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General 

 

  All reactions were carried out under an argon atmosphere. All commercially available 

compounds were used without further purification unless otherwise indicated. Dry toluene was 

obtained by distillation from CaH2 prior to use. Column chromatography was performed on silica 

gel 60N (KANTO KAGAKU, spherical neutral) of particle size 40-50 ɛm or WakogelÈ 60N 

(neutral) of particle size 38-100 ɛm. 1H and 13C NMR spectra were recorded on a BRUKER 

AscendTM 400 (1H/400 MHz and 13C/100 MHz) spectrometer. IR spectra were measured on a 

Shimadzu IRAffinity-1S spectrophotometer using the attenuated total reflection (ATR) mode. 

Mass spectra were recorded on a JMS-T100GCV spectrometer in FD mode by Dr. Eri Fukushi 

and Mr. Yusuke Takata (GC-MS & NMR Laboratory, Research Faculty of Agriculture, Hokkaido 

University). Melting points were measured on a Stanford Research Systems OptiMelt MPA100 

and are uncorrected. UV-vis-NIR spectra were recorded on a Hitachi U-2910 spectrophotometer. 

UV/Vis diffuse reflectance measurements were recorded using a JASCO V-770 spectrometer 

(JASCO) with an integration sphere. A JASCO FP-8500 fluorescence spectrometer was used to 

collect excitation and emission spectra at room temperature. The absolute photoluminescence 

quantum yields (FF) were calculated using the C9920-02 absolute photoluminescence quantum 

yields measurement system (Hamamatsu photonics). Time-resolved photoluminescence lifetimes 

were measured using a time-correlated single-photon counting lifetime spectroscopy system, 

Quantaurus-Tau C11367-02 (Hamamatsu photonics). PXRD data were collected at room 

temperature using a Rigaku SmartLab system (Rigaku) diffractometer with a copper K-alpha 

source. Redox potentials (Eox and Ered) were measured on a BAS ALS-600A by cyclic 

voltammetry in dry DMF containing 0.1 M Bu4NBF4 as a supporting electrolyte. All of the values 

shown in the text are in E/V vs. SCE measured at the scan rate of 0.1 V s1. Pt electrodes were 

used as the working (disk) and counter electrodes. The working electrode was polished using a 

water suspension of aluminum oxide (0.05 ɛm) before use. DFT calculations were performed 

with the Gaussian 16W program package.[1] The geometries of the compounds were optimised by 

using the B3LYP method in combination with the 6-31G* basis set unless otherwise indicated. 
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Experimental Section 

 

Synthetic procedures 

 

Scheme S1. Preparation of 1, I, III, and IV. 
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2,3,6,7-Tetraphenyl-1,4,5,8-tetraaza-9,10-anthraquinone (3) 

 

A mixture of 2,3,5,6-tetraamino-1,4-benzoquinone 2[2] (1.26 g, 7.50 mmol) and benzil (15.8 g, 

75.0 mmol) in 95% CH3COOH aq. (263 mL) was stirred at 25  for 44 h. Then, the precipitates 

were collected by filtration, washed with water and EtOH, and dried in vacuo to give a 3 (3.63 g) 

as a yellow powder in 94% yield.  

1H NMR data were identical to those in literature.[3]  

 

11,11,12,12-Tetrabromo-2,3,6,7-tetraphenyl-1,4,5,8-tetraaza-9,10-anthraquinodimethane 

(4) 

 

A mixture of CBr4 (82.65 g, 8.00 mmol) and PPh3 (4.20 g, 16.0 mmol) in dry CH2Cl2 (20 mL) 

was stirred at 26  for 1 h, and then 2,3,6,7-tetraphenyl-1,4,5,8-tetraaza-9,10-anthraquinone 3 

(1.03 g, 2.00 mmol) was added to the mixture at 0 . After warming to 26 , the mixture was 

stirred at 26  for 19 h. After diluting with water, the reaction mixture was extracted with CH2Cl2 

three times. The combined organic layers were washed with water and brine, and dried over 

anhydrous MgSO4. After filtration, the solvent was concentrated under reduced pressure. The 

crude product was washed with CH2Cl2 until the filtrate becomes colourless, and the residue was 

dried in vacuo to give 4 (1.48 g) as a white powder in 89 %. The resulting filtrate was concentrated 

under reduced pressure, and purified by column chromatography on silica gel (CH2Cl2) to give 4 

(101 mg) as a white powder in 6% yield (total 1.58 g, 95%). 

1H NMR data were identical to those in literature.[4]  

 

2,3,6,7,11,11,12,12-Octaphenyl-1,4,5,8-tetraaza-9,10-anthraquinodimethane (1a) 

 

A mixture of 11,11,12,12-tetrabromo-2,3,6,7-tetraphenyl-1,4,5,8-tetraaza-9,10-
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anthraquinodimethane 4 (108 mg, 130 ɛmol), phenylboronic acid (95.7 mg, 785 ɛmol), K2CO3 

(144 mg, 1.04 mmol) and Pd(PPh3)4 (15.6 mg, 13.5 ɛmol) in a mixture of toluene (6 mL), EtOH 

(0.6 mL) and water (0.6 mL) was stirred at 120  for 8 h. After cooling to 26 , the reaction 

mixture was extracted with EtOAc three times. The combined organic layers were washed with 

water and brine, and dried over anhydrous MgSO4. After filtration, the solvent was concentrated 

under reduced pressure. The crude product was purified by column chromatography on silica gel 

(hexane/EtOAc = 10) to give 1a (99.0 mg) as a red solid in 93% yield. 

