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A B S T R A C T   

The class of quinone compounds are excellent representatives of biologically redox-active compounds. Electron 
transfers such as in quinone compounds play important roles in the bioactivation of redox-active drugs, in their 
metabolism/catabolism, and targeted release at precise destinations and frequently promote their 
ligand–target interactions. Owing to the enthralling synthetic importance and pharmacological applications of 
1,4-naphthoquinone derivatives, our interest is turned into a detailed electro- and photoelectrochemistry study of 
these pharmacophoric structures. Firstly, amino(substituted)-1,4-naphthoquinone (NQ) derivatives (2a-b, 3, 4a- 
b, 5, 6, 7, 8 and 9) were synthesized according to Michael addition mechanism. The exact structures of com
pounds were elucidated by spectroscopic methods such as FT-IR, 1H-/13C NMR, MS and microanalysis. Secondly, 
the electrochemical behaviors of NQ derivatives are determined with voltammetric and in situ UV–Vis spec
troelectrochemical measurements. All synthesized NQ derivatives illustrate two reductions and one oxidation 
processes. Voltammetric analyses of the couples of the molecules indicate electrochemical reversibility of the 
reductions and electrochemical irreversibility of the oxidation couples. Substituent environments of NQ structure 
considerably influence the chemical reversibility of the redox processes.   

1. Introduction 

Quinone-based compounds can exist in many structures, both natu
rally or synthetically obtained. Naphthoquinone (NQ) are among the 
important heterocycles due to their rich redox activities in various 
biological functionalities, such as, antimicrobials [1], antitumor agents 
[2], antibiotics, and cancer chemotherapy [3–5]. Quinones are electro
active organic molecules that are used by biological systems as electron 
shuttles, are used by humans as dyes, pharmaceuticals, reactants, and 
catalysts, and are being investigated for use in energy transduction and 
organic electronics, all of which have to do with their electrochemistry 
[1]. In most of these applications, anionic (radicalic NQ.− anion and 
dianionic NQ2− ) or cationic (radicalic NQ.+ cation) forms of NQ’s play 
important roles [2]. Thus, it is critical to control the electrochemical 
activity of the NQ derivatives with appropriate substituents. There are 
some recent studies on the prediction the relation between the redox 
activities and their biological functionalities [6–9]. In similar studies, it 
is well reported that the substituents on the NQ heterocycles play critical 

role on their activities in various applications [8,10–13]. In order to 
control the redox activity of NQ heterocycle, we have tried to synthesize 
different NQ derivatives carrying different substituents. For instance, we 
have reported electrochemical behaviors of NQ heterocycles substituted 
with various electron releasing and/or withdrawing moieties 
[12,14,25–27]. 

In this study, new NQ with piperazine and alkylamine substituents 
(2a-b, 3, 4a-b, 5 and 6) were synthesized and the structures of these 
compounds were characterized by spectroscopic methods. Compounds 
7, 8 and 9 were previously synthesized by our team and their structures 
were elucidated [28]. In addition, in this study, the redox mechanisms of 
all compounds were analyzed by voltammetric and spectroelec
trochemical measurements. 
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2. Materials and methods 

2.1. Apparatus 

All the chemicals used in the present work were of reagent grade and 
procured from Sigma Aldrich and Alfa-Aesar. IR spectra were done on 
Shimadzu IR Prestige 21 model Diamond by ATR method. NMR spectra 
were performed on a Varian Unity Inova 125 MHz and 500 MHz in
struments using solvents CDCl3. Tetramethylsilane (TMS) was used as an 
internal standard. Chemical shift and coupling constant are provided in 

Hertz (Hz) and parts per million (ppm), respectively. QTRAP-4000 
(hybrid triple quadrupole linear ion trap, ABSciex) using electron 
spray ionization method was used for recording the mass spectra and 
provided in m/z. Melting points were recorded by using Büchi B-540 
apparatus. Elemental analyses were performed on a Thermo Finnigan 
Flash EA 1112 elemental analyzer. 

Gamry Reference 600 Galvolnostat/Potansiostat was used for all 
voltametric measurements. In situ spectroelectrochemical measurements 
were carried out with a OceanOptic QE65000 diode array 
spectrophotometer. 

Scheme 1. The synthesis of N-substituted-1,4-naphthoquinones (2a-b, 3, 4a-b, 5–9).  

