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a  b  s  t  r  a  c  t

The  catalytic  oxidation  of  2-aminophenol  (OAP)  to  2-amino-3H–phenoxazin-3-one  (APX,  Questiomycin
A)  was  the  object  of  numerous  studies  partly  due  to  antimicrobial  properties  of  Questiomycin  A and
mostly  because  it can  be  used  as  a model  for  the  synthesis  of  the  naturally  occurring  antineoplastic  agent
Actinomycin  D.  Several  copper  complexes  were  used  as  dioxygen  and/or  substrates  activators  in order
to mimic  the  activity  of phenoxazinone  synthase,  but  the  reported  assays  failed  to provide  reasonable
mechanistic  features  in media  compatible  with  natural  conditions.  The  main  purposes  of  our  work  were
to use  simple  copper  salts  to  perform  oxidation  of  OAP  in oxygenated  aqueous  solutions  and  to  develop
a  reaction  scheme  able  to  explain  the  low  yields  in  APX  along  with  the  operational  inactivation  of  the
uestiomycin A
inetic modelling
opper(II) complex

catalyst.  A  11-step  kinetic  model  able  to  describe  the  inactivation  of  copper(II)  catalyst  during  oxidation
of OAP  to APX  in  oxygenated  solutions  was  developed,  and  the  rate  constants  for  both  catalytic  and  non-
catalytic  branch  were  estimated  either  experimentally  or using  a  computing  program  for  detailed  kinetic
simulation.  It was  demonstrated  that  the  inactivation  path  can  be  assigned  to formation  of  the  stable
bis(o-iminosemiquinonato)copper(II)  complex,  a  compound  reported  as a moderate  antimicrobial  agent.
. Introduction

Catalytic activation of dioxygen by copper ions in selective oxi-
ations of organic compounds was paid considerable attention over
t least four past decades mostly due to the abundance of cop-
er in biological systems [1–3]. Copper-containing enzymes are
sually acting as oxygen carriers in oxidation reactions of a large
ariety of substrates (carbohydrates, amines, phenols etc.) [4,5].
he role of copper centers in these enzymes, along with their
etailed structure, is not entirely elucidated at present and may  dif-
er from enzyme to enzyme [6,7]. Mimicking systems using copper
omplexes as dioxygen and/or substrates activators were widely
tudied for understanding the complex pathways and mechanis-
ic features of biological oxidations [8–12]. In this context, the
xidative coupling of 2-aminophenol (OAP) to the stable product,
-amino-3H-phenoxazin-3-one (APX) through catalytic activation

f dioxygen/substrate was the subject of numerous studies [13–15]
artly due to antimicrobial properties of APX (also known as Ques-
iomycin A) but mostly because it can be used as a model for the
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synthesis of the naturally occurring antineoplastic agent Actino-
mycin D [16].

Many works were dedicated in the past years to synthesis, char-
acterization of copper-, iron-manganese and cobalt (II) complexes
which were used to mimic  the activity of phenoxazinone syn-
thase (PHS) [5,9,13], a two-copper centre oxidase isolated from
Streptomyces [7] which catalyzes the oxidation of substituted 2-
aminophenols to the phenoxazinone chromophore in the final step
of the Actinomycin D biosynthesis. It is now widely accepted that
the six-electron oxidative condensation of two molecules of OAP
to form APX occurs via 2-aminophenoxyl free radicals [15,17,18].
The generation of aminophenoxyl radical is supposed to occur cat-
alytically or in the absence of the catalyst (auto-oxidation), but the
following dismutation, addition, cyclization and oxidation steps do
not require catalyst assistance [19] (Scheme 1).

It is worth mentioning several works which proposed copper(I)
and (II) salts (CuCl, CuCl2, CuSO4, Cu(NO3)2, Cu(OCH3)2) and oxides
(CuO, Cu2O) [17,20] or Fe, Mn  and Co(II) based complexes [5,13,21]
as mimic  systems of PHS activity; most of them provided con-
versions of OAP to APX up to 90% [20,21].  However, the main
disadvantages of these assays are that the studies were achieved

in organic solvents (acetonitrile, dimethylformamide, methanol)
[13,15,20] at temperatures ranging from 40 to 60 ◦C [13,17,20],
which are not compatible to the natural conditions where PHS
displays its optimum activity [7].  Monocopper–dioxygen adducts

dx.doi.org/10.1016/j.apcata.2012.09.009
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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Scheme 1. Simplified model of kinetically significant oxidation steps of OAP.

ave been postulated as intermediates in enzyme catalysis (notable
xamples being dopamine �-monooxygenase and galactose oxi-
ase [22]), formulated as Cu(II) superoxo species [23]. Their
tructures were demonstrated kinetically, spectroscopically and
y X-ray crystallography [8,22].  Many synthetic copper–oxygen
dducts were prepared following the activation of dioxygen when
inding to Cu(I) complexes with �-diketiminate ligands in order
o explain/predict the existence of several active intermediates
nd the mechanistic features in copper catalyzed/mediated oxi-
ations of organic compounds [22,24]. In this work we  proposed
nd developed a reaction sequence for Cu(II) catalyzed oxidation of
AP which includes as plausible active intermediates Cu(II) super-
xo species and Cu–OAP complexes, whose occurrence is sustained
n literature data [4,23].  An inactivation step, assigned to the for-

ation of the stable bis(o-iminosemiquinonato)copper(II) complex
also described in literature [4]), was added and experimentally
hecked. The Cu(II)-catalyzed oxidation of OAP being followed in
ir or dioxygen saturated solutions, the kinetic model took into
ccount the reactions involving dissolved dioxygen according to
he overall stoichiometry (Scheme 2):

The proposed model takes into account the generation of reac-
ive oxygen species (ROS) such as HOO•, HO• and other highly
eactive radical species and starts with a set of rate constants
eported in literature for 2-aminophenol oxidation [18,19] and
eneration of ROS species [25,26],  others being obtained using an
ptimization algorithm.

