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ABSTRACT: Reaction of [Ce(NO3)3(THF)4] with 6 equiv of
Li(N=C'BuPh), followed by addition of 0.5 equiv of I, affords the
homoleptic Ce(IV) ketimide, [Li]2[Ce(N=C'BuPh)s] (1), which can
be isolated in 44% yield after work-up. Similarly, reaction of
[ThCla(DME)2] with 6 equiv of Li(N=C'BuPh) in THF affords the
isostructural Th(IV) ketimide, [Li]2[Th(N=C'BuPh)s] (2), which
can be isolated in 53% yield after work-up. Both 1 and 2 were fully
characterized, including analysis by X-ray crystallography, allow-
ing for a detailed structural and spectroscopic comparison. The
electronic structures of 1 and 2 were also explored with density
functional theory (DFT) and multi-configurational wavefunction
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 abil-
ity of the ketimide ligand to stabilize high oxidation states of the
lanthanides.

Introduction

The chemistry of high-valent lanthanide ions has remained enig-
matic.!” Indeed, cerium is the only lanthanide element that can eas-
ily form stable molecular +4 complexes, which has paved the way
for extensive study of its redox properties, both in solid-state and
solution.®1% This redox chemistry is relevant to both fundamental
and applied research.!”3* For example, multi-configurational
ground states have recently been revealed in several molecular and
solid-state Ce(IV) materials.>>?%37 Moreover, X-ray absorption
spectroscopy and density functional theory studies on tetravalent
cerium have revealed considerable covalency and f orbital partici-
pation in Ce(IV)-L bonding.?*?%8 In addition, the Ce(IV/III) redox
couple has proved instrumental for separation of cerium from min-
eral ores and in the mechanism of action of several ceria-supported
catalysts.®1023:3940 Degpite these successes, there still are only a
handful of ligands that are capable of stabilizing high oxidation
states in the lanthanides, especially in non-aqueous environments.
Examples include nitroxide,” tetraazaannulene,* imidophospho-
rane,'#*? atrane, '° binolate,*? silyloxide,** and methanediide.?”#>4¢

The ketimide ligand (R2C=N") is considered to be strongly elec-
tron 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 tran-
sition metal ketimides, M(N=C'Buz)s (M = Mn, Fe, Co, V, Nb, Ta),

in moderate to good yields.*’-° Similarly, Hoffman and co-workers
have reported the synthesis of the analogous group VI ketimides,
M(N=CBuz)+ (M = Cr, Mo, W).’! DFT calculations and ligand
field analyses on these complexes have found that the ketimide lig-
and is a strong o- and m-donor, as well as a strong m-accep-
tor.#74831.52 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 ex-
plored,’*> 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=C'BuPh), in THF, followed by addition of 0.5
equiv of Iz, results in the formation of a deep purple solution. Work-
up of this solution results in isolation of [Li]2[Ce(N=CBuPh)¢] (1),
as purple plates in 44% yield (Scheme 1). Intriguingly, 1 is also
formed in small quantities during the reaction of Li(N=C'BuPh)
with [Ce(NO3)3(THF)4], in the absence of I», according to a 'H
NMR spectrum of an aliquot of the reaction mixture. The oxidation
to Ce(IV) under these conditions can likely be attributed to the re-
dox activity of the nitrate co-ligand in the [Ce(NO3)3(THF)4] start-
ing material, which has been shown to oxidize Ce(III) under certain
conditions.>

Complex 1 is readily soluble in diethyl ether (Et20), toluene, and
THF, but only sparingly soluble in non-polar aliphatic solvents,
such as hexanes. Its IR spectrum exhibits two strong absorptions at
1624 and 1637 cm! assignable to the C=N stretches of the ketimide
ligand. Additionally, its "H NMR spectrum in CsDs features a sharp
singlet at 1.36 ppm, integrating to 54 protons, which is attributable
to the fert-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
BC{'H} NMR spectrum of 1 in CsDs 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=C'BuPh)s] (180.40
ppm).> Finally, the "Li{'H} NMR spectrum of 1 in C¢Ds features



