
Anomalous One-Electron Processes in the Chemistry of Uranium
Nitrogen Multiple Bonds
Kimberly C. Mullane, Andrew J. Lewis, Haolin Yin, Patrick J. Carroll, and Eric J. Schelter*

P. Roy and Diana T. Vagelos Laboratories, Department of Chemistry, University of Pennsylvania, 231 South 34th Street, Philadelphia,
Pennsylvania 19104, United States

*S Supporting Information

ABSTRACT: Novel reaction pathways are illustrated in the synthesis of
uranium(IV), uranium(V), and uranium(VI) monoimido complexes. In
contrast to the straightforward preparation of UV(NSiMe3)[N(SiMe3)2]3
(1), the synthesis of a uranium(V) tritylimido complex, UV(NCPh3)[N-
(SiMe3)2]3 (4), from UIII[N(SiMe3)2]3 and Ph3CN3 was found to proceed
through multiple one-electron steps. Whereas the oxidation of 1 with
copper(II) salts produced the uranium(VI) monoimido complexes UVI(
NSiMe3)X[N(SiMe3)2]3 (X = Cl, Br), the reaction of 4 with CuBr2 undergoes
sterically induced reduction to form the uranium(VI) monoimido complex
UVI(NCPh3)Br2[N(SiMe3)2]2, demonstrating a striking difference in
reactivity based on imido substituent. The facile reduction of compounds 1 and 4 with KC8 allowed for the synthesis of the
uranium(IV) monoimido derivatives, K[UIV(NSiMe3)[N(SiMe3)2]3] (1-K) and K[UIV(NCPh3)[N(SiMe3)2]3] (4-K),
respectively. In contrast, an analogous uranium(IV) monoimido complex, K[UIV(NPhF)[N(SiMe3)Ph

F]], PhF =
-pentafluorophenyl (6), was prepared through a loss of N(SiMe3)2Ph

F concomitant with one-electron oxidation of a
uranium(III) center. The uranium(IV) monoimido complexes were found to be reactive toward electrophiles, demonstrating N−
C and N−Si single bond formation. One-electron reduction of nitrite provided a route to the uranium(VI) oxo/imido complex,
[Ph4P][U

VIO(NSiMe3)[N(SiMe3)2]3]. The energetics and electrochemical processes involved in the various oxidation
reactions are discussed. Finally, comparison of the UVI(NSiMe3)X[N(SiMe3)2]3, X = Cl, Br, complexes with the previously
reported UVIOX[N(SiMe3)2]3, X = Cl, Br, complexes suggested that the donor strength of the trimethylsilylimido ligand is
comparable to the oxo ligand.

■ INTRODUCTION

Uranium-ligand multiple bonding is a topic of significant
current interest,1,2 with landmark recent discoveries in
uranium−nitrogen multiple bonding including the isolation of
the first example of a molecular uranium-nitride.3−6 There are
now a number of examples of high valent uranium bis(imido)
complexes,7−23 and several examples of uranium(VI) oxo/
imido complexes.13,24 The synthesis of uranium(IV) mono-
imido complexes has been successful with a variety of
supporting ligands,24−29 whereas uranium(VI) monoimido
complexes are limited to two structurally related examples,
UVI(NR)F[N(SiMe3)2]3 (R = −SiMe3, Ph).
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As part of our continuing studies of the inverse trans
influence (ITI) in high valent uranium complexes with axial
symmetry,31−33 we demonstrated that reactive uranium(VI)−
carbon bonds could be stabilized through coordination trans to
a strong uranium-oxo multiple bond.33 As a step toward
engendering the stabilization of uranium-ligand bonds through
ITI stabilization with the imido ligand, we sought to explore the
influence of the imido substituent on the reactivity of the imido
ligand itself, the relative donating ability of various imido
ligands toward high valent uranium, and the extent of ITI
stabilization relative to the oxo ligand.

The imido ligand is known to impart an ITI stabilization.34

Uranium bis(imido) complexes exhibit electronic structures
similar to that of uranyl, with a larger degree of 5f-ligand
covalency in the UNR bond relative to the UO bond.11

Recent work from Meyer and co-workers has alluded to the
ability for the imido ligand to engage in varying degrees of ITI
stabilization depending on the imido substituent.35

In this context, we turned our attention to monoimido
complexes to explore their electronic structures with variable
ligands trans to the imido group. Through these investigations,
we observed several unexpected one-electron transfer pro-
cesses. Synthetic pathways for formation of uranium imido
linkages have primarily included the two-electron reduction of
organoazides,7,9,17,29,36−43 as well as deprotonation of primary
amides.3,13,21,26,38,44,45 In this work, we present the synthesis of
a uranium−tritylimido complex, U(NCPh3)[N(SiMe3)2]3,
whose structure resembles a trityl-capped nitrido group, formed
through sequential one-electron processes. We compare the
one-electron reduction chemistry of U(NCPh3)[N-
(SiMe3)2]3 with that of the complex U(NSiMe3)[N-
(SiMe3)2]3, showing dramatically different outcomes. Further-
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more, the synthesis of a uranium(IV)-imido through one-
electron oxidation of a uranium(III) center is presented,
concomitant with silyl-group transfer. Comparison of the
electronic structures and energetics of reactivity of the imido
complexes is provided through DFT analysis.

■ RESULTS AND DISCUSSION
Synthesis of Uranium Mono−Imido Complexes. We

recently described methods for the synthesis of uranium(VI)
mono−oxo complexes, including the direct one electron
oxidation of a uranium(V) oxo precursor, UVO[N(SiMe3)2]3,
with Cu(II) salts.32 Encouraged by the reported synthesis of
UVI(NSiMe3)F[N(SiMe3)2]3 by Burns et al. using AgPF6,

30

we attempted the analogous oxidation reactions of the
uranium(V) imido precursor, UV(NSiMe3)[N(SiMe3)2]3
(1; Scheme 1), through divalent copper reagents. Complex 1

was conveniently obtained by the reported procedure, through
the addition of Me3SiN3 to U[N(SiMe3)2]3.

