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ABSTRACT: Oxidation of Ce[N(SiMe3)2]3 in the
presence of PF6

− or BF4
− afforded isolation of CeF[N-

(SiMe3)2]3. Structural and electrochemical characterization
shows that this compound is in its tetravalent oxidation
state and contains a terminal fluoride ligand. Spectroscopy
and density functional theory have been used to
characterize the Ce−F bond as ionic, which is reinforced
by an initial reactivity study that demonstrates the
nucleophilicity of the fluoride ligand.

Owing to the utility of fluorinated compounds in
pharmaceutical and industrial chemistry, the area of

synthetic fluorine chemistry is a rapidly developing field.1

While many examples of metal fluoride coordination compounds
have been reported in transition-metal chemistry,2 main-group
chemistry,3 and actinide chemistry,4 few examples are known in
lanthanide chemistry.5 The highly electropositive nature of the
lanthanides promotes strong bonding with hard fluoride ions,
stabilizing divalent, trivalent, and tetravalent lanthanide fluoride
materials.6 To date, several examples of terminal trivalent
lanthanide fluorides have been reported in molecular chemistry.7

In tetravalent lanthanide chemistry, an interesting solvate of
CeF4, [CeF4(NH3)4]·NH3, has been characterized and contains
CeF4(NH3)4 units interconnected in an extended lattice by F---
H−N hydrogen-bonding interactions (Figure S1 in the
Supporting Information, SI).8 We reasoned that a coordination
complex containing a terminal fluoride ligand bound to a
cerium(IV) ion would maximize the ionicity of the metal−ligand
bond and could therefore serve as a novel source of nucleophilic
fluoride.
Although the tetravalent oxidation state of cerium has been

shown to be accessible in nonaqueous coordination chemistry,9

isolation of cerium(IV) coordination complexes by one-electron
oxidation reactions is quite sensitive to conditions.4b,9a,10 Of
particular interest to this work, cerium(IV) halide complexes
supported by tripodal amine (tren) and bis(trimethylsilyl)amido
ligand frameworks have been reported from oxidation of
cerium(III) precursors.4b,10a,c,d However, previous efforts to
synthesize a cerium(IV) fluoride complex in the bis-
(trimethylsilyl)amido framework using CoF3 or AgBF4 did not
lead to an isolable product.10d

As part of a general interest in the effect of ligand
environments on the stability of high-valent cerium,9a,11 we
have used the bis(trimethylsilyl)amido ligand scaffold to
synthesize the first molecular cerium(IV) fluoride compound.
Electrochemical, spectroscopic, and computational character-

ization of this compound were used to describe its electronic
structure and potential as a source of nucleophilic fluoride.
Noting that trityl chloride was used successfully by Arnold and

co-workers in the oxidation of Ce[N(SiMe3)2]3,
4b we reacted

Ce[N(SiMe3)2]3 with the fluoride-containing oxidants Ph3CBF4
and Ph3CPF6 in hexanes (Scheme 1).

1H NMR analysis in C6D6

showed conversion to a single product, evidenced by a sharp
singlet at +0.39 ppm. The 13C NMR spectrum of the reaction
mixture revealed a resonance at +4.75 ppm, while 19F NMR
showed a singlet at +312.3 ppm. On the basis of these data, we
assigned the reaction product as CeF[N(SiMe3)2]3 (1), which we
isolated in 50% yield. Ferrocenium reagents also proved to be
viable oxidants for Ce[N(SiMe3)2]3. Reactions of Ce[N-
(SiMe3)2]3 with FcBF4 or FcPF6 similarly led to the formation
of 1. These reactions likely proceeded by oxidation of the
cerium(III) cation followed by fluoride abstraction from the
weakly coordinating anions BF4

− or PF6
−. Reaction conditions

that included a tetrahydrofuran (THF) solvent and a PF6
−-

containing oxidant led to THF polymerization over the course of
several hours, providing evidence for formation of the PF5
byproduct.12 With compound 1 in hand, we turned to its
characterization and bonding analysis.
Compound 1 crystallizes with two molecules in its asymmetric

unit (Figures 1 and S2 in the SI). Both molecules show
approximate C3 symmetry about the Ce−F bond axis. As
expected, the terminal Ce−F bond distances in 1 of 2.065(6) and
2.065(7) Å are shorter than the reported terminal cerium(III)
fluoride bonds in CeF(DippForm)2(THF) and CeFCp′2
[2.1217(15) and 2.165(2) Å, respectively]7c,13 and the reported
terminal cerium(IV) fluoride bonds that are present in
crystallographically characterized extended lattices [2.182(2)
and 2.184(7) Å].14 The Ce−N bond distances in 1 range from
2.201(10) to 2.254(9) Å, which are shorter than the Ce−N bond
distance in the trivalent compound Ce[N(SiMe3)2]3 [2.320(3)
Å]15 and slightly longer than the Ce−N bond distances in the
tetravalent compounds CeCl[N(SiMe3)2]3 and CeBr[N-
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Scheme 1. Synthesis of 1
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(SiMe3)2]3 [2.217(3) and 2.219(7) Å, respectively].10c,d

Structural characterization of the previously reported compound
UF[N(SiMe3)2]3 (2)16 was completed for comparison to the
bonding metrics in 1. Compound 2 os isostructural but not
isomorphous with compound 1 and shows similar metal−ligand
bond distances, as expected based on the similarity of the ionic
radii of the cerium(IV) and uranium(IV) ions.17 The crystal
structure of 2 has a U−F bond distance of 2.0649(12) Å and U−
N bond distances that range from 2.2498(16) to 2.2533(16) Å
(Figure S3 in the SI).
In the context of isolating and characterizing 1, we revisited the

solution electrochemistry of its parent complex, Ce[N-
(SiMe3)2]3. Electrochemical analysis of Ce[N(SiMe3)2]3 in
THF with 0.1 M [nPr4N][BAr

