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ABSTRACT: Complexes featuring lanthanide−ligand multiple bonds are rare and highly reactive. They are important synthetic
targets to understand 4f/5d-bonding in comparison to d-block and actinide congeners. Herein, the isolation and characterization of a
bridging cerium(IV)-nitride complex: [(TriNOx)Ce(Li2μ-N)Ce(TriNOx)][BArF4] is reported, the first example of a molecular
cerium-nitride. The compound was isolated by deprotonating a monometallic cerium(IV)-ammonia complex: [CeIV(NH3)-
(TriNOx)][BArF4]. The average Ce�N bond length of [(TriNOx)Ce(Li2μ-N)Ce(TriNOx)][BArF4] was 2.117(3) Å. Vibrational
studies of the 15N-isotopomer exhibited a shift of the Ce�N�Ce asymmetric stretch from ν = 644 cm−1 to 640 cm−1, and X-ray
spectroscopic studies confirm the +4 oxidation state of cerium. Computational analyses showed strong involvement of the cerium 4f
shell in bonding with overall 16% and 11% cerium weight in the σ- and π-bonds of the Ce�N�Ce fragment, respectively.

The isolation of novel metal-nitrido complexes continues
to be an important goal, due to their relevance to N2

fixation and importance of understanding their nucleophilic or
electrophilic reactivity characteristics and associated electronic
structures.1 Molecular actinide nitrides (Scheme 1) have
received significant attention in these contexts and as

molecular probes to study metal−ligand multiple bonding
and covalency.2 For example, Hayton, Cho, and Autschbach
recently pioneered the use of solid state 15N NMR spectros-
copy for the study of actinide-ligand covalency in [K(18-
crown-6)(THF)2][((SiMe3)2N)3Th(μ-N)Th(N(SiMe3)2)3]-
(Scheme 1).3 While the actinides have seen the development
of a library of such compounds, examples of lanthanide nitride
complexes remain scarce.2a,b,e,4

Lanthanide-nitride complexes are elusive, owing to the
reactive nature of these metal−ligand multiple bonds.2d,5 Poor
spatial overlap and energy mismatch between the valence
metal- and ligand-orbitals results in polarized, reactive bonds,
promoting decomposition.6 Reported examples include
endohedral metallofullerenes, such as Ce2M2N@C80 M = Sc,
Y, Lu stabilized by encapsulation,7 and spectroscopic studies of
gas phase ions comprising Ln�N moieties.8 It is of interest to
isolate molecular examples of lanthanide-nitride complexes to
study differences in electronic structure and reactivity between
d-block, actinide, and lanthanide congeners. Our work in
developing the chemistry of lanthanide-ligand multiple bonds
has focused on stabilizing the cerium(IV) ion, which includes
bonding contributions from metal 4f- and 5d-orbitals and
affords comparison with uranium(IV) and thorium(IV)
compounds, and group IV metals.3,9 Moreover, some formally
cerium(IV) complexes that include noninnocent ligands have
demonstrated unusual electronic structures including multi-
configurational ground states, the hallmark example being
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Scheme 1. Select, Reported Imido- and Nitride-Complexes
of f-Elements
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cerocene.10 As such, a molecular cerium(IV)-nitride target
presents an opportunity to study the electronic structure of the
cerium-nitride fragment with the potential for valence
ambiguity.
Previously, the coordination chemistry of the tripodal,

anionic hydroxylaminato ligand framework [{(2-tBuNO)-
C6H4CH2}3N]3− (TriNOx3−) was developed by some of us
for the stabilization of the CeIV cation.11 This work
demonstrated [CeIV(TriNOx)]+ was suitable to stabilize a
family of unique cerium-imido complexes�[M(S)x][Ce�
NArF(TriNOx)], M = Li, K, Rb, or Cs; S = THF, TMEDA,
DME, or 2.2.2-cryptand, x = 1 or 2, ArF = 3,5-(CF3)2-Ar,
TriNOx3− = [{(2-tBuNO)C6H4CH2}3N]3−2d�and enabled
direct comparison with an isostructural ThIV congener:
[K(S)][Th�NArF(TriNOx)].9b Theoretical studies and the
relative basicity of the Ce/Th-imido group indicated a larger
degree of covalency in the CeIV-imido species compared to the
ThIV congener. In the current work, this chemistry is extended
toward isolation of the first molecular CeIV-nitride complex.
It was expected that successive deprotonation of an

