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ABSTRACT: The synthesis of molecular uranium complexes in oxidation states lower than +3 remains a challenge despite the 
interest for their multielectron transfer reactivity and electronic structures. Herein, we report the one- and two-electron reduction of 
a U(III) complex supported by an arene-tethered, tris(siloxide) tripodal ligand leading to the mono-reduced complexes, 
[K(THF)U((OSi(OtBu)2Ar)3-arene)(THF)] (2) and [K(2.2.2-cryptand)][U((OSi(OtBu)2Ar)3-arene)(THF)] (2-crypt), and to the di-re-
duced U(I) synthons, [K2(THF)3U((OSi(OtBu)2Ar)3-arene)]∞ (3) and [(K(2.2.2-cryptand))]2[U((OSi(OtBu)2Ar)3-arene)] (3-crypt). 
EPR and UV/Vis/NIR spectroscopies, magnetic, cyclic voltammetry, and computational studies provide strong evidence that complex 
2-crypt is best described as U(II), where the U(II) is stabilized by  d-bonding interactions between the arene anchor and the uranium 
frontier orbitals, whereas complexes 3 and 3-crypt, are best described as having a U(III) ion supported by the di-reduced arene anchor. 
Three quasi-reversible redox waves at E1/2 = -3.27, -2.45, and -1.71 V were identified by cyclic voltammetry studies, and were as-
signed to the U(IV)/U(III), U(III)/U(II) and U(II)/U(III)-(arene)2- redox couples. The ability of complexes 2 and 3 in transferring two- 
and three-electrons, respectively, to oxidizing substrates was confirmed by the reaction of 2 with azobenzene (PhNNPh) leading to 
the U(IV) complex, [K(Et2O)U((OSi(OtBu)2Ar)3-arene)(PhNNPh)(THF)] (4), and of complex 3 with cycloheptatriene (CHT), yield-
ing the U(IV) complex, [(K(Et2O))2)U((OSi(OtBu)2Ar)3-arene)(h7-C7H7)]∞ (6). These results demonstrate that the arene-tethered 
tris(siloxide) tripodal ligand provides an excellent platform for accessing low-valent uranium chemistry, while implementing mul-
tielectron transfer pathways as shown by the reactivity of complex 3, which provides the third example of a U(I) synthon. 

INTRODUCTION 
Recent advances in molecular f element chemistry have signif-
icantly extended the number of oxidation states accessible in 
molecular complexes of the 4f and 5f elements.1-15 Notably, mo-
lecular complexes of uranium were only known in oxidation 
states ranging from +3 to +6 before identification in 2013 by 
Evans and coworkers of the first formal U(II) ion in a crystalline 
molecular complex based on cyclopentadienyl ligands,16 while 

the first complex of uranium in the formal +1 oxidation state 
was very recently identified in 2022 by Layfield and cowork-
ers.12 In the last ten years, several other cyclopentadienide com-
plexes of U(II) were synthesized.17-20 However, isolation of ura-
nium complexes in the +2 oxidation state still remains very 
challenging, even when the +2 oxidation state is electrochemi-
cally and chemically accessible,21-22 where the presence of U(II) 
could be confirmed by spectroscopic and computational stud-
ies.17, 22, 23  Notably, transient U(II) species were obtained by 



 

reduction of the heteroleptic U(III) complexes, 
[(C5Me5)2UIII(N(SiMe3)2)] and [(C5Me5)UIII(N(SiMe3)2], which 
rapidly formed U(III) C−H bond activation products.24 
To date, only four additional ligand systems led to the isolation 
of U(II) complexes, 19,25-27 and generally, the reactivity studies 
of U(II) complexes remain extremely rare. Notably, the possi-
bility of further reduction of an isolated U(II) complex was so 
far only demonstrated in a single case, which led very recently 
to the identification of the first formal U(I) molecular 

compound, [K(2.2.2-cryptand)][U(η5-C5
iPr5)2].20, 12 All other 

reported U(II) complexes were produced by reduction of the 
analogous U(III) complex with excess alkali reducing agent, 
suggesting that lower redox states were not accessible. In a re-
cent report from J. Arnold and coworkers, the reduction of the 
amidate-supported U(III) mono(arene) complex, [U{N-(2,6-di-
isopropylphenyl)-pivalamido}3], with excess reducing agent, 
was found to result in a two-electron reduction, accompanied 
by loss of one ligand.27 

Scheme 1. Reactivity of complexes 1, 2, 3, and 2-crypt with reducing agents and/or 2.2.2-cryptand.  

 
 
The resulting anionic bis(arene) complex, [K(2.2.2-
cryptand)][U{N-(2,6-di-isopropylphenyl)-pivalamido}2], was 
described as a U(II) ion supported by a ligand framework with 
a mono-reduced arene, but reacted as a U(I) synthon behaving 
as a three-electron transfer reagent. In contrast, three-electron 
processes were not available for the only example of an isolated 
U(I) complex, most likely due to the high stability of the U(II) 
analogue.12 It should be noted that arene ligands have been uti-
lized to bind and stabilize uranium in low oxidation states.28-33 
A distinct class of arene-bound uranium complexes, inverse-
sandwich complexes, in which two uranium ions are bridged by 
an arene,34-40 have been isolated in different oxidation states, in-
cluding the seminal reports of uranium complexes in a +2 for-
mal oxidation state, [{(C5Me5)2U}2(μ-η6:η6-C6H6)]34 and (μ-
C7H8)[U(N[R]Ar)2]2.35 Although these complexes are better de-
scribed as U(III)-(arene)2--U(III) species, they were found to act 
as U(II) synthons, effecting multielectron transfer reactions. In 
contrast, the use of an arene anchor for tethering aryloxide lig-
ands resulted in the controlled synthesis of U(III) complexes 
with unusual stoichiometric and catalytic reactivity,41-42 and led 
to the identification of the first U(II) stabilized by d-back bond-
ing interactions, which was obtained in the presence of excess 
reducing agent.25 Cyclic voltammetry studies indicated that ac-
cess to lower oxidation states was unlikely in this ligand system, 
which was in part due to the observed ligand-based reactivity in 
the utilized conditions.43-44  
Very recently, we reported the two- and three-electron reduc-
tion of a oxo-bridged diuranium(IV) complex supported by 
monodentate triphenylsiloxide (–OSiPh3) ligands, 
[{(Ph3SiO)3(DME)U}2(μ–O)]. The two- and three-electron re-
ductions of the U(IV)/U(IV) complex resulted in ligand 

migration, yielding formal “U(II)/U(IV)”, and “U(I)/U(IV)” 
complexes, respectively, where the U(II) and U(I) synthons are 
stabilized by uranium-arene δ-bonding interactions. Two-elec-
tron redox reactivity was reported for the reduced complexes, 
but the involved ligand rearrangement which limited the system 
versatility.45 
Considering the ability of siloxide ligands to stabilize uranium 
in low oxidation states,38, 46, 45 their high stability both in reduc-
ing47 and oxidizing conditions,46, 7, 10 and their ability to support 
original reactivity with small molecules,38, 48-49 we reasoned that 
a tris(siloxide) arene-anchored tripodal ligand may allow access 
to lower oxidation states, while promoting unprecedented re-
dox-reactivity. Indeed, we very recently showed that the 
tris(tert-butoxy)siloxide arene can stabilize cerium complexes 
in four states of charge.50 Herein, we report the synthesis of the 
neutral tris(tert-butoxy)siloxide arene U(III) complex, 
[U((OSi(OtBu)2Ar)3-arene)(THF)] (1), and demonstrate that 
this complex undergoes two quasi-reversible redox processes. 
Chemical reduction by one-electron afforded a new U(II) com-
plex, supported by d-bonding interactions with the arene an-
chor, which can be further reduced to yield a complex that is 
best described as a U(III)-(arene)2- species, but acts as a U(I) 
synthon by transferring three-electrons to cycloheptatriene 
(CHT). 

