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The kinetics of the reaction between aqueous solutions of
[Fe(CN)5NO]2– and NH2OCH3 has been studied by means of
UV/Vis spectroscopy and complementary solution tech-
niques, FTIR/ATR spectroscopy, mass spectrometry, and iso-
topic labeling ([Fe(CN)5

15NO]2–), in the pH range 6.0–9.3, I
= 1 M (NaCl). The main products were nitrous oxide (N15NO),
CH3OH, and [FeII(CN)5H2O]3–, characterized as the [FeII-
(CN)5(pyCONH2)]3– complex (pyCONH2 = isonicotinamide).
In excess NH2OCH3, the kinetic runs indicated pseudo-first-
order behavior, with corresponding rate constants, kobs [s–1],
that correlated linearly with the concentration of NH2OCH3.
The rate law is: R = kexp[Fe(CN)5NO2–][NH2OCH3], with kexp

Introduction

The mechanisms of the reactions of the small molecules
involved in the nitrogen redox cycles are of general interest,
both from the fundamental and applied points of view.[1]

Within the broad scope of this field, a common feature de-
als with the necessary coordination at a transition metal
center for the adequate activation of the substrates. An ex-
ample of this chemistry is represented by the nitrosyl
group,[2] which includes a role for stabilized metal–NO moi-
eties that behave as crucial intermediates in the reactivity
of NO2

–. The nitroprusside ion, [Fe(CN)5NO]2–, is an elec-
trophile toward a variety of substrates,[3] reacting with N-
binding nucleophiles such as NH3

[4] and NH2R,[5]

NH2OH,[6] N2H4,[7] as well as with others like OH–,[8]

HS–,[9] and thiolates.[10] In this way, different reduction
products of NO+ can be obtained.

Within the scope of the chemistry of hydroxylamines,[11]

others and we have dealt either with the disproportionation
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= (4.1�0.4)�10–4 M–1s–1 at 25�0.2 °C, ΔH# = 27�1 kJmol–1,
and ΔS# = –220�5 JK–1 mol–1, at pH 7.1. The value of kexp is
much lower than that for similar addition reactions of
NH2OH and of the N-substituted methyl derivative. In ad-
dition, the latter reactions exhibit a third-order rate law with
a linear dependence of R on the concentration of OH–. The
reaction profile has been modeled by density functional theo-
retical methodologies, providing mechanistic evidence on
the different reaction steps, namely, the adduct formation
and subsequent decomposition processes, with valuable
comparisons with the reactivity of other nucleophiles with
[Fe(CN)5NO]2–.

reactions[12] or with the addition reactions to the ni-
trosonium ligand.[6,13] NH2OH is a product of mammalian
biosynthesis,[14] and its consumption may be expected to
proceed through such a type of mechanistic routes. We re-
ported on the kinetics of the reaction of [Fe(CN)5NO]2–

with the also bioinorganically relevant N-methylhydroxyl-
amine, NH(CH3)OH,[13] with complementary evidence that
the disubstituted derivative, N,N�-dimethylhydroxylamine,
is not reactive. Thus, by introducing methyl substituents on
NH2OH, we found significant stoichiometric and mechan-
istic changes in the addition reactions, which are interesting
in their own right.

In this work, we extend the studies to the reaction of
[Fe(CN)5NO]2– with O-methylhydroxylamine (NH2OCH3)
by using detailed kinetic methodologies, including isotope
labeling of the nitrosyl group and DFT calculations.
NH2OCH3 is suitable for preparing O-alkyloximes and O-
alkylhydroxamates, which are intermediates for the pro-
duction of antibiotics and oxime-type herbicides. In ad-
dition, NH2OCH3 serves as a reagent for the protection and
derivatization of keto groups in steroids, in order to detect
sugars and amino sugars in glycoproteins. It constitutes an
active ingredient in several drugs for the treatment of diabe-
tes and for the development of new anticancer therapies.[15]

The presently reported results add to the previously consid-
ered calculations on the addition reactivities and subse-
quent decompositions when other nitrogen hydrides react
with [Fe(CN)5NO]2–,[16] allowing for fruitful mechanistic
comparisons.
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Results and Discussion

