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ABSTRACT: Metathesis reactions between uranium
tetrachloride and lithium 2,6-diisopropylphenylamide in
the presence of 4,4"-dialkyl-2,2"-bipyridyl (R,bpy; R = Me,
‘Bu) or triphenylphosphine oxide (tppo) appear to
generate bis(imido)uranium(IV) in situ. These extremely
reactive complexes abstract chloride from dichloromethane
to generate U(NDipp),Cl(R,bpy), or U(NDipp),Cl-
(tppo); (Dipp = 2,6-Pr,C4H;). The preparation of the
bromide and iodide analogues U(NDipp),X(R,bpy), was
achieved by addition of CH,X, (X = Br, 1) to the
uranium(IV) solutions. The uranium(V) halides were
characterized by X-ray crystallography and found to exhibit
linear N—U—N units and short U-N bonds. Electro-
chemical measurements were made on the chloride
bipyridine species, which reacts readily with iodine or
ferrocenium to generate bis(imido)uranium(VI) cations.
It has been nearly 30 years since the first imidouranium
complexes were discovered,’ and recently, the chemistry of
this functional unit has garnered much attention among
actinide scientists. The primary reason for this interest is the
opportunity to probe the fundamental differences in bonding
and reactivity between the transition-metal series and actinide
elements (i.e,, whether the f orbitals significantly alter the M=
NR reactivity). Much of the research in this area has focused on
mono(imido)uranium(IV)'** and -uranium (V)" compounds,
with bis(imido) species almost exclusively limited to uranium-
(VI).>** The discovery of U(NR),L,(THF),, which contains a
U(NR),** unit that is isostructural with UO,*, allowed for
direct comparisons of these isoelectronic molecules. The results
demonstrated that the bonding in U(NR),*" is more covalent
in nature than in uranyl.* Pentavalent UO," species are much
less common because of their propensity to disproportionate;
however, there have been a number of recent reports
concerning the synthesis of this important ion.> Unfortunately,
there is only a single reported example of a bis(imido)uranium-
(V) compound, namely, [U(u-N'Bu)(N'Bu)I(‘Bu,bpy)],
(R,bpy = 4,4-dialkyl-2,2"bipyridyl),® and because of the
bridging nature of the imido ligand, the U=N bond is
significantly lengthened. Thus, comparisons with monomeric
UO," are not appropriate. We now report the syntheses of a
series of monomeric bis(imido)uranium(V) complexes, U-
(NDipp),X(R,bpy), (X = Cl, Br, ; R = Me, ‘Bu; Dipp =
2,6-Pr,C¢H;), which are readily prepared from uranium
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tetrachloride and may be generated via a bis(imido)uranium-
(IV) intermediate.

We recently reported the synthesis of [U(u-NDipp)-
CL,(THF),], by metathesis of UCl, with 2 equiv of
LiNHDipp.2f We have since attempted reactions of UCI, with
4 equiv of LINHDipp and have been unable to identify the
major products. This prompted us to explore analogous
metathesis reactions with Lewis base adducts of UCI,.
Surprisingly, the reaction of UCl,(Me,bpy), with 4 equiv of
LiNHDipp does not yield a bis(imido)uranium(IV) species but
rather provides single crystals of U(NDipp),Cl(Me,bpy), (1a),
the first monomeric bis(imido)uranium(V) complex (Scheme

1).
THFE 0.5 CHoX, > ; £

Scheme 1

UCl + 4 LiNHDipp ———» ——— N
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R = Me (a), 'Bu (b)
X=Cl(1),
Br(2), 1 (3)

