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’ INTRODUCTION

High-valent, homoleptic organometallic complexes of the type
[MR6]

n (R = alkyl, H; n = 0,�1) have been the focus of intense
theoretical and experimental scrutiny.1�16 These complexes are
solely supported by σ-bonding interactions, which provides a
unique opportunity to assay the electronic properties of the
metal�ligand bond devoid of complicating π-contributions.
Simple electrostatic models, such as VSEPR, dictate that these
complexes should adopt an Oh molecular geometry to minimize
intramolecular ligand�ligand repulsions.15 However, more
rigorous molecular orbital and valence bond analyses predict an
energetic preference for lower geometries, namely trigonal
prismatic with D3h or C3v symmetry.1�3,5,12�14 According to
molecular orbital theory, the distortion away from Oh allows for
greater metal d-orbital involvement in the metal�ligand
bonding,1�3,5,7,8,10,17 resulting in a greater covalent character in
the M�C bond and a strengthening of the σ-interaction.2,3 This
distortion is only expected for high oxidation state d0 and d1

systems, as the presence of more d-electrons forces the p-orbitals
to participate in M�R bonding, which subsequently favors an
octahedral geometry.2,3,8,10

Structural evidence supporting the molecular orbital analysis of
[MR6]

n-type complexes was first observed for [Li(tmeda)]2-
[ZrMe6], which exhibits a trigonal prismatic D3h geometry in the
solid state.11 Subsequently, the X-ray crystallographic determination
of WMe6 by Seppelt and Pfennig revealed a distorted trigonal
prismatic C3v geometry.

8,18,19 The homoleptic σ-bonded complexes
ReMe6 and [Ta(CtCSitBu3)6]

� also exhibit trigonal prismatic
structures.8,20

In contrast to the d-block, the capacity of the actinide elements to
engage in similar covalent metal�ligand interactions is unclear and
remains an area of much discussion.21�32 In this regard, the synthesis
of an actinide analogue to WMe6 could answer some of the
fundamental questions concerning the participation of the 6d and
5f-orbitals in bonding.33,34 However, U(VI) complexes featuring
U�C σ-bonds are nearly nonexistent,35 while U(V) complexes with
U�C σ-bonds are also rare. Only a few examples are known, such as
the U(V) octa(alkyl) uranates [Li(dioxane)]3[UR8] (R = Me,
CH2

tBu, CH2SiMe3) reported by Wilkinson.36,37 Unfortunately,
characterization data for these complexes is limited and their for-
mulation has since been questioned.38 Other examples of U(V)
complexes possessing uranium�carbon σ-interactions include
U[CH2SiMe2NSiMe3]2[N(SiMe3)2] and [N(SiMe3)]2U(μ-N)(μ-
CH2SiMe2NSiMe3)U[N(SiMe3)]2,

39,40 the imido supported metal-
locenes (η5-C5Me5)2UR(=NAr) (R = Me, C6H5, C�CPh;
Ar = 2,6-iPr2C6H3),

41,42 and the cyano complex [nBu4N]2[(η
5-

C5Me5)2U(CN)5].
43 High-valent uranium hydrides, such as UH6,

are also unknown. In fact, UH6 is anticipated to readily undergo
reductive elimination to afford UH4 and H2.

34 Interestingly, a
molecular orbital analysis of UH6 predicts it will adopt an Oh

geometry when the 5f-orbitals are allowed to participate in metal�
ligand bonding.33,34 It must be noted, however, that this octahedral
preference is rather weak, and several nonoctahedral geometries were
calculated to be within 20 kJ 3mol

�1 of the Oh structure.
33
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ABSTRACT: Oxidation of [Li(DME)3][U(CH2SiMe3)5] with
0.5 equiv of I2, followed by immediate addition of LiCH2SiMe3,
affords the high-valent homoleptic U(V) alkyl complex
[Li(THF)4][U(CH2SiMe3)6] (1) in 82% yield. In the solid-
state, 1 adopts an octahedral geometry as shown by X-ray
crystallographic analysis. Addition of 2 equiv of tert-butanol to
[Li(DME)3][U(CH2SiMe3)5] generates the heteroleptic U(IV)
complex [Li(DME)3][U(O

tBu)2(CH2SiMe3)3] (2) in high yield. Treatment of 2 with AgOTf fails to produce a U(V) derivative, but
instead affords the U(IV) complex (Me3SiCH2)Ag(μ-CH2SiMe3)U(CH2SiMe3)(O

tBu)2(DME) (3) in 64% yield. Complex 3 has
been characterized by X-ray crystallography and is marked by a uranium�silver bond. In contrast, oxidation of 2 can be achieved via
reaction with 0.5 equiv ofMe3NO, producing the heteroleptic U(V) complex [Li(DME)3][U(O

tBu)2(CH2SiMe3)4] (4) in moderate
yield. We have also attempted the one-electron oxidation of complex 1. Thus, oxidation of 1 with U(OtBu)6 results in formation of a
rare U(VI) alkyl complex, U(CH2SiMe3)6 (6), which is only stable below�25 �C. Additionally, the electronic properties of 1�4 have
been assessed by SQUID magnetometry, while a DFT analysis of complexes 1 and 6 is also provided.
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In this contribution, we describe our efforts to synthesize
uranium complexes in the 5+ and 6+ oxidation states that are
predominantly supported by U�Calkyl bonds, and describe our
endeavors to understand the electronic structure of these inter-
actions utilizing density functional theory.

’RESULTS AND DISCUSSION

Syntheses. We recently reported the syntheses of several
homoleptic U(IV) alkyl complexes with the formulation [UR6]

2-

(R = Me, CH2C6H5) and [UR5]
� (R = CH2

tBu, CH2SiMe3).
44

These materials appear well poised for further elaboration, and
we are now exploring their utility as precursors to [AnR6]

n-type
complexes (R = alkyl, H; n = 0,�1). Addition of 0.5 equiv of I2 to
[Li(DME)3][U(CH2SiMe3)5] in Et2O at �25 �C, followed by
immediate addition of 1 equiv of LiCH2SiMe3, results in for-
mation of the deep-green homoleptic U(V) alkyl complex
[Li(THF)4][U(CH2SiMe3)6] (1), which can be isolated in
82% yield (Scheme 1). We postulate that the added equivalent
of alkyl ligand serves to saturate the metal center and enhance the
kinetic stability of the resulting U(V) complex. This methodol-
ogy is similar to that employed in the synthesis of the homoleptic
U(V) amido complex [Li(DME)3][U(NC5H10)6].

