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Figure S1. 1H NMR spectrum of HQNO2-L-Pro in D2O. Inserted structure shows numbering of peaks. 

{cHQNO2-L-Pro = 10 mM; t = 25.0 °C} 
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Figure S2. 13C APT NMR spectrum of HQNO2-L-Pro in D2O. Attached proton test method: CH and 

CH3 peaks are positive, C and CH2 peaks are negative. Inserted structure shows numbering of peaks. 

{cHQNO2-L-Pro = 10 mM; t = 25.0 °C} 

 

 

Figure S3. 1H NMR spectrum of [Ru(6-p-cymene)(HQNO2-L-Pro)Cl]Cl in D2O. Inserted structure 

shows numbering of peaks. {ccomplex = 10 mM; t = 25.0 °C} 
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Figure S4. 13C APT NMR spectrum of the [Ru(6-p-cymene)(HQNO2-L-Pro)Cl]Cl in D2O. Attached 

proton test method: CH and CH3 peaks are positive, C and CH2 peaks are negative. Inserted structure 

shows numbering of peaks. {ccomplex = 10 mM; t = 25.0 °C} 

 

 

Figure S5. 1H NMR spectrum of [Rh(5-C5Me5)(HQNO2-L-Pro)Cl]Cl in DMSO-d6. Inserted structure 

shows numbering of peaks. {ccomplex = 10 mM; t = 25.0 °C} 
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Figure S6. 13C APT NMR spectrum of [Rh(5-C5Me5)(HQNO2-L-Pro)Cl]Cl in DMSO-d6. Attached 

proton test method: CH and CH3 peaks are positive, C and CH2 peaks are negative. Inserted structure 

shows numbering of peaks. (Signal of C7 could not be observed well.) {ccomplex = 10 mM; t = 25.0 °C} 

 

 

Figure S7. 1H NMR spectrum of maltol, the [Rh(5-C5Me5)(HQNO2-L-Pro)Cl]Cl and [Ru(6-p-

cymene)(HQNO2-L-Pro)Cl]Cl complexes together with maltol in DMSO-d6. Based on the integrals the 

RhCp* complex is found with 2 chloride ions and 4 water molecules, and the RuCym complex with 2 

chloride ions and 2 water molecules.   

2
11

63

4

15

13

12

9

14

8
8a

5
4a

7

C5

Me5

Solvent
(DMSO-d6)

15 8

2

8a

6

4

5

3

4a
C5

11

14

9

Me5

12 13

d / ppm 

9.8           9.0          8.2           7.4          6.6           5.8

d / ppm

maltol

maltol + RuCym

complex

maltol + RhCp* 

complex



SUPPLEMENTARY INFORMATION 

 

SI-5 
 

  

Figure S8. Electropherograms of the ligand alone, the metal precursor and the complex in the case of 

(a) RhCp* and (b) RuCym. The UV-vis spectrum measured at the peak maximum for the (c) RhCp* 

and (d) RuCym complex and the spectra of the ligand and the corresponding precursors are also 

shown. {ccomplex = 50 − 100 M; cprecursor = 100 M; cligand = 50 M; pH = 7.40 PBS’ buffer} 
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Figure S9. (a) 1H NMR spectra of HQNO2-L-Pro recorded at various pH values in the low-field region. 

(b) Peak assignation shown with symbols. (c) Chemical shifts of two selected protons (CH(3), CH(14)) 

plotted against the pH. {cligand = 1 mM; 10% (v/v) D2O/H2O; I = 0.2 M KNO3; t = 25.0 °C} 

 

Table S1. n-Octanol/water distribution coefficients for the ligand HQNO2-L-Pro and HQCl-L-Pro and 

their RhCp* and RuCym complexes at different chloride ion concentrations: 4 mM, 24 mM and 

100 mM at pH = 7.4 (log D7.4) and at pH 5.5 (log D5.5). {pH = 7.40 (20 mM phosphate buffer); pH = 5.5 

(10 mM MES); t = 25.0 °C} 

 log D7.4 log D5.5 

 4 mM 24 mM 100 mM 100 mM 

HQNO2-L-Pro 1.05 ± 0.14 0.93 ± 0.18 0.94 ± 0.10 0.91 ± 0.01 

HQCl-L-Pro a +0.13 ± 0.09 0.01 ± 0.01 0.03 ± 0.01  

RhCp* complex of HQNO2-L-Pro 0.74 ± 0.13 0.61 ± 0.01 0.59 ± 0.01 0.68 ± 0.01 

RuCym complex of HQNO2-L-Pro 1.28 ± 0.12 0.29 ± 0.02 +0.06 ± 0.01 0.01 ± 0.01 

RhCp* complex of HQCl-L-Pro a 0.53 ± 0.03 0.12 ± 0.01 +0.10 ± 0.01  

RuCym complex of HQCl-L-Pro a 0.36 ± 0.03 +0.09 ± 0.03 +0.46 ± 0.03  

a Data are taken from Ref. [12]. 
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Figure S10. (a) UV-vis spectra recorded for the Fe(III)  HQNO2-L-Pro system in the pH range 1.5  

