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ABSTRACT
The valorization of lignin into aromatic products is currently one of the most relevant challenges in sustainable chemistry. Here,

we show that the electrochemical hydrogenolysis of model substrates and organosolv lignin occurs selectively on the sp3 C─O

bond, to give phenols as main products, without deterioration of the aromatic units. The electrochemical system uses stoichio-

metric amounts of water (H2O) as the only hydrogen source, and inexpensive and widely available magnesium as a sacrificial

electrode, to achieve a 98% phenol yield and an overall 98.8% Faradaic efficiency after optimization. Mechanistic studies based on

reactive, kinetics, and isotopic experiments, among others, reveal the necessary presence in the system of tri(pyrrolidin-1-yl)phos-

phine oxide (TPPA) as a protecting agent against electrode passivation and lithium bromide (LiBr) as a supporting electrolyte,

enabling the breaking and separation of organosolv lignin into its aromatic and alkyl organic parts. These results open the way to

directly obtain the aromatic compounds present in lignin with water and electricity.

1 | Introduction

Electrochemical methods have emerged as powerful tools to
drive chemical transformations under mild and tunable condi-
tions, offering unique opportunities for selective bond activation
through precise control of electron transfer [1–6]. In recent years,
significant advances in synthetic organic electrochemistry have
enabled a broad range of transformations, supported by
improved experimental methodologies, mechanistic understand-
ing, and practical guidance for implementation [2, 3, 7–9].
Despite these advances, electrochemical reactivity has been pre-
dominantly explored using well-defined molecular substrates,
and the translation of reactivity patterns established under con-
trolled electrochemical conditions to structurally complex and
heterogeneous materials remains a major challenge [7, 8].

Among renewable feedstocks, lignin represents a particularly
challenging substrate for electrochemical transformation
[10–12]. As a highly irregular aromatic biopolymer composed
of phenylpropanoid units linked through a diverse array of sp3

C─O and C─C bonds, lignin exhibits substantial structural
heterogeneity, broad molecular weight distributions and limited
solubility [10, 11]. While numerous catalytic and thermochemi-
cal approaches (not electrochemical) have been explored for lig-
nin depolymerization and valorization, achieving controlled and
selective bond cleavage within the native lignin matrix still
remains difficult [12–16]. In this context, electrochemical meth-
ods offer attractive features, such as reagent-free redox control
and mild operating conditions, but their application to lignin
has so far been dominated by oxidative processes or bulk electro-
conversion strategies, often with limited molecular-level insight
[17–19]. The most precious chemical part of lignin, i.e., the phe-
nylpropanoid units, is rarely preserved because the depolymeri-
zation reaction breaks the sp2 bonds concomitantly with the
strong sp3 bonds to become unselective, degrading the aromatic
units as well as the C─O and C─C links [12]. Indeed, electro-
chemical studies targeting C─O bond cleavage have largely
focused on well-defined lignin model compounds, such as aryl
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ether motifs, which allow systematic investigation of reaction
parameters and mechanistic features [20, 21]. These studies have
provided valuable insight into the feasibility of electrochemical
ether cleavage and the role of electrodes, mediators, and proton
sources, opening the door for a selective lignin depolymerization.
However, comparatively few reports attempt to bridge the gap
between reactivity observed in simple molecular models and
structural modification of native lignin, and even fewer do so
under carefully controlled electrochemical conditions combined
with detailed experimental validation, in order to get the valuable
phenylpropanoid units [17].

A critical yet underexplored question is therefore how electro-
chemical sp3 C─O bond cleavage reactivity, established on model
aryl ether substrates, translates to a chemically complex lignin
matrix. Moreover, the question further remains for stronger
sp3 C─C bonds, also present in lignin. Motivated by this gap,
we set out to explore whether simple electroreductive conditions,
implemented in a commercially available electrosynthesis device
(ElectraSyn 2.0, Figure S1) and employing inexpensive Mg and
Zn electrodes, could promote selectively the sp3 C─O and
C─C bond hydrogenolysis under mild conditions, preserving
the aromatic units. Using a robust aryl ether model substrate,
we will first establish the electrochemical C─O and C─C bond
hydrogenolysis under operationally simple conditions. This ini-
tial observation will then motivate us for a systematic investiga-
tion of key reaction parameters, including electrode material,
solvent, electrolyte, water content, and the role of additives such
as tri(pyrrolidin-1-yl)phosphine oxide (TPPA). Then, we will
carry out a detailed experimental investigation of electrochemical
C─O bond cleavage under constant-current conditions, combin-
ing systematic optimization of operational parameters with
mechanistic control experiments. Building on this foundation,
we explore the applicability of the optimized electrochemical
system to organosolv lignin as a chemically demanding, hetero-
geneous substrate. Rather than targeting selective lignin

depolymerization, our study focuses on identifying reproducible
structural modifications induced by electrochemical treatment
and on assessing how reactivity trends, established in model
aryl ether substrates, manifest in lignin-derived fractions.
Comparative nuclear magnetic resonance (NMR) analyses,
among others, reveal the formation of chemically distinct lignin
fractions with differing aromatic and aliphatic character,
providing experimental evidence for electrochemical C─O bond
cleavage chemistry to be translated, at least in part, from
well-defined molecular systems to native lignin under mild con-
ditions [22].

