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Ever-growing levels of nitrate are threatening a constantly diminishing natural resource, namely drinking water.
With the Haber-Bosch process ensuing industrial-scale production of nitrate for artificial fertilizers, mankind is
significantly interfering with the global nitrogen cycle. While nature can solve the problem via a cascade of
nitrate reducing enzymes, there is no comparable technology available, due to a fundamental lack of scientific
knowledge. We have developed oxidorhenium(V) complex [ReOCI(L1)2] (1), that not only catalytically reduces
NOj3 to NO3 and NO under ambient, aqueous conditions, but is the first example of a catalyst to also catalytically
reduces NO further to N,O, thereby mirroring the pathway of biological, enzymatic denitrification of NO3. DFT
calculations support a mechanism a reductive coupling of an NO molecule to a Re-nitrosyl complex to give an
intermediate Re-(KZ-OzN%’) hyponitrite complex.

The reduction of nitrite occurs via a single electron transfer, yielding NO and paramagnetic dioxdiorhenium
(VI) complex [ReO2(L1)2] (2'). Neutral complex 2’ is not catalytically active anymore, but addition of [Cu(II)Clz]
oxidizes complex 2’ back into the catalytically active cationic complex [ReO2(L1)21T (2), thereby closing the
catalytic cycle. In addition, we could identify the decomposition products of 2’, namely complex [ReO(L1)-]
[ReO4] (3a) and of 2, namely complex (HzL1)[ReO4] (3b). The kinetics of formation of both 2’ and 2 as well as
their respective decomposition products 3a and 3b were studied by UV-Vis spectroscopy and electrochemistry.

1. Introduction buildup in ground water. Nitrate, as well as nitrite and ammonium, is a

regulated pollutant of drinking water [5], with a set maximum level of

Biological denitrification occurs via an anaerobic pathway, by which
many microbial species gain energy to support the oxidative phos-
phorylation of ATP in the absence of oxygen [1]. In the four-step, five-
electron cascade, NO3 is reduced to N». Together with nitrogen fixation
(Ny —» NHZ) and nitrification (NHf — NO3), denitrification is an
important part of the global nitrogen cycle [1-4]. In bacteria, the four
steps of denitrification (NO3 — NO3 — NO — N30 — Ny) are catalyzed
by metalloenzymes (most commonly) containing Mo (nitrate reductase,
NAR), Cu (nitrite reductase, NIR), Cu/Fe (nitric oxide reductase, NOR)
and Cu (nitrous oxide reductase, NOS) [2].

Man-made nitrogen input into the environment has nearly doubled
since pre-industrial times due to the extensive use of nitrate in agricul-
ture as fertilizer [3]. The high water solubility of nitrate salts causes its
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50 ppm in the “Groundwater Directive” by the EU [6]. High nitrate
concentrations in drinking water are potentially linked to severe health
effects, including certain forms of cancer [7].

Early examples of nitrate reduction complexes were published in
1980 by Topich, describing a tethered, sulfur-coordinated Mo(VI)
complex [8] and later on by Tacke and coworkers, using a heteroge-
neous Pd/Cu catalyst [9]. Thereafter, the field of heterogeneous cata-
lytic nitrate reduction has evolved significantly [5,10-13]. The first
example of homogeneous reduction of nitrate with a rhenium complex
was published in 1996 by Espenson [14]. The authors reported that
methyldioxidorhenium, [CH3ReO-], is capable to reduce nitrate anions
at pH = 0 with hypophosphorous acid, H3PO,, as sacrificial reductant.
The bio-mimetic molybdenum model complex [Mo(SPh)(PPhs)(mnt)s]

E-mail addresses: nadia.moesch@uni-graz.at (N.C. Mosch-Zanetti), joerg.schachner@uni-graz.at (J.A. Schachner).

