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A B S T R A C T   

A method to access carbonyl compounds using reductive conditions was evaluated via electro-
chemical reduction of their corresponding N-benzyloxyphthalimide derivatives (NBOPIs). The 
mechanism of this originally reported electrochemical reaction was proposed based on DFT 
calculation and is experimentally confirmed herein, contrasting simulated and experimental cy-
clic voltammetry data. The reaction scope studied in a preparative scale and using redox sensitive 
functional groups showed good selectivity and tolerance toward oxidation under the reaction 
conditions with a moderate to good yield (50–71%). Nevertheless, some restrictions with 
reducible functional groups, like benzyl-brominated and nitro-aromatic derivatives, were 
observed. The present approach can be considered a self-sustainable electrochemical catalysis for 
the synthesis of aromatic carbonylic compounds passing through anion radical intermediates 
produced by a cathodic reaction.   

1. Introduction 

Although a large variety of efficient approaches exist for transforming benzyl alcohols to their corresponding carbonyl derivatives, 
only a few follow the green chemistry principles [1–5]. Accordingly, chemists are always looking for suitable mild reaction conditions 
that could be selectively applied on substrates that contain further oxidizable moieties, avoiding protecting groups. In this way, the 
synthetic route design should avoid protection-deprotection protocols. 

Due to the intrinsic properties of the heterogeneous electron transfer reactions, one of the basics of electrochemical synthesis, it is 
an excellent choice for developing environmentally friendly oxidation and reduction reactions according to the green chemistry spirit 
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[6]. Electrogeneration of reactive intermediates, like radical ions and free radicals, provides widespread opportunities for designing 
new organic reactions [7–10]. 

Since Kim’s publication regarding the generation of O- and C-centered radicals from N-alkoxyphthalimides (NAPIs) using organotin 
reagents (Scheme 1a) [11], various remarkable synthetic strategies have been reported. For example, Sammis published the versatility 
of the alkoxy radicals in the intramolecular radical addition to olefins [12–15]. Additionally, other groups have reported the use of 
alkoxyl radicals photochemically produced in either the total synthesis of natural products or the synthesis of relevant O-heterocyclic 
compounds [16–20]. Nevertheless, the reactivity of N-benzyloxyphthalimides (NBOPIs) is quite different. Sammis and coworkers 
studied the behavior of this family of substrates through a photoredox reaction (Scheme 1b) [21], finding that the fragmentation of the 
NBOPI radical anion to carbonyl compounds is a highly favorable process. To rationalize this observation, a concerted intramolecular 
fragmentation process (Scheme 1c) was proposed. Likewise, the electrochemical behavior of NBOPIs at only the electroanalytical level 
was reported by Terent’ev and coworkers (Scheme 1b), describing similar reactivity to the photochemical reaction [22]. The final 
carbonyl products were identified using cyclic voltammetry (CV) without any other information because the objective of the authors 
was not a synthetic approach. Therefore, neither preparative reaction was attempted nor isolated yields of the aldehydes obtained were 
reported [22]. Based on DFT calculations, the latter authors proposed a mechanism that until now has not been experimentally 
validated. Due to the role of phthalimide in the reaction, the authors described this reaction as a “self-sustaining catalysis” (n < 1 e, 
Scheme 1d). 

Scheme 1. Reactivity of NAPIs and NBOPIs, chemically, photoredox catalyzed, and electrochemically induced.  
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Encouraged by these exciting findings and motivated by the synthetic potential and the electro-organic applications of this reac-
tion, the development of a synthetic methodology that enables the access to carbonyl compounds containing other redox reactive 
moieties, via the electroreduction of the corresponding NBOPIs derivatives (Scheme 1e), was envisioned. In addition, cyclic voltam-
metry simulations of the proposed mechanism and its comparison with the experimental CV behavior were used to revise and validate 
the originally proposed reaction mechanism reported [22], which can be simplified as an EC1C2 mechanism (Scheme 2) [23]. 

2. Experimental 

2.1. General considerations 

Commercially purchased reagents were used as starting materials without any additional purification steps. The supporting 
electrolyte salts were dried in the oven for at least one night before use. Anhydrous-grade solvents were used for both Mitsunobu 
reactions, preparative electrolysis, and cyclic voltammetry experiments. For purification by column chromatography (CC), silica gel 
(70–230 mesh) and technical grade solvents but previously distilled were used. TLC analysis was carried out using Merck TLC Silica gel 
80 F254 aluminum sheets. 

