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The early actinides, namely uranium, neptunium, and plutonium,
all form actinyl cations [AnO2]n+ (An ) Np, Pu,n ) 1 or 2; An
) U, n ) 2) in their high oxidation state chemistry,1 which are
generally considered to be thermodynamically and kinetically inert.2

This is particularly evident for the linear uranyl dication in which
the UdO bonding involves most of the uranium valence orbitals
and so results in ligand chemistry only in the equatorial plane and
exceedingly unreactive oxo groups.3 This contrasts sharply with
the extensive Lewis base chemistry of transition metal oxo
complexes, which can catalyze hydrocarbon oxidation and oxo atom
transfer and take part in a variety of cycloaddition reactions.4

Actinyl complexes that display Lewis base interactions between
the oxo and a metal counterion, that is, AnO2

2+‚‚‚M+, so-called
cation-cation complexes, are important species in neptunium and
plutonium chemistry,5 but the relative inertness of the uranyl
AnO2

2+ moiety means that there are very few simple, molecular
uranyl-based cation-cation complexes.6 Such uranyl analogues
would be desirable for understanding the speciation of the highly
radioactive metals in nuclear fuel processing and the environment.
Of the handful of uranyl cation-cation complexes, which form in
the solid state, none are retained in solution. The most notable is
the tetrameric [UO2(OCHi-Pr2)2]4, the only example in which the
solid-state Raman spectrum evidences a significant weakening of
the UO2 bonding.7 The others are alkali metal adducts such as
[Na(thf)2][UO2{N(SiMe3)2}3].8 One nonmetal, Lewis-acid-func-
tionalized uranyl complex exists, the neutral arylborane adduct
[UO2{B(C6F5)3}{PhC(NSiMe3)2}2], A, and is a discrete molecular
complex that is the only molecule shown to date to retain uranyl
Lewis base behavior in solution.9

We have shown recently that the potentially tetra-anionic
pyrrole-imine macrocycle, H4L, forms exclusively the monouranyl
adduct [UO2(thf)(H2L)] 1, Scheme 1. The aryl groups in the
macrocycle function as hinges that result in a rigid molecular cleft
structure (often called a Pacman structure) in which one uranyl
oxo is hydrogen-bonded within the cleft to the pyrrolic hydrogens
of the vacant N4 donor compartment.10 Herein, we exploit this oxo-
group desymmetrization in the synthesis of transition metal adducts
of 1 that display the first cation-cation interactions between the
uranyl group and a transition metal.

The transamination reaction between the khaki-green uranyl
complex [UO2(thf)(H2L)] 1 and [Mn{N(SiMe3)2}2] in boiling thf
affords a brown solution, that, on slow cooling, results in brown
crystals of [UO2(thf)Mn(thf)(L)] 2 (Scheme 1). The analogous
reaction between1 and [Fe{N(SiMe3)2}2] or [Co{N(SiMe3)2}2] in
thf affords brown [UO2(thf)Fe(thf)(L)] 3, and [UO2(thf)Co(thf)-
(L)] 4, respectively. Both2 and4 were analyzed by single-crystal
X-ray diffraction; unfortunately, crystals of3 were only weakly
diffracting. All three heterobimetallic complexes are isolated in
yields of 30-40%,11 show very similar physicochemical behavior,
and have been fully characterized, see Supporting Information.

Importantly, the complexes are neutral and undergo neither metal
exchange nor redistribution reactions in solution and may be

recrystallized intact from polar, aprotic solvents. In the electrospray
mass spectrum of2 in thf, a peak due to [2 + Na]+ appears atm/z
) 1092 amu. The single-crystal X-ray diffraction data for2 and4,
Figure 1, show that the complexes are isostructural and demonstrate
interaction between the uranyl oxo atom and a transition metal for
the first time. The most striking feature of the structure is the
transition metal to uranyl-oxygen bond that is formed within the
cavity (designatedendo). For manganese,2, this Mn1sO1 distance
is 2.163(4) Å, while the UdO1 bond is correspondingly lengthened
to 1.808(4) Å from 1.790(4) Å in1. There are no other transition
metal-oxo-uranyl complexes reported with which to compare this
bond distance, although in the polyoxometalate adduct of octahedral
Mn2+

, [n-Bu4N]4[Mn(OH2)2{(µ-O)2Mo5O14(OMe)2}2{Mn(CO)3}2]
the four Mn-oxo distances range between 2.13(2) and 2.18(2) Å.12

The resulting desymmetrization of the uranyl cation is shown
by the significant difference in2 (according to the 3σ criterion)
between the endo U1sO1 of 1.808(4) and shorter exo U1sO2
distance of 1.768(5), Table 1; the U1sO2 distance is at the short
end of the normal UdO range.1

