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ABSTRACT: Reaction of [Ce(NO3)3(THF)4] with 6 equiv of Li(N
CtBuPh), followed by addition of 0.5 equiv of I2, affords the homoleptic
Ce(IV) ketimide [Li]2[Ce(NCtBuPh)6] (1), which can be isolated in
44% yield after workup. Similarly, reaction of [ThCl4(DME)2] (DME =
1,2-dimethoxyethane) with 6 equiv of Li(NCtBuPh) in tetrahydrofuran
affords the isostructural Th(IV) ketimide [Li]2[Th(NCtBuPh)6] (2),
which can be isolated in 53% yield after workup. Both 1 and 2 were fully
characterized, including analysis by X-ray crystallography, allowing for a
detailed structural and spectroscopic comparison. The electronic structures of 1 and 2 were also explored with density
functional theory and multiconfigurational wave function calculations. Additionally, the redox chemistry of 1 was probed by
cyclic voltammetry, which revealed a highly cathodic Ce(IV)/Ce(III) reduction potential, providing evidence for the ability of
the ketimide ligand to stabilize high oxidation states of the lanthanides.

■ INTRODUCTION

The chemistry of high-valent lanthanide ions has remained
enigmatic.1−7 Indeed, cerium is the only lanthanide element
that can easily form stable molecular +4 complexes, which has
paved the way for extensive study of its redox properties, both
in solid state and solution.8−16 This redox chemistry is relevant
to both fundamental and applied research.17−33 For example,
multiconfigurational ground states (GSs) have recently been
revealed in several molecular and solid-state Ce(IV)
materials.25,29−37 Moreover, X-ray absorption spectroscopy
and density functional theory (DFT) studies on tetravalent
cerium have revealed considerable covalency and f orbital
participation in Ce(IV)-L bonding.24−29,38 In addition, the
Ce(IV/III) redox couple has proved instrumental for
separation of cerium from mineral ores and in the mechanism
of action of several ceria-supported catalysts.8,10,23,39,40 Despite
these successes, there still are only a handful of ligands that are
capable of stabilizing high oxidation states in the lanthanides,
especially in nonaqueous environments. Examples include
nitroxide,9 tetraazaannulene,41 imidophosphorane,14,42

atrane,16 binolate,43 silyloxide,44 and methanediide.27,45,46

The ketimide ligand (R2CN−) is considered to be
strongly electron donating and, thus, is predicted to stabilize
high oxidation states in otherwise oxidizing metal centers. For
example, our group has previously utilized this ligand to
synthesize the tetravalent transition-metal ketimides M(N
CtBu2)4 (M = Mn, Fe, Co, V, Nb, Ta) in moderate to good
yields.47−50 Similarly, Hoffman and co-workers have reported
the synthesis of the analogous group VI ketimides M(N
CtBu2)4 (M = Cr, Mo, W).51 DFT calculations and ligand field
analyses on these complexes have found that the ketimide

ligand is a strong σ- and π-donor, as well as a strong π-
acceptor.47,48,51,52 Drawing on these results, we endeavored to
probe the extent to which this ligand can stabilize high
oxidation states in the lanthanides, specifically in cerium. While
the synthesis and redox chemistry of high-valent actinide
ketimides has recently been explored,53−55 to our knowledge,
that of the lanthanide analogues is unknown. Herein, we
describe the synthesis and computational and electrochemical
analysis of a homoleptic cerium(IV) ketimide and its
isostructural thorium(IV) analogue.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Reaction of [Ce-

(NO3)3(THF)4] with 6 equiv of Li(NCtBuPh), in
tetrahydrofuran (THF), followed by addition of 0.5 equiv of
I2, results in the formation of a deep purple solution. Workup
of this solution results in isolation of [Li]2[Ce(NCtBuPh)6]
(1), as purple plates in 44% yield (Scheme 1). Intriguingly, 1 is
also formed in small quantities during the reaction of Li(N
CtBuPh) with [Ce(NO3)3(THF)4], in the absence of I2,
according to a 1H NMR spectrum of an aliquot of the reaction
mixture. The oxidation to Ce(IV) under these conditions can
likely be attributed to the redox activity of the nitrate coligand
in the [Ce(NO3)3(THF)4] starting material, which has been
shown to oxidize Ce(III) under certain conditions.56