RESULTS AND DISCUSSION 

Synthesis of uranium tripodal siloxide complexes 
At first, we investigated the synthesis of the neutral tris(tert-
butoxy)siloxide arene U(III) complex, [U((OSi(OtBu)2Ar)3-
arene)(THF)] (1), by protonolysis (Scheme 1). Addition of 1.0 
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equiv. of [U(N(SiMe3)2)3] to 1.0 equiv. of the (HOSi(OtBu)2Ar)3-
arene50 ligand in THF at room temperature, resulted in a color 
change from purple to dark brown-red. Analysis of the reaction 
mixture by 1H NMR spectroscopy indicated the disappearance of 
the precursor [U(N(SiMe3)2)3] and concomitant formation of 
HN(SiMe3)2. Brown-red needles of complex 1 were obtained from 
a concentrated THF solution at -40 °C in 84% yield. The room tem-
perature 1H NMR spectrum of isolated complex 1 displays reso-
nances at d 2.56, 3.02, 3.72, 4.90, 9.49, and 10.68 ppm 

corresponding to the aryl/arene and –OSi(OtBu)2 moieties. The 
solid-state molecular structure of complex 1 was determined by X-
ray diffraction studies, and shows the presence of a neutral 
[U((OSi(OtBu)2Ar)3-arene)(THF)] complex (Figure S34). The 
U(III) ion is centrally located in the core of the tris(tert-butoxy)si-
loxide ligand with U1–Osiloxide bond distances of 2.182(3)-2.214(3) 
Å and O–U1–O bond angles of 113.08(11)-122.04(12)°.

 
Figure 1. Molecular structures of (a) [K(THF)U((OSi(OtBu)2Ar)3-arene)(THF)], 2, (b) the anion [U((OSi(OtBu)2Ar)3-arene)(THF)]- in 2-
crypt, (c) [K2(Et2O)U((OSi(OtBu)2Ar)3-arene)]3, 3b, (d) the anion [U((OSi(OtBu)2Ar)3-arene)]2- in 3-crypt, with thermal ellipsoids at drawn 
at the 50% probability level. Hydrogen atoms and methyl groups on the –OSi(OtBu)2 ligands have been omitted for clarity. The monomeric 
unit of complex 3b has been depicted for clarity.  
 
The U(III) ion interacts with the planar arene anchor in a h6-fashion 
with C–Carene bonds (1.403(5)-1.417(5) Å) and a U1–Ccentroid bond 
distance of 2.485(2) Å (Table 1). The observed bonding mode is 
analogous to what was observed in the previously reported U(III) 
tripodal tris(aryloxide) arene complex, [U((R,R’ArO)3mes)],51, 25 but 
with a slightly elongated U1–Ccentroid distance of 2.487(4) Å in 1 vs. 
2.33 Å in [U((tBuArO)3mes)], which can be related to the longer 
U1–Osiloxide bond lengths (2.201(3); 2.209(3); 2.210(3)) in 1 com-
pared to [U((tBuArO)3mes)] (2.168(2) Å). Therefore, the longer 
U1–Ccentroid distance indicates a weaker d-backbonding interaction 
between the U(III) center and the arene backbone in 1, which is 
most likely associated to the weaker donating ability of the silox-
ides compared to the aryloxides of [U((tBuArO)3mes)]. This is sup-
ported by DFT calculations, which shows that the δ-bonding inter-
action in 1 in not occupied and is in fact the LUMO of the system 
(Figure S62). With the U(III) complex 1 in hand, we next explored 
the reduction chemistry in the absence and presence of 2.2.2-
cryptand to prepare new low-valent uranium species and to com-
pare potential changes in electronic and bonding interactions.  

Addition of 1.0 equiv. of KC8 to a solution of 1 in d8-THF at -
40 °C, led to the consumption of 1 and the appearance of new 
resonances as seen by 1H NMR spectroscopy (Figure S23a). 
Dark purple crystals of complex, [K(THF)U((OSi(OtBu)2Ar)3-
arene)(THF)] (2), were obtained from a mixture of THF and n-
hexanes at -40 °C in 83% yield (Scheme 1). The solid-state mo-
lecular structure of complex 2 was determined by X-Ray dif-
fraction studies (Figure 1a), and shows the presence of a neutral 
complex where the K+ cation is bound by the siloxide arms of 
the [U((OSi(OtBu)2Ar)3-arene)(THF)] moiety, and contains two 
molecules of 2 per asymmetric unit.  
Compared to complex 1, the O–U1–O bond angles of 2 vary 
significantly (92.45(17); 118.47(19); 120.78(18)°), where the 
smallest bond angle corresponds to the binding of the K+ cation 
to four oxygens of the two –OSi(OtBu)2 arms, decreasing the O–
U1–O bite angle. The U1–Osiloxide bond lengths increase 
(2.236(5)-2.250(5) Å) compared to those found in 1 (2.183(3)-
2.213(3) Å). The U1 ion interacts with the arene anchor in a h6-
fashion, similar to 1, but with a significant contraction of the 
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U1–Ccentroid bond distance (2.255(9) Å versus 2.487(4) Å in 1). 
These bond metrics are suggestive of an increased  d-bonding 
interaction between the uranium center and the arene.25-27 The 
planarity of the arene ring is significantly distorted in complex 
2, adopting a boat conformation with varying C–Carene bonds, 

where two bonds are significantly shorter (C18-C19: 1.404(9); 
C15-C20: 1.405(10) Å) than the remaining bonds (1.422(9)-
1.455(10) Å), and have significant torsion angles with values of 
22.0(11); 16.4(11); 17.4(11); 20.8(11); 1.1(11); and 3.1(12)°. 

 
 
Table 1. Selected bond lengths (Å) and angles (°) for complexes 1, 2, 2-crypt, 3b, 3-crypt.  

Complex 1 2 2-crypt 3b 3-crypt 

U–Osiloxide 2.201(3); 2.209(3); 
2.210(3) 

2.236(5); 2.241(5); 
2.250(5)  

2.2181(18); 
2.2183(18); 2.2197(18) 

2.234(3); 2.241(3); 
2.250(3) 

2.207(8); 2.285(8); 
2.307(7) 

U–Carene 
2.841(4); 2.846(4); 
2.851(4); 2.863(4); 
2.868(3); 2.884(4) 

2.546(7); 2.556(8); 
2.692(7); 2.720(8); 
2.730(7); 2.742(8) 

2.632(2); 2.644(3); 
2.665(2); 2.686(3); 
2.670(3); 2.707(2) 

2.527(5); 2.542(5); 
2.550(5); 2.555(5); 
2.563(5); 2.584(5) 

2.519(13); 2.540(10); 
2.551(13); 2.557(11); 
2.565(13); 2.583(13) 

C–Carene 
1.403(5); 1.406(5);  
1.410(5); 1.410(5);  
1.412(5); 1.417(5) 

1.404(9); 1.405(10); 
1.422(9); 1.429(10); 
1.455(10); 1.455(10) 

