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Introduction.

I. Preface

The wider domain of chemistry has an important role to play in the societal challenges facing us at
present and in the future. Issues such as energy storage! or generation,?™ efficient utilisation of the
necessary materials thereof,® discovery, development and delivery of new drugs’ and, most
importantly, carbon capture and transformation®° all require chemical expertise. Within these areas,
the skills mainly concern the extraction, recycling and transformation of matter. Chemical
transformations are more and more synonymous nowadays with the concept of catalysis — the art of
enabling and accelerating reactions that would otherwise be difficult, if not inaccessible. Catalytic
breakthroughs have been rewarded at the highest level — four Nobel prizes in catalysis-related fields
in this century alone (2001, 2005, 2010, 2021) — recognising its importance from both a fundamental
and practical point of view.

Organometallic chemistry has been one of the key players!™* in this area. Although tremendous
progress has been made in this field since its first steps at the end of the 19%" century, there are still a
number of important limitations that need to be surpassed. One of the more prominent targets of the
field is to extend the reactivity normally reserved for noble metals — which tend to be more expensive
and more sporadically found in the Earth’s crust — to the more earth-abundant transition metals
(TM).2>16 Improvements in the catalytic systems may come from a better understanding of their
mechanisms and in terms of the control of the regio- and stereoselectivity of the reactions.?’-2

Another vector in the development of organometallic chemistry has been the expansion of the tool
kit available to chemists. Breakthroughs have been made in fields such as sustainable solvents,??23
photocatalysis®*?® or main group catalysis,?*? the increase in accuracy and availability of theoretical
computations, recently associated to machine learning algorithms,?® to name but a few. In
consequence, there are numerous options and angles from which a chemical problem can be tackled.

The subject of the ERC project, to which this doctoral project is subordinate, is an extension of this
theme, since its ultimate goal is to enhance organometallic catalysis via single electron transfer (SET)
originating from a divalent lanthanide towards the transition metal (TM) fragment, bridged by redox-
active ligands (RAL). Each of the core concepts — the use of lanthanides or of RALs in catalysis or the
use of a one-electron pathway — are relatively new to this field. A brief description of the specifics
associated to each of these will follow, before the overall context and state-of-the-art at the beginning
of this PhD is delineated. The main objectives of the doctoral project will then be clarified.

II. Generalities about lanthanides

The lanthanide series (often abbreviated to “Ln”) comprise the fifteen metallic elements (Z=57-71),
whose main oxidation states are 0, +2 and +3. The etymology of this class of metals comes from the
Greek AavBavelv (lanthanein), meaning "to lie hidden". This name reflects the difficulty in isolating
pure lanthanides, since they tend to be found in minerals, where anywhere from three to all fifteen
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Generalities about lanthanides

of the series can be found simultaneously. In fact, lanthanides are relatively abundant, especially
compared to some of the more often used transition metals (Figure 1). Their numerous and ever-
increasing fields of applications make the lanthanide series elements of high strategic importance.3!
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Figure 1: Relative abundance of the natural elements in the Earth’s upper crust.3!

One of the commonly held beliefs surrounding the series relates to their nearly identical chemical
nature. This is chiefly due to the most common oxidation state, inherent to all the series — +3. The
preference for the +3 oxidation state can be deduced from the electronic configuration of the atom,
which are either 4f"5d%6s? or 4f"15d'6s? at the zerovalent state.

For example, the configuration of cerium is 4f'5d'6s? and therefore has four stable oxidation states:
0, +2, +3, and +4, while that of ytterbium is 4f45d%6s? and has two stable oxidation states —+2 and +3.
Removing more than one electron from the 4f orbitals is very energetically costly, which rationalises
why the lanthanides favour the +3 oxidation state.3? However, more exotic tetra- and pentavalent
states are occasionally found (Table 1).3*3* Notably, molecular adducts of Th* and Pr* have been
recently described by the Mazzanti and La Pierre groups.338

la | Ce | Pr | Nd |Pm |Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
5 G
4 X X S X S
3 X X X X X X X X X X X X X X X
2 X X X X X X X X X X X X X X

Table 1: The oxidation states found for the lanthanides. G — gas phase, S — solid state, green X — classical divalent Ln
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Redox active ligands (RAL).

The 4f orbitals are contracted, quasi-degenerate and have mostly core-like behaviour. The spin-orbit
effect is more important than the crystal field splitting for the removal of this degeneracy. The
opposite is true for TM. This has one important consequence: when the 5d sub-shell is populated, the
5d orbitals are impacted by the crystal field splitting, enhancing the bonding interaction with the
lanthanide ion.3® When the 5d orbitals are vacant, the 4f orbitals will favour an ionic interaction. The
rarity of the population of the 5d shell (mainly in non-classical divalent lanthanides, discussed below)
has fuelled the belief that Ln can only form ionic bond.

Among the organometallic lanthanide adducts, the divalent complexes have been steadily gaining
traction.*’ The diiodides (Lnl,) have been known since the 60s and provide an eloquent demonstration
of the nature of the divalent state.** These complexes can be classified as either “metallic” (with Ln =
La, Ce, Pr and Gd), since the metals are better described as (Ln%)(e-)(l)*>, which possess metallic
behaviour because of the presence of free electrons in the lattice, or as “salt-like” (Ln = Nd, Sm, Eu,
Dy, Tm and Yb), in which the oxidation state of the metal is 2+.

Among these, divalent europium, samarium and ytterbium are significantly more stable and are
hereafter referred to as the “classical divalent lanthanides”. The more reductive elements will be
designated as “non-classical divalent lanthanides”. All of the lanthanides (except for the radioactive
Pm) have been isolated and characterised at the divalent state.*?3

The solubility of the diiodides has been exploited in organic reactions as SET agents, thanks to the
pioneering work of the likes of Kagan and Flowers.*** The non-classical Ln have found more limited
use due to their instability in solutions.*”*°

The organometallic complexes of divalent lanthanides took off in earnest since the use of the
pentamethylcyclopentadienyl ligand (Cp*) became ubiquitous.>>*! These adducts offered important
advantages with respect to the Cp-based adducts, as they could be obtained by simple salt metathesis
and were highly soluble.

As mentioned above, lanthanide compounds have found numerous applications, as a result of their
optical and magnetic properties.®”> From a reactivity standpoint, they have been employed as
catalysts®®°7 or as reductive or oxidative agents when they are at their divalent oxidation state®*46->8
or at their tetravalent state,* respectively.

III. Redox active ligands (RAL).

The need for high added value products in domains such as medicine, material chemistry and energy
have pushed for improvements in the control of reactivity, selectivity, as well as the development of
methods that enable or facilitate previously inaccessible reactions. Many catalytic processes require
metal-based two-electron redox transformations to assist in the completion of chemical
transformations.®® In parallel, growing concerns over the carbon footprint of human activity have
naturally permeated the field of research, requiring greater consideration over energy and atom
efficiency in chemical processes. Accordingly, the development of the tools capable of delivering such
sought-after goals have flourished.

The properties of metal complexes are the result of the interactions between the metal centre and its
ligand sphere.! It is in this context that redox-active ligands (RALs) in metal complexes have emerged
as effective means for chemical efficiency and versatility. The resulting interplay between the metal
and the ligand results in the facilitation of a chemical process in a synergistic manner. Thus, these
typical ligands have challenged traditional approaches, where the ligand was used to mediate and
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tune the properties of the metal, but generally played a spectator role in the catalytic reactivity.5?
Furthermore, the ability of RALs to act as electron reservoirs®®®* has enabled one-electron redox
events in metals whose oxidation degrees tend to vary by two electrons,®>% or, conversely, two-
electron pathways in metals whose oxidation degrees tend to vary only by one.®’

In the context of organometallic chemistry, RAL have been one of the more useful tools in the arsenal,
generating much interest in the past decade or s0.47° Some of the more frequently used RALs include
(bis-)imino pyridine derivatives,’*””® dithions,”* diimines,’® quinones,®®’® o-aminophenols,’”’® among
others. A common objective of the research into RAL is to achieve better control over the catalytic
reactivity of first-row transition metal complexes, with the ultimate goal to replace the scarce,
expensive noble metals currently used in a variety of catalytic processes by cheap and abundant first-
row transition metals.5%7°

Scheme 1: Behaviour of quinone-type systems.

Their main utility stems from the ability to modify the electronic properties of a complex (and
especially of the reactive metal site) in a straightforward manner. Such modifications are usually
accomplished by significant chemical changes on the ligand (introduction or removal of electron-
withdrawing or donating substituents at the ligand), which are often time-consuming and synthetically
challenging. The RALs achieve this by oxidising or reducing the metal itself.

Furthermore, the ligands can serve not only as a redox non-innocent entity,®® which tunes the

properties of the metal, but can also participate chemically themselves in a transformation in multiple
ways.%?81 Broadly speaking, as defined by de Bruin, there are two main types of reactivity in which
RALs are involved: the ligand participates in the reactivity only by accepting / donating electrons,8-8°
or the ligand actively participates in the formation / breaking of substrate covalent bonds.8#’

The flexibility of a RAL scaffolding was demonstrated by van der Vlugt with the Pd"CI(NNO"?) complex
(1 in Scheme 2),® where the RAL is an o-aminophenol-derived ligand with a pendant pyridine. The
starting complex can be both oxidised and reduced (1°¢ and 19, respectively), with all three
compounds characterized in both solid state and in solution. The reduced complex successfully
converted a 4-phenylbutyl azide to 2-phenylpyrrolidine, in a notable example of a radical-type
transformation promoted by a ligand-to substrate single-electron transfer.

o) jEF,‘

tB | tB

u  (Goc tBu _—y u e

2
tBu 0 Fe tBu _T ¢

N-Pd—Cl _ CoCp, N-Pld ~Cl

N N
72 72

lred 1 10%

Scheme 2: The chemical transformations yielding the iminoquinone ligand via oxidation (right) or the aminophenolate ligand
via reduction (left), starting from the iminosemiquinonato ligand. Adapted from ref 88.
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A homologous compound using a Fe'' species (2) was also characterised by van der Vlugt® and its

reaction with the same azide yielded a better TON with an efficient recovery of the pre-catalyst (Figure
2, left). A Cu-based bis(thiosemicarbazonato) complex (3) promotes dihydrogen formation under
electrocatalytic conditions with mild overpotentials with impressive catalytic performances (Figure 2,
centre).’® Other examples of challenging reactivity®* ¢ include cycloaddition reactions,® the reversible
selective hydrogenation of vitamins K2 and K3 under mild conditions®® or the production of H, from
formaldehyde and water in the presence of a base (4, Figure 2, right).%®

Bu
LR . r}/—\< = [reu
IS ey QKD (oo
&) N/l\ /° \s
H
2 3 4

Figure 2: Selected examples of RAL-based complexes with good catalytic activity.

The last example, employing a [Ru®(trop.dad)(L)] (L = none, THF) architecture, was shown, via DFT and
CASSCF calculations, to be multiconfigurational,’®® with a ground state mixture comprising both a
closed-shell singlet ([d®-Ru®(trop,dad)(L)] <> [d®-Ru'(trop,dad?)(L)]) and an open-shell metallo-radical
singlet ([d’-Ru'(trop.dad®)(L)]) with an antiferromagnetic coupling. The closed-shell singlet
wavefunction dominates, but all the studied complexes have a significant (~8-16%) open-shell singlet

contribution mixed into the ground state. The triplet configuration [d”-Ru'(trop.dad”)(L)], where the
two unpaired electrons in the complex have parallel spins, is shown to be the least stable from an
electronic standpoint, as expected. In agreement with their ambivalent electronic structure, these
complexes reveal both metal and ligand centred reactivity.

RAL are therefore shown to actively participate in compounds which have multiconfigurational
electronic structures.® Not only are such structures fascinating study subjects, their energetically
accessible excited states are arguably one of the main reasons why such compounds are capable of
inducing either metal-centred or ligand-centred reactivity, which wouldn’t occur in absentia of the
RALs. As such, the compatibility between an adequate RAL and a divalent lanthanide, in order to
promote unusual reactivity, is evident.

IV. Complexes bearing lanthanides and RALs.

RAL complexes of lanthanides are intriguing and promising objects in organometallic chemistry, whose
study has been increasingly gaining momentum over the past 30 years. During this period, important
know-hows have been acquired in order to better control the interaction between the ligand and the
metal centre. This is clearly a pre-requisite for controlling phenomena such as electron transfer
towards the redox active ligand or the stabilisation of the lanthanide centre in an otherwise
inaccessible electronic state, so that ligand-based reactivity can occur. Two main strategies for
harnessing the potential of RAL-lanthanide systems exist: triggering an electron transfer from a
divalent lanthanide towards the ligand or performing ligand-based chemistry, thereby exploiting the
stability the trivalent oxidation state of most lanthanides.

Considering the strong reductive properties of divalent lanthanides, the literal interpretation of
“redox-active ligand”— species that can accept or donate one or several electrons — would qualify a
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large number of compounds for this discussion. For example, the groups of Evans and Long have
isolated remarkable isostructural lanthanide compounds 5-Ln with a bridging N, radical ligand (Figure
3).102103 5.Gd couples very strongly with the ligand, with a value of J = -27 cm™, whilst the terbium
adduct 5-Tb exhibited magnetic hysteresis up to 14 K. Despite the fact that the electrons are obviously
stored on the ligand, the use of dinitrogen constitutes an exception rather than the norm and similar
examples will therefore not be discussed in detail.

THF, WwNo o N(SiMeg),
(MeBSi)sz.Ln"""" " Ln—N(SiMes),
MessiN” NN " N
5-Ln

Ln =Tb, Gd, Er, Ho, Dy

Figure 3: Lanthanide-based compounds with a bridging N;* radical ligand.

Lanthanide complexes with ligand classes such as arenes,'®1% amine bis(phenolates),07108

tetracyano,'® 1! phthalocyanines!!?*'3 and numerous radical-based ligands!'**® (among many
others'?’), all of which are redox-flexible, have been isolated and are highlighted for the curious
reader. The main breakthroughs in the domain have concerned quinones, semiquinones, diimines,
diazadienes,'*®19 imino- and bis(imino)pyridines, nitroxides!?®122 and, in particular, N-heterocycles.
Some of the more salient examples will be discussed below in order to establish some of the more
frequently encountered phenomena associated with Ln-RAL complexes.

The breakthrough in iminoquinone complexes with lanthanides was achieved by the group of
Bochkarev'? in 2010, employing a phenantren-o-iminoquinone system. The addition of the ligand to
metallic shavings of Sc and Yb yielded the Ln(isq)s compounds 6-Ln (isq = iminosemiquinonate, the
singly reduced form).

(s

. e
(excess) O \ITI
Dipp

Lnl, + 2

Ln =Dy, Nd

- Dyl

Scheme 3: Formation and reactivity of Ln-based compounds with iminoquinones.??3
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Curiously, the *H NMR spectra of these compounds in THF-ds showed two sets of signhals — one
corresponding to the neutral free iminoquinone and another set, broadened and paramagnetically
shifted, belonging to the singly and doubly reduced ligand. An in-solution equilibrium with 7-Ln was
therefore inferred (Scheme 3).

The addition of the highly reductive Nd" and Dy" iodides to the iminoquinone led to the unusual n'-
coordination of two ligands via the oxygen atom and did not lead to the substitution of the halides (8-
Ln). Magnetic data collected for these two complexes allowed the unambiguous confirmation of the
trivalent oxidation state of the metal centres. Therefore, one of the ligands in the coordination sphere
is reduced. NMR and IR data confirmed the existence of a rapid intramolecular inter-ligand electron
transfer (1IET). In the case of the Dy system, a disproportionation of the compound led to the formation
of Dyls and the compound, whose IR spectra was identical to the corresponding spectra of the
aforementioned Yb and Sc complexes (6-Dy). The equivalent homoleptic compound with Nd was
proposed, due to the formation of Ndls, but was not isolated.

The group of Konchenko examined the reactivity of the iminoquinone motif with zerovalent and
divalent Eu and Yb. The addition of iodine-activated metals to a stoichiometric quantity of the fully
oxidised ligand led to dimeric compounds featuring intermolecular interactions, with the ligand doubly
reduced by the metal (9-Ln, Scheme 4, reaction i).22* The same compounds could be accessed by salt
metathesis between the lanthanide diiodides and the potassium salt of the doubly reduced
amidophenolate ligand (reaction ii). The addition of a stoichiometric amount of the fully oxidised
iminoquinone ligand to the dimeric adduct (first row, middle) prompted a one-electron reduction by
the heretofore divalent lanthanide (10-Ln, reaction iii). Interestingly, the same mixed ligand species
was obtained upon the reaction of Lnl, with two equivalents of an iminosemiquinonato (singly reduced
iminoquinone) salt (reaction iv). The attribution of both the iminosemiquinone and amidophenolate
motifs was corroborated by solid-state magnetism, electronic absorption spectra and IR.

Dipp
'‘Bu Bu
, ﬁo 2Ln Q /,f "THF 2 _2Ln, 2/@@(
T
Ba h '\H L O © /Bu iy 'Ba '\‘]K
Dipp THE—L \ t Dipp
Bu
i) Dlpp Ln=EuorYb
+2iq 9-Ln
1B tBL.I
o
2 2 Ln|2 4 \K
. 4 KI . 7
‘Bu ‘B4 N
Dlpp Dlpp Dipp

10-Ln
Scheme 4: Formation of Ln compounds with iminoquinone-based ligands.??* “iq” = iminoquinone (singly reduced form)

Fedushkin and co-workers have contributed enormously to the development of the field of diamine-
based Ln complexes, having researched and characterised instances of redox isomerism (also known
as valence tautomerism). The Yb and Eu adducts of the bis(imino)acenaphtalene (bian) ligand were
obtained starting from the activated metals and the fully oxidised ligand (11-Ln Step 1 in Scheme
5).125126 Ey|| reduction of the ligand by the metals was confirmed by analysis of the structural
parameters of the resulting crystals.
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The addition of halogen-based oxidants resulted in the formation of dimeric species (12-Br, Step 2 in
Scheme 5). In the case of Yb, electron absorption spectroscopy studies showed a temperature-
dependent interconversion between two redox isomers: [(bian)Yb"Br],, which is predominant at
lower temperatures, and [(bian)>Yb"Br],, which is formed above 30 °C. These conclusions were
corroborated by magnetic susceptibility data in solution.? The importance of the reductive potential
of divalent lanthanides with respect to the bian ligand was demonstrated by a study on the
homologous bridged Eu-bian systems (14-X), which exhibited no such behaviour. The complexes
remained in the [(bian) Eu"X], configuration all throughout the examined temperature range.'?%1%7

Redox isomerism observed

Dipp Ln=Yb Dipp Dipp

_Di ! ! DME ! DME
N i DME O N\ /DME [Br] O N\ / T>30°C Q N\ /
. +Lh — ‘ Ln"\ — q yb!! —— ( vb!
O y  (excess) Step1 O v ome | DME ' ITI/ Ngr T<30°C ' N/ N\,
“Di |
" bipp Dipp 2 Dipp 2
12-Br 13
11-Ln Step 2

No redox isomerism observed
Dipp [Br] = o, ci-dibromostilbene

Ln=Eu O N /S" [CI] = Ph,SnCl
- =l
" Ya'dh
N X X=Cl,Br; S=DME;n=1

| o S
Dipp 2 X=1;8=THF;n=2

14-X

Scheme 5: Lanthanide-dependent redox isomerism in the Ln-bian system.125-127

A continuation of this work was based on a similar Yb-bian Cl-bridged system (12-Cl). The compound
crystallised in three different configurations: two were polymorphous and the third had a
supplementary solvent molecule in the unit cell. Of the three, changes in the unit cell parameters upon
temperature variation were observed for only one of the modifications. Increasing the temperature
past 150 K elongates the bond lengths between the Yb and the coordinating N of one of the bian
ligands, which is indicative of ligand oxidation (Scheme 6). Therefore, an equilibrium exists between
the [(bian)*Yb"(u-Cl),Yb"(bian)] (15) and [(bian)?*Yb"(u-Cl),Yb"(bian)?] states.?®

Magnetic data acquired on a single crystal, corresponding to the only configuration where redox
isomerism was observed, indicated an increase of the magnetic susceptibility, due to the transition
from diamagnetic Yb" to paramagnetic Yb". Furthermore, a hysteresis of the magnetic susceptibility
was observed when temperature scans were performed. The presumed third redox isomer — [(bian)
Yb"(u-Cl),Yb"(bian)] — was not observed due to the decomposition of the compound at temperatures
above 300 K.

l?ipp ?ipp
N /DME i T> 150K O N i
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12-Cl Dipp 15 Dipp

Scheme 6: Redox isomerism observed for one half of the [(bian)YbCl] dimer.128

The N-heterocyclic adducts have been, by far, the most used class of RAL in combination with Ln
centres. Within this group, the 2,2’-bipyridine ligand (abbreviated henceforth to bipy) is one of the
more emblematic redox-active ligands. This ligand has found near ubiquitous use in transition metal
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chemistry. Herzog et al. prepared the first examples of 4f-block metal bipy compounds in the 1960s,
by reaction of trivalent lanthanide halides and Li(bipy), leading to neutral compounds of general
formula Ln(bipy)s with Ln = La, Ce and Nd (Scheme 7).12%13° This work was expanded upon by the group
of Bochkarev in the mid-to-late 1990s, who explored the reactivity of divalent lanthanide precursors
(equations i) and ii) in Scheme 7) and characterised the complexes for the remainder of the lanthanide
series (equation iii).131132

THF
i) n [Li(bipy)] +Lnl; ————= [Li(THF),JlLn"(bipy),]

Lh=Sm;n=4 (16-Sm)
Ln=Yb, Tm;n=3 (17-Ln)

i) Lnly(S), + 2 [Li(bipy)] + 2 bipy L Ln(bipy),

Ln=8Sm, Eu, Yb; S=THF;n=2 18-Ln
Ln=Tm; S=DME;n=3

THF
iii) LnX3(THF), + 3 [Li(bipy)] + 2 bipy ——— Ln(bipy), + bipy

X =1;Ln=La, Ce, Pr,Nd, Gd, Tb; n = 3; 18-Ln
X =N(SiMe5,),; Ln =Dy, Ho, Er, Lu;n =0

Scheme 7: Preparation of neutral or anionic Ln(bipy),complexes.29-132

The electronic states of the metal centre and of the bipy ligands in the neutral Ln(bipy)scomplexes —
initially believed to be zerovalent and neutral, respectively — has been the subject of some
controversy. Bochkarev and co-workers argued for the presence of two electronic configurations:
[Ln(bipy™)s(bipy®)] and [Ln(bipy?)(bipy™)(bipy®).] on the basis of solid-state magnetic data, IR spectra
and of the structural features observed in the available crystal structures (Figure 4).3*2 The sole
exception is the europium complex, in which the metal centre remains in the divalent state. Its
electronic configuration is, therefore, unequivocally [Eu(bipy*)2(bipy®)]. The reduced nature of the
ligand can be qualitatively assessed by IR measurements, where strong absorption bands in the
regions 800-1000 cm™ and 1490-1575 cm™ are typical for a bipyridyl radical anion.'* Inconsistencies
in their model remained, however. The authors noted, for example, that the twofold rotation axis,
which generates two pairs of symmetrically equivalent bipy ligands in the samarium complex, is
incompatible with the two proposed electronic configurations.

Further insight was provided almost twenty years afterwards in a detailed theoretical study proposed
by Andersen et al. Ly-edge XANES data obtained for the cerium and ytterbium complexes (whose well-
established propensity for multiconfigurational ground states (discussed below) could be the source
of ambiguity) substantiated the claim that the metals were trivalent.'®* The results highlighted subtle
differences to Bochkarev’s interpretation: the isostructural lanthanum and cerium compounds
present two sets of M-N distances, which are consistent with the radical anionic ligand (bipy*’) and
with a ligand electronic configuration in between the neutral and radical forms (assigned as bipy®?),
respectively. As such, their formula would be presented as [Ln(bipy®).(bipy®>).]. This rationale has
been extended to the samarium complex, thereby resolving the aforementioned inconsistency.
Multireference quantum mechanical calculations performed for the La, Ce, Yb and Lu complexes
showed that the ground-state electronic structures of these compounds are multiconfigurational. This
model was extrapolated to the neutral (Sm, Eu) and anionic (Tb, Dy) lanthanide bipy compounds in
order to rationalize their physical properties (Figure 4). In this model, the electronic ground states for
La/Lu and Ce/Yb are doublets and triplets, respectively, rather than the singlets and the doublets
found in the vast number of compounds known for these compounds.
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Ln =La, Ce, Sm Ln=Yb, Lu
Figure 4: Electronic structures of the [Ln(bipys)] compounds with known crystal structures.

The bipy ligand arguably owes its iconic status in lanthanide organometallic chemistry to its reactivity
with divalent ytterbium compounds, particularly the Cp*,Yb(bipy) complex. Andersen reported a
series of compounds obtained following the addition of a RAL to a Cp’,Yb-type starting complex.
According to the IR spectra, some of the complexes feature the signature absorptions for the radical
anionic ligand.’®> The presence of the bipy* ligand indicates an electron transfer from the divalent
ytterbium to the ligand.

The first publication of the Cp*,Yb(bipy) (19) complex'* in 2002 was followed by a flurry of studies

that aimed to explain the anomalous magnetic behaviour initially observed. One of the initial
hypotheses invoked to explain the magnetic data was that of temperature-dependent valence
tautomerism. In such systems, the electron transfer is temperature-dependent; the ytterbium remains
divalent at low temperature, but is oxidised when the temperature increases. This had been previously
observed in systems such as Co/dioxolene.®**13” However, this explanation was dispelled upon the
acquisition of Ly-edge XANES data for a series of Cp*,Yb(L) complexes, where L = bipy and a variety of
diazadiene ligands.'®® The spectra showed the signatures of both Yb"and Yb" for all compounds but,
crucially, the intensities of these signatures were not temperature-dependent. The fit of the data
indicated that the Cp*,Yb(bipy) complex had 83% Yb" character, while the diazadiene-based
complexes had 89-95% trivalent character.

Three main configurations were envisioned: the closed-shell singlet (CSS in Scheme 8) (f**-(n*)°, where
n* is the LUMO of the bipy ligand), the open-shell singlet (OSS) configuration (f*-(n*)', where the
spins couple antiferromagnetically) and the triplet (T; also f-(n*)!) configuration. These
computations show that the ground-state wave function is multiconfigurational with an admixture of
the open-shell and the close-shell singlets.

css oss T

Scheme 8: Representation of the possible electronic configurations of the Yb-bipy system.

Since the lanthanide molecules cannot form primarily covalent bonds, due to limitations in orbital
overlap, charge transfer from Yb" to the ©* orbital on bipy is not an available mechanism by which the
molecule can alleviate the electron-electron repulsion in the 4f shell. Instead, the molecule mixes the
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two singlet configurations forming an intermediate valence configuration and thus lowers the total
energy of the molecule (see Scheme 9 for a simplified representation of this phenomenon). The
formation of multiconfigurational ground states mimics covalency in systems where the valence
electrons are core electrons.’®% |t js worth noting, however, that examples of covalent character in
the bonds in 4f-based compounds are not unheard of, but they remain, as a rule, non-dominant
contributions to the overall bonding.140-143

é N
(W Electron transfer
L

Very little orbital overlap between Anti_fe_rromagnetic coupIing induges
. . hybridisation of the magnetic orbitals
the Yb 4f and the bipy = and increase of orbital overlap

l l

No covalent bonds possible Mimic of covalency
Scheme 9: Representation of the formation of the closed-shell singlet upon electron transfer in the Cp*,Yb(bipy) complex.

Whether the triplet or the multiconfigurational singlet state is favoured is the result of a couple of
factors: first of all, it depends on the energy difference between the two orbitals involved in the open-
shell singlet — in this case, the 4f orbital of Yb and the ©n* of the bipy ligand. Second, the symmetry of
the orbitals is crucial; a singlet state requires that the orbitals be of the same symmetry within the
point group of the molecule.

Another way to visualise this unusual physical phenomenon is to view it as a molecular equivalent to
a Kondo singlet, an analogy first used by Neumann and Fulde to describe cerocene.*% The Kondo
effect describes coupling of a local magnetic moment to electrons in a conduction band. The coupling
occurs when the magnetic orbitals hybridise with the conduction band, causing the formation of a
guasi-bound singlet state, known as the “Kondo singlet”. In this case, some of the electron weight is
projected onto the conduction band and some of the electronic density in the conduction band is
localized into the quasi-bound state. Using this analogy, the Kondo interaction in Cp*,Yb(bipy) and
similar adducts corresponds to antiferromagnetic coupling between the magnetic moments on the
ytterbium and the aromatic, conjugated w orbitals of the ligand. Additionally, using the Hubbard
model, it was possible to determine an exchange coupling value of =920 cm™ for Cp*,Yb(bipy)
between the metal ion and the ligand radical,'*® which is more than one order of magnitude higher
than those of other known molecules with strong coupling.1?

The electron transfer from the Cp*,Yb(OEt,) complex was studied on a number of complexes bearing
different N-heterocycles.¥"*0 A summary of the results is presented in Figure 5. The dissimilar
outcomes that were observed depended on the reaction stoichiometry, the size of the ligand, as well
as the number of available coordination sites. The ability of a ligand to accept one or two electrons is
related to its reduction potential; as mentioned above, on the basis of the reported reduction
potential of Cp*,Yb, very few of these nitrogen bases should be reduced. However, the extent to which
the reduction potentials of the heterocyclic bases are lowered by coordination can be estimated. For
example, Cp*,Yb(pyridine); is a diamagnetic adduct, where no electron transfer occurs, whilst the
Cp*,Yb(pyridazine), complex is paramagnetic and contains a Cp*,Yb" fragment. Thus, the work of
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Andersen revealed that when the reduction potential of the ligand is about -2.2 V or higher, Cp*,Yb
can reduce the ligand (illustrated in Scheme 10).%’

In ligand motifs which have at least two nitrogen atoms that are sterically accessible to two Cp*,Yb
fragments, the transfer of two electrons to form a dianionic ligand occurs if the reduction potential of
the ligand is approximately -2.4 V or higher. Once the two electrons are paired, their polarizability
determines whether the two Cp*,Yb" fragments communicate electronically: antiferromagnetic
coupling results when this value is more negative than about -2 V, as in azobenzene and 2,2’-
bipyrimidine, while when the potential is higher, as in the case of phenazine, no coupling results.'¥

1 0 oy 1
ﬁ\( J'"—NE) Eo(L/L) <-2.2v Yb“ . NO Eo (L) >-2.2V me D

p 1 | o | 1 |
~~ Eo(LOL") > -2.0V b~ 24V<E(LILZ)<-20V ~~
Cp%Yb"—N # N—Ybllcpr, = 2Cp*Yb"+ N N Cp*,Yb"—N # N—Yb"Cp*,
— — —
no coupling between the antiferromagnetic coupling between
transferred electrons the transferred electrons

Scheme 10: Dependence of the electron transfer on the N-heterocyclic ligand reduction potential. The relative orientations of
the spins of the Yb'" centre and the radical anionic ligand are purely schematic and not necessarily representative of the
determined electronic configuration.
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Figure 5: Selection of ytterbocene adducts of various stoichiometry. Names of ligands in bold indicate no electron transfer; in
italics indicate double reduction.
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The 1,10-phenantroline (phen) adduct of ytterbocene (20), as well as the 20-(3,8-Me;) and 20-(5,6-
Me;) homologues, are ground-state triplets.’>! The chemical ramification is that Cp*,Yb(phen) (20) is
a dimer when crystallised in solution and a monomer when sublimed at higher temperatures.
Cp*,Yb(3,8-Mezphen) (20-(3,8-Me;)) exists in solution as a dimer-monomer equilibrium at room
temperature. The dimerization proceeds with the formation of a reversible C-C bond between the two
phenanthroline groups at the 4,4’ positions (21-a and 21-b). Other phen adducts have also been
described and present a breadth of different behaviours: depending upon the substituents and their
positions, the ground state can be either a triplet or intermediate-valent. The numbering scheme and
the chemical reactivity'®? of the Yb-phen compounds are presented in Scheme 11.

- OEt, + ‘Yb“'

N ]
ﬁ 9\/{

dlmerlsatlcm

X = H (21a);
3,8-Me; (21b)

X =H; 3-Me; 4-Me; 5-Me; 5,6-Me,; 3,8-Me,;
4,7-Mey; 3,4,7,8-Mey; 3,4,5,6,7 8- Mes

2,9-Me,-4,7-Ph,
Yb"l
%

C-H bond breaking

-

1 ~
_N_~
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%.(%
= Me
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72% 28%
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Scheme 11: Formation and reactivity of Yb-phen compounds. The numbering scheme of the substituents is presented as
reference.

The difference in behaviour can be rationalised by the electronic structure of the ligand, which is
known to possess two empty 1 orbitals of similar energy that have two very different symmetries.
These two orbitals have b; and a; symmetry in Coy symmetry: by is similar to the equivalent orbital of
bipyridine and has density concentrated on the nitrogen atoms, which coordinate the ytterbium
centre; conversely, a; has very little density on the nitrogen atoms (Figure 6). A molecular orbital
diagram of the f-shell orbitals indicated that the singly-occupied f-orbital possesses bs symmetry in Cy,
symmetry, whilst the vacant 5d orbitals are of a, symmetry.

Lodd L

Figure 6: Representations of the LUMO (b; symmetry) and LUMO+1 (a, symmetry) orbitals. Adapted from ref 151.

The modulation of the relative energies of the orbitals can be summarised as follows: if the ligand b,
orbital is lower in energy than the a, orbital, an open-shell singlet ground state is favoured. If,
however, the ligand a, and b; orbitals are close in energy, the final a; orbital ends up lower in energy,
stabilising the triplet ground state. The implication is that the b;-a; gap can be tuned by the presence
of methyl substituents. The population of the a; orbital results in an increased spin density at the C4
and C7 positions — the former is the site of the coupling. However, when the phenanthroline is
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substituted at precisely these positions, the reactivity of the ensuing compound is different: an
intermolecular hydrogen atom transfer occurs between two complexes (Scheme 11). The electronic
configuration of this complex is a multiconfigurational open-shell singlet ground state.>?

N-aromatic heterocycles were employed with other lanthanides, as well. The group of Long exploited
the strong exchange coupling that is characteristic to these systems to probe for promising magnetic
properties. The ligands used for these studies had multiple accessible coordination sites that
permitted the formations of bimetallic and trimetallic edifices (Scheme 12, equation i and ii,
respectively). In all cases, the lanthanide precursors were tetraphenylborates salts of gadolinium,
terbium and dysprosium. The reactions were carried out in the presence of potassium graphite and
featured ligand-centred reductions, yielding either monoanionic (in the case of the bipyrimidine
(bipym) ligand, complexes 24-28,1%31* and 2,3,5,6-tetra(2-pyridyl)pyrazine (tppz),'*° leading to 29-Ln)
or trianionic radical ligands following further reduction (for example, the tppz complex 30-Ln or the
hexaazatrinaphthylene complex 31-Ln%).

)
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Scheme 12: Synthesis of bi- and trimetallic radical ligand systems.153-156 “HAN” = hexaazatrinaphthylene.

Ln"-L*~ exchange coupling is observed for all species. 24-Th and 24-Dy demonstrate single-molecule
magnet behaviour due to the large magnetic anisotropies imparted by these ions. Similar observations
were made for the tppz-bridged complexes. The introduction of substituents in the 5,5’ positions in
the bipym for the Gd and Dy adducts allowed for an up to a fourfold increase of the magnetic exchange
coupling constant (by going from an electron-donating to an electron-withdrawing group).’®* The
strong magnetic exchange coupling induced by the radical bridging ligand in 31-Dy facilitates
enhanced magnetic hysteresis and comparatively long magnetic relaxation times.

V.  Complexes bearing lanthanides, RALs and transition metals.
On a similar line, the group of Nocton investigated the formation and reactivity of heterobimetallic

adducts based on divalent ytterbium and transition metals. Two Yb-Pd" compounds were synthesised,
bridged by different RALs — bipyrimidine (bipym, 36-Pd) and 4,5,9,10-tetraazaphenanthrene (taphen;
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33-Pd). Upon the oxidative addition of methyl iodide, two different behaviours were observed: the
taphen complex 34 undergoes rapid reductive elimination of ethane to revert to a Pd" species 35
(Scheme 13).%*7 The analogous bipym complex 37 is sufficiently stable — even at room temperature —
to allow isolation and characterisation. Spectroscopic and theoretical studies indicated different
electronic ground states for the Yb-Pd" adducts. Analogous to the disparity between phenanthroline
and bipyridine, the taphen complex 33-Pd is a ground ground-state triplet, where the electron lies on
the ligand with little participation of the Yb metal centre. In contrast, 36-Pd has a multi-configurational
singlet ground state, where the Yb metal centre has a strong influence on the electron located on the
ligand. As opposed to the taphen complex, the electron from the ytterbium is transferred to an orbital
that has significant spin density on the N-atoms coordinated to the Pd centre in the bipym complex.
This allows the stabilisation of the Pd" species in 37.
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Scheme 13: Reactivity of heterobimetallic species of divalent ytterbium and transition metals.157.158

The analogous Yb-Ni'" compound 36-Ni was the subject of a comparative reactivity study and its
reactivity with carbon monoxide was investigated. The low-pressure addition (0.2 bar) of the gas was
investigated in both the bimetallic compound 36-Ni and in the nickel precursor 32-Ni. The new signals
observed in the NMR spectra over time and the rapid formation of acetone were interpreted as the
results of CO migratory insertion reactions in the Ni-Me bond.**® The formation of acetone indicates
a reductive elimination from the divalent nickel centre to form Ni® species. The key role of the
lanthanide fragment was demonstrated by the difference in reaction kinetics: the half-time of the
reaction was more than doubled in the YbNi" species, compared to that of 32-Ni, which highlights the
stability of the bimetallic intermediate.

Further work on the taphen ligand system demonstrated that the addition of a second equivalent of
a divalent ytterbium fragment was possible on the previously characterised architecture, yielding
heterotrimetallic complexes {[Cp*,Yb(taphen?*)MMe,](Cp*,Yb)} (38-M, M = Pd, Pt), in which the
divalent ytterbium fragment is coordinated through the methyl groups of the transition metal and in
which the taphen ligand underwent a second reduction (Scheme 14). The second reduction is in good
agreement with the observed structural features for both trinuclear complexes and occurs only in non-
coordinating solvent, such as toluene, and is reversed upon addition of THF —a coordinating solvent.!
Magnetic data and theoretical computations corroborated the presence of two Yb'" centres and of a
dianionic, diamagnetic ligand in 38-M. The observed reactivity validates the concept that the stored
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electrons in redox non-innocent ligands can be back-transferred upon coordination-chemistry
engineering.

=
| Z + Cp*,Yb(OEL,) .
N = N\ - + Cp*ZYb(OEtg) R\ N~ N',‘. o tozluene 2 L N M Yb"l
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Scheme 14: Reversible electron transfer in taphen complexes.1>?

160-162

The group of Farnaby has synthesised conceptually similar structures, underlining the premise

that lanthanides are valuable partners in such complexes.

VI. Introduction on theoretical computations.

The systems described above are often quite complex and can present a plethora of differing
behaviours — solvent-dependent electron transfer, multiconfigurational ground states, magnetic
properties, etc. Even the formation of such species is often not anodyne and the mechanisms involved
must be described carefully. Spectroscopic characterisation in such cases is often complicated by
factors such as instability under ambient conditions (be it air sensitivity or thermally-induced
decomposition). To circumnavigate these issues, organometallic chemists have increasingly resorted
to theoretical computations as both a means to validate experimental observations and as a tool to
try to fill the gaps, where sufficient information cannot be gathered on the laboratory benches. The
section below will try to summarise the theoretical background, the main methods used and, crucially,
their validity.

Quantum chemistry treatment of molecular systems has been under massive development over the
last decades. It would not at all be an exaggeration to say that interest in the field has exploded within
the last few decades, even considering the general progress in gross number of publications per
annum (Figure 7). This has been enabled by the development of both the methods and time-saving
algorithms, as well as by the spectacular growth of computer processing power. It is now possible to
perform advanced calculations on molecules comprising hundreds of atoms, and, more pertinently, a
significant number of electrons (inherent to heavy elements). Another factor likely to have contributed
is the increasing number of (commercially) available software, adapted for either specialised or
general methods. Some of the more notable examples are ACES,® Dirac,'®* GAMESS, % Gaussian,6®
MOLCAS,*” MOLPRO,*% ORCA,®® Turbomole’® or VASP.'"! It has, thus, never been more accessible
to perform quantum chemical computations. Case in point: DFT, arguably the most famous and most
used method in organometallic chemistry, was a term found in only 190 publications in 1990". That
number rose to more than 52 thousand within 30 years, corresponding to a blistering 275-fold
increase. To put that into perspective, the other terms shown in the graph rose between 10-15 times
(Figure 7). Some of the reasons justifying the increasing use of these types of computations will be
presented below.

* According to the Reaxys search engine.
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Figure 7: Number of publications containing several prominent keywords in the period 1990-2020. The exact numbers are
given, in accordance with the colour code, for the first and last years.

VI.1. Theoretical background

Non-relativistic quantum calculations are based on solving the Schrédinger equation. The time
independent Schrodinger equation links the wave-function to the total energy of a system. lIts
expression can be written as:

HlY) = Ely) (1)

where E is the stationary energy, A is the Hamiltonian, and 1 the wave-function for a system of N
nuclei and n electrons. The Hamiltonian is the sum of the kinetic and potential energies and can be
written as:

Fl=Te+Tn+\7NN+\7Ne+Vee (2)

where Te is the electron kinetic energy, Tn the nuclei kinetic energy, Vne the interaction between the

nuclei and the electron, Vee the interaction between the electrons and Vnn the interaction between
the nuclei. The potential terms in Eq 2 are Coulomb potentials and a recent study showed that, while
they do not offer exact solutions, are accurate to 40 digits.}’> However, for systems of more than a
few atoms and, inherently, for transition metal complexes, calculations rely on several
approximations. One of the most important is the Born-Oppenheimer (BO) approximation, which
posits that the motion of the nuclei (1836 times heavier than the electron) is much slower than that
of the electron and can therefore be decorrelated from the latter.?”2 This simplifies calculations, as the

interaction term between the nuclei and the electron Vne can be neglected. To put things into
perspective, non-BO calculations are limited to very simple systems.}#'’> The BO approximation is
quite robust for the description of ground states, but is inadequate for the calculation of excited
states.'’®

The non-relativistic approximation is insufficient for very precise calculations, as relativistic energy
contributions are already needed for H," or H,. Given that the relativistic effect is proportional to the
atomic number, they become indispensable for the heavier elements (broadly speaking, from Ag
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onwards).}”” The core electrons for such elements are also affected, as they approach the speed of
light, which would imply that an accurate description of all the electrons in a rare earth atom need to
be correctly described with an all-electron (AE) calculation. This is computationally very costly, both
in terms of time and of required memory, which spurred the development of other options.

The approach most commonly used in relativistic calculations revolves around introducing relativity
to the Schrédinger equation by using the Dirac equation. The Dirac equation uses a 4-component
formalism in order to characterise the particles under investigation, since the formalism describes
coupled particle-antiparticle pairs, where the spin of the fermions and the effects of spin-orbit
coupling are treated explicitly. Four-component approaches are computationally intensive, severely
limiting the scope of the molecules that can be studied.'’® Due to these constraints, there have been
significant efforts invested in finding solutions that reduce the computational cost of the calculations.
Some of the main advances shall be presented.

The complexity of the four-component formalism prompted the development of algorithms that
effectively decouple the particle anti-particle pairs, retaining only the electronic components. The
four-component, Dirac formalism can be loosened by decoupling the particle-antiparticle pairs and
treating them separately. The spin-orbit coupling can still be treated explicitly, as within the Dirac
formalism, or added a posteriori by considering the scalar relativistic components in the Hamiltonian.

Two of the more popular approaches used to simplify proceedings are the Zeroth Order Regular
Approximation (ZORA) or the Douglas-Kroll-Hess (DKH) Hamiltonian. In the first case, the ZORA"®
formalism affords a relativistic correction to the kinetic energy, which depends on the inverse of the
potential V. This is called the gauge dependence. One of the consequences of the gauge dependence
is that shifting the electrostatic potential by a certain amount, the ZORA energy decreases faster than
it should and does not result in exactly the same shift in eigenenergies. In molecular calculations such
a gauge non-invariance may result in unrealistic geometry structures, or wrong electron affinity, due
to the appearance of nonphysical attractive forces between nuclei.'®%8! Different ways exist in order
to lessen or remove this gauge dependence, by using the higher order expansions of the ZORA
method, such as FORA or IORA (first and infinite order, respectively). Alternative theories have
replaced the potential with a model potential (ZORA-MP), thereby removing the gauge dependence,
which leads to better estimations of the energy.18%183

The DKH Hamiltonian relies on another approximation for the evaluation of the Hamiltonian. The
guiding principle is to use a unitary transformation that provides an approximate decoupling between
the large and the small components in the Dirac formalism.'® The exact expression of the unitary
transformation is not known, but it was shown that it was not necessary to know the exact square
root parametrisation initially introduced by Douglas and Kroll. Rather, this matrix can be decomposed
in an infinite set of unitary transformations. The decomposition can be done using n unitary
transformations, where n designates the order of the DKH Hamiltonian. DKH2 is the most used version
of the Hamiltonian and it has been applied to both DFT and ab initio methods.

Other prominent solutions employed to further reduce computational cost involved the creation of
time-saving density fitting algorithms. Some of the techniques developed are the Choleski
Decomposition, 8186 Resolution of the Identity (RI),*¥718 chain-of-spheres algorithm (COSX),'® the
pair-atomic resolution of-identity (PARI-K) method'®® or the auxiliary density matrix method
(ADMM).191192 The saved computational cost brought by both the relativistic Hamiltonians and the
density fitting algorithms mean that precise computations on large systems are rendered more
feasible.
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In addition, the rigour imposed by calculations at the AE level can be further simplified by a change of
paradigm, based on the approximation that only the valence electrons are pertinent from a chemical
standpoint, as the core electrons remain, by and large, chemically inert.1*® Their chief contribution is
forming an electrostatic effective potential perceived by the valence electrons. Therefore, one of the
ways of expediting theoretical computations has been the use of relativistic effective core potentials
(RECP), whose use in the lanthanide series was pioneered by the group of Dolg.’®® The principle
involves treating the core electrons as a mean field potential, whilst the valence electrons are treated
explicitly. They offer excellent accuracy (up to chemical accuracy), as the RECP have been fitted on AE
computations. Within this category, two types of RECP exist for lanthanide elements, depending on
how the 4f electrons are considered — Small Core RECP®* (SC-RECP), with the 4f electrons treated
explicitly, and a Large Core RECP%* (LC-RECP), with the 4f electrons in-the-core of the pseudopotential.
The use of LC-RECP can be justified by the low radial extension of the 4f manifold in the lanthanides,
which means that the corresponding electrons are largely core-like, unlike the behaviour of the early
actinides, which may engage in covalent bonding.'®® The use of LC-RECP is more controversial when
computing divalent lanthanides, as the 4f orbitals can be close to the frontier orbitals, which means
that they should be treated explicitly in such cases.'*

The last term in Eq 2, that determines the interaction between any two electrons is still not known

analytically: Vee. Two main families of calculations have been developed in order to solve the
Schrodinger equation: wave-function theories (or ab initio methods) and Density Functional Theory
(DFT). A brief introduction of both methods follows, before detailing the exact parameters used
throughout this work.

VI1.2. The main types of computations.
VI1.2.1. Ab initio.

Wave-function theory is based on the Hartree-Fock (HF) formalism. In this formalism, the wave-
function is described as a single Slater determinant, and the electron-electron interaction is expressed
as a mean field potential described as a Coulomb and an exchange potential. The latter is particularly
important and is related to the interaction between two electrons of opposite spin. The set of HF
equations is solved by an iterative procedure to better approximate the molecular orbitals, whose
exact expression is not known. After an initial resolution of the equations, the resulting orbitals are
reinserted into the equations themselves in order to achieve self-consistency (this procedure is called
Self-Consistent Field (SCF)).2%”

HF methods often gives a very realistic qualitative description of the ground state of a system in an
equilibrium geometry, but are insufficient in cases, where a good description of electronic correlation
is required. HF is also deficient in molecules where the wave function is not a single closed-shell
configuration state function. The errors chiefly originate in the fact that neither the static, nor the
dynamic electronic correlation are treated by the HF method. In such cases, more accurate schemes
can be applied to the Hartree—Fock wave function, used as a reference function, to improve the
results. The various tools available to computational chemists to resolve the deficiencies of HF is not
the focus of this work, but a selection of references is provided for the curious reader.1%-205

One of the most prominently used solutions is Complete Active Space Self Consistent Field (CASSCF)
theory, where the ground state wave-function is described as a combination of multiple Slater
determinants.?®® The CASSCF method allows the separation of the core-like molecular orbitals
(inactive space) and the definition of the active space, where the molecular orbitals more pertinent to
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the electronic structure (or reactivity) are populated by a pre-defined number of electrons. In the
active space, the electrons are distributed among the orbitals and all possible occupancies are
considered to obtain a multiconfigurational description of the system (Figure 8).2%7

Virtual space

Permutations
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All possible configurations
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Figure 8: Representation of the principle of multireference CASSCF computations.

This method is not a universal solution in computational chemistry, due to some of its constitutional
drawbacks. For one, it does not treat dynamic correlation. Another one of the limitations inherent to
this method is that the computational cost increases very rapidly as the number of active orbitals and
electrons inserted in the active space is augmented. This is particularly salient in organometallic
complexes of lanthanides, as orbitals from the ligand or the lanthanide 5d orbitals are likely to also
contribute to the final evaluation of the electronic structure of the complex, in addition to the seven
4f orbitals that need to be taken into the active space. Even more so, Roos recommended the addition
of the 6s and 6p in the active space for lanthanide molecules.?®® These considerations would impose
a computationally unfeasible active space. Nevertheless, CASSCF studies of lanthanide molecules have
been performed with smaller active spaces to corroborate different types of physico-chemical
properties, such as multiconfigurational ground states, magnetism or luminescence.!38209-212

The high computational cost of ab initio methods can be an obstacle in the case of large systems,
which makes methods based on Density Functional Theory (described below) more appealing. Recent
work shows that DFT provides satisfying accuracy in reproducing the geometrical features of
organolanthanide complexes®>3® and in describing reaction mechanisms.?'372%> As a result, DFT is often
the best way to evaluate lanthanide molecules, as it is fast and provides reliable results for energies
and electron densities.

However, DFT might be inadequate in more complicated cases, as the degenerate lanthanide 4f
orbitals are not accurately described by DFT. This specificity is important in some cases,!*2¢ as shall
be demonstrated throughout this work as well, while in other traditional DFT methods can be used.?'’

Throughout this work, CASSCF computations were performed using the OpenMolcas software, a DKH2
Hamiltonian, and a large gaussian basis set ANO-RCC-VDZP.?'821° The notation (X,Y) shall be used for
the studied compounds homogenously and designates an active space composed of X electrons in Y
orbitals.
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VI.2.2. DFT.

One of the alternatives to the HF formalism relies on a simple premise: the electron density could be
a better variable for solving the Schrodinger equation than the coordinates of the electron itself. This
stands to reason: the electron density only depends on the three spatial coordinates, while each
electron requires three spatial coordinates in wave-function theories. According to the seminal work
of Hohenberg and Kohn,?? the energy is a functional of the density. In order to solve analytically the
density dependant Schrodinger equation, Kohn and Sham (KS) developed a framework that consists
in replacing the electronic system in interaction with a system of independent electrons in an external
field.2?! The fictitious system has the same energy as the real one, and can be written as:

E =Tks[p] + VNe[p] + J[p] + Exc[p] (3)

where p is the electronic density, Tks is the kinetic energy and J is the Coulomb interaction in this

putative system and Exc is the Exchange-Correlation potential. The last term of the equation is the only
one not known analytically and precludes an exact description of the system. As a result, several
expressions for this term have been developed over the years.??

At the centre of the first advances in the field was the hypothesis of a uniform electron gas — adequate
for simple metals such as sodium. This situation is pretty far from realistic in atoms or molecules,
which are usually characterized by rapidly varying densities. This gave rise to the local density

approximation (LDA). The assumption is that we can write Exc[p] as the density-dependent exchange-
correlation energy per particle of a uniform electron gas of density p(r), weighted with the probability
of finding an electron at a given position in space. The LDA family of functionals gives accurate results
for systems close to the aforementioned homogeneous electron gas, but is off the mark for systems
where there are strong interactions between atoms.

Due to the limits of LDA, DFT was a fringe theory, mostly employed by solid-state physicists and
relegated to a negligible role in computational chemistry. The situation changed significantly in the
early eighties, when the first successful extensions to LDA were developed. This occurred by
incorporating information about the gradient of the charge density in the density, giving the
Generalised Gradient Approximation (GGA). This was done to account for the non-homogeneity of the
true electron density. The GGA breakthrough led to the enhancement in the evaluation of the
electronic structure and energies of molecules and to a large variety of functionals. Some of the more
famous functionals include PBE??® and BLYP.??* Subsequently, meta-GGA DFT functionals??>%2® were
developed to include the second derivative of the electron density (the Laplacian), including a
dependence on the kinetic energy density.

The exact exchange contribution can be evaluated using the HF theory. The next step, taken by Becke,
was to introduce semiempirical coefficients to determine the weights of the various components in
the exchange-correlation term. The three empirical parameters (the 3 in the almost ubiquitous
“B3LYP”)?¥” were chosen so that certain properties (atomisation and ionisation energies, proton
affinities, total energies) of a selection of compounds were optimally reproduced. One should keep in
mind that the selection bias used for the three parameters does not, a priori, guarantee similarly good
performance in other scenarios. This class of functionals is called hybrid functionals, because they
represent a hybrid between pure DFT exchange and exact Hartree-Fock exchange. In most functionals
a fixed HF exchange percentage has been used, but some afford a more flexible parametrisation. A
common example is the PBEO functional, widely employed throughout this work.??
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At long distances the HF exchange gives a good evaluation of the exchange potential. This prompted
the development of long range corrected functionals,?**%! comprising 100% HF exchange at long
range while at short distances this exchange is small. More recent additions include double-hybrid
functionals?*? (which combine the HF and the GGA exchange and the MP2 and the GGA correlation)
and examples exist where self-interaction corrections, localized orbital scaling corrections, local hybrid
functionals, real-space nondynamical correlation are implemented (summarised in Janesko’s recent
review).?®3 A final, crucial ingredient to be added to the puzzle are the dispersion forces. This is rooted
in its absence in DFT formalism. In some functionals, designed to deal with scenarios where dispersive
forces are important, the dispersion parameters are built in. These forces are particularly important
in bulky systems. Although several models exist,3#?3> the most frequently used is Grimme’s D3 model,
associated to the Becke-Johnson damping scheme.?®

The natural assumption would be that the more sophisticated functional is likely to produce the better
results. However, the performance of any given functional has to be tested and benchmarked in
different scenarios to assess its suitability to compute a particular property.?”.2%8 Besides, the choice
of the functional needs to reflect the balancing of different factors: the number of parameters inside
the density functional, the computational cost (including size of the system and of the chosen basis
sets), the calculated properties or the accuracy desired.

Lastly, as alluded to in the previous section, DFT computations might not be the best tool for a detailed
characterisation of organolanthanide complexes. The main issue would probably most affect
compounds where a very precise description of the electronic structure is required.'**2%* That said,
there are numerous examples where DFT was sufficient to describe phenomena such as
luminescence,?%%*! |igand conformation studies,®*? as well as the aforementioned examples of
reactivity and mechanism studies.?13721

With that in mind, DFT calculations with lanthanides were performed all throughout this work at
multiple levels of theory:

o Geometry optimisations: unless otherwise stated, all calculations were performed exclusively
using ORCA at the PBE-D3 level of theory, with a scaled ZORA-MP Hamiltonian, in combination
with segmented relativistically recontracted all-electron Gaussian TZVP basis sets and the
corresponding auxiliary basis sets.?*372%° This level of theory shall henceforth be referred to as
ZORAL1. Frequencies were calculated (analytically for the precursors and numerically for the
complexes containing lanthanides) to ensure these structures corresponded to energy minima
on the potential energy surface.

In the rare cases where convergence could not be achieved and in the heterometallic
complexes presented in Section 3.4, equivalent SVP basis sets were used for the main group
elements (C, H, O, N, Cl) - ZORA2.

e Single point energy calculations: all calculations were performed exclusively using ORCA on
geometries obtained at the ZORA1/2 level of theory, with a scaled ZORA-MP Hamiltonian, in
combination with segmented relativistically recontracted all-electron Gaussian TZVP basis
sets and the corresponding auxiliary basis sets. As a rule, these calculations were performed
using the PBE, PBEO, TPSSh and wB97X functionals, with the same dispersion corrections
described above, but, unless otherwise stated, the orbitals and energies obtained with PBEO
will be presented as standard (ZORA3).
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On a few specific occasions, both geometry optimisations and single point energy calculations were
performed without the ZORA-MP Hamiltonian using Gaussian TVZP basis sets for the main elements.
The Pd and Ln centres were described using the small-core relativistic effective core potential
developed by the Stuttgart-Koln group, with their associated valence basis sets (DFT-RECP).

e Transition state (TS) calculations: calculations were performed at two, distinct levels of
theory. Frequencies were calculated (analytically for all complexes when Gaussian 09 was
used and numerically for the complexes containing lanthanides otherwise) to ensure these
structures corresponded to energy minima. The TS was confirmed by a single imaginary
frequency of high numerical value.

Calculations were performed using the Gaussian 09 software!®® and the PBE functional. First
and second row elements were described using the TZVP basis set for the C, H, N atoms. The
Pd centre was described using the LanL2DZ effective core potential and its associated basis
set.?*® Sm and Yb were described using the small-core relativistic effective core potential
developed by the Stuttgart-Kéln group,'®* associated with their optimised valence basis sets
(TS1).

Alternatively, calculations were performed using ORCA at the PBE-D3 level of theory, with a
scaled ZORA-MP Hamiltonian, in combination with segmented relativistically recontracted all-
electron Gaussian SVP basis sets for the main group elements and TZVP for the metal centres,
along with the corresponding auxiliary basis sets (TS2).

VI.2.3. Other methods of evaluating chemical bonding.

Lastly, a series of tools based on DFT were sparsely used in order to get further information in the
bonding patterns in some of the compounds that will be presented in this work.?*” The key concepts
will, therefore, be briefly introduced.

One of the techniques most often employed is the Quantum Theory of Atoms in Molecules (QTAIM),
introduced by Bader in the eighties.?*®2%°, He argued that quantum subsystems within molecular
structures are defined in real space by the boundary condition of electronic density. Since the maxima
of charge distribution will be found at the nuclei (atoms), one can define a molecular structure, based
on the gradient vector of the charge distribution. Specific mathematical conditions (which are not the
primary focus of this work) have allowed the definition of so-called Critical Points (CPs), which can be
used to define nuclei, bonds or rings.

By using the Laplacian of the electronic charge density, the physico-chemical properties of the system
can be calculated and measured. For example, if the Laplacian is positive, the bonding is ionic; if the
Laplacian is negative, the bonding is covalent. The numerical value of the density at the critical point
can give information into the bonding itself — the stronger the value, the stronger the interaction.

Another computational tool which has received attention is the Electron Localisation Function (ELF).2*°
This method evaluates the probability of finding an electron in the neighbourhood of another electron
of the same spin, giving values from 0 (delocalised system) to 1 (localised system — core orbitals, lone
pairs and strong bonds).?? As is the case for QTAIM, values obtained via ELF can help quantify covalent
interaction between two atoms.
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In a molecule, the ELF function defines two types of “basins” — core basins, which surround the nuclei
and valence basins. The valence basins are characterized by the number of atomic valence shells to
which they participate. Monosynaptic basins correspond to the lone pairs of the Lewis model. For
higher order basins, disynaptic correspond to two-centre bonds, trisynaptic to three-centre bonds and
so forth for higher polysynaptic basins.

QTAIM and ELF have been applied (often in tandem) to RE complexes in numerous instances.?272%

The often large molecular structures of organolanthanide complexes often require a tailor-made
approach to quantify dispersion interactions. A useful tool that can be applied is the Non-Covalent-
Interaction (NCI) mapping, developed by the group of Wang.?® This NCI method is calculated as the
different points in which there are singularities for the reduced density gradient. At these points, the
density is analysed using the gradient Laplacian. Three types of points can be found depending on
Laplacian second component, which correspond to hydrogen bonds, repulsive forces and van der
Waals interactions. This method has also found use in lanthanide chemistry.1>%257,2%8

A fourth tool has been used to study the interactions between TM complexes and their ligand: Energy
Decomposition Analysis (EDA). The theoretical background for this method was described in the
seventies, but has found its use steadily increasing as computations became more available.?%260

This tool is effective and practical, as it allows quantifying a chemically intuitive description of the
bond as the sum of the electrostatic interaction between two components, the Pauli repulsion and,
lastly, the covalent interaction, which is issued from orbital mixing. The last contribution can be further
broken down to distinguish between different types of interactions — o, 1, §, dative interactions, back-
bonding, etc. Although still tentative, the use of this method is gaining momentum in the lanthanide
community,1>9.261,262

VIl. Context, objectives and outline of this thesis.

