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Abstract

Hydrazine is an important industrial chemical and fuel that has attracted considerable attention for 

use in liquid fuel cells. Ideally, hydrazine could be prepared via direct oxidative coupling of 

ammonia, but thermodynamic and kinetic factors limit the viability of this approach. The present 

study evaluates three different electrochemical strategies for the oxidative homocoupling of 

benzophenone imine, a readily accessible ammonia surrogate. Hydrolysis of the resulting 

benzophenone azine affords hydrazine and benzophenone, with the latter amenable to recycling. 

The three different electrochemical N–N coupling methods include (1) a proton-coupled electron-

transfer process promoted by a phosphate base, (2) an iodine-mediated reaction involving 

intermediate N–I bond formation, and (3) a copper-catalyzed N–N coupling process. Analysis of 

the thermodynamic efficiencies for these electrochemical imine-to-azine oxidation reactions 

reveals low overpotentials (η) for the copper and iodine mediated processes (390 and 470 mV, 

respectively), but a much higher value for the proton-coupled pathway (η ~ 1.6 V). A similar 

approach is used to assess molecular electrocatalytic methods for electrochemical oxidation of 

ammonia to dinitrogen.
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Introduction

Nitrogen-based fuels represent compelling carbon-free alternatives to conventional fossil 

fuels for energy production. Ammonia (NH3) is an especially appealing energy carrier owing 

to its high energy density and established commercial sources of production and distribution 

networks.1–4 These considerations have led to the growing interest in electrocatalytic 

strategies for ammonia oxidation to dinitrogen (N2) in an effort to support improved 

performance of ammonia-based fuel cells.5–7 Hydrazine is a complementary fuel that has 

even higher energy density than ammonia,8 and it exhibits excellent performance in 

chemical and electrochemical power generation.9,10 While these merits are partially offset 

by its toxicity and safety hazards, hydrazine-based fuel cells employing non-precious metal 

electrocatalysts have already been demonstrated in electric vehicles.11,12 The appeal of 

hydrazine would be further improved if it could be synthesized efficiently on an as-needed 

basis. The (electro)catalytic oxidative coupling of ammonia represents an ideal target, but 

suitable methods do not exist. Dehydrogenative N–N coupling of ammonia into hydrazine is 

very unfavorable (ΔG° = +44 kcal/mol13,14,15) and would require the use of a strong oxidant 

or a suitable electrode potential to promote the reaction. But, any catalyst capable of 

promoting ammonia-to-hydrazine conversion will inevitably promote the highly favorable 

dehydrogenation of hydrazine to dinitrogen (ΔG° = −36 kcal/mol13,15,16). A complementary 

thermodynamic perspective is provided by the standard potentials for these reactions in 

aqueous solution (Figure 1A).17,18 The values show that dehydrogenation of hydrazine is 

1.3–1.5 V more favorable than N–N coupling of ammonia to hydrazine, with the specific 

value depending on the protonation states of the different species at different pH. Consistent 

with these insights, molecular catalysts that have been reported for electrochemical ammonia 

oxidation in recent years generate dinitrogen as the N–N coupled product, including those 

proposed to proceed via hydrazine intermediates.19–26

The considerations outlined above demonstrate that alternative strategies are needed for 

electrochemical synthesis of hydrazine, and relevant insights come from industrial 

chemistry. Some of the most important industrial processes employ ketones as recyclable 

‘protecting groups’,27 wherein condensation of ammonia with a ketone affords a primary 
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imine as an ammonia surrogate with only one N–H bond. Oxidative coupling of the imine 

affords the N–N-coupled ketazine, and subsequent hydrolysis affords hydrazine and 

regenerates the ketone. These precedents suggested that an analogous electrochemical 

method could be developed, leading to a selective N–N coupling method that avoids 

overoxidation of hydrazine. The Hayashi process,28,29,30 which employs benzophenone as 

the ketone protecting group and has been used to generate hydrazine via the three-step 

sequence shown in Figure 1B, provided the platform for the present investigation of 

electrocatalytic N–N bond formation. The focal point of this process is the copper-catalyzed 

aerobic oxidative N–N coupling of benzophenone imine to afford the corresponding azine. 

