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Abstract: Synthetic breakthroughs diversify the molecules and 
polymers available to chemists.	We now report the first successful 
synthesis of a series of optically-pure 2,2´-tethered binaphthyl-
embedded helical ladder polymers based on quantitative and 
chemoselective ladderization by the modified alkyne benzannulations 
using the 4-alkoxy-2,6-dimethylphenylethynyl group as the alkyne 
source, inaccessible by the conventional approach lacking the 2,6-
dimethyl substituents. Due to the defect-free helix formation, the 
circular dichroism signal increased by more than 6 times the 
previously reported value. The resulting helical secondary structure 
can be fine-tuned by controlling the binaphthyl dihedral angle in the 
repeating unit with variations in the 2,2´-alkylenedioxy tethering 
groups by one carbon atom at a time. The optimization of the helical 
ladder structures led to a strong circularly polarized luminescence with 
a high fluorescence quantum yield (28%) and luminescence 
dissymmetry factor (2.6 × 10–3). 

Introduction 

Material properties ultimately rely on the structures of the 
(macro)molecules that they contain. Therefore, not only the 
precise design of molecules and polymers, but also the advanced 
synthetic methodology capable of producing them are necessary 
for the development of high value-added materials with excellent 
physical properties and/or sophisticated functions. 
    The one-handed twisted axially chiral 1,1´-binaphthyl[1] is one 
of the most representative optically-active frameworks widely 
incorporated into chiral functional materials for asymmetric 
catalysis,[2] chiral recognition,[3] and circularly polarized 
luminescence[4] as well as chiral dopants to induce chiral nematic 
liquid crystals.[5] The optical and chiroptical properties and 
functionalities of the 1,1´-binaphthyl compounds are highly 
dependent on the dihedral angle between the two naphthalene 
rings.[6] Typical 1,1´-binaphthyl compounds with independent 
substituents at the 2,2´-positions have a static axial chirality, yet 
possess a considerable conformational freedom, thus their 
properties and functional capabilities vary with rotation around the 
biaryl axis, making the precise and target-oriented molecular 
design difficult.[4a,7] The binaphthyl dihedral angle can be fixed and 

