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ABSTRACT: A practical electrochemical oxidation of
unactivated C−H bonds is presented. This reaction utilizes
a simple redox mediator, quinuclidine, with inexpensive
carbon and nickel electrodes to selectively functionalize
“deep-seated” methylene and methine moieties. The
process exhibits a broad scope and good functional
group compatibility. The scalability, as illustrated by a 50
g scale oxidation of sclareolide, bodes well for immediate
and widespread adoption.

In 2016, we reported a scalable solution to allylic C−H
oxidation using a simple small-molecule redox mediator via

anodic oxidation.1 Unactivated methylene and methine
systems, the most ubiquitous structural motifs in organic
chemistry, have high redox potentials (oftentimes above 3.0 V
vs SCE, see Figure 1A).2,3 Thus, under direct electrolysis,
oxidative degradation of other functionalities and solvents is
likely to occur prior to the desired C−H oxidation.4 Instead,
chemists are generally beholden to strong oxidants, such as
methyl(trifluoromethyl)dioxirane (TFDO),5,6 and metal com-
plexes7,8 to effect such transformations. The complicated
preparation of the former deters broad utilization, while the
latter generally lacks economic viability owing to the high cost
of catalyst systems. Consequently, a scalable means to oxidize
unactivated C−H bonds remains elusive. As with prior studies,
a mediated electrochemical oxidation was envisioned as a
practical and sustainable solution to this lingering problem.9 A
redox mediator can be oxidized anodically, generating a reactive
species which could facilitate substrate oxidation through
efficient homogeneous electron transfer. When an electron-
rich mediator molecule is chosen, anodic oxidation can occur at
relatively low potentialschemoselective oxidation of unac-
tivated C−H bonds can therefore be enabled. This
Communication outlines the discovery of a simple redox
mediator that, under electrochemical conditions, can achieve
the chemoselective and scalable oxidation of unactivated C−H
bonds previously only within the purview of strong chemical
oxidants.
Figure 1B illustrates optimal conditions for this trans-

formation alongside an abbreviated picture of reaction
optimization on sclareolide (1). Identification of a viable
redox mediator was the critical hurdle to overcome. To this
end, numerous scaffolds were examined (e.g., A−H), and

tertiary amines (e.g., A, B, and C) were singularly successful
(entries 1−5).10
The use of quinuclidine (A) as a mediator allowed the

selective electrochemical oxidation of C2 methylenes in 1 at ca.
1.8 V (with respect to Ag/AgCl reference electrode).11

Structurally similar aceclidine (B) and DABCO (C) gave
inferior results, whereas TCNHPI (F), a highly effective
mediator for allylic C−H oxidation, failed to afford ketone 2 in
synthetically useful yields. NMO (D), TEMPO (G), and
HOBT (H) have all proven ineffectual. Unsurprisingly, <5%
oxidation product was observed in the absence of a mediator
(entry 4). Attempts to reduce the quantities of A used led to
lower yields (e.g., entry 5). Meanwhile, portion-wise addition of
A had relatively little influence on yield and selectivity (entry
6). While it is conceivable that all mediators surveyed gave rise
to radical or cationic intermediates capable of abstracting C−H
bonds, the mixture of A and HFIP exhibited a high oxidation
potential, rendering the corresponding radical cation suffi-
ciently reactive to engage unactivated C−H bonds (Figure 1C).
The mixtures of TCNHPI (F) or NHPI (E) with 2,6-lutidine,
conversely, showcased a lower E1/2, making them more suited
for the functionalization of weaker C−H bonds in allylic
oxidation (Figure 1C).12 In the presence of HFIP, aceclidine
(B) has E1/2 similar to that of A, and it is thus the second most
effective mediator.
The choice of electrolyte also has a substantial impact on the

reaction outcome. The use of lithium perchlorate led to
virtually no product formation, presumably due to chelation of
lithium cation to the quinuclidine mediator (entry 7). While
Et4N·ClO4 and Me4N·BF4 were almost equally effective (entry
8), the latter was chosen owing to its superior safety profile and
lower cost. After extensive experimentation, HFIP was
identified as an essential additive; attempts to use other
Brønsted acids such as TFA or acetic acid were unsuccessful
(entries 9−11). Atmospheric oxygen ostensibly provides the
terminal oxidant of this reaction, as no product was afforded
under argon (entry 12).
The use of expensive electrode materials (e.g., platinum

electrode) was consciously avoided at the outset of this study.
Reticulated vitreous carbon (RVC) electrode (ca. $3 per
electrode) was used as the anode, while nickel, copper, and
even stainless steel were all found to be viable materials for the
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cathode (entries 13−15). The reaction proceeds at room
temperature in a simple undivided cell under constant current
conditions (25 mA/mmol).
With the optimized conditions in hand, the scope of this

electrochemical C−H oxidation method was probed next
(Scheme 1). Methylene groups in linear, cyclic, bicyclic,
heteroarene-containing, and natural-product-derived substrates
could all be selectively transformed into ketones. The yields
and selectivities were comparable to those of TFDO
oxidation13,14 or Barton-Gif-type (iron-based) processes.8

Oxidation of linear systems occurred preferentially, as
illustrated by 3−5, at the methylene unit distal to electron-
withdrawing functional groups.15 Whereas TFDO oxidation
delivered 4 as a 1.9:1 mixture with the β-hydroxy derivative,
higher selectivity of δ-methylene oxidation was obtained with
this electrochemical protocol (3.2:1). This δ selectivity was also
observed in cycloheptyl (6, 11) and bicyclic (7) scaffolds.
Conversely, γ-methylene units were oxidized preferentially in 6-
membered rings (8−10), presumably due to the higher
statistical probability of γ-oxidation and strain-release consid-
erations.5c

