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Abstract. Kinetics and mechanisms of the oxidation of methoxyurea and N-methylhydroxyurea were stud-
ied in neutral and basic aqueous solutions. The obtained pH dependences of the oxidation rates indicate 
that for both hydroxyureas the reactive species are the deprotonated ones. The second order rate cons-
tants, the activation enthalpies and the activation entropies for the reactions of methoxyurea (O-methylhy-
droxyurea) and N-methylhydroxyurea anions with Fe(CN)6

3− at 25 oC, I = 2 mol dm−3 (NaClO4) were  
determined as (5.06 ± 0.01)  102 mol−1 dm3 s−1, (1.92 ± 0.02)  104 mol−1 dm3 s−1, 27 ± 1 kJ mol−1,  
16 ± 1 kJ mol−1, 101 ± 2 J mol−1 K−1, and 107 ± 4 J mol−1 K−1, respectively. The pKa value of methoxy-
urea at 25 oC and 2 mol dm−3 ionic strength was determined kinetically as 12.7 ± 0.1 and the thermody-
namic parameters for the deprotonation reaction were determined as ΔaH = 43 ± 1 kJ mol−1, and  
ΔaS = 96 ± 4 J mol−1 K−1. When the kinetic results are compared with the data reported for hydroxyurea, 
an inverse dependence of the rate constants on the pKa of the hydroxyurea derivatives at 25 oC is ob-
served. Such unexpected behaviour has been explained by the ab initio calculations and NBO analysis of 
HOMOs for all three hydroxyureates. (doi: 10.5562/cca1799) 

Keywords: methoxyurea, N-methylhydroxyurea, hexacyanoferrate, oxidation, kinetics, NBO, quantum 
chemical study 

 
INTRODUCTION 

Hydroxyurea (HU) (Chart 1) is a highly specific low 
molecular weight inhibitor of ribonucleotide reductase, 
and, therefore, of DNA synthesis,1 with a broad spec-
trum of anti-tumor effects,2 which also effectively im-
proves clinical outcomes in patients with sickle cell 
disease.3,4 

Hydroxyureas belong to the family of hydroxamic 
acids that may act as nitric-oxide donors under oxidative 
conditions in vitro.5,6 In reactions with hemoglobin, 
myoglobin, or hemin, NO may contribute to the overall 

pathophysiological properties of HU.7 It was shown that 
the formation of iron nitrosyl hemoglobin from the 
reaction of hydroxyureas and hemoglobin requires an 
unsubstituted −NHOH group and that the nitrogen atom 
of the non-N-hydroxy group must contain at least a 
single hydrogen atom.8 It was also reported that the 
selected hydroxyureas are oxidized by lipoxygenase to 
form their corresponding nitroxides.9 

On the other hand, investigation of inhibitory ef-
fects of nitro-vasodilators and HU on DNA synthesis in 
cultured human aortic smooth muscle cells indicates 
that NO does not mediate the inhibitory action of HU in 
this system.10 In line with that observation, we have 
recently published papers dealing with the oxidation of 
HU by dioxovanadium(V) and Fe(CN)6

3− ions, which 
have revealed that the oxidation of HU with those two 
oxidizing agents does not afford the formation of 
NO.11,12 These studies are extended in this work by the 
investigation of the reaction mechanism of reduction of 
the Fe(CN)6

3− ion13 with two derivatives of hydroxyurea 
shown in the Chart 1, viz. N-methylhydroxyurea 

 

Chart 1. Structures of hydroxyureas: hydroxyurea (HU): R1 =
R2 = H, N-methylhydroxyurea (NMHU): R1 = CH3, R

2 = H,
and N-methoxyurea (MetU): R1 = H, R2 = CH3 

http://dx.doi.org/10.5562/cca1799
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(NMHU) and methoxyurea (MetU). 
The hydroxamic acids contain the smallest 

O=CNH unit that can bind to the DNA helix,14,15 and the 
observed biological activities of hydroxamic acids 
might be related to the similarity between the O=CNH 
unit and analogous structural segments found in pro-
teins.16 Hence, knowledge of the favoured ionization 
sites is important for understanding the role played by 
hydroxamic acids in biological processes, but also in 
metal ion complexation, since these processes could be 
interrelated. A large number of papers dealing with 
theoretical and experimental aspects of hydroxamic 
acids’ acidity have been published,17 among which we 
have recently published a thermodynamic study of the 
acid-base properties of HU and NMHU.18 It was con-
cluded that the electronic properties of the functional 
groups, R1 and R2, play a significant role in the ioniza-
tion of hydroxamic acids,19 but an unresolved dispute 
whether hydroxamic acids in water deprotonate at the 
oxygen or the nitrogen atom of hydroxamic moiety is 
still open for debate. 

Since the redox active species of hydroxyureas are 
found to be their anions, and the pKa values of hydroxy-
ureas are necessary for interpretation of the redox kinet-
ics, herein we also report determination of the ionization 
constant of MetU. In order to confirm the identity of the 
favoured ionization site in MetU (NH2 or NHOCH3), 
we also report the quantum chemical calculations of its 
electronic structures and energies. Thus, besides im-
proving our understanding of the reaction mechanism of 
oxidation of the hydroxyurea derivatives, this work also 
advances understanding of the acid-base properties of 
hydroxamic acids in general, presenting our contribu-
tion to answer the above question by studying MetU 
molecule that has no –OH site available for deprotona-
tion. 

 

EXPERIMENTAL 

Materials 

All chemicals used were commercially available, of 
reagent grade and were used without further purifica-
tion. All water used was deionized and then twice dis-
tilled in an all-glass apparatus, first from an alkaline 
solution of KMnO4. All solutions were prepared with 
twice distilled and deionized water boiled for 1 hour and 
cooled down under argon atmosphere (purified by a 
SIGMA OXICLEAR cartridge) in order to exclude CO2 and 
O2. NaClO4 was synthesized by addition of HClO4 to a 
water solution of NaHCO3 until neutralized, then fil-
tered and recrystallized. A 7.2 mol dm−3 stock solution 
of NaClO4 was standardized by passage through Amber-
lite IR120 strong acid cation exchange column in the H+ 
form, and titrated against standard NaOH. In all meas-

urements buffered solutions of K3[Fe(CN)6] and NMHU 
were prepared by addition of appropriate volumes of 
stock solutions of metal or ligand and buffer, except in 
measurements with HEPES because of a slow reaction 
of HEPES and K3[Fe(CN)6] observed by a yellowish 
colour of K3[Fe(CN)6] disappearing within a few hours 
(depending on the concentration of K3[Fe(CN)6]). These 
solutions were prepared by the addition of double 
amounts of buffer to NMHU solutions. In all solutions 
pH was adjusted by the addition of a standard NaOH 
solution. The ionic strength was maintained constant 
with NaClO4. Care was taken in the preparation and 
manipulation of hexacyanoferrate(III) solutions in order 
to prevent decomposition upon light exposure and long 
standing. Fresh solutions of hexacyanoferrate(III) were 
prepared before each experiment and their concentra-
tions were calculated using the molar absorptivity of 
1050 mol−1 dm−3 cm−1 at 420 nm. 
 
