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Abstract: The electrophilic reactivity of the pentacyanonitrosylferrate(II) ion, [Fe(CN)5NO]2-, toward
hydrazine (Hz) and substituted hydrazines (MeHz, 1,1-Me2Hz, and 1,2-Me2Hz) has been studied by means
of stoichiometric and kinetic experiments (pH 6-10). The reaction of Hz led to N2O and NH3, with similar
paths for MeHz and 1,1-Me2Hz, which form the corresponding amines. A parallel path has been found for
MeHz, leading to N2O, N2, and MeOH. The reaction of 1,2-Me2Hz follows a different route, characterized
by azomethane formation (MeNNMe), full reduction of nitrosyl to NH3, and intermediate detection of
[Fe(CN)5NO]3-. In the above reactions, [Fe(CN)5H2O]3- was always a product, allowing the system to
proceed catalytically for nitrite reduction, an issue relevant in relation to the behavior of the nitrite and nitric
oxide reductase enzymes. The mechanism comprises initial reversible adduct formation through the binding
of the nucleophile to the N-atom of nitrosyl. The adducts decompose through OH- attack giving the final
products, without intermediate detection. Rate constants for the adduct-formation steps (k ) 0.43 M-1 s-1,
25 °C for Hz) decrease with methylation by about an order of magnitude. Among the different systems
studied, one-, two-, and multielectron reductions of bound NO+ are analyzed comparatively, with
consideration of the role of NO, HNO (nitroxyl), and hydroxylamine as bound intermediates. A DFT study
(B3LYP) of the reaction profile allows one to characterize intermediates in the potential hypersurface. These
are the initial adducts, as well as their decomposition products, the η1- and η2-linkage isomers of N2O.

Introduction

The electrophilic reactions of the nitrosyl ligand in transition
metal centers constitute one of its most important reactivity
modes.1 Particularly, the reactions of the pentacyanonitrosyl-
ferrate(II) ion, [Fe(CN)5NO]2- (hereafter FeNO), with different
nucleophiles have been known for many years.2 Early use of
these reactions as color tests for identifying SH- or SO3

2- 2,3

have been pursued by mechanistic studies in the 1970’s.4 The
work has been extended to other MX5 fragments, mainly with

M ) ruthenium and ancillary coligands as diverse as cyanides,
amines, and polypyridines.4,5 This reactivity mode is charac-
teristic of the{MNO}6 systems (Enemark-Feltham notation)6

containing essentially linear MNO species, with values ofνNO,
the nitrosyl stretching wavenumber, greater than around 1860
cm-1.7

The simplest example of the above reaction type comprises
the reversible addition of the OH- ion into the{MNO} moieties
(the site of attack is the N-atom) forming{MNO2H} intermedi-
ates which further react with another OH- to give the final{M-
NO2} complexes.1,4,5,8Kinetic studies have been also performed
with SH-, SR-, SO3

2-, NH3, and amines, N3-, NH2OH, etc.5

For these nucleophiles, the reversible adduct-formation reactions
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are followed by irreversible processes affording the reduction
of nitrosyl and oxidation of the nucleophiles. Questions still
arise as to the nature and reactivity mode of the adduct
intermediates, as well as on the identity of the precursors of
gaseous products: N2, N2O, or mixtures of them.5 Interest in
the mechanisms of formation and release of these small
molecules is alive, particularly for N2O, whose coordination
chemistry is poorly understood.9 This type of redox reactivity
is relevant for denitrification processes,10 as well as for the
uptake, transport, and delivery of NO in biological fluids,
eventually mediated by iron enzymes.11

A communication has been published on the reaction of FeNO
with hydrazine.12 We found N2O, NH3, and [Fe(CN)5H2O]3-

as products, in contrast with previous results involving related
ruthenium and osmium nitrosyl complexes, which led to bound
azide.13 The reaction of FeNO with hydrazine is mechanistically
interesting in its own right, because N2O is an unusual product
of hydrazine oxidations.14 Besides, it shows that NO is avoided
as an intermediate in the reduction process, on the basis of a
two-electron transfer from hydrazine to the{FeNO} moiety
showing no evidence for the intermediate stabilization of NO
or “nitroxyl”-like species (HNO). The latter issues are of some
controversy in the analysis of denitrification mechanisms
involving nitrite and nitric oxide reductase enzymes.10

The formation of NO, N2O, N2, NH2OH, or NH3 as reduction
products of{MNO} complexes depends on the reductant and
on the metal-coligand environment.15 The key initial step of
nitrite coordination and proton-assisted dehydration forming a
{MNO} moiety with some{MII(NO+)} character is well
understood, at least for the low-spin d6 systems,4,5,10,16but this
is not the case for the subsequent steps affording reduction. In
our communication, we have advanced some results on the
different pathways promoted by hydrazine and 1,2-dimethyl-
hydrazine. The latter was found to react through the formation
and decay of the [Fe(CN)5NO]3- radical intermediate, and
subsequent studies showed that NH3 was the final six-electron
reduction product of nitrosyl, instead of N2O. We were prompted
to perform a systematic investigation of the influence of
substitution on hydrazine while keeping the electrophilic MNO
moiety invariable. The pentacyanonitrosylferrate ion is a good
candidate for studying alternative modes of adduct decomposi-
tions, according to the nucleophile, leading to different reduced
nitrogen products, with the advantage that these reactions can
operate in a catalytic way, as done by enzymes. These interesting
complex reactions are also good targets for systematic theoretical
explorations. Thus, we present a DFT analysis of complete
reaction schemes for electrophilic reactions, which allow for

the prediction and characterization of stable bound intermediates
formed in the process of adduct formation and decomposition
leading to N2O release.

Experimental Section

General. Abbreviations.The following abbreviations are used: Hz,
hydrazine; MeHz, methylhydrazine; 1,1-Me2Hz, 1,1-dimethylhydrazine;
1,2-Me2Hz, 1,2-dimethylhydrazine; MeNH2, methylamine; Me2NH,
dimethylamine; MeNNMe, azomethane; MeOH, methanol.

Reagents.FeNO was from Merck. Na3[Fe(CN)5NH3]‚3H2O was
synthesized starting from FeNO, according to literature procedures.17

Fe15NO was prepared from K4[Fe(CN)6]‚3H2O (Riedel-de-Haen) and
Na15NO2 (Isotec, 99%15N).18 ACS reagents Hz‚SO4H2 and 1,2-Me2Hz‚
2HCl (Aldrich) were used as received. MeHz (Aldrich) was purified
by distillation in a nitrogen atmosphere. 1,1-Me2Hz‚HCl was synthe-
sized by adaptation of Blatt’s method.19 Isonicotinamide and pyrazin-
amide were from Aldrich. Reagent grade NaCl, Na2B4O7‚10H2O,
H2KPO4 (Merck), and NaOH (Anwill) were used for buffer and ionic
strength adjustments. A Hanna pH meter, model HI9321, was calibrated
against standard buffers (Merck). Deionized distilled water was used
in all of the experiments.

Stoichiometric and Kinetic Measurements.The [Fe(CN)5H2O]3-

complex formed in all of the studied reactions is a well-characterized
ion (λmax, 440 nm;ε, 640 M-1 cm-1).20 It reacts rapidly forming stable
complexes with many ligands (withkf ) ca. 40-400 M-1 s-1 andKst

) ca. 104-105 M-1).21,22 Thus, in our reaction conditions containing
an excess of hydrazine species, the aqua-ion can be determined through
the formation of the corresponding [Fe(CN)5(hydrazine)]3- complexes,
with maxima at 400 nm.21 A greater sensitivity for the quantification
of [Fe(CN)5H2O]3- is obtained by addingN-heterocyclic derivatives
as scavengers for the aqua-ion, thus getting more intensively colored
complexes, [Fe(CN)5L]3-.21,22We used L) isonicotinamide (λmax 440
nm; εmax 4570 M-1 cm-1)22 or pyrazinamide (λmax 495 nm;εmax 4750
M-1 cm-1), depending on the system.

