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ABSTRACT: Structurally authenticated, terminal lantha-
nide—ligand multiple bonds are rare and expected to be
highly reactive. Even capped with an alkali metal cation,
poor orbital energy matching and overlap of metal and
ligand valence orbitals should result in strong charge
polarization within such bonds. We expand on a new
strategy for isolating terminal lanthanide—ligand multiple
bonds using cerium(IV) complexes. In the current case,
our tailored tris(hydroxylaminato) ligand framework,
TriNOx’~, provides steric protection against ligand
scrambling and metal complex oligomerization and
electronic protection against reduction. This strategy
culminates in isolation of the first formal Ce=N bonded
moiety in the complex [K(DME),][Ce=N(3,5-
(CF;),C4H;)(TriNOx)], whose Ce=N bond is the
shortest known at 2.119(3) A.

d-Block transition metal complexes containing metal—ligand
multiple bonds are essential in studies of small-molecule
activation.' Interest in these complexes is driven by their
synthetic applications, such as in group transfer of methylidene,
imido, and phosphinidene moieties’ and in multiple bond
metathesis.” Likewise, a large number of synthetic procedures
have been developed for the synthesis of complexes containing
actinide—ligand multiple bonds.* However, the chemistry of
complexes that contain metal—ligand multiple bonds with rare
earth elements is comparatively underdeveloped.” Rare earth
metal—ligand multiple bonds are understood to be reactive due
to their low covalency and strong charge polarization that
originates from the energy mismatch and poor spatial overlap
between the valence rare earth metal and ligand orbitals.’ These
complexes can also oligomerize or access bimolecular
decomposition pathways upon formation due to the large
sizes and high Lewis acidities of the cations.”

It is of interest to prepare new complexes containing rare
earth metal—ligand multiple bonds to expand on this important
class of compounds and define the reactivities enabled by the
unique characteristics of the ions. For example, a recently
isolated Ce™'=0 complex, the first example of a Ce(IV) metal—
ligand multiple bond, was shown to possess strong nucleophilic
and oxidizing properties (Scheme 1).° Scandium complexes
containing phosphinideneSb and imido® ligands have also been
reported. A recent report of a chelating nucleophilic carbene
complex of Ce(IV), wherein the carbene is electronically
supported by heteroatoms, featured a short cerium—carbene

bond.’
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Scheme 1. Isolated Complexes Containing Rare Earth
Metal—Ligand Multiple Bonds

Py S R
\Co‘;[p]\Q g [p]"'Co/ Ar YY
\\o B & I P\R2 / Ny /N‘Dipp
A — A, Sc,
Pl~p—(¢ee—0o—1P! 7N [ N\
Pl=o /Ce\\ 1Pl N—Sc< ‘LioME) SN \ SNDipp
H, G O-—-H O QP/R BY - \
N—< 2 <
H
N—
[P] = P(OEt), R = Pr, Ar = 2,6-Mes,CeHs 7

We recently reported the coordination chemistry of a
tripodal, anionic hydroxylaminato li§and framework, TriNOx’",
with rare earth cations (Scheme 2).'” We also demonstrated that
a combination of both the electronic and steric characteristics of
TriNOx*™ allows for the stabilization of tetravalent Ce with
anionic Iigands.]Ob For example, the Ce(II/IV) redox wave for
the complex was measured at —0.96 V vs Fc/Fc*, which
compared favorably to the Ce(III/IV) couple at +0.35 V
measured for Ce[N(SiMe;),],."

For the current work, we reasoned that the TriNOx*>~ ligand
framework could offer advantages toward the isolation of
Ce*=E moieties (E = N, O, P). Our hypothesis was that the
established ability of the TriNOx’~ framework to stabilize
Ce(IV) and its steric properties would furnish a discrete
terminal 1:1 Ce(IV)—imido complex. We also expected that Ce
in the tetravalent oxidation state would provide a better
electrostatic match for the dianionic imido ligand compared to
Ce(III). Our synthetic strategy for the isolation of a Ce™'=N
complex was predicated on the deprotonation of an appropriate
anilide complex. This route was previously employed for the
generation of bridging Ln"=N complexes (Ln = Sm, Yb).**

