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N-Nitro groups are a key functionality found in most energetic
compounds. Conventional synthetic routes require the use of harsh
reagents, such as fuming nitric acid. As an alternative, a biphasic
electrochemical flow synthesis of N-nitramines from the oxidation
of N-nitrosamines using molecular oxygen has been developed,
proceeding via paired electrolysis.

Energetic materials are an important class of molecules with
applications in several fields, predominantly in the defence and
mining industries. Such compounds have a high amount of
stored chemical energy which can be released upon detonation.
N-Nitramines are important functional groups present in numer-
ous energetic materials. RDX, HMX and CL-20 (Scheme 1a) are a
few prominent examples of such energetic compounds.’

N-Nitramines can be synthesised from primary, secondary
and tertiary amines using various reagents such as fuming nitric
acid (HNO,),” nitrogen oxides (NO,),? dinitrogen tetroxide (N,0,),"
dinitrogen pentoxide (N,O;),"® nitrate salts,® nitrite salts,”
nitronium salts,>***® or by using nitro-group transfer reagents
(Scheme 1b).° Most of these reagents are toxic, and difficult to
handle or store. Additionally, the previously mentioned nitrat-
ing reagents are necessary for the synthesis of the more stable
nitro-group transfer reagents, therefore not completely circum-
venting the use of such harsh nitrating compounds. A different
way towards accessing N-nitramines is through the oxidation of
N-nitrosamines with the use of oxidising reagents under harsh
reaction conditions (Scheme 1c).*%*°

We explore electrochemistry as a versatile alternative to
most of the previously mentioned processes. Toxic redox rea-
gents can be replaced with electrons, which is a much greener
and cheaper redox reagent. The combination of flow chemistry
with electrochemistry presents various advantages in contrast
to batch electrosynthesis.'*
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Electrochemical reactions are essentially heterogeneous pro-
cesses, where the reaction outcome is dependent on mass transfer
from the solution’s bulk to the electrode’s surface. In flow, there is
a high electrode surface area to volume ratio, leading to improved
mass transfer, and thus improving the efficiency of the reactions.
Furthermore, the resistance to the flow of electrons in electro-
chemical reactions results in a loss of potential, a phenomenon
known as Ohmic drop. This Ohmic drop is reduced in electro-
chemical flow reactions due to the small interelectrode distance
(IED), and as a result, the use of supporting electrolyte can be
reduced or excluded completely. Lastly, a key advantage to electro-
flow reactions is that they are easily scalable and thus ideal for
developing these procedures on an industrial scale. Biphasic
continuous electro-flow synthesis is a recent advancement in the
field of organic synthesis. It results in a pressurised system with
improved gas-liquid mixing, leading to efficient mass transfer. To
date, multiphasic flow electrochemistry is an underexplored field
with only a few examples utilising oxygen as the gas phase.'*

Previously, we developed a mild flow electrochemical approach
towards synthesising N-nitrosamines from secondary amines and
sodium nitrite (NaNO,)."> As a continuation of our earlier work,
herein, we report the development for the flow electrochemical
oxidation of nitrosamines to nitramines using a biphasic gas-
liquid system with superoxide radical anions as the oxidising
source generated in situ from the reduction of molecular oxygen
(Scheme 1d).

In a preliminary investigation, the oxidation of N-nitroso-
dicyclohexylamine 1a to N-nitrodicyclohexylamine 2a was inves-
tigated under 1 atmosphere of oxygen pressure under galvano-
static conditions with a commercially available undivided batch
electrochemical reactor, where the desired product 2a was
obtained in 41% yield (Scheme 2).

As a result of this encouraging experiment, the electrochemical
reaction for the oxidation of N-nitrosamines into N-nitramines
using electrochemically generated superoxide radical anions was
studied under continuous flow reaction conditions in an undi-
vided, commercially available microfluidic reactor. A fluorinated
ethylene propylene (FEP) spacer (500 pm thickness) was used to
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Scheme 1 (a) Examples of prominent energetic materials. (b) Procedures
towards the synthesis of N-nitramines via nitration pathways. (c) Proce-
dures towards the synthesis of N-nitramines via oxidation pathways. (d)
This work: electrochemical flow oxidation of N-nitrosamines into N-
nitramines using superoxide radical anions electrochemically generated

