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Abstract:  

Electrochemical organic synthesis has attracted increasing attentions 

from both scientific and industrial communities as a sustainable and 

versatile synthetic platform. Quantitative assessment of the electro-

organic reactions, including reaction thermodynamics, interfacial 

kinetics and coupled chemical processes, highlights the uniqueness 

of electro-synthesis and can lead to the development of analytical tool 

to guide their future design. Here we study the thermodynamics, 

electro-kinetics and performance (yield) of electro-organic reactions 

with different mechanisms, and conclude that electrochemical 

parameters such as onset potential, Tafel slope, and effective voltage 

can be utilized as multi electro-descriptors for the evaluation of 

reaction conditions and the prediction of corresponding reactivities 

(reaction yields). An “electro-descriptor-diagram” is generated, where 

reactive and non-reactive conditions/substances show distinct 

boundary. Successful predictions for reaction outcomes have been 

demonstrated using electro-descriptor diagram, or from Machine 

Learning (ML) algorithms with experimentally-derived electro-

descriptors. This method represents a promising tool for the data-

acquisition, mechanistic clarification, reaction prediction, and high-

throughput screening of feasible substance and optimal conditions 

(solvents, electrolytes, additives and electrode materials) for general 

organic electro-synthesis.  

Introduction 

Since Faraday’s pioneering work using current to drive 

nonspontaneous reactions[1], electro-organic synthesis has emerged 

as a popular methodology offering advantages in synthetic 

sustainability and industrial safety, including mild reaction conditions, 

green chemical process, high selectivity, and fine control over reaction 

parameters[2]. Numerous electro-organic methodologies have been 

developed[3], enabling facile synthesis of building blocks of 

pharmaceutical molecules[4], functional materials[5] and chemical 

intermediates[6]; and are therefore of critical significance to the 

chemical and pharmaceutical industry. However, typical development 

of a new synthetic methodology requires the optimization of reaction 

conditions (voltage, solvent, additives and temperature) and calls for 

high-volume screening in search of feasible substrates[7], both are 

time consuming and potentially expensive in the industrial scenarios. 

In addition, fewer efforts have been directed to the mechanistic 

aspects of electro-organic reactions, such as interfacial electron 

transfer kinetics[5b, 8], coupling of homogenous chemical process and 

the potential development of heterogeneous electro-catalysts[9], which 

could significantly benefit the development of novel synthetic 

approaches from the fundamental perspective.  

Electro-organic research could further benefit from electrochemistry 

as an efficient tool for both quantitative analysis and mechanistic 

investigation. For example, with mature theories and experimental 

practice of Cyclic Voltammetry (CV)[10], a comprehensive 

understanding of electro-kinetics[11], including mass transportation, 

interfacial electron transfer and coupled chemical reaction[12], can be 

acquired for complicated electro-organic systems to give insights into 

the synthetic pathway that helps to optimize the reaction. There are 

reported examples utilizing electrochemical analysis such as CV to 

determine the redox potentials of different functional groups and 

investigate the reaction mechanisms[13], but it still calls for new 

strategy that further promote the correlated studies and optimization. 

In this work, we have developed a novel analytical method based on 

voltammetry for the quantitative and systematic evaluation of electro-

organic reactions, and more importantly to predict substance 

reactivities and the reaction yield under specific set of reaction 

conditions. We report three experimentally derived electro-descriptors 

from easy-to-obtain CV diagram of the electro-organic systems: onset 

potential, Tafel slope, and effective voltage, in correlation to the 

thermodynamic, electro-kinetic and experimental (empirical) aspects 

of the synthetic reaction. An “electro-descriptor diagram” is developed, 

in which all high-yield substrates and conditions form a reaction “hot 

zone” that can be clearly distinguished from non-reactive sets. This 

electro-descriptor approach successfully applies to three electro-

organic reactions with different pathways, with clear identification of 

the reactive “hot zone”, enabling accurate prediction (through either 

electro-descriptor diagram or ML algorithm) of the reaction yield from 

unknown substances, electrode materials and reaction conditions. 

The electro-descriptors represent the first experimentally derived 

descriptor system for the performance prediction of the organic 

reactions, as an alternative to the in silico structure-related descriptors. 