The stoichiometry of products shows the formation of
N2O and CH3OH, as revealed by the analysis made in the
reactor headspace and in the exhausted mixtures, in excess
NH2OCH3 (�10). The conversion of [FeII(CN)5NO]2– into
[FeII(CN)5pyCONH2]3– is essentially quantitative, with a
yield greater than 95%. Independent measurements of the
number of mol of N2O and CH3OH indicate a 1:1 ratio,
with a yield also nearly quantitative with respect to the ini-
tial [FeII(CN)5NO]2–. The molar concentration of N2O in
the condensed phase and the gas pressure, pg = p(meas-
ured) – p(vap., H2O), are related by: [N2O] = pg(Vg/VL +
1/H)/(RT). H = n(N2O, g)VL/(n(N2O, L)Vg) ≈ 1.6, is the
dimensionless Henry constant. n(N2O, g), n(N2O, L), Vg,
and VL are the mol of N2O and the volumes of the gaseous
and condensed phases, respectively.

Starting with [FeII(CN)5
15NO]2–, the mass spectrum of

nitrous oxide showed the fragment ions at m/e = 45 and 31
and relative abundances of 100 to about 30. This is evidence
of N15NO formation[17] and confirms the absence of the
alternative isomer, 15NNO, with characteristic ions at m/e
= 45 and 30. On the other hand, in the reaction with unlab-
eled Na2[Fe(CN)5NO]·2H2O (SNP), the m/e values of the
fragments were 44 and 30, with relative intensities as before.
Thus, the final products, generated in a molar ratio of 1:1:1,
were N15NO, CH3OH, and [Fe(CN)5(pyCONH2)]3–. We
found no evidence of reaction intermediates during the UV/
Vis spectral evolution, or during the FTIR/ATR and EPR
spectroscopic analyses, even when the reaction evolved un-
der substoichiometric NH2OCH3 conditions. In the IR
spectroscopic experiments, the distinctive observation was
that the stretching absorptions of SNP (νCN and νNO at
about 2140 and 1935 cm–1, respectively)[18] were replaced by
a broad band centered at about 2040 cm–1, characteristic of
[FeII(CN)5L]3– complexes (L = CN–, pyCONH2, DMSO,
etc.).[19] Equations (1) and (2) describe the main reaction
stoichiometry with labeled [Fe(CN)5

15NO]2–.

[Fe(CN)5
15NO]2– + NH2OCH3 + OH– �

[Fe(CN)5H2O]3– + N15NO + CH3OH (1)

[Fe(CN)5H2O]3– + pyCONH2 �
[Fe(CN)5(pyCONH2)]3– + H2O (2)

Equation (2) describes the trapping procedure employed
for excluding [FeII(CN)5H2O]3– from the reaction medium
(thus precluding its catalytic role in the disproportionation
of NH2OCH3).[12c] It has been independently measured by
stopped-flow techniques, with k2 = 296 m–1 s–1 at 25 °C.[20]

Under the selected working conditions, reaction (2) pro-
ceeds several orders of magnitude faster than reaction (1).

Table 1 shows the results of the kinetic studies performed
under pseudo-first-order conditions in NH2OCH3 and at
different pH values. Most of the runs involved the spectro-
scopic detection of [Fe(CN)5(pyCONH2)]3– [Equation (2)].
As the reaction is very slow, we routinely used the initial
rate method.[21] Nevertheless, some runs performed to com-
pletion showed a satisfactory first-order buildup of [FeII-

www.eurjic.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 0000, 0–02

(CN)5(pyCONH2)]3– or N2O. The first-order rate constants,
kobs, displayed a linear dependence on the analytical con-
centration of NH2OCH3, yielding the second-order rate
constants, kexp. Thus, the observed rate law is R [Ms–1] =
kexp[Fe(CN)5NO2–][NH2OCH3], with kexp = (4.1 �0.4) �
10–4 m–1 s–1, at 25 �0.2 °C. Figure S1 shows the plot for cal-
culating the activation parameters: ΔH�

exp =
27� 3 kJ mol–1 and ΔS�

exp = –220�10 JK–1 mol–1.

