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ABSTRACT: Chatt reaction methods were employed to synthesize the first well characterized actinide-arene sand-

wich complexes.  Namely, addition of [UI2(THF)3(μ-OMe)]2⸱THF (2⸱THF) to THF solutions containing 6 equiv. 

of K[C14H10] generates the dimeric complexes [K(18-crown-6)(THF)2]2[U(η6-C14H10)(η
4-C14H10)(μ-OMe)]2⸱4THF 

(1
18C6

⸱4THF) and {[K(THF)3][U(η6-C14H10)(η
4-C14H10)(μ-OMe)]}2 (1

THF
) upon crystallization of the products in 

THF in the presence or absence of 18-crown-6, respectively.  Both 1
18C6

⸱4THF and 1
THF

 are thermally stable in the 

solid-state at room temperature; however, after crystallization, they become insoluble in THF or DME solutions 

and instead gradually decompose upon standing.  X-ray diffraction analysis reveals 1
18C6

⸱4THF and 1
THF

 to be 

structurally similar, possessing uranium centers sandwiched between anthracene ligands of mixed tetrahapto and 

hexahapto ligation modes.  Yet, the two complexes are distinguished by the close contact potassium-arene ion 

pairing that is seen in 1
THF

 but absent in 1
18C6

⸱4THF, which is observed to have a significant effect on the electronic 

characteristics of the two complexes.  Structural analysis, SQUID magnetometry data, XANES spectral character-

ization, and computational analyses are generally consistent with U(IV) formal assignments for the metal centers 

in both 1
18C6

⸱4THF and 1
THF

, though noticeable differences are detected between the two species.  For instance, the 

effective magnetic moment of 1
THF

 (3.74 µB) is significantly lower than that of 1
18C6

⸱4THF (4.40 µB) at 300 K.  

Furthermore, the XANES data shows the U LIII-edge absorption energy for 1
THF

 to be 0.9 eV higher than that of 

1
18C6

⸱4THF, suggestive of more oxidized metal centers in the former.  Of note, CASSCF calculations on the model 

complex {[U(η6-C14H10)(η
4-C14H10)(μ-OMe)]2}

2- (1*) shows highly polarized uranium-arene interactions defined 

by π-type bonds where the metal contributions are primarily comprised by the 6d-orbitals (7.3± 0.6%) with minor 

participation from the 5f-orbitals (1.5 ± 0.5%).   These unique complexes provide new insights into actinide-arene 

bonding interactions and show the sensitivity of the electronic structures of the uranium atoms to coordination 

sphere effects.  
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Introduction 

     The structural elucidation of bis(benzene)chromium, Cr(η6-C6H6)2, by E. O. Fischer was a landmark discovery 

as it established a new chemical bonding paradigm for both transition metal and carbon molecules alike,1 expanding 

upon the seminal structural characterization of ferrocene a few years earlier.2-3  In Cr(η6-C6H6)2, the molecule fea-

tures a formally chromium(0) atom sandwiched between two neutral benzene rings wherein stabilization is bidirec-

tional: donation of the benzene π-electrons into empty metal orbitals accompanied by backbonding of occupied 

metal orbitals into the empty benzene π*-orbitals.4-5 This contrasts the bonding scheme in Cp2Fe (Cp = η5-C5H5), 

which is considered to contain an iron(II) center sandwiched between two π-donating, anionic, aromatic Cp- ligands 

with negligible backbonding character.6  Indeed, subsequent analysis of the bonding in Cr(η6-C6H6)2 suggests that 

chromium δ-backdonation is the largest contributor to the bonding interactions.6 

Not surprisingly, Cr(η6-C6H6)2 has been the focus of several structural studies, providing valuable insights into 

metal bonding and chemistry.7 Notably, Cr(η6-C6H6)2 is more than a simple curiosity as chromium mono- and 

bis(arene) complexes have become important reagents for organic synthesis and catalysis.8   

     Consequently, Cr(η6-C6H6)2 has spawned a rich and diverse field of metal-arene chemistry spanning the d-block 

and growing to encompass the main group element series.9-10  On the other hand, glaringly lacking are metal-arene11 

sandwich complexes belonging to the 4f- and 5f-metals. Using electron-beam vaporization techniques, Cloke and 

co-workers accomplished the remarkable synthesis of a few, thermally stable homoleptic lanthanide-arene sand-

wich compounds of the type Ln(η6-tBu3C6H3)2 (Ln = Nd, Gd, Tb, Dy, Ho, Er, and Lu) and the thermally unstable 

species Ln(η6-tBu3C6H3)2 (Ln = La, Pr, Sm).12-14 Electronic structure calculations show substantial lanthanide d-

orbital → π*-arene backbonding.15-17 This is illuminating and surprising in many regards as the bonding of the 

lanthanide metals is typically considered to be predominantly ionic in nature, yet it is still possible for these metals 

to participate in covalent backbonding interactions through 5d-orbital contributions.  Furthermore, the study vali-

dates the core-like nature of the 4f-orbitals and their unavailability for bonding. Though, in 2017, Mazzanti and co-

workers reported the synthesis of the triple decker complex [K(2.2.2-crypt)]2{[(KL3Ce)(μ-η6:η6-C7H8)]2Ce} (L = -

OSi(OtBu)3) from the reduction of [KCeL4].
18 This trinuclear compound features a cerium arene-sandwich  [Ce(η6-

C7H8)2]
2- core, and DFT calculations show that each of the cerium atoms engages the toluene moieties through δ-

bonding involving the 4f-orbitals. 

     Homoleptic actinide-arene sandwich complexes would be particularly noteworthy and important for studying 

actinide bonding behavior as the 5f-orbitals extend beyond the core.  Compounds such as these may give way to 

interesting molecules possessing exotic φ-type bonds.19-20  Understanding these types of molecules and their bond-

ing character are important for addressing one of the more poorly understood areas of actinide science, namely the 

role and participation of the 5f- and 6d/7s/7p-valence orbital combinations to chemical bonding.21 

     Yet, with respect to the actinides, all efforts to use similar vaporization techniques to produce the analogous 

An(arene)2 compounds have failed,16 though gas-phase reactions have successfully detected the formation of [U(η6-
tBu3C6H3)2]

+,22 suggesting an achievability for such molecules. In fact, quantum calculations predict U(η6-
tBu3C6H3)2 to have a metal-arene bond disruption enthalpy of 88 kcal/mol, exceeding that of  the analogous Ln(η6-
tBu3C6H3)2 (Ln = Ce – Yb) (28 – 72 kcal/mol) and M(η6-tBu3C6H3)2 (M = Group 4, Group 5; 49 – 79 kcal/mol) 

complexes;17 though, the reliability of the calculated enthalpy value for uranium has been called into question due 

to the complicated electronic structure of the actinides.15  

     In 1970, Cesari et al. demonstrated that unsupported actinide-monoarene adducts could be accessed by applying 