The manganese ion adopts a pseudo-tetrahedral geometry and
is coordinated by both pyrrolide nitrogens, theendouranyl oxo in
the cavity, and a molecule of thf opposite to theendooxo; only
weak interactions to the two imino N atoms occur (Mn1-N5, 2.547-
(5); Mn1-N8, 2.659 Å), presumably as a consequence of the
π-stacked thf on the uranyl ion causing the aryl hinge to “open”.
The equatorial ligand set in the uranyl half of the complex in2
remains relatively similar to that of1, in which the thf molecule
occupied an unusual and unfavorableπ-stacking position between
the two hinge arenes. Unlike in1, however, the thf molecule bound
to U1 in 2 is distorted out of the UN4 equatorial plane (O3 0.3 Å
o.o.p.). This distortion is favorable inπ-stacking terms but
unfavorable in terms of the equatorial bonding preference for uranyl
ligands and may be a combined consequence of the proximate thf
bound to the manganese and the rigid cleft structure.

The U-N and Mn-N imino and pyrrolide distances are normal
for UVI and MnII 13 and so suggest that the metal oxidation states
are unchanged in the formation of2. This is reinforced by magnetic
susceptibility measurements for2, 3, and4, which have been studied
in the solid state by SQUID magnetometry over the temperature
range 2-300K. The moments at 300K and 80K are collated in Table

Scheme 1. Synthesis of the Uranyl-Transition Metal Complexes
2, 3, and 4
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1. The data for all three are fitted very well by models that assume
UVIMII oxidation states with high-spin configurations for the
transition metal cations and Curie-Weiss paramagnetic behavior.
This oxidation state agrees with the crystallographically determined
structures and also the inertness of the uranyl UVI to reduction.

Vibrational spectroscopy should also indicate the strength of the
uranyl bonding.14 The lowered symmetry due to transition metal
coordination should afford two IR and Raman active uranyl
stretches in the region around 800-900 cm-1. Figure 2 contains
the solid-state Raman spectra of the complexes in this region.

The IR and Raman spectra of2 to 4 are complicated by
overlapping ligand absorptions (see SI for the IR spectra of2-4,
including two nonuranyl containing, Pacman-shaped complexes,
Cu2L and Pd2L,15 for comparison). However, the absorption in each
complex at 811 cm-1 (2), 804 cm-1 (3), and 807 cm-1 (4), observed
in the Raman spectrum, is absent in the similarly Pacman-shaped
complex, Cu2L, see Figure 2. Therefore, we can assign this
absorption to the uranyl unit. The simplest, symmetrical [UO2]2+

cation [UO2(OH2)5]2+ has a symmetricV1 stretch at 870 cm-1 in
the Raman spectrum;16 theV1 stretch for [Na(thf)2][UO2{N(SiMe3)2}3]
is 805 cm-1 and that forA at 785 cm-1.

In conclusion, these complexes are the first molecular transition
metal uranyl adducts, that is, cation-cation complexes between
transition metals and the uranyl cation, and also the first uranyl-
metal complexes that retain their integrity in solution. The MnII

complex2 exhibits a significant lengthening of theendouranyl
oxo bond, and the corresponding UO2 stretching vibrations are
weakened. Significantly, the transition metal cations presented in
this study are common in both minerals and uranium wastes, and
iron is often implicated in uranyl reduction chemistry in vitrified
materials and geological samples.17

We hope that these molecular cation-cation complexes will
allow access to the selective chemical reactivity of one uranyl
oxygen.
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Figure 1. Displacement ellipsoid drawing of2 (isostructural with4) with
50% probability ellipsoids. (a) Front view and (b) side view. Hydrogen
atoms and lattice solvent molecules are omitted for clarity. Selected distances
(Å) are in Table 1.

Table 1. Comparison of Selected Single Crystal Diffraction,
Spectroscopic, and Magnetic Data for Complexes 1-4

bond lengths (Å)a υUO2
b (cm-1) µeff

c (µB)

no. M U−O2 U−O1 M−O1 Raman 80 K 300 K

1 1.766(4) 1.790(4) 817
2 Mn 1.768(5) 1.808(4) 2.163(4) 811 5.25 5.40
3 Fe 804 4.99 5.24
4 Co 1.771(6) 1.784(6) 2.084(6) 807 4.10 4.27

a Single-crystal X-ray diffraction data.b Uranyl stretch.c SQUID mag-
netometer.

Figure 2. Raman spectra for the complexes2 to 4 in the fingerprint region
Mn ) 2, Fe ) 3, and Co) 4.
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