45 We also
attempted the oxidation of the related hexamethyl complex
[Li(TMEDA)]2[UMe6].

44 However, treatment of cold solutions
of [Li(TMEDA)]2[UMe6] with 0.5 equiv of I2, or 1 equiv of
AgOTf, solely yielded intractable mixtures.
Single crystals of 1 suitable for X-ray analysis were grown

from a hexane/Et2O solution at �25 �C. Complex 1 crystallizes
in the monoclinic space group P21/c, and its asymmetric unit
contains two crystallographically independent uranium centers.
The solid-state molecular structure of one full molecule is
shown in Figure 1. In the solid-state, 1 crystallizes as a discrete
cation/anion pair. The anionic U(V) center is coordinated
by six methyltrimethylsilyl ligands in an octahedral geometry

(e.g., C1�U1�C2 = 89.5(3)�, C1�U1�C3 = 90.6(2)�,
C2�U1�C3 = 86.0(2)�). Its U�C bond distances are
U1�C1 = 2.429(8) Å, U1�C2 = 2.413(7) Å, and U1�C3 =
2.451(6) Å, while the corresponding U�C�Si bond angles are
U1�C1�Si1 = 138.9(4)�, U1�C2�Si2 = 137.1(4)�, and
U1�C3�Si3 = 131.8(4)�. Interestingly, the U�C bond lengths
of 1 are nearly equivalent to the U�C distances (av. 2.46(1) Å)
of its parent complex [U(CH2SiMe3)5]

�,44 despite the smaller
radius of the U5+ ion. This may be due to the higher coordination
number of 1 versus that of [U(CH2SiMe3)5]

�, which is also

Scheme 1

Figure 1. ORTEP diagram of [Li(THF)4][U(CH2SiMe3)6] (1) with
50% probability ellipsoids. Asterisks indicate symmetry related atoms.
Selected bond lengths (Å) and angles (deg): U1�C1 = 2.429(8),
U1�C2 = 2.413(7), U1�C3 = 2.451(6), U1�C1�Si1 = 138.9(4),
U1�C2�Si2 = 137.1(4), U1�C3�Si3 = 131.8(4), C1�U1�C2 =
89.5(3), C1�U1�C3 = 90.6(2), C2�U1�C3 = 86.0(2), C1�U1�
C1* = 180.
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reflected in the larger U�C�Si bond angles of 1, compared to
those exhibited in [U(CH2SiMe3)5]

�. To our knowledge, only
two other pentavalent complexes possessing a U�Calkyl bond
have been crystallographically characterized, namely the metalla-
cycles U[CH2SiMe2NSiMe3]2[N(SiMe3)2] and [N(SiMe3)]2
U(μ-N)(μ-CH2SiMe2NSiMe3)U[N(SiMe3)]2.

39,40 The latter
features a U�C bond length (U�C = 2.427(8) Å) which is
similar to those observed in 1. Additionally, the structural
characterization of 1 as an octahedral complex calls into question
the octa-coordinate alkyl complexes reported by Wilkinson.37 In
our hands, addition of LiCH2SiMe3 to THF solutions of 1 does
not generate higher-coordinate derivatives, such as Li3[U-
(CH2SiMe3)8], but instead leaves 1 unchanged.
Complex 1 is highly soluble in ethereal solvents such as Et2O

and THF but completely insoluble in aliphatic solvents such as
hexane. Its 1HNMR spectrum in THF-d8 displays two singlets at
�8.19 and 0.86 ppm, in a 2:9 ratio, respectively, which are
attributable to the methylene and methyl protons of the methyl-
trimethylsilyl ligand. The 13C{1H} NMR spectrum in THF-d8
displays a single resonance at 42.2 ppm, corresponding to the
methyl carbons of the methyltrimethylsilyl ligand, while the
resonance for the methylene carbon was not observed. Its
7Li{1H} NMR spectrum exhibits a single resonance at 3.22
ppm. The UV�vis/NIR spectrum exhibits a dominant absorp-
tion band at 1462 nm, characteristic of other U(V) complexes,41

further supporting the 5f1 electronic configuration.
Complex 1 can be stored indefinitely at �25 �C as a crystalline

solid, but upon standing at room temperature, it slowly decomposes
to a brown oil within two days. The thermal stability of 1 is much
less than that of its parent complex, [Li(DME)3][U(CH2SiMe3)5],
which is stable in the solid state for several days at room
temperature.44 Furthermore, room temperature solutions of 1 in
THF or DME decompose within several hours, providing SiMe4
and trace amounts of [Li(THF)x][U(CH2SiMe3)5], as the only

detectable products by 1H NMR spectroscopy. The observation of
[Li(THF)x][U(CH2SiMe3)5] in the reactionmixture suggests that
its decomposition arises, in part, from M�C bond homolysis, a
known decomposition pathway for high-valent alkyl complexes.46,47

Complex 1 also rapidly decomposes in aromatic solvents, such as
benzene or toluene, generating complex reaction mixtures.
We have also explored the synthesis of a heteroleptic high-valent

organouranium complex, as a means of engendering greater
thermal stability to these reactive materials. Addition of 2 equiv
of tBuOH to [Li(DME)3][U(CH2SiMe3)5] in DME affords
[Li(DME)3][U(O

tBu)2(CH2SiMe3)3] (2) in 86% yield
(Scheme 1). Storage of a dilute DME solution of 2 at �25 �C
for several hours results in the deposition of pink crystals suitable
for X-ray analysis. Complex 2 crystallizes as a discrete cation/anion
pair in the trigonal space group P31c (Figure 2). The anionic
U(IV) center exhibits a trigonal bipyramidal geometry, in which
three methyltrimethylsilyl ligands occupy the equatorial plane and
two tert-butoxide groups occupy the axial positions. Additionally,
the uranium center of 2 lies on a special position and the
methyltrimethylsilyl ligands are disordered over two positions
resulting in a three-fold rotation axis through the U1�O1�C2
vector. The U�C bond length (U1�C1 = 2.49(1) Å) is compar-
able to those observed in [U(CH2SiMe3)5]

�,44 while itsU�C�Si
bond angle (U1�C1�Si = 114.5(6)�) is slightly smaller. Further-
more, the U�O distance (U1�O1 = 2.085(7) Å) and U�O�C
angle (U1�O1�C1 = 180�) in 2 are similar to the terminal
uranium-alkoxide interactions in [Li(THF)]2[U(O

tBu)6] (e.g.,
U�O = 2.137(9) Å; U�O�C = 171.3(9)�).48
Complex 2 is insoluble in arenes and nonpolar solvents, but

partly soluble in ethereal solvents such as Et2O and DME. Its 1H
NMR spectrum in THF-d8 displays three resonances at�229.29,
�33.28, and 90.37 ppm in a 6:27:18 ratio, respectively. The
resonances at �229.29 and �33.28 ppm are assignable to the
methylene and methyl protons, respectively, of the methyltri-
methylsilyl groups, while the resonance at 90.37 ppm is assign-
able to the tert-butoxide ligand. Additionally, a singlet at 1.20 ppm
is observed in the 7Li{1H} NMR spectrum.
As anticipated, complex 2 exhibits greater thermal stability

than that observed for [Li(DME)3][U(CH2SiMe3)5]. For in-
stance, 2 is stable in solution at room temperature for several
days, whereas [Li(DME)3][U(CH2SiMe3)5] decomposes over
24 h.44 As a crystalline solid, 2 can be stored indefinitely at room
temperature. However, in contrast to the reactivity observed for
[Li(DME)3][U(CH2SiMe3)5], addition of 0.5 equiv of I2 to
Et2O solutions of 2 at�25 �C, followed by addition of 1 equiv of
LiCH2SiMe3, does not generate a U(V) complex, but instead
returns 2 as the only identifiable product. The failure to generate
a U(V) species by this route prompted us to pursue other
oxidants. Thus, treatment of an Et2O suspension of 2 with
AgOTf results in an immediate color change and formation of
a pale-yellow solution concomitant with the deposition of a white
powder. Removal of the solvent, followed by extraction into
pentane and storage at�25 �C affords pink crystalline blocks of
(Me3SiCH2)Ag(μ-CH2SiMe3)U(CH2SiMe3)(O

tBu)2(DME)
(3) in 64% yield (Scheme 1).
Complex 3 crystallizes in the monoclinic space group P21/n,

and its solid-state molecular structure is shown in Figure 3. In the
solid state, the uranium center in 3 exhibits a distorted pentago-
nal bipyramidal geometry, in which two tert-butoxide groups
occupy the axial positions, while the equatorial plane is occupied
by a molecule of DME, a terminal methyltrimethylsilyl group,
a bridging methyltrimethylsilyl group, and a silver atom.