Fischer’s reductive Friedel-Crafts conditions used in the synthesis of Cr(η6-C6H6)2.  Specifically, the 

treatment of UCl4 with an excess of AlCl3 and Al0 in benzene gives the U(III) complex [(η6-C6H6)U(AlCl4)3].
23  

Following a similar strategy, Cotton, Schwotzer, and others subsequently reported the synthesis and structural char-

acterization of a handful of uranium-monoarene adducts including the first U(IV) arene complex {[(η6-

C6Me6)UCl2]2(μ-Cl)3}[AlCl4].
24-27  Later, Ephritikhine et al. showed that thermal decomposition of U(BH4)4 in me-

sitylene affords (η6-C6H3Me3)U(BH4)3, which undergoes facile ligand displacement with hexamethylbenzene to 

give (η6-C6Me6)U(BH4)3.
28  The U-arene bonding in these complexes is likely to be electrostatic in nature with the 

neutral arene coordinating through the π-electron cloud as a Lewis base to the highly electron deficient uranium 
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centers.  Consequently, inspection of the Caryl-Caryl distances reveals no bond length distortions,27 indicating a lack 

of metal backbonding, with the arene readily displaced by coordinating solvents such as THF.24  More recently, 

Braunschweig et al. reported the first actinide π-complexes with neutral 1,4-diborabenzene to give (dbb)AnCl4L 

(dbb = 1,4-bis(cAAC)2-1,4-diborabenzene; An = Th, U; L = THF, MeCN).  In this case, the dbb-An bond was 

found to be very strong, though, also primarily electrostatic in character.29  In specific regards to thorium, Gamba-

rotta and co-workers have reported the synthesis of the thorium naphthalene complexes 

[Li(DME)3]{[K(DME)][(Et8‐calix[4]tetrapyrrole)Th(η4-C10H8)]}, {[K(DME)][(Et8‐calix[4]tetrapyrrole)Th(μ-

η4:η6-C10H8-μ-K)]}n,
30  and [O-2,4-tBu2-C6H2(CH2)]2Th(η4-C10H8)2[K(18-crown-6)]2.

31 The latter is the only re-

ported actinide-arene sandwich complex; however, low yields and persistent impurities prevented characterization 

beyond the determination  of its solid-state molecular structure.     

     Compounds containing actinide-arene interactions have become increasingly important moieties in 5f-element 

chemistry.  So called inverted sandwich complexes featuring An-arene-An cores have become nearly commonplace 

in uranium organometallic chemistry in recent years.32 These complexes have provided valuable electronic insight 

into actinide bonding, particularly with respect to δ-interactions, while enabling rich redox chemistry and other 

novel reactivity patterns such as the C-H borylation of arenes.32-44  For example, U(O-2,6-tBu2C6H3)3 reacts with 

benzene in the presence of HBBN (HBBN = 9-bora-9-bicylononane) to give the inverted sandwich product [U(O-

2,6-tBu2C6H3)2]2[μ:η6:η6-C6H5(BBN)].43  Moreover, uranium-arene interactions play key roles in the stabilization 

of the rare U(II) oxidation state in [K(2.2.2-cryptand)]{[(Ad,MeArO)3Mes]U} ((Ad,MeArO)3Mes = κ3:η6-

C6Me3[CH2(O-C6H2MeAd)]3)
45 and U(κ1:η6-NHAriPr6)2 (AriPr6 = (2,4,6-iPr3C6H2)2C6H3),

46 where the uranium-arene 

bonds are enforced through intramolecular ligand tethering.  Interestingly, it has been predicted by means of density 

functional theory (DFT) that uranium-arene complexes may also provide access to the unknown U(I) oxidation 

state.47 

     On this note, the use of tethered ligand manifolds to encourage supported actinide-arene interactions has become 

a popular approach within recent years.45-46, 48-57 Bart, Meyer, and coworkers first demonstrated that uranium-arene 

δ-bonding was a key feature of their U(III) complex [(tBu,tBuArO)3Mes]U,48 while Arnold and coworkers showed 

that redox isomerization of the trans-calix[2]benzene[2]pyrollide (bz2pyr2
2-) uranium complex gives rise to the sup-

ported sandwich compound (κ2-η6:η6-bz2pyr2)U
III(X) (X = I, BH4, O-2,6-tBu2C6H3, N(SiMe3)2).

52-53  In our own 

work, we have utilized an N,N’-tethered uranium-arene platform, viz [(κ2:η6-LAr)UIII]+ ((LAr)2- = 2,2’-bis(2,6-
iPr2C6H3N)-p-terphenyl), to stabilize an unusual U-Fe bond and separately generate a highly reactive uranium-

 

Scheme 1. Synthesis of complexes 118C6 and 1THF from 2.  
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nitride species.55-56 Regardless, the ancillary ligand coordination in these systems provides additional bonding con-

tributions and potential ligand strain effects that can compete with or affect the actinide-arene bonding. 

     Considering the soft nature of neutral aromatic hydrocarbons and the hard Lewis acidic character of the actinide 

ions, we hypothesized that the formation of unsupported 5f-sandwich arene complexes would be best accessed 

through the use of Chatt reaction conditions as popularized by Ellis and others.10  This method specifically refers 

to the reaction of a metal salt with a reduced arene anion to give metal-arene products through salt metathesis.  The 

compounds produced in these reactions are often found to form “-ate” complexes, which have been referred to as 

“arene-metalates.”10    

     Through these means, we herein report the synthesis and characterization of the first unsupported uranium arene-

metalate sandwich complexes, namely [K(18-crown-6)(THF)2]2[U(η6-C14H10)(η
4-C14H10)(μ-OMe)]2⸱4THF 

(1
18C6

⸱4THF) and ion contact paired {[K(THF)3][U(η6-C14H10)(η
4-C14H10)(μ-OMe)]}2 (1

THF
), formed from the re-

action of excess K[C14H10] with the methoxy-iodide dimer [UI2(THF)3(μ-OMe)]2 (2).  Compounds 1
18C6

⸱4THF and 

1
THF

 are isolated in modest yields, and their structural and electronic properties have been thoroughly characterized 

through X-ray diffraction analysis, EPR spectroscopy, SQUID magnetometry, XANES spectroscopy, DFT, and 

multireference wavefunction-based computational methods.  The magnetic and XANES data show a clear differ-

ence in the electronic properties of 1
18C6

⸱4THF from 1
THF

, revealing a key sensitivity of the electronic structure to 

coordination sphere ion pairing effects.  

