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Abstract: We report the unprecedented synthesis of one-handed 
helical spiro-conjugated ladder polymers with well-defined primary 
and secondary structures, in which the spiro-linked 
dibenzo[a,h]anthracene fluorophores are arranged in a one-handed 
twisting direction, through quantitative and chemoselective acid-
promoted intramolecular cyclizations of random-coil precursor 
polymers composed of chiral 1,1’-spirobiindane and achiral bis[2-(4-
alkoxyphenyl)ethynyl]phenylene units. Intense circular dichroism 
(CD) and circularly polarized luminescence (CPL) were observed, 
whereas the precursor polymers exhibited negligible CD and CPL 
activities. The introduction of 2,6-dimethyl substituents on the 4-
alkoxyphenylethynyl pendants is of key importance for this simple, 
quantitative, and chemoselective cyclization. This strategy is 
applicable to the defect-free precise synthesis of other varieties of fully 
p-conjugated molecules and coplanar ladder polymers that have not 
been achieved before. 

The development of a general and versatile methodology to 
quantitatively produce defect-free fused polycyclic aromatics and 
conjugated ladder-like polymers in a predictable manner has 
attracted significant interest because of their unique physical 
properties and remarkable chemical and thermal stability along 

with promising functions as the next-generation optoelectronic 
materials arising from their rigid and robust frameworks, 
inaccessible from traditional conjugated polymers with significant 
conformational freedom.[1] Recent advances in the polymerization 
followed by efficient functionalization approach enable us to 
produce a variety of conjugated ladder polymers with specific 
functionalities.[2] Among them, an acid-promoted electrophilic 
intramolecular multicyclization (alkyne benzannulation) 
developed by Goldfinger and Swager has proven to be versatile 
for producing a variety of ladder-type molecules and polymers,[3] 
but has not always afforded completely defect-free conjugated 
ladder polymers because of unavoidable side reactions that occur 
during the electrophilic cyclization.[4] On the basis of this acid-
promoted annulative π-extension strategy, we have successfully 
synthesized the first defect-free one-handed helical conjugated 
ladder polymers and their model compounds, using a chiral bulky 
triptycene unit as one of the components.[5] Apart from numerous 
variations in synthetic and biological helical polymers, helical 
conjugated ladder polymers have significant advantages over the 
others for their rigid three-dimensional helical geometry with a 
strictly limited conformational freedom leading to development of 
electronic and photonic devices for sensing and detection of  

 
 
 
 
 
 
 
 
 
 
 
 
                 
 

Figure 1. Schematic illustration of quantitative and chemoselective acid-promoted alkyne benzannulations assisted by introducing the 2,6-dimethyl substituents on 
the 4-alkoxyphenyl pendants to produce defect-free single-handed helical spiro-conjugated (A) and coplanar fully-conjugated (B) ladder polymers. 
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Figure 2. (A) Synthesis of optically-active spiro-conjugated ladder-type molecules ((R)-2) through acid-promoted alkyne benzannulations of (R)-1. (B) Structure of 
(S)-2Me. (C) X-ray crystal structure of (R)-2. Thermal ellipsoids are represented at the 50% probability level. (D) 1H NMR spectra (500 MHz, CDCl3, 25 °C) of (R)-1H 
(i), (R)-1Me (iii), and as-synthesized cyclization products obtained from (R)-1H (ii) and (R)-1Me (iv). For the signal assignments and the corresponding IR spectra, see 
Figures S1–S4 and S5A–D, respectively. Yellow colors in (ii) denote the aromatic protons from the byproduct, (R)-2H-b (see Figures S6 and S7). 

chirality of chiral molecules[6] as well as chiral materials for 
separating enantiomers as chiral packing materials.[5c]  

Spiro-conjugated frameworks have been utilized as 
attractive and useful building blocks for optically-active spiro-
bridged ladder-type oligomers[7] due to the axially chiral spiro 
scaffold, thereby forming unique orthogonally-conjugated chiral 
architecture with intriguing circularly polarized luminescence 
(CPL). Chiral spirobifluorene units were also employed to 
construct optically-active helical ladder-like polymers by Takata 
and co-workers,[8] but these structures were not fully 
characterized. 

