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The chemistry of lanthanides is limited to one electron transfer reactions due to the difficulty of accessing
multiple oxidation states. Here we report that a redox-active ligand combining three siloxides with an arene
ring in a tripodal ligand can stabilize cerium complexes in four different redox states and can promote
multielectron redox reactivity in cerium complexes. Ce(in) and Ce(v) complexes [(LO3)Ce(THF)] (1) and
[(LOs)CeCll (2) (LOs = 1,3,5-(2-OSi(O'Bu),CsH4)sCsHs) were synthesized and fully characterized.
Remarkably the one-electron reduction and the unprecedented two-electron reduction of the tripodal
Ce() complex are easily achieved to yield reduced complexes [K(2.2.2-cryptand)][(LOs)Ce(THF)] (3) and
[Ko{(LO3)Ce(Et,O)3}] (5) that are formally “Ce(1)” and "Ce())" analogues. Structural analysis, UV and EPR
spectroscopy and computational studies indicate that in 3 the cerium oxidation state is in between +II
and +lll with a partially reduced arene. In 5 the arene is doubly reduced, but the removal of potassium
results in a redistribution of electrons on the metal. The electrons in both 3 and 5 are stored onto 3-
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bonds allowing the reduced complexes to be described as masked “Ce(n)” and "Cel)".

Preliminary

reactivity studies show that these complexes act as masked Ce(n) and Ce() in redox reactions with
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Introduction

The chemistry of lanthanides in molecular complexes was for
a longtime limited to the +3 oxidation state and to one-electron
transfer reactions for the few accessible redox couples (Ce*"'**,
Sm*7**, Eu®"**, and Yb*/*).* Only in 2013 all lanthanide ions
(except the radioactive promethium) have been isolated in the
+1I oxidation state in molecular complexes expanding signifi-
cantly the knowledge of this oxidation state."> Molecular
species containing rare earths in the +I oxidation state remain
elusive with only an example of formal Sc(1) reported 25 years
ago,’ and so far the +I oxidation state in f element chemistry has
been limited to a single U(1) complex* or gas phase and solid-
state species.>®
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oxidizing substrates such as Ag*, CO,, |, and Sg effecting both one- and two-electron transfers that are
not accessible in classical cerium chemistry.

The redox chemistry of the cerium ion in particular has
received large attention,” which mostly focused on Ce(u)/Ce(1v)
oxidation chemistry because of its application in organic
synthesis, catalysis and materials science. In contrast, mono-
nuclear Ce(u) complexes remain limited to five examples shown
in Fig. 1.2*%%*° including four cyclopentadienide derivatives
(complex A in Fig. 1) and the aryloxide complex (complex B in
Fig. 1). The redox reactivity of these complexes has not been so
far investigated.

Three additional examples of Ce in the +2 oxidation state have
been identified in multimetallic arene sandwich compounds.’ In
particular, inverse sandwich complexes of cerium(u) were isolated
by reduction of Ce(m) cyclopentadienyl complexes.’*** Remarkably,
the Evans group showed that the four electrons stored in the
[K(2.2.2-cryptand)],[(Cp2-Ce), (1-ng:Ne-CeHs)]  complex, best
described as a Ce(u)-arene® -Ce(u) species,'” become available for
the reduction of substrates suggesting that the association of
cerium and redox-active ligands may provide an entry into multi-
electron redox chemistry usually non-accessible for lanthanides.
Besides these results, the use of redox-active ligands in low valent
lanthanide chemistry remains poorly developed especially in
comparison to d-block metals."™*

Meyer and coworkers reported tripodal ligands (((ArO)s-
mes)*”) that incorporate an arene ring as part of a potentially
redox-active chelating ligand and showed that these ligand were
able to promote unusual reactivity and stabilize the +2 oxidation
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Fig. 1 Ce(n) Complexes (chelate = 2.2.2-cryptand or 18-crown-6).

state in f element chemistry.'” More recently, Evans and Meyer
showed that reduced lanthanide complexes of the tripodal
(((ArO);mes)®*”) ligand could be isolated for all lanthanide
ions*** and they act as electrocatalysts for water reduction.’**
Interestingly, the ligand was found to stabilize the low valent
oxidation state even for highly reducing Ln** ions such as
Nd***" but could also act as a redox-active ligand for some
lanthanide ions. In particular the reduced Ce complex of the
((*¥™eAr0);mes)*~ ligand was identified as Ce(ur) with a nega-
tive charge localized on the arene anchor of the tripodal ligand
(complex C in Fig. 1)."**

Ligand-based C-H bond activation and loss of hydrogen can
also occur under reducing conditions for the aryloxide-arene
tripodal ligand ((*™°ArO);mes)*”, to form a tetraanionic
ligand (((*“°ArO);mes)"") leading to the formation of Ln(im)
hydride complexes." Such reactivity may limit the possibility of
accessing higher degrees of Ln reduction.

