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A facile hydroxylation of arylboronic acids
mediated by sodium ascorbate†
Andrea Gualandi, Andrea Savoini, Roberto Saporetti, Paola Franchi,
Marco Lucarini
and Pier Giorgio Cozzi
A simple, direct and facile hydroxylation of arylboronic acids has been described. The reaction is carried
out under air, in an open ﬂask, using 2 equivalents of sodium ascorbate. A variety of arylboronic acids can
be transformed into the corresponding phenols in excellent to moderate isolated yields. The reaction tolerated the presence of functional groups, and molecules that are readily oxidized by H2O2 can be present
in the reaction mixture. This green methodology avoids the use of photoredox conditions, transition
metals, or other strong oxidants.

Phenols are important intermediates and materials that can be
found as constituents in natural products1 and pharmaceutical
compounds,2 as the phenolic hydroxyl is widely present in
these classes of compounds. A straightforward access to
phenols is represented by the hydroxylation of arylboronic
acids,3 one of the most versatile building blocks with more
than four thousand being commercially available.4 Diﬀerent
approaches have been introduced to realize this transformation based on metal catalysis5 under various conditions.
Normally, these transformations are carried out in the presence of a stoichiometric amount of an oxidant.6 With the aim
to reduce waste, diﬀerent methodologies that avoid the stoichiometric use of an oxidant were developed, for example,
electrochemical methods were successfully applied.7 In particular, it has been recently reported that hydroxylation of arylboronic acids to phenols is possible by a scalable electrocatalytic method that employs methyl viologen as an organic
cathodic electrocatalyst, and involves O2 as a green and sustainable reactant.8 Recently, photoredox catalysis9 has
attracted considerable attention as it gives the possibility of
creating catalytic species that act as a strong oxidant and
reductant in the excited state. In these processes the photocatalyst can be recovered to the initial state by fine tuning of
the redox couple involved in the process. Interestingly, organocatalytic aerobic methodologies that avoid the use of metals
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and photocatalysts have also been reported.10 Often, a sacrificial oxidant or reductant is used to close the catalytic cycle.11
Photoredox promoted hydroxylation of arylboronic acids was
described by using photoredox metal catalysts such as ruthenium and iron,12 or employing photoredox organic molecules.13 Although these new procedures avoid the use of stoichiometric oxidants, the formation of phenols is induced by
carrying out the photoredox reaction in the presence of oxygen
or air, which is the true oxidant of the reaction. Furthermore,
these quite interesting transformations could be scaled-up
with diﬃculties, as the problem is related to light sources and
reactors. The employment of flow-conditions in photoredox
catalysis can be used to address limitations and for scaling
up,14 even though the need for special equipment and expertise for setting up these reactions can lower the interest in
these attractive methodologies.
Herein, we report a facile, high yielding, and straightforward
methodology for the direct transformation of boronic acids and
esters into the corresponding phenols. The reaction is carried
out in air, it tolerates the presence of all functional groups, it is
specific and, importantly it uses just 2 equivalents of the inexpensive ascorbate as a mediator for the redox process.

Results and discussion
Ascorbate is generally considered as a reductant15 and its use
as an antioxidant has been well reported in the literature.16
Ascorbate facilitates the reduction of peroxide and it is used
for “click” chemistry,17 and has the ability to reduce Cu(II) to
active Cu(I) for alkyne–azide cycloadditions.18 Quite recently, a
novel and green method for the ipso-hydroxylation of arylboronic acids with ascorbate and a quinone (vitamin K3 or menadione) has been reported.19