2.2. Synthesis of NBOPIs 

The following methods for NBOPIs’ synthesis were adapted from previous reports [24–27]: 
Method A: In a 35-mL vial for Discover SP microwave reactor, 3.3 mmol of DIAD or DEAD were dissolved in 10 mL of anhydrous 

tetrahydrofuran (THF), and 3.3 mmol of triphenylphosphine (TPP) were added under continuous agitation in an ice-bath. Then, 3.0 
mmol of N-hydroxyphthalimide (NHPI) and 3.0 mmol of the corresponding benzylic alcohol were dissolved in 10.0 mL of THF and 
added to the microwave reactor to immediately carry out the microwave program for the synthesis. The solvent was removed from the 
reaction crude using rotary evaporation, and the residue was supported on silica gel to be separated using flash column chromatog-
raphy with a mixture of n-hexane and ethyl acetate as eluent. Method B: In a 100-mL round bottom flask, 3.3 mmol of DIAD or DEAD 
were dissolved in 10 mL of anhydrous tetrahydrofuran (THF), and 3.3 mmol of triphenylphosphine (TPP) were added under 
continuous agitation in an ice-bath. Then, 3.0 mmol of (NHPI) and 3.0 mmol of the corresponding benzyl alcohol were dissolved in 
10.0 mL of THF and added to the microwave reactor to continue agitation until the reaction was finished (usually 30–60 min). The 
solvent was removed using rotary evaporation and the residue was supported on silica gel to be separated using flash column chro-
matography with a mixture of n-hexane and ethyl acetate as eluent. Method C: In a 100 mL round bottom flask, 3.0 mmol of NHPI and 
the corresponding benzyl bromide (3 mmol) were dissolved in 20 mL of DMF. Using a dropping funnel, 3.0 mmol of DBU dissolved in 5 
mL of DMF were added, drop by drop, to the flask and sonicated for 3–5 h until the reaction was finished. Then, an aqueous solution of 

Scheme 2. EC1C2 mechanism used to simulate the experimental voltammograms for the electrochemical reduction of 1a and 2a.  
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HCl (10%) was added until neutralization. The insoluble product was filtered and purified using recrystallization or flash column 
chromatography with a mixture of n-hexane and ethyl acetate as eluent. 

2.3. Electroanalytical experiments to confirm the mechanism 

Cyclic voltammetry (CV) studies were carried out using an Autolab PGSTAT30 controlled by the NOVA 2.1 software, applying 
positive feedback resistance compensation (385 Ω), using an electrochemical cell containing 10 mL solution of 0.1 M of tetrabuty-
lammonium perchlorate (TBAClO4) in DMF. 

Before the beginning of each experimental run, this solution was purged with N2 for 10 min. A glassy carbon electrode and a 
platinum wire were used as working and counter electrodes, respectively. The reference electrode was prepared with a silver wire in a 
solution of 0.1 M TBAClO4, 0.01 M AgNO3 in acetonitrile. The scan rate study was carried out using a 5 mM solution of 1a and 2a. The 
voltammetric responses at 0.1–1.0 V/s were evaluated. In addition, the effect of the concentration of 2a (1 mM, 2 mM, 5 mM, and 10 
mM) on the voltammetric behavior was performed at 0.1 V/s. 

2.4. Simulation of the experimental voltammograms 

The reaction mechanism depicted in Scheme 2 was used to carry out the simulation tests using the software Digisim 3.03 from 
Bioanalytical Systems Inc, West Lafayette USA. ® The reaction sequence was introduced into the software, changing the different 
thermodynamic and kinetic reaction parameters until the simulated CVs fitted with the experimental ones. In general, the reaction may 
be described as an EC1C2 mechanism, where C2 is a father-son process (Eq. III in Scheme 2). The CVs of phthalimide and the released 
carbonyl product were also simulated to describe the complete experimental voltammograms of NBOPIs on the larger scale of electrode 
potential. 

2.5. Electrosynthesis setup 

The electrosynthesis experiments were carried out in two stages: (1) preparative electrolysis experiments to screen conditions for 
the synthesis of the carbonyl compounds, and (2) the application of the best conditions found to explore the scope of the reaction. The 
screening experiments were carried out in the ElectraSync 2.0 equipped with the carrousel device for multiple electrolysis. All the 
reactions were set in a controlled current mode, using carbon electrodes (graphite), varying the solvent, supporting electrolyte, and 
current density. As general conditions, 8 mL of a 0.1 M solution of the supporting electrolyte was used (TBAPF6, TBAClO4, and LiClO4). 
Before beginning the electrolysis, this solution was purged with N2 for 10 min 2a prepared from benzhydrol (0.5 mmol) was selected to 
evaluate the corresponding generation of benzophenone (2b) and the yield was evaluated using GC-FID. 

