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π-Conjugated molecules with one electronic spin often form π-stacked dimers via 

molecular-orbital interactions between the two unpaired electrons. These interactions are 

recognized as intermolecular single bonds between two π-conjugated systems. This then 

raises the question if a double bond between two such molecules is possible. To answer 

this question, we have synthesized an antiaromatic Ni(II) 

bis(pentafluorophenyl)norcorrole. Its dimer adopts a face-to-face-stacked structure with 

an extremely short stacking distance of 2.97 Å. Importantly, an intermolecular double 

bond does indeed exist in this system and this bond involves four bonding electrons 

between the two molecules. The bonding electrons were experimentally observed via 

synchrotron X-ray diffraction analysis and corroborated by theoretical calculations. The 

intermolecular interaction of the molecular orbitals imparts the stacked dimer with an 
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aromatic character that is distinctly different from that of its monomer. 

 

Introduction 

In numerous natural and synthetic systems, planar aromatic molecules with 4n+2 (n = 0, 

1, 2…) π-electrons assemble in a parallel orientation. This phenomenon is called π–π stacking, 

which is often essential for the creation of biomolecular structures and for the solid-state 

properties of organic electronic materials.1–5 The stacking of aromatic molecules is dominated 

by London dispersion forces, which originate from the electrostatic interactions between 

instantaneously induced dipole moments of π-electron clouds (Fig. 1a).6 Consequently, there 

are no molecular-orbital interactions between two stacked aromatic molecules.7,8 The 

interplanar distance between two aromatic π-systems is typically longer than 3.4 Å, which is 

the sum of the van der Waals radii (1.7 Å) of two carbon atoms. Moreover, aromatic π-

conjugated systems typically adopt offset stacking arrangements to reduce the exchange 

repulsion between the two π-electron clouds.  

An exceptional form of π-stacking is that of open-shell π-conjugated molecules, 

specifically, delocalized π-radicals with 2n+1 (n = 1, 2, 3…) π-electrons.9–13 These species often 

form π-stacked dimers, known as π-dimers, which adopt face-to-face stacking structures with 

short intermolecular distances of less than 3.4 Å (Fig. 1b). Molecular-orbital interactions occur 

in π-dimers between the two unpaired electrons in the delocalized singly occupied molecular 

orbitals (SOMO) of the π-radicals. The bonding interactions in π-dimers is sometimes referred 

to as pancake bonding, which can be defined as a multi-centered single bond between two π-

conjugated systems.14–17 

The existence of multi-centered single bonds between two π-conjugated systems raises the 

question, if the formation of a double bond between two π-conjugated systems is possible. The 

concept of double and multiple pancake bonds has been theoretically proposed by Kertesz and 

co-workers using density-functional-theory (DFT) calculations for π–π stacked structures with 

short intermolecular distances.18,19 However, experimental evidence of intermolecular double 

bonds between closed-shell π-conjugated organic molecules remains elusive. Here, we report 

https://doi.org/10.26434/chemrxiv-2023-2brcz ORCID: https://orcid.org/0000-0002-5321-2205 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-2brcz
https://orcid.org/0000-0002-5321-2205
https://creativecommons.org/licenses/by-nc-nd/4.0/


that a multi-centered double bond can be formed in closely π–π stacked (2.97 Å) antiaromatic 

π-conjugated compounds with 4n (n = 1, 2, 3…) π-electrons (Fig. 1c). The stacking of 

antiaromatic molecules induces stacked-ring aromaticity due to strong orbital interactions.20–24 

In fact, stacked-ring aromaticity has been demonstrated in stacked antiaromatic porphyrin 

derivatives, Ni(II) norcorroles.25–27 However, the nature of the attractive interactions between 

two antiaromatic molecules remains unclear. In the present article, we demonstrate the 

existence of two bonding molecular-orbital interactions between two antiaromatic macrocycles 

in a stacked dimer of meso-bis(pentafluorophenyl)norcorrole Ni(II) (1). 

