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1. Materials and Chemicals
The materials used in this work for synthesis were purchased from BLD pharm and Merck and used 
as received.

Proton nuclear magnetic resonance (1H NMR) and carbon nuclear magnetic resonance (13C NMR) 
spectra were obtained on Bruker AVANCE III HD 400 Nuclear Magnetic Resonance spectrometer 
and were referenced relating to residual proton resonances in CDCl3 (at d 7.26 ppm and 77.23 ppm).

The electrochemical behaviors of the different species were evaluated using cyclic voltammetry (CV) 
with an electrochemical workstation Autolab MSTAT204 potentiostat/galvanostat (Metrohm). The 
measurements were performed in a solution containing 0.1 M tetrabutylammonium 
hexaflorophosphate (TBAPF) as the supporting electrolyte. A three-electrode conformation with a 
Glassy Carbon as a working electrode, platinum wire as auxiliary electrode and silver wire as pseudo-
reference electrode were used. The sample was degassed with nitrogen gas 10 min prior to the scan. 
After the measurement, ferrocene was added to the sample solution, and CV measurement was 
performed to confirm the electrode potential.1

2. Synthesis of Compounds
Synthesis of 2-(bromomethyl)-6-nitropyridine (2)

N

NO2 CH3CN
120ºC MW

45'

Benzoyl peroxide
N-Bromosuccinimide

N

NO2

Br

21

To a solution of 2-methyl-6-nitropyridine (1, 395 mg, 2.5 mmol) in MeCN (3 mL) were added N-
bromosuccinimide (528 g, 3 mmol) and benzoyl peroxide (60 mg, 0.25 mmol). The reaction mixture 
was heated at 120 °C under microwave irradiation for 45 min, cooled down to room temperature, and 
concentrated under reduced pressure. The residue was diluted with 1 M NaOH (5 mL) and extracted 
with EtOAc (3 × 7.5 mL). The extracts were combined, dried over MgSO4, and concentrated under 
reduced pressure. The residue was purified by flash column chromatography (silica gel, hexane 
ramping to AcOEt/hexane = 1:5) to obtain 2 (206.17 mg, 0.95 mmol, 38 %) as a yellow solid.
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1H NMR (500 MHz, CDCl3), δ: 8.19 (d, J =7.6 Hz, 1H), 8.08 (t, J = 7.8 Hz, 1H), 7.88 (d, J = 7.6 Hz, 
1H), 4.64 (s, 2H) ppm.

13C NMR (125 MHz, CDCl3), δ: 157.35 (2C), 141.01 (CH), 129.17 (CH), 117.19 (CH), 31.61(CH2) 
ppm.

HRMS (ESI) for C6H5BrN2O2, [M+H]+, calculated: 216.953, found: 216.961.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f1 (ppm)

20253035404550556065707580859095100105110115120125130135140145150155160165170
f1 (ppm)
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102030405060708090100110120130140150
f1 (ppm)

Synthesis of 7,16-bis((6-nitropyridin-2-yl)methyl)-1,4,10,13-tetraoxa-7,16-
diazacyclooctadecane (L1).

N

NO2

Br NH
O

O

HNO
O

+
CH3CN

Na2CO3

OO
OO

N N

NN

NO2 O2N

Reflux

L1

2 3

A mix of 2-(bromomethyl)-6-nitropyridine (2, 104 mg, 0.48 mmol) and Na2CO3 (152.5 mg, 1.44 
mmol) were added to a solution of 4,13-diaza-18-crown-6 (3, 66 mg, 0.25 mmol) in acetonitrile (4.8 
mL). The resulting mixture was stirred under reflux for 48 h. It was then filtered, the filtrate was 
concentrated and the yellow oily residue was extracted with CH2Cl2/water. The organic phase was 
dried with anhydrous MgSO4 and concentrated in a rotary evaporator to give L1 (128.3 mg, 0.24 
mmol, stoichiometry yield) as a brown oil.

1H NMR (500 MHz, CDCl3), δ: 8.11 (m, 4H), 8.00 (t, J = 7.8 Hz, 2H), 4.00 (s, 4H), 3.64 (t, J = 5.5 
Hz, 8H), 3.58 (s, 8H), 2.91 (t, J = 5.5 Hz, 8H) ppm.

13C NMR (125 MHz, CDCl3), δ: 161.98 (2C), 156.13 (2C), 140.02 (2CH), 128.48 (2CH), 115.92 
(2CH), 70.75 (4CH2), 69.77 (4CH2), 60.78 (2CH2), 54.67 (4CH2) ppm.

