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Ligands L1–L3: The synthesis of L1, L2 and L3 were identical with 

the procedure as described previously1,2,3. 

L4: A mixture of terphenyl-4-formaldehyde(0.12mmol), 1,10-

phenanthroline-5,6-dione (0.12 mmol), ammonium acetate (2.38 mmol) 

and glacial acetic acid (4.5 mL) were refluxed at 130 ℃ for 3 h under 

argon. After the mixture was cooled to room temperature, the solution 

was neutralized with aqueous ammonia solution. The resulting solid was 

filtered and washed with ethanol. The residue was collected and further 

purified through column chromatography on silica gel using 

ethanol/dichloromethane (2:1, v/v) as an eluent. Yield: 29.6 mg, 55 %. 1H 

NMR (400 MHz, DMSO-d6) δ 13.83 (s, 1H), 9.12-8.93 (m, 3H), 8.42 (d, 

J = 8.2 Hz, 2H), 8.13-7.67 (m, 11H), 7.58–7.45 (m, 2H), 7.44-7.35 (m, 

1H). 13C NMR (101 MHz, DMSO-d6) δ 167.9 (s), 166.3 (s), 152.6 (s), 

150.5 (s), 148.82(s), 147.7 (s), 145.6 (s), 141.7 (s), 139.1 (s), 138.1 (s), 

136.6 (s), 130.7 (s), 129.4 (s), 129.0 (s), 128.5 (s), 128.0 (s), 127.4 (s), 

127.4-126.9 (m), 126.6 (d, J = 18.2 Hz), 125.1 (s), 25.5 (s), 24.4 (s). 

HRMS (ESI) m/z: calcd for C31H20N4 [M+H]+, 449.1766; found 449.1767. 

Complex Ru1, Ru2, Ru3, Ru7, Ru8, Ru9, Ru13 and Ru14: A mixture 

of L3 (0.826 mmol) and corresponding reagent (0.826 mmol, 

[Ru(bpy)2Cl2]·2H2O for Ru14, [Ru(phen)2Cl2]·2H2O for Ru2, 

[Ru(dmp)2Cl2]·2H2O for Ru3, [Ru(dmb)2Cl2]·2H2O for Ru74, 

[Ru(dtb)2Cl2]·2H2O for Ru8, [Ru(btp)2Cl2]·2H2O for Ru9, 



[Ru(ncp)2Cl2]·2H2O for Ru13 and [Ru(tmp)2Cl2]·2H2O for Ru14) in 

ethylene glycol (15 mL) were heated at 150 ℃ for 8 h under argon. After 

the resulting red solution cooled to room temperature, saturated KPF6 

aqueous solution (10 mL) were added to obtain a red precipitate. The 

crude product was collected, dried and purified by column 

chromatography (neutral alumina, acetonitrile/xylene = 5:1, v/v). Ru1: 

yield: 65.0 %. 1H NMR (400 MHz, DMSO-d6) δ 9.07 (dd, J = 9.1, 0.9 Hz, 

2H), 8.86 (dd, J = 15.1, 8.1 Hz, 4H), 8.44 (d, J = 8.1 Hz, 2H), 8.22 (t, J = 

7.9 Hz, 2H), 8.11 (t, J = 7.7 Hz, 2H), 8.03-7.74 (m, 10H), 7.69-7.49 (m, 

6H), 7.48 – 7.28 (m, 3H). 13C NMR (101 MHz, DMSO-d6) δ 156.7 (d, J = 

20.9 Hz), 151.4 (s), 148.6 (s), 144.5 (s), 140.7 (s), 139.5 (s), 137.8 (d, J = 

16.2 Hz), 130.2 (s), 129.0 (s), 127.8 (d, J = 11.5 Hz), 127.1 (d, J = 3.1 

Hz), 126. (s), 125.8 (s), 124.4 (d, J = 6.3 Hz). HRMS (ESI) m/z: calcd for 

C45H32N8Ru [M-2PF6-H]+, 785.1727; found 785.1718. Ru2: yield: 74.0%. 

