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ABSTRACT: The aquapentacyanoferrate(Il) ion, [Fe"(CN)s-
H,0]?", catalyzes the disproportionation reaction of O-methyl-
hydroxylamine, NH,OCHj;, with stoichiometry 3SNH,OCH; —
NH; + N, + 3CH;0H. Kinetic and spectroscopic evidence
support an initial N coordination of NH,OCHj to [Fe"(CN)s-
H,0]*" followed by a homolytic scission leading to radicals
[Fe"(CN)s’NH,]* ™ (a precursor of Fe(III) centers and bound
NH;) and free methoxyl, CH;0O°, thus establishing a radical
path leading to N-methoxyamino ("NHOCH;) and 1,2-di-

NH,OCH; ( vwfﬂvr" .L, HWJ‘“J \fr :LIIMMFHJA N \ Ngﬁsogz

methoxyhydrazine, (NHOCH;),. The latter species is moderately stable and proposed to be the precursor of N, and most of
the generated CH;OH. Intermediate [Fe" (CN)sL]*~ complexes (L = NHs, H,0) form dinuclear cyano-bridged mixed-valent
species, affording a catalytic substitution of the L ligands promoted by [Fe"(CN)sL]*". Free or bound NH,OCHj; may act as
reductants of [Fe(CN)sL]*", thus regenerating active sites. At increasing concentrations of NH,OCHj a coordinated diazene
species emerges, [Fe"(CN)sN,H,]*", which is consumed by the oxidizing CH;0°, giving N, and CH;OH. Another side reaction
forms [Fe"(CN)sN(O)CH;]*, an intermediate containing the nitrosomethane ligand, which is further oxidized to the
nitroprusside ion, [Fe"(CN)sNOJ*". The latter is a final oxidation product with a significant conversion of the initial
[Fe"(CN)sH,0]>~ complex. The side reaction partially blocks the Fe(II)—aqua active site, though complete inhibition is not
achieved because the radical path evolves faster than the formation rates of the Fe" —~NO™ bonds.

B INTRODUCTION

The chemistry and biochemistry of hydroxylamine (NH,OH)
and its substituted alkyl derivatives have been of concern for
many years." Recent interest has been developed on the dis-
proportionation reactions of bound NH,OH and NH(Me)OH
and NMe, OH derivatives> as well as on the addition reactions of
these nucleophiles to the coordinated nitrosonium ligand.>
Detailed kinetic and mechanistic studies on disproportionation
processes are scarce in the literature.* A cursory inspection of
available data highlights the crucial significance of coordination
of the substrates to metal ions, usually in trace amounts.’ Also,
the high lability of the aqua ions toward substitution (viz.,, Cu,
Fe) makes it difficult to find mechanistic evidence on the
coordination step as well as on subsequent chemical events.
For the hydroxylamines, a complex picture arises because of the
appearance of different oxidation products (variable mixtures
of N,/N,0 and NO, ) and intermediates (which may act as
inhibitors), and the mechanisms are strongly influenced by
the concentration ratio of the substrate/metal ion reactants. By
introducing N-methyl substituents, significant stoichiometric
and mechanistic changes compared with the reactions of
NH,OH have been described.”
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We used the pentacyano(L)ferrate(II/IIT) complexes, [Fe'™""-
(CN)sL]"", as potential precursors of catalyzed dispropor-
tionation.” The [Fe™™(CN)sL]"" ions are well-characterized
systems, forming stable low-spin Fe(I) complexes (typically
Ky = 10°—10° M ").° They have been studied extensively over
the past decades.”® In many cases, the Fe(III) analogs have been
also characterized.*® The Fe(II/I1I) couple might catalyze ligand
redox processes on L and could be an interesting reagent in
organic oxidation studies.®

We extend our studies to the catalyzed disproportionation of
O-methylhydroxylamine. NH,OCHj is approl?riate for prepar-
ing O-alkyloximes and O-alkylhydroxamates,"® which are inter-
mediates for production of antibiotics and oxime-type herbicides.
It 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 is an active ingredient in several antidiabetes
drugs and has been useful in the development of new anticancer
therapeutic strategies to overcome tumor resistance. NH,OCHj
synergizes with alkylating agents through its reaction with the
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aldehyde group at the apurinic/apyrimidinic (AP) site on the
sugar—phosphate backbones of the cellular DNA. Formation of
a DNA—NH,0OCHj; adduct at the AP site interrupts the base
excision repair pathway and is responsible for sustaining DNA
damage induced by alkylating agents.” In this work, we use
detailed mechanistic methodologies, including spin trapping,
isotope labeling, and UV—vis/FTIR spectroscopies, in order to
disclose the coordination step of NH,OCHj; from its subsequent
disproportionation reactions as well as for clarifying the different
inhibition processes occurring at the active site.