Table 1. Rate constants for the reaction between [Fe(CN)5NO]2–

and NH2OCH3, at different concentrations and pH values; I = 1 m
(NaCl), 25� 0.2 °C; measured through the build-up of [FeII(CN)5-
(pyCONH2)]3–, unless otherwise indicated.

pH [SNP] [NH2OCH3] 106 � kobs 104 � kexp

[mm] [mm] [s–1] [m–1 s–1]

9.3 7.7 57.0 23.4 4.1
9.3 2.0 59.0 22.4 3.8
9.3 2.0 80.0 34.4 4.3
9.3 2.0 20.0 7.8 3.9
9.3 14 140 61.6 4.4[a]

9.3 16.4 246.0 95.9 3.9
8.5 2.0 80.0 29.6 3.7[b]

8.0 0.31 12.2 4.6 3.8
8.0 1.1 14.9 6.1 4.1
8.0 1.1 23.3 9.8 4.2
7.1 2.0 80.0 33.6 4.2
7.1 1.0 22.0 8.6 3.9
7.1 2.0 20.0 9.0 4.5
7.1 1.0 9.7 4.1 4.2
6.0 1.0 22.0 8.8 4.0
6.0 1.0 9.7 3.8 3.8
6.0 0.9 45.0 20.3 4.5
6.0 4.9 23.0 8.5 3.7

[a] Monitored through the production of N2O. [b] Monitored by
FTIR/ATR spectroscopy at 1935 cm–1.

In view of the overall stoichiometry described by Equa-
tion (1), we conclude that the studied reaction is complex.
The negative entropy of activation is consistent with an ini-
tial associative process between the reactants. However, its
value is much more negative than those for other nucleo-
philes (see below, Table 3). Generally, these reactions com-
prise reversible additions of the nucleophiles to [Fe(CN)5-
NO]2– with the formation of an adduct and subsequent de-
compositions. We propose the same for the reaction of
NH2OCH3 [Equation (3)]. Adduct formation is followed by
the migration of one hydrogen atom, bound to the nitrogen
atom of NH2OCH3, to the oxygen atom of the nitrosyl
group, which leads to the intermediate [Fe(CN)5N(OH)-
N(H)OCH3]2– [Equation (4)]. The decomposition of this in-
termediate leads to the reaction products.

[Fe(CN)5
15NO]2– + NH2OCH3 i

[Fe(CN)5
15N(O)NH2OCH3]2– k3, k–3 (3)

[Fe(CN)5
15N(O)NH2OCH3]2– i

[Fe(CN)5
15N(OH)N(H)OCH3]2– k4, k–4 (4)

We do not rule out a previous pre-equilibrium between
the reactants leading to an encounter-complex transient.[3a]

For clarity, and for highlighting the significance of labeling
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in the identification of the structure of product N2O, we
designate the nitrosyl group in the chemical equations as
15NO.

Figure 1 depicts the energy profile along the reaction
path and the optimized structures of the dynamically stable
species, according to DFT calculations. For simplicity, we
do not show the optimized structures of the reactants and
reaction products. The first reaction step comprises the for-
mation of an intermediate, labeled as I1, through the transi-
tion state TS1. The structure of I1 differs from that of the
product of reaction (4) in the position of the hydrogen atom
bound to the oxygen atom of the nitrosyl group. In [Fe(CN)5-
N(OH)N(H)OCH3]2–, this hydrogen atom is closer to the
nitrogen atom of the nitrosyl, whilst in I1 it is in close prox-
imity to the oxygen atom of the CH3O group, as a result of
an activated rotation. We describe this process by Equa-
tion (5).

[Fe(CN)5
15N(OH)N(H)OCH3]2– i I1 k5, k–5 (5)

Figure 1. Reaction profile, with changes in Gibbs free energy, and
schematic representation of the optimized structures involved in
the reaction between [Fe(CN)5NO]2– and NH2OCH3. Small light
gray spheres represent H atoms, gray spheres C, blue spheres N,
red spheres O, and light blue spheres Fe.

From the calculations, we obtain a positive change in the
free energy of formation for the adduct and for [Fe-
(CN)5

15N(OH)N(H)OCH3]2–. However, we could not find
the transition states associated with the formation of these
species. This may be due to convergence problems of the
model or because the decomposition of the adduct and
[Fe(CN)5N(OH)N(H)OCH3]2– (steps –3 and –4) have a low
activation energy. Then, instead of the three steps involved
in Equations (3)–(5), we may consider only one reaction for
describing the formation of I1, as shown in Equation (6).