The other products MeNH2, Me2NH, MeNNMe, NH3, N2O, and N2

(including labeled species) were identified by mass spectrometry, in a
quadrupolar equipment Extrel, model Emba II. Mass balances for the
total reactive nitrogen were performed for each of the reactions with
different hydrazines. The residual quantities of Hz and Me2Hz were
determined by redox titrations.23a NH3 was extracted from the residual
solutions by distillation under N2 flow and was quantified by acid/
base titration. Alternatively, it was quantified spectrophotometrically
on the residual solutions by means of its reaction product with phenol,
NaClO, and nitroprusside as catalyst.24 Me2NH was quantified on the
residual solution by specific acid/base titration.23b MeOH was extracted
from the residual solutions by distillation; it was characterized and
quantified as H2CO, with chromotropic acid (UCB).25
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The gas production measurements were carried out using a thermo-
statized homemade flow reactor (volume, 0.07 dm3) supplied with an
absolute pressure transducer MKS Baratron model 622 A and a
mechanical stirrer. The reactor was linked to a vacuum system and to
the mass spectrometer through a thin thermostatized capillary.

The kinetic studies were mainly performed by UV-vis spectropho-
tometry, in a Shimadzu UV 2101-PC instrument, under N2 atmosphere
and careful previous degassing, by measuring the absorbance increase
of the [Fe(CN)5L] n- product (L ) scavengerN-heterocyclic ligand,
see above). A blank experiment was done with FeNO and L in the
absence of nucleophile, showing no reaction. To discard possible
medium effects upon addition of L, direct measurements were made
in its absence, by following the absorbance increase of the [Fe(CN)5-
N2H4]3- ion, without significant differences in the rates. With Hz and
Me2Hz as nucleophiles, the rates were also obtained by measuring the

amount of gas evolution as a function of time (these experiments were
made without scavenger); they were found to be fairly similar (slower
by a factor of 2) to those measured by spectrophotometric techniques.
For 1,2-Me2Hz, complementary kinetic measurements were done by
following the absorption of the [Fe(CN)5NO]3- intermediate (λmax 345
and 440 nm,ε 3500 and 550 M-1 cm-1, respectively),26 pH 9.4, with
no added scavenger. The onset and decay of the above radical species
were also confirmed by EPR measurements, using a Bruker ER 200D
X-band spectrometer. The concentration of FeNO was varied in the
range 0.1-1 mM, under pseudo-first-order conditions with respect to
the hydrazines (at least a factor of 10 was used). The pH range was
6-10.5, and constant temperature, 25.0( 0.5 °C, was generally used,

(26) Cheney, R. P.; Simic, M. G.; Hoffman, M. Z.; Taub, I. A.; Asmus, K. D.
Inorg. Chem. 1977, 16, 2187-2192.

Figure 1. Successive UV-vis spectra for the reaction of [Fe(CN)5NO]2- (1 × 10-4 M) with Hz (4.5 × 10-3 M), pH 9.4, T ) 25.0 °C, I ) 0.1 M. No
scavenger added.

Figure 2. Successive UV-vis spectra for the reaction of [Fe(CN)5NO]2- (1 × 10-4 M) with MeHz (2.8× 10-3 M), pH 9.4,T ) 25.0°C, I ) 0.1 M. No
scavenger added.

Reactions of Pentacyanonitrosylferrate(II) A R T I C L E S
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except in the studies with 1,2-Me2Hz, which were also performed at
47.0°C, and with Hz, range 20.0-50.0°C. Ionic strength was adjusted
to I ) 0.1 M (NaCl). The consumption of OH- in the addition reactions
was quantified through pH-stat titrations (Metrohm).

A typical stoichiometric and kinetic assay was done as follows: fresh
concentrated solutions of each reactant (FeNO and nucleophile) were
diluted with 3 mL of buffer (c > 10-2 M, eventually with 0.1 M L
scavenger,I ) 0.1 M, NaCl) in the spectrophotometric cell. The
solutions were previously degassed with UAP N2 flow before mixing.
The concentrations of reactants (FeNO, ca. 10-4 M; nucleophile, ca.
10-3 M) were calculated by dilution and are accurate within 5%. At
the end of the reaction, the concentration of [Fe(CN)5L]3- (L )
scavenger) was determined and compared with the initial FeNO. These
measurements were done around 1-12 h following the mixing of
reactants, depending on the nucleophile.

For assessing the yield of other products, concentrations of reactants
at least 10-fold greater than before were employed. First, 25-40 mL
of a hydrazine solution containing the buffer and the solid FeNO were
placed separately inside the reactor (see before). The reactants were
mixed after evacuation of the system. The composition and quantitative
evolution of the gaseous stream were monitored in real time. At the
end of gas generation, the number of moles was determined and
compared with the initial moles of FeNO. After elimination of the
gaseous products, an aliquot of the solution was gasified for the mass
spectral analysis of the remaining products. To minimize the superposi-
tion of the spectra between reactants and products, these essays were
conducted with defect of nucleophile. Once identified, an adequate
technique was selected for the separation and further quantification of
the target (see before). For example, residual hydrazine present after
the end of the reaction was determined directly in the final solutions
by iodometry. For the determination of NH3, the residual solutions were
treated with iodine to eliminate excess hydrazine and were further
titrated with phenol (see above). To establish both yields, at least two
equivalent experiments were performed, one for NH3 and the other for
the remanent hydrazine.

For the treatment of kinetic data, the absorbance values were fitted
to ln[(Aoo - At)/(Aoo - Ao)] versus time.Aoo andAo were the absorbances
at the completion and beginning of reaction, respectively, andAt was
the measured value at timet. A values were obtained at the appropriate
wavelength for product formation (most times [Fe(CN)5L]3- or eventu-
ally [Fe(CN)5(hydrazine)]3-). The pseudo-first-order rate constants (kobs,
s-1) were plotted against the concentration of nucleophile, thus getting
the specific second-order rate constants,kexp (M-1 s-1), at a given pH.
Eyring plots were used for obtaining the activation parameters for the
reaction of FeNO with Hz, by usingkexp values measured in the pH-
independent region (Figure 4).

Computational Details. Calculations have been performed using
Gaussian 9827 and Becke’s three-parameter hybrid functional28 with
LYP correlation functional (B3LYP).29 The basis was of double-ú split
valence plus polarization quality (6-31G(d,p)). The structures have been
fully optimized with no symmetry constraints. The true nature of the
optimized minima has been verified, in each case, by means of
frequency calculations. Time-dependent DFT (TD-DFT) calculations30,31

were conducted to study the singlet excited states of the complexes.
Transition states have been optimized, at the same level, following a
quadratic synchronous transit algorithm. They were fully characterized
by means of a vibrational analysis, leading to one imaginary frequency.

Results

A. Stoichiometric Studies. A1. Reaction of FeNO with Hz.
The stoichiometry can be described by eq 1. Figure 1 displays
the spectra measured at different times at pH 9.4,with no added
scaVenger. Equation 1 is rapidly followed by eq 1′ (see
Experimental Section).

The conversion of FeNO into [Fe(CN)5L]3- is essentially
quantitative. Independent measurements of the number of moles
of products, N2O and NH3, indicate a 1:1 ratio, with a yield

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratman,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, C.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.;
Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzales, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A.Gaussian
98; Gaussian, Inc.: Pittsburgh, PA, 1998.

(28) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.
(29) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. 1988, B37, 785-789.
(30) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D. R.J. Chem. Phys.

1998, 108, 4439-4449.
(31) Stratmann, R. E.; Scuseria, G. E.; Frisch, M. J.J. Chem. Phys. 1998, 109,

8218-8224.

Figure 3. Time evolution of the absorbance of [Fe(CN)5NO]3- in the
reaction of [Fe(CN)5NO]2- (2.8 × 10-4 M) with 1,2-Me2Hz (2.6× 10-3

M), measured at 340 nm, pH 9.4,T ) 47 °C. No scavenger added.

Figure 4. Dependence of logkexpwith pH in the reaction of [Fe(CN)5NO]2-

with hydrazines. Upper curve, Hz; intermediate curve, MeHz; lower curve,
1,1-Me2Hz. T ) 25.0°C, I ) 0.1 M. For MeHz, the broken lines represent
the individual contributions of each term in eq 10.

[Fe(CN)5
15NO]2- + H2NNH2 + OH- f

[Fe(CN)5H2O]3- + NH3 + N15NO (1)

[Fe(CN)5H2O]3- + L f [Fe(CN)5L]3- + H2O

(L ) N-heterocyclic scavenger, or Hz) (1′)
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higher than 95% with respect to the initial FeNO. By working
with Fe15NO, the mass profile shows unequivocally that the label
appears quantitatively as14N15NO,32 but not as15NH3. Equation
1 is supported by complementary determinations of Hz and OH-

consumption. Equation 1′ is a common feature of all of the
studied reactions and will be omitted further on.

A2. Reaction of FeNO with MeHz. Figure 2 shows the
successive spectra at pH 9.4,with no scaVenger added. At pH
lower than 7, the products are [Fe(CN)5H2O]3-, MeNH2, and
N15NO. The stoichiometry is described in eq 2, which is similar
to eq 1.

