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ABSTRACT: Two-electron reduction of the amidate-supported U(III) mono(arene) complex U(TDA)3 (2) with

KC8 yields  the  anionic  bis(arene)  complex  [K[2.2.2]cryptand][U(TDA)2]  (3)  (TDA  =  N-(2,6-di-iso-

propylphenyl)pivalamido). EPR spectroscopy, magnetic susceptibility measurements, and calculations using DFT

as well as multireference CASSCF methods all provide strong evidence that the electronic structure of  3 is best

represented as a 5f4 U(II) metal center bound to a monoreduced arene ligand.  Reactivity studies show 3 reacts as

a U(I) synthon by behaving as a two-electron reductant towards I2 to form the dinuclear U(III)–U(III) triiodide

species  [K[2.2.2]cryptand][(UI(TDA)2)2(μ-I)]  (6)  and  as  a  three-electron  reductant  toward  cycloheptatriene



(CHT) to form the U(IV) complex [K[2.2.2]cryptand][U(η7-C7H7)(TDA)2(THF)] (7).   The reaction of  3 with

cyclooctatetraene (COT) generates a mixture of the U(III)  anion [K[2.2.2]cryptand][U(TDA)4]  (1-crypt)  and

U(COT)2, while the addition of COT to complex 2 instead yields the dinuclear U(IV)–U(IV) inverse sandwich

complex  [U(TDA)3]2(µ-η8:η3-C8H8)  (8).   Two-electron  reduction  of  the  homoleptic  Th(IV)  amidate  complex

Th(TDA)4 (4) with KC8 gives the mono(arene) complex [K[2.2.2]cryptand][Th(TDA)3(THF)] (5). The C–C bond

lengths and torsion angles in the bound arene of 5 suggest a direduced arene bound to a Th(IV) metal center; this

conclusion is supported by DFT calculations.

INTRODUCTION

The seminal discovery of the first molecular uranium(II) complex [K[2.2.2]cryptand][U(C5H4SiMe3)3] in

20131 prompted a wave of new chemistry, including the syntheses of new U(II) complexes supported by

cyclopentadienides,2–5 amides,5,6 and aryloxides.7,8  These low-valent species have been the subject of

intensive study due to their unusual multi-electron reactivity9 and unconventional electronic structures:

depending upon the supporting ligands and molecular symmetry of the complex, U(II) ions can have

either  a  5f4 or  5f36d1 ground  state  electronic  configuration,  as  determined  by  EPR  spectroscopy,

magnetic  measurements,  and  DFT  calculations.10 Nonetheless,  complexes  of  U(II)  remain  rare,  and

reactivity studies of isolable U(II) compounds are still sparse due to the unstable and highly reactive

nature of these molecules.3,9–11 

In certain recent cases, compounds with a formal oxidation state of U(III) or U(IV) have been found to

undergo transformations analogous to those expected for U(II), prompting classification of these species

as “U(II) synthons” or “masked U(II)”.9  Similar strategies to achieve or mimic low valent reactivity have

been employed in transition metal chemistry through the use of redox-active ligands; these complexes

are  often strongly reducing,  facilitating  a  wide array of  stoichiometric  and catalytic  transformations

through electron transfer.12,13 A common method for the stabilization of low-valent metal centers and

“low-valent” synthons is via back-bonding into the π* system of an aromatic ligand, such as an arene.12–14

Such complexes are often formed via reductive binding of aromatic solvent molecules,15–17 though in

some  cases  intramolecular  reduction  of  a  pendant  aromatic  group  on  the  ligand  is  observed.18,19

However, bound arenes can introduce a challenge in assigning the oxidation state of organometallic

complexes due to the numerous ways in which these moieties can interact with metal centers.  Arenes

are often treated as redox-neutral when assigning formal oxidation states, leading to reported examples



such as [K[2.2.2]cryptand]2[Zr(η4-C10H8)3] and [Na[2.2.2]cryptand][Ta(η4-C10H8)3], which are described as

Zr(–2)  and Ta(–1),  respectively.20,21  When the arenes  in  these complexes  are  treated as  direduced,

however, the oxidation states of the metal centers would instead be Zr(IV) and Ta(V), thus occupying

opposite ends of the spectrum of possible formal oxidation states for these metals.  

With the exception of the U(II) tris(amide) [K[2.2.2]cryptand][U(N(SiMe3)2)3],5 all previously reported

examples of U(II) are supported either by cyclopentadienides or tethered arenes capable of engaging in

δ-bonding  interactions  with  uranium  frontier  orbitals.22,23 In  contrast  to  the  Zr  and  Ta  examples

mentioned above, in which the arene ligands deviate significantly from planarity and display prominent

distortions in bond angles and lengths upon binding,24 δ-bonding interactions from U(II) can lead to more

subtle  arene  distortions.  This  phenomenon  is  observed  in  both U(NH(2,6-(2,4,6-iPr3C6H2)2C6H3))2 and

[K[2.2.2]cryptand][((Ad,MeArO)3Mes)U], each of which are described as U(II) with neutral arene ligands.6,7

However, none of these previous examples of molecular U(II) contain a formally reduced arene ligand

coordinated to the U(II) center, which may facilitate new modes of reactivity for U(II) complexes.  Our

goal  was to  introduce a versatile  and hemilabile  ligand system that  could act  as a σ-donor  and δ-

acceptor at discrete binding sites, thereby facilitating the stabilization of structurally related uranium

complexes across multiple oxidation states and enabling us to probe their single- and multi-electron

reactivity.  To address these considerations, we turned to amidates, as this class of ligands is highly

tunable, both sterically and electronically, and capable of adopting multiple binding modes.25–29 By using

an amidate  ligand with  an  N-aryl  substituent,  the ligand is  capable of  binding to  the metal  center

through the tethered arene moiety in addition to the more conventional O- and N-donor sites.30  Through

these efforts, we have isolated three new actinide arene complexes, including a U(II) bis(arene) complex

containing a monoreduced arene ligand, and explored the reactivity and electronic structure of these

unusual molecules.

