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Abstract 

Reaction of AnCl4(DME)n (An = Th, n = 2; U, n = 0) with 5 equiv of LiC6Cl5 in Et2O resulted in 

the formation of homoleptic actinide-aryl “ate” complexes 

[Li(DME)2(Et2O)]2[Li(DME)2][Th(C6Cl5)5]3 ([Li][1]) and [Li(Et2O)4][U(C6Cl5)5] ([Li][2]). 

Similarly, reaction of AnCl4(DME)n (An = Th, n = 2; U, n = 0) with 3 equiv of LiC6Cl5 in Et2O 

resulted in formation of heteroleptic actinide-aryl “ate” complexes 

[Li(DME)2(Et2O)][Li(Et2O)2][ThCl3(C6Cl5)3] ([Li][3]) and [Li(Et2O)3][UCl2(C6Cl5)3] ([Li][4]). 

Density functional calculations show that the An-Cipso σ-bonds are considerably more covalent for 

the uranium complexes vs. the thorium analogues, in line with past results. Additionally, good 

agreement between experiment and calculations is obtained for the 13Cipso NMR chemical shifts in 

[Li][1] and [Li][3]. The calculations demonstrate a deshielding by ca. 29 ppm from spin-orbit 

coupling effects originating at Th, which is a direct consequence of 5f orbital participation in the 

Th-C bonds.  
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Introduction 

Homoleptic actinide alkyl complexes have proven to be excellent testbeds for the study of 

electronic structure and bonding within these enigmatic elements.1–3 As a result, a number of 

homoleptic actinide alkyl complexes have been synthesized in the last 10 years.4–18 These 

complexes include [Li(DME)n][An(CH2SiMe3)5] (An = Th, n = 2; An = U, n = 3),8,10 reported by 

us, [Li(THF)4][Li(THF)2][UMe6],4 reported by Neidig and co-workers, and [U(CH2Ph)4],7 

reported by Bart and co-workers.  In contrast, homoleptic actinide aryl complexes remain 

exceedingly rare, in part because of their tendency to undergo facile ortho C-H bond activation.19–

21 For example, the first structurally characterized homoleptic uranium aryl, [U(C6H3-2,6-(C6H4-

4-tBu)2)3], was only isolated in 2016 by Arnold and co-workers.  Its isolation required the use of 

4-tBuC6H4 ortho substituents on the aryl ligand to prevent ortho C-H bond activation.20 Even with 

the 4-tBuC6H4 substituents, however, [U(C6H3-2,6-(C6H4-4-tBu)2)3] still decomposes on standing 

at room temperature, specifically by activation of an ortho C-H bond located on the 4-tBuC6H4 

substituent.  Additionally, we and others have used “ate” complex formation to generate 

homoleptic An(IV) aryl complexes, including [Li(DME)3]2[Th(C6H5)6]19 and 

[Li(THF)4][(THF)LiU(C6H5)6].22  These complexes are stabilized by saturation of the actinide 

coordination sphere, which presumably disfavors the ortho C-H bond activation reaction.19 

Nonetheless, [Li(THF)4][(THF)LiU(C6H5)6] is still exceptionally thermally sensitive, and could 

only be isolated at -80 °C.22 The use of pendant donor groups can also stabilize An-Caryl bonds, as 

was observed for [Th(η2-N,C-C6H4-o-CH2NMe2)4],21 [Cp*2U(η2-N,C-(o-C6H4)NPh)],23 and 

[Cp*2U(η2-Te,C-(o-C6H4)Te)].24 

Many of these actinide aryl complexes are attractive targets for studying covalency via 13C 

NMR spectroscopy.  NMR spectroscopy has been previously used as a tool to evaluate covalency 
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in An-L and Ln-L bonding.19,25–33 In the case of actinide aryl complexes, the 13C NMR chemical 

shifts for the Cipso environments are strongly affected by spin-orbit (SO) coupling, a consequence 

of 5f (and to a lesser extent, 6d) orbital participation in the An-C σ-bond.25  In particular, in 5f0 

systems with low-lying, empty 5f or 6d orbitals, SO coupling tends to cause 13C deshielding as 

long as the An-C σ-bond has sizable C 2s character.34 For example, the 13C NMR spectrum of 

