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            Abstract
Aromaticity, a highly stabilizing feature of molecules with delocalized electrons in closed circuits, is generally restricted to ‘Hückel’ systems with 4n+2 mobile electrons. Although the Möbius concept extends the principle of aromaticity to 4n mobile electron species, the rare known examples have complex, twisted topologies whose extension is unlikely. Here we report the realization of osmapentalenes, the first planar Möbius aromatic complexes with 16 and 18 valence electron transition metals. The Möbius aromaticity of these osmapentalenes, documented by X-ray structural, magnetic and theoretical analyses, demonstrates the basis of the aromaticity of the parent osmapentalynes. All these osmapentalenes are formed by both electrophilic and nucleophilic reactions of the in-plane π component of the same carbyne carbon, illustrating ambiphilic carbyne reactivity, which is seldom observed in transition metal chemistry. Our results widen the scope of Möbius aromaticity dramatically and open prospects for the generalization of planar Möbius aromatic chemistry.
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                    Introduction
Aromaticity, one of the most important concepts in chemistry, denotes the ‘extra’ stabilization of molecules because of electron delocalization in closed circuits1,2,3. Although Hückel aromatic compounds with 4n+2 mobile electrons are common, examples of Möbius 4n electrons aromaticity have proven to be much more difficult to realize and to establish4,5,6,7,8,9,10,11,12,13. Indeed, the reported Möbius aromatic compounds are very limited and almost all have twisted topologies14,15,16,17,18. For instance, although Heilbronner pointed out in 1964 that rings with 20 atoms or more might adopt Möbius geometries ‘without any apparent angle or steric repulsion strain’ in his prediction4, Mauksch et al. in 1998 discovered computationally a twisted much smaller ring system, the cyclononatetraenyl cation, which is a Möbius aromatic annulene5. Then Ajami et al. reported the first synthesis of a Möbius aromatic hydrocarbon in 2003, which also has a twisted topology6.
Very recently, we reported osmapentalyne complexes19, persistent and highly unusual bicyclic systems via the strategy of the stabilization caused by a transition metal fragment20,21,22,23,24,25. This metal fragment not only relieves considerable ring strain in pentalyne, but also results in Möbius aromatic stabilization of the rarely realized planar Craig type, which was first proposed by Craig by analysing the interactions of d-atomic orbitals (AOs) present in an alternating cyclic array of main group pπ-dπ AOs by reference to trimeric and tetrameric phosphonitric chlorides26 and was later extended to transition metal-containing 4n π metallacycles by Mauksch and Tsogoeva computationally27. Interestingly, the metal–carbon triple bond in osmapentalynes can shift from one five-membered ring to another19. We speculated that a protonation–deprotonation process via an osmapentalene intermediate could account for this tautomerization (Fig. 1a). Because the in-plane π-electrons of the triple bonds do not contribute to the aromaticity of osmapentalynes, Möbius aromaticity in osmapentalynes should be rooted in osmapentalenes. Therefore, osmapentalenes were also expected to exhibit Möbius aromaticity.
Figure 1: The proposed aromatic metallapentalene.[image: figure 1]
(a) The 16-electron osmapentalene intermediate proposed in the tautomeric metal–carbon triple bond shift of osmapentalyne. (b) The aromaticity of a model osmapentalene evaluated by the two variations of the ISE method. The energies (computed by the B3LYP functional with the LanL2DZ basis set for osmium and the 6-311++G(d,p) basis sets for carbon and hydrogen) include zero-point energy corrections. ISE, isomerization stabilization energy.
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Although six-coordinated transition metal complexes with octahedral structures are expected to follow the 18-electron transition metal rule28, protonation of the carbyne carbon of osmapentalyne results in an aromatic osmapentalene having an osmium with only 16 electrons. Could the magnitude of the Möbius aromaticity be sufficient to overwhelm the instability associated with this 18-electron rule violation? Herein, we report the actual isolation of the first 16-electron metallapentalene, a rare Möbius aromatic system with a planar, rather than a twisted topology.


