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Abstract: π-Conjugated chiral nanorings with intriguing electronic 

structures and chiroptical properties have attracted considerable 

interests in synthetic chemistry and materials science. We 

present the design principles to access new chiral macrocycles (1 

and 2) that are essentially built on the key components of main-

group electron-donating carbazolyl moieties or the π-expanded 

aza[7]helicenes. Both macrocycles show the unique molecular 

conformations with a (quasi) figure-of-eight topology as a result of 

the conjugation patterns of 2,2’,7,7’-spirobifluorenyl in 1 and 

triarylamine-coupled aza[7]helicene-based building blocks in 2. 

This electronic nature of redox-active, carbazole-rich backbones 

enabled these macrocycles to be readily oxidized chemically and 

electrochemically, leading to the sequential production of a series 

of positively charged polycationic open-shell cyclophanes. Their 

redox-dependent electronic states of the resulting multispin 

polyradicals have been characterized by VT-ESR, UV−vis−NIR 

absorption and spectroelectrochemical measurements. The 

singlet (ΔES-T = ‒1.29 kcal mol‒1) and a nearly degenerate singlet-

triplet ground state (ΔES-T(calcd) = ‒0.15 kcal mol‒1 and ΔES-T(exp) = 

0.01 kcal mol‒1) were proved for diradical dications 12+2• and 22+2•, 

respectively. Our work provides an experimental proof for the 

construction of electron-donating new chiral nanorings, and more 

importantly for highly charged polyradicals with potential 

applications in chirospintronics and organic conductors.  

Introduction 

Studies of π-conjugated chiral macrocycles have remained 

one of the spotlights in synthetic chemistry over recent years 

because the unique nanostructured aromatic π-systems are 

of fundamental and technological significance with 

applications in supramolecular chemistry and material 

science.[1,2] Related architectures for early type of these 

systems were experimentally demonstrated in planar chiral 

macrocycles, which has thereby kindled increasing interests 

and entailed new approaches to expand this emerging 

area.[3] Some of the design principles established hitherto 

also encompass the construction of figure-of-eight cyclic 

conformations,[4] topological cycles[5] and several nanobelt-

shaped infinitenes[6] as well as the predeterminate chiral 

loops with stereogenic elements embedded in π-skeletons.[7] 

Interestingly, those previously reported chiral macrocycles in 

the literature are nearly closed-shell aromatic hydrocarbons, 

while the macrocyclic open-shell chiral analogues are still 

lacking. This would substantially curtail further investigations 

of the spin-correlated properties in particular, for example, 

the electric conductivity and organic (anti)ferromagnetism.[8,9] 

Organic open-shell radicals with unpaired electrons enable the  

modulation of spin-spin interactions which however is impossible 

to replicate in closed-shell species. Several main pathways have 

usually  been traced to access neutral or charged radicals: i) 

diradicaloids derived from the shifted resonant structures of 

Thiele’s and Tschitschibabin’s hydrocarbon derivatives; ii) 

(electro)chemical oxidation-induced N/O/S-based cationic 

radicals, and iii) Brönsted/Lewis acid-induced radical ion pairs via 

intramolecular electron transfer strategy.[10-14] Introduction of 

main-group elements to the heteroatom-doped π-systems 

resulted not only in redox-active paramagnetic spins but also, 

more generally, in modified electronic structures with tunable 

optoelectronic properties as compared with the similar all-carbon-

based aromatic compounds.[15-18] Furthermore, thus formed 

positively charged species with highly polar bonds regardless of 

closed or open-shell characters are expected to display unique 

arrangements for assembled superstructures as well as 

oxidation-state-dependent magnetic behaviors.[12,13] Numerous 

N-centered cationic radicals were successfully developed by 

Rajca, Wu, Wang and others in the open-chain or three-

dimensional (3D) π-conjugated cage structures,[19] and several 

intriguing triangular trisradicals that show doublet ground states 

or spin frustration due to Jahn-Teller distortion have also been 

unraveled.[20] However, none of the known chiral macrocycles has 

been reported with multiple radical centers and polycationic 

charges. 

