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ABSTRACT: A series of axially chiral peri-xanthenoxanthenes 

(PXXs) were synthesized from BINOL without optical resolution. 

These are the first examples of chiral PXXs. Among them, PXX 5 

with two naphthalene rings connected via a methylenedioxy bridge 

and a chiral axis displayed intense fluorescence (FL) and circularly 

polarized luminescence (CPL) both in solution (FL of 0.72 and 

|glum| of 1.4  10–3) and in the solid state (FL of 0.13 and |glum| of 

4.8  10–3). The bridged structure of PXX 5 adjusts the angle be-

tween the vectors of the electric and magnetic transition dipole mo-

ments, which is essential for showing intense CPL activity. 

Heteroatom-embedded polycyclic aromatic hydrocarbons 

(PAHs) have been actively investigated owing to the unique optical, 

physical, and chemical properties that are often superior to those of 

PAHs themselves.1 Among the heteroatom-embedded PAHs, the 

peri-xanthenoxanthene (PXX) structure (1 in Figure 1), which was 

first reported by Pummerer and co-workers in 1926,2 has recently 

been of research interest because of potential utility in devices such 

as light-emitting diodes, photovoltaic cells, field-effect transistors, 

and rollable displays.1a,3–5 For example, Bonifazi and co-workers 

reported several -extended PXXs with narrow HOMO–LUMO 

gaps.5 In contrast, chiral PXXs have great potential for use in chi-

roptical materials science, but have yet to be reported. 

The development of circularly polarized luminescence (CPL) or-

ganic dyes has been a recent focus of research,6 and CPL dyes are 

recognized to be next-generation materials.7 PXXs are an ideal tar-

get in this research due to their high fluorescence (FL) both in so-

lution and in the solid state.3f,i,j,5b,c Because synthetic methods for 

PXXs are limited and hydroxy group-appended PXXs are highly 

unstable,5c development of CPL-active PXXs is challenging. 

We have developed several CPL-active PAH dyes with axial chi-

rality.8 Among them, naphthalene tetramers have been very useful 

as dyes or chiral scaffolds.8a,b,e We envisioned that axially chiral 

PXXs could be synthesized by application of our previous synthetic 

strategy for naphthalene tetramers. Here, we report fluorescent 

PXXs 2–5 as the first examples of chiral PXXs (Figure 1); 2 and 3 

are PXX dimers with a chiral axis, and PXXs 4 and 5 contain two 

naphthalene rings with two chiral axes. PXXs 2 and 4 possess 

butoxy groups, while 3 and 5 possess methylenedioxy-bridges be-

tween adjacent aryl rings. Among them, PXX 5, which could be 

synthesized from BINOL in only three steps, exhibited intense FL 

and CPL both in solution and in the solid state. Although solid-state 

CPL is advantageous in many applications, such dyes are quite 

rare.8a,b,d,9 The bridged structure in PXX 5 leads to a narrow angle 

between the adjacent aryl rings and is essential for achieving CPL 

activity. 

 

 

 

Figure 1. (a) Chemical structures of PXX (1) and axially chiral 

PXXs 2–5 and (b) photographs of solutions of 1–5 and powdered 

5. Conditions for solutions: 1,4-dioxane, 5.0  10–6 M, rt. The val-

ues in an 1-octanol solution are given in parentheses. 
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Scheme 1. Synthesis of Chiral PXXs 2 and 5 

 
 

PXXs 2–5 had to be synthesized without using hydroxy PXXs as 

intermediates due to their instability.10 The synthetic route to 2 

from (R)-BINOL is shown in Schemes 1a and S1. Mono-ol (R)-6 

was obtained by conventional protection and hydroxylation of (R)-

BINOL (71% in 2 steps). Oxidative coupling11 of (R)-6 gave a dia-

stereomer pair of naphthalene tetramers, (R,R,R)-7 (71%) and 

(R,S,R)-7 (13%), which could be easily separated by silica gel col-

umn chromatography. Subsequent butylation and deprotection af-

forded tetraols 9. The Kamei–Shimada oxidation12 of 9 gave 2 (23–

36%). It should be noted that a pair of diastereomers 9 was con-

verted into a pair of enantiomers 2; (R,R,R)-9 and (R,S,R)-9 were 

converted into (R)-2 and (S)-2, respectively. Dimer 3 was prepared 

by a similar method (Scheme S1). However, dimers 2 and 3 re-

quired a six-step synthesis with relatively low yields due to multi-

ple oxidations in the final step. 