We have previously reported that Ni(II) norcorroles often adopt π-stacked structures with 

short interplanar distances (∼3.1 Å).25–27 To achieve even closer π-stacking, we introduced 

electron-withdrawing pentafluorophenyl substituents to the meso positions of the norcorrole 

unit to mitigate the π-electron repulsions. Consequently, we achieved the formation of an 

extremely close face-to-face stacked Ni(II) bis(pentafluorophenyl)norcorrole dimer (1)2, and 

we investigated its structure and properties. 

 
Fig. 1 The orientation of π–stacked π-conjugated molecules. a. The π–π-stacking structure 

of aromatic molecules. b. The π–π-stacking structure of delocalized π-radicals. c. The π–π-

stacking structure of antiaromatic molecules. 

 

Results and discussion 

Synthesis and solid-state structure of meso-bis(pentafluorophenyl)norcorrole Ni(II) (1) 

Ni(II) norcorrole complex 1 with two pentafluorophenyl groups was prepared via a Ni(0)-
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mediated intramolecular reductive C–C bond formation (Fig. 2).28 Treatment of Ni(II) complex 

2 with Ni(cod)2 (4.0 equiv) in the presence of 2,2'-bipyridyl (4.0 equiv) afforded, after 

quenching the excess amount of the Ni(0) reagent with p-chloranil, meso-

bis(pentafluorophenyl)norcorrole Ni(II) 1 in 60% yield. Norcorrole 1 is relatively stable in the 

solid state, while a dichloromethane solution of 1 slowly yielded an uncharacterized green 

insoluble precipitate under ambient conditions. 

 
Fig. 2 Synthesis of meso-bis(pentafluorophenyl)norcorrole Ni(II) (1). 

 

Following its synthesis, we wanted to examine the solid-state structure of 1 (Fig. 3a). Slow 

vapor diffusion of pentane into a chloroform solution of 1 provided single crystals suitable for 

X-ray diffraction analysis. Notably, the stacking distance, defined as the distance between the 

two mean planes of the four nitrogen atoms of each macrocycle (2.97 Å) is very short compared 

to typical π-stacking distances (> 3.4 Å) and the closest among stacked norcorroles reported to 

date.25–27 Furthermore, the two stacked π systems almost perfectly overlap, with an offset of the 

two Ni(II) centers of only 0.275 Å and a torsion angle Cmeso–Ni–Ni'–C'meso of merely 1.5°. This 

type of face-to-face stacking is rare because the electrostatic repulsion between the π-electron 

clouds is maximized in a completely overlapping orientation. 

The bond-length alternation (BLA) in π-conjugated systems correlates with the extent of 

the π-electron delocalization. The BLA in the stacked dimer (1)2 was evaluated based on the 

harmonic oscillator model of aromaticity (HOMA) values (Fig. 3b).29 The calculated HOMA 

value of the norcorrole core (0.74) is substantially higher than that of the non-stacked 

norcorroles such as Ni(II) dimesitylnorcorrole 3 (0.45).28 This result indicates that the close π-

stacking in (1)2 results in considerable bond-length equalization due to the effective 
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delocalization of the π-electrons. 

 
Fig. 3 Solid-state structure of Ni(II) bis(pentafluorophenyl)norcorrole 1. a–c. Solid-state 

structure of 1 obtained from a single-crystal X-ray diffraction analysis with thermal ellipsoids 

at 50% probability; all hydrogen atoms are omitted for clarity. d. Selected bond lengths and 

HOMA values of stacked dimer (1)2 and Ni(II) dimesitylnorcorrole 3. 

