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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
numerous energetic materials. RDX, HMX and CL-20 (Figure 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 (HNOs),2 nitrogen oxides (NOy),3 dinitrogen tetroxide
(N204),% dinitrogen pentoxide (N,Os),2h5 nitrate salts,® nitrite
salts,” nitronium salts,>25¢8 or by using nitro-group transfer
reagents (Figure 1b).° Most of these reagents are toxic, and
difficult to handle or store. Additionally, the previously
mentioned nitrating reagents are necessary for the synthesis of
the more stable nitro-group transfer reagents, therefore not
completely circumventing 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 oxidi-
sing reagents under harsh reaction conditions (Figure 1c).6c10
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

a-School of Chemistry, Cardiff University, Cardiff, CF10 3AT, Wales (UK)
b.BAE Systems, Glascoed, Usk, Monmouthshire, Wales (UK)

i These authors contributed equally to this work.

* wirth@cf.ac.uk

Supplementary Information available: See DOI: 10.1039/x0xx00000x

- a) Energetic materials
NO
1 o,N NO; no
o . S
N 7\ N NN
r j O,N—N N—NO, W
N NG \NJ NTSNT TN
O,N” """NO 1
| O,N NO NO,
N02 2
RDX HMX CL-20
~ b) Previous work: nitration pathways
fuming HNO3/
.\N/ NO,BF4/NO,PF .\N/
‘ NO,/N»O4/N,Os ,5 o,
- ¢) Previous work: oxidation pathways
.\N/ H,0,/04/ '\ I;l/
|
NO Oxone NO,
- d) This work
o - 3
|
NO .\N/
; |
flow electrolysis NO,
o mass flow]
2 | controller
v green oxidant v mild conditions v 23 examples up to 85% vyield

Scheme 1. a) Examples of prominent energetic materials. b) Procedures towards the
synthesis of N-nitramines via nitration pathways. c) Procedures 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.

and cheaper redox reagent. The combination of flow chemistry
with electrochemistry presents various advantages in contrast
to batch electrosynthesis.!?

Electrochemical reactions are essentially heterogeneous
processes, 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,
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leading to improved mass transfer, and thus improving the
efficiency of the reactions. Furthermore, the resistance to the
flow of electrons in electrochemical reactions results in a loss of
potential, a phenomenon known as Ohmic drop. This Ohmic
drop is reduced in electrochemical 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.12

Previously, we developed a mild flow electrochemical
approach towards synthesising N-nitrosamines from secondary
amines and sodium nitrite (NaNO).13 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 (Figure 1d).

In a preliminary investigation,
nitrosodicyclohexylamine 1a to N-nitrodicyclohexylamine 2a
was investigated under 1 atmosphere of oxygen pressure under
galvanostatic conditions with a commercially available
undivided batch electrochemical reactor, where the desired
product 2a was obtained in 41% yield (Scheme 2).

MeCN, 2 mA, 6 F

O\ /O Pt(+)r1 il O\ O
N N
| |
NO
(1 atm), rt

nBugNCIO, (0.1 M)
1a 2a41%

the oxidation of N-

Scheme 2. Batch reaction for the electrochemical oxidation of 1a to 2a.
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 undivided, commercially available
microfluidic reactor. A fluorinated ethylene propylene (FEP)
spacer (500 um thickness) was used to 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
conducted under galvanostatic reaction conditions. Preliminary

experiments revealed that an excess of O, is necessary to

initial electrochemical flow experiments were

achieve sufficient conversions of the starting material and
produce the desired product in good yields (see supporting
information, 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

2 | J. Name., 2012, 00, 1-3

is indispensable for product formation (Table 1, entry, 2):daving
no electrolyte results in reduced produt®/ fBrMaIOACTIREIYSE
consequence 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), which results in enhanced gas-liquid mixing,
however, this was not the case (Table 1, entry 4). The
experiment was also conducted 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. Additionally, an experiment 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
decomposition products of 2a could not be identified.
Table 1. Optimisation for the electrochemical flow oxidation of 1a to 2a.
(Cy)N-NO
1a @
A—i >< l—» Cy)oN—
flow electrolysis BPR (©y)
mass flow Pt(+)| Pt(-) 2a
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
Deviation from reaction o/1a o/1a
Entry 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 3.0Vinstead of 24 mA, 1 F 62 31

6 3.5Vinstead of 24 mA, 1 F 2 56

7 4.0V instead of 24 mA, 1 F 2 51

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

With the optimum reaction conditions in hand, the applicability
of the conditions towards various substrates was explored.
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% vyield. Symmetrical N-nitrosamines with secondary a-
carbons were produced in yields between 29% and 46% (2e —

This journal is © The Royal Society of Chemistry 20xx
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2h). Unsymmetrical acyclic substrate 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, 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%).1% 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 1lv 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

ChemComm

constant current electrolysis (C.C.E.) and constant gell petential
electrolysis (C.P.E.) (see supporting inforARati8A0Figlre 88588

When screening electrolytes, we observed that when using
electrolytes with halide-containing anions, such as nBusNBr,
EtsNBr, and Et4NI, no product formation was observed and
instead the starting material was fully recovered (see
supporting information, Table S4). It is known that halide
anions, such as bromide or iodide, readily undergo oxidation at
the anode due to their low oxidation potentials, and act as
mediators.1> 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.216 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
undergoes one-electron oxidation at the anode and combines
with the superoxide radical anion formed from the reduction of
molecular oxygen at the cathode, resulting in the formation of
peroxynitrite intermediate A. This intermediate is the key
intermediate regardless of where the radical cation is located
(see supporting information, Scheme S1). Computational
studies have been performed to find evidence of such
peroxynitrite intermediates.l” Additionally, the choice of

RlN/RZ
r!lo j R _R?
1 flow electrolysis - !
mass flow Pt(+)| Pt(-), 3.5V, tg = 3 min
controller Q, =0.05 mL min~', Q, 0, = 0.15 mL min~" 2

[] = 75 mM, [nBusNPFg] = 50 mM

2aR"=R2=c-CgHyy, 60% 2i R! = c~CgHyq, R? = i~CH7, 59%
2bR'=R2=j-CzH;, 85%  2j R! = n-CyHy, R? = i~C4Hy, 40%

2¢ R' = R? = s-C4Hy, 36%
W),

2d R' = R2 = j-Cy4Hg, 21%

.

2n 8%

2e R = R? = n-CyHy, 29% N g:‘ n :32:141"@
1=R2=p= o n=3, o
2fR' = R = n-CyHy, 43% , P 12%

2g R' = R? = n—CgH13, 46%
2h R' = R2 = n~CgHy7, 40%

27 O

(CCDC 2434933)

2a 3t
2s trace 3t 30%

i v /5
() %%
Wb

(CCDC 2434932)

MeCN, rt

SR=VF o e?

20 4% 2p 17% 2q 35% 2r 20%

OO T L

2u 11%? 2u’ 3%2

2u’ 7% from 2u

2v 23%? 2v’ 8%*

2v’ 13% from 2v

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), nBusNPF¢ (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. 2[1u] and [1v] = 0.0375 M.
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solvent had a significant impact on the reaction outcome (see
supporting information, 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 and a
nitrene, which rearranges to form an unstable methyl
isocyanate.

@ Q

-
QOO0 IT~00

Scheme 4. Proposed mechanism.

To conclude, a mild biphasic continuous-flow electrochemical
method towards the synthesis of a wide assortment of aliphatic
N-nitramines from N-nitrosamines via a convergent paired
electrolysis has been developed. Electrochemically generated
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.
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