10.2 at 1:3 Fe(III):ligand ratio. (b) Concentration distribution curves for the same system calculated on 

the basis of the stability constants determined. {cligand = 38 μM; cFe(III) = 13 μM; I = 0.10 M KCl; l = 1 cm; t 

= 25.0 °C}   

 

 

Figure S11. (a) UV-vis spectra recorded for the Fe(II)  HQNO2-L-Pro system in the pH range 2.4  

10.0 at 1:3 Fe(II):ligand ratio. (b) Concentration distribution curves for the same system calculated on 

the basis of the stability constants determined. {cligand = 200 μM; cFe(III) = 67.4 μM; I = 0.10 M KCl; l = 

0.226 cm; t = 25.0 °C}   

 

Table S2. Electrochemical data collected for the iron(III/II) – HQNO2-L-Pro (1:3) system by the cyclic 

voltammetric measurements. {cligand =1.5 mM, cFe(III) = 0.5 mM; pH = 7.40 (10 mM HEPES); t = 25 °C; I = 

0.1 M (TBAN)}      

scan rate (V/s) Ec  (V) Ea (V) ΔE (V) E1/2 (V) E1/2 vs. NHE (V) |ic/ia| 

0.005 0.039 -0.045 0.084 -0.003 +0.207 0.76 

0.010 0.041 -0.029 0.070 0.006 +0.216 0.86 

0.015 0.043 -0.026 0.069 0.008 +0.218 0.88 

0.020 0.046 -0.033 0.079 0.007 +0.217 0.91 

0.025 0.046 -0.038 0.085 0.004 +0.214 0.96 
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Figure S12. UV-vis spectra recorded for the Cu(II)  HQNO2-L-Pro system in the pH range 1.5  11.5 

at (a) 1:1 and (b) 1:2 Cu(II):ligand ratio. The corresponding absorbance values at (c) 420 nm (1:1) and 

(d) 460 nm (1:2) plotted against the pH are also shown in addition to the values of the free ligand (×) 

obtained from independent titrations. {cligand = 40 μM; cCu(II) = 40 or 20 μM; I = 0.10 M KCl; l = 1 cm; t = 

25.0 °C}   

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

280 330 380 430 480 530

A
b

s
o

rb
a
n

c
e

l / nm

pH = 1.50

3.82

6.45-9.36

11.45

0.2

0.3

0.4

0.5

0.6

0.7

1 3 5 7 9 11

A
b

s
o

rb
a

n
c

e
 (

4
2

0
 n

m
)

pH

lmax = 420 nm

lmax = 426 nm

lmax = 430 nm

ligand alone

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

280 330 380 430 480 530

A
b

s
o

rb
a
n

c
e

l / nm

pH = 1.50

4.057.00

10.07

11.45

(a) (c)

(b) (d)

0.2

0.3

0.4

0.5

0.6

0.7

1 3 5 7 9 11

A
b

s
o

rb
a

n
c

e
 (

4
3

7
n

m
)

pH

lmax = 437 nm

lmax = 426 nm
lmax = 445 nm

ligand alone



SUPPLEMENTARY INFORMATION 

 

SI-9 
 

 

Figure S13. CD spectra recorded for the Cu(II)  HQNO2-L-Pro system in the pH range 1.6  10 at (a) 

1:1 and (b) 1:2 Cu(II):ligand ratio in 30% (v/v) DMSO/H2O. Visible absorption spectra measured for the 

same system at (c) 1:1 and (d) 1:2 Cu(II):ligand ratio and the corresponding concentration distribution 

curves at (e) 1:1 and (f) 1:2 Cu(II):ligand ratio obtained in water. The fainter part in (e) denotes the pH 

range where precipitate is formed. {cligand = 500 μM; cCu(II) = 500 or 250 μM; I = 0.10 M KCl; l = 1 cm; t = 

