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1. Synthetic procedures and spectral characterization of new compounds 
 
 1-(2-Aminoethylamino)-9,10-anthraquinone (5).1 A 250 mL two-neck flask equipped with a magnetic 
stirrer and a back-flow condenser was charged with 1-chloroanthraquinone (1) (10.00 g, 41.2 mmol), Pd(dba)2 
(710 mg, 3 mol %), BINAP (897 mg, 3.5 mol %) and cesium carbonate (27.0 g, 82.4 mmol). The reaction vessel 
was evacuated and purged with N2 three times. Subsequently, 100 mL of dioxane and diaminoethane (3) (9.9 g, 
11 mL, 165 mmol) were added and the mixture was stirred at reflux for 20 h. After cooling, the reaction mixture 
was filtered and evaporated in vacuo. The residue was subjected to column chromatography on silica gel using 
CH2Cl2/MeOH (20:1) and then CH2Cl2/MeOH/NH3 (100:20:1) as eluents. Compound 5 was isolated as a red 
solid (1.61 g, 41%). δH (300 MHz, CDCl3) 3.11 (t, 2H, J 6.2, CH2N), 3.45 (q, 2H, J 6.2, CH2NAr), 7.07 (d, 1H, J 
8.2, ArH), 7.52 (t, 1H, J 8.2, ArH), 7.58 (d, 1H, J 8.2, ArH), 7.68 (t, 1H, J 7.5, ArH), 7.71 (t, 1H, J 7.2, ArH), 
8.22 (d, 1H, J 7.5, ArH), 8.27 (d, 1H, J 6.9, ArH), 9.91 (br t, 1H, ArNH). 
 
 1-[2-(2-Aminoethylamino)ethylamino]-9,10-anthraquinone (6). A 500 mL two-neck flask equipped with a 
magnetic stirrer and a back-flow condenser was charged with 1-chloroanthraquinone (1) (2.43 g, 10 mmol), 
Pd(dba)2 (230 mg, 4 mol %), BINAP (500 mg, 8 mol %) and cesium carbonate (9.78 g, 30 mmol). The reaction 
vessel was evacuated and purged with N2 three times. Subsequently, 200 mL of dioxane and triamine 4 (4.12 g, 
4.3 mL, 40 mmol) were added and the mixture was stirred at reflux for 30 h. After cooling, the reaction mixture 
was filtered and evaporated in vacuo. The residue was subjected to column chromatography on silica gel using 
CH2Cl2/MeOH (20:1) and then CH2Cl2/MeOH/NH3 (100:20:1) as eluents. Compound 6 was isolated as a red 
solid (1.93 g, 63%). νmax/cm  (KBr) 3416, 3279 (NH), 1669 (CO), 1630 (CO), 1592 (Ar), 1574 (Ar). δH (300 
MHz, CDCl3 + CD3OD) 2.74 (m, AA’BB’ system, 4H, CH2N), 2.95 (t, 2H, J 6.2, CH2N), 3.42 (t, 2H, J 6.2, 
CH2NAr), 7.04 (d, 1H, J 8.2, ArH), 7.42 (m, 2H, ArH), 7.65 (td, 1H, J 7.5, J 1.5, ArH), 7.71 (td, 1H, J 7.2, J 1.5, 
ArH), 8.17 (dd, 1H, J 7.5, J 1.5, ArH), 8.21 (dd, 1H, J 6.9, J 1.5, ArH), 9.84 (br t, 1H, ArNH). δC {1H} (75 MHz, 
CDCl3 + CD3OD) 40.7 (1C, CH2NHAr), 42.2 (1C, CH2N), 47.8 (1C, CH2N), 50.9 (1C, CH2N), 112.9 (1C, quat 
Ar), 115.8 (1C, ArCH), 118.0 (1C, ArCH), 126.5 (1C, ArCH), 126.6 (1C, ArCH), 132.8 (1C, quat Ar), 133.0 
(1C, ArCH), 134.0 (1C, ArCH), 134.5 (1C, quat Ar), 134.8 (1C, quat Ar), 135.3 (1C, ArCH), 151.4 (1C, ArCN), 
184.0 (1C, ArCO), 184.8 (1C, ArCO). HRMS (ESI): m/z calculated for C18H20N3O2 [M+H]+ 310.15500, found 
310.15350. 
 
 Pd-catalysed amination of 2,3-dibromo-9,10-anthraquinone (2). A 25 mL two-neck flask equipped with a 
magnetic stirrer and a back-flow condenser was charged with 2,3-dibromo-9,10-anthraquinone (2) (366 mg, 1 
mmol), Pd(dba)2 (92 mg, 16 mol %), BINAP (112 mg, 18 mol %) and cesium carbonate (1.63 g, 5 mmol). The 
reaction vessel was evacuated and purged with N2 three times. Subsequently, 10 mL of dioxane and diamine 3 
(309 mg, 0.32 mL, 3 mmol) were added and the mixture was stirred at reflux for 9 h. After cooling, the reaction 
mixture was filtered and evaporated in vacuo. The residue was subjected to column chromatography on silica gel 
using CH2Cl2/MeOH (20:1) and then CH2Cl2/MeOH/NH3 (100:20:1) as eluents, giving compounds 7–9 among a 
complex mixture of polymeric products. 
 
2-[2-(2-Aminoethylamino)ethylamino]-9,10-anthraquinone (7). Compound 7 was isolated as a yellow-orange 
solid (20 mg, 6%). δH (300 MHz, CDCl3 + CD3OD): 2.64 (t, AA’BB’ system, 2H, J 5.7, CH2N), 2.70 (t, 
AA’BB’ system, 2H, J 5.7, CH2N), 2.80 (t, 2H, J 5.7, CH2N), 3.29 (t, 2H, J 5.7, CH2NAr), 6.78 (dd, 1H, J 8.7, J 
2.5, ArH), 7.21 (d, 1H, J 2.5, ArH), 7.61 (m, 2H, ArH), 7.96 (d, 1H, J 8.7, ArH), 8.10 (m, 2H, ArH). δC {1H} (75 
MHz, CDCl3 + CD3OD) 40.5 (1C, CH2NHAr), 42.3 (1C, CH2N), 47.6 (1C, CH2N), 50.7 (1C, CH2N), 108.3 (1C, 
ArCH), 117.0 (1C, ArCH), 122.6 (1C, quat Ar), 126.8 (2C, ArCH), 129.8 (1C, ArCH), 133.0 (1C, ArCH), 133.5 
(1C, quat Ar), 134.0 (1C, ArCH), 134.2 (1C, quat Ar), 135.3 (1C, quat Ar), 153.4 (1C, ArCN), 181.8 (1C, 
ArCO), 184.3 (1C, ArCO). MALDI-TOF: 310,1526 [M+H]+. 
 
2-(2-((2-Aminoethyl)amino)ethyl)amino)-3-bromo-9,10-anthraquinone (8). Compound 8 was isolated as a 
yellow-orange solid (90 mg, 23%). δH (300 MHz, CDCl3) 2.71 (t, AA’BB’ system, 2H, J 5.6, CH2N), 2.81 (t, 
AA’BB’ system, 2H, J 5.6, CH2N), 2.99 (t, 2H, J 5.8, CH2N), 3.39 (q, 2H, J 5.5, CH2NAr), 5.83 (br t, 1H, 
ArNH), 7.30 (s, 1H, ArH), 7.70 (m, 2H, ArH), 8.20 (m, 2H, ArH), 8.30 (s, 1H, ArH). δC {1H} (75 MHz, CDCl3) 
41.8 (1C, CH2NHAr), 42.8 (1C, CH2N), 47.5 (1C, CH2N), 51.7 (1C, CH2N), 107.3 (1C, ArCH), 115.5 (1C, quat 
Ar), 123.3 (1C, quat Ar), 126.9 (2C, ArCH), 132.2 (1C, ArCH), 133.3 (1C, ArCH), 133.5 (1C, quat Ar), 133.9 
(1C, quat Ar), 134.1 (1C, ArCH), 134.4 (1C, quat Ar), 149.5 (1C, ArCN), 180.8 (1C, ArCO), 183.5 (1C, ArCO). 
MALDI-TOF: 388.0680 [M+H]+. 
 
