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Deoxygenation is an important approach for the conversion of abundant, oxygen-rich biomass-based com-
pounds into higher value-added chemicals, typically performed under harsh reaction conditions producing
excessive amounts of reagent waste. We report a mild, operationally simple electrochemical deoxygenation
method based on the use of an inexpensive zinc cathode in a 2-electrode setup using formic acid as a green
solvent and source of protons. This straightforward approach allowed efficient deoxygenation of a variety of
aryl-substituted aldehydes and ketones, expanding the scope and efficiency of previously reported methods.
Notable highlights in the scope are conversions of biogenic furfural, vanillin and syringaldehyde in good to
excellent yields. The simple reaction conditions developed in batch were readily transferred to a more practi-
cally relevant flow setup and used for the preparative, multi-gram scale preparation of deoxygenated value-
added products. Systematic studies showed good reusability of all components of the reaction setup, like
electrodes.

1. We report a mild, safe, sustainable, and operationally very simple electrochemical Clemmensen-type carbonyl deoxygenation method of various aryl alde-
hydes and ketones, including biomass-derived vanillin and furfural. The reaction proceeds without excess reagents and hazardous reagent waste, like amalga-

mated zinc, hydrazine, or compressed hydrogen gas.
2. The efficient electrochemical process, employing formic acid as a green solvent, reusable electrodes, and electricity as a renewable reducing agent, showed
good yields for the deoxygenation of more than 40 compounds in batch-type cells and excellent yields for the gram-scale deoxygenation reactions of vanillin

and syringaldehyde in a flow electrolysis system. With its practicality, this process opens up an opportunity to obtain higher-value chemicals or fuel additives

from simple biomass-derived carbonyl compounds.
3. In the future, further developments in metal-free carbon-based electrodes as well as valorizing anodic counter reactions may be investigated. The prepara-

tive synthesis can be applied to the deoxygenation of many other types of organic compounds.

Introduction

To date, many impressive transformations have been devel-
oped from these biomass-derived aldehydes giving access to com-

Biomass-derived carbonyl compounds represent appealing plat-
form chemicals due to their abundance and structural diver-
sity. In particular, aromatic aldehydes from lignocellulosic
biomass, such as furfural, vanillin, and syringaldehyde, offer
promising opportunities for their valorisation into higher-value
chemicals, materials, or fuel additives (Fig. 1, left)."”
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pounds utilized across multiple industries. However, some of
their transformations remain challenging. Among them is the
deoxygenative reduction of the carbonyl group to the methylene
moiety (Fig. 1, middle), which is particularly difficult for sensitive
substrates like furanic compounds®™ due to their tendency to
undergo hydrolysis'>"? 415 Despite these chal-
lenges, the resulting 2-methylfuran has market potential as a
biofuel additive, and its further reduced products, tetrahydrofuran
analogues and diols, are valuable compounds as solvents and pre-

or polymerization.

cursors in the polymer industry.'®™'® Therefore, the development
of a sustainable, efficient, and chemoselective synthetic route for
this transformation remains a high-value objective in modern syn-
thetic chemistry.

The classical carbonyl deoxygenation protocols in organic
chemistry, namely  Wolff-Kishner and  Clemmensen
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Fig. 1 Aldehydes derived from woody biomass found in agricultural waste (left). Reduction pathways of the aldehyde group of furfural: two-step
hydrodeoxygenation and direct deoxygenation (middle). Classical Clemmensen and electrochemical approaches for deoxygenation (right).

reductions,”®?" rely on the use of a large excess of toxic reagents

and generally harsh reaction conditions. For example, the
Clemmensen reaction (Fig. 1A) requires highly toxic mercury-
containing amalgamated zinc, as well as concentrated and cor-
rosive HCl. Such conditions do not represent only a safety risk
and environmental concern but also limit functional group toler-
ance and thereby the general applicability of the method (e.g, it
is not suitable for furfural). A more general alternative approach
is based on a two-step hydrodeoxygenation strategy (Fig. 1,
middle). Typically, it requires the presence of a homogeneous or
heterogeneous transition metal catalyst. They are often based on
costly precious metals, along with elevated reaction temperature
and high hydrogen pressure. This requires an expensive and
safety relevant laboratory setup. Under these conditions, unde-
sirable side reactions such as dehalogenation with halo-substi-
tuted substrates or saturation of multiple bonds and aromatic
entities are not uncommon.>

Among modern approaches, electrosynthesis proved itself
as an especially powerful tool enabling the direct deoxygena-
tion under mild conditions (Fig. 1B). In general, electro-
chemical methods provide unique advantages in terms of
inherent process safety, sustainable use of resources, a lower
amount of generated metal waste, and the possibility to
consume intermittent variable renewable energy and thereby
stabilize the electrical grid.*>>> The lower amount of metal
waste generated not only makes the process more cost-efficient
but also lowers metal contamination of the products obtained
and makes purifications less demanding.