W EXPERIMENTAL SECTION

Materials and Methods. O-Methylhydroxylamine as the hydro-
chloride salt NH,OCH;-HCl (methoxyamine hydrochloride), $,5-
dimethyl-1-pyrroline N-oxide (DMPO), phenylbutylnitrone (PBN),
and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) were from Aldrich.
NH,OCHj;-HCI was stored in a desiccator over silica gel. All other
chemicals were analytical or reagent grade and used without further
purification. Sodium aminopentacyanoferrate(II) trihydrate, Na;[Fe'-
(CN)sNH;] - 3H,0, was synthesized and purified according to litera-
ture procedures.'® The solid was dried under vacuum over sulfuric acid
and stored at 0 °C. "*N-labeled sodium nitroprusside was prepared as
described in the literature."" Solid K,HPO, was used for preparing
100 mM buffered solutions in deionized water, adding NaCl for reaching
an ionic strength of I = 1 M. The pH was adjusted to the desired value,
6.1 or 7.1 & 0.1, by adding a concentrated solution of ~13 M 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.

Solutions of NH,OCH; were prepared by dissolving weighed
amounts of NH,OCH;-HCl in the argon-bubbled buffered solution
and neutralizing the generated HCI with solid NaOH. According to the
pK., = 4.6 for the protonated reactant, NH;OCH;*,'? we estimate that
NH,OCHj is dominant in our reaction conditions. The [Fe''(CN)s-
H,0]*  ion was generated by dissolving weighed amounts of Na,[Fe'
(CN)sNH;] - 3H,0 in the deoxygenated buffer solutions, allowing it to
stand for 3—5 min until [Fe"(CN)sH,0]*" was totally formed.
Solutions were maintained under an argon atmosphere and used within
1 h after preparation to minimize interferences by possible decom-
position'® and eventual conversion of [Fe"(CN)sH,01>" (Amax =
440 nm, £, = 640 M~ em™ )" to [Fe™(CN)sH,01*" (Apax =
394,340 nm, e = 7S0 M cm ™ for both bands).15 Mixtures containing
dinuclear mixed-valent ions, [(NC)sFe""NCFe"(CN),L]*~ (L = NH;,
H,0),'¢ in equilibrium with mononuclear ions, were obtained from
solutions of [Fe"(CN)sH,0]* through O, bubbling and used as a
control test for the spin-trapping studies as well as for checking their
possible activity as catalytic initiators. The concentrations of complex
and NH,OCH; were varied in the range 0.05—30 and 0.5—500 mM,
respectively. We used the more concentrated solutions for the FTIR/
ATR and gas production studies. Independent experiments were
performed for studying the reactivity of the [Fe™(CN)sH,0]*" or
[Fe™(CN)sNH;]*™ ions (Ama = 400 and 360 nm, € = 700 and
800 M ' em™ )" as oxidants toward NH,OCHj. Stock buffer solutions
containing [Fe™(CN)sNH;]>~ were prepared by dissolving weighed
amounts of solid Na,[Fe™(CN)sNH;] - H,O, previously synthesized as
described in the literature."® Solutions showed unchanged spectra during
the elapsed time of the studies. Solutions of [Fe"(CN)sH,O]*~ were
obtained from 1 to 2 X 10~* M [Fe"™(CN)NH;]*" in the buffer solution
by first adjusting the pH to 11. After 15 min, the pH was changed back to
pH 6 or 7 with the solution under an argon atmosphere.'’

UV—vis spectra were acquired with an Ocean Optics HR 2000 CG
UV-NIR diode array spectrophotometer in the range 200—1000 nm.
A UV—vis—NIR Shimadzu 3101 PC spectrophotometer was used for

extending the spectral measurements up to 1400 nm. The fast kinetics
was measured with a Hi-Tech Scientific SFA-20 stopped-flow accessory
in quartz cuvettes of 1 or 0.2 cm path length. The concentration of the
complex was varied between 0.05 and 0.25 mM, with NH,OCHj; in
enough excess, thus ensuring initial pseudo-order conditions. One of the
reservoir syringes of the stopped-flow accessory contained the iron
complex and the other NH,OCHj;. The solutions were directly mixed
into the cell, and the data acquisition was started. The values of
absorbance against time were processed with standard software.

FTIR/ATR spectra were recorded at room temperature with a
Perkin-Elmer Spectrum BX spectrophotometer equipped with a hor-
izontal flat sampling plate accessory of ZnSe, spanning the range 850—
1550 and 1750—3100 cm™ . Solutions of ca. 30 mM [Fe"(CN)s-
H,0]*>" and ca. 100 mM NH,OCH; were prepared in a dark flask
and transferred to the ATR plate with a syringe. The scans were carried
out against buffer solutions used as background.