Results
Synthesis of the first 16-electron metallapentalene
We first evaluated the ‘isomerization stabilization energy’ (ISE) using effective variations of the Schleyer–Pühlhofer method29,30. The ISE values of osmapentalene in Fig. 1b, −30.7 and −31.4 kcal mol−1, are very close to the corresponding ISE values of benzene (−33.2 and −29.0 kcal mol−1)29,30 and even larger than those of osmapentalyne (−21.2 and −19.6 kcal mol−1)19. Therefore, we reasoned that it might be possible to detect or even to trap the intermediate, 16-electron osmapentalene. Indeed, treating either 1-Cl or 2-BF4 with HBF4·Et2O at room temperature for 30 min led in both cases to 16-electron osmapentalene 3-(BF4 ) 2 (Fig. 2a), which was isolated quantitatively as a yellow solid. However, as a 16-electron osmium complex, 3-(BF4 ) 2 is prone to conversion into osmapentalynes with an 18-electron osmium centre. When 3-(BF4 ) 2 was treated with Et2O, osmapentalynes 1-BF4 and 2-BF4 were formed in a 7:93 ratio based on the 1H nuclear magnetic resonance (NMR) spectroscopy. Density functional theory computations were employed to investigate the mechanism for the formation of osmapentalynes 1-BF4 and 2-BF4 from osmapentalene 3-(BF4 ) 2. The PPh3s were replaced by PH3s. As shown in Fig. 3, deprotonation of osmapentalene 3′ at the C1 and C7 carbon atoms only have 12.1 and 7.0 kcal mol−1 free energy reaction barriers, respectively, leading to the formation of osmapentalynes 1′ and 2′. Our results also indicate that osmapentalyne 2′ is thermodynamically more stable than osmapentalyne 1′ in line with the experimental observations that osmapentalyne 2-BF4 was the major product.
Figure 2: Synthesis of 16- and 18-electron osmapentalenes.[image: figure 2]
(a) The protonation of osmapentalyne gives 16-electron osmapentalene 3-(BF4 ) 2. (b) Reactions of osmapentalyne 1-Cl with nucleophiles, leading to the formation of 18-electron osmapentalenes 
                            4-Cl
                           and 
                            5-Cl
                          . (c,d) X-ray structures of 3 (c) and 4 (d) (drawn with 50% probability). Phenyl moieties in PPh3 have been omitted for clarity. Selected bond lengths (Å) for 3: Os1–C1 1.978(6), Os1–C4 2.139(6), Os1–C7 1.926(6), C1–C2 1.365(9), C2–C3 1.414(9), C3–C4 1.376(9), C4–C5 1.404(9), C5–C6 1.378(9), C6–C7 1.393(9). Selected bond lengths (Å) for 4: Os1–C1 2.080(4), Os1–C4 2.083(3), Os1–C7 2.081(4), Os1–C11 1.914(4), C1–C2 1.457(5), C2–C3 1.399(5), C3–C4 1.389(5), C4–C5 1.378(5), C5–C6 1.407(5), C6–C7 1.377(5), C1–S1 1.733(4), S1–C10 1.787(4), C11–O3 1.141(4). RT, room temperature.


Full size image

Figure 3: Reaction mechanism for the formation of 1′ and 2′ from 3′.[image: figure 3]
The computed free energies are in kcal mol−1.


Full size image

The structure of 3-(AlCl4 ) 2 in the solid state (generated from the reaction of 1-Cl or 2-BF4 with AlCl3 in wet dichloromethane) has been verified by X-ray diffraction (Supplementary Fig. 1 and Supplementary Data 1). As shown in Fig. 2c, the metallabicycle moiety of 3 is almost planar. The mean deviation from the least-squares plane is only 0.0106 Å. The Os1–C1 (1.978 Å) and Os1–C7 (1.926 Å) bond lengths are in the range of Os−C bond lengths (1.894−2.080 Å) of osmabenzene31,32. The Os1−C4 (2.139 Å) bond length is longer than other Os−C bond lengths, in line with the resonance structures depicted in Supplementary Fig. 2, in which Os1−C4 is always a single σ-bond, similar to the previous observation in osmapentalynes19. Distances of C−C bonds (1.365–1.414 Å) of the fused five-membered rings are between C−C single- and double-bond lengths, indicating a delocalized structure33,34,35,36,37,38,39,40,41,42.
Complex 3-(BF4 ) 2 was further characterized by 1H, 31P and 13C NMR spectroscopy. The low field H1 and H7 resonances at 12.08 and 11.94 parts per million (p.p.m.), respectively, are particularly noteworthy. The H3 and H5 signals at 9.48 and 9.04 p.p.m., respectively, are also downfield. The 31P NMR spectrum of 3-(BF4 ) 2 displays a triplet signal at 11.97 p.p.m. for CPPh3 and a doublet signal at 29.15 p.p.m. for two equivalent OsPPh3. The metal-bound C1, C4 and C7 signals are downfield, at 226.9, 194.6 and 244.2 p.p.m., respectively. The downfield 1H chemical shifts, the delocalized metal–carbon and carbon–carbon bonds, and the near-perfect planarity of the fused five-membered rings, vindicate the aromaticity in 16-electron osmapentalene 3.
Additional confirmation of the aromatic nature of osmapentalene 3 was provided by canonical molecular orbital (CMO) nucleus-independent chemical shift (NICS)43,44,45 computations46 on the simplified unsubstituted model complex 3″, where PH3s replace the PPh3 ligands. The negative NICS(0)zz (−11.3 p.p.m.) values at the centres of each ring in 3″ approach the benzene value (−14.5 p.p.m.) and are in sharp contrast with those of pentalene (+91.2 p.p.m.). As shown in Fig. 4, four of the five occupied π MOs of 3″ (HOMO, HOMO-2, HOMO-8 and HOMO-11) reflect the π delocalization along the perimetre of the bicyclic system. Specifically, three MOs (HOMO, HOMO-1 and HOMO-11) are derived from the orbital interactions between the pzπ AOs of the C7H6 unit (perpendicular to the bicycle plane) and the 5dxz orbital of the Os atom, whereas two MOs (HOMO-2 and HOMO-8) are formed by the orbital interactions between the pzπ AOs of the C7H6 unit and the 5dyz orbital of the Os atom. The overall Möbius aromaticity of the model complex 3″ can be attributed to the total diamagnetic contributions from the four orbitals (HOMO, HOMO-2, HOMO-8 and HOMO-11). Thus, this is the first extension of Möbius aromaticity to a planar 16-electron complex. The positive NICS(0)zz value of HOMO-1 (+4.5) is consistent with its lack of ‘perimetre character’. Despite its π character shown in HOMO-1, Os–C4 has the smallest Wiberg bond index among the three Os–C bonds in 3″. Specifically, the Wiberg bond indices of Os–C1, Os–C4 and Os–C7 are 0.97, 0.57 and 0.97, respectively. The smallest Wiberg bond index of Os–C4 is in line with the experimental observation that Os–C4 in osmapentalene 3 has the longest metal–carbon bond distance (Fig. 2c).
Figure 4: NICS(0)zz contributions of π molecular orbitals (MOs) of 3″ (C2v).[image: figure 4]
Note that HOMO-1 is not a perimetre MO and does not contribute to the aromaticity. The eigenvalues of the MOs are given in parentheses and the nucleus-independent chemical shift (NICS) values in p.p.m.