Figure 2. ORTEP diagram of [Li(DME)3][U(O
tBu)2(CH2SiMe3)3]

(2) with 50% probability ellipsoids. [Li(DME)3]
+ cation not shown.

Asterisks indicate symmetry related atoms. Selected bond lengths (Å)
and angles (deg): U1�C1 = 2.49(1), U1�O1 = 2.085(7), U1�C1�
Si1 = 114.5(6), U1�O1�C2 = 180, C1�U1�O1 = 90.0(5), C1�U1�
C1* = 120.
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The terminal U�Calkyl (U1�C2 = 2.461(6) Å) and U�Oalkoxide

(U1�O1 = 2.077(4) Å, U1�O2 = 2.059(4) Å) bond distances
are similar to those found for 2. The silver center is linearly
ligated (C1�Ag1�C3 = 174.3(3)�), a common geometry for
Ag+,49�51 and exhibits Ag�C distances (Ag1�C1 = 2.173(6) Å,
Ag1�C3 = 2.105(6)Å) similar to those of other known silver
alkyls.51 Owing to the bridging interaction in 3, the U1�C1 bond
(2.658(6) Å) is elongated with a near linear U1�C1�Si1 bond
angle (176.8(3)�).
Interestingly, the bridging methyltrimethylsilyl ligand exhibits

an acuteU�C�Ag angle (U1�C1�Ag1 = 80.8(2)�), supporting
the presence of an Ag�U contact. The Ag1�U1 = 3.1533(6) Å
distance in 3 is considerably shorter than the sum of the covalent
radii (3.41 Å),52 further suggesting a metal�metal bond. Silver-
metal bonds50,53,54 arewell documented formid- to late-transition
metals49,55�58 but are unprecedented for uranium. In fact,
actinide-metal bonds of any type are quite rare and limited to a
handful of structurally characterized examples.59�64 These argen-
tophilic interactions are poorly understood,53,55 but as silver is
generally believed to act as an inner-sphere oxidant,49,65,66 this
interaction in 2 may represent an intermediate step in its
oxidation by Ag+. Consistent with this idea, solutions of 3 slowly
decompose on standing at room temperature, resulting in the
deposition of silver mirror and formation of SiMe4 as the only
detectable product by 1H NMR spectroscopy. However, at
�25 �C, 3 can be stored indefinitely as a solid or in solution.
The 1H NMR spectrum of 3 in C7D8 exhibits two resonances

at �24.13 and �18.95 ppm, in a 2:9 ratio, respectively, attrib-
utable to methylene and methyl protons of the uranium-
coordinated terminal methyltrimethylsilyl group. An additional
singlet, integrating to 18H, is observed at �15.71 ppm which we
have assigned to the methyl protons of the [Ag(CH2SiMe3)2]

�

moiety. The observation of a single resonance for the
[Ag(CH2SiMe3)2]

� fragment suggests rapid exchange of its
bridging and terminal alkyl ligands. A resonance corresponding to

the methylene protons of the [Ag(CH2SiMe3)2]
� unit was not

observed. Additionally, the 1H NMR spectrum of 3 displays a
singlet at 86.62 ppm attributable to the tert-butoxide ligands.
We have pursued the reaction of 2with other oxidants as a means

of accessing a tractable pentavalent complex. Gratifyingly, addition of
0.5 equiv of trimethylamine-N-oxide (Me3NO) to a suspension of 2
in DME rapidly generates a dark-red solution from which the
heteroleptic U(V) complex [Li(DME)3][U(O

tBu)2(CH2SiMe3)4]
(4) can be isolated in 43% yield (Scheme 1). Complex 4 is insoluble
in arenes andnonpolar solvents but highly soluble in ethereal solvents,
suchEt2OandDME. Its 1HNMRspectrum inTHF-d8 displays three
resonances at �0.79, �0.38, and 7.37 ppm occurring in a 36:8:18
ratio, respectively. The resonances at �0.79 and �0.38 ppm are
assignable to the methyl and methylene protons of the methyltri-
methylsilyl ligands, while the singlet at 7.37 ppm corresponds to the
methyl protons of the tert-butoxide ligand. Consistent with its
formulation, the 7Li{1H} NMR spectrum displays a single peak at
3.09 ppm. Complex 4 also possesses an increased thermal stability
versus that exhibited by 1, suggesting that the tert-butoxide ligands do
impart a stabilizing effect. For instance, complex4 is stable in solutions
of THF-d8 for several hours at room temperature, whereas complex 1
decomposes completely over that time period. After 48 h, however, 4
decomposes completely, providing SiMe4 and trace amounts of 2 as
the only identifiable products of decomposition.
Complex 4 crystallizes as the Et2O solvate, 4 3 Et2O, in the

tetragonal space group P42/mmc, and its solid-state molecular
structure is shown in Figure 4. Complex 4 3 Et2O possesses an
octahedral anionic U(V) center ligated by trans oriented tert-
butoxide groups with four equatorially bound methyltrimethyl-
silyl ligands. Notably, theU�C (U1�C2 = 2.42(2) Å) andU�O
(U1�O1 = 2.053(8) Å) bond distances in 4 are comparable to
the corresponding bond lengths in 2, which may be due to its
higher coordination number. The U�C bond length in 4 is also
comparable to the U�C distances in 1.
Clearly, the oxidation of 2 byMe3NO is a complicated process

involving alkyl ligand scrambling and oxygen atom transfer.

Figure 3. ORTEP diagram of (Me3SiCH2)Ag(μ-CH2SiMe3)-
U(CH2SiMe3)(O

tBu)2(DME) (3) with 50% probability ellipsoids.
Selected bond lengths (Å) and angles (deg): Ag1�U1 = 3.1533(6),
U1�C1 = 2.658(6), U1�C2 = 2.461(6), U1�O1 = 2.077(4),
U1�O2 = 2.059(4), U1�O3 = 2.592(4), U1�O4 = 2.592(4), Ag1�
C1 = 2.173(6), Ag1�C3 = 2.105(6), U1�C1�Si1 = 176.8(3),
U1�C1�Ag1 = 80.8(2), U1�C2�Si2 = 124.7(3), U1�O1�C17 =
164.3(4), U1�O2�C13 = 167.4(4), C1�U1�C2 = 89.4(2),
O1�U1�C2 = 100.0(2), C2�U1�O4 = 79.3(2), C1�Ag1�C3 =
174.3(3), Ag1�C1�Si1 = 118.2(3).

Figure 4. ORTEP diagram of [Li(DME)3][U(O
tBu)2(CH2SiMe3)4]

(4 3 Et2O) with 50% probability ellipsoids. [Li(DME)3]
+ cation and

Et2O not shown. Asterisks indicate symmetry related atoms. Selected
bond lengths (Å) and angles (deg): U1�C2 = 2.42(2), U1�O1 =
2.053(8), U1�C2�Si2 = 134. 9(8), U1�O1�C1 = 180, C2�U1�
O1 = 90, C2�U1�C2* = 90.3(5).
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Wehave endeavored to determine the fate of the oxygen atoms of
the trimethylamine-N-oxide during the oxidation of 2 (Scheme 1)
but have been unsuccessful thus far. However, it is likely that low
isolated yield of 4 (43%) is partly a reflection of the presence of a
sacrificial oxygen acceptor in the reaction mixture.
Magnetism. To confirm the U(V) oxidation state assignments

for complexes 1 and 4, their magnetic susceptibilities were inves-
tigated by SQUIDmagnetometry. A plot of their effectivemagnetic
moments (μeff) versus temperature is shown in Figure 5. At 300 K,
1 and 4 possess μeff values of 1.54 μB and 1.44 μB, respectively,
which are considerably smaller than the 2.54 μB calculated for the
U5+ ion in a 2F5/2 ground state.