1-(2-Aminoethyl)-1,2,3,4-tetrahydronaphtho[2,3-g]quinoxaline-6,11-dione (9). Compound 9 was isolated as 
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a violet solid (60 mg, 80% purity). δH (300 MHz, CDCl3 + CD3OD) 2.92 (t, 2H, J 6.8, CH2NH2), 3.42 (br s, 4H, 
CH2NAr, CH2NHAr), 3.45 (t, 2H, J 6.8, CH2NAr), 7.11 (s, 1H, ArH), 7.22 (s, 1H, ArH), 7.59 (m, AA’XX’ 
system, 2H, ArH), 8.08 (m, AA’XX’ system, 2H, ArH). δC {1H} (75 MHz, CDCl3 + CD3OD) 37.8 (1C, 
CH2NHAr), 39.6 (1C, CH2N), 47.6 (1C, CH2N), 53.3 (1C, CH2N), 107.1 (1C, ArCH), 109.7 (1C, ArCH), 125.3 
(1C, quat Ar), 125.5 (1C, quat Ar), 126.3 (1C, ArCH), 126.4 (1C, ArCH), 133.1 (2C, ArCH), 133.9 (1C, quat 
Ar), 134.0 (1C, quat Ar), 138.7 (1C, ArCN), 139.7 (1C, ArCN), 183.0 (2C, ArCO). MALDI-TOF: 308.1461 
[M+H]+. 
 
 Compound L1. νmax/cm–1 (KBr) 3446, 3379, 3265 (NH), 1674,1653, (CO, amide I), 1635 (CO), 1595, 1559 
(Ar), 1507 (amide II), 1270, 1231 (PO), 1050, 1021, 977 (POC). δH (300 MHz, CDCl3) 1.18 (t, 6H, J 7.0, 
CH3CH2O), 2.95 (t, 2H, J 6.3, CH2N), 3.37 (s, 2H, CH2CO), 3.38 (q, 2H, J 6.3, CH2NAr), 3.72 (dd, 2H, JH–P 
11.4, J 6.3, CH2P), 4.04 (dq, 4H, JH–P 7.2, J 7.2, OCH2), 6.96 (dd, 1H, J 8.1, J 1.2, ArH), 7.46 (t, 1H, J 8.1, 
ArH), 7.52 (dd, 1H, J 8.1, J 1.2, ArH), 7.56 (td, 1H, J 8.1, J 1.2, ArH), 7.69 (td, 1H, J 8.1, J 1.2, ArH), 7.64 (br t, 
1H, CONH), 8.15 (dd, 1H, J 8.1, J 1.2, ArH), 8.21 (dd, 1H, J 6.9, J 1.2, ArH), 9.87 (br t, 1H, ArNH). δP {1H} 
(121 MHz, CDCl3) 22.8. δC {1H} (75 MHz, CDCl3) 16.3 (d, 2C, JC–P 5.7, CH3CH2O), 34.5 (d, 1C, JC–P 156.8, 
CH2P), 42.3 (1C, CH2NHAr), 48.6 (1C, CH2N), 52.2 (1C, CH2CO), 62.5 (d, 2C, JC–P 6.9, OCH2), 113.2 (1C, 
quat Ar), 116.0 (1C, ArCH), 117.7 (1C, ArCH), 126.7 (2C, ArCH), 133.0 (1C, quat Ar), 133.1 (1C, ArCH), 
134.0 (1C, ArCH), 134.7 (1C, quat Ar), 134.9 (1C, quat Ar), 135.5 (1C, ArCH), 151.5 (1C, ArCN), 171.2 (d, 1C, 
JC–P 3.8, CONH), 183.6 (1C, ArCO), 185.2 (1C, ArCO). HRMS (ESI): m/z calculated for C23H29N3O6P1 [M+H]+ 
474.17885, found 474.17821. 
 
 Compound L2. Found: C, 52.52; H, 8.23; N, 6.56. Calc. for C30H43N4O10P2: C, 52.94; H, 8.23; N, 6.22%. νmax 
/cm  (KBr) 3439, 3371, 3268 (NH), 1667(CO), 1656 (amide I), 1627 (CO), 1594 (Ar), 1510 (amide II), 1270, 
1234 (PO), 1052, 1023, 977 (POC). δH (300 MHz, CDCl3): 1.20 (t, 12H, J 7.0, CH3CH2O), 3.03 (t, 2H, J 6.3, 
CH2N), 3.32 (s, 4H, CH2CO), 3.42 (q, 2H, J 6.3, CH2NAr), 3.68 (dd, 4H, JH–P 11.4, J 6.3, CH2P), 4.03 (dq, 8H, 
JH–P 7.2, J 7.2, OCH2), 6.96 (d, 1H, J 8.1, ArH), 7.52 (t, 1H, J 8.1, ArH), 7.55 (d, 1H, J 8.1, ArH), 7.66 (t, 1H, J 
8.1, ArH), 7.70 (t, 1H, J 8.1, ArH), 7.79 (br t, 2H, CONH), 8.18 (d, 1H, J 8.1, ArH), 8.27 (d, 1H, J 6.9, ArH), 
9.92 (br t, 1H, ArNH). δP {1H} (121 MHz, CDCl3) 23.0. δC {1H} (75 MHz, CDCl3) 16.3 (d, 4C, JC–P 5.7, 
CH3CH2O), 34.6 (d, 2C, JC–P 156.8, CH2P), 39.9 (1C, CH2NHAr), 53.4 (1C, CH2N), 57.9 (2C, CH2CO), 62.5 (d, 
4C,  JC–P 6.9, OCH2), 113.0 (1C, quat Ar), 116.1 (1C, ArCH), 118.0 (1C, ArCH), 126.7 (2C, ArCH), 133.0 (1C, 
quat Ar), 133.2 (1C, ArCH), 134.0 (1C, ArCH), 134.6 (1C, quat Ar), 134.8 (1C, quat Ar), 135.7 (1C, ArCH), 
151.3 (1C, ArCN), 169.8 (2C, CONH), 183.4 (1C, ArCO), 185.3 (1C, ArCO). HRMS (ESI): m/z calculated for 
C30H43N4O10P2 [M+H]+ 681.24489, found 681.24085; calculated for C30H43N4NaO10P2 [M+Na]+ 703.22684, 
found 703.22304. 
 