37,46 The addition
of either CuBr2 or CuCl2 to 1 led to the immediate formation
of the corresponding uranium(VI) products UVI(NSiMe3)-
Br[N(SiMe3)2]3 (2-Br) and UVI(NSiMe3)Cl[N(SiMe3)2]3
(2-Cl), respectively. Though the oxidation of uranium(IV)
imido complexes with copper-based oxidants proved to be a
broadly successful strategy in the synthesis of (C5Me5)2U

VX(
NAr) (Ar = 2,6-iPr2C6H3, X = −F, −Cl, −Br, −I, −OTf, −SPh,
−CCPh) complexes,47−49 this reactivity has not been extended
to the preparation of uranium(VI) monoimido complexes. The
1H NMR spectra of 2-Br and 2-Cl both exhibited two
resonances for the bis(trimethylsilylamide) ligands in a 1:1
ratio, with one very broad resonance and one sharp resonance.
The difference in the peak widths was attributed to steric clash
between the bulky −SiMe3 groups of the imido and amide
ligands causing hindered rotation.30−33

Having established the reactivity of the uranium(V)
monoimido complex 1 toward copper oxidants, we turned to
the one-electron reduction of nitrite, a protocol that we
previously reported in the synthesis of uranium(VI) mono−oxo
complexes.32 Replacement of a uranium(IV)− or uranium(V)−
halide bond with nitrite led to spontaneous formation of the
uranium(V)− or uranium(VI)−oxo product through the loss of
nitric oxide. Recent work from Cantat and co-workers showed
that the use of [Ph4P][NO2] rather than NaNO2 or AgNO2
allowed for installation of the nitrite ion into an open
coordination site, rather than through displacement of a

halide.50 The addition of [Ph4P][NO2] to 1 led to formation
of the orange-red uranium(VI) oxo/imido complex [Ph4P]-
[UVIO(NSiMe3)[N(SiMe3)2]3] (2-O), in 69% yield
(Scheme 2). The two reported preparations of oxo/imido

complexes were through hydrolysis of uranium(VI) bis(imido)
complexes13 and through oxygen atom transfer to uranium(IV)
monoimido complexes.24,38

X-ray structural analysis of 2-Br, 2-Cl, and 2-O (Figures 1
and 2) allowed for comparison of the bond metrics with the

structurally related oxo-halides UVIOBr[N(SiMe3)2]3 (3-Br)
and UVIOCl[N(SiMe3)2]3 (3-Cl),32 as well as the uranyl
complex [Na(THF)2][UO2[N(SiMe3)2]3] (3-O).51 In each
case, the 2-X complex exhibited longer equatorial U−N bond
lengths relative to the corresponding 3-X complexes, indicative

Scheme 1. Synthesis of UV and UVI Mono−Imido Complexes

Scheme 2. Synthesis of UVI Oxo/Imido Complex 2-O

Figure 1. Thermal ellipsoid plot of 2-Br at 30% probability. Bond
lengths (Å) and angles (deg): U(1)−Br(1) 2.7675(11), U(1)−N(1)
2.222(10), U(1)−N(2) 2.191(9), U(1)−N(3) 2.215(10), U(1)−N(4)
1.907(9), Br(1)−U(1)−N(4) 179.5(2), U(1)−N(4)−Si(1) 177.2(5).

Figure 2. Thermal ellipsoid plot of 2-O at 30% probability. Hydrogen
atoms, disorder of the methyl substituents of the imido ligand, and the
[Ph4P]

+ ion are omitted for clarity. Bond lengths (Å) and angles
(deg): U(1)−N(1) 2.348(3), U(1)−N(2) 2.347(3), U(1)−N(3)
2.346(3), U(1)−N(4) 1.980(3), U(1)−O(1) 1.805(2), O(1)−
U(1)−N(4) 179.82(12), U(1)−N(4)−Si(1) 176.15(18).
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of greater destabilization of the U−N bonds (Table 1). Though
the differences in the bond lengths were small, they were well

reproduced in the calculated geometries (vide inf ra). Greater
destabilization of the cis metal−ligand bonds relative to the
strong trans-axial donor ligands is indicative of a more
significant ITI,33,52−55 suggesting, surprisingly, that the
trimethylsilylimido donor ability is comparable to that of the
oxo ligand.
Having established the straightforward oxidation chemistry of

1, we sought to expand this reactivity to the potentially more
chemically interesting triphenylmethyl (trityl) functional group.
The trityl moiety functions as an effective protecting group in a
variety of organic reactions,56 and the cleavage of Ph3C−X
bonds is a useful pathway for the oxidative installation of new
uranium−ligand bonds,57−59 including a recent example of the
formation of uranium−oxo and −sulfido multiple bonds.60 In
fact, the low-temperature reaction of Ph3CN3 with UIII[N-
(SiMe3)2]3 is known to form the product of one-electron
oxidation, UIV(N3)[N(SiMe3)2]3 (Scheme 1), through loss of a
trityl radical and formation of Gomberg’s dimer.46 Similarly, the
reaction of UIII(OAr)3TACN with Me3SiN3 was reported to
produce a mixture of both the uranium(V) monoimido through
two-electron oxidation as well as the uranium(IV) azide
through the loss of a trimethylsilyl radical and subsequent
formation of hexamethyldisilazane.58

We found that formation of UIV(N3)[N(SiMe3)2]3 through
the low temperature addition of Ph3CN3 followed by the
addition of N-methylmorpholine-N-oxide led to a color change
to dark green and vigorous gas formation, to produce UV(
NCPh3)[N(SiMe3)2]3 (4) in 93% yield. More conveniently, the
room temperature addition of Ph3CN3 to UIII[N(SiMe3)2]3 in
Et2O generated 4 directly. When this reaction was performed in
pyridine at room temperature, only the uranium(IV) azide
product was generated, and addition of N-methylmorpholine-
N-oxide led to decomposition.
The X-ray structure of 4 revealed a C3 symmetric, sterically

congested structure (Figure 3). The UN multiple bond
distance was determined to be 1.959(5) Å, longer than that of 1
at 1.910(6) Å,37 and the average U−N amido bonds were
2.264(3) Å, slightly shorter than those of 1 at 2.295(10).37 The
trityl group of 4 imparted a more sterically encumbered
coordination environment at the coordination site trans to the
imido ligand than that of 1. The electronic absorption spectrum

of 4 showed broad absorbance throughout the visible region,
and high intensity absorption in the UV attributed to π → π*
transitions within the trityl moiety (Figure S12). The near-IR
spectrum of 4, in the energy range of 5f → 5f transitions,
showed poorly resolved low intensity features compared to the
analogous spectrum of UVO[N(SiMe3)2]3,

61 which exhibited
four sharp absorptions. Similar behavior has been observed in
the comparison of the near-IR spectra of uranium(V)−oxo and
−imido complexes previously.62

The (presumably) sterically congested environment in 4
caused the reactions with Cu(II) to proceed differently from
those with 1 (Scheme 1). The addition of CuBr2 in THF
produced a brown product that appeared to be diamagnetic by
1H NMR, with a curious 2:1 ratio of −N(SiMe3)2 to NCPh3
ligand protons, inferred from integration. X-ray structural
analysis of a single crystal of the product grown from hexanes at
−21 °C revealed the structure to be UVIBr2(NCPh3)[N-
(SiMe3)2]3 (5). Elemental analysis supported the 1H NMR
assignment, though the X-ray data were of insufficient quality
for complete refinement (Figure S2).
Isolation of 5 was achieved in 83% yield, discounting the

possibility that it was a product of ligand redistribution.
Additionally, no production of [Cu[N(SiMe3]2]4 was ob-
served,63 ruling out transmetalation. Formation of 5 implies the
formal loss of the aminyl radical, •N(SiMe3)2.