67 These values are also lower than
those generally observed for other U(V) complexes, which range
from 1.9 to 2.5 μB at room temperature.67�72 However, they are
comparable to the 1.3 μB found for the homoleptic amido complex
[Li(DME)3][U(NC5H10)6].

45 Decreased μeff values for uranium
complexes are often attributed to ligand field quenching of the
angular orbital momentum,67,70,73�78 an effect which may be
intensified by the strong field alkyl ligands of 1 and 4. At lower
temperatures, the μeff values of 1 and 4 decrease only slightly to
1.19μB and 1.05μB, respectively, at 4K. This temperature response
is in accord with the magnetic behavior normally observed for
U(V).67,69�72

In comparison, complexes 2 and 3 exhibit larger μeff values,
consistent with their lower U(IV) oxidation states. The μeff
values for 2 and 3 are 3.33 μB and 3.05 μB, respectively, at room
temperature. These values are only slightly smaller than the
theoretical 3.54 μB anticipated for a free U(IV) ion in a 3H4

ground state,69,74,79 and similar to the 3.18 μB exhibited by
[Li(DME)3][U(NC5H10)5] at 295 K.

45 Upon cooling, the μeff of
2 decreases slightly to 3.16 μB at 4 K. Notably, this behavior
contrasts the strong temperature dependent response of most
other U(IV) complexes, which typically trend toward singlet
ground states at lower temperatures,44,70,74,77,80�85 but this

behavior is in line with that observed for other five coordinate
U(IV) complexes, such as [Li][UR5] (R = CH2SiMe3, CH2

tBu,
NC5H10).

44,45 In contrast, the μeff value for 3 decreases to
2.91 μB at 38 K before dropping to 1.08 μB at 2 K, behavior that
is more typical of U(IV), possibly reflecting the different coordina-
tion environments of 2 and 3.
Electrochemistry. The solution phase redox properties of 1

and 4 were investigated by cyclic voltammetry. In THF at room
temperature, the cyclic voltammogram of 1 displays a quasi-
reversible redox feature at �1.22 V (vs [Cp2Fe]

0/+) (Figure 6).
We have assigned this feature to a U(VI)/U(V) redox couple.
This potential is in accord with the U(VI)/U(V) redox values
observed for other homoleptic, hexa-coordinate uranium com-
plexes possessing strongly electron-donating ligands, such
as [U(OtBu)6]

0/- (E1/2 = �1.12 V vs [Cp2Fe]
0/+) and

[U(NC5H10)6]
0/- (E1/2 = �1.51 V vs [Cp2Fe]

0/+).45,48,86 Scan-
ning to negative potentials produces an irreversible reduction
feature at approximately �3.0 V that we attribute to reduction to
U(IV). The irreversibility of this feature is consistent with the
structural changes anticipated to occur upon conversion of hexa-
coordinate 1 to penta-coordinate [U(CH2SiMe3)5]

�. In contrast
to the electrochemistry observed for 1, the cyclic voltammogram
of 4 in THF at room temperature exhibits an oxidation feature at
�1.17 V (vs [Cp2Fe]

0/+) that is irreversible at low scan rates
(ip,a/ip,c = 1.9 at 100 mV/s). We have tentatively assigned this
feature as a U(V)/U(VI) oxidation (see Supporting Information
[SI]). At higher scan rates, the reversibility of the feature improves
slightly (ip,a/ip,c = 1.2 at 500 mV/s). Overall however, our
electrochemistry results suggest that the product generated by
oxidation of 4 is significantly less stable than that generated upon
oxidation of 1.
Given the results of our electrochemical study, we have

pursued the oxidation of both 1 and 4 by chemical methods. In
particular, we first targeted the use of “innocent” outer-sphere

Figure 5. Temperature-dependent SQUID magnetization data for 1�4.
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oxidants, such as the triarylaminium radical cations [NAr3]
+.58

Addition of 1 equiv of [N(C6H4Br)3][SbCl6] to 1 in THF at
�25 �C results in the formation of an intractable reaction
mixture. In contrast, treatment of a cold solution of 4 in THF
with 1 equiv of [N(C6H4Br)3][SbCl6] results in the immediate
formation of a near colorless solution. Removal of the solvent and
recrystallization from DME affords pale green crystals of the
U(V) complex [Li(DME)3][U(O

tBu)2Cl4] (5) in 48% yield
(Scheme 2). Complex 5 was fully characterized, including
analysis by X-ray crystallography (Figure S32, SI). It is likely
formed by alkyl for chloride transmetalation, demonstrating the
decidedly “non-innocent” behavior of the [SbCl6]

� counterion.
Indeed, [SbCl6]

� is a known source of chloride ions.58,87 The
formation of 5 also highlights the sensitivity of the U�Calkyl

bonds and further underlies the difficulty of generating a U(VI)
complex possessing a uranium�carbon bond.

Wehave also explored the oxidation of 1 and 4with several other
common outer-sphere oxidants. However, the use of these alter-
nate reagents was complicated by a variety of factors. For instance,
neither [Cp2Fe][PF6] nor [Cp2Fe][BPh4] could be used because
of their insolubility in cold THF, while reaction of 1 or 4 with
[CPh3][PF6] resulted in formation of intractable mixtures. As a
result, we have pursued the use of U(OtBu)6 as an “innocent”
oxidant, given the ample precedent of other outer-sphere homo-
metallic electron transfers.88�92 U(OtBu)6 has several attributes
which make it ideal for the proposed transformation. It is both
sterically saturated and highly soluble in both aliphatic and ethereal
solvents.48 Additionally, the product of its one-electron reduction,
[Li][U(OtBu)6], is readily identifiable by

1HNMRspectroscopy.48

On the basis of our electrochemical analysis, U(OtBu)6 is antici-
pated to behave as a mild oxidant toward both 1 and 4. For
instance, its reduction potential (E1/2 =�1.12 V vs [Cp2Fe]

0/+)48

Figure 6. Room temperature cyclic voltammogram of 1 in THF vs [Cp2Fe]
0/+ (Scan rate 0.2 V/s; 0.1 M [NBu4][PF6] as supporting electrolyte.).

Scheme 2
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is only 100 mV greater than that found for 1 (E1/2 = �1.22 V vs
[Cp2Fe]

0/+). Thus, addition of 1 equiv of U(OtBu)6 to 1 in THF-
d8 at�25 �C results in a rapid color change, to afford a deep-gold
solution. The 1H NMR spectrum of the resulting reaction mixture
at �40 �C reveals the near total disappearance of 1 in solution, as
well as the formation of twonew resonanceswithin the diamagnetic
region at �3.15 ppm and 0.52 ppm in a 2:9 ratio, respectively
(Figure S33, SI), assignable to the methyl and methylene reso-
nances, respectively, of the homoleptic U(VI) alkyl complex
U(CH2SiMe3)6 (6). The

1H NMR spectrum also displays a new
resonance at 1.90 ppm corresponding to the methyl protons of
[Li(THF)x][U(O

tBu)6]. Interestingly, at �40 �C this byproduct
partially precipitates from the reaction mixture as colorless crystals.
The formation of 6 in these solutions is further supported by the
appearance of a resonance at 11.12 ppm in the 13C{1H} NMR
spectrum, attributable to the methyl carbons of the methyltri-
methylsilyl ligand of 6 (Figure S34, SI), while the 13C resonance
corresponding to the methylene carbons was observed indirectly,
via an HMBC experiment, at 34.0 ppm (Figure S35, SI). Overall,
these results strongly suggest that oxidation of 1 by U(OtBu)6
solely generates U(CH2SiMe3)6 (6) and [Li(THF)x][U(O

tBu)6]
(Scheme 2). Furthermore, no evidence for alkyl ligand scrambling
or R-elimination is observed by NMR spectroscopy. In this regard,
it should be noted that attempts to prepare the analogous tungsten
complex, by reaction of WCl6 with LiCH2SiMe3, leads only to the
formation of (Me3SiCH2)3W(tCSiMe3) in low yield.93 Presum-
ably, the smallerW6+ ion cannot support the steric bulk imposed by
six methyltrimethylsilyl alkyl ligands, thereby promoting successive
R-elimination reactions.
In contrast to the reaction with complex 1, addition of 1 equiv of