The condensation and hydrolysis steps have also been thoroughly studied.31 Herein, we 

demonstrate three different approaches to achieve electrochemical oxidative N–N coupling 

of benzophenone imine (Figure 1C): (1) a proton-coupled electron-transfer process 

promoted by a phosphate base, (2) an iodine-mediated reaction involving intermediate N–I 

bond formation, and (3) a copper-catalyzed N–N coupling process, resembling the key 

sequence involved in the Hayashi process. To our knowledge, these results represent the first 

formal electrocatalytic synthesis of hydrazine from ammonia. The electrochemical data for 

each of these processes are then analyzed to determine thermodynamic efficiency for the 

different approaches, and the effective overpotentials are compared to other molecular 

catalyst systems that have been reported for electrochemical oxidation of ammonia.

Results and Discussion

Electrolysis Methods for Oxidative Coupling of Benzophenone Imine.

4,4’-Difluorobenzophenone imine (1) was selected as the substrate for the oxidative 

coupling studies as it allows straightforward analysis of the reactions by 19F NMR 

spectroscopy. In a preliminary test, the bulk electrolysis of 1 was evaluated in acetonitrile 

under constant current conditions, with nBu4NPF6 as supporting electrolyte, graphite rod as 

working electrode (anode) and platinum wire as counter electrode (cathode). Only trace 

amounts of the desired N–N-coupled azine product 2 was observed, together with a mixture 

of unidentified side products. It was expected that 1 could undergo proton-coupled oxidation 

at the anode to generate an N-centered radical (Figure 2A), but the substrate imine is the 

only species capable of serving as the proton acceptor under the initial conditions. The poor 

product yield and high anode potential observed under these conditions (cf. Figure 2B) 

prompted us to test various Brønsted bases in an effort to facilitate proton-coupled electron 

transfer (PCET) at the electrode. The bases included 2,4,6-collidine, 2,6-lutidine, 

carboxylates and phosphate (Figure 2C). No product was detected with carboxylates as the 

base, while moderate-to-low product yields were observed with 2,4,6-collidine (35%) and 

2,6-lutidine (10%). Significantly improved results were obtained with dibutyl phosphate, 

[MeBu3N][OP(O)(OBu)2], as the base, and optimization of the reaction conditions led to an 

84% yield of the desired azine product (Figure 2C, entry 7; see Table S1 of the Supporting 

Information for full optimization data). The beneficial effect of the phosphate base is evident 

in the cyclic voltammograms (CVs), which show a significant decrease in the anode 

potential when the imine and phosphate base are combined. The onset potential drops from 

1.2 V (vs Fc+/Fc) with the imine alone to ~ 0.8 V upon addition of dibutyl phosphate (Figure 

2B).
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Historical precedent for N–N coupling of iminyl reagents promoted by stoichiometric 

iodine32–34 raised the possibility of an electrochemical process for azine synthesis from 

benzophenone imine, using iodine as an electrocatalytic mediator.35 CV studies of iodide 

showed two distinct redox features, corresponding to the I− → I3
− and I3

− → I2 redox 

processes.36 Addition of 1 to this mixture led to a distinct increase in current at the second 

oxidation feature, suggesting that 1 reacts with iodine (but not I3
−) on the CV time scale. For 

example, the reaction of 1 with I2 is expected to generate an N-iodo imine species,37 and the 

resulting iodide by-product can undergo oxidation at the electrode and lead to the observed 

current increase (Figure 3B). Initial attempts to perform bulk electrolysis with 

tetrabutylammonium iodide (TBAI) as the mediator in acetonitrile resulted in only trace 

product formation (Figure 3C, entry 1; see Table S2 of the Supporting Information for full 

optimization data). Inclusion of 8 equiv of MeOH under the conditions, however, increased 

the yield to 38% (Figure 3C, entry 2). The use of trifluoroethanol (TFE) or 

hexafluoroisopropanol (HFIP) instead of methanol led to inferior results (33% and 19% 

yield, respectively (Figure 3C, entries 3–4). Methanol and other alcohols are postulated to 

serve as proton donors that facilitate H2 formation at the cathode, and the resulting alkoxide 

co-products may then diffuse into the bulk solution where they can serve as bases to promote 

formation of the N-iodo imine and azine formation (cf. “B” in Figure 3A).38 Bromide and 

chloride-based mediators showed no formation of the desired azine product, even while 

leading to significant conversion of starting material (Figure 3C, entry 6–7). KI exhibited 

even better performance than TBAI, and use of 10 mol % KI with 12 equiv of MeOH led to 

an 86% yield of the desired azine (Figure 3C, entry 10).