 

Results and Discussion 

     Synthesis.  In one instance, addition of UI3(dioxane)1.5 to a stirring solution of 6 equiv. of K[C14H10] (prepared 

in-situ) in DME at -35 °C produced an intensely dark blue solution.  Filtration of the reaction mixture at room 

temperature afforded a dark blue solid that solubilized in THF to which excess 18-crown-6 was added, resulting in 

the formation of a few single crystals after 12 h at -35 °C. Single crystal X-ray diffraction analysis revealed the 

formation of the uranium bis(anthracene) sandwich dimer 1
18C6

⸱4THF (Figures 1 and S2), with the units conjoined 

through two bridging methoxide ligands.  The formation of the methoxide groups in 1
18C6

 was unexpected but is 

presumably formed from the reductive cleavage of the DME solvent, a phenomenon that is precedented in f-element 

 

Figure 1. ORTEP diagram of 118C6·4THF with 30% thermal probability ellipsoids.  Hydrogen atoms, co-crystallized THF, and the non-

coordinated cations ([K(18-crown-6)(THF)2]+) are omitted for clarity. * denote symmetry generated atom positions.  
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reduction chemistry.58-60 Multiple attempts to reproduce 

this synthesis failed, giving [K(18-crown-

6)(THF)2][C14H10]
61 as the only isolable product. 

     We postulate that the uncontrolled reductive cleavage 

of the reaction solvent to form the methoxy ligands of 1
18C6

 

is primarily responsible for the irreproducibility of the re-

action and therefore set out to pre-install the methoxy 

groups on uranium prior to K[C14H10] addition. Adding 

one equiv. of K[OMe] to UI3(dioxane)1.5 in THF gives 

2⸱THF as a blue crystalline solid upon workup in 60% 

yield (Equation 1) (Figure S1).  

     This uranium(III) methoxy-bridged precursor, 2, 

proved ideal as conversion to 1
18C6

 can be accomplished 

directly through salt metathesis, thus avoiding the neces-

sity for adventitious DME cleavage. Addition of 2⸱THF to 

a cold, stirring solution of 6 equiv. of K[C14H10] in THF 

followed by filtration and addition of 2 equiv. of 18-

crown-6 reproducibly generates 1
18C6

⸱4THF in modest 

yields of 35% as a highly crystalline, midnight-blue col-

ored product (Scheme 1).  Forgoing the use of 18-crown-

6 produces the THF-solvated complex 1
THF

 in comparable 

yields (Scheme 1) (Figure S6). In these reactions, 2 equiv. 

of anthracene are also produced that can co-deposit in the 

product mixture.  Yet, after crystallization, both 

1
18C6

⸱4THF and 1
THF

 exhibit insolubility in DME and THF 

with the residual anthracene readily removed by thorough 

washing of the crystalline material with THF to give ana-

lytically pure products as shown by combustion analyses.  These compounds are also insoluble in non-polar sol-

vents and aromatics such as toluene.  

     Compounds 1
18C6

⸱4THF and 1
THF

 are exceedingly air-sensitive, instantaneously bleaching in color upon expo-

sure.  On the other hand, they are thermally stable as solids and can be stored indefinitely under dinitrogen or argon 

atmospheres.  Suspensions of isolated samples of 1
18C6

⸱4THF and 1
THF

 in THF are unstable, and despite their in-

solubility, will gradually decompose (under N2 or Ar) to give black insoluble material and dark blue solutions with 

K[C14H10] as the only product detectable by electronic absorption spectroscopy (UV-vis/NIR).  This solution-phase 

instability suggests that 1
18C6

⸱4THF and 1
THF

 are likely the kinetic products of the reaction.  

     The solid-state molecular structures of 1
18C6

·4THF (Figures 1 and S2) and 1
THF 

(Figure S6) are nearly isostruc-

tural with the differences arising from the potassium ion pairing, yielding a charge-separated, non-interacting pair 

in the former and a close contact pair in the latter, possessing K-Carene interactions. Otherwise, both complexes 

feature a {[U(η6-C14H10)(η
4-C14H10)(μ-OMe)]2}

2- dimeric core.  By far, the most salient feature of 1
18C6

·4THF and 

1
THF

 is the sandwiching of each uranium center between two anthracene units that are observed to adopt distinct 

η4- and η6-coordination.  The mixed binding modes of the anthracenes is an uncommon feature for electronically 

unsaturated bis(arene)-metalates and, to the best of our knowledge, has been documented in only a few cases.62-64 

 

 

 

Figure 2. ORTEP diagram of 118C6·4THF with 30% thermal 
probability ellipsoids.  a) Bending angles observed for the η4-

C14H10 (top) and the η6-C14H10 (bottom) coordinated rings. b) 
Internal bond metrics for the η4-C14H10 (above) and the η6-
C14H10 (below) rings. 
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     The solid-state molecular structure of 1
THF

 is afflicted with severe positional disorder of its potassium-coordi-

nated THF molecules, consequently affecting the data quality, leading to slightly reduced precision of the bond 

metrics.  Therefore, only the structural features of 1
18C6

·4THF are discussed here in detail.   

     Complex 1
18C6

·4THF crystallizes in the triclinic space group P1̅ with one half of the molecule in the asymmetric 

unit, generating the full complex through crystallographic inversion symmetry, rendering the metrics within the 

monomeric units identical.  The U1-(η4-Carene) distances narrowly range from 2.638(5) to 2.676(6) Å.  Tetrahapto 

coordination of aromatic or carbocyclic ligands to the actinides is rare, but a handful of cyclobutadiene complexes 

are known.  The U1-(η4-Carene) distances in 1
18C6

·4THF are significantly longer than the uranium-cyclobutadiene 

distances found in [Na(12-crown-4)2]{[η4-C4(SiMe3)4]U(BH4)3} (U-CCb = 2.522(5) – 2.556(4) Å) and {U[η4-

C4(SiMe3)4](μ-BH4)3[K(THF)2]}2 (U-CCb = 2.46(2) – 2.56(2) Å) but fall within the upper range of those in {U[η4-

C4(SiMe3)4][η
3-C4H(SiMe3)3-κ-CH2SiMe2(BH4)]}

- (U-CCb = 2.550(5) – 2.650(6) Å).65  Closer comparison can be 

made to the thorium compound {[O-2,4-tBu2-C6H2(CH2)]2Th(η4-C10H8)2}[K(18-crown-6)]2 which features Th-

Carene bonds that range from 2.671(8) to 2.784(8) Å,31 where the elongation of the thorium-arene distances as com-

pared to 1
18C6

·4THF possibly result from the slight size difference in the ionic radii between thorium and uranium 

(e.g., Th(IV), C.N. = 6, r = 0.94 Å vs. U(IV), C.N. = 6, r = 0.89 Å).66 

     Inspection of the U1-(η6-Carene) distances reveals two sets of bond lengths, two shorter (U1-Carene = 2.557(5) – 