U(OtBu)6 to 4 in THF-d8 at �25 �C results in no color change,
while the 1H NMR spectrum of the reaction mixture at �40 �C
consists mostly of unreacted 4. However, small amounts of
[Li(THF)x][U(O

tBu)6] and SiMe4 are observed in the reaction
mixture, while no unreacted U(OtBu)6 remains, suggesting that
electron transfer is occurring, but that the resulting product is
unstable, in line with conclusions drawn from the electrochemistry.
We have attempted to isolate complex 6 from its reaction

mixtures but our efforts have been frustrated by both its high
solubility in aliphatic and ethereal solvents as well as its thermal
instability. Monitoring the in situ formation of 6 by 1H NMR
spectroscopy reveals 6 to be stable for at least 14 h at �40 �C
in THF-d8. Upon warming above �25 �C, however, complex 6
rapidly decomposes, producing 1 and SiMe4 as its main decom-
position products.
DFT Analysis. To gain further insight into the electronic

structure of 1 and 6, a DFT analysis was performed at the B3LYP
level of theory. Additionally, the previously reported tetravalent
uranium alkyl complex, [U(CH2SiMe3)5]

�,44 was also analyzed to
compare with 1 and 6. In [U(CH2SiMe3)5]

�, the HOMO and
HOMO�1 house the two unpaired electrons, and are predomi-
nantly 5f in character and nonbonding. The five U�C σ-interac-
tions are located in HOMO�2 through to HOMO�6 (Table 1).
Due to theD3h symmetry, significant orbital mixing is observed, and
several uranium-based orbitals contribute to each molecular orbital.
Nonetheless, the 6d-orbitals are favored for U�C bonding
(HOMO�3, HOMO�4, and HOMO�6), with only one U�C
bond possessing significant 5f-orbital character (HOMO�2).
For complex 1, the calculated geometry compares well with

that observed experimentally. Specifically, the calculated U�C
bond distances range from 2.443 Å to 2.472 Å, while those from
the crystal structure range from 2.413(7) Å to 2.451(6) Å.

Additionally, the three largest calculated C�U�C angles range
from 173.7� to 178.0�, which matches the experimentally ob-
served structure. The Mulliken spin density of 1.45 is consistent
with a U(V) complex having one unpaired 5f electron. This
resides in the HOMO, which is predominantly metal based and
nonbonding. The main orbitals involved in the uranium�carbon
interactions are HOMO�1 through to HOMO�6, which con-
stitute the six U�C σ interactions (Figure 7). According to the
Mulliken population analysis, there is a substantial uranium
contribution to all of the U�C σ interactions (Table 2). The
three highest energy U�C bonding orbitals (HOMO�1,
HOMO�2, and HOMO�3), which comprise the t1u set, are
nearly degenerate and exhibit ∼29% 5f-orbital participation.
HOMO�4 (a1g symmetry) exhibits 13% 7s-orbital participation,
while the degenerate HOMO�5 and HOMO�6 orbitals
(eg symmetry) each exhibit 22% 6d-orbital participation. Notable
is the nearly complete absence of 7p-orbital contribution to the six
U�C bonding MOs (Table 2).
Complex 6 displays U�C bond lengths (2.353�2.377 Å) that

are approximately 0.1 Å shorter than the distances observed in
the pentavalent uranium complex, 1. Additionally, DFT calcula-
tions predict a nearly octahedral geometry about the uranium
center. For example, the three largest C�U�C angles range
from 174.6� to 177.6�, as expected for an octahedron. Addition-
ally, the nearly Oh geometry is likely the global minimum as a
geometry optimization of complex 6 with C3v symmetry con-
verges to the previously observed octahedral structure. As
observed with 1, diamagnetic 6 exhibits six U�C σ interactions,
which are found in the HOMO through to the HOMO�5
orbitals. The t1u set (HOMO, HOMO�1, and HOMO�2) is
nearly degenerate and exhibits ca. 35% 5f-orbital participation
(Table 3), a somewhat higher f orbital participation that that
observed for 1. The HOMO�3 (a1g) exhibits 10% 7s-orbital
participation, while the degenerate eg set (HOMO�4 and
HOMO�5) exhibits 18% 6d-orbital participation. Interestingly,
calculations on other U(VI) systems, including [U(NR)2]

2+ and
UH6,

94,33 also reveal substantial amounts of f-orbital participa-
tion in metal ligand bonding.
Several features are of interest in the series comprising

[U(CH2SiMe3)5]
�, 1, and 6 (Tables 1-3). Most importantly,

the overall contribution of the 5f-orbitals increases with oxidation
state. Specifically, the 5f contributions increase from 19% in
U4+, to 29% in U5+, to 35% in U6+. The relative amount of 6d and
7s contribution remains constant throughout the series indicat-
ing the 5f valence orbitals are taking a more dominant role in
bonding upon increasing oxidation state. In all three complexes,
the uranium contributions to the U�C bonding MOs are large,
indicating strong covalent interactions, while the energy of the
molecular orbitals drops expectedly with a higher effective

Table 1. Mulliken Populations and Orbital Energies for
[UIV(CH2SiMe3)5]

�

orbital energy (eV) s p d f total type

HOMO �1.360 0.03 0.00 0.02 0.89 0.94 unpaired e�

HOMO�1 �1.469 0.00 0.00 0.00 0.97 0.97 unpaired e�

HOMO�2 �2.231 0.00 0.00 0.00 0.19 0.19 fσ
HOMO�3 �2.286 0.00 0.00 0.12 0.05 0.17 dσ
HOMO�4 �2.422 0.00 0.00 0.13 0.04 0.17 dσ
HOMO�5 �3.320 0.06 0.00 0.09 0.07 0.22 sσ + dσ + fσ
HOMO�6 �3.592 0.04 0.00 0.13 0.00 0.17 sσ + dσ
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nuclear charge. Given the above analysis, the difference in
structural preference between the transition metals and actinide
[MR6]

n complexes can be attributed to the surprising ability
of complexes 1 and 6 to engage their f-orbitals in bonding.

The ungerade character of the 5f-orbitals, like the ungerade p-orbitals
of the main group elements, enforces an octahedral geometry for
hexa-coordinate complexes,10,33,95,96 and can potentially explain
the octahedral structure observed for 1 and the octahedral
structure predicted for 6.

Figure 7. Highest occupied molecular orbitals for [U(CH2SiMe3)6]
� (1).