 Compound L3. Found: C, 49.30; H, 8.65; N, 6.78. Calc. for C39H62N6O14P3•1.5H2O: C, 48.90; H, 8.77; N, 
6.73%. νmax/cm–1 (KBr) 3432, 3359, 3252 (NH), 1666 (CO, amide I), 1629 (CO), 1594 (Ar), 1520 (amide II), 
1273, 1238 (PO), 1052, 1024, 975 (POC). δH (600 MHz, DMSO-d6): 1.16 (t, 6H, J 7.1, CH3CH2O),1.19 (t, 12H, 
J 7.1, CH3CH2O), 2.72 (m, AA’BB’ system, 2H, CH2N), 2.78 (m, AA’BB’ system, 2H, CH2N), 2.86 (t, 2H, J 
6.6, CH2N), 3.23 (s, 4H, CH2CO), 3.26 (s, 2H, CH2CO), 3.46 (q, 2H, J 6.0, CH2NAr), 3.56 (dd, 4H, JH–P 9.1, J 
6.2, CH2P), 3.58 (dd, 2H, JH–P 9.1, J 6.2, CH2P), 3.96 (dq, 4H, JH–P 7.3, J 7.3, OCH2), 3.99 (dq, 8H, JH–P 7.3, J 
7.3, OCH2), 7.28 (d, 1H, J 8.4, ArH), 7.44 (d, 1H, J 8.4, ArH), 7.65 (t, 1H, J 8.4, ArH), 7.84 (t, 1H, J 7.2, ArH), 
7.90 (t, 1H, J 7.2, ArH), 8.00 (t, 1H, J 6.6, CONH), 8.13 (d, 1H, J 8.1, ArH), 8.18 (d, 1H, J 6.9, ArH), 8.33 (t, 
2H, J 6.6, CONH), 9.77 (br t, 1H, ArNH). δP {1H} (121 MHz, DMSO-d6) 22.9 (1P), 23.5 (2P). δC {1H} (75 
MHz, DMSO-d6) 16.6 (d, 6C, JC–P 3.6, CH3CH2O), 34.2 (d, 3C, JC–P 155.3, CH2P), 40.0 (1C, CH2NHAr), 52.4 
(1C, CH2N), 52.8 (1C, CH2N), 53.4 (1C, CH2N), 57.5 (1C, CH2CO), 58.4 (2C, CH2CO), 62.1 (d, 6C, JC–P 6.5, 
OCH2), 112.5 (1C, quat Ar), 115.5 (1C, ArCH), 119.3 (1C, ArCH), 126.7 (1C, ArCH), 126.9 (1C, ArCH), 132.8 
(1C, quat Ar), 133.9 (1C, ArCH), 134.3 (1C, quat Ar), 134.8 (1C, quat Ar), 134.9 (1C, ArCH), 136.1 (1C, 
ArCH), 151.7 (1C, ArCN), 173.5 (3C, CONH), 183.3 (1C, ArCO), 184.4 (1C, ArCO). HRMS (ESI): m/z 
calculated for C39H62N6O14P3 [M+H]+ 931.3531, found 931.3533. 
 
Compound L4-H. νmax/cm–1 (KBr) 3421, 3291 (NH), 1670 (CO, amide I), 1591 (Ar), 1574 (Ar), 1532 (amide 
II), 1295, 1224 (PO), 1051, 1024, 977 (POC). δH (500 MHz, CDCl3): 1.30 (t, 12H, J 7.0, CH3CH2O),1.32 (t, 6H, 
J 7.1, CH3CH2O), 2.70 (m, AA’BB’ system, 4H, CH2N), 2.78 (m, 2H, CH2N), 3.08 (s, 2H, CH2CO), 3.12 (s, 4H, 
CH2CO), 3.31 (m, 2H, CH2NAr), 3.71(dd, 6H, JH–P 11.1, J 6.5, CH2P), 4.13 (dq, 4H, JH–P 7.2, J 7.2, OCH2), 4.16 
(dq, 8H, JH–P 7.3, J 7.3, OCH2), 6.36 (br t, 1H, ArNH), 7.03 (dd, 1H, J 8.7, J 2.3, ArH), 7.42 (d, 1H, J 2.3, ArH), 
7.67 (td, 1H, J 7.4, J 1.4, ArH), 7.72 (td, 1H, J 7.4, J 1.4, ArH), 8.07 (d, 1H, J 8.7, ArH), 8.20 (dd, 1H, J 8.1, J 
1.3, ArH), 8.25 (dd, 1H, J 7.8, J 1.3, ArH), 8.54 (t, 2H, J 6.2, CONH), 8.64 (t, 1H, J 6.4, CONH). δP {1H} (200 
MHz, CDCl3) 23.4 (2P), 23.6 (1P). δC {1H} (125 MHz, CDCl3): 16.6 (6C, CH3CH2O), 34.4 (d, 1C, JC–P 154.7, 
CH2P), 34.6 (d, 2C, JC–P 155.6, CH2P), 40.4 (1C, CH2NHAr), 52.1 (1C, CH2N), 53.4 (1C, CH2N), 54.6 (1C, 
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CH2N), 57.3 (1C, CH2CO), 58.7 (2C, CH2CO), 62.9 (d, 4C, JC–P 6.2, OCH2), 63.0 (d, 2C, JC–P 6.2, OCH2), 108.9 
(br s, 1C, ArCH), 117.3 (1C, ArCH), 123.1 (1C, quat Ar), 127.0 (1C, ArCH), 127.1 (1C, ArCH), 129.8 (1C, 
ArCH), 133.2 (1C, ArCH), 133.9 (1C, quat Ar), 134.1 (1C, ArCH), 134.5 (1C, quat Ar), 135.6 (1C, quat Ar), 
153.7 (1C, ArCN), 170.1 (2C, CONH), 170.9 (1C, CONH), 181.8 (1C, ArCO), 184.3 (1C, ArCO). HRMS (ESI): 
m/z calculated for C39H61N6NaO14P3 [M+Na]+ 953.33508, found 953.33418. 
 
Compound L4-Br. νmax/cm–1 (KBr) 3415 (NH), 1670 (CO, amide I), 1586 (Ar), 1573 (Ar), 1524 (amide II), 
1305, 1224 (PO), 1051, 1024, 979 (POC). δH (500 MHz, CDCl3): 1.28 (t, 12H, J 7.1, CH3CH2O),1.31 (t, 6H, J 
7.1, CH3CH2O), 2.77 (m, AA’BB’ system, 4H, CH2N), 2.96 (t, 2H, J 7.4, CH2N), 3.24 (s, 4H, CH2CO), 3.25 (s, 
2H, CH2CO), 3.45 (q, 2H, J 5.6, CH2NAr), 3.68 (dd, 4H, JH–P 11.3, J 6.3, CH2P), 3.73 (dd, 2H, JH–P 11.3, J 6.3, 
CH2P), 4.10 (dq, 8H, JH–P 7.4, J 7.4, OCH2), 4.12 (dq, 4H, JH–P 7.3, J 7.3, OCH2), 5.88 (br t, 1H, ArNH), 7.30 (s, 
1H, ArH), 7.70 (td, 1H, J 7.4, J 1.6, ArH), 7.73 (td, 1H, J 7.4, J 1.6, ArH), 8.20 (dd, 1H, J 7.5, J 1.6, ArH), 8.22 
(dd, 1H, J 7.4, J 1.6, ArH), 8.25 (t, 1H, J 6.2, CONH), 8.32 (s, 1H, ArH), 8.34 (t, 2H, J 6.2, CONH). δP {1H} 
(200 MHz, CDCl3) 23.3 (2P), 23.5 (1P). δC {1H} (125 MHz, CDCl3): 16.6 (d, 6C, J 5.7, CH3CH2O), 34.4 (d, 1C, 
JC–P 155.5, CH2P), 34.6 (d, 2C, JC–P 156.1, CH2P), 41.7 (1C, CH2NHAr), 53.0 (1C, CH2N), 53.2 (1C, CH2N), 
53.7 (1C, CH2N), 58.1 (1C, CH2CO), 58.7 (2C, CH2CO), 62.8 (d, 4C, JC–P 6.5, OCH2), 62.9 (d, 2C, JC–P 6.5, 
OCH2), 107.3 (br s, 1C, ArCH), 115.6 (1C, quat Ar), 123.6 (1C, quat Ar), 127.2 (2C, ArCH), 132.5 (1C, ArCH), 
133.6 (1C, ArCH), 133.7 (1C, quat Ar), 134.0 (1C, quat Ar), 134.3 (1C, ArCH), 134.6 (1C, quat Ar), 149.4 (1C, 
ArCN), 170.5 (d, 2C, JC–P 2.7, CONH), 170.9 (d, 1C, JC–P 2.7, CONH), 181.0 (1C, ArCO), 183.6 (1C, ArCO). 
HRMS (ESI): m/z calculated for C39H60BrN6NaO14P3 [M+Na]+ 1031.24559, found 1031.25009. 
  