Hydrogen peroxide generated in situ by this method has
been proven to act eﬃciently as an oxidant of arylboronic acids
and a few other organic moieties. Indeed, vitamin C is a mild,
inexpensive and non-toxic reducing agent, rarely used in
organic synthesis. As ascorbate can promote quinone redox
recycling, the authors have used ascorbate to reduce the
quinone to the corresponding radical anion, that is able to
donate H+ and an electron to oxygen, forming the intermediate
HOO−. This species is able to generate the oxidant for this
reaction, H2O2, by disproportion or by reduction carried out by
another molecule of ascorbate. The presence of hydrogen peroxide, produced from the oxygen of air, was confirmed by the
authors. In addition, a flavin-catalysed oxidative hydroxylation
of substituted arylboronic acids to phenols by molecular
oxygen, using hydrazine or ascorbic acid was also described.20
The reaction in this case occurred by the formation of preflavin hydroperoxide. However, the presence of flavin is not
crucial for this kind of reaction, as the transformation can be
carried out in an eﬃcient manner with sub-stoichiometric
quantities (50 mol%), in poly(ethylene glycol) (PEG-400) as the
reaction solvent, and using 2 equivalents of Cs2CO3 as base.21
Ascorbate has also found an interesting application as a sacrificial reductant in photoredox mediated processes.22 Recently,
we have been able to use BODIPY dyes for ATRA reaction23
employing sodium ascorbate as a sacrificial reductant for
BODIPY in its excited state. To expand the scope of this chemistry we have explored the use of this and other organic dyes
under photoredox conditions for the synthesis of phenols
starting from the corresponding arylboronic acids. Quite surprisingly, when the model reaction was performed in the
absence of light but in the presence of sodium ascorbate we
found that the transformation was possible. It is noteworthy
that ascorbate and ascorbate solutions are stable towards
oxygen and are not able to directly reduce dioxygen. At the
same time, we became aware of a report in the literature that
has described the catalyzed oxidation of vinylic boronic acid
by ascorbate for bioconjugation.24 The authors have also
proven that phenylboronic acid was transformed into a
phenol, but quantitative studies were not reported.
Independently, we have found that sodium ascorbate can be a
suitable reagent for the transformation of arylboronic acids
into the corresponding substituted phenols giving a clean
transformation, without the need for mediators or quinones.
In order to optimize the process, we have carried out the
model reaction with 4-methoxyphenylboronic acid 1a and
sodium ascorbate, investigated diﬀerent solvents and stoichiometries, and found that the reaction of 1a carried out in an
open flask in DMF gave a clean and quantitative transformation of 1a to the corresponding 4-methoxyphenol 2a (Table 1,
entry 15, yield 95%). The product formation was not observed
after careful exclusion of oxygen under the ambient reaction
atmosphere (Table 1, entry 16) whereas under an oxygen atmosphere (Table 1, entry 17) the reaction gave the same result as
that observed in the presence of air.
Pinacol aryl borane 3 (Fig. 1) was investigated under the
optimized reaction conditions and we found that boronic

Table 1 Screening of reaction conditions for the hydroxylation of arylboronic acid 1a

Entrya

Solvent

Equiv. ascorbate

Yieldb (%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16d
17e

H2O : DMSO (1 : 1)
H2O : EtOH (1 : 1)
H2O : CH3CN (1 : 1)
H2O : THF (1 : 1)
H2O : DMF (1 : 1)
H2O : DMF (1 : 1)
H2O : DMF (1 : 1)
H2O : DMF (1 : 1)
DMSO
EtOH
AcOEt
CH2Cl2
CH3CN
H2O
DMF
DMF
DMF

2
2
2
2
2
0
1.5
4
2
2
2
2
2
2
2
2
2

29
50
14
34
73
0
59
75
92
5
0
0
6
10
>97 (95)c
0
>97

a
All the reactions were carried out using 0.1 mmol of 1a and 2 equiv.
of sodium ascorbate in 0.5 mL of solvent at rt for 18 hours.
b
Determined by 1H-NMR of the crude reaction mixture. c Yield was
determined after chromatographic purification. d Reaction was performed under an argon atmosphere with degassed solvent. e Reaction
was performed under an oxygen atmosphere.

Fig. 1

Arylboronic acid derivatives tested in the oxydation reaction.

esters were also suitable substrates for the transformation.
However potassium aryltrifluoroborate 4 was found to be completely unreactive. Ascorbic acid and ascorbic acid 6-palmitate
are able to mediate the reaction of oxidation of 1a with comparable results to sodium ascorbate.
The scope of the transformation was investigated by using
commercially available or readily prepared arylboronic acid
(Scheme 1).25
The reaction is successful with electron rich and electron
poor arylboronic acids giving the desired products in good
yields. The work-up is quite straightforward as it consists of
dilution with water and organic solvents followed by extraction.
The sodium ascorbate and products derived from its oxidation
are soluble in water, and the phenol is isolated by extraction
using an organic solvent. From the NMR of the crude reaction
mixture we observed in many cases an extremely clean reaction. Only with 9-phenanthreneboronic acid 1d, 4-isoquinolineboronic acid 1r and 2-thiopheneboronic acid 1t the yields
were inferior, due to the presence of by-products.

