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Reaction of UCl4 with 6 equiv of LiNHtBu generates the U(IV) homoleptic amide complex [Li(THF)2Cl]2[Li]2-
[U(NHtBu)6] (1 3 THF) in 57% yield. In the solid-state, 1 3 THF exists as a one-dimensional coordination polymer
consisting of alternating [Li]2[U(NH

tBu)6] and [Li(THF)2Cl]2 building blocks. Recrystallization of 1 3 THF from DME/
hexanes affords the monomeric DME derivative, [Li(DME)2ClLi]2[U(NH

tBu)6] (1 3DME), which was also characterized
by X-ray crystallography. The oxidation of 1 3 THF with 1 equiv of AgOTF generates the U(VI) bis(imido) complex
[Li(THF)]2[U(N

tBu)2(NH
tBu)4] (2) in low yield. In contrast, oxidation of 1 3 THF with 1 equiv of I2, in the presence of

excess tert-butylamine, cleanly affords the U(VI) bis(imido) U(NtBu)2(NH
tBu)2(NH2

tBu)2 (3) in 78% yield. We have
also explored the reactivity of UCl4 with the lithium salt of a secondary amide. Thus, reaction of 6 equiv of (LiNC5H10)
(HNC5H10 = piperidine) with UCl4 in DME produces the U(IV) amide, [Li(DME)][U(NC5H10)5] (4). Oxidation of this
material with 0.5 equiv of I2, followed by addition of Li(NC5H10), produces [Li(DME)3][U(NC5H10)6] (5) in moderate
yield. Oxidation of 5with 0.5 equiv of I2 generates U(NC5H10)6 (6) in good yield. The structures of 4-6were elucidated
by X-ray crystallographic analysis, while the magnetic properties of 4 and 5 were investigated by SQUID
magnetometry. Additionally, the solution phase redox properties of 5 were examined by cyclic voltammetry.

Introduction

The extent to which the actinides participate in covalent-
bonding remains an open question and an active area of

research.1-15 At the heart of this issue is the ability of the 5f
and 6d valence orbitals to engage in bonding. Computational
modeling alone is not sufficient to explore this question, as
DFT calculations are known to overestimate covalency in
metal-ligand interactions,5,16 even in less-challenging transi-
tion metal systems.17 Consequently, a comprehensive under-
standing of actinide-ligand bonding requires a broad-ranging
investigation into the synthesis and spectroscopic properties
ofmolecular 5f-systems. A variety of experimental techniques
have already been brought to bear on this problem,1,18-20

including recently the use of ligand K-edge absorption spec-
troscopy,5 and these studies are beginning to reveal a more
definitive picture of actinide-ligand interactions. However,
there are many areas where our understanding of uranium-
ligand bonding could be improved, and this is especially true
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for the bonding in high-valent uranium. Uranium possesses a
range of chemically accessible oxidation states, from 3þ to 6þ,
but the observation of the 5þ and 6þ states is generally limited
to complexes containing the uranyl fragment, UO2

nþ (n=
1, 2).21-23 Indeed, U(VI) complexes that do not possess the
uranylmoiety are relatively rare, and largely restricted toa small
number of U(VI) halides, alkoxides, and imido complexes.24,25

Our laboratory has recently employed the strategy of
“-ate” complex formation to access stable uranium(IV)
precursorswhich are readily amenable to oxidation.26-28 For
example, addition of 6 equiv of lithium tert-butoxide toUCl4
provides the sterically saturated U(IV) uranate [Li(THF)]2-
[U(OtBu)6].

27 The coordination of the six tert-butoxide
groups to U4þ allows for facile oxidation to both U(V) and
U(VI). This strategy was also successful in generating several
thermally stable homoleptic U(IV) alkyl complexes.28,29 We
have now applied thismethodology to the synthesis of homo-
leptic uranium amide complexes, with the goal of isolating
new examples of high-valent uranium. Although low valent
uranium amides have been known since the Manhattan
project,30 very few examples of amides in higher oxidation
states have been reported.31,32 This may be due to the belief
that lithium and sodium amide reagentswould readily reduce
a high-valent uranium ion.33 Nonetheless, a few high-valent
uranium amides are known. For example, reaction of UI3-
(THF)4 with Li(dbabh) produces the U(V) amide complex
[Li(THF)x][U(dbabh)6] (Hdbabh = 2,3:5,6-dibenzo-7-aza-
bicyclo[2.2.1]hepta-2,5-diene), which can be further oxidized
to U(dbabh)6.

34 Both of these complexes have been structu-
rally characterized.Additionally, theU(V) amides [Li(THF)]-
[U(NMe2)6] andU(NEt2)5, and aU(VI) derivative,U(NMe2)6,
have also been reported.31 However, these materials have
only received brief mention in the literature and have not
been fully characterized. Herein, we describe our efforts to
synthesize a series of homoleptic uranium(V) and uranium-
(VI) amides, by employing either primary and secondary
amides as co-ligands.

Results and Discussion

Addition of 6 equiv of LiNHtBu toUCl4 in tetrahydrofur-
an (THF) results in formation of an orange-brown solution.

Filtration of the reaction mixture and crystallization from
THF/DME/hexane, in a 3:1:3 ratio, affords the U(IV) amide
complex [Li(THF)2Cl]2[Li]2[U(NHtBu)6] (1 3THF) as orange
crystals in 57% yield (eq 1). We have found the addition of
DME for crystallization is essential, as isolation from only
THF/hexanes results in significantly lower yields. Addition-
ally, reaction ofUCl4with only 4 equiv of LiNHtBuproduces
an intractable mixture.

In the solid-state, 1 3THF crystallizes in the monoclinic
space group P21/n as a one-dimensional (1D) coordination
polymer with one uranium atom in the asymmetric unit
(Figure 1). Each uranium center in 1 3THF is ligated by six
tert-butyl amide groups in a distorted octahedral geometry
(e.g., N1-U1-N2= 81.0(2)�, N1-U1-N3= 99.0(2)�).
Additionally, two lithium cations are contained within its
secondary coordination sphere, each ligated by three nitro-
gen atoms of the tert-butyl amide groups, resulting in the
formation of the [Li]2[U(NHtBu)6] moiety. Complex 1 3THF
also incorporates two molecules of LiCl into its structure,
which are arranged as a THF-stabilized dimer, namely,
[Li(THF)2Cl]2. The 1D polymer chain is built from alternat-
ing [Li(THF)2Cl]2 and [Li]2[U(NHtBu)6] units, and the two
subunits are connected via a Li-Cl dative interaction.
The U-N bond lengths in 1 3THF range from U1-N3=
2.352(6) Å to U1-N1 = 2.368(6) Å, while the U-N-C
bond angles range from U1-N1-C1 = 145.0(5)� to U1-
N3-C3=146.0(5)�. Notably, theU-Ndistances in 1 3THF
(av. 2.36(1) Å) are significantly longer than the U-Namide

distances (av. 2.20(2) Å) found for the related U(IV) amide
[(tBuNH2)3(

tBuNH)3U][BPh4].
35 The longer U-N distances

in 1 3THFare likely due to the bridging interaction of the tert-
butyl amide ligands with the lithium cations. Finally, the
Li-N bond distances (Li1-N1=2.19 (1) Å, Li1-N2=
2.19(1) Å, Li1-N3 = 2.18(1) Å) are typical of Li-N bond
lengths in metal amide complexes.36

