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ABSTRACT

Electrocatalytic reductive amination (ECRA) offers a sustainable approach for the synthesis of primary amines by replacing stoi-

chiometric reducing agents with electrons and using water as both solvent and proton source. This atom-efficient strategy min-

imizes waste, avoids hazardous reagents, and eliminates the need for hydrogen handling. The coupling of ECRA with biomass-

derived substrates underscores the overall sustainability potential of this synthesis approach. However, current ECRA systems are
limited by low substrate conversion, poor Faradaic efficiencies, competing side reactions, and high overpotentials. In this work, we
overcome these limitations by developing a highly efficient electrocatalytic system for the reductive amination of biomass-derived

levulinic acid as a model reaction. To this end, we use a simple two-electrode setup operated under galvanostatic conditions

combined with the addition of ppm-amounts of lead as a catalytic additive. We achieve complete substrate conversion,

Faradaic efficiencies of up to 70%, and product selectivities exceeding 98%. These findings demonstrate the potential of

ECRA as a practical approach for efficient and sustainable primary amine synthesis.

1 | Introduction

Amines are important chemical compounds due to their diverse
reactivity, biological relevance, and broad applicability across
multiple scientific and industrial fields. For example, they are
used in the synthesis of pharmaceuticals [1, 2], polymers [3],
and in the agrochemical sector, where they can function as bio-
cidal agents[4, 5]. Various synthetic methods exist for amine for-
mation, including hydrogenation of nitro compounds, nitriles,
and alkynes [6-8], C—H aminations [9-12], amination of alco-
hols [13], and reductive aminations [14-18]. Among these, cata-
lytic reductive amination is a common strategy to introduce
nitrogen-containing functionalities into a broad range of sub-
strates. In these reactions, carbonyl compounds, for example,
aldehydes and ketones, react with amines or ammonia in the

presence of a catalyst and a reducing agent or cofactor [14-18].
The overall process generally proceeds in two distinct steps. First,
the carbonyl compound undergoes a condensation reaction
with the amine, resulting in the formation of a primary or sec-
ondary imine, or, in the case of hydroxylamine, the correspond-
ing oxime (Scheme 1). In the subsequent step, the intermediate is
reduced in the presence of an electron and a proton source, gen-
erating the desired primary or secondary amine. Electrocatalytic
reductive amination (ECRA) represents a sustainable alternative
to conventional methods, as it eliminates the need for stoichio-
metric molecular reducing agents or cofactors. Instead, electrons
serve as cheap, clean, and efficient reducing agents [19, 20].
Furthermore, water can function simultaneously as both the pro-
ton source and the solvent. This approach is atom-efficient,
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SCHEME 1 | Electrocatalytic reductive amination of carbonyl compounds (R; = H, C,H,, ;). The reaction proceeds via oxime formation through

condensation of the carbonyl compound with hydroxylamine, followed by electrocatalytic reduction to the corresponding primary amine.

reduces reliance on costly and potentially hazardous reducing
agents, minimizes waste generation, and avoids the production
and storage of molecular hydrogen [20-22]. Accordingly, the
use of hydroxylamine or ammonia as nitrogen sources in
electrocatalytic amination reactions presents a sustainable and
atom-efficient strategy for the synthesis of primary amines.
Compared to other sustainable and atom-efficient reductive ami-
nation strategies, such as enzymatically catalyzed reductive ami-
nation [17, 18, 23-27], the presented ECRA approach eliminates
the need for downstream recycling of reaction components (e.g.,
cofactors), providing a clear advantage in terms of process sus-
tainability. While biocatalytic systems benefit from mild condi-
tions and high enantioselectivity [17, 25], they are inherently
constrained by enzyme specificity, which limits the overall sub-
strate scope [23, 27], and shows sensitivity to pH and temperature
[26, 27]. Although substrate scope can be partially expanded
through enzyme engineering [25], the overall flexibility of enzy-
matic approaches remains limited. In contrast, ECRA offers
broad tunability through the choice of electrode material, elec-
trolyte composition, and applied potential or current.

First studies on the electrocatalytic synthesis of primary amines
via the reduction of oximes were reported by Lund et al. in 1959.
The authors demonstrated the fundamental feasibility of the elec-
trochemical reduction of a broad spectrum of oximes. They tested
non-conjugated, a,f-unsaturated, and aromatic derivatives using
a mercury electrode [28]. In 2019, Fukushima et al. demonstrated
the application of electrocatalytic oxime reduction for the synthe-
sis of various amino acids. Hydroxylamine was used as the nitro-
gen source for the reductive amination of biomass-derived a-keto
acids using a TiO,/Ti mesh electrode in H,SO, at pH 0.19. The
method yielded Faradaic efficiencies (Fe¢ ) ranging from 77% to
99%. Particularly high conversions were obtained in the reaction
of pyruvic acid to alanine (X = 89%) with a Faradaic efficiency of
77%; however, this required a relatively high applied potential of
—2.8 V versus reversible hydrogen electrode (RHE) [29]. In addi-
tion to ketones, aldehydes were also investigated as substrates by
Schiffer et al., who studied the ECRA of benzaldehyde with
ammonia to form benzylamine. The study focused on the influ-
ence of various metal catalysts, including Fe, Co, Rh, Ni, Pd, Pt,
Cu, Ag, Au and Zn, in ammonia-saturated MeOH. Among these,
Ag exhibited the highest Foy (>75%) toward primary amine

formation, albeit at a relatively low substrate conversion of
16% [30]. In a recent study, Rooney et al. reported the develop-
ment of an electrocatalytic system for the selective reduction of
oximes in a phosphate-buffered aqueous electrolyte, using acetone
as a model substrate. They demonstrated a two-step, one-pot elec-
trochemical process for the conversion of acetone to isopropyl-
amine. The process consists of oxime formation, using nitrite as
the amination reagent, on a Pd cathode. Subsequently, the cathode
is replaced with Pb/PbO, on which the oxime is electrochemically
reduced to the corresponding amine, achieving amine yields of up
to 85% at —1.1 V versus RHE, albeit with moderate overall Fes of
50% [31].

