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Electrochemistry

‘Electrochemistry relates the flow of electrons to chemical changes’ 

Image: shutterstock.com 
N. Elgrishi et. al. J. Chem. Educ. 2018, 95, 2, 197.

• last resort • non-standard • sheer desperation • lack of engineering savy • a quandry •  

tailor made • unpredictable • realm of specialists • expensive • precious metals • 

• Intimate • visceral • raw redox-chemistry • do more with less • no reagent approach •  

dial in oxidative strength • green • precisely controlled • great promise • electrosynthesis 

gives organic chemists more power • resurgence • surrogate reagent • recyclable 

electrodes • tunability •
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Electrochemistry

‘Many reactions can be accomplished using simple chemical oxidants…’

Could synthetic organic electrochemistry head into a ‘golden era of vibrant utility’?

Citation Report: 1945-2019 ‘electrochemistry‘ and ‘synthesis’. Refined by Chemistry Organic. Web of Science, 26.11.2019.
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“Each metal has a certain 

power, which is different 

from metal to metal, of 

setting the electric fluid in 

motion.”

Alessandro VoltaLuigi Galvani

“animal electric fluid”
from the muscles 

1786

“metallic electricity” 
from connection of two wires

1794-1800

+ 0.72 V per cell

Milestones in Electrochemistry

B. Dibner. Encyclopedia Britannica, 2019. Luigi Galvani and Alessandro Volta.
Image source: Electrochemistry encyclopedia, Wikipedia
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Milestones in Electrochemistry

Printed & Pub: H.R. Robinson, N.Y., Washington, D.C. 1836.
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A Timeline of Electro-Organic chemistry

“Astonishing how great the precautions that 

are needed in these delicate 

experiments. Patience. Patience.”

Michael Faraday

M. Yan et. al. Chem. Rev. 2017, 117, 13230.
Image Source: Wikipedia
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A Timeline of Electro-Organic chemistry

M. Yan et. al. Chem. Rev. 2017, 117, 13230.
Image Source: Wikipedia



8

A Timeline of Electro-Organic chemistry

This Literature Review:
Select examples to highlight key 

transformations and techniques used in 
electro-organic synthesis
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Underlying Theory

R. H. Verschueren and W. M. De Borggraeve. Molecules 2019, 24, 2122.
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Photoredox Catalysis

R. H. Verschueren and W. M. De Borggraeve. Molecules 2019, 24, 2122.
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“The Fermi Level of a solid-state 

body is the thermodynamic 

work required to add one 

electron to the body.”

Electrochemistry

R. H. Verschueren and W. M. De Borggraeve. Molecules 2019, 24, 2122.
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▪ Electron Transfer - Homogeneous

▪ Half Reactions - Within once cycle

▪ Selectivity – Catalyst choice

▪ Rate – Loading, light intensity

▪ Over reactivity – Concentration, catalyst

▪ Mild & Green & Cost

▪ Electron Transfer - Heterogeneous

▪ Half Reactions - Two distinct locations

▪ Selectivity –Tunable potential, electrode choice 

▪ Rate – Current, electrode, electrolyte

▪ Over reactivity – Total charge consumption (F/mol)

▪ Mild & Green & Cost

Photoredox Catalysis Electrochemistry

A Comparison between Photoredox Catalysis and Electrochemistry

R. H. Verschueren and W. M. De Borggraeve. Molecules 2019, 24, 2122.
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▪ Light absorption - Beer-Lambert-Bouguer Law

▪ Sacrificial redox agents

▪ Photon energy limit

▪ Solvent potential window

▪ Ohmic drop – Double layer, diffusion controlled

Photoredox Catalysis Electrochemistry

A Comparison between Photoredox Catalysis and Electrochemistry

R. H. Verschueren and W. M. De Borggraeve. Molecules 2019, 24, 2122.

Limitations



𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙
𝑜 −

𝑅𝑇

𝑛𝐹
𝑙𝑛 𝑄

∆𝐺 = −𝑛𝐹∆𝐸𝑐𝑒𝑙𝑙 < 0

∆𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑟𝑒𝑑𝑢𝑐𝑒𝑑 − 𝐸𝑜𝑥𝑖𝑑𝑖𝑠𝑒𝑑 > 0

14

Nernst Equation 

Key Equations

Image Source: Geni.
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Un-divided Cell Divided Cell

▪ Lower conversion
▪ Higher selectivity

▪ First choice (2 - 10 mA, 2 - 4 F/mol, 0.1 - 0.3 mmol)
▪ Better conversion, sometimes over-reaction

▪ Higher resistance
▪ Inconvenient
▪ Useful when product 

reacts at opposite 
electrode

▪ First choice
▪ Easy to set up

Experimental Parameters

B. A. Frontana-Uribe et. al. Green Chem., 2010, 12, 2099. 
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Supporting Electrolyte