 

Origin of the close π–π stacking 

To clarify the origin of the remarkably closely stacked structure, we examined the frontier 

orbitals of norcorrole monomer 1 and stacked dimer (1)2 using DFT calculations at the 

B3LYP/def2-TZVP level (Fig. 4).30,31 The combination of the two highest occupied molecular 

orbitals (HOMOs) and the two lowest unoccupied molecular orbitals (LUMOs) of norcorrole 1 

generates four frontier molecular orbitals (MOs) in dimer (1)2. Notably, the HOMO–1 and 

HOMO of (1)2 originate from the in-phase combination of the HOMOs and the in-phase 

combination of the LUMOs of the norcorrole monomer units, respectively. Four electrons are 

accommodated in these two bonding MOs, which leads to the formation of two bonding 

interactions. Consequently, two multi-centered bonds exist between the two norcorrole units 

and are the origin of the attractive intermolecular interactions in (1)2. It seems thus feasible to 

conclude that the two intermolecular bonding interactions and the mitigated exchange-repulsive 
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force between the π-electron clouds result in the remarkably close π–π stacked structure of (1)2. 

Moreover, the electron-withdrawing C6F5 groups decrease the electrostatic potential on the π-

surface of the norcorrole unit (Supplementary Fig. 10).  

 

Fig. 4 Frontier molecular orbitals of norcorrole monomer 1 and stacked dimer (1)2. The 

geometries of 1 and (1)2 for single-point calculations were obtained from the crystal structure; 

all calculations were carried out at the B3LYP/def2-TZVP level. 

 

Electron-density analysis of bonding electrons 

The DFT calculations showed that the frontier MOs of the dimer consist of two in-phase 

combinations of the frontier MOs of the monomer units, thus demonstrating the existence of a 

multi-centered double bond between the two norcorrole units. Therefore, electrons should exist 

in the space between the macrocycles to bind the two π-systems together. We therefore 

attempted to observe these binding electrons via synchrotron X-ray diffraction analysis. The 

obtained electron-density map indicates the presence of binding electrons between the two 

nitrogen atoms as well as between the two nickel atoms of the stacked norcorroles (Fig. 5a). 

There is also some non-negligible electron density present between the two β-carbon atoms of 

the pyrrole subunits (Fig. 5b).  
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Fig. 5 Analysis of the electron-density distribution of stacked dimer (1)2. a. Experimentally 

obtained electron-density map in the vertical plane defined by the four nitrogen atoms. b.  

Experimentally obtained electron-density map in the vertical plane defined by four β-carbon 

atoms. c. Calculated electron-density map in the vertical plane defined by the four nitrogen 

atoms. d. Calculated electron-density map in the plane defined by the four β-carbon atoms; all 

calculations were carried out at the B3LYP/def2-TZVP level; electron-density range: 0-0.05 

electron/bohr3. e. Bond-critical points (BCP) in the region between the two macrocycles of (1)2; 

red numbers represent the electron density at the BCPs. 

 

The electron-density distribution in (1)2 was also simulated using DFT calculations. The 

face-to-face stacked structure of (1)2 was well reproduced using calculations at the 

B3LYP/def2-TZVP level (Supplementary Fig. 9). To address the dispersion effects between the 

two norcorrole rings and the C6F5 substituents, the semi-empirical dispersion correction D3(BJ) 

was employed.32 The calculated electron-density plot of (1)2 is thus consistent with that 

obtained experimentally (Figs. 5c and 5d). Notably, we observed electron density between pairs 
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of atoms belonging to different norcorrole macrocycles, including Ni–Ni, N–N, Cmeso–Cmeso, 

Cα–Cα, and Cβ–Cβ. 