2 | Results and Discussion

2.1 | Initial Screening Conditions for the
Electrochemical Reduction of a Model Substrate

The aryl-fused oxygen heterocycle compound 1, rather than any
commercial simpler compound, was selected as a model sub-
strate for our electrochemical studies due to its well-defined
structure, which combines an aromatic ring with a cyclic ether
moiety containing different sp3 C─O and C─C bonds, akin to lig-
nin. Such oxygenated aromatic frameworks provide robust and
synthetically accessible models for investigating the electroreduc-
tive C─O and C─C bond cleavage in complex environments, and
bear conceptual relevance to lignin and related biomass-derived
materials, which are rich in oxygen-containing aromatic motifs.
The synthesis of compound 1 has been previously reported and
can be performed on multigram scale (see Experimental Section
in the Supporting Information), making it suitable for extensive
optimization studies [23].

Table 1 shows the results obtained for the electrochemical reduc-
tion of compound 1 under the initial screening conditions. The
reactions were performed in a nondivided cell under constant-
current electrolysis using Mg as the anode, with either stainless

TABLE 1 | Results for the electrochemical reduction of model compound 1 under initial screening conditions.

Entry Cathode, CE Current, mA Charge, F/mol Yield to 2, % By-productsa, %

1 SS 15 9.0 7 64

2 SS 10 9.0 33 19

3 SS 10 18.7 59 26

4 SS 5 6.5 17 14

5 Zn 15 6.5 36 16

6 Zn 10 6.5 26 39

7 Zn 10 9.0 51 16

8 Zn 10 25.0 48 49

Note: The reactions were carried out using IKA electrodes, 1 (0.1 mmol), TPPA (10 eq.), LiBr (7.5 eq.) and 3.6 ml of THF, and double-checked after monitoring by
GC–MS and 1H NMR. The reactions were perfomed by duplicate, and the result given is the average.
aCombined yield of further hydrogenated products detected by GC and 1H NMR, including species with m/z 262 and 264.
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steel (SS) or Zn serving as the cathode, LiBr as a supporting
electrolyte, 1,3-dimethylurea (DMU) as a proton source,
tri(pyrrolidin-1-yl)phosphine oxide (TPPA) as an additive to mit-
igate electrode passivation, and tetrahydrofuran (THF) as a sol-
vent. The reaction was monitored by gas chromatography (GC)
combined with mass spectrometry (GC–MS) and also by proton
nuclear magnetic resonance (1H NMR). As summarized in
Table 1, the outcome of the electrochemical reduction was found
to be highly sensitive to the applied current, charge, and cathode
material. Using SS as the cathode at a constant current of 10 mA,
compound 1 was efficiently converted into compound 2 in 59%
yield (Table 1, compare entries 1–4 and see also Figures S1–S3).
High-resolution mass spectrometric analysis of the crude reac-
tion mixture revealed two byproducts with m/z values of 262
and 264, alongside compound 2. Given that the molecular weight
of starting material 1 is 258, these signals are consistent with par-
tial (+4) and full (+6) reduction of the aromatic ring, respectively
(Figure S4). Although these byproducts could not be unambigu-
ously identified, their formation highlights the presence of com-
peting electroreductive pathways under the initial screening
conditions. It must be noticed here that the reaction conditions
were in principle inspired by a seminal work where aromatic ring
reduction occurs [24], thus the formation of these further hydro-
genated byproducts is reasonable, while the preservation of the
aromatic ring in 2 must be considered remarkable. Indeed, the
efficient formation of compound 2 while maintaining a moderate
level of byproducts was also observed using a Zn cathode at lower
charge input, affording a 51% yield of 2 (Table 1, entries 5–8).
Lower currents or insufficient charge resulted in poor conversion
of compound 1 (see entries 4 and 6), whereas more forcing elec-
trochemical conditions led to increased formation of byproducts,
again coming from the partial or full reduction of the aromatic
ring under the strongly reducing electrochemical conditions (see
entries 1 and 8). The evolution of the reaction under these forced
conditions was then determined at different times, providing
qualitative insight into the time-dependent formation of com-
pound 2 and the byproducts (Figure S5), to show that the unde-
sired second hydrogenation proceeds faster under the forced
reaction conditions.

Taken together, these initial results establish that compound 1
undergoes electrochemical reduction in which sp3 C─O but
not sp2 C─O (phenol) or C─C (including aromatic) hydrogenol-
ysis predominates [25] while also revealing the strong depen-
dence of product distribution on the applied electrochemical
conditions. This observation prompted a systematic optimization
of the reaction parameters, which is discussed in the following
section.

2.2 | Optimization Study

First, the reaction was performed in the absence of TPPA, and no
conversion of compound 1 was observed, highlighting the crucial
role of this additive in preventing electrode passivation under the
electroreductive conditions [24, 26]. Then, the role of the proton
source, i.e., DMUwas studied. For that, kinetic experiments were
performed under constant-current, in order to assess whether
changes in product distribution could be induced during the
reaction. Thus, the electrochemical reaction was performed from
the beginning without DMU, and the formation of compound 2
was still observed, although with a slower overall reaction rate

and an apparent induction period (Figure S6). This result seems
to indicate that DMU is not necessary for product 2 to be formed.
Indeed, when the reaction was carried out in the presence of
DMU (Mg(+)/SS(–), 10 mA, 25 F/mol), interrupted after partial
conversion, subjected to standard work-up to remove additives,
and then resumed in the presence of TPPA but in the absence of
DMU, the electrohydrogenolysis proceeded further and resulted
in a continued increase in the yield of compound 2 (Figure S7).
This experiment confirms that the use of DMU is not required for
the formation of product 2 and that, in the absence of DMU, the
reaction proceeds with high selectivity toward the desired prod-
uct 2. This led us to investigate the actual proton source respon-
sible for the sp3 C─O bond breaking process.