F
4] showed a quasi-reversible

feature at E1/2 = +0.35 V versus Fc/Fc+ (Figure S5 in the SI).
Given the oxidation potentials of the trityl and ferrocenium
cations at −0.11 and 0.00 V, respectively,18 electrochemical
analysis of Ce[N(SiMe3)2]3 suggested that chemical oxidations
employed in the synthesis of 1 would not be thermodynamically
accessible. We hypothesized that precoordination of fluorinated
anions to the cerium ion make chemical oxidations more
accessible by increasing the electron density at the cerium cation.
Electrochemical analysis of 1 performed using THF solutions of
[nPr4N][BAr

F
4] exhibited a quasi-reversible redox feature with

E1/2 = −0.56 V versus Fc/Fc+ and a wave separation of 0.26 V
(Figure 1). This feature is shifted 0.91 V to more reducing
potentials compared to the cerium(III/IV) couple for Ce[N-
(SiMe3)2]3 because of the more electron-rich ligand environ-
ment in compound 1.
The electronic absorption spectrum of a solution of 1 collected

in THF (Figure 1) revealed several broad features in the UV/
visible region centered at 476, 357, and 217 nm with molar
absorptivities of 5590, 2860, and 2620 M−1 cm−1, respectively.
These features were assigned to ligand-to-metal charge-transfer
bands, which have been observed in the visible region for
cerium(IV) complexes.11a,19 IR spectroscopy performed on 1
revealed a band at 493 cm−1 that was assigned to the Ce−F
stretching mode on the basis of a comparison to reported Ln−F
bond vibrations that range from 470 to 585 cm−1 and the U−F
stretching mode of 509 cm−1 in 2.16,20

Electronic structure calculations of compound 1 were
performed in order to describe the nature of the Ce−F bond.
The geometry-optimized gas-phase structure of 1 and the
calculated IR spectrum were found to be in excellent agreement
with the experimental results (Table S4 and Figure S6 in the SI).
The highest occupied molecular orbitals (HOMOs) in
compound 1 are largely composed of the bis(trimethylsilyl)-

amido ligand atomic orbitals, and the calculated lowest
unoccupied molecular orbital (LUMO)−LUMO+6 in com-
pound 1 are primarily of Ce 4f character.
A negative natural charge of the fluorine atom was expected

given the results of previously calculated cerium(IV) fluoride
bonds.4b,21 The natural charge of the fluorine atom in 1 of
−0.540 and the calculated Mayer bond order of the Ce−F bond
of 0.853 indicated ionic bonding with electron density polarized
toward the fluoride ligand. The Ce−F bonding interaction in 1 is
described by several calculated natural bond orbitals, each of
which is composed of >95% fluorine atomic orbitals. In contrast,
electronic structure calculations of isostructural uranium-
containing compound 2 show a slightly larger Mayer bond
order of 0.912 for the U−F bond, demonstrating a more covalent
metal halide interaction in 2 compared to 1. Evidence of
increased covalency of uranium ligand bonding compared to
cerium ligand bonding has been previously observed.4b,22

AOMix calculations were used to identify the molecular
orbitals that contain significant contributions from the fluorine
atomic orbitals. The 2s and 2p atomic orbitals on the fluoride
ligand are strongly localized in low-lying filled molecular orbitals,
which show minimal contributions from p, d, and f atomic
orbitals on cerium. The molecular orbitals with significant
contributions from 2p atomic orbitals on fluorine are shown in
Figures 2 and S9 in the SI. In total, bonding analysis of 1 implies
the expected predominantly ionic interaction between the
cerium and fluoride ions in 1.
The implication of the ionic nature of the Ce−F bonding

interaction in 1 was explored in a preliminary reactivity study.
The reaction of 1 with Me3Si−Cl in THF at room temperature
showed 90% conversion to Me3Si−F over 15 h, with CeCl[N-
(SiMe3)2]3 as the cerium-containing product.10c This reaction

Figure 1. (a) 30% probability thermal ellipsoid plot of one molecule in the asymmetric unit of 1. Hydrogen atoms have been removed for clarity.
Selected bond distances (Å): Ce(1)−F(1) 2.065(7); Ce(1)−N(1) 2.229(9); Ce(1)−N(2) 2.241(9); Ce(1)−N(3) 2.254(9). (b) Isolated cerium(III/
IV) redox couple in the cyclic voltammogram of 1 centered at−0.56 V versus Fc/Fc+ in THFwith 0.1M [nPr4N][BAr

F
4]; [1] = ca. 1 mM. (c) Electronic

absorption spectrum of 1 (blue), component fits used for spectral deconvolution (red), and sum of the component fits (black).

Figure 2.Calculated HOMO−23. Atomic orbital contributions (%): Ce
p, 3.06; Ce d, 7.12; Ce f, 2.31; F p, 78.76.
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shows attack by fluoride at the electrophilic component of the
substrate, demonstrating that the Ce−F bond in 1 is nucleophilic
and reactive.
We have demonstrated isolation of the first molecular species

containing a terminal fluoride ligand bound to high-valent
cerium, which was characterized by X-ray diffraction, spectros-
copy, electrochemistry, and density functional theory. Our
results support the expected ionicity of the cerium(IV) fluoride
bond. On the basis of its ionic bonding, the terminal fluoride was
determined to be nucleophilic in a halogen exchange reaction.
We expect that reactions to further functionalize 1 will be fruitful
toward the aim of describing new ligand environments for
cerium(IV) compounds as well as the potential for 1 to act as a
nucleophilic fluorinating agent for organic substrates.
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