We now report the first example of single-handed helical 
spiro-conjugated ladder polymers that can be readily synthesized 
from random-coil precursor polymers containing optically-active 
1,1’-spirobiindane units as a spiro-type chiral linkage in the main 
chain (Figure 1A). During the course of our studies, we found that 
introduction of 2,6-dimethyl substituents on the 4-alkoxyphenyl 
pendants of the precursor polymers enabled complete 
chemoselective intramolecular cyclizations during acid-promoted 
alkyne benzannulations by suppressing undesired reaction 
pathways. Left- and right-handed helical spiro-conjugated ladder 
polymers with well-defined primary and secondary structures 
were thus quantitatively produced, showing characteristic circular 
dichroism (CD) and CPL that were largely different from those of 
the precursor polymers. We also show that this simple, 
quantitative, and chemoselective cyclization approach, assisted 
by introducing the 2,6-dimethyl substituents on the 4-
alkoxyphenyl pendants, can be applicable to the defect-free 
precise synthesis of other polycyclic aromatics and p-conjugated 

ladder polymers composed of fluorene and naphthalene moieties 
(Figure 1B). 

We first examined the feasibility of an acid-promoted 
intramolecular alkyne benzannulation using trifluoroacetic acid 
(TFA) to a chiral 1,1’-spirobiindane-based model unimer, (R)-1H, 
containing two bis[2-(4-alkoxyphenyl)ethynyl]phenylene 
pendants (Figure 2A). However, the reaction of (R)-1H with TFA 
afforded a mixture of the anticipated (R)-2H and a byproduct, (R)-
2H-b, at a ratio of 73:27, as suggested by the 1H NMR spectrum 
of the product mixture (Figures 2D(i,ii) and S6); (R)-2H-b was 
produced through an electrophile-induced intramolecular 
cyclization accompanied by rearrangements of the aryl 
pendants.[9,10] During the course of our studies, we found that the 
introduction of 2,6-dimethyl substituents on the 4-alkoxyphenyl 
pendants of the cyclization precursor, namely, (R)-1Me (Figure 2A), 
allowed the acid-promoted cyclization to proceed perfectly, 
without any side reactions, thus quantitatively and 
chemoselectively producing (R)-2Me as a single product, as 
supported by its simple 1H NMR spectrum (Figure 2D(iii,iv)).[11] 
The structure of 2Me was unambiguously determined by single-
crystal X-ray crystallography (Figure 2C).[12] 

Next, we applied this quantitative and chemoselective 
cyclization to the synthesis of one-handed helical spiro-
conjugated ladder polymers with controlled primary and 
secondary structures. Poly-5RMe, composed of alternating chiral 
1,1’-spirobiindane and achiral bis[2-(4-alkoxy-2,6-
dimethylphenyl)ethynyl]phenylene segments, was synthesized by 
the copolymerization of (R)-3 with 4Me via Suzuki − Miyaura 
coupling (Figure 3A). The number-average molar mass (Mn) of the   
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Figure 3. (A) Synthesis of left-handed helical spiro-conjugated ladder polymer (poly-6RMe) through Suzuki−Miyaura coupling copolymerization of (R)-3 and 4Me, 
followed by quantitative and chemoselective cyclizations of poly-5RMe. (B) 1H NMR spectra (500 MHz, CDCl3, 50 °C) of poly-5RMe (i) and poly-6RMe (ii). For the 
signal assignments, see Figures S8 and S9. (C) Structure of right-handed helical poly-6SMe. (D) Side (i) and top (ii) views of a left-handed helical poly-6RMe structure 
with 12 repeating units optimized by molecular mechanics (MM) calculations (MMFF94s force field). For simplicity, all alkoxy pendants are replaced with methoxy 
groups. The carbon atoms of the helical spiro-conjugated ladder backbone are highlighted in purple. 