Table 2. Mulliken Populations and Orbital Energies for
[UV(CH2SiMe3)6]

� (1)

orbital energy (eV) s p d f total type

HOMO �2.367 0.00 0.00 0.00 0.98 0.98 unpaired e�

HOMO�1 �2.449 0.00 0.01 0.00 0.29 0.30 fσ
HOMO�2 �2.476 0.00 0.01 0.00 0.29 0.30 fσ
HOMO�3 �2.503 0.00 0.01 0.00 0.28 0.29 fσ
HOMO�4 �3.456 0.13 0.00 0.00 0.00 0.13 sσ
HOMO�5 �3.673 0.00 0.00 0.22 0.00 0.22 dσ
HOMO�6 �3.673 0.00 0.00 0.22 0.00 0.22 dσ

Table 3. Mulliken Populations and Orbital Energies for
UVI(CH2SiMe3)6 (6)

orbital energy (eV) s p d f total type

HOMO �5.850 0.00 0.00 0.00 0.35 0.35 fσ
HOMO�1 �5.850 0.00 0.00 0.00 0.34 0.34 fσ
HOMO�2 �5.905 0.00 0.00 0.00 0.35 0.35 fσ
HOMO�3 �6.667 0.10 0.00 0.00 0.00 0.10 sσ
HOMO�4 �7.102 0.00 0.00 0.18 0.00 0.18 dσ
HOMO�5 �7.102 0.00 0.00 0.18 0.00 0.18 dσ
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’SUMMARY

Oxidation of [Li(DME)3][U(CH2SiMe3)5] results in isolation
of the unprecedentedU(V) homoleptic alkyl complex [Li(THF)4]
[U(CH2SiMe3)6]. Similarly, oxidation of [Li(DME)3][U(O

tBu)2
(CH2SiMe3)3] generates a mixed ligand U(V) alkyl/alkoxide
complex, [Li(DME)3][U(O

tBu)2(CH2SiMe3)4]. Both complexes
exhibit octahedral geometries in the solid-state, while their thermal
stabilities are enhanced by the steric saturation of the uranium
metal center via ‘ate’ complex formation. Further oxidation to
U(VI) is possible in the case of [Li(THF)4][U(CH2SiMe3)6],
resulting in the formation of U(CH2SiMe3)6, which is only stable
below �25 �C and could not be isolated. DFT calculations
performed on [Li(THF)4][U(CH2SiMe3)6] and U(CH2SiMe3)6
reveal a surprising amount of 5f-orbital contribution to the U�C
bonding MOs. Overall, the isolation of these high-valent com-
plexes, in combination with the theoretical analysis, suggests that
uranium can exhibit strongly covalent metal�ligand interactions
and, given the correct ligand set, can form complexes that are
“transition metal-like” in appearance.

’EXPERIMENTAL SECTION

General. All reactions and subsequentmanipulations were performed
under anaerobic and anhydrous conditions either under a high vacuum or
an atmosphere of argon or nitrogen.Diethyl ether, hexanes andTHFwere
dried using a Vacuum Atmospheres DRI-SOLV solvent purification
system. DME was distilled from sodium benzophenone ketyl. Pentane
was dried over activated 4 Å for 24 h prior to use. All deuterated solvents
were purchased fromCambridge Isotope Laboratories Inc. andwere dried
over activated 4 Å molecular sieves for 24 h prior to use.
[Li(DME)3]U(CH2SiMe3)5]

44 and U(OtBu)6
48 were synthesized ac-

cording to the published procedures. LiCH2SiMe3 was purchased from
Sigma-Aldrich as a 1.0 M solution in pentane. Storage of the solution at
�25 �C resulted in the deposition of LiCH2SiMe3 as a crystalline solid
which was collected and dried in vacuo prior to use. All other reagents
were obtained from commercial sources and used as received.

NMR spectra were recorded on a Varian UNITY INOVA 500 MHz
spectrometer or a Bruker Avance III Ultrashield Plus 800 MHz spectro-
meter. 1H and 13C{1H}NMR spectra were referenced to external SiMe4.
7Li{1H}NMR spectra were referenced to an external saturated solution
of LiCl in deuterium oxide. Elemental analyses were performed by the
Micro-Mass Facility at the University of California, Berkeley. UV�vis/
NIR spectra were recorded on aUV-3600 Shimadzu spectrophotometer.
Cyclic Voltammetry Measurements. Cyclic voltammetry (CV)

experiments were performed using a CH Instruments 600c potentiostat,
and the data were processed using CHI software (version 6.29). All
experiments were performed in a glovebox using a 20-mL glass vial as the
cell. The working electrode consisted of a platinum disk embedded in
glass (2 mm diameter), and both the counter and reference electrodes
consisted of platinum wire. Solutions employed during CV studies were
typically 1 mM in the uranium complex and 0.1 M in [Bu4N][PF6]. All
potentials are reported versus the [Cp2Fe]

0/+ couple. For all trials, ip,a/ip,c = 1
for the [Cp2Fe]

0/+ couple, while ip,c increased linearlywith the square root
of the scan rate (i.e.,

√
v). Redox couples which exhibited behavior similar

to that of the [Cp2Fe]
0/+ couple were thus considered reversible.

MagnetismMeasurements.Magnetismdatawere recordedusing
a Quantum Design MPMS 5XL SQUID magnetometer. All experiments
were performed between 4 and 300 K using 50�100 mg of powdered,
crystalline solid. Complexes 1�4 were loaded into an NMR tube, which
was subsequently flame-sealed. The solid was kept in place with approxi-
mately 75 mg quartz wool packed on either side of the sample. The data
were corrected for the contribution of the NMR tube and quartz wool.
The experiments for 1, 2 and 4were performed using a 0.5 T field, whereas

the experiment for 3 was performed using a 1 T field. Diamagnetic
corrections (χdia = �6.50 � 10�4 cm3

3mol�1 for 1, χdia = �5.41 �
10�4 cm3

3mol�1 for 2, χdia = �4.34 � 10�4 cm3
3mol�1 for 3,

χdia =�6.01� 10�4 cm3
3mol

�1 for4) weremadeusingPascal’s constants.97

[Li(THF)4][U(CH2SiMe3)6] (1). To a cold (�25 �C), stirring solution
of [Li(DME)3][U(CH2SiMe3)5] (0.306 g, 0.32 mmol) in Et2O (8 mL)
was added a solution of I2 (0.041 g, 0.16 mmol) in Et2O (2 mL)
dropwise. This resulted in an immediate color change from green to dark
red. The reaction mixture was stirred for 2 min, whereupon a solution of
LiCH2SiMe3 (0.031 mg, 0.32 mmol) in Et2O (6 mL) was added
dropwise, causing the solution to turn deep green. The reaction mixture
was then stirred for an additional 5 min, after which the solvent was
removed in vacuo, affording a deep-green solid. The solid was subse-
quently dissolved in Et2O (4 mL) and THF (1 mL) and filtered through
a Celite column (2 cm � 0.5 cm) supported on glass wool. The filtrate
was layered with hexanes (10 mL) and stored at �25 �C for 24 h,
resulting in the formation of deep-green crystals. The crystals were
washed with hexanes (2� 2 mL) and dried under vacuum. 0.278 g, 82%
yield. Crystals of 1 turn opaque upon application of vacuum. 1H NMR
(500MHz, 25 �C, THF-d8): δ�8.19 (s, 12H,CH2SiMe3), 0.86 (s, 54H,
CH2SiMe3).

13C{1H} (201 MHz, 25 �C, THF-d8): δ 42.15
(CH2SiMe3), CH2SiMe3 methylene resonance not observed. 7Li{1H}
NMR (194 MHz, 25 �C, THF-d8): δ 3.22 (s). Anal. Calcd for
C40H98LiO4Si6U: C, 45.47; H, 9.35. Found: C, 44.58; H, 8.86.
UV�vis/NIR (THF, 14.0 mM, 25 �C, L 3mol�1

3 cm
�1): 870 (sh, ε =

11.4), 948 (sh, ε = 7.5), 1028 (ε = 3.9), 1088 (ε = 3.0), 1191 (ε = 2.2),
1222 (sh, ε = 1.9), 1301 (ε = 2.0), 1323 (sh, ε = 1.9), 1385 (ε = 2.5),
1462 (ε = 5.8), 1522 (ε = 2.3).