1H NMR data were identical to those in literature.[4] 

 

11,11,12,12-Tetrakis(4-methylphenyl)-2,3,6,7-tetraphenyl-1,4,5,8-tetraaza-9,10-

anthraquinodimethane (1b) 

 

A mixture of 11,11,12,12-tetrabromo-2,3,6,7-tetraphenyl-1,4,5,8-tetraaza-9,10-

anthraquinodimethane 4 (828 mg, 1.00 mmol), tris(4-methylphenyl)boroxine (708 mg, 2.00 

mmol), K2CO3 (1.11 g, 8.00 mmol) and Pd(PPh3)4 (57.8 mg, 50.0 ɛmol) in a mixture of toluene 

(10 mL), EtOH (1 mL) and water (1 mL) was stirred at 120  for 21 h. After cooling to 25 , 

the reaction mixture was extracted with CH2Cl2 three times. The combined organic layers were 

washed with water and brine, and dried over anhydrous Na2SO4. After filtration, the solvent was 

concentrated under reduced pressure. The crude product was purified by column chromatography 

on silica gel (hexane/CH2Cl2 = 1) to give 4 (863 mg) as a wine red solid in 99% yield. 

Mp: 254.3-260.1  (decomp); 1H NMR (400 MHz, CDCl3): ŭ/ppm 7.19-7.10 (20H, m), 7.04 

(8H, t, J = 7.6 Hz), 6.71 (8H, d, J = 7.6 Hz), 2.45 (12H, s); 13C NMR (100 MHz, CDCl3): ŭ/ppm 

151.64, 146.06, 144.01, 141.39, 137.83, 137.68, 131.30, 129.82, 128.70, 128.30, 127.61, 127.56, 

21.43; IR (ATR): ɜ/cm-1 3056, 3021, 2917, 2862, 1603, 1572, 1517, 1503, 1478, 1450, 1400, 1372, 

1310, 1266, 1205, 1180, 1115, 1090, 1075, 1032, 1005, 922, 881, 845, 818, 808, 791, 783, 773, 

761, 735, 693, 952, 639, 617, 601, 581, 544, 502, 487, 479; LR-MS(FD) m/z (%): 873.34 (28), 

873.33 (73), 872.33 (M+, bp); HR-MS (FD) Calcd. for C64H48N4: 872.38790; Found: 872.38885. 
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11,11,12,12-Tetrakis(4-fluorophenyl)-2,3,6,7-tetraphenyl-1,4,5,8-tetraaza-9,10-

anthraquinodimethane (1c) 

 

A mixture of 11,11,12,12-tetrabromo-2,3,6,7-tetraphenyl-1,4,5,8-tetraaza-9,10-

anthraquinodimethane 4 (828 mg, 1.00 mmol), tris(4-fluorophenyl)boroxine (732 mg, 2.00 mmol), 

K2CO3 (1.11 g, 8.00 mmol) and Pd(PPh3)4 (57.8 mg, 50.0 ɛmol) in a mixture of toluene (10 mL), 

EtOH (1 mL) and water (1 mL) was stirred at 120  for 24 h. After cooling to 24 , the reaction 

mixture was extracted with CH2Cl2 three times. The combined organic layers were washed with 

water and brine, and dried over anhydrous Na2SO4. After filtration, the solvent was concentrated 

under reduced pressure. The crude product was purified by column chromatography on silica gel 

(hexane/CH2Cl2 = 1) to give 1c (742 mg) as a yellow solid in 83% yield. 

 Mp: 274.4-280.0 ϴ (decomp); 1H NMR (400 MHz, CDCl3): ŭ/ppm 7.25-7.18 (12H, m), 7.12 

(8H, t, J = 7.8 Hz), 7.04 (8H, t, J = 8.7 Hz), 6.82 (8H, d, J = 7.8 Hz); 13C NMR (100 MHz, CDCl3): 

ŭ/ppm 162.68 (d, JC-F = 247 Hz), 149.11, 147.24, 141.86, 141.26 (d, JC-F = 4.0 Hz), 137.54, 132.81 

(d, JC-F = 8.0 Hz), 129.55, 128.75, 128.54, 127.86, 115.04 (d, JC-F = 21 Hz); IR (ATR): ɜ/cm-1 

3052, 3041, 3000, 2982, 1731, 1596, 1500, 1452, 1398, 1368, 1314, 1296, 1221, 1174, 1153, 1116, 

1101, 1074, 1049, 1030, 1015, 940, 920, 882, 830, 810, 797, 788, 772, 762, 756, 741, 695, 638, 

633, 619, 611, 594, 587, 573, 543, 525, 508, 501, 471; LR-MS(FD) m/z (%): 890.24 (25), 889.24 

(69), 888.24 (M+, bp); HR-MS (FD) Calcd. for C60H36F4N4: 888.28761; Found: 888.28895. 

 

11,11,12,12-Tetrakis(4-chlorophenyl)-2,3,6,7-tetraphenyl-1,4,5,8-tetraaza-9,10-

anthraquinodimethane (1d) 

 

A mixture of 11,11,12,12-tetrabromo-2,3,6,7-tetraphenyl-1,4,5,8-tetraaza-9,10-

anthraquinodimethane 4 (828 mg, 1.00 mmol), tris(4-chlorophenyl)boroxine (830 mg, 2.00 

mmol), K2CO3 (1.11 g, 8.00 mmol) and Pd(PPh3)4 (57.8 mg, 50.0 ɛmol) in a mixture of toluene 

(10 mL), EtOH (1 mL) and water (1 mL) was stirred at 80  for 24 h. After cooling to 24 , the 

reaction mixture was extracted with CH2Cl2 three times. The combined organic layers were 
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washed with water and brine, and dried over anhydrous Na2SO4. After filtration, the solvent was 

concentrated under reduced pressure. The crude product was purified by column chromatography 

on silica gel (hexane/CH2Cl2 = 1) to give 1d (740 mg) as an orange solid in 78% yield. 