Compound L5. The solution of [(2-bromoacetylamino)methyl]phosphonic acid diethyl ester 10 (17.08 g, 59 
mmol) in 70 mL CH3CN was placed in a dry round bottomed flask. Then K2CO3 (17.41 g, 126 mmol) and 
ethylene diamine (0.94 mL, 14 mmol) were added and the reaction mixture was refluxed for 46 h. After cooling, 
the reaction mixture was filtered and evaporated in vacuo. The residue was subjected to chromatography on 
Al2O3 using CH2Cl2/MeOH (2 %) as eluent. The target compound (9.70 g, 78%) was isolated as a yellow oil. 
Found: C, 39.77; H, 7.44; N, 9.14. Calc. for C30H64N6O16P4•H2O: C, 39.74; H, 7.34; N, 9.27%. νmax /cm  (KBr) 
3432, 3359, 3252 (NH), 1666 (CO, amide I), 1629 (CO), 1594 (Ar), 1520 (amide II), 1273, 1238 (PO), 1052, 
1024, 975 (POC). δH (300 MHz, CDCl3): 1.26 (t, 24H, J 7.2, CH3CH2O), 2.65 (s, 4H, CH2N), 3.06 (s, 8H, 
CH2CO), 3.67 (dd, 8H, JH–P 11.2, J 6.1, CH2P), 4.07 (dq, 16H, JH–P 6.9, J 6.9, OCH2), 8.54 (t, 4H, J 6.3, CONH). 
δP {1H} (121 MHz, CDCl3) 22.9. δC {1H} (75 MHz, CDCl3): 16.6 (d, 8C, JC–P 6.3, CH3CH2O), 34.2 (d, 4C, JC–P 
155.1, CH2P), 53.3 (2C, CH2N), 58.8 (4C, CH2CO), 62.8 (d, 8C, JC–P 6.5, OCH2), 170.0 (d, 4C, JC–P 2.1, 
CONH). 
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2. UV–Vis study of the complexation of different metal ions by L1 
 
 UV–Vis studies were carried out in 35 mM aqueous HEPES buffer solutions at pH = 7.4. The 
concentrations of metal perchlorate solutions used were 45–55 mM. 
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Fig. S1 UV–Vis spectra of chemosensor L1 before and after addition of Cu2+, Ni2+, and Al3+. 

 

  
(a) (b) 

 
(c) 

Fig. S2 UV–Vis spectra of chemosensor L1 before and after the addition of different amounts of Cu2+ (a), 
Al3+ (b), and Ni2+ (c). [L1] = 0.07 mM. In the case of Cu2+ and Al3+, the spectral drifts seen at high 
wavelengths are due to precipitation of the corresponding metal hydroxides. 
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(a) (b) 

 
(c) 

Fig. S3 Cross-selectivity studies of sensor L1. UV–Vis spectra of L1 were recorded in the presence of 
different amounts of metal ions. The absorbance decrease is due to the dilution effect caused by the 
addition of aliquots of metal salt solutions and corresponds to the expected value. 
(a) SL1 – Absorption spectrum of L1 ([L1] = 0.11 mM). 
 SCu1 – 1 equiv of Cu2+. 
 SCu2 – 1 equiv of Cu2+ and 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+. 
 SL3 – 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+. 
 SCu3 – 1 equiv of Cu2+, 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+. 
 SL4 – 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+, Co2+. 
 SCu4 – 1 equiv of Cu2+, 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+, Co2+. 
 SL5 – 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+, Co2+, Ni2+. 
 SCu5 – 1 equiv of Cu2+, 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+, Co2+, Ni2+. 
(b) SL1 – Absorption spectrum of L1 ([L1] = 0.11 mM). 
 SCu1 – 1 equiv of Cu2+. 
 SL6 – 10 equiv of Cd2+. 
 SL7 – 10 equiv of Cd2+, Ag+. 
 SL8 – 10 equiv of Cd2+, Ag+, Hg2+. 
 SCu8 – 1 equiv of Cu2+ and 10 equiv of Cd2+, Ag+, Hg2+. 
(c) SL1* – Absorption spectrum of L1 ([L1] = 0.07 mM). 
 SCu1* – 1 equiv of Cu2+. 
 SL9 – 100 equiv of Al3+. 
 SCu9 – 1 equiv of Cu2+ and 100 equiv of Al3+. 
 SL10 – 100 equiv of Ni2+. 
 SCu10 – 1 equiv of Cu2+ and 100 equiv of Ni2+. 
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3. UV–Vis study of the complexation of different metal ions by L2 

3.1 UV–Vis spectra of ligand L2 in the presence of different metal ions 

 
 Unless otherwise noted, UV–Vis studies were carried out in 35 mM aqueous HEPES buffer 
solutions at pH = 7.4. The concentrations of metal perchlorate solutions used were 45–55 mM. 
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Fig. S4 UV–Vis spectra of chemosensor L2 before and after addition of Cu2+. 
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(i) (j) 

  
(k) (l) 

  
(m) (n) 

Fig. S5 UV–Vis spectra of chemosensor L2 before and after addition of different amounts of Na+ in water 
(a), K+ in water (b), Mg2+ (c), Ca2+ (d), Ba2+ (e), Al3+ (f), Zn2+ (g), Cd2+ (h), Pb2+ in water (i), Co2+ (j), Ni2+ 
(k), Cu2+ (l), Ag+ (m), and Hg2+ (n). [L2] = 0.11 mM. The absorbance decrease is due to the dilution effect 
caused by the addition of aliquots of metal salt solutions and corresponds to the expected value. In the case 
of Cu2+, the spectral drifts seen at high wavelengths are due to precipitation of Cu(OH)2. 
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Fig. S6 Cross-selectivity studies of sensor L2. UV–Vis spectra of L2 were recorded in the presence of 
different amounts of metal ions. The absorbance decrease is due to the dilution effect caused by the 
addition of aliquots of metal salt solutions and corresponds to the expected value. 
 SL1 – Absorption spectrum of L2 ([L2] = 0.11 mM). 
 SCu1 – 1 equiv of Cu2+. 
 SCu2 – 1 equiv of Cu2+ and 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+. 
 SL3 – 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+. 
 SCu3 – 1 equiv of Cu2+, 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+. 
 SL4 – 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+, Cd2+, Co2+, Ni2+, Ag+. 
 SCu4 – 1 equiv of Cu2+, 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+, Cd2+, Co2+, 

Ni2+, Ag+. 
 SL5 – 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+, Cd2+, Co2+, Ni2+, Ag+, Hg2+. 
 SCu5 – 1 equiv of Cu2+, 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+, Cd2+, Co2+, 

Ni2+, Ag+, Hg2+. 
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3.2 Determination of the stoichiometry of the Cu(II) complex formed with L2 by Job's 
method 

 
 The stoichiometry of the Cu(II) complex formed with L2 was determined by the method of 
continuous variation (or Job’s method) using UV–Vis spectroscopy. According to this method, the 
parameter used was the absorbance change at 615 nm calculated according to the equation: 
 

00)1( MMLM AxAxAA !"!""=# , 

 
where Mx  is the molar fraction of the metal salt, 0

LA  and 0
MA  are the absorbances of the single solutions of 

the ligand and metal salt, respectively. The absorbance changes are plotted against the molar fraction of 
Cu(ClO4)2. The maximum indicates a 1:1 stoichiometry of the complex. 
 

 

Fig. S7 Job’s plot at 615 nm for the Cu2+/L2 system in water. [L2]tot + [Cu(II)]tot = 0.16 mM. 
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3.3 Determination of the detection limit of Cu2+ by L2 
 
 The detection limit (DL) was determined by gradual dilution of a 1:1 mixture of Cu(ClO4)2 and L2 
in 35 mM aqueous HEPES buffer solutions at pH = 7.4, according to the following equation: 
 

DL = 3 × σ b / S, 
 
where σ b is the standard deviation of the blank solution and S is the slope of the calibration curve. 
 
 
 

 

 

Fig. S8 Top: color change of Cu2+/L2 complex solutions due to gradual dilution (from left to right). The 
initial concentration of Cu(II) is 7 ppm and the final concentration was 0.07 ppm. Bottom: UV–Vis spectra 
of the studied samples. 

 

 

Fig. S9 Calibration curve for the Cu2+/L2 system at 615 nm. 

