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Acid-induced conversion of nitrite to nitric oxide
at the copper(II) center: a new catalytic pathway†

Prabhakar Bhardwaj,a Kulbir, a Tarali Devi*b and Pankaj Kumar *a

Acid-induced reduction of nitrites (NO2
−) to nitric oxide (NO) at Cu/Fe centers is one of the key steps in

the nitrogen cycle and serves as an essential path to NO generation. In this study, we report the acid-cat-

alysed conversion of NO2
− to NO at the CuII centers in CuII-nitrito complexes, [(Me2BPMEN)CuII(NO2

−)]+

(1) and [(H2BPMEN)CuII(NO2
−)]+ (2). Both the CuII-NO2

− complexes showed the formation of NO(g) along

with H2O2 when reacted with one equivalent acid (H+) via the N–O bond homolysis of the presumed

CuII-nitrous acid ([Cu-ONOH]2+) intermediate. However, the H2O2 amount decreased with time or an

increase in H+ and completely disappeared when H+ was more than about two equivalents accompanied

by the generation of H2O. We detected the released NO(g) by using headspace gas chromatography/mass

spectrometry; moreover, the NO(g) evolution was confirmed by the formation of a significant amount of

{CoNO}8, [(12-TMC)Co(NO)]2+ up to (90 ± 5%) in the above reactions. Mechanistic investigations using
15N-labeled-15NO2

− and 18O-labeled-16O14N18O− revealed that the N-atom in NO is derived from the
18ONO− ligand, which was further confirmed by the detection of 15NO and N18O gas in headspace gas

chromatography/mass spectrometry. We also monitored and characterized the formation of H2O2 (one

equivalent of H+) and H2O (two equivalents of H+) and the results describe the rationale behind biological

NO2
− reduction reactions generating NO along with H2O. We observed more than 90% recovery of (1)

after 10 catalytic cycles of NO(g) generation.

Nitric oxide (NO) is a gaseous secondary messenger in animals,
plants, fungi, and bacteria. NO plays a significant role in
various physiological processes, such as neurotransmission, vas-
cular regulation, platelet disaggregation, and immune response
to multiple infections, in mammals.1 Moreover, NO is involved
in different physiological processes in plants, such as plant
growth and development, metabolism, aging, defense against
pathogens, and biotic and abiotic trauma.2 It is now well-estab-
lished that NO inadequacy causes atherosclerosis, diabetic
hypertension, and other diseases.3 In addition to the pathologi-
cal effect, its oxidized species peroxynitrite (PN, ONOO−)4 and
nitrogen dioxide (•NO2)

5 are known for their immune response
towards harmful pathogens; however, they may also lead to
various toxicological behaviors.4b,6 Hence, the balanced pro-
duction of NO is required to maintain multiple physiological
processes (homeostasis). In this regard, NO2

− reductases

(NiRs)7 and endothelial nitric oxide synthases (eNOSs)7c,8 are
the enzymes available for biological NO generation. The critical
substrate of the NOSs system for the generation of NO is
L-arginine, which changes to citrulline with the simultaneous
release of NO following catalytic activity.8

In recent years, a few in vitro functional models have been
prepared and investigated to obtain mechanistic insights into
the NO2

− reduction chemistry. In this regard, three types of
reactions have been explored: (i) H+-induced NO2

− reduction
(mimicking NiR), (ii) oxygen atom transfer (OAT) triggered by
thioether (R2S)

9/thiol (RSH)10/triphenylphosphine (PPh3),
11

and (iii) the photo-induced reactions12 of metal-bound NO2
−

(M-NO2
−) species. Karlin and co-workers developed a heme-Fe/

Cu assembly model to mimic cytochrome c oxidase, illustrat-
ing the reversible conversion of NO2

− to NO.13 In 1937, Brooks
first proposed the NiR activity of hemoglobin upon its reaction
with NO2

− and observed the formation of NO and metHb in
anaerobic conditions.14 Recently, chemistries for modeling the
M-NOs/active sites associated with NiR and NOS have also
been explored.15 Recently, Lehnert et al. developed a synthetic
approach for Fe-NOs,16 and Hayton structurally characterized
the first CuII-NO.17 Nam and coworkers probed the generation
of Fe-NOs by photo-induced NiR reactivity and stabilized the
Co-NOs.18 Chen-Hsiung Hung and co-workers reported H+-
induced FeII-NO2

− reduction and the generation of FeIII-NO
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with H2O.
19 Ford and coworkers described NiR chemistries in

Fe-heme systems and characterized Fe-NOs formation.20

Although NiR plays an essential part in NO generation, it has
not been investigated extensively to identify the end products
and understand the reaction mechanism.