Complex 1 is readily soluble in diethyl ether (Et2O),
toluene, and THF, but only sparingly soluble in nonpolar
aliphatic solvents, such as hexanes. Its IR spectrum exhibits two
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strong absorptions at 1624 and 1637 cm−1 assignable to the
CN stretches of the ketimide ligand. Additionally, its 1H
NMR spectrum in C6D6 features a sharp singlet at 1.36 ppm,
integrating to 54 protons, which is attributable to the tert-butyl
protons of the ketimide ligand. This spectrum also features two
multiplets at 6.62 and 6.99 ppm that integrate to 12 and 18
protons, respectively, which are assignable to the ortho and
overlapping meta/para protons of the ketimide phenyl rings.
The 13C{1H} NMR spectrum of 1 in C6D6 exhibits a
resonance at 175.08 ppm assignable to the ketimide CN
environment. This chemical shift is nearly identical to that
observed for the CN resonance in the octahedral U(VI)
ketimide complex [U(NCtBuPh)6] (180.40 ppm).55 Finally,
the 7Li{1H} NMR spectrum of 1 in C6D6 features a single
resonance at 0.06 ppm. Likewise, the 7Li{1H} NMR spectrum
of 1 in toluene-d8 features a single resonance at −0.02 ppm
(Figure S5). Curiously, though, the 7Li{1H} NMR spectrum of
1 in THF-d8 features broad resonances at 1.94, 1.75, and 0.65
ppm (Figure S7). The resonances at 1.94 and 1.75 ppm are
assignable to free Li(NCtBuPh) (Figure S16),57 suggesting
that dissociation of 1 equiv of Li(NCtBuPh) from 1 occurs
in this solvent, resulting in formation of [Li][Ce(N
CtBuPh)5] (1′). Consistent with this hypothesis, the 7Li{1H}
signals assignable to Li(NCtBuPh) and 1′ are present in a
1:1 ratio. No evidence for the dissociation of Li(NCtBuPh)
from 1 is observed in C6D6 or toluene-d8, suggesting that the
strong donor ability of THF facilitates formation of the lithium
ketimide salt. Finally, complex 1 features moderate thermal
stability: a solution of 1 in C6D6 exhibits ∼20% decomposition
after 2 d at room temperature, according to 1H NMR
spectroscopy. The principal decomposition product appears to
be a Ce(III) complex on the basis of the paramagnetically
shifted resonances observed in the 1H NMR spectrum.
The UV−vis spectrum of 1 in toluene exhibits a strong,

broad absorption at 485 nm (ε = 5600 M−1·cm−1), which is
assignable to a ligand-to-metal charge transfer (Figure 1; also
see discussion below). It is quite common for Ce(IV)
complexes to be deeply colored. For example, [Ce(trop)4]

31

and [Ce(η8-Pn*)2]
30 feature intense and broad LMCT

absorptions at 450 and 530 nm, respectively. [Ce(cot)2],
[Ce(tmtaa)2], and [Ce(BIPMTMS)2] are also deeply col-
ored.34,58,59,46 We also measured the solid-state magnetic
susceptibility of 1 using superconducting quantum interference
device (SQUID) magnetometry. Significantly, this measure-
ment reveals temperature-independent paramagnetism (TIP)
for 1. The value of χTIP, extracted from the temperature
-dependent χT data (Figure S32), is 4.91 × 10−4 emu/mol,

which is comparable to the χTIP values reported for Ce(tmtaa)2
(2.33 × 10−4 emu/mol), Ce(cot)2 (1.4 × 10−4 emu/mol), and
Ce(acac)4 (2.1 × 10−4 emu/mol).31,35 The observation of TIP
in Ce(IV) complexes has been interpreted as evidence of
multiconfigurational character.31 However, it could also simply
indicate field-induced mixing of a closed-shell singlet ground
state with a low-lying triplet excited state, as is known for some
U(VI) complexes and d0 transition-metal oxo anions.60−62

Crystals of 1 suitable for an X-ray diffraction analysis were
grown from a dilute pentane solution stored at −25 °C.
Complex 1 crystallizes in the rhombohedral space group R3̅,
and its solid-state molecular structure is shown in Figure 2. A

selection of metrical parameters can be found in Table 1. In
the solid state, 1 adopts a distorted octahedral geometry (e.g.,
N1−Ce1−N1* = 81.8(2)° and N1−Ce1−N1** = 98.2(2)°)
about the Ce center, which is ligated by six crystallographically
equivalent ketimide ligands. The CN bond distance in 1
(1.256(8) Å) is similar to that observed in the U(V) ketimide,
[Li][U(NCtBuPh)6] (1.260(3) Å),

55 and other homoleptic
transition metal ketimides (1.25−1.27 Å).47−51 The Ce−N

Scheme 1. Synthesis of Complexes 1 and 2

Figure 1. UV−Vis spectra of 1 (0.089 mM) and 2 (0.13 mM) in
toluene.