 
Linear regression data: [ ]Cu(II)615 !+= SaA , a = –0.006(1), S = 4640(20), R2 = 0.99978. 
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4. UV–Vis study of the complexation of different metal ions by L3 

4.1 UV–Vis spectra of ligand L3 in the presence of different metal ions 

 
 Unless otherwise noted, UV–Vis studies were carried out in 35 mM aqueous HEPES buffer 
solutions at pH = 7.4. The concentrations of metal perchlorate solutions used were 45–55 mM. 
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Fig. S10 UV–Vis spectra of chemosensor L3 before and after addition of 1 equiv of Co2+, Pb2+, Cu2+, and 
Cd2+. 
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(i) (j) 

  
(k) (l) 

  
(m) (n) 

Fig. S11 UV–Vis spectra of chemosensor L3 before and after addition of different amounts of Na+ in water 
(a), K+ in water (b), Mg2+ (c), Ca2+ (d), Ba2+ (e), Zn2+ (f), Al3+ (g), Pb2+ in water (h), Cd2+ (i), Cu2+ (j), Ni2+ 
(k), Co2+ (l), Ag+ (m), and Hg2+ (n). The absorbance decrease is due to the dilution effect caused by the 
addition of aliquots of metal salt solutions and corresponds to the expected value. The spectral drifts seen at 
high wavelengths are due to precipitation of the corresponding metal hydroxides. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. S12 Cross-selectivity studies of sensor L3. UV–Vis spectra of L3 were recorded in the presence of 
different amounts of metal ions. The absorbance decrease is due to the dilution effect caused by the 
addition of aliquots of metal salt solutions and corresponds to the expected value. 
(a) SL1 – Absorption spectrum of L3 ([L3] = 0.11 mM). 
 SCu1 –1 equiv of Cu2+. 
 SL2 – 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+. 
 SCu2 – 1 equiv of Cu2+, 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+. 
 SL3 – 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+, Co2+, Ni2+, Ag+. 
 SCu3 – 1 equiv of Cu2+, 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+, Co2+, Ni2+, 

Ag+. 
(b) SL1 – Absorption spectrum of L3 ([L3] = 0.11 mM). 
 SCu1 –1 equiv of Cu2+. 
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 SL4 – 10 equiv of Hg2+. 
 SCu4 – 1 equiv of Cu2+ and 10 equiv of Hg2+. 
 SCu4' – 1 equiv of Cu2+ and 10 equiv of Hg2+, 15 min after the addition of Hg2+. 
 SCu5 – 1 equiv of Cu2+, 10 equiv of Cd2+ and 1 eq of Pb2+. 
(c) SL1 – Absorption spectrum of L3 ([L3] = 0.11 mM). 
 SPb1 – 1 equiv of Pb2+. 
 SPb2 – 1 equiv of Pb2+ and 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+. 
 SL3 – 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+. 
 SPb3 – 1 equiv of Pb2+, 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+. 
 SL4 – 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+. 
 SPb4 – 1 equiv of Pb2+, 100 equiv of Na+, K+, Mg2+, Ca2+, Ba2+ and 10 equiv of Al3+, Zn2+. 
(d) SL1 – Absorption spectrum of L3 ([L3] = 0.11 mM). 
 SPb1 – 1 equiv of Pb2+. 
 SL5 – 10 equiv of Co2+. 
 SPb5 – 1 equiv of Pb2+ and 10 equiv of Co2+. 
 SL6 – 10 equiv of Ni2+. 
 SPb6 – 1 equiv of Pb2+ and 10 equiv of Ni2+. 
 SPb6' – 1 equiv of Pb2+ and 10 equiv of Ni2+, 15 min after the addition of Ni2+. 
(e) SL1 – Absorption spectrum of L3 ([L3] = 0.11 mM). 
 SPb1 – 1 equiv of Pb2+. 
 SL7 – 10 equiv of Ag+. 
 SPb7 – 1 equiv of Pb2+ and 10 equiv of Ag+. 
 SL8 – 2 equiv of Hg2+. 
 SPb8 –1 equiv of Pb2+, 10 equiv of Ag+, and 2 equiv of Hg2+. 
(f) SL1 – Absorption spectrum of L3 ([L3] = 0.11 mM). 
 SPb1 – 1 equiv of Pb2+. 
 SL9 – 2 equiv of Cd2+. 
 SPb9 – 1 equiv of Pb2+ and 2 equiv of Cd2+. 
 SL11 – 1 equiv of Cu2+. 
 SPb10 – 1 equiv of Pb2+ and 0.5 equiv of Cu2+. 
 SPb11 – 1 equiv of Pb2+ and 1 equiv of Cu2+. 
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4.2 Determination of the stoichiometry of the Cu(II), Pb(II), and Cd(II) complexes formed 
with L3 by Job's method 

 
 The stoichiometries of the M(II) complexes formed with L3 were determined by the method of 
continuous variation (or Job’s method) using UV–Vis spectroscopy. According to this method, the 
parameter used was the absorbance change calculated according to the equation: 
 

00)1( MMLM AxAxAA !"!""=# , 

 
where Mx  is the molar fraction of the metal salt, 0

LA  and 0
MA  are the absorbances of the single solutions of 

the ligand and metal salt, respectively. The absorbance changes are plotted against the molar fraction of 
M(ClO4)2. The maxima indicate a 1:1 stoichiometry of the complexes. 
 
 

 

Fig. S13 Job’s plot at 615 nm for the Cu2+/L3 system in water. [L3]tot + [Cu(II)]tot = 0.12 mM. 

 
 

 

Fig. S14 Job’s plot at 520 nm for the Pb2+/L3 system in water. [L3]tot + [Pb(II)]tot = 0.12 mM. 
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Fig. S15 Job’s plot at 520 nm for the Cd2+/L3 system in 35 mM aqueous HEPES buffer solutions at pH = 
7.4. [L3]tot + [Cd(II)]tot = 0.12 mM. 
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4.3 Determination of the detection limits of Cu2+ and Pb2+ by L3 
 
 The detection limits (DL) were determined by gradual dilution of a 1:1 mixture of M(ClO4)2 and 
L3 in 35 mM aqueous HEPES buffer solutions at pH = 7.4, according to the following equation: 
 

DL = 3 × σ b / S, 
 
where σ b is the standard deviation of the blank solution and S is the slope of the calibration curve. 
 
 
 
 

 

 

Fig. S16 Top: color change of Cu2+/L3 complex solutions due to gradual dilution (from left to right). The 
initial concentration of Cu(II) is 7 ppm and the final concentration was 0.07 ppm. Bottom: UV–Vis spectra 
of the studied samples. 

 
 

 

Fig. S17 Calibration curve for the Cu2+/L3 system at 615 nm. 

 
Linear regression data: [ ]Cu(II)615 !+= SaA , a = –0.0018(5), S = 5130(10), R2 = 0.99996. 
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Fig. S18 Top: color change of Pb2+/L3 complex solutions due to gradual dilution (from left to right). The 
initial concentration of Pb(II) is 25 ppm and the final concentration was 0.25 ppm. Bottom: UV–Vis spectra 
of the studied samples. 

 
 

 

Fig. S19 Calibration curve for the Pb2+/L3 system at 480 nm. 

 
Linear regression data: [ ]Pb(II)480 !+= SaA , a = –0.0021(5), S = 4530(10), R2 = 0.99996. 
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5. Fluorimetric study of the complexation of different metal ions by L3 
 
 

  
(a) (b) 

Fig. S20 Fluorescence spectra of L3 before and after the addition of different metal ions. (a) Water, [L3] = 
9.4 × 10–6 M. (b) Acetonitrile, [L3] = 9.4 × 10–6 M. 

