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Chapter |

Intermediate valence in lanthanide

compounds

l. Introduction

The lanthanide series is composed of 15 elements, from lanthanum to lutetium (57 < Z < 71)}
they are mostly found at the 0, +11 or +11I oxidation states, the latter being the most stable. With the
addition of scandium and yttrium they form the family of the rare earth elements. This name was
inherited from their presence, promethium excepted, in small proportion in most metal ores as mixed
Ln2Os oxides. Discovered during the XIX" century, these elements puzzled Mendeleev when he
attempted to include them in his theory of elemental periodicity while their overall similarities
complexified greatly their separation.? However, “rare” can be qualified as a poor naming choice
considering their global abundance in the earth’s crust, cerium being as abundant as nickel.® From an
economical point of view,* this abundance is really important considering the growing needs of rare
earth elements in various fields of application such as ethylene polymerization,>® LEDs or magnets

manufacturing,”® among others.*°
I.A. Lanthanide ions’ intrinsic properties

As the first elements of the periodic table involving f-orbitals, lanthanide ions’ properties are
relatively different from transition metals. At their 0™ oxidation state, their electronic structure is
either 4f"*15d%s? or 4f"5d'6s? and upon oxidation they are therefore drawn to be most stable at the
+111 oxidation state 4f"5d°6s® (Table 1.1).** Divalent lanthanide chemistry is also known since the 60s
but remained limited for a long time to three elements for which such reduced state is stabilized, the
half-filled shell 4f" Eu'™, the filled shell 4f* Yb'"™* and the close to half-filled shell 4f® Sm'* ions.**

13



Chapter I Intermediate valence in lanthanide compounds

16 While the coordination chemistry of the so-called “classical” divalent lanthanide ions was mostly
developed in 80s by the groups of Andersen and Evans,'”!8 Kagan explored their potential as reagents
for organic syntheses.'® It was only in 1997 that the first molecular compound of divalent thulium
was isolated by Bochkarev et al..?® This category of the molecular complexes of “non-classical”
divalent lanthanide ions was, no so long after, extended to dysprosium and neodymium.?*?* Finally,
after Lappert’s report of the successful isolation of a divalent lanthanum complex obtained after the
reduction of bis(trimethylsilyl)cyclopentadienyl (Cp’’) trivalent precursors,? the group of Evans
completed the series, to the exception of the radioactive promethium element. While they followed a
similar strategy, they observed that the ground state of these new compounds was 4f"5d* instead of
the observed 4f""15d° state for the less reductive ones.??° Also known to be accessible but mostly
limited to molecular cerium species such as cerocene,**32 due to the relatively accessible 4f°5d%6s°
ground state,® the tetravalent state was also recently reached with molecular terbium and
praseodymium compounds.®*3° This variety of accessible oxidation states coupled to preferred
monoelectronic transformations in such a large category of similar yet different elements is the reason
why coordination chemists are always trying unlock the access to a larger amount of species at

unusual oxidation states (Table 1.1).

Table I.1. Updated table of accessible oxidation states for molecular lanthanide complexes.40:41
Classical divalent lanthanides in green, recently isolated tetravalent elements in red, radioactive Pm in grey.

57La SSCe 59pr 60Nd 61pm 628m 63Eu 64Gd 65Tb 66Dy 67H0 68Er 69Tm 70Yb 71Lu

+4 +4 +4
+3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3 +3
+2 +2 +2 +2 +2 +2 +2 +2 +2 +2 +2 +2 +2 +2
0 0 0 0 0 0 0 0 0 0

As it is the source of the various chemical reactivities observed at each oxidation states,
understanding the physical properties of these different lanthanide ions is of paramount importance.
Being heavy elements of the 6™ row, the spin-orbit coupling can no longer be neglected, the
appropriate quantum number is J and the ligand field is significantly smaller than the spin-orbit
coupling. Additionally, 4f orbitals present a rather small radial expansion resulting in a core nature
of the aforementioned 4f" valence shell.*? As a consequence, most textbook argue that, due to minimal
overlap between Lewis base ligands and 4f orbitals, their energy is only marginally impacted upon
coordination. Lanthanides are then mostly involved in pure ionic bonding contrary to transition
metals.***® This could imply that the ligand choice is mostly governed by a steric hindrance-based
paradigm. However, with the multiplication of isolated species at unusual oxidation states, both in

the low and high-valent cases, every report of unexpected physical properties challenges this
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paradigm, indicating that there are aspects of the lanthanide-ligand bonding that might have been
underestimated. This naturally calls for the addition of symmetry and energetic considerations to the
sterics-governed model, constituting a singularity in the textbook guidelines for lanthanide chemistry.

[.B. From a formal oxidation state to intermediate valence

When it comes to standard coordination chemistry with low-valent lanthanide ions, the ligand
choice has mostly been driven by solubility and stability considerations. The most striking example
lies in lanthanide-cyclopentadienyl (Cp) chemistry, where most guidebooks would state: “the bulkier,
the better”, when it comes to stabilize non-classical divalent elements.?**° The extensive literature on
substituted Cp or hetero-Cp-based divalent lanthanide complexes also hinted toward the electronic
non-innocence of such ligands in reductive reactivity. While most divalent samarium complexes do
not react with N2 or CO, the thf adduct of decamethylsamarocene (Cp*2Sm(thf)2) was found to
achieve such reductions, although the latter is reversible.**4” The same complex was also found to
reduce pyridine to form a C-C bonded dimeric complex [Cp*2Sm(CsHsN)]2[u-(NCsHs—CsHsN)], a
reactivity not observed when switching to a phosphyl analog ligand, and illustrating the importance
of the metal-ligand pair choice. This energetic relationship in the lanthanide-ligand pair is
undoubtedly echoing to the theory of covalency in metal complexes,®® thus questioning the
aforementioned ionic nature of lanthanide-ligand interactions. Actually, contrary to transition metals,
this particularity of the bonding in lanthanide compounds prevents the formation of a metal-ligand
fully delocalized orbital when both fragments are of similar energies. This lack of covalency force
the electrons to adopt a statistical distribution, therefore having similar probabilities to be found on

the metal or the ligand (Figure 1.1).

Transition me
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redox-active
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Orbital overlap
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linked to
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lonic
lanthanide
compounds

Orbital energy difference

Figure I.1. Representative orbital overlap versus orbital energy difference plot and related compound
categories, adapted from ref*. The blue section illustrates the intermediate valence realm.

The resulting wavefunctions are therefore the sum of the multiple possible configurations, in

which the oxidation state of the lanthanide center and the ligands vary. While this phenomenon is not
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limited to 4f-elements, it is less rare than in transition metal species since it is not restricted to cases
where the metal and ligand orbitals are almost orthogonal, preventing covalent interaction, as
highlighted by several works from Wieghardt and coworkers as well as our group’s (Figure 1.1).49-7
The superposition of these multiple electronic configurations is also impacting the physical properties
of the resulting compounds and the use of a formal oxidation state has to be questioned since none of
the limit forms properly describe the species’ behaviors. As proposed by Dolg, Fulde, Maron and
Andersen, pioneers in this field, a more appropriate term: “intermediate valence” accurately embraces
the complexity of such systems.®%2 Among their investigations, the computational studies they
performed most notably contributed to build nowadays guidelines to treat such multiconfigurational
systems. Contrary to traditional transition metal cases, the choice of the method is rather important
as density-based models remain limited to single component wave-functions they only give an
approximated picture of the delocalized density and most of the time fail to reproduce the observed
spectroscopic signatures. This is what led Field to first introduce the concept of “super-
configurations” in 1982 to deal with the particular features observed due to low-lying electronic states
in diatomic molecules of lanthanides.®® It is only in the late 1980s that Fulde and coworkers
rationalized the formation of diradical open-shell singlets and/or low-lying multiplets states by using
the interaction between two partners (metal-metal or metal-ligand).®®* As an analogy to Kondo
singlet-state known in solid-state physics, this approach provided the possibility to rationalize the

observed experimental singularities.®*

Spectroscopic
singularities

(PES, XANES,
Magnetometry)

Theoretical
models

(DFT, MCSCF,
relativistic effects)

How to use it ?

(Rationalised
design, Novel
reactivity)

Figure 1.2. Intermediate valence in lanthanide compounds, from spectroscopic singularities to theoretical
models aiming to rationalize the phenomenon.
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ll. Spectroscopic and computational singularities

lI.LA. The LnCps case, Lnh = Yb, Eu and Ce

Following the report of the first metallocene,®’ the synthesis of the LnCps organolanthanide
series of compounds was achieved by Wilkinson and Birmingham in the late 1950s.6%7° To probe the
Ln-Cp bonding nature, their reactivity toward FeCl, was tested and resulted in quantitative formation
of ferrocene, FeCp.. This confirmed the expected ionic bonding resulting from the dominant
electrostatic metal-ligand interactions.’* Additionally, further investigations permitted to measure the
effective magnetic moments and, to the exception of YbCps, all values were concurring with the
expected ones for the free-ions. Indeed, the measured value of 4.0 g, at three different temperatures
by the Gouy method,? for YbCps is significantly lower than the expected 4.54 ug for such 2F7, Yb'!
ground state.” This first singular result called for extended investigations on this compound to
understand the origin of such deviation. Much latter, gas-phase photoelectron spectroscopy (PES)
was performed at variable energies throughout the LnCps series (Ln = Ce, Pr, Nd, Sm, Yb and Lu).”*
8 This technique is especially performant to investigate the electronic structure of lanthanide
complexes due to the signature of the ionized products. For instance, a 4f" ground state compound
will be directly identified by its related 4™ ionized cation as observed with the LuCps complex, a
414 ground state, for which both 2F7, and 2Fs, ions states of its 4f'2 cationic form were identified.”
A less trivial example is found with the YbCps complex, since signals corresponding to both 4f2
(Yb'") and 4" (Yb'") ionized products are observed, which is indicative of the intermediate valence
of the formed [YbCps]* cation. The question remains as whether these signatures are due to the
multiconfigurational character of the YbCps starting complex (initial-state effect), or to its ionized
version (final-state effect). The propensity of Yb to form divalent species was thought to be a strong
support of an initial-state induced intermediate valence, and the ground state of YbCps was estimated
to be of 88% 4f'3 character and 12% of 4f'4 character.”” To reinforce this initial-state hypothesis,
similar values were also obtained by rigorous EPR investigations, including hyperfine coupling
interaction of both 3C and "*Yb nucleus, as well as modern magnetic susceptibility measurements
that corrected the previously measured pes value to 3.53 ug measured in the 20-300 K range (Figure
11.1).
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Figure I1.1. Spectroscopic singularities observed for YbCps.

As the Ln®*/Ln?" redox potential is 0.8 V higher when switching from Yb to Eu, -0.35 V and -
1.15 V respectively versus NHE (normal hydrogen electrode),’® a similar intermediate valence can
also be expected with the EuCps complex. In this case, ' Eu Mdsshauer spectroscopy is a first choice
technique to probe the electronic properties of the Eu ion.®° The analysis of an EuCps(thf) sample
revealed a strong interaction between the Eu 4f orbitals and the Cp ligands which was estimated to
account for approximately 14% of divalent 4f" character

Contrary to the two previous cases, CeCpz was studied because of its enhanced oxidative
reactivity, in presence of air traces, compared to the rest of the series, an observation echoing to the
aforementioned accessibility to a 4f°5d%s® ground state by the oxidation of a 4f' Ce'" ion.%86°
Magnetic data confirmed the 2Fs/> ground state of CeCps with a measured magnetic moment of 2.46
us versus the expected 2.54 ug value. However, gas phase variable photon energy photoelectron
studies permitted to probe the electronic structure of the CeCps* cation and surprisingly, two different
final states were observed, a result in contradiction with the only possible 4f° ground state for such
oxidized compound.” While this phenomenon was already reported for solid inorganic Ce
samples,®?84 in agreement with the magnetic measurements, it was attributed in this case to a final-
state effect resulting from an the intrinsic intermediate valence of the [CeCps]* cation. Computations
indicated that if the latter is expected to formally be a Ce'V species with no pure 4f orbital being
occupied, significant 4f electronic density arises from the population of delocalized 6 bonding and
antibonding Ce-Cp orbitals.” This report is perfectly illustrating the semantic issue when using the
“formal oxidation state” term for such species. In this case neither the Ce'"" nor the Ce'V designations

are accurate since both “Ce'"" with no pure f orbital” and “Ce'V with 4f electronic density” statements

are challenging the textbook definitions (Figure 11.2).
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Figure 11.2. Odd spectroscopic or computed features for the CeCps species.

[I.B. Cerocene, a computational debate

If the LnCps series remain the first occurrence of singular spectroscopic signatures observed
with organolanthanide complexes, the most studied and discussed case is the cerocene’s
(biscyclooctatetraenyl cerium, Ce(Cot)2). As previously discussed, this compound was first isolated
in 1976 by Cesca and coworkers,*® the synthetic protocol being latter improved by the groups of
Streitwieser and Andersen.®¥ Substituted Cot analog species were also characterized in the
meantime (Figure 11.3).858 Several spectroscopic and structural features, among which XRD-
obtained metrics or photoelectron spectrum,®’8 were in favor of a formal Ce'V oxidation state, while

UV-Vis and luminescence studies were indicative of Ce'!" characteristics.2

3S|
oo e Meas,- shre,
Ce Ce
l Me;Si ; SiMe; Me;Si SiMe;
= " "
SiMej

[Ce(Cot)y] [Ce(Cot"),] [Ce(Cot™),]

Figure I1.3. The cerocene complex and its substituted derivatives.

To solve this problem, X-ray absorption near edge structure (XANES) spectroscopy
investigations were conducted,®>°%-°2 as it is another performant tool to determine the oxidation state
of a metal center as well as the extent of the bonding character of f-orbitals in lanthanide and actinide
complexes.®-9" With both the original Ce(Cot), and its substituted versions, XANES data supported
an intermediate valence with both Ce'"" and Ce'V signatures.®®® And if the same initial-state versus
final-state effects question is at stake, most studies consider the former to be the cause of the observed
multiple contributions. By fitting the data obtained with the Ce(Cot)2 sample, the 4f° (Ce'V) and 4f*
(Ce"") contributions were estimated to 11% and 89% respectively (Figure 11.4), nf = 0.89 (ns
representing the weight of the open-shell configuration), a value questioned by a recent study that

estimated the contribution from the 4f* configuration to be lower, nf = 0.51.%2
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Figure 11.4. Configuration admixture ratios resulting from XANES fitted data.

If from the experimental side, XANES studies permitted to confirm the intermediate valence of
the Ce(Cot). complex, theoretical chemists did not wait such advanced spectroscopic investigations
to open cerocene’s Pandora box, in which the numerous questions about its oxidation state were
concealed. Based on the study of Roesch and Streitweiser in which a formal Ce'V oxidation state was
proposed,® Neumann and Fulde estimated the Ce'" 4f! contribution to be dominant because being
more stable according to their more advanced, yet still semi-empirical, computations.® By the early
1990s, relativistic pseudo-potentials developped for f-elements finally allowed theoreticians to use
ab-initio multiconfigurational computational methodologies,®1% such as complete active space
self-consistent field (CASSCF)!% and second-order complete active space perturbation theory
(CASPT2).2% Investigations led by Dolg and coworkers thus validated the intermediate valence of
cerocene and even estimated the 4f° and 4f' contributions, respectively 17% and 83%, n; =
0.83,°960.1%6 jn good agreement with the XANES results obtained a decade later. However, this was
the start of long discussion between the groups of Dolg and Kerridge, to find the best way to estimate
these contributions. The latter reported an admixture of three states, Ce''/Ce''"/Ce'V, with respective
contributions of 9%/23%/60% to the wavefunction.®” This proposition of a dominant Ce'V character,
although not concurring with the experience, was later supported by CASSCF-derived quantum
theory of atom in molecules (QTAIM)! topological studies,'® were the odd Ce'" spectroscopic
features were attributed to metal-ligand “degeneracy-driven covalency” as well as to the first excited
state that presents a 4f! character. MooRen and Dolg corrected these propositions by arguing that the
CASSCF wavefunction remained invariant upon unitary transformation of the orbital space, such as
a simple rotation.'*® Within this framework they demonstrated that both the Ce'"' and Ce'V
representations proposed earlier are only limit cases obtained at precise rotation angle values o
(Figure 11.5). The infinite number of combinations accessible in between these values would just
result in intermediate results, illustrating perfectly the need of the “intermediate valence” term. To
definitely end up the cerocene oxidation state debate, Dolg concluded that the choice between the
Ce''"and Ce'V representations is “to a certain extent a matter of taste”, which, for a pioneer of the

field, is quite meaningful.
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Figure 11.5. Impact of the rotated CASSCF orbitals on the computed electronic structures.

A

II.C. Ytterbocene adducts of N-heterocyclic redox-active ligands

In both LnCps and Ce(Cot). systems, intermediate valence states have been reach with Huickel
aromatic carbon-based ligands. However, the group of Andersen also investigated the odd
spectroscopic behaviors of ytterbocene adducts [Cp*2Yb(L)] formed with well-known redox non-
innocent ligands, L, such as 2,2’-bipyridyl (bipy), 1,10-phenanthroline (phen) or diazabutadiene (dad)

derivatives (Figure 11.6).51.62111-118

[Cp*2Yb(bipy)] [Cp*2Yb(dad)] [Cp*2Yb(phen)]

Figure 11.6. Different ytterbocene adducts with N-heteroaromatic redox active ligands.

Although the redox potential of the Yb3*/Yb?* couple alone is not supposed to be sufficient to
reduce such ligands,*® XRD metrics as well as magnetic and spectroscopic measurements indicated
that the redox-active ligand could be formally reduced, - or not, depending on the ligands used: both
the Cp derivatives and the N-heterocyclic ligands choices matter. For instance, with the bipy ligand,
XRD analysis of the Cp*.Yb(bipy) complex revealed a shortened bridging C-C bond distance, 1.43
A versus 1.49 A for the free ligand and the oxidized [Cp*2Yb(bipy)]* cation. The effective magnetic
moment was measured to be 2.4 ug in the neutral case, far from the 4.2 pg obtained with the cation
or the 4.54 ug expected value for a free Yb'"" ion. Added to all the spectroscopic singularities, IR
absorption bands typical of a bipyridine radical or paramagnetic nature of the *H NMR spectrum but

deviating from the Curie-Weiss law upon variation of the temperature among others, it was first
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proposed that both Yb' 4f14 and Yb"' 4f'3 configurations were contributing to the ground state, an
hypothesis supported few years later by XANES, with an estimated ns = 0.83, extended magnetic
measurements and CASSCF theoretical studies.®>!* As per magnetic considerations, if the effective
magnetic moment alone is already strongly hinting toward intermediate valence, many of those
ytterbocene adducts presents a temperature-independent, - or Van Vleck, paramagnetism (TIP) at low
temperature. This phenomenon arises from a second order perturbation of the Hamiltonian ruling the
interaction between an electron and an external magnetic field.*?° Since in most of those systems, the
singlet-triplet energy gap is of the same order of magnitude than kgT, it allows the observation of this
phenomenon where, until the temperature upon which the triplet starts to be populated, the magnetic
susceptibility remains constant. Once the impurity-induced “Curie tail” behavior is corrected, this
particular susceptibility value ymip is used to estimate the energy gap with several models, a
methodology that will be further explained in the third chapter of this manuscript.*?*?? Having these
spectroscopic facts in mind, further investigations were conducted to evaluate the impact of the ligand
tuning in such ytterbocene adducts. It allowed to understand the origin of the phenomenon and unveil
new reactivities, a consequence of the relative energy and symmetry of the orbitals of both the Yb

and the redox active ligands,116-118
lll. Rationalization and utility of intermediate valence

lII.A. Energy and symmetry considerations

If the spectroscopic singularities are now well-known and often well-understood with the
support of forever more robust theoretical methodologies, there is still a need for a rationalization of
the respective weights of each configuration involved in the intermediate valence states of lanthanide
compounds. To understand the impact of the energy of the involved orbitals, it is necessary to look
back to the covalency present in such architectures. As defined by Equation (1), two main
parameters rule this interaction: the metal-ligand orbital overlap and the energy gap between both
fragments. As aforementioned, the core character of f-orbitals implies a minimized overlap. Yet,
when it comes to the energy gap, covalency arises when it is minimized yielding the “degeneracy
driven covalency” that was suggested by Kerridge in the cerocene case.'® This electronic density
delocalization implies that both the ligand and the metal center receive partial spin densities resulting

in an intermediate valence state.

22



_ Qp +A@,
V14 208y, + A2

Chapter | Intermediate valence in lanthanide compounds
HML
with A= —; 5 1)
EM - EL
o is the mixing between the metal and the ligand orbitals from perturbation theory of the ionic limit, ¢m
is the metal orbital and L the ligand orbital, both characterized by the metal and ligand energies, E%v and EOL.

Sww is the orbital overlap, A the mixing co-efficient and Hwm the off-diagonal matrix element of the Hamiltonian.
Note that in the Hiickel theory, Huw is proportional to Smi.

In both Ce and Yb compounds, this model is easily represented in the simplest cases with three
different configurations. One is composed of an empty or full shell, 4f° for Ce and 4f'4 for Yb while
the two others result from the interaction between the open-shell 4f! (Ce) or 4f2 (Yb) and the ligand
configurations. As represented in Figure 111.1 (left), the intermediate valence arises from the stabilized
admixture of both singlet configurations while both Ass and Asr, the closed shell singlet-open-shell
singlet and singlet-triplet energy gaps, are ruling the weight of each configuration in the ground state
and the thermally accessible excited states. In the precise case of the ytterbocene adducts presented
in the last part, the Ass can be expected to be closely related to the redox potentials of both Yb and
N-heterocyclic fragments. If in the case of Cp*2Yb(bipy), the ns was estimated to 0.83 from XANES
data, further studies on methyl substituted bipy ligands allowed to modulate ns confirming the impact
of the redox potentials on Ass, when the redox potential of the ligand is decreased, so is the value of

lanthanide fragment (Figure I11.1.right).

ns (Figure 111.2).52115 [f this case is rather simple, several ligands, such as 1,10-phenantroline or 4,5-
diazafluorene,'*58 not only involve one but two or three o* orbitals in the interaction with the
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Figure Ill.1. Qualitative energy diagrams for intermediate-valent Yb and Ce species (left) and less trivial case

of ytterbocene adducts with several * orbitals involved (right).

This leads to less trivial situations with several intermediate-valent singlets, each having its
own ng, lying below the lowest triplet state. The intermediate valence then becomes temperature

dependent upon the successive population of the several singlet states and has to be fitted by a
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Boltzmann distribution and compared to the XANES and magnetic data sets. If the n¢ values are
indeed correlated to the redox potential of the ligand, a closer look at Figure I11.2 reveals that this
relationship is different upon changing the core structure of the ligand, yielding drastically distinct

mean line slopes.
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Figure 111.2. Plot of the redox potentials of the different bipy, phen and dad derivatives versus the measured
ns for each series of ytterbocene complexes.115123-125

This means that energy gaps alone cannot rationalize the nf value and other parameters have to
be considered. For instance, the fact that the correlation is reasonably good for each series of
substituted ligands means the symmetry of the interacting orbital(s) is also impacting the intermediate
valence. This was especially highlighted with the phen ligand since two n* orbitals of different
symmetry, by and az, can interact with the ytterbocene fragment. While the by orbital has the same
symmetry and shape than the by «* orbital of a bipy with much density on the nitrogen atoms, the
electronic density is mostly localized on the 4,7 positions for the a; orbital and a node is present on
the 3,8 positions (Figure 111.3.1eft). These differences of symmetry allow precise tuning of each orbital
energies explaining the different ground state observed for the substituted phen ligands (Figure
111.3.right).}17118 Upon methylation of the 3,8 positions, the by orbital energy is slightly increased
while the a» orbital remains unchanged resulting in relatively small change compared to the
unsubstituted case (nf = 0.96 instead of 0.99), the same result was obtained with the methylation of
the 5,6 positions. However, when the 4,7 positions are substituted (where most density is located),
the relative energies of the a2 and by orbitals are reversed since the energy of the ay orbital is
significantly increased while the coordination of the Yb fragment stabilize the b; orbital, yielding to

an intermediate valence for the ground state.
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Figure 111.3. Representation of the bipy and phen 1* orbitals (left) and qualitative energy diagram illustrating
the impact of the different substitution of the phenantroline ligand (right).

[11.B. Chemical ramifications: Impact on reactivities

If tuning an electronic structure is an important aspect in fundamental chemistry, it would also
be interesting to relate these singular electronic structures to their chemical behavior. Inspired by the
works of Andersen and coworkers, previous results obtained in the group came from a strong
collaboration with him until his passing in June 2019.'?® From the work performed during this
period, 5118 the attention given to the symmetry of the redox active ligand orbitals was reinforced
by the different reactivity observed upon switching from the historical bipy to the 4,5-diazafluorene
and phen ligands. Slow hydrogen evolution was observed with the Cp*2Yb(4,5-diazafluorene)
complex, vyielding the Cp*.Yb(4,5-diazafluorenyl) compound.!'® This was attributed to the
intermediate valence character of the starting complex with three n* orbitals of different symmetry
interacting with the Yb fragment, b; for the LUMO and LUMO+1 and a; for the LUMO +2. Among
the three intermediate-valent singlet states, the second one has a n¢s = 0.39, indicating a significant
biradical character, and is thermally populated at room temperature. This explains the radical
elimination of %2 H. since significant spin density is found on the C9 atom, the position at which the
C-H bond is broken (Figure 111.4).

Figure ll.4. Thermal dihydrogen elimination from the 4,5-diazafluorene ligand.

A further indication that reactivity of such intermediate-valent species is governed by the
symmetry of their orbitals was evidenced with the aforementioned series of Cp*2Yb(x,x’-Mezphen).

While the origin of their different electronic ground state was already discussed, the position at which
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the methylation was performed triggered a reaction dichotomy between the 3,8 or 5,6 positions and
the 4,7 one (Figure 111.5). While the 3,8 version was shown to be able to reversibly dimerize by the
mean of a radical C-C coupling in position 4,7 (Figure 111.6.top),!*® the 5,6 one was most likely too
hindered to do so. In contrast, the 4,7 one performed a bimolecular hydrogen atom transfer (HAT)
reaction echoing to the H, formed in the 4,5-diazafluorene case (Figure I11.6.bottom).!” The C-C
coupling can easily be related to the symmetry of their stabilized a, orbital: the highest spin densities
are found on the symmetrical C4 and C7 atoms and this density is large enough in the unsubstituted
phen and 3,8-Mezphen cases to trigger the radical coupling. In the other case, the 4,7 substitution
prevents the C-C coupling since overcoming the steric hindrance in a hypothetical dimer would be
more expensive in energy than the stabilization resulting from the ¢ bond formation. The trigger of
the HAT is then the delocalization of the C4 =n* spin density to its neighboring c*C4-H orbital, the

weakened C-H bond is then ready to perform the observed bimolecular rearrangement.

3,8-Me,phen 4,7-Meyphen 5,6-Mesphen

Figure 111.5. The different dimethyl phenantroline involving different reactivity upon coordination to a divalent
organoytterbium fragment.

Figure 111.6. Two different reactivity pathways depending on the position of the methyl substituents of the
phen ligand. (top) Reversible radical C-C coupling, (bottom) bimolecular HAT.
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l1I.C. Going further with heterobimetallic architectures

Taking advantage of this in-depth knowledge of the energetic and symmetry driven reactivities,
a further application of the tunable intermediate valence state of such ytterbocene adducts was
recently developed in the group. By switching from bipy and phen ligands to 2,2’-bipyrimidine
(bipym) and 4,5,9,10-tetraazaphenantrene (taphen), ligands having a second coordination site, the
objective was to build heterobimetallic complexes composed of divalent Yb and transition metal
(TM) fragments. The resulting compounds would allow to evaluate the impact of the intermediate
valence on the TM reactivity and hopefully unveil new transformations. The proof of concept of this
project was published in 2017 with the novel Cp*2Yb(L)PdMe, complexes (L = bipym or taphen).
Echoing to the bipy and phen adducts, the bipym version was found intermediate-valent with a mixed
singlet state and a low-lying triplet state while the taphen presented a pure triplet ground state due to
their respective orbital symmetry (Figure 111.7).22” To evaluate the impact of such different electronic
structures, both compounds were treated with Mel to trigger an oxidative addition. While the formed
taphen-Pd'"Y complex was not resistant to reductive elimination of ethane, the bipym version presented
a much higher stability than its mononuclear analog isolated in 1986 (bipy)PdMesl.??812° From an
orbital point of view this stability arises from the significant spin density held by the four nitrogen
atoms, and consequently the two that support the Pd center while this characteristic is not present

with the taphen ligand.
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Figure I11.7. Heterobimetallic complexes of Yb and Pd, stabilization of the unusual Pd" oxidation state.

Extension of this strategy to nickel lead to a comparative reactivity study toward CO with the

Cp*2Yb(bipym)NiMe; and its (bipym)NiMe, precursor.**® The ytterbocene fragment was found to
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stabilize the expected acyl intermediate resulting from the CO migratory insertion in the Ni-Me bond,
most likely through a similar process that the one discussed for the Yb-Pd'"Y compound. These two
studies combined confirmed the relevance of such heterobimetallic architectures in the study and
stabilization of elusive reaction intermediates, a topic further investigated in this manuscript.

To widen the scope of bridging ligand used (Figure 111.8), other members of the group proposed
to use the L3X dissymmetric 2-pyrimidin-2-yl-1H-benzimidazole (Hbimpm) ligand (Figure 111.8.left).
Contrary to the two previous studies, this example unveiled that the ytterbocene fragment was
influencing the position at which radical C-C coupling reactivity was observed upon reduction of the
deprotonated bimpm- ligand by either the Yb moiety of KCs.'*! Lately a collaborative project with
the Hess group allowed to study the intermediate valence of the novel [Cp*2Yb(Mabig)Ni]* cation,!32
HMabiq being a macrocyclic biquinazoline ligand (Figure 111.8.right),'*® and evaluate the tuned
photophysical properties of the (Mabig)Ni fragment.*®*

Hbimpm HMabiq

Figure I111.8. The Hbimpm and HMabiq ligands recently used to synthesize heterobimetallic complexes.

IVV. Conclusion and objectives

This introduction gathers the most illustrative examples investigated for their odd spectroscopic
signatures now fully incorporated as features of the intermediate valence found in lanthanide
compounds. These properties not only surprised experimental chemists, they also challenged
theoretical chemists and robust computational methodologies were developed to model this specific
phenomenon. All these contributions allowed the rationalization of such original electronic
architectures and guidelines to design intermediate-valent species for which an electronic state is
composed of several configurations. Finally, the extensive studies conducted on N-heterocyclic
adducts of ytterbocene eventually opened the way to the project in which this thesis work is included:
the synthesis of divalent lanthanide induced intermediate-valent heterobimetallic complexes with
transition metals in order to evaluate the impact of the 4f-element fragment on the reactivity of the
TM center (Figure 1VV.1). An extended version of this introductive chapter can be found in our recently

published minireview on the topic.®®
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Figure IV.1. Design of intermediate-valent heterobimetallic complexes.

Following the recent works conducted in the group this Ph.D. manuscript will mainly deal with
two aspects. Chapter Il will focus on the synthesis of new precursors of trivalent lanthanide ions
with large aromatic ligands representing a potential alternative to the traditional Cp-based
organolanthanide complexes used to design intermediate-valent compounds. This work permitted to
further study the coordination chemistry of the rarely used cyclononatetraenyl (Cnt) ligand and
uncover a lanthanide size-induced hapticity switch in the series of prepared compounds.**® In order
to fully cover the group 10 transition metal that can be involved in Cp*2Yb(bipym)MMe; type of
complex, Chapter I11 will present the extensive characterization and reactivity studies conducted
with platinum where the observed modulation of the intermediate valence upon variation of the
coordination environment of the Pt center is directly related to the collaborative work performed with
the Andersen group. The reactivity trials conducted with Yb-Pt compounds led to the investigation
of low-valent Ni reactivity toward alkene isomerization presented in Chapter 1V, allowing to
discover an original mechanism based on the shuttle of electrons between the Yb, the bipym and the
Ni center. Finally, Chapter V will present the synthesis and characterization of unprecedented
tetraalkyl Pd complexes with a high stability, the study of its degradation opening new perspectives

for Csp3-Csp® coupling reactions.
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Chapter Il

New trivalent organolanthanide
precursors supported by large aromatic

ligands

|. Background on sandwich complexes

I.A. Pioneer works with the cyclopentadienyl ligand

The first report of the synthesis of a metallocene compound dates from 1951 with Pauson and
Kealy’s synthesis of ferrocene by the mean of a cyclopentadienyl (Cp) Grignard reagent.! The overall
linear geometry was proposed with two independent works from Fischer and Wilkinson which
resulted in them being awarded the Nobel prize in 1973.2* In the few following years, the completed
XRD analysis of the complex confirmed their findings.>® This gave birth to the now well-known
“molecular sandwich” term for such architecture. The remarkable symmetry and geometry of this
complex led the scientific community to explore further this sort of species. From the study of
physical properties of such compounds to their use in terms of reactivity, they are now widely used
across all the periodic table for various applications.”® Yet Cp-based ligands being small L2X ligands,
they tend to form bent architectures when used outside of the d-block, with the bigger lanthanide ions
for example.®® In this precise case, the first step toward perfectly axial architectures involved very
bulky Cp ligands: CsH2(tBu)s (Cp™), Cs(iPrs) (Cp™™®) and Cs(Ph)s (CpB'®) to sterically prevent adduct

formation and intermolecular interactions that favor bent structures (Figure 1.1).1-%
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Yb

Figure I.1. Trend in bent CpYb structures from [Cp2Yb]n to (CpB'©)2Yb.

|.B. Toward bigger ligands: cyclooctatetraenyl and arene derivatives

In the series of carbon-based Hiickel aromatic ligands, the use of larger aromatic rings was
thought as another solution to control the steric environment of the f-elements. This idea was
developed by Streitwieser in the late 60s with the isolation of the neutral uranocene (U(Cot)2) thanks
to the dianionic cyclooctatetraenyl (Cot) ligand.??2® This architecture was extended to lanthanide ions
a decade later with the isolation of cerocene (Ce(Cot)) (Figure 1.2).2* The Cot ligand, however, is
not perfectly suited for the stabilization of the most common +1I and +I1I oxidation states of
lanthanide ions. Indeed, the formation of anionic species with alkali counter cations leads, upon
crystallization, to packing interactions that can induce a bending of the linear geometry.?>-?” This does
not however prevent such axial or near-axial architectures to be actively studied for their magnetic

properties, as it will be explained later in this chapter.?8-32

©

>

Figure 1.2. First linear sandwich complexes involving the Cot ligand, uranocene and cerrocene.
The anionic cerrocene precursor K*[(Cot)2Ce] is bent.

Ce

(00
(1

Outside of the Cot? ligand, benzene derivatives were also known since the 50’s to form bis-
arene complexes with transition metals.33-*® On first thoughts, neutral arenes should not fit properly
with the standard +11 and +I11 lanthanide oxidation states. However, the group of Cloke managed to
isolate the remarkable series of Ln('BusCsHs)2 complexes at the 0 oxidation state with Ln = La, Pr,
Nd, Sm, Gd, Tb, Dy, Ho, Er, and Lu.3%-38 On top of extending the possible strategies to achieve linear
sandwich architectures, these studies remain nowadays the only examples of isolated “zero-valent”

molecular complexes of lanthanide ions.
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I.C. The cyclononatetraenyl ligand

Since the strategy using Huckel aromatic ligands was proven efficient toward the synthesis of
linear sandwich architecture, the next larger monoanionic aromatic ring, the cyclononatetraenyl (Cnt)
ligand was a promising choice in order to form neutral divalent “lanthanidocenes”. The ligand
synthesis was described in the 1960’s by Katz and Garratt®*#° and depending on the reaction
conditions the alkali salt [M*Cnt’] can be formed as mixture of cis,cis,cis,trans-Cnt" (trans-Cnt) and
cis,cis,cis,cis-Cnt™ (cis-Cnt), the latter being thermodynamically more stable.** This isomerization

process was already investigated and rationalized by Boche et al. in 1978 (Figure 1.3).42%

cis-Cnt” trans-Cnt

Figure 1.3. The two isomers cis-Cnt and trans-Cnt-.

To the exception of a study with titanium species® it’s only decades later that the Cnt ligand
was used in coordination chemistry by the group of Sitzmann who characterized the promising n?®-
coordinated Ba(n®-Cnt), complex*® while another report was made a bit after with a tetranuclear
[Pda(m*-Cnt)(n*-Cot)] species characterized (Figure 1.4.left).*” This is not surprising considering the
Cnt ligand is likely to reorganize itself as the more stable indenyl ligand when protonated or when

not meeting suitable coordination environment(Figure 1.4.right).484°

> | i
]
|
Pd | PhPh
Pd/\Pd\/Pd E i +K — =
. N
! I &

Figure 1.4. Examples from previous works with the Cnt- ligand.

In 2017, while the group was already investigating the use of this promising ligand with
lanthanide ions, Nakajima et al. reported the difficult synthesis of Eu(n®-Cnt). (4 % yield) and how
its geometry impacted the luminescence properties of europium.® A year after, the series was
completed by members of the group with the isolation of the other classical divalent lanthanide analog
compounds Yb(n®-Cnt)z, Sm(n°-Cnt),, with the addition of Tm(n°-Cnt), (Figure 1.5).%* In this study,
the importance of isolating the ligand salt with the trans-Cnt as the major isomer as well as the fine

control of the isomerization of the latter was shown to be key to reach higher yields for the perfectly
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cis-Cnt complexes. The surprising stability of these new Yb and Sm species in dichloromethane
compared to other divalent lanthanide precursors®>>® was also a proof that the Cnt ligand was highly
impacting the reactivity of such species. It was therefore needed to study other lanthanide systems
involving the Cnt ligand to get better insights on its potential as a contender for Cp based ligands in
the design of future organometallic species considering the large number of fields where lanthanide

ions are of high interest.

toluene/thf

Lnl, + 2K* —_— Lln
r.t. :
-2KI <®>
KCnt Ln =Sm, Eu,
Tm, Yb

Figure 1.5. Synthesis of the divalent lanthanidocenes series.

ll. Synthesis and characterization of (Cot)Ln(Cnt) heteroleptic

complexes

In order to adapt these findings to fit the more common trivalent oxidation state of lanthanide
ions, the idea to combine the large Cot and Cnt ligands to access to heteroleptic linear complexes was
the next logical step since heteroleptic Cot-Cp systems had already shown promising properties.?
Unfortunately, Miinzfeld et al. published the synthesis of such (n8-Cot)Ln(n°-Cnt) complexes, with
Ln = Nd, Sm, Dy and Er, while we were performing the characterization of these highly sought
species.> The magnetic study of the erbium compound revealed that it is a nicely performing single
ion magnet (SIM) with a blocking temperature Tg = 10 K on par with other Cot-Er systems.2%31:55:%6
Yet, in this study, the coordination mode of the Cnt ligand was not trivial to attribute because of a
crystallographic disorder for the late lanthanide ions. While there was strong evidence of an n°-Cnt
coordination mode for the early neodymium and samarium ions, the conclusion remained uncertain
for dysprosium and erbium. A collaborative work was therefore started between our two groups and

led to the results presented hereafter.
[I.LA. Synthesis of the (Cot)LnX(thf), precursors

For the late lanthanide ions, the choice was made to use the protocol proposed by Hilgar et al.>®
instead of the elegant procedure published for early 4f-elements Ln = La, Ce, Pr, Nd and Sm by
Mashima and co-workers.%” After an overnight metathesis reaction between the Lnls and K,Cot salts
in thf, crystalline product was isolated after proper removal of the KI salt formed and this protocol
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allowed the synthesis of the desired “piano stool” (Cot)Lnl(thf). precursors for Ln = Th, Dy, Ho, Er
and Tm (Figure 11.1).

n
rit. [ Sthf Ln=Tb-Tm
2Kl thf

thf )
Lnl; + 2K* - . I/L LnCotl(thf),

Figure II.1. Synthesis of the (Cot)Lnl(thf)r precursors.

For Lu, the same procedure was not successful starting from LuCls so it was decided to first get
a borohydride salt instead of a halogenated one to increase its solubility and thus its reactivity with
the KzCot salt. Using the procedure reported for Nd,>®%° [Lu(BHa)s(thf)s] was synthesized by salt
metathesis and reaction in thf with K.Cot led to the formation of a dimeric [Lu(Cot)(BHa)(thf)]-
precursor after recrystallisation in toluene (Figure 11.2). It is important to note that the purity of the
[Lu(BH4)3(thf)3] salt is of paramount importance to get this dimer. When chloride ions were still
partially present, the isolated product was (Cot)Ln(BHa4)1x(Cl)x(thf)2, a precursor from which the
yields obtained at the next step were lowered, most likely because of a worse solubility.

Figure 11.2. ORTEP of [Lu(Cot)(BH4)(THF)]2. Thermal ellipsoids are depicted at 50 % probability level.
Carbon atoms are in grey, boron atoms in pink, oxygen atoms in red, and lutetium atoms in light green.
Hydrogen atoms except on the boron atoms have been removed for clarity.

To finish the series of those late trivalent precursors, Yb is still missing. Several protocols were
tried but almost all of them led to divalent Yb species due to the reductive potential of the Cot? ligand.
Even when Mashima’s protocol was used with Yb, it yielded a bright pink solid insoluble in most
common organic solvents to the exception of pyridine in which it can be recrystallized as
(Cot)Yb(py)s.2% Oxidation trials in pyridine to form trivalent (Cot)YbX species with silver salts
remained unsuccessful. It only led to the isolation of Yblx(py)s salt when Agl was used. One
remaining option to get such trivalent Yb precursors would consist in using a similar method that the

one used by the groups of Roesky or Eldemann who isolated heteroleptic (Cot)Yb®** complexes by

41



Chapter Il New trivalent organolanthanide precursors supported by large aromatic ligands

using bulky amidinate or bis(phosphinimino)methanide ligands.®*-®3 The question yet remains about

whether or not these complexes would be reactive toward a salt metathesis with the KCnt salt.

II.B. Synthesis and characterization of (Cot)Ln(Cnt) heteroleptic sandwich

complexes

= Synthesis of the title compounds

In order to achieve high yields and rapid isolation of the aimed complexes, a variation of the
protocol developed for the divalent bis-Cnt complexes was used.>! Salt metathesis reactions between
the (Cot)LnX(thf), precursors and KCnt salt were performed in a toluene-acetonitrile mixture for Ln
=Tb (1), Dy (2), Ho (3), Er (4) and Tm (5) (Figure 11.3). The main difference to the aforementioned
bis-Cnt protocol is that both cis-Cnt and trans-Cnt isomers could be used and were dissolved in
acetonitrile to form a solution that is added to the suspension of the (Cot)Ln precursors in toluene.
The use of acetonitrile allowed a faster isomerization of the trans-Cnt isomer to its cis form ensuring
the completion of the reaction in 12 h. For the synthesis of (Cot)Lu(Cnt) (6), the most efficient
protocol was found by putting to reflux for 16 h a suspension of both reactants in toluene probably
because the coordination of the Cnt ligand is less likely to happen with such smaller ion (Figure 11.3%).
The most important step in order to get clean base free (Cot)Ln(Cnt) was the removal of all the
volatiles under reduced pressure including the coordinating solvents (acetonitrile for 1-5, thf for 6).
Crystalline products were then isolated in good yields by several extractions with large amount of
toluene, filtration, concentration and cooling of the resulting solution at -40 °C overnight. A smooth
color evolution was observed along the series from pale yellow 1 to salmon-orange 5 while 6 is pale
yellow. Solution and solid-state analyses of the species were performed to investigate the
coordination mode of the Cnt and are discussed in the following sections of this chapter.

- toluene/CH3CN? -

x<"~pe K - L
.t.2
thf o >
LnCotX(thf), KCnt
Ln=Tb-Tm, X =1 Ln = Th(1), Dy(2), Ho(3),
Ln =Lu, X=BH, Er(4), Tm(5), Lu(6)

Figure 11.3. Synthesis of the (Cot)Ln(Cnt) complexes 1-6.
@ No acetonitrile used in the case of 6 and temperature was risen to 115 °C.
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= Solution state characterization

Room temperature *H NMR characterization of complexes 1-5 were performed even though
they are highly paramagnetic. For all compounds, two similar broad signals were observed which is
coherent with average n®-Cot and n°-Cnt coordination modes in solution. The attribution of the signals
to the Cot or the Cnt ligand was possible for 1-3 by integrating the broad peaks, the Cot signals were
found at 245.9, 118.7 and 90.5 ppm respectively, while the Cnt signals appeared at 101.5, 72.9 and
59.2 ppm respectively. For 4 and 5, the broadness of the signals did not allow any attribution of the -
5.01, -128.7 ppm and -23.2, -235.8 ppm respective pairs of peaks. One shall note that lanthanide ions
in 1-3 have oblate, axially elongated, electronic density while it is prolate, equatorially elongated, for
4-5, and that these intrinsic properties impact greatly their magnetic properties as it will be explained
later in this chapter.®* This influence was nicely illustrated by the chemical shifts’ signs being positive
for the oblate ions and negative for the prolate ones. The study of the diamagnetic Lu compound (6)
did not offer more answers regarding hapticity switching in solution. The room temperature signals
at 5.83 (Cot) and 6.54 ppm (Cnt) were not showing any fluctuation between +80 and -80 °C. This
absence of coalescence indicated that, if there was a structural change in solution across the series,
the energy barrier of such rearrangement was too low to be observed within this temperature range.®®

For the terbium complex, an intriguing behavior was observed upon evolution of the NMR
solution at room temperature. After several days, a new set of 6 signals appeared, at 404.0, 230.1,
203.6, 196.2, 165.1 and -169.5 ppm, indicating a thermodynamic evolution from 1 to another species
1’. Even though the signals are highly paramagnetic, the estimated 2:8:2:2:1:2 ratio observed for the
integrations of this new set of signals was concurring with the isomerization of a cis-Cnt moiety to
its trans-Cnt form while the Cot ligand remained a singlet since this reorganization did not impact
the symmetry of the compound (Figure 11.4). The cis:trans ratio was estimated to be 66:34 after 3
days, 60:40 after 20 days and did not evolve further at increased timings. This isomerization of the
Cnt ligand was confirmed when crystals of 1> were isolated as red blocks different from the pale-

yellow needles of 1 with an estimated cis:trans ratio of 79:21 in 1°.

0.66 0.34
tol- dg | |

Tb + Th
2H —/

<®> 3 days <®> e \/> 2H
2H 2H
~ Y - 7
1 1

Figure 11.4. Isomerization of 1 in 1’ in tol-ds and its impact on NMR signals.
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This phenomenon was found rather surprising considering Boche’s previous works on the
isomerization of different alkali salts of the Cnt™ anion in different conditions.*>-** All results pointed
toward a thermodynamically more stable cis-Cnt form with AG* values ranging between 29.6 and
34.8 kcal mol™. The fact that upon coordination of a Tb cation, a supposedly contra-thermodynamic
isomerization could be triggered was counter intuitive and is currently under study in the group to see
if thermodynamic barriers can be determined and if this transformation is reproducible with the larger
early lanthanide ions. The understanding and the control of this phenomenon could be the key to
access different reactivities thanks to the different solubility and electronic structures of the two

isomers.
= X-ray diffraction analysis

From the crystal structure study, the first note is that 1 and 2-6 were not isomorphous. The
terbium complex crystallized in the Pnma space group while the five others unit cells corresponded
to the P21/n space group. This resulted in the lanthanide ions being close to an inversion center with
an 0.5 occupancy for compounds 2-6. The rest of the asymmetric unit was composed of the two
disordered carbon rings embedded with an occupancy of 0.5 as well. Before addressing the disorder,
careful modeling of the carbon aromatic rings needed to be performed in order to separate them
without too many restraints. To respect the aromaticity of the ligand, a soft SADI restraint
(equidistance between named atoms) was applied to all the C-C bond distances of the Cg or the Cq
rings respectively. This ensured reasonable positional freedom throughout the refinement cycles
while preventing scrambling of the carbon atoms between the two ligands. Although aromaticity is
often associated to planarity, this case perfectly exemplified that such assumption should always be
carefully considered when solving a structure. When used, the FLAT instruction that forces the
coplanarity of the selected atoms, induced a significant increase of the refinement’s indicators and
have to be removed to respect the experimental dataset. With all these considerations in mind, a first
statement could be made, the Cot ligand appeared to be planar while the Cnt presented a bent
conformation (Figure 11.5.a). Moreover, this fact combined with the lanthanide ion not being centered
with both ligands suggested that one of them was adopting a lower coordination mode than the
expected n® and n® hapticity. To properly address this issue, a second asymmetric unit was constructed
thanks to the inversion center (Figure 11.5.b). By removing the disorder on the ligands (Figure 11.5.c),
two crystallographically correct solutions were then accessible depending on which symmetrically
equivalent Ln ion was removed (Figure 11.5.d-e). On the first one, the bent Cnt ligand had a lower
hapticity, while it was the opposite for the second one. Lowering the space group symmetry to P1 did
not solve the problem. The asymmetric unit only got more crowded by the addition of 3 other

disordered moiety with an 0.5 occupancy since Z’ (the number of molecules in the asymmetric unit)
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was increased from 0.5 to 2. The question was then simple: which of the two solutions was the correct

one from a chemical point of view?

Figure I1.5. Step by step crystallographic resolution of the structure of 5.
Cot ligand in red, Cnt ligand in blue and Ho in green.

The fact that the Cnt ligand in the first solution showed a deviation from a standard planar
geometry expected for aromatic ligands was a first hint pointing toward this solution instead of the
other. The Ln-Ctr distance (Ctr for centroid) was another one since it is supposed to be lower for the
dianionic Cot®> moiety than the monoanionic Cnt~ fragment. The holmium case shown above
illustrated well this point: in the first solution the distances were Ho-Ctrcot = 1.735 A and Ho-Ctrcnt
=2.222 A while they were Ho-Ctrcot = 2.153 A and Ho-Ctrene = 1.775 A for the second one. Another
hint came from obtaining a lowered hapticity for the Cnt in a sample of 2, which was not perfectly
dried upon crystallization in DCM. The compound was characterized by XRD as 2(MeCN), in which
the asymmetric unit was composed of one disordered molecule of 2 and a non-disordered acetonitrile

adduct of the same complex (Figure 11.6).

Dy1
VVMy

0%

Figure 11.6. ORTEP of 2(MeCN) at 150 K, two orientations of the molecule. Thermal ellipsoids are depicted

at 50 % probability level. Carbon atoms are in grey, the nitrogen atom in blue, and the dysprosium atom in

light green. Only the adduct part of the asymmetric unit is shown, co-crystallized DCM and hydrogen atoms
have been removed for clarity.
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With this accumulation of pieces of evidence, the second solution was definitely discarded. In
the case of compound 1, the Pnma space group completely changed the analysis. The terbium ion
was now included in a symmetry plane that contained the centroids of both rings. The ligands were
cut into two symmetrical and planar parts, resulting in a more planar Cnt ligand. This change of
symmetry was attributed to the increased hapticity of the Cnt ligand thanks to the larger ionic radii of

earlier lanthanide ions which are therefore more suited to fit to an n°-coordination mode.

Table II.1. Main metric parameters for 1-6 at 150 K:

Tb (1,v°) Dy (2, n®) Ho (3,7°) Er4,m Tm(5,n%  Lu(6,1°)

2.775(7) 2.68(2) 2.56(2) 255(3) 2 54(3) 250(2)
2.775(7) 2.72(2) 261(2) 259(3) 257(2) 254(2)
2.79(1) 2.74(2) 262(2) 261(3) 264(2) 26(2)
2.82(3) 2.74(2) 2.72(2) 2.69(3) 273(2) 2.68(2)
Ln-C(Cnt) 2.83(1) 2.79(2) 2.82(2) 288(3)  2875(13)  2.943(12)
2.84(2) 2.86(2) 3.02(3) 3.10(2) 3.11(2) 3.14(2)
2.85(3) 286(2)  3212(14)  3443(13)  3.44909)  3.59(10)
2.85(1) 2.95(2) 3.37(2) 360(2)  3594(12)  3.719(13)
2.86(2) 2.96(2) 3.47(2) 376(2)  3.7698)  3.930(9)
”(LL:C%C((;ST; 0.094 0.284 0.906 1.213 1.228 1.426
Ln-C(n-Cnt)* ave 2.82(3) 2.79(9) 273(17)  274Q21)  274@21)  2.73(26)
C(n-Cnt)-Ln-C(n-Cit)? 177.4 172.0 169.6 1747 173.8 1742
Ln-C(Cnt) ave 2.82(3) 281(10)  293(33)  302(44)  303(44)  3.07(55)
roonwe g E s es s
Ln-C(Cot) ave 258(2) 258(4) 2.55(7) 250(4) 2.48(3) 2.46(1)
Ln-C(n-all)? ave 271 2,69 263 2 60 259 258

@ Only the carbon atoms formally »-coordinated (see below discussions) were considered in the average calculation.