! Present address: Lonza Group AG, 3930 Visp, Switzerland.
2 Ppresent address: Insort GmbH, 8324 Kirchberg an der Raab, Austria.

https://doi.org/10.1016/j.jcat.2025.116526

Received 13 August 2025; Received in revised form 24 October 2025; Accepted 27 October 2025

Available online 30 October 2025

0021-9517/© 2025 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



F. Wiedemaier et al.

(mnt?~ = 1,2-dicyanoethyleneditholate), reported in 2006, showed 30
catalytic turnovers with NO3 using PPhj as reductant. However, when
[Mo(SPh)(PPh3)(mnt),]~ reacts with NO3, the formation of NO leads to
the catalytically inactive nitrosyl-complex [Mo(NO)g(mnt)z]z’ (Scheme
1,a) [15].

In 2016, the group of Fout published a bio-inspired, air-sensitive iron
complex with a tripodal, tetradentate azafulvene-amine ligand [16].
This iron complex showed catalytic activity to reduce both ClOz (TON =
3) or NO3 (TON = 3.5). Furthermore, in nitrate reduction, also an
inactive iron-nitrosyl complex is formed (Scheme 1, b). Very recently,
the same group found an elegant solution to further reduce NO. By
adjusting the reaction conditions, the formation of the catalytically
inactive iron-nitrosyl complex can be avoided and the gaseous NO is
instead reduced to NO by addition of PPh3 [17]. Another example are a
set of bio-inspired Mo catalysts recently reported by our group, equipped
with S,N-bidentate thio-pyridine (SPy) or thio-pyrimidine (SPym) li-
gands, which showed moderate catalytic activity for nitrate reduction,
but eventually also observed the formation of stable Mo-nitrosyl com-
plexes, which prevented further reduction (Scheme 1, ¢) [18]. There-
fore, NO can be viewed as a catalyst poison by formation of stable
nitrosyl complexes, which must be prevented in active catalytic systems.
Two very recent reviews summarize metal-catalyzed nitrate reductions
[19].

In contrast to the aforementioned examples, only two other metal
complexes have so far shown catalytic activity for the reduction of NO.
The first example came from the group of Lee in 2019, where a PNP-
pincer complex of Ni showed full reduction of NO3 to N [20]. The
intermediately formed (PNP)Ni-NO complex thereby catalyzed the
disproportionation of both NO to N,O as well as NyO to Ny (Scheme 2,
a). The second example is rare trinuclear copper cluster, supported by
tethered NHC-ligands (Scheme 2, b), published in 2025 by Buss and co-
worker [21]. The cluster shows OAT-reactivity to all relevant N-oxides
and can be regenerated by the diborane ByPing, thereby enabling high
catalytic turnovers for NO and N,O. The newest example is our previ-
ously reported oxidorhenium(V) complex [ReOCl(L1)2] (1) (Scheme 2,
c), coordinated by two dimethyloxazoline-phenolato ligands dmoz),
which exhibits good activity in both perchlorate reduction [22] and
nitrate reduction [23] catalysis with dimethyl sulfide (SMej) as the
sacrificial oxygen atom acceptor.

A particular asset of our system is its robustness as inert reaction
conditions are not required due to the stability of 1 towards moisture
and oxygen. We demonstrated that 1 reacts with nitrate to the cationic,
catalytically active dioxidorhenium(VII) complex [ReOs(L1)2]" (2)
while with nitrite the neutral, catalytically inactive dioxidorhenium(VI)
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complex [ReOy(L1),] (2) is formed (Scheme 3; Scheme 4, a), as evi-
denced by the isolation of a small amount of single crystals suitable for
X-ray diffraction analysis [23].

In a previous investigation, while following a stoichiometric reaction
of 1 and ®NO3 via >N NMR spectroscopy, we were surprised to see
15N,0 after 3 days, which must be the reduction product of intermedi-
ately formed '°NO [23]. This observation prompted us to further
investigate the reduction step of NO. In contrast to the examples
described above however, we could not isolate a rhenium nitrosyl
complex during the course of our investigations.

