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An electrochemical Meerwein arylation reaction was reported for the synthesis of aryl-benzoquinone 
derivatives. In this work, efficient electrochemical synthesis of aryl-benzoquinone derivatives by 
direct electrolysis of aqueous solution containing hydroquinone and aryldiazonium salts in batch and 
a homemade continuous-flow cells is reported. In the batch system, the products were obtained in a 
simple undivided cell equipped with a copper anode and a stainless steel cathode. In the continuous 
flow system, the products were obtained simply by passing hydroquinone and the aryldiazonium salt 
through a tube made of copper with a stainless steel rod in the center. All equipment required in both 
cell types is obtained from common commercial sources. This protocol is green and cost-effective 
due to the use of electricity and is performed under mild and safe conditions without the use of toxic 
solvents and catalysts.
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Electrochemistry is a very efficient tool for the synthesis of organic compounds, which has recently attracted 
the attention of many researchers1–14. It has been found that in many cases, electrochemical synthesis can be 
a suitable alternative to chemical synthesis. From another point of view, electrochemical synthesis of organic 
compounds is well established as an environmentally friendly strategy. Benzoquinones are a group of organic 
compounds that are involved in important biological activities such as electron transport processes, oxidative 
phosphorylation and bioenergetic transport. In addition, some of them have anti-cancer, anti-inflammatory and 
antioxidant activities15. Therefore, the synthesis of these compounds can be useful in the development of some 
medicinal molecules. Among quinones, p-benzoquinones are the simplest members of quinones, which are 
used in the manufacture of dyes and fungicides. They are also important organic intermediates in the synthesis 
of pharmaceuticals and fine chemicals16. Literature review shows that many researchers have synthesized p-
benzoquinones in different routes17–27. Moore and co-workers reported the synthesis of 1,4-benzoquinones 
from 4-alkynyl-4-alkoxy (or hydroxy or trimethylsily1oxy) cyclobutenones17. The reaction is performed 
through electrocyclic ring opening of cyclobutenones to (2-alkynylethenyl)ketenes, then ring closing and 
diradical formation. George et al. reported the synthesis of 2-substituted 1,4-benzoquinones via oxidative 
dearomatisation of para-substituted phenols using singlet oxygen in supercritical CO2

18. The synthesis was 
carried out in a continuous multi-step in supercritical CO2. Saa et al. reported an oxidative degradation method 
by Fremy’s salt for the synthesis of quinones19. They performed these syntheses using phenols that have both 
a coordinating group for chelation and an electron withdrawing group in a 1,3-relationship. In 2008, Mathur 
and co-workers reported the photochemical synthesis of the 2,6- and 2,5-divinyl-substituted 1,4-benzoquinones 
from the reaction of enynes, (Z)-1-methoxybut-1-ene-3-yne, or isopropenyl acetylene with CO in the presence 
of Fe(CO)5

20. In 2019, Kim et al. reported the synthesis of benzoquinones from hydroquinones using an 
activated carbon–molecular oxygen system21. In this method, the synthesis of benzoquinone was carried out 
via the oxidation of hydroquinone by oxygen (1 atm) in xylene (0.1 M) at 120 °C for 24 h. These methods have 
disadvantages due to the use of highly corrosive and expensive oxidants and solvents. Therefore, some researchers 
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have used electrochemical methods for the synthesis of 1,4-benzoquinones. In 2022, Waldvogel and co-workers 
reported the electrochemical synthesis of para-benzoquinones from phenols using a continuous flow cell in a 
water/methanol mixture without the use of a catalyst and chemical oxidizer with 61–99% yield22. Nematollahi et 
al. synthesized a number of mono- and di-substituted p-benzoquinone electrochemically through the oxidation 
of hydroquinone at carbon anode in the presence of some nucleophiles in a water/acetonitrile mixture23,24. 
Raju and co-workers reported the electrochemical synthesis of p-benzoquinones in biphasic medium (water/
dichloromethane) from 1,4-dihydroxy benzenes using platinum foil electrodes25. In 2023, Zhang et al. reported 
the synthesis of p-benzoquinones (in moderate to good yields) from the electrochemical oxidation of simple 
aromatic compounds26. Electrolysis was carried out in CH3CN/H2O (5/1) containing nBu4NBF4 (0.1 M) and 
K2S2O8 using platinum electrodes applying a constant current of 10 mA at room temperature. Recently, Waldvogel 
et al. synthesized a number of p-benzoquinones (up to 99% yield) electrochemically in water/methanol mixture 
through the oxidation of 4-hydroxybenzaldehydes using a graphite anode27.