Fig. 1. The proton NMR spectra of piperazine methylene protons of 4b at 25 ◦C (in CDCl3) and 45 ◦C (in DMSO‑d6).  
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2.2. Electrochemical and in situ spectroelectrochemical measurements 

All electrochemical measurements were carried out by following the 
procedure conducted in our previous paper [12,14]. Glassy carbon 
(GCE) working, Pt wire counter, and Ag/AgCl reference electrodes were 
used in a three electrode cell configurations. In situ spectroelec
trochemical measurements were carried out by utilizing a Pt tulle 
working electrode in the three-electrode configuration of thin-layer 
quartz spectroelectrochemical cell. Voltammetric and In situ spec
troelectrochemical measurements were carried out in dimethylsulfoxide 

(DMSO) containing 0.10 mol dm− 3 tetrabuthylammonium perchlorate 
(TBAP). 

2.3. Preparation of N-substituted-bromo-1,4-naphthoquinones 
(Procedure 1) 

In a 250 mL round bottom flask, one molar equivalents of 2,3- 
dibromo-1,4-naphthoquinone (1a) and one molar equivalents of 
amines were stirred in chloroform (50 mL) for 8 h. The progress of the 

Table 1 
Voltammetric data of NQ derivatives.  

Molecules Oxidation couple NQ/NQ.− reduction couple NQ.− /NQ2− reduction couple  
aE1/2 

bΔ Ep Ipa/Ipc E1/2 
bΔ Ep Ipa/Ipc 

aE1/2 
bΔ Ep Ipa/Ipc 

2a  1.34 163  0.36 − 0.49 63  0.96  − 0.94 65 0.74 
2b  1.31 174  0.28 − 0.50 65  0.94  − 0.96 70 0.71 
3  1.28 133  0.65 − 0.57 62  0.97  − 1.03 68 1.72 
4a  1.33 128  0.56 − 0.52 80  0.93  − 1.04 93 1.22 
4b  1.30 143  0.44 − 0.53 76  0.90  − 1.07 88 1.25 
5  1.29 167  0.23 − 0.62 200  0.96  − 1.10 108 0.93 
6  1.32 145  0.24 − 0.61 100  0.95  − 1.09 123 1.54 
7  1.32 120  0.83 − 0.63 63  0.99  − 1.15 64 1.02 
8  1.34 151  0.44 − 0.50 66  0.93  − 0.98 75 081 
9  1.31 132  0.52 − 049 67  0.90  − 0.96 87 0.85 

(a) ¼ E1/2 values were derived from the SWVs. b: ΔEp = |Epa − Epc|. All potentials were given vs. Ag/AgCl (V) observed in DMSO/TBAP electrolyte. 

Fig. 2. Voltammetric responses of compound 7 on GCE in DMSO/TBAP. a) CVs 
at various scan rates, b) CVs recorded with different vertex potentials at 0.100 
Vs− 1 scan rate, and c) SWVs. 

Fig. 3. Voltammetric responses of compound 2a on GCE in DMSO/TBAP. a) 
CVs at various scan rates, b) CVs recorded with different vertex potentials at 
0.100 Vs− 1 scan rate, and c) SWVs. 

Z. Ozyildiz et al.                                                                                                                                                                                                                                



Journal of Electroanalytical Chemistry 946 (2023) 117715

4

reaction was monitored by TLC. Chloroform (4 × 30 mL) was added to 
the reaction mixture. The organic layer was washed with water (100 
mL), and dried with anhydrous sodium sulphate. After the solvent was 
evaporated the residue was purified by column chromatography with 
solvents. (2a, 3 and 4a). 

2.4. Preparation of N-substituted-chloro-1,4-naphthoquinones 
(Procedure 2) 

One molar equivalents of 2,3-dichloro-1,4-naphthoquinone (1b) and 
one molar equivalents of amines were stirred in chloroform (50 mL) for 
8 h in a 250 mL round bottom flask. The progress of the reaction was 
monitored by TLC. Chloroform (4 × 30 mL) was added to the reaction 
mixture. The organic layer was washed with water (100 mL), and dried 
with anhydrous sodium sulphate. After the solvent was evaporated the 
residue was purified by column chromatography with solvents. (2b, 4b, 
5, 6, 7, 8 and 9). 

2.4.1. 2-(4-Benzylpiperidin-1-yl)-3-bromonaphthalene-1,4-dione (2a) 
Compound 2a was synthesized by the reaction of 1a (1.0 g, 3.17 

mmol) with 1-(4-benzyl)piperidinyl (0.55 g, 3.17 mmol) according to 
procedure 1. 