RESULTS AND DISCUSSION 

Synthesis of Uranium Arene Complexes

Drawing  inspiration  from  our  previous  research  on  neutral  U(IV)  and  anionic  U(III)  complexes

supported by the  N-(2,6-di-iso-propylphenyl)pivalamido (TDA) ligand,25 we were interested in utilizing

this ligand to access a neutral U(III) complex and other lower-valent species. As reported, reduction of

the homoleptic, eight-coordinate U(IV) amidate U(TDA)4 with KC8 in the presence of 18-crown-6 gives the

four-coordinate  U(III)  anion  [K(18-crown-6)][U(TDA)4]  (1-crown)  (Scheme  3),  with  all  four  amidate



ligands undergoing a change in coordination mode from κ2-O,N to κ1-O upon reduction of the metal

center  as  evidenced  in  the  solid-state  by  X-ray  diffraction  studies.   We  believed  that  lower-valent

complexes could potentially be accessed by reduction of a neutral U(III) starting material, necessitating

an alternative route to isolate a neutral, low-valent uranium complex using this ligand.25 

Scheme 1.  Synthesis of the uranium mono(arene) complex U(TDA)3 (2) and the uranium bis(arene)

complex [K[2.2.2]cryptand][U(TDA)2] (3) by two-electron reduction of 2.



Figure 1.  X-ray crystal structures of 2 (left) and 3 (right) with 50% probability ellipsoids. Hydrogen

atoms and [K[2.2.2]cryptand]+ are omitted, and iso-propyl groups are shown as capped sticks for clarity.



Accordingly, protonolysis of U(N(SiMe3)2)3 by three equivalents of H(TDA) resulted in the formation of

a dark purple product that was crystallized from pentane (Scheme 1).  X-ray crystallography revealed

this  to  be  U(TDA)3 (2), with  two  amidate  ligands  bound  κ2-O,N  to  the  uranium  center  and  one

coordinated to uranium via the oxygen atom and an η6-arene group (Figure 1).  The bound arene in 2 is

effectively  planar,  suggesting that  aromaticity  of  the arene  has  not  been lost  upon  binding to  the

uranium center;14 this conclusion was further supported by experimental and computational studies (see

below). 

The six carbons of the bound arene in 2 adopt a planar geometry with U–C distances spanning the

relatively narrow range of 2.899(2) to 2.988(2) Å and C–C bond lengths of 1.390(3) to 1.423(3) Å. The

uranium–centroid distance of 2.602(2) Å is within the typical range for U(III) arenes.31 Torsion angles for

the bound arene, calculated by measuring the dihedral angle19 formed by the C–C bonds on opposite

sides of the arene, are relatively small –  ranging from 2.5(2)o to 5.0(2)o – suggesting that no significant

reduced character  is  present  in  this  moiety.  U–O and U–N distances  of  2.310(2)  to  2.347(2)  Å and

2.581(2) to 2.652(2) Å, respectively, for the amidates in 2 are similar to corresponding distances for κ2-

O,N and  κ1-O amidates in  U(TDA)4  and  1-crown.25 Shorter M–O vs. M–N bond lengths are typical in

amidate complexes of oxophilic metals such as actinides and early transition metals.26,28,32,33 

Solid samples of complex 2 are stable indefinitely at room temperature under a nitrogen atmosphere.

However, over the course of two months at room temperature a solution of 2 in C6D6 underwent near-

complete disproportionation to U(TDA)4 and a small quantity of additional unknown products.  Addition of

excess KC8  and [2.2.2]cryptand to a THF solution of  2 at –40  oC resulted in a color change from dark

purple to dark brown (Scheme 1).  Dark brown crystals of this reduced product were grown from Et2O,

and  X-ray  crystallography  revealed  a  new  compound,  [K[2.2.2]cryptand][U(TDA)2]  (3)  (Figure  1).  In

contrast to 2, only two amidate ligands were attached to the metal center in 3, and both arene groups

were also bound to uranium in a manner reminiscent of a bent sandwich complex.  

