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Abstract: This work reports the synthesis of aminoazobenzene compounds derived from 3,5-
dimethylaniline (1a–1f) via a diazo-coupling reaction with aromatic amines. These aminoazobenzenes
were acylated with maleic anhydride to obtain the corresponding maleimides (2a–2f). The maleimides
were then used as dienophiles in a Dies–Alder cycloaddition reaction with furan as the diene, yielding
the adducts (3a–3f). All synthesized compounds were characterized using FTIR, 1H, and 13C NMR
spectroscopy. Additionally, electrochemical studies using cyclic voltammetry were conducted to
determine the oxidation–reduction reactions present in the compounds.
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1. Introduction

The classical Dies–Alder [1] reaction is one of the best-known and most established
reactions in organic chemistry, consisting of a highly selective [4+2] cycloaddition between
a conjugated diene and an alkene (dienophile) to yield six-membered ring derivatives
with up to four stereogenic centers [2–4]. The Dies–Alder reaction employs maleimide
systems as dienophiles to yield dicarboximide derivatives [3–5]. Some dicarboximides are
used as agricultural fungicides, including vinclozolin, iprodione, and procymidone [6–8].
Dicarboximides are believed to inhibit triglyceride biosynthesis in sclerotia-forming fungi,
such as Botrytis cinerea [9,10], and succinate dehydrogenase [11]. N-octyl bicycloheptene
dicarboximide is an active ingredient in insect repellents [12–14] and certain common pesti-
cides [15–17]. While it has no intrinsic pesticidal activity, it acts as a synergist, enhancing
the potency of pyrethroid ingredients. It is used in various household and veterinary
products [4,10,15,17].

Other dicarboximide arylene derivatives, due to their high photochemical stability,
ease of synthetic modification, and desirable optical/redox characteristics, have appli-
cations in field-effect transistors [18–21], molecular electronics [22–24], light-harvesting
arrays [25–28], solar cells [28–31], light-emitting diodes [32–34], and fluorescent label-
ing [35–37]. Azo-organic materials, on the other hand, are well known for their responsive-
ness to environmental changes. Azo chromophores are characterized by the presence of
an azo group (-N=N-) in their molecular structure. Given their applications across various
fields, along with their utility as dyes, the synthesis of azo-organic materials is generating
considerable interest. Researchers have shown interest in the potential applications of
these compounds in optics and optoelectronics, including information storage [38–42],
nonlinear optics [43–47], and photorefractive polymers [48,49], among others. Dicarbox-
imides functionalized with azocompounds have been investigated for their ability to
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enhance optical properties and thermal stability in certain polymer matrices [50]. Such
compounds are also used as photo-switches for the glutamate receptor [51,52], modulating
DNA–protein interactions [53].

Cyclic voltammetry and other electrochemical techniques are now indispensable for
studying organic compounds. These techniques provide precise detection [54–57] and
insights into reactivity [58], mechanisms [59–61], and redox properties [62–64] across a
diverse range of chemical species, including pharmaceuticals, inorganics, and polymers. In
this context, the present study aims to report the synthesis of new maleimidoazobenzene
derivatives and their Dies–Alder reaction with furan, alongside a cyclic voltammetry study
of the resulting adducts.

2. Materials and Methods
2.1. General Synthesis of Azocompounds

The synthesis of azocompounds 1a–1f was carried out by the diazotization of the
corresponding aromatic amines. In all cases, 8.26 mmol of amines was dissolved in a
water–hydrochloric acid mixture (10 mL H2O:1.5 mL HCl). The mixture was cooled to 0 ◦C
and kept under constant stirring. To this cold reaction mixture, 8.26 mmol of solid sodium
nitrite was added slowly with stirring and allowed to react for 15 min. After the diazotation
reaction, the nitrosonium ion was neutralized by adding urea using the potassium iodide
starch test. Then, 8.26 mmol of 3,5-dimethylaniline hydrochloride dissolved in 10 mL
of water was added slowly while controlling the temperature (0–5 ◦C). Afterward, solid
sodium acetate was added to the mixture until it reached an alkaline pH (7–8). The resulting
solid was filtered, dried, and recrystallized from ethanol.

2.1.1. (E)-1-(4-((4-Amino-2,6-dimethylphenyl)diazenyl)phenyl)ethan-1-one (1a)

The title compound was obtained as thin reddish crystals, with 81% yield and a
melting point of 100–102 ◦C. 1H NMR (400 MHz, DMSO-d6): δ 8.07 (d, J = 8.6 Hz, 2H,
CH=C-COCH3), 7.77 (d, J = 8.6 Hz, 2H, CH=C-N=N), 6.37 (s, 2H, CH=C-NH2), 6.14 (s, 2H,
NH2), 2.62 (s, 3H, COCH3), 2.48 (s, 6H, CH3). 13C NMR (101 MHz, DMSO-d6): δ 197.67
(C=O), 156.64, 152.52, 140.04, 138.07, 136.64, 129.92, 121.80, 114.59 (Ar), 27.26 (COCH3),
21.87 (CH3). FTIR (cm−1): 3357 (νas, N-H), 3209 (νsi N-H), 3016 (ν =C-H), 2954, 2914
(ν C-H), 1668 (ν C=O), 1596, 1469 (ν C=C), 1487 (ν N=N), 1369 (v C-H), 1355 (v C-N), 1024
(νInp =C-H), 802 (νop, =C-H). Anal. Calcd. for C16H17N3O (267.33): C, 71.89%; H, 6.41%;
and N, 15.72%. Found: C, 71.80%; H, 6.30%; and N, 15.61 %.

2.1.2. (E)-1-(3-((4-Amino-2,6-dimethylphenyl)diazenyl)phenyl)ethan-1-one (1b)

The title compound was obtained as thin orange crystals, with 78% yield and a melting
point of 98–100 ◦C. 1H NMR (400 MHz, CDCl3): δ 8.39 (t, J = 1.8 Hz, 1H, CH=C-N=N), 8.02
(d, J = 1.9 Hz, 1H, CH=C-COCH3), 8.00 (d, J = 1.9 Hz, 1H, CH-C-N=N), 7.59 (t, J = 7.8 Hz,
1H, CH-CH), 6.46 (m, 2H, CH=C-NH2), 3.95 (s, 2H, NH2), 2.71 (s, 3H, COCH3), 2.55 (t,
J = 0.6 Hz, 6H, CH3). 13C NMR (101 MHz, CDCl3): δ 197.85 (C=O), 153.78, 148.06, 142.28,
138.08, 136.66, 129.18, 128.74, 125.68, 122.70, 115.31 (Ar), 26.74 (COCH3), 20.84 (CH3). FTIR
(cm−1): 3444 (νas N-H), 3348 (νsi N-H), 3215 (ν =C-H), 2964, 2914 (ν C-H), 1672 (ν C=O),
1589, 1423 (ν C=C), 1481 (ν N=N), 1392 (ν C-H), 1355 (ν C-N), 1022 (νInp, =C-H), 956
(νop =C-H). Anal. Calcd. for C16H17N3O (267.33): C, 71.89%; H, 6.41%; and N, 15.72%.
Found: C, 71.87%; H, 6.35%; and N, 15.69%.