The Hayashi process28,29 and other recent reports39,40 demonstrate that copper catalysts 

mediate the oxidative homocoupling of imines under aerobic conditions. Mechanistic studies 

have shown that CuII promotes efficient N–N coupling even in the absence of O2 

(stoichiometrically), raising the possibility that Cu salts could serve as effective mediators 

for electrochemical N–N coupling (Figure 4A). CV analysis of [Cu(CH3CN)4]PF6 in the 

presence and absence of imine substrate 1 revealed that the presence of 1 substantially 

shifted the CuII/I redox potential. Moreover, the redox features became irreversible together 

with a current increase upon addition of 1, implicating the possibility of electrocatalytic 

turnover (Figure 4B). Pyridine is an effective ligand in aerobic Cu-catalyzed N–N coupling 

reactions,39,40 and also proved to be beneficial to bulk electrolysis reactions by ensuring that 

the imine substrate is not the sole ligand available for the Cu catalyst. Electrolysis of 1 in the 

presence of [Cu(CH3CN)4]PF6 and pyridine led to a low yield of the azine product (15%, 

Figure 4C, entry 1). Evaluation of various anionic Brønsted bases (e.g., K3PO4, K2CO3, or 

NaHCO3), however, revealed that substantially improved results could be obtained with 

bicarbonate (86%, Figure 4C, entry 4; see Table S3 of the Supporting Information for 

details).

Analysis of Overpotentials for the Different Electrochemical N–N Coupling Processes

The above results highlight three independent strategies for electrochemical oxidative N–N 

coupling of benzophenone imine, and good yields of the azine were obtained in each case. 

Nonetheless, each of the reactions was optimized independently to maximize the yield, and 

the different conditions and experimental parameters make it difficult to compare their 
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relative performance. One important metric that arises from the potential utility of hydrazine 

as an energy carrier is the overpotential associated with each reaction, which corresponds to 

the difference between the anode potential needed to support electrochemical N–N coupling 

and the thermodynamic potential for the reaction under the different reaction conditions.

Several recent reports have outlined an effective protocol for evaluating overpotentials for 

electrochemical reactions in non-aqueous solutions.17,41,42 The foundation of this approach 

is determination of the H+/H2 open-circuit potential (OCP) under catalytic reaction 

conditions that employ buffered electrolytes. (Acid/base buffering is essential to establish a 

stable thermodynamic reference.) The H+/H2 OCP may be used together with (i) the 

standard aqueous cell potentials for the reactions of interest and (ii) the free energies 

associated with the transfer of molecules from water to organic solvent to obtain 

thermodynamic potentials in the organic medium. Miller and coworkers recently employed 

this approach to obtain the free energies and thermodynamic potentials for the equilibria of 

N2 with NH3 and with N2H4 in acetonitrile (Scheme 1A and 1B).17 These equations may be 

used to derive the equilibrium potential for NH3 and N2H4 (Scheme 1C), and a similar 

approach was used to obtain thermodynamic potentials for N2/hydrazinium/ammonium 

equilibria, relevant to the analysis below (cf. Scheme S2).43 The involvement of protons in 

each of these reactions lead to a Nernstian dependence of the thermodynamic potential on 

the pKa of the acid.

Full analysis for the catalytic reactions presented above required determination of the 

thermodynamic potentials for the 2e−/2H+ oxidative coupling of imine 1 to azine 2 and the 

free energy for azine ammonolysis. The latter was estimated from DFT calculations: ΔG
°ammonolysis = 14.4 kcal/mol (Scheme 1D; B3LYP, 6–311+G(2d,p) basis set, see section 8 of 

the Supporting Information for details). Then, the sum of the reactions in Scheme 1C and 1D 

yields the azine/imine equilibrium free energy and thermodynamic potential (Scheme 1E).

The thermodynamic data for the azine/imine equilibrium and the previously reported data17 

enabled creation of a Pourbaix-type diagram that correlates thermodynamic potentials of the 

relevant redox reactions with the electrolyte pKa (Figure 5). Each of the lines exhibits a 

change in slope where the protonation state of the substrate and/or product results in a 

change in the e−/H+ ratio for the overall reaction. For example, the azine/imine potential, 

which lies between the N2H4/NH3 and N2/NH3 redox couples, exhibits a change in slope at 

the pKa of the iminium ion (pKa = 13.3).