Initially, we believed that adventitious CH,Cl, was the cause
of this oxidation. To test this hypothesis, we developed a
rational synthesis of a series of halide complexes wherein
UCl,(Me,bpy), is treated with 4 equiv of LINHDipp in THF
followed by addition of 0.5 equiv of CH,X,. This procedure
generates U(NDipp),X(Me,bpy), [X = CI (1a), Br (2a), I
(3a)] in yields of 74—80% (Scheme 1). The imido ligands in
la—3a may be generated either intramolecularly via a-
hydrogen abstraction or externally with a Lewis base serving
as a proton shuttle between Dipp-amides. Given the reaction
conditions under which these compounds are generated, either
mechanism is possible. The formation of the bromide and
iodide complexes 2 and 3 from UCI, suggests that halogen
atom abstraction from dihalomethane by a U(IV) intermediate
that does not contain CI~ leads to the formation of the U(V)
products. The identity of this intermediate, while unknown, is
either a bis(imido )uranium(IV), imidobis(amido )uranium(IV),
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or tetrakis(amido)uranium(IV) complex, though the last of
these is very unlikely since the mono(imido) complex, [U(u-
NDipp)CL(THF),],, is formed in the reaction of UCl, with 2
equiv of LINHDipp.*

The proton NMR spectra of 1a—3a are nearly identical and
contain resonances that are significantly broadened, which is
expected for paramagnetic uranium(V) cornpounds.é’7 Chem-
ical shifts at 5.6, 13.4, and 25.4 ppm are assigned to the Dipp
imido ligands, while a broad region centered around —2.0 ppm
arises from coordinated Me,bpy.®

Compounds 1a—3a were found to be isostructural by single-
crystal X-ray crystallography, although the structures were badly
disordered. For this reason, a similar procedure was used to
prepare the ‘Bu,bpy analogues 1b—3b, which provided higher-
quality single crystals.” Complexes 1b—3b are mononuclear
with distorted pentagonal-bipyramidal geometries about
uranium [the solid-state molecular structures are shown in
Figure 1 and Figures S9 and S10 in the Supporting Information
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Figure 1. Solid-state molecular structure of 1b with thermal ellipsoids
drawn at the 50% probability level. Selected bond lengths (A) and
angles (deg): Ul-N1 = 1.977(4), U1-N2 = 1.980(4), U1-N3 =
2.683(4), Ul-N4 = 2.594(4), U1-NS 2.595(4), Ul1-N6
2.659(4), U1-CI1 = 2.729(2), N1-U1-N2 = 166.02(16), N1-Ul—
Cll = 94.93(12), N2—U1-Cl1 = 97.84(12).

(SD]. The coordinated bipyridine ligands contain C—C bond
lengths consistent with neutral ‘Bu,bpy ligands rather than
radical anions.'® The imido ligands occupy the axial positions
with nearly linear N—U—N angles of 166.02(16), 165.9(2), and
174.9(2)°, respectively. The U—N,,..4, bond lengths are almost
identical throughout the series, and for 1b, the values are
1.977(4) and 1.980(4) A. These bond lengths are longer than
the terminal imido distances in [U(x-N'Bu)(N'Bu)I(*Bu,bpy)],
[U=N,, = 1.898(7) A).S They are also significantly longer
than the U=0 distances in [UO,(tppo),]OTf [1.819(6) A]*"
and UO,(Ar,nacnac)(Ph,MePO), [1.819(6) A],>® even con-
sidering the difference in atomic radii.'' The bond lengths
indicate stronger bonding in the UO," complexes, although the
steric bulk of the Dipp groups almost certainly causes a
lengthening of the U=N bonds in 1b—3b.

The chemical oxidation of 1a and 2a was carried out with
iodine or ferrocenium. Proton NMR spectroscopy confirmed
that these reactions result in clean conversion to [U-
(NDipp),X(Me,bpy),]* (X Cl, Br). The triiodide salt,
[U(NDipp),Br(Me,bpy),]I; (4), was characterized by single-
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crystal X-ray crystallography (Figure 2). The cation in 4 is
structurally similar to 2b, but the U—N, 4, bond lengths of

Figure 2. Solid-state molecular structure of 4 with thermal ellipsoids
drawn at the 50% probability level; the I, ion has been omitted for
clarity. The molecule shown is one of two independent molecules in
the asymmetric unit. Selected bond lengths (A) and angles (deg):
Ul-N1 = 1.856(8), Ul—Brl = 2.787(2), N1-U1-NI1A = 177.4(5).