Figure 2. Solid-state molecular structure of 1. Hydrogen atoms
omitted for clarity.
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bond length (2.338(5) Å) is longer than those reported for the
homoleptic Ce(IV) phosphoiminato complex [Ce(NP-
(pip)3)4] (average (av) 2.20(2) Å),14 and the Ce(IV) amides
[Ce(NiPr2)4] (2.225(1) and 2.223(1) Å),63 [Ce(NCy2)4]
(2.238(5)−2.247(6) Å),64 and [Ce(N(SiHMe2)2)4]
(2.2378(11)−2.2574(11) Å),65 likely due to the higher
coordination number in 1, as well as the dianionic charge at
the Ce center. This distance is also considerably longer than
the U−N distance in the structurally similar U(V) ketimide
complex [Li][U(NCtBuPh)6] (2.217(2) Å),55 consistent
with the larger ionic radius of Ce(IV). The structure of 1 also
features two Li cations within the secondary coordination
sphere. These ions are supported by dative interactions with
three nitrogen atoms and the ipso carbons of three phenyl
rings. The Li−N distance (2.138(19) Å) is shorter than that in
[Li][U(NCtBuPh)6] (2.265(16) Å), which features a Li ion
with an identical binding mode.55 Finally, the Ce−N−C angle
(165.9(5)°) is slightly smaller than the U−N−C angle in
[Li][U(NCtBuPh)6] (176.9(2)°),55 which may be a
consequence of the longer M−N bond lengths in 1.
To better contextualize our cerium results, we sought to

synthesize the analogous thorium(IV) ketimide complex

[Li]2[Th(NCtBuPh)6] (2). Complex 2 was prepared by
reaction of [ThCl4(DME)2] (DME = 1,2-dimethoxyethane)
with 6 equiv of Li(NCtBuPh) in THF (Scheme 1). Workup
of the reaction mixture followed by recrystallization from a
concentrated THF/hexanes solution afforded 2 as yellow
blocks in 53% yield. Curiously, reaction of UCl4 with 6 equiv
of Li(NCtBuPh) only resulted in formation of the 5-
coordinate ketimide complex, [Li(THF)2][U(NCtBuPh)5],
a difference that likely reflects the smaller ionic radius of
U(IV).55

Complex 2 is soluble in Et2O, toluene, and THF, but it
features limited solubility in pentanes or hexanes. Its UV−vis
spectrum in toluene is missing the obvious ligand-to-metal
charge transfer band that was observed for 1 (Figure 1);
however, the NMR spectral data of 2 are very similar to those
of 1. Specifically, its 1H NMR spectrum in C6D6 features a
singlet at 1.27 ppm, which is assignable to the 54 tert-butyl
protons of the ketimide ligand, while multiplets at 6.67 and
7.00 ppm correspond to the ortho and overlapping meta/para
phenyl protons of the ketimide ligand, respectively. In addition,
the CN resonance in the 13C{1H} NMR spectrum of 2
(178.73 ppm) is observed at a similar chemical shift to that of
1. Lastly, its 7Li{1H} NMR spectra in C6D6 or toluene-d8
feature single resonances at 0.53 and 0.47 ppm, respectively
(Figures S10 and S12).
Interestingly, complex 2 also displays evidence of Li(N

CtBuPh) dissociation in THF-d8. Specifically, its
7Li{1H} NMR

spectrum in this solvent features resonances at 1.90, 1.75, 0.61,
and 0.04 ppm (Figure S14). The resonances at 1.90 and 1.75
ppm are assignable to Li(NCtBuPh), while the resonances at
0.61 and 0.04 ppm are assignable to 2 and [Li][Th(N
CtBuPh)5] (2′), respectively. These two Th complexes are
present in a 1:5.5 ratio. As expected, addition of Li(N
CtBuPh) to this sample results in an increase in the relative

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
Complexes 1 and 2

1 2

M−N 2.338(5) 2.376(2)
C−N 1.256(8) 1.257(2)
Li1−N1 2.138(19) 2.166(4)
Li1−Cipso 2.918(11) 2.908(2)
M−N1−C5 165.9(5) 166.24(14)
N1−M−N1* 81.8(2) 79.78(6)
N1−M−N1** 98.2(2) 100.22(6)

