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38 Scheme S1. Synthesis of complexes 1–5; all complexes were isolated as 

39 hexafluorophosphate salts. i) 4,4’-R-2,2’-bipyridine (R = CH3 (1), CH2OH (2), OCH3 

40 (3)), 0ºC → room temperature, 2 h; ii) 4-(4-((diphenylphosphino)methyl)piperazin-1-yl)-

41 7-nitrobenzo[c][1,2,5]oxadiazole (Ph2P-CH2-pip-NBD), room temperature, 4-6 h; 

42 iii) Biotin, EDC•Cl, DMAP, DMF,  room temperature, overnight.



S3

43 S1. NMR spectra
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46 Figure S1. 1H-NMR spectrum of complex 1 in acetone-d6 at 298 K.
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48 Figure S2. 31P{1H}-NMR spectrum of complex 1 in acetone-d6 at 298 K. 
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50 Figure S3. APT 13C{1H}-NMR spectrum of complex 1 in acetone-d6 at 298 K.
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53 Figure S4. 1H-NMR spectrum of complex 2 in acetone-d6 at 298 K.  
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55 Figure S5. 31P{1H}-NMR spectrum of complex 2 in acetone-d6 at 298 K.
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58 Figure S6. APT 13C{1H}-NMR spectrum of complex 2 in acetone-d6 at 298 K. 
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64 Figure S8. 31P{1H}-NMR spectrum of complex 3 in acetone-d6 at 298 K.
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67 Figure S9. APT 13C{1H}-NMR spectrum of complex 3 in acetone-d6 at 298 K.
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71 Figure S10. 1H-NMR spectrum of complex 4 in acetone-d6 at 298 K.
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73 Figure S11. 31P{1H}-NMR spectrum of complex 4 in acetone-d6 at 298 K.
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81  Figure S14. 31P{1H}-NMR spectrum of complex 5 in acetone-d6 at 298 K.
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S2. Photophysical characterization 

Table S1. Photophysical data for complexes 1–5 and Ph2P-CH2-pip-NBD ligand. 

Fluorescence quantum yield (ϕF) obtained for Ph2P-CH2-pip-NBD and compounds 1–5 

in dimethylsulfoxide (DMSO) (results are from two independent experiments). 

λabs absorption maximum, λem emission maximum, ΦF luminescence quantum yield, n.d. 

not determined, sh, shoulder

Compound Solvent
Absorbance

λabs, nm (ε, M-1cm-1)

Emission

λem, nm
ϕF

1
MeCN 238 (sh), 290 (4.3  x 103), 340 (2.9  x 103), 481 n.d. n.d.
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.

(5.8  x 103)

DMSO 347.5 (1.26 x 104), 492 (2.49 x 104) 546 0.0027 ± 0.0006

MeCN 238 (sh), 290 (4.1 x 103), 339 (2.6 x 103), 480 

(5.1 x 103)
n.d. n.d.

2

DMSO 346.5 (1.20 x 104), 492 (2.31 x 104) 549 0.0010 ± 0.0001

MeCN 236 (sh), 291 (4.7 x 103), 340 (2.7 x 103), 480 

(5.6 x 103)
n.d. n.d.

3

DMSO 346.5 (1.31 x 104), 492.5 (2.53 x 104) 541 0.0017 ± 0.0002

MeCN 240 (sh), 290 (4.2 x 103), 340 (1.9 x 103), 480 

(5.1 x 103)
n.d. n.d.

4

DMSO 346.5 (1.18 x 104), 491 (2.06 x 104) 548 0.0015 ± 0.0001

MeCN 239 (sh), 290 (4.3  x 103), 339 (2.9  x 103), 482 

(5.6  x 103)
n.d. n.d.

5

DMSO 347.5 (6.50 x 103), 492 (1.38 x 104) 542 0.0016 ± 0.0002

NCCH3 - n.d. n.d.Ph2P-CH2-

pip-NBD DMSO 349 (9.05 x 103), 494 (2.65 x 104) 550 0.0096 ± 0.0005



S13

Figure S16. UV-Vis spectra of 1 in acetonitrile.

Figure S17. Absorption (A) and fluorescence (B) (λexc = 345 nm) spectra of complexes 

1–5 and Ph2P-CH2-pip-NBD in DMSO. Absorption spectra were obtained from 10-3 M 

solutions.
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S3. X-ray crystallographic structure determination

Figure S18. Intramolecular hydrogen bonds for compound 5.