resulting poly-5RMe was estimated to be 1.2 × 104 by size-
exclusion chromatography (SEC), which corresponds to a degree 
of polymerization (DP) of ca. 13. Subsequently, poly-5RMe was 
treated with TFA to transform its random-coil conformation to a 
rigid-rod one-handed helical ladder structure (Figure 3A). After 
reaction for 12 h, the ethynyl groups in poly-5RMe were completely 
consumed, as confirmed by IR analysis (Figure S5I,J). The Mn 
and molar-mass dispersity (Mw/Mn) of poly-6RMe (Mn = 1.2 × 104, 
Mw/Mn = 1.3) remained virtually unchanged after cyclization, 
indicating that undesired intermolecular electrophilic aromatic 
additions, which would cause an irregular cross-linked structure, 
did not occur. The matrix-assisted laser desorption-ionization 
time-of-flight mass spectrum of poly-6RMe showed main series of 
peaks over a region of more than 1.0 × 104 m/z with a regular 
interval of approximately 923.3 (m/z) mass, corresponding to the 
molar mass of the repeating unit (Figure S10). The simple 1H 
NMR spectrum of poly-6RMe (Figure 3B(ii)), in which all the proton 
resonances could be unequivocally assigned by 2D NMR analysis 
(Figure S9), supports its regular ladder structure. On the other 
hand, when poly-5RH, which lacks the 2,6-dimethyl substituents, 
was treated with TFA, a spiro-conjugated ladder-like polymer 
(poly-6RH) but with an irregular backbone structure probably 
composed of two different repeating units was produced as shown 
in its complicated 1H NMR spectrum (Figure S11), which is in 

good agreement with the results obtained for the model unimer 
precursors, 1H and 1Me (Figure 2).  

Figure 3D shows a possible helical ladder structure of poly-
6RMe with 12 repeating units optimized by molecular mechanics 
calculations. The axially chiral (R)-spiro repeating linkages with 
the limited conformational freedom inevitably force the formation 
of orthogonally-conjugated dibenzo[a,h]anthracene units in the 
entire ladder polymer backbone in a counterclockwise twisting 
manner, thus producing a rigid-rod left-handed helical ladder 
structure. Obviously, when poly-5SMe was allowed to react with 
TFA, a defect-free ladder polymer, poly-6SMe, with an opposite 
right-handed helical structure was quantitatively formed (Figure 
3C). Rigid-rod one-handed helical structures of the spiro-
conjugated ladder polymers were further supported by their 
chiroptical properties. After cyclization, the optical rotation of the 
ladder polymer (poly-6RMe) showed a large positive value ([a]D25 
+298°), the sign of which was opposite to that of the precursor 
polymer, poly-5RMe ([a]D25 −107°) (Figure 3A). Moreover, the 
helical poly-6RMe and poly-6SMe exhibited intense split-type 
Cotton effects (|Demax| = 318) with mirror images to each other in 
the absorption regions of the dibenzo[a,h]anthracene units (250 
to 400 nm), while the precursor polymers (poly-5RMe and poly-
5SMe) showed negligibly weak CD bands (|Demax| = 11.4) (Figure 
4A). A similar ladderization-induced dramatic CD enhancement   
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Figure 4. (A) CD and absorption spectra of poly-5RMe (i), poly-5SMe (ii), poly-6RMe (iii), and poly-6SMe (iv) in chloroform at 25 °C. (B) Plots of Kuhn’s dissymmetry 
factors at the first Cotton effect (|gabs, 1st|) of poly-6SMe versus the Mn value. For the SEC fractionation and the corresponding CD spectra, see Figure S14. (C) 
Normalized PL (bottom), CPL (middle), and glum (top) spectra of poly-5RMe (i), poly-5SMe (ii), poly-6RMe (iii), and poly-6SMe (iv) in chloroform 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. Inset: Photograph of poly-6RMe in chloroform under irradiation at 365 nm. A fluorescence quantum yield (FF) is also shown. [Polymer] = 5.0 × 10–5 M (calculated 
based on the monomer units). 

