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a b s t r a c t

Materials with facilely tunable spin configurations based on metal-radical coordination systems have po-

tential applications for electronics and spintronics. Here, we report the ground state conversion of copper

corrole radicals from singlet to triplet via the extension of the π-conjugation system by benzo-fusion at

the β-position of corrole ligand. NMR spectroscopy, SQUID measurements and computational studies all

support the ferromagnetic coupling between the Cu(II) center and corrole π-radical of benzo-fused cop-

per corrole 2-Cu, which is in sharp contrast with the antiferromagnetic coupling in regular non-extended

copper corroles. The triplet 2-Cu is highly stable in air, and X-ray diffraction analysis revealed its unique

highly planar corrole macrocycle. This work offers a promising strategy for creating high-spin systems in

non-innocent metallocorroles.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The coordination chemistry of corrole has attracted consider-

able interest from chemists in the past years [1]. Corrole is a

ring-contracted porphyrin containing a directly linked C–C bond.

With constricted central N4 cavities, corroles can act as closed-

shell trianionic ligands to stabilize high-valence metal ions (MnV,

AgIII) [2,3], or exist as a dianionic radical ligands to balance the

charge of coordinated ions (NiII, ZnII) [4,5]. In some cases, corrole

show unique non-innocent character [6,7], and it is very difficult

to achieve the accurate assignments of oxidation states of central

metals, when coordinating to certain metals such as Cu, Co and

Fe [8–11]. The unique electronic structures of non-innocent corrole

complexes have offered them a variety of practical applications in

the fields of spintronics [12,13], catalysis [14–17] and solar cells

[18].

Among the reported non-innocent corrole complexes, the elec-

tronic structures of copper corroles have been one of the most

controversial subjects. Copper corrole was initially considered to

be a diamagnetic molecule containing a high-valent d8 Cu(III) cen-

ter [19] since it was both ESR-silent and NMR-active. However, the

revisiting of the electronic structures of copper corroles by com-

prehensive spectroscopic and computational studies has suggested

that their ground state is best described as an antiferromagneti-

cally coupled d9 Cu(II) ion and corrole radical [20,21]. Despite the

Cu(II)/Cu(III) dilemma in copper corroles, Furuta group reported
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the unambiguous high-valent Cu(III) ion on an N-confused cor-

role complex [22]. We have reported the detection of Kondo reso-

nance of absorbed copper benzo-fused corrole [13], which was pre-

dicted to have a triplet ground state with ferromagnetically cou-

pled d9 Cu(II) ion and corrole radical. The ferromagnetic coupling

configuration is in striking contrast with singlet states commonly

identified in the regular copper corrole complex but has not been

confirmed by common magnetometry measurements. In this work,

we have synthesized a β-benzo-fused copper corrole 2-Cu having

bulky substituents at meso–position using a retro Diels-Alder reac-

tion (Fig. 1a) [23]. The comprehensive structural and magnetic data

of 2-Cu, as well as theoretical calculations, establish a ground state

conversion from singlet to an unusual highly stable triplet state via

the extension of the corrole π-system (Fig. 1b).

A bicyclo[2.2.2]octadiene (BCOD) fused copper corrole 1-Cu

was prepared through the condensation of the 4,7-dihydro-4,7-

ethano-2H-isoindole and aldehyde catalyzed by hydrochloric acid

in H2O/CH3OH mixture solvent [24]. The reaction mixture was ex-

tracted by CHCl3 subsequently, and the insertion of copper was

achieved by adding copper acetate into the reaction mixture as

a template during the oxidation process. Heating solid 1-Cu in

vacuum gave corresponding β-benzo-fused corrole 2-Cu in 95%

yield. The formation of 1-Cu and 2-Cu were confirmed by MALDI-

TOF and ESI-HR mass spectra (Figs. S1–S4 in Supporting informa-

tion). The introduction of bulky tert–butyl groups allows 2-Cu to

have good solubility in common organic solvents (CH2Cl2, CHCl3,

toluene, etc.).
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Fig. 1. (a) Synthesis route of 1-Cu and 2-Cu. (b) Schematic representation of the singlet-to-triplet conversion from 1-Cu to 2-Cu.

Fig. 2. (a) 1H NMR spectra of 1-Cu and 2-Cu in CDCl3. (b) Selected range of nega-

tive values for the 1H NMR spectrum of 2-Cu in C6D6.