The crystal structure of  3 reveals that [U(TDA)2]− possesses approximate C2 symmetry in the solid-

state; however, while both arenes are bound in an η6
 fashion to the uranium center, one of the arenes

(comprised of carbon atoms C1–C6) is slightly distorted.  C2 and C5 have U–C distances of 2.595(6) and

2.604(5)  Å, respectively, whereas the remaining carbons in that arene are  ca. 0.12 Å farther from U1

[2.689(6) to 2.745(6) Å].  Furthermore, the C1–C6 and C3–C4 bonds are slightly shortened relative to the

remaining arene C–C bonds, which have torsion angles of 11.5(4) and 15.5(4)o; these metrics are within

the typical range for a monoreduced arene ligand.19 In contrast, the other bound arene (C18-C23) adopts

a planar geometry, with U–C distances of 2.706(6) to 2.763(6) Å  and C–C bond lengths of 1.389(7) to



1.440(6) Å.  The torsion angles in this arene are minimal [0.9(4) to 4.6(4)o], suggesting that this ligand

possesses no significant reduced character in the solid state.19 U–centroid distances are 2.274(6) and

2.334(6) Å for the distorted and undistorted arenes, respectively; this contraction of ca. 0.3 Å from the

U–centroid distance of 2 is consistent with increased U–arene back-bonding upon reduction (see below).6

Similar U–centroid distances have been reported previously for the U(II) bis(amido) bis(arene) complex

U(NH(2,6-(2,4,6-iPr3C6H2)2C6H3))2
6 and  the  U(II)  mono(arene)  complex  [K[2.2.2]cryptand]

[((Ad,MeArO)3Mes)U].7 As with  3,  both of these U(II) complexes also show substantial contraction of  U–

centroid distances upon reduction from U(III).  The U–O bond lengths of 2.339(3) and 2.356(4) Å in 3 are

longer than those in the κ1-O amidates found on 1 and 2 and similar to the U–O bond lengths of the κ2-

O,N amidates bound to 2. 

The 1H NMR spectra of amidate complexes often show broad resonances due to ligand hemilability,25-

29  however  the  variable  temperature  1H NMR spectra  of  3 in  d8-THF  (Figure  S27)  showed  narrow

linewidths over a wide temperature range (-89 to 27 °C).  Resonances corresponding to each of the

proton  chemical  environments  were  clearly  identified  –  including  the  arene  protons  –  despite  the

paramagnetic broadening which can obscure detection of ligands directly bound to the uranium center.

In contrast to the inequivalent degree of distortion of the two arene ligands in the crystal structure of 3,

the  1H NMR spectrum of  3 in  d8-THF showed only one set  of  arene resonances,  consistent  with  C2

symmetry  of  the  [U(TDA)2]−  anion  in  solution.   This  symmetry  was  maintained  during  variable

temperature (VT) NMR experiments in the temperature range of –89 to 27 oC (Figure S27).  These results

suggest that in solution, any reduced character of the arene ligands appears to be delocalized across

both arenes, a conclusion that is further corroborated by DFT calculations (see below). 

Both the U(III) arene 2 and the Th(IV) arene 5 contain three amidate ligands, and each also has one

amidate ligand that provides a pendant arene group that binds to the metal center. For  2,  the two

ligands lacking a bound arene adopt a κ2-O,N binding mode, while for 5 the two ligands lacking a bound

arene adopt a κ1-O binding mode.  This rearrangement of all four amidate ligands from κ2-O,N in 4 to κ1-

O in  5 could arise from steric congestion around the metal center upon binding the arene, though we

believe it is more likely that increased electron density around the thorium center in  5 renders κ2-O,N

binding of the amidate ligand electronically unfavorable.25,26,28 A similar change in ligand coordination

geometry is observed upon reduction of the eight-coordinate uranium compound U(TDA)4 to the four-

coordinate anionic species 1-crown25 and 1-crypt.  



Synthesis of a Thorium Arene Complex

As  is  common  in  studies  of  the  early  actinides,  we  sought  structural,  electronic,  and  reactivity

comparison points to this unusual uranium chemistry through an investigation of the related thorium

analogues.  A small number of thorium complexes containing bound arenes have been reported,34–36 but

such species remain quite rare.  The homoleptic thorium amidate complex Th(TDA)4 (4) was synthesized

via a salt metathesis reaction by stirring ThCl4(DME)2 with four equivalents of K(TDA) in THF (Scheme 2).

Colorless crystals of 4 suitable for X-ray diffraction were grown from Et2O. Complex 4 crystallizes as an

eight-coordinate complex with all four amidate ligands bound κ2-O,N to the metal center and an overall

pseudo-S4 symmetry (Figure 2), similar to the previously-reported uranium analog U(TDA)4.25 Th–O and

Th–N bond lengths in 4 range from 2.343(3)–2.366(3) and 2.595(3)–2.724(3) Å, respectively.  Although

the Th–O bond lengths in 4 are similar to what we have previously reported for other homoleptic Th(IV)

amidate complexes,37 the Th–N bond lengths in 4 are longer by ca. 0.1 Å, likely due to the steric bulk of

the TDA ligand.  

Scheme 2.  Synthesis  of  Th(TDA)4 (4)  and the thorium mono(arene)  complex [K[2.2.2]cryptand]

[Th(TDA)3(THF)] (5) by two-electron reduction of 4.  Regeneration of 4 is achieved by oxidation of 5 with

[FeCp2][B(C6F5)4].

To generate a thorium arene complex, two equivalents of KC8 were added to a THF solution of  4

containing [2.2.2]cryptand at –40 oC, promptly causing a color change from colorless to orange (Scheme

2).  X-ray diffraction of single crystals grown from Et2O revealed this species to be the anionic complex

[K[2.2.2]cryptand][Th(TDA)3(THF)] (5), which contains a tethered η6-arene ligand bound in a distorted

geometry to the thorium center (Figure 2).  The reduction of 4 did not proceed when Et2O was used in

place of THF; this may be due to the increased ease of electron transfer reactions in THF relative to the



less polar  Et2O.38 Weaker  reducing agents,  such as metallic  sodium or  Cp*2Co,  were also  unable to

facilitate reduction of 4.  

