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Abstract: The water-soluble manganese(III) meso-tetrakis (N-ethylpyridinium-2-yl) porphyrin (MnIIITEPyP)
and manganese(III) meso-(tetrakis(4-sulfonato-phenyl)) porphyrinate (MnIIITPPS) are able to chemically
distinguish between HNO and NO donors, reacting with the former in a fast, efficient, and selective manner
with concomitant formation of the {MnNO}7 complex (kon(HNO) ≈ 105 M-1 s-1), while they are inert or react
very slowly with NO donors. DFT calculations and kinetic data suggest that HNO trapping is operative at
least in the case of MnIIITPPS, while catalytic decomposition of the HNO donors (sodium trioxodinitrate
and toluene sulfohydroxamic acid) seems to be the main pathway for MnIIITEPyP. In the presence of oxygen,
the product MnIITEPyP(NO) oxidizes back to MnIIITEPyP, making it possible to process large ratios of
nitroxyl donor with small amounts of porphyrin.

Introduction

Several recent studies showing distinct pharmacological
effects for nitric oxide (NO) and nitroxyl (HNO/NO-) donors
are conclusive on the coexistence of both species in certain
tissues.1 Selective, efficient trapping of NO with a variety of
spin-trap reagents is used as a discriminating tool, with
controversial results.2 Cysteine is currently used in HNO/NO
blocking experiments, but chemical discrimination of both
species requires the characterization of final products.3,4 Un-
equivocal discrimination of HNO and NO still remains critical
for the interpretation of the ongoing research in this field. Heme
proteins5 and isolated water-soluble ferric porphyrins6 have been
shown to react fast and efficiently with nitroxyl donors such as
sodium trioxodinitrate (Na2N2O3, Angeli’s salt, AS),7 or toluene
sulfohydroxamic acid (TSHA), a derivative of Piloty’s acid,8

yielding ferrous nitrosyl compounds. However, the ferric

porphyrins lead to the same reaction products as those obtained
with excess NO,9 through a reductive nitrosylation mech-
anism.10 Among porphyrinic compounds, only myoglobin11 and
[Ru(ttp)]+ (ttp ) tetratolylporphyrinato dianion)12 have been
reported to be capable of trapping HNO.

Based on the low reactivity of Mn(III) porphyrins toward
NO,13 we explored the reaction of the water-soluble man-
ganese(III)meso-tetrakis (N-ethylpyridinium-2-yl) porphyrin
(MnIIITEPyP) and manganese(III)meso-tetrakis(4-sulfonato-
phenyl) porphyrinate (MnIIITPPS) (Figure 1) with the HNO
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Figure 1. Structures of MnIIITEPyP and MnIIITPPS.
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donors AS and TSHA, aiming at the chemical differentiation
of these redox partners.

Materials and Methods

MnIIITEPyP and MnIIITPPS were purchased from Frontier Scientific.
AS and TSHA were synthesized according to published literature.14

NO-donors (sodium nitroprusside and S-nitroso-N-acetylpenicillamine)
were purchased from Sigma-Aldrich Argentina.

Reactions of MnIII TEPyP and MnIII TPPS with AS and TSHA.
All experiments were done at 25°C in 0.1 M phosphate buffer,
containing EDTA 10-4 M. Porphyrin concentration was 5.5× 10-6

M, unless stated otherwise. UV-vis spectra were recorded with a HP
8453 spectrometer in a septum sealed 1 cm path quartz cuvette. All
reactions were carried out under Ar atmosphere unless stated otherwise.
AS and TSHA solutions were freshly prepared for each set of
measurements and kept on ice. The HNO source concentration was
checked before each measurement. TSHA was dissolved in ethanol 96%
and added to the porphyrin solutions to a final ethanol/water ratio of
less than 1%. The reaction rate was measured by following the
absorbances at 454 nm (MnIIITEPyP), 468 nm (MnIIITPPS), 422 nm
(MnIITEPyP(NO)), and 424 nm (MnIITPPS(NO)). All reactions were
followed until no more spectroscopic changes were observed unless
stated otherwise. Reaction times ranged from 60 s to 2 h. The initial
observed reaction rate for each measurement was obtained by plotting
the reactant and product concentration versus time and calculating the
initial rates by fitting the corresponding function. In all cases, the rate
constants obtained did not differ significantly considering either reactant
consumption or product formation.