To quantitatively assess these pairs of atom-atom interactions in (1)2, we determined their 

bond-critical points (BCPs) and determined the corresponding electron density at the BCPs 

using the quantum theory of atoms in molecules (QTAIM) approach (Fig 5e).33,34 We also 

estimated the interaction energy associated with these interactions.35 We identified 15 BCPs 

between the two norcorrole macrocycles and 14 BCPs arising from interactions related to the 

pentafluorophenyl groups. The electron-density value for the Ni–Ni BCP in (1)2 (0.026 electron 

bohr–3) is higher than those for the BCPs between the C–C and N–N pairs (0.006-0.01 electron 

bohr–3), albeit that the sum of the electron density for these BCPs is substantially larger than 

that at the Ni–Ni BCP. The Ni–Ni interaction energy in (1)2 (6.8 kcal mol–1) is also higher than 

the C–C and N–N interaction-energy values (0.8–1.4 and 2 kcal mol–1, respectively). However, 

collectively, the total interactions encompassing the 14 pairs of C–C and N–N interactions have 

a significant cumulative interaction energy of up to 19 kcal mol–1. 
 

NMR spectra of stacked dimer (1)2 in solution 

The structure of norcorrole 1 in solution was investigated via nuclear magnetic resonance 

(NMR) spectroscopy. The 1H NMR spectrum of 1 in CDCl3 (1.0 mM) at room temperature 

exhibits a broad singlet at δ = 2.5 ppm for the pyrrole protons (Supplementary Fig. 4a). The 

signal is shifted down-field from 1.7 to 3.7 ppm upon increasing the concentration of 1 (0.5 ® 

3.5 mM). Based on a nonlinear-curve-regression analysis of the changes in the chemical shifts, 

the association constant of 1 was determined to be (6.0 ± 0.16) × 102 M–1 (Supplementary Fig. 

4b). This value is substantially higher than that of meso-diphenylnorcorrole Ni(II) (4; 1.7 × 10 

M–1), confirming that the electron-withdrawing C6F5 groups facilitate the molecular association 

of 1 in solution.  

The chemical shifts of 1 are also sensitive to temperature. Upon heating a toluene-d8 

solution of 1 (0.51 mM), the pyrrole-proton signals were shifted upfield to –0.4 ppm (Fig. 6a). 

This remarkable upfield shift of the peaks of 1 can be interpreted in terms of the distinct 
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antiaromatic nature of monomeric 1 and the electron-withdrawing effect of the 

pentafluorophenyl groups. The pyrrole-proton signals in the aromatic region are shifted 

downfield to 6.0–6.7 ppm at lower temperatures (Fig. 6b). The proton signals split into four 

peaks at 193 K, which is consistent with the slightly displaced face-to-face stacked structure of 

(1)2. The intermolecular double bond between the two monomers holds them in close proximity, 

even in solution, while the Pauli repulsion between the π-electron clouds is reduced due to the 

slight displacement of the monomers with respect to each other. The substantial downfield shift 

of the proton signals in the stacked dimer (1)2 suggests the establishment of stacked-ring 

aromaticity (vide infra). 

This downfield shift of the proton signals in the stacked dimer (1)2 was confirmed using 

solid-state 1H NMR measurements. The 1H NMR spectrum of (1)2 exhibits the pyrrole-proton 

signals at 7.45 and 3.06 ppm (Fig. 6c) and the presence of a proton peak in the downfield region 

at 7.45 ppm is evidence of the aromatic nature of (1)2. The signal at 3.06 ppm was assigned to 

the two pyrrole protons above the adjacent norcorrole macrocycle in the crystal-packing 

structure (Fig. 6d) and the upfield shift is due to the diatropic ring current of the proximal 

norcorrole dimer. 
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Fig. 6 1H NMR spectra of 1 in solution and the solid state. a. Temperature-dependent 1H 

NMR spectra of 1 in toluene-d8 (0.51 mM) between 298 K and 183 K. b. Temperature-

dependent 1H NMR spectra of 1 in toluene-d8 (2.8 mM) between 298 K and 333 K. c. Solid-

state 1H NMR spectrum of (1)2. d. Crystal-packing structure of (1)2. 