Our group reported an example of benzamides and sulfox-
ide deoxygenations at a lead cathode already more than a
decade ago.’®*” Recently, we reported a more sustainable
example of direct deoxygenation of alkyl substituted ketones
in an undivided cell under galvanostatic conditions by utiliz-
ing a leaded bronze cathode.”®>' Other notable electro-
chemical methods for direct deoxygenation of aryl ketones
include reactions in undivided cells at graphite, nickel, or
platinum cathodes.>”> Despite significant progress, these
methods are not compatible with aldehydes. These substrates
were only tolerated in an undivided setup when the system
relied on the dissolution of a sacrificial anode, thereby gener-
ating a significant amount of waste. The reaction also works
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only in fluorinated alcohol as a solvent which limits its practi-
cality for large-scale applications.®®

Alternatively, using a divided cell, the direct deoxygenation
was performed under potentiostatic conditions using zinc as a
cathode material, which was reported by the Choi group.’”
While effective for aryl aldehydes, the method operates at low
substrate concentrations in strongly acidic aqueous media and
requires NaClO, as a supporting electrolyte.

Beyond vanillin and syringaldehyde, the deoxygenation of
furfural derivatives is of huge interest, yet remains challenging.
Few representative reports include the successful work on
deoxygenation of furfural, mostly on the Cu electrode.
However, these methods are not focused on the synthetic pre-
parative aspect of electrolysis.*® >

Despite all the impressive developments in the cathodic deoxy-
genations, we recognized a need for a general scalable electro-
chemical method applicable to aldehydes and, within this class
especially, biomass-derived aldehydes. To address this challenge,
we report a general and synthetically useful Clemmensen-type
electrochemical deoxygenation of both aldehyde and ketone func-
tional groups. This transformation is performed on a readily
available zinc cathode and employs formic acid as the solvent.
Importantly, the reaction proceeds efficiently under ambient con-
ditions, offering a practical and operationally simple approach.
To support claims of scalability and practicality, we present a
development from milligram scale in screening batch-type cells
to multi-gram preparative scale in a flow reactor together with
product isolation protocols, kinetic studies, and electrode re-
usability studies.

Results and discussion
Screening in a divided batch-type cell

With scale-up considerations in mind, the deoxygenation was
optimized in a simple 2-electrode setup under galvanostatic
conditions.”® As a test substrate, 4-fluorobenzaldehyde (1a)
was chosen, conveniently allowing the analysis by '°F NMR of
crude reaction mixtures in the initial screening. Moreover,
halo substituted substrates are considered challenging as they

This journal is © The Royal Society of Chemistry 2026
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Table 1 Electrochemical deoxygenation of 1a?
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formic acid \ / o]
1a o . 1b 1c' 1c 1d
0.05M 30 °C, air

Entry Deviation from standard conditions Yield 1b [%] Yield 1c¢ [%] Yield 1d [%]
1 None 78 10 0
2 Undivided cell 6 10 16
3 Glass frit as a separator instead of Nafion™ N324 68 7 6
4 Stainless steel, Cu, CuSn7Pb15 as a cathode 1 3-15 0-30
5 Ni foam, BDD as a cathode 0 1-11 0-25
6 No supporting electrolyte in the catholyte 74 11 0
7 NBu,BF,, NEt,BF,, H,SO,, HCOOK instead of HCOONa 66-77 13-24 0
8 BDD, graphite, DSA or GC as an anode 72-77 8-13 0
9 24 h without electricity 1 2 0

%Reaction conditions: anolyte 2.8 mmol of HCOONa in 7 mL of formic acid, catholyte 0.35 mmol of 4-fluorobenzaldehyde (1a) and 2.8 mmol of
HCOONa in 7 mL of formic acid. Reactions were performed using a platinum anode and a zinc cathode, 15 mA ¢cm™ >, 10 F in a divided cell
(Nafion™ N324) at 30 °C under air. The reported current density is calculated based on the geometric area of the electrode. 'H NMR yields were
determined using 1,3,5-trimethoxybenzene as the internal standard. Further details are reported in Table S1. BDD, boron-doped diamond; DSA,

dimensionally stable anode (IrO, on Ti); GC, glassy carbon.

showed only limited success in the previous electrochemical
deoxygenation studies.**