HRMS (ESI) for C24H34N6O8 [M+H]+, calculated: 535.244, found: 535.251.
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)

0102030405060708090100110120130140150160
f1 (ppm)
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102030405060708090100110120130140150
f1 (ppm)

Synthesis of 16-((6-nitropyridin-2-yl)methyl)-1,4,7,10,13-pentaoxa-16-azacyclooctadecane (L2).

N

NO2

Br O
O

O

HNO
O

+
CH3CN

Na2CO3

OO
OO

O N

N

O2N

Reflux

L2

42

A mix of 2-(bromomethyl)-6-nitropyridine (2, 30 mg, 0.14 mmol) and Na2CO3 (43.9 mg, 0.42 mmol) 
were added to a solution of 1,4,7,10,13-pentaoxa-16-azacyclooctadecane (4, 36 mg, 0.14 mmol) in 
acetonitrile (1.3 mL). The resulting mixture was stirred under reflux for 48 h. It was then filtered, the 
filtrate was concentrated and the yellow oily residue was extracted with CH2Cl2/water. The organic 
phase was dried with anhydrous MgSO4 and concentrated in a rotary evaporator to give L2 (55.12 
mg, 0.14 mmol, stoichiometry yield) as a brown oil.

1H NMR (500 MHz, CDCl3), δ: 8.20 (d, J = 7.5 Hz, 1H), 8.08 (d, J = 7.8 Hz, 1H), 8.01 (s, J = 7.7 Hz, 
1H), 4.00 (s, 2H), 3.64 (m, 20H), 2.87 (t, J = 5.4, 4H) ppm.

13C NMR (125 MHz, CDCl3), δ: 160.23 (C), 156.11 (C), 141.10 (CH), 128.93 (CH), 115.80 (CH), 
70.65 (4CH2), 70.30 (4CH2), 69.65 (CH2), 54.67 (4CH2) ppm.

HRMS (ESI) for C24H34N6O8 [M+H]+, calculated: 400.201, found: 400.207.
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)

102030405060708090100110120130140150160
f1 (ppm)

102030405060708090100110120130140150
f1 (ppm)
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3. Electrochemical Measurements

Ar-NO2 (Ar-NO2)
+e-

(Ar-NO2)

E1

(Ar-NO2)
+e- 2

Ar-NHOH + H2O(Ar-NO2) + 4H+ +3e-

E2

Scheme S1. Reduction of aryl nitro compounds.
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Figure S1. Cyclic voltammogram of 2-methyl-6-nitropyridine (1).
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Figure S2. Cyclic voltammograms at different scan rates for L1.
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Figure S3. Cyclic voltammograms at different scan rates for CaL1
2+.
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Figure S4. Cyclic voltammograms at different scan rates for SrL1
2+.
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Figure S5. Cyclic voltammograms at different scan rates for BaL1
2+.
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Figure S6. Cyclic voltammograms at different scan rates for NaL1
+.

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

-0.05

-0.04

-0.03

-0.02

-0.01

0.00

0.01

0.02

C
ur

re
nt

 (m
A

)

Potential applied (V) vs. Ag+/0

 500 mV/s
 200 mV/s
 100 mV/s

Figure S7. Cyclic voltammograms at different scan rates for KL1
+.
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Figure S8. Correlation between the first and second half wave potentials observed in CV 
measurements and the pKa of the aqua ion.

Analysis of electrochemical experiments.

Cyclic voltammograms exhibit a diffusion-controlled behavior, although the observed electron 
transfer reactions are not ideally reversible (so- called quasi-reversible). This leads to a peak 
separation between anodic and cathodic processes higher than 59 mV.2

The number of electrons involved in the reaction has been estimated using Randles-Sevcik Equation 
(Equation S1). Using this equation, and for values D=1·10-5 cm2/s,3 v=0.1 V/s, C=1·10-6 mol/cm3 and 
A=0.0314 cm2, a theoretical peak current of 23.9 A for a 2-electron process, and 8.5 A for a 1-
electron process is obtained. The value obtained for the reduction of L1 is 17 A. Considering the 
non-reversibility of the system, which leads to lower experimental currents than those predicted by 
equation S1,4 . In our case, the experimental current is expected to be lower than reversible current 
by a factor of 0.8 (Matsuda parameter K.4 With these data, an electron number of 1.86 e- for the 
standard equation, and 1.9 e- for the equation corrected by Matsuda parameters is obtained, 
confirming that a 1-electron process is impossible to be occurring, and a 2-electron process is taking 
place.