Determination of the Rate Constants.The slopes and the corre-
spondingkobsfor the bimolecular reactions were determined by standard
fitting procedures from the initial rates versus initial donor concentration
plots (Figures 3, S1, S2, and S3). Assuming that binding of trioxo-
dinitrate to the metalloporphyrin was the rate-limiting step, thekobs

obtained from the plot equals thekon for AS or TSHA binding.
In the cases where donor decomposition was the rate-limiting step,

the following kinetic analysis was used:

where reaction 1 represents reversible donor decomposition, reaction
2 represents HNO binding to the metalloporphyrin, and reaction 3
represents HNO dimerization. When reaction 1 is rate limiting, and
applying the steady-state approximation for [HNO], all of the HNO
produced through reaction 1 must be consumed in reactions 2 and 3;
therefore,V1 ) V2 + V3. The donor decomposition rateV1 and the
dimerization rate constantk3 (k3 ) 8 × 106 M-1 s-1)15 were known
data for each measurement. Therefore, by measuringV2 as the initial
product formation rate,V3 and accordingly [HNO] could be estimated.
The back reaction of reaction 1 was not considered because its rate is
negligible in comparison with reactions 2 and 3.16 Taking the estimated
[HNO] values from the initial rates (V2) versus [HNO] plots, an estimate
for kon(HNO) can be obtained from the slope (Figures 6 and 7). The error
estimates in the values obtained for the rate constants were the

propagated statistical error from the linear fitting that includes the
standard deviation for each point.

Computational Methods. All computations were performed at the
DFT level with the SIESTA code.17 The SIESTA method has shown(13) Spasojevic, I.; Batinic-Haberle, I.; Fridovich, I.Nitric Oxide Biol. Chem.

2000, 4, 526-533.
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Scherlis, D. A.; Martı´, M. A.; Ordejón, P.; Estrin, D. A.Int. J. Quantum
Chem.2002, 90, 1505-1514. (c) Martı´, M. A.; Crespo, A.; Bari, S. E.;
Doctorovich, F. A.; Estrin, D. A.J. Phys. Chem. B2004, 108, 18073-
18080.
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Figure 2. Spectral changes for the anaerobic reaction of MnIIITEPyP (5
× 10-6 M, λmax ) 455 nm) with AS (5× 10-6 M), at 25 °C in 0.1 M
phosphate buffer, containing EDTA 10-4 M. MnIIITEPyP, red line;
MnIITEPyP(NO), blue line (λmax ) 422 nm).

Figure 3. Initial observed reaction rates versus initial AS concentration at
pH 7 (phosphate buffer, 25°C), for the reaction of MnIIITEPyP with AS.
[MnIIITEPyP]) 5.5× 10-6 M. Values are the mean( standard deviation
of at least three independent measurements.

Figure 4. Reaction of AS with MnIIITEPyP under air atmosphere
(MnIITEPyP, red line,λmax ) 454 nm; MnIITEPyP-NO, blue line,λmax )
422 nm).
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an excellent performance for medium and large systems and has also
proved to be appropriate for biomolecules and, specifically, for heme
models.18 The use of standard norm-conserving pseudopotentials19

avoids the computation of core electrons, smoothing at the same time
the valence charge density. In our study, the nonlinear partial-core
correction was applied to the iron atom.20 Basis functions consist of
localized (numerical) pseudoatomic orbitals, projected on a real space
grid to compute the Hartree potential and exchange correlation potentials
matrix elements. For all atoms, basis sets of doubleê plus polarization
quality were employed, with a pseudoatomic orbital energy shift of 25
meV and a grid cutoff of 150 Ry. Calculations were performed using
the generalized gradient approximation functional proposed by Perdew,

Burke, and Ernzerhof.21 This combination of functional, basis sets, and
grid parameters has been already validated for heme models.18 The
model used consisted of a porphyrin saturated with hydrogen atoms in
all side chains plus the corresponding ligand (NO or AS). The final
system consisted of about 40 atoms.