Gas production was quantitatively measured in a thermostated well-
stirred closed reactor (0.082 dm?®) linked to an Extrel Emba II mass
spectrometer operated at 70 eV and provided with an MKS model 622
absolute transducer for recording the time evolution of the pressure (see
Figure SI 1, Supporting Information).* In the experiments, 0.035 dm> of
a deoxygenated buffered solution of [Fe"(CN)sH,0]*7, at the desired
concentration (0.10—1.5 mM), was placed in the reactor. After evacua-
tion, 0.010 dm® of a deoxygenated buffered solution of 10—100 mM
NH,OCH; was added and the total pressure was continuously mon-
itored. The mass spectra of the gases in the reactor headspace were
acquired at the end of the reaction. The exhausted solutions were
examined, searching for other reaction products, CH;OH, CH,O,
CH;3NH,, and NHj;, by using specific tests. CH,O was measured
colorimetrically with chromotropic acid.*® This method was also used
to quantify CH30H, which was previously oxidized to CH,O with
potassium permanganate in diluted phosphoric acid. NH; was deter-
mined with the indophenol-blue test*' and CH;NH, by its reaction with
lactulose (4-O-B-p-galactopyranosyl-p-fructose) in 1% NaOH.** For
this test the reaction was carried out in unbuffered mixtures using
50—500 mM NH,0OCHj. The [Fe"(CN)sNOJ*™ ion was identified by
FTIR and quantitatively assayed colorimetrically with mercaptosuccinic
acid in CO;>~ medium.>***

EPR spectra were acquired at room temperature with a Bruker ER
200D X-band spectrometer operated at ca. 9.79 GHz with a 100 kHz
modulation frequency and 1.25 mT of modulation amplitude. The
central field and the correct operating frequency were calibrated with
regard to a 4 uM aqueous solution of TEMPO as external standard
(an(NO)=1.72mT — g= 2.0051).>* Free radicals could not be directly
detected in the mixed solutions. We used the spin-trapping technique**?’
with solutions containing ~50 mM DMPO or ~0.1 mM PBN, 1.3 mM
[Fe"(CN)sH,0]*", and 40 mM NH,OCH;. The solutions were pre-
pared in a dark flask and transferred into a 0.3 cm® EPR quartz flat cell by
suction. The first scan was initiated 2—3 min after mixing the solutions.
Control experiments were carried out by adding the spin trap to buffered
solutions containing representative species of the system: [Fe(CN)s-
H,0]*", [(NC)sFe™NCFe"(CN),H,0]°~, NH,OCHj,, and CH;OH
(Figure SI 2, Supporting Information). Hyperfine coupling constants
were determined from spectral simulations using software available from
the public site of NIEHS.*® Numerical simulations of N, production were
performed using a specific program based on an adaptation of the
“predictor-corrector” approach developed by Gear.”

B RESULTS

The reported chemical transformations of NH,OCHj only
occur with previous addition of [Fe"(CN)sNH;]*~, a precursor
of the [Fe" (CN)sH,0]*" ion, which contains a labile aqua site.**
No reactivity has been observed either with [FeH(CN)é] *~ or with
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Figure 1. Evolution of the concentration of N, against time during the
reaction of 1.1 mM [Fe'(CN)sH,0]” with decreasing amounts of
NH,OCHj3: red (circle) 73.8 mM (R, ~ 67), black (square) 44.9 mM
(Ro~41), blue (triangle down) 22.4 mM (R, ~20), and green (triangle
up) 12.2mM (Ry~ 11), pH 6.2, 25 °C. Lines: concentrations calculated
by numerical integration of eqs 2—8c (see Discussion).

the alternative addition of other [Fe(CN)sL]*>~ complexes with
Fe"—L bonds inert toward substitution (L = py, substituted
pyridines or pyrazines, S-bound dimethylsulfoxide, etc.).>* Pure
[Fe"(CN)sH,0]*" and [Fe™(CN)sNH;]*>~ ions did not pro-
mote disproportionation, in agreement with the fact that the
[Fe"(CN)sL]>~ complexes are quite inert toward L substitution
(ca. 1077 s 1)2"* We introduce the relation Ry, = [NH,-
OCHj;]o/[Fe"(CN)sH,O0% ], the quotient of the initial concen-
trations of the reactants, which we use in the text.
Stoichiometry of Disproportionation: N, Production and
Rate Profiles. In the gas production studies with an excess of
NH,OCHj; at Ry > 10, the mass spectra show that N, is the main
reaction product with small amounts of CH, (1—3% in mass
relative to initial [Fe"(CN)sH,O]*7). Figures 1 and 2 show
typical profiles of the concentration of N, calculated as if all the
produced N, is retained in the aqueous phase, against time. The
concentration and gas pressure (pg) are related by [N, mol
dm 3] ~ pg X Vo/ (RTVy), where Vy and Vj are the volumes of
the condensed and gas phases, respectively (see Supporting
Information for more details). The traces show clearly the onset
of a catalytic reaction given that a small amount of [Fe'-
(CN)sH,0]*>" processes large amounts of NH,OCH;. N,
production is independent of pH (range 6—7). From the N,-
production traces, first-order rate constants have been calculated
from [N,] = [N, ]oo % [1 — exp(—knat)], where [N, ] and [N, ]
are the concentrations at time t and oo, respectively, and ky, =
1.8 4+ 0.4 x 10 *s! (Table 1). As we estimated that the rate of
transport of N, to the gas phase is not limited by the rate of mass
transfer through the interface, the measured rate constant may be
attributed to a chemical reaction (see Supporting Information).
We identified and quantified CH;OH, NHs, and [Fe"(CN)s-
NOJ?>™ as other reaction products in the exhausted solutions.
Small amounts of CH,O and CH;3;NH, are also produced, less
than 5% of added NH,OCHj;. From the concentrations of N,,
NHj;, and CH30H (Table 1), the mass balance is within £10%
with regard to the added NH,OCHSj;, thus supporting the
stoichiometry described by reaction 1 as the main ongoing
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Figure 2. Evolution of the concentration of N, against time during
the reaction of 22.5 mM NH,OCH; with decreasing amounts of
[Fe"(CN)sH,0]*: black (square) 1.1 mM (R, & 21), red (circle)
0.29 mM (R, ~ 78), blue (triangle down) 0.20 mM (R, ~ 113), and
green (triangle up) 0.14 mM (R, ~ 161), pH 6.2, 25 °C. Lines:
concentrations calculated by numerical integration of eqs 2—8c (see
Discussion).

