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ABSTRACT: A series of thorium(IV)-imido complexes
was synthesized and characterized. Extensive experimental
and computational comparisons with the isostructural
cerium(IV)-imido complexes revealed a notably more
covalent bonding arrangement for the Ce=N bond
compared with the more ionic Th=N bond. The
thorium-imido moieties were observed to be 3 orders of
magnitude more basic than their cerium congeners. More
generally, these results provide unique experimental
evidence for the larger covalent character of 4f°5d°
Ce(IV) multiple bonds compared to its 5f°6d° Th(IV)
actinide congener.

hemical bonding in lanthanide and actinide compounds
pushes our understanding and description of metal—
ligand interactions. Fundamental understanding of these
metal—ligand bonds redefines comprehension of the elements,
even 150 years after the disclosure of the periodic trends, and
contributes to new applications in reactivity." This knowledge
also has important implications for the treatment of the spent
nuclear fuel or the purification of medical radioisotopes.”
Metal—ligand multiple bonds are especially well-suited to
experimentally 1nterr0gate fundamental differences between
lanthanides and actinides.” While such chemlstry has been
extensively developed with early actinides,*”"”" there have been
very limited examples of such compounds with lanthanides.” In
recent years, our group and others have developed the
chemistry of Ce(IV)—ligand multiple bonds. More is known
for Th(IV),*™**” the actinide analogue of Ce(IV); however,
direct experimental comparison between these two elements is
scarce.’ ™" Following the isolation of Ce(IV)-imido
complexes employing the TriNOx’~ framework (tris(2-tert-
butylhydroxylaminato)benzylamine) by our group, we set out
to contrast these compounds with isostructural Th(IV)-imido
complexes. Structural, computational, and reactivity studies
revealed marked differences between the two elements and,
notably, highlighted that the extent of metal—ligand covalent
bonding was larger for Ce(IV)- than Th(IV)-nitrogen double
bonds as exemplified by multiple analyses, including
thermodynamic metrics such as the acidity constant of these
species.
Alkylation of [ThCI(TriNOx)] (1) with LiCH,(SiMe;)
afforded [Th(CH,SiMe;)(TriNOx)] (2) that was employed to
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generate the anilide complex [Th(NHAr")(TriNOx)] (3) by
protonolysis with 3,5-bis(trifluoromethyl)aniline (Ar"NH,,
Scheme 1).

Scheme 1. Syntheses of the new Th(IV)-Imido Complexes
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All complexes were characterized by multinuclear NMR
spectroscopy, elemental analysis, and X-ray crystallography
(Figures S1—S20). By analogy with our work on the synthesis
of the Ce(IV)-imido complexes of general formulas [M(L),]-
[Ce=NArf (TrlNOx)] with M = alkali metals and L = solvent
or 2.2.2-cryptand,”*" we first examined the deprotononation of
3 using MN(SiMe;), with M = Li, K. Surprisingly, no reaction
was observed. Stronger bases were required to induce the
deprotonation of 3: addition of LiCH,SiMe; afforded a yellow
solution of 4y; that was isolated in 69% yield (Scheme 1).
Infrared spectroscopy and 'H NMR demonstrated the loss of
the NH moieties, while the resonances associated with the
ortho- and para-position of the Ar* group were largely shielded
in comparison with 3 (A5 = 0.47 and 0.43 ppm respectively,
THF dg) as similarly observed in related cerium(IV) complex-

obe Layering a THF solution of 4;; with n-pentane at —20 °C
afforded single crystals that established the formation of a
lithium-capped thorium-imido complex typical of the Tri-
NOx*~ framework (Figure 1A).%°78
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Figure 1. Thermal ellipsoid plots of 4y; (A) and 4, (B) at S0%
probability.