The synthetic route to 5 is shown in Schemes 1b and S2. (R)-10 

was obtained by sequential methylene-bridging and hydroxylation 

of (R)-BINOL (69% in 2 steps). Oxidative coupling of (R)-10 gave 

(R,R,R)-11 (26%) and (R,S,R)-11 (60%). (R,S,R)-11 obtained in a 

larger amount was converted into (R,R)-5 in a high yield (77%). 

Moreover, (R,R)-5 could be obtained from (R)-10 directly, although 

the yield was modest (7%). (R,R)-4 also could be prepared easily 

(Scheme S2). 

Absolute configurations of 7 and 11 were determined by an X-

ray structure of their common derivative, bridged naphthalene te-

tramer 12 (Figure S1). The solubilities of 4 and 5 were higher than 

those of 2 and 3; 3 mg/mL for 1, 0.6 mg/mL for 2, 0.3 mg/mL for 

3, 3 mg/mL for 4, and 2 mg/mL for 5 in CHCl3 at room temperature. 

DFT-optimized structures of PXXs 2–5 are shown in Figure 2.13 

Each aryl ring maintained planarity, and the dihedral angles be-

tween the adjacent aryl rings are completely dependent on the sub-

stituents. The aryl rings of 2 and 4 possessing butoxy groups are 

orthogonal (81–92°), the angles of which are typical for biaryls. In 

contrast, the bridges of 3 and 5 create a cisoid conformation (49°). 

These narrow angles were very close to the corresponding dihedral 

angles of X-ray structures of (R,R)-5 (Figure 3) and (R,S,R)-12 

(Figure S1) (46–48°). DFT calculations suggested that angular 

ranges within 2.7 kcal/mol from the most stable structure were 50–

120° for 2 and 35–65° for 3, indicating that the bridge leads to rigid 

structures (Figure S3). The difference between orthogonal and 

cisoid conformations should lead to different chiroptical character-

istics. It is empirically known that the CPL intensities of binaphthyl 

compounds are correlated with their dihedral angles.8a,c,14 
 

 

Figure 2. DFT-optimized structures and dihedral angles of adjacent ar-

omatic rings of 2–5 at the B3LYP/6-31G(d,p) level. The angles be-

tween the adjacent aryl rings are shown. 

 

 

 

Figure 3. X-ray crystal structure of (R,R)-5. Left: space-filling model. 

Right: ORTEP diagrams (thermal ellipsoids at 50% probability). 

We next analyzed the (chir)optical properties of solutions of 2–

5 (Figures 1b and 4). The absorption edges and the spectral shapes 

of 2 and 4 are very similar to those of 1, suggesting that the adjacent 

aryl rings are electronically independent due to the orthogonal 

twisting (Figure 4b). In contrast, the absorption edges of bridged 

PXXs 3 and 5 were red-shifted by partial conjugation between ad-

jacent aryl rings. Time-dependent (TD) DFT calculations indicated 

the longest absorptions were optically permitted and caused by the 

transition from HOMO to LUMO. Gaps were 3.32 eV for 1, 3.29 

eV for 2, 2.90 eV for 3, 3.28 eV for 4, and 2.99 eV for 5 (Figure 
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S4). The HOMO levels of 1–5 were similar (–4.51 to –4.74 eV) 

while the bridged PXXs 3 and 5 had lower LUMO levels (–1.75 to 

–1.77 eV) than 1, 2, and 4 (–1.23 to –1.41 eV). This is probably due 

to the partial conjugation between adjacent aryl rings in the excited 

state. 

CD intensities of 2–5 differed due to the type and dihedral angles 

of the aromatic rings (Figure 4a). It is noted that the signs at the 

longest absorption wavelength (450–500 nm) of (R)-2 ( = –3) 

and (R)-3 ( = +5) were opposite from each other despite the fact 

that they had the same absolute configuration. Salvadori and co-

workers reported the relationship between the dihedral angle of the 

naphthalene rings and the theoretical CD intensity of 1,1’-binaph-

thyl.15 For PXX dimer 2, we investigated the relationship by TD 

DFT calculations (Figure S5). The CD intensities at the longest 

wavelength signals were significantly affected by the angle, and the 

sign was inverted at the angle of 80°. 