2.571(6) Å) and four longer (U1-Carene = 2.766(5) – 2.797(5) Å), that differ by approximately 0.2 Å, a consequence 

of the observed ring puckering of the anthracene ligand (vide infra).   The range of the U1-Carene distances along 

with the nominal uranium-centroid distance U1-(η6-Ccent) = 2.31 Å of 1
18C6

·4THF are significantly shorter than 

those found in the monoarene Friedel-Crafts type complexes [(η6-C6H6)U(AlCl4)3] (U-Ccent = 2.56 Å, avg. U-Carene 

= 2.91 Å) and {[(η6-C6Me6)UCl2]2(μ-Cl)3}[AlCl4] (avg. U-Ccent = 2.55 Å, avg. U-Carene = 2.92 Å).23-24  Comparison 

to inverted sandwich complexes,32 namely the organometallic inverted benzene sandwich (Cp*2U)2(μ-η6:η6-C6H6) 

(Cp* = η5-C5Me5),
42 possessing a puckered benzene ring, shows an avg. U-Ccent = 2.20 Å distance that is sizably 

shorter than 1
18C6

·4THF  but with a comparable U-Carene = 2.51(1) – 2.73(1) Å bond range.  The shorter U-Carene 

distances in 1
18C6

·4THF, as compared to [(η6-C6H6)U(AlCl4)3] and {[(η6-C6Me6)UCl2]2(μ-Cl)3}[AlCl4] with their 

neutral arene ligands, suggests a strong bonding interaction that may be due to increased charge accumulation 

within the anthracene moieties. As such, the U-Carene bond metrics in 1
18C6

·4THF better match the parameters of 

(Cp*2U)2(μ-η6:η6-C6H6), where the bridging benzene moiety is assigned a dianionic charge.    

     In line with this, both the η6-C14H10 and η4-C14H10 rings of 1
18C6

·4THF show distortions from planarity (Figure 

2a), which is typically considered an indication of localized anionic charge character in monometallic arene-meta-

late systems.67  For instance, in magnesium anthracenides featuring (C14R10)
2-, the central ring fold angles are 28.6° 

in [Mg(η2-C14H10)(THF)3] and 41.0° in [Mg(η2-1,4-Me2C14H8)(THF)3].
68-69  Along these lines, a few examples of 

mononuclear 4f-element anthracene complexes are known, and they too show similar folding (cf. CpLu(η2-

C14H10),
70 35.8°; (η2-C14H10)TmI(DME)2,

71 37.8°).  In comparison, the η6-C14H10 ligand in 1
18C6

·4THF shows a 

shallow bend angle of 18.8° across the central, bridgehead C15/C22 bond vector (Figures 2a and S2).  The more 

acute folding of the anthracene ring in 1
18C6

·4THF suggests carbon atom hybridization at C15 and C22 that is closer 

to sp2-character. In support of this idea, the fold angle in dibenzo-7-dimethylgermanobornadiene (Me2GeA; A = 

C14H10) is 56.8°, wherein the germanium atom is bound to sp3-hybridized bridgehead carbons.72  In addition, the 

η4-C14H10 ligand of 1
18C6

·4THF exhibits a bend angle of 26.8° from planarity at its terminal, coordinating ring. 

Similar η4-C14H10 bending has been observed in a number of complexes,10 and the deviation from planarity is com-

parable to that found in the bis(anthracene) niobium compound {[K(18-crown-6)(THF)](η4-

C14H10)2Nb[P(OMe)3]2} (28.4°).73   

     The structural distortion of these arene rings can be accounted through localized population of C-C π*-orbitals.  

Consequently, it would be expected that formal reduction of the anthracene ring should also manifest in elongated 

C-C bonds; though, in uranium inverted sandwich complexes, it is not unusual to find planar, bridging arenides 

with little to no obvious C-C bond lengthening.32  

     Inspection of the C-C bond lengths within the η6-C14H10 and η4-C14H10 rings of 1
18C6

·4THF shows obvious bond 

distance perturbations as compared to neutral, aromatic anthracene,74 and the C-C ring distances of 1
18C6

·4THF are 
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shown in Figure 2b.  In the case of η6-C14H10, the C-C bond distances of the central, coordinated ring narrowly 

range from 1.429(9) to 1.456(8) Å with an average distance of 1.44 Å, which is slightly longer than the average C-

C distances within the peripheral rings, both 1.40 Å, the latter falling nicely within the expected C-C bond length 

of 1.41 Å for aromatic hydrocarbon bonds.75  The slight elongations are consistent with formal reduction of the η6-

C14H10 ligand and, as such, compares favorably with the corresponding C-C distances of [Mg(C14H10)(THF)3] (C-

C = 1.42(2) – 1.49(2) Å, avg. 1.45 Å) and CpLu(η2-C14H10) (C-C = 1.43(1) – 1.47(2) Å, avg. 1.45 Å).  Turning to 

the η4-C14H10 ring, the bond distances of the coordinated carbon atoms are C1-C2 = 1.441(8) Å; C2-C3 = 1.371(8) 

Å; and C3-C4 = 1.438(8) Å with the three adjoining, non-coordinating bonds ranging from 1.452(9) – 1.466(7) Å, 

while the remaining C-C distances of the η4-C14H10 ring conform to standard aromatic bond lengths (avg. 1.39 Å). 

(Note that the pattern in the bond distances is present in the DFT geometries (Table S15), vide infra.) This long-

short-long bond pattern of the C2 to C4 moiety is consistent with a localized ‘-ene’ dianion form having the charge 

centers at C1 and C4.  Yet, while the structural parameters clearly indicate negative charge accumulation on the 

coordinated η6-C14H10 and η4-C14H10 rings, the ability of anthracene to access and sustain both monoanionic and 

dianionic forms complicates the charge picture.  

 

     EPR.  In an effort to better define the charge states and assess the electronic structure of the uranium bis(anthra-

cene) compounds, X-band EPR measurements were performed on powdered samples of 1
18C6

·4THF and 1
THF

 at 4 

(±1) K.  In these samples, a strong and clear isotropic signal centered at g = 2.000 for 1
THF

 and g = 2.017 for 

1
18C6

·4THF is observed (Figures S10 and S11), consistent with isolated S = ½ spins. These peaks persist at room-

temperature, retaining their relative signal intensity, and point to the presence of an anthracene-based radical in 

both complexes with the slightly larger g-value of 1
18C6

·4THF indicating modest metal-orbital contribution.  Similar 

EPR spectra have been observed in arene-metalates such as [K(18-crown-6)][Cr2(C10H8)2] (g = 1.987) where the 

radical is largely localized on the arene ligand.64 Resonances corresponding to uranium-based signals were not 

observed.   