Given that DMU was not required for product formation,
Karl–Fischer titration of the individual reaction components
were carried out to determine the presence of residual water
in the reaction medium, with LiBr and TPPA identified as the
major contributors (Figure S8 and Table S1). The amount of
residual water in the ‘dry’ system, thus twice hydrogen atoms,
is approximately one equivalent respect to 1, enough to sustain
the hydrogenation reaction quantitatively [27]. This observation
suggests that trace amounts of water present in the reaction mix-
ture could act as the effective proton source during the electro-
chemical reduction. Under these DMU-free reaction conditions,
a comparative evaluation of different electrodes revealed that the
Mg(+)/Zn(–) combination provided the most efficient formation
of compound 2, affording yields of up to 89.9% (Table S2). On this
basis, this electrode pair was selected to evaluate the influence of
water content under controlled reaction conditions. The reac-
tions were performed using dry THF while varying the amount
of added water. As summarized in Table 2, efficient formation of
compound 2 was achieved with low amounts of water, particu-
larly when dry THF was employed, to achieve a remarkable 90%
of 2 with 94% selectivity (entry 3). While the reaction tolerated

TABLE 2 | Results for the electrochemical reduction of model

compound 1 with different amounts of H2O.

Entry
Dry
THF

Additional
H2O, eq.

Yield
to 2, %

Byproducts,
%

1 No 0 64.0 2.4

2 No 1 71.6 6.7

3 Yes 0 90.0 5.8

4 Yes 1 84.7 10.2

5 Yes 3 69.2 16.5

Note: The reactions were carried out using IKA electrodes Mg(+)/Zn(–),
1 (0.1 mmol), TPPA (10 eq.), LiBr (7.5 eq.), and 3.6 mL of THF. With dry
reactants/solvent, the amount of residual water is approximately 1 equivalent
to complete the hydrogenolysis reaction. The reactions were set up at 10 mA
(constant current) and 25 F/mol, and double-checked after monitoring by
GC–MS and 1H NMR. The reactions were perfomed by duplicate, and the
result given is the average.
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small amounts of added water, higher water loadings led to
reduced selectivity for 2. This trend is consistent with kinetics
experiments performed using dry and nondry LiBr, in which
the use of dried LiBr resulted in an approximately 10% higher
yield of compound 2 compared to LiBr used as received
(Figure S9). Karl–Fischer analysis indicated that the water con-
tent associated with nondried LiBr corresponds approximately to
one equivalent of water relative to compound 1, in good agree-
ment with the decrease in yield observed upon intentional addi-
tion of one additional equivalent of water (Table 2, entries 3 and 4).
Overall, these studies indicate that excess proton availability
favors competing electroreductive pathways, resulting in reduced
selectivity toward C─O bond hydrogenolysis and, in some cases,
premature termination of electrolysis due to a rapid increase in
cell potential [28].

The effect of the solvent and electrolyte was briefly examined
under the new optimized electrochemical conditions. Using
the Mg(+)/Zn(–) electrode pair, several commonly used solvents
for reductive electrosynthesis, such as MeCN, DMF, and DMSO,
were screened. In contrast to THF, which consistently afforded
efficient formation of compound 2, the use of these solvents
resulted in negligible formation of 2 (<1%), often accompanied
by increased cell potential or electrode passivation (Table S3).
It must be noted here that the breaking of THF solvent bonds
by Mg metal was not observed, although it cannot be discarded
[29]. Regarding the electrolyte, other lithium halide salts such as
LiI were found to be suitable for this transformation, affording
comparable yields of compound 2 than LiBr (Table S4) [30].
In contrast, other electrolytes such as NaCl, NaBr, NaBF4, and
NH4Br showed insufficient solubility in THF and were therefore
not considered.

The role of TPPA was subsequently examined under the opti-
mized solvent and electrolyte conditions, and, again, it was found
to be essential to sustain productive electrolysis, as when DMU
was present in the reaction medium. Decreasing the amount of
TPPA led to a pronounced decrease in reaction efficiency, while
the absence of TPPA resulted in complete suppression of product

formation, consistent with rapid electrode passivation under the
electroreductive conditions (Table S5). These results indicate that
TPPA plays a critical operational role in maintaining electrode
activity throughout the electrolysis, either with or without
DMU. Attempts to replace TPPA with alternative additives were
unsuccessful, in particular, the use of triphenylphosphine oxide
(TPPO) did not result in detectable formation of compound 2.
31P NMR monitoring experiments, in which TPPA and
TPPO were simultaneously present in the reaction mixture
(Figure S10), showed that TPPA remained largely intact during
the reaction, exhibiting only minor degradation (≤10%), whereas
TPPO underwent significant degradation under the same reaction
conditions [31]. The higher stability of TPPA may be related to the
electronic nature of the substituents at the phosphorus atom [32].