from oxygen.
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Scheme 2 Batch reaction for the electrochemical oxidation of 1a to 2a.
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separate the electrodes, creating a channel with 0.6 mL volume
inside the reactor with an active surface area of 12 cm” for each
electrode. The flow of molecular oxygen was controlled using a
mass flow controller (MFC). All initial electrochemical flow experi-
ments were conducted under galvanostatic reaction conditions.
Preliminary experiments revealed that an excess of O, is necessary
to achieve sufficient conversions of the starting material and
produce the desired product in good yields (see SI, Table S1).
The reaction for the oxidation of N-nitrosamine 1a under the
stated reaction conditions furnished 2a in 60% in just 3 minutes
(Table 1, entry 1). Control experiments showed that electricity is
indispensable for product formation (Table 1, entry 2). Having no
electrolyte results in reduced product formation, likely a conse-
quence of the high resistance from the non-conductive gaseous
phase (Table 1, entry 3). The reaction outcome was thought to
improve with the presence of a back-pressure regulator (BPR),
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Table 1 Optimisation for the electrochemical flow oxidation of 1a to 2a

(Cy)N-NO

1a <>_

><J> CyN-

flow electrolysis

controller 24mA, 1 F
Q, = 0.05 mL min~!
Q, 0, =0.15 mL min~"
[1a] =75 mM
[nBusNPFg] = 50 mM
MeCN, rt
tr =3 min
Entry  Deviation from reaction conditions  1a“[%]  2a“[%]
1 None 1 60
2 No electricity 100 0
3 No electrolyte 9 37
4 1 bar instead of 0 bar 1 50
5 3.0 Vinstead of 24 mA, 1 F 62 31
6 3.5 Vinstead of 24 mA, 1 F 2 56
7 4.0 Vinstead of 24 mA, 1 F 2 51

“Yields were determined by GC-FID using benzonitrile as an internal
standard.

which results in enhanced gas-liquid mixing, however, this was
not the case (Table 1, entry 4). The experiment was also con-
ducted under constant cell potential electrolysis conditions
(Table 1, entries 5-7). Performing reactions under constant
current electrolysis conditions generally results in an increase
in the cell potential over time, leading to passivation, which was
found to be problematic. As a result, conducting the reaction
under constant cell potential electrolysis was superior as no
passivation was observed, which is ideal for performing the
reaction on a large scale. Recirculating the reaction solution
thrice using the reaction conditions from Table 1, entry 5, gave
2a in 57% yield, showing no improvement. Thus, a single pass of
the reaction solution with a cell potential of 3.5 V (Table 1, entry
6) was used for the substrate scope studies. Finally, an experi-
ment was performed where pure product 2a was subjected to the
optimised reaction conditions. We observed that 62% of 2a
remained following the reaction, indicating decomposition of
N-nitramine 2a, and thus explaining the low yields. The decom-
position products of 2a could not be identified.

With the optimum reaction conditions in hand, the applic-
ability of the conditions towards various substrates was explored
(Scheme 3). Starting with symmetrical acyclic nitrosamines with a
tertiary a-carbon, N-nitrodicyclohexylamine 2a was obtained in a
good yield of 60%,"* N-nitrodiisopropylamine 2b was obtained in
excellent yield of 85%, while 2c was obtained in a moderate yield
of 36%. N-Nitrodiisobutylamine 2d was obtained in only 21%
yield. Symmetrical N-nitramines with secondary o-carbons were
produced in yields between 29% and 46% (2e-2h). Unsymme-
trical acyclic product 2i was synthesised in 59% yield. The
importance of the a-carbon can be noticed when comparing
nitrosamines with different propyl substituents (2e: 29%; 2j:
40%; 2b: 85%), where an increase in yield is observed for
substrates with higher substituted o-carbon atoms. Interestingly,

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Standard reaction conditions: undivided flow cell, Pt anode (active surface area: 12 cm?), Pt cathode, interelectrode distance: 0.5 mm, 1
(0.075 M), nBusNPFg (0.05 M) in MeCN, flow rate solution: 0.05 mL min~%, flow rate O, : 0.15 mL min~?, constant potential: 3.5 V. Isolated yields. ®[1u] and