2.1.3. (E)-3,5-Dimethyl-4-(phenyldiazenyl)aniline (1c)

The title compound was obtained as an orange solid, with 74% yield and a melting
point of 55–56◦C. 1H NMR (400 MHz, CDCl3): δ 7.88–7.82 (m, 2H, CH=CH-CH), 7.54–7.48
(m, 2H, CH=C-N=N), 7.45–7.39 (m, 1H, CH=CH-CH), 6.46 (s, 2H, CH=C-NH2), 3.87 (s,
2H, NH2), 2.51 (s, 6H, CH3). 13C NMR (101 MHz, CDCl3): δ 153.5, 147.4, 142.7, 135.8,
129.6, 128.9, 122.1, 115.3 (Ar), 20.5 (CH3). FTIR (cm−1): 3342 (νas N-H), 3205 (νsi N-H),
3060 (ν =C-H), 2960, 2912 (ν C-H), 1595, 1477 (ν C=C), 1488 (ν N=N), 1409 (ν C-H), 1326
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(ν C-N), 1028 (νInp), =C-H), 763 (νop =C-H). Anal. Calcd. for C14H15N3 (225.30): C, 74.64%;
H, 6.71%; and N, 18.65%. Found: C, 74.70%; H, 6.60%; and N, 18.61%.

2.1.4. (E)-3,5-Dimethyl-4-((4-nitrophenyl)diazenyl)aniline (1d)

The title compound was obtained as a dark red solid, with 96% yield and a melting
point of 159–161 ◦C. 1H NMR (400 MHz, CDCl3): δ 8.32 (d, J = 8.98 Hz, 2H, CH=C-NO2),
7.87 (d, J = 9.01 Hz, 2H, CH=C-N=N), 6.43 (s, 2H, CH=C-NH2), 4.08 (s, 2H, NH2), 2.55 (s,
6H, CH3). 13C NMR (101 MHz, CDCl3): δ 157.1, 149.3, 147.5, 142.1, 138.4, 124.7, 122.4, 115.3
(Ar), 21.4 (CH3). FTIR (cm−1): 3338 (νas N-H), 3228 (νsi N-H), 3103 (ν =C-H), 2968, 2914
(ν C-H), 1587 (νas NO2), 1585, 1481 (ν C=C), 1508 (ν N=N), 1390 (ν C-H), 1338 (ν NO2),
1305 (ν C-N), 1026 (νInp =C-H), 756 (νop =C-H). Anal. Calcd. for C14H14N4O2 (270.29): C,
62.21%; H, 5.22%; and N, 20.73%. Found: C, 62.33%; H, 5.16%; and N, 20.67%.

2.1.5. (E)-4-((4-Methoxyphenyl)diazenyl)-3,5-dimethylaniline (1e)

The title compound was obtained as a red solid, with 88% yield and a melting point
of 87–88 ◦C. 1H NMR (400 MHz, CDCl3): δ 7.84 (d, J = 8.96 Hz, 2H, CH=C-OCH3), 7.02
(d, J = 8.97 Hz, 2H, CH=C-N=N), 6.45 (s, 2H, CH=C-NH2), 3.90 (s, 3H, OCH3), 3.80 (s,
2H, NH2), 2.46 (s, 6H, CH3). 13C NMR (101 MHz, CDCl3): δ 161.0, 147.8, 146.8, 142.9,
135.0, 123.7, 115.4, 114.0 (Ar), 55.5 (OCH3), 20.3 (CH3). FTIR (cm−1): 3369 (νas N-H),
3213 (νsi N-H), 3068 (ν =C-H), 2964, 2916 (ν C-H), 1596, 1485 (ν C=C), 1498 (ν N=N),
1431 (ν C-H), 1326 (ν C-N), 1180 (νas, C-O-C), 1024 (νInp =C-H), 1002 (νsi, C-O-C), 750
(νop =C-H). Anal. Calcd. for C15H17N3O (255.32): C, 70.56%; H, 6.71%; and N, 16.46%.
Found: C, 70.61%; H, 6.66%; and N, 16.32%.

2.1.6. (E)-4-((4-Amino-2,6-dimethylphenyl)diazenyl)benzoic acid (1f)

The title compound was obtained as a bright red solid, with 86% yield and a melting
point of 167–169 ◦C. 1H NMR (400 MHz, CDCl3): δ 12.99 (s, 1H, CO2H), 8.05 (d, J = 8.56 Hz,
2H, CH=C-COOH), 7.75 (d, J = 8.51 Hz, 2H, CH=C-N=N), 6.37 (s, 2H, CH=C-NH2), 3.36
(s, 2H, NH2), 2.46 (s, 6H, CH3). 13C NMR (101 MHz, CDCl3): δ 167.3 (CO2H), 155.4, 146.2,
140.1, 135.0, 132.4, 131.0, 122.3, 120.5 (Ar), 20.1 (CH3). FTIR (cm−1): 3367 (νas N-H), 3207
(νsi N-H), 3201, 2202 (ν O-H), 3064 (ν =C-H), 2962, 2916 (ν C-H), 1681 (ν C=O), 1596, 1483
(ν C=C), 1498 (ν N=N), 1419 (νInp C-O-H), 1398 (ν C-H), 1301 (ν C-N), 1284 (νdim, C-O),
1028 (νInp =C-H), 777 (νop =C-H). Anal. Calcd. for C15H15N3O2 (269.30): C, 66.90%; H,
5.61%; and N, 15.60%. Found: C, 66.95%; H, 5.46%; and N, 15.30%.

2.2. General Synthesis of Azo-Maleimides

The synthesis of maleimides (2a–f) was carried out in two steps. The first step in-
volved an acylation reaction to form the amic acid, resulting from the reaction between the
azobenzene-derived amine from 3,5-dimethylaniline and maleic anhydride, using ethyl
ether as a solvent at 30 ◦C. In the second step, without isolating the product, a dehydration
reaction was performed to obtain the cyclic amide using acetic anhydride and sodium
acetate under reflux.

2.2.1. Step 1: Formation of Amic Acid

In a 50 mL round-bottom flask, 1.5 mmol of the azocompound (1a–f) was dissolved
in 10 mL of ethyl ether. Subsequently, 1.5 mmol of maleic anhydride was added, and
the mixture was stirred constantly for two hours at room temperature (30 ◦C). After the
reaction time, an insoluble precipitate formed, which was filtered under vacuum, washed
with cold ethyl ether, and dried for use in the next step.

2.2.2. Step 2: Formation of Maleimide

In a round-bottom flask, 3.0 mmol of amic acid was placed along with 3.7 mL of acetic
anhydride and 0.01 mol of sodium acetate. The mixture was vigorously stirred and heated
to 90 ◦C until the solid was completely dissolved. Subsequently, the mixture was refluxed
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for 3 h. After the reaction time, the mixture was poured into a beaker containing crushed ice
and stirred constantly for 30 min. The solid obtained was filtered under vacuum, washed
with plenty of distilled water, dried, and recrystallized from ethanol.