1H NMR (400 MHz, DMSO-d6) δ 9.04-8.97 (m, 2H), 8.72 (d, J = 17.8 Hz, 

4H), 8.44 (d, J = 8.2 Hz, 2H), 7.97-7.75 (m, 8H), 7.68 (d, J = 5.5 Hz, 2H), 

7.52 (t, J = 7.7 Hz, 2H), 7.40 (t, J = 6.7 Hz, 5H), 7.17 (d, J = 5.9 Hz, 2H), 

2.55 (s, 6H), 2.45 (s, 6H). 
13

C NMR(101 MHz, DMSO-d6) δ 156.3 (d, J = 

14.9 Hz), 151.9-151.6 (m), 151.9-151.3 (m), 151.9-147.1 (m), 144.8 (s), 

140.2 (d, J = 141.4 Hz), 137.7-136.7 (m), 129.9 (s), 129.8-1295 (m), 

128.4 (dd, J = 67.9, 55.0 Hz), 127.7-127.3 (m), 126.9 (d, J = 45.5 Hz), 

126.5-126.4 (m), 126.4-124.8 (m), 124.2 (s), 124.2 (s), 20.7 (d, J = 9.2 



Hz). HRMS (ESI) m/z: calcd for C49H40N8Ru [M-2PF6-H]+, 841.2354; 

found 841.2345. Ru3: yield: 54.5%. 1H NMR (400 MHz, DMSO-d6) δ 

9.11 (d, J = 8.0 Hz, 2H), 8.87 (d, J = 12.9 Hz, 4H), 8.45-8.39 (m, 2H), 

8.05-7.92 (m, 6H), 7.84-7.79 (m, 2H), 7.69-7.65 (m, 2H), 7.64-7.59 (m, 

2H), 7.58-7.51 (m, 2H), 7.50 – 7.42 (m, 3H), 7.36 – 7.30 (m, 2H), 1.43 (d, 

J = 2.8 Hz, 18H), 1.34 (d, J = 2.6 Hz, 18H). 
13

C NMR (101 MHz, DMSO-

d6) δ 161.8 (d, J = 17.7 Hz), 156.5 (d, J = 17.0 Hz), 152.5 (s), 150.8 (d, J 

= 13.8 Hz), 149.6 (s), 145.3 (s), 141.9 (s), 139.2 (s), 130.2 (s), 129.1 (s), 

128.3 (d, J = 39.7 Hz), 128.0 – 127.5 (m), 127.3 (d, J = 23.4 Hz), 126.7 

(s), 126.3 (s), 124.8 (s), 124.5 (s), 121.7 (s), 35.4 (d, J = 13.3 Hz), 30.0 (d, 

J = 10.9 Hz). HRMS (ESI) m/z: calcd for C61H64N8Ru [M-2PF6-H]+, 

1009.4236; found 1009.4236. Ru7: yield: 52.0%. 1H NMR (400 MHz, 

DMSO-d6) δ 9.02 (d, J = 8.0 Hz, 2H), 8.77 (d, J = 8.2 Hz, 4H), 8.46 – 

8.37 (m, 6H), 8.13 (d, J = 5.2 Hz, 4H), 7.88 (d, J = 8.2 Hz, 4H), 7.77 (dd, 

J = 7.8, 5.2 Hz, 6H), 7.74-7.68 (m, 2H), 7.52 (t, J = 7.5 Hz, 2H), 7.41 (t, J 

= 7.3 Hz, 1H). 13
C NMR (101 MHz, DMSO-d6) δ 152.6 (s), 148.9 (s), 

147.2 (d, J = 9.9 Hz), 144.8 (s), 140.5 (s), 139.4 (s), 136.6 (s), 130.4 (s), 

130.1 (s), 128.9 (s), 127.8 (d, J = 30.9 Hz), 126.9 (s), 126.5 (s), 126.4 (d, 

J = 27.1 Hz), 125.5 (s). HRMS (ESI) m/z: calcd for C49H32N8Ru [M-

2PF6-H]+, 833.1728; found 833.1714. Ru8: yield: 74.8%. 1H NMR (400 

MHz, DMSO-d6) δ 8.91 (dd, J = 23.7, 8.2 Hz, 4H), 8.45 (dd, J = 10.8, 8.9 

Hz, 4H), 8.34 (d, J = 8.2 Hz, 2H), 8.25 (d, J = 8.8 Hz, 2H), 7.99 (d, J = 



8.4 Hz, 2H), 7.92 (d, J = 8.1 Hz, 2H), 7.78 (d, J = 7.4 Hz, 2H), 7.51 (dd, J 

= 15.6, 8.0 Hz, 4H), 7.46-7.31 (m, 5H), 1.94 (s, 6H), 1.72 (s, 6H). 
13

C 

NMR (101 MHz, DMSO-d6) δ 167.9 (s), 166.3 (s), 152.6 (s), 150.5 (s), 

148.8 (s), 147.7 (s), 145.6 (s), 141.7 (s), 139.1 (s), 138.0 (s), 136.6 (s), 

130.7 (s), 129.4 (s), 129.0 (s), 128.5 (s), 128.0 (s), 127.4 (s), 127.4-126.9 

(m), 126. 6 (d, J = 18.2 Hz), 125.1 (s), 25.5 (s), 24.4 (s). HRMS (ESI) 