25.0 °C}   
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Table S3. Anisotropic EPR parameters of the complexes determined by the simulation of frozen 

solution EPR spectra recorded in Cu(II)  HQNO2-L-Pro system equilibrium system.a The coupling 

values are in 104 cm1 unit. 

 gx,y gz Ax,y/G Az/G  β D(G) dCu-Cu(Å) go,calc b 

[Cu(aqua)]2+ 2.081 2.424 13 110,6     2.195 

monomer I 2.065 2.323 15 148     2.151 

monomer II 2.060 2.245 20 175     2.151 

dinuclear III 2.069 

2.138 

2.182 40 

9 

170 37 13 75 6.5 2.129 

dinuclear I 2.055 2.245 20 160 0 0 280 4.1 2.118 

dinuclear II c 2.060 2.245 20 175 13 16 267 4.3 2.122 
a The experimental error were ±0.002 for gx and gy and ±0.001 for gz, ± 2 G for Ax and Ay and ±1 G for 

Az. b Calculated by the equation g0,calc = (gx+gy+gz)/3. c g- and A-values of monomer II was used for the 

simulation. 

 

Figure S14. (a) Component anisotropic EPR spectra obtained from the simulation of frozen solution 

spectra in the Cu(II)  HQNO2-L-Pro system. Estimated distribution of Cu(II) species based on the 

EPR spectra at (b) 1:1 and (c) 1:2  Cu(II):ligand ratio.   
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Figure S15. (a) Cyclic voltammograms of the Cu(II) – HQNO2-L-Pro (1:2) systems at various scan 

rates (indicated in the figure). (b) The corresponding electrochemical data. {cL = 1 mM, cCu(II) = 0.5 mM; 

pH = 7.40 (10 mM HEPES); t = 25 °C; I = 0.1 M (TBAN)}. 
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Estimation of the competition between HQNO2-L-Pro with human serum albumin (HSA) and 

transferrin (Tf) for Cu(II), Zn(II) and Fe(III) 

The competition for the essential metal ions between serum proteins and the HQNO2-L-Pro in 

the blood depends on their metal binding ability and the actual concentrations. 

The total copper concentration in the blood is 10-22 μM, and is mostly bound to proteins (free 

serum copper: 1-2 μM), mainly to HSA, which is the most abundant protein in the serum (~630 μM). 

Through its so-called ATCUN motif, HSA binds Cu(II) with high affinity. The conditional constant 

logK’ = 12 (pH 7.4, 100 mM NaCl) was reported by Bal et al. [67], and it is mentioned that 10-15% of 

plasma copper is bound to this protein. On the other hand, ceruloplasmin carries more than 40-70% of 

the total copper in healthy human plasma, however, its serum concentration is much lower (13 μM) 

compared to that of HSA [68]. This protein binds six Cu(II) ions, and the metal is bound by 

ceruloplasmin is considered as ‘not exchangeable’, which seriously complicates determination of the 

binding constant. Alpha-2-macroglobulin (1.3 μM) and low molecular components (e.g. histidine, 60-

100 μM) also bind this metal ion. Thus, providing proper model calculation for the distribution of 

Cu(II) in the blood in the presence of the studied HQ-NO2-L-Pro ligand is a rather difficult task. As we 

have found binding constant only for the Cu(II)-HSA adduct, the copper distribution was calculated 

for the Cu(II)  HQ-NO2-L-Pro  HSA system using the stability constants of the Cu(II)  HQ-NO2-L-

Pro complexes determined in this work. The calculations were done at 2 μM and 22 μM Cu(II) and 

630 μM HSA concentrations, respectively, varying the concentration of HQ-NO2-L-Pro (Figure S16). 

This estimation shows that the title ligand would be able to compete with HSA for Cu(II).    

 

 
Figure S16. Estimated concentration distribution curves for the Cu(II)  HQ-NO2-L-Pro  HSA system 

at (a) 2 μM and (b) 22 μM concentration of Cu(II), 630 μM HSA at pH 7.4 by varying the concentration 

of HQ-NO2-L-Pro (0250 μM).  

 

The Zn(II) serum concentration (~12-25 μM) falls into the similar range as that of Cu(II) and 

this metal ion is bound to both low (e.g. histidine, cysteine) and high molecular mass components (e.g. 

