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ABSTRACT: Water-soluble iron and manganese pyridoxal-based
complexes pyr2enFeCl (1) and pyr2enMnCl (2) (pyr2en = N,N′-
ethylenebis(pyridoxylideneiminato) have been synthesized and
characterized. Proof-of-principle results that the title complexes
can be efficiently used as fluorescent probes for nitrite and nitrate
detection are provided. The fluorescent complex pyr2enFeCl (1)
selectively recognizes nitrate anions by fluorescent enhancement
in an aqueous solution displaying high binding affinities. ESI-MS
experiments clearly show the binding of these anions via the
substitution of the chloride anion at the metal center. The
pyridoxal-based manganese complexes of NO2

− and NO3
− have

been isolated, and their structures have been established by single-
crystal XRD. Density functional theory (DFT) calculations show
that the substitution of the chloride anion at the metal center by the nitrite or nitrate anion is favored by the gain in the energies
of hydration.

■ INTRODUCTION

Nitrite (NO2
−) and nitrate (NO3

−) have been frequently
considered with suspicion although the presence of these
inorganic anions in bodily fluids has been known from the
beginning of the 20th century.1 Their negative image is due to
the health risks related to their overuse. Nitrites can be
converted to carcinogenic nitrosoamines in food products and
within the human digestive system. Nitrates, although more
stable and less toxic than nitrites, can be readily converted to
nitrites by microbial reduction in food products.2,3 However
recent studies on therapeutic use4 of nitrate and nitrite together
with emerging data suggesting possible new roles for these
anions in physiology5 have renewed the interest in these
inorganic anions. It is now known that nitrate and nitrite are
physiologically recycled to form NO and other bioactive
nitrogen oxides representing an important alternative source of
NO to the classical L-arginine−NO synthase pathway.6

Selective tracking of these anions in physiological conditions
is particularly relevant to elucidate their complex contributions
to both healthy and disease states. There is a consequent
demand for techniques that can provide direct, fast, and
noninvasive nitrite and nitrate detection. A variety of analytical
methods for NO2

− and NO3
− detection have been already

developed. They are based on sophisticated and expensive
chemiluminescent equipment, EPR spectroscopy, electro-
chemistry, amperometry, ion chromatography, or HPLC.7−14

These methodologies have several advantages, but they also
suffer from limitations like requirement of technical expertise

and expensive machinery. Therefore, new sensors with
improved properties are needed. In particular, the challenge
calls for an easy-to-setup and cheap NO2

− and NO3
− sensor.

The ability to distinguish one analyte over the other is also
highly desirable.
While colorimetric and fluorometric detection methods are

the dominant analytical approaches in the fields of medical
testing and biotechnology,15−17 because they often allow for a
rapid qualitative and quantitative assessment, still few reports
deal with the implementation of optical nitrite and nitrate
sensing devices.18,19 Typically, synthetic receptors bind anions
by a combination of electrostatic and hydrogen-bonding
interactions.20−22 These are intrinsically weak, and water can
compete with the anion in the binding process. Metal−ligand
interactions are in general stronger than H-bond interactions,
and the resulting receptors have the potential to discriminate
anion from water. Schiff base complexes appeared to be a
promising class of efficient chemosensors for anion detection
because they can exhibit significant fluorescence quantum
yields, can have long-lived triplet states, and, above all, can
interact with a wide variety of anions through the coordination
to the metal center. One of the limitations of the salen-type
based complexes used as molecular receptors is their
insolubility (or scarce solubility) in aqueous solution. In the
framework of our interest for the development of receptors for
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recognition of biologically relevant anions,23−25 we recently
reported on the use of a salen zinc complex for the selective
fluorescent detection of adenosine phosphates over various
nucleoside polyphosphates (UTP, CTP, TTP, GTP) and
inorganic phosphates.26 In order to develop water-soluble
complexes, our salen ligand of choice was a derivative of
pyridoxal with ethylenediamine (pyr2enH2 = N,N′-ethylenebis-
(pyridoxylideneiminato). The pyridoxal unit renders the ligand
and the resulting metal complexes water-soluble. Furthermore
pyridoxal and pyridoxamine are forms of vitamin B6, known
cofactors required by many enzymes and nontoxic metabolites.
Interactions of NO2

− and NO3
− with iron centers have been

widely explored to model heme proteins, which are known to
have a strong affinity for NO and its related molecules.27

Manganese complexes display structures and properties that are
similar to the analogous iron complexes. For these reasons, we
explored the performance of iron or manganese complexes
featuring a pyridoxal-based ligand in the molecular recognition
of NO2

− and NO3
− via optical techniques.

■ RESULTS AND DISCUSSION
Preparations of the pyr2enFeCl (1) and pyr2enMnCl (2) were
carried out in a one-pot two-step reaction as shown in Scheme
1.