Complex 1 3THF is insoluble in hexanes, sparingly soluble
in Et2O and aromatic solvents, but completely soluble in
THF. The 1H NMR spectrum of 1 3THF in C6D6 exhibits
two singlets at -20.42 ppm and 2.10 ppm, in a 1:9 ratio,
assignable to the N-H and methyl protons of the tert-butyl
amide ligand, respectively. The 7Li{1H} NMR spectrum
displays one resonance at 0.93 ppm, suggesting rapid
exchange between the two inequivalent Li environments. It
should be noted that upon dissolution in C6D6, samples of
1 3THF show immediate signs of decomposition, as evi-
denced by the appearance of several new resonances in the
1H NMR spectrum, and the appearance of a new resonance
at 48.9 ppm in the 7Li{1H} NMR spectrum. These peaks

(21) Morss, L. R., Edelstein, N. M., Fuger, J., Katz, J. J., Eds.; The
Chemistry of the Actinide and Transactinide Elements; Springer: New York,
2006.

(22) Graves, C. R.; Kiplinger, J. L. Chem. Commun. 2009, 3831–3853.
(23) Arnold, P. L.; Love, J. B.; Patel, D. Coord. Chem. Rev. 2009, 253,

1973–1978.
(24) Cotton, S. Lanthanide and Actinide Chemistry; John Wiley & Sons,

Ltd.: West Sussex, England, 2006.
(25) Hayton, T. W. Dalton Trans. 2010, 1145–1158.
(26) Seaman, L. A.; Schnaars, D. D.; Wu, G.; Hayton, T. W. Dalton

Trans. 2010, 39, 6635–6637.
(27) Fortier, S.;Wu,G.; Hayton, T.W. Inorg. Chem. 2008, 47, 4752–4761.
(28) Fortier, S.; Melot, B. C.; Wu, G.; Hayton, T. W. J. Am. Chem. Soc.

2009, 131, 15512–15521.
(29) Sigurdson, E. R.; Wilkinson, G. J. Chem. Soc., Dalton Trans. 1977,

812–818.
(30) Jones, R. G.; Karmas, G.; Martin, G. A.; Gilman, H. J. Am. Chem.

Soc. 1956, 78, 4285–4286.
(31) Berthet, J. C.; Ephritikhine, M. Coord. Chem. Rev. 1998, 178-180,

83–116.
(32) Ephritikhine, M.; Berthet, J. C.; Boisson, C.; Lance,M.; Nierlich,M.

J. Alloys Compd. 1998, 271-273, 144–149.
(33) Burns, C. J.; Clark, D. L.; Donohoe, R. J.; Duval, P. B.; Scott, B. L.;

Tait, C. D. Inorg. Chem. 2000, 39, 5464–5468.
(34) Meyer, K.; Mindiola, D. J.; Baker, T. A.; Davis, W. M.; Cummins,

C. C. Angew. Chem., Int. Ed. 2000, 39, 3063–3066.

(35) Wang, J.; Dash, A. K.; Kapon, M.; Berthet, J.-C.; Ephritikhine, M.;
Eisen, M. S. Chem.;Eur. J. 2002, 8, 5384–5396.

(36) Pauer, F.; Power, P. P. Structures of Lithium Salts and Heteroatom
Compounds. In Lithium Chemistry: A Theoretical and Experimental Over-
view; Sapse, A. M., von Rague Schleyer, P., Eds.; John Wiley & Sons, Inc:
New York, 1995; pp 295-392.



638 Inorganic Chemistry, Vol. 50, No. 2, 2011 Seaman et al.

grow over time and after two days no resonances attributable
to 1 3THF are observable. Likewise, THF-d8 solutions of
1 3THF decompose over the course of a day. Addition of
12-crown-4 to solutions of 1 3THF only results in the forma-
tion of an intractable mixture.
Incorporation of the [Li(THF)2Cl]2 moiety into an “ate”

complex has been previously reported.37-41 From a synthetic
standpoint, this is non-ideal, and we have made several
attempts to remove the co-crystallized LiCl, including recrys-
tallization from other solvents. For instance, recrystallization

from DME/hexanes affords crystals of a new material,
[Li(DME)2ClLi]2[U(NHtBu)6] (1 3DME), but fails to remove
any of the co-crystallized LiCl. Complex 1 3DME crystal-
lizes in the triclinic space group P1 as the hexanes solvate
1 3DME 3C6H14, and its solid-state molecular structure
is shown in Figure 2. Complex 1 3DME 3C6H14 exists as
a monomer and exhibits a distorted octahedral geometry
around the uranium center (e.g., N1-U1-N2= 81.4(1)�,
N1-U1-N2* = 98.6(1)�). As with 1 3THF, 2 equiv of LiCl
are incorporated into the complex; however, the two LiCl
molecules have been rearranged to produce two [LiClLi]þ

cations. One end of the [LiClLi]þ cation is coordinated by
three amide nitrogen atoms, while two molecules of DME
cap the other end of the [LiClLi]þ unit. The amide bond
lengths range from U1-N1 = 2.364(4) Å to U1-N2 =
2.384(4) Å, which are similar to the amide bond lengths seen
in 1 3THF. Its othermetrical parameters are also comparable.
While we were unable to remove the 2 equiv of LiCl from

1 3THF, we still endeavored to investigate its oxidation

Figure 1. ORTEP diagramof a portion of the 1D chain observed for [Li(THF)2Cl]2[Li]2[U(NHtBu)6] (1 3THF)with 50%probability ellipsoids. Asterisks
indicate symmetry related atoms. Selected bond lengths (Å) and bond angles (deg): U1-N1= 2.368(6), U1-N2= 2.362(6), U1-N3= 2.352(6), Li1-
N1=2.19 (1), Li1-N2=2.19(1), Li1-N3=2.18(1), Li1-Cl1=2.34(1), Li2-Cl1 = 2.37(1), U1-N1-C1 = 145.0(5), U1-N2-C2 = 145.1(5), U1-
N3-C3= 146.0(5), N1-U1-N2= 81.0(2), N1-U1-N3= 99.0(2), N1-U1-N1* = 180, N1-U1-N2* = 99.0(2), N1-U1-N3* = 81.0(2).