The presence of paramagnetic species has a strong influence on

NMR spectra, which can induce the line-boarding and additional

paramagnetic chemical shifts of NMR peaks. 1-Cu exhibits well-

resolved 1H NMR peaks in CD2Cl2, with aryl protons (Ha and Hb)

in the region of 7.58–7.13ppm and BCOD protons (Hc and Hd) in

the region of 6.60–2.09ppm, indicating the singlet character (Fig.

2a). By contrast, the aryl protons of 2-Cu appear in a broader

range of 8.13–6.67ppm, and the protons Hb show significant line

broadening. Interestingly, we cannot find the 1H NMR signals of

benzo protons in the expected chemical shifts range for diamag-

netic molecules from +14ppm to −4ppm. Therefore, we extended

the chemical shifts range of 1H NMR to −30ppm, and eight broad

peaks corresponding to benzo protons He were found in C6D6,

which distributed from −6.2 ppm to −25.6 ppm (Fig. 2b). In the re-

ported 1H NMR study of paramagnetic Fe(III) corrole radicals, the

signals of peripheral pyrrolic protons show a similar large upfield

shift to the region ranging from −2ppm to −60ppm [25]. Using

Evan’s method [26,27], the magnetic susceptibility of the 2-Cu is

determined to be 2.65 μB in CDCl3 solution at room temperature,

confirming a high-spin S=1 state (Fig. S7 in Supporting informa-

tion).

Despite the radical nature, 2-Cu is highly stable and can be

easily handled under ambient conditions, thus allowing for X-ray

diffraction study. The single crystals suitable for X-ray diffraction

measurements of 2-Cu were obtained from the slow diffusion of

methanol into its CHCl3 solution. The top, side, and packing views

of 2-Cu are shown in Fig. 3a. The C19N4 23-atom main corrole

skeleton of 2-Cu takes a highly planar conformation with a mean

plane deviation (MPD) value of only 0.024 Å. Based on the numer-

ously reported X-ray diffraction analysis, the structure of copper

corrole was considered to be inherently saddle-distorted due to

the strongly antiferromagnetic coupling between Cu(II) and cor-

role radical [28,29]. The planar structure of 2-Cu provides a per-

fect platform for ferromagnetic coupling of metal and ligand or-

thogonal orbitals [30]. The meso–phenyl groups of 2-Cu are nearly

perpendicular to the main corrole plane with dihedral angles of

87.2°, 86.0° and 89.8°. Owing to the bulky tert–butyl groups, each

2-Cu molecule is substantially separated from the neighboring

molecules with a large Cu-Cu distance of 11.2 Å, which facilitates

Fig. 3. (a) Top, side and packing view of the single-crystal X-ray diffraction structure of 2-Cu. (b) DFT calculated structures and relative energies of 1-Cu and 2-Cu in triplet,

open-shell singlet and closed-shell singlet states.
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Fig. 4. (a) Spin density distribution of 2-Cu. (b) Frontier molecular orbitals diagram

of 2-Cu. (c) Selected bond lengths (Å) and dihedral angles (deg) of the crystal struc-

ture and optimized structures of 2-Cu in different spin states.

its magnetic property investigation in solid form with negligible

intermolecular interaction.