ammonia complex could be employed to obtain a cerium-
(IV)-nitride.5a This strategy was previously employed for the
isolation of [M(S)x][Ce�NArF(TriNOx)] and in the
generation of other REIII=NR complexes RE = Sc, Y, Ce,
Nd, Sm, Yb, Lu, e.g. [TptBu,MeLn(�NAriPr)(THF)2], Ln = Ce,
Nd, Sm.2c,5b−d,9e,12 To initiate the synthesis, a suitable
precursor was pursued: CeIV(NH3)(TriNOx). Ammonia
complexes of CeIV are rare.13 A salt metathesis reaction of
CeIVCl(TriNOx) (1) with sodium tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate (NaBArF4) in CH2Cl2 afforded
[CeIV(TriNOx)][BArF4], which was then subjected to
anhydrous NH3 in situ to form [CeIV(NH3)(TriNOx)][BArF4]
(2) in 94% isolated yield. 1H NMR spectroscopy of 2 showed a
broad singlet at δ = 2.86 ppm, corresponding to the
characteristic CeIV−NH3 resonance.13 An X-ray diffraction
study established the molecular structure of 2. The Ce(1)−
N(5) distance of 2.611(3) Å was similar to reported CeIV−
NH3 distances.

13 All other distances in 2 were consistent with
previously reported CeIV(TriNOx) complexes.11 The IR
spectrum of 2 also included a band at 3403 cm−1, assigned
to an N−H stretching mode.
Treating complex 2 with a toluene/diethyl ether solution

(6:4 v/v) of lithium bis(trimethylsilyl) amide (LiHMDS)
afforded black crystals in 65% yield after filtration over a Celite
pad and setting the solution undisturbed at room temperature
for 3 days. Following X-ray crystallography studies, the
product, [(TriNOx)Ce(Li2μ-N)Ce(TriNOx)][BArF4] (3),
was established (Scheme 2). The 1H NMR spectrum of 3
shows a single pair of diastereotopic methylene protons for the
TriNOx3− framework at δ = 4.00 and 2.35 ppm (Figure S7).
The 7Li NMR spectrum of 3 shows a single resonance at δ =
3.71 ppm (Figure S8).
Complex 3 is the first linear, bimetallic, crystallographically

characterized lanthanide nitride complex (Figure 1). The
average Ce�N bond length was 2.117(3) Å, shorter than the
ana logous Ce�N bond in [Li(TMEDA)][Ce�
NArF(TriNOx)] at 2.129(3) Å, and one of the shortest
known Ce�N bonds. While 3 exhibits a formal shortness ratio
(FSR = 0.909, Table S1) smaller than the previously
characterized [Li(TMEDA)][Ce�NArF(TriNOx)] (0.914),
the structurally similar complex [K(18-crown-6)(THF)2]-
[((SiMe3)2N)3Th(μ-N)Th(N(SiMe3)2)3] exhibits a smaller
FSR (0.888). This result is contrary to trends previously

observed in isostructural Ce/Th-multiple bonds.9b However,
the capping Li-cations of 3 undoubtedly lengthen the Ce�N
bonds compared to Li-free [K(18-crown-6)(THF)2]-
[((SiMe3)2N)3Th(μ-N)Th(N(SiMe3)2)3].

15N-isotopic labeling was conducted to characterize 2 and 3.
Following an identical synthesis using 15NH3 labeled: 2-15N
was obtained. The 1H NMR of 2-15N showed a doublet at δ =
2.88 ppm corresponding to the NH3 protons instead of the
singlet observed in 2. A 15N−1H HMBC experiment on 2-15N
showed a singlet in the 15N NMR at δ = 25.94 ppm, downfield
from an external standard of NH3(l) set at δ = 0 ppm,
corresponding to the coordinated 15NH3. The treatment of
2-15N with Li[N(SiMe3)2] similarly produced 3-15N. Attempts
to identify the 15N-nitride-NMR signal for 3-15N proved
unsuccessful. Confirmation of 15N-labeling was achieved
through acidification of 3-15N, which afforded identification
of 15NH4Cl (Supporting Information (SI)).
Vibrational spectroscopy studies were performed to detect

characteristic modes for the Ce�N�Ce unit, confirm the
isotopic 15N-shift, and support the assignment of the nitride in
3. No N−H stretching bands were detected for 3/3-15N in
their infrared spectra. The spectrum of 3 features a band at ν =

