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Abstract: The enantiopure seven-membered ring embedded 
[6]helicene and carbo[7]helicene (>99% ee) with an opposite helicity 
were simultaneously and quantitatively (>99%) synthesized with a 
perfect stereospecificity through stepwise acid-promoted 
intramolecular alkyne annulations of doubly axial-chiral cyclization 
precursors. The helical handedness of the [6]- and [7]helicenes was 
fully stereo-controlled by the doubly axial chirality of the precursors as 
a result of complete axial-to-helical chirality transfer. The cyclizations 
proceeded in a stepwise manner; the first six-membered ring 
formation was followed by the kinetically-controlled seven- or six-
membered ring formation with or without helix-inversion of a 
[4]helicene intermediate generated during the first cyclization step, 
thus quantitatively producing enantiopure circularly polarized 
luminescent [6]- and [7]helicenes with an opposite helicity, 
respectively. 

Spiral-shaped fully p-conjugated helicenes[1] with a one-handed 
helical topology show significant optical rotations and unique 
chiroptical properties.[2] Hence, enantiopure helicenes have been 
extensively applied as promising chiral materials for nonlinear 
optics,[1f,g,3] chiral-induced spin selectivity,[4] and circularly 
polarized luminescence (CPL)[2f,5] as well as for asymmetric 
catalysis,[6] etc. To date, structurally diverse optically-active 
carbohelicenes and their analogues including 
heterohelicenes[1g,2d,e,f] have been synthesized in a highly enantio- 
and/or diastereoselective manner through catalytic asymmetric 
reactions using chiral metal- and organocatalysts[1c,e,7] and 
stereospecific reactions of optically-active starting materials with 
point, axial, or planar chiralities.[1c,e,8] Among them, the axially 
chiral biaryl derivatives have frequently been utilized as a 
powerful chiral auxiliary to control the helical geometry and 
handedness of the resulting carbo- and heterohelicenes since 
1972 (Figure 1a).[9,10] However, it remains a synthetic challenge 
to achieve both quantitative yields (>99%) and a perfect 
enantioselectivity (>99% enantiomeric excess (ee)). Thus, the 
development of a new and versatile synthetic approach to 
quantitatively produce enantiopure helicenes is highly desirable. 
    We now report the quantitative, stereospecific, and 
simultaneous synthesis of two enantiopure helicenes with an 

opposite helicity, namely, (P)- or (M)-[6]helicene (2) containing a 
unique seven-membered ring[11,12] and (M)- or (P)-[7]helicene (3), 
respectively, through acid-promoted stepwise alkyne 
annulations[13,14] of optically-pure biaryl cyclization precursors with 
two axial chiralities ((S,S)-1 and (R,R)-1). We found that the 
helical handedness of the [6]- and [7]helicenes was fully stereo-
controlled by the doubly axial chirality of the precursors as a result 
of a complete axial-to-helical chirality transfer (Figure 1b). The 
mechanism of the simultaneous formations of the enantiopure [6]- 
and [7]helicenes and a unique seven-membered ring formation 
embedded in the [6]helicene framework as well as their circular 
dichroism (CD) and CPL activities were investigated. 
    The cyclization precursor, the 5,6-di(1-naphthyl)benzene 
derivative (1) containing 2-(4-alkoxy-2,6-dimethylphenyl)ethynyl 
pendants at the 1,4-positions of the central benzene ring, was 
synthesized according to Scheme S1 as a mixture of racemo- 
(R,R)/(S,S) and meso- (S,R) diastereomers ([racemo-1]/[meso-1] 
= 76 / 24) due to two axial chiralities arising from the tri-ortho-
substituted biaryl structures, thus showing a complicated 1H NMR 
spectrum (Figure S1a). The three stereoisomers were 
successfully isolated by chiral HPLC on a CHIRALPAK IA column 
(Daicel, Osaka, Japan) (Figure S1b–e). The first- and third-eluted 
isomers showed mirror image CDs, while the second-eluted 
isomer was CD silent (Figure S1f). Based on the observed and 
calculated CD spectra of the first-eluted isomer based on the time-
dependent-density functional theory (TD-DFT) (Figure S4b) along 
with its structure determined by single-crystal X-ray 
crystallography (Figures 4c and S4a), the first-, second-, and 
third-eluted stereoisomers were assigned as (S,S)-, (S,R)-, and 
(R,R)-1, respectively (Figure S1b–e). The optical activity of (S,S)-
1 remained unchanged in toluene at 100 °C after 12 h (Figure S5), 
indicating the static biaryl axial chirality of 1.  