 

Absorption spectra of the stacked dimer (1)2 

The electronic-absorption spectra of norcorroles provide insight into their aggregation 

structure in solution. As the HOMO–LUMO transition of monomeric norcorroles is dipole 

forbidden, the spectra of norcorrole monomers exhibit weak and broad absorption bands in the 

near-infrared (NIR) region (Supplementary Fig. 11a). In contrast, the corresponding stacked 

dimers show distinct absorption bands at ~800 nm because the HOMO–LUMO transition of 

the norcorrole dimer is dipole allowed (Supplementary Fig. 11c). A solution of norcorrole 1 in 

dichloromethane (1.0 mM) exhibited a broad peak at 790 nm, the intensity of which 

significantly increased when the temperature was lowered. The spectral shape at 298 K is 

similar to the solid-state absorption spectrum of a solid sample of (1)2. The intensity of the peak 
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at 790 nm is about half of that at 440 nm. The spectral features of the face-to-face-stacked dimer 

(1)2 were well reproduced using time-dependent (TD) DFT calculations36 at the CAM-

B3LYP37/def2-TZVP level. The calculations also show that if 1 had a twisted-stacked structure 

it would most likely exhibit a weaker absorption band in the NIR range than the one observed 

(Supplementary Fig. 11b). Based on these findings and the 1H NMR analysis, it seems feasible 

to conclude that the dominant species of (1)2 in solution at low temperature is a face-to-face-

stacked dimer, indicating that the double-bonding interaction in (1)2 is sufficiently strong to 

maintain dimers in solution. 

 

Fig. 7 Absorption spectra of stacked dimer (1)2 a. Temperature-dependent UV/vis/NIR 

absorption spectra of 1 in CH2Cl2 (1.0 mM). b. Diffuse reflection UV/vis/NIR absorption 

spectrum of a solid sample of (1)2. 

 

Evaluation of the aromatic nature of the stacked norcorrole dimer (1)2 

The aromatic nature of 1 and its stacked dimer (1)2 was quantified by analyzing the 

magnetically induced current density (MICD) susceptibility, which was obtained from DFT 

calculations at the BHLYP38/def2-TZVP31 (LIBXC id = 436)39 level using the gauge including 

magnetically induced currents (GIMIC) method40–44 and visualized with the Paraview program 

(Fig. 8).45 Considering that the GIMIC method employs gauge-including atomic orbitals 

(GIAOs), the MICD has no reference to any gauge origin.46,47 The MICD was further analyzed 

by calculating the strength of the MICD susceptibility passing through selected planes that 

intersect the chemical bonds. The integrated MICD-susceptibility strength around the 
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molecular rings is also called the ring-current strength expressed in units of nA T–1. An external 

magnetic field was applied along the Ni–Ni axis of (1)2 and in the same direction for 1. The 

MICD was separated into diatropic and paratropic contributions that were visualized separately 

using Paraview.48 

The ring-current profile in Fig. 8d shows that (1)2 sustains a strong global diatropic ring 

current of 43.4 nA T–1. The five-membered rings between the pyrrole subunits and Ni sustain a 

local paratropic ring current of about –7 nA T–1. The separated diatropic and paratropic 

contributions in Fig. 8e and Fig. 8f show that the central five-membered rings, six-membered 

rings, and Ni2+ species have weak local paratropic MICD vortices. In contrast, the magnetic 

response of (1)2 is completely dominated by the global diatropic ring current (Fig. 8e). The 

strong global ring current of the aromatic dimer splits at the pyrrole rings. The current strength 

of the outer pathway is 31 nA T–1 and the rest of the current takes the inner pathway.  

As expected from Hückel’s 4n+2 aromaticity rule, norcorrole monomer 1 is antiaromatic. 

This notion is supported by the MICD plots of 1, which show a sustained paratropic ring current 

of –44.7 nA T–1 that splits at the pyrrole rings (Supplementary Fig. 12). The strength of the 

outer pathway is about –12 nA T–1 and the rest of the current passes near to the pyrrole nitrogen 

atoms. The five-membered rings between the pyrrole rings sustain a local paratropic ring 

current of –4.6 nA T–1. Norcorrole 1 exhibits a weak diatropic ring current of 1.9 nA T–1 along 

the outer edge of the molecule. The MICD calculations demonstrate that the aromaticity of 1 

completely changes from strongly antiaromatic to aromatic when 1 forms the closely stacked 

dimer (1)2. 