Figure 2. ORTEP diagram of [Li(DME)2ClLi]2[U(NHtBu)6] (1 3DME 3C6H14) with 50% probability ellipsoids. Asterisks indicate symmetry related
atoms. Selected bond lengths (Å) and bond angles (deg): U1-N1= 2.364(4), U1-N2= 2.384(4), U1-N3= 2.371(4), Li1-N1= 2.258(9), Li1-N2=
2.210(9), Li1-N3 = 2.173(9), Li1-Cl1 = 2.327(8), Li2-Cl1 = 2.349(8), U1-N1-C1 = 147.2(3), U1-N2-C2 = 144.1(3), U1-N3-C3 = 144.7(3),
N1-U1-N2= 81.4(1), N1-U1-N3= 82.8(1), N1-U1-N1* = 180, N1-U1-N2* = 98.6(1), N1-U1-N3* = 97.2(1).
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chemistry. Thus, addition of 1 equiv of AgOTf to an Et2O
suspension of 1 3THF results in precipitation of silver metal
and formation of a dark brown solution. From the reaction
mixture, the U(VI) bis(imido) complex [Li(THF)]2[U(NtBu)2-
(NHtBu)4] (2) can be isolated in 33% yield (Scheme 1). The
1H NMR spectrum of 2 in C6D6 exhibits resonances at
2.06 ppm and 1.08 ppm, in a 2:1 ratio. These can be assigned
to the tert-butyl groups of the equatorial amido ligands and
the axial imido ligands, respectively. The 7Li{1H} NMR
spectrum of 2 exhibits a singlet at 1.52 ppm. Complex 2 is in-
soluble in non-polar solvents but very soluble in Et2O and
THF. Unfortunately, the LiOTf byproduct generated in the
reaction possesses similar solubility properties, and the in-
clusion of residual LiOTf in samples of 2 has precluded a
satisfactory elemental analysis.
Crystals of 2 suitable for X-ray crystallographic analy-

sis were grown from an Et2O/hexane solution. Complex 2
crystallizes in themonoclinic space groupC2/m, and its solid-
state molecular structure is shown in Figure 3. In the solid-
state, 2 exhibits a distorted octahedral geometry about the
uranium center (e.g., N1-U1-N2 = 85.3(1)�, N1-U1-
N2* = 94.7(1)�). The two imido ligands in 2 exhibit a trans
configuration,while the equatorial plane consists of four tert-
butyl amide groups. Additionally, its two lithium cations are
ligated by two tert-butyl amide ligands and one THF mole-
cule, affording each a trigonal planar geometry. Complex 2
possesses a U-Nimido bond length of U1-N1= 1.915(5) Å
and a nearly linear U-Nimido-C angle of U1-N1-C1=
164.8(4)�. TheU-Namide bond length (U1-N2=2.401(4) Å)

is considerably longer and possesses a smaller U-Namide-C
bond angle (U1-N2-C4= 135.7(3)�). Finally, the Li-N
bond length is Li1-N2=2.008(9) Å, which is slightly shorter
than those observed for 1 3THF.
Uranium bis(imido) complexes, which can be found in

both cis42-47 and trans48-52 configurations, have received
increased attention in recent years. The trans-[U(NR)2]

2þ

complexes, which are analogues of the better known UO2
2þ

cation, are characterized by short U-Nimido bond lengths
(ca. 1.84 Å). Interestingly, the U-Nimido bond length in 2 is
longer than the U-N bond lengths observed previously for

Scheme 1

Figure 3. ORTEP diagram of [Li(THF)]2[U(NtBu)2(NHtBu)4] (2) with 50% probability ellipsoids. Asterisks indicate symmetry related atoms. Selected
bond lengths (Å) and angles (deg): U1-N1 = 1.915(5), U1-N2 = 2.401(4), Li1-N2 = 2.008(9), U1-N1-C1 = 164.8(4), U1-N2-C4 = 135.7(3),
N1-U1-N2= 85.3(1), N1-U1-N1* = 180, N1-U1-N2* = 94.7(1).
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this class of materials.48 This may be due to the coordination
of four strongly electron-donating tert-butyl amide ligands
to the uranium center. It has previously been shown that
coordination of electron-donating ligands such as amides53,54

and alkoxides55 to the equatorial plane of the uranyl ion
results in a lengthening of the UdO bond.56

No evidence for the formation of a U(V) complex is
observed in the reaction mixture, despite the use of only 1
equiv of AgOTf, which further demonstrates the thermo-
dynamic stability of the trans-bis(imido) geometry.49 Addi-
tionally, the reaction of 1 3THF with 2 equiv of AgOTf does
not result in a higher yield of 2, but instead affords an
intractable mixture. During the formation of 2, the deproto-
nation of two amido groups is required to generate the trans-
bis(imido) framework. This is probably accomplished by
sacrificing an equiv of 1 3THF for use as an external base.
Accordingly, the maximum yield of 2 can only be 50%
(Scheme 1). Attempts to improve the yield of 2 by purposeful
addition of NEt3 have not proven fruitful. However, we have
found that the oxidation of 1 3THF with 1 equiv of I2, in the
presence of excess tert-butyl amine, cleanly produces a new
bis(imido) complex, namely, U(NtBu)2(NHtBu)2(NH2

tBu)2
(3) (Scheme 1). Interestingly, complex 3 is a structural isomer
of the original target complex, the U(VI) hexa(amide)
U(NHtBu)6.
Complex 3 can be isolated in 78% yield as an orange-red

microcrystalline solid by crystallization from hexane. Con-
sistent with its formulation, the 1H NMR spectrum of 3
in C6D6 exhibits three tert-butyl resonances at 0.90 ppm,
1.50 ppm, and 1.97 ppm, in a 1:1:1 ratio. The resonance at
0.90 ppm is sharp and is assignable to methyl protons of the
tert-butyl imido group, while the peaks at 1.50 ppm and
1.97 ppmare broad.Wehave assigned these latter resonances
to the protons of the tert-butyl amine and tert-butyl amide
ligands, respectively. In support of this assignment, addition

of excess tert-butyl amine to aC6D6 solution of 3 results in the
disappearance of the resonance at 1.50 ppm and the appear-
ance of a new resonance at 1.04 ppm, while leaving the peaks
at 1.97 ppm and 0.90 ppm unchanged.
The proton transfer required to generate the imido ligands

in 3 may occur via an internal proton transfer between two
amide ligands, resulting in concomitant formation of a tert-
butyl amine ligand and a tert-butyl imido group. It is also
possible that the excess tert-butyl amine in the reaction
mixture is involved in an intermolecular proton transfer.
While its exact role is not known, the excess tert-butyl amine
is necessary for successful isolation of 3. With no tert-butyl
amine in the reaction mixture, the only identifiable material
formed between 1 3THF and I2 is complex 2, which is
generated in low yields.
The formation of the imido-containing complexes 2 and 3,

upon oxidation of 1 3THF with either AgOTf or I2, suggests
that the isolation of a stable U(VI) hexakis(amide) requires
the use of a secondary amide. As a result, we have explored
the reactivity of lithium piperidide (LiNC5H10) with UCl4.
Thus, reaction of UCl4 with 6 equiv of LiNC5H10 in Et2O/
DME generates a deep blue-green solution, from which the
pentacoordinate U(IV) complex [Li(DME)][U(NC5H10)5]
(4) can be isolated as blue-green crystals in 62% yield
(Scheme 2). Addition of 5 equiv of LiNC5H10 to UCl4 also
provides 4 in comparable yields, while addition of only 4
equiv of LiNC5H10 toUCl4 generates an intractable mixture.
Complex 4 is insoluble in non-polar solvents such as hexane
but is very soluble in aromatic and ethereal solvents. The 1H
NMR spectrum of 4 in C6D6 exhibits an extremely broad
resonance at 6.24ppm,whichwehave assigned to the protons
of the piperidide ring. Its 7Li{1H} NMR spectrum displays a
single resonance at 81.2 ppm.
Storage of a concentrated DME/hexane solution of 4 at