The ferric chloride complex 1 was obtained by treatment of
the pyr2en

2− ligand with 1 equiv of FeCl3 in methanol at room
temperature. Complex 1 was isolated as a dark brown solid in
52% yield. We succeeded in obtaining single crystals suitable for
X-ray diffraction when the crystallization was carried out in a
methanol/water solution in the presence of a small amount of
chloridric acid. In these conditions, complex 1 was isolated as a
HCl adduct (Figure 1). The asymmetric unit consists of two
independent HCl adducts, which display very similar geo-
metries, and six molecules of waters, surroundings the adducts
and showing some disorder. The complex 1 exhibits a distorted
octahedral coordination where the Fe(III) is bonded, in the
equatorial plane, to four atoms (N2O2) of the pyr2en ligand.
The apical positions are occupied by a Cl− anion and a water
molecule. In both the independent adducts, the bond distances
and angles are similar to related octahedral Fe(III) Schiff base
complexes28−31 (Tables S1 and S2, Supporting Information).
The crystal packing is dominated by hydrogen bond
interactions involving all the water molecules and by a short
Cl···Cl interaction of 3.333(6) Å between the coordinated Cl−

anions.

The synthesis of the manganese(III) complex, (pyr2en)MnCl
(2), was carried out in good yield by reacting the deprotonated
ligand with 1 equiv of Mn(OAc)2·4H2O and an excess of NaCl
in air. The presence of NaCl allows the replacement of acetate
anion with the chloride ligand. The successful synthesis of the
complex was confirmed by MS (vide infra). Despite several
attempts, we could not obtain single crystals of complex 2
suitable for X-ray structure analysis.
Complexes 1 and 2 are thermally stable, and they can be

stored indefinitely in the solid state without any precautions to
exclude light, air, or moisture.

Solution Structures. Because of the paramagnetism of the
metal centers, the 1H NMR spectra of 1 and 2 showed
featureless broad resonances (See Figures S2 and S3 in
Supporting Information). We sought evidence for solution
structures via electrospray ionization mass spectrometry (ESI-
MS). ESI-MS is a soft ionization technique that allows for
analysis of solution-phase species in the gas phase without
perturbation of their solution distribution. The mass spectrum
of 1 showed predominant peaks at 448.15 and 458.19 m/z. On
the bases of simulated mass and isotopic distribution patterns,
these peaks were attributed to the species [(pyr2en)FeCl + H]+

and [(pyr2en)Fe + HCO2H]
+, respectively. The latter species is

probably related to the experimental conditions used to
perform the measurement. A less intense peak was observed
at 412.2 m/z corresponding to the species [(pyr2en)Fe]

+. No
peak ascribable to dimeric species was detected. The mass
spectrum of 2 showed a predominant peak at 410.9 m/z
corresponding to the species [(pyr2en)Mn]+ and two less
intense peaks at 446.9 and 452.0 corresponding to the species
[(pyr2en)MnCl + H]+ and [(pyr2en)Mn + CH3CN]

+. These
data point toward a partial dissociation of chloride anion from
the metal center in the polar solvent. Conductivity experiments
support this finding. Indeed 1 and 2 were slightly conducting in
aqueous solutions: conductivity measurements performed on a
1.00 × 10−3 M solution of 1 or 2 afforded a molar conductivity
value of 245 or 153 μS, respectively. Dissociation constants
(Kd) were determined by dilution experiments: a Kd value of
3.61 × 10−3 M was found in the case of (pyr2en)FeCl and of
6.20 × 10−3 M for (pyr2en)MnCl.

Optical Properties. Both (pyr2en)FeCl and (pyr2en)MnCl
were characterized via UV−vis and fluorescence spectroscopy
in Milli-Q water solution. The electronic absorption spectra of
1 and 2 exhibited three main absorption bands in the range
between 200 and 350 nm and a less intense band at higher
wavelengths. These bands were also found in the spectrum of
the free ligand pyr2enH2 and can therefore be assigned to π →

Scheme 1

Figure 1. An ORTEP view of the HCl adduct A of compound 1
showing the thermal ellipsoids at 30% probability level.
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π* intraligand transitions32,33 (see Supporting Information).
Both the complexes 1 and 2 were slightly fluorescent and
exhibited an emission band in the near-UV region (around 380
nm) (Figures S4 and S5 in the Supporting Information). When
exciting an aqueous solution of the free ligand, under the same
experimental conditions, an higher emission of fluorescence
was observed (Figures S6 and S7 in the Supporting
Information). Thus metal coordination induces a consistent
quenching of the fluorescence of the free pyr2en ligand.
Nitrite and Nitrate Response of 1 and 2. Interactions

between (pyr2en)FeCl or (pyr2en)MnCl and NO3
− or NO2

−

were studied by UV−vis and fluorescence spectroscopy. In the
first instance, we tested the aptness of 1 or 2 to act as NO2

−

and NO3
− recognition elements by UV−vis spectroscopy.

Figure 2 shows the spectral changes observed after addition of
NO3

− or NO2
−. When an excess of NO3

− or NO2
− was added

to a Milli-Q solution of 1 or 2 a hyperchromic shift in the
absorption spectra was observed indicating that the NO3

− and

NO2
− effectively cause some perturbation in the electronic

structure of complexes 1 and 2. Although the spectral changes
for 1 were evident (see Figure 2), the increase in absorption for
2 was not very significant (Figures S10 and S11 in the
Supporting Information).
More pronounced changes were observed in the fluorescence

responses of 1 and 2 toward NO2
− or NO3

− anions (Figure 3).
Addition of NO2

− or NO3
− to a Milli-Q solution of 1 or 2

resulted in consistent enhancements of the fluorescence
intensity giving rise to the OFF−ON fluorescent response in
all the cases.34

When increasing amounts of NO3
− or NO2

− were added and
the fluorescence intensities were monitored, a progressive
enhancement was observed. In all cases, when the fluorescence
intensity values were plotted against the NO2

− and NO3
−

concentrations, typical saturation binding curves were observed.
As an example, Figure 4 shows the NO3

− titration of
(pyr2en)FeCl. The changes in the emission spectra were fitted

Figure 2. Electronic absorption spectra of (pyr2en)FeCl upon addition of an excess of NaNO2 or NaNO3 (rt, 50 μM, MQ water).