Equation S1.
𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶

𝐹𝑣𝐷
𝑅𝑇
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Since, as stated above, the electrochemical reactions are quasi-reversible, heterogeneous rate 
constants (k0), can be calculated using the Nicholson equation (Equation S2).5

Equation S2.
𝑘0 =  (𝜋𝐷𝑛𝐹𝑣

𝑅𝑇 )𝜓

Ψ is the Nicholson parameter, which is obtained empirically from nΔEp using the Equation S3 when 
ΔEp is lower than 200 mV:6

Equation S3. 
𝜓 =  

‒ 0.6288 + 0.0021·𝑛 Δ𝐸𝑝

1 ‒ 0.0017· 𝑛·Δ𝐸𝑝

Where ΔEp is the anodic-cathodic peak separation. 

As can be seen in Table S1, a larger peak separation implies slower charge transfer rate. For bivalent 
cations, the peak separation for the first wave decreases with ionic radius, while the second wave 
exhibits an almost constant peak separation. This is attributed to the effect of cation charge density in 
the conformational changes and/or solvent reorganization energy needed for the charge transfer to 
occur.7 First step involves the reduction of a highly charged complex, which will involve high 
reorganization energies, while the second step ends up in a neutral species, involving much less 
reorganization/solvation energy (see DFT calculations). For analogous alkaline cations, one would 
expect a faster first electron transfer and a slower second one, for the same reasons. This is particularly 
evident for sodium. In the case of potassium (lower charge density), deviations appear, indicating a 
possible change in charge transfer mechanism.

Table S1. Nicholson parameter and heterogeneous rate constants obtained for all the metallic 
complex of L1 studied in this work.

Sample nΔEp/mV ΨNicholson k0/cm·s-1

Calcium 1st wave 116 0.3962963 0.008203223
Calcium 2nd wave 77 1.5116505 0.031290742
Strontium 1st wave 112 0.4353982 0.009012622
Strontium 2nd wave 78 1.4263804 0.029525675
Barium 1st wave 90 0.8298113 0.017176862
Barium 2nd wave 75 1.7138182 0.035475557
L1 153 0.192067458 0.003680822
Sodium 1st wave 85 1.0119101 0.020946256
Sodium 2nd wave 95 0.6980488 0.014449415
Potassium 1st wave 100 0.5982857 0.012384347
Potassium 2nd wave 83 1.1058394 0.022890567

4. Determination of the affinity constant of L1 for Ca+2
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UV/vis spectra were recorded with a ThermoScientifc Genesys 50 spectrophotometer with a quartz 
cell (path length: 1 cm). The formation of the CaL1

2+ complex was monitored by spectrophotometric 
titrations at 25ºC on a 10-5 M solution of the ligand L1 in CH3CN. Typically, aliquots of a fresh 
standard solution of Ca(TfO)2 (TfO- = CF3SO3

-) in the same solvent were added and the UV/vis 
spectra of the samples were recorded. The latter solution contained a 10-5 M concentration of the 
ligand to avoid dilution during the course of the titration. The ionic strength was adjusted to using 0.1 
M tetrabutylammonium hexaflorophosphate (TBAPF). The titration profiles evidenced the formation 
of four simultaneous isosbestic points at 224, 247, 260 and 278 nm during the course of the titration. 
This is indicative of the presence of a single equilibrium in solution, consistent with the formation of 
a 1:1 (Ca2+:L1) complex. The analysis of the titration data provided the stability constant of the 
resulting complex by using a simultaneous fit of the UV/vis spectral changes in the range of 215-350 
nm with the HYPERQUAD program.8

Figure S9. Family of UV/vis spectra taken during the course of the titration of ligand L1 (10-5 M in 
CH3CN) with a standard solution of Ca(TfO)2 (1.2  10-3 M prepared in a 10-5 M solution of the same 
ligand in CH3CN). Insert: titration profile at a selected wavelength vs. Ca2+equivalents and species 
distribution diagram.

The stabilities of the CaL1
+ and CaL1

2 complexes were estimated from the CV data.9 The 
equilibrium constants of the Ca2+ complexes are defined as in Equations S4 and S5:

Equation S4.
𝐶𝑎2 + +  𝐿1→ 𝐶𝑎𝐿1

2 +                 𝐾𝐶𝑎𝐿 =  
[𝐶𝑎𝐿1

2 + ]

[𝐶𝑎][𝐿1]
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Equation S5.
𝐶𝑎2 + +  𝐿1

· ‒ → 𝐶𝑎𝐿1
· +             𝐾

𝐶𝑎𝐿· ‒ =  
[𝐶𝑎𝐿1

· + ]