The objective of this work is to synthesise heterometallic adducts comprising a divalent lanthanide
fragment and a TM fragment, bridged by a RAL. The electron transfer originating from the Ln will be
stored onto the RAL and the electronic contribution towards the TM fragment will be evaluated by
spectroscopic and theoretical means. If possible, the reactivity of these species will be probed, with
an eye towards novel applications.

Up to fall 2018, heterobimetallic complexes based on lanthanide-transition metal architectures had
principally operated with neutral, symmetrical RAL, which could accommodate two metal
centres.’> 9 |n our laboratory, only group 10 metals in the TM?* configuration had been used.'®® One
of the main objectives set at the beginning was to diversify both the types of ligands that could be
used and the nature of the TM fragments.

Chapter 1 will describe the syntheses of TM precursors based on two new ligand systems, with a
variety of metal centres. The difficulties associated to their syntheses and reactivity will be discussed
and several solutions will be proposed, with a view towards the continuity of the project. Their
electronic structures will also be analysed, to assess their suitability as SET targets.

Once the procedures for the precursors are well established and repeatable, these will be put to the
test in reactions where divalent organolanthanide fragments are added. This will be the focus of
Chapter 2. The agreement between the electronic structure of any given complex, computed in
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Chapter 1, and their behaviour upon electron transfer towards the RAL, will be tested and
subsequently discussed.

Not all the additions of Ln fragments proceed in a predictable and controllable fashion. The formation
and electronic structures of two such heterometallic complexes, isolated and described in Chapter 2,
cannot be explained in a trivial way. An extensive experimental and theoretical study, whose objective
is to help clarify the uncertainties associated with these complexes, will be pursued in Chapter 3. The
agreement between spectroscopic evidence (when available) and theory will be assessed and the
repercussions with respect to the chemical domain to which these complexes belong will be discussed.

Each of these chapters contain summaries and perspectives with respect to potential future
developments on the subject at hand. An overall conclusion will close this manuscript, attempting to
regroup each of the threads into a coherent global message and to delineate what might the evolution
of this project portend.
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Chapter One

Preparation of complexes based on conceptually different
redox-active ligands

1.1. Introduction. Choice of ligands.

The results presented in the Introduction underlined the fact that the choice of the ligand in
organolanthanide chemistry is of considerable importance. Some of the factors that are into play
include the ligand reduction potential,! the symmetry of the frontier orbitals? or structural parameters
that impact electron transfer (such as the torsion angle?).

Historically, the bipy ligand (Scheme 1.1A) provided an excellent framework for the theoretical study
of the electron transfer in dual component lanthanide-ligand systems, owing to the ease of access of
substituted versions. The phenanthroline-based family of ligands demonstrated a new type of
behaviour for radical anionic ligands by forming a reversible C-C bond following electron transfer.%*

N |/N N

o oG Y
= \l v =N N=

bipyridine tetraazaphenanthrene  bipyrimidine 2-(2-pyrimidyl)  dipyridophenazine
"bipy" "taphen” "bipym" benzimidazole "dppz"
"Hbimpm"

pd

x OO
A|~/B x C(\ Di[ E/\
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Scheme 1.1: Selection of RALs used in organolanthanide chemistry.

The evolution towards bimetallic systems naturally involved the presence of two coordination sites
for the two metals. The bipyrimidine ligand (Scheme 1.1C; henceforth abbreviated to bipym) has
found a widespread use as a bridging unit between two metals.>™® It has also been used in
organolanthanide chemistry, principally as a radical bridging unit in order to measure the exchange
coupling between the two metal centres (Scheme 12).111

Addition of ytterbocene,’ a divalent lanthanide complex, to the neutral bipym ligand leads to a
coordination on both sides of the ligand by two equivalents of ytterbium, followed by double
reduction of the ligand, regardless of the stoichiometry of the reaction.! Prior work in our group had
obtained an analogous adduct when attempting to prepare heterobimetallic compounds with the

* This term will be used all throughout this work in the interest of fluidity and will designate Cp*2Yb(OEt2). The
same applies for “samarocene” and Cp*,Sm(OEt).
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tetraazaphenanthrene ligand (Scheme 1.2).1%2 Given that the target complexes are heterobimetallic

adducts, it was, therefore, concluded that the transition metal ought to be coordinated to the ligand
before the addition of the organolanthanide fragment.

)

f N

Cp*yb!" + N N —— Cp*,Yb"—N * N—Yb'Cp*,
—

(

Scheme 1.2: Formation of doubly reduced bimetallic adducts with tetraazaphenanthrene and bipym.

At the beginning of this thesis, two conceptually different ligands were identified as promising
scaffolds for synthesising heterometallic complexes: 2-(2-pyrimidyl)benzimidazole (Hbimpym) and
dipyrido(3,2-a:2’,3’-c]phenazine (dppz) (D and E in Scheme 1.1, respectively).

The use of the latter, following an initial report in 1984, has blossomed in the ‘90s.%* dppz (and its
derivatives) has found application in biomedicine®® as an anti-cancer agent!®'’ due to its ability to bind
to DNA and other biomolecules.'®% Its extensive aromatic delocalisation makes it an excellent -
acceptor,® (which would qualify it for our purposes) a property that has been exploited in
photophysical studies.?™* Furthermore, a very recent study deployed dppz as an anode in a
rechargeable aqueous proton battery.”® More pertinently, it has been used in tandem with
lanthanides, in order to magnify their two most prominent intrinsic properties: luminescence?*?” and
magnetism.?®?° The ligand, therefore, has a proven track record in organometallic chemistry. It was
chosen as a target in order to provide a conceptual evolution of the ERC project. Up to this point, the
architecture of our complexes always involved one organolanthanide fragment and one TM fragment
bound to one RAL. The objective herein is to capitalise on its three coordination sites by coordinating
two lanthanides on each monodentate site and one TM on the bidentate site (Scheme 1.3A). It is
worth noting, however, that in all of the cited examples, the metal coordination occurs at the diimine
site. To the best of our knowledge, no structures where metals are coordinated at one of the
monodentate sites have been reported. This implies that one of the major synthetic challenges of this
project will revolve around the stable coordination of the lanthanides.

In comparison, Hbimpym has found a relatively modest usage in organometallic compounds. The first
such report described its use as a bridging ligand in ruthenium and osmium edifices, which allowed
the observation of multiple reversible redox events in both cases.?° More recently, the group of Yuan
published two reports describing bimetallic Ir'"-bimpym-Ir'", Ir'"-bimpym-Cu' and Cu'-bimpym-Cu' (the
Cu' centre is coordinated in an unusual quasi-linear fashion) species.33 These complexes have
demonstrated interesting photophysical properties and the bimetallic Ir'"' complex was shown to be a
good phosphorescent probe for O,. With respect to our project, Hbimpym differs from the previous
ligands by virtue of presenting two dissimilar bidentate sites: L, and LX (following deprotonation),
according to Green’s classification.® In principle, this should afford flexibility in designing complexes,
where it is possible to direct either the lanthanide or the transition metal fragments to a specific
coordination site (Scheme 1.3B). The first results involving the bimpym ligand in lanthanide chemistry
were published very recently during the PhD of Ding Wang.3* Upon reduction, the bimpym ligand
tends to form a C-C bond by coupling of the radical fragments formed. Depending on the reaction
conditions, the NiMe; fragment could be maintained in the dimeric heterometallic complex or was
expelled in favour of an Yb-Cp* fragment, prompting a trimetallic arrangement (Scheme 1.10).

51



Dimethylated transition metal complexes of dppz.

Scheme 1.3: Proposed architectures for the dppz and Hbimpym-based complexes.

The ligands dppz>> and Hbimpym?3° were synthesised according m m
to published procedures. The anionic site of Hbimpym was Ny N @ NN
sought to be made more accessible by performing a simple I KHMDS K @I
deprotonation reaction to yield Kbimpym in a quantitative HN N THF, 72 h NN
procedure (Scheme 1.5). The resulting beige solid was insoluble @ o @
in all available solvents. After washing the solid with pentane and quantiative .
Hbimpm Kbimpm

Et,0, the quantitative conversion was confirmed by performing
an H NMR analysis that excluded the presence of either
unreacted Hbimpym or KHMDS.

Scheme 1.4: Synthesis of Kbimpym.

The choice of the adequate transition metal precursor to be used in the complexation reactions with
the ligand was guided by the anticipated subsequent reactivity with the divalent organolanthanide
precursors. Functional groups susceptible to induce undesired reactivity are to be avoided. For
example, acidic protons are known to readily hydrolyse the cyclopentadienyl moieties,*® which are
basic. Additionally, organolanthanide complexes (irrespective of oxidation state) are known to readily
react with halides and activate C-X bonds.?”* |deally, the precursor should be accessible synthetically
and be sufficiently soluble to allow facile characterisation of the ensuing complex. The main precursors
that have been selected are (tmeda)PdMe,,*® [Me,PtSMe;],,*° [Cp*IrCl,],*t and [CODIrCl]; and were
either synthesised according to published procedures or bought from commercial suppliers.

1.2. dppz-based complexes.

1.2.1.Dimethylated transition metal complexes of dppz.

The series of (dppz)TMMe; complexes was synthesised starting from the available TM precursors.
Their addition to dppz in THF produced very colourful black-purple (Ni—1.1), red (Pd — 1.2), and orange
(Pt — 1.3) solids in high yields (Scheme 1.5). XRD-suitable crystals were grown from cooled saturated
THF solutions (1.1) or by room temperature diffusions of Et,O in saturated DCM solutions (1.2 and
1.3). Analyses showed isostructural, fully planar compounds.

The main structural features of the complexes are presented in Table 1.1. All TM are in a square planar
coordination geometry, with deviations of less than 3.7° of the (NN)TM(Me,) fragment with respect
to the ligand plane. In contrast to the other structures, 1.1 presents asymmetrical distances for both
the Ni-N and Ni-Cye pair of bonds. The crystal structure of 1.2 was slightly disordered, hence the
different Pd-Cy.e distances (2.21 and 2.12 A). This can be explained by the decomposition of the
compounds, observed if they are left for extended periods of time in DCM — the solvent used for the
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Dimethylated transition metal complexes of dppz.

crystallisation procedures. It is assumed that the complex successively activates two C-Cl bonds in an
oxidative addition, before immediately undergoing a reductive elimination, resulting in dppzPdCl,. All
three complexes decompose in solution if left for a few days in DCM. In all cases, the solution changes
colour and the formation of black powder is attested.

+ (tmeda)TM(Me), Q
7\

Q TM = Pd, Ni N N
NN
4 A
/ A + (Me,S),Pt,Me, — —
— — N/
NN .
/
Ni (1.1)
T™ =Pd (1.2)
Pt (1.3)

Scheme 1.5: Synthesis of (dppz)TMMe, complexes 1.1-1.3 and ORTEP of dppz*? and of dppzTMMe,-type complexes (1.1
shown here). The numbering scheme shown here is used throughout the chapter.

Av. Values (A)

Distances dppz*? 1.1 1.2 1.3
TM-N; 1.967(2) 2.126(3) 2.095(6)
TM-N; 1.975(2) 2.111(3) 2.095(6)

TM-Me (avg) 1.946(3) 2.168(7) 2.055(7)
Ci-G; 1.464 1.449(3) 1.455(5) 1.429(4)

Table 1.1: Main structural features of dppz and of compounds 1.1-1.3.

The C-C bond bridging the two pyridyl moieties is shortened upon coordination of the TM fragment,
with a more pronounced effect in the case of 1.3. The sets of ligand distances are in line with previously
reported complexes of group 10 TM at the +2 oxidation state.*** To have a better understanding of
the electronic effect of the coordination, we turned to theoretical computations.

Free dppz was optimised at the ZORA1 level of theory: the main distances are very well reproduced.
The electronic structure, calculated at the ZORA3 level, presented one orbital of interest (LUMO+2),
with a bonding interaction between the bridging carbons (whose shape can be found at the LUMO+1
level of 1.3 in Figure 1.1). The coordination of the TM fragment is likely to entail electronic
perturbation of the ligand: this orbital would be stabilised and explains the shortening of the C-C bond.

Complexes 1.1-1.3 were computed, with the main structural features largely well replicated, with
almost all distances within 0.02 A to the corresponding crystal structure differences (see Table 1.2).
The asymmetry of the bonds involving the Ni in 1.1 is reproduced, while the other two computed
complexes are highly symmetrical. The electronic structure is identical along the series: the occupied
frontier orbitals are comprised of electrons from the d manifold, whereas the vacant orbitals are
delocalised across the ligand (also shown in Figure 1.1 below). The coordination of the TM fragment
stabilises the aforementioned LUMO+2 of dppz, lowering it to be the LUMO+1, and significantly
reduces the HOMO-LUMO gap from 4.13 eV in free dppz to 2.05-2.47 eV for the series of compounds
(according to calculations performed at the ZORA3 level of theory).
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Figure 1.1: MO diagram of dppz and of 1.3, calculated at the ZORA3 level of theory. The occupied orbitals are designated by
the red dashes with arrows, whilst the vacant orbitals are represented by the yellow dashes. The LUMOs of dppz are identical
in shape to the ones presented for 1.3 (excluding the TM fragment), but are not presented in the interest of clarity. The
energies are given in Eh.

Av. Values (A)

Distances 1.1 1.2 1.3
TM-N, 1.963 2.133 2.094
TM-N; 1.972 2.133 2.094

TM-Me (avg) 1.944 2.033 2.039
Ci-C; 1.445 1.450 1.444

Table 1.2: Main distances in the optimised geometries of the dppzTMMe; series of compounds. The distance in red and
boldface indicates a significantly shorter difference with respect to the crystal structure.
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Iridium-based dppz complexes.

Although the synthesis of these compounds is relatively straightforward, solution studies are
hampered by very poor solubility in the solvents most commonly used in our laboratory. Only 1.2
afforded a satisfactory *H NMR spectrum, allowing its characterisation (Figure 1.2). Contrary to the
slight asymmetry suggested by the crystallographic data, 1.2 is of C; symmetry in solution, judging by
the number of signals and their integration.

°
® °
Ly L T T T
— ~ o — o
(=] [=2] — (=] o
— - ~ ™ O
10.5 10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0

5.5 5.0
f1 (ppm)

Figure 1.2: 'H NMR in CD,Cl; of 1.2. The blue dot indicates the solvent peak, the orange four-pointed star — residual THF, black
lozenge — silicone grease.

1.2.2. Iridium-based dppz complexes.

1.2.2.1. Synthesis and characterisation.

A group 9 metal — iridium — was envisaged as well as a building block for heterometallic complexes.
There is some precedent in literature for organometallic complexes of Ir'" involving dppz, with
biomedical and supramolecular applications.*’>! dppz remains quite sought after for its photophysical
properties and Ir is an excellent potential partner, due to its propensity for photocatalytic applications.

Initial trials have involved the more electron-rich Ir' metal centre. The reaction between the
cyclooctadiene iridium(l) chloride dimerand dppz in DCM resulted in a dark purple solution. Filtration,
followed by room temperature crystallisation allowed the identification of the compound as an ion
pair complex, 1.4 (Scheme 1.6). The breaking of the dimer resulted in a cation bearing the dppz
coordinated to the Ir-COD moiety, whilst the anion is [IrCODCI,]". Despite the presence of the lipophilic
COD ligand, 1.4 remains poorly soluble, precluding further characterisation.
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QI [(1-Chir(COD)L,

N

Scheme 1.6: Synthesis of 1.4 and its ORTEP.

1.2.2.2. Choice of counter-anion.

As mentioned in Chapter 1.1, the optimum design of the TM precursor requires the elimination of the
chemical features that could impede reactivity with divalent lanthanides. Complex 1.4 has two very
accessible CI" moieties on the anion. Given the overall affinity of lanthanides towards halides, it stands
to reason to eliminate them to avoid undesired side-reactions.

A salt metathesis reaction was attempted with NaBArf;in DCM, leading to an immediate colour change
to green. Leaving the solution at room temperature following filtration yielded XRD-suitable crystals,
confirming the structure of 1.5 as [(dppz)IrCOD]BAr"4 (Scheme 1.7).

X
+ NaBArf,
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z Z \ .
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\ e
X CF,

Scheme 1.7: Synthesis and ORTEP of 1.5.

Analysis of the two structures reveals that the anion in 1.4 has a more perturbative effect on the
coordination sphere of the Ir, as evidenced by the asymmetrical Ir-N bonds therein. The Ir-Ccop bonds
are quite symmetrical, being within 0.006 A of the average.

Av. Values (A)

Distances 1.4 1.4*(PBE-D3) 1.5
Ir-N; 2.069(5) 2.087 2.085(4)
Ir-N, 2.100(5) 2.087 2.085(4)

Ir-Ccop (avg) 2.133(9) 2.140 2.125(9)
GG 1.443(9) 1.441 1.441(8)

Table 1.3: Main distances in the crystal structure of complexes 1.4 and 1.5. 1.4* designates the cation of 1.4, whose geometry
was optimised at the ZORA1 level of theory.

On the other hand, 1.5 is perfectly symmetrical and crystallises in the /,.m Space group. The BArf anion
does not seem to have an important effect on the geometry of the cation, despite it being relatively
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Addition of organolanthanide fragments.

close. The shortest C-H---F-C separation is 2.47 A (the others are 2.68 A or longer), which puts it slightly
beyond the range for fluorine-based hydrogen bonding.*

Additionally, the Ir-dppz cation, designated as 1.4*, was computed separately at the ZORA1 level of
theory. The calculations were not performed on the full structure due to the associated computational
cost and increased difficulty of convergence. The Ir-N bond distances are equal and are close to the
lengths observed in 1.5 and to the average length in 1.4. We can therefore assume that it represents
a faithful reproduction of the electronic perturbation of the [IrCOD]* fragment on the dppz ligand. The
frontier orbitals closely follow the pattern already established by 1.1-1.3: the closest occupied orbitals
are dominated by the Ir 5d electrons, whereas the LUMO+2 on the neutral dppz is also stabilised
following coordination.

Although the procedure yielding 1.5 is straightforward, concerns remain whether the fluorine atoms
in the BArf, anion are sufficiently accessible to the lanthanide fragment. The same procedure can be
applied with a vast number of other salts to yield more adequate compounds (e.g., featuring the BPh,
anion that lacks any carbon-halogen bond).

1.2.3. Addition of organolanthanide fragments.

Following the isolation of the desired precursors, the natural next step was the addition of divalent
organolanthanide fragments to afford heterobimetallic complexes. Ytterbocene was chosen as the
more adequate candidate, by virtue of the easier in situ tracking of the addition reactions, due to the
enhanced paramagnetic effect inherent to Yb" and, conversely, the diamagnetic character of Yb"
species.

The addition of Cp*,Yb(OEt;) to 1.1-1.3 was undertaken in a 2:1 stoichiometry. In situ 'H NMR
following of the reaction was in agreement with the coordination of Yb to the ligand and with the
transfer of an electron, since several paramagnetically shifted signals appeared. In practice, though,
the mixtures remain poorly soluble black suspensions. Nevertheless, crystals suitable for XRD studies
could be grown following reactions of the Pd and Pt complexes by cooling saturated toluene solutions
over a few days.

Unfortunately, the crystals obtained were of poor quality as a results of systematic twinning problems.
Therefore, only XRD data of limited quality could be obtained. The resolutions leave little doubt as to
the structure themselves —complexes of the formula [Cp*,Yb"]2(dppz?> ) TMMe, (TM = Pd (1.6), Pt (1.7))
are obtained (Scheme 1.8), with two independent molecules in the unit cell of 1.6. The metrics of
these compounds, given in Table 1.4, are to be taken as qualitative hints of the electronic structure,
rather than reliable, quantitative indications, due to the poor crystal quality.

Q e O S <

N N N~Yb :‘;. |/ ‘
. N
+2 Cp ZYDOEtQ ﬁ/ N )
4 A\ | 7/
=N N= B
Nf \ /
/ \ / \
T™ = Pd (1.2), Pt (1.3) TM = Pd (1.6), Pt (1.7)

Scheme 1.8: Synthesis of 1.6 and 1.7 and the ORTEP of 1.7. The Cp* co-ligands are drawn in wireframe and the hydrogen
atoms are omitted for clarity.
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One of the most glaring features is the fact that the ligand is twisted and no longer planar. This is
consistent with a break of aromaticity — proof of electron transfer. This assertion is corroborated by
the distance between the Yb metal centre and the centroid of the Cp*, which corresponds to
previously tabulated values of Yb" in the literature.3*°*>* Indeed this Ln-Cp*(centroid) distance is
highly sensitive to the oxidation state of the Ln metal centre. Another feature worth noting is that
some of the ytterbium atoms — as is the case for one of the Yb centres in 1.7 and both Yb centres in
one of the two molecules in 1.6 — seem to form an agostic interaction with the adjacent C-H bond (see
ORTEP of 1.7, Scheme 1.8). The length of these bonds (2.800 and 2.851 A, respectively) are consistent
with previously reported bonds between trivalent Yb and aromatic C-H bonds.>®

Av. Values (A)
Distances 1.6 1.7
Ybi-Ns 2.274(9) 2.16(2)
Yb2-Ng 2.271(10) 2.30(2)
Yb1-Cp* (ctr) 2.300 2.311
Yb,-Cp* (ctr) 2.330 2.310
TM-N; 2.123(8) 2.149(18)
TM-N, 2.107(10) 2.019(17)
TM-Cwe (avg) 2.031(12) 2.04(5)
C1-C, 1.44(2) 1.37(3)

Table 1.4: Main distances in 1.6 and 1.7. 1.6 crystallises as two independent, symmetrical molecules; the index in front of the
Yb designates which centre coordinates the dppz ligand.

Prior work on the subject performed in our laboratory described a solvent-dependent electron
transfer,’? a phenomenon that has rather limited described precedence.>®>8 The dissolution of 1.6 in
polar solvents, such as THF, led to the crystallisation of Cp*,Yb(THF); and 1.2. Evaporating the solvent
and redissolving the mixture in toluene resulted in the reformation of 1.6. This highlights the relatively
fragile coordination environment of the Yb — the crowded monodentate coordination site is not
conducive to a strong stabilising interaction with the ligand. This conclusion can be seen in two
different ways: on the one hand, it can be an advantage in potential catalytic applications, due to the
facile mechanism for decoordination of the substrate (often a tricky step for obtaining the desired
product). On the other, it could provide a pathway for possible side reactions involving the Yb" metal
centre, which could react (and transfer its electron) preferentially with the newly introduced
compound, and not with dppz. More clues are to be gathered in order to have a firmer grasp on the
behaviour of the complex in the presence of competing ligands or substrates.

The addition of ytterbocene to the nickel complex 1.1 and the Ir-based complexes 1.4 and 1.5 were
also attempted. Highly shifted paramagnetic peaks were attested, which would imply electron transfer
from the divalent ytterbium complex. However, since no crystals could be isolated, the definite
outcome of these reactions is unclear.

1.2.4. Partial conclusion and perspectives.

A series of TM-based structures bearing the dppz ligand were synthesised and characterised in the
solid state. Complexes 1.1-1.3 suffer from poor solubility, which complicates further characterisation.
To compound the difficulty, the best solvent available — DCM — leads to decomposition of each of
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these complexes after a few days. Correspondingly, ascertaining high purity of the substrate prior to
the addition of divalent lanthanides is arduous.

Two dppz complexes of Ir' were also synthesised. Although slightly more manoeuvrable synthetically
due to the COD co-ligand (which confers higher solubility), challenges remain. Of note is the presence
of accessible CI" ligands on the anion in 1.4. An exploratory essay to change the counter anion was
performed, yielding 1.5, but its suitability with other non- or weakly coordinating anions remains to
be confirmed. Perhaps further insurance against parasitic side reactions could be obtained by a more
careful choice of counter-anion, such as BPhy".

Addition of ytterbocene to 1.2 and 1.3 resulted in the formation of trinuclear complexes 1.6 and 1.7.
The deviation of the ligand from planarity, as well as the structural features of the Yb, were proof of
double electron transfer, thus demonstrating the viability of the idea behind the choice of dppz as a
ligand. Despite the presence of several highly soluble Cp* co-ligands, precise characterization of the
final compounds was also inhibited by their quite poor solubility. This may be remedied by resorting
to more lipophilic precursors. For example, using Cp™,Ln (Cp™ = 1,2,4-(MesC)sCsH,) should afford
better solubility in low-polar solvents, without any loss of reductive potential of the organolanthanide
fragment. However, previous studies showed that the electron transfer depends on other factors,
such as steric hindrance or symmetry, both of which might be compromised by these extra-bulky co-
ligands.>®

Seeing as how poor solubility is something of a leitmotif for dppz chemistry, one of the available
solutions would be to improve the overall solubility of the TM precursors. Functionalising the dppz
ligand is the most easily attainable modification, whilst keeping the same synthetic protocol.
Substituted precursors are either commercially available or can be synthesised using previously
described procedures.’® The most easily obtainable precursors are modifications of the o-
phenylenediamine (Scheme 1.9).5*

Another concern is the coordination of the lanthanide fragment. As previously mentioned, the
coordination of Yb can be easily displaced by a polar solvent. Having no precedent of the occupation
of the monodentate site may be a telling sign as to the difficulty of this objective. The continuation of
this project might require the modification of the ligand coordination site towards the lanthanides to
afford bidentate chelating coordination pockets. Two similar ligands have previously been used:
pyrazino[2’,3’:5,6]pyrazino-[2,3-f][1,10]phenanthroline (dpgp)®? or dipyrido[3,2-f:2",3’-
h]quinoxalino[2,3-b]quinoxaline (dpg-QX).%® Whilst these targets are bound to improve the stability of
the trimetallic edifices, the same solubility concerns are naturally applicable to these ligands. The
strategies to ameliorate the solubility, discussed above, could be used for these ligands, as well.
All the mentioned synthetic targets are illustrated in Scheme 1.9.
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Scheme 1.9: Proposed modifications or alternatives to the dppz ligands in order to enhance the solubility.
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Platinum complexes.

1.3. Kbimpym-based complexes.

The rationale for the synthesis of Kbimpym-based compounds stems from two main reasons: the use
of the potassium salt of the ligand in salt metathesis reactions, therefore exploiting the synthetic
driving force of salt formation and the coordination of reactive, divalent organolanthanide fragments
to an anionic LX site.

Both of these synthetic specificities have been put to good use in a recent publication of our group,
describing the K(bimpym)NiMe; complex.3* The addition of ytterbocene results in an electron
transfer, which is responsible for the formation of a C-C bond. In addition, formation of KCp* is invoked
as a thermodynamic driving force, explaining the rearrangement of the system upon the coordination
of the divalent lanthanide and the subsequent electron transfer when the reaction is performed at

room temperature (Scheme 1.10).
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Scheme 1.10: Reactivity of K(bimpym)NiMe; with ytterbocene.

As a mechanistic thought experiment, it could, perhaps, be posited on an electrostatic repulsion basis
that the coordination of the lanthanide on the anionic site leads to the delocalisation of the negative
charge across the ligand and the transition metal fragment, even prior to the electron transfer. The
instability of the Ni fragment (which is bent by 31° with respect to the ligand plane in [Yb(bimpym)Ni],,
prior to its expulsion from the complex) may stem from the accumulation of the negative charge in its
coordination sphere and of spin density following the electron transfer on the metal centre. Naturally,
this hypothesis is pure conjecture without any experimental evidence, but examining this reactivity
and its dependency with the ligand and the TM centre constitutes a valuable objective.

1.3.1. Platinum complexes.

The synthesis of a complex where the platinum fragment is coordinated to the L, site of the bimpym
ligand was undertaken. Two equivalents of Kbimpym were added to the [PtMe;(SMe3)] precursor in
THF, leading to the formation of 1.8 (Scheme 1.11). Due to the insolubility of both Kbimpym and of
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1.8, long reaction times and diluted conditions (ca. 1 mg product / mL of solvent), respectively, are
necessary. The resulting blood red solution is subsequently filtered. Microcrystalline yellow-orange
solid is formed directly during gentle evaporation of the solvent until the elimination of all volatiles.
The complex 1.8 is formed with a 42% yield (based on crystals).
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Scheme 1.11: Synthesis and ORTEP of 1.8. Hydrogen atoms have been hidden for clarity.

The intense red coloration of the crude solution is due to an unknown impurity which can be removed
by washing the crystals with THF. The complex can be recrystallised from THF — orange blocks are
formed after a few days by leaving the pale orange solution at r.t. XRD analysis revealed a dimeric
arrangement, where two molecules, inverted with respect to one another, form perfectly parallel
planes. The K* cations are pulled out of plane (by 0.54 A) by their interaction with both one of the Me
moieties and a nitrogen on the benzimidazole moiety of the opposite molecule. The Pt atom is also
slightly pulled out of plane (by 0.15 A).

1.3.2. Palladium complexes.

The synthesis of the corresponding palladium complexes was pursued in an analogous fashion to the
already published procedure with Ni (Scheme 1.12).3* Addition of THF to the precursors results in a
beige suspension, which gradually yields a golden supernatant after a few hours. Owing to its very
poor solubility of the starting potassium salt, long reaction times and dilute conditions are necessary
— similarly to the synthesis of 1.8.
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Scheme 1.12: Synthesis and ORTEP of 1.9. Hydrogen atoms have been hidden for clarity.

Adequate crystals can be obtained by redissolving the microcrystalline solid in THF. Leaving the pale
yellow solution at r.t for a few days yields yellow needles. XRD analysis allowed the elucidation of the
structure of 1.9, which is isostructural to 1.8, in terms of the two inverted independent molecules and
the presence of solvent in the coordination sphere of K.

If undertaken at a small scale (up to 25 mg of (tmeda)PdMe;), the procedure and work-up is
comparable to that of 1.8 —a 40% vyield is attested (based on crystals). Analogously, the golden hue of
the solution is due to an impurity, which can be removed by washing the solid with a minimum amount
of THF.
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Due to the time-consuming and sensitive nature of the process which requires highly diluted
conditions, a larger scale synthesis was attempted. In contrast to the relatively straightforward
procedure attested for the Ni complex, the reaction is fraught with difficulties. The insolubility of
Kbimpym requires multiple days of reaction time for the ligand to be fully consumed. However, it
would seem that longer reaction times also lead to the degradation of 1.9, since, across multiple
attempts, the same work-up procedure only produced very small, if any, quantities of 1.9 (yield < 5%)
and an intractable mixture of side-products.

To verify this assertion, pure 1.9 was tested in order to ascertain its stability: it does not decompose
in solution at room temperature for a week. Furthermore, raising the temperature to 60 °C for several
hours produced no discernible evolution. However, the compound rapidly decomposed under UV-
light, suggesting sensitivity to light. The same observations hold for 1.8, as well. Given that the
aforementioned trials at larger scale were protected against outdoor light anyway, it is unclear by
which mechanism the product decomposes. It is, however, consistent with the difficulties
encountered in our laboratory when using (tmeda)PdMe; in ligand exchange reactions in polar
solvents. For example, the synthesis of bipymPdMe;** was significantly improved by performing the
reaction in toluene, leading to yields of >90%. This solution cannot be applied in this case, as no
conversion to 1.9 was observed when the reaction was performed in non-polar solvents.

Based on the assertion that, indeed, the longer reaction times are responsible for the degradation of
the product, a slight modification to the procedure was tested. After overnight stirring, the reaction
mixture was left to settle (due to the presence of both Kbimpym and precipitated 1.9), before the
golden supernatant was transferred to another container via cannula filtration. The solvent was
redistilled back into the initial vessel and the procedure was repeated until the supernatant therein
was colourless. Unreacted (tmeda)PdMe; was extracted from the recovered crude product with Et;0
and was reintroduced into the reaction vessel as a THF solution and the reaction resumed. This
procedure was repeated daily until no further 1.9 was produced. This modification did not, however,
result in any improvement in the yield.

Another solution pursued was to increase the solubility of Kbimpym by trapping the K* ion with the
adequate crown-ether chelating agent. In stark contrast to the aforementioned procedure, the
Kbimpym suspension rapidly became a pale yellow solution upon the addition of the Pd precursor in
the presence of 18-C-6. Following overnight stirring, the solution was filtered and the remaining
product (1.10) was extracted with THF from the remaining solid to obtain 1.10 in a 68% yield (based
on crystals).
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Scheme 1.13: Synthesis and ORTEP of 1.10. The hydrogen atoms and the solvent molecules have been omitted for clarity.

Crystals of 1.10 suitable for XRD analysis were obtained by leaving a THF solution of the product at
room temperature overnight. The encapsulation of the K* ion results in a slight elongation of the K-N
bonds with the anionic system. It remains to be seen if having the K" ion entrapped affects the
reactivity of the complex in subsequent trials.
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Comparing the K(bimpym)TMMe?2 series of complexes.

Figure 1.3: ORTEP of K(bimpym)NiMe;. Hydrogen atoms have been hidden for clarity. The THF molecule present in the crystal
structure is disordered.

1.3.3. Comparing the K(bimpym)TMMae: series of complexes.

1.3.3.1. Structural features.

After having synthesized the entire series of compounds with Kbimpym and group 10 transition
metals, a comparison is warranted. The most salient structural features are collected in Table 1.5. The
first and most glaring difference in the crystal structures is the number of THF molecules coordinated
to the K*ion, which is one for the Ni complex (crystal structure shown in Figure 1.3) and two for the
other two complexes. The supplementary steric crowding due to the extra molecule is most likely
responsible for the larger deviation from the ligand plane of the K*ion in the case of 1.8 and 1.9, as
well as the longer distances with the nitrogen atoms on the ligand (which are almost identical between
the two complexes).

As shown in Table 1.5, the TM(Me;) fragments are pulled out of plane, due to the interaction between
the K* ion and the opposite molecule (see crystal structures in Scheme 1.11 or Scheme 1.12). The
mean deviation from the calculated (NN)TM(Me,) plane by each of its atoms are 0.017 A, 0.038 A and
0.027 A going from Ni to Pt. Therefore, the transition metal centres could all best be described as
being tetracoordinated in the +2 oxidation state in a (more or less) distorted square planar geometry.

Av. Values (A or °)

Atoms K(bimpym)NiMe,** 1.9 (Pd) 1.8 (Pt)
TM-Npym 1.981(2) 2.1538(15) 2.1040(19)
TM-Nimid 1.969(2) 2.1551(13) 2.1115(17)

TM-Me (avg) 1.923(2) 2.0415(13) 2.034(2)

K-Npym 2.775(2) 2.8812(16) 2.8745(19)

K-Nimia 2.770(2) 2.7930(18) 2.7781(19)

T™M-K 3.1643(9) 3.3356(12) 3.3387(6)

c-C 1.451(3) 1.470(2) 1.452(3)
d(K-plane) 0.192 0.523 0.539
d(TM-plane) 0.012 0.243 0.154
d(planei-plane;) 3.164 3.375 3.349
bimpymATMMe 2 12.15 7.75

Table 1.5: Main distances and angles in the crystal structures of the KbimpymTMMe, complexes.
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The nature of the interaction between the transition metal and the ligand can be inferred by the main
structural features involving both partners. The differences in bond lengths are consistent with the
differences of the crystal radii for the three metals in the +2 oxidation state and square planar
geometry, which are 0.63 A, 0.78 A and 0.74 A going from Ni to Pt.** However, the C-C bond length of
the atoms bridging the pyrimidyl and benzimidazolate moieties is slightly different in 1.9 with respect
to thatin its congeners. As shown in numerous instances in organolanthanide chemistry (including the
report of the Ni complexes),?* the length of the bond linking two fragments of the ligand can be an
important metric of the perturbation of the aromatic system, notably following an electron
transfer.>*%> Although an electron transfer is not in order in this instance, it may be indicative of how
disruptive the coordination of the TM fragment is for the electronic structure of the ligand.

To ascertain the effect of coordination and of an eventual electron transfer in the case of the bimpym
ligand, pertinent comparisons are necessary. Assessments of Hbimpym (previously crystallised by our
group) and of some derived systems give rather different values for the C-C bond. The crystal
structures of Hbimpym-based systems are shown in Figure 1.4. The two fragments of the ligand are
not coplanar in the crystal structure of Hbimpym. This is not an unusual occurrence for N-heterocycles
in the gas and liquid phase, due to the repulsion between the nitrogen lone pairs, but bicyclic aromatic
systems tend to be planar in the solid state due to intermolecular packing forces.® The functionalised
systems shall be referred to as Hbimpym-CIBr (centre) and Hbimpym-Br (right).

Figure 1.4: Crystal structures of Hbimpym-based systems — Hbimpym (left), Hbimpym-CIBr (centre) and Hbimpym-Br (right).
The derived structures were published in a private communication and are available on the CCDC database under the
deposition numbers 993427 and 993428.

Although a direct extrapolation is difficult, the evolution of the characteristic bonds of the ligand
(given in Scheme 1.14) may provide an outline of how the perturbation of its electronic structure
manifests itself in the structural features of the ligand. The fact that the pyrimidine and benzimidazole
moieties are not coplanar (by 22.5°) in the crystal structure of Hbimpym has consequences on the
conjugation between the two fragments, and therefore on the structural features therein. Most
notably, it allows the two fragments to be treated as separate aromatic fragments (for example, all
the symmetrical bonds defined along the C; symmetry axis on the pyrimidine moiety are almost
perfectly equal to one another, which is not the case for the other protonated ligands in Table 1.6).
Hence, the comparison between the uncoordinated ligands and the TM(Me;) systems shall be made
between the compounds where the ligand is planar, which is to say the derived systems.

In the uncoordinated, planar structures, it is evident that the presence of a negative charge on the LX
site induces significant polarisation in the neighbouring bonds. As such, the bonds labelled as H are
longer than | in the uncoordinated ligands. On the pyrimidine moiety, the opposite holds true — B is
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shorter than G. The polarisation is also propagated across other pairs of bonds, but less so for bonds
farther apart to the imidazolate moiety.

The perturbation due to the coordination of the TM(Me3) fragments can be construed by comparing
the structural features of these compounds to the aforementioned crystallised protonated ligands
(Table 1.6). The most striking effect would be the inversion of the relative distances for the bonds H
and I: H is significantly longer in the non-coordinated ligand and becomes shorter in the TM(Me;)
series. Whilst the polarisation of the bonds closest to the negative charge is still applicable (though
lessened), the effect would seem to be additionally dampened for bonds farther apart.

N

N KJN

Scheme 1.14: Main bond labelling in bimpym-based ligands.

Av. Values (A or °)

Bond | K(bimpym)NiMe; 1.9 1.8 Hbimpym | Hbimpym-CIBr Hbinl;;:ym-
A 1.451 1.470 1.452 1.474 1.465 1.498
B 1.331 1.345 1.337 1.334 1.302 1.315
G 1.355 1.360 1.356 1.337 1.364 1.363
H 1.336 1.349 1.337 1.357 1.369 1.342
I 1.356 1.367 1.360 1.323 1.309 1.312
P 1.376 1.379 1.371 1.374 1.369 1.379
J 1.378 1.383 1.373 1.388 1.394 1.397
C 1.339 1.343 1.337 1.335 1.366 1.381
F 1.337 1.348 1.346 1.336 1.314 1.328
D 1.368 1.396 1.385 1.379 1.404 1.391
E 1.381 1.387 1.376 1.375 1.427 1.428

Table 1.6: Main ligand bond lengths in the (bimpym)TM(Me) series and in the non-coordinated ligands.
1.3.3.2. Electronic structure and theoretical computations.

To obtain further insight into the electronic perturbation induced by coordination or electron transfer,
theoretical computations were pursued. The structures of Hbimpym and Kbimpym were optimised at
the ZORAL1 level of theory. In theory, the significantly stronger ionic character in the bond between
the formal charge carriers in Kbimpym should manifest itself in the partial charges of the main atoms.
Mulliken population analyses on both molecules are consistent with this interpretation (Table 1.7).

The examination of the frontier orbitals revealed that the more negative partial charges on the
Kbimpym are reflected in larger orbital coefficients on the benzimidazolate fragment, at the expense
of those on the pyrimidine moiety (Table 1.8), as well as more electronic density concentrated on the
nitrogen atoms.
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Atom Hbimpym Kbimpym
H*/K* 0.222 0.780
Nimid* -0.174 -0.498
Nimid -0.143 -0.156
Npym™ -0.246 -0.362
Npym -0.135 -0.111
Cimid 0.189 0.323
Cpym 0.151 0.112

Table 1.7: Mulliken atomic population analyses performed on Hbimpym and Kbimpym. “imid” designates the imidazolyl
moiety on the ligand, “pym” the pyrimidine, “-” the side of the ligand where the negative charge is located.
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Table 1.8: Main orbitals of Hbimpym, Kbimpym and bimpym- computed at the ZORA3 level of theory.

The role of the K* ion is all the more apparent when examining the electronic structure of the modelled
bimpym™anion, which was also computed. The calculated geometry is consistent with a C; symmetry
(the axis bisecting the ligand along the bridging C-C bond), indicative of a highly delocalised electronic
density. All the frontier orbitals respect this symmetry, thus demonstrating subtle differences with
Hbimpym, notably in the case of the HOMO and of the LUMO.

The electronic structure of all three computed species hint at the potential reactivity of the ligand
upon the reduction by an organolanthanide fragment. Electronic density would be transferred mainly
on the bridging C-C bond and on the pyrimidine moiety. If consistent with previously established
effects following a lanthanide-driven reduction, the bond is expected to shorten upon electron
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transfer to the LUMO of the ligand.®” The coefficients on the carbon atoms on the meta positions to
the bridging carbon are most susceptible to be altered by an electronic perturbation.

Computing the (bimpym)TM(Me;) complexes was performed in various configurations. First, the full
crystal structure of 1.9 was computed at the ZORA1 level of theory (henceforth referred to as 1.9A,
Figure 1.5A). The resulting structure, by and large, closely follows the main structural features of the
crystal structure, with the exception of the aforementioned deviation of the PdMe; fragment from the
ligand plane, whose effect is significantly lessened by the computations. The deviations from the
standard square planar geometry are smaller, as well.
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Figure 1.5: Structure of 1.9, computed in different configurations at the ZORA1 level of theory.

The second configuration was based on a single molecule, whilst keeping the solvent molecules of the
crystal structure. Two such structures were computed — K(bimpym)NiMe;(B) and 1.9B. In both cases,
the optimisation runs of the geometries (see Figure 1.5B for an illustrative example) shifted the solvent
molecules above the ligand plane. The displacement of the K* ion is correspondingly exaggerated with
respect to the crystal structure. As shown above, this is likely to entail modifications in both the
polarisation of the main bonds, as well as in the orbital structure of the compounds.

The last configuration removed the solvent molecules, leading to a planar arrangement for all
complexes, in good agreement with square planar geometries. The main structural features are given
in Table 1.9.

Av. Values (A or °)

Atoms K(bimpym)NiMe;(C) 1.9C 1.8C
TM-Npym 1.952 2.138 2.090
TM-Nimig 1.960 2.144 2.109

TM-Me (avg) 1.917 2.035 2.039
K-Npym 2.737 2.747 2.742
K-Nimid 2.580 2.576 2.589

C-C 1.439 1.447 1.449
d(K-plane) 0.054 0.022 0.032
d(TM -plane) 0.123 0.045 0.009
bimpym~TMMe, 5.11 3.10 0.31

Table 1.9: Main distances in the optimised geometries of the K(bimpym)TMMe; series of compounds, computed at the ZORA1
level of theory. Variations in distances, with respect to the crystal structures, are colour-coded thusly: a difference of up to
0.03 A is indicated by red if bond length is inferior to that of the crystal structure, green if superior, a difference superior to
0.03 A is indicated by boldface.
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As could be expected, removing the solvent molecules from the vicinity of the K* strongly impacts its
coordination environment, leading to significant discrepancies from the crystal structure. It should be
noted, however, that the ligand and transition metal environments seem to be very well reproduced,
regardless of the position of the K* ion.

The electronic structure does not change significantly along the Ni-Pt series, as the frontier orbitals
are very similar to one another. In itself, the addition of the TM fragment does, however, modify the
electronic density on the LUMO of the adducts. To better gauge the relative effect of the coordination
of each metal, the bimpymNiMe; adduct was computed. The relative contributions of the atoms on
the pyrimidine moiety to the LUMOs — illustrated in Figure 1.6 — are meaningfully adjusted by the
coordination of the TM fragment. The electronic density is “inverted” between the carbons on the
meta position relative to the bridging carbon. The implication of this observation is that there would
be substantial electronic density on this carbon atom in the event of an electron transfer, which was
ultimately proven when reacting K(bimpym)NiMe; with KCs. A C-C coupling occurred on the opposite
side to the nickel fragment.3* It would seem that, contrary to the difference observed between
Kbimpym and bimpym-, the removal of the K" ion does not significantly affect the electronic structure
of the adduct. This would suggest that its electronic impact is dwarfed by that of the TM.
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Figure 1.6: The LUMOs of Kbimpym, bimpymNiMe, and KbimpymNiMe,, computed at the ZORA3 level of theory.

Another way to gauge the electronic structure along the series is by performing UV-visible
spectroscopic analyses. An overlay of the spectra of 1.8-1.10 in THF is presented in Figure 1.7 and the
results are collected in Table 1.10. The strong absorption band at A=310-350 nm is assigned to a spin-
permitted ligand-based m->n* transition, consistent with previous absorption data for complexes
based on bimpym.3! The transition is redshifted in the case of both 1.8 and 1.10 with respect to 1.9.
This implies that both minimising the perturbative effect of the K" ion or using a more electron-rich
metal can have stabilising effects on the excited state of the complex. This is supported by the
difference in the molar extinction coefficient, which is almost an order of magnitude higherin 1.8 than
in 1.9. A second band at around A=486 nm is also present for 1.8 and can be assigned to a MLCT
(metal-to-ligand charge transfer).

1.8 1.9 1.10

A (nm) 339 486 321 340

€ (Lem™mol?) 21800 3000 3350 4100
Transition > MLCT m->1* >

Table 1.10: UV-Visible data obtained for 1.8-1.10 in THF solutions.
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Figure 1.7: UV-Visible spectrum of Kbimpym-based complexes in THF.

1.3.4. Partial conclusion and perspectives.

The series of group 10 TM complexes with Kbimpym was completed following the synthesis of 1.8 and
1.9 (and its derivative 1.10). Large-scale processes of the first two are rendered inefficient and
complicated by what seems to be a degradative process.

The compounds, themselves, suffer from poor solubility, mainly due to the ligand itself. Improving its
solubility would go a long way to simplifying the synthetic issues encountered for the complexes. This
could be achieved by either reducing the size of the aromatic system®® (thereby disfavouring -
stacking) or by introducing lipophilic substituents (Scheme 1.15). The latter strategy has the advantage
of being based on functionalising commercially available reagents using previously described
methods.%%7°
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Scheme 1.15: Target alternative options to Hbimpym.

In other uses, Kbimpym systems may prove to be interesting, because it may allow a conceptual break
with the ERC project. Rather than attempt to exploit electron-rich systems (TM centres stabilised and
enhanced by the electron stored on the ligand), it could be used as a scaffold to build electron deficient
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complexes, which have already found catalytic use.”® This may be achieved by reacting Kbimpym-
based systems with halide-bearing precursors of Ln" (Scheme 1.16) — compounds familiar to our

group.”?
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Scheme 1.16: Synthesis of novel heterobimetallic complexes.

Several preliminary in situ reactions were undertaken between either 1.8 or 1.9 and complexes of the
formula (COT)Lnl (COT = the cyclooctatetraenyl dianion). The major products were, in all cases,
precipitates that were formed almost immediately, precluding further analysis. However, the
supernatant, obtained following a reaction with (COT)Lnl, crystallised after a few weeks, affording
crystals suitable for XRD analysis. The resulting structure revealed a trimeric arrangement 1.11 of the
formula [COTSm(bimpym)]s, in which one ligand is lopsided with respect to its neighbours. As in the
case of the K(bimpym)NiMe, complex, the TM fragment is ejected following the coordination of the
lanthanide. In contrast to the aforementioned example, no electron transfer took place, which leaves
open the question of the mechanism of the expulsion of the TM fragment and of the nature of the
ensuing species. Examples of metal expulsions are quite rare and usually involve a trigger — Sauvage
described the removal of a ruthenium fragment from a macrocyclic complex after photochemical
excitation.”®

Figure 1.8: ORTEP of 1.11. The COT ligands are shown in wireframe to avoid clutter.

As mentioned above, the poor solubility conferred by the ligand complicates, if not entirely prevents
the characterisation of the newly-formed species. Solving this issue is crucial in order to enable future
work in this regard.

70



Synthesis of palladium and platinum complexes.

1.4. bimpym-based complexes of palladium and platinum.

1.4.1.Synthesis of palladium and platinum complexes.

The synthesis of group 10 TM complexes with the bimpym ligand were undertaken, with the objective
of coordinating them to the LX coordination site. Therefore, Hbimpym was the starting ligand. This
implies, in turn, that the deprotonation of the ligand has to take place during the reaction.

Initial coordination trials were performed with (tmeda)PdMe; in coordinating solvents, such as
acetonitrile or THF. Bright yellow solid was formed rapidly. *H NMR analysis only showed the signals
characteristic of the unreacted ligand, as the solid formed was insoluble in the available solvents.
Further characterisation of this product was hampered by the fact that the species could not be
crystallised.

Dissolving this species in pyridine yielded a rich golden solution and led to an intense gaseous
evolution. Diffusion of pentane in the pyridine solution at room temperature produced crystalline
yellow blocks overnight. The XRD analysis allowed the identification of this product as
(bimpym)PdPyrMe (1.12, see Scheme 1.17). The coordination of the Pd to the LX site is evident — one
methyl group departs and is replaced by pyridine — an L-type ligand. The availability of the LX site
presupposes deprotonation, which would, therefore, be consistent with the departure of methane
during the formation of the complex.

The same product could be obtained by either adding a few drops of pyridine to the reaction mixture
described above or by directly performing the reaction using pyridine as the solvent (Scheme 1.17).
The latter procedure is the most efficient, as the product can be obtained in very high yields (up to
90%) by precipitating the product with pentane. Washing the solid with Et,0 is necessary to remove
any excess of the (tmeda)PdMe; precursor.
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Scheme 1.17: Synthesis and ORTEP of 1.12.

Once crystallised or precipitated, the complex could only be redissolved in THF-ds in order to obtain
IH NMR spectra. This procedure tended to be very slow. The main sighals of the complex were very
broad, but their integration was in good agreement with the isolated structure (Figure 1.9). A curious
feature of this complex was that the pyridine signals, in contrast to the ligand ones, were very sharp.
This hints towards a fluxional behaviour of the pyridine in solution. To test this assertion, the volatiles
were evaporated for several hours, before being redissolved in the same solvent. The intensity of
pyridine signals decreased significantly and could even be removed entirely upon prolonged exposure
to reduced pressure. The nature of the resulting species is unknown, as it could not be crystallised.
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Figure 1.9: 1H NMR of complex 1.12 in THF-dgat 333 K.

The reaction was also attempted in the presence of other weak bases, in order to facilitate the
deprotonation of Hbimpym, but 1.12 was not obtained therefrom. Given that pyridine is necessary
for the activation of the reaction mechanism, it is proposed that it plays the role of a prototropy-
driving catalytic base that triggers the rearrangement leading to 1.12 (Scheme 1.18). Following
deprotonation, the negative charge on the nitrogen is transferred to the opposite side (where the Pd
is coordinated) due to the mesomeric effect.

/\

AN

H\+ H
y LD D) e aRa
\

AN
/ NN/ Z s / NN N
P Pd -~ = g Pd
SN / \ tmeda SO VAR \
AN N“IN N” ~

o~ T N
~ @ & & 9
v
Scheme 1.18: Proposition of the rearrangement mechanism leading to 1.12.

The corresponding syntheses with the Pt precursor presented a different evolution. The
straightforward reaction in pyridine gave a yellow-orange solution that afforded the isostructural
(bimpym)PtPyrMe compound (1.13, Scheme 1.19). The procedure is very similar to that described
above, with the primary difference being that the gaseous evolution responsible for eliminating
methane is not easily noticed. It would appear that the reaction is slower than in the case of 1.12.
Elseways, an identical work-up equally yields the pure complex in very high yields.
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Scheme 1.19: Synthesis of Pt-based bimpym complexes 1.13 and 1.14.

Conversely, performing the same reaction in acetonitrile with a few drops of pyridine gave a crimson
solution. Following evaporation of the volatiles, diffusing pentane in a pyridine solution resulted in the
growth of crystals of 1.14 (Figure 1.10). It would, therefore, appear that the reaction mechanism
closely follows that of 1.12, but acetonitrile is either preferentially coordinated (due to the large
excess) or is able to replace pyridine in the coordination sphere of the complex. Both of these
hypotheses are corroborated by the presence of an uncoordinated pyridine molecule in the crystal
structure of 1.14.

As can be evidenced by the main structural parameters in Table 1.11, the TM bond distances between
the two coordinating nitrogen atoms on the bimpym ligand are dissymmetrical, a fact which can well
be explained by the superior electrostatic interaction between the metal and the nitrogen of the
imidazole site, due to the higher local charge concentrated at that atom. Otherwise, the small
difference in the Pt-Npym distances between 1.13 and 1.14 can be attributed to steric repulsion
imposed by the pyridine moiety (as illustrated by the ~60° deviation with respect to the ligand plane).

Av. Values (A or °)
Atoms 1.12 1.13 1.14
TM-Npym 2.176(2) 2.152(4) 2.122(4)
TM-Nimig 2.034(2) 2.023(4) 2.001(3)
TM-N, 2.040(2) 2.022(4) 1.961(3)
TM-Me 2.022(3) 2.033(6) 2.048(4)
bimpymAL 60.68 61.94 ]

Table 1.11: Main distances and angles in the crystal structures of the bimpym-based complexes of Pd and Pt. “L” designates
the L-type ligand coordinating the TM centre.

Figure 1.10: ORTEP of 1.14. The pyridine molecule co-crystallises with the complex. The hydrogen atoms are omitted for
clarity.
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1.4.2. Electronic structure of the compounds. Analysis.

The occupation of the LX coordination site by the TM fragments of the complexes described in this
section, as opposed to the L, site in Chapter 1.3, is assumed to entail variations in the electronic
structure. The differences could provide a predictive platform as to the future reactivity with divalent
lanthanides.

In order to answer this query, theoretical computations were performed on the three complexes
described in this section. All three structures were optimised at the ZORA1 level of theory. The main
features of the crystal structure geometries are very well reproduced.

The examination of the electronic structure revealed virtually identical main orbitals for the
isostructural 1.12 and 1.13. The L-type ligand seems to have little influence on the occupied frontier
orbitals, which mostly present antibonding interactions between the d-orbitals of the TM and the
bimpym orbitals. Its main contribution is manifested in the form and the energies of the vacant orbitals
(Table 1.12). In the case of 1.14, the LUMO and LUMO+1 are quite similar to those seen in Chapter 1.3
— transferring an electron to this orbital would result in the similar accumulation of electronic density
on the pyrimidine moiety. This type of orbital shall henceforth be shortened to LUMOP™,

Orbital 1.12 1.14
:.:\ LS : 1 ” o
[
HOMO q ?" q‘.?‘ﬁ'
QQ 1'0
LUMO -
@ 9% o
[ 66
u °
O .
-
LUMO+1
v r :
@
%o
LUMO+2 j\‘;‘
@
o
6. ¢

Table 1.12: Preview of main orbitals of bimpym-based complexes of Pd and Pt, computed at the ZORA3 level of theory.

The corresponding orbitals in 1.12 and 1.13 is the LUMO+1, whilst LUMO+2 and LUMO+3 are both
antibonding orbitals hybridised across the pyridine and the pyrimidine (LUMOPY™). Interestingly, the
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LUMOs of these complexes are i* anti-bonding orbitals localised mainly on the pyridine moiety, with
a minor contribution from the metals. This type of orbital shall from hereon in be shortened to LUMO".

The shape of the LUMO on the pyridine-based complexes is quite surprising. One would not
necessarily expect reactivity to be promoted via a relatively labile L-type ligand. Displacement of such
ligands in catalytic cycles is quite common.” In order to compare our findings with known examples,
a brief survey of the literature was conducted.” In the case of a majority of matches, the ligands play
spectator roles, with insignificant, if any contributions at all to the frontier orbitals.”>”° The group of
Sadler described photoactivatable ruthenium systems with pyridine-based L-ligands, that would
decoordinate upon excitation with UVA or white light, generating reactive species.®’ One of the sole
counter-examples arose from a description of [(bipy)Pd(R-py)]** species, where the LUMO+1 and
LUMO+2 were anti-bonding orbitals mainly delocalised on the L-ligand (with a small contribution from
the Pd centre on the former).!

Another common feature to all of these complexes is an antibonding orbital involving the metal centre
and all of the ligands in its coordination sphere — henceforth designated as LUMO®, illustrated in
Figure 1.11. It is immediately above the pyridine-pyrimidine based orbitals in 1.12 and 1.13 (LUMO+4)
and even farther away in the case of 1.14 (LUMO+6).
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Figure 1.11: Preview of LUMO® in 1.12 and 1.14, computed at the ZORA3 level of theory.

Of even more pertinence is the energy gap between the HOMO and these respective orbitals. The
main energy gaps are collected in Table 1.13. The main energy differences of the pyridine-bearing
complexes follow each other closely — the LUMO-LUMO+1 gaps are very small and correspond to 0.44
and 0.34 eV for 1.12 and 1.13, respectively. This would imply that two distinct reactivity pathways
would be accessible upon electron transfer for both complexes. In the case of 1.14, the energy gap
between the HOMO and the pair of vacant orbitals mainly situated on the pyrimidine (its LUMO) is
quite similar to the other two complexes (HOMO-LUMO+1 gap). Its LUMO+2 and LUMO+3 are anti-
bonding orbitals of LUMO!-type with more important contributions from the Pt centre. Its putative L-
ligand-based reactivity pathway is much less energetically available, as the LUMO-LUMO+2 gap is 1.38
eVv.

The significance of these observations remains to be seen. As shown in numerous instances, the
coordination of divalent lanthanides is quite likely to alter the electronic structure of the ligand.>>3

* Due to the vague nature of this query, examples were collected by identifying TM complexes coordinated to
redox-active (in most cases, N-heterocyclic compounds) bi- or tridentate ligands with simple accompanying co-
ligands, such as pyridine or THF and their derivatives. The results (upwards of 150 complexes) were collected
and the articles, as well as the citing literature, was filtered for inclusion of theoretical computations. A sample
size of 20 articles was obtained. The quality of the data extracted was highly dependent on the available material
in the articles.
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Electronic structure of the compounds. Analysis.

Compound / 1.12 1.13 1.14
Energy gap
HOMO-LUMO 3.34 3.34 3.70
LUMO-LUMO+1 0.44 0.34 0.29
LUMO-LUMO+2 0.54 0.56 1.38

Table 1.13: Main orbital energies and energy gaps for the bimpym-based complexes of Pd and Pt. All energies are computed
at the ZORA3 level of theory. All energies are given in eV.

To gauge whether this unusual influence of the L ligand on the electronic structure is correlated to the
nature of the ligand itself, a series of complexes bearing various ligands, based on the 1.12 framework,
were computed at the ZORA1 level of theory (Table 1.14). The chosen co-ligands were meant to probe
the influence of the HSAB character of the coordinating atom, of the ligand aromaticity and of steric
hindrance.

The resulting compounds can be divided in 5 categories. Ligands that induce the same type of
behaviour as pyridine predictably include its direct derivatives, such as phosphorine (analogous to
pyridine, with a phosphorous atom instead of the nitrogen) and pyridazine, as well as the aromatic 5-
membered ring thiophene (the sole caveat is that the LUMO! therein contains non-negligible
participation from the neighbouring atoms). Bipy is computed to coordinate in an n' fashion and the
two rings are twisted due to the steric hindrance of the nearby hydrogens (Figure 1.12). Surprisingly,
the LUMO of the acetone complex also prominently involves electronic density on the ligand. The
common denominator of this group is the presence of a m system: the stabilisation due to the
extension of the 1t system is a potential argument justifying the comparable behaviour.

The influence of the ligand on the electronic structure is inferred on the basis of the order of the
orbitals. A second group — whose behaviour is similar to that of 1.14 — is therefore established. The
electronic structure of 1.14 is reproduced with Pd, as is the case when the ligand is PPhs.

The third group includes a number of different categories of ligands. L-type ligands based on double
bonds — ethylene, COD (which, after geometry optimisation, is coordinated through a single double
bond), heteroatom-based ligands (water, dihydrogen sulphide, phosphine, carbon monoxide) and one
aromatic ligand — furan. All of these present at least one well-defined LUMO" orbital, but it is even
further away from the frontier orbitals than the previous complexes. The difference between the
electronic influence of essentially isostructural ligands — furan and thiophene — can be explained using
HSAB principles, given that Pd®* is a soft acid, therefore more compatible with a softer donor atom.
This situation holds, despite the fact that the thiophene plane is more twisted from the axis of the Pd-
S bond than the corresponding Pd-O bond, which would limit orbital overlap (Figure 1.12).