arbitrarily controlled by tethering at the 2,2´-positions with an 
appropriate spacer.[8] A variety of molecules[9] and polymers[7b,10] 
containing shape-persistent 2,2´-tethered binaphthyl units has 
been reported, in which the chiroptical properties,[11] asymmetric 
catalytic activities,[12] and helical twisting powers of the chiral 
dopants[5a,13] have been modulated by tuning the binaphthyl 
dihedral angle through simple replacement of the tethering groups. 
Pu and a co-worker designed a random-coil precursor polymer 
(poly-4RC1-H in Figure 1a) containing an optically-pure 2,2´-
methylenedioxy-tethered binaphthyl moiety in the main chain[14] 
and attempted to convert it into a ladder polymer[15] with a one-
handed helical structure (helical ladder polymer) by ladderization 
of the entire backbone through the conventional acid-promoted 
alkyne benzannulations, in which the ortho-unsubstituted 4-
alkoxyphenylethynyl pendants were introduced into the precursor 
polymers as alkyne sources.[16] However, due to the low 
chemoselectivity of this conventional approach, the resulting 
polymer (poly-5RC1-H) had an irregular backbone structure 
composed of different repeating units (Figure 1a),[17] precluding 
the formation of the desired one-handed helical ladder 
structure.[14]  
    We recently succeeded in significantly improving the 
chemoselectivity of the alkyne benzannulation by introducing 
methyl groups at the 2,6-positions of the 4-alkoxyphenyl pendants 
in order to enhance the steric effect.[18] This modified approach 
allowed the synthesis of defect-free one-handed helical ladder 
polymers with tubular[19] and ribbon[18,19b] geometries (Figure 1b). 
To date, chiral units incorporated into the helical ladder 
backbones to control the helical geometry and handedness (right 
(P)- and left (M)-handed) were limited to the optically-pure 2,6-
linked-triptycene[17,19b] and 4,4´- and 6,6´-linked-1,1´-
spirobiindane[18-19] units (Figure 1b). In order to diversify the 
helical frameworks and explore the unique functions 
characteristic of their structures,[20] the expansion of chiral 
substrates applicable to the quantitative and chemoselective 
modified alkyne benzannulation is highly required. 
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Figure 1. (a) Conventional alkyne benzannulation of a random-coil precursor polymer (poly-4RC1-H) containing a 6,6´-linked-tethered 
1,1´-binaphthyl unit to provide an irregular ladder polymer (poly-5RC1-H) with a relatively weak circular dichroism (CD) (the maximum 
molar CD (|Demax|) = 75.5 M–1·cm–1). (b) Synthesis of tubular- and ribbon-shaped helical ladder polymers containing optically-pure 2,6-
linked-triptycene and 4,4´- and 6,6´-linked-1,1´-spirobiindane units by quantitative and chemoselective modified alkyne benzannulations. 
(c) Structure of the defect-free tethered binaphthyl-embedded one-handed helical ladder polymers with different alkylenedioxy tethers 
showing |Demax| greater than 460 M–1·cm–1. (d) Schematic illustration of fine tuning of the helical geometry and circularly polarized 
luminescence (CPL) property based on the control of the binaphthyl dihedral angle by changing the alkylenedioxy tethers.  
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Figure 2. (a) Synthesis of an optically-pure methylenedioxy-tethered (S)-1,1´-binaphthyl-bound ladder-type molecule ((S)-3C1) through 
quantitative and chemoselective modified alkyne benzannulation of (S)-2C1. (b) 1H NMR spectra (500 MHz, CDCl3, 25 °C) of (S)-2C1 (i) 
and an as-synthesized cyclization product ((S)-3C1) obtained from (S)-2C1 (ii). For the signal assignments and the corresponding IR 
spectra, see Figures S2–S4. (c) X-ray crystal structure of (S)-3C1. (d) Structure of (R)-3C1. 
 
 
    We envisioned that if the modified alkyne benzannulation could 
be applied to the 6,6´-linked-1,1´-binaphthyl framework, we could 
realize the defect-free synthesis of the 2,2´-tethered binaphthyl-
embedded helical ladder polymer that was inaccessible by the 
conventional approach.[14,16] In addition, the precise modulation of 
the resulting helical structures would also be possible based on 
the rational control of the binaphthyl dihedral angle by changing 
the tether structure at the 2,2´-positions of the 1,1´-binaphthyl unit. 
We now report the successful synthesis of a novel series of 
defect-free one-handed helical ladder polymers containing one-
handed twisted 2,2´-tethered binaphthyl units with different tether 
lengths through the modified alkyne benzannulations (Figure 
1c).[18] We further investigated the fine-tuning of the helical 
structure by controlling the one-handed twist angle of the 1,1´-
binaphthyl unit with variations in the 2,2´-alkylenedioxy tethers 
(Figure 1d), taking full advantage of the completely 
interconnected rigid ladder structure, in which a slight difference 
in the primary structures directly leads to the secondary structural 
change. The impact of the defect-free ladderization and the 
resulting helical geometries on the circular dichroism (CD) and 
circularly polarized luminescence (CPL) properties is also 
highlighted. 

Results and Discussion 

 