Figure 3. MO diagrams obtained with all-electron scalar relativistic DFT for 1 (left) and 2 (right). Canonical MO isosurfaces at ±0.03 au.
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amount of 2, and after addition of 8 equiv, 2 and 2′ are present
in a 1:2 ratio (Figure S24). In contrast to the results collected
for 2, we see no evidence for the formation of 1 upon addition
of excess Li(NCtBuPh) to THF-d8 solutions of 1′ (Figure
S20). This difference can be rationalized by the larger ionic
radius of Th4+,66 which allows this ion to better accommodate
the high charge associated with six strongly donating ketimide
ligands.
Storage of a concentrated toluene solution of 2 at −25 °C

for 24 h afforded crystals suitable for X-ray analysis. As
expected, complexes 1 and 2 are isostructural (Table S1).
Additionally, the Th center in 2 possesses a distorted
octahedral geometry (e.g., N1−Th1−N1* = 79.78(6)° and
N1−Th1−N1** = 100.22(6)°). The Th−N distance
(2.376(2) Å) is slightly longer than the Ce−N distance in 1
(2.338(5) Å) (Table 1) but is significantly longer than the U−
N distance in the closely related U(V) ketimide [Li][U(N
CtBuPh)6] (2.217(2) Å),

55 in accord with their different ionic
radii.66 This distance is also considerably longer than those
reported for the Th(IV) bis(ketimido) complex [Cp*2Th(N
CPh2)2] (2.259(4) and 2.265(5) Å),67 which may be due to
the dianionic charge at the Th center, as well as the Li
coordination to the ketimide N atoms. The lithium cations are
hexa-coordinate and possess an octahedral geometry, with
similar Li−N (2.166(4) Å) and Li−Cipso (2.908(2) Å)
distances to those observed for 1. The CN bond length
(1.257(2) Å) is also identical to that in 1 (1.256(8) Å). Lastly,
the Th−N−C angle in 2 (166.24(14)°) is essentially identical
to the Ce−N−C angle in 1 (165.9(5)°), but it is more acute
than the U−N−C angle in [Li][U(NC tBuPh)6]
(176.9(2)°).55

Computational Results. In an effort to understand the
electronic structures of 1 and 2 and evaluate the possibility of a
multiconfigurational ground state, a series of Kohn−Sham
density functional calculations with the TPSS functional68 and
restricted/complete active space (RAS/CAS) self-consistent
field69 multiconfigurational wave function calculations were
performed, using either the X-ray structural parameters of 1
and 2 or the [M(NCMe2)6]

2− (M = Ce, Th, Me = CH3)
truncated models (t1, t2) with Ci symmetry (Figure S35).
Complete computational details are given in the Supporting
Information. Figure 3 shows molecular orbital (MO) diagrams
obtained for 1 and 2 with DFT. Both complexes exhibit
frontier highest occupied MOs (HOMOs) with similar
energetics, representing the six N-2p lone pairs exhibiting σ-
donation to the metal centers. As 1 displays near-Ci symmetry
and 2 obeys Ci symmetry, the six lone pairs form three gerade
combinations that mix selectively with the metal valence 5d/6d
orbitals and three ungerade combinations that mix selectively
with the metal valence 4f/5f orbitals. The ligand−metal orbital
mixing represents the donation bonding and is found to be
stronger for 1 than for 2. For instance, the Ce-4f contributions
(weights) to the frontier HOMOs of 1 range from ∼7% to
12%, whereas the Th-5f contributions to the frontier HOMOs
of 2 range from ∼3% to 5%.
The slightly more pronounced metal−ligand covalency in 1

versus 2 is also evidenced by the natural localized molecular
orbitals (NLMOs) shown in Figure 4. According to the
NLMO analyses, the Ce center in 1 is linked to the N atoms
through nitrogen-polarized σ and π bonds, with ∼10% density
weight at Ce. The σ-bonds employ mainly the 5d (58%) and 4f
(28%) atomic orbitals (AOs) of Ce. The π-bonds have 53% 4f
and 47% 5d AO contributions from Ce. The π-bonds are

delocalized over the carbon end of the Ce−N−C units, as well
as the adjacent C(butyl) and C(phenyl) centers, thus acquiring
slight five-center character. The Ce 4f/5d character in the Ce−
N bonds of 1 may explain its observed temperature-
independent paramagnetism.60 An important take-home
message from the comparison of the NLMOs in 1 and 2 is
that Ce engages with the 4f AOs more than Th does with the
5f AOs in both the σ and π NLMOs. Similar results were
recently observed for series of isostructural cerium and
thorium imido complexes.70 Moreover, Ce(IV)−L bonds
involving significant donation into the Ce-4f orbitals have
been described previously.27,45,71,72