2.2.3. (E)-1-(4-((4-Acetylphenyl)diazenyl)-3,5-dimethylphenyl)-1H-pyrrole-2,5-dione (2a)

The title compound was obtained as a thin reddish solid, with 60% yield and a melting
point of 158–160 ◦C. 1H NMR (400 MHz, DMSO-d6): δ 8.24–8.15 (m, 2H, CH=C-COCH3),
8.04–7.95 (m, 2H, CH=C-N=N), 7.23 (s, 4H, CH=C-N, CH=CH), 2.67 (s, 3H, COCH3), 2.38
(s, 6H, CH3). 13C NMR (101 MHz, DMSO-d6): δ 13C 197.95 (COCH3), 170.25 (C=O), 155.02,
149.78, 139.05, 135.29, 132.27, 130.08, 127.63, 122.82 (Ar), 132.21(CH), 27.46 (COCH3), 19.19
(CH3). FTIR (cm−1): 3105 (ν =C-H), 2964, 2920 (ν C-H), 1714 (ν C=O maleimide) 1681 (ν
C=O), 1597, 1475 (ν C=C), 1587 (ν N=N), 1377 (ν C-H), 1398 (ν C-N), 1031 (νInp =C-H), 827
(νop =C-H). Anal. Calcd. for C20H17N3O3 (347.37): C, 69.15%; H, 4.93%; and N, 12.10%.
Found: C, 70.01%; H, 5.20%; and N, 12.02%.

2.2.4. (E)-1-(4-((3-Acetylphenyl)diazenyl)-3,5-dimethylphenyl)-1H-pyrrole-2,5-dione (2b)

The title compound was obtained as an orange solid, with 40% yield and a melting
point of 140–142 ◦C. 1H NMR (400 MHz, CDCl3): δ 8.48 (t, J = 1.8 Hz, 1H, CH=C-N=N),
8.14 (dt, J = 7.7, 1.4 Hz, 1H, CH=C-COCH3), 8.10 (dt, J = 7.9, 1.2 Hz, 1H, CH-C-N=N), 7.67
(t, J = 7.8 Hz, 1H, CH-CH), 7.17 (t, J = 0.7 Hz, 2H, CH=C-N), 6.90 (s, 2H, CH=CH), 2.73 (s,
3H, COCH3), 2.45 (d, J = 0.8 Hz, 6H, CH3). 13C NMR (101 MHz, CDCl3): δ 197.45 (COCH3),
169.44 (C=O), 152.86, 150.14, 138.23, 134.31, 130.93, 130.52, 129.49, 126.57, 126.17, 123.05
(Ar), 132.50 (CH), 26.79 (CH3), 19.21 (CH3). FTIR (cm−1): 3091 (ν =C-H), 2977, 2922 (ν C-H),
1714 (ν C=O maleimide) 1681 (ν C=O), 1598, 1498 (ν C=C), 1585 (ν N=N), 1373 (ν C-H),
1394 (ν C-N), 1033 (νInp =C-H), 864 (νop =C-H). Anal. Calcd. for C20H17N3O3 (347.37): C,
69.15%; H, 4.93%; and N, 12.10%. Found: C, 69.32%; H, 5.10%; and N, 12.19%.

2.2.5. (E)-1-(3,5-Dimethyl-4-(phenyldiazenyl)phenyl)-1H-pyrrole-2,5-dione (2c)

The title compound was obtained as an orange solid, with 86% yield and a melting
point of 185–186 ◦C. 1H NMR (400 MHz, CDCl3): δ 7.89 (dd, J = 7.7, 2.1 Hz, 2H, CH=CH-
CH), 7.64 (m, 1H, CH=C-N=N), 7.63–7.61 (m, 2H, 1H, CH=CH-CH), 7.22 (s, 2H, CH=C-N),
7.19 (s, 2H, CH=CH), 2.33 (s, 6H, CH3). 13C NMR (101 MHz, CDCl3): δ 170.3 (C=O), 152.8,
150.2, 135.3, 131.6, 131.5, 130.0, 127.6, 122.7 (Ar), 132.2 (C=C) 18.9 (CH3). FTIR (cm−1): 3101
(ν =C-H), 2977, 2925 (ν C-H), 1712 (ν C=O), 1596, 1477 (ν C=C), 1490 (ν N=N), 1398 (ν C-H),
1377 (ν C-N), 1029 (νInp =C-H), 763 (νop =C-H). Anal. Calcd. for C18H15N3O2 (305.34): C,
70.81%; H, 4.95%; and N, 13.76%. Found: C, 70.51%; H, 4.80%; and N, 13.82%.

2.2.6. (E)-1-(3,5-Dimethyl-4-((4-nitrophenyl)diazenyl)phenyl)-1H-pyrrole-2,5-dione (2d)

The title compound was obtained as a dark red solid, with 94% yield and a melting
point of 261–262 ◦C. 1H NMR (400 MHz, CDCl3): δ 8.46 (d, J = 8.95 Hz, 2H, CH=C-NO2),
8.09 (d, J = 8.95 Hz, 2H, CH=C-N=N), 7.25 (s, 2H, CH=C-N), 7.23 (s, 2H, CH=CH), 2.43
(s, 6H, CH3). 13C NMR (101 MHz, CDCl3): 170.2 (C=O), 155.8, 149.3, 149.1, 135.3, 132.8,
127.7, 125.6, 123.7 (Ar), 132.9 (C=C), 19.4 (CH3). FTIR (cm−1): 3103 (ν =C-H), 2974, 2927 (ν
C-H), 1714 (ν C=O), 1608 (νas NO2), 1589, 1492 (ν C=C), 1517 (ν N=N), 1396 (ν C-H), 1375
(ν C-N), 1342 (νsi NO2), 1031 (νInp =C-H), 754 (νop =C-H). Anal. Calcd. for C18H14N4O4
(350.33): C, 61.71%; H, 4.03%; and N, 15.99%. Found: C, 61.52%; H, 4.18%; and N, 15.82%.

2.2.7. (E)-1-(4-((4-Methoxyphenyl)diazenyl)-3,5-dimethylphenyl)-1H-pyrrole-2,5-dione (2e)

The title compound was obtained as a red solid, with 88% yield and a melting point
of 183–184 ◦C. 1H NMR (400 MHz, CDCl3): δ 7.89 (d, J = 6.96 Hz, 2H, CH=C-OCH3), 7.21
(s, 2H, CH=C-N=N), 7.17 (s, 2H, CH=C-N), 7.15 (s, 2H, CH=CH), 3.88 (s, 3H, OCH3), 2.29
(s, 6H, CH3). 13C NMR (101 MHz, CDCl3): δ 170.4 (C=O), 162.7, 150.4, 147.0, 135.2, 131.00,
127.5, 124.7, 115.1 (Ar), 131.2 (C=C), 56.2 (OCH3), 18.8 (CH3). FTIR (cm−1): 3089 (ν =C-H),
2974, 2920 (ν C-H), 1708 (ν C=O), 1595, 1483 (ν C=C), 1498 (ν N=N), 1396 (ν C-H), 1371 (ν
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C-N), 1184 (νas C-O-C), 1026 (νInp =C-H), 985 (νsi C-O-C), 767 (νop =C-H). Anal. Calcd. for
C19H17N3O3 (335.36): C, 68.05%; H, 5.11%; and N, 12.53%. Found: C, 67.98%; H, 5.27%;
and N, 12.25%.

