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Abstract: We describe the first electrochemical activation of
D–A cyclopropanes and D–A cyclobutanes leading after
C(sp3)@C(sp3) cleavage to the formation of highly reactive
radical cations. This concept is utilized to formally insert
molecular oxygen after direct or DDQ-assisted anodic oxida-
tion of the strained carbocycles, delivering b- and g-hydroxy
ketones and 1,2-dioxanes electrocatalytically. Furthermore,
insights into the mechanism of the oxidative process, obtained
experimentally and by additional quantum-chemical calcula-
tions are presented. The synthetic potential of the reaction
products is demonstrated by diverse derivatizations.

Introduction

Donor–acceptor (D–A) cyclopropanes are strained[1] C3-
synthons that are valuable building blocks for synthetic
organic chemistry. The vicinal substitution pattern of donor
and acceptor substituents markedly increases the reactivity of
these special cyclopropanes,[2] leading to facile C(sp3)@C(sp3)
cleavage. Dating back to the late 1970s, when the versatile
reactivity of these readily available carbocycles was first
reported by Wenkert and Reissig,[3] D–A cyclopropanes have
been widely used for a variety of organic transformations.[4]

Over this span of four decades elegant methods for the
activation of D–A cyclopropanes have been developed,

paving the way for the formal generation of highly reactive
intermediates by C(sp3)@C(sp3) cleavage. Of all reported
approaches, Lewis acid catalysis is the most frequently used
concept (Scheme 1 A).[5] By coordination of the acceptor
moiety to a Lewis acid the polarization of the vicinally
substituted C@C bond increases, allowing D–A cyclopropanes
to take part in reactions in their formal zwitterionic form.
Utilization of such 1,3-dipoles has led to multiple (3++n)-
cycloadditions,[6] rearrangements[7] and ring-opening reac-
tions.[8] Another activation mode reported by Sparr and
Gilmour[9] employed chiral iminium/enamine catalysis to
react cyclopropyl carbaldehydes to 1,3-dichlorides enantiose-
lectively (Scheme 1B).[10] This organocatalytic strategy allows
the functionalization of a 1,3-dipole concomitantly by electro-
philic and nucleophilic chlorine sources. In contrast to this
method, our group has developed a radical approach for the
1,3-dichlorination of D–A cyclopropanes.[11] This concept
makes use of a homolytic cleavage of the polarized C@C
bond, leading to a radical intermediate that reacts further
with chlorine radicals derived from iodobenzene dichloride
(Scheme 1C). Encouraged by these previously described
activation modes and earlier work by Buriez on the ring-
opening of aminocyclopropanes via Shono-type anodic oxi-

Scheme 1. Overview of known strategies A)–C) for the activation of
D–A cyclopropanes and D) our alternative electrochemical approach.
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dations,[12] we became interested in the electrochemical
activation of D–A cyclopropanes by single electron transfer
(SET) initiation (Scheme 1D). According to the hypothesis,
the single electron oxidation or reduction would result in the
formation either of radical cationic or anionic species, both of
which are unexplored reactive intermediates of D–A cyclo-
propanes. Considering the fact that synthetic electrochemistry
is experiencing a renaissance steered by environmental and
synthetic challenges,[13] an electroactivation of D–A cyclo-
propanes is highly desired. Herein, we report the electro-
catalytic opening of D–A cyclopropanes by anodic oxidation
(see Scheme 1D top, a reductive pathway has not yet been
realized), provide experimental and theoretically corrobo-
rated mechanistic insights and apply this concept to 1,3-
bisfunctionalization with triplet oxygen.