The same Ce−N bonding picture is predicted by all-electron
relativistic calculations with the zeroth-order regular approx-
imation (ZORA) Hamiltonian and by calculations where the
relativistic valence-shell effects for the metal are introduced via
a relativistic effective core potential (SDD), as demonstrated in
Figure 4. Therefore, the absorption spectra of 1 and 2 can be
modeled by calculations with the SDD core potentials, which
are less demanding than the all-electron relativistic calcu-
lations. Before predicting the absorption spectrum with time-
dependent DFT (TD-DFT), however, it is important to study
the extent of multiconfigurational character of the ground state
and, hence, the robustness of the single-configuration DFT
calculations.
RAS and CAS wave function calculations were conducted on

the Ci-symmetric t1 and t2 truncated model structures (Figure
S35). These types of calculations were not feasible for 1 and 2
due to computational cost. t1 and t2 retain the same Ce
coordination spheres and geometries as observed for 1 and 2,
as well as similar coordination environments for the CN
carbon atoms, and therefore the truncated models afford nearly

Figure 4. Bonding Ce−N (one σ and one π) natural localized
molecular orbitals (isosurface of ±0.03 au) of 1 (top) and 2
(bottom), obtained with Gaussian-type orbital (GTO) vs Slater-type
orbital (STO) basis sets. The π NLMO has slight five-center
character; that is, there is a small delocalization tail toward adjacent
C(butyl) and C(phenyl) centers. Weight percentages from Ce/Th
and N centers are shown below the graphics. There are six equivalent
such NLMO pairs corresponding to the six Ce−N interactions.
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identical metal−ligand bonding as the parent structures. This is
demonstrated explicitly by a comparison of the NLMOs of 1
and t1 in Figures 4 and S36. The RAS calculations, using the
N−C σ, π, σ* and π* (RAS1/3 subspaces) and the metal 4f/5f
(RAS2) orbitals, determined ground states dominated by
M(IV) (M = Ce or Th) closed-shell configurations for both t1
and t2 (86% weight). A similar outcome was reported for the
multiply bonded Ce(IV) complex of ref 27. The RAS active
space natural orbitals (NOs) and their occupancies (shown in
Figure S37 for t1) show that the multiconfigurational character
arises mainly from the N−C π-orbitals being correlated with
their antibonding N−C π* counterparts. Namely, the six N−C
π orbitals have natural occupancies deviating from 2 (1.966 in
t1 and 1.949 in t2) and are the orbitals mainly responsible for
the GS multiconfigurational character in the RAS calculations.
CAS calculations for t1 and t2, with only the N−C π and π*
orbitals taken as active, predicted a more pronounced
multiconfigurational GS, with 77% weight for the M(IV) (M
= Ce or Th) closed-shell configurations. The remaining
weights correspond to intraligand N−C π→ π* doubly excited
configurations. In the CAS calculations, the N−C π orbitals
have natural occupancies deviating more strongly from 2
(1.918 for t1 and 1.916 for t2) than in the RAS calculations. In
view of the (TD-)DFT calculations, due to the approximations
in the functional, the GS multiconfigurational character (static
correlation) of 1 and 2 can be problematic, especially for the
accurate prediction of the excited states involving the N−C/
phenyl π* orbitals. Accordingly, we performed the DFT and
TD-DFT calculations with the TPSS meta-GGA functional,68

because nonhybrid functionals are known to produce less-
pronounced static correlation errors than their hybrid
counterparts.73

The absorption spectra of 1 and 2, calculated with TD-
DFT/TPSS, are shown in Figure 5. With the chosen

broadening parameters, the calculated and experimental
spectra for both 1 and 2 agree very well, particularly in the
400−800 nm wavelength region, where the density of states is
not very high. According to natural transition orbital (NTO)
analyses, the electric dipole-intense transitions calculated above
ca. 450 nm for 1, giving rise to the distinct absorption peak, are
generated by N-2p(lone pair) → Ce-4f charge transfer excited
states (Figure S38). Dipole-intense transitions calculated for 1
below 450 nm are generally generated by N-2p(lone pair) →
N−C (π*)/phenyl (π*) charge transfer. The calculated
absorption spectrum for 2 shows comparable intensity to the
spectrum of 1 only below 450 nm, in agreement with the
experiments. According to NTO analyses of the electric dipole-
intense transitions (Figure S39), the absorption intensity of 2
is generated by intraligand N-2p(lone pair) → N−C (π*)/
phenyl (π*) charge transfer, as it is the case for 1 in the same
wavelength region.
Most importantly, the TD-DFT calculations agree with the