Yield: 0.50 g (92%); Dark red solid; mp: 84.6–84.9 ◦C; Rf = 0.69 in 
hexane/ethylacetate (3:1) as a developing solvent; IR (ATR, cm− 1): 
2980, 2898, 1668, 1638, 1588, 1541; 1H NMR (500 MHz, CDCl3, ppm): 
δ = 1.55–1.68 (m, 1H, CH), 1.70–2.03 (m, 4H, 2CH2piperidinyl), 2.80–2.83 

(m, 2H, CH2-Ph), 3.60–4.48 (m, 4H, 2CH2piperidinyl), 7.00–7.50 (m, 5H, 
5CHbenzyl), 7.50–7.78 (m, 3H, 3CHnaphthyl), 8.00–8.20 (m, 1H, 
CHnaphthyl); 13C NMR (125 MHz, CDCl3, ppm): δ = 31.90 CH(CH2)2, 37.8 
(CHpiperidnyl), 49.6 (CH2-Ph), 52.6 N(CH2)2, 126.0, 126.1, 126.6, 126.8, 
126.9, 128.3, 128.4, 128.5, 129.0 (Cbenzyl, Cnaphthyl), 153.3, 154.1 (=C- 
Br), 181.8, 183.6 (C––O); MS [+ESI]: m/z (%): (100) 410.2 [M]+; Micro 
An.: C22H20BrNO2 (M, 410.30 g/mol): Calcd. C, 64.40; H, 4.91; N, 3.41; 
Found C, 64.65; H, 5.03; N, 3.42%. 

2.4.2. 2-(4-Benzylpiperidin-1-yl)-3-chloronaphthalene-1,4-dione (2b) 
Compound 2b was synthesized by the reaction of 1b (1.0 g, 4.40 

mmol) with 1-(4-benzyl)piperidinyl (0.77 g, 4.39 mmol) according to 
procedure 2. 

Yield: 0.87 g (54%); Brown solid; mp: 112.0–112.9 ◦C; Rf = 0.45 in 
Petrolum ether/CHCl3 (2:1) as a developing solvent; IR (ATR, cm− 1): 
3018, 2853, 1670, 1631, 1590, 1548; 1H NMR (500 MHz, CDCl3, ppm): 
δ = 1.40–1.90 (q, 5H, CH, 2CH2piperidinyl), 2.47–2.50 (d, 2H, CH2-Ph), 
3.10–3.20 (t, 2H, N-CH2piperidinyl), 3.70–3.80 (d, 2H, N-CH2piperidinyl), 
7.04–7.24 (m, 5H, 5CHphenyl), 7.54–7.62 (m, 2H, 2CHnaphthyl), 7.88–7.92 
(d,1H, CHnaphthyl), 8.00–8.04 (d, 1H, CHnaphthyl); 13C NMR (125 MHz, 
CDCl3, ppm): δ = 32.3 CH(CH2)2, 37.0 (CHpiperidinyl), 42.3 (CH2-Ph), 
51.4 N(CH2)2, 126.0, 127.7, 128.2, 130.7, 132.1, 133.2, 139.3, 149.9 
(Carom., Cnaphthyl), 177.3, 181.3 (C––O); MS [+ESI]: m/z (%): (100) 
366.4 [M]+; Micro An.: C22H20ClNO2 (M, 365.85 g/mol): Calcd. C, 
72.22; H, 5.51; N, 3.83; Found. C, 72.29; H, 5.51; N, 3.87%. 

Fig. 4. Voltammetric responses of compound 3 on GCE in DMSO/TBAP. a) CVs 
at various scan rates, b) CVs recorded with different vertex potentials at 0.100 
Vs− 1 scan rate, and c) SWVs. 

Fig. 5. Voltammetric responses of compound 4a on GCE in DMSO/TBAP. a) 
CVs at various scan rates, b) CVs recorded with different vertex potentials at 
0.100 Vs− 1 scan rate, and c) SWVs. 
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2.4.3. 2-Bromo-3-(tetrahydro-2H-pyran-4-ylamino)naphthalene-1,4-dione 
(3) 

Compound 3 was synthesized by the reaction of 1a (1.0 g, 3.17 
mmol) with 4-aminotetrahydropyran (0.32 g, 3.17 mmol) according to 
procedure 1. 

Yield: 0.52 g (50%); Red solid; mp: 130.0–130.5 ◦C; Rf = 0.64 in 
Ethylacetate/Petroleum ether (1:4) as a developing solvent; IR (ATR, 
cm− 1): 3677, 3294, 2970, 2922, 2844, 2753, 1679, 1629 1596, 1557, 
1509; 1H NMR (500 MHz, CDCl3, ppm): δ = 1.50–1.52 (dd, J = 12.6, 6.5 
Hz, 2H, CH2pyran), 2.04–2.16 (m, 2H, CH2pyran), 3.38–3.50 (m, 2H, 
CH2pyran), 3.90–4.03 (dd, J = 7.5, 4.4 Hz, 2H, CH2pyran), 4.85–4.70 (m, 