¢ ©

Figure 1.12: Computed complexes analogous to 1.12 with bipy (left), COD (centre) and the overlay (right) between thiophene
(the S atom is in yellow and the others are crossed) and furan (atoms not crossed). All complexes were computed at the
ZORA1 level of theory.
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Electronic structure of the compounds. Analysis.

The following group, comprising ammonia, as well as unconjugated O-bound systems, show no
influence of the L ligand to the vacant frontier orbitals. The same HSAB rationale can be applied to the
phosphine-ammonia pair to explain the difference in behaviour.

Lastly, two ligands were probed to study the behaviour of ligands that have either an electron hole
(borane) or are strongly mt-accepting (carbon dioxide). Electron transfer in these two complexes would

first result in the population of bonding orbitals.

. LUMO LUMO Ligand
Ligand
order order
Acetone L*, pym, ab | Pym, ab, L* co
. L*, pym, L-
() ’ ’ *
g bipy oym, ab Pym, ab, L coD
A * R
e Phosphorine L*, pym, L Pym, ab, L* H,C=CH, 5
5 pym, ab 2
:>_~ Pyridazine L*, pym, ab | Pym, ab, L* Furan g
* ]
Thiophene L pyr:, Pym, ab, L* H,S S
ab, L ‘:%s
. MeCN Pym, L*, ab | Pym, ab, L* PH3 ®
S8 Pym, L¥,
§ Z PPh; pym, L*(3), | Pym, ab, L* Water
ab
” b Pym, ab Ammonia -
5 Borane L, pym, a
o ’ ’ o
§ Pym, ab Et.0 o
9 L, pym, ab, Pym, ab Me,O f_(lgh
< CO, * Q
L Pym, ab THF

Table 1.14: Main characteristics of the frontier orbitals for the computed (bimpym)Pd(L)Me complexes, obtained at the
ZORAL1 level of theory. “pym” designates the LUMOPY™-type orbitals, “L” the LUMO!-type orbitals and “ab” the LUMO%-type
orbitals, “Acc.” stands for acceptors.

A closer inspection at some of the complexes would imply that the finer features of the electronic
structure can be tuned. Two of the more salient examples are chosen: bipy and pyridazine (Figure
1.13). The pyridazine ligand stabilises the complex more than its pyridine analogue, as evidenced by
the smaller HOMO-LUMO gap (again, the magnitude varies between functionals, whilst respecting the
trend). Moreover, the closest LUMOPY™-type orbital becomes less accessible, being substituted by
another LUMO" orbital. The LUMO'-LUMO'™ gap becomes 1.08 eV, as opposed to circa 0.43 eV in
1.12.

The same scenario occurs in the bipy analogue. However, due to the enhanced conjugation of this
ligand, the subsequent orbitals are much closer in energy to each other. As such, the LUMO-LUMO+4
gap is only 0.94 eV. This could imply that a wider range of reactivity is available after a strong
perturbative event (such as the coordination of a lanthanide and an electronic transfer).

Obtaining such complexes, however, is contingent on the possibility of either substituting the pyridine
in the coordination sphere of the complexes 1.12 or 1.13, or on the activation of the formation
mechanism of the complexes in another way. The former was shown to be possible, following tests
performed on 1.12: dissolving the complex in THF-ds, followed by evaporation of all the volatiles for
several hours allowed removing the pyridine (as confirmed by *H NMR). No crystals could be obtained,
precluding a full characterisation of the resulting compound.
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Figure 1.13: MO energy diagram (in Eh) for 1.12 and the corresponding pyridazine and bipy analogues, computed at the
ZORA1 level of theory. The red and yellow dashes indicate occupied and vacant orbitals, respectively.

1.4.3. Partial conclusion.

The synthesis of bimpym-based complexes of Pd?* and Pt2* aimed to explore the effect of coordinating
the metal centres on the LX site of the bimpym ligand. Three such compounds were synthesised and
characterised. The presence of the anionic ligand expels one of the methyl moieties, making room for

a solvent molecule —an L-type ligand.
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Single ligand complexes.

The examination of the electronic structure highlighted the unusual influence of the pyridine, which
has the most significant contribution to the LUMOs of both 1.12 and 1.13. Subsequent orbitals involve
the pyrimidine moiety on the bimpym ligand. The marked contrast between the pyridine-based
complexes and 1.14 is manifested in the different frontier orbitals. The significant energy gaps at play
in the aforementioned complexes would suggest that, following the addition of organolanthanide
fragments, different reactivity can be accessed.

A theoretical study seems to confirm the influence of the ligand in the modulation of electronic
properties. Two extreme behaviours were observed. For several unconjugated ligands, no impact on
the frontier orbitals was observed. This seems to be due to their inability to extend the low-lying 1t
system of the organometallic system.

On the opposite end, highly conjugated, aromatic systems are able to mimic the behaviour of the
pyridine. Ligand-based orbitals were found in all such cases. Moreover, it was shown that careful
choice of the ligand permits a finer alteration of the electronic structure. Promising as they may be,
the translation of these findings in real-life scenarios depends on the ability to replace the pyridine
ligand in these complexes. So far, only the fluxional behaviour of pyridine was observed.

The obvious next steps, as shall be seen in the following chapters, is the addition of organolanthanide
fragments to these complexes, which should provide the clearest indication of the behaviour or such
species upon reduction.

1.5. bimpym-based Ir complexes.

Our choice of precursors in the form of the iridium(l) cyclooctadiene chloride dimer and the iridium(lIl)
[Cp*IrCly)2 dimer provides an excellent platform to test the addition of both Hbimpym and Kbimpym.
Due to the presence of the CI', the reaction should be driven by virtue of the formation of KCl as a by-
product. The COD and Cp* co-ligands should help with the previously experienced solubility issues of
the bimpym ligand.

1.5.1.Single ligand complexes.
1.5.L1. Syntheses and characterisation.

Each of the precursors was reacted with both Hbimpym and Kbimpym. The syntheses were initially
carried out in THF. In the case of the crimson Ir' dimer, dark purple and bright red suspensions were
rapidly formed upon addition of Hbimpym and Kbimpym, respectively. In both cases, the product
seemed to be very poorly soluble in THF. Evaporation of the crude fractions and redissolution in DCM
greatly improved the solubility. Subsequent filtrations resulted in dark purple and red solutions.

The same outcomes were observed using the Ir'' dimer. The reaction in THF rapidly yielded pale yellow

and golden suspensions after the respective additions of Hbimpym and Kbimpym. The subsequent
redissolution in DCM similarly afforded significantly higher solubility. Further iterations of the
syntheses were directly performed in DCM (Scheme 1.20). Both reactions involving Kbimpym resulted
in the precipitation of insoluble white solid, consistent with the expected salt formation.

In all cases, the procedure that yielded the best single crystals involved storing the saturated DCM
solutions for several days at room temperature. Crystals of excellent quality were grown in all cases,
allowing the identification of the compounds as (Hbimpym)IrCODCI (1.15), (bimpym)IirCOD (1.16),
[(Hbimpym)IrCp*CI]Cl (1.17) and (bimpym)IrCp*Cl (1.18). The crystal structures are presented in
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Single ligand complexes.

Figure 1.14. In the cases of the complexes with the protonated ligands, the data was of sufficient
quality to allow the clear-cut identification of the proton.

+ Hbi i
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Scheme 1.20: Synthesis of Ir-based bimpym complexes 1.15-1.18.

Figure 1.14: ORTEP of complexes 1.15-1.18. All the hydrogen atoms (except for the ligand proton in 1.15 and 1.17) are omitted
for clarity. The labelling on the nitrogen atoms is adopted for the rest of the section.

For 1.16 and 1.18, the formation of KCl was, in itself, a strong indication of the occupation of the LX
site by the Ir centre. This was, naturally, confirmed, following the elucidation of the structures. This
can also be observed by analysing the main structural features of the four complexes. A pertinent
comparison should be pre-empted by highlighting the quite different coordination environments for
all the complexes: 1.15 and 1.16 are classified as [IrLsX] and [IrLsX], whilst 1.17 and 1.18 are [IrLsX;]
and [IrLsXs] — the Cp* co-ligand is classified as L,X. The formal coordination numbers are 5 for 1.15, 6
for1.17 and 1.18, whereas it is 4 for 1.16. Lastly, the bulky Cp* ligand is likely to impose supplementary
steric constraints with respect to the more flexible COD.

With that in mind, on the basis of inter-ligand distances, neither the oxidation state of the Ir, nor its
co-ligands seem to make a significant difference to the ligand environment. The lengths of the C-C
bond bridging the two moieties are within 0.015 A of one another. In a similar vein to the study of the
(Kbimpym)TM(Me;) series in Chapter 1.3, the C-N bond lengths (numbering scheme shown in Figure
1.14) reflect the polarisation due to the accumulation of the negative charge on the ligand.
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Av. Values (A or °)

Atoms 1.15 1.16 1.17 1.18
Ci-C; 1.453(5) 1.458(7) 1.452(3) 1.450(3)
Ir-N1 2.212(3) 2.108(4) 2.1163(17) 2.0736(15)
Ir-N, 2.054(3) 2.048(4) 2.1054(17) 2.1251(15)
Ci-N; 1.355(4) 1.361(6) 1.356(3) 1.353(2)
Ci-N3 1.323(5) 1.327(6) 1.327(3) 1.332(2)
CrN, 1.323(4) 1.368(6) 1.327(3) 1.355(2)
CoN, 1.347(5) 1.324(6) 1.342(3) 1.331(2)

Table 1.15: Main distances in complexes 1.15-1.18.

The C;-N bond corresponding to the nitrogen formally holding the negative charge is longer than the
opposite one. On the pyrimidine side, however, the C;-N; bond (the atom bonding the Ir) is always
longer than Ci;-Ns3. As for the Ir-N bonds, there is no clear trend across the series. The relative
difference in the bond lengths in the Ir' complexes is more likely to be explained by the steric
constraints imposed by the different coordination environments (square planar vs trigonal
bipyramidal). Seeing as there are no other differences in the Ir coordination sphere, shifting between
the L, and LX coordination sites in 1.17 and 1.18 explains the modifications in the Ir-N bond lengths,
although the ClI" counter-anion in 1.17 could play a role, as well.

As for the previously described precursors, theoretical computations were also performed on
complexes 1.15-1.18. For the most part, the calculations managed to reproduce the main features of
the crystal structures. The sole exception is the coordination sphere of the Ir' in 1.15, which shifts to
an n! coordination mode (on the imidazolyl moiety) with respect to the bimpym ligand. This is likely
due to the higher stability conferred by a square planar geometry. This affects the electronic
environment on the pyrimidine moiety.

The unfaithful computational reproduction of the geometry in the case of 1.15 renders moot any
precise investigation into its electronic structure. There is some insight that can be gathered, though,
as exemplified by a selection of orbitals. The chloride co-ligand affects the frontier orbitals by lowering
the benzimidazolyl-based orbitals.
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Table 1.16: Main orbitals in complexes 1.15 and 1.16, computed at the ZORA3 level of theory.
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Single ligand complexes.

There are more ligand-based vacant orbitals available, which would be occupied in the event of an
electron transfer (see LUMO+4, which would correspond to a LUMO?-type orbital in 1.16). In a
continuation of the observations of the effect of metal coordination, gathered in Chapter 1.3, the
shape of the pyrimidine-based vacant orbitals is significantly impacted by the coordination of the Ir
(see LUMO) — it is quite symmetrical in 1.15 (similar to bimpym’, Table 1.8), but not in 1.16.

The two differences between 1.17 and 1.18 revolve around the ligand coordination site and the
presence of an outer-sphere ClI" counter-ion. Surprisingly, it would seem that the latter also has an
impact on both the symmetry and the position of the ligand-based orbitals. The first ligand-based
orbital is the HOMO-6 in 1.17, in stark contrast to 1.18, where they compose the HOMO-HOMO-1.
From the perspective of the vacant orbitals, it would appear that the Cl" anion counteracts the impact
of the coordination of the Ir, given how the LUMO and LUMO+1 (of LUMOPY™ shape) differ between
the two Ir''-based complexes.
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Table 1.17: Main orbitals in complexes 1.17 and 1.18, computed at the ZORA3 level of theory.

To further probe the impact of the coordination of the Ir fragments on the ligand environments, UV-
Visible analyses were carried out. This comparison is particularly opportune, given that Ir' and Ir'" are
each coordinated to both the LX and L; sites on the ligand. Therefore, the impact on the electronic
structure of the coordination on each site can be inferred. An overlay of the spectra of 1.15-1.18 in
DCM is presented in Figure 1.15 and the results are collected in Table 1.18.

1.15 1.16 1.17 1.18
A (nm) 317 367 460 318 366 516 351 341
& 1200 340 150 6600 4400 360 3200 3400

(Lcm™*mol?)
Transition T->1* MLCT MLCT T->1* MLCT MLCT | m->m* m->m*
Table 1.18: UV-Visible data obtained from DCM solutions of 1.15-1.18.

The main absorption is attributed to a ligand-based n->mt* transition in all cases. This transition is
isoenergetic in the case of the Ir' complexes. However, it is more than 5 times more intense in the case
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Single ligand complexes.

of 1.16, compared to 1.15. This could be explained by the superior electrostatic interaction between
metal and ligand (due to anionic LX site vs neutral L site), which is reflected in a stronger electronic
interaction between the two components. Curiously, this band is similar in both energy and intensity
for the Ir'"" complexes, which is in contrast to the situation described above. This may be due the
counter-anion, which was shown to impact the molar absorption coefficients of a given transition.®

The most salient difference between the complexes is that two additional bands, ascribed to MLCT
transitions, are only present in the case of Ir' compounds. This is logical, since the electron-rich Ir' is
able to contribute electronic density much more effectively to the ligand than its Ir'"" counterpart. As
for the m->nt* transition, these absorptions are much more intense in the case of 1.16; this can be
rationalised in the same manner as above.

Ir!

1.15 1.16
IrIII

1.17 —1.18

580 680 780
Wavelength (nm)

Figure 1.15: Overlay of UV-Visible spectra of 1.15-1.18 in DCM.

It was of interest whether the anionic site could be rendered more accessible for the coordination of
lanthanide fragments in complexes 1.15 and 1.17. The objective was to obtain complexes similar to
the (Kbimpym)TM(Me), series, whereby the subsequent organolanthanide fragment would target the
anionic, LX site. Correspondingly, these complexes were reacted with excess KHMDS, in the hope of
installing the K* as the counter-cation to the deprotonated LX site (Scheme 1.21). In both cases,
however, the resulting complexes were 1.16 and 1.18, respectively. In the first case, the most likely
outcome is the reorganisation of the charge within the ligand via mesomeric effect, leading to the
complex where elimination of KCl has occurred. Doing the reaction in the presence of the potassium
trapping agent 18-C-6 did not change the outcome.

DCM

1.1 > .
5 + KHMDS TKCI 1.16

- NH(SIMe3)2

1.17 + KHMDS bCM > 1.18

- KCl
- NH(SiMes),

Scheme 1.21: Deprotonation attempts of Hbimpym-based complexes.
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1.5.1.2. Perspectives. Preventing unwanted reactivity.

The reactivity of three of the synthesised complexes with organolanthanide fragments could be
compromised by the presence of the acidic proton and/or the chloride anion. It would be worthwhile
to adapt these complexes to ensure that no parasitic reactions occur.

However, given the propensity of 1.15 and 1.17 to reorganise following deprotonation discussed
above, it is unclear how such a process could be prevented. Further trials with softer bases could be
attempted, but are not a priority. In the case of the latter complex, the most pressing concern is
eliminating the very accessible chloride anion in the outer sphere. This was achieved following salt
metathesis, where [(Hbimpym)IrCp*CI]|BPh,, bearing the innocent and weakly interacting BPh,™ anion,
was isolated (1.19, Scheme 1.22). In theory, the chloride in the coordination sphere of the Ir should
be significantly less accessible for reactivity with a divalent lanthanide fragment. This assertion shall
be tested in future chapters.
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Scheme 1.22: Synthesis and crystal structure of 1.19.

Another attempted solution involved reduction trials of complexes 1.15-1.18 with Na/Naphthalene,
KCs and Cp*,Co, in the hope that the ligand could be reduced once, therefore eliminating the ClI ligand
from the coordination sphere of the Ir centres. The rationale in the case of 1.16 was to probe whether
the substrate could be reduced by complexes other than lanthanides, in a manner analogous to the
one examined for the (Kbimpym)NiMe, compound.3* In all cases, in situ reactions followed by *H NMR
revealed only intractable mixtures.

The remaining acidic proton is still potentially problematic. The most likely outcome after the addition
of Cp*,Ln(OEt;) would be the protolysis of the Cp* co-ligand. Other synthetic solutions should be
tested. However, significant efforts in this direction should be withheld until it is proven that the
chloride in the coordination sphere of the Ir is either not harmful or can be controlled.

Conversely, maybe the presence of the acidic proton can be used to selectively trigger the departure
of one Cp* co-ligand, resulting in an unsaturated coordination environment of the lanthanide. This
type of configuration, where trivalent Ln metal centres were coordinated to only one Cp* group, was
previously seen as a result of Sterically Induced Reductions and can result in bridging coordination
patterns or inclusion of solvent in the coordination sphere.838>
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Scheme 1.23: Proposition of reaction mechanism involving the acidic proton on structures such as 1.15, 1.17 or 1.19.
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Towards the preparation of iridium-based complexes bearing two RALs

Perhaps the safest bet for a frictionless reaction with divalent lanthanides would be to extract the
chloride in the coordination sphere of 1.18 in favour of a non- or weakly-coordinating anion. This was
attempted in a reaction with NaBPh,, followed by *H NMR (Figure 1.16). Although no colour change
was attested, the signals belonging to 1.18 were instantly shifted, indicating that a reaction had
occurred. Despite our best efforts, no crystals could be grown that would confirm our assertions.
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Figure 1.16: 'H NMR in THF-ds of 1.18 (above, red dots) and after reaction with NaBPh4 (below, black dots indicate reagent
signals) — aromatic region.

1.5.2. Towards the preparation of iridium-based complexes bearing
two RALs

1.5.2.1. Rationale.

There is both experimental** and theoretical proof (presented in Sections 1.4 and 1.5) for a coupling
reaction on the bimpym ligand, following an electron transfer. The resulting species may be of interest,
perhaps by presenting a bimetallic cavity that could be useful catalytically, but this premise is
untested. The coupling reaction is not necessarily the optimum outcome, since the electronic density
stored on the radical ligand is immediately used to form a C-C bond, rather than contribute to the
environment of the TM.>* As such, it may be of interest to try to prevent the coupling reaction.

One of the ways this could be achieved is by introducing substituents on the possible coupling
positions. This solution should be carried out cautiously, since the simplest substituents — methyl
groups — have previously proven to be a source of a different side-reaction altogether.8®

Another perspective would be to try to reduce the transferred electronic density, concentrated in the
coupling carbons, in the hope of avoiding the bond formation. This can be achieved by increasing the
conjugation of the ligand’s aromatic cycle by extending it. This solution would involve having a second
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Towards the preparation of iridium-based complexes bearing two RALs

RAL in order to attempt to shift the electronic density, susceptible to accumulate in the C atoms on
the pyrimidine moiety, towards this second ligand. As was shown in Chapter 1.4, the ligand field of
(bimpym)PdPyMe (1.12) could quite effectively modulate the shape and nature of the frontier orbitals.
The same rationale can be applied to Ir-based compounds. There is ample precedent of Ir-based
edifices with multiple RALs. For example, there are 384 iridium complexes indexed in the CCDC
database bearing three ligands based on the bipy architecture (most often the phenylpyridine in the
interest of preserving charge neutrality).?’%°

However, to the best of our knowledge, there is a relative paucity of similar configurations with Ir!,
mainly due to its preference of adopting a square planar geometry. Stabilising a species of the
Ln"(bimpym®)Ir'(L) configuration could be of considerable interest. Moreover, the appropriate choice
of L could allow the coordination of a second equivalent of divalent lanthanide.

1.5.2.2. Preliminary studies of the electronic structure.

The abundance in Ir'"" complexes with multiple ligands inspired an investigation into a similar
compound. The Ir(bimpym)s complex was computed. It features an octahedral geometry, with all the
Ir-Npym and Ir-Nimia bonds within 0.02 A of each other. A series of closely packed orbitals, where the Ir
5d orbitals hybridise with the imidazole moieties of the ligands make up the occupied frontier orbitals.
Each of these orbitals involve just one ligand, with minimal contributions from its vicinal ligands.
Conversely, the first three vacant orbitals are of LUMOPY™ shape, one for each bimpym ligand. Only
LUMO+4 and LUMO+5 showed any delocalisation across more than one ligand.

Figure 1.17: Structure and hybridised vacant orbital of Ir(bimpym)s.

A series of putative Ir' complexes were subsequently computed — (bimpym)ir(bipy),

(bimpym)Ir(bipym) and [(bimpym).Ir]. In all cases, the geometries are best described as severely
distorted square planar, due to the repulsion between the proximal hydrogen atoms on both ligands.
It would appear that the two hydrogens on the pyrimidine moiety and its closest counterpart on the
opposite ligand are crucial — they cannot be closer than 2 A (Table 1.19). In all three cases, the angle
formed between the two ligand planes exceeds 30° (shown in Figure 1.18). Furthermore, the two
fragments of each ligand of the three complexes are slightly twisted with respect to one another
(highlighted as “pym”imid” and “L distortion” in Table 1.19).

The main structural features are collected in Table 1.19. It is not surprising that the bipy and bipym
complexes present nearly identical geometries. The only differences therein — C-Cpimpym bond length
and the distortion between the two ligand fragments — are negligible. For [(bimpym).Ir], the two
bimpym ligands are nearly identical to one another.
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I\[r<I

Figure 1.18: Structure of dual-ligand Ir'-based complexes. Only the hydrogens on the bimpym and L that impose steric
constraints are shown.

The significant steric strain observed in these three ligands is likely to affect the electronic interaction
between the ligand and Ir by reducing the orbital overlap between the two components. This steric
strain can be lessened with a more adequate ligand: the choice was made to deliberately build in the
torsion angle by using the 3,3’-Me;-bipy in the (bimpym)ir(3,3’-bipy) complex, which was also

computed. Previous reports containing crystal structures of this ligand had CCCC and NCCN torsion

angles of around 30-40°.3%%°! The computed structure of (bimpym)ir(3,3’-bipy) lowers the same
angles to 13.5° and 25°, respectively. This accrued steric tension is counterbalanced by the fact that
the torsion angle of the ligand results in the two closest hydrogens (“Hpym-H.” in Table 1.19) of the
opposite ligands being inherently kept apart. The angle between the two ligands is therefore less
exaggerated in comparison to that of its peers.

Av. Values (A or °)

Atoms (bimpym)lr(bipy) | (bimpym)ir(3,3’-bipy) | [(bimpym).Ir]" | (bimpym)ir(bipym)
Ir-Npym 2.036 2.048 1.999 2.038
Ir-Nimig 2.010 2.020 2.016 2.005
Ir-NY 1.987 1.977 1.999 1.985
Ir-N*, 1.991 1.982 2.016 1.990
Hoym-He 2.031 2.032 2.032 2.034
Hpim-HL 2.273 2.311 2.499 2.300
C-Chimpym 1.442 1.441 1.441 1.454
C-C. 1.446 1.454 1.441 1.442
pym”bim 7.22 6.18 6.56 7.25
L distortion 5.80 10.91 6.68 4.77
bimpymA~L 34.59 17.28 33.11 31.95

Table 1.19: Main angles and distances in the computed dual-ligand Ir' complexes, computed at the ZORA1 level of theory.
“pbym” and “bim” indicate the pyrimidyl and benzimidazolyl moieties on the bimpym, “L” indicates the ligand opposite
bimpym.
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Further investigations into the electronic structure were carried out by performing computations at
the ZORAS3 level of theory. The occupied orbitals are similar in nature and shape to their equivalents
on other bimpym-based complexes and are not of primary interest. In all the cases, the presence of a
second N-heteroaromatic ligand has a significant impact on the main vacant orbitals. The symmetry
present in the [(bimpym)lr] anion imposes equal contributions from each ligand for every orbital.
The electron density on the individual carbon atoms, susceptible to couple, is diminished in
comparison to the mono-bimpym complexes. This conclusion should be treated cautiously, as the
coordination of an additional metal centre has a strong perturbative effect on the ligand orbitals. The
behaviour resulting from the addition of divalent lanthanides to such a structure may or may not
comply with the increased delocalisation imposed by the second ligand.

In the other three complexes, the electronic structure is modified in a different way. The vacant
frontier orbitals involve dominant contributions from one of the ligands. In all cases, the LUMO is
based on the other N-heterocycle ligand. The more pronounced orbital overlap due to the lesser inter-
ligand angle in (bimpym)Ir(3,3’-bipy) may be most prominently manifested in the form of LUMO+2,
which is delocalised across the two ligands, rather than concentrated on the bimpym in
(bimpym)Ir(bipy). The bipym seems to be more effective than its counterparts, as the vacant frontier
orbitals have considerably smaller contributions from the bimpym ligand. Despite the impact of the
increased conjugation on the vacant orbitals due to the second ligand, consequential contributions on
the carbons susceptible to couple are present in all the computed compounds.

Orbital (bimpym)ir(bipy) (bimpym)ir(3,3’-bipy) (bimpym)lr(bipym)
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Table 1.20: Main orbitals of the computed dual-ligand Ir' complexes, computed at the ZORA3 level of theory.
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The deviation of the optimised geometry of 1.15 with respect to its crystal structure, where the
bimpym ligand was monocoordinated to ensure the square planar geometry of the Ir' centre, was a
point of reflection in the design of a second coordinating ligand. In order to try to “force” the trigonal
bipyramidal geometry, the bulky, tridentate terpyridine (terpy) ligand was chosen. The resulting
compound — (bimpym)lr(terpy) — indeed presented a pentavalent Ir' centre with two orthogonal
ligands in the coordination sphere. The electronic structure presented a succession of bimpym- and
terpy-based orbitals, with no hybridisation between them.

These findings provide a good guide for the conception and optimum architecture of such complexes.

1.5.2.3. Synthetic trials.

The promise of high electronic delocalisation borne by the computed adducts determined us to pursue
various synthetic strategies to attempt their isolation. Reactions were carried out with the bimpym,
bipy and bipym ligands. The first series involved reacting the isolated compounds 1.16 and 1.18 with
the target second ligands, in hope of substituting the COD or Cp* co-ligands. This proposition was
tenuous at best, given that Cp* is an anionic, n°>-coordinating ligand and COD is a good m-acceptor, in
a good match with the electron-rich Ir' centre. In all cases, no reactions occurred (Scheme 1.24).

+ bipy or bipym

1.16 no reaction
1.18 no reaction
+ excess Kbimpm
or = or
[-CHir''(Cpr)Cl, 118

Scheme 1.24: Ligand substitution reactions with the previously isolated compounds.

A different synthetic strategy involved attempting to exploit the driving force of salt formation by the
addition of Kbimpym. In order to do so, previously characterised complexes (L)IrCODCI and
[(L)IrCp*CIICl (L = bipy, bipym) were synthesised (Scheme 1.25).°*% The bipym-based compounds
were previously obtained in our laboratory. The salt formation did, indeed, help the coordination of
the bimpym ligand, but the Cp* and COD co-ligands could not be evicted from the coordination sphere
of the Ir centres. On the contrary, the signals of free bipy and bipym ligands were detected in the in
situ reaction mixtures, as well as those of 1.16 and 1.18.
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Scheme 1.25: Ligand substitution reactions with (L)IrCODCI and (L)IrCp*Cl; (L = bipy, bipym).

The very favourable coordination of COD compelled us to explore different pathways. In this regard,
the iridium(l) bis-cyclooctene chloride dimer [Ir(COE),Cl]; seemed promising, as the weaker
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coordination via a single double bond has already been used to facilitate decoordination of the n«-
accepting ligand.%

The addition of bipy to [Ir(COE),Cl]; in THF immediately resulted in a red-brown mixture, which
became entirely soluble within a few minutes of stirring. If left overnight at room temperature, a
brown solid precipitates. *H NMR analysis of the mixture showed the release of free COE. The
decoordination of the COE co-ligands is, therefore, responsible for the precipitation of the substrate
overnight. The mixture is much more stable if stored at -30 °C. Diffusion of Et,0 in the saturated THF
solution at -30 °C led to the growth of small brown prisms, which allowed the acquisition of XRD data.
Due to the poor quality of the data, the resolution of the crystal structure could only allow the
determination of the atom connectivity as (bipy)Ir(COE),Cl (Scheme 1.26).

[I(COE)CIl, +

7 N/ \
—Z

Scheme 1.26: Addition of bipy to [Ir(COE),Cl]; and the ORTEP of the resulting structure.

In situ tracking of the reaction performed in THF-ds shows the formation of 7 distinct signals, alongside
those of free bipy. Careful integration of these signals indicate that an eighth signal is hidden in one
of the bipy peaks (the largest triplet at 7.8 ppm integrating for 2.54 protons in Figure 1.19; another
free bipy peak is integrated for scale at 8.51 ppm). Even after a short period of time, small side-
products are noticed and their growth continues. Among these newly formed signals, several
significantly shielded peaks appear between -16.8 ppm and -21.0 ppm within a few hours, before
converging towards the signal at -21.0. These chemical shifts are in the characteristic zone of transition
metal hydrides.® The fact that this signal integrates in a 1:1 ratio with the other signals being formed
indicates that a hydride product is being formed.
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Figure 1.19: In situ 'H NMR tracking of the addition of bipy to [Ir(COE),Cl],— after 15 minutes. Red dots indicate the formed
product, black — free bipy.
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The same reaction was performed in non-polar toluene to probe for the factors that triggered or
influenced the evolution described above. The reaction was started and kept at -60 °C for 30 minutes,
before the temperature was gradually increased to room temperature within two hours. The
temperature bore no influence on the behaviour of the compound. The mixture showed no evolution
of the primary product within the day. The only observable phenomenon was the precipitation of the
product, as was observed with THF. We may therefore surmise that the evolution towards the hydride
compound is solvent-dependent, whereas the precipitation due to the release of COE occurs naturally
at room temperature in all circumstances. Further proof of the former conclusion was provided upon
redissolution of the in situ reaction mixture in DMSO-ds — signals in the hydride region were noticed
within a few hours of the redissolution.

Unfortunately, no crystals could be grown from the toluene reaction mixture. Therefore, on the basis
of all the evidence presented above, the proposed mechanism is shown in Scheme 1.27. The initial
product — (bipy)Ir(COE),Cl (1.20) — is formed initially, regardless of solvent or temperature. If 1.20 is
left in a coordinating solvent, the intramolecular cross-coupling is performed, following the rotation
of one of the pyridine moieties to yield (pyr)(py)IrH(COE)2Cl (1.21). This interpretation is consistent
with the crystal structure obtained. However, due to the poor quality of the data, no reliable
distinction could be made between the nitrogen or the carbon coordinating the Ir centre. By
extension, the unequivocal attribution of the hydride was impossible, due to the insufficiently precise
data.

=

7 “ 3 COE | COE
N
[I(COE),Cll, + YU ) N\| [ o ~ceordinating N N\| u-COE
I P P r— - r
H / solvent
Z N Z N o N~ |\CI
| | | H
1.20 1.21

Scheme 1.27: Proposed mechanism for the reaction between bipy and [Ir(COE),Cl],.

Other attempts to coordinate multiple RAL were performed by reacting Kbimpym with [Ir(COE),Cl]; in
THF. The insolubility of the initially formed pale beige suspension suggested long reaction times are
necessary. However, after overnight stirring, the dominant product was a black powder that was
insoluble in all of our available solvents. It is probable that the same mechanism of COE decoordination
applies to this reaction, which would explain the lack of solubility observed.

A similar reaction with two equivalents of Kbimpym was performed by refluxing the mixture in THF
for two days, resulting in a brown suspension. Red-brown solid was isolated after filtering the mixture
(to try to remove the presumed KCI, poorly soluble in THF). The solid was washed to remove any free
COE that could be present. If the expected product, K[Ir(bimpym),], is taken as a reference, a 90%
conversion was observed. The dissolution of the solid in DMSO-ds afforded a red-auburn solution with
no visibly remaining residue.

IH NMR analysis showed a very clean product, with the only impurities being THF and Et,0 — used for
washing. The remaining four signals integrated cleanly, consistent with the presence of symmetric
bimpym-based species (Figure 1.20). In principle, this would match the attribution of the species as
K[Ir(bimpym),], where the K* is expected to be an outer-sphere cation with no bearing on the solution
symmetry.

On the other hand, the presence of only 4 signals would imply little influence from the Ir on the
putative complex, which would be unusual. Furthermore, there was no change in either colour,
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solubility or NMR signals after the addition of the potassium-trapping agent 18-C-6, which may point

to the absence of potassium cation.

These contrasting arguments put into doubt the definitive interpretation of the product.
Unfortunately, no crystals could be grown, therefore precluding the determination of the structure.
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Figure 1.20: 'H NMR of the product of the addition of two equivalents of Kbimpym to [Ir(COE),Cl],in DMSO-ds. The product
signals are designated by red dots, the solvent peak by the orange circle, THF — green lozenge and Et,0 — blue four-pointed
star.

Preliminary attempts to form (bimpym)lr(bipy)-type species were hampered by the low solubility of
the different adducts formed. Therefore, up to this point, no irrefutable proof of complexes
coordinated to two RAL can be provided. The last option that was explored was the addition of divalent
lanthanide fragments directly to the isolated products, namely the presumed K[Ir(bimpym),] and an
in situ addition to compounds where the coordination of bimpym was possible. The rationale behind
this decision was to exploit the enhanced solubility conferred by the very lipophilic Cp* co-ligands on
the lanthanide. Ytterbocene was preferred, due to the easy and immediate indication of its oxidation
state in 'H NMR — paramagnetic signals are expected if there is any reduction of the ligands.

Indeed, paramagnetically shifted peaks were immediately observed in the black suspensions obtained
when reacting the presumed K[Ir(bimpym),] with organolanthanide fragments, but these signals
either subsided with time or led to intractable, ultimately unidentifiable mixtures.

1.5.2.4. Partial conclusion and perspectives.
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Upon reduction, electron transfer to the bimpym ligand leads to a coupling reaction between two C
atoms on the pyrimidine moiety.3* This behaviour was also previously observed using divalent
lanthanide adducts with the phenanthroline family of ligands.2* With the help of theoretical
computations, this coupling could be rationalised by the presence of vacant orbitals which are
concentrated on the pyrimidine moiety (designated as LUMOPY™ throughout this work). The most
important features of this type of orbital are significant contributions from the carbon atoms in the
meta position relative to the carbon bridging the pyrimidine with the benzimidazolyl moieties. It was
shown in this chapter that the shape and individual contributions on the carbons can be modulated
by the coordination of transition metal fragments. It stands to reason that a more significant electronic
perturbation, in the form of the coordination of and reduction by an organolanthanide fragment is
likely to also impact this type of orbital.

Therefore, the synthetic objective presented herein is in line with the principles of the ERC project —
it would be beneficial to avoid the coupling reaction to maximise the electronic density stored on the
ligand, which would then have a more prominent effect on the transition metal fragment. One of the
proposed paths to achieve this involves trying to enhance the delocalisation across the m system by
adding a second RAL to the coordination sphere.

Theoretical computations on a series of compounds were performed to construct a viable system, in
order to achieve this effect. Ir'"' complexes bearing multiple RAL are already widely known. The
calculated example, Ir(bimpym)s, however, did not show any conjugation between the ligands in its
electronic structure. This could be due to the orthogonal orientation between the ligands. Regardless,
such a complex is not the primary objective of this study.

A more promising target would be Ir'-based complexes with two RAL, which are rare. The advantages
of such structures — which would adopt square planar geometries — are inter-ligand arrangements
close to co-planar, that would facilitate inter-ligand electronic communication, as well as better spatial
availability for a potential substrate, that could be exploited catalytically. All the computed adducts,
bar (bimpym)Ir(terpy), largely conform to these geometrical requirements. The exception to the rule
is due to the tridentate terpy ligand, which is perpendicular to the bimpym plane, therefore limiting
conjugation.

The electronic structures of the remaining complexes — (bimpym)ir(bipy), (bimpym)ir(3,3’-bipy),
(bimpym)Ir(bipym) and [(bimpym).Ir] — all show diminished electronic contributions on the carbon
atoms susceptible to couple and vacant orbitals with the electronic density redistributed across the
two ligands. These results justified a preliminary study into the synthetic feasibility of such complexes.

However, following the reactions was severely hamstrung by the very poor solubility of the adducts
involved. As was mentioned in Section 1.3.3, using the Kbimpym ligand presupposes long reaction
times and enormous difficulty in tracking reaction products. The decoordination of COE from 1.20
(and, presumably, 1.21) entails an almost total loss of solubility. The synthetic issues made any further
studies both fruitless and pointless.

The solutions proposed to counter these problems are in tune with those suggested in Sections 1.2.4
and 1.3.3. Introducing substituents on the ligands could attenuate the issues encountered tracking the
evolution of the compounds. The options proposed in Section 1.3.3 naturally apply here, as well. Given
the open choice of the second RAL, more derivatives can be proposed — 5,5’ -di-tert-butyl-bipym®® or
the commercially available 4,4'-di-tert-butyl-bipy as just some of the examples. Using 3,3’-Me»-bipy

(not yet attempted) or derivatives could not only contribute to better solubility, but would block the
cross-coupling reaction explaining the formation of 1.21.
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1.6. Conclusion.

This chapter presented the synthesis of a number of organometallic complexes based on two ligands
—dppz and Hbimpym. Both of these were chosen with the goal of providing a conceptual evolution to
the field of heterometallic complexes based on divalent lanthanides, which has heretofore only used
symmetrical ligands with L, coordination sites.

dppz-based complexes present the advantage of a supplementary coordination site, which allows the
planning of architectures with two organolanthanide fragments. This was, in fact, observed, with the
heterometallic complexes 1.6 and 1.7, where the structural features pointed to oxidised Yb centres.
This implies that the ligand is twice reduced and is, therefore, dianionic. The monodentate sites
undoubtedly offer a less stabilising coordination environment for the Ln. This fact is corroborated by
the solvent-dependent electron transfer.

Although promising, these findings could not be explored further, since the poor solubility of the dppz
ligand precludes solution studies, which are indispensable for reactivity trials. A series of synthetic
solutions was proposed in Section 1.2.4, which would ameliorate the solubility of the ligand.

The second chosen ligand — Hbimpym — provides an anionic coordination site upon deprotonation.
This affords the user a measure of synthetic control in the order of placing the transition metal
fragments. As such, complexes were synthesised and characterised, where the TM fragment was
coordinated to either the L, or the LX site.

In the former case, the precursors of the group 10 metals are now fully characterised. The reactivity
of the Ni adduct towards the addition of divalent lanthanide precursors was already studied.** Upon
the coordination of ytterbocene, an electron transfer occurs, triggering a coupling reaction on the
bimpym ligand between two molecules. A tetrametallic complex is isolated, after which the Ni
fragment is subsequently ejected. Theoretical computations show that the coupling reaction can be
rationalised by the accumulation of significant electronic density on the C atoms in the meta position
with respect to the bridging atom on the ligand.

This presents us with the opportunity to perform a comparative study, to investigate whether the TM
has any influence on the behaviour of the complex. These findings shall be described in the following
chapter.

Under different conditions, the same TM(Il) precursors could be used to obtain adducts, where the
metal has lost one of its X substituents, only to be replaced by a neutral solvent molecule (complexes
1.12-1.14). Theoretical computations show that this neutral ligand is very influential in determining
the electronic structure of these complexes. Indeed, when the ligand in question is pyridine, the LUMO
is almost exclusively composed by the contribution from the pyridine.

These findings are promising on two levels. First, it could suggest a new pathway for the reactivity for
the corresponding Pd and Pt-based adducts. This shall be explored at length in the subsequent
chapters.

Second, this could open up new avenues in how the reactivity with divalent lanthanides can be tuned.
This conclusion is yet to be proved, as efforts to isolate such complexes stand outside the scope of this
work. Preliminary observations indicate that it should be possible, as the pyridine ligand demonstrates
fluxional behaviour. However, the underlying difficulty is to actually replace the pyridine with the
target L-type ligand.
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Conclusion.

Lastly, Ir-based complexes, where the metal is nestled in either of the two coordination sites, were
synthesised and characterised. Although this situation may provide additional flexibility in tuning
ensuing reactivity, there are a number of concerns regarding potential parasitic side reactions upon
the addition of divalent lanthanides. This proposition will be put to the test in the next chapter.
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Chapter Two

Preparation of bimpym-based bimetallic complexes.

The series of complexes based on the bimpym ligand, bearing TM fragments, was described in Chapter
1. This provides the opportunity to enlarge the study of heterobimetallic adducts in multiple ways and
from different points of view.

For one, no group 9 TM were yet to be used in the ERC project. Therefore, the addition of divalent
lanthanide fragments to the Ir-based complexes can help understand its behaviour in the event of an
electron transfer. Furthermore, the various coordination spheres of both Ir' and Ir'" complexes
previously described provides the opportunity to study if and how potentially reactive groups (acidic
proton or CI') are tolerated by the organolanthanides.

The flexibility of the coordination environment of the bimpym ligand will then allow a comparative
study into how the addition of an electron source to the neutral L, or the anionic LX sites may impact
reactivity.

In this regard, the previous work on the K(bimpym)NiMe; system is a good preview of what might be
expected for complexes 1.8 and 1.9. Nevertheless, it is of interest to scope out any potential
differences in the reactivity of the homologous group 10 metal complexes.

2.1. Ir-based complexes

Complexes 1.15-1.18 were put to the test in organolanthanide addition reactions. The presence of the
either acidic protons or available chloride functions in all but 1.16 was evoked in Section 1.5.1.2 as a
potential source of unwanted reactivity.

Reactions between 1.15 or 1.17 and divalent lanthanide precursors led to immediate colour changes.
All the in-situ reactions showed paramagnetically shifted *H NMR peaks. The only species that could
be isolated was issued from the reaction with Cp*,Sm(OEt,). It was a poorly characterised cluster,
tentatively identified as Sm4Cls (the number of Cp* co-ligands on each Sm could not be determined).
On this basis, the precautions that were previously mentioned would seem to be justified.

On the other hand, the chloride in 1.18 should be less accessible than the one in 1.17; plus, its lack of
acidic proton, compared to 1.15 would make it a potentially more suitable target for reactivity with a
divalent lanthanide. The in situ addition of 1.18 to ytterbocene in toluene revealed a number of
paramagnetically shifted signals, which would be consistent with the reduction of the ligand, as well
as a very broad signal at around 3 ppm. This could be construed to be the Cp* signal of a similar cluster
to the one described above.

Consequently, it was hypothesised that the local excess of ytterbocene (due to its excellent solubility
in toluene and 1.18’s lack thereof) is responsible for activating the Ir-Cl bond. To test this assertion, a
sub-stoichiometric quantity (0.7 eq) of ytterbocene was initially added, producing a relatively clean
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Ir-based complexes

spectrum (Figure 2.1). It should be noted, however that neither the number, nor the integration of
the peaks was consistent with the presence of a single species (there are at least 5 signals that could
correspond to Cp* co-ligands). Our best attempts at crystallising such mixtures only produced a small
guantity of minuscule crystals, which were ultimately identified as the ion pair [Cp*,YbCl;]* [Cp*2Ir] —

a clear side-product.?
' | J' M
‘ ! ‘ I , { ' Excess of

ytterbocene

| \
(| .
| I | 1 ‘ !
4"‘\,"\.,'_/ e ..’v‘l\fU"”'\L._/ A " "‘
P J/w”'
1 (ppm)

. | P I T —

:\J J 0.7eq

..................................................................

Figure 2.1: In-situ addition of different quantities of ytterbocene to 1.18 in tol-ds, followed by 1H NMR.

If further ytterbocene is added to these species, the signal attributed to the cluster grows in intensity,
alongside a series of other signals in the paramagnetic region. No further characterisation was possible
on any similar mixtures.

The same reactions with 1.16 were more straightforward. Upon the addition of a toluene solution of
ytterbocene to crystals of 1.16, a crimson solution was instantly obtained. Evaporation of the volatiles
and washing the dark red powder with cold pentane yielded an analytically pure product in very high
yield (>95%). This compound displayed excellent solubility in all available solvents, which actually
hampered its crystallisation. There was a very fine margin between an unsaturated solution and one
where the compound precipitated. XRD-suitable crystals were finally obtained by dissolving the
compound in a minimal amount of pentane and storing the solution at -40 °C over a few days. Analyses
allowed the identification of the complex as [Cp*,Yb(bimpym)Ir(COD)]> (2.1, Figure 2.2).

Figure 2.2 : ORTEP of 2.1. The Cp* co-ligands are displayed in wireframe to avoid clutter.

The dimeric unit is consistent with an electron transfer from the divalent ytterbium to the ligand. The
resulting ligand radical formed allows the accumulation of significant electronic density on the
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Ir-based complexes

coupling carbon, which therefore triggers the reaction. As a result, the pyrimidine moieties
dearomatise and the coupling carbons are pulled out of plane. Both Ir centres are torqued out of plane
by an average of 0.5 A, presumably due to steric hindrance caused by the bulky COD ligands. The
structural characteristics themselves are unremarkable: the Yb centres are trivalent (based on the
distance to the centroid of the Cp*) and the ligand and Ir environments are not significantly altered
by the electron transfer and the ensuing coupling reaction.

The relative conformation of the heterobimetallic fragments with respect to one another merits
elaboration. The two fragments form what would be best described as two quasi-parallel planes,
where the molecules are twisted with respect to the other. The torsion angle between the two
fragments is ~63°, which is in contrast to 162° in the tetrametallic adduct [Yb(bimpym)Ni].and 178°
in the homologous 18-C-6 capped adduct.? The conformation of the Ni-based coupling products is
likely due to the presence of the counter-ions in the Ni-based complexes, which prevent proximity to
the vicinal molecule.

Solution studies were then undertaken. The *H NMR spectrum shows highly paramagnetically shifted
signals, consistent with the oxidation of the Yb centres to the trivalent state. The number of signals
and their integration point to a species with a C; symmetry in solution.

14

Absorbance

280 380 480 580 680 780
Wavelength (nm)

Figure 2.3: UV-Visible spectra of the (bimpym)IrCOD complexes 1.16 and 2.1.

The most salient comparison for the UV-Visible data obtained for 2.1 is, clearly, the precursor 1.16.
Analogous transitions can be found in the complex bearing the additional Yb fragment on the ligand
(Figure 2.3). In all cases, the transitions are both blue shifted and become more intense due to the
presence of the Yb (Table 2.1). This can be explained by the increase in the overall electronic density
following the coordination of Cp*,Yb(OEt,), whose probable repercussion is a better m-donating ability
of the ligand. This raises the level of the empty ligand orbitals and makes the MLCT transition more
demanding in energy.
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1.16 2.1
A (nm) 318 366 516 305 344 452
(Lcm'fmol'l) 6600 4440 365 13900 8570 2660

Transition n->n* MLCT MLCT >t MLCT MLCT
Table 2.1: UV-Visible data obtained from the (bimpym)IrCOD complexes 1.16 and 2.1.

Complex 2.1 follows the same trend as the documented YbNi complexes cited above, as well as the
theoretical observations outlined in Section 1.3.3.2. The reduction of the ligand is followed by a
coupling reaction, seemingly irrespective of the TM environment. With potential catalytic applications
in mind, this feature is undesirable, as the electronic density provided by the SET from the lanthanide
is immediately channelled into the coupling reaction and not used to change the electronic properties
of the transition metal.

That said, perhaps the spatial proximity between the two reactive Ir' centres (3.84 A) could lead to
provide a reactive site for an in tandem catalytic activity. A preliminary trial sought to study the
hydrogenation of alkenes using 2.1, but no reactivity was observed. The encumbered coordination
sphere of the Ir centres may explain this lack of reactivity.

Another attempt drew inspiration from the well-known Cativa catalytic cycle (Scheme 2.1), which also
uses an Ir-based catalyst (Ir' as an intermediate) to achieve methanol carbonylation.>* However, this
process is performed under high carbon monoxide overpressure and high temperature to ensure its
efficiency. Naturally, 2.1 is not an adequate replacement for the active species in the Cativa cycle, as
the Cp* co-ligands all but guarantee hydrolysis and decomposition in protic media. Therefore, efforts
are underway to substitute them with iodides. As of yet, the addition of Lnl, (Ln = Sm, Yb) to 1.16 has
not allowed the isolation of any heterometallic complexes.

H, HI + CO HI Hy
[IHCO)3l3] [lr(CO)zlel [INCO)alsH] [(ICO)2lq]"
13 H,0 + CO 10 Ha0 + C 11
CO,+2HI HI
CO+2HI
[Ir(CO)3I] [ll’(CO)zlz]
% MeCOl ‘\( Wﬁ Mel
[IKCO)21] [I(CO)3lx(COMe)] [Ir(CO)zla(COMe)] [I{CO)alsMe]
8 7 co 2
Crele [|r(00)2|2(conne)1 Cycle r
[I(CO)2lMe] ‘ [Ir(CO)2lMe]
3 3
¥—> [1H(CO)3loMe] <—f‘</
co 4 co

Organic reactions: MeOH + HI —— Mel + HoO
MeCOl + HbO —— MeCOzH + HI

Scheme 2.1: Catalytic cycle of the Cativa process.3
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Reactivity of the K[(bimpym)PtMe2] complex.

2.2. Kbimpym-based complexes.

The addition of complexes 1.8-1.10 to the K(bimpym)TMMe; family provided an opportunity to
explore the reactivity of the other TM in group 10. The reactivity of K(bimpym)NiMe;?was previously
described during the PhD of Ding Wang.> The addition of divalent lanthanide precursors of Sm and Yb
to K(bimpym)NiMe; results in an initial electron transfer, leading to the coupled product of the
formula [KCp*,Ln(bimpym)NiMe,], in both cases. The reorganisation observed for the Yb complex —
towards Ybs(bimpym), — however, does not account for all the fragments in the tetrametallic adduct.
The “missing pieces” are highlighted in Scheme 2.2 by considering 2 molecules of [Yb(bimpym)Ni],,
after which one equivalent of Ybs(bimpym),is obtained. All the Yb centres have already been oxidised,
so it is assumed that no additional electron transfer occurs. Therefore, one equivalent of [Cp*,Yb"']*
was ejected, along with all the Ni fragments (counting for 4 equivalents). Likewise, the fate of the
second equivalent of bimpym,, which presumably remains coupled and therefore a tetraanion, is
unknown. The formation of one equivalent of KCp* (which co-crystallises with [Yb(bimpym)Ni],) is
consistent with the Yb" nestled in the middle of Ybs(bimpym),, which only contains one Cp* co-ligand.

b|||

=N _N— i-Ng —N— Al 4 "[NiMe,]"
N s R
-.H < <N N ; bimpym,
Hs - KCp* 1\ 1 .
K+ p b H 3K
Ybs(bimpym),

[Yb(bimpym)Ni],
Scheme 2.2: Full account of the main fragments of the reorganisation from [Yb(bimpym)Ni], to Ybs(bimpym),.

The objective in this chapter, therefore, will be to explore the corresponding reactivity with the
aforementioned metal precursors.

2.2.1. Reactivity of the K[(bimpym)PtMe.| complex.

The addition of ytterbocene to crystals of 1.8 in toluene resulted in the gradual darkening of the initial
green suspension. The reaction was run until no further traces of the 1.8 could be distinctly observed:
an overnight reaction was necessary. The filtration of the mixture resulted in a dark red solution.
Cooling a saturated solution at -40 °C produced a small number of bright red crystals. Despite an
outwardly excellent shape and adequate size, these crystals diffracted very poorly. It was impossible
to obtain XRD data allowing us to characterise the compound.

Redissolution of the crystals in tol-dg resulted in a clean *H NMR spectrum, shown in Figure 2.4. The
integration is telling: there are seven signals integrating for 1H each, two signals integrating for 3H
and two signals with integrations close to the 15H of the Cp* co-ligands (obtaining a precise match is
complicated by the dominant solvent signals on either side). This spectrum, containing highly
paramagnetically shifted peaks, is a cogent indication of an asymmetric bimetallic species, whereby
the ytterbocene has reduced the bimpymPtMe; fragment. Furthermore, it is a relatively close match
to the spectrum of the [Yb(bimpym)Ni], species.? The presence of two separate methyl peaks
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reproduces the behaviour of the Ni complex, which would imply a perturbative influence from the K*
counter-cation that remains close to the complex. The main difference with regard to the
[Yb(bimpym)Ni], complex, is that no bimpym signal was found between the two Cp* signals. Rather,
the last signal shifts to 31.96 ppm, where the sole point of contention is that the integration does not
entirely match the 1H of the other peaks attributed to the bimpym ligand.
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Figure 2.4: 1H NMR of the red crystals issued from the reaction between 1.8 and ytterbocene. The green dots in the inset
correspond to solvent peaks; the purple ones to n-pentane.

Nevertheless, the crystallised species — henceforth referred to as Yb(bimpym)Pt — is bound to be an
adduct containing Cp*,Yb, bimpym and PtMe; fragments. Given the ligand’s propensity towards
coupling reactions, it is more likely that Yb(bimpym)Pt is a dimeric species, as is [Yb(bimpym)Ni],, but
this assertion could not be experimentally verified.

The poor yield of the crystallisation was interpreted to be an indication that Yb(bimpym)Pt is not the
only species formed. Addition of pentane to the crystallisation solution resulted in the formation of a
sandy brown precipitate. Upon its isolation and redissolution in tol-ds, small traces of Yb(bimpym)Pt
were found. The supernatant was also recovered. Its *H NMR analysis showed a near-perfect match
with that of the previously described Ybs(bimpym), species (Figure 2.5).

Based on the observations described above, it is within reason to presume that the reaction between
ytterbocene and 1.8 behaves in a similar manner to that of the analogous K(bimpym)NiMe; species.
To test this assertion, the same reaction was performed in situ in THF-ds. The resulting purple solution
was consistent with the formation of Cp*,Yb(THF),,® but signals of Yb(bimpym)Pt were also found as
a minority product. The fact that the reaction mixture did not evolve within the following week
perhaps hints at the greater stability of the Yb(bimpym)Pt species with respect to the transformation
towards Ybs(bimpym),.
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The same reaction was performed at larger scale under stirring in THF. Despite multiple attempts, the
Yb(bimpym)Pt species could not be crystallised in a satisfactory manner, therefore impeding a
definitive identification of the product.

L

~W‘W

|
| — A ”W””‘“‘meij

‘thl N jiN -.,\T:zb ||'N:j:N7Y:;|‘
é/':w\m/ VLR
‘\_,.‘ﬁf_._::ﬂ
HoH |
Yby(bimpym),

ot

; T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0 -0 -20
1 (ppm)

it e ittt Vmee _,.'wt

Figure 2.5: Overlay of the spectra of Ybs(bimpym), and of the second product of the reaction between 1.8 and ytterbocene.

2.2.2. Reactivity of the K[(bimpym)PdMe.] complex.

2.2.2.1. Synthesis and isolation and of the bimetallic dimethyl-
bridged complex.

The same strategy was applied to 1.9. The addition of ytterbocene to the Pd precursor in toluene was
quicker than the corresponding reaction with 1.8 — all the crystals were dissolved within two hours to
yield a black mixture with red hues. Letting the solution settle permitted the detection of very fine
black powder. Careful filtration allowed obtaining a dark red solution and the separation of the black
powder, which was insoluble in the available solvents. No *H NMR data could be obtained. This powder
could presumably be Pd°.

The supernatant was evaporated. Addition of pentane resulted in the formation of a black-red
solution, with some remaining red solid. The red powder was determined to be the same
Ybs(bimpym), species obtained for the Ni and Pt adducts. The remaining solution was left at -40 °C.
Pentane was an unsuitable crystallization solvent, as the resulting solid was not crystalline.
Redissolution in toluene and storing the solution at -40 °C produced large black-brown crystals
overnight. Acquisition of XRD data allowed the identification of the compound as Cp*,Yb(p-
Me),PdCp* (2.2, Figure 2.6). These were the only isolated products from the reaction. It would appear
that, contrary to the synthesis with K(bimpym)NiMe;, no KCp* is produced.

The main distances of 2.2 are gathered in Table 2.2. The compound crystallises in the P2:/n space
group. The Yb-Cp* centroid distance is in line with that of other Yb'"" species.>’ In consequence, on the
basis of the ligands present, the other metal centre is Pd". The Pd-Cwe. distances are longer than in the
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parent 1.9 complex (2.123 A vs 2.042 A), which is consistent with both the partition of the negative
charge with the Yb and the presence of another anionic ligand in the coordination sphere — the Cp*.

The presence of the latter is a rare occurrence, as there are only four other structurally authenticated
complexes containing the same co-ligand.®! Cp-based rings compounds with Pd" in tandem with n3-
allyl co ligands are quite known'? and are often used in chemical vapour deposition procedures.* The
vast majority of organometallic compounds including a Cp-based ring coordinated to Pd involve the
functionalisation of Cp sandwiches of other metals (mainly Fe!4, Co®® and Ru'®), which then coordinate
the Pd.

Atoms Av. Values (A)
Yb-Pd 2.877(1)
Pd-Me (avg) 2.123(2)
Yb-Me (avg) 2.555(3)
Yb-H (avg) 2.206
Pd-Cp*. 2.017
Yb-Cp*.r (avg) 2.332

Table 2.2: Main distances in complex 2.2.

The Pd-Cp* centroid distance is in the range of the other described complexes (1.926-2.060 A).
However, the more important feature in such cases are the individual Pd-C(Cp*) distances, as they
would give a better idea of the hapticity of the Cp* co-ligand. The more pertinent comparisons would
be with other Pd" centres®!! described, as this configuration has a strong tendency to form square
planar complexes. In such examples, the centroids are, indeed, very close to the one in 2.2 (1.98 A and
2.00 A), and the Pd-C(Cp*) bond lengths present a considerable spread (2.21-2.40 A® and 2.28-2.36
A™), compared to typical bond lengths in n°-coordinated Cp*-metal centres. This is, indeed, the
situation in 2.2, as the two C atoms which best fit the square planar environment have shorter bonds
than the other three (all the Pd-C bond lengths are shown in the central panel of Figure 2.6), with bond
lengths ranging from 2.27 A to 2.42 A. As evidenced by the RPdR’ angles, the square plane is slightly
distorted.

2.123

92.54

2,303
Yb1

2,123

Figure 2.6: Left: ORTEP of 2.2. Centre: coordination environment of the Pd", including bond distances and angles between the
four coordinating atoms defining the square plane (the composing atoms are shown in red). Right: perspective of the distorted
square planar environment, along with the angle formed by Yb, Pd and the centroid of the Cp*.

Another notable structural feature is the presence of two methyl moieties bridging the trivalent Yb
and the Pd. The two distances are identical to one another. This motif has been some precedent. The
first reports presenting such a pattern involved the salt metathesis between Cp,YbCl and Li[AIMe,].Y’
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Addition of an equivalent of Lewis base (pyridine) to this complex, as well as analogues with other
lanthanides, lead to the Ln-Mey-Ln (Lh =Y, Dy, Ho, Er, Tm, and Yb) compounds.®® Similar strategies
have since been employed to form similar bridging complexes with both trivalent'®>?° and divalent?®2?
Yb centres. The group of Anwander also described complexes with either two or three bridging
motifs.2%22 Addition of Pt" complexes bearing hydrides and/or methyl moieties to ytterbocene results
in Yb'"-Pt" complexes.”® Andersen found Yb-H interactions to be stronger than those in the Yb-CHs
bond.

The compound also features a short Yb-Pd distance. Crystallographic evidence of other Ln-Pd short
distances exist in the literature. Kempe was the first to publish such complexes, containing a Nd-Pd
distance of ~3.04 A.2* Subsequent reports have since described numerous other complexes, often
supported by acetate or carboxylate co-ligands.?>? The same distance in 2.2 is of around 2.88 A,
which qualifies it as among the shortest in the literature.

Furthermore, there is an almost perfectly linear arrangement (177.65°) between Yb, Pd and the Cp*
centroid (Figure 2.6, right). If the square plane determined by the Pd coordination environment
(CmeCmePdC ¢p+Cept) is slightly distorted (average deviation = 0.077 A, with the two Ccp* the most
torqued out of the plane), the plane created by Yb, Pd, the two Cve and the centroid of the Cp*
contains all of its elements much more neatly (average deviation = 0.056 A). The short Yb-Pd distance
and the specific spatial arrangement described herein will be investigated further in the following
sections.

The aforementioned crystals were washed with cold pentane to remove traces of Ybs(bimpym), and
redissolved in tol-ds, resulting in a purple solution. The spectrum presents only 3 signatures, which is
consistent with a symmetrical species in solution. It is worth noting that the methyl signal is
significantly paramagnetically shifted, at 388 ppm, much more than other compounds in its class.?>%
Likewise, the attribution of the PdCp* signal at -11.4 ppm is far from the typical range of the Cp family
in diamagnetic compounds. For comparison, all the PdCp* peaks in the works cited above are in the
1.40-2.17 ppm range. This is indicative of a clear paramagnetic shift, as is characteristic for
paramagnetic complexes of Ti"" or the commonly used cobaltocene family.?>*°
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Figure 2.7: 1H NMR of 2.2 in tol-ds.
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The most likely explanation is that the paramagnetic effect of the Yb"' is strong enough to engender
this shift.3! There is precedent for the shifting of Cp* peaks due to the substantial paramagnetic effect
induced by several lanthanides. Comparable structures featuring Ln" ions and TM-Cp* fragments
exist, although the lanthanoids are predominantly the diamagnetic Y, La or Lu. Such complexes were
described by the groups of Evans,*? Anwander?? and Hou.3* Andersen described methyl-bridged mixed
ytterbocene-titanocene complexes, where the Yb was diamagnetic — the paramagnetic effect came
from Ti".2® Pr'"" and Nd" have negligible effects on the Cp* signal.3> Numerous recent works by the
group of Roesky3*78 and Hou***! reported compounds that would fit the bill, but *H NMR information
is not given (surprisingly, even in the cases with the milder Sm" and Yb").

