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The hydroxamic acids (RC(O)NHOH, HA) exhibit diverse biological activity, including
hypotensive properties associated with formation of nitroxyl (HNO) or nitric oxide (NO).
Oxidation of two HA’s, benzohydroxamic and acetohydroxamic acids (BHA, AHA) by
[FG(CN)sNH3]2_ or [Fe(CN)6]3_ was analyzed by spectroscopic, mass spectrometric techniques,
and flow EPR measurements. Mixing BHA with both Fe(III) reactants at pH 11 allowed
detecting the hydroxamate radical, (C¢Hs)C(O)NO™ ", as a 1-electron oxidation product, as well
as N,O as a final product. Successive/UV-yis spectra of mixtures containing [Fe(CN)sNH;z]*~
(though not [Fe(CN)e]*") at pH 14"and 7-revealed an intermediate acylnitroso-complex,
[Fe(CN)S(NOC(O)(C6H5)]3_ (Amax, 465 nm, very stable at pH 7), formed through ligand-
interchange in the initially formed reduction product, [Fe(CN)sNH3]3_, and characterized by
FTIR spectra through-the stretching vibrations v(cN ), Vicoy and vno). Free acylnitroso derivatives,
formed by alternative reaction paths of the hydroxamate radicals, hydrolyze forming RC(O)OH
and HNO, postulated as precursor of N,O. Minor quantities of NO are formed only with an
excess of oxidant. The intermediacy of HNO was confirmed through its identification as
[Fe(CN)s(HNO)]3_ (Amax, 445 nm) as a result of hydrolysis of [Fe(CN)s(NOC(O)(C6H5)]3_ at pH

11. The results demonstrate that hydroxamic acids behave predominantly as HNO-donors.

Keywords: Hydroxamic acids; Pentacyano(L)ferrate(Ill) oxidants; Acylnitroso species; Nitroxyl;

Nitroxyl donor
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1. Introduction

Hydroxamic acids (RCONHOH, HX) fulfill a variety of physiological roles in biology and
medicine, associated with cell signaling, anticancer properties [1], enzyme inhibition [2], and
iron-sequestering activities [3, 4]. More recently studied hypotensive abilities are presumably
associated with endogenous nitroxyl (HNO, azanone) and NO formation under oxidative stress
[5]. In the latter context, HX s are comparatively studied within a group of related compounds
like hydroxylamine, hydroxyurea, cyanamide and azides [6]. Using HX’s as therapeutic reagents
calls for an investigation of oxidation mechanisms.

It has been well established that HX’s can be 1-electron oxidized by a:wide range of
reagents like periodic acid and hexacyanoferrate(IIl) [7, 8], giving the transient nitroxide
radicals, RCONHO". The latter species can also be generated from the HX’s by pulse- or
radiolytically generated OH" radicals [9]. The fate of the RCONHO' radicals is not clear [7-9],
affording several possible routes, bimolecular radical<radical coupling, as well as other slower
unimolecular decompositions, including dismutation (forming HX and the acyl derivative
RC(O)N=0, which hydrolyzes to RC(O)OH and-HNO), decay to the aldehyde and NO, and
homolysis of the C-N bond yielding the acyl radical RC(O)" and HNO. Mild oxidants like
hexacyanoferrate(IlI) and compound II of heme proteins might also oxidize RCONHO" to
RC(O)N=O0. The conditions favoring formation of HNO, NO or even NO" (NO;") during the
oxidations of HX’s in the biological-fluids are a matter of close scrutiny [35, 6].

In the present work, we focus on the oxidative ability of the [FeHI(CN)sL]“_ complexes
(L = NHs, H,O, CN") [10] toward two selected HA’s: acetohydroxamic (AHA) and
benzohydroxamic (BHA) acids. The series of [FeIH’H(CN)sL]“’(n”)_ complexes has been widely
used in mechanistic studies, particularly in those implying metal- and ligand-based redox
processes [10], viz., in the oxidation reactions of hydroxyurea that produce HNO/NO products
[11, 12]. We inquired on the possible role of coordination of HX, or of its reaction
intermediates/products, at the sites of the [FeII(CN)5H20]3_ ions. Our contention was based in the
contrast expected for the labile Fe'L bonds in the [FeH(CN)sL]3_ complexes (L = H,O, NH3)
compared with the [Fe"(CN)]*™ ion carrying a substitutionally inert Fe"-CN~ bond). The

coordination abilities might influence the stoichiometry and mechanism of HX oxidations, and
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aid identifying reactive intermediates through their distinctive spectral signatures upon

coordination.