Within this manuscript, a targeted synthesis of catalytically inactive
complex [ReO2(L1)2] (2') is described, which allowed experiments to-
wards its reactivation by various 1 e~ oxidants, identifying [Cu(I[)Cl,] as
the most convenient oxidant to turn over the NO3 to NO cycle (Scheme
4, b). Furthermore, the formation of gaseous NO as the reduction
product of NO3 is confirmed via gas-phase IR spectroscopy. Finally, DFT
calculations support an NO reduction mechanism via the intermediate
formation of a Re-hyponitrite (= KZ-OZN%’) complex.

The here presented mechanistic insights deliver crucial information
on how to solve the challenges posed to an effective biomimetic catalyst
for nitrate reduction, which has to overcome catalyst deactivation by 1
e~ OAT steps as well as irreversible coordination of NO, in order to be a
mutual catalyst for nitrate, nitrite and NO reduction. Based on the for-
mation of N3O, potentially dinitrogen can be obtained as the final
product, rendering catalyst 1 truly biomimetic.

Finally, for both complexes 2’ and 2, thermodynamic and kinetic
data of their respective formation as well as decomposition were ob-
tained and their respective decomposition products could be identified
as complexes [ReO(L1)3][ReO4] (3a) and (HsL1)[ReO4] (3b), respec-
tively (see SI).

2. Results and discussion

Complex [ReO4(L1)5] (2") was synthesized by reacting AgNO, with 1
in acetonitrile at room temperature (Scheme S2, a), resulting in a color
change from initially green to golden-brown within minutes. Work-up
and purification by flash chromatography (silica/EtsN, CH»Cly) gave
complex 2’ as a light-brown powder in up to 64 % yield (see SI). Quick
work-up is important, as 2 is moisture sensitive when dissolved, which
is indicated by the gradual disappearance of the golden-brown color.
The 'H NMR spectrum reflects the paramagnetism of 2/, where all the
peaks are broadened, and the signals for the four methyl groups are
shifted downfield to 22.4, 17.7 and 11.5 ppm (Fig. S4). A Gouy balance
measurement of 2’ found a pegr = 1.52 BM. However, an EPR spectrum
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Scheme 1. (a)-(c) Complexes capable of nitrate reduction to NO, however forming catalytically inactive nitrosyl complexes [15,16,18].
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Scheme 2. (a) First example of full nitrate to Ny reduction via an (PNP)Ni-NO complex [20]; (b) Tri-nuclear copper cluster with reported catalytic activity for NO
and N,O reduction [21]; (c) Rhenium complex 1 showing nitrate reduction beyond NO to N,O (this publication, boxed).
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Scheme 3. Reactivity of [Re(V)OCI(L1)5] (1, L1 = dimethyloxazoline-phenolate, dmoz) towards nitrate and nitrite [23].
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Scheme 4. (a) Halting of the catalytic cycle of nitrite reduction by formation of 2’ and generation of OSMe;, by off-cycle NO/NO, oxidation under ambient con-
ditions; (b) re-activation of catalytically inactive Re(VI) complex 2’ with [Cu(II)Cl,].

could not be obtained, neither at 77 K nor at 7 K, a phenomenon which
has also been observed for other paramagnetic Re complexes [24]. Cy-
clic voltammetry measurements of complex 2’ show a quasi-reversible
Re(VI)/Re(VII) redox-couple centered at E;,» = 110 mV in acetonitrile
(Fig. S10). In contrast to other published Re(VI)-dioxo complexes, the

E1,2 potential of 2’ is relatively low [25]. The measured potential also
explains the lack of oxidation activity against SMe, (vide infra), which
shows an oxidation potential of Eox = 1.45 V in acetonitrile [26].
Variation of the scan-rate did not change the ratio of the anodic and the
cathodic peak indicating a rather long-lived species, which is in line with
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kinetic measurements (see SI). In the solid state, 2’ is stable towards
ambient atmosphere.