[Li(DME)3]2[Th(C6H5)6] features a Cipso chemical shift of 220.5 ppm, with a calculated 44 ppm 

downfield contribution from SO coupling.19 This SO deshielding correlates to the 5f (and 6d) 

participation in the Th-C bond.  In the case of [Th(C6H5)6]2-, specifically, the Th-C bonds were 

calculated to have 15% weight each from Th atomic orbitals (AOs), of which 71/15% was from 

6d/5f participation, respectively. 

We recently reported the syntheses of the first structurally characterized uranyl(VI) aryl 

complexes, [Li(Et2O)2(THF)][UO2(C6Cl5)3] and [Li(THF)4][UO2(C6Cl5)3(THF)], via reaction of 

[UO2Cl2(THF)2] with 3 equiv of LiC6Cl5.  These complexes feature surprisingly good thermal 

stability,25 which we ascribed, in part, to the ortho-Cl substitution of the [C6Cl5]- ligand. Given 

this precedent, we rationalized that the [C6Cl5]- ligand could also stabilize homoleptic U(IV) and 

Th(IV) complexes. Additional support for this hypothesis comes from large number of homoleptic 

transition metal perhalophenyl complexes that have been reported over the past 25 years.35–44 

Despite these past synthetic achievements, however, no homoleptic perhalophenyl complexes are 

known for actinides.  Additionally, the only heteroleptic perhalophenyl actinide complexes are the 

aforementioned uranyl(VI) species,25 making this a potentially fruitful avenue of investigation. 

Herein, we describe the synthesis and characterization of two homoleptic actinide-aryl “ate” 

complexes [Li(DME)2(Et2O)]2[Li(DME)2][Th(C6Cl5)5]3 ([Li][1]) and [Li(Et2O)4][U(C6Cl5)5] 

([Li][2]). During the course of these investigations, we also isolated the closely related heteroleptic 
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actinide-aryl “ate” complexes, [Li(DME)2(Et2O)][Li(Et2O)2][ThCl3(C6Cl5)3] ([Li][3]) and 

[Li(Et2O)3][UCl2(C6Cl5)3] ([Li][4]).  The electronic structures of all four complexes were analyzed 

using relativistic density functional theory (DFT) calculations, with the aim of quantifying the 5f 

subshell participation in the An-Cipso bonds.  

Results and Discussion  

Addition of cold (-25 °C) solutions of 5 equiv of LiC6Cl545 to cold (-25 °C) suspensions of 

AnCl4(DME)n (An = Th, n = 2; U, n = 0) in Et2O results in immediate formation of orange 

solutions, concomitant with the deposition of flocculent brown-orange precipitates. Work-up of 

the thorium reaction mixture, followed by crystallization from dichloromethane, affords 

[Li(DME)2(Et2O)]2[Li(DME)2][Th(C6Cl5)5]3 ([Li][1]), which can be isolated as colorless plates in 

20% yield (Scheme 1). Work-up of the uranium reaction mixture, followed by crystallization from 

Et2O, affords [Li(Et2O)4][U(C6Cl5)5] ([Li][2]), which can be isolated as yellow plates in 57% yield 

(Scheme 1).  Interestingly, we see no evidence for the formation of octahedral [An(C6Cl5)6]2–-type 

complexes, even when 6 equiv of Li(C6Cl5) are used in the reaction.   