To expand the scope of prior methods, we selected formic acid
as a solvent for its ability to donate protons, form hydrogen
bonds, and thus activate the carbonyl group and stabilize inter-
mediates, while also serving as a conductive medium. Green
routes to formic acid are the electrochemical reduction of carbon
dioxide or biomass conversion methods.**® A successful cathodic
deoxygenation of 1a under galvanostatic conditions was indeed
achieved in a divided batch-type screening cell with Zn as the
cathode,"” an applied charge of 10 F at a current density of 15 mA
cm™ with sodium formate as a supporting electrolyte (78% yield,
Table 1). The test reaction exhibited high selectivity, providing
only 10% yield of 4-fluorobenzyl formate (1c) aside from the for-
mation of the desired 1b (Table 1). Accordingly, this corresponds
to an 88% selectivity for 1b over 1c. Moreover, no pinacol by-
product was detected under these electrochemical conditions
(Table 1). All the initial reactions were conducted in a divided-type
cell using a sulfonic acid-based cation exchange membrane
(Nafion™ N324) as a separator to avoid undesired oxidative trans-
formations of the starting material 1a lowering the yield of 1b
(entry 2, Table 1). Indeed, the control experiment in an undivided
cell furnished a trace amount of the desired 1b (6% yield) in
addition to the byproduct 1c in 10% yield, pinacol 1d in 16%
yield, and other products, likely resulting from anodic oxidative
transformations (Table 1). Alternatively, a glass frit can be used as
a separator giving a slightly decreased yield of 68% (entry 3).

Other cathode materials, like stainless steel, copper or
leaded bronze (CuSn7Pb15) were found to yield only a trace
amount of the product (1%, entry 4, Table 1 and Table S1). Low
yields for Cu and CuSn7Pb15 are especially surprising as they
have been previously reported in deoxygenated reduction reac-
tions of alkyl and aryl carbonyl groups.”®?”*¥*° No formation

This journal is © The Royal Society of Chemistry 2026

of 1b was observed when nickel foam or boron-doped diamond
(BDD) was used as the cathode (entry 5, Table 1). The reaction
without the supporting electrolyte HCOONa in the catholyte
led to overheating due to poorer conductivity, although the
reaction yield remained almost unaffected (74% yield, entry 6,
Table 1). Other supporting or strong electrolytes, such as
NBu,BF,, H,SO4, HCOOK, had a slightly detrimental effect on
the yield of 1b (entry 7 in Table 1), with NEt,BF, being the only
supporting electrolyte to yield 1b in 77% (see Table S1).
Lowering the amount of NEt,BF, in the catholyte decreased the
yield slightly to 72% (see Table S1), demonstrating that alkyl
ammonium salts are a suitable alternative to alkali formates
for this type of transformation. We continued with sodium
formate as the supporting electrolyte of choice due to its low
cost and simple subsequent purification process.

The clean decarboxylative counter reaction of sodium formate
in the anolyte (Scheme S1) worked well with multiple
electrodes.”™" Of the anodes tested, glassy carbon (GC) provided
a result comparable to Pt, but the electrode was not used further
due to colour changes on the surface upon a single electrolysis
(entry 8, Table 1). Other electrodes like BDD,”>** dimensionally
stable anode (DSA, IrO, on Ti),>**> and graphite gave approxi-
mately 5% lower yields. Therefore, we continued using Pt as the
anode.

Lastly, the control experiment conducted without electricity
and 12-fold longer reaction time revealed only traces of conver-
sion to 1b (1%, entry 9, Table 1). A control electrochemical
reaction starting from 4-fluorobenzyl alcohol (1¢’) did not yield
any 1b ruling out 1¢’ as an intermediate (Scheme S3).

Influence of solvent mixtures

With the optimized reaction conditions described in Table 1,
the influence of solvent mixtures was investigated (Fig. 2). The
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Influence of solvent mixtures with formic acid on the yield of reductions (A-D): different amounts of H,O (A), different organic solvents (B),

different amounts of MeCN (C), comparison of reactions at 7 mA cm~2 in aqueous solutions of formic and acetic acid, with NBu4BF, as a supporting
electrolyte (D). In the case where acetic acid was used, 4-fluorobenzyl acetate was formed instead of 4-fluorobenzyl formate.

aim of these experiments was to identify compounds appli-
cable to substrates that are either insoluble in pure formic acid
or sensitive to the acidity of the electrolyte system. When
formic acid was diluted with water, the yields of 1b decreased:
the larger the amount of water, the lower the yield (Fig. 24A).
Apart from giving the lowest yield of deoxygenation, the
HCOOH/H,0 mixture (25 : 75, v/v%) also gave the highest yield
of the hydrogenation product 4-fluorobenzyl alcohol (1c'),
which, under these reaction conditions, was not immediately
esterified to the corresponding 4-fluorobenzyl formate (1c).

