with
respect to the reaction of 1-py with 6 CO, molecules) was measured by quantitative 3C {'H} NMR
spectroscopy using a labelled CH3'*COONa solution as an internal standard. No dependence of the
yield in carbonate from the concentration of 3-py was found.

For the reaction of 2-py and 1-py the same experimental procedure was followed except for the

equivalents of carbon dioxide added to the tube.

Electrochemical characterization. Cyclic voltammetry data were carried out at room temperature
in an argon-filled glovebox. All electroanalytic experiments were performed using a Princeton Ap-
plied Research Model 273 potentiostat or a Biologic SP-300 potentiostat. Glassy carbon working
electrode (1 mm?) was used. Non aqueous Ag/AgCl pseudo reference was generated by depositing
AgCl on a silver wire surface by oxidation with dilute aqua regia and was confined a glass capillary
provided of glass wool septum and stored in a solution of the electrolyte prior to use. A Pt wire was
used as counter electrode. All the CV experiments were performed in a modified scintillator vial as
single channel cell with the cap modified with ports for the electrodes. All data were referenced to an

internal standard (FeCp.*/FeCp).
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All samples concentration was about 4 mM with 0.1 M [BusN][PFs] supporting electrolyte in pyridine

solution.
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Chapter 4 Carbon dioxide reduction by lantha-
nide(III) complexes supported by redox-active
Schiff base ligands.#

Introduction

The redox-chemistry of lanthanide complexes has attracted increasing attention in recent years be-
cause of the unique reactivity of Ln(II) ions in small molecule activation and in particular their ability
to reduce N2, CO; or CO.['?l However, lanthanides can only undergo one electron transfer processes
and therefore reduction of CO; or other small molecules (N2, CO) can only occur by simultaneous
electron transfer by several mononuclear complexes*® or by suitably designed polynuclear com-
pounds.[*-!1]

An alternative approach for implementing multielectron transfer in lanthanide complexes takes ad-
vantage of redox-active ligands for the storage and release of electrons. Redox-active ligands are
increasingly used across the periodic table to facilitate metal-based multielectron transfer reactivity
and catalytic activity.l'>"18 Redox-active ligands can either directly store electrons during reac-
tivity by forming stable radicals or through the formation of new reversible C-C bonds in the
ligand backbone.[19.20.21,22,23]

Recently it has been shown that multiple redox state can become accessible to lanthanides when as-
sociated to redox active ligand.l 21222421 Those ligand were also found to provide a pathway for
magnetic coupling in Ln(IIT) chemistry leading to molecular magnet behaviour,?%3!l and were also
found to enable redox-switchable catalysis in rare-earth promoted polymerization chemistry.[333]
However only two systems reported in literature show that the electrons stored in the ligand scaffold
of lanthanide complexes can be used for the reductive transformation of substrates such as S8, Se or
9,10-phenanthrenequinone.343°]

The ability of Schiff bases to act as electrons reservoirs and to enable the multi-electrons reduction
of small molecules such as carbon dioxide has been identified in complexes of d block metals[3¢-43]

and more recently in complexes of uranium.[!%:44-46]

! This chapter is part of a paper: Nadir Jori, Davide Toniolo, Bang C. Huynh, Rosario Scopelliti and Marinella Maz-
zanti, “Carbon dioxide reduction by lanthanide(Ill) complexes supported by redox-active Schiff base ligands”, in sub-
mission.

Authors contributions: B.C.H. performed the preliminary experiments and obtained the structure of 4-Ln and 3-Eu, N.J.
obtained the structure of 2-Nd, optimized its synthesis, D.T. obtained the structure of 2-Sm and optimized the synthesis
of 4-Ln, 3-Eu and 2-Sm and performed the reactivity with carbon dioxide together with N.J.. R.S. performed the X ray
analysis and M.M. originated the central idea and coordinated the work. MM and NJ wrote the manuscript.
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In contrast, the use of Schiff base ligands in lanthanide chemistry has been essentially limited to
Ln(IIT) complexes that have found application as catalysts*’l and as efficient Near-IR and visible

luminescence emitters,[48-301

and have shown attractive physical properties.l*!->3l However, the reduc-
tive chemistry of lanthanide Schiff base complexes remains so far practically unexplored.[ 2934341

Our group recently demonstrated that the tetradentate salophen Schiff base (salophen: N,N’-disalicyl-
idene-o-phenylenediaminate) acts as redox active ligands also when combined to lanthanide ions.[**]
Notably we showed that the reduction of mono-ligand and bis-ligand Ln(III) complexes of salophen
leads to results in the reduction of the imino groups of the ligand followed by formation of intermo-
lecular or intramolecular C—C bonds (Scheme 1). The electrons stored in the C-C bonds could be used

in the reduction of I or 9,10-phenanthrenequinone but could not affect the reduction of less reactive

Q THF
F——d\
0O @)
/
=N N= 1) Ndl(THF), ?\-F\leN Q
2) 2K . 2K
OK KO THF, RT § N N™
Kosalophen - 3K @——O “@
THF

LSO, AR,
fe¥s e giiiiin e w/s Ne g

R
K[Ln("salophen),] Ks[Ln(bis-Rsalophen)]
Ln =Nd, Eu, Tb, Yb

substrates.

Scheme 1. The two-electron reduction of mono- (top) and bis-(bottom) Schiff base complexes of
Nd(III) with alkali metals leads to intermolecular (top) or intramolecular C—C bond formation(bot-
tom). The electrons stored in the C—C bonds can be used to reduce oxidizing substrates

Here we report the reductive chemistry of the Ln(IIl) complexes of the tripodal trianionic heptaden-
tate Schiff base Histrensal (2,2°,2”-tris(salicylideneimino)triethylamine), [Ln'"!(trensal)], 1-Ln
(Ln=Sm, Nd, Eu). [Ln"!(trensal)] complexes have been synthesised and crystallographically charac-
terized for a wide range of ions because of the interest for their magnetic properties,*!-*31 but their

reductive chemistry was never explored. Here we show that the reduction of the [Eu'"!(trensal)] leads
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to the Eu(Il) analogue. In contrast the one and two electron reduction of the [Nd'(trensal)] and
[Sm!!(trensal)] leads to the intermolecular reductive coupling of the imino groups of the trensal ligand
and formation of one and two C-C bonds leaving the metal centre in the +3 oxidation state in a similar
way for what it as recently found for U(IV) (Scheme 2).*¢! The resulting reduced complexes are able
to promote the reductive disproportionation of carbon dioxide by transferring the electrons stored in
the C-C bonds to the CO; to selectively afford carbonate and CO. The selectivity of the reaction
differs significantly with the formation of multiple CO; reduction products previously reported for a

U(IV) system.
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Kjtrensal [Uy(bis- trensal)] [K,U,(cyclo-trensal)]

2 UNi5(THF),

Scheme 2. Synthesis of [Uz(bis-Rtrensal)] and [K>U»(cyclo-Rtrensal)].

Results and discussion

Reduction of [Ln(trensal)] complexes.

1-Ln were prepared using a salt metathesis procedure where one equiv. of trensalKs salt was reacted
with the anhydrous [LnX3] (Ln = Sm, Eu, Nd; X = Cl, I) precursors in THF. This procedure, previ-
ously used in the synthesis of the [U!V(trensal)I] complex,® prevents the use of protic solvents and
avoid the presence of water or protic solvents in the isolated complexes.’”] The formation of 1-Ln
via salt metathesis was confirmed by 1H NMR spectroscopy (Figure S1-S3)

The “in situ” addition of one equivalent of KCs to the reaction mixture obtained from the reaction of
Kstrensal with [LnX3] in THF afforded the complexes [ {K(THF)3}2Lna(bis-trensal)], 2-Ln in 70 %
(Ln = Sm) and 53% (Ln = Nd) yield (Scheme 3). Alternatively, 2-Sm can also be synthetized from

the reaction of the divalent [Sml] with one equiv. of the ligand salt.
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Scheme 3. Synthesis of [ {K(THF)3}2Lna(bis-trensal)], 2-Ln, Ln = Nd, Sm.

The two dimeric 2-Nd and 2-Sm complexes crystallize in the C2/c group and are isostructural. Their
solid state structure shows the presence of two neodymium(III) (Figure 1) and samarium(III) (Figure
S9) cations coordinated by the octa-anionic bis-trensal ligand, formed by C—C coupling of the two
imino groups of the original trensal ligands. The formation of the bis-trensal ligand was previously
reported by our group from the reduction of the trensal ligand by Uls yielding the [U'Vx(bis-trensal)]
complex.[*) The resulting dinucleating ligand in 2-Ln holds the two metal centres in close proximity

(Nd-Nd = 3.8922(3)A and Sm—Sm = 3.8389(4) A) (Table 1).

Figure 1. Molecular structure of complex 2-Nd (C-C bond between imine highlighted in yellow,
50% probability ellipsoids). Hydrogen atoms and coordinated solvent molecules have been omitted

for clarity.

The 2-Ln complexes present two equivalent octacoordinated Ln centres coordinated by two imino
nitrogen (avg Ln—Nim = 2.67(4) A for Nd and 2.63(5) A for Sm), one amino nitrogen (Ln—Nam=
2.782(2) A for Nd and 2.745(4)A for Sm), two bridging amido nitrogen (Ln—Namido= 2.478(2) A for
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Nd and 2.50(7) A for Sm) and three phenoxide oxygen atoms (average Ln—O =2.38(4) A for Nd and
2.36(4) A) of the bis-trensal ligand. Two of the phenoxide oxygen atoms (O1 and O3) coordinate a
potassium cation, together with three molecules of THF.

The structural parameters of 2-Ln (Table 1) clearly show that the reduction has occurred on the imino
groups of the ligands rather than on the metal ions. The values of the C—C bond distance (1.573(6) A
for 2-Nd and 1.586(7) for 2-Sm) compares well with the intermolecular C—C bonds found in the
previously reported [Na,U(bis-salophen)]!'! (1.559(7) A), K3[Nd(bis-salophen))]**! (1.56(2) A) and
[Ux(bis-BUtrensal)]#) (1.59(2) A). The C—Namido bond distances (1.487(4) A for 2-Nd and 1.485(5)
A for 2-Sm) of the ligand backbone are much longer than C—Nimino distances (1.287(2) A for 2-Nd
and 1.288(6) A for 2-Sm) in the same complex. The Ln—N,mido distances for 2-Nd (2.48(7) A) and 2-
Sm (2.50(7) A) are also shorter than the Ln-Nimino distances (2.573 (4) A and 2.531(4) A, respectively)
for 1-Ln, supporting the reductive coupling of two imino moieties from different trensal units. These
distances compare well with the values reported for [Nd(bis-salophen)]>" (Nd—Nam (2.45(2) A) and
Nd—Nim (2.64(4) A).

Table 1. Mean values of selected bond lengths (A) for the complexes presented in this and previous

works.B4
Complex C-C C-Nimino | C-Namido | M-Nimino M-Namido | M-M
1-Nd - 1.280(6) | - 2573(4) |- -
1-Sm _ 1.274(8) |- 2531(4) |- -
1-Eu _ 1.277(16) | - 2.535(7) |- -
2-Nd 1.573(6) | 1.287(2) | 1.487(4) | 2.67(4) | 248(7) |3.8922(3)
[Nd(bis-salophen)* | 1.56(2) | 1.29(2) | 1.45(1) |2.644) |2452) |-
2-Sm 1.586(7) | 1.288(6) | 1.485(5) | 2.63(5) | 2.50(7) | 3.8389(4)
3-Eu - 1.272(6) |- 2.635) |- -
4-Nd 1.558(3) | 1.273(3) | 1.472(4) | 2.6895(16) | 2.6(1) | 3.42619(19)
(Ndz(eyelo-salo- 1.622(3) | - 1.459(3) | - 2.41609) |3.54(1)
phen)]*
4-Sm 1.560(6) | 1.263(6) | 1.470(3) | 2.679(9) |2.61(12) |3.4077(4)

The 'H NMR spectrum of 2-Nd and 2-Sm in THF-d8 (Figure 2, 3) show 25 and 22 signals respec-

tively in the paramagnetic range, consistent with a fully asymmetric compound in solution.
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Figure 3. '"H NMR spectrum of 2-Sm in THF-d8 (THF-d8, 400 MHz, 298 K).

In contrast what observed with Nd and Sm the reduction of 1-Eu did not afford the Eu(III) bis-trensal
complex, but instead an Eu(IT) complex of the trensal ligand [{K(u-THF)(THF)2}2{Eu'(trensal)}2],
3-Eu (Scheme 4).
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Scheme 4. Synthesis of [ {K(u-THF)(THF).},{Eu'!(trensal)}.], 3-Eu (X = CI, I, OTY).

No 'H NMR spectrum was observed as expected for the 4f” configuration of Eu(II) .

The molecular structure of 3-Eu (Figure 4) shows two potassium-bound [Eu(II)(trensal)] complexes
bridged by a THF molecule. Each [Eu(Il)(trensal)] moiety binds a potassium counterion trough three
phenoxide oxygen atoms, the latter being also coordinated by one terminal THF molecule and one

bridging the two [Eu(trensal)] moieties.

Figure 4. Molecular structure of complex 3-Eu (50% probability ellipsoids). Hydrogen atoms were

omitted for clarity.

The europium centres are heptacoordinated by the amino nitrogen (Eu—Namino=2.826(4) A), the three
imino nitrogen (avg Eu—Nimino= 2.66(4) A) and the three phenoxide oxygen atoms (avg Eu—O=
2.45(1) A) from the trensal ligand. The average Eu-N and Eu—O distances are consistent with the
formation of a divalent europium complex,!*8 and the C-N distances (1.272(6) A) remain unchanged
compared to those found in the crystal structure of the Hstrensal ligand (average 1.266(3) A).*] The
Eu-N distances are longer compared to those reported for the [Eu'(trensal)] complex (Eu—
Namino=2.761(9) A, Eu—Nimino=2.535(7) A, Eu—0 = 2.233(6) A),!5] as expected for a metal centre in

a lower oxidation state.
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These results indicate that while for 1-Nd and 1-Sm the reduction of the ligand occurs before the
reduction of the metal centre, in the case of 1-Eu reduction occurs first on the metal centre, probably
due to its lower redox potential (Eu**/Eu?* = -0.35 V, Sm**/Sm?* = -1.55 V, Nd**/Nd*" = - 2.6 V).

This result differs significantly from what was observed with the Eu(Ill) complex of the salophen
Schiff base K[Eu(salophen)], where the reduction following the addition of alkali metal occurs on
the ligand scaffold.**! This indicate that the trensal ligand is better suited to stabilize the divalent

oxidation state in europium compounds.

Complexes 2-Nd and 2-Sm can be further reduced in a controlled fashion by the addition of excess
KCs (three equiv.) to the in situ synthetized [Ln(trensal)] in THF, affording the complexes
[{K(THF)3}4Lna(cyclo-trensal)], 4-Ln in 77 % (Ln = Sm) and 78 % (Ln = Nd) yield (Scheme 5).
When the reduction was conducted with only 2 equiv. of KCgityielded a mixture of 2-Ln and 4-Ln.

(\N N=
)
N ko + [LnXy] ——>
E 0 6 8
o)

Kjtrensal

[{K(THF)3}4anz(cyclo-trensal)], 4-Ln

Scheme 5. Synthesis of [ {K(THF)3}2{K(THF)}.Lnx(cyclo-trensal)], 4-Ln, Ln = Nd, Sm (coordi-

nated THF molecules have been omitted for clarity).

The two complexes 4-Nd and 4-Sm crystallize in the P21/n group and are isostructural. The molecular
structure of the 4-Ln complexes shows the presence of two Nd(III) (Figure 5) or Sm(III) cations
(Figure S10) bound by the dodecadentate decaanionic amidophenolate macrocyclic ligand cyclo-tren-
sal produced in the reductive coupling of two imino groups of the trensal ligand. The dinucleating
cyclo-trensal ligand in 4-Ln holds the two Ln centres in close proximity, with a Ln-Ln distances of
3.42619(19) A for Nd and 3.4077(4) A for Sm, shorter than those found in 2-Ln or in the macrocyclic
complex [Nda(cyclo-salophen)]* (Table 1).[34
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Figure 5. Molecular structure of complex 4-Nd (C-C bonds between imine highlighted in yellow,
50% probability ellipsoids). Hydrogen atoms, potassium counterions and coordinated solvent mole-

cules have been omitted for clarity.

The 4-Ln complexes present two equivalent Ln(III) centres in a tricapped trigonal prismatic geometry
nonacoordinated by four amido nitrogens (avg Ln—Namido= 2.6 (1) A for Nd and 2.61(12) A for Sm),
one imino nitrogen (Ln—Nimino = 2.6895(16) A for Nd and 2.679(9) A for Sm), one amino nitrogen
(Ln—Namino = 2.7209(15) A for Nd and 2.706(3) A) and three phenoxide oxygen atoms (avg Ln—-O =
2.47(1) A for Nd and 2.45(1) A for Sm). The six phenoxide oxygen atoms coordinate also four po-
tassium counterions, whose coordination sphere is completed by three THF molecules.

When comparing the selected bond distances shown in Table 1, the C—Namido bond distances (mean
C—Nam = 1.472(4) A for Nd and 1.470(3) A for Sm) of the ligand backbone are much longer than
those of the remaining imino group (C—Nimino = 1.273(3) A for Nd and 1.263(6) A for. Sm) or the
values observed for the free ligand (avg. C-Nim=1.266(3) A).5%] These data are in agreement with the
presence of four amido groups. The value of the C—C bond distances (1.558(3) A for Nd and 1.560(3)
A for Sm) fall again in the range of those reported for the intermolecular and intramolecular C—C
bonds in [Na,U(bis-salophen)] (1.559(7) A),[") [Nda(cyclo-salophen)]* (1.622(3) A)B**! and [Nd(bis-
salophen))]> (1.56(2) A).134]

The '"H NMR spectra of 4-Nd and 4-Sm (Figure 6 and 7 respectively) show only one set of 11 and

14 signals respectively, suggesting the presence of D2h symmetric solution species in agreement with

the observed D2h pseudo-symmetry of the solid state structure.
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Figure 7. 'TH NMR spectrum of 4-Sm in THF-d8 (THF-d8, 400MHz, 298 K).

CO: reduction studies

The 2-Ln complexes present two electrons stored in the C—C bond of the bis-trensal ligand as found
for the previously reported Ks[Ln(bis-Rsalophen)] complexes.**] It was shown that the electrons in
the Ks[Ln(bis-Rsalophen)] are available for the reduction of oxidizing substrates such as Ag", mo-
lecular iodine or 9,10-phenanthrenequinone. However, the K3[Ln(bis-Rsalophen)] complexes could

not affect the reduction of carbon dioxide.
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Differently, 2-Ln react rapidly and irreversibly with carbon dioxide. The addition of 2 equiv. of CO»
to a THF solution 2-Ln resulted in a colour change of the solution from yellow/orange to pale yellow,
with the concomitant formation of an insoluble product. The 'H NMR spectra recorded after the for-
mation of the solid products showed the disappearance of the signals assigned to 2-Ln. The low sol-
ubility of the precipitate formed in the reaction mixture preclude a quantitative analysis od the product
via NMR spectroscopy. However, in the case of 2-Nd, the "H NMR spectrum of the precipitate in py-
d5 after the separation from the supernatant showed a set of seven signal that resemble the one found
for 1-Nd. Quantitative '*C{'H} NMR spectra recorded in basic D,O (pD = 13.4) in presence of 3 AcO"
as internal standard showed the formation of *CO3* in about 100 % conversion for both 2-Ln com-
plexes (Figure S5, S7). (Scheme 6 top).

The presence of carbonate indicated that the electrons stored in C—C bond in complexes 2-Ln can
affect the reductive disproportionation of CO», showing a significant increase in reactivity towards
CO; compared to the one of K3[Nd(bis-Rsalophen)]. The reactivity of 2-Ln differs also from that of
the recently reported U(IV) analogue, [U(bis-trensal)], that only undergoes insertion of the CO- into
the U-N bond.

The difference in reactivity between the 2-Ln complexes and the [Ua(bis-trensal)] maybe explain
considering the different bridging mode adopted by the amido nitrogen in 2-Ln, that may results in a
less basic character compared to the non-bridging amido nitrogen in [Ux(bis-trensal)] preventing the
insertion of CO; into the Ln-Namido bond. Moreover, the close proximity of the Ln centres in the 2-
Ln centres should promote CO» activation via cooperative binding to the two metal centres.

In contract to 2-Ln, complex 3-Eu did not show any reactivity with CO».

In a similar way, the reactivity of 4-Ln with carbon dioxide was tested and compared with the previ-
ously reported K>[Ndz(cyclo-salophen)] and [{K(THF)3}.U(cyclo-trensal)]. Like in the previous
case, the K>[Ndz(cyclo-salophen)] complexes were found able to transfer the four electrons stored in
the two C-C bonds but it was not able to reduce CO» or CS». In contrast we found that 4-Ln display
a significant increased reactivity towards CO». The addition of 4 equiv. of COx> to a solution of 4-Ln
in THF leads to an immediate colour change of the solution from red/orange to pale yellow with
concomitant formation of a precipitate. The '"H NMR spectra recorded after formation of the solid
products showed the disappearance of the signals assigned to 4-Ln. The 3C NMR spectra recorded
after one day showed the formation of *CO (181 ppm) as only visible product in THF solution (Figure
S3).

The quantitative '*C{'H} NMR spectra recorded in presence of 3AcO" as internal standard (Figure
S6, S8) showed the formation of *CO3*in 97 % (Ln = Sm) and 100 % conversion (Ln = Nd) (Scheme
6 bottom).
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These results show that the four electrons stored in the two C-C bonds of the cyclo-trensal ligands
are quantitatively used for the reductive disproportionation of CO.. The clean quantitative reductive
disproportionation effected by the 4-Ln complexes contrasts remarkably with the multiple reaction
pathways previously reported for the reaction of the analogue U(IV) complex [ {K(THF)3}2Ux(cyclo-
trensal)] with COz. Such pathways included reductive disproportionation of CO, insertion of COz in
the U—Namido bonds, CO» cleavage and further addition of the formed CO to the U-Namido bonds.

N\~ ON N ’g
0—== Z|-N 98% 13C0,* Ln=$S
2= = THF-d8  D,O (pD = 13.4) 6 13C03* Ln=Sm
T/V\//N\‘\N_\/\l‘o +213C0, 2
THF—/|/O P~ | —THF -13co 96% 3CO3* Ln=Nd
THF
THE The HF

THF-d8 D,O (pD=13.4) 97% '3COs* Ln=Sm

+413C0,
-13co 100% 3C0O5% Ln =Nd

[{K(THF); }4Ln“12(cyclo—trensal)J ,4-Ln

Scheme 6. Reactivity of 2-Ln (top) and 4-Ln (bottom) with 2 and 4 equiv. of 1*CO», respectively.

Conclusion

In this work we studied the reductive chemistry of Ln complexes supported by trensal ligand. Like it
was found for other kind of Schiff base, the trensal ligand is capable of acting as redox active ligand,
storing electrons in one or two C-C bonds and maintaining the oxidation state of the metal centres
unchanged. We have demonstrated that the reduced compounds are able to release the electrons to
relatively inert substrates like CO», forming selectively carbonate and carbon monoxide. This char-
acteristic makes the compounds presented here unique, being the first example of lanthanides sup-
ported by Schiff base capable of reducing carbon dioxide. Another difference from the [Ln(Rsalo-
phen)] derivatives equivalents is that the redox processes are sensitive to the nature of the Ln ion,
reducing the ligand in the cases of Nd and Sm, and the metal in the case of Eu. Since the electronic
properties of Schiff base are easily tuneable by adding substituent on the phenyl rings, a variety of

ligands can be synthesized to afford lanthanide complexes with optimized redox properties. Future
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studies will be directed to investigate the influence of the ligand substituents on the redox properties

with the final objective of perform electrocatalytic reduction of carbon dioxide.

Experimental

Materials and methods

General Considerations Unless otherwise noted, all manipulations were carried out at ambient tem-
perature 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 150°C before use.

NMR experiments were carried out using NMR tubes adapted with J. Young valves. 'H and *C
NMR spectra were recorded on a Bruker 400 MHz spectrometer. NMR chemical shifts are reported
in ppm with solvent residual signal as internal reference.

Elemental analyses were performed using a Thermo Scientific Flash 2000 Organic Elemental Ana-
lyzer at the Institute of Chemistry and Chemical Engineering at EPFL.

Starting materials Unless otherwise noted, reagents were purchased from commercial suppliers and
used without further purification. The solvents were purchased from Aldrich or Cortecnet (deuterated
solvents) in their anhydrous form, conditioned under argon and vacuum distilled from K/benzophe-
none (toluene, hexane, pyridine and THF). Depleted uranium was purchased from Ibilabs, Florida,
USA. The ligand Kstrensal ligand salt were prepared according to the published procedures.°!
13C0O» (93.13% '*C) was purchased from Cortecnet and transferred prior to use in a flask in equipped
with a Young valve and containing activated 3 A molecular sieves.[LnX3] (Ln = Eu, Sm, Nd; X = Cl,
I, OTf) were purchased from Sigma Aldrich and used without purification. [Sml,] was purchased

from Sigma Aldrich.

Synthetic procedures

[Ln(trensal)] were prepared by reacting 1 equiv. of Kstrensal salt with the anhydrous [LnX3] (Ln
=Sm, Eu, Nd; X =Cl, I, OTf) precursors in THF. Because of the low solubility of the 1-Ln complexes
in THF we did not attempt to separate of the potassium salts, and resulting crude mixture was used
as such for further reduction. The 1-Ln complexes were characterized by 'H NMR spectroscopy.
[Nd(trensal)], 1-Nd. 'H NMR (py-d5, 400 MHz, 298 K) & =27.20 (s, 3H), 11.28 (s, 3 H), 9,29
(s, 3H), 8.14 (s, 3H), 7.28 (s, 3H), 4.15 (s, 6H) and -5.28 (s, 6H).

[Sm(trensal)], 1-Sm. 'H NMR (py-d5, 400 MHz, 298 K) & =8.11 (d, 3H), 7.68 (s, 3H), 7,13
(t, 3H), 6.83 (t, 3H), 6.79 (d, 3H), 3.02 (s, 6H) and -0.42 (s, 6H).
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[Eu(trensal)], 1-Eu. '"H NMR (py-d5, 400 MHz, 298 K) 5 =9.12 (s, 6H), 7.18 (s, 3 H), 5.68
(s, 3H), 3.84 (s, 3H), 3.09 (s, 3H), 1.36 (s, 6H) and -23.78 (s, 3H).

Synthesis [{K(THF)3;}2Ndz(bis-trensal)], 2-Nd. An off-white suspension of trensalK3; (86.0 mg,
0.150 mmol, 1 equiv.) in THF (2.0 mL) was added to the light green solid [NdI3(THF)4] (78.9 mg,
0.150 mmol, 1 equiv.) and the resulting suspension was stirred for 4 h at room temperature affording
an off-white suspension. A bronze suspension of KCs (20.2 mg, 0.150 mmol, 1 equiv.) in THF. (1.0
mL) was added and the reaction mixture was stirred at room temperature for 4 h. The resulting dark
suspension was filtered at room temperature to remove the graphite and the KI formed during the
reaction, yielding a yellow-orange solution. The solution was concentrated until approx. 1.5 mL. Slow
diffusion of hexane into the solution resulted in the formation after 3 days of yellow coloured X-ray
quality crystals in 53 % yield (49.5 mg). '"H NMR (THF-d8, 400 MHz, 298 K) & = 25.76 (s, 2H),
24.44 (s, 2H), 20.85(s, 2H), 18.69(s, 2H), 14.13 (s, 2H), 13.92 (s, 2H), 13.18 (s, 2H), 12.67 (s,
2H), 11.89 (s, 2H), 11.83 (s, 2H), 9.33 (s, 2H), 8.78 (s, 4H), 7.25 (s, 4H), 5.92 (s, 2H), 5.00
(s, 2H), 4.86 (s, 2H), -2.50 (s, 2H), -4.34 (s, 2H), -6.12 (s, 2H), -6.61 (s, 2H), -12.50 (s, 2H),
-13.89 (s, 2H), -18.19 (s, 2H), -22.26 (s, 2H), -27.35 (s, 2H). Elem. anal. calc. (%) for [K2Ndz(bis-
trensal)]: C, 50.76%; H, 4.26%; N, 8.77%. Found: C, 50.38%; H, 4.26%; N, 8.36%.