1H, CHpyran), 5.98 (sbr, 1H, NH), 7.56–7.62 (td, 1H, Cnaphthyl), 7.64–7.70 
(td, 1H, Cnaphthyl.), 7.98–8.02 (dd, 1H, Cnaphthyl.), 8.08–8.12 (d, J = 6.7 
Hz, 1H, Cnaphthyl.); 13C NMR (125 MHz, CDCl3, ppm): δ = 34.7 (CH2pyran- 
CH), 49.9 (CHpyran), 66.3 (CH2pyran-O), 126.8, 126.9, 127.1, 127.2, 
129.7, 132.3, 132.5, 132.7, 134.9, 145.5 (CHarom., Carom.),176.5, 180.1 
(C––O); MS [+ESI]: m/z (%) 333.9 (100) [M− H]+; Micro An.: 
C15H14BrNO3 (M, 336.18 g/mol): Calcd. C, 53.59; H, 4.20; N, 4.17; 
Found C, 53.60; H, 4.21; N, 4.19%. 

2.4.4. 2-Bromo-3-(4-(2-etoxyethyl)piperazin-1-yl)naphthalene-1,4-dione 
(4a) 

Compound 4a was synthesized by the reaction of 1a (0.75 g, 2.40 
mmol) with 1-(2-etoxyethyl)piperazine (0.37 g, 2.40 mmol) according 
to procedure 1. 

Yield: 0.48 g (61%); Red liquid; Rf = 0.38 in CHCl3/ethylacetate 
(1:1) as a developing solvent; IR (ATR, cm− 1): 3067, 2969, 2899, 1670, 
1643, 1590, 1544; 1H NMR (500 MHz, CDCl3, ppm): δ = 1.21–1.24 (t, 
3H, CH3), 3.15 (sbr, 4H, 2CH2piperazine), 3.25–3.35 (s, 2H, N-CH2), 
3.53–3.57 (q, 4H, 2CH2piperazine), 3.92–3.96 (q, 4H, CH2-O-CH2), 
7.65–7.78 (m, 2H, 2CHnaphthyl), 8.02–8.06 (d, 1H, CHnaphthyl), 8.12–8.15 
(d, 1H, CHnaphthyl); 13C NMR (125 MHz, CDCl3, ppm): δ = 15.1 (CH3), 
48.9, 53.5 (Cpiperazine), 57.6 (N-CH2-CH2-O), 65.6 (O-CH2-CH3), 66.8 (O- 
CH2.), 119.9, 127.2, 131.1, 133.5, 133.8, 134.4 (Cnaphthyl), 151.8 (=C- 
Br), 178.0, 181.4 (C––O); MS [+ESI]: m/z (%): (100) 395.2 [M + 2H]+; 
Micro An. C18H21BrN2O3 (M, 393.27 g/mol): Calcd. C, 54.97; H, 5.38; N, 
7.12; Found C, 54.99; H, 5.36; N, 7.15%. 

2.4.5. 2-Chloro-3-(4-(2-etoxyethyl)piperazin-1-yl)naphthalene-1,4-dione 
(4b) 

Compound 4b was synthesized by the reaction of 1b (0.72 g, 3.17 
mmol) with 1-(2-etoxyethyl)piperazine (0.5 g, 3.16 mmol) according to 
procedure 2. 

Yield: 0.79 g, (72%); Brown oil; Rf = 0.66 in petrolumether/ethyl
acetate (3:1) as a developing solvent; IR (ATR, cm− 1): 2973, 2870, 1667, 
1608, 1591, 1570; 1H NMR (500 MHz, CDCl3, ppm): δ = 1.0–1.2 (t, 3H, 
J = 7.32 Hz, CH3), 2.20 (sbr, 4H, 2CH2piperazine), 3.25–3.35 (s, 2H, N- 
CH2), 3.40–3.57 (t, J = 6.84 Hz, 4H, 2CH2piperazine), 3.92–3.96 (q, 4H, 
CH2-O-CH2), 7.65–7.78 (m, 2H, 2CHnaphthyl), 8.02–8.06 (d, 1H, 
CHnaphthyl), 8.12–8.15 (d, 1H, CHnaphthyl); 13C NMR (125 MHz, CDCl3, 
ppm): δ = 15.2 (CH3), 48.7, 53.2 (Cpiperazine), 57.5 (N-CH2-CH2-O), 65.8 
(O-CH2-CH3), 66.4 (O-CH2.), 119.7, 127.4, 131.0, 133.7, 133.9, 134.5 
(Cnaphthyl), 151.4 (=C-Cl), 178.2 181.6 (C––O); MS [+ESI]: m/z (%): 
(100) 349.2 [M]+; Micro An. C18H21ClN2O3 (M, 348.82 g/mol): Calcd. 
C, 61.98; H, 6.07; N, 8.03; Found C, 61.95; H, 6.09; N, 8.02%. 

2.4.6. 2-Chloro-3-(3-hidroxylpropyl)naphthalene-1,4-dione (5) 
Compound 5 was synthesized by the reaction of 1b (1.0 g, 4.40 

mmol) with 3-amino-1-propanol (0.33 g, 4.40 mmol) according to 
procedure 2. 