Alternatively, the paramagnetic effect would originate from the Pd" centre. This would, indeed, be
unexpected, as Pd" is not typically paramagnetic in the square planar configuration, although a recent
example of paramagnetism was observed in a polyoxopalladate, due to the presence of vicinal out-of-
plane oxygen anions.** Substantiating such an assertion would be difficult and will be discussed in the
following sections.

Further tests were performed to probe the effect of solvent on the reaction forming 2.2. The addition
of ytterbocene to 1.9 in THF results in a purple-red solution. *H NMR analyses of the crude reaction
mixture showed the characteristic peaks of Ybs(bimpym),, but not of 2.2, implying that this solvent is
not conducive to the reorganisation leading to its formation. It was, however, possible to deduce the
presence of another species amidst all those present, which would be consistent with a
Cp*,Yb"(bimpym)PdMe, formulation (henceforth referred to as Yb(bimpym)Pd, Figure 2.8). This can
be affirmed due to the similarity borne by the spectrum to the comparable Ni and Pt species. As in the
case of Yb(bimpym)Pt, it is difficult to state with conviction whether or not this species is a dimer. No
further studies on this species were performed, as it could not be isolated cleanly. It is also worth
noting that this species was never observed when the reaction solvent was toluene.
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Figure 2.8: 1H NMR in THF-dgof the reaction mixture, following the addition of ytterbocene to 1.9 in THF.
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The use of toluene as the reaction solvent is, therefore, necessary to obtain 2.2. Once the previously
described crude mixture is obtained, however, isolating 2.2 from Ybs(bimpym); is not a trivial matter.
2.2 is indeed the more soluble of the two in pentane or Et;0O. As a result, leaving a concentrated
reaction mixture in either of these two solvents at -40 °C leads to the precipitation of a solid, where
Ybs(bimpym),is largely dominant. However, this procedure only works to a certain point, as, according
to *H NMR, molar ratios of, at best, 5:1 in favour of 2.2 can be obtained in subsequent recrystallisation
attempts (Figure 2.9). Given this impasse, pure 2.2 was isolated by leaving a very concentrated toluene
solution of the mixture at -40 °C, as 2.2 crystallises preferentially. After removal of the supernatant,
the crystals are rapidly washed with cold pentane a few times to remove the traces of Ybs(bimpym),
— this procedure was necessary to obtain a clean *H NMR spectrum, as shown in Figure 2.7.

The caveat of this protocol is the overall poor crystallisation yield of this mixture, which does not allow
recuperating large quantities of 2.2. Despite our best efforts, isolating enough pure 2.2 in order to
obtain solid-state magnetic data and an elemental analysis report was not possible. To compound this,

the difficulty in obtaining the pure precursor 1.9, documented in Section 1.3.2, makes the overall
procedure very inefficient.

The more facile isolation of 1.10 offered a potentially more promising approach. The in situ addition
of ytterbocene to the capped complex revealed a virtually superimposable spectrum to the one of the
crude mixture following the same reaction with 1.9. Although auspicious, this method confronts the
same product separation issues described above.
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Figure 2.9: Work-up of the reaction leading to the formation of 2.2. The red dots indicate 2.2, while the blue ones indicate
Ybs(bimpym),. The 1H NMR of the solid after the first recrystallisation in Et,0 — in tol-dg — is shown below. The 1H NMR of the
solid formed in subsequent recrystallisation reactions — in THF-dg — is shown above.
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Reactivity with samarocene.

The surprising structure of 2.2 led to the pursuit of the homologous Sm adduct. The addition of
samarocene (Cp*,Sm(OEt;))to 1.9 resulted in a yellow-brown suspension, which gave a yellow solution
after filtration. No adequate crystals could be obtained from cooling a saturated toluene solution.
Redissolution in THF afforded adequate yellow crystals, which were XRD-suitable and allowed the
identification of the compound as [Cp*;Sm(bimpym)].Sm(THF)Cp* (2.3, Figure 2.10). The main
structural features confirmed that it is isostructural to Ybs(bimpym),.

Figure 2.10: ORTEP of 2.3. The Cp* co-ligands and the THF coordinated to the central Sm are set in wireframe for clarity.

Employing the same work-up procedure described for 2.2 in the case of Sm adduct allows the
separation of 2.3 from another compound. The integration of the signals of the latter is not
immediately suggestive —a 30:4:4:1:1 ratio is obtained for the peaks attributed to this compound. This
species could not be isolated, precluding further characterisation.
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Figure 2.11: 'H NMR of 2.3 (below) and of the product following recrystallisation of 2.3 (blue dots, above) in Et0.
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2.2.2.3. Understanding the formation.

The exact stoichiometry of this reaction was not known, as the ratio between Ybs(bimpym);and 2.2
could not be reliably established on a large scale. To probe this, two in situ reactions were carried out
in tol-ds, with one and two equivalents of Cp*,Yb(OEt,), respectively. This choice of solvent is not ideal,
because the signals of the precursor 1.9 cannot be tracked. As mentioned above, THF-ds could not be
used, as 2.2 would not be generated under these conditions.

Both in situ reactions produced black-dark red mixtures instantly upon the addition of the solvent.
Signals of both compounds are immediately observed and the evolution is quite clean all throughout
the duration of the study. In the 1:1 reaction, the two products are initially in an equimolar ratio,
whereas 2.2 accounts for almost 60% when using more ytterbium. In both cases, the proportion of 2.2
declines over time (Figure 2.12). It was not possible to determine visually if this was due to its
precipitation/crystallisation or if Ybs(bimpym),is formed preferentially over longer periods of time. In
both cases, the conversion of the precursor 1.9 could not be reliably quantified in situ over the course
of the reaction, either. Curiously, free ytterbocene is consumed faster when 2 equivalents are used,
as its signal was no longer observed in the spectrum acquired 21 hours after the beginning of the
reaction, whereas there were still traces thereof after two days in the 1:1 reaction. This would imply
that both the outcome and the kinetics of the reaction are influenced by the local concentration in
ytterbocene.

Unattributed, but well-defined signals were found in both reactions (highly shifted, at -121 and -215
ppm). This suggests that a supplementary product is likely to be formed. It was, however, impossible,
to identify and characterise this product.
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Figure 2.12: Evolution of the proportion of 2.2 with respect to Ybs(bimpym), in the reaction mixture over time, following in
situ reactions with one and two equivalents of ytterbocene. No more ytterbocene could be distinctly identified after 21h
(circled in red) in the case of the 2:1 reaction.

There are several missing pieces to the puzzle necessary for a fuller understanding of the reaction
mechanism, the most glaring of which is the lack of a transient species. We assume a similar evolution
to the one postulated for the reactivity of the K(bimpym)NiMe, precursor: a very unstable
heterometallic species is formed after the addition of ytterbocene. A priori, Yb(bimpym)Pd would fit
the bill.
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We propose two likely outcomes for the following steps (shown in Scheme 2.3). In the first case, this
species degrades into Ybs(bimpym), and 2.2. This assumption is supported by the fact that, contrary
to the Ni species, no KCp* was detected throughout our work, which would enable the coordination
of the Cp* co-ligand to the Pd" centre. This hypothesis is imperfect, as it does not explain the varying
ratios between 2.2 and Ybz(bimpym), observed throughout the reaction.

The second possibility is that more than one equivalent of ytterbocene per molecule of 1.9 is necessary
in order to form 2.2. Given that 1.9 is insoluble in toluene, the coordination of Yb to the bimpym
ligand, leading to an intermediate species, is most likely a heterogeneous procedure. Any intermediate
species (Yb(bimpym)Pd or others) are bound to be more soluble, due to the presence of the lipophilic
Cp* co-ligands on the Yb centre. The next step of the transformation would be the reaction with a
second molecule of ytterbocene, which would trigger the reorganisation towards the final products.
This mechanism is more consistent with the observed dependence of the concentration of
ytterbocene.

In such a case, the reaction with the 2:1 stoichiometry proceeding faster is logical — more ytterbium is
necessary after the intermediate species is formed to trigger the rearrangement towards
Ybs(bimpym),. Therefore, the local concentration of ytterbocene would be very influential in both
generating the intermediate species, as well as for triggering the reorganisation leading to
Ybs(bimpym); and 2.2. Lastly, this scenario would also explain the observed black powder as zero-
valent Pd formed after reduction by the ytterbocene, thus accounting for the equivalent of Pd
proposed in.
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Scheme 2.3: Two propositions for the reaction mechanism. The second one, which involves the interaction with another
ytterbocene molecule, is shown with the red arrow.

2.2.2.4. Spectroscopic studies.

The unusual structure of 2.2 might hint at an interaction between the two metal centres. The close
proximity between two metals in similar adducts has been previously invoked to justify such
interactions.*** It should be noted that, from an orbital perspective, all of these interactions were
shown to be dative interactions, highly dominated by the contributions of a single metal, usually the
non-rare earth metal centre.

The first concern was establishing the behaviour of the Yb centre. The 'H NMR spectrum at r.t clearly
shows a consequential paramagnetic effect, which is a sure-fire indication of the Yb" configuration. In
conventional complexes with RAL, the electron transfer was shown to be reversible. If, indeed, there
is an interaction with the Pd centre, then perhaps it is temperature-dependent. The easiest way to
probe this is by acquiring solid-state magnetic data. Unfortunately, a sufficient quantity of pure 2.2
could not be collected for a SQUID analysis.
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The closest alternative found was to perform variable temperature 'H NMR acquisitions. Over the
studied temperature range (-70 °C to 60 °C), this analysis would indicate whether the evolution of the
paramagnetic shift follows the Curie law. Any deviation from this behaviour could be indicative of a
multiconfigurational state.*® As it were, no such deviation was observed, as the evolution of the
displacement over the inverse of the temperature was perfectly linear (R*>99.5%) across the entire
range (Figure 2.13).
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Due to the low availability of clean, isolated compound, the IR spectrum was recorded by letting a
drop of concentrated solution dry on the detector. Satisfactory data was obtained. The only features
that would be expected involve the Cp*  anion and the methyl bridging groups. The signature bands
of a alkyl C-H stretching (2853-2960 cm™) and bending (1446 cm™) are observed and are consistent
with previous reports of comparable products.'>?
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Figure 2.15: IR spectrum of 2.2. The main bands are indexed.

2.2.2.5. Reactivity.

The difficulty associated with obtaining 2.2 in high yield has limited the scope of reactivity that could

be attempted. The main objectives were probing the stability of the bridged Yb-Pd bond and whether
it could be shortened further.

Reduction of the complex was attempted with KCs in pursuit of the former objective. Performing an
in situ reaction in tol-ds only led to the gradual discolouring of the purple solution, which was
corroborated by the extinction of the product signals over the course of 24 h. The ensuing black

powder could not be dissolved in the other attempted solvents, therefore precluding its chemical
characterisation.

A second trial involved a low-pressure addition of H,. This method has previously been used to
produce lanthanide hydride complexes starting from alkyl of n3-allyl moieties.*””*® No evolution was
noticed across multiple days of reaction time.

It would appear that the compound is unreactive when submitted to some of the classical
transformations in organometallic chemistry. That said, this conclusion should not be interpreted to
be definitive. The addition of dihydrogen, although theoretically favourable, was performed at a low
overpressure (0.2 bar). Further trials could involve higher pressures and perhaps higher temperatures.

Additionally, perhaps the reduction trials would yield better results if the reaction were performed
with a soluble partner, as potassium graphite has a heterogenous reduction mechanism. The reaction
with freshly prepared NaNaphtalene solutions should be considered for further information.
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2.2.3. Partial conclusion.

The reactivity of 1.8 and 1.9 towards reductive divalent lanthanide complexes was explored in this
section. This was motivated by the desire to probe whether the complexes of the group 10 metals, Pd
and Pt, were to behave in a similar fashion to the previously established template of the
K(bimpym)NiMe; complex.

The answer is not entirely straightforward, since the three complexes share aspects of their reactivity
and differ substantially in others. The first steps of the reaction are common to all three — formation
of Yb(bimpym)TM-type species indicates that the coordination of Cp*,Yb(OEt;) has occurred and is
accompanied by an electron transfer. Although not proven definitively for the Pd and Pt adducts, there
are strong reasons to believe that these compounds are very similar to [Yb(bimpym)Ni], in that a
coupling reaction has occurred.

The formation of the trimetallic adduct Ybs(bimpym), in all three cases also indicates that the
reactivity shares notable elements with respect to the final products.

It is what goes on between the beginning and the end of the reaction that the three reactivities
diverge. [Yb(bimpym)Ni], is an unstable adduct and always evolves towards Ybs(bimpym),. The
formation of KCp* is cited as a thermodynamic driving force that helps the reaction evolve towards
the final compounds.

Yb(bimpym)Pt is perfectly stable at room temperature and shows no tendency to evolve in THF. When
the reaction is performed in toluene, it seems to remain stable in a separate fraction to its end point,
Ybs(bimpym),. These conclusions are subject to evolution, as this reaction was not studied as
thoroughly, due to the synthetic difficulties in obtaining pure 1.8.

The Pd reactivity is definitively the most interesting. When the addition of ytterbocene to 1.9 is
performed in THF, both the heterometallic adduct Yb(bimpym)Pd and Ybs(bimpym), are detected.
When the solvent is toluene, an unusual bimetallic adduct, bearing a short Yb-Pd distance is isolated,
in addition to Ybs(bimpym).. It would appear that the driving forces behind the final products are
different to those in the Ni adduct, as no KCp* was detected. Rather, the Cp* group, presumably
eliminated by the central Yb atom in the trimetallic complex, coordinates to the PdMe; fragment.

The two main products are both formed almost immediately after the beginning of the reaction,
although the proportion of 2.2 decreases over time. There are still some question marks hanging over
some specific details regarding the formation mechanism of this compound. Alas, due to the lack of
solubility of 1.9 in toluene, its evolution cannot be tracked. Other solvents will be trialled to see if
more information can be gathered.

There are several important synthetic difficulties that are yet to be resolved, hindering attempts for a
more rigorous spectroscopic characterisation of this adduct and of its reactivity. This is compounded
by the difficulty in obtaining the precursor in an efficient manner. Considerable efforts shall be
invested in this direction.

Also intriguing in this regard is the analogous reactivity with samarocene. Although the equivalent of
Ybs(bimpym), was isolated (2.3), no isostructural complex to 2.2 was obtained. The presence of a
second product issued from this reaction is likely, but could not be confirmed. A potential explanation
that would justify such a difference with regards to the reactivity of ytterbocene will be provided in
Chapter 3.
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2.3.Pd(bimpym)-based complexes.

The next precursor whose reactivity was examined was 1.12. It was of interest to see whether the
energetical proximity of the two closest vacant orbitals — centred on the pyridine (LUMO) or on the
ligand (LUMO+1) — would afford the opportunity for different reactivity.

2.3.1. Reactivity with divalent lanthanides.

2.3.1.1 Isolation of the coupling products

The addition of ytterbocene to 1.12 in toluene immediately results in a brown-black suspension.
Filtration of the mixture, followed by storing a concentrated solution at -40 °C allows the isolation of
satisfactory crystals. XRD analysis allowed the identification of the compound as
[Cp*2Yb(bimpym)Pd(py)(Me)]. (2.4). As was observed in previous bimpym-based complexes, the
addition of divalent lanthanides leads to an electron transfer, which prompts a coupling reaction. It
would appear that the coordination of the lanthanide lowers the LUMOP'™ below the LUMO" (Table
1.12), activating the ligand-based pathway.
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Figure 2.16: 'H NMR of 2.4 in tol-dgat r.t.

'H NMR studies revealed a symmetrical species in solution (Figure 2.16), as evidenced by the 7 signals
corresponding to the protons on the bimpym ligand, 2 signals for the Cp* co-ligands and the single
peak accounting for the methyl moiety. The pyridine signals could not be reliably identified at r.t,
indicating a fluxional behaviour. Lowering the temperature to -70 °C slows the pyridine exchange in
solution to the NMR timescale, allowing the definitive attribution of its signals.

Curiously, if left at room temperature, the characteristic peaks of 2.4 slowly evolve cleanly (Figure 2.17
and Scheme 2.4). A new set of signals, having the same symmetry and integration, replaces the ones
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of 2.4 within 10 days (can be shortened to less than 3 days under stirring). This product is less soluble
in toluene, but careful dilution and storage in the freezer allowed the growth of crystals of sufficient
quality. XRD analysis allowed the structural characterisation of the species as
[Cp*.Yb(bimpym)Pd(Me)(py)]z (2.5). The evolution observed by NMR is, therefore, the isomerisation
of the species, whereby the pyridine and methyl moieties switch places.
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Figure 2.17: Evolution of 2.4 to 2.5 (blue dots), studied by 'H NMR in tol-ds.

Due to this isomerisation process, the synthesis of 2.4 calls for a careful approach. Optimal conditions
require very short reaction times (less than one minute stirring) and a slight excess in 1.12 (1.2 eq) to
prevent the decomposition of 2.4, presumably by reacting with a second molecule of Cp*,Yb(OEt,)
(Figure 2.18). A flurry of unknown signals appears very rapidly after the beginning of the reaction.
Among these, a dominant peak (at 9.1 ppm) progressively grows. Higher concentrations or excess of
ytterbocene leads to the more rapid decomposition of 2.4’s characteristic signals.
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Scheme 2.4: Addition of ytterbocene to 1.12 and the subsequent isomerisation to form 2.5.

The use of a coordinating solvent, such as THF, results in the formation of an adduct with ytterbocene
and blocks any subsequent reactivity.
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Figure 2.18: 'H NMR of the in-situ addition of an equivalent of Cp*,Yb(OEt,) to 1.12. 2.4 is designated by the red dots. The
dominant product formed by the decomposition is designated by the green dot.

The most efficient purification method consists of evaporating the volatiles after filtration, followed
by a rapid washing with cold pentane. Due to the accelerated isomerisation under stirring, the
evaporation of toluene has to be performed without stirring, preferably at cold. Optimal conditions
ensure a very high yield (up to 95%) and excellent purity (<1% of 2.5).

2.3.1.2. Characterisation of the coupled products

In both cases, structural analyses reveal a similar situation to the one in 2.1 — the coupling occurs in
the same position on the pyrimidine, forming two fragments that are twisted with respect to one
another (Figure 2.19). The bond lengths on the two fragments on both 2.4 and 2.5 are not symmetrical
with respect to the other. The pattern of Pd-N distances is inverted upon the isomerisation. The Pd-
Nimig distance is shorter than Pd-N,ym in 1.12 and 2.4, but the opposite holds in the case of 2.5. This
could likely be explained by the trans effect of the methyl group. The main difference between the
two structures, however, is that the torsion angle is much larger in 2.4 than in 2.5 (NCCN in Table
2.3).

This would suggest that the main reason for the isomerisation is the steric strain within the structure.
The most probable source is the pyridine moiety, which is twisted by ~60° from the square plane in
1.12, due to the repulsion between its proton on the a position and that of the pyrimidine. The
pyridines point towards the opposite molecule in 2.4 and outwards in 2.5 (and are almost parallel to
one another; Figure 2.19). It would seem that, once this strain is released, the molecule relaxes and
the two fragments can get closer, maximising the attractive dispersion forces.
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Av. Values (A or °)
Atoms 24 2.5
Yb-Noym 2.333(6) 2.324(14)
Yb-Nimig 2.320(6) 2.343(12)
Yb — Cp*er 2.327 2.335
C-Ceoupling 1.578(8) 1.556(15)
Pd-Npym 2.163(6) 2.042(12)
Pd-Nimid 2.031(6) 2.188(13)
Pd-Np, 2.052(6) 2.021(13)
Pd-Cve 2.027(9) 2.006(15)
Pd-Pd 4.176 3.321
d(Pd-plane) 0.412 0.369
NCCNor 95.50 68.69
(py-plane)iw 57.08 52.51

Table 2.3: Main average distances and angles in 2.4 and 2.5. The metrics which are dissymmetrical by more than 0.02 A / 10°
between the two fragments in the dimer are highlighted in red. NCCN,,, designates the inter-fragment torsion angle, and (py-
plane):, the average angle between the pyridine plane and the square plane of the Pd coordination sphere.

Figure 2.19: ORTEPs of 2.4 and 2.5. The Cp* co-ligands and the pyridine moieties are set in wireframe to avoid clutter.

To try to get a better idea of the relative energy between the two isomers, we performed theoretical
computations. The calculations were saddled with difficulties. The optimisation run of 2.5 resulted in
the breaking of the C-C bond formed during the coupling reaction and the re-aromatisation of the
bimpym ligand. To counter this, geometrical restraints related to the distance between the atoms
were imposed to prevent the bond breaking. However, due to the enormous size of the structures
(178 atoms), the geometry optimisations could not provide reliable results. The most problematic
parts of the molecules are the Cp* co-ligands, whose methyl functions have the tendency to oscillate,
precluding the convergence.

In order to overturn these issues, simplifications of the molecules were undertaken to better
understand the electronic structure of these coupled products (Figure 2.20). The rationale behind
them is that the steric constraints imposed by the bulky Cp* can be built in with geometrical restraints
and that their contribution to the overall electronic structure is negligible. The first set of
simplifications replaced the Cp* ligands with Cl (2.4¢ and 2.5¢); these structures were computed as
neutral triplets. The second pair of calculations removed the organolanthanide fragments entirely,
yielding dianionic singlets (2.44ian and 2.54ian).
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Figure 2.20: Proposed simplified structures, where the Cp* co-ligands are replaced by CI- (left and where the lanthanide is
removed entirely (right).

The dianionic structures have matching orbital structures. The main orbitals are gathered in Table 2.4.
The close proximity between the Pd centres yields orbitals that would suggest a & bond with a
dominant contribution from the 4dz? orbital, followed by the corresponding anti-bonding orbital
between them. The HOMO of the system is on both pyrimidine moieties, with a strong contribution
coming from the newly generated C-C bond. The formation of this bond is proof that the coordination
of the lanthanide to the ligand lowers the LUMOP™-type orbital below the LUMO!. The first two vacant
orbitals are mainly concentrated on the pyridine moieties and thus remain of LUMO" shape.

The complexes with the Cl" co-ligands mirror the electronic structure above quite closely. The LUMO
is mainly situated on the C-C bond bridging the pyrimidine and the benzimidazole moieties, which was
not previously observed. The subsequent vacant orbitals are principally of LUMO! shape. Between
them, the two compounds sometimes differ in terms of order of the ligands (several LUMOs), but no
significant changes between them are observed.

The LUMOs on 2.4¢q and 2.5¢ would suggest that a second electron transfer towards the ligand is
plausible and would, at least, impact the bridging bond and probably dearomatise the ligand. The
pertinence of these results will be examined shortly when exploring the reactivity of these coupled
products, especially towards reductive substrates.
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Table 2.4: Main orbitals in the simplified structures of 2.4 and 2.5.

To probe whether the coupling reaction was reversible, VT *H NMR analyses were carried out on 2.4
in the (-70 °C, 80 °C) range. No indication of a monomeric species could be found at lower
temperature. However, upon raising the temperature past 60 °C, new signals were gradually being
formed at the expense of those of 2.4. Returning to r.t did not lead to the disappearance of the new
compound, indicating that an irreversible transformation has occurred. Closer study showed that 2.5
and another, new compound, were being formed. This observation is consistent with a faster
isomerisation of 2.4. If kept at 80 °C, an almost full conversion to the unknown compound is completed
(Figure 2.21). The new complex has the same symmetry and integration patterns as both its parent
complexes, suggesting that it is another isomer.

Heating up a sample of 2.5 lead to the same evolution. This implies that the transformation is only
activated at higher temperatures, as 2.5 was kept at in solution at r.t for several weeks with no sign of
degradation. Despite our best efforts, this unknown compound could not be crystallised, precluding
its structural authentication.

The UV-Visible spectra of the two coupled products were recorded in toluene. The corresponding
spectrum of the precursor, 1.12, is also presented in Figure 2.22 for the sake of comparison. The
perturbation due to the presence of the Yb fragment is similar to the one seen for 2.1 (see Figure 2.3).
The main absorption band, assumed to be the ligand n->1t*, is common to all three complexes, but it
is blue-shifted in the coupled products (Figure 2.22). Furthermore, the extinction coefficients more
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than double upon the addition of the lanthanide. As for the difference between 2.4 and 2.5, it would
appear to be insignificant, if not even within experimental error.
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Figure 2.21: High temperature induced evolution of 2.4 and 2.5 towards an unknown compound. Black dots indicate 2.4,
green dots — 2.5 and purple dots — the unknown complex.
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Figure 2.22: UV-Visible spectra of the Pd-pyridine complexes 1.12, 2.4 and 2.5.
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2.3.1.3. Trials with divalent europium.

The reactivity observed when producing 2.4 and 2.5 prompted an investigation as to whether the
weaker reductant europium homologue of the ytterbocene could trigger the same coupling
behaviour.

Addition of Cp*,;Eu(OEt;) to 1.12 in an in situ reaction resulted in a pronounced colour change to
brown. Due to the significant paramagnetic effect of Eu, 'H NMR analysis did not provide any useful
insight as to the evolution of the substrates. A red powder was formed inside the tube. The soluble
fraction was siphoned away and left to crystallise at -40° C. The solid, though, could be solubilised in
THF-ds — only one distinctive peak could be identified (-14.76 ppm), but no further information could
be extracted.

The reddish-brown solution yielded a limited amount of small crystals. Acquisition of XRD data allowed
the identification of this product as Cp*,Eu(pyr). A second molecule is generated by the symmetry
afforded by the P-1 space group. This reveals what would appear to be an agostic bond with one of
the methyls of the vicinal Cp* groups (Figure 2.23). The Eu-Cye distance is of 3.09 A. Despite this, the
structural features of this complex would point rather to an unchanged Eu'" centre, as the distance to
the Cp* centroid is 2.538 A. In principle, this value is closer to the ones tabulated for Eu" complexes
(~2.45 A), rather than other divalent Eu" species.*® However, a more informative comparison is with
other Eu" adducts containing a weak base in its coordination sphere: the same average distance in
Cp*,Eu(OEt,) is 2.52 A.%°

To eliminate the possibility of this compound being due to trace amounts of free pyridine, 1.12 was
vigorously dried beforehand. The same complex was obtained. At the very least, this result underlines
the lability of the pyridine motif in precursor.

Figure 2.23: ORTEP of the Cp*;Eu(pyr) complex and its symmetry-generated interaction with a second molecule.

Other attempts performed at larger scale and under stirring, only lead to the eventual recrystallisation
of the divalent europium precursor. It would appear that its lower reduction potential is insufficient
to trigger the electron transfer towards 1.12.

2.3.2. Isolation of trimetallic complexes.

2.3.2.1. Formation and isolation of trimetallic complexes.

The rapid formation of decomposition products following the addition of ytterbocene to 1.12 piqued
our interest (Figure 2.18). As such, this evolution was allowed to continue. Stirring the mixture for two
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hours allowed a gradual darkening of the brown-black solution to black. A gaseous evolution was also
observed, particularly at the beginning of the reaction. Filtration was necessary to separate the
solution from black powder, formed during the reaction. Overnight settling of the saturated solution
led to the growth of large brown crystals. Acquisition of XRD data revealed the unexpected formation
of a trimetallic adduct of the formula [(Cp*.Yb)2(u-Pd(pyr)2)] (2.6, pyr = pyridyl).

Figure 2.24: ORTEP of 2.6 from two perspectives. The hydrogens are not shown and the Cp* groups are shown in wireframe
in the second perspective in the interest of clarity.

The structure is striking for several reasons. The bimpym ligand has departed the parent compound.
The Pd centre is coordinated to two pyridyl moieties in an almost perfectly linear fashion. This is the
result of a C-H activation in the a position of the pyridine. The departure of a proton is also consistent
with the release of the methyl moiety that was present in 1.12, 2.4 or 2.5. The release of methane is
the most likely explanation. Lastly, this complex is another example of a short Yb-Pd distance.

The complex bears some structural similarity to some mixed-metallic adducts of Sm and either Ga or
In, described by Zeckert in 2013.5! These complexes are also formed following electron transfer by a
divalent Sm precursor. There, too, the transition metal fragment is coordinated to two pyridyl groups.
The resemblances stop here, as the arrangement in these Ga or In fragments is, however, far from the
linearity observed in 2.6. This impacts the distance between the Sm and the other metal, which are
around 3.8 A. The two pyridyl groups (vs one in the case of 2.6) equally coordinate the Sm" centre via
the N atom. Furthermore, the coordination sphere of the other metal has two further ethyl co-ligands,
whereas the Pd centre is only directly coordinated to the pyridyls.

Figure 2.25: ORTEP of a structurally similar Ln"-TM(pyr) complex, reprinted from the given reference.>!

Faced with this unusual development, the corresponding reactivity with the more reducing samarium
was investigated. Stirring a mixture of 1.12 and samarocene in toluene immediately results in a black
solution with yellow hues, as well as in a similar gaseous evolution to the one observed during the
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formation of 2.6. The same treatment methods applied for 2.6 were also used in this case, yielding
large yellow blocks that were suitable for XRD analysis. Resolution of the acquired data allowed the
identification of [(Cp*;Sm),(u-Pd(pyr).)] (2.7), an isostructural homologue to 2.6.

Obtaining identical complexes would point to a similar formation mechanism. This would imply
passing through the homologous coupling products, as was the case for the ytterbium compounds. To
this effect, the straightforward in situ addition of one equivalent of samarocene to 1.12 was
undertaken. We were unable to observe the related coupling products. If it is indeed formed, then it
would appear that it is entirely consumed in the time span necessary for launching the reaction and
registering the 'H NMR spectrum (generally, 5-7 minutes). Precautions were taken in order to attempt
to slow down the reaction. Alas, neither condensing tol-ds at cold (resulting in it thawing slowly in the
NMR spectrometer), nor performing the reaction with an excess of 1.12 permitted the observation of
an intermediate product. It would appear that the reaction with samarocene is significantly faster.
This could be explained by the higher reducing potential of samarocene, with respect to its ytterbium
counterpart.

What is common to both complexes is that a poor yield is obtained in a 1:1 reaction between the
organolanthanide and 1.12. Crystals are typically isolated in less than 10% vyields. On the basis of
stoichiometry, more than one equivalent of lanthanides is required. The best yields for these reactions
involved large excesses of Cp*,Ln(OEt,): if 4 eq are used, yields of 35-40% can be reached.

The unusual chemical features of the two trimetallic complexes raise a series of questions. What is the
electronic configuration of the two metal centres? In a related manner, what is the charge distribution
within? Is there an interaction between the Ln and the Pd that modulates this charge distribution? Is
it plausible to have a multiconfigurational ground state? To address these questions, a thorough
spectroscopic characterisation was undertaken.

2.3.2.2. Characterisation and analysis.

The isolation of isostructural compounds makes a comparison between the two particularly pertinent.
The analysis of the main distances and angles in the two complexes is instructive. Both distances
between the lanthanide and the Cp* centroid are consistent with Ln" configuration.*®>2 The presence
of four Cp* groups and two pyridyl moieties are the only sources of negative charge. Together, they
account for six negative charges. If the structural features are an accurate reflection of the oxidation
state, it would imply that only the two Ln" centres contribute any positive charge.

Therefore, the most accurate description of the remaining metal centre is Pd°. The Pd-C(pyridyl)
distances are longer than the relevant reported Pd"-a-pyridyl fragments, which are found in the 1.95-
2.01 A range.5*® This corroborates our hypothesis of a lower palladium oxidation state.

The most conspicuous feature of these complexes is that the Ln-Pd distance is shorter in the case of
the Sm adduct. This is contrary to the expected trend of the lanthanide contraction.>® All things being
equal in matters of electronic structure and geometry, one would expect a difference of circa 0.11 A
for equivalent features in favour of the Sm adduct. This is nicely reflected in the Ln- Npyriayi bonds, as
well as the average distances from the Ln to the centroids of the Cp* co-ligands. In both cases, the Sm
bond is superior in length by about the expected difference.
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Av. Values (A or °)
Atoms 2.6 2.7

Ln-Pd 2.924(1) 2.908(1)
Ln-Nopyricyl 2.275(3) 2.386(3)
Ln-Coyriay! 2.773(4) 2.861(4)

Ln — Cp*ctr 2.342 2.449
Pd-Coyricy 2.078(4) 2.081(4)
<(Cpyriyir-Pd-Cpyrigyi2) 178.87° 179.72°
<(Ln-Pd-Coyricyl) 64.76(1) 67.67(1)
<(Cp*1 ctr -LN- Cp*2 ctr) 134.70° 134.52°

Table 2.5: Main distances and angles in the trimetallic complexes.

Given that these complexes are isostructural, the difference in Ln-Pd bonds can evidently not be
ascribed to different coordination environments or steric strains. There are a number of hypotheses
that can be proposed to explain this behaviour.

In the event of an interaction between the Pd and the Ln centres, the length of the bond could be
contingent on the strength of the interaction. In this case, the smaller Sm-Pd distance could be
explained by a stronger interaction than in the case of 2.6.

A second possibility would involve a multiconfigurational nature of one of the compounds. A priori, it
is easier to assume this being the case for the Yb, where there is ample precedent.”®” This would imply
admixture of Yb" character into the wave-function of the Yb" complex. Due to the considerable
difference in the ionic radii of the two configurations (about 0.16 A), this would result in a longer bond
length in the case of 2.6. Again, the underlying assumption in this case would be a reversible redox
process in the form of an electron transfer to/from the lanthanide centres. The only possible
substrates adequate would be the pyridyl group or the Pd. Therefore, the intermediate valence would
rely on the Yb"/Yb" and pyr/pyr™ couples or, alternatively, Yb"/Yb"and Pd°/Pd".

Either scenario relies on subtle and complicated physico-chemical descriptions of systems. The second
case is arguably more complicated, as 4f elements interactions with other metals are still a subject of
some controversy®® and the common description of these interactions are of predominantly
electrostatic character, with small covalent contributions.

Regardless, a comprehensive spectroscopic characterisation is a sine qua non ingredient in
understanding the electronic structure of these complexes.

For both of these compounds, 'H NMR spectra were obtained by isolating the crystals and washing
them rapidly with cold pentane 3-5 times. The resulting spectra contained slight impurities, integrating
for less than 1% of the main Cp* signals. These impurities could not be separated from the trimetallic
complexes, presumably on account of their very similar solubility in the available solvents. The
presence of highly paramagnetically shifted peaks for 2.6 is a sure-fire indication of the trivalent state
of the Yb centres, at least at r.t.
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Figure 2.26: 1H NMR of complex 2.6 in THF-dg at 293 K. Red and black dots indicate the pyridyl peaks and the Cp* peak. The
trace impurities have the following colours: blue — H grease, orange — residual toluene and purple — unknown impurity.

The presence of impurities may complicate the definitive attribution of the signals to the pyridyl
protons. As such, a solution was devised, allowing an unequivocal identification of the target protons.
To this effect, py-ds was used as a substitute in the synthesis of 1.12 to obtain 1.12-py-ds (Scheme 2.5).
The same purification method as for the regular complex was applied here and this complex was then
used without further characterisation. Addition of samarocene to 1.12-py-ds gave a satisfactory batch
of crystals, which was then used to obtain a high-quality spectrum of 2.7-pyr-ds. Unfortunately, this
procedure was not successful with ytterbocene.

toluene

\\lSm”-OEtz 7
1.12-py-ds 2.7-pyr-d,

Scheme 2.5: Synthesis of the deuterated pyridyl analogue of 2.7.

The questions raised in Section 2.3.2.1 pertaining to the electronic configurations of the metals could
be further probed in solution studies. VT NMR studies were undertaken for both trimetallic edifices.
The spectra are presented in Figure 2.28. The temperature-induced variations of the signal shifts are
significant, but their evolution is consistent with the Curie law. The same observations were made for
2.7. Consequently, we may conclude that both lanthanides are in the Ln" configuration in the available
temperature range.
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Figure 2.28: Variable temperature *H NMR of 2.6 in THF-ds. Red dots correspond to the pyridyl.

Definitive proof of this assertion was provided by solid-state magnetic data, acquired in the 0-300 K
temperature range. The data for the Yb adduct is shown in Figure 2.29 (the data for 2.7 is given in
Figure S2). In 2.6, the XT value monotonously decreases upon lowering the temperature to 4.09
cm3.K.mol? at 15 K and then drops to 2.08 cm3.K.mol?! at 4 K. This behaviour is typical for Yb"
complexes and is attributed to the depopulation of the crystal field states. There is, thus no deviation
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from the expected behaviour of two independent Yb" centres all throughout the investigated
temperature range. The same conclusion applies to 2.7.
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Figure 2.29: Magnetic susceptibility (unfilled red dots) and the xT product (filled blue dots) for 2.6.

This allows us to unequivocally state that there is no Yb" admixture into the trivalent Yb state to be
found in 2.6, since the presence of its diamagnetic character would make a marked alteration in solid-
state magnetic data.

1.2
1
—2.6
0.8
5
c 2.7
m©
2 06
o
17}
]
<
0.4
0.2
0
300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 2.30: UV-Visible data for the trimetallic complexes 2.6 and 2.7.

The UV-Visible data was acquired for both complexes. The main absorption band at around 290 nm is
consistent with the features of other documented a-pyridyl transition metal complexes.® This is
attributed to a m->mt* transition. It is slightly surprising to see at least two further transitions distinctly
outlined in the case of 2.6, but not of 2.7. Both of these are presumably MLCT transitions, although
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the donating metal cannot be determined. This peculiarity of the Yb complex can be interpreted as a
sign of a stronger interaction of the metal centres with the ligand, although no further inference can
be made pertaining to the precise electronic structures.

2.3.2.3. Reactivity.

The unusual trimeric complexes were probed for any promising reactivity. The structural peculiarities,
particularly of the Pd centre, could be conducive for a size-selective insertion of a small substrate in
the space defined by the Pd and the Cp* co-ligands.

To this effect, the reactivity with gases was attempted. The low-pressure addition (0.2 bar of
overpressure) of CHs, CO and H, did not result in evolution of the trimers. There was no difference in
behaviour between tol-dg and THF-ds. The *H NMR spectra only showed the gradual decrease of the
complex signals, but this could be ascribed to crystallisation. Likewise, the attempted catalytic
hydrogenation of allyl-benzene using 2.7 resulted in the immediate precipitation of the complex itself.

The obscure formation mechanism of the two trimetallic adducts permit the hypothesis of an electron
transfer from the lanthanide. To this effect, the addition of coordinating solvents, such as pyridine and
acetonitrile was attempted to probe whether such a possibility is reversible. The complexes were
shown, however, to permanently decompose when exposed to such a perturbative event.

Figure 2.31: ORTEP of a side-product following the addition of pentafluoropyridine to 2.7.

When pentafluoropyridine was added to 2.7, two types of crystals could be grown in a concentrated
solution — red prisms (that did not diffract) and yellow plaques, of acceptable quality for XRD studies.
Analysis revealed a (Cp*Sm)sFsO cluster, in which the central O is coordinated to all five Sm centres
(Figure 2.31). This reactivity reflects the strong affinity for halogens, characteristic to the Ln series.

It would, therefore, appear that the trimetallic edifices are not reactive towards the target substrates.

2.3.3. Trials with pyridine analogues.

The unexpected C-H activation in a the position of the pyridine prompted our interest in exploring the
limit of this reactivity. A series of pyridine analogues (Scheme 2.6) were chosen to explore the effect
of diverse steric environments, as well as bonds in the a position of a different chemical nature.

133



Trials with pyridine analogues.

F
O OO 0L
~
N7 N N” F7ONTF
Quinoline Isoquinoline  2,6-lutidine  Pentafluoro
pyridine

Scheme 2.6: Selected pyridine analogues.

For the first objective, the position of the coordinating N atom was varied, to examine if the
decomposition giving the trimetallic adducts can be reproduced. In the second case, activating the C-
F bond could be expected, given the inclination of lanthanides to coordinate halides, but this opens
the possibility of more than one activation. In the case of the 2,6-lutidine (shortened hereafter to
“lutidine”), an equivalent C-Cyue activation is expected to be significantly more demanding and difficult.

2.3.3.1 Preparing the requisite precursors.

The preparation of the desired precursors, analogues to 1.12, was undertaken. The same synthetic
protocols used to the pyridine complex were applied in these cases, but were fraught with difficulties.
When the additional ligand was added in MeCN, the mixtures evolved to yellow-golden solutions. The
same results were obtained when employing the pyridine analogue as the reaction solvent. In contrast
to the procedure for 1.12, no intense bubbling was noticed. The solutions were filtered to prevent
recovering the unreacted ligand precursor.

At this point, numerous strategies were attempted to crystallise the products. Saturated solutions did
not crystallise, at various temperatures and irrespective of the solvent used. The gas-gas diffusion of
pentane, Et,0 or toluene produced non-crystalline solid.

Precipitating the complexes with the appropriate solvent (pentane or Et,0), followed by washing (to
remove any excess of the tmedaPdMe; precursor) led to the isolation of seemingly analytically pure
yellow solids.

The *H NMR analysis of these compounds revealed the characteristic peaks of the bimpym ligand and
the methyl group, with the adequate integrations. This would imply that a similar behaviour to that of
the parent compound is observed. Indeed, in situ reactions confirmed the conversion of the reactants.

These complexes could only be solubilised in THF. The observations during the solution studies for
1.12 suggested that the pyridine has a fluxional behaviour. The most eloquent example would be the
reactivity with Cp*,Eu(OEt;), outlined in Section 2.3.1.3. The fact that Cp*,Eu(py) was obtained
without any obvious external source of pyridine is most likely explained by the fact that the pyridine
in 1.12 decoordinates just enough to allow it to react with europocene.

Therefore, the interpretation of the spectra shown in Figure 2.32 could be ambiguous. The presence
of pyridine analogue peaks does not guarantee that the species in question actually contains the
desired analogue.

Given that no structural authentication of these complexes was actually possible, the additions of
divalent lanthanide precursors were performed on the basis of observing similar behaviour to the one
of 1.12.
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Figure 2.32: 'H NMR of 1.12 and the lutidine and quinoline precursors in THF-ds. The red dots indicate the bimpym peaks,
black dots — pyridine, green — methyl and purple — pyridine analogue peaks.

2.3.3.2. Reactivity with divalent lanthanides.

The first synthetic trials of the addition of (bimpym)Pd precursors containing pyridine analogues
involved the addition of a divalent lanthanide precursor in toluene. The evolutions observed were
similar to those of the parent compound, 1.12. In all cases, a dark mixture was rapidly produced. The
solutions were filtered, before attempting the crystallisation of concentrated solutions at -40 °C. At

best, this resulted in very low quantities of small crystals of poor quality. No structure could be
obtained through this protocol.

These mixtures were then analysed by 'H NMR. The spectra abounded in a great number of
paramagnetically shifted signals. Unfortunately, no cogent conclusion could be reached, due to the
vast number of unattributable signals. At best, careful washing of the solid with cold pentane and Et,0

allowed the clearing the majority of the unknown peaks to reveal a dominant complex (Figure 2.33).
Alas, no structural authentication could be obtained in these cases.

...........................................
190 180 170 160 150 140 130 120 110 100 90 80 70 60 S0 40 30 20
f1 (ppm)

Figure 2.33: 1H NMR of the reaction between ytterbocene and a Pd(bimpym) precursor that contains lutidine.
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The uncertainty surrounding the effective coordination of the pyridine analogue on its Pd coordination
site inspired a different strategy. The fluxional behaviour of the pyridine itself in 1.12 could be
exploited by attempting to displace it with a slight excess of the desired analogue. This option holds
the additional advantage of synthetic simplicity, due to the facile procedure affording 1.12.

In an initial attempt, 5 eq of lutidine were added shortly after the beginning of the reaction between
1.12 and ytterbocene in toluene under stirring. The resulting black solution was filtered, before being
concentrated to saturation. Storing this solution at cold produced small red needles, alongside a dark
grey precipitate. XRD data was in agreement with the structure of 2.5. The poor quality of the crystals
could not allow the accurate attribution of the density peaks near the C atoms in the a position of the
N atom on the lutidine.

Due to the inconclusive nature of the XRD analysis, *H NMR spectra were sought. Following
evaporation of the volatiles, the solid was washed with cold pentane. Curiously, the washing solution
had faint green hues, which may indicate unreacted ytterbocene. The remaining solid was dissolved
in THF-dg, where the dominant product was a match for the signals observed for 2.5 (Figure 2.34). The
identity of the unknown signals could not be established.
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Figure 2.34: 1H NMR of the main product following the addition of ytterbocene to 1.12 in the presence of an excess of lutidine.

Performing the same reaction with samarocene, followed by the same work-up procedure, resulted
in the crystallisation of 2.7. Overall, it could be concluded that the attempted substitution of pyridine
with lutidine after the addition of the lanthanide was not efficient.

Given the rapidity of the formation of 2.4 (and, by subsequent isomerisation, 2.5), the timing of the
addition of the excess lutidine is bound to be important. Therefore, two variations of this reaction
were attempted: either by adding the lutidine to solid 1.12 or by attempting to pre-substitute the
pyridine by stirring a toluene suspension. A toluene ytterbocene solution was subsequently added in
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both cases. A yellow solution is formed almost instantly, alongside black and yellow solids (Figure
2.35).

Figure 2.35: Formation of the three phases in the reaction mixture of 1.12, lutidine and ytterbocene.

If performed in situ, tracking the reaction by 'H NMR becomes complicated and inconclusive, due to
the heterogenous medium. The yellow solution is recovered, the mixture is dried thoroughly, before
redissolving the remaining solids in THF-ds. Signals characteristic of (bimpym)Pd species are found,
suggesting that the organometallic fragment remains unreacted.

This raises the possibility of a parasitic reaction between ytterbocene and the excess free lutidine. As
is the case for other N-heterocycles or for THF, the coordination to the ytterbium is very
thermodynamically favourable and further reactivity is stopped. As an example, the formation of
Cp*,Yb(py). starting from the diethyl ether adduct is instantaneous; crystals are formed within
minutes.

This hypothesis was checked in two ways by forcefully drying 1.12 to attempt to remove the pyridine
traces altogether. The disappearance of the corresponding peaks was monitored by *H NMR in THF-
ds. Although no structural proof can be provided, we assume a bridging arrangement between the
methyl groups of two “(bimpym)PdMe”-type molecules in order to saturate the coordination
environment of the Pd" centre. The addition of ytterbocene to this adduct did, indeed, proceed quite
differently to the reactivity of 1.12. Slow conversion to an unknown product was observed. The
integration of the unknown product is not immediately suggestive as to the chemical nature of this
compound. If free lutidine is added to this mixture, the same three phases described above are almost
instantly formed. However, the signals observed for the reaction without lutidine do not disappear;
new peaks are formed, without seemingly perturbing the previous products.

Following the same logic, trying to add free lutidine to 2.4 only lead to the gradual decomposition of
the substrate. This is, thus, not a viable route to obtain the complexes with the pyridine analogues.

The addition of samarocene in presence of 1.12 and of excess lutidine also results in the three phases
described above. However, as opposed to ytterbium’s case, the yellow solution appears to give a
better indication of the compound that’s formed. Based on the integration of the signals, it is not
unreasonable to assume that a coupled product with lutidine, analogous to 2.4 or 2.5, is formed
(Figure 2.36). These solutions did not yield crystals, precluding further characterisation. As is the case
for ytterbium, dissolving the solids in THF-ds reveals the characteristic broad (bimpym)Pd signals.
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Figure 2.36: 1H NMR spectrum in tol-dg of the formed product after the addition of samarocene to 1.12 and free lutidine.

The attempts of substituting the pyridine during the reaction were more fruitful with the other
analogues, in tandem with samarocene. Addition of the organolanthanide precursor to 1.12 and
excess free ligand (even a very large excess — up to a few drops —is tolerated!) permitted the isolation
of the analogous trimetallic compounds with quinoline (2.8) and pentafluoropyridine (2.9) (Figure
2.37). The equivalent reactivity with ytterbocene produced no such complexes.

E ||| \HTI \* toluene toluene E\\

_____________ 1.12 + Cp*,Sm(OEt) ——— >

+ CstN + quinoline
| ~ N <15 min
_
F F

F 2.9 2.8
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Scheme 2.7: Preparation of trimetallic edifices with pyridine analogues.

In the case of the quinoline, the addition of the excess ligand did not change the outward appearance
of the reaction — the same black solution with golden hues was obtained. Afterwards, the same work-
up procedure that was used for 2.6 or 2.7 was sufficient for obtaining adequate crystals that permitted
the structural authentication of the quinoline motif. Irrespective of the crystallisation method, all of
the measured crystals were quite significantly twinned. The resolution of the XRD data showed some
moderate disorder in the phenyl ring (that is present in quinolyl, but not on the pyridyl in 2.7). Perhaps
this is an indication of an incomplete substitution of the pyridine by the quinoline.
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Figure 2.37: ORTEP of 2.8 and 2.9. The H atoms are hidden and the Cp* co-ligands are shown in wireframe for clarity.

The case of 2.9 merits further comment, however. The addition of the drop of pentafluoropyridine
resulted in an instantaneous colour change to bright red. The reaction was stirred for 15 minutes,
before filtering the solution and storing it at -40 °C after adequate concentration. Very large red
crystals were grown overnight. The XRD analysis showed two distinct molecules. The electronic
density associated to the central atom was not equal in both adducts and was significantly inferior to
that of Pd. Consequently, the best-fitting model for this system involved a partial occupation of the
Pd sites, giving the formula [(Cp*;Sm),(u-Pd«(CsFaN)2], where x = 0.133 and 0.268.

The main distances and angles in these complexes are given in Table 2.6. The structural features evolve
when changing the coordinating ligand. This is most notable in 2.9, since there is an attractive
interaction between Sm and the neighbouring fluoride on the pentafluoropyridine. This induces a
deviation in the relative arrangement between the organolanthanide and the Pd-pyridyl fragments.
The angle formed by the Sm-Pd-Sm axis and the C-Pd-C axis is around 67° in all the trimetallic adducts,
except for 2.9, where this angle is around 55°. This percolates across the other features, such as the
Sm-Pd and Sm-N distances.

Av. Values (A or °)
Atoms 2.7 2.8 2.9 (x=0.133) 2.9 (x=0.268)
Sm-Pd 2.908(1) 2.918(2) 3.068(1) 3.066(1)
Sm-N 2.386(3) 2.425(11) 2.445(3) 2.457(3)
snr [ >cc0) 258302
Sm — Cp*err 2.449 2.447 2.424 2.429
Pd-C 2.081(4) 2.090(15) 2.027(2) 2.035(3)
<(Coyriyi1-Pd-Copyridyiz) 179.72° 180.0(5) 180.00 180.00
<(Sm-Pd-Cpyriayl) 67.67(1) 68.1(4) 54.27(8) 55.12(13)
<(Cp*1.cr -LN- Cp*3 ctr) 134.52° 134.60 136.82 136.50

Table 2.6: Main distances and angles in the trimetallic edifices with pyridine analogues.

The proportions of Pd in 2.9 were not repeatable across other similar synthetic trials. This can provide
two conclusions: the partial occupation may depend on the duration of the reaction and it should be
feasible to form a similar compound, without the central Pd atom.
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The first assertion was tested by stirring the mixture for longer periods of time. Although the bright
red solution is indeed always immediately formed, the colour changes to dark brown after around 2h,
accompanied by the troubling of the reaction mixture. However, no crystal structure could be
obtained to help elucidate matters.

As for the second conclusion, tests were performed by performing a simple addition of
pentafluoropyridine in a toluene solution of samarocene. The solution immediately became pink-red
and, upon concentration, yellow blocks and red needles formed, which were later structurally
authenticated as [Cp*,Sm(n%-CsFsN)]2 (2.10) and [Cp*2Sm(p-F)(u-CsFsN)SmCp*,], (2.11), respectively
(Figure 2.38). The poor crystal quality of the latter, however, imposes a tentative qualification of its
chemical formula. For example, the fourth fluoride atom in the tetrafluoropyridyl could not be
definitively identified. In both cases, it is clear that C-F activations took place. The structure of 2.10 is
eerily reminiscent of that the pentafluorophenyl analogue described by Tilley in 2001.%° In this case,
however, the Sm'" centre is coordinated by the nitrogen on one molecule and the fluoride on the
other, instead of two fluorides. There are no close matches for 2.11 in the literature, due to the
unusual nature of the bridging pyridyl ligand, although there are numerous other examples of
multimetallic edifices bridged by fluorides.®%2

Figure 2.38: ORTEP of C-F activation-induced multimetallic complexes based on pentafluoropyridine 2.10 and 2.11.

The corresponding reaction with ytterbocene resulted in a purple-pink solution, from which red-pink
needles could be grown. Resolution of the XRD data indicated the formation of another multimetallic
framework of the formula Cp*sYba(u-F)s (2.12). This arrangement is very similar to a tetra-fluoride
cluster described by Andersen.%® The two Yb centres bearing two Cp* co-ligands only bond with two
fluorides, whereas the ones with a single Cp* are coordinated to four.

The participation of the pentafluoropyridine in this complex is rather curious, as it appears that two
separate C-F activations have taken place in the a positions of the nitrogen. In one of the sites of the
activation, a coupling reaction to a methyl on the Cp* occurs, whilst the other seems to have been
protonated by the prototropy of one of the H atoms on the coupling methyl. Lastly, the N atom is
correctly positioned to form a bond with the Yb centre (Figure 2.39). In the cited article, Andersen
argued for a mixed-valence Yb'",Yb", compound on the basis the magnetic properties and of the
different Yb-Cc,+ bond lengths. Indeed, there is a marked difference in the distance between the Yb
centres and the centroids of the Cp*. Based on the same metric, only the Yb centre close to the
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trifluoropyridyl would be in better agreement with an Yb" configuration in our example (2.412 A),
whilst the other three would be more adequately described as Yb" (2.341-2.360 A).

Figure 2.39: ORTEP of 2.12. The Cp* co-ligands are set in wireframe in the interest of clarity.

2.3.4. Partial conclusion.

This section described the formation of heterometallic species, based on the (bimpym)Pd precursor,
where the metal is coordinated on the LX site of the ligand.

The formation of the coupling products 2.4 and 2.5 is consistent with the previously observed
behaviour of the bimpym ligand, even in the case of the conceptually similar Ir-based complex 2.1.
The coupling reaction, given the main vacant orbitals of the precursor 1.12, would imply that the
LUMO+1, with the significant participation of the coupling carbon, is stabilised below the LUMO upon
the addition of the organolanthanide fragment (first step in Scheme 2.8). It is then populated by an
electron transfer from the Yb'" centre, leading to the coupling of two fragments (therefore creating a
doubly occupied orbital). The irreversible isomerisation reaction of the coupling products can be
justified by the release of the steric strain associated with having the two pyridine molecules point in
opposite directions. The configuration in 2.5 allows for a more relaxed geometrical structure, where
the two adjoined fragments can get closer to one another, maximising attractive dispersive forces.

The third product that is obtained when heating up either of the coupling products has the same in-
solution symmetry of the 'H NMR signals alludes to a compound with a very similar chemical nature.
Efforts are invested into trying to isolate this complex.

Following on the orbital analysis begun above, the formation of the trimetallic complex 2.6 from the
coupling product is coherent with the activation of the pyridine-based reaction pathway implied by
the LUMO in 1.12. This is justified by the fact that this formation is promoted by the C-H activation of
the pyridine in the a position. It is important to note that 2.6 is not formed as a result of the
decomposition of the initial coupling product 2.4. The latter is relatively stable and only evolves
towards its isomer, 2.5.

This decomposition pathway (as seen in Figure 2.18) is triggered when the reaction between 1.12 and
ytterbocene is let to run its course. The most likely explanation for this behaviour is that not all the
organolanthanide precursor is consumed before a large in-solution concentration of 2.4 is reached.
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The remaining ytterbocene can then further react with the newly formed coupling product,
presumably by a second electron transfer, thus activating the LUMO"-type pathway (last step in
Scheme 2.8). This hypothesis is substantiated by the fact that the synthetic protocol that assures the
highest yield of pure 2.4 relies on both very rapid reaction times (less than a minute) and a slight
excess of 1.12.
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Scheme 2.8: Schematic representation of the electronic perturbation and subsequent population of the main vacant orbitals
of 1.12 upon the addition of ytterbocene. The orbitals of 1.12 are used as visual references in the heterobimetallic adducts.

The fact that an isostructural coupling product could not be obtained after the reaction with
samarocene is ascribed to the difference in redox potential between the two divalent metals.
Nevertheless, the reaction with 1.12 evolves to the isostructural trimetallic complex 2.7. The
comparison of the main distances in the two complexes reveals an apparent break in the lanthanide
contraction, as the Sm-Pd distance is shorter than that of the equivalent Yb-Pd.

Spectroscopic analyses would indicate the same electronic configuration of the lanthanide centres for
the two adducts. Indeed, there is no indication at any point that the lanthanides are anything other
than Ln". Based on precedence in the pertinent literature, it would be tempting to ascribe this
difference to a stronger Pd-Ln interaction in the case of the Sm, but such an assertion must be
investigated and proven cautiously to be validated.

An extensive theoretical study, aimed at elucidating this question, will be reported in Chapter 3.

The unusual C-H activation of the pyridine prompted a study into the possibility of enabling similar
behaviour with pyridine analogues. Rather surprisingly, given the chemical similarity between the
proposed ligands, the desired Pd precursors could not be isolated.

It would appear, based on the trials with lutidine, that subsequent reactions with organolanthanide
fragments must proceed very cautiously, as excess lutidine invariably resulted in an undescriptive
yellow solution, accompanied by undissolved solid, which bore the characteristic *H NMR signals of
(bimpym)Pd-type species. It is very likely that ytterbocene reacts very rapidly with free lutidine,
forming a stable complex, which engages in no further reactivity. Reducing the quantity of the
available lutidine seemed to alleviate this issue, but the ensuing reactivity did not help clarify the
chemical behaviour of these species. The case of samarocene is less conclusive, as the *H NMR
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spectrum is not very dissimilar in symmetry and integration to the coupling products 2.4 and 2.5, but
no solid structural proof of the formed adduct could be gathered.

In that respect, the formation of complexes 2.8-2.10, based on pyridine analogues, raises a number of
qguestions regarding the reaction mechanism that results in the stabilisation of the trimetallic adducts
2.6 and 2.7. In all cases, the structures were obtained without having had precursors with a confirmed
coordination of the desired L ligand. Although the fluxionality of the pyridine in 1.12, 2.4 and 2.5 was
previously proven, its exchange with a desired target was not. This would seem to render a definitive
analysis of the mechanism leading to the formation of the homologous quinolyl and tetrafluoropyridy!
adducts 2.8 and 2.9 tenuous at best.

There are reasons to doubt that the ligand exchange between the pyridine and its analogue occurs
efficiently in solution. The twinned nature of the crystals and the subsequently resolved structure of
2.8 would suggest that only a partial substitution of the pyridine has taken place.

The partial occupation of the Pd site in 2.9 definitively hints at the fact that the substitution of the
pyridine is incomplete. That Pd is present is beyond reasonable doubt. Whilst the unit cells of 2.9 and
of the Pd-less 2.10 are, indeed, the same, these complexes are different: the former is a bright red
crystal, whereas the latter is golden yellow. The different colouring of the crystals is akin to the strong
effect of minute quantities of impurities in minerals. Moreover, the Sm-C,,r bond lengths are different
(2.502 A in 2.10 vs 2.531 A in the molecule with the larger Pd occupation in 2.9), suggesting the fact
that the negative charge on the C is more equitably distributed when Pd is present.

It is worth noting that the addition of pyridine to samarocene leads to an electron transfer, followed
by a coupling reaction.®® If we are to compare pyridine and pentafluoropyridine, obtaining 2.10 as a
stand-alone complex with its specific configuration, can be qualified as logical, for two reasons. The
affinity of lanthanides for halides probably renders the C-F activation more advantageous than an
electron transfer (and, presumably, the ensuing coupling reaction). Furthermore, the coordination
environment offered to the Sm"' centre in the case of the putative pyridyl analogue of 2.10 is
significantly less favourable. The very stabilising Sm-F interaction, originating from the opposite
tetrafluoropyridyl molecule, undoubtably helps maintain this structure, as well. Such an interaction
does not exist for the hypothetical pyridyl analogue of 2.10.

Therefore, it seems reasonable to affirm that Pd° plays the role of a template agent in the formation
of 2.6 and 2.7. The formation of 2.9 and 2.10 help provide another piece of the puzzle, from a different
perspective. The order in which the building blocks of these trimetallic structures are formed and
assembled is unclear.

