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omplexes invoke observable
intermediates in nitrate and nitrite reduction†

Jewelianna M. Moore and Alison R. Fout *

This study investigates the mechanistic pathways of nitrate and nitrite reduction by the tetrapodal iron

complex [Py2Py(afa
mcyp)2Fe]OTf2, revealing key intermediates to elucidate the reaction process. Using

UV-Vis, IR, mass and NMR spectroscopies, stable binding of oxyanions to the iron centre was observed,

supporting the formation of the iron(III)–hydroxide intermediate [Py2Py(afa
mcyp)2Fe(OH)]OTf2. This

intermediate is less stable than in previous systems, providing insights into the behaviour of

metalloenzymes. A bimetallic mechanism is proposed for nitrogen oxyanion reduction where additional

iron is required to drive the complete reaction, resulting in the formation of the final nitrosyl complex,

Py2Py(pi
mcyp)2Fe(NO), and water. Our findings enhance the understanding of iron-based reduction

processes and contribute to the broader knowledge of oxyanion reduction mechanisms.
Introduction

In cellular respiration, there are twomajor pathways and several
enzymes employed for the reduction of nitrite.1 The dissimila-
tory nitrite reduction path uses cytochrome c nitrite reductase
(ccNir) to reduce nitrite to ammonia without the formation of
detectable intermediates. In contrast, the denitrication
pathway is considerably more involved. In this sophisticated
denitrication route, nitrate or nitrite is reduced to dinitrogen
in a stepwise fashion using four separate enzymes. In the initial
nitrite reduction step, nitrite is rst deoxygenated to form nitric
oxide with either copper-containing nitrite reductase (CuNiR)
or, more commonly, a d1 heme-containing nitrite reductase
(cd1NiR).

cd1NiR contains two inequivalent hemes: the electron
transfer c-heme and the active site d1-heme (Fig. 1).2 The active
site is constituted of an iron centre coordinated to a porphyrin
and a histidine in the apical position. The secondary coordi-
nation sphere is comprised of two histidine and a tyrosine
residue.3 Unsurprisingly, it is these acidic residues that are
imperative for nitrite reduction. Mutations of these residues to
neutral amino acids result in an inactive enzyme.1 In the resting
state, hemes d1 and c are both in the 3+ oxidation state. Upon
two successive electron transfers, both hemes are reduced to the
ferrous oxidation state. Nitrite is then able to bind to the heme
d1 active site. While nitrite has several possible binding modes,
the consensus in the eld is that nitrite binds to the iron centre
through the nitrogen (nitro isomer).1 This nitro isomer has been
rsity, College Station, Texas 77843, USA.

tion (ESI) available. See DOI:
crystallized in cd1NiR, but only when exposed to an excess of
nitrite under single turn over conditions. Additionally, the
structure was crystallized at room temperature, drawing into
question if it is indeed a reactive intermediate.1,4 An alternative
binding mode of nitrite is the O-bound nitrito isomer. While
not crystallized in cd1NiR, Richter-Addo and co-workers crys-
tallographically characterized nitrite bound in horse heart
myoglobin and human hemoglobin as the nitrito isomer,5,6

making O-bound nitrite a reasonable binding mode in similar
heme complexes.

Although less studied, a proposed mechanism for nitrite
reduction via the nitrito isomer is as follows: nitrite binds
through oxygen to the ferric d1 centre. Then, the acidic histidine
residue or water protonates the bound oxygen, causing release
of nitric oxide and formation of an iron(III)–hydroxide.7 To
further support the possible existence of the importance of
Fig. 1 Active (heme c) and electron transfer (heme d1) sites of cd1NiR
compared to complex 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a nitrito isomer, in 2004, Silaghi-Dumitrescu published
computational studies nding that while the nitro isomer is
thermodynamically favoured by 6 kcal mol−1, the nitro and
nitrito isomers are nearly identical in energy when strong
hydrogen bonds are accounted for in the computations.8

Further, the presence of hydrogen bonds render N–O bond
breakage from the O-bound nitrito isomer to be more facile
than from the N-bound nitro isomer, suggesting the nitrito
species to be more catalytically active. To shine light on the
complexities of nitrite bound iron species, Dissanayake et al.
synthesized a bis-nitrite iron pentadentate “N5” complex
featuring NH bonds capable of hydrogen bonding. The ligand
scaffold in this “N5” complex allows only for one nitrite to
engage in hydrogen bonding to the ligand framework. This
hydrogen bound nitrite is O-bound to the iron centre, while the
second nitrite does not benet from hydrogen bonding and is
N-bound, showcasing the signicant role the small nuances of
hydrogen bonding play in orienting nitrite ligands.9