Synthesis [{K(THF)3}>Smx(bis-trensal)], 2-Sm. An off-white suspension of trensalK3 (43.4 mg,
0.0753 mmol, 1 equiv.) in THF (2.5 mL) was added to a suspension of [SmIz] (40 mg, 0.0753
mmol, 1 equiv.) in THF (2.5 mL). The resulting off-white suspension was stirred at room
temperature for 4 h affording a pale yellow suspension. Then a bronze suspension of KCs
(10.1 mg, 0.0753 mmol, 1 equiv.) in THF (1.0 mL) was added and the reaction mixture was
stirred at room temperature for 4 h. The resulting dark grey suspension was filtered to remove
the graphite and the KI formed during the reaction, yielding a pale orange solution. Slow
diffusion of hexane into the solution afforded 38 mg of compound (70 % yield). 'H NMR
(THF-d8, 400 MHz, 298 K) & = 8.78 (s, 2H), 8.04 (s, 2H), 7.87 (s, 2H), 7.68 (s, 2H), 7.64 (s,
2H), 7.19 (s, 2H), 7.06 (s, 4H), 6.53 (s, 2H), 6.39 (s, 2H), 5.97 (s, 2H), 5.82 (s, 2H), 5.42 (s,
6H), 4.44 (s, 4H), 2.51 (s, 2H), 2.43 (s, 4H), 1.05 (s, 2H), 0.92 (s, 2H), 0.10 (s, 2H) -0.58 (s,
2H), -1.27 (s, 2H), -2.63 (s, 2H), -9.32 (s, 2H). Elem. anal. calc. (%) for [K2Sma(bis-tren-
sal)(THF)25]: C, 52.28%; H, 5.07%; N, 7.62%. Found: C, 52.18%; H, 4.73%; N, 7.24%. Crys-
tals of 2-Sm suitable for X-ray diffraction were obtained by storing a concentrated solution of
the compound in THF at -40 °C.
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Synthesis [{K(u-THF)(THF):}2{Eu''(trensal)},], 3-Eu. An off-white suspension of trensalK3
(50.1 mg, 0.0843 mmol, 1 equiv.) in THF (2.5 mL) was added to a suspension of
[EuCl3(THF)3] (40 mg, 0.0843 mmol, 1 equiv.) in THF (2.5 mL). The resulting off-white
suspension was stirred at room temperature for 4 h affording an off-white suspension. After-
wards a bronze suspension of KCsg (11.4 mg, 0.0843 mmol, 1 equiv.) in THF (1 mL) was
added and the reaction mixture was stirred at room temperature for 4 h. The resulting deep
purple suspension was filtered to remove the graphite and the KI formed during the reaction,
affording a deep purple solution. Slow diffusion of hexane into a THF solution of the complex
afforded 44.3 mg of compound (75 % yield). Elem. anal. calc. (%) for [KEu(tren-
sal)(THF)o.75]: C, 51.43%; H, 4.75%; N, 8.00%. Found: C, 51.16%; H, 4.83%; N, 7.71%.
Crystals suitable for X-ray diffraction were obtained by slow diffusion of hexane into a THF

solution of 3-Eu.

Synthesis [{K(THF)s3}:{K(THF)}>»Sma(cyclo-trensal)], 4-Sm. A suspension of trensalK3 (43.4
mg, 0.0753 mmol 1 equiv.) in THF (2.5 mL) was added to a suspension of [Smlz] (40 mg,
0.0753 mmol 1 equiv.) in THF (2.5 mL) and left to react at room temperature for 4 h. A bronze
suspension of KCsg (30.5 mg, 0.226 mmol, 3 equiv.) was added and the mixture was stirred at
room temperature for 4 h affording a pale yellow suspension. The mixture was filtered at room
temperature to remove the graphite and the KI formed during the reaction, affording a red
solution. Slow diffusion of hexane into the THF solution afforded after one night 45 mg of com-
pound (77 % yield). '"H NMR (THF-d8, 400 MHz, 298 K) & = 9.23 (s, 4H), 8.88 (s, 2H), 8.70
(d, 2H), 8.30 (s, 4H), 8.11 (s, 2H), 7.19 (d, 8H), 6.45 (m, 4H), 5.22 (s, 4H), -0.63 (s, 2H), -
1.13 (s, 4H), -4.06 (br, 4H), -5.05. (br, 2H), -6.19 (br, 4H), -9.12 (br, 4H). Elem. anal. calc.
(%) for [K4Sma(cyclo-trensal)(THF)2.5]: C, 49.64%; H, 4.82%; N, 7.24%. Found: C, 49.81%;
H, 4.55%; N, 7.11%. Crystals suitable for X-ray diffraction were obtained by slow diffusion

of hexane into a THF solution of 4-Sm.

Synthesis [{K(THF)s}.{K(THF)}.Nd:(cyclo-trensal)], 4-Nd. An off-white suspension of tren-
salK3 (141.1 mg, 0.0246 mmol, 1 equiv.) in THF (1.5 mL) was added to a light blue suspen-
sion of [NdI3(THF)4] (129.2 mg, 0.447 mmol 1 equiv.) in THF (2.5 mL) and left to react at
room temperature overnight. A bronze suspension of KCsg (181.2 mg, 1.340 mmol, 3 equiv.)
in THF (2.0 mL) was added and the mixture was stirred at room temperature for 5 h affording
a dark orange suspension. The mixture was filtered at room temperature to remove the graphite
and the KI formed during the reaction, affording a dark orange solution. Slow diffusion of n-

hexane into the THF solution afforded after one night 141.4 mg of compound (78 % yield). 'H
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NMR (THF-d8, 400 MHz, 298 K) 6 = 47.52 (s, 4H), 16.65 (s, 2H), 14.93 (s, 4H), 10.46 (s,
2H), 9.46 (s, 2H), 9.05 (s, 2H), 8.80 (s, 2H), 8.52 (s, 2H), 5.91 (s, 4H), -16.73 (s, 4H), -17.92
(s, 4H).

Elem. anal. calc. (%) for [K4aNdz(cyclo-trensal)(THF):15]: C, 49.22%; H, 4.54%; N, 7.65%.
Found: C, 48.82%; H, 5.04%; N, 7.65%. Crystals suitable for X-ray diffraction were obtained
by slow diffusion of hexane into a THF solution of 4-Nd.

Reactivity with COa.

Reaction of 2-Ln with 2 equiv. of *CO». Complexes 2-Ln were prepared in situ from the reaction
between [NdI3(THF)4] (12.8 mg, 0.0157 mmol, 1 equiv.) or [Smlz] (10.0 mg, 0.0188 mmol, 1 eq),
Kstrensal with a suspension of KCs (1 equiv.) as described before. After removal of KI and graphite,
the resulting yellow solution of 2-Ln was degassed by and 2 equiv. of 3CO, were added. Upon addi-
tion of CO» the solution turned from yellow to colourless with the concomitant formation of a pre-
cipitate.

Upon removal of the solvent under vacuum and after dissolution in basic D>O (pD = 13.4), quantita-
tive BC{!H} NMR experiments were performed (*C-labelled sodium acetate as reference). The

yields in carbonate correspond to 96% and 98% for Nd and Sm, respectively.

Reaction of 4-Ln with 4 equiv. of *CO; Complexes 4-Ln were prepared in situ from the reaction
between [NdI3(THF)4] (9.3 mg, 0.0114 mmol, 1 equiv.) or [SmI3] (10.0 mg, 0.0188 mmol, 1 equiv.),
Kstrensal with a suspension of KCs (3 equiv.) as described before. After removal of KI and graphite,
the resulting dark orange solution of 4-Ln was degassed and 4 equiv. of 3*CO were added. Upon
addition of COx> the solution turned from yellow to colourless and a pale yellow precipitate formed.
Upon removal of the solvent in vacuo and after dissolution in basic D>O (pD = 13.4), quantitative
BC{'H} NMR experiments were performed (*C-labelled sodium acetate as reference).

The yields in carbonate correspond to 100% and 97% for Nd and Sm, respectively.
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Chapter 5. A Tetranuclear Samarium(II) In-
verse Sandwich from Direct Reduction of Tolu-
ene by a Samarium(II) Siloxide$

Introduction

Multi-decker sandwich complexes of the f-elements are of high interest because of their anticipated
unique electrical and magnetic properties. Bridging organic spacers may facilitate intermetallic elec-
tronic communication, leading to potential application in molecular electronics and molecular mag-
netism.!'*l However, the development of this area is hampered by the limited number of multi-me-
tallic sandwich complexes reported in the literature.!*>! Multi-decker complexes based on bridging
COT ligands (COT = n8-cyclooctatetraenyl) are the most developed family of multi-decker f-element

14691 Arenes are attractive alternative ligands for the synthesis of multi-decker

sandwich complexes.!
complexes with potentially interesting magnetic and electronic properties?!%, but arene-bridged pol-
ynuclear complexes of lanthanides are rare.[*! Only very recently, we reported a unique example of
an arene-bridged Ce! tetradecker complex supported by siloxide ligands.[''l The pentanuclear
[K(2.2.2-crypt)]2[ {(KL3Ce)(u-n®:n’-C7Hs)}2Ce] complex was obtained by reduction of the Ce
complex, [KCeL4] (L = OSi(O'Bu)s), with 10 equiv. of K in toluene, affording the first example of a
multi-decker complex obtained from the reduction of a trivalent lanthanide complex in a carbocyclic

solvent. Reports of the formation of dinuclear arene-bridged Ln™/

complexes from the reduction of
trivalent lanthanides complexes are more numerous.[>!2171 Although Ln' intermediates are likely to
be involved in these reactions, the reduction of toluene or benzene by authenticated Ln! complexes
has not been confirmed. Here, we report a unique example of an arene-bridged triple-decker Sm!!
complex that formed upon dissolution of the dinuclear Sm! siloxide complex, [Sm2L4(DME)] (L =
OSi(OtBu)3), in toluene. In contrast, the reduction of the Sm'™! siloxide complex, [SmL3],,!'¥! with
KCs afforded the unusual arene-bridged Sm! dimer, [ {KSmL3}2(u-n®mn%-C7Hs)], among other prod-

ucts.

3 Part of this chapter has been published: R. P. Kelly, D. Toniolo, F. F. Tirani, L. Maron, M. Mazzanti, Chem. Commun.
2018, 54, 10268—10271.

Authors contributions: R.P.K. and D.T. performed the synthesis and the characterizations of the complexes. In particu-
lar D.T. optimized the synthesis and obtained the crystal structure of 2 and 3. F.F.T. performed the X ray analysis and
M.M. coordinated the work. R.P.K. and M.M wrote the manuscript.
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Results and Discussion

The reduction of the previously reported [SmL3 218! complex with 1 equiv. of KCg per Sm atom in
toluene at —40 °C afforded a mixture of several compounds that crystallized rapidly during reduction.
Single crystals of the Sm' complex, [KSm:Ls], 1 (see appendix), and of the arene-bridged complex,
[{KSmL3}2(u-n®n®-C7Hs)], 2, were isolated from the reaction mixture (Scheme 1). The 'H NMR
spectrum of the crude reaction mixture after removal of graphite (and crystallized reduction products)
shows the presence of a major set of signals assigned to the previously reported Sm'' complex,
[SmL4K],!”T and minor signals assigned to complex 2. Quantitative integration of the signals assigned

to [SmL4K] indicates a 30 % conversion of the starting material into [SmL4K].

O'Bu
tBUO\ | O'Bu tBUO\Si/OtBU tBUO\ ./O‘Bu
tBu\O/S\l |/OtBlij OtBu tBuo/ \ /SI\OtBU
'Bud \ 90 oe KCq TN (YL O~
BUO— ;- O~ 0 /—O/SI\ '‘BuO_ 0— /  _OBu + Other products
Si e \O OBu Toluene BUO \Si/ / y \\O\Si/ t
—-Qj uO— —
tBuC{ /O\l Si—O'Bu t % /O t O> O\ tO Bu
'Bu Si t BuO si—otgy 'BuO O'Bu
1 v g 0O O'Bu t -
Buo™ | 'Bu Bu0” oy '‘BuO  O'Bu
O'Bu
[Sm,Lg] [SmyLeK,(tol)], 2

Scheme 1. Synthesis of 3 followed by its reaction with toluene to make 4

"H NMR studies showed that, once isolated, complex 2 decomposes quickly in toluene solution at
room temperature and (more slowly) at —40 °C, yielding [SmL4K] and unidentified products. The
presence of multiple reduction products, the low stability of 1 and 2, and their low solubility, pre-
vented their isolation in reasonable amounts. Performing the reaction in the presence of cryptand also
led to a mixture of compounds, with [K(2.2.2-cryptand)][SmL4] being the major species. These re-
sults differ significantly from what is observed in the reduction of [Ln(Cp®)3] complexes (Cp?= Cp’
= CsHa(SiMe3); or Cp” = CsH3(SiMes)»-1,3; or Cp" = CsH3z-('Bu)2-1,3;; and Ln = Ce or La) with 3—
4 equivalents of K/KCs, which is usually accompanied by loss of an anionic ligand (Cp’ =
CsH4(SiMe3) and formation of stable arene-bridged Ln" complexes of the general formula

[{Ln(CpR)2}2(u-n®:mP-arene)] (arene = CsHe or C7Hg)!727).[12:13.20]

118



Figure 1. Molecular structure of complex 2 shown with 50 % probability thermal ellipsoids. Hydro-
gen atoms have been omitted for clarity. Selected bond lengths (A): Sm—O = 2.219(5)-2.241(5),
Sm_C = 2.686(9)_2.752(8), mean Caromatic_Caromatic = 1.416(8).

The solid-state structure of 2 (figure 1) shows a central toluene bridging two identical {KSmL3} units.
The two potassium ions are both six-coordinate, while the two samarium ions are also both six-coor-
dinate and feature a three-legged piano stool coordination geometry. The Sm—O bond lengths range
from 2.219(5)—2.241(5) A, and they are shorter the Sm—Oterminal bond length in the Sm' complex,
[SmL4K>] (2.381(2) A).['5] The average toluene C—C bond length of 1.416(8) A is not significantly
different from that of free toluene, and so its charge could not be assigned from these distances alone.
The Sm—C bond lengths (2.686(9)-2.752(8) A) are much longer than those found in 4 (vide infra).
The latter values are consistent with the presence of a Sm'-toluene’-Sm-!! species. Several examples
of Ln'"-neutral arene complexes have been reported where the arene is unsupported,?! 221 or more
often, it is a substituent in N- or S-donor ligands.?*?°! Lanthanide complexes of neutral arene lig-
ands!® have also been reported that contain Ln'"' 3% and Ln® B!-33] jons.

In view of these results, we decided to investigate the direct reaction of isolated Ln'! complexes with

toluene.
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Scheme 2. Synthesis of 3 followed by its reaction with toluene to make 4.

The dissolution of the previously reported Sm!' complex, [SmL4K>], in toluene at room temperature
or at =40 °C led to the decomposition of the Sm!! species, affording [SmL4K] in quantitative yield.
While reduced toluene species are probably formed in this reaction, no arene-bridged intermediate
was isolated from this reaction. In order to identify an alternative route to more stable arene bridged
complexes, we explored the possibility of preparing an alkali-metal-free, low-coordinate Sm!! com-
plex. The dinuclear Sm" siloxide complex, [SmoL4(DME)] (3, L = OSi(O'Bu)s), was prepared in 77
% yield by treating [Sm{N(SiMe3)}2(THF),] with two equivalents of HOSi(O'Bu); in DME at —40
°C (Scheme 2). Complex 3 represents a rare Ln!! siloxide complex, with only a handful of others
known. U1 18:19.341 ‘Storage of a concentrated solution of 3 in DME at —40 °C afforded dark brown
single crystals of 3 that were suitable for X-ray diffraction studies. The molecular structure of 3 fea-
tures two six-coordinate Sm ions unsymmetrically coordinated by four siloxide ligands and one DME
molecule (Figure 2). Sml is coordinated by one terminal x!-siloxide ligand, two bridging x>-siloxide
ligands and one bridging k!-siloxide ligand. On the other hand, Sm2 is coordinated by two bridging
k!-siloxide ligands, one bridging k>-siloxide ligand and one terminal k?>-dme molecule. The Sm—Os;.
loxide bond lengths range from 2.383(12)-2.692(13) A, similar to the range observed in the Sm" silox-
ide complex, [KoSmL4] (2.381(2)-2.6659(18) A). 1>
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Figure 2. Molecular structure of complex 3 shown with 50 % probability thermal ellipsoids. Solvent
of crystallization and hydrogen atoms have been omitted for clarity. Selected bond lengths (A):
Sm—Ogitoxide = 2.383(12)-2.692(13); Sm—Odme = 2.681(15)-2.710(14).

Complex 3 is highly soluble in non-polar and polar solvents, and it shows moderate stability in THF
at room temperature, with only some decomposition evident after 36 h at room temperature. The
decomposition reaction proceeds with the formation of Sm', as evidenced by the detection of
[SmL3(THF),] by 'H NMR spectroscopy. This highlights the marked reactivity of complex 3, alt-
hough it is much more stable in THF than the previously reported Sm" complex, [SmL4K>]!"*). Com-
plex 3 is also stable for up to a week in toluene at —40 °C but reacts slowly with toluene at room
temperature. Storage of a concentrated toluene solution (~70 mM) of 3 for three days at room tem-
perature and one night at —40 °C afforded dark brown crystals of the tetranuclear Sm inverse sandwich
complex, [{SmaL3}2(u-n%n°-C7Hsg)], 4, in 44 % yield (Scheme 1). 'H NMR studies showed that the
amount of complex 4 continued to increase after dissolution of 3 in toluene until saturation of the
solution occurs after three days. The stoichiometry of the reaction leading to 4 requires the formation
of a second species, and the 'H NMR spectrum of the evaporated reaction mixture in THF-d8 indi-
cated it to be the Sm'! complex, [SmL3(THF),],[!8) also obtained in 44 % yield (as confirmed by
quantitative '"H NMR spectroscopy). Complex 4 is poorly soluble in toluene and only moderately
soluble in THF, where its decomposition begins rapidly. The molecular structure of 4 (Fgure 3) fea-
tures four Sm ions, six siloxide ligands and one central bridging toluene ligand. The two terminal six-
coordinate Sm1 ions have the same coordination environment and they are each bound by three bridg-
ing k2-siloxide ligands. The two Sm(II) ions are bound by three bridging k'-siloxide ligands and they
both sandwich a bridging n®:n°-C7Hs molecule (Sm(II)—centroid-Sm(II) = 180°). The Sm—O bond
lengths range from 2.395(4)-2.620(4) A, similarly to those found in 1 and [SmL4K>], thus supporting
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the presence of Sm ions in the +2 oxidation state. The Sm2—C bond lengths range from 2.523(5)—
2.607(5) A, and the average Caromatic—Caromatic bond length (1.462(7) A) is indicative of a reduced

toluene molecule.[121435-391

Figure 3. Molecular structure of complex 4 shown with 50 % probability thermal ellipsoids. Disor-

dered components, the methyl groups of the tBu groups and hydrogen atoms have been omitted for

clarity. Selected bond lengths (A): Sm—O = 2.395(4)-2.620(4), Sm2—Caromatic = 2.523(5)-2.607(5),
mean Caromatic—Caromatic = 1.462(7) A)

The UV-Vis-NIR spectra of 2 and 4 in in toluene show broad, intense bands in the visible region,
consistent with f-d and/or charge-transfer transitions typical of samarium(1I).!!

Unrestricted DFT calculations were carried out on the whole molecules of 2 and 4 to further investi-
gate their electronic structure. Geometry optimization was carried out at the DFT level (B3PW91)
with explicit f electrons, as already done for similar complexes.[!!#!] Using the f-in-core method, it
was possible to confirm the oxidation state of all four samarium centres as +2 in complex 4. The
obtained geometry is in excellent agreement with the one obtained with explicit f electrons, confirm-
ing the +2 oxidation state of the four samarium centres. The optimized structure obtained with explicit
f electrons and a spin state of 25 is in good agreement with the experimental one (Sm—O between
2.50 and 2.60 A; and Sm2—C around 2.60 A). The average Caromatic—Caromatic bond length is 1.42 A, in
line with a reduced toluene species. This is further highlighted by the nature of the highest doubly
occupied molecular orbital of the system (as there are also 24 singly occupied MOs), which is a -
bond (figure 4) involving the toluene m* orbital, and this is consistent with a toluene?". This work
provides a proof that the first La! complex reported by Lappert and coworkers!!*#!l was indeed a
genuine La' arene anion complex. For the sake of comparison, calculations were also carried out with
explicit f electrons on complex 2. In this complex, the two samarium ions are also in the +2 oxidation
state, and the toluene is not reduced; the 3-bond is the LUMO (see appendix). A weak bonding inter-

action between the toluene 7 orbital and the 5d Sm!" orbitals was also found in both complexes.
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Figure 4. Highest doubly occupied MO of complex 4.

Thus, computational studies support the formulation of [ {KSmLs}2(u-n®n®-C7Hs)] as a Sm'-tolu-
ene’-Sm!" complex, and the formulation of [{SmzLs}2(u-n®n°-C7Hs)] as a (Sm'),-toluene?-(Sm'),.
[{SmuLs}2(u-n®m®-C7Hs)] is the second example of an arene-bridged Ln! multidecker complex.
However, it differs from the recently reported Ce!! tetra-decker, [{(KCeL3)(u-n®:n%-C7Hs)}.Ce], in
that it formed without the presence of an alkali metal reductant in the reaction mixture. The reactivity
of the dimeric [SmyL4(DME)] complex is remarkable, as it is the first case of a clear-cut toluene
reduction by a Sm! complex, demonstrating its unusual reducing power. These results provide a sim-
ple and attractive route to arene-bridged multidecker Ln complexes and future studies will be directed

to investigating the possibility of obtaining similar systems with later lanthanide ions.

Experimental

General methods.

Unless otherwise noted, all reactions were performed using either standard Schlenk line techniques
or in an inert atmosphere glovebox under an atmosphere of purified argon (<1 ppm O2/H>0). Glass-
ware was dried overnight at 150 °C prior to use. Unless otherwise noted, reagents were acquired from
commercial sources and used without further purification. The solvents were purchased from Aldrich
or Eurisotop (deuterated solvents) in their anhydrous form, conditioned under argon and vacuum dis-
tilled from K/benzophenone or Na dispersion/benzophenone (hexane, toluene, and THF) and de-
gassed prior to wuse. Syntheses were performed using glass covered stirring Dbars

[Sm(HMDS)>(THF),]*%, [SmL3]2"¥ and [SmL4K>]" (L = OSi(O'Bu)®) were prepared using
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literature procedures. NMR experiments were carried out using NMR tubes adapted with J. Young
valves. NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer. 'H chemical shifts are
reported in ppm and are referenced to residual protio solvent peaks. Elemental analyses were per-
formed under helium by the analytical service at the EPFL. The UV-Vis-NIR spectra were performed
with a PerkinElmer Lambda 750. Experimental details concerning X-ray structural determinations

are reported below.

Reduction of SmL3 in toluene, isolation of [Sm;LsK], 1, and [{K2Sm:Le}(n-n*:n°%-C7Hs)] , 2.
KCs (2.9 mg, 0.0213 mmol, 1 eq) was added to a solution of [SmL3] (L = OSi(O'Bu)3) (20 mg, 0.0213
mmol, 1 eq) in toluene (5 mL) at -40 °C. The reaction was stirred at -40 °C for two days. The reaction
was followed by '"H NMR spectroscopy and only after two days all the starting material was con-
sumed. The graphite was removed from the solution together with part of crystalline products formed
during the reaction (due to the low solubility of complex 2 it was impossible to recover it from the
reaction mixture). The '"H NMR spectrum of the resulting red-pink solution (Tol-d8, 400 MHz, 298
K) shows a peak at & = 1.27 ppm assigned to [SmL4K] as well as other peaks assigned to 2 (ratio of
2 : [SmL4K] = of 2 : 44) and to unidentified species (see appendix, figure S1). The quantitative inte-
gration of the signal (with respect to DME as internal standard) showed a 35% conversion of the
starting [SmL3] into [SmL4K]. The solution was concentrated (0.5 mL) and left stand one night at -
40 °C affording crystals of 1 and 2. A few crystals of compound 2 could be isolated by letting the
solution warm up at room temperature and washing with cold toluene to remove 1. "H NMR of 2 (tol-
d8, 400 MHz, 298 K): 6 1.62 (54 H, OSi(O'Bu)s), 6 1.37 (108 H, OSi(O'Bu)3). Complex 2 resulted to
be stable in the reaction mother liquor at -40 °C for several days but decomposes in two days at room
temperature affording [SmL4K] and other minor species (see appendix, figures S2 and S3). The pres-
ence of multiple products in the reaction and the low thermal stability of complexes 1 and 2 prevented
the isolation of the compounds 1 and 2 analytically pure in reasonable amounts to perform elemental
analysis.

Similar mixture of products was obtained when the reduction of [SmL3] with KCs is performed in the

presence of 2.2.2-cryptand at -40 °C.

Reaction of [SmL4K>] with toluene.
[SmL4K>] (30 mg) was dissolved in tol-d8 (0.5 mL) at -40°C affording a red-pink solution. The 'H
NMR spectra of the resulting solution (tol-d8, 400 MHz, 233 K) showed the presence of a peak at &

= 1.31 ppm corresponding to [ SmL4K] together with a peak at 6 =2.32 ppm of an unknown compound
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in ratio 10:1 (see appendix, figure S4). Quantitative integration of the signal assigned to [SmL4K]
(with respect to naphtalene as internal standard) indicate a 98% conversion of [SmL4K] into

[SmL4K] (Figure S5).

Synthesis of [Sm:L4(DME)], 3.

A cold (-40 °C) solution of HL (403 mg, 1.52 mmol) in DME (2.5 mL) was added to a stirring solution
of [Sm(HMDS),(THF):] (469 mg, 0.762 mmol) in DME (2.5 mL). The resulting dark brown solution
was stirred overnight at =40 °C and then the solvent volume was reduced to 2.5 mL. Storage of the
concentrated solution at —40 °C yielded large dark crystals of [SmaL4(DME)], 3 (183 mg). Further
concentration of the supernatant and storage at —40 °C yielded an overall 426 mg of 2 as dark crys-
talline product (77% yield). Elemental analysis calcd. for Cs;H113018SisSm, (1444.56 g mol!): C,
43.24; H, 8.23. Found: C, 43.37; H, 8.01. 'H NMR (THF-d8, 400 MHz, 298 K): & = 3.49 (s, 4H,
CH30(CH:);OCH3), 3.32 (s, 6H, CH30(CH2),0OCHj3), 2.07 (s, 108H, OSi(O'Bu)3) (Figure S7). 'H
NMR (tol-d8, 400 MHz, 298 K): 6 =2.46 (s, 106H), 3.93 ppm (s, 12H).

NMR studies of the reaction between [Smz:L4(DME)] and toluene.

The evolution of solutions of 3 (20 mg, 0.014 mmol) in tol-d8 (0.5 mL) at both -40 °C (see appendix,
figures S8) and room temperature (see appendix, figures S9-S14) was followed by '"H NMR spectros-
copy along the time.

At this concentration no evolution was observed at -40 °C for a week (see appendix, figure S8).

The '"H NMR spectra measured at room temperature show the continuous evolution of compound 3
in tol-d8 after the dissolution. The peaks assigned to complex 3 decrease in intensity during the time
and the peak assigned to complex 4 appears after one day and increases with time (see appendix,
figures S9-S11). After 6 days crystals of 4 begun to form in the NMR tube resulting in a decrease of
the signal assigned to complex 4 (see appendix, figure S12). After 12 days new peaks appeared in
the spectrum (see appendix, figure S13).

The [SmL3] formed during the reaction is not visible in the NMR spectra of the crude mixture in tol-
d8 probably due to interaction with unreacted 3. When a small amount of [SmL3] was added to the
reaction mixture in toluene no new peaks were observed confirming that the two species are exchang-
ing in toluene solution. [SmL3] and unreacted 3 were both detected after taking to dryness the reaction

mixture and dissolving the residue in THF-dS.