In addition to biomimetic modeling of the NiR enzyme, a
few reports on NO2

− reduction to NO have also been explored
to understand the reaction mechanism of stabilizing the
metal-nitrosyls or efficiently generating NO. Elizabeth
T. Papish and coworkers showed NO release with H2O via a
CuI-NO+ ↔ CuII-NO intermediate in the reaction of CuII-NO2

−

with two equivalents of H+.21 Murphy et al., for the first time,
explained the generation of NO via a Cu-NO intermediate
species in a Cu-NO2

− reduction reaction along with the struc-
tural details of the Cu-NO complex.7b Ford and coworkers
reported the NO2

− reduction reaction of Fe-porphyrin catalysed
by R2S and tetrahydrothiophene.9 Todd C. Harrop and co-
workers described a non-heme FeII-(NO2

−)2 complex that
undergoes a catalytic NO2

− reduction reaction in the presence
of RSH and H+.10a A study on the Cu-NO2

− complex conducted
by Warren et al., using thiol as the reducing agent gives a brief
direction about the mechanism of O-atom transfer.10b Sodio
C. N. Hsu et al. showed NO release along with H2O in the reac-
tion of CuI-NO2

− with two equivalents of acetic acid.22 Patra
et al. showed the generation of NO + H2O in the CuII-NO2

− +
2H+ reaction.23 Hunt et al. showed NO generation through the
electrolytic reduction of NO2

− at the copper center. Lenhert
and Coworker explored a new O2-tolerant Cu

II-complex-based
catalyst that electrochemically reduces NO2

− to NO at the
optimal potential.24 Recently, for the very first time, we have
demonstrated the H+-induced reduction of CoII-NO2

− to
{CoNO}8 with H2O2 generation;25 and in another case, the
generation of {FeNO}7 and H2O from FeII-NO2

− via the H2O2

intermediate in the presence of H+.26

Recent studies on H+-induced NO2
− reduction have shown

the generation of NO with different by-products (H2O, H2O2

and NO2), while they were not found/explored for the catalytic
conversion mechanism of NO2

− to NO(g).
26,27 Therefore, we

need to explore these reactions to understand the basis for the
formation of different side products in the H+-induced conver-
sion of NO2

− to NO(g) and to develop a suitable catalyst for
selective catalytic NO(g) generation under optimum conditions.
Minimal work has been done on H+-induced catalytic NO(g)

generation from metal-NO2
− species; however, there are a few

reports on electrocatalytic NO formation from metal-NO2
−.24,28

Being a very important biological molecule (vide supra), devel-
oping a catalyst for selective NO(g) formation via H+-induced
NO2

− transformation is highly necessary to treating several
biological dysfunctions. In the last few years, we have success-
fully developed a few models for NO2

− reduction to NO
on cobalt and iron centers, demonstrating metal-nitrosyls
formation.26,29 Hence, here, we intend to develop a suitable
molecular catalyst for catalytic NO(g) generation and to under-
stand the reaction mechanism of H+-induced NO2

− dispropor-
tionation toward NO(g) formation at the CuII-centers in CuII-
NO2

− complexes.

We, herein, report the synthesis of NO(g) via H+-induced
NO2

− transformation in two different CuII-NO2
− complexes,

namely [(Me2BPMEN)CuII(NO2
−)]+ (1) and [(H2BPMEN)

CuII(NO2
−)]+ (2), which bear the N,N/-dimethyl-N,N/-bis(2-pyri-

dylmethyl)-1,2-diaminoethane (Me2BPMEN) and N,N/-bis
(2-pyridylmethyl)-1,2-diaminoethane (H2BPMEN) ligands,
respectively (Scheme 1). Complex 1 reacted with one equivalent
perchloric acid (HClO4, H+ source) and generated NO gas
(NO(g)) with [(Me2BPMEN)CuII]2+ (3) and H2O2 via the for-
mation of a presumed CuII-nitrous acid intermediate ([Cu-
ONOH]2+) in CH3CN at 298 K (Scheme 1, reactions II and III).
However, an increase in the H+ equivalent showed a significant
fall in the H2O2 amount. It disappeared completely when the
H+ quantity crossed two/more equivalents along with the
simultaneous formation of a substantial amount of H2O
(Scheme 1, reaction IV). Similarly, an equimolar amount of H+

could convert NO2
− to NO(g) accompanied by H2O2 formation

on complex 2 (Scheme 1, reactions II and III); however, upon
its reaction with excess H+ (∼two or more equiv.), we observed
the generation of NO(g) and H2O (Scheme 1, reaction IV).
Meanwhile, the initial CuII-complexes (3/or 4) were found to be
unreactive towards NO, suggesting that the formation of
{CuNO}10 species is not possible from these complexes
(Scheme 1, reaction V). Mechanistic investigations using 15N-
labeled-15NO2