Meerwein arylation28 is one of the most widely used methods for the functionalization of alkenes through 
radical reactions. In this method, the first step is usually the generation of aryl radicals from various precursors 
and with different methods29. The next step in this method is the reaction of the aryl radical with an alkene and 
the formation of a radical adduct. In the last step, depending on the conditions, this radical adduct after reduction 
can react with the electrophile and produces the final product. Or after oxidation, reacts with a nucleophile to 
form the product or in the presence of a radical scavenger to form the final product (Fig. 1) 29. It should be noted 
that in this method, aryldiazonium salts are often the source of aryl radicals.

A literature survey reveals that the Meerwein method for the arylation of organic compounds has been 
used in a large number of papers29–32. Despite the large number of articles, to the best of our knowledge there 
are no reports on electrochemically induced Meerwein arylation. Considering the advantages mentioned for 
electroorganic synthesis1–14, we decided to perform the Meerwein arylation by electrochemical method. In this 
work, the electrochemical synthesis of aryl-benzoquinone derivatives from the direct electrolysis of an aqueous 
solution containing hydroquinone in the presence of aryldiazonium salts in both batch and continuous-flow 
cells is performed. The proposed method is carried out under mild and safe conditions without the use of toxic 
solvents and catalysts and is very economical due to the use of electricity.

Experimental
Reagents and apparatus
All syntheses were performed at room temperature by applying a constant current using a Chin PS-303 DC 
power supply. The solution was stirred with a magnetic stirrer (Rodwell, Monostir, England) during electrolysis. 
FTIR spectroscopy was used to identify the functional groups of the products. All spectra were recorded from 
4000 to 400 cm−1 with a KBr disk on a Perkin–Elmer GX FTIR spectrometer. All 1H NMR and 13C NMR were 
recorded in CDCl3 on a Bruker Avance DRX 400 spectrometer. The spectrometer operates at 400  MHz for 
protons and 100  MHz for carbon. The chemical shifts are reported in ppm (δ) at 298  K. All melting points 
in open capillary tubes were measured using a Model 9100 electrothermal apparatus and are uncorrected. 
AutoLab®/PGSTAT30 potentiostat/galvanostat (manufactured by Eco Chemie, Utrecht, The Netherlands) was 
used for cyclic voltammetry studies. Constant current electrolysis was performed using a DC POWER SUPPLY 
PS-305D power supply. The three-electrode system used for cyclic voltammetry measurements consisted of a 
glassy carbon disc (diameter 1.8 mm) as a working electrode, a stainless steel wire as an auxiliary electrode and 
Ag/AgCl (3 M) electrode as a reference electrode. All electrodes are provided by Azar Electrode Company (Iran). 
Alumina slurry was used to polish the glassy carbon electrode. Electrochemical synthesis of aryl-benzoquinone 
derivatives was performed in both batch and flow cells. The undivided cylindrical batch cell (100 mL) equipped 
with a large copper plate (5.5 cm × 2.5 cm) as the anode and a stainless steel rod with a length of 4 cm as a counter 
electrode (cathode). The continuous flow cell consists of a tube made of copper with a length of 28 cm and 
diameter of 1.3 cm (as the anode) and a stainless steel rod cathode with the same length and diameter of 1.2 cm 
in the center as the anode.

Fig. 1.  Reaction pathways in Meerwein arylation.
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Chemicals used in this study (aniline, 4-nitroaniline, 4-chloroaniline, 4-bromoaniline, 4-iodoaniline, 
4-methoxyaniline, 4-fluoroaniline, hydroquinone and 2-methylhydroquinone) were purchased with purity 
higher than 98% from Aldrich and Merck. Buffer solutions were prepared according to the recommended 
procedures33, from analytical reagent grade chemicals purchased from Merck and Sigma without further 
purification.

Synthesis of diazonium salt
Sulfuric acid (5 mL) was added to a well-stirred suspension of aniline derivatives (2 mmol) in H2O (10 mL). 
The reaction mixture was cooled to 0–5 °C in an ice bath. Then, a cooled solution of sodium nitrite (3 mmol) 
in H2O (5 mL) at 0–5 °C was added dropwise to the reaction mixture. At this time, the color of the solution 
turns yellow, which indicates the formation of diazonium salt. The synthesized diazonium solution (approximate 
concentration, 0.13 M) is placed in ice bath for use in the next step.

Synthesis of aryl-benzoquinone derivatives in batch cell
For the synthesis of aryl-benzoquinone derivatives, first the aqueous solution of sodium acetate (0.15 M) (80 ml) 
containing hydroquinone (or 2-methylhydroquinone) (2 mmol) was electrolyzed in an undivided cell equipped 
with a copper plate anode and a stainless steel rod cathode under constant current (current density = 0.5 mA cm−2) 
(20 mA) for 10 min. After this period, 2 ml of the produced diazonium solution is added to the electrochemical 
cell. Then electrolysis continues and after every 6 min, 2 ml of diazonium solution is added to the cell, and these 
steps continue until the diazonium solution is exhausted. The precipitate was collected by filtration and washed 
several times with distilled water. The dried precipitate was dissolved in acetone and subjected to preparative 
TLC (silica gel 60 GF 254), n-hexane/ethyl acetate 45:15]. The products were isolated as yellow powder. IR, 1H 
NMR and 13C NMR spectra for new compounds ABQ8– ABQ11 can be obtained in the supplementary material 
(Figures S1–S20).