 Mp: 300.1-303.2  (decomp); 1H NMR (400 MHz, CDCl3): ŭ/ppm 7.33 (8H, d, J = 8.4 Hz), 

7.22 (4H, d, J = 7.4 Hz), 7.16 (8H, d, J = 8.4 Hz), 7.13 (8H, t, J = 7.4 Hz), 6.75 (8H, d, J = 7.4 

Hz); 13C NMR (100 MHz, CDCl3): ŭ/ppm 148.65, 147.47, 144.43, 141.20, 137.29, 133.92, 132.21, 

129.54, 128.86, 128.64, 128.44, 127.92; IR (ATR): ɜ/cm-1 3058, 3046, 2986, 2955, 2926, 1583, 

1520, 1484, 1451, 1396, 1374, 1269, 1205, 1179, 1118, 1085, 1030, 1012, 1004, 920, 880, 843, 

827, 810, 804, 791, 785, 766, 734, 692, 665, 642, 631, 617, 598, 545, 530, 521, 507, 490, 454; 

LR-MS(FD) m/z (%): 959.12 (10), 958.12(23), 957.12 (37), 956.12 (66), 955.12 (67), 954.12 (bp), 

953.13 (49), 952.12 (M+, 70); HR-MS (FD) Calcd. for C60H36Cl4N4: 952.16941; Found: 

952.16801. 

 

11,11,12,12-Tetrabromo-9,10-anthraquinodimethane (6) 

 

To a solution of 9,10-anthraquinone 5 (4.18 g, 20.1 mmol) and CBr4 (17.7 g, 53.4 mmol) in dry 

CH2Cl2 (300 mL) was added PPh3 (27.4 g, 104 mmol) at 26 . After stirring at 26  for 14.5 h, 

the precipitates were filtered and washed with CH2Cl2. The resulting filtrate was extracted with 

CH2Cl2 three times. The combined organic layers were washed with water and brine, and dried 

over anhydrous MgSO4. After filtration, the solvent was concentrated under reduced pressure. 

The crude product was purified by column chromatography on silica gel (hexane) to give 6 (8.44 

g) as a colourless crystal in 81% yield. 

1H NMR data were identical to those in literature.[5] 

 

11,11,12,12-Tetraphenyl-9,10-anthraquinodimethane (I) 

 

 A mixture of 11,11,12,12-tetrabromo-9,10-anthraquinodimethane 6 (130 mg, 250 ɛmol), 

phenylboronic acid (183 mg, 1.50 mmol), K2CO3 (277 mg, 2.00 mmol) and Pd(PPh3)4 (14.5 mg, 

12.5 ɛmol) in a mixture of toluene (3 mL), EtOH (0.3 mL) and water (0.3 mL) was stirred at 
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120  for 24 h. After cooling to 25 , the reaction mixture was extracted with EtOAc three 

times. The combined organic layers were washed with water and brine, and dried over anhydrous 

MgSO4. After filtration, the solvent was concentrated under reduced pressure. The crude product 

was purified by column chromatography on silica gel (hexane/EtOAc = 30) to give I (118 mg) as 

an orange solid in 93% yield. 

1H NMR data were identical to those in literature.[6]  

 

1,4,5,8-Tetraaza-9,10-anthraquinone (7) 

 

A mixture of 2,3,5,6-tetraamino-1,4-benzoquinone 2 (1.01 g, 6.00 mmol) and glyoxal (40% in 

water, 13.7 mL, 120 mmol) in 95% CH3COOH aq. (210 mL) was stirred at 25  for 69 h. After 

stirring, the precipitates were collected by filtration and washed with water. The residue was 

redissolved in EtOH (50 mL) and stirred at 80  for 1 h, and the solution was filtered to give a 7 

(882 mg) as a gray solid in 69% yield.  

1H NMR data were identical to those in literature.[7]  

 

11,11,12,12-Tetrabromo-1,4,5,8-tetraaza-9,10-anthraquinodimethane (8) 

 

A mixture of CBr4 (4.07 g, 12.3 mmol) and PPh3 (6.44 g, 24.6 mmol) in dry CH2Cl2 (50 mL) was 

stirred at 25  for 1 h, and then 1,4,5,8-tetraaza-9,10-anthraquinone 7 (1.00 g, 4.72 mmol) was 

added to the mixture at 0 . After warming to 25 , the mixture was stirred at 25  for 16 h. 

After diluting with water, the precipitates were filtered and washed with CHCl3. The resulting 

filtrate was extracted with CHCl3 three times. The combined organic layers were washed with 

water and brine, and dried over anhydrous MgSO4. After filtration, the solvent was concentrated 

under reduced pressure. The crude product was purified by column chromatography on silica gel 

(hexane/EtOAc/CHCl3 = 4/1/4) to give 8 (467 mg) as a white solid in 19% yield. 

1H NMR data were identical to those in literature.[8]  
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11,11,12,12-Tetraphenyl-1,4,5,8-tetraaza-9,10-anthraquinodimethane (III) 

 

 A mixture of 11,11,12,12-tetrabromo-1,4,5,8-tetraaza-9,10-anthraquinodimethane 8 (81.4 mg, 

155 ɛmol), phenylboronic acid (114 mg, 933 ɛmol), K2CO3 (172 mg, 1.24 mmol) and Pd(PPh3)4 

(9.1 mg, 7.9 ɛmol) in a mixture of toluene (3 mL), EtOH (0.3 mL) and water (0.3 mL) was stirred 

at 120  for 7 h. After cooling to 24 , the reaction mixture was extracted with CH2Cl2 three 

times. The combined organic layers were washed with water and brine, and dried over anhydrous 

MgSO4. After filtration, the solvent was concentrated under reduced pressure. The crude product 

was purified by column chromatography on silica gel (hexane/EtOAc = 3) to give III (54.3 mg) 

as an orange solid in 68% yield. 