The combined influence of substrate concentration and applied
current on the electrochemical reduction of compound 1 was
next examined. Preliminary experiments conducted at a substrate
concentration of 25 mM and varying the applied current in the
presence of one equivalent of added water revealed that increas-
ing the current to 15–20 mA led to a rapid rise in cell potential, in
some cases reaching the voltage limit of the instrument (Table S6).
This behavior was not observed when the substrate concentration
was increased. As illustrated in Figure 1 (see also Table S7),
increasing the substrate concentration from 25 to 50 mM at a
constant current of 10 mA resulted in a slower formation of com-
pound 2 while maintaining comparable final yields (�84%) at a
given charge input. Notably, higher substrate concentration
enabled the application of increased current without compromis-
ing the stability of the electrochemical system. At 50mM of 1,
increasing the current from 10 to 15 mA led to higher yields
of compound 2, to finally achieve a remarkable 98%. Besides,
not only the final yield but also the initial rate increases with
substrate concentration (Figure S11). These effects are consistent
with a reduced availability of electroactive substrate at the elec-
trode surface under conditions of high proton availability or low
substrate concentration, which can lead to inefficient consump-
tion of the applied current, manifested as reduced selectivity

FIGURE 1 | Effect of substrate concentration and applied current on the electrochemical reduction of compound 1. Reactions were performed in an

undivided cell using Mg(+)/Zn(–) electrodes, TPPA (10 eq.), LiBr (7.5 eq.), and dry THF (4mL). Formation of compound 2 as a function of charge under

left) different substrate concentrations (25 and 50mM) at a constant current of 10 mA, and right) different applied currents (10 and 15 mA) at a substrate

concentration of 50mM. Error bars account for a 5% uncertainty.
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toward compound 2 and/or an increase in cell potential. Overall,
these results indicate that substrate concentration and applied
current must be carefully balanced to maintain a stable electro-
chemical regime and achieve efficient and selective sp3 C─O
bond hydrogenolysis under the present conditions [33].

2.3 | Mechanistic Considerations

Several experiments were then performed to gain insight into the
nature of the electrochemical transformation. First, a kinetic
experiment in which the current was stopped at 5 F/mol during
product formation showed that the formation of 2 was strictly
dependent on the electrical current because no further formation
of compound 2was observed when the current was interrupted at
approximately 55% conversion (Figure S12). This result unambig-
uously indicates that the reaction does not proceed via a purely
chemical pathway.

Isotopic labeling experiments provided direct evidence regarding
the origin of the protons involved in the ring-opening process.
When the reaction was conducted in the presence of D2O, deute-
rium incorporation was observed in the aliphatic fragment of the
ring-opened product (Figure S13–S14) [34]. Notably, deuterium
incorporation was not detected at the phenolic O─H position,
which is likely due to rapid H/D exchange with residual protic
species present in the reaction medium or during work-up. In con-
trast, no deuterium incorporation was observed when the reaction
was performed in THF–d8. These results, together with the sensi-
tivity of the reaction to proton availability, identify water as the
effective proton source during electrochemical C─O bond hydro-
genolysis and suggest that controlled proton delivery is a key factor
governing selectivity and electrochemical stability [8].

In electrochemical reductive transformations, metals such as Mg
are commonly employed as sacrificial anodes, as they readily
undergo anodic dissolution while enabling electron delivery to
the cathodic process [35]. In this context, the role of the Mg elec-
trode was examined in more detail. Reactions conducted using
new or reused Mg anodes afforded comparable reaction profiles
and final yields (Figure S15), indicating that gradual electrode
consumption does not adversely affect reaction efficiency.
Consistent with this behavior, gravimetric analysis revealed a
mass loss of approximately 60mg (2.47 mmol) of Mg per reaction
at a charge input of 25 F/mol. Assuming anodic oxidation of Mg
to Mg2+, this mass loss corresponds approximately to 4.94 mmol
of electrons, which closely matches the total charge passed
(25 F/mol × 0.2 mmol of substrate= 5.0 mmol electrons), in
agreement with magnesium acting as a sacrificial anode under
the electroreductive conditions. These numbers give a
Faradaic efficiency (FE) of 98.8% for the whole process.

Additional insights were obtained from electrode-switching
experiments. When the Mg anode was replaced by a Zn electrode
after partial conversion (�25%), electrolysis could be resumed
and product formation continued, although at a slower rate com-
pared to uninterrupted reaction with the Mg anode (Figure S16).
In contrast, reactions conducted exclusively with Zn electrodes
were ineffective (see Table S2). These observations suggest that
metallic Mg plays a critical role during the initial stages of the
electrochemical transformation, while continued electron flow
can sustain product formation once the process has been
initiated.

To further probe the role of Mg in the electrochemical transfor-
mation, a series of control experiments was performed using dif-
ferent additives (Table S8). When the reaction was conducted
using Zn(+)/Zn(–) electrodes in the presence of metallic Mg turn-
ings, productive electrolysis was observed even in the absence of
a Mg anode. In contrast, the use of soluble Mg salts (MgI2, MgBr2,
MgCl2) did not promote product formation and, in several cases,
led to rapid electrode passivation, even when a Mg anode was
present (Figure S17) [36]. Additional experiments showed that
neither metallic Zn nor AlCl3 reproduced the effect of Mg,
and the presence of a crown ether, as a complexing agent, did
not significantly alter the reaction outcome. Together, these
observations indicate that the presence of metallic Mg, rather
than dissolved Mg species or simple Lewis acidic additives, is
required to sustain productive electrolysis under the reaction
conditions [37]. It must be said here that cyclic voltammetry
(CV) experiments were conducted to gain qualitative insight into
the electrochemical behavior of the reaction components but,
under the reaction conditions, the voltammetric response was
dominated by TPPA, which is present in excess and exhibits elec-
troactivity within the explored potential window (Figure S18). As
a result, no distinct electrochemical features attributable to com-
pound 1 or product 2 could be reliably identified. Consequently,
the CV data could not be used to derive mechanistic conclusions.

Taken together, these observations support the reaction scenario
shown in Figure 2, in which electrochemical sp3 C─O bond
hydrogenolysis is governed by controlled electron flow, regulated
proton availability, and the presence of metallic Mg in solution
[38] under conditions that maintain an active electrode surface.