In pursuit of the anilide complex, we sought a suitable
Ce"(TriNOx) complex with a sufficiently basic ligand. The salt
metathesis reaction between Ce(TriNOx)], generated in situ by
oxidation of Ce(THF)(TriNOx) (1)'® with I,, and KN-
(SiHMe,), produced Ce[N(SiHMe,),](TriNOx) (2) in
moderate (25%) crystalline yield (Scheme 2). 'H NMR
spectroscopy of 2 displayed a characteristic septet centered at
0 = 6.71 ppm, which was slightly downfield shifted from the
related signal observed for the homoleptic compound Ce[N-
(SiHMe,), ], (6 = 6.01 ppm).12 The '"H NMR data for 2 were
similarly consistent with a Ce(IV) complex. A pair of doublets
centered at 6 = 4.46 and 2.34 ppm were assigned to the
diastereotopic benzylic protons of the TriNOx’~ ligand. The
molecular structure of 2 was determined by an X-ray diffraction
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Scheme 2. Synthesis of Cerium(IV) Anilide and Imido Complexes 3 and 4
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study (Figures la and S1). The Ce(1)—N(S) bond length of
2.353(S) A was longer than the average Ce—N length of 2.247 A
reported for Ce[N(SiHMe,),],,"*> possibly due to the steric
demand of the TriNOx*~ framework. The Ce—On,yo, bond
lengths in 2 ranged between 2.167(4) and 2.191(4) A and were
consistent with those of reported Ce™(TriNOx) complexes.'””

Figure 1. Thermal ellipsoid plots of (a) 2 (one of two independent
molecules, see Supporting Information for details) and (b) 3-THF
shown at the 30% probability level. Interstitial solvent molecules and
hydrogen atoms, except for the anilide proton in 3-THF, have been
omitted for clarity. tert-Butyl groups are depicted using a wire model.
Selected bond distances (A) and angles (deg) for 3-THF: Ce(1)—0(1)
2.184(2), Ce(1)—0(2) 2.158(3), Ce(1)—0(3) 2.203(2), Ce(1)—N(1)
2.510(3), Ce(1)—N(2) 2.512(3), Ce(1)—N(3) 2.541(3), Ce(1)—N(5)
2.379(3); Ce(1)—N(5)—C(34) 143.3(2).

Treating 2 with an n-pentane solution of 3,5-bis(trifluoro-
methyl)aniline afforded an analytically pure, insoluble black
powder in 93% isolated yield that was identified as Ce[NH(3,5-
(CF;),C¢H;)](TriNOx) (3) (Scheme 2). A diagnostic feature
of complex 3 was its singlet at § = 6.57 ppm in the '"H NMR
spectrum recorded in deuterated chloroform, assigned to the
anilide proton. The IR spectrum of 3 showed an absorption
band at v = 3311 cm™!, which was assigned to the N—H
oscillator. This value was consistent with that observed for the
titanium (IV) anilide complex, (C;H;)TiCL,(NHPh) (v = 3330
em™)."® Complex 3 represents the first crystallographically
characterized Ce(IV)—anilide complex (Figure 1b). The
internal bond lengths and angles for 3 were largely consistent
with those found in complex 2, except for a shortening of the
Ce—Nrno, interactions (~0.05 A) that was observed in 3
compared to 2. Also, the Ce—N,iqe/amide PONd length of 3
(2.379(3) A) was only slightly longer than those measured in 2
(2.353(5) and 2.370(5) A).

Addition of an equimolar amount of KN(SiMe;), to a
fluorobenzene solution of 3 caused a color change of the
solution from black to intense purple, which was attributed to
the generation of a Ce"=N moiety. The evaporation of
volatiles and subsequent recrystallization of the product from a
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mixture of dimethoxyethane and hexanes gave the air- and
moisture-sensitive Ce(IV)—imido complex [K(DME),][Ce=
N(3,5-(CF;),C¢H,;) (TriNOx)] (4, Scheme 2) in yields of up to
28%. The 'H NMR spectrum of 4, measured in THF-dj, showed
a notably C;-symmetric Ce(IV)-TriNOx core, indicating a free
rotation about the Ce=N bond and/or de-coordination of the
potassium cation on the NMR time scale. Two down-shifted
diagnostic resonances observed at § = 6.09 and 5.79 ppm were
consistent with the aryl protons on the imido aryl group. A
downfield shift of the tert-butyl signal from 6 = 0.78 ppm in 3 to
0 = 1.09 ppm in 4 was also observed. The diastereotopic
methylene proton resonances of the TriNOx ligand in 4 (5 =
3.91 and 2.24 ppm) were shifted compared to the related values
detected for 3 (6 = 4.55 and 2.85 ppm).