We have recently characterized a double aza[7]helicene with 

redox-induced switchable aromaticity,[21] and the synthesis of a 

NIR-emissive π-conjugated chiral organoborane macrocycle  was 

also described in our group.[22] Herein, we present the synthesis 

of two new chiral macrocycles, 1 and 2, both of which are highly 

electron-rich in nature. Two units of the carbazolyl trimers are 

crosslinked together by the 2,2’,7,7’-spirobifluorenyl fragment
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Scheme 1. Synthetic route of 1 and the formation of polyradical cationic cyclophanes with different oxidation states by redox chemistry. 

 

Scheme 2. Synthetic route of 2 and the formation of polyradical cationic cyclophanes by redox chemistry. 

to achieve molecular chirality in the figure-of-eight macrocycle 1. 

Aza[7]helicenes that are featuring the ortho-fused carbazole 

derivatives  are  stitched by the electron-donating triphenylamine, 

giving rise to a quasi figure-of-eight topology of 2 with a strong 

emission  (ΦFL= 0.99) and a high value of the circularly polarized 

luminescence (CPL) brightness (BCPL = 100.2 M-1cm-1). More 

interestingly, these newly obtained compounds revealed robust 

redox-active behaviors under chemically and electrochemically 

controlled oxidation conditions, leading to the well-defined 

multispin polycationic chiral cyclophanes with the open-shell 

characters. Their redox-dependent electronic states were fully 

explored by computations, electron spin resonance (ESR) 

measurements, UV-vis-NIR absorption spectroscopy and 

spectroelectrochemical techniques. The electronic and magnetic 

characteristics of the current highly charged cyclophanes, 

however, are rarely accessible in the all-carbon-based analogues.  

Results and Discussion 

The synthesis of 1 was performed through the palladium-

catalyzed Suzuki C-C coupling reactions as shown in Scheme 1 

and Supporting information. Reaction of the commercially 

available tetrabrominated 2,2’,7,7’-spirobifluorenyl (Spir4Br) with 

4 equiv of bis(pinacolate)diboron gave an conversion to tetra-

boronesterified 2,2’,7,7’-spirobifluorenyl (Spir4Bpin) as the 

intermediate (yield 92%). The other key precursor of the linear 

carbazolyl  trimer (3Cz2Br) was obtained in 66% yield by reacting 

3,6-dibromocarbazole with boronesterified carbazole (Cz2Bpin). 

Subsequently, 3Cz2Br and Spir4Bpin were refluxed in THF/H2O 

(v/v 5:1) with the 2:1 molar ratio, and afforded the chiral 

macrocycle rac-1 in 5%. For the synthesis of 2, a similar strategy 

was applied (Scheme 2 and SI). The coupling reaction between 

Cz2Bpin and a bifuctional known compound of 

bromoiodobiphenyl (B) gave rise to  the π-extended carbazole 

derivative C, which was followed by an intramolecular 

dehydrogenative oxidation through Scholl reaction using FeCl3 

and MeNO2 in CH2Cl2 at room temperature,  leading to the ortho- 

fused aza-[7]helicene fragment rac-N7H2Br (yield 51%). Two of 

these brominated chiral building blocks were further coupled by 2 

equiv of triarylamine donors (TP2Bpin)  to form the quasi figure-

of-eight chiral macrocycle rac-2 in 4% yield.  

Standard reaction workup procedures followed by purification 

via preparative column chromatography gave the cyclic products,  

and they were fully characterized through 1H, 13C NMR 

spectroscopy and were assigned with assistance of the 2D 1H-1H 

COSY NMR technique (Figure S12 and S13). Figure 1a shows  
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Figure 1. (a) 1H NMR spectrum of 1 in the aromatic region (700 MHz, CDCl3, r.t., the asterisk indicates CDCl3). (b) MALDI-TOF mass spectrum (positive-ion mode) 
of 1 showing experimental and simulated isotopic patterns.

four doublet resonances that are slightly overlapped in the 

aromatic region of 1H NMR spectrum (CDCl3, 25 °C, Figure S10), 

and they can be assigned to H1, H5, H9 and H12 from the two sets 

of carbazole units and one type of fluorene in 1. All the other 

signals corresponding to the macrocyclic structure are 

considerably overlapped. The formation of 1 and 2 was further 

confirmed by high-resolution MALDI-TOF-MS, in which the major 

peak was observed at m/z 1639.8170 and 1641.7670, 

respectively, corresponding to the molecular ion (calcd 1639.8193 

for 1 and 1641.7663 for 2) (Figure 1b; others are shown in SI).  