1H NMR data were identical to those in literature.[8]  

 

2,3,6,7-Tetraphenyl-9,10-anthraquinone (10) 

 

A mixture of 1,4-benzoquinone 9 (216 mg, 2.00 mmol), 4-hydroxy-3,4-diphenylcyclopent-2-en-

1-one (1.00 g, 4.00 mmol) and p-toluenesulfonic acid monohydrate (19.0 mg, 100 ɛmol) in 

CH3COOH (55 mL) was stirred at reflux for 15 h. After cooling to 26 , the mixture was diluted 

with water and extracted with CH2Cl2 three times. The combined organic layers were washed with 

water, saturated NaHCO3 aq. and brine, and dried over anhydrous MgSO4. After filtration, the 

solvent was concentrated under reduced pressure. The crude product was purified by column 

chromatography on silica gel (hexane/CH2Cl2 = 1) to give 10 (143 mg) as a yellow powder in 

14% yield. 

1H NMR data were identical to those in literature.[9]  
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11,11,12,12-Tetrabromo-2,3,6,7-tetraphenyl -9,10-anthraquinodimethane (11) 

 

A mixture of CBr4 (265 mg, 799 ɛmol) and PPh3 (412 mg, 1.60 mmol) in dry toluene (2 mL) was 

stirred at 24  for 1 h. To the suspension was added 2,3,6,7-tetraphenyl-9,10-anthraquinone 10 

(102 mg, 200 ɛmol), and the mixture was heated at reflux for 6 h. After cooling to 24 , the 

reaction mixture was diluted with water, and extracted with CH2Cl2 three times. The combined 

organic layers were washed with water and brine, and dried over anhydrous MgSO4. After 

filtration, the solvent was concentrated under reduced pressure. The crude product was purified 

by column chromatography on silica gel (hexane/CH2Cl2 = 1) to give 11 (164 mg) as a white 

powder in 99% yield. 

 Mp: >400 ; 1H NMR (400 MHz, CDCl3): ŭ/ppm 7.96 (4H, s), 7.25-7.18 (12H, m), 7.17-7.09 

(8H, m); 13C NMR (100 MHz, CDCl3): ŭ/ppm 140.57, 139.43, 138.75, 134.90, 129.85, 129.81, 

128.05, 126.94, 90.67; IR (ATR): ɜ/cm-1 3077, 3050, 3021, 2959, 2926, 2862, 1726, 1600, 1576, 

1539, 1494, 1467, 1381, 1279, 1262, 1182, 1122, 1074, 1026, 1000, 960, 909, 783, 769, 746, 697, 

650, 622, 614, 585, 564, 536, 521, 503; LR-MS(FD) m/z (%): 827.76 (24), 826.77 (32), 824.77 

(44), 823.76 (bp), 822.77 (30), 821.77 (66), 819.77 (M+, 17); HR-MS (FD) Calcd. for C40H24Br4: 

819.86115; Found: 819.86086. 

 

2,3,6,7,11,11,12,12-Octaphenyl-9,10-anthraquinodimethane (IV) 

 

A mixture of 11,11,12,12-tetrabromo-2,3,6,7-tetraphenyl-9,10-anthraquinodimethane 11 (124 

mg, 150 ɛmol), phenylboronic acid (110 mg, 901 ɛmol), K2CO3 (166 mg, 1.20 mmol) and 

Pd(PPh3)4 (8.70 mg, 7.50 ɛmol) in a mixture of toluene (3 mL), EtOH (0.3 mL) and water (0.3 

mL) was stirred at 120  for 24 h. After cooling to 25 , the reaction mixture was extracted 

with EtOAc three times. The combined organic layers were washed with water and brine, and 

dried over anhydrous MgSO4. After filtration, the solvent was concentrated under reduced 

pressure. The crude product was purified by column chromatography on silica gel (hexane/EtOAc 

= 20) to give IV (98.0 mg) as a pale-yellow powder in 80% yield. 

 Mp: 297.6-298.9 ; 1H NMR (400 MHz, CDCl3): ŭ/ppm 7.47 (8H, dd, J = 1.3, 7.4 Hz), 7.30 
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(8H, t, J = 7.4 Hz), 7.20 (4H, tt, J = 1.3, 7.4 Hz), 7.10-6.99 (12H, m), 7.07 (4H, s), 6.65 (8H, dd, 

J = 1.4, 7.3 Hz); 13C NMR (100 MHz, CDCl3): ŭ/ppm 142.51, 141.17, 140.58, 137.56, 136.61, 

134.63, 130.41, 129.77, 129.66, 128.33, 127.39, 126.72, 126.05; IR (ATR): ɜ/cm-1 3077, 3055, 

3020, 1599, 1576, 1490, 1472, 1464, 1442, 1383, 1243, 1179, 1155, 1073, 1030, 1001, 980, 964, 

925, 917, 905, 777, 769, 754, 747, 719, 697, 644, 624, 616, 596, 576, 537, 506, 475; LR-MS(FD) 

m/z (%): 814.32 (27), 813.31 (73), 812.31 (M+, bp), 406.66 (11), 406.16 (M2+, 16); HR-MS (FD) 

Calcd. for C64H44: 812.34430; Found: 812.34621. 
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NMR spectra of new compounds 
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Figure S1. (a) 1H NMR and (b) 13C NMR spectra of 1b in CDCl3. 
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Figure S2. (a) 1H NMR and (b) 13C NMR spectra of 1c in CDCl3. 
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Figure S3. (a) 1H NMR and (b) 13C NMR spectra of 1d in CDCl3. 
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Figure S4. (a) 1H NMR and (b) 13C NMR spectra of 11 in CDCl3. 
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Figure S5. (a) 1H NMR and (b) 13C NMR spectra of IV in CDCl3. 
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X-ray Analyses 

 

Crystal structures 

 

 

 

 

 

Figure S6. ORTEP drawings of 1a [(a) F-form in CH2Cl2 solvate (recrystallised from 