− demonstrated explicitly that the N-atom in the
evolved NO(g) is derived from the NO2

− anion, and H2O2 comes
from ON–OH bond homolysis. Further exploration of NO2

− to
NO(g) conversion in the presence of excess H+ ions showed
H2O formation via H+-induced H2O2 decomposition in
addition to NO(g) evolution.30 To our knowledge, this work
reports a new mechanism, showing that the H+-induced NO2

−

disproportionation/conversion reaction on CuII centers indeed
generates NO(g) and H2O as the end products via the proposed
[Mn+-ONOH]n+ intermediate. However, the H2O molecule is
believed to be formed either by the auto-decomposition (H+ =
one equiv.)31 or H+-induced conversion (H+ = two or more
equiv.)30,32 of the H2O2 intermediate species produced from
the homolysis of the ON–OH moiety.25 The new findings indi-
cate that NO2

− converts to NO(g) via the homolysis of the NO–
OH moiety and that H2O formation via the decomposition of
the H2O2 intermediate species depends on the H+ concen-

Scheme 1
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tration. These results add new insights not only to the
previously explored in vitro NO2

− reduction chemistry33 but
also to other reported chemistries on NO2

− to NO(g)

transformation.
34

Results and discussion
Synthesis of the CuII-nitrite (CuII-NO2

−) complexes
[(Me2BPMEN)CuII(NO2

−)]+ (1) and [(H2BPMEN)CuII(NO2
−)]+ (2)

The initial CuII-NO2
− complexes, 1 and 2, were prepared by the

addition of one equivalent of NaNO2 to the CuII complexes
[(Me2BPMEN)CuII]2+ (3) and [(H2BPMEN)CuII]2+ (4),35 respect-
ively, in CH3CN at 298 K (Scheme 1, reaction I; also see ESI†
and Experimental section (ES)). Complexes 1 and 2 were
characterized by various spectroscopic measurements, includ-
ing the single-crystal X-ray structure determination of 1.18a,b In
the UV-vis spectra, the addition of one equivalent of NaNO2 to
3 led to the formation of a new band at (λmax = 375 nm) in
CH3CN at 298 K, which corresponds to 1 (Fig. 1a; ESI,
Fig. S1a†). The FT-IR spectrum of 1 showed a characteristic
peak at 1270 cm−1, which shifted to 1244 cm−1 and 1243 cm−1

when exchanged with 15N-labeled-nitrite (1-15N16O2
−) and 18O-

labeled-nitrite (1-18ONO−) (inset, Fig. 1a; ESI, Fig. S1b–d†). The
electrospray ionization mass spectra (ESI-MS) recorded for 1
showed a prominent ion peak at m/z 379.1, which shifted to
m/z 380.1 when prepared with 15N-labeled Na15N16O2; their
mass and isotope distribution pattern corresponded with
[(Me2BPMEN)CuII(NO2

−)]+ (calc. m/z 379.1) and [(Me2BPMEN)
CuII(15NO2

−)]+ (calc. m/z 380.1), respectively (Fig. 1b; ESI,

Fig. S1e†). Similarly, the addition of one equivalent of NaNO2

to [(H2BPMEN)CuII]2+ led to the formation of a new band at
(λmax = 360 nm) corresponding to 2 (Fig. 1c; ESI, Fig. S2a†).
The FT-IR spectrum of 2 showed a characteristics peak at
1270 cm−1, which shifted to 1244 cm−1 when exchanged with
15N-labeled-nitrite (2-15N16O2

−) (inset, Fig. 1c; ESI, Fig. S2b
and c†). The electrospray ionization mass spectra (ESI-MS)
recorded for 2 showed a prominent ion peak at m/z 351.1,
which shifted to m/z 352.1 when prepared with 15N-labeled
Na15N16O2; their mass and isotope distribution pattern corre-
sponded with [(H2BPMEN)CuII(NO2

−)]+ (calc. m/z 351.1) and
[(H2BPMEN)CuII(15NO2

−)]+ (calc. m/z 352.1), respectively
(Fig. 1d; ESI, Fig. S2d†). Moreover, 1 was structurally character-
ized via single-crystal X-ray crystallography; however, after
several attempts, we failed to get the structure for 2. The
results show that Complex 1 possesses a six-coordinate dis-
torted octahedral geometry around the CuII-center and con-
tains the O,O/-chelated bi-dentate NO2

− anion (Fig. 2a; ESI
Fig. S3†).36

The reaction of [(Me2BPMEN)CuII(NO2
−)]+ (1) with acid

To further investigate the acid (H+ ions)-catalyzed conversion
of NO2

− to NO(g) at the CuII center in CuII-NO2
− and its

mechanistic aspects, we explored the reaction of 1 with
different equivalents of H+. A visible color change from cyan
green to deep blue was observed in the reaction of 1 with H+,
and a new absorption band (at 620 nm) was observed in the
UV-vis spectral measurements, corresponding to the initial
CuII-complex 3 along with the release of NO(g) in very short