The mass balance shows that 1 mol of N2O is formed per
mole of initial FeNO. No15N label appears in MeNH2.

At pH’s higher than 8, the distribution of products is different.
In addition to the products of eq 2, N2 and MeOH are also
produced. The mass balance accounts for 0.7 mol of N2O and
0.3 mol of N2 and MeOH, per mole of initial FeNO. This
supports the simultaneous occurrence of eqs 2 and 3:

The experiments at pH 9.4 show that the onlyinitial gaseous
product is N2O. However, the relative yield of N2 versus N2O
increases with the progress of reaction. The molar fraction of
N2O decreases from a value close to 1 down to 0.7. The labeling
experiment with initial Fe15NO shows that15N is distributed
among N15N and N15NO,32 of molar masses 29 and 45,
respectively. Figure 2 shows that, in addition to the characteristic
maximum of [Fe(CN)5MeHz]3- at 400 nm, a shoulder develops
at ca. 480 nm, suggesting a mixture of complexes.33 The
intensity of the shoulder increases with the progress of the
reaction, with no further decay after 80-90% of initial FeNO
is transformed into [Fe(CN)5MeHz]3-.33

A3. Reaction of FeNO with 1,1-Me2Hz. The reaction
products are [Fe(CN)5H2O]3-, Me2NH, and N15NO. No 15N
label appears in Me2NH. We propose eq 4 to support a common
pattern with eqs 1 and 2.

When the reaction is performed without scavenger, the
spectrum of the final solution is centered at 400 nm (corre-

sponding to [Fe(CN)5(1,1-Me2Hz)]3-), with a very weak
shoulder at 480 nm (see SI Figure 1). As previously com-
mented,33 we estimate that the highest concentration of the
species absorbing at 480 nm is close to 10-4 M, that is, 10% of
initial FeNO. The FeNO consumption, as measured by the moles
of the [Fe(CN)5(isonicotinamide)]3- complex produced, was
superior to 90%. Independent measurements of the number of
moles of products, N2O and Me2NH, indicate a 1:1 ratio, with
a yield of 80-90% with respect to the initial FeNO. Comple-
mentary determinations of 1,1-Me2Hz consumption support eq
4 for the stoichiometry of the main reaction path.

A4. Reaction of FeNO with 1,2-Me2Hz. A new picture
appears with this reaction. The successive spectra with no
scavenger added (not shown) are dominated by the development
of a band centered at 340 nm (ε ) ca. 3500 M-1 cm-1), with
a broad absorption at ca. 437 nm (ε ) ca. 550 M-1 cm-1). EPR
measurements show that the well-characterized [Fe(CN)5NO]3-

intermediate18 is rapidly formed (see SI Figure 2). The band
pattern is likely due to a mixture of [Fe(CN)5NO]3-, [Fe(CN)5-
(1,2-Me2Hz)]3-, and [Fe(CN)5NH3]3-. The reaction at 25°C is
very slow, as compared with those corresponding to Hz and
MeHz. Figure 3 displays the absorbance changes at 340 nm,
47°C, showing an increase of [Fe(CN)5NO]3-,26 which confirms
its fast formation, with further slow decay. After 3-4 h, the
identified reaction products are [Fe(CN)5H2O]3-, 15NH3, and
MeNNMe. The residual absorption band is clearly centered at
400 nm, withε ) 600 M-1 cm-1. All of the initial 15N appears
as15NH3, with no label at MeNNMe. The stoichiometric ratio
of FeNO versus 1,2-Me2Hz is 0.33. Overall, these results support
eq 5 as describing the main reaction stoichiometry:

The yield of NH3 based on consumed FeNO and 1,2-Me2Hz
is close to 80-90%. The decay of [Fe(CN)5NO]3- has not been
studied in detail, but the final absorption at 400 nm, associated
with the conversion of [Fe(CN)5H2O]3- to [Fe(CN)5(1,2-
Me2Hz)]3-, as well as the reaction of the residual solution with
pyrazinamide, offer strong evidence of nearly complete aquation
(80-90%) of any pentacyano-X-ferrate complexes. Comple-
mentary kinetic experiments describing the rate of formation
of the [Fe(CN)5H2O]3- ion are presented in the following
section.

B. Kinetic Studies.The kinetic experiments show a pseudo-
first-order behavior up to nearly three half-lives for Hz, MeHz,
and 1,1-Me2Hz. At constant pH, the plots of the rate constants
(kobs, s-1) against the concentration of the nucleophiles are linear,
allowing for the calculation of the second-order rate constants
(kexp, M-1 s-1) (Figures SI 3a,b, 4a,b, 5a,b). Activation
parameters for the reaction with Hz are∆Hq ) 26.8( 0.2 kJ
mol-1 and∆Sq ) -163( 5 J K-1 mol-1 (Figure SI 6). Figure
4 shows the variation ofkexp against pH. The apparent order of
the reaction with respect to [OH-] is 1 in the limit of low pH
and 0 at high pH. This behavior becomes especially evident
for Hz and 1,1-Me2Hz and is consistent withkexp ) k/(1 + 10(pK

- pH)). In this two-parameter equation,k depends on the reaction
set, and pK can be reasonably related, in principle, to the
protonation equilibria of hydrazine-species. The nonlinear fit
of the data of Figure 4 to the above equation yields pK values

(32) The central15N label is demonstrated by the analysis of the fragmentation
spectrum of N2O. The molecular ion NNO+ (relative yield 100) decays
unimolecularly either through NN cleavage, generating the NO+ ion (relative
yield 30%), or through cleavage of the NO bond, generating the NN+ ion
(relative yield 10%). The position of the label is determined by the mass/
charge relation of NO+ (as the ions are of charge+1, the molar mass of
the relevant ions is derived). For all of the experiments with Fe15NO and
the hydrazines, we observed that the molecular ions coming from the N2O
products had a molar mass 45 (i.e., with only one15N-atom) and that the
NO+ ions always had a molar mass 31, revealing that a central15N-atom
was present.

(33) While the main absorption at 400 nm is clearly assigned to [Fe(CN)5-
(MeHz)]3-, the shoulder must correspond to an intermediate with an intense
absorption (see text). ConsideringA480 ) 0.025, and assumingε ) 1000
M-1 cm-1 as a lower limit, we estimate a concentration of ca. 2.5× 10-5

M for the species remanent after the last spectrum in Figure 2. This
represents around 25% of initial FeNO, as a maximum limit.

[Fe(CN)5
15NO]2- + MeHNNH2 + OH- f

[Fe(CN)5H2O]3- + MeNH2 + N15NO (2)

2[Fe(CN)5
15NO]2- + MeHNNH2 + 2OH- f

2[Fe(CN)5H2O]3- + N15N + N15NO + MeOH (3)

[Fe(CN)5
15NO]2- + Me2NNH2 + OH- f

[Fe(CN)5H2O]3- + Me2NH + N15NO (4)

[Fe(CN)5
15NO]2- + 3MeHNNHMe+ OH- f

[Fe(CN)5H2O]3- + 15NH3 + 3MeNNMe+ H2O (5)
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of 8.3 and 8.5 for Hz and 1,1-Me2Hz, respectively. Their
comparison with the pKa values for the free hydrazinium species
(cf. Table 1) shows that the agreement is good only for Hz.
The disagreement between the observed curvature and pKa for
1,1-Me2Hz precludes this effect of being a substrate titration.
Therefore, the observed pH-dependence may be ascribed to a
genuine kinetic effect. For MeHz,kexp represents the combined
reactivity of both asymmetric N-atoms, and the curve region is
not clearly visualized.

For the reaction of FeNO with 1,2-Me2Hz, Figure 5 shows
the absorbancerate against time, a variable that is proportional
to the rate of production of [Fe(CN)5H2O]3- (calculated
numerically from the pertinent absorbance vs time curve). The
comparison with Figure 3 shows a clear displacement of the
maxima. This fact reveals that the [Fe(CN)5NO]3- ion cannot
be the unique source of [Fe(CN)5H2O]3-.

The mass balance for the [Fe(CN)5X]n- ions allows one to
conclude that when the concentration of [Fe(CN)5NO]3- is maxi-
mum, all of the initial FeNO has been consumed. In these con-
ditions, the concentration of [Fe(CN)5H2O]3- represents around
40% of the initial FeNO, the remainder being [Fe(CN)5NO]3-.