The 1:1 mixture of formic acid with acetonitrile instead of
water showed a higher yield (64%). However, it was still 14%
lower than the reaction in formic acid (Fig. 2B). A similar
observation was made with 2-butanol®® (62% yield), but not
with MeOH as solvent which resulted in a significantly lower
yield of 33%. The significant difference in yields could be
attributed to hindered formation of the acetal in the case of
sterically bulkier 2-butanol.

Based on these results, we tested the best performing cosol-
vent acetonitrile in different ratios with formic acid. With pro-
gressively higher amounts of acetonitrile, the yields drop from
78% in pure acid to 56% of 1b in the formic acid-acetonitrile
mixture (20 : 80). The formic acid-acetonitrile mixture (80 : 20)
turned out to give a high 76% yield, which gives the opportu-
nity to react compounds that are poorly soluble in pure formic
acid.

The superiority of formic acid for deoxygenation-type reac-
tions is proven when compared to reactions using acetic acid
(Fig. 2D). In strong contrast to formic acid, the acetic acid
system required the addition of water or another supporting
electrolyte to achieve the desired constant current. To compare
the reaction yields in formic and acetic acid, the optimized
reaction conditions were slightly adapted to account for low
NaOAc solubility and therefore poor conductivity (7 mA ecm™>
and NBu,BF, instead of 15 mA cm > and HCOONa). The
results show that the medium with a higher pH worked selec-
tively well only for hydrogenation to the alcohol 1¢' (64% yield)
but not for hydrogenolysis to 1b (27% yield).

Notably, no signs of zinc electrode decomposition caused
by electrolysis were observed in either pure formic acid or any
of the tested solvent mixtures.

Green Chem.

Design of experiments

Using a full factorial 2° Design of Experiments (DoE),>” the
influence of the electrochemical parameters on the yield of 1b
was systematically investigated.

The ranges for the selected parameters—amount of applied
charge, current density, and amount of 1a—were broadly set at
4-10 F, 3-33 mA cm ™2, and 0.2-1.8 mmol (0.03-0.26 M), respect-
ively (Tables S2 and S3). The optimal electrolysis parameters for
the batch-type reaction, which experimentally gave 79% yield
(Table S4), were found to be: 10 F of amount of applied charge,
15 mA cm 2 of current density, and 0.2 mmol of 1a (Fig. $4). As
seen from the Pareto chart (Fig. S4), the highest statistically sig-
nificant influence on the reaction yield came from the two cross-
interactions: current density-concentration and amount of
applied charge-concentration. The concentration alone was also
found to have a statistically significant influence.

Based on the results obtained, we decided to use the
highest amount of applied charge, 10 F, and optimal current
density of 15 mA ecm™2. Although, according to the DoE, the
most diluted solution (0.03 M) gives the highest yield, we con-
tinued our investigations with the more practical and slightly
increased concentration of the starting material 1a (0.05 M),
with which we still observed comparably high yields of the
transformations as described below.

Synthetic application

With the optimized conditions in hand, the general applica-
bility of the method was systematically evaluated on different
organic carbonyl compounds (Scheme 1). Firstly, the effect of
the position of the fluorine substituent on the aromatic ring
was investigated: p- and o-fluorobenzaldehydes (1a and 2a)
gave better reaction yields (78% and 56%), whereas electrolysis
of m-fluorobenzaldehyde (3a) resulted in 30% yield of 3b.
Similar to the test substrate 1a, other halogenated p-Cl and
p-Br benzaldehydes could also be deoxygenated with around
50% yield (4b and 5b), with notably only 4-iodobenzaldehyde
(6a) showing loss of the halo substituents but to a low degree.
When the compounds with one electron-releasing group were
subjected to the reaction conditions, the observed yields were
significantly higher. For example, 4-hydroxybenzaldehyde was