Scheme 1.   
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Curiously, the reaction of ThCl4(DME)2 with 4 equiv of LiC6Cl5, performed in an attempt to 

make the neutral perchlorophenyl complex, [Th(C6Cl5)4], resulted in isolation of heteroleptic Th 

aryl complex, [Li(DME)2(Et2O)][Li(Et2O)2][ThCl3(C6Cl5)3] ([Li][3]), in low yield, according to 

an X-ray crystallographic analysis of the crystals isolated upon work-up.  Complex [Li][3] can be 

made rationally by addition of 3 equiv of LiC6Cl5 to a cold (-25 °C) suspension ThCl4(DME)2 in 

Et2O.  When synthesized using this stoichiometry, [Li][3] can be isolated as colorless plates in 

54% yield (Scheme 2). Similarly, addition of 3 equiv of LiC6Cl5 to a cold (-25 °C) suspension 

UCl4 in Et2O results in formation of [Li(Et2O)3][UCl2(C6Cl5)3] ([Li][4]), which can be isolated as 

amber plates in 40% yield after work-up (Scheme 2). The reactions of UCl4 with 4 equiv of LiC6Cl5 

also results in formation of [Li][4], in similar yields to the 3 equiv reaction.   

Scheme 2.   
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Figure 1. Solid-state molecular structure of [Li][1]⋅2.5Et2O⋅2CH2Cl2 shown with 50% probability 

ellipsoids (top). Solid-state molecular structure of [Li][1]⋅2.5Et2O⋅2CH2Cl2 with the sphenocorona 
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polygon shown in blue (bottom).  All hydrogen atoms, solvate molecules, two [Th(C6Cl5)5]- 

moieties, and Li+ counterions have been omitted for clarity.   

Both [Li][1] and [Li][2] are air- and moisture-sensitive crystalline solids that are soluble in 

ethereal solvents, methylene chloride, and benzene, and slightly soluble in hexanes. Additionally, 

[Li][1] is soluble in pyridine and acetonitrile, however [Li][2] reacts immediately upon dissolution 

in pyridine, resulting in formation of an intractable dark brown solution.  Similarly, dissolution of 

[Li][2] in acetonitrile results in immediate formation of an intractable orange-brown solution 

concomitant with precipitation of a dark brown solid.  Both [Li][1] and [Li][2] exhibit moderate 

thermal stability in solution.  For example, solutions of [Li][1] or [Li][2] in CH2Cl2 exhibit minimal 

evidence of decomposition after standing at room temperature for 1 h.  However, on standing at 

room temperature for 24 h, solutions of [Li][1] in methylene chloride-d2 exhibit partial conversion 

to [Li][3], according to 13C{1H} NMR spectroscopy (Figure S4), presumably via C-Cl bond 

activation of the solvent. In contrast, solutions of [Li][2] completely convert into intractable 

mixtures in methylene chloride-d2 over this time frame (Figure S6).  It is not immediately apparent 

why [Li][2] is more reactive that [Li][1], but we note that a similar reactivity pattern is observed 

for [An(C6H5)6]2- and [Cp*2An(C6H5)2] (An = Th, U),19,22,46 where the uranium analogues exhibit 

greater thermal sensitivity than the thorium analogues. 

Complex [Li][1] crystallizes in the monoclinic space group P21/n with three independent 

molecules in the asymmetric unit (Figure 1 and Table 1).  It crystallizes as the Et2O and CH2Cl2 

solvate, [Li][1]⋅2.5Et2O⋅2CH2Cl2.  Its asymmetric unit reveals one ten-coordinate thorium center 

and two nine-coordinate thorium centers.  According to the continuous shape measure,47 the 10-

coordinate Th center, Th1, is best described as a C2v-symmetric sphenocorona, wherein the two 

square faces are defined by C1, C7, Cl1, and Cl16, and C1, C25, Cl1, and Cl21, respectively.  This 
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geometry is common for 10-coordinate complexes featuring bidentate ligands.48  The two 9-

coordinate metal centers are best described as distorted tricapped trigonal prisms.49,50  For Th2, the 

three capping atoms are C31, C43, and Cl46, whereas for Th3, the three capping atoms are C73, 

C85, and Cl51. The ten coordinate center in [Li][1] features five Th-C σ-bonds and five Cl→Th 

dative interactions involving the ortho-Cl atoms of the C6Cl5 ligands, although one of these 

Cl→Th dative interactions is quite long (Th1-Cl1 = 3.257(5) Å; see below for more discussion). 