To establish appropriate comparisons with the other hydra-
zines, we have also carried out experiments at 25°C for 1,2-
Me2Hz, with variable pH and constant initial concentrations of
the reactants. The initial rates of production of [Fe(CN)5H2O]3-

and [Fe(CN)5NO]3- are reported in Table 2. Considering the
experimental errors, we conclude that the initial rates of
formation of both species are similar at constant pH and that
both rates have a similar pH-dependence. They show a transition
from a proportional dependence to a pH-independent one.

Catalysis of Nitrite Reduction by Hz and 1,2-Me2Hz. In
the presence of excess nitrite and Hz, the [Fe(CN)5NH3]3- ion
catalyzes the reaction described by eq 1. Figure 6 shows the
decay of Hz against time for different conditions, and Scheme
1 presents the catalytic cycle. The aquation of [Fe(CN)5NH3]3-

is fast and practically quantitative.20,22c The coordination of
NO2

- into [Fe(CN)5H2O]3- is rapidly followed by proton-
assisted dehydration (favored by low pH’s), leading to bound
NO+. pH’s higher than 11 must be avoided because the
equilibrium of bound NO+-NO2

- species is displaced toward
NO2

-,8 which is nonreactive toward hydrazine attack. No
reaction is detected below pH 7, because of the low concentra-
tion of OH- (see eq 7). We also confirm that Hz is nonreactive
toward nitrite in our experimental conditions; that is, in the

Table 1. Kinetic Parameters for Adduct Formation and
Decomposition in the Reactions of [Fe(CN)5NO]2- with Hydrazine
and Substituted Derivativesa

NH2NH2 NH2NHCH3 NH2N(CH3)2 CH3NHNHCH3

pKa
b 7.97c, 8.07d 7.87d 7.21d ∼7.7e

k6a/M-1 s-1 0.43 0.044 6.2× 10-3

pK 8.14 8.3 8.5
k7/k-6a/M-1 7.2× 105 5.0× 105 3.2× 105

k6b/M-1 s-1 0.21 0.03f

(k8/k-6b)/M-1 1.5× 104 4.0× 104 f

a T ) 25.0°C. See text for the underlying mechanism.b Corresponds to
the monoprotonated species.c Reference 14.d Reference 37b.e Dennis, C.
R.; Van Wyk, A. J.; Leipoldt, J. G.Inorg. Chem. 1987, 26, 270. f The kinetic
rate constants were obtained as fitting parameters of the experimental
absorption versus time values for [Fe(CN)5(pyrazinamide)]3- and for
[Fe(CN)5NO]3-, at 25°C, to the model described by eqs 11-17, employing
a standard computer program for chemistry simulation.

Figure 5. Time evolution of the derivative of the absorbance of
[Fe(CN)5L]3- (L ) pyrazinamide) in the reaction of [Fe(CN)5NO]2- (2.8
× 10-4 M) with 1,2-Me2Hz (2.6× 10-3 M), measured at 495 nm, pH 9.4,
T ) 47 °C.

Table 2. Initial Rates of Production, Rinic (M/min), of
[Fe(CN)5H2O]3- and [Fe(CN)5NO]3- in the Reaction of
[Fe(CN)5NO]2- with 1,2-Me2Hz, at 25.0 °C

pH 107 × Rinic [Fe(CN)5H2O]3- 107 × Rinic [Fe(CN)5NO]3-

8.0 1.85 1.79
9.4 31.3 29.4

10.4 29.0 40.3

Figure 6. Relative hydrazine decay against time in different reaction
conditions, calculated through the yield of produced N2O established in eq
1. T ) 25.0°C; I ) 1 M, NaCl. [Hz]o ) 1.3 × 10-2 M; [Fe(CN)5H2O3-]
) 1.3× 10-3 M. (3) pH 9.2; [NO2

-] 0.04 M. (O) pH 7.0; [NO2
-] 0.12 M.

(4) pH 10.2; [NO2
-] 0.12 M. (0) pH 9.2; [NO2

-] 0.12 M.

Scheme 1
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absence of [Fe(CN)5NH3]3- or FeNO, no catalytic cycle is
observed.

By using 1,2-Me2Hz as nucleophile, we find that the
experiments also show a catalytic cycle, as shown in Scheme
2. However, the reaction products are not the same as those
described by eq 5. Although azomethane still appears as the
product of 1,2-Me2Hz oxidation, no NH3 is found; instead,N2O
appears as the reduction product of nitrosyl. Labeling experi-
ments with15NO2

- show that only15N2O (molar mass 46) is
formed, thus indicating that the reduction product of the cycle
involves only the labeled nitrosyl. No catalytic cycle is observed
in the absence of [Fe(CN)5NH3]3- or FeNO, as shown by the
lack of reactivity of 1,2-Me2Hz toward nitrite in our experi-
mental conditions. The time evolution of the catalytic reaction
also shows the initial formation and further decay of the one-
electron reduced intermediate, [Fe(CN)5NO]3-.

Discussion

Given the overall stoichiometries described by eqs 1-5 and
the pH-dependent reactivities found with the substituted hydra-
zines, an effort is made to extract some common mechanistic
features. We present first an analysis of the reaction mode of
Hz, together with the similar reaction modes of MeHz and 1,1-
Me2Hz (i.e., reacting N-atoms close to H but distant to Me).
Later, we discuss the alternative process observed with MeHz
(reacting N-atom close to Me) and, finally, the distinctive
reactivity of 1,2-Me2Hz.

A. Addition of Hz, MeHz, and 1,1-Me2Hz. Common
Reaction Stoichiometries.We propose that the initial step is a
reversible adduct formation comprising the N-atom of the
nucleophile and the N-atom of the delocalized{FeNO} moiety
(which we identify as Fe15NO), as described by eq 6:

This equation has been written in a generalized manner: the
Ri substituents are H or Me, depending on the nucleophile under
consideration. Although no details of the adduct’s structures

can be obtained through the kinetic measurements, we assume
a deprotonation of the binding N-atom of the nucleophile. The
proton could be transferred to the oxygen of the nitrosyl or
directly to the medium. These options cannot be distinguished
kinetically. We have chosen the first description in eq 6 and
further on, on the basis of the fact that the protonated
intermediate is actually a stable species, according to our DFT
calculations. A second key hypothesis is advanced to explain
the reactivity of the different nucleophiles: if another H-atom
is bound to the central N (R3 ) H in eq 6), it will be reactive
toward OH-. Further proton transfers and electronic reorganiza-
tion consummate the reaction. Thus, eq 6 is followed by eq 7:

Equations 6 and 7 describe the reaction of Hz (R1 ) R2 )
H), giving NH3 as a product. They can also be used for MeHz
in one of its reactive modes, predominant at pH’s below 7 (R1

) H, R2 ) Me), rendering MeNH2 as a product and, finally,
for 1,1-Me2Hz in its main reactive mode (R1 ) R2 ) Me), giving
this time Me2NH as a product. In all of the cases, isotopic
labeling is conclusive for the identification of N15NO. The
absence of labels at the released ammonia and amines also
indicates that cleavage of the N-N bond must occur. The fact
that MeHz reacts predominantly at low pH’s through the
addition of the nonsubstituted N-atom is probably related to a
preferential protonation at the other N-atom.34

It is generally assumed that these electrophilic reactions
comprise an initial reversible adduct-formation step.4,5 Direct
crystallographic evidence on the structure of the adduct inter-
mediates only exists for [Ru(bpy)2Cl(NO)SO3],35 but spectro-
photometric and kinetic results provide some evidence in the
studies with thiolates as nucleophiles.36 The activation param-

(34) (a) Condon, F. E.J. Org. Chem. 1972, 37, 3608-3615. (b) Bagno, A.;
Menna, E.; Mezzina, E.; Scorrano, G.; Spinelli, D.J. Phys. Chem. A1998,
102, 2888-2892.

(35) Bottomley, F.; Brooks, V. F.; Paez, D. E.; White, P. S.; Mukaida, M.J.
Chem. Soc., Dalton Trans. (1972-1999)1983, 2465-1472.

(36) (a) Johnson, M. D.; Wilkins, R. G.Inorg. Chem. 1984, 23, 231-235. (b)
Schwane, J. D.; Ashby, M. T.J. Am. Chem. Soc.2002, 124, 6821-6823.