Full size image

Synthesis of 18-electron osmapentalenes
As 16-electron osmapentalene 3-(BF4 ) 2 has been achieved by protonation of complex 1-Cl (Fig. 2a), 18-electron osmapentalenes might be accessible if nucleophiles can also attack the carbyne carbon of complex 1-Cl. Indeed, the methanethiolate (CH3S–) and the methanolate (CH3O–) anions react with osmapentalyne 1-Cl to generate osmapentalenes 4-Cl and 5-Cl under CO atmospheres at room temperature for 4 h (Fig. 2b). All these new osmapentalenes are remarkably persistent. Thus, no significant decomposition of a sample of 4-Cl occurred even after heating in air at 170 °C for at least 5 h. For these two osmapentalenes, we also examined their ultraviolet–visible absorption spectra (Supplementary Fig. 3). The maximum absorption of 
                    4-Cl
                   in the visible region was located at 505 nm, with a slight red shift by 40 nm relative to 
                    5-Cl
                   (λmax=465 nm). Both of the maximum absorptions of osmapentalenes 
                    4-Cl
                   and 
                    5-Cl
                   in the visible region have a red shift in comparison with osmapentalyne19.
The structure of osmapentalene 4-Cl has also been characterized by NMR spectroscopy and high-resolution mass spectrometry (HRMS). The singlet 1H NMR signal at 12.46 p.p.m. is assigned to the OsCH proton. The H3 and H5 signals were located at 8.36 and 8.01 p.p.m., respectively. The spectrum displayed the signals of the four metal-bound 13C NMR carbon atoms at 242.8 (C1), 213.8 (C7), 195.5 (C4) and 191.0 (Os–CO) p.p.m. The 13C NMR signal of SCH3 was observed at 28.7 p.p.m. In the 31P NMR spectrum of 4-Cl, CPPh3 resonates at 10.07 p.p.m. as a triplet, and two equivalents OsPPh3 appear as a doublet at 3.54 p.p.m.
Single-crystal X-ray diffraction established the solid-state structure of osmapentalene 4-Cl. As shown in Fig. 2d (also in Supplementary Fig. 4 and Supplementary Data 2), its two fused five-membered rings are nearly coplanar; the mean deviation from the least-squares plane is only 0.0274 Å. The almost equal Os–C bond lengths in the two fused five-membered rings (2.080 Å, Os1–C1; 2.083 Å, Os1–C4 and 2.081 Å, Os1–C7) indicate a delocalized structure. The Os1–C11 (1.914 Å) bond length is within the typical Os–C double bond range (1.775–2.144 Å)31. The C11–O3 (1.141 Å) length is in the range of the M=C=O carbonyl bond lengths (1.148–1.272 Å)31.
The structure of osmapentalene 5-Cl was fully supported by NMR spectroscopy, HRMS and X-ray diffraction (Supplementary Fig. 5 and Supplementary Data 3). The structural features and dimensions of the metallabicycle are very similar to those of 4 and contrast with the nonplanar rings of an analogous iridabicycle, metallabicyclooctatriene complex47. The delocalized Os–C and C–C bond lengths together with the planarity of the fused five-membered ring support the aromaticity of 18-electron osmapentalenes 4-Cl and 5-Cl.
The ISE method also confirmed and evaluated the aromaticity of a simplified unsubstituted C2v symmetry model complex 4″ (of the 18-electron osmapentalenes 4-Cl and 5-Cl in Fig. 2b) where PH3s replace the PPh3 ligands. The ISE reactions chosen in Fig. 5 have the same total number of anti-diene units in the reactants and in their products. The large negative energy of the first reaction (–25.7 kcal mol−1) is approximately four-fifths of benzene’s ISE (–33.2 kcal mol−1) value29, in sharp contrast to the positive (8.8 kcal mol−1) pentalene value19. The second reaction in Fig. 5 employing another strain-balanced isomerization method30, evaluates a –23.4 kcal mol−1 aromatic stabilization energy. This result for osmapentalene is also approximately four-fifths that of benzene (–29.0 kcal mol−1) using the same approach30. The two highly negative ISE values in Fig. 5 confirm the osmapentalene aromaticity unambiguously.
Figure 5: Isomerization stabilization energy (ISE) evaluations of the aromaticity of 4″.[image: figure 5]
The aromaticity evaluated by the two variations of the ISE method. The energies (in kcal mol−1 computed by the B3LYP functional with the LanL2DZ basis set for osmium and the 6-311++G(d,p) basis sets for carbon and hydrogen) include zero-point energy corrections.