Reaction of 3 with toluene, synthesis of [{Sm4L¢}(n-n®:n°-C7Hs)], 4.
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Complex 3 (100 mg, 0.069 mmol) was dissolved in toluene (1 mL). Storage of this solution at room
temperature for three days and then at -40 °C for 4 hours deposited dark brown crystals of complex
4 (23 mg, 44% yield). The evolution of the solution with time was followed by 'H NMR spectroscopy
(see appendix, figure S16-S18). After removal of crystals of 4 the resulting solution was taken to
dryness and the residual was dissolved in THF-d8. Quantitative integration of the solution with naph-
thalene showed 43% yield for [SmL3] with 50% of unreacted 3 still present in THF solution remaining
(see appendix, figure S19). Elemental analysis caled. for C79H170024SisSms (2274.16 g mol™): C,
41.72; H, 7.53. Found: C, 41.36; H, 8.07. '"H NMR (THF-d8, 400 MHz, 298 K): § 0.92 (162H,
OSi(OtBu)s3) (Figure S20).
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Chapter 6. CSz Reductive Coupling to Acetylene-
dithiolate by a Dinuclear Ytterbium(II) Com-
plex™

Introduction

The activation of CS; by transition metals is of interest for the development of catalysts that can
convert the CS; pollutant, largely used as feedstock in viscose industrial production, into less toxic
or useful products.[!) Numerous studies have also been driven by its similarity to CO,, a potential
abundant and renewable source of carbon and the possibility of creating new C-C bonds.!?] Metal
complexes of the d?>2¢3) and 5f block>4*3], were shown to promote a wide range of reactions such
as CS; reduction to CS,*, disproportionation to CS3* and CS, head-to-head reductive C-C coupling
to afford tetrathioxalate, head-to-tail reductive C-S coupling, or cleavage of one C-S bond leading to
CS and sulphide complexes. Complete disassembly of the CS> molecule has also been reported in
three cases.[1>]

Divalent lanthanide ions display a broad range of reactivity with small unreactive molecules,!” but
only few examples of CS; activation have been reported. CS activation by lanthanide ions so far
resulted in CS; disproportionation or reductive C-S or C-C coupling to afford thiocarbonate, thioox-
alate and thioformyl carbonotrithioate ((SCSCS2)*") respectively.[®! Very recently the first example
of a rare CS>* dianion trapped between two Yb(III) ions was also reported.!

CO reductive coupling by samarium(Il) and uranium(IIl) complexes was reported to afford ketene
carboxylate and ynediolate O-C=C-O? (that act as a linear ¥2-O,0’ bridging ligand) respectively.!’]
In contrast the formation of the acetylenedithiolate dianion analogue (S-C=C-S)* from CS; or CS
reduction was never reported. Acetylenedithiolate is of interest as bridging ligand because of its po-
tential to support electronic communication between metal centres, but, due to its low stability, only
a few acetylenedithiolate complexes were so far reported.!!]

All the reported examples of CS; reduction by lanthanides involve two one-electron transfers by two

metal complexes compounds, but experimental and computational studies suggest that cooperative

** Part of this chapter was published: D. Toniolo, A. R. Willauer, J. Andrez, Y. Yang, R. Scopelliti, L. Maron, M. Maz-
zanti, Chem. Eur. J., 2019, 25, 7831— 7834

Authors contributions: D.T. and A.R.W. optimized the synthesis and the characterization of the compounds. J.A. started
the project and obtained the first crystal structure of 2 and 3, Y.Y. and L.M. performed the DFT calculations, R.S. per-
formed the X-ray single crystal analysis and M.M. coordinated the work.
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binding of the substrate by bimetallic intermediate is crucial in the outcome of the reduction.!8¢ 121 As
such, the reaction of polynuclear lanthanide complexes with CS; is of interest because it may allow
to trap reactive intermediates or stabilize unusual reaction products.

Here we report the reduction of CS; by the dinuclear Yb(II) complex [YboLs], 1, (L = (O'Bu)3:SiO")
complex which allowed to trap for the first time a product of CS coupling from CS; reduction in the

complex [Yb,L4(C2S2)], 2 together with the CS>? bridged key intermediate [YboL4(CS2)], 3.

Results and Discussion

Crystal of the homoleptic complex 1, were obtained by recrystallization from hexane at -40 °C of the
[Yb2L4(DME)] complex prepared as previously described for [SmaL4(DME)].'3) The solid state
structure of 1 is presented in Figure 1 and shows the presence of a dimer where two Yb(II) ions are
bridged by three oxygen atoms from three different siloxide ligands in a non-symmetric fashion. The
Yb-Osioxide bond lengths in 1 range from 2.265(2) — 2.570(3) A, and are consistent with the values
previously reported for the divalent ytterbium complex [YbL4K>] (2.251(6) — 2.571(6) A).['b]

Figure 1. Solid-state molecular structures of 1 (50% probability ellipsoids). Hydrogen atoms, me-

thyl groups and solvent molecule are omitted for clarity.

The addition of 1 - 2 equivalents of *CS; to a CsD12 solution of 1 at room temperature, resulted
reproducibly in the immediate complete conversion of 1, and the formation of the new species, 2 and
3, as indicated in Scheme 1. The 'H NMR spectrum of the reaction mixture shows the presence of the

same species in the same ratios independently of the conditions used (see appendix, Figures S3-S6).
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Scheme 1. Reaction of 1 with carbon disulphide in cyclohexane.

Storage of a concentrate solution of the reaction mixtures at room temperature resulted in the isolation
of the complex [Yb2L4(Cs3Ss)], 4 as a minor product (5 % yield). Storage of a concentrated hexane
solution of the reaction mixture at -40 °C, after removal of [ Yb2L4(C3Ss)], allowed the isolation of
pale orange crystals of the co-crystallized species [ Y b2La(pn-C2S2)], 2 and [Yb2La(n-CS2)], 3, with
2/3 ratios of 0.24/0.76, 0.18/0.82 or 0.10/0.90 obtained from X-ray diffraction measurements on
different crystals.

In one occasion, crystals containing only complex 3 were also isolated.

Figure 2. Solid-state molecular structure of 4 (50% probability ellipsoids). Hydrogen atoms and me-

thyl groups were omitted for clarity.

Complex 4 (Figure 2) shows the presence of the product of CS; reductive coupling, C3Ss?* (dmit* =
1,3-dithiole-2-thione-4,5-dithiolate) that binds in a bidentate fashion one of the YDb(III) cations
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formed after the oxidation. To our knowledge metal complexes of the dmit of lanthanides were not
so far structurally characterized.

More interestingly, the structure of 2 (Figure 3) shows the presence of a dimer where the C,S>? ligand
bridges the two Yb(III) ions in an unprecedented linear p-n?-C,S:-n>-C,S’ fashion. The observed
binding mode is consistent with the formulation of the ligand acetylenediolate and differs signifi-
cantly from the side-on bridging mode (u-n?-C,C’) found in homo and heterobimetallic complexes
of d-block metals.[!*f]

The Yb-Yb distance in 2 (3.2460(2) A) is slightly longer than in 1 (3.2303(3) A). The Yb—Ositoxide
distances (2.068(2) —2.337(2) A) are consistent with those found in the homoleptic trivalent complex
[YbLs3] (2.029 (3) —2.339 (2) A).l'"Y The value of the C—C bond distance in the C2S,> moiety (1.16(2)
A) is characteristic of a triple bond (1.2 A in acetylene) and is slightly shorter than what found in
other Ln(I1T)-bound acetylides (1.202(4) A).I'5] The two C—S bonds (1.71(2) and 1.72(2) A) are longer
than the CS double bond in CS; (1.55 A) and in the range of values previously reported for the C-S
bond in ethylenedithionate complexes.!!!*161 The mean value of the Yb(IIT)-C bond distance at 2.62(2)
A is shorter than the value found in the Yb(II) n2-acetylene complex [(MesCs)2Yb(n>-MeC=CMe)
(2.850(1) A)['"I but consistent with the difference in ionic radii (0.16 A).The C,S,* moiety is nearly
linear with C2B—C1B-S1B and C1B—-C2B-S2B angles of 176(2)° and 177(2)°.

Figure 3. Solid-state molecular structure of 2 (50% probability ellipsoids). Hydrogen atoms, methyl
groups and co-crystallized 3 were omitted for clarity. Selected bond lengths (A): C1B-C2B =
1.16(4); C1B-S1B = 1.71(2); C2B-S2B = 1.72(2); Yb1-S1B = 2.566(6); Yb2-S2B = 2.664(6).

The complex 3 crystallizes in the monoclinic space group P21/c as a dimer with six-coordinated metal
centre. The structure presented in Figure 4 shows that the reduced CS>? moiety bridges the two tri-
valent ytterbium ions in a symmetric p-n?(CS):n*(CS”) fashion. The two C—S bond distances have
similar values (1.673(18) and 1.68(2) A) and are longer than free CS> (1.55 A), consistent with the
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two-electron reduction of carbon disulphide. The symmetrical binding mode adopted by the CS>* in
complex 3 differs significantly from those found in the only other reported lanthanide complex of
CS2*  [Yba(DippForm)s(CS2)]®  (un*(S,C,8)m*(S,C)) or in the U(V) complexes,
[U{(OSi(0OBu)3)s}2(n-CS2)L.14!  (u-n*(S,C):n*(S,S))) and  [(CH3CsHa)sUL(p-CS2)L,H  ((p-
N*(S,C):'(S”)) isolated from the reduction of CS> by two mononuclear Yb(II) and U(III) complexes
respectively.

Only two examples of dinuclear complexes presenting a similar symmetrical coordination mode with

two side-on bound C-S fragments were reported so far for d-block metals.[2¢ 3¢

Figure 4. Solid-state molecular structure of 3 (50% probability ellipsoids). Hydrogen atoms and
methyl groups were omitted for clarity. Selected bond lengths (A): C1A-S1 =1.673(18); C1A-S2 =
1.68(2), Yb1-S1 =2.656(4); Yb2-S2 =2.645(5); Yb1-C1A =2.52(2); Yb2-C1A =2.531(17).

The complexes 2 and 3 co-crystallize and could not be isolated separately for analytical purposes, but
they can be isolated together in good yield from the other reaction products by crystallization. The
"H NMR spectrum of the isolated mixtures of 2 and 3 shows only the presence of three NMR signals
for the siloxide ligands of the two complexes.

The *C NMR signals of the bound C»S,* and CS»*" dianions could not be observed in the isolated
mixtures of 2 and 3 probably due to the paramagnetism of the Yb(III) cation. However, after addition
of two equivalents of pyHCI, the quantitative 3C NMR in DMSO-d6 shows the presence of two
signals at & = 257.2 ppm and 246.3 ppm assigned to the products obtained after protonation of the
C2S,% and CS,?* dianions in 2 and 3 respectively (see appendix, Figure S12-14).

The reactivity of 1 with CS; differs significantly from that reported for the mononuclear ytterbium
complex [YbL4K>], that resulted in the formation of multiple product such as C2S4%, C3Ss>, CS32.18a

Due to the sterically encumbered environment of the Yb(II) centre in [YbL4K>], the CS; reduction
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products were quickly released and metal bound intermediates could not be isolated. In spite of the
lower number of siloxide supporting ligands and anticipated lower reducing power, the dinuclear
complex [Ybz2L4] promotes the reduction of CS: and allowed to trap the reduction products. The high
stability of the CS>* intermediate 3 and the formation of the acetylenediolate reduction product may
be ascribed to the unusual binding mode imposed in the CS,?" intermediate by the dinuclear nature of
the [Yb,L4] complex and the cooperative reduction by the two metal centres. The formation of C,S,*
must be accompanied by the formation of a sulphide or polysulphide complex that could be identified
by 'H NMR studies by performing the reaction of 1 with elemental sulphur, but that could not be
isolated. Previous studies showed that the reaction of Ln(II) with sulphur can yield dinuclear sulphide,
disulphide, trisulphide and polysulphide complexes or fascinating sulphide bridged cluster com-
pounds.[18]

The reduction of CS; to acetylenediolate is unprecedented both in f- and d-block metal chemistry.

Therefore, DFT calculations (B3PW91) were carried out in order to get some insights on this peculiar

reactivity (Figure 5).
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Figure 5. Computed enthalpy profile for the reaction of 1 with CS; at room temperature.

The reaction begins with the double reduction of CS: by complex 1, yielding the dinuclear “key in-
termediate” (complex 3). This step is found to be exothermic by 22.4 kcal/mol as found in other
reactions. From complex 3, the direct CS bond breaking to yield thiocarbonate is computed to be
kinetically difficult (barrier of 46.6 kcal/mol, see appendix, Figure S15). Complex 3 can then further

react with another CS; molecule but in a very different way from what found for mononuclear
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U(II),“! or Sm(IT)1¥ complexes. Indeed, rather than a nucleophilic addition, the system is undergo-
ing a [2+2] cycloaddition. This peculiar reactivity is associated with the CS; binding mode in complex
3. Indeed, unlike previously reported (CS2)*> complexes, the HOMO indicates a bonding interaction
between the carbon of CS; and the two Yb centres (Figure 4), reversing the bond polarity in the CS;
molecule by relocalizing negative charge on the sulphur atoms (-0.13). Therefore, the best overlap of
the incoming CSz molecule and complex 3 involves sulphur-sulphur and carbon-carbon interactions,
as found in TS1 (cycloaddition TS). The cycloaddition product formation (IM2) appears to be endo-
thermic by 13.7 kcal/mol so that the system evolves through the easy release of S, (TS2), yielding
the final product whose formation is athermic from complex 3. Then, S2 is either trapped directly by

a Yb(II) dimer or by other S2 molecules to form S8, that reacts further with unreacted complex 1.

ﬂ

Figure 6. 3D representation of the HOMO of complex 3

In conclusion, CS; reduction by a dinuclear Yb(II) complex supported by siloxide ligands, proceeds
very differently from what previously found for other mononuclear Ln(II) or U(IIT) complexes high-
lighting the important effect of multimetallic cooperativity in the outcome of CS; activation. Notably,
we isolated the first example of acetylenedithiolate complex formed from the metal reduction of CSo.
DFT studies suggest that this unusual reactivity arises from the rare symmetric double side-on binding

mode found in the stable dinuclear Yb(III)-CS,? intermediate.

Experimental

General consideration. Unless otherwise noted, all reactions were performed either using standard
Schlenk line techniques or in an inert atmosphere MBraun glovebox under an atmosphere of purified
argon (<1 ppm O2/H20). Glassware was dried overnight at 150 °C prior to use. Syntheses were
performed using glass covered stirring bars. Unless otherwise noted reagents were acquired from

commercial suppliers and used without further purification. HOSi(OtBu)3 and pyHCI were purchased
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from Aldrich and purified by sublimation prior to use. The complex [U2(OSi(O'Bu)3)s(CS2)] was
prepared according to the published procedure.['”) The 3C NMR of [U2(0Si(O'Bu)3)s(CS2)], con-
taining the CS,% fragment was measured in the same conditions (upon addition of pyHCI to release
CS»*) as used for the mixture of the complexes [Yb,L4(C2S2)] and [Yb2La(CS2)], to identify the signal
corresponding to the CS,? fragment from complex [Yb,L4(CS>)]. The solvents were purchased from
Aldrich, Eurisotop or Cortecnet (deuterated solvents) in their anhydrous form, conditioned under ar-
gon and vacuum distilled from K/benzophenone or Nadispersion/benzophenone and degassed prior
to use. DMSO-d6 was freeze-degassed and stored over activated 3 A molecular sieves. NMR exper-
iments were carried out using NMR tubes adapted with J. Young valves. NMR spectra were recorded
on Bruker 400 or 600 MHZ spectrometers. 'H and '*C chemical shifts are reported in ppm and were
measured relative to residual solvent peaks. Quantitative '*C NMR was measured using an adapted
sequence (zgig) and by measuring the relaxation delays for the signals of interest. CHN elemental
microanalysis were obtained using a Thermo Scientific Flash 2000 Organic Elemental Analyzer and
performed under helium by the analytical service at EPFL. GC- MS analysis were performed under
Argon by the analytical service at EPFL, using an Agilent 7890B GC equipped with an HP-5MS UI

column (60 m x 0.25 mm X 0.25 um) coupled to an MS detector.
Synthesis of [Yb,L4], 1.12%
The complex [Yb2Ls(DME)] (L = (O'Bu);SiO) was first prepared as previously described for the

analogous [SmuL4(DME)].[1 A cold (-40°C) solution of HL (82.9 mg, 0.31 mmol, 2 eq.) in
DME (2 mL) was added to a stirring solution of [Yb(HMDS)2(THF)2] (100 mg, 0.16 mmol, 1 eq.)
in DME (1 mL) at -40 °C. The resulting orange solution was stirred overnight at -40°C. Concentration
of the solution to about 1 mL and storage at -40 °C yielded dark orange crystals of [Yb2L4(DME)]
in 78 % yield (93 mg, 0.063 mmol). Anal. Calc. for [Yb2(OSi(OtBu)3)4(DME)] (1489.92 g mol-1):
C52H1180188Si4Yb2: C, 41.92; H, 7.98. Found: C, 41.81; H, 7.86. IH NMR (Tol-d§, 400 MHz, 298
K): 8 =3.22 ppm (s, 10 H, DME), 1.51 ppm (s, 108 H, tBu). 1H NMR (THF-d8, 400 MHz, 298 K):
d=3.43 ppm (s, 4H, DME), 3.28 ppm (s, 6H, DME), 1.37 ppm (s, 108 H, '‘Bu). Successive recrystal-
lizations of [ Yb2L4(DME)] at -40 °C in n-hexane allowed the isolation of green crystals in 70% yield.
1H NMR studies showed the complete removal of the DME. 1H NMR (Tol-d8, 400 MHz, 298 K): &
= 1.52 ppm (s, 108 H, tBu). 1H NMR (THF-d8, 400 MHz, 298 K): & = 1.37 ppm (s, 108 H, ‘Bu).
Dark brown crystals suitable for X-ray diffraction analysis of [Yb2L4], 1, were obtained from a

saturated n-hexane solution at -40 °C.
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Reactivity of [YbzLs], 1, with 1 equivalent *CS; at room temperature.

a) 2.2 uL 13CS,(0.036 mmol, 1 eq.) were added to a solution of 1 (50 mg, 0.036 mmol) in n-hexane
(1 mL) at room temperature. The colour of the solution changed from dark brown to light brown. The
solution was stirred overnight at room temperature leading to a yellow precipitate in a light brown
supernatant. Filtration of the suspension yielded [Yb2L4(C3Ss)], 4, as a yellow solid in 5 % yield (3
mg, 0.0019 mmol) (yield calculated as a percentage of the total Yb content in 1). The 3C NMR of
the yellow solid (DMSO-ds, 400 MHz, 298 K) shows the signals at 5 = 202.8 ppm and 146.2 ppm
corresponding to C3Ss%. Storage of the light brown filtrate at -40 °C overnight yielded 22.4 mg of
orange crystals of the co-crystallized complexes [Yb2L4(C2S2)], 2 / [Yb2L4(CS2)], 3. The 'H NMR
spectrum of the isolated mixture of 2 / 3 complexes (C¢D12, 400 MHz, 298 K) shows signals at
31.97 ppm, 1.48 ppm and -18.79 ppm assigned to the protons of the co-crystallized products.
b) 6.6 uL 3CS; of a 1.66 M solution in C¢Di2 (0.011 mmol, 1 eq.) were added to a solution of 1 (15
mg, 0.011 mmol) in C¢D12 (0.3 mL) at room temperature. The colour of the solution changed from
dark brown to light brown and the solution was kept at room temperature overnight. The 'H NMR
spectrum of the reaction mixture (CsD12, 400 MHz, 298 K) shows signals at 31.98 ppm, 6.13 ppm,
1.48 ppm 0.14 ppm, -0.24 ppm and -18.79 ppm. '3C NMR (C¢D12, 400 MHz, 298 K): 5 = 193.0 ppm
(free CS2). No changes in the 'H and '3C NMR spectra could be observed over time. The reaction
mixture was filtered. Positive ESI-MS (m/z): 1497.47 ([YbaL4(S3) + H]"), 1491.59 ([Yb2La(3C2S2)
+H]"Y), 1478.53 ([Yb2L4(1*CS2) + H]Y), 1465.49 ([Yb2L4(S2) + H]"), 1433.53 ([Yb2La(S) + H]"). Pale
orange crystals of the co-crystallized complexes [ Yb2L4(C2S2)], 2 / [Yb2L4(CS2)], 3 suitable for
X-ray diffraction were obtained overnight from a concentrated n-hexane solution at -40 °C.
Two crystals showing different co-crystallization ratio (ratio: 0.24/0.76, 0.18/0.82) were
measured by X-ray diffraction analysis. Pale orange crystals of the co-crystallized [ Yb2L4(C2S2)],
2 / [YbaL4(CS2)], 3 suitable for X-ray diffraction were also obtained when the reaction was
performed in n-hexane at -40 °C (ratio: 0.22/0.78) and when a lower amount of *CS; (0.66
eq.) was used (ratio: 0.14/0.86).

¢) 6.6 uL *CS; 0f a 1.66 M solution in CsDi2 (0.011 mmol, 1 eq.) were added to a solution of 1 (15
mg, 0.011 mmol) in CsD12 (0.3 mL) at room temperature and the solution was kept at room temper-
ature overnight. The solvent and excess *CS, were removed under vacuum. 3C NMR (DMSO-ds,
400 MHz, 298 K): 6 = 202.9 ppm and 145.9 ppm (C3Ss>).

d) 6.6 uL 3CSz0f a 1.66 M solution in C¢D12 (0.011 mmol, 1 eq.) were added to a solution of 1 (15
mg, 0.011 mmol) in C¢D12 (0.3 mL) at room temperature and then the solution was kept at room
temperature overnight. The solvent and excess *CS; were removed under vacuum. The residue was

dissolved in n-hexane (0.4 mL) and two equivalents of pyHCI (2.5 mg, 0.022 mmol) were added, in
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order to release the bound reduced CS: species. Stirring the solution for three days at room tempera-
ture resulted in a blurry green suspension that was taken to dryness and dissolved in DMSO-ds (0.3
mL). The quantitative 3C NMR spectrum (DMSO-ds, 600 MHz, 298 K) shows the presence of two
signals. The first signal at 6 = 246.3 ppm is assigned to the decomposition product of [Yb2L4(CS2)],
3 and the second one at 6 =257.2 ppm is assigned to the decomposition product of [Yb2L4(C2S2)],
2. The was assignment performed on the base of the results obtained by applying the same
procedure to the complex [UzLe(CS2)]!*°!, where the quantitative '*C NMR spectrum (DMSO-ds,
600 MHz, 298 K) only displayed one signal at & = 245.7 ppm.

Reactivity of [Yb:L4], 1, with 2 equivalents '*CS; at room temperature.

a) 13.2 uL 13CS; 0f a 1.66 M solution in CsD12 (0.022 mmol, 2 eq.) were added to a solution of 1 (15
mg, 0.011 mmol) in C¢D12 (0.3 mL) at room temperature. The colour of the solution changed from
dark brown to light brown and the solution was kept at room temperature overnight. The 'H NMR
spectrum of the reaction mixture (C¢D12, 400 MHz, 298 K) shows signals at 31.99 ppm 6.07 ppm,
1.48 ppm, 0.14 ppm, -0.23 ppm and -18.80 ppm. 1*C NMR (C¢D12, 400 MHz, 298 K): 6 = 193.0 ppm
(free CS»). No changes in the 'H and '3C NMR spectra could be perceived over time. Letting stand
the solution at room temperature for 3 days allowed the isolation of X-ray diffraction suitable crys-
tals of [Yb2L4(C3Ss)], 4. The solution was filtered. Positive ESI-MS (m/z): 1497.57 ([Yb2La4(S3) +
HY), 1491.60 ([Yb2La(3C2S2) + H]Y), 1478.46 ([Yb2La(13CS2) + H]Y), 1465.50 ([Yb2La(S2) + H]Y),
1433.54 ([YbaL4(S) + H]"). Pale orange crystals of the co-crystallized 2 / 3 species suitable for X-
ray diffraction were obtained overnight from a concentrated n-hexane solution of the filtrate
at -40 °C (Ratio: 0.10/0.90). Furthermore, pale orange crystals suitable for X-ray diffraction of
[Yb2L4(CS37)], 3 were also obtained overnight from a concentrated n-hexane solution at -40
°C.

b) 4.4 uL 3CS,(0.072 mmol, 2 eq.) were added to a solution of 1 (50 mg, 0.036 mmol) in n-hexane
(1 mL) at room temperature. The colour of the solution changed from dark brown to light brown. The
solution was stirred overnight at room temperature overnight leading to a yellow precipitate in a light
brown supernatant. Filtration of the suspension yielded the yellow solid corresponding to 4 in 9 %
yield (5.4 mg, 0.0034 mmol), respectively to the total Yb content from 1. Anal. Calc. for
[Yb2(OSi(0'Bu)3)4(C3Ss)], 4 (1596 g mol?): CsiHi08016S14SsYba: C, 38.38; H, 6.82. Found: C,
38.16; H, 6.87. Storage of the light brown filtrate at -40 °C overnight yielded 18.5 mg of orange
crystals of the co-crystallized complexes 2 / 3. Anal. Calc. for [Yb2L4(CS2)].CéHi4 (1562 g mol™!):
CssHi22016S14S2Ybo: C, 42.29; H, 7.87. Anal. Calc. for [YboL4(C2S2)].CeHis (1574 g mol™):
CseH122016S14S2Ybo: C, 42.73; H, 7.81. Found: C, 42.61; H, 7.54. Elemental analysis does not allow
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to determine a reliable ratio between 2 and 3. The 'H NMR spectrum of the isolated 2 / 3 complexes
(CeD12, 400 MHz, 298 K) shows signals at 31.98 ppm, 1.48 ppm and -18.80 ppm assigned to
the protons of the co-crystallized products.

¢) 13.2 uL 13CS; of a 1.66 M solution in CsD12 (0.022 mmol, 2 eq.) were added to a solution of 1 (15
mg, 0.011 mmol) in CsD12 (0.3 mL) at room temperature and the solution was kept at room temper-
ature overnight. The solvent and excess 1*CS; were removed under vacuum. 3C NMR (DMSO-ds,
400 MHz, 298 K): 6 = 203.0 ppm and 145.9 ppm (C3Ss>).

d) 13.2 uL BCSz 0f a 1.66 M solution in C¢D12 (0.022 mmol, 2 eq.) were added to a solution of 1 (15
mg, 0.011 mmol) in CsD12 (0.3 mL) at room temperature and the solution was kept at room temper-
ature overnight. The solvent and excess *CS, were removed under vacuum. The residue was dis-
solved in n-hexane (0.4 mL) and two equivalents of pyHCI (2.5 mg, 0.022 mmol) were added, in
order to release the bound reduced CS: species. Stirring the solution for three days at room tempera-
ture resulted in a blurry green suspension that was taken to dryness and dissolved in DMSO-ds (0.3
mL). The quantitative '3C NMR spectrum (DMSO-ds, 600 MHz, 298 K) shows the presence of two
signals. The first signal at 6 = 246.2 ppm is assigned to the decomposition product of [ Yb2L4(CS>)],
3 and the second one at 6 =256.7 ppm is assigned to the decomposition product of [Yb2L4(C2S2)],
2. The assignment was performed by applying the same procedure to the complex
[U2L6(CS2)]1), where the quantitative '*C NMR spectrum (DMSO-ds, 600 MHz, 298 K) only dis-
played one signal at & = 245.7 ppm.

Reactivity of [Yb:L4] with 1/8 equivalent Ss at room temperature.