CH2Cl2/hexane), (b) F-form in CHCl3 solvate (recrystallised from CHCl3/EtOH), and (c) T-form 

without crystallisation solvent (recrystallised from CH2Cl2/EtOH)]. The solvent molecules are 

omitted for clarity. Thermal ellipsoids are shown at the 50% probability level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. ORTEP drawings of 1b [(a) F-form in 2EtOH solvate (recrystallised from 

EtOAc/EtOH), (b) P-form in H2O solvate (recrystallised from EtOAc/EtOH), (c) P-form in 

CH2Cl2 solvate (recrystallised from CH2Cl2/hexane), (d) P-form in 0.5CHCl3 solvate 

(recrystallised from CHCl3/EtOH), (e) TF-form in 0.5CH2Cl2 solvate (recrystallised from 

CH2Cl2/hexane), (f) TF-form in 0.5hexane solvate (recrystallised from EtOAc/hexane), (g) TF-

form in 0.5EtOAc solvate (recrystallised from EtOAc/EtOH), (h) TF-form in CH2Cl2 solvate 

(recrystallised from CH2Cl2/EtOH), and (i) T-form without crystallisation solvent (recrystallised 

from EtOAc/hexane)]. The solvent molecules are omitted for clarity. Thermal ellipsoids are 

shown at the 50% probability level.  
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Figure S8. ORTEP drawings of 1c [(a) F-form in EtOAc solvate (recrystallised from EtOAc), (b) 

F-form in 0.25CH2Cl2 solvate (recrystallised from CH2Cl2/hexane) (c) F-form in 1.25CH2Cl2 

solvate (recrystallised from CH2Cl2/EtOH), (d) F-form in 2CHCl3 solvate (recrystallised from 

CHCl3/EtOH), (e) F-form (mol-1) and semi-P-form (mol-2) in H2O solvate (recrystallised from 

CHCl3/hexane), (f) TP-form in CHCl3 solvate (recrystallised from CHCl3/hexane), (g) TP-form 

(mol-1 and mol-2) in CH2Cl2 solvate (recrystallised from CH2Cl2/hexane), (h) TP-form (mol-1 

and mol-2) in EtOH solvate (recrystallised from EtOAc/EtOH), and (i) TF-form in CHCl3 solvate 

(recrystallised from CHCl3/hexane)]. The solvent molecules are omitted for clarity. Thermal 

ellipsoids are shown at the 50% probability level. 
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Figure S9. ORTEP drawings of 1d [(a) P-form (mol-1 and mol-2) CHCl3 in solvate (recrystallised 

from CHCl3/EtOH), (b) P-form in CH2Cl2 solvate (recrystallised from CH2Cl2/hexane), (c) TF-

form in CHCl3 solvate (recrystallised from CHCl3/hexane), and (d) T-form without crystallisation 

solvent (recrystallised from CHCl3/hexane)]. The solvent molecules are omitted for clarity. 

Thermal ellipsoids are shown at the 50% probability level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S10. ORTEP drawings of (a) III [F-form (mol-1 and mol-2) without crystallisation solvent 

(recrystallised from CHCl3/hexane)], and (b) IV [F-form (mol-1, mol-2, and mol-3) without 

crystallisation solvent (recrystallised from CH2Cl2/hexane)]. The solvent molecules are omitted 

for clarity. Thermal ellipsoids are shown at the 50% probability level. 
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Crystal Data 

 

Method  

A suitable crystal was selected and measured on a Rigaku XtaLAB Synergy (Cu-Ka radiation, 

l = 1.54184 ¡) with HyPix diffractometer. The crystal was kept at 150 K during data collection. 

Using Olex2,[10] the structure was solved with the SHELXT[11] structure solution program using 

Intrinsic Phasing and refined with the SHELXL[12] refinement package using Least Squares 

minimization. 

 

Table S1. Crystal data of III, IV, and 1a. 

 

 III  IV (a) F-form (b) F-form (c) T-form 

Recrystallisation solvent CHCl3/hexane CH2Cl2/hexane CH2Cl2/hexane CHCl3/EtOH CH2Cl2/EtOH 

Colour and shape Yellow block Colourless plate Yellow plate Yellow plate Red block 

Solvate Non Non CH2Cl2 CHCl3 None 

Empirical formula  C36H24N4 C64H44 C61H42N4Cl2 C61H41N4Cl3 C60H40N4 

Formula weight 512.59 812.99 901.88 936.33 816.96 

Temperature/K 150 150 150 150 150 

Crystal system triclinic triclinic monoclinic monoclinic triclinic 

Space group P-1 P-1 P21/n P21/n P-1 

a [Å] 9.93699(14) 10.81378(14) 16.5930(3) 16.58736(14) 9.75804(18) 

b [Å]  13.4375(2) 19.7207(2) 16.7981(3) 17.18100(13) 10.24335(19) 

c [Å] 20.7105(3) 32.0682(4) 17.4925(3) 17.25022(14) 12.5631(2) 

Ŭ [Á] 100.7714(13) 87.3043(10) 90 90 109.5893(17) 

ɓ [Á] 95.4569(12) 80.5761(11) 100.4761(18) 101.0383(8) 92.4238(15) 

ɔ [Á] 102.2024(12) 88.2988(10) 90 90 114.6339(18) 

Volume [Å3] 2629.12(7) 6737.26(15) 4794.45(16) 4825.14(7) 1050.81(4) 

Z 4 6 4 4 1 

ɟcalcg [cm3] 1.295 1.202 1.249 1.289 1.291 

ɛ [mm-1] 0.6 0.515 1.559 2.066 0.582 

Crystal size [mm3] 
0.2 ú 0.15 ú 

0.1 

0.3 ú  0.1 ú 

0.05 
0.2 × 0.1 × 0.05 0.6 × 0.5 × 0.05 0.4 × 0.2 × 0.2 

Reflections collected 31474 85233 31137 31612 11871 

Independent reflections 10588  27336  9524 9741 4276 

Rint 0.0339 0.0332 0.0708 0.0311 0.0251 

Data/restraints/parameters 10588/0/721 27336/0/1729 9524/0/604 9741/0/613 4276/0/289 

GOF 1.035 1.032 1.158 1.54 1.034 

R1 [I>=2ů (I)] 0.0613 0.0645 0.1134 0.0961 0.0436 

wR2 [I>=2ů (I)] 0.1668 0.1753 0.2821 0.3134 0.1136 

R1 [all data] 0.0664 0.0702 0.1534 0.1003 0.0458 

wR2 [all data] 0.1720 0.1806 0.3074 0.3248 0.1155 

CCDC 2176740 2176741 2176742 2176743 2176744 
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Table S2. Crystal data of 1b. 

