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Abstract: An unprecedented furan-based double oxa[7]helicene 1 

was achieved, featuring a stable twisted conformation with π-

overlap at both helical ends. The excellent conformational 

stability allowed for optical resolution of 1, which provided a pair 

of enantiomers exhibiting pronounced mirror-imaged circular 

dichroism and circularly polarized luminescence activity. The 

radical cation of 1 was obtained by chemical oxidation as 

evidenced by UV-Vis-NIR absorption, electron paramagnetic 

resonance spectroscopy and in situ spectroelectrochemistry. The 

present work is the starting point for the investigation of open-

shell oxahelicenes. 

Helicenes are an attractive class of contorted polycyclic 

aromatics comprising ortho-condensed aromatic rings1. The 

inherent helical chirality coupled with nonplanar delocalized π-

electron systems endows helicenes with fascinating properties 

such as circular dichroism (CD)2, circularly polarized 

luminescence (CPL)3, and chiral-induced spin selectivity (CISS)4, 

which have already enabled promising applications in 

chiroptical switching, molecular recognition, chiral photonics, 

and spintronics5. In contrast to conventional monohelicenes, 

growing interest has recently been attracted by fusing two or 

more helical moieties to access double or multiple helicenes 

owing to their extended π-conjugation, increased distortion, 

and enhanced chiroptical responses6. The incorporation of 

heteroatoms into helicene chains offers new synthetic 

opportunities to these helical skeletons and holds promise for 

modulating optoelectronic properties7. Oxahelicenes, 

especially furan-containing helicenes, are expected to possess 

relatively high HOMO levels and attractive luminescence8. 

Despite significant advances in the synthesis of oxahelicenes 

by helical elongation9, as exemplified by the furan-based 1,3,7-

trioxa[11]helicene and non-fully aromatic oxa[19]helicene9c, 9f, 

little attention has been paid to lateral aromatic annulation10. 

In particular, furan-based double or multiple oxahelicenes with 

stable chirality have remained elusive 

On the other hand, open-shell helicenes with the spin 

delocalized along the chiral helical framworks are of 

fundamental interests for emerging magnetochiral properties 

such as enhanced spin-filtering efficiency11. The high intrinsic 

reactivity of radical species, however, impedes the further 

development of this field. Up to date, only a few open-shell 

carbo/thio/azahelicene have been reported,12 while open-shell 

oxahelicenes remain unexplored. Herein, we report the facile 

synthesis of a furan-embedded double oxa[7]helicene 1 via 

four-fold Suzuki-Miyura coupling and intramolecular Scholl 

reactions (Scheme 1). Despite two five-membered furan rings 

contained in each [7]helicene subunit, spatial overlap at both 

helical ends is sufficient to ensure chiral stability and facilitate 

optical resolution. In addition, one-electron oxidation of 1 

could be expected to provide the corresponding radical cation 

with considerable spin delocalization through the extended 

helical π-system. 

 

Scheme 1. Synthetic route towards double oxa[7]helicene 1 

 

Rcently, we demonstrated the synthesis of two 

double[7]carbohelicene derivatives via intramolecular 
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oxidative cyclodehydrogenation of tailor-made precursors13. In 

this work, we applied a similar procedure to synthesize the 

double oxa[7]helicene 1 (Scheme 1). First, four benzofuran 

units were attached to a terphenyl core through a four-fold 

Suzuki- Miyaura coupling between the commercially available 

benzofuran-2-boronic acid and tetrabromo terphenyl 2, 

affording precursor 3 in 87% yield. Then the intramolecular 

cyclodehydrogenation of 3 was conducted in dichloromethane 
/trifilic acid (TfOH) utilizing 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) as the oxidant, offering the target double 
oxa[7]helicene 1 in 34% yield. Double helicene 1 is well soluble 
in common organic solvents, enabling its structural 
characterization by 1H- and 13C-NMR spetroscopies in CD2Cl2, 
as well as high-resolution mass spectrometry. 
 

 
Figure 1. (a) Top and side view of the ORTEP drawing of 1, 

providing 50% probability thermal ellipsoids. (b) Packing 

structure of 1. (tert-butyl chains and hydrogen atoms were 

omitted for clarification; π-π interactions are indicated with 

black dotted arrows). 