Figure 3. Emission spectra of (pyr2en)FeCl or (pyr2en)MnCl (exc 274 nm) upon addition of an excess of NaNO2 or NaNO3 (rt, 50 μM, MQ
water).
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to 1:1 binding isotherms. For (pyr2en)FeCl, the values of
apparent equilibrium constants of association (Ka) were found
to be 3.0 × 105 and 2.8 × 105 M−1 for NO2

− and NO3
−,

respectively. For (pyr2en)MnCl, the values of Ka were 8.7 × 102

and 8.3 × 103 M−1 for NO2
− and NO3

−, respectively. The
association constants for the Mn complex are quite low, this
could preclude practical applications for this complex. The
association constants for the Fe complex are higher than those
reported for much more elaborate receptors that bind nitrite or
nitrate anion via multiple hydrogen bonds.35 Very few examples
of coordination compounds able to achieve nitrogen oxyanion
binding have been reported so far. Recently, a tetraphenyl
porphyrin zinc complex was utilized for nitrite and nitrate
recognition, resulting in an efficient receptor for the these
anions in 70% 2-propanol/water (v/v) solution.19 In our case,
the binding experiments were carried out in water, and a strong
interaction was observed. Their implications for nitrite and
nitrate sensing in water are thus very promising.
Selectivity. To obtain an indication of the selectivity of the

devised constructs, we selected the better performing of our
constructs (complex 1) and checked its fluorescence intensity
in the presence of biologically relevant and potentially
competing anions (i.e., CH3COO

−, F−, HPO4
2−, C3H5O-

(COO)3
3−, C2O4

2−, HCO3
−). In the presence of each one of

the above-mentioned anions, the fluorescence intensity of 1
stayed mostly unchanged, thus suggesting high selectivity of our
probe in the experimental conditions tested (see Figure 5). In
the same experimental conditions, addition of NO3

− leads to an
increase of about 90% in emission intensity. Nitrite provokes a
lower turn-on signal; it is of about 25% of that observed for

nitrate. So the response is quite selective for nitrate over nitrite
and other relevant anions.

Investigation into the Recognition Mechanism of
NO3

− and NO2
−. One of the three following different scenarios

may describe the mechanism by which NO3
− and NO2

− induce
a fluorescence response upon their addition to the aqueous
solution of complexes 1 and 2: (i) the excess of anion could
extract the metal from the complex causing the release of the
organic ligand; (ii) the metal complexes 1 and 2 have an axial
coordination site, so the recognition of nitrite or nitrate could
occur through the coordination of the anion to the metal
center; (iii) the binding of the nitrite or nitrate anion could
occur through the displacement of the chloride anion.
We focused on studying the reaction between complex 1 and

NO3
−. At first, we analyzed the 1H NMR spectrum of complex

1 in the presence of excess of nitrate anion. No significant
change in the initial 1H NMR spectrum was observed upon
addition of nitrate to a D2O solution of 1 (see Figure S19 in
Supporting Information). This finding excludes scenario i since
in that case when nitrate was added the spectrum of the starting
ligand should have become detectable. To assess whether the
reaction occurring is that in ii or in iii, we examined the reaction
between complex 1 and NO3

− by electrospray ionization mass
spectrometry. When the ESI spectrum of the reaction mixture
between complex 1 and an excess of NO3

− was measured soon
after the mixing, this results in two predominant peaks at 448.2
and 475.2 m/z (see Figure 6). These peaks were attributed to

the species [(pyr2en)FeCl + H]+ and [(pyr2en)FeNO3 + H],
respectively. The first peak was already evident in the ESI
spectrum of complex 1, the second in that of complex 4 (vide
infra). No peaks could be detected when the ESI spectrum of
the reaction mixture was measured in the negative mode. These
findings provide clear evidence for scenario iii. Literature data
on manganese Schiff base complexes also support the anion-
exchange reaction mechanism (scenario iii).36

Nitrite and Nitrate Coordination: X-ray Structures of
Manganese NO2

− and NO3
− Adducts. Nitrite and nitrate

anions may be bound terminally to a single metal atom or
bridging to two or more metal atoms.37−39 In the terminal
coordination mode, nitrite anion can be coordinated via the
nitrogen atom (nitro case) or via one or two oxygen atoms
(nitrito case) (Scheme 2).

Figure 4. Emission spectra of (pyr2en)FeCl (exc 274 nm) when
titrated with NaNO3 ([1] = 50 μM, rt, MQ water).

Figure 5. Relative fluorescence emission at 375 nm (λex= 274 nm) of
complex 1 (50 μM) in the presence of CH3COONa, NaF, Na2HPO4,
Na3C3H5O(COO)3, Na2C2O4, NaHCO3, NaNO2, or NaNO3 (500
μM each) in aqueous solution.