 

 
(a) F-

form 

(b) P-

form 

(c) P-

form 

(d) P-

form 

(e) TF-

form 

(f) TF-

form 

(g) TF-

form 

(h) TF-

form 

(i) T-

form 

Recrystallisation 

solvent 

EtOAc/

EtOH 

EtOAc/

EtOH 

CH2Cl2/

hexane 

CHCl3/ 

EtOH 

CH2Cl2/

hexane 

EtOAc/ 

hexane 

EtOAc/

EtOH 

CH2Cl2/

EtOH 

EtOAc/ 

hexane 

Colour and 

shape 

Yellow 

plate 

Orange 

plate 

Orange 

plate 

Orange 

plate 

Reddish

-orange 

plate 

Reddish

-orange 

block 

Reddish

-orange 

plate 

Reddish

-orange 

plate 

Red 

plate 

Solvate 2EtOH H2O CH2Cl2 
0.5CHCl

3 

0.5CH2

Cl2 

0.5hexa

ne 

0.5EtOA

c 
CH2Cl2 None 

Empirical 

formula  

C68H60N

4O2 

C64H50N

4O 

C65H50N

4Cl2 

C64.5H48.5

N4Cl1.5 

C64.5H49

ClN4 

C67H55N

4 

C66H52N

4O 

C65H50Cl

2N4 

C64H48N

4 

Formula weight 965.2 891.08 957.99 932.75 915.52 916.15 917.11 957.99 873.06 

Temperature/K 150 150 150 150 150 150 150 150 150 

Crystal system 
monocli

nic 

monocli

nic 

monocli

nic 

monocli

nic 
triclinic triclinic triclinic triclinic 

monocli

nic 

Space group P21/n P21/n P21/n P21/n P-1 P-1 P-1 P-1 I2/a 

a [Å] 
13.7381

0(16) 

13.0186(

7) 

13.0605

5(8) 

13.1532

7(10) 

13.8714(

3) 

13.8366(

2) 

13.8378

4(18) 

13.8559(

4) 

28.1936(

3) 

b [Å]  
19.2903(

2) 

15.5503(

6) 

15.9366

4(9) 

15.8059

4(9) 

14.3596(

3) 

14.3012(

2) 

14.3149(

3) 

14.3395(

3) 

5.66772(

5) 

c [Å] 
20.7162(

3) 

25.0921(

8) 

24.8247

0(16) 

25.1230

1(16) 

15.5180(

4) 

15.4141(

3) 

15.3314(

2) 

15.2345(

3) 

32.3675(

3) 

Ŭ [Á] 90 90 90 90 
87.623(2

) 

73.7712(

15) 

73.8179(

14) 

73.943(2

) 
90 

ɓ [Á] 
105.087

1(12) 

103.288(

4) 

102.652

1(6) 

102.274

0(7) 

70.622(2

) 

71.2750(

16) 

71.4192(

12) 

71.145(2

) 

107.839

2(11) 

ɔ [Á] 90 90 90 90 
61.366(2

) 

61.2700(

17) 

61.3275(

16) 

61.450(3

) 
90 

Volume [Å3] 
5300.81(

11) 

4943.7(4

) 

5041.58(

5) 

5103.68(

6) 

2533.36(

11) 

2504.14(

9) 

2496.59(

8) 

2488.83(

13) 

4923.45(

9) 

Z 4 4 4 4 2 2 2 2 4 

ɟcalcg [cm3] 1.209 1.197 1.262 1.214 1.2 1.215 1.22 1.278 1.178 

ɛ [mm-1] 0.562 0.549 1.511 1.245 1.008 0.539 0.558 1.531 0.526 

Crystal size 

[mm3] 

0.5 × 0.1 

× 0.02 

0.2 × 

0.05 × 

0.02 

0.5 × 0.2 

× 0.03 

0.4 × 0.2 

× 0.05 

0.8 × 0.4 

× 0.1 

0.4 × 0.2 

× 0.15 

0.3 × 0.2 

× 0.03 

0.6 × 0.2 

× 0.03 

0.6 × 0.1 

× 0.05 

Reflections 

collected 
35360 35436 34101 34613 30266 28717 29691 30911 17160 

Independent 

reflections 
10752 10077 10179 10384 10267 10106 10091 10236 4926 

Rint 0.0378 0.1381 0.0262 0.0189 0.0512 0.0330 0.0203 0.0416 0.0218 

Data/restraints/

parameters 

10752/0/

675 

10077/0/

625 

10179/0/

653 

10384/0/

653 

10267/0/

662 

10106/0/

645 

10091/0/

657 

10236/0/

645 

4926/0/3

09 

GOF 1.016 1.023 1.045 1.065 1.038 1.044 1.034 1.034 1.069 

R1 [I>=2ů (I)] 0.0487,  0.0888,  0.0516,  0.0725 0.0880 0.0480 0.0479 0.0718 0.0446 

wR2 [I>=2ů (I)] 0.1270 0.2273 0.1413 0.2231 0.2615 0.1283 0.1367 0.2030 0.1160 

R1 [all data] 0.0596 0.1802 0.0549 0.0755 0.0931 0.0514 0.0507 0.0770 0.0463 

wR2 [all data] 0.1343 0.2836 0.1443 0.2264 0.2679 0.1315 0.1397 0.2083 0.1175 

CCDC 2176745 2176746 2176747 2176748 2176749 2176750 2176751 2176752 2176753 
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Table S3. Crystal data of 1c. 