m/z: calcd for C53H40N8Ru [M-2PF6-H]+, 889.2355; found 889.2350. Ru9: 

yield: 49.0%. 1H NMR (400 MHz, DMSO-d6) δ 9.16 (d, J = 8.2 Hz, 2H), 

8.44 (d, J = 8.4 Hz, 2H), 8.35 (d, J = 5.6 Hz, 2H), 8.31-8.16 (m, 7H), 7.99 

(d, J = 8.3 Hz, 2H), 7.92 (s, 2H), 7.86-7.50 (m, 28H), 7.45 (d, J = 7.6 Hz, 

2H). 
13

C NMR (101 MHz, DMSO-d6) δ 152.2 (d, J = 21.9 Hz), 152.1-

151.8 (m), 147.9 (d, J = 13.3 Hz), 135.3 (d, J = 4.0 Hz), 130.5 (s), 130.9-

129.5 (m), 129.0 (s), 129.0-128.6 (m), 128.6-127.7 (m), 127.2 (d, J = 22.7 

Hz), 127.1-127.0 (m), 127.1-127.0 (m), 126.7 (s), 126.2 (dd, J = 43.0, 5.4 

Hz). HRMS (ESI) m/z: calcd for C73H48N8Ru [M-2PF6-H]+,1137.2987; 

found 1137.2974. Ru13: yield: 58.0%. 1H NMR (400 MHz, DMSO-d6) δ 

8.99 (d, J = 7.9 Hz, 2H), 8.46 (d, J = 3.4 Hz, 4H), 8.43 (s, 1H), 7.96 – 

7.91 (m, 4H), 7.87 (d, J = 7.3 Hz, 3H), 7.78 (d, J = 7.8 Hz, 3H), 7.70 (s, 

2H), 7.59 (d, J = 5.2 Hz, 4H), 7.52 (t, J = 7.4 Hz, 3H), 7.41 (t, J = 6.9 Hz, 

1H), 2.89 (d, J = 3.3 Hz, 12H).
 13

C NMR (101 MHz, DMSO-d6) δ 167.9 

(s), 166.3 (s), 152.6 (s), 150.5 (s), 148.8 (s), 147.7 (s), 145.6 (s), 141.7 (s), 

139.1 (s), 138.0 (s), 136.6 (s), 130.7 (s), 129.4 (s), 129.0 (s), 128.5 (s), 



128.0 (s), 127.4 (s), 127.4-126.9 (m), 126.6 (d, J = 18.2 Hz), 125.1 (s), 

25.5 (s), 24.4 (s). HRMS (ESI) m/z: calcd for C53H40N8Ru [M-2PF6-

H]+,889.2355; found 889.2339. Ru14: yield: 60.0%. 1H NMR (400 MHz, 

DMSO-d6) δ 14.41 (s, 1H), 9.10-9.00 (m, 2H), 8.51 (d, J = 17.8 Hz, 3H), 

8.40 (t, J = 8.1 Hz, 2H), 8.08-7.65 (m, 13H), 7.54 (t, J = 7.5 Hz, 2H), 

7.45 (t, J = 7.4 Hz, 1H), 2.91-2.62 (m, 12H), 2.23 (d, J = 20.3 Hz, 12H). 

13
C NMR (101 MHz, DMSO-d6) δ 167.9 (s), 166.3 (s), 152.6 (s), 150.5 

(s), 148.8 (s), 147.7 (s), 145.6 (s), 141.7 (s), 139.0 (s), 138.0 (s), 136.6 (s), 

130.7 (s), 129.4 (s), 129.0 (s), 128.5 (s), 128.0 (s), 127.4 (s), 127.4-126.9 

(m), 126.6 (d, J = 18.2 Hz), 125.1 (s), 25.5 (s), 24.4 (s). HRMS (ESI) m/z: 

calcd for C57H48N8Ru [M-2PF6-H]+,945.2983; found 945.2986. 