Synthesis of Hydroxyureas 

NMHU was prepared by drop wise addition of 5.125 g 
KCNO (0.063 mol) dissolved in 50 ml water to solution 
of 5.25 g (0.063 mol) N-methyl hydroxylamine hydro-
chloride dissolved in 50 ml of methanol. The solution 
was mixed over night at room temperature and the sol-
vent was removed under reduced pressure afterwards. 
The remaining oil was dissolved in diethyl-ether and 
filtered to remove KCl. Diethyl-ether was then removed 
under reduced pressure and the remaining oily sub-
stance began to crystallize in a vacuum desiccator over 
P2O5. Crystallization and filtration from ethylacetate 
gave the pure product (yield 4.465 g, 79 %, 1H-NMR 
(DMSO-d6) δ/ppm: 9.27, 6.27 and 2.95; 13C-NMR 
(DMSO-d6) δ/ppm: 162.45 and 38.26). Methoxyurea 
was prepared according to published procedure and was 
checked for purity by its melting point (81−84 oC, lit. 
value: 84 oC)20 and spectroscopic data: IR (KBr) ν/cm−1: 
3402, 3220, 2170, 1670, 1598, 1474, 1440, 1416, 1194, 
1128, 1092, 810, 712, 602, 564; 1H NMR (DMSO-d6) 
δ/ppm: 9.01 (NH), 6.40 (NH2), 3.52 (CH3); 

13C NMR 
(DMSO-d6) δ/ppm: 161.82 (C=O), 64.40 (CH3). 
 
Instrumental Measurements 

The UV-Vis absorption spectra were recorded on a 
VARIAN CARY 50 spectrophotometer. Kinetic measure-
ments were performed by using an OLIS USA RSM 
1000 stopped-flow spectrophotometer coupled to an on-
line data acquisition system and equipped with thermo-
statted cell compartment. The kinetic traces were evalu-
ated using the OLIS GLOBALWORKS program. Tem-
perature control was maintained with the use of a HA-

AKE DC10-K10 refrigerated circulator bath with tem-
perature accuracy of 0.1 C over the range 10−100 C. 
Absorbance changes during the kinetics were followed 
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at 420 nm, and each experimental rate constant reported 
herein is an average of at least 5 runs carried out. pH 
was measured using Mettler Toledo MP220 pH-meter 
with InLab 413 combination electrode. Differences in 
pH values before and after reaction were negligible. The 
electron paramagnetic resonance (EPR) spectra were 
recorded at room temperature with a Bruker Elexsys 
E500 X-band spectrometer for both aqueous and heavy-
water solutions. The spectra were recorded immediately 
after mixing Fe(CN)6

3− with NMHU. 
 
Computational Details 

The Gaussian 09 program package21 has been em-
ployed in all the calculations. Initial geometries and 
their different rotamers were built using Avogadro 
program package.22 Initial geometries of the water 
clusters of MetU species were generated by stochastic 
search procedure, namely a modified Saunder's kick 
procedure,23 including two important modifications: (i) 
use of dynamic molecular fragments (viz. water mole-
cules) that are randomly rotated, and then kicked 
around a stationary molecular fragment (viz. the MetU 
species), versus the original all-atom displacement 
approach (Addicoat and Metha24 also made the same 
modification), and (ii) constraint of the kick relative to 
the position of randomly selected atom of stationary 
molecular fragment, thus avoiding the necessity to 
define a box in which the kick is allowed. In other 
words, defining the "kick-size" and "box-size" (e.g. 
maximum displacement of atom from starting position 
in specified space as defined by Saunders) is now 
replaced with a value of maximum displacement of 
dynamic molecular fragment from a randomly selected 
atom of the stationary structure. Water molecules were 
placed randomly in a variety of locations to sample the 
various arrays of hydrogen-bonding networks available 
between MetU/water and water/water molecules, re-
ducing the possible errors caused by the limitations of 
our “chemical intuition”. 

Batches of initial geometries were prepared, each 
consisting of at least 100 different starting geometries. 
At least three batches of every investigated cluster were 
submitted for first optimization using the Becke three 
parameter Hybrid functionals with Lee-Yang-Parr cor-
relation method25 with Pople’s 6-31+G(d) basis set26 
(B3LYP/6-31+G(d)) without any conformational or 
symmetry constraints. The five lowest-energy distinct 
minima from each batch were compared and if no new 
original minima were found it was assumed that a 
global minimum had been found. Otherwise, if a new 
distinct minimum with lowest energy was found, a new 
batch was created and submitted in the same way. The 
claim of the found global minimum was further tested 
by a hand-modification of geometries while the nature 
of the stationary point was verified by computations of 

the harmonic frequencies at the same levels of theory. 
Solvent effects in water have been calculated by 

means of the polarized continuum model with po-
larisable conductor parameters (CPCM)27 in which the 
solvent is considered as a continuum dielectric, charac-
terized by a constant permittivity. The CPCM method 
was directly applied to the neutral and anionic forms of 
MetU, as implemented in the Gaussian 09 package, 
using the same level of theory. The cavity radii were 
those recommended for the UAHF model.28 The relative 
solvent dielectric constant at 298.15 K has been set at 
78.5 (Gaussian 09 default for water). Thus obtained 
minima were then optimized at B2PLYP/6-311+ 
G(d,p),29 MP2/6-311+G(d,p)30 and G3B331 methods 
with hydration effects calculated by the CPCM method 
on the same levels of theory, except for G3B3, where 
the hydration energy was computed on B3LYP/6-
311++G(d,p) level of theory. B3LYP was selected as 
the most frequently used density functional theory 
which has good concurrence with experimental results 
and is a fairly cheap and fast method for large sets of 
starting structures. MP2 method was selected as the 
most used Møller-Plesset method, and B2PLYP was 
used as a representative of the double hybrid method 
which combines exact HF exchange with an MP2-like 
correlation to a DFT calculation. G3B3 method involves 
complex energy computations including several pre-
defined calculations on the specified molecular system 
and is the most expensive in computer clock-time. 

Natural Bond Analysis32 was performed to deter-
mine charge distribution and molecular orbital composi-
tion and shape, using NBO version 3, as implemented in 
Gaussian 09 program package. For visualization of 
orbitals Avogadro program package was used. 

 

RESULTS 

General Observations 
After mixing the reactants in an aqueous solution within 
a few milliseconds mixing time, a spectral maximum at 
420 nm, where only Fe(CN)6

3− absorbs the light, fades 
out on stopped-flow time scale. The first recorded UV-
Vis spectrum of the reaction mixture corresponded to 
Fe(CN)6

3−, whereas the spectrum measured after the 
reaction was completed corresponded to Fe(CN)6

4− 
(Figure S1). Since on that time-scale [Fe(CN)6]

3− does 
not undergo the observable aquation reaction,33 the 
observed colour fading can be attributed to the reduction 
of Fe(CN)6

3− with hydroxyureas. A single exponential 
decay Eq. (1) of the measured absorbance vs. time (Fig-
ure 1) was successfully fitted to the experimental data 
(A is the total absorbance change while At and Ainf. are 
the absorbance at time t and infinite time, respectively) 
implying first-order dependence with respect to the 
absorbing species (counting here Fe(CN)6

3− and its 
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outer-sphere ion-pairs). 

 obs inf .exp  tA A k t A     (1) 

In experiments dealing with NMHU buffer solu-
tions were prepared from MES and HEPES to cover the 
whole investigated pH range. No significant buffer con-
centration dependence of kobs was observed (Figure S2). 
 
Stoichiometry of the Redox Reactions 
Mixtures having increasing hydroxyureas:Fe(CN)6

3− 
molar ratios were allowed to react to completion, and 
the reaction stoichiometries were determined spectro-
photometrically by measuring the 420 nm absorbance 
of reaction solutions due to unreacted Fe(III) species. 