To get a closer look at this proposed hapticity switching observed for the Cnt ligand several
metric parameters were studied (Table 11.1). First, the Ln-Ccot distances showed that for the Cg ligand
each carbon atoms were within the same range of distance from their respective lanthanide: 2.57(3)-
2.63(2) Ain 1, 2.52(2)-2.64(2) Ain 2, 2.46(2)-2.65(2) A in 3, 2.45(2)-2.55(3) A in 4, 2.43(3)-2.54(3)
A'in 5 and 2.44(2)-2.50(2) A in 6. The Ln-Cco average distances evolving from 2.58(2) A for 1 to
2.46(1) A for 6 was considered as a consequence of the lanthanide ionic radii contraction across the
series.®® The situation was rather different with the Ln-Ccn distances. They ranged between 2.775(7)
and 2.86(2) in 1, 2.68(2)-2.96(2) A in 2, 2.56(2)-3.47(2) A in 3, 2.55(3)-3.76(2) A in 4, 2.54(3)-
3.769(8) A in 5 and 2.50(2)-3.930(9) A in 6. This resulted in their average value evolving from 2.82(3)
A for 1 to 3.07(6) in 6 which was contradictory considering the lanthanide contraction and therefore

numerically demonstrating that the n-coordination mode was not respected across the series. To get
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a hand on formal coordination numbers and quantify the hapticity evolution in the series, several
geometrically constructed parameters were studied, from measurements performed at both 150 K and
300 K. First, two mean planes were constructed out of the six closest carbon atoms of the Cnt ligand
on one hand and the three furthest carbon atoms of the Cnt ligand on the other hand (Figure 11.7). By
analyzing the angle measured between those two planes, the deviation from planarity was quantified
from4.80°in1to34.2°in6at150 K (3.2°in1to 25.3 °in 6 at 300 K). This clearly illustrated how
the Cnt ligand bent as the ionic radius of the lanthanide ion decreased and the temperature’s impact
on the metrics remained scarce. To conclude on this matter a 5 K measurement on 1 was performed
and did not show any sign of symmetry break thus invalidating a hypothetical temperature-induced

phase transition from the orthorhombic cell to the monoclinic one.

o ®© IPY oo are=p i
Tb & Dy ® Ho @
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Figure 11.7. Mean planes constructed in 1-6 to illustrate Cnt ligand’s bending.
The grey plane is constructed with the eight carbon atoms of the Cot ligand.

In order to propose formal coordination modes for these six compounds another set of
constructed metric parameters were studied by considering the Cot centroid and three different
centroids for the Cnt ligand, one with the six closest, a second with the eight closest and the last with
all nine carbon atoms of the Co ligand (Ctr6, Ctr8 and Ctr9 respectively). As shown in Table I1.2 and
as expected from the results of Table 11.1 the Ln-Cotcy are 1.804 Ain 1, 1.772 Ain 2, 1.735 A'in 3,
1.701 A'in 4, 1.681 A in 5 and 1.653 A in 6 which was coherent regarding the lanthanide contraction
trend. Note that to the exception of 1 this Ln-Cotcy distances were slightly shorter yet close to the
one obtained within the (Cot)LnX(thf), series (X = | or BH4): 1.81 A (Tb), 1.80 A (Dy), 1.78 A (Ho),
1.76 A (Er), 1.75 A (Tm) and 1.724 A (Lu). On the Ln-Cntcy side, at 150 K, the Ctr6 was the closest
for 3-6 while Ctr8 and Ctr9 were the closest for 2 and 1 respectively. Moreover, the same centroids
were highlighted by considering the highest Cotct-Ln-Cntcy angles. This rather straightforward and
conclusive metric analysis of the centroids allowed the attribution of the formal n®-coordination mode

for 3-6, n®-coordination mode for 2 and n°-coordination mode for 1 at 150 K (Figure 11.8). Thanks to
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this definition it was noticed that, by considering the average Ln-C distance only with formally n-

coordinated carbon atoms, the lanthanide contraction was respected (Table 11.1).

_ s Y =

Ln Ln Ln
_— ———=> =
n°-Cnt n8-Cnt 1n°-Cnt

Figure 11.8. Representation of the three formal coordination modes of the Cnt ligand.

It is also important to note that this conclusion was only slightly different when the sum of the
van der Waals radii was considered. Carbon atoms were considered n-coordinated if their Ln-C
distance was lower than the sum van der Waals radii which ranged from 1.80 to 1.72 A from Tb to
Lu while the radius of an aromatic C atom was 1.70 A. This resulted in maximum distances for n-
coordinated carbon atoms to be between 3.42 A for 6 to 3.47 A for 1, leading to 4-6 being n®, 3 n®
and 1-2 v°.

Table 11.2. Centroid metric parameters for 1-6 at 150 and 300 K:
The smallest distances and highest angles for each complex are given in bold red.

Th (1)? Dy (2) Ho (3) Er (4) Tm (5) Lu (6)
Plane angles 4.80 125 23.7 29.7 31.3 34.2
Ln-Ctr(6-C/Cnt) 2.130 2.082 2.054 2.065 2.070 2.066
Ln-Ctr(8-C/Cnt) 1.979 1.997 2.102 2.193 2.197 2.239
Ln-Ctr(9-C/Cnt) 1.970 2.016 2.184 2.309 2.314 2.375
Ln-Cot(Ctr) 1.804 1.772 1.735 1.701 1.681 1.653
Ln-Cot-(6-C/Cnt) 157.5 161.0 169.6 174.7 173.8 174.2
Ln-Cot-(8-C/Cnt) 173.6 172.0 166.7 163.1 163.5 161.3
Ln-Cot-(9-C/Cnt) 177.4 170.5 161.4 157.6 158.1 156.0
Ln-Ln* 0 0.248 0.635 0.912 0.896 1.095

1,300 K 2,300 K 3,300 K 4,300 K 5,300 K 6, 300 K
Plane angles 3.2 14.8 15.0 17.7 19.8 25.3
Ln-Ctr(6-C/Cnt) 2.142 2.158 2.137 2.105 2121 2.135
Ln-Ctr(8-C/Cnt) 1.985 2.072 2.117 2.182 2.203 2.278
Ln-Ctr(9-C/Cnt) 1.967 2.092 2.167 2.269 2.293 2.398
Ln-Cot(Ctr) 1.802 1.778 1.705 1.687 1.667 1.627
Ln-Cot-(6-C/Cnt) 154.3 160.3 165.0 174.0 168.6 171.9
Ln-Cot-(8-C/Cnt) 170.2 170.2 173.3 167.0 163.2 161.9
Ln-Cot-(9-C/Cnt) 177.4 169.4 169.2 161.3 158.5 156.8
Ln-Ln# 0 0.366 0.602 0.882 0.876 1.137

@ The Th parameters are the average distances and angles between the two disordered parts.
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To conclude this structural study, it is important to keep in mind that these proposed formal
coordination modes can vary depending on the limiting criteria chosen. These limit forms were not
observed in the solution state yet, their solid-state properties might be tuned by this original behavior
of the Cnt ligand.

lll. The magnetic interest of the (Cot)Ln(Cnt) architecture

[1I.A. Brief introduction on single molecule magnets

» From cluster chemistry to lanthanide single ion magnets

The report of a “Magnetic bistability in a metal-ion cluster” by Sessoli and coworkers in 1993
opened the door of the molecular world for magnets.®” The now-famous Mni cluster was the first
example of a molecule showing hysteresis opening upon magnetization thus retaining magnetic
information for a certain amount of time even though the external field has been removed. Although
this phenomenon was only observed below 5 K, this led to the still ongoing quest to make this
behavior accessible at higher temperatures with relaxation times long enough to actually build
molecular-based data storage devices.®® To achieve that, the strategy consists in making the energy
barrier for the spin state reversal (Ues) the highest possible, this not only slows down the relaxation
process but also increases the blocking temperature under which the phenomenon can be observed.®
For transition metals, this barrier can be approximated to be proportional to both the square of the
total spin value S and the axial magnetic anisotropy D of the system (Equation 1).

1
U =|D|S?,S = integer,U = |D| (Sz —Z),S = non — integer (1)

Therefore, a good single molecule magnet (SMM) must have high enough values to generate a
decent barrier that can induce a slow relaxation process, which is well illustrated by a double well
diagram (Figure 111.1). Historically, following the report of the S = 10 Mn12 cluster, maximizing the
spin was the predominant paradigm.’® But this did not always lead to interesting SMMs because it

was often realized at the cost of the magnetic anisotropy.”
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Figure lll.1. Double well diagram illustrating the magnetization and magnetic relaxation processes of SMMs
(adapted from ref’2),

This paradigm started to shift toward maximizing the axial magnetic anisotropy due to the
findings of Ishikawa et al. in 2003.” They reported the magnetic study of sandwich complexes
composed of two dianionic phthalocyanine ligands (Pc) and a trivalent lanthanide ion
([Ln(Pc)?]* [NBua4]). The Th and Dy versions of the compound were revealed to behave as SMMs
thus becoming the first-ever observed single-ion magnets (SIMs). Parallel investigations to renew
and change the focus toward maximizing the anisotropy and not the spin state reinforced this
discovery.”>’4’® Since lanthanide ions are naturally presenting high spin and high single-ion
anisotropy thanks to their unquenched orbital angular momentum® they were considered to represent

the best candidates one can think of to design future SMMs respecting this new paradigm.
= Rationalization of the design of lanthanide-based single molecule magnets

The key concepts for the design of performant lanthanide single-molecule magnets were
summarized by Rinehart and Long in 2011.%* When considering the electronic states involved in the
slow relaxation process, crystal field splitting in f-elements has to be considered as a perturbation of
the strong spin-orbit coupling splitting. Hence, the crystal field splitting creates the last level of
degeneracy before the Zeeman effect and therefore rules the properties of the relaxation process.

Since the interaction between the free ion and the crystal field is what impacts the most the
resulting my states, a simple electrostatic model was proposed to get a straightforward visualization
of the best-suited crystal field, for each lanthanide ion, in order to maximize its anisotropy. From the
shape of electronic clouds of 4f" systems (n = 1-14 from Ce to Lu, in their trivalent states), three
categories of lanthanide ions arise: the oblate ones (mostly equatorial charge distribution), the

isotropic ones (spherical cloud) and the prolate ones (axial charge distribution) (Figure 111.2).

50



Chapter Il New trivalent organolanthanide precursors supported by large aromatic ligands

ce(l) Pr(1ll) Nd(111) Pm(IlN) sm(lin) Eu(lll) Eu(lll)
4f1 4f2 4f3 4f4 4f5 4f6 4f7

P . e
0066./{‘/‘

Th(1l1) Dy(I11) Ho(ll1) Er(I11) Tm(11) Yb(Il) Lu(I)
4f8 459 4f10 4f11 4f12 4f13 4f14

Figure Ill.2. Approximated electronic distribution across the trivalent lanthanide series (adapted from ref64).

Hence, to maximize the magnetic properties of such ions, the crystal field should enhance these
charge distributions by avoiding repulsive interactions that would hamper their anisotropy. This leads
to a simple statement: axial crystal fields are preferred for oblate ions and equatorial crystal fields are
best-fitting prolate ions, a concept that was later reinforced by rigorous theoretical studies (Figure
111.3.A-B).”""® Thanks to these findings the oblate Dy** cation tackled record-breaking blocking
temperature one after another with bulky Cp™ ligands in a first example.” More recently the
groundbreaking report of the heteroleptic [(Cp™™®)Dy(Cp*)]* cation finally broke the liquid nitrogen

barrier with Tg = 80 K, thus reinforcing the hopes for data storage applications.®
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Figure 111.3. Best fitting crystal fields for either an oblate ion (A) or a prolate one (B), lowest energy states
are achieved by applying axial (A) or equatorial (B) restraints. (adapted from ref64),
lllustration of the electrostatic influence of large aromatic ligands on a prolate ion (C).

Interestingly, sandwiches architectures are also of great interest for prolate ions since large
aromatic ligands are mostly equatorially contributing to the crystal field thanks to their & electronic
cloud (Figure 111.3.C). Noteworthy examples were reported using the Cot ligand and the Er®*, Tm%*
ions. 28315556 This strategy was even extended to Tm?* (isoelectronic to the prolate Yb®*")3? making it
the second divalent lanthanide SIM after the remarkable (Cp™™®),Tb complex.8*
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[11.B. Magnetic properties and theoretical studies across the (Cot)Ln(Cnt)

series of complexes

As reported in the paper published by Miinzfeld et al. the erbium compound 4,>* which was the
most promising of the series, is behaving as a single molecule magnet below Tg = 10 K thanks to its
my = £15/2 states being stabilized by the equatorial crystal field. The spin reversal energy barrier was
measured to be Uesr = 251(1) cm™, yet no coercive field was observed. This was attributed to the
efficiency of the quantum tunneling of the magnetization (QTM), which is not rare in 4f-elements
systems.®? Those results were confronted to complete active space self-consistent field (CASSCF)
calculations realized with a DFT optimized structure, in which the Cnt ligand is considered n°-
coordinated. Although the hapticity was proven to be lower in the solid-state study presented earlier,
these ab initio results reproduced quite well the experimental results with the first and second excited
states my = +13/2 and +1/2 being 140 and 268 cm™ above the ground state. An Arrhenius analysis
was then performed and led to consider a relaxation pathway dominated by an Orbach process®®
followed by a QTM through the my = £1/2 states (Figure 111.4). These calculated values were therefore
in reasonable agreement with the experimentally measured value of the barrier. Noteworthy, the fact
that Raman spectroscopy allowed to measure the antisymmetric vibration of the Cg/Co rings at a
similar energy (240 cm™) was making echo to the very recent works of the Chilton group who

investigated the influence of vibrational modes’ resonance on the Orbach relaxation process.
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Figure IIl.4. Most probable magnetic relaxation pathway for 4 as ab initio computed in ref54.

The magnetic investigations were performed on the rest of the series 1-3 and 5 and are depicted
in Figure 111.5. The measured yT values at room temperature fell in the expected range of the Curie
constants for each ion’s ground state: 'Fe (Tb(I11), 1, 11.82 cm® K mol™?, g; = 3/2), ®His2 (Dy(111), 2,
14.17 cm® K mol?, gy = 4/3), ®Ig (Ho(111), 3, 14.07 cm® K mol?, g; = 5/4) and ®Hs (Tm(Il1), 5, 7.15
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cm® K mol?, g; = 7/6). No other slow relaxation process than the one detected with the Erbium

complex, 4, was found.
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Figure I11.5. Temperature dependent xT values for compound 1 (a), 2 (b), 3 (c) and 5 (d) in dots with the
calculated curves from the different structures obtained at various temperature in colored lines.

With the disorder freed XRD structures at several temperatures, new theoretical studies were
performed to get a better evaluation of the modulated hapticity’s impact on the magnetic properties,
especially for the prolate ions in 4 and 5. In the case of 1-3, the results illustrated well why they were
not SMMs. The ground states calculated for 1 was pure my = £0 with low lying my = +1 states (27
and 61 cm™) and the total splitting of the 2J +1 states on 873 cm™* gave satisfactory modeling of the
experimental T values. 2 and 3 had mixed ground states with main components: m; = £15/2 (68 %)
and my = £11/2 (13 %) for 2 and m; = 8 (65 %) and m; = 6 (14 %) for 3. The first excited states
for 2 and 3 were also low lying, 6 states were accessible within a 109 cm™ range for 2 and 5
degenerated states were found within 136 cm™ for 3. The differences observed between 150 K and
300 K models of the temperature-dependent susceptibility was easily explained by the variation of
the ratios of the mixed ground states because of the geometry evolution. Yet the curves were
reasonably comparable to experimental values. It was likely that the mixing of the ground states
combined with low-lying excited states was the reason for having no retention of the magnetization.
The anisotropy axes represented in Figure 111.6 are good evidence that the electrostatic prediction was

indeed verified.
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Figure 111.6. Computed structures of 1-5 at 150 and 300 K and ground-state anisotropy axis (not represented
for Tb due to planar anisotropy).

With 4, even though the DFT optimized n°-coordinated Cnt geometry gave satisfactory results,
the lower hapticity present in the XRD structure induced mixing in between excited m; states. While
the ground state remained pure my = £15/2, the first excited state was 98 % m, = +13/2 and the second
excited states a combination of 68 % m; = £1/2 and 20 % m; = +3/2. The energy gaps were 170 and
251 cmt respectively, which was in excellent agreement with the measured value considering the
thermally induced QTM through the second excited state process proposed earlier. Compared to the
n°-coordinated Cnt geometry of 4 in which the anisotropy axis was perfectly orthogonal to both
carbon rings, the n® hapticity found in XRD induced a bending of this axis. This correction being
considered, the anisotropy axis was slightly impacted and crossed the ligands in the position of the
centroids Cotcy and Ctr6 used earlier for the XRD metric study (Figure 111.6). With 5, the computation
indicated a pure m; = 6 ground state, which is concurring with the »T value at low temperature. The
first excited state was also pure, m; = +5, 431 cm™! above the ground state, yet this was not coherent
with the experimental data. From 2 K to 50 K, the shape of the curve indicated that low excited states
are gradually populated which should not be the case with an electronic gap of this extent.

In conclusion, these computational studies demonstrated that the promising prolate ions were
not too much influenced by the mixing of excited states arising from the hapticity switching across
the series. However, they brought a smooth improvement of the model which was important to

understand properly the versatility of the Cnt ligand as well as its impact on the lanthanide properties.
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IV. Conclusion and perspectives

The synthesis and characterization of new precursors of trivalent late lanthanide ions (to the
exception of Yb) supported by the dianionic Cot and the monoanionic Cnt ligands resulted in
unveiling original fluxional behaviors of the latter. The Tb complex 1 was perfectly linear with n®
and n° hapticities for the Cot and the Cnt ligands respectively. Nevertheless, a “contra-
thermodynamic” partial isomerization of the Cg ligand was observed in both solution and solid-state
leading to a trans-Cnt ligand being only n8-coordinated. Another type of hapticity switch was found
in the 2-6 series of compounds. The careful resolution of the highly disordered XRD structures
demonstrated that either the Cot or the Cnt was in a lower coordination mode than the expected n°
(Figure I1V.1).

Figure IV.1. ORTEPs of 1-6 at 150 K. Thermal ellipsoids are depicted at 50 % probability level. Carbon
atoms are in grey, and lanthanides are in several colors, as labelled. Hydrogen atoms have been removed
for clarity.

A bond metric study and the isolation of the adduct 2(MeCN) pointed toward the more flexible
Co ring being more and more distorted across the series concurring with the lanthanide contraction.
These compounds being of great interest for their potential SMM behavior, their magnetic properties
were probed and it resulted in the prolate Er and Tm complexes being the best-fitting lanthanides in
this crystal field, as expected considering the electrostatic model and the theoretical investigations.
Yet, only the Er version presented slow magnetic relaxation properties as it was previously reported.>*

This study should help upcoming works on the versatile Cnt ligand since the fluxional behaviors
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presented in this work will surely be great tools to tune the physical properties of future lanthanide
complexes supported by this ligand.

As it was already done with the (Cnt).Ln complexes,?® reactions with the classic 2,2’-bipyridine
(bipy) ligand were performed to probe if further coordination chemistry was possible with those
compounds. Although the resulting species was found highly insoluble. An XRD acquisition was
achieved after crystals were finally isolated by slow diffusion of a bipy solution in a (Cot)Sm(Cnt)
solution yielding the expected adduct (Cot)Sm(bipy)(n°-Cnt) (Figure I1V.2).

.

S

~7

Figure IV.2. ORTEP of (Cot)Sm(Cnt)(bipy) at 150 K. Thermal ellipsoids are depicted at 50 % probability
level. Carbon atoms are in grey, nitrogen atoms in blue, and the samarium atom in dark green. Hydrogen
atoms have been removed for clarity.

The low solubility of both divalent (Cnt).Ln and trivalent (Cot)Ln(Cnt) precursors is currently
preventing further coordination studies to compare the Cnt ligand to the widely used Cp* ligand. One
of the keys to overcome this issue might reside in trying to add substituents on the Cnt ligand in order
to increase its solubility and get on par with substituted Cp ligands. With such objective in mind, it
should be reminded that the few substituted Cnt ligands reported to date are extremely temperature-
sensitive in their protonated form, making their synthesis and further use in coordination chemistry
really challenging.*® Lastly, a more ambitious synthetic strategy could imply engaging substituted
Cot ligands®?®’ in Katz and Garratt’s procedure. Indeed, after having witnessed the versatility of this

Co ring, who would not dream of getting his hands on its permethylated Cnt* version?
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Chapter Il

Original heterobimetallic complexes of Yb

and Pt as models for group 10 reactivity

|. Background on platinum chemistry

|.A. Pioneer works, toward Shilov’s chemistry

The origin of organoplatinum chemistry can be tracked back to the first half of the 19" century
when Zeise isolated yellow crystalline product as the result of the reaction between PtCls and EtOH
in presence of KCI salt.! Since the “metallic, astringent and long lasting” taste of the unidentified
product did not allow its identification, the formulation K[(C2H4)PtCls]-H20 was only unveiled thirty
years later, proving that Zeise’s salt was indeed the first ever organometallic compound isolated.?

It was however only a century later that the reactivity studies of such organoplatinum
compounds were conclusive, opening the road toward catalysis,®® up to the activation of saturated
hydrocarbon compounds.® In 1969 Shilov and coworkers reported the C-H activation of inert alkanes
by a metal complex.” In this system, the Pt'! catalyst (PtCl.) performed the activation of CHa in acidic
aqueous environment to end up with CH3OH as the valuable product of the reaction. Since then, a
remarkable amount of work have been performed to elucidate the nature of this C-H activation.®® The
initial studies were in favor of a three step mechanism: (i) C-H activation at a Pt" center to form a
Pt'-alkyl species, (ii) fast oxidation by a stoichiometric amount of PtV that yield a Pt'V-methyl

intermediate and (iii) reductive elimination of CH3OH with regeneration of Pt''Cl, (Figure 1.1).
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Figure I.1. The Shilov system for methane oxidation in methanol.

This breakthrough significantly influenced platinum chemistry for the following decades yet
improvements were necessary to make this process industrially relevant: replace the stoichiometric
amount of Pt with another cheaper oxidant. This is what led Bercaw and Labinger, who extensively
studied the Shilov system in the 90’s. While the two last steps were easily demonstrated, assessing
the nature of the C-H activation in step (i) remained a tough challenge. On one side, Shilov initially
proposed that the Pt'-alkyl complex was formed through oxidative addition of the C-H bond followed
by a reductive elimination of HCI.1® On the other side, Labinger and Bercaw preferred to consider
first an electrophilic activation of a o-bonded CH4 molecule thanks to the favorable liberation of a
proton in the acidic environment.!* However they later studied several model systems and reaction
conditions leading to the following statement: if both the 5-CH4-Pt and the alkyl-Pt'V-H species were
involved in the mechanism they were in equilibrium with each other and only the latter produced the
Pt"-alkyl intermediate (Figure 1.2).12%3 A short summary of these studies was published in 2015, as a
tribute, six months after Shilov passed away.'* As an additional note, in this retrospective, Labinger
and Bercaw greatly thanked him for his pioneer studies, “it all started with his work, and we greatly

value our memories of him”.

LP. === LPt' — L
R avx 2" x
CH,

Figure 1.2. The two discussed mechanism for step (i) of the Shilov system, (top) the electrophilic activation
and (bottom) the oxidative addition pathways.
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|.B. The Catalytica system

With the mechanism of the Shilov system well-known, several studies were starting to point
toward the possible replacement of the stoichiometric Pt oxidant with O, being a possible
candidate.’® Capitalizing on their experience obtained on a Hg'"-H2S04 system developed in 1993 for
the oxidation of CHas'® Periana and coworkers finally solved the oxidant issue with their
groundbreaking report in 1998 of the now-known as “Catalytica” system yielding up to 72% CHg4
conversion to methyl bisulfate CH30SO3H (Figure 1.3).17 In this study, Periana used the bidentate
2,2’-bipyrimidyl (bipym) ligand with a stronger acidic environment, hot H.SO4, that also behaved as
the oxidant in the system. It has to be noted that the system was also efficient with NH3 ligands but
the complex degraded after a short time (ty2 = 15 mins) to insoluble PtCl> polymer.

W\ X

CH3X PN o CH,

X =Clor OSO3H
L, = bipym or (NH3), HX

L |Lt|v w\ X L Pt" A\ X
2 277 YCH,

802 + H20 803 + 2 HX

Figure 1.3. The Catalytica system, as presented in ref'’.

Theoretical studies on the thermodynamics of the reaction showed that the bipym ligand had to
be considered in its protonated forms, bipymH* or bipymH?*, in the reaction mixture,'®'° and a later
experimental study from the Sanford group, where they replaced sulfuric acid by dimethyl sulfate,
reinforced this proposition (Figure 1.4).2° The resulting protonated, or methylated in Sanford’s work,
species were stabilized which was not the case with NHz ligands and degradation to PtCl> by
elimination of NH4" was thermodynamically favorable, which was not the case with the bipym ligand.
Interestingly, it was also lowering the C-H activation energy highlighting the non-innocence of the
bidentate ligand. If this C-H activation was first proposed as an electrophilic substitution between R
and an X ligand (X = CI, HSO,), it was later corrected that the oxidative addition was more probable

when they added explicit solvent molecule to the calculation.?
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Figure I.4. Comparative stability of the neutral and protonated forms of the (bipym)PtCl. complex.
AG values in kcal mol! calculated at 453 K18,

|.C. Recent works and objectives of the project

While the Catalytica system was still suffering from drawbacks such as a relatively high catalyst
loading (~ 3-4 mol%) and the inherent inhibition of the reaction upon reaching ~1 M concentration
of the product, the number of Pt-mediated C-H activation studies started to decrease to the profit of
cheaper first and second row transition metals.?>? The activity of Pt chemistry was therefore mostly
oriented toward stoichiometric reactivity and mechanistic investigations with few examples of
original catalytic applications. Among the reactivities studied figure the reductive elimination step
where the C-O bond is formed in the Shilov and Catalytica systems (Figure 1.5, left),?*2° while other
investigations were conducted on the oxygenation of the Pt-C bond as an alternative pathway for the
C-O bond formation (Figure 1.5, right).*>?6%° On the catalysis side, the combination of a C-H
oxidative addition of benzene derivatives with ethylene insertion in a Pt-Ar bond,3*? resulted in

elegant hydroarylation of olefin systems. 3334

ph\Ph Me ph Ph with O,

]
| : ~ » =, OMe
| Me Me + l_ __ Me L | Me
C Pty oo WP 1 I Pt CHiOH — N
Me - MeOA Me — N Me — N Me
eOAc E - ——K—> ~— |
]

71 OAc 7\ OH
Ph” 2y, Ph" 8,

88 % yield

inert atm.

Figure 1.5. (left) Selective C-O vs C-C reductive elimination as observed in ref2*and (right) aerobic oxidation
of a Pt center with an oxygen atom insertion to form a C-O bond?*®.

As observed so far, the oxidative addition process is at the core of C-H activation-oriented
platinum chemistry and Periana’s findings might have not been possible without the careful study of
this step. Indeed, the fine understanding of X-H and R-Y reactivities (X and Y being heteroatoms)
toward various Pt' species was needed to isolate species similar to the intermediates proposed in the
Catalytica system, a key point to further enhance its performances. This resulted in the literature on
the topic being greatly enriched in the last quarter of the twentieth century. During this period,
Puddephatt and coworkers notably contributed to this effort with N-donor ligand systems and

summarized it in a review in 1997 (Figure 1.6).%° This not only resulted in original reactivities but
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also the characterization of numerous model compounds for the more elusive Pd chemistry when it

comes to high oxidation states.®¢’

H
| N
+ HX /N//:,,FI,N‘Me —N 4, ||“|VIe
> =N YMe — . > =N X
=~ J X 'CH4 =~ !
Only observed at -78 °C
N, o 4Me
( el —
N Me
- T R
+RI >Ny, |

Me

\

- Pt'V‘ Stable at room temperature
=~ ! |

R = Me 1000 times
faster than R = Et

Figure 1.6. Selected examples of oxidative additions from ref3>,

Considering the recent results obtained in the group with the synthesis of Cp*Yb(bipym)MMe>
compounds of group 10 metals (M = Ni and Pd),% the next step was to switch to Pt to complete the
series. The first objective consisted in using platinum’s enhanced stability to perform the fine
characterization of the intermediate valence states of various Yb-Pt architectures, notably at high
oxidation state, in order to better understand the impact of the transition metal fragment on such
behavior. Additionally, after having isolated a series of different multiconfigurational architectures,
a second goal became to evaluate the resulting modulation of the reactivity, having as an ultimate
goal the C-H activation of methane thanks to the tuned electronic environment of the Pt center that
should favor the oxidative addition step by stabilizing its hypothetical product, with a Pt'"VMesH

fragment.

ll. Synthesis and characterization of heterobimetallic Yb-Pt

complexes

lI.LA. Synthesis and structural analysis

Contrary to the other group 10 metals, the synthesis of the (bipym)PtMe2 precursor, 1, was
already reported and was performed in CHCl; starting from the dimer [Pt(SMe2)Mez]. precursor.*%-
43 Excess of the bipym ligand was used to reduce the final amount of the undesired
MezPt(bipym)PtMe, dimer. The crystallization step was mandatory to remove the remaining free
ligand. Indeed, as specified in the Pd and Ni case,3®2° any free ligand contamination of 1 resulted in
the formation of the also undesired Cp*>Yb(bipym)YbCp*> dimer upon addition of the Cp*>2Yb(OEt>)

precursor.** Note that in that case, the double reduction of the bipym ligand by two Cp*,Yb fragments
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resulted in a closed-shell singlet dianionic ligand.* This thermodynamic driving force thus prevents
the isolation of any monomeric Cp*>Yb(bipym) precursor. With this purity prerequisite respected,
the Cp*2Yb(bipym)PtMe,, 2, complex was synthesized in toluene with the same protocol used for his
Ni and Pd analogs (Figure 11.1).%8%° After the addition of a toluene solution of Cp*2Yb(OEt,) to a
toluene suspension of 1, 2 was isolated as dark greenish-black X-ray suitable crystals in 86% yield

from the dark brownish-green resulting mixture after a night at -40 °C.

Me
Mel
N/§' \Me Cp*2Yb(OEty) W /§ \Me (1.2eq) : ‘\m/ | e
I t" [E—. I P I JE— . /Yb.\ I 1, Pt|V
N= Me toluene =~N" “YMe toluene o= N(| Me
= 1. t. =~ -
l\/v 1 r Q l\z/ r. S -\3/ |

Figure Il.1. Synthesis of Cp*2Yb(bipym)PtMe2, 2 and Cp*.Yb(bipym)PtMesl, 3.

The comparison of 1 and 2 XRD structures allowed to observe that the divalent Yb transferred
its electron to the bipym ligand (Figure 11.2 and Table 11.1). As it is typical for these species, 3 upon
coordination the C-C bond bridging the two pyrimidine rings was shortened by almost 0.1 A, 1.49(2)
A for 1 vs 1.408(5) A for 2. This was a first indication of the formal ligand reduction because the
electron was transferred to the by LUMO of 1 (C2y symmetry) in which most of the electronic density
was found on the C-C bridging bond. Another metric parameter indicative of the oxidation of the Yb
center was the Yb-Cp*cy distance. The 2.31(1) A found in 2 was coherent with a formal Yb'"
oxidation state.>33%46 On the Pt side, no significant change was found Pt-N distances of 2.09(2) A for

1 and 2.088(4) A for 2 while Pt-Me distances was 2.05(3) A in 1 and 2.037(9) A in 2.

Figure I1.2. ORTEPs of (left) 2 and (right) 3 with thermal ellipsoids at 50 % level. Carbon atoms are in grey,
nitrogen atoms in blue, the iodide atom in purple, the platinum atom in white, and the ytterbium atom in olive
green. Hydrogen atoms and co-crystallized toluene molecules have been removed for clarity.
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Upon addition of Mel to a toluene solution of 2, the coloration of the solution turned to brown
and X-ray suitable needles were grown overnight at — 40 °C in 92% yield. The XRD study of these
crystals was found rather difficult. At 150 K, images indicative of several twins were recorded. This
was thought to be due to toluene cavities and decent data was only obtained at 280 K. The oxidative
addition led to the Cp*>2Yb(bipym)PtMesl complex, 3, in which the C; axis left place to a mirror plane
leading to a Cs symmetry. The resulting distances on the Pt center were slightly modified the Pt-Me
distance was 2.06(4) A while the Pt-N distance was 2.15(1) A. Those values were within the standard

range for a Pt" ion.#"~49

Table 11.1. Main metric parameters in A for the free bipym ligand and complexes 1-3:

Atoms bipym 1 2 3
C-Cipym 1.501(1) 1.49(2) 1.408(5) 1.41(1)
Pt-Npipym / 2.09(2) 2.088(4) 2.15(1)

Pt-Cwe / 2.05(3) 2.037(9) 2.06(4)
Yb-Cp*cyr / / 231 2.36
Yb-Npipym / / 2.361(3) 2.35(1)

[I.B. Experimental electronic structure studies

In the *H NMR spectrum of 2, recorded at 20 °C in tol-ds, a 30 H integrated Cp* signal was
found at 5.88 ppm, the two first signals of the bipym signals were highly shifted at 255.46 and -166.89
ppm while the last one was found at 6.39 ppm. Lastly, the signal for the two methyl groups was found
at 17.89 ppm (Figure 11.3). This was concurring with the Cov symmetry observed in the solid-state.
The high chemical shifts for the first two peaks of the bipym were the consequence of the
paramagnetic behavior of 2. This would not be the case with a divalent Yb'' (f}4) ion. The solution-
state NMR was therefore in agreement with the solid-state XRD analysis, the Yb was formally
oxidized (f'%) and the bipym ligand was better described as a radical anion.

The 'H NMR spectrum of 3 recorded in thf-ds presented a similar paramagnetic behavior that
the one observed with 2. However, since the Coy symmetry was lowered to Cs after the oxidative
addition, the two Cp* signals were now nicely split, one was found at 6.29 ppm while the other was
at 6.42 ppm. The bipym signals were also slightly shifted at 266.71, -187.49 and 13.10 ppm
respectively. The two equatorial Me groups were found at -0.43 ppm and the axial one was at -13.56
ppm (Figure 11.4). Noteworthy, contrary to its Pd analog,® 3 was found indefinitely stable at room
temperature in both the solid and solution state.
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Figure 11.3. *H NMR spectrum of 2 recorded at 20 °C in tol-ds.
&
N [{e]
M~ ™M w0 I~
© <~ ™ oS}
«©
o~ L Q- Y
| & L |
o r
~— o~ O &
] A s
~ w0 WO T
| *| - ®
A
T T
(a)
™ S
s (e}
™ [ap]
10 5
I i
—_— N W —
s e e o
Q
~ 0 O M~ —
© — o P e
~— N o o ~—
20 240 200 160 120 ‘ o 0 40 80 120 = 180 20

40
1 (ppm)

Figure I1.4. *H NMR spectrum of 3 recorded at 20 °C in thf-ds.

Asterisks are labeling benzene, pentane and silicon grease impurities from left to right respectively.
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To probe the electronic ground state of 2 and 3 further investigations were needed. To present
such paramagnetic character, both compounds had to be either in a triplet state (S = 1) or in a singlet
state (S = 0) with a room temperature populated low-lying triplet (Figure 11.5). To quickly probe that,
a variable temperature (VT) NMR study was performed and all the chemical shifts of 2 and 3 were
plotted versus 1/T (Figure 11.6). As it was already observed in similar systems, the plots were showing
a deviation from the Curie-Weiss law.*#3%%°952 This was symptomatic of the magnetic exchange
coupling between the two single electrons but still not answering the question about the ground state

of the two complexes.

W\ Me
t"
Me
Closed-shell singlet Open-shell singlet Triplet (open-shell)
Yb(il, f1#)(L°) Yb(ill, f13)(L") Yb(i, £13) (L")
Figure I1.5. Different possible electronic configurations of 2.
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Figure I1.6. Variable temperature 'H NMR of 2 (left) and 3 (right) in tol-ds, & vs 1/T plots in the 203-343 K
range.

Solid-state magnetic studies were therefore conducted to study the species on a larger
temperature range, between 2 and 300 K. The 4T versus T plot recorded under a 0.5 T field showed
clearly a y T value going toward 0 at 0 K, meaning that the ground state of 2 was a singlet. Then with
the increasing temperature, the 7 value increased toward a room temperature value of 2.44 cm® K
mol™? (Figure 11.7, left). This value was close to the expected value for an isolated 2F7, Yb'"
paramagnet 2.57 cm® K mol™ at 300 K.*® This was the consequence of the triplet state being gradually
populated upon the temperature increase. While Ni and Pd analogs were found to behave in a similar
fashion, in this precise case, it could also be observed upon freezing a dark brownish-green solution
of 2 in liquid nitrogen. The triplet state was then only marginally populated and the frozen solution

turned orange.
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Figure I1.7. Solid-state temperature dependent magnetic susceptibility of 2 recorded at 0.5 T: (left) xTvs T
plot and (right) x vs T plot and its simulation with the TIP-including Bleaney-Bowers equation.

By plotting y versus T, several additional observations were obtained. At low temperature, a
temperature independent paramagnetism (TIP) or van Vleck paramagnetism was observed,* such
behavior was caused by the small energy gap between the ground state and the low-lying excited
state. Then the susceptibility rose to reach a maximum of around 130 K before decreasing as the
temperature continued to be increased which was normal Curie-Weiss behavior. Since the
susceptibility value during the TIP regime yrip was caused by the small singlet-triplet energy gap, its
incorporation in a Bleaney-Bowers equation permitted an estimation of the energy gap (Figure 11.7,
right).>* Considering the ymie value of 0.0073 cm® mol™, the y plot versus T is fitted with a gave value
of 3.68 which was relatively close to similar systems, 3.315 for instance for the Cp*2Yb(bipy)*
cation.®® The curve was then fitted as close as possible to the experimental one by variating the 2J
energy gap which was then estimated to be -212 cm™. This was consistent with the triplet state being
significantly populated at room temperature since ke T = 203.7 cm™ at 293.15 K. Considering that the
xmie and gave Values were indicative of a high anisotropy, another model was developed by Lukens et
al. to estimate the 2J energy gap for strongly coupled electrons.® To do so, they considered a two-
state approximated wavefunction for the Cp*2Yb(bipy) system: ¥ = c1 | f3,bipy™) + c2 | f4,bipy°).
By assuming that the Yb ion was purely trivalent f'3, c;2 was fixed to 1 and by injecting the g-tensor
values of the similar Cp*2Yb(bipy)* cation in equation (1) (g = 7.05, gy = 1.731 and gx = 1.165),>®
2J was then estimated to -202.6 cm™*. Noteworthy, while the Bleaney-Bowers model usually tends to
overestimate the 2J value, the second one is likely to underestimate it. The fact that in that case both
estimations were really close to each other meaned that the real electronic structure of 2 is really close

to the two-states approximated models used.
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Since in the Pd case, the oxidative addition of Mel did not result in a change of ground state,
the same result was expected with 3. However, the room temperature x7 value of 2.67 cm® K mol™
was indicative of a triplet state being populated and upon temperature decrease, this value only went
down to 1.31 cm® K mol? at 2 K due to the thermal depopulation of the crystal-field split states
(Figure 11.8). The ground state of 3 was therefore a pure triplet (S = 1). Although the reason of this
change of ground state is still under investigation, the impact on the accessible reactivity on the Pt
center could be important. Switching from multistate to single state electronic structure could enhance
a triplet triggered reactivity and/or shutdown singlet triggered reaction pathways, a mean to further

lower the energy barrier of challenging C-H bond activation such as the targeted methane molecule.
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Figure 11.8. Solid-state temperature dependent magnetic susceptibility of 3 recorded at 0.5 T: xT vs T plot.

II.C. Modulation of the high-valent Pt coordinating environment

To study more in-depth this phenomenon two other heterobimetallic PtV species were targeted.
First, thanks to the improved stability of the 3 compared to its Pd analog,®® the substitution of the
iodide in 3 by a fourth methyl ligand was investigated since Puddephatt reported some interesting
photo-triggered reactivity.>”%® Thanks to the thermal robustness of 3, the addition at room temperature
of solid MeL.i to a solution of 3 in toluene induced a slow color change of the solution from brown to
dark red while some off-white solid slowly appeared. Although toluene might not be the best solvent
to perform a reaction with MeL.i, it was used to ease the removal of the expected Lil salt. This choice
did not come without any drawback since the reaction needed at least 24 h of stirring to be completed
on a relatively small scale (~0.1 mmol). After treatment, XRD suitable dark red prisms of
Cp*2Yb(bipym)PtMes, 4, were isolated in a 63 % yield (Figure 11.9). The resulting metrics were
slightly impacted by the substitution of the iodide by a methyl group. The C-C bond bridging the two
pyrimidine rings was almost 0.02 A longer in 4 than in 2 or 3 (1.427(8) A versus 1.408(5) A and
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1.41(1) A respectively), this could be indicative of some variation of the electronic ground state of 4
compared to 3. On the Yb side, the Yb-Cp*cy distance of 2.29 A was still in the trivalent range and
the most important changes were found on the Pt side. The Pt-N distance was 2.099(4) A which was
significantly closer to the distance found in 2 (2.088(4) A) than in 3 (2.15(1) A). The average Pt-C
distance was lengthened to 2.09(3) A which was explained by the axial methyl groups being further
(2.113(6) A) than the equatorial ones (2.064(6) A) (Table I1.2). This was considered as the result of
the trans effect of the bipyrimidine ligand and was rather common for such high-valent Pt of Pd

centers.*®

Figure 11.9. ORTEP of 4 with thermal ellipsoids at 50 % level. Carbon atoms are in grey, nitrogen atoms in
blue, the platinum atom in white, and the ytterbium atom in olive green. Hydrogen atoms have been removed
for clarity.

The 'H NMR spectrum of 4 was acquired in thf-ds and presents the same typical paramagnetic
behavior as 2 and 3. Only one Cp* peak was found at 6.03 ppm which was indicative of the return to
a Coy symmetry as expected with the substitution of the iodide by a methyl group. The bipym ligand
peaks were found at 257.28, 3.40 and -164.91 ppm while the methyl signals both integrating for 6 H
were found at -2.71 ppm for the equatorial ones, trans to the bipym ligand, and -15.01 ppm for the
axial ones. This attribution was inherited from the respective axial and equatorial distribution of the
peaks in 3 where the axial methyl group was found at -13.56 ppm while the equatorial ones were

found at -0.43 ppm.
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Table 11.2. Main metric parameters in A for the complexes 2-5 and 5*(py) OTf":

Atoms 2 3 4 5 5%(py) OTf
C-Chipym 1.408(5) 1.41(2) 1.427(8) 1.40(2) 1.41(1)
Pt-Npipym 2.088(4) 2.15(1) 2.099(4) 2.15(1) 2.15(1)
Pt-Cuve 2.037(9) 2.06(4) 2.09(3) 2.03(3) 2.04(2)
Yb-Cp*cie 231 2.36 2.29 2.29 2.30
Yb-Npipym 2.361(3) 2.35(1) 2.364(4) 2.354(9) 2.35(3)
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Figure I1.10. *H NMR spectrum of 4 recorded at 20 °C in thf-ds.
Co-crystallized toluene and pentane impurities are labelled in grey.

The solid-state magnetic measurements were conducted on 4 and contrary to 3, the y7'versus T
plot recorded at 0.5 T reaches a value close to 0 cm® K mol™ at 0 K this means 4 presents a singlet
ground state (Figure 11.11). The value of yT at room temperature, 2.00 cm® K mol™ indicated that a
triplet state was populated but in a lesser proportion than what was observed in 2. To confirm this
rapid observation, the 2J gap was estimated with the yrip value being 0.00578 cm?® mol*. This resulted
in the Bleaney-Bowers model to give a value of -315 cm™ with a gave fitted to 3.45 while the model
from Lukens et al. resulted in a value of -256 cm™. Those values, while not being contradictory, left
a relatively large range for the real value to be found. This could mean that contrary to what was
observed with 2, the two-states approximated models were not enough to fully describe the electronic

structure of 4.
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Figure 11.11. Solid-state temperature dependent magnetic susceptibility of 4 recorded at 0.5 T: xT vs T plot.

To go further again and isolate the third variant of high-valent Pt species with this
heterobimetallic architecture, MeOTf was used instead of Mel to perform the oxidative addition on
2. As triflate is a more weakly coordinating anion than I” this was thought to be an adequate strategy
to achieve electrophilic C-H activation. It was also tried with the Pd analog of 2 but it always led to
fast degradation that prevented the isolation of the expected Pd"v product.®® The structural
characterization of the expected Cp*,Yb(bipym)PtMesOTf complex, 5, was achieved upon
performing the oxidative addition in Et2O. The product was almost insoluble in such solvent and with
a vapour diffusion of MeOTf on a solution of 2 at -40 °C, tiny yellow XRD suitable needles appeared
within a few hours (Figure 11.12). The scaling up of the synthesis was achieved by the direct addition
of MeOTf to a rapidly stirred Et2O suspension of 2. Note that the same result was also obtained later,
by replacing Et,O with toluene, to the only difference that the product was slightly soluble in toluene.

Figure 11.12. ORTEP of 5 with thermal ellipsoids at 50 % level. Carbon atoms are in grey, nitrogen atoms in
blue, oxygen atoms in red, the sulfur atom in orange, fluorine atoms in yellow, the platinum atom in white,
and the ytterbium atom in olive green. Hydrogen atoms have been removed for clarity.
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The *H NMR spectrum of 5 was performed in thf-ds and the spectrum of isolated 5 was rather
clean (Figure 11.13). However, the highly shifted bipym ligand peaks were twinned and not integrating
for the same values, which meant that two similar heterobimetallic species were observed. It is
important to note that although the solubility of 5 was worse in CsDe, only one set of signals was
found in such a non-coordinating solvent. With that statement in mind, the overlapped Cp* signals
seemed to be the sum of two split Cp* signals as expected for a similar Cs symmetry than the one
observed in 3 and one other Cp* signal not showing any splitting. If the former hinted toward the
expected product 5 as isolated in XRD, the latter was either resulting from a Cay symmetry either
from another Cs isomeric form of 5, 5°, where the triflate anion was not in axial position but equatorial
one, the Cp* being equivalent in this case. This ligand shuffle was known to happen and was observed
with the oxidative addition at low temperature of alkyl halides in strongly coordinating solvents such
as acetone-ds or MeCN-d3 but it was not reported with the oxidative addition of MeOTf in Et20O on

the 4,4’-tBuzbipyPtMe, complex.®°
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Figure 11.13. 'H NMR spectrum of crystals of 5 recorded at 20 °C in thf-ds.

Another kind of Cs symmetry resulted from this ligand scrambling, where the Cp* signal was
not split anymore while the bipym ligand signals should be. A reason why the splitting of the highly
shifted bipym peaks of 5’ was not observed might result from them being overlapped with the peaks
of 5. The fact that both species were observable at the NMR time scale might mean that the
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dissociation of 5 in 5*(thf) OTf was the rate-limiting step of the isomerization equilibrium. While
no crystal of the expected 5*(thf) OTf intermediate was isolated, when a stronger coordinating
solvent pyridine (py) was added to a toluene suspension of 5 it completely displaced the triflate ligand.
This led to the isolation of XRD suitable dark brown blocks of the [Cp*2Yb(bipym)PdMes(py)]" OTf
compound, 5*(py) OTf (Figure 11.14).

Figure 11.14. ORTEP of 5*(py) with thermal ellipsoids at 50 % level. Carbon atoms are in grey, nitrogen
atoms in blue, the platinum atom in white, and the ytterbium atom in olive green. Hydrogen atoms have been
removed for clarity.

Both 5 and 5*(py) OTf were analyzed by SQUID magnetometry. Both y7 versus T plot
recorded at 0.5 T revealed singlet ground states but the room temperature 7 values were rather
different (Figure 11.15). In the case of 5*(py) OTf", the yT value at room temperature was 2.21 cm® K
mol* which means a less populated triplet state and, with the Bleaney-Bowers fit or the Lukens et al.
model, the 2J energy gap was estimated to be in between -240 cm™ and -220 cm™. For 5, the measured
2.71 cm® K mol value indicated that the triplet state was strongly populated which was close to the
recorded value for 3 that have a triplet ground state (2.68 cm® K mol™). The singlet-triplet energy gap
was estimated, with the same methodology as before, to be in between -240 cm™ and -168 cm™. This
meant that replacing the iodide anion by a triflate fragment, opened back the access to singlet state
reactivity without shutting down possible triplet state pathways. This result, added to the increased
lability of the triflate anion, was thought be the key to tackle down original reactivities and

electrophilic C-H activation of methane.
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Figure 11.15. Solid-state temperature-dependent magnetic susceptibility of 5 and 57(py) OTf recorded at 0.5
T: xTvs T plot.

lll. Reactivity studies

[1I.A. Trials for mild condition C-H activation of methane and intrinsic

reactivity of the high valent species

As 2 and 3, were easily synthesized thanks to the group’s experience on Pd and Ni analogous
compounds, their reactivity toward methane was tested at relatively low pressure, at room temperature
(1.2 bar), and monitored by *H NMR. On one hand, 2 was thought to be able to perform the oxidative
addition due to the stabilization of the Pt' oxidation state. On the other hand, 3 could be electrophilic
enough to perform methane exchange reactions as reported with a Lu complex for instance.®
Unfortunately, under these conditions, the hoped C-H oxidative addition of CH4 on 2, the key step of
Shilov or Periana systems, was not observed and no more success was encountered with 3, even upon
heating the solution. To definitely confirm this, trials will have to be performed at higher working
pressure. To do so, one can think of reproducing Goldberg’s group protocol since they published a
study in which they performed similar reactions with ethene at pressure up to ~10 bars in NMR
tubes.®? Although the violent thaw of CH4 upon unfreezing is not riskless, this could be an elegant
alternative to a pressure bomb setup allowing to keep access to *H NMR as it is the most relevant tool
to observe potential reactivity.

Before performing the same methane reactivity test with 4, its reactivity in solution in tol-ds,
under UV irradiation, was probed. In Puddephatt’s work with the (bipy)PtMes complex,®’ the photo-
reactivity was proposed to result from the excitation of a Pt-C o electron to the ©* system of the bipy

ligand. Having strongly modified the ligand’s electronic structure, the reactivity was expected to be
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different with 4 and original. In the absence of any substrates 4 transformed slowly to a relatively

clean set of signals from the *H NMR point of view (Figure I11.1).
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Figure Ill.1. 'H NMR spectrum of 4 recorded at 20 °C in CeDe after 2 hours under irradiation at 400 nm.

After two hours under irradiation at 400 nm, from a solution of 4 (~ 5.10* M) in CsDs, the Cp*
signal was split into two signals that were shifted from 5.84 ppm to 3.99 ppm and 3.14 ppm with
close to 15 H integrations each. While this was indicative of the loss of the Coy symmetry, the alkyl
signals were also split into two sets and found at -3.00 and -4.72 ppm for the equatorial ones and -
14.39 and -16.19 ppm for the axial ones, all of them were integrated to ca. 3H. This means that not
only the equatorial symmetry plane found in 4 was broken but also the axial one. Note that this
transformation led to the only spectrum in which the 2J(**Pt-CH) coupling constants were observed
for such paramagnetic species and were typical of tetraalkyl platinum species, 74 Hz for the equatorial
J(Pt-CH) and 43 Hz for the axial one.>®®® In addition to these split signals another set of 4 signals was
growing at 57.81 ppm (1H), 39.49 ppm (1H), 28.29 (3H), 12.57 (1H). The fact that both Cp* signals
and the four methyl signals were conserved was also indicating that the transformation most likely
occured on the bipym ligand body. With those observations in mind, a proposed formed complex
would have a monofunctionalized bipym ligand by a methyl radical formed at the Pt-Mes center of a
second complex 4. This would result in two different species, 4-hv and 4-hv’,
Cp*2Yb(Mebipym)PtMes and Cp*>Yb(bipym)PtMes respectively (Figure 111.2). It could also be
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argued that 4-hv’ should also be observed but its paramagnetic nature might make it silent or its low
stability could result in immediate degradation. Further UV irradiation to get a higher conversion
toward these proposed species led to more products being formed, most likely because 4-hv and 4-
hv’ were not so stable under such conditions, and degradation of the sample was observed when the
irradiation time was too long. Crystallization trials remained unsuccessful at different irradiation
timing since it resulted in either recrystallisation of starting complex 4 or isolation of polycrystalline
samples of no interest for single crystal XRD analysis. Eventually, 4 was tested toward methane

activation (1.2 bar) and no sign of C-H activation was observed with or without UV irradiation.

Figure 111.2. Proposed reactivity of 4 under irradiation.