[1v] = 0.0375 M.

cyclic nitramines (2k-2m) and bicyclic nitramines (2n-20) with a
secondary a-carbon atom were synthesised in poor yields in
comparison to the acyclic derivatives. Mono-, di- and tetra-
substituted cyclic nitrosamines furnished the desired products
2p, 2q and 2r in improved yields compared to their non-
substituted analogues. N-Nitrosomorpholine 1s afforded only
trace amounts of 2s while N-nitrosothiomorpholine 1t did not
yield the corresponding N-nitramine but instead resulted in the
oxidation of the sulfur to the sulfoxide (3t) in moderate yield
(30%)."* N,N’-Dinitrosopiperazine 1u formed both the mono-
oxidised (2u) and di-oxidised (2u’) product in poor yields of
11% and 3%, respectively. Although N,N’-dinitropiperazine was
obtained in poor yields, it was interesting to note that the
bisoxidation proceeded. Performing the reaction with 2u as a
substrate formed dinitropiperazine 2u’ in 7%. To observe the
significance of the a-carbon atom once again, 2,5-dimethyl-N,N'-
dinitrosopiperazine 1v was used as a substrate and resulted in the
mono-oxidised (2v) and di-oxidised (2v') product in yields of 23%
and 8%, respectively. Performing the oxidation with 2v as a
substrate resulted in 1,4-dinitro-2,5-dimethylpiperazine 2v’ in
13% yield. Unfortunately, substrates with an aromatic moiety
and N-nitrosamides were not tolerated. These substrates likely
underwent oxidative decomposition pathways and resulted in the
complete degradation of the substrate with no formation of the
desired products under both the optimised reaction conditions
for constant current electrolysis (C. C. E.) and constant cell
potential electrolysis (C. P. E.) (see SI, Fig. S8).

When screening electrolytes, we observed that when using
electrolytes with halide-containing anions, such as nBu,NBr,
Et,NBr, and Et,NI, no product formation was observed and instead

This journal is © The Royal Society of Chemistry 2025

the starting material was fully recovered (see SI, Table S4). It is
known that halide anions, such as bromide or iodide, readily
undergo oxidation at the anode due to their low oxidation poten-
tials, and act as mediators.'® Thus, the results obtained lead to the
assumption that the halide salts do not act as mediators in the
reaction and that the substrate, which has a higher oxidation
potential, cannot be oxidised in the presence of these halide
anions. This indicates that the direct oxidation of substrate 1 is
necessary for the reaction to proceed. Performing the reaction
without electricity resulted in no product formation, while under
galvanostatic and potentiostatic conditions the product forms,
indicating that molecular oxygen alone is not involved in the
reaction. Previous reports have shown the reduction of oxygen
to the superoxide radical anion at the cathode.">'® Combining
these facts, a convergent paired electrolysis mechanism can be
hypothesised for the flow electrochemical oxidation of N-
nitrosamines into N-nitramines (Scheme 4). Substrate 1 under-
goes one-electron oxidation at the anode and combines with the
superoxide radical anion formed from the reduction of mole-
cular oxygen at the cathode, resulting in the formation of
peroxynitrite intermediate A. This intermediate is the key inter-
mediate regardless of where the radical cation is located (see SI,
Scheme S1). Computational studies have been performed to
find evidence of such peroxynitrite intermediates."” Addition-
ally, the choice of solvent had a significant impact on the
reaction outcome (see SI, Table S5). Only solvents with an
electrophilic centre, such as MeCN, i-PrCN and acetone, result
in significant product formation, indicating they are likely
involved in the mechanism. It is plausible that A can react
with MeCN, forming intermediate B, which releases product 2

Chem. Commun., 2025, 61,13671-13674 | 13673


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc03458b

Open Access Article. Published on 05 August 2025. Downloaded on 2/10/2026 12:14:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

@ Q

® Q03>
®QO0OIT~0 0

Scheme 4 Proposed mechanism.

and a nitrene, which rearranges to form an unstable methyl
isocyanate.

To conclude, a mild biphasic continuous-flow electrochemi-
cal method towards the synthesis of a wide assortment of
aliphatic N-nitramines from N-nitrosamines via a convergent
paired electrolysis has been developed. Electrochemically gener-
ated superoxide radical anions from molecular oxygen have been
used as a safe and clean oxidant under ambient temperatures,
avoiding the requirement of any harsh and toxic oxidising agents.

