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/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).126-%"1

0 1) Sml, THF OH
HMPA
CH3(CH2)nX + C,H5™ “CyHs Csz#\(CHz)nCHs
2) Hz0* CoHs
X=8Br, |
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 50,3 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
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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).5537

A
Transition metal
linked to
redox-active
& ligand
)
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-
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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-
ods®”*® 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=0-CsHs) complexes (Table 1).156-8
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 [LnCps;] com-
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Table 1. General structure of the [LnCp;] complexes and magnetic data
at room temperature (295-300 K) for selected compounds.

‘Ln’
(&)

[LnCp3]
Ln Electronic Ground state Exptl. Calcd.
configuration of of metal ion Uett® Ut
metal ion
ce" 4f ., 246 2.54
Eu" 4f° "Fo 3.749 3.40-3.61"
3.66"
Yb'! 43 L 4.00 454
Lu" 414 '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

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 g 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 4 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 [YbCps]. 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 pg."”
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™").7” 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).4%!
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, 1-21 www.chemeurj.org

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" [CeCps], 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-

Me;Si

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 (¢ ca. 1000) were assigned to ligand-to-metal charge-
transfer transitions. The substituted cerocene [Ce(Cot”),]
(Cot” =n?1,4-(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 et al. 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."”1% 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 M;,-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.2%1%61991M 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-
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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.”>"¥ 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 L;-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.

A
"= B+ A M

For cerocene, the estimated value n;=0.89 +0.03 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

GCelv > Cell

@.
@

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% 11 ¢ 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 CeO, (ca. 44%).""" Howev-
er, this Ce" contribution to the ground state is much lower
than that established by L;-edge XANES spectroscopy
(89%).“05]

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.'% 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 19905, 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)'"7],) and
the closed-shell singlet Ce" Lf° (or Ce**[(Cot)*"1,), 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 +Ill oxidation state. In 2014,
MooBen 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-

L 4f L 4f

=
oie fls - S ide
cos a -sina

L
CeIV
=25 sin o cos a a=-4.5

T

Figure 6. Representation of the two extreme cases of orbital rotation high-
lighted in MooBen and Dolg’s work of 2014.

Celll

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 + IV (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

PrsSi

ent representation and different contributions (see Figure 6). i PrsSi 7N, Ce
By incrementing this, MooBen and Dolg highlighted two ex- \;Gﬁ/ <®I®\> <®I©>
treme cases, on the one hand the purest m and 4f orbitals can SiPr
be created with a=25° leading to a’ being approximately i
[Ce(Pn™),] [Ce(Pn");] [Ce(Pn);]

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-

Chem. Eur. J. 2021, 27, 1-21

These are not the final page numbers! 22

www.chemeurj.org

9

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 ((25.04+0.1)x10* and (4.54+0.3)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
(¢ =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;=0.8740.05 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 = orbitals was ob-

[48,49]

Chem. Eur. J. 2021, 27, 1-21 www.chemeurj.org

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
ionic 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-

R R ~
R =R W
N—N\ <N
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{ ; . b
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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.

closed-shell, Ce(Il, 2)(L-%4),
closed-shell singlet, Ce(IV, f)(L+4),

triplet (open-shell), Ce(IIL, f')(L34),

TP e
| -

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 L;-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).*?% 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.?"??

tBug\l
EtzNﬁL?- t
SiPh, o
. . N
Ph3S|\ e} /SIPh3 bl | ‘BuN’\
o, | .0 \ M, =Pt
"-M4+ tBuN_p:N/ N N"r\'N Bu
7N N NEt
P | Sneme EtN ! 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%50.51.84105142-147 Thasa compounds provide strong

- AP G g
::Yb:’:é\/; :,‘Yb';‘\zj :%;“L%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.®*'*? In 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 259 A
(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 y
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.”" %33 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)[120121:123.153) £5]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."™”
2 = N
P)ﬁ Bu—= 4 N N )
B L bi ] bi SN E SN
Py = py NG SN
N= Tm
= 7 :

. Tm m\‘
Bu_ ! ; -1/2 (Dtp),
V=t ‘Bu\é\ '
gé\ )
Pt P:<‘Bu 'Bu/?d‘Bu
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 ' 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)]1.%¥ 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.

Pm + AL Hu

o= = 2
1+ 245y + A2 Ey—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°.. Sy, 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, Hy, 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.

Chem. Eur. J. 2021, 27, 1-21 www.chemeurj.org

Intermediate valent singlet states

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).

1.2
1
0.8 °
-
& 0.6 K bipy
® dad
0.4
° ® phen
0.2 °®
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®'*>'%>'¢% 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.

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 ©t* orbitals accepting electronic densi-
ty and forming multiple intermediate-valent singlet states below the triplet.
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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, 5>

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%™%7 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).
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Figure 15. Representation of the mt* orbitals for bipy and phen and number-
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.“63_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 %441 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-

,%@E — ,:Ybi: ZBR ,ini\H

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 m*
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
HAI[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).2? 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

jéxz/ (bipym)PdMe, \/éz/ Mel jé%/

b— \N N, Pl \Me —N

Yb—OEt, Yb\ I >d N;( ri
)

W)
Scheme 6. Heterobimetallic Yb-Pd association leading to the stabilisation of
a Pd" oxidation state.*?

Z
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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, (bijcarbonate, 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'®?

[(LOE),CeO(H,0)]

e |

Il <> celV
Reductive insertion - Ce" [ Ce Ce I 1,2-insertion - Ce!V

Scheme 7. Schematic representation of the reactivity of the oxocerium com-
plex [(Log),CeO(H,0)].017
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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 m-
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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Intermediate valence states: This
review summarizes the spectroscopic

I Lanthanide Complexes

and magnetic singularities gathered M. Tricoire, N. Mahieu, T. Simler,* o
over more than 50 years and pointing G. Nocton*
to intermediate valence states in lantha- EE-EE

nide compounds. This substantial body
of evidence, supported by advanced
computational studies, bolsters ground-
state multiconfigurational behaviour.
Understanding and tuning these effects
through symmetry and energy consider-
ations paves the way to novel and un-
usual reactivities.

Intermediate Valence States in
Lanthanide Compounds

Intermediate valence states in lanthanide compounds have often resulted in
unexpected or puzzling spectroscopic and magnetic properties. In their Review on
page H M ff., Thomas Simler, Grégory Nocton and colleagues highlight the different
singularities that have been observed among lanthanide complexes, detail the models
used to rationalise them and show how such electronic effects may be adjusted
depending on energy and symmetry considerations.
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