    The trifluoroacetic acid (TFA)-promoted alkyne annulations of 
the isolated enantiopure (S,S)- and (R,R)-1 with >99% ee and 
meso-(S,R)-1 were then performed in dichloromethane at room 
temperature according to a previously reported method (Scheme 
S2 and Figures 2a, S6a, S7, and S8a),[14] which were completed 
within 10 h as confirmed by IR analysis (Figure S9b,e,h). We 
anticipated the  exclusive formation of either a right- (P) or left-  
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Figure 1. (a) Representative examples of the synthesis of optically-active carbo- and heterohelicenes through stereospecific reactions of optically-active cyclization 
precursors with an axial chirality. (b) Quantitative, stereospecific, and simultaneous formations of the enantiopure [6]helicene (2) containing a seven-membered ring 
and [7]helicene (3) through acid-promoted stepwise alkyne annulations of an optically-pure cyclization precursor ((S,S)- or (R,R)-1) with two axial chiralities. 
 
 
(M) handed [7]helicene or its racemic mixture, but the 1H NMR 
spectra of the cyclization products were complicated with a similar 
signal pattern (Figures S6a, S7, and S8a), indicative of the 
formation of multiple products. A product mixture obtained from 
the meso-(S,R)-1 as well as that produced from the as-
synthesized 1 (racemo-1/meso-1 = 76/24) was resolved into two 
pairs of peaks (f1/f4 and f2/f3 fractions) by chiral HPLC with dual 
UV and CD detectors (Figures S8b and S10a). Interestingly, each 
isolated pair exhibited the perfect mirror image CDs, indicating the 
formation of two pairs of enantiomers (2 and 3) (Figures S10f,g 
and 5a,b). The structures of rac-2 and rac-3 corresponding to the 
f1/f4 and f2/f3 fractions were unambiguously determined by 
single-crystal X-ray crystallography, which revealed the 
simultaneous formation of a unique [6]helicene ((P)/(M)-2) 
composed of one seven-membered ring (Figure 3a,c)[12] as well 
as the expected [7]helicene ((P)/(M)-3) (Figure 3b,d), as 
supported by 1D and 2D NMR and high-resolution mass analyses 
(Figures 2c,d, S11, and S12). Based on the comparison between 
the observed and calculated CD spectra (Figures S13b and S14b), 
the four stereoisomers (f1–f4) in Figures 2b, S8b, and S10 were 
definitely identified as (P)-2, (P)-3, (M)-3, and (M)-2, respectively. 
    As a result, the biaryl axially chiral (S,S)- and (R,R)-1 were 
found to be quantitatively converted into two enantiopure [6]- and 
[7]-helicenes (>99% ee) [(P)-2  and (M)-3] and [(M)-2  and (P)-3], 
respectively, in a perfect enantioselective manner through 

modified acid-promoted alkyne annulations (Figure 2a). Although 
a number of stereospecific syntheses of optically-active helicenes 
has been reported,[9,10] to the best of our knowledge, this is the 
first example of the quantitative, stereospecific, and simultaneous 
synthesis of two enantiopure helicenes from a single enantiopure 
precursor through a versatile acid-promoted alkyne annulation, 
which totally relies on a complete axial-to-helical chirality transfer 
(Figure 1b).  