To date, attempts to obtain a charge-separated salt of the
imido complex by the encapsulation of the alkali metal cation
upon addition of 18-crown-6 to a THF solution of 4 have led to
formation of complex 3 and other unidentified products. This
observation indicates the expected stabilization of the Ce=N
bond by the potassium ion. The electronic absorption spectrum
for 4 had broad, low-energy transitions that were reproduced
with four Gaussian bands (Figures S2 and S3). These were
characterized as ligand-to-metal charge-transfer transitions,
consistent with an > Ce(IV) cation in 4.'*

An X-ray diffraction study confirmed binding of the potassium
cation with the Ce=N bond (Figure 2a,b). Additionally, the
K(1) ion was surrounded by two chelating DME molecules. The

N(5)

Ce(1)

Figure 2. (a) Thermal ellipsoid plot of 4 shown at the 30% probability
level. Hydrogen atoms and minor disorder components have been
omitted for clarity. tert-Butyl groups are depicted using a wire model.
(b) Space-filling model for 4. (c) Superposition of the Ce(IV)
coordination environments of 4 (purple) and 3 (green). Selected bond
distances (A) and angles (deg) for 4: Ce(1)—0(1) 2.231(3), Ce(1)—
0(2) 2234(2), Ce(1)-0(3) 2.277(2), Ce(1)-N(1) 2.620(3),
Ce(1)-N(2) 2.621(3), Ce(1)—N(3) 2.640(3), Ce(1)—N(S)
2.119(3), K(1)=-N(5) 2.732(3), K(1)—0(3) 2.642(2); Ce(1)—
N(5)—C(34) 144.0(3), Ce(1)-N(5)-K(1) 106.30(13), Ce(1)—
0(3)—K(1) 104.60(9).
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Table 1. Calculated (B3LYP/6-31G*) and Experimental Geometrical Parameters (Bonds in A and Angles in deg) for 3, 4, and 4~

3 4 4”
caled exptl” caled exptl caled

Ce(1)-N(5)* 2328 2.379(3) 2.069 2.119(3) 2.029
Ce(1)=NOrnox 2.619-2.632 2.510(3)—2.541(3) 2.683—2.740 2.620(3)—2.640(3) 2.761-2.771
Ce(1)—Orunox 2.196—2.209 2.158(3)—2.203(2) 2.232-2.306 2.231(3)—2.277(2) 2.267-2.270
Ce(1)-N(4) 3.066 2.934(3) 3.336 3.138(3) 3.507
K(1)-N(5) - - 2.809 2.732(3) -
Ce(1)-N(5)—C(34) 140.9 143.3(2) 161.5 144.0(3) 177.5

“For assignment of atoms see Figures 1 and 2. YFor the 3-THF solvate.

important feature of 4 is the presence of an asymmetric four-
centered core comprising the Ce(IV) cation, imido-nitrogen,
potassium cation, and oxygen O(3) atoms. The Ce—N,,;4, bond
length of 2.119(3) A is significantly shorter than that found in 3
(2.379(3) A) and represents the shortest known Ce—N bond
distance, which is indicative of double bond character. This
bond length is comparable to the previously reported bridging
YbU-N, a0 _§2.122(2) A)* and Sm™-N, ., (2.152(8) and
2.271(7) A)™ distances, after accounting for the difference in
ionic radii and assuming a coordination number of 6 for both
cations."” Elongation of the apical intramolecular Ce(1)—N(4)
contact was observed for 4 (3.138(3) A) compared to 3
(2.934(3) A). Coordination of the potassium ion to the O(3)
atom results in elongation of the Ce(1)—O(3) bond (2.277(3)
A) compared to the two remaining Ce(1)—Or,noy interatomic
distances (2.234(3) and 2.231(3) A). The Ce—N;p4o—Cipe
bond angle of 144.0(3)° is close to that measured in 3 and
shows a pronounced deviation from linearity due to the
interaction between the potassium cation and the imido core
(Figure 2c).

To further understand the nature of the Ce=N bond and the
distribution of electron density in 4, we performed calculations
on complexes 3 and 4 as well as complex 4 with its potassium
cation removed, [Ce=N(3,5-(CF;),C¢H;)(TriNOx)]~ (47), at
the B3LYP/6-31g* level of theory with a 28-electron small-core
pseudopotential on Ce. There was general agreement between
the key geometrical features of the experimentally determined
and calculated structures (Table 1). However, the calculated
Ce(1)—N(5)—Cj,, bond angle of 4 (161.5°) was ~17° larger
than that in the experimentally determined structure. For the
anion 47, with an uncompensated negative charge, the
corresponding angle was calculated at 177.5°. These results
indicate that the Ce(1)—N(5)—Cj,, bond angle showed a rather
flat energy surface that was impacted by intermolecular packing
forces in the solid state, supporting only weak z-bonding
interactions in 4.

