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PN isotope-labeled amino acids ('SN—amino acids) are crucial in the fields of biology, medicine, and chemistry. "N-amino acids
are conventionally synthesized through microbial fermentation and chemical reductive amination of ketonic acids methodolo-
gies, which usually require complicated procedures, high temperatures, or toxic cyanide usage, causing energy and environ-
mental concerns. Here, we report a sustainable pathway to synthesize "*N-amino acids from readily available "N-nitrite (ISNO{)
and biomass-derived ketonic acids under ambient conditions driven by renewable electricity. A mechanistic study demonstrates a
]5N-nitrite—>'SNHZOH—>'5N—pyruvate oxime—""N-alanine reaction pathway for "*N-alanine synthesis. Moreover, this electro-
chemical strategy can synthesize six "*N-amino acids with 68%-95% yields. Furthermore, a "N-labeled drug of 15N-tiopronin,
the most commonly used hepatitis treatment drug, is fabricated using ~N-glycine as the building block. Impressively,
"N sources can be recycled by the electrooxidation of 15NH4+ to ISNO[ with a method economy. This work opens an avenue for

the green synthesis of "N-labeled compounds or drugs.
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1 Introduction

"N isotope-labeled amino acids (ISN-amino acids) provide a
safe and effective tracer tool for studying the synthesis of
natural products, protein metabolism, and disease diagnosis
and treatment in living organisms [1-3]. For instance, Me-
selson and Stahl [4] used "*N-amino acids to demonstrate the
semiretention replication mechanism of DNA in Escherichia
coli. Moreover, ®N-amino acids can serve as essential
building blocks to synthesize "N-labeled drugs, creating
opportunities for lowering the degree of epimerization, re-
ducing the administration dosage, and unveiling the me-
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chanism of action [5,6].

Currently, "N-amino acids are mainly synthesized through
a microbial fermentation method, which usually includes
strain breeding, strain culture, and product separation pro-
cedures (Figure Sla) [7,8]. Although this method has made
continuous advances, it still suffers from low efficiency, high
cost for microbial culturing, and complicated procedures for
product isolations. In addition, a strain usually produces only
one amino acid, making this method poorly universal. Ac-
cordingly, thermochemical synthesis via ketone acid-re-
ductive ammoniation has been explored for "N-amino acid
synthesis, in which ketonic acids, N-ammonia (ISNH3), and
BH,CN or HCOO react to produce N-amino acids in
organic solvents at elevated temperature (Figure S1b)[9,10].
However, this strategy causes energy and environmental
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concerns because it relies on fossil energy, the emission of
CO,, and/or the use of highly toxic cyanide. Therefore, it is
highly desirable to develop an alternative strategy to achieve
the sustainable and efficient synthesis of “N-amino acids
under ambient conditions.

Electrochemical transformation using renewable elec-
tricity as the driving force has emerged as a green and
powerful strategy in synthetic chemistry [11-17]. Recently,
the electrochemical reduction of nitrite/nitrate (NO; /NO, )
has provided a sustainable route for NH; production [16,17].
During the reaction, several nitrogen-containing inter-
mediates, such as NO*, NH,OH*, NH,*, have been proven.
Due to the high activity of these species, the in-sifu utiliza-
tion of these nitrogen-containing intermediates offers great
potential for constructing organonitrogen compounds via the
coupling or condensation process with other reaction part-
ners. Electrochemical C—N coupling was revealed by Jiao,
Wang et al.[18-26] to be a powerful strategy for constructing
organonitrogen compounds (e.g., methylamine, amide, urea)
by using nitrate or ammonia as the N source. Inspired by
these advances, an electrochemical C—N coupling method is
supposed to be applied for synthesizing "N-amino acids.
The main challenges of this strategy lie in seeking eco-
nomical °N- and C-containing feedstocks and designing a
Cc-"N coupling step of the two precursors to produce PN-
amino acids. Compared to gaseous "N-ammonia, solid "°N-
nitrite is more easily operated, which might be electro-
chemically reduced to a nucleophilic 15NHZOH intermediate.
We speculate that the strong nucleophilic 15NHZOH can at-
tack the electrophilic carbon in ketonic acids to generate "N-
oximes, which can be further electroreduced to N-amino
acids [27-31]. Additionally, ketonic acids can be derived
from lignocellulosic biomass and are a nonfood-competing
chemical feedstock. Therefore, the electrochemical synthesis
of ""N-amino acids from "N-nitrite and biomass-derived
ketonic acids is of great interest from the perspectives of
economy and sustainability.

