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The synthesis and characterization of uranium(Vl) mono(imido)
complexes, by the oxidation of corresponding uranium(V) species,
are presented. These experimental results, paired with DFT
analyses, allow for the comparison of the electronic structure of
uranium(Vl) mono(oxo) and mono(imido) ligands within a
conserved ligand framework and demonstrate that the magnitude
of the ground state stabilization derived from the inverse trans-
influence (ITl) is governed by the relative charge localization on
the multiply bonded atom or group.

While terminal oxo (02') and imido (RNZ_) ligands are formally
isolobal and isoelectronic,l'3 these ligands differ in the relative
energy of their fragment orbitals and in the charge localization at O
or N in their respective metal complexes.“'8 These subtle differences
are most pronounced in the comparison of the reactivity and
electronic structure of oxo and imido complexes of the early
actinides (Th and U). Andersen’s uranium (IV) oxo and imido
complexes of [(n5-1,2,4-(Me3C)3C5H2)2U=X] (X = O, NMe) are
principle examples of this divergence.s’ %1 |5 these mid-valent
complexes, the uranium oxo bond is significantly stronger, but
much more polarized than the uranium imido bond, and, as a result,
the imido engages in [2+2] reactions with unsaturated substrates.
The oxo, in contrast, principally reacts as a nucleophile. Such
dramatic differences in oxo and imido reactivity and electronic
structure are less common among transition metal complexes
within conserved ligand frameworks, and the variable steric profile
afforded by the imido substituent is often employed as a directing
group to control reactivity.11

Since the report of the first uranium imido complex by Gilje in
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1984, an extensive body of work on uranium-ligand multiple
bonding has developed.u'16 A major objective of these studies has
been to understand the unique bonding in uranyl (and the actinyls)
— the most common structural feature of high valent uranium
compounds.17 In uranyl complexes, the two terminal oxo ligands are
trans to each other and the U-O distances are typically both short
at ~1.8 A. The inverse trans-influence (ITl) has been proposed as the
basis for this geometric preference.lg'24 In this model charge-
induced mixing of the pseudocore 6p orbitals with the valence 5f
orbitals leads to contraction and strengthening of the bond trans to
the oxo Iigand,zs’ % Theoretical and experimental work have
established a molecular orbital basis for the ITI,S‘ 734 but the role
that charge localization plays in developing a quadrupolar
polarization of the uranium core electrons remains experimentally
untested.

Uranium bis(imido) complexes, possessing uranyl-like
geometry with two trans-imido ligands, [RN=U=NR]", have
been reported by Hayton and Boncella and serve as an
excellent synthetic perturbation of the IT).3538 Surprisingly, in
contrast to dioxo uranium complexes, cis-bis(imido) complexes
(and even tris(imido) complexes)39’ 4 such as [Cp*,U(NPh),]
(Cp* = CsMes) can be prepared.“' 2 Attempts to isolate

analogous cis-dioxo complexes supported by Cp* (Cp* =
CsMes) lead only to elimination of Cp* dimer and precipitation
of UO, — indicating that deformation of O—U—O angle in uranyl
than in

is substantially more energy intensive the

corresponding trans-bis(imido) complexes.9
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Scheme 1. Oxidation of [((RArO)gtacn)Uv(O)] with 1 equiv. AgSbFg to give the
complexes [((t'B”ArO)gtacn)UV‘(O)eq]SbFs and [((AdArO)gtacn)UV‘(O)EX]SbFs (eq.
= equatorial, ax. = axial with respect to the tris(aryloxide)
coordination).
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However, appropriate complexes to disentangle the difference in
high-valent uranium oxo and imido bonding have yet to be
prepared. Complexes in which the highest uranium oxidation states
(V) and (VI) are stabilized by a mono(imido) (or mono(oxo)) moiety
are still scarce.”*! Recently, we demonstrated that the ITI was key
feature in determining geometry of the two C; tacn-supported
uranium(Vl) mono(oxo) complexes [((RArO)gtacn)UV'(O)]SbF6
((RArO)atacna_ = 1,4,7-tris(3-R-5-tert-butyl-2-hydroxybenzyl)-1,4,7-
triazacyclononane, R = t-Bu, adamantyl) obtained via oxidation of
the corresponding C; uranium(V) oxo compounds with silver(l) salts
(Scheme 1).43 Herein we report the synthesis of uranium(Vl)
mono(imido) complexes supported by the conserved ligand
framework ((RArO)atacnaf = 1,4,7-tris(3-R-5-tert-butyl-2-hydroxy-
benzyl)-1,4,7-triazacyclononane, R = t-Bu, adamantyl). These C;
complexes retain an axially ligated metal-ligand multiple bond in
contrast to their oxo analogues. Theoretical modelling of these
complexes demonstrates that charge localization at the multiply-
bonded ligand (either (Ozf) or (TMSNZf)) is an essential component
of the ITI.