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 The synthetic scope of the developed electrochemical deoxygenation. Reaction conditions: anolyte 2.8 mmol of HCOONa in 7 mL of
formic acid, catholyte 0.35 mmol of carbonyl substrate and 2.8 mmol of HCOONa in 7 mL of formic acid. Reactions were performed using a plati-
num anode and a zinc cathode, 15 mA cm™2, 10 F in a divided cell (Nafion™ N324) at 30 °C under air. The reported current density is calculated
based on the geometric area of the electrode. 'H NMR yields were determined using 1,3,5-trimethoxybenzene as the internal standard. ? Reported

are isolated yields. °

deoxygenated in almost quantitative 97% yield (7b). For the
benzyl-protected hydroxyl group, the deoxygenation yield
remained high (87% for 8b). This example shows the comple-
mentarity of the developed method and classical hydrogen-
ation conditions, under which the benzylic protecting group is
commonly cleaved. Moreover, the benzoyl ester group, which
is not stable under Wolff-Kishner reaction conditions, was tol-
erated as well, with 75% yield of compound 9b. Tosylated
4-hydroxybenzaldehyde reacted with 64% yield of 10b and a
higher amount of unwanted ester 10c. The high yield of 11b
(95%) demonstrates the remarkable tolerance of the double
bond under the applied reaction conditions. Notably, reactions
with the biomass-derived benzaldehydes worked exceptionally
well under the developed electrochemical conditions. Because
of their electron-rich nature, observed 'H NMR yields were all
above 90% (12b-19b). This includes vanillin and syringalde-
hyde, which showed isolated yields of 85% for 15b and 81%

This journal is © The Royal Society of Chemistry 2026

Formic acid/MeCN (1:1). € Formic acid/2-butanol (1: 1). ¢ Addition of AlCls (1.3 equiv.) in formic acid/MeCN (4 : 1), not isolated.

for 17b, respectively. Benzaldehyde containing the alkyl
moiety, namely the isopropyl entity, furnished the product 22b
with a yield of 66%, while the aldehyde containing the biphe-
nyl moiety underwent deoxygenation with a 23b yield of only
17%. In the case of amine-substituted substrates (24a and
25a), the acidic medium leads to the conversion of the other-
wise electron-releasing group, basic tertiary amine, into a pro-
tonated and thereby electron-withdrawing group, which makes
reduction to alcohol more likely.** In these cases, the observed
deoxygenation yields were therefore slightly lower (51% and
40% for 24b and 25b, respectively). With a strongly electron-
withdrawing carbonyl ester substituent, we observed only
hydrogenation product 26¢ in high 90% yield.

A special emphasis was put on the heterocycles furfural
(27a) and 2-thiophenecarboxaldehyde (28a). These required
some additional optimization of reaction solvents due to their
instability in neat formic acid (Fig. S6 and S7). The successful
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deoxygenations were obtained with the 1:1 mixtures of formic
acid with either acetonitrile or 2-butanol. This way, 54% or
61% of 2-methylfuran (27b) and 43% or 49% of 2-methyl-
thiophene (28b) were achieved, respectively. The deoxygenation
reaction of furfural (27a) also worked in 1:1 mixtures of
formic acid with green solvents dimethyl carbonate (50%) and
2-MeTHF (63%, Fig. S6). This method also worked with indole-
3-carbaldehyde (29a), a biologically active metabolite, giving
skatole (29b) in 60% yield.

Our method is not limited only to aldehydes; the carbonyl
group of ketones is also a suitable structural motif for deoxy-
genation. The deoxygenation of acetophenone 30a and its
fluorinated derivative 31a proceeded well, giving very good
yields (71% and 88%, respectively). Similarly, as observed
before with aldehydes, the electron-releasing hydroxyl group
on the para position was also beneficial for the deoxygenation
of acetophenone, which resulted in 93% yield of 32b.
Similarly, protected 4-hydroxyacetophenones underwent deoxy-
genation in 82% and 69% yields (33b and 34b). Meanwhile,
structurally more rigid tetralones 36a and 37a gave around
20% yield of deoxygenation to tetralin derivatives 36b and 37b,
but when the solvent mixture contained 1: 1 formic acid/aceto-
nitrile, the solubility of 37a improved and the yield of trans-
formation increased (46% for 37b and 37% for 37c). Sterically
bulkier hydroxybenzophenone was deoxygenated in 76% yield
(38b), but anthracenone showed diminished reactivity with
only 29% yield of deoxygenation to product 39b.

Chemoselectivity studies revealed that amidated acetophe-
none underwent the reaction to afford 40b in 39% yield, while
the ester moiety in 41a was particularly well tolerated, as the
deoxygenation yielded 41b in 69% yield, with the remaining
material recovered as the unreacted starting material.

Similar to the previously observed trend with basic amines,
2-acetylpyridine (42a) also underwent protonation of the pyri-
dine ring resulting in the change of selectivity towards hydro-
genation product ester 42¢, which was obtained in 98% yield.