Defect-Free Synthesis of 2,2´-Tethered Binaphthyl-
Embedded One-Handed Helical Ladder Polymers  
We first investigated the feasibility of the quantitative and 
chemoselective p-extension of the 2,2´-tethered binaphthyl 
framework through the modified alkyne benzannulation. Optically-
pure 2,2´-methylenedioxy-tethered 1,1´-binaphthyl derivatives 
((S)- and (R)-2C1) carrying 4-phenyl-2,5-bis[2-(4-alkoxy-2,6-
dimethylphenyl)ethynyl]phenyl groups at the 6,6´-positions of the 
binaphthyl moiety were synthesized as cyclization model 
precursors (Scheme S1), then subjected to the modified acid-
promoted alkyne benzannulations in a 
dichloromethane/trifluoroacetic acid (TFA) mixture according to a 
previously reported method (Figure 2a and Scheme S1).[18-19] The 
cyclizations of (S)- and (R)-2C1 regioselectively proceeded only at 
the 5,5´-positions of the 1,1´-binaphthyl moiety, quantitatively 
yielding (S)- and (R)-3C1 as single ladderization products within 1 
h, respectively (Figure 2a,b,d), as confirmed by IR (Figure S2b,d), 
1D and 2D NMR (Figures 2b(ii) and S4), high-resolution mass 
(section 2 in the Supporting Information (SI)), and single-crystal 
X-ray crystallography (Figures 2c and S1) analyses. This result is 
in sharp contrast to the conventional alkyne benzannulation of the 
analogous cyclization precursor ((R)-2C1-H in Figure S5) lacking 
the 2,6-dimethyl substituents on the 4-alkoxyphenyl pendants, 
which gave a complicated product mixture,[17] demonstrating that 
the modified alkyne benzannulation can be successfully applied 
to the 6,6´-linked-1,1´-binaphthyl moiety. 
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Figure 3. (a) Synthesis of a methylenedioxy-tethered (S)-1,1´-binaphthyl-bound (M)-handed helical ladder polymer (poly-5SC1) by 
quantitative and chemoselective modified alkyne benzannulations of poly-4SC1. (b) 1H NMR spectra (500 MHz, CDCl3, 50 °C) of poly-
4SC1 (i) and poly-5SC1 (ii). For the signal assignments, see Figures S6 and S7, respectively. (c) Structure of poly-5RC1. (d) Synthesis of 
ethylenedioxy- (i) and propylenedioxy- (ii) tethered (S)-1,1´-binaphthyl-bound (M)-handed helical ladder polymers (poly-7SC2 and poly-
9SC3) by quantitative and chemoselective modified alkyne benzannulations of poly-6SC2 and poly-8SC3, respectively. 
 
 
    Based on this finding, we then investigated the defect-free 
synthesis of the 2,2´-tethered binaphthyl-embedded one-handed 
helical ladder polymers (Figure 1c). The Suzuki-Miyaura coupling 
copolymerizations of the optically-pure 1,1´-binaphthyl-based 
diboronic acid ester monomers ((S)- and (R)-1Me) with a p-
dibromobenzene derivative (Ph-Br2) provided the precursor 
polymers (poly-4SC1 and poly-4RC1) (Scheme S2) with the 
number-average molar mass (Mn) and degree of polymerization 
(DPn) of more than 3.24 × 104 and 35, respectively, as estimated 
by size-exclusion chromatography (SEC) (entries 1 and 2 in Table 
S1). The modified alkyne benzannulations of poly-4SC1 and poly-
4RC1 gave the ladder polymers, poly-5SC1 and poly-5RC1, 
respectively (Figure 3a,c and Scheme S3), showing a new single 
set of well-resolved resonance peaks in the 1H NMR spectra 

(Figure 3b(ii)), all of which could be unambiguously assigned by 
the 2D NMR analysis (Figure S7). The matrix-assisted laser 
desorption-ionization time-of-flight mass (MALDI-TOF-MS) 
spectrum of poly-5SC1 showed a main series of peaks with 
distances of approximately 913 Da corresponding to the molar 
mass of the repeating unit (Figure S12b). These results indicated 
that the intramolecular cyclizations of poly-4SC1 and poly-4RC1 
proceeded in a completely chemoselective manner as observed 
for (S)- and (R)-2C1, affording the quantitative formation of the 
defect-free one-handed helical ladder polymers, poly-5SC1 and 
poly-5RC1, respectively. Analogous defect-free helical ladder 
polymers, poly-7SC2 and poly-9SC3, with the longer ethylenedioxy 
and propylenedioxy tethers, respectively, at the 2,2´-positions of 
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Figure 4. Top (left) and side (right) views of the geometry-optimized structures of (M)-handed helical poly-5SC1 (a), poly-7SC2 (b), and 
poly-9SC3 (c) with 15 repeating units obtained by the molecular mechanics calculations (Compass II force field). For simplicity, all alkoxy 
pendants are replaced with methoxy groups. The structures of the helical ladder backbones and alkoxyphenyl pendants are represented 
by space-filling and capped-stick models, respectively, and the carbon atoms of the helical ladder backbones are highlighted in yellow 
for clarity. The average binaphthyl dihedral angle (q!), helical pitch and diameter, and number of repeating units per helical turn of each 
helical ladder polymer are also shown. 
 