Plots of absorbance against the mixing ratio first 
showed a linear decrease and then constant values 
describing a horizontal line. From the intersection of 
straight lines shown in Figure 2, the stoichiometric 
molarity ratio for NMHU (like for HU)12 is found to be 
1:2 = NMHU:Fe(CN)6

3−, whereas for MetU the found 
ratio is 1:1. These results indicate that, contrary to HU 
and NMHU, which act as two-electron donors, MetU 
acts as a one-electron donor in the reduction of 
Fe(CN)6

3−. 
 
Free Radical Formation 
EPR spectra of a free radical formed in the reaction of 
Fe(CN)6

3− with NMHU in water and D2O were found to 
be identical to the analogous spectra recorded when 
NMHU was oxidized with dioxovanadium(V).34 An 
attempt to record a free radical generated from MetU in 
reaction with Fe(CN)6

3− at room temperature by the 
EPR spectroscopy technique failed, most probably due 
to a too low concentration of the formed free radical. 
Therefore, involvement of a free radical in that reaction 
was assessed by initiating the polymerization of acryla-
mide: 0.09 g MetU, 0.033 g K3Fe(CN)6 and 0.39 g of 
acrylamide were placed in a dry test tube and dearated 
with Ar for 15 minutes. The test tube was sealed and 5 
ml of degassed water was added with a syringe and 
stirred for 10 min. This reaction mixture was added to a 
double volume of cold methanol with the result of pro-
gressive formation of a white solid across the whole 
solution. When the experiment was repeated in the ab-
sence of MetU or K3Fe(CN)6 under the same conditions 
no white solid was formed. 
 
Kinetics of oxidation 

As mentioned above, the kinetics of the redox reaction 

Figure 1. A typical kinetic trace of reaction between
Fe(CN)6

3− and NMHU followed at λ = 420 nm. Conditions:
c(K3Fe(CN)6) = 0.5 mmol dm−3, c(NMHU) = 2 · 10−2 mol
dm−3, pH = 8, c(HEPES) = 0.2 mol dm−3, I = 2 mol dm−3,  =
(25  0.2) C. Inset: the linear dependence of ln(A − Ainf.) vs.
time confirming the first-order condition. 

Figure 2. Absorbance of the solutions equilibrated at (25  0.1) °C of (left) NMHU and K3Fe(CN)6 as a function of
NMHU/Fe(CN)6

3− molar ratio. Conditions: c(K3Fe(CN)6) = 1 mmol dm−3, 0.1 mol dm−3 NaOH, I = 2 mol dm−3 (NaClO4), l = 1
cm, and (right) MetU and K3Fe(CN)6 at 420 nm as a function of MetU/Fe(CN)6

3− molar ratio. Conditions: c(K3Fe(CN)6) = 0.5
mmol dm−3, 0.01 mol dm−3 NaOH, I = 2 mol dm−3 (NaClO4), l = 1 cm. 
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between Fe(CN)6
3− and hydroxyureas were studied 

using the stopped-flow technique, monitoring a decrease 
in absorbance of Fe(CN)6

3− at 420 nm with time (under 
the pseudo-first order conditions and constant ionic 
strength) to which the expression (1) was fitted.35 If an 
inner-sphere species had been created, a bathocromic 
shift of the absorption band, associated with the ligand-
metal charge transfer, could have been expected. An 
absence of such a shift in the final UV-Vis spectrum, 
which coincides with spectrum of Fe(CN)6

4−, proves 
that this is the reduction product. 
 
Effect of the Initial Fe(CN)6

3− Concentration 
In order to determine the rate order with respect to hexa-
cyanoferrate(III) concentration, two series of kinetic 
measurements were carried out in which only the initial 
concentration of K3Fe(CN)6 was varied. In the first series 

Fe(CN)6
3− was in molar excess over hydroxyurea deriva-

tives and in the second series the ratio was reversed. In 
the latter case the obtained pseudo-first order rate con-
stants are independent of the Fe(CN)6

3− concentration, 
while in the former case they exhibit a linear dependence 
on the initial Fe(CN)6

3− concentration (Figure 3). These 
facts clearly demonstrate the first order dependence of 
the redox reactions with respect to the concentration of 
this reactant. 
 
Effect of the Initial Concentration of Hydroxyureas 
With the hydroxyurea derivatives in a large molar excess 
over Fe(CN)6

3−, linear dependencies of the calculated 
pseudo-first order rate constants, kobs, on the concentra-
tion of both hydroxyureas were observed (Figure 4). The 
slopes at two different proton concentrations differ 
significantly. The larger slopes at the higher base con-

Figure 3. Plots of kobs vs. initial [K3Fe(CN)6] for redox reaction between Fe(CN)6
3− and hydroxyurea derivatives. (left) NMHU in

a molar excess over Fe(CN)6
3− at pH = 10. Conditions: c(NMHU) = 0.03 mol dm−3, c(buffer) = 0.2 mol dm−3, I = 2 mol dm−3,  =

(25  0.2) °C and (right) Fe(CN)6
3− in a molar excess over MetU at pH = 12. Conditions: c(MetU) = 0.03 mmol dm−3, I = 2 mol

dm−3 (NaClO4),  = (25  0.2) C. 

Figure 4. Dependence of kobs of oxidation of hydroxyurea derivative on its concentration. (left) Conditions: c(K3Fe(CN)6) = 0.5
mmol dm−3, c(buffer) = 0.2 mol dm−3, I = 2 mol dm−3 (NaClO4),  = (25  0.1) °C. (right) Conditions: c(K3Fe(CN)6) = 0.25 mmol
dm−3, I = 2 mol dm−3 (NaClO4),  = (25  0.1) C. 
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centration are indicative of a more reactive anionic 
species in comparison with the molecular forms. Hence, 
the dependence of the oxidation rates on the acidity of 
the aqueous solution was studied with the reductants in 
a large molar excess over hexacyanoferrate. 

As shown in Figure 5 (left), a sigmoid dependence 
was obtained for NMHU, which can be expressed by 
equation (2), 

    obs 1 2 a atot
 H NMHU / H  k k k K K           (2) 

where kobs is the observed pseudo-first order rate con-
stant, k1 is the second order rate constant for the reaction 
of Fe(CN)6

3− with protonated species of NMHU, k2 is 
the second order rate constant for the reaction of 
Fe(CN)6

3− with deprotonated species of NMHU, and Ka 
is the deprotonation equilibrium constant of NMHU 
(paths assignation according to Scheme 1). Assuming a 
first order with respect to the NMHU concentration, the 
calculated values are: k1 = 1(1)  102 mol−1 dm3 s−1, k2 = 
1.92(2)  104 mol−1 dm3 s−1, and pKa = 9.82(2).36 The 
calculated pKa value is very similar to the value deter-
mined potentiometrically under the same experimental 
conditions (pKa = 9.79,18 I = 2 mol dm−3 NaClO4,  = 25 
°C). Because of a large standard deviation obtained for 
k1, the reaction of Fe(CN)6

3− with the protonated species 
should be considered as rather dubious. Nevertheless, 
even if the calculated value were considered as an upper 
limit, k2 would be at least three orders of magnitude 
larger than k1. The observed difference can be explained 
by the build-up of negative charge upon the deprotona-
tion of NMHU. 