The aromatic nature of (1)2 is also corroborated by the largely negative nucleus 

independent chemical shift (NICS)49 values calculated at the BHLYP/def2-TZVP level. The 

NICS(1) value calculated 1 Å above the upper norcorrole molecule is –16.5 ppm, while the 

NICS(–1) value calculated 1 Å below the norcorrole plane between the two molecules is –23.6 

ppm (Fig. 8a,8b). 

The aromatic nature of (1)2 can be rationalized by creating an approximation of the MOs 

using the porphyrin-perimeter model.50,51 The expansion of the angular part of the MOs gives 
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rise to orbitals of type σ, π, and δ, with angular quantum numbers of m = 0, 1, 2… For aromatic 

rings, the Aufbau principle yields well-known magic numbers for 4n+2. Norcorrole monomer 

1 has 24 electrons in the conjugated MOs, suggesting that its HOMO shell, according to the 

perimeter model, is half filled, thus leading to it being antiaromatic. The perimeter model can 

be extended by equivalence with respect to the reflection plane between the norcorroles, since 

(1)2 consists of two norcorrole molecules in a face-to-face orientation. The Aufbau principle 

then leads to closed shells for the stacked porphyrinoids with magic numbers of 4n.42 The 48 

electrons in the conjugated MOs of (1)2 close the outermost HOMO shell with an angular 

quantum number of m = 6 and even parity, thus leading to (1)2 being aromatic. 

In a stacked dimer of weakly interacting antiaromatic macrocycles with a large 

intermolecular separation, the two outermost MOs remain half filled. Consequently, the dimer 

is also antiaromatic. In contrast, when the interaction between the two antiaromatic macrocycles 

is strong, the occupation of the frontier orbitals is reorganized to a closed-shell configuration 

and the dimer becomes aromatic. Thus, the HOMO shell of dimer (1)2 with an m quantum 

number of 6 and even parity, according to the perimeter model, confirms the existence of a 

double bond between the norcorrole macrocycles. 
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Fig. 8 Evaluation of the aromatic nature of stacked dimer (1)2. a. NICS(1) and NICS(–1) 

points of (1)2 seen from above the Ni–Ni axis. b. NICS(1) and NICS(–1) values of (1)2. c. 

Spaghetti plot of the MICD of (1)2. d. Profile of the MICD through the plane that cuts the direct 

bond between the pyrrole rings; MICD-strength values are given in nA T–1. e. Diatropic MICD 

contribution. f. Paratropic MICD contribution; the MICD was calculated at the BHLYP/def2-

TZVP level; the color scheme in the spaghetti plot corresponds to the strength of the current 

density, which decreases in the order white > yellow > red > black; all current-density images 

were created using the Paraview program. 
 

Conclusions 

We have synthesized meso-bis(pentafluorophenyl)norcorrole Ni(II) (1), whose dimer (1)2 

adopts an almost perfectly overlapping face-to-face π-stacked orientation with an extremely 
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short interplanar distance of < 3.0 Å. The stacked dimer (1)2 exhibits an aromatic character that 

is distinctly different from that of monomer 1, a conclusion that is based on the results of solid-

state 1H NMR measurements, UV/vis/NIR spectra, gauge including magnetically induced 

currents current-density analysis, and ring-current visualization. The origin of the stacking 

interactions in (1)2 was determined based on density functional theory calculations, which 

revealed the existence of a multi-center double bond between the two norcorrole macrocycles. 

The binding electron density was experimentally determined using a synchrotron X-ray 

diffraction analysis. Our experimental demonstration of the existence of this intermolecular 

double bond can be expected to stimulate the search for intermolecular triple and even higher-

order multiple bonds in other π-conjugated organic molecules. 
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