The nine coordinate centers in [Li][1] are formed by five An-C σ-bonds and four Cl→An dative 

interactions. The κ2 coordination mode generated by the Cl→An dative interaction has been 

previously observed for a handful of [C6Cl5]- complexes, including Pt(C6Cl5)4.38,42,43 The average 

Th-C bond length in [Li][1] is 2.65 Å (range = 2.628(18) – 2.693(18) Å), which is similar those 

found in other σ-bonded thorium aryl complexes.19,21 For example, the Th-C bond length in 

[Li(DME)3]2[Th(C6H5)6]19 is 2.589(3) Å, whereas the average Th-C bond length in [Th(2‐

C6H4CH2NMe2)4]21 is 2.549(2) Å (range = 2.497(3) – 2.544(3) Å).  Additionally, both the 10-

coordinate and 9-coordinate Th centers in [Li][1] exhibit identical average Th-C bond lengths.  

The aryl rings in [Li][1] feature disparate Th-Cipso-Cortho angles, a consequence of the Cl→An 

dative interactions.  For example, the Th-C1-C2 angle is 110(1)°, whereas the Th1-C1-C6 angle is 

134(1)°. The average Cl→Th bond length in [Li][1] is 3.09 Å (range = 3.018(5) – 3.257(5) Å).  

No other complexes with Cl→An interactions are available for comparison, but several 

complexes with F→An interactions are known.51 For example, the F→U distances in 

[Cp*2Co][U(OB(C6F5)3)2(Aracnac)(OEt2)]52 are 2.762(6) and 2.789(5) Å, whereas the F→U 

distances in [U(N(C6F5)2)4] are 2.6480(11) and 2.5989(11) Å.53 Not surprisingly, these values are 

much shorter than the Cl→An interactions observed in [Li][1]. One ten-coordinate and one nine-

coordinate center in [Li][1] each exhibit an outer sphere cation [Li(DME)2(Et2O)]+, while the other 
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nine-coordinate thorium center in [Li][1] features a [Li(DME)2]+ cation that also interacts with the 

ortho-Cl and meta-Cl atoms of one C6Cl5 ligand. The observation of two different Th coordination 

geometries in the solid-state can be explained by small differences in local crystal packing, and 

indicates that the long Cl→Th dative interaction (e.g., Th1-Cl1) is not particularly strong. 

Complex [Li][2] crystallizes in the monoclinic space group P21/c (Figure S15). The solid-state 

molecular structure of [Li][2] reveals a ten-coordinate uranium center formed by five An-C σ-

bonds and five Cl→An dative interactions involving the ortho-Cl atoms of the C6Cl5 ligands.48 

According to the continuous shape measure,47 the coordination geometry about the U center is best 

described as a C2v-symmetric sphenocorona, wherein the two square faces are defined by Cl16, 

C13, Cl6, and Cl1, and C13, C25, Cl11, Cl16, respectively.  The average U-C bond length in 

[Li][2] is 2.55 Å (range = 2.52(2) – 2.59(2) Å), which is shorter than the Th-C distances in [Li][1], 

consistent with smaller ionic radius of the U(IV) ion.54  The U-C bond lengths in [Li][2] are also 

similar to those observed in other uranium aryl complexes, such as 

[Li(Et2O)2(THF)][UO2(C6Cl5)3],25 which features U-C distances from 2.55(1) to 2.63(1) Å, and 

[Li(THF)4][Li(THF)][U(C6H5)6],22 which features an average U-C bond length of 2.52 Å.  The 

latter structure also features H→U agostic interactions, which are similar to the Cl→An 

interactions found in [Li][1] and [Li][2]. The aryl rings in [Li][2] feature disparate U-Cipso-Cortho 

angles (e.g., U1-C1-C2 = 113(1)°, U1-C1-C6 = 135(1)°), which is a consequence of the Cl→An 

dative interactions. Finally, the average Cl→U distance in [Li][2] is 3.13 Å (range = 3.006(4) – 

3.250(4) Å), which is similar to that found in [Li][1]. 
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Figure 2. Solid-state molecular structure of [Li][3] shown with 50% probability ellipsoids. All 

hydrogen atoms and a [Li(DME)2(Et2O)]+ counterion have been omitted for clarity. 