1.869(7) and 1.856(8) A are more than 0.1 A shorter in the
U(VI) compound. These U—N bond lengths are similar to
those observed for other bis(imido)uranium(VI) complex-
es.**'* Treatment of 4 with 3 equiv of decamethylcobaltacene
in THF-dg results in rapid formation of 2a, as observed by 'H
NMR spectroscopy, demonstrating the chemical reversibility of
the U(V)/U(VI) redox couple.

The reaction of 1a with excess CoCp*, [E,,, = —1.94 V vs
Fc/Fc™]"™ was also performed to determine the possibility of
isolating a more reduced species. In THF-dg, a reaction
occurred over 10—12 days wherein 1a was slowly replaced by a
new and as yet unidentified paramagnetic complex. The
reaction rate was not consistent with a straightforward outer-
sphere electron transfer, despite the large reduction potential
difference between CoCp*, and 1a (vide infra), suggesting that
this is a more complicated transformation. Experiments to
elucidate the nature of this new species are ongoing.

We also investigated the solution-phase redox properties of
complex 1a by cyclic voltammetry (CV). In CH,Cl,, 1a exhibits
two quasi-reversible redox features at —1.06 and —1.22 V vs Fc/
Fc" in its cyclic voltammogram (see the SI). We have assigned
the feature at —1.06 V as a U(V)/U(VI) oxidation and
tentatively assigned the feature at —1.22 V as a bipyridine-based
reduction. Importantly, the CV data for 1a represent the first
electrochemical parameters determined for the bis(imido)
series of complexes. The U(V)/U(VI) redox potential of 1la
is much more negative than that observed for the parent uranyl
ion UO,**(aq) (=0.35 V vs Fc/Fc*),"* and even that for the
mono (imido )uranium (V) comglex U(=NSiMe;)(N-
[SiMe,],); (—0.41 V vs Fc/Ec*),” but it is comparable to
that observed for [UO,(OH),]*~ (=1.17 V vs Fc¢/Fc*),'> which
contains four strongly electron-donating hydroxide ligands and
a dianionic charge. Overall, these data demonstrate the
electron-rich nature of the uranium center in la and
corroborate the strong s-donating character of the imido
substituents in this system.4C
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For further comparison, we attempted to prepare bis(imido)-
uranium (V) complexes containing redox-inactive ligands. Thus,
the reaction of UCIl, with 3 equiv of triphenylphosphine oxide
(tppo) and 4 equiv of LINHDipp in the presence of CH,Cl,
provided U(NDipp),Cl(tppo); (5). The successful isolation of
S from UCI, shows that the presence of a potentially redox-
active ligand such as bpy is not necessary for the oxidation to
U(V) and is consistent with the reaction occurring from a
U(IV) intermediate. While § has been structurally characterized
(Figure S12), we have been unable to separate this compound
from the U(VI) byproduct U(Ndipp),CL (tppo),, which forms
regardless of the amount of dichloromethane present. Thus, it
appears that further oxidation of the bis(imido)uranium(V)
complex via halogen abstraction is a more facile reaction when
tppo is coordinated. Qualitatively, this indicates that $ is even
more electron-rich than its bipyridine analogues 1—3.'

We have presented facile syntheses of a series of bis(imido)-
uranium (V) complexes, U(NDipp),X(R,bpy), (X = CL, Br, ; R
Me, ‘Bu) and U(NDipp),Cl(tppo);, from uranium
tetrachloride and lithium 2,6-diisopropylphenylamide. These
reactions proceed via salt metathesis and subsequent oxidation
via halogen atom abstraction, resulting in the first monomeric
bis(imido )uranium(V) species. Most notably, the products
appear to be generated via extremely reactive intermediates.
While these intermediates remain uncharacterized, their
reactivity is consistent with bis(imido)uranium(IV) com-
pounds, which present an intriguing target for future synthetic
studies. We have reported the first electrochemical data on
bis(imido)uranium complexes, which indicate highly electron-
rich uranium(V) centers. Importantly, the ease with which
these molecules are prepared from tetravalent precursors
suggests that this methodology could be applied to transuranic
compounds, which would greatly enhance our understanding of
An=N multiple bonding.
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