This diagram enables straightforward assessment of the thermodynamic efficiency of the 

three electrochemical imine coupling methods presented above. CV studies were performed 

in buffered electrolytes with different pKa values at room temperature (i.e., somewhat 

different conditions from those shown in Figures 2–4), and E1/2 values were obtained from 

anodic waves (see Tables S4–S6 of the Supporting Information). The redox potentials 

observed for PCET-mediated N–N coupling exhibits an approximately Nernstian slope of 50 

mV/pKa unit, consistent with a one electron-one proton transfer pathway (Figure 5, green 

squares). The applied potential is >1.5 V above the thermodynamic azine/imine potential, 

indicating a very large overpotential for this pathway. The I2/I3
− and CuII/I redox couples are 

unaffected by the electrolyte pKa because their potential-determining steps do not involve 
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protons. In addition, these processes occur at potentials much lower than that of the PCET 

process (Figure 5, red triangles and purple diamonds, respectively). For example, at a pKa of 

13.3, corresponding to the pKa of the iminium species 1H+,44 the overpotentials for each of 

the three reactions are 1.6 V (PCET, Figure 2), 0.47 V (I2/I3
−, Figure 3) and 0.39 V (CuII/I, 

Figure 3), respectively.

The high overpotential associated with the PCET pathway is attributed to generation of a 

high-energy iminyl radical prior to N–N coupling. Although the presence of a Brønsted base 

supports a PCET pathway, allowing the process to proceed at a lower potential than in the 

absence of added base, the applied potential is still much higher than the reactions catalyzed 

by I2 and CuII. The mechanisms with I2 and CuII avoid high-energy intermediates by 

bonding/coordination of iminyl intermediates to iodine and copper.32,36,40

The data in Figure 5 show that the potentials for the I2/I3
− and CuII/I processes approach the 

thermodynamic potential for oxidation of NH4
+ to N2H5

+ at pKa = 13.3. This observation 

suggests the possibility of electrochemical oxidation of NH4
+ with these catalysts; however, 

I2 reacts with ammonia to generate the explosive compound NI3,45 while CuII forms Cu/

ammine complexes with much lower redox potentials that will be incapable of generating 

N2H4 or N2H5
+.46 Moreover, the direct formation of hydrazine as a product will likely result 

in rapid oxidation of hydrazine to N2, which is favoured by >1.25 V (cf. Figure 1A). These 

considerations highlight the strategic benefit of using benzophenone imine as an ammonia 

surrogate as it supports formation of a single N–N bond and allows the process to proceed at 

a potential that preserves much of the energy stored in hydrazine.

Comparison with Other Molecular Electrocatalysts for Oxidative N–N Coupling

As noted in the Introduction, a number of transition metal complexes have been identified as 

catalysts for ammonia oxidation to N2.21–26 Meyer and coworkers demonstrated 

stoichiometric oxidation of Ru-polypyridyl ammine complexes into metal-imido and/or 

metal nitride species that lead to N–N coupling and release of N2.19,20 This work provided 

the basis for the first molecular electrocatalysts for NH3 oxidation to N2. In 2019, Hamann 

and Smith showed that the mononuclear Ru complex [(tpy)(dmabpy)RuII(NH3)](PF6)2 (tpy 

= 2,2’:6’,2”-terpyridine; dmabpy = 4,4’-bis(dimethylamino)-2,2’-bipyridine) is an effective 

electrocatalyst in THF.21 Independently, Nishibayashi and Sakata demonstrated catalytic 

NH3 oxidation with a mononuclear Ru complex (bpy-dicarboxylate)RuL2 (bpy-

dicarboxylate = 2,2’-bipyridyl-6,6’-dicarboxylate, L = isoquinoline) in acetonitrile.24 

Although the majority of studies were conducted with a triarylaminium-based oxidant, CV 

studies provided evidence for electrocatalysis. More recently, Warren26 and Peters23 

demonstrated iron-based catalysts for electrochemical ammonia oxidation in acetonitrile. 

Peters and co-workers used an FeII(TPA) complex, [FeII(TPA)(NH3)2](OTf)2, [TPA = tris(2-

pyridylmethyl)amine], as the catalyst, while Warren and coworkers showed that ferrocene 

(Fc) is an effective electrocatalyst. Each of these catalytic reactions showed exquisite 

formation of N2 as the N–N coupling product, consistent with the much higher reactivity of 

N2H4 (and N2H2), relative to NH3, if they are formed as intermediates.