2. Experimental

Nas[Fe(CN)s(NH3)]3H,0 and Nay[Fe(CN)s(NH3)]H,O were prepared and isolated as described
in the literature [13, 14]. Solutions of [FeHI(CN)sL]2_ ions (L = NH3, H,O) were prepared as
recently described [11]. K3[Fe(CN)g], pyrazinamide, acetohydroxamic and benzohydroxamic
acids were purchased from Aldrich. 0.1 M phosphate buffers were used for regulation at pH 7 or
11, with added NaCl to adjust ionic strength up to / = 1 M. DO and organic¢ solvents (methanol,
diethyl ether) were of analytical grade and used without purification. 107 M'EDTA was added in
several experiments for complexing the potentially free transition metal (Fe) ions. Argon
bubbling was used for the studies in anaerobic conditions.

UV-vis measurements of the reacting solutions, obtained after mixing BHA or AHA with
the ~10~ M Fe(III) complexes, were performed under a slight-to-moderate excess of either
[Fe"(CN)sL]*” or HA. A diode array Ocean Optics HE 2000 equipment was used from 200-
1100 nm.

IR spectra were measured with a FTIR spectrophotometer, Perkin Elmer Spectrum BX,
with a liquid cell containing ZnS windows. The assays were done in H>O and D,O solutions,
with 7x107> M [Fe(CN)sNH;]*/and 510> M BHA.

The EPR experiments were.done with a Bruker ELEXSYS E500 spectrometer. The field
was calibrated using a 4 uM solution of TEMPO (aN = 1.72 mT; g = 2.0051) as external
standard. The spectra of EPR, at room temperature, were obtained by mixing equal volumes of
reactant solutions, buffered and argon-purged, at the desired concentrations. As no radical
signals were detected in batch tests, the reaction was performed using a 0.5 cm” flat flow-cell,
and with two-stream fast-mixing, placed in the EPR cavity. The solutions were impulsed to the
cell using a continuous flow accessory manually operated. For this setup, the residence time of
the reactive solutions in the cell was typically of 0.2-0.3 seconds [15].

Identification of gaseous products (N,O, NO) was done with a mass spectrometer
Emba II equipped with a thermostatized glass reactor and a pressure sensor. N,O was
characterized with m/e 44 and 30 with relative intensities 100 and 30. Quantification was

achieved by using a gas manometer, as described elsewhere [11]. The gas evolution was
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followed by measuring the pressure increase during the reaction process. The eventual formation
of nitroprusside in the residual solutions was investigated through its reaction with
mercaptosuccinic acid [16]. Stoichiometric experiments of Fe(II) product formation were done
by adding a scavenger like pyrazinamide to the exhausted solutions and measuring the formation
of [FeH(CN)5(pyrazinamide)]3_ (Mnax, 494 nm, € = 4590 M cm_l) [17]. The results were
compared with a control experiment in which ascorbic acid and pyrazinamide were added to the

initial [FeIH(CN)sNHg]z_ reactant, before adding the AH reductant.

3. Results

3.1. EPR spectra at pH 11

Figure 1 shows the EPR spectrum obtained during the reaction of [Ee"(CN)sNH;]*~ with BHA.
The weak triplet signal, only persistent under flow conditions, may be assigned to the
CeHsC(O)NO'™ radical (giso = 2.0065; a/G = 5.8). We obtained the same signal by using
[FeHI(CN)6]3_ as the oxidant, cf. previous observations by Waters [7]. We could not detect any

signal with BHA at pH 7 or with AHA (pH 7 or 11).

3.2. Successive UV-vis spectra, pH 11

Figure 2 shows the successive spectra before and after mixing [FeHI(CN)sNHg]z_ (Amax at 360 and
395 nm) [18] with a ten-fold excess of BHA at 25 °C. Spectrum b (5 min after mixing) already
shows the disappearance of the reactant band at 360 nm, though a band at ~400 nm is still
maintained. The latter band decays subsequently in a minute time scale, in parallel with a
broadening centered at ~450 nm, suggesting the formation of new intermediate species. The final
spectrum, several hours after mixing, still shows a broad feature with a main absorption at

400 nm and-a shoulder at ~450 nm. Figure SI 1 shows the spectra with AHA under the same
conditions, with similar features in the decay of the band at 400 nm compared to figure 2.