Yield: 0.67 g, (57%); Red oil; Rf = 0.54 in Petrolum ether/Ethyl
acetate (2:1) as a developing solvent; IR (ATR, cm− 1): 3666, 3464, 2978, 
2907, 1673, 1643, 1595, 1555, 1499, 1447; 1H NMR (500 MHz, CDCl3, 
ppm): δ = 1.45–1.55 (s,1H, OH), 1.81–1.85 (q, 2H, CH2-CH2-OH), 
3.72–3.74 (t, 2H, NH-CH2), 3.89–3.93 (q, 2H, CH2-OH), 6.30–6.38 (sbr, 
1H, NH), 7.46–7.52 (t, 1H, CHnaphthyl), 7.56–7.63 (t, 1H, CHnaphthyl), 
7.88–7.92 (t, 1H, CHnaphthyl), 8.00–8.04 (d, 1H, CHnaphthyl); 13C NMR 
(125 MHz, CDCl3, ppm): δ = 31.6 (CH2-CH2-CH2-OH), 41.7 (NH-CH2), 
59.6 (CH2-OH), 124.4, 128.5, 128.6, 131.1, 131.5, 133.7, 148.5, 153.2 
(Cnapthtyl), 177.7, 178.4 (C––O); MS [+ESI]: m/z (%): (100) 266.1 [M]+; 
Micro An. C13H12ClNO3 (M, 265.69 g/mol): Calcd. C, 58.77; H, 4.55; N, 
5.27; Found C, 58.79; H, 4.51; N, 5.24%. 

2.4.7. 2-Chloro-3-(4-hidroxylbuthyl)naphthalene-1,4-dione (6) 
Compound 6 was synthesized by the reaction of 1b (1.0 g, 4.40 

mmol) with 4-amino-1-butanol (0.39 g, 4.40 mmol) according to pro
cedure 2. 

Fig. 6. Voltammetric responses of compound 5 on GCE in DMSO/TBAP. a) CVs 
at various scan rates, b) CVs recorded with different vertex potentials at 0.100 
Vs− 1 scan rate, and c) SWVs. 

Scheme 2. The proposed redox mechanism for the NQ derivatives.  
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Yield: 0.46 g, (38%); Red solid; mp: 110.0–110.6 ◦C; Rf = 0.41 in 
Petrolum ether/Ethylacetate (2:1) as a developing solvent; IR (ATR, 
cm− 1): 3663, 3321, 2984, 2940, 2903, 2886, 1668, 1598, 1568, 1516, 
1457; 1H NMR (500 MHz, CDCl3, ppm): δ = 1.45–1.55 (s,1H, OH), 
1.60–1.70 (m, 2H, CH2-CH2-OH), 1.70–1.80 (m, 2H, NH-CH2-CH2), 
3.65–3.70 (t, 2H, NH-CH2), 3.80–3.90 (q, 2H, CH2-OH), 6.10–6.24 (sbr, 
1H, NH), 7.54–7.60 (t, 1H, CHnaphthyl), 7.64–7.70 (t, 1H, CHnaphthyl), 
7.96–8.02 (d, 1H, CHnaphthyl), 8.08–8.14 (d, 1H, CHnaphthyl); 13C NMR 
(125 MHz, CDCl3, ppm): δ = 28.6 (NH-CH2-CH2), 30.9 (CH2-CH2-OH), 
43.6 (NH-CH2), 61.3 (CH2-OH), 111.2 (C-Cl), 125.8, 127.8, 128.7, 
131.4, 131.7, 133.9, 147.4 (Cnapthtyl), 179.5, 181.4 (C––O); MS [+ESI]: 
m/z (%): (100) 280.1 [M]+; Micro An. C14H14ClNO3 (M, 279.72 g/mol): 
Calcd. C, 60.11; H, 5.04; N, 5.01; Found C, 60.15; H, 5.06; N, 5.05%. 

3. Results and discussion 

3.1. Chemistry 

This study focused on the synthesis of a series of amino (substituted) 
derivatives of 1,4-naphthoquinone by substitution of a chlorine or 

bromine atom in the quinone pharmacophore. 
The preparation of amino(substituted)-1,4-naphthoquinones was 

illustrated in Scheme 1. New N-substituted-1,4-naphtoquinone com
pounds 2a-b, 3, 4a-b, 5 and 6 were obtained from the reactions of 
starting compounds 1a and 1b with amines in chloroform solution ac
cording to general procedures 1 and 2. Compounds 7, 8 and 9 were 
previously synthesized by our co-worker [28]. All synthesized com
pounds were characterized by using FT-IR, 1H NMR, 13C NMR, MS and 
micro analysis which were provided in the Supporting Information. 