In 2021, Miirtz et al. demonstrated the applicability of levulinic
acid in ECRA reactions using methylamine as the amination
reagent. The secondary amine 4-(methylamino)pentanoic acid
was obtained with yields and Faradaic efficiencies of up to
60%. Furthermore, reaction conditions for the reductive amina-
tion were systematically studied, identifying copper and silver
next to lead as promising cathode materials and KH,PO, as
the most suitable electrolyte [21]. Beyond this, recent studies
have indicated that metal hydride species may serve as catalysts
or mediators in electrocatalytic reduction reactions. In 2021,
Lucas et al. proposed a possible involvement of PbH, via a ‘par-
allel electromediation path’ in the reduction of levulinic acid to 4-
hydroxyvaleric acid at a Pb cathode. Initial evidence for the for-
mation of PbH, was provided by a signal in in situ attenuated
total reflectance fourier-transform infrared spectroscopy (ATR-
FTIR) experiments, which indicated an active Pb species in solu-
tion [32, 33]. Based on these findings, Kiimper et al. verified the
positive impact of trace amounts of lead in imine reduction in basic
media and proposed a mechanism for the electrocatalytic hydro-
genation (ECH) of the imine involving PbH,. They propose that
the hydride is formed at the cathode and subsequently hydrogen-
ates the substrate in solution. These insights highlight the potential
for tuning reaction efficiency by introducing trace amounts of lead
as a catalytic additive in electrocatalytic systems [34].

Electrocatalytic reductive amination represents a promising
alternative to conventional approaches for the synthesis of pri-
mary amines. However, low substrate conversions, undesired
side reactions, poor Faradaic efficiencies, and the requirement
for high potentials are still challenges to be faced. Comparable
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challenges are also observed in alternative electrochemical strat-
egies for primary amine synthesis, such as the ECH of nitriles
[35-38]. In this study, we circumvent these limitations and pres-
ent a highly efficient electrocatalytic system for the synthesis of
primary amines by using the reductive amination of biomass-
derived levulinic acid as a model reaction. By tuning the reaction
conditions and incorporating trace amounts of lead as a catalytic
additive, we achieve high Faradaic efficiencies, full substrate con-
version, and product selectivities exceeding 95% within short
reaction times under galvanostatic conditions. Thereby, we
extend the Pb-catalyzed reaction pathway from imine reduction
in basic media to oxime reduction in acidic media.

2 | Results and Discussion

ECRA via an oxime intermediate was investigated using levulinic
acid as the substrate, which represents a biomass-derived plat-
form chemical that has been extensively studied in related elec-
trocatalytic reduction reactions. To expand the range of
accessible downstream products derived from amines, such as
pharmaceuticals, agrochemicals, and polymers, hydroxylamine
is employed as an amination reagent for the selective synthesis
of primary amines. The initial reaction conditions employed in
this study are shown in Scheme 2.

Figure 1 illustrates the effective conversion of levulinic acid and
hydroxylamine in an acidic environment: 4-aminopentanoic acid
was obtained with a yield of 68% (£2%) in KH,PO,/H,SO, at a
pH of 1.5. First, the influence of different acids on the conversion
and yields of the primary amine and alcohol was investigated.
Maintaining the pH but using only H,SO, as electrolyte led to a
comparable amine yield of 69% (£1%). Interestingly, lower amine
formation (47% +1%) and higher alcohol formation (11.0% +0.2%)
were observed in HCI compared to the other electrolytes. The lower
Fo of 57.6% (£0.2%) indicates a loss of electrons to the hydrogen
evolution reaction (HER). One possible explanation is a blocking
effect of chloride ions at the cathode surface, where they occupy
active sites. It is well established that specifically adsorbing anions
exert a pronounced influence on electrochemical processes [39, 40].
For instance, chloride has been reported to block iron cathodes
more effectively than sulfate during the HER, resulting in greater
suppression of HER in HCI compared to H,SO, [41]. This observa-
tion is consistent with the findings of Conway et al., who demon-
strated that the specific adsorption of anions on transition metal
surfaces increases in the order F~ < ClO,~ < SO, < CI” <
Br~ < I', which correlates with the decreasing Gibbs energies of
hydration at 25°C of these anions [40, 42]. Accordingly, ions with
lower hydration energies, and thus weaker solvation, exhibit stron-
ger adsorption at the electrode surface [43]. In the present reaction
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FIGURE 1 | Comparison of different electrolytes in the reductive ami-

nation of levulinic acid with hydroxylamine. The yields of 4-aminopentanoic
acid (Y (amine)) and 4-hydroxypentanoic acid (Y (alcohol)), as well as the
conversion of levulinic acid (X (LA), and the Fg are shown. Fg takes into
account the sum of electrons transferred to the amine and the alcohol dur-
ing the ECH of LA. Reaction conditions: WE: mirror-like silver electrode;
CE: Pb;j = -212 mA cm™%; Foq = 1; substrates: levulinic acid (LA): 2 M,
hydroxylamine: 2.4 M; T = 25°C; pH 1.5. Experiments in KH,PO,/H,SO,
were carried out with a reaction solution volume of V = 3 mL, while V =
2mL was used in the case of HCl and H,SO,.

system, such adsorption effects may also inhibit the adsorption of
oxime reduction intermediates more strongly in HCI than in H,SO,.

2.1 | Influence of Pb on the ECRA of
Levulinic Acid

Recently, Kiimper et al. discovered a catalytic effect of traces of
lead in reductive amination [34]. Because Pb anodes were used in
our initial experiments, potential Pb leaching had to be consid-
ered. Reference experiments confirmed this effect, with ICP
analysis detecting 4.7 ppm (£1.9%) Pb in the catholyte after elec-
trolysis. In this context, PbH, has already been considered in pre-
vious research as an active participant in the electrocatalytic
reduction of ketones, including levulinic acid [32, 34]. Based
on these literature reports, we adopted the hypothesis that
PbH, acts as the active species in the present system and subse-
quently investigated whether the presence of Pb*" ions in solu-
tion influences the oxime reduction. To this end, the reaction was
initially performed under Pb-free conditions. The Pb anode, a
potential source of Pb contamination, was replaced with a Pt
electrode (Figure 2).