Each of the fragments — [Pd%(pyr).]*> and [Cp*.,Ln]* — are evidently very unstable and reactive species,
that could not exist independently in solution for a long time. Is the [Pd%(pyr),])* formed first by
expulsion of the bimpym ligand from the Pd coordination sphere and stabilised by the two [Cp*,Ln]*
fragments? Or is an adduct of the type [Cp*,Ln][Pd°(pyr)] assembled first, before the second C-H
activation takes place? These remain open questions and a more thorough mechanistic examination
will be provided in Chapter 3.

2.4.Pt(bimpym)-based complexes.

The promising results obtained for the Pd-based complexes prompted the natural logical evolution in
exploring the similar reactivity with the isostructural Pt-based precursor, 1.13. After all, the two
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complexes are quasi-identical in both their chemical behaviour and in the computed electronic
structure (Table 1.12).

2.4.1. Synthesis of Pt(bimpym)-based complexes.

The addition of ytterbocene to 1.13 was performed in toluene under stirring. A dark red-brown
mixture is rapidly formed. There is no further evolution in the mixture if the reaction is run for longer
periods of time. Filtering the mixture gave a bright red solution, which, if left overnight, yields red
needles. THF was found to be a better crystallising solvent for the complex. XRD analysis allowed the
identification of the complex as [Cp*,Yb(bimpym)Pt(py)(Me)]. (2.13) — isostructural to the Pd
homologue, 2.4.

Given the brisk reactivity of 2.4 in the presence or organolanthanides, the initial work-up involved the
same careful preparation and washing with cold non-polar solvents. This was proven not to be
necessary, as 2.13 was stable at r.t in both the solid state and in solution. The synthetic yield was,
however, slightly lower than in the Pd analogue, as roughly 70% molar equivalent of the initial quantity
of 1.13 was recovered as crystalline material.

The same reaction was attempted with samarocene. In this case, a brown-yellow solution was formed.
Filtration resulted in a brighter shade of yellow. Storing a saturated solution at cold produced suitable
yellow needles. Acquisition of XRD data confirmed the attribution of the compound as the
isostructural Sm-based coupling product, 2.14 (Figure 2.40). Contrary to the reactivity of 1.12, the
coupling product with Sm could be isolated and characterised. 2.14 could also be isolated as pure
crystalline material in roughly 70% yield.

Figure 2.40: ORTEP of 2.14. The hydrogen atoms are not shown and the Cp* co-ligands are set in wireframe for clarity.

The ubiquity of the coupling reaction in bimpym-based species motivated the inquiry into modifying
the accessibility of the electron transfer. To this effect, the bulkier divalent lanthanide substrate
Cp™,Yb(OEt,) was used (Cp™=1,2,4-tri(tert-butyl)-cyclopentadienyl), since it had been previously
shown that the steric constraints imposed by the co-ligand impacted the electron transfer.®®

The reaction proceeded in a similar fashion to the ones described above. A brown solution was formed
rapidly after the addition of toluene to the solids. The three ‘Bu groups confer excellent solubility to
the resulting complex. Crystallisation could be achieved by leaving a very concentrated THF solution
at -40 °C for a few days. Increasing the concentration also resulted in the precipitation of secondary
products, which could not be adequately separated from the crystals. Acquisition and resolution of
the XRD data demonstrated that the electron transfer did, however, still occur, as the corresponding
coupling product 2.15 was identified.
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The similarities end here, though. The steric repulsion presumably does not allow a similar
conformation to all of the coupling products described in this chapter, as the two bimpym ligands are
best described as being both opposite and orthogonal to one another (Figure 2.41).

Figure 2.41: ORTEP of 2.15. The hydrogen atoms are hidden and the Cp' groups are set in wireframe for clarity. The lack of
deviation from planarity on the pyrimidine moiety is demonstrated by the neat arrangement within the plane formed by its
composing atoms.

2.4.2. Characterisation of the Pt(bimpym)-based complexes.

The expansion of the family of coupling products by three new members warrants a structural
comparison of the adducts. The main distances and angles are collected in Table 2.7. The two Cp*-
based complexes are practically identical for every metric, except the distances corresponding to the
Ln centre, which follow the lanthanide contraction. In these two compounds, the two coupled ligands
are virtually parallel to one another (with a circa 10° deviation of the two planes) and the torsion angle
formed by the two coupled moieties is in the range of the previous examples. The latter angle is
practically identical to that in 2.4.

The Ln-Cp* centroid distances are in agreement with Ln"' centres. In these two complexes, the

coupling C atom is pulled slightly out of the ligand plane, consistent with the dearomatisation of the
pyrimidine moiety. On the basis of the structural features, the Pt centre is not perturbed by the redox
event and the ensuing coupling reaction. All the bond lengths are comparable to those in the precursor
1.13. As is the case for 2.4, the two pyridine ligands point in opposite directions. Contrary to the Pd
analogue, 2.13 and 2.14 do not isomerise in neither ambient conditions, nor when heated up. Keeping
either complex at 70 °C for extended periods of time only results in their gradual decomposition.

2.15 does not respect the same trend regarding the relative orientation of the two bimpym ligands.
Instead of being shifted by about 90° from one another (NCCNi, in Table 2.7), the two coupled
moieties adopt a conformation reminiscent of that of [Yb(bimpym)Nil,-type species, where the
torsion angles approach 180°.2 Moreover, far from being close to parallel, as is the case in 2.13 and
2.14, the two ligand planes are almost perfectly orthogonal.

This arrangement is almost certainly caused by the steric constraints imposed by the very bulky Cp*™

co-ligand. Nevertheless, on the evidence of the coupling reaction, the electron transfer is not
prevented. There are some peculiarities in the structural features that would seem to contradict this
conclusion. For one, the pyrimidine remains planar (as shown in Figure 2.41), which is unique amongst
its class of compounds. Second, the Yb-Cp' centroid distance is unusually large, at 2.413 A. Previously

145



Characterisation of the Pt(bimpym)-based complexes.

tabulated values give 2.27-2.36 A for the Yb" configuration®® and 2.38-2.47 A for the Yb"
configuration.®” The lower value for the divalent state is less pertinent, since it concerns the base-free
Cp™,Yb adduct.

The first argument can be countered by the unique orthogonal orientation of the two ligands, as well
as by the steric constraints imposed by the surroundings, which would limit the outwards extension
of the coupling C atoms toward one another. Furthermore, the distances on the pyrimidine moiety in
2.15 are almost identical to the ones in the complexes where the aromaticity is broken, hinting that
the same behaviour is observed here, bar the deviation from planarity.

The comparison of the Yb-Cp™ centroid distance with previously reported complexes is less
appropriate, as there are only six examples in the literature — not enough to properly assess the impact
of how different coordination environments can elongate the distance with the Cp™ ring. None of the
reported examples feature a larger, multidentate ligand on the Yb, as is the case in 2.15.

Av. Values (A or °)
Atoms 2.13 2.14 2.15

Ln-Npym 2.339(9) 2.459(9) 2.297(8)
Ln-Nimid 2.368(10) 2.454(9) 2.319(8)

Ln = Cpar 2.322 2.434 2.413
C-Ceoupling 1.588(14) 1.601(14) 1.578(18)
Pt-Npym 2.132(8) 2.140(9) 2.184(8)
Pt-Nimid 2.003(9) 2.034(10) 2.018(8)
Pt-Np, 2.009(9) 2.045(10) 2.011(9)
Pt-Cve 2.043(11) 2.061(11) 2.053(10)

Pt-Pt 4.168 4.199 6.489

d(Pt-plane) 0.363 0.375 0.053

NCCNior 95.17 96.91 170.05

(L1-L2) 9.41 10.35 85.20

(py-plane)w 49.87 51.94 88.27

Table 2.7: Main average distances and angles in 2.13-2.15. The metrics which are dissymmetrical by more than 10° between
the two fragments in the dimer are highlighted in red. NCCN:,, designates the inter-fragment torsion angle, (L;-L;) the angle
between the ligand planes of the first and second bimpym molecule and (py-plane):, the average angle between the pyridine
plane and the square plane of the Pd coordination sphere.

Dissolution of the crystalline solid of the Cp*-based complex was informative. The *H NMR spectrum
of 2.13 was, unsurprisingly, very similar to that of its Pd analogue, 2.4. Given that there are only 7
signals corresponding to the bimpym ligand, this species has at least C; symmetry in solution. The
pyridine signals were recovered at -30 °C, hinting at the same fluxional behaviour at r.t as is observed
for 2.4.

The conclusions for 2.14 were similar. The corresponding spectrum of the Sm-based complex is given
in Figure 2.42. Six of the expected seven signals of the bimpym ligand are cleanly identified, with the
last one presumably hidden in the shoulder of the residual tol-ds signals.

The *H NMR spectrum of 2.15 could not be cleanly isolated. The separation of this adduct from its
accompanying impurity could not be reliably performed, as their solubility in all the tested solvents
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were seemingly identical. The presence of highly paramagnetically shifted peaks is a reliable indication
of the Yb" configuration observed in this complex.
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Figure 2.42: 1H NMR of 2.14 in tol-ds. Residual solvent peaks of toluene and pentane are designated by the blue dots.

The UV-Vis spectra were recorded for 2.13 and 2.14. The chief difference between the two is an extra
absorption for the Yb-based complex at 333 nm. The same contrast was observed in the UV-Vis spectra
of the Pd-based trimetallic complexes 2.6 and 2.7 (Figure 2.30). The main absorption band (at 301 and
332 nm for 2.13 and 2.14, respectively) is attributed to the ligand-based n->nt* transition, whereas the
others are ascribed to MLCT transitions.
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Figure 2.43: UV-Visible spectra of 2.13 and 2.14.
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The comparison between 2.4 and its Pt analogue is informative. There is only one neatly resolved
absorption in the spectrum of the former (Figure 2.22), while there are more than one in the Pt-based
complexes. This can be attributed to the more electron-rich nature of the Pt" centre, which is more
capable in engaging in MLCT transitions than its Pd" counterpart. The same variation was observed in
the K(bimpym)TMMe; species — the Pt complex 1.8 was the only one to feature more than one
absorption band (Figure 1.7).

2.4.3. Addition of an excess of organolanthanide precursors.

The presence of excess organolanthanide precursors in toluene solutions of 2.4 led to further
reactivity, which ultimately results in the trimetallic adduct 2.6. Although this pathway is not explicitly
observed when using samarocene, it would appear logical that this is also the case.

On the basis of the very similar electronic structures of the precursors 1.12 and 1.13, it is expected
that they result in comparable reactivity. The isolation of the coupling products 2.13 and 2.14 is
testament of this. Therefore, the addition of further organolanthanide precursors was pursued to
investigate whether the subsequent step can be mimicked with Pt-based complexes.

An in situ reaction involving the addition of an excess of ytterbocene to 1.13 in tol-ds was performed.
The formation of 2.13 is immediately attested. The supplementary ytterbocene did not react further.
A higher concentration thereof was tested, but did not have any impact on proceedings. The solution
was then heated up at 70 °C in an attempt to induce further reactivity (Figure 2.44). Although some
evolution is indeed observed after 4h, this could not be effectively correlated with the decrease in the
concentration of Cp*,Yb(OEt,). After 18 hours, the mixture presents a series of unidentified signals.
No product could be isolated and characterised thereafter. It's worth noting, though, that the
evolution of 2.13 when heated up in the presence of ytterbocene is different to that when only the
complex is kept at 70 °C. In the latter case, only the decomposition of the substrate was observed.

If any evolution similar to that of 2.4 is to occur, heating clearly is insufficient to reach the reaction
activation barrier. A different solution was tested. 2.13 and 2.14 were dissolved in tol-ds in the
presence of their corresponding divalent organolanthanide precursor. The mixtures were then placed
under a UV light. The evolution of the substrates was followed by 'H NMR. In the case of 2.14, it would
appear that exciting the complex only results in its gradual decomposition, as the intensity of the
characteristic product signals decline over time. The evolution of 2.13 was somewhat different.
Although the compound peaks also gradually abate, new signals are formed (Figure 2.45). Among
them, a dominant peak at 9.24 ppm closely resembles the Cp* signal in the trimetallic adduct 2.6. No
complex could, however, be isolated from this small-scale trial.

Encouraged by these findings, similar up-scaled reactions were carried out. Due to the limitations of
the set-up of the UV lamp, the mixtures were added in 10 mL vials with stopcocks. This option does,
in principle, offer sufficient protection against the infiltration of atmospheric oxygen and humidity in
the short term. To isolate our samples further, the stopcocks were sealed off with parafilm. The
mixtures were stirred for 4h under UV light before being re-entered in the glovebox. In both cases,
the solutions darkened after this procedure.

Filtration, followed by storing the solutions at cold, resulted in the precipitation of red and yellow
powder from the reaction mixtures of 2.13 and 2.14, respectively. The volatiles were removed under
reduced pressure and the ensuing powders were extracted with pentane and, separately, with Et,0.
The remaining solids were red and yellow-brown, respectively. All of the extraction fractions
ultimately recrystallised as the parent compounds 2.13 or 2.14.
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Figure 2.44: 'H NMR of 2.13 in tol-dg and the evolution when excess ytterbocene is added and the mixture is kept at 70 °C.
The red dots indicate the bimpym peaks of the product, the black dot indicates the Cp* signal of ytterbocene.
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Figure 2.45: Evolution of the mixture containing 2.13 and ytterbocene under UV light after different periods of time. The peaks
of 2.13 are designated by the red dots, whilst the new signals are designated by the black dots.
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The remaining solid after the extraction in the case of the Yb product resulted in a bright red solution
when dissolved in THF. Crystals of excellent quality were grown from a saturated solution. Acquisition
of the XRD data allowed the identification of this complex as [(Cp*.Yb)2(u-0O)]. The probable source of
the oxygen atom is unknown. The infiltration of the ambient atmosphere in the reaction vial is unlikely,
as no starting compound could then have been isolated.

2.5.Conclusion and perspectives.

This chapter summarises the reactivity of some of the transition metal precursors, described in
Chapter 1, towards divalent lanthanides.

Based on the relationship between the metal and the bimpym ligand, the complexes can be classified
into two groups: those where the TM is coordinated on the L; site (K(bimpym)-based) and those where
the TM is nestled in the anionic LX site ((bimpym)-based).

The reactivity of K(bimpym)NiMe, was described during the PhD of Ding Wang.®> It comes as no
surprise that the other group 10 metals exhibit much of the same reactivity. There are strong
arguments to suggest that the addition of divalent lanthanides can result in the formation of
heterobimetallic complexes, where the lanthanide reduces the bimpym ligand. Complexes very similar
to the isolated [Yb(bimpym)Ni], are found by H NMR. These compounds are referred to as
Yb(bimpym)Pd and Yb(bimpym)Pt. Although no definitive proof can be provided, there is nothing to
suggest that these species are not also the result of coupling reactions, as the latter is a leitmotif for
the bimpym-based complexes.

The shared reactivity does not stop here, as the final product of this sequence — the trimetallic
compound Ybs(bimpym), with two coupled ligand molecules — is also observed for the Pd and Pt
analogues of the Ni complex.

What was shown to be rather remarkable in the case of the Pd precursor is its circumstantial evolution
to the highly unusual species, 2.2. Not only does this complex present a very rare Pd-Cp* bond, but it
also features a very short Yb-Pd distance. From a formation mechanism perspective, 2.2 is different
from the equivalent Ni chemistry, because the Cp* co-ligand released by the central Yb" centre in
Ybs(bimpym), does not result in the formation of KCp*, which was attested for Ni.2

Instead, the Cp* anion presumably coordinates to the evicted PdMe; fragment. This is believed to be
due to the stability of a transient species that precedes the reorganisation towards 2.2. At this
juncture, it is not clear what specific trait of Pd" allows this stabilisation and does not in the other two
cases. This statement is conditional on no breakthroughs in the reactivity of the Pt precursor, of which
there were significantly fewer synthetic attempts. Perhaps altering the reaction conditions by way of
increased temperature or reaction times could allow isolating the corresponding analogue.

The implications of these findings are, as of yet, unclear, mainly due to the synthetic difficulties
associated with obtaining 2.2 in high quantities. At the time of writing, solid-state magnetic data for
this complex was not obtained. This piece of the puzzle is crucial, as it could give insight into the nature
of this interaction. It is unknown whether there is any shared electronic density between the two
metals and, particularly, how this translates into the electronic configuration of the Yb centre. If, for
example, it is not entirely trivalent at lower temperatures, then the magnetic susceptibility would be
a dead give-away.
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For these reasons alone, it is an absolute priority to obtain this data. Based on the findings, further
studies, such as EPR, XMCD or XAS techniques could be required to better understand the electronic
structure of this complex.

This would require improving the presently inefficient synthesis and purification procedures. The
issues encountered in the synthesis of the precursor (1.9), detailed in Chapter 1, may be alleviated by
the use of the equivalent capped complex (1.10). Afterwards, separating 2.2 from its counterpart,
Ybs(bimpym),, remains extremely tricky.

The other class of compounds studied in this Chapter — bimpym-based adducts —also share large parts
of their reactivity. Addition of divalent lanthanide precursors, either in the form of the Cp*-based or
the more sterically hindered Cp™,Yb(OEt,) precursor, invariably result in an electron transfer, followed
by the coupling reaction. The ligand dearomatises and becomes negatively charged, therefore
satisfying the electrostatic requirements of the newly trivalent lanthanide centre. Owing to this fact,
no drastic reorganisation of the substrates is observed, contrary to the K(bimpym)-based adducts,
where the Ln initially coordinates to an anionic site. For these complexes, the same dearomatisation
and accumulation of negative charge probably constitute the cause of elimination of the TM fragment.

The formation of these coupled adducts can be rationalised by the shape of the dominant vacant
orbital on these bimpym-based precursors. In the case of the Pd and Pt-based precursors 1.12 and
1.13, this orbital is the LUMO+1, close in energy to the L-ligand-based LUMO, but it is presumably
stabilised more by the coordination of the divalent lanthanide. When an electron is transferred to this
orbital, significant electronic density is accumulated on the coupling C atom, resulting in an anionic
radical. The coupling of two such molecules produces an overall doubly occupied orbital.

All of the bimpym-based adducts seem to be remarkably stable in their assumed configurations. The
isomerisation of 2.4 towards 2.5 is an exception, but the final product merely relaxes its geometry for
better stability. None of 2.1, 2.4, 2.5, 2.13, 2.14 or 2.15 demonstrate any degradation at r.t and are
quite sturdy even in the face of higher temperatures. The reactivity trials of these complexes showed
that they are stable when reacted with other substrates, even further divalent lanthanide precursors.

Except for — again — the Pd-based precursors 2.4 and 2.5, rather intriguingly. These adducts exhibit
very unusual reactivity when in the presence of divalent lanthanides. Following on the orbital rationale
above, the second reaction with lanthanides presumably populates the pyridine-based vacant orbital,
resulting in a C-H activation (Scheme 2.8). The final products of this pathway are the very curious
trimetallic adducts 2.6 and 2.7. Some of the structural features are themselves unique: a linear
Pd(pyr); arrangement is observed, as well as a collinear arrangement between two lanthanides, with
a transition metal sandwiched in between.

The spectroscopic characterisations revealed that the Ln centres in both complexes are in the +3
oxidation state all throughout the 0-300 K temperature range. This implies that the Pd is in the
zerovalent configuration. What this means for the electronic configuration of these complexes is
unclear and shall be explored in detail in the following Chapter.

The formation mechanism is yet to be fully understood. The population of the pyridine-based vacant
orbital is probably the starting point of a complex reorganisation/decomposition process, from which
the trimetallic adducts are formed and are sufficiently stable to allow characterisation.

Further work on explaining the formation of the trimetallic adducts shall be presented in the following
chapter.
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Given the considerable similarity in the electronic structures of 1.12 and 1.13, and the isostructural
nature of the coupling adducts 2.4 and 2.5 on one hand and 2.13 and 2.14 on the other, it could be
expected that the Pt-based compounds follow an analogous reactivity pathway. Alas, despite our best
efforts, 2.13 and 2.14 could not be cajoled into reorganisation/degradation, leading to similar
compounds to 2.6 and 2.7. This is quite surprising, as the Pt-based adducts are nigh-identical from a
structural perspective to 2.4, which easily reacts with excess ytterbocene.

This seemingly element-specific difference observed for both classes of compound presented in this
chapter could be the goal of an intriguing comparative theoretical study.
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Chapter Three

In-depth study of the trimetallic palladium complexes.

3.1. Context and objectives.

The serendipitous isolation of the unusual heterometallic adducts 2.2, 2.6 and 2.7 requires a more
detailed study. Two main features are of particular interest: the short Ln-Pd distances, common to all,
and the C-H activation in the a position of the pyridine, specific to the trimetallic complexes.

A brief survey of the literature will be presented, after which the specificities inherent to both issues
will be discussed. Lastly, a series of objectives, based on the observations described herein, will be
established in the last part of this section and explored throughout this chapter.

3.1.1. Heterometallic complexes bearing short Ln-TM distances.

Complexes containing multiple close metal centres, broadly classified as intermetallics, have been an
object of some interest in the scientific community, most notably for the interaction between the two
metals. There is a rich breadth of examples all across the periodic table.! Depending on the element
involved, different types of electrons participate, as examples of complexes with s, d and f electrons
all exist, either in homometallic or heterometallic structures. In some cases, this allows us to speak of
chemical bonds in the classical sense, where there is an exchange of electrons between the
participating metals.

As a rule, intermetallics follow the same chemical considerations common to basic covalent
interactions. Some of the necessary factors that enable interactions include the orbital symmetry,
efficient overlap and a good matching of the energy levels of the pertinent orbitals. In this regard,
determining which orbitals participate depends significantly on the radial extension of each sub-shell.?
Examples of the radial extension profiles specific to some elements are given in Figure 3.1. The ns and
np manifolds tend to be the most extended in both main group elements and in transition metals. The
nf shells, as previously evoked, are contracted and practically behave as core electrons.® This
behaviour is more subtle once the two 6s electrons are removed, as the 4f electrons are more involved
in bonding.*

The higher the principal quantum number, the more the ns and np shells tend to be diffuse. This
directly impacts the interaction strength. For example, the BDE (Bond Dissociation Energy) in group 1
diatomics was determined to be 101.9 kcal/mol for Li,,®> whilst for Fr, it was computed to be less than
half of that, at circa 42.1 kcal/mol.® That said, the same rationale applied to main group chemistry is
valid in intermetallics: the higher the bond order, the stronger the bond will be.
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Figure 3.1: Radial distribution functions of the valence orbitals in the (a) s-(Mg), (b) p-(Sn), (c) d-(Cr), and (d) f-(Eu) blocks of
the periodic table. Black lines correspond to the core density. Reprinted from ref 2.

In this respect, the pioneering work of Frank Albert Cotton has expanded our knowledge of the
synthetic procedures that give intermetallics and the understanding of the nature of the bonds that
are created. One of the most seminal examples is the [Re,Clg])* architecture, published more than 50
years ago, where a quadruple bond was established.” Ever since, examples with higher-order bonds
between metals have abounded.

The difficulty in accurately modelling the electronic structures of these compounds has precluded the
generalisation of a model to assess the bonding scheme in intermetallics. This is particularly true when
heavier adducts are involved, where orbital overlap tends to be issued from complex hybridisations
between orbitals involving electrons where the relativistic effect is significant. This implies that a
careful assessment of the orbital energy level is necessary. In addition, the electron correlation is likely
to play a significant part. Ensuring both of these factors are accurately computed is challenging. Since
these systems tend to be large, the computational cost also needs to be considered. Given the above,
the predominant use of DFT as the method of choice for determining electronic structures is
particularly dubious, as it does not accurately treat multireference configurations.

Cotton’s complex is an eloquent demonstration of this, as the electronic structure he proposed for the
four bonding interactions is a complex linear combination of the participating 5d2, 5dx,, 5dy,, and 5dx,
orbitals (Figure 3.2).8 The resulting ground-state configuration is 6*rt*6%, where the HOMO-LUMO gap
(between the 6-6* orbitals) is accessible, due to the weak orbital overlap involved for this set of
orbitals. Multireference calculations at the CASSCF level have demonstrated that the ground state
accounts for 63% of the total wavefunction, and that the occupation of the frontier orbitals is best
described as §°6*%>, These conclusions could not be reproduced by DFT-based methods, as they
exhibited a persistent symmetry breaking in the computed structure. Again, multireference
computations were necessary to properly reproduce the main geometric features of this complex.®
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Figure 3.2: Adaptation of Cotton’s proposed® electronic structure of the [Re,Clg]? architecture.?

Contrary to the tendency of the low angular momentum sub-shells ns and np, going down in the same
group for transition metals allows the respective nd manifold to extend outside the core orbitals,
increasing overlap with the vicinal metal. Diatomic complexes of group 6 metals are a good example
of this: the effective bond orders for Cr,, Mo, and W, are 4.52, 5.2 and 5.2.%°

Diatomic metal edifices in the f elements are restricted to the matrix isolation of H,U-UH, hydrides!?
and the U; molecule. The bonding patterns of the latter has been the source of debate in the
computational community, as bond orders of five!? and four!® have been postulated on the basis of
multireference calculations. The very recent experimental proof of U, corroborates a quintuple bond
for the neutral adduct and a quadruple one for the anion.'

3.1.11. Previous synthetic strategies.

Heterometallic structures featuring rare earths are quite known in the literature. Those involving
actinides are not the focus of this work, but a pertinent reference is provided for the curious reader.?®

Following the first report by Beletskaya in the early 90s (Scheme 3.1, first line),’® intermetallics

involving lanthanides have steadily increased in both number and depth of description, resulting in
some very impressive structures. Patterns of synthetic strategies have subsequently emerged.

One of the most effective avenues involves salt metathesis reactions, where the very favourable
formation of simple salts is exploited (Scheme 3.1).Y” This method often requires the use of polar
solvents, which sometimes compromises the stability of the formed intermetallics.

The presence of a leaving group was retained as a prolific strategy, although its nature was changed
in subsequent examples, primarily described by the group of Kempe.®2! Protonolysis of alkyl
complexes of a variety of lanthanides by Cp,ReH resulted in the departure of alkanes and the
formation of remarkable bi- and tetra-metallic edifices (Scheme 3.2).
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Lastly, elegant and simple adduct formations were reported by the groups of Roesky and Arnold
(Scheme 3.3).22°2> This requires careful matching of the Lewis acidity inherent of most lanthanides with
good organometallic fragments of neutral nucleophiles, which act as o donors. The Nd-Ga adduct
(bottom line) was only observed by VT *H NMR studies and not isolated and described structurally.
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Scheme 3.1: Formation of complexes with Ln-M bonds by salt metathesis. Adapted from ref 18.18
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Scheme 3.2: Formation of complexes with Ln-M bonds by protonolysis, resulting in the elimination of alkanes. Adapted from

ref 18.
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Scheme 3.3: Ln-M complexes formed by adduct formation. Adapted from ref 18.

What distinguishes the heterometallic adducts reported in this work from its peers is that they are not
the result of a consciously planned synthetic strategy. Rather, they are issued from structural
reorganisations, from which the most stabilised by-products that are ultimately favoured are the
unusual complexes 2.2, 2.6 and 2.7. To the best of our knowledge, such occurrences are unique in
lanthanide chemistry, perhaps with the exception of Zeckert’s heterometallic Sm-Ga and Sm-In
adducts, which, incidentally, also feature bis-pyridyl arrangements (Scheme 3.4).2° Their formation is
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accompanied by the deposition of zerovalent tin in the reaction mixture, alongside the departure of
one of the ethyl groups on the partnering metal. Nevertheless, the chemical environment does not
shift quite so dramatically than in the case of the complexes presented in this work.

N
[Sm(Cp™)2(OEt,)] ~N
— MEt
- Sn, Li(2-py°™e) 2
- 112 C4H1g /N {
M =Ga(3), In (4)

Scheme 3.4: Synthesis of heterometallic Sm-Ga and Sm-In complexes. Reprinted from ref 26.

The likely involvement of phenomena such as electron transfers, reactivity with more equivalents of
divalent lanthanide precursors and the elimination of the TM fragment from the bidentate
coordination site in the bimpym ligand strongly suggest a much more intricate formation mechanism
than the ones cited above.

Due to the absence of predominantly covalent interactions in between the 4f metal and its partner,
the structural features are regularly assumed to be due to the steric constraints imposed by the ligand
environment. This would be naturally applicable to the short Ln-M distances in the complexes
presented above. In some cases, the molecular architecture is the result of deliberate and careful
tailoring of the coordinating ligands in order to approach the two metal centres to one another.

Some of the recent developments in the field, based on P-N ligands which coordinate both metals, are
relevant, as they concern the group 10 metals in their zerovalent states. The group of Roesky described
Pd%-Ln" complexes, obtained by the reduction of the Pd" precursor.?’ The comparison in this case is
particularly pertinent: the authors reported a Lu-Pd distance of 2.903 A in the neutral adduct (as
shown in Scheme 3.5, left). Although the comparison is imperfect (due to the contraction between Yb
and Lu and the different coordination environments), this metric is very similar to that observed for
2.6, where the Yb-Pd distance is 2.924 A. Subsequent work isolated isostructural Pt° complexes.?® The
impact of specific structural features was eloquently demonstrated by a series of Lu-Ni complexes,
where the intermetallic distance could be varied by up to 0.51 A by altering the coordination number
or the ligand platform (Scheme 3.5, centre).? Lastly, similar Sc-based complexes with all of the group
10 metals were isolated (Scheme 3.5, right).° In this case, significant evolutions of the Sc-TM metals
were observed due to the presence (or not) of a substituent in the apical position on the TM.
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Scheme 3.5: Heterometallic complexes, where the ligand environment imposes short distances between the Ln and the group
10 metals. Scheme extracted and adapted from ref 30.
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C-H activation on the a position of the pyridine.

3.11.2. Interaction between the two metallic centres?

From a computational perspective, the contracted nature of the 4f electrons of the lanthanides limits
possibilities to engage in covalent bonding. For example, calculations performed on some of the
complexes of the series presented in Scheme 3.5 classified the Ln-TM interaction as weak (Mayer bond
orders inferior to 0.5) and of a dative nature. The relative contributions in the orbitals involving both
metals are significantly skewed towards one of the two metals (usually >85%).

In contrast, recent computational studies by the group of Liddle showed significantly more interaction
with the actinide series. The structurally authenticated trimetallic UVRh'; complex is analysed as
having a double U=Rh bond of a dative character.3! A second publication reported a series of
computed complexes of transition metals (Cr, Mn, Fe), based on strongly chelating trianionic {N(o-
[NCHP(CHs),2]CeHa)3}* ligand (Figure 3.3). The difference between the actinides (U, Np, Pu) and Nd
was first illustrated by the shorter RE-M bonds in the optimised structures. This was justified by the
presence of strong interactions between the two metals. The electronic structures, computed at the
CASSCF/CASPT2 level corroborated this: actinides were shown to promote significant interactions with
the vicinal metals, which was not the case with Nd. Computed Mayer bond orders for the 9 actinide-
based complexes were between 1.44-2.66.

Figure 3.3: Representation of the {N(o-[NCH,P(CH3),]CsH4)3}* ligand in a heterobimetallic adduct.3? Colour code: P — purple,
N —blue, TM —red, RE — yellow, C — grey, H — white.

Itis, thus, within this framework that the heterometallic complexes 2.2, 2.6 and 2.7 will be discussed.
An extensive computational study aimed at determining and explaining their electronic structures will
be presented in this chapter.

3.1.2. C-H activation on the o« position of the pyridine.

The second feature that merits further discussion is the C-H activation that occurs during the
formation of 2.6 and 2.7. The presence of this phenomenon in the structures of these complexes can
be looked at from two points of view: the C-H activation on the a position itself and the fact that the
Pd®is subsequently coordinated by the two anionic pyridyl moieties.
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Pyridine cycles are important heterocyclic units, featuring heavily in pharmaceutical and bioactive
natural products.? However, they are usually quite chemically inert toward C-H activation due to the
reduced electron density on the aromatic ring.3* To this end, efforts have often been focused towards
even more electronically impoverished analogues, such as pyridine-N-oxides, which increase the
acidity of the protons on the ring.3® Alternatively, highly electron-rich substrates are necessary to
enable back-donation towards the coordinated pyridine, therefore enhancing reactivity.>*3” Pyridine
and its analogues can be catalytically activated with diverse target compounds,®®¥° including with
rare-earth-based organometallic complexes.**™3

From an organometallic perspective, isolating complexes where the pyridine remains coordinated
after the C-H activation appears to be more difficult. As an indication, there are only 192 complexes
indexed in the CCDC database where unsubstituted pyridines are coordinated to metals (over 800 are
available, if substituted rings are included). Of these, 117 require the cooperative effect of a second
metal, which is coordinated by the N atom on the pyridine, underlining the difficulty in performing a
C-H activation.*** Some examples of the isolated complexes are presented in Figure 3.4.

Figure 3.4: Ball and stick representations of some of the examples of organometallic complexes where pyridyl moieties are
coordinated. The majority of hydrocarbons are set in wireframe and the hydrogens are not shown for clarity. Colour code for
the non-labelled atoms: N — blue, B — pink, F — bright yellow.

In a more straightforward comparison with the complexes 2.6 and 2.7, the group of Kawaguchi
described pyridines activated in all three positions — ortho, meta and para — by Pd" species in 1980,%¢4
although only one pyridyl moiety is present in such complexes. There are also a number of examples
of pyridines activated by rare-earths.* The report of the Walter group in 2015 is particularly pertinent,
as the addition of pyridine to a Th complex with a terminal imido moiety resulted in the n
coordination of the ligand. The proton in the a position was displaced to the formerly imido moiety,
which becomes an amido ligand (Scheme 3.6).
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Scheme 3.6: C-H activation of pyridine by a Th imido complex.*®

Similar activations were observed with other Th metallocene substrates.**** The comparison is
significant, due to the presence of the pyridine in the coordination sphere of the Th, as it is assumed
at this conjecture that the reorganisation from 2.4 to 2.6 is triggered by the presence (ergo, likely
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coordination) of excess ytterbocene. However, it should be noted that the reactivity of the Th
complexes does not depend on electron transfer, which is likely to be the case for the compounds
described in this work.

Structurally speaking, the second peculiar aspect of the trimetallic complexes is the stabilisation of a
linear bis-pyridyl arrangement (in our case, coordinated to the Pd° centre). This situation is
exceedingly rare. There are a few isolated complexes based on group 11 centres, where bis-p-
tetrafluoropyridyl architectures are found.>>*? To the best of our knowledge, the only structurally
authenticated unsubstituted bis-pyridyls motifs are in mercury-supported adducts, where the pyridyls
are coordinated in the para position.”>>* The synthesis of such systems relies on the reaction between
the Hg" acetate precursor and boronic acids.

3.1.3. Objectives of the study.

Henceforth, this chapter will focus on two main objectives: determining whether there is any
electronicinteraction between the metal centres in the complexes 2.2, 2.6 and 2.7 and gathering more
clues into the mechanism of the formation of the trimetallic adducts.

There are some obvious differences between, on one hand, 2.2, where the coordination sphere of the
Pd" is more orientated towards the Yb centre and, on the other, the [Pd°(pyr).]* fragment, which is
slanted with respect to the surrounding Ln" fragments. To begin with, the electronic structures of the
trimetallic adducts will be studied at multiple levels of theory. The intermetallic interaction (if there is
one) will be examined in order to determine its nature. Further descriptors of chemical bonding will
aim to quantify the contribution of each type of interactions (electrostatic, orbital, dispersive) in
maintaining these unusual edifices.

The second major objective concerns the formation mechanism for the trimetallic complexes 2.6 and
2.7. Some aspects of this transformation appear to be clear: excess lanthanide precursor is necessary
in order to trigger the decomposition of the coupled product 2.4, leading to the trimetallic adducts. It
is also coherent that this transformation involves a further electron transfer, which would lead to the
population of the pyridine-based LUMO, also observed for the precursor 1.12 and in the electronic
structure of the computed simplified adducts (Table 2.4).

However, these assertions provide no specific information as to how the reactivity actually occurs. In
order to delve further in this area, a mixed experimental and theoretical study will be undertaken to
provide further clues as to this transformation.

Some of the aspects that merit further discussion are the fate of the bimpym ligand and the exact
origin of the second pyridine molecule, which accounts for the second pyridyl in the trimetallic
adducts. It is, presumably, this double C-H activation which ultimately results in these unusual
structures.

As established above, the paucity of examples of such linear structures highlights the difficulty in
forming and stabilising them. In this respect, 2.6 and 2.7 are stabilised by the supplementary
coordination of the Ln to the N of the pyridyl groups, in addition to the bonding with the Pd centre.
The specific activation in the ortho position is curious. Not only are there no equivalent structures in
the literature, but, in terms of the C-H activation, the isolation of equivalent complexes with meta or
para arrangements should be feasible (Scheme 3.7), but their potential stability is unknown.
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Scheme 3.7: Complex 2.6 and putative homologues, where the C-H activation occur in the meta or para positions.

This chapter will, therefore, tackle the issues delineated in this section, before proposing a series of
cogent explanations for the phenomena observed in these heterometallic adducts.

3.2.Study of the formation of the trimeric complexes.

This section will contain a mixed and symbiotic experimental and theoretical examination of the most
important features leading to the formation of the trimetallic structures 2.6 and 2.7. To recap, it is
presently known that the reorganisation towards 2.6 occurs after the rapid formation of the coupled
product 2.4, in the presence of unreacted ytterbocene. In between, there are some elements that
need further clarification, such as the plethora of unattributed signals that are formed in the reaction
mixture when ytterbocene is added to 1.12 or the role of 2.5 — the isomer of 2.4 — in the
transformation.

3.2.1. Understanding the mechanism of the C-H activation.

The elimination of the methyl moiety, as well as the C-H activation on the a position of the pyridine in
1.12 or the coupled products, give us some important clues as to one of the key steps in the
reorganisation of the Pd" scaffold following the addition of further divalent lanthanide precursor to
the coupled products. The fact that a gaseous evolution is also detected is a strong indication that the
elimination of the C-H activation and the departure of the methyl group occur concurrently in the form
of methane formation.

Due to the fluxional behaviour of the pyridine, observed for 1.12, 2.4 and 2.5, the specific order of the
aforementioned events is not yet understood. Is this ligand coordinated to the Pd centre when the C-
H activation occurs? Or is a looser interaction between the two necessary in order to enable this step?
Answering these open questions shall be the focus of the following section.

3.2.1.1. 2D scan of the precursor by varying the Pd-pyridine
distance.

The first objective of this study is to establish what are the prerequisite conditions of the C-H
activation, from the perspective of the interaction between the Pd and the pyridine. It is unclear
whether this is dependent on the distance between the two or if it is feasible that the process occurs
when the pyridine is released from the coordination sphere of the metal.

Experimentally, there are reasons to suggest that the coordination of the pyridine is fluxional, but no
proof of a potential C-H activation occurring on this L ligand in 1.12 could be obtained. Samples of the
precursor were subjected to harsher conditions to probe whether any chemical evolution could be
triggered.
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Heating the THF solution of 1.12 up to refluxing conditions (no more than 100 °C) for several hours
produced no quantifiable evolution of its *H NMR spectrum. Alternatively, exposing the compound to
a UV light excitation resulted in the gradual formation of a black coating in the NMR tube. This is
interpreted to be due to the decomposition of the product. No further information could be gathered
from this procedure. The bottom line would appear to be that this complex does not react — certainly
not in any way similar to the evolution resulting in the trimetallic adducts — in absence of divalent
lanthanide precursors.

In this respect, the starting point of the theoretical study was axed on the fluxional behaviour of the
pyridine. To obtain further insight into the coordination/decoordination mechanism, a relaxed surface
scan was performed at the ZORAL1 level of theory. In this case, the scan involved varying the distance
between the Pd and the N,, between two fixed values. A first iteration explored the 2.0-6.0 A interval
in 20 steps (Table 3.1). The two extremes are meant to reproduce the optimised structure of 1.12 and
the release of pyridine from the coordination environment.

Several key observations emerge. At long range, the two fragments do not interact at all. Upon the
reduction of the distance, the pyridine approaches via the proton on the a of the N atom. An agostic
interaction is established even at a larger Pd-N distance of 3.89 A and is maintained up to a
corresponding distance of ca. 2.65 A. The C-H bond (1.09 A in both free pyridine and when the pyridine
is fully coordinated) is lengthened slightly by this approach, as it varies between 1.13 and 1.16 A in
between the examined steps.

In between these two points, the pyridine approaches the Pd fragment, whilst being almost
perpendicular to the plane formed by the molecule (snapshots at 3.05 A and 2.62 A in Table 3.1). The
coordination mode changes brusquely at 2.60 A, whereby the pyridine bonds with the Pd centre via
its N atom, as in the optimised structure of 1.12. To get further insight into the interval where the shift
occurs, a second set of scans focused on the 2.60-3.05 A range, in 0.025 A increments.
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Table 3.1: Snapshots of the relaxed surface scan of the Pd-N,,, distance. Some of the images are cropped for visibility.
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The increased rapprochement between the two fragments imposes steric strain onto the rest of the
molecule. This is eloquently illustrated in the evolution of the computed energies for each
configuration, shown in Figure 3.5. The shortening of the bond from 3.05 A to 2.90 A is very slightly
favourable energetically. The subsequent evolution, up to 2.62 A, is increasingly costly, especially due
to the steric strain incurred by the methyl moiety, which is pushed away from the plane of the
molecule. This configuration is noteworthy, as it presents a seemingly n? coordination mode of the
pyridine by both the N atom and the closest C atom (Figure 3.6, left).
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Figure 3.5: Evolution of the relative energy of the configurations examined throughout the second relaxed surface scan, in
the 2.60-3.05 A range. The configuration at d(Pd-N) = 2.60 A is the most stable and is taken as the reference (E=0). The line

serves merely as a visual guide.
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Figure 3.6: The evolution of the optimised geometries upon the reduction of the Pd-N,, distance, when the coordination mode
of the pyridine switches towards coordination by the N atom. The bimpym ligand is shown in wireframe and only the most
significant hydrogen atoms are shown.
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The last step, where the distance is reduced to 2.60 A, results in the coordination of the pyridine by
the N atom and the immediate rearrangement of the substituents within a regular square planar
environment (Figure 3.6, right). This step alone leads to the stabilisation by more than 11 kcal/mol
due to the release of the steric strain.

3.2.1.2. Searching for the transition state. Optimisation.

The findings above would strongly suggest that the C-H activation of the pyridine and the subsequent
coordination of the Pd centre by the C atom in the trimetallic adducts is not likely to occur while the
pyridine still acts as a regular L ligand with respect to the Pd, at the distance of the ground state. The
configuration where the Pd-N,, distance is 2.62 A, shown in Figure 3.6, will be used as basis for the
computation of a transition state that could rationalise the C-H activation.

The identification of the transition state (TS) is guided by the conditions at the end of the
transformation: the proton in the a position has departed, leading to the coordination of the Pd to
the corresponding C atom, and methane is most likely formed. The TS should reflect that. However,
the considerable steric strain imposed by the relative position of the pyridine with respect to the
bimpym ligand, as shown in Figure 3.6, left, is unlikely to be a conducive configuration.

Nevertheless, this was chosen to be the starting geometry for the TS calculation, performed at the TS1
level of theory.

The computed TS (Figure 3.7) presented the following evolutions: the pyridyl moiety was angled away
from the plane formed by the bimpym ligand and the Pd centre, similar to the geometry of the ground
state configuration. The proton, formerly bonded to the C, is now placed midway between the two C
atoms. The frequency calculation produced a single imaginary frequency of very high numeric value
(ca. -1000 cm™). This frequency corresponds to an oscillatory motion of this proton between the two
carbons. The methyl also displays bending motions of the three H atoms, in order to adopt a geometry
closer to tetrahedral, characteristic of free methane.

All of this is in agreement with the description of this geometry as a TS of a C-H activation and of the
transfer of the proton towards the vicinal methyl moiety in order to form a free methane molecule. It
shall henceforth be referred to as 1.12-TS.
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Figure 3.7: Structure of 1.12-TS, computed at the TS1 level of theory.
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An energetical comparison between the 1.12 (GS) and 1.12-TS is necessary to ensure the feasibility of
this transformation. Both the difference in enthalpy (AH) and in the Gibbs free energy (AG) are
computed. These show that the TS is higher in energy by approximately 29.5-36 kcal/mol (depending
on the density functional). In this particular case, there is a negligible (less than 0.5 kcal/mol)
difference between AH and AG. This implies that the variation of entropy in this transformation is not
significant. Unless explicitly stated otherwise, all future energy comparisons mentioned throughout
this chapter will refer to AG between two states. A discussion as to the more pertinent metric shall be
provided whenever relevant.

Multiple starting geometries were tested to probe whether there are other TS available on the
potential energy surface. Across these trials, only one configuration led to a different structure. The
pyridine was rearranged to mime the n? coordination mode shown in Figure 3.8 and the proton was
already placed much closer to the carbon of the methyl. As a result, the computation resulted in a
second geometry, where the pyridyl is fully coordinated to the C in the a position and the N acts as a
proton shuttle. The methyl is rearranged in an intermediate configuration between that of the GS and
that of free methane. Frequency calculations resulted, again, in a single imaginary frequency (-1488
cm?), which is consistent with a second possible TS.

The main structural features of the two TS are presented in Table 3.2. The coordination of the Pd metal
centre to the bimpym ligand is not significantly perturbed, as the Pd-N distances remain close to the
values for the GS. The same cannot be said about the fragments directly involved in the TS — the Pd-
Cwme elongates, particularly for 1.12-TS2; the angles formed between the pyridyl and the ligand plane
change rather drastically.

Av. Values (A or °)

Distance 1.12 (PBE) 1.12-TS 1.12-TS2
Pd-Cwme 2.035 2.176 2.224
Pd-Npyr 2.041
Pd-Cpyr
Pd-Hq

Co-Ha 1.089 1.428 2.130
Cme-Hq 2.945 1.526 1.428

Pd-Ngym 2.162 2.137 2.137

Pd-Nimid 2.020 2.082 2.070
bimpym”py 56.92 88.97 30.25

Table 3.2: Main distances and angles in 1.12 and the computed TS.

In TS, the pyridyl is perpendicular to the ligand plane. This is presumably in the interest of minimising
repulsive steric interactions with the protons from the bimpym ligand. In TS2, the role of the N atom
as a proton shuttle, plus the necessary proximity of the activated proton to the methyl, forces a much
more co-planar arrangement between the two fragments.
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Figure 3.8: Starting geometry (left) and optimised geometry (right) of 1.12-TS2. The majority of the H atoms were hidden for
clarity. On the TS, the H that are left indicate the steric hindrance between the pyridyl moiety and the bimpym ligand.

The steric repulsion that is inherent to the second TS configuration exerts a cost from an energetic
standpoint, as calculations performed at the TS1 level show it to be approximately 12-20 kcal/mol
higher in energy than 1.12-TS, depending on the density functional that was used. Overall, it is around
45-50 kcal/mol higher in energy than the GS. This energy barrier is very large and unfeasible for a
transformation in ambient conditions. Because of this difference, 1.12-TS2 is not considered in further
computations.

3.2.1.3. Computing the departure of the methyl.

The next step, consistent with the expected reorganisation leading to the structures of the trimetallic
edifices, would be the departure of the methyl moiety as methane. To this effect, it was removed and
the structure was reoptimised at the ZORA1 level of theory, starting from 1.12-TS.

The reduction of the number of substituents in the coordination sphere of the Pd metal centre results
in an n2-coordination mode, where the pyridyl is coordinated by both the N atom and the activated
vicinal C atom. This configuration shall henceforth be referred to as 1.12-n? (Figure 3.9).
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Figure 3.9: Structure of 1.12-n?, computed at the ZORA1 level of theory.

The main bond lengths show no major perturbation in the coordination of the Pd" centre towards the
bimpym. On the other hand, the two atoms on the pyridyl are almost equidistant with respect to the
Pd. The Pd-N,,: distance is slightly longer than for the GS (2.07 A vs 2.04 A), whilst Pd-C,y is significantly
shorter than for the computed TS (1.94 A vs 2.12 A (TS) or 2.04 A (TS2)).
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The validity of this structure with respect to the reorganisation mechanism leading to the trimetallic
complexes 2.6 and 2.7 depends on the energy difference with respect to the GS. Given that this
configuration was not experimentally observed, it is logical that it is not stable. From an energy
standpoint, this can be explained thusly: the n? state should be higher in energy than the GS, therefore
the evolution from the TS towards this configuration leads to a metastable configuration and further
reorganisation occurs. A schematic representation of the energy profile of the transformation is given
in Figure 3.10.
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Figure 3.10: Schematic representation of the two computed TS with respect to the energy of the transformation. The relative
energies of the computed states are not up to scale.

Computations at the TS1 level of theory have been performed by adding a methane molecule to the
n? configuration and found that it is higher in energy than the GS. The difference is not large,
irrespective of the functional that was used (from 0.35 to 6.52 kcal/mol). For this transformation, the
number of molecules increases, which would mean that it is entropically favourable. The figures for
AH are, therefore, less ambiguous (they range from 4.92 to 11.18 kcal/mol) and would designate this
configuration as metastable.

Since the computations agree that the n? configuration is less stable than the GS, this would imply that
a subsequent reorganisation is necessary. However, this simplistic description of the evolution of the
system is based solely on the precursor 1.12, which is not representative of the behaviour of the
system in presence of lanthanides. The experimental conditions that were probed, mentioned at the
beginning of this section, showed that this species is unreactive.

As computations with lanthanides tend to be quite costly, a better understanding of the reaction
mechanism is necessary before attempting to extrapolate the finding in this section for lanthanide-
based systems. At this point, it is assumed that the transformation resulting in the trimetallic adducts
begins from the coupled product 2.4. However, as proven in Section 2.3.1.2, performing calculations
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on these structures is highly unrealistic. Adding a further degree of complexity by including a further
organolanthanide fragment renders such pursuits even more unfeasible.

The objective in the following sections will be to provide further experimental clues as to how the
reaction yielding complexes 2.6 and 2.7 proceeds. A particular mention is reserved for the numerous
unattributed signals that are observed in the reaction mixture, during which 2.6 is formed. Given that
the isolation of these unknown species was shown to be implausible (Figure 2.18), more educated
guesses as to the order and nature of the likely transformations and individual configurations will be
required in order to perform further computations.

3.2.2. In situ NMR studies.

This section aims to answer several precise questions regarding the evolution from the coupled
product 2.4 towards the trimetallic adduct 2.6. The previous chapter presented the almost
instantaneous formation of 2.4 following the in situ addition of ytterbocene to the precursor 1.12. The
presence of free ytterbocene in the opening stages is presumably responsible for the transformation
that yields 2.6.

However, at this point, it is not fully known what exactly triggers the subsequent reactivity. Is it the
electron transfer or the coordination of Cp*,Yb(OEt,) per se? To that effect, trials involving other
reductive substrates will be described.

The chemical nature and role in the reaction of the species responsible for the numerous unattributed
signals are unknown. Although the transformation giving 2.4 seems to be very rapid, it cannot be
excluded at this moment that the unattributed peaks are due to a by-product following the reaction
between ytterbocene and 1.12. A more thorough examination of the behaviour of these unknown
species is necessary.

The short-lived nature of some of the species precludes identification and integration into the overall
transformation. The missing elements will restrict us to approximations, which may be subsequently
modelled via theoretical computations.

Throughout this section, the results and data will be gradually interpreted to provide insight into the
key steps of the transformations. These will be summarised in order to form a cogent conclusion.

3.2.2.1 Addition of other non-lanthanide reductants.

One of the key hypotheses that rationalises the evolution from 2.4 to 2.6 is the electron transfer
towards the pyridine-based LUMO!-type orbital (see Scheme 2.8). Therefore, a good starting point for
the objectives set for this Section is establishing whether the mere population of this orbital is enough
to prompt the reactivity.

Three reductants were chosen: Cp*,Co, Na/Naphthalene mixture and KCs. Their respective redox
potentials, compared to that of ytterbocene, are given in Table 3.3.5°>7 These substrates should, on
the basis of the redox potential alone, be equally capable of reducing the target compound. However,
this premise may be misleading, as the coordination of reducing substrates is known to enhance their
capabilities.’®>® The behaviour of 2.4 towards reductants with an outer-sphere electron transfer
mechanism is, therefore, of particular interest.
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Reductant E12 (V) vs Fc*/Fc
Cp*oYb -1.78
Cp*;Co -1.94

Na/Naphthalene -3.10
KCs -2.87

Table 3.3: Redox potentials of the other reductants used during this study.

Complex 2.4 was reacted with Cp*,Co in tol-ds, with the reactions monitored by *H NMR. No new
signals appeared. Rather, only the decrease of the intensity of the substrate peaks was attested, until
they disappeared entirely after several days. Only the characteristic signals of free pyridine could be
identified at the end of the reaction. This was accompanied by the deposition of black powder.
Redissolving it in THF-ds revealed no supplementary signals. This is consistent with the formation of
zerovalent metal, most likely Pd°.

To probe whether this decomposition can be avoided, the same reaction setup was performed under
intense stirring and with shorter timescales (2-3 h). Alas, only 2.5 could be isolated, as a result of the
accelerated isomerisation under stirring. This evolution was found to be invariant upon changing the
solvent. The same reaction was tried using 2.5 as a starting product, with no tangible difference.

Alternatively, the precursor 1.12 was also reacted with decamethylcobaltocene, to examine how a
reduction would influence its behaviour. This was inspired by the coupling reaction of the
K(bimpym)NiMe; that occurred on a different position, that was triggered by the addition of KCs. A
black slurry was rapidly formed, but no product could be isolated and characterised.

The same synthetic protocols were employed for 1.12, 2.4 and 2.5 using the other two reductants.
Two solvents were used: toluene and THF. The only combination that yielded any product was the
reaction between 2.4 and KCg in THF. A very small number of crystals could be isolated, of sufficient
quality to permit the identification of the structure as (Cp*,Yb(bimpym)), (3.1, Figure 3.11)

Figure 3.11: ORTEP of 3.1. The Cp* co-ligands are displayed in wireframe and the hydrogen atoms are omitted.

The feeble quantity of 3.1 that was isolated raises doubts as to whether it can reliably be considered
a major product of the reaction. If an electron transfer occurred, it would appear that the Pd fragment
was the likely recipient, causing its departure from the bimpym coordination environment.

These trials unquestionably suggest that simply transferring an electron towards either of the coupled
products is insufficient to instigate the rearrangement that results in the formation of the trimetallic
adduct 2.6. The fact that all of the chosen reductants operate via an outer-sphere mechanism points
that, at the very least, the coordination of the molecular trigger of the rearrangement is necessary.
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3.2.2.2. Addition of divalent lanthanides to the coupled products

It was established in Chapter 2 that the coupled products 2.4 and 2.5 do not spontaneously
decompose towards 2.6. Therefore, the presence of free ytterbocene in solution is necessary to trigger
this transformation. Consequently, the first tests that were carried out involved an in situ study of the
reactivity of the coupled products with ytterbocene in tol-ds.

The isomer formed initially — 2.4 — was tried first. Adding approximately one equivalent of each adduct
resulted in the gradual diminution of the intensity of the characteristic signals of the coupled product.
Concurrently, the same unattributed peaks (as in Figure 2.18) of very low intensity developed within
a few minutes. 2.4 was consumed rapidly — there were usually no clear-cut signals that could be
attributed to this complex within, on average, 80-100 minutes. The intensity of the Cp* peak of 2.6
progressively increased, even beyond the point when 2.4 was no longer visible. Presumably due to the
presence of an excess of ytterbocene in the initial mixture, its characteristic signal could be found
more than two days after the beginning of the reaction. It can, therefore, be concluded, that the
reaction between ytterbocene and 2.4 is quite rapid. The exact mixture of the products formed is
unclear at this point.

The signals corresponding to the unattributed species abate after extended reaction times (Figure
3.12, top). This allows for a much cleaner reaction mixture. The supplementary signals, not belonging
to 2.6, can be attributed to two further products: 2.2 and Ybs(bimpym),. The final molar ratio of these
complexes is approximately 5/3/5. There do appear to be several key differences between this
procedure and the straightforward reaction between 1.12 and multiple equivalents of Cp*,Yb. The
comparison with a similar reaction, where two equivalents of ytterbocene were added to 1.12 (Figure
3.12, bottom), is telling.
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Figure 3.12: Comparison between the in situ reactions of 2.4 and 1.12 with ytterbocene after approximately 18h. Colour code:
red — 2.6; black — Ybs(bimpym),; orange — 2.2; blue — 2.4; green — 2.5.
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In the second case, although the signals corresponding to 2.6 are identifiable, they do not constitute
an outrightly dominant product. Furthermore, despite the entirety of free ytterbocene being
consumed within less than 3 h (not shown in Figure 3.12), the reaction is visibly incomplete: the signals
belonging to both the coupled products 2.4 and 2.5 are clearly present, alongside the numerous
unattributable peaks.

It would appear that two equivalents of ytterbocene are insufficient to complete the conversion from
1.12 to 2.6. To probe this assertion, another reaction, where three equivalents of Cp*,Yb(OEt,) were
used, was undertaken. The final reaction mixture very closely resembled that following the direct
addition of the divalent organolanthanide to 2.4, as the signals of the unknown species were also
consumed. In this case, the final ratio between 2.6/2.2/Ybs;(bimpym), was 6/2/3. 18 h after the
reaction began, free ytterbocene was still present in solution.

It seems logical that the formation and subsequent disappearance of the signals belonging to unknown
species following the reactions involving 1.12 or 2.4 are subordinate to the presence of ytterbocene
in solution. The increase in the intensity of the main products (primarily 2.6) even after no further
coupled product precursor can be distinguished can be rationalised as the result of the reaction
between ytterbocene and the unknown species, which are also formed rapidly.

In situ kinetic study of the reaction between ytterbocene and 2.4.

To get a better idea of the dynamics of the formation of the three main products, a kinetic study of
the reaction between 2.4 (at around 9mM concentration) and an excess of ytterbocene (ca. 1.7 eq or
15 mM) was performed (Figure 3.13). A lower concentration was deliberately chosen to ensure
optimum solubility of all species. The objective was to establish the reaction dynamics, as well as the
prevalence of each of the consumed/formed species over time. To this end, a sample of 2.4 containing
approximately 10% of 2.5 (following the rapid isomerisation during the formation reaction) was
chosen (Scheme 3.8). It was thus hoped that information regarding the competitive processes of the
reaction of 2.4 with ytterbocene and the isomerisation towards 2.5 could be extracted.
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Scheme 3.8: Reaction scheme of the kinetic study between 2.4 (with ca. 10% 2.5) and ytterbocene.
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Figure 3.13: Kinetic study of the reaction between 2.4 and an excess of ytterbocene in tol-ds. to is the scan prior to the addition
of ytterbocene, included to show the relative proportions of 2.4 and 2.5 in the initial mixture. The inset shows the evolution
of the formed species within the first 2 hours of the reaction. Ybs(bimpym); was shortened to “Yb3” in the interest of clarity.

The proportion of each species was calculated by careful integration of the most easily identifiable
signal (written in parentheses in the graph) and subsequent renormalisation with respect to an
internal standard. Whenever possible, the integration interval for each peak was kept identical for all
the spectra for consistency. However, across the acquisition of the spectra, slight deviations of the
paramagnetic shift were attested, forcing manual integrations in such cases. This method of
calculating the integrations is evidently imperfect, due to occasional overlap between signals
(particularly those of free ytterbocene and the Cp* of 2.6), operator bias and the aforementioned
occasional slight deviation of individual signals. Consequently, the analyses that follow should be
taken to be qualitative. Any quantitative comparison hereafter is associated with a non-negligible
error.

As previously evoked, the reaction between 2.4 and ytterbocene is rapid, as evidenced by the fact that
the former seems to be entirely consumed within 90 minutes. Based on the evolution of the number
of equivalents, a smaller quantity of ytterbocene than of 2.4 is consumed within this timeframe (8.5
eq vs 9.5 eq in Figure 3.13). This can be interpreted to be due to the competitive isomerisation
reaction, also involving 2.4. The evolution of 2.5 in the first 90 minutes (inset of Figure 3.13) can be
split into several parts — the decrease between t = 0 and t = 15 minutes is due to the change of
reference in between the blank scan and the first one, where the reaction has begun. The slight
increase in concentration between t = 15 min and t = 45 min (where the concentration of 2.5 reaches
its maximum) is, therefore, due to accumulation of 2.5, following the isomerisation of 2.4.

After 90 minutes, when no further 2.4 is attested, the rate of consumption of ytterbocene slows
dramatically, but does not stop entirely (Table 3.4). This can be explained by the reaction with the
transient species, mentioned above. This is corroborated by the fact that the intensity of these peaks
also declines over time, as previously observed. However, they are noticeably more prominent than
following the reactions of pure 2.4 with ytterbocene after the equivalent intervals of time.
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t=0 t =90 minutes t =10 hours
2.4 9.52 0 0
2.5 1 0.95 0.85
Cp*,Yb(OEt,) 16.18 9.03 1.51
2.6 0 1.73 4.83
2.2 0 0.94 1.54
Ybs(bimpym), 0 1.79 2.89

Table 3.4: Estimation of the number of equivalents (with respect to the internal standard) of each of the main compounds at
various points during the kinetic study.

