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The synthesis and characterization of U(IV) and Np(IV) selenium 

bis(phenolate) complexes are reported. The reaction of two 

equivalents of the U(IV) complex with p-benzoquinone results in 

the formation of a U(V)-U(V) species with a bridging reduced 

quinone. This represents rare examples of high-valent uranium 

chemistry as well as a rare example of a neptunium aryloxide 

complex. 

 

The coordination chemistry and reactivity of the actinides offer 
insight into their structure and bonding, which in turn improves our 
understanding of the behaviour of these elements especially with 
regard to the nuclear fuel cycle. Transuranic actinides are 
particularly understudied even compared with lighter actinides due 
to the difficulty in obtaining these elements and the infrastructure 
required to handle these elements safely. 

Alkoxide and aryloxide ligands have served a significant role in 
advancing our understanding of actinide chemistry.  The highly 
electronegative oxygen atoms provide a more ionic interaction with 
the actinide which enhances the stability of the resulting 
complexes.  Oxygen-based ligands have demonstrated the ability to 
isolate complexes with U(II),1 U(III),2-4 U(V),5 and U(VI),6 but 
especially with respect to tetravalent actinides.7-12 

We recently examined the structure of diamagnetic complexes 
with the selenium bis(phenolate) ligand, [(4,6-tBu2C6H2O)2Se]2-, 
ArOSeOAr.13 This dianionic, chelating ligand effectively stabilizes 
tetravalent metal complexes of Ti, Zr, Hf, Ce, and Th, and we 
endeavoured to extend this study to uranium and neptunium. 
Herein, we report the synthesis of the U(IV) and Np(IV) complexes. 
The reactivity of these complexes with p-benzoquinone has been 
explored. With U(IV), this reaction affords a dinuclear U(V)-U(V) 
compound bridged by p-hydroquinone dianion. However, the 
addition of p-benzoquinone to the Np(IV) species produces no 
reaction. The magnetic, spectroscopic, and structural properties of 
these complexes are detailed. 

The salt metathesis reaction of UCl4 with two equivalents of 
K2(ArOSeOAr) in THF resulted in an emerald green solution, eqn (1). 
The 1H NMR spectrum showed paramagnetically shifted resonances 
between 15.2 and -10.3 ppm. X-ray quality crystals were grown 

from a saturated toluene solution at -20 °C. Analysis of a single 
crystal revealed the U(IV) complex, U[ArOSeOAr]2(THF)2, 1, Figure 
S11. The THF molecules in complex 1 are labile, and when exposed 
to vacuum for extended periods of time, the unsolvated complex is 
observed by 1H NMR spectroscopy. 
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Similar to the previously reported thorium analogue, 1 displays a 

highly distorted octahedral geometry where the phenolic oxygen 
atoms are cis to one another.13 Additionally, one selenium atom is 
above the aromatic rings while the other is below. The U-Ophenoxide 
bond distances range from 2.185(4)-2.223(4) Å and compare well 
with other uranium aryloxide complexes. For example, U(O-2,6-tBu-
C6H3)4

14
 and [U(salan-tBu2)2]10 have U-O bond distances of 2.135(4) 

Å and 2.219(2)-2.263(2) Å, respectively. The U-Se distances are 
3.2606(6) and 3.1642(6) Å, which are longer than the sum of the 
covalent radii (∑ = 2.86 Å)15 suggesting no interaction exists 
between the selenium atom and the uranium centre.  

The magnetic susceptibility of 1 is typical of U(IV). The magnetic 
moment of the ground state can be determined from the value of 
χT vs T extrapolated to 0 K. For 1, χT is zero at 0 K, so the ground 
state is a singlet and only displays temperature independent 
magnetism, which is typical for U(IV) in low symmetry. χT is linear in 
T to 20 K, which indicates that the first excited state is 
approximately 40 to 60 K (27 to 40 cm-1) above the ground state. 

The nominal ground state of U(IV) is 3H4 in Russell-Saunders 
coupling. Bonding in U(IV) is expected to be largely ionic due to 
poor energy match between the metal and ligand orbitals. The 
Russell-Saunders ground state of U(IV), 3H4, is split by the ligand 
field into 9 substates characterized by mJ = 4, 3, 2…-4, which will be 
mixed by the crystal field due to the ligands. The free ion moment 
of 3H4 when all the mJ substates are equally thermally populated, is 
3.6 µB, which is considerably greater than that of 1 at room 
temperature, 2.5 µB. The low value of µeff for 1 indicates that the 
total splitting of 3H4 ground state by the crystal field is greater than 
kT at room temperature (200 cm-1).  