2.4 | Reactivity of Other Aryl ether Substrates and
Application to Lignin Depolymerization

To further explore the reactivity of the electrochemical system
beyond the model substrate, a small set of additional aryl ether
compounds was evaluated under the optimized conditions
(Figure S19). Simple aryl alkyl ethers, such as anisole and ben-
zodioxole, underwent efficient sp3 C─O bond cleavage to afford
the corresponding phenols in high yields, without any breaking
of the sp2 C─O phenol bond. Substrates bearing additional func-
tional groups or extended conjugation, including alkynes or chro-
manone derivatives, resulted in competing reduction pathways
[39], nevertheless, keeping untouched the phenol ring products.
Only when catechol-derived substrates were employed as

FIGURE 2 | Proposed reaction pathway for the electrochemical

hydrogenolysis of aryl ether 1 to phenol 2 under the optimized reaction

conditions.
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reactants, the breaking of one of the sp2 C─O bonds was
observed, keeping the other one intact, to give a phenol as a final
product. These results highlight the high selectivity of the electro-
reductive reaction to form phenols as final products, despite the
expected pronounced sensitivity of the electrochemical transfor-
mation to substrate structure and electronic properties. The
observed reactivity trends are consistent with the ability of our
electroreductive system to promote alkyl vs aryl C─O bond cleav-
age in aromatic substrates.

Encouraged by the observed electrochemical C─O bond hydro-
genolysis in a well-defined model substrate and related aryl
ethers, we next explored the applicability of the optimized elec-
troreductive conditions to a more complex and structurally het-
erogeneous material, such as organosolv lignin, shown in
Figure 3 [40]. Electrochemical treatment of organosolv lignin
was evaluated under several sets of conditions, varying the
amount of lignin, the applied current, and the cathode material
(see also Table S9). All experiments were performed in an undi-
vided cell using an IKA ElectraSyn setup equipped with a Mg
sacrificial anode under constant-current electrolysis. After
work-up, complex reaction mixtures were obtained, consistent
with the structural heterogeneity of lignin. Multiple 1H and
13C{1H} NMR datasets were collected across experiments, and
the discussion below focuses on representative spectra that cap-
ture the main qualitative features observed upon electrochemical
treatment.

After electrolysis and chromatographic work-up on silica, two
operationally distinct fractions were obtained: (i) a nonretained
soluble fraction that readily eluted through silica, and (ii) a frac-
tion initially retained on silica, which could be recovered upon
elution with a more polar solvent. Figure 4 compares the 1H
NMR spectra of these fractions with that of the starting lignin.
First, a clear qualitative change not only in the 1H NMR spectrum
relative to the starting material but also in the corresponding
13C{1H} NMR spectra (Figures S20–S23) can be observed, includ-
ing the emergence of new signals consistent with phenolic and
carbonyl-containing functionalities as well as a redistribution of

signals in the aromatic and aliphatic regions. Notably, the silica-
retained fraction displays a higher relative contribution of
aromatic signals in both the 1H (6–8 ppm) and 13C{1H} (110–
160 ppm) NMR spectra, consistent with highly functionalized,
polar aromatic lignin-derived materials [41, 42]. The signal for
the phenol protons at 6.0 ppm is clearly observed. In addition,
other signals clearly visible in the 9–10 ppm region of the 1H
NMR spectra of this retained fraction are consistent with aldehy-
dic protons, suggestive of aromatic or conjugated aldehyde motifs
associated with highly functionalized lignin-derived structures.
These species come from the dehydrogenation of benzyl alcohol
products, also expected after the breaking of lignin [43]. This
interpretation is further supported by the appearance of carbonyl
signals around 195 ppm in the corresponding 13C{1H} NMR
spectra. Accordingly, aldehyde-containing aromatic motifs are
included as representative structures in the reaction scheme
shown in Figure 3. The absence of well-defined vinyl proton sig-
nals and the lack of signals in the 13C{1H} NMR spectra in the
126–130 ppm range suggest that α,β-unsaturated aldehyde motifs
are not predominant, and that the observed aldehydic signals are
more consistent with aromatic aldehyde functionalities. Fourier-
transform infrared (FT-IR) characterization confirms the enrich-
ment of this product fraction in phenol-derived aromatic
products (in average mass) compared to the starting organosolv
lignin after a clear increase in the signals in the 1600–1700 cm–1

area (Figure S24). Tentative assignments of selected 1H and
13C{1H} NMR signals supporting the representative lignin-
derived motifs depicted in Figure 3 are also provided in the
Supporting Information (Figure S25) [44].

In contrast, the nonretained soluble fraction shows a marked pre-
dominance of aliphatic and oxygenated aliphatic signals with only
minor aromatic contributions observable upon signal expansion,
not only by NMR (Figure S26) bus also by FT-IR (increase in
the signals around 1200 cm–1, Figure S24). Tentative aliphatic
and carbonyl-containing lignin-derived motifs consistent with this
fraction are proposed in Figure 3, and further reproductions of the
electrochemical reaction under slightly different conditions led to