Full size image

CMO-NICS computations on model complex 4″ agree. The −8.4 p.p.m. NICS(0)zz at the centre of each ring of 4″ (Fig. 6), approaches the −11.3 p.p.m. value of osmapentalene 3″ and contrasts sharply with the +91.2 p.p.m. of pentalene. Notably, the Os–C11 Wiberg bond index (0.97) in 4″ is much larger than that of Os–C1 (0.65), Os–C4 (0.42) and Os–C7 (0.65). Therefore, Os–C11 has some double bond character; its experimental bond length is shortest among the four Os–C bonds.
Figure 6: NICS(0)zz contributions of π molecular orbitals (MOs) of 4'' (C2v).[image: figure 6]
Note that HOMO-3 is not a perimetre MO and does not contribute to the aromaticity. The eigenvalues of the MOs are given in parentheses and the nucleus-independent chemical shift (NICS) values in p.p.m.


Full size image

Like 3″ (Fig. 4), the five occupied π MOs of 4″ in Fig. 6 can be derived principally from the orbital interactions between the pzπ AOs of the C7H6 unit and two of the d orbitals of the Os atom (5dxz and 5dyz). Three of the MOs shown in Fig. 6 (HOMO-1, HOMO-3 and HOMO-9) are derived from the orbital interactions between the pzπ AOs of the C7H6 unit and the 5dxz orbital of the Os atom, whereas two MOs (HOMO-2 and HOMO-7) are formed by the orbital interactions between the pzπ AOs of the C7H6 unit and the 5dyz (Os) orbital. Again, the Möbius aromaticity of the model complex 4″ can be attributed to the total diamagnetic contributions (−26.2 p.p.m.) from the four MOs (HOMO-1, HOMO-2, HOMO-7 and HOMO-9; Fig. 6). Note that a ‘localized’ dxz orbital is located in HOMO-3 compared with other MOs, leading to a positive NICS(0)zz value (+0.9).


Discussion
We isolated the reaction intermediate, osmapentalene, involved in the shift of the Os≡C triple bond between osmapentalynes rings. This first-known aromatic metallapentalene was synthesized by the addition of electrophile to osmapentalyne even though its osmium only has 16 valence electrons. Osmapentalenes with 18 valence electrons osmiums were also prepared by the addition of nucleophiles to osmapentalynes, thus demonstrating the amphiphilic reactivity of the same carbyne carbon, which is seldom observed in organometallic chemistry. Theoretical computations reveal that all these osmapentalenes with planar metallacycle benefit from Craig–Möbius aromaticity, which appears to be more important than the 16 or 18 valence electrons count. Our achievement reveals that the Möbius aromaticity in osmapentalynes is rooted in osmapentalenes. As Craig–Möbius aromaticity26,27 was first proposed in 1958, authentic examples of planar Möbius aromaticity are very rare. The realization of osmapentalynes19 and osmapentalenes has widened the scope of Möbius aromaticity significantly and opens a new avenue for the construction of other planar Möbius aromatic complexes.


