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Controlling the reactivity of enol ether radical cations via the 
substitution pattern: Investigation into electrochemically induced 
Diels-Alder reactions
Haruka Morizumi,a Yanan Han,b Olga S. Bokareva,b,c Robert Francke,*,b Yoshikazu Kitano,a Yohei 
Okada*,a

Enol ether radical cations are interesting intermediates for various transformations, yet their lifetime can be too short to be 
harnessed for synthetic organic transformations. An additional methyl group installed in the �-position of an enol ether was 
found to efficiently control the reactivity, leading to novel electrochemically induced Diels-Alder reactions with enhanced 
flexibility in view of the substrate structure.

Introduction
Controlling reactive intermediates can lead to the discovery of 
new modes of bond formation and cleavage.1 To generate 
highly reactive species that take part in subsequent 
transformations, bench-stable substrates can be activated by 
several means, including thermal, solar, and electrical energy, 
as well as a wide variety of catalysts. Controlling the reactivity 
of the short-lived intermediate is a major challenge that must 
be overcome to achieve the desired synthetic outcome. In this 
context, organic radical cation species were found to be 
interesting starting points for various transformations.2 They 
offer unique reactivity profiles, in which radical and cation 
characteristics are merged, enabling otherwise challenging 
reactions. However, since their lifetime is often too short to be 
harnessed, creative means are required to use them as 
intermediates in useful synthetic transformations.
One of the most straightforward ways to generate radical cation 
species involves an umpolung process via single-electron 
oxidation.3 Recent advancements in utilizing light4 and electrical 
energy5 have resulted in the development of novel reactions 
that proceed via radical cation intermediates. Frequently used 
precursors are electron-rich alkenes, sometimes in conjugation 
with an arene moiety.6 In this context, we have been developing 
radical cation reactions by means of photochemical7 and 
electrochemical8 methods in LiClO4/CH3NO2 solution (Figure 1). 
Mechanistic studies suggest that electro-generated radical 
cations are particularly well stabilized in this medium.9 In 

addition to styrenes (eq. 1), aryl vinyl ethers (eq. 2), and enol 
ethers (eq. 3) were used as precursors for radical cations as 
reactive intermediates for cycloadditions (Figure 1). However, 
in all these cases, an electron-rich arene moiety, the structural 
motif we refer to as “redox tag,” is required to harness the high 
reactivity of enol ether radical cations.10
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Figure 1. Previously reported radical cation Diels-Alder-type 
cycloadditions carried out in LiClO4/CH3NO2 solution.7b,7g,13

Previously, we reported that the reactivity of alkene radical 
cations is significantly affected by slight changes in the 
substitution pattern (Figure 2, eqs. 1 and 2).11 We thus 
questioned whether an additional methyl group installed in the 
-position could control the reactivity of enol ether radical 
cations (eqs. 3 and 4). Described herein is the electrochemically 
induced Diels-Alder reaction of tri-substituted enol ethers.
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Figure 2. Effect of an additional methyl group on radical cation 
[4+2] cyclizations.

Results and Discussion
The present work began with the synthesis of tri-substituted 
enol ether 1 via a Wittig reaction of the respective ketone to 
form the model dienophile for the electrochemically induced 
Diels-Alder reaction (for details, see the Supporting 
Information). The electrolysis of 1 was carried out at a constant 
potential of 1.2 V vs. Ag/AgCl in a 1 M LiClO4/CH3NO2 electrolyte 
solution using carbon felt electrodes in the presence of 2,3-
dimethyl-1,3-butadiene (2) at room temperature. We 
anticipated that an additional methyl group installed in the -
position would be favorable with respect to the thermodynamic 
stability of the enol ether radical cation, yet kinetically 
disfavored in view of subsequent bond formation due to steric 
hindrance. The reaction proceeded smoothly to give the 
cycloadduct 3 in good yield even with a catalytic amount of 
electrical charge, suggesting that backward electron transfer 
and/or radical cation chain pathways are involved (Table 1, 
entries 1 and 2).12 Electrical charge input was found to be

LiClO4/CH3NO2

CF CF

1.2 V, 0.4 F

MeO

3

OMe

Me

Me
OMe

MeO

+

1 2

Table 1. Control experiments for the electrochemically induced 
Diels-Alder reaction of 1.