[Fe(CN)5
15NO]2– + NH2OCH3 i I1 k6, k–6 (6)

During the formation of I1, the Fe–N–O angle changes
from its value of about 180° in [Fe(CN)5NO]2– to 125–130°,
a typical linear-to-bent transformation in the {FeNO} moi-
ety.[2,3,16] The bonds Fe–N and N–O elongate relative to
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those in [Fe(CN)5NO]2–, revealing a strong decrease in the
bond orders. The Fe–C and C–N bond lengths do not
change significantly upon the formation of I1, showing that
the reactivity is mainly associated with changes in the
{FeNO} fragment.[16]

We may consider two possible routes for the decomposi-
tion of I1: (a) an attack of OH– with water production, that
is, a proton transfer to the medium; (b) an intramolecular
transfer of a hydrogen atom to the CH3O moiety, subse-
quent O–N bond cleavage, and release of CH3OH. Since
the global reaction is pH-independent, we favor the second
route for the calculations [Equation (7)]. As shown in Fig-
ure 1, the decomposition of I1 is an activated process. The
transition state for the transformation, TS2, has a cyclic
optimized structure [O–N–N–O–H]. After generating
CH3OH, the reaction proceeds through intermediate I2, in
which the nitrous oxide precursor binds in an η2-mode.[16]

Finally, the exergonic process of product formation is de-
scribed by Equations (8) and (9), comprising nonactivated
processes for the conversion of I2 into N2O and [Fe(CN)5-
H2O]3–. Table 2 shows a complete set of calculated thermo-
dynamic parameters corresponding to the steps displayed
in Figure 1.

I1 � [Fe(CN)5(15NO)NH]2– + CH3OH k7 (7)

[Fe(CN)5(15NO)NH]2– + OH– � [Fe(CN)5N15NO]3– + H2O k8 (8)

[Fe(CN)5 N15NO]3– + H2O � [Fe(CN)5H2O]3– + N15NO k9 (9)

Table 2. Relevant thermodynamic properties at 298 K and 1 bar,
obtained by DFT calculations with the isodensity polarizable con-
tinuous model (IPCM) approximation, for the reaction between
[Fe(CN)5NO]2– and NH2OCH3.

Reaction path ΔH [kJmol–1][a] ΔS [JK–1 mol–1][a]

Reactants to TS1 81 –164
TS1 to I1 –25 –8
I1 to TS2 86 –6
TS2 to I2 –141 251
I2 to products –71 –62
Reactants to products –69 11

[a] These represent changes in the thermodynamic properties of
activation or of reaction, as appropriate. The correction for the
zero-point energies was properly considered.

By applying the steady-state approximation to I1 in
Equations (6) and (7), we obtain the following rate law: R
= –k7[I1] = [K6k7/(1 – k7/k–6)[Fe(CN)5

15NO2–][NH2OCH3].
If 1 �� (k7/k–6), the rate constant becomes: ktheor = K6k7 =
(kBT/h)exp(–ΔGtheor/RT). To explore the temperature pro-
file of the composite rate constant, ktheor, we write a transi-
tion state equation for the rate constant k7 and the
van ’t Hoff equation for the equilibrium constant K6. The
values of the thermodynamic properties associated with rate
and equilibrium constants are symbolized with the super-
scripts � and 0, respectively. Thus, from the DFT calcula-
tions reported in Table 2: ΔGtheor = ΔG0

6 + ΔG�
7 =

ΔHtheor – (TΔStheor), with ΔHtheor = (ΔH0
6 + ΔH�

7) = 56
+ 86 = 142 kJmol–1 and ΔStheor = (ΔS0

6 + ΔS�
7) = –172 –
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6 = –178 JK–1 mol–1. Comparing the results with the experi-
mental values, we predict a highly negative entropic change,
though the activation enthalpy is overestimated.[22]

In studies of OH– as a nucleophile reacting with a broad
set of nitrosyl complexes (MNO+), we found that the rate
constants correlated with the MNO+/MNO redox poten-
tials.[23] Thus, it is proposed that the second-order rate law
reflects the nucleophilic addition step forming the MNO2H
adduct, which rapidly deprotonates to NO2

–. A similar pic-
ture occurred with the reactions of [Fe(CN)5NO]2– with
HS–, cysteine, and related thiolates.[9,10] In these processes,
the adducts are moderately stable, because the decomposi-
tion steps (either the dissociation of NO2

– or the redox de-
cay of NOSR) are slow. Table 3 shows the results for OH–,
SH–, and cysteine; the sulfur compounds add faster, pre-
sumably because of their greater polarizability. In addition,
we can see that the values of the activation entropies are in
the range from –50 to –100 J K–1 mol–1. For nucleophiles
NH2OH or NHCH3OH, Equations (10) and (11) describe
the stoichiometries. A distinctive, pH-dependent rate law
has been found: R = kexp [Fe(CN)5NO2–][Nucl]-
[OH–].

