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When Kekulé first pictured the ring structure of benzene, hardly anyone could have imagined 

that aromaticity may play a central role in an incredible variety of organic and inorganic rings 

containing s-, d- and even f-block metal atoms.1-4 Very recently, Liddle and coworkers 

synthesized the crystalline cluster [{Th(η8-C8H8)(μ-Cl)2}3K2] (3”) containing at its heart a three-

membered ring built exclusively from thorium atoms.5 Remarkable stability and high symmetry 

of 3”, the unexpected closed-shell ground-state electron configuration with a characteristic 

Highest Occupied Molecular Orbital (HOMO) reminiscent of three-center two-electron σ-bond, 

and the diamagnetic ring current induced under the external magnetic field – all these 

characteristics were deemed to be valid grounds for the compound to be considered σ-aromatic, 

thus extending the range of aromaticity to a record seventh row of the periodic table. However, 

Foroutan-Nejad et al. jumped in very promptly questioning σ-aromaticity of 3” and 

demonstrating (using a different theoretical approach) that in the external magnetic field a weak 

paratropic ring current is induced around the tri-thorium core, providing a basis for the 

conclusion that 3” is antiaromatic.6 Reconciling these contradictory predictions fits with the 

long-standing academic debate on the correspondence between aromatic stabilization 

(underlying symmetric structure and thermodynamic stability) and the magnetic-response 

properties of molecular rings.7  

In the following, we provide multiple incontrovertible evidences that the crystalline cluster 

3” is truly σ-aromatic, but the role of metal aromaticity is limited to shaping molecular-response 

properties rather than stability. An additional in-depth investigation of the resonance electronic 

structure of 3” reveals that the vital factor determining its high symmetry and thermodynamic 

stability is an unprecedented resonance bonding pattern involving thorium and chlorine atoms. 



To assess the effect of the σ-aromatic tri-thorium bonding on the stability of 3” we 

designed its twin structure in silico with potassium atoms transmuted to argon atoms, thus 

depriving the original complex of two electrons delocalized between three thorium atoms. 

Consequently, in the resulting compound [{Th(η8-C8H8)(μ-Cl)2}3Ar2] (3*) thorium atoms are no 

longer chemically bonded to each other, so the complex is clearly not σ-aromatic. But, to our 

great surprise, 3* has the closed-shell ground-state structure that adopts the same symmetry and 

shares almost all the structural (Figure S1) and molecular-orbital characteristics of 3” (Figure 

S2), except noticeably longer distances between the thorium atoms and the much more distanced 

argon atoms. The infrared (IR) spectra of both compounds show a large overlap, and the 

corresponding molecular vibration contributions to the thermal energy differ by less than 1 kcal 

mol-1 (Figure 1a), suggesting rather marginal effect of the σ-aromatic tri-thorium bonding on the 

thermodynamic stability of 3”. Furthermore, the relativistic energy gap between the HOMO and 

Lowest Unoccupied Molecular Orbital (LUMO) in 3* is found to be almost twice as large as the 

corresponding energy gap in 3” thereby marking the non-aromatic twin cluster even more stable 

(Figure S2). It should also be noted that although the HOMO in 3” is mainly made up of the 6d 

thorium orbitals, the chlorine atoms contribute noticeably to its structure as well (Figure S3). 

The resulting inhomogeneity of the HOMO structure makes the magnetically-induced ring 

currents even more complex and difficult to assess as their character depends crucially upon the 

site of the thorium core (Figure S4a). This may explain the discrepancy between the predictions 

of (anti)aromaticity by Liddle and Foroutan-Nejad,5,6 since they were made using methodologies 

that differ dramatically in their sensitivity to non-local shielding effects from circulating 

electrons.7  

 



 

Figure 1. (a) The IR spectra of 3” and 3* with the corresponding molecular vibration contributions to the 

thermal energy. (2) Linearized side-view of two 6d-3p orbital conjugation topologies in which the in-phase 

overlapping of the thorium 6d and the chlorine 3p orbitals is expected to be particularly effective; below, 

the associated resonance Lewis structures. (3) Isosurfaces (at given isovalues) of the EDDB function 

dissected into three contributions to the resonance stabilization; the corresponding bold numbers represent 

the populations of electrons ‘resonating’ between different bond positions. 

 

 

 

Moreover, the highest occupied molecular orbitals in 3” and 3* respond contrastingly to the 

external magnetic field (Figure S4), and only in the former a weak diamagnetic current density 

can be found around the centroid of the thorium core, marking its ‘magnetic aromaticity’. 