-25 �C for several hours affords material suitable for X-ray
crystallographic analysis. Complex 4 crystallizes in the non-
centrosymmetric hexagonal space group P32, and its solid-
state molecular structure is shown in Figure 4. In the solid-
state, 4 adopts a trigonal bipyramidal geometry about uranium.
The single lithium cation is ligated by two piperidide nitrogen
atoms and one DME molecule, affording it a tetrahedral

Scheme 2

(53) Sarsfield, M. J.; Helliwell, M.; Raftery, J. Inorg. Chem. 2004, 43,
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(54) Burns, C. J.; Clark, D. L.; Donohoe, R. J.; Duval, P. B.; Scott, B. L.;
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geometry. The U-N bond lengths of the terminal piperidide
groups are U1-N1=2.262(9) Å, U1-N2=2.274(9) Å, and
U1-N3=2.238(9) Å, whereas the U-N bonds of the bridg-
ing piperidide ligands are longer at U1-N4=2.370(8) Å and
U1-N5=2.388(9) Å. The terminal U-N bond lengths of 4
are comparable to those normally observed for U(IV) amide
complexes,31 while the bridging U-N distances are similar
to those observed for 1 3THF. The sum of angles about the
nitrogen atoms of the terminal amide ligands range from
357(2)� to 360(1)�, consistent with sp2 hybridization at nitro-
gen. Terminal dialkylamide ligands possessing planar nitro-
gen atoms have also been observed in other U(IV) systems,
including [U(NEt2)4]2.

57-59

The inability of complex 4 to coordinate a sixth piperidide
ligand is likely not due to sterics, as evidenced by the isola-
tion of the octahedral U5þ piperidide complex, [Li(DME)3]-
[U(NC5H10)6] (vide infra). Therefore, we believe that the
strongly electron donating piperidide ligands impart a sig-
nificant negative charge on the U4þ ion in 4, disfavoring the
coordination of a sixth piperidide ligand, simply via electro-
static repulsion. This rationale also explains the pentacoor-
dinate structures of [Li][UR5] (R = CH2

tBu, CH2SiMe3),
in which the U4þ ion is also ligated by five potent electron-
donating ligands.28

To better assess the electronic structure of 4, its magnetic
susceptibility was measured using SQUID magnetometry.
Aplot of its effectivemagneticmoment ( μeff) versus tempera-
ture is shown inFigure 5.At 295K, 4 exhibits aμeff of 3.18μB,

which is smaller than the 3.58 μB expected for a free 5f2 ion
possessing a 3H4 ground state.60-62 The related U(IV) amide
complex [U(NEt2)4]2 possesses a similar μeff (2.81 μB).

57

Lower effective magnetic moments for U4þ are usually
attributed to covalent metal-ligand interactions, which
quench angular orbital momentum,62-67 or the presence of
a strong ligand field.61,64,68-73 Interestingly, the effective
magnetic moment in 4 is relatively independent of tempera-
ture.Upon cooling to 20K, the effectivemagneticmoment of
4 drops only slightly to 3.06 μB, before quickly decreasing to
1.81 μB at 2 K. This temperature response differs markedly
from the strong temperature dependence of μeff normally
observed for U4þ.28,61,62,64,66,71,74-77 However, the magnetic
behavior of 4 is comparable to that observed for the iso-
structural pentacoordinate U(IV) alkyls [Li][UR5] (R =
CH2

tBu, CH2SiMe3).
28

Attempts to oxidize 4 with I2 or AgOTf only produce
complex reaction mixtures. However, clean transformation
of 4 into a U(V) amide can be achieved by oxidation with 0.5
equiv of I2, followed by addition of 1 equiv of LiNC5H10

(Scheme 2). This generates a deep red solution from which
the six-coordinate homoleptic U(V) amide [Li(DME)3]-
[U(NC5H10)6] (5) can be isolated in 53% yield. The 1H
NMR spectrum of 5 in C6D6 exhibits two overlapping
resonances at 2.48 ppm and 2.56 ppm assignable to the
β- and γ-protons of the piperidide ligand, respectively. A third
broad resonance, corresponding to the R-protons, appears at
11.59ppm.Consistentwith its formulation, the 7Li{1H}NMR
spectrum of 5 contains a single resonance at 13.5 ppm.
Complex 5 crystallizes in themonoclinic space groupP21/n

as a discrete cation/anion pair. The anionic U(V) center is
coordinated by six piperidide ligands, affording it an octa-
hedral geometry (Figure 6). The U-N bond lengths in 5
(U1-N1= 2.292(6) Å, U1-N2= 2.266(6) Å, U1-N3=
2.250(6) Å, U1-N4= 2.280(6) Å, U1-N5= 2.283(6) Å,

Figure 4. ORTEP diagram of [Li(DME)][U(NC5H10)5] (4) with 50%
probability ellipsoids. Selected bond lengths (Å) and angles (deg): U1-
N1=2.262(9), U1-N2=2.274(9), U1-N3=2.238(9), U1-N4=2.370(8),
U1-N5=2.388(9), Li1-N4=2.04(2), Li1-N5=2.09(2), Li1-O1=
1.98(2), Li1-O2 = 2.04(2), N1-U1-N2 = 91.7(3), N1-U1-N3 =
122.8(3), N1-U1-N4=118.1(3), N1-U1-N5=96.2(3). Sum of angles
around nitrogen atoms: N1=357(2)�, N2=360(1)�, N3=358(1)�.
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U1-N6=2.270(5) Å) are comparable to the terminal U-N
bond lengths in 4 (U1-N1=2.262(9) Å), despite the presence
of the smallerU5þ ion. They are also similar to those found in
[PPh4][U(dbabh)6] (Hdbabh=2,3:5,6-dibenzo-7-azabicyclo-
[2.2.1]hepta-2,5-diene), which range from2.23(1) Å to 2.27(1)
Å.34 Additionally, the nitrogen atoms of the piperidide
ligands in 5 display nearly planar geometries, similar to that
observed for 4. The other known homoleptic U(V) amides,
U(NEt2)5 and [Li][U(NMe2)6], have not been structurally
characterized.31,78

Complex 5 is slightly soluble in hexanes but fully soluble
in aromatic and ethereal solvents. Additionally, we have
observed that the LiI byproduct, generated during the oxi-
dation of 4, is extremely persistent in samples of 5. This may
be due to the ability of the uranium-coordinated piperidide
ligands to also ligate the Liþ ion of lithium iodide. None-
theless, we have found the removal of LiI can be achieved by
adding a few drops of DME to a toluene solution of 5, which
results in the rapid precipitation of LiI. Filtration of these
solutions, followed by recrystallization of 5 from Et2O/
hexanes, provides material free from salt.
The temperature dependent magnetization data for 5 was

collected between 4-205 K. The effective magnetic moment
of 5 varies with temperature, decreasing from 1.19 μB at
205K to 0.96 μB at 4K (Figure 5). This temperature response
is consistent with that usually observed for U(V).62,64,65,70,79