Synthesis of aryl-benzoquinone derivatives using undivided tubular flow cell
An undivided tubular flow cell consists of a copper tube as the anode with an inner diameter of 1.3 cm and a 
length of 28 cm with an area of 114 cm2 (Fig. 2). Inside the copper tube is a stainless steel rod with a diameter 
of 1.0 cm and a length of 28 cm, with an area of 87.9 cm2 as a cathode. In this cell, the cathode is surrounded 
by the anode and the solution is pumped from the bottom of the reactor to the top. The arrangement of anode 
and cathode is shown in Fig. 2. In order to produce aryl-benzoquinone, a solution of sodium acetate (0.15 M) 
(80 mL) containing hydroquinone (2 mmol) along with aryl diazonium salt is passed through the flow cell at a 
constant flow rate using a syringe pump. The cell volume is 15.2 cm3 and the volume of the connecting tubes is 
17.5 cm3.

Characteristics of the products
4′-Nitro-[1,1′-biphenyl]-2,5-dione (C12H7NO4) (ABQ1). Yellow solid; M.p. 152–154  °C (Lit. 137  °C34); 1H 
NMR (400 MHz, DMSO-d6) δ: 8.30 (d, J = 8.7 Hz, 2H), 7.79 (d, J = 8.7 Hz, 2H), 7.10 (d, J = 2.3 Hz, 1H), 7.02 (s, 
1H), 6.98 (d, J = 2.3 Hz, 1H); IR (KBr) (cm−1): 2924, 2853, 1726, 1664, 1588, 1517, 1462, 1350, 1095, 865, 695; MS 
(ESI) m/z (relative intensity); 231 (M + 2H) (72), 230 (M + 1) (10), 229 (M) (57), 183 (52), 149 (100).

[1,1′-Biphenyl]-2,5-dione (C12H8O2) (ABQ2). Yellow solid, M.p. 83–86 °C (Lit. 104–106 °C35); 1H NMR 
(400 MHz, CDCl3) δ: 7.48 (s, 1H), 7.38 (br, 5H), 7.08–6.87 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 187.6, 186.6, 
146.5, 137.1, 136.4, 136.3, 132.7, 130.2, 129.2, 128.6; IR (KBr) (cm−1): 2922, 1729, 1654, 1594, 1489, 1227, 1092, 
843, 746, 696.

4′-Methoxy-[1,1′-biphenyl]-2,5-dione (C13H10O3) (ABQ3). Yellow solid, M.p. 108–110  °C (Lit. 108–
110 °C36); 1H NMR (400 MHz, CDCl3) δ: 7.91 (d, J = 8.8 Hz, 2H), 7.50 (s, 1H), 7.03 (d, J = 8.8 Hz, 2H), 6.99 (d, 
J = 8.6 Hz, 2H), 3.92 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 161.1, 158.2, 146.6, 133.0, 127.2, 123.9, 113.8, 55.1; 
IR (KBr) (cm−1): 2959, 2839, 1601, 1581, 1499, 1465, 1441, 1306, 1251, 1180, 1148, 1042, 1024, 845, 825, 810, 
782, 743, 555, 497.

4′-Chloro-[1,1′-biphenyl]-2,5-dione (C12H7ClO2) (ABQ4). Yellow solid, M.p. 110–112  °C (Lit. 127–
129 °C37); 1H NMR (400 MHz, CDCl3) δ: 7.51–7.38 (br, 4H), 6.97–6.77 (br, 3H); 13C NMR (101 MHz, CDCl3) 
δ: 187.3, 186.3, 144.7, 137.0, 136.6, 136.4, 132.7, 131.0, 130.6, 128.9; IR (KBr) (cm−1): 3069, 1648, 1596, 1492, 
1403, 1340, 1305, 1293, 1092, 1016, 976, 904, 855, 842, 822, 790, 728, 564, 508, 470, 419. MS (ESI) m/z (relative 
intensity); 218 (M) (11), 183 (m – Cl) (100), 155 (19), 136 (21), 101 (14), 82 (38).

4′-Bromo-[1,1′-biphenyl]-2,5-dione (C12H7BrO2) (ABQ5). Yellow solid; M.p. 84–87 °C (Lit. 100–102 °C38); 
1H NMR (400 MHz, CDCl3) δ: 7.52 (d, J = 8.5 Hz, 2H), 7.29 (d, J = 8.6 Hz, 2H), 6.80–6.78 (m, 3H); 13C NMR 
(101 MHz, CDCl3) δ: 187.3, 186.3, 144.8, 137.0, 136.38, 132.7, 131.8, 130.8, 125.0; IR (KBr) (cm−1): 2926, 1651, 
1593, 1489, 1400, 1339, 1292, 1098, 1073, 1012, 978, 906, 852, 789, 709, 501, 425.