HO. 0.5 M KH,PO4/H,S04.,
O 1.2 equiv. N sz=145 Sl NH, OH
MOH s )I\/\WOH )\/\WOH ) )VYOH &~ ~_OH
0 NH,OH 0 Ag||Pb, 1 Feq 0 o E
-106 mA-cm™2, 25 °C

levulinic acid 4-(hydroxyimino)pentanoic acid

4-aminopentanoic acid 4-hydroxypentanoic acid valeric acid

SCHEME 2 | The initial reaction conditions: 2 M levulinic acid (LA) and 2.4 M hydroxylamine. The pH was adjusted by adding H,SO,4 to a 0.5M
KH,PO, solution, resulting in a pH of 1.5 at 25°C. The cathode and anode compartments were separated by an N-324 membrane. The anode compart-

ment contained a 25% H;PO, solution.
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FIGURE2 | Impact of different Pb concentrations on the reductive amination of levulinic acid with hydroxylamine. The yields of 4-aminopentanoic
acid Y (amine), 4-hydroxypentanoic acid Y (alcohol), the carbon balance (CB), the conversion of levulinic acid X (LA), as well as the F are shown. Pb
was added as aqueous Pb(NO3),. Reaction conditions: WE: mirror-like silver electrode; CE: Pt;j = —212 mA - cm™>; Feq = 1; solvent: KH;PO4/H3804(aq.)
pH = 1.5; substrates: levulinic acid (LA): 2 M, hydroxylamine: 2.4 M; T = 25°C. F. takes into account the sum of electrons transferred to the amine and

the alcohol during ECH of LA.

Under Pb-free conditions, the amine yield decreased to 6.3%
(£0.2%), and no alcohol formation was observed (Figure 2).
Subsequently, aqueous Pb(NO3), was added to the reaction solu-
tion in different concentrations. At a Pb concentration of
0.5 ppm, amine formation increased to 27% (+2%) (X (LA) =
98% (£2%)), indicating that the presence of Pb in the system
is necessary for efficient amine production. Further increases
in Pb concentration beyond 0.75 ppm resulted in elevated amine
yields ranging from 41% (£1%) to 57% (£2%). On average, this
corresponds to a maximum amine yield of approximately 49%
at Pb concentrations exceeding 0.75 ppm. In addition to oxime
reduction, elevated Pb concentrations also facilitate the direct
reduction of LA to 4-hydroxypentanoic acid (Y (alcohol) =
2.9% (£1.0%) - 4.0% (+1.7%) at Pb > 0.75 ppm). These results indi-
cate that the presence of Pb plays an essential role in the ECH of
the oxime and LA. Based on the results presented in Figures 1
and 2, the Pb concentration series was repeated using sulfuric
acid to examine whether the electrolyte type influences the
oxime reduction in the presence of Pb. For the subsequent experi-
ments (Figure 3), reaction conditions were optimized: the pH
value of the reaction was set to 0, the equivalent charge (F.q)
was increased to 1.2 to ensure a slight excess of electrons, and
the molar ratio of levulinic acid (LA) to hydroxylamine
(NH,OH) was adjusted to 1:1.6 to promote complete conversion
of LA to the corresponding oxime (Figure S1). Additionally, the
current density was reduced to -106 mA - cm™ (Figure S2).
Under Pb-free conditions, the amine yield decreased to 4.3%
(£0.1%), and alcohol with a yield of 2.0% (%0.1%) was formed
(CB = 80% (%£3%)). Upon increasing the Pb concentration to
0.25 ppm, the amine yield increased significantly to 80% (+4%)
with complete conversion of LA. A further increase in Pb con-
centration did not enhance amine formation; instead, it resulted
in a higher yield of the by-product valeric acid (VA), which dou-
bled from 1.5% (£0.2%) at 0.25 ppm Pb to 3.2% (£0.4%) at 2 ppm.
These observations suggest that trace amounts of Pb ions gener-
ally promote ECH pathways over the HER under the given con-
ditions. This trend is further underlined by the Faradaic
efficiency, which increased from 5.2% (+0.1%) in the absence

of Pb to 68% (£4%) upon Pb addition. In addition, the signifi-
cantly enhanced amine formation at 0.25 ppm Pb in H,SO4 com-
pared to a KH,PO,/H,SO,4 mixture, from 7% (£2%) in KH,PO,/
H,S0, to 80% (£4%) in H,SO,, highlights the critical influence of
the electrolyte composition on the effectiveness of Pb in the reac-
tion system. Interestingly, the nature of the by-products depends
on the presence of Pb. In its absence, the only by-product reaction
observed was the two-electron reduction of the ketone to alcohol.
In contrast, when Pb was present, VA was the only by-product
detected. Comparable phenomena have been reported in the
electrochemical reduction of levulinic acid under similar reaction
conditions. Using a Pb cathode in 0.5 M H,SO, at pH 0, Xin et al.
observed a selectivity of 81.5%-97% for VA over GVL at 20% con-
version of LA at an applied potential range of —1.1 to —1.5V ver-
sus RHE [44]. Similarly, dos Santos et al. reported a VA selectivity
of approximately 80% under an applied potential of -1.5 V versus
standard hydrogen electrode (SHE) in 0.5M H,SO, [45]. In the
interest of environmental safety, we eliminated the need for a Pb
electrode and instead introduced a controlled concentration of Pb
ions. This approach enabled us to reduce the dissolved Pb con-
centration to 0.25 ppm, which is significantly lower than levels
observed after electrode leaching (4.7 ppm (+1.9%)), while main-
taining high catalytic performance.

2.2 | Identification of Factors Influencing the
Efficiency of Pb in Oxime Reduction

If PbH, is considered the active species in the observed results [34],
its formation and stability, and therefore its reactivity, are likely
influenced by the nature of the electrolyte. The literature on
the electrochemical synthesis of metal hydrides discussed electro-
lyte composition, acidity, and pH as critical factors [33, 46-48]. For
example, Denkhaus et al. observed that hydride formation effi-
ciency increases with higher acid concentrations. They also found
that, of the electrolytes tested, H,SO, showed the best performance
in the formation of arsine and stibine [47]. Additionally, Arbab-
Zavar et al. observed a similar trend in the formation of thallium
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FIGURE 3 | Impact of different Pb concentrations on the reductive amination of levulinic acid with hydroxylamine under optimized reaction con-

ditions: H,SO, electrolyte, pH = 0. The yields of 4-aminopentanoic acid Y (amine), 4-hydroxypentanoic acid Y (alcohol), valeric acid Y (VA), the con-
version of levulinic acid X (LA), the carbon balance (CB), as well as the Faradaic efficiency (Feg ) are shown. Pb was added as aqueous Pb(NOs),. Reaction
conditions: WE: mirror-like silver electrode; CE: Pt; j = -106 mA - cm3; Feq=1.2; solvent: H,SO, pH = 0; substrates: levulinic acid (LA): 2 M, hydrox-
ylamine: 3.2 M; T = 25°C. Fi takes account of the sum of electrons transferred to the amine, alcohol, and VA during ECH of LA.

hydride species [48]. As shown in Figure 1, in the present study,
the selected electrolyte was also found to influence the reduction
of oximes. Moreover, the electrolyte composition appears to affect
Pb efficiency in the reaction system (Figures 2 and 3). Given the
pronounced effect of Pb** ions on oxime reduction, presumably
via the formation of an active Pb hydride species, the influence
of the electrolyte on Pb efficiency in the current reaction system
was investigated further (Figure 3). To maintain a low pH for
oxime reduction, various acids were investigated as electrolytes,
and three inexpensive, readily available acids of differing acidity
were selected (Table 1).