1.409(4); 1.411(4); 
1.426(3); 1.428(4); 
1.435(4); 1.440(4) 

1.429(6); 1.437(7); 
1.439(7); 1.442(7); 
1.445(7); 1.449(7) 

1.378(17); 1.417(17); 
1.420(18); 1.435(18); 
1.438(19); 1.44(2) 

U–Ccentroid 2.485(2) 2.255(9) 2.256(1) 2.109(5) 2.121(13) 

U–O–U 113.08(11)-
122.04(12)° 

92.45(17); 
118.47(19); 
120.78(18)° 

107.28(7)-113.26(7)° 
91.65(12); 
113.21(12; 
108.65(13)° 

103.2(3)-110.6(3)° 

Torsion angles 
arene 0.4(6)-2.3(6)° 1.1(11)-22.0(11)° 3.0(3)-8.7(3)° 0.9(7)-5.9(7)° 1.0(19)-5.6(18)° 

 
This distortion is also reflected in the U1–Carene bond distances, 
where C16 and C19 lie above the plane and display the shortest 
distances of 2.546(7) and 2.556(8) Å, respectively, whereas the 
remaining carbons are farther from U1 (2.692(7)-2.742(8) Å) 
(Table 1). To investigate if the distortion of the arene backbone 
could arise from coordination of the K+ cation to the –
OSi(OtBu)3 arms of the ligand, we pursued the removal of the 
inner sphere K+ cation.  
We found that addition of 1.0 equiv. of 2.2.2-cryptand to a so-
lution of 2 in d8-THF at -40 °C, resulted in the appearance of a 
new 1H NMR resonance consistent with the K-sequestered moi-
ety, [K(2.2.2-cryptand)]+ (Figure S25b). Similarly, we found 
that addition of 1.0 equiv. KC8 and 1.0 equiv. 2.2.2-cryptand to 
a solution of 1 in THF at -40 °C also led to the formation of an 
analogous reaction mixture (Figure S24a). Dark purple crystals 
suitable for XRD analysis of the 2.2.2-cryptand derivative of 2, 
[K(2.2.2-cryptand)][U((OSi(OtBu)2Ar)3-arene)(THF)] (2-
crypt), could be obtained from a concentrated toluene mixture 
at -40 °C (Figure 1b), whereas bulk isolation was obtained from 
a mixture of THF and n-hexanes in 89% yield (Scheme 1). The 
identical ligand resonances of complexes 2 and 2-crypt at -40 
°C, without and with 2.2.2-cryptand, respectively, suggests 
structural similarities when in THF solution.  
The solid-state molecular structure of 2-crypt was determined 
by XRD studies and shows the presence of an ion pair consist-
ing of one outer sphere [K(2.2.2-cryptand)]+ cation and the 
[U((OSi(OtBu)2Ar)3-arene)(THF)]- anion. Compared to com-
plex 2, the U1 ion is centrally located in the tris(tert-butoxy)si-
loxide arms with O–U1–O bond angles (107.28(7)-113.26(7)°), 
similar to the previously reported U(II) complex, [K(2.2.2-
crypt)][U((Ad,MeArO)3mes)] (O–U–O: 111.49(8)°).25 
The U1–Osiloxide bond distances (2.2181(18)-2.2197(18) Å) have 
slightly increased in comparison to complex 1 (2.183(3)-
2.213(3) Å) and are slightly shorter than those of complex 2 
(2.236(5)-2.250(5) Å). The U1 ion interacts with the arene an-
chor in a consistent h6-fashion, where the U1–Ccentroid bond dis-
tance (2.249(3) Å) is consistent with 2 (2.256(1) Å). The 

removal of potassium from the inner coordination sphere shows 
that, alternative to 2, the arene backbone is not disturbed by the 
reduction, indicating that the distortion observed in 2 was due 
to potassium binding. 
Notably, the arene anchor in 2-crypt adopts a planar geometry, 
with U1–Carene (2.632(2)-2.707(3) Å) and C–Carene bond lengths, 
in which two of the bonds (C2-C3: 1.411(4); and C5-C6: 
1.409(4) Å) are slightly shorter than the remaining five bonds 
(1.426(4)-1.440(4) Å, where the torsion angles are minimal 
(3.0(3)-8.7(3)°) compared to complex 2 (1.1(11)-22.0(11)°; Ta-
ble 1), and are consistent with C–Carene bond lengths and torsion 
angles in previously reported U(II) complexes with neutral 
arenes (U(NHAriPr6)2: 1.388-1.442 Å, 1.44-12.19° (note: these 
metrics were manually measured via the deposited crystal struc-
ture on the CCDC); and [K(2.2.2-cryptand)][U(TDA)2]: 
1.389(7)-1.440(6) Å; 0.9(4)-4.6(4)°.26-27 Therefore, these bond 
metrics are suggestive of a metal-centered reduction resulting 
in an increased  d-bonding interaction between the uranium and 
the arene backbone compared to the U(III) analogue, complex 
1.  
Since a second redox process was observed in the cyclic volt-
ammogram of 1 (vide infra), we next explored if chemical ac-
cess to a lower-valent species by the addition of excess reducing 
agent was possible. We found that addition of 2.0 equiv. of KC8 
to a solution of 1 in d8-THF at -40 °C led to a color change from 
brown-red to purple-blue with the consumption of 1, the appear-
ance of complex 2, and new resonances evidenced by 1H NMR 
spectroscopy (Figure S23b). Alternatively, when the reduction 
of 1 is carried out in the presence of 3.0 equiv. KC8 in d8-THF 
at -40 °C, a dark blue solution is obtained. Analysis of the reac-
tion mixture by 1H NMR spectroscopy indicated the full con-
sumption of complexes 1 and 2, with the formation of the new 
resonances (Figure S23c) also seen in the 2.0 equiv. reaction. 
The same species was also obtained by reduction of the isolated 
complex 2 and 2.0 equiv. of KC8 in THF (Figure S27b). We 
found that depending on the crystallization conditions utilized, 
two crystallographically similar solid-state molecular structures 



 