Complex [Li][3] crystallizes in the triclinic space group P1 (Figure 2). Its solid-state molecular 

structure reveals a 9-coordinate thorium center bound by three chloride ligands, three carbon atoms 

of the pentachlorophenyl ligands, and three Cl→Th dative interactions involving the ortho-Cl 

atoms of the pentachlorophenyl ligands.  The coordination geometry about its Th center can be 

described as distorted tricapped trigonal prism,55 wherein the three capping atoms are Cl4, Cl9, 

and Cl14.  The average Th-C bond length in [Li][3] is 2.65 Å (range = 2.631(6) – 2.654(6) Å), 

which is similar to Th-C bond lengths in [Li][1].  The average Th-Cl distance in [Li][3] is 2.77 Å 

(range = 2.671(2) – 2.839(2) Å), which is slightly longer than the average Th-Cl bond length in 

ThCl4(DME)2 (2.690 Å ),56 whereas the average Cl→An dative interactions in [Li][3] is 3.19 Å 

(range = 3.148(2) – 3.248(2) Å).  Finally, the [Li(Et2O)2]+ cation in [Li][3] features bridging 

interaction with two chloride ligands.  The resulting Li-Cl distances are 2.37(2) Å and 2.39(2) Å. 
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Complex [Li][4] also crystallizes in the triclinic space group P1 (Figure 3).  Its solid-state 

molecular structure reveals a 7-coordinate uranium center bound by two chloride ligands, three 

carbon atoms of the pentachlorophenyl ligand, and two long Cl→U dative interactions involving 

the ortho-Cl atoms of the pentachlorophenyl ligands (e.g., U1-Cl3 = 3.226(4), U1-Cl8 = 3.227(3) 

Å).  Ignoring the long Cl→U dative interactions, the coordination geometry about the U center 

is best described as trigonal bipyramid.  The average U-C bond length in [Li][4] is 2.50 Å (range 

= 2.50(1) – 2.51(1) Å) and is similar to that seen in [Li][2] but shorter than that seen in [Li][3], 

consistent with smaller ionic radius of U(IV) ion.54 The average U-Cl bond length in [Li][4] is 

2.59 Å (range = 2.591(4) – 2.594(4) Å), consistent with the average U-Cl bond length of 2.62 Å 

in UCl4(DME)2.57 Finally, the [Li(Et2O)3]+ cation in [Li][4] features a bridging interaction with a 

chloride ligand.  The resulting Li-Cl distance is 2.69(5) Å. 
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Figure 3. Solid-state molecular structure of [Li][4] shown with 50% probability ellipsoids. All 

hydrogen atoms have been omitted for clarity.  

 

Table 1. Selected metrical parameters for [Li][1]⋅2.5Et2O⋅2CH2Cl2, [Li][2], [Li][3], and [Li][4]. 

Complex [Li][1]⋅2.5Et2O⋅2CH2Cl2 [Li][2] [Li][3] [Li][4] 
An-C Th1 Th2 Th3 2.518(17) 

2.537(15) 
2.541(12) 
2.555(17) 
2.592(16) 
 

2.631(6) 
2.653(6) 
2.654(6) 

2.497(13) 
2.504(13) 
2.505(14) 2.633(16) 

2.646(17) 
2.649(18) 
2.670(19) 
2.673(17) 

2.628(18) 
2.637(17) 
2.639(16) 
2.656(19) 
2.678(19) 

2.631(18) 
2.641(18) 
2.645(17) 
2.66(2) 
2.693(18) 

Cl→An  3.018(5) 
3.068(5) 
3.073(5) 
3.101(4) 
3.257(5) 