In the case of 5, several solvents, such as thf-ds, CsDs or tol-ds, have been tested for reaction
time of about 18 hours at room temperature. At this time of the reaction, characteristic *H NMR
signals of 4 slowly appeared upon the disappearance of 5. This transformation was not quantitative
and was attributed to a ligand exchange between two complexes 5 due to the lability of the triflate
anion. Unfortunately, the other expected product from such transformation a hypothetical
Cp*2Yb(bipym)PtMe2(OTf). complex, 6, was not observed nor isolated. The possible formation of 6
as a really unstable electrophilic intermediates was thought to a be another reasonable candidate for
mild conditions (1.2 bar) C-H activation of methane. Since nothing was observed with CHs, CD4 was
also used but no proton-deuterium scrambling was observed indicating that C-H activation remained
unsuccessful for the whole series of compounds. Several subsequent trials were made to synthesize
the expected Cp*2Yb(bipym)PtMesH starting from 3 in presence of KH or KBHEts but the isolation
of the obtained products from these attempts also remained unsuccessful. It however did not prevent
the study of other type of reactivities, in order to use platinum’s stability as a model compound for

its Ni or Pd analogs.
l1I.B. Exploring other reactivities

»= Trying to get a cationic monomethyl Pt" center.

Knowing that the Pt'' center in the system described herein should become more reactive by

abstracting one of the Me groups as it was demonstrated by Bercaw and Labinger,® two strategies

79



Chapter 111 Original heterobimetallic complexes of Yb and Pt as models for group 10 reactivity

were investigated to get our hands on a hypothetical [Cp*2Yb(bipym)PtMeL]" cation, L being a
neutral coordinating ligand. The first one was to follow a similar protocol to the one used for the
synthesis of 2, but using the (SMe2).,PtMeClL.% This led to the isolation of the (bipym)PtMeCl
complex, 7, and chloride abstraction by AgSbFs salt yielded its cationic version (bipym)PtMe(py),
7*(py) SbFe (Figure 111.3). However, from this point two issues had to be addressed. The first was
the thermal instability of such compounds at room temperature in solution, probably due to
intramolecular C-H activation of the pyridine ligand,*® this should be solved by working at lower
temperatures. The second problem was the presence of the divalent lanthanide incompatible
fluorinated SbFe anion. To solve this problem the BPh4™ should be preferred but this hypothesis still
has to be tested.

Figure 111.3. ORTEP of 7* SbFe with thermal ellipsoids at 50 % level. Carbon atoms are in grey, nitrogen
atoms in blue, fluorine atoms in yellow, the antimony atom in pink, and the platinum atom in white. Hydrogen
atoms have been removed for clarity.

Since this strategy seemed not trivial at the time, starting directly from 2 and abstracting one of
its methyl groups was preferred. Two reagents were tested, B(CsFs)s and PhsC* BPhs > since the
typical Brookhart’s acid pathway was obviously incompatible with Cp*" ligands. Surprisingly both
tests resulted in unexpected species and, in both cases, 2 got oxidized. On one hand PhsC* BPhy™ led
to a 2* BPh4- ionic pair and the XRD analysis revealed a C-Chipym distance of 1.472(8) A, indicating
that the oxidation occurred on the bipym fragment. On the other hand, B(CeFs)s assisted the Pt'' center
into the activation of a thf-ds molecule, which was the solvent of the reaction, to form compound 8
(Figure 111.4).
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Figure lll.4. ORTEPs of (left) 2* BPh4 and (right) 8 with thermal ellipsoids at 50 % level. Carbon atoms are
in grey, nitrogen atoms in blue, the platinum atom in white, and the ytterbium atom in olive green. Cp* and
CsFs ligands are represented in wireframe while hydrogen atoms have been removed for clarity.

This latter reactivity is typical of frustrated Lewis pair.%®"® A comparative reaction with 1 and
B(CsFs)3 led to the same reactivity, although the transformation looked slower and only poorly
diffracting crystals were obtained. This was not surprising considering that the Cp*2Yb(bipym)
fragment is most likely accelerating the reaction by stabilizing the resulting Pt" center. Achieving
such FLP reactivity remained of relative importance in that case, since more abundant metals are
capable of doing so and the addition of the lanthanide moiety did not seem to induce a great change.”*
However, such behavior with Pt' was not reported, and it might deserve to be explored a bit further.
As starting guesses, trials in absence of thf and in presence of more valuable FLP-reactive substrates,
such as Hz or terminal alkynes,’>"® have to be prioritized to fully evaluate the potential of this system.
Lastly, considering that these strategies to abstract a methyl group from 2 remained unsuccessful,
although interesting, solving the issues with the pathway involving the cationization of 7*(py) SbFe

probably is the best option left at hand to fulfill this goal.
= Reactivity toward simple borane reagents and hydroboration trials

Since the investigations on the C-H activation of methane were found unfruitful, the reactivities
of 1 and 2 toward X-H bonds (X = Si or B) were probed to potentially perform the
hydrofunctionalization of double bonds. If silicon and boron-based reactivities were extensively
studied with Pt,”* they were mostly observed at the 0 oxidation state with silane or diboron species.
While the several silane reagents tried were found non-reactive, the addition of catecholborane
(HBcat) to 2 triggered a reaction. Although *H NMR analysis and crystallization trials did not allow
the identification of the formed paramagnetic species, the hydroboration trial was attempted with a
simple alkene, allylbenzene (ABz), to probe the reactivity of the in-situ formed species. Interestingly,

at a 5 mol% loading of 2, hydroboration of the allylbenzene was performed. However, the conversion

81



Chapter 111 Original heterobimetallic complexes of Yb and Pt as models for group 10 reactivity

was only partial and another well-defined organic product, (5-methyl)styrene was easily identified
(Figure 111.5).

2 (5 mol%) gyBCat
> Ph\/\ + Ph\/‘%Me

thf-dg (1M), 60 °C 37 % 63 %

Ph X\ + HB(Cat)

Figure l11.5. First trial of catalyzed hydroboration of ABz with 2.

This meant that in these conditions, there was a competition between the isomerization of the
double bond to its thermodynamically more stable position and the hydroboration and the same result
was obtained by replacing 2 with 1. To quench one of those pathways, the HBcat amount was lowered
from 100 to 5 mol% and the loading in Pt (1 or 2) was also decreased to 1 mol%. After 31h, a
conversion of 73 % of the ABz was observed and almost complete conversion (<99 %) was obtained
after 3 days (Figure 111.6).
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Figure I11.6. *H NMR monitored isomerization of ABz by 1 mol% of 2 in thf-ds.

In these conditions only 2% of the ABz was hydroborated and to reduce this amount the loading
in HBcat was later reduced to 2 mol %. To assess whether the Cp*Yb(bipym) fragment was impacting
the catalysis, both systems were monitored by *H NMR overnight with another substrate the 4-phenyl-

1-butene to also probe the chain walking potential of this transformation. As it can be observed in

82



Chapter 111 Original heterobimetallic complexes of Yb and Pt as models for group 10 reactivity
Figure 111.7, both systems evolved almost identically and no decent chain walking isomerization was
observed. At this point, considering our system’s performances, the lack of lanthanide-induced
originality in the process and the fact that the most probable active species was a Pt-hydride which is
a well-known catalyst for alkene isomerization, this catalytic system was not studied further to
prioritize other projects. However, if its catalytic application remains to be enhanced, the reactivity
between 1 or 2 and HBcat borane was a rare example of a B-H activation at a +I1 oxidation state
group 10 metal center, especially with Pt, and was found to be a great tool to form in-situ reactive
species from our heterobimetallic architectures.’>%
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Figure I1l.7. Comparative conversion rates of the isomerization of 4-Ph-1-butene by 1 mol% of 1 (green
labels) and 2 (blue labels).

V. Conclusion and perspectives

In this chapter, the platinum version of the Cp*>Yb(bipym)MMe2, M being a group 10 transition
metal, was synthesized as well as several resulting products of its oxidation by small molecules such
as Mel or MeOTT. Intermediate valence behavior was characterized for all of them but 3. This well-
known phenomenon was triggered by the presence of a singlet ground state and a low-lying triplet
state and was shown to be tunable upon ligand exchange on the Pt center, echoing to previous results
on substituted redox-active ligand (RAL) systems.®! The possibility to tune the singlet-triplet energy
gap in such compounds was thought to be a prerequisite in order to control electronic-state-specific
reactivity and activate or quench the undesired pathways at will. The increased electronic density
surrounding the Pt center due to the bipym ligand reduction did not allow the C-H activation of
methane under mild conditions. However, the parallel investigations led on the self-induced reactivity
of 4 and 5 allowed to propose their most probable degradation product, 4-hv and 6. If the latter
remains an elusive specie, its enhanced potential as an electrophilic activator, compared to 5, needs

to be explored to a greater extent. Preliminary reactivity trials toward the hydrofunctionalization of
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alkenes were performed with cyclohexene but time constraints prevented further investigations. In
the case of the photodegradation of 4, although the fact that the reduced bipym ligand was most likely
able to trap an in-situ formed radical was not desired, it constituted an original way to perform such
reaction, echoing to a recent study made in the group where a similar reactivity was observed with a
divalent samarium reduced benzophenone radical.? Comparative experiment with other in-situ
photogenerated radical as well as with other Ln(Il)-RAL systems are therefore needed to fully
validate this hypothesis and, if applicable, evaluate the efficiency of such novel protocol (Figure
IV.1). In a similar fashion, the investigations conducted on the isolation of a more reactive
monomethyl cationic version of the heterobimetallic architecture did lead to unexpected results.
While the FLP reactivity was intriguing and probably deserves some further attention, the most
promising synthetical pathway remains to access a divalent lanthanide-compatible Pt precursor.

ﬁ/ l/)l(\I X
\ 1 \ [ ~
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Figure IV.1. Perspective on photo-trigerred mono-functionalization of bipym or bipy ligands.

Eventually, the reactivity study on B-H bond activation led to the first catalytic system ever
developed with this kind of Ln-RAL-TM species, and while the catalytic performances was not
improved by the addition of a lanthanide fragment, most likely because of platinum’s redox chemistry
being too rigid. These model reactivity studies with Pt remained to be extended, by switching to the
more redox flexible Pd and especially Ni, as it will be illustrated in the upcoming chapter with the Ni

analog of 2 as well as in the following one with the Pd analog of 4.
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Chapter IV

Low-valent N-heteroaromatic-Ni catalysts

for alkene isomerization

|. Background on homogeneous Ni catalysis

|.A. Nickel-catalyzed cross-couplings

= Pioneering works before decades past in the shade of palladium

One of the first occurrences of homogeneous catalysis involving organonickel species was
discovered in the 1920s with the report of an odd reactivity when catalytic amounts of NiCl, were
exposed to a PhMgBr reagent triggering the “absorption” of ethylene.® It has to be noted that the
presence of ethylbenzene, styrene or biphenyl products, already implied at that time an uncontrolled
nickel catalyzed C-C coupling reaction (Figure 1.1).

NiCl, (~ 4 mol%) AN
C2H4 + PhMgBr _— C2H6 + + +
Et,0

Figure I.1. André Job’s preliminary observations.

This curious behavior remained mostly unnoticed but led Corriu and Masse to rationalize this
reactivity in 1972 thus becoming the historical fathers of Ni catalyzed cross-coupling reactions along
with Kumada et al. who reported similar findings at the same time (Figure 1.2).2 However, because
of the capricious nature of nickel that 1912 Nobel Prize winner Paul Sabatier described as a “Spirited
horse”,* the more docile palladium quickly replaced it as the center of attention in this type of
reactions.® Indeed, palladium systems were easier to handle and to understand, hence facilitating the

development of more efficient catalysts in most described coupling reactions.®” This overall
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superiority of palladium versus nickel led to numerous industrial applications.8*! Ultimately in 2010,
the Nobel Prize in Chemistry was delivered to R. F. Heck, E. Negishi, and A. Suzuki “for palladium-
catalyzed cross couplings in organic synthesis” thus witnessing the utmost importance of their
findings.'? Yet, palladium was remaining a rare and expensive metal. Therefore, the need for more

sustainable processes slowly led nickel catalysis to be back in the game over the last 20 years. '

L,Ni®

R-R R'-
Reductive Oxidative
Elimination Addition

L L

L_Ni" R' _Nill R'
R" L
R"-MgX
) tran§-CI't§ L Transmetalation
isomerisation
Rn_NiII R'
I'_ X-Mg

Figure 1.2. Kumada-Corriu catalytic cycle, a proposed Ni%Ni'" mechanism.

= A renewal through unusual oxidation states reactivity

If the rich redox chemistry of nickel was first assessed as a drawback in earlier works, it is now
more thought of as a tool to trigger original reactivities.”* It was notably highlighted by works from
the groups of Sanford and Mézailles who isolated high valent nickel complexes at the formal
oxidation states +I1I and +IV.1%" This resulted in original C-C and C-F bonds formation with
standard two-electron processes involving Ni'/Ni'" oxidation states instead of the traditional Ni%Ni"
(Figure 1.3 and Figure 1.4).1

N @ BF4
N//, I \R
-Nil! -
N( ‘R“
Reductive
Elimination R'—R" + (Tp)Ni'

Figure 1.3. Sanford and coworkers’ tris(pyrazolyl)borate-based high-valent Ni complexes.6:18
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@ . Ar—H [(PY)2Ni"F] [(PY)2Ni"(CF2)oF 2]

=Ny, '!"N a py/,, o /_4 py/,, P N\
<N” | v py( ‘F py( ‘
/ 2 Ar-H py py

fone ,ll &P, \ |||“‘py
L / (l

!

2 Ar-

Figure I.4. Mézailles and coworkers’ Ni-mediated trifluoromethylation of aromatic C(sp)?-H bonds.”

Additionally, these systems were also found to be involved in successive one-electron processes
for radical C-C bond formation.!”*® This potency to perform radical reactivity was notably developed
independently by the groups of Hu and Weix.?%?! They both unveiled the importance of the already
proposed alkyl radical formation from halogenoalkane at a Ni'' center?? and applied it in catalytic
systems.?® Another outstanding example of the use of one electron processes in nickel catalysis was
reported by the groups of Doyle and MacMillan who developed dual iridium-nickel photocatalysis.?*
In their system, both two electrons related Ni%/Ni" and Ni'/Ni"' couples were used in typical oxidative
addition/reductive elimination steps that were linked by one-electron processes triggered by the
iridium photoredox cycle (Figure 1.5).
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Figure I.5. MacMillan-Doyle dual photocatalysis system (adapted from ref?4).

The tour-de-force in this system resided in achieving to merge those two cycles together. If this
process was also developed with other transition metals,®?° the fine-tuning of the photoredox

processes®®32 combined with non-innocent ligands-based Ni complexes opened the way for the
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development of multiple new systems making dual photocatalysis with nickel efficient toward an

increasing number of transformations and substrates.
» The importance of the metal-ligand pair

The fine choice of the ligand is a key step in nickel catalysis and redox-active ligands are known
to tune the properties of a transition metal center.3**> A perfect example of this metal-ligand pair
behavior can be found in Vicic et al. works on terpyridine (tpy) Ni complexes %637 In those (tpy)NiX
systems, X being a monoanionic ancillary ligand, two limit mesomeric forms had to be considered to
judge whether the nickel was in +1 or +I1 oxidation state: (tpy)Ni"X or (tpy)Ni'X (Figure 1.6). When
X = Me, the radical was mostly localized on the tpy n* body thanks to the c-donating properties of
the Me ligand while when X = Br, the electronic density was best found on the d,2_, orbital of the
metal.® However, these descriptions remained limit forms, since in the Me case 10% residual spin

density was still localized on the Ni center.

Figure I.7. Proposed catalytic system by Vicic and coworkers for the (tpy)Ni-mediated Negishi coupling.

The mechanistic and theoretical studies of (tpy)NiMe induced Negishi-type cross coupling
reactions with alkyl halides unveiled the importance of such difference.3®%° It ended up with a

proposed mechanism not involving a typical Ni%Ni" mechanism but rather a “significantly ligand-
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based” radical reactivity of the (tpy)Ni''R (R = alkyl ligand) toward the alkyl iodine coupling partner
(Figure 1.7).

Yet, in the latter statement, something remains to be questioned. Although the spin density was
mainly localized on the ligand, this kind of behavior could also rise from a multi-state reactivity since
the remaining 10% spin density localized on the nickel center could be the trigger of the reactivity.
In other terms, since from the EPR and DFT point of view, the (tpy)NiR complex was roughly
considered as = 0.9 (tpy™)Ni'R + 0.1 (tpy)Ni'R, which mesomeric form, the former or the latter, was
triggering the reactivity? At the moment no multiconfigurational study has been reported to tackle
this question however recent studies are always going further to get a better understanding of these

radical transformations at Ni' centers.*143
|.B. Toward alkene isomerization

» Recent breakthroughs with low-valent Ni catalysts

With this growing interest for Ni' species in catalysis,* one striking original development was
recently published by Schoenebeck and coworkers who developed an olefin isomerization catalytic
system using a simple dimeric N-heterocyclic carbene (NHC) Ni' precursor (Figure 1.8.left).*
Historically, alkene isomerization was mostly dominated by the high performances of rare and
precious metals hydrides.*® In a similar fashion as coupling catalysis, there has been a recent growth
in interest for the early-transition metals in this field.* In this context Schoenebeck’s findings of an
efficient, E-selective NHC-Ni' catalyst applicable to a wide range of substrates in mild conditions
was really astonishing. Thanks to a newly proposed metalloradical induced 1,3-H atom relocation
mechanism, their system was even capable of performing chain walking isomerization.*”*® More
recently a Ni%-phosphine system was also reported with in-depth mechanistic investigations and a
proposed reaction pathway with two alkenes reacting together at the same Ni center (Figure
1.8.right).>®

iPr

iPr _iPr N |
ﬂw——Ni'f&‘;Ni"KE . Ni%Cod), * ////
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Figure 1.8. Schoenebeck’s (left) and lwamoto’s (right) catalysts.
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= A heterobimetallic architecture to tune the metal-ligand pair electronics

In those two systems, only ancillary ligands were used at two different oxidation states, hence
questioning whether the Ni' oxidation state was the trigger of the reactivity or a remarkable
enhancement of low-valent nickel’s propensity to perform such transformation. Moreover, the metal-
ligand pair’s influence on cross-coupling systems had already been discussed. It was therefore
thought-provoking to also imagine how the tuning of a redox-active ligands’ electronic properties
would influence another transformation such as alkene isomerization.

Among the heterobimetallic complexes recently synthesized in the group,
Cp*2Yb(bipym)NiMe, complex,®* 1, was studied for its reactivity with CO and it was concluded that
the Ni'-acyl intermediate after CO insertion was stabilized thanks to the m-donating properties of the
lanthanide-bipym moiety (Figure 1.9). However, the impact of such electron rich environment on low-
valent Ni catalysis remained to be studied. A supposed Ni° species was formed by the reductive
elimination of acetone in the preceding example. Yet, the in-situ formed ketone was thought to be a
potential threat for the lanthanide-bipym moiety that could trigger the reversibility of the electron
transfer upon its coordination to the oxophilic lanthanide ion.>>>* That is why another reductive
reactivity was searched to easily form bimetallic Yb-Ni species with a low-valent Ni center that could
be engaged in alkene isomerization.
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Figure 1.9. Previous results obtained with the Cp*2Yb(bipym)NiMe2 complex 1.5t

ll. Heterobimetallic Yb-Ni catalyst for alkene isomerization

II.A. Developing facile access to a low-valent Ni center

Inspired by the results obtained in Chapter 111, the reactivity of 1 with boranes was probed and
1 was found to react instantaneously with catecholborane (HBCat) in thf. If tH NMR spectroscopy
analysis in thf-dg of the reaction mixture did not present any peaks that could be attributed to a
resulting organometallic species, new diamagnetic signals were found. A multiplet characteristic of
a catecholboron body yet slightly shifted compared to HBCat and two singlets at 0.65 ppm and 0.17

ppm. The relative integrations of the two former signals were 4:3 while the latter signal corresponded
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to methane meaning that methylcatecholborane (MeBCat) was also formed during the reaction.® This
reactivity was likely the result of oxidative addition of the B-H bond to the Ni'' center followed by
two reductive eliminations yielding the two aforementioned products and a low-valent Yb-Ni species.
A titration of 1 by HBCat monitored by *H NMR in thf-ds confirmed this hypothesis, one equivalent
of HBCat was enough to suppress the signals of 1 while 1 eq. of MeBCat and methane were
quantitatively formed (Figure 11.1). Similar results were obtained by titrating the monometallic
analogous complex (bipy)NiMe>, 2, however dark solid appeared rapidly. This was attributed to the
decomposition of 2 since lacking the stabilizing and solubility enhancing Cp*2Yb moiety. To further
confirm the Ni® oxidation state, HBcat was added to 2 in presence of the Ni° stabilizing 1,5-
cyclooctadiene (Cod) ligand. It immediately resulted in the deep blue coloration of the mixture due
to the formation of the known (bipy)Ni(Cod) complex which was identified by *H NMR.%®

s HECat =
Coryplt N~ N, _(Team com ™ N~ No o L scat H
P2 I L P2 I a —
\N e !\l/ thf ds \U/ quant.
S S
1

= HBCat | -~ \
I —N,, A (1 equiv) —=Ny,, N'O/
Cod + “Ni _ SN + MeBCat + Me—H
_——N ~~ thf-dg —~N \ quant.
— | S ! \

confirmed by "H NMR

Figure 11.1. Reduction of 1 and 2 to low-valent Ni species mediated by HBCat.

This 0 formal oxidation state for 2 was also confirmed by theoretical computations performed
at the DFT level of theory on the (bipy)Ni(Cod) complex. As expected for a 3d*° Ni(0) complex, the
5 HOMOs were mainly centered on the metal while the LUMO was mainly composed of the b
symmetry n* orbital of the bipy ligand. Although the oxidation state of the Ni center seemed clear
for 2, no similar Cod trapping was observed with 1, the obtained silent *H NMR spectrum indicated
the presence of highly paramagnetic species and doubt remained on whether a Ni° center was indeed

formed or not.
II.B. Catalytic reactivity of the in-situ formed Yb-Ni species

= Optimization of the conditions

To evaluate and compare the reactivity of both 1 and 2, test reactions were launched with 1
mol% of the pre-catalyst, 5 mol% of HBCat, and the allylbenzene (A) reference substrate at 30 °C in

thf-ds and monitored by *H NMR spectroscopy.®’ The reaction was surprisingly clean and selective
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toward alkene isomerization, almost no trace of side products was observed (< 1% hydroboration).
While 1 was found to be an efficient pre-catalyst considering the low catalyst loading (98 %
conversion in 3.5 days), 2 only showed low activity (25 % conversion after 3.5 days). Screening of
the optimal conditions was therefore performed only with 1 and the results are summarized in Table
I1.1. Out of the three solvents tested (thf, toluene and chlorobenzene), thf turned out to be the best
choice. Increasing the catalyst loading to 2 mol% only led to a more viscous mixture with poor
improvement of the reaction rates while 0.5 mol% loading was considered to induce a too significant
decrease of the conversion speed. It is however important to note that a decent conversion (86%) was
achieved with such low loading after 3.5 days and that the catalyst was still active after 4.5 days
which illustrated well the robustness of this heterobimetallic system. At 1 mol% loading, increasing
the temperature to 60 °C fastened the reaction without impacting the stability of the catalyst.

Table 11.1. Summary of the screening of the best catalytic conditions on A:

] Catalyst .
Entry Solvent Pre-catalyst Time ] Temperature Conversion
loading

1 thf-ds 1 16 h 1% 30°C 55%
22.5h 67%

3.5 days 97%
2 thf-ds 2 16 h 1% 30°C 5%
22.5h 7%

3.5 days 18%

3 thf-ds 1 16 h 2% 30°C 64%
22.5h 74%

3.5 days 95%

4 thf-ds 1 16 h 0.5% 30°C 26%
225h 35%

3.5 days 76%

4.5 days 83%

5 thf-dg 1 16 h 1% 60 °C >99 %
6 tol- dg 1 16 h 1% 30°C 25%
22.5h 30%

3.5 days 57%

7 PhCI 1 15h 1% 60 °C 13 %
15h 58 %

21h 59 %

3.5 days 76 %
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To assess whether the catalysis was homo or heterogeneous, a mercury drop test was performed
and the initial rates of the reaction were compared to the one from the standard procedure. Since no

difference was observed, it was concluded that the process was homogeneous.
= Probing of the reactivity for different substrates

With the optimal conditions at hand (Figure 11.3), various substrates were chosen to test the
selectivity and the limits of the catalyst (Table 11.2). Only unfunctionalized substrates were considered
to avoid compatibility issues between the organoytterbium fragment and oxygenated or halogenated

functional groups.

1 (1 mol%)
- /
RN > RN M e R e
HB(Cat) (5 mol%)
S s' s"
thf-dg (1M), 60 °C

Figure 11.2. Optimal catalytic conditions and isomerization patterns.
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Figure I.3. 'H NMR spectrum in thf-ds of the isomerization of B by 1 mol% of 1 at 60 °C, t=19 h. Relevant
peaks are assigned and (tBu)sbenzene serves as internal reference.

The conversion of 4-phenyl-1-butene (B) was close to total (96 %) after 19 h resulting in a
mixture of the two possible isomerized products 1-phenyl-2-butene (B”) and 1-phenyl-1-butene (B’?)

with a 67% selectivity in favor of B’, decreased to 49% after 5.5 days of reaction. This result
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highlighted the impact of the sterics of the substrates on the reaction rates while unveiling a
controllable selectivity for the mono-isomerization product (Figure 11.3).

This selectivity was improved when the thermodynamic driving force of the reaction, the
formation of the styrene fragment, was removed as observed with 1-hexene (C). 2-hexene (C’) was
the major product, formed with 85% yield after 19 h of reaction when 96% of C was converted. The
selectivity only slightly decreased upon reaching a conversion of 98%, with a yield of 79% for C’
after 5.5 days, while the quantity of 3-hexene (C*”) rose from 11% to 19% in the meantime. To further
probe the steric influence of the olefin substrates, vinylcyclohexane (D) was used. The allylic
substitution was shown to induce a slight decrease of conversion compared to C (83.5% in 19 h and
98% after 5.5 days). In a similar fashion, bulkier substrates, methylenecyclopentane (E), 2-
methylbutene (F) and (+)-2-carene (G), were not fully isomerized even after 5.5 days. Few diene
substrates were also tested such as vinylcyclohexene and 1,7-octadiene. In the first case, the
conversion was surprisingly low compared to D while the interpretation of the isomerization of 1,7-
octadiene remained limited due to the overlapping between the peaks of the nine possible isomers.
The last substrate studied, (+)-citronellene (H), was found to be an excellent example to observe the

different isomers formed while confirming the mono-isomerization selectivity toward H’.

Table 11.2. Conversion and yield for the major products?:

Substrate Convervion® Main product Selectivity®
ph NF >99%¢ o o /
A A
Ph/\B/\ 96%.4>99% Ph/\f% Me 64%,%49%
Me\/c\/\ 96%.498% Me\/c'\%'\"e 85%,979%

50%

Me
E>: 84% @7 70%

E
Me Me
F

/
9%

Me\/§ 73% Me\/kMe /

98



Chapter 1V Low-valent N-heteroaromatic-Ni catalysts for alkene isomerization

H//,, Me He, Me
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@Reaction conditions: alkene (0.5 mmol), 1 (5 pmol), HBCat (25 pmol) in thf-dg (1M) at 60°C during 5.5 days.
bDetermined by *H NMR using 1,3,5-tri-(tert-butyl)benzene or benzene as internal standards.

cAfter 3.5 days of reaction. 9After 19 h of reaction.

[I.C. Mechanistic insights

This novel catalytic system was found rather efficient with various substrates which was
different from the Ni%phosphine recently reported (the reactivity was limited to allylbenzene
derivatives). Yet, compared to the Ni'-NHC system, it didn’t perform as well in term of conversion
speed and chain-walking isomerization. This intermediate position in terms of performances could be
the result of the odd metal-ligand pair at stake here and therefore questioned which reaction
mechanism was followed as well as the role of the oxidation state of the Ni center present in each

system.
= The known mechanisms

Among the different mechanisms proposed for alkene isomerization systems, two main families
can be found: the metal-hydride-based mechanisms and the m-allyl hydride shift ones.%® The first type
is characterized by the presence in-situ of an external metal-hydride complex that performs a 1,2
oxidative addition on the C-C double bond, leading to a metal-alkyl complex that regenerates the
catalyst upon g-hydride elimination (Figure 11.4.A). This is the main mechanism presented in the
literature and it is mostly found with precious metal hydride catalyst,* although some examples are
also reported with Co and Ni.>*5! In this metal-hydride family, a diradical mechanism has also been
proposed for a Co-salen complex that is able to perform radical hydrogen atom transfer (HAT) (Figure
11.4.B).52 In the other main family, the n-allyl hydride shift, upon coordination of the metal center to
the C-C double bond, a C-H activation occurs with the formation of a metal-allyl-hydride intermediate
that performs a 1,3-HAT to yield the isomerized product (Figure 11.4.C). In this mechanism, there is,
therefore, no external hydride species since the mechanism is concerted. Examples of this mechanism

are found with Zr, Ru or the Ni%-phosphine aforementioned.*”°%% By carefully studying their Ni'-
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NHC system, Schoenebeck et al. reported a variation of this mechanism involving a metalloradical
intermediate (Figure 11.4.D). This made the C-H bond cleavage and H-atom relocation much more
efficient allowing fast conversion at room temperature with a 5 mol% catalyst loading. In order to

identify this mechanism, they performed several experiments such as deuterium labeling studies and
radical clock tests.

A)
H— [M] [M]—
Metal hydride (1,2-addition)
B) H H
H=[V] M-

Metal hydride (diradical pathway)
9) m—

] | -[M]

n-ally! (hydride shift)

15)_ _________________________________________________________________________________

[N|] [N|] )

Metalloradical induced 1,3-H atom relocation

-[Ni]

Figure 11.4. The different proposed mechanisms for the alkene isomerization.

To assess which type of mechanism was at stake with pre-catalyst 1, a first test was performed
by adding CCl, right after the addition of HBCat. The presence of CCls triggered an instantaneous
degradation of the catalyst, yet no chloroform was observed as it should have been the case with
persistent metal-hydride species. A similar test with 9,10-dihydroanthracene added to the catalytic

system did not hamper the kinetics of the system, also pointing toward a w-allyl sort of mechanism.
= Deuterium labelling studies

To get a deeper understanding of this system, deuterium-labeled experiments were conducted.
No deuterium incorporation from the solvent was detected, and when the experiment was performed
with A-d> (deuterated on the allylic positions), the isomerization yielded no sign of the intermolecular

hydrogen shift proposed by lwamoto et al. for their Ni®-phosphine system.>° To definitely discard a
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potential metal-hydride type of mechanism, a deuterium scrambling control experiment between A-
d> and B was also started (Figure 11.5). Considering the similar rates of reaction for both substrates,
if an external metal-hydride was performing the isomerization, the resulting products would be A’-
d2-xy, B’-dx and B”’-dy (x and y representing the deuterium incorporation in B’ and B’*). The absence
of these partially deuterated B’-dx and B”’-dy products was confirmed by the *H NMR analysis of the
reaction mixture while no deuterium loss was observed in the formed A’-d,. These results added to
the CCl4 and the 9,10-dihydroanthracene tests permitted to definitely discard the possible metal-

hydride pathway in favor of a w-allyl mechanism.

D
)\/\ No deuterium
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b P v’ Ph D I
= +
Ph 1. (1 mol%) _ X Ph/\/\/D
+ > / ph N e

D
HB(Cat) (5 mol%)
Ph/\/\ ' /\)\
thf-dg (1M), 60 °C v Ph/\/\Me X Ph Me
Figure I1.5. Deuterium labelling cross-over experiment between A-dz and B.

» Radical clock experiments

At this point a thought-provoking question remained about the role of the lone electron lying
on the n*-system of the bipym ligand, which was antibonding with the Ni d-orbital. In group 10
chemistry, this is known to stabilize +II and especially +1V oxidation states for the metal centers
thanks to the increased r-donating properties of the ligands.>>® Moreover, some of these redox-active
ligands were shown to circumvent the metal reactivity by inducing a ligand triggered radical reactivity
as discussed before.3*%4%° A radical clock experiment with the substituted vinylcyclopropane
substrate cis-1 was conducted with 1, as reported in Schoenebeck’s paper. They proposed that thanks
to the metalloradical species formed on the carbon atom next the cyclopropane, the latter was opened,
leaving the phenyl group in free rotation and allowing the isomerization to trans-I (Figure 11.6).%6%7
After several hours of reaction with 1, signal for the trans-1 compound were observed and up to 34
% conversion was obtained after 12 days.

/ / [Ni] t
: i * : QK
- ) (3
Ph Ph Ph “Ph AD
cis-1 trans-1 A, - y
| Ph TPt |

via cyclopropy! radical ring opening .-

Figure 11.6. Isomerization of cis-I due to the radical ring opening of the cyclopropane.
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Since the test was positive, it pointed either toward a formal Ni' active species or a Ni® induced
radical reactivity. To address this question, the synthesis of the new heterobimetallic
Cp*2Eu(bipym)NiMe>, 3, was performed. Since the Cp*.Eu fragment is known to be way less
reductive than its ytterbium analog (-1.22 V vs SCE and -1.78 V vs SCE respectively),® it should
result in the Eu center staying divalent and the bipym ligand remaining neutral. After a crystallization

in benzene, the XRD analysis revealed the expected compound 3 (Figure 11.7).

Figure Il.7. ORTEP of 3 with thermal ellipsoids at 50 % level.
Carbon atoms are in grey, nitrogen atoms in blue, the nickel atom in green, and the europium atom in light
blue. Hydrogen atoms and co-crystallized benzene molecules have been removed for clarity.

The *H NMR spectrum of the isolated compound was silent which is typical for 4f' divalent
europium compounds, thus indicating that the bipym ligand was not reduced in 3. To confirm that,
the XRD metrics of 1, 2 and 3 were compared with the (bipym)NiMe; precursor (Table 11.3). The
first distance to look at in those systems was the one between the two carbon atoms bridging the two
pyrimidyl fragments (C-Cpipym). In the (bipym)NiMe2 complex, the distance was 1.482(5) A,*! which
was similar to the 1.466(2) A distance observed for 2. In 1, the reduction of the ligand was shortening
this distance to 1.403(4) A because of the added electronic density on the C-C bond.5536%70 The
1.465(4) A distance observed with 3 was therefore indicating that no reduction of the bipym ligand
occurred. This was further confirmed by the Ln-Cp*cy distances (Ctr for centroid), 2.31(1) A in 1

indicating a formal trivalent state versus 2.53(2) A in 3 which was coherent with a divalent state.5!7%72
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Table 11.3. Main metric parameters distances in A and angles in ° for 1-3:

Atoms 1 2 3
Ni-Me 1.925(1) 1.928(2) 1.917(5)
Ni-N 1.956(3) 1.958(1) 1.959(4)
C-Cbipy(m) 1.403(4) 1.466(2) 1.465(4)
Ln-N 2.359(1) / 2.694(3)
Ln-Cp*cyr 2.31(1) / 2.53(2)
NCCNbipy(m) torsion Ni side 0.2(4) 1.8(1) 2.7(3)

Having proven that no electron was transferred on the bipym in 3, a Cod trapping experiment
was performed to confirm the Ni° oxidation state and led to a slight color change, pointing toward a
similar result than the one obtained with 2. However, no further characterization was achieved, the
'H NMR remained silent and crystallization trials were unsuccessful. A second radical clock
experiment was performed with 3 and only traces of trans-1 product (<2%) were observed. Although
no conversion occurred in the absence of Ni or with the other systems tested, the Yb-Pt one from
Chapter 111 or the ones tested by Schoenebeck and coworkers, this was considered to be a too

ambiguous result to conclude about the possibility to perform radical reactivity with 3 (Figure 11.8).

f: 1.0r 3 (1 mol%) A + z
Ph Ph HB(Cat) (5 mol%) Ph*” ~ph Ph/ ”'”Ph
cis-1 thf-dg (1M), 30 °C cis-I frans-1
K-% “/%I
— NJH. wh Me NijI;, \\\Me
‘Ni |
= S’

Figure 11.8. Positive radical clock experiments with 1 and ambiguous result with 3.

* EPR study

In another attempt to address this issue about the oxidation state of the Ni center in 1, in-situ
EPR was performed at low temperature (5 K) on frozen THF samples taken shortly after the addition
of the HBCat without (sample 1) and in the presence of the alkene substrate (sample 2). Very broad

samples are typical of Yb'"!, 3 jon, showing strong anisotropy. This is problematic since it can mask
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any signal that would be informative on the electronic structure of the catalytic resting state. Sample
1 was simulated with a single Yb'"" ion possessing a rhombic g tensor of 5.95, 2.41, and 1.64 with
anisotropic hyperfine coupling. This well corresponded to a Cp*2Yb'"' fragment coordinated to an N-
heteroaromatic ligand,® but the radical on the bipym ligand was not observed. It was thus likely that
the radical was coupled at low temperature with the Yb'"" fragment. Sample 2 presented two species
and was fitted with two Yb'"" ions possessing rhombic g tensors of 5.76, 2.77, and 1.78 and 4.40, 2.42,
1.18, respectively. The presence of two ytterbium species under catalytic conditions was not
surprising but similarly, as in Sample 1, the spectrum remained uninformative on the electronic

structure of the active species (Figure 11.6).
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Figure 11.9. Comparison between experimental (blue) and simulated (orange) EPR spectra of samples 1
(left) and 2 (right) at 10 K. Conditions: 9.64 GHz frequency, 0.250 mW power and a 29 dB gain.

» Hypothesis for the role of the ytterbium-bipyrimidine electronics

Since one electron from the divalent Yb was transferred to the n*-system of the bipym ligand
it was hypothesized that the n-donating properties were reinforced in the latter to the cost of its -
accepting ability. Hence, it was envisioned that the supposed electron richer Ni® center in 1 was keener
to give some electronic density to a coordinated alkene than in the case of 2 and 3. It follows that 1°s
behavior could be achieved with a simpler N-heteroaromatic ligand with limited m-accepting

properties (Figure 11.9).
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Figure 11.10. Conjecture on 1r-accepting properties’ influence on reactivity.
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To validate this conjecture, two new complexes were synthesized, the (4,4’-Me2bipy)NiMe>, 4,

and the (3,3’-Me2bipy)NiMe;, 5. Upon coordination to a metal center, the steric hindrance induced

by the two methyl groups of 3,3’-Mezbipy was already shown to twist the NC*CN torsion angle and

to limit the n-accepting properties.” Both complexes, 4 and 5, were characterized by XRD and the

NCACN torsion angles were respectively 2° and 33.5° (Figure 11.10).

Figure 11.11. ORTEPs of 4 and 5 with thermal ellipsoids at 50 % level. Carbon atoms are in grey, nitrogen
atoms in blue, and the nickel atom in green. Hydrogen atoms have been removed for clarity.

Since 4 and 5 had similar solubilities, they were both engaged in the isomerization of B and

compared. The beginning of the reactions was monitored by *H NMR indicating that 4 did not

perform greatly, as 2 and 3, 9% conversion of B in 12.5 h at 30 °C versus 4% and 15% for 2 and 3,

respectively. In contrast, 5 was way more efficient, 54% conversion in the same conditions, which

was not far from the performance of 1, 64% in 12.5 h. The comparison of the initial rates of 1 and 5

also showed that if 5 starts much faster than 1, its activity was decreasing faster a result attributed to
a worse stability in absence of the Cp*>Yb fragment (Figure 11.11).
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Figure 11.12. Comparison of the conversion rates of B upon isomerization by 1 (green labels) or 5 (blue

labels).
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To evaluate if 5 was following a metalloradical pathway, another radical clock test was
performed, and, similarly to 3, only traces of conversion to trans-1 were observed (<3%). As in the
EuNi case, no conclusion about the radical nature of the transformation was possible and the
conjectured Ni%-triggered radical reactivity remained unproven. In the absence of conclusive
experimental investigations to propose a mechanism, theoretical analysis of the reaction pathways for

1 and 5 became mandatory.
= Theoretical studies of the mechanism

Computational study of the mechanism was performed at the DFT level for 1, in collaboration
with the group of Prof. Maron. Surprisingly, upon reduction by HBCat, 1 was found to be best
described by a Ni' center and a dianionic bipym ligand. This result was the consequence of the
incompatibility between a reductive Ni° center and a monoreduced bipym ligand. The former
preferred to transfer its one electron to the latter and such electron shuttle yielded a mesomeric form
of the conjectured Ni° species (Figure 11.13). The presence of two highly paramagnetic Yb'"' and Ni'
centers could justify the silent *H NMR at room temperature, a characteristic not expected for
intermediate-valent Yb species and if the EPR measurements did not explicitly support the presence

of a Ni', the broadness of the Yb signals could be masking it.

N <]
NN, N N,
NP N "N N

g N

Figure 11.13. Electron shuttle, which forms the active Yb-Ni' active species from the hypothesized Yb-Ni°.

After the coordination of the alkene, the C-H activation was found as the rate-determining step
(TS1) with a barrier of 34.9 kcal mol?, 10.8 kcal mol™ above Schoenebeck’s Ni-NHC system,
resulting in a w-allyl coordination mode where the spin density was delocalized over both the bipym
and Ni fragment but also the Yb one. This relatively high barrier was concurring with the slow
reactivity at room temperature, explaining the need to heat to get optimal conditions. After the C-H
activation (Int3), the bipym-Ni pair performed another electron shuttle to yield a monoanionic bipym
and a Ni'"-H species, inducing a barrierless relocation of the hydride close to the terminal methylene
group (Int4). Upon the formation of the terminal C-H bond, the electronic structure switched back to
a bipym?-Ni' description (TS2) that evolved toward the mono-isomerized product (Int5) which was
slightly more stable by 1.5 kcal mol™? than the starting intermediate (Int2). This small energy
difference explained well why the kinetics did not strictly follow a first order but a pseudo-first order
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kinetics, when the concentration of the terminal alkene decreased the exchange equilibrium between
Int5 and Int2 became less favored and the rate slowed down (Figure 11.12). The second isomerization
followed a similar pathway, to the main difference that the final di-isomerized product was found 9.7
kcal mol? above Int5. The second isomerization was therefore endothermic, explaining well the
preference for mono-isomerization when the thermodynamics of the reaction was not strongly in
favor of further isomerized products. The unusual electronic structure of a Ni(l) center coordinating
alkenes was likely to play a role in this feature. This was rather interesting and provided a way to

adapt the selectivity by adapting the ligand electronics to disfavor the internal alkene coordination.

pyp=0.98
pni=0.09

p.=0.93
/\ Pyp=0.48
| «Me pni=0.52

’> -17.1

Ph

Figure 11.14. Energy profile and mechanism of the first isomerization of B induced by 1. Relative energies
are expressed in kcal mol?.

Since the origin of the m-accepting conjecture got severely hit by these results, similar
computations were performed with 5 to understand its performance. This time, the HBcat mediated
reduction led to the expected Ni° oxidation state. However, the C-H activation rate-determining step
was eased by the decoordination of one-half of the ligand, most likely due to the important torsion
angle found in 5. While this phenomenon could explain the lower stability of the active species due
to the possible decoordination of the second half of the 3,3’-Mebipy resulting in the formation of
nanoparticles, it also enhanced the kinetics of the reaction. The total activation energy was estimated

to 26.6 kcal mol, much lower than in the preceding case. This explained why the initial rates
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observed with 5 were surprisingly higher than with 1. The rest of the mechanism was found to follow
a somehow standard =-allyl pathway to the exception that the overall mono-isomerization was
endothermic by 11.1 kcal mol™. While this value could seem important, it was echoing to the loss of
activity observed after few hours. This was considered in reasonable agreement with a pseudo-first
order reaction yielding a kinetic product, the rates of the transformation were then slowly hampered

by the decreasing concentration of the starting material (Figure 11.13).
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Figure 11.15. Energy profile and mechanism of the first isomerization of B induced by 5. Relative energies
are expressed in kcal mol?.

While these two computational studies definitely invalidated the conjecture that led to the study
of pre-catalyst 5, both different reaction pathways were found to be concurring with the observed
kinetics and selectivity toward mono-isomerization. The control of the electron shuttle pathway for 1
but also of the hemilability of the ligand observed with 5 calls for further studies to enhance the
performances of each different system. Finally, the last issue remains to be investigated; the validity
or not of the radical clock experiments. If the observed traces of trans-1 products, with 3 and 5, were
not enough to consider a radical transormation, the fact that formal Ni° species were able to isomerize,
even slightly, such cyclopropyl substrate was puzzling and further theoretical investigations are on

their way to understand this singular result.

lll. Conclusion and perspectives
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In this work the reductive reactivity of complex 1 was extended thanks to the study of the
interaction with a simple borane reagent, HBCat. This led to the in-situ formation of a low-valent Yb-
Ni bimetallic species thanks to the elimination of MeBCat and CH4. Having developed this simple
and clean protocol, complex 1 and its monometallic analog 2 were tested in catalysis of simple alkene
isomerization. While 1 was performing well, at low catalyst loading, with a surprising stability and a
significant selectivity for mono-isomerization, 2 was found almost non-reactive. Careful mechanistic
investigations revealed that, with 1, the formed species validated the same test performed to validate
the recently proposed metalloradical induced 1,3-H atom relocation mechanism.** The synthesis of
3, where the divalent Eu ion was not reducing the bipym ligand revealed that this radical behavior
was not observed without such reduction. This led to an original hypothesis about the role of the N-
heteroaromatic ligand in such systems that allowed to find a promising monometallic pre-catalyst
supported by the rarely used 3,3’-Me2bipy, with performances almost on par with 1 and still at a low
catalytic loading (1 mol%). Since no strong experimental evidence was found to choose one
mechanism or another, theoretical computation of the reaction pathway was performed. It invalidated
the conjectured importance of the m-properties of the ligand and confirmed the presence of a formal
Ni' center in the case of 1. This study demonstrated nicely that, on top of being a powerful stabilizing
tool, the Cp*2Yb fragment is also of great importance when it comes to influence low-valent N-
heteroaromatic-Ni species. To enhance the observed selectivity, several options can be envisioned
like tuning the redox potential of the Yb and/or N-heteroaromatic ligand fragments, allowing also to
control the steric environment of the Ni center. Several substituted bipym ligands are planned to be

studied with this objective in mind (Figure 111.1).
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Figure Ill.1. Ligands considered to tune the steric and electronic properties of the bipym ligand.
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When it comes to the decoordination pathway unveiled with pre-catalyst 5, preliminary results
with the more labile tetramethylethylenediamine (tmeda) ligand were obtained and almost identical
reaction rates were observed. Radical clock experiments with such a system revealed a conversion of
cis-1 to trans-1 up to 9%, confirming the necessity to study further the relevance of this test.
Investigations with other labile ligands such as the 2-(dimethylaminomethyl)-pyridine or substituted
3,3’-Mezbipy, ™ both experimentally and theoretically, will hopefully solve this problem.
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Chapter V

Synthesis and characterization of

tetraalkyl palladium complexes

|. Background on high-valent palladium complexes

l.A. An elusive +lIV oxidation state

As discussed in the introduction of the precedent chapter, palladium-mediated transformations
are of paramount interest as highlighted by the 2010 Nobel Prize in Chemistry.! Most of the time
these processes are involving Pd® and Pd'" species. However, similarly as with Ni, the less common
+1, +111 and +IV oxidation states are accessible although they are often elusive.?® Because of the
remarkable possibilities offered by the easily accessed PtV species discussed in Chapter I11, studying
analogous species with the increased versatility of Pd in terms of redox chemistry should allow to
access different reaction pathways. The necessity to achieve the isolation of such highly unstable Pd'”
compounds is thus key for experimental understanding and developing original reactivities. In 1986,
the first-ever XRD characterized Pd" complex, a fac-(bipy)PdMesl, was reported by Canty and
coworkers. Inspired by Pt"Y chemistry, they managed to do so by treating the (bipy)PdMe: precursor
with Mel to trigger an oxidative addition, and obtain a complex stable only below -20 °C.%° The
reason of such instability was found by monitoring the oxidative addition at low temperature by H
NMR spectroscopy. The lability of the iodide ligand, especially in coordinating solvent such as
acetonitrile, permitted to observe an equilibrium between the (bipy)PdMesl complex and its
[(bipy)PdMe3(CD3CN)]* I cationic form (Figure 1.1).1!
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Figure I.1. First XRD characterized Pd"V complex and its solution-state behavior.

In acetone-de, the addition of Mel-ds allowed to detect a scrambling between the methyl
substituents, most likely a consequence of the lability of the iodide ion. The following study by De
Graaf et al. also permitted to observe such cationic forms with the (tmeda)PdMe, complex while the
fast scrambling of the methyl groups only permitted the observation of a single average *H NMR
signal for the three Me groups above -20 °C, the temperature at which a coalescence was observed in
MeCN-d3.12

|.B. Selectivity of the reductive elimination

Benefiting from the experience obtained through this first study, Canty et al. multiplied the
oxidative addition tests with other halogenoalkanes.'*'® From these studies, several other well
defined species were isolated such as (bipy)PdMe2(CH2Ar)I, the Ar group being CsFs, p-CsHsMe or
p-CeH4Br. The study of its reductive elimination allowed to report the possibility to marginally
control the selectivity of the reductive elimination step since the selectivity for ethane formation was
decreased from 100% to 90% and 78% when the bipy ligand was replaced by a phenantroline ligand
in the case of the xylyl and bromobenzyl substituents respectively (Figure 1.2). Further tuning of the

ligand even allowed to get a 60:40 ratio of products.®

Ar

= r |

I —Ny, «Me \
" pd"Y —» Me—Me ,

— N( | Me ) '
=~ U g 100%

F Br
F F
Ar = , ,
E E Ar = @—Br 78% 22%

Figure 1.2. The first results pointed toward a controllable selectivity of the reductive elimination.

A favored reductive elimination step being crucial when thinking about alkyl-alkyl cross
coupling reactions, Canty also investigated the oxidative addition of ethyl iodide.!” This time the
kinetics of the reaction did not allow to isolate the expected (bipy)PdMe2Etl species and was only
briefly observed by *H NMR. This was most likely because the rate of the addition was much lowered,
as observed with analogous Pt compounds for which reaction with Etl was a thousand times slower

than with Mel due to steric considerations.!® The analysis of the organic decomposition products
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revealed the formation of ethane and propane but also the presence of ethene. This latter product, the
result of a -hydride elimination was proposed to be formed only by the (bipy)PdEtl since appearing
only when approaching the end of the reaction (Figure 1.3). However, this could also be due to the
slower kinetics of the Pd'V-triggered S-hydride elimination compared to the reductive elimination. If
confirmed, the possibility for Pd' species to avoid this s-hydride elimination pathway due to the
absence of a free coordination site would then be a huge asset since it is rarely the case for a Pd"

center.®

I N, pguaMeEd ' =Nu, LMo Me—Me + Me—Et + H,C=CH
e—NMe + e— + =
= =

Ethylene appears
only at the end

Barely observed by "H NMR of the reaction

Figure 1.3. Degradation of the elusive (bipy)PdMezEtl complex.

To further probe this selectivity, an opposite synthetic route was used since substrates such as
Phl were not performing an oxidative addition on a PdMe> fragment. However, adding Mel to a
(bipy)PdMePh precursors allowed the formation of a (bipy)PdMezPhl intermediate.?’ The *H NMR
monitoring of the reaction allowed to observe two isomers in ca. 1:1 ratio, the first one had its Ph
group in an axial position while it was found in an equatorial position in the second (Figure 1.4). From
this mixture of isomers, the reductive elimination produced 80% of ethane and 20% of toluene
confirming that the formation of the heavier and potentially more valuable product was once again
less favored. In a similar fashion, when the same precursor was treated with benzylbromide, no

ethylbenzene was observed and only toluene appeared after the degradation of the Pd' intermediate.

= = Fl’h Mo
—Ny, aP Mel /N// —Ny, .
" pd!l " d'V + " pd'V —> Me—Me + Me—Ph
—~N" ‘Me NT | “Me / N I “Me
~ ' '

80% 20%
Observed by "TH NMR in a 1:1 ratio

Figure 1.4. Selectivity of the reductive elimination toward ethane instead of toluene.

Within this same article, another interesting result was the study of the ligand exchange reaction
between the (bipy)PdMe, and (bipy)PdMePh(CH2Ph)Br  complexes vyielding the
(bipy)PdMe2(CH2Ph)Br and (bipy)PdMePh (Figure 1.5.top). This type of reaction, already known
with similar Pt complexes,?* was recently shown to involve a cationic dimer intermediate formed
after dissociation of the relatively labile halide ligand.?? From the precedent example (Figure 1.4), this
phenomenon could partially explain the selectivity observed for the reductive elimination. When
toluene was formed from the high-valent (bipy)PdMe2Phl complex, its (bipy)PdMel byproduct can

react with the remaining Pd'V species to preferentially yield (bipy)PdMesl from which only ethane is
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formed (Figure 1.5.bottom). In parallel, the selectivity observed in the (bipy)PdMePh(CH2Ph)Br
example was attributed to a possible ligand scrambling since the reductive elimination was proposed
to only occur between an axial and an equatorial ligand. However, no other *H NMR signature than

the one attributed to the complex having its benzyl group in axial position was observed.