In order to verify the possible presence of sulphide products arising from the reaction with CS; we
reacted complex 1 with elemental sulphur. 34 pL of a 0.013 M concentrated Sg solution in Cg¢D12
(0.45 umol, 0.125 eq.) were added to a solution of 1 (5 mg, 3.6 umol) in C¢D12 (0.4 mL) at room
temperature. The colour of the solution changed from dark brown to pale yellow during addition. The
"H NMR spectrum of the reaction mixture (C¢D12, 400 MHz, 298 K) shows signals at 38.45 ppm,
16.81 ppm, 9.66 ppm, 7.14 ppm, 5.97 ppm, 2.38 ppm, 1.47 ppm, 0.15 ppm and -0.20 ppm. The signals
at 8 = 5.97 ppm, 1.47 ppm, 0.15 ppm and -0.22 ppm correspond to unidentified Yb(III) sulfide spe-
cies, “Yb-S”, that were also identified in the reaction mixture after the addition of 1 eq. or 2 eq. '*CS,

in a C¢D12 solution of 1.
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Chapter 7. Carbon Dioxide Reduction by Dinu-
clear Yb(II) and Sm(II) Complexes Supported
by Siloxide Ligandsft

Introduction

The potential application of CO» as a low-cost, widely available, abundant C1 feedstock for the syn-
thesis of value-added organic compounds and fuels!!! has generated increasing interest towards the
reduction of heteroallenes and other C1 substrates (such as CO) by f-element complexes.[>-3%3¢,3d345]
The first example of CO; reduction by a lanthanide ion was reported by Evans more than twenty years
ago. A Sm(II) bis-cyclopentadienyl complex ([Cp*2Sm(THF).]) was shown to promote the reductive
coupling of CO> to afford selectively oxalate.[**] Examples of reduction of CO> to oxalate remain
rare both in d-" and f-block[323n404:6.8] metal chemistry. Moreover, oxalate formation is usually not
selective and accompanied by formation of other reduction or insertion products. Solvent effects were
shown to play a key role in the outcome of the CO; reduction by d-block metal complexes.’®! The
importance of steric effects in determining the formation of oxalate versus carbonate formation in the
reduction of CO; by mixed sandwich uranium(III) complexes incorporating a cyclo-pentadienyl lig-
and and a dianionic aromatic cyclooctatetraene was recently demonstrated in an elegant study by
Cloke and coworkers.[®*! Cloke and coworkers also demonstrated, using a “harder” bis-aryloxide sup-
porting ligand, the importance of temperature and CO; pressure in determining the oxalate/carbonate
ratio in CO; reduction by U(III) complexes.[ "

In a related study on CO; reduction by mononuclear sandwich complexes of Sm(II) Nocton and
coworkers showed the selective formation of carbonate and CO, when bulky cyclopentadienyls lig-
ands are used as supporting ligands rather than Cp*, as a result of both steric and electronic effects.”!
A similar selectivity towards carbonate formation had been reported for macrocyclic organosamar-
ium(II) complex®*¥ In contrast we showed previously that both oxalate and carbonate products were

formed from the CO> reduction by a electron-rich mononuclear complex of Yb(II) supported by a

polydentate tris(zert-butoxy) siloxide ligand.[®°!

T Part of this chapter has been published: A. Willauer, D. Toniolo, F. Fadaei-Tirani, Y. Yang, L. Maron, M. Mazzanti,
Dalton Trans. 2019, 48, 6100— 6110.

Authors contributions: A.W. and D.T. performed the synthesis and the characterizations of the compounds, F.F.T. per-
formed the X ray analysis, Y.Y. and L.M. performed the DFT calculations and M.M. coordinated the work.
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These studies underline the important role that the nature of the metal and of the supporting ligand
play in the CO; reduction.

It has also become increasingly evident that another key parameter in the reduction of heteroallenes
is the nuclearity of the metal complex. Notably, cooperative binding of heteroallenes by bimetallic
complexes provides an attractive route for promoting their activation and reduction.[!%->&11]

In most cases, the reduction of heteroallenes and other small molecules such as Nz, Oz, NO, or CO
by f-elements involves two one-electron transfers by two metal complexes and results in dinuclear
compounds where two metals are bridged by the reduction product.[ 2b-323¢.3d,3m.4a4¢.4,5¢,6,8b,12,13]
Computational studies corroborated the importance of bimetallic cooperativity in the reduction of
heteroallenes by uranium and lanthanides complexes.[31-33:31:3n.52.8d,14]

However, the use of polymetallic complexes of f-elements in the activation of small molecules is

3%, 82,151 and only one example of dinuclear complex able to reduce CO> has been re-

extremely rarel
ported for lanthanide ions. Notably, the dinitrogen complex [ {(CsMesH)>Lu(THF)}2(N2)] reacts with
CO; affording selectively the oxalate bridged complex [ {(CsMesH)2Lu}2(C204)].18 161

Here we report two dinuclear complexes of lanthanides(II) supported by the polydentate tris(zert-
butoxy) siloxide ligand ([YbzL4], 1-Yb and [SmzL4], 1-Sm, (L = (O'Bu)3SiO"). We show that these
complexes are able to reduce CO; in spite of the presence of only two electron-rich siloxide ligands
and that the nature of the lanthanide ion, the solvent and the number of siloxide ligands play an im-
portant role on the ratio of oxalate versus carbonate formed in the reduction. Unprecedented tetranu-
clear Ybo(II) Y bo(11T)-pu-C204 oxalate-bridged and Yba(III)(u3-CO3-xk*-0,0°,0°°), carbonate bridged
complexes were isolated and crystallographically characterized.

It is remarkable that in the presence of dinuclear low coordinated metal complexes the CO: reduction

involves more than two metal centres. Experimental and computational studies show that both inter-

molecular and intramolecular activation of carbon dioxide may occur in these dinuclear complexes.

Results and Discussion

Syntheses of divalent lanthanide complexes

The divalent lanthanide complexes [YbzLs], 1-Yb and [SmzL4], 1-Sm, (L = (O'Bu);SiO") were ob-
tained in 81% and 74% yield respectively, by treating [Yb{N(SiMes)>}2(THF):] or
[Sm{N(SiMe3)>}2(THF):] with two equivalents of HOSi(O'Bu); in DME at -40 °C. Coordinated
DME was removed completely by multiple recrystallizations of the reaction mixture residues from

hexane (Scheme 1). Elemental analysis and '"H NMR in Tol-d8 and C¢D12 of the resulting solids
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confirmed complete removal of DME. Crystals of 1-Ln suitable for X-ray diffraction were obtained

by storage of a concentrated hexane solution of the complexes at -40 °C.

tBUO /OtBU
Bu.__Si Bu
. 1) DME, -40 °C O\/O\ cl) 0'Bu
2[Ln(HMDS)2] + 4HOSI(O BU)3 m tBu_O"Ln‘O’Ln< :SI
\ <
-4HMDS Buo—5i" 0" b9 ‘omy
o & Bu
Ln =Yb, Sm B0 & oy
[Ln,L,]

Scheme 1. Synthesis of complexes 1-Yb and 1-Sm.

The complexes 1-Yb and 1-Sm crystallize in the triclinic space group P1 and are isostructural. The
structure of 1-Sm is presented in Figure 1 and shows the presence of a dimer where two lanthanide
ions are bridged by three oxygen atoms from three different siloxide ligands. One lanthanide ion in
the structure of 1-Sm is five-coordinated by a terminal siloxide ligand in a bidentate fashion and by
three bridging siloxides while the second metal ion is six-coordinated by three bridging siloxide lig-

ands in a bidentate fashion. The crystal structure of the solvate complex [Sm,Ls(DME)],[!!7]

was re-
ported previously. The removal of the bound DME solvent from [SmxL4(DME)], does not results in
a decreased stability of the resulting Sm(II) complex 1-Sm because of the multiple coordination
modes of the siloxide ligand. Notably, in both complexes the two Sm(II) ions show the same coordi-
nation number and in 1-Sm the two DME oxygen donors are replaced by siloxide ones.

On the other hand , the Sm-Ogiloxide bond lengths in 1-Sm fall in a slightly larger range (2.387(5) —
2.735(5) A) compared to the mononuclear [SmL4K>] complex (2.381(2) — 2.6659(18) A)!®! and the

dimeric [SmaL4(DME)] complex (2.383(12) — 2.692(13) A).['7]
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Figure 1. Solid-state molecular structure of 1-Sm (50% probability ellipsoids). Hydrogen atoms and
methyl groups are omitted for clarity. Selected Sm—Osiloxide bond lengths (A): 2.387(5) — 2.735(5)

The complexes 1-Yb and 1-Sm are highly soluble in both polar and non-polar solvents. The '"H NMR
spectrum of 1-Yb in Tol-d8 and CsD12 shows a single narrow signal corresponding to the 108 protons
of the siloxide ligands in agreement with the presence of fluxional species in solution. The 'H NMR
spectrum of 1-Sm shows one broad signal in Tol-d§ and two signals in C¢D12 corresponding to the
108 protons of the siloxide ligands suggesting a reduced fluxionality of the samarium species in so-
lution. The "H NMR spectra of both complexes 1-Yb and 1-Sm in THF-d8 shows a single signal for
all siloxide ligands in agreement with the presence of fluxional species and solvent binding.
Although 1-Yb and 1-Sm are stable in solid state and in solution at -40 °C, '"H NMR studies indicated
a lower stability in solution at room temperature showing evidence of decomposition in THF and in
toluene after 36h. Notably, a decrease of '"H NMR signal assigned to the siloxide ligands is observed
over time for both 1-Yb and 1-Sm.

The complex [Sm2L4(DME)] was previously shown to slowly react at room temperature with toluene
affording, after few days, the tetranuclear divalent samarium sandwich complex [{SmaL3}2(u-n®mn°-
C7Hs)].[' Spectroscopic '"H NMR study of 1-Sm in Tol-d8 at room temperature shows that the re-
moval of the DME molecule from the coordination environment of the samarium metal centre does
not impact the formation of this multiple decker complex. The complex 1-Yb also decomposes in

toluene but we were not able to isolate the reaction products.
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Scheme 2. Decomposition of 1-Yb in DME at room temperature.

The complex 1-Yb also reacts with DME over time at room temperature. After 3 weeks at room
temperature, highly insoluble colourless crystal of [ YboLa(n-OMe)2(DME):], 2, were isolated in low
yield (Scheme 2). The complex 2 crystallizes in the triclinic space group P1 and is presented in Figure
2. The centrosymmetric structure features a trivalent binuclear ytterbium complex with six-coordi-
nated metal ions. Each ytterbium ion is coordinated by two siloxide ligands in a k! fashion, a k>-DME
molecule and two po-k!-methoxy groups. The Yb—Osiioxide distances are consistent with values re-
ported for Yb'™! tris(tert-butoxy)siloxide ligands.[3¢1#]

The cleavage of the C—O bond in DME by divalent ytterbium complexes has been observed previ-
ously in the literature.') The Yb—O3A distances (2.205(4) and 2.272(4) A) in 2 are similar to the Yb-
OMe distances in the analogous complexes [Ybals(u-OMe)(DME),] (2.152(4) and 2.210(6) A),1%]
[Yb2{N(SiMe3)CsHs-2-OMe} 4(u-OMe)2] (2.217(2) and 2.221(2) A)['*1 and [Yba(OAr)(u-
OMe)2(DME),] (2.191(2) and 2.258(2) A).['%]
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Figure 2. Solid-state molecular structure of 2 (50% probability ellipsoids). Hydrogen atoms and me-
thyl groups from ‘Bu are omitted for clarity. Selected bond lengths (A): Yb—Ositoxide = 2.101(4) —
2.125(4); Yb1-O3A =2.205(4); Yb1-O3A! = 2.272(4); O3A-C5A = 1.430(7). Symmetry trans-

formation used to generate equivalent atoms: '1-x, 1-y, 1-z.

Reactivity with carbon dioxide

In previous studies we reported the synthesis and structure of the mononuclear homoleptic complexes
[Ln"(OSi(OtBu)3)4K>] for Sm, Eu and Yb. The presence of four electron-rich tris(tert-butoxy)siloxide
ligands imparts stability and unusual reactivity to the metal centre leading to the first example of CS»
and CO; activation by a Yb(II) complex. Notably, [YbL4K>], reacts with CO, affording quantitatively
oxalate and carbonate in ratio 1:2.2 and CO. However, the bulky siloxide ligands enforce the labile
binding of the reduction products preventing the isolation of reaction intermediates where the sub-
strate or reduction products are metal-bound.

In the dinuclear complexes 1-Yb and 1-Sm the presence of only two tris(tert-butoxy)siloxide ligands
per metal centre should allow the isolation of reaction intermediates. However, the lower number of
ligands will also result in an overall lower reducing power of the complexes compared to the ate
analogues [YbL4K>] and [SmL4K>] that could prevent CO» reduction. Indeed, the reactivity of Ln(II)
complexes is ligand dependent®” and it was recently shown, that the dinuclear, neutral, low coordi-
nated [Sm"(OTf)(DME):]> complex!'* does not reduces carbon dioxide in contrast with reports
describing CO> reduction by neutral Sm(II) complexes supported by Cp,[*°! or porphyrinogen lig-
ands.[3d]

In order to understand how the number of siloxide ligands and the complex nuclearity affect the
reduction of CO; by divalent lanthanides we investigated the reactivity of 1-Yb and 1-Sm with COs,.

1-Yb and 1-Sm react immediately with CO; at room temperature affording CO and carbonate or
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oxalate. However, the ratio between carbonate and oxalate is different for 1-Yb and 1-Sm compared
to [YbL4K>] and [SmL4K>] in the same solvent. Moreover, the carbonate : oxalate ratio was found to

vary depending on the solvent and the lanthanide ions (Table 1).

tBuO\ /O‘Bu
Si ‘Bu
tBU\o/ \ | OtBU
B O \/ N /O\SI/
u—0C Y0z [YbLy(THF),] + CO + “[YbLCO,]"
BuO— S/O/ L 9" ogy THF s ®
‘BuO/ si’ tBu )D o
‘BuO/ \O‘Bu 2
[Yb,L,] COz*

Scheme 3. Reaction of 1-Yb with carbon dioxide in THF-dS.

When *CO» (~5 equivalents) was added to a THF-d8 solution of 1-Yb, an immediate colour change
was observed from orange to yellow (Scheme 3). The 'H NMR spectrum of the reaction mixture in
THF-dS8, recorded immediately after addition, shows the complete disappearance of the signal as-
signed to 1-Yb and the apparition of new signals. A signal assigned to the trivalent species
[YbL3(THF)2] (6 =-16.93 ppm) increases over time reaching approximately 50% yield after 10 days.
These data suggest that mononuclear Yb(III) complexes containing bound reduction products are also
present in solution.

The '*C NMR spectrum of the reaction mixture in THF-d8 shows the presence of free 1*CO and 3CO,
as well as a signal at 5 = 169.95 ppm that was assigned to the bound carbonate product. No change
in the 3C NMR spectrum could be detected over time. The quantitative '3C NMR spectrum of the
residue (after removal of the solvent) in basic (pD = 13) deuterated water confirmed the presence of

carbonate (6 = 168.26 ppm) as the single product of carbon dioxide reduction with 90% conversion.

t O'Bu BUO! 4
t BuO\ / t BuOBuO O‘Bu By S |Bu O'Bu
BU\O/S\' |BU ) BuO— SI s _‘Bu Nl O\S/'
\,OL _o_ PBu B o/OIO I R Vo AN
AN, O co, u- \ \/ o-[3~0" “0BU + “YbLCO,]"
Bu—O\— ‘—07 S tBuO 0.0 /\\ \ : 3
Buosi~ 0 k07N oD % o~ 49 OB
uo—sSik 0" O- OBu 6012 i~~~ O g
/&~ TBu 0 LN tBu/ “Si Sl—O'Bu
BuO O\ -CO BuO w! Si_ ‘Bu BuO Ny
BuO O'Bu Bu uo/ “o'Bu OBuo‘Bu
[Yb,L,] [Yb,LsCy0,]

Scheme 4. Reaction of [Yb2L4], 1-Yb, with carbon dioxide in cyclohexane (oxalate highlight in
bold).
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When excess 13CO, (~5 equivalents) was added to a C¢Di2 solution of 1-Yb an immediate colour
change was observed from brown to yellow (Scheme 4). The '"H NMR spectrum in C¢D12 of the
reaction mixture, immediately after addition of '*CO, showed the apparition of three new signals and
unreacted 1-Yb. After three days, the 'H NMR spectrum showed the complete disappearance of 1-
Yb.

The '*C NMR spectrum after two weeks shows only excess CO. The solvent and the excess 3CO,
were removed and the residue was dissolved in deuterated water at pD = 13 in order to release the
products of carbon dioxide reduction from the ytterbium metal centres. A very basic pH is required
to release completely the bound oxalate and carbonate. The quantitative '*C NMR spectrum showed
the presence of carbonate (6 = 167.62 ppm) and oxalate (6 = 179.72 ppm) in a ratio of 50: 1 with 94
% total conversion (carbonate + oxalate).

These results show that in THF the reduction of CO2 by 1-Yb only leads to the formation of carbonate,
but oxalate is also formed when a non-polar solvent is used. Compared to the tetra-siloxide [ YbL4K>]
complex (ratio oxalate : carbonate 1 : 2.2),1%) the bis-siloxide, 1-Yb, leads to a higher selectivity for
carbonate formation probably as a result of lower steric hindrance at the metal centre. In the reaction
of [YbL4K2] with CO2 the reduction products are rapidly released and it was impossible to isolate
intermediates.!®] Attempts to isolate the Yb-bound carbonate species from THF or hexane solutions

were also unsuccessful probably due to the presence of multiple products (only single crystals of

[YbL3(THF)2] could be isolated).

Figure 3. Solid-state molecular structure of 3 (50% probability ellipsoids). Hydrogen atoms and
methyl groups were omitted for clarity. Selected bond lengths (A): Yb1—Osiioxide = 2.0945(12) —
2.3649(12); Yb2—Osiloxide = 2.2143(12) — 2.7426(14); Yb1— O1A = 2.2993(13); Yb1-O2A! =
2.3025(13); O1A-C1A = 1.256(2); O2A-C1A = 1.251(2); CIA-C1A! =1.554(3). Symmetry trans-

formation used to generate equivalent atoms: '1-x, 1-y, 1-z.
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However, storage at -40 °C of a concentrated hexane solution overnight of the reaction mixture ob-
tained after reaction of 1-Yb with ~5 equivalents CO> at room temperature performed in C¢D12 al-
lowed the isolation of crystals suitable for X-ray diffraction of the tetranuclear mixed-valence com-
plex [YbaLs(C204)], 3 (Figure 3). The complex 3 crystallizes in the triclinic space group P1 as a
tetramer. The solid-state structure shows the presence of a C204>" ligand bridging two [Yb"L,Yb''L;]
dinuclear moieties. The two moieties are composed of two six-coordinated ytterbium. The first ytter-
bium is coordinated to one terminal k'-siloxide ligands, two bridging k2-siloxide ligands and one
bridging k'-siloxide ligand. The second ytterbium metal centre is coordinated to one bridging k-
siloxide ligand, two bridging k!-siloxide ligands and one k2-C,0s ligand. The Yb1—Osiioxide
(2.0945(12) — 2.3649(12) A) distances and the Yb2—Ositoxide (2.2143(12) — 2.7426(14) A) distances
fall in the range of Yb"™Oioxide (2.029(3) — 2.339(2) A)'8] and Yb"Ojitoxice distances (2.251(6) —
2.571(6) A),1®! respectively, in agreement with the presence of mixed-valence [Yb"L,Yb"'L,] di-
meric moieties. The CIA—C1A' bond lengths is 1.554(3) A which is consistent with the formation of
a single C—C bond (1.54 A in ethane). The isolation of complex 3 suggests that two complexes 1-Yb
interact with two COz molecules in their dinuclear form when the reaction is carried out in a non-
coordinating solvent. However, only one of the Yb(III) centres in 1-Yb transfers one electron to the
CO:z molecule while the second Yb centre remains in the oxidation state +II probably due its lowered
redox potential in the presence of the Yb(III) ion. Thus, two Yb(II) centres from two dinuclear com-
plexes transfer one electron to two CO2 molecules resulting in their reductive coupling to oxalate.
The high yield in oxalate + carbonate (94%) indicates that complex 3 is a moderately stable interme-
diate that must react further with CO- to afford additional reduction products. Indeed, once the reac-
tion is finished all Yb(IT) complexes have reacted to afford oxalate or carbonate reduction products.
In order to assess the influence of the nature of the lanthanide ion on the reactivity we also investi-

gated the reactivity of 1-Sm.

‘BuO\ /O‘Bu
Si Bu
tBU\O// . | otBU
_ g co
Bu—OSM-0-Sm, __S{ 2+ [SmLy(THF)y] + CO + 1SMLC,0,]" + {SmLCOg)"
U
BuO—Si” 0" o_ oiBu THF
B O/ 3~ Bu
u
‘BuO/ \O'Bu )DZO
[Sm,L,] CO3% + C,04*

Scheme 5. Reaction of [SmoL4], 1-Sm, with carbon dioxide in THF-d8.

The reaction of 1-Sm with *CO, (~5 equivalents) in THF-d8 afforded a colour change from dark

brown to colourless over few minutes (Scheme 5). The 'H NMR spectrum of the reaction mixture in
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THF-d8, immediately after addition, shows the complete disappearance of the signal assigned to 1-
Sm and the apparition of signals assigned to [SmL3(THF):]. The signals continuously increased over
two days, reaching approximately 50 % conversion of 1-Sm into [SmL3(THF):]. The '*C NMR spec-
trum in THF-d8 shows the presence of free '*CO and '*CO; as well as new signals at § = 174.61 ppm
and 174.38 ppm that shift over time.

The solvent and the excess *CO, were removed after two days and the residue was dissolved in basic
(pD = 13) deuterated water. The quantitative 3*C NMR spectrum in D>O showed the presence of
carbonate and oxalate in a 104 : 1 ratio and in 90 % total yield (carbonate + oxalate).

These results indicate that while in THF the reduction of CO2 by 1-Yb only leads to the formation of
carbonate, the reduction of CO> by 1-Sm also leads to the formation of a low amount of oxalate. No
intermediate Sm(Il) complexes containing bound carbonate or carboxylate could be isolated from

THF.
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Scheme 6. Reaction of [SmzL4], 1-Sm, with carbon dioxide in cyclohexane (carbonate highlight in

bold)

The reaction of [SmzL4], 1-Sm with 3CO; (~5 equivalents) in C¢D12 afforded a less radical colour
change, compared to THF-d8, from dark brown to light brown (Scheme 6). The '"H NMR spectrum
of the reaction mixture in CsD12 shows the immediate disappearance of 1-Sm and the appearance of
new signals. The 1*C NMR spectrum in C¢Di2 shows the presence of *CO in excess and free *CO
as well as the presence of additional signals assigned to Sm-bound COz reduction products. After four
days at room temperature the solution turned colourless. The broad "H NMR spectrum did not show
any detectable change over time, but important changes were observed in the number and chemical
shift of the 1*C NMR signals over time (see appendix, figure S16, 18). These changes may be due to
changes occurring over time in the binding mode of the CO> reduction products to the Sm complex.
The quantitative 3C NMR spectrum of the reaction mixture in basic (pD = 13) DO after 10 days

showed the presence of oxalate and carbonate in a 1 : 17 ratio and in 98 % total yield.
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These results indicate that the reduction of CO2 by 1-Sm in Cs¢D12 leads to higher amounts of oxalate
compared to the reduction in THF-d8 or to the reduction of CO2 by 1-Yb in THF or CsD12 but no

intermediate containing bound oxalate could be isolated.

Figure 4. Solid-state molecular structure of 4 (50% probability ellipsoids). Hydrogen atoms and
methyl groups were omitted for clarity. Selected bond lengths (A): Sm—Ositoxide = 2.150(6) — 2.
479(6); Sm1-O1A =2.258(7); Sm1-02A! = 2.420(7); Sm2-02A = 2.485(6); Sm2—-03A =
2.295(7); C1A-O = 1.274(10) — 1.287(11). Symmetry transformation used to generate equivalent
atoms: '3/2-x, 1/2-y, 1-z.

In contrast, storage for 2 days at -40 °C of a concentrated hexane solution of 1-Sm after reaction with
13CO; (~5 equivalents ) in C¢D12 at room temperature allowed the isolation of X-ray diffraction suit-
able crystals of [Sm4Lg(u3-CO3-k*-0,0°,0°")], 4. The molecular structure of 4 (Figure 4) shows
the presence of a Sm(III) tetrameric complex where each metal centre is six-coordinated. The dimer
is built from two identical [SmyL2(p-L)2] moieties each composed of two samarium(III) ions coordi-
nated to one terminal siloxide ligand in a k! fashion, one bridging k!-siloxide ligand and one bridging
k2-siloxide ligand. The two [SmzL(u-L)2] moieties are bridged by two carbonate groups in a p3-k*-
0,0°,0”’ fashion. The Sm—Osiloxide distances (2.150(6) — 2. 479(6) A) are similar to those found in
the previously reported Sm(IIT) complexes.??] A similar tetranuclear carbonate Sm(III) complex was

15dl However,

reported very recently using triflate as supporting ligand ([Sma(CO3)2(OTf)s(THF)i0]).[
the Sm(II) precursor [Sm(OTTf)2(DME):] did not react directly with CO but only via formation of a
oxo complex of Sm(IIl) after reaction with a O-transfer agent. The carbonate C—O distances
(1.274(10) — 1.287(11) A) and the O—C—O angles (117.3(8) — 122.2(8)°) in 4 are similar to those

found in the samarium triflate complex (1.263(2) —1.315(2) A and 115.8(2) — 125.1(2)°).
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Furthermore, the Sm—Ocarbonate bond lengths are in the range of previously reported trivalent samarium

carbonate complexes.[*!3

t
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Scheme 7. Reaction of [SmL4K>], with carbon dioxide in cyclohexane

In order to compare the reactivity with carbon dioxide between the bis-siloxide complex 1-Sm and
the previously reported tetra-siloxide [SmL4K>] complex, the reaction of [SmL4K>] with 3CO, (~5
equivalents) in CsD12 was performed (Scheme 7). This afforded a colour change of the solution from
red to colourless. '"H NMR spectroscopy studies showed the complete disappearance of the signal
assigned to [SmL4K>] and the appearance of a single signal at & = 0.55 ppm corresponding to the
trivalent species [SmL4K] in approximately 50% yield, determined by NMR using naphthalene as
internal standard. The '3C NMR spectrum in C¢Di> shows the formation of new signals assigned to
Sm-bound reduced CO; species. No evolution in the 'TH NMR or '3C NMR spectra could be observed
suggesting a faster reaction compared to 1-Sm.

The quantitative *C NMR spectrum in basic D>O (pD = 12) showed the presence of oxalate (8 =
173.36 ppm) and carbonate (5 = 168.22 ppm) in a ratio of 1:0.8 and in 92 % total yield (carbonate
and oxalate). The same ratio was observed when the reaction was performed in Tol-d8.

These results indicate that the use of the bulkier tetra-siloxide [SmL4K>] complex leads to the for-

mation of oxalate in higher yield compared to 1-Sm, becoming the major product of CO; reduction.
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Table 1. Oxalate : Carbonate molar ratios from the reaction of [LnzL4] (Ln = Yb, Sm, 25 mM) and
[LnL4K>] (Ln=YDb, Sm, 25 mM) with CO; after release of the CO; reduction products in basic
DO (pD = 12-13).

Reagents Solvent C,04% : COs>
[YbLa] THF-d8 0:1
[YbL4Ka] THF-d8 1:3
[Yb2La] CeD12 1:50
[YbL4K:>] Tol-d8 1:1.5
[Sm;La] THF-d8 1:104
[Sm2L4] CeéD12 1:17
[SmL4K?;] CeD12 1:08
[SmL4K;] Tol-d8 1:0.8

Computational studies

DFT calculations were carried out in order to determine possible reaction pathways and to explain
the observed trend of product formation. Previous studies on Sm(II) catalysed CO; reduction!*°! have
demonstrated that carbonates are formed, that are kinetic products, while othersB3™3"41 reported the
formation of oxalate, that is the thermodynamic product. The preferential carbonate formation was
easily explained by the fact that the “key intermediate”, a Sm(III)-(CO,)*-Sm(III) complex, is n2(C-
O) bonded to the Sm centre(s) and therefore favouring O-C rather than C-C bond formation with an
incoming CO». Recent reports on Ti(IIT)?*) and Th(IIT)#! chemistry have shown that the donation
ability of the ligand can allow the formation of a transient dioxocarbene species that favours the C-C
bond formation over the O-C one. In a same way, a seminal work by Tsoureas et al. on uranium(III)
complexes!¥l demonstrated that the carbonate : oxalate ratio can also be tuned by changing the sterics
around the metal centres. In all the above studies only mononuclear complexes were involved in the
reaction with CO». Experimentally, during the reaction of the dimeric 1-Sm and 1-Yb with CO, the
formation of tetrametallic complexes was observed, which are difficult to handle computationally. A
calculation was undertaken on the tetrametallic “key intermediate” [L4Sm2(CO2)LsSmy]. The geom-
etry of this complex indicates a dioxocarbene structure that would favour oxalate formation. Moreo-
ver, the stabilization of this tetrametallic “key intermediate” with respect to the separated reactants (2
dimers and CQO3) is similar as the one found for the bimetallic intermediate [L>Sm(CO2)L>Sm] formed

from the reaction of one dimer and a CO5.
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The carbonate and oxalate formation pathways with 1-Sm were therefore computed on dimers and
are reported in Figure 5. It should however be kept in mind that the formation of the “key intermedi-
ate” from two dimers, although favourable energetically would be disfavoured entropically as it goes

from three particles to one with respect to the ’key intermediate” formed from one dimer.