PXXs 2–5 showed light-blue or bluish-green fluorescence with 

high fluorescence quantum yields in 1,4-dioxane (FL,dioxane) of 

0.56–0.89, and they are comparable or superior to 1 (FL,dioxane of 

0.66)3f (Figures 1b and 4d). The em values of 3 and 5 were red-

shifted as compared to those of 2 and 4, respectively, which re-

flected the abs. The Stokes shifts of bridged PXXs 3 (710 cm–1) 

and 5 (600 cm–1) were smaller than those of 2 (1580 cm–1) and 4 

(740 cm–1), suggesting that the bridge leads to rigidity in the excited 

states. Indeed, each of the optimized structures of 3 and 5 in the 

excited states were very similar to those in the ground states (Figure 

S6). Dihedral angles of the biaryls for 2 and 4 are changed some-

what by the excitation; the values of the angle change were 26° for 

2, 4° for 3, 30–34° for 4, and 2° for 5. 

To our delight, the bridged PXXs, (R)-3 and (R,R)-5, displayed 

clear (+)-CPL (Figure 4c). The glum,dioxane values were +1.3  10–3 

for (R)-3 and +1.0  10–3 for (R,R)-5, where the dissymmetry factor 

glum is defined as 2(IL – IR)/(IL + IR); IL and IR represent the intensity 

of left and right CPL, respectively. The signs of the CPL agreed 

with those of the CD at the longest signals, suggesting that the 

ground and excited states have similar conformations. In contrast, 

CPL intensities of 2 and 4 were below the detection limit, strongly 

suggesting that the bridged structure is essential for CPL. When the 

solvent was changed to 1-octanol, the FL,octanol and glum,octanol of 

(R,R)-5 increased to 0.72 and +1.4  10–3, respectively,16 probably 

due to the higher viscosity.3f The CPL and FL intensities were not 

very sensitive to temperature (–10 to 80 °C) (Figure S8). The stable 

CPL and FL are one of the merits for various applications. 

We also investigated the solid-state (well-ground powder) FL 

and CPL properties (Figures 1b, 5, and S9). All PXXs displayed 

yellow or greenish yellow fluorescence with good FL,solid values: 

0.11 for 1, 0.07 for 2, 0.06 for 3, 0.16 for 4, and 0.13 for 5. In com-

parison to the FL of 1, the FLs of 2–5 did not quench greatly or 

instead enhanced. Compounds 2–5 are non-planar with substituents, 

and therefore they avoided efficient stacking with the -plane of 

adjacent molecules. Indeed, the more axes and bulky butoxy groups 

there are, the higher the FL,solid values. In addition, the crystals of 

(R,R)-5 has a herringbone structure, and strong – stacking is not 

observed (Figure S2). (R,R)-5 showed intense CPL with a glum,solid 

value of +4.8  10–3, although the others did not show apparent 

CPL. Again, the bridging structure is important or essential for CPL 

in the solid state. 

 

Figure 4. (a) CD, (b) UV-Vis, (c) CPL, and (d) FL spectra of solutions 

of 1–5. Conditions: 1,4-dioxane, 5.0  10–6 M (5.0  10–5 M for insets), 

20 °C, l = 1 cm, ex = 350 nm. CPL spectra of 2 and 4 are omitted 

because of little or no signal. 

 

 

Figure 5. CPL and FL spectra of 5 in the solid state. Conditions: KBr, 

20 °C, ex = 400 nm. 

 

The glum is theoretically defined as 4(||·|m|·cos m)/(||2 + |m|2), 

where  and m represent the electric and magnetic transition dipole 

moments, respectively, and m represents the angle of vectors be-

tween  and m.17 Therefore, keeping m away from 90° is desira-

ble for the development of excellent organic CPL dyes as demon-

strated by Isobe.17b Calculated m values were 89.5° for 2, 86.2° 

for 3, 86.9° for 4, and 78.0° for 5, suggesting that the bridge leads 

to m smaller than 90° (Figure S7). The cosm of bridged PXXs 

3 and 5 were much larger than those of corresponding non-bridged 

PXXs: 0.009 for 2, 0.063 for 3, 0.054 for 4, and 0.208 for 5, while 

the || and |m| were slightly altered by the bridging (Table 1). As a 
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result, theoretical glum values of 3 and 5 were predicted to be much 

higher than those of 2 and 4, which is qualitatively consistent with 

the experimental results. Controlling the m must be a key factor 

in CPL activity of 3 and 5. 