Figure 4 shows that, in agreement with the observations in
H,SO, and KH,PO,/H,SO, systems, negligible formation of
the amine occurs in the absence of Pb. Upon addition of
0.25ppm Pb, a significant increase in amine formation was
observed in all acids, with notable differences in amine formation
among the different acids. The highest amine yield was achieved
in H,SO,, followed by H3PO,4, HCI, and HNOs. Further increases
in Pb concentration resulted in enhanced amine formation in
HCl and HNO;, reaching maximum yields of 70% (+1%) in
HC, and 32% (+4%) in HNO; at 5 ppm Pb. This trend suggests
that amine formation could be further improved by increasing Pb

TABLE 1 | Tested electrolytes and their pKa [49].

Acid pKa
HCl -2
H,S0, -2
HNO; -1.32
H,PO, 2.16

100
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FIGURE4 | Influence of the acid on the efficiency of Pb in the reduc-
tive amination of levulinic acid with hydroxylamine. The yields of 4-ami-
nopentanoic acid are presented. Pb was added as aqueous Pb(NOs),.
Reaction conditions: WE: mirror-like silver electrode; CE: Pt; j =
-106 mA - cm™; Feq = 1.2; solvent: HCl, H,SO,, HNOs, H;PO, pH = 0;
substrates: levulinic acid (LA): 2 M, hydroxylamine: 3.2 M; T = 25°C; ano-
lyte: 25% H3PO,. The experiments shown were carried out in triplicate for
H,SO, and HNO; and in duplicate for HCI and H;PO,.

concentration. In case of H,SO,4 and H3PQO,, a plateau is reached
at concentrations above 0.25 ppm Pb, reaching amine yields of
around 80% and 75%, respectively. Minor alcohol formation
was detected in all acids only under Pb-free conditions. In con-
trast to H,SO, (Figure 3), no formation of VA was observed in
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any of the other acids. These results indicate no correlation
between acid strength and the reduction efficiency of Pb.

Overall, the trend observed in Figure 4 correlates with the
observed trend in Figure 1, whereby amine formation in HCI
is significantly less pronounced than in sulfuric acid. As men-
tioned above, this trend can possibly be attributed to a blocking
effect caused by the adsorption of the corresponding anions on
the electrode surface. In this case, the Gibbs energy of ion hydra-
tion can provide information about the tendency of the respective
ions to absorb on the electrode. When the Gibbs energy of ion
hydration for the anions of the tested electrolytes is considered
as an indicator, the following trend emerges: HPO,*~ < SO,*~ <
H,PO,~ < HSO4~ < CI” < NOj;~ [42]. This corresponds to the
trend observed in Figure 4 and supports the hypothesis that
the differing efficiencies of Pb in oxime reduction are caused
by a blocking effect induced by anion adsorption.

Since the pH is known to be a critical factor for the formation,
stability, and reactivity of PbH,, in addition to the acidity of the
electrolyte, the reaction system was also optimized with regard to
the pH [33, 46-48]. Therefore, the dependence of oxime reduc-
tion on pH in the presence of Pb was investigated using H,SO, as
the electrolyte at a Pb concentration of 2ppm (Figure 5).
Increasing the pH resulted in a pronounced decrease in amine
formation, from 81% (£1%) at pH 0 to 30% (+4%) at pH 3.5
and further down to 24% (+2%) at pH 7. Complete conversion
of LA was observed across the studied pH range. However, oxime
reduction was progressively inhibited with increasing pH as the
residual oxime concentration after electrolysis rises with increas-
ing pH from 0% at pH 0 to 49% (+£7%) at pH 3.5 and 73% (+9%) at
pH 7. This effect may arise from the fact that the protonated, pos-
itively charged oxime molecule is known to be reduced at less
negative potentials than the neutral species present in neutral
to basic solutions [50]. At higher pH, the requirement for more
negative reduction potentials favors HER over oxime reduction.

An additional contributing factor could be a pH-dependent for-
mation of PbH, [33, 46-48].

To quantify the catalytic efficiency of Pb in the hydrogenation
reaction across different electrolytes, the turnover number
(TON) provides a meaningful measure. It refers to the number
of substrate molecules converted into product per catalyst mole-
cule [51, 52]. Based on the hypothesis that the PbH, species acts
homogenously as a mediator or catalyst [34], we employ the stan-
dard practice for homogenous catalytic systems and assume that
all Pb ions present in solution participate in the reaction. This
assumption is further supported by the exclusion of a heteroge-
neous pathway involving Pb deposition on the Ag electrode (see
Figure S4). Figure 6 illustrates the comparison at Pb concentra-
tions of 0.25 and 2ppm for each acid. Under the conditions
with 0.25ppm Pb, H,SO, exhibits the highest efficiency, with
a TON of 1.31 (£0.07)-10°, significantly outperforming all other
systems. A comparable TON is observed only in H;PO, (1.18
(20.05)-10°). In contrast, using HCI yields a considerably lower
TON of 0.73 (£0.07)-10°, approximately half that obtained in
H,S0,. Utilizing HNO; results in a TON of 0.31 (£0.02)-10°.
In comparison, homogeneous Rh-catalyzed reductive amination
of benzaldehyde with ammonia lead to TONs of only up to 1720
[53]. Additional TONs for Ru-catalyzed reductive amination of
various substrates were reported by Fatkulin et al., ranging from
1020 to 8875 [54]. The results of the present study not only under-
line the pronounced effect of the electrolyte on the efficiency of
Pb but also illustrate the remarkable efficiency of Pb-catalyzed
ECRA reactions compared to non-electrochemical homo-
geneously catalyzed methods.