a single resonance at 0.06 ppm. Likewise, the 'Li{'H} NMR spec-
trum of 1 in toluene-ds features a single resonance at -0.02 ppm
(Figure S5). Curiously, though, the "Li{'H} NMR spectrum of 1 in
THF-ds features broad resonances at 1.94, 1.75, and 0.65 ppm (Fig-
ure S7). The resonances at 1.94 and 1.75 ppm are assignable to free
Li(N=C'BuPh) (Figure S16),%” suggesting that dissociation of one
equiv of Li(N=C'BuPh) from 1 occurs in this solvent, resulting in
formation of [Li][Ce(N=C'BuPh)s] (1°). Consistent with this hy-
pothesis, the "Li{'H} signals assignable to Li(N=C'BuPh) and 1’
are present in a 1:1 ratio. No evidence for the dissociation of
Li(N=C'BuPh) from 1 is observed in C¢Ds or toluene-ds, suggest-
ing 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 C¢Ds exhibits about 20% decomposition
after 2 d at room temperature, according to 'H NMR spectroscopy.
The principal decomposition product appears to be a Ce(Ill) com-
plex on the basis of the paramagnetically-shifted resonances ob-
served in the "H NMR spectrum.
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Figure 1. UV-Vis spectra of 1 (0.089 mM) and 2 (0.13 mM) in
toluene.

The UV-Vis spectrum of 1 in toluene exhibits a strong, broad
absorption at 485 nm (¢ = 5600 M-'-cm™"), which is assignable to a
ligand-to-metal charge transfer (Figure 1, also see discussion be-
low). It is quite common for Ce(IV) complexes to be deeply col-
ored. For example, [Ce(trop)4]*! and [Ce(n3-Pn*)2]*° feature in-
tense and broad LMCT absorptions at 450 and 530 nm, respec-
tively. [Ce(cot)2], [Ce(tmtaa)2], and [Ce(BIPM™S);] are also
deeply colored.34385%46 We also measured the solid-state magnetic
susceptibility of 1 using SQUID magnetometry. Significantly, this
measurement reveals temperature independent paramagnetism for
1. The value of ytp, extracted from the temperature dependent T
data (Figure S32), is 4.91 x 10* emu/mol, which is comparable to
the e values reported for Ce(tmtaa): (2.33 x 10 emu/mol),
Ce(cot)2 (1.4 x 10* emu/mol), and Ce(acac)s (2.1 x 10*
emu/mol).3'** The observation of TIP in Ce(IV) complexes has
been interpreted as evidence of multi-configurational character.’!
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 d° transition
metal 0xo anions.%0-62

Figure 2. Solid-State Molecular Structure of 1. Hydrogen atoms
omitted for clarity.

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 R-3, 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-Cel-N1* = 81.8(2)° and
N1-Cel-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) A) is similar to that observed in the
U(V) ketimide, [LiJ[UN=CBuPh)s] (1.260(3) A),55 and other
homoleptic transition metal ketimides (1.25 — 1.27 A).#75! The Ce-
N bond length (2.338(5) A) is longer than those reported for the
homoleptic Ce(IV) phosphoiminato complex [Ce(NP(pip)s3)4] (av.
2.20(2) A),"* and the Ce(IV) amides [Ce(N'Pr2)4] (2.225(1) and
2.223(1) A),%” [Ce(NCy2)] (2.238(5) — 2.247(6) A),** and
[Ce(N(SiHMe2)2)4] (2.2378(11) —2.2574(11) A),% 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]J[UIN=CBuPh)s] (2.217(2) A),”* consistent with the larger
ionic radius of Ce(IV). The structure of 1 also features two Li cati-
ons within the secondary coordination sphere. These ions are sup-
ported by dative interactions with three nitrogen atoms and the ipso
carbons of three phenyl rings. The Li-N distance (2.138(19) A) is
shorter than that in [Li][UN=C'BuPh)s] (2.265(16) A), which fea-
tures a Li ion with an identical binding mode.*’ Finally, the Ce-N-
C angle (165.9(5)°) is slightly smaller than the U-N-C angle in
[Li][UN=CBuPh)s] (176.9(2)°),> which may be a consequence of
the longer M-N bond lengths in 1.

Scheme 1. Synthesis of complexes 1 and 2
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To better contextualize our cerium results, we sought to synthe-
size the analogous thorium(IV) ketimide complex,
[Li]2[ Th(N=CBuPh)c] (2). Complex 2 was prepared by reaction of
[ThCls(DME)2] with 6 equiv of Li(N=C'BuPh) 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 UCls with 6 equiv of
Li(N=C'BuPh) only resulted in formation of the 5-coordinate
ketimide complex, [Li(THF)2][U(N=C'BuPh)s], a difference that
likely reflects the smaller ionic radius of U(IV).>

Complex 2 is soluble Et20, toluene, and THF, but features lim-
ited solubility in pentanes or hexanes. Its UV-Vis spectrum in tol-
uene 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 "H NMR spec-
trum in Ce¢Ds 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 *C{'H} NMR spectrum of 2
(178.73 ppm) is observed at a similar chemical shift to that of 1.
Lastly, its 7Li{'H} NMR spectra in CsDs or toluene-ds feature sin-
gle resonances at 0.53 ppm and 0.47 ppm, respectively (Figures
S10 and S12).