Complex Ru4 and Ru10: These complexes were synthesized in an 

identical manner to that described for complex Ru1 with L1 in place of 

L3. Ru4: yield: 61.2%. 1H NMR (400 MHz, DMSO-d6) δ 8.98 (d, J = 8.1 

Hz, 2H), 8.78-8.66 (m, 4H), 8.05 (d, J = 4.9 Hz, 2H), 7.89 (dd, J = 8.3, 

5.3 Hz, 2H), 7.65 (d, J = 5.8 Hz, 2H), 7.39 (dd, J = 11.7, 5.8 Hz, 3H), 

7.16-7.02 (m, 3H), 7.00-6.91 (m, 1H), 2.53 (d, J = 13.7 Hz, 6H), 2.44 (s, 

6H). 13C NMR (101 MHz, DMSO-d6) δ 156.2 (d, J = 16.2 Hz), 150.5 (d, J 

= 17.7 Hz), 150.3-150.1 (m), 150.1-149.2 (m), 145.3 (s), 142.8 (s), 130.0 

(s), 128.4 (d, J = 14.5 Hz), 126.3 (s), 125.0 (d, J = 7.6 Hz), 20.7 (d, J = 

9.7 Hz). HRMS (ESI) m/z: calcd for C37H32N8Ru [M-2PF6-H]+, 689.1725; 

found 689.1725. Ru105: yield: 53.0%. 1H NMR (500 MHz, DMSO-d6) δ 



14.17 (s, 1H), 8.91 (d, J = 8.3 Hz, 2H), 8.78 (d, J = 7.7 Hz, 2H), 8.65 (s, 

1H), 8.43 (t, J = 8.5 Hz, 4H), 8.24 (d, J = 8.7 Hz, 2H), 7.98 (d, J = 8.3 Hz, 

2H), 7.54-7.46 (m, 2H), 7.36 (d, J = 7.7 Hz, 4H), 1.92 (s, 6H), 1.67 (s, 

6H). 
13

C NMR (101 MHz, DMSO-d6) δ 167.9 (s), 166.3 (s), 152.6 (s), 

150.5 (s), 148.8 (s), 147.7 (s), 145.6 (s), 141.7 (s), 139.1 (s), 138.0 (s), 

136.6 (s), 130.7 (s), 129.4 (s), 129.0 (s), 128.5 (s), 128.0 (s), 127.4 (s), 

127.4-126.9 (m), 126.6 (d, J = 18.2 Hz), 125.1 (s), 25.47 (s), 24.4 (s). 

HRMS (ESI) m/z: calcd for C41H32N8Ru [M-2PF6-H]+,737.1726; found 

737.1721. 

Complex Ru5 and Ru11: These complexes were synthesized in an 

identical manner to that described for complex Ru1 with L2 in place of 

L3. Ru56: yield: 60.5%. 1H NMR (400 MHz, DMSO-d6) δ 9.05 (d, J = 

8.3 Hz, 2H), 8.77 – 8.69 (m, 4H), 8.33 (d, J = 7.5 Hz, 2H), 8.01 (s, 2H), 

7.88 (s, 2H), 7.62 (dd, J = 31.0, 20.3 Hz, 5H), 7.44 – 7.35 (m, 4H), 7.16 

(d, J = 5.9 Hz, 2H), 2.55 (s, 6H), 2.45 (s, 6H). 
13

C NMR (101 MHz, 

DMSO-d6) δ 156.3 (d, J = 14.0 Hz), 154.1 (s), 150.4 (d, J = 11.0 Hz), 

149.8-149.1 (m), 149.1-148.7 (m), 145.0 (s), 130.7 (s), 129.8 (d, J = 20.4 

Hz), 129.3 (s), 129.0 (s), 128.4 (d, J = 14.1 Hz), 126.6 (s), 125.9 (s), 

124.9 (d, J = 5.9 Hz), 123.9 (s), 20.7 (d, J = 9.7 Hz). HRMS (ESI) m/z: 

calcd for C43H36N8Ru [M-2PF6-H]+, 765.2040; found 765.2051. Ru11: 

yield: 52.0%. 1H NMR (500 MHz, DMSO-d6) δ 8.92 (d, J = 8.3 Hz, 2H), 

8.85 (d, J = 8.1 Hz, 2H), 8.44 (t, J = 9.2 Hz, 4H), 8.25 (d, J = 8.5 Hz, 4H), 



7.98 (d, J = 8.3 Hz, 2H), 7.58 (t, J = 7.2 Hz, 2H), 7.54 – 7.44 (m, 3H), 

7.38 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 3.5 Hz, 2H), 1.94 (s, 6H), 1.70 (s, 

6H). 
13

C NMR (101 MHz, DMSO-d6) δ 167.7 (s), 166.1 (s), 148.9 (s), 

148.5 (s), 147.9 (s), 138.9 (d, J = 53.1 Hz), 137.8 (s), 136.5 (s), 130.1 (s), 

129.4 (d, J = 4.7 Hz), 128.9 (s), 127.3 (s), 127.1-126.7 (m), 126.5 (t, J = 

12.3 Hz), 124.2 (d, J = 16.0 Hz), 25.3 (s), 24.4 (s). HRMS (ESI) m/z: 

calcd for C47H36N8Ru [M-2PF6-H]+,813.2040; found 813.2032. 