The scope and limitation of the reaction were evaluated using the ElectraSync 2.0 device and accessories or the four-channel 
R&S®HMP4000 power supply, applying the best conditions found for benzophenone electrosynthesis. Both carbon electrodes, 
3.33 mA/cm2 in a solution of 0.1 M TBAPF6 and 0.1 M of the substrate in anhydrous acetonitrile were used. The reaction progress was 
monitored using TLC and stopped when the starting material was consumed or after passing a maximum of 1.5 F/mol of charge. The 
solvent was removed from the reaction’s crude using rotary evaporation and supported on silica gel to be separated using flash column 
chromatography with a mixture of n-hexane and ethyl acetate as eluent. The yields of the reactions were also evaluated using NMR 
spectroscopy in the reaction’s crude using benzhydrol as an internal standard. 

2.6. Spectroscopy and characterization of the NBOPIS 

2-(benzyloxy)isoindoline-1,3-dione (1a): [28] white solid, m. p.142–143 ◦C;1H NMR (300 MHz, CDCl3): δ = 7.70 (4H, dm), 7.47 
(2H,m), 7.31 (3H, m), δH 5.14 (2H, s); 13C NMR (300 MHz, CDCl3): δ = 163.96, 134.92, 134.20, 130.37, 129.82, 129.35, 129.03, 
123.96, 80.35. 

2-(benzhydryloxy)isoindoline-1,3-dione (2a): [29] white solid, m. p.159–160 ◦C; 1H NMR (300 MHz, CDCl3): δ = 7.63 (4H, 
dm), 7.47 (4H, dd), 7.27 (6H, m), 6.46 (1H, s); 13C NMR (300 MHz, CDCl3): δ 163.71, 137.89, 134.35, 128.87, 128.76, 128.60, 128.52, 
128.40, 128.35, 123.40, 89.66. 

2-((3-(bromomethyl)benzyl)oxy)isoindoline-1,3-dione (3a): white solid, m. p.119–120 ◦C; 1H NMR (300 MHz, CDCl3): δ: 7.77 
(4H,dm), 7.56 (1H, t), 7.48 (1H, dt), 7.39 (2H, m), 5.20 (2H, s), 4.49 (2H,s); 13C NMR (300 MHz, CDCl3) δ 163.47, 138.24, 134.55, 
134.43, 130.39, 130.03, 129.86, 129.15, 128.87, 123.58, 79.43, 33.03, HRMS (ESI): m/z calcd for C16H12BrNO3+H+: 346.00788 
[M+H]+; found: 346.00912. 

2-((2-(bromomethyl)benzyl)oxy)isoindoline-1,3-dione (4a): [30] cream solid, m. p. 133–134 ◦C; 1H NMR (300 MHz, CDCl3): δ 
= 7.78 (4H,dm), 7.44 (1H, d), 7.41 (1H, td), 7.30 (H, td), 5.37 (2H, s), 4.99 (2H,s); 13C NMR (300 MHz, CDCl3): δ = 163.50, 138.63, 
134.57, 132.27, 132.03, 130.95, 130.41, 128.91, 128.82, 123.60, 77.14, 30.98. 

2-((3-(hydroxymethyl)benzyl)oxy)isoindoline-1,3-dione (5a): white solid, m. p.144–146 ◦C; 1H NMR (300 MHz, (CD3)2CO/ 
DMSO-D6): δ = 7.85 (4H,dm), 7.55 (1H, s), 7.39 (3H, m), 5.21 (2H, s), 4.66 (2H, s), 4.38 (1H,br); 13C NMR (300 MHz, CDCl3): δ =
164.44, 144.49, 135.95, 135.52, 130.40, 129.52, 129.31, 129.08, 128.50, 124.40, 80.86, 64.58. HRMS (ESI): m/z calcd for 
C16H13NO4+H+: 284.09228 [M+H]+; found: 284.09250. 

2-((4-(hydroxymethyl)benzyl)oxy)isoindoline-1,3-dione (6a): white solid, m. p.157–159 ◦C; 1HNMR (300 MHz, CDCl3/DMSO- 
D6): δ = 7.77 (4H,m), 7.36(4H, M), 7.39 (3H, m), 5.09 (2H, s), 4.85 (1H, br), 4.54 (2H,d); 13C NMR (300 MHz, CDCl3/DMSO-D6): δ =
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168.13, 148.32, 139.41, 137.03, 134.56, 133.48, 131.51, 128.21, 84.39, 68.47. HRMS (ESI): m/z calcd for C16H13NO4+NH4
+: 

301.11883 [M + NH4]+; found: 301.11857. 
2-((4-methoxybenzyl)oxy)isoindoline-1,3-dione (7a): [31] white solid, m. p.135–136 ◦C; 1HNMR (300 MHz, CDCl3) δ = 7.65 

(4H, 2 m), 7.35(2H, d), 6.77 (2H, d), 5.05 (2H, s), 3.69 (3H, t); 13C NMR (300 MHz, CDCl3) δ = 163.59, 160.48, 134.44, 131.69, 
128.93, 125.90, 123.48, 113.96, 79.53, 55.29. 