Entry
Deviation from standard 

conditionsa
Yield (%)b

1 91c (0)

2 1.0 F 81 (0)

3 No electricity 0 (99)

4 0.5 mA 85 (0)

5 nBu4NClO4 instead of LiClO4 40 (36)

6 CH3CN instead of CH3NO2 70 (0)
aAll reactions were carried out on a 0.20 mmol scale with respect to the enol ether 

1, in the presence of 2 equiv. 2,3-dimethyl-1,3-butadiene (2) in 1 M LiClO4/CH3NO2 

(20 mL) using an undivided cell under Ar at rt. bYields were determined by 1H NMR 

analysis using benzaldehyde as an internal standard. 1H NMR yields of unreacted 

starting material are reported in parentheses. cIsolated yield.

essential for the reaction (entry 3), and constant current 
conditions were also effective (entry 4). Different electrolyte 
solutions were tested, demonstrating the advantageous 
properties of LiClO4 and CH3NO2 as supporting electrolyte and 
solvent, respectively (entries 5, 6).
To our surprise, enol ether 4, which carries no activating aryl 
substituent, was also found suitable for [4 + 2] cycloaddition 
(Scheme 1, eq. 1). This is clearly different from our previous 
observations using the di-substituted enol ether 6, where a 
methoxy group installed in the para position of the arene was 
essential for successful conversion (eq. 2).13
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Scheme 1. Electrochemically induced Diels-Alder reactions of 
enol ethers.

With these results in hand, a mechanistic picture can now be 
drawn for the reactions of the enol ethers (Figure 3). First, 
anodic oxidation leads to the formation of radical cations, which 
spontaneously undergo [4 + 2] cyclization with the diene. In the 
cases of the di-substituted enol ether substrates 6 and 7, 
positive charge and spin density are accommodated by the 
redox tag, whereas a relatively stable cyclohexene radical cation 
is obtained upon conversion of tri-substituted enol ethers 1 and 
4. After cycloaddition, the positive charge is passed to another 
substrate molecule (chain process) or returned to the anode 
(backward electron transfer), resulting in sub-stoichiometric 
charge consumption. Using cyclic voltammetry, it was 
confirmed that the redox potential of the product is more 
positive than the redox potential of the substrate (see the 
supporting information), a precondition for both the chain 
process and the backward electron transfer.15

The triggering of redox-neutral conversions by electric charge 
observed herein has been used occasionally in other 
applications (e.g., molecular rearrangements and ArSN 
reactions). The corresponding reactions have been named as 
“electrocatalyzed”14 or “electrochemically catalyzed”.15 In the 
present case, it appears plausible that the additional methyl 
group installed in the -position of the enol ether stabilizes the 
cyclohexene radical cation and thus eliminates the need for 
stabilization by redox tags.
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Figure 3. Plausible mechanisms that explain the different 
reactivity profiles of di- and tri-substituted enol ethers.

To probe the mechanisms shown in Figure 3, quantum chemical 
calculations were performed. Geometry optimization of all 
intermediates was carried out at the ωB97X-D3 level of theory16 
with the def2-TZVP basis set17 using the CPCM model to account 
for solvent effects.18 All Gibbs free energies calculated for 
substrates, intermediates, and products are summarized in the 
Supporting Information. Two pathways were calculated starting 
from the E- and the Z-forms of the enol ethers, leading to the 
trans- and the cis-products, respectively.‡ The energies of the E-
enol ether substrates 4, 6, and 7 were found to be 0.16, 0.02, 
and 0.16 kcal mol-1 lower than the corresponding Z-
configurations, respectively. The profiles are shown exemplary 
for the E-pathway, while the profiles for the Z-pathway are 
summarized in Figure S2.
The calculations demonstrate that the cycloaddition step is 
thermodynamically favorable along all computed pathways. 
The relative Gibbs free energies suggest that in the reactions of 
4 and 7, the final reduction step releases more energy than is 
consumed by the initial oxidation step (|∆𝐺0

𝑟𝑒𝑑| > |∆𝐺0
𝑜𝑥|, see 

Table 2), which is a prerequisite for a spontaneous chain process 
or a backward electron transfer as mentioned before.15 In 
contrast, for substrate 6, the opposite trend is observed 
(|∆𝐺0

𝑟𝑒𝑑| < |∆𝐺0
𝑜𝑥|). This computational finding aligns with 

experimental results, where products 5 and 9 are obtained in 
65% and 49% yield, respectively, whereas product 8 is not 
formed (0% yield). A closer look at the energy profiles reveals 
that the β-methyl group in 4 causes a particularly strong 
stabilization of the corresponding radical cation and thereby 
smaller ∆𝐺0

𝑜𝑥 values compared to 6 and 7. This results in a more 
pronounced redox energy gap (|∆𝐺0

𝑜𝑥| ― |∆𝐺0
𝑟𝑒𝑑|, see Table 2), 

which is equivalent to additional driving force for the chain 
process and backward electron transfer, respectively.