Curie-Weiss fitting (χ=C/(T- θ)) of the 1/χ versus T data51

between 120 and 205 K (see Supporting Information) provides
an approximate room temperature μeff of 1.3 μB. This value is
significantly lower than the free ionvalueof 2.54μB,

70 and lower
than the effective magnetic moments typically observed for
U(V) (ca. 1.9-2.5) at room temperature.51,62,64,65,70,79 The
related hexa(amido) complex [nBu4N][U(dbabh)6] exhibits
a rather large room temperature μeff of 3.7 μB, but its low
temperature value (1.16 μB at 5 K) is comparable to that
observed for 5.34 Reduced effective magnetic moments in
U(V) have been ascribed to covalence,62,64,65 and a similar
effect may also account for the low μeff exhibited by 5. We
have also attempted to record the ESR spectrum for 5 in

2-methyltetrahydrofuran at 100 K; however, no signal was
observed under these conditions.
The room temperature cyclic voltammogram of 5 in

THF exhibits a reversible oxidation feature at -1.51 V
(vs [Cp2Fe]

0/þ) (see the Supporting Information) which we
have assigned to the U(VI/V) redox couple. Scanning to
positive potentials produces two irreversible features that we
attribute to ligand-based oxidation events. Additionally,
reduction of 5 to U(IV) was not observed within the range
of the solvent window. The U(VI/V) redox potential of 5 is
lower than those recorded for related uranium alkoxide27,80

and amide34 complexes. For example, its reduction potential
is 500 mV lower than that found for [U(dbabh)6]

0/- (E1/2=
-1.01 V vs [Cp2Fe]

0/þ) and nearly 400mV lower than that of
[U(OtBu)6]

0/- (E1/2=-1.12 V vs [Cp2Fe]
0/þ).27,34 This data

suggests that the piperidide ligand is a stronger donor than
either [dbabh]- or [OtBu]-.
On the basis of our cyclic voltammetry results, we at-

tempted the chemical oxidation of complex 5. Addition of
0.5 equiv of I2 to anEt2O solution of 5 immediately generates
a black solution from which the U(VI) piperidide complex
U(NC5H10)6 (6) can be isolated in 51% yield by crystal-
lization from hexane (Scheme 2). The LiI byproduct formed
during the synthesis of 6 is also a challenge to completely
remove, necessitating its precipitation with DME, as was
done for complex 5. The 1H NMR spectrum of 6 in C6D6

consists of two resonances at 1.87 and8.85ppm, in a 3:2 ratio.
The peak at 1.87 ppm is attributable to the β- and γ-proton
resonances of the piperidide ligand, whereas the peak at

Figure 5. Temperature-dependent SQUIDmagnetizationdata for com-
plexes 4 (blue line) and 5 (red line).

Figure 6. ORTEP diagram of [Li(DME)3][U(NC5H10)6] (5) with 50%
probability ellipsoids. Selected bond lengths (Å) and angles (deg): U1-
N1=2.292(6),U1-N2=2.266(6), U1-N3=2.250(6), U1-N4=2.280(6),
U1-N5 = 2.283(6), U1-N6 = 2.270(5), N1-U1-N2 = 90.3(2),
N1-U1-N3=86.3(2), N1-U1-N4=93.2(2), N1-U1-N5=88.9(2),
N1-U1-N6=177.8(2). Sum of the angles around the nitrogen atoms:
N1=359.5(8)�, N2=358.4(9)�, N3=359.5(9)�, N4=357.7(9)�, N5=
359.7(9)�, N6=359.3(8)�.
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8.85 ppm is assignable to the R-protons. Solutions of 6 are
stable for several hours at room temperature, differing from
the reported instability of U(NMe2)6, which slowly decom-
poses to U(NMe2)5.

31

Single crystals suitable for X-ray crystallographic analysis
were grown from a dilute toluene solution stored at -25 �C.
Complex 6 crystallizes in the monoclinic space group P21/c,
and its solid-statemolecular structure is shown inFigure 7. In
the solid-state, complex 6 exhibits an octahedral geometry.
Its U-N bond lengths (U1-N1=2.211(4) Å, U1-N2=
2.208(5) Å, U1-N3= 2.208(5) Å, U1-N4= 2.238(5) Å,
U1-N5= 2.251(5) Å, U1-N6= 2.239(5) Å) are nearly
identical to those observed in 5, decreasing by an average
of only 0.05 Å, and similar to those of the U(VI) amide
complex U(dbabh)6 (U-N=2.187(6) to 2.208(5) Å).34 Its
U-N bond distances are also comparable to the terminal
U-Namide distances observed in the uranyl piperidide com-
plex [UO2(NC5H10)3]2

2- (av. terminalU-Namide=2.25 Å).26

Additionally, all six nitrogen atoms in 6 exhibit planar
geometries, suggesting sp2 hybridization.

Concluding Remarks

In this contributionwehave demonstrated that homoleptic
amide “-ate” complexes ofU(IV) are accessible by reaction of
UCl4 with lithium amide salts. As with the homoleptic U(IV)
alkyl complexes isolated previously by our group,28 “-ate”
complex formation is critical for impartingkinetic stability to the
resulting uranium amido species: if only 4 equiv of the lithium
amide are used during the synthesis, intractable mixtures are
generated. Furthermore, both primary and secondary amide
complexes are accessible by this route, as evidenced by the
isolation of the tert-butylamide complex, [Li(THF)2Cl]2-
[Li]2[U(NHtBu)6], and the piperidide complex, [Li(DME)]-
[U(NC5H10)5]. However, the subsequent oxidation chemistry
of these two materials differs significantly, revealing a

differencebetween thereactivityofprimaryandsecondaryamides
when ligated to a high-valent uranium center. In the case of
[U(NHtBu)6]

2-, oxidation with either AgOTf or I2 does not
generate the intended U(VI) hexakis(amido) complex. In-
stead, a U(VI) bis(imido) complex is formed via deprotona-
tion of two amido ligands. This process is no doubt driven by
the formation of the strong U-N multiple bonds in the
[U(NtBu)2]

2þmoiety. In contrast, oxidation of the secondary
amide complex [Li(DME)][U(NC5H10)5] by 0.5 equiv of I2,
followed by addition of 1 equiv of LiNC5H10, readily gen-
erates the target U(V) complex [Li(DME)3][U(NC5H10)6].
The subsequent oxidation of this material yields the U(VI)
derivativeU(NC5H10)6. Complexes [Li(DME)][U(NC5H10)5],
[Li(DME)3][U(NC5H10)6], and U(NC5H10)6 offer an oppor-
tunity to examine the uranium-nitrogen bond in highly
symmetric environment, in three oxidation states. Moreover,
U(NC5H10)6 represents a relatively rare example of a U6þ

complex with a non-uranyl ligand set. As such, U(NC5H10)6
may prove a valuable reagent for entry into further U6þ

chemistry, and we are planning to explore the reactivity of
thismaterial with a variety ofAl- andZn-based alkyl transfer
reagents. This would potentially provide access to U(VI)
organometallic complexes, a class of materials which are
essentially unknown.