64 We have
previously observed a loss of aminyl radical in the formation of
UVIO2(THF)2[N(SiMe3)2]2 from the reaction of UVIOCl[N-
(SiMe3)2]3 with NaNO2, which was attributed to the strong
thermodynamic driving force of uranyl formation as well as the
absence of valence electrons on the 5f0 metal center.32

Similarly, U−N(SiMe3)2 and Ln−N(SiMe3)2 bond homolysis
has led to single-electron reduction of uranyl in the work of
Arnold et al.,65,66 also to form strong metal-oxo bonds. We
were therefore surprised at the ability to install weaker bromide
ligands, especially considering the relatively poorer stability of
the aminyl fragment relative to the bromide radical. However,
while this reaction proceeds cleanly in THF, no reaction was
observed in toluene, a solvent less prone to hydrogen atom
donation, implicating the need for hydrogen atom abstraction
from the solvent to form free HN(SiMe3)2. We offer that the
synthesis of 5 is best described as a sterically induced reduction,
a process common among (C5Me5)3Ln and (C5Me5)3U
complexes.67

Anomalous uranium monoimido formation through single-
electron transfer was also observed with a modified ligand,

Table 1. Experimental and Calculated Equatorial U−N Bond
Lengths in the 2-X and 3-X Complexes (X = Br, Cl, O)

U−Neq

exptl. calcd.

2-Br 2.209(11) 2.235
UVI(NSiMe3)Br(N*)3

a

3-Br 2.200(3)b 2.219b

UVIOBr(N*)3
a

2-Cl 2.205(15) 2.235
UVI(NSiMe3)Cl(N*)3

a

3-Cl 2.193(2)b 2.221b

UVIOCl(N*)3
a

2-O 2.347(4) 2.389
[Ph4P][U

VI(NSiMe3)O(N*)3]
a

3-O 2.310(5)c 2.350c

[Na(THF)2][U
VIO2(N*)3]

a

aN* = N(SiMe3)2.
bFrom ref 32. cFrom ref 51.

Figure 3. Thermal ellipsoid plot of 4 at 30% probability. Hydrogen
atoms are omitted for clarity. Bond lengths (Å) and angles (deg):
U(1)−N(1) 2.264(3), U(1)−N(2) 1.959(5), U(1)−N(1)−C(1)
180.00, N(1)−U(1)−N(2) 113.90(7).
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[N(SiMe3)Ph
F]− (PhF = pentafluorophenyl). The electron-

withdrawing −PhF group evidently increases the electrophilicity
of the −SiMe3 group and induces facile silyl-migration upon
coordination of metal cations, leading to the formation of imido
species.68,69 Treatment of UI3(THF)4 with 3 equiv of
KN(SiMe3)Ph

F followed by crystallization from hexanes
consistently produced light red crystals identified as K-
[UIV(NPhF)[N(SiMe3)Ph

F]3] (6) in 17% yield (Scheme
3). The side-product formed in this reaction was a tertiary

amine, N(SiMe3)2Ph
F, which was assigned by comparison of

the 1H and 19F NMR spectra with the known compound.70

Thus, the formation of 6 is likely the result of elimination of
N(SiMe3)2Ph

F accompanied by one-electron oxidation of the
metal center through disproportionation of a UIII intermedi-
ate.71,72 Formation of a uranium−imido complex through loss
of a trimethylsilyl moiety was observed in one previous
instance, where treatment of [U[N(SiMe3)2]2Cl2]2 with KC8
led to isolation of [U(NSiMe3)[N(SiMe3)2]2(μ-Cl)]2 from a
mixture of products.73 Compound 6 was unstable in solution
and thus was only isolated in poor yield. This instability is due
to further reactions accompanied by a loss of N(SiMe3)2Ph

F

equivalents; in one instance, we were able to identify a
uranium(V) bis(imido) side product through the addition of
18-crown-6, [K(18-crown-6)(THF)2][U(NPhF)2(THF)2[N-
(SiMe3)Ph

F]2] (Figure S5), though the low yield of this
product prevented full characterization.
Reduction Chemistry and Reactivity. The accessibility of

the 5-coordinate complexes 2-Cl, 2-Br, and 2-O suggested that
the coordination sphere in 1 was not completely saturated. We
anticipated that a larger uranium(IV) ion in this coordination
environment would prove susceptible to further reactivity.
Treatment of 1 with excess KC8 led to smooth conversion to
the expected reduction product, K[U(NSiMe3)[N-
(SiMe3)2]3] (1-K), isolated as a pink solid in 87% yield
(Scheme 4). The 1H NMR spectrum of 1-K exhibited a broad
resonance at −7.9 ppm corresponding to the −N(SiMe3)2
ligands and a sharp resonance at 34.6 ppm corresponding to the
NSiMe3 ligand. The electronic absorption spectrum of 1-K
in toluene supported the 4+ oxidation state assignment (Figure
S13), with low intensity absorption in the visible region, and
numerous features observed in the near-IR portion of the
spectrum, typical of uranium(IV) complexes.74,75 Treatment of
4 with excess KC8 gave the analogous uranium(IV) compound,
K[U(NCPh3)[N(SiMe3)2]3] (4-K), which crystallized as a
pale orange solid in 50% yield. The 1H NMR spectrum for 4-K
showed a broad resonance at −8.9 ppm corresponding to the
−N(SiMe3)2 ligand protons, and three resonances at 41.1, 13.8,
and 12.0 ppm corresponding to the aryl resonances from the
NCPh3 group.
The X-ray crystal structure of 1-K was obtained as the

benzene-d6 solvate following suspension of the complex in
benzene-d6, removal of the volatiles, and crystallization from
pentane (Figure 4, top). The K+ ion closely associated with the

imido ligand at a K−N distance of 2.957(3) Å, analogous to the
structure of the reported anilide complex [Li(OEt2)][U(
NSiMe3)(NAdAr)3] (Ar = 3,5-dimethylphenyl),29 which also
exhibited close association of the alkali metal to the nitrogen
atom of the imido ligand. The U−N bond length of the imido
ligand in 1-K was 2.010(3) Å, and the average U−N bond
length of the amido ligands was 2.378(4) Å, lengthened relative
to the corresponding metrics of 1 at 1.910(6) and 2.295(10) Å,
respectively,37 due to the larger ionic radius of the uranium(IV)
cation.76