 
the 1,1´-binaphthyl units were also synthesized from the 
corresponding precursor polymers, poly-6SC2 and poly-8SC3 
(entries 3 and 4 in Table S1), by the modified alkyne 
benzannulations (Figures 3d and S13a,b; for the corresponding 
IR, 2D NMR, and MALDI-TOF-MS spectra, see Figures S2j,l, S9, 
S11, and S12c,d).  

Fine-Tuning of Helical Geometry Based on the Control of 

Binaphthyl Dihedral Angles by Changing Alkylenedioxy 

Tethers 

    Possible helical ladder structures (15-mer) of a series of (S)-
1,1´-binaphthyl-embedded poly-5SC1, poly-7SC2, and poly-9SC3 
with different 2,2´-alkylenedioxy tethers optimized by molecular 
mechanics calculations are shown in Figure 4. The average 
binaphthyl dihedral angles (q! in Figure 4) of poly-5SC1, poly-7SC2, 
and poly-9SC3 increase with the tether length and are found to be 
ca. 57º, 66º, and 74º, respectively, which are roughly comparable 
to those of the recently reported 2,2´-alkylenedioxy-tethered 1,1´-
binaphthyl derivatives.[10c,11d,e,13f] All three ladder polymers have 

an (M)-handed macromolecular helicity due to the same axial 
chirality of the (S)-1,1´-binaphthyl moieties, but differ in the helical 
geometries, including the helical pitch (2.6 – 2.9 nm), helical 
diameter (2.5 – 2.7 nm), and the number of repeating units per 
helical turn (2.9 – 3.4) as well as the groove structure. These 
results indicated that the systematic structural variation of the 
repeating units based on the simple replacement of the tethering 
groups allowed fine-tuning of the secondary structures, while 
maintaining the binaphthyl (S)-axial chirality (Figure 1d). 

Chiroptical Properties of Helical Ladder Polymers with 

Precisely Modulated Secondary Structures 

    The enantiomeric (M)- and (P)-handed helical poly-5SC1 and 
poly-5RC1, respectively, showed intense mirror-image CD signals 
in chloroform in the main-chain absorption regions (Figure 
5a(ii,iv)), in contrast to the precursor polymers with very weak 
CDs (Figure 5a(i,iii)). The maximum molar CD intensity at 336 nm 
of poly-5C1 (|Demax| ≥ 460; Figure 5a(ii,iv)) is more than 6-fold 
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Figure 5. (a) CD and absorption spectra of poly-4SC1 (i), poly-5SC1 (ii), poly-4RC1 (iii), and poly-5RC1 (iv) in chloroform at 25 °C. 
[Repeating units of polymer] = 0.10 mM. (b) Plots of Kuhn’s dissymmetry factors (|gabs|) at the first Cotton effect (337 (i,ii) or 339 (iii) 
nm) of poly-5SC1 (i), poly-7SC2 (ii), and poly-9SC3 (iii) versus the Mn value. For the SEC fractionation and the corresponding CD spectra, 
see b and c in Figures S15–S17. (c) Absorption (bottom), CD (middle), and gabs (top) spectra of fractionated high molar-mass poly-5SC1 
(i; f1 in Figure S15b), poly-7SC2 (ii; f2 in Figure S16b), and poly-9SC3 (iii; f1 in Figure S17b) (Mn > 20 × 104) measured in chloroform at 
25 °C after SEC fractionation. The CD and absorption spectra were normalized based on the corresponding absorption spectra at 
25 °C. 
 