Experimental Section

General Procedures. All reactions and subsequent manipula-
tions were performed under anaerobic and anhydrous condi-
tions either under a high vacuum or an atmosphere of argon or
nitrogen. Diethyl ether, hexanes, toluene, and THF were dried
using a Vacuum Atmospheres DRI-SOLV Solvent Purification
system. DME was distilled from sodium benzophenone ketyl.
All deuterated solvents were purchased from Cambridge Iso-
tope Laboratories Inc. and were dried over activated 4 Å
molecular sieves for 24 h prior to use. UCl4 was synthesized
according to the published procedures.81 All other reagents were
obtained from commercial sources and used as received.

NMR spectra were recorded on a Varian UNITY INOVA
500 spectrometer. 1H and 13C{1H} NMR spectra are referenced
to external SiMe4 using the residual protio solvent peaks as
internal standards (1H NMR experiments) or the characteristic
resonances of the solvent nuclei (13C NMR experiments).
7Li{1H} NMR spectra are 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. IR spectra were recorded on a Mattson
Genesis FTIR spectrometer. UV-vis/NIR spectra were re-
corded on a UV-3600 Shimadzu spectrophotometer.

Cyclic Voltammetry Measurements. 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 working
and reference electrodes consisted of platinum wire. Solutions
employed duringCV studies were typically 3mM in the uranium
complex and 0.1 M in [Bu4N][PF6]. All potentials are reported
versus the [Cp2Fe]

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

0/þ couple, while ip,c increased linearly with the square
root of the scan rate (i.e.,

√
v). Redox couples which exhibited

behavior similar to the [Cp2Fe]
0/þ couple were thus considered

reversible.

Figure 7. ORTEP diagram of U(NC5H10)6 (6) with 50% probability
ellipsoids. Selected bond lengths (Å) and angles (deg): U1-N1=2.211(4),
U1-N2=2.208(5), U1-N3=2.208(5), U1-N4=2.238(5), U1-N5=
2.251(5), U1-N6=2.239(5), N1-U1-N2=91.5(2), N1-U1-N3=
176.0(2), N1-U1-N4=87.6(2), N1-U1-N5=94.2(2), N1-U1-N6=
86.6(2). Sum of the angles around the nitrogen atoms: N1=359.4(6)�,
N2=358.2(8)�, N3=359.9(8)�, N4=359.4(7)�, N5=356.6(8)�, N6=
357.4(7)�.
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tallics 2002, 21, 5978–5982.
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Magnetism Measurements. Magnetism data were recorded
using a Quantum Design MPMS 5XL SQUID magnetometer.
All experiments were performed between 4-300 K using 50-
100 mg of powdered, crystalline solid. Complex 4 was loaded,
under an inert atmosphere, into a Teflon-lined gelatin capsule
and packed with approximately 20 mg of quartz wool. The
sample was positioned within a plastic straw for analysis. The
data were not corrected for the contribution of the gelatin
capsule/straw sample holder. Complex 5 was loaded into an
NMR tube, which was subsequently flame-sealed. The solid was
kept in place with approximately 45 mg quartz wool packed
on either side of the sample. The data were corrected for the
contribution of the NMR tube holder and the quartz wool.
The experiment for 4 was performed using a 1 T field, whereas
the experiment for 5 was performed using a 5 T field. Diamag-
netic corrections (χdia=-4.23 � 10-4 cm3

3mol-1 for 4, χdia=
-5.98 � 10-4 cm3

3mol-1 for 5) were made using Pascal’s
constants.82

LiNH
t
Bu.Toa solutionof tert-butylamine (3.0mL, 28.4mmol)

in hexanes (30 mL) was added n-BuLi (1.6 M in hexanes,
17.0 mL, 27.2 mmol) dropwise via syringe. The reactionmixture
was stirred for 24 h whereupon the solvent was removed in
vacuo to yield a white powder. 2.084 g, 93% yield. 1H NMR
(500MHz, 25 �C, C6D6): δ 11.03 (s, 1H, NH), 1.36 (s, 9H, CH3).
7Li{1H} NMR (194 MHz, 25 �C, C6D6): δ 0.03 (s).

LiNC5H10.To a solution of piperidine (3.0mL, 30.4mmol) in
hexanes (20 mL) at 0 �C was added n-BuLi (1.6 M in hexanes,
19.0 mL, 30.4 mmol) dropwise via syringe. This resulted in the
immediate precipitation of an off-white solid. After stirring for
24 h, the solution was allowed to settle, and the supernatant
was decanted off. The solid was dried in vacuo to give a
white powder. 2.482 g, 90% yield. 1H NMR (500 MHz, 25 �C,
C6D6): δ 3.33 (m, 4H, CH2), 1.96 (m, 2H, CH2), 1.68 (m, 4H,
CH2).

7Li{1H} NMR (194 MHz, 25 �C, C6D6): δ -1.52 (s).

[Li(THF)2Cl]2[Li]2[U(NHtBu)6] (1 3THF).Toa cold (-25 �C),
stirring solution of UCl4 (0.098 g, 0.26 mmol) in THF (3 mL)
was added a solution of LiNHtBu (0.125 g, 1.58 mmol) in THF
(3 mL) dropwise. The reaction mixture immediately turned
orange-brown concomitant with the precipitation of a white
solid. After stirring for 10 min, the solution was filtered through
a Celite column (2 cm� 0.5 cm) supported on glass wool. To the
filtrate was added DME (2 mL), and the solution was layered
with hexanes (6 mL) and stored at -25 �C for 24 h, resulting in
the deposition of orange crystals. The crystals were washed with
hexanes (2� 2mL) and dried under vacuum. 0.157 g, 57%yield.
1H NMR (500 MHz, 25 �C, C6D6): δ -20.42 (s, 6H, NH), 1.37
(s, 16H, β-THF), 2.10 (s, 54H, CCH3), 3.54 (s, 16H, R-THF
protons). 1HNMR (500MHz, 25 �C, THF-d8): δ-21.03 (s, 6H,
NH), 1.77 (s, 54H, CCH3).

7Li{1H} NMR (194 MHz, 25 �C,
C6D6): δ 0.93 (s). Anal. Calcd for C40H92Cl2Li4N6O4U: C,
45.41; H, 8.77; N, 7.94. Found: C, 45.03; H, 8.79; N, 7.73.
Complex 1 3DME was synthesized similarly, but the crystals
were grown by vapor diffusion of hexanes into a solution of
1 3THF dissolved in DME.