Fig. 1 (a) The UV-vis spectra of 3 (1.0 mM, black line) and 1 (red line).
The inset shows the FT-IR spectra of 1-14N16O2

− (red line) and
1-15N16O2

− (blue line). (b) The ESI-MS spectrum of 1. The insets show
the isotope distribution patterns for 1-14N16O2

− (red line) and 1-15N16O2
−

(blue line). (c) The UV-vis spectra of 4 (1.0 mM, black line) and 2 (red
line). The inset shows the FT-IR spectra of 2-14N16O2

− (red line) and
2-15N16O2

− (blue line). (d) The ESI-MS spectrum of 2. The insets show
the isotope distribution patterns for 2-14N16O2

− (red line) and
2-15N16O2

− (blue line).

Fig. 2 The displacement ellipsoid plots (50% probability level) of (a) 1
and (b) 3 at 100 K. The H atoms have been omitted for clarity. Gray, C;
blue, N; red, O; orange, Cu. The crystallographic data and selected bond
lengths (Å) and angles (deg) for 1 and 3 are summarized in Table S1.†
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time (Fig. 3a; ES and ESI, Fig. S4†). The ratio-metric equivalent
of H+ with 1 was determined by performing spectral titration
and was found to be 1 : 1 (Fig. 3b). The product obtained in
the above reaction was confirmed to be 3 based on various
spectroscopic measurements (ES, ESI, Fig. S4†) and the single-
crystal X-ray structure (Fig. 2b and ESI, Fig. S4e†). Complex 1
was found to be very stable in CH3CN and at 298 K as it did
not show any spectral changes in the absence of H+ (ES and
ESI, Fig. S5†). However, when 1 was reacted with one equi-
valent of H+, it generated NO(g) and an equivalent amount of
H2O2

25 (ESI, Fig. S6†) with 3, in contrast to the previous
reports on NO2

− reactions that NO(g) is formed along with H2O
molecules.7b,c,37 The NO(g) released from H+-catalysed 14/

15NO2
− disproportionation on 1 was detected and followed by

real-time headspace gas chromatography/mass spectrometric
measurements. A high-intensity NO peak was detected upon
the addition of one equivalent of H+ to 1 (Fig. 4a). Further, to
track the N atom in the reaction of 1 with one equivalent of
H+, we explored the reaction of 1-15NO2

− with one equivalent
of H+, and a major peak for 15NO(g) was observed (Fig. 4b).
Moreover, carrying out the reaction of 1 with two equivalents
of H+ led to the formation of 14/15NO(g), as detected by head-
space gas chromatography/mass spectrometry (Fig. 4c and d),
which evidently establishes that 14/15NO(g) gas was formed in
the reaction of 1 with different amounts of H+. In addition, we
observed the formation of N18O and N16O in the reaction of
1-18ONO− with one equivalent of H+, further supporting that
NO(g) is indeed formed from the interaction of NO2

− with H+

ions at the CuII center in 1 (Fig. 4e).
It is unique that different amounts of H+ dictate/regulate

the side products of NO2
− conversion, leading to completely

new mechanistic pathways of H+-induced NO2
− to NO(g) trans-

formation. The released NO(g) was monitored for qualitative
and quantitative estimations in two different ways: (a) trapping
it by using [(12−TMC)CoII(NCCH3)]

2+, which forms [(12-TMC)
Co(NO)]2+ ({CoNO}8)25,29,38 and (b) gas-mass spectrometry in
CH3CN under Ar at 298 K (Fig. 4).7b,c,37 The FT-IR spectrum of
{CoNO}8, which was formed by the evolved NO(g) + [(12-TMC)
CoII(NCCH3)]

2+, showed a characteristic peak for Co-bound

nitrosyl stretching at 1704 cm−1 {Co14NO}8, and this peak
shifted to 1674 cm−1 when {Co15NO}8 was prepared by reacting
15N-labeled-nitrite (CuII-15NO2

−) with H+ (ES and ESI, Fig. S7a,
b†).25,38 The shift of NO stretching (Δ = 30 cm−1) indicates that
the N atom in the nitrosyl ligand is derived from CuII-14/
15NO2

−. In addition to FT-IR, we investigated the NO(g) derived
from the reaction of CuII-15NO2

− with H+ by ESI-MS. The mass
spectrum of {CoNO}8 showed a prominent peak at m/z 404.2,
[(12-TMC)Co(14NO)(BF4)]

+ (calcd m/z 404.2), which changed to
405.2 [(12-TMC)Co(15NO)(BF4)]