2.1. Decomposition pathways

By stoichiometric oxidation reactions with various 1 e (e.g. NOz) or
2 e~ oxidants (e.g. NO3, pyridine-N-oxide, TBHP, see SI), the kinetics of
formation and subsequent decomposition of paramagnetic, neutral Re
(VI) complex 2’ and cationic Re(VII) complex 2 was studied by UV-Vis
spectroscopy and electrochemistry (Table S1). By UV-Vis spectroscopy,
a half-life time of complex 2’ in CH3CN/H20 (95/5 vol%) of 86 h was
determined. Complex 2’ decomposes via disproportionation to ionic Re
(V)/Re(VID) complex [ReO(L1)2]1[ReO4] (3a, Scheme S2, b). Also, by
UV-Vis, a half-life time of cationic complex 2 of app. 2 h in CH3CN was
measured. Complex 2 decomposes by hydrolysis with H,O to ionic
complex (HaL1)[ReO4] (3b) (Scheme S3, b). For both complexes 3a and
3b, the solid state structures could be obtained by single-crystal X-ray
diffraction (Fig. S3, Table S2).

The other product in the synthesis of 2’ is NO. To confirm, the
resulting volatiles of the synthesis of 2’ were analyzed via gas-phase IR
spectroscopy. The experimental set-up is shown in Fig. S1. Under inert
conditions, the volatile products of the synthesis of 2" were purged with
a slow Na-flow into the attached gas-cell of the IR spectrometer,
resulting in the typical gas phase spectrum of NO, with the P and R
branch centered around 1880 cm’l, as shown in Fig. 1, which confirms
the formation of NO [27]. We can now confirm that NO3 is indeed
reduced by only one electron to NO, similar to the enzymatic reaction.

NO is easily oxidized by air to gaseous NO, a strong oxidizing agent
capable to oxidize SMe, to OSMe; (Scheme S1) [28]. As the catalytic
performance of our Re catalyzed nitrate or nitrite reductions with SMey
was generally determined by 'H NMR detection of the formed OSMes,
this off-cycle production of OSMe, leads to problems with determining
the true TON of the catalyst (Scheme 3, a). Therefore, all NO3 reduction
experiments had to be performed under inert atmosphere.

With singly oxidized, paramagnetic Re(VI) complex 2’ in hand, we
now could further investigate the chemical properties of 2’, especially
with regard to its redox chemistry and a potential restoration of catalytic
activity. The low oxidation potential of 2’ of +110 mV in principle al-
lows for a wide range of 1 e~ oxidants, thereby re-generating catalyti-
cally active Re(VII) cation 2 again. Inspired by the Wacker process, we
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tested both anhydrous [Cu(I)Cl,] as well as [Cu(I)Cl,-2H,0]. We were
delighted to observe that in both cases, complete consumption of 2’
occurred within 1 h, even though [Cu(II)Cl,] only poorly dissolves in the
used acetonitrile/water mixture. Single electron oxidation of 2’ yields
the highly reactive, catalytically active Re(VII) cation [ReO5(L1)2]T (2),
which in the presence of SMe; cleanly gives back Re(V) complex 1 and
OSMe,. Indeed, we now observed a clean, full conversion of 2’ to 1 and
0OSMe;, in under 1 h (Scheme 4, b).

2.2. Reduction of NO in presence of [ReOCI(L1),] (1) and SMe,

Due to the air sensitivity of NO, the nitrite reduction step has to be
done under strict exclusion of Oa. To test our experimental set-up, 1 was
reacted with 1 equiv. of NBuyNO; in presence of 3 equiv. of SMey in a J-
Young NMR tube (Fig. 2, a). Surprisingly though, in several experiments,
'H NMR spectroscopy always revealed a slow oxidation over 400 h of 0.5
equivalents SMe; to OSMe; (Fig. 2, b), ruling out adventitious oxygen
contamination.