Results and discussion

Nitrate and nitrite reduction have been extensively studied in
iron,10–21 copper,22–35 and electrochemical systems.36–40 Addi-
tionally, other transition metals41–49 and lanthanides50,51 have
garnered interest due to their oxyanion reduction capabilities.
Previous studies from our group using a tripodal iron system,
[N(afaCy)3Fe]OTf2 (N(afaCy)3 = tris(5-cyclohexyl-amineaza-
fulvene-2-methyl)amine)52 further demonstrated the role
hydrogen bonding plays in nitrate and nitrite reduction.10–12 The
resultant iron species from deoxygenation of the nitrogen con-
taining oxyanion is an iron(III)–oxo when cyclohexyls are in the
periphery of the ligand, however, when the cyclohexyl moieties
are changed to mesityl, the corresponding iron(III)–OH is
formed with ligand tautomerization. DFT calculations showed
substantial variations in H-bond strengths between the cyclo-
hexyl and mesityl iron complexes. This difference in H-bond
strength and the increase in steric bulk of the mesityl moie-
ties resulted in isolation of an iron(III)–OH.12 This system is
rather unique for iron-based nitrate and nitrite reductions,
where the nal products are typically water and an iron nitrosyl
complex.13–21,53

Interrogation of the mechanism for these oxyanion reduc-
tions in the tripodal system has been relatively difficult due to
the lack of observable intermediates, despite these being rather
sluggish reactions. We previously hypothesized that the nitrite
binds as the nitrito isomer due to crystallographic character-
ization studies of a Zn–ONO complex, [N(afaCy)3Zn(ONO)]OTf.10

In order to better probe intermediates, we sought to destabilize
the resultant iron–oxo containing product through perturbing
the geometry at the metal centre.

The geometry of cd1NiR is geometrically more similar to
a tetrapodal ligand like 2,20,20-methyl-bis-pyridyl-6-(2,20,20-
methylbis-5-cyclohexy-liminopyrrol)-pyridine (Py2Py(pi

Cy)2),54 or
the more soluble 2,20,20-methyl-bis-pyridyl-6-(2,20,20-methylbis-
5-methyl-cyclopropyl-liminopyrrol)-pyridine (Py2Py(pi

mcyp)2)
system, in comparison to the aforementioned tripodal system.
Modication of the previously reported (Py2Py(pi

Cy)2)54 ligand
© 2025 The Author(s). Published by the Royal Society of Chemistry
with methylcyclopropane was easily achieved in the last step of
the reported ligand synthesis via use of methylcyclopropyl
amine. In order to investigate nitrate and nitrite reduction, the
Py2Py(pi

mcyp)2 ligand was metalated with Fe(OTf)2(MeCN)2
following a modied literature procedure54 to form [Py2-
Py(afamcyp)2Fe]OTf2 (1). Upon exposure of 1 to one equiv. of
[TBA]NO2 (TBA = tetrabutylammonium) in acetonitrile, an
immediate colour change from yellow to brown occurred along
with precipitation of an orange powder. Allowing the reaction to
continue stirring for several hours, the precipitate resolubilized
and the solution changed to green (Fig. 2).

As the reaction of nitrite with 1 features several intense
colour changes, we sought to analyse the reaction by UV-visible
(UV-Vis) spectroscopy. Under an inert atmosphere, a solution of
[TBA]NO2 was added to 1 and a new absorbance at 475 nm
immediately grew in followed by disappearance of this new
absorbance and appearance of a broad absorbance at 750 nm
over several hours (Fig. 3). The identity of the various products
observed by UV-Vis spectroscopy was initially unclear, and we
sought further characterization via other spectroscopic tech-
niques and independent syntheses.

Analysis of the green solution via 1H NMR spectroscopy
showed complete consumption of 1 and formation of a new
complex with no distinct resonances. Interestingly, the reaction
head space did not show production of nitric oxide or other
nitrogen containing gases, suggesting nitric oxide is either not
formed or is consumed to form the nal product. While previ-
ously in our tripodal system the reduction of nitrite by
[N(afaR)3Fe]OTf2 (R = Cy, Mes) resulted in an iron–O(H), most
synthetic iron based nitrite reduction systems produce water
and iron–nitrosyl complexes.20,21 To interrogate the formation of
an Fe–NO complex we sought rst IR spectroscopy, where we
observe a new stretch at 1666 cm−1, in line with either a linear
or non-linear nitrosyl. Further, the formation of an iron–nitro-
syl, Py2Py(pi

mcyp)2Fe(NO) (2), was conrmed via X-ray crystal-
lography. Complex 2 showcases a novel binding mode of the
ligand to iron, where iron is bound out of plane to the four
pyrrole-imine nitrogens with no ligation of iron to the pyridines
in the ligand system. The geometry at the iron centre can best be
described as distorted square pyramidal. The Fe–N–O angle of
159.6(6)° is consistent with a bent “NO−” ligand.55–60