Overall, this method represents a promising tool for the prediction and 

screening of reactive substrates and optimized reaction conditions. 
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Figure 1| Derivation of the electro-descriptors. a. Experimental set-up for an anodic electro-organic synthesis. R (substance in its reduced 
form) is first oxidized to O (oxidized from) on the anode (through interfacial electron transfer process, E), which then reacts with X (through 
homogenous chemical reaction, C) to form target molecule OX. b. Three electro-descriptors, onset potential, Tafel slope and effective voltage, 
in correspondence to the thermodynamic, electro-kinetic and operando (empirical reaction rate) perspectives of the electro-organic systems 
respectively, are identified from the CV diagram of different substrates and reaction conditions. 

 

Results and Discussion 

Electrochemical parameters from Cyclic Voltammogram. Figure 

1b shows a representative CV curve of an anodic electro-synthetic 

system with typical reaction conditions. Three electro-descriptors, 

onset potential, Tafel slope and effective voltage are derived, 

representing three distinct yet correlated dimensions of the 

electrochemical system: thermodynamic aspect, electro-kinetics and 

empirical (in operando) parameters, respectively. For an anodic 

reaction, onset potential (Eonset) indicates the necessary potential to 

oxidize a substrate on the electrode surface: reaction with a higher 

onset potential is thermodynamically more unfavorable. Tafel slope 

serves as an electro-kinetic descriptor for the electron transfer on 

electrode. In an EC process (shown in Equation 1 and 2), Tafel slope 

measures the kinetics of the interfacial electron transfer (Equation 1). 

A large Tafel slope is correlated with a relatively sluggish kinetic of the 

interfacial electron transfer. Finally, as typical bench research often 

followed the protocol of optimizing synthetic conditions for a “model 

reaction” and consequent exploring the scope of substrates, we define 

“effective voltage (current)” that can be extracted from actual electro-

synthetic data for current (voltage) normalization to the model reaction. 

A higher effective voltage indicates that the electrolytic cell requires a 

higher driving force to reach the same operando reaction rate, which 

factors in empirical synthetic details. 

Electro-descriptor analysis of an electro-organic system. We first 

studied the phosphonylation of tetrahydroisoquinoline[15] (1) as a 

proof-of-concept reaction as it represents a common synthetic 

methodology with typical reaction mechanism. Figure 2a 

demonstrates the electro-oxidation of 1 under controlled-voltage 

electrolysis (6.6 V cell voltage), following an EEC mechanism (E 

represents heterogeneous electron transfer on electrode and C 

represents a homogenous chemical reaction). To generate the 

electro-descriptors, CV tests were conducted on 29 sets of reaction 

conditions including 17 substrates and 12 entries with different 

solvents and additives for the same model substrate[15h], as listed in 

Fig. 2b (also see Supplementary Table S1, S4 and Fig. S1). 

Voltammograms shown in Fig. 2c and 2d depict CV characteristics of 

typical reactive and non-reactive electro-organic systems. A clear 

distinction can be observed in onset potential (Eonset) of the reactive 

and nonreactive ones (Fig. 2c). Entry 1-2 has an Eonset (1.76 V vs. 