This work was financially supported by BAE Systems. We
also thank the University of Nagoya/Japan (K. M.) and the
Latvian Institute of Organic Chemistry/Latvia (J. S.) for support.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of
the SI.

Spectroscopic data and NMR spectra. See DOI: https://doi.
0rg/10.1039/d5cc03458b

CCDC 2434932 and 2434933 contain the supplementary
crystallographic data for this paper.'®'®

Notes and references

1 T. M. Klapotke, Chemistry of High-Energy Materials, De Gruyter,
Berlin, Boston, 2017.

2 (@) M. D. Coburn and H. E. Ungnade, J. Heterocycl. Chem., 1965, 2,
308-309; (b) H. F. Kauffman and A. Burger, J. Org. Chem., 1954, 19,
1662-1670; (c) R. Calvo, K. Zhang, A. Passera and D. Katayev, Nat.
Commun., 2019, 10, 3410; (d) J. H. Robson and J. Reinhart, J. Am.
Chem. Soc., 1955, 77, 2453-2457; (e) D. A. Cichra and H. G. Adolph,
J. Org. Chem., 1982, 47, 2474-2476; (f) J. C. Bottaro, C. D. Bedford,
R.J. Schmitt and D. F. McMillen, J. Org. Chem., 1988, 53, 4140-4141;

13674 | Chem. Commun., 2025, 61, 13671-13674

w

o

10

11

12

14

15

16

17
18

19

View Article Online

ChemComm

(g) V. Grakauskas and K. Baum, J. Org. Chem., 1972, 37, 334-335;
(R) 1. V. Kuchurov, I. V. Fomenkov and S. G. Zlotin, Russ. Chem. Bull.,
2010, 59, 2147-2150; (i) J. H. Robson, J. Am. Chem. Soc., 1955, 77,
107-108.

N. Dai, A. D. Shah, L. Hu, M. J. Plewa, B. McKague and W. A. Mitch,
Environ. Sci. Technol., 2012, 46, 9793-9801.

E. H. White and W. R. Feldman, J. Am. Chem. Soc., 1957, 79, 5832-5833.
(@) E. H. White, T. J. Ryan, B. S. Hahn and R. H. Erickson, J. Org.
Chem., 1984, 49, 4860-4866; (b)) W. Emmons, A. Pagano and
T. Stevens, J. Org. Chem., 1958, 23, 311-313; (c) J. Runge and
W. Treibs, J. Prakt. Chem., 1962, 15, 223-227; (d) R. W. Millar and
S. P. Philbin, Tetrahedron, 1997, 53, 4371-4386; (e) O. A. Luk’yanov,
N. M. Seregina and V. A. Tartakovskii, Bull. Acad. Sci. USSR, Div.
Chem. Sci., 1976, 25, 225-226.

(@) Z. Daszkiewicz, M. Koterzyna and J. B. Kyziol, Synth. Commun.,
2001, 31, 2921-2927; (b) W. P. Norris, J. Am. Chem. Soc., 1959, 81,
3346-3350; (c) V. V. Prezhdo, Z. Daszkiewicz, J. B. Kyziol, A. S. Bykova
and O. V. Prezhdo, Russ. J. Org. Chem., 2000, 36, 410-416;
(d) Z. Daszkiewicz, A. Domanski and J. B. Kyziol, Org. Prep. Proced.
Int., 1994, 26, 337-341.

O. V. Anikin, G. V. Pokhvisneva, D. L. Lipilin, A. V. Mezhenin and
V. A. Tartakovsky, Russ. Chem. Bull., 2009, 58, 2043-2046.