Under these conditions, the system’s overall efficiency could be
increased further (Figure 7). When the current density was
increased from —106 to —212 and —318 mA cm ™2, the amine yield
remained largely constant at 80% (+4%), 76% (£2%), and 77%
(£5%), respectively. In this context, the turnover frequency

100 A [ ]
80 -

— X
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~ 60 -

2

5

>

i . ' J
0
H

H,SO,4 2S04 KOH
pH 0.0 pH3.5 pH7
H Y (amine) ® Y (alcohol) M Y (oxime) X Feg. H X(LA)

FIGURE 5 | Impact of different pH in the presence of Pb on the reductive amination of levulinic acid with hydroxylamine. The yields of 4-amino-

pentanoic acid Y (amine), 4-hydroxypentanoic acid Y (alcohol), 4-(hydroxyamino)pentanoic acid, Y (oxime), as well as the Faradaic efficiency (Fe) are

shown. Reaction conditions: WE: mirror-like silver electrode; CE: Pt;j = -106 mA cm?; F.q=1.2;solvent: H,SO, pH = 0, 3.5, and 7; substrates: levulinic

acid (LA): 2 M, hydroxylamine: 3.2 M; Pb(NO3),: 2 ppm; T = 25°C. F takes into account the sum of electrons transferred to the amine and alcohol

during ECH of LA. The experiments shown were carried out in duplicates.
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FIGURE6 | Influence of the acid on the efficiency of Pb in the reduc-
tive amination of levulinic acid with hydroxylamine. TONs are presented
at different Pb concentrations: 0.25 ppm and 2 ppm. Pb was added as
aqueous Pb(NO3),. Reaction conditions: WE: mirror-like silver electrode;
CE:Pt;j = -106 mA - cm™% F.q =1.2;solvent: HCl, H,SO,4, HNO;, H;PO,
pH = 0; substrates: levulinic acid (LA): 2 M, hydroxylamine: 3.2M; T =
25°C; anolyte: 25% H3;PO,. The experiments shown were carried out in
triplicate for H,SO4 and HNOj3 and in duplicate for HCI and H;PO,.

s =
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3 S
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B Y (amine) @ CB - =—4==TOF
FIGURE 7 | Influence of the current density j on amine formation

and the efficiency of Pb in the reductive amination of levulinic acid with
hydroxylamine. The yields of 4-aminopentanoic acid Y (amine), the carbon
balance (CB), and the TOFs are presented. 0.25 ppm Pb was added as aque-
ous Pb(NOs),. Reaction conditions: WE: mirror-like silver electrode; CE: Pt;
Jj = =53, -106, -212, -318 mA - cm% Feq = 1.2; solvent: H,SO, pH = 0;
substrates: levulinic acid (LA): 2 M, hydroxylamine: 3.2M; T = 25°C;
anolyte: 25% H;PO,. The experiments shown were carried out in
triplicate.

(TOF) is a useful measure of Pb activity as it describes the reac-
tion rate by relating the TON to time [52]. Consequently, the TOF
increased with current densities (22557 (*11), 427s™! (+10),
and 658s™' (%48)), indicating higher Pb efficiency without
compromising product yield. However, decreasing the current
density to 53 mA cm™ led to a decline in the amine yield to
69% (£4%) and to a decrease in TOF to 97 (+6.3). In comparison,

Chandra et al. showed TOFs of up to 1850 hr™* (= 0.51s™") for
the production of primary amines by reductive amination of var-
ious carbonyl compounds with Rh nanoparticles [55].

3 | Conclusion

In summary, we have developed a highly efficient system for
the synthesis of primary amines via ECRA of ketones, using
the conversion of levulinic acid with hydroxylamine to
4-aminopentanoic acid as a model reaction. Initial investigations
showed that, with Ag as cathode and Pb as anode, the choice of
electrolyte strongly affects the reaction performance, likely due to
a cathode surface blocking effect by the electrolyte anions that
varies with the respective anions. Furthermore, the presence
of Pb was shown to be crucial for the reduction of the oxime
intermediate, with PbH, assumed to be the active species.
Accordingly, the addition of 0.25ppm Pb increased the yield
of the primary amine from 4% in the absence of Pb to 80%, while
achieving a selectivity of 98%. Thereby, we successfully extended
the Pb-catalyzed reaction pathway from imine reduction in basic
media to oxime reduction in acidic media. Furthermore, it was
found that the efficiency of Pb in oxime reduction depends on the
chosen electrolyte. In this context, as a measure of efficiency, the
TON was employed, which increases in the following order:
HNO; < HCI < H3PO, < H,SO,. Using H,SO,, a maximum
TON of 1.31(+0.07)-10° was obtained. This value exceeds the
TONS s of Ru-catalyzed reductive amination reactions by approxi-
mately 150-fold, highlighting the extraordinary efficiency of
Pb-catalyzed ECRA reactions compared to homogeneously cata-
lyzed methods. The efficiency of the reaction system could be fur-
ther enhanced by increasing the current density, resulting in Pb
TOFs of up to 658 s*. Overall, the presented reaction system not
only stands out by its high conversion, product yields, and selec-
tivity, but also by its operational simplicity: mild reaction condi-
tions, two-electrode setup, galvanostatic conditions, and minimal
catalyst loadings providing a foundation for further scale-up and
development.

Acknowledgments

The authors thank the Federal Ministry of Food and Agriculture for fund-
ing within PyrSElekt (FNR 2220NR101X). The authors acknowledge the
Cluster of Excellence Fuel Science Center (EXC 2186, ID: 390919832) by
the Excellence Initiative of the German federal and state governments to
promote science and research at German universities for funding. In
addition, JK and RP acknowledge funding by the German Research
Foundation (ElectroPyr, 459861727). Philippe Sautet, Yani Guan, and
Simran Kumari were supported by the National Science Foundation
grant 2140374. Moreover, the authors thank Philipp Baginski and
Leander Briick for their work in the lab and for performing some of the
discussed experiments. Additionally, the authors thank Ines Bachmann-
Remy and Dr. Meike Emondts for the NMR measurements and Heike
Bergstein for the ICP measurements. N. K. thanks the Leopoldina
Fellowship Program, National Academy of Sciences, Leopoldina grant
number LPDS 2023—08.

Open Access funding enabled and organized by Projekt DEAL.