Ag/AgCl) that is much higher than Entry 1-4 (1.20 V vs. Ag/AgCl), 

which indicates that the oxidation of Entry 1-2 is thermodynamically 

unfavorable. From an electro-kinetic perspective, we also noticed that 

Tafel slopes of all the reactive systems demonstrate an optimal range 

from 0.4 V/dec to 0.7 V/dec, in distinct contrast to the non-reactive 

substrates (Fig. 2b), indicating the apparent existence of an ideal 

electro-kinetics to achieve desired products in electro-organic 

synthesis. A large Tafel slope observed in certain substrate suggests 

a sluggish kinetics that is unfavourable to its oxidation. On the other 

hand, a small Tafel slope showing fast oxidation kinetics, although 

favouring the production of R and its following reaction, is not always 

good as it might indicate the occurrence of side reactions (e.g., 

oxidation of aryl ring rather than amine) with distinct kinetics. From a 

quick assessment on these electrochemical parameters, the distinct 

features for optimal Eonset and Tafel slope indicate that one simple 

descriptor is not sufficient enough to evaluate the reactivity of an 

electro-organic system. 
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Figure 2| Electro-descriptor diagram of the EEC reaction. a. Schematic illustration of the electro-oxidation of tetrahydroisoquinoline (1). The 
quinoline substances went through a two-step electron transfer processes (EE) followed by the reaction with phosphates (C), and the first 
electron transfer is the rate determining step. b. The reaction yield and electro-descriptors of different substrates under same reaction condition 
optimized for model reaction with 1, different reaction conditions were also screened for model reaction (see Supplementary Table 1). c. CV of 
Entry 1-2 and Entry 1-4 demonstrating the importance of onset potential (Eonset): the nonreactive species have a higher onset potential. d. CV 
of Entry 1-30 and Entry 1-33 showing that despite close Eonset, the nonreactive entries (Entry 1-30) have a high effective voltage and a low 
reaction rate. e. The 3-D electro-descriptor diagram built with three electro-descriptors. A reactive zone is observed, with obvious boundary 
between reactive and nonreactive substances. f, g. 2-D electro-descriptor diagram, Onset potential—Tafel slope diagram (f) and Effective 
voltage—Tafel slope diagram (g) both show distinct reactive and non-reactive areas defined by reaction conditions with different yields, reaction 
yields are quantified by different color in the diagram (color bar on the right). 

Effective voltage (or current) is defined as the voltage (current) 

needed to achieve the same operando current (voltage) as to the 

model reactions in a constant potential (current) scenario, which 

serves as a normalization to the model reaction. In some cases, 

effective voltage (see Fig. S2) leads to similar conclusions as onset 

potential, which is not surprising given that thermodynamically 

favorable reactions often show high overall charge transfer rate (i.e., 

high faradaic current) under operando conditions. However, in some 

cases where Eonset is feeble to discriminate reactivity (see Fig. 2d), 

effective voltage could well distinguish the operando reaction rate 

difference. We later demonstrate that effective voltage offers 

independent evaluation to certain reactions where Eonset and Tafel 

slope are difficult to offer ideal distinction in the performance analysis, 

while effective voltage (current) factors in actual experimental details 

and serves as an effective empirical descriptor. 

Construction of multi electro-descriptor diagram. With all three 

electro-descriptors derived from the voltammogram of each electro-

organic system (with specific substances and reaction conditions, see 

Fig. 2b and Fig. S4), they were then placed into the three coordinates 

system to provide a 3D “electro-descriptor diagram”. As shown in Fig. 

2e, all reactive substances show a clear boundary with non-reactive 

ones, leading to a distinct reactive “hot zone”, indicating that for high 

yield reaction systems, these corresponding descriptors all fall into an 

optimal range. This apparent observation in the form of a diagram 

provides a convenient and potentially powerful tool to predict the 

0.3 0.6 0.9 1.2 1.5 1.8

1.2

1.6

2.0

2.4

2.8
E

ff
e

c
ti
v
e

 V
o

lt
a

g
e

(V
 v

s
. 
A

g
/A

g
C

l)

Tafel Slope (V/dec)

0.0

0.11

0.22

0.33

0.45

0.56

0.67

0.78

0.89

Yield

Entry1-5

Entry 1-17

0.89

Reactive

Nonreactive
Trace

0.3 0.6 0.9 1.2 1.5 1.8
0

1

2

3

4

5

6

O
n

s
e

t 
P

o
te

n
ti
a

l 
(V

 v
s
. 
A

g
/A

g
C

l)

Tafel Slope (V/dec)

0.0

0.11

0.22

0.33

0.45

0.56

0.67

0.78

0.89

Reactive

Nonreactive
Trace

Yield

Entry1-5

Entry1-17

a b

d

e f

0 1 2 3 4 5
-200

0

200

400

600

800

1000

1200

E (V vs. Ag/AgCl)

I 
(

A
/c

m
2
)

Eonset2

 Entry1-2

 Entry1-4

Yield: 0

Yield: 80%

Eonset1

g

0 1 2 3

-50

0

50

100

150

200  Entry 1-30

 Entry 1-33

E (V vs. Ag/AgCl)

I 
(

A
/c

m
2
)

