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Electrochemically generated peroxodicarbonate solution
efficiently oxidizes hydroxybenzaldehydes to valuable
phenols. The reaction is carried out in agueous media
without solvents or additives. The reaction gives high
vields of up to 97% and tolerates a broad variety of
substituents, as demonstrated by 20 diverse examples. It
was scaled to multi-gram range. This transformation further
expands the synthetic applicability of the green oxidizer
peroxodicarbonate, which can be generated on demand
from ecologically safe carbonate solutions and has a high
oxidation potential at mildly basic conditions.
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Electrochemically generated peroxodicarbonate solution efficiently oxidizes hydroxybenzaldehydes to
valuable phenols. The reaction is carried out in aqueous media without additional solvents or additives.
The reaction gives high yields of up to 97% and tolerates a broad variety of substituents, as demonstrated
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by 20 diverse examples. It was successfully scaled to multi-gram range. This transformation further
expands the synthetic applicability of the green oxidizer peroxodicarbonate, which can be generated on
demand from ecologically safe carbonate solutions and has a high oxidation potential at mildly basic
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Introduction

Phenols represent building blocks with fundamental impor-
tance to industry and prominently feature in pharmaceutical
active ingredients and natural products.’” Within this hetero-
geneous class of molecules, the dihydric members catechols
and hydroquinones represent in particular valuable moieties
due to their broad fields of applications (Scheme 1).°
Hydroquinones exhibit remarkable redox features.” They
can be reversibly oxidized into their corresponding quinone
congener and subsequently be reduced again without harming
their structural integrity.® The reversible redox properties open
up a plethora of applications, including energy storage con-
cepts. Successful use of all organic hydroquinone-quinone
redox flow batteries has been reported.” Moreover, 2-methoxy-
hydroquinone was investigated as a simple lignin-derived elec-
trolyte for sustainable future energy storage units.'® Other
examples of the application as redox-active molecule include
the use as an inhibitor of polymerization and oxidation within
the food and cosmetic industry.'* Hydroquinone is used as a
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reducing agent in photography due to its water soluble
nature."!

Aside from that, hydroxyphenols are useful monomers for
the synthesis of complex molecules.” Catechol for example is
used as a starting material for the synthesis of the vasocon-
strictor adrenalone while 2,3,5-trimethylhydroquinone is a pre-
cursor for the synthesis of a-tocopherol (vitamin E).**?

Due to their tremendous importance numerous strategies
for the synthesis of phenols and hydroxyphenols have emerged
(Scheme 2).

The aerobic C-H oxidation of non-functionalized fossil
hydrocarbons arguably is the most desirable entry to phenols
but suffers from a lack of selectivity. Various directing groups
have been developed that enable regiospecific interaction with
transition metal catalysts."*™” Still, most synthetic entries are
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Scheme 1 Selection of catechol and hydroquinone containing com-
pounds with relevance in pharmaceutical and technical industry.
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Scheme 2 State-of the art synthesis strategies for hydroxyphenols.

based on functional group interconversions. Common sub-
strates are haloarenes,'®>' aryl boronic acids,”** and
silylarenes.>>*® In most cases, these starting materials are of
non-natural origin and need to be synthesized via additional
pre-functionalization steps, increasing their production cost
and ecological footprints. One-pot transformations combining
the extrusion of a volatile leaving group with hydroxylation
steps allow the synthesis of phenols from benzoic acids, sulfo-
nic acids, or diazonium salts.®””*®* The activating energy
barrier is either overcome via photolysis or thermal energy.>®
The previously mentioned strategies all contradict one or more
of the principles of green chemistry.*® Some are limited by the
problematic use of extreme reaction conditions and others by
the dependence of scarce resources, the production of exces-
sive waste in pre-functionalization steps, the use of expensive
catalysts, or of ecologically questionable reagents or solvents.