Funding

This study was supported by Fachagentur Nachwachsende Rohstoffe
(Grant FNR 2220NR101X), Deutsche Forschungsgemeinschaft (Grant

ChemElectroChem, 2026

7 of 9

85UB0|7 SUOWILLIOD BAITERID 8 edl|dde sy Aq peuenob afe sajpnte YO ‘8sn Jo Sani J0j Aid 18Ul UO AS|IM UO (SUONIPUOI-PUE-SWLBIALI0Y" | IM Alelq 1 pul|uo//sdny) SUO I IPUOD pue SWwe | 8U) 89S *[9202/£0/£0] Uo ARig1TaulluO AB|IAN ‘JIUeD UoIessay HAWO yd!ne wnuezsbunydsiod Aq £/£005202 2 189/200T 0T/I0p/wiod 8| im Areiq jpuljuoadoine-Ansiweyd//:sdny wolj pepeojumoq ‘€ ‘9202 ‘91209612



EXC 2186, ID: 390919832, 459861727), National Science Foundation
(Grant 2140374), Deutsche Akademie der Naturforscher Leopoldina -
Nationale Akademie der Wissenschaften (Grant LPDS 2023-08).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. C. T. Nieto, A. Manchado, L. Belda, D. Diez, and N. M. Garrido,
“2-Phenethylamines in Medicinal Chemistry,” A Review Molecules 28
(2023): 855.

2. E. Vitaku, D. T. Smith, and J. T. Njardarson, “Analysis of the Structural
Diversity, Substitution Patterns, and Frequency of Nitrogen Heterocycles
among U.S FDA Approved Pharmaceuticals,” Journal of Medicinal
Chemistry 57 (2014): 10257-10274.

3. V. Froidevaux, C. Negrell, S. Caillol, J.-P. Pascault, and B. Boutevin,
“Biobased Amines: From Synthesis to Polymers; Present and Future,”
Chemical Reviews 116 (2016): 14181-14224.

4. S. M. Shaban, 1. Aiad, H. Y. Moustafa, and A. Hamed, “Amidoamine
Gemini Surfactants Based Dimethylamino Propyl Amine: Preparation,
Characterization and Evaluation as Biocide,” Journal of Molecular
Liquids 212 (2015): 907-914.

5. J. A. Finlay, E. M., and Callow, “The Potential of Alkyl Amines as
Antifouling Biocides i: Toxicity and Structure Activity Relationships,”
Biofouling 9 (1996): 257-268.

6. D. Formenti, F. Ferretti, F. K. Scharnagl, and M. Beller, “Reduction of
Nitro Compounds Using 3d-Non-Noble Metal Catalysts,” Chemical
Reviews 119 (2019): 2611-2680.

7. M. Orlandi, D. Brenna, R. Harms, S. Jost, and M. Benaglia, “Recent
Developments in the Reduction of Aromatic and Aliphatic Nitro
Compounds to Amines,” Organic Process Research & Development
22(2018): 430-445.

8. D. M. Sharma and B. Punji, “3 Days Transition Metal-Catalyzed
Hydrogenation of Nitriles and Alkynes” Chemistry,” An Asian Journal
15 (2020): 690-708.

9. N. Matsuda, K. Hirano, T. Satoh, and M. Miura, “Copper-Catalyzed
Direct Amination of Electron-Deficient Arenes with Hydroxylamines,”
Organic Letters 13 (2011): 2860-2863.

10. H.-U. Blaser, H. Steiner, and M. Studer, “Selective Catalytic
Hydrogenation of Functionalized Nitroarenes: An Update,” ChemCatChem,
1, 2009, 210-221.

11. D. B. Bagal and B. M. Bhanage, “Recent Advances in Transition Metal-
Catalyzed Hydrogenation of Nitriles,” Advanced Synthesis & Catalysis 357
(2015): 883-900.

12. C. de Bellefon and P. Fouilloux, “Homogeneous and Heterogeneous
Hydrogenation of Nitriles in a Liquid Phase: Chemical, Mechanistic, and
Catalytic Aspects Catalysis Reviews,” Science and Engineering 36 (1994):
459-506.

13. K.-i. Shimizu, K. Kon, W. Onodera, H. Yamazaki, and J. N. Kondo,
“Heterogeneous Ni Catalyst for Direct Synthesis of Primary Amines From
Alcohols and Ammonia,” ACS Catalysis 3 (2013): 112-117.

14. T. Irrgang and R. Kempe, “Transition-Metal-Catalyzed Reductive
Amination Employing Hydrogen,” Chemical Reviews 120 (2020): 9583-9674.

15. O. I. Afanasyev, E. Kuchuk, D. L. Usanov, and D. Chusov, “Reductive
Amination in the Synthesis of Pharmaceuticals,” Chemical Reviews 119
(2019): 11857-11911.

16. K. Murugesan, T. Senthamarai, V. G. Chandrashekhar, et al.,
“Catalytic Reductive Aminations Using Molecular Hydrogen for
Synthesis of Different Kinds of Amines,” Chemical Society Reviews 49
(2020): 6273-6328.

17. T. Knaus, W. Béhmer, and F. G. Mutti, “Amine Dehydrogenases:
Efficient Biocatalysts for the Reductive Amination of Carbonyl
Compounds,” Green Chemistry 19 (2017): 453-463.

18. J. H. Schrittwieser, S. Velikogne, and W. Kroutil, “Biocatalytic Imine
Reduction and Reductive Amination of Ketones,” Advanced Synthesis &
Catalysis 357 (2015): 1655-1685.

19. M. C. Leech, A. D. Garcia, A. Petti, A. P. Dobbs, and K. Lam, “Organic
Electrosynthesis: From Academia to Industry,” Reaction Chemistry &
Engineering 5 (2020): 977-990.

20. K. Scott, in Sustainable and Green Electrochemical Science and
Technology, (Wiley, 2017): 1-26, Wiley

21. S. D. Miirtz, N. Kurig, F. J. Holzhéduser, and R. Palkovits, “Reviving
Electrocatalytic Reductive Amination: A Sustainable Route From Biogenic
Levulinic Acid to 1,5-Dimethyl-2-Pyrrolidone,” Green Chemistry 23 (2021):
8428-8433.

22. H. Hong, Z. Zou, G. Liang, et al., “Direct Electrochemical Reductive
Amination between Aldehydes and Amines with a H/D-Donor Solvent,”
Organic & Biomolecular Chemistry 18 (2020): 5832-5837.

23. H. Dedeakayogullari, J. Valjakka, O. Turunen, et al., “Application of
Reductive Amination by Heterologously Expressed Thermomicrobium
Roseum L-Alanine Dehydrogenase to Synthesize L-Alanine Derivatives,”
Enzyme and Microbial Technology 169 (2023): 110265.

24. G. Demir, J. Valjakka, O. Turunen, F. Aktag, and B. Binay, “Cloning
and Expression Heterologous Alanine Dehydrogenase Genes: Investigation
of Reductive Amination Potential of L-Alanine Dehydrogenases for Green
Synthesis of Alanine Derivatives,” Heliyon 10 (2024): €26899.