Results and Discussion

Reaction of MnIII TEPyP with AS in Anaerobic Solutions.
When aqueous solutions of AS were added to MnIIITEPyP
solutions under inert atmosphere in equimolar ratios, total
conversion of MnIIITEPyP to MnIITEPyP(NO) was observed
in less than 1 min (Figure 2). The reaction product was identified
by comparison with the one obtained from the same starting
material and NO in the presence of a reducing agent.13

No spectral changes were observed for more than 30 min
when aqueous solutions of NO donors such as sodium nitro-
prusside or S-nitroso-N-acetylpenicillamine were added to MnIII -
TEPyP solutions under inert atmosphere in equimolar or excess
NO donor ratios under our reaction conditions. Conversion of
MnIIITEPyP to MnIITEPyP(NO) was quantitatively observed
only when a reducing agent (e.g., ascorbic acid or sodium
dithionite) was added in slight excess, prior or after the addition
of the NO donor. This result is consistent with that obtained by
Spajosevic et al.,13 who showed that reductive nitrosylation was
very slow for this cationic Mn(III) porphyrin (t1/2 ≈ 60 min
with excess NO(g)).

Kinetic Analysis. Figure 2 shows the shift of the Soret band
of MnIIITEPyP after the addition of AS; the 33 nm blue-shift
allowed direct measurement of the initial reaction rates for
different molar ratios. The initial rate value obtained was
independent of the set of spectroscopic measures (reactant or
product) considered. A proposed mechanism for the reaction
of Mn porphyrins with AS is shown in Scheme 1, wherekAS is
AS decomposition rate constant,kcat(AS) is AS decomposition
rate constant catalyzed by the porphyrin, andkon(AS) andkon(HNO)

are AS and HNO coordination rate constants, respectively. The
back reactions were considered negligible under our reaction
conditions.

In all of the experiments, only MnIIITEPyP and MnIITEPyP-
(NO) were detected by UV-vis spectroscopy, suggesting that
the hypothetical complex MnIIITEPyP(AS), if formed, is in a
small steady-state concentration. If product formation occurs
through reactions 1 and 2, then AS decomposition (kAS) must
be rate limiting. At pH 7, AS decomposes with a half-life of
866 s.7,16 Under the same reaction conditions, however, the
equimolar reaction had a half-life of only 5 s, indicating that(18) Martı́, M. A.; Scherlis, D. A.; Doctorovich, F.; Ordejon, P.; Estrin, D. A.

J. Biol. Inorg. Chem. 2003, 6, 595-600.
(19) Troullier, N.; Martins, J. L.Phys. ReV. B 1991, 43, 1993.
(20) Louie, S. G.; Froyen, S.; Cohen, M. L.Phys. ReV. B 1982, 26, 1738. (21) Perdew, J. P.; Burke, K.; Ernzerhof, M.Phys. ReV. Lett. 1996, 77, 3865.

Figure 5. Spectral changes for the anaerobic reaction of MnIIITPPS (5×
10-6 M, λmax ) 468 nm) with AS (5× 10-6 M), at 25°C in 0.1 M phosphate
buffer, containing EDTA 10-4 M. MnIIITPPS, red line; MnIITPPS(NO),
blue line (λmax ) 424 nm).