The quinuclidine mediator allowed electrochemical oxidation
to occur at a relatively low potential. As a result, a host of
functionalities are tolerated under the reaction conditions. For
example, esters, arenes, ketones, amides, and silyl ethers were
left untouched during the reaction. While TFDO oxidation
failed to produce 9 in meaningful yields, this electrochemical
protocol exhibited compatibility with the free hydroxyl group.
In 11, not only was the phthalimide tolerated under the
reaction conditions, but the α-C−H bond was also preserved
no noticeable α-oxidation (Shono-type) took place.16 12 was
obtained with complete retention of stereochemical integrity,
despite the presence of two epimerizable centers. Selective
distal methylene oxidation was observed in 13 wherein the
pyridine motif and the benzylic methylene group both
remained intact. TFDO oxidation, in contrast, led exclusively
to N-oxide formation and no methylene oxidation.17 This
compatibility with azine motifs bodes well for applications in
the pharmaceutical industry. The capacity of this method to
selectively modify complex natural scaffolds was illustrated
through the oxidation of isosteviol ethyl ester, which proceeded
with exquisite selectivity. As shown earlier (Figure 1B),
electrochemical C−H oxidation of sclareolide occurred
selectively at C2. Intriguingly, TFDO elicited mainly C3
methylene oxidation.
Activated methylenes, such as benzylic (15) and α-alkoxy

(16) C−H bonds, could also be oxidized effectively. While this
quinuclidine-based redox mediator system furnished 17 in high
yields through selective allylic C−H oxidation, the TCNHPI-
based protocol still proved superior on densely functionalized
substrates, particularly those bearing multiple olefin motifs. The
TCNHPI system delivered 18 in high yields; attempted anodic
oxidation of valencene with quinuclidine mediator failed to
afford the same product. This quinuclidine-mediated protocol
could also be used to oxidize tertiary C−H bonds, affording the
corresponding alcohols as products (19−21).
The scalability of this technology is readily evident from the

efficient preparations of 6 and 12 in gram and 500 mg scales,
respectively. This prompted us to examine its applicability in a
process setting: A 50 g scale oxidation of sclareolide was carried
out using inexpensive RVC anode and stainless steel cathode in
a beaker that was left open to air (Figure 2A, inset photograph).
2 was afforded in a yield (47%) and selectivity (5.6:1) similar to
those found in mmol-scale experiments. The remaining mass
balance could largely be accounted for by the recovered starting
material (26%), further attesting to the mildness of the reaction
conditions. Reagents/solvents (including quinuclidine, HFIP,
Me4N·BF4, MeCN) and electricity used in this 50 g scale
process cost ca. $2517 in total, while the analogous TFDO
reaction or Fe(PDP)-mediated oxidation would have been
evidently more expensive, as the trifluoroacetone (TFDO
precursor) or Fe(PDP) catalyst alone would cost $9120 and
$37 229, respectively, on this scale.18

Figure 1. (A) The challenge of electrochemical C−H oxidation. (B)
Reaction development and optimization. (C) Cyclic voltammograms
of selected mediators.
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Earlier studies from our laboratory have revealed sclareolide
as a convenient starting material for the divergent synthesis of
meroterpenoids.19 To this end, the ability to procure ample
amounts of 2-oxo-sclareolide (2, Figure 2A, inset photograph)
via electrochemical C−H oxidation affords the unique
opportunity to examine the 2-oxo analogues of these bioactive
terpenoids. In our previous strategy toward meroterpenoids,
sclareolide was converted into its borono analogue, which
served as a “terpenyl radical” progenitor. It was envisioned that,
in a complementary approach, decarboxylative Negishi coupling
of redox-active ester 22 and arylzinc species could afford
various meroterpenoid analogues.20

Indeed, 22 was synthesized from 2 in three steps, whereupon
nickel-catalyzed cross coupling afforded 23 in 57% yield.
Removal of the protecting groups with a combination of cerium
ammonium nitrate and 24 furnished (+)-2-oxo-yahazunone
(25).21

Mechanistically, the electrochemical C−H oxidation likely
involves a quinuclidine radical cation generated in anodic
oxidation. This high-energy species could homolytically cleave
an unactivated C−H bond; reaction between the ensuing
carbon-centered radical (Figure 2B) and molecular oxygen then
affords the oxidation product. HFIP is believed to serve as the
electron acceptor to generate H2 in the cathodic process.22

Scheme 1. Scope of the Quinuclidine-Mediated Electrochemical C−H Oxidation

Figure 2. (A) 50 g scale C−H oxidation of sclareolide enabled the synthesis of 2-oxo-yahazunone. (B) Putative mechanism for the quinuclidine-
mediated electrochemical C−H oxidation.
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In summary, the oxidation of unactivated C−H bonds,
heretofore commonly achieved with highly reactive, exotic, and
expensive reagents, has been enabled in an exceedingly simple
fashion through an electrochemical process. This practical
method employs quinuclidine as the mediator in an
unsophisticated electrochemical setup using inexpensive carbon
and nickel electrodes. A diverse range of functional groups were
shown to be compatible with the chemoselective process. The
scalability of the method, as evident through the successful
oxidation of sclareolide on a 50 g scale, has the potential to
facilitate the synthesis of complex materials.
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