In the case of 4-K, X-ray quality crystals were obtained by
crystallization from toluene, following the reaction conducted
in THF, filtration over Celite, and removal of the volatiles. In
contrast to 1-K, the K+ ion is neither coordinated to an aryl
solvent nor to the imido ligand but instead interacts with two of
the phenyl rings of the trityl group and is solvated by three
THF molecules (Figure 4, middle). The U−N bond length of
the imido ligand in 4-K was slightly shorter than in 1-K at
1.9926(14) Å, and the average U−N bond length of the amido
ligands was comparable to those in 1-K at 2.3870(18)Å. Similar
to 1-K, the U−N bonds in 4-K are lengthened with respect to
its parent uranium(V) complex 4, which exhibited U−N imido
and average amido bond lengths of 1.959(5) and 2.264(3) Å,
respectively.
Noting the evidently high charge density at the nitrogen

atom of the imido ligands in 1-K and 6, as judged by the close
association of the K+ ions in the crystal structures, we
investigated the reactivity of these complexes with electrophiles.
Additionally, 4-K was reacted with electrophiles for compar-
ison. To the best of our knowledge, there are no examples of
direct addition of an electrophile to a uranium imido complex,
though the multiple-bond metathesis reactivity has been noted
previously,39 and similar reactivity was observed by Liddle and
co-workers in the silylation of the uranium(V) nitride, [Na(12-
c rown-4)2][U

V(N)(TrenT I P S)] , TrenT I P S = N-
(CH2CH2NSi

iPr3)3, to form UV(NSiMe3)(Tren
TIPS).5 Sily-

lation of an imido was also implicated in the formation of an
unusual uranium(IV) azido amide complex, [K(18-crown-
6)][U(N3)[N(SiMe3)2][OSi(OtBu)3]3], obtained from the
reaction of [K(18-crown-6)][U[OSi(OtBu)3]4] with Me3SiN3,
though only as a minor side product.7 The methylation of 1-K
with MeOTf was carried out successfully, which cleanly
produced UIV[N(SiMe3)Me][N(SiMe3)2]3 (7) in 68% yield
(Scheme 4). In contrast, the addition of Me3SiOTf to 1-K led

Scheme 3. Synthesis of UIV Mono−Imido Complex 6

Scheme 4. Synthesis of Uranium(IV) Mono−Imido
Complexes and Reactivity toward Electrophiles
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to formation of a complex mixture of products that did not
include the known complex UIV[N(SiMe3)2]4.

74

The 1H NMR of 7 displayed a single, broad resonance for
the three bis(trimethylsilyl)amide ligands at −4.6 ppm and two
sharp resonances for the methyl(trimethylsilyl)amide ligand at
76.9 and −3.3 ppm, indicating that the trimethylsilyl groups
freely rotated at room temperature. The X-ray structure of 7
(Figure 4, bottom) exhibited close contact of the added methyl
group with the uranium center, with a U−C distance of 2.869
Å. The close contact of the methyl group with the uranium ion
is nearly in the range of some uranium−carbon single
bonds.77,78 This structural perturbation is also evident in the
acute U−N−C bond angle, at 99.79°. The U−N bond lengths
of the −N(SiMe3)2 ligands were on average 2.289 Å, similar to
those of U[N(SiMe3)2]4 at 2.297(2) Å.

74 Reaction of 4-K with
Me3SiOTf or MeI resulted in oxidation of 4-K to yield 4 and
unidentified side products (Scheme 4). This reactivity differed
from that of 1-K possibly due to the decrease in charge density
at the imido nitrogen atom in 4-K, as evidenced by the
coordination of the K+ ion with the trityl aryl groups instead of
the imido nitrogen atom in its solid state structure. Reaction of
4-K with MeOTf resulted in a mixture of as yet unidentified
products.
The reactivity of 6 with electrophiles was also not

straightforward. We attempted to silylate the imido to form
the homoleptic tetrakis(amide) UIV[N(SiMe3)Ph

F]4 (8). As a
basis for comparison, the synthesis of 8 was carried out directly
from the reaction of UI4(OEt2)2 with 4 equiv of KN(SiMe3)-
PhF. The addition of Me3SiI to 6 produced 8 as a minor
product, with significant amounts of as yet uncharacterized side
products, limiting the utility of this reaction. Use of the more
potent electrophile Me3SiOTf resulted in decomposition to a
mixture of unidentified products.

Electrochemistry. Electrochemical analysis yielded insight
into the different imido complexes (Table 2). In the previous
report of the cyclic voltammetry of 1, a reversible oxidation
feature at −0.41 V versus ferrocene was observed in THF, with
[nBu4N][BF4] serving as the electrolyte.30 The cyclic
voltammograms of 1 and 4 were collected in dichloromethane
with [nBu4N][PF6] electrolyte (Figure 5). An irreversible

Figure 4. Thermal ellipsoid plot of 1-K (top), 4-K (middle), and 7
(bottom) at 30% probability. Hydrogen atoms are omitted for clarity.
Bond lengths (Å) and angles (deg), 1-K: U(1)−N(1) 2.368(3),
U(1)−N(2) 2.352(3), U(1)−N(3) 2.415(3), U(1)−N(4) 2.010(3),
U(1)−N(4)−Si(1) 156.90(16). 4-K: U(1)−N(1) 2.3870(14), U(1)−
N(2) 2.3763(15), U(1)−N(3) 2.3978(14), U(1)−N(4) 1.9926(14),
U(1)−N(4)−C(19) 169.82(12). 7: U(1)−N(1) 2.290(2), U(1)−
N(2) 2.2978(19), U(1)−N(3) 2.2786(17), U(1)−N(4) 2.2168(19),
U(1)−N(4)−C(1) 99.79(13).

Table 2. Reduction Potentials of the Imido Complexes
Determined by DPV Measurements, Compared to the
Previously Reported Mono-Oxo Complexes32,33

E1/2 (V)

U(VI/V) U(V/IV)

1 +0.26 −1.35
UV(NSiMe3)(N*)3

a

4 +0.38 −1.31
UV(NCPh3)(N*)3

a

2-Br −0.40 −1.28
UVI(NSiMe3)Br(N*)3

a

2-Cl −0.47 −1.25
UVI(NSiMe3)Cl(N*)3

a

2-O −2.34
[Ph4P][U

VI(NSiMe3)O(N*)3]
a

3-Br32,33 −0.21
UVIOBr(N*)3

a

3-Cl32,33 −0.43
UVIOCl(N*)3

a

aN* = N(SiMe3)2.
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U(VI/V) couple was observed in 1, with an Epa of +0.21 V and
an Epc of −0.79 V. The E1/2 of this couple was obtained from
the differential pulse voltammogram, which revealed a
reversible potential of +0.26 V. Therefore, the apparent
irreversibility of this couple is attributed to a large overpotential
in the cathodic wave. By comparison, the U(VI/V) couple in 4
was reversible under all conditions, at a potential of +0.38 V.
The higher potential U(VI/V) couple in 4 relative to 1
indicates that the trimethylsilylimido ligand more significantly
stabilizes the +6 oxidation state than the electron deficient
tritylimido ligand. The U(V/IV) couple was reversible in both
complexes, appearing at −1.35 V in 1 and −1.31 V in 4.
The strong donating ability of the trimethylsilylimido ligand