Figure 6. Initial observed reaction rates versus estimated [HNO] at pH 7
(0.1 M phosphate buffer, 25°C), for the reaction of MnIIITPPS (5× 10-6

M) with AS. Values are the mean( standard deviation of at least three
independent measurements.

Figure 7. Initial observed reaction rates versus estimated [HNO] at pH 10
(phosphate buffer, 25°C), for the reaction of MnIIITPPS (5× 10-6 M)
with TSHA. Values are the mean( standard deviation of at least three
independent measurements.

Scheme 1

A R T I C L E S Martı́ et al.
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the decomposition rate was 173 times faster in the presence of
the metalloporphyrin. These results suggest that AS decomposi-
tion is not rate limiting. In this scenario, the product is probably
formed through reactions 3 and 4 (Scheme 1), and AS
coordination is the expected rate-limiting step, with N-N
cleavage promoted by the metalloporphyrin. From the initial
reaction rate versus [AS] plot (Figure 3),kon(AS) was calculated
as mentioned in Materials and Methods.

To further confirm the catalytic effect of the porphyrin on
AS decomposition, the reaction was performed in phosphate
buffer at pH 10, where the donor is mainly in its dianionic,
stable form (N2O3

2-, t1/2 ) 120 min, pKa2 ) 9.7).7,15,16,22As in
the pH 7 case, the equimolar reaction has a half-life of only
3-5 s, indicating that reaction 3 is the rate-limiting step (Scheme
1). The reaction rate was first order in [AS], for AS/porphyrin
ratios from 0.2 to 2:1. For higher [AS]/[MnIIITEPyP] ratios, the
reaction rate becomes almost independent of [AS], and step 4
seems to become rate limiting. The first-order rate constant
kcat(AS) for MnIIITEPyP at AS saturating concentrations is 5×
10-1 s-1 (Figure S1), about 1000 times larger than that for the
uncatalyzed reaction.

DFT Calculations. To obtain additional insight on the
possible existence of the intermediate complex between
MnIIITEPyP and AS, DFT calculations with the SIESTA code
were performed.17 All calculations used a simplified Mn(III)
porphyne (MnIIIP) in vacuo, as the model system. The calcula-
tions showed that the hypothetical complex depicted in Scheme
1 is a minimum in the potential energy surface, 16 kcal/mol
more stable than the complexes with AS bound to the metal
center through any of the oxygen atoms. The results also showed
that the N1-N2(AS) bond length is significantly larger in the
MnIIIP(AS) complex than in free AS (2.62 vs 1.37 Å). (N1 is
the nitrogen atom bonded to the O that gives rise to HNO, N2
is the nitrogen atom that yields nitrite; see Scheme 1 and Figure
S6.) Furthermore, N1-N2(AS) bond dissociation energy in free
AS (44.3 kcal/mol) doubles that of the MnIIIP(AS) complex
(19.5 kcal/mol). These data support the catalytic AS decomposi-
tion role of the porphyrin, mediated by AS coordination.

Reaction of MnIII TEPyP with AS in Aerated Solutions.
MnIIITEPyP forms the Mn(II) nitrosyl derivative upon reaction
with AS in the presence of O2, with almost stoichiometric yield
and with the same reaction rate as that observed under argon
atmosphere (Figure S4). However, O2 promotes decomposition
of MnIITEPyP(NO), with at1/2 of a few minutes, yielding
MnIIITEPyP (Figure 4). Several cycles of MnIITEPyP(NO)
formation and reoxidation can be achieved by adding AS after
decomposition of MnIITEPyP(NO) (Figure S5).