Herein, we report an electrochemical method to synthesize
N-amino acids from "“N-nitrite and ketonic acids over a
commercial nickel foam (NF) cathode in an aqueous solution
under ambient conditions (Figure 1). "N-alanine with a 93%
yield is achieved. Impressively, “N-ammonium, the major
byproduct, can be electrooxidized to “N-nitrite with a yield
of 93%, realizing the recycling property and atomic economy
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Figure 1 Schematic diagram of the proposed electrosynthesis of PN-
amino acids (color online).
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of “N-nitrite. A 15N-ni‘urite—»ISNH2OH—>15N-0xime—>15N-
amino acid pathway is revealed by a series of control ex-
periments, in-situ attenuated total reflection Fourier trans-
form infrared (in-situ ATR-SEIRAS) spectroscopy, and
online differential electrochemical mass spectrometry
(DEMS). Furthermore, our method is suitable for synthe-
sizing six "N-amino acids with 68%-95% yields. A hepatitis
treatment drug, 15N-tiopronin is synthesized using 15N—gly—
cine, highlighting the utility of our method.

2 Results and discussion

We begin our study by screening electrodes from a range of
commercial metallic materials commonly used in electro-
catalytic reactions using pyruvate as the model substrate
(unlabeled NaNO, is used for screening optimal reaction
conditions, Figure 2a and Figure S2). After galvanostatic
electrolysis for 10 h, the products were identified and
quantified by 'H nuclear magnetic resonance (1H NMR), e
NMR, and liquid chromatography-high resolution mass
spectrometry (LC-HRMS). Impressively, alanine is one of
the products for most catalysts. Especially, the peaks at 1.2
and 3.5 ppm in the 'H NMR spectrum and 19.3, 59.6, and
175.2 ppm in the C NMR spectrum match well with the
alanine standard sample (Figure 2b and 2c, Figures S3 and
S4). The molecular weight of 90.0553 (m/z) in the MS
spectrum (Figure 2d) is attributed to alanine ([C;H,NO,+H]").
Pyruvate oxime and lactic acid are the main byproducts
(Figure S4). Among all eight tested bulk catalysts, Ni foil
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Figure 2 (a) Catalyst screening for alanine electrosynthesis by using
pyruvate and NaNO, as raw materials. Reaction conditions: substrate
(0.2 mmol), commercial metal electrodes (working area: 1.4 cmz),
0.5mol L' PBS containing 0.1 mol L™' NaNO, (20 mL), —30 mA cm ~,
10 h. (b) 'H NMR, (c) B¢ NMR, and (d) HRMS tests of the alanine product
(color online).
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exhibits the highest alanine yield with pyruvate oxime as the
only byproduct (Figure 2a). Due to the larger surface area of
NF compared with Ni foil, NF was selected as the cathode
for the following experiments. Subsequently, the optimal
NaNO, concentration and pH of the electrolyte are screened.
pH 2 or pH 5.8 PBS electrolyte containing 0.1 mol L
NaNO, is the optimum (Figure S5). Thus, the synthesis of
""N-amino acids is conducted in pH 5.8 PBS with
0.1 mol L™ NalSNOZ as the N source.

The linear sweep voltammetry (LSV) curves show an en-
hanced current density under the coexistence of pyruvic acid
and NalSNOZ compared to that of the individual existence of
each (Figure 3a). Notably, the LSV curves of "NO,  elec-
troreduction exhibits a more negative initial potential and
lower current density than that of 14N027, indicating the more
difficult electroreduction of "NO, (Figure S6). The ®N-
alanine yield displays a volcanic shape with increasing ap-
plied current density (Figure 3b). A 91% yield and 10% FE
of "N-alanine is obtained at the optimum current density of
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—39mA cm >, and “N-ammonia is the major byproduct