2-((4-hydroxybenzyl)oxy)isoindoline-1,3-dione (8a): [27] white solid, m. p.185–188 ◦C; 1HNMR (300 MHz, CDCl3/DMSO-D6) 
δ = 9.35 (1H, t, br), 7.74(4H, m), 7.23 (2H, m), 6.71 (2H, m), 4.97 (2H, d); 13CNMR (300 MHz, CDCl3/DMSO-D6) δ = 162.89, 158.06, 
134.10, 131.20, 128.25, 123.73, 122.87, 115.03, 79.16. 

2-((4-nitrobenzyl)oxy)isoindoline-1,3-dione (9a): [32] green solid, m. p.196–197 ◦C; 1HNMR (300 MHz, CDCl3) δ = 8.12 (2H, 
d), 7.73(6H, m), 5.26 (2H, s). 13CNMR (300 MHz, CDCl3/DMSO-D6) δ = 163.31, 148.82, 140.90, 134.75, 130.0, 128.66, 123.75, 
123.73, 78.29. 

Benzaldehyde (1b): [33] yellow oil, 1H NMR (300 MHz, CDCl3): δ = 9.99 (1H, s), 7.80 (2H, m), 7.55 (1H, t), 7.47 (2H, t). 
Benzophenone (2b): [33] white solid, 1H NMR (300 MHz, CDCl3): δ = 7.78 (4H, m), 7.54 (2H, m), 7.81 (2H, dt), 7.43 (4H, m). 
3-(Bromomethyl)benzaldehyde (3b): [34] yellow oil, 1H NMR (300 MHz, CDCl3): δ = 10.02 (1H, s), 7.80 (1H, ddd), 7.81 (1H, 

dt), 7.65 (1H, dt), 7.53 (1H, t), 4.80 (2H, s). 
2-[[2-[(1,3-Dihydro-1,3-dioxo-2H-isoindol-2-yl)methyl]phenyl]methoxy]-1H-isoindole-1,3(2H)-dione (4c): white solid, 

1H NMR (300 MHz, CDCl3): δ = 7.74 (4H, m), 7.63 (4H, m), 7.42 (1H, d), 7.27 (2H, m), 7.15 (1H, td), 5.52 (2H, s), 5.22 (2H, s),13C 
NMR (75 MHz, CDCl3) δ = 167.96, 163.18, 137.28, 134.10, 133.67, 131.83, 131.48, 129.94, 129.55, 128.59, 127.56, 123.20, 123.02, 
77.59, 37.85. HRMS (ESI): m/z calcd for C24H16N2O5+H+: 413.11375 [M+H]+; found: 413.11322. 

3-(Hydroxymethyl)benzaldehyde (5b): [35] white solid, m. p.116–118 ◦C; 1H NMR (300 MHz, CDCl3): δ = 9.97 (1H, s), 7.85 
(1H, s), 7.77 (1H, d), 7.67(1H, d), 7.49 (1H, t), 4.75 (2H, s), 2.61 (1H, br). 

4-(Hydroxymethyl)benzaldehyde (6b): [36] colorless oil, 1H NMR (300 MHz, CDCl3): δ = 9.99 (1H, s), 7.87 (2H, d), 7.50 (2H, d), 
7.67(2H, s), 2.19 (1H, br). 

4-Methoxybenzaldehyde (7b): [33] colorless oil, 1H NMR (300 MHz, CDCl3): δ = 9.80 (1H, s), 7.75 (2H, dt), 6.92 (2H, dt), 3.80 
(3H, s). 

4-Hidroxybenzaldehyde (8b): [37] white solid, m. p. 120–122 ◦C, 1H NMR (300 MHz, CDCl3/DMSO-D6): δ = 10.43 (1H, br), 
10.18 (1H, s), 8.12 (2H, d), 7.33 (2H, d). 

3. Results and discussion 

3.1. Mechanistic studies and CV simulations 

A previous report widely discussed whether an O- centered or an N-centered radical is formed during the N–O scission of the radical 
anion formed (1c) during the reduction of 1a [22]. Based on DFT calculations, these authors found that during the scission of the N–O 
bond, the alkoxy radical is more likely to be formed instead of the N-radical, which eventually leads to the carbonyl compound 1b 
(Scheme 3). 