 

 

(a) F-

form 

(b) F-

form 

(c) F-

form 

(d) F-

form 

(e) F-

form + 

semi-P-

form 

(f) TP-

form 

(g) TP-

form 

(h) TP-

form 

(i) TF-

form 

Recrystallisatio

n solvent 

EtOAc CH2Cl2/

hexane 

CH2Cl2/

EtOH 

CHCl3/ 

EtOH 

CHCl3/ 

hexane 

CHCl3/ 

hexane 

CH2Cl2/

hexane 

EtOAc/

EtOH 

CHCl3/ 

hexane 

Colour and 

shape 

Yellow 

block 

Yellow 

plate 

Yellow 

plate 

Yellow 

plate 

Orange 

plate 

Red 

needle 

Red 

needle 

Red 

needle 

Reddish-

orange 

plate 

Solvate EtOAc 
0.25CH2

Cl2 

1.25CH2

Cl2 
2CHCl3 H2O CHCl3 CH2Cl2 EtOH CHCl3 

Empirical 

formula  

C64H44N

4O2F4 

C60.25H36.

5Cl0.5F4N

4 

C61.25H38.

5Cl2.5F4N

4 

C62H38Cl

6F4N4 

C60H38F4

N4O 

C61H37Cl

3F4N4 

C61H38Cl

2F4N4 

C62H42F4

N4O 

C61H37N

4F4Cl3 

Formula weight 977.03 910.16 995.08 1127.66 906.94 1008.29 973.85 934.99 1008.29 

Temperature/K 150 150 150 150 150 150 150 150 150 

Crystal system 
monocli

nic 

monocli

nic 

monocli

nic 

monocli

nic 
triclinic 

monocli

nic 

monocli

nic 

monocli

nic 
triclinic 

Space group P21/n P21/n P21/n P21/n P-1 C2/c P21/n P21/n P-1 

a [Å]  
12.7508

3(13) 

12.6622

2(15) 

12.7522(

3) 

12.8660

4(12) 

13.3387(

4) 

25.6556(

5) 

25.5002(

17) 

25.5161(

2) 

10.1200

9(13) 

b [Å]  
22.3845(

2) 

21.9556(

3) 

22.7801(

8) 

24.1764(

2) 

16.6099(

5) 

9.8373(2

) 

9.7673(4

) 

9.80781(

8) 

13.5095(

2) 

c [Å] 
17.8818

6(15) 

17.6375(

2) 

17.1545(

6) 

17.2873

1(17) 

18.4931(

6) 

40.0763(

7) 

40.489(4

) 

39.5463(

4) 

18.6161(

3) 

Ŭ [Á] 90 90 90 90 
108.333(

3) 
90 90 90 

102.756

8(13) 

ɓ [Á] 
98.8812(

9) 

99.1661(

11) 

97.596(3

) 

99.5946(

9) 

94.699(2

) 

96.4440(

18) 

95.796(7

) 

94.5123(

9) 

97.5345(

12) 

ɔ [Á] 90 90 90 90 
105.688(

3) 
90 90 90 

91.2272(

12) 

Volume [Å3] 
5042.66(

8) 

4840.72(

11) 

4939.6(3

) 

5302.07(

9) 

3681.3(2

) 

10050.6(

3) 

10032.9(

12) 

9866.08(

15) 

2457.54(

6) 

Z 4 4 4 4 3 8 8 8 2 

ɟcalcg [cm3] 1.287 1.249 1.338 1.413 1.227 1.333 1.289 1.259 1.363 

ɛ [mm-1] 0.72 0.929 1.929 3.449 0.685 2.142 1.648 0.696 2.19 

Crystal size 

[mm3] 

0.4 × 0.4 

× 0.2 

1.0 × 0.7 

× 0.1 

0.4 × 0.2 

× 0.1 

0.3 × 0.2 

× 0.05 

0.3 × 0.1 

× 0.02 

0.4 × 

0.04 × 

0.03 

0.7 × 

0.02 × 

0.02 

0.8 × 

0.05 × 

0.03 

0.5 × 

0.25 × 

0.1 

Reflections 

collected 
32543 29221 30617 32287 41870 30470 62192 61118 29396 

Independent 

reflections 
10208 9726 9950 10723 14790 9912 20204 19771 9922 

Rint 0.0228 0.0659 0.0303 0.0304 0.0299 0.0341 0.1222 0.0282 0.0360 

Data/restraints/

parameters 

10208/0/

657 

9726/0/6

23 

9950/0/6

66 

10723/0/

685 

14790/0/

932 

9912/0/6

92 

20204/0/

1334 

19771/0/

1279 

9922/0/6

49 

GOF 1.04 1.075 1.086 1.013 1.036 1.036 1.088 1.044 1.064 

R1 [I>=2ů (I)] 0.0670 0.0756 0.1064 0.1052 0.0527 0.0914 0.1267 0.0796 0.0854 

wR2 [I>=2ů (I)] 0.1951 0.2183 0.2531 0.3110 0.1451 0.2775 0.3382 0.2347 0.2582 

R1 [all data] 0.0700 0.0817 0.1123 0.1109 0.0609 0.1044 0.2382 0.0998 0.0898 

wR2 [all data] 0.1979 0.2248 0.2561 0.3170 0.1508 0.2920 0.4033 0.2561 0.2632 

CCDC 2176754 2176755 2176756 2176757 2176758 2176759 2176760 2176761 2176762 
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Table S4. Crystal data of 1d. 