+ (calcd m/z 405.2) when the
reaction was executed using CuII-15NO2

− (ES and ESI, Fig. S7c,
d†), indicating clearly that NO in {CoNO}8 is derived from the
NO2

− moiety of 1. Further, to compute the NO(g) formed in the
H+-catalysed reaction of the CuII-bound NO2

− moiety, we quan-
tified the amount of {CoNO}8 (90 ± 5% with one equivalent of
H+ and 85 ± 5% with two equivalents of H+) generated in the
above reaction by comparing its molar extinction coefficient
(ε) value at 370 nm with the authentic {CoNO}8 sample (ES
and ESI, Fig. S8†).18a,b

Mechanistic investigation of the reaction of NO2
− with H+ at the

CuII-center

The above findings show how the different equivalents of H+

lead to NO(g) generation with two diverse side products. This is
in contrast to the reports on H+-induced NO2

− reduction chem-

Fig. 3 (a) The UV-vis spectral changes of 1 (1 mM, red line) with the
addition of one equivalent of H+ under Ar in CH3CN at 298 K. The red
spectrum of (1) transformed into the black pattern (3) upon the addition
of one equivalent of H+. (b) The UV-vis spectral changes observed in the
reaction of 1 with incremental H+ concentrations (0, 0.20, 0.40, 0.60,
0.80, 1.0, 1.2, and 1.6 equivalents) in CH3CN under Ar at 298 K.

Fig. 4 The time-dependence plots of the formation of (a) 14NO in the
reaction of 1-14NO2

− (5.0 mM) with one equivalent of H+ (5.0 mM), (b)
15NO in the reaction of 1-15NO2

− (5.0 mM) with one equivalent of H+

(5.0 mM), (c) 14NO in the reaction of 1-14NO2
− (5.0 mM) with two

equivalents of H+ (5.0 mM), (d) 15NO in the reaction of 1-15NO2
−

(5.0 mM) with two equivalents of H+ (5.0 mM) and (e) N18O (purple) and
N16O (red) in the reaction of 1-18ONO− (5.0 mM) with one equivalent of
H+ (5.0 mM), as monitored by the gas-mass analyzer.
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istry and biomimetic modeling of the NiR system, where N–O
bond breaking in the ON–OH moiety generates NO(g) along
with H2O (using 2H+ + e−).34b,39 It has also been observed that
H+-induced NO2

− reduction generates NO along with a metal
hydroxide27a,40 or H2O2 (•OH)25,26 and is accomplished via the
proposed ONOH intermediate similar to that reported for Cu-
NiR chemistry.41 A Cu(ONOH) intermediate has also been pro-
posed in the H+-induced NO2

− reduction reaction at the CuI

center27b and established theoretically by Shigeta et al.42 &
Chen and co-workers.22 Hence, we believe that the proposed
[Cu-ONOH]2+ intermediate is formed in the reaction of 1 with
different amounts of H+ and generating NO(g) with different
side products. Based on the above results, we propose here
that the 1st step of the reaction is the electrophilic addition of
H+ to CuII-NO2

−, which generates the proposed transient [Cu-
ONOH]2+ intermediate (Scheme 2, reaction I). By following the
mechanism suggested for [M-(ONOH)]n+ generation,25,27b,43

the proposed [Cu-ONOH]2+ intermediate leads to the for-
mation of NO(g) and H2O2 (

•OH)25,26 via the homolytic cleavage
of the ON-OH moiety (Scheme 2, reaction II).19,44 The formed
H2O2 further undergoes a disproportion reaction to form
H2O.

31 However, the sequence of the NO2
− reaction in the pres-

ence of ≈two equivalents of H+ is believed to proceed via the
formation of the proposed [Cu-ONOH]2+25,27b,43 species
(Scheme 2, reaction III). The proposed [Cu-ONOH]2+ inter-
mediate may generate NO(g) and H2O by the decomposition of
H2O2 in the presence of another H+, as reported for the H+-cat-
alysed transformation of H2O2 to H2O.

30,32 Moreover, the
metal center (CuII) plays a crucial role in the selective pro-
duction of NO(g) as a major product along with H2O2 in the
reaction of 1 with one equivalent of H+, while, on the other
hand, the reaction of NO2

− (without CuII) with H+ or HONO
(without metal) independently decomposes and generates an
equimolar amount of NO, NO2 and H2O.