Concentration: [0.1 – 0.5 M]
Cation: Li+ , R4N+

Anion: ClO4
- , BF4

- , triflate, halide

Solvent Potential Window

D. A. Nicewicz et. al.. Synlett, 2016, 27, 714.
T. Fuchigami et. al. Fundamentals and Applications of Organic Electrochemistry: Synthesis, Meterials and Devices, John Wiley & Sons, Oxford, 2015.

v v

Ox

Red
Red

Red

Red / Ox
Ox

benzene, toluene, hexane

Unsuitable Solvents

Experimental Parameters
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High H2 overpotential

Electrode Material

PhotoanodesElectrodes



When H2 evolution is needed
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Mg     Al     Fe     Ni     Sn     Pb     Cu     Hg     Ag      Au     Pt      Carbon-based 

Mg     Al     Fe     Sn     Pb     Hg     Carbon-based      Fe      Au      Ni      Pt 

• graphite • glassy carbon • 

boron-doped diamond (BDD) • 

reticulum vitreous carbon (RVC)

Large O2

overpotential

Large H2

overpotential

Experimental Parameters

“Electrodes are merely the surfaces or doors by which the electricity 

enters into or passes out of the substances suffering decomposition.” 

Michael Faraday, 1833

OxidationReduction

Reduction of organic compounds

Sacrificial anode (dissolve when used) Non-sacrificial anode

Low H2

overpotential

D. A. Nicewicz et. al. Synlett, 2016, 27, 714.



When H2 evolution is needed
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Mg     Al     Fe     Ni     Sn     Pb     Cu     Hg     Ag      Au     Pt      Carbon-based 

Mg     Al     Fe     Sn     Pb     Hg     Carbon-based      Fe      Au      Ni      Pt 

Reference Electrodes

Standard Hydrogen Electrode (SHE) E = 0.000 V 
Saturated Calomel Electrode (SCE) E = 0.241 V 

Cu/CuSO4 electrode (CSE) E = 0.314 V 
Ag/AgCl electrode E = 0.197 V 

Experimental Parameters

Reduction of organic compounds

Sacrificial anode (dissolve when used) Non-sacrificial anode

OxidationReduction

D. A. Nicewicz et. al. Synlett, 2016, 27, 714.

• graphite • glassy carbon • 

boron-doped diamond (BDD) • 

reticulum vitreous carbon (RVC)

Large O2

overpotential

Large H2

overpotential
Low H2

overpotential
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▪ Measure reduction potentials at a fixed current
▪ Reversible / Irreversible / Quai-reversible processes
▪ Ferrocene (Fc / Fc+ = 0.45 V) internal standard in organic solvents (MeCN)

Cyclic Voltammetry

IP
U

A
C

 C
o

n
ve

n
ti

o
n

Experimental Parameters

H. Roth et. al. Synlett., 2016, 27, 714.
N. Elgrishi et. al. J. Chem. Educ. 2018, 95, 197.

Redox Potentials
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▪ Mediators act as electron carriers
▪ Homogeneous electron transfer 

(photoredox like)
▪ Increase in reaction rate
▪ Supporting electrolyte is indispensable

▪ Low temperature generates and 
accumulates reactive species

Mediated ElectrolysisDirect Electrolysis

Cation Pool Method Electro-Generated Reagents

▪ Direct electrolysis by electrodes
▪ Heterogeneous electron transfer

Electrolysis Methods in Organic Chemistry

M. Yan et. al. Chem. Rev. 2017, 117, 13230.
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D.S.P. Cardoso et. al. Org. Process Res. Dev. 2017, 21, 1213.
.

Industrial Applications of Electrochemistry

Chlor-Alkali Industry

Aluminium
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Electrochemistry in Natural Product Synthesis
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N-N dimerization Scope

Natural Products: Case Studies

> 1.6 V 
decomp.

1.2 V 
dimerization

< 1.1 V 
low conversion

B. R. Rosen et. al. J. Am. Chem. Soc. 2014, 136, 5571.



26J. Mihelcic, K. D. Moeller. J. Am. Chem. Soc. 2004, 126, 9106

Natural Products: Case Studies

Marasmius
alliaceus



27H. Yu, Y. Zong,T. Xu. Chem. Sci., 2019, DOI: 10.1039/c9sc05252f 

Natural Products: Case Studies

Penicillium purpurogenum
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Anodic Oxidation
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Secondary oxidation to cationic intermediate
• fragmentation • rearrangement • elimination • nucleophilic addition •

Anodic Oxidation

Recent and concise summary on Kolbe processes: Angew. Chem. Int. Ed. 2018, 57, 5594.

