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Oxidant-free oxidation of C–H bonds by cathodic
hydrogen evolution: a phosphonic Kolbe
oxidation/cyclization process†

Lei Zhang,‡§ Zhenxing Zhang,‡§ Jianning Zhang, Kangle Li and Fanyang Mo *

An anodic oxidation/cyclization of 2-(aryl)aryl phosphonic acid

monoesters for ethoxy dibenzooxaphosphorin oxide synthesis has

been developed. This unprecedented electrochemical oxidation

reaction proceeds at room temperature with no oxidant or electro-

lyte required, and exhibits high atom-economy with H2 being the

only byproduct. A series of ethoxy dibenzooxaphosphorin oxides

were obtained in good yields.

The development of green and sustainable methods for chemi-
cal manufacturing represents a vital aspect in modern organic
synthesis.1,2 Oxidation reactions are fundamentally important
and frequently applied in both academic and industrial set-
tings every day.3 However, the use of such highly reactive
reagents often causes safety issues and generates much waste,
leading to poor atom economy. In addition, chemical oxidants
can also lead to oxidative side reactions. It is quite reasonable
that an oxidation reaction requires a stoichiometric amount of
an oxidant, but this is not always the case. If the fate of hydrogen
atoms can be properly handled, for example, in hydrogen gas for-
mation, the oxidant would not be indispensable. In this context,
cathodic hydrogen evolution represents one such ideal oxidant-
free oxidation reaction. In this case, protons can be considered
as a sacrificial oxidant, since they are forced by electric potential
to combine with electrons to form hydrogen gas (Scheme 1A).

The past decade has witnessed resurging interest in organic
electrochemistry that dramatically improved organic chemists’
toolbox for green and sustainable synthesis.4–15 In terms of
C–H activation/functionalization, Ackermann’s,16–18 Xu’s,19–21

Zeng’s,22–24 Lei’s,25–27 Mei’s,28,29 Sanford’s30 and Muñiz’s31

groups have developed ingenious electrochemical methods for
C–X construction, C–C cross-coupling and dehydrogenative
annulation recently.

We have recently been interested in Kolbe electrolysis. As
one of the most well-known organic electrochemical reactions,
Kolbe electrolysis can be categorized as an oxidant-free
oxidation reaction. It was first discovered by Faraday in 1834,32

and then elaborated in detail and utilized in organic synthesis
by Kolbe in 1849.33 Though the Kolbe reaction is a century-old
transformation, it is still alive as an important synthetic tool in
organic chemistry, and a vast number of studies have been
carried out to unveil its synthetic potential (Scheme 1B).34–37

In a recent study, we have developed a practical intramolecular
Kolbe oxidative cyclization method for the synthesis of
dibenzopyranones starting from 2-arylbenzoic acids.38 In this
reaction, the key step is a Kolbe oxidation of aryl benzoic acid
affording an aroyloxy radical. Then this radical is trapped
intramolecularly by an aromatic ring. Further anodic oxidation
of this trapped radical leads to the final cyclized product. In
this context, we envision that an analogue of the phosphonic
Kolbe oxidative cyclization process might be feasible towards
the synthesis of ethoxy dibenzooxaphosphorin oxides starting
from 2-(aryl)aryl phosphonic acid monoesters.

Organophosphorus compounds have been proved to be
valuable and effective in pharmaceuticals,39 pesticides,40

materials,41 catalysis,42 etc. In this context, it’s essential to
develop efficient and practical methods to synthesize these
crucial compounds. Previously, facilitated by transition metal
catalysis, Lee’s,43–46 Miura’s47 and Glorius’s48 groups have
developed robust methods to realize oxidative cyclization of
phosphonic acids or their derivatives. In 2014, Lee’s group
developed a palladium-catalyzed oxidative cyclization starting
from 2-(aryl)aryl phosphonic acid monoesters. A series of
ethoxy dibenzooxaphosphorin oxides could be obtained effec-
tively in the presence of Pd catalyst, PhI(OAc)2 and KOAc under
heat conditions (Scheme 1C).49 Herein we develop a simple
electrochemical method to realize this cyclization under tran-
sition metal catalyst- and oxidant-free conditions (Scheme 1D).
To the best of our knowledge, the anodic oxidation of
phosphonic acids has not been disclosed yet.

The starting materials were synthesized according to Lee’s
report.49 A range of 2-(aryl)aryl phosphonic acid monoethyl
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esters were efficiently accessed by sequentially conducting a
Suzuki coupling of 2-bromoiodoarenes with arylboronic acids,
a Pd-catalyzed phosphorylation of 2-bromobiaryls, and hydro-
lysis of diethyl 2-(aryl)arylphosphonates using L-selectride or
under basic conditions (see the ESI†).

With the starting materials available, we initially studied
the anodic oxidation of 2-phenyl phosphonic acid 1a (Table 1).
Platinum materials were chosen as the electrodes due to their
chemical inertness and low overpotential for hydrogen evol-
ution. Thus, electrolysis of 1a with a constant current of 23 mA
for 2.5 h afforded the desired cyclized product 2a in 74% NMR
yield and 62% isolated yield in the presence of 10% NaOH in a
MeOH/H2O solvent mixture (entry 1). The reaction gave slightly
less product when the temperature was kept at 0 °C (entry 2).
We next screened a series of solvents, and found that except
DMF, other solvents such as 1,1,1,3,3,3-hexafluoropropanol

(HFIP), MeCN, acetone, isopropanol and EtOH proved to be
less efficient with a longer reaction time being required
(entries 3–8). Gratifyingly, the use of a solvent mixture
MeOH/DMF further increased the yield to 84% (71% isolated
yield, entry 9).