45

Spectroscopic determination and quantification of H2O2 and
H2O

To validate our proposed NO2
− reaction sequences of at the

CuII center, we reacted 1 with varying amounts of HClO4 (H+

ion source) and spectroscopically determined the formation of
different side products. We characterized and followed H2O2

and H2O formation with time by 1H-NMR spectroscopic
measurements.46 The 1H-NMR spectrum of 1 with one equi-
valent of H+ in CD3CN showed a characteristic signal for H2O2

(8.66 ppm, Fig. S9a†). Comparison of this spectrum with the
authentic samples (i) H2O2 plus 3 (8.66 ppm; Fig. S9b†) and
(ii) H2O2 only (8.66 ppm; Fig. S9c†) validated our theory of
H2O2 formation in the reaction of 1 with H+, as observed in
our previous report.25 Further, when labeled CuII NO2

−

(1-18ONO−) was reacted with one equivalent of H+, we observed
a signal at 8.66 ppm in the 1H-NMR spectrum, again confirm-
ing that the NO2

− ligand is the source of hydrogen peroxide
(Fig. S9f†). In addition, we followed the generation of H2O2 via
1H-NMR. We found that the intensity of the H2O2 peak (at
8.66 ppm) increased with time and started decreasing after
complete formation (Fig. 5a), which is believed to indicate the
natural decomposition of H2O2 to H2O with time (Fig. 5b).31a

Furthermore, 1H-NMR spectral quantification of H2O2 using
benzene as an internal standard suggested that more than
30% H2O2 with respect to 1 was formed in the reaction (ES
and ESI, Fig. S9†).46 In addition to 1H-NMR, we quantified
H2O2 formation by iodometric titration in the presence of one
equivalent of H+ and found it to be ∼31% (ES and ESI,
Fig. S10†). We also characterized the generation of H2O in the
reaction of 1 with two equivalents of H+ by 1H-NMR spec-
troscopy (ES and ESI, Fig. S11†). The 1H-NMR of the reaction
mixture of 1 with two equivalents of H+ showed a peak for the
H2O protons (2.2 ppm, Fig. S12a†), while the same reaction in

Scheme 2

Fig. 5 The 1H-NMR spectra of (a) H2O2 (blue asterisk) and (b) H2O (red
asterisk) formation in the reaction of 1 with one equivalent of H+

recorded at different times in CD3CN (the blue line indicates 1 before
the addition of H+, and the red line shows the product after the reaction
of 1 with one equivalent of H+).
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the presence of D+ did not show this peak as the final product
was D2O (Fig. S12b†). However, we could not quantify H2O
generation but scientifically established the mechanistic
aspect of the H+-catalyzed conversion of NO2

− to NO(g) in the
presence of the different amounts of H+. These real-time track-
ing experiments of H2O2/H2O formation in the reaction of
CuII-NO2

− with different amounts of acids (or H+ ions) present
new results.

Trapping of the [Cu-ONOH]2+ intermediate using 2,4-di-tert
butyl-phenol

Previous studies on H+-induced NO2
− reduction and bio-

mimetic modeling of NiR chemistry suggest the presence of a
metal-nitrous acid intermediate before NO generation. Such
intermediate species are known to be highly unstable; thus,
our attempt to spectroscopically characterize the intermediate
species was futile. Hence, we gathered more evidence for our
proposed mechanistic reaction sequences by tracking the N–O
bond breaking of the proposed [Cu-ONOH]2+ intermediate,
H2O2 (•OH radical) generation and H2O formation. As per the
reports and our previous report on ON–OH homolysis,25 we
performed •OH radical-trapping experiments using 2,4-di-tert
butyl-phenol (2,4-DTBP).43,44 In the reaction of 1 with one
equivalent of H+, we observed the formation of 3,5-Di-tert-
butylcatechol (3,5-DTBC, ∼20%) and 2,4-DTBP-dimer (2,4-
DTBP-D, ∼10%) with nitro-2,4-DTBP (NO2-2,4-DTBP, ∼4%) (ES
and ESI, Fig. S13†). However, negligible amounts of these
transformed products of 2,4-DTBP were obtained when the
reaction was performed with two equivalents of H+, suggesting
the conversion of H2O2 (•OH) to H2O.

25,30a,31a The above
experiments undoubtedly confirm the reaction sequence that
N–O bond homolysis forms •OH free radicals from the ON–OH
moiety, generating different products (Scheme 3), and hence
indirectly proves the formation of the [Cu-(ONOH)]2+ inter-
mediate in the reaction of 1 with one equivalent of H+.