Scheme 2

[Fe(CN)5
15NO]2- + NHR3NR1R2 a

[Fe(CN)5N(OH)NR3NR1R2]
2- k6, k-6 (6)

[Fe(CN)5
15N(OH)NHNR1R2]

2- + OH- f

[Fe(CN)5H2O]3- + N15NO + NHR1R2 k7 (7)
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eters for the reaction with Hz are of similar magnitude and sign
as those reported for related additions into FeNO.8,36 The
negative activation entropies are consistent with an associative
mechanism. Some spectral evidence on nitrosohydrazine inter-
mediates has been advanced for the reactions of nitrous acid
with hydrazines and substituted hydrazines,37 as well as for
the addition reactions of hydroxylamine and azide into FeNO.38

As our kinetic experiments show no spectral indication of
intermediate adduct formation, we carried out a DFT study on
reaction 1. We show in Figure 7a the structure of the stable
minimum found for the Hz adduct. Similar displays are
calculated for MeHz and 1,1-Me2Hz (not shown). A complete
DFT analysis is presented below.

By applying a steady-state treatment to the adduct species in
eqs 6 and 7, we derive the following expression for the specific
reaction rate,kcalc ) k6/(1 + 10(pKo - pH)). It has the same form
as the experimental rate law, with pKo ) k7 × Kw/k-6, andKw

having its habitual meaning. The pH-dependence accounts for
the role of OH- in eq 7. It also includes all of the possible
influence of hydrazine protonation equilibria, either as the free
or as the bound species. In our present study, we discard a direct
attack of OH- on nitrosyl, because this reaction is known to be
significantly competitive only above pH 10.8 Table 1 shows
the calculated values fork6 andk7/k-6.

The products in eqs 1, 2, and 4 reflect a novel behavior of
hydrazine in the reactions with metal or nonmetal oxidants. The
usual product of hydrazine oxidation reactions is N2, with
diazene, N2H2, being considered a key intermediate which
further disproportionates into N2 and N2H4 (or into HN3 and
NH3).14 In the present study, the formation of N2O + NH3 needs
adduct reorganization, with successive proton loss at the central
N-atom. The strong repulsions of the free electron pairs with
the N-N bonding pair result in N-N heterolytic cleavage, along
with the central N-atom acting through a combined two-electron
transfer to the formally NO+ ligand, and a one-electron transfer
to the terminal N-atom. The cleavage of the N-N bond and
the formation of NH3 by a two-electron oxidant are novel
features in the mechanistic redox chemistry of Hz. The generally
accepted rule that ammonia production occurs only for one-
electron oxidants needs to be modified.14

In the reactions of hydrazine with nitrous acid, Stedman
proposed that the nitrosation process may evolve through

competitive formation and further decomposition of thecis- and
trans-nitrosohydrazines.37 Each of them could decompose by
parallel paths. Under strongly acidic conditions and a high
excess of hydrazine, the acid-catalyzed path leading to HN3 +
H2O was shown to be nearly exclusive. The alternative path
leading to N2O + NH3 was shown to compete at higher pH’s.
Both paths seem to proceed with complexes [RuII(NH3)5-
NO]3+ 13a and [MII(pdma)2Cl(NO)]2+ (M ) Ru, Os; pdma:
o-phenylenebis(dimethylarsine)),13b where N2O and N2 have
been also found (although not NH3). On the other hand, the
results with FeNO, strongly supported by the stoichiometry and
the 15N labeling experiments, constitute the first report on the
rigorously quantitative andexclusiVe appearance of the N2O +
NH3 path. The contrast with the other complexes is a matter of
some speculation. Stedman suggested that the fragment attached
to NO (MX5 in our case) could influence the relative rates of
formation of thecis- or trans-nitrosohydrazines. Each of them
could give rise to different proportions of NH3 or HN3.37a

Alternatively, the distribution of products could be related to
the overall charge of the electrophiles. It is probable that the
positively charged complexes facilitate proton loss from the
terminal nitrogen and water removal, leading to bound azide.
In contrast, negatively charged FeNO favor the retention of
protons and NH3 release after the heterolytic cleavage of the
N-N bond.

B. Alternative Reaction Paths for MeHz and 1,1-Me2Hz.
Intermediate Dimer Formation. A pH higher than 8 favors a
new reaction path for MeHz, whose stoichiometry is described
by eq 3. In eq 6, the adduct contains R3 ) Me and R1 ) R2 )
H. Note that at this pH both N-atoms of MeHz are deprotonated
and that the methylated-N is probably more nucleophilic.34 The
adduct intermediate has no reactive H at the central N-atom;
OH- may then react as in eq 8:

The product of eq 8 is probably responsible of the persistent
absorbance at 480 nm. This could be traced to a MLCT transi-
tion to the NdN chromophore, as suggested by our TD-DFT
calculations.33 The deprotonated adduct may react as a nucleo-
phile toward another FeNO, giving the dimer [Fe(CN)5

15N(OH)-
NMeN15N(OH)Fe(CN)5]5-, which, induced by OH- attack, may
further rearrange by cleavage at the unlabeled N-N bond and
displacement of the Me group, eq 9:

(37) (a) Perrott, J. R.; Stedman, G.; Uysal, N.J. Chem. Soc., Dalton Trans.
(1972-1999)1976, 2058-2064. (b) Perrott, J. R.; Stedman, G.; Uysal, N.
J. Chem. Soc., Perkin Trans. 21977, 274-278.

(38) Wolfe, S. K.; Andrade, C.; Swinehart, J. H.Inorg. Chem. 1974, 13, 2567-
2572.

Figure 7. Structures of the adducts formed in the first step of the reaction of [Fe(CN)5NO]2- with nitrogen hydrides: (a) Hz (eq 6); (b) MeHNNHMe (eq
11); (c) hydroxylamine, NH2OH.

[Fe(CN)5
15N(OH)NMeNH2]

2- + OH- f

[Fe(CN)5
15N(OH)NMeNH]3- + H2O k8 (8)
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We remark thatboth types of nucleophilic attack (i.e., from
the methylated and nonmethylated N-atoms) occur at pH higher
than 8 and that this is supported by the stoichiometries of
reactions 2 and 3 and by the yields of gaseous products. The
formation of the dimer and subsequent reaction according to
eq 9 are consistent with the labeling experiment, indicating that
cleavage at the unlabeled N-N bond must occur.39 Stedman
also found similar results and proposed a related explanation
for the nitrosation of MeHz when reacting with nitrous acid.37b

A possible decomposition of the dimer in two steps could be
also proposed, with release of N2O followed by transient
stabilization of the mononuclear species, [Fe(CN)5N(OH)NMe]3-.
The latter would decompose giving N2 and MeOH.37b

A critical situation is presented when considering 1,1-Me2Hz,
as adduct formation should involve the N-atom bound to both
Me groups. In fact, 1,1-Me2Hz shows a negligible contribution
from this path to the rate, suggested by the weak shoulder found
at 480 nm when the degree of conversion for the main reaction
(eq 4) has attained a maximum value. The picture seems to be
similar to the one described for MeHz in eqs 8 and 9, but the
corresponding species is found to be nonreactive, as no
decomposition path affording products is observed.

By applying a steady-state treatment to the concentration of
both types of adducts, in eqs 6-8, we obtain:

wherek6a andk6b represent the specific rate constants for the
formation of adducts with R3 ) H or Me, respectively; pK1 )
k7 × Kw/k-6a, pK2 ) k8 × Kw/k-6b. For the reactions of Hz and
1,1-Me2Hz, k6b ) 0, and, for MeHz, both terms are considered.
Figure 4 includes the results of the nonlinear fitting process to
eq 10, and the resultant kinetic parameters are displayed in Table
1.

In the previous considerations, we discarded that the produc-
tion of N2 and MeOH could result from the reaction of MeNH2

(generated in the main path, eq 2) with FeNO. The reactions of
primary amines with FeNO have been studied40a and are very
slow as compared with the observed path in our system (eq 3).
However, catalysis of the addition reactions of amines has been
proposed.40b

C. Reaction of FeNO with 1,2-Me2Hz. A Different Mech-
anism. The reactivity pattern of 1,2-Me2Hz is different from
the others.15NH3 is produced (not N2O) through a six-electron
reduction process of bound-15NO+. Two-electron oxidation of
the nucleophile leads to azomethane, a behavior consistent with
eq 5. We propose eqs 11-17 to describe the associated
mechanism. Equation 11 represents an initial adduct formation,
similar to others (see Figure 7b, which shows that addition is
not sterically hindered), and in agreement with the general eq
6 (previously formulated, with R1, R3 ) Me; R2 ) H). Reaction
11 is followed by a two-electron transfer from 1,2-Me2Hz to
the bound N-atom (eq 12).