4′-Iodo-[1,1′-biphenyl]-2,5-dione (C12H7IO2) (ABQ6). Yellow solid; M.p. 127–130 °C (Lit. 133–135 °C39); 
1H NMR (400 MHz, CDCl3) δ: 7.73 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 6.81–6.78 (m, 3H); 13C NMR 
(101 MHz, CDCl3) δ: 186.3, 185.2, 143.9, 136.7, 136.0, 135.3, 131.6, 130.0, 129.8, 96.0; IR (KBr) (cm−1): 2923, 
1647, 1597, 1580, 1483, 1393, 1385, 1342, 1293, 1260, 1097, 1063, 1008, 975, 910, 849, 784, 698, 606, 548, 428.

4′-Fluoro-[1,1′-biphenyl]-2,5-dione (C12H7FO2) (ABQ7). M.p. 152–155 °C (Lit. 152–155 °C36); 1H NMR 
(400 MHz, CDCl3) δ: 7.46–7.42 (m, 2H), 7.13–6.79 (m, 5H); IR (KBr) (cm−1): 2924, 1660, 1603, 1508, 1413, 
1376, 1330, 1235, 1235, 1162, 1107, 919, 845, 525, 420.

4-Methyl (and 3-methyl) -4′-nitro-[1,1′-biphenyl]-2,5-dione (C13H9NO4) (ABQ8, two isomers). M.p. 131–
133 °C; 1H NMR (400 MHz, CDCl3) δ: 8.25 (d, J = 8.7 Hz, 4H), 7.30 (d, J = 8.8 Hz, 4H), 6.86 (s, 1H), 6.84 (s, 1H), 
6.81 (s, 1H), 6.78 (s, 1H), 2.10 (s, 3H), 2.07 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 187.2, 186.8, 185.7, 147.9, 
146.3, 142.6, 141.9, 139.3, 139.2, 136.7, 136.3, 134.1, 133.7, 133.5, 130.7, 130.3, 130.2, 123.6, 123.5, 16.4, 15.6; IR 

Scientific Reports |        (2025) 15:17201 3| https://doi.org/10.1038/s41598-025-02504-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


(KBr) (cm−1): 3114, 3068, 2925, 1656, 1592, 1518, 1348, 1304, 1137, 1091, 946, 865, 846, 749, 699, 410 (Figures 
S1–S5, Supplementary Material).

4′-Chloro-4-methyl (and 3-methyl) -[1,1′-biphenyl]-2,5-dione (C13H9ClO2) (ABQ9, two isomers); M.p. 
64–67 °C; 1H NMR (400 MHz, CDCl3) δ: 7.35 (m, 8H), 6.77 (s, 1H), 6.72 (s, 1H), 6.64 (s, 1H), 6.62 (s, 1H), 2.07 
(s, 3H), 2.04 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 187.8, 187.3, 186.8, 186.5, 146.2, 145.8, 144.9, 144.6, 136.3, 
136.2, 133.7, 133.3, 132.74, 132.68, 131.4, 131.0, 130.5, 129.5, 128.8, 128.7, 16.4, 15.5; IR (KBr) (cm−1): 3050, 
2974, 1647, 1627, 1594, 1493, 1427, 1404, 1354, 1305, 1231, 1095, 1013, 923, 880, 839, 828, 738, 523, 446, 418 
(Figures S6–S10, Supplementary Material).

4′-Bromo-4-methyl (and 3-methyl) -[1,1′-biphenyl]-2,5-dione (C13H9BrO2) (ABQ10, two isomers); M.p. 
84–86 °C;1H NMR (400 MHz, CDCl3) δ: 7.60 (d, J = 8.3 Hz, 4H), 7.38 (d, J = 6.1 Hz, 4H), 6.87 (s, 1H), 6.81 (s, 
1H), 6.73 (s, 1H), 6.71 (s, 1H), 2.16 (s, 3H), 2.13 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 187.9, 187.3, 186.5, 
186.8, 146.2, 145.9, 144.7, 137.4, 136.5, 136.4, 133.7, 133.3, 132.8, 132.7, 131.8, 131.7, 131.5, 131.2, 130.8, 130.7, 
129.8, 124.8, 124.6, 16.4, 15.5; IR (KBr) (cm−1): 2928, 1654, 1630, 1594, 1429, 1398, 1189, 1073, 1010, 917, 828, 
458 (Figures S11–S15, Supplementary Material).