The synthesis of Np[ArOSeOAr]2(THF)2, 2, as a yellow powder, was 
achieved using a similar route as for 1, eqn (1). Crystallization from 
a concentrated toluene solution at -35 °C gave X-ray quality crystals, 
Figure 1. The structural characterization of 2 revealed a six-
coordinate, highly distorted octahedral Np4+ metal centre nearly 
isomorphous with 1. Like 1, the selenium bis(phenolate) ligands are 
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arranged with the phenolic oxygen atoms cis to one another. The 
Np-Ophenoxide bonds range from 2.168(9) to 2.228(11) Å and are 
shorter than the Np-O bonds found in the β-diketonate Np(FOD)4, 
(FOD = 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione), 
2.290(7)-2.347(5) Å16 and slightly longer than the Np-O bond 
distance in (C5H5)3Np(OPh), 2.136(7) Å.17 The Np-Ophenoxide bond 
lengths in 2 are also much shorter compared to Np(IV) 
glutaroimide-dioxime complexes recently reported at 2.355(2) and 
2.350(2) Å and between 2.389(2)-2.405(2) Å.18 The Np-Se distances 
of 3.1289(15) and 3.2287(17) Å are larger than the sum of the 
covalent radii of 2.87 Å15 as observed for 1. Despite the prevalence 
of actinide aryloxide complexes,7 the only other structurally 
characterized neptunium alkoxide or aryloxide is (C5H5)3Np(OPh). 

 

 
Figure 1. Thermal ellipsoid plot of one of the two independent 
molecules of 2 shown at the 50% probability level; the other 
molecular is very similar. The O2-Np-O4 angles are 81.8(4)° in each 
molecule. The tert-butyl groups, hydrogen atoms, and solvent 
toluene molecules have been omitted for clarity. 
 

The magnetization of 2 decreases sharply at low temperatures, as 
illustrated in Figure 2. However, the field dependent at low 
temperature indicates that the decrease is due to saturation rather 
than coupling. The data of 2 from 25 K to 150K at magnetic fields 
0.1 T, 0.5 T, 1 T and 2 T were used to determine the magnetic 
susceptibility of 1.67 µB at 0 K. The Russell-Saunders coupling 
ground state of Np(IV), 4I9/2, is split by the ligand field into 10 
substates characterized by mJ = 9/2, 7/2, 5/2…-9/2, which will be 
mixed by the crystal field due to the ligands. Once the ligand field is 
considered, the 4I9/2 state will split into 5 Kramers doublets. In 2, the 
first energy of the first excited doublet is approximately 200 - 300 
cm-1 above the ground state as determined from the temperature 
at which the plot of χT vs. T deviates from linearity. Interestingly, 
the first excited state in the Np(IV) compound is much higher in 
energy than the first excited state in U(IV). Although Np(IV) 
complexes have the potential to exhibit single molecule magnet 
behaviour,19,20 2 does not display a hysteresis in the magnetization 
vs. field measurements at 2K, Figure S5. 

The EPR spectrum of 2 is shown in Figure 3 along with spectrum 
simulated using EasySpin21 and the parameters given in Table S4. 
The sharp feature at 300 mT (g = 2) is due to a minor contribution 
from organic radical impurities. The simulated spectrum is in 
general agreement with the experimental spectrum. The largest 
discrepancy is the position of the two peaks at ~175 mT and ~190 

mT. In addition, the linewidths of the features above 400 mT are 
too narrow in the simulation. Given these differences, it is possible 
that the simulation represents a local minimum rather than the best 
fit; however, the largest g and A values, 2.85 and 5134 MHz must be 
close to the correct values due to the position of the low field 
peaks. The g-values are related to µeff of the ground state by 4µeff

2 = 
g1

2 +g2
2 + g3

3 for effective spin = 1/2. In 2, the EPR spectrum is 
consistent with a ground state magnetic moment of 1.65 µB, which 
is in excellent agreement with the value determined by magnetic 
susceptibility, 1.67 µB.  

 

 
Figure 2. Variable temperature magnetic susceptibility of 2 from 10 
K to 300 K (top) and 3 at 1T from 10 K to 300 K (bottom).  

 

 
Figure 3. EPR spectrum and simulation for 2. The 300 mT (g = 2) 
signal has 0.04% of the intensity of the Np-237 signal. 

 
While Np(IV) is generally EPR active, EPR studies of Np(IV) 

compounds are rare.22-31 The paucity of EPR studies is due in part to 
the very strong hyperfine coupling between the unpaired electron 
and the large nuclear moment of Np. Accurate determination of the 
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spin Hamiltonian parameters g and A from the fields of spin 
transitions requires use of the Breit-Rabi formula.25 For simulation 
of the spectrum, diagonalization of the full spin Hamiltonian is 
required, which was accomplished here using EasySpin.21 As noted 

by Poirot et al.,
23

 the values of Ai/gi are relatively constant for 
Np(IV) and vary from 1807 MHz to 1869 MHz. In 2, these values are 
1779 MHz, 1995 MHz, and 1805 MHz. The first and last are in the 
range expected for Np(IV) although the value of 1995 MHz is slightly 
greater than expected. The discrepancy likely indicates the 
uncertainty in the g and A values for this component, 1.632 and 
3256.5 MHz, respectively. Attempting to change either g or A for 
this component resulted in a much poorer simulation of the 
experimental spectrum. While the g-values can reveal details of the 
electronic structures of Np complexes,23,25,26,28,31-33 this typically 
requires at least axial symmetry for meaningful discussion. The low 
symmetry of the Np(IV) site in 2 precludes such an analysis. 