Density functional theory (DFT) calculations with B3LYP func-

tional and 6–31G(d,p) bias set were performed on copper cor-

roles for three different states: a close-shell Cu(III) singlet (CS), an

open-shell singlet antiferromagnetically coupled Cu(II) corrole rad-

ical (OS) and a triplet ferromagnetically coupled Cu(II) corrole rad-

ical (T) (Fig. 3b). The initial structure of 2-Cu for optimization was

extracted from the single crystal diffraction data, with the tert–

butyl groups replaced by methyl groups. The optimization was per-

formed without symmetry constraint, and the resulting structures

were analyzed by the vibrational frequency calculations to confirm

the absence of any imaginary frequencies. The structures of two

singlet states for 2-Cu are highly saddled, while the triplet state

keeps the planar conformation. The triplet state was predicted to

be the ground state of 2-Cu, bound with the open-shell singlet

state 2.28 kcal/mol higher in energy, and the closed-shell state is

5.05 kcal/mol higher than the ground state. By contrast, the open-

shell singlet state is predicted for the ground state of 1-Cu, which

is consistent with the previously reported electronic structure of

copper corrole [20,21]. The spin density maps of 2-Cu show that

one spin distributes on d(x2-y2) orbital (blue), while another spin

is distributed on the corrole b1 orbital (red) in the open-shell sin-

glet state and on the corrole a2 orbital (blue) in the triplet state

(Fig. 4a). The Mulliken spin populations of the triplet state of 2-

Cu are 0.64 on Cu atom, 0.28 on N atoms, and 1.08 on C atoms,

respectively. The frontier molecular orbitals of 2-Cu (Fig. 4b) show

that the two unpaired electrons are delocalized on corrole a2 or-

bital (228α) and copper 3d(x2-y2) orbital (226α), respectively. The

SOMO and SUMO are a pair of corrole a2 orbitals, indicating the

ligand-based first oxidation and reduction. The torsion angles χ1,

χ2 and χ3 of the crystal structure of 2-Cu are 2.6°, 3.1° and 1.4°,
which in sharp contrast to the large estimated torsion angles of

open-shell and closed-shell singlet states (42.9°/51.5°, 51.5°/58.7°
and 32.7°/35.6°). The bond lengths from 1 to 8 are summarized,

showing that the X-ray diffraction data exhibit better consistency

with the theoretically predicted triplet structure than the singlet

structures (Fig. 4c).

The paramagnetic property of 2-Cu was investigated for pow-

der samples by temperature- and field-dependent superconduct-

ing quantum interference device (SQUID) magnetometry. The χT

value of 2-Cu in 2K is 0.77 cm3 K/mol, which is larger than the

theoretical value of two uncoupled S=1/2 spins (0.75 cm3 K/mol).

No decrease in the χT values was observed at 2–300K, suggest-

ing the constant ferromagnetically coupling of the two spins. The

observed χT–T plot was fitted with the Bleaney–Bowers singlet–

triplet model [31–33] under a weak Weiss mean field (Weiss con-

stant θ ) (Fig. 5a). The singlet-triplet energy gap �EST was esti-

mated to be +1.66 kcal/mol (J1/kB ≈ 424K) with θ =−0.25K, which

is close to the theoretical value of �EST ≈ +2.28 kcal/mol. The

field-dependent magnetization measurements at 2K were fitted to

a Brillouin function with S=0.89, which is close to S=1 and in-

dicates its triplet ground state [32] (Fig. 5b). Interestingly, mag-

netic hysteresis of 2-Cu was observed at 2K (Fig. 5c), suggest-

ing its weak magnetic character [34]. We further investigated the

magnetic properties 2-Cu by electron spin resonance (ESR) spec-

troscopy. The 2-Cu solutions with various solvents (toluene, THF

and CH2Cl2) were all ESR-silent at both room temperature and

77K, probably due to the large zero-field splitting. A similar ESR-

silent phenomenon was also found on a ferromagnetically coupled

Cu(II) salen radical complex [35].

In summary, we have synthesized an air-stable copper tetra-

benzocorrole radical 2-Cu bearing bulky groups at meso–position

using a facile retro Diels-Alder reaction and identified its S=1

triplet ground states both experimentally and theoretically. The fer-

romagnetically coupled Cu(II)-corrole radical electronic configura-

tion of 2-Cu was confirmed by NMR and SQUID data, as well as

Fig. 5. (a) Observed (circle) and simulated (line) χT–T curve of 2-Cu at H=5000Oe. (b) Observed (circle) and simulated (line) M-H curves of 2-Cu with different S values.

(c) Observed magnetic hysteresis of 2-Cu at 2K.
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the distinct highly planar structure obtained from single-crystal X-

ray diffraction. The DFT calculations predicted a low-lying triplet

state for benzo-fused 2-Cu, and by contrast, an open-shell singlet

ground state was precited for its precursor 1-Cu. Compared with

the massively reported metallocorroles showing antiferromagneti-

cally coupled singlet states, the example with triplet ground state

is very rare. By benzo-fusion, the π-conjugation system of copper

corrole was extended; hence the d-π interaction can be modulated

to achieve a singlet-triplet conversion. This work provides a pow-

erful tool for creating distinct and tunable spin systems for met-

allocorroles for the applications of novel magnetic and electronic

devices.
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