Scheme 2. Synthesis of the Bridging Cerium(IV) Nitride
Complex 3

Figure 1. Thermal ellipsoid plot of 3 at 30% probability. Solvent
molecules, BArFd

−

4 anions, and H atoms omitted for clarity. tBu groups
depicted using a wireframe model. Selected average bond distances
and bond angles for 3: Ce−N(μ2-nitrido) 2.117(3), Ce−O(TriNOx)
2.262(5), Ce−N(TriNOx) 2.611(5), Ce−N(bridgehead) 3.043(3),
N(μ2-nitrido)−Li 2.030(8), Ce(1)−N(9)−Ce(2) 160.53°.
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644 cm−1 corresponding to the principal Ce�N�Ce
asymmetric mode. The band is shifted by −4 cm−1 to 640
cm−1 in 3-15N (Figure S17). Density functional theory (DFT)
calculations, vide inf ra, predict the Ce�N�Ce asymmetric
stretch of 3 at 680 cm−1 with a −12 cm−1 red shift in 3-15N
(SI). A similar −7 cm−1 red shift was also observed with 15N-
enrichment in [K(18-crown-6)(THF)2][((SiMe3)2N)3Th(μ-
N)Th(N(SiMe3)2)3].

2e The experimental and calculated
Raman spectra of 3 and 3-15N show no noticeable isotopic
shifts (Figures S21 and S22).
The solution cyclic voltammogram of 3 exhibited consec-

utive, reversible waves at E1/2 = −1.54 V and −1.75 V versus
Fc/Fc+, assigned to successive CeIV/III reductions (Figure S23).
Both waves fall at more negative potentials than reported
CeIV(TriNOx) complexes, including CeIV−imidos which
ranged from −1.39 V to −1.41 V, highlighting strong Ce(IV)
stabilization.5a,11,14 The separation of 0.21 V between the
waves suggests isolation of a mixed-valent complex may be
possible. The electronic absorption spectrum of 3 showed a
band at λmax = 413 nm (Figure 2) that was assigned as a ligand

to metal (Ce 4f) charge-transfer (LMCT) transition based on
the calculated spectrum (Figure S15). The more intense
transitions were calculated at 394, 411, 418, and 434 nm,
generating a broad nonsymmetric peak around 410 nm
(Supporting Information). The transitions were assigned
based on natural transition orbitals shown in Figure S28.
The higher energy LMCT in 3 relative to [Li(TMEDA)]-
[Ce�NArF(TriNOx)] (Figure 2) may result from stabilization
of the +4 oxidation state.5a

The Ce L3-edge XANES spectrum (Ce 2p1/2 → 5d3/2) of 3
contains multiple edge peaks, which is a hallmark of CeIV
complexes (Figure 3).10c,15 Two major peaks are observed at
5726 and 5736 eV, with a shoulder at ∼5719 eV and
asymmetry in the first peak with tailing on the high energy side.
This spectral profile is reminiscent of those observed for CeIV-
imido complexes supported by TriNOx3− ligands,9e the most
notable difference being an increase in the relative intensity of
the CeIII and CeIV peaks (Figure S26). These peaks are often
assigned using a configuration interaction model involving 4f0
and 4f1L ground-state configurations, where L represents a
ligand hole resulting from LMCT. According to this
model,15a,16 the large peak-to-peak splitting (10 eV) between
configurations arises in the excited state from differences in the
number of 4f electrons available to screen the 5d electrons
from the Ln 2p core-hole. The low energy peak is thus

attributed to the 4f1L5d1 (or CeIII) configuration, and the
higher energy peak is attributed to the 4f05d1 (or CeIV)
configuration. Their relative weights were evaluated using
established curve-fitting methods,9e which indicated that the
4f05d1 configuration had a relative weight of 0.40(3). After
accounting for error, this value is statistically equivalent to
those found previously for TriNOx3− systems using the same
curve-fitting method, despite the appearance of an increase in
CeIII character for 3 by visual inspection of the experimental
spectra (Figure S26).9e Hence, the XANES results support an
electronic structure assignment for 3 that is typical for
cerium(IV) complexes, in that the Ce center has a formal +4
charge that is modulated by donation bonding.10c