The optical resolution of 1 and 2 were performed via the 

preparative chiral high-performance liquid chromatography 

(HPLC) on Daicel Chiralpak IA-3 and IG-3 column under ambient 

conditions, respectively (Figures S46 and S47). Both 

stereoisomers (1-P/1-M and 2-PP/2-MM) were sufficiently 

isolated, leading to a high enantiomeric excess (>99% ee, Table 

S7). No diastereoisomer (i.e. the mesomer 2-PM) was detected 

in the macrocyclization reaction of 2. A considerably high 

racemization barrier ΔG‡ = 63.6 kcal/mol was calculated for 2 

(Figures S58 and S59), according to the proposed isomerization 

from 2-MM to meso 2-PM through a transition state (TS) with the 

two extremities of aza[7]helicene oriented face-to-face and 

confirmed by the intrinsic reaction coordinate (IRC) calculations 

(B3LYP/6-31G*). The temperature-dependent ee values of the 

enantiomeric 2-PP were experimentally monitored by HPLC in 

1,3,5-triisopropyl-benzene but without an increase of the other 

enantiomer observed with the ee values maintained > 99% after 

a thermal treatment up to 200 oC for 3 h (Figure S53). The 

possibility to racemize the 1-P conformer can be precluded by an 

increasing rotation energy when systematically rotating the 

different dihedral angles between the carbazole moieties (Figure 

S57), suggestive of a substantially high configurational stability of 

1 with a large racemization energy barrier.  

Electronic structures calculated for 1 and 2 using DFT 

(B3LYP-D3/6-31G*) and TD-DFT (PBE1PBE/6-31G*) are 

described in Figure 2a and SI. 1 shows a HOMO (‒5.28 eV) that 

is mainly delocalized over the electron-rich carbazole trimers of 

the figure-of-eight skeleton, while the LUMO (‒1.24 eV) is 

centered on the spirobifluorene linker as a weak electron-

acceptor in this structure. In comparison, the HOMO (‒4.68 eV)  

 
Figure 2. (a) Computed frontier orbital plots of the simplified 1 and 2 (DFT, B3LYP-D3/6-31G*, iso=0.02). (b) Cyclic voltammogram (CV, solid lines) and differential 

pulse voltammogram (DPV, dashed lines) recorded for the oxidation waves of 1 (blue) and 2 (green) in CH2Cl2, vs Fc/Fc+ with n-Bu4NPF6 (c = 0.1 M) as electrolyte, 

ν = 100 mV/s. Fc is indicated by the asterisk.
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Table 1. Summary of the photophysical, computational and electrochemical data of 1 and 2.  

 λabs
[a] 

(nm) 

λem
[a] 

(nm) 

ΦFL
[b] 

(%) 

τav
[c] 

(ns) 

Egap
[d] 

(eV) 

ETDDFT
[e] 

(eV) 

Eox(1) 
[f] 

(V) 

Eoptical 
[g] 

(V) 

1 245, 310 425 26 4.1 4.04 3.50 0.42 3.08 

2 340, 438 480 99 4.0 3.14 2.87 0.39 2.64 

a Recorded in CH2Cl2 (c = 1.0 × 10−5 M).  b Emission quantum yield (ΦFL) in CH2Cl2. c Emission lifetimes in CH2Cl2. d Obtained by DFT calculations (B3LYP-D3/6-

31G*) and HOMO−LUMO energy gaps: ΔEDFT = ELUMO – EHOMO. e Vertical excitation of the lowest energy transition (S0→S1) calculated by TD-DFT (PBE1PBE, 6-

31G*). fEox(1) were determined from the first oxidation peak in DPV scans recorded in 2 mM CH2Cl2 under N2, vs Fc/Fc+ with [NBu4]PF6 (c = 0.1 M) as the electrolyte, 

ν =100 mV/s.  g Optical energy gap (ΔEoptical) obtained from the onset of lowest energy absorption band in CH2Cl2.