Figure 6. ESI mass spectra of aqueous solutions containing 1
(bottom), 4 (middle), and 1 + 10 equiv of NaNO3 (top).
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In order to gain more insight in the binding mode of nitrite
and nitrate anions to the metal center of our pyridoxal base
complexes, the corresponding NO2

− or NO3
− adducts were

isolated on a preparative scale. The synthesis of the nitrite
complex (pyr2en)FeNO2 (3) was achieved by an anion
exchange reaction of the in situ formed (pyr2en)Fe(OAc)
with an excess of NaNO2. The nitrate complex (pyr2en)FeNO3
(4) was obtained by the direct treatment of pyr2en

2− with 1
equiv of Fe(NO3)3 in methanol at room temperature. Despite
several attempts, we could not obtain single crystals of
complexes 3 and 4 suitable for X-ray structure analysis.
Nitrito and nitrate manganese(III) complexes, (pyr2en)-

MnNO2 (5) and (pyr2en)MnNO3 (6), were obtained in good
yield by reacting the deprotonated ligand with 1 equiv of
Mn(OAc)2·4H2O in air. The acetate ligand was replaced upon
addition of an excess of NaNO2 or NaNO3 to the reaction
mixtures. Slow cooling of saturated methanol solutions yielded
single crystals suitable for X-ray diffraction. Figures 7 and 8

display the ORTEP40 views of (pyr2en)MnNO2 and (pyr2en)-
MnNO3. A selection of bond distances and angles are given in
Tables S3 and S4 of Supporting Information. Both complexes
display a distorted octahedral coordination where the Mn is
bonded, in the equatorial plane, to four atoms (N2O2) of the
pyr2en ligand. In (pyr2en)MnNO2 (5), the apical positions are
occupied by a nitrite anion, coordinated in a monodentate
fashion, and a methanol molecule bound through oxygen
atoms. In (pyr2en)MnNO3 (6), the axial position consists of a

nitrate anion, coordinated with an oxygen atom to Mn and a
water molecule.
In both compounds, the bond distances and angles in the

Mn(N2O2) units are normal for an octahedral Mn(III) Schiff
base complex (Tables S3 and S4, Supporting Information) and
the elongation of Mn−O axial distances, in the range
2.160(2)−2.298(3) Å, can be accounted for Jahn−Teller
effect.41−44 In (pyr2en)MnNO2 (5), the two O−N bonds of
the nitrito ligands are statistically equivalent [1.244(4) and
1.245(4) Å], while in other nitrito anions coordinated to
Mn(III), the O−N bonds are not equal, the longest bond being
formed by the coordinated oxygen.45,46 The ligand is bent with
an ONO angle of 126.9(4)°. The hydrogen bond scheme in the
crystal of 5 (see Supporting Information, Figure S21) displays a
chainlike structure running parallel to the a axis, where the
methanol O3H group is linked to the O5 nitrite oxygen by
means of a strong O3−H···O5 hydrogen bond [O3···O5 =
2.659(3) Å]. The other intermolecular O2−H2···N1 hydrogen
bond links the molecules in corrugated tapes perpendicular to
the previous chain. In the (pyr2en)MnNO2 (5) complex, the
N−O bond distances of the coordinated nitrate anion are not
equivalent, the longest N−O bond of 1.252(3) Å correspond-
ing to that involving the coordinated oxygen, as observed for
other structures of Mn(III).42,43,45 The crystal packing (see
Supporting Information, Figure S21) is dominated by an
extended hydrogen bond network built up by the intermo-
lecular interactions among the hydroxy O3−H and O2−H
groups, the pyridine N1 and N4 nitrogens, the oxygens of the
nitrate anion, and the water molecule.

Quantum Chemical Calculations on Anion Binding. In
order to qualitatively understand the binding affinity of the
nitrogen oxyanions NO2

− and NO3
− toward the iron and

manganese complexes, density functional calculations (DFT)
were undertaken. In our calculations, the metal center was
considered in an octahedral coordination environment with the
pyr2en ligand in the equatorial plane, and water and nitrite, or
nitrate, or chloride anion in the two additional apical positions.
To save computational resources, the pyr2en ligand was
mimicked by a truncated model comprising only the conjugated
core and missing the two aromatic rings, this model was
frequently used for theoretical studies of metal−salen
complexes.47

As shown above, it is reasonable to assume that the binding
of nitrite or nitrate anion occurs through the coordination of
the anion to the metal center according to the following
reaction:

Scheme 2

Figure 7. An ORTEP view of compound (pyr2en)MnNO2 (5)
showing the thermal ellipsoids at 30% probability level.