Equation 12 has some resemblance to eq 7, in the sense that
N(+1) products are formed. However, in reaction 7, N2O did
not require the previous formation of intermediate NO/HNO
species. Our inference that two H atoms vicinal to the binding
N should be present for promoting the discussed mechanism
(i.e., the cleavage of the N-N bond) can be relaxed now,
because 1,2-Me2Hz is able to transfer two electrons and two
protons to form a very stable product, azomethane. Thus, the
bound nitroxyl species, HNO, can be formed (eq 12) and survive
long enough to react with another 1,2-Me2Hz, avoiding N2O
formation.

Although we cannot show spectral evidence for HNO, its
intermediate character appears as the only way to explain the
stoichiometry and labeling results. Spectroscopic and structural
evidence41 show that HNO is an identifiable ligand in related
low-spin d6 ruthenium and osmium complexes, and DFT
calculations also predict its existence in two-electron-reduced
FeNO.42

In eqs 13 and 14, we propose additional two-electron transfers
to form [Fe(CN)515NH2OH]3- and [Fe(CN)515NH3]3-, respec-
tively:

The first product is a well-characterized species,43 which is
also obtained in the irreversible electrochemical reduction of
FeNO.44 A full six-electron conversion of NO+ to NH3 was

(39) Additional evidence of the mechanism proposed in eqs 8 and 9 is provided
by some complementary observations during the gas production experi-
ments. When dealing with more concentrated solutions of reactants (see
Experimental Section), we found that the increase in the concentration of
MeHz (at constant FeNO) was accompanied by an increase and further
sharp decrease of gas production. We interpret this result through the
formation of more adducts at higher MeHz concentrations (eq 6). The
N-methylated binding adduct is more stable than the one implying binding
through the nonmethylated N, ask6b is higher thank6a, andk-6 is supposed
to be the same for both adducts, see eq 10. While one adduct leads to N2O
+ MeNH2 upon decomposition, the other one needs another FeNO for dimer
formation. Thus, free FeNO is consumed after an initial period of normal
behavior. The rate decreases, with slow evolution of N2, N2O, and MeOH,
along with the ability of the methylated adduct to release FeNO. A similar
behavior is observed when the concentration of FeNO is reduced, at constant
MeHz concentration. This interpretation is consistent with the production
of N2 (molar mass 29) and the persistence of the 480 nm shoulder when
the production of the aqua-ion has finished.

(40) (a) Dozsa, L.; Kormos, V.; Beck, M. T.Inorg. Chim. Acta1984, 82, 69-
74. (b) Kathó, A.; Beck, M. T. Inorg. Chim. Acta1988, 174, 99-102.

(41) (a) Wilson, R. D.; Ibers, J. A.Inorg. Chem. 1979, 18, 336-343. (b)
Southern, J. S.; Hillhouse, G. L.J. Am. Chem. Soc. 1997, 119, 12406-
12407. (c) Lin, R.; Farmer, P. J.J. Am. Chem. Soc. 2000, 122, 2393-
2394. (d) Sellmann, D.; Gottschalk-Gaudig, T.; Hausinger, D.; Heinemann,
F. W.; Hess, B. A.Chem.-Eur. J. 2001, 7, 2099-2103.

(42) Gonza´lez Lebrero, M. C.; Scherlis, D. A.; Estiu´, G. L.; Olabe, J. A.; Estrin,
D. A. Inorg. Chem. 2001, 40, 4127-4133.

(43) The [Fe(CN)5NH2OH]3- ion has been spectroscopically and kinetically
characterized by us through its formation reaction, starting from
[Fe(CN)5H2O]3- ion and NH2OH, in equimolar conditions (unpublished
observations).

(44) Masek, J.; Maslova, E.Collect. Czech. Chem. Commun. 1974, 39, 2141-
2160.

[Fe(CN)5
15N(OH)NMeN15N(OH)Fe(CN)5]

5- + OH- +

H2O f 2[Fe(CN)5H2O]3- + 14N15NO + N15N + MeOH
(9)

kcalc ) k6a/(1 + 10[pK1-pH]) + k6b/(1 + 10[pK2-pH]) (10)

[Fe(CN)5
15NO]2- + MeHNNHMe a

[Fe(CN)5
15N(OH)NMeNHMe]2- k11, k-11 (11)

[Fe(CN)5
15N(OH)NMeNHMe]2- + OH- f

[Fe(CN)5H
15NO]3- + MeNNMe + H2O k12 (12)

[Fe(CN)5H
15NO]3- + MeHNNHMe f

[Fe(CN)5
15NH2OH]3- + MeNNMe k13 (13)

[Fe(CN)5
15NH2OH]3- + MeHNNHMe f

[Fe(CN)5
15NH3]

3- + MeNNMe + H2O k14 (14)
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found with [Ru(NH3)5NO]3+, using Cr(II),15 as well as in the
electrocatalytic reduction of iron nitrosyl-porphyrines,16 where
Fe-HNO and Fe-NH2OH intermediates have also been
proposed.

The results show that another parallel path is operative for
describing the stoichiometry in eq 5. We propose eqs 15-17
for the formation and slow decay of the one-electron reduced
species, [Fe(CN)5NO]3-.

This proposal is based on the assumption that 1,2-Me2Hz
alwaysbehaves as a two-electron donor, sustaining the stoichi-
ometry experimentally found (eq 5). Thus,two [Fe(CN)515NO]3-

ions must react with 1 mol of nucleophile to obtain the two-
electron reduced product, [Fe(CN)5

15HNO]3 (eq 17). The latter
reacts subsequently as in reactions 13 and 14. Remarkably, the
maximum concentration of [Fe(CN)5

15NO]3- is obtained when
nearly all of the initial FeNO has been transformed. The results
shown in Figures 3 and 4 indicate that reactions 11-14 (the
two-electron path) and 15 (the one-electron path) evolve with
similar rates. Accumulation of the radical species is traced to
the weaker electrophilic character of [Fe(CN)5NO]3- as com-
pared to FeNO. Certainly, the reduction of [Fe(CN)5NO]3- also
occurs at a more negative potential than the one required to
reduce FeNO.44

The existence of one-electron and two-electron paths for the
same nucleophile is an interesting feature. Although 1,2-Me2Hz
appears as requiring a two-electron process for the generation
of a stable oxidation product, it can meet the alternative
requirements found for nitrosyl, attaining one- or two-electron
reduction through the reaction with one or two mononuclear
FeNO moieties, respectively.

Given that the current experimental evidence on nitrosyl
reduction processes shows that the occurrence of two-electron,
four-electron, or six-electron reduction products depends on the
metal-coligand environment, the reductant, and the pH condi-
tions,15,16 the present study sheds light on the nature of the
different, kinetically controlled processes associated with the
structures of the nucleophile reductants for a common electro-
phile.

D. Rate Comparisons for the Addition Reactions of
Different Hydrazines to FeNO.As a result of the mechanistic
analysis, Table 1 displays the rate-constant values obtained for
the different nucleophiles. It can be seen that the main changes
in the rates correspond to the elementary steps comprising adduct
formation. For the three nucleophiles attacking through the NH2

groups (k6a values in eq 6), the rates decrease with increased
methylation by about a factor of 10 for each Me-substitution.
Similar, although unexplained, trends were found in the reactions
of Hz and substituted hydrazines with nitrous acid.37b In fact, it

is difficult to ascribe these changes to the predominant influence
of any of the potential factors, the basicity, the nucleophilicity,
solvational effects, or steric restrictions afforded by methylation.
For MeHz, the rate for the adduct formation occurring through
the methyl-substituted N (k6b) is significantly higher thank6a,
suggesting a greater nucleophilicity, in agreement with recent
NMR and quantum chemical calculations.34 Finally, the adduct-
formation rate for 1,2-Me2Hz (k11) is the lowest. The quotients
of the specific rates of adduct decomposition were found to be
practically constant, although the values for the N-substituted
paths are lower by around an order of magnitude (consistent
with the observed slow rates). If we assume that the mechanisms
of these reactions are similar to that proposed for OH- additions,
and that the values ofk-6 (or k-11) are all similar (ca. 0.07 s-1),8b

we calculate values of around 105-104 M-1 s-1 for k7 (or k8,
k12). These rate constants are quite consistent with bond
reorganization processes initiated by proton transfer from a weak
acid to external OH-.45 Finally, the value ofk6 for Hz is
consistently comparable with the values measured for the
addition processes with related N-binding nucleophiles, azide
and hydroxylamine.38

E. Catalysis of Nitrite Reduction by Pentacyano(aqua)-
ferrate(II). An important feature of the nitrosation reactions is
that the [Fe(CN)5]3- moiety is conserved along the reaction (cf.
eqs 1-5). The [Fe(CN)5H2O]3- ion (which is generated in situ
by starting from FeNO or [Fe(CN)5NH3]3-) contains the active
site able to bind to a diversity of ligands L present in the
medium. Coordination of nitrite, fast conversion to NO+, further
attack by hydrazine, and fast N2O release lead to regeneration
of [Fe(CN)5H2O]3-. Other potential ligands (L) NH3, N2H4)
may compete for the active site, but catalysis proceeds in
appropriate pH conditions (see Results) if sufficient nitrite is
in excess. In Scheme 1, we include the linkage isomers of N2O,
as shown later by the DFT calculations.