Figure 3 shows the corresponding display after mixing [Fe(CN)s]*~ with BHA. The main band of
the iron-reactant at 415 nm decays in a few seconds, with formation of a product with a weak
absorption at ~420 nm. No additional features at greater wavelengths can be observed (cf. with

I

the solutions containing initial [Fe (CN)5(NH3)]2_). The decay appears consistent with a

previous report on the reaction of [Fe(CN)6]3 ~ with PhCH,C(O)NHOH [7].
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3.3. Successive UV-vis spectra, pH 7

Figure 4 shows the spectral display showing a similar behavior as previously described in

figure 2 at pH 11. The rapid decay of one of the bands of the reactant at 360 nm (cf. spectrum a)
can be observed in spectrum b, 10 min after mixing, while the band at ~400 nm begins to grow.
The successive spectra show the monotonous, slow increase of the latter band absorption,
accompanied by a new, more intense band at ~ 460 nm, which attains its maximum intensity.in a

period of hours.

3.4. FTIR spectra in D,0

Figure 5 shows the IR spectrum in D,0, after mixing BHA with [FeHI(CN)sNH3]2_, at pD of
7-7.5 under a slight excess of the latter complex. It can be seen that decay of the band at

2117 cm™, corresponding to the Fe(III) species, is accompanied by the onset of new bands at
2093 and 2043 cm‘l, typical for values of vey in Fe(II) cyano-complexes [10]. A weak band at
1935 cm™! (VNno) could be assigned to traces of nitroprusside ion [19] [Fe(CN)sNO]Z_, originated
in the impure Fe(Il)/Fe(Ill) cyano-complexes, or alternatively to additional oxidation of HNO
under the slight excess of oxidant. Most significant are the new absorptions at 1725 cm™" (vco)
[20] and at 1320 cm™!. The latter band may be assigned to vno, as also observed in several

reduced nitroso-derivatives [21-23].

3.5. Mass spectral results with gaseous products

The reaction of [FeHI(CN)sNH3]2_ with BHA and AHA at pH 11 led to exclusive formation of
N>O(g) as a gaseous product. The average yield was lower than 50%, referred to the initial moles
of nitrogen in AHA or BHA. With AHA, the reaction at pH 7 also generated minor quantities of
NO(g). This could arise through a competitive path for the hydroxamate decomposition, namely

the disproportionation to NO and RCHO [5c].

3.6. Stoichiometric experiments of iron redox conversion

In the reaction of [FCIH(CN)sNH3]2_ with a slight excess of AHA or BHA, we observed ~1.5

equivalent consumption ratio ([Fe'

J/[HA]), either by performing experiments with or without
EDTA, both at pH 7 and 11. In the experiments using [FeIII(CN)6]3_ as the oxidant, we found the

same 1.5 stoichiometry in the absence of EDTA, though a change to a 1:1 stoichiometry if
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EDTA was added (as also found by Waters [7]). The greater consumption of oxidant (associated
to a fast process leading to a 1:1 ratio followed by a slower process involving ~0.5 additional

equivalents) has been assigned to reordering of the initially formed hydroxamate radicals [7].

4. Discussion

The EPR results after mixing [Fe"(CN)sL]"" (L = NH;, CN") with BHA at pH 11 (figure 1)
allow proposing reactions (1a,b) as the first rapid steps (second-time scale) comprising a
1-electron oxidation of the hydroxamate anion CcdHsC(O)NHO™ (pK, of HA’s =~9) [5, 9]. The
inability to detect any radicals for BHA at pH 7 is probably associated with the greater reactivity

of the protonated radical species.

[Fe"(CN)sNH3]*” + RC(O)NHO™ 2 [Fe'(CN)sNH;]* 7+ RC(O)NO'™ + H*  (la)

[Fe(CN)eJ*~ + RC(O)NHO™ 2 [Fel'(CN)s]*" + RC(O)NO™~ + H*(1b)

Reaction (1a) involves the reduction of [FeHI(CN)5NH3]2_ to [FCH(CN)sNH3]3 ", as indicated in
figure 2 by the onset of a residual band at ~400 nm, typical of the Fe(II) species [10]. We assume
that similar radicals are also formed with AHA, given the common reactivity pattern described in
the Results section. Figure SI 1 indicates the UV-vis spectral evolution for AHA. Fast initial
steps like (1) have also been reported previously for other HA’s [7].

The corresponding EPR spectrum in figure 1 displays the oxidative activity of
[FeIH(CN)6]3 ", also occurring rapidly, comparable with [FeIII(CN)sNH3]2_. Figure 3 shows the
spectral evolution found for [Fe"(CN)¢]*~ with a product identified as [Fe"(CN)]*~ (spin-
forbidden band at 422.nm) [24], (reaction 1b). Given the comparable redox potentials (~0.4 V)
for the [Fe™(CN)sNH3]> / [Fe"(CN)sNH3]*~ and [Fe™(CN)s]*™ / [Fe"(CN)s]*™ redox couples
[10], the similar rates for the initial step obtained for both oxidants toward AH’s become fully
consistent.