Yield: 0

Yield: 64%

Eeffective=2.59 V

irxn Eeffective=1.64 V

c

Different P source

55%

38%

Eonset

Eeffective

Tafel slope

Eonset

Eeffective

Tafel slope

Eonset

Eeffective

Tafel slope

Entry1-1 76% Entry1-2 0% Entry1-3 0% Entry1-4 80% Entry1-6 89%

Entry1-7 53% Entry1-9 67% Entry1-10 35% Entry1-12 21%

Entry1-15 30%

Entry1-5 0%

Entry1-8 0%

Entry1-13 0% Entry1-14 0% Entry1-17 0%

Entry1-11 trace

Entry1-16 trace

1.26
1.63
0.66

1.83 0.84

0.50
1.96

0.27

1.03 1.58
1.20

0.59

1.11
1.50
0.70

1.28
1.96
0.63

1.24
1.48

0.43

1.29 1.34

0.41

1.52

0.51

2.00 1.55
1.26

0.47

2.25
2.60

1.19

1.33
1.86

0.46

0.85
1.14
0.28

0.86 1.68

0.23
1.11

0.85
2.35 1.42

1.35

0.45

1.84
3.00
0.65

10.1002/anie.202014072

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

4 

 

reactivity of a target electro-organic reaction just by acquiring the 

voltammogram. Previously, single value of onset potential (or the 

apparent current increase) extracted from CV has been generally 

employed for reactivity evaluation in the electro-organic synthesis[16]. 

Our results reveal that data analysis with multi-dimensional electro-

descriptors provide more accuracy for the reactivity prediction based 

on different fundamental perspectives. The 3D electro-descriptor 

diagram can further break down to two 2D diagrams, as shown in Figs. 

2f and 2g, with additional color representation of reaction yield for 

more convenient visualization. Clear boundaries were first noted, 

defined by the most “out-bound”, typically “non-reactive” points in the 

diagram (shown as white points in Figs. 2f and 2g). The reaction “hot 

zone” can still be easily concluded from the 2D electro-descriptor 

diagram (Figs. 2f and 2g), where all the reactive substrates and 

conditions fall into an optimal 2D area. Reactive point that lies in the 

hot zone typically has a higher yield. The shape of reaction hot zone 

in Fig. 2f indicates that the combination of two electro-descriptors 

(each represents kinetic and thermodynamic aspects), can be visually 

more effective to evaluate the reactivity of the system.  

In addition, a linear correlation between Tafel slopes and onset 

potentials (as indicated by white arrows in Fig. 2f) was observed. This 

correlation indicates an interesting principle in this electro-organic 

system: a more thermodynamically favorable reaction, to a certain 

extent, relates to a faster electro-kinetic process. Although this is not 

theoretically necessary in electrochemical synthesis, the possible 

underlying correlation between electro-kinetic and thermodynamic 

parameters, most likely appears in systems where the first charge 

transfer process on electrode surface is the sore rate-determine step, 

raises up a question whether their combination is sufficient to 

evaluate/predict electro-organic reactions with varying conditions. We 

later demonstrate that for different reaction mechanisms, 

thermodynamic, electro-kinetic, and overall reaction rate do not 

always have strict correlations. In Fig. 2f, we did notice that the 

reactive points are crowded near the edge of the “hot zone”, which 

might bring uncertainty when used for prediction in unknown tests. 

Moreover, some nonreactive points (such as Entry 1-5 and Entry 1-

17, labeled in Fig. 2f) are located too close to the reactive ones, 

indicating the inefficiency using Eonset and Tafel slope to predict the 

reaction yield in certain “abnormal” cases. 

For bench-top synthesis, it is relevant to measure and compare the 

actual reaction rate (operando current) to give the most accurate yield 

prediction. To this end, we introduce an empirical descriptor — 

effective voltage, which is derived from operando current 

normalization, to assess the rate of substrate’s conversion (if no side 

reaction). Fig. 2d demonstrates the effective voltage of two entries 

with similar Eonset, Entry 1-33 (reactive, 1.64 V vs. Ag/AgCl) and Entry 

1-30 (nonreactive, 2.59 V vs. Ag/AgCl), revealing its role in 

discriminating reactive and non-reactive systems. It can be easily 

rationalized that the reaction rate of non-reactive Entry 1-30 is slow. 