could be identified by XRD analysis, namely, the polymeric and 
trimeric complexes, [K2(THF)3U((OSi(OtBu)2Ar)3-arene)]∞ (3) 
(Scheme 1) and [K2(Et2O)U((OSi(OtBu)2Ar)3-arene)]3 (3b), re-
spectively. Few crystals of complex 3b could be obtained from 
a mixture of THF/n-hexanes/Et2O, whereas complex 3 was ob-
tained in bulk isolation from a mixture of THF and n-hexanes 
at -40 °C in 84% yield. Attempts to isolate larger batches of 3b 
were unsuccessful due to instability in Et2O over the crystalli-
zation timeframe, as well as the concomitant isolation of 3 from 
the reaction mixture over multiple trials. It is important to note 
that 3 and 3b display similar structural parameters and bonding 
interactions (Figure S38), but mostly vary by their trimeric and 
polymeric forms due to coordinated THF versus Et2O. The 
solid-state molecular structure of complex 3b displays a tri-
meric structure where three [K2(Et2O)U((OSi(OtBu)2Ar)3-
arene)]3 moieties are bridged by the K2 cation, which binds h6 
to the arene backbone, while creating a bridge to another mole-
cule, binding one –OtBu moiety and a h3-phenyl of the tripodal 
ligand framework (Figure 1c). The O–U–O bond angles vary 
significantly (91.65(12); 113.21(12); 108.65(13)°), where the 
smallest bond angle corresponds to the binding of the K2 cation 
to three oxygens of the two –OSi(OtBu)2 arms, decreasing the 
O–U–O bite angle. The U–Osiloxide bond lengths are elongated 
(2.234(3)-2.250(3) Å) compared to those of the complexes 1 
(2.182(3)-2.214(3) Å) and 2 (2.2181(18)-2.2197(18) Å), and a 
significant contraction of the U–Ccentroid bond distance (2.109(5) 
Å), compared to complexes 2 and 2-crypt (2.255(9) and 
2.256(1) Å, respectively) is observed. The U1 ion interacts with 
the arene anchor in a h6-fashion, in which K1 is trans to the U1 
ion. The arene anchor in 3b adopts a planar geometry, with U–
Carene (2.527(5)-2.584(5) Å) and C–Carene bond lengths of 
1.429(6)-1.449(7) Å, with minimal torsion angles (0.9(7)-
5.9(7)°) (Table 1).  
To assess the effect of the bound K+ cations in the electronic and 
geometric structures of complex 3, we next explored sequester-
ing the K+ cations. Addition of 3.0 equiv. of KC8 and 3.0 equiv. 
of 2.2.2-cryptand to a solution of 1 in d8-THF at -40 °C, led to 
the full consumption of 1, and the formation of a NMR silent 
species (Figure S24c). Crystals suitable for XRD analysis of the 
K-sequestrated derivative of complex 3, [(K(2.2.2-
cryptand))]2[U((OSi(OtBu)2Ar)3-arene)] (3-crypt), were ob-
tained from a concentrated 2-methyltetrahydrofuran (2-Me-
THF) solution (Figure 1d), whereas bulk isolation (71% yield) 
was obtained by layering a THF solution of 3-crypt with n-hex-
anes at -40 °C (Scheme 1).  
Although the 1H NMR spectrum of 3-crypt at -40 °C is silent, 
when the spectrum is collected at room temperature, resonances 
are observed and differ to those found in complex 3 (Figure 
S16). The solid-state molecular structure of 3-crypt was deter-
mined by XRD studies and shows the presence of an ion pair 
consisting of two outer sphere [K(2.2.2-cryptand)]+ cations and 
the [U((OSi(OtBu)2Ar)3-arene)]- anion, in which there are four 
molecules of 3-crypt per asymmetric unit. Compared to com-
plexes 3/3b, 3-crypt shows a range of similar U1–Osiloxide bond 
distances and shows a h6-planar geometry of the arene anchor 
(Table 1), suggesting that for the di-reduced species, K-binding 
versus K-sequestration does not significantly affect the geomet-
rical parameters.  

Electrochemical studies  

In this study, we first investigated the redox reactivity of the 
uranium tris(tert-butoxy)siloxide arene complexes 1 to 3-crypt 
by cyclic voltammetry studies.  
The cyclic voltammogram for complex 1 in THF (Conditions: 
[NBu4][BPh4] electrolyte; decamethylferrocene (Fc*) as the in-
ternal reference) revealed three quasi reversible redox events (I, 
II, and III) at values of E1/2 = -3.27, -2.45, and -1.70 V vs. Fc+/0, 
respectively (Figure 2). Waves II and I display reduction events 
with Ered values of -2.52 V and -3.34 V vs. Fc+/0, consistent with 
the chemical reduction to complexes 2/2-crypt and 3/3-crypt, 
respectively.  
The Ered value measured for wave II is similar to the reduction 
potential measured for the U(III) tris(aryloxide) arene complex, 
[U((Ad,MeArO)3mes)] (-2.495 V vs. Fc+/0), and is in the range of 
values measured for the reduction of cyclopentadienide com-
plexes (-3.11 to -2.26 V vs. Fc+/0), including [U(h5-C5

iPr5)2I] (-
2.33 V vs. Fc+/0), which were assigned to the U(III)/U(II) cou-
ple. Thus, the redox event associated with wave II can be rea-
sonably assigned to the metal centered reduction U(III)/U(II).  

 
Figure 2. Cyclic voltammograms for complexes, 1 (red); 2 (or-
ange); 2-crypt (green); 3 (blue), and 3-crypt (purple); 0.1 M 
[NBu4][BPh4] electrolyte in THF, where arrows indicate the 
scan direction (Pt disk working electrode, 100 mVs-1 scan rate, 
referenced to the Fc/Fc+ couple).  

Notably, further reduction of a U(II) derivative was only re-
ported for the U(III) complex, [U(h5-C5

iPr5)2I], and was as-
signed to the U(II)/U(I) couple at -3.28 V vs. Fc+/0, leading 
eventually to the isolation of the first example of a U(I) complex 
by chemical reduction of [U(h5-C5

iPr5)2].12 Here, the Ered value 
measured for wave I (-3.34 V vs Fc+/0) of complex 1 is similar 
to the reduction potential found for the U(II)/U(I) couple at -
3.28 V vs. Fc+/0 for the U(II) complex, [U(h5-C5

iPr5)2]. Thus, 
the redox event associated to wave I could be assigned tenta-
tively to either a U(II)/U(I) couple, or to reduction of the arene 
anchor, however, no similar redox event was unambiguously 
determined for the U(II) tris(aryloxide) arene complex, 
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[K(2.2.2-cryptand)][U((Ad,MeArO)3mes)], in THF with 
[NBu4][PF6] as the supporting electrolyte.25 
Wave III reveals an oxidative event with an Eox value of -1.56 
V, most likely corresponding to the U(IV)/U(III) redox couple. 
The cyclic voltammograms for complexes 2, 2-crypt, 3, and 3-

crypt further confirmed these assignments, and revealed similar 
wave potentials for I, II, and III. However, for complexes 2 and 
3, wave I (two-electron reduction) deviates from the trend and 
reveals an irreversible redox feature, which can be rationalized 
by the presence of an inner sphere K+ cation in comparison to 
complexes 1, 2-crypt, and 3-crypt.

Scheme 2. Reactivity of complexes 2 and 3 with azobenzene (PhNNPh) or cycloheptatriene (CHT), yielding complexes 4, 5, and 6.  

 
 
Analysis of the 1H NMR data for the two-electron reduced spe-
cies, 3/3-crypt, confirmed that in THF solutions, the K+ cations 
remain bound for 3 in comparison to 3-crypt. Alternatively, 
wave II (assigned to the U(III)/U(II) couple) is the same for 
complexes 1, 2, and 2-crypt, and is in agreement with the 1H 
NMR studies, which shows identical spectra for 2/2-crypt, in-
dicating that the K+ cation is not bound in solution, suggesting 
that these are similar U(II) species.  
It should be noted that the cyclic voltammogram of complex 1 
is very different from that previously reported for the analogous 
Ce(III) complex, [Ce((OSi(OtBu)2Ar)3-arene)(THF)], which 
displayed only one chemically reversible reduction wave at E1/2 
= -2.90 V.50 Since no reduction events were observed within the 
window permitted by THF in the voltammogram of the ligand 
salt, ((OSi(OtBu)2Ar)3-arene)K3, the redox event was tenta-
tively assigned to a metal-centered reduction (Ce(III)/Ce(II)). 
The important differences observed in the voltammograms of 
the Ce(III) and U(III) complexes, in which the ions are of simi-
lar charge and ionic radii, confirms the assignment of wave II 
as a U(III)/U(II) couple, with formulations of 2 and 2-crypt in 
solution as U(II) complexes (Table S5). 