L4Sm, -2 CO,
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Figure 5. Computed enthalpy profile (room temperature) for the CO; reaction with 1-Sm. The black

profile is the carbonate formation whereas the red one is the oxalate formation pathway

The reaction mechanism for the carbonate formation from the reaction of 1-Sm with CO», is classical
and similar to previous reports for mononuclear complexes. [3d, 9] The formation of the key inter-
mediate is exoergic by 106.2 kcal/mol and in this compound the CO2% moiety is (u:pu:n(C-0)) bonded
to the two samarium centres. No oxo formation is observed in line with the bulkiness of the ligand
but a concerted reaction mechanism where the incoming CO> forms a C-O bond with the CO»* and
then releases CO, is found. The highest barrier is 12.8 kcal/mol for the latter and is associated to the
need to have the two Sm fragments relatively close increasing the steric repulsion. On the other hand,
the formation of the oxalate implies the formation a dioxocarbene intermediate as found with the
tetramer. The dioxocarbene intermediate (Figure 5) is 15.9 kcal/mol less stable that the “key interme-
diate” making this pathway less favourable than the carbonate formation even though the subsequent
formation of the CO; adduct to the dioxocarbene is highly favourable (-41.9 kcal/mol). The oxalate
formation is then achieved with an equivalent barrier (10.9 kcal/mol) as the carbonate. This is asso-
ciated with the formation of a transient dioxocarbene that decreases the steric congestion at the tran-

sition state but this intermediate is less stable than the “key intermediate” involved in the carbonate
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formation. Thus, the formation of the oxalate from the dimer and COx is favoured thermodynamically

but kinetics and the formation of tetrametallic intermediate still allow carbonate formation.

Conclusion

In summary we have shown that dinuclear complexes containing low-coordinate lanthanide(II) ions
can be stabilized by the polydentate tris(tertbutoxy) siloxide ligand. In spite of the presence of only
two siloxide ligands bound to the metal centre the complexes [Yb2L4], 1-Yb and [SmyL4], 1-Sm, (L
= (O'Bu);SiO") are highly reactive as indicated by the observed cleavage of the DME C-O bond over
time at room temperature to afford crystals of [ Yb2L4(n-OMe)2(DME):], 2. More importantly the 1-
Yb and 1-Sm complexes effect the reduction of CO> in ambient conditions leading to both carbonate
and oxalate formation. The selectivity of the reduction towards oxalate or carbonate changes depend-
ing on the solvent polarity and on the nature of the ion. For both lanthanides carbonate formation is
favoured but oxalate formation increases in non-polar solvents. These results suggest that dimeric
species favours oxalate formation. Notably, in non-polar solvents the 1-Yb and 1-Sm complexes are
present in solution as dimers, while the formation of monomeric species is anticipated in polar sol-
vents. Computational studies confirmed that the formation of oxalate is favoured with respect to car-
bonate formation in the reaction of the dimeric lanthanide complexes with CO,. However, the for-
mation of tetrametallic intermediates likely to result in the concomitant formation of carbonate. Crys-
tals of the tetranuclear mixed-valence oxalate intermediate [ YbsLs(C204)], 3 were isolated from hex-
ane and shows the presence of a C204> ligand bridging two [Yb"LoYb™L,] dinuclear moieties. Crys-
tals of the tetranuclear di-carbonate product [SmaLg(u3-CO3-k*-0,0°,0°"),], 4 were isolated from
hexane. The structures of 3 and 4 suggest that the CO> activation in non-polar solvents involves the
interaction of two dimers with CO> molecules at least to some extent. Such cooperative interaction

results both in oxalate and carbonate formation.

Experimental

General considerations

Unless otherwise noted, all reactions were performed either using standard Schlenk line techniques
or in an inert atmosphere glovebox under an atmosphere of purified argon (<1 ppm O2/H>0). Glass-
ware was dried overnight at 150 °C prior to use. Unless otherwise noted reagents were acquired from
commercial suppliers and used without further purification. The solvents were purchased from Al-
drich or Eurisotop (deuterated solvents) in their anhydrous form, conditioned under argon and vac-

uum distilled from K/benzophenone or Nadispersion/benzophenone (n-hexane, Toluene, DME,
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cyclohexane and THF) and degassed prior to use or dried over molecular sieves for one week
(DMSO). Syntheses were performed using glass covered stirring bars. HOSi(OtBu)3, azobenzene
and naphthalene were purchased from Aldrich and purified by sublimation prior to use.
[Yb(HMDS)»(THF),], [Sm(HMDS)>(THF),]1?’], and [SmL4K]!® (L = OSi(OtBu)s) were prepared
using literature procedures. The amount of THF was determined by 1H NMR using naphthalene as
internal reference. NMR experiments were carried out using NMR tubes adapted with J. Young
valves. NMR spectra were recorded on Bruker 400 and 600 MHZ spectrometers. 1H and 13C chem-
ical shifts are reported in ppm and were measured relative to residual solvent peaks. Elemental anal-

yses were performed under helium by the analytical service at EPFL.

Syntheses

Synthesis of [Sm2L4], 1-Sm. A cold (-40 °C) solution of HL (84.6 mg, 0.32 mmol, 2 eq.) in DME
(2.5 mL) was added to a stirring solution of [Yb(HMDS)>(THF)] (100 mg, 0.16 mmol, 1 eq.) in
DME (1.5 mL). The resulting dark brown solution was stirred overnight at -40 °C. The solvent was
removed under vacuum affording a dark brown powder. The solid was dissolved in cold n-hexane (3
mL), stirred at -40 °C for 15 min and then taken to dryness. This operation was repeated three times
affording a dark brown solution to completely remove coordinated DME. Removal of DME by heat-
ing under vacuum was avoided because it leads to decomposition. The solution was filtered and con-
centrated. Storage of the solution at -40 °C yielded dark brown crystals of [SmzL4], 1-Sm in 74 %
yield (89 mg, 0.068 mmol). Anal. Calc. for [Smz(OSi(OtBu)3)4] (1354.4 g mol!): CasHi0s016SisSmy:
C, 42.57; H, 8.04. Found: C, 42.45; H, 8.03. '"H NMR (Tol-d8, 400 MHz, 298 K): & = 2.80 ppm (s,
108 H). 'H NMR (THF-d8, 400 MHz, 298 K): & = 2.07 ppm (s, 108 H). 'H NMR (CsD12, 400 MHz,
298 K): 6 =2.39 ppm (s), 1.65 ppm (s). Dark brown crystals suitable for X-ray diffraction anal-
ysis were obtained from a saturated solution of 1-Sm in hexane at -40 °C.

Synthesis of [Yb:L4] (1-Yb). A cold (-40 °C) solution of HL (294.9 mg, 1.11 mmol, 2 eq.) in DME
(4 mL) was added to a stirring solution of [Yb(HMDS),>(THF).] (355.8 mg, 0.56 mmol, 1 eq.) in
DME (2 mL). The resulting orange solution was stirred overnight at -40 °C. The solvent was removed
under vacuum affording an orange powder. The solid was dissolved in cold n-hexane (3 mL), stirred
at -40 °C for 15 min and then taken to dryness. This operation was repeated three times affording a
dark brown solution to completely remove coordinated DME. Removal of DME by heating under
vacuum was avoided because it leads to decomposition. The solution was filtered and concentrated.
Storage of the solution at -40 °C yielded green crystals of [YbzL4], 1-Yb in 81 % yield (315 mg, 0.23
mmol). Anal. Calc. for [Yb2(OSi(O'Bu)3)4] (1399.7 g mol!): CasHi0sO016SisaYbo: C, 41.19; H, 7.78.
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Found: C, 41.25; H, 7.75. '"H NMR (Tol-d8, 400 MHz, 298 K): & = 1.52 ppm (s, 108 H). 'H NMR
(THF-d8, 400 MHz, 298 K): 8 = 1.37 ppm (s, 108 H). "H NMR (C¢D12, 400 MHz, 298 K): § = 2.69
ppm (s, 108 H).

Stability studies of complexes 1-Yb and 1-Sm

Stability of 1-Yb. The evolution of solutions of 1-Yb (15 mg, 0.01 mmol) in Tol-d8 (0.3 mL),
THF-dS8 (0.3 mL), CsD12 (0.3 mL) at room temperature was followed by '"H NMR spectroscopy over
time (400 MHz, 298 K). 1-Yb only shows evidence of decomposition after 36 hours at room temper-
ature in Tol-d8 and THF-d8. After 5 days at room temperature, the '"H NMR spectra show a
decrease of 15% of the signals of 1-Yb in Tol-d8 and THF-d8. No appearance of new signals was
observed over time that could be assigned to the decomposition products. Furthermore, the orange
solution of 1-Yb (30 mg, 0.021 mmol) in DME (0.3 mL) slowly fades over time at room
temperature. After 15 days colourless single crystals suitable for X-ray diffraction of [YbaLa(p-
OMe)2(DME)] (2) could be isolated in a low yield. "H NMR spectroscopy of 1-Yb in C¢D12 showed
that the complex is stable for weeks at room temperature in a C¢D12 solution.

Stability of 1-Sm. The evolution of solutions of 3-Sm (15 mg, 0.01 mmol) in Tol-d8 (0.3 mL),
THF-dS8 (0.3 mL), CsD12 (0.3 mL) at room temperature was followed by '"H NMR spectroscopy over
time. 1-Sm only shows evidence of decomposition after 36 hours at room temperature in THF-dS.
After 5 days at room temperature, the 'H NMR spectra show a decrease of 20% of the signals of
1-Sm in THF-d8. No significant new signals were observed over time that could be assigned to the
decomposition products. 'H NMR spectroscopy of 1-Sm in CsD12 showed that the complex is stable
for weeks at room temperature in in a C¢D12 solution. 'H NMR study of 1-Sm in Tol-d8 at room
temperature showed a decrease of the intensity of the signals assigned to 1-Sm, reaching 20 % of
decomposition in Tol-d8 after 5 days, and the apparition of a signal at 6 = 1.08 ppm corresponding to

the reduced toluene adduct [ {SmyLs3}2(u-nn°-C7Hs)].!”

Reactivity

Reactivity of 1-Yb with CO; in THF-d8. *CO; (~5 equivalents) was added to a liquid nitrogen
frozen solution of 1-Yb (10 mg, 0.007 mmol, 1 eq.) in THF-d8 (0.3 mL). The solution was allowed
to warm up at room temperature resulting in a colour change of the solution from orange to yellow.
The 'H NMR spectrum of the resulting solution (THF-d8, 400 MHz, 298 K) shows complete disap-
pearance of the signals of 1-Yb, the appearance of a signal assigned to the [YbL3(THF)>] complex at
d=-16.93 ppm and of a new set of signals at 3 = 1.23 ppm, 0.82 ppm and -0.01 ppm. The formation
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of [YbL3(THF):] increased over 10 days reaching a conversion of approximately 50 %, determined
by 'H NMR using naphthalene as internal standard. '*C NMR (THF-d8, 400 MHz, 298 K): = 185.02
ppm (free CO), 169.95 ppm (bound CO3?), 125.84 ppm (free CO2), 99.97 ppm (siloxide), 37.67 ppm
(siloxide), 31.65 ppm (siloxide) and 10.47 ppm (siloxide). No change in the '*C NMR spectrum is
perceived over time. The quantitative 1*C NMR of the evaporated reaction mixture after removing
the excess of 3CO; in D20 (D20, 600 MHz, 298 K, pD-13) shows a single signal at 6 =168.26 ppm
assigned to CO3? in 90% yield using '*C-labelled sodium acetate as internal standard.

Reactivity of 1-Yb with COz in C¢D12. *CO» (~5 equivalents) was added to a liquid nitrogen frozen
solution of 1-Yb (10 mg, 0.007 mmol, 1 eq.) in C¢D12 (0.3 mL). The solution was allowed to warm
up at room temperature resulting in a colour change of the solution from dark brown to yellow. The
"H NMR spectrum of the resulting solution (CsD12, 400 MHz, 298 K) shows signals at = 7.31 ppm,
1.54 ppm, 1.47 ppm (1-Yb) and 1.41 ppm. After 3 days at room temperature the signals at 1.54 ppm,
1.47 ppm (1-Yb) and 1.41 ppm disappeared and two new signals at 6 = 1.51 ppm and 1.44 ppm can
be identified. The *C NMR (C¢D12, 400 MHz, 298 K) spectrum of the reaction mixture immediately
after addition of *CO»: & = 159.2 ppm, 125.82 ppm (free CO»), 31.77 ppm (siloxide). 3C NMR
spectroscopy studies over time (CgsD12, 400 MHz, 298 K) show the continuous decrease of the signal
at 5 = 159.20 ppm and the complete disappearance of it after 2 weeks at room temperature. The quan-
titative 13C NMR spectrum of the evaporated reaction mixture after removing the excess of 1*CO; in
D>0 (D20, 600 MHz, 298 K, pD-13) shows two signals at & = 167.62 ppm assigned to CO3> and
179.72 ppm assigned to C204> in 94 % total yield (oxalate and carbonate, using *C-labelled sodium
acetate as internal standard) with a ratio of 1 : 50 (oxalate : carbonate). Here, the chemical shift of the
signal assigned to oxalate is shifted from about 6 ppm compared to free oxalate suggesting that oxa-
late binding to Yb(III) may still occur at pH = 13. Pale yellow crystals of [ Yb4Lg(C204)] (3) suit-
able for X-ray diffraction were obtained overnight from a concentrated hexane solution of 1-
Yb at -40 °C after addition of ~5 equivalents of CO> at room temperature.

Reactivity of 1-Sm with CO; in THF-d8. 1*CO, (~5 equivalents) was added to a liquid nitrogen
frozen solution of 1-Sm (10 mg, 0.007 mmol) in THF-d8 (0.3 mL). The solution was allowed to warm
up at room temperature resulting in a colour fading of the solution from dark brown to colourless in
few minutes. The "H NMR spectrum of the resulting solution (THF-d8, 400 MHz, 298 K) shows the
complete disappearance of the signal assigned to 1-Sm and the formation of signals at 5 = 1.51 ppm
([SmL3(THF)2]) and 1.31 ppm, growing over two days. The quantitative "H NMR spectrum shows,
after two days, a yield of approximately 50%, determined by NMR using naphthalene as internal
standard, for [SmL3(THF)]. 13C NMR (THF-d8, 400 MHz, 298 K); immediately after addition: & =
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185.20 ppm (free CO), 175.86 ppm, 174.43 ppm, 174.21 ppm, 125.94 ppm (free CO>), 72.37 ppm
(siloxide) and 32.97 ppm (siloxide). The quantitative '*C NMR after 10 days of the evaporated reac-
tion mixture after removing the excess of 3CO; in D,0 (D20, 600 MHz, 298 K, pD-13) shows two
signals at & = 168.32 ppm assigned to CO3?" and 173.36 ppm assigned to C204* in 90 % total yield
(oxalate and carbonate, using '*C-labelled sodium acetate as internal standard) with a ratio of 1 : 104
(oxalate : carbonate).

Reactivity of 1-Sm with COz in C¢D12. *CO» (~5 equivalents) was added to a liquid nitrogen frozen
solution of 1-Sm (10 mg, 0.007 mmol) in CsD12 (0.3 mL). The solution was allowed to warm up at
room temperature resulting in a colour change of the solution from dark brown to light brown. The
"H NMR spectrum of the resulting solution (C¢D12, 400 MHz, 298 K) shows the formation of three
sets of peaks at & = -4.17 ppm, -4.45 ppm and -5.75 ppm. *C NMR (C¢D12, 400 MHz, 298 K);
immediately after addition: 8 = 192.43 ppm (bound C204>/COs3%), 191.72 ppm (bound C>04>/CO3*
), 185.02 ppm (free CO), 128.70 ppm, 125.80 (free CO,) and 32.14 ppm (siloxide). After 4 days, the
colour of the solution turned colourless. No change in the 'H NMR spectrum. '3C NMR (C¢D12, 400
MHz, 298 K); after four days at room temperature: 6 = 185.02 ppm (free CO), 166.52 ppm, 164.99
ppm, 164.24 ppm, 128.70 ppm, 125.80 (free CO>) and 32.14 ppm (siloxide). The quantitative 3C
NMR of the evaporated reaction mixture after removing the excess of *CO; in D>O (D,0, 600 MHz,
298 K, pD-13) shows signals at 173.25 ppm (C204>) and 168.31 ppm (CO3*) ina 1 : 17 ratio with a
total yield of 98% (oxalate and carbonate, using '3C-labelled sodium acetate as internal standard).
Colourless crystals of [Sm4Lg(CO3)2] (4) suitable for X-ray diffraction were obtained from a
concentrated hexane solution of 1-Sm left at -40 °C for 2 days after addition of ~5 equivalents
of CO2 at room temperature.

Reactivity of [SmL4Kz] with CO; in C¢D12. *CO» (~5 equivalents) was added to a liquid nitrogen
frozen solution of [SmL4K>] (10 mg, 0.008 mmol) in C¢D12 (0.3 mL). The solution was allowed to
warm up at room temperature resulting in a colour change of the solution from red to colourless. The
quantitative "H NMR in C¢D12 shows the complete disappearance of the signal assigned to [SmL4K>]
(& =2.41 ppm) and the formation of [SmL4K] ( 6 = 0.55 ppm) in approximately 50% yield, deter-
mined by NMR using naphthalene as internal standard. 13C NMR (C¢D12, 400 MHz, 298 K): & =
202.05 ppm, 198.84 ppm, 168.43 ppm, 157.97 ppm, 156.52 ppm, 156.02 ppm, 125.80 (free CO»),
72.29 ppm (siloxide), 32.37 ppm (siloxide). 'H NMR and '*C NMR spectroscopy studies did not
show any changes in the spectra. The quantitative '*C NMR of the evaporated reaction mixture after
removing the excess of *CO» in D20 (D20, 600 MHz, 298 K, pD-13) shows two signals at § = 173.36
ppm assigned to C>04% and & = 168.22 ppm assigned to COs* in 92 % total yield (oxalate and
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carbonate, using '’C-labelled sodium acetate as internal standard) with a ratio of 1 : 0.8 (oxalate :

carbonate).

164



References

1 (a)W. B. Tolman, Activation of Small Molecules: Organometallic and Bioinorganic Perspectives,
Wiley-VCH, Verlag, 2006; (b)C. Finn, S. Schnittger, L. J. Yellowlees and J. B. Love, Chem. Com-
mun., 2012, 48, 1392-1399; (c)E. E. Benson, C. P. Kubiak, A. J. Sathrum and J. M. Smieja, Chem.
Soc. Rev., 2009, 38, 89-99; (d)K. Huang, C. L. Sun and Z. J. Shi, Chem. Soc. Rev., 2011, 40, 2435-
2452; (e)M. Aresta and A. Dibenedetto, J. Chem. Soc.-Dalton Trans., 2007, 2975-2992; (f)M.
Aresta, Carbon Dioxide as a Chemical Feedstock, Wiley VCH, 2010.

2 (a)K. A. Grice, Coord. Chem. Rev., 2017, 336, 78-95; (b)P. L. Arnold and Z. R. Turner, Nat. Rev.
Chem., 2017, 1.

3 (a)A. Formanuik, F. Ortu, C. J. Inman, A. Kerridge, L. Castro, L. Maron and D. P. Mills, Chem.
Eur. J., 2016, 22, 17976-17979; (b)O. P. Lam and K. Meyer, Polyhedron, 2012, 32, 1-9; (c)L.
Castro-Rodriguez and K. Meyer, Chem. Commun., 2006, 1353-1368; (d)N. W. Davies, A. S. P.
Frey, M. G. Gardiner and J. Wang, Chem. Commun., 2006, 4853-4855; (e)G. B. Deacon, P. C.
Junk, J. Wang and D. Werner, Inorg. Chem., 2014, 53, 12553-12563; (f)D. Heitmann, C. Jones,
D. P. Mills and A. Stasch, J. Chem. Soc.-Dalton Trans., 2010, 39, 1877-1882; (g)I. Castro-Rodri-
guez, H. Nakai, L. N. Zakharov, A. L. Rheingold and K. Meyer, Science, 2004, 305, 1757-1759;
(h)L. Castro, S. Labouille, D. R. Kindra, J. W. Ziller, F. Nief, W. J. Evans and L. Maron, Chem.
Eur. J., 2012, 18, 7886-7895; (i)L. Castro and L. Maron, Chem. Eur. J., 2012, 18, 6610-6615;
(1)O. P. Lam, L. Castro, B. Kosog, F. W. Heinemann, L. Maron and K. Meyer, Inorg. Chem., 2012,
51, 781-783; (k)J. G. Brennan, R. A. Andersen and A. Zalkin, Inorg. Chem., 1986, 25, 1756-1760;
(L. Castro, O. P. Lam, S. C. Bart, K. Meyer and L. Maron, Organometallics, 2010, 29, 5504-
5510; (m)I. Castro-Rodriguez and K. Meyer, J. Am. Chem. Soc., 2005, 127, 11242-11243; (n)L.
Castro, D. P. Mills, C. Jones and L. Maron, Eur. J. Inorg. Chem., 2016, 792-796.

4 (a)A. C. Schmidt, A. V. Nizovtsev, A. Scheurer, F. W. Heinemann and K. Meyer, Chem. Commun.,
2012, 48, 8634-8636; (b)I. Korobkov and S. Gambarotta, in Progress in Inorganic Chemistry, Vol
54, ed. K. D. Karlin, 2005, vol. 54, pp. 321-348; (c)B. M. Gardner and S. T. Liddle, Eur. J. Inorg.
Chem., 2013, 2013, 3753-3770; (d)O. T. Summerscales and F. G. N. Cloke, Organometallic and
Coordination Chemistry of the Actinides, 2008, 127, 87-117; (e)H. S. La Pierre and K. Meyer, in
Prog. Inorg. Chem., ed. K. D. Karlin, 2014, vol. 58, pp. 303-415; (f)S. T. Liddle, Angew. Chem.
Int. Ed. Engl., 2015, 54, 8604-8641; (g)R. J. Kahan, F. G. N. Cloke, S. M. Roe and F. Nief, New
J. Chem., 2015, 39, 7602-7607; (h)C. J. Inman, A. S. P. Frey, A. F. R. Kilpatrick, F. G. N. Cloke
and S. M. Roe, Organometallics, 2017, 36, 4539-4545; (1)C. L. Webster, J. W. Ziller and W. J.
Evans, Organometallics, 2013, 32, 4820-4827; (j)W. J. Evans, C. A. Seibel and J. W. Ziller, Inorg.
Chem., 1998, 37, 770-776.

5 (a)A. S. P. Frey, F. G. N. Cloke, M. P. Coles, L. Maron and T. Davin, Angew. Chem. Int. Ed. Engl.,
2011, 50, 6881-6883; (b)O. T. Summerscales, F. G. N. Cloke, P. B. Hitchcock, J. C. Green and N.
Hazari, J. Am. Chem. Soc., 2006, 128, 9602-9603; (¢)O. T. Summerscales, F. G. N. Cloke, P. B.
Hitchcock, J. C. Green and N. Hazari, Science, 2006, 311, 829-831; (d)M. B. Gardiner, J. C. Stew-
art, A. L. Davis, J. McMaster, W. Lewis, A. J. Blake and S. T. Liddle, Proc Natl Acad Sci USA,
2012, 109, 9265-9270; (e)P. L. Arnold, Z. R. Turner, R. M. Bellabarba and R. P. Tooze, Chem.
Sci., 2011, 2, 77-79; (f)V. Mougel, C. Camp, J. Pecaut, C. Coperet, L. Maron, C. E. Kefalidis and
M. Mazzanti, Angew. Chem. Int. Ed. Engl., 2012, 51, 12280-12284; (g)O. Cooper, C. Camp, J.
Pécaut, C. E. Kefalidis, L. Maron, S. Gambarelli and M. Mazzanti, J. Am. Chem. Soc., 2014, 136,
6716-6723; (h)C. Camp, O. Cooper, J. Andrez, J. Pecaut and M. Mazzanti, J. Chem. Soc.-Dalton
Trans., 2015, 44, 2650-2656.

6 W. J. Evans, J. M. Perotti, J. C. Brady and J. W. Ziller, J. Am. Chem. Soc., 2003, 125, 5204-5212.

7 (a)U. R. Pokharel, F. R. Fronczek and A. W. Maverick, Nat. Commun., 2014, 5; (b)R. Angamuthu,
P. Byers, M. Lutz, A. L. Spek and E. Bouwman, Science, 2010, 327, 313-315; (c)C. T. Saouma,

165



C. C. Lu, M. W. Day and J. C. Peters, Chem. Sci., 2013, 4, 4042-4051; (d)L. J. Farrugia, S. Lop-
inski, P. A. Lovatt and R. D. Peacock, Inorg. Chem., 2001, 40, 558-559; (e)C. C. Lu, C. T. Saouma,
M. W. Day and J. C. Peters, J. Am. Chem. Soc., 2007, 129, 4-5.

8 (a)W. J. Evans, S. E. Lorenz and J. W. Ziller, Inorg. Chem., 2009, 48, 2001-2009; (b)N. Tsoureas,
A. F. R. Kilpatrick, C. J. Inman and F. G. N. Cloke, Chem. Sci., 2016, 7, 4624-4632; (c)J. Andrez,
J. Pecaut, P.-A. Bayle and M. Mazzanti, Angew. Chem. Int. Ed. Engl., 2014, 53, 10448-10452;
(d)A.-C. Schmidt, F. W. Heinemann, C. E. Kefalidis, L. Maron, P. W. Roesky and K. Meyer,
Chem. Eur. J., 2014, 20, 13501-13506.

9 M. Xemard, V. Goudy, A. Braun, M. Tricoire, M. Cordier, L. Ricard, L. Castro, E. Louyriac, C. E.
Kefalidis, C. Clavaguera, L. Maron and G. Nocton, Organometallics, 2017, 36, 4660-4668.

10 (a)G. Fachinetti, C. Floriani and P. F. Zanazzi, J. Am. Chem. Soc., 1978, 100, 7405-7407; (b)S.
Gambarotta, F. Arena, C. Floriani and P. F. Zanazzi, J. Am. Chem. Soc., 1982, 104, 5082-5092.

11 (a)J. P. Krogman, B. M. Foxman and C. M. Thomas, J. Am. Chem. Soc., 2011, 133, 14582-14585;
(b)J. H. Jeoung and H. Dobbek, Science, 2007, 318, 1461-1464.

12 (a)W. J. Evans, N. T. Allen and J. W. Ziller, J. Am. Chem. Soc., 2001, 123, 7927-7928; (b)W. J.
Evans, G. Zucchi and J. W. Ziller, J. Am. Chem. Soc., 2003, 125, 10-11; (c)W. J. Evans, K. A.
Miller and J. W. Ziller, Angew. Chem. Int. Ed. Engl., 2008, 47, 589-592; (d)O. P. Lam, S. C. Bart,
H. Kameo, F. W. Heinemann and K. Meyer, Chem. Commun., 2010, 46, 3137-3139; (e)W. J. Ev-
ans, J. Alloys Compd., 2009, 488, 493-510.

13 (a)A. S. P. Frey, F. G. N. Cloke, M. P. Coles and P. B. Hitchcock, Chem. Eur. J., 2010, 16, 9446-
9448; (b)O. T. Summerscales, A. S. P. Frey, F. Geoffrey, N. Cloke and P. B. Hitchcock, Chem.
Commun., 2009, 198-200; (¢)S. M. Mansell, N. Kaltsoyannis and P. L. Arnold, J. Am. Chem. Soc.,
2011, 133, 9036-9051; (d)W. J. Evans, J. W. Grate, 1. Bloom, W. E. Hunter and J. L. Atwood, J.
Am. Chem. Soc., 1985, 107, 405-409.