 
higher than the value reported for the 2,6-dimethyl-lacking 
analogue, poly-5RC1-H (|Demax| = 75.5; Figure 1a), synthesized by 
the classical alkyne benzannulations.[14] Because the CD spectral 
patterns and intensities of poly-5SC1 were virtually independent of 
the polymer concentration (Figure S14a), its strong CD signal was 
due to the macromolecular helicity and not due to the 
supramolecular chirality resulting from the chiral self-assembly. 
Therefore, we can confidently state that the remarkable 
chiroptical enhancement of poly-5SC1 and poly-5RC1 compared to 
poly-5RC1-H is obviously due to their defect-free helical ladder 
structures by the modified alkyne benzannulations. In addition, 
the maximum Kuhn’s dissymmetry factor (|gabs| = |De/e|) of poly-
5SC1 tended to increase with the increasing molar mass (Figures 
5b(i) and S15b,c) probably due to the negligible end-group effect, 
reaching the almost constant value (|gabs| = ca. 5.8 × 10–3) at the 
Mn of more than ca. 5 × 104 (corresponding to ca. > 55 repeating 
units) (Figure 5b(i)), which is slightly higher than that of (S)-3C1 
(|gabs| = ca. 5.3 × 10–3) (Figure S18a(ii)). 
    The as-synthesized poly-7SC2 and poly-9SC3 also showed 
much stronger CD signals than their precursors as a result of the 
helical ladder formations (Figure S13c). When compared among 
the fractionated polymers with sufficiently high molecular masses 
(Mn > 20 × 104) (b and c in Figures S15–S17), the CD and 

absorption intensities and patterns of poly-5SC1, poly-7SC2, and 
poly-9SC3 were similar but slightly different from each other 
(Figure 5b,c), which was attributed to the variations in the helical 
structures and p-conjugation lengths induced by the tether length-
dependent change in the binaphthyl dihedral angles. The 
maximum |gabs| values at the intense Cotton effect around 340 nm 
increased with an increase in the tether length in the following 
order: poly-5SC1 (5.85 × 10–3) < poly-7SC2 (6.05 × 10–3) < poly-
9SC3 (6.89 × 10–3) (Figure 5c). The |gabs| values of all the helical 
ladder polymers hardly changed in the temperature range of 25 – 
80 °C in 1,1,2,2-tetrachloroethane (Figure S19), indicating the 
thermally-stable helical structures derived from the 2,2´-tethered 
binaphthyl structures and rigid and robust ladder backbones.  
    The helical ladder polymers exhibited a bright blue 
photoluminescence (PL) in chloroform under UV irradiation due to 
their fully p-conjugated backbone structures (Figure 6d), among 
which poly-5SC1 showed an excellent PL property with the higher 
fluorescence quantum yield (FF) of 28% than those of poly-7SC2 
(13%) and poly-9SC3 (15%). Because the FF values of the 
precursor polymers (poly-4SC1, poly-6SC2, and poly-8SC3) (Figure 
S20) and the previously reported 2,2´-alkylenedioxy-tethered 
1,1´-binaphthyl-based molecules[11d,13f] varied only slightly with 
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Figure 6. (a) CPL and normalized PL spectra of poly-4SC1 (i), poly-5SC1 (ii), poly-4RC1 (iii), and poly-5RC1 (iv) in chloroform at 25 °C. 
[Repeating units of polymer] = 0.10 mM. (b) Plots of luminescence dissymmetry factors (|glum!!!!!|) of poly-5SC1 (i), poly-7SC2 (ii), and poly-
9SC3 (iii), which are estimated as average values in the range of 420–430 nm due to the relatively large wavelength-dependent variation, 
versus the Mn value. 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. For the SEC fractionation and the corresponding CPL spectra, see b and d in Figures S15–S17. 
(c) Normalized PL (bottom), CPL (middle), and glum (top) spectra of fractionated high molar-mass poly-5SC1 (i; f1 in Figure S15b), poly-
7SC2 (ii; f2 in Figure S16b), and poly-9SC3 (iii; f1 in Figure S17b) (Mn > 20 × 104) measured in chloroform at 25 °C after SEC fractionation. 
lex = 300 nm. (d) Photographs of poly-5SC1 (i), poly-7SC2 (ii), and poly-9SC3 (iii) in chloroform with 365-nm irradiation. Fluorescence 
quantum yields (FF) are also shown. 
 