[Fe(CN)5
15NO]2– + NH2

18OH + OH– �
[Fe(CN)5H2O]3– + 15NN18O + H2O (10)

[Fe(CN)5
15NO]2– + NHCH3OH + OH– �

[Fe(CN)5H2O]3– + CH3N(15NO)OH + H2O (11)

Table 3. Experimental rate constants and activation parameters for
the addition of different nucleophiles to the [Fe(CN)5NO]2– ion.[a]

Nucleophile kB [m–1 s–1] ΔH� [kJmol–1] ΔS� [JK–1mol–1] Ref.

NH2C2H5 5.1� 10–3[b] 15 –239 [5]

NH2C3H7 5.9� 10–3[b] 20 –218 [5]

N2H4 0.43[c] 27 –163 [7]

NH2OCH3 4.1� 10–4 27 –220 this work
NH2OH 0.45[d] 37[c] –13[c] [6]

NH(CH3)OH 0.16[d] 34 –32 [13]

OH– 0.55 53 –73 [8a]

SH– 1.7� 102 30 –100 [9]

SR– (cys) 2.6� 104[b] 31 –54 [10]

[a] T = 25 °C, I = 1 m. [b] pH = 9.2. The reported rate constants
in ref.[5] correspond to the reaction of the neutral amines. [c] Calcu-
lated from the reported data. [d] Value calculated at pH 8 from the
third-order rate law.

Equations (10) and (11) describe a stoichiometry similar
to that in Equation (1), although reaction (11) differs by the
formation of an isolable nitroso derivative.[13] A common
characteristic of reactions (1), (10), and (11) is that the ad-
ducts cannot be detected. It becomes evident that the N2O
release must be associated with both N–H deprotonations in
reaction (10),[24] an impossible event in reaction (11), which
favors the formation of CH3N(NO)OH. The mechanism for
the reactions involves the relatively slow formation of an
adduct intermediate between the nitrosyl complex and the
nucleophile, followed by easily reversible deprotonations.
For NH2OH, the release of three hydrogen atoms is a requi-
site for product formation, taking into account that the O–
H dissociation should be an activated process, as required

www.eurjic.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 0000, 0–04

by the rate law. Thus, the formation and rapid release of
15NN18O ensues, oxygen and central nitrogen coming from
the nucleophile. This process comprises the formation of a
η1-N2O intermediate,[6] which appears to be energetically
favorable, with minimal reorganization requirements.[16]

The results for the reaction of SNP with NH2OCH3 ap-
pear to be notoriously contrasting to those with NH2OH.
As stated above, a second-order rate law describes the over-
all process for reaction (1), that is, the rate is pH-indepen-
dent. Table 3 shows another difference: at a given pH, the
rate constant for NH2OCH3 is much lower than those for
NH2OH and NHCH3OH. Whilst the activation entropies
for reactions (10) and (11) are comparatively small (–32 and
–13 J K–1 mol–1, Table 3), the activation entropy for reac-
tion (1), –220 J K–1 mol–1, is much more negative. Also very
significant is the different labeling of N2O in Equation (1),
which point to important mechanistic differences with re-
spect to NH2OH. The production of N15NO requires the
movement of the nitrosyl group and the consequent forma-
tion of an η2-N2O intermediate (Figure 1). The results in
Table 3 suggest a similar interpretation for primary amines
and for hydrazine. In fact, the side-on η2-N2O intermediate
has already been proposed, resulting from the N–N cleav-
age ensuing from the binding of hydrazine to [Fe(CN)5-
NO]2–, with concomitant formation of NH3.[7] Moreover,
the previous calculations also suggest that the side-on inter-
mediate evolves to the end-on isomer before N2O release.[16]