An advantageous synthetic entry to phenols was already
reported in the early 20™ century by Dakin,**** who demon-
strated that hydroxybenzaldehydes can be converted to hydro-
xyphenols by treatment with hydrogen peroxide in alkaline
media. However, the initial protocol calls for harsh conditions,
i.e., the use of excess of hydrogen peroxide at elevated tempera-
tures, and in many cases, only modest yields were achieved.*'
This approach has gained renewed interest in the context of
the ongoing change from fossil to renewable resources in
chemical value creation, since hydroxybenzaldehydes are
abundant in biogenic feedstocks.***® The wide availability of
these starting materials has prompted the development of
numerous improved variants of Dakin’s original method.
All these variations have in common that they require acti-
vation agents, e.g., boric acid, and sometimes also catalysts to
ensure sufficient reactivity. Some of them require problematic
or inaccessible solvents and are questionable in terms of
reproducibility.®?”~**

Our goal was to develop a particularly sustainable reaction
variant that involves an electrogenerated oxidizer and proceeds
without organic solvents and additives.

The tremendous potential of electrochemistry in the
context of green chemistry has meanwhile been widely
recognized.*>*® Important aspects are the replacement of stoi-
chiometric reagents by continuously administered electric
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current and the resulting process safety.*’"*° This has paved
the way to a renaissance of electrosynthesis.’”" Recently, we
reported an electrosynthetic method to transform 4-hydroxy-
benzaldehydes into para-benzoquinones via direct anodic oxi-
dation.”® Although hydroquinones are formed as intermedi-
ates in this process, a galvanostatic electrolysis will always
proceed all the way to benzoquinones. After all, the hydro-
quinone oxidation has a lower oxidation potential than the
first step. We, thus, sought alternative pathways to gain access
to valuable hydroxyphenols based on electrochemical
methods. Recently, our labs established a novel protocol for
efficient generation of peroxodicarbonate (PODIC) by flow elec-
trolysis of aqueous carbonate.>® This approach provides the
highest peroxodicarbonate concentration so far. It is note-
worthy that peroxodicarbonate is distinctly different from per-
carbonate in its structure and reactivity and is only accessible
electrochemically.>® PODIC can serve as platform oxidizer orig-
inating from alternative anodic reaction for water splitting.
The use of environmentally benign alkali carbonates is a tre-
mendous advantage over the well-established periodates.”>®"
Besides the advantage that PODIC is made from inexpensive
and safe to store carbonate salts it does not generate toxic or
problematic waste. Moreover, it is also a powerful reagent for
the synthesis of various important products. Previous investi-
gations demonstrated its unique features for the epoxidation
of double bonds, the hydroxylation of boronic acids,
N-oxidation and valorisation of lignin.>*>7%*

Here, PODIC functions as an electrochemically generated
ex-cell oxidant which already features the required mild base
equivalent for the transformation of benzaldehydes into
phenols (Scheme 3).

Results and discussion

We commenced with vanillin (1a) as a model substrate to
investigate the feasibility of a Dakin-type of reaction with
electrochemically generated peroxodicarbonate in an ex-cell
set-up. Vanillin is a natural product that can also be derived
from the renewable feedstock lignin via electrochemical
depolymerization.®*™®” Therefore, further conversion of this
compound into valuable commodities is highly desirable. The
resulting product of this particular Dakin reaction, 2-methoxy-
hydroquinone, was recently reported as a promising active
electrolyte for organic flow batteries."’

Green Chem., 2024, 26, 5862-5868 | 5863
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Initially, various solvents were tested for their potential to
facilitate the desired reaction of concentrated peroxodicarbo-
nate solution with vanillin, starting from those that have been
reported to be suitable for the Dakin reaction or to be compati-
ble with PODIC (Table 1).*7:4041:53:62:6869 However, neither
methanol or ethanol nor acetonitrile mixtures provided the
desired product (Table 1, entries 1-3). In contrast, tetrahydro-
furan directly gave considerable yields of 2a (Table 1, entry 4).
It is noteworthy that the reaction tolerates the presence of the
stabilizer butylhydroxytoluene, which is supplemented to com-
mercially tetrahydrofuran. After identifying a solvent which
allows the desired reaction to proceed, we increased the
equivalents of added PODIC to promote higher conversion to
2a. An increase of the PODIC equivalents from 1 to 2 improved
the yield from 26% to 72% (Table 1, entries 4 and 5). Driven by
our intent to develop a sustainable alternative to conventional
protocols, we searched for conditions without organic solvents.
This was also fortified by safety concerns that arise from the
combination of peroxide and cyclic ethers. Consequently, we
explored different aqueous options. The use of water or car-
bonate solutions in place of THF gave 2a only in lower yields
(Table 1, entries 6-8). However, when treating neat la with
concentrated peroxodicarbonate, a satisfactory yield of 62%
was achieved (Table 1, entry 9).