in 1 led us to consider its ability to stabilize the U(VI) oxidation
state relative to the oxo ligand. Cyclic voltammetry was
collected on 2-Br and 2-Cl for comparison to the
corresponding oxo-halides.77,78 The cyclic voltammogram of
2-Br displayed two redox features (Figure 6), assigned as a

quasi-reversible U(VI/V) couple centered at −0.40 V and a
reversible U(V/IV) couple at −1.28 V.79 The poor reversibility
of the first reduction feature is due to a large overpotential in
the return oxidation wave, with low current intensity. This
behavior is attributed to chemical loss of the bromide ligand
upon reduction. In contrast, the two redox couples were
reversible in 2-Cl, centered at −0.47 and −1.25 V, respectively.
Surprisingly, in both 2-Br and 2-Cl, the U(VI/V) couples were
at more reducing potentials than the analogous features in 3-Br
and 3-Cl, which appear at −0.21 and −0.43 V, respectively,
indicating that the stabilization of the +6 oxidation state is
comparable in the presence of either the trimethylsilylimido
ligand or the oxo ligand. The cyclic voltammogram of 2-O
revealed a significant shift in the U(VI/V) couple, exhibiting an
irreversible reduction identified from differential pulse

voltammetry (DPV) at −2.34 V (Figure S9). The strong
stabilization of the +6 oxidation state in 2-O is reminiscent of
complexes of UVIO2

2+.80

Electronic Structure Calculations. A comparison of the
ground-state electronic structure of 1 and 4 was carried out to
assess their relative stabilities. The calculated natural charge on
the uranium ion on each of the complexes was approximately
equal, at +1.99 and +2.00. However, the natural charge on the
nitrogen atom of the imido ligand was −1.23 in 1 and −0.81 in
4. These values suggest that while the overall charge donation
to the uranium ion is the same, the polarization of the UN
bond, which is a favorable effect for stabilizing high valent
uranium complexes, is greater in 1 than in 4 (vide inf ra).
In previous work by Andersen and co-workers, comparison

of the compounds Cp2U
IVO and Cp2U

IV(NMe) led to the
conclusion that although the uranium−oxo bond was less
covalent than the uranium−imido bond, the highly polarized
U−O bond was stronger.81 Following a similar analysis, NBO
6.082 calculation of the U−N σ-bonding interaction in 2-Cl
showed a bond comprising a 21.9% contribution from uranium,
consisting of 39.6% 6d and 56.7% 5f AO character, and a 78.1%
contribution from nitrogen. The U−O σ-bonding interaction in
3-Cl was remarkably similar: a 21.5% uranium contribution
originating from 32.3% 6d and 65.5% 5f AO character and
78.5% oxygen AO character. These values suggested similarly
ionic bonding in the UNSiMe3 and UO fragments.
However, the natural charge on the uranium ion was +1.42 in
2-Cl and +1.62 in 3-Cl, and the natural charge on the nitrogen
atom of the imido ligand was −1.01 in 2-Cl while the natural
charge on the oxo ligand was −0.62 in 3-Cl. The total natural
charge distributed across the entire trimethylsilylimido ligand in
2-Cl was only −0.43. The smaller charge to formal oxidation
state ratio on the uranium center in the imido complex 2-Cl
relative to the oxo complex 3-Cl represented more covalent
bonding,81 whereas the larger negative charge on the nitrogen
atom of the imido ligand compared to the oxo ligand
represented greater polarization. Therefore, the trimethylsilyli-
mido ligand preserves the overall enhanced covalency of the
imido ligand at the high valent uranium(VI) cation and lends
additional stability through favorable polarization.
In order to further probe the ability for the trimethylsilyli-

mido ligand to stabilize the trans-axial geometry, a systematic
computational study was carried out to compare the relative
energies of cis and trans isomers between theoretical dioxo,
oxo/imido, and bis(imido) species. A similar approach has been
used to determine the cis/trans isomerization energy of uranyl
in [UO2(OH)4]

2− of 18−19 kcal mol−1,83 as well as that of
bis(imido) species including U(NMe)2I2(THF)2 at 14.7−16.5
kcal mol−1 12 and U(NPh)2I2(THF)n (n = 2, 3) at 7.6−14.8
kcal mol−1.34 However, to the best of our knowledge, no
previous analysis has compared the effect of oxo/imido
substitution or the impact of imido functionality on cis/trans
isomerization energy.
Truncated model complexes of the formulas cis/trans-

[UVIOn(NR)2−n[N(SiH3)2]3]
− were investigated (Figure 7),

where methyl groups of the equatorial amide ligands were
removed to minimize steric effects. As a benchmark for
comparison, the trans-UO2 geometry was calculated to be 31.4
kcal mol−1 more stable than the cis-UO2 configuration. Upon
substitution of one oxo ligand with a trimethlylsilylimido ligand,
the trans-UO(NSiMe3) structure was only 18.0 kcal mol−1

more stable than the most stable cis-UO(NSiMe3) isomer.
Further substitution to the bis(imido) complex showed a

Figure 5. Cyclic voltammogram of 1 (top) and 4 (bottom) in CH2Cl2,
at a scan rate of 250 mV/s with 0.1 M [nBu4N][PF6] electrolyte.

Figure 6. Cyclic voltammetry of 2-Br (top), 2-Cl (middle), and 2-O
(bottom) at a scan rate of 250 mV/s in CH2Cl2, with 0.1 M
[nBu4N][PF6] supporting electrolyte.
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further reduction of the cis/trans isomerization free energy to
14.2 kcal mol−1. Therefore, while the trans-stabilization of the
trimethylsilylimido ligand is slightly larger than that of the oxo
ligand on the basis of structural analysis and consideration of
electrochemical potential, the cis-UO2 configuration is more
destabilized. The natural charges on the imido nitrogen atoms
ranged from −0.62 in the case of the phenyl imido derivative to
−1.06 and −1.10 in the case of the more donating trimethylsilyl
derivative. The natural charges on the oxo groups were
comparable with the phenyl imido derivative with charges
−0.62 and −0.67 (Figure S15).
Finally, comparison of two additional imido derivatives was

pursued to confirm the stabilization provided by the
trimethylsilyl group. Determination of the isomerization free
energies of [UVI(NR)2[N(SiH3)2]3]

− (R = −SiMe3, −Ph,
−CF3) showed the strongest stabilization of the trans geometry
in the trimethylsilyl derivative, at 14.2 kcal mol−1, 6.5 kcal
mol−1, and 8.0 kcal mol−1, respectively. Expanding this analysis
to the [UVIO(NR)[N(SiH3)2]3]