Methods
General considerations
All syntheses were carried out under an inert atmosphere (N2) by means of standard Schlenk techniques. Solvents were distilled from sodium/benzophenone (hexane) or calcium hydride (dichloromethane and 1,2-dichloroethane) under N2 before use, unless otherwise stated. The metallapentalyne was synthesized according to the previously published procedure19. Other reagents were used as received from commercial sources without further purification. Further experimental details and the synthesis procedures for 3-(AlCl4 ) 2 and 
                    5-Cl
                   are described in the Supplementary Methods. The procedures for 3-(BF4 ) 2 and 
                    4-Cl
                   are described below. Two-dimensional and one-dimensional NMR are abbreviated as heteronuclear single quantum coherence (HSQC), heteronuclear multiple bond correlation (HMBC), and distortionless enhancement by polarization transfer (DEPT). All of the NMR spectra can be found in the Supplementary Figs 6–20.
Synthesis of osmapentalene 3-(BF4)2
A solution of HBF4·Et2O (53 μl, 0.20 mmol) was added to a solution of 1-Cl (203 mg, 0.17 mmol) or 2-BF4 (212 mg, 0.17 mmol) in dichloromethane (10 ml). After stirring at room temperature for 30 min, the mixture was dried under vacuum to give 3-(BF4 ) 2 (226 mg, 100%) as a yellow solid. 1H-NMR plus 1H–13C HSQC (500 MHz, CD2Cl2): δ=12.08 (s, 1H, H1), 11.94 (s, 1H, H7), 9.48 (s, 1H, H3), 9.04 (s, 1H, H5), 3.99 (s, 3H, COOCH3), 8.25–7.17 p.p.m. (m, 45H, PPh3). 31P-NMR (202 MHz, CD2Cl2): δ=29.15 p.p.m. (d, JP-P=4.9 Hz, OsPPh3), 11.97 (t, JP-P=4.9 Hz, CPPh3). 13C-NMR plus DEPT-135 and 1H–13C HSQC (126 MHz, CD2Cl2): δ=244.2 (br, C7), 226.9 (br, C1), 194.6 (d, JP-C=17.8 Hz, C4), 163.1 (s, C5), 160.5 (s, COOCH3, confirmed by 1H–13C HMBC), 158.6 (d, JP-C=13.3 Hz, C3), 157.4 (s, C6), 115.5 (d, JP-C=91.3 Hz, C2), 63.9 (s, COOCH3), 141.3–125.3 p.p.m. (m, PPh3). Analysis (calcd, found for C63H52ClB2F8O2OsP3): C (56.75, 56.81), H (3.93, 4.02).
Synthesis of osmapentalene 4-Cl
A mixture of 
                    1-Cl
                   (203 mg, 0.17 mmol) and CH3SNa (35 mg, 0.50 mmol) in dichloromethane (10 ml) was stirred under CO atmosphere at room temperature for 4 h to give a red solution and then the solid suspension was removed through a filtre. The filtrate was concentrated to ca 2 ml and then purified by column chromatography (neutral alumina, eluent: dichloromethane/methanol=20:1) to give a red solution. The red solid of 
                    4-Cl
                   (155 mg, 74%) was collected after the solvent was evaporated to dryness under vacuum. 1H-NMR plus 1H–13C HSQC (400 MHz, CDCl3): δ=12.46 (s, 1H, H7), 8.36 (d, JP-H=6.8 Hz, 1H, H3), 8.01 (s, 1H, H5), 3.53 (s, 3H, COOCH3), 2.10 (s, 3H, SCH3), 7.84–7.05 p.p.m. (m, 45H, PPh3). 31P-NMR (162 MHz, CDCl3): δ=10.07 (t, JP-P=4.0 Hz, CPPh3), 3.54 p.p.m. (d, JP-P=4.0 Hz, OsPPh3). 13C-NMR plus DEPT-135 and 1H–13C HSQC (101 MHz, CDCl3): δ=242.8 (br, C1), 213.8 (t, JP-C=13.1 Hz, C7), 195.5 (dt, JP-C=25.5 Hz, JP-C=6.1 Hz, C4), 191.0 (t, JP-C=11.1 Hz, OsCO), 168.2 (d, JP-C=21.0 Hz, C3), 163.9 (s, COOCH3, confirmed by 1H–13C HMBC), 160.0 (s, C5), 159.1 (s, C6), 120.9 (d, JP-C=86.5 Hz, C2), 51.5 (s, COOCH3), 28.7 (s, SCH3), 135.0–128.0 p.p.m. (m, PPh3). Analysis (calcd, found for C65H54ClSO3OsP3): C (63.28, 63.61), H (4.41, 4.74). HRMS (electrospray ionization (ESI)): m/z calcd for [C65H54O3OsP3S]+, 1199.2621; found, 1199.2624.
X-ray crystallographic analysis
Single crystals suitable for X-ray diffraction were grown from dichloromethane (3-(AlCl4 ) 2 and 
                    5-Cl
                  ) or dichloroethane (
                    4-Cl
                  ) solution layered with hexane. Diffraction data were collected on a Rigaku R-AXIS SPIDER IP charge-coupled device (CCD) area detector (3-(AlCl4 ) 2 and 
                    5-Cl
                  ) or on an Oxford Gemini S Ultra CCD area detector (
                    4-Cl
                  ) using graphite-monochromated Mo Kα radiation (λ=0.71073 Å). Semi-empirical or multi-scan absorption corrections (SADABS) were applied48. All structures were solved by the Patterson function, completed by subsequent difference Fourier map calculations and refined by full matrix least-squares on F2 with all the data using the SHELXTL programme package49. All non-hydrogen atoms were refined anisotropically unless otherwise stated. Hydrogen atoms were placed at idealized positions and assumed the riding model. See Supplementary Methods for the crystal data details of complexes 3-(AlCl4 ) 2, 
                    4-Cl
                   and 
                    5-Cl.
                  
Computational details
All structures were optimized at the B3LYP level of density functional theory50,51,52. In addition, the frequency calculations were performed to confirm the characteristics of the calculated structures as minima or transition states. In the B3LYP calculations, the effective core potentials of Hay and Wadt with a double-ζ valence basis set (LanL2DZ) were used to describe the Os, P and Cl atoms, whereas the standard 6–311++G(d,p) basis set was used for the C and H atoms53 for all the ISE calculations. For these calculations described in Fig. 3, we used the 6–31G(d) basis set for C, O and H atoms and optimized all the structures using the PCM model with dichloromethane as the solvent54,55,56,57. Polarization functions were added for Os (ζ(f)=0.886), Cl (ζ(d)=0.514) and P (ζ(d)=0.34)58 in all the calculations. NICS values were calculated at the B3LYP-GIAO/6-311++G(d,p) level. All the optimizations were performed with the Gaussian 03 software package59, whereas the CMO-NICS calculations were carried out with the NBO 5.0 programme46 interfaced with the Gaussian 98 programme60. See the Supplementary Data 4 for the Cartesian coordinates.


Additional information
Accession codes: The X-ray crystal structure information is available at the Cambridge Crystallographic Data Centre (CCDC) under deposition numbers CCDC-845145 (3-(AlCl4 ) 2), CCDC-954860 (4-Cl) and CCDC-954861 (5-Cl). These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via http:// www.ccdc.cam.ac.uk/data_request/cif.
How to cite this article: Zhu, C. et al. Planar Möbius aromatic pentalenes incorporating 16 and 18 valence electron osmiums. Nat. Commun. 5:3265 doi: 10.1038/ncomms4265 (2014).



                

            

            
                References
	Garratt, P. J. Aromaticity Wiley: New York, (1986).