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2011



23 
 

6. Protonation studies of L2, L3 and L5 
 
 

  
(a) (b) 

Fig. S21 Spectrophotometric titration of L2 and L3 as a function of p[H]. (a) [L2]tot = 0.09 mM, spectra 1–
11: p[H] = 1.81–5.69. (b) [L3]tot = 0.07 mM, spectra 1–14: p[H] = 7.91–2.57. I = 0.1 M KCl, T = 298.2(2) 
K. 
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Fig. S22 (a) 1H NMR titration of chemosensor L2 in H2O/D2O 9:1 v/v. I = 0.1 KNO3, T = 298.2(2) K, 500 
MHz. Signal assignment: H8 (open circle), H7 (black up triangle), H6 (open square), H5 (black down 
triangle), H4 (open diamond), H3 (black star), H2 (open up triangle), H1 (black circle); (b) 1H NMR (upper 
panel) and 13C NMR (lower panel) titration of compound L5 in H2O/D2O 9:1 v/v. I = 0.1 KNO3, T = 
298.2(2) K, 500 MHz. Signal assignment: H3 (open circle), H2 (black up triangle), H1 (open square), C4 
(open down triangle), C2 (black diamond), C1 (open star), C3 (black square). 
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7. Spectrophotometric and potentiometric complexation studies of Cu2+, 
Pb2+, and Cd2+ by L2 and L3 

 

(a) 

 

 

(a) 

 

 

(b) 

 

(b) 

 

(c) 

 

(c) 

 

(d) 

 

(d) 

 
Fig. S23 Right panel: Spectrophotometric titration of an equimolar mixture of Cu2+ and chemosensor as a 
function of p[H]. (a) [Cu(II)]tot = 0.11 mM, [L2]tot = 0.12 mM, spectra 1–5 (red): p[H] = 1.79–3.57, spectra 
6–17 (wine): p[H] = 4.61–5.58, spectra 18–27 (purple): p[H] =5.64–6.21, spectra 28–32 (blue): p[H] = 
6.29–8.28. (b) [Cu(II)]tot = 0.11 mM, [L2]tot = 0.12 mM, spectra 1–5 (blue): p[H] = 8.28–11.23, spectra 6–
13 (purple): p[H] = 11.36–12.11. (c) [Cu(II)]tot = 0.15 mM, [L3]tot = 0.15 mM, spectra 1–4 (red): p[H] 
=1.95–3.25, spectra 5–16 (wine): p[H] =3.43–4.14, spectra 17–34 (purple): p[H] = 4.18–5.11, spectra 35–
39 (blue): p[H] = 5.24–6.55. (c) [Cu(II)]tot = 0.15 mM, [L3]tot = 0.15 mM, spectra 1–5 (blue): p[H] =6.55–
7.65, spectra 5–19 (purple): p[H] = 7.76–9.26, spectra 20–29 (wine): p[H] = 9.76–12.14. I = 0.1 M KNO3, 
T = 298.2(2) K, l = 1 cm, all absorbances are corrected for dilution effects.Left panel: Spectrophotometric 
titration of an equimolar mixture of Cd2+ or Pb2+ with L3 as a function of p[H]. (a) [Cd(II)]tot = 0.09 mM, 
[L3]tot = 0.09 mM, spectra 1–13 (wine): p[H] = 1.93–5.05, spectra 14–24 (red): p[H] = 6.38–9.56. (b) 
[Cd(II)]tot = 0.09 mM, [L3]tot = 0.09 mM, spectra 1–11 (red): p[H] = 9.56–10.48, spectra 12–25 (wine): 
p[H] = 10.57–12.08. (c) [Pb(II)]tot = 0.08 mM, [L3]tot = 0.08 mM, spectra 1–14: p[H] = 1.94–5.51. (d) 
[Pb(II)]tot = 0.08 mM, [L3]tot = 0.08 mM, spectra 1–19: p[H] = 5.51–11.84. I = 0.1 M KNO3, T = 298.2(2) 
K, l = 1 cm, all absorbances are corrected for dilution effects. 

Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2011



26 
 

 
 

  
(a) (b) 

Fig. S24 Potentiometric titration curves of L2 (a) and L3 (b) in the presence of different metal ions. Dotted 
lines correspond to regions where equilibration time takes more than 1 h per point and/or precipitation 
occurs. (a) [L2]tot = 3.14 mM (red curve); [Cu(II)]tot = 3.50 mM, [L2]tot = 3.60 mM (blue curve). (b) [L3]tot 
= 2.89 mM (red curve); [Cu(II)]tot = 3.79 mM, [L3]tot = 3.92 mM (blue curve); [Cd(II)]tot = 3.60 mM, [L3]tot 
= 3.67 mM (purple curve); [Pb(II)]tot = 3.79 mM, [L3]tot = 3.92 mM (green curve); [KOH] = 0.100 M; V0 = 
25 mL; I = 0.1 M KNO3, T = 298.2(2) K.  

 

 

Fig. S25 Species distribution diagram for the Cu2+/L2 system. [L2]tot = [Cu(II)]tot = 0.1 mM, I = 0.1 M 
KNO3, T = 298.2(2) K. 
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8. NMR study of L3 in the presence of Pb2+ 
 
The NMR studies were performed to get deeper insight in the inner coordination sphere of the 

Pb(II) complexes formed with L3 in different solvents. The 1H NMR, 13C-{1H} NMR and 31P-{1H} NMR 
spectra of the ligand L3 in different solvents were compared to the corresponding spectra obtained after 
addition of different amounts of lead perchlorate. The chemical shifts and splitting patterns can be directly 
correlated to the structural features of the complex, provided the structure is either rigid or the dynamic 
processes are fast compared to the NMR time scale. This study revealed that the solvent nature and the 
amount of the added lead salt have a strong influence on the structure of the complexes formed in solution. 

The 1H NMR spectra of L3 in acetonitrile-d3 before and after addition of 1 and 2 equiv of lead 
perchlorate are presented in Fig. 8 (titration of ligand L3 with lead perchlorate is given in Fig. S26). The 
difference between the NMR spectra is significant, especially in the low field region. The spectra in the 
presence of 1 and 2 equiv of the metal salt are quite different from each other and from the spectrum of the 
ligand reflecting the stepwise coordination of lead ions by the ligand. It has to be noted that UV–Vis 
spectrum of ligand L3 in acetonitrile changes significantly after the addition of 1 equiv of lead perchlorate, 
while a further addition has almost no effect (Fig. S27). 

  

 
Fig. S27 UV–Vis spectra of chemosensor L3 before and after addition of different amounts of Pb2+ ions in 
acetonitrile. [L3] = 0.12 mM. 
 

In the presence of 2 equiv of the metal salt the 1H NMR spectrum reveals resolved resonances for 
almost all the protons consistent with a rigid complex having C1 symmetry. An initial assignment of the 
signals was done on the basis of 1H-1H 2D COSY and 13C-1H 2D HMQC spectra (Fig. S28, S29), with 
reference to the spectra of other related complexes.2 Labelling of the hydrogen atoms of L3 is shown in Fig. 
S30.  

 

 
Fig. S30 Atom labelling scheme of ligand L3 (A) and schematic representation of the exchange between 
both staggered conformations of the ethylenediamine group (Newman projections along the C5–C6 bond) 
(B). 
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In the low-field region, protons of the aromatic ring, the amide groups, and the aromatic amine 
resonate. These signals are broad; two resonances appear at 7.91 and 8.75 ppm with an integrated intensity 
ratio of 1:1. Two other signals overlap with the proton of aromatic ring at 8.15 ppm giving a broad doublet 
(expected pattern for the aromatic proton) with the integral intensity 3. The downshielded signal (8.75 
ppm) was tentatively attributed to the nitrogen proton. In the spectrum of the free ligand L3 this nitrogen 
proton appears as sharp downfield triplet at 9.4 ppm indicating that this proton is involved in an 
intramolecular hydrogen bond. Upfield shift and broadening of this resonance in the spectrum of the 
complex are consistent with a coordination of the metal ion to at least one of these donor groups leading to 
dissociation of the intramolecular hydrogen bond in the ligand. The signals of amide and aromatic protons 
are deshielded with respect to the free ligand protons indicating a coordination of the lead ion to the oxygen 
atoms of amide groups and donor atoms of the aminoanthraquinone moiety. 
 In the aliphatic region of the spectrum the proton resonances from ethyl groups of 
diethoxyphosphoryl substituents can be easily recognized taking into account their characteristic chemical 
shifts and coupling patterns. The protons of methyl and ethyl groups give rise to  triplets at 1.18 (3H), 1.20 
(3H), 1.26 (3H), 1.28 (3H), 1.32 (6H) ppm and quintets (overlapping quartet of doublets, with 4JP-H = 7.3 
Hz, and 3J =7.3 Hz ) centred at 3.97 (4H), 4.13 (2H), 4.14 (2H), 4.18(2H), 4.20 (2H) ppm, respectively. Six 
ethyl groups are inequivalent due to the coordination of the three phosphoryl groups to the metal ions. This 
conclusion is in good agreement with 31P-{1H} NMR spectrum where three phosphorous atoms appear as 
three distinct resonances.  However, the splitting pattern of these groups is quite simple (quintets) reflecting 
that they do not contribute to the formation of chelating rings.  