In our group we showed that the tert-butoxy siloxide ligand
can stabilize the cerium cation in different oxidation states (+IV
to +1II), but the reduction of Ce(v) with excess KCg resulted in the
partial loss of the supporting ligand leading to the isolation of
the tetradecker sandwich complex [K(2.2.2-crypt)],[{(KL;Ce)(p-
n%n°C,Hg)},Ce] (complex D in Fig. 1). Complex D contains
Ce(n) in a 4f> configuration and doubly reduced toluene mole-
cules involved in delta bonds with the 4f orbitals of cerium.
Inspired by the molecular and electronic structures of
complexes C and D we reasoned that combining three siloxides
with an arene ring in a tripodal ligand should lead to the
isolation of a series of cerium in different oxidation states and
enable a novel route to controlled multi-electron redox chem-
istry in cerium compounds.
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Here we report a new ligand 1,3,5-(2-HOSi(O'Bu),CsH,)3-
CeH3, and its cerium complexes and show that four different
redox states are accessible for this system enabling one- and

two-electron transfer reactions with various substrates.

Results and discussion
Tripodal ligand

The tripodal tris(di-tert-butoxylsilanol) arene ligand, 1,3,5-(2-
HOSi(O'Bu),C¢H,);CeH;, L(OH);, was prepared from commer-
cial products on a gram scale in a three step synthesis (Schemes
S1t and 1) with a procedure analogous to that reported for the
tri-diphenylsiloxide arene ligand." Colorless crystals of the
tripodal ligand (L(OH);) were isolated from hexane at room
temperature by slow evaporation. The solid-state molecular
structure of L(OH); as determined by an X-ray diffraction study
shows that the three silanol groups are connected by hydrogen
bonds that hold the three silanols in the same plane (Fig. S797).

Reduction with 1 equiv. KCg of the ligand salt L(OK); obtained
by deprotonation of L(OH); with KHMDS afforded the dark blue-
green potassium salt of the ligand radical [(K(THF)3)(L(OK)5)],
which was isolated in 66% yield and crystallographically charac-
terized (see the ESIT). The reduction of [(K(THF);)(L(OK);)], with
additional KCg only led to decomposition products (Fig. S177). The
molecular structure of [(K(THF);)(L(OK)3)], shows the presence of
a dimeric compound where two tetra-anionic radical tripodal
moieties are held together by six potassium cations binding sil-
oxide groups from the two molecules (Fig. S80t). The structure is
completed by two potassium cations bound to the central arene in
a n°>fashion. The C-C bond distances are slightly longer compared
to the non-reduced ligand (L(OH);). We found that two potassium
ions can be removed by addition of 2 equiv. of 2.2.2-cryptand to
[(K(THF);)(L(OK)3)],, yielding [(K(ctypt))(L(OK);)],. The solid-state
structure of [(K(ctypt))(L(OK);)], was determined by X-ray diffrac-
tion studies and it shows the same dimeric structure as
[(K(THF);)(L(OK)3)],, but the two arene-n®bound K' ions have
been removed from the structure and are found as outer sphere
[K(2.2.2-cryptand)] cations (Fig. 2).

R
R-$iCl R 4 'I‘\‘/\NH
RT, 3 days
Et,0 / H,0
LCl,
R =0'Bu

THF

3 KHMDS, RT
-3 HHMDS
1) KCg ,RT, 2 h, -Cq
2) 2.2.2-cryptand
) cryptan L(OK)s
5 THF
[(K(crypt))(L(OK);)12

Scheme 1 Synthesis of the tripodal ligand L(OH)z and of the ligand
radical salt [(K(crypt))(LIOK)3)l.
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Tripodal Ce(m) and Ce(v) complexes

At first, we pursued the synthesis of the cerium(i) complex of
the ligand L(OH); by protonolysis of the [Ce(N(SiMej),)s]
precursor (Scheme 2). The addition of a THF solution of
[Ce(N(SiMe3),)s] (1 equiv.) to a stirring THF solution of the free
ligand (L(OH)3) (1 equiv.) at —40 °C led to the formation of
a new species and full consumption of the starting materials as
indicated by "H NMR spectroscopy after 16 hours (Fig. S187).
Light-yellow crystals of the complex, [(LO;)Ce(THF)] (1), were
isolated from a concentrated toluene solution at —40 °C. The 'H
NMR spectrum of 1 in THF-dg displayed five paramagnetic
shifted resonances (Fig. S197).

We then investigated the possibility of stabilizing Ce in the +4
oxidation state using the tripodal siloxide framework, L(OH),.
Despite the numerous applications of tetravalent cerium
compounds in organic synthesis and catalysis,*>” the coordination
and organometallic chemistry of cerium(iv) complexes remain still
underdeveloped due to the high oxidizing power of Ce(wv).”*"