Interestingly, the reaction still proceeded when the carbonyl
group was shifted from the alpha position to the delta posi-
tion, relative to the aromatic ring, although the yield decreased
with increasing distance (from 78% yield for compound 43b to
7% for 46b). The lower reactivity observed for aliphatic alde-
hydes could result either from more difficult substrate
reduction and the predominance of hydrogen evolution or
from the lower stability of the reaction intermediates. Reaction
with alkyl ketone 47a worked only with the addition of AlICL;.

For comparison, we selected three representative scope
examples and evaluated our reaction system against literature-
reported electrolyte systems under  galvanostatic
conditions.”®?”** In this comparison, our system afforded
higher deoxygenation yields for all three substrates: 4-fluoro-
benzaldehyde, vanillin, and furfural (Fig. S8-S11) following the
general reactivity pattern, consistent with the reactivity
reported by the Choi group. Electron-donating substituents
lead to deoxygenation, while electron-withdrawing substitu-
ents accelerate alcohol formation due to enhanced stabiliz-
ation of the corresponding reaction transition state.**
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Importantly, on comparing the selectivity of these two path-
ways, in all the cases, our system exhibited significantly higher
deoxygenation selectivity over hydrogenation than the pre-
viously reported solvent system (Fig. S9 and S11). The exact
origin of the enhanced deoxygenation selectivity in our system
remains unclear at this stage. Our voltammetric studies
showed reduction of benzylic carbonyls prior to proton
reduction, together with slightly suppressed hydrogen evol-
ution, indicating interaction of the intermediates with the zinc
surface (Plot S1). The nature of the subsequent transformation
remains uncertain. Notably, none of the investigated scope
examples showed insertion or dimerization by-products that
would support the carbene-type mechanism under our con-
ditions as previously proposed in the report by Liu.*

Overall, the showcased stability of halo substituents, ethers,
alkenes, esters, benzyl, sulfonyl, phenol, amide, and amine
functional groups as well as heterocycles suggests that the
reported method is indeed mild and broadly applicable.

Stability of electrodes and surface analysis

For the use of zinc as a cathode material in a large-scale tech-
nical electrolyser, the reaction reproducibility and the elec-
trode stability become very important factors. To get this infor-
mation, we conducted a systematic study by running eight con-
secutive reactions in a batch-type setup and monitored the
surface changes with scanning electron microscopy (SEM).

During the experimental sequence with rinsing and without
polishing of the zinc cathode after each run, zinc proved to be
a reliable and stable material for the reported hydrogenolysis
of 4-fluorobenzaldehyde (1a). Performing eight consecutive
reactions with the same, previously unused zinc electrode
showed minor fluctuations in yields (76%-82%) of 1b and
unchanged ratios between 1b and 1c (Fig. S12).

The yield did not change even when the sequence of eight
experiments was repeated with a zinc electrode that was pre-
viously used for at least 20 times (Fig. S12). Although the
results show that electrode polishing prior to the reaction is
not necessary for obtaining the reproducible yields, the SEM
images show some changes on the surface of the material after
the electrolysis (Fig. 3D). These changes resemble the surface
of the electrode after the control experiment without electricity
(Fig. 3C). The surface of the electrode is restored to its initial
appearance after gentle polishing with sandpaper (Fig. 3F).

Interestingly, upon introducing ZnCl, as an additive (1
equiv.) during the electrolysis, the product selectivity changed
significantly: the hydrogenolysis yield decreased to 44% yield
of 1b, while the hydrogenation yield increased to 34% yield of
1c, effectively resulting in a drop in overall selectivity from
88% to 56% (Table S5). However, in this experiment, the
cathode surface noticeably changed, getting covered with large
chunky zinc deposits. This suggests that if Zn>" is present in
the solution, it is reduced to Zn° under the applied potential
during electrolysis and redeposited back onto the electrode.
These findings are consistent with the ICP-OES analysis
reported on a similar system by the Choi group, which shows
only a negligible amount of Zn>" ions in the solution after the
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Fig. 3 SEM images of zinc electrodes before and after electrolysis (A—F). Zn electrode as received (A). Zn electrode after first polishing (B). Zn elec-
trode after being in a reaction solution without applied electricity (C). Zn electrode after electrolysis (D). Zn electrode after reaction performed with
ZnCl, as an additive (E). Zn electrode after electrolysis and electrode preparation (F).

electrochemical reaction.’” Under the electrolysis conditions,
the electrode remains largely intact over time as a consequence
of the applied potential which prevents the dissolution.