catalytic process.
3NH,0CH; — NH; + N, + 3CH;0H (1)

By adding more NH,OCHj; to the exhausted solutions, produc-
tion of N, proceeds again. In contrast with the exponential
increase observed during the first addition, an S-shaped concen-
tration—time profile appears with lower rates of N, production.
We conclude that enough concentration of active sites for
restarting the reaction still remains after the first consumption
of NH,OCHj;. A small fraction of active sites could also be
generated through the very slow addition reaction of NH,OCHj
to [Fe"'(CN)sNOJ*, giving N,O. However, no N,O was found,
probably because of the poor sensitivity of the mass-spectro-
chemical technique, cf. ref 33.

Figure 2 shows the results of a set of experiments at constant
22.5 mM NH,OCHj; and varying concentrations of iron com-
plex. For the highest Ry = 161, the N,-production profile differs
significantly from the observed one atlower Rgs. At the beginning
of the reaction N, is produced as before and then decreases
noticeably. The spectroscopic studies suggest that the change in
the rate is due to the increasing production of [Fe"(CN)s-
N,H, ], which acts as an inhibitor, and the reaction rate turns
very slow. Production of N, may be originated by the oxidative
decomposition of [Fe"(CN)sN,H,]*~ for low to moderate
values of Ry (see below). At high values, the very slow decay of
[Fe"(CN)sN,H,]*" could probably be associated with dissocia-
tion and disproportionation or even to oxygen leakage favoring
diazene oxidation.

FTIR, EPR, and UV—Vis Spectroscopies. Figure 3 shows the
time-dependent FTIR-ATR spectra at pH 6.2 in buffered agu-
eous solution. The initial stretching band of [Fe'(CN)sH,0]>~
(veny 2035 cm ™) shifts slightly to 2040 cm ™!, and new bands
appear at 2090 and 2120 cm ™. These two bands may corre-
spond to V¢ stretchings in [Fe'(CN)sL]*™ and [(NC)sFe'-
NCFe"(CN)4L]*>~ complexes containing different L, such as
NHs;, H,O, or other reactive bound intermediates.” The bands at
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Table 1. Selected Experiments Showing the Concentration of Reactants, Products, and Rate Constants of N, Production for the
Reaction Between [Fe"'(CN)sH,0]*> and NH,OCH; (I = 1 M (NaCl), 25 °C)

[F"(CN)sH,0*™ mM NH,OCH; mM Ro pH N, mM NH; mM CH,O0H mM 10* X knp s "
1 L1 73.8 67 6.1 24.0 19.0 67.5 2.1
2 11 44.9 41 6.1 14.4 152 47.0 1.9
3 1.1 224 20 6.1 7.3 6.4 19.0 1.8
4 11 122 11 6.1 42 4.1 13.0 1.6
S 0.29 22.5 76 6.1 8.1 5.4 20.0 L5
6 0.20 225 113 6.1 7.9 6.3 21.0 2.0
7 0.39 433 110 7.1 14.4 12.9 40.0 19
8 0.39 73.8 189 7.1 252 23 723 1.8
& , 1.48 mT
T
] E H
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Figure 3. ATR spectra at increasing reaction times (bottom to top) for
0.03 M [Fe"(CN)sH,01*", Ry = 4, at pH 6.2 and room temperature:
2140 (line a), 2120 (line b), 2090 (line c), 2035—2040 (line d), and

1935 cm™ ! (line e). (Inset) Spectral changes in the low-energy region:
1390 (line f) and 1354 cm ™" (line g).

