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ABSTRACT: Pure organic materials with the circularly polarized luminescence (CPL) property have attracted significant research 
interests over the past few decades. In this study, a series of axially chiral bibenzo[b]carbazole (BBCz) derivatives were synthesized 
adopting palladium- and iridium-catalyzed direct C–H functionalization reactions as the key steps. These compounds exhibited CPL 
characteristics with considerably large dissymmetry factors up to 2.81×10-2 in the solid state, indicating the formation of well-ordered 
aggregates. The packing structure of BBCz itself was evaluated by X-ray analysis to disclose a strong N–H···π hydrogen bonding 
interaction. 

Optically active poly(hetero)aromatic compounds have been 
a key motif in a wide range of functional molecules because of 
their tremendous utility as electrochemical and photophysical 
materials. A major advantage of pure organic materials is fine-
tuning of the properties by chemical modification. Recently, 
chiroptical functional materials bearing circularly polarized lu-
minescence (CPL)1 characteristics have attracted widespread 
attention for their potential applications in three-dimensional 
displays,2 information storage systems,3 biological probes,4 
photocatalysis,5 etc. A key parameter in developing high-per-
formance CPL materials is dissymmetry factor glum, ranging be-
tween -2 and +2.6 However, the glum value of pure organic mol-
ecules is usually small within the range of 10-5~10-3, and thus 
effective synthetic strategies are in high demand to explore new 
chiral scaffolds. 

Among a series of chiral scaffolds for CPL emitting mole-
cules, axially chiral binaphthyl compounds have been exten-
sively studied because of the availability of both enantiomers in 
low cost and the ease of site-selective functionalization. The 
most common approach is tethering achiral π-conjugated chro-
mophores on the periphery of biaryls.7 On the other hand, axi-
ally chiral CPL active molecules with π-extended poly(het-
ero)aromatic skeletons have been scarce probably because of 
the synthetic difficulty to get them as pure enantiomers.8  Upon 
this concept, we previously achieved the synthesis of chiral 
bisbenzofuro[2,3-b:3′,2′-e]pyridine (BBZFPy) derivatives uti-
lizing the palladium-catalyzed C–H/C–H oxidative coupling re-
action,9 embedding the hydroxy groups of 1,1’-bi-2-naphtol 
(BINOL) into the polyaromatic scaffolds (Scheme 1a).10 These 
compounds exhibited CPL characteristics, and unique aggrega-
tion-induced improvement of the glum value up to 6.68 × 10-3 
was observed. 

Scheme 1. Synthesis of Binaphthyl-Based Polyaromatic Com-
pounds via the Direct C–H Functionalization 
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Meanwhile, a limited number of CPL active compounds have 

been developed based on 1,1’-bi-2-naphthylamine (BINAM),11 
an amine analog of BINOL. We thus envisioned that the assem-
bly of nitrogen-based π-conjugated chromophores embedding 
the amine groups into the polyaromatic system would produce 
new chiroptical materials. Actually, indole and carbazole deriv-
atives have been known as potent blue-emitting organic fluoro-
phores. Herein, we report the synthesis of bibenzo[b]carbazole 
(BBCz) derivatives as a new-class of axially chiral lumines-
cence materials (Scheme 1b). These compounds exhibited CPL 
characteristics with considerably large dissymmetry factors in  



 

 
Figure 1. Absorption (dotted line) and fluorescence (solid line) spectra of 3a, 3b, 3c, and 5 were measured as CHCl3 solutions (1.0 × 10−5 
M, blue) and in solid states (red). CD and CPL spectra were measured as CHCl3 solutions (1.0 × 10-5 M) or in solid states. 

 

the solid state. The molecular structure and packing system 
were evaluated by X-ray crystallographic analyses. 

The target compounds were synthesized from the commer-
cially available BINOL in five steps (Scheme 2). 

 
Scheme 2. Synthesis of BBCz Derivatives 3 
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According to the literature procedure,12 BINOL was con-
verted to the corresponding diamine (BINAM). After acetyla-
tion, the palladium-catalyzed direct C–H arylation reported by 
Stahl13,14 was adopted to install aryl groups at C3 and C3’ posi-
tions to give 1a–1c. The free diamines 2a–2c were then recov-
ered by basic treatment.  To our delight, the cyclized BBCz de-
rivatives 3a–3c were obtained in 20~73% yields as optically 
pure compounds by utilizing the iridium-catalyzed intramolec-
ular amination protocol,15 which we previously developed.16 
The lower yield of 3a is probably due to its low solubility. On 
the other hand, palladium-catalyzed cyclization of 1a was not 
successful,17 giving 3a in only a negligible amount. The struc-
tures of 3 were unambiguously determined by X-ray analyses 
(CCDC 2052728, 2052729, and 2052730). 