In the 2.85–4.20 ppm region of 1H NMR spectrum four upfielded resonances were attributed to the 
protons of ethylenediamine fragment bearing three identical substituents (H5, H5’, H6, H6’ Fig. S30). Their 
coupling patterns are characteristic of conformationally rigid five-membered chelating ring observed in the 
complexes of polyazamacrocyclic ligands (Fig. S30). In addition to geminal coupling each proton of this 
chelate ring should have coupling with two vicinal protons giving an ADMX resonance pattern. The vicinal 
coupling constants have different values as a result of the Karplus relationship. Owing to the quality of the 
spectrum, the three smallest vicinal couplings are not resolved, giving slight broadening of the resonances 
of the corresponding protons which appear as two doublets (equatorial protons) and two triplets (axial 
protons). In concert with the 1H-1H 2D COSY and 13C-1H 2D HMQC data, enough information allows us 
to assign these protons. In the 1H-1H 2D COSY spectrum, intense cross peaks are observed for the geminal 
coupling of  protons located on the same carbon and vicinal axial coupling.  This splitting pattern indicates 
a strong coordination of nitrogen donor atoms and a slow conformational exchange between the two 
possible ring conformations (Fig. S30). 

The signals of the other protons in the 3.30-4.30 ppm region overlap but they can be 
unambiguously assigned on the basis of 1H-1H 2D COSY and 13C-1H 2D HMQC spectra. Based on 
characteristic proton splitting pattern and the characteristic chemical shift of the carbon atom in α position 
of an aromatic amino group, the signals of the second ethylenediamine fragment are assigned. The 
chelating ring is also quite rigid since the chemical shifts of exchangeable protons (Fig. S30) are 
significantly different and cross peaks corresponding to vicinal coupling of axial protons are well-defined 
in 1H-1H 2D COSY spectrum. That is in agreement with coordination of aromatic nitrogen atom to the lead 
cation. 

13C-1H 2D HMQC spectrum is very helpful to distinguish signals from diastereotopic methylene 
protons in α position of the diethoxyphosphoryl groups and diastereotopic methylene protons adjacent to 
the amide groups. Their cross-peaks appear in different regions of the spectrum since carbon chemical 
shifts of these groups appear at 35 (doublet) and 55 ppm, respectively. The protons of the three methylene 
groups situated in α position of phosphorous atoms (H3, H3’) are inequivalent and appear as doublet of 
doublets with significantly different chemical shifts 3.34 and 3.46, 3.75 and 3.79 and 3.74 and 4.06 ppm. 
Six other protons in this region are coupled with just one another proton and appear as doublets. These 
protons were ascribed to three methylene groups in α position of the nitrogen atoms and amide groups (H4, 
H4’). The ratio of the integrated intensity distinct multiplets is in accordance with this assignment. 
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Almost all proton resonances in the spectrum are down-shifted compared to the corresponding 
signals of the free ligand L3 (complexation chemical shift). Only two signals from one CH2P group are 
upfield shifted, probably due to its location in the cone-shape shielding zone of the anthraquinone ring. 

Thus, in the presence of 2 equiv of lead ions six oxygen atoms from three diethoxyphosphoryl 
groups and three amide groups as well as three nitrogen atoms of the polyamino backbone are coordinated 
to the lead ion. In addition, the oxygen atom from carbonyl group of anthraquinone ring also coordinates 
the lead ion causing the downfield shift of all proton and carbon signals of aromatic ring in the 1H NMR 
and 13C-{1H} NMR spectra. 13C-{1H} NMR spectrum supplies additional data to confirm this interpretation 
(Fig. S31). The carbon atoms of amide groups are inequivalent and shifted downfield (3-4 ppm) relatively 
to the signals of the free ligand L3. This value is characteristic for oxygen-coordinated amide groups for the 
polyazamacrocyclic ligands.3, 4 One of the two resonances from anthraquinone carbonyl group is also 
shifted downfield (2 ppm) while the chemical shift of the second one is unchanged indicating the 
coordination of the lead ion to the oxygen atom of the shifted carbonyl group. 
 In the presence of 1 equiv of the lead ions, the Pb2+/L3 system is dynamic. Broad signals of some 
protons are observed and the assignment of the signals is not easy. Nevertheless, using 1H-1H 2D COSY 
and 13C-1H 2D HSQC spectra at 25-45 oC most of the signals can be assigned (Fig. S32, S33). It is 
surprising to observe that chemical shifts and splitting patterns of some protons are significantly different 
from those observed in the presence of 2 equiv of the lead ions. Four upfielded proton resonances of 
ethylenediamine fragment bearing three identical substituents and signals of diastereotopic methylene 
protons adjacent to the amide groups are similar in both spectra proving that these groups participating in 
the formation of chelating rings are not changed in the presence of the excess of the metal ions. In contrast, 
the protons of each methylene groups from the second ethylenediamine fragment are equivalent and appear 
as broad singlets, such a result was clearly proved by two dimension NMR spectroscopy. These proton 
resonances are still down-shifted relatively to the corresponding signals of the free ligand (complexation 
chemical shift). However the displacement of the methylene group adjacent to the aromatic amine site is 
less significant than in the presence of 2 equiv of the metal ion reflecting a weak coordination of these 
amine groups to the metal ion. The signals corresponding to the protons adjacent to phosphoryl groups are 
also broad. 13C-{1H} NMR spectrum supplies additional data to the structure elucidation. The carbon atoms 
of amide groups are inequivalent and shifted downfield (3-4 ppm) relatively to the signals of the free 
ligand. One of the two resonances from anthraquinone carbonyl group is also shifted downfield (2 ppm) 
while a chemical shift of the second one is unchanged indicating the coordination of the lead ion to oxygen 
atom of the shifted carbonyl group. Only two inequivalent signals from methylene group situated in α 
position to phosphorous atoms are observed in agreement with a weak coordination of the phosphoryl 
groups to the lead ion. Taking into account an exclusive formation of the mononuclear and monoleptic 
complex [PbL3]2+ in water in the presence of 1 equiv of Pb2+ according to UV–Vis study, we suggest that 
six donor groups of the ligand are tightly coordinated to the lead ion. Coordination of Pb2+ by four other 
donor groups (three phosphoryl groups and aromatic amine group) is more flexible and leads to the 
broadening of proton signals. After addition of the second equivalent of the metal ions all phosphoryl 
groups and the aromatic amine group coordinate the metal ions giving rise to rigid bimetallic complex(es). 
It has to be noted that the coordination of phosphoryl groups to the excess of Pb2+ does not change UV–Vis 
spectrum since this structural changing does not significantly affect the coordination of the anthraquinone 
moiety which absorbs light in the visible region of the spectrum. 
 Interestingly, Pb2+/L3 structure in DMSO is completely different. 1H NMR titration of L3 by Pb2+ is 
shown in Fig. S34. In this coordinating solvent the complex is flexible and Pb2+–O and Pb2+–N bond 
dissociation is fast compared to the NMR time scale which explains the absence of geminal splitting of all 
methylene protons. In comparison with the spectrum of the free ligand, the splitting pattern of all resonance 
signals from methylene hydrogens of different groups remains relatively unchanged despite a significant 
signal downfield shift and broadening of the signals. The signals of both the anthraquinone ring and 
aromatic amine protons are identical to the corresponding signals of the free ligand, indicating that Pb2+ 
does not coordinate any donor group of this moiety. 
 31P-{1H} NMR spectrum consists of one broad singlet (Fig. S35). At 50 oC the two expected singlets 
are observed as broad signals which are coincidentally nearly isochronous above 90 oC. This signal is not 
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shielded relative to the phosphorous resonances of the free ligand. 
 13C-{1H} NMR spectrum also confirms the flexible nature of the coordination in DMSO-d6. 
Complexation shifts of carbon atoms are in accordance with the inner coordination sphere proposed using 
1H NMR data. The carbon atoms from amide groups are shifted of 3 ppm relative to the signals of the free 
ligand reflecting the coordination of these groups. However, the signals are broad and appear as two 
singlets with an intensity ratio of 2:1 indicating a fast exchange of these groups. The signals of 
ethylenediamine moieties are also broad. These data confirm fast exchange of all donor groups compared to 
the NMR time scale. 