 accompanied by a significant change in the optical rotation was 
also observed for the model (R)-2Me and (S)-2Me (Figures 2A,B 
and S12A).[13] The exciton-coupled CD spectral patterns observed 
for poly-6RMe and poly-6SMe (Figure 4A)[14] as well as those for 
their model compounds (R)-2Me and (S)-2Me (Figure S12A) 
suggest the spiro-linked dibenzo[a,h]anthracene chromophore 

units are arranged in right- and left-handed twisting direction, 
respectively. This assignment is consistent with the crystal 
structure of (R)-2Me (Figure 2C). Interestingly, the CD intensity at 
the first Cotton effect (Kuhn’s dissymmetry factor (|gabs,1st|)) of 
poly-6SMe tended to increase with an increase in the Mn and 
reached an almost maximum value at an Mn of ca. 1.7 × 104  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. (A) Synthesis of fully conjugated ladder-type molecules (FL-b and NAP-b) and polymers (poly-FL-bMe and poly-NAP-bMe) through acid-promoted alkyne 
benzannulations of their precursors (FL-a, NAP-a, poly-FL-aMe, and poly-NAP-aMe). (B) 1H NMR spectra (500 MHz, CDCl3 (i–iv and vi) or 1,1,2,2-tetrachloroethane-
d2 (v), 25 °C (i–iv), 80 °C (v), or 50 °C (vi)) of as-synthesized cyclization products obtained from the precursors, FL-aH (i), NAP-aH (ii), FL-aMe (iii), NAP-aMe (iv), poly-
FL-aMe (v), and poly-NAP-aMe (vi). For the signal assignments in (iii)–(vi), see Figures S16–S19, respectively. 1H NMR spectra of the corresponding cyclization 
precursors are shown in Figure S20. Yellow colors in (i) and (ii) denote the aromatic protons from byproducts.  
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(corresponding to approximately 19 repeating units) (Figure 4B); 
its gabs,1st value (2.7 × 10–3) was approximately twice that of the 
unimer model, (S)-2Me (|gabs,1st| = 1.6 × 10–3) (Figure S14C). The 
left- and right-handed helical poly-6RMe and poly-6SMe also 
exhibited clear CPL signals with opposite signs in the 
corresponding fluorescence regions of the spiro p-conjugated 
backbones (Figure 4C).[15] In contrast, the precursor (poly-5RMe 
and poly-5SMe) and defective (poly-6RH) polymers produced 
almost no or very weak CPL signals, respectively (Figures 4C and 
S15). These results reveal a crucial role of the defect-free one-
handed helical spiro-conjugated ladder structure in their 
outstanding chiroptical properties. 

Fluorene- (FL-bMe and poly-FL-bMe) and naphthalene- 
(NAP-bMe and poly-NAP-bMe) based p-conjugated molecules and 
polymers with exquisite ladder structures could also be readily 
synthesized from the corresponding cyclization precursors 
through the quantitative and chemoselective cyclization approach 
only when the two methyl substituents were introduced at the 2,6-
positions on the 4-alkoxyphenyl pendants (Figure 5A and B(iii–
vi)).[16] Again, the acid-promoted alkyne benzannulations of FL-aH 
and NAP-aH without 2,6-dimethyl substituents afforded product 
mixtures (Figure 5B(i,ii)).  

In summary, both right- and left-handed helical spiro-
conjugated ladder polymers with well-defined primary and 
secondary structures, showing noticeable CD and CPL activities, 
were successfully synthesized, for the first time, by taking 
advantage of the versatile acid-promoted alkyne benzannulations 
combined with the rational design of precursor polymers for 
constructing an exquisite helical architecture arising from the 
unique axially chiral spiro skeleton. The present simple, 
quantitative, and chemoselective cyclization relies on the 
introduction of 2,6-dimethyl substituents to the 4-
alkoxyphenylethynyl pendants of the precursor polymers. We 
believe that the present methodology can be further applied to the 
synthesis of not only a novel family of spiro-conjugated ladder 
polymers with a one-handed helical geometry but also a wide 
variety of other fully-conjugated ladder-type molecules and 
polymers with unique helical, coplanar, and zig-zag geometries 
through an appropriate design of chiral and/or achiral monomeric 
units, thus providing a promising class of advanced materials for 
organic electronics/spintronics, gas transport/storage, and (chiral) 
separations.[1,5c,17] Work towards these goals is currently in 
progress and will be reported in due course. 
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