Redox reactivity of low-valent complexes 
Based on the cyclic voltammetry studies of complexes 2/2-
crypt and 3/3-crypt, we reasoned that these complexes can po-
tentially transfer two- and three-electrons, respectively. There-
fore, representative complexes 2 and 3 were investigated for 
their ability to effect multielectron transformations of small 
molecules such as azobenzene (PhNNPh) and cycloheptatriene 
(CHT), as these can accept two- and three-electrons, respec-
tively.  
First, we probed the addition of 1.0 equiv. of PhNNPh to a so-
lution of 2 in d8-THF at -40 °C, which revealed the consumption 
of 2 and the formation of new broad resonances as indicated by 
1H NMR spectroscopy (Figure S29). Single crystals suitable for 
X-ray diffraction studies were obtained from a mixture of Et2O 

and n-hexanes at -40 °C, and identified as complex, 
[K(Et2O)U((OSi(OtBu)2Ar)3-arene)(PhNNPh)(THF)]2 (4) in 
96% yield (Scheme 2). The solid-state molecular structure of 
complex 4 displays the presence of a dimeric bimetallic struc-
ture where two [K(Et2O)U((OSi(OtBu)2Ar)3-
arene)(PhNNPh)(THF)] moieties are bridged by two K+ atoms, 
which bind four phenyl rings (h6 and h1) of the two [PhNNPh]2- 
ligands, from two different complexes (Figure 3a, Figure S39). 
Similar to the starting complex 2, the O–U1–O bond angles vary 
(92.28(9)); 102.16(9); 126.21(9)°), where the smallest bond an-
gle most likely corresponds to the binding of the K+ cation to 
two oxygens of one –OSi(OtBu)2 arm, and the h6 interaction to 
one phenyl ring of the [PhNNPh]2- moiety. The U1–Osiloxide 
bond distances (2.178(2)-2.203(2) Å) are significantly shorter 
compared to complex 2 (2.236(5)-2.250(5) and are in agree-
ment with previously reported U(IV) siloxide complexes,52 in-
dicating complex 2 has transferred two-electrons to yield a di-
anionic [PhNNPh]2-, U(IV) complex. The U1 ion no longer in-
teracts with the planar arene anchor (1.390(5)-1.404(5) Å), and 
the U1–Ccentroid distance (3.813(2) Å; Table 2) is significantly 
longer than the U1–Ccentroid distances found in the previously re-
ported U(IV) terminal oxo, [K(2.2.2-
cryptand)][((Ad,MeArO)3mes)U(O)] (2.810(6) Å), and U(IV) hal-
ide, [((Ad,MeArO)3mes)U(X)(THF)]] (where X = F; 2.666, Cl; 
2.657, Br; 2.645, and I; 2.664 Å), tris(aryloxide) mestitylene 
complexes.53, 42 The N1–N2 (1.458(4) Å) and U1–NPhNNPh bond 
distances (2.283(3) and 2.310(3) Å) of the dianionic 
[PhNNPh]2- moiety are consistent with the bond metrics found 
in the only other dianionic U(IV)-PhNNPh example, [K(2.2.2-
cryptand)][U(PhNNPh)(N(SiMe3)2)3].54 The N1–N2 bond 
length (1.458(4) Å) is similar to that reported for the salt, 
[K(18C6)]2[PhNNPh] (1.40(3) Å),45 and is elongated compared 
to PhNNPh (1.25 Å) and to the singly reduced derivative, 
[K(2.2.2-cryptand)][PhNNPh] (1.34(3) Å) obtained from the 
reaction of the only isolated U(I) complex with azobenzene.12.  
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It is important to note that the reaction with 2-crypt and 1.0 
equiv. of PhNNPh at -40 °C led to an analogous color change 
with the formation of broad resonances in the 1H NMR spec-
trum, similar to those observed for complex 4 (Figures S30 and 
S31). Attempts to identify the product by XRD analysis proved 
unsuccessful due to the poor crystalline quality. However, the 

addition of 1.0 equiv. of 2.2.2-cryptand to a solution of complex 
4 in d8-THF at -40 °C, led to identical 1H NMR resonances as 
observed after addition of PhNNPh to 2-crypt, confirming the 
presence of the same solution species. 

 
Figure 3. Molecular structures of (a) [K(Et2O)U((OSi(OtBu)2Ar)3-arene)(PhNNPh)(THF)]2, 4, (b) [K(Et2O)U((OSi(OtBu)2Ar)3-arene)(h6-
C7H8)], 5, (c) [(K(Et2O))2)U((OSi(OtBu)2Ar)3-arene)(h7-C7H7)]∞, 6, with thermal ellipsoids at drawn at the 50% probability level. Hydrogen 
atoms, except the CHT moiety of complex 5, and methyl groups on the –OSi(OtBu)2 ligands have been omitted for clarity. The monomeric 
units of complexes 4 and 6 have been depicted for clarity. 
Table 2. Selected bond lengths (Å) and angles (°) for complexes 4, 5, and 6.  

Complex 4 5 6 
U–Osiloxide 2.178(2)-2.203(2) 2.193(3)-2.264(3) 2.245(3)-2.331(3) Å 
U–Carene -- -- -- 
C–Carene 1.390(5)-1.404(5) 1.391(6)-1.407(5) 1.380(7)-1.402(7) 
U–Ccentroid 3.813(2) 4.144(2) 4.324(2) 
U–O–U 92.28(9)); 102.16(9); 126.21(9) 90.67(11)); 102.3(11); 102.82(11) 86.10(13)); 97.75(13); 98.78(13)° 
N–NPhNNPh 1.458(4) -- -- 

C–CCHT -- 
CH–CH2; C55-C56: 1.507(10); 
C56-C57: 1.533(10); 1.365(11)-
1.427(11) 

1.389(11)-1.422(10) 

 
Following the isolation of complex 4, we next sought to further 
investigate the reactivity of complex 2, and probe other mul-
tielectron transformations, such as a three-electron transfer 
pathway to yield a possible U(V) analogue. Accordingly, we 
utilized the [7]-annulene, cycloheptatriene (CHT; C7H8), as this 
carbocycle achieves aromaticity when the ligand is reduced by 
three-electrons and undergoes H2 elimination, forming the pla-
nar C7H7

3- anion.55, 27 Although there are a large number of tran-
sition metal CHT complexes reported,55 where the CHT is typ-
ically found as the tropylium cation (C7H7

+), the uranium ana-
logues, which all contain CHT in its trianionic form (h7-C7H7

3-

), still remain rare. 56-59, 27  
Addition of 1.1 equiv. CHT to a solution of 2 in d8-toluene re-
sulted in the full consumption of 2 and the formation of new 
resonances indicated by 1H NMR spectroscopy (Figure S32). 
Single crystals suitable for X-ray diffraction studies were ob-
tained from a mixture of Et2O and n-hexanes at -40 °C and iden-
tified as the CHT complex, [K(Et2O)U((OSi(OtBu)2Ar)3-
arene)(h6-C7H8)] (5), in 87% yield (Scheme 2).The solid-state 
molecular structure for complex 5 displays a neutral complex 
with an inner sphere siloxide-bound K+ cation (Figure 3b). Sim-
ilar to the U(II) precursor 2, the O–U–O bond angles vary 
(90.67(11)); 102.3(11); 102.82(11)°), where the smallest bond 