            

Figure 2. X-ray crystal structures of 4 (left) and 5 (right) with 50% probability ellipsoids.  Hydrogen

atoms and [K[2.2.2]cryptand]+ are omitted, and iso-propyl groups are shown as capped sticks for clarity.

Structural  examination  of  5 shows that  the bound arene moiety  is  bent  significantly  away from

planarity, providing strong evidence that the ligand is reduced.  For example, the variation of C–C bond

lengths within the arene is reminiscent of a cyclohexadiene-like geometry: the C10–C11 and C13–C8

bonds have relatively short lengths of 1.358(9) and 1.374(9) Å, respectively, while the other four C–C

arene bonds are significantly longer, ranging from 1.458(8)–1.513(9) Å.  Torsion angles of 17.4(4) and

24.2(4)o also indicate reduction of the arene moiety; these values are consistent with a direduced arene

bound to a Th(IV) center.19,34  By comparison, all torsion angles in the C–C bonds of the two unbound

arene moieties are at or below 2.0(5)o.  The Th–C bond lengths range from 2.549(5) to 2.794(5) Å, with

the carbon atoms C9 and C12 approximately 0.2 Å closer to the Th center than C8, C10, C11, and C13

due to the bent geometry of the bound arene.  

Reactivity of Actinide Arene Complexes

With the goal of investigating the single- and multi-electron reactivity of 2,  3, and 5, we tested the

behavior of these arene complexes towards a variety of small molecules and redox agents.  The reaction

of the U(III) monoarene 2 with one equivalent each of KC8 and [2.2.2]cryptand at −40 °C in THF led to

the formation of the anionic U(III) complex [K[2.2.2]cryptand][U(TDA)4]  (1-crypt) as the major product



(Scheme  3;  Figure  S1).   The  geometry  and  structural  metrics  of  1-crypt are  very  similar  to  the

previously-reported analogue 1-crown,25 with all four TDA ligands adopting a κ1-O binding mode with U–

O distances from 2.210(2) to 2.247(2) Å.  It is interesting to note that two distinct anionic complexes, 3

and 1-crypt, could be accessed from 2 simply by varying the stoichiometry of KC8 and [2.2.2]cryptand.

Ligand redistribution occurs in the formation of 3 and 1-crypt from 2: in the former case, one amidate

ligand must be lost as the potassium salt; conversely, in the latter case, one amidate ligand must be

gained.  1-crypt was also synthesized via oxidation of 3 with one equivalent of [Cp2Fe][B(C6F5)4] in Et2O,

with  concomitant  formation  of  Cp2Fe  along  with  unidentified  insoluble  products  (Scheme  3).

Synthesizing  an  anionic  U(III)  species  via  oxidation  is  very  unusual,  indicating  the  highly  reducing

character of  3 and the tendency for ligand redistribution in this system; this is especially noteworthy

given that the other synthetic pathways to 1 involve reduction of a starting material with KC8.  

Scheme 3. Interconversion and redox reactivity  of  the uranium amidate complexes U(TDA)3 (2),

[K[2.2.2]cryptand][U(TDA)2] (3),  U(TDA)4,  and [KL][U(TDA)4] (1-crown:  L = 18-crown-6; 1-crypt:  L =

[2.2.2]cryptand).



To determine if complex  3 could behave as a multi-electron reductant without the complication of

ligand redistribution, we tested its reactivity towards elemental iodine.  Addition of one equivalent of I2 to

a THF solution of  3 yielded the iodide-bridged U(III)–U(III) complex  [K[2.2.2]cryptand][(UI(TDA)2)2(μ-I)]

(6), which was isolated as a blue solid from Et2O (Scheme 4; Figure 3).  In this reaction, complex 3 can

be considered as behaving as a U(I) synthon, with two-electron reduction of I2 by each uranium center to

yield a di-U(III) product in an overall four-electron reaction per molecule of 6.  

The solid state structure of 6 reveals a bridging iodide (I2) located 3.276(2) and 3.308(2) Å from U1

and U2, respectively,  whereas the terminal iodide atoms I1 and I3 are found 3.068(2) and 3.081(2) Å

from U1 and U2, respectively; these U–I bond lengths are consistent with other reported bridging and

terminal U(III) iodides.39 All four TDA ligands in 6 adopt κ2-O,N binding modes, with two of those amidate

oxygens  (O2  and O3)  also  bridging the  uranium centers,  with  bridging  U–O distances  of  2.440(6)–

2.544(6) Å.

Scheme 4. Synthesis of the iodide-bridged U(III)–U(III)  complex [K[2.2.2]cryptand][(UI(TDA)2)2(μ-I)]

(6) (top) and the U(IV) cycloheptatrienyl complex [K[2.2.2]cryptand][U(η7-C7H7)(TDA)2(THF)] (7) (bottom).