2.2.7.1. (E)-4-((4-(2,5-Dioxo-2,5-dihihydro-1H-pyrro-1-yl)-2,6-dimethylphenyl)diazinyl)
benzoic acid (2f)

The title compound was obtained as a red bright solid, with 84% yield and a melting
point of 255–256 ◦C. 1H NMR (400 MHz, CDCl3): δ 13.23 (s,1H, CO2H), 8.17 (d, J = 8.49 Hz,
2H, CH=C-COOH), 7.97 (d, J = 8.52 Hz, 2H, CH=C-N=N), 7.23 (s, 2H, CH=C-N), 7.22 (s,
2H, CH=CH), 2.38 (s, 6H, CH3). 13C NMR (101 MHz, CDCl3): δ 170.3 (C=O), 167.2 (CO2H),
155.0, 149.8, 135.3, 134.3, 133.6, 131.1, 127.6, 122.7 (Ar), 132.2 (C=C) 19.2 (CH3). FTIR (cm−1):
3145–2368 (ν O-H), 3101 (ν =C-H), 2979, 2922 (ν C-H), 1714 (ν C=O maleimide), 1681 (ν
C=O COOH), 1596, 1471 (ν C=C), 1502 (ν N=N), 1423 (νInp C-O-H), 1398 (ν C-H), 1375 (ν
C-N), 1288 (ν C-O), 1024 (ν =C-H), 775 (νop =C-H). Anal. Calcd. for C19H15N3O4 (349.35):
C, 65.32%; H, 4.33%; and N, 12.03%. Found: C, 65.10 %; H, 4.51%; and N, 12.22%.

2.3. General Procedure of Azo-Oxanorbornenes

The synthesis of azo-oxanorbornenes (3a–f) was performed via a Dies–Alder cycload-
dition reaction. In a round-bottom flask, 5.0 mmol of 2a–f was dissolved in 10 mL of
acetonitrile at 70 ◦C. Subsequently, the solution was cooled to 5 ◦C using an ice bath. After-
ward, 3 mL of furan was added, and the reaction mixture was stirred constantly for 72 h.
The progress of the reaction was monitored by thin-layer chromatography (TLC) using a
TLC silica gel 60 F254 plastic sheet and ethyl acetate/hexane 50/50 as the eluent at 30 ◦C.
After the reaction time, the solvent was evaporated, and the adduct was washed with cold
diethyl ether and recrystallized from ethanol.

2.3.1. (E)-2-(4-((4-Acetylphenyl)diazenyl)-3,5-dimethylphenyl)-3a,4,7,7a-tetrahydro-1H-
4,7-epoxyisoindole-1,3(2H)-dione (3a)

The title compound was obtained as a thin reddish solid, with 70% yield and a melting
point of 160–162 ◦C. 1H NMR (400 MHz, DMSO-d6): δ 1H NMR (400 MHz, DMSO) δ
8.23–8.15 (m, 2H, CH=C-COCH3), 8.03–7.90 (m, 2H, CH=C-N=N), 7.11–7.04 (m, 2H, CH=C-
N), 6.63 (t, J = 0.9 Hz, 2H, CH=CH), 5.28 (t, J = 1.0 Hz, 2H, Bridgehead), 3.12 (s, 2H,
CH-CHmaleimide), 2.67 (s, 3H, COCH3), 2.36 (s, 6H, CH3). 13C NMR (101 MHz, DMSO-d6):
δ 197.97 (COCH3), 176.11 (C=O), 154.94, 150.48, 139.11, 132.60, 132.10, 130.10, 127.83, 122.86
(Ar), 137.13 (C=C), 81.29 (CH), 48.04 (CH), 27.49 (CH3), 18.95 (CH3). FTIR (cm−1): 3107
(ν =C-H), 2964, 2925 (ν C-H), 1714 (ν C=O maleimide) 1689 (ν C=O), 1593, 1425 (ν C=C),
1471 (ν N=N), 1380 (ν C-H), 1282 (ν C-N), 1184 (νas C-O-C), 1070 (νInp =C-H), 1014 (νsi
C-O-C), 960 (νop =C-H). Anal. Calcd. for C24H21N3O4 (415.45): C, 69.39%; H, 5.10%; and N,
10.11%.Found: C, 69.61%; H, 5.00%; and N, 10.22%.

2.3.2. (E)-2-(4-((3-Acetylphenyl)diazenyl)-3,5-dimethylphenyl)-3a,4,7,7a-tetrahydro-1H-
4,7-epoxyisoindole-1,3(2H)-dione (3b)

The title compound was obtained as an orange solid, with 40% yield and a melting
point of 140–142 ◦C. 1H NMR (400 MHz, DMSO-d6): δ 8.39 (t, J = 1.8 Hz, 1H, CH=C-N=N),
8.20 (ddd, J = 7.7, 1.7, 1.1 Hz, 1H, CH=C-COCH3), 8.13 (ddd, J = 7.9, 2.1, 1.1 Hz, 1H,
CH-C-N=N), 7.79 (t, J = 7.8 Hz, 1H, CH-CH), 7.08 (t, J = 0.7 Hz, 2H, CH=C-N), 6.66–6.61
(m, 2H, CH=CH), 5.28 (t, J = 1.0 Hz, 2H, Bridgehead), 3.12 (s, 2H, CH-CHmaleimide), 2.70
(s, 3H, COCH3), 2.35 (s, 6H, CH3). 13C NMR (101 MHz, DMSO-d6): δ 197.97 (COCH3),
176.13 (C=O), 154.62, 152.77, 138.55, 131.82, 130.57, 127.77, 126.31, 122.58, 120.44 (Ar), 137.13
(C=C), 81.29 (CH), 48.03 (CH), 27.45 (CH3), 18.85 (CH3). FTIR (cm−1): 3091 (ν =C-H), 2966,
2922 (ν C-H), 1705 (ν C=O maleimide) 1676 (ν C=O), 1598, 1463 (ν C=C), 1500 (ν N=N),
1421 (ν C-H), 1384 (ν C-N), 1191 (νas C-O-C), 1105 (νInp =C-H), 1010 (νsi C-O-C), 914 (νop
=C-H). Anal. Calcd. for C24H21N3O4 (415.45): C, 69.39%; H, 5.10%; and N, 10.11%. Found:
C, 69.77%; H, 5.27%; and N, 10.19%.
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2.3.3. (E)-2-(3,5-Dimethyl-4-(phenyldiazenyl)phenyl)-3a,4,7,7a-tetrahydro-1H-4,7-
epoxyisoindole-1,3(2H)-dione (3c)