Additionally, a pyridine analogue of 3a was prepared 
(Scheme 3). BINAM was treated with 2,3-dibromopyridine in 
the presence of a Pd(OAc)2/PPh3 catalyst to afford the precursor 
4 in high yields. The intramolecular direct coupling was then 
effected to produce the corresponding bibenzo[f]pyrido[2,3-
b]indoles (BBPI) as a pair of pure enantiomers.18 

Next, we evaluated the optical and chiroptical properties of 
the synthesized poly-aromatic molecules. The results are sum-
marized in Figure 1 and Table 1.19 Both BBCz (3a–3c) and 



 

BBPI (5) are significantly emissive, exhibiting blue fluores-
cence with moderate to high quantum yields (0.37~0.68) upon 
excitation. The circular dichroism (CD) spectra showed appar-
ent Cotton signals which are characteristic to axially chiral com-
pounds. The pair of enantiomers apparently draws a mirror im-
age of each other with anisotropy factors gabs of in 10−4 to 10−3 
order. 

 
Scheme 3. Synthesis of BBPI Derivatives 5 
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Table 1. Summary of Optical Properties 

 Ф (soln.)
a gabs (soln.)

 a glum (soln.)
 a Ф (solid) glum (solid) 

3a 0.38 1.18 × 10-4 -- 0.17 2.81 × 10-2 

3b 0.68 4.42 × 10-4 -- 0.14 6.30 × 10-3 

3c 0.37 1.14 × 10-4 -- 0.04 1.73 × 10-3 

5 0.41 3.35 × 10-3 3.90 × 10-4 0.05 -- 

a Measured as CHCl3 solution (1.0 × 10−5 M). 

 
The BBCz derivatives 3 did not produce clear mirror images 

in their circularly polarized luminescence (CPL) spectra as 
CHCl3 solutions. In sharp contrast, these compounds are obvi-
ously CPL active in the solid state, and the substituents at C3 
and C3’ positions considerably affect the luminescence prop-
erty. The benchmark BBCz 3a (R = H) showed a remarkably 
large glum value of 2.81 × 10-2 even though it is rather a simple 
axially chiral molecule. A relatively smaller glum value of 6.30 
× 10-3 was given to 3b (R = t-Bu). For these two compounds, 
the (S)-isomers displayed left-handed CPL characteristics for 
their fluorescence emission bands, whereas the (R)-isomers 
emitted right-handed CPL. Intriguingly, the installation of OMe 
groups to the carbazole core (3c) resulted in the inversion of 
CPL signals. This is possibly because of the change in their ag-
gregate structures (see below).20 We also investigated the CPL 
activity of BBPI 5. This compound displayed a mirror image 
more clearly than those of 3 as the CHCl3 solution; however, 
the spectrum in the solid state was indistinct.  

The fact that BBCz derivatives 3 possess substantial dissym-
metry factors in the solid state indicates the carbazole ring is an 
effective motif to consolidate the formation of well-ordered ag-
gregates.21 Accordingly, we evaluated the interaction within 
their packing structures by X-ray crystallography (Figure 2). 
The crystal structure of 3a was underpinned by a characteristic 
N–H···π hydrogen bond (ca. 2.66 Å) as well as two C–H···π 
hydrogen bonds (Figure 2, top). Such a strong N–H···π interac-
tion has been frequently found in the crystal structure of carba-
zole derivatives,22 and it is notable that the stabilization effect 

of N–H···π interactions is generally higher than that of C–H···π 
interactions.23 On the other hand, no N–H···π hydrogen bond-
ing was found between the neighboring molecules of 3b and 3c, 
respectively. The tert-butyl BBCz 3b formed 1:1 co-crystals 
with chloroform,24 and no obvious intermolecular C–H···π in-
teraction was observed between aromatic moieties (Figure 2, 
middle). The methoxy BBCz 3c exhibited a strong N–H···O in-
teraction (2.48 Å) and two C–H···π hydrogen bonds (Figure 2, 
bottom). Because the unit cell of 3c was occupied with two in-
dependent molecules, two torsion angles of each structure (68° 
and 62°) are shown. As exemplified herein, different driving 
forces to consolidate each packing system may greatly affect 
their chiroptical properties. Therefore, the developed synthetic 
method, which can systematically and efficiently construct var-
ious axially chiral carbazole derivatives, would be highly valu-
able to explore new organic CPL materials. We also attempted 
to evaluate the crystal structure of 5 but not successful after nu-
merous trials. 