Complex 1 did not react with one equivalent of AgCl or
AgBPh, at room temperature or 70 °C after 2 days, as shown by
the "H NMR spectroscopy data (Fig. S44 and S457). The high
stability of 1 toward silver reagents compared to the tetrasil-
oxide complex [KCe(OSi(O'Bu);)4]'* which can be easily con-
verted into the Ce(v) analogue is probably explained by the less
electron-rich character of complex 1. Therefore, we pursued the
synthesis of the Ce(v) complex by an alternative route using
a Ce(wv) precursor. The protonolysis reaction of the heteroleptic
[CeCl(N(SiMes),)s]'” complex with free ligand L(OH); in toluene
solution at room temperature for 3 hours (Scheme 2) resulted in
an orange reaction mixture and full consumption of the starting
material as indicated by "H NMR spectroscopy (Fig. S207).
Light-yellow crystals of complex [(LO;3)CeCl] (2) were isolated
from a concentrated toluene solution at —40 °C and charac-
terized by X-ray crystallography. Complex 2 begins immediately
to decompose back to 1 in THF at room temperature but is
stable in toluene solution at room temperature for up to 2 weeks

Fig. 2 Molecular structure of the monomeric unit L(OK)s in
[(K(crypt))(L(OK)3)],, with thermal ellipsoids drawn at the 50% proba-
bility level. Hydrogen atoms, methyl groups on the —OSi(O'Bu), ligands
and [K(2.2.2-cryptand)] have been omitted for clarity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of complexes 1 and 2.

(Fig. S22 and S$237). These results show that the tripodal LO3*~
ligand allows the access of robust heteroleptic Ce(v) complexes
that provide attractive precursors for oxidative reactivity.

Low-valent tripodal Ce complexes

With the tripodal Ce(m) complex in hand, we set out to inves-
tigate if complex 1 could be further reduced and if lower
oxidation states of cerium could be in reach in the environment
provided by the tripodal siloxide ligand.

The reaction of 1 with 1 equiv. of KCg in THF at —40 °C
resulted in a dark-blue reaction mixture, which displayed only
one broad resonance at 1.59 ppm in the '"H NMR spectrum at
room temperature (Fig. S25t). Attempts to isolated X-ray suit-
able single crystals of this new species proved unsuccessful.
However, the addition of one equivalent of 2.2.2-cryptand and
one equivalent of KCg at —40 °C to 1 (Scheme 3) resulted in
a new set of eight resonances in the 'H NMR spectrum recorded
at room temperature (Fig. S29f). Dark-blue crystals of the
complex [K(2.2.2-cryptand)][(LO3)Ce(THF)] (3) were isolated
from a concentrated Et,O/THF mixture at —40 °C and charac-
terized by X-ray crystallography. Complex 3 is stable in THF at
room temperature for at least for 1 week (Fig. S327).

In complex 3 the apical THF ligand can be easily replaced by
more coordinating ligands. Notably, the reaction of 1 equiv. of
Et;PO with a THF solution of 3 at room temperature (Scheme 3)
resulted immediately in the replacement of the Ce-bound THF
ligand and led to the isolation of dark-blue crystals of the
complex [K(2.2.2-cryptand)][(LO;)Ce(Et;PO)] (4).

The "H NMR spectrum of isolated complex 4 recorded at
room temperature displays two additional broad resonances at
6 1.55 and ¢ 1.06 ppm compared to 3 (Fig. S34t), which were
assigned to the ethyl group in the bound Et;PO. The *'P NMR
spectrum of 4 exhibits a singlet resonance at ¢ 45.06 ppm (Fig.
S357), which is in the range typically observed for phosphine-
oxide complexes.'®

A one-electron reduced cerium tripodal complex was isolated
previously by Evans and co-workers from the reduction of the
tripodal Ce(m) complex [((**™°Ar0O);mes)Ce] with potassium in

Chem. Sci., 2023, 14, 6011-6021 | 6013
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the presence of 2.2.2-cryptand.’* Computational and spectro-
scopic studies led to the assignment of the complex as a 4f"
Ce(ur) complex of the reduced tripodal ligand with a population
of 1.3 electrons on Ce and 0.7 on the mesitylene ring. Further
reduction or reactivity studies with small molecules of this
complex were not reported.

In contrast further reduction of complex 3 was found to
proceed in a controlled manner leading to a main reduction
product.

The addition of two equivalents of KCg to a THF solution of
1 at —40 °C led to a dark-purple reaction mixture (Scheme 3).
The "H NMR spectrum showed that a new species was formed
(Fig. S37t). Dark-purple crystals were isolated from a concen-
trated Et,O/toluene mixture at —40 °C, and X-ray crystallog-
raphy revealed a doubly reduced complex [K,{(LO;)Ce(Et,0)s}]
(5). The "H NMR spectrum of isolated complex 5 recorded at
—40 °C shows 6 sharp and three broad resonances para-
magnetically shifted, between —59.63 and 28.51 ppm (Fig.
S397). Complex 5 is stable in THF at room temperature for at
least for 3 days (Fig. S40t). The addition of 2 equiv. of 2.2.2-
cryptand resulted in a change in the 'H NMR spectrum at —40 ©
C with only three broad resonances observed between 0.85 and
3.18 ppm (Fig. S431) suggesting that the potassium cations are
bound in solution and can be removed by cryptand. Attempts
to isolate X-ray suitable single crystals of this species proved
unsuccessful.