Results and Discussion

Our initial investigations of the anodic activation started
with simple cyclic voltammetry experiments on various D–A
cyclopropanes 1. The cyclic voltammograms of compounds
bearing electron-neutral (1a, 1 f, Figure 1) and more electron-
rich (1d, 1j) arene donors gave clear indications of an
irreversible redox process. Furthermore, the cyclopropanes
followed the expected trend showing decreased oxidation
potentials (from E1/2 = 1.67 V for 1 f to E1/2 = 1.37 V for 1 j, vs.
Fc/Fc+ in HFIP) with increased electron richness.[14] Based on
these results, the activation of such compounds to their radical
cations by direct electrolysis at an anode is very likely. In
order to establish a model reaction for this concept, we
decided to use triplet oxygen as a reaction partner because of
its abundance, cheapness and diradical character,[15] which
leads to reactions with both radical cations and radical
anions.[16]

Our screening for the electrochemical incorporation of
molecular oxygen started with the search for conditions that
allow selective oxidation of the model substrate 1a. For that
purpose we decided to use the IKA ElectraSyn 2.0 apparatus
and chose hexafluoroisopropanol (HFIP) as solvent, since it
had been reported to be an excellent medium for electro-
chemical conversions by stabilizing redox intermediates.[17]

When electrolyzing 1a at a constant potential of + 2.40 V at
glassy carbon electrodes in an undivided cell, we obtained b-
hydroxy ketone 2a in a yield of 88 % (Table 1, entry 1A). This

provided evidence that a C(sp3)@C(sp3) cleavage in cyclo-
propane 1 a took place and that oxygen is a reasonable
reaction partner for the model reaction. Efforts to use redox
mediators such as DDQ (entry 2A) or CoTPP (entry 3A)
only afforded traces of 2a. Additionally, HFIP was found to
be essential since other solvents such as MeCN or 2,2,2-
trifluoroethanol (TFE; entries 4A and 5A) led to poor
reactivity. If the current was switched off (entry 6A), no
conversion of the starting material 1a was observed. Whereas
cyclopropanes 1d and 1 f were also successfully converted
under standard conditions A, we encountered problems when
applying these conditions to the electron-rich cyclopropane 1j
(entry 1B). We assume that the anodic oxidation in HFIP
would favor the formation of the radical cation at the oxygen
of the para-methoxy substituent by stabilizing interactions,[18]

causing the cyclopropyl moiety to stay intact. While screening
other solvents, the highest formation of the desired product 2j
using potentiostatic conditions was found to take place in

Figure 1. Cyclic voltammograms of D–A cyclopropanes 1a, 1d, 1 f and
1 j recorded in HFIP (solid line) and MeCN (dashed lines); NBu4BF4

(0.02 m) as electrolyte.

Table 1: Reaction optimizations.

Entry Deviation from standard conditions A Yield 2a [%][a]

1A none 88
2A DDQ (100 mol%) at +1.30 V[b] traces
3A CoTPP (2.5 mol%) at + 2.00 V traces
4A MeCN as solvent n.d.
5A TFE as solvent traces
6A no current n.d.

Entry Deviation from standard conditions B Yield 2 j [%][a]

1B standard conditions A n.d.
2B no mediator at +2.40 V 45
3B none 60
4B DDQ (25 mol%) 47
5B no mediator at +1.30 V n.d.
6B no current n.d.
7B CoTPP (2.5 mol%) at +2.00 V 79

All reactions were stirred at rt, overnight and performed on scales of
150 mmol. No reference electrode was used to set the cell voltage.
[a] Isolated yields, traces indicate minor conversion detected. [b] Per-
formed in MeCN and HFIP, delivering traces of product 2a in both
reactions only. n.d.= not detected; GC = glassy carbon; DDQ= 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone; CoTPP= cobalt(II) tetraphenyl-
porphyrin; TBA = tetra-n-butyl ammonium.
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aprotic MeCN albeit in a comparatively poor yield of 45%
(entry 2B). A higher yield of 60 % was obtained when using
DDQ (entry 3B, standard conditions B) as a redox modulator
at a constant potential of + 1.30 V. Substoichiometric
amounts of DDQ (entry 4B) led to lower yields, but gave
evidence of DDQ acting catalytically. Potentiostatic electro-
lysis without a mediator (entry 5B, U =+ 1.30 V) or perform-
ing the reaction without current (entry 6B) left the starting
material unchanged and confirmed that DDQ catalyzes the
reaction only when current is applied. An even better yield
was obtained when more expensive CoTPP was used for
redox modulation (79%, entry 7B).