Table 2. Spin Adducts, Splitting Constants, and g Values

splitting constants in mT

detected spin adduct an(NO) ap(HP) ay(H”) g
HDMPO*. OH 1.48 0.10 (2H) 2.0053
DMPO*.OCHj; 1.47 1.07 0.13 2.0053
PBN*. OCH; 1.51 0.34 2.0053
PBN*.CHj;3 1.65 0.35 2.0053

1935 and 2140 cm™ ' may be confidently assigned to the Vyo
and vy stretchings in [Fe"(CN)sNOT*, respectively.** Other
bands at 1390 and 1354 cm ™" have been also found, assignable to
a nitroso derivative, see below.

The EPR results are displayed in Table 2.Figure 4 shows a
moderately intense spectrum resulting from the contribution of
DMPO*- OCHj (88% to the total spectrum)*>*° and HDMPO*- OH
spin adducts after mixing [Fe (CN)sH,0]*~, DMPO, and
NH,OCHj;. The HDMPO*- OH adduct forms upon hydrolysis
and oxidation of DMPO in aqueous solutions, catalyzed by
Fe(III) complexes.’” By using a TEMPO solution as external
standard we estimate a maximum concentration of 1-2 uM
for the DMPO*- OCHj; adduct.

8820
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Figure 4. EPR spectra for the reaction of 1.2 mM [FeII(CN)5H20]3_
with 41 mM NH,OCHj; (R, & 31) containing SO0 mM DMPO in argon-
bubbled buffer, pH 6.3, without NaCl. Black (1), experimental spectrum
acquired 10 min after DMPO addition; red (2), computer simulation of
a mixture of HDMPO*+ OH (12% of relative area) and DMPO*- OCHj,
(88% of relative area); blue (3) and green (4), computer simulations
of pure HDMPO*- OH and DMPO*- OCH3, respectively.

By mixing 1.2 mM [Fe"(CN)sH,0]*", 0.5 mM PBN, and
40 mM NH,OCH; (R, =~ 33), well-resolved low-intensity
spectra have been obtained (Figure SI 3, Supporting Information).
The signals are not very stable and change fast with increasing
reaction time. However, the first spectrum exhibits the'*N coupling
and the hyperfine structure characteristic of the PBN*-OCHj
adduct.®® The latter signal transforms rapidly to the one for
the more stable PBN*+CH; adduct.>® We consider that PBN*-
CHj; could be formed by secondary reactions of the PBN*-
OCHj; adduct. We observe a similar evolution by mixing solu-
tions of [Fe"(CN)sH,0]*>" with NH,OCH; and DMPO (or
PBN).

Figures S and SI S, Supporting Information, show the succes-
sive UV—vis spectra after mixing solutions of [Fe(CN)s-
H,0]*>" and NH,OCH;, Ry = 10 and 100 resgectively. The
initial characteristic absorption of [Fe" (CN)sH,0]*~ at 440 nm**
decays in a few seconds with subsequent generation of new bands
at ca. 362 and 395 nm and a broad absorption in the NIR region
(800—1000 nm), which corresponds to a band centered at
1400 nm, typical of members of the mixed-valent series of com-
plexes [(NC) sFeIIINCFeII(CN)4L] S—16 (Figure SI 6, Supporting
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Figure S. Long-time spectral evolution under typical reaction condi-
tions: 0.2 mM [Fe"'(CN)sH,0]*>" and 2.0 mM NH,OCHj (R, ~ 10),
pH 6.2, 1 M NaCl, 25 °C. Reaction time (in s): black (1), 0; red (2), 90;
green, 180; blue, 1200; yellow, 3600; magenta, 10 800.

Information). These last three bands decay subsequently, leading to
new transient absorptions at 420 and 480 nm.

For low-to-moderate Ry, namely, <15, the traces for the decay
at 440 nm (Figures SI 4a and 4c, Supporting Information) and
the nearly simultaneous increase at 362, 395, and 1000 nm can be
fitted by a two- exponentlal model yielding two rate constants,
generically k; and k;, in s !, At 440 nm, the faster decay shows a
first-order dependence on [NH,OCH;], yielding kg, = 250 +
10M 's . The ensuing decay corresponds to k., = 0.063 s
independent of the concentration of NH,OCHy3. For the absorp-
tions at 362, 395, and 1000 nm, the initial increase of the traces
leads to K = 0.061 s, ie., the same value as calculated for
kow- Finally, these bands decrease with Ky, < 1073s7%

For Ry > 15 the traces at 440 nm (insets in Figures SI4b and SI 4c,
Supporting Information) display a more complex dependence on
time and concentration of NH,OCHj; and cannot be fitted by a
two-exponential model. After the fast initial decay of the absorp-
tions at 440 nm, new absorptions close to this wave-
length appear, depending on Ry, in the time scale of 20—50 s.
Figures SI 4b and SI S, Supporting Information, show that the
development and decay of the 360, 390, and 1000 nm bands are
nearly simultaneous with the growth of new absorptions between
400 and 500 nm. A limiting situation shows up in Figure SI 7,
Supporting Information (R, > 200). The absorbance of the initial
band at 440 nm is followed by the gradual build up of a new,
much more intense band at nearly the same wavelength with & >
4000 M ™" cm ™. These absorption properties have been attrib-
uted to [Fe"(CN)sN,H,]*", formed in the course of NH,OH
disproportionation.” By maintaining a rigorous anaerobicity, the
intense absorption remains unchanged for several days. Under
these extreme conditions, no bands in the NIR region assignable
to mixed-valent species have been detected'® and no adducts of
DMPO or PBN appear.