Following the isolation of 6, we sought to further investigate the reactivity of 3 and discover whether

this species would also behave as a U(I) synthon in other multi-electron transformations.  Consequently,

we  turned  to  the  [7]-  and  [8]-annulenes  cycloheptatriene  (CHT)  and  cyclooctatetraene  (COT),

respectively.   These  carbocycles  can  achieve  aromaticity  by  three-  and  two-electron  reduction,

respectively, forming planar C7H7
3− and C8H8

2− anions.  In contrast to the late transition metals, where the

CHT moiety typically  binds as the tropylium cation,  C7H7
+,  all  examples  of  uranium CHT complexes

contain this ligand in its trianionic form, C7H7
3−, a motif common for highly electropositive metals such as

early transition metals, lanthanides, and actinides.40–42 Given the substantial reducing power of  3, we

posited that a three-electron reduction of CHT should be feasible, leading to the formation of a U(IV)

cycloheptatrienyl complex with concurrent loss of half an equivalent of H2 from the ligand.  Addition of

CHT to a THF solution of  3 caused a color change in the solution from dark brown to maroon with

concomitant formation of small gas bubbles, yielding a maroon product that was crystallized from Et2O.

Although small gas bubbles were observed during the synthesis of 7, NMR confirmation of H2 formation

could not be obtained due to the presence of coincident 1H NMR resonances from the [2.2.2] cryptand.

The  1H NMR spectrum of this compound indicated the presence of a new compound with a singlet at

−47.90 ppm, in the expected region for a bound C7H7
3− ligand.43 X-ray crystallography confirmed this

molecule  to  be  [K[2.2.2]cryptand][U(η7-C7H7)(TDA)2(THF)]  (7),  and  DFT  calculations  support  the

assignment of 7 as containing a U(IV) center bound to a C7H7
3− ligand (see below).  

Figure  3.  X-ray  crystal  structure  of  6 with  50%  probability  ellipsoids.  Hydrogen  atoms  and

[K[2.2.2]cryptand]+ are omitted, and iso-propyl groups are shown as capped sticks for clarity.



The three-electron oxidation from 3 to  7 provides another example of  3 reacting as a U(I) synthon

(Scheme 4;  Figure 4).  Furthermore,  three-electron reductions mediated by uranium complexes have

been described only rarely.22,44 To the best of our knowledge, complex 7 is the only reported example of a

mononuclear uranium mono(cycloheptatrienyl) species.  CHT complexes of uranium are quite rare: only

two  examples,  the  U(V)  sandwich  complex  [K(18-crown-6)][U(C7H7)2]45 and  the  U(IV)–U(IV)  inverse

sandwich complex [U(BH4)2(THF)5][(U(BH4)3)2(µ-η7:η7-C7H7)]46 have been structurally characterized, and

few other examples have been reported.43  In contrast to the reactivity exhibited by 3, the addition of

CHT to  2 resulted in the formation of unstable products that decomposed quickly, regenerating some

quantity of 2 among a mixture of other intractable products.

Scheme 5. Reactivity of U(TDA)3 (2) and [K[2.2.2]cryptand][U(TDA)2] (3) towards COT.

In comparison to the rarity of actinide CHT complexes, COT has been widely used as a ligand for the

actinides,47–51 and uranocene (U(C8H8)2) has become one of the most studied organouranium complexes

since  it  was  first  synthesized  in  1968.52 Following  the  isolation  of  7,  we  anticipated  that  3 could

potentially act as a two-electron reductant towards COT, generating a U(III) COT product. However, the



addition of COT to a THF solution of 3 instead yielded the tetra-amidate anion 1-crypt and uranocene as

the two major products in 36% and 42% yield, respectively, indicative of oxidation at the metal and

redistribution of the amidate ligands (Scheme 5).  Similar reactivity has been documented for the U(II)

complex [K(18-crown-6)][U(C5H4(SiMe3))3]; the addition of COT to this complex yielded a mixture of K(18-

crown-6)][U(C5H4(SiMe3))4] and uranocene.3  In contrast, addition of COT to a THF solution of 2 yielded a

yellow product that was crystallized in high yield from pentane, which X-ray crystallography revealed to

be the inverse sandwich complex [U(TDA)3]2(µ-η8:η3-C8H8) (8).  Here, each uranium center reduces COT

by one electron to give this U(IV)–U(IV) product; addition of excess COT to 8 did not result in any further

reactivity.

The solid-state structure of 7 (Figure 4) shows a planar C7H7 ligand with U–C [2.563(4) to 2.577(4) Å]

and C–C [1.382(6) to 1.431(7) Å] bond lengths exhibiting relatively narrow ranges, along with a U–C7H7

centroid distance of 1.991(4) Å; these are comparable to reported values for [K(18-crown-6)][U(C7H7)2].45

The two amidates adopt a κ1-O binding mode with U–O bond lengths of 2.255(2) and 2.272(2). 



Figure 4. X-ray crystal structures of 7 (left) and 8 (right) with 50% probability ellipsoids. Hydrogen

atoms and [K[2.2.2]cryptand]+ are omitted, and iso-propyl groups are shown as capped sticks for clarity.

Complex 8 adopts an asymmetric inverse-sandwich geometry in the solid state with a planar C8H8
2-

fragment bridging the two uranium centers (Figure 4).  The C8H8
2- ligand is nearly planar, with C–C bond



lengths ranging from 1.385(4) to 1.416(4) Å. The U2–C(C8H8) distances range from 2.753(3) to 2.824(3) Å

with a  U2–centroid distance of 2.094(2)  Å, consistent with an η8 coordination mode for U2.47 All three

amidate ligands are bound κ1-O to U2, with U2–O bond lengths ranging from 2.131(2) to 2.171(2) Å. In

contrast, U1 appears to only be in contact with a portion of the C8H8 ring. Carbons C1–C3 are the only

carbons found within 3 Å of the uranium center; the shortest contact is U1–C2: 2.708(3) Å, with the other

end of the C8H8 ligand angled away from U1. These metrics suggest an η3 coordination mode for U1, as

has been previously described for the U(IV)–U(IV) C8H8 complex [U(η5-C5Me5)(η8-C8H8)]2(µ-η3:η3-C8H8).44

One of the amidate ligands is bound to U1 in a κ1-O geometry [U1–O3: 2.105(2) Å], while the other two

amidates adopt a κ2-O,N binding mode [U1–O: 2.259(2) to 2.268(2) Å, U1–N: 2.480(2) to 2.488(2) Å].