Analysis of the overpotential has not been rigorously addressed in these reactions, in part, 

due to the lack of buffered reaction conditions24,26 or the absence of a suitable 
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thermodynamic references.21 Nonetheless, reasonable estimates may be obtained by 

employing an analysis similar to that described above. In order to estimate the overpotential 

for the Ru catalyst system reported by Hamann and Smith, the H+/H2 OCP was measured in 

THF under the reported conditions (0.20 M NH4PF6, 0.34 M NH3 in THF; see section 9 in 

the Supporting Information for details).21 The resulting value, −0.86 V vs. Fc+/Fc, was then 

used to determine the thermodynamic N2/NH3 potential (−0.81 V vs. Fc+/Fc), and the 

difference between this value and the applied electrolysis potential (0.20 V vs. Fc+/Fc) 

reveals an effective overpotential of ~ 1.0 V. The other three catalyst systems were used in 

acetonitrile, allowing literature data17 to be used to estimate the N2/NH3 potential; however, 

only the Fe(TPA)-catalyzed reaction was conducted in buffered electrolyte (i.e., with both 

NH4
+ and NH3 present).23 In this case, the catalytic onset potential of 0.70 V vs. Fc+/Fc 

may be compared to N2/NH3 potential of −0.94 V in acetonitrile at the NH4
+/NH3 

electrolyte pKa of 16.5 (cf. Figure 5) to obtain an estimated overpotential of ~1.6 V. The 

analysis is more complicated for the other two reactions due to the lack of buffered 

electrolyte.24,26 Nevertheless, overpotentials of 0.94 and 1.1 V vs. Fc+/Fc are estimated for 

the ammonia oxidation reactions catalyzed by ferrocene and (bpy-dicarboxylate)RuL2 by 

assuming an electrolyte pKa of 16.5.

In spite of the approximate nature of the overpotential estimates for the ammonia oxidation 

catalysts, the values represent relevant benchmarks for consideration in future studies,47 and 

they also provide relevant points for comparison with the imine oxidative coupling methods 

described here. The PCET-based N–N coupling method mediated by a Brønsted base 

exhibits an overpotential of 1.6 V, which is as large or larger than that observed for the 

ammonia oxidation reactions. In contrast, the I2 and Cu-catalyzed methods feature a 

comparatively low overpotential, presumably reflecting their ability to stabilize reactive 

intermediates (i.e., an iminyl radical). Future progress toward lower overpotential ammonia 

oxidation will presumably arise from application of similar concepts, for example, 

identifying catalysts that can stabilize relatively high-energy intermediates such as 

hydrazine- and/or azine-derived species.

The I2 and Cu-catalyzed methods for oxidative N–N coupling of imines operate at potentials 

1.03 V and 0.95 V, respectively, above the thermodynamic N2/NH3 potentials. The similarity 

between these values and the overpotentials associated with the ammonia oxidation catalysts 

in Table 1 is probably not a coincidence and may be rationalized by the need for each of 

these processes to access a similarly reactive species capable of forming an N–N bond. The 

lower overpotential in the present system reflects its ability to stop at a high energy azine 

product without cascading further to the lower energy N2 product.

Conclusion

In this study, we have demonstrated three complementary methods to achieve 

electrochemical N–N coupling of benzophenone imine. Use of the imine as an ammonia 

surrogate ensures that the reaction stops at formation of a single N–N bond, avoiding the 

kinetically facile and thermodynamically favorable oxidation of hydrazine to dinitrogen that 

would occur in reactions that use ammonia as a feedstock. By leveraging known processes in 

the chemical industry, these results establish a formal strategy for electrochemical synthesis 
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of hydrazine from ammonia. Analysis of the overpotentials for the three different processes 

shows that the Cu-catalyzed reaction exhibits good thermodynamic efficiency, establishing 

an important foundation for development of improved catalysts and potential consideration 

of methods for practical implementation of the concepts described herein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. (Electrochemical) Oxidative N–N bond formation.
A: Thermodynamic potentials of N2/N2H4/NH3 interconversion in aqueous media; B: The 