angle corresponds to the binding of the K+ cation to four ox-
ygens of two –OSi(OtBu)2 arms. The U–Osiloxide bond distances 
(2.193(3)-2.264(3) Å) are similar to those of complex 2 
(2.236(5)-2.250(5) Å). The U1 ion no longer interacts with the 
planar arene anchor (1.387(6)-1.407(5) Å), and the U1–Ccentroid 
distance (4.144(2) Å) is significantly elongated compared to the 
U(IV) complex 4 (3.813(2) Å). The uranium atom binds six of 
the 7 carbons (h6) in the CHT moiety, where two of the C–CCHT 
bond lengths are elongated (CH–CH2: C55-C56: 1.507(10); and 
C56-C57: 1.533(10) Å) in comparison to the remaining five 
bonds (1.365(11)-1.427(11) Å; Table 2). These bond lengths 
are slightly elongated compared to free CHT (where C=C: 
1.356; C–C; 1.446; CH–CH2: 1.505 Å)60 and neutral CHT 
bound to early transition metals (1.364(4)-1.498(5) Å),61 and is 
in agreement with the partial reduction of the CHT moiety as 
indicated by computational studies (vide infra). Although CHT 
(h6-C7H8) complexes are known for transition metals,55 this is 
the first example with uranium. These results demonstrated that 
although complex 2 can transfer two electrons to PhNNPh, it is 
not capable of transferring three-electrons to CHT to yield the 
cycloheptatrienyl derivative. Therefore, we next investigated if 
complex 3 could instead act as U(I) synthon by transferring 
three-electrons to CHT. It should be noted that the recently iso-
lated U(I) complex, [U(h5-C5

iPr5)2]-, could only transfer one-
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electron to oxidizing substrates due the high stability of the 
U(II) analogue,12 however, the U(I) synthon, U(II)-(arene)1-, re-
ported by J. Arnold, could transfer three-electrons to the CHT 
ligand.27 Addition of 1.1 equiv. of CHT to a solution of 3 in d8-

toluene at -40 °C led to the formation of new resonances with 
the concomitant formation of H2 as evidenced by 1H NMR spec-
troscopy.

 
Figure 4. (left) X-band EPR spectra of complexes 1, 2, 2-crypt, 3, and 3-crypt in the solid-state at 6 K. For all reduced species, the 
small signal observed at g = 2.00 is due to a radical impurity.64, 25 (right) Temperature dependance (2-300 K) of the µeff (µB) in a field 
of 1 T for complexes 1, 2, 2-crypt, 3, 3-crypt, and 6.  
 
Single crystals suitable for XRD studies were obtained from a 
mixture of Et2O and n-hexanes at -40 °C and identified as the 
complex, [(K(Et2O))2)U((OSi(OtBu)2Ar)3-arene)(h7-C7H7)]∞ 
(6), in 65% yield (Scheme 2). The solid-state molecular struc-
ture of complex 6 displays a 1D infinite coordination polymer 
with two inner sphere K+ cations and the [U((OSi(OtBu)2Ar)3-
arene)(h7-C7H7)] moiety (Figure 3c, Figure S40). The poly-
meric structure in 6 arises from K1 binding to the h7-C7H7 moi-
ety, creating a bridge, in which another [KU((OSi(OtBu)2Ar)3-
arene)(h7-C7H7)] moiety binds through interaction with the trip-
odal ligand. Similar to complex 5, the O–U1–O bond angles 
vary (86.10(13)); 97.75(13); 98.78(13)°), where the smallest 
bond angle corresponds to the binding of the K+ cation to four 
oxygens of two –OSi(OtBu)2 arms. The U1–Osiloxide bond dis-
tances (2.245(3)-2.331(3) Å) are slightly shorter compared to 
the precursor 3 (2.234(3)-2.250(3) Å) and slightly longer than 
in the U(IV) complex 5 (2.193(3)-2.264(3) Å), but altogether is 
in agreement with the presence of U(IV), consistent with the 
magnetism studies (vide infra). The U1 ion no longer interacts 
with the planar arene anchor (1.380(7)-1.402(7) Å), where the 
U1–Ccentroid distance (4.324(2) Å) is significantly elongated 
compared to complex 5 (4.144(2) Å). The planar CHT moiety 
binds in an h7-fashion, where all C–CCHT (1.389(11)-1.422(10) 
Å) and U1–CCHT bond lengths (Table 2) are consistent with the 
only other three reports of trianionic CHT (h7-C7H7

3-) com-
plexes of uranium.57-58, 27 

EPR, magnetism, and UV/Vis/NIR studies  
X-band EPR and magnetic measurements were carried out on 
complexes 1, 2/2-crypt, and 3/3-crypt, as well as magnetic data 
for complex 6, to further investigate the electronic structure of 
these compounds. The X-band EPR spectrum of the U(III) 

complex 1, obtained at 6 K in the solid-state (left, Figure 4), 
reveals a rhombic signal with simulated g values of [1.850, 
1.450, 1.225], indicative of a f3 4I9/2 U(III) ion, and is consistent 
with the previously reported U(III) tris(aryloxide) arene com-
plex, [U((Ad,MeArO)3mes)] (g = [1.58, 1.46, 1.20]).25  
Upon the one-electron reduction to complexes 2 and 2-crypt, 
the EPR spectra becomes silent, which is expected for a non-
Kramer’s U(II) f4 (5I4) ion. Upon the two-electron reduction of 
1 to yield complexes 3 and 3-crypt, the solid-state spectra at 6 
K reveals a rhombic set of values for complex 3 with simulated 
g values at [2.820, 2.360, 1.105], whereas 3-crypt displays a 
nearly axial signal with g values = [2.721, 2.680, 1.078], both 
indicative of U(III) ions. In comparison to the U(III) complex 
1, the U(III)-(arene)2- complexes, 3 and 3-crypt, display signif-
icantly lower g values, with changes to the signal features and 
intensity. This is most likely accredited to the increased ura-
nium-arene interaction upon the two-electron reduction of the 
arene backbone, and are well within the reported g values for 
other U(III) complexes.62, 25, 63 For all reduced species, the small 
signal observed at g = 2.00 is due to a radical impurity.64, 25 
The magnetic susceptibility (µeff) data for complexes 1 to 3-
crypt, and complex 6, were measured by performing a temper-
ature sweep in the 2-300 K range under an applied magnetic 
field of 1 T (right, Figure 4). The magnetic moments (µeff) for 
the (2) and (2-crypt) complexes, were determined to be 2.36 
and 2.34 µB at 300 K, respectively, with both decreasing mon-
otonically until ~40 K, where the decrease becomes more dra-
matic until 2 K is reached (where µeff = 0.36 and 0.28 µB, re-
spectively). The magnetic susceptibility (cMT) approaches zero 
at low-temperature, suggesting a weak temperature-dependent 
paramagnetism, which is consistent with a non-magnetic or 
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integer spin ground state,26 which are in agreement with the ab-
sence of an EPR signal for complexes 2 and 2-crypt.
 

Figure 5. (a) UV/Vis and (b) NIR optical spectra for complexes 1 (red), 2 (orange), 2-crypt (teal), 3 (blue), 3-crypt (purple), and 4 
(light blue) in THF, and complex 5 (green) in toluene. UV/Vis data were collected in concentration ranges of 0.625 to 5.0 mM (see 
supporting information), and NIR data were collected at high concentration (10 mM). Relative y-axis scaling of the spectra for both 
(a) and (b) are shown for clarity (see supporting information for baselined plots).  
 