A 

B

Figure S19. Packing diagram along a axis (A) and intermolecular hydrogen bonds (B) 

for compound 1.
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Figure S20. Packing diagram along a-axis for compound 3.
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Figure S21. Packing diagram along a-axis (A), b-axis (B) and c-axis (C) for compound 5.
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S4. Stability studies in aqueous solution

i) Stability studies by 1H and 31P{1H} NMR spectroscopy in 100% DMSO-d6.
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Figure S22. Stability studies in DMSO-d6 for complex 1 (A) and complex 4 (B) followed 

by 1H- and 31P{1H}-NMR spectroscopy during 48 h. No changes were detected 

confirming that the complexes remained unchanged over 24 hours.
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ii) Stability studies by UV-Vis spectroscopy in 5% DMSO / 95 % DMEM
A

tmix
30 min
1 h 
2 h 
3 h 
4 h
5 h
6 h
24 h 

B

C D

E

Figure S23. Stability studies in cellular media (5% DMSO / 95 % DMEM) for complexes 

1 (A), 2 (B), 3 (C), 4 (D), and 5 (E) followed by UV-Vis spectroscopy over a 24 h period 

(1 cm optical path; see experimental section for details).
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S5. Biological activity data 
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Figure S24. Cytotoxicity of Ph2P-CH2-pip-NBD, complexes 1–5, and cisplatin (CDDP) 

on 4T1 cells upon 48 h of incubation. The data are expressed as means ± standard error 

of the mean (SEM) for 2-3 experiments.



S20

 

0
0.7

8
1.5

6
3.1

25 6.2
5 9

12
.5 25 50 10

0
0

20

40

60

80

100

120

Ph2P-CH2-pip-NBD

[M]

C
el

l v
ia

bi
lit

y 
(%

)

0
0.7

8
1.5

6
3.1

25 6.2
5 9

12
.5 25 50 10

0
0

20

40

60

80

100

120

1

[M]
C

el
l v

ia
bi

lit
y 

(%
)

0
0.7

8
1.5

6
3.1

25 6.2
5 9

12
.5 25 50 10

0
0

20

40

60

80

100

120

2

[M]

C
el

l v
ia

bi
lit

y 
(%

)

0
0.7

8
1.5

6
3.1

25 6.2
5 9

12
.5 25 50 10

0
0

20

40

60

80

100

120

3

[M]

C
el

l v
ia

bi
lit

y 
(%

)

0
0.7

8
1.5

6
3.1

25 6.2
5 9

12
.5 25 50 10

0
0

20

40

60

80

100

120

4

[M]

C
el

l v
ia

bi
lit

y 
(%

)

0
0.7

8
1.5

6
3.1

25 6.2
5 9

12
.5 25 50 10

0
0

20

40

60

80

100

120

5

[M]
C

el
l v

ia
bi

lit
y 

(%
)

0
0.7

8
1.5

6
3.1

25 6.2
5 9

12
.5 25 50 10

0
0

20

40

60

80

100

120

CDDP

[M]

C
el

l v
ia

bi
lit

y 
(%

)

Figure S25. Cytotoxicity of Ph2P-CH2-pip-NBD, complexes 1–5, and cisplatin (CDDP) 

on CT26 cells upon 48 h of incubation. The data are expressed as means ± standard error 

of the mean (SEM) for 2-3 experiments.
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Figure S26. Cytotoxicity of Ph2P-CH2-pip-NBD, complexes 1–5, and cisplatin (CDDP) 

on U2OS cells upon 48 h of incubation. The data are expressed as means ± standard error 

of the mean (SEM) for 3 experiments.
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Figure S27. Cytotoxicity of Ph2P-CH2-pip-NBD, complexes 1–5, and cisplatin (CDDP) 

on 3T3 cells upon 48 h of incubation. The data are expressed as means ± standard error 

of the mean (SEM) for 2-3 experiments.
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Figure S28. Scatter plot (Gating) and histogram of flow cytometry data. The 

representative histograms show the distribution of the fluorescence intensity of the 

compounds at a concentration of 6.25 µM for the selected population, following 25 hours 

incubation in 4T1 cells. In the histograms, RT320, RT321, RT322, RT323, and RT370 

correspond to compounds 1, 2, 3, 4, and 5, respectively. 
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Figure S29. Scatter plot (Gating) and histogram of flow cytometry data. The 

representative histograms show the distribution of the fluorescence intensity of the 