HSA, transferrin, α-macroglobulin) of the blood [69]. The Zn(II) binding constants for HSA and 

apotransferrin are available in the literature (apoTf: logK’1: 7.8, logK’2: 6.4 (0.015 M HCO3
; pH 7.4 

[70]; HSA logK’: 7.1-7.9 [71, 72]) and based on these data the Zn(II) distribution was estimated for the  

Zn(II)  HQ-NO2-L-Pro  HSA  transferrin system at 630 μM HSA and 37 μM transferrin 

concentration, respectively, assuming that 1/3 of the binding site of the latter protein is occupied by 

Fe(III) (Figure S17.a). It shows that the title ligand would able to compete with HSA and/or transferrin at 

higher concentrations for the Zn(II). 
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Figure S17. Estimated concentration distribution curves for the (a) Zn(II)  HQ-NO2-L-Pro  HSA   

transferrin system at cZn = 25 μM, cHSA = 630 μM, cTf = 37 μM concentrations and (b) for the Fe(III)  

HQ-NO2-L-Pro  transferrin system at cFe = 12 μM, cTf = 37 μM concentrations by varying the 

concentration of HQ-NO2-L-Pro (0250 μM).  

 

In the blood the iron concentration is usually in the range of 10-30 μM and mostly bound to 

transferrin as Fe(III) at two binding sites with very high efficacy (apoTf: logK’1: 20.7, logK’2: 19.4 

(0.015 M HCO3
; pH 7.4 [73]). Assuming that 2/3 of the metal binding sites of Tf is unoccupied by 

Fe(III), we can also estimate the distribution of Fe(III) between this protein and the title ligand (Figure 

S17.b). This estimation suggests that the ligand is not able to replace Fe(III) from the binding sites of Tf 

as it was expected.   

With these model calculations we can point out that the title ligand might interact with Zn(II) 

and Cu(II) and not with Fe(III) among the mentioned essential metal ions in the blood serum. 

However, we would caution the reader to draw any serious conclusions from these predictions, since 

for the adequate prediction all possible interactions should be considered including complex 

formation with both the low and high molecular mass components of the serum, and in many cases 

the required equilibrium constants are not available.  

 

 

Figure S18. UV-vis spectra of the (a) RuCym and (b) RhCp* complex of HQNO2-L-Pro recorded in 

time (indicated in the figure) at pH 7.4. {ccomplex = 50 μM; PBS’ buffer; l = 1 cm; t = 25.0 °C} 
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Figure S19. 1H NMR spectra recorded for the (a) RhCp* and (b) RuCym complex of HQNO2-L-Pro at 

pH 1 in 10% (v/v) D2O/H2O. Peak assignation for the ligand (free or complexed) shown in Figure S9.b, 

the framed peaks belong to the p-cymene aromatic CH protons, and the methyl protons in the RhCp* 

(♣) and RuCym (♪) cores are also shown in the up-field part of the spectra. * Denotes solvent peaks. 

{ccomplex or ligand = 500 μM; I = 0.20 M KNO3; t = 25.0 °C}   
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Figure S20. UV-vis spectra recorded for the (a) RhCp*  HQNO2-L-Pro (1:1) and (b) RuCym  

HQNO2-L-Pro (1:1) systems at different times at pH 1. Absorbance values plotted against the time 

measured in the (c) RhCp*  HQNO2-L-Pro (1:1) at 435 nm, and (d) RuCym  HQNO2-L-Pro (1:1) at 

410 nm at pH 1 and 4 (indicated in the figure). {cligand = 50 μM; cRhCp* or RuCym = 50 μM; l = 1 cm; t = 

25.0 °C} 

 

 

Figure S21. (a) UV-vis spectra of the RhCp*-HQNO2-L-Pro complex at various equivalents of 2,2’-

bipyridine at pH 7.4 after 24 h waiting time and (b) the measured absorbance values at 435 nm plotted 

against the 2,2’-bipyridine:complex ratio. LogK’ = 11.89±0.02 was calculated for the RhCp*-HQNO2-L-

Pro complex based on the spectral changes using the stability constants of the RhCp*-2,2’-bipyridine 

complex taken from Ref. [74]. {ccomplex = 50 μM; PBS’ buffer; l = 1 cm; t = 25.0 °C} 
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Figure S22. Time-dependent UV-vis spectra of the RuCym-HQNO2-L-Pro complex on the presence of 

two equivalents of 2,2’-bipyridine at pH 7.4 measured in a tandem cuvette. The development of the 

band at 550 nm is typical for the process when the arene ring is replaced by the competitor ligand and 

the formation of a mixed-ligand Ru-HQNO2-L-Pro-2,2’bipyridine complex. {ccomplex = 25 μM; c2,2’-bipyridine 

= 50 μM; PBS’ buffer; l = 1 cm; t = 25.0 °C} 

 

 