[Li(DME)3][U(O
tBu)2(CH2SiMe3)3] (2). To a stirring solution of

[Li(DME)3][U(CH2SiMe3)5] (1.001 g, 1.05 mmol) in DME (6 mL)
was added tert-butanol (0.156 g, 2.10 mmol). The reaction mixture was
stirred for 5 h resulting in the formation of a pink solution concomitant
with the deposition of pink, crystalline solid. Storage of this solution at
�25 �C for 24 h resulted in the further deposition of pink crystalline
material. The crystals were washed with Et2O (2 � 2 mL) and dried
under vacuum. 0.835 g, 86% yield. 1HNMR (500MHz, 25 �C, THF-d8):
δ �229.29 (s, 6H, CH2SiMe3), �33.28 (s, 27H, CH2SiMe3), 3.33 (s,
18H, DME), 3.48 (s, 12H,DME), 90.37 (s, 18H, CCH3).

7Li{1H}NMR
(194MHz, 25 �C,THF-d8):δ1.20 (s). Anal.Calcd forC32H81LiO8Si3U:C,
41.63; H, 8.84. Found: C, 41.74; H, 8.82. UV�vis/NIR (DME, 8.89 mM,
25 �C, L 3mol

�1
3 cm

�1): 422 (ε = 43.0), 454 (ε = 59.4), 492 (sh, ε = 10.9),
512 (ε= 17.8), 546 (ε= 32.3), 586 (ε= 39.0), 662 (ε= 3.3), 712 (ε= 3.9),
758 (ε = 9.7), 820 (sh, ε = 24.6), 854 (ε = 36.8), 954 (ε = 26.2), 1006
(ε=9.9), 1062 (ε=42.8), 1168 (ε=30.5), 1380 (ε=50.0), 1416 (ε=44.3),
1490 (ε = 76.8).

(Me3SiCH2)Ag(μ-CH2SiMe3)U(CH2SiMe3)(O
tBu)2(DME) (3). To a

cold (�25 �C), stirring suspension of 2 (0.103 g, 0.11 mmol) in Et2O
(8 mL) was added a suspension of AgOTf (0.029 g, 0.11 mmol) in Et2O
(2 mL). Upon addition, the reaction mixture immediately lightened to
give a pale-yellow solution. After 5 min, the solvent was removed in
vacuo to give a tacky pink solid. The solid was dissolved into cold
pentane (4 mL,�25 �C) and filtered through a Celite column (2 cm�
0.5 cm) supported on glass wool. Storage of the solution at�25 �C for
24 h resulted in the formation of pink blocks. 0.060 mg, 64% yield. 1H
NMR (500 MHz, 25 �C, C7D8): δ �63.04 (s, 6H, DME), �54.48
(s, 4H, DME),�24.13 (s, 2H, CH2SiMe3),�18.95 (s, 9H, CH2SiMe3),
�15.71 (s, 18H, CH2SiMe3), 86.62 (s, 18H, CCH3), resonances
corresponding to two CH2SiMe3 groups were not observed. Anal. Calcd
for C24H61AgO4Si3U: C, 34.15; H, 7.30. Found: C, 34.36; H, 7.53.
UV�vis/NIR (DME, 7.48 mM, 25 �C, L 3mol�1

3 cm
�1): 422 (ε =

30.2), 462 (ε = 22.9), 498 (sh, ε = 12.6), 514 (ε = 14.1), 570 (ε = 17.3),
592 (ε = 11.5), 644 (ε = 7.5), 698 (ε = 4.7), 754 (sh, ε = 10.0), 826 (ε =
22.9), 924 (ε = 13.8), 1014 (ε = 13.7), 1036 (ε = 19.5), 1116 (ε = 52.1),
1162 (ε = 44.0), 1250 (ε = 7.8), 1372 (ε = 34.4), 1498 (ε = 27.9).
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[Li(DME)3][U(O
tBu)2(CH2SiMe3)4] (4). To a cold (�25 �C), stirring

suspension of 2 (0.403 g, 0.44 mmol) in DME (6 mL) was added
Me3NO (0.018 g, 0.24 mmol). Upon addition, the reaction immediately
turned dark red. The reaction mixture was stirred for 15 min, after which
the solvent was removed in vacuo, affording a deep-red solid. The solid
was washed with hexanes (3� 2 mL) and dried in vacuo. The resulting
material was subsequently dissolved in Et2O (6mL) and filtered through
a Celite column (2 cm � 0.5 cm) supported on glass wool. The filtrate
was layered with hexanes (8mL) and stored at�25 �C for 24 h, resulting
in the formation of deep-red crystals. The crystals were washed with
hexanes (2 � 2 mL) and dried under vacuum. 0.191 g, 43% yield.
Crystals of 4 turn opaque upon application of vacuum. 1H NMR (500
MHz, 25 �C, THF-d8): δ �0.79 (s, 36H, CH2SiMe3), �0.38 (s, 8H,
CH2SiMe3), 3.28 (s, 18H, DME), 3.44 (s, 12H, DME), 7.37 (s, 18H,
CCH3).

7Li{1H} NMR (194 MHz, 25 �C, THF-d8): δ 3.09 (s). Anal.
Calcd C36H92LiO8Si4U: C, 42.78; H, 9.19. Found: C, 42.30; H, 9.22.
[Li(DME)3][U(O

tBu)2Cl4] (5). To a cold (�25 �C) stirring suspension
of 4 (0.085 g, 0.08 mmol) in THF (4 mL) was added a solution of
[N(C6H4Br)3][SbCl6] (0.067 g, 0.08 mmol) in THF (4 mL). Upon
addition, the reaction immediately turned pale green. The reaction mixture
was stirred for 15 min, after which the solvent was removed in vacuo
affording a pale-green solid. The solid was washed with Et2O (3� 2 mL)
and dried in vacuo. The resulting material was subsequently dissolved in
DME (3 mL) and filtered through a Celite column (2 cm � 0.5 cm)
supported on glass wool. Storage of the solution at �25 �C for 1 week,
resulted in the formation of pale-green crystals. The crystals were washed
with hexanes (2 � 2 mL) and dried under vacuum. 0.033 g, 49% yield.
Crystals of6 turn opaque upon applicationof vacuum. 1HNMR(500MHz,
25 �C, C6D6): δ 2.80 (s, 30H, DME), 4.24 (s, 6H, CCH3, cis isomer), 5.21
(s, 12H, CCH3, trans isomer).

7Li{1H}NMR (194MHz, 25 �C, THF-d8):
δ�2.00 (s). Anal. Calcd for C20H48Cl4LiO8U: C, 29.90; H, 6.02. Found:
C, 29.57;H, 6.00.UV�vis/NIR (DME, 9.38mM, 25 �C,L 3mol

�1
3 cm

�1):
656 (ε = 2.7), 808 (ε = 2.9), 858 (ε = 4.9), 932 (ε = 1.0), 1014 (ε = 1.2),
1064 (ε = 2.1), 1464 (ε = 1.9), 1542 (ε = 4.4), 1626 (ε = 3.0).

U(CH2SiMe3)6 (6). An NMR tube equipped with a J-Young valve was
charged with a cold (�25 �C) deep-red solution of U(OtBu)6 (0.034 g,
0.050 mmol) in THF-d8 (0.3 mL). To this was added a cold (�25 �C)
deep-green solution of 1 (0.054 g, 0.051 mmol) in THF-d8 (0.3 mL).
Upon addition, the reaction mixture immediately turned deep gold in
color. The NMR tube was subsequently placed on CO2(s) and trans-
ported to an NMR spectrometer precooled to�40 �C. Upon standing at
�40 �C, a colorless, crystalline material formed, indicating the precipita-
tion of [Li(THF)x][U(O

tBu)6] from the reaction mixture. 1H NMR
(500 MHz, �40 �C, THF-d8): δ �3.15 (s, 12H, CH2SiMe3), 0.52
(s, 54H, CH2SiMe3).