3.033(5) 
3.064(5) 
3.069(4) 
3.107(5) 

3.073(5) 
3.092(6) 
3.115(5) 
3.122(5) 

3.006(4) 
3.071(5) 
3.121(4) 
3.197(4) 
3.255(4) 

3.1489(19) 
3.1776(17) 
3.2477(17) 

3.226(4) 
3.227(3) 

An-Cl     2.6702(17) 
2.7887(18) 
2.8390(18) 

2.591(4) 
2.594(4) 

 

The 13C{1H} NMR spectrum of [Li][1], recorded at room temperature in dichloromethane-d2, 

features a resonance at 198.78 ppm (Figure S2), attributable to the ipso carbon of the 

pentachlorophenyl ligand, as well as resonances at 138.66, 131.03, and 130.13 ppm, assignable to 

the ortho, meta, and para resonances of the pentachlorophenyl ligand, respectively. The 13C{1H} 

NMR spectrum of [Li][3], recorded at room temperature in dichloromethane-d2, features a 

resonance at 201.01 ppm (Figure S9), attributable to the ipso carbon of the pentachlorophenyl 

ligand, as well as resonances at 137.20, 131.96, and 129.53 ppm, assignable to the ortho, meta, 

and para resonances of the pentachlorophenyl ligand, respectively. The observation of only one 

aryl environment for both [Li][1] and [Li][3] in their 13C{1H} NMR spectra is evidence for 

exchange of the Cl→Th dative interactions at a rate faster than the NMR time scale, which 
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renders the aryl ligands magnetically equivalent. The 13C{1H} NMR spectra of both [Li][1] and 

[Li][3] feature smaller downfield Cipso resonances compared to [Li(Et2O)2(THF)][UO2(C6Cl5)3], 

which featured a Cipso resonance at 236.7 ppm.25   

The 7Li{1H} NMR spectra for [Li][1] and [Li][3] in dichloromethane-d2 feature sharp 

resonances at -0.79 ppm and -0.83 ppm, respectively (Figures S1 and S8). In contrast, the 7Li{1H} 

NMR spectrum of [Li][2] in dichloromethane-d2 features a broad resonance at 0.52 ppm (Figure 

S5), consistent with the paramagnetism of this material. The 7Li{1H} NMR spectrum of [Li][4] in 

benzene-d6 features a broad resonance at 29.59 ppm (Figure S11). The large downfield shift is 

consistent with formation of a contact ion pair in solution. Similar behavior has been observed 

previously for uranium aryl and uranium benzyne complexes.58 

To gain a detailed understanding of the electronic structures and bonding interactions within 

[Li][1], [Li][2], [Li][3], and [Li][4], relativistic DFT calculations were performed on their anionic 

components, namely, [1]−, [2]−, [3]−, and [4]−.59–61 Full computational details are described in the 

Supporting Information. The ground states of [1]− and [3]− are closed-shell spin singlet 

configurations, whereas the ground states of [2]− and [4]− are spin triplets because of the two 

unpaired electrons of the U4+ ion.  As shown previously by wavefunction calculations,62,63 the 

ground state for Th(IV) is not strongly multi-configurational, and can therefore be described by 

(single determinant) Kohn-Sham DFT calculations with approximate functionals.  Further 

evidence for the lack of multi-configurational character in the present systems are the large HOMO 

and LUMO gaps calculated for [1]− and [3]−, at 3.0 and 3.4 eV, respectively. In other words, there 

are no complications due to the presence of nearly degenerate frontier orbitals in the DFT 

calculations for these molecules. Natural localized molecular orbital (NLMO) analysis (Figure 4 

and Table S1) confirms the Cl→An dative bonding from the close-contact chlorine atoms of the 
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C6Cl5 ligands that is evident from the crystal structures. The lone pair donation from these 

chlorines have on average 7/8/6/5% weight at the actinide center in [1/2/3/4]−, respectively. Not 

surprisingly, however, the dative bonding from the chloride ligands in [3]- and [4]- is stronger, 

with an average of 12 and 14% weight, respectively, at the actinide.  