[𝐶𝑎][𝐿1
· ‒ ]

The reduction potential of the free ligand was estimated from the half wave potentials E1/2 observed 
in the CVs. The reduction potentials of the ligand and the complex are then expressed as:

Equation S6.
𝐿1 +  𝑒 ‒ → 𝐿1

· ‒                         𝐸𝐿 =  
‒ 𝑅𝑇

𝐹
ln

[𝐿1
· ‒ ]

[𝐿1]

Equation S7.
𝐶𝑎𝐿1

2 + +  𝑒 ‒ → 𝐶𝑎𝐿1
· +                𝐸𝐶𝑎𝐿 =  

‒ 𝑅𝑇
𝐹

ln
[𝐶𝑎𝐿1

· + ]

[𝐶𝑎𝐿1
2 + ]

Thus, the difference in reduction potential of the ligand and the metal complex can be related to the 
equilibrium constants for the formation of the complexes:

Equation S8.
𝐸𝐶𝑎𝐿 ‒  𝐸𝐿 =  

𝑅𝑇
𝐹

ln
[𝐶𝑎𝐿1

· + ][𝐿1]

[𝐶𝑎𝐿1
2 + ][𝐿1

· ‒ ]

Equation S9.
𝐸𝐶𝑎𝐿 ‒  𝐸𝐿 =

𝑅𝑇
𝐹

ln
𝐾

𝐶𝑎𝐿· ‒

𝐾𝐶𝑎𝐿
  

Since the value of KCaL was obtained independently from spectrophotometric experiments, the 
stability constant of the reduced complex can be obtained using Equation S9. Analogous expressions 
allow determining the association constant of the complex with the doubly reduced ligand CaL1

2.

5. DFT calculations
All density functional theory (DFT) calculations were performed with the Gaussian 16 program 
package10 and the wB97XD functional,11,12 which includes empirical dispersion. The triple- quality 
Def2-TZVP13 basis set was used throughout. Geometry optimizations were followed by analytical 
frequency calculations, which confirmed that the optimized geometries correspond to local energy 
minima. An ultrafine integration grid was used. A careful exploration of the conformational space 
was carried out following previous studies on crown-ether derivatives.14,15 These calculations showed 
that the ()() conformation is the most stable one for the three complexes (CaL1

2+, CaL1
+ 

and CaL1
2), as observed for the large lanthanide(III) ions and Ac(III).15,16 Single-point energy 

calculations were carried out using the SMD solvation model17 to determine solvation free energies 
in acetonitrile. The free energies for the two reduction processes in acetonitrile solution, GºI (sol) and 
GºII (sol) were estimated using the thermodynamic cycle shown in Scheme S2.



S16

CaL2+
(g) + e-

(g) CaL +
(g) + e-

(g)
GºI (g)

Gºsol(CaL2+) Gsol(CaL +)

CaL2+
(sol) + e-

(sol) CaL +
(sol)+ e-

(sol)
GºI (sol)

CaL2
(g)

GºII (g)

Gsol(CaL2 )

CaL2
(sol)

GºII (sol)

Gºsol(e-) Gºsol(e-)

Scheme S2. Thermodynamic cycle used to calculate the free energies of the reduction processes.

Thus, GºI (sol) = GºI (g) + Gºsol (CaL+) - Gºsol (CaL2+) - Gºsol (e-), and GºII (sol) = GºII (g) + Gºsol (CaL2) 
- Gºsol (CaL+) - Gºsol (e-). The value of Gºsol (e-) in acetonitrile solution was estimated to be -90.9 kJ 
mol-1 using the methodology reported previously.18 The free energy of the electron in the gas phase 
was taken as -3.6160 kJ mol-1. The different thermodynamic parameters are listed in Table S2.

Table S2. Values of Gibbs free energies (kJ mol-1) obtained with DFT calculations.

GºI (g) -744.6 GºII (g) -460.6
Gºsol (CaL+) -234.9 Gºsol (CaL2) -124.6
Gºsol (CaL2+) -603.1 GºII (sol) -259.4
GºI (sol) -285.7

The interaction energies between the aromatic units in CaL1
2+, CaL1

+ and CaL1
2 were 

estimated by taking the geometries of the two pendant arms from the optimized structures. The crown 
moiety of the receptor and the metal ion where removed and H the positions of the arms (2-
nitropyridine, 2-NP) were optimized. Subsequently, the interaction energy was estimated as:

E(2-NP)dimer - 2E(2-NP)dimer

The results provide a strong repulsive interaction among the radical anion of the two 2-NP 
units of 237 kJ mol-1.
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