Reactivity studies of the thorium arene 5 were limited by the highly reactive nature of this complex

and by its thermal instability; we observed substantial decomposition of 5 in solution at –40 oC over a

period of days.  Attempts to study the reactivity of  5 towards most substrates capable of undergoing

two-electron reduction led to intractable mixtures of products.  However, the addition of one equivalent

of [Cp2Fe][B(C6F5)4] to  5 led to the regeneration of  4, with concomitant formation of Cp2Fe and trace

unidentified side products (Scheme 2).

Electronic Structure of Uranium Arenes

EPR Spectroscopy

EPR spectroscopy was performed to  identify  the electronic  configuration  of  the ground state  for

complexes  2 and 3.  Continuous wave (CW) X-band EPR of a powdered sample of  2 shows a rhombic

system with effective g-values of [3.605 1.264 0.626] giving a giso = 2.24 (Figures 5 and S9).  These g-

values are consistent with other uranium(III) complexes previously reported with large orbital angular

momentum.53–55 The splitting in the EPR spectrum of  2 is  too large to be accounted for  by nuclear

hyperfine interactions, and is likely the result of dipolar and/or exchange interactions between molecules

in the solid state. Measurements on solution samples did not exhibit such splitting, suggesting that it is

intermolecular in origin.

The EPR spectrum of 3 features a sharp, intense peak centered at 330 mT (Figures 5 and S10).  This

signal can be well simulated as an S = 1/2 spin system with g = [2.042 2.021 2.013].  This signal persists

at temperatures as high as 40 K (Figure S11), indicating that the spin relaxation time is relatively long,

which is characteristic of an organic radical.  We attribute this signal to an arene ligand radical in 3.  The

overall change in signal upon reduction of 2 to give 3 suggests that the uranium center is reduced to a



non-magnetic (5f4) ground state, with an EPR-silent integer spin, S = 2.6-8 No other signals can be seen in

3 by EPR in the X-band, including an S = 3/2 signal from a coupled metal-ligand system.  Parallel-mode X-

band CW-EPR of 3 was unable to reveal any integer spin signals that could be attributed to the uranium

center, likely due to the low symmetry of 3 (Figure S10). The behavior of the U(II) ion in 3 (i.e. EPR non-

active) is fully consistent with the discovery and characterization of the related U(II) arene complexes

reported by Odom and coworkers6 and by Meyer and coworkers.7,8 The absence of transitions between

spin states at 5 K indicates that the low-lying excited states are well separated, such that only a signal

from the ligand radical is observed.

Figure 5.  (Top)  X-band (9.7 GHz) CW-EPR spectrum of a solid sample of  2 in perpendicular mode.

The splitting seen in 2 is likely the result of dipolar and/or exchange interactions between molecules in

the solid state.  Conditions:  temperature, 5K; microwave power, 0.2 mW; modulation amplitude 0.8 mT.

(Bottom) X-band (9.4 GHz) CW-EPR spectrum of a solid sample of  3 (black trace) in perpendicular

mode.  Simulated (red trace) with S = 1/2 spin system, g =  [2.042 2.021 2.013], and gStrain = [0.019



0.022 0.021].  Conditions: temperature = 5K; microwave power = 0.2 mW; modulation amplitude = 0.5

mT.  

Complex 3 was additionally probed by high-field, high-frequency EPR at 130 GHz.  An echo-detected

field-sweep EPR spectrum of 3 measured at 4.5 K features an almost-axial signal arising from an S = 1/2

spin  that  is  well  simulated  by  g =  [2.042  2.022  2.019]  (Figure  S12),  in  close  agreement  with  g

parameters of the radical ligand extracted from the X-band spectrum.  The deviation of the g factor from

the free-electron g value (ge = 2.002) indicates anisotropy, confirming the proximity of the radical to the

heavy uranium center bearing significant spin-orbit coupling.56 No uranium-based signals were observed

in echo-detected EPR at 4.5 K using 130 GHz irradiation, precluding further analysis of the electronic

structure of 3. Overall, EPR measurements indicate that the two-electron reduction of 2 by KC8 results in

a one-electron reduction of the metal center to give an integer spin S = 2 uranium(II) center and a one-

electron reduction of the ligand to give an S = 1/2 arene radical, and that the U(II) atom and arene are

decoupled in the ground state.  

Figure 6.  Dc magnetic susceptibility data for 2 (blue) and 3 (yellow) under an applied magnetic field

of 10 kOe.