When a CH3 substituent binds to oxygen, only the facile
deprotonation of the N-bound hydrogen atoms is feasible.
In the absence of an O–H bond (no requirements for O–H
activation), the pH-independent rate-law becomes consis-
tent. The release of CH3OH comprises the cleavage of the
N–O bond, aided by proton transfer. We consider that
differential rates of migration of H have a crucial role in
the rate-limiting formation of the first intermediate, I1, as
proposed in reactions (3)–(5), thus accounting for the
highly negative activation entropy. It is worth to point out
that the same differences in stoichiometry and N2O labeling
also occur for the reactions of NH2OCH3 and NH2OH
with nitrous acid.[25]

Conclusions

By discussing the kinetic results for NH2OCH3 and other
nitrogen hydrides (NH2OH, NH(CH3)OH, N2H4, amines),
OH–, and thiolates together, we provide a comprehensive
set of experimental and theoretical evidence on the mecha-
nisms of the addition reactions with NO+ complexes and
the subsequent decomposition reactions. There are different
reaction stoichiometries for each nitrogen hydride, leading
to the alternative formation of N2, N2O, or mixtures of
them, together with H2O, CH3OH, or NH3 as additional
products. Moreover, there is a common, general mechan-
istic basis for describing the underlying reactivity, implying
an initial reversible addition step with the formation of a
covalent bond between the nitrogen atom of the hydrides
and the nitrogen atom of the NO+ group. The detailed
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mechanisms may involve different relative rates of these ad-
duct-formation reactions and the ensuing reorganizations
comprising N and/or O-deprotonations, bond cleavages,
and the formation of experimentally elusive intermediates.
Noticeably, different mechanistic insights arise for NH2OH
and its substituted derivatives, depending on the nature of
the (H or alkyl) substituent and its position (on either N or
O). We provide theoretical and experimental evidence on
the formation of an η2-N2O intermediate, as a precursor for
N2O release, when NH2OCH3 is the reactant. Other nucleo-
philes react through the formation of η1-intermediates, as
is the case for NH2OH. These N2O intermediates are remi-
niscent of the well-characterized nitrosyl linkage isomers.[26]

Experimental Section
Materials and Methods

O-Methylhydroxylamine as the hydrochloride salt, NH2OCH3·HCl
(methoxyamine hydrochloride), and isonicotinamide (pyCONH2)
were from Sigma–Aldrich. Dimethyl sulfoxide (DMSO) was from
Sintorgan. Sodium pentacyanonitrosylferrate(II) dihydrate
(Na2[Fe(CN)5NO]·2H2O, SNP) was from Merck. 15N-labeled so-
dium nitroprusside was prepared as described in the literature,[27]

by using Na15NO2 (99 atom-% 15N) from Isotec. NH2OCH3 was
dried and stored in a desiccator over silica gel. All other chemicals
were analytical or reagent grade and were used without further
purification. All solutions were prepared by using deionized water.

Solid K2HPO4 or borax were used for preparing 20 mm buffered
solutions, and NaCl was added to attain an ionic strength of I =
1 m. The pH was adjusted to the desired value in the range 6.0–
9.3�0.1 by using a concentrated solution of HCl. Measurements
were performed with a Hanna HI 9231 pH-meter, supplied with a
Hanna HI 1131B glass-body combination electrode, calibrated
against Merck standard buffers.

Concentrated solutions of NH2OCH3 (ca. 500 mm) were prepared
by dissolving weighed amounts of NH2OCH3·HCl in the buffered
solution and readjusting the pH with solid NaOH. According to
the pKa (4.6) for NH3OCH3

+,[28] we estimate that NH2OCH3 is
dominant in our reaction conditions. Concentrated solutions of the
[Fe(CN)5NO]2– ion (ca. 200 mm) were generated by dissolving
weighed amounts of SNP in deoxygenated buffer solutions.