Transfer to flow electrolysis

In order to make the reaction more scalable and practically
relevant, the process was transferred from batch-type cells to a
continuous flow electrolysis setup. The benefits of flow include
more efficient mass transport, heat dissipation, and decreased
ohmic resistance of the cell, which results in a lower cell oper-
ating voltage.’®® Consequently, a flow-based electrolysis
system provides a more robust and cost-efficient platform for
reproducible scale-up. The method was developed in a
divided-cell flow-type system operated in recirculating mode,
employing a cathode with a 12 cm® surface area (Table S7, see
the SI for technical data).

The first experiments in flow were conducted using vanillin
(15a) as a starting material since it is an inexpensive, biomass-
derived compound,®® and its deoxygenated product creosol
(15b) has its use as a flavouring and fragrance agent.’®®’
Notably, all experiments described below were conducted
without the addition of a supporting electrolyte in the catho-
lyte, as the low interelectrode gap enabled sufficiently high
conductivity.

Transferring the reaction parameter from batch to flow
directly, without any additional optimization resulted in
slightly diminished yields of 15b compared to batch-type elec-
trolysis (83% vs. 98%, respectively, see Table S7 and
Scheme 1). Next, the focus of additional optimization efforts
in flow was on improving the yield and practicality of the
system by increasing the concentration and current density.
The first has an influence on lower consumption of solvents
during electrolysis and easier work-up, and the latter on the
yield by electrolysis time and thereby productivity. Relative to
the batch-type conditions, the vanillin (15a) concentration was
scaled by factors 2, 4, and 8 (entries 1-4, Table S7), while the
applied current was similarly increased by 2-, 4-, 6-, and 8-fold
(entries 4-8, Table S7). Increasing the substrate concentration
led to a pronounced improvement in 15b yield, reaching up to
97% yield (entry 4, Table S7). More importantly, current
density could be raised substantially to 60 mA cm™> while
maintaining a high yield of 94% (entry 6, Table S7). Further
increases of current densities proved to be detrimental for
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current efficiency, as evidenced by a yield decrease (85% yield
of 15b for 120 mA cm ™2, Table S7).

Reaction kinetic study and reproducibility in flow

Encouraged by the excellent performance observed in the flow
cell, we conducted a systematic evaluation of reaction kinetics
and compared the results with two different current densities:
15 and 60 mA cm? at the highest investigated concentration
of 0.40 M (Fig. 4A and S13). The monitoring of product
buildup over time was performed to provide insights into the
reaction rate, as well as the current efficiency.

The kinetic plot reveals that the same amount of 15b (48%)
is synthesized in the first 2 F, no matter if 15 or 60 mA cm™ is
used. With the increasing amount of the applied charge, the
differences in the yield of 15b became more significant
depending on the selected current density. At 15 mA cm™2,
conditions turned out to be optimal for obtaining the highest
yield and at 60 mA cm > optimal for high productivity
(Fig. 4A, B and S14, 15).

The obtained kinetic plot at 15 mA cm™2, shown in Fig. 4B,
also indicates that the maximum current efficiency is achieved
at 2 F (96%), which gradually decreases with a large amount of
applied charge. Upon passage of 4 F, the theoretical require-
ment for the deoxygenation reaction, the yield of 15b reaches
89%. However, 4 F is insufficient for complete conversion, as
also observed in the DoE study, where a significant amount of
starting material 1a remained unreacted in the batch-type cell
(Table S3). To achieve full conversion for the envisioned large-
scale synthesis, the amount of applied charge was increased,
with the maximum yield (99% for 15b) obtained after applying
7 F (Fig. 4B). Further increase of the amount of applied charge
beyond 7 F did not improve the yield and only led to hydrogen
formation. Similar to batch conditions, we continued to study
the electrode reusability and reaction reproducibility.
Consecutive reactions were carried out in a flow cell, with the
cell being rinsed between each run, and the flow set-up dis-
assembled for inspection between the fifth and sixth runs.
Over the course of six consecutive reactions, the hydrogenoly-
sis yield remained consistently high (97-99%, Fig. 4C), high-
lighting both the outstanding durability of the electrode and
the reproducibility of the process. In the case of a reproducibil-
ity study at a higher current density of 60 mA cm™>, 10 F of
applied charge was needed for the average yield of 94% for
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Substrate Product Conditions Yield (%)  Current Efficiency (%) Time (h)
R = H (vanillin, 15a) creosol (15b) 1 4.96 g (90%) 51 27
R = H (vanillin, 15a) creosol (15b) 2 4.86 g (88%) 35 15
R = OMe (syringaldehyde, 17a) 4-methylsyringol (17b) 1 5.97 g (89%) 51 27
R = OMe (syringaldehyde, 17a) 4-methylsyringol (17b) 2 5.34 g (79%) 32 15

Fig. 4 Yield of 15b as a function of the amount of applied charge at different current densities (A). Kinetic study (B) and reaction reproducibility at
15 mA cm~2 (C) in flow. Different synthetic examples (D). Preparative gram-scale experiments (E). An assembled divided flow-type cell and a flow-

type system operated in recirculating mode. Scale given in cm (F).