 
Figure 3. (a,b,c,d) The calculated spin density distribution maps of the lowest-energy oxidized radical cation species (12+2•, 14+4•, 16+6• and Q16+2•) at different 

oxidization states (DFT/UB3LYP-D3, 6-31G*). (e) Chemical oxidations of 1 (c = 5 × 10−5 M, CH2Cl2/CH3CN) with different amounts of NOSbF6 monitored by UV−vis

−NIR absorption spectra. Inset: photographs of solutions after the addition of NOSbF6. (f) In situ UV/Vis-NIR spectra monitored by spectroelectrochemical 

measurements in CH2Cl2 upon the oxidation of 1 at increased scan potentials (0‒2.5 V).  

of 2 is distributed on the stronge donors of triarylamine moieties 

with a small contribution from the terminal phenyl groups of 

aza[7]helicenes, but the LUMO (‒1.54 eV) is nearly dominated by  

the aza-[7]helicene moieties. The vertical excitation energy 

calculated for 2 (ETDDFT: 2.87 eV) is lower than that for 1 (ETDDFT: 

3.50 eV) is obviously higher than 1 (-5.28), which is fully 

consistent with the optical energy gaps (Table 1) and likely 

indicates a stronger charge-transfer effect in 2. Cyclic and 

differential pulse voltammetry (CV and DPV) scans of 1 show 

likely two reversible two-electron oxidation waves as well as the 

other two one-electron oxidations in CH2Cl2 with the half-wave 

potentials (E1/2) at 0.42, 0.60, 0.71, and 1.10 V vs (Fc/Fc+) (Figure 

2b and SI). Compound 2 displays two reversible oxidation waves 

at E1/2 = 0.39, and 0.72 V, corresponding to the two-step two-

electron oxidations of N centers on the triarylamine and 

aza[7]helicene units, respectively. 

Incorporation of multiple sites of main-group electron-donating 

moieties in macrocycles may enable the consecutive generation 

of polycationic open-shell chiral cyclophanes with redox-

dependent electronic states. To ascertain the stepwise 

mechanisms associated with this concept, sequentially controlled 

oxidation experiments were performed for 1 and 2 both chemically 

and electrochemically. As shown in Figures 3e and S23, the first 

attempts to oxidize chiral macrocycle 1 in CH2Cl2/CH3CN gave 

rise to a detectable deep-colored visible change through the 

chemical oxidation titrations with NOSbF6. As monitored by the 

UV-vis-NIR spectroscopy, the new absorption band developing 

after addition of 1.0 equiv NOSbF6 is broader and extends further 

to a significantly higher wavelength (~1050 nm) as compared with 

the initial sharp absorption peaks below 400 nm. Upon the 

addition of  increased number of NOSbF6 at room temperature 

under an inert atmosphere, the main absorption spectra of the 

resulting reaction systems are gradually blue-shifted to 1020 nm, 

then 920 nm, and after the full oxidation, a strong absorption 

profile is observed at 680 nm for a dark green solution. These 

observations suggest a gradual build-up pathway of the oxidation 

states from the neutral carbazole-rich macrocycle to a highly 

charged polycationic cyclophane, which involves formation of a 

series of open-shell radical cations as shown in Scheme 1.  

The above-mentioned oxidation sequences were also well 

reproduced by the spectroelectrochemical technique under the 

increased scanning potentials  up to 2.5 V, consistent with the 

chemical-oxidation-induced spectral shifts in the UV-vis-NIR 

absorption (Figure 3f and S25). We then identified all the possible 

intermediate cations of this reaction process that experienced 

with the first oxidations on the opposite carbazole moieties from 

both sides of the molecule (Figure S38). For each step, the 

electron spin resonance (ESR) measurements revealed a  
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Figure 4. (a) Chemical oxidations of 2 (c = 5 × 10−5 M, CH2Cl2/CH3CN) with different amounts of NOSbF6 monitored by UV−vis−NIR absorption spectra. Inset: 
photographs of solutions after the addition of NOSbF6. (b) In situ UV/Vis-NIR spectra monitored by spectroelectrochemical measurements in CH2Cl2 upon the 
oxidation of 2 at increased scan potentials (0‒1.5 V). 