T = CH,Ph = CH,Ph s
= N, Pdu‘““Ph BrCHPh ~=Nu., ||adlv‘Ph (bipy)Pd"Me, =N, llad'V‘Me +» N, Pol"'“‘\Ph
Sy ! = !

= ! Sy ! Br Br

Me Me
S S =
I — N// | «Ph (blpy)Pd"MeI | — N// | Me I — NI/ ,,mPh
" PdY - . “PdV o+ " Pd' — Me—Me
—~N" | YMe —~N" | YMe =——N7 VI
v v - 100%

Figure I.5. Observed Pd'V-Pd" ligand exchange (top) and possible explanation of the selectivity observed in
Figure 1.4 (bottom).

A later strategy employed to reverse the selectivity was found when the 8-
(bromomethyl)quinoline organohalide was used.?® Considering that the reductive elimination is
occurring between an axial and an equatorial ligand, the control of the coordination sphere of the Pd
center is key to tuning the selectivity. In this case, the coordinating nitrogen atom of the
methylquinoline motif forced the Br ion to remain in the outer-sphere while forcing an axial-
equatorial coordination that almost prevented ligand scrambling to occur during the reductive
elimination step (Figure 1.6). The major product was therefore the ethylquinoline (65%) and not

ethane (35%), which was really interesting, yet this strategy remained limited to really similar

substrates.
CH,Br
N
= Y Me 35% 65%
— N, II"Me Pz /N,,,“l IV‘Me C)
LIS, —— 4P Br —> Me—Me + Me N=
—_— N Me — N
— ! ~ ! /N /
N\

Figure 1.6. The first example of a reversed selectivity of the reductive elimination thanks to the coordination
of the nitrogen of the methylquinoline fragment.

Further works from the group of Canty with other ligands and or with other oxidative reagents
allowed to further enrich the variety of observable Pd' species.?*?" Yet, such compounds remained
unstable and rarely isolated and platinum was often used to get an idea of their structural
characterization. Among these examples, the remarkably selective C-C coupling from a proposed
intermediate (bipy)Pd(alkyl)(aryl)(alkynyl)(OTf) complex was reported with >90% of aryl-alkynyl
product and was explained by theoretical studies in which the lower transition state could not lead to

the more stable alkyl-aryl product due to the axial position of the alkynyl substituent (Figure 1.7).2
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Figure L.7. Preference for the formation of the alkynyl-alkyl product due to the most stable intermediate.

Outside of these specific examples of Csp®-Csp® bond formation, high-valent palladium
chemistry has known significant advances in the past decade.?®! Among those contributions,
interestingly stable Pd' species were isolated by the group of Sanford for instance, yet not containing
alkyl groups.®> Such examples of stable Pd(alkyl)» compounds remain extremely rare, even

nowadays.
|.C. Isolated stable high-valent alkyl palladium species

If Canty’s findings permitted to isolate several of those elusive Pd" intermediates formed by
oxidative additions, further ligand design and synthetic strategies had to be developed to stabilize
such reactive species in order to be able to study them at room temperature. Following the first report
from Vedernikov and coworkers,® the group of Mirica fully characterized the stable trialkyl Pd'”
complex and rationalized its formation via aerobic oxidation of a Pd""Me, compound supported by a
triazacyclononane ligand (Figure 1.8.left).3* A recent other example was published by the group of
Sanford in collaboration with Canty.® In this work they managed to oxidize a Pd" precursor
supported by trispyrazolyl (Tp) and cycloneophyl ligands to get the highly stable high-valent
corresponding species, resisting to reductive elimination of benzocyclobutane even when it was
heated for several weeks at 70 °C in MeCN (Figure 1.8.right). It has to be noted that these two systems
were taking the advantage of having partially labile ligands with three coordination sites to stabilize
such species.

M |
N/ :
]
> \ A
! 70 °C
Me — [ Me Me //\ ' X
N, Pd" —> PdIV : — |
N ~YMe  MeCN ' | ‘Me ' \''l  several =
/ or acetone / Me o weeks
Me Me o
Vedernikov, Mirica Sanford

Figure 1.8. Two examples of highly stable alkyl Pd" species.

Based on the group’s experience with intermediate valent lanthanide architecture, the synthesis
of heterobimetallic complexes combining a divalent ytterbium fragment and a palladium center was

achieved.%® Both the Cp*2Yb(bipym)PdMe; and the Cp*2Yb(taphen)PdMe, compounds were then
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treated with Mel to study the stability of the resulting high-valent complexes. While the reduction of
the taphen ligand did not affect much the stability of the formed Pd'V center, the particular symmetry
of the populated bipym =* orbital fastened the oxidative addition and stabilized the resulting
Cp*2Yb(bipym)PdMesl complex. Its half-life at room temperature was measured to be as long as 75
min, a remarkable improvement compared to the monometallic (bipym)PdMezsl species (t12 = 5 min)
(Figure 1.9). Studies with CDal revealed scrambling of the deuterated methyl positions, similarly to
what was reported by Canty,° thus confirming the lability of the iodide ion. Inspired by the relatively
simple synthesis of the tetramethyl platinum complex described in Chapter Ill, the isolation of its
palladium analog was targeted, with the hope to reach even higher stability due to the removal of the

halide triggering the reductive elimination.

./% Me
N——=—N,, !
B
‘ versus
N="N" !
v I
t1/2 (20 °C) ~ 5 min t1/2 (20 °C) = 1.26 h

Figure 1.9. Stabilization of a high-valent Pd center thanks to the coordination of divalent ytterbium fragment.

ll. Synthesis and characterization

lI.A. Development of the synthetic protocol

Considering the sensitivity of the Cp*>Yb(bipym)PdMezl complex, 1, the straightforward room
temperature protocol used with platinum was considerably modified and first trials were launched on
very small scale (<10 pumol). The layering at -40 °C of a freshly prepared MeLi solution in THF on
top of solution of 1 also in THF permitted to slowly observe a vague color change of the deep brown
solution. Few XRD suitable dark brown blocks were obtained overnight after the concentration of the
resulting mixture at -40 °C and confirmed the formation of the expected Cp*>Yb(bipym)PdMe4
complex, 2. However, no further isolation and characterization were achieved at this point due to the
scale at which the reaction was performed. The upscaling of this protocol was tried several times and
always led to impure batches even when the layering was carried out at ca. — 100 °C. Several issues
were identified, first, the removal of the formed Lil salts was extremely tedious yet switching to
toluene prevented the formation of 2, most likely because the C-H benzylic position was too reactive
under such conditions, resulting in transmetalation reactions yielding unstable species. Second, the
salt metathesis with MeLi was thought to be too rough at a larger scale and switching to the smoother
methyl Grignard reagent was tested. The addition at — 40 °C of a solution of MeMgl in Et.O and a
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solution of 1 in THF, pleasingly led to the fast formation of an off-white precipitate accompanied by
a slight color change upon leaving the solution for 1h at -40 °C. After filtration, concentration and
layering of the resulting solution with cold pentane, dark blocks of 2 were isolated with a 77% yield
on a 0.5 mmol scale (Figure 11.1). Additionally, a one-pot synthesis of 2 was achieved starting from
the (bipym)PdMe: precursor with successive additions of Cp*,Yb(OEt,), Mel and MeMgl, since all
steps of the synthesis were found to be quantitative from *H NMR point of view, thus confirming the

robustness of this protocol.

Figure I1.1. Optimized protocol for the synthesis of 2.

[1.B. Solid- and solution-state characterization

XRD analysis indicated that 2 crystallized in the P21/n space group with three molecules in the
asymmetric unit each accompanied by one co-crystallized thf molecule (Figure 11.2). The study of the
metrics revealed that the average distance for the C-C bridging bond between the two pyrimidine
halves of the bipym ligand measured 1.41(2) A and was slightly longer than the one found in 1
(1.35(1) A (Table 11.1). This variation did not question the fact that the bipym ligand remained
formally reduced but was rather indicative of the tuning of the electronic ground state upon
substitution of the iodide ligand as observed with the high-valent platinum series. Similarly, the Pd-
Me distances were impacted by the trans effect of the bipym ligand,®” 2.03(2) A in average for the
equatorial ones and 2.12(2) A for the axial ones and the Pd-N distances were rather similar in 1 and
2,2.185(6) A and 2.17(2) A respectively. On the Yb side, the average Yb-Cp*cy distance of 2.31 A
was still in the trivalent range, as expected.

Table I1.1. Main metric parameters in A for the free bipym ligand and the complexes (bipym)PdMesl, 1 and 2:

Atoms bipym (bipym)PdMesl 136 2
C-Chipym 1.501(1) 1.496(5) 1.35(1) 1.41(2)
Pd-Nbipym / 2.206(8) 2.185(6) 2.17(2)
Pd-Ce eq / 2.038(7) 2.035(8) 2.03(2)
Pd-Che ax 2.046(4) 2.04(1) 2.12(2)
Yb-Cp*cyr / / 2.29 2.31
Yb-Nbipym / / 2.359(5) 2.34(1)
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Figure 11.2. ORTEP of 2 with thermal ellipsoids at 50 % level. Carbon atoms are in grey, nitrogen atoms in
blue, the palladium atom in dark blue, and the ytterbium atom in olive green. Hydrogen atoms and co-

crystallized thf molecules have been removed for clarity.

The *H NMR spectrum of 2 was rather similar to its platinum analog and typical of such

paramagnetic species. Only one Cp* signal was found at 6.01 ppm concurring with a Cay symmetry
while the bipym ligand peaks were found at 254.66, -1.41 and -149.73 ppm respectively. The signals
for the methyl groups were found at -3.53 for the equatorial ones and -15.01 ppm for the axial ones
(Figure 11.3).
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Figure 11.3. *H NMR spectrum of 2 recorded at 20 °C in thf-ds.

120



Chapter V Synthesis and characterization of tetraalkyl palladium complexes

To get the first observations on the magnetic behavior of 2, a variable temperature (VT) NMR
study was performed and the measured chemical shifts were plotted versus 1/T (Figure 11.4). As
observed with most similar systems, the curves slightly deviated from the linear behavior expected
for a Curie-Weiss paramagnet, thus calling for solid-state measurements over a larger temperature

range.
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Figure Il.4. Variable temperature *H NMR of 2 in thf-dg, & vs 1/T plots in the 193-333 K range.

The yT'versus T plot recorded at 0.1 T between 2 and 300 K, obtained from solid-state magnetic
measurements, revealed that 2 was best described as a singlet ground state since 7 tends toward O
cm® K mol? at 0 K, with a low-lying triplet state being gradually populated above 75 K (Figure
11.5.1eft). The »T value of 1.828 cm® K mol™ at room temperature was significantly lower than the
expected 2.57 cm® K mol™ and indicated that the singlet-triplet gap was higher than the one observed
with 1, ¥T300x = 2.49 cm® K mol™L. From the y versus T, a temperature-independent paramagnetism
as observed with a yrie value of 0.0045 cm® mol™. The simulated curve with the parameters gave =
3.48 and 2J = -327 cm* fitted well with the experimental one which was consistent with only a partial
population of the triplet state at room temperature since ksT = 203.7 cm™ at 293.15 K (Figure
[1.5.right). The model developed by Lukens et al.*® estimated the 2J gap to -332 cm™, which was

rather close to the fitted value.
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Figure I1.5. Solid-state temperature-dependent magnetic data of 2 recorded at 0.1 T: (left) xT vs T plot and
(right) x vs T plot and its simulation with the TIP-including Bleaney-Bowers equation.

lIl. Stability and reactivity studies

I11LA. *H NMR monitoring of the degradation

Since removing the iodide ligand was thought to be the key to even further stabilizing a Pd"Y

center by increasing the activation barrier of the reductive elimination, degradation studies at 20 °C

were performed by *H NMR monitoring over 61 h of samples at known concentrations in thf-ds. An

important note about the treatment of the obtained data sets is that applying a linear correction for all

the integrations is mandatory to avoid overestimation of the percentage of the remaining compound,

especially near the end of the reaction or at low concentration. This being said, at 1.102 M, the full

degradation was reached after the end of the monitoring since only 5% of the compound was left

while 76% of the Cp*,Yb(bipym)PdMe: precursor was regenerated (Figure 111.1).
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Figure Ill.1. 'H NMR monitored degradation of 2, at 20 °C in thf-ds.
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This nicely confirmed that 2 was significantly more stable than 1, yet still able to perform a
reductive elimination. The half-life of 2 at this concentration was 11 h at room temperature, a value
that could be increased to 19 h, 36 h and 45 h upon lowering the concentration to 5.10° M, 1.10° M
and 5.10% M respectively (Figure 111.2). These concentration-dependent half-lives were indicating
that the degradation was not following a first-order pathway and the logarithm of the molecular
fraction of 2, was more pointing toward a pseudo-first-order reaction (Figure I11.3). It directly implied
that the proposed mechanism for the reductive elimination step of 1, would be triggered by the
decoordination of the iodide ligand was not entirely followed in the case of 2. This was not surprising

since such lability was not expected for a methyl group.
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Figure 11.2. 'TH NMR monitored degradation of 2, at 20 °C in thf-ds, comparison between several starting
concentrations.
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Figure I11.3. Logarithm of the molar fraction [2]/[2]t=on at several starting concentrations.
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To confirm this statement, the synthesis of 2-ds was performed by using CDsMgl instead of
MeMgl. The *H NMR spectra recorded right after its dissolution in thf-dg indicated a 5.76:3.12 ratio
between the integrated protons of the equatorial and axial methyl groups (Figure I11.4), a ratio
indicating that almost no scrambling occurred during the synthesis, contrary to what was observed
for 1-ds synthesized with CD3l.%®
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Figure Il.4. *H NMR spectrum of 2-ds recorded at 20 °C in thf-ds.

However, upon degradation, this ratio slowly evolved to 4.68:3.23 after 15 h (residual protio
signal of the thf-dg served as internal reference). Although the elimination of ethane-ds could be
favored compared to ethane-do such unilateral evolution was in better agreement with a slow
scrambling of the methyl groups. Several pathways were considered. First, a dissociative one where
the methyl group, although being less labile than a halide ligand, allowed intramolecular scrambling
via a cationic intermediate that could also eliminate ethane (Figure 111.5.top). Second, a bimolecular
ligand exchange between two Pd' centers, such phenomenon could also explain the deviation from
the first order pathway since a concerted reductive elimination might also happen (Figure
[11.5.middle). The third and last possibility, a ligand exchange between a Pd' center and a Pd", as
observed by Canty (Figure Il1.5.bottom), such phenomenon however had no impact on the

degradation of 2 since all its methyl groups are identical.2%?
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Figure 111.5. Possible reductive elimination mechanisms (top and middle) and possible ligand scrambling
(bottom).

While the first two possible pathways could not be deconvolved with the monitoring of the
degradation, the occurrence of the third one was investigated by dissolving together
Cp*2Yb(bipym)PdMe: and a fully deuterated version of 2, Cp*.Yb(bipym)Pd(CD3)4, 2-d12. While
the formation of 2 was not obvious since it was most likely consumed faster than it was formed, clear
evidence of a ligand exchange was observed. First the stable PdMe; center methyl signal decreased
in intensity over the course of the degradation of 2-di1» and its integration versus the residual protio
signal of the thf-dg decreased by 5% overnight and by 20% after 4.5 days, time at which almost all 2-
di2 was consumed. Second the appearance of ethane-ds, as a small shouldering peak next to the
residual pentane present at the start of the experiment, could only result from a ligand scrambling
(Figure 111.6 and Figure 111.7).

A crossover experiment between 2 and 2-di» was consecutively launched to hopefully observe
proofs of a bimolecular pathway. However, if this experiment also revealed the formation of ethane-
ds, the presence of this hemi-deuterated product could be the consequence of the ligand scrambling
observed within the previous experiment as well as the bimolecular elimination already mentioned.
Overall, these experimental investigations did not allow to certainly propose a mechanism. As it was
the case in the former chapter, this situation indicated the need for theoretical studies, both at the

singlet and triplet states, to further conclude on the mechanism.
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Figure I11.6. Ligand exchange between the 2-di2 and Cp*2Yb(bipym)PdMe2 complexes, t = Oh.
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126



Chapter V Synthesis and characterization of tetraalkyl palladium complexes

l11.B. Selectivity of the reductive elimination

To probe the selectivity of the reductive elimination, several derivatives of 2 were synthesized.
First, treating 1 with other Grignard reagents such as EtMgl, iPrMgl or PhMgl was tried. While in
the first two cases, the 'H NMR were indicating an unexpected reactivity, the phenyl Grignard reagent
seemed to react steadily and form the expected Cp*2Yb(bipym)PdMesPh complex, 3. However, the
latter was not isolated and further studies are needed to confirm this result. Considering that using
Grignard reagents that can perform a S-hydride elimination upon reacting with the Pd center was a
limitation, another synthetic strategy was used. Instead of starting from 1, the
Cp*2Yb(bipym)PdMezEtl complex, 4, was isolated by switching from Mel to Etl. Although the
reaction seemed slower for the aforementioned reasons,*8 the lower energy barrier due to the reduced
bipym fragment allowed to isolate a few tens of milligrams of 4 as XRD suitable crystals after a few
days of reaction. In the solid-state, the ethyl group was only found in axial position and no significant
changes were observed upon studying the metrics (Figure 111.8.left). In solution, however, a mixture

of ethyl in axial (major isomer) and equatorial (minor isomer) positions was observed.

Figure 111.8. ORTEPs of 4 and 5 with thermal ellipsoids at 50 % level.
Carbon atoms are in grey, nitrogen atoms in blue, the iodide atom in purple, the palladium atom in dark blue,
and the ytterbium atom in olive green. Hydrogen atoms have been removed for clarity.

The reaction of MeMgl with 4 at -40 °C led smoothly to the targeted Cp*,Yb(bipym)PdMezEt
complexes, 5, as XRD suitable crystals that also revealed an Et group only found in an axial position
in the solid-state (Figure I11.8.right). The *H NMR spectra, however, was consistent with the presence
of the two isomers in which the ethyl group was either in axial (5ax ~66%) or equatorial position (5eq
~33%) (Figure 111.9).
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Figure 111.9. *H NMR spectrum of 5 recorded at 20 °C in thf-ds. A proposed attribution of the peaks is made
and the ratio between the two isomers 5. and 5eq is roughly estimated to 2:1 by comparing the Cp* signals.

This was not surprising and unavoidable with such protocol since it was the direct consequence
of the easy scrambling possible in 4. However, unavoidable does not mean uncontrollable and the
final ratio of isomers might be modulated in the future. Tuning the reaction conditions such as
performing the oxidative addition of Etl and the addition of MeMgl in Et.O is an option, since it is a
solvent in which the iodide lability should be reduced. Contrary to what was observed in Canty’s
case,!’” no ethylene was formed, meaning the complete absence of g-hydride elimination. Only
propane and ethane were observed as the reaction products, in a ca. 65%:35% ratio (Figure 111.10).

}
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Figure 111.10. Selective reductive elimination of propane instead of ethane with complex 5, a mixture of 5ax
and 5eq.

This first result, although preliminary, was really encouraging since significant selectivity was
achieved. The obtained ratio of products seemed related to the roughly estimated ratio of isomers
5ax:5eq. If further studies confirm this observation, this would mean that the reductive elimination

from 5ax was highly in favor of the formation of propane, similarly to what Canty observed with his
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Pd(alkyl)(aryl)(alkynyl) system.?® To confirm this hypothesis, computational studies should once
again be performed.

IV. Conclusion and perspectives

To conclude, the synthesis of unprecedented tetraalkyl Pd"Y complexes was performed thanks
to the stabilization of high-valent transition metal centers conferred by the Cp*2Yb(bipym) fragment.
A really robust synthetic protocol was developed, even allowing facile and quantitative one pot
synthesis of 2 from the simple (bipym)PdMe: precursor. The substitution of the labile iodide ligand
by an alkyl group greatly enhanced the stability of the Pd'v center with the half-life of 2 estimated to
be ten times higher than the previously studied complex 1. The investigations conducted with
deuterated versions of 2, in order to elucidate the mechanism of the reductive elimination, supported
a pseudo-first order type of reaction most likely resulting from different competing processes. Yet,
since the experiences were not conclusive enough to choose between those pathways, computational
studies are now needed. While the direct synthesis of derivatives of 2 was probed with other Grignard
reagents, only PhMgl seemed to perform as planned. Therefore, a reverse synthetic protocol was
developed to isolate the Cp*>Yb(bipym)PdMesEt complex, 5 and confirm its incapacity to perform a
p-hydride elimination. The latter complex was however only observed as a mixture of isomers
resulting from the easy scrambling of the alkyl ligand when its precursor 4 was left in solution in
coordinating solvents. The only organic products observed upon degradation were propane and ethane
in a ca. 65%:35% ratio, this preliminary result being a rare example of selectivity toward the
formation of the heavier product instead of ethane. Theoretical investigations are now needed to get

a better understanding of this selectivity.
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Figure IV.1. Possible catalytic cycle and current limitations.
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Among the further investigations planned with such tetraalkyl species, the synthesis of more
derivatives of 2 is planned. This will hopefully generalize the possibility to control the selectivity of
the reductive elimination and guide it toward the formation of heavier and more valuable products.
Once this point is verified, catalytic trials should be performed since the heterometallic product, the
Cp*2Yb(bipym)PdMe, precursor of 1 is regenerated upon the degradation of 2 which is formed
quantitatively from its precursors (Figure 1V.1). Yet, the regeneration of the PdMe> compound is
actually only partial so the turnover number of such a system will remain low as long as this issue is
not dealt with. The understanding of the mechanism of the reductive elimination is thus key to solving
this problem and reaching high performances. On the positive side, preliminary tests have shown that
the Grignard reagent is compatible with the PdMe> fragment and even that the two first steps can be
performed simultaneously by adding a Mel + MeMgl solution directly on the Cp*>Yb(bipym)PdMe>

complex to quantitatively form its tetramethyl oxidized form.

130



Chapter V Synthesis and characterization of tetraalkyl palladium complexes

References

(1) The Nobel Prize in Chemistry 2010. https://www.nobelprize.org/prizes/chemistry/2010/summary/.

2 Uson, R.; Fornies, J.; Navarro, R. J. Organomet. Chem. 1975, 96 (2), 307-312. https://doi.org/10.1016/S0022-
328X(00)83563-9.

3) Byers, P. K.; Canty, A. J.; Skelton, B. W.; White, A. H. J. Chem. Soc. - Ser. Chem. Commun. 1986, 3 (1722),
1722-1724. https://doi.org/10.1039/C39860001722.

4 Vilar, R.; Mingos, D. M. P.; Cardin, C. J. J. Chem. Soc. Dalt. Trans. 1996, No. 23, 4313-4314.
https://doi.org/10.1039/DT9960004313.

(5) Cotton, F. A.; Gu, J.; Murillo, C. A.; Timmons, D. J. J. Am. Chem. Soc. 1998, 120 (50), 13280-13281.
https://doi.org/10.1021/ja9832313.

(6) Liu, J.; Bollmeyer, M. M.; Kim, Y.; Xiao, D.; MacMillan, S. N.; Chen, Q.; Leng, X.; Kim, S. H.; Zhao, L.;
Lancaster, K. M.; Deng, L. J. Am. Chem. Soc. 2021, 143 (28), 10751-10759. https://doi.org/10.1021/jacs.1c04965.

@) Powers, D. C.; Ritter, T. Nat. Chem. 2009, 1 (4), 302-309. https://doi.org/10.1038/nchem.246.

(8) Deprez, N. R.; Sanford, M. S. J. Am. Chem. Soc. 2009, 131 (31), 11234-11241.
https://doi.org/10.1021/ja904116k.

9 Khusnutdinova, J. R.; Rath, N. P.; Mirica, L. M. J. Am. Chem. Soc. 2010, 132 (21), 7303-7305.
https://doi.org/10.1021/ja103001g.

(10) Byers, P. K.; Canty, A. J.; Skelton, B. W.; White, A. H.; Whitelb, A. H. Organometallics 1990, 9 (3), 826-832.
https://doi.org/10.1021/0m00117a044.

(11) Byers, P. K.; Canty, A. J.; Skelton, B. W.; White, A. H. Organometallics 1990, 9 (3), 826-832.
https://doi.org/10.1021/0m00117a044.

(12) De Graaf, W.; Boersma, J.; Smeets, W. J. J.; Spek, A. L.; Van Koten, G. Organometallics 1989, 8 (12), 2907—
2917. https://doi.org/10.1021/0m00114a028.

(13) Canty, A. J.; Watson, A. A.; Skelton, B. W.; White, A. H. J. Organomet. Chem. 1989, 367 (3), C25-C28.
https://doi.org/10.1016/0022-328X(89)87065-2.

(14) Byers, P. K.; Canty, A. J.; Skelton, B. W.; Traill, P. R.; Watson, A. A.; White, A. H. Organometallics 1990, 9
(12), 3080-3085. https://doi.org/10.1021/0om00162a020.

(15) Byers, P. K.; Canty, A. J.; Skelton, B. W.; Traill, P. R.; Watson, A. A.; White, A. H. Organometallics 1992, 11
(9), 3085-3088. https://doi.org/10.1021/0m00045a023.

(16) van Asselt, R.; Rijnberg, E.; Elsevier, C. J. Organometallics 1994, 13 (2), 706-720.
https://doi.org/10.1021/0m00014a049.

17) Byers, P. K.; Canty, A. J,; Traill, P. R.; Watson, A. A. J. Organomet. Chem. 1990, 390 (3), 399-407.
https://doi.org/10.1016/0022-328X(90)85108-B.

(18) Monaghan, P. K.; Puddephatt, R. J. J. Chem. Soc. Dalt. Trans. 1988, No. 3, 595-599.
https://doi.org/10.1039/DT9880000595.

(19) Cérdenas, D. J. Angew. Chemie Int. Ed. 1999, 38 (20), 3018-3020. https://doi.org/10.1002/(SICI)1521-
3773(19991018)38:20<3018::AID-ANIE3018>3.0.CO;2-F.

(20) Markies, B. A.; Janssen, M. D.; Boersma, J.; van Koten, G.; Canty, A. J.; Spek, A. L. Recl. des Trav. Chim. des
Pays-Bas 1991, 110 (11), 477-479. https://doi.org/10.1002/recl.19911101108.

(21) Aye, K.-T.; Canty, A. J.; Crespo, M.; Puddephatt, R. J.; Scott, J. D.; Watson, A. A. Organometallics 1989, 8 (6),
1518-1522. https://doi.org/10.1021/0m00108a024.

(22) Canty, A J; Avriafard, A J. Organomet. Chem. 2018, 872, 110-113.
https://doi.org/10.1016/j.jorganchem.2018.07.036.

131


https://www.nobelprize.org/prizes/chemistry/2010/summary/
https://doi.org/10.1016/S0022-328X(00)83563-9
https://doi.org/10.1016/S0022-328X(00)83563-9
https://doi.org/10.1039/C39860001722
https://doi.org/10.1039/DT9960004313
https://doi.org/10.1021/ja9832313
https://doi.org/10.1021/jacs.1c04965
https://doi.org/10.1038/nchem.246
https://doi.org/10.1021/ja904116k
https://doi.org/10.1021/ja103001g
https://doi.org/10.1021/om00117a044
https://doi.org/10.1021/om00117a044
https://doi.org/10.1021/om00114a028
https://doi.org/10.1016/0022-328X(89)87065-2
https://doi.org/10.1021/om00162a020
https://doi.org/10.1021/om00045a023
https://doi.org/10.1021/om00014a049
https://doi.org/10.1016/0022-328X(90)85108-B
https://doi.org/10.1039/DT9880000595
https://doi.org/10.1002/(SICI)1521-3773(19991018)38:20%3c3018::AID-ANIE3018%3e3.0.CO;2-F
https://doi.org/10.1002/(SICI)1521-3773(19991018)38:20%3c3018::AID-ANIE3018%3e3.0.CO;2-F
https://doi.org/10.1002/recl.19911101108
https://doi.org/10.1021/om00108a024
https://doi.org/10.1016/j.jorganchem.2018.07.036

Chapter V Synthesis and characterization of tetraalkyl palladium complexes

(23) Canty, A. J.; Hoare, J. L.; Patel, J.; Pfeffer, M.; Skelton, B. W.; White, A. H. Organometallics 1999, 18 (14),
2660-2667. https://doi.org/10.1021/om990130k.

(24) Canty, A. J.; Honeyman, R. T.; Roberts, A. S.; Traill, P. R.; Colton, R.; Skelton, B. W.; White, A. H. J.
Organomet. Chem. 1994, 471 (1), C8-C10. https://doi.org/10.1016/0022-328X(94)88139-1.

(25) Canty, A. J.; Jin, H.; Roberts, A. S.; Skelton, B. W.; Traill, P. R.; White, A. H. Organometallics 1995, 14 (1),
199-206. https://doi.org/10.1021/om00001a031.

(26) Canty, A. J.; Rodemann, T.; Skelton, B. W.; White, A. H. Organometallics 2006, 25 (16), 3996-4001.
https://doi.org/10.1021/0m0601495.

(27) Canty, A. J. Dalt. Trans. 2009, No. 47, 10409-10417. https://doi.org/10.1039/B914080H.

(28) Sharma, M.; Ariafard, A.; Canty, A. J.; Yates, B. F.; Gardiner, M. G.; Jones, R. C. Dalt. Trans. 2012, 41 (38),
11820-11828. https://doi.org/10.1039/C2DT31086D.

(29) Xue, L.; Lin, Z. Chem. Soc. Rev. 2010, 39 (5), 1692-1705. https://doi.org/10.1039/B814973A.

(30) Sehnal, P.; Taylor, R. J. K.; Fairlamb, 1. J. S. Chem. Rev. 2010, 110 (2), 824-889.
https://doi.org/10.1021/cr9003242.
(31) Zhang, B.; Yan, X, Guo, S. Chem. - A Eur. J 2020, 26 (43), 9430-9444.

https://doi.org/10.1002/chem.202001074.

(32) Dick, A. R.; Kampf, J. W.; Sanford, M. S. J. Am. Chem. Soc. 2005, 127 (37), 12790-12791.
https://doi.org/10.1021/ja0541940.

(33) A. Sobanov, A.; N. Vedernikov, A.; Dyker, G.; N. Solomonov, B. Mendeleev Commun. 2002, 12 (1), 14-15.
https://doi.org/10.1070/MC2002v012n01ABEH001530.

(34) Khusnutdinova, J. R.; Qu, F.; Zhang, Y.; Rath, N. P.; Mirica, L. M. Organometallics 2012, 31 (13), 4627-4630.
https://doi.org/10.1021/0m300426r.

(35) Camasso, N. M.; Canty, A. J.; Ariafard, A.; Sanford, M. S. Organometallics 2017, 36 (22), 4382-4393.
https://doi.org/10.1021/acs.organomet.7b00613.

(36) Goudy, V.; Jaoul, A.; Cordier, M.; Clavaguéra, C.; Nocton, G. J. Am. Chem. Soc. 2017, 139 (31), 10633-10636.
https://doi.org/10.1021/jacs.7b05634.

(37) Clegg, D. E.; Hall, J R.; Swile, G. A. J. Organomet. Chem. 1972, 38 (2), 403-420.
https://doi.org/10.1016/S0022-328X(00)83343-4.

(38) Lukens, W. W.; Magnani, N.; Booth, C. H. Inorg. Chem. 2012, 51 (19), 10105-10110.
https://doi.org/10.1021/ic300037q.

132


https://doi.org/10.1021/om990130k
https://doi.org/10.1016/0022-328X(94)88139-1
https://doi.org/10.1021/om00001a031
https://doi.org/10.1021/om0601495
https://doi.org/10.1039/B914080H
https://doi.org/10.1039/C2DT31086D
https://doi.org/10.1039/B814973A
https://doi.org/10.1021/cr9003242
https://doi.org/10.1002/chem.202001074
https://doi.org/10.1021/ja0541940
https://doi.org/10.1070/MC2002v012n01ABEH001530
https://doi.org/10.1021/om300426r
https://doi.org/10.1021/acs.organomet.7b00613
https://doi.org/10.1021/jacs.7b05634
https://doi.org/10.1016/S0022-328X(00)83343-4
https://doi.org/10.1021/ic300037q

Chapter VI

General conclusion and perspectives

|. A study across group 10 transition metals

If the intermediate valence in lanthanide compounds has now been broadly studied in various
situations, from Ce'V to Yb'", using such phenomenon to tune a transition metal reactivity remained
limited to the two examples of the Cp*2Yb(bipym)PdMe; and analogous Yb-Ni system when the
projects presented in this manuscript were started. As a first objective, considering the perspectives
opened after the synthesis of the lanthanidocenes series of sandwich complexes with the
cyclononatetraenyl (Cnt) ligand, the extension of the Ln-Cnt coordination chemistry to the trivalent
state was investigated and resulted in the synthesis of the (Cot)Ln(Cnt) series of complexes (Ln =
Sm, Tb, Dy, Ho, Er, Tm and Lu, Cot = cyclooctatetraenyl). If such compounds were first targeted to
widen the scope of accessible organolanthanide precursors and to potentially involve them in
multimetallic architectures, their structural study allowed to unveil a size-induced hapticity switch of
the versatile Cnt ligand (Figure 1.1). The rigorous study of this fluctional behavior permitted to further

refine the theoretical estimation of their promising magnetic properties.

Figure I.1. Schemed representation of the size-induced hapticity switch in the (Cot)Ln(Cnt) series.

To extend the results obtained with the Yb-Pd and Yb-Ni heterobimellatic complexes,

investigations on Yb-Pt analogous systems were conducted. This work was mainly performed having
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in mind the potential of such species to be able to perform methane C-H activation due their original
electronic architecture. Benefiting from the natural stability of Pt' species, four different high-valent
Pt(alkyl) complexes were synthesized and their characterization permitted to observe the modulation
of their electronic ground state. The possibility to finely tune the electronic density surrounding the
platinum center might become a great asset in the development of electronic-state-specific
reactivities. Although trials of methane activation remained unsuccessful, the intrinsic reactivities
observed for two of the Yb-Pt'"Y complexes were rationalized and now needs to be further studied to
evaluate the potential of these transformations, especially in the case of the photofunctionalization of

the bipym ligand (Figure 1.2).
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Figure 1.2. Perspective on photo-trigerred mono-functionalization of bipym or bipy ligands.

Benefiting from the experience obtained through the reactivity trials conducted with platinum,
the transposition of the reactivity observed with the simple catecholborane reagent to Yb-Ni species
permitted to develop a low-valent Ni catalytic system for alkene isomerization (Figure 1.3). While the
transformation was almost not performed in absence of the Cp*2Yb fragment, its coordination to the
(bipym)Ni moiety allowed the reaction to be run at low loading and with significant selectivity for
the mono-isomerization. From extended mechanistic investigations, no strong proof was obtained to
conclude on the oxidation state of the in-situ formed low-valent Ni center in the bimetallic case. A
hypothesis on w-accepting properties of the redox-active ligand was however proposed and resulted
in the synthesis of a promising monometallic pre-catalyst with the rarely used 3,3’-Mezbipy ligand.
Theoretical investigations performed on both systems revealed that although the two systems
presented similar performances, two different reaction pathways were at stake. In the Yb-Ni case, a
Ni' center was formed due to the intermediate valence of the Yb-bipym fragment, such electron
shuttle being reversed at several steps of the mechanism. The selectivity toward the mono-
isomerization was rationalized since the second double bond migration was found to be endothermic.
To further enhance such selectivity, the tuning of the electronic and steric properties of the bipym
bridging ligand will be investigated. Regarding the 3,3’-Mezbipy ligand case, its distortion-triggered
hemilability lowered the activation barrier and enabled the C-H activation of the allylic proton
followed by a somehow classical, yet endothermic, m-allyl mechanism. This was found to tag along
well with the observed slow loss of activity of the catalyst.
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Figure 1.3. Electron shuttle-triggered formation of an active Ni' center in alkene isomerization.

As a second idea gained from the works conducted with platinum complexes, the synthesis of
unprecedented tetraalkyl palladium species was attempted. Although the development of a robust and
reproducible synthetic protocol was non-trivial due to the instability of such high-valent species, a
simple addition of MeMgl to a solution of the Yb-PdMezl precursors yielded quantitatively the
desired PdMes center. As expected, the substitution of the labile iodide ligand by a methyl group
greatly enhanced the stability of such Yb-Pd'Y complex. The monitoring of its degradation revealed
a new type of mechanism, unveiled by a deviation from first order kinetics. Such behavior remains
however to be fully elucidated and confirmed by computational studies. Benefiting from the divalent
lanthanide-enhanced stability, the synthesis of the heteroleptic Yb-PdMeszEt was also achieved
although a modified synthetic protocol was used, since switching from the methyl to the ethyl
Grignard reagent was not successful. Preliminary studies of the selectivity of the reductive
elimination step were performed and indicated a preference for propane formation instead of ethane,
such result was found to be really encouraging and catalytic reactivity trials are on their way since
out the three expected steps, two were proven to be fast and quantitative while only the last one, the
reductive elimination, needs to be better understood to achieve high performances.

ll. But what about other metal groups?

After having explored all the group 10 metals, a logical idea was to move to the neighbor
column where lies the group 9 cobalt, rhodium and iridium elements. As most of the investigations
conducted on this topic are still preliminary they will only be discussed briefly here and hopefully be
explored further in the future. As was done with palladium, the starting point was to choose a robust,
soluble and reactivity-promising monometallic precursor. The choice was quickly made and the
synthesis of the well-known [Cp*Ir'''Cl,]2 dimeric precursor was performed in order to associate it
with a bipym ligand. Luckily, this step was rendered really simple since the resulting
[(bipym)Ir"'Cp*CI]* CI- was formed readily as a solid insoluble in THF, the solvent of the reaction.
At this point, the idea was to remove the chlorine ions to avoid any unwanted reaction with a divalent

ytterbium fragment. Two methods were employed: reduction with sodium and salt metathesis with
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silver hexafluoroantimonate. The first yielded the (bipym)Ir'Cp* precursor, while the second resulted
in the formation of the [(bipym)Ir'"'Cp*(NCMe)]?* 2 SbFs compound (Figure 11.1).

2 SbFg
R T
N N N N
N=— "N N="N
S = 1

Figure Il.1. Synthesized bipym-Ir precursors.

With these three different precursors, the addition of the divalent ytterbium fragment was
performed to form the desired heterobimetallic species. While the latter dicationic precursor did not
lead to such species, due to the presence of the SbFe™ anions, the Cp*2Yb(bipym)Ir'Cp* complex was
obtained by mixing the Cp*,Yb(OEt.) and (bipym)Ir'Cp* precursors together in toluene (Figure 11.2.
left). The XRD analysis of the crystals confirmed that significant electronic density was transferred
from the organoytterbium fragment to the bipym ligand. However, when the same reaction was
performed with the [(bipym)Ir'"'Cp*CI] CI" salt, the Cp*2Yb(bipym)IrCp*]* [Cp*2YbCI,] ionic pair
was isolated (Figure 11.2.right).

Figure I1.2. Preliminary structural characterization of two new Yb-Ir bimetallic compounds.

On first thoughts, since the XRD data was also in favor of a formally trivalent ytterbium
fragment, as well as a reduced bipym ligand, the Ir center was considered to be at the rarely observed
+11 oxidation state. However, a more realistic hypothesis might consist in considering that two
equivalents of divalent ytterbium consecutively reduced the Ir'"' to an Ir' center and that the seemingly
reduced bipym fragment is only the result of a strongly delocalized bonding molecular orbital

between the formally +1 Ir ion and the redox-active ligand (Figure 11.3).
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Figure 11.3. Two possible limit forms of the Cp*2Yb(bipym)IrCp* cation.

To ascertain which hypothesis is the correct one, the same characterization methodology used
throughout this manuscript will have to be followed and considering the surprising electron shuttle
observed with the low-valent Ni system, surprising results can be expected. As the last preliminary
results on this project, switching from Yb to Eu did lead once again to two other species:
Cp*2Eu(bipym)IrCp* for which the Eu seemed to remain divalent and the surprising
Cp*2EuCIl2Cp*Eu(bipym)IrCp* trinuclear complex with unattributed oxidation state for the Eu center
due to the poor quality of the XRD data (Figure 11.4).

Figure 11.4. Preliminary structural characterization of two new Eu-Ir bimetallic compounds.

Since iridium is also famous as a photocatalyst, the synthesis of a photoactive bipym-Ir
precursor supported by phenylpyridine (ppy) ligands was attempted. Starting from the well-known
dimer [(ppy)2lr(u-Cl)]2, the [(bipym)Ir(ppy)2]* BPhs complex was obtained and then associated to a
Cp*2Yb fragment, to form the expected Cp*2Yb(bipym)Ir(ppy)2]* BPhs™ ionic pair in THF (Figure
11.5).
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Figure I1.5. Preliminary structural characterization of the [(bipym)Ir(ppy)2]* BPhs and
[Cp*2Yb(bipym)Ir(ppy)2]* BPh4 species

After a change of color was observed upon overnight irradiation at 400 nm, the crystallization
of the resulting species was achieved and unraveled an unexpected reactivity. The photoactivation
resulted in the functionalization of the bipym ligand by a BPh group (Figure 11.6). Such
transformation was not observed in the absence of the lanthanide fragment while the appearance of
such functionalized bipym ligand is echoing to what was proposed in chapter Il to explain the
photoreactivity observe with the Yb-PtMes complex. A hypothetic mechanism could imply the
formation of a formal Ir'Y center that would oxidize the BPhs anion. This would result in the
elimination of biphenyl while the remaining BPh, fragment would have no other option than going

on the bipym ligand to replace a hydrogen atom that was eliminated as H (Figure 11.7).

Figure I1.6. Preliminary structural characterization of the photoproduct
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Figure I1.7. Possible mechanism of the photo-triggered reaction.

Overall, these investigations conducted on Yb-Ir were really promising and deserve to be
continued in the future. Their extension to rhodium or even cobalt would also be of great interest and
might lead to original reactivities. In a broader perspective, the association of a divalent lanthanide to
other groups of transition metal would lead to a greater amount of original electronic architectures

and hopefully many novel reactivities.
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Synthesizes and characterization data

General considerations:

All reactions were performed using standard Schlenk-line techniques or in an argon- or
nitrogen-filled glovebox (MBraun, Garching, Germany). All glassware was dried at 140 °C for at
least 12 h prior to use. All solvents used were either dried over sodium/benzophenone or CaHy,
degassed by freeze-pump-thaw cycles and distilled under reduced pressure in a cold flask. *H and *3C
NMR spectra were recorded in 5 mm tubes adapted with a J. Young valve on Bruker Advance Il1I-
300 MHz (Bruker, Billerica, MA, USA). Chemical shifts are expressed relative to residual protio
signal of the deuterated solvent in ppm.! Infrared (IR) spectra were recorded at room temperature
under argon on a Thermo Scientific Nicolet iS5 spectrometer equipped with the iD7 ATR — Diamond
unit. Elemental analyses were obtained from Mikroanalytisches Labor Pascher (Remagen, Germany).
Magnetic susceptibility measurements were made for all samples on a Quantum Design SQUID
magnetometer (Cryogenic, London, UK). Diamagnetic corrections were made using Pascal’s
constants.? Temperature dependent magnetic measurements were obtained in sealed quartz tube on a
Quantum Design SQUID under fixed DC fields between 0.1 and 2 T. “Curie tail” behavior at low
temperature were corrected by considering the contribution of small Yb3* impurities.®*
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Chapter I

. Syntheses:

K.Cot and KCnt were prepared as previously described.>® Tmls, Erls, Hols, Dyls, Tbls and
LuCls were purchased from Sigma Aldrich and used without further purification.

Er(Cot)lI(thf) was synthesized as previously described and a similar procedure was used for

the other late lanthanides.’
Lu(BHa)3(thf)s was synthesized using the procedure reported for the Nd analog.®

Th(Cot)I(thf): A cold thf solution (-40 °C) of K>Cot (4 mL, 117 mg, 0.64 mmol, 1 equiv) was
added to a stirred cold (-40 °C) thf suspension of Thls (3 mL, 346 mg, 0.64 mmol, 1 equiv). The
mixture was allowed to warm to room temperature (r.t.) and was stirred for 16 h. The resultant light-
yellow suspension was filtered through a frit and the filtrate dried under reduced pressure. The solids
were suspended in 5 mL thf and heated to 60 °C forming a deep yellow solution. Diethyl ether was
layered on the top and the solution was stored at -40 °C. Yellow needles of the desired compound
formed slowly (181 mg, 53 %). *H NMR (300 MHz, thf-ds, 293 K): § (ppm), 194.92 (s br, 8H),
coordinated thf molecules are not visible. IR (ATR): ¥ =2970 (br m), 2889 (m), 1859 (w), 1753
(w), 1616 (w), 1556 (w), 1444 (br m), 1343 (w), 1309 (w), 1245 (w), 1180 (w), 1011 (vs), 895 (s),
860 (vs), 775 (m), 749 (m), 708 (vs), 667 (s), 573 (m) cm™. Anal. Calcd. for C16H24102Th (534.19):
C, 35.97; H, 4.53; Found: C, 35.77; H, 4.56.

Dy(Cot)I(thf): A cold thf solution (-40°C) of K>Cot (5 mL, 138 mg, 0.76 mmol, 1 equiv) was
added to a stirred cold (-40 °C) thf suspension of Dyls (10 mL, 411 mg, 0.76 mmol, 1 equiv). The
mixture was allowed to warm to r.t. and was stirred for 16 h. The resultant light-yellow suspension
was filtered through a frit and the filtrate dried under reduced pressure. The solids were suspended in
8 mL thf and heated to 60 °C forming a deep yellow solution. Diethyl ether was layered on the top
and the solution was stored at -40 °C. Yellow needles of desired compound formed slowly (265 mg,
63 %). 'H NMR (300 MHz, thf-ds, 293 K): & (ppm), 88.66 (s br, 8H), coordinated thf molecules are
not visible. IR (ATR): ¥ =2951 (br m), 2889 (m), 1858 (w), 1752 (w), 1614 (w), 1554 (w), 1453 (br
m), 1343 (w); 1309 (w), 1256 (w), 1178 (w), 1010 (vs), 895 (s), 860 (vs), 750 (m), 705 (vs), 670 (s),
575 (m) cm™. Anal. Calcd. for C154H192102Dy (537.77): C, 33.03; H, 3.91; Found: C, 32.94; H, 4.07.

The number of thf was decreased upon drying.
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Ho(Cot) I(thf): A cold thf solution (-40 °C) of K2Cot (5 mL, 223 mg, 1.22 mmol, 1 equiv) was
added to a stirred cold (-40 °C) thf suspension of Holz (668 mg, 1.2 mmol, 1 equiv). The mixture was
allowed to warm to r.t. and was stirred for 16 h. The resultant light-yellow suspension was filtered
through a frit and the filtrate dried under reduced pressure. The solids were suspended in 7 mL thf
and heated to 60 °C forming a deep yellow solution. Diethyl ether was layered on the top and the
solution was stored at -40 °C. Yellow needles of desired compound formed slowly (583 mg, 88 %).
'H NMR (300 MHz, thf-ds, 293 K): & (ppm), 70.88 (s br, 8H), coordinated thf molecules are not
visible. IR (ATR): ¥ =2969 (br m), 2888 (m), 1852 (w), 1747 (w), 1601 (w), 1441 (br m), 1343 (w),
1212 (br w), 1008 (vs), 856 (vs), 750 (m), 704 (vs), 645 (s) cm™. Anal. Calcd. for CisH24102Ho
(540.20): C, 35.57; H, 4.48; Found: C, 35.63; H, 4.53.

Tm(Cot)I(thf): A cold solution (-40 °C) of K,Cot (3 mL, 32 mg, 0.17 mmol, 1 equiv) was
added to a stirred cold (-40 °C) thf suspension of Tmls (5 mL, 95 mg, 0.17 mmol, 1 equiv). The
mixture was allowed to warm to r.t. and was stirred for 16 h. The resultant light-yellow suspension
was filtered through a frit and the filtrate dried under reduced pressure. The solids were suspended in
7 mL thf and heated to 60 °C forming a deep yellow solution. Diethyl ether was layered on the top
and the solution was stored at -40 °C. Yellow needles of desired compound formed slowly (54 mg,
57 %). The *H NMR (300 MHz, thf-dg, 293 K) remained silent. The compound was previously
published by Fedushkin et al.®

[Lu(Cot)(BHa)(thf)]2: A cold solution (-40 °C) of K,Cot (61 mg, 0.33 mmol, 1 equiv) was
added to a stirred cold (-40 °C) thf solution of [Lu(BHa)3s(thf)3] (145 mg, 0.33 mmol, 1 equiv). The
mixture was allowed to warm to r.t. and was stirred for 16 h. The resultant light-yellow suspension
was filtered through a Teflon syringe filter. The filtrate was concentrated under reduced pressure until
incipient crystallization and stored at -40 °C to afford the title compound as light-yellow crystals (117
mg, 0.27 mmol, 81 %). Recrystallization from toluene led to the decoordination of one thf molecule
and formation of [(Cot)Lu(BHa4)(thf)]2 as colorless crystals suitable for X-ray diffraction studies. *H
NMR (300 MHz, thf-dg, 293 K): 6 (ppm), 6.31 (s, 8H, Cot), 3.68-3.59 (m, ca. 4H, OCH: coordinated
thf), 1.84-1.74 (m, ca. 4H, OCH2CH coordinated thf), 0.04 (1:1:1:1 quartet 1Jgn=83.0 Hz, 4H, BH.).
13C NMR (75 MHz, thf-dg, 293 K): & (ppm), 92.6 (Cot), 68.0 (OCH2 coordinated thf), 26.1
(OCH2CH: coordinated thf). IR (ATR): v = 3021 (w), 2989 (w), 2930 (br m), 2889 (m), 2426 (m),
2272 (s), 2239 (s), 2164 (m), 2040 (w), 1855 (w), 1746 (w), 1610 (w), 1494 (w), 1453 (m), 1316 (br
m), 1245 (m), 1213 (w), 1092 (s), 1012 (vs), 898 (s), 877 (vs), 752 (m), 706 (vs) cm™. No satisfactory

EA was obtained.
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Tb(Cot)(Cnt) (1): A brown acetonitrile solution of KCnt (2 mL, 42 mg, 0.27 mmol, 1.1 equiv)
was added at r.t. to a toluene suspension of Th(Cot)I(thf)2 (10 mL, 149 mg, 0.25 mmol, 1 equiv). The
resulting suspension was left to stir at r.t. for 12 h and was then dried under reduced pressure. The
pale-yellow residue was suspended in toluene (5 mL). After 1 h of stirring, the volatiles were removed
under reduced pressure and the residue was further dried for 5 h at r.t. and extracted in several crops
with large amounts of toluene. The pale-yellow solution was filtered and cooled at -40 °C yielding
X-ray suitable pale-yellow needles of 1 (32 mg, 29 %). H NMR (300 MHz, toluene-ds, 293 K): &
(ppm), 246.3 (s, 8H, Cot), 101.6 (s, 9H, Cnt). The *H NMR evolves with time and crystals of 1' can
be obtained after few days. IR (ATR): ¥ = 3006 (m) 2920 (s), 2851 (s), 1935 (w), 1853 (w), 1746
(w), 1602 (w), 1551 (w), 1493 (w), 1457 (m), 1375 (w), 1313 (w), 1018 (w), 892 (vs), 846 (w), 772
(m), 747 (s), 704 (vs), 654 (vs) cm . Anal. Calcd. for C17H17Tb.0.2 Toluene (398.67): C, 55.43; H,
4.70; Found: C, 55.35; H, 5.03.

Dy(Cot)(Cnt) (2): A brown acetonitrile solution of KCnt (2 mL, 47 mg, 0.30 mmol, 1.1 equiv)
was added at r.t. to a toluene suspension of Dy(Cot)I(thf)2 (10 mL, 146 mg, 0.27 mmol, 1 equiv). The
resulting suspension was left to stir at r.t. for 12 h and was then dried under reduced pressure. The
yellow residue was suspended in toluene (5 mL). After 1 h of stirring, the volatiles were removed
under reduced pressure and the residue was further dried for 5 h at r.t. and extracted in several crops
with large amounts of toluene. The yellow solution was filtered and cooled at -40 °C yielding X-ray
suitable yellow needles of 2 (62.5 mg, 60 %). *H NMR (300 MHz, toluene-ds, 293 K): & (ppm), 118.7
(s, 8H, Cot), 72.90 (s, 9H, Cnt). IR (ATR): ¥ = 3005 (br m), 2917 (m), 1970 (w), 1851 (w), 1744
(w), 1601 (w), 1456 (m), 1373 (w), 1313 (w), 1018 (w), 892 (vs), 848 (w), 773 (m), 748 (s), 706 (vs),
654 (vs), 507 (w) cm . Anal. Calcd. for C17H17Dy (383.82): C, 53.20; H, 4.46; Found: C, 53.14; H,
4.48.