Reaction of MnIII TEPyP with TSHA in Anaerobic Solu-
tions. When solutions of TSHA were added to degassed MnIII -
TEPyP, MnIITEPyP(NO) was obtained, as shown by the UV/
vis spectra. At pH 7, TSHA is mainly in the RNHOH form and
decomposes slowly (kTSHA, pH 7e 5 × 10-5 M-1 s-1, t1/2 ) 230
min).8 At pH 10, deprotonation leads to two predominant species
in equilibrium (R-N-OH / R-NH-O-), promoting spon-
taneous decomposition (kTSHA, pH 10) 3.5× 10-4 M-1 s-1, t1/2

) 33 min).8 Under stoichiometric reaction conditions, at1/2 )
3-5 s was found at pH 10. As in the AS case, the accelerated
observed decomposition rate of TSHA points to a mechanism

in which TSHA interacts directly with the metalloporphyrin,
which then catalyzes its decomposition. From the plot of the
initial reaction rate versus TSHA concentration, the rate constant
is obtained for TSHA binding to the metalloporphyrin.

At pH 7 the picture is more complex because the observed
half-life for the equimolar reaction ist1/2 ) 33 min as compared
to thet1/2 ) 230 min for spontaneous decomposition. The small
rate increase observed at pH 7 could be due to the reversibility
of TSHA decomposition:8 HNO trapping by MnIIITEPyP
diminishes the back reaction, more important in this case than
for AS, increasing the observed donor decomposition rate.
However, a catalytic effect as in the pH 10 case cannot be ruled
out. Kinetic analysis of this reaction showed that HNO dimer-
ization was negligible, because MnIITEPyP(NO) formation
correlates with the amount of decomposed donor.

Reaction of MnIII TPPS with AS. Although the reaction
between AS and MnIIITPPS (an anionic metalloporphyrin) at
pH 7 shows spectral changes similar to those of the reaction
with MnIIITEPyP, a large excess of AS was required to drive
this reaction to completion. Spectral changes for the starting
metalloporphyrin and the MnII(NO) product are shown in Figure
5.

Kinetic Analysis. For an equimolar ratio between AS and
MnIIITPPS, at pH 7 the reaction half-life is about 117 min. Under
the same reaction conditions, AS has a half-life of 14.5 min.7

Given the slow reaction rate (slower than AS decomposition)
and the excess of AS needed to complete the reaction, it is
reasonable to assume that AS decomposition is the rate-limiting
step and the reaction proceeds through reactions 1 and 2 in
Scheme 1. As mentioned in Materials and Methods, knowing
the donor (AS) decomposition rate and the dimerization rate
constant, [HNO] can be estimated by measuring the rate of
MnIITPPS(NO) formation. From the corresponding plot (Figure
6) of initial reaction rate versus estimated [HNO], an ap-
proximate value ofkon(HNO) can be obtained.

To further confirm that the catalytic effect of this anionic
porphyrin on AS decomposition is negligible, we performed
the reaction between AS and MnIIITPPS at pH 10, where AS is
stable (t1/2 ) 230 min). As expected, for a 2:1 TSHA:MnIII -
TPPS ratio, less than 2% MnIITPPS(NO) was observed after 2
h.

Reaction of MnIII TPPS with TSHA. The reaction between
TSHA and MnIIITPPS at pH 10 shows the same spectral changes
as the reaction with AS, and also excess TSHA is required to
obtain 100% product yield.

Kinetic Analysis. For an equimolar ratio between TSHA and
MnIIITPPS, the reaction half-life is about 115 min. Under the
same reaction conditions, TSHA has a half-life of a few minutes.
The results are equivalent to those obtained for AS at pH 7;
therefore, the same analysis is valid. From the plot of initial
reaction rates versus the estimated [HNO], an approximate value
of kon(HNO) is obtained (Figure 7). As expected, the value is close
to that obtained for the reaction with AS (Table 1).

Again, to further confirm that there is a negligible catalytic
effect of the negative porphyrin on TSHA decomposition, we
performed the reaction between TSHA and MnIIITPPS at pH
7, where TSHA is stable (t1/2 ) 120 min). As expected, for a
2:1 AS:MnIIITPPS ratio, less than 5% of MnIITPPS(NO) was
observed after 2 h. It should be noted that, under the same
reaction conditions, quantitative conversion to the MnIINO

(22) Sturrock, P. E.; Ray, J. D.; McDowell, J.; Hunt, H. R.Inorg. Chem. 1963,
2, 649.
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product was observed in less than 10 s in the case of
MnIIITEPyP. These data support the absence of a catalytic effect
of MnIIITPPS upon AS decomposition.