25. G. Demir, J. Valjakka, O. Turunen, D. Yildirim, and B. Binay, “Novel
Thermus Thermophilus L-Alanine Dehydrogenase Mutants: Synthesis of
L-Alanine Derivatives with Reductive Amination,” International Journal
of Biological Macromolecules 319 (2025): 145507.

26. B. Hutter and M. Singh, “Properties of the 40 kDa Antigen of
Mycobacterium Tuberculosis, a Functional L-Alanine Dehydrogenase,”
Biochemistry J 343 (1999): 669-672.

27.X. Hu, Y. Bai, T.-P. Fan, X. Zheng, and Y. Cai, “A Novel Type Alanine
Dehydrogenase From Helicobacter Aurati: Molecular Characterization
and Application,” International Journal of Biological Macromolecules
161 (2020): 636-642.

28. A. S. H. Lund, A. Magnéli, B. Hogberg, P. Kneip, and H. Palmstierna,
“Reduction of Compounds Containing the Azomethine Group,” Acta
Chemica Scandinavica 13 (1959): 249-267.

29. T. Fukushima and M. Yamauchi, “Electrosynthesis of Amino Acids
From Biomass-Derivable Acids on Titanium Dioxide,” Chemical
Communications 55 (2019): 14721-14724.

30. Z. J. Schiffer, M. Chung, K. Steinberg, and K. Manthiram, “Selective
Electrochemical Reductive Amination of Benzaldehyde at Heterogeneous
Metal Surfaces,” ChemCatalysis 3 (2023).

31. C. L. Rooney, Q. Sun, B. Shang, and H. Wang, “Electrocatalytic
Reductive Amination of Aldehydes and Ketones with Aqueous
Nitrite,” Journal of the American Chemical Society 147 (2025): 9378-9385.

32. F. W. S. Lucas, Y. Fishler, and A. Holewinski, “Tuning the Selectivity
of Electrochemical Levulinic Acid Reduction to 4-Hydroxyvaleric Acid: A
Monomer for Biocompatible and Biodegradable Plastics,” Green
Chemistry 23 (2021): 9154-9164.

8 of 9

ChemElectroChem, 2026

B5UB0 |7 SUOLIWIOD) dAIEaID a|qedl|dde au Aq peusenoh are sap e YO 95N JO Sa|nJ 10} ARiqi]8uluQ AS |1 UO (SUONIPUOD-PUB-SLUIBI/WOY A3 | Im Aelq | pul|uo//sdiy) SUONIPUOD pue W | 8yl 39S *[9202/£0/S0] uo ARiqiauliuQ A1 ‘eiueD yoessay HAW Yd1ing wnnuezsbunydsio Aq £2£005202 2 2/200T 0T/10p/wod A8 | 1m Aeiqpuljuo-adoins-Ans Iweyd//sdny wolj papeojumoq '€ ‘9202 ‘'9T2096T2Z



33. H. W. Salzberg, “Cathodic Lead Disintegration and Hydride
Formation,” Journal of the Electrochemical Society 100 (1953): 146.

34. J. Kiimper, S. D. Murtz, Y. Guan, et al., “Metallic Impurities in
Electrolysis: Catalytic Effect of Pb Traces in Reductive Amination and
Acetone Reduction,” Angewandte Chemie International Edition in
English (2024): €202411532.

35. R. Narobe, M. N. Perner, M. J. Galvez-Vazquez, et al., “Practical
Electrochemical Hydrogenation of Nitriles at the Nickel Foam
Cathode,” Green Chemistry 26 (2024): 10567-10574.

36. R. Mathison and M. A. Modestino, “Electrocatalytic Hydrogenation of
Nitriles: A Step toward Electrification of Amine Production,” Chem
Catalysis 1 (2021): 246-243.

37. D. Zhang, J. Chen, Z. Hao, et al., “Highly Efficient Electrochemical
Hydrogenation of Acetonitrile to Ethylamine for Primary Amine
Synthesis and Promising Hydrogen Storage,” Chem Catalysis 1 (2021):
393-406.

38. D. E. Blanco, A. Z. Dookhith, and M. A. Modestino, “Controlling
Selectivity in the Electrocatalytic Hydrogenation of Adiponitrile through
Electrolyte Design,” ACS Sustainable Chemistry & Engineering 8 (2020):
9027-9034.

39. W. Chen, L. L. Zhang, Z. Wei, M. K. Zhang, J. Cai, and Y. X. Chen,
“The Electrostatic Effect and Its Role in Promoting Electrocatalytic
Reactions by Specifically Adsorbed Anions,” Physical Chemistry
Chemical Physics 25 (2023): 8317-8330.

40. B. E. Conway, Electrochemical Surface Science: The Study of
Monolayers of Ad-Atoms and Solvent Molecules at Charged Metal
Interfaces”, Progress in Surface Science 16 (1984): 1-137.

41. L. Vracar and D. M. Drazi¢, “Influence of Chloride Ion Adsorption on
Hydrogen Evolution Reaction on Iron,” Journal of Electroanalytical
Chemistry 339 (1992): 269-279.

42.Y. Marcus in, Ions in Solution and Their Solvation (John Wiley & Sons,
Inc, 2015), 107-155.

43. D. V. Tripkovic, D. Strmcnik, D. van der Vliet, V. Stamenkovic, and
N. M. Markovic, “The Role of Anions in Surface Electrochemistry,”
Faraday Discussions 140 (2009): 25-40.

44. L. Xin, Z. Zhang, J. Qi, et al., “Electricity Storage in
Biofuels: Selective Electrocatalytic Reduction of Levulinic Acid to
Valeric Acid or Gamma-Valerolactone,” ChemSusChem 6 (2013):
674-686.

45. T. R. dos Santos, P. Nilges, W. Sauter, F. Harnisch, and U. Schrdder,
“Electrochemistry for the Generation of Renewable Chemicals:
Electrochemical Conversion of Levulinic Acid,” RSC Advances 5
(2015): 26634-26643.

46. E. Denkhaus, F. Beck, P. Bueschler, R. Gerhard, and A. Golloch,
“Electrolytic Hydride Generation Atomic Absorption Spectrometry for
the Determination of Antimony, Arsenic, Selenium, and Tin -
Mechanistic Aspects and Figures of Merit,” Fresenius’ Journal of
Analytical Chemistry 370 (2001): 735-743.