Compounds 2a-b and 3 were naphthoquinone compounds with a 
piperidinyl and tetrahydropyran ring. In the 1H NMR spectra of com
pounds 2a-b, methylene protons of benzyl group (–CH2–Ph) were 
observed as a multiplet at 2.80–2.83 ppm for compound 2a, as a doublet 
at 2.47–2.50 ppm for compound 2b. In the 1H NMR spectrum of com
pound 3, amine (–NH) proton was observed as a broad single peak at 
5.98 ppm. In addition, in the 13C NMR spectrum of compound 3, the 
carbons of the tetrahydrapyran ring at 34.7, 49.9 and 66.3 ppm were 
also observed. 

In this study, the methylene protons of the piperazine ring of the 2- 
chloro-3-(4-(2-ethoxyethyl)piperazin-1-yl)naphthalene-1,4-dione 4b in 

Fig. 7. UV–Vis spectral changes of compound 7 recorded during in-situ spectroelectrochemical measurements at applied potentials of a) Eapp = − 0.75 V, b) Eapp =

− 1.30 V, c) Eapp = 1.40 V in DMSO/TBAP electrolyte system (changing of the spectrum during the redox reactions were represented with the arrow directions), and 
d) color of the species (Neutral 7:; radicalic monoanionic 7:; Dianionic 7:; monocationic 7:). 
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1H NMR taken at 25 ◦C (in CDCl3) and at 45 ◦C (in DMSO‑d6) were 
shown in the Fig. 1. We saw that the peaks of piperazine methylene 
groups were broad signals at δ = 2.20 ppm and triplet at δ = 3.40–3.57 
ppm at room temperature. In the 1H NMR of 4b, when the temperature 
increased the signals were getting sharpened and changed to singlet 
peaks at δ = 2.20 and triplet at δ = 3.40–3.57 ppm at 45 ◦C. The mo
lecular ion peaks of compound 4b were identified at m/z 368.7, 398.1 
and 349.2 [M + H]+ in the positive ion mode for ESI technique, 
respectively. 

Compounds 5 and 6 were new compounds obtained from the reac
tion of 2,3-dichloro-1,4-naphthoquinone with aminoalcohol com
pounds. The characteristic bands for the hydroxyl group in the IR spectra 
of these compounds were 3666, 3464 cm− 1 for compound 5 and 3663, 
3321 cm− 1 for compound 6. The broad single signal seen in the 1H NMR 
spectrum at 6.30–6.38 ppm for compound 5 and 6.10–6.24 ppm for 
compound 6 was a peak specific to the NH group. In addition, the peaks 
seen in the 13C NMR spectrum at 31.6, 41.7, 59.6 ppm for compound 5 
and at 28.6, 30.9, 43.6 and 61.3 ppm for compound 6 were the peaks of 
aliphatic methylene carbons. Although compounds 7, 8 and 9 were 
previously synthesized [28], the electrochemical properties of these 
compounds were investigated for the first time in this study. 

3.2. Electrochemical and in-situ spectroelectrochemical measurements 

Cyclic voltammograms (CVs) and square wave voltammograms 
(SWVs) conducted in DMSO/TBAP electrolyte on GCE illustrate similar 
responses. As tabulated in Table 1, all NQs undergo two reduction and 
one oxidation couple. R(1) and R(2) couples of NQs are assigned to the 
one electron reduction of neutral NQ to NQ.– radical anion and the 
reduction of NQ.– radical anion to NQ2− dianion. Similarly, the oxida
tion couples (O(1)) of all NQs, are assigned to NQ to NQ.+ oxidation. 
Altering the substituents on NQ heterocycle only influence the peak 
potentials and their reversibility. Reversibility of the processes was 
evaluated by comparing with the redox responses of the universal 
reversible ferrocene/ferrocenium (Fc+/Fc) couples recorded in the same 
media. Fc+/Fc couple was recorded at 0.45 V at 100 mVs− 1 scan rate. 
While ΔEp values of this couple deviated from 60 to 89 mV within the 
scan rates from 25 to 500 mVs− 1, Ipa/Ipc ratio of the couple was observed 
as 0.98 at all scan rates. It is clearly evaluated by comparing the Fc+/Fc 
couple responses that for all NQs (except 5 and 6), the first reduction 
couple (R(1)) has electrochemically and chemically reversible charac
ters with respect to ΔEp and Ipa/Ipc responses of the redox processes. 
Altering theΔEp between 61 and 97 mV by increasing the scan rate from 
25 to 500 mVs− 1 and closeness of the to unity at these scan rates indicate 
the electrochemical and chemical reversibility of the R(1) of the corre
sponding compounds. Similarly, comparisons of the peak behaviors of 
the R(2) and O(1) couples of compounds with that of Fc+/Fc couple 
indicate electrochemical reversibility and electrochemical quasi- 
reversibility of these processes respectively. Deviations of the Ipa/Ipc 
responses of R(2) from unity with increasing scan rates are resulted from 
the following chemical reactions which make this process electro
chemically irreversible. Altering the substituents on the compounds 
generally influence the Ipa/Ipc responses of R(2) and therefore the rate of 
the accompanying chemical reactions. 