This can be explained by the following observations: the concentration of 2.5 remains stable (within
the margin of error) through 5 hours, but starts decreasing steadily and slowly (Table 3.4). The only
plausible explanation is that 2.5 also reacts with ytterbocene (Scheme 3.9). A comparison of the
spectra following the consumption of 2.4 and one showing the transient species during the reaction
of pure 2.4 would point to the fact that the reaction of either of the coupled products generates the
same species, to whom the unattributed signals belong. At the very least, the two products share
some of transient species that are formed following the reaction with Cp*,Yb(OEt,).
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Scheme 3.9: Schematic representation of the timeline of the reaction. The reactivity of the initial quantity of 2.5 is neglected.

The evolution of the three identified formed products — 2.6, 2.2 and Ybs(bimpym),—is also interesting.
The gradual increase in the concentration of 2.6 corroborates the hypothesis of its formation
(mentioned above) following two key steps: the reaction between the coupled products and
ytterbocene, which generates the transient species and the subsequent reaction between the
transient species and further ytterbocene. In contrast, the pair of 2.2 and Ybs(bimpym),, whose
symbiotic formation was described in Section 2.2.2.3, is observed in a fair amount almost instantly.
The ratio between the two is, within experimental error, maintained at ca. 0.53-0.54 throughout the
reaction. Overall, the final ratio of the products seems consistent across several reiterations of the
reaction.

What does this mean with respect to the reaction mechanism?

In itself, the formation of both 2.2 and Ybs(bimpym),is quite surprising, especially the former. On the
one hand, forming the latter (in a relatively high concentration) neatly explains the fate of the bimpym
ligand throughout the transformation. On the other, although it may be intuitive that from two
Pd(py)Me fragments in the coupled products one obtains one each of Pd(pyr)2 (in 2.6) and PdMe; (in
2.2), the exact mechanism that leads to these species is far from evident. From a bottom-line
perspective, it would appear that a ligand exchange of some sorts occurs.
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An optimal Yb-triggered ligand exchange would provide a simple explanation as to the whereabouts
of each important fragment of 2.4 (Scheme 3.10). An ideal reaction pathway would give a 1/1/1 ratio
between the three main components. Based on the observed ratios, this is clearly not the case. If a
ligand exchange between the two Pd centres does occur, then the mechanism is neither simple, nor
efficient. The ramifications of this observation with regards to how the trimetallic adducts are formed
will be discussed in larger detail below.
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Scheme 3.10: Idealised reaction between 2.4 and ytterbocene, involving a ligand exchange between the two Pd centres.

The fact that 2.2 and Ybs(bimpym), are detected almost instantaneously after the beginning of the
reaction (see inset of Figure 3.13) suggests that their formation mechanisms are much simpler and
more straightforward than that of 2.6. Moreover, it would necessarily imply that the transfer of the
second methyl moiety towards a single Pd centre occurs quite readily. Whether or not this passes
through a ligand exchange-type mechanism is not clear at this point.

If the procedure were quantitative, the isolation of 2.2 would run counter to the previously posited
explanation of the formation of methane following the C-H activation on the pyridine. Judging by the
conversion of 2.4 to 2.2 in Figure 3.13, it would appear that only 15% of the methyl fragment is
preserved and found in the bridging bis methyl moiety in 2.2.

It is assumed that a good proportion of the rest is eliminated as methane. This possibility is
corroborated by the gaseous evolution that was observed when the reaction is performed.
Additionally, the *H NMR study of the reactions of ytterbocene with both 1.12 and 2.4 showed signals
very close to the tabulated value in tol-ds (at 0.22 ppm and 0.17 ppm for the reference, respectively).
The other possibilities are the release of ethane and dihydrogen, none of which were attested
spectroscopically in the reaction media. It should be stated, though, that both of the characteristic
signals for these gases (at 0.81 and 4.50 ppm, respectively) are likely to be overlapped by other signals
in those regions, hampering their detection.

The formation of methane reposes on the assumption that the C-H activation occurs on a Pd fragment
which holds both the pyridine and the methyl substituents, as was proposed in Section 3.2.1.
Therefore, it seems evident that this scenario cannot take place at the same time as the proposed
ligand exchange reaction. It then appears likely that both pathways are activated to different degrees
during the reaction between 1.12 or 2.4 and ytterbocene.

In situ kinetic study of the reaction between ytterbocene and 2.5.

The same reaction was undertaken with the isomer, 2.5. The evolution was significantly slower than
that of its counterpart (Figure 3.14). Even after two weeks, the reaction was not complete (73%
conversion, not shown). More pertinently, the ratio between the complexes is significantly altered
with respect to that of the reaction of 2.4. All three complexes are produced in similar proportions —
Ybs(bimpym); is the most abundant and 2.2 the least, but the former’s concentration after 2 weeks is
only 12.5% higher.
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Figure 3.14: Kinetic study of the reaction between 2.5 and an excess of ytterbocene in tol-ds. The number of equivalents of
each species was calculated with respect to an internal reference. Cp*,Yb(OEt;) could not be reliably integrated at all times
and is not included. Ybs(bimpym), was shortened to “Yb3” in the interest of clarity.

At the NMR reaction scale, no gaseous evolution was observed, contrary to the previously described
attempts with 1.12 or 2.4. Equally, the signal at 0.22, interpreted to be the released methane following
the reaction, is significantly less prominent than in the reaction utilising 2.4. The C-H activation
pathway, leading to the methane elimination, would seem to be less favoured when 2.5 is involved
than in the case of its isomer. This shall be further discussed below.

Based on the integrations of the kinetic study, the reactivity of 2.5 with ytterbocene is much closer to
the putative ligand exchange mechanism, as one equivalent of 2.5 gives close to one equivalent of
each of the three products (Table 3.5; it should be noted that the conversion estimation does not take
into account the transient species, which are still present in the mixture after two weeks). The reaction
could not be followed until full conversion due to the decomposition of the substrates.

t=0 t =60 hours t =360 hours Conversion
2.5 3.60 1.48 0.96 73%
2.6 0 0.85 1.96 74%
2.2 0 0.95 1.91 72%
Ybs(bimpym), 0 1.00 2.15 81%

Table 3.5: Estimation of the number of equivalents for each species at various points during the kinetic study and the
respective conversion of 2.5 towards the three main products. The conversion of 2.5 is calculated based on the integration at
to, those of the three products are calculated based on the consumed quantity of 2.5.

There are other persistent signals that remain after both of these reactions, but none of these
products could be reliably identified. A few by-products were crystallised as a very limited number of
small crystals, precluding the identification of their solution signatures. These could be isolated
following the reaction between 1.12 and either of the divalent lanthanide precursors as isostructural
complexes of the formula [(Cp*,Ln)2(bimpym)], (Ln = Yb (3.2) and Sm (3.3), Figure 3.15).
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Figure 3.15: ORTEP of 3.2, isolated in the later crystallisation fractions after the addition of ytterbocene to 1.12.

These are clearly minor by-products of the reaction.

Overall reaction.

These findings allow us to present the overall reaction scheme for these species, shown in Scheme
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Scheme 3.11: Complete reaction scheme involving the (bimpym)Pd(py) species.
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Given their structural similarities, it is not particularly surprising that adding ytterbocene to either 2.4
or 2.5 results in the same identified complexes. However, the two reactions are far from identical.
First of all, there is a clear distinction in the reaction rates. On the basis of experimental observations,

they could be summarised as follows:

ki>>ky=ks
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This is supported by the approximate half-times of the respective reactions, which are approximately
15 minutes and 50-60 hours for the last two, respectively.

The second major difference revolves around the relative proportion of the three main products. This
raises the question as to why the two coupled products react differently. Given that the presence of
free ytterbium is an indispensable condition for triggering further reactivity, a good starting point
would be understanding how it would interact with the coupled edifices. The main assumption is that
the lanthanide would coordinate on potential coordination sites on either of the coupled products.
However, one has to take into account the enormous steric obstacles hampering such an event. It is
unclear from which side the Yb could approach the molecules.

To the best of our knowledge, there are no structurally authenticated complexes in the literature that
provide a satisfactory comparison with the coupled products. However, two examples may offer a
clue as to how Cp*,Yb(OEt,) might react: a Yb"-Pt" adduct described by Andersen® and one recent
example from our group.®! In both cases, the lanthanide approaches and coordinates to the two
methyl moieties. In the latter case, the Yb coordinates at an angle with respect to the TM square
planar coordination environment (Figure 3.16), but the authors reported magnetic data consistent
with a second electron transfer towards the ligand. In our case, the reduction of the Pd" centre in the
coupled products to the Pd® found in the trimetallic adducts would suggest that, at some point in the
mechanism, two electrons have been transferred to the Pd.

Figure 3.16: ORTEP of two complexes where Cp*,Yb fragments coordinate methyl moieties.%%61

With respect to our complexes, the comparison is not fully representative, though, as the second
substituent is the pyridine. Either way, free ytterbocene has more space to approach close to these
substituents than if it were to do so closer to the Yb fragments or to the space between the bimpym
ligand and the Pd metal centre. It is assumed that the more favourable configuration would be the
nestling of ytterbocene in between the pyridine and the methyl, in order to maximise the number of
substituents.

A closer look at the geometrical arrangement of the coordination environment of the two Pd centres
may provide part of the answer, rationalising the different ratios of the major reaction products. The
structural differences between the two complexes revolve around the switching of the relative
positions of the two substituents of the Pd and the significantly smaller torsion angle between the two
identical molecular fragments in the case of 2.5 (68.69° vs 95.50°). There are two observations that
stand out and have major implications regarding the C-H activation that ensues and which results in
the formation of the trimetallic adducts.

First of all, the two Pd->pyridine bond axes point in opposite directions in 2.4, mimicking the
arrangement in 2.6, whilst we can approximate this to be the case (due to the non-straight dihedral
angle) for the methyl moieties in 2.5 (Figure 3.17, top). The second and more important observation
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relates to the relative orientations of the cone angles formed by the methyls and pyridines of each Pd
centre. In the case of 2.4, there is a sizeable intersection between the two overtures, whereas for 2.5
they practically point in opposite directions (Figure 3.17, bottom).

Taken in tandem, the information gathered above allows us to propose several simple and logical
hypotheses and to summarise the observations pertaining to the reaction mechanism:

e the “preorganisation” of the two pyridine moieties in the same configuration as the one in the
final compound accelerates the subsequent rearrangement from 2.4 towards 2.6;

e two molecules of free ytterbocene are necessary per equivalent of coupled product to trigger
the formation of 2.6; the same is probably true in order to evict the Pd centres in order to
form Ybs(bimpym),; it is unclear if the first and the second set of Cp*,Yb(OEt,) are the same;

e the mechanism(s) leading to the formation of the three main products is (are) facilitated by
the greater proximity afforded by the closer coordination sites (see Figure 3.17, bottom) in
2.4. This allows a more efficient cooperative interaction with 2.4 and explains the vastly
different reaction rates between the two coupled products;

e the formation of one Pd(pyr). and one PdMe; fragment could suggest that a ligand exchange
between the two Pd centres on the coupling products occurs;

o 2.2 (quasi-immediate formation) and 2.6 (gradual increase in concentration) are
formed at different rates, following the reaction with 2.4. It is likely that the second
pyridine is not immediately coordinated to the Pd(py) or Pd(pyr) fragment, slowing
down the formation of the trimetallic adducts;

Figure 3.17: Schematic representation and the corresponding simplified ORTEPs of the relative orientations of the pyridine
and methyl moieties in the two Pd coordination spheres on 2.4 and 2.5, viewed from above. Planes were calculated based on
the substituents of the Pd centre. In both cases, the maximum available space for an ytterbocene approach would be from
below the plane shown in the figure. The angle formed between these two substituents is shown for emphasis. The N atoms
of the bimpym ligands closer to the viewer’s perspective are shown in green, the ones farther in yellow.

o the vastly different reaction rates between ytterbocene and 2.4 or 2.5 indicate that the
activation barrier is higher in the case of 2.5;
o it is not known if 2.5 is reactive in its described configuration or if its conformation
must change to allow the reaction;
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o it is unclear why the three main products are formed in almost equal measure
following the addition of ytterbocene to 2.5;

o if these products are also formed by a ligand exchange of the Pd centres, the almost
equal proportion between 2.2 and 2.6 would imply that it is more efficient (see
Scheme 3.10 for a possible mechanism);

e the elimination of methane during the reaction between 2.4 and ytterbocene is very probable,
as it was observed experimentally and via *H NMR;

o if methane is formed via a C-H activation and a structure similar to 1.12-TS, the ligand
exchange mechanism proposed cannot occur concurrently;

o the conversion of the methyl moiety to 2.2 is probably a good gauge to indicate the
prevalence of each of the two pathways;

These findings and the proposed interpretation provide an adequate guideline for further assessment
of the reaction mechanism.

3.2.2.3. Reactivity with samarocene.

Although no homologue of the coupled products 2.4 and 2.5 could be isolated following the reaction
between 1.12 and samarocene, it would seem very likely that the reaction proceeds in a similar
fashion. The in situ reactions in toluene resulted in the formation of 2.7, irrespective of the
stoichiometry. No other product could be reliably identified.

Nevertheless, the conclusions formulated in Section 3.2.2.2 provide a useful opportunity to slightly
tweak the reaction conditions. As such, the reaction between 2.4 and samarocene was performed and
followed by 'H NMR (Figure 3.18). The evolution was relatively clean and the number of signals is
coherent with the 14H of the expected [Cp*,Yb(bimpym),]Cp*,Sm(S) adduct. There were 4 signals that
were more paramagnetically shifted than those illustrated in Figure 3.18, at 276.66, 241.67, 60.05 and
28.25 ppm. The attribution of the corresponding Cp* signals is more difficult, since there is significant
overlap with the peaks of samarocene and of the residual solvent.

Curiously, there was one signal (designated by the black dot in the figure below), at -11.14 ppm, that
was also instantly observed. This shift is eerily similar to that of the Pd-Cp* in 2.2, which is at -11.34
ppm. The integration of this signal most certainly dispels the hypothesis of the formation of the
analogue of 2.2, a complex of the formula Cp*,Sm(u-Me),PdCp*. Its integration corresponds to
approximately 30 H, if the average signal, assigned to the protons on the bimpym ligands, is set to 1H.
No signal, potentially belonging to the Cp*,Sm, can be found. Therefore, this signal, at -11.14 ppm, is
very likely a Cp* signal of the supposed [Cp*,Yb(bimpym),]Cp*,Sm(S) product.

Crucially, the characteristic Cp* peak of 2.7 was observed within ca. 7 min of the beginning of the
reaction. This corroborates the previous observations of a very rapid formation. The equivalent signals
of 2.6 were never attested. The mixtures were left to crystallise at cold and XRD studies confirmed
that the formed products were 2.7. No other products could be isolated.

The implication herein supports a rather intuitive conclusion: starting from the coupled product 2.4,
the ensuing Lns(bimpym), compound that is formed is issued from the [Ln(bimpym)], scaffold of 2.4.
This confirms the assertion that the free divalent lanthanide precursor kicks out the Pd fragments to
form the Lns(bimpym),-type adduct, and then further divalent lanthanide molecules reacts with the
evicted Pd fragments to form the trimetallic adducts 2.6 or 2.7. The same is likely to be true for 2.5.

183



In situ NMR studies.

[ ]
L ]
L ]
3
»
N n ‘
... ‘
n I Ve
I |f' Il e . . .
e . W a .
) \
N VA T S
N 2 | ! )
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 8 7 [ 5 4 3 %(1 ) 0 1 -2 -3 4 -5 -6 -7 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17
1 ppm

Figure 3.18: 'H NMR of the reaction between 2.4 and samarocene. The signals of 2.7 are designated by blue dots, free
samarocene — green, assumed Hyimpym — red. The black dot designates the signal very close to that of the Pd-Cp* of 2.2.

Reactions with samarocene can also help obtain further clues as to the difference between the
proportions of 2.6 formed after the reaction of the two coupled products. To that effect, the quinoline
equivalent of the Sm-based trimetallic adduct (2.8) described in Section 2.3.3.2, is re-examined.

Analysis of the quinolyl adduct.

To recall, this complex was formed by the reaction between 1.12 and samarocene in presence of free
quinoline in solution. There are, however, reasons to doubt that the ligand exchange between the
pyridine and its analogue occurs efficiently in solution prior to the reaction with the divalent
lanthanide. The twinned nature of the crystals was the cause of an average agreement with the initial
model, which suggested that only a partial substitution of the pyridine had taken place.

In fact, there are several crystallographically plausible outcomes regarding this complex. 2.8 is initially
resolved in the P-1 space group (which possesses an inversion centre). The asymmetric unit contains
half of the entire molecule — Cp*;SmPd(quin) (quin = quinolyl) — with the other generated by
symmetry. If the 4 carbon atoms defining the supplementary benzene cycle inherent to quinoline
(shown in dashed lines in Scheme 3.12, first structure) are allowed to have partial occupation, a better
fit to the model is obtained and a statistical disorder ensues.

From a quantitative standpoint, the model suggests that the ligands coordinating the metal centres
are 50% pyridyl and 50% quinolyl. This would mean, chemically, that there are three possible distinct
molecules: quin-quin, pyr-pyr (2.7) and quin-pyr (Scheme 3.12). Following this model to its logical
conclusion, it is impossible to find out the exact proportion of each species. Therefore, this
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interpretation gives us no further information as to the reaction mechanism. The pyridine-quinoline
exchange could take place at any moment, apparently in a random manner.
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Scheme 3.12: All the potential structures of 2.8, based on the interpretation and resolution of the structural disorder.

An alternative solution is revealed if the crystallographic data is resolved in a non-symmetric space
group — P1. The statistical disorder is entirely eliminated and the proposed solution is the quin-pyr
configuration. This solution is robust: if the same 4 carbon atoms are assigned partial occupation, the
statistical agreement with the data worsens. Despite the overall improvement of this solution, the
overall data is still not of good quality, which means that the conclusions are not irrefutable. At this
conjecture, it is unclear if these defects are inherent to the crystals or if there are other possibilities
that were not considered. Other crystal batches were analysed and presented the same issues.

If, however, this solution is chemically accurate — 100% of the complex is of the quin-pyr configuration
— specific assertions can be made regarding the reaction mechanism. The presence of one pyridyl
group would most logically be interpreted as originating from the parent compound — 1.12. The
addition of samarocene would trigger the first C-H activation, resulting in the pyridyl group being
formed and coordinated to the Pd. The second C-H activation would therefore originate from the
quinoline, of which there is an excess in the reaction media. This would suggest that the second C-H
activation — which, presumably, leads to the stabilisation of the trimetallic adducts 2.6 and 2.7 —is due
to free ligand that is close to the reaction site. In this case, the quinoline would be preferred due to its
abundance to any potential free pyridine that may have been released due to its fluxional behaviour.

The two C-H activations occurring separately would also be consistent with the formation of the
transient species, attested for the reaction resulting in 2.6. From this perspective, the unattributed
peaks include (among others, probably) species of the formula [Cp*,Yb"(pyr)Pd(R)], which ultimately
become the trimetallic adduct upon further reactivity.

3.2.3. Theoretical studies.

The previous section helped provide a significant number of clues as to how the divalent lanthanide
helps trigger the evolution from 1.12 until the trimetallic adducts 2.6 and 2.7.

Even so, there are certain minute steps or transformations at the molecular level that are far beyond
the capacity of the available spectroscopic tools. To this end, theoretical computations are a very
useful tool to provide further insight.

In this respect, the TS and the subsequent reorganisation of the precursor 1.12, computed in Section
3.2.1, provide useful information to understand the mechanism of the C-H activation from a
conceptual standpoint, but its precision in representing the chemical picture once divalent lanthanides
are included is, as of yet, unclear. This section will add such fragments whenever pertinent and
computationally plausible.
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Other than C-H activation of the pyridine, the formation of 2.2 and Ybs(bimpym),, in addition to 2.6,
suggests that a ligand exchange of some sorts occurs between the two halves of the coupled products
2.4 or 2.5. This would explain the formation of the bridging [PdMe;] or [Pd(pyr)z] motifs from the initial
Pd(py)Me arrangement. If this is true, this mechanism is undoubtedly complex and is beyond the scope
of this work. The objective of this study will be restricted only to the C-H activation.

Given the significant role of the steric hindrance in deciding the approach vector of the divalent
lanthanide to 2.4, it is important that the computations represent a loyal representation of the
molecular environment.

However, the modelling of these ponderous structures was shown to be very complicated, as detailed
in Section 2.3.1.2. An eloquent example of this is the need for imposing geometrical restraints in the
optimisation runs of 2.5, as the coupling C-C bond was severed. This size of system — close to 180
atoms, with multiple metal centres — would appear to be the computational limit of our study.

3.2.3.1 Computing heterobimetallic adducts.

The computational ceiling of the heterometallic adducts prompts the need to examine the pertinence
of substitutes, which would be based on approximations. For example, the symmetrical structure of
the coupled products should indicate that there is no difference in the electronic structure of the two
identical fragments. The question in this case is whether having both fragments generates any
additional interactions that would register in terms of electronic structures. Previous studies have
shown, for example, that spatial separation allowed isolating separate electron transfers in complexes
featuring two ytterbocene groups by distancing them via extension of the aromatic system.®?

The very rapid formation of 2.4 (and the other coupling products) indicates that the electron transfer
is favourable from an energetic standpoint. To probe this computationally, heterobimetallic adducts,
accounting for half of 2.4, were considered.

These complexes will be referred to as 1.12-Yb and 1.12-Sm (Figure 3.19) and were optimised at the
ZORAL1 level of theory as triplets and septuplets, respectively. The multiplicities aim to reproduce the
electron transfer, which is to say the (4f'*-(bimpym)™) and (4f>-(bimpym)®) configurations. The
geometrical features proposed by both calculations reliably describe Ln'" states, as evidenced by the
distance to the centroid of the Cp* co-ligand. As is the case for 2.4, the Pd centre is unaffected by the
addition of another metal centre, as none of its main distances vary to any meaningful extent.
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Figure 3.19: Structures of 1.12-Yb and 1.12-Sm, obtained at the ZORA1 level of theory.

However, a deeper look into their electronic structures (at the ZORA3 level of theory) highlights that
the putative Yb complex does not reflect the anticipated electron transfer. The SOMO on 1.12-Yb
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shows only contributions from the ligand, but none from the Yb centre. This is in contrast to that of
its counterpart, where there is an important participation from the Sm" centre. However, the LUMOs
of these structures were invariably the same pyridine-based, LUMO!-type orbitals. This complex is a
good approximation of how the radical anion on the pyrimidine would behave, as significant electronic
density is concentrated on the coupling carbon. Multiple functionals were probed to verify these
conclusions, but the electronic structure was invariant in all cases.

Figure 3.20: Alpha SOMO on the computed heterobimetallic adducts 1.12-Yb (left) and 1.12-Sm (right).

These findings would point to the fact that DFT is not capable of reproducing all the finer electronic
features expected of this structure. Quite tellingly, the SOMO on the homologous 1.12-Eu, computed
for comparison, is identical to that of 1.12-Sm, despite there not being any experimental evidence
that Eu'" is capable of reducing 1.12.

The heterobimetallic compounds were used as basis for TS calculations at the TS1 level of theory. As
was done for 1.12-TS, the GS geometry was biased so that it would resemble the expected TS. The
resulting structures did, indeed, faithfully reproduce the same TS as for the Pd-based precursor — the
H issued from the pyridine is positioned midway between the pyridyl and the methyl moieties. These
complexes will be referred to as Yb-TS and Sm-TS, respectively (an overlay between the two is given
in Figure 3.21). There is no noticeable difference in between the coordination environment of the Pd
centres in these two complexes, which does not evolve in between the GS and the TS configurations.

Figure 3.21: Overlay of Yb-TS and Sm-TS. The majority of H atoms are hidden in the interest of clarity.

The same considerations hold for the next step, following the departure of methyl moiety. The
analogous structures to 1.12-n? are computed using the same methodology and will be referred to as
Yb-n? and Sm-n%. As for the TS, the coordination of the lanthanide fragments does not induce any
consequential changes with respect to 1.12-n>.
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The comparison of the relative energies (computed at the TS1 level of theory) of the GS, TS and n?
configurations for each of these series of complexes is presented in Figure 3.22. The coordination of
the divalent lanthanide fragments seems to bear a sizeable influence on the activation barrier for the
C-H activation. 1.12-TS is roughly 30 kcal/mol above the GS, making it unreachable at r.t. This is
consistent with the fact that 1.12 does not engage in any reactivity.
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Figure 3.22: Computed Gibbs Free Energy profile, at the TS1 level of theory, of the C-H activation on 1.12-based structures.

In the case of the heterobimetallic complexes, this barrier is reduced by approximately 10 kcal/mol
with respect to the Pd-based precursor. The same functional-dependent variation, seen in Section
3.2.1.2, is applicable for these compounds. The n? configurations follow the same trend, as they are
higher in energy than the GS. Just as was proposed for the precursor, the C-H activation would
generate a metastable species, which would subsequently undergo further transformation. This is in
agreement with the assumed experimental behaviour.

These findings are not coherent with the fact that the C-H activation does not occur in the coupled
products. It was shown that it is the addition of ytterbocene that allows the subsequent
transformation from the coupled products towards the trimetallic complex 2.6. That Yb-TS and Sm-TS
are 20-25 kcal/mol (depending on the density functional that was used) higher in energy than their
respective GS would imply that these transformations are attainable at r.t, which is clearly not the
case in experimental conditions. With that in mind, it is legitimate to interrogate both the model and
the methodology.

These observations do possess a caveat: the bimetallic adducts are meant to model the coupled
products. It is not known what a comparable TS on the full-size complexes would behave.

3.2.3.2. Analysis of the results. Influence of the method.

The energetical considerations presented above point to an unrealistic replication of experimental
observations. This prompts a closer look into the computed energies. As referenced in the discussion
about the relative energies of 1.12 and the subsequent configurations, the differences in energy can
be expressed by comparing the enthalpies and the Gibbs free energies. The latter also includes the
variation of the entropy throughout the transformation.

AG = AH-TAS
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This difference was found to be negligible for the Pd-based precursor. It is not the case for the
heterobimetallic adducts (Table 3.6).

A(TS-GS)

(keal/mol) 1.12-Yb 1.12-Sm
AH 28.09 30.35
AG 19.05 19.97

Table 3.6: Computed enthalpies and Gibbs free energies for the heterobimetallic complexes.
This difference is substantial and warrants further examination. Its origins could feasibly be traced to:

e the deficiencies implicit to DFT in the calculation of entropy®

e the significant entropy variation due to molecular changes when going from 1.12 to 1.12-Ln

e the poorly adapted choice of some of the elements of the computational method (basis set or
use of the relativistic Hamiltonian)

e the method by which the thermal corrections are calculated

These factors will be analysed individually. If the DFT-specific issues in entropy calculation are the root
of the observed discrepancy, then it would affect all complexes equally. The main differences between
the monometallic and bimetallic adducts are related to the size of the system and the number of heavy
elements. If these are responsible for the propagation of the error of the estimation of entropy for
individual displacements, then it makes sense to analyse it more thoroughly through a molecular
perspective.

The most obvious disparity between the Pd-based structure and the heterobimetallic ones, which
would contribute to the entropy calculations, is the presence of the bulky Cp* co-ligands. In the
absolute sense, it is logical that there is a superior entropic contribution to the energy when adding
these ligands. The key to this analysis is, therefore, understanding what causes the variation of entropy
for the same geometry.

The total entropy of the system, Stt, can be broken down into several components:
Stot:St+Sr+Sv+Se

Where S; — translational; S, — rotational; S, — vibrational and S. — electronic. For all of the complexes,
only S, varies at all between GS and TS. This is logical, since the TS is, by definition, an excited
vibrational state. The net value of this variation is not the same in between 1.12 and the
heterobimetallic complexes: less than 4 cal.mol*K? for the former and approximately 30 cal.mol*K?
for the lanthanide-based structures. It is precisely in this regard that the Cp* co-ligands contribute
significantly, as they account for a multitude of vibrations, which are populated at r.t. As they
contribute to a greater overall vibrational entropy, it stands to reason that an excited vibrational state
will incur a proportionate, more significant variation of the energies associated with the vibration.

Although this explanation is satisfactory from a qualitative standpoint, it is unclear if the numerical
values of the described variation are accurate.

In terms of methodology, all of the TS calculations described in this chapter were performed at the
TS1 level of theory. One of the drawbacks of the method is the choice of the ECP for the Pd centre. It
was described using the LanL2DZ ECP, with its associated basis set. A more adequate choice for future
studies would be the ECP of the Stuttgart-Kéln group, which were used for the Ln centres. An
important ingredient which is missing is the correction for the dispersive forces. Given the more
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sterically encumbered structures of the heterobimetallic complexes, it is pertinent to query their
importance in obtaining a meaningful energetical comparison.

To this effect, consistency was sought by computing some of the structures presented in this Section
at the TS2 level of theory (rightmost in Table 3.7). This framework was found to be more forgiving and
allowed the examination of a variety of factors, to probe their influence in the energy calculations.

Therefore, the computations examined the role of the inclusion of a relativistic Hamiltonian, of the
basis set (relativistically recontracted or not), of the use of RECP on the metals, of the inclusion of
corrections for dispersive forces, and of the functional. Alas, for the last term, neither geometry
optimisations, nor frequency calculations could be converged for PBEO and TPSSh. In these cases, the
AG were obtained by adding the thermal corrections obtained using the PBE density functional.

None of the parameters bore any significant influence on 1.12. This simpler structure affords greater
tolerance for the more exact parametrisation of the dispersive forces — of which there are fewer than
in the case of the heterobimetallic analogues — or of the basis sets employed for describing the
composing atoms. For this reason, the corresponding computations were not pursued with other
functionals, as the differences would more likely be associated with the change in functional, rather
than being due to the approximations.

The metric that was used for this study is AG. A close examination of the ORCA results showed that
there was negligible difference between the enthalpy and the Gibbs free energy for the computed
series, contrary to the findings at the TS1 level of theory.

Gaussian ORCA
(TS1) (TS2)

Complex/method RECDPE; no RECP, no D3 RECP, D3 ZORI'DAé AE,
Functional PBE PBE PBEO | TPSSh PBE PBEO | TPSSh PBE
1.12 (singlet) 29.59 29.32 29.70
1.12-Yb (triplet) 19.06 29.52 | 30.82 | 33.11 | 26.50 | 24.44| 29.41 30.60

Table 3.7: Computed AG for the complexes 1.12 and 1.12-Yb, accounting for changes in the methodology. “ZORA” signifies
the use of a relativistic Hamiltonian and of the corresponding relativistically recontracted basis sets. “D3” — Grimme’s D3
model, associated to the Becke-Johnson damping scheme. “RECP”/”AE” — relativistic effective core potential / all-electron.
The blacked-out fields indicate that the computations were not performed.

The data presented in Table 3.7 allow us to form the following conclusions:

e adding corrections for dispersive forces lowers the energy barrier for the proposed C-H
activation, but not significantly: the transformation does not become achievable at r.t by
including them

e changing the density functional also induces some measure of numerical variation of the
energy barrier

e the inclusion of a relativistic Hamiltonian, coupled to all-electron relativistically recontracted
basis sets, renders this transformation less accessible

Another factor worth examining is related to how the thermal corrections, which are added to the
total electronic energy of the system in question (o), are computed in either case.

In Gaussian, only an analytical calculation of the frequencies is offered for DFT computations. When
complicated systems are at play, the numerical calculation of frequencies is preferred in ORCA to
facilitate convergence. Despite our best efforts, the equivalent computations involving analytical
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frequencies could not be completed. This discrepancy in methods is responsible for the different
computed outcomes.

In all of the cases studied, Ag, (the difference between g, for the GS and TS) is higher than AG. The
difference in the thermal corrections to the total inner energy (AUcor; Not shown) and to enthalpy
AHcorr (Which include the former) do not significantly contribute to the reduction of the energy barrier
and are quite similar in between the two methods. The same cannot be said when it comes to the
thermal corrections to the Gibbs free energy, which have a more marked impact the energy barrier.
Even more importantly, this metric is significantly different between the two methods.

Agg AHcorr AH AGeorr AG
Numerical | 5, 49 -3.13 31.36 -4.97 29.52
frequencies
Analytlc§| 30.32 2.23 28.09 -11.26 19.06
frequencies

Table 3.8: Comparison between the main energies of the two methods, in this case following computations performed with
RECP and no dispersion corrections. “G.,” is the thermal correction to the Gibbs free energy. All energies are expressed in
kcal/mol.

Given that AG is dependent on the aforementioned calculation of the entropy, this disparity
contributes to the overall difference. In this scenario, where the viability of the C-H activation is
gauged, the more reliable comparison would seem to be AH, whose numerical values are more
consistent with the experimental observation that there is no C-H activation which occurs on the
coupled products 2.4 or 2.5.

Similar trends to the ones presented above were noticed when attempting to model the electron
transfer into the pyridine-based LUMO by adding an electron to 1.12-Yb and 1.12-Sm at the TS1 and
TS2 levels of theory. At the TS1 level, although AG would suggest that the energy barriers of the
transformations were attainable at r.t, AH precluded them, also showing that the entropy calculations
over-corrected the activation barrier. Results at the TS2 level consistently showed that the computed
TS were inaccessible.

These findings are consistent with the conclusions of Section 3.2.2.1 — the mere reduction of the
coupled complexes is not sufficient to trigger the reactivity resulting in the trimetallic complexes. They
also serve as a cautionary tale in the interpretation and framing of the computational results in
complicated cases. None of the approximations considered here are adequate for modelling the
molecular reorganisation from the coupled products towards the trimetallic adducts 2.6 or 2.7.

3.2.3.3. Adding a further organolanthanide precursor.

The inadequacy of the results in the previous section demonstrates that the beginning of the
reorganisation mechanism from the coupled products towards 2.6 or 2.7 cannot be correctly modelled
without considering an explicit involvement of another lanthanide fragment. This is consistent with
the available experimental data, which suggests that neither submitting the substrates to harsher
conditions of temperature or UV excitation, nor reacting them with other reductants is sufficient.

A faithful reproduction of the environment is impossible from the perspective of the computational
cost, due to the tremendous size of the full systems. Naturally, the next logical step is attempting the
addition of another organolanthanide fragment to the existing half-molecule edifices, 1.12-Yb and
1.12-Sm. These were computed at the ZORA1 level of theory by placing a Cp*,Ln molecule close to
the most likely coordination site, in between the methyl and the pyridine. These complexes will be
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referred to as 1.12-Yb, (computed as a triplet, assuming the oxidation of each Yb centre and an
antiferromagnetic coupling between the transferred electrons) and 1.12-Sm; (computed assuming
non-interacting Sm" centres (S = 10/2) and an antiferromagnetic coupling between the transferred
electrons).

The compounds are shown in Figure 3.23. The geometry optimisations settled on the coordination of
these second lanthanide fragments with the bond axes formed at an angle with respect to the
coordination environment of the Pd centre. This is reminiscent of the trimetallic edifices based on the
taphen ligand, illustrated in Figure 3.16.

Figure 3.23: Optimised structures of 1.12-Yb; and 1.12-Sm;. The Cp* co-ligands are shown in wireframe and the majority of
H atoms are hidden for clarity.

The main interest in this study is to examine the plausible coordination patterns of the second
lanthanide fragment. The structural features give a good indication of how this might perturb the
existing system (Table 3.9). Neither case shows any measure of influence over the coordination
environment of the first lanthanide centre. The same could be said with respect to the Pd-bimpym
interaction, since the main distances are shifted negligibly (not included in Table 3.9).

Av. Values (A or °)
Atoms 1.12-Sm 1.12-Yb 1.12-Sm; 1.12-Yb,
Pd-N, 2.032 2.031 2.083 2.046
Lno-Ha | 2.816 2,672
Lna-Hiwe | 2,531 2.338
Ln2-Hame ‘ 2.680 2.400
Ln2-Crse | 2.796 2.762
Lnz-N,, | 2.720 3.916
Ln2-Cpy | 3.017 3.322
Ligand planeApy 70.89° 72.80°
Lny-ligand plane ‘ ~55° ~51°
(Pylr\lfy'ra;;)]';(fd' 148.17° 178.20°

Table 3.9: Main bond lengths and angles in the computed Ln-bearing derivatives of 1.12. “H,” designates the proton on the
o position of the pyridine; “Hime” and “Hawe” designate the closest and second closest H atoms on the methyl moiety.

It is worth noting that the lanthanides approach the molecule from different sides. Assuming a plane
formed by the bimpym and the coordination sphere of the Pd, the second ytterbocene is placed above
this plane, whilst the second samarocene is under it. Both complexes show an interaction with the
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methyl and pyridine moieties, although this applies to a lesser extent to 1.12-Yb,. 1.12-Sm; is much
closer to the pyridine and it interacts quite strongly with the N and the C atoms in the a position.

This discrepancy can be rationalised by the size of the organolanthanide fragment. All of the Ln centres
are in the +3 oxidation state and the distance between the centroid of the Cp* to the Ln follows the
lanthanidic contraction. Seeing as how the axis formed by the Ln and the centroid of the Cp* co-ligands
points away from the molecule, the space between the two Cp* is heavily influenced by the distance
between the Ln and the Cp* (Figure 3.24). The second Cp*,Sm fragment has more space to
accommodate closer contact between the Sm and the pyridine.
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Figure 3.24: Overlay between the second organolanthanide fragment in 1.12-Yb, and 1.12-Sm;. The C atoms of 1.12-Sm;are
shown in red.

Inreturn, the coordination of the pyridine towards the Pd in 1.12-Sm, is altered, as the ligand is pushed
closer to the bimpym ligand. This is illustrated by the angle formed between the pyridine plane and
the Pd-N,, bond axis ((Pyr plane)*(Pd-N,,» bond) in Table 3.9). In the case of the Yb adduct, the
coordination is unperturbed, whilst this metric is deviated by more than 30° in 1.12-Sms,.

The different positioning of the second organolanthanide fragment with respect to the ligand plane
was intriguing. To this end, the geometry of 1.12-Sm; was used as a basis for another calculation at
the ZORAL1 level. The Sm atoms were replaced by Yb. The optimisation run repositioned the lanthanide
fragment in a different pocket of space. This time, it is nestled in between the methyl and the
benzimidazole moieties, with short distances to the Cimig and the two nearest H atoms. This structure
will be referred to as 1.12-Yb,’. The structural features surrounding the Pd centre were virtually
unchanged with respect to those of 1.12-Yb.

These three structures provide a preview of how the initial coordination of an additional divalent
lanthanide molecule would coordinate to the coupled products 2.4 or 2.5. It goes without saying that
in real-time scenarios, the interactions between the coupled products and the supplementary
lanthanide fragment are bound to be different, due to the presence of the other half of the molecule.
What seems clear, even from the way this molecule arranges itself with respect to the putative
bimetallic adduct, is that the steric hindrance intrinsic to the chemical environment (be it the space
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between the pyridine and the methyl, or between the methyl and the benzimidazole) is the key factor
that governs the approach between the two.

Figure 3.25: Structure of 1.12-Yb,’, computed at the ZORAL1 level of theory. The Cp* are set in wireframe and most of the H
atoms are hidden for clarity.

3.2.3.4. Partial conclusions.

This theoretical study was aimed at elucidating the finer details in the mechanism of the C-H
activation. The TS found for the precursor, 1.12-TS, was the starting point, since it consisted a plausible
approximation of the evolution of the pyridine and methyl moieties, if they are taken in isolation and
if the evolution of the rest of the molecule is neglected. It is assumed that this is the transformation
that gives the pyridyl and free methane following the reorganisation yielding the trimetallic adducts
2.6 and 2.7.

It is perfectly clear that such behaviour occurring whilst there is only the Pd metal centre is not a
faithful representation of reality, as 1.12 displays no tendencies to such evolutions. The calculations
support this: the activation barrier for such a TS is far beyond what is attainable at the observed
experimental conditions.

The obvious solutions in this regard are following the experimental observations step by step, to mime
the coordination of the lanthanides and the ensuing electron transfer. In this regard, the calculations
attempted on the coupled products 2.4 and 2.5 seem to set an upper limit on the size of the
computable system. Simply put, performing additions of divalent lanthanide precursors on such
structures and beyond is unrealistic.

It is in this vein that further approximations were carried out in order to find a reliable proxy of a
system whose reactivity would credibly imitate that of 2.4 or 2.5. The computed heterobimetallic
adducts, 1.12-Yb and 1.12-Sm, represent half of the observed or putative coupled complex. The
equivalent TS that were found for these structures are identical to that of 1.12-TS, showing the Hq in
transition from the pyridine to the methyl moieties. The corresponding vibration consisted of the see-
saw motion from the two extremes, accompanied by the reorganisation of either host due to the
imminent bond formation. It’s worth remembering that the coupled products do not degrade by
themselves via a C-H activation pathway.

This transformation was, therefore, screened from a methodological standpoint, as the variation of
the computational parameters did not have a drastic effect on the transformation. A closer
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examination of the energy barrier indicated that the Gibbs free energy was not the adequate metric
to evaluate the transformation energy. This is attributed to an imprecise evaluation of the entropy by
the computation. Although the increase of the entropy and of its TS—GS variation when going from
the precursor 1.12 to hetero(bi)metallic species is consistent from a thermodynamic point of view,
there was nevertheless an overcorrection at the TS1 level of theory.

The careful reappraisal of this energy barrier placed it at around 30 kcal/mol above the GS, which
would indicate that it would not be populated at r.t. It also shows that the addition of the lanthanide
does not significantly affect feasibility of the C-H activation, as the two energy barriers are
comparable. Further computations, which attempted to mimic the addition of a further electron to
the edifice, point to the same conclusion.

This shows that the heterobimetallic complexes 1.12-Yb and 1.12-Sm, in themselves, cannot be used
as accurate approximations of the reactivity of the coupled products with divalent lanthanides.
However, 1.12-Yb and 1.12-Sm seem to be faithful representations of the coupled product
themselves, as evidenced by both the TS computations and elements of their electronic structures.

The next step involved the addition of a second organolanthanide fragment to these heterobimetallic
complexes, yielding 1.12-Yb, and 1.12-Sm,. These can help provide a glimpse into how the
coordination of the second lanthanide is likely to occur. Due to the highly sterically encumbered
environment of both of the coupled products, this matter is far from trivial. In both cases, the second
lanthanide is coordinated at an angle with respect to the ligand and Pd plane. These solutions are
plausible and, to an extent, pertinent even when extrapolated to the full, coupled product. Based on
the computations, it would appear that the overall size of the Cp*,Ln edifice is likely to be an important
consideration, as the more compact Yb adduct is restricted in how close it can approach the pyridine
and methyl moieties. The implications as to how this affects the beginning of the reorganisation
towards the trimetallic complexes are currently under study.

3.2.4. Conclusion. Mechanistic summary.

The heterometallic Ln-Pd complexes described in this work are interesting additions to the budding
field of intermetallics. The main difference with respect to its peers is the way by which the complexes
2.2, 2.6 and 2.7 (as well as its pyridine analogue counterparts) are formed. In stark contrast to the
straightforward reactions with known and controllable driving forces, as is the norm for the previously
described compounds, the mechanism for these complexes is intricate, with interwoven dependencies
and probabilities for the proposed individual steps. This section attempts to untie the Gordian knot
and deduce some of the key features of this transformation.

The formation of 2.6 as a result of the interaction between 1.12 and divalent Yb was assumed to be
due to the reaction between the rapidly formed coupled product 2.4 and free ytterbocene. This was
corroborated by the fact that pure 2.4 does not evolve towards 2.6, but isomerises towards 2.5. The
reactions with other reductants demonstrated that an electron transfer is not enough to trigger the
rearrangement. Afterwards, the in situ reactions between 2.4 and ytterbocene, plus the kinetic study
described in this section ultimately proved that the initial hypothesis was correct.

Regardless of whether the starting product is 1.12 or 2.4, the addition of ytterbocene results in the
formation of a significant number of unknown signals, which are common to both reactions. These
transient species are evidently of the same parentage and, at longer reaction times, are consumed as
long as divalent Yb is still present in the reaction media, resulting in a relatively clean final reaction
mixture. The fact that the concentration of 2.6 increases even after 2.4 is no longer identifiable,
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coupled with the abating intensity of the transient signal peaks, is a sign that these transient species
are the last step prior to the final reorganisation towards the trimetallic adduct 2.6.

Surprisingly, 2.6 is not the sole product formed during these reactions, as it is accompanied by 2.2 and
Ybs(bimpym).. This observation clarifies and obscures the reaction mechanism at the same time.% On
the one hand, it adeptly explains the fate of the coupled bimpym ligands (they are present in
Ybs(bimpym);) and gives a logical alternative (the bridging bis-methyl fragment of 2.2) to the
formation of methane (following the C-H activation of the pyridine), which is not unequivocally
proven.

On the other hand, if 2.2 is formed, bearing two methyl moieties, then the previously favoured C-H
activation pathway cannot occur in parallel, as it reposes on a configuration where both the pyridine
and the methyl are coordinated to the Pd centre. To rationalise the formation of 2.2, a rapid ligand
exchange of the Pd centres is proposed.

This has the advantage of a simple accounting of the three main ingredients: two of each of Pd, Me
and pyridine reorganise to form one PdMe; fragment and one Pd(pyr), fragment. In principle, one
equivalent of the coupled products should give one equivalent of each of the main three products.
This is very close to the ratio obtained following the reaction between ytterbocene and 2.5 (Table 3.5).
Therefore, a ligand exchange-based mechanism is a very good fit for this reaction. Yet, this is far from
the observed ratios following the same reaction with 2.4, as, for example, Ybs(bimpym), is always
around twice as abundant as 2.2 and comparable in concentration to 2.6.

The fact that 2.6 is accumulated in higher concentration and at a drastically different rate to the other
products points to the fact that the ligand exchange hypothesis is either incomplete (it does not
explain the C-H activation on the pyridine), or that, in this case, there is a competing mechanism.™

Another shortcoming of the ligand exchange hypothesis is that it cannot neatly account for the
unmistakeable gaseous evolution that is observed when 1.12 or 2.4 is reacted with ytterbocene, and
even more visibly, when the former is reacted with samarocene. The best fit for this release would be
that of methane, but its slightly shifted attribution with respect to the reference leaves room for
ambiguity.

Nevertheless, the formation of methane in tandem with the C-H activation on the pyridine is a good
candidate for the aforementioned competing mechanism. The prevalence of each of the supposed
pathways can be estimated by the conversion of 2.4 to 2.2, which is the least abundant complex of
the three formed. In this case, the conversion of the soluble methyls in 2.4 to those in 2.2 is around
15%.

Computations performed throughout this section propose a TS that competently renders the
evolution of the activated proton and the methyl group. The energy profiles obtained from these
computations show that this TS is not populated in the experimental conditions to which 1.12 or the
coupled products were submitted. The caveat of this TS is that it does not account for the interaction
with a divalent lanthanide fragment, which was shown to actually trigger the molecular
rearrangement.

It was proposed that the difference in reactivity — both in terms of rate and of the ratio of the three
products — of the two coupled products is due to their structural features. For example, it makes sense
that the relative orientations of the Pd-py bonds in 2.4, identical to that in the Pd(pyr), fragment in

§ ...forcing the reader in a tortuous, hard to follow circular logical circuit that starts here.
** ...and temporarily stops here.
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2.6, favours the formation of the latter. This is supported by the fact that 2.6 is the dominant product
in the reaction between 2.4 and ytterbocene, but is formed in almost equimolar quantity with 2.2 and
Ybs(bimpym),when 2.5 is used.

It is also possible that the difference in the relative configurations of the two coupled products is
responsible for the drastically slower reaction rate observed for 2.5. The working assumption was that
the most likely coordination modes of the incoming ytterbocene were the spaces between the methyl
and the pyridine groups, due to the considerable steric strain inherent to the coupled products. This
hypothesis was challenged by the computed adducts 1.12-Yb, and 1.12-Sm;, which showed that
multiple coordination modes were foreseeable.

In fact, only Cp*,Sm could nestle in between the methyl and pyridine groups. This was ascribed to the
larger opening in between the Cp* groups afforded by the larger Sm" ion (Figure 3.24), which allows
a closer contact with the more encumbered pyridine group. Although these computed adducts are
only approximations of the full-size coupled products, their coordination at an angle to the ligand
plane should be compatible with the increased strain of the entire structure.

These findings are curious, because they suggest that samarocene and ytterbocene may interact
differently with the bimpym-Pd fragment. This raises the obvious question: is it legitimate to assume
that the formation of 2.7 goes through an analogous coupled product pathway? After all, no such
compound could ever be inferred when 1.12 was reacted with samarocene. The closest hint that this
mechanism is viable is a 'H NMR spectrum following the reaction between 1.12 and the divalent
lanthanide in the presence of lutidine (Figure 2.36). Even so, this product was not isolated.

Another indirect proof is provided by the best-fitting model of the resolution of the XRD data of 2.8.
This complex was initially ascribed to a [Cp*,Sm(p-quin);Pd] formula, but further analysis pointed to
the presence of precisely one quinolyl and one pyridyl group coordinated to the metals. Given that
this species was obtained by reacting 1.12 and samarocene in the presence of free quinoline, this
allows us to make a more educated guess as to the reaction mechanism.

This reaction, as is always the case when Cp*,Sm was involved, was nearly instantaneous. It would be
logical that the initial C-H activation occurs on the pyridine of 1.12, which could not have been
substituted in the structure of the precursor, since it is not soluble in the reaction solvent (toluene).
The second C-H activation would occur on a quinoline molecule, which is present in higher
concentration in the reaction mixture and is most likely not coordinated to any Pd centre. Can this
finding be extrapolated to imply that the source of the second C-H activation when forming 2.7 must
be free pyridine, released in the environment from 1.12?

This interpretation is compelling, since it is consistent with the experimental evidence that 2.6 is
formed after the transient species, responsible for the numerous unknown *H NMR signals, react with
free ytterbocene. The putative [Cp*,Sm(u-pyr)Pd]-type adduct could very well have the same
behaviour as the transient species in the case of the Yb-based trimetallic adduct. With this in mind,
we may cautiously conclude that 2.6 and 2.7 are formed in a very similar manner.

The overall conclusion of the mechanistic study can be simply stated by carrying on the analogy of the
Gordian knot. The complexity of the mechanism resulting in the trimetallic complexes was evident
even prior to the undertaking of this series of analyses. Ultimately, we are not chemical Alexanders,
cutting the knot in one fell swoop, since the mechanism cannot be explained in an uncomplicated
manner. With the help of both experimental and theoretical tools, this chapter rationalises several
distinctive elements of the reactivity of both coupled products in a plausible way and proposes a
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number of hypotheses concerning the aspects that are inaccessible to the methods at our disposal. In
other words, the knot was simplified.

3.3.Electronic structure of the heterometallic complexes.

The second major question revolving around the heterometallic complexes concerns their electronic
structures. In all of them, short Pd-Ln distances are present. The primary objective is establishing
whether there is any orbital interaction between the two complexes. Therefore, the adducts will be
computationally reoptimised in the gas phase before a detailed examination of the electronic
structure will ensue at the DFT and CASSCF levels of theory.

3.3.1. Trimetallic complexes.

The spectroscopic characterisation of the adducts, described in Section 2.3.2.2 leave no doubt as to
the configuration of the metal centres. Therefore, the computations were run considering non-
interacting Ln" metal centres. This implies a triplet (5=1) for 2.6 and 10 unpaired spins (S=5) for 2.7.
The optimisation runs of the complexes were performed at the ZORA2 level of theory. The main
distances and angles are presented in Table 3.10.

Overall, the computations do an excellent job in reproducing the main features of the trimetallic
adducts. Of particular interest is the relative distance between the Yb and Sm adducts. The XRD
structures (within experimental error) point to a shorter Sm-Pd bond, which goes counter to the
expected lanthanidic contraction. While the computations do not reproduce this phenomenon, the
difference between the two distances is still much shorter than what would be expected, based on
the ionic radii. Therefore, whilst the computations do not offer a perfect match for this specific metric
with respect to the crystal structures, the data still point to an apparent deviation in the lanthanidic
contraction, on the basis of the Ln-Pd distances.

2.6 2.7
Distance XRD structure ZORA2 ZORA2 XRD structure
Lns-Pd 2.924(1) 2.902 2.925 2.908(1)
Ln,-Pd 2.924(1) 2.902 2.927 2.908(1)
Pd-Coyr 2.078(4) 2.077 2.082 2.081(4)
Ln-Npye 2.275(3) 2.320 2.411 2.386(3)
Ln-Coyr 2.773(4) 2.844 2.926 2.861(4)
Ln — Cp* ctr 2.342 2.370 2.470 2.449
<(Cpyr1-Pd-Coyr) | 178.88(18) 176.44° 176.43° 179.8(2)
<(Ln-Pd-Cpyr) 64.76(1) 67.33 69.15 67.67(1)
<(C§;jzcgr')m' 134.70 131.92° 135.64° 134.52

Table 3.10: Average lengths (in A) and angles (in °) in the crystal and the computed structures of the trimetallic complexes.
The values in red indicate a slight asymmetry (>0.1 A) in the distances.

The electronic structure at the ZORAS3 level of theory was screened for orbitals with contributions
from the Ln 4f electrons and the Pd 4d. These sub-levels were quite low-lying in energy — the 4f
electrons were approximately 6.07 and 4.33 eV below the SOMO in 2.6 and 2.7, respectively. There

198



Trimetallic complexes.

were no definitive signs of orbital interaction in either case. The only orbitals that would fit the
description were primarily ligand-dominated and presented only very feeble contributions from both
metals (shown in the case of 2.7 in Figure 3.26).
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Figure 3.26: Selection of orbitals of 2.7, computed at the ZORA3 level, containing contributions from both metals.

Of note is the HOMO-13, in which a Pd 4dz? is pointed towards the two Sm"' centres (the same orbital
can be found for 2.6). It would appear that, at least, the Pd orbitals have the adequate symmetry to
interact with the Ln" centres. Despite this, the contributions from the Ln remain overwhelmingly
small.

Further analyses were carried out at the CASSCF level, using the DFT-optimised geometries. For 2.6,
initial trials were performed with an initial (6,12) active space, but featured no contributions from the
metal orbitals. In order to attempt to mix in the Yb 4f electrons and Pd 4d electrons in the active space,
it was progressively increased up to the (12,16) configuration. This did not produce any measurable
change in the electronic structure, though.

The active space on this species is occupied by a combination of bonding orbitals of the Cp* and pyridyl
groups, and a pair of bonding and anti-bonding orbitals between the Pd and the pyridyl groups, with
contributions from the Pd 4p and 4d electrons (Figure 3.27). The vacant orbitals included further Pd-
pyridyl anti-bonding orbitals, as well as pyridyl-based orbitals of the same nature.

Figure 3.27: Occupied CASSCF orbitals of the active space for 2.6.

In terms of orbitals of interest, there were a series of low-lying orbitals containing contributions from
both the Pd and the Yb centres. These orbitals do not hint at a strong interaction between the two
metals, as the metallic contributions are either not the main features of their respective orbitals, or
they are highly polarised. Both of these scenarios are shown in Figure 3.28. For example, the Pd 4d
contribution to the orbital shown on the right is around 4%, which qualifies it as an almost pure Yb 4f
orbital. Slightly above these types of orbitals in energy are a series of pure Yb 4f electrons.

For the computations on 2.7, the active space was also gradually increased, reaching a description of
18 electrons in 18 orbitals. In this case, the description of the electronic structure was much more
straightforward. There were no signs of any intermetallic interaction at any level. The active space was
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entirely composed of the Sm 4d and 4f electrons, whilst the vacant orbitals featured orbitals with
predominant Sm 5f contributions.

Figure 3.28: CASSCF-generated orbitals of 2.6, which contain contributions from both the Pd and the Yb metal centres.

These conclusions indicate that the energy levels of the subshells of the two metals do not match and
this is likely to be the cause of the poor or non-existing interactions between the Pd and the Ln. This
assertion was tested by performing orbital permutations (a schematic representation is given in Figure
3.29). In the case of 2.6, two types of such permutations were attempted: promoting either pure Yb
4f electrons or the orbitals bearing interactions between the metals into the active space at the
expense of some of the Cp*-based orbitals. Only the shifting of Pd 4d orbitals into the active space
was attempted in the case of 2.7.

Virtual space

Active space

Inactive space

+34 [+t |

Figure 3.29: Principle of orbital permutations at the CASSCF level.

Regardless of the manoeuvre performed, the permutations did not succeed, since none of the
attempted operations resulted in any interaction between the electrons already present in the active
space and those that were promoted. There were no notable changes in the electronic structures,
implying that such permutations were not realistic or plausible from an energetical point of view.

3.3.2. The methyl-bridged Yb-Pd complex.

The unusual structure of 2.2 raises several questions about the electronic interactions within the
molecule. Is there an interaction between the Yb and the Pd metal centres, due to their close
proximity? What is its magnetic configuration? The 'H NMR data collected in a relatively narrow
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temperature range would point to a doublet, on account of the paramagnetically shifted signals,
presumably due to the 4f3 configuration of the Yb" (Figure 2.13). However, a recent report described
a mixed-metallic Gd-Pd complex (d(Gd-Pd) = 3.20 A), where a large split in the peaks was observed in
the EPR spectra, suggesting an axial perturbation by the Pd centre. This was indicative of electron
density donation towards the lanthanide centre.®* Perhaps the shorter distance in 2.2 could be
conducive to an exchange coupling between the two metals.

In the absence of more experimental evidence that could substantiate these claims, we turned to
theoretical computations. The geometry optimisations were carried out at the ZORA2 level for three
configurations — doublet, quadruplet and sextuplet. Clearly, the doublet is the most probable state
and the latter two would require unlikely scenarios, such as an open-shell on the Pd centre and a
considerable excitation to promote an electron to an unoccupied shell on either metal.

Av. Values (A or °)

Distances XRD structure doublet quadruplet sextuplet
Yb-Pd 2.877(1) 2.922 2.852 2.960
Pd-Me; 2.123(2) 2.116 2.226 2.157
Pd-Me; 2.123(2) 2.120 2.209 2.155
Yb-Hwme1 2.179 2.196 2.307 2.408
Yb-Hwme2 2.233 2.205 2.310 2.383
Yb-Cwiea 2.552(2) 2.602 2.582 2.966
Yb-Cme2 2.559(2) 2.602 2.586 2.941
Pd — Cp*ctr 2.017 2.036 2.163 2.316
Yb — Cp*ctr (avg) 2.332 2.359 2.376 2.317
Me-Pd-Me 117.92 118.71 119.16 135.87
Me-Yb-Me 90.78 88.91 95.47 85.17
Yb-Pd-Cp* ctr 177.65 179.31 176.94 178.33

Table 3.11: Main distances and angles in the crystal structure of 2.2 and the computed structures, at different multiplicities.

On the basis of the geometrical features, the sextuplet results in the worst reproduction of the crystal
structure, as evidenced by the considerable deviations in the Yb-Cuwe bond and the Pd-Cp*
environment. Between the doublet and the quadruplet, the former does a better job, on average,
although the distance between the Yb and the Pd is not in perfect agreement with the solid-state data.
The doublet reproduces the finer features of the crystal structure better: the linear arrangement
between Yb, Pd and the centroid of the Cp* and the way the latter isn’t contained in the plane formed
by the atoms of the Pd coordination environment (Figure 2.6). The geometry optimisation
homogenises the Pd-Cc,+ bonds, as they are all contained in a smaller spread than in the crystal
structure (2.332-2.407 A).

The DFT calculations would place the doublet as the most stable state, with the quadruplet and the
sextuplet being 28.20 kcal/mol and 100.82 kcal/mol above in energy, respectively. Due to the
limitations inherent to the method, notably due not reproducing the relative energies of the 4f orbitals
accurately, calculations were also performed at the CASSCF level (9,12). The geometries obtained at
the DFT level were used as basis for the CASSCF calculations. All of these resulted in systems which
were predominantly mono-configurational (>93% weight of the dominant configuration). The
implications of these results will be discussed in larger detail below. At the CASSCF level, the order of
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the three configurations remains unchanged, but the energy gaps now grow to 108.40 kcal/mol and
233.10 kcal/mol for the quadruplet and sextuplet, respectively.

Subsequently, the question regarding the interaction between the two metals was investigated at
both levels of theory.

The electronic structure, computed for the doublet state at the ZORA3 level, would not suggest any
interaction between the two metal centres near the frontier orbitals. The most striking feature would
be that the Pd 4dz? orbital is pointed towards the Yb (HOMO-8 in Figure 3.30), which would create the
spatial conditions for an orbital interaction. The only orbital presenting any hints of participation from
both metals is the HOMO-47, where both contributions are meagre. This Pd 4dz? does not participate
in the bonding Pd-Cp* interactions. The Yb 4f orbitals are also quite low-lying in terms of energy,
regardless of the methodology chosen.

HOMO-47 HOMO-8 HOMO

Figure 3.30: Main orbitals at the DFT level for 2.2 in the doublet configuration.

The electronic structure at the CASSCF (9,12) level is significantly different. The active space was
chosen in order to include the 4f and 4d orbitals and a number of the corresponding electrons. The
size of the active space was varied to monitor the evolution of the electronic structure. 2.2 was
therefore calculated as a doublet at the (5,8) and (23,15) configurations. Increasing the active space
lowers the weight of the dominant configuration, but has no impact on the orbitals themselves.