We next optimized all reaction parameters, such as the
amount of oxidant, the reaction temperature, and the mode of
addition (Table 2). Lowering of the PODIC amount from 2 eq.
to 1.5 eq. led to an increase in selectivity without decreasing
the conversion of 1a (Table 2, entries 2 and 3). At even lower
excess, the conversion and the overall yield decreased (Table 2,
entry 4). Next, the slow addition of the oxidizer in equal por-
tions every 5 minutes was tested (Table 2, entry 5). However,
the yield was slightly lower in comparison to the original pro-
tocol in which the whole amount of PODIC is added at once
(Table 2, entry 3) Moreover, a diluted peroxodicarbonate con-

Table 1 Initial screening of solvents
—0
LGS !
2co.2_ BDD] steel - o o 1
: 33AlCmZ 47F oo I solvent,
100 mL/min, 0 °C 0.75-0.85 mol/L rt, 20 min OH
PODIC
2a
Entry Solvent PODIC/eq. Conv. “/% 2a /%
1 MeOH 1 22 0
2 MeOH/MeCN 1 30 0
3 EtOH 1 41 0
4 THF 1 51 26
5 THF 2 97 72
6 H,0 2 99 21
7 1 M Na,CO; 2 100 11
8 1 M NaHCO; 2 100 45
9 Neat 2 99 62

“Yield determined via 'H NMR with 1,3,5-trimethoxybenzene as
internal standard.
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Table 2 In-depth screening of the reaction conditions
—Q
2c0;~_BODilstesl o i 0

_.0__0O 1a
33 Al 47 F o I neat,

100 mL/min, 0 °C 0.75-0.85 mol/L 0 °C, 20 min OH
PODIC
2a
Entry PODIC/eq. T/°C Deviation Conv. “/% 2a“/%
1 2 rt THF 97 72
2 2 rt — 99 62
3 1.5 rt — 97 80
4 1 rt — 77 58
5 1.5 rt Continuous addition 98 72
6 1.5 rt C(PODIC) =450 mM 97 66
7 1.5 rt 15 min 82 63
8 1.5 0°C — 81 71
9 1.75 0°Cc — 1 92 (91)

“Yield determined via 'H NMR with 1,3,5-trimethoxybenzene as
internal standard. Yield in brackets refers to isolated yield.

centration was used which only gave the desired compound in
66% yield (Table 2, entry 6). This control experiment clearly
highlights the importance of the high concentration of peroxo-
dicarbonate, which is currently only achievable with our pre-
viously developed protocol and flow-electrolyzer (Table 2, entry
6).>> We observed that a short reaction time of 20 minutes is
sufficient for the reaction to reach completion, whereas
shorter reaction times led to incomplete consumption of start-
ing material (Table 2, entries 3 and 7). It is known, that peroxo-
dicarbonate has a decreased half-life at elevated tempera-
tures.”” Combined with the fact that an incomplete mass
balance was observed, we tested a lowered temperature of 0 °C
to circumvent this (Table 2, entry 8). Both the selectivity and
the yield of desired product 2a reached an optimum with the
addition of 1.75 eq. PODIC at 0 °C (Table 2, entry 9; for further
optimization experiments and data see ESIT).

With an optimized yield of 91% for the test substrate vanil-
lin, we strived to explore the scope of our newly developed pro-
tocol. For this, we subjected a broad variety of substituted
hydroxybenzaldehydes to our reaction protocol (Scheme 4).

Initially, we tested different alkoxylated 4-hydroxybenzalde-
hydes. Similar to our test substrate 1a, ethylvanillin (1b) was
transformed into the corresponding phenol 2b in excellent
yield. Additional combinations of substituents with dissimilar
electronic effects (1c-d) were also well suited for our protocol
and gave the phenols in 85% and 62% yield, respectively.