47. E. Denkhaus, A. Golloch, X. M. Guo, and B. Huang, “Electrolytic
Hydride Generation (EC-HG)—a Sample Introduction System with
Some Special Features,” Journal of Analytical Atomic Spectrometry 16
(2001): 870-878.

48. M. H. Arbab-Zavar, M. Chamsaz, A. Yousefi, and N. Ashraf,
Electrochemical Hydride Generation of Thallium”, Talanta 79 (2009):
302-307.

49, G. Jander, K. F. Jahr, G. Schulze, J. Simon, and R. Martens-Menzel,
Massanalyse:  Titrationen Mit Chemischen Und  Physikalischen
Indikationen (De Gruyter, 2017).

50. O. Hammerich and B. Speiser, Organic Electrochemistry: Revised and
Expanded (CRC Press, 2015).

51. T. Bligaard, R. M. Bullock, C. T. Campbell, et al., “Toward
Benchmarking in Catalysis Science: Best Practices, Challenges, and
Opportunities,” ACS Catalysis 6 (2016): 2590-2602.

52. S. A. Akhade, N. Singh, O. Y. Gutierrez, et al., “Electrocatalytic
Hydrogenation of Biomass-Derived Organics,” A Review Chemical
Reviews 120 (2020): 11370-11419.

53. T. Gross, A. M. Seayad, M. Ahmad, and M. Beller, “Synthesis of
Primary Amines: First Homogeneously Catalyzed Reductive
Amination with Ammonia,” Organic Letters 4 (2002): 2055-2058.

54. A. R. Fatkulin, O. I. Afanasyev, A. A. Tsygankov, and D. Chusov,
“Enhancing the Efficiency of the Ruthenium Catalysts in the
Reductive Amination without an External Hydrogen Source,” Journal
of Catalysis 405 (2022): 404-409.

55.D. Chandra, Y. Inoue, M. Sasase, et al., “A High Performance Catalyst
of Shape-Specific Ruthenium Nanoparticles for Production of Primary
Amines by Reductive Amination of Carbonyl Compounds,” Chemical
Science 9 (2018): 5949-5956.

Supporting Information

Additional supporting information can be found online in the Supporting
information section. Supporting Fig. S1: Influence of the ratio NH,OH to
levulinic acid (LA) on LA conversion X (LA). The "H NMR spectrum of the
reaction solution prior to electrolysis containing NH,OH (1, 2, 3 and 4 M)
and LA (2 M) in KH,PO,/H,SO,. Levulinic acid: '"H NMR (400 MHz,
DMSO-dg): 6 = 2.05 (s, 3H; CHj), 2.29-244 (m, 2H; CH,), 2.62 (t,
*Jun = 6.3 Hz, 2H; CH,), cis-4-(hydroxyimino)pentanoic acid: '"H NMR
(400 MHz, DMSO-dg): & = 1.76 (s, 3H; CHy), 2.29-2.44 (m, 4H; CH,);
trans-4-(hydroxyimino)pentanoic acid: '"H NMR (400 MHz, DMSO-d):
& = 1.70 (s, 3H; CH3), 2.29-2.44 (m, 4H; CH,); 1,3,5-Trioxane (STD): ‘H
NMR (400 MHz, DMSO-d): § = 5.05 (s, 6H; CH,). Supporting Fig. S2:
Influence of the current density j on amine formation in the reductive ami-
nation of levulinic acid with hydroxylamine. The yields of 4-aminopentanoic
acid Y (amine), the carbon balance (CB), and levulinic acid conversion X
(LA) are presented. Reaction conditions: WE: mirror-like silver electrode;
CE: Pb; j = -42, -106, -304 mA cm Feq = 0.5; solvent: KH,PO,/
H,SO4q) PH = 1.5; substrates: levulinic acid (LA): 2 M, hydroxylamine:
2.4 M; T = 25 °C; anolyte: 25% H3PO,. The experiments shown were carried
out in duplicate. Supporting Fig. S3: "H NMR spectrum of the catholyte
solution after electrolysis of levulinic acid with hydroxylamine in H,SO,.
Levulinic acid: '"H NMR (400 MHz, DMSO-dy): § = 2.04 (s, 3H; CH,),
2.25-2.41 (m, 2H; CHy), 2.61 (t, *Jyu=6.3 Hz, 2H; CH,), cis-4-(hydroxyi-
mino)pentanoic acid: *"H NMR (400 MHz, DMSO-dg): & = 1.72 (s, 3H;
CH3), 2.25-2.41 (m, 4H; CH,); trans-4-(hydroxyimino)pentanoic acid: 'H
NMR (400 MHz, DMSO-d¢): 6 = 1.68 (s, 3H; CH3), 2.25-2.41 (m, 4H;
CH,); 7.69 (s, 1H; OH) 4-aminopentanoic acid: 'H NMR (400 MHz,
DMSO-dg): § =1.12 (d, 3JH,H = 6.5 Hz, 3H; CH3), 1.56-1.66 (m, 1H; CH,),
1.74-1.85 (m, 1H; CH,), 3.09-3.22 (m, 1H; CH) 1,3,5-Trioxane (STD): 'H
NMR (400 MHz, DMSO-dg): 5 = 6.21 (s, 6H; CH,). Supporting Fig. S4:
Test of possible deposition of Pb on the Ag electrode. The yields of 4-amino-
pentanoic acid Y (amine) and 4-(hydroxyimino)pentanoic acid Y (oxime) as
well as the conversion of levulinic acid X (LA) are shown. Pb was added as
aqueous Pb(NOs),. Reaction conditions: WE: mirror-like silver electrode;
CE: Pt; j = —106 mA - cm Fq = 1.2; solvent: H,SO, pH 0; substrates: lev-
ulinic acid (LA): 2 M, hydroxylamine: 2.4 M; T = 25 °C. The same Ag elec-
trode was reused for all three experiments. In the 1% run, a freshly polished
Ag electrode was used under Pb-free conditions for reference. After rinsing
and drying (without polishing), the Ag electrode was reused in the 2™ run,
where 2 ppm Pb was added. The Ag electrode was then rinsed and dried
again and reused in the 3" run under Pb-free conditions to assess whether
Pb deposition had occurred during the 2™ run. Supporting Fig. S5:
Illustration of the specially developed electrochemical set-up used for the
electrolysis experiments including an electrochemical cell consisting of three
cuboid modules stacked on top of each other, a power supply, and a cooling
system. Supporting Table S1. Overview of the reaction parameters, product
yields and faradaic efficiencies for the ECRA of levulinic acid with
hydroxylamine.
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