    The nucleus-independent chemical shifts (NICS)[15] were 
calculated to investigate the local aromaticity of the individual six- 
and/or seven-membered rings of 2 and 3. The aromatic character 
of all the six-membered rings in 2 and 3 was confirmed by their 
negative NICS(0) and NICS(1) values in the ranges of –11.1 to –
3.8 and –13.2 to –7.1, respectively (Figure 3a,b), while the seven-
membered ring (E) in 2 shows high positive NICS(0) (+8.7) and 
NICS(1) (+4.8) values (Figure 3a), indicating its nonaromatic 
character, as observed in the previously reported helicenes 
embedded with a seven-membered ring.[9h,i,12c–e]  
    We propose a plausible mechanism for the simultaneous 
formations of the enantiopure seven-membered ring-embedded 
[6]helicene (2) and carbo[7]helicene (3) with an opposite helicity 
during the acid-promoted alkyne annulations of (S,S)- and (R,R)-
1, which takes place in an enantioselective stepwise manner, 
namely, the first six-membered ring formation followed by the six- 
or seven-membered ring formation, thereby producing the  
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Figure 2. (a) Quantitative, stereospecific, and simultaneous formations of enantiopure [(P)-2 and (M)-3] and [(M)-2 and (P)-3] helicenes through acid-promoted 
stepwise alkyne annulations of axially-chiral (S,S)-1 (i) and (R,R)-1 (ii), respectively. For the formations of racemic mixtures of 2 and 3 helicenes from meso-1 ((S,R)-
1), see Figure S8. (b) Chiral HPLC chromatograms (dual UV and CD detectors set at 365 nm) of as-synthesized cyclization products obtained from (S,S)-1 (i) and 
(R,R)-1 (ii). Chromatographic conditions: column, CHIRALPAK IA (0.46 cm (i.d.) × 25 cm) and CHIRALPAK IB N-5 (0.46 cm (i.d.) × 25 cm) connected in series; 
eluent, n-hexane/dichloromethane (99/1, v/v); flow rate, 1.0 mL min–1; temperature, 25 °C. For the fraction numbers (f1–f4), see Figure S10. (c,d) 1H NMR spectra 
(500 MHz, CDCl3, 25 °C) of the isolated (P)-2 (c) and (M)-3 (d). For the signal assignments, see the Supporting Information, Figures S11 and S12. The absolute 
configurations were assigned based on the TD-DFT calculations (Figures S13b and S14b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (a,b) Perspective views of the crystal structures of rac-2 (a) and rac-3 (b) with thermal ellipsoids at 50% probability. The NICS(0) and NICS(1) values of 
each ring of the helicene backbones calculated at the GIAO-HF/6-311G(d,p) level for the geometry-optimized structures (see Figures S13a and S14a) are highlighted 
in blue and red, respectively. (c,d) Crystal packing structures of (P)/(M)-2 (c) and -3 (d) as viewed along the b axis of the unit cell shown in gray. The helicene 
backbones and the 4-alkoxy-2,6-dimethylphenyl pendant groups are represented by capped-stick and wireframe models, respectively, and (P)- and (M)-helicene 
frameworks of 2 and -3 are colored in blue and pink, respectively. All the hydrogen atoms, solvent molecules, and disordered atoms are omitted for clarity.  
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Figure 4. Plausible mechanism for the stereospecific simultaneous formations of [6]helicene (2) containing a seven-membered ring and [7]helicene (3) through the 
acid-promoted stepwise alkyne annulations of (S,S)-1 (a) and (R,R)-1 (b), which involve the first six-membered ring formation followed by the six- or seven-
membered ring formation. The reacting carbon atoms at the 2- and 8-positions of the naphthalene rings are highlighted in blue and red circles, respectively. For the 
formation mechanism of racemic mixtures of 2 and 3 helicenes from meso-(S,R)-1, see Figure S15. (c) Perspective view of the crystal structure of (S,S)-1 with 
thermal ellipsoids at 50% probability. 
 
enantiopure [7]- (3) and seven-membered ring-embedded [6]- (2) 
helicenes, respectively. The unique seven-membered ring 
formation is accompanied by inversion of a [4]helicene 
intermediate during the second cyclization process, thus 
producing the opposite-handed [6]helicene (2) (Figure 4).  