In order to limit the influence of the ancillary lithium cation
in the bonding scheme of the thorium-imido, we also pursued
the synthesis of an uncapped thorium-imido complex. Treating
a mixture of 3 and 2.2.2-cryptand with a THF solution of
potassium benzyl afforded a vibrant yellow solution. A 'H
NMR spectrum showed an enhanced shielding of the ortho-
and para-protons of the Ar* moieties (A5 = 0.90 and 0.79
ppm, respectively) in comparison with 3. UV—visible spec-
troscopy demonstrated a broad absorption band centered at
420 nm (& = 1540 M~ cm™") assigned as a ligand-to-ligand
charge transfer by TD-DFT calculations (Figures $43—545).°
This CT band was red-shifted in comparison with 4,; (Figure
S21) prompting us to conclude the formation of the terminal
imido complex 4, (Scheme 1). Indeed, X-ray diffraction
studies confirmed the sequestration of the potassium counter-
cation and the presence of a bent terminal thorium-imido
fragment (Th(1)—N(5)—C(34) 160.0(5)°, Figure 1B). 4;; and
4, contribute to the relatively short list of previously
characterized Th(IV)-imido complexes.” Most importantly 3,
4y; and 4, constitute nearly isostructural thorium-analogues of
the previously structurally characterized Ce(IV)-anilide [Ce-
(NHArF)(TriNOx)] (3¢.) and Ce(IV)-imido complexes
[Li(THF)(OEt,)][Ce=NAr"(TriNOx)] (5.;), and [Cs-
(2.2.2-cryptand) ][Ce=NAr"(TriNOx)] (5,) respectively,”**
creating a unique situation for the direct comparison of these
structures. Mirroring the trend observed in the cerium(IV)
series, the Th(1)—N(5) bond lengths decreased from 2.429(2)
A'in 3 to 2.205(6) A in the Li-capped imido 4y; to 2.149(5) A
for the terminal complex 4, (Figure 2A). These Th=N bonds
were in the longer end of the range for other reported Th-
imido complexes (mean 2.10(5) A),” likely caused by the
electron-withdrawing CF; substituents.

When compared with the cerium analogues,” the M(1)—
N(S) distances were consistently longer in the thorium
complexes (M = Ce, Th). This difference is primarily explained
by the larger ionic radius of Th'Y (0.94 A, CN 6) compared to
Ce" (0.87 A, CN 6)."° However, the bond-shortening was
more pronounced in the cerium-imido complexes as
demonstrated by the smaller formal shortness ratios (Figure
2A). In order to explore differences in the bonding between
these isostructural lanthanide- and actinide-imido complexes,
we turned to computational analyses as previously performed
for the cerium complexes. The Kohn—Sham frontier orbitals of
the DFT-optimized structures of 4;; and 4, demonstrated a
clear interaction of z-symmetry between the imido N atom and
the Th center, reminiscent to the bonding scheme of the
cerium(IV) analogues. To understand the relative contribution
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Figure 2. (A) Comparison of the M(1)—N(S) bond lengths in the
anilide and imido complexes and derived formal shortness ratios
(FSR). (B) Metal contributions to the ¢- and 7-bonding interactions
and the relative contributions of the f and d orbitals as calculated by
DFT/NBO 6.0.

of Ce and Th in the bonding of these molecules, a natural
bond orbital (NBO) analysis was performed."" Again similar to
our previous results,’”® two NBO bonding interactions of
respective o- and 7-symmetry were observed between the N
and Th atoms (Figures S36—S37). These interactions were
largely N-polarized but presented some Th character (9—
14%). When compared with the results obtained for the
corresponding Ce complexes Sp; and S, the NBO cerium
contribution was superior (11 to 20%, Figure 2B). Therefore,
suggesting a more ionic bonding situation for the thorium-
imido complexes 4y; and 4,, than the cerium congeners $; and
S, Apart from the different NBO metal contributions, the
relative involvement of the 4f/Sd (for Ce) and 5f/6d (for Th)
orbitals in the bonding interactions were also different. The 6d
orbitals of the Th centers were primarily involved in the
bonding, while a more split situation was observed for Ce
(Figure 2B) in agreement with other reports.sh’j’(’C This
observation can be rationalized by the characteristic of the
Th(IV) cation for which the 6d shells are usually the valence
orbitals, unlike the later actinides or the trivalent lanthanides."*