A nonlinear dependence of kobs on hydroxide con-
centration obtained for MetU (Figure 5, right side) can 
be expressed by equation (3), 

 obs OH / 1 OHk a b          (3) 

which is equivalent to Eq. (4), i.e. the reduced form of 
kinetic expression (2). 

   obs 2 a atot
MetU / H  k k K K     (4) 

The parameters a and b in Eq. (3) equal the ratios 
k2Ka[MetU]tot/Kw and Ka/Kw in Eq. (4), respectively.37 
Assuming Kw = 1.07  10−14 at 25 oC and I = 2 mol 
dm−3,38 Ka and k2 were calculated as 2.14(6) × 10−13 
mol−1 dm3 and 5.06(1)  102 mol−1 dm3 s−1, respectively. 
The calculated Ka value of MetU is approximately three 
orders of magnitude smaller than the Ka values of other 
two hydroxyureas studied. An attempt to determine the 
Ka value by the combined pH-spectrophotometric titra-
tion failed, most probably due to the pKa value outside 
the range of the glass electrode reliability. 
 
Effect of the Initial Fe(CN)6

4− Concentration 
The effect of the concentration of hexacyanoferrate(II) 
ions, as one of the reaction products initially added to 
the reaction solutions, on the rate of the redox reaction 
was also studied. The concentrations of hexacyanofer-
rate(II) ions were varied up to 1 mmol dm−3 at fixed 
concentrations of the hydroxyurea derivatives, 
Fe(CN)6

3− and NaOH, and at constant ionic strength I = 
2 mol dm−3 (NaClO4). The rate remained constant upon 
changing the concentration of hexacyanoferrate(II) ions, 
thus ruling out “reversibility” of the rate determining 
electron-transfer step. The observed dependence of rate 
constants on the initial concentration of K4Fe(CN)6 is 
presented in Figure S3. 
 

Figure 5. Dependence of the observed pseudo-first order rate constants (kobs) on the acidity of aqueous solutions. (left) Conditions:
c(NMHU) = 5 mmol dm−3, c(K3Fe(CN)6) = 0.2 mmol dm−3, c(buffer) = 50 mmol dm−3, I = 2 mol dm−3 (NaClO4),  = (25  0.1) °C.
(right) Conditions: c(MetU) = 7.5 mmol dm−3, c(K3Fe(CN)6) = 0.25 mmol dm−3, I = 2 mol dm−3 (NaClO4),  = (25  0.1) C. 
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Effect of Temperature 
Since the obtained pKa of MetU is 12.67, slight varia-
tions in pH and pKa with temperature should affect the 
value of the observed rate constant measured as a func-
tion of temperature. Hence, the temperature effect on 
the kinetics of the latter reaction had to be measured 
simultaneously as a function of temperature and the 
OH− concentration (Figure 6). 

Ka and k2 were calculated from the data shown in 
Figure 6, taking into account that within the studied 
temperature range the ionic product of water increases 
with temperature.39 The slopes and intercepts of plots 
shown in Figure 7 afforded calculation of the reaction 
enthalpy and entropy for deprotonation of MetU as well 

as the activation parameters for the redox reaction as 
follows: ΔaH = +43(1) kJ mol−1, ΔaS = 96(4) J K−1 
mol−1, ΔH‡ = 27(1) kJ mol−1, and ΔS‡ = 101(4) J K−1 
mol−1. 

It is obvious that since NMHU has pKa = 9.7, the 
anionic form of NMHU is the dominant reactant in 0.01 
M NaOH. Accordingly, as shown by levelling off in 
Figure 5 (left), a slight change of pH caused by the dis-
solved NMHU and variation in temperature does not 
affect the reaction rate. Therefore, the observed rate con-
stant corresponds to k2, and the Eyring plot shown in 
Figure S4 should relate directly to the kinetics of the 
redox reaction alone. The obtained activation parameters 
are: ΔH‡ = 16(1) kJ mol−1 and ΔS‡ = 107(4) J K−1 mol−1. 
 
Effect of the Ionic Strength 
The observed rate constant for both hydroxyureas was 
found to be strongly increased upon the increase of 
ionic strength of the reaction medium (Figure 8), clearly 
pointing to a reaction between similarly charged ions. 
Since the experiments were carried out at a high ionic 
strength, the extended Bjerrum–Brønsted equation was 
used. However, while for MetU a nonlinear dependence 
was obtained, for NMHU a linear dependence of log kobs 
vs. I 0.5(1+ I 0.5)−1 was obtained, as in the case of HU.12 
The effect of ionic strength on Ka, and in turn on the rate 
constant according to Eq. (4), becomes negligible only 
for [H+] < Ka, since in that case the rate expression re-
duces to k2. In the case of NMHU, which has a pKa of 
9.7, a 0.01 mol dm−3 solution of NaOH buffers the reac-
tion solution exactly in that range. Although somewhat 
unexpected, the obtained linearity for HU and NMHU 
could be justified by the annulations of certain contra-
effects on the reaction rate, and considering the charge 
of the hydroxamate ion (–1) and the calculated slopes 
(+1.5) for the reaction of NMHU, the hexacyanoferrate 
charge can be speculated as 1.5. This can be explained, 

Figure 6. Dependence of the observed pseudo-first order rate
constants (kobs) on the acidity of aqueous solutions at (from
bottom) 10.8, 15.0, 20.2, 25.0, 29.7, 35.0 and 40.2 C. Condi-
tions: c(MetU)= 7.5 mmol dm−3, c(K3Fe(CN)6) = 0.25 mmol
dm−3, I = 2 mol dm−3 (NaClO4). 

Figure 7. Dependence of the ln Ka and ln (k2/T) on the inverse temperature. Conditions: c(K3Fe(CN)6) = 0.5 mmol dm−3, c(NaOH)
= 0.01 M, I = 2 mol dm−3. (left) c(MetU) = 7.5 mmol dm−3, (right) c(MetU) = 10 mmol dm−3. 
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as in the case of HU,13 by the formation of 
Na+

x..Fe(CN)6
3− ionic associates. 

The nonlinearity observed for MetU in the plot of 
log kobs vs. I0.5(1+I0.5)−1 could be caused by a simultane-
ous effect of ionic strength on the ionization of MetU. 
Such an effect cannot be eliminated by working within 
the pH range where the anionic form dominates because 
of a very high pKa value of MetU. According to Eq. (4), 
the observed rate constant is essentially a product of 
multiplication of the r.d.s. oxidation rate constant by a 
fraction of the anionic form of methoxyurea (= Ka([H

+] + 
Ka)

–1). Since in 0.01 mol dm−3 aqueous NaOH the ani-
onic form of MetU does not entirely predominate, the 
ionic strength could affect its fraction by changing the 
value of deprotonation constant. By combining the ex-
tended Debye-Hückel and Bjerrum-Brønsted equations 
for k2 and Ka, the observed rate constant dependence on 
ionic strength is rather complex and can be expressed as: 
log kobs = log Kak2 = –2Q(1 + ZAZB)I0.5 (1 + I0.5)−1 + 
constant. At 25 oC, Q has a value of 0.51, so log kobs  –
(1 + ZAZB)I0.5 (1 + I0.5)−1 + constant. Additionally, since 
at the high ionic strengths the Bjerrum-Brønsted equa-
tion and the Debye-Hückel limiting law fail, the only 
meaningful parameter easy to obtain from Figure 8 
(right) is the limiting slope. Its value is 2.62, which ac-
cording to the above equation is in agreement with the 
hexacyanoferrate species bearing three negative charges, 
and a strong ion-pair formation of this ion with Na+ ion 
even at the lowest ionic strength used in this study. 
 