Magnetic Measurements

The  electronic  structure  of  2 and  3 was  further  investigated  by  SQUID magnetometry.  Variable-

temperature dc magnetic susceptibility data for 2 and 3 were collected from 2 to 300 K under applied

magnetic fields of 1, 10, and 70 kOe (Figures 6, S13, and S14). At 10 kOe, the χMT values for 2 are 1.07



emu K/mol at 300 K and 0.57 emu K/mol at zero K, which correspond to μeff values of 2.93 μB at 300 K

and 2.13  μB for  the ground state.  These values are within the range reported for other uranium(III)

complexes,57 and also show good agreement with the value of 1.94 μB at zero K calculated using the g

values obtained using EPR. By contrast, at 10 kOe 3 shows much smaller χMT values of 0.61 emu K/mol

at 300 K and 0.23 emu K/mol at zero K, which correspond to μeff values of 2.20 μB at 300 K and 1.35 μB at

zero K. The ground state μeff for 3 is somewhat lower than the value of 1.75 μB calculated using the EPR g

values. However, both measurements show a trend towards decreasing magnetic susceptibility when

moving from 2 to 3,as expected if the U(II) center has a non-magnetic ground state. The χMT value for 3

shows a monotonic decrease with temperature, reaching a value of 0.17 emu K/mol at 2 K and 10 kOe.

This low value can be attributed to the non-magnetic, singlet ground state anticipated for a 5f4 ion based

on earlier studies of magnetic susceptibility in Pu(IV) compounds such as (C8H8)2Pu and PuCl62-.58,59 The

smaller room temperature  χMT value for  3 relative to  2 and the low  χMT value at 2 K for  3 are also

consistent with trends reported in previous studies of uranium(II) compounds.3,4,6,7 In sum, these results

corroborate EPR characterization of 2 and 3 and support the assignment of 3 as a uranium(II) compound

with a monoreduced arene ligand.

Electronic Structure Theory

The electronic  structure  of  lanthanide and actinide arenes  has  been the subject  of  several  earlier  theoretical

studies, particularly for high-symmetry molecules.  59-63  Here, density functional theory (DFT) calculations were

performed  on  the  uranium and  thorium arenes  to  investigate  their  electronic  structures,  which  all  had  low

symmetry and appeared to be quite different based on our reactivity studies. We first considered the uranium

complex 2 and the thorium anion in 5, each of which possesses three TDA ligands with one coordinated arene.

Figure 7 shows selected molecular orbitals calculated using DFT for both  2 and  5.  The ground state of  2 was

found to be a quartet comprised of three occupied low-energy 5f orbitals that were entirely localized to the U

center.  Delta-bonding interactions between the uranium center and the arene are present in the HOMO–6, which

is 2.36 eV lower in energy than the occupied 5fz
3 orbital (Figure S54). No significant degree of reduced character

in  the  arene  was  found,  and  the  unpaired  spin  density  in  2 was  calculated  to  be  3.00,  consistent  with  the

assignment  as  U(III). Complex  5 was  optimized  for  both  singlet  and  triplet  spin  states.  The  triplet  state  is

comprised of a Th(III) center bound to a monoanionic arene and would be analogous to the bonding described

above for 2, while the singlet state is best represented as a Th(IV) center bound to a dianionic arene. Although the



optimized geometries for both spin states were very similar, the singlet state was found to be 8.7 kcal/mol lower

in energy, consistent with the assignment of complex  5 as Th(IV). Both spin states indicate the presence of δ-

bonding interactions in the HOMO between the thorium center and the arene moiety.  A bonding interaction

between the thorium center and the arene is also seen in the HOMO–1, which contains two electrons in the π

system of the arene for both the singlet and the triplet states (Figure S56).  NBO analysis of the singlet state

showed the Th–C bonds in 5 to be polarized towards carbon, with the bonding contribution from thorium arising

mainly from 6d and 5f orbitals. To summarize, complex  2 has a U(III) oxidation state with three localized 5f

electrons and a neutral arene, while complex 5 has a Th(IV) oxidation state and a doubly-reduced arene. 

Figure 7. Selected molecular orbitals for the ground state of 2 (bottom) and 5 (top) calculated using

DFT.  For 2, the ground state is a quartet, with three SOMO orbitals contain electrons primarily localized

to nonbonding 5fz
3 (left), 5fx(y

2–z
2) (center) and 5fy

3 (right) orbitals, while the HOMO–6 and LUMO orbitals

display  δ-bonding interactions  between uranium 5fxyz and arene π*  orbitals.   For  5,  the  HOMO–1 is

primarily of Th 6dz
2 character.  The HOMO displays δ-bonding interactions between the Th 5fx(x

2
-3y

2
)/6d(x

2
-y

2
)

orbitals and the arene π* orbitals, while the LUMO displays δ-bonding interactions between the Th 5fy(3x
2

-

y
2

)/6dxy and the arene π* orbitals.

We also used DFT calculations to probe the electronic structure of the uranium arenes 3,  7, and 8.

Beginning with complexes 7 and 8, the DFT calculations for both the [7]- and [8]-annulene complexes

were unambiguous and consistent with formal U(IV) character (Figures S57 and S58). For example, the

lowest-energy configuration for 7 was found to be a triplet state with U(IV) bound to a trianionic [C7H7]3-



ligand and a uranium spin density of 2.29.  The lowest-energy configuration for  8  was found to be a

quintet spin state with two U(IV) ions bound to a dianionic C8H8
2- ligand.  The uranium centers had spin

densities of 2.13 and 2.14, in line with a U(IV) oxidation state for each ion.  The donation of the two

uranium ions to the cyclooctatetraenyl ligand were significantly different, with values of 99.8 (σ) and

51.3 (π) kcal/mol for U1 vs. 241.9 (σ) and 118.4 (π) kcal/mol for U2; these substantial differences in

energy are a result of η3 versus η8 binding of each uranium center to the bridging annulene ligand.  