Among the NQs, the compound 7 illustrate more reversible reduction 
couples as shown in Fig. 2. It illustrates electrochemically and chemi
cally reversible R(1) and R(2) couples at − 0.63 and − 1.15 V and a quasi- 
reversible oxidation couple at 1. 32 V vs. Ag/AgCl reference electrodes. 
The ΔEp values of them are 63 and 64 mV and Ipa/Ipc values are 0.99 and 
1.02 at 100 mVs− 1 scan rate respectively and these responses remain in 
the reversibility range within all scan rates. As shown in Fig. 2a, all CVs 
recorded at various scan rates show the reversibility of both reduction 
couples, since ΔEp values increase up to a maximum of 95 mV when the 
scan rate was increased upto 250 mVs− 1 scan rates (Table 1). Revers
ibility of the reduction couples is influenced from the swept potential 
windows as shown in Fig. 2b. While the R(1) and R(2) couples are 

reversible upon only negative potential scans, these couples get irre
versible after the positive potential scans. This behavior indicates that 
the cationic form of the compound is chemically irreversible, which also 
influenced the reversibility of the reduction processes. SWVs given in 
Fig. 2 to support the reversibility of the redox processes of the compound 
7. 

In Figs. 3-6, voltametric responses of the compounds 2a, 3, 4a, and 5 
were illustrates as examples. Among all compounds, the compound 2a 
was shown as the most easily reducible one with − 0.49 and − 0.94 V 
reduction potentials. Similarly, the compound 7 was the hardest to 
reduce with − 0.63 V of R(1) couple among all compounds. Although the 
reduction reactions of 2a were electrochemically reversible, the R(2) 
couple get chemically quasi-reversible at the fast scan rates due to the 
following chemical reactions. While the compounds 2b, 5, 8, and 9 have 
similar behaviors with 2a, the other compounds have high Ipa/Ipc re
sponses than unity for the R(2) couples, which indicate presence of 
chemical reactions before the R(2) couple. It was well documented in the 
literature that electrochemical characters of NQ/NQ.+, NQ/NQ.–, and 
NQ.–/ NQ2− processes of NQs could be easily influenced from the elec
trolyte properties. The NQ structure, the substituents on NQs, type and 
polarity of the solvent and conducting electrolyte significantly alters the 
electron transfer features of NQs [15–18]. Within harmony with the 
literature, here we clearly illustrate that the substituents on the NQs 
considerably affect the chemical and electrochemical reversibility and 
peak position of the redox reactions of NQ rings. The well reversible and 
easily reduction reactions were observed with the compound 2a having 
piperazine ring and bromine substituents. 

Although there were some differences on the peak potential and the 
reversibility of the electron transfer reactions of the compounds, vol
tammetric analyses and in situ UV–Vis spectroelectrochemical studies 
showed that all NQs have the following same redox mechanism [4]. 
(Scheme 2). 