Computation of the Thermodynamic Parameters for 
Deprotonation of MetU 

B3LYP method was used throughout this study for the first 
optimizations and energy calculations, and then B2PLYP 
and G3B3 were used on the optimized geometries. 

The pKa values were calculated using equation (5), 

 
2a a H Op  / ln10  –  logK G RT c   (5) 

whereas the reaction Gibbs free energy for acid ioniza-
tion in water, ΔaG(aq.), was defined by equations (6) and 
(7). 

+
3

a (aq.) a (g) solv. (aq.) solv. (aq.)A H O

solv. HA(aq.) solv. H2O(aq.)

G G G G

G G

      

 
 (6) 

23
a (g) (g) (g) HA(g) H O(g)A H O
G G G G G       (7) 

The respective standard Gibbs free energies of 
H2O(g) and H3O

+(g), and the energies of their solvation 
were calculated at the B3LYP/6-31+G(d) theory level. 
The calculation afforded the value of 1134.2 kJ mol−1 
for the hydrated H+ ion, which favourably compares to 
the reported value of 1129.6 kJ mol−1.40 

The gas phase Gibbs free energies calculated at 
the B3LYP/6-31+G(d) level reveal that the molecular 
and anionic forms of MetU are mixtures of trans and cis 
conformations. The calculated ΔG for the deprotonation 
at amine (NHC) site was ca. 28 kJ mol−1 larger than for 
the deprotonation at hydroxylamine (CNO) site. This 
corresponds to ca. 5 units larger pKa for the NHC site in 
the gas phase, indicating that only the deprotonation at 
the CNO site should be considered. 

Furthermore, calculation of the hydration energy 
of amidic monosubstituted anions (R−NH−) proved to 
be a very difficult task in general. For the anions of 
acetamide (−920.6 kJ/mol), urea (−2568.1 kJ mol−1), 
hydroxyurea (−1598.8 kJ mol−1), methylamine (−2579.3 

Figure 8. Dependence of the observed pseudo-first order rate constants (kobs) on the ionic strength. (left) Conditions:
c(K3Fe(CN)6) = 0.5 mmol dm−3, c(NMHU) = 5 mmol dm−3, pH = 12.0,  = (25  0.1) C; (right) Conditions: c(K3Fe(CN)6) = 0.25
mmol dm−3, c(MetU) = 7.5 mmol dm−3, pH = 12.0,  = (25  0.1) C. The theoretical curve of the right side figure is defined as:
log kobs = 1.05 + 2.62x  2.00x2, where x = I 0.5 (1 + I 0.5)−1. 
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kJ mol−1) and ammonia (−1144.1 kJ mol−1) calculations 
afforded similar, unexpectedly large hydration energies. 
These values are much larger than the ones calculated 
for amidic disubstituted anions (R1R2N

−) species, where 
nitrogen is bonded to two fragments, as in anions of  
N-methylacetamide (−284.6 kJ mol−1), N-methyl-
hydroxyurea (−288.6 kJ mol−1), N-methylmetoxyurea 
(−311.5 kJ mol−1), and N1,N3-dimethyl-urea (299.2 kJ 
mol−1) (Table S1). The calculated free energy of hydra-
tion for the MetU anion deprotonated at the NHC site 
was calculated to be at least 140 kJ mol−1 larger than for 
the anion deprotonated at the CNO site. Therefore, only 
the CNO deprotonation site was considered further in 
this paper. 

Hydration of different conformations of neutral 
and anionic forms of MetU was done treating the water 
both implicitly as included in CPCM methods and as a 
discrete solvent molecule combined with CPCM meth-
ods. On B3LYP/6-31+G(d) level of theory (Table 1), 
when the Boltzmann distribution was taken into ac-
count, pKa was calculated as 12.54, which is in excellent 
agreement with the experimentally obtained value. Us-

ing a model with one discrete water molecule added, the 
calculated value of pKa was 14.84 (Table S2). The low-
est minima computed at B3LYP/6-31+G(d) level were 
then used as a starting structures for G3B3 and B2PLYP 
calculations. G3B3 afforded a value pKa = 12.73 for 
implicitly included effect of water, but much smaller 
pKa = 10.00 for explicitly added one water molecule. 
B2PLYP afforded pKa = 11.55 for implicitly included 
effect of water and pKa = 15.16 for explicitly added one 
water molecule. 

Comparing all three methods we can safely as-
sume that the implicit model, without the addition of a 
discrete water molecule, is a satisfactory model for the 
calculations on MetU with Gaussian09. B3LYP and 
G3B3 gave similar results, while B2PLYP underesti-
mated pKa when no water molecule was explicitly added 
and overestimated when one discrete water molecule 
was added. The difference between the pKa values esti-
mated from the implicit model and the model with one 
water molecule explicitly added can be attributed to the 
over/underestimation of entropy effects by Gaussian 
program.41 Therefore, the computations reveal that the 

Table 1. Calculated standard Gibbs free energies, Gtot, for various forms of MetU at 298.15 K calculated in the gas phase and 
water solution at various levels of theory 

species 
Gtot / a.u. 

(CPCM, 298 K) 
% of cis or 
trans form 

weighted average 
Gtot / a.u. 

*
r

1kJ mol

G



pK 

pKa 
(= pK − log 55.6) 

B3LYP/6-31+G(d) 

  cis-H2NC(=O)NHOCH3 −339.8464782 5 
−339.84913 

81.8 14.34 12.59 
  trans-H2NC(=O)NHOCH3 −339.8492683 95 
  cis-H2NC(=O)NOCH3

− −339.3861657 64 
−339.38597 

  trans-H2NC(=O)NOCH3
− −339.3856213 36 

  H3O
+   −76.9120724 

 
  H2O   −76.4800820 

G3B3 

  cis-H2NC(=O)NHOCH3 −339.58325409 13 
−339.58486 

82.69 14.48 12.74 
  trans-H2NC(=O)NHOCH3 −339.58508721 87 
  cis-H2NC(=O)NOCH3

− −339.10261665 81 
−339.10236 

  trans-H2NC(=O)NOCH3
− −339.10127746 19 

  H3O
+   −76.87160210 

 
  H2O   −76.42059553 

B2PLYP/6-311+G(d,p) 

  cis-H2NC(=O)NHOCH3 −339.63404423 10 
−339.63591 

76.07 13.33 11.58 
  trans-H2NC(=O)NHOCH3 −339.63611679 90 
  cis-H2NC(=O)NOCH3

− −339.17104899 84 
−339.17080 

  trans-H2NC(=O)NOCH3
− −339.16945147 16 

  H3O
+   −76.88569932 

 
  H2O   −76.44956552 
(a) The reaction free energy (given in kJ mol−1) corresponding to: HA + H2O ⇄A− + H3O

+ 
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deprotonation site of MetU in aqueous solution is the 
hydroxylamino nitrogen rather than the amide nitrogen 
atom. Geometries of the most stable minima are given 
in supplementary information (Table S4). 