H DISCUSSION

Disproportionation of NH,OCHs. We anticipate a simplified
Scheme 1 for describing the reactions involved in the main

Scheme 1

NH20CH3

f (Fe'(CN)sHz0]™ \é

[Fe™(CN)sNH3T> [Fe"(CN)NH,OCH; >

'
‘BKHG‘MNIC Jg

CH30°
[Fe'((CN)sNH,0CE

: NH20CH32
+ HaO
& CH3;0H

*NHOCH3

v

CH3;0H
+ % Nz

[F e'l(C “N)sHAC I|
+ "NHOCH; +

catalytic disproportionation process, eq 1. Upon dissolution of
Nas[Fe"(CN)sNH;]-.3H,0, production of [Fe''(CN)s-
H,01]*™ occurs in a few minutes (k, = 1.75 x 10 > s '),'*
eq 2. At pH 6—7, formation of NH," allows for full aquation of
the amino complex.

[Fe"(CN),NH;]*~ + H,0

+H" — [Fe"(CN)H,0]*” + NH, " (2)
Reaction 2 sets the scene for coordination of NH,OCHy3, eq 3.

[Fe"(CN)H,0]’” + NH,OCH;

= [Fe"(CN),NH,OCH;]>~ + H,0 k3, ks (3)

We assign the value of kg, = 250 &= 10 M 'to ks in eq 3,
corresponding to decay of the 440 nm band of FeH(CN)S—
H,O0]”". Similar values have been observed for the coordination
rates of a large Varlety of neutral ligands (NH;, py, etc.) on

[Fe''(CN)sH,0]*~ at I = 1 M, in agreement with a dissociative
mechanism, controlled by the release of water.”*° We estimate
thatk_3~ 10 >—10 *s ' by comparing with the L dlssoc1at10n
rates from [Fe"(CN)sL]>~ (L = NH;, N,H,, etc.).””

The [FeH(CN)SNHZOCH3] ion decomposes with homo-
Iytic scission of the N—O bond, eq 4, leading to formation of
bound “NH, and free methoxyl radicals, as observed in the spin-
trapping studies.

[Fe' (CN),NH,OCH;]*” — [Fe"(CN),"NH,|*~
+ CH3 (oX k4 (4)

We a551gn Kqows as well as k', to reaction 4. The FeH(CN) 5 -
NH,]*>" ion should transform very rapidly into [Fe"(CN)s-
NH;]*>", eq 5, probably throu%h the 1ntermed1acy of a ferric
amide, Fe(ITT) —NH,.*** The [Fe'"(CN){NH;]*~ complex shows
a distinctive band at 360 nm,1 and this is what we observed.

[Fe"(CN)"NH,]*~ + H" — [Fe"(CN) NH;]* (5)
To simplify, we show in Scheme 1 reactions 4 and S as a single step.

The intermediacy of "NH,/"NH;" radicals in the reduction of
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NH,OH to NH; by several reductants has been recognized."
Formation of Cr'"NH;*" in the reaction of aqueous Cr(II) with
hydroxylamine-O-sulfonic acid*® provides additional support on
the coordination of NH,OCHj to Fe(II) through the N atom in
eq 3, with subsequent oxidation to Fe(III), eq S. We found no
evidence on the direct oxidation of [Fe" (CN)sH,0]*~ by CH;0".

In the second time scale of reactions 4 and S, the absorption
increase at 1000 nm shows that the [Fe™'(CN);NH;]*" ion
equilibrates with a cyano-bridged mixed-valent complex, eq 6.
We estimate values for ks and k_gas 1I0M 's " and 10> s},
respectively).>!

[Fe™(CN)NH;]*~ + [Fe"(CN),H,0]>
= [(NC) Fe""NCFe" (CN) ,NH;]*~ +H,0 ke ks (6)

We propose that Fe(III) goes back to Fe(II) by reductive
cleavage of the mixed-valent complex, eq 7a, or by an outer-
sphere redox reaction with [Fe'(CN)sNH,0CH;]*", eq 7b.
Both reactions lead to labilization of NH; and build up of the N-
methoxyamino radical, 'NHOCHS;. The forward rate constant
for reaction 7a can be estimated through the observed decay of
the intervalence band, leading to k;, ~ 0.5 M s ! We estimate
k7, = 10° M~ ' s~ by an adequate comparison.*' In reaction 7b,
the initial fast electron-interchange between the reactants*' is
irreversibly driven through oxidation of bound NH,OCHj; by
Fe(111).