 

 

Table 1. Transition Dipole Moments and glum Values of 2–5a 

 

compd 
|u|b |m|c 

cosm
d

glum,dioxane

 (10–18 esu·cm) (10–21 erg·G–1) theoretical experimental 

(R)-2 9.29 10.2 0.009 +4.1  10–5 nd 

(R)-3 9.98    7.16 0.063 +1.8  10–4 +1.3  10–3 

(R,R)-4 7.81    2.24 0.054 +6.3  10–5 nd 

(R,R)-5 8.60    3.40 0.208 +3.3  10–4 +1.0  10–3 
aTD DFT calculation at the CAM-B3LYP/6-311+G(2d,p) level with 

the self-consistent reaction field (SCRF) method (1,4-dioxane) using 

the excited-state structures. bThe electric transition moment. cThe mag-

netic transition moment. dm is angle of vectors between  and m. 

 

In conclusion, we developed unprecedented axially chiral PXXs 

2–5. They were synthesized from BINOL without optical resolu-

tion. All PXXs maintained high FL both in solution and in the solid 

state. Among the chiral PXXs, 5 with methylenedioxy bridges was 

synthesized in only three steps and displayed intense CPL both in 

solution and in the solid state. This methylenedioxy bridge is a key 

structure and is essential for achieving CPL activity. This develop-

ment of axially chiral PXXs increases the possibility of the appli-

cation of heteroatom-embedded PAHs to materials using chiropti-

cal characteristics and will lead to new design of more powerful 

CPL materials. 

ASSOCIATED CONTENT  

Supporting Information 

The Supporting Information is available free of charge on the ACS 

Publications website at DOI: . 

 

Synthesis, spectra, and computational details (PDF) 

X-ray crystallographic data for (R,R)-5 (CIF) 

X-ray crystallographic data for (R,S,R)-12 (CIF) 

AUTHOR INFORMATION 

Corresponding Authors 

*E-mail: takaishi@okayama-u.ac.jp (KT) 

*E-mail: ema@cc.okayama-u.ac.jp (TE) 

ORCID 
Kazuto Takaishi: 0000-0003-4979-7375 
Tadashi Ema: 0000-0002-2160-6840 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  

This work was financially supported by the JSPS KAKENHI Grant 

No. JP17K05786, the Hattori Hokokai Foundation, the Foundation 

for Interaction in Science & Technology, and the Wesco Scientific 

Promotion Foundation. We thank Dr. Hiromi Ota (Okayama Uni-

versity) and Dr. Shigeki Mori (Ehime University) for the X-ray 

analyses. 

REFERENCES 

(1) For a review, see: Stępień, M.; Gońka, E.; Żyla, M.; Sprutta, N. Heter-

ocyclic nanographenes and other polycyclic heteroaromatic compounds: 

Synthetic routes, properties, and applications. Chem. Rev. 2017, 117, 3479–

3716. 
(2) Pummerer, R.; Prell, E.; Rieche, A. Binaphthylendioxyd. Ber. Dtsch. 

Chem. Ges. 1926, 59, 2159–2161. 

(3) For selected examples, see: (a) Rasmusson, T.; Martyn, J. P.; Chen, G.; 
Lough, A.; Oh, M.; Yudin, A. K. Aromatic fluorine as a versatile control 

element for the construction of molecules with helical chirality. Angew. 

Chem., Int. Ed. 2008, 47, 7009–7012. (b) Song, C.; Swager, T. M. Conduct-
ing polymers containing peri-xanthenoxanthenes via oxidative cyclization 

of binaphthols. Macromoleclues 2009, 42, 1472–1475. (c) Kobayashi, N.; 

Sasaki, M.; Nomoto, K. Stable peri-xanthenoxanthene thin-film transistors 
with efficient carrier injection. Chem. Mater. 2009, 21, 552–556. (d) Goto, 

O.; Tomiya, S.; Murakami, Y.; Shinozaki, A.; Toda, A.; Kasahara, J.; Ho-

bara, D. Organic single-crystal arrays from solution-phase growth using mi-
cropattern with nucleation control region. Adv. Mater. 2012, 24, 1117–1122. 

(e) Wang, L.; Duan, G.; Ji, Y.; Zhang, H. Electronic and charge transport 

properties of peri-xanthenoxanthene: The effects of heteroatoms and phenyl 
substitutions. J. Phys. Chem. C 2012, 116, 22679–22686. (f) Lv, N.; Xie, 

M.; Gu, W.; Ruan, H.; Qiu, S.; Zhou, C.; Cui, Z. Synthesis, properties, and 

structures of functionalized peri-xanthenoxanthene. Org. Lett. 2013, 15, 
2382–2385. (g) Li, H.; Zhang, F.; Qiu, S.; Lv, N.; Zhao, Z.; Li, Q.; Cui, Z. 