 

DISCUSSION 

In this study we investigated the mechanism of oxida-
tion of the hydroxyurea derivatives with hexacyanofer-
rate(III) in aqueous solutions. As already shown for HU, 
for both derivatives of hydroxyurea that were studied, 
the dependence of the rate of oxidation on the acidity of 
aqueous solutions shows that the anions are much more 
reactive than the molecular forms. The stoichiometric 
ratio [Fe(CN)6

3−]/[NMHU] in the redox reaction be-
tween Fe(CN)6

3− and NMHU was found to be 2, the 
same as found for the reactions of HU with dioxovana-
dium(V) and Fe(CN)6

3− ions, while the stoichiometric 
ratio [Fe(CN)6

3−]/[MetU] in the redox reaction between 
Fe(CN)6

3− and MetU was found to be 1. These results 
indicate that neither VO2

+ nor Fe(CN)6
3− ions can oxi-

dize HU, NMHU, or MetU to NO because the conver-
sion of the hydroxyureas to NO is a three-electron oxi-
dation process. The obtained difference in stoichiomet-
ric coefficients of the hydroxyurea derivatives indicates 
a rather different reaction mechanism operative in oxi-
dation of MetU compared to the oxidation of NMHU 
and HU. 

The results reveal that free radicals are formed as 
the reactive intermediates during the oxidation of all 
three hydroxyureas. The obtained spectral parameters 
of EPR measurements reveal that the same free radical 
is formed in the oxidation of NMHU with both 
Fe(CN)6

3− and dioxovanadium(V) ions, as already 
reported for the oxidation of HU with these two oxi-
dants. Our failure to detect the free radical derived 
from MetU by EPR spectroscopy indicates that this 
free radical is present at much lower concentration 
than the free radicals generated either from HU or 
NMHU. This could be a consequence of a much lower 
stability of the former one, or, more probably, its much 
slower formation. 

Based on the above arguments the following reac-
tion mechanism is proposed (Scheme 1). 

The first step represents a fast deprotonation pre-
equilibrium, followed by the rate determining step (ii). 
Step (iii) allows for the obtained stoichiometric coeffi-
cients in the oxidation of MetU, probably representing 
the termination step. On the other hand, step (iv) is 
necessary for NMHU and HU, since these two com-
pounds act as two-electron donors in the studied redox 
reactions. Table 2 lists all the calculated deprotonation, 
thermodynamic, kinetic and activation parameters. 

The data in Table 2 reveal that (i) the second order 
rate constants of the redox reactions are inversely re-
lated to the basicities of the hydroxyureates, (ii) the rate 
constant of redox reaction decreases or increases upon 
the substitution of methyl group for H atom at the hy-
droxamate oxygen (MetU) or nitrogen (NMHU) atom of 

Table 2. Equilibrium and kinetic parameters for deprotonation and oxidation of hydroxyureas with Fe(CN)6
3−, at 25 oC and 2 M 

ionic strength (NaClO4) 

Parameter ⇒ 

Compound ⇓ 
pKa (25 oC) a

1kJ mol

H


 a
1 1J K mol

S
 


  1

1 3 1

25 C

mol dm s

k
 


 

 2

1 3 1

25 C

mol dm s

k
 


 

‡
2

1kJ mol

H



 

‡
2

1 1J K mol

S
 



MetU 12.7 ± 0.1 43 ± 1 96 ± 4  (5.06 ± 0.01)  102 27 ± 1 101 ± 4 

HU 
10.69(a) 
10.15(b) 

37.8(a) 
7.6(b) 

81(a) 
169(b) 

<0.15 3.6  103 27 76 

NMHU 
9.82 ± 0.02 

9.79(b) 
 

4.9(b) 
 

171(b) 
(1 ± 1)  102 (1.92 ± 0.02)  104 16 ± 1 107 ± 4 

(a) Data from Ref. 12, parameters determined kinetically. 
(b) Data from Ref. 18, parameters determined potentiometrically. 

Scheme 1. 
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HU, respectively, and (iii) the substitution at the hy-
droxamate oxygen is only a slightly more effective than 
the substitution at the nitrogen atom. 

Since the charges of all three hydroxyureates are 
equal (1), the ion-pair association constants between 
the Fe(CN)6

3− and the anions mediated by Na+ ion(s) are 
expected also to be nearly equal. Hence, one may rea-
sonably assume that the primary reason for the observed 
decrease of rate constant upon the substitution of methyl 
group for H atom is the bulkiness of the methyl sub-
stituent in MetU, but such an explanation does not com-
prehend the observed accelerating effect of the substitu-
tion in NMHU. The EPR spectroscopic characteriza-
tions of the HU and NMHU free radicals, showing that 
the spin density is localized at the hydroxamate oxygen 
atom, may help reconcile these apparently contradictory 
results. It could be speculated that in order for the suc-
cessful reactive contact to occur, Fe(CN)6

3− should 
approach the hydroxamate oxygen atom. If the same is 
true for the free radical of MetU, which cannot be struc-
turally characterized because it was detected only by the 
acrylamide polymerization test but not by EPR spec-
troscopy, then the electron donor site in MetU could 
also be the oxygen atom and not the nitrogen atom 
where the deprotonation occurs. 

However, before any further discussion of this hy-
pothesis, the deprotonation site of MetU has to be ascer-
tained as much as possible. A large number of papers 
dealing with theoretical and experimental aspects of 
hydroxamic acids’ acidities has been pub-
lished14,15,19,42−54 in order to determine whether these 
compounds are nitrogen or oxygen acids. The electronic 
properties of the functional groups attached to the hy-
droxamate moiety were found to play a dominant role in 
the ionization of hydroxamic acids. A plot of the reac-
tion enthalpies vs. entropies for a series of small mono-
hydroxamic acids shown in Figure 9 clearly illustrates 
that the thermodynamic parameters determined for ioni-
zation of hydroxyureas, and particularly for MetU, ex-
hibit a significant deviation from the theoretical straight 
line defined by Crumbliss and coworkers. Since the 
hydroxamic acids used by Crumbliss and collaborators 
were apparently O-acids, the deviation from theoretical 
line could be explained by invoking the deprotonation at 
the N-site. The observed deviation for HU was ex-
plained by the participation of the N-site in the deproto-
nation.55 An effort was made to explain a smaller but 
evident deviation observed for NMHU by unexpectedly 
negative reaction entropy for deprotonation at the O-
site, but the hypothesis was not confirmed by the per-
formed calculations. 

Nevertheless, it is clear that the MetU data-point 
deviates from the Crumbliss straight line by far more 
than the data-points of other two hydroxyureas, indicat-
ing clearly that the deprotonation of MetU does not 

follow the same reaction pattern proposed for other 
monohydroxamic acids in the series. Making the depro-
tonation of MetU possible only at the N-site (by the 
substitution of the methyl group for the hydrogen atom), 
the observed deviation from the straight line addition-
ally corroborates the suggestion that the distinction 
between the deprotonation sites of low molecular 
weight hydroxamic acids in water is possible on the 
basis of the linear relationship between the reaction 
enthalpy and entropy. 

Unlike NMHU, where the substitution of the 
methyl group for the hydrogen atom at the hydroxamato 
nitrogen atom causes the deprotonation to occur exclu-
sively at the oxygen atom, and HU, where the deproto-
nation occurs at both sites, in MetU the deprotonation is 
forced to occur only at the less electronegative atom, i.e. 
at one of the nitrogen atoms. The results of ab initio 
computations point to the hydroxamate nitrogen atom as 
the single deprotonation site in MetU. 

The reduction of electron density at the redox re-
active site in methoxyureate compared to N-
methylhydroxyureate, caused by dislocation of the elec-
tron-transfer from the deprotonation sites, should retard 
the rate determining electron transfer to hexacyanofer-
rate(III) ion. A slight increase of the electron density on 
the hydroxamate oxygen atom of MetU, caused by the 
substitution of the methyl group for the hydrogen atom, 
obviously cannot compensate for that effect. 