Variable temperature 1H NMR spectra were collected over 25 to 90 oC and the stack of spectra of 
the ligand and the complex is shown in Fig. S36. As expected, at higher temperature Pb2+ coordination is 
very weak and the proton resonance patterns for Pb2+/L3 system are very similar to those of the free ligand. 
Positive (for higher field) complexation shifts is significant only for the proton adjacent to the amide group 
and smaller for the proton of ethylenediamine fragment bearing two aliphatic amine groups (H5, H5’, H6, 
H6’). In accordance with these data, the UV–Vis spectrum of the ligand L3 in DMSO does not change after 
addition of 1 or 2 equiv of lead perchlorate (Fig. S37). 

 

 
Fig. S37 UV–Vis spectra of chemosensor L3 before and after addition of different amounts of Pb2+ ions in 
DMSO. [L3] = 0.12 mM. 

 
 In 1H NMR spectrum of the ligand recorded in D2O the protons of the ethylenediamine fragment and 
the anthraquinone ring are slightly broadened (Fig. S38). There is an exchange between labile protons of 
the amide groups and aromatic amine group and the deuterium. The signals of methylene groups in α 
position of phosphoryl group appear as doublets due to their exclusive coupling with phosphorous. The 
methylene protons of two inequivalent amide groups appear as a singlet since these protons are 
coincidently isochronous. 
 The resonance pattern of protons in Pb2+/L3 system reveals that the complex is flexible and the 
exchange between free and coordinated donor groups is either fast or slower when broadening of the 
signals is observed. Variable temperature 1H and 31P NMR spectra were collected over 5 to 90 oC and the 
stack of spectra is shown in Fig. S39 and S40. The rate of donor groups exchange is strongly dependent on 
the temperature. The spectrum at room temperature is the most interesting because it reflects the complex 
structure under conditions applied in detection experiments (Fig. S41). At room temperature anthraquinone 
protons appear as sharp signals with large complexation shifts; the methylene hydrogens of 
ethylenediamine fragments yield broad signals reflecting a weak coordination of the lead ion to the 
polyamine backbone. The resonance patterns of three diethoxyphosphoryl groups are different one from 
others. The ethyl groups of the first phosphoryl group are equivalent and only slightly shifted relative to the 
corresponding signals of the free ligand. The methyl protons of the second one give rise to a broad shielded 
singlet, and for the third group they are inequivalent leading to two broad singlets. The ethyl protons of 
these two groups are also inequivalent. Such resonance pattern indicates that these groups are flexible and 
their dissociation from the metal proceeds with different rate. At the same time, these groups do not 
exchange. Inequivalence of both phosphoryl groups located on the same nitrogen atom is significant and 
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suggests that two non-coordinated arms do not exist in the studied solution. While these two phosphoryl 
groups are tightly bonded to the Pb2+, the dissociation of the third one is much more simple.  
 The assignment of six methylene groups in α position to phosphoryl groups (H3, H3’) and from 
amide groups (H4, H4’) are quite difficult because the protons of both groups appear as doublets, whereas 
cross peaks in 1H-1H 2D COSY and 13C-1H 2D HMQC spectra are often absent due to the flexible nature of 
the complex. Variable temperature spectra are useful to complete this assignment. The protons were 
attributed by comparing of cross peaks in 1H-1H 2D COSY and 13C-1H 2D HMQC spectra at 5 and 25 oC 
and variable temperature data collected over 5 to 90 oC. At 5 oC where resonance signals from methylene 
hydrogens of the amide and two CH2P groups appear as five well-separated AX system (Fig. S42). The 
proton of the third methylene group in α position to the phosphorous atom gives rise to a doublet reflecting 
a fast dissociation or a non-bonding character of this phosphoryl group. Thus all three amide-oxygen donor 
atoms are firmly bound to the Pb2+ cation at this temperature, as evidenced by the presence of AX patterns.   
 Reflecting the flexible nature of the complex, the resonance patterns are significantly changed and 
simplified at higher temperature but complexation shifts are still clearly observed. Using 1H-1H 2D COSY 
and 13C-1H 2D HMQC spectra at 90 oC all signals were unambiguously assigned.  These data show that all 
oxygen donor atoms from amide groups and two phosphoryl groups are coordinated to Pb2+ even at 90 oC. 
Three nitrogen atoms of ethylenediamine moieties also coordinate the cation. Moreover, at least one donor 
group of anthraquinone included in the inner coordination sphere gives rise to the deshielding of aromatic 
protons.  
 In accordance with this conclusion three phosphorous atoms appear as three distinct signals at room 
temperature 31P-{1H} NMR spectrum. As the temperature increases above 45 oC, two upfield signals start 
to collapse. The coalescent point for the complex is 35 oC and the signals are very broad, reflecting the fast 
exchange of these groups. The signal of the third phosphorous atom is sharp and its chemical shift is 
similar to the signal observed for the free ligand reflecting a weak coordination Pb2+ to this group. 
 13C-{1H} NMR spectrum confirms these data and brings pertinent information about the 
coordination of carbonyl group of the anthraquinone ring (Fig. S43). Characteristic deshielding of 3 ppm is 
observed for one carbonyl group, which suggests that the oxygen atom is coordinated to the cation. 
 The 1H NMR, and 31P-{1H} NMR titration of the ligand L3 by lead perchlorate in water were 
performed (Fig. 9). The signals of both the free ligand L3 and the complex were observed in 1H NMR 
spectrum after addition of 0.4–0.6 equiv of lead perchlorate reflecting the slow exchange of these species. 
In the presence of 1 equiv of the lead salt only the signals of the complex were observed and further 
addition of the salt did not influence the resonance pattern. 
 Thus, the coordination inner sphere of the [PbL3]2+ is similar in water and in acetonitrile. Nine or ten 
oxygen and nitrogen donor atoms participate in the complex formation. However, the complex is more 
flexible in water. This behaviour could be predicted taking into consideration the coordinating nature of 
water, which can temporally replace the donor atoms of the ligand. Unfortunately, we have not observed 
the evidence of the coordination of the aromatic amine group. This weak donor group can be easily 
replaced by water molecules in the coordination polyhedron even if its coordination is favoured by six-
membered chelating ring formation. 
 In conclusion, the solution structure of Pb2+/L3 is dependent on the solvent nature. In acetonitrile all 
donor atoms of the ligand L3 (with the exception of one carbonyl group of anthraquinone ring) coordinate 
the lead ion. In water at least eight donor atoms of the ligand are included into the coordination polyhedron. 
In DMSO, anthraquinone fragment is not coordinated to Pb2+ and the complex is flexible. 
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