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Abstract: The low-temperature (<�35 8C) reduction of the
trivalent uranium monoarene complex [{(Ad,MeArO)3mes}U]
(1), with potassium spheres in the presence of a slight excess of
2.2.2-cryptand, affords the quantitative conversion of 1 into the
uranium(II) monoarene complex [K(2.2.2-crypt)]-
[((Ad,MeArO)3mes)U] (1-K). The molecular and electronic
structure of 1-K was established experimentally by single-
crystal X-ray diffraction, variable-temperature 1H NMR and
X-band EPR spectroscopy, solution-state and solid-state
magnetism studies, and optical absorption spectroscopy. The
electronic structure of the complex was further investigated by
DFT calculations. The complete body of evidence confirms
that 1-K is a uranium(II) monoarene complex with a 5f 4

electronic configuration supported by d backbonding and
that the nearly reversible, room-temperature reduction
observed for 1 at �2.495 V vs. Fc/Fc+ is principally metal-
centered.

The rich redox chemistry of uranium and the middle actinide
(U–Am) elements stands in stark contrast to the more limited
redox chemistry of the early actinides and the lanthanides.[1]

This dichotomous behavior is often attributed to the decrease
in energy of the 5f orbitals across the actinide series and the
small gap between the 5f orbitals and the 6d orbitals (ca.
300 cm�1 between U and Am).[1,2] In the lanthanides, the
analogous gap between the 4f and 5d orbitals is greater (ca.
200 to 20000 cm�1 increasing from left to right),[1, 3] and
consequently, in conjunction with the smaller radial extent of
the 4f orbitals, the redox chemistry of the lanthanides is
significantly more limited. The identification and compre-

hensive analysis of a new, low-valent uranium oxidation state
provides a tool to probe these key aspects of orbital energy
and radial extent necessary to understand the redox behavior
and electronic structure of the middle actinide (U–Am)
elements.

Divalent uranium has previously been identified in a neon
or argon matrix in the reaction of U with CO2 to give OUCO
and in the reaction of U with S to give molecular US.[4]

Additionally, potential formal divalent uranium has been
identified in the solid-state material US.[5] However, the
magnetic properties of this material suggest that electrons are
delocalized in the conduction band. Gas-phase experimental
data and calculations indicate that for U2+ the 5f4 config-
uration is slightly (210 cm�1) lower in energy than the 5f3 6d1

configuration for the free ion.[2a–c] Given the small splitting
between the d and f orbitals for atomic U2+, the ligand sphere
in a potential molecular complex is expected to play
a dominant role in determining the ground-state electronic
structure.

Synthetic studies aiming to identify a molecular, divalent
uranium complex have been pursued since at least 1980.[6]

Early studies established that [{Cp*2UCl}3], Na[Cp*2UCl2],
and [Cp*3U] can serve as synthetic equivalents for the
divalent complex [Cp*2U] under appropriate conditions
(Cp* = C5Me5).[7] However, no spectroscopic, crystallo-
graphic, or electrochemical evidence for such a divalent
intermediate species was ever obtained.[7c,8] In 2000, a new
structural motif in uranium chemistry was identified with the
isolation of the diuranium, inverted arene complexes
[{(Ar(R)N)2U}2(m2-h6:h6-arene)] (R = tBu or Ad, Ar = 3,5-
C6H3Me2) and [{(Cp*2U}2(m2-h6:h6-C6H6)].[9] One possible
formulation of these complexes includes the assignment of
the formal oxidation state of two uranium(II) centers and
a bridging neutral arene.[10] While synthetic studies indicated
that these complexes could behave as four-electron reduc-
tants, subsequent, elaborate spectroscopic studies have es-
tablished that the complexes incorporate two uranium
centers, each with two solely f electrons, and a bridging,
diamagnetic arene tetraanion which binds through covalent
d bonds to each uranium center, thus giving a resultant
spectroscopic oxidation state at each U ion of U3+.[11]