Figure 4. A) Gibbs free energy profile for the conversion of the 
E-enol ethers 4, 6, and 7. B) Spin density distributions for the 
trans configurations of radical cations of 5•+ and 9•+ (contour 
value = 0.016).

Table 2. Redox energy gaps (|∆𝐺0
𝑜𝑥| ― |∆𝐺0

𝑟𝑒𝑑|) for the studied 
radical cation [4+2] cyclizations.

Substrate Product
Redox energy gap

[kcal mol-1]

E-4 trans-5 -4.04

Z-4 cis-5 -5.23

E-6 trans-8 1.96

Z-6 cis-8 1.64

E-7 trans-9 -0.22

Z-7 cis-9 -1.55

To understand the role of aromatic moieties during the 
transformations, it is worth comparing the spin density maps of 
intermediates 5•+, 8•+ and 9•+. In line with the plausible 
mechanism in Figure 2, all configurations of 5•+ and 8•+ display 
a spin density that is primarily localized in the C=C double-
bonded region of the cyclohexene moiety (see exemplary for 
trans-5•+ in Figure 4B – all spin density plots are shown in Figure 
S3). Although both substrates contain an aryl group, which 
could potentially contribute to electron delocalization, the 
relatively low spin density observed on the benzene ring 
suggests that its stabilizing effect on the cycloadduct radical 
cation is negligible. However, in 9•+, the presence of a strongly 
electron-donating methoxy group facilitates spin density 
delocalization onto the aromatic ring (Figure 4B and Figure S3),
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indicating that the latter plays a crucial role in the conversion of 
7 → 9.
We anticipated that the advantageous impact of the β-methyl 
group would significantly broaden the scope of the reaction, 
since an electron-rich arene moiety, the “redox tag,” is not 
required. Indeed, a wide variety of tri-substituted enol ethers 
was successfully converted under the standard conditions 
(Scheme 2). Both arene-containing 10-15 and arene-free 16-20 
enol ethers were compatible with the protocol, including 
substrates 18-20 that carry one or two sterically demanding 
tertiary β-alkyl groups. However, conversion of enol ethers that 
are directly conjugated with aryl substituents 21-23 was not 
successful, suggesting that the reactivity of the resulting styrene 
radical cations was different. Furthermore, the diphenyl methyl 
group 24 was incompatible with the method, probably due to 
the easily oxidizable benzylic position. Electrolysis of the 
estrone-derived enol ether 25 was also unproductive.

Conclusions
In conclusion, we have demonstrated that an additional methyl 
group installed in the -position of an enol ether can control its 
radical cation reactivity, leading to the development of novel 
electrochemically induced Diels-Alder reactions with a broad 
scope. The results presented herein highlight the unique 
reactivity of tri-substituted enol ether radical cations, enabling 
electrochemically induced [4 + 2] cyclizations of redox tag-free 
substrates, thereby upgrading their synthetic utility as reactive 
intermediates. A plausible explanation for the observed 
behavior is that the additional -substituent enhances the 
stability of the enol ether radical cation, which was confirmed 

by quantum chemical calculations. These calculations also show 
that the redox energy for the oxidation step becomes smaller 
relative to the one for reduction (|∆𝐺0

𝑟𝑒𝑑| > |∆𝐺0
𝑜𝑥|, resulting in 

additional driving force for the radical cation chain 
process/backward electron transfer. Although our 
computational results provide essential insights into the 
reaction mechanism, more detailed calculations in combination 
with further experiments are required for a comprehensive 
understanding. A mechanistic study on electrochemically 
induced Diels-Alder reactions of trisubstituted enol ethers is 
underway in our laboratory.
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‡ A possible rotation around the Cα-Cβ bond of the enol ether 
radical cations and thus a cross over between the E- and Z-
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step (including activation barriers), is subject of ongoing work.
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