With the optimized reaction conditions in hand, the sub-
strate scope was then studied with the results depicted in
Table 2. A variety of substituents on both the Ar1 and Ar2 rings
were examined, and the desired products were obtained
readily in moderate to good yields. This electrochemical
approach tolerates diverse functional groups, such as halides,
ether, trifluoromethyl, trifluoromethoxyl, ketone etc. When the
substituent on the Ar2 ring was at the meta position, a mixture
of isomers was obtained (2c). Due to the solubility issue of 1e–
1g substrates, the yields of products 2e–2g were relatively low.
This electrochemical oxidation reaction favoured the sub-
strates bearing electron-donating groups on the Ar2 ring, and
the corresponding products were obtained in better yields (2b,
2d, 2j, and 2o). In regard to the substituents on the Ar1 ring
(2o–2s), the electronic effect does not operate prominently.
The desired cyclized products were obtained in a range of
48–81% yields. Although the yield of product 2n was not satis-
factory, ethoxy dibenzooxaphosphorin oxides containing a het-
erocycle could be synthesized by this anodic oxidation method
conveniently.

To explore the mechanism of this electrochemical reaction,
a free radical scavenger, 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO), was introduced as an additive under the standard
conditions. The starting material 2-(aryl)aryl phosphonic acid
largely remained even after 14 h (Scheme 2), indicating a hin-
drance of cyclization in the presence of TEMPO and a probable

Scheme 1 Kolbe oxidation and phosphonic Kolbe oxidation.

Table 1 Optimization of the reaction conditionsa

Entry Reaction conditions Yieldb (%)

1 MeOH, 2.5 h 74 (62)
2 MeOH, 2.5 h, 0 °C 69
3 HFIP, 24 h Trace
4 DMF, 12 h 76
5 MeCN, 4.6 h 16
6 Acetone, 12 h 15
7 i-PrOH, 18 h 23
8 EtOH, 5 h 36
9 MeOH/DMF (9 : 1), 3 h 84 (71)

a Reaction conditions: 1a 0.5 mmol, 3 mL solvent, 0.3 mL H2O, Pt
mesh electrodes, 1 cm × 1 cm, 52 mesh. cc constant current. HFIP
1,1,1,3,3,3-hexafluoro-2-propanol. b Yield determined by 1H NMR using
1,1,2,2-tetrachloroethane as an internal standard. Isolated yield in
parentheses.
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electrically generating radical process. To gain deeper insight
into the reaction mechanism, as well as a better understanding
of the electronic effect of substituents on both Ar1 and Ar2

rings, two competitive reactions were designed and performed
between 1a and 1j, 1j and 1q, respectively (Scheme 3). We
found that substrate 1j is predominantly oxidized when com-
peting with 1a, while 1j and 1q are oxidized to give 2j and 2q
in a ca. 2.6 : 1 ratio. This result indicated that the substituents
on the Ar2 ring have a greater influence on the reaction rate.
Moreover, this influence is smaller with the substituents on
the Ar1 ring. These competitive experiments demonstrated that
the anodic oxidation of phosphonic acids is not likely a rate-
determining step in this cyclization reaction, and the rate-
determining step probably involves the trapping of phosphonic
acid radicals by the Ar2 ring.

Table 2 Substrate scopea

a Reaction conditions: 1 0.5 mmol, 2 mg NaOH, 2.7 mL MeOH, 0.3 mL
H2O, 0.3 mL DMF, Pt net electrodes, 1 cm × 1 cm, 52 mesh. cc constant
current. Isolated yields were reported.

Scheme 2 Reaction with TEMPO.

Scheme 3 Competitive reactions between 1a and 1j, 1j and 1q,
respectively.
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Based on the information above, a plausible reaction
mechanism was proposed as shown in Scheme 4. A phospho-
nic anion resulting from deprotonation by a catalytic amount
of NaOH is anodically oxidized to afford the phosphonic acid
radical intermediate. Then this radical is trapped by the aryl
ring intramolecularly, generating an aryl radical. Finally, this
aryl radical is oxidized again at the anode to deliver the final
cyclized product. The two consecutive electron transfers
between the electrode and the substrate taking place on the
same electrode (double anodic oxidation) favour implemen-
tation of the reaction. Meanwhile, cathodic proton reduction
to hydrogen gas accurately balanced the redox of the overall
reaction.

In summary, we have developed a general, practical intra-
molecular phosphonic Kolbe oxidative cyclization method for
the synthesis of ethoxy dibenzooxaphosphorin oxides. This
method is transition metal- and oxidant-free, does not involve
electrolytes, and proceeds at ambient temperature. We expect
this electrochemical reaction to find wide applications in the
synthesis of phosphorus-containing compounds in future syn-
thetic endeavours.
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