Taken together, the aforementioned structural and computa-
tional results suggested that thorium-imido complexes in the
TriNOx’~ framework present a more ionic bonding situation
than their cerium congeners. In that context, the necessity of
employing alkyl bases (LiCH,SiMe;, KBn) to generate 4y; and
4,—when bis(trimethylsilyl)amide bases were suitable to form
S1; and 5,—was noteworthy and prompted a more detailed
determination of the pK, of 3 and 3, (all in THF at 300 K).
Initial bracketing allowed narrowing of the pK, range to 27—33
for 3 and 2228 for 3, (Figures $24—527). "H NMR titration
studies of 3¢, with increments of LiN(SiMe,), (pK,(HN-
(SiMe;),) = 25.8)" returned a value of 25.2(2) for 3¢, We
also confirmed that an excess of HN(SiMe;), would only
partially re-protonate $;; (Figure S28). For Th, 'H NMR
titrations of 4;; with HN(SiMe,;)('Pr) (pK,= 31.6)" returned
an acidity constant of 28.6(3) for 3 (Tables S3 and S4).
Similarly, we confirmed that HN(SiMe;), would quantitatively
re-protonate 4y;. These results experimentally demonstrated
that the Th(IV)-imido fragments described here are more than
3 orders of magnitude more basic than their Ce(IV)
counterparts (Figure 3), in accord with the structural data
reported above.

Although both Th(IV)- and Ce(IV)-imido complexes would
be considered as superbases,” the large decrease in the
thermodynamic basicity of the Ce(IV)-imidos can be

DOI: 10.1021/jacs.9b04061
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/jacs.9b04061

Journal of the American Chemical Society

Communication

25.2(2) PKa(tHF)
T T T
b s0 4 35 ]
HN(S HMe,), HN(PF)(S Meg) HN(Pr),
HN(S1Meg), HN(Bu)(S Meg)

Figure 3. Experimentally determined pK, of 3¢, and 3 compared with
common amide bases.">"*

(cautiously) compared to the results of Leung and Walter
regarding terminal cerium- and thorium-oxo complexes. ob7a
Indeed, Th(IV)=0 moieties were observed to possess an
increased (kinetic) nucleophilic character compared to Ce-
(IV)=0 bonds when reacted with ketones.

Although proton-coupled electron transfer was not noted in
this work, the determination of the acidity constant of 3 and
3. allowed for the estimation of the N—H bond dissociation
free energy (BDFE) of the putative reduced anilide complexes
37 and 3¢,”. We previously reported a quasi-reversible Ce'/™
redox couple for S;; at —1.39 V vs Fc*°, predicting a
BDFE(N—H) = 68 kcal mol™ in 3¢,~.'® On the other hand,
no metal- or ligand-based reduction events were observed in
the cyclic voltammogram of 4y; (Figure S23). This suggests
that a hypothetical complex 3~ would present an extremely
weak anilide N—H bond with a BDFE(N—H) < 32 kcal mol™..

After isolating a series of isostructural Th(IV)- and Ce(IV)-
imido complexes and establishing their diverging thermody-
namic properties, we were interested in exploring the
possibility of transferring the imido moieties from one metallic
center to the other. To that end, we synthesized a “naked”
Ce(IV) complex [Ce"™(THF)(TriNOx)][BAr",] (6¢.) able to
accept the imido moiety from 4y; or 4, to hypothetically form
Sy, or 5,."7 The addition of a dark THF-d, solution of 6, to a
yellow solution of 4, resulted instantly in a color change to a
brown mixture, different from the expected intense purple
color of 5, The presence of well-known paramagnetic
resonances in the "H NMR spectrum of the mixture were in
agreement with the formation of the reduced Ce™ compound
[Ce"™(THF)(TriNOx)] (7)."” Regarding the Th species, a
product was formed whose 'H NMR spectrum overlaid
perfectly with the previously characterized anilide complex 3
(Figures 529—S32). The remaining signals in 'H, '°F, and ''B
NMR were in accord with the side production of an equivalent
of [K(2.2.2-cryptand)][BAr",] (Scheme 2).