The introduction of effective voltage successfully addresses the 

abnormality issues with the Eonset—Tafel slope combination in this 

reaction system (Fig. 2f). With Effective voltage—Tafel slope diagram 

(Fig. 2g), a better defined reactive hot zone is observed for 

phosphonylation of unprotected secondary amine, and “non-reactive” 

points (such as Entry 1-5 & 1-17) can be better separated. Therefore, 

the combination of Tafel slope and effective voltage can better serve 

as the two electro-descriptor system for reactivity evaluation and 

prediction in this case.  

Despite the clear separation of “non-reactive” substance/conditions 

(with zero yield of desired product) from “reactive” ones, it is also 

informative from a synthetic perspective to distinguish whether the 

“non-reactive” substance was electrochemically inert or was 

converted in a different pathway to give side products. To this end, 

crude product analysis was conducted for the typical “non-reactive” 

entries (see Supplementary Unreactive entry product analysis 

Section). Interestingly, the difference between “zero conversion” and 

“side reaction” can be reflected in the electro-descriptor diagram. For 

“0 yield” Entry 1-3, 1-13 and 1-14, product analysis show that the aryl 

rings in these substances were actually oxidized, rather than the 

intended oxidation of amine. As shown in Fig. 2f and 2g (for more 

detailed demonstrations in diagram, see Fig. S6), these batches 

appear in the bottom-left corner in electro-descriptor-diagrams, due to 

the significant small Tafel slopes. It is reasonable to conclude that 

such overly fast electro-kinetics indicate an alternative reaction 

pathway that leads to unintended side products. On the other hand, 

for “0 yield” Entry 1-11 and 1-17, most starting materials remain intact. 

Correspondingly, their position in the electro-descriptor diagram is 

located more to the top right corner, as a result of relatively large Tafel 

slope or effective voltage (see Fig. S6, effective voltages are more 

efficient to separate these points as their corresponding CV currents 

are small). For these two scenarios, their distinctive characteristics in 

the electro-descriptor diagram further demonstrate the application of 

this analytical approach to evaluate different reaction pathways for 

reactions without intended product. Additionally, for other cases such 

as Entry 1-2, 1-5 and 1-20, we also observed the oxidation of starting 

materials. These batches correspond to the cases where the electro-

kinetics of side reactions is similar to the desired reactions, which 

require other electro-descriptors in addition to Tafel slope (onset 

potential for Entry 1-2 and effective voltage for Entry 1-5 and 1-20) for 

predictive accuracy. Overall, the product analysis of the “unreacted” 

trials in System 1 provides interesting information regarding the 

reaction pathways, with complementary perspectives that extend the 

analysis/prediction using this electro-descriptors system. 
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Figure 3| Electro-descriptor diagram of the ECEC reaction. a. A reported case of electrochemical oxidation and following aziridination of 
alkenes. The reaction undergoes an ECEC mechanism and the first electron transfer is the rate determining step. b. The electro-descriptor 
diagram is built using three electro-descriptors, showing a reactive hot zone with a distinct boundary. c. Onset potential—Tafel slope diagram 
shows a reactive zone where the high yield points are at the center of the reactive zone. The reactive substrates tend to have smaller Tafel 
slopes. d. Effective voltage—Tafel slope diagram also shows a reactive zone and high-yield points are close to the center. Nonreactive substrate 
generally has a higher effective voltage which indicates slow reaction rate in constant voltage electrolysis.

Electro-descriptor diagram for ECEC and catalytic EC reactions. 

We further applied this electro-descriptor tool to investigate the 

electrochemical aziridination of alkene[17], which is useful protocol to 

synthesize aziridines for pharmaceutical use[18] and functional 

materials[19]. The reaction undergoes an ECEC mechanism as shown 

in Figure 3a. CV tests were conducted at the reaction conditions 

reported in the reference[5b], and three electro-descriptors were 

derived from CV diagrams. As shown in Fig. 3b, even more distinct 

reactive hot zone can be observed in its 3D electro-descriptor diagram. 