The title compound was obtained as an orange solid, with 97% yield and a melting
point of 127–129 ◦C. 1H NMR (400 MHz, CDCl3): δ 7.90 (dd, J = 7.58, 2.19 Hz, 2H, CH=CH-
CH), 7.64 (s, 1H, CH=C-N=N), 7.62 (s, 2H, CH=CH-CH), 7.05 (s, 2H, CH=C-N), 6.63 (s,
2H, CH=CH), 5.28 (s, 2H, Bridgehead), 3.11 (s, 2H, CH-CHmaleimide), 2.30 (s, 6H, CH3).
13C NMR (101 MHz, CDCl3): δ 176.1(C=O), 152.7, 150.8, 132.2, 131.9, 131.4, 129.9, 127.6,
122.7 (Ar), 137.1 (C=C) 81.2 (CH), 48.0 (CH), 18.6 (CH3). FTIR (cm−1): 3068 (ν =C-H), 2977,
2920 (ν C-H), 1710 (ν C=O), 1596, 1477 (ν C=C), 1485 (ν N=N), 1380 (ν C-H), 1286 (ν C-N),
1188 (νas C-O-C), 1014 (νinp =C-H), 1002 (νsi C-O-C), 767 (νop =C-H). Anal. Calcd. for
C22H19N3O3 (373.41): C, 70.76%; H, 5.13%; and N, 11.25%. Found: C, 70.52%; H, 5.42%;
and N, 11.54%.

2.3.4. (E)-2-(3,5-Dimethyl-4-((4-nitrophenyl)diazenyl)phenyl)-3a,4,7,7a-tetrahydro-1H-4,7-
epoxyisoindole-1,3(2H)-dione (3d)

The title compound was obtained as a dark red solid, with 98% yield and a melting
point of 130–132 ◦C. 1H NMR (400 MHz, CDCl3): δ 8.45 (d, J = 8.27 Hz, 2H, CH=C-NO2),
8.08 (d, J = 8.41 Hz, 2H, CH=C-N=N), 7.10 (s, 2H, CH=C-N), 6.63 (s, 2H, CH=CH), 5.27
(s, 2H, Bridgehead), 3.12 (s, 2H, CH-CHmaleimide), 2.38 (s, 6H, CH3). 13C NMR (101 MHz,
CDCl3): δ 176.0 (C=O), 155.7, 150.0, 149.1, 133.1, 132.7, 127.9, 125.5, 123.7 (Ar), 137.1 (C=C),
81.3 (CH), 48.0 (CH), 19.1 (CH3). FTIR (cm−1): 3107 (ν =C-H), 2960, 2922 (ν C-H), 1708
(ν C=O), 1602 (νas NO2), 1595, 1492 (ν C=C), 1519 (ν N=N), 1373 (ν C-H), 1342 (νsi NO2),
1317 (ν C-N), 1188 (νas C-O-C), 1018 (νInp =C-H), 1010 (νsi C-O-C), 757 (νop =C-H). Anal.
Calcd. for C22H18N4O5 (418.41): C, 63.15%; H, 4.34%; and N, 13.39%. Found: C, 63.41%; H,
4.65%; and N, 13.24%.

2.3.5. (E)-2-(4-((4-Methoxyphenyl)diazenyl)-3,5-dimethylphenyl)-3a,4,7,7a-tetrahydro-
1H-4,7-epoxyisoindole-1,3(2H)-dione (3e)

The title compound was obtained as an orange solid, with 96% yield and a melting
point of 180–182 ◦C. 1H NMR (400 MHz, CDCl3): δ 7.89 (d, J = 8.88 Hz, 2H, CH=C-OCH3),
7.16 (d, J = 8.98 Hz, 2H, CH=C-N=N), 7.02 (s, 2H, CH=C-N), 6.63 (s, 2H, CH=CH), 5.27
(s, 2H, Bridgehead), 3.88 (s, 3H, OCH3), 3.10 (s, 2H, CH-CHmaleimide), 2.27 (s, 6H, CH3).
13C NMR (101 MHz, CDCl3): δ 176.1 (C=O), 162.8, 151.0, 147.0, 131.5, 131.1, 127.5, 124.7,
115.1 (Ar), 137.1 (C=C), 81.3 (CH), 56.2 (OCH3), 47.9 (CH), 18.6 (CH3). FTIR (cm−1): 3078 (ν
=C-H), 2970, 2920 (ν C-H), 1712 (ν C=O), 1596, 1479 (ν C=C), 1502 (ν N=N), 1375 (ν C-H),
1313 (ν C-N), 1193 (νas C-O-C), 1029 (νInp =C-H), 1012 (νsi C-O-C), 752 (νop =C-H). Anal.
Calcd. for C23H21N3O4 (403.44): C, 68.47%; H, 5.25%; and N, 10.42%. Found: C, 68.64%; H,
5.12%; and N, 10.39%.

2.3.6. (E)-4-((4-(1,3-Dioxo-2,3,3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindol-2(3H)-yl)-2,6-
dimethylphenyl)diazenyl) benzoic acid (3f)

The title compound was obtained as a red bright solid, with 90% yield and a melting
point of 286–288 ◦C. 1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 8.43 Hz, 2H, CH=C-COOH),
7.94 (d, J = 8.45 Hz, 2H, CH=C-N=N), 7.08 (s, 2H, CH=C-N), 6.63 (s, 2H, CH=CH), 5.28
(s, 2H, Bridgehead), 3.12 (s, 2H, CH-CHmaleimide), 2.35 (s, 6H, CH3). 13C NMR (101 MHz,
CDCl3): δ: 176.0 (C=O), 167.6 (CO2H), 154.6, 150.5, 134.1, 132.4, 131.9, 131.0, 127.7, 122.5
(Ar), 137.1 (C=C), 81.3 (CH), 48.0 (CH), 18.8 (CH3). FTIR (cm−1): 3163–2360 (ν O-H), 3078
(ν =C-H), 2981, 2923 (ν C-H), 1706 (ν C=O maleimide), 1687 (ν C=O (CO2H)), 1598, 1481 (ν
C=C), 1500 (ν N=N), 1421 (νinp C-O-H), 1377 (ν C-H), 1303 (ν C-N), 1286 (ν C-O), 1188 (νas
C-O-C), 1024 (ν =C-H), 1012 (νsi C-O-C), 777 (νop =C-H). Anal. Calcd. for C23H19N3O5
(417.42): C, 66.18%; H, 4.59%; and N, 10.07%. Found: C, 66.21%; H, 4.50%; and N, 10.00%.

2.4. Electrochemical Analysis

Voltametric measurements were conducted using a Voltalab PGZ100 potentio-
stat/galvanostat (Hach, Lyon, France). A typical three-electrode cell was employed: a
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glassy carbon (GC) electrode with a diameter of 3 mm as the working electrode, a plat-
inum wire as the counter electrode, and a 3.0 M Ag/AgCl electrode as the reference. All
potentials were reported versus this reference electrode. The GC electrode was mechani-
cally polished using an alumina slurry with particle sizes of 1 µm, 0.3 µm, and 0.05 µm,
in that order, for 3 min each on a polishing pad. The electrode was then sonicated in
distilled water for 5 min, followed by sonication in ethanol for 5 min, before the analyses
began. Cyclic voltammetry was performed in an acetonitrile (MeCN) solution containing
0.1 M tetrabutylammonium tetrafluoroborate (TBABF4

−, Sigma-Aldrich, Burlington,
MA, USA) as the supporting electrolyte. All measurements were taken at a scan rate of
100 mV/s, starting from the open-circuit potential (OCP), either towards the anodic or
cathodic region.