 

 
Figure 2. ORTEP drawings with each binaphthyl torsion angle 
(left) and short contact in molecular packing models (right) of 
BBCz derivatives 3a (top), 3b (middle), and 3c (bottom). 

In conclusion, we synthesized new axially chiral BBCz de-
rivatives adopting palladium-catalyzed direct C–H arylation 
and iridium-catalyzed direct C–H amination reactions. These 
compounds exhibited CPL characteristic with considerably 
large dissymmetry factors up to 2.81 × 10-2 in the solid state. 
The molecular structure and packing system were evaluated by 
X-ray crystallographic analyses to find a strong N–H···π hydro-
gen bonding interaction within 3a. Further study on the synthe-
sis and CPL characteristics of binaphthyl-fused polyaromatic 
compounds is currently underway in our group. 

ASSOCIATED CONTENT  

Supporting Information 



 

The Supporting Information is available free of charge on the ACS 
Publications website. 
• Experimental procedures, additional spectroscopic data, product 
identification data, and copy of NMR spectra (PDF) 
• Crystallographic data for 3a (CIF) 
• Crystallographic data for 3b (CIF) 
• Crystallographic data for 3c (CIF) 

AUTHOR INFORMATION 

Corresponding Author 
* y_nishii@chem.eng.osaka-u.ac.jp 
* miura@chem.eng.osaka-u.ac.jp 
Notes 
  The authors declare no competing financial interest. 

ACKNOWLEDGMENT  
This work was supported by JSPS KAKENHI Grant No. JP 
19K15586 (Grant-in-Aid for Young Scientists) to Y.N. and JP 
17H06092 (Grant-in-Aid for Specially Promoted Research) to 
M.M. 

REFERENCES 
(1) For selected recent reviews, see: (a) Sánchez-Carnerero, E. 

M.; Agarrabeitia, A. R.; Moreno, F.; Maroto, B. L.; Muller, 
G.; Ortiz, M. J.; de la Moya, S. Chem. Eur. J. 2015, 21, 13488–
13500. (b) Tanaka, H.; Inoue, Y.; Mori, T. ChemPhotoChem 
2018, 2, 386–402. (c) Chen, N.; Yan, B. Molecules 2018, 23, 
3376. (d) Ma, J.-L.; Peng, Q.; Zhao, C.-H. Chem. Eur. J. 2019, 
25, 15441–15454. (e) Sang, Y.; Han, J.; Zhao, T.; Duan, P.; 
Liu, M. Adv. Mater. 2020, 32, 1900110. (f) Albano, G.; Pesci-
telli, G.; Bari, L. D. Chem. Rev. 2020, 120, 10145–10243.  

(2) (a) Riehl, J. P.; Richardson, F. S. J. Chem. Phys. 1976, 65, 
1011–1021. (b) Schadt, M. Annu. Rev. Mater. Sci. 1997, 27, 
305–379. (c) Zinna, F.; Giovanella, U.; Bari, L. D. Adv. Mater. 
2015, 27, 1791–1795. 

(3) (a) Sherson, J. F.; Krauter, H.; Olsson, R. K.; Julsgaard, B.; 
Hammerer, K.; Cirac, I.; Polzik, E. S. Nature 2006, 443, 557–
560. (b) Sankar, D.; Palanisamy, P. K.; Manickasundaram, S.; 
Kannan, P. Opt. Mater. 2006, 28, 1101–1107. (c) 
Wagenknecht, C.; Li, C. M.; Reingruber, A.; Bao, X. H.; Goe-
bel, A.; Chen, Y. A.; Zhang, Q. A.; Chen, K.; Pan, J. W. Nat. 
Photonics 2010, 4, 549–552. (d) Yang, Y.; da Costa, R. C.; 
Fuchter, M. J.; Campbell, A. J. Nat. Photonics 2013, 7, 634–
638. 

(4) For reviews, see: (a) Carr, R.; Evans, N. H.; Parker, D. Chem. 
Soc. Rev. 2012, 41, 7673–7686. (b) Heffern, M. C.; Matosziuk, 
L. M.; Meade, T. J. Chem. Rev. 2014, 114, 4496– 4539. 