(Figure S7). 'H and “C NMR spectra of the products pro-
duced at the optimum current density are given in Figures 3¢
and d, Figures S8 and S9, which are similar to those of
unlabeled alanine in Figure 2b and Figure S4. Notably, ob-
vious peak splitting is clearly seen from the 'Hand "C NMR
spectra, which is not observed in that of unlabeled alanine,
demonstrating the acquisition of "*N-labeled alanine. Ad-
ditionally, the peak at approximately 33 ppm in the PN-
NMR spectrum and the molecular weight of 91.0515 (m/z)
further confirm the successful synthesis of "*N-alanine
(Figures 3c, Figure S10). Then, the reaction process is
monitored. Pyruvate is consumed completely within 1 h, and
the concentration of NalSNOZ decreases rapidly with pro-
longed reaction time and runs out within 4 h (Figure S11).
For the products, 15N—pyruvate oxime is first produced and
remains unchanged during the first 4 h. After 4 h, "*N-alanine
appears and increases with prolonged reaction time, while
15N-pyruvate oxime shows an opposite variation trend. These
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Figure 3 (a) LSV curves of NF in different electrolytes. (b) Potential-dependent yields and FEs of electrolyzed products. Reaction conditions: substrate
(0.2 mmol), NF electrode (working area: 1.4 cm®), 0.5 mol L' PBS containing 0.1 mol L™' Na'°NO, (20 mL), 8 h. (c) '"H NMR, (d) °C NMR, and (¢) HRMS
tests of the "*N-alanine product. (f) Time-dependent yields of electrolyzed products. (g) Durability test for "*N-alanine synthesis at =52 mA cm ' over NF
(color online).
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results indicate that this reaction is a discontinuous cascade
process and the 15N-pyruvate oxime may serve as a key in-
termediate product for "*N-alanine formation. Subsequently,
the durability of the catalyst is assessed, and the performance
is maintained well during six cyclic tests. No "N-alanine is
detected when removing electricity, NalSNOZ, and pyruvic
acid, demonstrating the electrically driven process with
Na'’NO, and pyruvic acid as the "N and C sources, re-
spectively (Entries 1-3 in Table 1 and Figure S12). Note that
the major byproduct of "NH," can be electrooxidized to
“NO, with a yield of 93% (Figure S13), thus realizing the
recycling of the "N source with the methodology economy.

The reaction pathway is elucidated by performing a series
of control experiments, in-situ ATR-SEIRAS, and online
DEMS tests. Commonly, 15N—pyruvate oxime, lactic acid,
and "’N-alanine are the main possible products under elec-
trochemical conditions. The side product of lactic acid is
formed by the hydrogenation of pyruvate, which can be ef-

Table 1 List of control experiments
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ficiently inhibited by increasing the concentration of
NalSNoz (Figure S5a). Because the yields of 15N—pyruvate
oxime and "N-alanine exhibit an opposite trend as the re-
action proceeds (Figure 3f), we speculate that 15N-pyruva‘[e
oxime serves as an intermediate, which is first generated and
further hydrogenated to "*N-alanine. This hypothesis is fur-
ther verified by using pyruvate oxime as the initial reactant
(Entry 4 in Table 1 and Figure S14). As expected, alanine is
detected as the only product after the electroreduction of
pyruvate oxime in pH 5.8 PBS for 5 h, further verifying that
the reaction proceeded through a cascade process involving a
I5N-pyruvate oxime intermediate.

The mechanism of the formation of 15N—pyruvate oxime
was further studied. ""NO* (1,581 em '), NH,*
(1,466 cm ') and "NH,OH* (1,181 cm ') are detected by in-
situ ATR-SEIRAS and online DEMS (Figure 4a—4c) [32].
These wavenumbers are lower than those of unlabeled NO*
(1,590 cm '), NH,* (1,488 cm '), and NH,OH* (1,192 cm )