 

 (a) P-form (b) P-form (c) TF-form (d) T-form  

Recrystallisation solvent CHCl3/EtOH CH2Cl2/hexane CHCl3/hexane CHCl3/hexane 

Colour and shape 
Orange plate Orange plate Reddish-orange 

plate 

Red needle 

Solvate CHCl3 CH2Cl2 CHCl3 None 

Empirical formula  C61H37N4Cl7 C61H38N4Cl6 C61H37Cl7N4 C60H36N4Cl4 

Formula weight 1074.09 1039.65 1074.09 954.73 

Temperature/K 150 150 150 150 

Crystal system triclinic monoclinic triclinic orthorhombic 

Space group P-1 P21/n P-1 P21212 

a [Å] 13.2185(5) 13.13701(8) 13.8192(2) 17.5899(5) 

b [Å]  15.7122(5) 15.53185(9) 14.2692(2) 24.5607(6) 

c [Å] 25.1598(8) 25.04601(14) 15.4824(2) 5.46102(14) 

Ŭ [Á] 91.884(3) 90 74.8558(14) 90 

ɓ [Á] 101.524(3) 102.7632(6) 70.7523(14) 90 

ɔ [Á] 93.318(3) 90 61.4238(16) 90 

Volume [Å3] 5106.3(3) 4984.17(5) 2511.37(8) 2359.26(11) 

Z 4 4 2 2 

ɟcalcg [cm3] 1.397 1.385 1.42 1.344 

ɛ [mm-1] 3.907 3.502 3.972 2.634 

Crystal size [mm3] 0.15 × 0.15 × 0.01 0.4 × 0.2 × 0.1 0.15 × 0.15 × 0.05 0.5 × 0.05 × 0.05 

Reflections collected 56442 30493 30619 8107 

Independent reflections 20217 10068 10148 4279 

Rint 0.0875 0.0210 0.0420 0.0299 

Data/restraints/parameters 20217/0/1297 10068/0/640 10148/0/649 4279/0/307 

GOF 1.019 1.024 1.056 1.074 

R1 [I>=2ů (I)] 0.1065 0.0396 0.0952 0.0440 

wR2 [I>=2ů (I)] 0.2955 0.0994 0.2723 0.1195 

R1 [all data] 0.1454 0.0415 0.1061 0.0482 

wR2 [all data] 0.3320 0.1008 0.2849 0.1219 

CCDC 2176763 2176764 2176765 2176766 
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Molecular packing in the crystals  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S11. Molecular packing in the crystals of 1a along the a-, b-, and c-axis (left, middle, and 

right, respectively) [(a) F-form in CH2Cl2 solvate (recrystallised from CH2Cl2/hexane), (b) F-form 

in CHCl3 solvate (recrystallised from CHCl3/EtOH), and (c) T-form without crystallisation 

solvent (recrystallised from CH2Cl2/EtOH)]. 
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Figure S12. Molecular packing in the crystals of 1b along the a-, b-, and c-axis (left, middle, and 

right, respectively) [(a) F-form in 2EtOH solvate (recrystallised from EtOAc/EtOH), (b) P-form 

in H2O solvate (recrystallised from EtOAc/EtOH), and (c) P-form in CH2Cl2 solvate 

(recrystallised from CH2Cl2/hexane)]. 
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Figure S12. Molecular packing in the crystals of 1b along the a-, b-, and c-axis (left, middle, and 

right, respectively) [(d) P-form in 0.5CHCl3 solvate (recrystallised from CHCl3/EtOH), (e) TF-

form in 0.5CH2Cl2 solvate (recrystallised from CH2Cl2/hexane), and (f) TF-form in 0.5hexane 

solvate (recrystallised from EtOAc/hexane)]. 
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Figure S12. Molecular packing in the crystals of 1b along the a-, b-, and c-axis (left, middle, and 

right, respectively) [(g) TF-form in 0.5EtOAc solvate (recrystallised from EtOAc/EtOH), (h) TF-

form in CH2Cl2 solvate (recrystallised from CH2Cl2/EtOH), and (i) T-form without crystallisation 

solvent (recrystallised from EtOAc/hexane)]. 
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Figure S13. Molecular packing in the crystals of 1c along the a-, b-, and c-axis (left, middle, and 

right, respectively) [(a) F-form in EtOAc solvate (recrystallised from EtOAc), (b) F-form in 

0.25CH2Cl2 solvate (recrystallised from CH2Cl2/hexane), and (c) F-form in 1.25CH2Cl2 solvate 

(recrystallised from CH2Cl2/EtOH)]. 
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Figure S13. Molecular packing in the crystals of 1c along the a-, b-, and c-axis (left, middle, and 

right, respectively) [(d) F-form in 2CHCl3 solvate (recrystallised from CHCl3/EtOH), (e) F-form 

(mol-1) and semi-P-form (mol-2) in H2O solvate (recrystallised from CHCl3/hexane), and (f) TP-

form in CHCl3 solvate (recrystallised from CHCl3/hexane)].  
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Figure S13. Molecular packing in the crystals of 1c along the a-, b-, and c-axis (left, middle, and 

right, respectively) [(g) TP-form (mol-1 and mol-2) in CH2Cl2 solvate (recrystallised from 

CH2Cl2/hexane), (h) TP-form (mol-1 and mol-2) in EtOH solvate (recrystallised from 

EtOAc/EtOH), and (i) TF-form in CHCl3 solvate (recrystallised from CHCl3/hexane)]. 
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Figure S14. Molecular packing in the crystals of 1d along the a-, b-, and c-axis (left, middle, and 

right, respectively) [(a) P-form (mol-1 and mol-2), CHCl3 in solvate (recrystallised from 

CHCl3/EtOH), (b) P-form in CH2Cl2 solvate (recrystallised from CH2Cl2/hexane), and (c) TF-

form in CHCl3 solvate (recrystallised from CHCl3/hexane),]. 
































































