To experimentally confirm the mechanism proposed in Scheme 2, the comparison between the simulated and experimental CVs of 
2a was carried out (Fig. 1). Accordingly, benzophenone (2b) and phthalimide (PhtH) are the cathodic reduction products (Scheme 4). 
As can be observed, mechanism of Scheme 2 is a simplification of the complete mechanism shown in Scheme 3, and equation 2 is a 

Scheme 3. (a) Cyclic voltammetry of 1a (5 mM), benzaldehyde (5 mM) and phthalimide (5 mM), 0.1 M TBAClO4 in DMF, at 0.1 V s-1. WE: Glassy 
carbon, CE: Pt, RE: Ag/Ag+. IRdrop = 95%. (b) Complete electrochemical decomposition pathway of NBOPIs proposed by Terent’ev [22]. 
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simplification containing three rapid simple steps: the homolytic N–O scission, an acid-base reaction, and the electron transfer between 
the last two species; it was considered that the three reactions occur rapidly. 

Fig. 1 shows the CV behavior of NBOPI 2a on a wide potential scale (blue line). This voltammetric pattern is compared with the 
voltammograms of benzophenone (2b) and phthalimide (PhtH). The peak ic corresponds to the reduction of 2a. 

The chemical nature of the species corresponding to peaks iic, iiic-iiia, and ivc-iva was inferred from the voltammetric behavior of 
pure samples of phthalimide (iic and ivc-iva) and benzophenone (iiic-iiia). Benzophenone is a reversible one-electron redox system in 
anhydrous conditions (iiic-iiia), thus, it is the cathodic peak that can be used to calibrate the electron transfer of 2a. The quotient of 
currents for 2a and benzophenone is lower than 1, which supports the intervention of the self-consumption of 2a in equation III of 
Scheme 2. In this framework, the simulation of the experimental features of the voltammogram of 2a requires a preliminary simulation 
of the voltammograms of benzophenone and phthalimide. 

Fig. 2 shows the voltammetric behavior of benzophenone at different scan rates (continuous lines). This compound is reduced 
following a simple quasi-reversible one-electron transfer process, as deduced from the peak-to-peak separation (ΔEp>56.7 mV at 
25 ◦C). These experimental voltammograms were simulated and the agreement with the simulated curves (dotted lines) was highly 
satisfactory, which means that the parameters used for this step (see Table S1, supplementary data) can be used for the subsequent 
simulation of NBOPI 2a electroreduction. In the case of phthalimide, the voltammetric behavior shows a partially reversible pattern, 
which is typical of the intervention of a slow coupled chemical reaction following the electron transfer activation step (Fig. 3). The 
reduction mechanism for this compound was theoretically analyzed by Amatore and coworkers [38], and it corresponds to a 
self-protonation process with a fractional electronic stoichiometry (2/3). Nevertheless, herein the full voltammetric behavior at 
different scan rates is reported for the first time, and the mechanism and the thermodynamic and kinetic data used for simulation are in 
supplementary data (Table S2). Even though this reaction mechanism is more complex than that of benzophenone, the parameters 
used for the simulation generated an excellent fitting of the simulated voltammograms with the experimental ones. 

Considering both reduction mechanisms of benzophenone and phthalimide and their kinetic and thermodynamic parameters 
obtained from previous simulations, a full description through the simulation of the mechanism of NBOPI 2a electroreduction can be 
calculated now. 

To simplify the procedure, the simulation was first performed for the first reduction peak of 2a (Fig. 4a) and later including a wider 
potential scale, where the corresponding peaks of phthalimide and benzophenone were included (Fig. 4b). The experimental and 
simulated voltammograms of both anodic and cathodic first peaks of 2a at different scan rates showed good fitting. The parameters 
that were applied for the extended mechanism simulation, which includes the electrochemical behavior of 2b and Phth, are compiled 
in the supplementary data (Table S3). The CV simulation of 2a in the cathodic scan agrees with the proposal of Terent’ev, where 
benzophenone and phthalimide are formed during the electroreduction; the mechanism also agrees with the EC1C2 process proposed in 
Scheme 2 for 2a. Nevertheless, despite the good fitting of the cathodic peaks, the anodic peaks are not well reproduced, which makes 
sense because, during the scan towards the highest electrode potentials, powerful reducing species like benzophenone and phthalimide 
radical anions are formed. These species are therefore able to disturb all the mechanism simulated patterns after the inversion po-
tential. Hence, the cathodic matching of the CV curve is strong evidence to confirm the mechanism proposed by Terent’ev, simulated 
herein and depicted in Scheme 2. Thus, it can be affirmed that NBOPIs electrochemical reduction forms the corresponding radical 
anion (Eq. I), which undergoes decomposition forming the desired carbonyl compound and a reduced phthalimide radical anion (Eq 
II). The last can trigger the starting material reduction (Eq. III) because it has a higher reduction potential (E◦ = − 1.87 V for 
phthalimide vs. E = − 1.69 V for 2a), generating an extra-reducing pathway that diminishes the total charge per mole used, increasing 
the Faradaic efficiency during the electrochemical reaction. 