The NLMO analysis further shows that the Th-Cipso interactions in [1]− and [3]− are quite 

similar (Figure 4). This similarity is also indicated by averaged Th-Cipso Wiberg bond orders of 

0.47 for [1]− and 0.49 for [3]−, respectively. The interactions between the ipso-carbon atoms and 

thorium can be viewed as two-center two-electron (2c-2e) σ-donation bonding from the negatively 

charged ligand, with the Th weight in the corresponding σ-bonding NLMOs ranging from 14 to 

15%. Of these weights, the Th 5f contributions are 24% in [1]− and 22% in [3]−. In comparison, 

the two uranium complexes, [2]− and [4]−, feature stronger covalency in their U-C bonds, along 

with more pronounced participation of the 5f AOs. The U weights in the σ-bonding NLMOs range 

from 18% in [2]− to 21% in [4]−, of which the 5f contributions are 36% and 30%, respectively. The 

increased covalency, compared to the Th complexes, is reflected in increased averaged U-Cipso 

Wiberg bond orders of 0.56 in [2]− and 0.64 in [4]−, respectively. Similar bonding trends are 

observed for both [An(C6H5)6]2- (An = Th, U) and [AnMe6]2- (An = Th, U).4,10,22 For example, the 

An-C bonds in [U(C6H5)6]2- feature both a greater degree of covalency (23% total metal character 

for U vs. 16% for Th) and 5f character (38% for U vs. 20% for Th) than its Th analogue.22  

Various approximate density functionals (BP86, PBE, and PBE0) were used for calculating 

the 13C NMR chemical shifts for the ipso-carbon in [1]− and [3]−. As seen in Table 2, the averaged 

calculated chemical shifts for both complexes are only weakly dependent on the choice of the 

functional. The calculated chemical shifts are in acceptable agreement with the measurements. We 

focus on the PBE/SO-PBE results in the following discussion, unless stated otherwise. For [1]−, 
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the calculated Cipso chemical shift is 203 ppm (expt. = 199 ppm), including a 27 ppm deshielding 

due to SO coupling. The Cipso chemical shift in [3]− is calculated to be a bit larger than that in [1]−, 

in agreement with the experiments, although the shift difference is slightly exaggerated in the 

calculations. The deshielding caused by SO coupling effects (ca. 29 ppm) is comparable that found 

in [1]−, which reflects the similarity in their chemical bonding. The ipso-carbon SO deshielding in 

both [1]− and [3]− is correlated to the Th 5f and 6d character of the σ(Th-C) NLMO, and the overall 

weights of actinide AOs in these bonds (i.e., the degree of covalency). Our previous calculation25 

for [Li(Et2O)2(THF)][UO2(C6Cl5)3] found a significantly larger SO deshielding, up to 68 ppm, due 

to a combination of large U weight (20% overall) and 5f contribution (43% of the U weight). This 

difference reflects both the change in element and the higher oxidation state in the uranyl example.  

Similarly, we would expect stronger SO effects for the ipso-carbon chemical shifts in our U(IV) 

complexes, compared to their thorium counterparts. However, the paramagnetism of [2]− and [4]− 

causes too much broadening of the relevant NMR signals for them to be observed. It also renders 

calculations of the NMR chemical shifts much more difficult,64 and the role of SO coupling would 

not be as clear-cut as it is in the diamagnetic counterparts. Thus, we decided to forego calculations 

of the shifts for [2]− and [4]−, because the bond analyses already paint a clear picture.  Interestingly, 

the SO-induced chemical shift in [Th(C6H5)6]2- (40 ppm, present work) is calculated to be 13 ppm 

larger than that of [1]− (27 ppm), despite the former complex having a smaller 5f weight in the Th 

contributions to the Th-C bonds. This decrease, however, is more than compensated for by the 

slightly greater overall Th weight and carbon 2s character in its Th-C bonds (Table 2 and Table 

S1).  