In general, the radicals formed in the 1-electron oxidations (pK, ~9) show complex
subsequent reactivity [7, 9], suggesting fast recombination processes (k ~10" M™' s™") [9]. The
spin density at the O-C-N-O group allows generating diverse adducts (C-C, N-N, C-O, N-O,
0-0) as a result of alternative couplings of the different isomers of the nitroxide radical [5c]. The

results show that the very reactive O-O adduct (derived from the RC(O)NO'™ isomer) dismutates
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yielding the parent X~ and an acyl-nitroso species, as described in reaction (2). The latter

compound could be generated through the alternative reaction pathway (2°) [9].

2 RC(O)NO'™ — [RC(O)NO-ON(O)CR]*” + H* — RC(O)NHO™ + RC(O)N=0 (2)

RC(O)NO'™ + [Fe™(CN)sNH;]* — [Fe(CN)sNH;3]*~ + RC(O)N=0O (2)

The formation of an intermediate acyl-nitroso species has been considered as crucial for
hydrolytic generation of nitroxyl, HNO/NO™ (reaction (3)), when the solutions of hydroxyurea
and related species react with oxidants [20]. HNO might be trapped by available acceptors in the
medium, in competition with its rapid dehydrative dimerization giving N,O, reaction (4), with

k=8x10°M~"' s7! [25].

RC(0)N=0 + H,O 2 RC(O)OH + HNO (3)

2HNO — N,O +H;O (4)

[FCH(CN)sNH3]3 " is susceptible to aquation, as described in reaction (5), with a half-life
of 40 s for release of NH3 at 25 °C [26]. At pH 7, reaction (5) is completely displaced by
protonation of NHj3, and therefore the [Fe,H(CN)stO]3 "~ ion will be quantitatively generated in a
few minutes. At pH 11, however, an equilibrium is established, with persistence of

[Fe"(CN)sNH;]* [27-29].
[Fe"(CN)sNH;1*™ + H,O 2 [Fe'(CN)sH,O]*™ + NH;(5)

UnderexcessstAH/A™, N-binding to the labile aqua-site might occur through reaction (6),

as suggested by the persistence of the 400 nm band:
[Fe"(CN)sH,O1™ + AH/A™ 2 [Fe(CN)s(AH/A)** + H,O  (6)

However, [FeH(CN)s(AH/A)]3’4_ is expected to be sufficiently labile toward dissociation (like
[FeII(CN)sNH3]3_) and can lead to reaction (7) through a ligand interchange reaction with the

acyl-nitroso group formed in (2) or (2’).
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[Fe''(CN)s(AH/AT** + RC(O)N=0 2 [Fe(CN)s(NOC(O)R]*™ + AH/A~ (7

We assign the intense bands observed at 465 nm (pH 7) during the slow reactions
occurring subsequently to the initial reduction (both with BHA and AHA, figures 4 and SI 1) to
the corresponding products in reaction (7). We rely on the close similarity with the well
established coordination ability of nitrosoalkanes [FeH(CN)5N(O)CH2C(CH3)ZOH]3 ~[30] and
nitrosoformamide [Fe" (CN)sNOC(O)NH,]*~ [11]. The latter compound was isolated as a sodium
salt, after oxidation of hydroxyurea with cyanoferrates(Ill), in a reaction closely similar to the
one reported here. All of these compounds show intense charge-transfer bands at ~460 nm, as
well as consistent signatures in the IR spectra corresponding to the vNe; Vco andvey stretching
frequencies, as shown by the presently reported intermediate (see Results).

For reaction (7), the maximum absorbance value obtained at 465 nm (figure 4) suggests
that less than a 50% yield of [Fe"(CN)s(NOC(O)R]’" is obtained; with respect to the total iron
content (we estimate a molar absorptivity of ~4x10° M em" for [FeH(CN)s(NOC(O)R)]3 [11].
This is due, on the one hand, to the additional, unidentified products of radical reactions [9]. On
the other hand, free RC(O)N=0 may decompose:via hydrolysis (catalyzed by OH"), yielding
HNO [21, 31], which would rapidly lead to N,O release (eqs. 3 and 4). The yields of N,O,
generally less than 50% (see Results), are consistent with the above explanation.