According to Francke and Little, this kind of mechanism can be classified as an “electrochemical catalysis” due to the fulfillment of 

Fig. 1. Cyclic voltammetry of 2a (5 mM), benzophenone (5 mM), and phthalimide (5 mM); 0.1 M TBAClO4 in DMF, at 0.1 V s-1. WE: Glassy carbon, 
CE: Pt, RE: Ag/Ag+. IRdrop = 95%. 
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the following four requirements [39]:  

1. The catalytic reduction of the reduced phthalimide (PhtH.-) to the starting NBOPI is thermodynamically favored due to the suitable 
potential difference (E2a < EPhtH.-).  

2. The Brønsted basic character of the generated radical anion does not prevent triggering the chain reaction. In contrast, the radical 
anion undergoes N–O scission, yielding the alkoxy radical and the phthalimidure anion. The basicity of the anion formed allowed 
obtaining the desired carbonyl product (Scheme 3).  

3. In the case of 1a and 2a, no addition or substitution reaction is feasible.  
4. Finally, the data obtained for the simulation confirm that there is no reason to propose that the chain reaction is being suppressed 

by radical reaction as recombination or HAT (in the case of 1a and 2a). 

Scheme 4. Electrochemical reduction of 2a.  

Fig. 2. Comparison between simulated (dotted lines) and experimental CV (continuous lines) for benzophenone (5 mM) at different scan rates 0.1 M 
TBAClO4 in DMF, at 0.1 V s-1. WE: Glassy carbon, CE: Pt, RE: Ag/Ag+. IRdrop = 95%. 

Fig. 3. Comparison between simulated (dotted lines) and experimental CV (continuous lines) for 5 mM phthalimide, at different scan rates 0.1 M 
TBAClO4 in DMF, at 0.1 V s-1. WE: Glassy carbon, CE: Pt, RE: Ag/Ag+. IRdrop = 95%. 
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Due to the scarcity in the literature on this kind of mechanism, it can be considered appropriate to establish that the cathodic 
reduction of NBOPIs is an example of a formally named “electrochemical catalyzed reaction”, even if the Terent’ev group named it self- 
sustainable electrochemical reaction [22]. 

3.2. Preparative electrolysis experiments 

Once the mechanism of the carbonyl formation through the NBOPIs reduction was clarified, the electrosynthetic potential of this 
reaction for preparative transformations was evaluated. The compound 2a was selected for screening reaction conditions, changing 
solvent, supporting electrolyte, and current density in a non-divided cell (Table 1). The maximum amount of charge (1.5 F/mol) was 
selected in function of the previous electroanalytical experiments, and the reaction’s advance was monitored using TLC. The best yield 
of 2b was obtained in entry 9, but it was decided not to use perchlorate salts to prevent the possibility of an explosion when per-
chlorates are overheated in organic media, nor DMF due to the normal workup complications and toxicity associated with this solvent. 
Thus, the conditions of entry 2 (Table 1) which gave 72% yield were selected to carry out the synthetic experiments for exploring the 

Fig. 4. Cyclic voltammetry of 2a, 0.1 M TBANClO4 in DMF, at 0.1 V s-1. WE: Glassy carbon, CE: Pt, RE: Ag/Ag+. (a) Comparison between simulated 
and experimental CV of the first reduction peak of 2a at different scan rates. (b) Simulated and experimental CV of 2a. Rudrop = 95. 

Table 1 
Screening condition for optimization reaction.  

fx1 

Entry Supporting Electrolyte J (mA/cm2) Charge (F/mol) Solvent Yield of 2b[a] 

1 LiClO4 3.33 1.5 MeCN 17.8 
2 TBAPF6 3.33 0.8 MeCN 72.0 
3 LiClO4 10 1.5 MeCN 17.1 
4 TBAPF6 10 1.5 MeCN 61.4 
5 LiClO4 6.67 1.5 DMF 55.7 
6 TBAPF6 6.67 1.5 DMF 28.7 
7[b] LiClO4 6.67 (1.67)g 1.5 THF 25.7 
8[c] TBAPF6 6.67 (3)g 1.5 THF 45.2 
9 TBAClO4 3.33 0.8 DMF 78.6 
10 TBAClO4 10 1.5 DMF 27.9 
11[c] TBAClO4 10 (3)g 1.5 THF 53.6 
12 TBAClO4 6.67 1.0 MeCN 70.5 
13 TBAPF6 3.33 1.0 THF-MeCN (70–30) 57.0 
14 TBAPF6 6.67 1.0 THF-MeCN (70–30) 60.4 
15[d] TBAPF6 3.33 0.8 MeCN 68.8 
16[e,f] TBAPF6 − 1.70 V 0.6 MeCN 60.0  