experiments with respect to the presence/absence of a long
wavelength ligand-to-metal charge transfer band in the
absorption spectrum of 1/2. The observation can be readily
explained based on the MO diagrams shown in Figure 3. In the
case of 1, the formally nonbonding Ce-4f orbitals are
represented by the weakly antibonding metal-centered lowest
unoccupied molecular orbital (LUMO) to LUMO+6. These
are the first MOs available for the electronic transitions. In
contrast, for 2 the low-energy unoccupied MOs consist of
mixed N−C (π*)/phenyl (π*) MOs, while the Th-5f orbitals
appear at much higher energy. The energy gap between the
occupied N-2p (lone pair) combinations and the Ce-4f orbitals
in 1 versus the N−C (π*)/phenyl (π*) LUMOs in 2 (see
Figure 3) is 2.10 eV (590 nm) and 3.10 eV (400 nm),
respectively, matching well with the intensity onsets in the
calculated and measured absorption spectra.

Cyclic Voltammetry. To better understand the donor
ability of the ketimide ligand, we investigated the electro-
chemical properties of 1 and 2 by cyclic voltammetry. The
cyclic voltammogram of 1 in THF at a scan rate of 200 mV/s
exhibits an irreversible redox feature at Ep,c = −2.16 V (vs Fc/
Fc+, Figure 6), which we attribute to the Ce(IV/III) reduction
of [Li][Ce(NCtBuPh)5] (1′). This feature remains irrever-
sible, even at scan rates of 2000 mV/s. Our assignment was
confirmed by comparison with the cyclic voltammogram
recorded for complex 2, which features no reduction features

Figure 5. TD-DFT/TPSS UV−vis spectra of 1 and 2 calculated with
a solvent model for toluene. The spectra were obtained with a 3000/
7000 cm−1 Gaussian broadening of the calculated transitions for the
12 500−20 000/20 000−35 000 cm−1 energy ranges. The “stick
spectra” represent calculated oscillator strengths. For 1, the spectral
features above 450 nm are due to N-2p(lone pair) → Ce(4f)
transitions, whereas the spectral features below 450 nm are due to N-
2p(lone pair) → phenyl (π*)/C−N (π*) transitions. For 2, spectral
features appear below 450 nm due to N-2p(lone pair) → phenyl
(π*)/C−N (π*) transitions. NTO analyses are shown in Figures S38
and S39.

Figure 6. Cyclic voltammograms of 1 and 2 (200 mV/s scan rate, vs
Fc/Fc+). Measured in THF with 0.1 M [NBu4][BPh4] as the
supporting electrolyte.
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within the solvent window (Figure 6). The cyclic voltammo-
grams of 1 and 2 also exhibit a complex series of irreversible
oxidation features between −1.1 and 0 V (vs Fc/Fc+), which
we attribute to ligand oxidation events. Similar ligand-based
oxidation features were observed in the cyclic voltammogram
of the related uranium ketimide, [U(NCtBuPh)6],

55 as well
as for Li(NCtBuPh) (Figure S30).
The Ce(IV/III) redox feature observed for 1′ is among the

lowest reported for this element (Table 2). For comparison,

the cerium(III) tris(binolate) complex [Li(THF)]3-
[(binolate)3Ce(THF)] features an electrochemically irrever-
sible Ce(IV/III) reduction feature at −1.09 V (vs Fc/Fc+),43,74

which is much more anodic than that observed for 1′,
suggesting that the ketimide ligand better stabilizes the Ce(IV)
oxidation state than the binolate ligand. For further
comparison, the Ce(IV/III) reduction features for the
ferrocene-bridged Schiff base complexes [Ce(L′)(OtBu)2]
(L′H2 = 1,1′-di(2,4-bis-tert-butyl-salicylimino)ferrocene) and
[Ce(L′′)(OtBu)2] (L′′H2 = 1,1′-di(2-tert-butyl-salicyl-(bis-
phenyl)-iminophosphorano)ferrocene) are at −2.07 and
−2.39 V (vs Fc/Fc+), respectively.42 These values are more
in-line with the redox potential observed for 1′. Similarly, the
Ce(IV/III) reduction potential for [Ce(NP(pip)3)4] in THF
was recently determined to be within the range from −2.30 to
−2.47 V (vs Fc/Fc+).14