Complex Ru6 and Ru12: These complexes were synthesized in an 

identical manner to that described for complex Ru1 with L4 in place of 

L3. Ru6: yield: 59.0%. 1H NMR (400 MHz, DMSO-d6) δ 9.04 (d, J = 7.8 

Hz, 2H), 8.72 (d, J = 17.3 Hz, 4H), 8.47 (d, J = 8.2 Hz, 2H), 7.96 (d, J = 

7.3 Hz, 4H), 7.90 (d, J = 8.2 Hz, 2H), 7.83 (d, J = 8.1 Hz, 4H), 7.76 (d, J 

= 7.6 Hz, 2H), 7.68 (d, J = 5.6 Hz, 2H), 7.51 (t, J = 7.6 Hz, 2H), 7.44 – 

7.38 (m, 5H), 7.17 (d, J = 5.6 Hz, 2H), 2.56 (s, 6H), 2.46 (s, 6H). 
13

C 

NMR (101 MHz, DMSO-d6) δ 156.3 (d, J = 15.1 Hz), 150.4 (s), 149.4 (d, 

J = 14.9 Hz), 148.3 (s), 144.6 (s), 140.5-138.9 (m), 138.5 (s), 129.8 (s), 

129.0 (s), 128.4 (d, J = 11.5 Hz), 127.7-126.5 (m), 126.5-125.9 (m), 126.5 

– 125.9 (m), 125.6 (s), 124.9 (s), 20.7 (d, J = 8.8 Hz). HRMS (ESI) m/z: 

calcd for C55H44N8Ru [M-2PF6-H]+,917.2669; found 917.2667. Ru12: 

yield: 50.1%. 1H NMR (400 MHz, DMSO-d6) δ 8.91 (d, J = 8.3 Hz, 2H), 

8.77 (d, J = 7.5 Hz, 2H), 8.50-8.35 (m, 6H), 8.24 (d, J = 8.8 Hz, 2H), 7.97 

(d, J = 8.4 Hz, 2H), 7.90-7.69 (m, 8H), 7.50 (t, J = 7.5 Hz, 2H), 7.44-7.28 



(m, 5H), 7.15 (s, 2H), 1.95 (s, 6H), 1.72 (s, 6H). 
13

C NMR (101 MHz, 

DMSO-d6) δ 167.9 (s), 150.3 (s), 148.8 (s), 147.8 (s), 145.5 (s), 138.0 (s), 

136.6 (s), 130.6 (s), 130.6-129.7 (m), 129.4 (s), 129.0 (s), 127.4 (d, J = 

13.2 Hz), 127.0 (s), 126.5 (s), 125.0 (s), 25.4 (s), 24.4 (s). HRMS (ESI) 

m/z: calcd for C59H44N8Ru [M-2PF6-H]+,965.2670; found 965.2663. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Spectra of Ligands and Complexes 
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Table S1 Crystal data and structure refinement for Ru2 

Identification code 1_0m 

Empirical formula C50H44F12N8OP2Ru 

Formula weight 1163.94 

Temperature/K 170.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 11.2796(14) 

b/Å 23.099(3) 

c/Å 18.796(3) 

α/° 90 

β/° 95.087(4) 

γ/° 90 

Volume/Å3 4878.0(11) 

Z 4 

ρcalcg/cm3 1.585 

μ/mm-1 0.481 

F(000) 2360.0 

Crystal size/mm3 0.25 × 0.15 × 0.11 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.032 to 50.052 

Index ranges -13 ≤ h ≤ 12, -27 ≤ k ≤ 27, -22 ≤ l ≤ 20 

Reflections collected 32959 

Independent reflections 8617 [Rint = 0.1129, Rsigma = 0.0959] 

Data/restraints/parameters 8617/0/673 

Goodness-of-fit on F2 1.022 

Final R indexes [I>=2σ (I)] R1 = 0.0782, wR2 = 0.1933 

Final R indexes [all data] R1 = 0.1175, wR2 = 0.2290 

Largest diff. peak/hole / e Å-3 1.30/-1.40 

 

 



 
 

Supplementary Figure 1: Stability of fourteen complexes in the PBS solution. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 2: The purity of fourteen complexes was investigated through HPLC 
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