Recent work has expanded the known canonical oxidation
states of the lanthanides[3b, 12] by extending the methodology
for the isolation of the elusive thorium(III) oxidation state in
[(Cp(1,3-SiMe3))3Th][13] to the reduction of derivatized tris-Cp
(Cp = cyclopentadienide) complexes of trivalent lanthanides.
This coordination geometry seems to favor a 4f n 5d1

electronic configuration with the added electron residing in
a dz2 orbital to decrease interaction with the equatorial ligand
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sphere. Applying this approach to uranium has resulted in the
isolation of a U2+ complex with a 5f36d1 ground state as
assigned by XRD, UV/vis, and TD-DFT.[14]

Our approach employs a chelating tris(aryloxide) arene
uranium(III) complex, [{(Ad,MeArO)3mes}U] (1).[15] This che-
lating ligand system enables d backbonding between uranium
and the arene and solubilizes the monoarene complex.[16] We
have previously shown that derivatives of the uranium(III)
monoarene complex 1 engage in two covalent d bonds with
the p* orbitals of the arene base, each partially occupied with
a single electron.[17]

The nearly reversible reduction observed for 1 at
�2.495 V vs. Fc/Fc+ at room temperature suggested that this
initial reduction product could be isolated and fully charac-
terized under appropriate conditions.[15] To this end, it was
found that adding potassium spheres to a chilled (�35 8C)
deep purple solution of 1 and 2.2.2-cryptand in THF and
allowing it to stand overnight (12–15 h) at �35 8C, led to
quantitative conversion into a single new, deep red/brown
species, namely [K(2.2.2-crypt)][((Ad,MeArO)3mes)U] (1-K ;
Scheme 1).

Executing this procedure in [D8]THF, followed by rapid
decantation from the potassium into a pre-chilled (approx.
�100 8C) J. Young tap NMR tube and, in turn, rapid
introduction to a prechilled (�40 8C) spectrometer, allowed
for variable-temperature 1H NMR measurements. These
studies confirmed the quantitative formation of a single
new, C3-symmetric complex, 1-K (Figure 1 and Figures S1, S3,
and S4 in the Supporting Information). The spectrum of 1-K
at �40 8C features nine resonances, which are attributable to
the uranium anion [((Ad,MeArO)3mes)U]� , between d = 27.65
and �6.10 ppm and three broad resonances for the cation

[K(2.2.2-crypt)]+ (one of which overlaps with the anion
resonances).[18] Warming a solution of 1-K to room temper-
ature leads to the rapid conversion (< 10 min. in solution,
< 3 h in solid-state) into a previously characterized arene
functionalized product (2), as determined by 1H NMR
spectroscopy and XRD (see Figures S2 and S15 in the
Supporting Information).[15] Having demonstrated the quan-
titative conversion into 1-K in solution below �35 8C,
qualitative UV/vis spectra were recorded for 1 and 1-K
between l = 400 and 1650 nm (see Figure S5 in the Support-
ing Information). Upon reduction, the fine structure observed
for 1 is lost and a single broad absorbance at ca. l = 600 nm is
observed with weak f–f transitions observed between l = 1100
and 1650 nm (see Figure S6 in the Supporting Information).

To gain further insight into the molecular and electronic
structure 1-K, its solid-state molecular structure was deter-
mined by X-ray diffraction of crystals of 1-K·C4H10O (Fig-
ure 2a and Table 1). These crystals were obtained by the
diffusion of diethyl ether into a 1:1 THF/DME solution of 1-K
at �35 8C. The complex 1-K·C4H10O crystallizes in the cubic
space group P213 with both the complex anion and cation
lying on crystallographic threefold axes. The molecular
structure of the anion [{(Ad,MeArO)3mes}U]� in 1-K is very
nearly superimposable with [{(Ad,MeArO)3mes}U] in the
molecular structure of 1 (Figure 2b).[15] In comparison to
the room temperature chemical reduction of 1, the benzylic
C�C bonds of 1-K are identical to those in 1 (1.515(7),
1.536(7), and 1.497(8) �) and are not shortened (which would
be indicative of H-atom rearrangement). Additionally, the

Scheme 1. Synthesis of the anion of 1-K.