A non-linear fit confirmed a boundary value for the OSMe, formation
of 0.51 + 0.03 equivalents. The blank reaction with NO and SMe; in
absence of complex 1, monitored over 10 days by 'H NMR spectroscopy,
did not yield any OSMes,.

We assume that a reductive coupling of two NO molecules occurs,
which, after an OAT step, yields 1 equiv. of N3O and OSMe;. Although
the reduction of NO in the presence of 1 over 10 days seems to proceed
on a rather slow time scale, the uncatalyzed disproportionation of NO at
298 K and 1 atm would take years [29]. Hence, the significant rate ac-
celeration points towards a rhenium-catalyzed NO disproportionation.
Such transition-metal catalyzed disproportions are well known and have
the intermediate formation of nitrosyl-complexes in common [30].

2.3. DFT calculations

To understand the binding of NO to the rhenium center, quantum
mechanical investigations were performed at the high-level ®B97M-D4
[31] and the advanced local hybrid functional CHYF [32]. We started
from the non-observed nitrosyl complex [ReO(NO)(L1);] (1a*) by
replacing the negative chlorido ligand in 1 with a neutral NO molecule.
The NO molecule therefore takes on the conformation of an NO™ ligand
to compensate for the positive charge on the Re complex. This is
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Fig. 1. Gas-phase IR spectrum of the volatiles of an acetonitrile solution of 1 that was reacted with 2.3 equiv. of an aqueous solution of KNO, to give 2" and NO. The
observed gas-phase IR spectrum clearly confirms the formation of gaseous NO (P and R branch centered around 1880 cm™1).
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expected

a) 1+ NO, + 3 SMe,
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Fig. 2. (a) Nitrite reduction in presence of 1 equiv. of 1 and 3 equiv. of SMe, under inert conditions as followed by 'H NMR spectroscopy: expectation vs. obser-
vation; (b) conversion of SMe; to OSMey; conditions: 1 equiv. 1 + 1 equiv. NBuy,NO; + 3 equiv. SMe, were mixed under inert conditions in a J-Young NMR tube

which was sealed immediately afterwards.

reflected by the unusual small angle of ~(Rel-N1-O1) = 88.5° (1a*,
Fig. 3, left), which could be regarded as an intermediate state between
bent and side-on coordination (bent M—NO: ~120°; side-on M—NO:
~70°) [33]. Together with the elongated N1-O1 bond length calculated
at 1.265 A, this bonding situation points to strongly reduced NO™ ligand
[33]. An initial coordination of the NO molecule to the oxygen atom of
the Re-O bond was also considered, but optimizations lead to no feasible
structure. Both functionals predict a thermodynamic highly favorable
binding of NO to the vacant coordination site on Re by -194 kJ/mol
(wb97M-D4) or -261 kJ/mol (CHYF). We also modelled a nitrosyl
complex with an almost linear Re-NO angle, but found it to be 148 kJ/
mol higher in energy compared to 1a* (Fig. S15). At the approach of a
second NO molecule (1b*, Fig. 3, middle) the coordinated nitrosyl

ligand takes on a more typical bent coordination («(Rel-N1-O1) =
146.25°), while the approaching NO molecule does not interact yet with
the nitrosyl ligand (d(N1-N2) = 1.974 10\). This is additionally evidenced
by the respective N-O distances, which is elongated in the bound nitrosyl
ligand (N1-01 1.179 A) and almost undisturbed in the approaching NO
molecule (N2-02 1.128 A; free NO: 1.154 A [34]). An analysis of the
molecular Hessian identifies this species as a local minimum. The
transition state of the actual coupling of the second NO molecule could
not be investigated computationally, as the shallow potential energy
surfaces obtained currently prevents us from determining a more
detailed reaction mechanisms in silico.