As reported in our previous report, the transformation of
2,4-DTBP in the presence of one equivalent of H+ can be
explained based on a radical coupling reaction.25 First, H-atom
abstraction from DTBP by the [Cu-ONOH]2+ species generates
a phenoxyl radical along with NO(g) and the initial CuII-
complex (Scheme 3, reactions I and II). The phenoxyl radical

dimerizes to give 2,4-DTBP-D (Scheme 3, reaction III) or reacts
with another molecule of [Cu-ONOH]2+ to generate 3,5-DTBC
with the release of NO(g) (Scheme 3, reaction IV). Likewise, it
may produce NO2-DTBP in the presence of two molecules of
[Cu-ONOH]2+ (Scheme 3, reaction V). In addition, we observed
the formation of 3,5-DTBC-OH(OD) (223.1) in the reaction of 1
with DClO4 (D+) in the presence of 2,4-DTBP (ES and ESI,
Fig. S13d†). Therefore, the •OH radical-induced transformation
products support the proposed reaction mechanism, which
involves NO(g) generation along with H2O2 via homolytic N–O
bond cleavage in the [Cu-ONOH]2+ intermediate species.
Moreover, to prove the formation of H2O2 in the above reac-
tion, we carried out the reaction of 1-18ONO− with one equi-
valent of H+ in the presence of 2,4-DTBP. In this reaction, we
observed the generation of an intense peak corresponding to
3,5-DTBC-18OH16OH (calc. = 224.1) and 3,5-DTBC-16OH16OH
(222.1) in GC-MS (ES and ESI, Fig. S14†). A shift of 3,5-DTBC
mass by two-unit values establishes that NO2

− is the source of
the •OH radical formed in the reaction and also indirectly
authorizes that H2O2 is derived from the NO2

− ligand.
Furthermore, we used thioanisole to trap the formed H2O2,
and the formation of the oxidized product methyl phenyl sulf-
oxide confirms peroxide formation in the reaction (ES and ESI,
Fig. S15†).47

Acid-catalyzed conversion of NO2
− to NO(g) at Cu

II-center

To establish catalytic NO(g) generation from 1 in the presence
of H+ ions, we reacted 3 (obtained in the first cycle) with one
equivalent of NaNO2 to regenerate 1 and calculated its yield by
comparing the absorption at 375 nm, and it was found to be
98% with respect to the authentic sample (Fig. 6, ES and ESI,
Fig. S16†). After that, we reacted the formed 1 with the acid to
generate NO(g) and 3; further, after purging with Ar, we reacted
3 with one-equivalent NaNO2 to generate 1 and calculated its
% yield by comparing the absorbance at 375 nm. We then
repeated several cycles of NO(g) formation from the reaction of

Scheme 3

Fig. 6 The percentage yield of 1 formed after 2, 4, 6, 8, and 10 cycles
of the reaction of 1 with H+ ions followed by the addition of one-equi-
valent NaNO2.
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1 with H+. The CuII centre could be regenerated and produced
1 from 3 up to ≈95% (after the H+-catalyzed conversion of
NO2

− to NO(g) at the CuII center) upon reaction with NO2
− even

after 10 cycles of catalytic reactivity, undoubtedly establishing
that CuII in 1 catalyzes the conversion of NO2

− to NO(g) in the
presence of H+ ions.

The reaction of [(H2BPMEN)CuII(NO2
−)]+ (2) with acid

Additionally, to obtain additional pieces of evidence for NO(g)

generation and to determine the effect of the ligand frame-
works, we reacted another CuII-NO2

− complex (2) with different
amounts of H+ (one or two equivalents). Upon reaction with
one-equivalent H+, we observed a direct change in the charac-
teristic UV-vis band of 2 and the formation of a new band
corresponding to 4, also conforming with the other spectral
measurements (Fig. 7a & b, ES & ESI, Fig. S17†) regarding
NO(g) formation (Fig. 7c). Similar UV-vis spectral changes were
observed when we reacted 2 with two equivalents of H+, and
the product analysis confirmed the generation of 4 (ES & ESI,
Fig. S18†), and the gas mass analyzer showed a high-intensity
peak for NO(g) (Fig. 7d). In addition to NO(g), we observed
other side products, viz. H2O2 and H2O, with one- and two-
equivalent H+, respectively (ESI, Fig. S19†). Further, we trapped
NO(g) using [(12-TMC)CoII(NCCH3)]

2+, which led to the gene-
ration of {CoNO}8, confirming NO(g) generation in the above
reactions (ES, ESI, Fig. S20†).25,38 In addition to exploring the
effect of the electron-donating group (methyl) on the N-atom
of the ligand framework, we explored the kinetic measure-
ments. These measurements suggested that the second-order

rate constant (k2) of NO2
− conversion to NO(g) in the case of 1

was 1.1 times that of 2 (ESI, Fig. S21†). This indicates that the
high electron density due to the methyl group on the Cu
center supports faster conversion of NO2

− to NO(g), which can
also be correlated with the binding constants (kb) of NO2

− with
the Cu centers in 1 and 2 (2-kb > 1-kb) (ESI, Fig. S22†). In
addition, we observed a similar acid-catalyzed NO2

− to NO(g)

conversion cycle on the CuII center of 2, as observed for 1.