Interestingly, complex 2 also displays evidence of
Li(N=C’BuPh) dissociation in THF-ds. Specifically, its "Li{'H}
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=C'BuPh), while the resonances at 0.61
ppm and 0.04 ppm are assignable to 2 and [Li][Th(N=C’BuPh)s]
(2?), respectively. These two Th complexes are present in a 1:5.5
ratio. As expected, addition of Li(N=C'BuPh) to this sample results
in an increase in the relative 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=C'BuPh) to THF-ds solutions of
1’ (Figure S20). This difference can be rationalized by the larger
ionic radius of Th*',% which allows this ion to better accommodate
the high charge associated with six strongly donating ketimide lig-
ands.

Table 1. Selected Bond Lengths (A) and Angles (°) for Com-
plexes 1 and 2

1 2
M-N 2.338(5) 2.376(2)
C-N 1.256(8) 1.257(2)

Lil-N1 2.138(19) 2.166(4)

Lil-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)

Storage of a concentrated toluene solution of 2 at -25 °C for 24
h afforded crystals suitable for X-ray analysis. As expected, com-
plexes 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) A) is slightly longer than the Ce-N distance in 1
(2.338(5) A) (Table 1), but significantly longer than the U-N dis-
tance in the closely related U(V) ketimide, [Li][U(N=C'BuPh)s]
(2.217(2) A),% in accord with their different ionic radii.’ This dis-
tance is also considerably longer than those reported for the Th(IV)
bis(ketimido) complex [Cp*>Th(N=CPhz)2] (2.259(4) and 2.265(5)
A),%” 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) A) and Li-Cipso (2.908(2) A) distances
to those observed for 1. The C=N bond length (1.257(2) A) is also
identical to that in 1 (1.256(8) A). 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 more acute than the U-N-C angle in
[Li][UMNN=C'BuPh)s] (176.9(2)°).%

Computational Results. In an effort to understand the electronic
structures of 1 and 2, and evaluate the possibility of a multi-config-
urational ground state (GS), a series of Kohn-Sham density func-
tional theory (DFT) with the TPSS functional® and restricted/com-
plete active space (RAS/CAS) self-consistent field®® multi-config-
urational wavefunction calculations were performed, using either
the X-ray structural parameters of 1 and 2, or the
[M(N=CMe2)s]>~ (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 com-
plexes exhibit frontier highest occupied MOs (HOMOs) with sim-
ilar energetics, representing the six N-2p lone pairs exhibiting o-
donation to the metal centers. As 1 displays near-Ci symmetry and
2 obeys Ci symmetry, the six lone pairs form three gerade combi-
nations that mix selectively with the metal valence 5d/6d orbitals,
and three ungerade combinations that mix selectively with the
metal valence 41/5f orbitals. The ligand—metal orbital mixing rep-
resents 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 contribu-
tions to the frontier HOMOs of 2 range from ~3% to 5%.
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Figure 3. Molecular orbital (MO) diagrams obtained with all-electron scalar relativistic DFT for 1 (left) and 2 (right). Canonical MO isosur-

faces at £0.03 a.u..

The slightly more pronounced metal-ligand covalency in 1 vs. 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-polar-
ized o and 7 bonds, with about 10% density weight at Ce. The o-
bonds employ mainly the 5d (~58%) and 4f (~28%) atomic orbitals
(AOs) of Ce. The n-bonds have 53% 4f and 47% 5d AO contribu-
tions from Ce. The n-bonds are polarized toward the carbon end of
the Ce—N—C units, and are delocalized over this unit, 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 paramag-
netism.®® 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  and 1 NLMOs. Similar
results were recently observed for series of isostructural cerium and
thorium imido complexes.” Moreover, Ce(IV)-L bonds involving
significant donation into the Ce-4f orbitals have been described
previously. 27437172
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Figure 4. Bonding Ce—N (one ¢ and one ) natural localized
molecular orbitals (isosurface of £0.03 a.u.) of 1 (top) and 2 (bot-
tom), obtained with Gaussian type orbital (GTO) vs. Slater type or-
bital (STO) basis sets. The Tt NLMO has slight five-center charac-
ter, i.e., there is a small delocalization tail toward adjacent C(butyl)
and C(phenyl) centers. Only NLMO contributions from Ce and N
centers are shown below the graphics. There are six equivalent such
NLMO pairs corresponding to the six Ce-N interactions.