Scheme 1

Oxidation of diﬀerent arylboronic acids.

In the case of phenanthrene derivative 2d, over oxidation of
the aromatic compound, to the corresponding quinone derivative, was detected. The over oxidation and instability are determined by the presence of air in the reaction mixture. Finally,
hydroxythiophene 2t is unstable under the reaction conditions
and unidentified opened products can be recognized by NMR
and GC analysis. Arylboronic acids carrying strong electron
withdrawing groups, as in the case of the substrate 1s, are not
suitable substrates for the transformation, as they cause
instability of the intermediate formed (vide infra for mechanistic investigations). In the reactions of 1g and 1h the low yields
obtained were due to partial sublimation of phenol derivatives
during removal of solvents under reduced pressure.
We assessed the robustness of the methodology by investigation of the compatibility of this reaction with chemical functionalities and structural motifs (Scheme 2).26 The substrate 1k
was mixed with 1 equiv. of various “additives” carrying diﬀerent
functional groups and the yield of product 2k and the stability
of additives after the reaction were determined. The reaction
was carried out in the presence of chalcone 5, 4-phenyl-1butene 6, Fmoc-Ser-OMe 7, Fmoc-Trp-OMe 8, 2′,3′,5′-triacetylguanosine 9, pregnenolone 10 and benzyl alcohol 11. In all the
cases, 1H-NMR and HPLC-MS analysis have shown that the oxidation reaction takes place in the presence of the other functional groups present in many biologically active molecules. The
phenol 2k was obtained in all cases in quantitative yields and in
all the reactions no by-products were observed. It is important
to mention that epoxidation of electron poor (e.g. chalcone and
pregnenolone) or electron rich (e.g. 4-phenyl-1-butene) alkenes
was not observed. The reaction is compatible with sensitive protected aminoesters such as tryptophan or serine derivatives.
The mechanism of the reaction is quite intriguing, as
sodium ascorbate is stable under dioxygen, and is not oxidized
by air. The ability of ascorbate to reduce arylboron compounds

Scheme 2 Tests for the robustness of the methodology.

to the corresponding boryl radicals, able to interact with dioxygen, cannot be considered feasible because of the high
reduction potential necessary for obtaining these unstable and
reactive species.27 However, it has been reported in the literature that an electrochemically produced ascorbyl radical
avoided the kinetic barrier that prevented direct oxidation of
ascorbic acid with oxygen and eliminated the need for transition metal ion catalysts.28 We have indeed observed a considerable increasing of the ascorbyl radical concentration by
EPR (see Fig. 2) when phenylboronic acid is present in the
reaction mixture. Instead, only traces of ascorbyl radicals are
formed under oxygen in solution.
Furthermore, when the model reaction was performed in
the presence of 30 mol% of EDTA sodium salt, we have
observed a full conversion (checked by NMR) of compound 1a.

Fig. 2 EPR spectra of ascorbate radical anion recorded in DMF in the
absence (black line) and in the presence of 1a 0.2 M (red line).2

Traces of metals (i.e. iron) present in the reaction mixture, able
to catalyse the formation of H2O2, seem to play no role in this
reaction.28 As boronic acids can form reversible covalent
bonds with 1,2- or 1,3-diols to generate five- or six-membered
cyclic complexes,29 a compelling hypothesis for the oxidation
could be related to the complexation of ascorbate to the arylboronic acid, followed by an electron transfer to oxygen.
However, materials functionalized with boronic acid for
chemo/biosensing30 are compatible with the presence of ascorbate, that does not interfere in the binding of the measured
substrate with arylboronic acids supported on material.31
A more compelling hypothesis about the mechanism of the
reaction came from an interesting recent work published by
Liu and co-workers.8 Electrochemical mechanistic and kinetic
studies conducted by the authors were able to characterize the
presence of an arylboronic acid–O2 adduct, instead of O2,
detected as the actual substrate of the reactions. The coordination of oxygen by the boronic acids proved to reduce the
potential necessary for the formation of superoxide O2•−
species linked to the boronate. In our reaction, the coordinated oxygen to ArB(OH)2 (I, Scheme 3) is reduced by
ascorbate to give hydroperoxoboronate II. Upon the formation
of the OOH coordinated species ArOH is obtained by
migration of the aryl on the oxygen. As an alternative expla-