Next, a variety of halogenated 4-hydroxybenzaldehydes was
explored including mono- and disubstituted substates (1e-h).
Initially, we observed very low conversion even at prolonged
reaction times. This can be attributed to a poor solubility of
the halogenated substrates in aqueous PODIC solution. In
order to react, dissolution of the hydroxybenzaldehydes in the
PODIC solution has to occur, which is then followed by depro-
tonation. To achieve this for compounds 1le-h, a minor
amount of methanol was employed as co-solvent.

This journal is © The Royal Society of Chemistry 2024
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Scheme 4 Scope of the Dakin reaction with peroxodicarbonate as oxi-
dizer. ? Substrate dissolved MeOH. ? 3.5. eq PODIC.

Consequently, the conversion was significantly improved
and mitigated the need for prolonged reaction times (2e-f). In
comparison to the alkoxylated substrates, we observed slightly
lower yields in the range of 69% and 79%. Usually, electron-
withdrawing moieties on the substrate are detrimental and
often cause diminished yields.?! Nevertheless, the reaction
occurred selectively under the reaction conditions established
and the remaining non-converted starting material was easily
recovered. The reaction can be pushed to a higher conversion
by a slight increase of equivalents of PODIC, as could be
demonstrated for substrates 1e and 1f. There, the yield could
be improved from 69% and 62% to 91% and 94%, respectively.

The unsubstituted 4-hydroxybenzaldehyde was also suitable
for our protocol resulting in 92% of hydroquinone (2i).
Afterwards we explored a selection of alkyl substituted 4-hydro-
xybenzaldehydes. First, we applied benzaldehydes with low
steric hinderance as provided by different amounts of methyl
groups. The methylated phenols 2j-1 were obtained in yields of

This journal is © The Royal Society of Chemistry 2024
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74%, 85% and 94% yield, respectively. Subsequently, we
moved to alkyl groups with a higher rate of steric hinderance
such as tert-butyl and isopropyl substituents. A set of non-
polar substituents again caused the need of a minor amount
of methanol to aid their dissolution. Following this, the mono-
tert-butylated phenol 2m was obtained in 82% yield, the
phenol with an additional methyl group 2n was isolated in
77%, and with two isopropyl groups provided 2o in 70% yield.
Lastly, 2-hydroxylated benzaldehydes were also investigated as
potential substrates. For the conventional Dakin reaction it is
known that 2-hydroxybenzaldehydes are more reactive than its
4-hydroxy congeners.”' Therefore, we were interested to see
how these substrates perform within the conditions of our
E-Dakin reaction. Initially, the ortho-isomer 1p of our test sub-
strate vanillin 1a was subjected to our established conditions.
The resulting catechol 2p was obtained in 95% yield.
Moreover, the ethoxylated benzaldehyde 2q, another methoxy-
lated isomer 2r, as well as the tert-butylated 2s, and the mono-
halo derivative 2t were successfully synthesized in 82%, 94%,
and 97% yield, respectively.

Mechanistically, we propose that the reaction sequence is
initiated by mono decarboxylation of the peroxodicarbonate.
Subsequently, the very nucleophilic peroxide anion interacts
with the carbaldehyde function. The formed tetrahedral inter-
mediate expels a carbonate and undergoes a [1,2]-aryl shift.
Finally, hydrolysis liberates phenol and formate underlining
the necessity of base equivalents along with the oxidizer
(Scheme 5).**
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Scheme 5 Postulated mechanism for the Dakin-reaction with PODIC.

Table 3 Scale-up of the reaction

-0

OH
HO@ !
Q — O

2C0z% BDD|| steel (_))J\O”o (o) 1a
3.3A/cm?, 47 F \g/ neat,
100 mL/min, 0 °C 0.75-0.85 mol/L 0 °C, 20 min OH
PODIC
2a