Ho(Cot)(Cnt) (3): A brown acetonitrile solution of KCnt (2 mL, 60 mg, 0.39 mmol, 1.05 equiv)
was added at r.t. to a toluene suspension of Ho(Cot)I(thf)> (15 mL, 189 mg, 0.35 mmol, 1 equiv). The
resulting suspension was left to stir at r.t. for 12 h and was then dried under reduced pressure. The
pale-orange residue was suspended in toluene (5 mL). After 1 h of stirring, the volatiles were removed
under reduced pressure and the residue was further dried for 5 h at r.t. and extracted in several crops
with large amounts of toluene. The pale-orange solution was filtered and cooled at -40 °C vyielding
X-ray suitable pale-orange needles of 3 (77.8 mg, 67 %). 'H NMR (300 MHz, toluene-ds, 293 K): &
(ppm), 90.45 (s, 8H, Cot), 59.17 (s, 9H, Cnt). IR (ATR): ¥ = 3003 (br m), 2920 (m), 1969 (w), 1852
(w), 1745 (w), 1602 (w), 1455 (w), 1374 (w), 1313 (w), 1016 (m), 892 (s), 850 (w), 776 (m), 748
(m), 704 (vs), 656 (vs), 506 (m) cm L. Anal. Calcd. for C17Hi7Ho (386.25): C, 52.86; H, 4.44; Found:
C,52.34; H, 4.53.
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Er(Cot)(Cnt) (4): A brown acetonitrile solution of KCnt (2 mL, 65 mg, 0.42 mmol, 1.05 equiv)
was added at r.t. to a toluene suspension of Er(Cot)I(thf)> (15 mL, 215 mg, 0.40 mmol, 1 equiv). The
resulting suspension was left to stir at r.t. for 12 h and was then dried under reduced pressure. The
orange residue was suspended in toluene (5 mL). After 1 h of stirring, the volatiles were removed
under reduced pressure and the residue was further dried for 5 h at r.t. and extracted in several crops
with large amounts of toluene. The orange solution was filtered and cooled at -40 °C yielding X-ray
suitable orange needles of 4 (73.6 mg, 63 %). 'H NMR (300 MHz, toluene-ds, 293 K): & (ppm), -
5.01 (brs), -128.7 (br s). IR (ATR): ¥ =3030 (br m), 2959 (s), 2921 (m), 2851 (m), 1966 (w), 1854
(w), 1748 (w), 1604 (br w), 1451 (w), 1376 (w), 1313 (w), 1259 (s), 1087 (s), 1014 (s), 892 (s), 797
(s), 748 (m), 702 (vs), 657 (vs), 505 (m) cm . Anal. Calcd. for C17H17Er (388.58): C, 52.55; H, 4.41;
Found: C, 52.80; H, 5.04.

Tm(Cot)(Cnt) (5): A brown acetonitrile solution of KCnt (2 mL, 65 mg, 0.42 mmol, 1.05
equiv) was added at r.t. to a toluene suspension of Tm(Cot)I(thf), (15 mL, 217 mg, 0.40 mmol, 1
equiv). The resulting suspension was left to stir at r.t. for 12 h and was then dried under reduced
pressure. The salmon-orange residue was suspended in toluene (5 mL). After 1 h of stirring, the
volatiles were removed under reduced pressure and the residue was further dried for 5 h at r.t. and
extracted in several crops with large amounts of toluene. The salmon-orange solution was filtered and
cooled at -40 °C yielding X-ray suitable salmon-orange needles of 5 (74.6 mg, 48 %). 'H NMR (300
MHz, toluene-dg, 293 K): 6 (ppm), -23.21 (br s), -235.8 (br s). IR (ATR): ¥ =2998 (br m), 2920 (m),
2852 (m), 1965 (w), 1856 (w), 1753 (w), 1451 (w), 1314 (w), 1259 (w), 1016 (m), 893 (s), 781 (s),
749 (m), 703 (vs), 658 (vs), 505 (m) cm L. Anal. Calcd. for C17H17Tm (390.25): C, 52.32; H, 4.39;
Found: C, 52.80; H, 4.64.

Lu(Cot)(Cnt) (6): A mixture of [Lu(Cot)(BH4)(thf)]2 (146 mg, 0.33 mmol) and KCnt (52 mg,
0.33 mmol) in toluene (15 mL) was heated at 110 °C for 16 h and was then dried under reduced
pressure for 2 h. The light-yellow residue was extracted with hot toluene. The yellow filtrate was
stored at -40 °C yielding yellow needles of 6 suitable for X-ray diffraction studies (44 mg, 0.11 mmol,
34 %). 'H NMR (300 MHz, toluene-ds, 293 K): & (ppm), 6.54 (s, 9H, Cnt), 5.83 (s, 8H, Cot). 13C
NMR (75 MHz, toluene-ds, 293 K): & (ppm), 107.8 (Cnt), 93.5 (Cot). IR (ATR): ¥ = 2992 (br m),
1963 (w), 1857 (w), 1748 (w), 1604 (w), 1490 (w), 1447 (w), 1375 (w), 1313 (w), 1158 (w), 1018
(w), 892 (vs), 780 (m), 750 (m), 704 (vs), 662 (vs), 502 (w) cm L. Anal. Calcd. for C17H17Lu (396.29):
C, 51.52; H, 4.32; Found: C, 51.16; H, 4.34.
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(Cot)Sm(bipy)(n°>-Cnt): Few dark XRD suitable crystals were obtained by the slow diffusion
of a toluene solution of 2,2’-bipyrimidine layered on top of a toluene solution of Sm(Cot)(Cnt)
prepared with the same protocol reported for the other compounds.
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Chapter Il

. Syntheses:

2,2’-bipyrimidine was purchased from TCI and sublimed prior use. MeLi was purchased from
Sigma Aldrich as a 1.6 M diethyl ether solution from which solid MeLi was obtained as a white
powder after evaporation over several hours (10 mbar). [Pt(SMez)Mez]z, (SMe2)PtMeCl and PhsC*
BPhs” were synthesized as described in the literature.*®! B(C¢Fs) was purchased from Sigma Aldrich

and used as received.

(bipym)PtMe: (1): Synthesis adapted from the literature.’>*® To a colorless solution of 2,2’-
bipyrimidine (250 mg, 1.58 mmol, 2 eq./Pt center) in CH2Cl> (30 mL) a beige solution of
Pt2(SMe2)Mes (230 mg, 0.4 mmol, 1 eq.) in CH2Cl> (30 mL) was added dropwise under vigorous
stirring. The solution slowly turns to deep red. After 2h of reaction, the dark red suspension is filtered
through a frit to obtain a deep red solution and remove the black powder corresponding to the
insoluble [(bipym)Pt.Mes4] dimer. The latter is concentrated to a volume of 20 mL and covered with
70 mL of Et,0 and let stand overnight at — 20 °C. XRD suitable red needles are obtained overnight
(190 mg, 0.50 mmol, 63%). A real care has to be taken to remove all remaining bipym ligand through
this crystallization process since it will react with the lanthanide moiety in the further steps. tH NMR
(300 MHz, thf-dg, 20 °C): 6 (ppm)= 9.44 (m, 2H, bipym), 9.29 (m, 2H, bipym), 7.70 (t, 2H, bipym),
1.02 (s, 6H, Pt-CHj3, Jpt.n = 87.5 Hz). Anal. Calcd. for C1oH12N4Pt : C, 31.33; H, 3.16; N, 14.62;
found: C, 31.62; H, 3.27; N, 14.3.

Cp*2Yb(bipym)PtMez(toluene) (2): To a red solution of (bipym)PtMe; (115 mg, 0.3 mmol, 1
eq.) in toluene (10 mL) a green solution of Cp*,Yb(OEt>) (158.3 mg, 0.3 mmol, 1 eq.) in toluene (10
mL) was added dropwise under vigorous stirring. After 5 min of reaction, the dark brownish-green
solution was left at -40 °C overnight to yield dark crystals (217 mg, 0.26 mmol, 86%). *H NMR (300
MHz, tol-dg, 20 °C): & (ppm) = 255.46 (s, 2H, bipym), 6.39 (s, 2H, bipym), -166.89 (s, 2H, bipym),
17.89 (s, 6H, Pt-CH3), 5.88 (s, 30H, Cp*). Anal. Calcd. for CaoHs2N4PtYb + C7Hg : C, 48.36; H,
5.48; N, 6.10; found: C, 48.24; H, 5.52; N, 6.21.

Cp*2Yb(bipym)PtMesl(toluene)os (3): To a dark green solution of Cp*.Yb(bipym)PtMe;

(166 mg, 0.18 mmol) in toluene (5 mL), two drops of Mel (excess) were added under vigorous
stirring. The dark brownish-green solution turned instantly brown and was left stirring for 5min at
room temperature before being left at -40 °C overnight to yield brown needles (167 mg, 0.16 mmol,
92%). IH NMR (300 MHz, thf-ds,20 °C): & (ppm) = 266.18 (s, 2H, bipym), 13.25 (s, 2H, bipym), -
187.50 (s, 2H, bipym), -0.24 (s, 6H, Pt-(CHa)z2), -13.45 (s, 3H, Pt-CHzs), 6.47 (s, 15H, Cp*1), 6.32 (s,
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15H, Cp*2). Anal. Calcd. for C3asHa9N4IPtYb + (C7H8)os: C, 40.83; H, 4.87; 1, 12.51; N, 5.52; Pt,
19.22; Yb, 17.05 ; found: C, 40.61; H, 4.86; N, 5.32.

Cp*2Yb(bipym)PtMes (4): To a brown solution of Cp*2Yb(bipym)PtMezsl (56 mg, 55 umol,
1eq.) in toluene (4 mL), solid MeL.i (3.6 mg, 0.17 mmol, 3 eq.) was added at room temperature under
vigorous stirring. The resulting suspension slowly turned dark red over several hours and was filtered
after 24 h of stirring. The resulting solution was concentrated under vacuum and left overnight at -40
°C to yield XRD suitable dark red prisms (33 mg, 35 umol, 63%). *H NMR (300 MHz, thf-ds ,20
°C): & (ppm) = 257.28 (s, 2H, bipym), 3.40 (s, 2H, bipym), -164.91 (s, 2H, bipym), -2.71 (s, 6H, Pt-
(CH3)2), -15.01 (s, 6H, Pt-(CHa)2), 6.03 (s, 30H, Cp*). No satisfactory EA was obtained.

Cp*2Yb(bipym)PtMesOTTf (5): To a dark green suspension of Cp*>Yb(bipym)PtMe> (240 mg,
0.26 mmol) in Et2O (8 mL), four drops of MeOTf (excess) were added under vigorous stirring. The
dark brownish-green solution rapidly turned to a yellow-brown suspension and was left stirring for
15 min at room temperature before being left at -40 °C overnight to yield a brown microcrystalline
powder (251 mg, 0.25 mmol, 96%). XRD suitable crystals can be grown by gas phase slow diffusion
of MeOTf over a solution of Cp*>Yb(bipym)PtMe; in Et-0. *H NMR (300 MHz, thf-dg, 20 °C): two
isomers were present, no attribution was made (see the corresponding chapter). Anal. Calcd. for
Ca2HasF3N4OsPtSYDb : C, 38.79; H, 4.58; N, 5.65; found: C, 39.15; H, 4.71; N, 5.54.

[Cp*2YDb(bipym)Pt(py)Mes]*OTf (toluene) (5*(py) OTF): To a light brown suspension of
Cp*2Yb(bipym)PtMe3OTf (58 mg, 59 umol) in toluene (5 mL), four drops of pyridine (excess) were
added at -40 °C and left to diffuse slowly at room temperature. The solution slowly turned deep red
and dark XRD suitable crystals started to appear. The product was isolated after concentration of the
solution to ~ 1 mL (53 mg, 46 pmol, 78%). 'H NMR was not recorded. Anal. Calcd. for
Ca0.1H524F3NsO3PtSYb: C, 42.78; H, 4.81; N, 6.38 found: C, 42.65; H, 4.78; N, 6.38. Approximately
0.7 molecules of toluene upon drying.

[(bipym)PtMe(py)]* SbFe (7*(py) SbFe’): To a beige solution of (SMe2)PtMeCl (200 mg, 0.54
mmol, leq.) in thf (§ mL), a colorless solution of 2,2’-bipyrimidine (86 mg, 0.54 mmol, 1eq.) in thf
(8 mL) was added under vigorous stirring. A brick red suspension slowly formed and was filtered
after 5 h, the resulting brick red solid was dried under vacuum (152 mg, 0.38 mmol, 70 %). *H NMR
(300 MHz, thf-dg ,20 °C, slightly soluble): & (ppm) =9.78 (m, 1H, bipym), 9.47 (m, 1H, bipym), 9.30
(m, 1H, bipym), 9.25 (m, 1H, bipym), 7.87 (m, 1H, bipym), 7.67 (m, 1H, bipym), 1.11 (s, 3H, Pt-
(CH3), Jpt.n = 81.0 Hz).
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Pyridine (5 mL) was added at -40 °C to a solid mixture of (bipym)PtMeCl (21.5 mg, 53 pumol,
leq.) and AgSbFe (27.3 mg, 80 umol, 1.5 eq.), the resulting suspension was stirred for 2 days at -40
°C. Then, pentane (4 mL) was added and an off-white solid precipitated. After careful removing of
the liquid phase, the solid was dried under vacuum, suspended in CH2Cly, filtered and the resulting
solution was vacuumed to yield an off-white solid (31 mg, 45 pmol, 86%). The solid was found to be
temperature and/or light sensitive it must be kept in the dark in the glovebox fridge. *H NMR was

not recorded.

[Cp*2Yb(bipym)PtMe2] (2* BPh4): To a dark green solution of Cp*2Yb(bipym)PtMe: (5 mg,
5 umol) in thf-ds (0.4 mL), solid PhsC* BPhs™ (excess) was added. The solution immediately turned
dark brown and XRD suitable needles of the same color appeared in few minutes at room temperature.
IH NMR (300 MHz, thf-dg,20 °C): & (ppm) = 249.43 (s, 2H, bipym), 10.02 (s, 2H, bipym), -124.39zz
(s, 2H, bipym), 13.71 (s, 6H, Pt-(CHs)z2), 5.43 (s, 30H, Cp*), 14.65 (s, 8H, BPhs), 12.33 (s, 8H, BPha),
11.16 (s, 4H, BPhy).

Cp*2Yb(bipym)PtMe3(CD2)4sOB(CsFs)s (8): To a dark green solution of
Cp*2Yb(bipym)PtMe2 (8 mg, 9 umol, 1 eq.) in thf-dg (0.4 mL), solid B(CsFs)3 (4.2 mg, 9 umol, 1 eq.)
was added. The solution immediately turned dark brown and XRD suitable plates of the same color
appeared in few minutes at room temperature. *H NMR (300 MHz, thf-ds ,20 °C): § (ppm) = 273.97
(s, 2H, bipym), 27.97 (s, 2H, bipym), -216.95 (s, 2H, bipym), 5.97 (s, 6H, Pt-(CHs)2), 6.63 (s, 15H,
Cp*1), 6.26 (s, 15H, Cp*2).
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Chapter IV

= Additional considerations:

All commercially available alkene substrates were dried on CaH>, distilled and degassed before
being transferred in the glovebox. The purity of the alkenes has to be very high since the catalyst 1 is
sensitive and used at low catalyst loading (1 mol%). All other reagents were prepared according to
literatures procedures as reported hereafter. Column chromatography was performed on Biotage
Isolera Prime with Biotage SNAP cartridge KP-Sil 25g as silica gel column. X-band EPR
measurements were conducted on a Bruker ELEXSY'S 500 spectrometer equipped with a Bruker ER
4116DM X band resonator, an Oxford Instruments continuous flow ESR 900 cryostat, and an Oxford
ITC 503 temperature control system. The parameters used were T =10 K, MW freq.=9.640 GHz, MW
power=0.250 mW, MA = 8 Gauss, Gain=29 dB.

" Syntheses:

The following complexes (bipym)NiMe>, 1, 2 and Cp*2Eu(OEt,) were synthesized according
to literature procedures.*1® All N-heterocyclic ligands used were sublimed before use.

(Cp*2Eu(bipym)Mez) (3): To a dark suspension of (bipym)NiMez (56 mg, 0.23 mmol, 1 eq.)
in benzene (2 mL), a pink solution of Cp*;Eu(OEt.) (120 mg, 0.24 mmol, 1.05 eq.) in benzene (4
mL) was added dropwise under vigorous stirring. After 10 min of reaction, the resulting dark solution
was mixed with 4 mL of pentane and left overnight at -40 °C to yield dark XRD suitable crystals that
were washed twice with 3 mL of pentane (141 mg, 0.13 mmol, 58%). 'H NMR remained silent. IR
(ATR): v = 3049 (m), 2945 (m), 2900 (br s), 2846 (br s), 2720 (w), 2650 (w), 1981 (w), 1959 (w),
1934 (w), 1816 (w), 1563 (w), 1544 (w), 1477 (m), 1436 (m), 1410 (m), 1391 (vs), 1325 (w), 1292
(w), 1198 (m), 1146 (m) 1034 (w), 1015 (s), 849 (w), 813 (m), 784 (m), 744 (s), 697 (s), 680 (vs),
648 (m) cm™*. Anal. calcd. for CssHasEuNaNi: C, 57.85; H, 6.47; N, 7.50; found: C, 57.18; H, 6.46;

N, 7.33. The number of co-cristallized benzene decrease to 1 instead of 1.5 upon drying.

(4,4’-Me2-2,2’-bipyridineNiMez) (4): To a yellow suspension of (tmeda)NiMe: (78 mg, 0.38
mmol, 1 eq.) in benzene (1.5 mL), a colorless solution of 4,4’-dimethyl-2,2’-bipyridine (67 mg, 0.36
mmol, 0.95 eq) in benzene (3.5 mL) was added dropwise under vigorous stirring. After 2 h of reaction,
the resulting deep green solution was mixed with 5 mL of pentane and left at -40 °C overnight to
yield XRD suitable needles that are washed once with 2 mL of cold Et,O to remove traces of Ni
precursor and twice with 3 mL of pentane (25 mg, 0.09 mmol, 26%). *H NMR (300 MHz, 293 K,
thf-ds): & (ppm) = -0.16 (6H, s), 2.33 (6H, s), 7.29 (2H, d), 7.91 (2H, s), 8.80 (2H, d). IR (ATR): v
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= 3112 (w), 3055 (w), 2914 (br s), 2892 (br s), 2781 (S), 2516 (W), 2233 (br w), 1939 (w), 1908 (w),
1767 (br w), 1709 (w), 1613 (vs), 1550 (m), 1478 (m), 1441 (s), 1412 (vs), 1374 (s), 1300 (m), 1277
(s), 1240 (m), 1220 (m), 1147 (m), 1110 (br w), 1038 (m), 955 (w), 921 (m), 816 (vs), 759 (br m),
725 (m), 641 (vs) cm™. Anal. calcd. for C1sH1sN2Ni: C, 61.59; H, 6.65; N, 10.26; found: C, 59.31;
H, 6.32; N, 9.93.

(3,3’-Me2-2,2’-bipyridineNiMe2) (5): To a yellow solution of (tmeda)NiMe. (71 mg, 0.35
mmol, 1 eq.) in benzene (1.5 mL), a colorless solution of 3,3’-dimethyl-2,2’-bipyridine (61 mg, 0.33
mmol, 0.95 eq.) in benzene (2.5 mL) was added dropwise under vigorous stirring. After 2 h of
reaction, the resulting deep green solution is mixed with 4 mL of pentane and left at -40 °C overnight
to yield XRD suitable needles that were washed once with 2 mL of cold Et>O to remove traces of Ni
precursor and twice with 3 mL of pentane (20 mg, 0.07 mmol). Yield: 22 %. *H NMR (300 MHz,
293 K, thf-dg): & (ppm) = -0.34 (6H, s), 2.32 (6H, s), 7.40 (2H, dd), 7.79 (2H, d), 8.74 (2H, d). IR
(ATR): v = 3078 (w), 2983 (w), 2903 (br s), 2809 (br s), 1948 (w), 1901 (w), 1855 (w), 1763 (W),
1718 (br w), 1612 (w), 1572 (m), 1519 (m), 1440 (vs), 1401 (s), 1377 (s), 1300 (m), 1237 (m), 1177
(m), 1150 (m), 1118 (s), 1068 (w), 1038 (s), 991 (m), 929 (M), 789 (vs), 727 (vs), 651 (vs) cm™. Anal.
calcd. for C14H1sN2Ni: C, 61.59; H, 6.65; N, 10.26; found: C, 60.56; H, 6.51; N, 10.3.

NMR spectra of 4 and 5:
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Figure Al. 'H NMR spectrum of 4 in thf-ds at 20 °C. Solvent peaks are indicated in red, benzene impurities

are indicated in grey.
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Figure A2. H NMR spectrum of 5 in thf-ds at 20 °C. Solvent peaks are indicated in red, benzene impurities

are indicated in grey.
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In-situ NMR characterization of (bipy)Ni(Cod):
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Figure A3. *H NMR spectrum of 2 in CeDs after addition of Cod then HBcat. In-situ formed (bipy)Ni(Cod)

peaks are labelled while free Cod and MeBcat are identified by red and blue asterisks respectively.

. Scope study:

Conditions of the reaction:

In the glovebox, the substrate (0.5 mmol) and internal standard (tri-tert-butylbenzene (13.7 mg,
0.06 mmol) and/or benzene (7.5 pL, 0.08 mmol)) were dissolved in thf-ds (0.5 mL). The resulting
solution was then used to dissolve successively 1 (4 mg, 5 umol) then HBCat (3 mg, 25 umol) before
being transferred to a 5 mm NMR tube adapted with a J. Young valve. The NMR tube was then
removed from the glovebox and heated at 60 °C in an oil bath. The consumption and yield of the

reaction were followed by *H NMR at the indicated times.
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Figure A4.*H NMR spectrum in thf-dg of the isomerization of A by 1 mol% of 1 at 60 °C, t=0 h. Relevant peaks

are assigned and (tBu)sbenzene serves as internal reference.
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Figure A5. IH NMR spectrum in thf-dg of the isomerization of A by 1 mol% of 1 at 60 °C, t=16 h. Relevant

peaks are assigned and (tBu)sbenzene served as an internal reference.
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Figure A6. 'H NMR spectrum in thf-ds of the isomerization of A by 1 mol% of 1 at 60 °C, t=3.5 days. Relevant
peaks are assigned and (tBu)sbenzene served as an internal reference.
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Figure A7. Stacked 'H NMR spectra in thf-dg of the isomerization of A by 1 mol% of 1 at 60 °C, different

timings are compared.
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Figure A9. *H NMR spectrum in thf-dg of the isomerization of B by 1 mol% of 1 at 60 °C, t=19 h. Relevant

peaks are assigned and (tBu)sbenzene served as an internal reference.
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Figure A10. 'H NMR spectrum in thf-dg of the isomerization of B by 1 mol% of 1 at 60 °C, t=5.5 days. Relevant

peaks are assigned and (tBu)sbenzene served as an internal reference.
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Figure Al1l. Stacked '™H NMR spectra in thf-ds of the isomerization of B by 1 mol% of 1 at 60 °C, different

timings are compared.
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Figure A13. 'H NMR spectrum in thf-ds of the isomerization of

C by 1 mol% of 1 at 60 °C, t=19 h. Relevant

peaks are assigned and benzene served as an internal reference.
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Figure A14. 'H NMR spectrum in thf-dg of the isomerization of C by 1 mol% of 1 at 60 °C, t=5.5 days. Relevant

peaks are assigned and benzene served as an internal reference.
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Figure A15. Stacked 'H NMR spectra in thf-ds of the isomerization of C by 1 mol% of 1 at 60 °C, different

timings are compared.
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Figure A17. 'H NMR spectrum in thf-dg of the isomerization of D by 1 mol% of 1 at 60 °C, t=5.5 days. Relevant

peaks are assigned and benzene served as an internal reference.

162



Appendix A Synthesizes and characterization data

‘ Starting
’ hl Jr' | V\AN Lﬁ material
|
k
Mo | | }
ol A le\. e ) “ - B r"\.‘ll““ I\a_ J‘Il’l‘f"l \ JM“-*,-,;-\,U‘ i 19hﬁ

0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 0
1 (ppm)

Figure A18. Stacked 'H NMR spectra in thf-ds of the isomerization of D by 1 mol% of 1 at 60 °C, different

timings are compared.
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Figure A19. 'H NMR spectrum in thf-ds of E.
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Figure A20. *H NMR spectrum in thf-ds of the isomerization of E by 1 mol% of 1 at 60 °C, t=5.5 days. Relevant
peaks are assigned and benzene served as an internal reference.
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Figure A21. Stacked 'H NMR spectra in thf-dg of the isomerization of E by 1 mol% of 1 at 60 °C, different

timings are compared.
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Figure A23. *H NMR spectrum in thf-ds of the isomerization of F by 1 mol% of 1 at 60 °C, t=5.5 days. Relevant

peaks are assigned and benzene serves as internal reference.
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Figure A25. 'H NMR spectrum in thf-ds of G.
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Figure A26. *H NMR spectrum in thf-ds of the isomerization of G by 1 mol% of 1 at 60 °C, t=5.5 days. Relevant
peaks are assigned and benzene served as an internal reference.
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Figure A27. Stacked 'H NMR spectra in thf-ds of the isomerization of G by 1 mol% of 1 at 60 °C, different

timings are compared.
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Figure A28. Stacked 'H NMR spectra in thf-ds of (+)-2-carene, (+)-3-carene and reaction mixture.
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Figure A29. 'H NMR spectrum in thf-ds of G.
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Figure A30. *H NMR spectrum in thf-dg of the isomerization of H by 1 mol% of 1 at 60 °C, t=5.5 days. Relevant
peaks are assigned and benzene served as an internal reference.
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Figure A31. Stacked 'H NMR spectra in thf-ds of the isomerization of H by 1 mol% of 1 at 60 °C, different
timings are compared to the starting material.
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Figure A32. IH NMR spectrum in thf-dg of 4-vinylcyclohexene.
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Figure A33. 'H NMR spectrum in thf-dg of the isomerization of 4-vinylcyclohexene by 1 mol% of 1 at 60 °C,

t=5.5 days. Relevant peaks are assigned and benzene served as an internal reference.
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Figure A34. Stacked 'H NMR spectra in thf-dg of the isomerization of 4-vinylcyclohexene by 1 mol% of 1 at

60 °C, different timings are compared to the starting material.

3.58 THF

5.80
_1.73 THF
1.40

{578
5.00
4.94
4.92
4.88

- 2.05

/
{

A ]
A |
It “‘
| L_..MWW
T e i T
o o) WO [e)] (e)]
S ISx) S S
[a] N ~— < e
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

Figure A35. 'H NMR spectrum in thf-ds of 1,7-octadiene.
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Figure A36. 'H NMR spectrum in thf-dg of the isomerization of 1,7-octadiene by 1 mol% of 1 at 60 °C, t=5.5
days. Relevant peaks are assigned and benzene served as an internal reference.
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Figure A37. Stacked 'H NMR spectra in thf-dg of the isomerization of 1,7-octadiene by 1 mol% of 1 at 60 °C,
different timings are compared to the starting material.
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= Theoretical modelization:

Methods:

DFT level calculations on the (bipy)Ni(Cod) complex were performed using the ORCA 4.1.1.
software.!” The geometry optimizations were done at the PBE level of theory,*® using scalar
relativistic ZORA Hamiltonian with ZORA-def2-TZVP basis set® and SARC/J auxiliary basis set
for Coulomb fitting.2° Each time, dispersion corrections were added to the functional used in the D3
framework proposed by Grimme?! with the addition of the Becke—Johnson damping (D3BJ).??
Frequencies were calculated analytically to ensure these structures corresponded to an energy
minima. Single-point energy calculations starting from PBE optimized geometry with the PBE0?

functional were then performed in gas phase.

The reaction profiles were computed within a different methodology. The optimization of
reactants, transition states, IRC, and products were carried out by employing DFT hybrid functional
(B3PW91)* along with small core pseudopotential Stuttgart basis set?®2 for ytterbium, nickel atoms.
Pople basis set (6-31G**) were employed for the rest of the atoms.??° Frequency calculations were
performed to locate saddle points for transition state structures, minima for the rest of the structures
and for obtaining thermal corrections over the energies. All the calculations were performed using

Gaussian 09 suite of programs.*
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Figure A38. Kohn-sham orbitals for (bipy)Ni(Cod) obtained by DFT at the PBEO level.
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Chapter V

. Syntheses

2,2’-bipyrimidine was purchased from TCI and sublimed prior use. Mel, Etl and CDsl were
purchased from Sigma Aldrich, degassed and stored at — 40 °C in the glovebox. MeLi was purchased
from Sigma Aldrich as a 1.6 M diethyl ether solution from which solid MeLi was obtained as a white
powder after evaporation over several hours (10 mbar). All Grignard reagents were prepared as
described in literature procedure and titrated by the method of Knochel .32 The palladium precursors
(bipym)PdMe,, Cp*.Yb(bipym)PdMe, and Cp*2Yb(bipym)PdMezl (1) were prepared with minor
modifications of the reported protocol,* reported hereafter, to take into consideration the conditions

needed for the synthesis of the tetraalkyl complexes.

(bipym)PdMez2: No large-scale protocol ensuring a good yield was found to avoid the presence
of free 2,2’-bipyrimidine at the end of the reaction. The synthesis was performed in toluene (20 mL)
instead of thf with (tmeda)PdMe2 (935 mg, 3.7 mmol, 1.05 eq.) and 2,2’-bipyrimidine (553 mg, 3.5
mmol, 1 eq.). The resulting brick red suspension was stirred at room temperature for two hours before
being left overnight at -40 °C. The suspension was then filtered on a frit and the solid was washed
with toluene (3 x 5 mL) followed by Et>O (10 mL) and dried under vacuum to yield a brick-red
powder (934 mg, 3.2 mmol, 90%) almost free of unconsumed 2,2’-bipyrimidine (less than 5%
impurities), as observed by *H NMR in CD2Cl..

Cp*2Yb(bipym)PdMez2: The synthesis was performed in thf instead of toluene as it was found
to ease the removal of the formed Cp*>Yb(bipym)YbCp*, dimer considering the impurities
mentioned above. A pink solution of Cp*.Yb(OEt2) (822 mg, 1.6 mmol, 1 eq.) in thf (5 mL) was
added to a brick red suspension of (bipym)PdMe> (468 mg, 1.6 mmol, 1 eq.) in thf (3 mL). Almost
immediately the reaction mixture turned dark brown and was left stirring for 30 min, time at which it
was left to crystallize at — 40 °C overnight. The resulting dark crystals were separated from their
mother liquor and washed with cold (-40 °C) thf (3 x 0.5 mL) and dried under vacuum. *H NMR in
CeDs of the resulting solid (1.1 g, 1.5 mmol, 79%) indicated the presence of ca. 2 co-crystallized thf
molecules and < 1% Cp*>Yb(bipym)YbCp*2 dimer.

Cp*2Yb(bipym)PdMesl (1): The synthesis was performed in thf instead of toluene to avoid
the presence of co-crystallized molecules of the latter at the next step. At -40 °C, to a dark brown
suspension of Cp*2Yb(bipym)PdMe> (906 mg, 1.2 mmol, 1 eq.) in thf (6 mL) was added Mel (92 pL,
1.5 mmol, 1.2 eq.). The resulting dark brown mixture was left to react for 2h in the fridge while being
gently hand-stirred every 30 min to ensure that all the solid reacted. The resulting dark brown crystals
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were separated from their mother liquor and washed with cold (-40 °C) thf (3 x 0.5 mL) and quickly
dried under vacuum. *H NMR in CsDs of the resulting solid (1.1 g, 0.98 mmol, 79%) indicated the
presence of ca. 3 co-crystallized thf molecule.

Cp*2Yb(bipym)PdMes (2): At -40 °C, to a dark brown solution of Cp*,Yb(bipym)PdMesl
(409 mg, 0.37 mmol, 1 eq.) in thf (15 mL) was added a colorless 0.9 M Et,0 solution of MeMgl (0.46
mL, 0.41 mmol, 1.1 eq.). Off-white solid appeared almost instantly from the resulting dark brown
solution and the reaction was left to react for 1h in the fridge while being gently hand-stirred every
15 min. After filtration the resulting solution was concentrated to 5 mL and filtered a second time
before being covered with pentane (10 mL). Dark XRD suitable blocks appeared after only 30 min,
time at wich the solution was gently stirred. They were separated from their mother liquor after
another 30 min, washed with pentane (3 x 2 mL) and quickly dried under vacuum (239 mg, 0.28
mmol, 77%). 'H NMR (300 MHz, thf-ds ,20 °C): § (ppm) = 254.66 (s, 2H, bipym), -1.41 (s, 2H,
bipym), -149.48 (s, 2H, bipym), -3.51 (s, 6H, Pd-(CHs)2), -14.99 (s, 6H, Pd-(CHz3)2), 5.99 (s, 30H,
Cp*). While 2 was found to be way more stable than 1, it is still temperature sensitive in the solid
state and has to be stored at cold, its half-life at room temperature was roughly estimated to 4 months.

Cp*2Yb(bipym)PdMes(CDs) (2-d3): The same protocol was used by replacing the 0.9 M
solution of MeMgl with a 0.7 M solution of CDsMgl. *H NMR (300 MHz, thf-dg ,20 °C): & (ppm) =
254.42 (s, 2H, bipym), -1.45 (s, 2H, bipym), -149.33 (s, 2H, bipym), -3.52 (s, 6H, Pd-(CH3)2), -15.01
(s, 3H, Pd-(CHa)z2), 5.99 (s, 30H, Cp*).

Cp*2Yb(bipym)Pd(CD3) 4 (2-d12): The (tmeda)Pd(CD3)2 precursor was prepared as described
in the literature.3* The following steps were performed with the protocols presented above by
replacing Mel by CDsl and the 0.9 M solution of MeMgl with a 0.7 M solution of CDsMgl. *H NMR
(300 MHz, thf-dg ,20 °C): 6 (ppm) = 254.21 (s, 2H, bipym), -1.59 (s, 2H, bipym), -148.93 (s, 2H,
bipym), 5.98 (s, 30H, Cp*).

Cp*2Yb(bipym)PdMe:zEtI (3): The protocol presented above for 1 was used by replacing Mel
with Etl and by increasing the reaction time to 48h to ensure completeness of the reaction with this
less reactive alkyl halide. XRD suitable crystals were analyzed by *H NMR (300 MHz, thf-ds ,20
°C): two isomers were present, no attribution was made (see the corresponding chapter).

Cp*2Yb(bipym)PdMesEt (4): The protocol presented above for 2 was used. XRD suitable
crystals were analyzed by 'H NMR (300 MHz, thf-ds ,20 °C): two isomers were present, no
attribution was made (see the corresponding chapter).
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Crystallographic data

General detalils:

All the measured single crystals were mounted on a Kapton loop using a Paratone N oil. All
measurements were done on a diffractometer equipped with a kappa goniometer (Nonius,Deft,
Netherlands), a Bruker APEX 1l CCD detector and a graphite Mo-Ka monochromator. The
temperature at which the data were acquired is specified in the upcoming tables. 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 performed
with the PLATON?®® and OLEX2%° software programs. Finally, pictures of the compound structure
were obtained using the MERCURY“? and POV-Ray software programs. During the refinement steps,
all atoms - except hydrogen atoms - were refined anisotropically. The position of the hydrogen atoms
was determined using residual electronic densities, which are calculated by a Fourier difference.
Finally, in order to obtain a complete refinement, a weighting step followed by multiples loops of

refinement was done.
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Chapter Il
Table B1. Crystallographic data for the indicated compounds
[Lu(Cot)(BHa) Th(Cot)(Cnt) Th(Cot)(Cnt)
Compound Tb(Cot)I(THF)2  Ho(Cot)I(THF)2 (THE)], 1 at 150 K 1 at 300 K
Formula Ci16H24TbIO2 Ci16H24H0102 C24H40B2Lu202 Cu7H17Th Cu7H17Th
Cr{m’])s'ze 03x03x026 022x008x008 0.12x0.1x004 0.16x0.04x0.04 0.18 x 0.02 x 0.02
Crystal system monoclinic monoclinic monoclinic orthorhombic orthorhombic
Space group P2i/n P21/n P2i/c Pnma Pnma
Volume (A%) 1766.38(13) 1750.3(2) 1240.90(18) 1345.4(5) 1366.9(13)
a(A) 8.5442(3) 8.4864(6) 9.5563(9) 11.939(2) 12.002(7)
b (A) 9.3864(4) 9.3831(7) 11.2696(9) 12.952(3) 13.032(7)
¢ (A) 22.2233(10) 22.1744(16) 12.4093(10) 8.7005(17) 8.739(5)
o (deg) 90 90 90 90 90
B (deg) 97.6620(14) 97.579(3) 111.795(3) 90 90
y (deg) 90 90 90 90 90
z 4 4 2 4 4
Formula weight 534.17 541.13 732.12 380.22 380.22
(9/mol)
Density (calcd)
(glem?) 2.009 2.054 1.959 1.877 1.848
Absorption
coefficient (mm- 5.751 6.297 7.926 5.234 5.152
)
F(000) 1016.0 1026.0 704.0 736.0 736.0
Temp (K) 219.99 219.99 150 149.99 300.15
. Kappa APEX |1 Kappa APEX 11 Kappa APEX 11 Kappa APEX |1 Kappa APEX |1
diffractometer ccD cco ceD ceD ceD
Radiation MoKa (A= MoKa (A= MoKa (A = MoKa (A= MoKa (A=
0.71073) 0.71073) 0.71073) 0.71073) 0.71073)

20 range fordata 5 001060065 3.7061060.064  4.59 to 60.212 5.641058.256  5.612 to 52.044
collection (deg)

Absorpt_lon Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan
correction
Total no. 33135 84933 27886 27069 23335
reflections
Unique 5155 [Rint = 5112 [Rint = 3654 [Rint = 1881 [Rint = 1410 [Rint =
reflections [Rin] 0.0477] 0.05110] 0.0766] 0.1360] 0.2142]
Final R indices R =0.0417, Rw= R=0.0437,Ru= R=00330,Ry= R=0.0422 Rw= R=0.0622, Ry=
[1>26(1)] 0.0841 0.0926 0.0654 0.0986 0.1285
Rindices (@l R=0.0529, Ru= R=0.0485 Rw= R=0.0523, Ru= R=00762, Rw= R=0.1247, Ru=
data) 0.0884 0.0948 0.0717 0.1156 0.1675
Largest diff. peak 4 g 1 g 1.45/-1.54 1.14/-1.17 2.00/-0.94 2.62/-1.77
and hole (e.A)
GooF 1.271 1.343 1.030 1.025 1.041
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Compound Dy(Cot)(Cnt) Dy(Cot)(Cnt) Ho(Cot)(Cnt) Ho(Cot)(Cnt) Er(Cot)(Cnt)
P 2 at 150 K 2 at 300 K 3at150 K 3at 300 K 4 at 150 K
Formula Ci7H17Dy Ci7H17Dy Ci7Hi7Ho Ci7Hi7Ho Cu7Hw7Er
Crystal size 0.11 x 0.04 x 0.16 x 0.07 x 0.16 x 0.07 x 0.24 x 0.06 x
(mm) 0.04 0.3%0.08 x0.07 0.04 0.04 0.04
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P21/n P21/n P2i/n P2i/n P21/n
Volume (A3) 671.97(11) 695.1(5) 669.36(13) 689.3(2) 666.72(13)
a(A) 7.1626(7) 7.253(3) 7.0595(8) 7.1615(13) 6.9928(8)
b (A) 8.7103(8) 8.808(4) 8.7192(9) 8.7931(16) 8.7303(9)
c(A) 10.9560(11) 11.070(5) 11.0938(12) 11.163(2) 11.1760(12)
o (deg) 90 90 90 90 90
B (deg) 100.551(4) 100.628(13) 101.409(4) 101.321(7) 102.264(4)
y (deg) 90 90 90 90 90
z 2 2 2 2 2
Formula weight 383.80 383.80 386.23 386.23 388.56
(g/mol)
Density (calcd) 1.897 1.834 1.916 1.861 1.936
(o/cmd)
Absorption
coefficient (mm- 5.538 5.353 5.888 5.718 6.271
D)
F(000) 370.0 370.0 372.0 372.0 374.0
Temp (K) 149.99 300.0 150.0 300.0 150.15
. Kappa APEX Il  Kappa APEX Il Kappa APEX Il  Kappa APEX Il Kappa APEX II
diffractometer ccb ccb ccb ccb ccb
Radiation MoKa (A= MoKa (4 = MoKa (4 = MoKa (4 = MoKa (A=
0.71073) 0.71073) 0.71073) 0.71073) 0.71073)
20range fordata g 4101060630 5.95t065.148  7.4941060.042 6.248t054.938  5.974 to 66.238
collection (deg)
Absorpyon Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan
correction
Total no. 10251 17194 13553 10319 27235
reflections
Unique 1977 [Rint = 2531 [Rint = 1959 [Rint = 1581 [Rint = 2540 [Rint =
reflections [Rin{] 0.0528] 0.0382] 0.0517] 0.0452] 0.1099]
Final Rindices R =0.0383, Rw= R=0.0349,Rw= R =0.0514,Rw= R =0.0308, Rw= R =0.0462, Rw=
[I>20(1)] 0.0783 0.0835 0.1005 0.0637 0.1088
Rindices (all R =0.0609, Rw= R=0.0461,Rw= R=0.0649, Rw= R=0.0494, Rw= R =0.0620, Rw=
data) 0.0856 0.0905 0.1042 0.0707 0.1127
Largest diff. peak —y 56/ 73 1.57/-0.54 1.17/-1.48 0.66/-0.39 1.20/-2.01
and hole (e.A%)
GooF 1.076 1.074 1.287 1.039 1.307
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Compound Er(Cot)(Cnt) Tm(Cot)(Cnt) Tm(Cot)(Cnt) Lu(Cot)(Cnt) Lu(Cot)(Cnt)
P 4 at 300 K 5at 150 K 5 at 300 K 6 at 150 K 6 at 300 K
Formula Cu7Hw7Er Ci7H17Tm Ci7H17Tm Ci7Hi7Lu Ci7Hi7Lu
Crystalsize 7% 01x005 O15%004% 45, 004%x002 0.1x006%0.06 0.1x0.06x006
(mm) 0.04
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P21/n P21/n P2i/n P2i/n P21/n
Volume (A3) 687.88(19) 666.12(11) 688.4(3) 665.3(2) 689.6(9)
a(A) 7.0902(12) 6.9926(7) 7.091(2) 6.9721(12) 7.067(5)
b (A) 8.8108(13) 8.7084(8) 8.805(3) 8.7073(14) 8.796(6)
c(A) 11.2593(17) 11.2040(11) 11.287(3) 11.264(2) 11.414(9)
a (deg) 90 90 90 90 90
B (deg) 102.047(6) 102.489(4) 102.343(10) 103.361(7) 103.60(3)
y (deg) 90 90 90 90 90
Z 2 2 2 2 2
Formula weight 388.56 390.23 390.23 396.27 396.27
(g/mol)
Density (calcd) 1.876 1.946 1.883 1.978 1.908
(o/cmd)
Absorption
coefficient (mm- 6.078 6.637 6.422 7.397 7.136
D)
F(000) 374.0 376.0 376.0 380.0 380.0
Temp (K) 300.0 150.0 300.0 150.0 300.0
. Kappa APEX Il  Kappa APEX Il Kappa APEX Il  Kappa APEX Il Kappa APEX II
diffractometer ccb ccp cch cch ccb
Radiation MoKa (A= MoKa (A= MoKa (A= MoKa (A= MoKa (A=
0.71073) 0.71073) 0.71073) 0.71073) 0.71073)
20 range for data 7 405 1,58 948 50810 64.054 5.9221060.334  5.976t065.154  6.198 to 60.06
collection (deg)
Absorpyon Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan
correction
Total no. 3781 15568 14306 13809 12454
reflections
Unique 1839 [Rint = 2318 [Rint = 2020 [Rint = 2416 [Rint = 2015 [Rint =
reflections [Rin] 0.0363] 0.0616] 0.1199] 0.0964] 0.0609]
Final R indices R =0.0549, Rw= R=0.0311, Rw= R =0.0447,Rw= R=0.0392, Rw= R=0.0283, Rw=
[1>26(1)] 0.1217 0.0627 0.0947 0.0757 0.0581
R indices (all R =0.0625 Rw= R=0.0461, Rw= R=0.0768, Rw= R =0.0685 Rw= R =0.0461, Rw=
data) 0.1253 0.0662 0.0993 0.0881 0.0636
Largest diff. peak 5/ 9 g9 0.54/-1.00 0.49/-1.17 0.64/-1.14 0.43/-0.51
and hole (e.A%)
GooF 1.226 1.122 0.976 1.035 1.024

180



Table B4. Crystallographic data for the indicated compounds

Appendix B Crystallographic data

(Cot)Th 1/2
(cis-Cnt)x Dy(Cot)(Cnt);D (Cot)Sm
Compound (trans-Cnt)1x T?g?igécé]t) Trgg(t:gtg(()c&lt) T?g?ggécé]t) y(Cot)(Cnt) (bipy)(n®-Cnt)
x=0.79 (NCMe) at 150 at 150 K
1'at 150 K K 2(MeCN)
Ca28.5H305Cl2Dy:.

Formula Ci7H17Th Ci7H17Tm Ci7H17Tm Ci7H17Tm N Ca7H2sN2Sm
Crystal size 0.14 x 0.04 x 0.21 x 0.04 x 0.21 x 0.04 x 0.21 x 0.04 x 0.22 x 0.13 x
(mm) 0.02 0.02 0.02 0.02 0.3x0.1x0.03 0.04

Crystal system orthorhombic monoclinic monoclinic monoclinic monoclinic monoclinic
Space group Pnma P21/n P21/n P21/n P21/n P2i/c
Volume (A3) 1347.71(16) 661.00(15) 669.4(3) 678.78(10) 2573.5(8) 4327 4(5)

a(A) 11.9205(8) 6.9750(9) 7.0155(17) 7.0571(6) 8.4461(15) 12.7224(8)

b (A) 12.9752(9) 8.6935(12) 8.727(2) 8.7567(7) 26.988(5) 17.4447(11)

c(A) 8.7134(6) 11.1619(14) 11.196(3) 11.2488(10) 11.290(2) 19.6142(13)
o (deg) 90 90 90 90 90 90
B (deg) 90 102.413(3) 102.440(10) 102.456(4) 90.128(6) 96.231(2)
7 (deg) 90 90 90 90 90 90

VA 4 2 2 2 4 8
Formula weight 380.22 390.23 390.23 390.23 701.69 527.84

(g/mol)

Density (calcd)

(glem?) 1.874 1.961 1.936 1.909 1811 1.620
Absorption
coefficient (mm- 5.225 6.689 6.605 6.513 4.558 2.730
D)
F(000) 736.0 376.0 376.0 376.0 1366.0 2104.0
Temp (K) 150.01 100.15 200.15 250.15 150 149.99
diffractometer Kappa APEX Il  Kappa APEX Il  Kappa APEX Il Kappa APEX Il Kappa APEX Il Kappa APEX II
CCD CCD CCD CCD CCD CCD
Radiation MoKa (A = MoKa (A= MoKa (A= MoKa (A= MoKa (A= MoKa (A =
0.71073) 0.71073) 0.71073) 0.71073) 0.71069) 0.71069)
20 range fordata 5 635 1,77 358 5.9941060.036 59741062376  5.95t061.03  3.0181060.058 5.674 to 60.062
collection (deg)
Absorpyon Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan
correction
Total no. 48996 13322 11543 12016 7506 76053
reflections
Unique 3967 [Rint = 1932 [Rint = 2161 [Rint = 2062 [Rint = 7506 [Rint = 12649 [Rint =
reflections [Rint] 0.0619] 0.0565] 0.0518] 0.0447] undefined] 0.0948]
Final R indices R =0.0269,Rw R =0.0484,Rw R =0.0509,Rw R =0.0463,Rw R =0.0391,Rw R =0.0487, Rw
[I>26(1)] =0.0527 =0.1179 =0.1149 =0.1064 =0.0836 =0.1030
R indices (all R=0.0392, Rw R=0.0545,Rw R =0.0645,Rw R=0.0549,Rw R =0.0447,Rw R =0.0805, Rw
data) =0.0575 =0.1198 =0.1180 =0.1087 =0.0866 =0.1167
Largest diff.
peak and hole 2.79/-1.37 1.87/-2.46 1.21/-1.98 1.03/-1.38 1.60/-2.85 4.76/-1.22
(e.A?)
GooF 1.021 1.416 1.317 1.325 1.133 1.023
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Chapter Il
Table B5. Crystallographic data for the indicated compounds
Cp*2Yb
. . Cp*2Yb Cp*2Yb Cp*2Yb .
Compound (blpymyFiMez (bipym)PtMe2  (bipym)PtMesl (bipym)PtMe: (blpym)Pide:
2 at 150 K 3at280 K 4 at 150 K
5 at 150 K
Formula CioH1NaPt CorHsoNaPtYb  CassHaolNaPLYb  CaHaeNaPtyb C32H45F3'B‘4O3PISY

Crystal size (mm)

0.08 x 0.06 x 0.02

05%x0.34%x034 0.38x0.04 x0.04

0.2x0.18 x0.16

0.3x0.06 x0.01
orthorhombic

Crystal system monoclinic triclinic monoclinic orthorhombic
Space group P2i/c P-1 C2lc Fdd2 Pnma
Volume (A?) 2114.1(5) 1684.98(17) 7374.3(14) 8696.6(9) 3515.9(13)
a(A) 13.553(2) 9.5201(6) 21.723(2) 26.5903(18) 27.765(6)
b (A) 15.545(2) 10.8302(6) 20.665(2) 13.2749(7) 13.696(3)
¢ (R) 10.1951(15) 16.8794(10) 17.2799(19) 24.6374(16) 9.246(2)
a (deg) 90 103.235(2) 90 90 90
B (deg) 100.170(4) 94.022(2) 108.076(4) 90 90
» (deg) 90 93.344(2) 90 90 90
z 8 2 8 8 4
Formula weight 383.33 918.94 1014.80 856.87 990.91
(g/mol)
Density (calcd)
) 2.409 1.811 1.828 1.309 1872
Absorption 13.245 6.936 7.175 5.370 6.730
coefficient (mm™)
F(000) 1424 896.0 3880.0 3328.0 1920.0
Temp (K) 150.01 150.0 279.56 150.15 150.0
. Kappa APEX 11 Kappa APEX 11 Kappa APEX 11 Kappa APEX 11 Kappa APEX 11
diffractometer cco ccp ccp ccD ccb
Radiation MoKa (A= MoKa (A= MoKa (A= MoKa (A= MoKa (A=
0.71073) 0.71073) 0.71073) 0.71073) 0.71073)
20 range fordata 5000154968 49761060556  4.1181052.042 57681071258  5.316 t0 52.044
collection (deg)
Absorpt_lon Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan
correction
Total no. 60495 70405 89877 207149 19564
reflections
Unique reflections 4846 [Rint = 10000 [Rint = L 10041 [Rint= 3623 [Rint =
[Rind 0.1442] 0.0459] 7289 [Rin=0.0752] 0.0690] 0.1032]
Final Rindices ~ R=0.0384, Ru= R=00263, Ru= R=00485Rw= R=00280,Rw= R=0.0384, Ru=
[1>26(1)] 0.0751 0.0519 0.1038 0.1039 0.1256
- R=00759, Ru= R=00397,Ru= R=00786,Rw= R=00786,Rw= R =0.0929, Ry=
R indices (all data) 0.0907 0.0604 0.1275 0.1276 0.1424
Largest diff. peak 1.23/-1.70 3.82/-1.85 1.59/-1.23 1.82/-2.35 1.50/-2.51
and hole (e.A)
GooF 1.043 1.109 1142 1.069 1.035
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Table B6. Crystallographic data for the indicated compounds

[Cp*2YDb . . Cp*2Yb
(bipym)PtMes [(bipym)PtMe [Cpr2¥b (bipym)PtMes
. ) (py)]* SbFs (bipym)PtMes
Compound (py)]* OTf L i K y (CD2)s0B
: . 7*(py) SbFs (py)]" OTf
5'(py) OTf at 150 K 2* BPhs at 150 K (CoFs)s
at 150 K 8 at 150 K
Formula Ca4HsgF3NsO3PtSYb C14H14FsNsPtSh Cs4Hs2BN4PtYb CGGEHm%ilSN“OZPt
Crystal size (mm) 0.12 x 0.08 x 0.03 0.16 x 0.14 x 0.04 0.4 x0.12 x0.08 0.46 x 0.4 x 0.06
Crystal system monoclinic triclinic monoclinic triclinic
Space group C2/c P-1 P2/c P-1
Volume (A%) 9023.7(8) 933.00(16) 2895.2(4) 3262.6(4)
a(A) 30.6555(12) 6.8846(8) 15.0097(13) 13.3047(10)
b (A) 14.9962(8) 11.7321(10) 14.0405(11) 15.5530(12)
¢ (A) 20.1110(10) 12.3070(10) 14.0400(12) 17.6732(14)
o (deg) 90 75.037(8) 90 78.209(2)
B (deg) 102.572(2) 79.332(4) 101.907(3) 68.289(2)
y (deg) 90 79.008(3) 90 75.386(2)
VA 8 2 2 2
Formula weight 1162.14 683.14 1146.01 1621.20
(9/mol)
Density (calcd) 1711 2.432 1.315 1.650
(g/cmd)
Absorption
coefficient (mm-) 5.259 9.003 4.051 3.655
F(000) 4576.0 632.0 1134.0 1602.0
Temp (K) 150.0 150.15 150.01 150.01
. Kappa APEX |1 Kappa APEX 11 Kappa APEX |1 Kappa APEX 11
diffractometer cch cch cch cCh
Radiation MoKa (A=0.71073) MoKa (A =0.71073) MoKa (A=0.71073) MoKa (A =0.71073)
26 range for data 5.432 t0 54.958 3.462 10 55.332 5.804 to 60.066 2.726 10 56.564
collection (deg)
Absorpt_lon Multi-scan Multi-scan Multi-scan Multi-scan
correction
Total no. reflections 36394 4295 38813 117659
Unique reflections o 4295 [Rint = o o
[Rin] 10347 [Rint = 0.0934] Undefined] 8464 [Rint = 0.0689] 16202 [Rint = 0.0689]
Final R indices R =0.0472, Rw = R =0.0298, Rw = R =0.0561, Rw = R =0.0343, Rw =
[I>20(D)] 0.0929 0.0754 0.1259 0.0723
N R =0.0898, Rw = R =0.0311, Rw= R=0.0711, Rw = R =0.0636, Rw =
Rindices (all data) 0.1081 0.0760 0.1313 0.0880
Largest diff. peak 1.22/-0.97 1.42/-2.20 4.21/-2.52 2.69/-1.38
and hole (e.A)
GooF 1.004 1.181 1.141 1.085
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Table B7. Crystallographic data for the indicated compounds

Appendix B Crystallographic data

* T - - -
Compound (gi 2¥)1N52)M£ 2 (bi pi:/?n)zﬁiuM 2 (4’4 Nl\i/ll\ifet;I ) o2 N'\i/ll\izet;I )
3at150 K 4 at 150 K 5at 150 K
Formula C12H14N2Ni CagHs1EUNsNi C14H18N2Ni C14H18N2Ni
Crystal size (mm) 0.38 x 0.15 x 0.06 0.16 x 0.08 x 0.04 0.62 x 0.16 x 0.03 0.22 x 0.04 x 0.04
Crystal system monoclinic monoclinic monoclinic orthorhombic
Space group C2/c P21/n P2/c Pbca
Volume (A3) 1055.48(12) 3612.5(6) 5129.2(6) 2558.1(4)
a(A) 17.4134(13) 10.1988(10) 13.8537(11) 10.1597(10)
b (A) 9.2815(6) 27.869(3) 17.2301(11) 11.1432(11)
c(A) 7.1570(4) 12.8361(12) 21.8599(15) 22.596(2)
a (deg) 90 90 90 90
B (deg) 114.152(3) 98.045(3) 100.585(3) 90
y (deg) 90 90 90 90
z 4 4 16 8
Formula weight 244.96 786.51 273.01 273.01
(9/mol)
Density (calcd) 1.542 1.446 1.414 1.418
(g9/cmd)
Coeﬁﬁgmt('%”m_l) 1.802 2273 1.492 1.495
F(000) 512.0 1616 2304 1152
Temp (K) 150.0 150 149.99 150
diffractometer KalppaC éIFD’EX 1l Kappé éBEX 1 Kapp?: éEEX I Kappz(i: égEX 1l

MoKa (A =0.71073) MoKa (= 0.71073) MoKa (A=0.71073) MoKa (A = 0.71073)

Radiation
20 range for data 71910 71.82 5.61 to 56.564 2.364 10 54.964 3.604 t0 56.564
collection (deg)
Absorpt_lon Multi-scan Multi-scan Multi-scan Multi-scan
correction
Total no. reflections 33136 70248 103453 77109
U”'q“e[ée_ft']ec“ons 2483 [Rin = 0.0484] 8958 [Rin = 0.0811] 11752 [Rint = 0.0695] 3174 [Rint = 0.1080]
n
Final R indices R = 0.0256, Ry = R = 0.0301, Ry = R = 0.0562, Rw = R =0.0311, Ry =
[1>26(1)] 0.0647 0.0586 0.1280 0.0639
- R =0.0318, Ry = R = 0.0486, Ry = R =0.0738, Rw = R = 0.0574, Ry =
Riindices (all data) 0.0678 0.0647 0.1352 0.0729
Largest diff. peak 0.55/-0.33 0.42/-0.48 0.83/-0.61 0.33/-0.37
and hole (e.A)
GooF 1.063 1.015 1.188 1.019
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Table B8. Crystallographic data for the indicated compounds

Appendix B Crystallographic data

Cp*2Yb(bipym)PtMe4

Cp*,Yb(bipym)

Cp*,Yb(bipym)

Compound PtMe:EtI PtMesEt
P 2at130K 43t 150 K 5 at 150 K
Formula C35H55N4OPdYb C40H63|N402PdYb Ca7H58N4OPdYb
Crystal size (mm) 0.2x0.1x0.08 0.24 x 0.16 x 0.04 0.24x0.2x0.16
Crystal system monoclinic triclinic orthorhombic
Space group P2i/n P1 Pnma
Volume (A3) 10817.0(11) 2288.4(3) 3687.54(14)
a(A) 13.3945(8) 13.1499(10) 29.4699(6)
b (A) 28.6680(17) 13.1934(9) 13.3885(3)
c(A) 28.1932(17) 14.3040(10) 9.3460(2)
a (deg) 90 102.936(3) 90
B (deg) 92.337(2) 99.381(4) 90
v (deg) 90 103.658(4) 90
VA 12 2 4
Formula weight 840.28 1038.28 854.31
(g/mol)
De“(sét/zr%%‘;""d) 1548 1.507 1,539
Absorption c_?efflment 3108 3132 3.041
(mm™)
F(000) 5088.0 1032.0 1728.0
Temp (K) 149.51 150.0 150.0
diffractometer Kappa APEX Il CCD Kappa APEX Il CCD Kappa APEX Il CCD
Radiation MoKa (A =0.71073)  MoKa (A=0.71073)  MoKa (A =0.71073)

20 range for data
collection (deg)
Absorption correction
Total no. reflections
Unique reflections
[Rint]

Final R indices
[1>26(1)]

R indices (all data)

Largest diff. peak and
hole (e.A%9)
GooF

3.188 to 60.066

Multi-scan
256027

31528 [Rin = 0.0720]

R =0.0410, Ry =
0.0789

R =0.0677, Rw =
0.0866

1.47/-1.82
1.062

4.854 t0 56.562

Multi-scan
90024

22589 [Rint = 0.0605]

R =10.0583, Ry =
0.1526
R=0.0714, Ry =
0.1623

6.73/-1.52
1.018

5.492 10 60.416

Multi-scan
45763

5651 [Rint = 0.0605]

R=0.0391, Ry =
0.0860

R =0.0507, Rw =
0.0911

2.84/-2.87
1.019

185



Appendix B Crystallographic data

References:

Q) Fulmer, G. R.; Miller, A. J. M.; Sherden, N. H.; Gottlieb, H. E.; Nudelman, A.; Stoltz, B. M.; Bercaw, J. E.;
Goldberg, K. I. Organometallics 2010, 29 (9), 2176-2179. https://doi.org/10.1021/om100106e.