Figure 8. An ORTEP view of compound (pyr2en)MnNO3 (6)
showing the thermal ellipsoids at 30% probability level.
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+

→ +

−

−

(pyr en)MCl(H O) NO

(pyr en)MNO (H O) Cl

x

x

2 2

2 2 (1)

For both complexes (M = Fe or Mn), the substitution of the
chloride anion by the nitrite or nitrate anion is predicted to be
exergonic (see Supporting Information). The displacement by
the nitrite anion is expected to be more favored than the
displacement by the nitrate anion for both complexes. As an
example, in the case of the iron complex, the calculated Gibbs
free energy change (ΔG) for the substitution of the chloride
with the nitrite is −16.4 kcal·mol−1, whereas the substitution of
the chloride anion with the nitrate anion is −2.0 kcal·mol−1. An
important contribution to these reactions is given by the
energies of hydration. As matter of fact, the chloride anion has
an higher hydration than nitrite or nitrate anion, so the
displacement of chloride lead to a gain in the hydration energy
favoring the reaction. In order to roughly estimate the solvation
effect, we compared the computed ΔG values obtained in water
with the computed ΔG values obtained in gas phase (ΔΔG =
ΔGH2O − ΔGgas). For the iron complex, the ΔΔG is −5.8 and
−10.6 kcal·mol−1 for the displacement by nitrite and nitrate,
respectively. In the case of the manganese complex, the ΔΔG is
−5.7 and −10.4 kcal·mol−1 for the displacement by nitrite and
nitrate, respectively. The higher gain in the hydration energy
obtained for the nitrate substitution is corroborated by the
difference in the experimental free energy of hydration of
chloride48 (ΔGhyd(Cl

−) = −89.6 kcal·mol−1), nitrite48

(ΔGhyd(NO2
−) = −81.0 kcal·mol−1), and nitrate48

(ΔGhyd(NO3
−) = −73.1 kcal·mol−1). It is worth noting that

in the case of the nitrate substitutions, the gain in the hydration
energy seems to be the driving force for the reactions. Even
though the NO3 adducts (pyr2en)MNO3

−(H2O) are predicted
to be stable, their formations, starting from the Cl adducts, are
not favored: in gas phase, these reactions are predicted to be
slightly endergonic by 8.6 and 9.7 kcal·mol−1 for 1 and 2,
respectively.
The differences in hydration energy seem to be the origin of

the selectivity of our complexes. As matter of fact, the free
energy of hydration of the competitive anions tested in this
work are lower (more negative) than that of chloride anion.48

In these cases, the substitution of chloride anion would lead to
a loss in the hydration energy.

■ CONCLUSIONS
New water-soluble iron(III) and manganese(III) metal
complexes bearing a pyridoxal-based salen ligand have been
synthesized and characterized. Their aptness to act as receptors
for nitrite and nitrate anions in water solutions has been
explored. The possibility of performing the measurements in
aqueous solution represents an advantage for our system. High
hydration energy, large ionic radii, and weak basicity of nitrite
and nitrate anions make particularly challenging the develop-
ment of effective and selective receptors for these anions,
especially in an aqueous solution. Literature features only a few
examples of artificial receptors that are capable of recognizing
nitrite or nitrate in neutral aqueous or aqueous/organic
solution. Our experiments show that complex 1 can be
successfully implemented as a nitrate and nitrite fluorescent
probe in aqueous solutions. Indeed, addition of NO2

− or NO3
−

to a Milli-Q solution of 1 or 2 induced consistent enhance-
ments of the fluorescence intensity giving rise to a turn-ON
fluorescence response in all the cases. In the case of complex 1,

high binding constants and good selectivity were obtained for
the nitrate recognition. It was shown that the addition of nitrite
or nitrate results in chloride displacement, causing an increase
in fluorescence emission. The corresponding NO2

− or NO3
−

adducts were isolated on a preparative scale. In the case of
manganese, the X-ray structures of both the adducts were
successfully resolved.
A limitation of our systems is the fact that they make use of

UV excitation. This is more or less true for any sensor and any
wavelength, but the more the dye absorbs to the UV the more
there is the chance to excite other compounds. The higher
fluorescence switching of the receptor upon analyte binding,
the more selective will be the fluorescence signal. For instance,
in the case of complex 1 the high fluorescence switching upon
nitrite and above all nitrate binding partly compensates for the
disadvantage of using UV excitation and allows for eventual
corrections. Further research is underway to improve our
sensors in this respect by screening for other ligands with better
properties (absorption at longer wavelength and possibly higher
quantum yield).
The present data provide proof-of-principle that it is possible

to monitor weak coordinating anions by using metal based
coordination complexes. Efforts to increase and optimize
sensitivity so as to combine our systems with immobilization
techniques are underway.

■ EXPERIMENTAL SECTION
Materials. All chemicals used for the synthetic work were obtained

from Sigma-Aldrich or Strem Chemicals and were of reagent grade.
They were used without further purification. The ligand pyr2enH2
(pyr2enH2 = N,N′-ethylenebis(pyridoxylideneiminato)) was prepared
as previously reported.49

Elemental analyses were performed with a PERKIN-Elmer 240-C.
Mass spectrometry analyses were carried out using a Micromass
Quattro micro API triple quadrupole mass spectrometer equipped
with an electrospray ion source (Waters, Milford, MA). Room
temperature NMR spectra were recorded on a Bruker AVANCE 400
NMR instrument (1H, 400.13 MHz; 13C, 100.62 MHz).