     The appearance of the EPR signals for 1
18C6

·4THF and 1
THF

 definitively establishes negative charge states within 

the anthracene ligands but provides only a general picture.  For instance, the observed EPR resonances are at odds 

with a closed-shell (C14H10)
2- ligand form, suggesting (C14H10)

-• radical monoanion character in at least one of the 

coordinated anthracenes; however, this must be taken with caution as it has been shown that anthracene dianions 

do have accessible triplet excited states where the population energies are heavily dependent on the character of the 

counterion, solvent, and temperature.76 

 

     Magnetic Susceptibility. To provide further insight into the paramagnetic character of these complexes, mag-

netic susceptibility studies were performed on crushed polycrystalline samples of 1
18C6

·4THF and 1
THF

 using 

SQUID magnetometry in the temperature range of 1.8 – 300 K at 0.1 T. A plot of the effective magnetic moment 

(μeff) verses temperature is shown in Figure 3.  The data for 1
18C6

·4THF and 1
THF

 follow a similar trend as the μeff 

gradually decreases as a function of temperature, curving downwards to 0.80 and 0.43 μB at 1.8 K, respectively.  

Curiously, despite their structural similarity at uranium, the overall μeff values for 1
THF

 are lower than that of 

1
18C6

·4THF.  For instance, at 300 K, 1
18C6

·4THF and 1
THF

 exhibit μeff values of 4.40 µB and 3.74 µB, respectively, 

with a sizable Δ(μeff) = 0.66 μB at room temperature that reduces to Δ(μeff) = 0.37 μB at lower temperatures. This 

indicates that the contact pairing of the potassium cations plays a critical role in the modulation of the electronic 

structure of the {[U(η6-C14H10)(η
4-C14H10)(μ-OMe)]2}

2- cores in 1
18C6

 and 1
THF

.  We postulate that the Lewis acidity 

of the contact-paired potassium cations in 1
THF 

polarizes and concentrates electron density onto the coordinated 

portion of the η4-anthracene ligands, thus giving rise to point charge accumulation that leads to a stronger crystal 

field splitting effect, and consequently lower μeff for 1
THF

. This enhanced charge buildup is supported by analyzing 

DFT atomic charges as discussed below (see Electronic Structure Analysis).    

     Qualitatively, the curvatures of both magnetization plots in Figure 3 are characteristic of U(IV) complexes that 

approach singlet ground states upon cooling to low temperatures due to thermal depopulation of the metal excited 
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states.77-78 However, the μeff of 1
18C6

·4THF 

(4.40 µB) and 1
THF

 (3.74 µB) at 300 K, possible 

ligand radical contributions aside, are much 

lower than the expected μeff = 5.06 µB for a 

U(IV) dimer (3.58 µB per 5f2, 3H4 ion) with 

magnetically isolated metal centers.77-78  In re-

lation to inverted sandwich complexes, the μeff 

of 1
18C6

·4THF and 1
THF

 are higher than those 

found for (Cp*2U
III)2(μ-η6:η6-C6H6) (μeff = 2.1 

µB),42 [K2{UIV[OSi(OtBu)3]3}2(μ-η6:η6-C7H8)] 

(μeff  = 2.23 µB),40 and [{HC[SiMe2N(4-

MeC6H4)]3}UV]2(μ-η6:η6-C7H8) (μeff  = 3.32 

µB)39 at room temperature. Moreover, factoring 

in potential ligand radical contributions, while 

maintaining U(IV) assignments, gives near 

room temperature calculated values that range 

from μeff = 5.35 µB (one ligand radical) to μeff = 

6.14 µB (four, non-interacting ligand radicals) 

and higher.  The analysis is further confounded 

by the fact that μeff values for uranium are highly variable,77 and this does not factor in possible uranium super-

exchange and other magnetic coupling interactions between spin carriers. In comparison to the U(IV) dimer 

[(MesPDIMe)UIVI]2 (
MesPDIMe = [2,6-(MesN=CMe)(NC5H3)•]

3-) possessing ligand-centered PDI-radicals, its μeff dis-

plays a much narrower range from  μeff = 1.03 – 2.66 µB (2 - 300 K), where the low temperature μeff is said to derive 

from the unquenched spins of the ligand radicals.   

   

   XANES. Given the difficulty of definitively assigning charge states to the ligands and uranium centers for 

1
18C6

·4THF and 1
THF

 based upon the intermediacy of the structural parameters and magnetism data, transmission 

mode U LIII-edge X-ray absorption near edge spectroscopy (XANES) measurements were performed at room tem-

perature. The samples consisted of pulverized, compressed pellets of 1
18C6

·4THF and 1
THF

 diluted in X-ray trans-

parent boron nitride matrices vacuum sealed under an argon atmosphere in polyethylene envelopes (see Supporting 

Information for further detail).   

     XANES spectroscopy has become an effective tool for the delineation of metal oxidation states in actinide com-

pounds.37-38, 79-82  With regards to uranium, the U LIII-edge energy corresponds to an electric-dipole allowed 

(2p63d10)5fn6d0 → (2p53d10)5fn6d1 photoexcited core electron transition,79, 81 where the excitation energy is depend-

ent upon the shielding environment of the 2p-electrons and their relative binding energies, providing insights into 

the effective nuclear charge of the uranium.   Consequently, the X-ray absorption energy correlates to the charge 

character of the absorbing uranium ion, allowing for formal oxidation state assignments. This can be quantified 

through the absorption threshold of the edge energy, defined as the inflection point in the first derivative of the 

XANES spectrum, as well as the peak “white line” energy.  

     The background-subtracted and intensity normalized XANES spectra for 1
18C6

·4THF and 1
THF

 is presented in 

Figure 4a and is plotted alongside spectra collected for the respective U(III)-U(VI) standards UI3(dioxane)1.5, UCl4, 

U(O)[N(SiMe3)2]3, and UO2Cl2(THF)3.  The inflection point energies for 1
18C6

·4THF and 1
THF

 are much higher 

than that of UI3(dioxane)1.5 by 2.9 and 3.8 eV, respectively, but closer in range to that found for UCl4 (Δ(eV) = +0.1 

eV (1
18C6

·4THF); +1.0 eV (1
THF

)). However, 1
THF

 is only 0.7 eV lower than that found for pentavalent 

U(O)[N(SiMe3)2]3. Turning to the white line energies for further comparison, the peaks of 1
18C6

·4THF and 1
THF

 

exceed that of UCl4 by 1.1 and 2.4 eV, respectively, with the latter compound falling 0.6 eV below the white line 

value of U(O)[N(SiMe3)2]3.   