Figure 5. The calculated electronic absorption spectra of (a) 1, doublet 1+•, singlet radical cations (12+2•, 14+4• and 16+6•) and resonant form (14+ and 16+2•(singlet)) 

using TDDFT-PBE1PBE/6-31G* with 40 transition states; (b) partial VT 1H NMR spectra (400 MHz, CD2Cl2) of 22+2•2SbF6
‒ after the addition of 30.0 eq NOSbF6 to 

2.

featureless band of the resulting positively charged cationic 

species, indicative of an open-shell character due to the loss of 

electrons from the Ncarbazole centers (Figure S27). Radical species 

at higher oxidation states (II, IV and VI) show in principle many 

possibilities of the spin multiplicity, such as singlet / triplet for 

12+2•2SbF6
‒, singlet / triplet / quintet for 14+4•4SbF6

‒, Q14+4SbF6
‒, 

singlet / triplet / quintet / septet for 16+6•6SbF6
‒ and singlet / triplet 

for  Q16+2•6SbF6
‒ (Figures S39‒S42). Importantly, also 

energetically, these polycationic radicals were predicted to be all 

in the singlet ground state, according to the computational results  

that show the lowest energy levels for positively charged species 

with a total spin S = 0 (UB3LYP-D3/6-31G*, Table S17, Figures 

S64‒81). Consequently, the identification of such polycations as 

singlet radicals would be appropriate and reliable. While the 

tetracation species is likely dominated by 14+4•4SbF6
‒ where the 

two radical centers are spaced with a carbazolyl group on each 

side of the molecule due to charge repulsion (Figure 3c), radical 

pairing for the adjacent carbazole moieties can also occur, leading 

to the resonant quinoid structure Q14+4SbF6
‒. Similarly, paired 

radicals are expected to be the case in the formation of higher 

hexacations 16+6•6SbF6
‒/Q16+2•6SbF6

‒, consistent with the 

slightly broadened high-energy bands of the hypsochromically 

shifted absorptions (Figure 3f and Figure 5a).   

The computational absorptions modeled  for the singlet open-

shell species (TDDFT-PBE1PBE/6-31G*) show the same trend 

as that experimentally observed from the UV-vis-NIR profiles 

(Figure 5a and others in SI). The spin density maps (UB3LYP-D3, 

6-31G*) are not localized to small segments of the oxidized 

carbazole moieties but are truly delocalized along the macrocyclic 

skeletons (Figure 3a‒3d), contributing also to persistence of the 

chiral radical cations with increasing number of charges (Figure 

S50 and S51). To better understand the spin-spin interactions, we 

selected the species that is predicted to be dominated by diradical 

dication 12+2•2SbF6
‒ as a representative example, corresponding 

to the additiona of 20 equiv of NOSbF6.
[23] The structureless  one-

line ESR spectra showed a gradual decrease of the signal 

intensity as temperature decreased from 150 down to 100 K, 

indicating a singlet ground state in 12+2•2SbF6
‒ (Figure 6a). Fitting 

of the variable-temperature (VT-ESR) data with the Bleaney-

Bowers equation furnished an experimental singlet‒triplet energy 

gap (ΔES-T = ‒1.29 kcal mol-1) (Figure 6b), in accord with the 

theoretical computation (ΔES-T = ‒0.66 kcal mol-1, UB3LYP/6-

31G*) with a diradical character index y0 = 0.85 (see the SI).      

Similar characterizations were performed for another chiral 

macrocycle 2 in the chemically and electrochemically oxidative 

environments. As shown in Figure 4a, the use of less than 30 

equivalents of NOSbF6 leads to the two new absorption bands at 

1500 and 900 nm in the long-wavelength region of UV-vis-NIR 

spectra. This can be attributed to oxidations of the triphenylamine 

donor sites by comparing the absorption profiles to those via 

spectroelectrochemical measurements at low oxidation potentials 

(Figure 4b). The formed dications under this condition were used 

for the ESR and 1H NMR spectroscopic characterization. A 

significant line broadening assigned to the triarylamine (NAr3) and 

aza[7]helicene moieties in 1H NMR spectrum at low temperature 

suggests the open-shell diradical character. Furthermore, 

variable-temperature NMR (VT-NMR) spectroscopy studies show 

that these broadened signals at 193 K become increasingly 

resolved sharp ones as the sample is warmed back up to 273 K 

(Figure 5b and S37), indicative of the presence of ground-state  
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Figure 6. VT-ESR spectra of the selected oxidized species in CH2Cl2 for 1 (a) by the addition of 8.0 equiv NOSbF6, and for 2 (c) by 20 equiv NOSbF6. (b,d) IT–T 
plots of the diradical cation species used for the VT-ESR studies. The red lines are the Bleaney–Bowers fit of the data. Inset: the calculated spin density distribution 
map (DFT-UB3LYP-D3, 6-31G*).   

triplet diradical 22+2•2SbF6
‒. 