[Li(THF)]2[U(Nt
Bu)2(NH

t
Bu)4] (2). To a suspension of

1 3THF (0.077 g, 0.073 mmol) in Et2O (3 mL) was added AgOTf
(0.019 g, 0.074 mmol) with stirring. Upon addition, the reaction
mixture immediately turned dark brown concomitant with the
deposition of a fine black precipitate. After 5 min, the solution
was filtered through a Celite column (2 cm� 0.5 cm) supported
on glass wool. The volume of the filtrate was reduced to 2 mL in
vacuo, and the solution was subsequently layered with hexanes
(3 mL). Storage of the solution at-25 �C for 24 h resulted in the
deposition of red crystals. 0.020 g, 33% yield. 1H NMR (500
MHz, 25 �C, C6D6): δ 1.08 (s, 18H, imido CH3), 1.34 (s, 8H,
β-THF protons), 2.06 (s, 36H, amide CH3), 3.66 (s, 8H, R-THF
protons), 4.82 (s, 4H, NH). 7Li{1H} NMR (194 MHz, 25 �C,

C6D6): δ 1.52 (s). 13C{1H} NMR (125 MHz, 25 �C, C6D6): δ
25.28 (THF), 38.22 (s, CCH3), 39.19 (s, CCH3), 56.37 (THF),
58.66 (s, CCH3). One CCH3 resonance was not be observed.
Anal. Calcd. C32H74Li2N6O2U: C, 46.47, H, 9.04, N, 10.16.
Found: C, 38.18, H, 7.22, N 7.27. The low carbon content is
attributed to the presence of LiOTf in the sample, which we
were unable to completely remove by recrystallization. IR (KBr
pellet, cm-1): 1457(s), 1409(w), 1376(m), 1351(s), 1313(w), 1296(w),
1207(s), 1186(s), 1113(w), 1039(s), 993(w), 982(w), 945(s),
891(s), 843(w), 789(m), 756(m), 719(m), 569(s), 542(s), 523(s),
474(s), 447(s), 411(w).

U(NtBu)2(NHtBu)2(NH2
tBu)2 (3). To a stirring suspension

of 1 3THF (0.352 g, 0.332 mmol) in Et2O (8 mL) and tBuNH2

(0.5 mL) was added a solution of I2 (0.085 g, 0.334 mmol) in
Et2O (1mL) dropwise. The reactionmixture immediately turned
red concomitant with precipitation of a white powder. The
solution was stirred for 5 min, whereupon the solvent was
removed in vacuo, affording a red solid. The solid was dissolved
in hexanes (3 mL), and the solution was filtered through a Celite
column (2 cm � 0.5 cm) supported on glass wool. The solvent
was then removed in vacuo to give a red microcrystalline
powder. 0.175 g, 78% yield. 1H NMR (500 MHz, 25 �C,
C6D6): δ 0.90 (s, 18H, imido CH3), 1.50 (s, 18H, amine CH3),
1.97 (s, 18H, amide CH3), 3.24 (s, 4H, amine NH), 10.16 (s, 2H,
amide NH). 13C{1H} NMR (125 MHz, 25 �C, C6D6): δ 33.44
(s, CCH3), 38.07 (s, CCH3), 39.61 (s, CCH3), 50.52 (s, CCH3),
62.29 (s,CCH3), 73.4(s,CCH3). Anal. Calcd for C24H60N6U: C,
42.96; H, 9.03; N, 12.52. Found: C, 42.72; H, 9.18; N 12.23. IR
(KBr pellet, cm-1): 1579(s), 1541(w), 1504(w), 1473(s), 1458(sh),
1420(w), 1395(m), 1370(s), 1351(s), 1324(w), 1298(w), 1256(m),
1220(s), 1212(s), 1187(s), 1124(w), 1118(sh), 1053(s), 984(s),
959(s), 926(m), 912(s), 893(sh), 818(w), 792(m), 779(w), 765(m),
749(w), 670(m), 560(s), 520(s), 477(s), 406(w).

[Li(DME)][U(NC5H10)5] (4). To a cold (-25 �C), stirring solu-
tionofLiNC5H10 (0.589 g, 6.47mmol) inEt2O (8mL)was added a
suspensionofUCl4 (0.410 g, 1.08mmol) inDME(5mL) dropwise.
The reaction mixture immediately turned blue-green concomitant
with the precipitation of a white powder. Themixture was allowed
to stir at room temperature for 30min, whereupon the solvent was
removed in vacuo affording a blue-green powder. The solid was
dissolved in Et2O (12 mL), and the solution was filtered through a
Celite column (2 cm � 0.5 cm) supported on glass wool. The
volumeof the filtratewas reduced invacuo, and the solution cooled
to -25 �C for 24 h, resulting in the deposition of blue-green
crystals. The crystals were washed with hexanes (2 � 2 mL) and
dried under vacuum. 0.508 g, 62% yield. 1H NMR (500 MHz,
25 �C,C6D6):δ0.51 (s, 6H,DME), 6.24 (br s, 50H, fwhm=1600Hz,
piperidide protons), 11.25 (s, 4H, DME). 7Li{1H} NMR (194
MHz, 25 �C, C6D6): δ 81.2 (s). Anal. Calcd for C29H60LiN5O2U:
C, 46.08; H, 8.02; N, 9.27. Found: C, 45.94; H, 9.00; N, 8.21.
UV-vis/NIR (THF, 7.38 mM, 25 �C, L 3mol-1

3 cm
-1): 456 (ε=

52.1), 462 (ε=48.1), 528 (ε=18.5), 534 (ε=19.4), 580 (ε=32.8), 608
(sh, ε=22.5), 626 (ε=36.3), 690 (ε=16.0), 724 (ε=10.1), 794 (ε=
18.7), 852 (ε=44.1), 918 (ε=54.7), 1038 (ε=19.4), 1100 (ε=11.8),
1204 (ε=51.2), 1326 (ε=13.1), 1452 (ε=18.5), 1662 (ε=38.7), 1778
(ε=54.2), 1796 (ε=68.9), 1814 (ε=69.1), 1890 (ε=33.4).

[Li(DME)3][U(NC5H10)6] (5). To a cold (-25 �C), stirring
solution of 4 (0.325 g, 0.430 mmol) in Et2O (8 mL) was added a
solution of I2 (0.057 g, 0.22mmol) inEt2O (2mL) dropwise. This
resulted in the immediate color change fromblue-green to black.
The reaction mixture was stirred for 5 min, whereupon a solu-
tion of LiNC5H10 (0.040 mg, 0.44 mmol) in Et2O (8 mL) was
added dropwise, causing the solution to turn deep red. The
reaction mixture was then stirred for an additional 5 min, after
which the solvent was removed in vacuo, affording a dark red
solid. Dissolution of the solid in toluene (5 mL) followed by
addition of DME (0.25 mL) resulted in the immediate precipita-
tion of LiI(DME)2 as a colorless solid. The solution was then
filtered through a Celite column (2 cm � 0.5 cm) supported on(82) Bain, G. A.; Berry, J. F. J. Chem. Educ. 2008, 85, 532.
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glass wool. The solvent was removed in vacuo, and the resulting
red solid was subsequently dissolved in Et2O (4 mL). The solu-
tion was layered with hexanes (4 mL) and stored at -25 �C for
24 h, resulting in the formation of dark red blocks. The crystals
were washed with hexanes (2� 2 mL) and dried under vacuum.
0.231 g, 53% yield. 1HNMR (500MHz, 25 �C, C6D6): δ 2.48 (s,
24 H, piperidide β-protons), 2.56 (s, 12H, piperidide γ-protons),
3.30 (s, 18H, DME), 3.48 (s, 12H, DME), 11.59 (br s, 24 H,
piperidide R-protons). 7Li{1H} NMR (194 MHz, 25 �C, C6D6):
δ 13.5 ppm. Anal. Cald for C42H90LiN6O6U: C, 49.40; H, 8.91;
N, 8.24. Found: C, 49.68; H, 8.67; N, 8.40. UV-vis/NIR (THF,
6.36 mM, 25 �C, L 3mol-1

3 cm
-1): 746 (sh, ε=43.7), 848 (ε=

38.6), 932 (ε=43.1), 1458 (ε=16.3).