(5) (a) Sato, I.; Sugie, R.; Matsueda, Y.; Furumura, Y.; Soai, K. 
Angew. Chem., Int. Ed. 2004, 43, 4490– 4492. (b) Tang, Y.; 
Cohen, A. E. Science 2011, 332, 333–336 (c) Kim, J.; Lee, J.; 
Kim, W. Y.; Kim, H.; Lee, S.; Lee, H. C.; Lee, Y. S.; Seo, M.; 
Kim, S. Y. Nat. Commun. 2015, 6, 6959. (d) He, C.; Yang, G.; 
Kuai, Y.; Shan, S.; Yang, L.; Hu, J.; Zhang, D.; Zhang, Q.; 
Zou, G. Nat. Commun. 2018, 9, 5117.  

(6) The dissymmetry factor is defined as follows: glum = 2 × (IL - 
IR)/(IL + IR), where IL and IR are respectively the intensity of 
left- and right-handed circularly polarized light. 

(7) For selected examples, see: (a) Langhals, H.; Hofer, A.; Bern-
hard, S.; Siegel, J. S.; Mayer, P. J. Org. Chem. 2011, 76, 990–
992. (b) Sawada, Y.; Furumi, S.; Takai, A.; Takeuchi, M.; No-
guchi, K.; Tanaka, K. J. Am. Chem. Soc. 2012, 134, 4080–
4083. (c) Amako, T.; Kimoto, T.; Tajima, N.; Fujiki, M.; Imai, 
Y. RSC Adv. 2013, 3, 6939–6944. (d) Kumar, J.; Nakashima, 
T.; Tsumatori, H.; Kawai, T. J. Phys. Chem. Lett. 2014, 5, 
316–321. (e) Sánchez-Carnerero, E. M.; Moreno, F.; Maroto, 
B. L.; Agarrabeitia, A. R.; Ortiz, M. J.; Vo, B. G.; Muller, G.; 
de la Moya, S. J. Am. Chem. Soc. 2014, 136, 3346–3349. (f) 

Kono, Y.; Nakabayashi, K.; Kitamura, S.; Kuroda, R.; Fujiki, 
M.; Imai, Y. Tetrahedron 2015, 71, 3985–3989. (g) Li, F.; 
Wang, Y.; Sheng, Y.; Wei, G.; Cheng, Y.; Zhu, C. RSC Adv. 
2015, 5, 105851–105854. (h) Kitamura, S.; Nakabayashi, K.; 
Wakabayashi, T.; Tajima, N.; Fujiki, M.; Imai, Y. RSC Adv. 
2015, 5, 67449–67453. (i) Feuillastre, S.; Pauton, M.; Gao, L.; 
Desmarchelier, A.; Riives, A. J.; Prim, D.; Tondelier, D.; Ge-
ffroy, B.; Muller, G.; Clavier, G.; Pieters, G. J. Am. Chem. Soc. 
2016, 138, 3990–3993 (j) Takaishi, K.; Iwachido, K.; Take-
hana, R.; Uchiyama, M.; Ema, T. J. Am. Chem. Soc. 2019, 141, 
6185–6190. 

(8) (a) Hassan, K.; Yamashita, K.-I.; Hirabayashi, K.; Shimizu, 
T.; Nakabayashi, K.; Imai, Y.; Matsumoto, T.; Yamano, A.; 
Sugiura, K.-I. Chem. Lett. 2015, 44, 1607–1609. (b) Yang, W.; 
Bam, R.; Catalano, V. J.; Chalifoux, W. A. Angew. Chem., Int. 
Ed. 2018, 57, 14773–14777.  (a) Liza, U. A.; Sugiura, K.-I. 
Synthesis 2020, 52, 3452–3460. 

(9) For a comprehensive review of the oxidative C–H/C–H cou-
pling reaction, see: Yang, Y.; Lan, J.; You, J. Chem. Rev. 2017, 
117, 8787–8863. 

(10) Takishima, R.; Nishii, Y.; Hinoue, T.; Imai, Y.; Miura, M. 
Beilstein J. Org. Chem. 2020, 16, 325–336. 

(11) For examples of BINAM-based CPL materials, see: (a) Kawai, 
T.; Kawamura, K.; Tsumatori, H.; Ishikawa, M.; Naito, M.; 
Fujiki, M.; Nakashima, T. ChemPhysChem 2007, 8, 1465–
1468. (b) Hirata, S.; Vacha, M. J. Phys. Chem. Lett. 2016, 7, 
1539–1545. (c) Han, J.; Duan, P.; Li, X.; Liu, M. J. Am. Chem. 
Soc. 2017, 139, 9783–9786. (d) Zhao, T.; Han, J.; Jin, X.; Liu, 
Y.; Liu, M.; Duan, P. Angew. Chem., Int. Ed. 2019, 58, 4978–
4982. (e) Gao, X.; Qin, X.; Yang, X.; Li, Y.; Duan, P. Chem. 
Commun. 2019, 55, 5914–5917. 