4′-Iodo-4-methyl (and 3-methyl)-[1,1′-biphenyl]-2,5-dione (C13H9IO2) (ABQ11, two isomers); 1H NMR 
(400 MHz, CDCl3) δ: 7.71 (d, J = 8.0 Hz, 4H), 7.14 (d, J = 6.0 Hz, 4H), 6.77 (s, 1H), 6.71 (s, 1H), 6.64 (s, 1H), 6.62 
(s, 1H), 2.06 (s, 3H), 2.0 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 187.9, 187.4, 186.7, 186.5, 146.2, 145.9, 145.2, 
144.8, 137.73, 137.69, 137.4, 136.5, 136.4, 133.8, 133.3, 132.73, 132.67, 131.3, 130.9, 130.8, 96.8, 16.4, 15.6; IR 
(KBr) (cm−1): 2922, 1651, 1626, 1599, 1579, 1485, 1396, 1354, 1305, 1231, 1192, 1125, 1061, 1004, 919, 826, 801, 
722, 670, 512, 471 (Figures S16–S20, Supplementary Material).

Fig. 2.  Schematic diagram (above) and the image (below) of the undivided tubular flow cell for the synthesis of 
aryl-benzoquinone derivatives.
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Results and discussion
Electrochemical studies
In order to obtain the detailed information about the reaction between p-benzoquinone and aryldiazonium 
salts, the electrochemical behavior of hydroquinone in the presence of 4-nitrobenzenediazonium sulfate was 
investigated. Figure 3, part I, curve a, shows the cyclic voltammogram of hydroquinone (HQ) (1 mM) in aqueous 
acidic/ethanol (50/50 v/v) mixture. It should be noted that to record this voltammogram, 1 ml of sulfuric acid 
(6.1 M) solution was added to 9 ml of HQ solution in a water (phosphate buffer, pH = 2, c = 0.2 M)/ethanol 
mixture. As expected, the cyclic voltammogram shows a peak related to the oxidation of HQ to p-benzoquinone 
(BQ) (A1) in the anodic scan, and a peak related to the reduction of BQ to HQ (C1) in the cathodic scan. 
When instead of the sulfuric acid solution, 1 ml of diazonium solution containing sulfuric acid (6.1 M) (see 
experimental section) is added to the HQ solution, there is a large change in the cyclic voltammogram. (Fig. 3, 
part I, curves b and c). In these voltammograms, a wide range of potentials is scanned to identify all species that 
are oxidized or reduced. In the anodic scan and in the first cycle (curve b), the voltammogram shows two well-
defined anodic peaks at potentials of 0.64 and 1.28 V. These peaks are related to the oxidation of HQ (A1) and 
nitrite ion (AN)40 (available in diazonium solution), respectively. In this situation, two weak cathode peaks (C1 
and C2) can be seen in the reverse cathodic scan at potentials of 0.83 and 0.62 V, respectively. Cathodic peak C1 is 
the counterpart of peak A1. In the second cycle of the potential sweep (curve c), a new anodic peak (A2) appears 
at 0.85 V. This peak is the counterpart of peak C2. It should be noted that the same electrochemical behavior 
observed in the cyclic voltammetry of HQ at different pH values (pH < 8) in the presence of aryldiazonium 
solution. Since the diazonium solution contains sulfuric acid and changes the pH of the HQ solution, and on 
the other hand, the HQ/BQ redox system is pH dependent41, in the experiment conducted in the absence of 
diazonium ion (Fig. 2, part I, curve a), sulfuric acid (6.1 M) was added to the HQ solution so that the pH of the 
HQ solution in the absence of diazonium (curve a) became equal to the pH of the HQ solution in the presence 
of diazonium (curves b and c).

Based on the obtained electrochemical data as well as the spectroscopic data of the product, we propose the 
following mechanism (Fig. 4, part I) for the oxidation of HQ in the presence of nitrobenzenediazonium sulfate. 
Accordingly, at the anode surface, HQ loses two electrons and is oxidized to BQ. At the same time, a homolytic 
dediazonation reaction occurs in the solution37,42,43. As a result of this reaction, aryldiazonium salt (DAZ) is 
converted into aryl radical (ArR) and dinitrogen molecule.

The reaction between BQ and ArR leads to the formation of intermediate INT, which in the next step by 
losing an electron becomes the final product, nitro-arylbenzoquinone (ABQ1). According to the proposed 
mechanism, the anodic (A2) and cathodic (C2) peaks are related to the INT/ABQ1 redox couple. It seems that in 
the absence of reducing agents and metal ions, hemolytic dediazonation of diazonium salt is due to its reaction 
with HQ37. This reaction is shown in Fig. 4, part II.