We next sought to characterize the colour changes, or
intermediates, observed on the way to isolation of 2. Stopping
the reaction aer the initial colour change featuring a brown
solution with an orange precipitate allowed for analysis of both
species. The analysis of both species by UV-Vis spectroscopy
showed no distinct features for either product, making it diffi-
cult to assess the reaction. However, when the brown ltrate was
characterized by 1H NMR spectroscopy, broad resonances
nearly identical to the previously published54 [Py2Py(afa

Cy)2-
Fe(OH)]OTf2 were observed along with formation of a new
paramagnetic iron(II) complex. Due to similarities in the 1H
NMR spectra, we hypothesized that the complex corresponding
to the broad 1H NMR resonances was an iron(III)–hydroxide
product. To conrm formation of an iron(III)–oxygen containing
product, complex 1 was stirred with an equivalent of iodoso-
benzene for 16 hours, resulting in an immediate colour change
Chem. Sci., 2025, 16, 840–845 | 841
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Fig. 2 Crystal structures of complexes 1 and 2 at the 50% probability level. Hydrogen atoms and a triflate in 1 have been removed for clarity (left).
Synthesis of complexes 2–4 from 1 with the actual colours of the compounds depicted within the scheme (right).

Fig. 3 UV-visible spectrum of nitrite reduction (1.0 mM in DMA). 1 (red
line) reacts to form amixture of 3 and 4 (orange line) immediately upon
addition of nitrite. 3 and 4 decompose to 2 (purple line) over several
hours. Yellow, green, and blue lines show disappearance of 3 and 4
before final formation of 2.
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from yellow to brown with no noticeable precipitate. Charac-
terization by 1H NMR spectroscopy conrmed that the brown
product obtained was indeed the same product as observed in
our nitrite reduction studies. While this complex has not been
crystallographically characterized, the IR spectrum contained
one C]N stretch (1669 cm−1) consistent with two azafulvene-
amine (afa) ligand arms. Additionally, a mass spectrum
consistent with the formation of [Py2Py(afa

mcyp)2Fe(OH)]2+

allows for the assignment of [Py2Py(afa
mcyp)2Fe(OH)]OTf2 (3) as

an initial product in nitrite reduction (Fig. 2).
While the identity of the orange precipitate remained

unclear, we were able to isolate it in low yield (10%) aer
ltration and several washings with tetrahydrofuran and
acetonitrile to remove any 1 or 3. As the complex is sparingly
soluble in acetonitrile, analysis of the complex by 1H NMR
842 | Chem. Sci., 2025, 16, 840–845
spectroscopy was possible, showing formation of the same
sharp iron(II) complex seen in conjunction with 3 in the reaction
ltrate. The IR spectrum of the orange precipitate contain new
stretches at 1212 cm−1, 1419 cm−1, and 1646 cm−1, the latter
corresponding to the afa tautomer of the ligand framework. The
former two IR stretches are in line with reported iron–nitrite
complexes, giving insight that this may be a bound nitrite
species.61

To investigate the existence of a bound nitrite, the corre-
sponding 15N labelled iron nitrosyl complex was synthesized.
Upon addition of [TBA]15NO2 to complex 1, we observed
immediate formation of a brown solution with orange precipi-
tate, as expected. The precipitate was isolated by ltration and
washed well with tetrahydrofuran and acetonitrile. Analysis of
the complex by 1H NMR spectroscopy showed an identical
spectrum to the proposed nitrite species. The IR spectrum was
quite telling, showing the expected shis in the proposed nitrite
stretches to 1192 cm−1 and 1391 cm−1 due to the 15N labelling.