With optimized conditions in hand, we investigated the
scope of the electrochemical insertion of oxygen by testing
a variety of cyclopropanes under direct electrolysis conditions
(Scheme 2, standard conditions A). Methyl substitution at the
ortho-, meta- and para-positions of the aromatic donor led to
the formation of the desired products 2b–d in very good
yields (81–85%). para-Halogenated compounds also deliv-
ered the b-hydroxy ketones 2 e–g in high yields ranging from
80–86%. When modifying the acceptor groups, the ethyl ester
derivative 2h (85 %) was obtained. Additionally, we success-
fully scaled up the reaction with model substrate 1a (to
3.08 mmol, 83 %) and confirmed the structure of the product

2a by X-ray diffraction analysis. Next, we examined electron-
rich aromatic donors under indirect electrolysis conditions.
Applying conditions B (DDQ, MeCN) afforded the thio-
phene-containing product 2 i (60 %). For naphthyl 2 k (42 %,
conditions C) and biphenyl 2 l (61%) donors, DDQ modu-
lation in HFIP facilitated selective product formation. In
addition, the para-acetoxy substituted product 2m was
isolated in 51 % yield. While efforts to convert 2 k–m by
direct electrolysis led to complex product mixtures, no
conversion was observed under conditions B.

Since D–A cyclobutanes have been reported to show
similar reactivity to D–A cyclopropanes,[19] we wished to
establish whether 4-membered ring systems would also be
converted when subjected to our established protocol. The
direct electrolysis in HFIP of D–A cyclobutane 3a (Scheme 3)

bearing a phenyl donor proceeded smoothly to give the 1,2-
dioxane 4a in an excellent yield of 99 %. Further investiga-
tions on ortho-, meta- and para-methyl-substituted starting
materials 3 b–d also led to the respective dioxanes (4b–d : 75–
86%). In addition, reactions with para-halogenated com-
pounds afforded the desired products 4e–g in good yields
ranging from 68–74%. We were surprised that cyclobutanes
led to cyclic products while cyclopropanes converted to open-
chain molecules and therefore tested the feasibility of trans-
forming 1,2-dioxanes 4 into their acyclic isomers 5. This was
indeed achieved under basic conditions using NEt3, enabling
the formation of g-hydroxy ketones 5a–g in up to quantitative
yields via a Kornblum-DeLaMare rearrangement.[20] The
formation of 1,2-dioxanes 4 and g-hydroxy ketones 5 was
proved by X-ray crystallography of 4 f and 5a.

Scheme 2. Scope of the electrosynthesis of b-hydroxy ketones 2. [a]
Yield when constant current electrolysis I = 10 mA was applied. Con-
ditions A = standard conditions A: cyclopropane (150 mmol), TBABF4

(0.02 m), HFIP (3 mL), O2-atm., GC/GC, U = + 2.40 V, rt; Conditions
B =standard conditions B: cyclopropane (150 mmol, 1.0 equiv.), DDQ
(1.0 equiv.), TBABF4 (0.02 m), MeCN (6 mL), O2-atm., GC/GC,
U = + 1.30 V, rt; Conditions C: cyclopropane (150 mmol, 1.0 equiv.),
DDQ (1.0 equiv.), TBABF4 (0.02 m), HFIP (3 mL), O2-atm., GC/GC,
U = + 1.30 V, rt. No reference electrode was used to set the cell
voltage.