Fig. 3.  Part I: Curve a: Cyclic voltammogram of HQ (1 mM) in a water (phosphate buffer, pH = 2, c = 0.2 M)/
ethanol mixture (50/50 v/v) after addition of 1 mL sulfuric acid (6.1 M). Curves b and c: First and second 
cycles of cyclic voltammograms of HQ (1 mM) in a water (phosphate buffer, pH = 2, c = 0.2 M)/ethanol 
mixture (50/50 v/v) after addition of 1 mL of prepared diazonium solution (see experimental section). 
Scan rate: 500 mV/s. Part II: Curve a: Cyclic voltammogram of HQ (1 mM) in a water (bicarbonate buffer, 
pH 10, c = 0.2 M)/ethanol mixture (50/50 v/v) after addition of 1 mL sulfuric acid (6.1 M). Curve b: Cyclic 
voltammogram of HQ (1 mM) in a water (bicarbonate buffer, pH 10, c = 0.2 M)/ethanol mixture (50/50 v/v) 
after addition of 1 mL of prepared diazonium solution. Scan rate: 100 mV/s. Working electrode: glassy carbon 
electrode. In all experiments, cells were kept in an ice bath.
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As can be seen, electron transfer between aryldiazonium salt and HQ causes the conversion of aryldiazonium 
salt to aryl radical. On the other hand, as a result of this reaction, HQ is converted into semiquinone (SQ) by 
losing an electron. Regarding the oxidation of INT and its conversion to the final product (ABQ1), two paths 
seem possible. The first route is the direct oxidation of INT on the electrode surface and the second route is its 
indirect oxidation through the reaction with SQ. In contrast to the results obtained in acidic, neutral, and low-
alkaline solutions, research conducted at pH ≥ 10 suggests that the reaction follows a different course.

Figure 3, part II, curve a, shows the cyclic voltammogram of HQ (1 mM) in aqueous (bicarbonate buffer, 
pH 10, c = 0.2 M)/ethanol (50/50 v/v) mixture after addition of 1 mL sulfuric acid (6.1 M). The voltammogram 
recorded under these conditions is similar to the one shown in part I, curve a, except that the peak potentials are 
shifted towards the negative potentials. When 1 ml of the diazonium solution is added to the HQ solution, there 
is not much change in the cyclic voltammogram. (Fig. 3, part II, curve b) and only its reversibility decreases. 
This phenomenon may be caused by the fouling of the electrode surface attributed to the immobilization (or 
adsorption) of the aryl radicals on the surface of the glassy carbon electrode, which reduces the efficiency of 
the electrode44–46. It seems that as the solution pH increases, the diazonium salt is converted to diazoate and 
diazohydroxide species, which are much more unstable. Successive hemolytic cleavage of these compounds 
produces a radical that reacts with the glassy carbon surface47.

Since the copper anode has been used in macro-scale electrolysis, it is necessary to slightly modify the 
proposed mechanism in Fig. 4 for the copper anode. In such conditions, it seems that the oxidation of HQ to 
BQ is done through its electron transfer reaction with copper ions (Fig. 5). Also, these ions can oxidize INT to 
ABQ1. On the other hand, the formed cuprous ions (Cu+) can contribute to the reduction of the aryldiazonium 
salt (DAZ) to the aryl radical (ArR) (Fig. 5). The use of a copper anode and the catalytic activity of copper ions in 
the synthesis of aryl-benzoquinones (ABQ) is one of the novel and important aspects of this study. The divalent 

Fig. 4.  Electrochemical arylation pathway of hydroquinone and possible homogeneous electron transfer 
between the species involved in the reaction.
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copper ions generated from the anodic oxidation can oxidize HQ to BQ. On the other hand, the monovalent 
copper ions generated from this reaction can reduce DAZ to ArR and themselves be oxidized to Cu2+. On the 
other hand, the Cu2+ ions can act as an oxidant to convert INT to the final product, ABQ1.

The cyclic voltammograms of the product (ABQ1) after separation and purification is shown in Fig. 6. In 
order to further identify the structure of the product and its electrochemical properties, these voltammograms 
were recorded in two different conditions. In this figure, to record the voltammogram a, first the potential 
was scanned from 0.0 V towards more positive values (anodic scan), which led to the appearance of a cyclic 
voltammogram for a Nernstian reversible process. It should be noted that when the starting potential (0 V) is 
applied, ABQ1 is reduced to its corresponding nitro-arylhydroquinone (AHQ1) at the electrode surface.

The presence of cathodic current at the starting potential (0 V) confirms the reduction of ABQ1. Therefore, 
during potential scanning, the species present on the electrode surface is NO2-AHQ. Accordingly, anodic peak 
Ap1 is related to the oxidation of NO2-AHQ to ABQ1, and cathodic peak Cp1 is its counterpart and related to the 
reduction of ABQ1 to NO2-AHQ (Fig. 7).