  

Figure 3. Variable temperature effective magnetic moment (μeff) data for 
118C6·4THF and 1THF. 
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     Altogether, the data is generally consistent with a tet-

ravalent oxidation state assignment for the uranium cen-

ters in 1
18C6

·4THF. The data also clearly indicates a more 

oxidized uranium species in the case of 1
THF

, pinning the 

formal charge of its uranium atoms between U(IV)-U(V). 

To illustrate this, a plot of the inflection energies versus 

the oxidation states of the standards are provided in Fig-

ure 4b containing a linear regression for the series.  This 

analysis has been previously applied for the corroboration 

of oxidation state assignments in uranium coordination 

compounds.80 When plotting 1
18C6

·4THF and 1
THF

, the re-

spective calculated values for their metal oxidation states 

are found to be U+4.31 and U+4.76.  The difference in the 

calculated charges is significant and provides a possible 

explanation for the observed disparity in their μeff plots 

(Figure 3).  Namely, the more oxidized, ion-paired 1
THF

 

shows a lower overall μeff as compared to more electron 

rich 1
18C6

·4THF.  Additionally, the g-value for 1
THF

 also 

exhibits less metal contribution. As such, the contact pair-

ing of the potassium cations in 1
THF

 play a sizable effect 

on the relative charge state of the uranium metal centers, 

despite the ion-pairing taking place beyond the immediate 

coordination sphere of uranium.  A somewhat related 

phenomenon has been observed in the inverted sandwich 

complex  {UIV[OSi(OtBu)3]3} 

2(μ-η6:η6-C7H8) where addition of K[OTf] results in the 

cation-mediated disproportionation to U(IV)/U(IV) and 

U(IV)/U(V) complexes, a feat that does not occur upon 

treatment with non-coordinating cations such as 

[NBu4]
+.40  These observations signal that the electronic 

structure of uranium is highly sensitive to subtle perturbations within its ligand environment, especially when add-

ing other interacting Lewis acid cations.  

     Furthermore, assuming formal U(IV) assignments for the uranium centers in 1
18C6

·4THF and 1
THF

 yields a 

charge formulation of (C14H10)
2- for each of the anthracene ligands. Nevertheless, each anthracene still adopts a 

distinctive coordination mode to uranium.  In order to gain further insights into the electronic structure and the 

bonding interactions between uranium and the anthracenes, electronic structure analyses were performed.  

Electronic Structure Analysis.  Density functional theory (DFT) calculations (RI-PBE-D3/def2-TZVP,83-86 def-

TZVP for U87-89) were performed in the Turbomole program package90 to study the model systems {[U(η6-

C14H10)(η
4-C14H10)(μ-OMe)]2}

2- (1*) and {K[U(η6-C14H10)(η
4-C14H10)(μ-OMe)]}2 (1-K*) (see SI for full computa-

tional details). Both 1* and 1-K* were optimized in the triplet, quintet, and septet spin states and confirmed as 

minima by harmonic vibrational analysis. The optimized structures for all three spin states were compared to those 

obtained from the X-ray determined structures by comparing U-C bond distances as summarized in Table 1 and 

detailed in Tables S4 and S5. The root-mean-square deviation (RMSD) for each DFT optimized structure was also 

calculated. The geometry from the ground state quintet is in closest agreement with both experimental structures 

(Figures S2 and S6); however, comparing the RMSD values for all three spin states suggests that all of the calcu-

lated geometries are in satisfactory agreement with the experimental data. For 1*, the RMSD for the triplet, quintet, 

and septet states are 0.311, 0.326, and 0.331 Å, respectively. Similarly, the RMSD values for the same states are 

a)  

b)      

Figure 4. a) U LIII-edge XANES plots of complexes 118C6·4THF, 
1THF and U(III)–U(VI) standards. White line energies denoted by 
diamonds with edge (inflection point) energies denoted by 

triangles. Dashed line indicates edge energy of the U(IV) standard. 
Estimated uncertainty ±0.2 eV. b) Plot of XANES edge energies 
versus uranium oxidation states.  The dotted line indicates the lin-
ear regression fit used to calculate oxidation state numbers for 118C6 

(green triangle) and 1THF (red square).  
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0.348, 0.320, and 0.360 Å for 1-K*. With respect to the relative calculated energies, the quintet ground state is 

favored for both 1* and 1-K* (Table S3, Figure S18) as both the triplet and septet states lie approximately 7 

kcal/mol higher in comparison. The electronic structures of 1* and 1-K* in the quintet state are comparable; though, 

the calculated average U-C bond distances of 1-K* are found to be slightly shorter than for 1* (Table 1). In the 

quintet state, each uranium is in a 5f2 electronic configuration, supporting the U(IV) assignments determined from 

the XANES data (Figure 4) and the curvature of the temperature dependent μeff plots (Figure 3).  

    To provide insight into the nature of the U-C bonds, bond orders were calculated using the Amsterdam Density 

Functional program package (ADF)91 at the PBE/TZP level of theory. Generally, a Mayer bond order of 1, 2, or 3  

corresponds to a single, double, or triple bond between two atoms, respectively, although deviations from integer 

values are expected for highly polarized bonds.92 The average Mayer bond order of the U-C(η4) bonds in 1* and 1-

K* are 0.40 and 0.33, respectively (Table S7 and S9).  This indicates slightly greater orbital overlap between the 

η4-C14H10 ligands and the uranium atoms in 1* versus that of 1-K*.  Though, no significant differences are observed 

when determining the total bond orders through Gopinathan-Jug or Nalewajski-Mrozek methods (Table S7 and 

S9). In comparison, the Mayer bond orders for the U-C(η6) interactions are unaffected by the presence of the po-

tassium ion and found to range from 0.22 to 0.50 (avg. 0.31) for 1* (Table S7) and 0.23 to 0.52 (avg. 0.32) for 1-

K* (Table S9).  The nature of the U-C(η4) and U-C(η6) interactions was also studied by dividing the molecule into 

two fragments along the U-anthracene bonds of each ligand type in order to perform energy decomposition analysis 

(EDA) (Table S19). The bond energy for 1* is -150.37 and -154.86 kcal/mol for the η4- and η6-anthracene ligands, 

respectively. Furthermore, orbital interactions contribute 49.4% and 50.7% to the attractive energy. Both values 

indicate a slightly stronger interaction with the η6-anthracene ligand.  

     Quantum theory of atoms in molecules (QTAIM) analyses for 1* and 1-K* identified two bond critical points 

(BCPs) between the uranium centers and the η6-rings and three bond critical points for the η4-anthracene ligands. 