Designing large-plane conjugated copolymers for the high-yield sorting of 

semiconducting single-walled carbon nanotubes. Chem. Commun. 2013, 49, 
10492–10494. (h) Kong, H.; Yang, S.; Gao, H.; Timmer, A.; Hill, J. P.; 

Arado, O. D.; Mönig, H.; Huang, X.; Tang, Q.; Ji, Q.; Liu, W.; Fuchs, H. 

Substrate-mediated C−C and C−H coupling after dehalogenation. J. Am. 
Chem. Soc. 2017, 139, 3669–3675. (i) Al-Aqar, R.; Benniston, A. C.; Har-

riman, A.; Perks, T. Structural dynamics and barrier crossing observed for 
a fluorescent O-doped polycyclic aromatic hydrocarbon. ChemPhotoChem. 

2017, 1, 198–205. (j) Christensen, J. A.; Zhang, J.; Zhou, J.; Nelson, J. N.; 

Wasielewski, M. R. Near-infrared excitation of the peri-xanthenoxanthene 
radical cation drives energy-demanding hole transfer reactions. J. Phys. 

Chem. C 2018, 122, 23364–23370. (k) Xu, N.; Li, Y.; Wu, R.; Zhu, R.; 

Zhang, J.; Zakeeruddin, S. M.; Li, H.; Li, Z.-S.; Grätzel, M.; Wang, P. A 
peri-xanthenoxanthene centered columnar-stacking organic semiconductor 

for efficient, photothermally stable perovskite solar cells. Chem. –Eur. J. 

2019, 25, 945–948. 
(4) For selected international patents, see: (a) Stoessel, P.; Buesing, A.; 

Heil, H. Multicyclic materials for organic electroluminescent devices. Pa-

tent No. WO2008/011964, Jan 31, 2008. (b) Kobayashi, N., Igarashi, E., 
Katsuhara, M. Dioxaanthanthrenes, laminates having their layers, for-

mation of laminates, electronic devices having their layers, and manufacture 

of electronic devices. Patent No. WO2013/054729, Apr 18, 2013. (c) Kariya, 
T. Kitamura, T. Composition for organic semiconductor film formation, or-

ganic semiconductor film, method for producing organic semiconductor 

film, organic semiconductor element and method for manufacturing organic 
semiconductor element. Patent No. WO2016/129479, Feb 3, 2016. (d) 

Yamada, T., Xue, J., Miyata, Y. Fluorescent compound, organic material 

composition, light emitting film, organic electroluminescent element mate-
rial, and organic electroluminescent element. Patent No. WO2018/186462, 

Apr 5, 2018. 

(5) (a) Stassen, D.; Demitri, N.; Bonifazi, D. Extended O-doped polycyclic 
aromatic hydrocarbons. Angew. Chem., Int. Ed. 2016, 55, 5947–5951. (b) 

Miletić, T.; Fermi, A.; Orfanos, I.; Avramopoulos, A.; De Leo, F.; Demitri, 

N.; Bergamini, G.; Ceroni, P.; Papadopoulos, M. G.; Couris, S.; Bonifazi, 
D. Tailoring colors by O annulation of polycyclic aromatic hydrocarbons. 

Chem. –Eur. J. 2017, 23, 2363–2378. (c) Berezin, A.; Biot, N.; Battisti, T.; 

Bonifazi, D. Oxygen-doped zig-zag molecular ribbons. Angew. Chem., Int. 
Ed. 2018, 57, 8942–8946. (d) Papadakis, I.; Bouza, Z.; Stathis, A.; Orfanos, 

I.; Couris, S.; Miletić, T.; Bonifazi, D. Experimental study of the structural 

effect on the nanosecond nonlinear optical response of O-doped polycyclic 
aromatic hydrocarbons. J. Phys. Chem. A 2018, 122, 5142–5152. (e) Sciutto, 

A.; Fermi, A.; Folli, A.; Battisti, T.; Beames, J. M.; Murphy, D. M.; Boni-

fazi, D. Customizing photoredox properties of PXX-based dyes through en-
ergy level rigid shifts of frontier molecular orbitals. Chem. –Eur. J. 2018, 

24, 4382–4389. (f) Sciutto, A.; Berezin, A.; Lo Cicero, M.; Miletić, T.; 

Stopin, A.; Bonifazi, D. Tailored synthesis of N-substituted peri-xan-
thenoxanthene diimide (PXXDI) and monoimide (PXXMI) scaffolds. J. 