14 E. Louyriac, P. W. Roesky and L. Maron, J. Chem. Soc.-Dalton Trans., 2017, 46, 7660-7663.

15 (a)M. Falcone, L. Barluzzi, J. Andrez, F. F. Tirani, 1. Zivkovic, A. Fabrizio, C. Corminboeuf, K.
Severin and M. Mazzanti, Nat. Chem., 2019, 11, 154-160; (b)M. Falcone, L. Chatelain, R. Scopel-
liti, I. Zivkovic and M. Mazzanti, Nature, 2017, 547, 332-335; (c)P. L. Arnold, C. J. Stevens, N.
L. Bell, R. M. Lord, J. M. Goldberg, G. S. Nichol and J. B. Love, Chem. Sci., 2017, 8, 3609-3617;
(d)M. Xemard, M. Cordier, E. Louyriac, L. Maron, C. Clavaguera and G. Nocton, J. Chem. Soc.-
Dalton Trans., 2018, 47, 9226-9230.

16 W.J. Evans, D. S. Lee, D. B. Rego, J. M. Perotti, S. A. Kozimor, E. K. Moore and J. W. Ziller, J.
Am. Chem. Soc., 2004, 126, 14574-14582.

17 R. P. Kelly, D. Toniolo, F. F. Tirani, L. Maron and M. Mazzanti, Chem. Commun., 2018, 54,
10268—-10271.

18 G. Lapadula, M. P. Conley, C. Coperet and R. A. Andersen, Organometallics, 2015, 34, 2271—
22717.

19 (a) D. J. Duncalf, P. B. Hitchcock and G. A. Lawless, Chem. Commun., 1996, 269-271; (b) G. B.
Deacon, P. C. Junk and G. J. Moxey, Z. Anorg. Allg. Chem., 2008, 634, 2789-2792; (c) G. B.
Deacon, C. M. Forsyth and N. M. Scott, Eur. J. Inorg. Chem., 2000, 2501-2506.

20 E. Prasad, B. W. Knettle and R. A. Flowers, J. Am. Chem. Soc., 2002, 124, 14663-14667.

21 C. Camp, J. Pecaut and M. Mazzanti, J. Am. Chem. Soc., 2013, 135, 12101-12111.

22 M. Nishiura, Z. M. Hou and Y. Wakatsuki, Organometallics, 2004, 23, 1359—1368.

23 A. Paparo, J. S. Silvia, C. E. Kefalidis, T. P. Spaniol, L. Maron, J. Okuda and C. C. Cummins,
Angew. Chem. Int. Ed. Engl., 2015, 54, 9115-9119.

24 N. Tsoureas, L. Castro, A. F. R. Kilpatrick, F. G. N. Cloke and L. Maron, Chem. Sci., 2014, 5,
3777-3788.

25 W.J. Evans, D. K. Drummond, H. M. Zhang and J. L. Atwood, Inorg. Chem., 1988, 27, 575-579.

166



167



168



Chapter 8. Anhydrous conditions enable the
catalyst-free carboxylation of aromatic alkynes
with CO2 under mild conditions.”

Introduction

The utilization of CO> as a C1 source is attractive due to its low toxicity, low price and abundance.!-?]
CO; is the main cause of global warming and hence its emission in the atmosphere must be limited."!
The development of synthetic methods employing CO: as the reactive synthon allows for the replace-
ment of harmful, petrochemical-based chemicals that are routinely used. Recent years have seen the
emergence of many reactions building complexity with CO,.[l Examples include the synthesis of
cyclic carbonates®®), methylated amines!”), formylated amines,®! proprioylic carboxylic acids!®-!!l
and esters and numerous heterocycles!'?l. It is accepted that CO> is a thermodynamically stable and
kinetically inert molecule that requires robust catalytic tools to be efficiently transformed. Neverthe-
less, a plethora of reports demonstrate that CO> transformation can often be base-catalysed. In this
respect, the utilization of Cs2CO3 and DMSO appears to be a privileged system for CO»-related ap-
plications.[!*]

Of the reactions mentioned above, the carboxylation of alkynes is interesting due to the importance
of propyolic acid derivatives in medicinal chemistry.l'* To date, many studies have been carried out
to optimize the conditions for the carboxylation of terminal alkynes. Most of previous studies rely on
either homogeneous or heterogeneous catalysts mostly based on copper, silver or lanthanide to
achieve high conversions under mild conditions (Figure 1).['*15] However, other metals such as Pd,
Mo and rare earth metals have shown catalytic activity.['®!7!8] Typically, the catalyst is believed to

facilitate the deprotonation of the alkyne, which leads to a facilitated CO> insertion and hence better

yields. Many times, a second esterification step is needed to stabilize the product and avoid the

7 Part of this chapter have been published: D. Toniolo, F. D. Bobbink, P. J. Dyson, M. Mazzanti, Helvetica Chimica Acta,
2020, 103.

Authors contributions: D.T. performed the synthesis and the catalytic experiments. F.D.B. performed the GC analysis,
P.J.D. and M.M. coordinated the work.
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decomposition once the carbon dioxide is removed or under the analytical conditions. In Scheme 1

are summarized some of the catalysts and reaction conditions that have been studied.

O
=
1) CO,, Cs,CO3, cat. O/Bu
F

2) Bul
Previous work:
Agl (1 % mol) AgBF, (0.05-0.25 % mol)  NHC-Ag (1 % mol)
DMF, 50 °C, 2 bar, DMSO, 50 °C, 1 bar, DMF, RT, 1 bar,
44-96 % yield 21-99 % yield 0-85 % yield

Scheme 1. Carboxylation of phenylacetylene using Cs2COs as the base and CO» as the carboxyla-

tion reagent.

DFT calculations were performed for both Cu and Ag catalysts, and revealed the active specie to be
a [CuL]" or [Ag(CO3)L] (L = ligand or solvent) complexes capable to coordinate and deprotonate
the alkyne in presence of a base, and subsequently insert CO; into the M-C bond (Scheme 2).[1920-21]
At the same time, it has been reported that the catalyst-free reaction in DMF or DMSO does not
proceed, or only results in poor yields.[*>?3] However, good and excellent yields were achieved by
Yugen and coworkers when the reaction was carried out in DMF at high temperature (120-160 °C)
and pressure (2.5-7 bar), even in absence of catalytic species./**| Moreover, only recently Huang and
coworker report a non-negligible yield (37 %) if the reaction is carried out in DMSO at 60 °C for 6
hours in presence of 1.5 equiv. of Cs2COs3 in absence of catalyst, but the result could have been ra-

tionalized considering the possibility to have metallic impurities in the reaction mixture.?*]

O
>/ [ML]* \<Ph
H—

Ph
[’\J‘L]n+

o \ /(ﬁ

/? HCO4
\\ c
(ML 002 ML

Scheme 2. Proposed mechanism for the carboxylation of terminal alkynes.
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Shen and coworkers have demonstrated that trivalent ytterbium acetylide complexes containing bi-
sphenolate ligands undergoes CO:> insertion into the metal-carbon bond and hence these complexes
has the potential to be used as catalysts.[?] Based on the mechanism proposed in previous reports and
our own expertise in f-element chemistry, we set-out to develop an Ytterbium complex that would
allow to reveal the mechanistic details of the transformation and delineate its accompanying chal-

lenges.

Results and Discussion

Following the example of Shen, we tested the catalytic activity of ytterbium bisphenolate complexes.
[Yb(MPA)CCPh(THF)], 1, was prepared by treating the divalent [Yb(HMDS),] with one equivalent
of MPAH: in hexane, followed by reaction with one equivalent of phenylacetylene in THF. Complex
1 is presumably the first intermediate of the catalytic carboxylation reaction. The crystal structure of
1 (Figure 1) shows and Yb(III) centre hexa-coordinated in a distort tetragonal bi-pyramid geometry

with a terminal phenyl acetylene moiety. The coordination sphere is completed with a THF molecule.

?‘*\7

‘,'W

P Yo

(/v N1

Figure 1. XRD structure of 1 (ellipsoid 50%, hydrogen atoms have been omitted for clarity)

Upon exposure to carbon dioxide, a CO, molecule inserts into the M-C bond, affording
[Yb(MPA)O,CCCPh]o, 2. The solid state structure of 2 (Figure2) shows two identical
[Yb(IIT)(MPA)] moieties connected by two bridging propiolate anions. The metal centres are epta-
coordinated and are situated in the cavity of the MPA? ligand.
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Figure 2. XRD structure of 2 (ellipsoid 50%, hydrogen atoms have been omitted for clarity)

Complexes 1 and 2 represent the two hypothesized intermediates in the catalytic cycle proposed by
DFT. In case the two complexes show a catalytic activity and the response is the same, it would be
the experimental prove of the proposed mechanism and it would confirm the calculations.

After the successful synthesis of the hypothesized intermediate we moved to the utilization of com-
plexes as catalysts for the carboxylation. Like in most of the previous reported examples we relied on
a second esterification step to convert the product into the corresponding more stable ester. We started
our investigation at a working temperature of 40 °C but this resulted in poor yields. Differently, when
the temperature was increased to 80 °C, the reaction proceeded smoothly and resulted in excellent
yields. With a load of 2 mol% catalysis, 99 % conversion was obtained after a 4 hours reaction. Also
starting from complex 2, the same results were obtained, increasing the reliability in the reaction
mechanism proposed by DFT.

However, to confirm that complexes 1 and 2 were actually acting as catalyst in the reaction, and to
prove that the ligand scaffold plays a role in the catalyst activity, a test was conducted using commer-
cially available ytterbium salts. Interestingly, the use of [YbCls] also resulted in a quantitative yield
in the same reaction conditions. This result was initially rationalized as an indication that the different
electronic properties due to the ligands scaffold are not crucial for catalysis, but they are important in
order to isolate key reaction intermediates.

After this result a catalytic test was conducted in absence of catalyst. To our surprise, the control
experiment resulted as well in excellent conversions. This test in absence of catalyst was repeated
several times to confirm the result, because the catalyst free reaction was reported to not proceed, or

only result in poor yields. This surprizing discovery suggested that a catalyst specie is not required
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for the reaction to proceed, and motivated us to further study the reaction to understand the parameters
that were influencing the outcome of the reaction.

Phenylacetylene was taken a model substrate. Initially, the reaction was conducted in DMSO at 40
°C for 24 h under 1 atm. COs> in presence of two equivalents of Cs2COs. A non-negligible yield of
33% was obtained (Table 1, entry 1) in line with previous results showing that the reaction proceeds
to some extent under very mild conditions even in the absence of a catalyst.[*>] We found that, on
increasing the temperature to 60 °C and then to 80 °C the yields increases up to 99 % in 4 hours
(Table 1, entries 2, 3). The increase in yield with temperature is attributed to the increased solubility
of the base in DMSO with temperature, and to faster deprotonation kinetics.?”! To demonstrate the
ability of the base to deprotonate (at least partially) the acidic C-H bond, the reaction between phe-
nylacetylene and Cs,COs3 was monitored by '"H NMR spectroscopy (see appendix, figure S4). The
signal assigned to the aliphatic proton disappeared after 1 h at 80 °C, confirming deprotonation of the
alkyne. This result suggest that the rate determining step of the C-H carboxylation reaction is the
deprotonation of the alkyne because the subsequent reaction with 3CO; resulted in the fast formation
of the 3-phenylpropiolate salt, detected by '*C NMR spectroscopy (appearance of a signal at 155.8
ppm assigned to the carboxylic group, see appendix Figures S6, S7).

The reaction does not proceed when it is conducted in DMF or THF (Table 1 entries 4 and 5), where
Cs2COs is markedly less soluble, indicating that the solubility of Cs2COj is important for good activ-
ity, presumably due to the deprotonation rate that is accelerated when the base is soluble.['328 Low
yields are also obtained with sub-stoichiometric amounts of anhydrous Cs,COs (Table 1, entry 6).
Remarkably, at 80 °C the time required for a near-quantitative conversion of the substrate is much
shorter compared to those previously reported in literature (14-24 h), even if catalysts are used and/or
harsher conditions are applied.!!®!8-2428] Notably, high yields are only reached after 12 h when the
AgPFg catalyst was used in DMF with stoichiometric amounts of Cs2COj3 and 2 atm. CO,.1*°! The
time-dependent yields measured at 80 °C show that the reaction is essentially first order with respect
to the substrate with an estimated kinetic constant of 2 h'!, and reaches the maximum yield after
approximately 3 h (Figure 2, Table 1, entries 7-9). To ensure that the carboxylic group is derived
from CO; and not Cs2CO3, an experiment was conducted in absence of CO> and no reaction was

observed (Table 1, entry 10).
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Figure 2. Time-dependent yields for the catalyst-free carboxylation of phenylacetylene. Reaction
condition: PhACCH (28 mg, 0.28 mmol), Cs>2CO3 (183 mg, 0.56 mmol, 2 eq.), CO: (1 atm.), DMSO
(1 mL), 80 °C.

Table 1. Optimization of reaction conditions. Reaction conditions: phenylacetylene (0.28 mmol),
COz (1 atm), Cs2COs3 (183 mg, 0.56 mmol, 2 eq.), DMSO (1 mL). Product trapped with butyl iodide
(1.1 eq.). [a] Yields determined by GC using n-decane as internal standard. [b] Isolated product. [c]

0.2 eq. of Cs2COs. [d] Without CO».

Entry Solvent T [°C] Time [h] Yield [%]?
1 DMSO 40 24 33
2 DMSO 60 4 30
3 DMSO 80 4 > 99, 911°]
4 DMF 80 4 4
5 THF 80 4 <1
6l DMSO 80 4 6
7 DMSO 80 2 95
8 DMSO 80 1 83
9 DMSO 80 0.5 66
10Md DMSO 40 24 <1

[alyields determined by GC using n-decane as internal standard.

(bl[solated product. [10.2 eq. of Cs,COs. [Y'Without CO..
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Our results show that the low to modest yields reported for the catalyst-free reaction in DMSO can
be easily optimized by increasing the temperature to 80°C to afford the product in near-quantitative
yield. Since the reproducibility of carboxylation reaction promoted by weak bases as Cs2COz is likely
to be affected by the presence of water, even under forcing conditions (high temperature, overpres-
sure),3% we investigated the effect of stoichiometric amounts of water in the used mild conditions.

Addition of carefully controlled amounts of water (0.1, 0.2 and 1 eq. with respect to Cs2CO3) to the
system leads to a significant reduction in yield (Table 2, entries 1-3, 80, 43 and <1 %, respectively).
Hence, to ensure reproducible high yields under catalyst-free conditions, water must be excluded
from the reaction mixture and anhydrous solvents and reagents must be used. The detrimental effect
of water is not unique to metal free carboxylation reactions. To emphasize the general detrimental
effect of water we performed the metal catalysed reaction using the performant AgPFs under the
reported conditions,!?’! but in the presence of H>O (1 eq.). The experiment resulted in negligible yield
(Table 2, entry 4). These results indicate that rigorously anhydrous conditions (thoroughly dried sol-
vents, anhydrous Cs,COj3 and reagents, rigorous Schlenk techniques) should be used even in presence

of a catalytic specie.

Table 2. Effect of water on the catalysed and catalyst-free reaction. Reaction conditions: phenyla-
cetylene (0.28 mmol), CO; (1 atm), DMSO (1 mL). Product trapped with butyl iodide (1.1 eq.).

Yields determined by GC using n-decane as internal standard.

Entry Notes T[°C] Time [h] Yield [%]
1 0.1 eq HO 80 4 80
2 0.2 eq HO 80 4 43
3 1 eq H.O 80 4 <1
4 AgPFs (4 %), 1 eq H20 80 4 <1

Knowing the detrimental effect of water in the reaction mixture, to ensure the reproducibility of the
experiments is necessary to establish a protocol and an analytic method to measure or estimate the
moisture in the solvent and the reagents.

The water content in DMSO and phenylacetylene can be evaluated by '"H NMR spectroscopy and

revealed that the reagents employed in this study do not contain water in sufficient amount to
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influence the kinetics (see appendix). Probing the water content in Cs2CO3 by 'H NMR spectroscopy
in DMSO-d6 revealed that the water signal only becomes apparent when the amount exceeds 1 equiv.
of water per equiv. of carbonate (see appendix, figure S5). This suggests that 'H NMR spectroscopy
is unsuited to quantify very low water content in Cs2COs. Nevertheless, the water content in Cs2CO3
can conveniently be estimated by elemental analysis, provided the analysis is conducted under inert,
dry atmosphere (Table S1). Established water removal methods such as drying over molecular sieves
(DMSO and PhCCH) or by drying under high vacuum for several days (Cs2CO3) can be employed
and dramatically increases the reaction yield.

The catalytic activity of transition metal ions based on copper or silver in DMF (where Cs>COj3 is not
able to deprotonate terminal alkynes) reported by other authors can be rationalized by the ability of
those metals to coordinate the substrate, weakening the C-H bond, and accelerating the deprotonation
of the alkyne, as proposed in computational studies.!'”2%l However, our results strongly suggest that
the carboxylation of aromatic terminal alkynes in DMSO essentially proceeds via an uncatalyzed
acid-base reaction and the addition of catalyst is not crucial.

The catalyst-free carboxylation was explored for various phenyl acetylene derivatives under the re-
action conditions optimized for phenyl acetylene. Quantitative yields were obtained in four hours for
aromatic alkynes with electron withdrawing groups in the aromatic ring and for both p-methyl phenyl
acetylene and m-methoxy phenyl acetylene. (Table 3, Entry 1-7), while good yields were instead
achieved for less acid alkynes (Table 3, Entry 7-10).

Table 3. Carboxylation of phenyl acetylene derivatives. Reaction conditions: alkyne (0.28 mmol),
COz (1 atm), DMSO (1 mL). Product trapped with butyl iodide (1.1 eq.). Yields determined by GC

using n-decane as internal standard. [*Isolated yield.

Entry Alkyne Time [h]  Yield [%]
1 . < > __ 4 > 99, 920l
2 N < > _ 4 >99
3 < > _ 4 >99
4 MeQ 4 > 99, 9514l

T
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5 - < > _ 4 > 99
6 B’; 4 > 99
7 ECI 4 > 99
8 MGOO{ 4 88
9 OMe 4 75
10 > Q _ 4 60

The mechanism of the base-promoted transformation is therefore postulated to require the following
steps: deprotonation of the alkyne by the carbonate base, insertion of CO., nucleophilic attack of the
carboxylate anion onto the alkyl halide in the final step. Scheme 3 summarizes the key mechanistic
steps and postulates the main deactivation pathway due to water, i.e. acidification of the reaction

mixture inhibiting the deprotonation of the alkyne.

Anydrous:

~ 1) 00z, C5,C05.

Q\

2 Bul

032003

CsHCOg3 Cs

Q%

CO,

With water:

032003 + H2O

T x-

Scheme 3. Proposed steps for the uncatalysed carboxylation of Ph\CCH using CO» as in the absence

CsHCO3; + CsOH

(top) and presence (bottom) of water.
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Conclusion

In conclusion, we demonstrated that carboxylation of phenylacetylene can be promoted in quantita-
tive yield under anhydrous conditions using Cs2COs3 as the base in DMSO under mild conditions and
in short reaction times (80 °C, 1 atm. CO», 4 h). When moisture is present in the reaction mixture,
even reported catalysts such as AgPF¢ are unable to catalyse the reaction. Hence, the C-H carboxyla-
tion of alkynes proceeds mainly via an acid-base mechanism. We believe that these results can be

generalized to many base-promoted CO- reactions.

Experimental

General methods.

Loading of reagents for carboxylation was carried out under an inert argon atmosphere using an
MBraun glovebox equipped with a purifier unit or using standard Schlenk-type techniques. Glassware
was dried overnight at 150 °C prior to use. Unless otherwise noted, reagents were acquired from
commercial sources and used without further purification. The solvents and the reagents were pur-
chased from Sigma Aldrich or Eurisotop (deuterated solvents) in their anhydrous form, conditioned
under argon and dried with molecular sieves (4 A) for two weeks. Water content in DMSO was tested
using quantitative 'TH NMR spectroscopy (see supporting information). Cs,CO3 was purchased from
Sigma Aldrich and dried under vacuum (107 bar) for 5 days at 60 °C prior to use. Shorter drying
times result in the deleterious presence of water and reduced catalytic performance (see supporting
information). 'H and '3C NMR experiments were carried out using NMR tubes adapted with J. Young
valves. The NMR spectra were recorded on Bruker 400 or 800 MHz. 'H chemical shifts are reported
in ppm and were measured relative to residual solvent peaks, which were assigned relative to an
external TMS standard set at 0.00 ppm. Gas chromatography-mass spectrometry (GC-MS) of liquid
samples was performed on an Agilent 7890B Gas Chromatograph together with Agilent 7000C MS
triple quad detector using He as the carrier gas. The yields were determined by the internal standard

method using n-decane as the internal standard.

Synthesis of [Yb(MPA)CCPh(THF)].
A dispersion of MPA(OH): (250 mg, 0.46 mmol, 1eq) in 6 ml of hexane was slowly added dropwise
to a stirring solution of [Yb(HMDS)>(THF)3] (325 mg, 0.46 mmol, leq) in 6 mL of hexane. After 4

hours of stirring at room temperature the mixture turned brown with formation of a green precipitate.
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The suspension was taken to dryness and the solid obtained was dissolved in 5 ml of THF affording
a brown solution. '"H NMR (400 MHz, THF-d8, 298 K) of the intermediate: d = 8.01, 7.39, 6.88, 6.79,
6.75, 6.61, 4.29, 3.53, 3.05, 1.34, 1.22. PhCCH (100 pL 0.92 mmol, 2 eq) was added. The solution
was stirred at room temperature for 24 hours. The reaction mixture was taken to dryness and the solid
obtained was washed 3 times with 4 ml of hexane. The [Yb(MPA)(CCPh)(THF)] (889.10 g/mol) in
form of a pale yellow solid insoluble in hexane was recovered (220 mg, 55% yield). Re-crystallization
of this complex by slow diffusion of hexane into a THF solution of the complex afforded yellow
crystals suitable for X-ray diffraction. "H NMR (400 MHz, THF-ds, 298 K): & = 65.38, 57.79, 50.40,
44.83, 0.68, 0.52, 0,32, -1.08, -6.33, -14.69, -16.03, -18.89, -55.70, -86.50. Elemental analysis calc.
for [Yb(MPA)(CCPh)(THF)]: C, 64.85; H, 7.14; N, 3.15. Found: C, 64.83; H, 7.22; N, 3.04.

Synthesis of [Yb(MPA)(COOCCPh)]..

70 mg of isolated 1 were dissolved in 3 ml of THF. After removal of the argon headspace, an excess
of CO> was added and the solution was stirred at room temperature for 3 hours. The solution was
taken to dryness affording and 65 mg of [Yb(MPA)(COOCCPh)]2 (1722.7 g/mol) were recovered (88
% yield). '"H NMR (400 MHz, THF-d8, 298 K): & = 51.05, 38.84, 35.01, 32.00, 21.10, 6.68, -2.60, -
5,74, -19.92, -54.03 Elemental analysis calcd. for [Yb(MPA)(O.CCCPh)]»: C, 62.78 ; H, 6.44 ; N,
3.25. Found: C, 62.57; H, 6.08; N, 2.88.

Typical procedure for the base-promoted carboxylation reaction.

To ensure reproducibility with respect to temperature and time, four reactions were conducted sim-
ultaneously.*!] Four 25 mL round bottom flasks were each charged with 183 mg (0.56 mmol, 2
equiv.) of anhydrous Cs>CO3, 30 pL of phenyl acetylene (0.28 mmol, 1 equiv.), and 1 mL of DMSO.
The individual reaction mixtures were stirred to afford pale yellow suspensions. The mixtures were
frozen and then 1 atm CO; was introduced to each flask after removing the argon atmosphere under
mild vacuum. Subsequently, the mixtures were quickly warmed to 80 °C in a pre-heated oil bath
under continuous stirring at 400 rpm for 4 hours. Then each mixture was cooled to 40 °C and 35 puL
of 1-iodobutane (0.3 mmol, 1.1 equiv.) were added under air. After 1 h, 53 pL of n-decane (0.28
mmol, 1 eq) were added as internal standard together with 4 ml of AcOEt. The suspension was filtered
to remove the cesium carbonate and hydrogen carbonate formed during the reaction and the filtrate
was analysed by GC-MS/FID.

For the reaction conduced with other substrates the same procedure described above was used, except

that an equimolar amount of other acetylene derivatives was employed.
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For the reactions conduced with different solvents, temperature, amount of base or time, the same
procedure described above was used, except for that other solvents, other temperature, other amount
of base or other times were employed.

For the reaction conduced in presence of AgPFs the same procedure described above was used, except
that AgPFs was added to the reaction flask under argon atmosphere before the addition of COs».

For the reaction conducted without CO> the same procedure described above was used, except that
CO; was not added to the flasks.

For the reactions conduced in presence of water the same procedure described above was used, except

that H>O was added to the flasks trough a septum outside of the glovebox.

Synthesis of the phenylpropiolic esters by direct carboxylation.

A 25 mL round bottom flask was charged with 549 mg (1.68 mmol, 2 eq) of anhydrous Cs2CO3, 90
uL of phenyl acetylene (0.84 mmol, 1 eq), and 3 mL of DMSO. The mixture was frozen and then 1
atm CO; was introduced in the flask after removing the argon atmosphere under mild vacuum. Sub-
sequently, the mixture was quickly warmed to 80 °C in a pre-heated oil bath and maintained at to 80
°C under continuous stirring at 400 rpm for 4 hours. The mixture was then cooled to 40 °C and 105
uL of 1-iodobutane (0.9 mmol, 1.1 eq) were added under air. After 1 h, water (5 mL) was added to
the system and the mixture was extracted three times with Et,O (4 mL each). The combination of the
organic phases was dried under vacuum affording the butyl 3-phenylpropiolate as viscous oil (152
mg, 91% yield).

"H NMR spectrum of butyl 3-phenylpropiolate (THF-d8, 400 MHz, 298 K): § = 7.58-7.60 (d, 2H, J
= 8 Hz), 7.38-7.48 (m, 2 H), 7.30-7.31 (d, 1H, J =4 Hz), 4.17-4.20 (t 2H), 1.62-1.69 (m, 2H), 1.37-
1.47 (m, 2H), 0.93-0.97 (t, 3H) (see appendix, figure S3). HRMS (APPI/LTQ-Orbitrap) m/z calc. for
Ci3Hi502" [M + H]™: 203.1067; Found 203.1064.

The synthesis of 3-p-fluorophenylpropiolate and 3-m-methoxyphenylpropiolate was performed using
the same conditions except for the final extraction of the ester from water which was performed using
CH>Cl: instead of ether (three times with 4 mL).

"H NMR spectrum of butyl 3-p-fluorophenylpropiolate (CD3;CN, 400 MHz, 298 K): 8 = 7.64-7.68
(m, 2H), 7.17-7.22 (m, 2H), 4.20-4.23 (t, 2H), 1.63-1.70 (m, 2H), 1.36-1.45 (m, 2H), 0.93-0.96 (m,
3H). HRMS (ESI/QTOF) m/z calc. for Ci3H14FO," [M + H]": 221.0978; Found 221.0977

"H NMR spectrum of butyl 3-m-methoxyphenylpropiolate (CD3;CN, 400 MHz, 298 K): § = 7.33-7.37
(t, 1H), 7.18-7.20 (d, 1H, J = 8 Hz), 7.15 (s, 1H), 7.08-7.10 (m, 1H), 4.20-4.23 (t, 2H), 3.80 (s, 3H)
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1.63-1.70 (m, 2H), 1.36-1.46 (m, 2H), 0.93-0.97 (t, 3H). HRMS (ESUQTOF) m/z calc. for
CisH1603Ag" [M + Ag]*: 339.0150; Found 339.0163.
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Conclusions and Perspectives

In this work we explored different ways to build multimetallic systems capable to undergo multielec-
tron transfer for the activation of small molecules.