In this study, when the cathodic scan is performed first, the shape of the voltammogram changes completely 
(Fig. 6, curve b). Under these conditions, the cyclic voltammogram shows an irreversible cathodic peak (CN) and 
a two reversible redox systems, Ap2/Cp2 and Ap3/Cp3. As discussed, when the starting potential (0.0 V) is applied, 
ABQ1 is reduced to NO2-AHQ at the electrode surface. Therefore, during the cathodic potential scan, peak CN 

Fig. 6.  Cyclic voltammograms of ABQ1 (1 mM) in a water (phosphate buffer, pH = 2, c = 0.2 M)/ethanol 
mixture (50/50 v/v) after addition of 1 mL sulfuric acid (6.1 M). (a) Anodic scan has been done first (potential 
was scanned from + 0.0 V to + 0.67 V). (b) Cathodic scan has been done first (potential was scanned from 0.0 V 
to − 0.55 V then from − 0.55 V to + 0.67 V). Scan rate: 25 mV/s. Working electrode: glassy carbon electrode. In 
all experiments, cells were kept in an ice bath.

 

Fig. 5.  The possible homogeneous electron transfer between copper ion species and the components involved 
in the reaction.
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corresponds to the reduction of the nitro group in the NO2-AHQ molecule to the corresponding hydroxylamine 
(NHOH-AHQ). Ap2 and Cp2 peaks are attributed to NHOH-AHQ/nitroso-arylhydroquinone (NO-AHQ) redox 
couple. Based on this Ap3 and Cp3 peaks are attributed to NO-AHQ/NO-ABQ (Fig. 7).

Optimization of reaction conditions
In this part, the effect of factors affecting the yield and purity of the products such as applied current density, 
amount of electricity, type of electrode and cell and synthesis method has been investigated. The optimization 
for the synthesis of ABQ1 was carried out by one-factor-at-a-time (OFAT) approach. The amount of electricity 
consumption is an important factor in the yield and purity of the product. For the synthesis of ABQ1, first the 
aqueous solution of sodium acetate (0.15 M) (80 ml) containing HQ (2 mmol) was electrolyzed in an undivided 
cell equipped with a copper plate anode and a stainless steel rod cathode under constant current (20 mA) for 
10 min. After this period, 1 ml of the produced 4-nitrobenzenediazonium chloride solution is added to the 
electrochemical cell. The results of studies is shown in Table 1, entries 1–4. The results show that increasing 
the amount of electricity consumed from 70 to 190 C increases the yield, but a further increase in electricity 
decreases the yield of ABQ1 production. Over-oxidation of the product may be the reason for this decrease. 
Another notable point is that the electricity consumption in these syntheses is lower than the theoretical value, 
which is due to the oxidation of HQ by excess nitrite ions present in the diazonium solution48,49 as well as 
the catalytic activity of copper ions (Fig. 5). The volume of 4-nitrobenzenediazonium chloride solution “added 
per injection” is another parameter that was optimized, while the total amount of diazonium added was kept 
constant. Entries 1 and 5–7 show that increasing the sample volume from 0.5 to 3 mL increases production 
yield. The role of solution pH in the yield of ABQ1 was also investigated (entries 1 and 8–10). It was found that 
pH of HQ solution has no significant effect on ABQ1 yield. It seems that increasing the strongly acidic solution 
containing diazonium salt to the HQ solution suppresses the effect of hydroquinone solution pH. Entries 3 
and 11–14 show the effect of applied current on ABQ1 production yield. The results show that the yield of 
ABQ1 increases with increasing applied current due to the increased over-potential for HQ oxidation and then 
decreases slightly due to over-oxidation of the product, intermediates or solvent. Furthermore, increasing over-
potential increases energy consumption and associated costs.

Again, the effect of the volume of 4-nitrobenzene diazonium chloride solution “added per injection” was 
investigated when the electricity consumption was 190 coulombs (entries 3 and 15, 16). The role of anode material 
in the yield of ABQ1 was also investigated (entries 17–23). It was found that the highest yield is achieved when 
copper is used as anode.

As mentioned in the previous section and also in Fig. 5, the use of copper anode is one of the innovative 
aspects of this study due to the catalytic behavior of copper ions. The Cu2+ ions can oxidize HQ to BQ. On the 
other hand, the generated Cu+ ions can reduce DAZ to ArR and themselves be oxidized to Cu2+. On the other 
hand, Cu2+ ions can also convert INT to ABQ1. Such conditions make it possible to achieve maximum yield 
when using copper anode. At the end of this section, the cell type was evaluated. For this purpose, a divided cell 
has been used in optimal conditions (entry 6), and the obtained results indicate a decrease in yield from 71 to 

Fig. 7.  Electrochemical behavior of ABQ1.
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54%. Since the direct reduction of diazonium salts at the cathode surface and the formation of aryl radicals is 
possible50, the decrease in yield is a confirmation that the formation of aryl radicals is also performed through 
direct reduction of diazonium salts at the cathode. Therefore, the use of a divided cell reduces the yield. Based 
on this result, we propose Fig. 8 for the cathodic generation (direct) of aryl radicals. The proposed mechanism 
is categorized as convergent paired mechanism in which the intermediates generated at the anode and cathode 
interact with each other to form the final product9.