FIGURE 3 | Main products found during the electrochemical reaction of organosolv lignin. A representative structural motif commonly attributed to

organosolv lignin is shown. The reaction was carried out in an undivided cell using an IKA ElectraSyn setup equipped with Mg(+)/Zn(–) electrodes. An
ElectraSyn vial was charged with lignin organosolv (50mg), TPPA (500mg), LiBr (130mg), and dry THF (4mL), followed by constant-current electroly-

sis at 10 mA. The reactions were perfomed by duplicate, and the result given is the average. The tentative lignin-derived aromatic structures are shown

for illustrative purposes.
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similar results (Figures S27–S29). This spectroscopic differentiation
indicates that the electrochemical treatment leads to the expected
formation of the chemically distinct lignin-derived fractions, one
containing the aromatic units (silica-retained fraction) and another
the alkyl containing fraction (nonretained fraction), after sp3 C─O
(and perhaps also sp3 C─C) bond breaking [45], without any obser-
vation of aromatic degradation after complete consumption of the
starting organosolv lignin [46]. These results with lignin are in good
agreement with the studies above withmodel substrates, and show-
case the possibility of separating the aromatic from the alkyl frac-
tion in the original lignin after the electrochemical treatment [47].
It is noteworthy to comment that the stability of the depolymerized
lignin product mixture is also relevant because several electro-
chemical by-reactions might also occur [48–50].

3 | Conclusion

The electroreduction not only of model substrates but also of
organosolv lignin occurs, after optimization, in high yield toward
the phenol products (up to 98%) and high overall FE (98.8%) with
minimal amounts of water. The efficiency of the electrochemical
system is based on the use of Mg as a sacrificial electrode, to selec-
tively break the sp3 C─O bonds present in lignin and substrate
models but not other C─O or C─C bonds [51, 52]. This valoriza-
tion of lignin into aromatic products employs inexpensive

materials and enables the easy separation of the aromatic and
alkyl constituents in organosolv lignin, providing a straightfor-
ward way to directly obtain the individual organic compounds.
Mechanistic studies, involving kinetic and isotopic experiments
among others, reveal the necessary presence in the system of
tri(pyrrolidin-1-yl)phosphine oxide (TPPA) as a protecting agent
against passivation and lithium bromide (LiBr) as a supporting
electrolyte. Given that lignin valorization is one of the main cur-
rent challenges in chemistry [53–56], involving different fields
such as synthetic chemistry, catalysis and sustainable chemistry,
the results here shown can open new directions in the
field [57, 58].
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(blue) silica-retained fraction (initially retained on silica and subsequently eluted with additional/more polar solvent), (green) nonretained soluble