2.5. Characterization of Compounds

The FTIR spectra of all compounds were obtained in a Bruker Tensor-27 spectropho-
tometer (Bruker corporation, Billerica, MA, USA) equipped with an attenuated total re-
flectance (ATR) system of 16 scans, with a spectral range of 600–4000 cm−1 and a resolution
of 4 cm−1. The 1H and 13C NMR spectra of all compounds were recorded on a Bruker
400 advance III spectrometer (1H = 400 MHz and 13C = 101 MHz) (Bruker corporation,
Billerica, USA) at room temperature (25 ◦C) using DMSO-d6 (Sigma-Aldrich, Burlington,
MA, USA) and CDCl3 (Sigma-Aldrich, Burlington, MA, USA) as the solvent. The process-
ing of NMR spectra was performed using the MestReNova Software (version 14.2.1-27684;
Mestrelab Research, 2021). Elemental analysis was performed on a Thermo Scientific/Flash
2000 (Thermo Fisher Scientific, Waltham, MA, USA). The melting points were determined
using an Electrothermal MEL-TEMP apparatus (Electrothermal, Chicago, IL, USA) in open
capillary tubes, which were not corrected.

3. Results and Discussion
3.1. Synthesis and Characterization of Azocompounds (1a–3f)

In the present work, we describe the synthesis of new exo-N-azobenzene oxa-norbornene
dicarboximides 3a–f via a Dies–Alder reaction between furan and azobenzene maleimide
derivatives 2a–f. These N-substituted maleimide compounds were prepared by reacting
4-aminoazobenzene with maleic anhydride in a two-step synthesis. The synthesis of six
aminoazobenzene derivatives was carried out via classical diazotization-coupling reaction,
all derived from 3,5-dimethylaniline as the coupling agent because we observed that this
amine provided good yields (up to 70%) of the amino diazo compound (Scheme 1). Since
3,5-dimethylaniline could undergo a diazotization reaction due to the slight excess of
nitrosonium ion, it was necessary to consider measures to avoid the formation of undesired
azocompounds. Once the diazotization time had elapsed, it was important to neutralize
completely the nitrosonium ion with urea before adding the coupling agent.
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The structures of the synthesized amino diazo intermediates 1a–f were confirmed by
IR, 1H, and 13C NMR spectroscopy. The IR spectra of the aminoazobenzene compounds
(selected frequencies are listed in Table 1) show an absorption band between 1487 and
1508 cm−1 which corresponds to the azo group (-N=N-), indicating that the diazotization
coupling reaction has been carried out, along with symmetric and antisymmetric absorp-
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tion bands of the N-H group around 3228–3205 cm−1 and 3369–3324 cm−1, respectively
(Figure 1). The aminoazobenzenes 1a, 1b, and 1f show an absorption band at frequencies
1668, 1673, and 1681 cm−1, respectively, corresponding to the carbonyl group (C=O); mean-
while, compound 1e shows an absorption band at 1002 cm−1, corresponding to the C-O
frequency of the ether group (Ar-OCH3). The IR spectrum of compound 1d exhibits the typ-
ical absorption bands corresponding to symmetric and antisymmetric stretching vibrations
of the nitro groups (NO2) at 1338 and 1597 cm−1, respectively. Finally, compound 1f shows
a broad absorption band at 3201 cm−1 corresponding to the -OH of the carboxylic acid
group. The 1H NMR spectra of compounds 1a–f were analyzed, and the proton chemical
shifts were determined based on the multiplicity patterns of their resonances. The 1H NMR
spectra of aminoazobenzenes display three common signals belonging to the coupling
agent: the -NH2 protons show a single signal at 3.90 ppm (2H), the aromatic protons
appear as a single signal around δ = 6.4 ppm (2H), and the -CH3 group appears around
δ = 2.50 ppm (6H). The aromatic protons from the diazonium salt fragment show classic
AA’XX’ multiplet patterns in compounds 1a and 1c–f, around δ = 7.00–8.30 ppm (4H). The
chemical shifts of these protons depend on the substituent used on the benzene ring. Com-
pounds 1a and 1b exhibit a signal around δ = 2.7 ppm (3H) corresponding to a methyl group
attached to a carbonyl ketone. In addition, the 13C NMR spectra of the synthesized aminoa-
zobenzenes show eight signals within δ = 114–161 ppm, corresponding to the aromatic
carbons of both the diazotized arylamines and the coupling agent. Compounds 1a, 1b, and
1f display signals corresponding to a carbonyl group at δ = 197.7 ppm and δ = 167.3 ppm,
respectively. Compound 1e shows a signal at δ = 55.5 ppm, corresponding to the methoxy
group. All aminoazobenzenes show a signal around δ = 20–22 ppm corresponding to
the 3,5-dimethylaniline fragment, and, finally, compounds 1a and 1b show a signal at
δ = 27 ppm due to acetophenone.

Table 1. Selected infrared spectral data and physical properties of the aminoazobenzenes.

Compound Yield % M.m (g/mol) Molecular Formula Color
m.p.
◦C

ν (cm−1)

-N=N- N-H C=O

1a 81 267.1 C16H17N3O reddish 100–102 1487 3209, 3357 1668
1b 78 267.1 C16H17N3O orange 98–100 1481 3348, 3444 1672
1c 74 225.3 C14H15N3 orange 55–56 1488 3205, 3342 -
1d 96 270.3 C14H14N4O2 dark red 159–161 1508 3228, 3338 -
1e 88 255.3 C15H17N3O red 87–88 1498 3213, 3369 -
1f 86 269.3 C15H15N3O2 bright red 167–169 1498 3207, 3367 1681

Maleic anhydride reacts readily with aminoazobenzenes to form the corresponding
amic acids, which are then cyclized to maleimides using acetic anhydride as a dehydrating
agent (Scheme 2).

The structures of azobenzene maleimide derivatives 2a–f were confirmed by IR, 1H,
and 13C NMR spectroscopy. The IR spectra of compounds 2a–f exhibited typical absorption
bands due to symmetric and antisymmetric stretching vibrations of the carbonyl groups, at
1708–1715 cm−1 and 1769–1780 cm−1, respectively. Additionally, the absence of the charac-
teristic absorption band for the -NH2 group in the IR spectroscopic analysis of maleimides
suggested the occurrence of an acylation reaction. The 1H NMR spectra of the azobenzene
maleimide derivatives 2a–f were similar to those of their parent aminoazobenzenes. A
new singlet signal corresponding to olefinic protons appeared around δ = 6.90–7.23 ppm.
Additionally, the signal around δ = 3.9 ppm corresponding to the amine group disap-
peared due to the acylation reaction with maleic anhydride, as shown for the series of
compounds 1a–3a in Figure 2. The 13C NMR spectra of compounds 2a–f display two new
signals corresponding to the maleimide fragment: one downfield, around δ = 170 ppm, cor-
responding to the carbonyl group of the maleimide, and another around δ = 131–132 ppm,
corresponding to olefinic carbon.
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Figure 2. Assignment of 1H NMR peaks of compounds 1a, 2a, and 3a.