Hayashi process for hydrazine synthesis from ammonia; C: Our electrochemical approaches 

for formal hydrazine synthesis from ammonia via catalytic N–N bond formation.
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Figure 2. Base-Promoted Electrochemical Dehydrogenative Homocoupling of 1.
A: Oxidative imine coupling by direct electrolysis; B: Optimization of a base-promoted 

electrochemical imine coupling. aYields were determined by 19F NMR analysis with α,α,α-

trifluorotoluene as internal standard.
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Figure 3. Iodide-Mediated Electrochemical Dehydrogenative Homocoupling of 1.
A: A hypothesis for iodide-mediated imine coupling; B: Cyclic voltammetry of iodide w/wo 

imine, conditions: 2.5 mM nBu4NI in CH3CN (10 mL) with KPF6 (0.1 M) as supporting 

electrolyte, with glassy carbon as working electrode (~ 7.0 mm2) and a platinum wire (1.0 

cm, spiral wire) as counter electrode, scan rate = 20 mV/s; C: Optimization of an iodide-

mediated electrochemical imine coupling. aYields were determined by 19F NMR analysis 

with α,α,α-trifluorotoluene as internal standard; bConsumed charge is 2.2 F/mol; cWith 12 

equiv of MeOH as additive.
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Figure 4. Copper-Mediated Electrochemical Dehydrogenative Homocoupling of 1.
A: A hypothesis for copper-mediated imine coupling; B: Cyclic voltammetry of 

[Cu(CH3CN)4]PF6 w/wo imine, conditions: 5 mM [Cu(CH3CN)4]PF6 in CH3CN (10 mL) 

with nBu4NPF6 (0.1 M) as supporting electrolyte, with glassy carbon as working electrode 

(~ 7.0 mm2) and a platinum wire (1.0 cm, spiral wire) as counter electrode, scan rate = 20 

mV/s; C: Optimization of a copper-mediated electrochemical imine coupling. aYields were 

determined by 19F NMR analysis with α,α,α-trifluorotoluene as internal standard; bUse of 

[Cu(CH3CN)4]PF6 (10 mol%) as mediator.
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Figure 5. Pourbaix-type diagram for azine (2)/benzophenone imine (1), N2/NH3/N2H4 species, 
and redox potentials for the three electrochemical processes for azine synthesis.
Potentials for processes (gray lines) involving N2 can be found in ref. 17. The blue line is the 

thermodynamics of azine 2 and imine 1 equilibrium. Green squares correspond to the PCET 

potentials with different buffer solutions: 5 mM 1 in CH3CN (10 mL) with nBu4NPF6 (0.1 

M). Red triangles correspond to I 2/I3
− potentials with different buffer solutions: 5 mM 

nBu4NI in CH3CN (10 mL) with 50 mM 1 and nBu4NPF6 (0.1 M). Purple diamonds 

correspond to the relevant CuII/I potentials with different buffer solutions: 5 mM 

[Cu(CH3CN)4]PF6 in CH3CN (10 mL) with 100 mM 1 and nBu4NPF6 (0.1 M). All the CV 

studies were performed with glassy carbon as working electrode (~ 7.0 mm2) and a platinum 

wire (1.0 cm, spiral wire) as counter electrode, scan rate = 20 mV/s.
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Scheme 1. 
Thermodynamics of Interconversion of N2/N2H4/NH3 and Azine/Imine in MeCN
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Table 1.

Overpotential Comparison of Molecular Electrocatalysts for N–N Coupling.

2NH3 6e− + 6H+ + N2

Electrocatalyst/Mediator Solvent E° (N2/NH3) (V)
a
@/pKa=16.5 CV/Electrolysis Potential (V)

a ƞ(V) Ref.

[(trpy)(dmabpy)RuII (NH3)](PF6)2 TDF −0.81 0.20 1.0 21

[(bpy-dicarboxylate)RuL2] CH3CN −0.94 0.20 1.1 24

Ferrocene CH3CN −0.94 0 0.94 26

[FeII (TPA)(NH3)2](OTf)2 CH3CN −0.94 0.7 1.6 23

2lmine 2e− + 2H+ + Azine

Electrocatalyst/Mediator Solvent
E° (Azine/Imine)

(V)
a
 @pKa=13.3 CV/Electrolysis Potential (V)

a ƞ(V) Ref.

Base/PCET
b CH3CN −0.19 1.45 1.6

this workIodide CH3CN −0.19 0.28 0.47

[Cu(CH3CN)PF6 CH3CN −0.19 0.20 0.39

a
Potentials are reported vs. Fc+/Fc.

b
At pKa = 13.3, the imine substrate is the Brønsted base that promotes the PCET initiated N–N coupling reaction.
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