Mayer bond order analyses for Ce(1)—N(5) showed an
increase from a value of 0.80 for 3, to 1.52 for 4, and 1.70 for 47,
which implied a progressively increasing double bond character
between the Ce and N atoms. Analysis of the orbital
contributions to the Ce(1)=N(5) bonding was consistent
with strong polarization of the bond. Natural population
analyses showed that there was a natural charge on Ce of 1.86
in 3, 1.78 in 4, and 1.79 in 4~. There was also a change in the
natural charges on the N 40 /anilige from —0.92 in 3 to —0.95 and
—0.88 in 4 and 47, respectively. Natural Bond Orbital analysis
was also performed. As expected, the bonding molecular orbitals
involved in the Ce(1)—N(5) bond in 3 were mainly located on
the nitrogen atom (89.96%), with the Ce atom contribution
(10.04%) split between its Sd (62.41%) and 4f (27.15%) orbitals
(Figure 3). Two bonding interactions were observed in 4: a o-
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Figure 3. Plots of the Kohn—Sham orbitals, HOMO and HOMO-1
for (a,b) 4 and (c,d) 4~ based on the optimized structures.

type interaction showed nitrogen and Ce contributions of
87.35% and 12.65%, respectively. A breakdown of the Ce
bonding orbital showed that the Sd orbital contributed more
than half (56.47%), while the 4f orbital contributed 32.78%.
Similarly, the z-type bonding orbital in 4 was mainly of nitrogen
character (81.9%), with 18.1% located on Ce. The Ce orbital
contributions were also more 5d (53.58%) in character than 4f
(46.34%). Complex 4~ also had two bonding interactions, with a
Ce contribution of 13.84% to the o-type bond. This
contribution was mainly of 5d character (54.8%), with some
4f contribution (33.51%). The Ce(IV) ion had a contribution of
19.65% to a 7-type interaction, also with more 5d (52.86%) than
4f (47.06%) character.

The nucleophilic character of the Ce=N fragment in
complex 4 was demonstrated by its reaction with the
electrophilic substrate, Me;SiCl (Figure 4). The yield of the
Ce-containing product, Ce(TriNOx)[N(SiMe,)(3,5-(CF;),-
CeH;)] (5), was estimated to be 90% by 'H NMR spectroscopy
upon comparison with an internal standard. Complex § was also
prepared independently by a synthetic route analogous to the
preparation of 2 (see Supporting Information for details).
Additionally, the reaction between 4 and pyridinium chloride in
THEF led to the immediate formation of complex 3.

The molecular structure of 5 is shown in Figure 4. The
binding of the trimethylsilyl group to the imido nitrogen atom
resulted in the elongation of the Ce(1)—N(5) bond by ~ 0.2 A
in § compared to complex 4. The angle Ce(1)—N(5)—C(34)
was significantly smaller in § than in the imido complex 4

DOI: 10.1021/jacs.6b03293
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Figure 4. Preparation and thermal ellipsoid plot for § shown at the 30%
probability level. Hydrogen atoms have been omitted for clarity. tert-
Butyl groups are depicted using a wire model. Selected bond distances
(A) and angles (deg): Ce(1)—O(1) 2.1795(13), Ce(1)—0O(2)
2.1766(14), Ce(1)—0(3) 2.1818(14), Ce(1)—N(1) 2.5525(16),
Ce(1)-N(2) 2.5602(16), Ce(1)—N(3) 2.5550(16), Ce(1)-N(5)
2.3803(17), Si(1)-N(5) 1.7358(18); Ce(1)—N(5)—C(34)
110.43(12).

(110.43(12)° vs 144.0(3)°, respectively) because of the sp’
hybridization for the N(5) atom and steric repulsion from the
—SiMe; group. Restricted rotation about the N(5)—C(34) bond
led to desymmetrization of the 3,5-(CF;),C4H; fragment
according to NMR spectroscopy (see Supporting Information).

In summary, we have isolated a unique tetravalent cerium
complex containing a Ce==N bond. The weak coordination of
an alkali metal cation to the nucleophilic center in the Ce=N
unit provided a stabilizing effect in addition to the steric
hindrance of the TriNOx’~ ligand framework and electron-
withdrawing 3,5-(CF;),C4H; substituent. DFT computations
supported the Ce=N character in 4 and a larger contribution
from 5d orbital character in the valence electronic structure.
These results are important for the further exploration of
metal—ligand bonds of f-block elements and investigation of
their reactivity. We are currently exploring the effects of different
alkali metal ions and substituents on the stabilization of a Ce=
N bond and the reactivity of the corresponding complexes.
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