fraction (eluate after passage through silica), and (red) starting organosolv lignin. Reaction conditions in Table S9, entry 1.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. The experimental section, additional Figures S1–
S29, Tables S1–S9 and compound characterization can be found in the
Supporting Information. Supporting Fig. S1: Typical reaction set-up
for the electrochemical reactions in the IKA Electrasyn 2.0.
Supporting Fig. S2: Mass chromatography spectra of the model sub-
strate 1. Supporting Fig. S3: Mass chromatography spectra of compound
2, as the major product observed under the electroreductive conditions.
Supporting Fig. S4: Mass chromatography spectra of the two further
hydrogenated byproducts. Supporting Fig. S5: Kinetics of the electro-
chemical reduction of compound 1, in the presence of DMU.
Reactions were carried out in an undivided cell using an IKA
ElectraSyn setup equipped with Mg(+)/SS(–) electrodes. An ElectraSyn
vial was charged with compound 1 (0.4 mmol), TPPA (10 eq.), LiBr
(7.5 eq.), DMU (3 eq.) and dry THF (14.4 mL), followed by constant-cur-
rent electrolysis at 10 mA to a total charge of 25 F/mol. Error bars account
for a 5% uncertainty. Supporting Fig. S6: Kinetics of the electrochemical
reduction of compound 1 without DMU as a source of protons. Reactions
were carried out in an undivided cell using an IKA ElectraSyn setup
equipped with Mg(+)/SS(–) electrodes. The ElectraSyn vial was charged
with compound 1 (0.4 mmol), TPPA (10 eq.), LiBr (7.5 eq.), and THF (14.4
mL), followed by constant-current electrolysis at 10 mA to a total charge
of 25 F/mol. An induction time can be seen before our desired product 2
starts forming without other byproducts. Error bars account for a 5%
uncertainty. Supporting Fig. S7: Kinetics of the electrochemical reduc-
tion of compound 1 with removal of DMU during the reaction. Reactions
were carried out in an undivided cell using an IKA ElectraSyn setup
equipped with Mg(+)/SS(–) electrodes. The ElectraSyn vial was charged
with compound 1 (0.4 mmol), TPPA (10 eq.), LiBr (7.5 eq.), DMU (3 eq.)
and THF (14.4 mL), followed by constant-current electrolysis at 10 mA to
a total charge of 25 F/mol. The reaction mixture was then subjected to a
standard work-up to remove TPPA, LiBr, and DMU, after which TPPA
and LiBr were reintroduced and electrolysis was resumed for an addi-
tional 10 F/mol in the absence of DMU. Error bars account for a 5%
uncertainty. Supporting Fig. S8: Karl-Fischer coulometric titrator used
for the determination of the amount of water in the system. Supporting
Fig. S9: Kinetics of the electrochemical reduction of compound 1 using
dry and non dry LiBr. Reactions were carried out in an undivided cell
using an IKA ElectraSyn setup equipped with Mg(+)/Zn(–) electrodes.
An ElectraSyn vial was charged with compound 1 (0.2 mmol), TPPA
(10 eq.), LiBr (7.5 eq.), and dry THF (4 mL), followed by constant current
electrolysis at 10 mA to a total charge of 25 F/mol. Prior to the reaction,
LiBr was dried at high vacuum and 170°C during
24 h. Error bars account for a 5% uncertainty. Supporting Fig. S10:
31P NMR spectra of the reaction carried out with tri(pyrrolidin-1 yl)phos-
phine oxide (TPPA) and triphenylphosphine oxide (TPPO) at increasing
charge inputs, showing that TPPA remains largely intact throughout elec-
trolysis, whereas TPPO undergoes significant degradation under the same
conditions. Supporting Fig. S11: a) Kinetics of the electrochemical
reduction of compound 1, using different starting concentrations.
Reactions were carried out in an undivided cell using an IKA
ElectraSyn setup equipped with Mg(+)/Zn(–) electrodes. The
ElectraSyn vial was charged with compound 1 (0.1–0.3 mmol), TPPA
(10 eq.), LiBr (7.5 eq.) and dry THF (4 mL), followed by constant-current
electrolysis at 10 mA to a total charge of 5 F/mol. Error bars account for a
5% uncertainty. b) Starting speed of the reaction vs starting mmol of
model compound 1, according to the kinetics. Supporting Fig. S12:
Kinetics of the electrochemical reduction of compound 1 at standard con-
ditions (red line) compared to a reaction in which the current was stopped
at 5 F/mol (black line). Reactions were carried out in an undivided cell
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using an IKA ElectraSyn setup equipped with Mg(+)/Zn(–) electrodes.
An ElectraSyn vial was charged with compound 1 (0.2 mmol), TPPA
(10 eq.), LiBr (7.5 eq.), and dry THF (4 mL), followed by constant-current
electrolysis at 10 mA to a total charge of 25 F/mol. Error bars account for
a 5% uncertainty. Supporting Fig. S13: Isotopic labeling experiments.
a) Electrochemical reduction of compound 1 performed in the presence
of D2O (1–5 eq.), showing deuterium incorporation in the aliphatic frag-
ment of the ring-opened product 2. b) Electrochemical reduction of com-
pound 1 performed in THF-d8, in which no deuterium incorporation was
detected. Reactions were carried out using Mg(+)/Zn(–) electrodes at 10
mA and 25 F/mol. In experiments employing 5 eq. of D2O, the amount of
compound 1 was increased to 0.2 mmol in order to avoid a rapid increase
in cell potential. Supporting Fig. S14: Mass chromatography spectrum of
the deuterated product 2, with a +1 increase in mass respect to the non-
deuterated product. Supporting Fig. S15: Kinetics of the electrochemical
reduction of compound 1 using new and “dirty” electrodes. Reactions
were carried out in an undivided cell using an IKA ElectraSyn setup
equipped with Mg(+)/Zn(–) electrodes. The “dirty”ones were not cleaned
from one reaction to another. An ElectraSyn vial was charged with com-
pound 1 (0.2 mmol), TPPA (10 eq.), LiBr (7.5 eq.), and dry THF (4 mL),
followed by constant current electrolysis at 10 mA to a total charge of 25
F/mol. Error bars account for a 5% uncertainty. Supporting Fig. S16:
Kinetics of the electrochemical reduction of compound 1 changing the
usual anode (Mg) to inactive ones (Zn) at 2.5 F/mol. Reactions were car-
ried out in an undivided cell using an IKA ElectraSyn setup equipped
with Mg(+)/Zn(–) electrodes, which were changed to Zn(+)/Zn(–) at
2.5 F/mol. An ElectraSyn vial was charged with compound 1 (0.2 mmol),
TPPA (10 eq.), LiBr (7.5 eq.), and dry THF (4 mL), followed by constant
current electrolysis at 10 mA to a total charge of 25 F/mol. Error bars
account for a 5% uncertainty. Supporting Fig. S17: The Zn counter elec-
trode (right) gets pasivated when adding a Mg2+ salt to the reaction (in
this case MgBr2) and a Mg electrode is used as a working electrode (Table
S8, entry 6). Supporting Fig. S18: Cyclic voltammetry experiments
where the voltammetric response is dominated by TPPA, which is present
in excess and exhibits electroactivity within the explored potential win-
dow. Supporting Fig. S19: Reactivity of additional aryl ether substrates
under the optimized conditions. Reactions were carried out in an undi-
vided cell using an IKA ElectraSyn setup equipped with Mg(+)/Zn(–)
electrodes. An ElectraSyn vial was charged with substrate (0.1 mmol),
TPPA (10 eq.), LiBr (7.5 eq.), and dry THF (4 mL), followed by con-
stant-current electrolysis at 10 mA to a total charge of 25 F/mol. All
results are from GC and GC-MS. Supporting Fig. S20: 1H, 13C{1H}
and DEPT NMR spectrum of organosolv lignin, with peak assignments.
Supporting Fig. S21: 1H, 13C{1H} and DEPT NMR spectrum of organo-
solv lignin, with peak assignments. Supporting Fig. S22: 1H, 13C{1H} and
DEPT NMR spectra of lignin-derived fraction initially retained on silica,
obtained after electrochemical treatment of organosolv lignin under the
conditions described in Table S9 (entry 1), with some peak assignments.
Supporting Fig. S23: 1H, 13C{1H} and DEPT NMR spectra of lignin-
derived fraction non-retained on silica, obtained after electrochemical
treatment of organosolv lignin under the conditions described in Table
S9 (entry 1), with some peak assignments. Supporting Fig. S24: IR
FT-IR spectrum of reaction mixture (TPPA+ lignin) before (blue line)
and after (green and brown line) electrochemical reduction.
Supporting Fig. S25: 1H, 13C{1H} and DEPT NMR spectra of lignin-
derived fraction initially retained on silica obtained after electrochemical
treatment, with tentative signal assignments correlated with representa-
tive lignin-derived aromatic motifs. Supporting Fig. S26: 1H, 13C{1H}
and DEPT NMR spectra of lignin-derived fraction non-retained on silica
obtained after electrochemical treatment, with tentative signal assign-
ments correlated with representative lignin-derived aromatic motifs.
Signals attributed to acetone and acetonitrile arise from residual solvents.
Supporting Fig. S27: 1H, 13C{1H} and DEPT NMR spectra of lignin-
derived fractions obtained after electrochemical treatment of organosolv
lignin under the conditions described in Table S9 (entry 2), with some
peak assignments. Supporting Fig. S28: 1H, 13C{1H} and DEPT NMR
spectra of lignin-derived fractions obtained after electrochemical treat-
ment of organosolv lignin under the conditions described in Table S9
(entry 3), with some peak assignments. Supporting Fig. S29: 1H,
13C{1H} and DEPT NMR spectra of lignin-derived fractions obtained after