First, the synthesis of complexes bearing more than one metal atom has been achieved via reduction
of redox active ligands supporting the metal centre through the formation of C-C bonds. The in situ
formed new ligands resulted capable of force multiple metal centres in close proximity and store
electrons. We have shown that the combination of the redox active salophen ligand together with
uranium and transition metals provide a versatile route for the synthesis of heterometallic U-M (M =
Ni, Co, Fe) compounds, that showed an enhancement of the reactivity compare to the uranium homo-
bimetallic analogue.

In parallel, and inspired by recent work on cobalt, we have also investigated the possibility of building
polymetallic complexes of iron by using the salophen ligands. The reduction of the iron complex
supported by the salophen ligand undergoes either ligand centred or metal centred reduction depend-
ing on the conditions, and the metal ion active participate to transferring electron to the ligand scaf-
fold. An unprecedent self-assembly of a trinuclear divalent iron complex was discovered with an
enhancement of the magnetic properties compared to the monometallic system. It has been also con-
firmed that the electron stored in the C-C bond are available for the reduction of carbon dioxide with
selective formation of CO and carbonate.

The redox active trensal ligand has been used to support Eu, Sm and Nd complexes. The reduction of
these complexes resulted in the formation of a bimetallic compounds for the Sm and the Nd with two
or four electrons stored in C-C bonds. Differently, the reduction of the Eu analogue resulted to be
metal centred. The bimetallic Sm and Nd compounds resulted to be more reactive that the previously
reported salophen analogues, resulting able to react with carbon dioxide forming selectively CO and
carbonate.

It has been showed that dinuclear complexes containing low-coordinate Yb(II) and Sm(II) can be
stabilized by the polydentate tris(zerz-butoxy)siloxide ligand. Both complexes exhibit reaction with
carbon dioxide in ambient conditions leading to a mixture of carbonate and oxalate. The selectivity
of the reduction depends on the solvent polarity and on the nature of the ion. The ytterbium complexes
resulted active towards carbon disulphide, promoting the formation of the rare C,S,> moiety. Also,
dissolution of the divalent samarium complex in toluene resulted in the formation of multideker com-
plex providing the first example of toluene reduction from a Sm(II), demostrating the unusual reduc-

ing power.
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Finally, the mechanism of the carboxylation of terminal alkynes in DMSO solution has been eluci-
dated. It has been proven that the reaction proceeds spontaneously in presence of anhydrous Cs>CO3
that act as base for the deprotonation of the alkyne and the addition of “catalytic” species is not

needed.

Concerning the study on the complexes supported by Schiff bases, the natural development of the
project is the study of the electrocatalytic activity of the complexes presented in this thesis. In partic-
ular the iron compounds may have the potential to be used as electrocatalyst for the reduction of CO»
since the reaction affords the starting compound with the release of the products. Moreover, the ad-
dition of organic substituents in the salophen scaffold can change the redox behaviour and potentially
the reactivity with small molecules. Other kind of Schiff bases may confer different properties and
different ability to coordinate multiple metal centres. Also, the formation of the trimetallic systems
is very dependent on the ligand and on the metal and future studies will be focused on the rationali-

zation of the multimetallic assembly.

Regarding the use of tris(zert-butoxy)siloxide as redox inactive ligand, the chemistry of the formation
of multideker complexes could be extended to metals possessing more unpaired electrons to study
the magnetic properties and maybe to increase the understanding of single molecule magnets.

Finally, the use of other kind of siloxide ligand together with divalent lanthanides should be explored

because of the unique reactivity promoted by those systems.

In conclusion, in this thesis has been developed two strategies to build homo- and hetero-multimetal-
lic complex that can be further extended to different metals. These methods can be used for the prep-
aration of a large variety of complexes and permit a fine tuning of the sterics and electronic properties.
The study of different multimetallic systems will increase our understanding of the metal-metal in-

teraction and will allow to further explore the reactivity with small molecule.
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Appendix chapter 2

NMR Spectroscopic Data
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Figure S2. '"H NMR spectrum of 4-3py immediately after dissolution (py-d5, 298K, 400 MHz).
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Figure S3. 'H NMR spectrum of 5-THF (py-d5, 298K, 400 MHz).
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Figure S4. '"H NMR spectrum after reaction of 3 with KCg showing only the peaks assigned to
[Uz(cyclo-salophen)(THF)4] (THF-dS8, 298K, 400 MHz).
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ESI-MS spectrometry data
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Figure S7. Experimental and simulated ESI-MS spectrum of [Ux(bis-salophen)I]" (m/z Calcd for
C40H28N4O4IU,, 1231.2 gmol'l).
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Figure S9. Experimental and simulated ESI-MS spectrum of [UNi(bis-salophen) + I]" (m/z Calcd
for C40H28N4O4UNII: 1051.1 gmol'l).

X-ray crystallography data

Experimental details for X-ray data collections of all complexes are given in table S1. X-ray data can
be obtained free of charge from the Crystallopgraphic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif. CCDC numbers xxx. Figure Graphics are generated using MERCURY 2.4 Supplied with
Cambridge Structural Database; CCDC: Cambridge, U.K., 2004-2009. Diffraction data for 2-py, 4-
2py, 4-THF and 5-THF were taken using an Oxford-Diffraction XCalibur S or a Bruker APEX II
CCD kappa geometry diffractometers (Mo-Ka radiation, graphite monochromator, A = 0.71073 A).
The Bragg-intensities of 3 and 4-3py were measured using Cu Ka radiation on a Rigaku SuperNova
dual system equipped with an Atlas CCD detector. To prevent evaporation of co-crystallised solvent
molecules the crystals were coated with light hydrocarbon oil and the data were collected at 150 K or
100 K. The dataset were reduced and corrected for absorption with CrysAlisPro.[!! and then corrected
for absorption.

The solution and refinement were performed by SHELXT.!?I The crystal structures were refined using
full-matrix least-squares based on F? with all non-hydrogen atoms anisotropically defined. Hydrogen
atoms were found by Fourier transform and refined isotropically for 4-2py, placed in calculated po-
sitions by means of the “riding” model for 2-py, 3, 4-THF, 4-3py and 5-THF.

The crystal structure of 3 included, within the asymmetric unit, three THF solvent molecules. Two of
them were correctly modelled, whereas the third one turned out to be highly disordered and, because
of this, it was treated by the SQUEEZE algorithm of PLATON.P! The crystal structure of 4-3py dis-
played in the final model two pyridine molecules (as solvent). One of them was very disordered and
it was treated by the split model in combination with some geometrical constraints (AFIX card) and
rigid bond restraints (SIMU card), during the last stages of refinement.
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Table S1. Crystallographic parameters for complexes 2-6.

Compound | [Uz(bis-salo- [UCo(bis-salo- [UCo(bis-salo- [UNi(bis-salo-
phen)(py)sl[1]2.3py, | phen)(py):] phen)(THF);].1.5 | phen)(THF).].
2-py.3py 4-2py THF 5-THF. 1.5 THF

4-THF.1.5THF

Formula CgsH73N130412U> C50H3sNgO4CoU Cs6Hs6N407.5CoU Cs4Hs6N4O75NiU

Crystal 043x034x0.06 |038x022x009 |042x037x027 |O17x0-10x0.08

size [mm]

Crystal Monoclinic Monoclinic Monoclinic Monoclinic

system

Space P 2i/c C 2/ C 2/ C 2l

group

&’}]‘lme 7864.2(8) 8466.5(3) 9138(5) O151.8(4)

a[A] 13.3578(11) 26.5567(6) 26.2903(17) 26.2314(8)

b[A] 15.3976(7) 11.9483(2) 12.927(7) 12.9229(3)

c [A] 38.2404(17) 26.6871(5) 27.0396(12) 27.1920(7)

a[°] 90 90 90 90

B[°] 90.910(5) 91.1024(16) 96.065(6) 96.858(3)

v [°] 90 90 90 90

Z 4 8 8 8

Absorption 4.008

coefficient | 4.958 4.267 3.965

[mm']

F (000) 3984 4248 4696 4704

T [K] 150.0(1) 150(2) 150(2) 150(2)

Totalno. | 5445 25630 26327 28607

reflexions

g:;?éfsre_ 16050 12885 13941 [ﬁ?ﬁ) — 0.0485]

(R(in0)] [R(int) = 0.0671] [R(int) = 0.0341] | [R(int) = 0.0474] '

bl Rin- | g1 - 0.0801, R1 = 0.0369, R1=0.0581 Ny

(1>26(1)] wR2 =0.1345 wR2 =0.0631 wR2 =0.1055

Largest 1.114 and -1.166

diff. peak | 5 35 and -2.29 1.163 and -0.827 | 2.382 and -1,368

and hole

[eA”]

GOF 1.108 1.022 1.058 1.027

Compound [U2(bis-salo- [UCo(bis-salo- [UFe(bis-salo-
phen)CL(THF);].TH | phen)(py)s].2py phen)(py)s3].py
F, 3-THF 4-3py.2py 6.py

Formula Cs2HsaN4O7ULCl, Ce5sH353N9O4CoU CeoHasFeNsOsU

Crystal size [mm] | 0.145x 0.109 x 0.079 | 0.138 x 0.109 x 0.098 0.21x0.21x0.11

Crystal system Triclinic Monoclinic Monoclinic

Space group P1 P2i/n P2i/n
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Volume [A%] 5046(3) 5376.44(18) 5009.1(13)
a[A] 11.7350(5) 11.6829(2) 11.1713(14)
b[A] 19.9970(7) 23.5857(4) 21.171(4)

c [A] 22.9587(9) 20.1120(4) 21.180(2)

o [°] 76.376(4) 90 90

B[] 77.185(3) 104.034(2) 90.466(9)

v [°] 78.707(3) 90 90

V4 4 4 4
Absorption coef- | 19 340 3.377 3.577
ficient [mm™']

F (000) 2664.0 2628 -

T [K] 100.01(10) 100.01(10) 120.15
Total no. reflex- 38801 70018 43095

ions

Unique reflexions | 20295 13687 11037
[R(int)] [R(int) = 0,0464] [Riny = 0.0344] [R(ny = 0.1032]
Final R indices R1=0.0449 R1=0.0277, R =0.0940,
[[>26(D)] wR2 =0.0931 wR> = 0.0543 wR2 =0.2018
Largest diff. peak 0.729 and -0.682 0.1032

” dghole o AE] 1.543 and -2.638

GOF 0.994 1.050 1.209

Table S2. Selected average bond lengths (A) and angles (°) for compounds 1-3.

Compound U-Nimino U-Namido U'Opheno- C-Clink C-Namido C-Nimino
late
[U(salophen)s]° 2613) |/ 222(1) |/ / 1.283(8)
Na[U(bis-salophem)P 1 | 2.624(7) | 2.3878) | 231(1) | 1.559(7) | 1.46(1) | 1.298(3)
[Us(bis-salo- 255(1) | 2442) | 2.15(1) | 1.599(15) | 1.49(1) | 1.303(3)
phen)(py)s]L2.(py)s 2-py and
2.662(3)
[Us(bis-salo- 2.559(5) | 2.448(5) | 2.156(4), | 1.588(8) | 1.467(7) | 1.293(8)
phen)(THF).Cl2] 3 and and 2.170(4), and and
2.484(5) 2.453(5) 2.135(5) 1.482(8) | 1.302(9)
and
2.154(4)

EPR spectrum
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Figure S10. X Band (9.40 GHz) EPR spectrum of the solid obtained from the reaction of 4-3py
with 3CS; in a toluene/hexane glass at 5 K (g = 4.04).
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Appendix chapter 3

NMR spectroscopic data

n [Fe(salophen)]
= pyridine

= THF

ol
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20 10 0 .10 20 30 4
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Figure S1. '"H NMR spectrum of [Fe(salophen)] (py-d5, 400 MHz, 298 K).
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m [Fe,(bis-salophen)][Na(cryptand)], Wl

= THF

= py

) J\MJJWwM |
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Figure S2. '"H NMR spectrum of [Fe(bis-salophen)][Na(cryptand)],, 1-crypt (py-d5, 400 MHz,
298 K).
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Figure S3."H NMR spectrum of [NasFes(cyclo-salophen),(THF)io], 2-THF (THF-d8, 400 MHz,
298 K).

200



= [Na(cryptand)]*

= THF

= py

U

T T T T T T T T T T
18 17 16 15 14 13 12 11 10 9

T
8

T
7

T
6

T T
5 4
1H (ppm)

T
3

T
2

T
1

T
0

T
-1

T T T T
-2 -3 -4 -5

T
-6

T
-7

T
-8

T
-9

Figure S4. '"H NMR spectrum of [Na(Fe(salophen)):][Na(cryptand)]s, 3-crypt (py-d5, 400 MHz,

298 K).
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Figure S5. '"H NMR spectrum of the reaction mixture of 2-py and 2 equiv. of *CO» (py-d5, 400
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Figure S6. '"H NMR spectrum of the reaction mixture of 3-py and 2 equiv. of *CO» (py-d5, 400

MHz, 298 K).
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Figure S7. 3C{'H} NMR spectrum of the reaction mixture of 3-py and *CO> (D0, 400 MHz, 298
K).

UV-Vis-NIR and IR spectra
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Figure S8. UV-Vis-NIR spectrum of a 0.14 mM solution of 1-THF in THF.
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Figure S9. UV-Vis-NIR spectrum of a 0.14 mM solution of 2-THF in THF.
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Figure S10. UV-Vis-NIR spectrum of a 0.14 mM solution of 3-THF in THF.
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X-ray crystallography structure determination details

Table S3. Crystallographic parameters.

Compound 1-THF 1-py 1-crypt

Formula CiosHi12FeaNgNasOis CeoHasFeaNsNaxO4 C76H100F62N8Na20 16
Crystal size [mm] | 0.157 x 0.041 x 0.022 0.184 x 0.054 x 0.049 | 0.12x0.08x0.03
Crystal system Monoclinic Triclinic monoclinic
Volume [A%] 4766.0(4) 2937.5(10) 7347.36(12)

a[A] 15.6421(9) 14.445(2) 19.41572(20)

b[A] 18.6208(8) 14.971(3) 13.79102(12)

c [A] 17.6271(8) 15.609(3 27.8823(3)

a[°] 90 111.015(18) 90

B[°] 111.832(6) 101.878(14) 100.2207(9)

v [°] 90 101.770(16) 90

Z 2 2 4

Absorption coef- | 0.687 4.514 3.889

ficient [mm™']

F (000) 2168 1140 3256

T [K] 140.00(10) 140.01(10) 139.99(10)
Reflections col- 41826 20765 25650

lected

Independent  re- | 11732 [Rine = 0.0836] 10386 [Rint =0.1681] | 7217 [Rint = 0.0199]
flections [R(int)]

Final R indices | R1 = 0.0668, wR» =|Ri = 0.0868, wR, =|R1 = 0.0253, wR, =
[[>26(D)] 0.1143 0.1926 0.0645

Largest diff. peak | 0.513 and -0.517 0.756 and -0.694 0.315 and -0.385
and hole [eA~]

GOF 1.020 0.928 1.033

Compound 2-THF 2-py 3-crypt
Formula Ci20H136FeaNsNagO1s CsoHesFeaN12Na3Oq4 Co4H136N10022NasFe;
Crystal size [mm] 0.391 x 0.188 x 0.093 0.491 x 0.372 x 0.132 | 0.34x0.10x0.09
Crystal system Monoclinic Monoclinic monoclinic
Volume [A%] 6562.3(6) 31496.3(12) 11657.3(9)
a[A] 18.9709(10) 48.8964(13) 12.5532(5)
b[A] 17.2638(6) 13.4823(2) 24.3711(12)
c [A] 21.3084(11 47.8421(9) 38.3971(18)
o [°] 90 90 90

B[] 109.893(6) 92.991(2) 97.088(4)

v [°] 90 90 90

Z 2 16 4
Absorption  coefficient | 4.162 3.553 -

[mm]

F (000) 2452 11984 -

T [K] 199.99(10) 140.1(3) 140.00(10)
Reflections collected 28186 104981 47531
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Independent reflections | 7075 [Rine = 0.0876] 27799 [Rint = 0.0651] | 22505 [Rint = 0.0727]

[R(int)]

Final R indices [[>26(I)] | Ri1 = 0.0675, wR» =|Ri = 0.1265, wRy =| R = 0.1136, wR, =

0.1696 0.3606 0.3742

Largest diff. peak and | 0.401 and -0.557 2.136 and -0.844 0.594 and -0.454

hole [eA]

GOF 1.030 1.426 0.962

Compound [Nai2Fes(tris-cyclo-salo- [NagFes(tris-cyclo-salo-
phen)>(THF)14], 3-THF phen)(py)o].2py, 3-py.2py

Formula C176H196 FesN12 Naj2026 C115Ho7FesN17NasOs¢

Crystal size [mm] 0.572x0.217x 0.164 0.339x 0.269 x 0.089

Wavelength [A] 1.54184 0.71073

Formula weight 3506.44 2118.58

Space group P2y/c P1

Crystal system Monoclinic Triclinic

Volume [A%] 9865.5(5) 2536.26(12)

a[A] 13.4845(3) 13.3029(3)

b [A] 33.0195(12) 14.1443(3)

c [A] 22.9829(7) 15.9246(4)

o [°] 90 112.076(2)

BI°] 105.404(3) 111.146(2)

v [°] 90 92.244(2)

Z 2 1

Absorption coefficient | 4.209 0.516

[mm']

F (000) 3664 1098

T [K] 140.00(10) 140.00(10)

Reflections collected | 69497 55517

Independent  reflec- | 20221 [Rine = 0.0584] 33321 [Rint = 0.0360]

tions [R(int)]

Final R indices | R; = 0.0958, wR> =0.2570 | R1 =0.0589, wR> = 0.1098

[>25(D)]

Largest diff. peak and | 2.379 and -0.752 1.138 and -1.065

hole [eA™]

GOF 1.073 1.027
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Figure S11. XRD structure of 1-crypt (50% probability ellipsoids). The C-C bond formed by re-
duction is highlight in yellow. Hydrogen atoms and counterions have been omitted for clarity.

Figure S12. Solid-state structure of the asymmetric unit of 1-py (50 % probability ellipsoids). The
C-C bond formed by reduction is highlight in yellow. Hydrogen atoms have been omitted for clar-

ity.

Figure S13. Solid-state structure of 2-THF (50 % probability ellipsoids). The C-C bonds formed by
reduction are highlight in yellow. Hydrogen atoms have been omitted for clarity.
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Figure S14. Mercury diagram of the molecular structure of 3-THF (50% probability ellipsoids).
The three C-C bonds formed by reduction of salophen? are shown in yellow. Hydrogen atoms and
the Na-bound THF molecules have been omitted for clarity.

Figure S15. Mercury diagram of the molecular structure of 3-py (50% probability ellipsoids). The
three C-C bonds formed by reduction of salophen? are shown in yellow. Hydrogen atoms, lattice
pyridine molecules and the sodium-bound pyridine molecules have been omitted for clarity.
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Electrochemistry data

2

-3.5

| [uA]

Potential [V]

Figure S16. CV of [Fe(salophen)] (4 mM) in py solution in presence of NBusPFs 0.1 M, using a Pt
electrode at a scan rate of 100 mV/s (reduced window).
6

Potential [V]

Figure S17. CV of 1-py (4 mM) in py solution in presence of NBusPFs 0.1 M and excess 2.2.2-
cryptand, using a Pt electrode at a scan rate of 100 mV/s (the arrow indicated the starting potential
and the direction).
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Potential [V]

Figure S18. CV of 2-py (4 mM) in py solution in presence of NBusPFs 0.1 M and excess 2.2.2-
cryptand, using a Pt electrode at a scan rate of 100 mV/s (the arrow indicated the starting potential
and the direction).
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-0.5

Potential [V]

Figure S19. CV of 3-py (4 mM) in py solution in presence of NBusPFs 0.1 M and excess of 2.2.2-
cryptand, using a Pt electrode at a scan rate of 100 mV/s (the arrow indicated the starting potential
and the direction).
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Appendix chapter 4

NMR spectroscopic data
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Figure S1. '"H NMR spectrum of in situ synthesized 1-Nd (400 MHz, py-d5, 298 K).
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Figure S2. '"H NMR spectrum of in situ synthesized 1-Sm (400 MHz, py-d5, 298 K).
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Figure S3. '"H NMR spectrum of in situ synthesized 1-Eu (400 MHz, pyr-ds, 298 K).
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Figure S4 >*C NMR spectrum of the reaction mixture between 4-Sm and '*CO, (100 MHz, THF-ds,

298 K).
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Figure S5 *C{'H} NMR spectrum of the residue obtained removing the solvent from the
reaction mixture of 2-Nd and '3CO; after quenching with basic (pD = 13.6) D,O (D20, 100

MHz, 298 K).
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Figure S6. 3C{'H} NMR spectrum of the residue obtained removing the solvent from the reaction
mixture of 4-Nd and '3CO; after quenching with basic (pD = 13.6) D,O (D-0, 100 MHz, 298 K).
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Figure S7. BC{'H} NMR spectrum of the residue obtained removing the solvent from the reaction
mixture of 2-Sm and '3CO; after quenching with basic (pD = 13.6) D,O (D-0, 100 MHz, 298 K).
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Figure S8. 3C{'H} NMR spectrum of the residue obtained removing the solvent from the reaction
mixture of 4-Sm and '3CO; after quenching with basic (pD = 13.6) D,O (D-0, 100 MHz, 298 K).
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X-ray crystallographic data

Figure S9. Molecular structure of complex 2-Sm (C-C bond between imine highlighted in yellow,

50% probability ellipsoid). Hydrogen atoms were omitted for clarity.

Figure S10. Molecular structure of complex 4-Sm (C-C bonds between imine highlighted in

yellow, 50% probability ellipsoids). Hydrogen atoms were omitted for clarity.

Table S1. X-ray crystallographic data.

Compound 2-Nd 2-Sm 3-Eu 4-Nd 4-Sm
Formula C78H102KaNgNd | C72.48Hgs.96K2NgO10 | CesH7sEwKy | CgsHi1sK4Ng | CseHi1s8K4Ng
2012 6Smy N3gOo 014Nd> 014Sm2
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Crystal size | 0.210%0.057x0. | 0.50%x0.09%0.06 0.47x0.28%0. | 0.22x0.20x0. | 0.19x%0.13x0.
[mm] 047 25 14 12
Crystal system Monoclinic Monoclinic Monoclinic monoclinic Monoclinic
Space group C2/c C2/c 12/a P21/n P2\/n
V [A%] 7492.2(6) 7268.8(2) 7096.0(3) 4459.02(15) 4462.4(3)
a[A] 19.1572(10) 18.9002(3) 16.1474(4) 11.5916(2) 11.5872(5)
b[A] 19.9660(6) 19.5477(2) 26.3520(7) 17.4426(3) 17.4186(7)
c [A] 21.4402(9) 21.6120(3) 16.7297(4) 22.1502(4) 22.2099(9)
a[°] 90 90 90 90 90
B[] 113.990(5) 114.4471(18) 94.589(2) 95.3459(18) 95.457(4)
v [°] 90 90 90 90 90
Z 4 4 4 4 2
Absorption 1.549 - - - -
coefficient
[mm-1]
F (000) 3520 - - - -
T [K] 140.00(10) 140.01(10) 140.00(10) 100.01(10) 100.01(10)
Total no. re- 53552 25997 7266 70708 55351
flexions
Unique reflex- | 12961 [0.0544] 7150 [0.0314] 7266 11477 8454
ions [R(int)] [0.0380] [0.0371 ] [0.0436]
Final R indice 0.0812 0.0549 0.0549 0.0258 0.0740
[>25(D)]
Largest diff. 2.049 1.612 1.653 0.760 and - 1.421
peak and hole and -1.467 and -0.791 and -0.836 0.904 and -0.982
[eA”]
GOF 1.038 1.031 1.046 1.043 1.023
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Appendix chapter 5

NMR Spectroscopic Data
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Figure S1. '"H NMR of the reaction mixture of [SmL3] and KCs in Tol-d8 after 2 days (Tol-d8, 400

MHz, 298 K).
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Figure S2. '"H NMR of crystals of 2 immediately after dissolution in Tol-d8 at room temperature
(Tol-d8, 400 MHz, 298 K).
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Figure S3. 'H NMR of crystal of 2 three days after the dissolution in Tol-d8 at room temperature
(Tol-d8, 400 MHz, 298 K).
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Figure S4. 'H NMR immediately after the dissolution of [SmL4K>] in Tol-d8 at -40 °C (Tol-d8,
400 MHz, 233 K).
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Figure SS. Quantitative integration with respect to naphtalene of [SmL4K] formed dissolving
[SmL4K>] in Tol-d8 at room temperature (Tol-d8, 400 MHz, 298 K).
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Figure S6. '"H NMR spectrum of 3 in thf-d8 (THF-d8, 400 MHz, 298 K).
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Figure S7. '"H NMR spectrum of a 20 mM solution of 3 (Tol-d8, 400 MHz, 233 K) immediately af-
ter the dissolution in Tol-d8 (above) and after 5 days (below).
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Figure S8. '"H NMR of a 27 mM solution of 3 immediately after dissolution in Tol-d8 (Tol-d8, 400
MHz, 298 K).

3.93
—2.46
111

= [Sm,L,(dme)] /
" [{szL3}z(H'n6:n6'c7H3)] *‘/
= Tol /

T
-
©
<

o e,

95 85 75 65 55 45 35
f1 (ppm)

Figure S9. '"H NMR of a 27 mM solution of 3 after one day in Tol-d8 at room temperature (Tol-d8,
400 MHz, 298 K).
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Figure S10. 'H NMR of a 27 mM solution of 3 after two days in Tol-d8 at room temperature (Tol-
d§, 400 MHz, 298 K).
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Figure S11. '"H NMR of a 27 mM solution of 3 after six days in Tol-d8 at room temperature (Tol-
d§, 400 MHz, 298 K).
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Figure 12. '"H NMR of a 27 mM solution of 3 after nine days in Tol-d8 at room temperature and
removal of crystal of 4 that formed in the tube(Tol-d8, 400 MHz, 298 K).
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Figure S13. '"H NMR of a 27 mM solution of 3 after twelve days in Tol-d8 at room temperature
(crystals of complex 4 have formed in the NMR tube(Tol-d§, 400 MHz, 298 K).
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Figure S14.'"H NMR of a 69 mM solution of 3 after dissolution in Tol-d8 at room temperature (Tol-
d§, 400 MHz, 298 K).
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Figure S15. '"H NMR of a 69 mM solution of 3 after one day in Tol-d8 at room temperature (Tol-
d§, 400 MHz, 298 K).
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Figure S16. '"H NMR of a 69 mM solution of 3 after three days in Tol-d8 at room temperature (Tol-
d§, 400 MHz, 298 K).
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Figure S17. Quantitative integration with respect to naphthalene of the residue from the evapora-

tion of the reaction mixture resulting from leaving a 69 mM solution of 3 for three days in Tol-d8
and after removal of 4 (thf-d8, 400 MHz, 298 K).
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Figure S18. '"H NMR spectrum of 4 in Tol-d8 (Tol-d8, 400 MHz, 298 K).
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Figure S19. '"H NMR spectrum of 4 in Tol-d8 immediately after the dissolution (above) and after 5

days (below) (Tol-d8, 400 MHz, 298 K).

UV-Vis-NIR Spectra
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Figure S20. UV-Vis-NIR spectra of a 0.1 mM solution of 2 in toluene.
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Figure S21. UV-Vis-NIR spectra of a 2 mM solution of 3 in toluene.
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Figure S22. UV-Vis-NIR spectra of a 0.1 mM solution of 4 in toluene.
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Figure S23. NIR spectrum of a 0.1 mM solution of [SmL3] in toluene.
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X-ray Crystal Structure Determination Details

The X-ray diffraction data of 1 were measured at 120(2) K using Mo Ka radiation on a Bruker APEX
IT CCD kappa diffractometer. The dataset was reduced by EvalCCDI!! and then corrected, by model-
ling an empirical transmission surface as sampled by multiple symmetry-equivalent and/or azimuth
rotation-equivalent intensity measurements by real spherical harmonic functions of even order, for
absorption. %}

Bragg-intensities of 2 and 4 were collected at 140(1) K and those of 3 at 90(1) K using Cu K¢ radia-
tion. A Rigaku SuperNova dual system diffractometer with an Atlas S2 CCD detector was used for
compounds 3 and 4, and one equipped with an Atlas CCD detector for compound 2. The datasets
were reduced and then corrected for absorption, with the help of a set of faces enclosing the crystals
as snugly as possible, with CrysAlist™.[]

The solutions and refinements for the structures were performed by SHELXT* and SHELXL-
2018B1, respectively, except the structure refinement of 4 that was performed by SHELXL-2017.5!
All non-hydrogen atoms were refined anisotropically using full-matrix least-squares based on |F|*.
All hydrogen atoms were placed in geometrically calculated positions and refined using a riding
model where each H-atom was assigned a fixed isotropic displacement parameter with a value equal
to 1.2 Ueq of its parent C-atom (1.5 Ugq for the Me groups).