At all BCPs, the total electronic energy density, E(r), is negative (1*: -0.0077 – -0.0116; 1-K*:  -0.0075 – -0.0125), 

and the Laplacian of the density, ∇2(ρ), is positive (1*: 0.0825 – 0.1149; 1-K*: 0.0800 – 0.1261) (Table S6).  In 

addition, the electron density values, ρ, are small (1*: 0.0471 – 0.0554; 1-K*: 0.0490 – 0.0572), altogether indicat-

ing U-C dative bonding where the interactions can be described as primarily ionic or exhibiting strongly polarized 

bonding character.93     

     The DFT frontier molecular orbitals of 1* and 1-K* are illustrated in Figure 5 and show that the U-C(η6) inter-

actions for both 1* and 1-K*, as defined by the crystallographically determined uranium-carbon bond lengths for 

1
18C6

·4THF and 1
THF

 (vide supra), are nominally hexahapto.  The electronic structure shows the coordination mode 

of this anthracene to be better described as bidentate with the strongest interactions occurring through π-bonding at 

the bridgehead carbon atoms with negligible contributions from the remaining carbons of the central ring, consistent 

Table 1. Selected metal-ligand distances from RI-PBE-D3/def2-TZVP, def-TZVP optimized geometries for the triplet, quintet, and 
septet spin states of 1* and 1-K*. Values are averaged. Distances are in angstrom (Å). 

Compounds Spin U1-C(η6) U1-C(η4) U2-C(η6) U2-C(η4) U-O 

1* triplet 2.746 2.659 2.723 2.639 2.331 

quintet 2.743 2.659 2.748 2.658 2.333 

septet 2.762 2.675 2.748 2.732 2.323 

Exp. 2.713 2.658 2.713 2.658 2.328 

1-K* triplet 2.712 2.625 2.734 2.642 2.323 

quintet 2.734 2.641 2.733 2.642 2.326 

septet 2.790 2.649 2.790 2.649 2.313 

Exp. 2.700 2.674 2.700 2.674 2.336 

 



11 

with the findings of the QTAIM BCPs. With respect to the U-C(η4) fragments of 1* and 1-K*, orbital overlap is 

observed with all four carbon atoms, albeit more so at the C1/C4 fold atoms.  

     The DFT-calculated frontier molecular orbitals of 1* and 1-K* in Figure 5 are displayed with the total percent 

electronic contribution of the uranium centers and sum of the carbon orbitals involved in the bonds. In both cases, 

the singly occupied molecular orbitals (SOMOs), SOMO to SOMO-3, are predominately 5f in character with 

HOMO-4 through HOMO-7 defining the U-C interactions. In 1*, HOMO-6 and HOMO-7 are also primarily de-

fined by the orbitals of the U-C(η6) interactions.  Yet, in 1-K*, the corresponding frontier orbitals are comprised by 

the U-C(η4) bonding compositions. In either case, the bonds appear highly polarized with the contributions from 

the uranium atoms approaching 25% and those from the carbon atoms nearing 40%.   

     The Charge Model 5 (CM5) atomic charges were found for each system (Table S11).  The average charge of 

each uranium ion is +1.0 for both 1* and 1-K*. On the other hand, the ion pairing has a significant effect on the 

relative charges of the arenide anions.  The combined partial charges for the carbon atoms for each of the η4-C14H10 

and η6-C14H10 ligands in 1* are -0.87 and -0.77, respectively.  This decreases in 1-K* to -0.55 for the η6-C14H10 

ligands but increases to -0.95 for the η4-C14H10 anthracenides, where the presence of the coordinated potassium 

cations allows for greater charge accumulation in the latter.  Note that in both cases, the relative charge on the η4-

C14H10 ligands exceed those of the η6-C14H10 arenides.  

     Since uranium complexes often exhibit multiconfigurational electronic structures not adequately treated with 

DFT, the electronic structure was studied by the complete active space self-consistent field (CASSCF) method 

 

Figure 5.  DFT frontier molecular orbitals (MOs) of 1* (top) and 1-K* (bottom). Only α-spin orbitals are shown. The Hirshfeld atomic 
contributions to the MOs are given (only contributions from the carbon atoms coordinated to the uranium are reported). An isovalue of 
0.04 a.u. was used. U in blue, C in grey, O in red, and H in white. 
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along with second-order energy corrections (CASPT2)94-95 for 1*. In CASPT2, including only the 5f-orbitals and 

their corresponding electrons in the active space (4e,14o), the singlet, triplet, and quintet states are effectively de-

generate lying within 0.3 kcal/mol of one another. As such, we cannot assign a single spin state as the ground state. 

We expect that the true ground state is a spin-orbit coupled state with contributions from the singlet, triplet, and 

quintet spin-free states. 

     Since the DFT shows covalent interactions between the uranium centers and the arenide ligands, the bonding in 

dimer 1* was also studied with the restricted active space self-consistent field (RASSCF) method with corrections 

from second-order perturbation theory (RASPT2),96-97 allowing for larger active spaces to be studied than in 

CASSCF. All CASPT2 and RASPT2 calculations were performed in Open Molcas.98 

     The active space would ideally include all of the molecular orbitals that are linear combinations of uranium 5f-

orbitals and orbitals that include bonding or antibonding interactions between uranium and the arenide ligands. 

While there are total of 14 5f-orbitals in 1*, they are not all occupied due to crystal field effects. Therefore, after 

the aforementioned (4e,14o) active space was used, it was determined that only 8 of these orbitals need be included, 

(4e,8o) (Figures S20 to S25). By inspection of the (4e,8o) orbitals, 10 pairs of 𝜋-bonding and anti-bonding orbitals 

were also identified. This surpasses the number of orbitals one can include in CASSCF; therefore, the RASSCF 

method was used to restrict excitations in a subset of the active space.  

     Specifically, RASSCF/RASPT2 calculations were performed including the 10 𝜋-orbitals in the so-called RAS1 

space, eight 5f-orbitals in the RAS2 space, and 10 𝜋*-orbitals in the RAS3 space. All excitations are allowed within 

RAS2 but only configurations with up to two holes are allowed in RAS1 and up to two electrons in RAS3, denoted 

(24e,2h,2e;10o,8o,10o) using the notation of Sauri et al.97 The calculations yield occupation numbers for the 𝜋-

orbitals in RAS1 that are 1.96 or higher, consistent with a doubly occupied orbital. Likewise, those in RAS3 have 

occupation numbers of 0.04 or less, signaling empty orbitals. Based on the RASSCF results, the active space can 

be further reduced to (8e,12o), the results of which remain similar to RASSCF (Table S12-S13). 