Entry N-source C-source  j (mA cmfz) (duration) Electrolytes Product
1 / Pyruvate —52 (8 h) 0.5 mol L' PBS+0.2 mmol pyruvate No product
2 ®NO,” / -52 (8 h) 0.5 mol L' PBS+0.1 mol L' Na"’NO, No product
3 “NO, Pyruvate No bias (8 h) 0.5 mol L™' PBS+0.1 mol L™ Na"’NO,+0.2 mmol pyruvate No product
4 / Pyruvate oxime —52 (8 h) 0.5 mol L' PBS+0.2 mmol pyruvate oxime Alanine
5 NH," Pyruvate =52 (8 h) 0.5 mol L™ PBS+0.1 mol L™ ""NH,CI+0.2 mmol pyruvate No product
6 *NH,0H Pyruvate -52 (8 h) 0.5 mol L' PBS+0.2 mmol *NH,OH+0.2 mmol pyruvate *N-Alanine
7 NO Pyruvate -52 (8 h) 0.5 mol L' PBS+0.2 mmol pyruvate Alanine
8 ISNHZOH Pyruvate No bias (5 min) 0.5 mol L™' PBS+0.2 mmol ISNHZOH-%—O.2 mmol pyruvate ISN-pyruvate oxime
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Figure 4 Time-dependent in-situ ATR-SEIRAS using pyruvate as the C-source and (a) ®NO,” and (b) "“NO, as the N-source. (c) Online DEMS results of
"N-nitrite electroreduction in 0.5 mol L™ PBS at —0.7 V vs. Ag/AgCl. (d) The proposed reaction pathway for the electrosynthesis of "*N-alanine from
pyruvate and lSNO[ (color online).
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with NaNO, as the N source. These redshifts are ascribed to
the isotope effect [33]. Moreover, a new peak of Cc="N
(1,647 cmfl) indexed to the -C="N-OH group appears and
is enhanced with increasing electrolysis time, further de-
monstrating the formation of the 15N—pyruvate oxime. Online
DEMS further confirms that "NO* (31), °NH; (18), and
15NH20H* (34) formed during the reaction. Therefore, to
verify the ”N-containing active species for oxime formation,
control experiments using pyruvic acid as the C source and
ISNO, ISNHZOH, and 15NH4+ as the "°N sources were carried
out. Neither ]SN-pyruvate oxime nor "“N-alanine products
were detected when using 15NH4+ as the "N source, eX-
cluding the involvement of 15NH3 in 15N—pyruvate oxime
formation (Entry 5 in Table 1 and Figure S15). Instead, when
using “NO or 15NHZOH as the "N sources, 15N-pyruvate
oxime and "“N-alanine products are formed (Entries 6 and 7
in Table 1 and Figure S15). Considering that 15NHZOH is the
more reduced intermediate than "NO in "NO, RR, it is
reasonable to regard 15NHZOH as the "N source to form
15N—pyruvate oxime. 15N—pyruvate oxime can be produced as
soon as 15NHZOH and pyruvic acid are mixed at room tem-
perature even without electricity, suggesting a spontaneous
process for the formation of oxime (Entry 8 in Table 1 and
Figure S16). The fast C-N coupling kinetics due to the strong
nucleophilic property of hydroxyamine inhibits the deep
reduction of 15NH2OH, thus leading to the effective forma-
tion of pyruvate oxime [19,27-29]. Based on the above
discussion, the mechanism is proposed in Figure 4d. The
electroreduction of ISNO{ first proceeds following the se-
quence of 15N027—>15NO"‘—>15NH20H"‘ on the catalyst sur-
face. Then, the adsorbed pyruvic acid is rapidly attacked by
nucleophilic 15NHZOH to generate 15N-pyruvate oxime by
losing a molecule of H,O, which is further electroreduced to
"N-alanine (Path I). Because the concentration of ISNO[ is
much higher than that of pyruvate, the amount of 15NHZOH
produced on the catalyst surface is greater than that of pyr-
uvate. Thus, the unreacted 15NHZOH is further reduced to
ISNH4+, which can be recycled by the electrooxidation to
NO, for next wave utilization (Path II).

To show the universality of our approach, we apply our
method to the electrosynthesis of other "*N-amino acids.
Delightfully, this method is suitable for synthesizing differ-
ent types of "*N-amino acids (2a-2f) with good yields (68%—
95%) (Figures Sa, and Figures S17-S21), and some of them
are commonly used drug-building blocks [34]. For example,
by employing I5N—glycine as the building block, N-tio-
pronin (30% overall isolated yield), the most efficient drug to
treat hepatitis, was successfully synthesized (Figure 5b and
Figure S22) [35]. It is reasonable to speculate that the in-
corporation of "N in tiopronin can slow down the metabolic
process due to the more stable C-"N bond than the C-N
bond [5], thus increasing the effective drug duration in vivo
and lowering the dose. These results show the application
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Figure 5 Electrosynthesis of "N-amino acids (a—f, NMR yields are re-
ported) and 15N—tiopronin (g, an isolated yield is reported) (color online).

potential of our method in "N-labeled drug synthesis and
metabolism.

3 Conclusions

In conclusion, we demonstrate an electrochemical strategy to
synthesize “N-amino acids through the co-reduction of
NalSNOZ and ketonic acids under ambient conditions over
the NF cathode. Mechanistic studies reveal that the electro-
chemical reaction undergoes multistep processes of ISNO[
RR to 15NH2OH, the condensation of 15NHZOH and pyruvate
to 15N—pyruvate oxime, and the subsequent hydrogenation of

15N-pyruvate oxime to "*N-alanine. Moreover, this electro-
chemical strategy can be used to synthesize other N-amino
acids with 68%-95% yields, demonstrating the good uni-
versality of our method. Furthermore, a "N-labeled hepatitis
treatment drug of 15N-tiopronin is synthesized using PN-
glycine as the building block, which may provide an op-
portunity to study disease treatment and drug metabolism.
Our study not only offers a strategy for the room-temperature
and green synthesis of "N-amino acids but also opens a
sustainable avenue to construct °N-labeled compounds.
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