• Kolbe

• Mixed-Kolbe

• Non-Kolbe
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Anodic Oxidation

L. Schulz, S. R. Waldvogel, Synlett, 2019, 30, 275–286

W water
P protic
DA dipolar aprotic

• Solvent effect on reactive intermediate
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Anodic Oxidation

• Sulfonyl radical
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• Sulfonyl radical

• Alkyl radical 

Anodic Oxidation
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Direct Electrolysis Mediated Electrolysis

34

• elimination • nucleophilic addition • H-atom abstraction •

34

Anodic Oxidation
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Anodic Oxidation
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Cation Pool Method
• cryogenic temperatures accumulates cationic intermediates • reduced oxidation of nucleophile • 

prevents over oxidation of product •

36

Anodic Oxidation

• Shono Oxidation

Yoshida. Chem.Rev. 2008, 108, 2265
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• lowers redox potential • prevents solvent oxidation • prevents over-oxidation• 
chemo- and regio- control •

37

Anodic Oxidation

• Shono Oxidation - electroauxilaries

H. Sun et. al. J. Am. Chem. Soc., 2006, 128, 1376



Anodic Oxidation

3838

• Related Intermediates



Anodic Oxidation

39

Requires nitroxyl mediators
• sparingly soluble in polar media • double mediatory systems • biphasic 

solvent mixture / emulsions • polymer support • electrode anchoring •

39

Selective oxidation with Pt anode

• Double Mediatory Systems



Anodic Oxidation
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• Alkoxy Radicals

• Double Mediatory Systems

Selective oxidation with Pt anode

Requires nitroxyl mediators
• sparingly soluble in polar media • double mediatory systems • biphasic 

solvent mixture / emulsions • polymer support • electrode anchoring •
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Anodic Oxidation

• inexpensive Mn catalyst • potentiostatic conditions allow high 
chemoselectitivty•

• Cycloadditions

• Cross-Metathesis

• Diazidiation
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Anodic Oxidation

• benzyl cations unstable at – 78 °C (unlike di-aryl cations) •  
cation pool prevents overoxidation •
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Anodic Oxidation

• improved yields over Cr, Rh or Se • up to 100 g 
scale • 40 examples 

• Allylic C—H 
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Anodic Oxidation

• mediator choice important •  scalable • selectivity dependent on steric 
and electronic factors •

• Allylic C—H 

• Methylene C—H 

400 tonnes of grapefruit = 1 kg

P450 enzymatic oxidation
(Oxford Biotrans) 
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Anodic Oxidation

• C—H Functionalisation

Related example H. C. Xu. ACIE, 2019, 58, 16770
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Cathodic Reduction
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• requires acidic media •

Cathodic Reduction

• TMS lowers redox 
potential•

• not reduced with Zn, Pb, Ni, Cu, Pt or C •
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• leaded bronze higher resistance to corrosion • 
racemisation & ring opening with chemical reagents •

Cathodic Reduction
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Low valent transition metal 
species as mediators

• Co(I) • Ni(I) •

49

Cathodic Reduction

Aryl Halides Alkenyl Halides
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Cathodic Reduction

• Recent highlights
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Cathodic Reduction

Electrochemically assisted Heck Reaction
• no ligand • no high temperatures • 
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Paired Electrolysis



Paired Electrolysis
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‘Choreographed electrochemical processes where two desirable half reactions are preformed simultaneously’

Two simultaneous and non-interfering half reactions

Two alternative reactions at each electrode

y



54

Paired Electrolysis

Anodically and cathodically generated intermediates react to afford the product 

Sequential oxidations and reductions
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….mostly unsuccessful…
generation of a ‘chiral double- layer’

Asymmetric Electrochemical Catalysis

Q. Lin et. al. Chem. Eur. J. 2019, 25, 10033.
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Asymmetric Electrochemical Catalysis

Q. Lin et. al. Chem. Eur. J. 2019, 25, 10033.
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Asymmetric Electrochemical Catalysis

Q. Lin et. al. Chem. Eur. J. 2019, 25, 10033.
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Photo-Electrochemistry

J. P. Barham and B. Konig. ACIE, 2019, DOI: 10.1002/anie.201913767

Electron exchange as the common point
• boarder redox window • selectivity • sacrificial oxidant/reductant free 

• ‘redox energy top-up’ •

‘Cross-pollination between toolboxes’ …. ‘The dawn of a new alliance’
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Photo-Electrochemistry

J. P. Barham and B. Konig. ACIE, 2019, DOI: 10.1002/anie.201913767

‘Cross-pollination between toolboxes’ …. ‘The dawn of a new alliance’
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Photo-Electrochemistry

J. P. Barham and B. Konig. ACIE, 2019, DOI: 10.1002/anie.201913767

‘Cross-pollination between toolboxes’ …. ‘The dawn of a new alliance’
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Photo-Electrochemistry: TAC2+•

TD-DFT Crystal structure of TAC radical dication
• piperidine α-H orthogonal to TAC π-system protected 

from deprotonation / abstraction •

ACIE, 2019, 58, 13318
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Photoelectrodes

•  One electrode is coated with a photoresposive material • ‘visible 
light to offset high applied electrode potentials’

J. P. Barham and B. Konig. ACIE, 2019, DOI: 10.1002/anie.201913767
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Summary & Conclusion

Theory

“ Electricity is really just organised lightning.”

George Carlin
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