 

Figure 6. RASSCF natural orbitals and occupation numbers are shown for the quintet state of 1*. The π-orbitals are in RAS1 and the 5f-
orbitals are in RAS2. RAS3 is not plotted (see Figure S28). Percent contributions of uranium to the RAS1 orbitals are included. An 

isovalue of 0.04 a.u. was used. U in blue, C in grey, O in red, and H in white. 
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     RASPT2 predicts that the singlet, triplet, and quintet states are within 0.3 kcal/mol of one another. Note that 

DFT cannot describe the multiconfigurational singlet and triplet states in which the 5f-electrons are weakly coupled 

with one another; however, both CASPT2 and RASPT2 suggest interpreting the DFT high-spin quintet state to 

understand the uranium-carbon interactions is reasonable. 

The RASSCF natural orbitals for the quintet state are included in Figure 6, although the singlet and triplet 

orbitals are qualitatively the same (Figures S29-S30). In the RAS1 space, the total uranium orbital contribution to 

the U-C π-interactions across the U-C(η6) and U-C(η4) bonds range from 11.7% to 17.7% in 1*. The average ura-

nium contribution between the U-C(η6) (avg. 14.3%) and U-C(η4) bonds (avg. 14.2%) are comparable. Of particular 

note, in contrast to the DFT orbital picture, the 5f-orbitals play a minimal to negligible role in the U-C bonding of 

1* (Figure 6). The average contributions of the uranium orbitals to the bonding scheme in the quintet state is 7.3 ± 

0.6% (6d), 2.5 ± 0.4% (6p), 1.5 ± 0.4% (5f), and 1.4 ± 1.4% (7s). Accordingly, the uranium 6d-orbitals are the 

dominant contributors accompanied by some semi-core 6p-orbital participation.   

     Noticeably absent are metal-arene bonding interactions that can be described as δ-bonds, which is a significant 

departure from the bonding schemes determined for actinide inverted sandwich complexes.32 For example, 

CASSCF analyses on (μ-η6:η6-C7H8)U2[N(tBu)(3,5-C6H3Me2)]4
37

 and [U(BIPM)]6(μ-I)3(μ-η6:η6-C6H6)3 (BIPM = 

(C(PH2NH)2)
2-)38 both show significant δ-bonding overlap between the π*-orbitals of the arenes and filled 5f-orbit-

als. The sandwiched rings in these compounds are formally tetraanions and bound by two metals, which together 

limits structural distortions and favors the δ-bonding. In our case, formal two-electron reduction of each of the 

anthracene ligands leads to ring folding that greatly diminishes the possibility for uranium-anthracene δ-bonding.   

     Lastly, while the EPR spectral results are not consistent with a purely closed shell anthracene ligand in the cases 

of 1
18C6

·4THF and 1
THF

, DFT, CASSCF, and RASSCF calculations predict that all of the unpaired spin density in 

the gas phase 1* and 1-K* structures is metal centered.  This follows the SQUID magnetometry and XANES 

spectral analysis for 1
18C6

·4THF and 1
THF

 that generally support a formal oxidation state of U(IV) for both com-

plexes. Our electronic structure analysis does not include thermal contributions, and we have not systematically 

explored low-lying electronic states or the effect of crystal packing that could be contributing to the observed EPR 

spectra.  

 

Summary 

     Metal-arene sandwich complexes are an important class of molecules that have been instrumental in understand-

ing the electronic properties and orbital characteristics of the d-block series while providing access to important 

arene-functionalization chemistry. Extension of these systems to the f-elements has been limited to only a handful 

of lanthanide-arene sandwich complexes, mainly synthesized by electron beam vaporization techniques,12-14 and 

the poorly characterized, heteroleptic thorium species {[O-2,4-tBu2-C6H2(CH2)]2Th(η4-C10H8)2}[K(18-crown-

6)]2.
31 Utilizing Chatt reaction protocols popularized by Ellis,10 we have shown that the reaction of  [UI2(THF)3(μ-

OMe)]2 (2) with 6 equiv. of K[C14H10] produces the unprecedented, unsupported uranium arene-metalate sand-

wiches [K(18-crown-6)(THF)2]2[U(η6-C14H10)(η
4-C14H10)(μ-OMe)]2 (1

18C6
) and {[K(THF)3][U(η6-C14H10)(η

4-

C14H10)(μ-OMe)]}2 (1
THF

) in the presence and absence of 18-crown-6, respectively.    

     As shown through X-ray diffractometry, the arene ligands in both complexes display notable ring fold angles, 

indicative of formal reduction and partial dearomatization of the anthracene moieties. While the cores of both 1
18C6 

and 1
THF

  comprise of a dimeric {[U(η6-C14H10)(η
4-C14H10)(μ-OMe)]2}

2- unit, the two systems are distinguished by 

close-contact arene-pairing of the potassium cation that occurs in 1
THF

 but is missing in 1
18C6

·4THF, due to poly-

ether sequestration of the potassium cations in the latter. Despite their structural similarity, XANES analysis and 

magnetic characterization of 1
18C6

·4THF and 1
THF

 show appreciable differences in their electronic and magnetic 

properties.  For instance, the effective magnetic moment of 1
18C6

·4THF (μeff = 4.40 µB) is significantly higher than 

1
THF

 (μeff = 3.74 µB) at 300 K, though both complexes show a temperature dependent μeff response in line with 

U(IV) centers (Figure 3).  The XANES spectra shows an obvious difference in the level of oxidation between the 

uranium atoms of 1
18C6

·4THF and 1
THF 

(Figure 4a), with the linear regression fitting of the edge energies yielding 

formal charges of U+4.31 for 1
18C6

·4THF and U+4.76 for 1
THF 

(Figure 4b).  Together, the data clearly signals that the 
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close-contact ion pairing of the potassium cations has a direct effect on the electronic structure of the actinide 

centers and the oxidation states of the metal centers. We attribute this to enhanced bond polarization effects enabled 

by the coordinated, Lewis acidic potassium cations, which leads to greater localized charge character at the η4-

anthracene ligands. 

     Electronic structure analysis of the isolated diuranium complexes 1* and 1-K* by DFT calculations and 1* by 

RASPT2 methods indicates that the uranium-carbon bonding is highly polarized with modest orbital contributions 

from the uranium atoms.  DFT analysis of 1-K* also substantiates increased charge polarization at the potassium-

bound anthracenes. In stark contrast to thorium and uranium inverted sandwich complexes, δ-bonding between 

uranium and the arene moieties is not observed in 1* or 1-K*, which we ascribe to the bent nature of the anthracene 

ligands that prevents metal-arene δ-symmetry orbital overlap. Instead, the metal-ligand bonding is best described 

as comprising of π-type bonds. Interestingly, RASSCF calculations reveal little participation of the 5f-orbitals to 

the uranium-carbon interactions, with the 6d-orbitals providing the greatest contributions. 

    Efforts are currently underway to modify the reaction conditions and choice of arene ligands in order to obtain 

homoleptic uranium-arene sandwich complexes to further probe the electronic and chemical properties of this 

unique class of molecules.  
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