[(NC) Fe""NCFe" (CN),NH;]*~ + NH,0CH;
+H,0 — 2[Fe" (CN) H,0]*"
+NH," + *NHOCH; &y, (7a)

[Fe™(CN)NH;]*~ + [Fe'(CN),NH,OCH;]*"
+2H,0 — 2[Fe(CN){H,0]" + NH,*
+°*NHOCH;  ky (7b)

The main reactions associated with the CH;0°® and "NHOCH;
radicals are described in eqs 8a—8c

NH,OCH; + CH;0" — CH;OH + *NHOCH;  (8a)
*NHOCH; + ‘NHOCH; — (NHOCH;3), (8b)

(NHOCH,), — N, + 2CH;0H (8¢)

On the grounds of its known reactivity, we propose that CH;O*
reacts through a very fast H abstraction with available
NH,0CH3;, eq 8a. 394 Though we have no direct evidence
for 'NHOCH;, there is a precedent for it being formed as the
oxidation product of NH,OCHj; with tert-butoxy radicals in
degassed C¢He.*® "NHOCH; is not sterically protected at the
reactive center and yields 1,2-dimethoxyhydrazine (NHOCH;),
through a fast dimerization, eq 8b.* This process may be
followed by 1,2- or 1,3-hydrogen-atom transfer or by a multistep
intermolecular process to give N, and CH30H, eq 8c."* It has
been possible to oxidize the 1,2-dimethoxyhydrazine intermedi-
ate to the corresponding hyponitrite before it decomposes to
CH;O0H and N2.46 In our interpretation, we propose that 1,2-
dimethoxyhydrazine should be sufficiently persistent in the
underlying conditions, and its decomposition would deter-
minate the rate of production of N, eq 8c. Consequently, the
exponential increase of [N, ] production (Figures 1 and 2) can be

described by the reaction 1,2-dimethoxyhydrazine — N,.*’
Equations 2—8c were used for simulation of the profiles of N,
production using the rate constants detailed in the text. Only kg,
was treated as a fitting parameter. The resulting value of 2.4 X
10~ s7! was used for calculating all the lines displayed in
Figures 1 and 2. The one-way sensitivity analysis shows that
the shape of the profiles depends strongly on kg. and, to a lesser
extent, k,. The pH-independent rate of the N, formation reaction
is consistent with this proposal, as no net proton interchange
with the medium is operative in step 8c. During the 1-electron
oxidation of NH,OCH; by Mn(1II) in strongly acid solution,"™
intermediate “"NHOCH; and a stable 1,2-dimethoxyhydrazine
product have been proposed with no release of N,, however. In
contrast, the faster reaction of NH,OH with Mn(III) leads to N,
for low values of R and to a full oxidation to nitrate for high R
values.*®

Secondary Reactions at the Iron(ll) Center. The main
catalytic process has been discussed in terms of the comparatively
fast reactions 2—6 determining initial radical formation, followed
by a process with Production of NHj; and regeneration of the
catalytic site, [Fe"(CN)sH,0]*, egs 7a and 7b. Reactions
8a—8c complete the stoichiometric picture described by eq 1.
We must consider some specific features of the UV—vis spectral
evolution (Figures S and SI 4 and S, Supporting Information),
indicative of side reaction intermediates, which notoriously do
not affect the overall catalytic stoichiometry. We emphasize that
the mass balances established formation of N,, NH;, and
CH;OH as the products for different values of Ry (eq 1 and
Table 1), irrespective of the nature of the intermediates involved
in the reaction.

The transient absorptions at ca. 420 —440 for moderate to high
values of R, (Figures S and SI 4—6, Supporting Information) are
presently assigned to intermediate formation of a [Fe" (CN)s-
N,H,]*~ complex according to eq 9249

[Fe™(CN)NH;]*~ + *NHOCH;
— [Fe"(CN),N,H,]>” + CH;0H + H' (9)

The [Fe"(CN)sN,H,]*~ ion is moderately inert toward dis-
sociation of N,H,, according to its 0— bond properties,za’50
though it may be consumed by oxidation through reaction 10.

[Fe"(CN){N,H,]>” + 2CH;0° + H,0
— [Fe"(CN)H,0]” + N, + 2CH;0H (10)

Atincreasing concentrations of NH,OCHj, reactions 3, 4, and 8a
should be favored over the reductive, eqs 7a, 7b, and oxidative
processes, eq 10. Reactions 4 and 8a may contribute to produc-
tion of species leading to [Fe"(CN)sN,H,]*> . In Figure SI 7,
Supporting Information (R, > 200), [Fe"(CN)sN,H, ]~ traps
nearly all the active centers and the reaction evolves much more
slowly.