Figure 1. 1H NMR spectra of 1 (top) and 1-K (bottom) in [D8]THF at
�40 8C.

Figure 2. a) ORTEP representation of 1-K with thermal ellipsoids at
50% in crystals of 1-K·C4H10O with hydrogen atoms and cocrystallized
solvent removed for clarity.[28] b) Overlay of [{(Ad,MeArO)3mes}U]� in 1-K
and [{(Ad,MeArO)3mes}U] in 1.[15]
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uranium is centrally located between the aryloxide arms with
a O-U-O angle of 111.49(8)8. Arene bonding is undisturbed in
1-K : the arene carbon atoms are planar and the C�C bond is
1.432(7) �, which is only 0.01 � longer than that in the U3+

precursor 1 (1.42 � (avg.)).
In contrast to the molecular structure of 1 and, most

importantly, indicative of a metal-centered reduction, the
uranium out-of-plane shift increases from 0.475(2) to
0.668(2) � for 1-K. This change is also reflected in the U�O
bond lengths. In 1-K, the U�O bond length increases to
2.236(4) � in comparison to 2.168(2) � (avg.) for 1. In line
with the lengthening of the U�O bond in 1-K, the U�C bond
length and U–arene centroid distance contracts from 2.749(3)
(avg.) and 2.35 � in 1 to 2.615(5) (avg.) and 2.18 � in 1-K.
This synergistic contraction of the U–arene centroid distance
is indicative of the change in charge distribution between the
uranium ion and the arene ligand upon reduction and could
be indicative of slightly stronger covalent and/or ionic
interaction in 1-K than in 1, a conclusion which is further
supported by DFT calculations (see below).

To shed light on the electronic structure of 1 and its one-
electron reduction product 1-K, density functional calcula-
tions[19] on 1 and its monoanion 1� were performed. As
a precaution, it should be noted that the electronic structure
of actinide complexes, and in particular the prediction of spin
density distributions, which are of crucial importance here,
poses a difficult problem for present-day density functional
approximations.[20] In addition, relativistic effects should be
taken into account. Herein, we report results from scalar-
relativistic calculations[21] as well as calculations including
spin-orbit interactions[22] on 1 and one-electron reduced 1� .
To arrive at a picture as robust as possible, we have used and
compared four different exchange-correlation functionals in
the scalar-relativistic calculations (see the Supporting Infor-
mation for computational procedures and additional
results).[23] Noteworthy, while the results obtained with
various functionals differ in details, the qualitative results
are self-consistent. Hence, the results qualitatively hold for all
functionals. The geometry-optimized structures and metrics
shown here have been obtained from scalar-relativistic
calculations using the BP functional, and the results obtained
with the other functionals can be found in the Supporting
Information.

In the scalar relativistic calculations, we have considered
the anion 1� in two different electronic configurations, those

featuring four (mS = 2) and two
(mS = 1) excess electrons in the
majority spin channel. The four
highest occupied spin orbitals in
the majority spin channel for the
mS = 2 configuration are depicted in
Figure S20 in the Supporting Infor-
mation. The two singly-occupied d-
bonding orbitals, which had been
described earlier in similar h6 arene
complexes,[17a, 24] can clearly be iden-
tified in 1� as well. Note that the
corresponding partner orbitals in
the minority spin channel (not

shown in Figure S20) are unoccupied. Furthermore, Fig-
ure S20 shows two U-centered f orbitals, which are likewise
singly occupied. In comparison, a corresponding calculation
for neutral 1 shows a similar electronic structure, including
both singly occupied d-bonding orbitals, but only one singly
occupied f orbital on U (not shown). In 1� , the electronic
structure obtained for the mS = 1 configuration qualitatively
differs from that of the mS = 2 configuration in that the spin of
one electron is flipped and one of the formerly empty d-
bonding spin orbitals becomes occupied, while one of the
f orbitals becomes vacant instead.