Conclusion

Acid (H+)-induced conversion of NO2
− to NO is one of the key

research areas concerning biomedical science,3 industrial
applications,48 and the involvement of reduced product (NO)
in various biological reactions.1d,49 Therefore, understanding
the reaction mechanism of NO2

− to NO(g) conversion in the
presence of varying amounts of H+ (at different pH) and the
formation of reaction products in addition to NO7a,b,9 is very
exciting and necessary.50 In addition, developing a suitable
molecular catalyst for the catalytic conversion of NO2

− to NO(g)

is one of the biggest challenges faced by the scientific commu-
nity. As only a few reports using the electrochemical method
are available;24,28a,b,51 the acid-induced catalytic conversion of
NO2

− to NO(g) is not well-explored. In this report, we have syn-
thesized and spectroscopically characterized two CuII-nitrito
complexes, namely [(Me2BPMEN)CuII(NO2

−)]+ (1) and
[(H2BPMEN)CuII(NO2

−)]+ (2), and established their reactions
with different ratios of acid (H+ ions donor) to develop a mole-
cular catalyst NO(g) formation. Herein, we have shown the dis-
proportionation/conversion of NO2

− to NO(g) at the CuII center,
and the generation of H2O2 or H2O with NO(g) in the reaction
of 1 (or 2) with one- or ∼two-equivalent H+ (HClO4, a H+ ion
source). We observed the catalytic generation of NO(g)

(10 cycles) from the reaction of the CuII center of 1 (or 2) with
H+. We followed and investigated NO2

− transformation at the
CuII center using 15N-labeled-15NO2

− and 18O-labeled-16O14N18O−,
which revealed that the N-atom and O-atom of NO(g) are
derived from 15NO2

− and the 16O14N18O− ligand, as confirmed
by the observation of 15NO(g) and N18O(g) in the headspace gas
chromatography/mass spectra, respectively. Further, the side
product of NO2

− conversion to NO(g) was found to be H2O2

when 1 (or 2) was reacted with one-equivalent H+. Surprisingly,
we observed the formation of H2O when 1 (or 2) reacted with
two-equivalent H+. The formation of H2O2 and H2O was
further detected using 1H-NMR spectroscopy. Based on the
previous examples of H+-induced NO2

− reduction reactions
and NiR enzymatic reactions,19,27b,41,42 which propose the for-
mation of a metal-ONOH intermediate before NO generation,
the H+-induced NO2

− reaction at the CuII center in 1 (or 2) is
believed to form 3 (or 4) via the formation of a putative
[Cu(ONOH)]2+ intermediate, which upon disproportionation
generates NO(g). The N–O bond homolysis of the proposed
ON-OH intermediate is supported by •OH trapping reactions
conducted using 2,4-DTBP in the reaction of 1-ON16O−

(16ON18O−) with one-equivalent H+. Additionally, the obser-

Fig. 7 The UV-vis spectral changes of 2 (1 mM, red line) upon the
addition of one equivalent of H+ under Ar in CH3CN at 298 K. Inset: the
time course of the reaction of 2 monitored at 360 nm (red circles) upon
the addition of one equivalent of H+. (b) The ESI-MS spectrum of 4. The
peak at 152.5 and 404.0 are assigned to [(H2BPMEN)Cu]2+ (calcd m/z
152.5) and [(H2BPMEN)Cu(ClO4)]

+ (calcd m/z 404.0), respectively. Inset:
the FT-IR spectra of 2 (red line) and 4 (black line) in KBr. The time-
dependent formation of (c) 14NO (red circles) in the reaction of
2-14NO2

− (5.0 mM) with one equivalent of H+ and (d) 14NO (red circles)
in the reaction of 2-14NO2

− (5.0 mM) with two equivalents of H+, as
monitored by the gas-mass analyzer.
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vation of DTBC(OD) in the reaction of 1 with D+ further sup-
ports the N–O bond homolysis of the proposed ONOH inter-
mediate. Finally, the detection of a significant amount of H2O2

(1H-NMR and UV-vis iodometric titration)46 along with NO(g)

release verifies our proposed mechanism.17 The potential
pathway of H2O formation in the NO2

− reaction at the CuII-
center with two-equivalent H+ is via the H+-induced dispropor-
tionation/decomposition of H2O2 to H2O. In addition to the
mechanistic pathway, we observed a recovery of ∼90% of the
initial CuII-NO2

− complex after more than 10 catalytic cycles of
NO2

− to NO(g) conversion. The present study reports H+-cata-
lyzed NO2

− disproportionation to form NO(g) at CuII centers
with different amounts of H+, showing H2O2 and/or H2O for-
mation by a possible homolytic cleavage of ON–OH.52 These
results add an entirely new mechanistic insight and propose
systematic reaction sequences for H+-induced catalytic NO2

−

disproportionation/conversion reactions, besides explaining
why NO(g) and H2O are formed as end products in NO2

−

reduction reactions at high H+ concentrations.50,53
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