After optimizing the reaction conditions for the synthesis of ABQ1, we investigated the substrate range of 
different aryldiazoniums and hydroquinones. The results of these studies are shown in Table 2. To this end, 
we reacted a series of aryldiazonium salts with electron-donating or electron-withdrawing groups at the para-
position of the benzene ring with hydroquinone as well as 2-methylhydroquinone, leading to the synthesis of 
the corresponding aryl-benzoquinones in moderate to good yields. Notably, as expected, when unsymmetrical 
2-methyl hydroquinone was used, an inseparable mixture of isomers was obtained in moderate yield.

These syntheses have also been performed using a flow cell and the effect of factors affecting the yield and 
purity of the products such as applied current, flow rate, amount of electricity, and time increment have been 
investigated. The results of studies is shown in Table 3.

The arrangement of anode and cathode in the flow cell is shown in Fig. 2. Accordingly, the anode is a copper 
tube and the cathode is a stainless steel rod. As show in Table 3, the best yield, 88.2% (entry 4) is obtained when 
the applied current is 20 mA, the flow rate is 80 ml/min, the electricity consumption is 72 C, the sample volume 
of diazonium salt per injection is 2 mL and the injection interval is 6 min.

In another cell design, the shape of the cathode and anode in the flow cell was changed. In this way, a stainless 
steel tube was used as the cathode and a copper rod as the anode. It should be noted that the dimensions of the 
tube and rod used in this flow cell are similar to Fig. 2. The synthesis of ABQ1 with this new cell configuration 
provides a yield of 52.3%, which is lower than 88.2%.

Conclusion
In this work an eco-friendly electrochemical method was developed for the synthesis of some aryl-benzoquinone 
derivatives. The synthesis of these compounds was carried out through direct electrolysis of aqueous solution 
containing hydroquinone in the presence of aryl-diazonium salts in both simple batch and a homemade 
continuous-flow cells. One of the important points in this work is the easy and cheap preparation of all the 
equipment needed in both types of cells from common commercial sources. This method is very economical due 
to the use of electricity instead of chemical reagents and is performed in mild conditions and in water without 
using toxic solvents and catalysts. In addition, in this work, the electrochemical behavior of hydroquinone in 

Entry
Electrolysis time 
(min)

Electricity 
consumption (C)

Increment timea 
(min)

Sample volume 
(mL)

Initial pH of 
hydroquinone solution

Applied current 
(mA) Anode material

Yield 
(%)

1 70 84 3 1 sodium acetateb 20 Cu 46.1

2 130 156 6 1 sodium acetate 20 Cu 52.9

3 190 228 9 1 sodium acetate 20 Cu 56.4

4 250 300 12 1 sodium acetate 20 Cu 43.1

5 70 84 1.5 0.5 sodium acetate 20 Cu 38.6

6 70 84 6 2 sodium acetate 20 Cu 71.3

7 70 84 9 3 sodium acetate 20 Cu 71.8

8 70 84 3 1 2 20 Cu 54.1

9 70 84 3 1 5 20 Cu 44.6

10 70 84 3 1 10 20 Cu 51.3

11 190 228 9 1 sodium acetate 5 Cu 46.0

12 190 228 9 1 sodium acetate 10 Cu 47.0

13 190 228 9 1 sodium acetate 15 Cu 57.9

14 190 228 9 1 sodium acetate 25 Cu 55.9

15 190 228 18 2 sodium acetate 20 Cu 71.8

16 190 228 27 3 sodium acetate 20 Cu 51.3

17 130 156 6 2 sodium acetate 20 Zn 37.4

18 130 156 6 2 sodium acetate 20 Al 44.6

19 130 156 6 2 sodium acetate 20 Fe 40.3

20 130 156 6 2 sodium acetate 20 SSc 56.3

21 130 156 6 2 sodium acetate 20 Ag 54.4

22 130 156 6 2 sodium acetate 20 graphite 41.2

23 130 156 6 2 sodium acetate 20 Cu 71.3

Table 1.  Optimization of effective parameters in ABQ1 synthesis in batch cell. aTime interval between two 
injections. b0.15 M. cStainless steel.
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the presence of aryldiazonium salt was investigated, and based on the results, a detailed mechanism for the 
electrochemical Meerwein arylation was presented.

Fig. 8.  Direct electrochemical generation of NO2-ArR and formation of ABQ1.
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Table 2.  Scope of the synthesis of aryl-benzoquinone derivatives (ABQ).
aThe ratio of the isomers was calculated from 1H NMR spectrum using the signals intensity of methyl group..
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