Fig 3c shows relatively more diverging correlation between the Eonset 

and Tafel slope, indicating that even though certain nonreactive points 

are thermodynamically favorable for the reaction, they demonstrate 

no reactivity (or poor selectivity) due to a sluggish electron-kinetics. In 

comparison, a relatively stronger correlation between Tafel slope and 

effective voltage is observed in Fig. 3d. For similar reasons, we 

attribute the correlation to that the heterogeneous electron transfer is 

the rate determining step for this specific reaction. In the dual-

descriptor diagram (Figs. 3c and 3d), it can also be concluded that 

Tafel slope along is sufficient enough to discriminate the reactivity of 

different substrates and conditions (in distinction to System 1). This 

result sheds further light on the mechanism of the electrochemical 

aziridination of alkene: the interfacial electron transfer is the rate 

determining step, the following chemical reaction and the second 

electron transfer proceeds at a much faster rate, so Tafel slope 

appears to be the dominating electro-kinetic descriptor in this reaction. 

 

0.0 0.2 0.4 0.6 0.8 1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

Trace

0.73

0.47

0.83
0.89
0.82
0.57

0.44

0

0
0

Tafel Slope (V/dec)

0.0

0.12

0.23

0.35

0.46

0.58

0.69

0.81

0.92

Yield

Reactive

NonreactiveE
ff
e
c
ti
v
e

 V
o
lt
a
g
e

 (
V

 v
s
. 
A

g
/A

g
C

l)

0.49
0.83

0

0

0

0.0 0.2 0.4 0.6 0.8 1.0

1.2

1.4

1.6

1.8

2.0

2.2

Trace

0.86
0.92

0.71

0.83
0.82

0.89
0.73

0.44

0.83

0

0

0

0

0

Tafel Slope (V/dec)

0.0

0.12

0.23

0.35

0.46

0.58

0.69

0.81

0.92

Yield

Reactive

NonreactiveO
n
s
e
t 
P

o
te

n
ti
a
l 
(V

 v
s
. 
A

g
/A

g
C

l)

0

a b

c d

10.1002/anie.202014072

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

6 

 

 

Figure 4| Electro-descriptor diagram of the EC reaction. a. Electrochemical dehydrogenation of N‑Heterocycles utilizing organic electro-

catalyst as reported. The reaction undergoes an EC mechanism: mediator 5 is oxidized on the electrode (E) and then diffuses back to the 
solution to dehydrate substance 4 (C). b. The electro-descriptor diagram of this EC reaction shows that efficient electro-catalysts form a reactive 
zone; medium electro-catalysts are close to the reactive zone and nonreactive points are far away from the reactive area. c. Onset potential—
Tafel slope diagram shows that reactive points have a narrow distribution in onset potential. d. The distribution of reactive and non-reactive 
points shows less regularity in Effective voltage—Tafel slope diagram for this mediator mechanism. 

In addition to the direct electrolysis, a large number of electro-organic 

synthesis have been conducted in an indirect fashion, with the 

addition of organic mediator to reduce the barrier for interfacial charge 

transfer[20]. A better understanding of their electro-kinetics helps to sift 

out effective mediators under different conditions. Lei and co-workers 

reported an electrochemical dehydrogenation of N-Heterocycles 

utilizing TEMPO as electro-catalyst under constant current condition, 

following a typical EC mechanism (Figure 4a)[21]. CV tests were run to 

10 sets of electro-catalysts and conditions reported in the reference 

work[21]. A hot zone is also observed in the 3D electro-descriptor 

diagram, with trace yield points at the periphery and nonreactive 

points in a distant area (Fig. 4b). A band-like reactive hot zone in 

Eonset—Tafel slope diagram (Fig. 4c), where all reactive points fall into 

a narrow range of onset potential but a wide range of Tafel slope, 

shows a significantly distinct reaction kinetics and mechanism (in 

comparison to Fig. 2f and Fig. 3c). It reveals that for the electro-

organic reactions catalyzed by a redox mediator, the thermodynamic 

effect dominates the overall progress. Once the first reactive barrier 

of the mediator is satisfied, the reaction proceeds well with different 

electrode kinetics. We also noticed that one point with a low effective 

voltage and low Eonset is nonreactive. An overly fast electro-kinetics 

might indicate side reactions such as destruction/coupling of mediator, 

leading to the loss of its catalytic activity. It should be noted that this 

electro-organic reaction is performed under constant current mode 

instead of constant voltage mode. While it does not significantly alter 

the result of Eonset—Tafel slope diagram, the distribution of reactive 

points is irregular in Effective voltage—Tafel slope diagram (Fig. 4d). 