The uranium(V) trimethylsilylimido complexes [((RArO)gtacn)-
UY(NSiMe3)I?? (1-R, with R = t-Bu, Ad) can be oxidized with AgSbF
to vyield the wuranium(VI) imido complexes [((RArO)gtacn)-
UVI(NSiM83)]SbF6 (2-R, see Scheme 2). Addition of one equivalent of
AgSbFg to cold, dark-brown methylene chloride solutions of 1-R
results in an immediate colour change to black. After filtration
through celite and removal of the solvent in vacuo, the uranium(VI)
compounds 2-t-Bu and 2-Ad are obtained in near quantitative
yields. In contrast to the previously reported C; U(VI) mono(oxo)
species, an exclusively axial coordination mode of the imido ligands
is observed in both the tert-butyl as well as the sterically more
encumbered adamantyl derivatized uranium(VI) imido complexes.
The coordination modes were established by 'H NMR spectroscopy,
showing the C; symmetry to be present in solution (see ESI), and
confirmed by X-ray diffraction on single crystals of both

compounds.
~&i~ 8% RekeF
R N R R i °F
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\/f\\(o CQJV/OY\ VchE /\,O\(#Jw,o\/\
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Scheme 2. Oxidation of [((RArO)gtacn)Uv(NSiMeg)] (1-R) with 1 equiv. AgSbFs
to form [((*ArO)stacn)U" (NSiMes)]SbF¢ (2-R).

The structures of the imido complexes 2-t-Bu (Figure 1) and 2-Ad
(see ESI) are very similar. Their U-N;miqo bond distances are short,
measuring 1.911(9) and 1.917(9) A in 2-t-Bu (two independent
molecules) and 1.921(4) A in 2-Ad, consistent with previously
reported U(VI)—Nimigo distances.** * The N-Si bond lengths are
1.750(10) A for the t-Bu (both independent molecules) and
1.745(4) A for the adamantyl imido, and the U-N-Si angles for both
complexes are essentially linear for both complexes (2-t-Bu, 180.0°
and 2-Ad, 175.8(3)°). The slight deviation from linearity in 2-Ad is
due to the increased steric clash with the ortho-adamantyl ligand
substituents. The uranium center lies 0.195 and 0.189 A below the
plane of the three aryloxide oxygen atoms for 2-t-Bu, while the out-
of-plane shift of 2-Ad is smaller at 0.139 A. This trend was found
previously for isostructural complexes of the same chelating ligand
system, e.g. [((RArO)gtacn)U'V(OMe)]53 or [((RArO)gtacn)Uv(O)],47
is related to the greater steric demand of the adamantyl vs. tert-
butyl groups in the ortho position of the aryloxide ligand pendant
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arms. The isoelectronic oxo ligand leads to a markedly different
geometry at the uranium center in contrast to the axially bound
imido ligands of the uranium(Vl) complexes 2-R. In the compound
with the sterically less encumbered t-Bu derivatized ligand,
[((t'B”ArO)3tacn)UV'(O)]SbFG, the terminal oxo is coordinated within
the equatorial plane, along with the three aryloxide arms of the
chelating ligand and the U-O,oxiqe bond trans to the oxo ligand is
shortened.”

Fig. 1 Molecular structure of one of the two independent cations of
[(("B"ArO)stacn)UY (NSiMe3)|SbFs in crystals of [((“®'ArO)stacn)U"-
(NSiMe3)]SbFs - 0.5 [Na(DME);]SbFs - 1.5 DME (2-t-Bu). Counter anion,
co-crystallized solvent and NaSbFg, as well as hydrogen atoms are omitted
for clarity. Thermal ellipsoids are at 50% probability. Selected bond lengths
(A) and angles (°): U=Nipiao: 1.911(9)/1.917(9); N=Si: 1.752(10)/1.750(10);
U-0:2.137(3)/2.134(4); U-Nuaen: 2.617(4)/2.619(4); U-N-Si: 180.

Table 1. Selected calculated bond lengths, Nalewajski-Mrozek bond

indices, Mulliken charges for 2-t-Bu,, 2-t-Buy, 2-Ad,,,
[(("*Ar0)stacn)U"(0),]",* and [((“*'Ar0)stacn)u"'(0),]"."
Cale. fflalﬁ:l.iken
Calc. bond | Mulliken
Complex charge on
length (and | charge on TMSN
indice)a U nitrene
or Ooxo
1.9122
2-t-Bu,, 2.71) +2.61 -0.52
1.9294
2-t-Bugg (2.67) +2.58 -0.57
1.9143
2-Ad,, (2.70) +2.68 -0.65
g 1.8273
[(("®*ArO)stacn)U"(0) ] 2.67) +2.52 -0.63
t-Bu Vi w3 | 1.8348
[((T" ArQO)stacn)U " (0),,] (2.69) +2.59 0.61

 Nalewajski-Mrozek bond indices.

