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Divalent Lanthanides and Uranium

All the Lanthanides Do It and Even Uranium Does

Oxidation State + 2
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The rare-earth elements include the elements scandium,
yttrium, and the lanthanides (lanthanum through lutetium).
In compounds, they are all trivalent subject to their valence
electron configurations (n)d'(n+1)s*; the 4f" (n=1-14)
electrons of the lanthanoids (cerium through lutetium) act
as core-like electrons. About a century ago it was first
recognized that some of them can also be divalent (samarium,
europium, and ytterbium).!!' The elements neodymium,
dysprosium, and thulium were added to this list in the last
half of the twentieth century.”! All of these oxidation states
were first discovered as dihalides MX, in the solid state. It
took a while for solution (coordination and organometallic)
chemists to produce stable compounds with these elements.”!
The rare-earth elements in all of these compounds have an
electronic configuration of [Xe]4f*'5d°s’, and thus allow the
ionic formulation M**,

A configuration crossover to [Xe]4f'5d'6s” occurs for
lanthanum, cerium, praseodymium, and gadolinium in the
solid diiodides ML, These iodides then are two-dimensional
metals, the 5d electrons delocalize into a conduction band.
Trapping the d' electron in a localized state appears to be
possible only at low temperatures, as in ScgI, and maybe for
PrL-TV.! It was thus a great surprise when it was reported in
2008 that the 5d' configuration could be preserved in an
organometallic coordination compound. Three of the “super-
bulky” ligands (Cp”)” =(1,3-(SiMe;),CsH;)~ encapsulate
completely a La®" or Ce*" ion in the anion [M(Cp”);]~ with
a K* ion trapped in [2.2.2]crypt.l®)

This concept, namely to trap the 5d' electron in a spacious
anion and get it as far away as possible from an active cation
in an equally spacious complex cation utilizing excellently
coordinating cryptands or crowns, has been applied to
complete the series of divalent lanthanides as well as yttrium
in coordination chemistry” (Figure 1). For the synthesis, the
bulky neutral complexes [M(Cp');] (R=Y, Ho, Er; Cp' =
(CsH,SiMe;)) were reduced with potassium in the presence
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Figure 1. The divalent lanthanides M** (M= La-Lu) as well as yttrium
and uranium as they appear in molecular complexes with M*" in the
electronic configurations [Xe]4f""'5d%s° (blue) and [Xe]4f"5d'6s®
(Rn]5f%6d'7s° for U**) (red).

of 18-crown-6.*" As an alternative to 18-crown-6, the
cryptand crypt[2.2.2] was used to trap the K* ions even more
efficiently. The salts [K(crypt[2.2.2])]'[M(Cp’);]~ have higher
stability against decomposition with temperature. Reactions
were possible at room temperature in THF, provided that the
reaction time was short. Thereby the remainder M*" with M =
Pr, Gd, Tb, Lu were added and the list of divalent lanthanides
in molecular anionic complexes completed.”™

The next target in this race for new and low oxidation
states was that for an actinide, and especially uranium.
Although many attempts had been undertaken to isolate
compounds with divalent uranium with the electronic config-
uration [Rn]5£%6d°7s" or [Rn]5£%6d'7s", the only one that
comes close in the solid state is Na,sUCl;, a chloride with
metallic luster and Na® cations in the channels along [001] in
the hexagonal UCls-type structure.®! By flash reduction of
[U(Cp');] in a column filled with KC; in the presence of
crypt[2.2.2], [K(crypt[2.2.2])][U(Cp’);] has now been isolated
as black/green crystals at —35°C.)

In the crystal structures of the isomorphous compounds
[K(crypt[2.2.2])][M(Cp’);] with M =Y, Pr, Gd, Tb, Ho, Er,
Lu, U as well as in the similar [K(crypt[2.2.2])][M(Cp”);] with
M =La, Ce, cations and anions are well separated with K*
and M*" both in the center of the bulky ligands. The mean
distances M—Cp'(centroid) for the series M =Pr, Gd, Tb, Y,
Ho, Er, Lu, ranging from 2.54 to 2.39 A, nicely reflect the
lanthanide contraction with Y** between Tb** and Ho?". The
averaged U—Cp'(centroid) distance is 2.52 A, which is close to
that for Pr—Cp’(centroid) (Figure 2).
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Figure 2. Ball-and-stick and space-filling representations of the anions
as they appear in the crystal structures of [K(crypt[2.2.2])][M(Cp’)5] with
M=Y, Pr, Gd, Tb, Ho, Er, Lu, U. C gray, Si green, M black.

[K(crypt[2.2.2])][U(Cp’);], in THF at 0°C, reduces dihy-
drogen to hydride, which is incorporated in the dark red U™
compound [K(crypt[2.2.2])][UH(Cp’)s], ruling out that [K-
(crypt[2.2.2])][U(Cp’);] was actually a U™ compound with
undetected hydride bound to the central uranium atom.

DFT calculations on a number of these compounds clearly
show that the SOMO is always a d orbital, 5d" in the case of
the divalent lanthanides and 6d' in case of U?*'. Thus, in
contrast to the 5f* configuration of U in the gas phase, in the
complex anion [U(Cp');]”, U*" has the electronic configu-
ration 51%6d". A representation of the 6d' SOMO is shown in
Figure 3.

The d' ground states of M?" in the salts [K(crypt[2.2.2])]
[M(Cp');] are consistent with their colors (UV/Vis absorption
spectra) as well as EPR spectra and magnetic susceptibility.
Aside from their physical properties, it is expected that they
will exhibit a rich one-electron reductive chemistry. Small
homo- and heteroatomic gas molecules such as H,, N,, CO,
CO, are obvious targets, especially in view of work that has
already been done in the group of Evans. For example,
reduction of Y(N(SiMe;),); with potassium in the presence of
18-crown-6 and carbon monoxide produces the radical anion
(CO)~, which is then incorporated in the colorless coordina-
tion polymer salt [K,(18-crown-6),][Y(N(SiMe;),);(u-
CO0),]." Byproducts exhibiting ynediolate formation or CO
insertion show that there is indeed rich and novel chemistry
out there to explore.
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