While we do not have direct evidence of the nitrite binding
mode, we propose an N-bound nitrite complex. This assignment
was initially surprising, as an O-bound isomer is more consis-
tent with the binding mode in the related zinc complex. Addi-
tionally, a nitrito isomer is consistent with initial formation of
a hydroxide followed by loss of water and ultimately binding of
NO to form a nitrosyl complex. Despite this, the IR stretches are
far more similar to reported iron nitro species61 and are quite
dissimilar from the nitrito N–O stretch observed in the related
zinc compound, [N(afaCy)3Zn(ONO)]OTf,10 (1455 cm−1 (nNO =

1431 cm−1 with 15N labelling)). Based on these results, and
mass spectrometry, we hypothesize that the orange precipitate
is [Py2Py(afa

mcyp)2Fe(NO2)]OTf (4-NO2).
Since complexes 2 and 3 could be independently synthe-

sized, we took UV-Vis spectra of these complexes, and they
© 2025 The Author(s). Published by the Royal Society of Chemistry
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matched the various species observed while monitoring the
reaction with UV-Vis (Fig. 2), giving greater insight into what
was observed via 1H NMR spectroscopy. Similar to nitrite
reduction studies with [N(afaCy)3Fe]OTf2, the initial product is 4
followed by deoxygenation of nitrite, producing 3 and nitric
oxide. However, 3 is not the nal product in nitrite reduction,
going on to react with nitric oxide to form 2 and release water.
The production of 2 from 3 and nitric oxide was conrmed
through the independent addition of pure nitric oxide to iso-
lated 3 (Fig. 2), showing clean formation of 2 by IR and UV-Vis
spectroscopies.

To further study the oxyanion reduction abilities of complex
1, we tested reactivity with nitrate, which had similar reactivity
to nitrite. When complex 1 is stirred with one equivalent of
[TBA]NO3, an orange powder immediately precipitates out of
solution. Like with the proposed nitrite bound complex 4, the
precipitate is stable when isolated and has a 1H NMR spectrum
with sharp paramagnetic peaks characteristic of an iron(II)
complex in our system. Due to the spectroscopic similarities to
the nitrite analogue 4, we propose an iron bound nitrate
complex, [Py2Py(afa

mcyp)2Fe(NO3)]OTf (5).
To probe the complete list of products from nitrate reduction

by 1, three equivalents of 1 and one equivalent of [TBA]NO3 were
stirred in acetonitrile overnight (Scheme 1). The analogous
colour changes are seen with nitrate as with nitrite. Immedi-
ately, an orange powder precipitates out of solution. However, if
the reaction is stopped aer only a few minutes, compound 3 is
not visible by 1H NMR spectroscopy. Aer stirring overnight,
a homogeneous dark green solution is observed. Upon extrac-
tion with THF and acetonitrile, brown and green residues,
respectively, were obtained. Analysis of the brown product by 1H
NMR spectroscopy showed formation of compound 3 in 70%
yield. The IR spectrum of the green product cleanly overlayed
with the IR spectrum of 2, illustrating that in nitrate reduction,
2 is also the nal product. Complex 1 can not only successfully
reduce nitrite to an iron bound NO complex, but can also reduce
the more difficult oxyanion nitrate.

Interestingly, stirring the iron-bound nitrite or nitrate
complexes 4 or 5, respectively, in acetonitrile for several hours
did not result in solubilization or any further reactivity. Instead,
upon addition of any amount of 1 (more or less than one equiv.)
to the orange precipitate (4 or 5), an immediate solubilization
and colour change to brown was noted. This colour change to
brown was consistent with the formation of 3 by 1H NMR
spectroscopy. Over the course of several hours, the colour
changed to green and complex 2 was observed by IR and UV-Vis
spectroscopies. The need for an additional iron centre not
Scheme 1 Reduction of nitrate by 1 to form 3 and 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
bound to nitrate or nitrite to reduce 4 and 5 is consistent with
a bimolecular mechanism, where nitrite or nitrate binds to one
iron centre and is not reduced until a second equivalent of 1
reacts with 4 or 5. The need for two iron centres for the reduc-
tion of one nitrogen oxyanion is reminiscent of bimetallic
cd1NiR.
Conclusions

In conclusion, we have elucidated possible reduction pathways
of nitrate and nitrite to form iron–bound nitrosyl complexes,
highlighting key intermediates in these reactions. Our ndings
are consistent with a bimetallic mechanism for nitrite reduc-
tion, where an additional iron equivalent is necessary for the
complete reaction, leading to the formation of an iron(III)–
hydroxide intermediate (3). This intermediate is less stable in
our system compared to previous models and further reacts
with nitric oxide to yield a nal nitrosyl complex (2) and water.
These results enhance our understanding of iron-based reduc-
tion processes and provide valuable insights into metal-
loenzyme behaviour. The work contributes to the broader
knowledge of oxyanion reduction mechanisms and the devel-
opment of more efficient reduction complexes.
Data availability
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