■ SUMMARY
We have prepared and structurally characterized the
homoleptic cerium ketimide [Li]2[Ce(NCtBuPh)6] (1),
along with its thorium analogue [Li]2[Th(NCtBuPh)6]
(2). DFT calculations on 1 and 2 reveal the presence of
polarized σ and π Ce/Th−N bonding interactions with modest
metal−ligand covalency, which is somewhat larger for 1 than
for 2. RAS/CAS self-consistent field calculations suggest
moderate multiconfigurational character for the ground states
dictated by intraligand electron correlation, mainly among the
N−C π and π* orbitals. The ground state of 1 and 2 is
dominated by the M(IV) closed-shell configuration in the wave
function calculations (86/77% with RAS/CAS). Moreover,

DFT calculations show that, for 1, the Ce-4f orbitals are
represented by the lowest-energy unoccupied MOs, which are
responsible for a unique long-wavelength absorption band that
is not seen for 2. Finally, an electrochemical analysis of 1
revealed one of the most cathodic Ce(IV)/Ce(III) reduction
potentials yet recorded, due, in part, to the strongly donating
nature of the ketimide ligand along with the anionic charge at
the Ce center, and indicating considerable stabilization of the
Ce(IV) state. Our electrochemical results suggest that, for
cerium at least, the ketimide ligand is more strongly donating
than alkoxide but less donating than phosphiniminato. Going
forward, we will examine the ability of the ketimide ligand to
stabilize Pr4+ and Tb4+. This goal seems all the more plausible
given the recent isolation and crystallographic characterization
of two Tb4+ complexes.44,75
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Table 2. Ce(IV/III) Redox Potentials for Selected Cerium
Complexes

complex potentiala (V) conditionsb

[Ce(acac)4]
58 0.22 ± 0.02 vs SHE 0.1 M TBAPF6 in MeCN/

acetone
[CeL]4−,29 −0.454 vs SHE 1 M KCl
[Li3][(binolate)3Ce]

43 −1.09 vs Fc/Fc+ 0.1 M TPAB in THF
[Ce(BIPMTMS)2]

46 −1.63 V 0.1 M TPAB in THF
[Ce(omtaa)2]

41 −1.7 vs Fc/Fc+ 0.1 M TPAB in THF
[Ce(OSi(OtBu)3)4]

44 −1.72 vs Fc/Fc+ 0.1 M [NBu4][B(C6F5)4]
in THF

{Ce(atrane)(OAr)}2
16 −1.86 vs Fc/Fc+ 0.1 M TPAB in THF

[Ce(pyNO)4]
9 −1.95 vs Fc/Fc+ 0.1 M TPAB in DCM

[Ce(L′)(OtBu)2]
42 −2.07 vs Fc/Fc+ 0.5 M TPAB in THF

1′ −2.16 vs Fc/Fc+ 0.1 M TBABPh4 in THF
[Ce(L″)(OtBu)2]

42 −2.39 vs Fc/Fc+ 0.5 M TPAB in THF
[Ce(NP(pip)3)4]

14 −2.30 to −2.47 vs
Fc/Fc+

[Ce(NP(pip)3)4]
−14 −2.64 to −3.10 vs

Fc/Fc+

aSHE = standard hydrogen electrode. bTPAB = [nPr4N][B(3,5-
(CF3)2C6H3)4], TBAPF6 = [NBu4][PF6], TBABPh4 = [NBu4][BPh4].

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b01428
Inorg. Chem. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01428/suppl_file/ic9b01428_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.9b01428
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.9b01428
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01428/suppl_file/ic9b01428_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1916136&id=doi:10.1021/acs.inorgchem.9b01428
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1916137&id=doi:10.1021/acs.inorgchem.9b01428
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:jochena@buffalo.edu
mailto:hayton@chem.ucsb.edu
http://orcid.org/0000-0001-6570-5245
http://orcid.org/0000-0001-9392-877X
http://orcid.org/0000-0003-4370-1424
http://dx.doi.org/10.1021/acs.inorgchem.9b01428