Synthesis of (pyr2en)FeCl (1). Ligand pyr2enH2 (0.200 g, 0.558
mmol) was dissolved in methanol (10 mL), and NaOEt was added as
solid (0.076 g, 1.12 mmol). The bright yellow reaction mixture was left
under stirring for 1 h. FeCl3 (0.090 g, 0.558 mmol) dissolved in
methanol (5 mL) was slowly added, and the reaction mixture became
dark. The reaction was left under stirring overnight. A brown-red solid
was collected by filtration, washed with methanol and diethyl ether,
and dried under vacuum. Yield: 0.137 g, 49%. C18H20N4O4FeCl·
CH3OH: calcd. C 47.57, H 5.04, N 11.68; found C 47.30, H 4.96, N
11.83. MS (ESI acetonitrile): m/z (%) 412.2 (40) [(pyr2en)Fe]

+,
448.15 (100) [(pyr2en)FeCl + H]+, 458.19 (25) [(pyr2en)Fe +
HCO2H]+. Selected IR (KBr, cm− 1) : 1626(s) , 1501-
(m),1398(s),1377(s), 1313(s), 1263(m), 1201(m), 1038(m),
764(m), 741(m), 621(s), 454(m). Emission (H2O, λexc = 274 nm),
λmax (quantum yield,ΦF): 377 nm (0.004).

Synthesis of (pyr2en)MnCl (2). Ligand pyr2enH2 (0.255 g, 0.711
mmol) was dissolved in methanol (10 mL), and NaOEt was added as
solid (0.097 g, 1.42 mmol). The bright yellow reaction mixture was left
under stirring for 1 h. Mn(CH3COO)2·4H2O (0.174 g, 0.711 mmol)
dissolved in methanol (5 mL) was slowly added, and the reaction
mixture became dark brown. The reaction mixture was left under
stirring overnight. The day after an excess of NaCl (5:1 molar ratio
respect to the manganese) was added as a 0.6 M aqueous solution. The
resulting dark brown solution was left at −20 °C overnight. A brown
solid was collected by filtration, washed with methanol and diethyl
ether, and dried under vacuum. Yield: 0.283 g, 83%.
C18H20N4O4MnCl·CH3OH: calcd. C 47.66, H 5.05, N 11.70; found
C 47.40, H 4.93, N 11.86. MS (ESI acetonitrile): m/z (%) 410.9 (100)
[(pyr2en)Mn]+, 446.9 (10) [(pyr2en)MnCl + H]+, 452.0 (10)
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[(pyr2en)Mn+CH3CN]
+. Selected IR (KBr, cm−1): 1616(s), 1438(m),

1390(s), 1306(m), 1260(s), 1191(m), 1042(m), 909(m), 766(m),
744(m), 627(s), 489(m). Emission (H2O, λexc = 274 nm), λmax
(quantum yield,ΦF): 376 nm (0.001).
Synthesis of (pyr2en)FeNO2 (3). Ligand pyr2enH2 (0.200 g, 0.558

mmol) was dissolved in methanol (10 mL), and NaOEt was added as
solid (0.076 g, 1.12 mmol). The bright yellow reaction mixture was left
under stirring for 1 h. Fe(CH3COO)3 (0.130 g, 0.558 mmol) dissolved
in methanol (5 mL) was slowly added, and the reaction mixture
became dark brown. The reaction mixture was left under stirring
overnight. The day after an excess of NaNO2 (5:1 molar ratio respect
to the iron) was added as a 0.6 M aqueous solution. The resulting dark
red solution was left at −20 °C overnight. A red solid was collected by
filtration, washed with methanol and diethyl ether, and dried under
vacuum. Yield: 0.200 g, 73%. C18H20N5O6Fe·CH3OH: calcd. C 46.55,
H 4.93, N 14.28; found C 46.82, H 4.89, N 14.86. Selected IR (KBr,
cm−1): 1620(s), 1406(s), 1395(s), 1311(m), 1265(m), 1200(m),
1039(m), 624(m), 457(m). Emission (H2O, λexc = 274 nm), λmax
(quantum yield,ΦF): 375 nm (0.010).
Synthesis of (pyr2en)FeNO3 (4). Ligand pyr2enH2 (0.200 g, 0.558

mmol) was dissolved in methanol (10 mL), and NaOEt was added as
solid (0.076 g, 1.12 mmol). The bright yellow reaction mixture was left
under stirring for 1 h. Fe(NO3)2·9H2O (0.225 g, 0.558 mmol)
dissolved in methanol (5 mL) was slowly added, and the reaction
mixture became dark red. The reaction mixture was left under stirring
overnight. A dark red solid was collected by filtration, washed with
methanol and diethyl ether, and dried under vacuum. Yield: 0.180 g,
64%. C18H20N5O7Fe·CH3OH: calcd. C 45.08, H 4.78, N 13.83; found
C 45.70, H 4.86, N 13.96. MS (ESI acetonitrile): m/z (%) 412.2 (40)
[(pyr2en)Fe]

+.475.13 (100) [(pyr2en)FeNO3 + H]+.Selected IR (KBr,
cm−1): 1637(s), 1497(s), 1384(vs), 1319(s), 1205(m), 1045(m),
825(m), 753(m), 617(m). Emission (H2O, λexc = 274 nm), λmax
(quantum yield,ΦF): 375 nm (0.025).
Synthesis of (pyr2en)MnNO2 (5). Ligand pyr2enH2 (0.200 g,