S. A. Andreev, L. A. Novik, B. A. Lebedev, I. V. Tselinskii and B. V.
Gidaspov, Russ. J. Org. Chem., 1978, 14, 240-243.

(@) J. P. Freeman, W. D. Emmons and R. M. Ross, J. Am. Chem. Soc.,
1955, 77, 6062-6064; (b) Y.-D. Park, H.-K. Kim, J.-J. Kim, S.-D. Cho,
S.-K. Kim, M. Shiro and Y.J. Yoon, J. Org. Chem., 2003, 68,
9113-9115; (¢) M. Lemaire, A. Guy, P. Boutin and J. P. Guette,
Synthesis, 1989, 761-763; (d) W. D. Emmons and ]J. P. Freeman,
J. Am. Chem. Soc., 1955, 77, 4387-4390; (e) J. C. Bottaro, R. J. Schmitt
and C. D. Bedford, J. Org. Chem., 1987, 52, 2292-2294; (f) J. P.
Freeman and I. G. Shepard, Org. Synth., 1963, 43, 83.

(a) J. H. Boyer, T. P. Pillai and V. T. Ramakrishnan, Synthesis, 1985,
677-679; (b) W. D. Emmons, J. Am. Chem. Soc., 1954, 76, 3468-3470;
(¢) G. 1. Emel’yanova, L. F. Atyaksheva and V. V. Sorochinskii, Moscow
Univ. Chem. Bull., 1983, 38, 364-368; (d) M. Masui, K. Nose,
S. Terauchi, E. Yamakawa, J. Jeong, C. Ueda and H. Ohmori, Chem.
Pharm. Bull., 1985, 33, 2721-2730; (¢) H. Ohmori, H. Maeda, C. Ueda,
H. Sayo and M. Masui, Chem. Pharm. Bull., 1986, 34, 3079-3086;
(f) M. Masui, K. Nose, A. Tanaka, E. Yamakawa and H. Ohmori,
Chem. Pharm. Bull., 1981, 29, 3758-3760.

(a) M. B. Plutschack, B. Pieber, K. Gilmore and P. H. Seeberger, Chem.
Rev., 2017, 117, 11796-11893; (b) T. Noél, Y. Cao and G. Laudadio, Acc.
Chem. Res., 2019, 52, 2858-2869; (c) M. Regnier, C. Vega, D. I. Ioannou
and T. Noél, Chem. Soc. Rev., 2024, 53, 10741-10760.

(@) R. Ali, T. Patra and T. Wirth, Faraday Discuss., 2023, 247, 297-301;
(b) J. Nikl, K. Hofman, S. Mossazghi, I. C. Moéller, D. Mondeshki,
F. Weinelt, F.-E. Baumann and S. R. Waldvogel, Nat. Commun., 2023,
14, 4565.

R. Ali, R. Babaahmadi, M. Didsbury, R. Stephens, R. L. Melen and
T. Wirth, Chem. — Eur. J., 2023, 29, €202300957.

Crystallographic data for the structures 2a and 3t reported in this
paper are available from the Cambridge Crystallographic Data
Centre as CCDC 2434933 (2a) and CCDC 2434932 (3t).

L. G. Gombos, J. Nikl and S. R. Waldvogel, ChemElectroChem, 2024,
11, €202300730.

(a) D. Li, T-K. Ma, R. J. Scott and ]J. D. Wilden, Chem. Sci., 2020, 11,
5333-5338; (b) Y. Imada, Y. Okada, K. Noguchi and K. Chiba, Angew.
Chem., Int. Ed., 2019, 58, 125-129; (c) S. Nihongi, R. Matsuoka, T. Saitoh,
Y. Einaga and T. Yamamoto, Curr. Res. Green Sustainable Chem., 2023,
7, 100378; (d) M. Kitano, T. Saitoh, S. Nishiyama, Y. Einaga and
T. Yamamoto, Beilstein J. Org. Chem., 2022, 18, 1154-1158.

E. M. Greer and K. Kwon, Photochem. Photobiol., 2018, 94, 975-984.
R. Ali, K. Matsui, J. Sadauskis, A. Catherall and T. Wirth, CCDC
2434932: Experimental Crystal Structure Determination, 2025, DOI:
10.5517/cedc.csd.cc2mqr6b.

R. Ali, K. Matsui, J. Sadauskis, A. Catherall and T. Wirth, CCDC
2434933: Experimental Crystal Structure Determination, 2025, DOI:
10.5517/cedce.csd.cc2mqr7c.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5cc03458b
https://doi.org/10.1039/d5cc03458b
https://doi.org/10.5517/ccdc.csd.cc2mqr6b
https://doi.org/10.5517/ccdc.csd.cc2mqr7c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc03458b