Analysis of the reaction "H NMR spectrum revealed a lower
than expected integration for the anilide proton (~30% of the

Scheme 2. Reaction of 4, and 6., To Form 3-d; and 7
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expected value). *H NMR spectroscopy revealed an incorpo-
ration of deuterium at the anilide position (Figure S35)
demonstrating the formation of 3-d; as the actual reaction
product. The reaction was repeated in toluene-dg or starting
from 4y, returning comparable results. The reaction was also
conducted in solvent more resistant to H atom abstraction,
1,2-difluorobenzene,"® without significantly altering the rate
nor the outcome, probably suggesting that the bound THF
molecule in 6¢, acts as the major H® source. These data point
toward a radical mechanism to account for the observed
reactivity. In turn, a plausible pathway would be an initial
formation of bridged Ce(IV)—NAr*—Th(IV) intermediate
leading to the homolytic cleavage of the Ce(IV)—N bond to
form the reduced Ce(III) and a highly reactive Th(IV)-iminyl
complex capable of H® abstraction. To evaluate that
hypothesis, we turned to DFT calculations (Figure 4).
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Figure 4. DFT-calculated reaction coordinates for the formation of 3
and 7. *The energy of *8 was not obtained.

We first evaluated the energies of 4, + 6¢." and 5,7+ 6y,
revealing a nearly thermoneutral hypothetical exchange
reaction. The formation of the postulated closed-shell bridging
imido ('8, Figure S38—540) was found to be strongly downhill
(—31.1 keal mol™"). Changing the multiplicity of '8 to a triplet
allowed for the pre-optimization of *8; however, due to
computational limitation, we were not able to fully converge
this intermediate and determine its energy (Figure S41). From
the latter intermediate, the combination of the postulated N-
centered Th(IV)-iminyl radical 9 (Figure S42) and the
Ce(III) complex *7 was located —8.9 kcal mol™ below the
starting materials but about 22 kcal mol™" above the bridging
imido '8. The subsequent H® abstraction was modeled for the
reaction of 29 with toluene to form 3 and bibenzyl, revealing an
overall exergonic process by ~43 kcal mol™". This calculated
profile is in good agreement with our experimental
observations of an instantaneous reaction at room temper-
ature; however, the relatively high energy of *9 + >7 compared
with the bridging species could suggest that the H® abstraction
may happen directly from 8. We propose that the driving
force for the homolytic rupture of the Ce—N bond resides in
the formation of a long and distorted Ce—N interaction that
limits the covalent character and therefore facilitates the
reduction event."’

In summary, we report the synthesis and characterization of
a series of Th(IV)-imido complexes. These compounds were
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structural analogues of previously isolated Ce(IV)-imido
complexes and allowed for a comparison of this bonding
motif between a lanthanide and an actinide for the first time.
Structural, computational, and thermodynamic data support a
more ionic fragment in the case of the thorium, posing the
question of the amount of covalent character encountered in
these Ce(IV)-imido complexes. It is generally accepted that the
actinides are more covalent than the lanthanides. These results
demonstrate that Ce(IV) can display an unusually large
amount of covalent character that is notably more important
than in early actinides such as Th(IV).**“" In that regard, the
difference of more than 3 pK, units between the Th(IV)- and
Ce(IV)-anilides is a unique experimental evidence for this
trend. Studies are underway in our laboratory to explore the
reactivity and the unusual electronic structure of these
complexes.
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