2 Bain, G. A.; Berry, J. F. J. Chem. Educ. 2008, 85 (4), 532. https://doi.org/10.1021/ed085p532.

(3) Booth, C. H.; Walter, M. D.; Kazhdan, D.; Hu, Y.-J.; Lukens, W. W.; Bauer, E. D.; Maron, L.; Eisenstein, O.;
Andersen, R. A. J. Am. Chem. Soc. 2009. https://doi.org/10.1021/ja809624w.

4 Booth, C. H.; Kazhdan, D.; Werkema, E. L.; Walter, M. D.; Lukens, W. W.; Bauer, E. D.; Hu, Y.-J.; Maron, L.;
Eisenstein, O.; Head-Gordon, M.; Andersen, R. A. J. Am. Chem. Soc. 2010, 132 (49), 17537-17549.
https://doi.org/10.1021/ja106902s.

(5) Meihaus, K. R.; Long, J. R. J. Am. Chem. Soc. 2013, 135 (47), 17952-17957. https://doi.org/10.1021/ja4094814.
(6) Xémard, M.; Zimmer, S.; Cordier, M.; Goudy, V.; Ricard, L.; Clavaguéra, C.; Nocton, G. J. Am. Chem. Soc.
2018, 140 (43), 14433-14439. https://doi.org/10.1021/jacs.8009081.

@) Hilgar, J. D.; Bernbeck, M. G.; Flores, B. S.; Rinehart, J. D. Chem. Sci. 2018, 9 (36), 7204—72009.
https://doi.org/10.1039/C8SCO01361F.

(8) Cendrowski-Guillaume, S. M.; Le Gland, G.; Nierlich, M.; Ephritikhine, M. Organometallics 2000, 19 (26),
5654-5660. https://doi.org/10.1021/om000558f.

9) Fedushkin, I. L.; Bochkarev, M. N.; Dechert, S.; Schumann, H. Chem. — A Eur. J. 2001, 7 (16), 3558-3563.
https://doi.org/10.1002/1521-3765(20010817)7:16<3558::AID-CHEM3558>3.0.CO;2-H.

(10) Hill, G. S.; Irwin, M. J.; Levy, C. J.; Rendina, L. M.; Puddephatt, R. J.; Andersen, R. A.; Mclean, L. Inorganic
Syntheses. January 1, 1998, pp 149-153. https://doi.org/10.1002/9780470132630.ch25.

(11) Straus, D. A.; Zhang, C.; Tilley, T. D. J. Organomet. Chem. 1989, 369 (2), C13-C17.
https://doi.org/10.1016/0022-328X(89)88013-1.

(12) Scott, J. D.; Puddephatt, R. J. Organometallics 1986, 5 (8), 1538-1544. https://doi.org/10.1021/o0m00139a005.
(13) Mironov, O. A.; Bischof, S. M.; Konnick, M. M.; Hashiguchi, B. G.; Ziatdinov, V. R.; Goddard, W. A.; Ahlquist,
M. M.; Periana, R. A. J. Am. Chem. Soc. 2013, 135 (39), 14644-14658. https://doi.org/10.1021/ja404895z.

(14) Wang, D.; Moutet, J.; Tricoire, M.; Cordier, M.; Nocton, G. Inorganics 2019, 7 (5), 58.
https://doi.org/10.3390/inorganics7050058.

(15) Kaschube, W.; Pdrschke, K. R.; Wilke, G. J. Organomet. Chem. 1988, 355 (1), 525-532.
https://doi.org/10.1016/0022-328X(88)89050-8.

(16) Berg, D. J.; Burns, C. J; Andersen, R. A.; Zalkin, A. Organometallics 1989, 8 (8), 1865-1870.
https://doi.org/10.1021/0m00110a006.

@an Neese, F. WIREs Comput. Mol. Sci. 2012, 2 (1), 73-78. https://doi.org/10.1002/wcms.81.

(18) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77 (18), 3865-3868.
https://doi.org/10.1103/PhysRevL ett.77.3865.

(19) Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7 (18), 3297-3305.
https://doi.org/10.1039/B508541A.

(20) Weigend, F. Phys. Chem. Chem. Phys. 2006, 8 (9), 1057-1065. https://doi.org/10.1039/B515623H.

(21) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys. 2010, 132 (15), 154104.
https://doi.org/10.1063/1.3382344.

(22) Grimme, S.; Ehrlich, S.; Goerigk, L. J. Comput. Chem. 2011, 32 (7), 1456-1465.
https://doi.org/10.1002/jcc.21759.

(23) Adamo, C.; Barone, V. J. Chem. Phys. 1999, 110 (13), 6158-6170. https://doi.org/10.1063/1.478522.

(24) Becke, A. D. J. Chem. Phys. 1993, 98 (7), 5648-5652. https://doi.org/10.1063/1.464913.

186


https://doi.org/10.1021/om100106e
https://doi.org/10.1021/ed085p532
https://doi.org/10.1021/ja809624w
https://doi.org/10.1021/ja106902s
https://doi.org/10.1021/ja4094814
https://doi.org/10.1021/jacs.8b09081
https://doi.org/10.1039/C8SC01361F
https://doi.org/10.1021/om000558f
https://doi.org/10.1002/1521-3765(20010817)7:16%3c3558::AID-CHEM3558%3e3.0.CO;2-H
https://doi.org/10.1002/9780470132630.ch25
https://doi.org/10.1016/0022-328X(89)88013-1
https://doi.org/10.1021/om00139a005
https://doi.org/10.1021/ja404895z
https://doi.org/10.3390/inorganics7050058
https://doi.org/10.1016/0022-328X(88)89050-8
https://doi.org/10.1021/om00110a006
https://doi.org/10.1002/wcms.81
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1039/B508541A
https://doi.org/10.1039/B515623H
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.464913

Appendix B Crystallographic data

(25) Andrae, D.; HauRermann, U.; Dolg, M.; Stoll, H.; Preu, H. Theor. Chim. Acta 1990, 77 (2), 123-141.
https://doi.org/10.1007/BF01114537.

(26) Martin, J. M. L.; Sundermann, A. J. Chem. Phys. 2001, 114 (8), 3408-3420. https://doi.org/10.1063/1.1337864.
27) Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971, 54 (2), 724-728.
https://doi.org/10.1063/1.1674902.

(28) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 56 (5), 2257-2261.
https://doi.org/10.1063/1.1677527.

(29) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28 (3), 213-222. https://doi.org/10.1007/BF00533485.
(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.;
Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino,
J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.;
Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.;
Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.;
lyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo,
C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A.
D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V; Cioslowski, J.; Fox, D. J. Gaussian Inc. Wallingford CT 2009.
https://gaussian.com/.

(31) Smith, D. H. J. Chem. Educ. 1999, 76 (10), 1427. https://doi.org/10.1021/ed076p1427.

(32) Krasovskiy, A.; Knochel, P. Synthesis (Stuttg). 2006, 2006 (05), 890-891. https://doi.org/ 10.1055/s-2006-
926345.

(33) Goudy, V.; Jaoul, A.; Cordier, M.; Clavaguéra, C.; Nocton, G. J. Am. Chem. Soc. 2017, 139 (31), 10633-10636.
https://doi.org/10.1021/jacs.7b05634.

(34) De Graaf, W.; Boersma, J.; Smeets, W. J. J.; Spek, A. L.; Van Koten, G. Organometallics 1989, 8 (12), 2907—
2917. https://doi.org/10.1021/om00114a028.

(35) Sheldrick, G. M. Acta Crystallogr. Sect. A 2008, 64 (1), 112-122. https://doi.org/10.1107/S0108767307043930.
(36) Sheldrick, G. M. Acta Crystallogr. Sect. A 2015, 71 (1), 3-8. https://doi.org/10.1107/S2053273314026370.
(37) Sheldrick, G. M. Acta Crystallogr. Sect. C 2015, 71 (1), 3-8. https://doi.org/10.1107/S2053229614024218.
(38) Spek, A. L. J. Appl. Crystallogr. 2003, 36 (1), 7-13. https://doi.org/10.1107/S0021889802022112.

(39) Dolomanov, O. V; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Crystallogr. 2009, 42
(2), 339-341. https://doi.org/10.1107/S0021889808042726.

(40) Macrae, C. F.; Bruno, 1. J.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, E.; Rodriguez-Monge, L.;
Taylor, R.; van de Streek, J.; Wood, P. A. J. Appl. Crystallogr. 2008, 41 (2), 466-470.
https://doi.org/10.1107/S0021889807067908.

187


https://doi.org/10.1007/BF01114537
https://doi.org/10.1063/1.1337864
https://doi.org/10.1063/1.1674902
https://doi.org/10.1063/1.1677527
https://doi.org/10.1007/BF00533485
https://gaussian.com/
https://doi.org/10.1021/ed076p1427
https://doi.org/%2010.1055/s-2006-926345
https://doi.org/%2010.1055/s-2006-926345
https://doi.org/10.1021/jacs.7b05634
https://doi.org/10.1021/om00114a028
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889802022112
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889807067908




Published articles

189






W) Check for updates

Minireview Europe 7
Chemistry-A European Journal doi.org/10.1002/chem.202004735 Socictes Publihing

B Lanthanide Complexes

Intermediate Valence States in Lanthanide Compounds

Maxime Tricoire, Nolwenn Mahieu, Thomas Simler,* and Grégory Nocton*®

In memory of Prof. Richard A. Andersen

N

T J o) { #

You can wake up and the story ends..

VY = c,| LnCE)iGis
+
C, | Ln(f™1) (LO)>

Formal
oxidation
Y A states

\-\——-.*—— eme— i B e

” Intermediate
valent states

Or you can stay 1n

wonder |l and..

Chem. Eur. J. 2021, 27, 6860 — 6879 Wiley Online Library 6860  © 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0002-0184-303X
http://orcid.org/0000-0002-0184-303X
http://orcid.org/0000-0003-0599-1176
http://orcid.org/0000-0003-0599-1176
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202004735&domain=pdf&date_stamp=2021-02-25

Chemistry

Minireview Europe
Chemistry—A European Journal doi.org/10.1002/chem.202004735 Socictes Publihing
/Abstract: Over more than 50 years, intermediate valence lanthanide complexes are highlighted, the models used to\

states in lanthanide compounds have often resulted in unex-
pected or puzzling spectroscopic and magnetic properties.
Such experimental singularities could not be rationalised
until new theoretical models involving multiconfigurational
electronic ground states were established. In this minireview,
the different singularities that have been observed among

N

rationalise them are detailed and how such electronic effects
may be adjusted depending on energy and symmetry con-
siderations is considered. Understanding and tuning the
ground-state multiconfigurational behaviour in lanthanide
complexes may open new doors to modular and unusual re-
activities.

/

1. Introduction

The chemistry of lanthanide compounds finds a significant
number of direct applications especially because of their im-
portant and specific optical and magnetic behaviour.” The in-
dustry of rare earth elements produces strong magnets for
data storage or electrical devices, optics for health and tech-
nology and also many materials and molecular complexes for
catalysis—including photocatalysis, polymerisation and reduc-
tive chemistry.”? The physical properties of these species are
strongly correlated to high spin-orbit coupling, which is due to
relativistic effects in these relatively heavy elements. Thus, the
appropriate quantum number is J and the ligand field is signifi-
cantly smaller than the spin-orbit coupling. Moreover, the
weak screening of f-electrons leads to contraction of the ionic
radius when the atomic number increases. Another important
physical property of the f-orbitals is their core nature in the
shell. As a consequence, the surrounding ligands often do not
play a large role in the energy of those core f-orbitals; minimal
spatial overlap occurs between the f-orbitals and the Lewis
bases coordinated to the lanthanide ions."” Finally, except for
cerium and europium, the principal formal oxidation state of
these elements is trivalent. These textbook properties have,
however, been challenged in recent years, in particular as sev-
eral groups have been able to synthesise divalent complexes
for all the lanthanide series (except for the radioactive Pm)
with adapted ligand environments,"'"® but also with the
number of examples of high-valent molecular compounds in-
creasing rapidly."** The multiple occurrences of these unusu-
al oxidation states ask the question as to whether the physical
properties discussed above and the models used to under-
stand them are still valid. If any unexpected properties appear
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in those unusual oxidation state species, it would then indicate
that some aspects of the metal-ligand bonding nature might
have been underestimated. In low-valent species, the participa-
tion of the empty 5d-manifold is in question,®?¥ as is the role
of strongly donating ligands in high-valent species.”>?* This
observation notably tends to indicate that the choice of the
ligand should not be dictated only by the sterics but also by
symmetry and energetic considerations, which is an important
paradigm shift in lanthanide chemistry.

In low-valent chemistry, the question of a possible electronic
contribution of the ligand to the reduction potential appeared
with the important work of Flowers and co-workers on the
role of hexamethylphosphoramide (HMPA) addition in reduc-
tive chemistry with divalent samarium (Scheme 1).2%7

0 1) Sml,, THF OH
HMPA
CH3(CH2)nX + CyH5~ “CoHs ———= Csz#\(CHz)nCHs
g CoH
X=Br, | Sk 2
n=9,11 HMPA = (Me,N);PO

Scheme 1. Samarium Barbier reaction as described by Flowers and co-work-
ers (adapted from Ref. [27]).

Procter, Maron and co-workers followed this by examining
the role of water as solvent in these reactions.”® Aside from
the study of organic transformations, in typical synthetic low-
valent chemistry, the ligands were often chosen for solubility
and stability reasons; the bulkier the ligand, the more stable
the complex, even with non-classical divalent lanthanides.!
The use of elaborated ligands to stabilise low-valent lantha-
nides also generated important information on the influence
of the ligand electronics in the reduction reactivity; if most sa-
marium complexes do not reduce N, or CO, decamethyl samar-
ocene is thought to do s0,%”3” and is capable as well of reduc-
ing pyridine to form a C—C coupled dimeric complex whereas
the same reactivity was not observed with a similar phospholyl
ligand,®" presumably because of a redox potential modulation
induced by the ligand. The ligand-metal pair thus takes impor-
tance and several electronic effects in the reduction reactivity
have been noticed. For instance, a reversible C—C bond cou-
pling was observed,®**¥ the free enthalpy of which can be cor-
related to the redox potential of the reductive lanthanide frag-
ment versus that of the ligand.

This proposition of an adapted energy for the ligand-lantha-
nide pair is extremely important because it is related to the

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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theory of covalency in metal complexes.® If an immediate re-
lation with covalency is drawn in the case of a strong overlap
between the ligand and the metal orbitals (nephelauxetic
effect), the energy gap between them is often neglected.
Given that the 4f electrons do not mix to a great extent with
ligand orbitals of hard donors—such as oxygen, carbon and ni-
trogen—most lanthanide complexes are expected to present a
purely ionic bonding with no covalency (Figure 1).5°37

A
Transition metal
linked to
redox-active
5 ligand
5]
3
s
g
© Lanthanide
linked to lonic
redox-active compounds
ligand

Orbital energy difference

Figure 1. Orbital overlap versus orbital energy difference plot and the relat-
ed compound categories (adapted from Ref. [38]).

However, when the ligand and the metal both possess simi-
lar energies, even with a very little overlap, the electron(s),
statistically, have similar probabilities of being found on one or
the other site. This situation leads to multiple possible configu-
rations, in which the redox state of the metal is different: the
metal and the ligand share electrons even with little overlap
between the respective orbitals. This situation of multiple con-
figurations is also known in transition-metal complexes when
the orbitals are almost orthogonal, resulting in a small-to-zero
overlap extent. Notably, the Wieghardt group and some of us
have reported transition-metal complexes with multiple config-
urations, in which the corresponding redox states are differ-
ent.[39_46]

Thus, in lanthanide complexes, when the ligand orbitals and
the lanthanide ion are of similar energy, these situations of
multiple configurations with different redox states (of both the
ligand and the metal ion) can occur, leading to a disturbance
in their physical properties. The formal oxidation state is there-
fore not suitable anymore, as neither one nor the other value
is appropriate. The valence is rather intermediate, as discussed
in the field by the pioneers, Dolg, Fulde, Maron and Ander-
sen.’~ Indeed, the computation of multiple states of similar
energy requires cautious choices of the methods used and, al-
though density-based methods usually lead to fast analyses, in
most cases, it solely points out delocalised density over the
metal and ligand orbitals but does not reproduce nor explain
the abnormal spectroscopic signatures that were observed. In
this area, Field considered in the 1980s the computation of di-

Chem. Eur. J. 2021, 27, 6860 - 6879 www.chemeurj.org

6862

atomic molecules of lanthanides for the better understanding
of their non-trivial spectroscopic properties, especially arising
from low-lying electronic states, and introduced the concept
of “super-configurations”.®? At the time, if the key theoretical
milestones of modern theoretical wave-function-based meth-
odologies®**? and DFT calculations®*® were known, the large
number of electrons in f-element complexes rendered the task
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rather difficult. Similarly, when multiconfigurational meth-
0ds®”*® appeared, such as multiconfiguration Hartree-Fock/
self-consistent field (MCHF/SCF), configuration interaction (Cl)
methods, many-body perturbation theory (MBPT) and coupled-
clusters (CC),***? only a few studies were attempted with lan-
thanide complexes. It is only in the late 1980s that Fulde et al.
developed the foundations of the proper understanding of the
theoretical approach of such fluctuating systems,””%* notably
rationalising the formation of open-shell singlets and/or low-
lying multiplet states by using the interaction between two
partners (metal-metal or ligand-metal). This approach provid-
ed a possible explanation for several experimental observa-
tions based on the analogy with the Kondo singlet-state
known in solid-state physics.[®*%

The present review gathers the historical basis that allowed
the development of intermediate valence in lanthanide com-
pounds over more than 50 years of spectroscopic singularities
and many computational studies. It opens with a rational basis
of the symmetry and energetic considerations that can lead to
the prediction of these events and, importantly, describes how
they may relate to the reactivity of the complexes (Figure 2).
With the abundance of low- and high-valent lanthanide com-
pounds isolated in the last few years, this topic is likely to re-
ceive broad and increasing attention.

Spectroscopic
singularities

(PES, XANES,
Magnetometry)

Theoretical
models

(DFT, MCSCF,
relativistic effects)

How to use it ?

(Rationalised
design, Novel
reactivity)

Figure 2. Intermediate valence and multiconfigurational ground states in
lanthanide compounds: from spectroscopic singularities to the development
of new theoretical models and the application in novel reactivity.

2. Spectroscopic Singularities

In the 1950s, Wilkinson and Birmingham reported the synthesis
of a series of [LnCp;] (Cp=1’-CsHs) complexes (Table 1).156-%®
The latter were obtained as crystalline solids after sublimation
under reduced pressure at high temperatures. The ionic nature
of the new compounds was evidenced by their reactivity to-
wards ferrous chloride (FeCl,), resulting in an instantaneous
ligand exchange reaction and quantitative formation of ferro-
cene, [FeCp,]. Such an ionic nature would result from a domi-
nant electrostatic interaction between the highly electroposi-
tive metal centres and the Cp rings with well-separated charg-
es.%? The effective magnetic moments for the [LnCp,;] com-

Chem. Eur. J. 2021, 27, 6860 - 6879 www.chemeurj.org

Table 1. General structure of the [LnCp;] complexes and magnetic data
at room temperature (295-300 K) for selected compounds.

‘Ln’
2

[LnCps]
Ln Electronic Ground state Exptl. Calcd.
configuration of of metal ion Uett® Ut
metal ion
ce" 4f F, 246 2.54
Eu" 4f° ’Fo 3.749 3.40-3.61"
3.66'¢
Yb'! a3 ., 4.00 454
Lu" 41 'Sy diamagnetic

[a] Values from Ref. [67], unless otherwise stated. [b] Theoretical values in
the free-ion approximation. [c] Value from Ref.[71]. [d] Value for the
mono-THF adduct, calculated with the data from Ref. [72]. [e] Non-mag-
netic ground state but presence of thermally populated magnetic excited
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states,”” estimated values at room temperature from Ref. [74].

plexes were determined experimentally. The overall values
were in good agreement with the free-ion values, to the ex-
ception of one noticeable discrepancy: the reported magnetic
moment of [YbCp;], 4.0 us'*” differs from the expected value
of 4.5 ug for an Yb" jon in a ?F,, ground state and is signifi-
cantly lower than the experimental values for other typical Yb"
coordination compounds.””

Following this seminal report, in-depth analysis of the elec-
tronic and magnetic properties of several [LnCp;] complexes or
other lanthanide compounds have been carried out to evaluate
and quantify covalency in such compounds, and revealed other
spectroscopic singularities that are gathered in this sub-section.

2.1. YbCp,

Gas-phase photoelectron spectra were recorded for a series of
[LnCps] (Ln=Ce, Pr, Nd, Sm, Yb, Lu) complexes using variable
photon energy.”>? Photoelectron (PE) spectroscopy has espe-
cially proved to be a valuable technique to assess the molecu-
lar electronic structure of lanthanide complexes and identify
ion states resulting from 4f ionisation. In the case of a lantha-
nide complex featuring a 4f" ground-state configuration, the
spectrum obtained upon ionisation of a 4f valence electron
gives information on the ground and excited states of the cor-
responding 4f""' cation.

The PE spectrum of [LuCp, can be readily interpreted:
upon f-electron ionisation from the closed 4f' shell of Lu®*",
two bands were observed and assigned to the *F,, and °Fs),
ion states associated with the 4f'"® configuration of Lu**."” In
the case of [YbCp;], a more complex spectrum was obtained
with signals arising from both the 4f'> and 4f" final-state con-
figurations. An important question is whether the presence of
both signals is the result of initial or final-state effects, that is,
if the multiconfigurational character of the [YbCp,]* cation ob-

][80]
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tained upon ionisation does reflect (or not) that of the corre-
sponding neutral [YbCp,] complex. The fact that ytterbium
readily forms divalent complexes supports the idea of an ini-
tial-state effect, that is, contributions from both Yb" 4f'* and
Yb" 4f" configurations in the ground state of [YbCp,]. More
precisely, the mixed-configuration ground state corresponds to
the superposition of a Lf"® configuration and a Lf'* charge-
transfer configuration involving electronic transfer from the Cp
ring to the Yb®™ ion, where L represents a full ligand shell (the
ligand molecular orbitals collectively) and L a hole in that
shell.” Careful analysis of the intensities of the bands associat-
ed with the two ion states allowed a determination of the rela-
tive contributions of the two configurations in the ground
state.”® The Yb" Lf'"® configuration was determined to account
for 88% of the density in the ground state whereas the Yb"
Lf'" charge-transfer configuration contributes 12%. Indepen-
dent estimations of the relative weights of the two configura-
tions were also obtained by thorough EPR investigations.”®
Analysis of the "*C hyperfine coupling, as determined by HYS-
CORE (hyperfine sublevel correlation)®” pulsed EPR experi-
ments, revealed an increase of 12.6+0.9% in the spin density
on the *C atoms of the Cp rings. In parallel, a decrease in the
7Y hyperfine coupling interaction was observed compared
with a series of standard Yb®' compounds, indicating a re-
duced spin density in the 4f shell of the ytterbium atom. The
observed Yb—Cp spin transfer is linked to the Cp—Yb charge
transfer associated with the Lf'* configuration. Finally, the rela-
tive weights of the two configurations could also be estimated
by analysis of the principal values of the g-tensor and the axial
anisotropy, which is partially quenched owing to the charge-
transfer configuration.”®

The presence of two configurations in the ground state of
[YbCps] is expected to have an influence on the magnetic sus-
ceptibility of the compound. Therefore, magnetic studies were
performed in the solid state in the range 2-305 K."” Above
20 K, a Curie behaviour was observed over the entire tempera-
ture range with an associated magnetic moment of 3.53 p,."”
This low magnetic moment compared with that of typical Yb"
complexes can be explained if the ground-state wavefunction
includes a Lf" charge-transfer contribution, with a largely
quenched orbital angular momentum. A slightly lower value
for the magnetic moment (3.33 yg) was derived from EPR
measurements in frozen solution. The higher value obtained
from solid-state magnetic measurements can be explained by
a higher dielectric constant in the solid state, which stabilises
the more polar Lf"* configuration and reduces the weight of
the Lf" charge-transfer contribution in the solid state.”® As a
result of the Curie behaviour, the magnetic moment showed
almost no dependence on the temperature in the range 20-
305 K, which can be explained by a negligible thermal popula-
tion at 300K of high-lying excited states (higher than
1000 cm™")."” Below 20 K, substantial departure from the Curie
behaviour was observed, which may be interpreted as a struc-
tural phase change occurring at a temperature of 20 K" As a
result of this phase change, the relative weights of the f'* and
f'* configurations in the ground state are likely to be per-
turbed, leading to different magnetic properties.
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Anomalous features were also observed in the electronic
spectra of [YbCp;,]. Such spectra, in the solid state®® and in so-
lution,® had already been reported in 1967 and 1983, respec-
tively, but remained largely uninterpreted until more recent
work by Denning et al. in 2011.7% In the visible/near IR spec-
trum of [YbCps], the f—f region is highly anomalous compared
with that of conventional Yb>* compounds, such as, for exam-
ple, [Cp*,Yb(L)]"(X)~ (L=1,10-phenantroline (phen) or 2,2"-bi-
pyridine (bipy); X=1 or PFg; see also below, section 2.7).5*%]
Indeed, f-f transitions in lanthanide compounds (similarly to
d-d transitions for transition-metal complexes) are parity for-
bidden on the basis of the selection rules. The intensities of
the corresponding bands were found to be 20 to 50 times
larger than those for typical Yb*" compounds and vibronic
structures associated with f-f transitions spanned a much
larger energy range (ca. 2000 cm~' compared with 597+
185 cm™'). Such anomalous features can be explained by
charge-transfer transitions supporting a configuration interac-
tion in the ground state.”®

Although routine DFT calculations clearly indicated delocali-
sation of the spin density away from the Yb atom, they were
not appropriate to evaluate the residual spin density on Yb.
Using different DFT methods, large differences in the spin den-
sity values were obtained. Yet, such computational methods
were still useful to give certain insights in the electronic struc-
ture, such as the relative orbital energies, and rationalise the
experimental electronic and EPR spectra.’®

2.2, EuCp,

The involvement of a Cp—Ln charge-transfer contribution sim-
ilar to that in [YbCps] is also expected in the more easily re-
duced Eu" analogue. Indeed, the Ln*"/Ln*" redox potentials
versus NHE (NHE=normal hydrogen electrode) are —0.35V
and —1.15V for Eu and Yb, respectively.®® In the case of euro-
pium compounds, *'Eu Mé&ssbauer spectroscopy is a useful
technique to probe the electronic properties at the europium
nucleus. The *'Eu isomer shift strongly depends on the oxida-
tion state of the europium ion whereas the quadrupole inter-
action gives information about the symmetry of the environ-
ment at the metal centre.®” In the "'Eu Mdssbauer spectrum
of [EuCp;(THF)], an unusual isomer shift lying between the typ-
ical values for Eu" and Eu" complexes was observed, together
with a large negative quadrupole interaction, which is also un-
usual for europium organometallic compounds.®® To explain
such features, a strong interaction between the Eu 4f orbitals
and the three Cp ligands, resulting in the transfer of approxi-
mately 0.14 electrons from the ligand sphere to the metal, was
suggested.®®

2.3. CeCp;

Among [LnCp;] complexes, the cerium analogue was reported
to be the most reactive towards oxidation by traces of air,
which can be traced back to the easy oxidation of the Ce"
centre to Ce" (Scheme 2).%%” The reported magnetic moment
of [CeCp;] (2.46 ) at room temperature is consistent with

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 2. Structures of the formally Ce"

Ce" cation [CeCp,]™.

complex [CeCp;] and its related

that expected for an unperturbed Ce" 4f' configuration with a
’F,, ground state (2.54 g Table 1) Insights into the elec-
tronic ground state of [CeCp,] and in the optical transition en-
ergies of this 4f' complex were given by non-relativistic and
relativistic DFT calculations.® Analysis of the symmetry of the
orbitals revealed that the G, ligand environment observed in
[CeCp,] is particularly adapted for f-block elements featuring
valence f-orbitals, in contrast to transition metals that possess
valence d-orbitals. Although the incorporation of relativity into
the calculations only had minor effects on the largely ligand-
based molecular orbitals (MOs), it did affect the energies of
metal-localised atomic orbitals (AOs). Indeed, relativistic effects
destabilise the f-orbitals, bringing the Ce 4f and 5d orbitals
closer in energy, which has a direct influence on the electronic
absorption spectrum. Although both non-relativistic and rela-
tivistic calculations predicted a 4f' ground-state configuration
for [CeCps], the inclusion of relativity led to a 6d' ground state
for the heavier actinide analogue [ThCp,]. The calculated elec-
tronic absorption spectrum of [CeCps] revealed weak f—f tran-
sitions with a more intense low-lying f—d transition.®

The electronic structures of the neutral complex and of its
cationic form [CeCps]™ were further investigated by variable
photon energy photoelectron (PE) spectroscopy in the gas
phase.”” Upon ionisation of the single f-electron of [CeCp;], a
simple orbital model would predict only one possible ion state
for the corresponding 4f° [CeCp;]™ cation, that is, only one
photoelectron band in the PE spectrum. However, two bands
separated by a large energy gap (3.2 eV) and associated with
two different final states were observed.” It should be noted
that the occurrence of two signals associated with f-ionisation
had already been reported in the photoemission spectra of
solid inorganic Ce compounds.®®®? In the PE spectrum of
[CeCp;], the lower energy state associated with the first PE
band corresponds to the ground state of the gas-phase
[CeCp,]" cation. Its electronic structure was rationalised in
terms of an interaction between two different electronic con-
figurations.” Further studies revealed that, although the
ground state of [CeCp,]" does not possess a Ce-localised f-
electron, it has significant f-density arising from population of
natural orbitals (NOs) with f-character.”® The higher energy
band in the PE spectrum also arises from f-ionisation and is as-
sociated with an excited state of [CeCps]". This excited state
features significant Ce5d population owing to intramolecular
Cp—Ce5d charge transfer occurring upon f-ionisation. Insights
into the electronic structure of the different states of [CeCp,]™

Chem. Eur. J. 2021, 27, 6860 — 6879 www.chemeurj.org

6865

was provided by ab initio calculations using the complete
active space self-consistent field (CASSCF)®¥/complete active-
space second-order perturbation theory (CASPT2) approach.’®
The CASPT2 methodology includes perturbations by additional
corrections for dynamic correlation.””

However, electronic configurations involving canonical
CASSCF orbitals were found not to reliably describe the elec-
tronic structures of the ground and excited states of [CeCp,]™.
Indeed, the weights of these configurations were highly influ-
enced by the number of states included in the state-averaged
(SA) CASSCF calculation (see discussion below on cerocene).
The NOs and their occupations (NOOs) are specific to each
state and are more informative. They are computed from the
reduced density matrix of each state and not from the state-
averaged matrix, the latter being used to produce pseudo-NOs
in CASSCF/CASPT2 calculations. The f-electron occupancy can
then be derived from the NOOs and their f-coefficients for all
the active space orbitals. A deviation >0.1 from an integer
value for the NOOs ensures the presence of a multiconfigura-
tional state. As a result, in the [CeCp,] ™ cation, several configu-
rations were found to compose the wavefunction, resulting in
an intermediate-valent ground state. The same conclusion was
obtained for the excited states involved in the second PE
band. Yet, as no NO is purely f-based in the electronic ground
state of [CeCp,]™, the latter does not possess any metal-local-
ised 4f electron, which supports the description of this cation
as formally Ce". The significant f-density on the metal centre,
similar to that in the formally Ce" [CeCp;], is due to population
of delocalised NOs with f-character.”® This conclusion high-
lights the very core of the semantic issue arising in these kind
of systems. How to qualify a Ln ion that shows properties from
a different oxidation state than its formal one? The theoretical
model supports intermediate valence as it uses multiconfigura-
tional states to define the system but these states may bear
no fundamental characteristics of one or the other oxidation
state involved (i.e., no pure f-orbital localised electron in this
case).

2.4. Cerocene and derivatives

Aside from the [LnCp;] complexes, the electronic structure of
cerocene, [Ce(Cot),] (Cot=mn?-CgHg; Figure 3), has been the sub-
ject of a great deal of research from both experimental and
theoretical points of view.

The successful synthesis of cerocene was first reported in
1976 by Cesca and co-workers, by reaction of [Ce(OiPr),] with
[AIEt;] in the presence of excess cyclooctatetraene (Cot).* Cer-

Me3Si

SiMe3
[Ce(Cot™),]

SiMe;

6

[Ce(Cot),] [Ce(Cot"),]
Figure 3. Structure of cerocene and its trimethylsilyl-substituted analogues.
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ocene combines a strong reducing agent (the Cot*” dianion)
and a strong oxidising agent (a Ce’" ion). Alternative and
higher-purity syntheses of [Ce(Cot),]***” and of several substi-
tuted cerocenes have also been described.”®* In such com-
plexes, the distance between the ring centroid and the Ce
metal centre is approximately 1.97 A, which is approximately
0.10 A shorter than the corresponding distance in the Ce"
K[Ce(Cot),] diglyme salt."®™ Such a shortening is consistent
with the smaller ionic radius of the Ce*" cation compared with
that of the Ce*" cation."”" In addition, electrochemical studies
and the apparent diamagnetism of cerocene were further
pointing to a formal Ce" complex.

In the gas-phase PE spectrum of [Ce(Cot),], no clear sign of
f-electron ionisation was observed, also supporting a 4f° con-
figuration, that is, a +1V oxidation state for the metal centre,
similarly to the situation encountered in the heavier 5f thorium
analogue."® In the UV/Vis spectrum, strong absorption bands
in the visible region at 469 nm (¢ ca. 8000) with a shoulder at
570 nm (e ca. 1000) were assigned to ligand-to-metal charge-
transfer transitions. The substituted cerocene [Ce(Cot”),]
(Cot” =n1,4-(Me;Si),CgH; Figure 3), first reported in 1994 by
Edelmann and co-workers, was obtained by oxidation of the
Ce" complex Li[Ce(Cot”),] with Agl, and isolated as a deep-
purple oil®® An alternative synthesis, consisting of the oxida-
tion of Na[Ce(Cot”),] with allyl bromide, was described by
Streitwieser and co-workers and led to the same compound,
[Ce(Cot"),], isolated as a dark-brown semisolid material.*® The
UV/Vis spectra of [Ce(Cot”),] and of other substituted cero-
cenes ([Ce(CgH,R),] with R=Me, nBu, tBu, tBuO) were recorded
and revealed a maximum absorption band in the region 470-
494 nm.***? This band was first attributed to a ligand-to-metal
charge-transfer transition occurring in formal Ce" complexes,”®
similarly to the situation in cerocene."*® However, further spec-
troscopic studies on [Ce(Cot”),] at variable temperatures re-
ported by Amberger etal. were more consistent with a Ce"
formulation."® In the luminescence spectrum at low tempera-
ture (90 K), two bands were observed with maxima at 14250
and 17900 cm ™', which is typical for Ce" complexes, as, for ex-
ample, [Li(THF),J[Ce(Cot),]. The separation between the two
bands, 3650 cm™, is, however, bigger than that usually ob-
served in Ce" complexes (typically 1250-1400 cm™'") and is in
agreement with the energy separation predicted by calcula-
tions corresponding to a Ce**[(Cot)"*"], formulation (see
below).”"’~* The authors could nonetheless not totally exclude
the possibility that some of the luminescence signals detected
a low temperature may arise from Ce" decomposition products
under laser irradiation."”

X-ray absorption near-edge structure (XANES) spectroscopy
studies have been carried out to further investigate the oxida-
tion state of Ce in cerocene and its substituted ana-
logues.”” "% Through the exposure to high-energy X-rays,
core electrons are excited into empty or singly occupied va-
lence orbitals of the metal complex (Figure 4). XANES has been
recognised as a useful tool to determine the oxidation state of
an atom and has been used to evaluate the degree of f-orbital
participation in the bonding of lanthanide and actinide com-
pounds."” % The absorption is measured below and above a
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Figure 4. Schematic representation of L;-edge XANES transitions and their
origin. Adapted from Ref. [24].
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characteristic X-ray elemental edge. For example, for metal
ions, K-, L-, or M-edge X-ray absorption spectroscopy (XAS) has
been employed. Some reports focused on ligand K-edge XAS
studies on the atoms directly bound to Ln centres to investi-
gate metal/ligand orbital mixing and covalency in lanthanide
compounds.? 19610911 These different XAS techniques differ
by the energy of the transitions involved. Whereas lanthanide
K-edge XAS involves high-energy excitations of metal 1s elec-
trons to empty orbitals of p character, lanthanide L;-edge
XANES studies probe transitions between Ln2p orbitals and
unoccupied states of 5d character (i.e., transitions from a
2p°4f'5d° to a 2p°4f"5d’ electronic state where n corresponds
to the number of f-electrons in the ground state).”” The ener-
gies of the transitions are related to the ground-state 4f" occu-
pation and the effective nuclear charge on the lanthanide ion.

Recently, lanthanide Ms,-edge XAS studies, which involve
transitions from core-level 3d electrons to empty 4f orbitals,
that is, transitions from 3d'°4f" to 3d°4f""' configurations,
have been employed to probe 4f valency in lanthanide
ions. #1619 The energy at which the absorption edge
occurs is linked to the metal oxidation state or f-occupancy in
intermediate valence systems. In Ce" complexes, the presence
of only one initial state with a configuration L2p®4f' (L corre-
sponding to the orbitals of the ligand) results in a single final
state of L2p°4f'5d' configuration after L-edge XAS irradiation.

Formal Ce" compounds, and more generally Ln" com-
pounds, usually feature a superposition of Lf® and Lf' (L is a
ligand hole) configurations in their ground states. It is, for ex-
ample, the case in CeO,, which is generally considered a
strongly mixed-valent compound,"™""*’ although its electronic
ground state is still controversial."®

In the corresponding XAS spectra, the white line usually dis-
plays multiple peaks, typically in the shape of a white line dou-
blet, owing to contributions of the different configurations in
the final state. Quantitative analysis of the multiple features
observed in the core-level X-ray photoemission (XPS) spectrum
of CeO, led to similar conclusions, supporting a mixture of L4f°
and L4f' configurations in the ground state."'? However, the
physical origin and the interpretation of the white line doublet
in Ln XAS measurements is still under debate and the XPS core
final states are different from the XANES final states.""™ The
presence of contributions from both configurations could be
the result of either a multiconfigurational ground-state (i.e., ini-

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry

Minireview Europe
Chemistry—A European Journal doi.org/10.1002/chem.202004735 Socictes Publihing
tial-state effects) or final-state effects.'® ' Final-state ef- CeCl,>) and Ce" ([Ce(Cot),][Li(THF),] and CeCls") spe-

fects would support the presence of a single ground state
leading to a doublet feature as the result of transitions to un-
occupied 5d states split by the crystal field, or strong perturba-
tion and relaxation effects around the core hole.”>""3 However,
most studies support initial-state effects. Analysis of the XANES
data of the substituted cerocenes [Ce(Cot”),] and [Ce(Cot™),]
(Cot” =nP-1,3,6-(SiMe,);CgHs; Figure 3) revealed K-edge shifts
at energies similar to those observed in various Ce*" model
compounds, therefore supporting a Ce" oxidation state.'*”
However, the edge energies were slightly shifted (about
4.5 eV) towards a higher oxidation state in comparison with
the edge energies of the corresponding alkali metal Ce" ad-
ducts. Therefore, XANES data support mixed-valence in substi-
tuted cerocenes. The lower electronic density compared with
typical Ce" compounds was interpreted as an admixture of
Ce" L4f' and Ce" L4f° configurations in the ground state of
cerocene, as predicted in earlier calculations by Dolg, Fulde
and co-workers* ™ Andersen and co-workers reported that,
using Ce Lj-edge (rather than Ce K-edge) XAS, a well-defined
white line doublet can be observed in formal Ce" compounds,
which allows a more precise estimation of the cerium valence
in these compounds.'® The high-resolution Ce L;-edge XANES
spectrum of [Ce(Cot),] was found to be more consistent with
that of a Ce" rather than Ce" compound, but still displayed
some characteristic Ce" features."® These data were in agree-
ment with earlier Ce K-edge XANES data recorded by Edelstein
and co-workers on the substituted cerocenes [Ce(Cot”),] and
[Ce(Cot™),].1" By fitting the Ce L;-edge XANES data, the rela-
tive contributions of the two configurations can be deter-
mined. The f-occupancy, n;, is defined in Equation (1) where
A+ is the intensity of the L2p°4f""'5d" final-state contribution
and A« that of the L2p*4f"5d" contribution.

Al

M= e+ A M
For cerocene, the estimated value n;=0.8940.03 supports
the calculation predictions of Dolg and co-workers
(Figure 5).# No influence of the temperature on the n; value
was observed until 400 K, the temperature at which conversion
of [Ce(Cot),] to [Ce,(Cot);] begins to occur”” The latter com-
pound, in contrast to [Ce(Cot),], is clearly trivalent with n;=1.
Very recent studies focused on Ce M, ,-edge and carbon K-
edge XAS to investigate covalency in [Ce(Cot),]."% The Ce
M;-edge XAS data were compared with those obtained by Ls-
edge XAS studies for other formally Ce" ([Ce(Cot),], CeO,,

20 1.50

Celv . ¢e'”
20 1.50
89% 1%

Figure 5. Ce" and Ce" contributions in cerocene as determined by Andersen
and co-workers."%
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cies.[19>19% 1 ¢ should be noted that, compared with L,-XANES,
the intensity ratio between M;,-XANES final states are quite
different and the deduction of ground-state intermediate va-
lence requires a theoretical description of the final states. Al-
though the Ce M;,-edge XAS spectrum for [Ce(Cot),] is more
similar to that of formal Ce*" compounds, successful fitting of
the data was only possible when including both Ce" L3d'4f°
and Ce" L3d"4f' initial-state configurations, and the corre-
sponding L3d°4f" and L3d°4f* final-state configurations. A con-
tribution of 51% of the charge-transfer Ce" configuration to
the ground state was established, which is larger than that de-
rived from Ce M;,-edge XAS data on other formally Ce" com-
pounds, such as CeCl®™ (25 %) or Ce0, (ca. 44%).""" Howev-
er, this Ce" contribution to the ground state is much lower
than that established by L;-edge XANES spectroscopy
(89%).[105]

SQUID magnetic studies revealed that high-purity [Ce(Cot),]
displays temperature-independent paramagnetism (TIP) in the
range 5-300 K, with the magnetic susceptibility y being slightly
positive and temperature independent, which rules out a dia-
magnetic molecule that would present y,,<0.%7%! Neumann
and Fulde suggested that cerocene may be considered as a
molecular analogue of a Kondo singlet.*”’ The Kondo effect is
a term derived from the physics of solid-state materials and
arises when paramagnetic sites antiferromagnetically couple to
conduction electrons, resulting in cancelation of the local mag-
netic moment.***>""” The term Kondo singlet means that an
open-shell singlet is lying lower in energy than the open-shell
triplet, as a result of a mixture of two configurations (in this
case the Ce" Lf' and Ce" Lf° configurations, with L and L corre-
sponding to (Cot'*"), and (Cot*"),, respectively). In Kondo sys-
tems, the triplet state becomes populated by increasing the
temperature until the Kondo temperature at which the spins
become uncorrelated. In this case, cerocene behaves as a
Kondo singlet in the temperature range 5-300 K but decom-
poses to [Ce,(Cot);] and free Cot before the triplet state begins
to be populated.”””