	Minkin, V. I., Glukhovtsev, M. N. & Simkin, B. Y. Aromaticity and Antiaromaticity: Electronic and Structural Aspects Wiley: New York, (1994).

	Thorn, D. L. & Hoffmann, R. Delocalization in metallocycles. Nouv. J. Chim. 3, 39–45 (1979).
CAS 
    
                    Google Scholar 
                

	Heilbronner, E. Hückel molecular orbitals of Möbius-type conformations of annulenes. Tetrahedron Lett. 5, 1923–1928 (1964).
Article 
    
                    Google Scholar 
                

	Mauksch, M., Gogonea, V., Jiao, H. & Schleyer, P. v. R. Monocyclic (CH)9 +—A heilbronner Möbius aromatic system revealed. Angew. Chem. Int. Ed. 37, 2395–2397 (1998).
Article 
    CAS 
    
                    Google Scholar 
                

	Ajami, D., Oeckler, O., Simon, A. & Herges, R. Synthesis of a Möbius aromatic hydrocarbon. Nature 426, 819–821 (2003).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Kui, S. C. F., Huang, J.-S., Sun, R. W., Zhu, N. & Che, C.-M. Self-assembly of a highly stable, topologically interesting metallamacrocycle by bridging gold(I) ions with pyridyl-2,6-diphenyl2− and diphosphanes. Angew. Chem., Int. Ed. 45, 4663–4666 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Ajami, D. et al. Synthesis and properties of the first Möbius annulenes. Chem. Eur. J. 12, 5434–5445 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Park, J. K. et al. Möbius aromaticity in N-fused [24]pentaphyrin upon Rh(I) metalation. J. Am. Chem. Soc. 130, 1824–1825 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Tanaka, Y. et al. Metalation of expanded porphyrins: a chemical trigger used to produce molecular twisting and Möbius aromaticity. Angew. Chem. Int. Ed. 47, 681–684 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Yoon, Z. S., Osuka, A. & Kim, D. Möbius aromaticity and antiaromaticity in expanded porphyrins. Nat. Chem. 1, 113–122 (2009).
Article 
    CAS 
    
                    Google Scholar 
                

	Mucke, E.-K., Schönborn, B., Köhler, F. & Herges, R. Stability and aromaticity of charged Möbius [4n]annulenes. J. Org. Chem. 76, 35–41 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	McKee, W. C., Wu, J. I., Rzepa, H. S. & Schleyer, P. v. R. A Hückel theory perspective on Möbius aromaticity. Org. Lett. 15, 3432–3435 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Rzepa, H. S. Möbius aromaticity and delocalization. Chem. Rev. 105, 3697–3715 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Herges, R. Topology in chemistry: designing Möbius molecules. Chem. Rev. 106, 4820–4842 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Rappaport, S. M. & Rzepa, H. S. Intrinsically chiral aromaticity. Rules incorporating linking number, twist, and writhe for higher-twist Möbius annulenes. J. Am. Chem. Soc. 130, 7613–7619 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Herges, R. Aromatics with a twist. Nature 450, 36–37 (2007).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Castro, C., Isborn, C. M., Karney, W. L., Mauksch, M. & Schleyer, P. v. R. Aromaticity with a twist: Möbius [4n]annulenes. Org. Lett. 4, 3431–3434 (2002).
Article 
    CAS 
    
                    Google Scholar 
                

	Zhu, C. et al. Stabilization of anti-aromatic and strained five-membered rings with a transition metal. Nat. Chem. 5, 698–703 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Wen, T. B., Zhou, Z. Y. & Jia, G. Synthesis and characterization of a metallabenzyne. Angew. Chem. Int. Ed. 40, 1951–1954 (2001).
Article 
    CAS 
    
                    Google Scholar 
                

	Suzuki, N., Nishiura, M. & Wakatsuki, Y. Isolation and structural characterization of 1-zirconacyclopent-3-yne, five-membered cyclic alkynes. Science 295, 660–663 (2002).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Jemmis, E. D., Phukan, A. K., Jiao, H. & Rosenthal, U. Structure and neutral homoaromaticity of metallacyclopentene, -pentadiene, -pentyne, and -pentatriene: a density functional study. Organometallics 22, 4958–4965 (2003).
Article 
    CAS 
    
                    Google Scholar 
                

	Rosenthal, U. Stable cyclopentynes—made by metals!? Angew. Chem. Int. Ed. 43, 3882–3887 (2004).
Article 
    CAS 
    
                    Google Scholar 
                

	Lamač, M. et al. Formation of a 1-zircona-2,5-disilacyclopent-3-yne: coordination of 1,4-disilabutatriene to zirconocene? Angew. Chem. Int. Ed. 49, 2937–2940 (2010).
Article 
    
                    Google Scholar 
                

	Roy, S. et al. Theoretical studies on the structure and bonding of metallacyclocumulenes, -cyclopentynes, and -cycloallenes. Organometallics 30, 2670–2679 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	Craig, D. P. & Paddock, N. L. A novel type of aromaticity. Nature 181, 1052–1053 (1958).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Mauksch, M. & Tsogoeva, S. B. Demonstration of ‘Möbius’ aromaticity in planar metallacycles. Chem. Eur. J. 16, 7843–7851 (2010).
Article 
    CAS 
    
                    Google Scholar 
                

	Langmuir, I. Types of valence. Science 54, 59–67 (1921).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Schleyer, P. v. R. & Pühlhofer, F. Recommendations for the evaluation of aromatic stabilization energies. Org. Lett. 4, 2873–2876 (2002).
Article 
    CAS 
    
                    Google Scholar 
                

	Wannere, C. S. et al. On the stability of large [4n]annulenes. Org. Lett. 5, 2983–2986 (2003).
Article 
    CAS 
    
                    Google Scholar 
                

	Based on a search of the Cambridge Structural Database, CSD version 5.34 (November, 2012).