Org. Chem. 2018, 83, 13787–13798. 

(6) For reviews on organic CPL dyes, see: (a) Maeda, H.; Bando, Y. Re-
cent progress in research on stimuli-responsive circularly polarized lumi-

nescence based on π-conjugated molecules. Pure Appl. Chem. 2013, 85, 

1967–1978. (b) Sánchez-Carnerero, E. M.; Agarrabeitia, A. R.; Moreno, F.; 
Maroto, B. L.; Muller, G.; Ortiz, M. J.; de la Moya, S. Circularly polarized 

luminescence from simple organic molecules. Chem. –Eur. J. 2015, 21, 

Page 4 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:takaishi@okayama-u.ac.jp
mailto:ema@cc.okayama-u.ac.jp
https://scifinder.cas.org/scifinder/references/answers/23ED62EFX86F350ACX48E43936351D7794BF:23EE24AFX86F350ACX1F94392425D04D6017/4.html?nav=eNpb85aBtYSBMbGEQcXI2NXVyMTRLcLCzM3Y1MDROcLQzdLE2NLIxMjUxcDExczA0ByoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYG5hIEprbiEwZMYy61AisycHR2RFBm7mhkbOLsYmZoYWRhauDhZAF2YUcIg5Bbq4xPv4u8c6uvqFxIfEhngWsLAmZlbkF9UAnRJcSFDHQMz0H4GoGh2bkFQaiGaKGM-nMcIAHyfTXw&key=caplus_2018:1888214&title=Rmx1b3Jlc2NlbnQgY29tcG91bmQsIG9yZ2FuaWMgbWF0ZXJpYWwgY29tcG9zaXRpb24sIGxpZ2h0IGVtaXR0aW5nIGZpbG0sIG9yZ2FuaWMgZWxlY3Ryb2x1bWluZXNjZW50IGVsZW1lbnQgbWF0ZXJpYWwsIGFuZCBvcmdhbmljIGVsZWN0cm9sdW1pbmVzY2VudCBlbGVtZW50&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/23ED62EFX86F350ACX48E43936351D7794BF:23EE24AFX86F350ACX1F94392425D04D6017/4.html?nav=eNpb85aBtYSBMbGEQcXI2NXVyMTRLcLCzM3Y1MDROcLQzdLE2NLIxMjUxcDExczA0ByoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYG5hIEprbiEwZMYy61AisycHR2RFBm7mhkbOLsYmZoYWRhauDhZAF2YUcIg5Bbq4xPv4u8c6uvqFxIfEhngWsLAmZlbkF9UAnRJcSFDHQMz0H4GoGh2bkFQaiGaKGM-nMcIAHyfTXw&key=caplus_2018:1888214&title=Rmx1b3Jlc2NlbnQgY29tcG91bmQsIG9yZ2FuaWMgbWF0ZXJpYWwgY29tcG9zaXRpb24sIGxpZ2h0IGVtaXR0aW5nIGZpbG0sIG9yZ2FuaWMgZWxlY3Ryb2x1bWluZXNjZW50IGVsZW1lbnQgbWF0ZXJpYWwsIGFuZCBvcmdhbmljIGVsZWN0cm9sdW1pbmVzY2VudCBlbGVtZW50&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/23ED62EFX86F350ACX48E43936351D7794BF:23EE24AFX86F350ACX1F94392425D04D6017/4.html?nav=eNpb85aBtYSBMbGEQcXI2NXVyMTRLcLCzM3Y1MDROcLQzdLE2NLIxMjUxcDExczA0ByoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYG5hIEprbiEwZMYy61AisycHR2RFBm7mhkbOLsYmZoYWRhauDhZAF2YUcIg5Bbq4xPv4u8c6uvqFxIfEhngWsLAmZlbkF9UAnRJcSFDHQMz0H4GoGh2bkFQaiGaKGM-nMcIAHyfTXw&key=caplus_2018:1888214&title=Rmx1b3Jlc2NlbnQgY29tcG91bmQsIG9yZ2FuaWMgbWF0ZXJpYWwgY29tcG9zaXRpb24sIGxpZ2h0IGVtaXR0aW5nIGZpbG0sIG9yZ2FuaWMgZWxlY3Ryb2x1bWluZXNjZW50IGVsZW1lbnQgbWF0ZXJpYWwsIGFuZCBvcmdhbmljIGVsZWN0cm9sdW1pbmVzY2VudCBlbGVtZW50&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING


 