The DFT calculation for  3  showed that the U ion in  3 is best described by a U(III) oxidation state

(electron configuration [Rn]7s(0.09)5f(3.03)6d(0.13)7p(0.03)). Closer inspection revealed three partially

occupied 5f-orbitals and a doubly-reduced arene, which together housed four alpha spins and one beta

spin  that  resulted  in  a  ground  state  quartet  (S  =  3/2).  Two  of  these  SOMOs  contain  δ-bonding

interactions between the 5fxyz and 5fx
3 orbitals of the uranium, respectively, and the π* orbitals of both

arene ligands, while the third SOMO is primarily of U 5fz
3 character.  The LUMO of complex 3 contains an

additional  uranium-arene δ-bonding interaction between the 5fxyz orbital  of  the uranium and the π*

orbitals on one of the two arenes (Figure 8).  The spin density of uranium in complex 3 was calculated to

be 2.81, with some delocalization of spin density onto one of the two bound arenes. However, the U(III)

ground state calculated with DFT contradicted the EPR measurement, which indicated that the U ion is

EPR silent. Additionally, a sextet state for 3 was only 4.6 kcal/mol higher in energy; in this state, the U

ion  was  calculated  to  have  an  unpaired  spin  density  of  3.6,  corresponding  to  a  greater  degree  of

reduction,  and  a  uranium electron  configuration  of  [Rn]7s(0.16)5f(3.50)6d(1.26)7p(0.29),  suggesting

formal U(I) character.



Figure 8. Selected molecular orbitals for the ground state of 3 calculated using DFT.  One SOMO is

primarily of U 5fz
3 character (left), while the other two SOMOs contain δ-bonding interactions between

the 5fxyz (center) and 5fx
3 (right) orbitals of the uranium and the π* orbitals of both arene ligands.  The

HOMO contains electrons primarily  localized in  the 5fx(x
2

–3y
2

)  and the orbital  involved in  the LUMO is

primarily the 5fxyz.

The identification of the low energy states in the DFT calculation for  3 raised the possibility of a

multiconfigurational  ground-state.  Hence,  additional  investigation  of  3 was  conducted  using

multireference methods (CASSCF),64,65 which revealed a multiconfigurational ground state comprised of

U(II) (69%) and U(III) (31%) character, with a pure U(II) state 4.6 kcal/mol higher in energy. Including

spin-orbit coupling (SOC) resulted in a J = 4 ground state for  3 that is further split by the asymmetric

ligand field into non-degenerate states, yielding a non-magnetic MJ = 0 ground state. Hence, although 3

might be viewed as a formal U(I) complex if the arenes are treated as formally neutral moieties,6,12,19,24

the CASSCF calculations and experimental  data  provide convincing evidence against  this  view.  This

assignment is consistent with previous descriptions of electronic structure for 5f4 actinide systems66

including  PuCl62-,59 (C8H8)2Pu,58 U(NH(2,6-(2,4,6-iPr3C6H2)2C6H3))2,6 and  [K[2.2.2]cryptand]

[((Ad,MeArO)3Mes)U].7,8 Taken together  with the experimental  results  described above,  the calculations

indicate that the electronic structure of  3 is best described as having a U(II) ion with a 5f4 electronic

configuration, supported by a ligand framework with a monoreduced arene.



CONCLUSIONS

We have synthesized an unusual uranium bis(amidate) complex with two tethered arene ligands (3)

by two-electron reduction of the amidate-supported U(III) mono(arene) 2.  Complex 3 was characterized

as U(II) with an overall monoreduced arene ligand framework based on evidence from EPR spectroscopy,

SQUID  magnetometry,  and  quantum  chemical  calculations.   Complex  3  reacts  as  a  U(I)  synthon,

behaving as a two- or three-electron reductant towards I2 and cycloheptatriene, respectively, to give the

U(III)–U(III)  iodide  complex  7 and  the  U(IV)  cycloheptatrienyl  complex  7.   In  addition,  we  have

synthesized an unusual example of a COT-bridged diuranium inverse sandwich complex (8) by addition

of  COT  to  the  U(III)  arene  2,  demonstrating  the  formation  of  uranium [6]-,  [7]-,  and  [8]-annulene

complexes supported by the same amidate ligand.  For comparison, we also extended this work to

thorium, preparing the anionic thorium tethered mono(arene) complex 5, which contains a Th(IV) center

coordinated to a direduced arene, by reduction of the homoleptic Th(IV) amidate complex  4. Notably,

many  Th  and  U  metallocenes  adopt  6d1 electronic  configurations  upon  reduction  to  Th(III)  or  U(II)

oxidation states, instead of adding electrons to the 5f orbitals.  54,67-72  The 5f4 electronic configurations

observed for 3 and related U(II) arene complexes,6,7 combined with the formation of a direduced arene in

5 instead of  a  Th(III)  complex,  shows  how ground state  electronic  configurations  can  be tuned by

modifying the ligand environment.73,74 Overall, the isolation of these new actinide arene complexes—

along with their rich reactivity and diverse electronic structures—adds significantly to the burgeoning

field of U(II) chemistry, and provides an interesting path forward to the chemistry of even more highly

reduced uranium species.
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