Studies of other [Ln(Cot),]” complexes by anion photoelec-
tron spectroscopy revealed a pair of prominent peaks in the
PE spectra of the middle-range lanthanide (Ln=Sm, Gd, Tb, Dy
and Ho) complexes. In contrast, simpler features were ob-
served for the lighter and heavier lanthanide analogues. These
results were rationalised in terms of configuration interaction
involving both Ln** and Ln** configurations after photode-
tachment of one electron.!""®

As DFT calculations are not well-adapted for these particular
systems, they do not properly describe the multiconfiguration-
al character of [Ce(Cot),]. Yet, broken-symmetry DFT (B3LYP)
calculations seemed to reproduce some aspects of the multi-
configurational character observed by CASSCF calculations and
revealed an open-shell singlet ground state resulting from an
admixture of singlet and triplet states."® Concerning theoreti-
cal models, following the theoretical studies by Résch and
Streitwieser stating that cerocene is at the 4 IV oxidation state,
similarly to uranocene and thorocene,™® Neumann and Fulde
were the pioneers who opened cerocene’s Pandora box in
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which was concealed numerous questions about its oxidation
state. With the rise of relativistic pseudo-potentials developed
for f-elements in the beginning of the 1990s,"%"'* a huge gap
was filled, making possible the study of cerocene with complex
MCSCF methods. This led to Dolg’s works on the topic, validat-
ing the fact that cerocene’s ground state had to be considered
as intermediate valent with two 1Ag configurations (in Dg, sym-
metry), the open-shell singlet Ce" Lf' (or Ce**[(Cot)'”"],) and
the closed-shell singlet Ce" Lf° (or Ce**[(Cot)*"],), which coexist
with the Ce"/Ce" ratio being approximately 83:17. This ratio
can be noted n;=0.83 to represent the effective number of f-
electrons left on the Ce atom."®**'?Y This initial statement that
the ground-state wavefunction of cerocene is multiconfigura-
tional was later endorsed by Kerridge. However, suspicions
about the Ce" character being predominant led in 2009 to SA-
CASSCF® studies coupled with CASPT2"¥ calculations, which
resulted in Ce"/Ce"/Ce" contributions to the wavefunction
being 9:23:60, respectively."* One important notion highlight-
ed in this paper is the difference between canonical CASSCF
orbitals and natural orbitals. As stated earlier with the [CeCp;]
study, canonical CASSCF MO coefficients are theoretically and
numerically relevant but they are subject to large changes
upon modulation of the number of states considered in the SA
calculation. The more reliable NOs should be considered to
evaluate n, resulting in a value of n,=0.9 close to that ob-
tained in Dolg’s studies and in the experimental ones. Yet, the
fact that the NOs remain largely localised on the m-ring system
led to the conclusion that this f-density is mostly due to cova-
lency between the Cot and the empty f-orbital on the Ce,
which is contradictory with a Ce" definition. A later update
using quantum theory of atoms in molecules (QTAIM) topolog-
ical analyses'® derived from CASSCF-CASPT2 level of theory
studies confirmed the non-negligible covalency arising from
electron sharing between the Cot ring and the Ce ion with a
charge of approximately 2.9."%”" This study enforced the con-
jecture in which the cerocene ground state is of mixed-valence
and closer to the formal oxidation state +IV. The n; value
being close to 1 (0.95 in this study) mainly originates from
Cot—Ce covalency and not from the Ce ion itself. The fact that
the first excited state is, however, best defined as Ce" from
both CASSCF and QTAIM with a similar electronic structure is
proposed as another reason why experimental measurements
are in better agreement with a +1ll oxidation state. In 2014,
MoofB3en and Dolg answered these different statements by
using the invariance of the CASSCF wavefunction by a unitary
transformation in the orbital space."* Indeed, given this prop-
erty, by applying the transformation (a'=acosa+bsina) and
(b'=bcosa—asina) to any set of starting a and b CASSCF or-
bitals, it is possible to create a new set of orbitals that will end
up representing the very same wavefunction but with a differ-
ent representation and different contributions (see Figure 6).
By incrementing this, MooBen and Dolg highlighted two ex-
treme cases, on the one hand the purest 7t and 4f orbitals can
be created with a=25° leading to a’ being approximately
95% pure m and b’ approximately 100% pure 4f. The weights
of the configurations to the wavefunction are then 80% for
a’b’’, 10% for a* and 10% for a’*b’?, which therefore corre-
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Figure 6. Representation of the two extreme cases of orbital rotation high-
lighted in MooBen and Dolg’s work of 2014.

sina cos a

sponds to a mostly Ce" intermediate-valent state. On the other

hand, the a* configuration contribution is maximised (81%)
with a=—4.5° resulting in a’ being composed of an 80:20
ratio of m/4f orbitals and b’ the inverse. As a result, a mostly
Ce" model is obtained but with the resulting orbitals being of
mixed character. With these two cases in mind and knowing
that an infinite number of combinations may give intermediate
results, there is no single best way to describe the formal oxi-
dation state of cerocene. Moreover, all of these combinations
are giving a relatively stable n; close to 1, which concurs rela-
tively well with the experimental value that remains the abso-
lute reference.

These works enlighten us about why intermediate-valent
species are so hard to qualify. Dolg stated in his conclusion
that the choice between a +IIl (where a pure 4f electron is
present) and a + 1V (where the 4f electron density arises from
ni-4f covalency) oxidation state is “to a certain extent a matter
of taste”,"® which, for a pioneer of the field, is quite meaning-
ful.

2.5. [Ce(Pn),] substituted pentalene

Recently, magnetic and spectroscopic studies have focused on
the related substituted pentalene analogues of [Ce(Cot),],
cerium bis(hexamethylpentalene) [Ce(Pn*),] (Pn*=n°-Me:Cs)
and bis(triisopropylsilyl)pentalene  [Ce(Pn”),] (Pn”=n?(1,4-
iPr;Si),CgH,) (Figure 7).1%3% |n both cases, sharp signals were
observed in the 'H and *C NMR spectra in solution, suggesting
diamagnetic molecules, but with several abnormal chemical
shifts revealing some paramagnetic character. The unusual

4 PrsSi- .
£ PraSi [N s
@A @D <©1©Z @)\(E»

SiPrs
[Ce(Pn*)2] [Ce(Pn")] [Ce(Pn)2]

Figure 7. Structures of the different Ce pentalene complexes discussed in
this section.
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NMR chemical shifts were explained by a strongly “mixed-
valent” system with 4f' contributions to the ground state. No
appreciable changes in the chemical shifts were observed by
variable-temperature NMR studies, implying temperature-inde-
pendent paramagnetism (TIP). Solid-state magnetic studies re-
vealed a TIP paramagnetism ((25.040.1)x10"* and (4.540.3)x
10~*emumol™' for [Ce(Pn*),] and [Ce(Pn“),], respectively)
larger than that reported for [Ce(Cot),] ((1.440.2)x
10~* emumol ™), which was attributed to smaller HOMO-
LUMO gaps in the pentalene complexes."” "% In the UV/Vis
spectra, intense absorption bands were detected at 530 nm
(6=17000) and 590 nm (e =5000) for [Ce(Pn*),] and [Ce(Pn"),],
respectively, and were assigned to charge-transfer transitions.
The comparative feature in cerocene was observed at 469 nm
(e =8000)."%7

For both [Ce(Pn*),] and [Ce(Pn“),] systems, XANES studies re-
vealed intermediate-valent systems, with a formal valence
close to Ce"."*"5% |n the case of [Ce(Pn*),], the f-occupancy
was determined by fitting the variable-temperature Ce L;-edge
XANES spectra. A value n;=0.874+0.05 close to that in
[Ce(Cot),] (n,=0.8940.03) was obtained over the whole tem-
perature range (30-300 K).

DFT calculations were carried out on [Ce(Pn*),] and on the
model [Ce(Pn),] complex.'?"% Although such calculations
could not accurately reproduce the observed multiconfigura-
tional ground state, they helped to identify trends in the elec-
tronic structure. Contributions from the Ce"“ Lf° and Ce" Lf'
configuration were suggested with, in the latter configuration,
the f-electron antiferromagnetically coupled to a hole in the
ligand shell (L) of the same symmetry. Similarly to what has
been discussed in the case of cerocene, the observed oxidation
state, as determined experimentally from XANES data, is closer
to Ce"['?! whereas the formal oxidation state, derived from
the redox potential and the apparent diamagnetism, might be
better described as Ce™.*"

Further ab initio calculations were carried out independently
by the groups of Kaltsoyannis and Dolg."*""*? Using the same
methodology as described for the analysis of cerocene (see
above),'”* CASPT2 calculations were performed to determine
the electronic ground state of [Ce(Pn),]. A particularly large
active space correlating 12 electrons in 16 orbitals was used,
which allows for occupation of any of the twelve 4f and 5d
levels. Although the symmetry of the ground state, 'A,, is in
agreement with that obtained by DFT calculations, the multi-
configurational character of the ground state is not accurately
described by single-configuration DFT calculations. Analysis of
the NOOs derived from CASPT2 calculations led to a calculated
f-occupancy n,=0.78 £0.04 in good agreement with that ob-
tained experimentally (n;=0.8740.05)."*" These calculations
also reproduced the energy of the first band in the UV/Vis
spectrum of [Ce(Pn*),] with a great accuracy.™"

Similarly to the calculations performed on cerocene,
Dolg investigated the ground-state electronic structure of
[Ce(Pn),] by using advanced CASSCF calculations."*? By means
of a rotation of the CASSCF natural orbitals, leaving the wave-
function and total energy invariant, a dominant 4f's' configu-
ration based on nearly pure Ce4f and ligand 7t orbitals was ob-

[48,49]
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tained. This description is particularly adapted to illustrate the
observed oxidation state determined experimentally.

These two substituted pentalene cerium complexes are fur-
ther examples of self-contained Kondo effect in a single mole-
cule.

2.6. Other formally tetravalent lanthanide complexes

Until very recently, no other lanthanide than cerium was re-
ported as a molecular complex in the formal +IV oxidation
state.”>? Also, formal Ce" complexes are not restricted to or-
ganometallic complexes and other coordination compounds
have been reported (Figure 8).

Mixed valence in cerium bis(phthalocyaninato)cerium
[Ce(Pc),] (Figure 8) complexes has been established on the
basis of IR and Ce3d XPS spectroscopic data. The cerium
centre in these complexes is neither tri- nor tetravalent."* Al-
though similarities in the IR spectra of [Ce(Pc),] and of trivalent
[Ln(Pc),] complexes supported a formal Ce" view, careful analy-
sis of the different absorption bands revealed discrepancies
with other trivalent [Ln(Pc),] complexes. The absorption band
at around 880 cm™' was found to be especially sensitive to the
jonic radius of the metal within the lanthanide series, and a
linear correlation between the band energy and the metal
ionic radius was established. The observed absorption band in
[Ce(Pc),] suggested an ionic radius of approximately 1.01 A for
the Ce centre in [Ce(Pc),], which is intermediate between the
ionic radii of Ce" (1.14 A) and Ce" (0.96 A) ions in similar coor-
dination environments. Ce3d XPS data further supported a
cerium mixed-valent complex with contributions from the
[([Ce*")(Pc*),] and [(Ce*")(Pc™)(Pc*)] configurations in the
ground state."® The valence of Ce in a series of tetrapyrrole
double-decker complexes bearing (na)phthalocyaninato and
porphyrinato ligands with different electronic properties has
also been investigated."* The UV/Vis absorption spectra of
the substituted Ce phthalocyaninate complexes displayed two
ligand absorption bands (the phthalocyanine Q-bands) at un-
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Figure 8. Structures of formal Ce" complexes bearing non-organometallic li-
gands.
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expected wavelengths. Using a similar approach as above, the
ionic radius of the Ce centre was estimated through a linear
correlation between the energy of the electronic transition and
the lanthanide ionic radius. From this study, the ionic radius of
the cerium centre was found to be smaller than that expected
for a Ce" ion (1.143 A) and close to that of Nd" (1.109 A), sug-
gesting an intermediate valence between +Ill and + 1V for the
Ce centre.™ Further evidence was given by L;-edge XANES
analyses, which revealed two edge absorption peaks corre-
sponding to the L4f° and L4f' contributions.

Magnetic susceptibility studies on [Ce(tmtaa),] (tmtaaH,
corresponding to tetramethyldibenzotetraaza[14]annulene),
cerium tetrakis(acetylacetonate) [Ce(acac),] and cerium tetra-
kis(tropolonate) [Ce(trop),] (Figure 8) as a function of tempera-
ture have shown that these formally 4f° complexes exhibit
temperature-independent paramagnetism (TIP) with low but
positive values of y for the metal centre (after subtraction of
the ligand diamagnetic contribution).®>"*” The small energy
difference between the ground state (open-shell singlet) and
the first excited state (open-shell triplet) was found to be re-
sponsible for the TIP behaviour. In an applied magnetic field,
thermal mixing of the two states occurs with a relative popula-
tion following the Boltzmann distribution, which results in a
small net value of the magnetic moment u.¢ (in the range 0.1-
0.7 pg at 300 K). The experimental results were therefore not
consistent with diamagnetic cerium centres (associated with
negative values of y), which would arise from a single 4f° Ce"
ground-state configuration. Ce L;-edge XAS studies and ab
initio calculations based on multireference wavefunctions fur-
ther confirmed a Ce" 4f' and Ce" 4f° multiconfigurational char-
acter in the ground states of these complexes. The calculations
were performed by using CASSCF/CAS-SDCI methodologies
starting with a relatively large active space (four electrons dis-
tributed over five orbitals) further reduced to two active elec-
trons. Averaged orbitals of the L%, f'L’ and f°L® states were
used in the calculations. Finally, the addition of configuration
interaction calculations on top of the CASSCF was necessary to
obtain satisfactory results. The combination of one cerium 4f
electron and one ligand-based electron can lead to four possi-
ble electronic states (Figure 9).

The calculations supported an open-shell singlet ground
state. The first excited state, an open-shell triplet, was found to
be close in energy and only 40-75 cm™' higher in energy than
the open-shell singlet ground state. In contrast, the 4f° closed-
shell singlet is much higher in energy (>400 cm™"), and so is
the 4f* closed-shell singlet.

Ce L

ﬁ_
L

closed-shell, Ce(I1, 2)(L-%4),

% closed-shell singlet, Ce(IV, f2)(L*4),

_T— triplet (open-shell), Ce(IIL, f')(L34),
—T— —l,— open-shell singlet, Ce(I11, f1)(L34),

Figure 9. Different configurations considered. Adapted from Ref. [136].
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Very recently, high-energy-resolution fluorescence detection
X-ray absorption spectroscopy (HERFD-XAS) has been used to
analyse a formal di-cerium(lV) phenolate complex and con-
firmed mixed valency with considerable 4f° character."*® In ad-
dition, the multiconfigurational ground state of formal Ce"
complexes stabilised by imidophosphorane ligands or imido-
phosphorane-functionalised guanidinate ligands has been es-
tablished through Ce Ly-edge XANES studies.**" Notably,
the imidophosphorane Ce" complexes exhibited the lowest re-
ported relative proportion of Ce" Lf' character (n;=0.38(2)).
However, some limits to the dominant two-peak model in the
analysis of the L;-edge XANES spectra of tetravalent lantha-
nides were presented.!"*”

In 2019, access to the first molecular formal Tb" complexes
has been described in independent reports by the groups of
La Pierre and Mazzanti by using imidophosphorane and bulky
siloxide ligands, respectively (Figure 10).%?7 The use of bulky
Ph;SiO ligands further allowed, in 2020, the synthesis of the
first molecular Pr¥ complex.” The reduction potential associ-
ated with the Pr'V/Pr'" couple (+3.4V) is very close to that of
the Tb"Y/Tb" couple (+3.3V), which supports that similar
ligand environments and procedures might be used to access
both Tb" and Pr" complexes.?"??

tBuN
EtzN‘P- t
SiPhy i ey
. . N
Ph3S|\ (|) O/SlPh3 . |4+ IBUE\"»
Qi tgh=P=N"" N N=R=NBY
7N N NEt
P | NcMe Et,N I\ 2
Ph;si©  NCMe tBuN~y "NEt
(UNBu
M = Tb, Pr M= Ce, Tb

Figure 10. Recent ligand environments used for the stabilisation of formal
tetravalent lanthanide compounds including Tb" and Pr" complexes.

The electronic structure of the imidophosphorane-stabilised
Tb" complex was investigated by magnetic susceptibility, EPR
and XANES studies.”™ A multiconfigurational behaviour similar
to that observed in TbO, was established by Tb L;-edge XAS
measurements. The characteristic double-peak structure was
attributed to both Tb" and Tb" configurations in the final
state. The relative amount of the Tb" L4f"*'5d° character in
the ground state has been evaluated to be 0.39(4), a value sim-
ilar to that observed for TbO, (0.42(3))."" These results indi-
cate that ligand control of the multiconfigurational behaviour
is of utmost importance to achieve stabilisation of formal Ln"
complexes.

The multiconfigurational ground state established in these
complexes shows that the mixed valency observed in formal
Ln" compounds is not restricted to organometallic complexes
but can be extended to other coordination compounds featur-
ing electron-rich donor ligands.
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2.7. [Cp*,Yb(L)] adducts with L =N-heterocyclic redox-active
ligands

The group of Andersen engaged in an in-depth study of the
electronic structure and physical properties of ytterbocene ad-
ducts by using 2,2'-bipyridyl (bipy), 1,10-phenanthroline (phen)
and other diazabutadiene (dad) ligands, which are known
to be redox non-innocent or redox-active ligands
(Figure 11)B>30.51.84105142-147 Thase compounds provide strong

@ . A
,‘:Yb;“zg S (‘:Yb-:%j

[Cp*2Yb(bipy)] [Cp*2Yb(dad)] [Cp*2Yb(phen)]

Figure 11. Structures of ytterbocene adducts with nitrogen-based redox-
active ligands.

magnetic and spectroscopic evidence that both Yb" f* and
Yb" f* configurations are represented in the ground state. In
such complexes, depending on the ytterbocene substituents
and on the nature of the ligand (bipy vs. phen), reduction of
the redox-active ligand by the Yb" centre may occur. The de-
tailed analyses of the reasons allowing the transfer or not will
be examined in section 3. In these complexes, the reduced
nature of the bipyridyl ligand in [Cp*,Yb(bipy)] can be qualita-
tively 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.®*'*? |n addition, analysis of
the bond lengths within the bipyridyl ligand in the X-ray struc-
tures was indicative of the neutral or reduced character of the
ligand and therefore of the ytterbium valence (for example, a
variation in the C—C backbone distance of the bipy ligand
from 1.49 (Yb") to 1.43 A (Yb") was observed).®*5¥ The distance
between the Yb and the centroid of the Cp* ligand was also
suggested as an efficient probe of the ytterbium valence, with
distances varying continuously from 274 (Yb") to 2.59A
(Yb").E" Raman spectroscopy gave further evidence that the li-
gands in the [Cp*,Yb(L)] (L=bipy, phen) adducts were reduced
radical anions.®™ Additionally, in the UV/Vis/near IR electronic
absorption spectra of [Cp*,Yb(L)] (L=Dbipy, phen), f-f transition
bands typical of Yb" compounds were detected but with some
singularities.®™ The intensities of the bands in the neutral com-
plexes were 5-10 times greater than those in the correspond-
ing oxidised cationic complexes, revealing unusually large os-
cillator strengths for f-f transitions. In the case of
[Cp*,Yb(phen)], the energies (ca. 11000 cm™') and separations
between adjacent f-f bands (ca. 510 and 780cm™') were
found significantly different from the values found in the cat-
jonic oxidised complex [Cp*,Yb(phen)] * %!

Magnetic studies on [Cp*,Yb(L)] (L=bipy, phen) revealed
that these complexes were not simple Yb" f'* diamagnetic ad-
ducts. The magnetic moments at room temperature were
lower than that expected for an Yb" ion coordinated by a radi-
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cal anionic ligand with non-interacting spins (4.5-5 pg). The low
magnetic moment of the ground state can be explained by an-
tiferromagnetic coupling between the Yb" centre and the radi-
cal anion, and is consistent with the field dependence ob-
served at low temperatures. The effective magnetic moment
was also found to depend on the substituents on the cyclo-
pentadienide rings (Cp*, Cp"™ (1’-1,3-tBu,CsH;), Cp” (m*-1,3-
(Me;Si),CsH3)) and reflects the extent of electron transfer from
the Yb" centre to the N-heterocyclic ligand (see section 3).2"
Although the 1/y versus T plot of the phenanthroline adducts
of Cp*,Yb, Cp",Yb and (C:Me,H),Yb featured as expected a
linear dependence, a nonlinear shape was observed for
[Cp*,Yb(bipy)] and [(CsMe,H),Yb(bipy)] with a maximum ¥
value at 380 K. Similarly, analysis of the 'H NMR spectra of
[Cp*,Yb(bipy)] at variable temperatures revealed a nonlinear
plot for 6 versus 1/T, which cannot be explained by a Curie-
Weiss behaviour.®” More generally, variable-temperature analy-
sis of the '"H NMR chemical shifts of ytterbocene adducts con-
stitutes a useful tool to probe the magnetic behaviour, espe-
cially to reveal intermediate valence.**** ' Further investiga-
tion of the magnetic properties was carried out by using the
sealed quartz tube technology, allowing a more precise deter-
mination of the magnetic moment for highly air-sensitive and
weakly paramagnetic compounds, which feature low but
non-zero values of w.!'*? This is especially the case for
[Cp",Yb(bipy)] and [Cp’,Yb(bipy)l, which were found to be
weakly paramagnetic. Their 1/y versus T plots were significant-
ly curved but did not exhibit the unusual behaviour evidenced
in [Cp*,Yb(bipy)] and [(CsMe,H),Yb(bipy)]. To account for the
unusual magnetic behaviour observed in bipyridine, phenan-
throline and in a related 4'-cyanoterpyridyl adduct of ytterbo-
cene, a thermally induced valence tautomeric equilibrium be-
tween paramagnetic 4f*-x*' and diamagnetic 4f"*-n*° forms
was first suggested.®*%'% However, the lack of temperature
dependence of the ytterbium valence observed in XANES stud-
ies019514) and  variable-temperature electronic absorption
spectra™ were not consistent with valence tautomerism.
Moreover, the higher contribution of the Yb" 4f"*-m*° configu-
ration at low temperature was not consistent either with genu-
ine redox-isomerism in a lanthanide complex. Indeed, valence
tautomerism being an entropy-driven process, the isomeric
form with the shorter metal-ligand bond lengths, that is, in-
volving the more oxidised Yb" ion, should be stabilised at
lower temperatures.'** "

For many ytterbocene adducts, temperature-independent
paramagnetism (TIP) was observed at low temperatures, which
can be interpreted as a van Vleck interaction between the
ground-state singlet and the triplet configuration at some
higher energy.”” The magnetic behaviour can be explained by
a multiconfigurational singlet ground state, with contributions
of both Yb" f'* and Yb" f'* configurations, which is lower in
energy than the triplet configuration. When the temperature
thermally allows the population of the triplet configuration,
the susceptibility initially increases (out of the TIP regime) and
then decreases, as in a conventional Curie-Weiss paramag-
net 50
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In the case of methyl-substituted bipyridine and phenan-
throline adducts of ytterbocene, unusual magnetic susceptibili-
ty data were observed and supported a temperature-depen-
dent variation of the Yb valence.®"'*'"" |n several cases, the
presence of inflection points was observed in the plots of ¥T
versus T, which was rationalised by a multiconfigurational
open-shell singlet ground state with low-lying excited
states.P"'*®%J Especially, different open-shell singlets were
found below the triplet state and their thermal population
with increasing temperatures accounts for the unusual temper-
ature dependence of the magnetic data (see below). Ab initio
calculations were first performed by using the model
[Cp,Yb(bipy)] compound,”” and further improved by using
Cp* (instead of Cp) fragments.”" Such calculations typically in-
volve a first DFT geometry optimisation of the molecule
using small core Relativistic Effective Core Potentials
(RECP)[20121:123.153) f5]lowed by CASSCF calculations. After test-
ing active spaces of different sizes and careful comparison of
the results, the smallest active space giving the same qualita-
tive results was used for the complete calculations.™ To
obtain a better adequation between the calculations and the
experimental results, a larger active space that included addi-
tional m* configurations for the substituted bipyridine ligand
was used in the computational model and a perturbative PT2
correction was added.®” The calculations revealed that the
ground states and first excited states were dependent on the
number and position of the methyl substituents.®" %" |n ad-
dition, a correlation between the relative populations of the f'
and f'* configurations and the redox properties of the two
fragments (ytterbocene and redox-active ligand) was estab-
lished."*

To support the magnetism studies, Yb L;-edge XANES data
of [Cp*,Yb(bipy)] were recorded at different temperatures. The
f-hole occupancy (ng), which is directly linked to the ytterbium
valence (v=2+ny), was estimated to be 0.80+0.03 for
[Cp*,Yb(bipy)] without any change from 10 K up to decompo-
sition at above approximately 400 K."*' Similar results were
obtained for a series of 4,4’-disubstituted bipyridine and 1,4-di-
azabutadiene (dad) adducts of ytterbocene, which were found
to feature between 83 and 95% of trivalent character with no
significant change of the lanthanide valence with temperature
(in the range 20-300 K).*” In methyl-substituted bipyridine ad-
ducts of ytterbocene, depending on the number and position
of the methyl substituents, Yb L;-edge XANES data revealed
different contributions of the Yb" and Yb" forms with tempera-
ture and therefore temperature-dependent variation of the Yb
Valence.[51'145'147]

In addition, the coordination of unsubstituted imino-pyridine
ligands to Cp*,Yb resulted in an electronic transfer reaction
and formation of an Yb" complex featuring a radical-anionic
ligand.'* Variable-temperature magnetic measurements re-
vealed a maximum at 170 K in the y,, versus T data, consistent
with a multiconfigurational ground state for the Yb ion. Ab ini-
tio calculations (CASSCF) using the same methodology as
above, supported an open-shell singlet ground state constitut-
ed of 78% Yb" and 22% Yb'".
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CASSCF and CASPT2 calculations were also carried out on
the 1,4-diazabutadiene (dad) [Cp*,Yb(dad)] and [Ind,Yb(dad)]
(Ind=n*-CH,) complexes."*® Owing to the near degeneracy of
the low-lying electronic states, DFT methods were again not
appropriate to determine the correct electronic ground state
of the system and explain its magnetic properties. Both ligands
on the ytterbium centre, Cp* and indenyl on the one hand,
bipy and DAB on the other hand, were found to have an effect
on the electronic ground-state configuration. Only one of the
possible ligand combinations, corresponding to the diamag-
netic [Ind,Yb(bipy)] complex, could be properly studied by
using a standard single-configuration DFT approach. Compared
with ab initio calculations, DFT calculations are less computa-
tionally demanding and can be applied to the real molecules.
In contrast, ab initio calculations are typically performed on re-
duced model systems. The latter should, however, be realistic
enough to reproduce the electronic complexity and specifici-
ties of the experimental systems.

2.8. Other lanthanide complexes with redox-active ligands

Multiconfigurational ground states were also invoked to ration-
alise the unusual magnetic properties of bipyridine and bi-
phosphinine (phosphorus analogues of bipyridine) adducts of
bis(phospholyl) thulium(ll) ((Tm(Dtp),], see Scheme 3) but the
precise electronic structures of the complexes have remained
elusive to date."™”

'‘Bu ‘Bu
P
= tsu¢ =S
B L bipy | % bipy
|

Bu_ ! SNy 42 (D),
V=t ‘Bu\é\ e
P$\ -
tBu P:—(‘Bu
[Tm(Dtp).] [Tm(Dtp)2(bipy)] [Tm(Dtp)(bipy),]

Scheme 3. Synthesis and reactivity of a bipyridine adduct of [Tm(Dtp),].!"*”

Recently, the electronic structures of lanthanide tetrakisbi-
pyridine complexes were investigated."*® Both magnetic sus-
ceptibility measurements and L;-edge XANES data on the Ce
and Yb species were consistent with the metals being trivalent.
CASSCF calculations were performed on the closed-shell La"
and Lu" (f° and f' configuration, respectively) complexes, as
well as on the Ce" and Yb" derivatives featuring one f-electron
(f') or one f-hole (%), respectively. The different multiconfigura-
tional nature of the corresponding ground states helped un-
derstand the slight differences observed in their physical prop-
erties such as subtle bond length variations and magnetic sus-
ceptibility dependencies with temperature. For such systems,
multireference calculations,””*® as opposed to single reference
DFT calculations, are often necessary to properly reproduce
some of the physical properties such as temperature depend-
ency of the magnetic susceptibility.
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2.9. Concluding remarks on spectroscopic singularities

The systems presented above can be considered molecules in
which the oxidation number is ambiguous and they are repre-
sentatives of intermediate valence compounds using the term
as defined by the physics community. The contribution of the
ligand and metal charge transfer configuration will allow the
formation of a state, in which the covalency, that is, the elec-
tronic delocalisation extent, is substantial. Clearly, in Yb, Eu, Tm
and Ce compounds, the redox potential is adapted for these
charge transfers with the ligand. It would mean that the
energy match or mismatch between ligand and metal orbitals
is at the origin of the situation the phenomenon; at least as
much as the symmetry consideration for spatial overlap.

3. Energy and Symmetry Considerations

All these spectroscopic singularities, reinforced by adapted
theoretical computations, clearly established that coordination
compounds (or organometallics) of lanthanides can develop in-
termediate-valent states, that is, multiconfigurational energy
states with configurations featuring different oxidation states.
In these compounds, the relative ratio between their configu-
rations varies and can be quantified from adapted experimen-
tal measurements and confirmed by adapted theoretical com-
putations. An important point going forward is the rationalisa-
tion of this ratio from simple symmetric and energetic consid-
erations.

The covalency represents the extent of the electronic deloc-
alisation over both the metallic and ligand sites, as defined by
Neidig and co-authors [Equation (2)].°¥ In this description, to
allow a non-zero mixing coefficient, that is, covalency, two pa-
rameters are at play: the ligand and metal orbital overlap, and
the energy difference between both fragments. In lanthanide
compounds, little overlap is expected between these orbitals
as f-orbitals are core orbitals. Nevertheless, according to Equa-
tion (2), the covalency can also be maximised when the energy
gap is minimised. In this situation, the electronic density is
statistically delocalised over both the ligand and metal radical,
leading to an intermediate-valent charge at the lanthanide
centre.

Qm + AL Hu.

o= = 2
1+ 245y + A2 By —E )

where ¢ is the mixing metal and ligand orbital from pertur-
bation theory of the ionic limit, ¢, is the metal orbital and ¢,
the ligand orbital, both characterised by the metal and ligand
energies, E%, and E°.. S, is the orbital overlap, 4 the mixing co-
efficient and H,, the off-diagonal matrix element of the Hamil-
tonian. Note that in the Hickel theory, H,, is proportional to
S

For example, if [U(Cot),] and [Ce(Cot),] are compared,’® the
former has greater metal-ligand overlap, whereas the latter
has better metal-ligand energy matching, which results in so-
called “degeneracy-driven covalency”,*” and participates in the
bonding while simultaneously appearing localised.
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Figure 12. Qualitative energy level diagram showing the origin of the inter-
mediate valence states for ytterbium and cerium complexes.

Overall, in Ce and Yb complexes, the description is simpler.
They are empty—or full shell—in one configuration and singly
occupied—or having only one hole—in the other. The energy
diagram of both cases is shown in Figure 12.°% The mixing of
the singlet configurations results in a multiconfigurational
state of lower energy, in which the two configurations have
different valency, leading to intermediate-valent states. It is
clear from this energy scheme that the energy difference be-
tween the open-shell and closed-shell singlets, A¢;, and the
energy gap singlet-triplet A are going to govern the overall
electronic structure.

As discussed above, a series of complexes with substituted
bipyridine and diazabutadiene ligands with the Cp*,Yb frag-
ments has been synthesised in several articles from the Ander-
sen group.®"'* The energy of the ligand fragment and that of
the metal fragment, E,, and E,, which is intimately related to
Ags, can be extrapolated from their respective redox poten-
tials.”®"*! As written in the previous paragraph, L;-edge XANES
data indicated an n¢ value of 0.83 for [Cp*,Yb(bipy)], that is, an
intermediate-valent ground state composed of 83% Yb" and
17% Yb". This ratio can evolve depending upon the substitu-
ents added to the bipy, which change the ligand redox poten-
tial. In other words, when substituents decrease the redox po-
tential, the n; value becomes lower and the valency closer to
Yb". Likewise, when substituents increase the redox potential,
the n¢ gets closer to 1 and the net valency approaches that of
Yb". This effect can be easily verified by synthesising the 3,3'-
Me,bipy adduct of Cp*,Yb, which has a n; value of 0.17(2) for
a reduction potential of the ligand below —2.8V (Figure 13).

12
1
0.8 ®
i
£0.6 " bipy
® dad
0.4
° ® phen
0.2 °o®
0
-3 -2.5 -2 -1.5

reduction potential (V vs. Fc*)

Figure 13. Plot of the redox potentials of the (substituted) bipy, phen and
dad ligands taken from the literature® > '5>'%% yersus the measured n for
each series. Linear fitting is only to guide the eye.
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This relatively low reduction potential is due to the steric hin-
drance of the two methyl groups, which are close to each
other, inducing a NCCN torsion angle that lowers the reduction
potential. As an additional note, when the reduction potential
of the metallic fragment is increased, for example, when the
Cp* ligand is replaced by the Cp ligand, the n; also decreases;
the n; of [Cp*,Yb(bipy)] is 0.83(2) whereas that of [Cp,Yb(bipy)]
is 0.30(1).

The problem became more complex after another series of
substituted bipyridine ligands exhibited multiple intermediate
valence singlet states below the triplet state. This situation is
possible when several low-lying 7t* orbitals of the ligand are
close enough to accommodate spin density from the Cp*,Yb
fragment; each orbital then has a configuration with a given
ratio (ny). Figure 14 represents a typical situation. The different
natures of the multiple intermediate-valent singlet states were
identified thanks to the L;-edge XANES data combined with
the temperature-dependent magnetic data. As a result of the
different ratio in each configuration, the overall n; and thus the
intermediate valency becomes temperature dependent. The
corresponding thermodynamic parameters can be extracted by
fitting the temperature-dependent n; by using a Boltzmann

distribution; these values can be then incorporated in the anal-
ysis of the magnetic data.

tant parameter is the symmetry of the m orbital that accepts
the electron. The correlation between redox potential and n;
value is valid only for orbitals of similar symmetry.

In this matter, the study of the phenanthroline series was of
great importance as the ligand is known to possess two empty
7t orbitals of similar energy that have two very different sym-
metries."®" In C,, symmetry, these two orbitals have b, and a,
symmetry (Figure 15): b, is similar to the low-lying orbital of bi-
pyridine and has much density located on the nitrogen atoms,
which coordinate to the lanthanide metal centre; a,, however,
has very little density on the nitrogen atoms and a node at the
3,8-position of the phenanthroline. A molecular orbital diagram
of the f-shell orbitals indicated that the singly occupied f-orbi-
tal possesses b, symmetry in G, 2>

Thus, as opposed to the bipy adduct, the phen adduct was
analysed as a triplet, meaning that the symmetry orbital re-
quirements must also be validated to stabilise the intermedi-
ate-valent singlet state. Interestingly, depending upon the sub-
stituents and their positions, the ground state can be different
(triplet or intermediate valent). This means that the relative
energy between the different symmetry orbitals can be modu-
lated,"®" which then leads to the modulation of the ground
state as shown by the temperature-dependent magnetic data
and L;-edge XANES.B%™%71 An important example is the 3,8-
phenanthroline adduct of ytterbocene. Indeed, as the a, orbital
possesses a node at the 3,8-position, when a methyl replaces
the hydrogen at these positions, the energy of the a, is not
modified whereas that of the b, is slightly increased; the
ground state is then similar to that of the phen analogue,
which is triplet (Figure 16). Accordingly, donating substituents
at the 5,6-positions increase the energy of the a, and slightly
increase that of the b, leading to a situation in which both or-
bitals have similar energies; the singlet and triplet states have
similar energies. Now, when substituents are at the 4,7-posi-
tions, the energies of both orbitals are increased but one
should note that the coordination of the ytterbium fragment
lowers the energy of the b, as much density is located in the
nitrogen atoms. Thus, the b, becomes lower in energy and the
ground state is the intermediate-valent singlet (Figure 16).

In the case of 4,5-diazafluorene, the magnetic data indicated
three singlet states below the triplet, coming from three low-
lying empty 7t* orbitals (Figure 14).1'

However, if the energetic consideration described above
helped to estimate the n; ratio within one series of ligands, a
quick look at Figure 13 also indicates that the correlation be-
tween the redox potential and the n; cannot be generalised
and remained true only within each ligand series, the bipy, the
phen and the dad series. Additionally, this correlation remained
also problematic in the case of the higher energy singlet states
(below the triplet) of the substituted bipy ligands. This situa-

tion thus tended to indicate that the energy is not the single
factor controlling the intermediate valency: the second impor-
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Figure 14. Energy scale with multiple 7t* orbitals accepting electronic densi- Figure 15. Representation of the mt* orbitals for bipy and phen and number-
ty and forming multiple intermediate-valent singlet states below the triplet.

ing positions.
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Figure 16. Qualitative MO diagrams showing the influence of the nitrogenat-
ed ligand on the electronic structure of the resulting complex.!”

As it has been noted early in the literature, intermediate va-
lence state compounds are interesting molecular Kondo sys-
tems.”” This phenomenon can occur in nanometre-sized met-
allic particles and is explained by the presence of paramagnet-
ic impurities, which break the continuous conduction band
and creates localised conduction states.**® In the case of the
Ce and Yb compounds discussed above, the f-moment is can-
celled by coupling with extended conjugated m systems such
as bipyridine, phenanthroline, but also Cot and tropolonate
among others. Additionally, the formation of these intermedi-
ate-valent states also demonstrated that the exchange cou-
pling of a radical spin with f-electrons can be rather large,
compared with what is usually known in magnetic coupling in-
volving f-elements. Using a model that combined the ligand-
to-metal charge transfer energy (Hubbard model), it was possi-
ble to determine an exchange coupling value of —920 cm™
for [Cp*,Yb(bipy)].'® This very large value also explains why
the use of extended m systems is particularly relevant for the
design of compounds with high magnetic coupling between
lanthanides. The presence of a m-radical between lanthanide
metal centres increases greatly the coupling between them
and led notably to performing single molecules mag-
nets.[163_166]

4. Chemical Ramifications

The symmetry of the orbitals became a crucial consideration
when talking about reactivity as was demonstrated when the
bipy was switched for other di-nitrogenated ligands such as di-
azafluorene and phenanthroline.%'% 41 The [Cp*,Yb(4,5-diaza-
fluorene)] complex was shown by Nocton et al. to slowly re-
lease H,, leading to the corresponding [Cp*,Yb(4,5-diazafluo-
renyl)] complex (Scheme 4)."? Experimental and computation-
al studies indicated that the electronic structure of the com-

N 12 H )éz/ =

= Vehe N Ne=

Yb\N/ — Yb\N/ Yo o>+
S S

Electron transfer Reactive biradical

Scheme 4. Elimination of H, from the 4,5-diazafluorene ligand triggered by
the intermediate-valent behaviour."*!
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pound was similar to that of bipyridine adducts of Cp*,Yb with
an intermediate-valent ytterbium centre and two open-shell
singlet states lying below the triplet state. Analysis of the w*
orbitals of the ligand revealed that the LUMO + 1 orbital of the
fluorene was of b, symmetry in the G,, space group and fea-
tured non-negligible spin density on the C9 carbon atom. The
presence of unpaired spin density at this position helped to ra-
tionalise the observed reactivity. It is thought that the electron-
ic structure of [Cp*,Yb(4,5-diazafluorene)], and the formation
of a reactive biradical, is responsible for the C—H activation re-
action."® Importantly, the configuration interaction allowed
the LUMO +1 to be substantially populated at room tempera-
ture (see Figure 14, energy of SS1, SS2, SS3), the one orbital re-
sponsible for the observed reactivity. In contrast, the biradical
adducts formed in the case of bipyridine adducts of ytterbo-
cene was more stable and not involved in further chemical
evolutions.

The influence of orbital symmetries on the reactivity was fur-
ther evidenced in the [Cp*,Yb(phen)] complex and its methy-
lated analogues.?>'” Experimental and computational results
revealed a triplet ground state with a trivalent ytterbium
centre, which contrasts with the open-shell singlet ground
state of the bipyridine adducts. Such a different electronic
structure has a direct influence on the reactivity of the com-
plexes. Indeed, the [Cp*,Yb(phen)] complex, as well as the
(3,8)- and (5,6)-di-methylated analogues, dimerised in solution
with formation of a reversible C—C bond between the two
phenanthroline moieties at the 4,4-positions (Scheme 5). This
unusual reactivity originates in the energy and symmetry of
the ligand empty orbitals. In the phenanthroline complex, two
7t* orbitals of different symmetry (b, and a, for the LUMO and
LUMO +1, respectively) are accessible but their respective in-
teraction with either the half-filled 4f orbitals of b, symmetry
or the empty 5d orbitals of a, symmetry results in different
cases. As discussed above, on the one hand, if the b, orbital is
lower in energy than the a, orbital, an open-shell singlet
ground state is favoured, as is the case in the bipyridine ad-
ducts of Cp*,Yb. On the other hand, if the ligand a, and b, or-
bitals are close in energy, as is the case in the phenanthroline
adducts, the final a, MO ends up lower in energy, resulting in

Scheme 5. Two different reactivities observed for two different phenanthro-
line derivatives (a) C4-C4’ coupling, (b) C4-position-mediated intermolecular
HAT[32,147]
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stabilisation of the triplet ground state (Figure 16). As this
result is based on the energy of the phenanthroline ligand or-
bitals, it can be tuned by the presence of methyl substituents
affecting the b,—a, gap. The population of the a, orbital results
in an increased spin density in the m system especially at the
C4 and C7 positions. The radical character at these positions is
responsible for the formation of a reversible C—C bond be-
tween the two phenanthroline units (Scheme 5).*? Nonethe-
less, when the phenanthroline is substituted at the 4,7-posi-
tions with methyl groups, a different configuration is observed,
with a multiconfigurational open-shell singlet ground state.”
The altered electronic structure, similar to that observed in the
bipyridine adducts, results in a different reactivity. In
[Cp*,Yb(4,7-Me,phen)], accumulation of electronic density at
the C4 and C7 positions leads to an intermolecular hydrogen
atom transfer (HAT) reaction between two complexes
(Scheme 5), reminiscent of the H, elimination reactivity ob-
served in the case of the diazafluorene complex.*% 4"

Taking advantage of the particular and tuneable electronic
structures of [Cp*,Yb(L)] systems, the influence of the ligand
was further explored to modulate the chemical reactivity. The
possibility of impacting the reactivity of another metal centre
was explored through the formation of heterobimetallic com-
plexes using bridging 2,2-bipyrimidine (bipym) and 4,5,9,10-
tetraazaphenanthrene (taphen) ligands instead of bipyridine
and phenanthroline ligands. In 2017, the group of Nocton re-
ported the syntheses and electronic structures of the Yb/Pd
heterobimetallic complexes [Cp*,Yb(L)PdMe,] (L=bipym or
taphen; Scheme 6)."*? Depending on the nature of the ligand,
different electronic structures were observed owing to differ-
ent symmetries for the corresponding LUMOs. In the bipym
system, similarly to bipyridine adducts of ytterbocene, the
ground state is a multiconfigurational open-shell singlet with a
low-lying triplet state populated at room temperature. In con-
trast, the taphen complex features a triplet ground state, in
analogy with the ground-state structure of the phenanthroline
adduct of Cp*,Yb. The influence of the different electronic
structures on the reactivity was exemplified in the reactivity of
the complexes towards Mel. In both cases, the addition of Mel
triggered an oxidative addition step, resulting in the formation
of a Pd" complex. Although the resulting Pd" complex rapidly
evolved through a reductive elimination process in the taphen
system, it presented a much higher stability in the case of the
bipym ligand, allowing isolation and characterisation. The in-
creased stability of the [Cp*,Yb(bipym)PdMe,] complex is
mainly due to the spin density mostly held by the N atoms in
the b, orbital, which support the Pd centre. In the taphen ana-
logue instead, the a, orbital is populated and features smaller
coefficients on the N atoms. As a result, a lower spin density is

R i 3 R ﬁ/ = Me
ﬁ/ (bipym)PdMe, )éZ/N N, Me Mel Y Ne—=N, I® Me
Yb—OEt, Yo T Rl > Yol Y PdY
; : N="N Me % NZTNT Y TMe
O Q) LS LS =~

Scheme 6. Heterobimetallic Yb-Pd association leading to the stabilisation of
a Pd" oxidation state.*?
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present next to the Pd centre, which decreases the stability of
the high oxidation state Pd" complex and triggers a fast reduc-
tive elimination step as expected for such Pd" species.'*?

Another chemical ramification of the electronic structure of
heterobimetallic complexes was reported with the same
Cp*,Yb(bipym) backbone using a NiMe, fragment instead of
PdMe,."*” Both the monometallic [(bipym)NiMe,] and the het-
erobimetallic [Cp*,Yb(bipym)NiMe,] complexes were found to
react with CO, resulting in CO insertion reactions in the Ni—C
bonds. Kinetic studies revealed that the intermediate-valent
lanthanide-bipym fragment led to an increased stabilisation of
the expected acyl intermediate through a process similar to
that allowing the stabilisation of the Pd“ complex discussed
above."™ This result offers a new strategy to stabilise and
study reactive metal intermediates for which isolation has re-
mained elusive to date.

The influence of the multiconfigurational character of lantha-
nide complexes on the reactivity was further exemplified in
the case of Ce" oxo complexes supported by the bulky Kliui
oxygen tripodal metallo-ligand [CoCp{P(O)(OEt),};]™ (Log
Scheme 7).[168,169]

The multiconfigurational character of the [(Log),CeO(H,0)]
complex was established by CASSCF calculations together with
magnetic susceptibility measurements. The combined experi-
mental and theoretical results revealed a multiconfigurational
ground state composed of 74% of Ce" and 26% of Ce". The
reactivity of the oxocerium(lV) complexes was evaluated to-
wards small molecules such as CO, CO,, SO, and NO. Depend-
ing on the substrate, two different types of reactivity for the
Ce=0 moiety were observed (Scheme 7). Although a classical
1,2-insertion reactivity was observed with CO,, which corre-
sponds to the typical reactivity of Ce" f° complexes, the reac-
tion with CO, SO, and NO resulted in an unusual reductive in-
sertion reactivity. As a result, (bicarbonate, hydrogensulfate
and nitrate Ce" complexes were isolated, respectively. Such a
reductive insertion reactivity is thought to arise from the multi-
configurational nature of the ground state, the Ce=0 moiety
featuring both some Ce" oxo and Ce" oxyl character. The Ce"
oxyl character results in a radical-like reactivity by forming a
singlet metal-ligand biradical similar to the situation in cero-
cene.l'™
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Scheme 7. Schematic representation of the reactivity of the oxocerium com-
plex [(Log),CeO(H,0)].01¢7
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6. Concluding Remarks

The minireview gathers the spectroscopic singularities that
have been reported for lanthanide compounds. In these com-
pounds, the net valency remains ambiguous because of possi-
ble redox events with the ligand, whether charge density is
transferred from the ligand to the metal or from the metal to
the ligand. In addition to physical chemistry reports containing
XANES, PES and/or magnetic analysis, adapted theoretical anal-
yses of these peculiar compounds have allowed the rationalisa-
tion of their original electronic nature: they are intermediate
valent; the wavefunction of the ground and excited state is de-
fined by multiple configurations, in which the valency is of dif-
ferent nature. These observations can be rationalised first from
energetic considerations, as the result of the energy difference
between both metallic and ligand fragments, and second from
the symmetry of both fragments, which needs to be adapted
to allow stabilisation of the energy with formation of an inter-
mediate-valent energy state. This typical situation is predomi-
nant in lanthanide compounds, in which the spatial orbital
overlap is small, whereas in transition metal ions or 5f com-
plexes, the nephelauxetic effect allows the formation of molec-
ular orbitals with delocalised electron density over both the
metallic and ligand centres (so-called covalency). Both situa-
tions are, however, similar from the perspective of the Pauling
electroneutrality principle. As well-established for transition
metals and for 5f compounds, the strong electron correlation
between a d- and/or f-parentage electron and the o- and mt-
electron is then likely to influence the physical properties (re-
laxation, anisotropy, conductivity) but also the reactivity of
these electrons: this review sheds light on several examples of
this nature.
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Abstract: Sandwich complexes of lanthanides have recently
attracted a considerable amount of interest due to their
applications as Single Molecule Magnet (SMM). Herein, a
comprehensive series of heteroleptic lanthanide sandwich
complexes ligated by the cyclononatetraenyl (Cnt) and the
cyclooctatetraenyl (Cot) ligand [Ln(Cot)(Cnt)] (Ln=Tb, Dy, Er,
Ho, Yb, and Lu) is reported. The coordination behavior of the

~

Cnt ligand has been investigated along the series and shows
different coordination patterns in the solid-state depending
on the size of the corresponding lanthanide ion without
altering its overall anisotropy. Besides the characterization in
the solid state by single-crystal X-ray diffraction and in
solution by 'H NMR, static magnetic studies and ab initio
computational studies were performed. D

Introduction

Many different applications of rare-earth-based compounds
originate from their unique physical properties:" strong spin-
orbit coupling, large magnetization and core 4f-orbitals.” The
specific design of compounds adapted to specific applications
is facilitated by the small orbital contributions of the ligand-
field. This allows the prediction of fundamental physical proper-
ties with qualitative electrostatic models.” These considerations
have motivated a large number of fundamental structure/
properties studies, especially for luminescent materials,” MRI
contrast agents® and more recently for the design of high-
performance Single Molecule-Magnets (SMMs).['2¢!

In this particular area, the gap from liquid helium (2 K) to
liquid nitrogen (77 K) temperatures has recently been closed,
and organometallic compounds of lanthanides have played a
crucial role in this breakthrough.”” The possible geometries
allowed by typical anionic cyclo-aromatic ligands used in
organometallic chemistry, such as cyclopentadienyl (Cp),”
cyclooctatetraenyl (Cot)’® and cyclononatetraenyl (Cnt),”’ led to
unusual arrangements, which can be tuned by the bulk of their
substituents. When a linear geometry with localized charge
density in the axial position is necessary to get interesting
magnetic properties, as in the case of oblate ions such as Dy,
small Cp ligands with large bulk are used to provide the
localized charge and enforce a nearly linear geometry.”><'?
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With prolate ions, such as Er, large ligands, such as the Cot
dianion and the Cnt anion, are better suited to enhance
equatorial ligand field contributions in  sandwiched
compounds.>'M

However, some of these specificities can be antagonistic,
making the rational design of such compounds difficult
resulting in a narrow edge, at which all the desired properties
are maximized. Typically, a bulk increase of the Cp ligand favors
linearity while driving away the point charge of the ligand from
the metal ion.”'? It is thus extremely important to rationalize
the dynamic coordination properties of these aromatic ligands
in order to be able to control the metal-ligand pair
anisotropy."'? Additionally, because magnetism and lumines-
cent applications often require solid-state measurements, the
understanding of how packing forces influence the inner
coordination as well as the exact arrangement of the closest
neighbors in the crystal lattice is important. Recent studies led
by some of us have underlined the importance of the
orientation of the anisotropy axes in a series of binuclear Er(Cot)
fragments"'¥ as well as the second sphere environment in
divalent [Tm(Cot),]*~ compounds, when designing performing
SMMs e

Among others, the cyclononatetraenyl ligand (Cnt) is a
promising ligand for the rational design of SMMs: it allows the
formation of perfectly linear homoleptic sandwiches with
divalent lanthanides and exhibits labile coordination dynamics
in coordinating solvents,® contrary to Cot and Cp ligands. In
this work, the bis-Cnt [Ln(Cnt),] divalent complexes of Ln=Sm,
Eu, Tm and Yb have been obtained in good yields through the
use of a mixture of two isomers of the Cnt potassium salt: the
cis-cis-cis-cis and the cis-cis-cis-trans forms (Scheme 1). A step
further was the use of this mono-anionic ligand in combination
with the dianionic Cot ligand to form neutral sandwiches with
linear geometry." In this series, the geometry is particularly
well adapted for maximizing the anisotropy of the erbium
complex and, indeed, the latter was reported to present
interesting SMM properties, confirming the adapted Er-Cnt/Cot
pair anisotropy. Yet, the specific coordination of the Cnt ligand
in various environments, with various bulk, and different
lanthanide size remains to be studied to enlarge the scope of
Cnt compounds with promising applications.

In the present work, a series of heteroleptic sandwich
complexes, [Ln(Cot)(Cnt)], is presented with Ln=Tb, Dy, Ho, Er,
Tm, Lu with a focus on their structural aspects, both in the
solid-state and in solution. This work reinforces the versatility of
the Cnt ligand as a useful candidate for the design of specific
geometries needed in organolanthanide chemistry for a given
application including magnetism.

cis,cic,cis,cis-Cnt-  cis,cic,cis,trans-Cnt

Scheme 1. Isomers of the Cnt ligand
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Results and Discussion
Synthesis

The heteroleptic trivalent late lanthanide sandwich complexes
[Ln(Cot)(Cnt)] (Ln=Tb (1), Dy (2), Ho (3), Er (4), Yb (5), Lu (6))
were synthesized from a toluene/acetonitrile mixture of KCnt
and the corresponding [Ln(Cot)I(thf),] complexes (Ln=Th, Dy,"
Ho, Er,"'"* Tm) at room temperature (Scheme 2). Due to the
facile reduction of Yb*>' in the presence of the Cot ligand, the
Yb compound is not accessible." [Ln(Cot)I(thf),] were prepared
from K,Cot and lanthanide tris-iodides in thf"'? a faster
alternative compared to the elegant procedure proposed by
Mashima et al. for the earlier lanthanides."™ The Lu complex is
best prepared from the borohydride [Lu(BH,);(thf);] precursor’®
to afford either the monomeric [Lu(Cot)(BH,)(thf),] or the
dimeric [Lu(Cot)(BH,)(thf)], complex as original compounds
depending on the crystallization conditions, similar to the
procedure of Ephritikhine for the synthesis of the Nd
analogues."” The three new crystal structures with Ln=Tb, Ho
and Lu are discussed in the Supporting Information. The Tm
structure was reported by Schumann et al. but was made from
direct reaction of Tml, with free Cot."® In the case of Tb, Dy, Ho,
Er, and Tm, the potassium salt of the Cnt ligand (both all-cis and
cis-cis-cis-trans isomers can be used)®'? is best dissolved in
acetonitrile before use. After 12 h of stirring, the suspensions
turned to pale-colored solutions with a gradual color change
along the lanthanide series (pale yellow for Tb, yellow for Dy,
pale orange for Ho, orange for Er,"® salmon orange for Tm). The
reaction time of 12 h is necessary to complete the isomerization
when the more soluble cis-cis-cis-trans isomer is used. Synthesis
of the lutetium complex [Lu(Cot)(Cnt)] (6) was best performed
by heating KCnt and [Lu(Cot)(BH,)(thf),] in toluene under reflux
for 16 h. Another important step is the removal of all the
volatiles and thorough drying of the resulting solid. Several
steps of drying and re-suspension in toluene are necessary to

Toluene/CH3;CN
K+ r.t
—_—
-KX

XN+
thf
LnCotX(thf), KCnt Ln = Dy(2), Ho(3)
Ln=Dy-Tm, X=1 Er(4), Tm(5), Lu(6)
Ln =Lu, X=BH,4
Toluene/CH3CN ©
> K+ SR
1- TP~ s <>
thf ]
Toluene
o -KI several
150 C/3hi e l
021 Tb + 079 Tp 1045 Tb + 055 Tp
— ' —
_— > = I
1l ! 1ll

Scheme 2. Synthesis of 1-6.