Single-point test calculations on 1� , using atomic positions
from the XRD geometry of 1-K, suggest that the mS = 2
system is slightly lower in energy by 16–19 kJ mol�1 than the
mS = 1 system for all four functionals considered here (see the
Supporting Information for details). Upon geometry optimi-
zation, the total energies of 1� in one of the two config-
urations (mS = 2 and mS = 1) in their respective optimized
geometries become virtually the same (see the Supporting
Information for details), that is, the two electronic config-
urations cannot be distinguished by the present density
functional calculations on energetic grounds alone. Table 1
shows selected structural parameters obtained for 1� in the
mS = 2 configuration, thus resulting in satisfactory agreement
with the experimental structure. Geometry optimizations of
1� in the mS = 1 configuration result in structures, which agree
less well with the experimental structure of 1-K (see Table S5
and Figure S22 in the Supporting Information). In particular,
the mS = 2 configuration results in a largely planar structure of
the h6 arene ring, in agreement with the XRD structure of 1-
K, while the mS = 1 configuration yields a significantly
distorted arene ring (a norboradiene type structure; see
Figure S22). Noteworthy, all calculations on 1� reproduce the
observed shorter U–arene distance by about 0.1–0.2 � upon
reduction of 1 to 1-K/1� (see Tables S3 and S5 in the
supporting Information).

To estimate the effect of spin-orbit coupling on the
electronic structure of 1� , we additionally performed two-
component relativistic DFT calculations[22] on 1� and 1 with
the heavy atom positions taken from the experimental XRD
structures of 1-K and 1 (see the Supporting Information for
details). Representations of the highest occupied and lowest
unoccupied spinors are shown in Figure 3a. These calcula-
tions all together support the electronic structure described
above for the scalar-relativistic calculations of the mS = 2

Table 1: Selected bond lengths [�] and angles [8] of 1,[15] 1-K, and 1� .

1 (XRD) 1-K (XRD) 1� (Calc.)[b]

U�O 2.158(2), 2.169(2), 2.178(2) 2.236(4) 2.233
U�Carene 2.729(3), 2.732(3), 2.737(3),

2.755(3), 2.767(3), 2.774(3)
2.597(5),
2.633(5)

2.639, 2.640, 2.640,
2.688, 2.689, 2.689

Carene�Carene 1.418(5), 1.425(5), 1.428(4),
1.417(5), 1.420(5), 1.428(5)

1.432(7),
1.432(8)

1.433, 1.439

Carene�Cbenzyl 1.529(5), 1.528(4), 1.523(5) 1.515(7) 1.524
Uoop

[a] 0.475(2) 0.668(2) 0.627
U�Cent. 2.35 2.18 2.24
]O-U-O 114.57(9), 113.91(9), 117.51(9) 111.49(8) 112.4, 112.4, 112.5

[a] Distance of U from the plane defined by the three O atoms along the normal. [b] Scalar-relativistic
DFT calculations with the BP functional in mS =2 configuration.
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configuration. However, the highest occupied spinor shows
some constructive overlap of a U-centered f orbital with
a high energy p* orbital of the h6 bound arene ring. Hence,
while the scalar DFT calculations on the full system 1� suggest
an essentially metal-centered reduction of 1 (see the Support-
ing Information), an inspection of the molecular orbitals and
the properties of the relevant spinors of 1� (including spin-
orbit effects) point to a mixed arene and U-centered
reduction (Figure 3a).[25]