 

Single-crystal X-ray diffraction analysis further determined 

the structure of 1, displaying a cruciform-shaped double helical 

skeleton (Figure 1a). As expected, the oxa[7]helicene 

substructure establishes partial overlap between terminal 

rings A and G. The mean vertical distance between rings A and 

G is 3.41 Å as defined by the average distance from the 

centroid of one ring to the plane of the other, reflecting 

substantial intramolecular interactions. The torsions of the two 

helicene subunits are determined by dihedral angles of C7-C2-

C3-C8 (31.8°) and C10-C6-C5-C9 (28.6°), respectively, which are 

comparable to those of the previously reported double 

[7]carbohelicene (30.6° and 28.5°)13b. According to density 

functional theory (DFT) calculation, the optimized strucuture 

of 1 reveals an equivalent torsion of 30.2° for both helicene 

subunits (Figure S3). Therefore, the unequal torsions observed 

in the crystal structure are due to intermolecular packing 

forces. In the crystal structure (Figure 1b), the enantiomers, 

(P,P)-1 and (M,M)-1, are stacked alternatively along the a axis 

in a remarkable π-dimeric fasion with the π-π distance of 3.68 

Å and CH···O short contacts of 2.51 Å (Figure S2).  

 

Figure 2. (a) UV-Vis absorption and emission spectra of 1 in 

DCM. (b) Cyclic Voltammogram of 1. (c) Absorption spectral 

change from 1 to 1●+BF4 after addition of excessive AgBF4.Inset: 

photographs of the solution of 1 and 1●+BF4 in DCM and their 

interconversion. (b) EPR spectrum of 1●+BF4 produced by 

oxidation of 1 with AgBF4. 

 

The optical and electrochemical properties of 1 were 

evaluated in its dichloromethane (DCM) solutions. The 

absorption spectrum exhibited two major bands at 375 and 

488 nm with vibronic fine structures typical for rigid aromatics. 

The absorption onset at 516 nm corresponds to an optical gap 

of 2.4 eV (Figure 2a). According to time-dependent (TD)-DFT 

calculation (Figure S4 and Table S2), the lowest-energy 

absorption band could be assigned to a large contribution of 

the HOMO→LUMO transition and a small contribution of the 

HOMO-1→LUMO+1 transition. Compound 1 displayed strong 

green fluorescence peaking at 511 nm, with an absolute 

fluorescence quantum yield (Φ) of 71% and fluorescence 

lifetime (τs) of 3.4 ns. According to the equations Φ = kr×τs and 

kr + knr = τs
-1, the radiative (kr) and nonradiative (knr) decay rate 

constants from the singlet excited state were determined (kr = 

2.1 × 108 s−1, knr = 8.4 × 107 s−1). Cyclic voltammetry (CV) of 1 

exhibited two reversible oxidation waves, with the half-wave 

potentials at 0.35 and 0.78 V versus Fc/Fc+ (Figure 2b). The first 

and second waves are most likely attributed to a one-electron 

oxidation of 1 to its radical cation and a two-electron oxidation 

to its dication, respectively. 

The isomerization process from (P,P)-1 to (P,M)-1 through a 

transition state (TS) was calculated by DFT at the B3LYP/6-

311G(d,p) level (Figure 3a). (P,P)-1 is estimated to be 

thermodynamically more stable than (P,M)-1 by 9.3 kcal/mol, 

which explains the absence of (P,M)-1 during the synthesis. 

The calculated isomerization barrier of 1 is 50.5 kcal/mol, 

suggesting the pronounced conformational stability of double 

oxa[7]helicene 1. Accordingly, optical resolution of racemic 1 

was performed by chiral high-performance liquid  chromato-

graphy (HPLC) on a Daicel Chiralpak IE column (Figure S8), 

providing enantiopure (P,P)-1 and (M,M)-1, respectively, as 

suggested by their mirror-imaged CD spectra (Figure 3b). By  
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Figure 3. (a) Isomerization process from (P,P)-1 to (P,M)-1. The 
relative Gibbs free energy (unit: kcal mol–1) was calculated at 
the B3LYP/6-311G(d,p) level. All hydrogen atoms were omitted 
for clarity. (b) CD and CPL spectra of (P,P)-1 and (M,M)-1. The 
red dotted line shows the CD spectrum for (P,P)-1 simulated by 
TD-DFT at the B3LYP/6-311G(d,p) level. 

 

comparing the experimental and simulated CD spetra, their 

absolute configurations were established. In addition, (P,P)-

1and (M,M)-1 also exhibited CPL activities, as their CPL spectra 

show mirrored features (Figure 3b), offering a moderate 

luminescence dissymmetry factor (glum) of −7.5×10−4 at 506 nm 

for (P,P)-1. 