The same Ce—N bonding picture is predicted by all-electron rel-
ativistic calculations with the zeroth-order regular approximation



(ZORA) Hamiltonian, and by calculations where the relativistic va-
lence-shell effects for the metal are introduced via a relativistic ef-
fective core potential (SDD), as demonstrated in Figure 4. There-
fore, the absorption spectra of 1 and 2 can be modelled by calcula-
tions with the SDD core potentials, which are less demanding than
the all-electron relativistic calculations. Before predicting the ab-
sorption spectrum with time-dependent DFT (TD-DFT), however,
it is important to study the extent of multi-configurational character
of the ground state, and hence the robustness of the single-config-
uration DFT calculations.

RAS and CAS wavefunction 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 there-
fore the truncated models afford nearly identical metal-ligand
bonding as the parent structures. This is demonstrated explicitly by
a comparison of the NLMOs of t1 and 1 in Figures 4 and S36. The
RAS calculations, using the N-C o, n, ¢* and ©° (RAS1/3 sub-
spaces) and the metal 4{/5f (RAS2) orbitals, determined GSs dom-
inated 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 in Reference ?7. The RAS ac-
tive space natural orbitals (NOs) and their occupancies (shown in
Figure S37 for t1) show that the multi-configurational character
arises mainly from the N-C n-orbitals being strongly correlated
with their antibonding N—-C ©* counterparts. Namely, the six N-C
n 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
multi-configurational character in the RAS calculations. CAS cal-
culations for t1 and t2, with only the N-C &t and =" orbitals taken as
active, predicted a more pronounced multi-configurational GS,
with 77% weight for the M(IV) (M = Ce or Th) closed-shell con-
figurations. The remaining weights correspond to intra-ligand N-C
n — 7* doubly-excited configurations. In the CAS calculations, the
N-C 7 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 multi-configurational character (static cor-
relation) of 1 and 2 can be problematic, especially for the accurate
prediction of the excited states involving the N-C/phenyl n* orbit-
als. Accordingly, we performed the DFT and TD-DFT calculations
with the TPSS meta-GGA functional,®® because non-hybrid func-
tionals are known to produce less pronounced static correlation er-
rors than their hybrid counterparts.”
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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! Gaussian broadening of the calculated transitions
for the 12500-20000 / 20000-35000 cm™! 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) tran-
sitions whereas the spectral features below ~450 nm are due to N-
2p(lone pair) — phenyl (1*)/C—N (n*) transitions. For 2, spectral
features appear below ~450 nm due to N-2p(lone pair) — phenyl
(n*)/C—N (w*) transitions. Natural transition orbitals (NTO) anal-
yses are shown in Figures S38 — S39.

The absorption spectra of 1 and 2, calculated with TD-
DFT/TPSS, are shown in Figure 5. With the chosen broadening pa-
rameters, 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 tran-
sitions 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 cal-
culated for 1 below 450 nm are generally generated by N-2p(lone
pair) — N-C (n")/phenyl (") charge transfer. The calculated ab-
sorption spectrum for 2 shows comparable intensity to the spectrum
of 1 only below 450 nm, in agreement with the experiments. Ac-
cording to NTO analyses of the electric dipole-intense transitions
(Figure S39), the absorption intensity of 2 is generated by intra-
ligand N-2p(lone pair) — N-C (n*)/phenyl (n") charge transfer, as
it is the case for 1 in the same wavelength region.

Most importantly, the TD-DFT calculations agree with the ex-
periments with respect to the presence/absence of a long wave-
length ligand-to-metal charge transfer band in the absorption spec-
trum 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 non-
bonding Ce-4f orbitals are represented by the weakly antibonding
metal-centered LUMO to LUMO+6. These are the first MOs avail-
able for the electronic transitions. In contrast, for 2 the low-energy
unoccupied MOs consist of mixed N-C (n*)/phenyl (1) 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 (n")/phenyl (n") LUMOs in 2 (see Fig-
ure 3) is about 2.10 eV (590 nm) and 3.10 ¢V (400 nm), respec-
tively, matching well with the intensity on-sets in the calculated and
measured absorption spectra.
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Figure 6. Cyclic voltammograms of 1 and 2 (200 mV/s scan rate,
vs. Fc¢/Fct). Measured in THF with 0.1 M [NBu4][BPha] as the sup-
porting electrolyte.