Although the room-temperature µeff value of the complexes 2 
and 2-crypt is similar to that of the U(III) complex 1, the tem-
perature-dependence of the µeff shows a curvature reminiscent 
of previously reported U(II) complexes, where the values are 
within the reported ranges (µeff ranges: 0-1.95 µB at 2 K; 2.20-
2.8 µB at 300 K).25, 17, 26, 20, 27 Moreover, the similar low temper-
ature values of the magnetic moment for the complexes, 2 and 
2-crypt suggests that the two complexes could have a similar 
electron configuration in the range of temperatures 2-300 K.  
For complexes 3 and 3-crypt, the magnetic moments (µeff) at 
300 K (µeff = 2.36 and 2.46 µB, respectively) were found to be 
similar to complexes 2/2-crypt described above. However, the 
temperature-dependence of the µeff shows a different curvature, 
in which there is little variation in the magnetic moment until at 
~8 K, then there is a more abrupt decrease before arriving at 2 
K (µeff = 1.66 and 1.53 µB). This trend is most consistent with a 
U(III) ion, however, 3 and 3-crypt have significantly greater 
µeff and cMT values at low-temperature compared to the U(III) 
complex 1. This observation is most likely accredited to the 
two-electron reduction of the arene backbone and the strong 
U(III)-(arene)2- interaction, which is in line with the EPR and 
computational studies. In 3-crypt, the low-temperature upturn 
observed in the cMT vs. T plot, which is reproducible in tripli-
cate samples, remains undetermined, but could arise from mag-
netic ordering (Figure S48d). Finally, the magnetic moment of 
the U(IV) complex 6 was determined to be 2.47 µB at 300 K and 
0.43 µB at 2 K, with a monotonous decrease in the magnetic 
moment toward zero. These values are in excellent agreement 

with the values found for complexes of the U(IV) f2 (3H4) ion, 
which often exhibits temperature-independent paramagnetism 
at low-temperatures, resulting in µeff values of ~0.5 µB.65-68  
Lastly, the UV/Vis/NIR (ultraviolet/visible/near-infrared) elec-
tronic absorption spectra were collected for complexes 1 to 5 in 
the spectral range of 250-2200 nm (Figure 5). The U(III) com-
plex 1 displays broad and ill-defined, low-intensity absorption 
bands over the entire spectral range (ε ≈ 100 to 2000 M-1cm-1), 
consistent with Laporte-forbidden f→f transitions, typical of a 
5f3 U(III) ion.34, 51, 36, 16, 26  
Upon the one-electron reduction to the U(II) complexes, 2 and 
2-crypt, the low-intensity and ill-defined features between 250-
1200 nm of 1 are lost, and a strong well-defined absorbance at 
lmax = 516 nm (ε = 8756 and 7088 M-1cm-1, for 2 and 2-crypt 
respectively) is observed for both complexes.  
Due to the high intensity, these absorbances could arise from 
Laporte-allowed d→f transitions,16,17 and/or from charge trans-
fer from the uranium d-bonding orbital to the arene backbone 
p* orbital25 (see computational section). Additionally, there are 
very weak absorptions between l = 1200-2200 nm, which are 
most consistent with the previously reported U(II) 5f4 complex, 
[K(2.2.2-cryptand)][U((Ad,MeArO)3mes)]25, which also showed 
a single mid-intensity absorption in the visible region (lmax = 
600 nm, ε ≈ 750 M-1cm-1). Also, the identical features for 2 and 
2-crypt support that in THF solutions, the electronic structure 
properties are similar, which is consistent with the 1H NMR 
spectroscopy and electrochemical studies.
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Figure 6. Frontier Molecular Orbital (FMO) diagrams for 2-crypt and 3-crypt in the quintet (s=2) and quartet (s=3/2) spin states, 
respectively. The DFT molecular orbital diagrams for the HOMO-2/HOMO-3 (2-crypt) and AMO-HOMO-2/AMO-HOMO-3 (3-
crypt) are not shown for clarity (see supporting information; AMO: alpha molecular orbital and BMO; beta molecular orbital). 
 
The absorption spectra for the two-electron reduced 
U(III)(arene)2- species, 3 and 3-crypt, features stronger absorb-
ances, compared to the U(III) complex 1, at lmax = 582 (ε = 8520 
M-1cm-1) and 680 nm (ε = 9430 M-1cm-1), respectively, giving 
rise to the observed dark blue color, with mid-intensity and 
broad f→f transitions between l = 1600-2200 nm. The ob-
served features suggest a stronger interaction between the U(III) 
and di-reduced arene-backbone of 3/3-crypt compared to com-
plex 1. 

Computational studies  
To gain insight into the electronic structures of 1, and the sub-
sequent one- (2 and 2-crypt) and two-electron (3-crypt) reduc-
tion species, as well as complex 5, density functional theory 
(DFT) calculations (B3PW91 functional), including dispersion 
corrections, were performed. Calculations for 3 were also at-
tempted but due to the polymeric nature, the system was too 
large and calculations were not tractable. 
To further validate the computational approach (DFT, see sup-
porting information for details), geometry optimization was car-
ried out without symmetry constraints for two different spin 
states for complex 1. The quartet (s=3/2) was found to be more 
stable than the doublet by 10.0 kcal mol-1. The optimized geom-
etries are in excellent agreement with the experimental values, 

with the main distances (Table S7) reproduced within a preci-
sion of 0.02 Å. Bonding analysis using the Natural Bonding Or-
bital (NBO) approach does not evidence strong U-arene inter-
actions. In fact, only small donations are found at the second 
order donor-acceptor level. This is further corroborated by the 
analysis of both the frontier orbitals and the unpaired spin den-
sity plots (Figure S62). For the quartet spin states, the three SO-
MOs are pure 5f atomic orbitals, and the unpaired spin density 
is fully located at the uranium center. Therefore, this suggests 
that the uranium center is in the +3-oxidation state, coupled 
with a neutral arene ring. Notably, the LUMO of the system ex-
hibits contribution from both the uranium center and the arene 
π*. 
The one-electron reduced species, namely complexes 2 and 2-
crypt, were computed analogously to determine whether there 
is an influence of the coordinated K+ cation in the first coordi-
nation sphere. Three different spin states were computed for 
these two complexes, namely a quintet, a triplet, and a singlet. 
Interestingly, for the two complexes, the triplet (s=1) and the 
quintet (s=2) were found to be almost degenerate (1.2 kcal mol-

1), whereas the singlet (s=0) is much higher in energy (14.6 kcal 
mol-1). Moreover, the energy differences are identical for both 
2 and 2-crypt. The main distances in the optimized geometries 
for both the quintet and the triplet compare well within the 