    For example, when (S,S)-1 is treated with TFA, the first acid-
catalyzed electrophilic intramolecular cyclization occurs at the 2-
position of either naphthyl unit (ring A) with the close vinyl 
carbocation formed through protonation of one of the ethynyl 
groups,[14] thus forming an intermediate with the (M)-[4]helicene 
framework ((M,S)-1[4]H). Subsequent intramolecular cyclization at 
the same 2-position of the other naphthyl unit (ring A) results in 
the formation of the expected [7]helicene (M)-3 through fully six-
member ring formations (Figure 4a, left). We postulate that an 
equilibrium exists in the (M)-[4]helicene intermediate ((M,S)-1[4]H), 
which can be converted to its diastereomer (P,S)-1[4]H with the 
opposite (P)-[4]helicene chirality by rotation of the naphthyl ring, 
while maintaining its biaryl (S)-axial chirality. If this is the case, as 
schematically illustrated in Figure 4a (right), the 8-position of the 
naphthyl unit (ring B) of (P,S)-1[4]H is positioned close to the vinyl 

carbocation. Hence, the second electrophilic intramolecular 
cyclization of (P,S)-1[4]H proceeds to give (P)-2 composed of an 
unexpected seven-membered ring. Alcarazo et al.[16] reported the 
highly-enantioselective catalytic synthesis of carbo[6]helicenes 
through similar sequential alkyne annulations of achiral diynes 
catalyzed by chiral Au-complexes. Later, Yan et al.[17] developed 
an elegant approach to control both the helical and axial chirality 
of binaphthyl-containing [6]helicenes during the enantio- and 
diastereoselective stepwise alkyne annulations of achiral diynes 
catalyzed by chiral basic organocatalysts.[18] 
    At low temperatures, such an interconvertible diastereomeric 
conformational equilibrium is expected to shift to either (M,S)-1[4]H 
or (P,S)-1[4]H. In fact, the alkyne annulations of (S,S)- and (S,R)-1 
with TFA in dichloromethane at –20 °C yielded a mixture of [(P)-2 
and (M)-3] and [rac-2 and rac-3] at the ratios of 24:76 and 62:38 
(Figures S6b and S8c), respectively, which were different from 
those produced at room temperature (33:67 and 51:49, 
respectively) (Figures S6a and S8a). At –20 °C, the rotation of the 
naphthyl group of the [4]helicene intermediates (1[4]H) derived 
from (S,S)- and (S,R)-1 is likely suppressed (Figures 4a and S15),  
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Figure 5. (a,b) CD and absorption spectra of (P)- and (M)-2 (a) and (P)- and (M)-3 (b) in dichloromethane at 25 °C. Maximum Kuhn’s dissymmetry factors (gabs = 
De/e) are also shown. [Helicene] = ca. 1 × 10−4 M. (c,d) Normalized PL (bottom), CPL (middle), and glum (top) spectra of (P)- and (M)-2 (c) and (P)- and (M)-3 (d) in 
dichloromethane at room temperature. The glum values are defined as 2(IL – IR)/(IL + IR), where IL and IR are the PL intensities of the left- and right-handed circularly 
polarized light, respectively. lex = 300 nm. [Helicene] = ca. 2 × 10−5 M. 
 
thereby enhancing the chemoselectivity under kinetic control. 
These results further support the proposed stepwise double 
cyclization mechanism that involves helix-inversion of the 
[4]helicene intermediates formed after the first six-membered ring 
formation (Figures 4 and S15).  
    According to this mechanism, when (R,R)-1 and (S,R)-1 are 
used as cyclization precursors, the formations of the enantiopure 
(M)-2 and (P)-3 (Figure 4b) and racemic mixtures of 2 and 3 
(Figure S15), respectively, can be reasonably explained. On the 
other hand, if the first cyclization proceeds by the seven-
membered ring formation followed by the six- or seven-membered 
ring formation (Figure S16), the cyclization precursors (S,S)- and 
(R,R)-1 are supposed to be converted to [(M)-2 and (P)-4] and 
[(P)-2 and (M)-4] containing one (2) and two (4) seven-membered 
rings, respectively, which were not produced at all. Therefore, 
this reaction pathway can be completely ruled out.  