The azobenzene maleimide derivatives 2a–f were used as dienophiles in the Dies–Alder
cycloaddition reaction with furan (Scheme 2), similar to the cycloadditions with furan
derivatives reported by Mitrasov [65] and Daeffler [66]. The structure of the resulting
adducts 3a–f were confirmed by IR, 1H, and 13C NMR spectroscopy. The IR spectra of
compounds 3a–f do not show significant signals that differentiate them from azoben-
zene maleimide derivatives. The 1H NMR spectra of compounds 3a–f display two
new signals from the oxanorbornene fragment formed by Dies–Alder cycloaddition: a
singlet at δ = 5.3 ppm corresponding to the bridgehead protons, and another singlet at
δ = 3.10 ppm corresponding to the protons α to the carbonyl group. The Dies–Alder
adducts of furan and maleic anhydride or maleimide derivatives corresponded, pre-
dominantly, to the exo isomer [67]. The exo isomer adducts obtained in this work were
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confirmed by the absence of the spin–spin coupling constants between the bridgehead
proton with α protons [68]. The signal from the C=C double bond in compounds 3a–f
was no longer de-shielded by the carbonyl groups in the double bond of maleimides 2a–f,
resulting in the signal being shifted to a higher field (Figure 2). The 13C NMR spectra
of the adducts 3a–f display two new signals from the oxanorbornene fragment: the
bridgehead carbon and the α carbon, around δ = 81 ppm and δ = 48 ppm, respectively.

3.2. Electrochemical Study of the Redox Reactions

The electrochemical study of the redox reactions of the new exo-N-azobenzene oxa-
norbornene dicarboximides 3a–f, using cyclic voltammetry, began with the analysis of the
raw materials used in the synthesis of the compounds under study. In this regard, Figure 3
shows the cyclic voltammograms (CV) of MeCN (blue line), MeCN with the electrolyte
(red line), and MeCN with the supporting electrolyte after the solution was bubbled with
N2 for 10 min, maintaining the N2 atmosphere during the experiment. In the CVs of MeCN
and MeCN + TBABF4

−, a reduction current peak can be observed between −0.75 V (peak
A1, red line) and −1.1 V (peak A2, blue line). Similarly, an oxidation peak is observed in
these same CVs between 0.9 V (peak A3, red line) and 1.2 V (peak A4, blue line). This latter
peak was observed when the reduction peak was generated, indicating the reverse reaction
of the reduction. When the solution was bubbled with N2, the reduction peak disappeared,
suggesting that it was due to dissolved oxygen in the solution [69].
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Figure 3. CVs from MeCN (blue line), MeCN + TBABF4
− (red line), and MeCN + TBABF4

− bubbled
with N2 (green line).

In Figure 4, the CVs of 4-aminoacetophenone (1a) are shown. The formation of the
same current peaks (Figure 4, peaks A1 and A2; the notation for A1 and A2 from Figure 3
is repeated here because it refers to the same redox reactions) is evident regardless of the
starting point of the voltammogram, whether towards the cathodic region (blue line) or
the anodic region (red line), except for a small oxidation peak observed at approximately
0.5 V (peak B) which is only generated when the reduction peak occurs at approximately
−1 V, indicating the reverse reaction of that reduction. These current peaks may be due to
the presence of oxygen in the solution, as they are obtained at potentials similar to those
shown in Figure 3.

Sun et al. [70] reported voltammograms with a similar behavior. The authors mention
that the oxidation peak appearing at approximately 1.2 V (Figure 4, peak C) is due to the
oxidation of the ketone, forming a ketone radical cation (ketone•+). In comparison, the
reduction peak C2 at approximately −2 V is attributed to the reduction of the neutral
ketone to a ketone radical anion (ketone•−). The small reduction peak C1 observed at
approximately 0.3 V is due to the reduction of the ketone radical cation (ketone•+). This
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current peak only appears when the oxidation peak of the ketone (peak C, at approximately
1.2 V) is present.
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Figure 4. CV of 4-aminoacetophenone in an MeCN + 0.1 M TBABF4− solution. Voltammograms start
at the OCP towards the cathodic region (blue line) and anodic region (red line).

In Figure 5, the CVs of 3,5-dimethylaniline towards the cathodic region (blue line) and
the anodic region (red line) are shown, with the same peaks observed in both voltammo-
grams, except for the reduction peak at 0 V (peak D3, red line), which is generated when
the two oxidation peaks at 0.8 V (peak D1) and 1 V (peak D2) appear, indicating the reverse
reaction of that oxidation.
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Figure 5. CV of the 3,5-dimethylaniline in an MeCN + 0.1 M TBABF4
− solution. The voltammograms

start at the OCP towards the cathodic region (blue line) and anodic region (red line).

The oxidation peaks at 0.8 V and 1V (Figure 5) are due to the oxidation of the amine, with
the first peak resulting from the loss of one electron, generating the monocation radical H2N•+

and subsequently losing another electron, forming the dication radical H2N++. This radical re-
acts with a neutral molecule of 3,5-dimethylaniline to form 3,3′,5,5′-tetramethylhydrazobenzene,
which instantly oxidizes to give 3,3′,5,5’-tetramethylazobenzene, analogous to the reaction
mechanism proposed by Sharma et al. [71]. The reduction peak at −2.2 V is larger when the
CV starts towards the cathodic region (peak D4) than when it starts towards the anodic region
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(peak D5). This may be due to the formation of a poorly conductive polymeric layer on the
electrode surface during the oxidation of 3,5-dimethylaniline.

In Figure 6, the CV of oxa-norbornene-5,6-dicarboxylic anhydride is presented. The
same voltammogram was observed when N2 was bubbled into the solution, ruling out any
redox process caused by dissolved oxygen. Therefore, the reduction peaks generated at
approximately −0.8 V (peak E1) may be due to the reduction of the carbonyl groups present
in the molecule. When five cycles were scanned instead of just one (supporting information)
over a voltage range of −2 V to 1.9 V, these carbonyl reduction peaks decreased with each
cycle. However, when five cycles were scanned within a voltage range of −2 V to 0.5 V
(a range where the oxidation peak E3 at approximately 1.6 V did not appear), these peaks
increased with each cycle. This behavior may indicate that, in the aforementioned oxidative
process, a non-conductive polymer is being generated, which could also cause the reduction
peak E2 (red line) at −2.2 V to decrease when the CV starts toward the anodic region. This
process may be similar to that proposed by Akbulut and Hacioglu [72] for the reduction of
maleic anhydride; however, in this case, it would involve polymerization via the formation
of carbocations through the oxidation of the double bond.
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−
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(red line).