Complexes 3 and 5 can be formally identified as Ce(u) and
Ce(1) species, but reduction could occur on the arene of the
tripodal ligand as previously observed for some of the mono-
reduced [((“*™°ArO);mes)Ln] complexes.'*

6014 | Chem. Sci,, 2023, 14, 6011-6021
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EPR and UV-vis spectroscopy

To investigate the electronic structure of complexes 1, 3, 4, and
5 X-band EPR spectra were recorded for all complexes and for
the ligand radical [(K(crypt))(L(OK);)], (Fig. 3 and S61f).
Complex 1 exhibits a strong and distinct EPR signal with
a major feature at g ~ 1.78 in the frozen-solution state at 6 K
(Fig. 3) in agreement with the presence of an f* Ce(m) species.™

On the other hand, complex 3 exhibits a EPR signal weaker
and broader than 1 in the solid-state at 6 K (g; ~ 3.02 and g, ~
2.31) (Fig. 3, S62 and S64t) which disappears at higher
temperatures (50 K). Since f> Ce(n) would be EPR silent, the
broad and weak nature of the signal for complex 3 could be due
to an f'd" configuration or to the presence of a strong interac-
tion of f* Ce(m) with the ligand radical. Furthermore, the EPR
spectrum of 3 also shows an isotropic signal with a gjs, of 2.0054
which is consistent with the presence of a ligand radical. A
similar signal was also observed in the EPR spectrum recorded
at 96 K reported for the tripodal complex [K(2.2.2-cryptand)]
[(**M°ArO);mes)Ce]*** and assigned to the presence of ligand-
radical character. The EPR spectrum recorded before the addi-
tion of cryptand is very similar to the EPR spectrum of 3 but
more intense (Fig. S65T) suggesting that the electronic config-
uration is slightly affected by the presence of bound potassium.
Moreover, the replacement of the axial THF ligand by Et;OP in
complex 4 also results in a EPR spectrum similar to the one
recorded for 3 (Fig. S667). Finally, complex 5 shows a strong

(1)

(3)

A (5)

(5) + 2 cryptand

I

L 1 1 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000
Magnetic Field (Gauss)

Fig. 3 X-band EPR spectra of complexes 1 (frozen-solution), 3 (solid-
state), 5 (solid-state), and 5 + cryptand (frozen-solution) at 6 K.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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signal in the X band solid-state EPR at 6 K which was best fitted
as a rhombic signal with g, = 0.870, g, = 3.360 and g, < 0.5 (g
could not be observed because it occurs at magnetic fields
outside our accessible magnetic range) (Fig. 3 and S68%). The
observed spectrum is in agreement with the assignment of
complex 5 as Ce(m)(ligand)®>". Similar rhombic EPR spectra
were previously reported for Ce(m) complexes.?® Overall the EPR
spectrum of 5 seems to point toward the presence of a Ce(m)
component. However, the EPR spectrum is very different after
the addition of cryptands showing only a very weak and broad
signal and a strong radical signal at g = 2.0054 (Scheme S2,}
Fig. 3 and S71%). The spectrum suggests that, in the case of the
doubly reduced complex, the removal of potassium results in
a significant change in the electron configuration of the cerium
cation and indicates the presence of Ce(n) and a mono-reduced
arene.

In previous studies of cyclopentadienyl complexes of Ln>*
ions, UV-vis spectroscopy has been crucial for evaluating elec-
tronic configurations.>® We therefore decided to record UV-vis
spectra for complexes 1, 3 and 5.

Complex 1 only shows two intense absorption bands at 210
and 250 nm (Fig. S561) assigned to the ligand (Fig. S55%). The
mono-reduced complex 3 shows the ligand absorption at 210
and 245 nm and three strong absorbances at 375, 545 and
770 nm (Fig. S581) with calculated molar extinction coefficients,
e, of 7077, 3294 and 4045 M~ ' cm™’, respectively. These Apay
and ¢ values are similar to those reported for Ln>" complexes
which have a 4f’5d" configuration (e values range from 3000~
7000 M~ em ™). However, the UV-vis spectrum of the tripodal
ligand radical anion, [(K(crypt))(L(OK)s)], (Fig. S5771), exhibits
similar strong absorbances at 405, 520, and 625 nm with molar
extinction coefficients, ¢, of 14 377, 4462 and 6727 M ' cm ™.
The doubly reduced complex 5 shows different features
compared to complex 3 with two strong absorbances at 405 and
520 nm (Fig. S601) with molar extinction coefficients, ¢, of 5913
and 8681 M~' cm ™, which again could be assigned either to
a different degree of ligand reduction or to a 4f'5d" metal
configuration.