The structureless ESR spectrum with g-value of 2.003 can 

further support a paramagnetic nature of the open-shell species 

22+2•2SbF6
‒, and its ESR intensity gradually increases with 

decreasing temperature within 10‒50 K (Figure 6c). Fitting of the 

VT-ESR data in the Bleaney-Bowers equation gave an 

experimental ΔES-T = 0.01 kcal mol-1 (Figure 6d), a positive 

singlet‒triplet energy gap, likely reflective of the triplet ground 

state diradicals. In general, such a small energy gap may indicate 

a degenerate singlet / triplet state of 22+2•2SbF6
‒, which can be 

rationalized by the computed value ΔES-T of ‒0.15 kcal mol-1 

(UB3LYP-D3/6-31G*) with a very low-lying triplet state and a 

diradical character index y0 = 0.64 (see the SI). Further titrations 

of diradical dication 22+2•2SbF6
‒ with an excess of NOSbF6 only 

resulted in an increased absorption band at ~900 nm, caused by 

the follow-up oxidations of N centers in aza[7]helicene moieties 

(Figure 4). In comparison to 22+2•2SbF6
‒, the resulting tetraradical 

tetracation 24+4•4SbF6
‒ remained the fine-structured ESR but with 

an enhanced magnetic response intensity (Figure S28). It is also 

noteworthy that the spin-delocalization onto the π-skeletal chiral 

cyclophanes is predicted for both 22+2•2SbF6
‒ and 24+4•4SbF6

‒ at 

different oxidation states (Figure S44 and S45). The calculated 

absorption data are in agreement with those curves recorded in 

the UV-vis-NIR spectra (Figure S91).  

These open-shell polycationic species display the high stability 

in CH2Cl2 as no significant decomposition was detected in the UV-

vis-NIR absorption spectra after the storage within 7 days at room 

temperature under N2 (Figure S33‒S35). The unique low-energy 

absorption extending to the NIR domain presumably enables the 

chiral radical cations (Figure S50‒S52) to be employed for future 

applications in chiroptoelectronic materials, spin filters and 

phototherapy.[24] The obtained open-shell radical cyclophanes 

could also be readily switched to the initial closed-shell structure, 

which was evidenced by the fact that the resolved 1H NMR signals 

were recovered from the highly broadened resonances upon the 

addition of triethylamine to the oxidized cation intermediates 

(Figure S36).  

UV-vis absorption and emission spectra were examined for 

neutral states of 1 and 2 in CH2Cl2. As shown in Figure 7a, the 

absorption profiles are mainly distributed within the short 

wavelength region. For 1, the main absorption bands at ∼245 and 

310 nm correspond to the π-π* transitions, and a red-shifted  
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Figure 7. (a) UV-vis absorption and emission spectra (λex = λabs(max)) in CH2Cl2 (c = 1.0 × 10−5 M). Inset: photographs of emission in CH2Cl2 under 365 nm UV light; 
(b) circular dichroism spectra and (c) circularly polarized luminescence spectra of 1 and 2 (c =1.0 × 10-5 M) in CH2Cl2 at 298 K. 

 

shoulder band was also observed at round 350 nm, which can be 

ascribed to a weak intramolecular charge transfer (ICT) from the 

electron-rich carbazolyl units to the central spirobifluorene moiety. 

However, the absorption peaks for macrocycle 2 are broader and 

extend to significantly higher wavelengths (340 and 438 nm) than 

those for 1 as a result of the π-conjugation extension of 

aza[7]helicenes as compared with the bare carbazole moieties. 

Both chiral macrocycles are intense fluorescent (1: λem = 425 nm; 

2: λem = 480 nm), and 2 shows a nearly quantitative emission 

quantum efficiency (ΦFL = 0.99) in CH2Cl2 (Table 1). 

Chiroptical properties of 1 and 2 in the ground states were 

characterized by circular dichroism (CD) (Figures 7b and S48). 