− complexes provided the same
trend, at 18.0 kcal mol−1, 13.5 kcal mol−1, and 15.1 kcal mol−1.
Analysis of Thermodynamics of Uranium Imido

Formation. The divergent reactivity exhibited by the
monoimido complexes 1 and 4 led us to consider the
thermodynamics of these processes (Figure 8). Since
Me3SiN3 and Ph3CN3 may act as either one-electron or two-
electron oxidants, but the uranium(IV) azide intermediate was
only observed in the synthesis of 4; the relative free energy
changes of these processes were compared. The formation of
the monoimido complexes 1 and 4 were found to be
exothermic in both cases, with calculated ΔGrxn = −41.9 and
−30.5 kcal mol−1, respectively, reflecting the greater stabiliza-
tion of the trimethylsilylimido ligand relative to the tritylimido
ligand.
The formation of the intermediate uranium(IV) azide

complex through Si−N bond homolysis was endothermic by
+18.1 kcal mol−1, whereas the C−N bond homolysis route for
trityl azide was exothermic by −35.3 kcal mol−1. Reversibility of
the C−N bond homolysis was unfavorable, as the uranium(III)
tritylazide adduct was predicted to be unstable relative to the
uranium(IV) azide by 33.8 kcal mol−1. The ability to isolate this
product at low temperature suggests that the direct one-
electron oxidation to form 4 possesses a large kinetic barrier.
This observation indicates that N-methylmorpholine-N-oxide
facilitates the one-electron transfer process, most likely through
transient coordination to the uranium ion. As an alternative
mechanism, the two-electron reduction of azide may be

facilitated to generate the uranium(VI) nitrido complex which
may recombine with the trityl radical to form 4. Similar
reactivity has been observed in the reaction of the iron(IV)
nitrido complex, [PhB(MesIm)3Fe

IVN],84 with the trityl
radical to form the iron(III) imido complex, [PhB-
(MesIm)3Fe

IVNCPh3],
85 though the only reactivity of

uranium(VI) nitrido complexes that has been reported thus
far has been C−H activation.4,86 Calculation of the hypothetical
uranium(VI) nitrido intermediate showed that it was in fact
more energetically favorable than 4, suggesting that it may exist
as an intermediate in this reaction.
Oxidation of 1 to form 2-Br, 2-Cl, and 2-O was found to be

exothermic. In contrast, the product of oxidation of 4 contained
an outer sphere bromide ion due to the steric hindrance of the
trityl group. Although this product was predicted to be highly
unstable, the products of sterically induced reduction, UVBr(
NSiMe3)[N(SiMe3)2]2 and

•N(SiMe3)2, were predicted to be
much lower in energy, consistent with the experimental
observation. Further oxidation of this coordinatively unsatu-
rated uranium(V) intermediate to form 5 was also determined
to be favorable. These results suggest that the formation of 5
proceeds through sterically induced reduction followed by
oxidation of the metal ion rather than through an outer sphere
oxidation pathway.

■ CONCLUSIONS
The reactivity and increase in donating ability, with respect to
analogous uranium(VI) oxo complexes, of the uranium imido
complexes shown here demonstrates that there is still much to
learn about the behavior of complexes bearing uranium−
nitrogen multiple bonds. In this work, we observed the
unexpected one-electron transfer reactions involved in the
preparation of uranium monoimido complexes in the +4, +5,
and +6 oxidation states. Among these was the stepwise

Figure 7. DFT calculated cis/trans isomerization free energies of
related uranyl and uranium bis(imido) complexes.

Figure 8. DFT computed thermodynamics of the oxidation reactions
involved in the synthesis of the uranium monoimido complexes.
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formation of a uranium(V) tritylimido complex, the first direct
synthesis of a uranium oxo/imido complex through one-
electron oxidation, an unusual sterically induced reduction
reaction induced by the bulky trityl group to form a
uranium(VI) dibromide, and the direct synthesis of a
uranium(IV) imido through the loss of a trimethylsilyl group.
The uranium(IV)−imido complexes were additionally found to
be reactive toward electrophiles. Future work will focus on
expanding the one-electron reactivity of uranium monoimido
complexes and investigating the ITI strength of substituted
imido derivatives toward stabilizing reactive uranium-ligand
bonds.

■ EXPERIMENTAL SECTION
General Methods. All reactions and manipulations were

performed under an inert atmosphere (N2) using standard Schlenk
techniques or in a Vacuum Atmospheres, Inc. Nexus II drybox
equipped with a molecular sieves 13X/Q5 Cu-0226S catalyst purifier
system. Glassware was oven-dried overnight at 150 °C prior to use. 1H
NMR were obtained on a Bruker DMX-300 Fourier transform NMR
spectrometer at 300 MHz. Chemical shifts were recorded in units of
parts per million downfield from residual proteo solvent peaks.
Elemental analyses were performed at the University of California,
Berkeley Microanalytical Facility using a PerkinElmer Series II 2400
CHNS analyzer or at Complete Analysis Laboratories, Inc. using a
Carlo Erba EA 1108 analyzer. The infrared spectra were obtained from
400 to 4000 cm−1 using a PerkinElmer 1600 series infrared
spectrometer.
Materials. Tetrahydrofuran, Et2O, CH2Cl2, hexanes, pentane, and

toluene were purchased from Fisher Scientific. These solvents were
sparged for 20 min with dry argon and dried using a commercial two-
column solvent purification system comprising columns packed with
Q5 reactant and neutral alumina, respectively (for hexanes and
pentane), or two columns of neutral alumina (for THF, Et2O, and
CH2Cl2). All solvents were stored over 3 Å molecular sieves.
Deuterated solvents were purchased from Cambridge Isotope
Laboratories, Inc. and stored over a potassium mirror overnight
prior to use. Starting materials, UI3(THF)4,

87 UI4(OEt2)2,
88 U[N-

(SiMe3)2]3,
89 1,37 and K[N(SiMe3)Ph

F],90 were prepared according to
the reported procedures.
Electrochemistry. Voltammetry experiments (CV, DPV) were

performed using a CH Instruments 620D Electrochemical Analyzer/
Workstation, and the data were processed using CHI software v9.24.
All experiments were performed in a N2 atmosphere drybox using
electrochemical cells that consisted of a 4 mL vial, glassy carbon
working electrode, a platinum wire counter electrode, and a silver wire
plated with AgCl as a quasi-reference electrode. The quasi-reference
electrode was prepared by dipping a length of silver wire in
concentrated hydrochloric acid. The working electrode surfaces were
polished prior to each set of experiments. Potentials were reported
versus ferrocene, which was added as an internal standard for
calibration at the end of each run. Solutions employed during these
studies were ∼3 mM in analyte and 100 mM in [nBu4N][PF6] in 2 mL
of dichloromethane. All data were collected in a positive-feedback IR
compensation mode.
X-Ray Crystallography. X-ray intensity data were collected on a

Bruker APEXII CCD area detector employing graphite-monochro-
mated Mo Kα radiation (λ = 0.71073 Å) at a temperature of 143(1) K.
In all cases, rotation frames were integrated using SAINT,91 producing
a listing of unaveraged F2 and σ(F2) values which were then passed to
the SHELXTL92 program package for further processing and structure
solution. The intensity data were corrected for Lorentz and
polarization effects and for absorption using TWINABS93 or
SADABS.94 The structures were solved by direct methods
(SHELXS-97).95 Refinement was by full-matrix least-squares based
on F2 using SHELXL-97.95 All reflections were used during
refinements. Non-hydrogen atoms were refined anisotropically and
hydrogen atoms were refined using a riding model.