In a galvanostatic electrolysis, the overall reaction rate is leveled to 

the same, thus effective voltage has no strong correlation with the 

reaction yield. The different observations from the electro-descriptor 

diagram call for a more systematic evaluation of the reactivity from 

both constant voltage and galvanostatic modes, when developing a 

new electro-organic methodology. 
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Figure 5| Electro-descriptors for machine learning and visualized (diagram) prediction of the reaction performance. a. Machine learning 
(ML) analysis using decision tree algorithm to predict the yield of electro-phosphonylation of secondary amine (System 1). A training set of 
amines/conditions were randomly chosen to predict the performance of the test set. b. Observed versus predicted plots for System 1 (decision 
tree algorithm) and System 2 (k-nearest neighbor algorithm). Leave-one-out approach is applied to evaluate the performance of ML model, all 
predicted values are shown in the plot. As observed/predicted yields for non-reactive entries have the same value at (0, 0), uniform random 
noise with a size of 4.5 is added to the data (using a python library seaborn) to slightly separate them for better visualization. c. The activity 
diagram using three variables derived from Principle Component Analysis (PCA), in which red balls represent the reactive (yield ≥ 20%) entries 
while blue balls represent the nonreactive entries. d. Prediction of the reaction yields from different substances (both quinolines and phosphates 
in this bimolecular reaction) using pre-established electro-descriptors (effective voltage—Tafel slope) diagram for System 1. e. Prediction of the 
reaction yields from different substances and additives using pre-established electro-descriptors (onset potential—Tafel slope) diagram for 
System 2. f. Prediction of the reaction yields from different electrode materials using pre-established electro-descriptors (onset potential—Tafel 
slope) diagram for System 3. The actual yields (determined from bulk electro-synthesis) in d-f are listed on the side (white points represent zero 
yield reactions), which match well to the predictions from their positions in the electro-descriptor diagram. The most reactive points are listed 
for visual reference. 

Machine learning and visualized prediction of synthetic 

performance using electro-descriptors. Machine learning (ML) 

methodologies are becoming effective in the design of synthetic route 

for various chemicals or in the prediction of product of a given 

reaction[14b, 22]. However, due to the complex multidimensionality in an 

organic synthesis, it is more challenging to efficiently generate enough 

data for the employment of ML in reaction performance prediction[23]. 

Doyle and co-workers has recently applied ML with atomic, molecular 

and vibrational descriptors to enable yield predictions for Pd-catalyzed 

C-N cross-coupling[23a]. The electro-descriptors defined in this work 

contain thermodynamic, kinetic and operando information, and 

therefore could serve as a group of natural descriptors for ML 

applications in electro-organic synthesis, with potential compatibility 

to the high-throughput analytical technologies. We have utilized 

different ML algorithms (see Methods) to predict the performance of 

reactions (yield) using electro-descriptors as input (combined with 

typical structural descriptors) in the phosphonylation of secondary 
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amines (System 1) and aziridination of alkenes (System 2). CUR 

decomposition[24] was used to construct uniformly-spaced training set, 

in order to guarantee that the training sets are evenly spread over the 

range of yields/conditions for more accurate ML prediction (see 

Methods for detail). In each case, 60% of data were used as training 

set to predict the yield in the remaining 40% test set, as shown in 

Figure 5a (System 1). The predictive accuracies with different ML 

algorithms were evaluated and the k-nearest neighbor algorithm was 

found to provide better performance over random forest, gradient tree 

boosting, linear regression and decisoin tree algorithms. The best 

results are shown in Fig. S8a (R=0.85, RMSE=17.08) for System 1 

and Fig. S8b (R=0.98, RMSE=7.34) for System 2. In order to avoid 

overfitting as the size of dataset is relatively small, the performances 

of ML models were further evaluated with the leave-one-out approach 

(see Table S11 and corresponding discussions). The decision tree 

algorithm shows the best performance for System 1, whereas the k-

nearest neighbor algorithm performs best for System 2. This 

difference is presumably due to the larger feature dimension in 

System 1 than in System 2, and k-nearest neighbor algorithm is more 

suitable with low dimensional situation. Moreover, both k-nearest 

neighbor and decision tree method are relatively insensitive to 

collinearity (see Table S8 and S9). The best results are shown in Fig. 