The enantiomers of each macrocycle show mirror images with 

opposite Cotton effects in CD spectra, and the anisotropy factors 

(|gabs|, defined as Δε/ε) were quantified to be 2.40 × 10‒3 for 1 at 

350 nm and 2.50 × 10‒3 for 2 at 435 nm. To further identify the 

main peaks in CD spectra, TD-DFT calculations were performed 

at the PBE1PBE/6-31G* level (Table S9 and S10). The lowest-

energy absorption peak can be attributed to the S0→S3 and 

S0→S4 transitions for 1, whereas the corresponding absorption 
band for 2 is assigned to the S0→S1 transition (Figure S48). The 

absorption dissymmetry factors were also estimated by the 

equation gabs = 4 cos θ|m||μ|/(|m|2 + |μ|2), wherein μ, m, and θ 

represent the electric and magnetic transition dipole moments as 

well as the angle between μ and m, respectively, leading to the 

theoretical values of 3.3 × 10−2 for 1 and 1.4 × 10−2 for 2 

corresponding to their lowest-energy absorption peak (S0→S1, 

TDDFT-PBE1PBE/6-31G*, Figure S55 and S56). The absolute 

configurations have been simulated by the calculated electronic 

circular dichroism (ECD) spectra (TDDFT-PBE1PBE/6-31G*), 

with the first fraction in HPLC profiles assigned to the 1-P / 2-PP 

and the second to the 1-M / 2-MM stereomers (Figures S55, S56). 

We also recorded the chiroptical properties of 1 and 2 in the 

excited states by the mirror-imaged CPL spectra in CH2Cl2. The 

luminescence dissymmetry factors (glum) were measured to be 

1.50 × 10‒3 at 410 nm for 1-P and 5.00 × 10‒3 at 460 nm for 2-PP 

(Figure 7c). There is only a negligible change in the two sets of 

values (glum and gabs), suggesting that the ground state and 

emitting excited-state molecules show a similar geometry for both 

figure-of-eight chiral macrocycles. Using the well-established 

equation of CPL brightness (BCPL = ε × ΦFL× glum/2), the overall 

chiroptical performance of CPL-active materials can be quantified 

by the three optical parameters.[25] The BCPL values were 

calculated to be 42.7 and 100.2 M-1 cm-1 for 1 and 2, respectively. 

The BCPL for the figure-of-eight macrocycle 1 is among the highest 

ones reported for organic π-conjugated chiral macrocycles,[22] 

which could find promising applications in CP-OLED related areas. 

Conclusion 

We have described the synthetic approaches to achieve π-

conjugated new macrocycles (1 and 2) with a molecular chirality 

due to the unique (quasi) figure-of-eight conformations using the 

2,2’,7,7’-spirobifluorenyl fragment and aza[7]helicene moieties as 

the key linkage components, respectively. Both macrocycles are 

strongly luminescent with an approximately quantitative emission 

quantum efficiency for 2 in CH2Cl2 and with a high CPL brightness 

(BCPL= 100.2 M-1cm-1). Most interestingly, these structures are 

electron-rich in nature, and they represent the rarely obtained 

chiral macrocycles where the structures in neutral states can be 

transformed into the highly charged ones under mild conditions. 

The chemically and electrochemically controlled oxidations of 1 

and 2 resulted in the sequential formation of polycationic chiral 

cyclophanes with multispin open-shell characters, which are 

commonly inaccessible in the all-carbon-based analogues. The 

redox-dependent electronic states were evidenced magnetically 

and spectroscopically. This early work showcases a distinct 

pathway to fully charged high oxidation-state chiral species with 

potential applications in organic spintronics and superconductors 

as well as assembled superstructures. Synthesis of highly 

charged new chiral main-group macrocycles with ground state 

high-spin diradicals and polyradicals is underway in our laboratory.  

 

Experimental Section 

Experimental procedures, analytic data (1H, 13C and HRMS) for 

all products and intermediates, photophysical and 

electrochemical data, calculations in the ground state and 

excited-state computations. 
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J. Am. Chem. Soc., 2019, 141, 7421–7427; b) L. H. Wang, J. Nogami, Y. 

Nagashima, and K. Tanaka, Org. Lett., 2023, 25, 4225–4230; c) A. 