 

experimental values for complex 2, whereas the quintet geom-
etry compares better for 2-crypt. It is important to note that for 
complex 2, the quintet and triplet geometries display vast dif-
ferences in planarity of the arene backbone. For example, the 
triplet state in complex 2 displays heavy distortion, indicating 
reduction of the arene backbone, whereas the quintet displays a 
planar, neutral arene. When comparing the computed geome-
tries to the heavy arene distortion found in the solid-state struc-
ture of complex 2, one would be tempted to suggest a triplet 
state (s=1) of the uranium ion (U(IV)-(arene)2-). The distorted, 
di-reduced arene backbone was found to occur due to a first or-
der Jahn-Teller effect, arising from pairing two-electrons in the 
π* orbital (s=0), in which an arene-radical signal would not be 
expected in the EPR spectrum.  
Alternatively for complex 2-crypt, the planar geometry of the 
arene backbone in the solid-state molecular structure is in line 
with the computed quintet (s=2) ground state, which is best de-
scribed as a formal U(II) system (Figure 6). In both 2 and 2-
crypt, the U–Ccentroid distance is well reproduced and decreases 
upon reduction (by up to 0.2 Å). This decrease leads to a 
stronger U–arene interaction as reflected by the different U–C 
Wiberg bond indexes (WBI). The U–C WBI are an average of 
0.3 in complexes 2 and 2-crypt, whereas they are roughly 0.2 
for the U(III) complex 1. However, these U–C WBI are lower 
than those found for the U–O bonds (0.6-0.7), indicating a 
weakly covalent U–arene interaction. This is reflected in the 
frontier orbitals, where for the triplet or the quintet, the SOMOs 
are either on a f orbital or weak U–arene δ-bonds, respectively. 
The latter is corroborated by the unpaired spin density plot, 
which clearly in both systems, displays full localization at the 
uranium atom.  
Therefore, for complex 2, the computed triplet and quintet elec-
tronic configurations (U(IV)-(arene)2- or U(II)-arene0) have the 
same energy, whereas 2-crypt can be described as a U(II) sys-
tem. These assignments are in line with the EPR analysis, as 
well as with the bonding analysis found in the U(II) system of 
Meyer and coworkers.25 Although the distortion of the arene 
ring from planarity observed in the solid-state structure of 2 is 
better reproduced by a triplet state, the similar variable temper-
ature magnetic data measured in the range 2-300 K for the two 
complexes suggests that they are both best described as U(II) 
species. This is further supported by the computation of the 
UV/Vis spectrum of 2-crypt. Indeed, the experimental UV/Vis 
absorption spectrum is most consistent with the quintet (s=2), 
and involves an excitation from either the δ-bond to π* of the 
ligand, or from a uranium-based orbital to the ligand (Figure 
S68).  
However, it is clear from computation that small variations in 
the supporting ligand such as the modification of the electron-
donating character of the ligand by K+ binding can lead to elec-
tronic redistributions.  
A similar computational analysis was carried out only on the di-
reduced complex 3-crypt. Three different spin states were also 
considered for the geometry optimization, namely a sextet 
(s=5/2), a quartet (s=3/2), and a doublet (s=1/2). The quartet and 
doublet are almost degenerate (0.8 kcal mol-1) while the sextet 
is 15.0 kcal mol-1 higher in energy. Once again, the optimized 
geometry obtained for the quartet and doublet compares very 
well with the experimental values (Table S23). The U–centroid 
distance is well reproduced with another 0.1 Å decrease upon 
the second reduction. This decrease leads to a stronger U–C in-
teraction as highlighted by the U–C WBI, which are now higher 

than 0.4. This stronger interaction is evidenced by the donation 
from the arene to the uranium center at the second order NBO 
level. The frontier orbitals found for either the quartet or the 
doublet clearly shows two singly occupied U–arene δ-bonds, 
with an unpaired spin density fully localized at the uranium cen-
ter (Figures 6 and S69). Since the two δ-bonds are singly occu-
pied, this prevents the first order Jahn-Teller effect found in 
complex 2 (the two degenerate π* are occupied in the same 
way) so that no distortion of the arene is observed, although the 
arene backbone is formally reduced by two-electrons. There-
fore, complex 3-crypt is best described as a U(III)-(arene)2- and 
is in line with the observed EPR spectra, where only a signal 
attributed to the U(III) ions is observed. However, since two-
electrons are located on the U-arene δ interactions, one may also 
consider 3-crypt as a U(I) synthon. Additionally, TDDFT cal-
culations of 3-crypt show that the experimental UV/Vis spec-
trum is most consistent with the quartet (s=3/2) spin state. Once 
again, these maxima most likely correspond to a transition from 
the δ-bond to the ligand, consistent with a U(III) oxidation state 
(Figure S71). 
Lastly, calculations were also carried out on complex 6 to de-
termine whether the system is a formal U(II), or if the electrons 
have been transferred to the CHT substrate, yielding a two-elec-
tron reduction of the CHT moiety. Like complexes 2 and 2-
crypt, three spin states were also considered, namely a quintet 
(s=2), a triplet (s=1), and a singlet (s=0). Here, the triplet is 
found to be the ground state by more than 25 kcal mol-1. The 
optimized geometry is in excellent agreement with the experi-
mental values with a maximum deviation of 0.04 Å. The U–
Ccentroid of the arene backbone has become significantly elon-
gated (4.20 Å vs. 4.144 Å by XRD analysis), while the U–Ccen-

troid distance of the CHT moiety is consistent with a strong bond-
ing interaction (2.12 vs. 2.17 by XRD analysis), in which both 
distances are well produced. The strong U–CHT interaction is 
also reflected by the U–C WBI and the frontier orbitals. Indeed, 
the U–C WBI are around 0.4 in average and the frontier orbitals 
exhibit the presence of a doubly-occupied U–CHT δ-bond. The 
unpaired spin density is fully localized at the uranium center 
and is best described as a U(IV)–(CHT)2-.   
 
CONCLUSIONS 
In summary, we have reported the synthesis, structure, and re-
dox reactivity of the new arene-anchored tris(siloxide) U(III) 
complex, [U((OSi(OtBu)2Ar)3-arene)(THF)] (1), which under-
goes two quasi-reversible redox processes (E1/2 = -3.27 and -
2.45 V vs. Fc+/0) that are comparable to those previously as-
signed to U(II)/U(I) and U(III)/U(II) couples, respectively. The 
products of the one- and two-electron reduction of the U(III) 
complex could be cleanly generated by addition of an alkali re-
ducing agent. Remarkably, the one-electron reduced species, 2 
and 2-crypt, which contain an inner- and outer-sphere K+ cation 
respectively, showed either a distorted (2) or planar arene an-
chor (2-crypt), that could be interpreted in terms of a different 
degree of reduction of the arene ring. Computational studies 
confirmed that the triplet (U(IV)-(arene)2-) and quintet (U(II)-
arene0) spin states are very close in energy for the mono-reduced 
species, but result in a ring distortion or no distortion, for com-
plexes 2 and 2-crypt, respectively. EPR and UV/Vis/NIR spec-
troscopies, magnetic, cyclic voltammetry, and computational 
studies provide strong evidence that complex 2-crypt is best 
described as U(II). The UV/Vis/NIR, 1H NMR spectroscopy, 
and cyclic voltammetry data measured for 2 and 2-crypt are 



 

very similar, indicating that both complexes are best described 
as U(II)-arene0 in solution. The solid state EPR and magnetic 
data measured for 2 and 2-crypt are also very similar, suggest-
ing that, despite the different solid-state structures, 2 can also 
be described as U(II)-arene0. The two-electron reduction prod-
ucts could also be isolated with either sequestered (3-crypt) or 
bound K+ cations (3/3b). Computational studies, EPR, and mag-
netic susceptibility data suggests that 3/3-crypt are best de-
scribed as U(III)-(arene)2- complexes. From a reactivity stand-
point, the mono- and di- reduced complexes 2 and 3, respec-
tively, behave as U(II) and U(I) synthons. These complexes can 
transfer two- and three-electrons to oxidizing substrates such as 
azobenzene (PhNNPh) or cycloheptatriene (CHT), leading to 
the isolation of the U(IV) complexes 4 and 6, respectively. 
These results demonstrate that the robust arene-tethered tris(si-
loxide) tripodal ligand provides an excellent platform for low-
valent uranium chemistry, while implementing multielectron 
transfer pathways as shown by the reactivity of complex 3, 
which provides the third example of a U(I) synthon. 
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