Scheme 3. Scope of the electrosynthesis of 1,2-dioxanes 4 and g-
hydroxy ketones 5. [a] Yield for an one-pot approach from 3 to 5. No
reference electrode was used to set the cell voltage.
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Based on a variety of mechanistic experiments and
theoretical calculations, we propose the following plausible
mechanism for the formation of oxidized products from
electrochemically activated D–A cyclopropanes. Under direct
electrolysis conditions (Scheme 4) the arene in 1a is initially

oxidized at the anode, leading to radical cation II by C(sp3)@
C(sp3) cleavage of the cyclopropane moiety. Radical combi-
nation between II and triplet oxygen, followed by intra-
molecular 5-exo-trig cyclization, delivers intermediate IV.
Oxidative activation of unreacted cyclopropane molecules 1a
via chain propagation furnishes the dioxolane 6a as the final
product of the electrocatalytic process. We propose analogous
reaction intermediates bearing C4 chains for the electrosyn-
thesis of 1,2-dioxanes 4 from D–A cyclobutanes 3. Under
assumed indirect conditions, the role of DDQ is not
completely clear. Since we observed complex product mix-
tures resulting from overoxidation when applying direct
electrolysis conditions to electron-rich aryls, we assume that
DDQ modulates the redox potential of such substrates (e.g.
by p-p stacking). Hence, a direct anodic oxidation at lower
potential becomes possible, leading to more selective reac-
tions. A pathway via cathodic reduction appears to be
unlikely because of the low reducing power of anionic
DDQ species and our following mechanistic investigation.

Our mechanistic investigations started with divided cell
experiments (Scheme 5A) in order to prove the postulated
initial redox step. Conducting the reactions with 1a/1 l in both
the anodic and cathodic compartment under the previously
described conditions A and C (see Scheme 2), evidence for an
oxidative mechanism for the direct electrolysis and the DDQ-
assisted electrolysis was obtained. Furthermore, the radical
cation species II was trapped in an electrophilic aromatic
substitution reaction with toluene (Scheme 5B). The isolated
product 7 (63 %; p :o 8:1) confirms the formation of a benzyl
cation within the proposed oxidative mechanism. Reactions
with cyclopropanes 1n/o (Scheme 5C), which do not bear
aromatic donors, led to no conversion when using direct
electrolysis or the mediated strategy. These results indicate
that the anodic oxidation at the aromatic system is crucial for
success. Next, we examined the importance of the polar-
ization of the activated C(sp3)@C(sp3) bond by reacting
cyclopropanes bearing a dichloride 1p and a dinitrile 1q
acceptor moiety. Since both substrates remained unreacted,
the well-established diester motif appears to be crucial for
electrochemical ring cleavage. Additionally, when TEMPO

(2.0 equiv.) was added under standard conditions A, the
reaction was completely suppressed, suggesting that radical
species are involved. By applying charge-based constant
voltage electrolysis, we investigated the time required for the
starting material 1a/1j to fully convert (Scheme 5D, for full
data see Supporting Information). With respect to both
strategies, full conversion of the starting materials 1 a/j was
observed after providing only substoichiometric amounts
(0.3 Fmol@1) of electrons to the system. This unequivocally
proves that radical chain propagation is involved. In order to
explore the nature of the activating step (SET vs. HAT), we
synthesized deuterated D–A cyclopropanes d-1a/j (Sche-
me 5E). When converting these deuterated compounds under
corresponding reaction conditions the deuterated dioxolanes
(d-6a : 39%, d-6j : 71 %) were exclusively obtained, confirm-
ing that no initial hydrogen atom transfer (HAT) takes place.
Since DDQ is known to mediate hydrogen atom transfers[21]

Scheme 4. Mechanistic proposal for the direct anodic oxidation.

Scheme 5. Experimental investigation of the mechanistic proposals.
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and could in principle transfer the abstracted deuterium atom
back, H2O (10 equiv.) was additionally included to prevent
such a pathway by H/D-exchange. Because non-deuterated
dioxolanes are only observed as mixtures containing acyclic
isomers, we became interested in the stability of the
deuterated compounds d-6 a/j. Quantum-chemical investiga-
tions delivered a relatively high energy barrier (Ea =

51.3 kcal mol@1) for the spontaneous conversion of non-
deuterated dioxolane 6a to b-hydroxy ketone 2a, which
may indicate that tunneling plays a key role in this isomer-
ization. Supplementary tunneling calculations (see Support-
ing Information) support this hypothesis. Electrochemical
synthesis of compound 6 p (33 %) starting from the bisaryl-
substituted D–A cyclopropane 1p suggested further that
dioxolanes 6 are the final products of these electrocatalyic
processes. Divided cell experiments, charge-based electrolysis
and conversion of deuterated material under direct electro-
lysis conditions using D–A cyclobutane 3 a or d-3a delivered
analogous results.