5b (R = 0.77, RMSE = 18.82 for System 1 and R = 0.97, RMSE = 

10.16 for System 2). The relative importance of the electro-descriptors 

was also evaluated with the random forest algorithm[23a], results are 

shown in Fig. S9 and Table S10 (with corresponding discussions). 

Overall, these results indicate that our electro-descriptors can be 

successfully applied for ML prediction of the reaction performance in 

a given electro-organic synthesis. 

To further confirm the correlations between electro-descriptors and 

the necessity of multi-descriptor system, Principal Component 

Analysis (PCA)[25] was performed to the three electro-descriptors with 

additional electrochemical and structural characteristics used in ML 

model (see Methods and Table S4-S7). Principal component’s 

composition reveals that all three electro-descriptors are crucial in 

discriminating reactivities of electro-organic reactions, and Pearson 

coefficient shows that there is no self-correlation among the reduced 

components. It is worth noticing that with successfully reduced 

correlation from PCA, the visualized separation of different reaction 

yields (Fig. 5c) is less obvious compared to the electro-descriptor-

diagram (Fig. 2e). This result indicates the uniqueness of electro-

descriptors in the evaluation of reactivities. Despite partial correlations, 

the thermodynamic, electro-kinetic, and operando aspect they each 

represents fundamentally determines the outcome of an electro-

organic reaction under any given set of reaction conditions. Through 

accumulation of reaction data points, advanced computational 

methods can be potentially incorporated to help spot reaction hot zone 

and discriminate reactivity more efficiently through ML. 

In principle, ML algorithms often require large volume of training sets 

for optimized precision, which is challenging for typical time-

consuming bench-top reactions such as organic synthesis (recent 

advances in microreactors and high-throughput experimentation also 

offer tremendous potentials). With easy-to-obtain experimental 

electro-descriptors and the reactivity diagram, we further conducted 

visualized prediction using the electro-descriptor diagram as an 

alternative approach to the ML prediction. As shown in Fig. 5d, with 

pre-established electro-descriptor diagram (Fig. 2g), the reaction yield 

from newly tested substances in System 1 can be accurately 

predicted according to their positions in the different reactivity zones 

in diagram. Excitingly, different quinolines and phosphates were both 

tested as unknown substances, and results showed that the electro-

descriptor diagram can efficiently predict the performance from either 

reactant in a bimolecular reaction. In addition, this approach also 

works well in System 2 (used for yield prediction of new substances 

and new additives) and System 3 (used for yield prediction of new 

electrode materials) with pre-established electro-descriptor diagrams, 

results are shown in Fig. 5e and 5f. Other pre-established electro-

descriptor diagrams of system 1-3 are listed in Fig. S11 for reference. 

These successful yield predictions from different reaction variables 

demonstrate that the electro-descriptor diagram can serve as an 

alternative, effective and general tool for the prediction of outcomes 

in any electro-organic synthesis with given set of substances and 

reaction conditions. 

Conclusion 

In summary, we have identified and defined three electrochemical 

parameters, representing thermodynamic, kinetic and operando 

aspects, as multi electro-descriptors for electro-organic reactions. 

Electro-descriptor diagram with clear reactive hot zone has been 

developed, which can serve as an effective and powerful tool to 

evaluate and predict the outcome of a given electro-organic system. 

The electro-descriptor diagram applies to three electro-organic 

reactions with distinct mechanisms and provide different mechanistic 

insights. With electro-descriptors, successful predictions of reaction 

yields have been demonstrated with ML algorithms or direct visual 

prediction from electro-descriptor diagram. Such analysis and 

prediction could help avoid the vast expenses of time and resource 

using typical trial-and-error approach in the development of novel 

synthetic methods. We expect that with potential integration to the 

high-throughput experimentation and fast voltammetry to trace 

samplings, this electro-descriptor system will prove to be a universal 

and efficient tool for high-throughput screening of substances and 

optimization of conditions in future investigations. 
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For typical electro-organic synthetic systems, three electro-descriptors, onset potential (Eonset), Tafel slope and effective voltage 

(Eeffective) are identified from CV diagram to characterize thermodynamic, electro-kinetic and empirical aspects of a given electro-organic 

reaction, providing an effective and powerful tool for machine learning or direct visual prediction of the reaction yield. 
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