An interesting deviation from the above-discussed process
is shown by the reaction of FeNO with 1,2-Me2Hz (eq 5), which
also operates catalytically in the presence of nitrite and reductant.
Now the product reveals the formation of azomethane and N2O,
in contrast with the six-electron full reduction to NH3 occurring
in eq 5. Scheme 2 displays the proposed cycle, which also
contains the contribution of the [Fe(CN)5NO]3- path (right side).
As we find no reason for different reduction paths in the catalytic
and stoichiometric experiments, we believe that nitrite traps the
NH2OH intermediate in eq 13, promoting a comproportionation,
coupling reaction giving N2O. This is supported by the experi-
ments with15NO2

- leadingonly to 15N2O. The reaction of FeNO
with hydroxylamine is known to generate N2O + H2O, through
an addition mechanism similar to the one described in the
present work.38 In contrast, if no excess nitrite is present, the
bound N(+1) and N(-1) intermediates formed in eqs 12 and
13 can survive sufficiently for being rapidly attacked by the
excess reductant.

F. Comparisons with Nitrite Reductase Enzymes.The
catalysis of nitrite reduction by [Fe(CN)5H2O]3- has some
resemblance with the behavior of the dissimilatory nitrite
reductases.10 These enzymes catalyze theone-electronreduction
of bound NO+, promoted by an intramolecular electron transfer

(45) Ruff, F.; Csizmadia, I. G.Organic Reactions Equilibria, Kinetics, and
Mechanism; Elsevier: New York, 1994.

[Fe(CN)5
15N(OH)NMeNHMe]2- + [Fe(CN)5

15NO]2- +

2OH- f 2[Fe(CN)5
15NO]3- + MeNNMe +

2H2O k15 (15)

[Fe(CN)5
15NO]3- + MeHNNHMe f

[Fe(CN)5
15N(OH)NMeNHMe]3- k16 (16)

[Fe(CN)5
15N(OH)NMeNHMe]3- + [Fe(CN)5

15NO]3- f

2[Fe(CN)5
15HNO]3- + MeNNMe k17 (17)
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followed by fast release of NO.46 The enzymes also catalyze
the nitrosation reactions of nitrogen hydrides (N2H4, NH2OH,
HN3), probably through a much less efficient competitive path.47

It appears that the initial coordination of nitrite and its
conversion to NO+ are similar for nitrite reductases and
[Fe(CN)5H2O]3-. However, with [Fe(CN)5H2O]3-, the redox
process is entirely localized at the nitrosyl-Hz adduct, and no
redox Fe(II)-Fe(III) cycles are operative. From the comparison
of both systems, we conclude that the common NO2

- -NO+

initial step is followed, for the pentacyanoferrates, by the
reduction of nitrite to N2O, rather than to NO. At this point, it
is interesting to remark that some fungal nitric oxide reductases
are capable of achieving quantitative conversion of NO3

- and
NO2

- to N2O (fungal denitrification), a process likely to be
important in forest soils.10 Connections to our present system
are evident if we consider that these fungi are capable of
catalyzing a process termed “codenitrification”, in which15NO2

-

is reduced to (14N,15N)2O in the presence of14NH4
+ or 14N3

-.48

Finally, our results demonstrate that the formation of the N-N
bond of N2O in the process of nitrosyl reduction is efficiently
achieved by the attack of nucleophiles. In contrast, the genera-
tion of N2O by dimerization of nitroxyl species (either bound
or dissociated) is not favored. The bound Fe-HNO ligand
appears to be sufficiently long-lived to be quantitatively reduced
to hydroxylamine and NH3, provided appropriate conditions
stand (e.g., with 1,2-Me2Hz as a reductant).

G. DFT Calculations on the Adduct Formation and
Subsequent Reactions of FeNO with Hydrazine. Formation
and Interconversion of η2- and η1-N2O Linkage Isomers.
The reaction profile has been analyzed for the different steps
of eq 1. Geometry optimization shows that several true minima
can be found in the potential hypersurface, in addition to those
related to reactants and products. In addition to the Hz adducts
previously described, and shown in Figure 7a,b, we have
calculated a similar structure for the adduct formed by hydroxyl-
amine addition (Figure 7c), suggesting a common pattern with
other nitrogen hydrides as well.38 Table 3 summarizes the
relevant calculated distances, angles, and IR wavenumbers. By
comparing with FeNO, it can be seen that the essentially linear
FeNO moiety transforms into a bent structure upon adduct
formation. The Fe-N-O and Fe-N-N angles are around 122°
and 133°, respectively, and the Fe-N and N-O distances are
significantly elongated as compared to the ones in FeNO (1.615
and 1.16 Å, respectively). The N-O distance is consistent with
a double-bond character, as estimated for [Fe(CN)5HNO]3-.42

The N-N1 and N1-N2(O) distances agree with those found in
hydrazine unidentate complexes.49 Computed values for the
relevant IR frequencies agree with expectations: the values of
νNOH(N) andνNNH(N) are in the region of stretching and rocking
vibrations found for hydrazine complexes,21,50and theνCN values
are as expected for Fe(II) pentacyano complexes containing
π-acceptor L ligands.50

For both cases, deprotonation of the adducts also renders
stable intermediates. The protonated species are about 1.5 eV

less stable than the deprotonated ones. Intense charge-transfer
(CT) bands are calculated for the latter around 410 nm,
associated with metal-to-ligand transitions centered in the NO
moieties.

The linear-to-bent transformations in the{MNO} moieties
have been associated with electronic redistributions involving
changes in coordination number of the metals.51 Bending has
also been found upon reduction of the nitrosyl ligand in a given
coordination environment.41,42The two-electron transfer to the
delocalized FeNO moiety involves a change in coordination at
the nitrosyl N-atom, which can be formally described by means
of a hybridization change from sp to sp2. The intermediate’s
FeNO angle, 123°, is similar to the one found in the conversion
of bound NO+ to HNO.41,42

The DFT calculations show another energy minimum along
the reaction coordinate, whose geometry is displayed in Figure
8. It corresponds to the product of adduct decomposition, still
containing bound N2O. To our surprise, the N2O ligand shows
an unprecedentedη2 side-bound coordination mode. The
structure associated with this coordination mode results from a
geometry minimization starting from the first adduct of Figure
8, after subtraction of NH3, that is, from an angular N2O
complex coordinated by the central N-atom. No structural
information exists on N2O complexes,9 even for the reasonably
pure salts of the [Ru(NH3)5N2O]2+ ion,52awhere N2O is assumed
to bind in aη1 linear mode through the terminal N-atom.52b,c

Theη1 linear mode, also shown in Figure 8, is also a minimum
in the potential hypersurface, according to our calculations. The
reaction scheme, shown in the same figure, justifies the existence
of both minima in the reaction coordinate. Linearη1 coordination
is not easily attained in a single step from the initial adduct, as
it is theη2 one that only needs angular reorganization after NH3(46) Silvestrini, M. C.; Tordi, M. G.; Musci, G.; Brunori, M.J. Biol. Chem.

1990, 265, 11783-11787.
(47) Kim, C. H.; Hollocher, T. C.J. Biol. Chem. 1984, 259, 2092-2099.
(48) Tanimoto, T.; Hatano, K. H.; Kim, D. H.; Uchiyama, H.; Shoun, H.FEMS

Microbiol. Lett. 1992, 93, 177-180.
(49) (a) Heaton, B. T.; Jacob, C.; Page, P.Coord. Chem. ReV. 1996, 154, 193-

229. (b) Bottomley, F.Quart. ReV. 1970, 617-638.
(50) Nakamoto, K.Infrared and Raman Spectra of Inorganic and Coordination

Compounds, 4th ed.; Wiley: New York, 1986.