In the active space, the 9 electrons populate only Cp*-based antibonding orbitals, whilst the vacant
orbitals involve similar interactions. Therefore, examining the relative occupations of the orbitals
therein does not seem chemically pertinent, as they would play spectator roles in reactivity. The non-
dominant configurations are not very influential, either, as they contribute to a variation of no more
than 0.07 electrons in the occupancy of the orbitals in the active space.

The active space comprised of 9 electrons in 12 orbitals does not include the desired Yb 4f and Pd 4d
electrons. Only in the (23,15) configurations are there Pd 4d electrons present. Below the active space,
regardless of the active space, the Pd 4d electrons are involved in bonding interactions with the Cp*
and methyl groups (sometimes with marginal contributions; Figure 3.31).
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Figure 3.31: Involvement of Pd 4d electrons in bonding interactions, below the active space.
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The remarkable feature of this compound is found within a series of closely packed (all within 1.1 eV)
orbitals below the active space, containing significant participation from both the Pd 4d and Yb 4f
shells. Some of the orbitals involve an interaction over the bridging methyl groups (Figure 3.32, right).
There is some variation in the precise shape of these orbitals in between the computed multiplicities,
but the conclusion is the same. Overall, these orbitals amount to 3 pairs of bonding and anti-bonding
orbitals. This suggests a global bond order of zero between Yb and Pd. It is worth noting that, contrary
to the DFT calculation, the Pd 4dz?is involved in both bonding orbitals with the Yb and with the Cp*.
This would be consistent with the observation mentioned above, that this orbital is pointed towards
the Yb and this orientation may be related to the coordination environment of the Pd. Perhaps due to
the difference in the description of the relative energy of the lanthanide 4f orbitals between CASSCF
and DFT, the interaction with the Pd orbital is now enabled. This discrepancy will be examined in
broader detail further on.
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Figure 3.32: Preview of some of the CASSCF orbitals of 2.2 that contain contributions from both metal centres.

Previous examples of heterometallic complexes where wave-function methods were used found an
interaction placed the contribution of the lanthanide at less than 10%, a figure which is clearly
exceeded in this case.?® The bonds in the cited example are qualified as dative. The analysis of the
orbitals shown in the left and the centre of Figure 3.32 show Yb/Pd orbital contribution ratios of 63/37
and 60/40, figures which are unheard of in the literature. Given the controversy® surrounding the
interpretation of Ln-TM “bonds”, a knee-jerk assimilation of these results as evidence of covalent
interactions is imprudent and would require extensive experimental and theoretical validation before
a definitive attribution of its nature.

The most conspicuous void in the available data is the solid-state magnetic data, which would, at least,
confirm the oxidation state of the Yb throughout the usual temperature range. Any deviation from the
expected behaviour of Yb"' species®®®®
techniques for more insight.?

would be an invitation to examine further spectroscopic

3.3.3. Further descriptors to analyse the interactions.

It would appear that, contrary to 2.2, no important covalent interactions are present in the trimetallic
adducts. This raises the question as to which forces help stabilise the unusual arrangements in
complexes 2.6 and 2.7. To this effect, further analyses on all three complexes were performed.

A quantitative appreciation of the main bonds in these complexes was sought. Some of the more
frequently computed bond indices, used to gauge the strength of the interaction between two metals,
were calculated. The Wiberg bond order (WBO)®7%° and the Formal Shortness Ratio (FSR)**7° were
both used in several influential works related to intermetallic distances. The latter is calculated as the
ratio between the intermetallic distance and the sum of the covalent radii of the two metals. In this
case, the references for the radii will be the values tabulated by Pyykks.”
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2.6 2.7 2.2
WBO 0.62 0.77 0.53
FSR 1.01 0.99 0.99

Table 3.12: Bond indices computed for the Ln-Pd bond in the heterometallic complexes. “WBO” — Wiberg bond order; “FSR”
— formal shortness ratio.

In both metrics, whilst not necessarily excelling, the complexes presented in this work are competitive
with the references in the field. To the best of our knowledge, the highest WBO computed for Ln-M
complexes is 0.83 for a Nd-Ga adduct.!” The previously cited UVRh'; complex, described by the group
of Liddle as having a double dative bond, presented a WBO of 1.30 and a head-in-class FSR of 0.87.3!
For further comparison, FSRuuni =0.90%° and FSRi,pq =1.03%7 in some of the more pertinent Ln-based
heterometallic adducts. On this basis alone, it could be inferred that there are non-negligible
intermetallic interactions in the three complexes.

QTAIM analyses were therefore pursued. The results for the main Bond Critical Points (BCP) are
presented in Table 3.13.

Property p(BCP) V2(p(BCP)) H(BCP) DI
Yb-Npyr 0.06 0.217 -0.008 0.339
2.6 Yb-Pd 0.03 0.058 -0.007 0.267
Pd-Cpyr 0.11 0.313 -0.033 0.860
Sm-Npyr 0.06 0.183 -0.007 0.346
2.7 Sm-Pd 0.04 0.083 -0.008 0.354
Pd-Cpyr 0.11 0.305 -0.032 0.847
22 Yb-Cwme 0.04 0.129 -0.002 0.192
Yb-Pd 0.04 0.064 -0.007 0.200

Table 3.13: QTAIM analysis of the trimetallic adducts. Nomenclature: p(BCP) — electron density at the BCP; V2(p(BCP)) —
Laplacian of the density; H(BCP) — energy density at the BCP; DI — delocalisation index.

There are several trends that stand out. In the classical interpretation of AIM theory, the value of the
Laplacian V%(p(BCP)) is an indication of the type of interactions, which is to be paired with the value of
the total energy density H(BCP). The absolute values are related to the strength of the interactions.
For example, a covalent bond is described by large negative values for both metrics, whilst positive
ones correspond to ionic interactions. In our case, the values correspond to weak dative interactions.”?
Further, the delocalisation index (DI) is a measure of the quantitative sharing of electrons between
the two considered atoms, but, according to Bader, is not equivalent to a bond order.”

In the trimetallic adducts, all the values are, overall, low, but are highest for the Pd-Cp, bond,
indicating that it is the strongest interaction among those that are more important to the binding of
the molecular fragments to each other. There is not a significant difference between the same values
for 2.6 and for 2.7. This can be interpreted as follows: the previously used separation of the molecule
into the [Cp*,Ln""]* and [Pd°(pyr),]* is pertinent. In each fragment stronger interactions are present,
that maintain each of the fragments together (notably the Pd-C,,:) bond, but the attractive forces
between the fragments themselves are not particularly strong (relatively weak Ln-N,r and Ln-Pd
interactions).

As for 2.2, QTAIM analyses would suggest that the strength of the interaction between Yb" and Pd" is
very similar to those of the trimetallic complexes.

These conclusions for 2.6 and 2.7 are corroborated by ELF analyses. Valence basins, integrating for a
larger number of electrons, are found for the Pd-Cpyr and Yb-Ng,, for both complexes (Figure 3.33, left
and centre). Two valence basins were also found for Yb-Pd (no equivalent basin was found for 2.7),
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accounting for approximately 2 electrons, with a strong localisation index. This indicates that the
electronic density is principally concentrated on the Yb" centre, with low participation from the Pd.

Figure 3.33: Main ELF valence basins found for the trimetallic complexes, illustrating the Pd-C,,- bond (left), Ln-N,, (centre,
both computed for 2.7) and the Yb-Pd interaction (right, only found for 2.6).

The same ELF analysis was performed for 2.2. A valence basin between the Yb and Pd centres was
located, with nearly identical metrics and conclusions to the ones presented above.

Figure 3.34: ELF valence basin interposed between the Yb and the Pd centres, found for 2.2.

The forces that ensure that the atypical structures of the trimetallic complexes are kept in place
therefore include a number of interactions that could be considered covalent. Another component
that may contribute is the stabilising effect of dispersive forces. To that end, the Non-Covalent
Interaction (NCI) mapping was performed. The NCI plots are ostensibly identical for both complexes
(that of 2.7 is shown in Figure 3.35).

Figure 3.35: NCl plot of 2.7. Colour-code: repulsive forces — red, covalent interaction — blue, non-covalent interaction — green.

Besides the expected and aforementioned covalent interactions, it is interesting to note that the
[Pd(pyr)2])* fragment is englobed by a significant amount of non-covalent interactions with the Cp*
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co-ligands on the Ln centres. Stabilising interactions are also found between the Cp* groups on the
same and on opposite metal centres. Therefore, dispersive forces play an important role in stabilising
these edifices. This is not surprising, as the large and relatively encumbered structures are conducive
for these types of interactions.

To better quantify the contributions of each type of forces at play in the trimetallic adducts, Energy
Decomposition Analyses (EDA) were carried out. Two different ways of splitting the complexes were
envisaged (Scheme 3.13). First, one [Cp*,Ln""]* fragment was split from the trimetallic complexes,
leaving one [Cp*,Ln(pyr)Pd] adduct. The second, describing the aforementioned partitioning into two
[Cp*,Ln"]* and one [Pd®(pyr).]* fragments was proposed. The former was inspired by the findings,
presented in Section 3.2.2, inferred from the formation rates of 2.6, after the reaction between
ytterbocene and 2.4.

Decomposition 1 Decomposition 2
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Scheme 3.13: The two proposed decomposition schemes for the EDA analyses.

Following on the methodology described by the group of Hall in a recent work,®® the fragments were
to be computed as either charged or neutral fragments. This allows a more nuanced interpretation of
the electrostatic interactions between the chosen fragments. As is intuitive, the relative contributions
from such interactions are enhanced if charged fragments are considered. However, due to the
significant computational cost of such calculations, only the decompositions based on neutral
fragments were performed. The breakdown into each energy component for the two decomposition
schemes is shown in Table 3.14. The EDA analyses were sensibly identical between the two complexes,
therefore only the data for 2.6 is presented.

Decomposition 1 Decomposition 2

Pauli repulsion 227.55 466.59

(steric) (62.07) (42.44)

Electrostatic -165.47 -404.15

Orbital -160.41 -203.61

Dispersion -22.59 -32.69

Bonding Energy -120.92 -193.87
Orbital % 46 32

Table 3.14: EDA results for complex 2.6, following the two proposed decomposition schemes. All energies are given in
kcal/mol.

It is not very surprising that the electrostatic contributions and the Pauli repulsions in Decomposition
2 are roughly two times larger than that of its counterpart, as it twice considers the interaction
between the Ln and the Pd fragments. However, not all of the components vary in the same
proportionate way. Most notably, the orbital contributions from the two decomposition schemes are
within 20% of each other. This difference could be rationalised by an underestimation of the covalent
forces that come into play for the two separate interactions in Decomposition 2. Nevertheless, this
comes to show that there is a good measure of stabilising orbital interactions that help keep the
structure in place.
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The same analyses could be carried out for both charged and neutral fragments configuration for 2.2.
In this case, the decomposition separated the same [Cp*,Yb"']* fragment as for the trimetallic adducts
and a (Cp*PdMe;) fragment.

Computing the fragments as charged fragments increases the overall bonding energy by more than
55 kcal/mol. This is due to the Pauli repulsion, which is decreased fourfold. Curiously, the attractive
electrostatic interactions are within 5 kcal/mol of each other in both cases. When the fragments are
computed as neutral species, the orbital interactions play the dominant role in the overall bonding
energy.

Neutral fragments Charged fragments

Pauli repulsion 424.94 102.54

(steric) (261.15) (-65.62)

Electrostatic -163.79 -168.16

Orbital -354.5 -83.75

Dispersion -17.94 -17.94

Bonding Energy -111.29 -167.31
Orb% 66 31

Table 3.15: EDA results for complex 2.2, computed as either neutral and charged fragments. All energies are given in kcal/mol.

3.3.4. Partial conclusion.

The short distances between the Pd and the Ln centres in the three heterometallic complexes
described in this work could have suggested intermetallic communication between the metal centres.
This assertion prompted a theoretical study into their electronic structure.

The topological analyses undertaken so far support the assertion that there is no significant covalent
interaction between the Pd and the Ln centres in 2.6 or 2.7. A weak, dative interaction can be inferred.
This would indicate that the short intermetallic distance is not sufficient to enable a stronger
interaction between them. This conclusion is slightly antithetical to some of the more intuitive
chemical considerations, related to the extrapolations between bond length and the strength of the
interaction.

The computed data validates the premise of a lack of any electron sharing in the case of the trimetallic
adducts. There is no evidence for any electron transfer between the Ln and the Pd, since the solid-
state magnetic data unequivocally point to Ln"' centres across the entire studied temperature range.
Therefore, the Pd is zerovalent. Arguably, the electron transfer from ytterbocene to the coupled
products 2.4 or 2.5 is the triggering step for the genesis of these trimetallic complexes, but the
experimental data does not support any strong interaction between the metals once the complex is
formed. Further analyses, such as EPR or XAS, could be carried out for a finer understanding of the
configurations of the major components — Ln, Pd, pyridyl groups — of the complexes 2.6 and 2.7.

It should be noted, however, that these bond orders are extrapolated on the basis of covalent radii,
which, themselves, are empirically created averages for each element. Without experimental and
theoretical support, the bonding schemes they infer should be interpreted cautiously. Their predictive
powers could be poorly adapted to the minute variations due to the specificities of various chemical
parameters, such as choice of ligands or the steric constraints of the environment. Moreover, the
continuous evolution of the theoretical bases of the organometallic chemistry of lanthanides would
suggest that there is much yet to learn as to their behaviour in complex situations, such as their redox
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chemistry or of multiconfigurational ground states.”*” This would, logically, also apply to a field so
dependent on subtle chemical considerations, such as lanthanide-based intermetallics.

This may explain some small inconsistencies in the data for the trimetallic adducts. Both of them have
roughly the same FSR, but differ in the WBO. The one with the highest apparent bond order — 2.7 -
offers no sign of any orbital interaction in the electronic structure and its ELF data shows no valence
basin corresponding to the Sm-Pd interaction.

On the other hand, the complex with the lowest WBO — 2.2 — has a very intriguing set of orbitals,
showing a strong participation from both metals — a unique situation in lanthanide-based
intermetallics. Despite this apparent sharing of electrons, it is important to remember that the
bonding and anti-bonding orbitals in 2.2 even each other out (3 each). Therefore, the electronic
structure at the CASSCF level is consistent with the overall low bond order between the two metals,
that is suggested by the topological analyses.

The EDA analyses for this complex offer an eloquent demonstration as to why the methodology
chosen has a significant impact on the result. Computing the fragments as either neutral or charged
species drastically alters the relative weight of either the electrostatic or the orbital contributions. In
this respect, the work of the group of Hall is, once again, pertinent.®® The EDA analyses carried out in
the cited work resulted in comparable differences in the relative contribution of the attractive
electrostatic energy, depending on the charge of the fragments.

Specifically, for computed La-Fe or Lu-Fe compounds, the percentage of the electrostatic energy was
circa 74% and 41 or 56% when the fragments were computed as charged and neutral species,
respectively. The percentage of electrostatic contribution was compared to EDA results for other
typically ionic bonds, such as Ln-X (where X is a halide) bonds, finding the same overall percentage. In
contrast, for a Zn-Fe interaction, of a significantly more covalent nature, the electrostatic interaction
accounted for 64.6% in this case. The authors concluded that the EDA analyses pointed to a strong
ionic bonding character in the Ln-based intermetallic interaction.

In our study of 2.2, this percentage is 69% — an intermediate figure between a presumed ionic
interaction and a covalent one. This would, in theory, support the observations issued from the
orbitals at the CASSCF level of theory (Figure 3.32), where there are multiple orbitals with significant
participation from both metals.

Contrary to the case of the trimetallic adducts, it was not possible to obtain, at least, the solid-state
magnetic data required to arbitrate the contradiction between the electronic structure and
topological analyses. Ab initio calculations of magnetic properties could prove to be a competent
substitute, due to their proven track record in giving a very good estimation of the magnetic properties
of organometallic complexes.”®78 Efforts are currently invested in this direction.

In the absence of such data, further theoretical work was carried out to delve into the origins of the
Yb-Pd orbital interactions.

3.4.Theoretical computations on the Cp*.REMe.TMCp* structure.

As shown in Figure 3.32, there is an unusual amount of orbital interaction between the two metal
centres in 2.2. This situation is atypical for 4f-TM compounds, as it is assumed that the f-electrons of
the lanthanide series have insufficient radial extension to reliably form orbital interactions. It seems
reasonable to assume that these bonding orbitals contribute to the stabilisation of the complex.
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Furthermore, the presence of a number of methyl-mediated orbitals would suggest their key role in
favouring such a close interaction.

As such, it was unknown at this conjecture what factor is responsible for the unusual orbital
interaction at the CASSCF level between the Yb and the Pd. One of the crucial questions to be
answered via spectroscopic analyses is whether the orbital interaction is actually manifested in an
experimentally verifiable exchange of electrons. Additionally, an obvious question to be examined
relates to the difference between 2.2 and 2.6, where no comparable interactions were observed,
which is an agreement with some of the experimental data (most notably, solid-state magnetism).
Clearly, there are several important distinctions between the two complexes, related to the oxidation
state of the Pd, its chemical environment and the bridging units between the two metals (methyls vs

pyridyls).

In absence of experimental data, we turned to theoretical computations. A series of complexes was
computed in order to probe the influence of all of the potential elements in this structure. All the
complexes in this Section were optimised at the ZORA2 level of theory. Since the bonding orbitals
were obtained at the CASSCF level of theory, our efforts were focused on this method, permitting a
pertinent comparison with the data obtained for 2.2.

3.4.1. Dependency on the Pd coordination environment.

It is plausible that the Pd coordination sphere helps spatially block the Pd in close proximity to the Yb
and therefore orientate its 4d orbitals towards the Yb 4f electrons. But this, in itself, might not be
enough to enable an interaction. As there are other examples in the literature of relatively short Pd-
Ln distances, it is pertinent to wonder if there is a minimal required distance that would enable an
electronic interaction. Within this discussion, it is opportune to also query whether the relative
orientation of the plane formed by the coordination sphere of the Pd centre with respect to the
lanthanide is also a requisite condition for an interaction. Indeed, a good matching of the orbital
symmetries is required for a good overlap and the angle of the aforementioned coordination sphere
of the Pd is likely to be an influential metric. The computed compounds in this section will probe both
factors.

Furthermore, the chemical nature of both the bridging methyls and the Cp* will be changed to test
their impact on the orbitals featuring the contributions of both metals. Unless stated otherwise, all
complexes herein have been characterised at the CASSCF level with a (9,12) active space.

As all the computed complexes that will be considered in this Section are bound to alter the calculated
Yb-Pd distance, it is useful to examine, all other things being equal, the range within which we can find
the specific orbital interactions discussed in the previous section. To this regard, a series of
homologues of 2.2 were computed, where the Yb-Pd distance was fixed at given values.

The Yb-Pd distance was varied from 3.00 A to 3.20 A in 0.05 A increments. Helpfully, in all cases, these
different distances did not lead to significantly altered geometrical environments. The molecular
scaffold is invariable — the Yb-Pd-Cp* ctr angle is contained in the (179.31°-179.91°) range throughout
the study. This should imply that any divergence in the electronic structure is exclusively due to the
evolution of this specific metric.

The only changes observed — decrease in the Me-M-Me angles and lengthening of the Yb-Cyue bond
length — are inherent to the stretching of the structure. It’s worth remarking that the Pd-Cye and Yb-
Hwme bond lengths are almost constant throughout the studied range. Conversely, the distances with
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respect to the centroids of the Cp* co-ligands decrease for both metals (by about 0.2 A in both cases).
We attribute this to a greater electrostatic interaction between the Cp* groups and the metals.

The gradual increase of this distance did not lead to a dramatic change in the computed orbitals. The
characteristic orbitals, bearing contributions from both metal centres, are still present. The key
difference is that the relative participations become increasingly one-sided. Case in point: the orbital
bearing an interaction between the Pd 4dz? and the Yb 4f orbitals shown in Figure 3.32 evolves upon
the lengthening of the bond: the direct overlap disappears at 3.00 A and the contribution of the Pd
initially increases (not shown in Figure 3.36), before diminishing dramatically. In the case of the
methyl-bridged orbital, the evolution is two-fold: the contribution of the Yb increases during all the
range at the expense of Pd one. The methyl contribution steadily decreases, up to the point (at 3.15
R), where it disappears almost entirely. These conclusions ought to be measured prudently, as the
electronic structure is not entirely invariant upon the lengthening of the distance. The orbitals shown
in Figure 3.36 are simply the best fit for their peers observed at a shorter distance.
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Figure 3.36: Evolution of two CASSCF orbitals across the lengthening of the bond and their relative Yb/Pd contributions (in %).
The upper line shows the orbital bearing an interaction between the Pd 4dz? and the Yb 4f orbitals and the bottom line shows
the methyl-bridged orbital. The Co* co-ligands are cropped and the complex where d(Yb-Pd) = 3.00 A is not shown for clarity.

In this sense, it becomes apparent that the orbitals of 2.2 showing a hybridisation of both metals are
the result of significant electronic perturbation of the Yb 4f orbitals by the Pd 4d electrons. The farther
the Pd is, the less capable it is of affecting its partner. It is remarkable, though, that a non-negligible
effect remains even at 3.10 A.

The next effect that was probed was the ligand environment of the Pd centre. The objective is to
investigate the relation between, on one hand, the chemical nature of the coordination sphere and,
on the other, the symmetry that is imposed by it. Of particular importance is the relative orientation
of the square plane defining the Pd towards the Cp*,Yb fragment.

In that respect, the first step was to study whether the bridging function plays any role as an electron
relay from the Pd towards the Yb. The complex that was computed replaced the bridging methyl
moieties with hydrides — YbH2Pd. In principle, this substitution should preclude any hyperconjugation
that would be afforded by the carbon atom.
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The structural features of YbH,Pd present no surprises. The smaller bridging moiety imposes shorter
distances all around (M-Cp* centroids), as well as more acute angles. The Yb-Pd distance is slightly
larger than in the computed structure of 2.2 (2.945 A vs 2.922 A). From an electronic standpoint, there
is no significant difference with respect to the methyl-bridged complex. There are even a number of
orbitals involving the hydrides, along with the two metal centres (Figure 3.37).
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Figure 3.37: Main CASSCF orbitals of YbH,Pd, highlighting the orbitals involving the bridging hydrides.
Subsequently, the role of the Cp* co-ligand on the Pd was examined.

The Cp* was replaced in two complexes by cyclononatetraenyl (Cnt) — a larger equivalent of Cp*, used
in our laboratory” (YbPdCnt) — or 2-pyrimidine-(1H-imidazol-2-yl) (a smaller equivalent of the bimpym
ligand — YbPd(impym)). The rationale behind these choices was to also explore whether introducing
ring slippage (owing to the much larger size) or replacing the highly o-donating Cp* with a m-acceptor,
respectively, would engender any noticeable changes in the electronic structure of the complex.

Lastly, a third complex was computed, where the anionic ligand was put in the outer sphere. To that
effect, two MeCN were introduced in the coordination sphere of the Pd, with the bulky
tetraphenylborate anion completing the outer sphere (YoPdBPh,).

Figure 3.38: Computed structures of YbPdL, where L is the anion replacing Cp*. The plane determined by the Pd substituents
is calculated (shown in red) to highlight the relative orientation with respect to the Yb centre. Left: YbPdBPhy; top right:
YbPd(impym); bottom right: YbPdCnt.

All three complexes are shown in Figure 3.38. With regards to the Pd centre, YbPdBPh, and
YbPd(impym) are both square planar complexes. A square plane can be identified in the case of
YbPdCnt, as well (as shown in the calculated plane in Figure 3.38), but the Cnt is n3-coordinated, and
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all three Pd-Ccn: bonds are almost equal in length (2.25-2.27 A). The rest of the ring dearomatizes and
thus is deformed, as the Cnt ligand is wont to do when smaller metals coordinate it.%° It is evident that
all three complexes induce deviations from the geometry of 2.2. This effect is less significant in
YbPdCnt — the angle formed between the square plane of the Pd coordination sphere and the one
formed by the Yb and the two methyls is 23.92°, whilst this value is 42.45° in YbPd(impym) and 47.65°
in YbPdBPh,. For reference, the same angle in the optimised structure of 2.2 is 13.94°. The Yb-Pd
distances are, in the same order of the complexes, 3.064 A, 3.090 A and 3.197 A.

The electronic structures of these three compounds show, as a rule, fewer pure Yb 4f - Pd 4d orbitals
than in the case of 2.2. Pure 4f-4d orbitals designate those which contain little orbital participation
from the other fragments of the molecule, notably the Cp* groups. There are more orbitals where
there are non-negligible contributions from either the Cp* bound to the Yb or from the anionic ligand
(Figure 3.39). This effect is again less pronounced in the case of YbPdCnt, compared to the other two
structures — the contribution of the two metals to the orbital exceeds 94% in some of the concerned
orbitals, whereas none could be found where this proportion reaches 80% in the other two. In the
second type of orbitals, the relative contributions of the Yb and of the Pd may seem to also be quite
equitable, but the orbital involvement of the other groups skews this perception. Therefore, these
orbitals are not the best reference for a comparison with the electronic structure of 2.2.
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Figure 3.39: Examples of CASSCF orbitals of the YbPdL series, presenting involvement of other fragments of the molecules,
other than the metal centres.

In the pure Yb-Pd bonding orbitals, however, the relative contributions of each metal tend to be
significantly more one-sided (where participation from the secondary metal plateaus around 14%)
than in the parent complex. This, again, affects, YoPdCnt the least of the three (where this figure can
reach 17.6%). The contributions become more balanced in the anti-bonding orbitals, with the added
caveat that such orbitals also involve considerable participation from other atoms.

Given the dependency on the Yb-Pd distance discussed above, it could be argued that the lesser inter-
metallic interaction is due to the increased distance, which is no longer propitious for orbital overlap.

To probe this effect, all three complexes were reoptimized by fixing the Yb-Pd distance to that in the
parent complex, 2.2 (2.92 A). The shorter distances imposed changes in the geometries of the
complexes, but these mostly affect the aforementioned angles between the coordination sphere
planes (Table 3.16). Even so, these shifts are not consequential enough to invalidate the comparison
of the effect of the three anions.

It would appear that in the case of YbPdCnt the interaction between the metals becomes even more
favourable, as the pure Yb-Pd orbitals show up to a 76/24 split (compared to 17.6% in the unrestricted
geometry). This amelioration is most likely due to a mix of the closer distance and the more acute
angle, both of which should favour the orbital overlap between the two components.
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Relaxed geometry . Fixed Yb-Pd o
distance (2.92 A)
YbPdCnt 23.92 18.90
YbPd(impym) 42.45 45.60
YbPdBPh, 47.65 57.75

Table 3.16: Angles formed between the planes of the coordination spheres of the Yb and of the Pd. All values are in °.

In the other two complexes, there is not a significant evolution of the relative contributions from each
metal in the pure Yb-Pd bonding orbitals. The comparison is particularly salient in YbPd(impym), as
the angular variation between the relaxed geometry and the one with the fixed Yb-Pd distance is small.
Since the relative contributions of each metal do not vary in a meaningful way between the two
geometries of YbPd(impym) (Figure 3.40), the implication herein is that the orientation between the
metals is a more significant metric than the distance between them.

YbPd(impym) (3.09 A) YbPd(impym) (2.92 A)
Total
contr.lbutlon to 77.2% 84.0%
orbital from
metals
[ @ Py
& "t
(" s “ ‘ ‘
0 @ »
Orbital ‘s % ' @ e
. ’gﬁ ¢ v \QG
“ @
Yb/Pd 86.6/13.4 87.2/12.8

Figure 3.40: Evolution of a CASSCF orbital computed for the two configurations of the YbPd(impym) complexes: unrestrained
(3.09 A) and restrained Yb-Pd distance (2.92 A). The relative Yb/Pd contributions (in %) are given in the bottom line. Due to
variation in the shape of the orbitals upon the changing of the distance, the presented orbital is the best available fit.

3.4.2. Dependency on the transition metal.

Our synthetic trials performed by changing both the Pd and Yb reactants with homologous Pt and Sm
compounds, respectively, have heretofore failed to yield isostructural Cp*,LnMe,TMCp* complexes.

The presumed reaction mechanism, predicated on the reorganisation of the putative Yb(bimpym)Pd
complex towards Ybs(bimpym),, may be highly dependent on the stabilisation of transient species. It
is unknown why the Pd" fragment is capable of maintaining the structure, whereas the homologous
Ni and Pt species cannot. Based on the observations of the K(bimpym)TMMe, family, the sole
argument that springs to mind is related to the ion size — Pd" is slightly larger than its congeners.
Therefore, perhaps similar species could be obtained with larger divalent metals, such as Ca?* or Mg?'.

All the compounds calculated from hereon in shall be shortened to the LnTM nomenclature, with Ln
indicating the metal substituting Yb and TM — the Pd centre. The TM will be metals in the +2 oxidation
state. In all cases, geometry optimisations were carried out at first at the DFT level. Frequency
calculations confirmed that the optimised structures corresponded to minima. The cases where this
was not possible will be discussed individually in the subsequent sections.
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The first set of computations were carried out in order to examine whether 2.2 being formed was
uniquely due to specific interactions with the Pd. The most obvious candidates for an initial study are
Pd’s group 10 stablemates. Consequently, YbPt and YbNi were calculated as doublets.

Av. Values (A or °)

Distances YbNi 2.2 YbPt
Yb-TM 2.964 2.922 2911
TM-Me 1.991 2.118 2.101
Yb-Hwe 2.138 2.200 2.173
Yb-Cwe 2.582 2.602 2.618

TM — Cp*ctr 1.787 2.036 2.010
Me-TM-Me 117.42 118.71 120.90
Me-Yb-Me 82.50 88.91 88.57

Yb-Pd-Cp* ctr 179.12 179.31 177.53

Table 3.17: Main distances and angles in the computed YbTM series, where TM are the group 10 metals.

These structures kept the overall geometries of 2.2 — all three compounds keep the distorted square
planar configuration of the TM. The Ni'"-Cp* centroid distance is in the range of previous referenced
complexes in the literature (1.75-1.83 A).882 Pt-Cp* complexes, as for Pd, are quite rare species (only
13 structurally authenticated compounds), and the computed Pt-centroid distance is slightly longer
than the other Pt" examples.8-%

On the basis of the geometrical features, the interaction with the organolanthanide fragment is
different in the case of YbNi. The intermetallic distance is lengthened. In comparison with the other
structures, the Me-M-Me angle remains identical for Ni, but is reduced for Yb. This may have to do
with the steric constraint associated with approaching the Cp* groups to one another.

Perhaps owing to the larger Yb-Ni distance, the electronic structure of YbNi presents some differences
to 2.2. There are still some orbitals with contributions from both metals, but they are both fewer (3
vs 10) than in the case of 2.2 and these interactions seem less clear-cut. For example, in the orbital
shown in the centre of Figure 3.41, the contributions from Yb and Ni account for 9.4% and 6.3%
respectively. For the orbital shown on the right, those figures are 3.8% and 8.8%. Furthermore, it
would appear that the Ni 3dz?is oriented perpendicular to the Yb-Ni axis (Figure 3.41, left). This is
unusual, since there are no obvious reasons why the orbital interaction with the Cp* would be
forbidden. The orientation of the dz? orbital was speculated to be one of the conditions enabling the
Yb-Pd interaction in 2.2. At this stage, it is unclear precisely which factor is responsible for the
divergence of the two electronic structures.
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Figure 3.41: Preview of some of the more salient CASSCF orbitals of YbNi.
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Conversely, YbPt effectively mirrors 2.2’s behaviour. The same Pt 5d-Yb 4f orbitals are present.

In order to try to narrow down the list of factors contributing to the Yb-Pd bond, several other metals
were screened. Due to the higher simplicity of calculating neutral species, metals having a stable +2
oxidation state were favoured. Unless otherwise stated, all complexes were computed assuming low-
spin states on the TM, therefore a global doublet state. The active space for the CASSCF calculations
was kept to 9 electrons in 12 orbitals.

The presence of nd electrons in the valence shell proved to be necessary, as the alkaline earth metals
showed no sign of interaction. Their large ionic radii imposed deviations from the geometry of 2.2,
notably in the orientation of the methyl functions, but this was shown not to be essential in the
previous sections.

In the case of group 8 metals, the findings were slightly surprising. Although neither YbFe, nor YbRu
presented any significant interaction with the Yb centre, as is the case of 2.2, there were more orbitals
involving both the 4f and 3d shells in the case of Fe than there were 4f-4d for Ru. Perhaps this
difference can be rationalised by the structural features of the two complexes. Contrary to the Ni-Pd
pair, the Yb-Fe distance is much shorter than the Yb-Ru distance.

In a first approximation, the group 9 and 11 adducts were calculated to be isoelectronic to their peers
in the group 10. A similar principle was applied in a study of the activation barriers towards C-H
activation of methane, carried out by the group of Bickelhaupt.®® Therefore, the group 9 complexes
are calculated as anionic doublets, whereas group 11 are computed as cationic doublets. A simplistic
summary of the interactions of these YbTM complexes is presented in Table 3.18.

Alkaline Transition metals
Mg Fe Co Ni Cu*
Ca Ru Ag*
Ba Ir Au?

w u

Table 3.18: Computed YbM complexes. “+” indicates that the complexes were computed as cations, as anions. The green
filling for each respective metal indicates the presence of Yb-M interactions. The relative strength is colour-coded: very pale
green indicates weak interaction, green indicates pure 4f — nd orbitals with dominant contributions from one metal and dark
green indicates more equal contributions from said orbitals.

The availability of all the redox states from +1 to +3 for the group 9 and 11 metals is a good opportunity
to also investigate the correlation between the Yb-TM interaction and the charge of the TM.
Specifically, the objective of this study is to gauge the influence of the energy levels of the d sub-shell
of the TM. Therefore, all the complexes were reoptimised in the respective configuration. All the
charged compounds maintained the same active space, whereas the neutral adducts were computed
as singlets at the (10,12) level.

Co* Co Co Cu* Cu Cu
Rh Ag* Ag Ag
Ir Ir Au’ ac N

Table 3.19: Evolution of the Yb-TM interaction for the three possible oxidation states of the group 9 and 11 metals. Elements
written in red designate geometries that deviate significantly from that of the parent compound.

There is no clean-cut pattern that emerges. Elements such as Ag and Co show little interaction in all
the configurations. The fact that their respective Yb-TM distances also fluctuate rather significantly
(Figure 3.43) would seem to indicate that there is no dependency on either of the varying parameters:
bond length or charge. The YbCo (neutral) adduct, for example, has the shortest intermetallic distance
among the computed configurations, yet it shows the least interaction with Yb. The YbAg complexes
are invariant in both scenarios. Furthermore, the complexes where there are strong interactions with
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the Yb — YbRh*, YbRh", YbIr* — are not the ones with the shortest distance in their respective series.
The case of YbAu should be taken with a pinch of salt, as it deviates from the geometry of 2.2 (Figure
3.42).

Figure 3.42: Computed geometry of YbAu:, which deviate from 2.2’s structure.
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Figure 3.43: Evolution of the Yb-TM distance as a function of the metal charge.

3.4.3. Dependency on the lanthanide.

The entire lanthanide series was computed, as well as the group 3 metals — Y, Sc and La, in tandem
with the Me,PdCp* fragment. The last three are not expected to contribute in the same way as the
Yb, given that there are no nf electrons to speak of. They were computed in order to probe whether
interactions of a different nature could be found. In all cases, these compounds were computed
assuming the highest possible spin configuration for the Ln and no free spin for the Pd (i.e., ms=7/2
for GdPd, 3/2 for NdPd and ErPd, etc.).
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The computed structures can be divided into two general categories: symmetrical and asymmetrical
species. The first category of complexes are quasi-identical to 2.2, in the sense that the two bridging
methyls are almost equidistant with respect to each metal centre and that one H atom on each side is
in the plane formed by LnCwveCwvePd. This geometry can be seen in both the crystal and computed
structures of 2.2 (see Figure 2.6 or Table 2.2 for examples). In the second case, one of the methyls
respects this configuration, whilst the other has two H atoms pointing towards the Ln (Figure 3.44).
The asymmetrical structures are seen for PrPd and NdPd. This asymmetrisation is propagated across
the Ln-Cye and Pd-Cye distances.

Figure 3.44: Structure of NdPd, oriented in a Newman-like projection. The H atoms belonging to the masked C atom are
shown in red.

For the most part, the geometry optimisations ran smoothly and frequency calculations confirmed the
structures corresponded to minima. The only exceptions were the Pm, Gd and Er complexes, where
the usual convergence criteria (Tight) could not be achieved. For these specific examples, a lower
criterion was accepted (Loose). This was considered an acceptable solution, as the majority of the
optimisations that were run did not show any significant difference between the two convergence
criteria (Figure 3.45).
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Figure 3.45: Examples of the overlay of the geometries obtained using Loose and Tight convergence criteria.

As a measure of the good convergence for the symmetrical species, all the main distances and angles
on the Pd fragment are very well reproduced. For example, all the Pd-Cye and Pd-Cp* centroid
distances are contained within the 2.103-2.127 A and 2.041-2.081 A intervals. The only exceptions are
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GdPd and ErPd, where both distances are larger than the average by about 0.1 A. These deviations
could be rationalised by the fact that the Cp* bound to the Pd is not in the same position than in the
other compounds. Whilst the Ln-Pd axis is almost perfectly perpendicular to the Cp* plane, this is not
the case for GdPd and ErPd. Whether this is due to a poor convergence of the geometry optimisations
or to a specificity of these two complexes is unclear at this stage.

CASSCF calculations were subsequently performed, using the computed geometries. The primary
objective of this study is to investigate the role of all of the potential attributes specific to the Ln centre
in the formation of a Ln-Pd interaction, as was shown for 2.2.

The most immediately accessible factor to study is the population of the 4f sub-shell. None of the
group 3 metals in the +3 oxidation state possess any electrons in the f manifold. It is curious that,
although all these complexes were computed as singlets, these complexes were not
monoconfigurational. The dominant closed-shell configuration accounted for 84-88% of the
wavefunction. In all of the cases, there were small contributions from open-shell singlet
configurations.

No trace of Ln-Pd interaction was found in the group 3 complexes. In the very few orbitals which
registered participation from both metals, the Ln contribution was ~1%, a threshold that may qualify
such contributions as artefacts from the computation. Moreover, these contributions were issued
from trace populations of electrons excited into the unoccupied orbitals (4p and 3d for Sc, 5p and 4d
for Y, 5d for La) or from core orbitals (5s and 5p for La). The active space in ScPd and YPd presented
some orbitals with contributions from both centres, although these orbitals were barely occupied (less
than 0.005 electrons; Figure 3.46, right).
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Figure 3.46: Examples of CASSCF orbitals of group 3 complexes, showing Pd-dominated interactions with the bridging methyls
and an orbital in the active space with contributions from unoccupied orbitals of the Sc centre.
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The next computed complexes involve the early lanthanides (Ce-Sm), where the 4f manifold is starting
to fill up. Perhaps slightly surprisingly, no significant interactions with the Pd are observed. The only
hints of such are the same orbitals with fleeting contributions from the excited unoccupied orbitals of
the metals.

To test whether this conclusion was specific to lanthanides, the model actinide system UPd was
computed. Given the higher propensity of the actinides to engage in covalent bonding,*3 the
comparison with its neighbour (Nd) could prove to be informative. The computed structure, as is the
case for NdPd, was also asymmetrical. As it were, the situation is rather similar to the complexes
discussed above, except for one orbital, which presents a more evident bonding interaction with the
methyls (Figure 3.47). The methyls are in anti-phase with the Pd 4d orbitals, implying that there is no
attractive interaction between the two metals. However, there is no participation from the U 5f
scaffold in this orbital, which is consistent with what occurs with the lanthanides.
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Figure 3.47: Preview of the CASSCF orbitals of UPd, where both metals participate.

The rest of the lanthanide series presented a mixed bag. There were strong interactions present in
EuPd and TmPd and some weaker ones in HoPd, and none for the remaining complexes. Incidentally,
the latter is the only complex where such an orbital was found in the active space. Not only were there
fewer bonding Ho-Pd orbitals, but they featured disproportionate contributions from each metal
centre. The Ho/Pd ratio in the orbitals in question are 6.2/93.8% and 97.7/2.3%, which would seem to
indicate that they are more one-sided dative bonds, in line with previous reports.?’ Only TmPd,
however, presented the orbital where the Pd 4dz? orbital spatially extends towards the 4f manifold,
as is seen in the left panel of Figure 3.32.

In order to quantify the effect of the Ln-Pd interaction, an analysis of the structural features of these
complexes is pursued. Counter-intuitively, the Ln compounds containing an interaction all present an
upward tick in the Ln-Pd distance, breaking the expected evolution with respect to the lanthanide
contraction (Figure 3.48). One explanation that could rationalise this behaviour is that the electron
donation from the Pd centre reduces the partial charge on the Ln, contributing to a more significant
divalent character. On average, the ionic radii for the divalent metals is larger than the trivalent one
by 0.16 A, whereas the difference between Pd" and Pd" (the corollary of electron donation to the Ln)
is smaller (0.12 A).&’

Evolution of the distances with respect to La
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Figure 3.48: Evolution of the Ln-Pd distances, compared to the covalent radii of the lanthanide series.®. Gd was excluded, due
to the dubious optimisation. The complexes where there were 4f-Pd 4d interactions were found are designated by the green
squares. The size of the square gives a measure of the strength of the interaction.
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It would, therefore, perhaps be no coincidence that the Ln for which these interactions are observed
are the most readily available divalent lanthanides in the series. The sole point of contention in this
conclusion is the lack of an effect seen for the SmPd complex. In this case, a possible explanation is
that the fewer number of electrons available in the 4f shell does not allow all the required
hybridisations of the 4f orbitals in order to achieve the necessary symmetry of the orbitals, so that a
proper interaction with the Pd 4d electrons can occur.

To test this assertion, the CePd* complex was also computed. The reasoning is as follows: all the Ln in
the series are considered to be trivalent. The electronic configuration of Ce''is 4f1. This is very well
illustrated in CePd, which is predominantly monoconfigurational (94.3% weight of the dominant
configuration) and the sole 4f electron is located in a single, pure 4f orbital. By removing an electron,
the logical configuration would be Ce"-Pd". If the Pd centre does, indeed, contribute electronic density
towards its partnering metal, Ce" would be a good target, as the Ce"/Ce" couple is relatively
accessible.®. This species was computed as a singlet cation.

The evolution of the structural features with respect to the neutral adduct is consistent with enhanced
electrostatic interaction between the oppositely charged fragments, owing to the global positive
charge. The Ce-Pd distance is shortened by about 0.12 A with respect to CePd, to 2.892 A. The
distances between the centroids of the Cp* co-ligands and their metals are reduced by circa 0.045 A.
The corresponding Ce-Cp*(ctr) distance in the neutral adduct (2.501 A) was already shorter than the
previously described equivalents (2.534-2.578 A).%%2 Unfortunately, there are no structurally
authenticated CeV-Cp* compounds, so a direct comparison cannot be made. Given that the M-Cue
bonds are shortened in the case of Ce, but not of Pd, it is reasonable to affirm that the Ce"
configuration is more likely, on the basis of the computed geometry.

The interpretation becomes more convoluted upon examining the electronic structure of CePd®,
computed at the CASSCF (8,10) level. In stark contrast to the neutral adduct, a pair of singly occupied
orbitals are found in the active space, presenting bonding and anti-bonding interactions between the
Ce 4f and the Pd 4d electrons (Figure 3.49).
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Figure 3.49: Singly occupied CASSCF orbitals in CePd*, showing Ce-Pd interaction and each metal’s contribution to the orbital.

It is difficult to rationalise these observations. The presence of precisely one 4f electron in CePd* is
quite puzzling, as it would imply that Ce is trivalent in this complex. There are two possibilities that
can explain this behaviour.

In the first case, it would appear, based on the atomic population analyses'", that the calculation failed
to adequately attribute the loss of one electron vis-a-vis CePd to the presence of a Ce' centre. Rather,

*Calculated using the LoProp formalism.®® Population analyses are not used as an absolute indication, due to
their relative controversy.® Rather, what’s being investigated is the evolution when going from CePd to CePd*.
In this case, the variation in the local population of the Ce and Pd atoms is negligible (less than 0.02 electrons!).
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the positive charge is spread evenly throughout the molecule. The more polarised environment would
explain the shorter bonds with the Cp* co-ligands observed for both metals.

Nevertheless, there is a distinct Ce-Pd interaction in CePd*, but not in CePd. The underlying
explanation therein is that the interaction in CePd" is enabled by the shorter distance between the
two metals (as observed in Section 3.4.1). To eliminate this possibility, the neutral adduct was
recomputed using the geometry of the cationic structure (specifically, where d(Ce-Pd) = 2.89 A). The
electronic structure of this species is identical to that of the optimised structure of CePd — no inter-
metallic interaction is found. Clearly, the ambiguity surrounding these results precludes a simple
analysis.

The second possibility is that the calculations would compute the Ce centre as trivalent (or very close
to it), under the assumption that its surroundings would instigate a reduction of a putative Ce"V. The
most obvious source of a supplementary electron in this case would be the Pd". The alternatives would
be Cp*, which are known to be oxidised and subsequently expelled from the coordination sphere of
its binding metal.” This hypothesis can be discounted, since one of the Cp* ligands would have
decoordinated had it been oxidised. The implication of the second scenario is that the population
analyses are unreliable and not a good indication of the electronic structure of the compound.

The configuration of the Ce centre in CePd* was further explored by allowing multiple roots (10) within
the Cl (Configuration Interaction) formalism. The state interaction reshuffled the Ce 4f orbitals: there
are now three orbitals with the 4f electron participation in the active space — one pure 4f orbital and
two bearing interactions between the metals. Overall, the sum of the electronic contributions from
the Ce 4f electrons in the ground state rounds up to one electron. It is only in the excited states that
the complex showed a non-integer population (0.70 electrons) of the Ce 4f manifold. The first such
state was 56.48 kcal/mol above the ground state.

A leitmotif of all these complexes is the orbital centred on the 4d electrons of the Pd, which involves
the bridging methyl groups (Figure 3.50), which was also observed for 2.2. What is most conspicuous
is the absence of the participation from the pairing Ln in all but the aforementioned complexes. The
crux of the problem is to determine what factor enables the Ln 4f-Pd 4d interaction in some cases, but
not in others.

Figure 3.50: Pd 4d-dominated orbital found in all the complexes of the computed REPd series.
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3.4.4. Partial conclusion.
3.4.4.1. Finding patterns.

This section has sought to investigate some of the conditions necessary for enabling and enhancing
the unusually strong Yb-Pd interaction that was calculated for the complex 2.2. Some of the factors
are intuitive and straightforward, whilst others require a more subtle and careful examination.

It was shown, for example, that the nearly equitable contribution from both the Yb 4f and the Pd 4d
manifolds in a number of orbitals — a situation that has no precedent — is sensitive to the intermetallic
distance. This concept is relatively unambiguous, as sufficient proximity is required for an efficient
orbital overlap.

On the other hand, the evolution of the methyl-bridged orbitals upon the gradual lengthening of the
Yb-Pd distance (bottom line in Figure 3.36) raises a good question concerning the role of the methyl
moieties. At closer range, the bridging groups contribute significantly to the bonding orbital, in a
symbiotic relationship involving bonding interactions with each of the metals. Past a certain “bond”
length, the methyls no longer contribute to the orbital and the metal orbitals hybridise differently,
entirely changing their shape, whilst still maintaining the relative orientations required for bonding
interactions. By which mechanism does this occur? Is there spin density transferred towards the Me?
The answer to this question is unclear and requires further experimental and theoretical data.

The other structural ingredient which was tested was the co-ligand on the Pd. The main objective was
to investigate how the anion influences the geometry adopted by the Pd fragment with respect to the
organolanthanide. Our attempts, across three complexes, differed mainly by the angle formed
between the two metals’ coordination spheres (where the methyls are common to both). This angle
is quite small in 2.2 — 12.65° in the crystal structure, 13.94° in the computed structure and no larger
than 15.84° when the Yb-Pd distance was varied. In this regard, the three complexes can thus be
classified as having a small deviation (YbPdCnt — 18.90-23.92°, depending on the Yb-Pd distance) or
more perturbative ones (for YbPd(impym) and YbPdBPh,— where the values ranged from 42.45° to
57.75°).

It would appear that it is this metric that is most meaningful when it comes to governing the strength
of the Yb-Pd interaction, since specific symmetry requirements must be met in order to maximise the
orbital overlap between the Yb 4f orbitals and the Pd 4d ones. As was shown in the electronic structure
at all levels of theory, the Pd 4dz? is pointed towards the Yb, no doubt under the influence of the Cp*
co-ligand, with which it also heavily interacts. It is in this respect that the angle between the planes
determined by the metals’ coordination spheres plays its most crucial role. If the deviation were large,
then the Pd orbital would be poorly orientated, which would remove or severely hamper the
necessary conditions for the interaction with the Yb.

Once the structural requirements are established, the role of each metal was investigated. The first
set of calculations exchanged the Pd for other metals. The first observation pertains to the absence of
d electrons, which precludes any interaction with the neighbouring Yb.

The rest of the series would seem to exhibit no observable dependency on Yb-TM distance or overall
charge. The isoelectronic YbRh™ and YbPt — the homologue from the following period — manifest the
same strong interaction with the Yb, suggesting that electronic similarity to the Pd enables the
interaction. This does not, however, explain why YbRh*and Yblr* are alike.
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Exchanging Yb for the entire lanthanide series also produced mixed results. EuPd was the first complex
where strong interactions were present, to be joined by TmPd and 2.2. The cases of HoPd and UPd
deserve special mention, as the interactions within are weak or do not originate from f electrons,
respectively.

The observation that the complexes where interactions were observed are the most accessible
divalent lanthanides set the tune for a tentative conclusion: the interaction with the Pd is sufficiently
donating to induce the divalent character of the Ln. This, in turn, would lengthen the bond, explaining
the uptick in the Ln-Pd distance observed with respect to the lanthanide contraction (Figure 3.48).

The absence of SmPd — more readily available in the divalent state than Tm —among the complexes
bearing an interaction is surprising, given that it has only one 4f electron fewer than EuPd, where the
characteristic orbitals are found. It can be argued that more electrons occupying the 4f orbitals are
necessary to enable the hybridisation that is vital for an adequate match with the opposing 4d orbitals.
This explanation is not particularly convincing, as the CASSCF computations shows the involvement of
all 7 of the 4f orbitals for the occupied pure Sm 4f orbitals. These orbitals are found in the active space,
alongside significant contributions from the Pd 4d electrons, yet they do not interact. Recomputing
this complex with multiple roots (10) did not reveal excited states, where such interactions are
enabled.

CePd* was computed to test the theory of the contribution of the electronic density from the Pd. In
principle, it would imply that the electronic configuration of this adduct would be Ce"VPd". In contrast
to the neutral homologue CePd, a pair of the characteristic Ln-Pd orbitals were, indeed, found for the
cationic compound. It was suspicious, however, that there was exactly one 4f electron belonging to
Ce. This can mean one of two things.

The electronic configuration may have been poorly computed — the metals would be in the Ce"Pd"
state and the positive charge is spread evenly across the molecule. This conclusion is corroborated by
the population analyses, which show no significant modification of the metal environments. It also
seems plausible from a structural perspective, since the distances to the centroids of the Cp* decrease
for both metals, but the evolution of the other bond lengths seem to impact the Ce centre more.
However, this hypothesis is undercut by the fact that population analyses are famously unreliable and
do not give a faithful indication of the oxidation states — in this case — of the metal centres.

The other possibility is that the ab initio calculation assumes the Ce'V configuration is not the most
energetically favourable, due to the donating interaction with the Pd. Enabling the configuration
interaction with 10 roots would seem to substantiate this claim. The first state, where there isn’t
roughly one electron in the Ce 4f manifold, is more than 50 kcal/mol above the ground state.

In a sense, the computations on CePd may be construed to be similar to how interactions between
the metal centres were found in the YbM series. What could explain the fact that there are orbitals
with strong and comparable contributions from both metals in YbRh* and YbRh", but not in YbRh, for
example?

There isn’t an obvious common denominator among the factors that were examined in this section
that explains the observations for both the YbM and the LnPd series. The closest resemblance to a
trend is that the closest peers of 2.2 were the isoelectronic YbRh™ and neighbouring YbPt, on one hand,
and the other Ln with the most accessible divalent states, on the other.

This points to the fact that, other than intermetallic distance or symmetry, the matching of the
energies of the main interacting orbitals also plays a significant role in determining if or how strong an
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interaction can be. This observation would not be new: Andersen, for example, persuasively argued
that the prevalence of the monomeric or dimeric forms of Cp*,Yb(phen)-type complexes (phen =
phenanthroline) depends on the orbital matching between, on one hand, the Yb 4f and 5d levels and,
on the other, the ligand orbitals, bearing specific symmetries.®

What constitutes an evolution in this study is applying the same principles commonly reserved for
covalent orbital interactions to intermetallic species, based on lanthanides. It is somewhat ironic to
frame this discussion in this way, given the commonly held belief that the 4f elements do not engage
in a great deal of covalency.? After all, there are numerous examples in the literature of short-contact
heterometallic complexes, where no such strong interactions were computed.®1% |n fact, some of
them even bear a striking resemblance to 2.2.23%*

Perhaps the requirements for the intermetallic interaction dictate which of these putative complexes
can be isolated. The best bet for a homologous complex would be YbPt, which was not isolated in real-
life conditions, although not many attempts were made and its chemistry is still to be fully understood.
Further trials constitute a synthetic priority for the future.

3.4.4.2. Limits of the methods.

The hypothesis pertaining to the interaction enabled by the proper matching of the orbitals presents
one potentially glaring flaw: it may be dependent on the level of theory of the computation. The
significant difference seen between the intermetallic interactions within 2.2 at the CASSCF and ZORA3
levels of theory may be anillustrative example. There is quite likely an important difference in the way
the two computations evaluate the energy of the Yb 4f electrons. The electronic structure of 2.2, if
computed at the DFT-RECP level, shows several pairs of bonding-antibonding orbitals in between the
two metals, similar to those computed at the CASSCF level of theory. The same result could be reached
following a test at the Hartree-Fock level.

How is this development to be interpreted? There are two main differences between the ZORA3 and
the DFT-RECP levels of theory: the basis sets and the use of a relativistic Hamiltonian. It is unclear if
the difference in the electronic structures originates from these two factors. Is the use of a relativistic
Hamiltonian indispensable to enable the interaction? Or does the use of the pseudopotentials result
in a more accurate assessment of the Yb 4f orbitals?

To test this, a series of computations were performed on place-holder systems at both DFT levels, as
well as SA-CASSCF (State Averaged CASSCF), where the first 20 roots were taken into account. For
simplicity, the free ions Pd" and Yb" were chosen. The objective herein is to approximate how the
energies of the two main sub-shells are calculated. The results of these calculations are presented in
Figure 3.51.

As it were, the difference in the energy of the orbitals (taken, in this case, to be between the SOMO
of the Yb" and the lowest occupied 4d orbital of the Pd") between the two methods is very small at
the DFT level (less than 0.5 eV, for a total value of ca. 8.7 eV). The same metric is twice as large at the
SA-CASSCF (13,7) level.

Both of these observations strain the applicability of the method. The quasi-identical energy gap found
for the DFT methods is not consistent with the differing intermetallic interactions. The only difference
in the methodology that might explain this is the relativistic Hamiltonian and the adapted
relativistically recontracted basis sets, which would need to be sufficiently perturbative to induce
consequential variation of the metal orbital levels following the interaction with their respective
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coordination spheres. This hypothesis is dubious, especially with respect to the Pd centre. Whilst there
are minor differences in how the Yb 4f orbitals are computed between the DFT-RECP and ZORA3
methods, the Pd 4d orbitals are identical within a few wave numbers. This is to be expected, since Pd
is far less affected by relativistic effects than Yb.
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Figure 3.51: Energy levels of the Yb" 4f (blue) and Pd" 4d orbitals, computed at multiple levels of theory. In the interest of
clarity, only the electrons of the SOMO/HOMO are shown.

These findings cannot, then, cleanly explain why different types of computations produce different
interactions. To better understand the implications of this conclusion, it is important to return to the
initial premise, that motivated the extensive computational study presented in this section. All other
factors being equal, there were two vastly different intermetallic interactions in the electronic
structures computed for two complexes with short Yb-Pd distances — 2.2 and 2.6 — using the same
methodology (CASSCF). The lack of quantifiable interaction in the latter is substantiated by preliminary
spectroscopic investigations, as both of the concerned metal centres are in the Ln" configuration. The
contrast observed for 2.2 is a very promising object of study in itself, although the absence of
equivalent magnetic data limits the confidence margin in the conclusions presented in this work.
Simply put, one cannot confirm the data for 2.2 since the CASSCF methodology was validated in the
case of a similar complex.

3.5.Conclusion.

Contrary to the majority of characterised intermetallics, which are formed following deliberate
synthetic planning, all three Ln-Pd complexes presented in this work are obtained after complicated
molecular rearrangements. It was worth investigating the mechanism which leads to their formation,
in order to establish the necessary ingredients to trigger the rearrangement starting from the coupled
products 2.4 or 2.5.
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The use of other reductive substrates confirmed that simply transferring an electron onto either the
starting precursor 1.12 or the coupled products is not enough to activate the transformation pathway.
An argument that could explain this relates to the fact that none of the other reductants coordinate
to the substrate, presumably changing the target orbital where the electron is dispatched. Similar
observations were made for the K(bimpym)NiMe; system, since the use of ytterbocene and of KCsg
both resulted in coupling reactions, but not in the same positions.’* The influence of coordination of
metals to RAL edifices can be seen via theoretical computations (Figure 1.6).

Therefore, the use of 2.4 as a test subject for a further reaction with divalent lanthanide precursors
sought to obtain further clues as to the evolutions that lead to the trimetallic complexes. Three
simultaneous events take place when 2.4 is used: the reactivity with ytterbocene, the isomerisation
towards 2.5, and the latter’s own reactivity with ytterbocene.

What emerges from the reaction between 2.4 and ytterbocene is an intricate mechanism, from which
three products are isolated: 2.2, 2.6 and Ybs(bimpym),. The same complexes are obtained when the
isomer, 2.5, is used, but the reaction rate and the final ratio between them depends heavily on the
nature of the coupled product. These two differences can be attributed to the main structural features
within the two coupled complexes, namely in the relative arrangements of the two Pd coordination
spheres, where free ytterbocene is expected to react.

All the experimental observations collected in Section 3.2.2.2 pertain to the formation of the Yb-based
trimetallic adduct, as none could be collected following the direct reaction between samarocene and
1.12. Although it seems logical that the mechanism leading to 2.7 would be identical to that of 2.6,
this could not be experimentally verified. It is possible that some important clues can be gathered in
the synthetic attempts performed in the presence of the pyridine analogues, quinoline (leading to
2.8).

In this respect, the theoretical computations may offer an explanation as to why the two divalent
lanthanides perform differently. The larger samarocene would offer lesser steric constraints when
approaching the (bimpym)Pd fragment, allowing it easier access to the methyl and pyridine groups.
This should favour the subsequent reactivity of the degradation and reorganisation of the precursor
scaffold.

The second major objective of this chapter revolved around analysing these short Ln-Pd distances
from a quantum chemical computational perspective. Indeed, it is natural to assume that having
“bond” lengths close to the sum of covalent radii necessarily implies the presence of interactions
between two atoms, but the specificities of the radial extension of the 4f sub-shell in lanthanides
warrants scepticism.

Since lanthanides do not engage in covalent bonding to any significant extent,® strong (non-ionic)
interactions with its coordination sphere tend to leave subtler clues. This is manifested in phenomena
such as redox isomerism!®? or multiconfigurational ground states.”® The advantage of these
occurrences is that they tend to have very strong perturbative effects on the Ln1%® and they leave
spectroscopic signatures. Take, for example, the magnetic properties of ytterbocene-based charge
transfer complexes.®® The characteristic evolution of an Yb" ion (green dots in Figure 3.52) is in
immediate contrast with those of its multiconfigurational peers.

In that sense, the lack of strong electronic interaction between the Pd and the Ln in the trimetallic
adducts could have been foreshadowed by the magnetic data, reported in Section 2.2.3.2 (Figure 2.29
and Figure S2). In the solid state, 2.6 and 2.7 are nothing other than Ln",Pd® adducts all throughout
the 0-300 K range. This means that the proximity to the Pd centre is not sufficiently perturbative in
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order to induce a deviation from the expected magnetic evolution. Therefore, there is no electron
transferred between the two metals in the final compound (although, arguably, several electrons
exchange hands during the formation mechanism).
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Figure 3.52: Evolution of xT over T(K) for a series of Cp*,Yb(RAL)PdMe,-type complexes. Figure reprinted from ref 65.

Therefore, the electronic structures of the trimetallic complexes were in good agreement with the
magnetic data. The few computed orbitals where both metals contribute showcase negligible
participation from the junior partner, indicative of, at best, a dative bond between the metals. This is
corroborated by the analyses of the interactions within these structures, which show a weak
interaction between the Ln and the Pd centres. The main attractive interaction within these complexes
is undoubtedly electrostatic, legitimising their description as two [Cp*,Ln""]* fragments that interact
with one Pd%(pyr),* species. This is complemented by orbital interactions due to the Pd-Cpy,, and Ln-
Npyr bonds, as well as by dispersive forces.