compounds at a concentration of 12.5 µM for the selected population, following 25 hours 

of treatment of 4T1 cells. In the histograms, RT320, RT321, RT322, RT323, and RT370 

correspond to compounds 1, 2, 3, 4, and 5, respectively.
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Figure S30. Scatter plot (Gating) and histogram of flow cytometry data. The 

representative histograms show the distribution of the fluorescence intensity of the 

compounds at a concentration of 6.25 µM for the selected population, following 25 hours 

of treatment of CT26 cells. In the histograms, RT320, RT321, RT322, RT323, and RT370 

correspond to compounds 1, 2, 3, 4, and 5, respectively.
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Figure S31. Scatter plot (Gating) and histogram of flow cytometry data. The 

representative histograms show the distribution of the fluorescence intensity of the 

compounds at a concentration of 12.5 µM for the selected population, following 25 hours 

of treatment of CT26 cells. In the histograms, RT320, RT321, RT322, RT323, and RT370 

correspond to compounds 1, 2, 3, 4, and 5, respectively.
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Figure S32. Scatter plot (Gating) and histogram of flow cytometry data. The 

representative histograms show the distribution of the fluorescence intensity of the 

compounds at a concentration of 6.25 µM for the selected population, following 25 hours 

of treatment of U2OS cells. In the histograms, RT320, RT321, RT322, RT323, and 

RT370 correspond to compounds 1, 2, 3, 4, and 5, respectively.
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Figure S33. Scatter plot (Gating) and histogram of flow cytometry data. The 

representative histograms show the distribution of the fluorescence intensity of the 

compounds at a concentration of 12.5 µM for the selected population, following 25 hours 

of treatment of U2OS cells. In the histograms, RT320, RT321, RT322, RT323, and 

RT370 correspond to compounds 1, 2, 3, 4, and 5, respectively.
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Figure S34. Scatter plot (Gating) and histogram of flow cytometry data. The 

representative histograms show the distribution of the fluorescence intensity of the 

compounds at a concentration of 6.25 µM for the selected population, following 25 hours 

of treatment of 3T3 cells. In the histograms, RT320, RT321, RT322, RT323, and RT370 

correspond to compounds 1, 2, 3, 4, and 5, respectively.
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Figure S35. Scatter plot (Gating) and histogram of flow cytometry data. The 

representative histograms show the distribution of the fluorescence intensity of the 

compounds at a concentration of 12.5 µM for the selected population, following 25 hours 

of treatment of 3T3 cells. In the histograms, RT320, RT321, RT322, RT323, and RT370 

correspond to compounds 1, 2, 3, 4, and 5, respectively.
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Figure S36. Fluorescence variation due to partition of Ph2P-CH2-pip-NBD (top), 

complex 1 (middle) and complex 2 (bottom) between an aqueous solution, pH 7.4, and 

POPC:POPS bilayers at 37 ºC. The fluorescence intensity (RFU) is relative to that of 

Ph2P-CH2-pip-NBD when fully associated with the membrane, note the different scales 

of the y-axis that reflect the relative fluorescent quantum yield of the compounds when 

associated with the membrane. The points represent experimental values (mean from 4–8 

experiments ± standard deviation), while the line corresponds to the best fit of equation 

(1), with LogKp values of 2.54 ± 0.23 (for Ph2P-CH2-pip-NBD), 2.76 ± 0.26 (for complex 

1), and 3.42 ± 0.35 (for complex 2), respectively.
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Figure S37. Fluorescence variation of Ph2P-CH2-pip-NBD (top), complex 1 (middle), 

and complex 2 (bottom) when incubated at the pH values indicated. The y axis is the 

fluorescence intensity relative to that of Ph2P-CH2-pip-NBD at pH=2, with excitation at 

440 nm and fluorescence emission collected at 550 nm for all.
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Figure S38.  Oxidative stress in 4T1 cells treated with compounds 1, 3, and 5 for 6 hours, 

evaluated using CellROX® Deep Red (5 µM). Bars represent the mean ± SEM of two 

independent experiments.
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Figure S39. Representative images of 4T1 cells incubated with compounds 1, 3, and 5 

(15 and 25 µM) for (A) 6 h, (B) 24 h, and (C) 48 h. Yellow arrows indicate apoptotic 

bodies in the brightfield images, while white arrows highlight chromatin condensation 

and fragmentation visible upon Hoechst staining (blue). Images are representative of two 

independent experiments. Magnification: 20×.