15b, however, resulting in lower current efficiency as
with 15 mA ecm™ (56% vs. 38%, Table S8). The reaction was
also well reproducible using a higher current density
(Fig. S15).

The conditions in flow are quite general and can be applied
with small modifications to different examples, leading to
yields in the comparable range as in a batch-type cell (Fig. 4D
and Tables S10-S12).

Multigram-scale flow electrolysis

Following the optimization, we tested the stability and dura-
bility of the system in a multi-hour preparative scale experi-
ment. We increased the amount of starting material from 2.8
to 40 mmol and used the optimized electrochemical con-
ditions without any additional supporting electrolyte in the
catholyte.

To circumvent the long reaction time but keep the good
current efficiency, we decided to apply dynamic current
density (conditions 1: (1) 2 F, 60 mA cm™2, (2) 2 F, 30 mA cm™?,
and (3) 3 F, 15 mA cm™?).

Simultaneously, conditions 2 (10 F, 60 mA cm™>, Fig. 4E)
were tested to compare current efficiencies and productivities
for deoxygenation of both 15a and 17a.

The electrolysis proceeded smoothly, with no technical
issues or fluctuations in cell voltage observed during the 15-
and 27-hour experiments (Fig. S16 and S17). All the com-
ponents of the system (e.g. tubing, membrane, cell, electrodes;
Fig. 4F) endured the electrolysis without any noticeable visual
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signs of wear. The products 15b and 17b, both known flavour-
ing substances,®” were obtained in comparable conversions to
smaller scale experiments. After the reaction, the easy purifi-
cation followed: first, the majority of formic acid was removed
in vacuo and could be recycled after the reaction, the remain-
ing aldehyde (main impurity, about 5%) was removed by the
aqueous metabisulfite wash,’® and no column chromato-
graphy was needed to obtain 90% and 88% of isolated pure
product 15b under conditions 1 and 2, respectively (Fig. 4E),
successfully demonstrating the scalability of the electrolysis
and downstream processing.

In a similar way, 17a was deoxygenated using conditions 1
and 2 (Fig. 4E, and Tables S9, 14). The electrolysis and con-
secutive isolation easily furnished 89% and 79% of pure 17b,
respectively.

Overall, the efficiencies were superior under conditions 1,
while conditions 2 resulted in peak productivity. Compared to
the reaction conditions in the literature, both conditions 1 and
2 show higher current efficiency and practicality (Table S15).

Finally, a large preparative gram-scale electrolysis protocol
was compared to a classical Clemmensen reduction of 15a
and evaluated for sustainability (for a detailed evaluation,
see SI Chapter 13). The reported electrochemical process
aligns well with the principles of green chemistry, not only
because of the reusability of the electrodes and recyclable
green solvent but also because of lower environmental pol-
lution and higher safety compared to the classical reduction

(Fig. 5).
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Fig. 5 Radar chart comparing the green chemistry aspects of our
method with the classical Clemmensen protocol.

Conclusions

In summary, we have established a novel, mild, efficient, and
operationally simple protocol for electrochemical Clemmensen-
type carbonyl hydrogenolysis under galvanostatic conditions. The
electrolysis is based on the use of a commercially available and in-
expensive Zn cathode that can be reused many times without any
significant drop of catalytic activity despite some surface changes.
In contrast to other electrochemical methods, our protocol does
not rely on aqueous media but uses formic acid as a green solvent
and proton source. Importantly, this strategy allowed the substrate
scope of previous methods to be expanded to various benz-
aldehyde derivatives, also including those bearing electron-with-
drawing substituents (altogether 45 examples). Notable highlights
in the scope of the method are multiple abundant biomass-
derived aldehydes, including vanillin and furfural. In general, our
method shows better yield, selectivity, and current efficiency than
previously reported methods. Moreover, the method was readily
transferred from a batch to a flow-type setup. Importantly, this
setup allowed us to perform electrolysis without any additives in
the catholyte compartment due to lower cell resistance. Multi-
hour stable operation and potential for further scale-up were
demonstrated by successful multigram-scale electrolysis for the
preparation of two flavouring chemicals, creosol and 4-methyl-
syringol. These findings provide a solid framework for future prac-
tical application of more sustainable deoxygenation strategies.
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