13C{1H} (125 MHz, �40 �C, THF-d8): δ 11.12
(CH2SiMe3), CH2SiMe3 methylene resonance not observed. HMBC
(125 MHz, �40 �C, THF-d8): δ 9.0 (CH2SiMe3), 30.4 (CH2SiMe3).

Warming the reactionmixture to room temperature resulted in the rapid
disappearance of the resonances assigned to 6 and the formation of 1 and
SiMe4. Recooling the solution to�40 �C left the resonances assigned to 1
and [Li(THF)x][U(O

tBu)6] unchanged (see Supporting Information).
Reaction of 4 with U(OtBu)6. An NMR tube equipped with a

J-Young valve was charged with a cold (�25 �C) deep-red solution of
U(OtBu)6 (0.015 g, 0.022 mmol) in THF-d8 (0.3 mL). To this was
added a cold (�25 �C) deep-red solution of 4 (0.023 g, 0.023 mmol) in
THF-d8 (0.3 mL). The NMR tube was subsequently placed on CO2(s)
and transported to an NMR spectrometer precooled to �40 �C. The
deep-red reaction mixture was examined by 1H NMR spectroscopy,
revealing the presence of 4, [Li(THF)x][U(O

tBu)6], and SiMe4 in
solution (Figure S38, SI).
X-ray Crystallography. Data for 1�5 were collected on a Bruker

3-axis platform diffractometer equipped with a SMART-1000 CCD
detector using a graphite monochromator with a Mo KR X-ray source
(R = 0.71073 Å). The crystals were mounted on a glass fiber under
Paratone-N oil, and all data were collected at 150(2) K using an Oxford
nitrogen gas cryostream system. A hemisphere of data was collected
using ω scans with 0.3� frame widths. Frame exposures of 10, 15,
7, 5, and 10 s were used for 1, 2, 3, 4 3 Et2O, and 5, respectively.

Table 4. X-ray Crystallographic Data for Complexes 1, 2, 3, 4 3Et2O, and 5

1 2 3 4 3Et2O 5

empirical formula C40H98LiO4Si6U C32H81LiO8Si3U C24H61AgO4Si3U C36H92LiO8Si4U 3Et2O C20H48Cl4LiO8U

crystal habit, color plate, dark green plate, pink block, pink block, dark red irregular, pale green

crystal size (mm3) 0.55 � 0.55 � 0.12 0.7 � 0.7 � 0.07 0.9 � 0.8 � 0.8 1.0 � 0.6 � 0.4 0.9 � 0.6 � 0.25

crystal system monoclinic trigonal monoclinic tetragonal monoclinic

space group P21/c P31c P21/n P42/mmc P21/c

volume (Å3) 5764.3(6) 2383.2(7) 3678(1) 2981.8(3) 3320.2(8)

a (Å) 22.313(1) 13.059(2) 14.946(2) 12.3874(4) 11.053(2)

b (Å) 13.3374(8) 13.059(2) 16.125(3) 12.3874(4) 15.790(2)

c (Å) 19.370(1) 16.136(4) 15.267(2) 19.432(1) 19.038(3)

R (deg) 90 90 90 90 90

β (deg) 90.352(2) 90 91.738(2) 90 92.248(2)

γ (deg) 90 120 90 90 90

Z 2 2 4 2 4

formula weight (g/mol) 1056.82 923.26 843.95 1084.62 803.34

density (calculated) (Mg/m3) 1.204 1.229 1.524 1.177 1.607

absorption coefficient (mm�1) 2.970 3.515 5.050 2.840 5.245

F000 2148 866 1672 1074 1580

total no. reflections 46869 16705 30428 23433 27237

unique reflections 11646 1757 7740 1836 6769

final R indices [I > 2σ(I)] R1 = 0.0456,

wR2 = 0.1196

R1 = 0.0355,

wR2 = 0.1002

R1 = 0.0411,

wR2 = 0.1026

R1 = 0.0392,

wR2 = 0.0973

R1 = 0.0350,

wR2 = 0.0856

Largest diff. peak and hole (e�Å�3) 1.936 and �1.296 1.175 and �0.963 2.780 and �2.081 0.767 and �1.039 1.015 and �2.442

GOF 0.924 1.308 0.989 1.177 1.001
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Data collection and cell parameter determination were conducted using
the SMART program. 98 Integration of the data frames and final cell
parameter refinement were performed using SAINT software.99 Absorp-
tion correction of the data was carried out empirically based on reflection
ψ-scans. Subsequent calculations were carried out using SHELXTL.100

Structure determination was done using direct or Patterson methods
and difference Fourier techniques. All hydrogen atom positions were
idealized and rode on the atom of attachment with exceptions noted in
the subsequent paragraph. Structure solution, refinement, graphics, and
creation of publication materials were performed using SHELXTL.100

One of the two [U(CH2SiMe3)6]
� fragments in complex 1 was

disordered over two orientations, in a 67:33 ratio. As a result, each of
the three crystallographically unique methyltrimethysilyl ligands was
modeled in two positions. The [Li(DME)3]

+ cation in complex 2 was
disordered over two orientations in a 50:50 ratio. Within the cation, the
C�C bond distances were fixed at 1.45(1) Å, while the closest neighbor-
ing carbon atom distances were fixed at 2.60(1) Å, both using the DFIX
command. In addition, the methyltrimethysilyl ligand in 2 was disordered
over two orientations, also in a 50:50 ratio. For complex 3, one butoxide
ligandwas found to be disordered between two positions about the tertiary
carbon atom, in a 50:50 ratio. Within the butoxide moiety, the closest
neighboring carbon atom distances were fixed at 1.4(1) Å, using the DFIX
command, while the carbon atoms were further restrained using FLAT
and EADP. Both the [Li(DME)3]

+ cation and the Et2O solvate molecule
in complex 4 were disordered. Within the [Li(DME)3]

+ cation, the C�C
andC�Obonddistanceswere fixed at 1.5(1)Å and 1.4(1)Å, respectively,
while the closest neighboring oxygen atomdistances were fixed at 2.0(1) Å
using theDFIX command. Each of these disorderedmoietieswasmodeled
over two orientations in a 50:50 ratio. In addition, the butoxide ligand was
found to be disordered between two positions about the tertiary carbon
atom, in a 50:50 ratio, while the crystallographically unique methyltri-
methysilyl ligand was also disordered over two orientations in a 50:50
ratio. For all structures, idealized hydrogen atomswere not assigned to the
disordered carbon atoms. A summary of relevant crystallographic data for
1, 2, 3, 4 3Et2O, and 5 is presented in Table 4.
Computational Details. The electronic structures of

[U(CH2SiMe3)5]
�, 1, and 6 were examined using the Gaussian09

software program101 at the B3LYP102,103 level using the Stuttgart basis
set, while the corresponding effective core potential was used for U. The
most diffuse s, p, d, and f functions were removed, leaving 7s/6p/5d/3f.
The 6-31G(d0) basis set104 was used for C, H, and Si. The optimized
structures of 1 and 6 were confirmed to be minima by harmonic
vibrational frequency calculations with no imaginary frequencies found.
For [U(CH2SiMe3)5]

1�, the crystal structure coordinateswere used and a
single-point calculation was done. Mulliken population analyses on all
three compounds were performed to determine orbital involvement.
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