Cyclic voltammetry

Cyclic voltammetry experiments were conducted at ambient
temperature in 3 mM THF solutions (0.1 M [NBu,|[B(C¢Hs)4] as
the supporting electrolyte) of the ligand salt L(OK); and on
complexes 1, 3, and 5 (Fig. 4). Only one reversible redox event
could be clearly identified for the three complexes. The vol-
tammogram of complex 1 shows one chemically reversible
reduction wave at E;,, = —2.90 V, corresponding to the reduc-
tion to complexes 3. The voltammogram of complex 3 confirms
this assignment and has very similar E;, (—2.95 V). The
measured half potential is very similar to that reported for the
ligand-based one-electron reduction of the [((*°Ar0),mes)Ce]
complex.”™* The voltammogram of 5 shows the same redox event
but at slightly shifted (E,,, = —2.81 V) potential probably due to
the presence of coordinating potassium cations in the complex,
which was assigned to the one-electron reduction. Indeed, the
voltammogram of 5 after the addition of cryptands shows

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cyclic voltammograms of complexes 1 (red), 3 (blue), 5 (purple)
and 5 + cryptand (dark-blue) in THF (0.1 M [NBu,4l[BPh,]) at a 250 mV
s~! scan rate versus Fc/Fc* (arrows indicate the scan direction).

a comparable E;,, value at —2.91 V (Fig. 4). The redox event
corresponding to the reduction of 3 to 5 is not observed under
the used conditions.

No reduction waves were observed within the window
permitted by THF in the voltammogram of the ligand salt
L(OK); alone or in the presence of 3 equiv. of cryptand (Fig. S76
and S771), suggesting that the redox events observed in the
voltammograms of 1, 3 and 5 may be assigned to a metal
centered redox reduction (Ce(i)/Ce(r)).

Structural characterization of tripodal Ce complexes

The solid-state structures of complexes 1-5 were determined by
X-ray diffraction studies. The molecular structures of complexes
1-5 are presented in Fig. 5 and the selected structural param-
eters are in Table 1.

Complex 1 displays a mononuclear structure where the
cerium cation is bound by three siloxide oxygens of the tripodal
ligand and one THF molecule and display an additional °
arene interaction with the arene ring. The mean value of the Ce-
O distances of 2.237(3) A is comparable to that reported for the
Ce(m) complex [Ce(OSi(O‘Bu)s);(THF),] (2.246(2) A).>* The
average values of Ce-C distances (3.068(5) A) and the Ce-
Ceentroid distance (2.730(1) A] are in the range of previously re-
ported m-arene-cerium(m) interactions (average Ce-C =
2.95(4)-3.07(7) A and Ce~Ceentroia = 2.607-2.734 A).>> The solid-
state molecular structure of 2 was determined by X-ray diffrac-
tion studies and shows a mononuclear Ce(v) complex. The Ce
center is four-coordinated by three -0Si(O’Bu), groups of the
tripodal ligand and one axial chloride ligand in a pseudo-
tetrahedron geometry. The average value of the Ce-Og;
distances (2.102(6) A) is significantly shorter than those found
in the Ce(w) precursor (1) and reduced species (3-5), indicating
the presence of a Ce(v) center. This value is also comparable to
those found for the previously reported Ce(v) complex
[Ce(0Si(0'Bu);)s] (2.11(3) A). The Ce—Ceeneroia distance
(2.821(2) A) is longer than in complexes 1 and 3-5 (2.394(3)-
2.730(1) A) indicating the absence of any cerium-arene inter-
action. The average C-C bond length in the centroid arene
(1.40(1) A) is comparable to those found in the free ligand
(L(OH)3) (1.39(2) A) and in complex 1 (1.402(7) A). The Ce—Cl
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Fig. 5 Molecular structure of 1-5, with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms and methyl groups on the —
OSi(O'Bu), ligands and [K(2.2.2-cryptand)] (3 and 4) have been omitted for clarity.

distance (2.5709(15) A) is similar to that found in the Ce(iv)
precursor [CeCl(N(SiMe;),)s] (2.597(2) A).”

The solid-state structure of 3 shows the same coordination
geometry and ligand environment as 1, and the structure is
completed by an outer-sphere [K(2.2.2-cryptand)]’ cation,
revealing that one-electron reduction has occurred. The struc-
ture contains two different disordered metal locations. The
predominant position (Cel) of the Ce cation (89%) is situated
below the plane of the three oxygen atoms and the minor one
(Ce2) is above the plane (11%).

In the following metrical data analysis, the data on the 89%
components of 3 are reported. The average Ln-ligand distances
were used in particular by the Evans group to differentiate the
reduction of 4f" Ln®* complexes to 4f’5d' Ln>" complexes,
resulting only in small increases in distances (0.02-0.04 A),
leading to larger differences (0.10-0.20 A).%*3> The average Ce-
0O distance of 2.258(5) A is only 0.02 A longer than that found

in the precursor 1 which points either to reduction to a 4f"5d"
Ce*" complex or to an unchanged metal oxidation state.?**** The
average values of the Ce-C distances (2.933(10) A) and the Ce-
Ceentroid distance (2.569(2) 10\) are significantly shorter than those
found in 1 suggesting that the Ce-arene interaction is stronger,
but they remain longer than those reported for the complex
[K(2.2.2-cryptand)][((**M°ArO);Mes)Ce] containing Ce(m) and
a reduced arene tripodal ligand (average Ce-C = 2.804 A and
Ce-Ceentroia = 2.413 A).3

It is noteworthy that the central arene is almost unchanged
in 3 with minimal torsion angles (0.2(6)-5.3(6)°) with an average
C-C bond length of 1.41(1) A, which is comparable to that
observed for the Ce(m) precursor (1.402(7) A).