(12) Chang, X.; Zhang, Q.; Guo, C. Org. Lett. 2019, 21, 4915–4918. 
(13) Scarborough, C. C.; McDonald, R. I.; Hartmann, C.; Sazama, 

G. T.; Bergant, A.; Stahl, S. S. J. Org. Chem. 2009, 74, 2613–
2615. 

(14) For selected reviews of direct arylation, see: (a) Alberico, D.; 
Scott, M. E.; Lautens, M. Chem. Rev. 2007, 107, 174−238. (b) 
McGlacken, G. P.; Batemana, L. M. Chem. Soc. Rev. 2009, 38, 
2447–2464. (c) Ackermann, L.; Vicente, R.; Kapdi, A. Angew. 
Chem., Int. Ed. 2009, 48, 9792–9826. 

(15) For a review of direct C–H amination, see: Park, Y.; Kim, Y.; 
Chang, S. Chem. Rev. 2017, 117, 9247–9301. 

(16) Suzuki, C.; Hirano, K.; Satoh, T.; Miura, M. Org. Lett. 2015, 
17, 1597–1600. 

(17) For seminal works, see: (a) Tsang, W. C. P.; Zheng, N.; Buch-
wald, S. L. J. Am. Chem. Soc. 2005, 127, 14560–14561. (b) 
Tsang, W. C. P.; Munday, R. H.; Brasche, G.; Zheng, N.; 
Buchwald, S. L. J. Org. Chem. 2008, 73, 7603–7610. 

(18) Laha, J. K.; Petrou, P.; Cuny, G. D. J. Org. Chem. 2009, 74, 
3152–3155. 

(19) See also Table S1 in the Supporting Information. 
(20) Sign Inversion of CPL in biaryl compounds has been reported. 

For selected examples, see:  (a) Kimoto, T.; Amako, T.; Ta-
jima, N.; Kuroda, R.; Fujiki, M.; Imai, Y. Asian J. Org. Chem. 
2013, 2, 404–410. (b) Sheng, Y.; Shen, D.; Zhang, W.; Zhang, 
H.; Zhu, C.; Cheng, Y. Chem. Eur. J. 2015, 21, 13196–13200. 
(c) Okazaki, M.; Mizusawa, T.; Nakabayashi, K.; Yamashita, 
M.; Tajima, N.; Harada, T.; Fujiki, M.; Imai, Y. J. Photochem. 
Photobiol. A 2016, 331, 115–119. 

(21)  (a)  Xiong, J.-B.; Feng, H.-T.; Sun, J.-P.; Xie, W.-Z.; Yang, 
D.; Liu, M.; Zheng, Y.-S. J. Am. Chem. Soc. 2016, 138, 
11469–11472. (b) Shen, C.; Gan, F.; Zhang, G.; Ding, Y.; 
Wang, J.; Wang, R.; Crassous, J.; Qiu, H. Mater. Chem. Front. 
2020, 4, 837–844. 

(22) For recent examples, see: (a) Gu, Y.; Wang, K.; Dai, Y.; Xiao, 
G.; Ma, Y.; Qiao, Y.; Zou, B.  J. Phys. Chem. Lett. 2017, 8, 
4191−4196.  (b) Jiang, H.; Hu, P.;  Ye, J.; Chaturvedi, A.; 
Zhang, K. K.; Li, Y.; Long, Y.; Fichou, D.; Kloc, C.; Hu, W. 
Angew. Chem., Int. Ed. 2018, 57, 8875–8880. 



 

(23) (a) Vaupel, S.; Brutschy, B.; Tarakeshwar, P.; Kim, K. S. J. 
Am. Chem. Soc. 2006, 128, 5416–5426. (b) Mohan, N.; Vi-
jayalakshmi, K. P.; Koga, N.; Suresh, C. H. J. Comput. Chem. 
2010, 31, 2874–2882. (c) Alberti, M.; Aguilar, A.; Huarte-
Larranaga, F.; Lucas, J. M.; Pirani, F. J. Phys. Chem. A. 2014, 
118, 1651–1662. (d) Wang, J.; Yao, L. Sci. Rep. 2019, 9, 
20149. 

(24) We attempted the crystallization of 3b with various solvents; 
however, the solvent-free crystal was not obtained. The crys-
tals of 3c contains disordered n-hexane molecules which are 
treated as a diffuse contribution to the overall scattering by 
squeeze. 

 
 