0.558 mmol) was dissolved in methanol (10 mL), and NaOEt was
added as solid (0.076 g, 1.12 mmol). The bright yellow reaction
mixture was left under stirring for 1 h. Mn(CH3COO)2·4H2O (0.137
g, 0.558 mmol) dissolved in methanol (5 mL) was slowly added, and
the reaction mixture became dark brown. The reaction mixture was left
under stirring overnight. The day after an excess of NaNO2 (5:1 molar
ratio respect to the manganese) was added as a 0.6 M aqueous
solution. The resulting dark brown solution was left at −20 °C
overnight. A brown solid was collected by filtration, washed with
methanol and diethyl ether, and dried under vacuum. Yield: 0.131 g,
48%. C18H20N5O6Mn·CH3OH: calcd. C 46.63, H 4.94, N 14.31; found
C 46.70, H 4.87, N 14.56. Emission (H2O, λexc = 274 nm), λmax
(quantum yield,ΦF): 374 nm (0.002).
Synthesis of (pyr2en)MnNO3 (6). Ligand pyr2enH2 (0.200 g,

0.558 mmol) was dissolved in methanol (10 mL), and NaOEt was
added as solid (0.076 g, 1.12 mmol). The bright yellow reaction
mixture was left under stirring for 1 h. Mn(CH3COO)2·4H20 (0.137 g,
0.558 mmol) dissolved in methanol (5 mL) was slowly added, and the
reaction mixture became dark brown. The reaction mixture was left
under stirring overnight. The day after an excess of NaNO3 (5:1 molar
ratio respect to the manganese) was added as a 0.6 M aqueous
solution. The resulting dark brown solution was left at −20 °C
overnight. A brown solid was collected by filtration, washed with
methanol and diethyl ether, and dried under vacuum. Yield: 0.122 g,
44%. C18H20N5O7Mn·H2O: calcd. C 44.00, H 4.51, N 14.25; found C
43.84, H 4.78, N 14.63. Emission (H2O, λexc = 274 nm), λmax nm
(quantum yield,ΦF): 374 nm (0.001).
Absorbance and Fluorescence Measurements. Absorption

spectra were recorded on a Cary-50 spectrophotometer, using a 1 cm
quartz cuvette (Hellma Benelux bv, Rijswijk, Netherlands) and a slit-
width equivalent to a bandwidth of 5 nm. Fluorescence spectra were
measured on a Cary Eclipse spectrophotometer in a 10 × 10 mm2

airtight quartz fluorescence cuvette (Hellma Benelux bv, Rijswijk,
Netherlands) with an emission band-pass of 10 nm and an excitation
band-pass of 5 nm. Both absorption and fluorescence measurements
were performed in Milli-Q water at room temperature. Fluorescence

experiments were performed with excitation at 274 nm. The 274 nm
excitation wavelength was selected because both free NaNO2 and free
NaNO3 have only little absorption at this wavelength.

Fluorescence quantum yield (ΦF) values were measured in optically
diluted solutions using phenol (ΦF = 0.014 in Milli-Q water) as
standard, according to the according to the equation:50

η ηΦ = Φ I I A A( / )( / )( / )F
s

F
r

s r r s s r
2

where indexes s and r denote the sample and reference, respectively. I
stands for the integrated emission intensity, A is the absorbance at the
excitation wavelength, and η is the refractive index of the solvent.

Titration Experiments. These experiments were performed as
follows: the cuvette was filled with sample solutions in Milli-Q water
solution. Then microliter amounts of NaNO2 (or NaNO3) solutions in
Milli-Q water (to the end concentrations specified in the figure
captions) were injected via a gastight syringe. Spectra were registered
when the fluorescence reached the threshold value, which corresponds
to the saturation point in the present case.

The changes in the emission spectra were fitted using the following
equation:

= − − +∞F F F F K{( )[NO ]}/{[NO ] }x xNO 0 0 dx

where NOx is the concentration of free NO2
− or NO3

− in solution and
F0 and F∞ denote the emission intensities of the NOx-free and NOx-
bound (pyr2en)FeCl or (pyr2en)MnCl, respectively.

ESI MS Experiments. ESI experiments were performed in H2O/
CH3CN (50:50) with 0.5% formic acid. For the in situ experiments
between complex 1 and NaNO3, the reaction was performed in Milli-
Q water in a 1:10 molar ratio, and then an aliquot of the mixture was
diluted in H2O/CH3CN (50:50) with 0.5% formic acid.

Computational Details. Molecular structures and electronic
energies for all molecules discussed here were calculated using the
Gaussian 0951 packages. All geometries were optimized without
constraints at the BP86 level of theory, that is, by employing the
exchange and correlation functionals of Becke52 and Perdew,53,54

respectively. The basis set consisted of the Los Alamos basis sets and
corresponding effective core potentials of Hay and Wadt55,56

(LANL2DZ) for Fe and Mn and of the 6-31G(d) basis sets for all
other atoms. A tight gradient convergence criterion with ultrafine
integration grid was specified in these calculations. No constraints
were imposed during the optimizations. Stationary point geometries
were characterized as local minimum on the potential energy surfaces.
The absence of imaginary frequency demonstrated that structures were
true minima at their respective levels of theory.