In the structure of 1, highly disordered solvent molecules were removed with the help of the solvent-
masking program in OLEX2.1%! The structure of 2 was refined as a two-component twin with an
HKLF 5 file furnished by CrysAlisPro,*! yielding a BASF parameter of 0.443(3). In the structure of
4, the contributions of highly disordered solvent molecules were removed from the model by the

SQUEEZE algorithm of PLATON.!]

Table S1. Crystallographic parameters for complexes 1-4.

2

mp

Compound | [SmyLsK], 1 [{KSmL3}(u-n®m’- | [Sm2L4(DME)], 3 | [{SmaL¢}(u-n®:m°-
C7Hs)], 2 C7Hs)], 4
Formula Cs0H135K020S1sSm | C79H160K2024S16S | Cs6H128020S14Smy | C79H170024S16Smy

Crystal size

[mm]

0.217 x 0.135 x
0.080

0.339 x 0.185 x
0.163

0318 x 0.118 x
0.028

0311 x 0.223 x
0.143
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Crystal sys- | Triclinic Triclinic Hexagonal Triclinic

tem

Volume 4577.3(8) 2974.4(4) 11617.6(3) 2962.5(3)
[A%]

a[A] 13.9095(16) 13.3255(8) 13.49276(16) 13.2055(6)
b[A] 15.4386(11) 13.4570(8) 13.49276(16) 13.2859(6)

c [A] 21.897(3) 19.2064(12) 73.6861(7) 19.3107(10)
o [°] 80.979(7)° 80.512(5) 90 81.584(4)
B[] 87.169(9)° 72.563(6) 90 73.829(4)

v [°] 80.361(8)° 64.969(6) 120 65.648(4)

Z 1 6 1

Absorption | 1.434 8.981 12.347 15.673
coefficient

[mm']

F (000) 1736 1081 4824 1168

T [K] 120(2) 140.00(10) 90.0(3) 140.00(10)
Total no. 63685 12278 84451 21320
reflexions

Unique re- | 20583  [Rie =|12278 [ R(int)=| 12570  [Rint 11997  [Rint
flexions 0.0968] n/a] 0.1104] 0.0450]
[R(int)]

Final R in- | R1 = 0.0692, wR> = | R1 = 0.0731, wR> = | R1 = 0.0819, wR> = | R1=0.0536, wRy =
dices 0.1303 0.1869 0.1848 0.1396
[>25(D)]

Largest 1.223 and -1.072 2.761 and -1.659 1.509 and -1.436 3.245 and -1.880
diff. peak

and  hole

[eA7]

GOF 1.015 0.934 1.171 1.028
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Figure S24. Molecular structure of complex 1 shown with 50% probability thermal ellipsoids. Hy-
drogen atoms have been omitted for clarity. Selected bond lengths (A): Sm1-O =
2.381(5)—2.602(5), Sm2-0 = 2.356(5)—2.880(5).

Unrestricted DFT calculations with explicit f electrons were carried out for the whole molecule for 2
and 4 with spin state of 13 for 2 and of 25 for 4. The Gaussian09 program suite was used for perform-
ing all the quantum-chemical calculations.®¥] As functional we have used the Becke’s 3-parameter
hybrid one,” combined with the non-local correlation functional provided by Perdew/Wang!!! de-
noted as B3PW91. Two different effective core potentials from Stuttgart-Dresden were used for de-
scribing the samarium atoms. The relativistic energy-consistent small-core pseudopotential of the
Stuttgart-Ko6Iln ECP library was used in combination with its adapted segmented basis set.['!] Samar-
ium atoms were treated with a large- core Stuttgart Dresden relativistic effective core potential
(RECP) adapted to the +II oxidation state, and the corresponding optimized basis set augmented by
a f polarization function (a=1.000)!"?1 The aforementioned computational scheme was found previ-
ously by our group to give coherent results.['*] For the potassium and silicon atoms the quasi-relativ-
istic energy-adjusted ab-initio pseudopotentials were used, along with their corresponding energy-
optimized valence basis sets,!'* augmented by a d polarization function, for the case of silicon at-
oms.!!] For all the other atoms, the 6-31G(d,p) basis set was used,!'® In all computations no con-
strains were imposed on the geometry. Full geometry optimization was performed for each structure
using Schlegel’s analytical gradient method!'”- 18] and the attainment of the energy minimum was
verified by calculating the vibrational frequencies that result in absence of imaginary eigenvalues.

Natural bond orbital (NBO) analysis!!”! was used to analyze electron density.
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Figure S25: LUMO of complex 2

Figure S26: HOMO-42 of complex 2
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Appendix chapter 6

NMR Spectroscopic Data
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Figure S1: '"H NMR spectrum of [Yb,L4(DME)] (Tol-d8, 400 MHz, 298K).
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Figure S2: '"H NMR spectrum of [YboL4(DME)] (THF-dS8, 400 MHz, 298K).
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Figure S3: '"H NMR spectrum of the reaction mixture after addition of 1 equivalent *CS> to a cy-

clohexane solution of 1 at room temperature (CsD12, 400 MHz, 298K).
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Figure S4: 'H NMR spectrum of 2 / 3 isolated from the reaction mixture after addition of 1 equiva-

lent 13CS; to a cyclohexane solution of 1 at room temperature (CsD12, 400 MHz, 298K).
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Figure S5: 'H NMR spectrum of the reaction mixture after addition of 2 equivalents 3CS; to a cy-

clohexane solution of 1 at room temperature (CsD12, 400 MHz, 298K).
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Figure S6: 'H NMR spectrum of 2 / 3 isolated from the reaction mixture after addition of 2 equiva-

lent 13CS; to a cyclohaxane solution of 1 at room temperature (CsD12, 400 MHz, 298K).
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Figure S7: 3C NMR spectrum of the reaction mixture after addition of 1 equivalent *CS; to a cy-

clohexane solution of 1 at room temperature (CsD12, 400 MHz, 298K).
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Figure S8: °C NMR spectrum of the reaction mixture after addition of 2 equivalents *CS; to a cy-

clohexane solution of 1 at room temperature (CsD12, 400 MHz, 298K).
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Figure S9: °C NMR spectrum of 4 (DMSO-ds, 400 MHz, 298K).
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Figure S10: 1°C NMR spectrum of the reaction mixture after addition of 1 or 2 equivalents 3CS; to
a cyclohexane solution of 1 at room temperature, removal of the solvent and dissolution in DMSO-

ds. (CsD12, 400 MHz, 298K).
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Figure S11: '"H NMR spectrum of the reaction mixture after addition of 1/8 equivalent Sg to a cy-

clohexane solution of 1 at room temperature (CsD12, 400 MHz, 298K).
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Figure S12: Quantitative *C NMR spectrum after the removal of the solvent of the reaction mix-
ture after addition of 1 equivalent '*CS; to a cyclohexane solution of 1 at room temperature and ad-

dition of 2 equivalents pyHCI (DMSO-d6, 600 MHz, 298K).
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Figure S13: Quantitative *C NMR spectrum after the removal of the solvent of the reaction mix-

ture after addition of 2 equivalents '*CS; to a cyclohexane solution of 1 at room temperature and
addition of 2 equivalents pyHCI (DMSO-d6, 600 MHz, 298K).The presence of two signals for the

C2S,* is probably due to the presence of two different isomeric forms.[!
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Figure S14: *C NMR spectrum after addition of 2 equivalents pyHCI to a hexane solution of
[U2L6(CS2)] and removal of the solvent (DMSO-d6 600 MHz, 298K).

X-ray Crystals Structure Determination Details

The diffraction data (except compound 2 / 3 (0.24/0.76)) were measured at low temperature using Cu
Ka radiation on a Rigaku SuperNova dual system in combination with Atlas type CCD detector. The
data reduction was carried out by CrysAlis”.['l The data for crystal structure 2 / 3 (0.24/0.76) was
collected at 100 K using Mo Ka radiation on a Bruker APEX II CCD diffractometer equipped with a
kappa geometry goniometer. The dataset was reduced by EvalCCD!*! and then corrected for absorp-
tion.l!

The solutions and refinements were performed by SHELXT* and SHELXLE), respectively. The
crystal structures were refined using full-matrix least-squares based on F? with all non-hydrogen at-
oms anisotropically defined. Hydrogen atoms were placed in calculated positions by means of the
“riding” model. Restraints and constraints were employed during the last stages of refinement of all
structures due to the partial disorder. More in details, all 2 / 3 structures display one disordered t-
butyl moiety (treated by similarity restraints in order to obtain acceptable geometry and thermal pa-
rameters); concerning the CS»/C>S; disordered anionic ligand, the C-S bond distances and the atomic
displacement parameters of the C>S; moiety were restrained to be equal (SADI and SIMU cards).
CCDC numbers CCDC 1898685-1898690 for compounds 1 (1898685), 4, (1898689), 3 (1898686),
crystal 2 / 3 (0.18 / 0.82), (1898687), 2 / 3 (0.14 / 0.86) (1898688), 2 / 3 (0.24 / 0.76) (1898690)
contain the supplementary crystallographic data for this paper. These data can be obtained, free of

charge, from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

Table S1: Crystallographic parameters for complexes 1, 4, 2/3 (0.14/0.86).

Compound [Yb2L4].n-CsHig4, 1 [Yb2L4(C3Ss)] [Yb2L4(C2S2)], 2/
CeHi12, 4 [Yb2L4(CS2)], 3
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Ratio

2/3(0.14/0.86)

Formula

Cs4H122016S14Yb2

Cs7H120016S5S14Y b2

C49.14H108016S2Si4Yb

2

Crystal size [mm]

0.22x0.18x0.12

0.21x0.19x0.10

0.13x0.06x0.04

Crystal system Triclinic Monoclinic Monoclinic
Space group Pi P2i/c P2i/c
vV [A%] 3644.8(2) 7761.4(4) 6955.33(9)
a[A] 13.9469(4) 16.2710(4) 27.74553(19)
b[A] 14.4053(5) 25.2339(7) 13.62376(10)
c[A] 18.1683(6) 19.1874(5) 18.40448(13)
a[°] 92.280(3) 90 90
BL°] 91.313(3) 99.870(2) 91.2031(7)
7 [°] 91.620(3) 90 90
Z 2 4 4
Absorption coef- 5.689 6.501
ficient [mm™'] 2.646
F(000) 1540 3464 3035
7(K) 100.01(10) 140.00(10) 140.00(10)
Total no. reflec- 27361 32193 51649
tions
Unique reflec- 14592 [0.0314] 32193 [?] 14360 [0.0232]
tions [Rint]
Final Ry [[>2 0.0389 0.0316 0.0319
o(D)]

Largest diff. peak
and hole [eA~]

2.421 and -1.794

2.042 and -1.197

1.812 and -1.035

GOOF

1.038

0.922

1.159

Table S 2: Crystallographic parameters for complexes 2/3 (0.18/0.82), 2/3 (0.24/0.76) and 3.

Compound

[Yb2L4(C2S2)], 2 /
[Yb2L4(CS2)], 3

[Yb2L4(C2S2)], 2 /
[Yb2L4(CS2)], 3

[Yb:L«(CS2)], 3
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Ratio

2/3(0.18/0.82)

2/3(0.24/0.76)

Formula

C49.18H108016S2Si4Yb

2

C49.24H108016S2Si4Yb

2

C49H108016S2S14YDb

2

Crystal size [mm] 0.16x0.04x0.02 0.47x0.26x0.24 0.09%0.04%0.03
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2i/c P2i/c P2i/c
V [A%] 6963.66(18) 6990.8(16) 6941.3(11)
a[A] 27.7601(4) 27.745(3) 27.745(3)
b[A] 13.6224(2) 13.6746(14) 13.6000(11)
c[A] 18.4185(3) 18.430(3) 18.3986(19)
a[°] 90 90 90
B1°] 91.1727(14) 91.290(9) 91.054(9)
7 [°] 90 90 90
Z 4 4 4
Absorption coeffi- 6.501 2.841 6.521
cient [mm™']
F(000) 3036 3038 3032
T(K) 140.00(10) 100(2) 140.00(10)
Total no. reflec- 28930 103029 29890
tions
Unique reflections 14134 [0.0282] 20224 [0.0421] 14047 [0.1749]
[Rint]
Final R; [I>2 o(I)] 0.0323 0.0436 0.0843

Largest diff. peak
and hole [eA™]

0.784 and -1.299

3.238 and -1.594

1.458 and -2.968

GOOF

1.044

1.263

0.762

249



Computational Details
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Figure S15. Computed enthalpy profile for the CS bond breaking of CS» and the formation of car-
bonate and oxalate.

Calculations were performed with the GAUSSIAN 09 suite of programs. [} Density Functional The-
ory (DFT) was applied by the mean of the B3PW91 hybrid functional.”l Following our previous
work, two kinds of relativistic effective core potential (RECPs) have been used to describe the lan-
thanide centre: small-core Stuttgart-Dresden RECP!®! (which includes 1s, 2s, 2p, 3s, 3p and 3d elec-
trons) and large-core Stuttgart-Dresden RECPP! (which includes, in addition, 4s, 4p, 4d and 4f elec-
trons), depending on the size of the system. The large-core RECP was chosen according to the formal
oxidation state of the lanthanide. The RECPs were used in combination with their optimized valence
basis sets supplemented by an f polarization function for the large-core RECP. The Stuttgart-Dresden
relativistic effective core potential SDDI'Y was employed for silicon centres in association with its
valence basis set and a d polarization function, while the 6-31G(d) basis set was used for all other
atoms.['!] Geometry optimizations were performed on the whole system and without any symmetry
constraints. All stationary points have been identified for the minimum (number of imaginary fre-
quencies, Nimag = 0). The NBO analysis!!?) was carried out on the optimized structures using the
module included in the Gaussian package and the Chemcraft graphical program was used for the 3D

representations of the structures and the orbital plots.[3]

References

1 CrysAlis®™, Rigaku Oxford Diffraction, release 1.171.39.46, 2018.

250



2 A.J. M. Duisenberg, L. M. J. Kroon-Batenburg, A. M. M. Schreurs, J. Appl. Crystallogr. 2003, 36,
220-229.

3 R. H. Blessing, Acta Crystallogr., Sect. A 1995, 51, 33-38.

4 SHELXT - Integrated space-group and crystal-structure determination, G. M. Sheldrick, Acta Crys-
tallogr., Sect. A 2015, 71, 3-8.

5 SHELXL - Crystal structure refinement, G. M. Sheldrick, Acta Crystallogr., Sect. C 2015, 71, 3-8.

6 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; To-
masi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Na-
katsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.;
Honda, Y .; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
L.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Chal-
lacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03, Revision E.01; Gaussian, Inc.: Wallingford, CT, 2004.

7 Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5662; Perdew, J. P.; Wang, Y. Phys. Rev. B 1992,
45, 13244-13249.

8 Dolg, M.; Stoll, H.; Preuss, H. J. Chem. Phys. 1989, 90, 1730-1734; Cao, X.; Dolg, M. J. Chem.
Phys. 2001, 115, 7348-7355.

9 Dolg, M.; Stoll, H.; Savin, A.; Preuss, H. Theor. Chim. Acta 1989, 75, 173—194; Dolg, M.; Stoll,
H.; Preuss, H. Theor. Chim. Acta 1993, 85, 441-450.

10 Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss, H. Mol. Phys. 1993, 80, 1431-1441.

11 W. J. Hehre, R. Ditchfield, J. A. Pople J. Chem. Phys. 56,2257-2261 (1972); P. C. Hariharan

and J. A. Pople Theor. Chim. Acta 28, 213-222 (1973).
12 A. E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 88, 899-926 (1988).
13 G. A. Zhurko, Home Page: a set of graphical tools for facilitating working with quantum chem-
istry computations (http://www.chemcraftprog.com).

251



252






Appendix chapter 7

NMR spectroscopic data
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Figure S1. '"H NMR spectrum of 1-Yb (THF-d8, 400 MHz, 298K) immediately after the dis-
solution in THF-d8.
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Figure S2. 'H NMR spectrum of 1-Yb (THF-d8, 400 MHz, 298K) after 5 days at room tem-
perature in THF-d8.
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Figure S3. '"H NMR spectrum of 1-Yb (THF-d8, 400 MHz, 298K) immediately after the dis-
solution in THF-d8.
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Figure S4. '"H NMR spectrum of 1-Yb (THF-d8, 400 MHz, 298K) after 5 days at room tem-
perature in THF-d8.
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Figure S5. 'H NMR spectrum of 1-Yb (C¢D12, 400 MHz, 298K).
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Figure S6. '"H NMR spectrum of 1-Sm (THF-d8, 400 MHz, 298K) immediately a
solution in THF-d8.
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Figure S7. '"H NMR spectrum of 1-Sm (THF-d8, 400 MHz, 298K) after 5 days at room tem-
perture in THF-d8.
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Figure S8. 'H NMR spectrum of 1-Sm (THF-d8, 400 MHz, 298K) immediately after the dis-
solution in THF-dS.
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Figure S9. '"H NMR spectrum of 1-Sm (THF-d8, 400 MHz, 298K) after 5 days at room tem-
perature in THF-d8.
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Figure S10. '"H NMR spectrum of 1-Sm (CsD12, 400 MHz, 298K).
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Figure S11. '"H NMR spectrum of the reaction mixture before the addition of 5 equivalents

13CO, to a THF-d8 solution of 1-Yb at room temperature (above) and 10 days after addition
(below) (THF-d8, 400 MHz, 298K).
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Figure S12. 3C NMR spectrum of the reaction mixture after addition of 5 equivalents *CO»
to a THF-d8 solution of 1-Yb at room temperature (THF-d8, 400 MHz, 298K).
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Figure S13. Quantitative 3C NMR spectrum of the reaction mixture after addition of 5
equivalents 1*CO» to a THF-d8 solution of 1-Yb at room temperature after removal of excess
13CO3 and solvent (D20, 600 MHz, 298K, pD-13).
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Figure S14. Quantitative 3C NMR spectrum of the reaction mixture after addition of 5
equivalents 1*COs to a C¢D12 solution of 1-Yb at room temperature after removal of excess
13CO; and solvent (D20, 600 MHz, 298K, pD-13).
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Figure S15. '"H NMR spectrum of the reaction mixture before the addition of 5 equivalents
13CO, to a THF-d8 solution of 1-Sm at room temperature (above) and 2 days after addition
(below) (THF-d8, 400 MHz, 298K).
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Figure S16. 3°C NMR spectrum of the reaction mixture 2 days after addition of 5 equivalents
13CO; to a THF-d8 solution of 1-Sm at room temperature (THF-d8, 400 MHz, 298K).
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Figure S17. Quantitative 3C NMR spectrum of the reaction mixture after addition of 5
equivalents 1*CO» to a THF-d8 solution of 1-Sm at room temperature, after 10 days, after re-
moval of excess *CO» and solvent (D20, 600 MHz, 298K, pD-13).
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Figure S18. 3°C NMR spectrum of the reaction mixture 2 weeks after addition of 5 equiva-
lents 3CO; to a C¢D12 solution of 1-Sm at room temperature (C¢D12, 400 MHz, 298K).
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Figure S19. Quantitative 3C NMR spectrum of the reaction mixture after addition of 5
equivalents 1*COs to a C¢D12 solution of 1-Sm at room temperature after removal of excess
13CO3 and solvent (D20, 600 MHz, 298K, pD-13).
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Figure S20. '"H NMR spectrum of the reaction mixture before the addition of 5 equivalents
13COxto a CsD12 solution of [SmL4K>] at room temperature (above) and after addition (be-
low) (CeD12, 400 MHz, 298K).
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Figure S21. Quantitative 3C NMR spectrum of the reaction mixture after addition of 5
equivalents '*CO; to a C¢D12 solution of [SmL4K>] at room temperature after removal of ex-
cess 13CO; and solvent (D,0, 600 MHz, 298K, pD-12).
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X-ray Crystal Structure Determination Details

Bragg-intensities of 1-Sm, 3 and 4 were collected at low temperature (See Table S1) using
CuKa radiation. A Rigaku SuperNova dual system diffractometer with an Atlas S2 CCD de-
tector was used for compounds 1-Sm and 4, and one equipped with an Atlas CCD detector for
compound 3. The datasets were reduced and corrected for absorption, with the help of a set of
faces enclosing the crystals as snugly as possible, with CrysAlis™.[!]

The X-ray diffraction data of 2 were measured at 120(2) K using MoKa radiation on a Bruker
APEX II CCD kappa diffractometer. The datasets were reduced by EvalCCDI?! and corrected
for absorption by modelling an empirical transmission surface as sampled by multiple sym-
metry-equivalent and/or azimuth rotation-equivalent intensity measurements by real spherical
harmonic functions of even order.5!

The solutions and refinements of the structures were performed by the latest available version
of ShelXTH and ShelXL. All non-hydrogen atoms were refined anisotropically using full-
matrix least-squares based on |F]%, but the hydrogen atoms were placed at calculated positions
by means of the “riding” model where each H-atom was assigned a fixed isotropic displace-
ment parameter with a value equal to 1.2 Ueq of its parent C-atom (1.5 Ueq for the methyl
groups). Crystallographic and refinement data are summarized in Table S1. CCDC numbers
1895385-1895388 for compounds 1-Sm (1895385), 2, (1895387), 3 (1895386), and 4
(1895388), contain the supplementary crystallographic data for this paper. These data can be
obtained, free of charge, from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/structures.

In the structure of 3, a solvent mask was calculated with the help of the solvent-masking pro-
gram in OLEX2[®! and 55.0 electrons were found in a volume of 483.0 A3 in three voids. This
is consistent with the presence of one hexane solvent molecule per formula unit which accounts
for 50.0 electrons.

In the case of 4, a calculated solvent mask found 356.0 electrons in a volume of 2524.0 A3 in
two voids. This is consistent with the presence of two hexane solvent molecules per formula

unit which account for 400.0 electrons.

Table S1: Crystallographic parameters for complexes 1-4.
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Compound [SmzL4] (1-Sm) [YbzL4(p- [Yb4Ls(C204)] [Sm4Ls(CO3)2]
OMe):(DME);| A3 4
2
Formula CasH108016514Sm2 | CssH134022S14Yb2 | CosH216036S18Yba | CosH216035S18Sm4
Crystal size [mm] | 0.38x0.29x0.25 | 0.25x0.16x0.07 | 0.38x0.32x0.28 | 0.19x0.14x0.07
Crystal system Triclinic Triclinic Triclinic Monoclinic
Space group Pi Pi Pi C2/c
vV [A%] 3355.4(4) 2022.8(6) 3600.41(12) 15088.5(16)
a[A] 12.9099(7) 9.5823(14) 13.1265(2) 34.217(2)
b[A] 14.0475(9) 14.4327(18) 15.6137(3) 14.6315(7)
c [A] 20.4106(8) 16.330(3) 18.8708(4) 30.140(2)
a [°] 88.122(4) 64.364(11) 72.6073(17) 90
L 1°] 88.122(4) 85.709(14) 80.2421(15) 90.606(6)
y [°] 65.093(6) 83.694(12) 79.3717(13) 90
Z 2 1 1 4
Absorption coeffi- 14.134 2.418 5.768 12.626
cient [mm™']
F(000) 1408 854 1484 5872
T(K) 100.00(10) K 120(2) 140.01(10) 140.00(10)
Total no. reflec- 24633 24632 38077 37370
tions
Unique reflexions 13518 [0.0548] 7397 [0.0772] 14966 [0.0185] 12866 [0.0919]
[Rin]
Final Ry [I>2 o(I)] 0.0661 0.0564 0.0215 0.0729
Largest diff. peak | 2.033 and -1.416 | 0.915and -0.778 | 0.596 and -0.796 | 2.324 and -2.707
and hole [eA~]
GOOF 1.024 1.118 1.049 1.055

Computational details

Calculations were performed with the GAUSSIAN 09 suite of programs.[”! Density Functional
Theory (DFT) was applied by the mean of the B3PW91 hybrid functional [8]. Following our
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previous work, two kinds of relativistic effective core potential (RECPs) have been used to
describe the lanthanide centre: small-core Stuttgart-Dresden RECPP! (which includes 1s, 2s,
2p, 3s, 3p and 3d electrons) and large-core Stuttgart-Dresden RECP!! (which includes, in
addition, 4s, 4p, 4d and 4f electrons), depending on the size of the system. The large-core RECP
was chosen according to the formal oxidation state of the lanthanide. The RECPs were used in
combination with their optimized valence basis sets supplemented by an f polarization function
for the large-core RECP. The Stuttgart-Dresden relativistic effective core potential SDD!! was
employed for silicon centres in association with its valence basis set and a d polarization func-
tion, while the 6-31G(d) basis set was used for all other atoms.!'?! Geometry optimizations were
performed on the whole system and without any symmetry constraints. All stationary points
have been identified for the minimum (number of imaginary frequencies, Nimag = 0). The
NBO analysis!!*! was carried out on the optimized structures using the module included in the

Gaussian package and the Chemcraft graphical program was used for the 3D representations

of the structures and the orbital plots.!'#!
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Appendix chapter 8
Evaluation of water content in DMSO, PhCCH and Cs,CO3

The water content in DMSO and PhCCH is easily evaluated using 'H NMR spectroscopy by
integration of the water signal in DMSO-d6. The water signal can be well observed at a con-
centration of 10 ppm. For the experimental conditions used by us, this corresponds to less than
0.01 equiv of water with respect to the carbonate anion and does not appear to affect the reac-
tion. At a concentration of about 100 ppm (corresponding to 0.1equiv.) the isolated yield is
reduced to 80%.

Attention should be payed to the fact that Cs2COs acts as a drying agent in DMSO so the use
of larger amounts of Cs2COs can prevent reduced yields in not perfectly dried DMSO solvent.
The water content in different samples of Cs2COs dried in different ways was evaluated by

elemental analysis conducted under inert atmosphere (Table S1).

Table S1. Evaluation of the water content in commercial Cs2CO3. Average values calculated
over three measurements.

Entry Note Average H % + o Equiv. of water
1 Dried 5 days at 60 °C at 107 bar 0+0 0
2 Dried one hour at room temper- 0.1 £0.06 0.2+0.1
ature at 1073 bar
3 Not dried, stored outside of the 0.64 +0.05 1.1 £0.1
glovebox

NMR spectroscopic data
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Figure S1. '"H NMR spectrum of the isolated [Yb(MPA)CCPh(THF)] (THF-d8, 400 MHz,
298 K).
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Figure S2. '"H NMR spectrum of the isolated [Yb(MPA)O,CCCPh], (THF-d8, 400 MHz, 298
K).
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Figure S3. 'H NMR spectrum of the isolated ester PhACCCO,Bu under air (THF-d8, 400
MHz, 298 K).
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Figure S4. '"H NMR spectra of PhCCH (above) and of the reaction mixture between PhCCH

and 1 equiv. Cs>COs after one hour at 80 °C under argon (below) (DMSO-d6, 400 MHz, 298
K).
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Figure S5 '"H NMR spectra of the reaction mixture between PhCCH and 1 equiv. Cs>CO3 in
presence of 1 eq of water after one hour at 80 °C under argon (DMSO-d6, 400 MHz, 298 K).

—132.17
129.46
129.17
122.23

£Li39]

—83.96
—81.29

PhCCH

= DMSO

145 135 125 115 105 95 8 75 65 55 45 35 25
ppm

Figure S6. 3C NMR spectrum of PhCCH under argon (DMSO-d6, 800 MHz, 298 K).
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Figure S7. 3C NMR spectrum of the product obtained after addition of 3CO; to the “in situ”
deprotonated PhCCCs under 3CO, (DMSO-d6, 800 MHz, 298 K).
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