nation for the formation of transient O2•−, the autoxidation of
ascorbate can be invoked.32 The superoxo species is then
reduced by the ascorbate radical anion AscH•− forming dehydroascorbic acid (DHA) and HOO−, that takes part in the oxidation of boronic acid. The generation of HOO− is also possible by disproportion of superoxide O2•− in the presence of an
acid donor.33 However, if HOO− is formed in the reaction
mixture, its concentration is quite low, as Michael acceptors
are compatible with the reaction. The E1/2 value reported for
the dehydroascorbate potential (DHA + 2e− + H+ → Asc−) is
+0.35 V.34 Molecular oxygen coordinated to phenylboronic acid
reduced at −0.92 V (vs. Cp2Fe+/0),8 that is 0.4 V less compared
to a saturated solution of oxygen in DMF. For comparison,
p-NO2C6H4B(OH)2 is characterized by a reduction potential of
−1.95 V (vs. Ag0/+).35 Boronic acids have high oxidation potentials, and normally strong stoichiometric oxidants or anodic
oxidation are necessary.36 Recently, Ley reported the use of
Lewis bases to alter the oxidation potentials.37 The authors
obtained the value of E1/2 = +0.81 V (vs. SCE) by cyclic voltammetric measurements for the oxidation of a boronic pinacol
ester.
The coordination of oxygen and its successive reduction
mediated by ascorbate seems a more likely mechanistic scenario.38 It is also worth mentioning that in the hydrazine
hydrate-mediated aerobic oxidation of aryl/heteroaryl boronic
acids to phenol promoted by air,21 the authors reported that
molecular oxygen was the oxidant, and that the reaction
occurred indirectly, presumably by activation of the oxygen by
the hydrogen bond of the hydrazine hydrate. Finally, as previously stated, the complexation of ascorbate free hydroxyl
alcohol groups by boronic acid seems not to preclude the
selective and favoured complexation of amines.31 We have
observed using 11B NMR the formation of a new boronate
species (see the ESI†), probably due to a complex between arylboronic acid and oxygen (I or II in Scheme 3). It is worth mentioning that ascorbate is not soluble in the organic solvents
used for the reaction, and the reaction is conducted in a
heterogeneous mixture. It was claimed that the peptide
boronic acid derivative 2-Pyz-(CO)-Phe-Leu-B(OH)2 ( pyz =
pyrazine), a potent inhibitor of 20S proteasome, was degraded
in the presence of ascorbic acid due to production of hydrogen
peroxide,39 but we have not observed any reaction of Michael
acceptors, when the model reaction was performed in the presence of chalcone 5, that is able to react with H2O2 in a
Michael-type reaction. In order to check the possible formation of HOO− a test with potassium iodide starch paper was
performed but we do not have strong evidence of the presence
of H2O2 and this is another indication for the transient and
direct reduction of coordinated O2.

Conclusions

Scheme 3 Proposed reaction mechanism.

In conclusion we have developed a clean and eﬃcient oxidation of arylboronic acids by using ascorbate in the presence
of oxygen. The reaction is quite mild and tolerates functional

groups. No overoxidation of sensitive groups is observed
and the reaction could be carried out in the presence of
species that are sensitive to oxidation. Generally good yields
and clean reactions were observed for this protocol. The intriguing behaviour of ascorbate, normally considered an antioxidant in organic chemistry is peculiar and can guide further
application of its properties towards other selective oxidative
processes.
6

Experimental
Typical procedure
To a 25 mL round bottom flask in open air, arylboronic acid
(0.3 mmol), sodium ascorbate (0.6 mmol, 0.119 g) and DMF
(1.5 mL) were added. The suspension was vigorously stirred for
18 h, and it was diluted with water (10 mL) and extracted with
ethyl acetate (3 × 10 mL). The combined organic layers were
washed with brine (10 mL), dried over Na2SO4, and the solvent
was removed under reduced pressure. Title compounds were
purified by column chromatography on SiO2 using a cyclohexane/ethyl acetate mixture as an eluent.
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