	Chen, J. et al. Conversion of a hydrido–butenylcarbyne complex to η2-allene-coordinated complexes and metallabenzenes. Organometallics 32, 3993–4001 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Bleeke, J. R. Metallabenzenes. Chem. Rev. 101, 1205–1227 (2001).
Article 
    CAS 
    
                    Google Scholar 
                

	Bleeke, J. R. Aromatic iridacycles. Acc. Chem. Res. 40, 1035–1047 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Wu, H.-P., Weakley, T. J. R. & Haley, M. M. Regioselective formation of β-alkyl-α-phenyliridabenzenes via unsymmetrical 3-vinylcyclopropenes: probing steric and electronic influences by varying the alkyl ring substituent. Chem. Eur. J. 11, 1191–1200 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Landorf, C. W. & Haley, M. M. Recent advances in metallabenzene chemistry. Angew. Chem. Int. Ed. 45, 3914–3936 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Wu, H.-P. et al. Rearrangement of iridabenzvalenes to iridabenzenes and/or η5-cyclopentadienyliridium(I) complexes: experimental and computational analysis of the influence of silyl ring substituents and phosphine ligands. Organometallics 26, 3957–3968 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Jacob, V., Landorf, C. W., Zakharov, L. N., Weakley, T. J. R. & Haley, M. M. Platinabenzenes: synthesis, properties, and reactivity studies of a rare class of metalla-aromatics. Organometallics 28, 5183–5190 (2009).
Article 
    CAS 
    
                    Google Scholar 
                

	Jia, G. Progress in the chemistry of metallabenzynes. Acc. Chem. Res. 37, 479–486 (2004).
Article 
    CAS 
    
                    Google Scholar 
                

	Jia, G. Recent progress in the chemistry of osmium carbyne and metallabenzyne complexes. Coord. Chem. Rev. 251, 2167–2187 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	He, G. et al. A metallanaphthalyne complex from zinc reduction of a vinylcarbyne complex. Angew. Chem. Int. Ed. 46, 9065–9068 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Chen, J. & Jia, G. Recent development in the chemistry of transition metal-containing metallabenzenes and metallabenzynes. Coord. Chem. Rev. 257, 2491–2521 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Schleyer, P. v. R., Maerker, C., Dransfeld, A., Jiao, H. & Hommes, N. J. R. v. E Nucleus-independent chemical shifts: a simple and efficient aromaticity probe. J. Am. Chem. Soc. 118, 6317–6318 (1996).
Article 
    CAS 
    
                    Google Scholar 
                

	Chen, Z., Wannere, C. S., Corminboeuf, C., Puchta, R. & Schleyer, P. v. R. Nucleus-independent chemical shifts (NICS) as an aromaticity criterion. Chem. Rev. 105, 3842–3888 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Fallah-Bagher-Shaidaei, H., Wannere, C. S., Corminboeuf, C., Puchta, R. & Schleyer, P. v. R. Which NICS aromaticity index for planar π rings is best? Org. Lett. 8, 863–866 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Glendening, E. D. et al. NBO 5.0 Theoretical Chemistry Institute, University of Wisconsin: Madison, (2001).

	O'Connor, J. M., Pu, L. & Chadha, R. Synthesis and structure of annelated carbon rings containing a bridgehead transition metal. Angew. Chem. Int. Ed. Engl. 29, 543–545 (1990).
Article 
    
                    Google Scholar 
                

	Sheldrick, G. M. SADABS, Program for Semi-Empirical Absorption Correction University of Göttingen, Göttingen: Germany, (1997).

	Sheldrick, G. M. SHELXTL Siemens Analytical X-ray Systems: Madison, Wisconsin, USA, (1995).

	Becke, A. D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 98, 5648–5652 (1993).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Miehlich, B., Savin, A., Stoll, H. & Preuss, H. Results obtained with the correlation energy density functionals of Becke and Lee, Yang and Parr. Chem. Phys. Lett. 157, 200–206 (1989).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Lee, C., Yang, W. & Parr, R. G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density. Phys. Rev. B 37, 785–789 (1988).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Hay, P. J. & Wadt, W. R. Ab initio effective core potentials for molecular calculations. Potentials for potassium to gold including the outermost core orbitals. J. Chem. Phys. 82, 299–310 (1985).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Cancès, E., Mennucci, B. & Tomasi, J. A new integral equation formalism for the polarizable continuum model: theoretical background and applications to isotropic and anisotropic dielectrics. J. Chem. Phys. 107, 3032–3041 (1997).
Article 
    ADS 
    
                    Google Scholar 
                

	Cossi, M., Barone, V., Mennucci, B. & Tomasi, J. Ab initio study of ionic solutions by a polarizable continuum dielectric model. Chem. Phys. Lett. 286, 253–260 (1998).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Mennucci, B. & Tomasi, J. Continuum solvation models: a new approach to the problem of solute's charge distribution and cavity boundaries. J. Chem. Phys. 106, 5151–5158 (1997).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Cossi, M., Scalmani, G., Rega, N. & Barone, V. New developments in the polarizable continuum model for quantum mechanical and classical calculations on molecules in solution. J. Chem. Phys. 117, 43–54 (2002).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Huzinaga, S. Gaussian Basis Sets for Molecular Calculations Elsevier: Amsterdam, (1984).