Computational Details. All calculations were performed with
Gaussian 09, revision D.01,96 with the B3LYP hybrid DFT method. An
effective core potential incorporating quasi-relativistic effects was
applied to uranium, with a 60 electron core and the corresponding
segmented natural orbital basis set.97,98 The 6-31G* basis set was used
for all small molecules.99 Geometry optimizations were carried out in
C1 symmetry for all uranium complexes and all small molecules, as
higher symmetry solutions were either higher in energy or were not
successfully converged. Default settings were used for the integration
grid, SCF, and geometry convergence criteria. All frequency
calculations found no imaginary frequencies, confirming that the
optimized structures were minima.

Synthesis of U(NSiMe3)Br[N(SiMe3)2]3 (2-Br). To a stirred
solution of U[(NSiMe3)2]3 (150 mg, 0.20 mmol, 1.00 equiv) in
hexanes was added trimethylsilyl azide (23 mg, 0.20 mmol, 1.00
equiv). After stirring for 10 min, the volatiles were removed under
reduced pressure. The crude reaction mixture was dissolved in THF,
and CuBr2 (228 mg, 1.02 mmol, 5.00 equiv) was added. After stirring
for 1 h, the reaction mixture was filtered over Celite suspended in a
glass pipet, and the volatiles were removed under reduced pressure.
The resulting residue was extracted with hexanes, filtered over Celite,
and recrystallized from minimal hexanes to yield 2-Br as a dark red
solid. Yield: 130 mg, 0.15 mmol, 79%. 1H NMR (benzene-d6): 0.84
(27H), 0.71 (27 H), −0.05 (9H). IR (Nujol mull): 1302 (vw), 1249
(s), 1170 (vw), 1109 (vw), 982 (vw), 922 (m), 848 (vs), 773 (m), 722
(vw), 654 (s), 621 (m), 566 (vw) cm−1. Elemental analysis found
(calculated) for C21H63BrN4Si7U: C, 28.32 (28.46); H 6.96 (7.17); N
6.16 (6.32).

Synthesis of U(NSiMe3)Cl[N(SiMe3)2]3 (2-Cl). To a stirred
solution of U[(NSiMe3)2]3 (150 mg, 0.20 mmol, 1.00 equiv) in
hexanes was added trimethylsilyl azide (23 mg, 0.20 mmol, 1.00
equiv). After stirring for 10 min, the volatiles were removed under
reduced pressure. The crude reaction mixture was dissolved in THF,
and CuCl2 (137 mg, 1.02 mmol, 5.00 equiv) was added. After stirring
for 1 h, the reaction mixture was filtered over Celite suspended in a
glass pipet, and the volatiles were removed under reduced pressure.
The resulting residue was extracted with hexanes, filtered over Celite,
and recrystallized from minimal hexanes to yield 2-Cl as a dark red
solid. Yield: 70 mg, 0.08 mmol, 45%. 1H NMR (benzene-d6): 0.84
(27H), 0.62 (27 H), 0.00 (9H). IR (Nujol mull): 1303 (vw), 1261
(m), 1248 (s), 1152 (vw), 1085 (vw), 922 (m), 848 (vs), 774 (m),
722 (w), 698 (vw), 681 (vw), 654 (s), 621 (m). Elemental analysis
found (calculated) for C21H63ClN4Si7U: C, 29.89 (29.96); H 7.59
(7.54); N 6.48 (6.66).

Synthesis of Ph4P[U(NSiMe3)O[N(SiMe3)2]3] (2-O). To a
stirred solution of U[(NSiMe3)2]3 (100 mg, 0.14 mmol, 1.00 equiv) in
hexanes was added trimethylsilyl azide (16 mg, 0.14 mmol, 1.00
equiv). The crude reaction mixture was dissolved in THF, and
tetraphenylphosphonium nitrite (61 mg, 0.16 mmol, 1.1 equiv) was
added. After stirring for 10 min, the mixture was filtered over Celite
suspended in a glass pipet, and the volatiles were removed under
reduced pressure. The product was then dissolved in toluene and
layered with pentane to yield 2-O as a dark orange solid. Yield: 99 mg,
0.09 mmol, 69%. 1H NMR (benzene-d6): 8.19 (8 H), 8.09 (4 H), 7.83
(8 H), 0.91 (54 H), 0.09 (9 H). IR (Nujol mull): 2187 (w), 2081 (w),
1241 (m), 1109 (m), 1026 (w), 999 (w), 951 (s), 838 (s), 774 (w),
754 (w), 723 (m), 689 (m), 662 (m), 607 (w), 526 (m). Elemental
analysis found (calculated) for C45H83N4OPSi7U: C, 46.36 (46.52); H
7.09 (7.20); N 4.69 (4.82).

Synthesis of U(NCPh3)[N(SiMe3)2]3 (4). To a solution of
U[N(SiMe3)2]3 (200 mg, 0.28 mmol) in 10 mL Et2O cooled to −21
°C, Ph3CN3 (80 mg, 0.28 mmol, 1.00 equiv) was added, resulting in an
immediate color change to pale brown. After stirring for 15 min, N-
methylmorpholine-N-oxide (66 mg, 0.56 mmol, 2.00 equiv) was
added, resulting in the immediate evolution of gas and a color change
to dark green. The mixture was stirred for 20 min, and after filtration
through Celite suspended in a glass pipet, the volatiles were removed
under reduced pressure. Recrystallization from minimal hexanes at
−21 °C afforded 4 as a green-black crystalline solid. Yield: 272 mg,
0.28 mmol, 93%. 1H NMR (benzene-d6): 22.31 (6H), 10.20 (6H),
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8.71 (3H), −3.94 (54H). Elemental analysis found (calculated) for
C37H69N4Si6U: C, 45.58 (45.51); H 7.02 (7.12); N 5.75 (5.74).
Synthesis of U(NCPh3)Br2[N(SiMe3)2]2 (5). To a solution of 4