13559  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202101599

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202101599

ensure complete de-coordination of the acetonitrile (or remain-
ing thf molecule in the case of lutetium). If this step is not
complete, an acetonitrile adduct of [Ln(Cot)(Cnt)] may be
isolated, in which the Cnt ligand binds in lower hapticity than
1°. A crystal structure of such a dysprosium complex has been
obtained with partial coordination of acetonitrile. The structure
is discussed in the Supporting Information (Figure S19-520).
Once the coordinated solvent has been removed, extraction in
a large amount of toluene followed by filtration, concentration
and cooling (—40°C) allows the crystallization of the title
compounds (1-6) as crystals suitable for X-ray diffraction. The
erbium and dysprosium complexes, 2 and 4, respectively, were
already recently published using a different procedure and
analyzed by multiple approaches. The n’-Cnt coordination
remained an open question because of a crystallographic
disorder."™ For the Tb complex (1), several different crystals
(crystallized at room temperature and grown over a week) of
red color have been analyzed to reveal a mixture of the cis-cis-
cis-cis and of the cis-cis-cis-trans Cnt ligand in a 79:21 ratio (1').
The structure is discussed in Supporting Information. However,
when the terbium complex was prepared by an alternative
method from hot toluene, the crystallized structure was similar
to that of 1" with a ratio of cis-cis-cis-cis:cis-cis-cis-trans ligand of
55:45 (1”). Upon heating, all compounds degraded at higher
temperature.

Solution analysis

Compounds 1-6 have been analyzed by 'H NMR spectroscopy.
Except for the Lu compound (6), which is diamagnetic, 1-5 are
highly paramagnetic but signals have been obtained for all
compounds (Figure 1, Supporting Information, Figure S1-S14).
The broad signals obtained for the Er (4) and Tm (5) complexes
did not allow distinguishing the Cnt from the Cot ligand on the
basis of their relative integrations. The signals appear at —5.01,
—128.7 ppm and —23.2 and —2358ppm, for 4 and 5,
respectively, at room temperature. For 1-3 and 6, '"H NMR
spectra feature two similar signals with chemical shifts of 245.9,
118.7, 90.5 and 5.83 ppm for the Cot, respectively, and of 101.5,
729, 59.2, and 6.54 ppm for the Cnt, respectively. In 1-3, the
shapes of the f-electron density in the lanthanide ions are
oblate, while in 4-5, they are prolate.®™ The modification in the
anisotropy orientation between 3 and 4 is well reflected by the
sign change of their chemical shifts for both ligands. Variable
temperature 'H NMR was performed for 6 but no fluxional
behavior® for both ligands was observed in the range from
+80 to —80°C.

The crystallization of different terbium complexes, 1, 1/, and
1”7 with a different configuration for the Cnt ligand was
intriguing to us. The free Cnt™ ligand indeed possesses two
different isomers, easily quantified by '"H NMR spectroscopy: the
cis-cis-cis-cis ligand gives rise to one singlet in agreement with
Do, symmetry while the cis-cis-cis-trans one features 5 signals in
agreement with C,, symmetry.?" In a previous work, the use of
a soluble mixture of these two isomers leads to multiple
Ln(Cnt), sandwich isomers, which were also easily identified by

Chem. Eur. J. 2021, 27, 13558 - 13567 www.chemeurj.org

a)

0 2% 20 150 100 50 0 50 00 150 200 250
1 (ppm)

L] [}
I i L
Q ~
] -
] ©

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)

Figure 1. 'H NMR of 1 (a) and 6 (b) at 293 K in toluene-d,. Blue mark (s) is for
the signals of the Cnt ligand and the black mark (e) for the Cot ligand. *
residual protio signal of the solvent.

'H NMR spectroscopy.® Additionally, Boche et al. gathered, in a
comprehensive series of three articles, useful information on
the Cnt ligand synthesis, as well as its topomerization and
isomerization."?? These studies unveil several questions on the
real nature of the isomerization process when assisted by metal
complexes. An interesting connection to this is that 1” in which
one ligand is partially isomerized in the cis-cis-cis-trans form, is
obtained in a relatively high-temperature synthesis (150°C for
3 h) from the cis-cis-cis-cis ligand, supposedly thermodynami-
cally more stable. In contrast, 1 only contains the cis-cis-cis-cis
ligand and is prepared under milder conditions (room temper-
ature synthesis). Thus, in order to probe a possible temperature
effect on the isomerization of the ligand in the Tb complex, a
solution of 1 in toluene-d; was let stand for several days at
room temperature. The resulting 'H NMR spectra of this
experiment are shown in Figure S14. A new set of 6 signals
increases with time at  404.0, 230.1, 203.6, 196.2, 165.1 and
—169.5 ppm while the two initial signals of 1 (Scheme 3, I) were
still present. The estimated ratio based on integration,
2:8:2:2:1:2, needs to be considered cautiously because of the
highly paramagnetic nature of the complex. Yet, it is in full
agreement with the formation of a [Tb(Cot)(Cnt)] isomer in
which the Cnt ligand is in the cis-cis-cis-trans configuration
(Scheme 3, ). Indeed, the isomerized Cnt ligand in 1" and 1”
gives rise to 5 distinct proton resonances, as also observed in
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Scheme 3. Isomerization of | to Il in solution.

the free cis-cis-cis-trans Cnt ligand,”® while the Cot signal
remains a singlet integrating for 8 protons. The ratio between
the isomers | and Il is ca. 66:34 after three days and stabilizes
over time to approximately 60:40 after 20 days, remarkably
close to the ratio found in the solid state structure of 1”
(55:45), while 1, which was obtained from a slow evolution of
1 at room temperature features a higher LIl ratio of 79:21.

This unexpected situation again connects to Boche’s
findings and shows that the nature of the coordinated metal
greatly affects the inter-conversion between topologic isomers
of the Cnt ligand. Although this isomerization has only been
observed so far in case of the Tb complex 1, a thorough
investigation of the Cnt isomerization within the [Ln(Cot)(Cnt)]
series (which is outside the scope of this article) would still be
necessary to understand whether it is related to size effects or
other physical properties.

X-ray solid-state crystal structure

The crystal structures are isomorphous from Dy to Lu (2-6) and
were solved in P2,/n irrespective of the data collection temper-
atures (Figure 2). There is a positional disorder in both ligands,
the first one featuring eight carbon atoms (Cot), the second one
nine carbon atoms (Cnt). Within this space group, the presence

IS LN &St T

& ¢ Dy 6 Ho

AR TR T A
eT IO ETT® SN

@Lr “ Tm 0 Lu

25s TN N

Figure 2. ORTEP of 1-6. Thermal ellipsoids are depicted at 50% probability
level. Hydrogen atoms and the disorder are omitted for clarity (see main text
for the discussion of the coordination mode).
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of these specificities creates a situation in which the final
solution has two rings embedded in each other with occupancy
of 0.5 on each atom (See Figure S25a). Additionally, for the
complexes 2-6, the lanthanide ion is not placed at a special
position (i.e. sitting on a symmetry element) but lies close to an
inversion center, also with occupancy of 0.5. As a result, the
lanthanide ion is not centered with the ligands but is slightly
moved away, which seems to point out a possible lower
coordination mode (hapticity) of one of the ligands. This
situation also drastically complicates the resolution when one
wants to separate the ligands from one another since the
symmetry generation by the P2,/n space group creates two
more rings embedded with each other along with an additional
lanthanide atom close to the inversion center (See Figure S25b).
However, because of the symmetry rules, only two variants exist
and it is not possible to mix the two different configurations.

Thus, from a crystallographic point of view, two solutions
are possible; viz. a lower hapticity either for the Cot or for the
Cnt ligand (See Figure S25d, e). However, it seems that the
deviation from planarity observed in the 9-membered ring is in
better agreement with a perturbed coordination mode for the
Cnt ligand rather than for the Cot ligand. Additionally, the
Ln—Ctr (Ctr, centroid) distance with both rings must respect the
increased negative charge of Cot” with respect to Cnt™ and
longer Ln—Cnt distances are therefore expected." If the n°-Cnt
coordination mode was preferred, both the Ln—Ctr distances
and the coordination mode of Cot are unrealistic from a
chemical point of view for the lutetium compound (6) (See
Supporting Information). Lowering the symmetry to the P1
symmetry group (See Figure S26) increases the size of the
asymmetric unit but does not allow to better define the
disorder; it is still necessary to assume either longer Ln—Ctr
distances for the Cnt- or for the Cot- ligand. When solving the
data, it is also necessary to allow positional freedom to the
carbon atoms except for the aromaticity restraint on the C—C
distances on both rings in order to avoid scrambling of the
carbon atoms between the two ligands moieties upon refine-
ment. If the ring having eight carbon atoms (Cot) ends up
relatively planar, in agreement with most Cot ligands coordi-
nated to lanthanide ions in the literature, the one with nine
carbon atoms (Cnt) shows a strong deviation from planarity
with a curvature at the extremity, which tends to be indicative
of a different coordination mode. In 2-6, a closer look to the
Ln—C set of distances within the eight values of the eight-
membered ring (See Table 1) shows a relatively close set of
distances in the range 2.44(2)-2.50(2) A in 6, 2.43(3)-2.54(3) A in
5, 2.45(2)-2.55(3) A in 4, 2.46(2)-2.65(2) A in 3, and 2.52(2)-
2.64(2) A in 2. In contrast, the variation in the nine membered
Cnt ring is much more pronounced (Table 1) with n(Ln—C-
(CNt)oLNC(CNt),, values of 1426 A in Lu (6) (2.50(2) to
3.930(9) A), 1.228 A in Tm (5) (2.54(3) to 3.769(8) A), 1.213 A in
Er (4) (2.55(3) to 3.763(15) A), 0.906 A in Ho (3) (2.56(2) t03.47(2)
R), and 0.284 A in Dy (2) (2.66(2) to 2.96(2) A).

The space group of the Tb complex (1) is modified from
P2,/n to Pnma with the removal of the inversion center on the
lanthanide atom, which was confirmed by the analysis of the
precession images. An additional symmetry plane that contains

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 1. Main metric parameters for 1-6 at 150 K. [a] Only the carbon atoms formally n-coordinated are considered in the average calculation.
Tb (1,7v°) Dy 2, %) Ho (3, n%) Er (4,1°) Tm (5, 1% Lu (6, 1%
2.775(7) 2.68(2) 2.56(2) 2.55(3) 2.54(3) 2.50(2)
2.775(7) 2.72(2) 2.61(2) 2.59(3) 2.57(2) 2.54(2)
2.79(1) 2.74(2) 2.62(2) 2.61(3) 2.64(2) 2.6(2)
2.82(3) 2.74(2) 2.72(2) 2.69(3) 2.73(2) 2.68(2)
Ln—C(Cnt) 2.83(1) 2.79(2) 2.82(2) 2.88() 2.875(13) 2.943(12)
2.84(2) 2.86(2) 3.02(3) 3.10(2) 3.11(2) 3.14(2)
2.85(3) 2.86(2) 3.212(14) 3.443(13) 3.449(9) 3.59(10)
2.85(1) 2.95(2) 3.37(2) 3.60() 3.594(12) 3.719(13)
2.86(2) 2.96(2) 3.47(2) 3.76 (2) 3.769(8) 3.930(9)
N(LN—C(CN) o LNC(CNE) ) 0.094 0.284 0.906 1213 1.228 1426
Ln—C(m-Cnt)® ave 2.82(3) 2.79(9) 2.73(17) 2.74(21) 2.74(21) 2.73(26)
C(n-Cnt)-Ln—C(n-Cnt)® 177.4 172.0 169.6 174.7 173.8 174.2
Ln—C(Cnt) ave 2.82(3) 2.81(10) 2.93(33) 3.02(44) 3.03(44) 3.07(55)
Ln—C(Cot) range 2.57(3)-2.63(2) 2.52(2)-2.64(2) 2.46(2)-2.65(2) 2.45(2)-2.55(3) 2.43(3)-2.54(3) 2.44(2)-2.50(2)
Ln—C(Cot) ave 2.58(2) 2.58(4) 2.55(7) 2.50(4) 2.48(3) 2.46(1)
Ln—C(n-all)* ave 2.71 2.69 2.63 2.60 2.59 2.58

the centroids of both the Cot and Cnt ligands and the Tb metal
center is present. The latter thus separates both ligands in two
symmetrical sections. The differentiation in the space group
between the late lanthanide ions (2-6) and the Tb one (1) could
be explained by a hapticity switching of the Cnt ligand in the
case of larger lanthanide ions, imposing a different symmetry
than that observed in 1. Consequently, the structure visually
appears to be in better agreement with a formal n’-coordina-
tion mode. A lower variation in the Ln—C(Cnt) distance range
(MLN—C(CNt) oy LNC(CN1) i = 0.094 A) (See Table 1) is observed.
The deformation of the Cnt ligand is minimal.

Several metric parameters help to visualize and quantify the
structural modifications (curved vs. planar) and the hapticity
modulation of the Cnt ligand in 1-6. First, three main planes
were constructed; the plane defined by the Cot ligand (in grey,
Figure 3), the mean plane made by the six Cnt carbon atoms
that are the closest to the lanthanide ion (in color) and the one
set up by three remaining Cnt carbon atoms (in color), which
are located further away from the lanthanide ion. The angle
between the two Cnt planes decreases from the Lu to the Tb
complexes in agreement with a stronger deviation from
planarity with smaller lanthanide ions. At low-temperature, the
angle is decreasing gradually from 34.2° in Lu (6) to 4.80° in Tb
(1), with intermediate values of 31.3°, 29.7° 23.7°, and 12.4° in

Tm (5), Er (4), Ho (3) and Dy (2), respectively (Table S8). At room
temperature, the decrease is weaker from 25.3° to 14.8° from 6
to 2. Complex 5 has also been recorded at 100 K, 150 K, 200 K,
and 250 K with no clear break in the metric parameters.

The plane angle difference between the low- and room-
temperature X-ray structures is also significant. This set of
angular parameters intends to show how the curvature of the
Cnt ligand gradually evolves from Tb to Lu in agreement with
the lanthanide contraction of the ionic radius.*”

The plane angle difference between the low- and room-
temperature X-ray structures is also significant. This set of
angular parameters intends to show how the curvature of the
Cnt ligand gradually evolves from Tb to Lu in agreement with
the lanthanide contraction of the ionic radius.?”

A second set of useful metric parameters corresponds to
the distances and angles from the metal ion to the constructed
centroids of both ligands (See Table S8). While the centroid of
the Cot ligand is always defined by its eight carbons atoms,
three different centroids were constructed for the Cnt ligand:
the first with the eight carbon atoms of the Cot ligand and the
three others with i) the six atoms closest to the lanthanide ion
(Ctr6), ii) the eight atoms closest (Ctr8) and iii) the nine atoms
of the Cnt ligand (Ctr9). The Ln—Cot(Ctr) distances (at 150 K)
vary from 1.804A (1), 1.772A (2) 1.735A (3), 1.701 A (4),
1.681 A (5), to 1.653 A (6). The overall trend in the distances
follows the lanthanide contraction. It is rather informative to

o compare these distances with those in the mono-Cot iodide or
Tb & borohydride analogues [Ln(Cot)I(S),] (S=thf, pyridine or CH,CN)
PP, of 1.814 (Tb), 1.80(1) (Dy), 1.78 (Ho), 1.763(12) (En,""9 1.750(5) A
(Tm)"® and [Lu(Cot)(BH,)(thf)], of 1.724 A. Within this series, for

- SO Ln=Dy, Ho, Er, Tm, and Lu, the Ln—Cot(Ctr) distances are
Ere shorter than those reported for 2-6 while they are similar in 1.

Figure 3. Plane constructions in 1-6. The grey plane is constructed with the
eight carbon atoms of the Cot ligand. The colored planes are constructed
with the six closest carbon atoms and the three remaining carbons of the
Cnt ligand, respectively (see main text for limits of this construction)

Chem. Eur. J. 2021, 27, 13558 - 13567 www.chemeurj.org

The Ln—Cnt distances are somewhat informative to distin-
guish three potential coordination modes (See Figure 4): at low-
temperature, for the late lanthanides (Ho to Lu), the shortest
Ln—Cnt distances are that with Ctr6. In contrast, for Dy and Tb,
the shortest Ln—Cnt distances are obtained with Ctr8 and Ctr9,
respectively. Similarly, within all the series, the Cot(Ctr)-Ln—Cnt
(Ctr) angles are also the largest using the same aforementioned

13562  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. Representation of the different limit coordination modes of the Cnt
ligand.

Cnt centroids (See Table S8). This set of data would best
describe the hapticity of the Cnt ligand as formal n® for Ho (3)
to Lu (6), while the hapticity would be best described as formal
n® for Dy (2) and v’ for Tb (1). Interestingly, at higher
temperature, the picture is slightly different and the coordina-
tion mode of the Cnt in Ho (3) would be best described as
formal n®. The hapticity of the Cnt in the Er (4), Tm (5) and Lu
(6) complexes would remain best described as n® at room
temperature. Thus, the average Ln—C distances on all formally
n-coordinated carbon atoms were calculated for 1-6 and are
reported in Table 1. A smooth variation with the lanthanide ion
size is reported from 2.71 A for [Tb(Cot)(Cnt)] (1) complex to
2.58 A for [Lu(Cot)(Cnt)] (6).

Additionally, it is possible to consider the sum of the van
der Waals radii as additional information on the nature of the
interaction, i.e. distance metrics that are larger than the sum of
the van der Waals radii are not expected to size any
interaction.”” The range of these van der Waals radii for Tb—Lu
is 1.80 to 1.72 A and that of aromatic C atom is 1.70 A. Thus the
maximum distance is 3.42 A for 6 (Lu) and 3.47 A for 1 (Tb). In
these considerations 4-6 are n°, 3 is n® and 1,2 are 1)°. However,
these analyses should be taken cautiously because these
metrics present the limit forms of coordination (n° and n°) but
the real hapticity is probably best found in between these limit
forms, as found in solution (See 'H NMR). Moreover, from a
strict crystallographic point of view, the opposite construction,
i.e. n’-coordination of the Cnt and lower coordination mode of
the Cot ligand, remains valid.

Magnetic measurements

The solid-state magnetic data for compounds 1-3 and 5 are
reported in Figure 5. The room temperature yx,T values are
equal to 11.34, 14.12, 13.2 and 6.8 cm®*Kmol~' for compounds
1-3 and 5 respectively. These values are in fairly good agree-
ment with the calculated Curie constants for the ground state
multiplets 7F6 (Tb(Iy, 1, 11.82 cm*Kmol ™, g,=3/2), *H,5,, (Dy(lll),
2, 14.17 cm®*Kmol™', g,=4/3), °l3 (Ho(lll), 3, 14.07 cm*Kmol ™",
9,=5/4) and *Hg (Tm(lll), 5, 7.15cm*Kmol™", g,=7/6). On
cooling, yxuT's decrease monotonically down to 2K:
2.52 cm*Kmol ™ for 1, 7.2 cm?*Kmol™" for 2, 5.1 cm® Kmol™' for
3 and 5.9 cm*Kmol ™' for 5. These values reflect the signature of
the effect of the crystal field splitting that lifts the degeneracy
of the ground state multiplets. The magnetization curves at 2 K
are given in the Supporting Information (Figure S15). None of
these compounds show slowing down of the relaxation of the
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Figure 5. Temperature dependent T values for compounds 1 (a), 2 (b), 3
(c) and 5 (d) in dots with the calculated curves from structures at various
temperatures.

magnetic moment in the absence of external dc field, which
means that they do not behave as Single-Molecule Magnets
(SMM) in zero field as opposed to the reported Er complex, 4.

Computational studies

Theoretical computations at the SA-CASSCF/RASSI-SO level
have been performed for 1-5 based on the X-ray crystal
structures at the different temperatures at which the X-ray data
have been obtained (See Supporting Information for computa-
tional details). This series of computations can be compared to
those done on the basis of the DFT optimized structure of
[Er(Cot)(Cnt)] that lead to a perfectly linear structure." Ground
and excited state wave functions for 1-5 along with the
corresponding energy gaps are shown in Tables S30-534.

Terbium is next to the isotropic gadolinium and is oblate.
Tb is a non-Kramers ion, and thus, the crystal field allows the
formation of non-degenerated m, states. In the geometry
imposed by the two large aromatic ligands, the linear geometry
does not favor axial anisotropy, which shall allow mixing the m,
states and/or accounting for m,=0 ground state. The theoret-
ical treatment needs to take into account this singularity and is
then rendered more difficult. Thus, the ground calculated state
is then the m,=0 state and just above the m,= + 1 state, which
is not in good agreement with the low temperature data for the
above-mentioned considerations.

However, the 2 /41 states split on 873cm™' and give a
reasonable agreement with the experimental data (Figure 5) at
higher temperatures.

Following the trend described above, the oblate Dy and Ho
ions have similar mixed configurations with principally m,= +
15/2 (65%) and £11/2 (13%) for 2 and principally m,= +8 (65)
and +6 (14%) for 3, both at 150 K. The m, composition evolves
at 300K to be m,=£15/2 (83%) and +11/2 (12%) for 2 and
m,= +8 (56%), =6 (13%), and =7 (12%) for 3, explaining the

-1
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different calculated low temperature magnetic susceptibility
data observed (Figure S26 and S27). In 2, six energy states are
found within 109 cm™, while in 3, the overall splitting is only
397 cm™' with 5 states within 136 cm™'. The modification of the
energy state composition and splitting when different struc-
tures are used (X-ray, 150 K, 300 K) is not greatly modulated,
and thus the overall calculated magnetic temperature depend-
ent curves is comparable with that of the experiments (Fig-
ure 5). These computations rationalize very well the magnetic
behavior of 2 and 3, showing no SMM behavior, as expected
from the electrostatic model. Additionally, as expected for
oblate ions with large aromatic ligands, the anisotropy
orientation is not following the axial symmetry (Figure 6).

For the prolate ions, erbium and thulium, large aromatic
ligands are usually well adapted for maximizing the anisotropy
compared to the three ions discussed above; they disfavor the
mixing of the m;, states and maximize anisotropy. Accordingly,
the ground state is pure m,= +15/2 for the erbium complex
(4), while it is pure m,= %6 for the thulium complex (5). For 4,
the first excited state of m,= +13/2 (98%) and the second
excited state, which is principally a mixed configuration of m;,=
+1/2 (68.2%) and m,= +3/2 (19.9%) are located at 170 and
251 cm™’, respectively. In 4, the relative energy of the m;, crystal
field states varies very little depending upon the structure (160
and 255cm™') chosen for the computations (X-ray, 150K,
300 K). However, as expected from the higher symmetry of the
structure obtained from DFT optimization, the nature of the
energy states differs in the fact that they are pure in symmetric
structure but mixed with more realistic solid-states structures.
However, despite this, the computed variable temperature
magnetic susceptibility curve is very similar to that reported
experimentally in previous work™ In 4, the anisotropy is
typically perpendicular to the aromatic sandwich ligands in
agreement with the high symmetry of the complexes. In the
case of the X-ray structures, the anisotropy is not perfectly
perpendicular to the Cot plane but crosses the two ligands in
the approximate position of the n-centroid of the Cot ligands
and the n’-centroid of the Cnt ligand (Figure 3). In turn, this
does not impact the magnetic properties and the magnetic
barrier of 251 cm™' measured in previous work. According to
the computations, the barrier is therefore of good agreement
with a thermally accessed QTM via the second excited state.

1 2 3 4 5
Tb Dy Ho Er Tm

150k @ éw\g g q?f

ORI N 4

Figure 6. Computed structures of 1-5 at 150 and 300 K and ground-state
anisotropy axis (not represented for Tb due to planar anisotropy).

L
300K @
e
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In 5, the computations indicate a ground state with pure
m,= £ 6, in agreement with the experimental low temperature
yuT value. The first excited state is found 431 cm™' above and is
pure m,= +5. The large gap between the ground and first
excited state contrasts with the experimental curve shape that
increases relatively fast between 2 and 50 K, which would agree
with a Boltzmann population of lower excited energy states.

The overall splitting is 770 cm™".

Conclusion

In conclusion, we report the synthesis and characterization of a
series of heteroleptic late trivalent lanthanide complexes from
Tb to Lu with the dianionic Cot and the monoanionic Cnt
ligand. The terbium complex adopts a linear structure in which
both ligands are aligned and their hapticity is n® for the Cot and
n° for the Cnt ligand. However, the latter was shown to partially
isomerize over time. This yields a structure, in which one of the
carbon atoms of the Cnt moves inside the ring, giving a cis-cis-
cis-trans motif and modifying the overall hapticity of the ligand
from nine to eight. The isomerization process has been tracked
by 'H NMR spectroscopy and X-ray crystallography. From Dy to
Lu, the complexes are highly disordered, which makes the
analysis more difficult. The solid-state bond metrics show that
the Cnt ligand curves with several carbon atoms being moved
away from the metal center. The data follow well the ionic
contraction of the lanthanide with the Lu complex being the
most distorted one. In solution, in the 183-273 K temperature
range, the ligand signal is single and remains flexible as
observed by 'H NMR spectroscopy. The temperature-dependent
magnetic data show that the presence of large aromatic ligand
suits the prolate ions Er and Tm particularly well. However, only
the Er analogue was shown to exhibit SMM behavior.** The ab
initio wavefunction-based computations insist on the role of the
ligand geometry on the nature of the ground state and indicate
that the deviation of the linearity of the Cnt ligand does not
affect the anisotropy in the prolate ions significantly, while this
modulates the composition and the ratio of the mixed m, states
of the non-adapted oblate ions. Together, the data strongly
indicate that the coordination versatility of the Cnt ligand might
be a great tool for the modulation of the physical properties of
lanthanide complexes.

Experimental Section

General considerations: All reactions were performed using
standard Schlenk-line techniques or in an argon filled glovebox
(MBraun). All glassware was dried at 140°C for at least 12 h prior to
use. THF, DME, toluene and toluene-dg were dried over sodium,
degassed and transferred under reduced pressure in a cold flask.
Tml;, Erl;, Hol;, Dyl; and Tbl; were purchased from Sigma Aldrich
and used without further purification. NMR spectra were recorded
in 5 mm tubes adapted with a J. Young valve on Bruker 300 MHz
Avance Il spectrometers. Chemical shifts are expressed relative to
TMS in ppm. Infrared (IR) spectra were recorded at room temper-
ature under argon on a Thermo Scientific Nicolet iS5 spectrometer
equipped with the iD7 ATR-Diamond unit. Magnetic measurements
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were obtained in a Quantum Design MPMS-XL SQUID magneto-
meter. An applied magnetic field of 2 kOe is used in the temper-
ature range 2-20 K, and 10 kOe for temperatures above 20K, for
the yuT vs. T curves. To avoid reorientation and sample degradation
the microcrystals are trapped and slightly pressed between quartz
wool and sealed in quartz tubes or were fixated with dried and
degassed eicosane in flame sealed quartz tubes.

Crystal-structure analysis: Deposition Numbers 2073511 (for [Tb-
(Cot)l(thf),]), 2073512 (for [Ho(Cot)l(thf),], 2073513 (for [Lu-
(Cot)(BH,)(THF)1,), 2073514 (for 1 at 150 K), 2073515 (for 1 at 300 K),
2073516 (for 2 at 150 K), 2073517 (for 2 at 300 K), 2073518 (for 3 at
150 K), 2073519 (for 3 at 300 K), 2073520 (for 4 at 150 K), 2073521
(for 4 at 300 K), 2073522 (for 5 at 150 K), 2073523 (for 5 at 300 K),
2073524 (for 6 at 150 K), 20735325 (for 6 at 300 K), 2073526 (for 1’
at 150 K), 2073527 (for 1” at 150 K), 2073528 (for 5 at 100 K),
2073529 (for 5 at 200 K), 2073530 (for 5 at 250 K), 2073531 (for 2b
at 150 K) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

Syntheses

[Er(Cot)I(thf)l: The complex was synthesized as previously
described."" A similar procedure was used for the other late
lanthanides. [Lu(BH,);(thf);] was synthesized using the procedure
reported for the Nd analogue."”

[Tb(Cot)I(thf)]: A cold thf solution (-40°C) of K,Cot (4 mL, 117 mg,
0.64 mmol, 1equiv) was added to a stirred cold (—40°C) thf
suspension of Tbl; (3 mL, 346 mg, 0.64 mmol, 1 equiv). The mixture
was allowed to warm to room temperature (r.t.) and was stirred for
16 h. The resultant light yellow suspension was filtered through a
frit and the filtrate dried under reduced pressure. The solids were
suspended in 5 mL thf and heated to 60°C forming a deep yellow
solution. Diethyl ether was layered on the top and the solution was
stored at —40°C. Yellow needles of the desired compound formed
slowly (181 mg, 53%). '"H NMR (300 MHz, thf-dg, 293 K): & (ppm),
194.92 (s br, 8H), coordinated thf molecules are not visible. IR (ATR):
v'=2970 (br m), 2889 (m), 1859 (w), 1753 (w), 1616 (w), 1556 (w),
1444 (br m), 1343 (w), 1309 (w), 1245 (w), 1180 (w), 1011 (vs), 895
(s), 860 (vs), 775 (m), 749 (m), 708 (vs), 667 (s), 573 (m) cm™". Anal.
Calcd. for C,gH,,l0,Tb (534.19): C, 35.97; H, 4.53; Found: C, 35.77; H,
4.56.

[Dy(Cot)I(thf)]: A cold thf solution (-40°C) of K,Cot (5 mL, 138 mg,
0.76 mmol, 1 equiv) was added to a stirred cold (—40°C) thf
suspension of Dyl; (10 mL, 411 mg, 0.76 mmol, 1equiv). The
mixture was allowed to warm to r.t. and was stirred for 16 h. The
resultant light yellow suspension was filtered through a frit and the
filtrate dried under reduced pressure. The solids were suspended in
8 mL thf and heated to 60°C forming a deep yellow solution.
Diethyl ether was layered on the top and the solution was stored at
—40°C. Yellow needles of desired compound formed slowly
(265 mg, 63%). 'H NMR (300 MHz, thf-dg, 293 K): & (ppm), 88.66 (s
br, 8H), coordinated thf molecules are not visible. IR (ATR): v-=2951
(br m), 2889 (m), 1858 (w), 1752 (w), 1614 (w), 1554 (w), 1453 (br
m), 1343 (w); 1309 (w), 1256 (w), 1178 (w), 1010 (vs), 895 (s), 860
(vs), 750 (m), 705 (vs), 670 (s), 575 (m)cm . Anal. Calcd. for
Cy54H10,10,Dy (537.77): C, 33.03; H, 3.91; Found: C, 32.94; H, 4.07.
The number of thf was decreased upon drying.

[Ho(Cot)I(thf)]: A cold thf solution (-40°C) of K,Cot (5 mL, 223 mg,
1.22 mmol, 1equiv) was added to a stirred cold (—40°C) thf
suspension of Hol; (668 mg, 1.22 mmol, 1 equiv). The mixture was
allowed to warm to r.t. and was stirred for 16 h. The resultant light
yellow suspension was filtered through a frit and the filtrate dried
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under reduced pressure. The solids were suspended in 7 mL thf and
heated to 60°C forming a deep yellow solution. Diethyl ether was
layered on the top and the solution was stored at —40°C. Yellow
needles of desired compound formed slowly (583 mg, 88%). 'H
NMR (300 MHz, thf-dg, 293 K): 6 (ppm), 70.88 (s br, 8H), coordinated
thf molecules are not visible. IR (ATR): v'=2969 (br m), 2888 (m),
1852 (w), 1747 (w), 1601 (w), 1441 (br m), 1343 (w), 1212 (br w),
1008 (vs), 856 (vs), 750 (m), 704 (vs), 645 (s) cm™". Anal. Calcd. for
Cy6H5410,Ho (540.20): C, 35.57; H, 4.48; Found: C, 35.63; H, 4.53.

[Tm(Cot)I(thf)]: A cold solution (—40°C) of K,Cot (3 mL, 32 mg,
0.177 mmol, 1 equiv) was added to a stirred cold (—40°C) thf
suspension of Tml; (5 mL, 95 mg, 0.17 mmol, 1 equiv). The mixture
was allowed to warm to r.t. and was stirred for 16 h. The resultant
light yellow suspension was filtered through a frit and the filtrate
dried under reduced pressure. The solids were suspended in 7 mL
thf and heated to 60°C forming a deep yellow solution. Diethyl
ether was layered on the top and the solution was stored at —40°C.
Yellow needles of desired compound formed slowly (54 mg, 57 %).
The 'H NMR (300 MHz, thf-ds, 293 K) remained silent. The com-
pound was previously published by Fedushkin et al."™®

[Lu(Cot)(BH,)(thf)] : A cold solution (-40°C) of K,Cot (61 mg,
0.33 mmol, 1equiv) was added to a stirred cold (—40°C) thf
solution of [Lu(BH,);(thf);] (145 mg, 0.33 mmol, 1equiv). The
mixture was allowed to warm to r.t. and was stirred for 16 h. The
resultant light yellow suspension was filtered through a teflon
syringe filter. The filtrate was concentrated under reduced pressure
until incipient crystallization and stored at —40°C to afford the title
compound as light yellow crystals (117 mg, 0.27 mmol, 81%).
Recrystallization from toluene led to the decoordination of one thf
molecule and formation of [(Cot)Lu(BH,)(thf)], as colorless crystals
suitable for X-ray diffraction studies. '"H NMR (300 MHz, thf-d,
293K): & (ppm), 6.31 (s, 8H, Cot), 3.68-3.59 (m, ca. 4H, OCH,
coordinated thf), 1.84-1.74 (m, ca. 4H, OCH,CH, coordinated thf),
0.04 (1:1:1:1 quartet 'Jp;=83.0 Hz, 4H, BH,). >*C® NMR (75 MHz,
thf-dg, 293 K): & (ppm), 92.6 (Cot), 68.0 (OCH, coordinated thf), 26.1
(OCH,CH, coordinated thf). IR (ATR): v-=3021 (w), 2989 (w), 2930
(br m), 2889 (m), 2426 (m), 2272 (s), 2239 (s), 2164 (m), 2040 (w),
1855 (w), 1746 (w), 1610 (w), 1494 (w), 1453 (m), 1316 (br m), 1245
(m), 1213 (w), 1092 (s), 1012 (vs), 898 (s), 877 (vs), 752 (m), 706 (vs)
cm-1. No satisfactory EA was obtained.

[Tb(Cot)(Cnt)] (1°): A brown acetonitrile solution of KCnt (2 mL,
42 mg, 0.27 mmol, 1.1 equiv) was added at rt. to a toluene
suspension of [Tb(Cot)l(thf),] (10 mL, 149 mg, 0.25 mmol, 1 equiv).
The resulting suspension was left to stir at r.t. for 12 h and was then
dried under reduced pressure. The pale-yellow residue was
suspended in toluene (5 mL). After 1 h of stirring, the volatiles were
removed under reduced pressure and the residue was further dried
for 5 h at r.t. and extracted in several crops with large amounts of
toluene. The pale-yellow solution was filtered and cooled at —40°C
yielding X-ray suitable pale yellow needles of 1 (32 mg, 29%). 'H
NMR (300 MHz, toluene-dg, 293 K): & (ppm), 246.3 (s, 8H, Cot), 101.6
(s, 9H, Cnt). The 'H NMR evolves with time and crystals of 1’ can be
obtained after few days. IR (ATR): v-=3006 (m) 2920 (s), 2851 (s),
1935 (w), 1853 (w), 1746 (w), 1602 (w), 1551 (w), 1493 (w), 1457 (m),
1375 (w), 1313 (w), 1018 (w), 892 (vs), 846 (w), 772 (m), 747 (s), 704
(vs), 654 (vs) cm™". Anal. Calcd. for C,,H,,Tb.0.2 Toluene (398.67): C,
55.43; H, 4.70; Found: C, 55.35; H, 5.03.

[Tb(Cot)(Cnt)] (1”): Toluene (20 mL) was condensed to a mixture of
KCnt (30.0 mg, 0.192 mmol, 1 equiv), and [Tb(Cot)I(thf),] (103 mg,
0.193 mmol; 1.01 eq) at —78°C. The resulting suspension was
heated to 150 °C for three hours and immediately passed through a
syringe PTFE-filter, while still hot. Upon slowly cooling the orange
filtrate to r.t., single crystals of 1” suitable for X-ray diffraction were
obtained. Subsequent decantation of the mother liquor and drying
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in vacuo yielded 1” as orange crystalline solid (30.0 mg, 34%).
Raman (solid state, sealed ampule): v [cm™'1=3044 (vw), 3008
(vw), 1515 (vw), 1495 (vw), 750 (s), 660(s), 366 (vw), 280 (w), 239 (s).

[Dy(Cot)(Cnt)] (2): A brown acetonitrile solution of KCnt (2 mL,
47 mg, 0.30 mmol, 1.1 equiv) was added at rt. to a toluene
suspension of [Dy(Cot)I(thf),] (10 mL, 146 mg, 0.27 mmol, 1 equiv).
The resulting suspension was left to stir at r.t. for 12 h and was then
dried under reduced pressure. The yellow residue was suspended
in toluene (5 mL). After 1 h of stirring, the volatiles were removed
under reduced pressure and the residue was further dried for 5 h at
rt. and extracted in several crops with large amounts of toluene.
The yellow solution was filtered and cooled at —40°C yielding X-ray
suitable yellow needles of 2 (62.5 mg, 60%). '"H NMR (300 MHz,
toluene-dg, 293 K): 0 (ppm), 118.7 (s, 8H, Cot), 72.90 (s, 9H, Cnt). IR
(ATR): v-=3005 (br m), 2917 (m), 1970 (w), 1851 (w), 1744 (w), 1601
(w), 1456 (m), 1373 (w), 1313 (w), 1018 (w), 892 (vs), 848 (w), 773
(m), 748 (s), 706 (vs), 654 (vs), 507 (w) cm™~". Anal. Calcd. for C,,H,;,Dy
(383.82): C, 53.20; H, 4.46; Found: C, 53.14; H, 4.48.

[Ho(Cot)(Cnt)] (3): A brown acetonitrile solution of KCnt (2 mL,
60 mg, 0.39 mmol, 1.05equiv) was added at rt. to a toluene
suspension of [Ho(Cot)I(thf),] (15 mL, 189 mg, 0.35 mmol, 1 equiv).
The resulting suspension was left to stir at r.t. for 12 h and was then
dried under reduced pressure. The pale-orange residue was
suspended in toluene (5 mL). After 1 h of stirring, the volatiles were
removed under reduced pressure and the residue was further dried
for 5 h at r.t. and extracted in several crops with large amounts of
toluene. The pale-orange solution was filtered and cooled at —40°C
yielding X-ray suitable pale-orange needles of 3 (77.8 mg, 67 %). 'H
NMR (300 MHz, toluene-dg, 293 K): 6 (ppm), 90.45 (s, 8H, Cot), 59.17
(s, 9H, Cnt). IR (ATR): v"=3003 (br m), 2920 (m), 1969 (w), 1852 (w),
1745 (w), 1602 (w), 1455 (w), 1374 (w), 1313 (w), 1016 (m), 892 (s),
850 (w), 776 (m), 748 (m), 704 (vs), 656 (vs), 506 (m) cm™". Anal.
Calcd. for C;;H;,Ho (386.25): C, 52.86; H, 4.44; Found: C, 52.34; H,
4.53.

[Er(Cot)(Cnt)] (4): A brown acetonitrile solution of KCnt (2 mL,
65 mg, 0.42 mmol, 1.05equiv) was added at rt. to a toluene
suspension of [Er(Cot)l(thf),], (15 mL, 215 mg, 0.40 mmol, 1 equiv).
The resulting suspension was left to stir at r.t. for 12 h and was then
dried under reduced pressure. The orange residue was suspended
in toluene (5 mL). After 1 h of stirring, the volatiles were removed
under reduced pressure and the residue was further dried for 5 h at
rt. and extracted in several crops with large amounts of toluene.
The orange solution was filtered and cooled at —40°C yielding X-
ray suitable orange needles of 4 (73.6 mg, 63%). '"H NMR (300 MHz,
toluene-dg, 293 K): & (ppm),-5.01 (br s), —128.7 (br s). IR (ATR): v' =
3030 (br m), 2959 (s), 2921 (m), 2851 (m), 1966 (w), 1854 (w), 1748
(w), 1604 (br w), 1451 (w), 1376 (w), 1313 (w), 1259 (s), 1087 (s),
1014 (s), 892 (s), 797 (s), 748 (m), 702 (vs), 657 (vs), 505 (m) cm™".
Anal. Calcd. for C;,H;,Er (388.58): C, 52.55; H, 4.41; Found: C, 52.80;
H, 5.04.

[Tm(Cot)(Cnt)] (5): A brown acetonitrile solution of KCnt (2 mL,
65 mg, 0.42 mmol, 1.05equiv) was added at rt. to a toluene
suspension of [Tm(Cot)I(thf),] (15 mL, 217 mg, 0.40 mmol, 1 equiv).
The resulting suspension was left to stir at r.t. for 12 h and was then
dried under reduced pressure. The salmon-orange residue was
suspended in toluene (5 mL). After 1 h of stirring, the volatiles were
removed under reduced pressure and the residue was further dried
for 5 h at r.t. and extracted in several crops with large amounts of
toluene. The salmon-orange solution was filtered and cooled at
—40°C yielding X-ray suitable salmon-orange needles of 5
(74.6 mg, 48%). 'H NMR (300 MHz, toluene-ds, 293 K): & (ppm),
—23.21 (br s), —235.8 (br s). IR (ATR): v'=2998 (br m), 2920 (m),
2852 (m), 1965 (w), 1856 (w), 1753 (w), 1451 (w), 1314 (w), 1259 (w),
1016 (m), 893 (s), 781 (s), 749 (m), 703 (vs), 658 (vs), 505 (m) cm™".
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Anal. Calcd. for C;;H,;Tm (390.25): C, 52.32; H, 4.39; Found: C, 52.80;
H, 4.64.

[Lu(Cot)(Cnt)] (6): A mixture of [Lu(Cot)(BH,)(thf)]l, (146 mg,
0.33 mmol) and KCnt (52 mg, 0.33 mmol) in toluene (15 mL) was
heated at 110°C for 16 h and was then dried under reduced
pressure for 2 h. The light yellow residue was extracted with hot
toluene. The yellow filtrate was stored at —40°C yielding yellow
needles of 6 suitable for X-ray diffraction studies (44 mg,
0.11 mmol, 34%). '"H NMR (300 MHz, toluene-dg, 293 K): & (ppm),
6.54 (s, 9H, Cnt), 5.83 (s, 8H, Cot). *C™®' NMR (75 MHz, toluene-ds,
293 K): 8 (ppm), 107.8 (Cnt), 93.5 (Cot). IR (ATR): v'=2992 (br m),
1963 (w), 1857 (w), 1748 (w), 1604 (w), 1490 (w), 1447 (w), 1375 (w),
1313 (w), 1158 (w), 1018 (w), 892 (vs), 780 (m), 750 (m), 704 (vs),
662 (vs), 502 (w) cm™". Anal. Calcd. for C,,H;,Lu (396.29): C, 51.52; H,
4.32; Found: C, 51.16; H, 4.34.
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Resumé détaillé

Ce manuscrit regroupe mes travaux effectués dans le cadre des recherches menées dans notre
groupe sur la synthése, la caractérisation et 1’étude en réactivité de complexes hétérobimétalliques
combinant un lanthanide divalent, un ligand rédox-actif et un métal de transition. Afin de mieux
comprendre 1’intérét et le potentiel de ces architectures originales, le premier chapitre de cette thése
propose d’étudier un phénoméne physico-chimique particuliérement intéressant, la valence
intermédiaire dans les composés moléculaires de lanthanide. En effet, grace a leurs propriétés
électroniques atypiques découlant du peuplement des orbitales 4f, certains composés de lanthanide
ne peuvent étre considérés comme ayant un ion métallique dans un état d’oxydation formel entier
mais plutot comme un mélange de plusieurs configurations, dans lesquelles I’ion peut se présenter a
différents degrés d’oxydation. Si ce comportement original a d’abord été considéré par des
expérimentateurs pour répondre a de singulieres signatures spectroscopiques, il a ensuite créé de
nombreux débats chez les chimistes théoriciens comme 1’illustre la riche littérature tournant autour
du cérocene, Ce(Cot).. Parmi les exemples marquant de composés a valence intermédiaire, les adduits
N-hétérocyclique de I’ytterbocene, Cp*2Yb(L) (L = bipy, phen, dad), ont notamment permis de
rationnaliser et de mettre a profit I’existence de ce phénomene en observant différentes réactivités.
Ces changements ont notamment pu étre directement corrélés a la modulation de 1’énergie relative et
de la symétrie des orbitales des deux fragments ytterbium et ligand.

Afin d’aller plus loin dans la compréhension et 1’utilisation de ce genre de systémes, 1’ajout
d’une troisiéme entité, un métal de transition, au moyen d’un ligand pontant comme la bipym a
constitué le point de départ de nombreux travaux effectués ces derniéres années dans notre groupe de
recherche, sur la synthése de composes hétérobimétalliques. Un premier exemple démontrant le
potentiel de ces architectures électroniques originales a notamment été publié en 2017 pour présenter
la stabilisation remarquable d’un complexe de palladium, Cp*>Yb(bipym)PdMesl, grace a I’apport
de la densité électronique transférée du lanthanide au ligand rédox actif. Plus récemment, la
transposition de ce concept a la chimie du nickel a aussi permis de moduler la cinétique d’insertion
d’une molécule de CO dans un liaison Ni-Me.

Dans ce contexte, 1’objectif des travaux de recherches que j’ai effectués ces dernieres années
était de continuer a explorer la réactivité des métaux de transition des groupes 9 et 10
lorsqu’incorporés dans ces architectures hétérobimétalliques. Le but ultime étant, d’une part
d’améliorer grandement leur capacité d’activation de petites molécules comme le méthane, ainsi que
d’étudier la possibilit¢ de développer des systémes catalytiques bénéficiant de ce phénomeéne de

valence intermédiaire.



Dans un premier temps, afin d’agrandir la gamme de précurseurs de lanthanides a incorporer
dans ces assemblages, la synthese de nouveaux composés hétéroleptiques combinant deux larges
ligands aromatiques a été effectué. Ce travail a permis de mieux comprendre la chimie de coordination
du ligand cyclononatétraenyle et de notamment lever le voile sur le changement de son hapticité
suivant la taille du lanthanide utilisé. Compte tenu de la géomeétrie axiale présente dans ces composés,
ils ont aussi été étudiés pour leurs propriétés magnétiques afin d’évaluer leur potentiel en tant que
molécules-aimants.

Ensuite, afin de compléter la série de composés hétérobimétalliques impliquant les métaux du
groupe 10. La synthese, la caractérisation ainsi que des études de réactivité ont été menés a partir de
composés de type Cp*2Yb(bipym)PtMe.,. Grace la stabilité du degré d’oxydation +IV du platine,
plusieurs especes présentant chacune un environnement de coordination légerement différent ont pu
étre caractérisées, ce qui a permis d’observer une modulation de la valence intermédiaire et d’espérer
pouvoir mieux contrdler la réactivité de ces composés hétérobimétalliques, notamment en favorisant
la prédominance d’un état électronique plutot qu’un autre.

Les essais de réactivités menés avec ces composés comportant du platine, ont pu par la suite
étre transposé a la chimie du nickel. L’activation par un simple produit organique, le catecholborane,
du complexe Cp*.Yb(bipym)NiMe: a été étudiée car constituant une méthode simple et efficace pour
obtenir un centre métallique a un bas degré d’oxydation. Afin d’en explorer la réactivité, ce composé
a basse valence a été engagé dans un systéme catalytique d’isomérisation d’alcénes. Si le pré-
catalyseur hétérobimétallique s’est montré performant a basse charge catalytique, 1%, son homologue
monomeétallique, (bipy)NiMez, s’est avéré inefficace. Des études mécanistiques et théoriques ont
alors permis d’expliquer cette différence, le nickel se présentant au degré d’oxydation +I dans le
premier cas et +0 dans le second.

Enfin, la synthése et la caractérisation sans précédents d’un complexe palladium tétraméthyle
éte effectuée a partir du complexe Cp*2Yb(bipym)PdMesl et d’un simple réactif de Grignard. L’étude
de sa dégradation a permis de confirmer que sa stabilité était accrue grace a la substitution du ligand
iodure, a I’origine de la fragilité des especes de type PdMesl. Le remplacement d’un groupement
méthyle par un éthyle a pu aussi étre effectué pour confirmer I’absence d’élimination de B-hydrure.
Cela a de surcroit, permis d’observer que 1’élimination réductrice de propane était favorisée par
rapport a celle d’éthane, un résultat peu commun, et de se tourner vers la possibilité d’effectuer des

couplages croisés de type alkyle-alkyle via un cycle catalytique Pd'/Pd'V.
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Résumé : L’objectif de ces travaux a été d’étudier de
nouveaux composés hétérobimétalliques combinant
un lanthanide divalent, un ligand rédox-actif et un
métal de transition. Si 1’association des deux
premiers composants a déja fait couler beaucoup
d’encre, étant donné que ces architectures peuvent
induire une valence intermédiaire, seulement un
nombre limité de travaux récents ont étudié la
possibilité d’ajouter le troisiéme ingrédient et
d’étudier I’impact de ce phénomeéne sur sa réactivité.
Dans un premier temps, afin d’agrandir la gamme de
précurseurs de lanthanides a incorporer dans ces
assemblages, la synthése de nouveaux composés
hétéroleptiques combinant deux larges ligands
aromatiques a été effectué. Ce travail a permis de
mieux comprendre la chimie de coordination du
ligand cyclononatetraenyle et de notamment lever le
voile sur le changement de son hapticité suivant la
taille du lanthanide utilisé. Ces composés ont aussi
montré de prometteuses propriétés magnétiques

liées a leur architecture. Afin de compléter une série
de composeé hétérobimétalliqgues impliquant les
métaux du groupe 10, la synthése, la caractérisation
ainsi que des études de réactivité ont été menés avec
du platine ce qui a permis d’observer la modulation
de la valence intermédiaire induite par la variation de
I’environnement de coordination du Pt. Les essais de
réactivités menés avec ces composes ont pu étre
transposé au nickel menant & un bas degré
d’oxydation qui s’est montré efficace quant a
I’isomérisation d’alcénes via un mécanisme original,
impliguant de  multiples transferts  mono-
électroniques entre les différents fragments du
catalyseur. Enfin, la synthése et la caractérisation
sans précédents de complexes de palladium stables,
supportés par quatre groupements hydrocarbonés a
pu étre effectuée et 1’étude de sa dégradation a ouvert
de nouvelles perspectives quant a son usage pour le
couplage de deux atomes Csp3.

Title: Divalent lanthanide-induced intermediate valence in heterobimetallic complexes: Impact on transition

metal reactivities

Keywords : Intermediate valence, Redox-active ligands, Heterobimetallic complexes

Abstract: This work aimed to widen the scope of
accessible heterobimetallic compounds combining a
divalent lanthanide, a redox-active ligand and
transition metal center. While the association of the
first two components was already extensively
studied, as such architectures can induce intermediate
valence, only a limited number of recent works
investigated the addition of the third ingredient to
study the impacted transition metal reactivity. In
order to extend the possible choice of lanthanide
precursors to involve in these assemblies, the
synthesis of original heteroleptic trivalent precursors
with large aromatic ligands was performed. This
work permitted to further study the coordination
chemistry of the rarely used cyclononatetraenyl
ligand and uncover a lanthanide size-induced
hapticity switch in the series of prepared compounds.
Such compounds were also found to have a

promising design for slow magnetic relaxation
processes. In order to fully cover the group 10
transition metal that can be involved in
heterobimetallic complexes, the synthesis as well as
extensive characterization and reactivity studies were
conducted with platinum and allowed to observed a
modulation of the intermediate valence upon the
tuning of the coordination environment of the Pt
center. The reactivity trials conducted with these
compounds led to the investigation of low-valent
nickel reactivity toward alkene isomerization and an
original mechanism based on the shuttle of electrons
between the Yb, the 2,2’-bipyrimidine ligand and the
Ni center was elucidated. Finally, the synthesis and
characterization of  unprecedented tetraalkyl
palladium complexes with a high stability was
achieved and the study of its degradation opened new
perspectives for Csp3-Csp3 coupling reactions.
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