Overall, the degree of reduction of the metal cannot be
unambiguously established from structural parameters.

The molecular structure of complex 4 shows a similar
structure to 3, but the axial THF ligand is replaced by a Et;OP

Table 1 Selected structural parameters of free ligand L(OH)s, ligand radical [(K(crypt))(L(OK)3)l, and complexes 1-5

Compound L(OH); [(K(crypt))(L(OK)5)], 1 2 3 4 5

Ce-O (avg.) — — 2.237(3) 2.102(6) 2.258(5) 2.277(5) 2.363(9)
Ce-Ceentroid — — 2.730(1) 2.821(2) 2.569(2) 2.632(2) 2.394(3)
C—Carene (avg.) 1.39(2) 1.411(5) 1.402(7) 1.402(15) 1.415(15) 1.417(12) 1.43(3)

Torsion angle (°) (central arene) 0.3(7)-3.6(7) 0.2(2)-2.4(2)

6016 | Chem. Sci, 2023, 14, 6011-6021

0.0(3)-0.2(3)

0.1(7)-0.4(7) 0.2(6)-5.3(6) 1.0(6)-7.3(5) 6.9(12)-18.0(11)
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ligand. The average value of the Ce-Oy; distances (2.277(5) A),
0O-Ce-O bond angles (118.64(11)°) and the C-C bond distances
(1.417(12) A) are comparable to that of 3. Conversely, the
average Ce-C bond lengths (2.989(10) A) and Ce—Ceentroid
distance (2.632(2) A) are longer than those in 3, suggesting that
the interaction between the arene and metal center becomes
weaker due to the presence of the strong electron-donating
Et;OP ligand in the axial position. The Ce~Opposphine distance
(2.439(3) A) is in the range of Ce(m) complexes with neutral
phosphine oxide ligands (2.319(3)-2.5165(9) A).*

In complex 5, the Ce center is coordinated by the three sil-
oxide groups of the tripodal ligand ligands, the distorted arene
anchor and one Et,O molecule. One K" cation is bound by two
siloxide ligands and a second K" cation is held by a siloxide and
by interaction with one arene side-arm.

The central arene moiety n°bound to the cerium is signifi-
cantly bent, with values of the torsion angles ranging from
6.9(12)° to 18.0(11)° suggesting the presence of a reduced arene
moiety. The highest values of the torsion angles are similar to
those found in the reduced arene moiety of the recently re-
ported Th(v) [K[2.2.2]cryptand][Th(TDA);(THF)] (TDA = N-(2,6-
diisopropylphenyl)pivalamido) complex (torsion angles:
17.4(4)° and 24.2(4)°).>* The average values of Ce-C distances
(2.78(2) A) and the Ce—Ceeniroia distance (2.394(3) A) are signif-
icantly shorter than those found in the mono-reduced complex
3 revealing a stronger interaction between the arene and metal
center. The average value of the Ce-Oyg; distances (2.363(9) A) is
longer than that found in the Ce(m) precursor (1), and it is
comparable to Ce-Oy; bond lengths (2.367(4)-2.376(4) A) in the
reduced [K(2.2.2-cryptand)],[{(K(OSi(O'Bu););Ce)(u-n°%n°-
C,Hg)},Ce], and could suggest the presence of a reduced Ce ion,
despite the effect of potassium binding to siloxides.

Computational studies

To get some insights into the bonding and concomitantly into
the oxidation state of the cerium atom, DFT calculations
(B3PW91) including dispersion corrections (see the ESIt for
details) were carried out on complexes 1-5. The effect of alkali
ion coordination on 5 was also investigated. The optimized
geometries are found to be in good agreement with the exper-
imental ones (see Tables S5, S11, S17, S24, S30 and S38 in the
ESIt). The calculations were first carried out on complex 2,
which is found to have a closed-shell singlet ground state, in
line with Ce(wv). For complex 1, a doublet spin state was
computed and the geometry is in good agreement with the
experimental ones with the Ce-O distances reproduced with
a 0.03 A accuracy as well as the average C-C distances in the
arene (1.40 A). The SOMO of the system is a pure f orbital on Ce
(see Table S10t) and the unpaired spin density is localized only
at the cerium. This is in line with the presence of a classical
Ce(m) system. Interestingly, the LUMO of the system displays
a small f-arene m* interaction so that one can anticipate that
reducing complex 1 may lead to mainly the arene reduction. The
reduction of 1 was carried out experimentally and it forms
either complex 3 or 5 depending on the number of electrons
involved in the reduction (respectively 1 or 2). Two different spin