	Frisch, M. J. et al. Gaussian 03, Revision E.01 Gaussian, Inc.: Wallingford, CT, (2004).

	Frisch, M. J. et al. Gaussian 98, Revision A.6 Gaussian Inc.: Pittsburgh, PA, (1998).


Download references




Acknowledgements
This research was supported by the National Basic Research Program of China (Nos. 2012CB821600), the National Science Foundation of China (Nos. 20925208, 21172184, 21103142 and 21332002), and the US-NSF Grant CHE 105-7466 in Georgia. We thank Professor Tingbin Wen for helpful discussions.


Author information
Authors and Affiliations
	Department of Chemistry, State Key Laboratory of Physical Chemistry of Solid Surfaces and Collaborative Innovation Center of Chemistry for Energy Materials (iChEM), Xiamen University, Xiamen, 361005, China
Congqing Zhu, Ming Luo, Qin Zhu, Jun Zhu, Xin Lu & Haiping Xia

	Fujian Provincial Key Laboratory of Theoretical and Computational Chemistry, Xiamen University, Xiamen, 361005, China
Jun Zhu & Xin Lu

	Department of Chemistry, University of Georgia, Athens, 30602, Georgia, USA
Paul v. R. Schleyer & Judy I-Chia Wu


Authors	Congqing ZhuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ming LuoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Qin ZhuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jun ZhuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Paul v. R. SchleyerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Judy I-Chia WuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Xin LuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Haiping XiaView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
H.X. conceived this project. C.Z., M.L. and Q.Z. performed the experiments. C.Z. and M.L. recorded all NMR data and solved all X-ray structures. H.X. and C.Z. analysed the experimental data. J.Z. conceived the theoretical work and conducted the theoretical computations. J.Z., H.X. and C.Z. drafted the paper. J.Z., P.v.R.S., J.I.-C.W. and X.L. analysed the theoretical data and refined the text. All authors discussed the results and contributed to the preparation of the final manuscript.
Corresponding authors
Correspondence to
                Jun Zhu or Haiping Xia.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Figures and Methods
Supplementary Figures 1-20 and Supplementary Methods (PDF 876 kb)


Supplementary Data 1 (TXT 27 kb)

Supplementary Data 2 (TXT 29 kb)

Supplementary Data 3 (TXT 26 kb)

Supplementary Data 4 (DOC 475 kb)




Rights and permissions
Reprints and permissions


About this article
Cite this article
Zhu, C., Luo, M., Zhu, Q. et al. Planar Möbius aromatic pentalenes incorporating 16 and 18 valence electron osmiums.
                    Nat Commun 5, 3265 (2014). https://doi.org/10.1038/ncomms4265
Download citation
	Received: 17 September 2013

	Accepted: 15 January 2014

	Published: 25 February 2014

	DOI: https://doi.org/10.1038/ncomms4265


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Ring contraction of metallacyclobutadiene to metallacyclopropene driven by π- and σ-aromaticity relay
                                    
                                

                            
                                
                                    	Kaiyue Zhuo
	Yanan Liu
	Haiping Xia


                                
                                Nature Synthesis (2022)

                            
	
                            
                                
                                    
                                        A tris-spiro metalla-aromatic system featuring Craig-Möbius aromaticity
                                    
                                

                            
                                
                                    	Zhe Huang
	Yongliang Zhang
	Zhenfeng Xi


                                
                                Nature Communications (2021)

                            
	
                            
                                
                                    
                                        Adaptive aromaticity in ruthenacycles
                                    
                                

                            
                                
                                    	Dandan Chen
	Rulin Qiu
	Jun Zhu


                                
                                Theoretical Chemistry Accounts (2020)

                            
	
                            
                                
                                    
                                        Successive modification of polydentate complexes gives access to planar carbon- and nitrogen-based ligands
                                    
                                

                            
                                
                                    	Xiaoxi Zhou
	Xin Pang
	Haiping Xia


                                
                                Nature Communications (2019)

                            
	
                            
                                
                                    
                                        Probing the Origin of Challenge of Realizing Metallaphosphabenzenes: Unfavorable 1,2-Migration in Metallapyridines Becomes Feasible in Metallaphosphabenzenes
                                    
                                

                            
                                
                                    	Jingjing Wu
	Yulei Hao
	Jun Zhu


                                
                                Scientific Reports (2016)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
        You have full access to this article via your institution.

        
    
        
            
                Download PDF
                
            
        

    

        
    



            

            
                

    
        

        
        
            
    
        
            
                Download PDF
                
            
        

    

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Open Access Fees and Funding
                                
                            
	
                                
                                    Calls for Papers
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Editors' Highlights
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    Top Articles
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For authors
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Communications (Nat Commun)
                
                
    
    
        ISSN 2041-1723 (online)
    
    


                
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