Conclusions

The cationic periphery in the acceptor metalloporphyrin
MnIIITEPyP is relevant in terms of reactivity toward anionic
nitroxyl donors (AS or TSHA at pH 10). Anionic porphyrins
such as MnIIITPPS and FeIIITPPS6 show negligible catalytic
activity toward the decomposition of the same donors. The fast
reaction rates obtained for AS at pH 7 and pH 10, together with
the DFT calculations, suggest the formation of a complex
between AS and MnIIITEPyP catalyzing the donor decomposi-
tion and yielding MnIITEPyP(NO) and nitrite. The charge effect
plays an important role in the acceleration of TSHA decomposi-
tion rate at pH 10.

When the anionic MnIIITPPS is used instead of the cationic
MnIIITEPyP as a trapping agent, slower reaction rates and lower
product yields are obtained. With both nitroxyl sources, trapping
rates are slower than the spontaneous decomposition rate,
indicating that nitroxyl generation is the rate-limiting step.
Kinetic analysis based on the decomposition rates of the nitroxyl
donors and the rate constant values for HNO dimerization
yielded the rate constant for HNO bindingkon(HNO) ) 4 × 104

M-1 s-1 when using AS, andkon(HNO) ) 9 × 104 M-1 s-1 for
TSHA. As expected, both values are very similar because the

HNO binding rate constant should be independent of its
chemical source. Our group6 previously reported a value of 1
× 107 M-1 s-1 for the HNO binding rate constant to FeIIITPPS
(kon(HNO)). It should be noted that this value was calculated
assuming that HNO dimerization was about 100 times faster
than the corresponding value used in this work. Using the lower
estimate value for HNO dimerization would yieldkon(HNO)

(FeIIITPPS)≈ 1 × 106 M-1 s-1, which is around 10 times larger
than the rate constant for HNO binding to MnIIITPPS obtained
in this work (Table 1). Furthermore, NO binding rate constants
to Fe(II) porphyrins are about 1× 109 M-1 s-1,9 whereas NO
binding rates to Mn(II) porphyrins are lower, between 1× 106

and 3.3× 107 M-1 s-1.13

The anionic character of the periphery of MnIIITPPS does
not favor the coordination of the nitroxyl donor species, and
therefore catalytic decomposition of the donors is not observed.

Our experiments demonstrate that Mn(III) porphyrins are able
to chemically distinguish between HNO and NO: while a fast
and efficient reaction with HNO or its donors takes place, NO
and its donors do not react or react very slowly, unless a strong
reducing agent is added to the reaction medium. The significant
shift in the Soret band upon reaction provides a potential tool
for HNO quantitation in anaerobic systems. In the presence of
oxygen, ineludible in most biological experiments, MnIITEPyP-
(NO) oxidizes back to MnIIITEPyP, making it possible to trap
large ratios of nitroxyl with small amounts of porphyrin.
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Table 1. Nitroxyl Donors Binding Rate Constants and Nitroxyl
Trapping Rate Constants

porphyrin pH donor kon(DONOR) (M-1 s-1) kon(HNO) (M-1 s-1)

MnIIITEPyP 7 AS (1.2( 0.1)× 104

MnIIITEPyP 10 AS (3.6( 0.4)× 104

MnIIITEPyP 7 TSHA (8.1( 0.3)× 101

MnIIITEPyP 10 TSHA (1.0( 0.05)× 104

MnIIITPPS 7 AS ∼4 × 104

MnIIITPPS 10 TSHA ∼9 × 104

FeIIITPPS6 7 AS 0.5 >2.5× 107
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