Remarkably, [Fe'"(CN)s(NOC(OYR]"™ is strongly stabilized at pH 7, though not at pH 11,
given that only shoulders are apparent at 465 nm in the latter case (figures 2 and SI 1 for BHA
and AHA, respectively). This is consistent with the hydrolysis of the bound acyl-nitroso group to

HNO occurring more favorably at pH 11 [31], as described in reaction (8).
[Fe''(CN)s(NOC(O)R]”™ + OH™ — [Fe'(CN)s(HNO)]>~ + RC(0)O™(8)

Strong evidence for reaction (8) is apparent from the broadening of the band in the aged spectra,
compatible with the distinctive maxima for the reactant and the product at 465 and 445 nm,
respectively. The spectroscopic and kinetic properties of the [FeH(CN)S(HNO)]3_ ion have been
recently described, showing an intense charge-transfer band at 445 nm [32, 33]. Reaction (8)
provides good supporting evidence on the successive formation of acyl-nitroso — nitroxyl

species as necessary precursors of N>O release.
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Scheme 1 describes the proposed mechanism. It can be concluded that hydroxamic acids
behave mainly as HNO donors after mixing with the cyanoferrates(Ill), once the N(+1) redox
state has been reached by forming the RC(O)N=0 intermediate, as recently proposed for other
strong oxidants like OH" radicals, as well as milder oxidants like compounds I or II arising in the
mixtures of heme-proteins and H>O» [Sc]. At both pH 7 and 11, the successive UV-vis spectra
(when using [FCIII(CN)sNH3]2_) demonstrate that the HA’s may bind to Fe(II) complexes
generated upon fast initial reduction of Fe(III) complexes, followed by successive conversions to
the acyl-nitroso species, which in turn may lead to HNO ligand. We also obseryved some minor
NO when an excess of oxidant was used. There is a thermodynamic ability of cyaneferrates(III)
for oxidizing bound HNO to NO/NO", as recently demonstrated by oxidation.of the nitroxyl
complex [FeH(CN)s(HNO]3 ~ up to nitroprusside after addition of [FeIII(CN)6]3_ [33]. With respect
to the influence of coordination on the mechanistic aspects of hydroxamate reactivity, the results
show that N,O is always formed for every L, and that no significant changes in the rates for the
initial redox step are observed when [FeHI(CN)6]3_ is replaced by [FeIH(CN)s(NHg]z_ or
[FeIH(CN)s(Hzo]z_. The fact that [FeIII(CN)6]3_ is still a source of N,O (in spite of the
substitution-inert Fe"'-C and Fe"-C bonds) indicates that the coordination step is not crucial for
HNO-formation. Instead, HNO, and subsequently N,O, form mainly through the hydrolysis of
Jree acyl-nitroso, which in turn is generated by a 1-electron oxidation of the hydroxamate radical.
For all the studied complexes, HNO generated in this way may react with potential biological
targets such as thiols and metalloproteins under competition with the dehydrative dimerization
leading to N,O. In addition, it can be converted to NO under an oxidizing environment. We
conclude that the labile Fe(II)-aqua coordination site allows binding and identifying the HX,
RC(O)N=0 and HNO intermediates, though clearly the main route to HNO and N,O formation
does not depend on the competitively formed bound species. In fact, the

[FeH(CN)5(RC(O)N:O)]3 " ion appears to be very robust toward hydrolysis at pH 7.
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Figure captions
Figure 1. EPR spectra during the reactions of BHA 0.05 M with [Fe"(CN)sNH;]*~ 0.02 M (a)
and [Fe(CN)6]3_ 0.02 M (b), pH 11, 1 M NaCl, 25 °C. The spectrum of TEMPO is shown in (c).

Figure 2. Successive UV-vis spectra for the mixture of 2.5x107* M [FeHI(CN)sNH3]2_ with
2.3x10 M BHA, pH 11. Time after mixing, in min: (a) 0, (b) 5, (¢) 10, (d) 40, (e) 360.

Figure 3. Successive UV-vis spectra for the mixture of 2.5x107* M [FeHI(CN)6]3 T with
2.3x10™ M BHA, pH 11. Time after mixing, in seconds: (a) 0, (b) 0.4, (c) 1.2, (d) 2, ()4, (f) 10.

Figure 4. Successive UV-vis spectra for the mixture of 3.9x 107* M [FeHI(CN)sNH3]2_ with
6.1x10° M BHA, pH 7. Time after mixing, in min: (a) 0, (b) 10, (c) 20, (d) 35, (e) 900.

Figure 5. (a) FTIR spectrum in D,O solution after mixing 7x107> M [FeHI(CN)sNH3]2_ with
5102 M BHA, 1 M Na(l, 25 °C. (b) Control spectrum with [FeIII(CN)sNH3]2_.
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