The Fe3+ and Mn3+ ions have the [Ar] 3d5 and [Ar] 3d4 electron
configurations, respectively. As a result, (pyr2en)Fe and (pyr2en)Mn
have three different spin states (Fe3+, S = 1/2, 3/2, 5/2; Mn3+, S = 0, 1,
2). Calculated relative energies of the (pyr2en)Fe(H2O)X and
(pyr2en)Mn(H2O)X (X = Cl−, NO2

−, NO3
−) are summarized in

Table S5, Supporting Information. According to our calculations, the
lowest-energy structures of the model complexes (pyr2en)Fe(H2O)X
correspond to the low-spin states (S = 1/2). For example, the low-spin
state of the (pyr2en)Fe(H2O)Cl is more stable than the high-spin
states (S = 3/2, 5/2) by 6.9 and 13.4 kcal/mol, respectively. The low-
spin state was assumed for all the Fe(III) species considered in this
work. In the case of Mn complexes, the triplet states (S = 1) lie very
close in energy to the quintuplet states (S = 2). For the model complex
(pyr2en)Mn(H2O)Cl, the triplet state lies 0.1 kcal/mol below the
quintuplet state. In the case of nitrite and nitrate Mn complexes, the
calculations on triplet states gave reasonable ground-state descriptions;
on the contrary the geometry optimizations on quintuplet state
resulted in energy minimized structures with strong structural
rearrangements. For this reason, the triplet state (S = 3) was assumed
for all the Mn(III) species considered in this work.

Solvent effects (water) have been estimated in single-point
calculations on the gas phase optimized structures based on the
polarizable continuous solvation model, PCM,57 as implemented in
Gaussian 09. The gas-phase energies were corrected by the solvation
term.
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The Gibbs free energy change (ΔG, thermodynamically corrected
to 298 K) were calculated using eq 2:

Δ = +

− +

−G G G

G G

[ ((pyr en)M(H O)NO (Cl )]

[ ((pyr en)M(H O)Cl (NO )]

x

x

2 2

2 2 (2)

Cartesian coordinates of all DFT optimized structures are available on
request.
Crystal Structure Determinations. The crystal data of

compounds (pyr2en)FeCl (1), (pyr2en)MnNO2 (5), and (pyr2en)-
MnNO3 (6) were collected at room temperature using a Nonius
Kappa CCD diffractometer with graphite monochromated Mo Kα
radiation. The data sets were integrated with the Denzo-SMN
package58 and corrected for Lorentz, polarization, and absorption
effects (SORTAV).59 The structures were solved by direct methods
using the SIR9760 system of programs and refined using full-matrix
least-squares with all non-hydrogen atoms anisotropically and
hydrogens included on calculated positions, riding on their carrier
atoms, except for compounds 5 and 6, the hydrogens involved in
hydrogen bonds, which were refined isotropically.
The structure of 1 displays some disorder, and the hydrogen atoms

for the hydroxyl groups and water molecules could not be localized.
The structure of (pyr2en)MnNO2 (5) is located on a crystallo-

graphic mirror plane passing through Mn1, the nitrite anion, and O3
oxygen of the methylic alcohol. Accordingly, C9aH2, C9bH2, and
C10H3 groups are disordered and refined with occupancy of 0.5 each.
All calculations were performed using SHELXL-9761and PARST62

implemented in WINGX63 system of programs.
Crystal Data. Complex 1 (C18H23ClFeN4O5)

+·Cl−·3H2O; triclinic,
space group P1, a = 8.8332(2), b = 9.9439(2), c = 13.8786(3) Å, α =
78.2203(8)°, β = 76.8323(8)°, γ = 84.2275(10)°, V = 1160.13(4) Å3,
Z = 2, Dc = 1.592 g cm−3. Intensity data collected with θ ≤ 28.0°; 5578
independent reflections measured; 4762 reflections observed [I >
2σ(I)]. Final R = 0.0609 (observed reflections), and Rw = 0.2010 (all
reflections); no. of parameters = 598; GOF = 1.072.
Complex 5 C19H24MnN5O7; monoclinic, space group P21/m, a =

7.7911(2), b = 17.2678(5), c = 8.2311(3) Å, β = 108.603(2)°, V =
1049.51(6) Å3, Z = 2, Dc = 1.549 g cm−3. Intensity data collected with
θ ≤ 27.85°; 2563 independent reflections measured; 1934 reflections
observed [I > 2σ(I)]. Final R = 0.0423 (observed reflections), and Rw
= 0.1152 (all reflections); no. of parameters = 163; GOF = 1.048.
Compound 6 C18H22MnN5O8; triclinic, space group P1̅, a =

8.7425(2), b = 8.7874(2), c = 14.5986(5) Å, α = 80.070(1)°, β =
74.306(1)°, γ = 71.557(2)°, V = 1019.61(5) Å3, Z = 2, Dc = 1.600 g
cm−3. Intensity data collected with θ ≤ 27.50°; 4635 independent
reflections measured; 3529 reflections observed [I > 2σ(I)]. Final R =
0.0434 (observed reflections), and Rw = 0.1147 (all reflections), no. of
parameters = 307; GOF = 1.034.
Crystallographic data (excluding structure factors) have been

deposited at the Cambridge Crystallographic Data Centre and
allocated the deposition numbers CCDC 935854, pyr2enFeCl (1);
935855, (pyr2en)MnNO2 (5); 935856, (pyr2en)MnNO3 (6). These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html or on application to CCDC, Union Road, Cambridge,
CB2 1EZ, UK [fax: (+44)1223-336033, e-mail: deposit@ccdc.cam.ac.
uk].
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