Therefore, the inverse correlation of rate constants 
of the electron transfer from the hydroxyureates to 
Fe(CN)6

3− with basicities of hydroxyureates, could be 
speculated to occur mainly because the deprotonation 
and the electron donating sites do not overlap each oth-
ers. In other words, whereas the electronic properties of  
 

Figure 9. Plot of ΔaH vs. ΔaS for investigated hydroxamic 
acids at I = 2 mol dm−3: squares; data from Refs. 17, 56, 57 
and 58, circles; data from Ref. 18 and triangle; data point for 
MetU, this work. 
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the hydroxamate nitrogen atom play a crucial role in the 
ionization of the methoxyurea molecule, a crucial role 
in the kinetics of electron transfer is played by the elec-
tronic properties of the oxygen atom in methoxyureate. 

In order to test this hypothesis, ab initio theoreti-
cal calculations were carefully analyzed for the three 
hydroxyureates studied. As expected, the performed 
calculations strongly indicated that the deprotonation 
site in MetU is indeed the hydroxamate nitrogen atom 
alone, because pKa of the amine group in methoxyurea 
was estimated to be almost five units higher. The calcu-
lated distribution of the negative charge in methoxyure-
ate, based on the performed NBO analysis (Table S3), 
indicated almost equal charges (0.48) on the hydrox-
amate nitrogen and oxygen atoms, and a much larger 
negative charge on the carbonyl oxygen (0.79). The 
calculated HOMO of methoxyureate, from which the 
electron transfer to hexacyanoferrate(III) is expected to 
occur, is composed mostly of the carbonyl-oxygen p 
atomic orbital (> 80 %), while the participation of the 
hydroxamate nitrogen p AO (ca. 5 %) in HOMO is 
negligible (Figure 10). As expected, a negligible par-

ticipation of the amine-nitrogen AO in the anion’s 
HOMO was predicted by NBO analysis, but an unex-
pectedly weak participation of the hydroxyl-oxygen AO 
was also found. 

NBO analysis performed on N-methylhydroxyure-
ate (NMHU can deprotonate only the OH site) showed 
that HOMO is located only on the hydroxyl oxygen 
atom of each anion, cis- or trans- H2NC(=O)NCH3O

− 
(Figure 11). The charges on the hydroxamate oxygen 
atom (0.75) and the carbonyl oxygen atom (0.74) are 
almost the same, but the charge on the hydroxamate 
nitrogen atom is much smaller (0.20). 

A similar analysis carried out on HU reveals that 
when deprotonation occurs at the hydroxamate nitrogen, 
H2NC(=O)NOH− is produced and the HOMO is located 
on the carbonyl oxygen atom of anion (Figure 12 top). 
The charge distribution is similar to that in MetU, i.e. 
similar charges on hydroxamate oxygen (0.64) and 
nitrogen (0.54) atoms, and a larger negative charge on 
the carbonyl oxygen (0.82). When the deprotonation of 
HU occurs at the –OH site, H2NC(=O)NHO− is pro-
duced and the anion's HOMO is located on the hydroxyl 

   

Figure 10. HOMO orbitals of cis- and trans-H2NC(=O)NOCH3
− obtained by NBO analysis. 

   
Figure 11. HOMO orbitals of cis- and trans-H2NC(=O)NCH3O

− obtained by NBO analysis. 
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oxygen atom (Figure 12 bottom). The difference in 
charge between the hydroxamate oxygen (−0.76) and 
nitrogen (−0.32) atoms was computed, but an even larg-
er negative charge was found on the carbonyl oxygen 
atom (−0.82). 

We can conclude that depending on whether the 
particular hydroxyurea derivative is behaving as an  
N-acid or an O-acid, HOMO orbitals are predominately 
located either on the carbonyl or the hydroxamate oxy-
gen atom, respectively, but never on the nitrogen atom. 
Any of these HOMO orbitals can favourably overlap an 
empty antibonding C−N orbital of the coordinated cy a-
nide ligand in Fe(CN)6

3− ion, making the electron trans-
fer feasible. Thus, the performed NBO analysis provides 
a plausible explanation for the observed inverse de-
pendence of the r.d.s. electron transfer from the studied 
anions to the Fe(CN)6

3− ion on the basicities of the hy-
droxyureates. 

Supplementary Materials. – Supporting informations to the 
paper are enclosed to the electronic version of the article. 
These data can be found on the website of Croatica Chemica 
Acta (http://public.carnet.hr/ccacaa). 
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Figure S1. Typical spectral profile of reaction of Fe(CN)6


3- and NMHU. Conditions: [Fe(CN)6
3-] = 5 · 10-4 


M , [NMHU] = 2 · 10-2 M, pH = 8, [HEPES] = 0,2 M, I = 2 M, t = 25°C. 
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Figure S2. Dependence of kobs of reaction of Fe(CN)6


3- and NMHU on the half-neutralized buffer 


concentration. Conditions: [K3Fe(CN)6] = 1 · 10-3 M, [NMHU] = 2 · 10-2 M, I = 2 M,  = 25°C, ● HEPES, 


■ MES. 
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Figure S3. Dependence of the observed pseudo-first order rate constants (kobs) on the 
concentration of K4Fe(CN)6. Conditions: [K3Fe(CN)6] = 0.5 mM, pH = 12.0, I = 2 M 
(NaClO4),  = (25  0.1) C, (left) [NMHU] = 5 mM, (right) [MetU]= 30 mM. 
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Figure S4. The Eyring plot for NMHU. Conditions: [NMHU] = 7.5 mM, [K3Fe(CN)6] = 0.25 mM, pH = 
12.0, I = 2 M (NaClO4). 
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Table S1. Computed solvation energies of various anions. 
 


anions ΔG(solv)*; 
alpha = def.


ΔG(solv);
alpha = 1.21


ΔG(solv) 
difference 


CH3C(=O)NH- -500.92 -165.04 -335.88 


NH2C(=O)NH- -650.29 -229.95 -420.34 


HONHC(=O)NH- -361.93 -142.46 -219.47 


CH3ONHC(=O)NH- -262.27 -177.58 -84.69 


CH3NH- -616.46 -124.10 -492.36 


NH2
- -273.45 -148.13 -125.32 


CH3C(=O)NCH3
- -70.65 -67.72 -2.93 


CH3NH2C(=O)NCH3
- -71.52 -66.27 -5.25 


HONHC(=O)NCH3
- -68.98 -62.56 -6.42 


CH3ONHC(=O)NCH3
- -74.46 -67.72 -6.74 


CH3NCH3
- -71.49 -70.19 -1.3 


 
*Energies are given in kcal mol-1 
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Table S2. Calculated standard Gibbs free energies, Gtot, for various forms of MetU with one 
discrete water molecule at 298.15 K calculated in the gas phase and water solution at various 
levels of theory.*  
 
 


species 
Gtot 


(C-PCM, 298 
K) 


% of cis or 
trans form 


weighted 
average Gtot 


∆rG** pK 
pKa  


(= pK - log 55.6) 


B3LYP/6-31+G(d)


cis-H2NC(=O)NHOCH3 -416.3029385 6
-416.30535764 


94.36 16.53 14.78 trans-H2NC(=O)NHOCH3 -416.3055155 94
cis-H2NC(=O)NOCH3


- -415.8375860 94
-415.83742873 


trans-H2NC(=O)NOCH3
- -415.8350029 6


H3O+  -76.9120724 
 H2O  -76.4800820 


G3B3


cis-H2NC(=O)NHOCH3 -415.98337855 44 -415.98351532 
67.05 11.75 10.01 trans-H2NC(=O)NHOCH3 -415.98362111 56


cis-H2NC(=O)NOCH3
- -415.50666765 37 -415.50696918 


trans-H2NC(=O)NOCH3
- -415.50715007 63


H3O+ -76.87160210 
 H2O -76.42059553 


B2PLYP/6-311+G(d,p)  


cis-H2NC(=O)NHOCH3 -416.06197372 98 -416.06189733 
96.50 16.90 15.16 trans-H2NC(=O)NHOCH3 -416.05835006 2


cis-H2NC(=O)NOCH3
- -415.58918679 93 -415.58901018 


trans-H2NC(=O)NOCH3
- -415.58680183 7


H3O+ -76.88569932 
 H2O -76.44956552 


 
* Gibbs free energies are given in a.u. 
** The reaction free energy given in kJ mol-1 corresponding to: HA + H2O ⇄A- + H3O


+ 
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Table S3. NBO charges computed for various atoms in anions of MetU, NMHU, and HU. 