13488–13500. (c) Kumar, J.; Nakashima, T.; Kawai, T. Circularly polarized 

luminescence in chiral molecules and supramolecular assemblies. J. Phys. 
Chem. Lett. 2015, 6, 3445–3452. (d) Longhi, G.; Castiglioni, E.; Koshoubu, 

J.; Mazzeo, G.; Abbate, S. Circularly polarized luminescence: A review of 

experimental and theoretical aspects. Chirality 2016, 28, 696–707. (e) 
Tanaka, H.; Inoue, Y.; Mori, T. Circularly polarized luminescence and 

circular dichroisms in small organic molecules: Correlation between 

excitation and emission dissymmetry factors. ChemPhotoChem. 2018, 2, 
386–402. 

(7) For applications of CPL dyes, see: (a) Wagenknecht, C.; Li, C.-M.; 

Reingruber, A.; Bao, X.-H.; Goebel, A.; Chen, Y.-A.; Zhang, Q.; Chen, K.; 
Pan, J.-W. Experimental demonstration of a heralded entanglement source. 

Nat. Photonics 2010, 4, 549–552. (b) Carr, R.; Evans, N. H.; Parker, D. 

Lanthanide complexes as chiral probes exploiting circularly polarized 
luminescence. Chem. Soc. Rev. 2012, 41, 7673–7686. (c) Singh, R.; Unni, 

K. N. N.; Solanki, A.; Deepak. Improving the contrast ratio of OLED 

displays: An analysis of various techniques. Opt. Mater. 2012, 34, 716–723. 
(d) Heffern, M. C.;  Matosziuk, L. M.; Meade, T. J. Lanthanide probes for 

bioresponsive imaging. Chem. Rev. 2014, 114, 4496–4539. (e) Brandt, J. 

R.; Salerno, F.; Fuchter, M. J. The added value of small-molecule chirality 
in technological applications. Nat. Rev. Chem. 2017, 1, 0045. (f) Li, M.; Li, 

S.-H.; Zhang, D.; Cai, M.; Duan, L.; Fung, M.-K.; Chen, C.-F. Stable 

enantiomers displaying thermally activated delayed fluorescence: Efficient 
OLEDs with circularly polarized electroluminescence. Angew. Chem., Int. 

Ed. 2018, 57, 2889–2893. 

(8) (a) Takaishi, K.; Yamamoto, T.; Hinoide, S.; Ema, T. Helical 
oligonaphthodioxepins showing intense circularly polarized luminescence 

(CPL) in solution and in the solid state. Chem. –Eur. J. 2017, 23, 9249–
9252. (b) Takaishi, K.; Takehana, R.; Ema, T. Intense excimer CPL of py-

renes linked to a quaternaphthyl. Chem. Commun. 2018, 54, 1449–1452. (c) 

Takaishi, K.; Yasui, M.; Ema, T. Binaphthyl–bipyridyl cyclic dyads as a 
chiroptical switch. J. Am. Chem. Soc. 2018, 140, 5334–5338. (d) Maeda, 

C.; Nagahata, K.; Takaishi, K.; Ema, T. Synthesis of chiral carbazole-based 

BODIPYs showing circularly polarized luminescence. Chem. Commun. 
2019, 55, 3136–3139. (e) Takaishi, K.; Iwachido, K.; Takehana, R.; 

Uchiyama, M.; Ema, T. Evolving fluorophores into circularly polarized 

luminophores with a chiral naphthalene tetramer: Proposal of excimer 
chirality rule for circularly polarized lumescence. J. Am. Chem. Soc. 2019, 

141, 6185–6190.  

(9) For monomeric dyes with solid-state CPL, see: (a) Amako, T.; Naka-
bayashi, K.; Sudo, A.; Fujiki, M.; Imai, Y. Solid-state circularly polarised 

luminescence of atropisomeric fluorophores embedded in achiral myo-ino-

sitol-containing polyurethanes. Org. Biomol. Chem. 2015, 13, 2913–2917. 
(b) Li, J.; Yang, C.; Huang, C.; Wan, Y.; Lai, W.-Y. Tuning circularly po-

larized luminescence of an AIE-active pyreneluminogen from fluidic solu-

tion to solid thin film. Tetrahedron Lett. 2016, 1256–1260. (c) He, D.-Q.; 
Lu, H.-Y.; Li, Meng, Chen, C.-F. Intense blue circularly polarized lumines-

cence from helical aromatic esters. Chem. Commun. 2017, 53, 6093–6096. 