Table 2. Calculated carbon shielding (σ) and chemical shift (δ) for the Cipso atom center of [1] −, 

[3]−, and [Th(C6H5)6]2-, using various functionals.a 
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Complex Functional σcalc (ppm) δcalc (ppm) δexpt (ppm) 

TMS 

BP86/SO-BP86 186.9 / 187.8 - 

- 
PBE/SO-PBE 187.5 / 188.4 - 

PBE0/SO-PBE0 (25%)b 192.2 / 193.0 - 

PBE0/SO-PBE0 (40%)b 194.7 / 195.6 - 

[1]− 

BP86/SO-BP86 10.7 / −16.8 176.2 / 204.6 

198.78 
PBE/SO-PBE 11.3 / −14.8 176.2 / 203.2 

PBE0/SO-PBE0 (25%) 13.9 / −10.8 178.3 / 203.8 

PBE0/SO-PBE0 (40%) 15.8 / −8.3 178.9 / 203.9 

[3]− 

BP86/SO-BP86 3.9 / −25.3 183.0 / 213.1 

201.01 
PBE/SO-PBE 4.5 / −23.3 183.0 / 211.7 

PBE0/SO-PBE0 (25%) 5.5 / −20.8 186.7 / 213.8 

PBE0/SO-PBE0 (40%) 6.8 / −19.0 187.9 / 214.6 

[Th(C6H5)6]2- c 
PBE/SO-PBE −21.2 /−60.1 208.7 / 248.5 

220.5 
PBE0/SO-PBE0 (40%) −15.5 / −53.4 210.2 / 249.0 

a NMR shifts calculated at the SO ZORA- level using the TZ2P basis set, with ‘FXC’ option. The calculated chemical 
shifts were averaged over equivalent Cipso nuclei. Dichloromethane (solvent) was considered in the COSMO model 
for all the computations. 
b The percentages in parentheses of functional column indicate the portion of exact exchange in the functional.  
c For comparison, the carbon shielding and chemical shift for the Cipso atom in C3-symmetric [Th(C6H5)6]2- was re-
calculated using the same procedure as other complexes, such as using the ‘FXC’ option and same solvent (see 
computational details). The experimental chemical shift for this complex was taken from Ref. 19. 
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Figure 4. Representative An-C bonding NLMOs (An=Th or U) in [1]−, [2]−, [3]−, and [4]−. Weight-

% metal character and 6d vs. 5f contributions at the metal averaged over equivalent NLMOs. 

(Isosurface values ±0.03 a.u. Color code for atoms: Th orange, U purple, Cl green, C gray.)  

 
Conclusion 

In summary, we have prepared and characterized two homoleptic actinide-aryl “ate” complexes, 

[Li(DME)2(Et2O)]2[Li(DME)2][Th(C6Cl5)5]3 and [Li(Et2O)4][U(C6Cl5)5], and have confirmed 

their formulation by X-ray crystallography.  These two complexes represent the first isolated 

homoleptic perhaloaryl complexes of the actinides.  They exhibit remarkable thermal stability − 

much greater than past homoleptic actinide aryl complexes − likely on account of the o‐chloro 

substitution of the [C6Cl5]− ligand, combined with the many Cl→An dative interactions.  

Additionally, we prepared and characterized two heteroleptic actinide-aryl “ate” complexes, 

[Li(DME)2(Et2O)][Li(Et2O)2][ThCl3(C6Cl5)3] and [Li(Et2O)3][UCl2(C6Cl5)3].  Analysis of the An-

C bonding with these complexes by DFT reveals both greater covalency and greater 5f orbital 

participation in the U(IV) derivatives, consistent with past periodic trends.  In addition, a DFT 

analysis of the Cipso chemical shifts in the two Th complexes reveals modest levels of spin-orbit 

induced shielding due to 5f participation in the Th-C bonds, providing us with an opportunity to 

further refine the 13C NMR spectroscopic analysis of An-L bonding. 
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