Another band emerges at ca. 480 nm, overlapping with the
time period of the 440 nm band. The 480 nm band compares well
with the one found at 487 nm under similar conditions for
oxidation of N-methylhydroxylamine.> It has been traced to an
alkylnitroso complex,>>'probably produced by means of initial
formation of a O-nitrene intermediate followed by the migration
of CH; to N.* By similar comparisons, we assign the weak IR
bands in Figure 3, in the 1300—1400 cm ™' region, to the
[Fe"(CN)sN(O)CH; >~ complex.Zb’SF53 Formation of bound
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N(O)CHj; implies a two-electron oxidation of [Fe"(CN)s-
NH,OCH;]*", eq 11. As the band at 480 nm decays further
and considering formation of nitroprusside, we propose a sub-
sequent two-electron oxidation, eq 12.

[Fe''(CN),NH,OCH;]*~ + 2CH;0°
— [Fe"'(CN),N(O)CH;]*~ + 2CH;0H (11)

[Fe(CN)N(O)CH;]*” + 2CH;0° + H'
+H,0 — [Fe"(CN){NOJ*" + 3CH;0H (12)

Reaction 8a is shown to be faster than reaction 11. As a result,
[Fe"(CN)sNO]*™ is accumulated toward the end of the reac-
tion, when most of the NH,OCH3; has been consumed, without
production of N,O under the catalytic regime, due to the slow
addition reaction of NH,OCHj into [Fe' (CN);NO]*™.*

Some comparisons are in order regarding the catalytic dis-
proportionation processes of NH,OH,** NH(CH;)OH,?® and
N(CH;),0H,® promoted by [Fe"(CN)sH,0]*". In all of
them, NH; and the corresponding NH,CH; and NH(CHj3),
are produced as the unique 2-electron reduction products. The
oxidation products are remarkably different, however, though
Fe(II)—Fe(III) cycling has been found with all substrates. Only
N, is finally produced with NH,OCH3;, while both N, and N,O
are produced with NH,OH. The N-methylated compounds
generate diazomethane, formaldoxime, and other soluble com-
pounds with N(I), though not any gaseous product. The latter
situation deals with the strong N—C bonds and lack of a full
deprotonation process for allowing gas release. For NH,OH and
NH,O0CH3;, production of radical chains appears as different,
depending on the dominant O- or N-coordination mode of the
substrate to [Fe"(CN)sH,O]*", respectively. For NH,OH,
*NH, generates a radical chain with production of NH; as well
as N, and N,O coming from the nitroxyl intermediate, HNO.
HNO is the source of nitroprusside, which is attacked by
NH,OH, giving N,O by an addition route. In contrast, for
NH,0CHj3;, N coordination promotes reduction to NH; at the
iron center and the chain is established with the methoxyl
radicals. Remarkably, the time needed for N, evolution is around
10-fold lower for NH,OH than for NH,OCHj, for comparable
values of R, and this is attributed to the different mechanisms for
N, production. [Fe" (CN)sN,H,]*>" has been found as a margin-
al oxidation intermediate/product for both substrates.

Bl CONCLUSIONS

Disproportionation of NH,OCHj; evolves according to the
main stoichiometry: 3NH,OCH; — NH; + N, + 3CH;0H.
Small amounts of the [Fe"(CN)sH,0]*" ion process large
amounts of NH,OCHj in a catalytic way, initiated by N co-
ordination of the substrate to [Fe (CN)sH,0]>". A key sub-
sequent step is formation of radical species, "NH, and CH;0".
The CH;0° radical, characterized by EPR as the spin adduct
of DMPO and PBN, is the precursor of "NHOCH;, the
N-methoxyamino radical, which rapidly dimerizes to the moder-
ately stable 1,2-dimethoxyhydrazine, with ensuing decomposi-
tion to N, and much of the produced CH;OH. The bound "NH,
radical is reduced to NH;, with formation of Fe(III)—NHj;
chromophores, which can be further reduced by free or bound
NH,OCHj. In this way, [Fe"(CN)sH,0]*" can be catalytically
regenerated. A side-reaction intermediate has been identified,
[FeH(CN) 5N2H2]37, which is produced at increasing values or

Ry. At low to moderate Ry values, bound N,H, is oxidized to N,,
contributing to the main stoichiometry. Inhibition occurs for
Ry A 200: the very fast production of radicals leads to saturation
of the Fe(II) complex with N,H, with suppression of catalysis.
Another side reaction comprises the successive 2-electron oxida-
tions of NH,OCHj to nitrosomethane, N(O)CHs, and nitro-
prusside, [Fe"(CN)sNOJ*". The latter is unreactive toward
NH,OCH; in the underlying conditions. We conclude that
catalytic disproportionation evolves at a sufficiently greater rate
compared to the oxidation reactions, favoring catalysis in spite of
a partial blocking of the active site by NO™.
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