Having established that σ-aromaticity in the crystalline tri-thorium cluster determines the 

molecular-response properties but not the stability, the question remains: what kind of chemical 

interactions actually hold the entire D3-symmetric structure of 3” and 3* together? To answer 

that question, we need to take a cue from Figure S3 and turn our attention to the chlorine atoms 

surrounding the thorium ring. Analysis of possible conjugation topologies of the 6d thorium and 



3p chlorine orbitals within the Th3Cl6 cage reveals two configurations in which the in-phase 

orbital overlapping is particularly effective (Figure 1b). The superposition of these orbital 

configurations enables a unique resonance mode with the polarized covalent bonds Th–Cl and 

the corresponding charge-shift Cl:Th bonds8-10 cooperatively switching their positions (Figure 

1b). Admittedly, each pair of thorium atoms does not sit in the same plane with the chlorine 

atoms, but due to extreme size of the 6d orbitals (which easily penetrate the van der Waals 

spheres of chlorine atoms) the orbital overlapping is still expected to be very effective. The 

relativistic quantum-chemical calculations reveal the total valence11 of thorium and chlorine 

atoms to be equal 4.150 and 1.071 in 3”, and 4.148 and 1.061 in 3*, respectively. These values 

are close to the formal valency of thorium and chlorine atoms, IV and I, respectively, and the 

symmetry of the proposed resonance Lewis structures (Figure 1b) allows one to automatically 

predict the formal bond order between thorium and chlorine atoms to be equal 0.5, which is 

completely in line with the calculated natural binding index of 0.462.12 Furthermore, a separate 

investigation shows that the geometric and electronic structure of the cyclooctatetraene (COT) 

ligands resembles to a large extent the Hückel’s 10π-aromatic COT dianion (Figure S5) with 

two electrons promoted from each thorium atom. Putting these facts together gives a picture of 

bonding in the Th3Cl6 cage with thorium and chlorine atoms acting as divalent and monovalent 

elements, respectively, which perfectly correspond to the resonance Lewis structures 

representing the multicenter charge-shift bond (Figure 1b). 

To quantitatively assess the magnitude of the multicenter charge-shift bonding in 3” and 3* 

the state-of-the-art theoretical approach called the Electron Density of Delocalized Bonds 

(EDDB)10 was used. The EDDB method ‘extracts’ from the molecular wavefunction the 

information about electron pairs resonating between different bond positions, and thus it 



provides a unique tool to visualize and quantify any kind of the resonance-stabilized (or 

multicenter) bonding from typical π-aromatics to weak anagostic interactions.10 The results of 

the EDDB analysis (Figure 1c) show a clear and distinct picture of three types of the resonance-

stabilization effects in the tri-thorium complex: (1) Hückel’s (4n+2) 10π-aromaticity of the COT 

dianionic ligands with the effectiveness of electron delocalization reaching 90% in 3” (i.e., about 

27.0e out of the total π-population of 30.0e contributes to resonance-stabilization); (2) the σ-

aromatic three-thorium bond, in which only about 1.2e can be associated with the stabilizing 

character; (3) the multicenter charge-shift bond in the Th3Cl6 cage with the total population of 

5.0e effectively resonating over the thorium-chlorine bond positions. Therefore, the magnitude of 

resonance stabilization associated with the multicenter charge-shift bonding in 3” is about four 

times greater than the corresponding effect from the tri-thorium σ-aromaticity. It is noteworthy 

that the average contribution of each chlorine atom to resonance stabilization in 3” and 3* 

(0.500e) is comparable to the corresponding effect in the dimer of aluminium chloride (0.511e), 

in which the charge-shift bonding is known to be strong enough to make Al2Cl6 stable in the 

liquid and even gas phase.14 Furthermore, the magnitude of the multicenter charge-shift bond 

remains unchanged even without the presence of σ-aromaticity in 3*, which perfectly 

corresponds to the structural and thermodynamic similarities between 3” and 3*, thus marking 

this newfound type of chemical bond as the actual cause of the uniqueness and beauty of the 

crystalline actinide cluster synthesized in the Liddle group.5  

The results of this study prove fairly definitively that the σ-aromatic tri-thorium bond truly 

exists, but its principal role is limited to shaping molecular-response properties of 3” rather than 

its stability. However, an additional in-depth investigation reveals that the thorium atoms put up 

a united front with the surrounding chlorine atoms to form an unprecedented multicenter charge-



shift bonding pattern, which is demonstrated to be the primary factor underlying the high 

symmetry and remarkable stability of the tri-thorium cluster 3”. The charge-shift bonds have 

recently been shown to be particularly strong when the 5d orbitals of the transition-metals from 

group 11 and 12 are involved,15 but this study extends the range of the charge-shift bonding 

beyond transition metals to a high of principal quantum number six and to the seventh row of the 

periodic table.  

The findings of this study have potential implications for future attempts to design and 

synthesize new actinide complexes by drawing attention to the essential stabilizing role of the 

actinide-halogen charge-shift bonding. 
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