    We next investigated the optical and chiroptical properties of 
the enantiopure 2 and 3. The absorption range (< 450 nm) and 
CD spectral pattern of (P)- and (M)-3 were almost identical to 
those of the pristine [7]helicene (Figure 5b),[2b] whereas (P)- and 
(M)-2 showed characteristic spectra different from those of the 
classical aromatic carbohelicenes (Figure 5a).[19] The absorption 
edge of 2 (ca. 530 nm) was significantly red-shifted by more than 
80 nm compared to those of the pristine [6]helicene (ca. 400 
nm)[2a,19] and 3 (ca. 450 nm) and was even longer than that of the 
longest carbo[16]helicene (< 500 nm),[20] although its molar 

extinction coefficient (e) above 500 nm was relatively low (e < 
1000 M–1·cm–1). The remarkable red-shift in the absorption 
spectrum of 2 was consistent with the DFT calculations; the 
HOMO–LUMO gap of 2 (3.17 eV) was narrower than that of 3 
(3.76 eV) probably due to the high-lying HOMO level arising from 
the removal of the degeneracy of the HOMO and HOMO–1 
resulting from its nonsymmetric seven-membered ring-embedded 
helicene skeleton of 2 (Figure S17).[21]  
    (P)- and (M)-2 showed broad, but perfect mirror-imaged CDs in 
the absorption region of 250 – 530 nm and the maximum Kuhn’s 
dissymmetry factor (|gabs|) reached 1.5 × 10–2 (505 nm) (Figure 
5a), which is higher than those of the pristine [6]helicene (|gabs| = 
0.92 × 10–2)[19] and (P)- and (M)-3 (|gabs| = 1.2 × 10–2 at 400 nm) 
(Figure 5b). The CD intensity of (P)-2 in 1,1,2,2-tetrachloroethane 
remained unchanged at 25 °C after 24 h (Figure S18), but 
gradually decreased with time at high temperatures (80 – 120 °C) 
without any change in the absorption spectrum (Figure S19a–c), 
indicating the dynamic nature of the helicity of 2. The Gibbs free 
energy barrier (DG‡298) for the racemization of (P)-2 in 1,1,2,2-
tetrachloroethane was estimated to be 122 kJ mol–1 (Figure S19d), 
which is in good agreement with that predicted by the DFT 
calculations (DG‡298 = 117 kJ mol–1) (Figure S20). The helicity 
inversion barrier of 2 is lower than that of the pristine [6]helicene 
(DG‡298 = 148 kJ mol–1)[22] probably because of its structural 
flexibility due to the nonaromatic seven-membered ring 
embedded in the helicene framework. The helicity of (M)-3 was 
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quite stable even at 100 °C as expected from the static nature of 
the [7]helicene framework (Figure S21).[22b,23] 
    The rac-2 and -3 showed a weak and bright blue 
photoluminescence (PL) in dichloromethane under irradiation at 
365 nm and their quantum yields (FF) were determined to be 3 
and 8%, respectively. As expected from the CD and PL 
performances, the enantiomeric (P)- and (M)-helicenes showed 
mirror image CPL spectra in the corresponding fluorescence 
regions (Figure 5c,d). The maximum luminescence dissymmetry 
factors (|glum|) of the enantiopure 2 reached ca. 7 × 10–3 that is 
significantly higher than that of the corresponding [6]helicene (0.9 
× 10–3)[24] as well as that of the (P)- and (M)-[7]helicene 3 (ca. 3 × 
10–3). 
    In summary, we have succeeded in the quantitative, 
stereospecific, and simultaneous synthesis of two enantiopure 
(>99% ee) (P)- and (M)-seven-membered ring embedded 
[6]helicene and carbo[7]helicene from optically-pure doubly axial-
chiral ortho-phenylene-based cyclization precursors through 
versatile acid-promoted intramolecular alkyne annulations. The 
helical handedness of the [6] and [7]helicenes was completely 
stereo-controlled by the doubly axial chirality of the precursors. 
The cyclizations proceeded in a stepwise manner; the first 
hexagonal ring formation followed by the kinetically-controlled 
heptagonal or hexagonal ring formation with or without helix-
inversion of the [4]helicene intermediate, respectively, thus 
quantitatively producing the enantiopure CPL active [6]- and 
[7]helicenes with an opposite helicity. The resulting (P)- and (M)-
heptagonal ring-embedded [6]helicenes showed a unique 
broadband absorption and emission, thereby enabling 
unexpectedly strong CD and CPL in the long wavelength regions. 
The |gabs| and |glum| values reached 1.5 × 10–2 and 7 × 10–3, 
respectively, which are greater than those of the corresponding 
fully aromatic optically-pure [6]helicene and the present 
[7]helicene.[19,24] The present findings will provide the potential as 
a novel methodology for synthesizing a wide variety of 
enantiopure single and multiple carbo- and heterohelicenes as 
well as single-handed twisted polycyclic aromatics that will be 
obtained in a fully stereo-controlled manner when rationally-
designed axially chiral multi-biaryl compounds are used as an 
acid-catalyzed cyclization precursor. In addition, a heptagonal or 
other unique polygonal ring would be embedded in the helicene 
framework, leading to further structural and functional diversity in 
classic yet new helicene chemistry. Work toward these goals is 
now in progress in our laboratory. 
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