Entry n (1a)/mmol m (2a)/g 2a/%
1 1 0.128 91
2 10 1.260 90
3 20 2.464 88

Yields refer to isolated yields.
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Fig.1 Comparison of PODIC protocol (green) and published conventional methods (blue) for the oxidation of 1la to 2a. Left: Comparison to oxi-
dation with percarbonate.”® Right: Comparison organo-catalysed oxidation. For details on conventional methods and calculation of depicted values

see ESI.+%7

The mechanistic proposal also underlines the interesting
chemoselectivity of the reaction. The electrochemically gener-
ated peroxodicarbonate shows high functional group compat-
ibility and the resulting hydroxy groups remain unaffected by
it. As a result of the innovative ex-cell approach, hydro-
quinones are exclusively obtained. In contrast to that the
direct electrochemical conversion inevitably yields the benzo-
quinones due to the galvanostatic conditions.”>’*> Therefore,
this novel protocol complements our previous efforts by
expanding the space of obtainable products. Ultimately, we
tested the scalability of our established protocol. For this, we
performed the oxidation of our test substrate vanillin on
10 mmol and 20 mmol scale (Table 3).

On gram scale, the reaction proceeded smoothly in compar-
able yields, further underlining the synthetic utility of the
E-Dakin reaction.

Since this research was initially motivated by the aspiration
to develop a greener approach to hydroquinones and catechols
via a Dakin-type reaction, a quantitative comparison to pre-
vious protocols was conducted (Fig. 1). To evaluate the sustain-
ability of the reaction, we considered different established
green chemistry metrics.”>’* Additionally, high importance is
also attributed to the economic factors, synthetic utility and
safety of a reaction. Therefore, we also included such criteria
in our assessment. Synthetic utility, as evidenced by the
chemical yield, of all three protocols is comparably high with
almost quantitative yields. Nevertheless, in times of depletion
of resources and demand for more sustainable chemical trans-
formations this single factor is no longer sufficient to rate the
importance of a chemical protocol alone. Therefore, an
attempt to quantify the sustainability of the protocols was
undertaken. First, with the atom efficiency the molecular mass
of the desired product is brought into relation to the overall
mass of the formed products. Since the transformation occurs
with high selectivity, but the nature of the mechanism inevita-

5866 | Green Chem., 2024, 26, 5862-5868

bly leads to the co-generation of formate the atom economy is
high but never 100%. Next, the reaction mass efficiency was
calculated. This factor puts the chemical yield and atom
economy of a reaction into context with the excess reagent
factor. Furthermore, the mass efficient yield, incorporating the
mass of non-benign reagents, was taken into account. This is
an especially important factor given the environmental pro-
blems that arise from the use of such chemicals. As is evident
by Fig. 1, our protocol introduces significant advancements in
this regard, since it eliminates the need for problematic
organic solvents and only uses a benign carbonate-based
oxidant which comes along with a mild base equivalent. Apart
from this, the cost of a chemical transformation is also an
important factor to consider, especially for large scale syn-
thesis. Therefore, we also considered the generated value of
the product in contrast to the cost of the used reagents. Again,
an improvement to previous protocols was made, due to the in-
expensive nature of the applied reagents. Finally, the safety of
the protocols was evaluated based on the hazards originating
from the applied chemical reagents (for details and calculation
see ESI{).”*”> In summary, this quantification demonstrates
that our novel protocol has introduced significant advances in
regards of minimization of problematic reagents while effec-
tively lowering the cost of the transformation and improving
the reaction safety.

Conclusions

An efficient and sustainable protocol for the conversion of widely
accessible hydroxybenzaldehydes into valuable hydroquinones
and catechols was established. This transformation is enabled
through the powerful electrochemical platform oxidizer per-
oxodicarbonate (PODIC), which also provides the mildly
basic conditions required for the oxidation step. PODIC can be

This journal is © The Royal Society of Chemistry 2024
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synthesized on demand via electrolysis of ecologically safe
aqueous carbonate solutions, circumventing the storage of
potentially dangerous peroxides. The process safety is further
improved due to the self-decomposition of peroxodicarbonate
at room temperature preventing the build-up of peroxides in
the reaction products. The reaction proceeds swiftly without
an organic solvent and in the absence of any catalysts or acti-
vating agents. This simplifies the reaction work-up and mini-
mizes waste generation. The broad applicability of the protocol
was demonstrated for 20 examples with yields up to 97%. A
broad variety of substituents was compatible, and the synthetic
utility was proven through synthesis on a multi-gram scale.
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