In order to understand these observed differences, and to
compare the electronic structures of the U(VI) imido and U(VI) oxo
complexes, restricted DFT calculations were carried out, employing
a ZORA/TZP all-electron basis set on the axial and hypothetical
equatorial isomers of 2-t-Bu and 2-Ad. While the calculation of 2-Ad
with an imido ligand hypothetically bound in the equatorial plane
did not converge, suggesting instability of this geometrical isomer,
calculations for both axial and equatorial imido coordination
converged for 2-t-Bu. However, for the axially bound imido ligand in
2-t-Bu,,, the U-N distance is calculated to be slightly shorter by
0.017 A compared to the equatorial derivative. The calculated
energy of 2-t-Bu,, is approximately 11 kcal mol™ lower in absolute
energy than 2-t-Bue,, which fully agrees with the experimentally
observed axial coordination of the imido ligand. For the respective
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oxo complexes the equatorial coordination was calculated to be
more stable than the axial by approximately 6 kcal mol™. These
data suggest that the ITI is weaker for the imido compound than for
the oxo counterpart. Additionally, a simple consideration of the
calculated Mulliken charge to oxidation number ratio for the
experimentally observed isomers of 2-t-Bu,, (0.44 for 2.61/6) and
[(("®*Ar0)stacn)U"(0)ee] ** (0.42 for 2.52/6) indicates that the U-O
is slightly more covalent than the U-N bond in 2-t-Bu,,. This result
is in contrast to the mid-valent uranium oxo and imido complexes
studied by Maron, Eisenstein, and Andersen,s’ %10 and suggests that
the increased oxidation state and accompanied decrease in energy
of the 5f orbitals leads to better energy parity with O 2p orbitals
than the N 2p orbitals.

While the steric demands of the trimethylsilylimido ligand are
greater than for the oxo ligand, and thus steric influences should
not be overlooked, DFT calculations clearly show that the U=0 bond
is more polarized than the U=NR bond and that the charge localized
at O (in the oxo) is substantially greater than that localized at N (in
the imides) (Table 1). Specifically, for the model complexes of the
experimentally observed isomers — 2-t-Bu,, and [((t'B“ArO)3tacn)-
UV'(O)eq]+43 — the calculated charge on the TMSN is substantially
lower in magnitude than on the oxo (—0.52 versus -0.63). In line
with this observation, the calculated charge on the TMSN? in the
hypothetical imide isomer, 2-t-Bu,,, is of insufficient magnitude (-
0.57) to induce a stabilizing ITI; and hence, is higher in energy than
the axial isomer, 2-t-Bu,,. It should be noted that increased
covalency with increased bond polarity are not conflicting trends.
Covalency is driven both by valence orbital degeneracy and orbital
overlap: the importance of both of these trends for determining the
magnitude of covalent bonding is particularly pronounced in the f-
elements.**

Since the molecular orbital description of the ITI primarily,25 but
not exclusively, invokes involvement of a 6p orbital directed along
the o-bond axis we conclude that the oxo group induces the greater
polarization of the metal atom core electrons. Mixing the 6p and
the 5f orbitals induces a quadrupolar polarization because the
orbitals are the same parity. This phenomenon leads to the
observed shortening and strengthening of the trans disposed
ligand. Consequently, the observed demand for a strong ligand
coordinated trans to the terminal ligand (Ozf Vs. TMSNP) is more
pronounced in the oxo species, [((t'B“ArO)3tacn)UV'(O)eq]SbFG.

In summary, we have synthesized terminal U(VI) imido
complexes [((RArO)3tacn)UV'(NSiMea)]SbFG 2-R, with a conserved
ligand framework, via oxidation of the U(V) compounds with
AgSbFs. Unlike the t-Bu derivative of the U(VI) complex with
equatorial oxo coordination, for which ITI was shown previously to
be a key feature, we find a different behaviour for the terminal
imido complex 2-t-Bu, with the imido group coordinating
exclusively in the axial position. While DFT calculations suggest that
coordination of the imido ligand in the equatorial position of the 2-
t-Bu derivative (but not in 2-Ad) would be sterically possible, this
structure is higher in absolute energy and therefore is a disfavoured
ground state geometry. These results show that polarization of the
metal-ligand bond (and the resultant quadrupolar polarization of
the metal core electrons) is a key factor in determining the
magnitude of the ITl in actinide complexes.
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