Kinetic studies at different pH values were mainly performed at
25�0.2 °C under pseudo-first-order conditions in NH2OCH3, by
using spectrophotometer cells of 1 or 0.1 cm path length. At a pH
of about 7.1, we used the temperature range 14–41 °C for obtaining
activation parameters through Eyring plots. In a typical kinetic
run, an aliquot of NH2OCH3 was added to a mixture of SNP and
pyCONH2 (50–250 mm). The final reactant concentrations span the
range reported in Table 1. The product [FeII(CN)5H2O]3– (λmax =
440 nm, εmax = 640 m–1 cm–1)[29] forms the stable complex [FeII-
(CN)5(pyCONH2)]3– (λmax = 435 nm, εmax = 4570 m–1 cm–1).[20] In
this way, the aqua ion can be excluded from the medium, preclud-
ing its further reactivity toward NH2OCH3, and the sensitivity of
product detection is enhanced.[12] The build-up of [FeII(CN)5-
(pyCONH2)]3– was monitored with a Hitachi U-3210 UV/Vis spec-
trophotometer in the range 200–900 nm. The quoted rate constants
are the average of at least three runs. Additionally, we carried out
some kinetic experiments by using ATR spectroscopy, by measur-
ing the decrease in the absorbance of the strong NO stretching
mode of SNP at about 1935 cm–1,[18] as well as by monitoring the
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increase of the pressure ensuing from the production of N2O (see
below). FTIR/ATR spectra, spanning the 850–1550 and 1750–
3100 cm–1 ranges, were recorded with a Perkin–Elmer Spectrum
BX spectrophotometer, equipped with standard pre-mounted hori-
zontal ATR accessory with a flat sampling plate of ZnSe. Argon-
saturated buffered solutions of the reactants (50–100 mm) were
transferred into the plate with a syringe. The spectral output con-
sisted of differences from buffered SNP or NH2OCH3 solutions.
An excess of DMSO was used as a scavenger of produced [FeII-
(CN)5H2O]3–, through the formation of colorless [FeII(CN)5-
(DMSO)]3–.[30]

EPR spectroscopy was employed for the characterization of eventu-
ally formed radical transients by using a Bruker ER 200D X-band
spectrometer, operated at about 9.78 GHz with a 100 kHz modula-
tion frequency and 1.25 mT modulation amplitude. The central
field and the correct operating frequency were calibrated with re-
gard to 4 μm TEMPO (aN = 1.72 mT; g = 2.0051), used as external
standard. The control of signal production was performed under
NH2OCH3 pseudo-first-order conditions at room temperature, by
using a 0.3 cm3 quartz flow flat cell connected to a homemade
stopped-flow accessory.

Gas production was quantitatively measured in a thermostatted,
well-stirred closed reactor (0.082 dm3) linked to an Extrel Emba II
mass spectrometer operated at 70 eV. This setup was also equipped
with an MKS Model 622 absolute transducer for recording the
total pressure.[2a] By using deoxygenated buffer solutions,
NH2OCH3 (0.010 dm3) was added to [Fe(CN)5NO]2– (0.035 dm3)
containing excess DMSO as scavenger. The time evolution of the
pressure was recorded continuously, and the mass spectra of the
gases in the reactor headspace were acquired at the end of the reac-
tion. CH3OH was extracted from the exhausted mixtures by distil-
lation; it was characterized and quantified as CH2O, with the chro-
motropic acid test.[31] The data were treated by using standard pro-
cessing software.

Theoretical Calculations: DFT calculations were performed by
using a previously described methodology.[16] Briefly, geometry op-
timization of all intermediate complexes and transition states were
carried out by using the B3LYP functional with LANL2DZ basis
on the metal atom and 6-31++G* on the other atoms. The struc-
tures were fully optimized with no symmetry constraints. The true
nature of the optimized minima in the gas phase has been verified
in each case by calculating the harmonic frequencies. Transition
states were fully characterized by means of a vibrational analysis,
leading to one imaginary frequency. The solvent (water) effect was
considered in terms of the isodensity polarizable continuous model
(IPCM). For the optimized structures, we calculated thermo-
dynamic functions at 298 K and 1 bar by using standard statistical
thermodynamic methods based on the rigid-rotor harmonic oscil-
lator approximations.

Supporting Information (see footnote on the first page of this arti-
cle): Eyring plot of the average rate constants, kexp, at various tem-
peratures and their numerical values.
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Nucleophilic Addition Reactions of the Nitroprusside Ion

Amine Nucleophilic Addition Kinetics

The kinetics of the reaction comprising the M. M. Gutiérrez, J. A. Olabe,
reversible addition of NH2OCH3 to V. T. Amorebieta* .............................. 1–7
[Fe(CN)5NO]2– and the subsequent de-
compositions to [Fe(CN)5H2O]3–, CH3OH, Nucleophilic Addition Reactions of the
and N2O have been studied. The results Nitroprusside Ion – The Case of O-Methyl-
provide theoretical evidence on the forma- hydroxylamine
tion of an η2-N2O intermediate.
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