Robert, G. Naulet, H. Bock, N. Vanthuyne, M. Jean, Michel Giorgi, Y. 

Carissan, C. Aroulanda, A. Scalabre, E. Pouget, F. Durola and Y. 

Coquerel, Chem. Eur. J., 2019, 25, 14364–14369; d) G. R. Kiel, K. L. Bay, 

A. E. Samkian, N. J. Schuster, J. B. Lin, R. C. Handford, C. Nuckolls, K. 

N. Houk, and T. D. Tilley, J. Am. Chem. Soc., 2020, 142, 11084–11091; 

e) Y. Li, A. Yagi, and K. Itami, J. Am. Chem. Soc., 2020, 142, 3246–3253; 

f) L. H. Wang, N. Hayase, H. Sugiyama, J. Nogami, H. Uekusa, and K. 

Tanaka, Angew. Chem. Int. Ed., 2020, 59, 17951–17957; Angew. Chem. 

2020, 132, 18107–18113; g) W. Xu, X. D. Yang, X. B. Fan, X. Wang, C. 

H. Tung, L. Z. Wu and H. Cong, Angew. Chem. Int. Ed., 2019, 58, 3943-

3947; Angew. Chem. 2019, 131, 3983–3987; h) X. Zhang, H. Liu, G. 

Zhuang, S. Yang and P. Du, Nat Commun., 2022, 13, 3943–3947; i) T. 

Terabayashi, E. Kayahara, Y. C. Zhang, Y. Mizuhata, N. Tokitoh, T. 

Nishinaga, T. Kato, Shigeru. Yamago, Angew. Chem. Int. Ed., 2023, 62, 

e2022149; Angew. Chem. 2023, 135, e202214960; j) G. R. Schaller, F. 

Topić, K. Rissanen, Y. Okamoto, J. Shen, R. Herges, Nat. Chem., 2014, 

6, 608; k) Q. F. Zhou, X. D. Hou, J. Y. Wang, Y. Ni, W. Fan, Z. T. Li, X. 

Wei, K. Li, W. Yuan, Z. F. Xu, M. Z. Zhu, Y. L. Zhao, Z. Sun, J. S. Wu, 

Angew. Chem. Int. Ed., 2023, 62, e202302266; Angew. Chem. 2023, 135, 

e202302266; l) M. C. O'Sullivan, J. K. Sprafke, D. V. Kondratuk, C. 

Rinfray, T. D. W. Claridge, A. Saywell, M. O. Blunt, J. N. O'Shea, P. H. 

Beton, M. Malfois, H. L. Anderson. Nature, 2011, 469, 72-75; m) M. 

Pawlicki, M. Morisue, N. Davis, D. McLean, J. E. Haley, E. Beuerman, M. 

Drobijev, A. Rebane, A. L. Thompson, S. I. Pascu, G. Accorsi, N. 

Armaroli, H. L. Anderson. Chem. Sci., 2012, 3, 1541-1547; n) D. V. 

Kondratuk, J. K. Sprafke, M. C. O'Sullivan, L. M. A. Perdigão, A. Saywell, 

M. Malfois, J. N. O'Shea, P. H. Beton, A. L. Thompson, H. L. Anderson. 

Chem. - Eur. J., 2014, 20, 12826; o) S. Liu, D. V. Kondratuk, S. A. L. 

Rousseaux, G. Gil-Ramírez, M. C. O'Sullivan, J. Cremers, T. D. W. 

Claridge, H. L. Anderson. Angew. Chem. Int. Ed., 2015, 54, 5355-5359; 

Angew. Chem. 2015, 127, 5445-5449; p) G. Gil-Ramírez, A. Shah, H. El 

Mkami, K. Porfyrakis, G. A. D. Briggs, J. J. L. Morton, H. L. Anderson, J. 

E. Lovett. J. Am. Chem. Soc., 2018, 140, 7420-7424. 

[5] a) J. Malinčík, S. Gaikwad, J. P. M. Fuentes, M. A. Boillat, A. Prescimone, 

D. Häussinger, A. G. Campaña and T. Šolomek, Angew. Chem. Int. Ed., 

2022, 61, e202208591; Angew. Chem. 2022, 134, e202208591; b) G. 

Naulet, L. Sturm, A. Robert, P. Dechambenoit, F. Röhricht, R. Herges, H. 
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