© 2023 The Author(s). Published by the Royal Society of Chemistry
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states were considered for complex 3, namely a singlet and
a triplet. As expected, the triplet is 17.1 kcal mol™" more stable
than the singlet. The optimized geometry is in good agreement
with the experimental one with the Ce-O and Ce-C distances
well reproduced with a maximum deviation of 0.06 A. The
average C-C bond distance as well as Ce-centroid distances are
also nicely reproduced computationally (1.41 and 2.55 A). In
this complex a Ce-arene interaction is found as reflected by
both the C-C distances which are elongated and by the Ce-C
Wiberg bond index of 0.1 (to be compared with a WBI of 0.4 for
the Ce-O bonds) (Table S207). It is interesting to note that the
two SOMOs (Fig. 6) a pure f (Fig. 6a) and a Ce-arene 3-bond
(Fig. 6¢) are similar to the frontier orbitals of complex 1 (Table
S107) but with a larger metal contribution in the Ce-arene 7*,
which is better described as a Ce-arene & bond. Both f and
d orbitals of cerium participate in the & bonding. The unpaired
electron density plot shows that the electron density is mainly
located at the cerium atom with some residues on the arene
(Fig. 6b). Therefore, the cerium oxidation state is in between +1II
and +III with an arene that is in between neutral and singly
reduced. This is somewhat similar to that observed by the Meyer
group for the U(u) complex of arene(tris-aryloxide ligand)'*
where unpaired electrons were located in the 3-bond. CASSCF
calculations indicate that the triplet ground state is 85% Ce(u)
and 15% Ce(u). TDDFT calculations on complex 3 indicate that
the absorption bands at 375, 545 and 770 nm involve excitation
from the 3-bond to ligand orbitals (Fig. S82, S83 and Tables 543,
S441).

It is noteworthy that the replacement of a THF molecule by
a phosphine oxide, complex 4, only slightly modifies the
bonding situation. Indeed, the triplet is also the ground-state
with some slightly longer Ce-C distances than in 3. This
longer distance, also reflected by the Ce-centroid one (2.68
comp. vs. 2.63 exp), implies that the Ce-arene 7t* interaction in
the SOMO (Table S29t) in complex 4 is weaker so that the
unpaired spin density is more distributed between the cerium

N [ L

B e -

(©)

Fig. 6
3.

(@) and (c) SOMO and (b) unpaired spin density plot of complex
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Scheme 4 Reactivity of complexes 3 and 5.

and the arene. Therefore, in complex 4, the oxidation state of Ce
is close to +III with a singly reduced arene. The observed
difference compared to complex 3 suggests that it should be
possible to identify axial ligands that would favor a pure Ce(u)
configuration.

In the case of the two-electrons reduction of complex 1,
forming complex 5, the situation is different. Indeed, two
different spin states, namely a quartet and a doublet, were
considered and are found to be very close in energy. The doublet
is slightly more stable than the quartet by 5.3 kcal mol™" but
interestingly both structures are in good agreement with the
experimental one (see Table S31 in the ESI{). This can be easily
explained by checking the frontier orbitals in both spin states
(Table S36%). In fact, in the doublet ground state, a singly
occupied f orbital at the cerium center is found and the -
bonding interaction is doubly occupied. Therefore, the arene is
doubly reduced with the presence of a Ce(m) center. Interest-
ingly, removing the potassium atoms from complex 5 results in
a ground state switch, with the quartet becoming the ground
state (Table S37%). In the quartet, 2 unpaired electrons are
located on two different & bonds and the unpaired spin density
is now more localized on the cerium center (Table S4271) so that
one would conclude that the cerium is in the oxidation state +II
rather than +III. This is in line with the experimental observa-
tion. However, the storage of the electrons onto the d-interac-
tion allows complexes 3, 4 and 5 to be described as either
masked Ce(n) complexes for the two former and as masked Ce()
for the latter.

Redox reactivity

With the low-valent tripodal complexes in hand, we performed
preliminary reactivity studies to investigate if the electrons
stored in the complexes 3 and 5 could become available for the
reduction of substrates (Scheme 4).

At first, we reacted complex 3 with 1 equivalent of AgBPh,,
leading immediately to a color change from dark-blue to light-
yellow. The 'H NMR spectrum of the reaction mixture
revealed the clean formation of 1 (Fig. S461). The observed
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——— > (1) + K;S, + other products
THF ( ) 29n p

1) 2 2.2.2-cryptand

[2Ss | [K(2.2.2-cryptand)l,[Sqs] + other products
THF

reactivities showed that the electron stored in the complex 3 can
be transferred to oxidizing substrates.

Then, we investigated the reduction of CO, as an example of
a less reactive substrate.

The addition of 1 atm CO, to a THF solution of 3 led to an
immediate color change from dark-blue to colorless, full
consumption of the starting material and the formation of
a new species as indicated by 'H NMR studies (Fig. S477).
Colorless crystals of the complex [K(2.2.2-cryptand)],[{((LO3)
Ce),(1-C,0,4)}] 6 were isolated in 52% yield from concentrated
THF at room temperature. The conversion, as measured by "H
NMR spectroscopy (using TMS,O as the internal standard), is
73% (Fig. S48%). The solid-state structure of 6 (Fig. 7), deter-
mined by X-ray diffraction studies showed the presence of
a dinuclear complex consisting of two equivalent Ce(i) ions,
bridged by one oxalate ligand. Each Ce(u) center is penta-
coordinated in a distorted square pyramidal geometry and is
bound by three -OSi(O‘Bu),R (R = C¢H,) ligands and one
bridging oxalate.