[U(NC5H10)6] (6). To a cold (-25 �C), stirring solution of 5
(0.147 g, 0.144 mmol) in Et2O (8 mL) was added a solution of I2
(0.019 g, 0.075 mmol) in Et2O (2 mL) dropwise. The reaction
mixture immediately turned black. After stirring for 5 min, the
solvent was removed in vacuo affording a black solid. Dissolu-
tion of the solid in toluene (5 mL) followed by addition of DME
(0.25 mL) resulted in the immediate precipitation of LiI(DME)2
as a colorless solid. The solution was then filtered through a Celite
column (2 cm� 0.5 cm) supported on glass wool. The solvent was
removed in vacuo, and the resulting black solid was subsequently

dissolved inhexanes (4mL).Storageof thehexanes solutionat-25 �C
for 24 h resulted in the deposition of black microcrystalline
powder. X-ray quality crystals of 7 were grown from a dilute
toluene solution stored at-25 �C for 24 h. 0.054 g, 51%yield. 1H
NMR (500MHz, 25 �C, C6D6): δ 1.87 (s, 36H, piperidide β- and
γ-protons), 8.85 (s, 24H, piperidide R-protons). 13C{1H} NMR
(125 MHz, 25 �C, C6D6): δ 23.88 (s, γ-CH2), 39.57 (s, β-CH2),
50.18 (s, R-CH2). Anal. Calcd for C30H60N6U: C, 48.49; H, 8.16;
N, 11.30. Found: C, 48.29; H, 7.93; N, 10.96.

X-ray Crystallography. Data for 1 3THF, 1 3DME 3C6H14, 2,
4-6 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 weremounted on a glass fiber under Paratone-N oil
and all data was collected at 150(2) K using an Oxford nitrogen
gas cryostream system.Ahemisphere of datawas collected using
ω scans with 0.3� frame widths. Frame exposures of 10 s were
used for 1 3THF, 1 3DME 3C6H14, 4-6, while frames exposures
of 20 s were used for 2. Data collection and cell parameter
determination were conducted using the SMART program.83

Table 1. X-ray Crystallographic Data for Complexes 1 3THF, 1 3DME 3C6H14, 2, 4-6

1 3THF 1 3DME 3C6H14 2

empirical formula C40H92Cl2Li4N6O4U C46H108Cl2Li4N6O8U C32H74Li2N6O2U
crystal habit, color rod, orange plate, brown block, red
crystal size (mm) 0.50 � 0.20 � 0.15 0.60 � 0.50 � 0.20 0.14 � 0.12 � 0.10
crystal system monoclinic triclinic monoclinic
space group P21/n P1 C2/m
volume (Å3) 2745.8(3) 1619(1) 2034.3(7)
a (Å) 10.6583(6) 10.866(5) 16.380(3)
b (Å) 19.162(1) 11.072(5) 14.155(3)
c (Å) 13.8312(8) 14.719(7) 11.978(3)
R (deg) 90 78.666(7) 90
β (deg) 103.576(2) 77.331(7) 132.903(4)
γ (deg) 90 71.050(7) 90
Z 2 1 2
formula weight (g/mol) 1057.89 1210.07 826.88
density (calculated) (Mg/m3) 1.280 1.241 1.350
absorption coefficient (mm-1) 3.091 2.634 4.021
F000 1088 628 844
total no. reflections 6891 12280 7929
unique reflections 4414 5847 2106
final R indices [I > 2σ(I)] R1 = 0.0447, wR2 = 0.1099 R1 = 0.0408, wR2 = 0.1081 R1 = 0.0355, wR2 = 0.0769
largest diff. peak and hole (e- Å-3) 3.104 and -1.656 2.081 and -2.610 1.444 and -0.555
GOF 0.938 1.025 0.965

4 5 6

empirical formula C29H60LiN5O2U C42H90LiN6O6U C30H60N6U
crystal habit, color rhombus, blue-green block, dark red block, black
crystal size (mm) 0.70 � 0.60 � 0.50 0.70 � 0.70 � 0.30 0.30 � 0.30 � 0.20
crystal system hexagonal monoclinic monoclinic
space group P32 P21/n P21/c
volume (Å3) 2498(4) 4873.1(8) 3124.4(7)
a (Å) 11.261(9) 15.173(1) 10.386(1)
b (Å) 11.261(9) 18.775(2) 17.154(2)
c (Å) 22.75(2) 17.123(2) 17.858(2)
R (deg) 90 90 90
β (deg) 90 92.492(1) 100.896(2)
γ (deg) 120 90 90
Z 3 4 4
formula weight (g/mol) 755.79 1020.17 742.87
density (calculated) (Mg/m3) 1.507 1.391 1.579
absorption coefficient (mm-1) 4.905 3.378 5.223
F000 1140 2108 1496
total no. reflections 19951 40711 25724
unique reflections 6732 10142 6295
final R indices [I > 2σ(I)] R1 = 0.0611, wR2 = 0.1530 R1 = 0.0444, wR2 = 0.1254 R1 = 0.0364, wR2 = 0.0778
largest diff. peak and hole (e- Å-3) 5.723 and -1.616 3.407 and -1.776 3.235 and -1.371
GOF 1.050 1.055 1.020

(83) SMART Software Users Guide, Version 5.1; Bruker Analytical X-Ray
Systems, Inc.: Madison, WI, 1999.
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Integration of the data frames and final cell parameter refine-
ment were performed using SAINT software.84 Absorption
correction of the data was carried out empirically based on
reflection ψ-scans. Subsequent calculations were carried out
using SHELXTL.85 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.85

Additionally, structure 2 possessed a disordered THF molecule
which was modeled in two positions with occupancies of
0.5 each. Atoms of the DME molecules in 5 also exhibited

positional disorder. This was addressed by modeling these
atoms in two positions with occupancies of 0.5 each. Idealized
hydrogens were not assigned to the disordered carbon atoms of
2 or 5. A summary of relevant crystallographic data for 1 3THF,
1 3DME 3C6H14, 2, 4-6 is presented in Table 1.
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