The next identifiable intermediate is formally a Re(VID-(x?-0,N37)
hyponitrite complex (1c*, Fig. 3, right). The N,0% ligand has

N2 ‘;02 /'

.\‘

“ ! -
/ »; O1 I \ A \TRm ‘

/ N\ /\\’\ o1
'/‘/‘ S

// “

Fig. 3. Calculated structures of strongly bent Re-NO complex 1la* (left), approach of second NO molecule 1b* (middle) and Re-(O;N5) hyponitrite complex

1c* (right).
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rearranged to a k-O bonding mode. The formation of such coordinated
hyponitrite NoO3~ ligands via reductive coupling of two NO molecules
has been previously described in literature [33,35]. The doubly reduced
nature of the hyponitrite ligand N3O3™ is reflected by the calculated
short N1-N2 bond distance of 1.249 A, representing double bond char-
acter. In other isolated hyponitrite complexes, the measured N-N bond
distance was, for example, 1.235(2) A [33]. Also, the hyponitrite ligand
in 1c* is almost planar, with a calculated dihedral angle of ~(01-N1-N2-
02) = 1.66°. Decomposition of the hyponitrite ligand in 1¢* explains the
observed formation of NoO and would also furnish dioxdiorhenium(VII)
complex 2. The latter reacts with SMe; to give OSMe,, thereby regen-
erating 1, which closes the catalytic cycle. The net reaction of 1 + 1
SMe; + 2 NO - 1 + N3O + OSMe;, is also consistent with the observed
conversion in the described stoichiometric reaction with NO3 forming
0.5 equivalents of SMe, to OSMe;, (Fig. 2).

We assume this unusual reductive reactivity towards NO is due to the
high oxidation state of Re(V) in 1, which does not allow for the forma-
tion of a stable nitrosyl complex. The resulting species 1a* is a {ReNO}>
nitrosyl complex by the Enemark-Feltham notation [36]. High oxidation
state Re-nitrosyl complexes have been rarely described in literature
[37], and no examples of {ReNO}" complexes with n < 4 have been
characterized by X-ray crystallography [38]. Also the lack of any stable
intermediates observed computationally by going from 1b* to 1c* is
reflecting the catalytic nature of this step.

3. Conclusions

A biomimetic, enzyme-like nitrate reduction catalyst has to be air-
and water-stable, perform 1 and 2 e~ OAT steps and also accept gaseous
substrates in the reduction sequence of NO3 to N5. Within this manu-
script we provide ample evidence that Re(V) complex 1 does fulfill all
these criteria. The thermodynamic most challenging reduction of nitrate
to nitrite occurs catalytically via a 2 e~ OAT step. The subsequent
reduction of nitrite occurs via a single electron transfer to yield cata-
lytically inactive Re(VI) complex 2’ and gaseous NO. We could identify
[Cu(I)Cl;] as an efficient, simple and cheap 1 e~ oxidant capable to
cleanly re-activate dioxidorhenium(VI) complex 2’, allowing to also
close the catalytic cycle of nitrite reduction. The formation of NO as the
reduction product of NO; was confirmed via gas-phase IR spectroscopy.
In addition, we observed a unique Re-catalyzed NO reduction pathway
via formation of a hyponitrite anion (1c¢*), ultimately yielding N5O.
Such a further reduction of NO has not been observed for other nitrate
reduction catalysts, as they usually form stable nitrosyl-complexes with
NO. The high oxidation state of +V is the key feature in complex 1 to
overcome this NO-poisoning. Due to the lack of n-backbonding, the
formation of catalytically inactive nitrosyl complexes is avoided.

This further reduction of NO to N3O opens the pathway to a rhenium-
catalyzed full and selective reduction of nitrate to non-toxic Ny, the ul-
timate goal in nitrate reduction. If also this last step to Ny formation
could be achieved, Re-complex 1 would fully mirror the biological,
enzyme-catalyzed reduction of nitrate to Nj.
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