[a] Yield determined from crude of reaction using GC-FID. 
[b] Current density up to 1.67 mA/cm2. 
[c] Current density up to 3 mA/cm.2. 
[d] MeCN analytical reagent quality and electrolyte not dried. 
[e] Constant potential electrolysis in a divided cell. 
[f] Isolated yield. 
[g] In parenthesis is reported the possible current to be applied. 
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scope of the reaction using MeCN as the solvent and TBAPF6 as the supporting electrolyte in galvanostatic conditions (3.3 mA/cm2). 
Concerning the selection of the cathode material for preparative experiments, graphite plate electrodes proved to be highly suitable for 
preparative cathodic transformations. This suitability arises from their favorable overpotential for the hydrogen evolution reaction 
(HER) in most organic media. This attractive characteristic, together with their lower cost and greater accessibility in comparison to 
other electrode materials like platinum, boron-doped diamond (BDD), or nickel, made them the primary factors guiding the choice of 
the cathode. 

The production of 2b in the cathodic compartment of a divided cell demonstrates that the formation of the carbonyl compound is 
exclusively a cathodic process, without involving the anode. When THF was used, resistance limitations were observed and it was 
impossible to achieve the desired current densities (entries 7, 8, and 11), reaching 2b in moderated yields. The low dielectric constant 
of THF (8 F/m) in comparison to other solvents such as DMF (37 F/m) and MeCN (38 F/m) was assumed as the reason for this behavior. 
Nevertheless, when acetonitrile is used as a co-solvent (30 %), the conductivity of the cell is improved and so does the yield of 2a 
(entries 13 and 14). Thus, this mixture may be used when a NBOPI is not completely soluble in MeCN, but is in THF, providing 
alternative conditions to carry out the reaction. Entry 15 was carried out using an analytical reagent quality solvent instead of an 
anhydrous, without a drying supporting electrolyte, showing that small quantities of water in the electrochemical cell do not inhibit 
the reaction, but slight erosion of the yield occurs. The yield obtained demonstrated that the reaction is robust despite a small presence 
of water in the system, indicating that the NBOPI radical anion decomposition to the carbonyl derivative is a very fast reaction, which 
agrees with the electrochemical response depicted in Fig. 4a. The reactions in general required among 0.8–1.5 F/mol to consume 2a, 
which indicates that secondary reactions, besides the mechanism proposed by Terent’ev, are present during the macroelectrolysis. 
These reactions are not observed in electroanalytical experiments, where theoretically less than 1.0 F/mol of charge would be required 
to complete the reaction. Thus, the Faradaic efficiency, when considering 1.0 F/mol as the standard amount of charge for this reaction, 
fluctuates between 125% and 67% for this stage. 

The scope and limitations of the described approach were evaluated by applying the selected conditions to NBOPIs bearing redox 
reactive moieties in either reduction or oxidation (Scheme 5). Fig. 5 presents the CVs of the selected compounds to attain the scope. As 
the voltammograms show, all substrates presented the characteristic reduction peak in the − 1.6 to − 1.7 V range corresponding to the 
NBOPI system’s initial reduction. As expected, this cathodic activation triggered the breaking of the N–O bond. For 3a, 5a, 6a, and 7a, 
the first phthalimide reduction is observed in the CVs of the compounds, at a potential near 1.8 V. Moreover, in all the cases the second 
phthalimide reduction peak was observed before the cathodic limit (around − 3.0 V). For 4a and 8a, the number of cathodic peaks does 
not correspond with the rest of the examples, suggesting that even if the presence of a different functional group may change the 
cathodic pattern observed, the breaking of the N–O bond should occur. 