Inspired by the use of p-benzoquinone to oxidize Ce(III) to 
Ce(IV),34,35 as well as uranium bridging quinone structures,36 the 
reaction of 1 with 0.5 equivalents of p-benzoquinone was 
examined. It resulted in a colour change from green to black. The 1H 
NMR spectrum showed four resonances ranging from 9.73-1.25 
ppm. Black, X-ray quality crystals were grown from a concentrated 
solution of toluene to reveal the structure as 
{U[ArOSeOAr]2(THF)}2(μ2-OC6H4O), 3, Figure 4. The structure of 3 has 
the same coordination as 1 except for the addition of the bridging 
benzoquinone and loss of one THF molecule. To confirm the 
uranium oxidation state, electronic absorption spectroscopy was 
employed. A weak, sharp f-f transition was observed at 1488 nm (ε 
= 136.6 M-1 cm-1) indicative of U(V), Figure S10. 

 
Figure 4. Thermal ellipsoid plot of 3 shown at the 50% probability 
level. The tert-butyl groups and hydrogen atoms have been omitted 
for clarity. The (μ2-OC6H4O) moiety lies about an inversion centre. 
 

The U-Ophenoxide bond distances of 1, 2.185(4)-2.223(4) Å), 
contract upon oxidation to 3, 2.163(3)-2.140(3) Å. The U-Ophenoxide 
distances in 3 are longer than the 2.02-2.03(1) Å found for the 
terminal U-OiPr distances in the U(V/V) dimer, U2(OiPr)10, and 
shorter than the 2.28-2.29(1) Å of the bridging U-OiPr bonds.37 

These distances are similar to those of U(V) aryloxide, [U(OtBu)6]1-, 
2.05(1)-2.24(1) Å.38  

The magnetic susceptibility of 3 is surprising. As illustrated in 
Figure S8, χT is linear from 10 K to 300 K, which indicates that only a 
single state is occupied or that multiple states are occupied, but 
their splitting is very small, < 2 K (1.2 cm-1). Bonding in U(V) is 
expected to be more covalent than in U(IV) due to a better energy 
match between the metal and ligand orbitals; consequently, the 
ligand field in 3 expected to be strong relative to 1. The ground 

state of U(V) is 2F5/2, which consists of 6 substates with mj = -5/2, -
3/2, …, 5/2. The ligand field will mix with these substates based on 
the site symmetry of the U ion. In this case, the uranium centre has 
low symmetry, and the 2F5/2 state will split into 3 Kramers doublets. 
The magnetic moment of each Kramer’s doublet is directly related 
to mJ as shown in Table S2. The measured ground state moment of 
3 is ~0.85 µB per U center, which is not in agreement with any of the 
“pure” mJ states. Given the low symmetry at the U centre and the 
fact that the relatively strong crystal field of U(V) will strongly mix 
the mJ states, this result is not particularly surprising.  

The most interesting aspect of the magnetic susceptibility of 3 is 
that only a single crystal field state is significantly occupied below 
300 K, which is unusual for an actinide or lanthanide complex. In 
addition, the unpaired electrons on the two uranium centres are 
weakly exchange-coupled with 2J = -0.9 K/kB (-0.6 cm-1).39-41 This 
could be the reason why 3 was found to be EPR silent. The U1-O5-
C57(quat) bond angle is 151.3(2)° deviates greatly from linearity, so 
this weak coupling is not surprising. 

When the reaction of 2 with p-benzoquinone was attempted, no 
change was observed. The standard reduction potentials of p-
benzoquinone, UO2

+ and NpO2
+ are 0.7 V, 0.45 V and 0.60 V, 

respectively.42 Since Np(IV) is more difficult to oxidize than is U(IV), 
the potentials of p-benzoquinone and Np(V) are similar, and Np(V) 
aryloxide have been reported as being unstable,12 this reaction 
between 2 and p-benzoquinone is not favourable.  

The synthesis and spectroscopic characterization of U(IV) and 
Np(IV) aryloxides as well as their magnetism has been 
accomplished. This is the first Np(IV) EPR spectrum reported since 
2004, and only the second Np(IV) aryloxide complex structure 
published to date. The reactivity of these complexes with p-
benzoquinone has been studied. The U(IV) complex affords a rare 
dinuclear U(V)-U(V) compound, while the Np(IV) complex does not 
react. Overall, this represents a rare comparison of the reactivity of 
uranium and an element to the right of it in the periodic table. 
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