Two [K(2.2.2-cryptand)] cations complete the structure. The
average Ce-Og; distance of 2.235(2) A is comparable to that
found in the Ce(m) precursor (1). The Ce-Ogyalate (2.465(2) A)
distances are shorter than those found in previously reported
oxalate-bridged cerium(m) polymeric complexes (2.515(13)-
2.62(5) A) prepared from the reaction of oxalate with cerium
salts.”®

The C1-C1’ bond length is 1.536(4) A which is consistent
with the formation of a single C-C bond (1.54 A in ethane).
Moreover, the Ce~Ceenaoia distance (3.547(1) A) is significantly
longer than that of complex 1 with a Ce—Ccentroia distance of
2.730(1) A, indicating that there is no interaction between the
arene and metal center. The formation of complex 6 indicates
that a CO, coupling reaction occurs after the reduction of two
molecules of CO, by two molecules of complex 3. Notably,
complex 6 is the only isolated product and the major product in
the reaction mixture. This is the first example of CO, reduction
by a low valent cerium complex and only the third example of
CO, reduction to oxalate by a low-valent lanthanide complex.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Molecular structure of 6, with thermal ellipsoids drawn at the
50% probability level. Hydrogen atoms and methyl groups on the —
OSi(O'Bu), ligands and [K(2.2.2-cryptand)] have been omitted for
clarity.

In previous studies the reduction of CO, by Sm(i) Yb(1) or Eu(u)
complexes led either to carbonate alone”” or to a mixture of
carbonate and oxalate depending on the supporting ligand.®

Following isolation of complex 5, the addition of 2 equiva-
lents of AgBPh, to 5 led to a clean regeneration of 1, with
concomitant formation of KBPh, and Ag (Fig. S507) suggesting
that 5 could potentially act as a two-electron reductant. More-
over, complex 5 reacted with 1 equivalent of I,, leading imme-
diately to a color change from dark-purple to light-yellow and
the precipitation of KI. The "H NMR spectrum of the reaction
mixture revealed the clean formation of 1 (Fig. S51t). The
conversion, as measured by 'H NMR spectroscopy (using
TMS,O0 as the internal standard), is 99% (Fig. S527).

Furthermore, the reaction of 1 equiv. of Sg with a THF
solution of complex 5 at room temperature resulted immedi-
ately in a light-yellow solution. "H NMR studies showed that
complex 1 is formed (Fig. S531) but the reduced sulfur products
could not be isolated.

However, when the same reaction was performed in the
presence of 2 equiv. of 2.2.2-cryptand at room temperature, it
resulted immediately in a dark-red reaction mixture. Full
consumption of the starting material and the formation of the
multiple species were observed in the '"H NMR spectrum (Fig.
S541). The recrystallization of the reaction mixture from
concentrated THF at room temperature afforded few orange
crystals of the S;, dianion [K(2.2.2-cryptand)],[S1o]*° as
confirmed by X-ray diffraction. These results show that complex
5 can act as a two-electron reductant masked “Ce(1)”. Complex 5
was found to react also with less oxidizing substrates such as
azobenzene and phenylacetylene but the isolation of the
resulting products was not successful so far.

Conclusions

In conclusion, we synthesized a new tripodal ter¢-butoxysiloxide
ligand that incorporates an arene ring as part of a potentially

© 2023 The Author(s). Published by the Royal Society of Chemistry
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redox-active chelating ligand and showed that this ligand allows
the promotion of multielectron redox reactivity in cerium
complexes and the stabilization of cerium complexes in four
different redox states.

Remarkably the one-electron reduction and the unprece-
dented two-electron reduction of the tripodal Ce(ur) complex are
easily achieved to yield complexes that are formally “Ce(u)” and
“Ce(1)” analogues. Structural, spectroscopic and computational
studies indicated that the neutral complexes 1 and 2 show the
presence of cerium in +3 and +4 oxidation states with respec-
tively little and no interaction of the metal center with the arene
ring. The assignment of the formal state of cerium is more
ambiguous for the mono-reduced complex 3 and is better
described as an intermediate between +2 and +3 with partial
localization of electrons on the ligand and a Ce-arene d-inter-
action. In complex 5 the arene is doubly reduced with the
presence of a Ce(w) center, but the removal of potassium results
in a Ce(u)(arene™) species. However, the storage of electrons
onto the d-interaction allows the description of complexes 3 and
5 as masked “Ce(n)” and “Ce(1)” complexes respectively.
Preliminary reactivity studies show that these complexes can act
as masked Ce(u) and Ce(1) effecting both one- and two-electron
transfer that were not accessible in classical cerium chemistry.
These results demonstrate that the high stability of the arene
tripodal ligand under reducing and oxidizing conditions is well
poised to promote the development of f element multielectron
redox chemistry.
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made available via the CCDC.} The data that support the find-
ings of this study are openly available in the Zenodo repository
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