To further understand the electronic structure of the Ce�
N�Ce subsystem in 3, DFT calculations were performed with
the B3LYP functional, and small-core Stuttgart energy-
consistent relativistic pseudopotentials.17 Additional calculated
benchmark data are provided in the SI, showing that the results
are not strongly dependent on the chosen functional. DFT was
presumed a suitable approach, given that spectroscopic results
supported purely Ce(IV) character in Ce�N�Ce. Indeed,
good agreement between optimized and experimental
structural parameters for 3 (Table S3) was obtained, with
calculated Ce−N (μ2-nitrido and TriNOx) and Ce−O
(TriNOx) distances within 0.02 Å of experimental X-ray
crystal structure data.
The metal−ligand bonding in 3 was analyzed in terms of

natural localized molecular orbitals (NLMOs). As seen in
Figure 4 and Table S4, the Ce�N�Ce interactions feature
two N → Ce 2-center-2-electron (2c-2e) σ-donation bonds,
accompanied by two N → Ce three-center-2-electron π-
donation interactions. As expected for dative interactions, the
bonds are polarized toward N. Overall, there is double bond
character for each Ce�N interaction, confirmed by the
Wiberg bond orders exceeding 1 (1.21 on average). The Ce−
N σ-bonds in 3 have 16% Ce weight (57% 5d, 40% 4f), and the
Ce−N three-center π-bonds each have 11% Ce weight (53%
5d, 47% 4f) (Table S4), showing a strong involvement of the
cerium 4f shell. The Ce�N�Ce moiety exhibits similar
covalency as the Ce�N bond in the previously reported

Figure 2. UV−vis spectrum of a [Li(TMEDA)][Ce�N(3,5-
(CF3)2C6H3)(TriNOx)] (blue) in THF and 3 (red) in α,α,α-
trifluorotoluene.

Figure 3. Ce LIII-edge XANES spectrum of 3, characteristic of
formally CeIV complexes. See Supporting Information for fitting
details.
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[Li(TMEDA)][Ce�NArF(TriNOx)] [Scheme 1, with Ce−N
σ-bonds comprising 11% Ce weight (65% 5d, 29% 4f) and
Ce−N π-bonds comprising 17% Ce weight (50% 5d, 50% 4f)],
as well as the bonds in the Th�N�Th moiety of [K(18-
crown-6)(THF)2][((SiMe3)2N)3Th(μ-N)Th(N(SiMe3)2)3]
[with 10% Th weight (67% 6d, 24% 5f) in the Th−N σ-bonds
and 16% Th weight (58% 6d, 42% 5f) in the Th−N π-bonds].
The remaining σ-interactions of Ce with the N and O atoms of
the TriNOx ligands are less covalent, with ∼5−9% Ce-weight
(Figure S27). Overall, Ce receives considerable electron
donation from the surrounding ligands: the calculated Ce
natural charge of +1.8 is much below the formal +4 charge.
The Ce natural electron configuration assigned by the
calculation is 4f0.985d1.21, deviating strongly from the formal
4f05d0. The size of the complex and low local symmetry of the
Ce centers prohibited LIII-edge wave function calcula-
tions.10c,18 But, the XANES data and computational results
are consistent with a formal and spectroscopic oxidation state
of purely cerium(IV) for 3, implying a bona f ide N3− moiety.
To summarize, a bimetallic, tetravalent cerium complex

featuring a Ce�N�Ce moiety was isolated. The μ2-nitrido is
stabilized by the coordination of two Li cations and the steric
bulk of the TriNOx3− ligand framework. DFT calculations
supported double bonds in the Ce�N�Ce fragment of 3 and
strong participation of Ce in both σ- and π-bonding. These
results are important for further exploration of metal−ligand
multiple bonding of f-elements and investigation into their
electronic structure.
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