Experimental support for the predicted S = 2, 5f4 ground
state in 1-K was obtained by X-band EPR. A spectrum of the
uranium(III) precursor 1, obtained at 20 K in toluene (Fig-
ure 3b), displays an anisotropic, nearly axial signal indicative
of a 4I9/2 (U3+, f3) ion with a doublet electronic ground state.
Simulation of the spectrum gives g values of 1.58, 1.46, and
1.20. Upon reduction, 1-K is EPR silent as expected for
a complex with a non-magnetic (or integer spin) ground state
(Figure 3b), whether it is a quintet or triplet state. The small
signal observed at g = 2.00 is due to solvated electrons
supported by [K(2.2.2-crypt)]+ necessary to quantitatively
generate 1-K in the presence of excess potassium (see the
Supporting Information for experimental details).[26]

Solid-state and solution-phase magnetism studies of 1-K
were also pursued. A non-standard method was required to
obtain a powdered sample for SQUID analysis. The complex
1-K was prepared in situ, as for the variable-temperature
1H NMR and UV/vis experiments, with a slight excess of the
2.2.2-cryptand in THF at �35 8C with potassium spheres. This
solution was then decanted and the THF removed in vacuo at
less than �40 8C to give a powder that was briefly warmed to
room temperature, massed, and then chilled prior to insertion
into the SQUID. As a result, there is residual diamagnetic
impurity resulting from the excess 2.2.2-cryptand and the
observed magnetic moment is low. For 1-K, at 300 K the
effective magnetic moment, meff, is 2.25 B.M. and decreases to
0.77 B.M. at 2 K (Figure 3c). The weak temperature-depen-
dent paramagnetism at very low temperature indicates an
integer spin ground state (Figure 3c, inset), which is in
agreement with the EPR studies (i.e. EPR non-active). While
there are no magnetism studies of U2+ complexes for
comparison, similar behavior has been described for an
octahedral 5f4, 5I4 complex, Cs2[PuCl6].[27]

In comparison to the precursor uranium(III) complex 1,
the reduced 1-K clearly possesses divergent temperature-
dependent paramagnetism at higher temperatures. Solution
magnetism studies on 1-K, performed using the method of
Evans, between �40 8C and �75 8C, match the temperature
dependency observed for the solid-state measurements and
indicate that the observed solid-state magnetic behavior is
from 1-K. As a result of the inclusion of solvated electrons (as
observed by EPR, vide supra), there is a residual para-
magnetic impurity in the measurements from the Evans
method and the observed magnetic moment is high (Fig-
ure 3c).

In summary, the identification and comprehensive anal-
ysis of a new formal oxidation state of molecular uranium
reveals the limitations of our knowledge about an element of
central economic and cultural importance. These spectro-
scopic, crystallographic, magnetic, and theoretical studies on
1-K indicate that a molecular uranium(II) complex with a 5f4,
5I4 ground state can be stabilized by employing a d-bonding
arene within a chelating aryloxide ligand framework. Addi-
tionally the isolation and thorough characterization of 1-K
establish that the nearly reversible reduction of 1 at �2.495 V
vs. Fc/Fc+ is principally metal-centered. Future studies will
explore the electronic structure of the complex by X-ray
absorption techniques and its reactivity with small molecules.

Figure 3. a) Representations of the four highest singly-occupied spi-
nors of 1� from DFT calculations with the BP functional, including
spin-orbit coupling. The relative energetic ordering of the four spinors
may differ with other exchange-correlation functionals as observed in
corresponding scalar-relativistic calculations. b) X-band EPR spectra of
1 in toluene and 1-K in THF at 20 K. See the Supporting Information
for simulation and spectrometer parameters. c) Temperature-depen-
dent SQUID magnetization data (at 1 T, 2–300 K) for 1 and 1-K,
plotted as a function of magnetic moment (meff )versus temperature,
and the data from the temperature-dependent Evans’ method for
15 mm 1-K (198–233 K, bottom). 1/c v. T data for 1-K plotted from
2–45 K (inset, see the Supporting Information for full T range).
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