The results of the quantum-chemical calculations (DFT/
TPSSh/def2-TZVP, see Supporting Information for details)
for the direct electrolysis of D–A cyclopropane 1a
(Scheme 6) are consistent with the proposed electrochemical
activation mechanism. After the initiating SET, intermediate
I is generated; the calculated Lçwdin charges and spin
densities confirm that the additional + 1 charge and also the
unpaired electron are mostly localized in the phenyl moiety as
suggested above (see Scheme 4). In the following reaction

steps, intermediates II, III and IV are formed in slightly
exothermic reactions. The calculated spin densities agree with
the expected radical positions according to Scheme 4 and the
highest share of positive partial charge remains at the phenyl
substituent. The calculated enthalpy differences in reaction
steps 1a ! I (+ 147.3 kcal mol@1) and 4 ! 6a (@150.3 kcal
mol@1) support an exothermic chain propagation process (net
energy gain: @3.0 kcalmol@1) via SET.

Finally, we explored some follow-up chemistry of the
oxidized products derived from the electrocatalytic reactions.
Starting with b-hydroxy ketone 2a (Scheme 7), a full reduc-

tion of the ketone to 8 was achieved by Pd/C-catalyzed
hydrogenolysis (90 %). In a simple condensation reaction
between hydrazine and 2 a, the biologically interesting
pyridazinone 9 was accessed in 81% yield.[22] The structure
of 9 was confirmed by X-ray crystallography.[23] A three-step
one-pot sequence (elimination, Diels–Alder reaction and
cyclization/nitrogen insertion) via acetal 10 led to the
formation of dihydropyridine 11 in 22% yield. Further, we
converted 1,2-dioxane 4a to diol 12 (68%) by hydrogenolysis
and synthesized oxime 13 (81 %) from g-hydroxy ketone 5a.
Reduction of 13 to its primary amine delivered the lactam 14,
which contains a quaternary stereocenter, by spontaneous
cyclization in 80 % yield.

Conclusion

We have developed strategies for the efficient insertion of
molecular oxygen into D–A cyclopropanes and D–A cyclo-
butanes, which capitalize on the first electrocatalytic activa-
tion of these molecules. A diverse scope was established for
the synthesis of b- and g-hydroxy ketones and 1,2-dioxanes,

Scheme 6. Results of quantum-chemical calculations (DFT/TPSSh/
def2-TZVP) for the direct electrolysis of 1a. Optimized intermediates
are shown according to the proposed mechanism (Scheme 4). Spin
densities are represented in orange isosurfaces. The contribution to
the total charge deviation compared to 1a is shown for the phenyl
(green), cyclopropyl (blue) and the methyl ester (red) parts (contribu-
tion of added dioxygen shown in gray). Change in enthalpy and
activation energies for each reaction step is given in the table.

Scheme 7. Derivatization of oxidized products 2a, 4a and 5a.

Angewandte
ChemieResearch Articles

15932 www.angewandte.org T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 15928 – 15934

http://www.angewandte.org


containing aromatic donor groups. Mechanistic insights were
gained by a variety of designed labelling, trapping, inhibition
and half-cell experiments. Additional DFT calculations,
including tunneling studies, gave clear indications that radical
cations can be accessed by electrochemical C(sp3)@C(sp3)
cleavage. Finally, derivatization of the reaction products led
to the simple formation of various nitrogen-containing
heterocycles. Our current efforts are focusing on further
functionalizations of D–A cyclopropanes by electrochemical
activation.
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