Figure S23. UV-vis spectra of the (a) RuCym and (b) RhCp* complex of HQNO2-L-Pro recorded in 

time (indicated in the figure) in blood serum (four-time diluted with PBS’ buffer). (Background 

corrected spectra.) {c = 40 μM; l = 1 cm; t = 25.0 °C} 
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Figure S24. High-field region of the 1H NMR spectra recorded for the (a) RhCp* and (b) RuCym 

complex of HQNO2-L-Pro in RPMI medium after 24 h incubation time. Peak assignation for the ligand 

(free or complexed) shown in Figure S9.b. Spectra of RPMI, the ligand (pH 7.4) and complex (pH 7.4) 

are also shown for comparison. {ccomplex or ligand = 500 μM; 10% (v/v) D2O/H2O; t = 25.0 °C}   

 

 

Figure S25. UV-vis spectra recorded for the (a) RhCp* complex and the (b) RuCym complex of 

HQNO2-L-Pro upon addition of HSA at pH 7.4. Inserted figure shows the absorbance values at 460 nm 

plotted against the time. {(a) ccomplex = 50 μM; cHSA = 25 μM; (b) ccomplex = 25 μM; cHSA = 25 μM; PBS’ 

buffer; l = 1 cm; t = 25.0 °C} 
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Figure S26. (a) High-field and (b) low-field region of the 1H NMR spectra recorded for the RhCp* 

complex of HQNO2-L-Pro in the presence of HSA after 24 h incubation time. Peak assignation for the 

ligand (free or complexed) shown in Figure S9.b. Spectra of HSA, the ligand (pH 7.4) and complex (pH 

7.4) are also shown for comparison. Comparing the spectra neither free ligand nor metal precursor is 

seen in the complexHSA system, however, the peaks belonging to the original complex are shifted 

indicating the formation of mixed-ligand species. {ccomplex or ligand = 1000 μM; cHSA = 500 μM; PBS’ buffer; 

10% (v/v) D2O/H2O; t = 25.0 °C}   

 

Figure S27. (a) Electropherograms of free ligand, RuCym complex of HQNO2-L-Pro and the complex 

in the presence of HSA at various complex-to-HSA ratios after 24 h incubation time. Symbols indicate 

the free complex (□), free ligand (#) and HSA & HSA-complex adduct (●). Peaks belonging to the free 

complex were assigned based on their UV-vis spectra measured at the peak maxima. (b) Fraction of 

the free (unbound) complex in the same system (□) and for the RhCp* complex under the same 

condition for comparison (●). {cHSA = 30 μM; ccomplex = 18 – 720 μM; pH = 7.40 (20 mM phosphate buffer); 

λ = 200 nm; t = 25.0 °C}   
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Figure S28. UV-vis spectra recorded for the RhCp* complex of HQNO2-L-Pro upon addition of (a) 

mim and (b) FHA at pH 7.4. Based on the observed spectral changes conditional stability constants 

were computed for the [RhCp*(L)(H2O/Cl)]+ + co-ligand ⇌ [RhCp*(L)(co-ligand: mim or FHA)] + 

H2O/Cl− equilibrium process. {ccomplex = 55 μM; cmim or FHA = 0  550 μM; PBS’ buffer; l = 1 cm; t = 25.0 °C} 

 

 

Figure S29. 1H NMR spectra recorded for the RuCym complex of HQNO2-L-Pro at pH 7.4 in 10% (v/v) 

D2O/H2O using 24 h incubation time in the presence of one or two equivalents of binding model: FHA, 

mim or AHA in the region of the (a) CH(2) ( ), CH(4) ( ) and CH(6) ( ) and (b) p-cymene ring CH 

protons. In the selected regions the binding models have no peaks. The framed peaks belong to the 

protons of the complex alone (black) and the mixed-ligand adduct formed with the binding model 

(red). {ccomplex = 0.5 mM; cbinding model = 0.5 or 1.0 mM; PBS’ buffer; t = 25.0 °C}   
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Table S4. Formation constants (logβ) of the various hydroxido species of Fe(III), Fe(II) and RuCym 

and RhCp*. {t = 25.0 °C} 

logβ Fe(III) a Fe(II) b RuCym c RhCp* d 

MH1 3.22 9.43   

MH2 6.73 20.73   

MH3  32.68   

M2H2 4.09   8.53 

M2H3   9.16 14.26 

M3H4 7.58    

a Data taken from [56], I = 0.2 M KCl. b Data taken from [57], I = 0 M. c Data 

taken from [58], I = 0.2 M KNO3. d Data taken from [59], I = 0.2 M KNO3. 
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