(40 mg, 0.04 mmol) in 5 mL of THF, CuBr2 (46 mg, 0.21 mmol, 5.00
equiv) was added. After stirring for 10 min, the volatiles were removed
under reduced pressure. The resulting residue was extracted with
pentane, filtered through Celite suspended in a glass pipet, and stored
at −21 °C to yield dark red-brown needles of 5. Yield: 33 mg, 0.03
mmol, 83%. 1H NMR (benzene-d6): 7.72 (3H), 7.35 (6H), 7.02 (6H),
0.72 (36H). Elemental analysis found (calculated) for
C31H51Br2N3Si4U: C, 37.91 (38.15); H, 4.94 (5.27); N, 4.20 (4.31).
Synthesis of K[U(NCPh3)[N(SiMe3)2]3] (4-K). To a solution of

4 (58 mg, 0.06 mmol) in 4 mL of THF, KC8 (8 mg, 0.06 mmol, 1.00
equiv) was added. After stirring for 10 min, the reaction mixture was
filtered over Celite, and the volatiles were removed under reduced
pressure. The crude material was recrystallized from minimal toluene
at −21 °C to yield pale orange crystals of 4-K. Yield: 30 mg, 0.03
mmol, 50%. 1H NMR (benzene-d6): 41.10 (6H), 13.79 (6H), 11.98
(3H), −8.92 (54 H). Compound 4-K was chemically unstable toward
evacuation; it decomposed to an insoluble, as yet uncharacterized gray
solid upon exposure to a vacuum. Elemental analysis was attempted for
4-K but was unobtainable due to its instability.
Synthesis of K(THF)UIV(NPhF)(NTMSPhF)3 (6). To a vial

containing UI3(thf)4 (91 mg, 0.1 mmol, 1.00 equiv) dissolved in 2 mL
of thf, a 2 mL thf solution of KNTMSPhF (88 mg, 0.3 mmol, 3.00
equiv) was added, resulting in a color change to red and precipitation.
The mixture was stirred for 0.5 h and filtered through Celite
suspended in a glass pipet. The volatiles were removed under reduced
pressure. The residue was extracted with hexanes and filtered through
Celite suspended in a glass pipet. The hexanes solution was
concentrated to 0.5 mL and stored at −21 °C to yield orange crystals
of 6. Yield: 17 mg, 0.013 mmol, 17%. 1H NMR (thf): δ 0.22 (s, 27H,
−SiMe3).

19F NMR (thf): δ −114.28 (s, 2F, o-F imido), −146.32 (t,
2F, m-F imido, J = 23 Hz), −167.98 (d, 6F, m-F amide, J = 20 Hz),
−171.75 (t, 3F, p-F amide, J = 23 Hz), −174.47 (t, 1F, p-F imido, J =
23 Hz), −187.21 (br, 6F, o-F amide, fwhm =130 Hz). Elemental
analysis found (calculated) for C37H35F20KN4OSi3U: C, 34.49 (34.37);
H 3.15 (2.73); N 3.89 (4.33).
Synthesis of K[U(NSiMe3)[N(SiMe3)2]3] (1-K). To a stirred

solution of U[(NSiMe3)2]3 (100 mg, 0.14 mmol, 1.00 equiv) in
hexanes was added trimethylsilyl azide (16 mg, 0.14 mmol, 1.00
equiv). The crude reaction mixture was dissolved in THF and cooled
to −21 °C before adding KC8 (28 mg, 0.20 mmol, 1.5 equiv) and
stirring for 10 min. The mixture was then filtered over Celite
suspended in a glass pipet, and the volatiles were removed under
reduced pressure. The resulting residue was extracted with pentane
and filtered over Celite, and the volatiles were removed under reduced
pressure. The residue was dissolved in benzene, and the volatiles were
removed under reduced pressure before crystallizing the product from
a small volume of pentane to yield 1-K as a light pink solid. X-ray
structural analysis of a sample prepared with benzene-d6 indicated that
1-K crystallized as [K(C6D6)][U(NSiMe3)[N(SiMe3)2]3, though
desolvation was confirmed by elemental analysis. Yield: 112 mg, 0.12
mmol, 87%. 1H NMR (benzene-d6): 34.63 (9H), −7.87 (54 H). IR
(Nujol mull): 2205 (w), 2101 (w), 1249 (s), 1180 (w), 1012 (s), 944
(s), 840 (s), 770 (m), 663 (m), 601 (m), 511 (w). Elemental analysis
found (calculated) for C21H63KN4Si7U: C, 29.52 (29.83); H 7.49
(7.51); N 6.32 (6.63).
Synthesis of U[NMe(SiMe3)][N(SiMe3)2]3 (7). To a stirred

solution of 1-K (239 mg, 0.26 mmol, 1 equiv) in hexanes was
added methyl triflate (63 mg, 0.386 mmol, 1.5 equiv). The reaction
mixture was stirred for 10 min and filtered over Celite suspended in a
glass pipet, and the volatiles were removed under reduced pressure.
Recrystallization from minimal (SiMe3)2O at −21 °C gave light brown
crystals of 7. Yield: 144 mg, 0.18 mmol, 68%. 1H NMR (benzene-d6):
76.93 (3 H), −3.21 (9 H), −4.63 (54 H). IR (Nujol mull): 1250 (m),
904 (s), 848 (s), 772 (m), 722 (m), 666 (w), 612 (w). Elemental
analysis found (calculated) for C22H66N4Si7U: C, 31.78 (32.17); H,
7.99 (8.10); N, 6.54 (6.82).

Synthesis of U[N(SiMe3)Ph
F]4 (8). To a vial containing

UI4(Et2O)2 (89 mg, 0.1 mmol, 1.00 equiv) dissolved in 3 mL Et2O,
an Et2O solution containing KN(SiMe3)Ph

F (117 mg, 0.4 mmol, 4.00
equiv) was slowly added, causing an immediate color change to red
and precipitation. After stirring for 1 h, the slurry was filtered through
Celite suspended in a glass pipet and washed with 2 × 2 mL Et2O. The
volatiles were removed under reduced pressure. Hexanes (5 mL) was
added, and the mixture was heated to boiling and then filtered through
Celite suspended in a glass pipet to yield an orange filtrate. The
hexanes solution was concentrated to about 0.5 mL and stored at −21
°C to yield orange crystals of 8 which were collected and dried under
reduced pressure. Yield: 31 mg, 0.025 mmol, 25%. 1H NMR (C6D6): δ
−10.23 (s, 36H, −SiMe3).

19F NMR (C6D6): δ −144.58 (br, 8F, o-F,
fwhm = 73 Hz), −156.80 (t, 4F, p-F, J = 23 Hz), −164.87 (t, 8F, m-F, J
= 23 Hz). Elemental analysis found (calculated) for C36H36F20N4Si4U:
C, 34.13 (34.45); H, 2.74 (2.89); N, 4.34 (4.46).
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