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            Abstract
Aromaticity and antiaromaticity, as defined by Hückel’s rule, are key ideas in organic chemistry, and are both exemplified in biphenylene1,2,3—a molecule that consists of two benzene rings joined by a four-membered ring at its core. Biphenylene analogues in which one of the benzene rings has been replaced by a different (4n + 2) π-electron system have so far been associated only with organic compounds4,5. In addition, efforts to prepare a zirconabiphenylene compound resulted in the isolation of a bis(alkyne) zirconocene complex instead6. Here we report the synthesis and characterization of, to our knowledge, the first 2-metallabiphenylene compounds. Single-crystal X-ray diffraction studies reveal that these complexes have nearly planar, 11-membered metallatricycles with metrical parameters that compare well with those reported for biphenylene. Nuclear magnetic resonance spectroscopy, in addition to nucleus-independent chemical shift calculations, provides evidence that these complexes contain an antiaromatic cyclobutadiene ring and an aromatic benzene ring. Furthermore, spectroscopic evidence, Kohn–Sham molecular orbital compositions and natural bond orbital calculations suggest covalency and delocalization of the uranium f2 electrons with the carbon-containing ligand.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Buy this article
	Purchase on Springer Link
	Instant access to full article PDF

Buy now


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Known analogues of biphenylene.[image: ]


Fig. 2: Synthetic outlines.[image: ]


Fig. 3: X-ray crystallography.[image: ]


Fig. 4: UV–visible spectroscopy and time-dependent DFT calculations.[image: ]
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                Data availability

              
              All data are available upon request from J.L.K. (synthetic and spectroscopic data) or L.G. (computational data). Crystallographic data of 4 and 5 have been uploaded to the Cambridge Crystallographic Data Centre under CCDC numbers 1526648 and 1526649.
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Extended data figures and tables

Extended Data Fig. 1 NIR spectroscopy as a covalency indicator.
NIR spectra of U(iv)-containing compounds 5 and 7 collected in toluene at 298 K. Band energies and relative intensities are strongly correlated in these spectra, but the absolute intensities in the bands for 5 are around two to four times those in the bands for 7, which suggests a greater degree of U–C covalency.


Extended Data Fig. 2 NICS profiles to assess aromaticity/antiaromaticity.
A, NICS and Bindz values were computed in the axis perpendicular to the four-membered ring and six-membered ring planes of compounds 4 and 5. The points at which the shielding tensors were calculated are represented here by small blue spheres; the points pass through the corresponding non-mass-weighted centre of each ring. B–D, NICS and Bindz profiles of the four-membered ring and six-membered ring for compounds 4 (B; An = Th), 5 (C; An = U), and cyclobutadiene and benzene (D). The PBE0/6-31G(d,p)&SDD level of theory was used. R is the distance from the centre of each ring along the axis, in Å.


Extended Data Fig. 3 NICS profiles of classic compounds to assess aromaticity/antiaromaticity.
A–D, NICS and Bindz profiles of the four-membered ring and six-membered ring for biphenylene (1) (A), 2-thianorbiphenylene (2) (B), 2-thianorbiphenylene sulfone (3) (C), and benzo[3,4]cyclobuta[1,2]furan (D).


Extended Data Fig. 4 Calculated Kohn–Sham molecular orbitals of compound 5.
Molecular orbitals for triplet (C5Me5)2U(2,5-Ph2-cyclopenta[3,4]cyclobuta[1,2]benzene) (5-triplet) as computed with PBE0/631G(d,p)&SDD. An isocontour value of 0.04 was used. The left column shows the α-spin molecular orbitals and the right column shows the β-spin molecular orbitals. For both spins, the orbitals are labelled according to their energetic order among those of the same spin. Orbitals are paired here with the closest corresponding orbital of the opposite spin. The positive and negative phases of the Kohn–Sham molecular orbitals are in red and blue, respectively.


Extended Data Fig. 5 Calculated active molecular orbitals and natural bond orbitals.
A–F, Active molecular orbitals for the CAS(6,6) model of 5a-triplet (An = U) in its triplet ground spin state, with the occupation number given in parentheses. The positive and negative phases of the active molecular orbitals are in blue and white. G–I, Representative natural bond orbitals for 5-triplet (An = U) in the triplet state. The positive and negative phases of the natural bond orbitals are in red and yellow. U, green; C, silver. H atoms are omitted for clarity.
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