The reversible redox reaction of 1 discussed above reflects 

the good stabilities of its oxidized species. Therefore, we 

explored chemical oxidation of 1 to its radical cation by silver(I) 

tetrafluoroborate (AgBF4) (E° = 0.65 V versus Fc/Fc+ in DCM), 

which was expected to allow the selective one-electron 

oxidation. As shown in Figure 2c, upon addition of excessive 

AgBF4 to a solution of 1 in dry DCM , the light yellow solution 

turned to green with the appearance of two sharp absorption 

bands at 425 and 685 nm, as well as a broad near-infrared 

band in the range of 770–1200 nm. The vanishment of the 

characteristic bands at 375 and 488 nm indicated the total 

conversion of 1. Electron paramagnetic resonance (EPR) 

measurements of this green solution showed a well-resolved 

quintet, with apparent 1H-hyperfine coupling constant of a(1H) 

= 2.75 G and isotropic g value of 2.005 (Figure 2d), which could 

be assigned to the radical cation 1●+. In addition, the 1●+BF4 

salts was also prepared as greenish black solid by using an 

excess of oxidant (see supporting information for synthetic 

details),which could be reversibly reduced back to the neutral 

compound 1 by adding tin(II) chloride (SnCl2) as evidenced by 

the recovery of a 1H-NMR spectrum (Figure S17). 

 

Figure 4. (a) In situ UV−Vis−NIR spectra measured during the 

electrochemical oxidation of 1 in DCM solution (reference 

spectrum: 1 in electrolyte solution). (b) EPR spectrum of the 

electrochemically generated radical cation 1●+ (black) and 

simulated spectrum (red) with fitted parameters (g = 2.0027, 

a(1H): 4×2.73 G, 4×0.32 G, 4×0.31 G, Lorenzian shape). (c) DFT-

computed spin density distirbution in the radical cation with 

averaged 1H hyperfine coupling constants (in Gauss) of the 

DBP core and terminal benzene rings 

 
To prove the assignment of the chemically-oxidized species to 

the radical cation, in situ EPR/UV−Vis−NIR spectroelectro-
chemistry of 1 was carried out (Figure 4a). In the first oxidation 
step, new absorption bands appeared at 425, 685 and 770–
1200 nm, whereas the negative peaks developed at 288, 375 
and 488 nm. A series of isosbestic points at 275, 300, 324, 346, 
385, 437 and 515 nm indicate that only two species, 1 and 1●+, 
are involved in the process. Appearance of NIR absorptions is 
accompanied by the growth of the EPR signal with a similar 
apparent quintet shape as for the chemically-oxidized species 
(Figure 4b). DFT calculations show that the spin density in the 
cation is maily distributed over the central dibenzoperylene 
(DBP) core with minor contributions from the terminal 
benzene rings. Accoringly, four DBP protons have the highest 
predicted 1H hyperfine constant (hfc) of −3.11 G (Figure 4c). In 
the terminal benzene rings, predicted constants are 
considerably smaller, from 0.10 to −0.42 G. Fitting of the 
experimental EPR spectrum with the model involving three 
sets of non-equivalent protons gave the costansts of 2.73, 0.32, 
and 0.31 G, in good agreement with DFT predictions. Overall, 
the hfc constant other than for DBP protons are not 
sufficiently large to be clearly resolved in the spectrum. The 
perfect correspondence of the EPR and UV-Vis-NIR spectra of 
electrochemically and chemically oxidized 1 unambiguously 
confirms reasonable stability of 1●+. In the second oxidation 
step, the absorption bands at 820 and 955 nm becomes 
dominant accompanied by the decreasing EPR signal (Figure 
S7). This pointed toward the formation of diamagnetic species, 
namely dication. 
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In summary, we present the synthesis of an unprecedented 

furan-based double oxa[7]helicene 1 along with its 

characterization. The crystallography analysis unambiguously 

disclose the double helical structure of 1 with high distortion. 

Our work demonstrates the efficiency of intramolecular 

cyclodehydrogenation of furan moieties, and thus holds 

promise for further furan-based double or multiple helicenes. 

The reversible redox property of 1 as suggested by CV allowed 

us to prepare stable radical cation 1●+ by chemical oxidation, 

which was characterized by in-situ UV-Vis-NIR and EPR 

spectroelectrochemistry. Moreover, the pair of enantiomers, 

(P,P)-1 and (M,M)-1, were successfully separated using chiral 

HPLC, allowing to study their chiroptical properties by CD and 

CPL spectroscopy. These intriguing properties of 1 prompt 

further studies into chiral photonics and spintronics 
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