The corresponding carbonyl derivative of the substrates 1a, 2a, 7a, and 8a was obtained in moderate to good yields using the 
standard conditions depicted in Scheme 5. 7a showed the pinacol coupling product from the over-reduction of carbonyl in low yield. 
Switching the electrolysis to a divided cell, 3b, 5b, and 6b are achieved as well, avoiding the anode oxidation of the redox moiety. A 
remarkable example of the scope of the reaction is the simple access to 5b and 6b, which previous reports obtained via the hydro-
genation of phthalaldehyde catalyzed by palladium in a pressure vessel [40], or using NaBH4 as a reducing agent [41]. The value of this 

Scheme 5. Scope of the of NBOPIs reduction bearing a redox reactive moiety. [a] Yield determined from the crude reaction using NMR.2 [b] 
Isolated yield. [c] Gram scale, synthesis. [d] Isolated yield using a divided cell. [e] 80% of starting material; 3a recovered using standard conditions. 
[f] 75% of starting material 4a recovered using standard conditions. [g] 9a not recovered. 
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electrosynthesis may be evaluated by consulting, for example, the commercial price of 5b, which can be purchased for 3.33 USD/mg, 
indicating the complexity of its synthesis by other routes [42]. In general, the aldehydes bearing diverse moieties are valuable syn-
thetic intermediates of pharmaceuticals and are generally obtained using two or more reaction steps [ [40,41,43–47]]. In most cases, 
electroreduction of the obtained carbonyl compounds (over-reduction) can be avoided by monitoring the consumption of the initial 
NBOFI. Since the reduction potential of the NBOFI is sufficiently lower than the produced carbonyl compound, the selective reactivity 
is feasible as long as the charge applied is well controlled. A gram-scale electrolysis was carried out to prove the synthetic application of 
the reaction. The electro-reduction of 2a was easily scaled up to gram quantity in a 61% yield (7.6 mmol scale). 

Regarding the challenges of the reaction, benzylic bromides are electrochemical reactive moieties that, in cathodic conditions, 
trigger the formation of benzylic radicals [23,48,49]. When the electrolysis of 3a and 4a was carried out, reduction of the brominated 
group was the competitive reaction. However, the final product is affected by the type of cell used. When an undivided cell is 
employed, the reduction of the substrates undergoes the formation of bromide anions, which are oxidized in the anode rendering an 
orange-colored solution due to the liberation of Br2. The color disappears when the thiosulfate ion is added, confirming the presence of 
Br2 in the solution. Alternatively, the corresponding aldehyde can be isolated when a divided cell is used for the electrolysis of 3a, but a 
complex mixture of compounds is produced in the same conditions for 4a (see supplementary data). The result of the electrolysis of 9a 
indicates an incompatibility of the reduction of NBOPIs in the presence of a nitro group, albeit the CV apparently reveals the same 
pattern observed in the other substrates (see supplementary data). Nevertheless, the carbonyl product is not observed during elec-
trolysis, and the solution turns into a dark color, indicating the competing reduction of the nitro group. 

Some control experiments are presented in Scheme 6. Electrolysis of 1a was conducted in the absence of a power source, and no 
conversion was observed. Then, the current was alternated on and off for 10 min, but the starting material 1a was not completely 
consumed. This indicates that the electrochemical transformation must run continuously with electricity, despite its catalytic nature. 

Finally, it was evaluated the reaction’s behavior in the presence of a radical trap; TEMPO persistent radical was chosen to 
demonstrate the existence of free radical intermediates involved in the reaction [50,51]. As expected, after 1.5 F/mol had been passed, 
most of 1a was consumed, but no 1b was observed (Scheme 6, entry c). This result, and the formation of pinacol even when less than 
0.5 F/mol of charge had been passed, suggests that the ketyl radical anion (Scheme 3, KR) is present in the medium before the aldehyde 
reduction, confirming its presence, as it was previously suggested. 

4. Conclusion 

In summary, the access to carbonyl products through the electrochemical reduction of the corresponding N-benzyloxyphtalimides 
obtained from benzylic alcohols was achieved in moderate to good yields (50–71%). The carbonyl compounds are valuable 

Fig. 5. Cyclic voltammetry of selected NBOPIs: (a) 3a. (b) 4a. (c) 5a. (d) 6a. (e) 7a. (f) 8a. TBAClO4 0.1 M in DMF, at v = 0.1 V s-1. WE: Glas sy 
carbon, CE: Pt, RE: Ag/Ag+. 

D.F. Chicas-Baños et al.                                                                                                                                                                                              



Heliyon 10 (2024) e23808

11

intermediates and are usually limited to be accessed through oxidative methods. Our approach can be applied to substrates containing 
oxidizable moieties, compatible with an electrochemical reductive conditions. Considering that phthalimide is an important byproduct 
obtained during the electrolysis process, it is necessary to explore its potential recovery and recycling for synthesizing NHPI, as 
detailed in existing reports [52]. Although the Terent’ev group was the first in reporting this reaction and proposed a putative reaction 
mechanism [22], the current work explores its synthetic application as a sort of orthogonal oxidizing reaction. Additionally, the 
proposed mechanism was contrasted and confirmed using simulated and experimental CV, validating that this process is an electro-
chemical catalyzed reaction. 
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