 
 


NBO/charge amide keto hydroxamine methyl


name N C O N N-R O O-R C


cis-H2NC(=O)NOCH3
- -0.189 0.69275 -0.78929 -0.47790  -0.480 0.243 0.243 


trans-H2NC(=O)NOCH3
- -0.177 0.69245 -0.79486 -0.44387  -0.53094 0.254 0.254


cis- 
H2NC(=O)N(-CH3)O


- -0.138 0.71643 -0.75365 -0.19651 0.110 -0.75365  0.110 


trans- 
H2NC(=O)N(-CH3)O


- -0.133 0.71709 -0.78507 -0.19732 0.184 -0.78567  0.184 


cis-H2NC(=O)NOH- -0.139 0.66645 -0.82038 -0.54128  -0.64145 0.47598  
trans-H2NC(=O)NOH- -0.165 0.68438 -0.78705 -0.52011  -0.66275 0.45052  
cis-H2NC(=O)NHO- -0.191 0.68822 -0.76007 -0.32169 0.34767 -0.76283   
trans-H2NC(=O)NHO- -0.137 0.69204 -0.80361 -0.33607 0.36572 -0.78101   


 
 


Table S4. Geometries of MetU optimized on B3LYP/6-31+G(d). 
 


cis-H2NC(=O)NHOCH3 trans-H2NC(=O)NHOCH3 
C -2.212423 0.167580 0.428608 C -2.326652 0.031340 0.346241 
H -3.117015 0.462066 -0.109525 H -3.085789 0.657061 -0.130769 
H -1.787427 1.034730 0.943959 H -2.033387 0.454750 1.313173 
H -2.440189 -0.631679 1.144294 H -2.716123 -0.983343 0.488713 
O -1.321399 -0.302083 -0.588373 O -1.218902 0.026989 -0.564005 
N -0.129040 -0.773015 -0.008695 N -0.155585 -0.736202 -0.013932 
H 0.082282 -1.661458 -0.455916 H -0.081545 -1.620293 -0.513109 
C 0.928552 0.160156 -0.027381 C 1.088830 -0.075949 0.034074 
N 2.165879 -0.444173 0.143357 N 1.019314 1.289304 0.058702 
O 0.770850 1.360852 -0.148956 O 2.118558 -0.729974 0.137221 
H 2.210357 -1.327012 0.638451 H 0.197174 1.738927 -0.321734 
H 2.901742 0.207101 0.387375 H 1.903249 1.772714 -0.017285 


 
cis-H2NC(=O)NOCH3


- trans-H2NC(=O)NOCH3
- 


C 2.477745 -0.255936 0.014901 C -2.299623 -0.116854 0.339226 
H 3.286767 0.488931 0.005370 H -3.117714 0.585328 0.114512 
H 2.592016 -0.927300 -0.856880 H -2.051598 -0.055700 1.413677 
H 2.562694 -0.873698 0.928160 H -2.635004 -1.145793 0.124516 
O 1.278564 0.457243 -0.026454 O -1.213226 0.241231 -0.468735 
N 0.205133 -0.532331 -0.026563 N -0.148057 -0.784031 -0.268000 
C -0.966765 0.100255 0.014956 C 1.008791 -0.166192 0.001203 
N -2.060062 -0.854902 0.110851 N 1.037730 1.259351 0.164817 
O -1.265699 1.319595 0.004353 O 2.097934 -0.784880 0.148098 
H -1.779947 -1.766204 -0.246257 H 0.285152 1.730663 -0.327202 
H -2.845829 -0.491715 -0.422738 H 1.958772 1.605727 -0.080697 
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cis-H2NC(=O)NHOCH3 (H2O) trans-H2NC(=O)NHOCH3 (H2O) 
C 2.653034 -0.825310 0.446037 C 2.985564 -0.397980 0.382048 
H 3.420717 -1.377707 -0.101726 H 3.626211 -1.146345 -0.091836 
H 1.921213 -1.521887 0.866927 H 2.595768 -0.774280 1.334195 
H 3.112147 -0.224262 1.240026 H 3.552882 0.524364 0.551917 
O 2.041025 0.017053 -0.537251 O 1.919628 -0.173920 -0.551385 
N 1.065189 0.832548 0.062361 N 1.007631 0.767109 -0.012952 
H 1.225202 1.780424 -0.268261 H 1.118901 1.661900 -0.485191 
C -0.253072 0.368300 -0.086927 C -0.334467 0.354348 -0.002883 
N -1.203385 1.339952 0.101097 N -0.552395 -0.979814 -0.038024 
O -0.513557 -0.808523 -0.329043 O -1.215705 1.215423 0.110865 
H -0.962321 2.178958 0.612676 H 0.191971 -1.596436 -0.330700 
H -2.153327 0.988746 0.228010 H -1.522533 -1.286857 -0.072445 
O -3.245413 -0.726657 0.196238 O -3.406531 -0.496314 0.125764 
H -3.885051 -1.061755 -0.448569 H -4.155293 -0.327865 -0.463829 
H -2.367417 -1.082951 -0.067507 H -2.880284 0.334739 0.157772 


 
cis-H2NC(=O)NOCH3


- (H2O) trans-H2NC(=O)NOCH3
- (H2O) 


C -1.898159 -1.669123 -0.058835 C 2.296934 -1.290717 0.108258 
H -2.919977 -1.307609 -0.237858 H 3.380527 -1.113816 0.062566 
H -1.856663 -2.181413 0.918173 H 2.017683 -2.040993 -0.650212 
H -1.625533 -2.398373 -0.840577 H 2.030281 -1.690826 1.101349 
O -1.065148 -0.543367 -0.090240 O 1.676302 -0.059643 -0.139077 
N 0.291903 -1.017271 0.162980 N 0.217945 -0.304127 -0.113918 
C 1.155067 -0.033470 -0.063387 C -0.422691 0.860399 -0.027372 
N 2.516763 -0.489126 0.067073 N 0.305187 2.080686 -0.033729 
O 0.989361 1.179023 -0.380261 O -1.690049 0.937597 0.027526 
H 2.574059 -1.330941 0.634844 H 1.259365 1.981794 0.298029 
H 3.076370 0.257620 0.469301 H -0.221638 2.801719 0.446006 
O -1.437965 2.379202 0.212518 O -2.423150 -1.766439 0.024457 
H -1.824004 1.489538 0.281829 H -2.417004 -0.776377 0.036607 
H -0.516338 2.112658 -0.038893 H -1.461429 -1.907626 -0.049390 
 
 







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