(51) (a) Enemark, J. H.; Feltham, R. D.Proc. Natl. Acad. Sci. U.S.A.1972, 69,
3534-3536. (b) Song, J.; Hall, M. B.J. Am. Chem. Soc. 1993, 115, 327-
336.

(52) (a) Bottomley, F.Inorg. Synth. 1976, 16, 75-85. (b) Bottomley, F.; Brooks,
W. V. F. Inorg. Chem. 1977, 16, 501-502. (c) Tuan, D. F.; Hoffmann, R.
Inorg. Chem. 1985, 24, 871-876.

Table 3. Calculated Distances (Å), Angles (deg), and Selected IR
Data (cm-1) for [Fe(CN)5NO]2- (FeNO), and Intermediates Formed
in the Reactions with Hz and 1,2-Me2Hz (Included Are the N2O
Complexes)

FeNO Hz 1,2-Me2Hz η2-N2Oa,b η1-N2Oa,b

Fe-N 1.615 1.785 1.796 2.075, 1.992 1.820
N-O 1.160 1.376 1.378 1.254 1.242
N-N1

c 1.365 1.405 1.191 1.138
N1-N2

d 1.405 1.402
Fe-C cis 1.959 1.962 1.962 1.975 1.990
trans 1.965 1.972 1.957 1.949 1.962
C-N cis 1.169 1.172 1.172 1.175 1.176
trans 1.168 1.172 1.170 1.175 1.176
∠FeNO 179.9 123.0 121.3 142.5 -
∠FeNN1 133.0 134.5 76.8 179.8
∠NN1N2 115.8 116.7
∠N1NO 140.6 178.8
νNOH(N) 1008 1009

1490; 1311 1469
νNNH(N) 1060 1054
νN1NO 1159; 659 2287; 1120
νN1N 1812
νCN 2160-2170 2127-2172 2136-2174 2127-2147 2115-2131

a Distances in free N2O: N-N, 1.128 Å; N-O, 1.184 Å (ref 9).
b Fundamental IR wavenumbers in free N2O: ν1 (asymmetric stretch), 1285
cm-1; ν2 (bending), 589 cm-1; ν3 (symmetric stretch), 2224 cm-1 (ref 9).
c N1: N-atom bonded to nitrosyl.d N2: N-atom bonded to N1.
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release. Figure 8 also shows the transition-state (TS) structure
calculated for the conversion ofη2-N2O into η1-N2O. The
calculations show that the TS stands 0.30 eV higher in energy
than theη2 state. The more stableη1 species lies 0.80 eV lower
than theη2 isomer.

The predictedη2, side-bound N2O is a remarkable result,
which must be considered in the context of the modern
developments on the structure of the photogenerated linkage
isomers of small ligands.53 The results on the MS1 and MS2
states for nitrosyl coordination (end-on, O-bound “isonitrosyl”
ligand andη2, side-bound, respectively)53 have been recently
expanded by the discovery ofη2, side-bound N2, obtained upon
irradiation of the [Os(NH3)5(η1-N2)][PF6]2 complex.54 Table 3
displays the calculated distances, angles, and IR wavenumbers
for both N2O-linkage isomers, which can be compared with
values for FeNO and [Ru(NH3)5(η1-N2O)]2+. It can be seen that
the Fe-N distance increases in the sense FeNO< η1 < η2,
reflecting a decrease in bond order (only aσ-bond is postulated
for theη1-mode).51b,cThe calculated N-N and N-O distances
in η1-N2O are slightly longer than those in free N2O, but the
difference is greater, ca. 0.06 Å, forη2-N2O. This seems
reasonable on the basis of predictableσ-π interactions weaken-
ing the two bonds. Interestingly, the FeNN angle of 69.19° is
similar to the one found for FeNO in the MS2 state, 65.1°. As
in the latter MS2, Figure 8 shows that the equatorial ligands
are repelled by the side-on N2O group. The IR results also show
significant shifts in the relevant wavenumbers, which are
consistent with the described geometry changes. Thus,η1-N2O
shows the stretchings associated with the NNO fragment at 2287
and 1120 cm-1, close to those observed for [Ru(NH3)5-
NNO]2+.13b In contrast,η2-N2O shows the absorptions at 1159
and 1812 cm-1. The latter one, strongly downshifted with
respect to the one in theη1 isomer, probably reflects the strong
σ-π interactions of iron with the side-on NdN moiety. The

cyanide stretching values can be interpreted in terms of the
competingπ-acid abilities of cyanide versus those of the N2O
ligands.

In relation to the UV-vis spectra, calculated MLCT bands
appear at 323 nm for theη2-N2O intermediate (with a shoulder
at 451 nm) and at 265 nm for theη1-N2O one. They correspond,
in both cases, to transitions from an orbital centered in the metal,
to the LUMO, delocalized in the N2O ligand. The 265 nm band
is consistent with the one found at 233 nm for the linear
[Ru(NH3)5N2O]2+ ion.13a

Conclusions

The experimental and theoretical results on the electrophilic
reactions of FeNO with hydrazine and substituted derivatives
as nucleophiles show that a common framework can be proposed
for the initial step of the reactions. Reversible adduct formation
occurs on the N-atom of the FeNO moiety, with attack of the
N-atoms of the nucleophiles and deprotonation. Further redox
processes lead to adduct decomposition. The stoichiometries and
mechanisms ofboth the oxidation and the reduction processes
depend on the nucleophile, with the following important
observations: (a) All adduct formations need a first deproton-
ation of the binding N-atom of the nucleophile to attain
reasonable rates. Thus, 1,1-Me2Hz shows negligible reactivity
when the attacking N-atom is bonded to two methyl groups.
(b) If a second proton is available at the same position, its loss
will be promoted by OH- attack, leading to N-N bond
cleavage, N2O evolution, and formation of the corresponding
amine. This is a two-electron reduction path for nitrosyl, with
no formation of intermediates. (c) If the second proton is not
available (alternative route for MeHz), N-N bond cleavage is
precluded, and a second adduct-formation path with another
FeNO leads to N2 and N2O, with MeOH release. This path is
favored at pH’s greater than 8. (d) 1,2-Me2Hz shows an entirely
different behavior. No second proton is available for promoting
N-N bond cleavage. Instead, electron and proton loss lead to
azomethane, coupled with three successive, two-electron-transfer
reductions from NO+ down to NH3, with HNO- and NH2OH-

(53) (a) Coppens, P.; Novozhilova, I.; Kovalevsky, A.Chem. ReV. 2002, 102,
861-884. (b) Carducci, M. D.; Pressprich, M. R.; Coppens, P.J. Am. Chem.
Soc.1997, 119, 2669-2678.

(54) Fomitchev, D. V.; Bagley, K. A.; Coppens, P.J. Am. Chem. Soc. 2000,
122, 532-533.

Figure 8. Schematic representation of the calculated stable intermediates formed in initial steps involved in the reaction of [Fe(CN)5NO]2- with Hz,
rendering the N2O-bound species. The structures correspond to singular points in the potential hypersurface, calculated at a b3lyp-6-31G** level. Relative
energies (y-coordinate) are not drawn to scale. Arrows indicate changes in the molecule that lead to the next step. All of the adducts and intermediates,
except for the first one, bear the charge 3-.
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bound intermediates. The above reaction also shows a parallel
path with an initial rate similar to the one previously discussed.
It occurs through one-electron transfer to FeNO, showing a fast
formation and slow decay of the NO-radical species. The
mechanism needs two FeNO molecules to satisfy the two-
electron reducing ability of 1,2-Me2Hz. (e) For the reaction with
hydrazine, the [Fe(CN)5H2O]3- ion is a product which may bind
nitrite (as NO+) and be further attacked by the nucleophile,
promoting a two-electron catalytic reduction of nitrite to N2O,
with concomitant production of NH3. (f) 1,2-Me2Hz also
promotes the catalytic reduction of nitrite to N2O, although a
different mechanism is involved, with azomethane as the
oxidation product.

The theoretical DFT calculations of the potential hyper-
surfaces show true minima for adduct formation in the different
cases, as well as for the Fe-N2O bound intermediates formed
afterward. Most significant are the detection of side-bound,η2-
N2O, as well as its evolution to the more stableη1-linkage
isomer. The elucidation of the mechanistic features of this
complete set of reactions is relevant to denitrification processes

occurring in different natural media and has evident connections
with the role of the enzymes participating in nitrosyl-nitrite
reduction reactions. It is likely that related adduct formation
and decomposition paths are operative for the reactions of other
nitrogen hydrides (NH3, NH2OH, N3

-) with nitroprusside.
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