The electronic structure of the bimetallic 2.2 was computed at different levels of theory. A unanimous
conclusion is the fact that the Pd 4dz? orbital points to the Yb centre (incidentally, the same
observations are valid for 2.6 and 2.7). For reasons that may be related to the treatment of the Yb 4f
electrons in all-electron DFT calculations, the theoretical conclusions offered by DFT and wave-
function-based methods diverge somewhat. The CASSCF computations reveal a series of orbitals with
unusually equitable Yb-Pd contributions, suggesting covalent interactions between the two metals,
although the number of bonding and anti-bonding orbitals even out, leaving a bond order close or
equal to zero.

Inspired by the intriguing electronic structure of 2.2, an extensive theoretical study focused on
determining the contributing factors to the Yb-Pd interaction was carried out. The structure of 2.2 is
a very good basis for such an exploration, since it has a much more workable size than its
heterometallic fellows, 2.6 and 2.7. This work explored the role of the structural features and the
participation of each metal centre. The findings paint a complex picture, where there is not one
reigning factor that explicitly enables this interaction. However, significant deviation from the optimal
parameters — be they structural (distance, angle) or due to chemical nature (choice of either metal) —
either reduces the strength of the interaction or eliminates it entirely.

The isolation of 2.2 — which seems to satisfy each and every computed criterion — does seem to be the
organometallic equivalent of finding the needle in the proverbial haystack. As previously mentioned,

227



Conclusion.

the Pd 4d orbitals point towards the Yb 4f manifold by virtue of being locked in this geometry by the
Cp* and the bridging methyl ligands, ensuring a short intermetallic distance along the way.

Furthermore, changing either of the participating metals results in only a handful of combinations
which keep the same potent inter-metallic interactions. The resulting implication would seem to
heavily borrow from chemical canon that is usually reserved for covalent orbital interactions, a domain
that is quite unfamiliar to the lanthanide series. It seems very likely that the intermetallic interactions
are activated for systems which maintain a very good match in the specific energy levels of the
participating orbitals between the two metals.

This would explain why, on one hand, YbPt and YbRh™ are capable of facilitating the same strong
interactions. Both of the valence orbitals should be energetically comparable to those of the Pd. On
the other hand, the common feature of EuPd, TmPd and 2.2 is the fact that all have accessible divalent
states for the lanthanide. This is slightly different conceptually to the considerations for the TM, but
still rely on the similarity of energetic features, in this case, the energy required to transfer an electron
onto the lanthanide.

These exciting findings could provide the impetus for attempts to obtain such complexes. Efforts
should be dedicated to exploring different synthetic avenues, as the mechanism resulting in 2.2 is
probably too specific to the Pd centre.

In the interests of caution, however, these preliminary conclusions ought to be grounded in
scepticism. The electronic structure of 2.2 is so enticing, precisely because it is in contrast with those
of 2.6 and 2.7. Yet, simply because they were all computed using the same methods, one cannot
simply extrapolate the findings and promote these computational conclusions to the level of real-life
experimental evidence. That the presence of these interactions seems to be dependent on the
methodology used add a further layer of uncertainty. Further studies corroborated the overall
electronic structure of this adduct, though, as the topological analyses would be consistent with a
weak interaction between the two metals, although the EDA results point to a more significant
covalent character in the attractive energy breakdowns (although it should be noted that other
covalent interactions contribute to this figure).

The evolution of this project is evident. Experimental data must be gathered in order to better
understand the nature of the interactions within this architecture. This sets the stage for an alluring
denouement: if the orbital interactions present in this structure are not corroborated by spectroscopic
analyses, then it’s worth questioning the methods that bore these results. If solid proof of electron
sharing between Yb and Pd is provided, then these findings would constitute a meaningful addition to
the understanding of Ln-based intermetallics.
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General conclusion and perspectives.

The synthesis, characterisation and exploitation of heterometallic complexes based on (divalent)
lanthanides and transition metals, bridged by redox-active ligands have been one of the main axes of
research in our group. This architecture is promising, since the potential stabilisation of reactive redox
states on the TM is likely to be conducive for new reactivity. Recent results in our group have shown
the benefit of this strategy™ and are part of the growing interest in the field of the cooperative action
inherent to some multimetallic edifices.

Within this context, this PhD sought to expand the categories of RAL that could be used. Up to this
point, the complexes always comprised one organolanthanide fragment and one TM fragment bound
to one symmetrical, neutral RAL. Two different types of ligands were envisaged to break this pattern:
the dppz and the Hbimpym (also used during the PhD of Ding Wang?®).

dppz presents three coordination sites. The desired complexes would include two lanthanides on each
monodentate site and one TM on the bidentate site. Almost all the synthesised TM precursors suffer
from poor solubility, which complicates further characterisation and the in situ study of subsequent
reactivity. Nevertheless, trinuclear Pd and Pt-based complexes were obtained (1.6 and 1.7). The
deviation of the ligand from planarity, as well as the structural features of the Yb, were proof of double
electron transfer, thus demonstrating the viability of the idea behind the choice of dppz as a ligand.

The continuation of this project depends on improving the solubility of the TM precursors. This was
seen in the Ir-based complexes, 1.4 and 1.5, which were more amenable to characterisation, due to
the presence of the lipophilic COD group. Otherwise, functionalising the dppz ligand is the most easily
attainable modification, whilst keeping the same synthetic protocol (Scheme 1.9). Another aspect to
be considered is the fragile coordination of the lanthanides, which could be displaced by a
coordinating solvent. It could be necessary to modify the destined coordination site for the
lanthanides to afford bidentate chelating coordination pockets.

Hbimpym can be obtained in either its protonated form, or as a deprotonated salt (Kbimpym). It offers
two different coordination sites: L, and LX. This increases the synthetic options for adding a TM
fragment on a precise coordination site. This was nicely illustrated in the Ir-based complexes 1.15-
1.19, where the metal can be deliberately placed in either of the two coordination sites. Although this
situation may provide additional flexibility in tuning ensuing reactivity, the presence of the acidic
proton or of chloride atoms are a very probable vector for potentially parasitic side reactions upon
the addition of divalent lanthanides. This was, in fact, illustrated by the synthetic trials, where only
one precursor could engage in reactivity with ytterbocene without the formation of a side product.

Kbimpym may prove to be very useful, since the presence of the K* ion as an anion abstractor would
favour the formation of simple salts, providing the driving forces for new synthetic avenues. Rather
than attempt to exploit electron-rich systems, where divalent lanthanides transfer an electron
towards the ligand and, ultimately, the TM centres, it could be used as a scaffold to build electron
deficient complexes (Scheme 1.16). Trivalent lanthanides could be coordinated to the ligand via salt
metathesis. However, the formation of 1.11, instead of the expected bimetallic system, would indicate
that the bimpym ligand may be an inadequate scaffold for the coordination of two metals
simultaneously.
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The series of group 10 complexes of the formula K(bimpym)TMMe, was completed following the
synthesis of 1.8 and 1.9 (and its derivative 1.10). In all of these, the TM is coordinated to the L; site.
The low solubility of the ligand renders syntheses inefficient and any large-scale attempts are
complicated by what seems to be a degradative process. Improving the solubility of Kbimpym would
help alleviate the synthetic issues encountered for the complexes. As for dppz, this could be achieved
by either reducing the size of the aromatic system (thereby disfavouring n-stacking) or by introducing
lipophilic substituents (Scheme 1.15).

The full family of group 10 K(bimpym)TMMe, complexes paved the way for a comparative study in
their reactivity towards divalent organolanthanides. The work performed on the Ni complex served as
a good guide for what could be expected.® Given that there are minimal differences in the structural
features between the three, one could have anticipated nigh-identical reactivities. Reactions with
ytterbocene proved this assertion to be both correct and false at the same time, since the three
reactions share a number of important features. At the beginning of the reaction, a heterometallic
Yb(bimpym)TM-type adduct, where ytterbocene has transferred an electron towards the ligand, is
formed. Yb(bimpym)Pd could only be observed when the reaction was performed in THF, however.

Depending on the TM metal, this complex is more or less stable towards the subsequent
decomposition towards the homotrimetallic Ybs(bimpym),, following the ejection of the TM
fragment. What is unique to the Pd reactivity is the isolation of a heterometallic Yb-Pd complex, 2.2.
It would seem that only in this case the TMMe; fragment is stabilised and can undergo reactivity, in
order to incorporate a Ln" fragment, resulting in a short Yb-Pd distance. This conclusion may be
subject to change, as the analogous Pt reactivity was not thoroughly analysed, due to the
aforementioned synthetic difficulties associated to the precursor, 1.8.

As an evolution of this project, more efforts could be dedicated to, at first, improving the synthetic
procedure of the formation of the precursors. Capping the K* is a promising avenue — the yield
obtained for 1.10 is much higher and the procedure is much more rapid. A second issue is related to
the difficult separation of 2.2 and Ybs(bimpym),, which severely hampers the isolation of high
qguantities of the former. This is a crucial requirement for an exhaustive characterisation of this
unusual complex.

On the other hand, Hbimpym was used as the starting ligand for the synthesis of complexes, where
Pd?* and Pt?* fragments were coordinated to the LX site of the bimpym ligand. Three such compounds
were synthesised and characterised — 1.12-1.14. The localised negative charge on the ligand expels
one of the methyl moieties, making room for a solvent molecule — an L-type ligand.

From a computational perspective, the work carried out throughout this thesis explored the electronic
structures of these complexes, to accompany the experimental observations in a symbiotic fashion.
The peculiarity of bimpym is that a coupling reaction occurs when an electron is transferred onto the
ligand. This could be deduced from the computed electronic structure, performed in numerous
configurations. It was established that the coordinating metal has an influence on the position of the
coupling reaction, but it is the nature of the metal that bears more weight. For example, there is little
difference in the electronic structures of (bimpym)NiMe; and K(bimpym)NiMe,, demonstrating that
the presence of the K* does not meaningfully affect the frontier orbitals. On the basis of the LUMOs
of these complexes, the coupling reaction should take place on the C atom on the opposite side of the
coordination site of the TM (Figure 1.6). Similar assertions can be made regarding the complexes 1.12-
1.14. When lanthanide fragments were added (for example, in 1.12-Yb or 1.12-Sm), it is the C atom
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on the TM side that has the largest contribution in the relevant vacant orbitals. This is ultimately
consistent with the subsequent experimental observations. We can therefore conclude that DFT can
competently describe and potentially predict the behaviour of such species.

The tendency of the bimpym-based precursors to couple when divalent lanthanide fragments are
added demanded a solution as to how this reactivity might be prevented. One of the hypotheses that
was proposed was that the presence of a second RAL in the coordination sphere of the TM might result
in a more significant delocalisation of the transferred electron. Although this could not be verified
experimentally, owing to the poor solubility of the bimpym ligand, the theoretical studies could prove
to be valuable in other synthetic conditions.

Likewise, the shape of the LUMO of the complexes where pyridine was the coordinated L ligand (1.12
and 1.13) was relatively unusual. The fact that it was almost entirely composed of the contributions
of the pyridine suggested that it could be involved in subsequent reactivity — an assertion that was
finally proven to be correct in the case of the Pd-based complex. The ensuing theoretical study sought
to replace the pyridine by other comparable ligands to examine the orbital interplay between the Pd
centre and the ligand. The results of the computations suggest that this interaction can be effectively
modulated — either the ligand’s tendency to interfere in the electron transfer can be enhanced
((bimpym)Pd(bipy)Me) or, conversely, using an electron deficient substrate can promote the
population of bonding orbitals. It remains to be seen if these putative complexes are experimentally
feasible, since, at this point, only the fluxional character of the pyridine was proven, and not the
capacity of other substrates to coordinate in its place.

One point of contention in the accord between theory and synthesis is the different behaviour of the
isostructural (bimpym)TM(py)Me complexes, since both present the same electronic structure. Upon
the addition of divalent lanthanides, they both form coupled products (2.4, 2.5, 2.13, 2.14 (the sole
heterometallic complex containing the bimpym ligand, issued from a reaction with samarocene) and
2.15). The subsequent reactivity observed for the Pd-based complexes could not be matched by its Pt-
based homologues, no matter the reaction conditions. This is intriguing, since, on the basis of the
computations, there is a minimal difference (less than 0.43 eV) in the energy gap between the LUMO
(pyridine pathway) and LUMO+1 (coupling pathway) for the two complexes. Since the electronic
structure of the coupled products was inaccessible due to their considerable size, simplified versions
of the Pd systems were computed. They, too, suggested that a pyridine-based reactivity would follow
the transfer of another electron. An equivalent study into the electronic structure of the Pt complexes
could be of interest in order to justify this discrepancy.

The addition of further divalent ytterbocene to the coupled products 2.4 and 2.5 results in a complex
decomposition mechanism, from which three main complexes emerge: the heterometallic Pd-Yb
adducts 2.2 (mentioned above) and 2.6 and the homotrimetallic Ybs(bimpym),. The formation of the
heterometallic adducts was unexpected and pushed this work into the domain of Ln-based
intermetallics, which arguably became the focal point of the doctoral project. It rapidly became clear
that the intricate formation mechanism of the heterometallics was exceedingly rare, if not unique,
among its peers, as the majority of Ln-based intermetallics are obtained via relatively simple routes,
following deliberate synthetic planning. This prompted a combined experimental and theoretical
study into the behaviour of the coupled products after ytterbocene addition.

What was established beyond reasonable doubt is that the addition of the divalent organolanthanide
kicks out the Pd fragments, in order to form Lns(bimpym),. This accounts for the whereabouts of the
bimpym ligand and confirms that the Yb" centres already coordinated to the scaffold do not engage
in further reactivity.
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As for the other components, the evolution is undoubtedly much more complicated. The bottom line
is straightforward: two complexes are formed, one with a Pd"Me; pattern (2.2) and one with a
Pd°(pyr). (2.6) pattern. The efficiency of the conversion towards either of the motifs is not fully clear
and depends on the coupled product that was used. In the case of 2.4, the kinetic studies would
indicate that a non-negligible portion of the Pd is not efficiently converted, which would explain the
black powder observed after the reaction is performed at a larger scale. It would appear, however,
that the process is more efficient in the case of 2.5, as, based on the kinetic data, consuming one
equivalent of 2.5 results in almost the same amount of each of the three complexes.

There is a significant difference in both the reaction rates and the ratio of the final compounds
between the two coupled products, 2.4 and 2.5. This is ascribed to the different arrangement of the
two Pd fragments with respect to one another. These discrepancies could point to the presence of
more than one reaction mechanism. Two such options stand out: one initiated by the C-H activation
of the pyridine group, which was modelled computationally, and one based on a ligand exchange-type
mechanism. Criteria such as the aforementioned ratios between the products or the formation of gas
during the reaction can be more consistent with either of the proposed evolutions.

The unusual Yb-based trimetallic complex prompted the examination of the same reactivity with
samarocene. Although no analogous coupled products can be isolated in this case, the isostructural
trimetallic complex is obtained (2.7). The natural conclusion in this case would be to assume that the
two adducts are formed following the same reaction mechanism. There are some indirect proofs
which suggest that this is the case, notably the careful resolution of the XRD data of the quinolyl-based
equivalent of 2.7.

The analysis of the structural features indicated that the Sm-Pd distances are shorter than the
equivalent Yb-Pd ones in 2.6, which is contrary to the expected lanthanidic contraction. This unusual
phenomenon prompted a thorough investigation. All the spectroscopic characterisations pointed to
Ln" configurations on both complexes, throughout the entire 0-300 K range.

It could be of interest to attempt the synthesis of analogous Ln-Pd-Ln arrangements with other
lanthanide synthons. However, reproducing the same approximate reaction conditions — addition of
divalent lanthanide precursors as a coordinating electron source — could prove to be problematic in
the case of the non-classical divalent lanthanides, which tend to be less stable in solution.

Further analyses were performed via theoretical computations to study whether an orbital interaction
between the two metals could justify this break in the lanthanidic contraction. No definitive proof of
such interactions could be found, at either the DFT or CASSCF levels. Topological analyses were in
agreement with the classification of the Ln-Pd interactions as weak dative.

On the other hand, the electronic structure of 2.2 at the CASSCF and DFT-RECP levels of theory showed
a series of orbitals with seemingly strong participations of the Pd and Yb metal centres. Moreover, the
relative contributions of the two were significantly more equitable than those of the previously
reported Ln-based intermetallics. Nevertheless, this seemingly covalent interaction does not mean
there is a strong bond between the two metals, as the overall bond order is zero. This interpretation
is corroborated by the topological (weak dative bond) and EDA (high contribution from attractive
covalent interactions in the overall interaction energy between the two fragments) analyses. With
regards to the latter, the contribution from the Yb-Pd interaction cannot be decorrelated from the
overall energy, so specific assertions in that regard cannot be made. Future work, related to
decoupling the intermetallic interaction from the rest, could be of some interest.
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These observations set the stage for an extended theoretical study, aimed at determining which
factors were important in enabling the aforementioned intermetallic interaction. It was found that
the structural features — distance between the metals and the relative positioning of one metal
fragment with respect to the other — play a key role in mediating the strength of the orbital interaction.
This forms the basis of a straightforward conclusion: if the two metals are not close enough and/or do
not have matching symmetries for an efficient overlap, the interaction will not occur.

The substitution of either the TM (YbM series) or the Ln (LnPd series) within this architecture resulted
in the interaction being maintained only for a select few complexes. The common feature of these
was electronic proximity to the metal that had been replaced. For example, YbRh" and YbPt —
isoelectronic to 2.2 and the homologue to Pd from the following period, respectively — manifest the
same strong interaction with the Yb. Why YbNi does not is worthy of a closer investigation, as are the
reasons why there are considerable orbital interactions in YbRh*and Yblr?, since it is not clear in what
way they are similar to 2.2.

As for the lanthanides, the only complexes similar to the parent compound were those where the
divalent state is most accessible. The implication therein is that, within the structure, the Pd" centre
would transfer a significant amount of electronic density towards the Ln. This is corroborated by the
fact that the Ln-Pd distances in these adducts deviated from the expected lanthanidic contraction
within the series: there was a marked uptick for each of them, which would be consistent with a
stronger divalent character on the Ln.

This hypothesis was tested on another relatively accessible redox couple — Ce"/Ce". The electronic
structure of CePd* shows one pair of orbitals with Ce-Pd interactions, where the former contributes
with one electron. In a certain sense, this result epitomises the difficulty associated with analysing
these results. The presence of the 4f electron is inconsistent with the intended computation and the
population analyses (admittedly, not the most reliable metric) do not indicate any change from CePd
for either metal. Only an excited state (more than 50 kcal/mol higher in energy), computed within the
Cl formalism, indicates a non-integer population of the 4f sub-shell, which would point to a multi-
configurational nature.

In the absence of experimental data for 2.2, which would substantiate (or not) the theoretical results,
the methodology cannot be reliably validated. All the computational findings highlight the difficulties
in accurately assessing Ln-based intermetallics, starting from the terminology and the metrics that are
usually employed. Intermetallic “bonds” are often inferred on the basis of short distances, yet this
assertion is not informative as to the nature of the interaction between the two metals. After all, a
number of such complexes naturally produce short distances, due to the positioning of the
coordination sites — the metals are “forced” to be close to each other. Based on the results presented
in this work, it is clear that the intermetallic interactions are globally quite weak. Are the
computational means at our disposal adequate in order to gauge these interactions up to chemical
accuracy? More theoretical work in this area is required, both in terms of assessing the commonly
used methods and in eventually developing new methods fit for the purpose.

Furthermore, there has yet to be unifying breakthrough in the theoretical framework of Ln-based
intermetallics, that would explain by which mechanism the two metals would interact by anything
other than pure electrostatic forces. In a number of the cited examples (Scheme 3.1 and Scheme 3.2,
for example), the reaction yielding the intermetallics is deliberately planned as to put together
positively and negatively charged fragments. Can Ln 4f electrons interact with other metal’s orbitals?
In principle, their low radial extension would preclude an efficient overlap with other orbitals. Yet, the
significant progress of the past few decades has challenged the long held belief that lanthanides are
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restricted to ionic bonding. There are now more mechanisms known by which the lanthanide series
can interact with other compounds, although these mechanisms are far from trivial.

For the sake of comparison, there was longstanding disagreement in the organometallic lanthanide
community about the electronic structure of cerocene (Ce(CgHs),),%” but meticulous spectroscopic
analyses turned inconsistencies into a theoretical framework that could account for the presence of
the signatures of both Ce'V and Ce"'. Anecdotally, Richard A. Andersen refused to publish the findings
on his seminal Cp*,Yb(bipy) complex® for years before understanding the then-aberrant magnetic
behaviour. What followed was a series of highly influential reports that set the foundation for
describing and assessing multiconfigurational ground states and the fine details of the electronic
configurations that explain how divalent Yb transfers an electron towards RAL.% 2

At present, the situation with respect to the ambiguous electronic structure of 2.2 is delicately poised.
The presence of a number of orbitals featuring significant contributions from both Yb 4f electrons and
Pd 4d electrons is a unique situation in Ln-based intermetallics. Does this necessarily imply covalent
interactions? If so, a spectroscopic characterisation of this interaction would require advanced tools,
such as EPR and XANES. Proof of any orbital interaction would both validate the CASSCF methodology
and would mean that the computational study in Section 3.4 could be an adequate guide as to how to
activate intermetallic interactions featuring lanthanides.

If, however, no covalent interactions can be found, how can these orbitals be explained? Is it possible
that a simple orbital matching of the energy of the electrons results in contributions from both in the
orbitals, without further interactions? Is it possible that the CASSCF methodology — often very accurate
in describing complicated phenomena — produced inaccurate descriptions of the interactions between
the metals?

In order to answer these questions, more thorough experimental data is an absolute prerequisite.
Depending on the outcome, a careful calibration of the pertinence and applicability of each of the
utilised analytical tools is called for.

This outlines the priorities for this project very clearly. Spectroscopic characterisation of 2.2 — pending
improvement of the work-up procedure — should clarify the most immediate questions and
inconsistencies. For this, the acquisition of solid-state magnetic data is an imperative first step. The
synthesis of analogues, such as YbPt, YbNi or SmPd, could be pursued for further validation.
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Appendices

Experimental section

General considerations

All reactions were performed using standard Schlenk-line techniques or in nitrogen-filled gloveboxes
(MBraun, Garching, Germany). All glassware was dried at 140 °C for at least 12 h prior to use.

Tetrahydrofuran (THF), THF-ds, toluene, and toluene-ds were dried over sodium, degassed, and
transferred under reduced pressure in a cold flask. Acetonitrile (MeCN), MeCN-ds, pyridine (py), py-ds
were dried over CaH,, distilled and degassed prior to use.

Gas addition studies were conducted in 5 mm NMR tubes adapted with a J. Young valve by adding the
gasses directly to a degassed frozen solution and letting it react at room temperature.

'H NMR spectra were recorded in 5-mm tubes adapted with a J. Young valve on Bruker AVANCE Il or
[11-300 MHz (Bruker, Billerica, MA, USA) spectrometers. *H chemical shifts were expressed relative to
TMS (tetramethylsilane) in ppm.

Temperature dependent magnetic susceptibility measurements were made with a SQUID in sealed
quartz tube on a SQUID at 0.5 and 2 T. Diamagnetic corrections were made using Pascal’s constants.

UV-visible spectra were recorded in 300-800 nm range at room temperature on an Agilent Cary 60
Spectrometer in 2 or 10 mm quartz cuvettes with solvent background correction.

Single crystals were mounted on a Kapton loop using a Paratone N oil. An APEX Il CCD BRUKER
detector and a graphite Mo-Ka monochromator were used for the data acquisition. All measurements
were done at 150 K and a refinement method was used for solving the structure. The structure
resolution was accomplished using the SHELXS-97 and SHELXT! programs, and the refinement was
done with the SHELXL program.?® The structure solution and the refinement were achieved with the
and Olex2* software. Pictures of the compound structure were obtained using the MERCURY software.
During the refinement steps, all atoms except hydrogen atoms were refined anisotropically. The
position of the hydrogen atoms was determined using residual electronic densities. Finally, in order
to obtain a complete refinement, a weighting step followed by multiple loops of refinement was done.

Elemental analyses were obtained from Mikroanalytisches Labor Pascher (Remagen, Germany).

dypridophenazine (dppz),® 2-(benzimidazol-2-yl)pyrimidine (Hbimpym),® tmedaPdMe,’ tmedaNiMe,,
(MezSPtMe;),,2 [Cp*IrCl,],° [(COE)2IrCl],,° Cp*,Sm(OEt,)!, Cp*,Eu(OEt,)!! and Cp*,Yb(OEt;)!? were
synthetized according to described procedures. (CODIrCl),, 18-C-6, bipyrimidine, bipyridine, quinoline,
isoquinoline, pentafluoropyridine and 2,6-lutidine were bought from commercial suppliers. Quinoline
and 2,6-lutidine were purified by fractional distillation before use.
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Chapter 1

(dppz)NiMe; (1.1):

(tmeda)NiMe; (221.8 mg, 1.08 mmol, 1.0 eq.) and dppz (305.5 mg, 1.08 mmol, 1.0 eq.) were dissolved
and suspended, respectively, in cold THF (-35 °C, 10 mL each). Transferring the greenish yellow Ni
solution dropwise into the beige dppz suspension at room temperature gave a dark coloured mixture
after stirring for several minutes. The mixture was stirred overnight and was filtered through a fritted
funnel. The dark powder was collected, dried, solubilised into THF, filtered and the dark blue solution
collected was stored at -35 °C. Dark blue needles, suitable for XRD diffraction, were obtained after 1
week.

(dppz)PdMe; (1.2):

(tmeda)PdMe; (425.5 mg, 1.68 mmol, 1.0 eq.) and dppz (474.8 mg, 1.68 mmol, 1.0 eq.) were
respectively dissolved and suspended in THF (10 mL each). Transferring the beige dppz suspension
onto the grey Pd solution dropwise at room temperature resulted in the formation of a red blood-
coloured suspension after stirring. The mixture was stirred overnight and was filtered through fritted
funnel. Analytically pure red powder was dried and collected in 88 % yield (617.4 mg, 1.47 mmol).

A few milligrams of red powder were solubilized into DCM, filtered and the solution was crystallised
by pentane vapor diffusion. Dark red plates of a statistical mixture of desired product and (dppz)PdCl,,
suitable for XRD diffraction, were obtained after 3 weeks.

IH NMR (300 MHz, 293.15K, CD,Cl,): & (ppm) = 9.80 (m, 2H, dppz), 9.19 (m, 2H, dppz), 8.43 (m, 2H,
dppz), 8.01 (m, 4H, dppz), 0.47 (s, 6H, Pd-Me).

(dppz)PtMe; (1.3):

[Me;PtSMe;], (56.3 mg, 0.098 mmol, 1.0 eq.) and dppz (54.8 mg, 0.194 mmol, 1.0 eq.), were
respectively suspended in 4 mL and 3 mL of DCM. Transferring the white/grey Pt suspension dropwise
into the beige dppz suspension at room temperature gave an orange/red-colored mixture after stirring
for two hours. The orange-red supernatant was removed. The remaining red powder was washed
twice with DCM and dried, yielding 75% (75.2 mg, 0.146 mmol).

A few milligrams of red powder were solubilized into DCM, filtered and the solution was crystallised
by pentane vapor diffusion. Clear reddish orange plates of the desired product, suitable for XRD
diffraction, were obtained after 2 weeks.

'H NMR (300 MHz, CDCls) 6 9.67 (m, 2H, dppz), 9.29 (m, 2H, dppz), 8.37 (m, 2H, dppz), 7.96 (M, 2H,
dppz), 7.84 (m, 2H, dppz), 1.54 (s, 6H, Pd-Me).

[(Cl)aIr] [Ir(COD)(dppz)]* (1.4):

[(u-ChIr(COD)]2 (50.0 mg, 0.074 mmol, 1.0 eq.) and dppz (45.7 mg, 0.162 mmol, 2.2 eq.) were dissolved
and suspended, respectively, in 3 mL and 4 mL of DCM. Transferring the white/beige dppz suspension
dropwise into the red/orange solution at room temperature turned dark purple after stirring for
several minutes. The poorly soluble mixture was stirred overnight and was filtered through a fritted
funnel. The dark powder was collected and solubilised in DCM, filtered and the dark purple solution
was crystallised by gas diffusion (DCM/pentane). Black-purple plates were obtained after two days.
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[IrCODdppz]BArT, (1.5):

[Ir(COD)(dpp2)1[Ir(Cl)] (129 mg, 0.014 mmol, 1.0 eq.) and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (NaBAr",;, 22.1 mg, 0.025 mmol, 1.8 eq.), were partially dissolved
and suspended in DCM, respectively (3 mL each). Transferring the white NaBArf,; suspension dropwise
into the dark purple solution at room temperature instantly gave a green coloured mixture. The
mixture was stirred over the week-end and was filtered through a fritted funnel. The dark green
powder was collected and was solubilized in DCM, filtered and the dark green solution was crystallised
by gaz diffusion (DCM/pentane). Dark green blocks were obtained after two days.

'H NMR (300 MHz, CD,Cl,) 6 10.04 (m, 2H, dppz), 8.56 (m, 2H, dppz), 8.47 (m, 2H, dppz), 8.14 (m, 4H,
dppz), 7.72 (m, 12H, BArf,), 7.55 (m, 4H, COD), 4.65 (m, 4H, COD), 2.48 (m, 4H, COD).

(Cp*,Yb),dppzPdMe; (1.6):

(dppz)PdMe; (7.0 mg, 0.017 mmol, 1 eq.) and Cp*,Yb(OEt;) (17.7 mg, 0.034 mmol, 2 eq.) were
suspended in 3 mL and dissolved in 4-5 mL of toluene, respectively. Transferring the green Yb solution
dropwise into the red dppzPdMe; suspension gave a dark mixture. The mixture was stirred overnight.
The supernatant was filtered and the dark solution was stored at -35 °C to crystallise. Dark black
blocks, suitable for XRD analysis, were obtained after a few days.

(Cp*,Yb)dppzPtMe; (1.7):

(dppz)PtMe; (74.2 mg, 0.146 mmol, 1.0 eq.) and YbCp*,(OEt;) (151.7 mg, 0.293 mmol, 1.0 eq.) were
suspended in 3 mL and dissolved in 4-5 mL of cold toluene, respectively. Transferring the green Yb
solution dropwise into the red dppzPtMe; suspension gave a dark mixture. The mixture was stirred
overnight. The supernatant was filtered and the dark solution was stored at -35 °C to crystallise. Dark
black blocks, suitable for XRD analysis, were obtained after a few days.

(THF)2K(bimpym)PtMe; (1.8):

An off-white suspension of K(bimpym) (25 mg, 0.11 mmol, 1.1 eq.) and a grey solution of [Me,PtSMe;],
(28 mg, 0.05 mmol, 1.0 eq.), both in THF (4 mL each), were mixed. The mixture gradually turned into
a red suspension under stirring. The solution was stirred overnight. The supernatant was filtered; THF
was added and the supernatant was filtered until there was no more product left. The rejoined
solutions are evaporated under reduced pressure. The orange solid is washed with a minimum amount
of THF until the washing solutions are no longer bright red, yielding analytically pure orange solid
(40%, 18 mg).

The orange solid was dissolved in THF and the orange solution was left in the freezer at -40 °C. Orange
blocks were formed overnight.

1H NMR (300 MHz, THF) 6 8.94 (m, 1H, bimpym), 8.39 (m, 1H, bimpym), 7.95 (m, 1H, bimpym), 7.34
(m, 1H, bimpym), 6.93 (m, 2H, bimpym), 6.78 (m, 1H, bimpym), 1.37 (s, 3H, Me), 0.70 (s, 3H, Me).

(THF)2K(bimpym)PdMe; (1.9):

An off-white suspension of K(bimpym) (23 mg, 0.10 mmol, 1 eq) and a grey solution of tmedaPdMe;
(28 mg, 0.11 mmol, 1.1 eq), both in THF (4 mL each), were mixed. The mixture gradually turned into a
golden suspension under stirring. The solution was stirred overnight. The supernatant was filtered;
THF was added and the supernatant was filtered until there was no more product left. The rejoined
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solutions are evaporated under reduced pressure. The pale yellow solid is washed with a minimum
amount of THF until the washing solutions are no longer golden, yielding analytically pure pale yellow
solid (42%, 27 mg).

The yellow solid was dissolved in THF and the pale yellow solution was left in the freezer at -40 °C.
Yellow blocks were formed overnight.

'H NMR (300 MHz, THF) § 8.51 (m, 1H, bimpym), 8.31 (m, 1H, bimpym), 7.79 (m, 1H, bimpym), 7.30
(m, 1H, bimpym), 6.89 (m, 3H, bimpym), 0.52 (s, 3H, Me), 0.01 (s, 3H, Me).

[K(18-C-6)][(bimpym)PdMe,] (1.10):

An off-white THF (10 mL) suspension of K(bimpym) (83 mg, 0.35 mmol, 1 eq) was stirred in the
presence of 18-C-6 (90 mg, 0.34 mmol, 1 eq) before tmedaPdMe; (100 mg, 0.34 mmol, 1 eq) was
added. The mixture almost instantly turned into a golden solution under stirring. The supernatant was
filtered; THF was added and the supernatant was filtered until there was no more product left. The
rejoined solutions are left to crystallise. Yellow blocks were formed overnight (68%, 150 mg).

The yellow solid was dissolved in THF and the pale yellow solution was left in the freezer at -40 °C.

'H NMR (300 MHz, THF) &6 8.73 (m, 2H, bimpym), 7.83 (m, 1H, bimpym), 7.56 (m, 1H, bimpym), 7.15
(m, 1H, bimpym), 6.84 (m, 2H, bimpym), 3.51 (s, 24H, 18-C-6), 0.51 (s, 3H, Me), -0.03 (s, 3H, Me).

(bimpym)Pd(pyr)(Me) (1.12):

Hbimpym (390 mg, 2.0 mmol, 1 eq) and (tmeda)Pd(Me), (520 mg, 2.05 mmol, 1.03 eq) were dissolved
in pyridine (25 mL). The initially colourless suspension gradually turned to a golden solution within 30
minutes. An intense gaseous evolution was concurrently observed. The mixture was stirred for an
hour. Adding pentane to the solution precipitated the product as a beige solid. The solid was recovered
by filtering the mixture. Further washing with pentane and diethyl ether yielded analytically pure
(bimpym)Pd(py)(Me), 1.12 (700 mg, 1.77 mmol, 88 % yield). Crystals suitable for XRD studies were
obtained by dissolving the compound in pyridine (golden solution), filtering it through a MF-Millipore
membrane filter and performing a low vapour diffusion of pentane in the pyridine solution at room
temperature.

'H NMR (300 MHz, THF-dg, 60 °C): & (ppm): 8.51 (2H, pyridine), 8.30 (1H, pyrimidine), 8.07 (2H,
pyrimidine), 7.62 (1H, py), 7.20 (2H, py), 7.15 (4H, benzimidazole), 1.10 (3H, CHs) Anal. calculated for
Ci7H1sNsPd: C, 51.59; H, 3.82; N, 17.70; Pd, 26.89. Found: C 45.87, H 3.89, N 11.4.

(bimpym)Pd(py-ds)(Me) (1.12-py-ds):

8 mL of acetonitrile were poured over Hbimpym (80 mg, 0.4 mmol, 1 eq) and (tmeda)Pd(Me), (110
mg, 0.43 mmol, 1.06 eq) under stirring, yielding a beige suspension. A few drops of pyr-ds were then
added to the mixture. Within 30 minutes, the suspension acquired a rich golden hue. The mixture was
stirred for 4 h. A gaseous evolution was concurrently observed. At the end of the reaction, all the
volatiles were evaporated, after which a yellow powder was obtained. Further washing with pentane
and diethyl ether yielded (bimpym)Pd(py-ds)(Me) (150 mg, 0.36 mmol, 91 % yield).
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(bimpym)Pt(pyr)(Me) (1.14):

Hbimpym (77 mg, 0.4 mmol, 1 eq) and [Me;PtSMe;], (115 mg, 0.2 mmol, 1.03 eq) were dissolved in
pyridine (10 mL). The initially colourless suspension gradually turned to a orange-golden solution
within 30 minutes. A gaseous evolution was concurrently observed. The mixture was stirred for an
hour. Adding pentane to the solution precipitated the product as a beige solid. The solid was recovered
by filtering the mixture. Further washing with pentane and diethyl ether yielded analytically pure
(bimpym)Pt(py)(Me), 1.14 (80 mg, 0.16 mmol, 40 % yield). Crystals suitable for XRD studies were
obtained by dissolving the compound in pyridine (golden solution), filtering it and performing a low
vapour diffusion of pentane in the pyridine solution at room temperature.

(Hbimpym)IrCODCI (1.15):

102 mg [IrCODCI]; (0.15 mM) and 63 mg Hbimpym (0.3 mM) are dissolved in DCM (8 mL). A purple
suspension is quickly formed. After one night of stirring, the product is dried under vacuum and
washed with acetonitrile and diethylether. 113 mg of a purple solid is obtained, giving a yield of 90%.

IH NMR (300 MHz, DMSO-D6) 6 9.13 (d, J = 4.96 Hz, 2H), 7.74 (m, J = 27.98 Hz, 3H), 7.48 (m, J = 53.99
Hz, 2H), 4.22 (m, ) = 41.02 Hz, 2H), 2.28 (m, J = 12.13 Hz 2H), 1.75 (m, J = 14.12 Hz, 2H). Anal. calculated:
C, 42.86; H, 3.79; N, 10.53. Found: C, 40.86; H, 3.62; N, 9.76.

(bimpym)IrCOD (1.16):

25 mg of [IrCODCI]; (0.05 mM) and 43 mg of Kbimpym (0.1 mM) are dissolved in DCM (5 mL). A red
suspension is formed. Some KCl precipitates. The solution is stirred for two hours. After filtration and
drying, 32 mg of a red solid is obtained, giving a yield of 70%.

IH NMR (300 MHz, CD,Cl,) & 8.96 (m, J = 6.14 Hz, 1H), 8.10 (d, J = 5,57 Hz, 1H), 7.74 (m, J = 8,91 Hz,
1H), 7.33 (t, J = 10.73 Hz, 1H), 7.19 (m, J = 24,86 Hz, 3H), 3.73 (s, 2H), 2.38 (s, 4H), 1.98 (m, J = 12,79
Hz, 2H), 1.79 (d, J = 13,49 Hz, 2H). Anal. calculated: C, 46.05; H, 3.86; N, 11.30. Found: C, 46.30; H,
3.73; N, 11.2.

[(Hbimpym)IrCp*CI]*CI (1.17):

81 mg of [IrCp*Clz]> (0.1 mM) and 41 mg of Hbimpym (0.2 mM) are dissolved in DCM (8 mL). An orange
solution forms quickly and turns yellow within a few minutes. A yellow solid is gradually formed. After
one night of stirring, the supernatant is filtered, evaporated and washed with diethyl ether. The same
yellow solid is then formed. This solid and the solid remaining in the first fraction are dried. This gives
105 mg of product, and a yield of 89%.

IH NMR (300 MHz, CD,Cl,) § 9.26 (dd, J = 6.90 Hz, 1H), 9.01 (dd, J = 7.84 Hz, 1H), 8.30 (d, J = 7.93 Hz,
1H), 7.74 (m, J = 25.20 Hz, 2H), 7.55 (m, J = 33.86 Hz, 2H), 1.81 (s, 15H, Cp* peak). Anal. calculated: C,
42.42; H, 3.90; N, 9.42. Found: C, 41.09; H, 3.69; N, 9.09.
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(bimpym)IrCp*Cl (1.18):

125 mg of [IrCp*Cl;]> (0.15 mM) and 75 mg of Kbimpym (0.3 mM) are dissolved in DCM (15 mL). An
orange solution is formed. After a few minutes, a yellow solid precipitates. Some KCl also precipitates.
After one night of stirring, the supernatant is filtered, evaporated, washed with diethyl ether. The
same yellow solid is then formed. This solid and the solid remaining in the first fraction are dried. This
gives 115 mg of product, and a yield of 66%.

'H NMR (300 MHz, CD,Cl,) 6 8.94 (g, J = 6.90 Hz, 1H), 8.83 (dd, J = 5.86 Hz, 1H), 7.78 (m, J = 9.30 Hz,
1H), 7.56 (m, ) =9.67 Hz, 1H), 7.33 (m, J = 10.14 Hz, 1H), 7.21 (m, J = 18.30 Hz, 2H), 1.74 (s, 15H, Cp*
peak). Anal. calculated: C, 44.79; H, 4.83; N, 9.95. Found: C, 38.97; H, 3.40; N, 7.81.

Chapter 2

((bimpym)IrCODYbCp*,), (2.1):

Cp*,Yb(OEt;) (20 mg, 38 umol) and 1.16 (23 mg, 41 umol) are dissolved in toluene (5 mL), resulting in
an immediate dark red colour solution. After two hours, the solution is filtered, evaporated under
reduced pressure and rapidly washed with cold pentane. 42 mg of analytically pure solid was isolated.
Red crystals were grown from saturated pentane solutions after a week at -35 °C.

IH NMR (300 MHz, Tol-ds) & 222.82 (s, 1H), 179.27 (s, 1H), 47.17 (s, 1H), 43.97 (s, 1H), 23.78 (s, 1H),
13.15 (s, 1H), 6.06 (s, 15H, Cp* peak), 4.58 (s, 4H), 3.01 (s, 15H, Cp* peak), 1.76 (d, J = 23 Hz, 1H), 1.25
(m, 4H), 0.92 (m, 4H), 0.14 (m, 1H), - 0.54 (s, 2H), - 1.05 (s, 1H), - 1.32 (s, 2H), - 5.30 (s, 2H), -6.09 (s,
2H), - 9.45 (s, 1H), - 10.63 (s,2H), - 11.05 (s, 1H), -12.04 (s, 2H), -16.70 (d, J = 13,79 Hz, 1H), - 20,21 (s,
1H), -23.66 (s, 1H), -37,93 (s, 1H). EA Calculated: C, 49.88; H, 5.56; N, 5.97. Found: C, 51.17; H, 5.38; N,
5.44,

Cp*,Yb(pu-Me),PdCp* (2.2):

The addition of ytterbocene to (THF):K(bimpym)PdMe; (1.9) in toluene (5 mL) results in a black
mixture with red hues under stirring. Within two hours, all the crystals of 1.9 are consumed. The
mixture is filtered to yield a dark red solution. The supernatant was evaporated. Redissolution in
pentane resulted in the formation of a black-red solution. Storing the solution at cold results in the
precipitation of red solid overnight. The remaining solution was extracted and evaporated under
reduced pressure. Redissolution in toluene and storing the concentrated solution at -40 °C produced
large black-brown crystals overnight.

'H NMR (300 MHz, Tol-ds) 6 388.32 (s, 6H), 4.07 (s, 30H, Yb-Cp*), -11.38 (s, 15H, Pd-Cp*).

[Cp*2Yb(bimpym)Pd(py)(Me)]2 (2.4):

5 mL of toluene were added to a mixture of (bimpym)Pd(Pyr)(Me), 1.12, (54 mg, 0.14 mmol, 1.4 eq)
and Cp*,;Yb(OEty) (52 mg, 0.1 mmol, 1 eq). The resulting black suspension was stirred for
approximately 30 s before the supernatant was filtered. The black solution was evaporated under
vacuum without stirring. The black-brown powder was washed thrice with cold pentane. Evaporating
the volatiles yielded [Cp*,Yb(bimpym)Pd(py)(Me)]. as a brown powder (91 mg, 0.054 mmol, 95%
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yield). Crystals suitable for XRD analysis were grown by dissolving the powder in toluene. Adequate
plates were formed after a few days by storing the solution at -40 °C. The product is thermally sensitive
above 70 °C.

IH NMR (300 MHz, Tol-ds): & (ppm): *H NMR (300 MHz, Tol) & 210.62 (s, 2H), 188.21 (s, 2H), 50.12 (s,
2H), 30.29 (s, 2H), 26.43 (s, 2H), 16.95 (s, 2H), 5.31 (s, Cp*, 30H), 3.21 (s, Cp*, 30H), -3.08 (s, 2H), -4.46
(s, Me, 6H), -9.29 (s, 2H), -24.80 (s, 2H).

[Cp*>2Yb(bimpym)Pd(Me)(py)]> (2.5):

5 mL of toluene were added to 30 mg of 2.4. The dark red-brown solution was stirred at room
temperature for 3 days, during which the solution acquired a darker hue. The solution was evaporated
under reduced pressure, quantitatively yielding [Cp*,Yb(bimpym)Pd(Me)(py)],, as an analytically pure
brown powder. Crystals suitable for XRD analysis were grown by dissolving the powder in toluene.
Thin red-brown needles were formed after a few days by storing the solution at -40 °C.

IH NMR (300 MHz, Tol-ds): & (ppm): *H NMR (300 MHz, Tol) & 229.08 (s, 2H), 189.21 (s, 2H), 49.59 (s,
2H), 39.99 (s, 2H), 25.16 (s, 2H), 13.44 (s, 2H), 5.48 (s, Cp*, 30H), 2.49 (s, Cp*, 30H), -0.08, -14.45 (s,
2H), -33.38 (s, Me, 6H). The product is thermally sensitive above 70 °C.
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Figure S1: Time evolution (hours) of the clean isomerisation of 2.4 to 2.5 without (blue lozenges) and with stirring (grey
triangles).

[(Cp*2Yb)2(u-Pd(pyridyl).] (2.6):

Toluene (8 mL) was added to a mixture of (bimpym)Pd(Py)(Me) (1.12) (100 mg, 0.25 mmol, 1 eq) and
Cp*,Yb(OEt,) (265 mg, 0.51 mmol, 2 eq). Within 5 minutes, the resulting brown suspension gave a
black solution. A gaseous evolution was also concurrently observed. The solution was stirred for 30
minutes at room temperature before being filtered. The solution was concentrated and left overnight
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in the freezer at -40 °C to obtain brown blocks of [(Cp*.Yb)2(u-Pd(pyridyl),]. The crystals were dried,
washed 5 times with cold pentane, dried again to yield 2.6 (36 mg, 0.03 mmol, 12 % yield). The washing
solutions are evaporated and the solid is re-dissolved in toluene. Upon concentration and
crystallisation, further clean crystals can be obtained.

'H NMR (300 MHz, THF-ds): & (ppm): 228.25 (s, 2H, pyridyl), 116.84 (s, 2H, pyridyl), 25.78 (s, 2H,
pyridyl), 24.89 (s, 2H, pyridyl), 9.02(s, 60H, Cp*). Anal. Calculated for CsoHssN,PdYb,: C, 52.24; H, 5.96;
N, 2.44; Pd, 9.26; Yb, 30.11. Found: C, 52.08; H, 6.07; N, 3.53.

[(Cp*2Sm)2(p-Pd(pyridyl)2] (2.7):

Toluene (8 mL) was added to a mixture of (bimpym)Pd(Pyr)(Me), 1.12, (100 mg, 0.25 mmol, 1 eq) and
Cp*;Sm(OEt;) (250 mg, 0.52 mmol, 2.1 eq). The resulting black solution with yellow hues was formed
instantly. A gaseous evolution was also concurrently observed. The solution was stirred for 30 minutes
at room temperature before being filtered. The solution was concentrated under reduced pressure
and left overnight in the freezer at -40 °C to obtain brown blocks, suitable for XRD. The crystals were
dried, washed 5 times with cold pentane, dried again to yield [(Cp*,Sm),(u-Pd(pyridyl),] (28.4 mg, 10%
yield). The washing solutions are evaporated and the solid is re-dissolved in toluene. Upon
concentration and crystallisation, further clean crystals are obtained in freezer.

H NMR (300 MHz, THF-ds): & (ppm)= 4.87 (s, 2H, pyridyl), 4.64 (s, 2H, pyridyl), 1.11 (s, Cp*, 60H), -
0.81 (s, pyridyl, 2H), -9.06 (s, pyridyl, 2H). Anal. Calculated for CsoHesN2PdSm,: C, 54.39; H, 6.21; N,
2.54; Pd, 9.64; Sm, 27.23. Found: C, 54.83; H, 6.45; N, 3.33.

[(Cp*,Sm)2(u-Pd(pyridyl-ds)2] (2.7-pyr-ds). The procedure was identical to 2.7, using 1.12-py-dsinstead
of 1.12.

General procedure when synthesising the pyridine analogues 2.8 and 2.9:

(bimpym)Pd(Pyr)(Me), 1.12, and Cp*,Ln(OEt,) (slight excess) are added in a vial that is placed
sideways. A small drop of the pyridine analogue is carefully placed at the rim, so as to not slide towards
the compounds. Toluene is then poured so that the pyridine analogue is included in the resulting
solution.

2.8: The mixture immediately turns black with yellow hues. After stirring for 30 minutes, the solution
is filtered, concentrated under reduced pressure and then stored at -35 °C. Large golden-yellow blocks
are grown overnight.

2.9: The mixture immediately turns bright red. The solution is filtered after 15 minutes, concentrated
under reduced pressure and then stored at -35 °C. Large crimson blocks are grown overnight.

[Cp*2Yb(bimpym)Pt(py)(Me)] (2.13):

Toluene (5 mL) was added to a mixture of (bimpym)Pt(Pyr)(Me), 1.14, (27 mg, 0.055 mmol, 1.0 eq)
and Cp*,Yb(OEt;) (30 mg, 0.058 mmol, 1.04 eq). The resulting red-black solution is formed rapidly
under stirring. The solution was evaporated under vacuum without stirring. The red powder was
washed thrice with cold pentane, yielding [Cp*,Yb(bimpym)Pd(py)(Me)]. as an analytically pure
powder (45 mg, 0.044 mmol, 79% vyield). Crystals suitable for XRD analysis were grown by dissolving
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the powder in THF. Adequate plates were formed overnight by storing a concentrated solution at -40
°C.

'H NMR (300 MHz, THF) 6 198.40 (s, 2H), 191.97 (s, 2H), 52.80 (s, 2H), 28.94 (s, 2H), 20.27 (s, 2H), 9.76
(s, 30H, Cp*), 2.39 (s, 30H, Cp*), 0.66 (s, 2H), -1.67 (s, 6H, py), -14.81 (s, 6H, Me).

[Cp*2Sm(bimpym)Pt(py)(Me)]2 (2.14):

Toluene (5 mL) was added to a mixture of (bimpym)Pt(Pyr)(Me), 1.14, (27 mg, 0.055 mmol, 1.0 eq)
and Cp*,Yb(OEt;) (30 mg, 0.058 mmol, 1.04 eq). The resulting red-black solution is formed rapidly
under stirring. The solution was evaporated under vacuum without stirring. The red powder was
washed thrice with cold pentane, yielding [Cp*,Yb(bimpym)Pd(py)(Me)]> as an analytically pure
powder (45 mg, 0.044 mmol, 79% yield). Crystals suitable for XRD analysis were grown by dissolving
the powder in THF. Adequate plates were formed overnight by storing a concentrated solution at -40
°C.

1H NMR (300 MHz, Tol) & 10.93 (s, 4H, py), 8.18 (s, 2H), 6.32 (s, 2H), 6.03 (s, 2H), 4.52 (s, 2H), 2.64 (s,
4H), 0.98 (s, 30H, Cp*), 0.94 (s, 30H, Cp*), -4.68 (s, 2H), -9.03 (s, 2H).
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Magnetism
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Figure S2: Magnetic susceptibility and the xT product for 2.7.
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Résumé general du projet doctoral

Les complexes a base de lanthanides divalents suscitent un intérét croissant dans le domaine de la
chimie organométallique, a cause de leur aptitude a s’engager dans des réactions de réduction mono-
électronique. L'ajout de ce type de fragments aux ligands redox actifs, qui coordinent aussi des
fragments de métaux de transition, produit des complexes avec des propriétés intéressantes.
L’électron transféré par le Ln réduit le LRA et cette densité électronique stockée sur le ligand influe la
réactivité de ces especes.

L'objectif de ce travail doctoral est, dans un premier temps, de synthétiser des adduits
hétérométalliques a base de fragments de lanthanides divalents et de métaux de transition, pontés
par un ligand redox-actif. Ce concept a été précédemment utilisé dans les travaux de notre groupe.
Dans un second temps, ces complexes seront caractérisés par une série de techniques
spectroscopiques et par des calculs théoriques, avant d’obtenir de renseignements sur leurs
propriétés physico-chimiques et sur leurs structures électroniques.

Ce projet doctoral a exploré I'utilisation de deux LRA conceptuellement différents des ligands
précédemment utilisés — le 2-(2-pyrimidyl)benzimidazole (Hbimpym) et la dipyridophenazine (dppz).
Les travaux antérieurs se sont servis des ligands neutres et symétriques, ol seulement deux métaux
pouvaient étre coordinés. En contraste, Hbimpym propose deux sites de coordination différents — un
site anionique de type LX et un site neutre de type L,. dppz permet la coordination de deux fragments
de lanthanides divalents, en plus du fragment de métal de transition.

Le premier chapitre décrira la synthése et la caractérisation par les outils précédemment évoqués de
complexes a base de ces ligands, ou figurent également des fragments de métaux de transition a base
d’lr, de Pd et de Pt. Leurs structures électroniques ont été étudiées par DFT pour jauger leur viabilité
en tant qu’accepteurs d’électron. La mauvaise solubilité du dppz a compliqué la réactivité des
composés respectifs.  Néanmoins, 'ajout de fragments de lanthanides divalents aux composés a
base de dppz a permis l'isolation de complexes trimétalliques, ou deux fragments de lanthanides
divalents ont réduit le ligand, validant la démarche employée.

La présence de deux types de sites de coordination sur Hbimpym confére a I'utilisateur la flexibilité du
choix de quel site occupera chaque métal envisagé. C’est ainsi que des complexes ont été obtenus, ou
le métal de transition occupe soit le site L,, soit le site LX. Des calculs théoriques ont étudié I'influence
de la coordination de métaux sur les orbitales frontieres de ce ligand, en démontrant une assez forte
influence sur la densité électronique sur chaque atome de I’hétérocycle. En effet, lorsqu’un électron
est transféré sur le ligand, il y a une forte accumulation de densité électronique sur un des atomes de
carbone sur la partie pyrimidine. Dans la majorité des cas, une réaction de couplage sur la partie
pyrimidine du ligand s’ensuit.

Ceci a été observé pour plusieurs complexes lorsqu’un ajout de fragments de lanthanides divalent a
été entrepris. Ce type de composés sont décrit dans le deuxieme chapitre. Vraisemblablement, la
réaction de couplage est trés rapide, car aucun intermédiaire bimétallique, ou le lanthanide n’a pas
transféré son électron, n’a été observé. Cette réactivité particuliere n’est pas particulierement
prometteuse pour des éventuelles applications catalytiques, car I'électron transféré par le lanthanide
est immédiatement entrainé dans la réaction de couplage et n’influe pas sur les propriétés du métal
de transition.
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Cependant, pour certains composés a base de Pd, la coordination du Ln et le transfert électronique
produit des complexes hétérométalliques atypiques, ayant des courtes distances Pd-Ln. Deux types
de tels composés ont été obtenus : deux édifices trimétalliques Ln"-Pd%-Ln"' (Lh = Sm, Yb), comportant
un arrangement linéaire trés rare entre les deux groupements pyridyls sur le Pd et un complexe Yb'"-
Pd", ou les deux métaux sont pontés par deux groupements méthyle.

Leur mécanisme de formation n’est pas trivial. Une étude expérimentale et théorique exhaustive a
été menée pour rationaliser ces comportements, décrite dans le troisieme chapitre. Pour les adduits
trimétalliques, le mécanisme de formation est intriqué et basé, probablement, sur plusieurs étapes
d’interaction avec des fragments réducteurs de lanthanides divalents et des décompositions
moléculaires, a la suite desquels les complexes trimétalliques sont isolés. Les calculs théoriques
montrent que la distance intermétallique courte n’induit pas d’interactions électroniques fortes entre
les métaux.

En revanche, pour le complexe Yb"-Pd", pontés par les groupements méthyle, les calculs au niveau
CASSCF indique la présence de quelques orbitales dans la structure électronique, ou figurent
simultanément des contributions importantes de la part des électrons 4d du Pd et des électrons 4f de
I'Yb. L’accord entre les preuves expérimentales (lorsque possible) et les résultats des études
théoriques a été analysé. Les implications pour le domaine des composés hétérométalliques, dont ces
complexes appartiennent, sont discutées.
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Titre : Synthése et études théoriques de complexes hétérométalliques a base de lanthanides divalents et de métaux de transition
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Résumé: Les complexes a base de lanthanides (Ln)
divalents sont un domaine qui suscite un intérét croissant
dans le domaine de la chimie organométallique, a cause de
leur aptitude a s’engager dans des réactions de réduction
mono-électronique. L’ajout de fragments de Ln divalents
aux ligands redox actifs (LRA), qui coordinent aussi des
fragments de métaux de transition (MT), produit des
complexes avec des propriétés intéressantes. L’électron
transféré par le Ln réduit le LRA et cette densité
électronique stockée sur le ligand influe le MT, en
permettant la stabilisation de configurations réactives.

Ce projet doctoral a exploré I'utilisation de deux LRA
différents — le 2-(2-pyrimidyl)benzimidazole (Hbimpym) et
la dipyridophenazine (dppz). Ces ligands ont été utilisés
pour coordiner des fragments de MT a base d’Ir, de Pd et
de Pt. Hbimpym propose deux sites de coordination
différents — un site anionique de type LX et un site neutre
de type L,. dppz permet la coordination de deux fragments
de lanthanides divalents. Les précurseurs a base de ligands
et de MT ont été synthétisés et caractérisés par des outils
spectroscopiques et théoriques. Leurs structures
électroniques ont été étudiées par DFT pour jauger leur
viabilité en tant qu’accepteurs d’électron.

En revanche, I'ajout de fragments de lanthanides divalents
aux composés a base de bimpym engendre la réduction du
ligand. Dans la majorité des cas, une réaction de couplage
sur la partie pyrimidine du ligand s’ensuit, a cause de
I'accumulation de densité électronique sur 'atome de
carbone qui couple. Cette réactivité est cohérente avec la
structure électronique prédite par les calculs théoriques.
Cependant, pour certains composés a base de Pd, la
coordination du Ln et le transfert électronique produit des
complexes hétérométalliques atypiques, ayant des courtes
distances Pd-Ln.

Leur mécanisme de formation n’est pas trivial. Une étude
expérimentale et théorique exhaustive a été menée pour
rationaliser ces comportements. Pour un de ces
complexes, les calculs au niveau CASSCF indique la
présence de quelques orbitales dans la structure
électronique, ou figurent simultanément des contributions
importantes de la part des électrons 4d du Pd et des
électrons 4f de I'Yb. L'accord entre les preuves
expérimentales (lorsque possible) et les résultats des
études théoriques a été analysé. Les implications pour le
domaine des composés hétérométalliques, dont ces
complexes appartiennent, sont discutées.

Title : Synthesis and theoretical studies of heterometallic complexes based on divalent lanthanides and transition metals
Keywords : Redox-active ligands, divalent lanthanides, multimetallic complexes, computational chemistry

Abstract : Divalent lanthanides complexes are gaining
increasing interest in the area of organometallic
chemistry, due to their propensity to engage in Single
Electron Transfer (SET) reactions. The addition of divalent
organolanthanide fragments to redox-active ligands (RAL),
which also coordinate a transition metal (TM) fragment,
has previously resulted in complexes with promising
properties. The electron transferred from the Ln is stored
onto the RAL and the electronic contribution towards the
TM fragment allows the stabilisation of more reactive
oxidation states.

This work explored the use of two conceptually different
RAL — the 2-(2-pyrimidyl)benzimidazole (Hbimpym) and
dipyridophenazine  (dppz). These ligands were
coordinated to TM fragments based on Ir, Pd and Pt.
Hbimpym offers two different, asymmetric coordination
sites — an anionic LX site and a neutral L; site, whilst dppz
allows the coordination of two divalent lanthanide
fragments. The corresponding TM precursors, based on
the two ligands, were synthesised and characterised using
both spectroscopic and theoretical tools. Their electronic
structures were analysed at the DFT level to assess their
suitability as SET targets.

The addition of divalent lanthanide fragments to bimpym-

based complexes results in animmediate electron transfer

towards the ligand. What follows in most cases is a

coupling reaction on the pyrimidine group between two
identical fragments, due to the accumulation of significant
electronic density on the coupling carbon. This is
consistent with the predicted behaviour, following

theoretical computations. However, for some Pd-based

precursors, this reactivity results in  unusual
heterometallic complexes, containing short Pd-Ln
distances.

Their formation cannot be explained in a trivial way. An

extensive experimental and theoretical study, whose
objective is to help clarify the uncertainties associated
with these complexes, was performed. Theoretical
computations at the CASSCF level of theory for one of

these complexes would point to the presence of a number

of orbitals with significant participation from both the Pd
4d and Yb 4f electrons. The agreement between
spectroscopic evidence (when available) and theory was
assessed and the repercussions with respect to the field of
Ln-based intermetallics, to which these complexes belong,
was discussed.
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