 
the tether length, such a significant FF change would be primarily 
relevant to a difference in the secondary structures rather than the 
local structure of the repeating unit.  
    The as-synthesized helical ladder polymers showed clear CPL 
signals (Figures 6a(ii,iv) and S13d(ii,iv)), while almost no or a very 
weak CPL was observed for the precursor polymers (Figures 
6a(i,iii) and S13d(i,iii)) as well as the one-handed twisted ladder-
type model molecules ((S)- and (R)-3C1) (Figure S18b(ii,iv)),[21] 
clearly indicating that the regular helical arrangement of the 
polycyclic aromatic chromophores along the rigid one-handed 
helical ladder scaffolds plays a crucial role in the expression of 
CPL. At sufficiently high molar masses, poly-5SC1 showed a more 
intense CPL than poly-7SC2 and poly-9SC3, and its luminescence 
dissymmetry factor (|glum!!!!!|), estimated as an average value in the 
range of 420–430 nm, reached ca. 2.6 × 10–3 (Figure 6b,c). The 
relatively higher |glum!!!!!| value of poly-5SC1 was reproduced by the 
time-dependent-density functional theory (TD-DFT) calculations 

of the corresponding (M)-handed helical oligomer models (entries 
2–4 in Table S3). The precise secondary structure modulation by 
tuning the binaphthyl dihedral angles in the repeating unit resulted 
in variation of the magnitudes and arrangement of the intrinsic 
magnetic and electric transition dipole moments, thereby leading 
to the optimization of the CPL performance. Considering its high 
FF and |glum| values, poly-5C1 is the most promising CPL material 
among all the reported one-handed helical ladder polymers 
synthesized by the alkyne benzannulations.[18-19,22] 

Conclusion 

We have succeeded in the first defect-free synthesis of the 2,2´-
tethered binaphthyl-embedded helical ladder polymers, which 
could not be achieved in the previous attempt[14] using the 
conventional alkyne benzannulation due to its poor cyclization 
chemoselectivity. We found that the modified alkyne 
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benzannulation of the 6,6´-linked-1,1´-binaphthyl framework 
proceeded in a quantitative and perfect chemoselective manner 
due to the 2,6-dimethyl substituents introduced on the 4-
alkoxyphenyl pendants, which completely suppressed any 
undesired reaction pathways, yielding a series of 2,2´-tethered 
binaphthyl-embedded regular one-handed helical ladder 
polymers with different tether lengths. The well-defined rigid and 
stable helical ladder structures provided the significantly strong 
CD signals, more than 6-fold higher than that of the corresponding 
2,6-dimethyl-lacking polymer with structural defects. In addition, 
the fine-tuning of the helical geometries of the helical ladder 
polymers was achieved based on the rational control of the 
binaphthyl dihedral angles by the replacement of the tethering 
groups, leading to the strong CPL with the high FF (28%) and 
|glum!!!!!| (2.6 × 10–3) values. We believe that the present approach to 
the precise macromolecular helix construction, which combines 
the defect-free ladderization with the simple tether replacement, 
can be further applied to the rational design and targeted 
synthesis of even more diverse and complicated secondary 
structures, leading to the emergence of advanced functions 
related to enantioselective catalysis and chiral recognition found 
in biological systems.   
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