In situ UV–Vis spectroelectrochemical responses of NQ derivatives 
are rarely studied in the literature. In a few examples in the literature, 
the spectral changes of NQ moieties and their spectra of the neutral, 
monoanionic and dianionic forms were reported [19,20]. For example, 
Zálǐs, S. et al. reported voltammetric and U-Vis spectroelectrochemical 
responses of 1,4-naphthoquinone bearing aniline substituent (2) [21]. 
They assigned the absorption in the range from 290 to 380 nm to the 
local π-π transitions and from 400 to 600 nm to the charge transfer (CT) 
on NQ. Mono-reduced form of compound 2 is illustrated three intensive 
bands around 300, 405, and 470 nm. They also reported a broad tran
sition around 406 nm for the electronic spectrum of doubly reduced 
species. In another study, Dron, P. I. and his coworkers reported the 
electrochemical and spectroelectrochemical responses of,3-diamino- 
1,4-naphthoquinone and two of its N-alkylated derivatives (1–3) in 
acetonitrile [20]. They stated that three NQ derivatives indicated 
characteristic spectral changes between 250 and 500 nm for the mon
oanionic and dianionic species. Although the UV–Vis spectroelec
trochemical analyses of NO derivatives were rare in number, there are 
some example on the In situ FT-IR spectroelectrochemical responses of 
NQ derivatives [8,22]. It is well illustrated that the structure of these 
compounds and the electrolyte types considerably influence the optical 
responses [12,14,20,21]. For instance, in our previous paper we re
ported in situ UV–Vis spectroelectrochemical responses of 3-chloro-2- 
(mesitylamino)-5-nitro-1,4-naphthoquinone. This compound illus
trated distinct spectral changes during the first reduction reaction with 
the decreasing of the band of neutral compound at 500 nm and obser
vation of a new band at 400 nm [14]. Here, situ UV–Vis spectroelec
trochemical studies of NQs were investigated to find out the influence of 
the substituents on the NQ heterocycle. All the NQs studied here gave 
very similar in situ UV–Vis spectroelectrochemical responses with each 
other and with the previously reported ones. In situ UV–Vis spec
troelectrochemical responses of the compound 7 was represented as an 
example in Fig. 7. Without a potential application, compound 7 illus
trates distinct bands at 272, 298, 345, 552, and 584 nm. When − 0.75 V 
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constant potential is applied (R(1)), all bands of neutral 7 decrease in 
intensity and a small new band increases at 392 nm. These spectral 
changes give well resolved isosbestic points at 360 and 407 nm (Fig. 7a). 
All of these spectral changes were in harmony with the reduction of NO 
to NQ.– monoanionic radical species [12,14,20,21]. After formation of 
NQ.– radical anion, the blue color of neutral 7 (point; x  = 0.219 and y =
0.167) turns to light yellow (point; x  = 0.312 and y = 0.310) as shown 
in Fig. 7d. During the reduction of NQ.– radical anion to NQ2− dianionic 
form of 7 at − 1.30 V potential application (R(2)), the band observed 
during R(1) at 392 and a new band at 472 nm increase, while other 
bands remain as unchanged (Fig. 7b). As shown in the chromaticity 
diagram in Fig. 7d, a yellow color (point; x  = 0.360 and y = 0.399) is 
observed for the dianionic species. During the oxidation reaction of the 
compound 7 at 1.40 V (O(1)), while the bands at 298, 345, and 584 nm 
decrease in intensity, the band at 584 nm shifts towards short wave
lengths with decreasing in intensity (Fig. 7c). These spectral changes 
give light orange color (point; x = 0.347 and y = 0.328) for the cationic 
species of the compound (Fig. 7d). The profound spectral and color 
changes during the redox reactions of the NQ compounds show their 
electrochromic functionality for the display technologies. It is well 
documented [19,23,24] that the distinct spectral changes in the visible 
region and profound color changes are two basic parameters for the 
possible usage of the compounds in electrochromic applications in so
lution and in solid state. 

4. Conclusions 

In this paper, we have described the synthesis and characterization of 
some N-substituted-1,4-naphthoquinones. All new compounds were 
characterized on the basis of nuclear magnetic resonance spectroscopy 
(1H- and 13C NMR), MS, FT-IR and elemental analysis. All synthesized 
compounds were stable and obtained in crystalline form with good 
yields. 

The electrochemical behaviors of synthesized compounds (NQ de
rivatives) were determined with voltammetric and in situ UV–Vis spec
troelectrochemical measurements. All NQ derivatives illustrate two 
reductions and one oxidation processes. Voltammetric analyses of the 
couples of the molecules indicate electrochemical reversibility of the 
reductions and electrochemical irreversibility of the oxidation couples. 
Substituent environments of NQ structure considerably influence the 
chemical reversibility of the redox processes. While the first reduction 
couples of NQ derivatives (except 5 and 6) were chemically reversible, 
the chemical reversibility of the second reduction couples varies with 
the substituents due to the possible chemical reactions succeeding the 
redox processes. The most reversible reduction couples were observed 
with compound 7 bearing hydroxy-alkyl amine substituent. The sub
stituents on the NQ structure also slightly affect the easy of the electron 
transfer reactions. Among all compounds, 2a and 9 were the most easily 
reduced compounds due to the high electron withdrawing ability of 
bromine and piperazine rings substituents, respectively. Although, slight 
voltammetric differences were observed with these ten compounds, in 
situ UV–Vis spectroelectrochemical responses of them were almost same 
with each other. Well resolved optical and color changes were recorded 
during the spectroelectrochemical measurement, which show their 
functionality as electro-chromophores in different opto-electrochemical 
technologies. 

All NQ derivatives illustrated very similar redox reactions and in situ 
UV–Vis spectroelectrochemical responses and substituents on the NQ 
heterocycles only alter the reversibility and peak positions of the elec
tron transfer reactions. Substituents also influenced the eases of the 
electron trans highly reversible redox responses were observed with the 
compound 7 bearing hydroxy-alkyl amine substituent. Evident spectral 
and color changes during the redox reactions indicated functionality of 
the compounds in optoelectrochemical (OE) applications. 
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