electrochemical treatment of organosolv lignin under the conditions
described in Table S9 (entry 4), with some peak assignments.
Supporting Table S1: Water content of reaction components determined
by Karl-Fischer titration. Supporting Table S2: Results of the electro-
chemical reduction of 1 using different electrode combinations.
Reactions were carried out in an undivided cell using an IKA
ElectraSyn setup. An ElectraSyn vial was charged with compound 1
(0.1 mmol), TPPA (10 eq.), LiBr (7.5 eq.), and THF (3.6 mL), followed
by constant-current electrolysis at 10 mA to a total charge of 25 F/
mol. Supporting Table S3: Results of the electrochemical reduction
of 1 using different solvents. Reactions were carried out in an undivided
cell using an IKA ElectraSyn setup equipped with Mg(+)/Zn(–) electro-
des. An ElectraSyn vial was charged with compound 1 (0.1 mmol), TPPA
(10 eq.), LiBr (7.5 eq.), and THF (3.6 mL), followed by constant-current
electrolysis at 10 mA to a total charge of 25 F/mol. The use of acetonitrile
led to formation of intractable reaction mixtures, while DMF resulted in
rapid electrode passivation. Similarly, the cell potential in 1,4-dioxane
rapidly increased to the voltage limit of the equipment, leading to prema-
ture termination of electrolysis. Supporting Table S4: Results of the elec-
trochemical reduction of 1 using different electrolytes. Reactions were
carried out in an undivided cell using an IKA ElectraSyn setup equipped
with Mg(+)/Zn(–) electrodes. An ElectraSyn vial was charged with com-
pound 1 (0.2 mmol), TPPA (10 eq.), electrolyte (7.5 eq.), and THF (4 mL),
followed by constant current electrolysis at 10 mA to a total charge of 25
F/mol. The low yield observed with LiCl is likely influenced by the higher
moisture content of the salt. Other electrolytes such as NaCl, NaBr,
NaBF4 and NH4Br were found to be insufficiently soluble in THF.
Supporting Table S5: Results of the electrochemical reduction of 1 with
different amounts of TPPA. Reactions were carried out in an undivided
cell using an IKA ElectraSyn setup equipped with Mg(+)/Zn(–) electro-
des. An ElectraSyn vial was charged with compound 1 (0.2 mmol), TPPA
(5-10 eq.), LiBr (7.5 eq.), and THF (4 mL), followed by constant-current
electrolysis at 10 mA to a total charge of 25 F/mol. Supporting Table S6:
Results of the electrochemical reduction of 1 with different currents.
Reactions were carried out in an undivided cell using an IKA
ElectraSyn setup equipped with Mg(+)/Zn(–) electrodes. An
ElectraSyn vial was charged with compound 1 (0.1 mmol), TPPA (10
eq.), LiBr (7.5 eq.), H2O (1 eq.), and THF (4 mL), followed by con-
stant-current electrolysis at 7.5-20 mA to a total charge of 25 F/mol.
At 15 and 20 mA, the cell potential raised up to 30V (IKA’s
ElectraSyn upper limit), decreasing the effective current. Supporting
Table S7: Results of the electrochemical reduction of 1 with different cur-
rents and concentration of 1. Reactions were carried out in an undivided
cell using an IKA ElectraSyn setup equipped with Mg(+)/Zn(–) electro-
des. An ElectraSyn vial was charged with compound 1 (0.1-0.2 mmol),
TPPA (10 eq.), LiBr (7.5 eq.), and dry THF (4 mL), followed by con-
stant-current electrolysis at 10-20 mA to a total charge of 10-25 F/mol.
Supporting Table S8: Results of the electrochemical reduction of 1 with
different additives. Reactions were carried out in an undivided cell using
an IKA ElectraSyn setup equipped with the electrodes indicated in each
case. An ElectraSyn vial was charged with compound 1 (0.2 mmol), TPPA
(10 eq.), LiBr (7.5 eq.), and dry THF (4 mL), followed by constant-current
electrolysis at 10 mA to a total charge of 25 F/mol. Supporting Table S9:
Conditions of electrochemical experiments with organosolv lignin.
Reactions were carried out in an undivided cell using an IKA
ElectraSyn setup equipped with Mg(+)/cathode(–) electrodes. An
ElectraSyn vial was charged with lignin organosolv (50 100 mg), TPPA
(500 mg), LiBr (130 mg), and dry THF (4 mL), followed by constant cur-
rent electrolysis during 14 h.
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