■ REFERENCES
(1) Anwander, R.; Dolg, M.; Edelmann, F. T. The difficult search for
organocerium(iv) compounds. Chem. Soc. Rev. 2017, 46, 6697−6709.
(2) Avignant, D.; Largeau, E.; Gaumet, V.; Dugat, P.; El-Ghozzi, M.
Recent progress in tetravalent terbium chemistry. J. Alloys Compd.
1998, 275−277, 1−5.
(3) El-Ghozzi, M.; Avignant, D. Crystal chemistry and magnetic
structures of Tb(IV) fluorides. J. Fluorine Chem. 2001, 107, 229−233.
(4) Hobart, D. E.; Young, J. P.; Norvell, V. E.; Mamantov, G.;
Peterson, J. R.; Samhoun, K. Stabilization of praseodymium(IV) and
terbium(IV) in aqueous carbonate solution. Inorg. Nucl. Chem. Lett.
1980, 16, 321−328.
(5) Sroor, F. M.; Edelmann, F. T. Lanthanides: Tetravalent
Organometallic. In Encycl. Inorg. Bioinorg. Chem. Scott, R. A., Ed.,
2012, 1−14.
(6) Eller, P. G.; Penneman, R. A. Stabilization of actinides and
lanthanides in high oxidation states. J. Less-Common Met. 1987, 127,
19−33.
(7) Nugent, L. J.; Baybarz, R. D.; Burnett, J. L.; Ryan, J. L. Electron-
transfer and f-d absorption bands of some lanthanide and actinide
complexes and the standard (II-III) oxidation potential for each
member of the lanthanide and actinide series. J. Phys. Chem. 1973, 77,
1528−1539.
(8) Beckers, J.; Rothenberg, G. Sustainable selective oxidations using
ceria-based materials. Green Chem. 2010, 12, 939−948.
(9) Bogart, J. A.; Lewis, A. J.; Medling, S. A.; Piro, N. A.; Carroll, P.
J.; Booth, C. H.; Schelter, E. J. Homoleptic Cerium(III) and
Cerium(IV) Nitroxide Complexes: Significant Stabilization of the
4+ Oxidation State. Inorg. Chem. 2013, 52, 11600−11607.
(10) Gorte, R. J. Ceria in catalysis: From automotive applications to
the water-gas shift reaction. AIChE J. 2010, 56, 1126−1135.
(11) Lammert, M.; Wharmby, M. T.; Smolders, S.; Bueken, B.; Lieb,
A.; Lomachenko, K. A.; Vos, D. D.; Stock, N. Cerium-based metal
organic frameworks with UiO-66 architecture: synthesis, properties
and redox catalytic activity. Chem. Commun. 2015, 51, 12578−12581.
(12) Levin, J. R.; Dorfner, W. L.; Dai, A. X.; Carroll, P. J.; Schelter,
E. J. Density Functional Theory as a Predictive Tool for Cerium
Redox Properties in Nonaqueous Solvents. Inorg. Chem. 2016, 55,
12651−12659.
(13) Piro, N. A.; Robinson, J. R.; Walsh, P. J.; Schelter, E. J. The
electrochemical behavior of cerium(III/IV) complexes: Thermody-
namics, kinetics and applications in synthesis. Coord. Chem. Rev. 2014,
260, 21−36.
(14) Rice, N. T.; Su, J.; Gompa, T. P.; Russo, D. R.; Telser, J.;
Palatinus, L.; Bacsa, J.; Yang, P.; Batista, E. R.; La Pierre, H. S.
Homoleptic Imidophosphorane Stabilization of Tetravalent Cerium.
Inorg. Chem. 2019, 58, 5289−5304.
(15) So, Y.-M.; Leung, W.-H. Recent advances in the coordination
chemistry of cerium(IV) complexes. Coord. Chem. Rev. 2017, 340,
172−197.
(16) Solola, L. A.; Cheisson, T.; Yang, Q.; Carroll, P. J.; Schelter, E.
J. Exploration of the Solid- and Solution-State Structures and
Electrochemical Properties of CeIV(atrane) Complexes. Inorg. Chem.
2018, 57, 10543−10547.
(17) Das, A. K. Kinetic and mechanistic aspects of metal ion catalysis
in cerium(IV) oxidation. Coord. Chem. Rev. 2001, 213, 307−325.
(18) Molander, G. A. Application of lanthanide reagents in organic
synthesis. Chem. Rev. 1992, 92, 29−68.
(19) Nair, V.; Balagopal, L.; Rajan, R.; Mathew, J. Recent Advances
in Synthetic Transformations Mediated by Cerium(IV) Ammonium
Nitrate. Acc. Chem. Res. 2004, 37, 21−30.
(20) Nair, V.; Deepthi, A. Cerium(IV) Ammonium Nitrate - A
Versatile Single-Electron Oxidant. Chem. Rev. 2007, 107, 1862−1891.
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