(d) Taniguchi, A. Kaji, D.; Hara, N.; Murata, R.; Akiyama, S.; Harada, T.; 
Sudo, A.; Nishikawa, H.; Imai, Y. Solid-state AIEnh-circularly polarized 

luminescence of chiral perylene diimide fluorophores. RSC Adv. 2019, 9, 

1976–1981. (e) Yang, C.; Chen, P.; Meng, Y.; Liu, M. Spreading films of 
anthracene-containing gelator molecules at the air/water interface: Nanorod 

and circularly polarized luminescence. Langmuir 2019, 35, 2772–2779. 

(10) Even dihydroxynaphthalene derivatives are unstable under the oxida-

tive conditions, see ref 5a. 
 (11) Smrčina, M.; Pláková, J.; Vyskočil, Š.; Kočovský, P. Synthesis of 

enantiomerically pure binaphthyl derivatives. Mechanism of the enantiose-

lective, oxidative coupling of naphthols and designing a catalytic cycle. J. 
Org. Chem. 1993, 58, 4534–4538. (b) Furuta, T.; Tanaka, K.; Tsubaki, K.; 

Fuji, K. Configurationally defined sexi- and octinaphthalene derivatives: 

Synthesis and optical properties. Tetrahedron 2004, 60, 4431–4441. (c) 
Tsubaki, K.; Tanaka, H.; Takaishi, K.; Miura, M.; Morikawa, H.; Furuta, 

T.; Tanaka, K.; Fuji, K.; Sasamori, T.; Tokitoh, N.; Kawabata, T. J. Org. 

Chem. 2006, 71, 6579–6587. 
(12) Kamei, T.; Uryu, M.; Shimada, T. Cu-catalyzed aerobic oxidative 

C−H/C−O cyclization of 2,2’-binaphthols: Practical synthesis of PXX de-

rivatives. Org. Lett. 2017, 19, 2714–2717. 
(13) DFT calculations were performed using Gaussian16, revision A.03; 

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 

Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, 
H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gom-

perts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J. V.; Izmaylov, A. F.; Son-

nenberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini, F.; Egidi, F.; Go-
ings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, 

V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, 

K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, 
O.; Nakai, H.; Vreven, T.; Throssell, K.; Montgomery, Jr., J. A.; Peralta, J. 

E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N. 

Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, 
K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; 

Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, 
R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.; Gaussian, 

Inc.: Wallingford CT, 2016. 

(14) (a) Kinuta, T.; Tajima, N.; Fujiki, M.; Miyazawa, M.; Imai, Y. Con-
trol of circularly polarized photoluminescent property via dihedral angle of 

binaphthyl derivatives. Tetrahedron 2012, 68, 4791–4796. (b) Wang, Y.; 

Li, Y.; Liu, S.; Li, F.; Zhu, C.; Li, S.; Cheng, Y. Regulating circularly po-
larized luminescence signals of chiral binaphthyl-based conjugated poly-

mers by tuning dihedral angles of binaphthyl moieties. Macromolecules 

2016, 49, 5444–5451. (c) Nojima, Y.; Hasegawa M.; Hara, N.; Imai, Y.; 
Mazaki, Y. Stereogenic cyclic oligonaphthalenes displaying ring size-de-

pendent handedness of circularly polarized luminescence (CPL). Chem. 

Commun. 2019, 55, 2749–2752. 
(15) Bari, L. D.; Pescitelli, C.; Salvadori, P. Conformational study of 2,2’-

homosubstituted 1,1’-binaphthyls by means of UV and CD spectroscopy. J. 

Am. Chem. Soc. 1999, 121, 7998–8004. 
(16) (R)-3 was practically insoluble in 1-octanol. 

(17) (a) Richardson, F. S.; Riehl, J. P. Circularly polarized luminescence 

spectroscopy. Chem. Rev. 1977, 77, 773–792. (b) Sato, S.; Yoshii, A.; 
Takaishi, S.; Furumi, S.; Takeuchi, M.; Isobe, H. Chiral intertwined spirals 

and magnetic transition dipole moments dictated by cylinder helicity. Proc. 

Natl. Acad. Sci. U. S. A. 2017, 114, 13097−13101. (c) Nakakuki, T.; Hirose, 
T.; Matsuda, K. Synthesis of a helical analogue of kekulene: A flexible 

π‑expanded helicene with large helical diameter acting as a soft molecular 

spring. J. Am. Chem. Soc. 2018, 140, 15461–15469. 
 

Page 5 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

6 

 

Insert Table of Contents artwork here 

Page 6 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