The CVs obtained with the aminoazobenzene 1a are shown in Figure 7. The oxidation
peak, at approximately 1.5 V (peak C), may be attributed to the oxidation of the ketone
to a ketone radical cation, as explained in Figure 4. This peak’s shape and potential are
similar to those observed in Figure 4. When the oxidation peak C at 1.5 V is absent (CV,
green line, Figure 7), the peak F1 at approximately −2.0 V (blue and red lines) is also not
observed (green line), indicating that this peak F1 corresponds to the reduction of the
ketone, as mentioned in Figure 4. Similarly, based on previous CVs, the oxidation peak D2
at approximately 1 V is attributed to the oxidation of the amine, as explained in Figure 5.
The reduction peak F2 observed at −1.15 V may correspond to the reduction of the double
bond in the azo group, from N=N to HN-NH.

Figure 8 shows the CVs of compound 2a. Due to the proximity of the potential where
the oxidation of the carbonyl can be observed in previous figures, the oxidation peak C
at 1.7 V may be attributed to the same process. Meanwhile, the reduction peaks at −1 V
(F2) and −2 V (F1) are due to the reduction of the azo group and the reduction of carbonyl,
respectively, as mentioned previously. In this case, two oxidative processes are observed at
1.2 V (peak G1) and 1.36 V (peak G2). As can be seen, these peaks depend on the reduction
of the azo moiety. As the potential range decreases from −2.2 V (blue line) to −1.5 (green
line), −0.7 V (black line), and, finally, to −0.4 V (yellow line), the oxidation peaks disappear,
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indicating that these peaks are due to the oxidation of HN-NH during the reduction of
N=N. For this reason, there are two oxidation peaks, one for the oxidation of each “NH”,
with the following steps: HN-NH → •N-NH (oxidation peak G1) → •N-N• (oxidation
peak G2) → N=N.
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from −2.2 V to 1.9 V. Subsequent CVs initiate towards the cathodic region with the following potential
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Finally, in Figure 9, the remaining compounds of the series under study are shown. In
each case, the same redox processes observed thus far are present, except for the reduction
process observed at approximately −0.7 V (peak H) for compound 3d (gray line), which
is likely due to the reduction of the nitro group (NO2) to the hydroxylamine group, as
reported by Sadatnabi et al. [73].



Reactions 2024, 5 942

Reactions 2024, 5, FOR PEER REVIEW 16 
 

Finally, in Figure 9, the remaining compounds of the series under study are shown. 
In each case, the same redox processes observed thus far are present, except for the reduc-
tion process observed at approximately −0.7 V (peak H) for compound 3d (gray line), 
which is likely due to the reduction of the nitro group (NO2) to the hydroxylamine group, 
as reported by Sadatnabi et al. [73]. 

 
Figure 9. CVs obtained in an MeCN + 0.1 M TBABF4− solution initiated at the OCP towards the 
cathodic region for compound 3b (blue line), compound 3c (red line), compound 3d (gray line), 
compound 3e (black line), and compound 3f (green line). 

4. Conclusions 
The synthesis of six new azobenzene maleimide derivatives from 4-aminoazoben-

zenes and maleic anhydride was carried out in a two-step process. The aminoazobenzene 
derivatives were prepared via a classical diazotization-coupling reaction, using 3,5-dime-
thylaniline as the coupling agent. With the N-azobenzene maleimide compounds, a Dies–
Alder cycloaddition reaction was performed to obtain six new exo-N-azobenzene oxa-nor-
bornene dicarboximides. The IR and NMR spectroscopy results were consistent with the 
chemical structures resulting from the transformation of the compounds. 

The electrochemical study of the organic compounds using cyclic voltammetry re-
vealed valuable insights into their redox behavior. By analyzing the oxidation and reduc-
tion peaks, it was possible identify the specific electrochemical processes and determine 
the stability and reactivity of the compounds, as well as the reaction products. In this con-
text, the analyses showed that these compounds underwent a series of electron transfer 
reactions primarily associated with the azo and carbonyl groups. This is because the re-
duction and hydrogenation of a double bond is a thermodynamically stable reaction, lead-
ing to the formation of lower-energy products. Similarly, it was observed that amines were 
the most electrochemically active functional groups in compounds that did not contain 
azo or carbonyl groups, such as some of the raw materials used. In these cases, amine 
oxidations predominantly occurred, forming radical cations which likely led to the for-
mation of azo-containing compounds. Additionally, the reduction of carbonyl groups, 
where radical compounds are likely generated, could result in polymers as the reaction 
products. For all these reasons, electrochemical methods applied to organic compounds 
are of particular importance because they can facilitate and/or optimize the synthesis of 
novel products, such as the polymers mentioned in this study. For this reason, the electro-
chemical technique is proven to be a powerful tool for understanding the electron transfer 
mechanisms and potential applications of organic molecules in various fields, such as ma-
terials science and synthesis. 

Figure 9. CVs obtained in an MeCN + 0.1 M TBABF4
− solution initiated at the OCP towards the

cathodic region for compound 3b (blue line), compound 3c (red line), compound 3d (gray line),
compound 3e (black line), and compound 3f (green line).

4. Conclusions

The synthesis of six new azobenzene maleimide derivatives from 4-aminoazobenzenes
and maleic anhydride was carried out in a two-step process. The aminoazobenzene deriva-
tives were prepared via a classical diazotization-coupling reaction, using 3,5-dimethylaniline
as the coupling agent. With the N-azobenzene maleimide compounds, a Dies–Alder cy-
cloaddition reaction was performed to obtain six new exo-N-azobenzene oxa-norbornene
dicarboximides. The IR and NMR spectroscopy results were consistent with the chemical
structures resulting from the transformation of the compounds.

The electrochemical study of the organic compounds using cyclic voltammetry
revealed valuable insights into their redox behavior. By analyzing the oxidation and
reduction peaks, it was possible identify the specific electrochemical processes and deter-
mine the stability and reactivity of the compounds, as well as the reaction products. In
this context, the analyses showed that these compounds underwent a series of electron
transfer reactions primarily associated with the azo and carbonyl groups. This is be-
cause the reduction and hydrogenation of a double bond is a thermodynamically stable
reaction, leading to the formation of lower-energy products. Similarly, it was observed
that amines were the most electrochemically active functional groups in compounds that
did not contain azo or carbonyl groups, such as some of the raw materials used. In these
cases, amine oxidations predominantly occurred, forming radical cations which likely
led to the formation of azo-containing compounds. Additionally, the reduction of car-
bonyl groups, where radical compounds are likely generated, could result in polymers as
the reaction products. For all these reasons, electrochemical methods applied to organic
compounds are of particular importance because they can facilitate and/or optimize
the synthesis of novel products, such as the polymers mentioned in this study. For this
reason, the electrochemical technique is proven to be a powerful tool for understanding
the electron transfer mechanisms and potential applications of organic molecules in
various fields, such as materials science and synthesis.

Finally, our electrochemical studies pave the way for future research aimed at ex-
panding the scope of this investigation to further elucidate the reaction products formed
under various electrochemical conditions. These additional studies will provide a deeper
understanding of the reactivity and potential applications of these compounds.
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