Cyclic Voltammetry. To better understand the donor ability of the
ketimide ligand, we investigated the electrochemical 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 fea-
ture at Epc =-2.16 V (vs. Fc/Fc*, Figure 6), which we attribute to
the Ce(IV/III) reduction of [Li][Ce(N=C'BuPh)s] (1°). This feature
remains irreversible, even at scan rates of 2000 mV/s. Our assign-
ment was confirmed by comparison with the cyclic voltammogram
recorded for complex 2, which features no reduction features
within the solvent window (Figure 6). The cyclic voltammograms
of 1 and 2 also exhibit a complex series of irreversible oxidation
features between -1.1 V 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, [UN=C'BuPh)s],** as well as for Li(N=C'BuPh) (Figure
S30).

The Ce(IV/III) redox feature observed for 1 is amongst the low-
est reported for this element (Table 2). For comparison, the ce-
rium(II) tris(binolate) complex [Li(THF)]s[(binolate);Ce(THF)]
features an electrochemically irreversible Ce(IV/III) reduction fea-
ture at -1.09 V (vs. Fc/Fc*),% which is much more anodic than
that observed for 1°, suggesting that the ketimide ligand better sta-
bilizes the Ce(IV) oxidation state than the binolate ligand. For fur-
ther comparison, the Ce(IV/IIl) reduction features for the ferro-
cene-bridged Schiff base complexes [Ce(L)(O'Bu).] (LH2 = 1,1°-
di(2,4-bis-tert-butyl-salicylimino)ferrocene) and [Ce(L’)(O'Bu):]
(L’H2 = 1,1’-di(2-tert-butyl-salicyl-(bis-phenyl)-iminophospho-
rano)ferrocene) are at -2.07 and -2.39 V (vs. Fc/Fc*), respectively.?
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 of -2.30 to
-2.47 V (vs. Fc/Fch).14

Table 2. Ce(IV/III) Redox Potentials for Selected Cerium Com-
plexes

Complex Potential (V) Conditions
[Ce(acac)4]™® 0.22+0.02vs. 0.1 M TBAPFs in
SHE MeCN/acetone
[CeL]*2 -0.454 vs. SHE 1 MKCI
[Liz][(binolate)3Ce]*? -1.09 vs. 0.1 M TPAB in
Fc/Fc* THF
[Ce(BIPM™S),]46 -1.63V 0.1 M TPAB in
THF
[Ce(omtaa)z]*! -1.7 vs. Fc/Fc* 0.1 M TPAB in
THF
[Ce(OSi(O'Bu)s)a]* 172 vs. 0.1 M
Fc/Fc* [NBu4][B(C6F5)4]
in THF
{Ce(atrane)(OAr)}2'° -1.86 vs. 0.1 M TPAB in
Fc/Fc* THF
[Ce(pyNO)4]° -1.95 vs. 0.1 M TPAB in
Fe/Fc* DCM
[Ce(L’)(O"Bu)2] -2.07 vs. 0.5 M TPAB in
Fc/Fc* THF

1 -2.16 vs. 0.1 M TBABPha
Fc/Fc* in THF
[Ce(L”)(O'Bu)2]* -2.39 vs. 0.5 M TPAB in
Fc/Fc* THF
[Ce(NP(pip)3)4]™* -230--2.47 -
vs. Fe/Fc*
[Ce(NP(pip)3)4] ™ -2.64--3.10 -
vs. Fe/Fc*

TPAB = ["PrsN][B(3,5-(CF3)2CH3)s], TBAPFs = [NBus][PFe],
TBABPhs = [NBus][BPhs]

Summary

We have prepared and structurally characterized the homolep-
tic cerium ketimide, [Li]2[Ce(N=C'BuPh)s] (1), along with its tho-
rium analogue, [Li]2[Th(N=C'BuPh)s] (2). DFT calculations on 1
and 2 reveal the presence of polarized ¢ and © Ce/Th-N bonding
interactions with modest metal-ligand covalency, which is some-
what larger for 1 than for 2. RAS/CAS self-consistent field calcu-
lations suggest moderate multiconfigurational character for the
ground states dictated by intra-ligand electron correlation, mainly
among the N-C n and n* 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. Fi-
nally, an electrochemical analysis of 1 revealed one of the most ca-
thodic Ce(IV)/Ce(IIl) 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 considera-
ble 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 phosphin-
iminato. Going forward, we will examine the ability of the ketimide
ligand to stabilize Pr** and Tb*". This goal seems all the more plau-
sible given the recent isolation and crystallographic characteriza-
tion of two Tb*" complexes.**”
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The homoleptic cerium ketimide, [Li]2[Ce(N=C'BuPh)s], was prepared and characterized by cyclic volt-
ammetry, which revealed a strong stabilization of the Ce(IV) oxidation state.
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