. Experimental

.1. Materials

OAP was obtained from Aldrich Chemical Co. APX (m.p. = 249 ◦C)
as synthesized upon the oxidation of 2-aminophenol with mer-

ury oxide followed by recrystallization from ethanol, as described
n several works [18,20]. Argon and gaseous dioxygen were pur-
hased from Linde (99.9% purity for argon, 99.6% for dioxygen).
opper(II) salts: chloride, sulphate and acetate were of the highest
urity grade from Fluka. Other chemicals used were of analytical
eagent grade.

.2. Apparatus

The ultraviolet–visible (Uv–Vis) measurements during the
opper-catalyzed oxidation of OAP were made on a Lambda 25

erkin-Elmer spectrophotometer with a Peltier cell for tempera-
ure and stirring control. The infrared (IR) spectra of solid OAP, APX
nd bis(o-iminosemiquinonato)copper(II) complex were recorded
n the wavelength range 4000–400 cm−1 at room temperature in
Scheme 2. Overall equation of OAP oxidation to APX.

KBr pellets on a BrukerTensor 37 spectrophotometer. High perfor-
mance liquid chromatography (HPLC) analysis of reaction mixtures
was  performed on a HPLC-DAD system Agilent 1100 using a RP
chromatographic column Kinetex C18Phenomenex 100 mm length
and 2.1 mm inner diameter.

2.3. Synthesysis of bis(o-iminosemiquinonato)copper(II) complex

The bis(o-iminosemiquinonato)copper(II) complex was
obtained as described in literature [4]: the solution of Cu(II)
salt was added in small portions to the ligand solution under
continuous stirring, so that the complexation always took
place with the excess OAP present. Each solution of 0.050 mM
CuCl2/CuSO4/Cu(CH3COO)2 in 10 ml of water was added drop-
wise to a colourless solution of 0.100 mM  of OAP dissolved in
10 ml  of ethanol (molar ratio Cu(II):OAP = 1:2). As OAP can be
rapidly oxidized by oxygen, in order to prevent the production of
o-iminosemiquinones, an argon stream was  bubbled through the
solutions during the synthesis to ensure the absence of oxygen.
Coloured precipitates of Cu(II) complex formed instantaneously.
After 1.5 h stirring they were collected, washed with ethanol and
water and dried. The highest conversion of the Cu(II) salt to Cu(II)
complex was observed in the case of Cu(CH3COO)2 (60–70%) while
the lowest conversion was obtained for CuCl2 (10–15%).

2.4. Kinetic assays

The stability of OAP in the absence of oxygen was  verified by
passing an argon stream through the reaction mixture, when no
significant transformation of OAP was observed. The initial concen-
tration of OAP in the reactor ranged within 1 × 10−4 and 3 × 10−3 M,
due to the low solubility in water of OAP and APX. Chemical
transformation of the substrate was monitored by product (APX)
analysis. For each experiment, 14–20 samples were removed from
reactor at different time intervals and the spectra of the reaction
mixture were recorded between 200 and 800 nm.  HPLC analysis of
the reaction mixture indicates as the main reaction product APX,
other intermediates being accumulated in insignificant amounts
towards OAP and APX. The validity of Dalton’s law was assumed
when calculating the concentration of dioxygen in saturated aque-
ous solution [27]. The air or dioxygen stream was bubbled through
two  thermostated saturation vessels containing water to avoid the
evaporation of the solvent from reactor. Under these conditions the
solution was saturated with dioxygen. All kinetic assays were run
at 30 ◦C. APX formation was monitored measuring the absorbance
at 434 nm (where OAP has no significant absorption) of the output
sample (ε = 23,200 cm−1 M−1 for APX) [14]. The pH of each reaction
mixture, established after copper salt addition, was also monitored
in the output stream, but no significant deviation from the initial
value (pH = 5.9–6.0) was noticed. Similar kinetic runs, carried out
in the absence of catalyst, indicated a significant transformation
with the formation of the same product. For the evaluation of the
kinetic parameters involved in the catalytic reaction mechanism,
the derivative d[APX]/dt assigned to the reaction rate of the cat-

alytic branch was obtained by subtracting the reaction rate of the
non-catalytic oxidation of OAP from the overall reaction rate at the
same conversion.
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ig. 1. Turnover frequency for three copper(II) salts: [CuCl2]0, [CuSO4]0,
Cu(CH3COO)2]0 = 1 × 10−5 M,  [OAP]0 = 1 × 10−3 M,  T = 30 ◦C.

. Results and discussion

It was observed that APX was obtained according to the mass
alance given by the stoichiometric equation (Scheme 2). In these
onditions OAP oxidation to APX catalyzed by copper salts can be
reated as a single reaction.

The reaction rates in initial conditions (2% conversion) were cal-
ulated as the slopes of the linear parts of the extended kinetic
urves [APX] towards time and the turnover frequencies were
btained by dividing the slopes values to salt concentrations (Fig. 1).

The catalytic efficiency introduced by different copper salts can
e assigned to anion effects resulting in incomplete dissociation
copper acetate), ion pair formation (copper sulphate) and possibly
o some specific interactions.

Taking into account that the highest catalytic efficiency was
chieved with CuCl2, the following kinetic assays were focused on
xidation of OAP catalyzed by this compound. It was observed that
he plots of initial rates against initial concentrations of OAP in
ioxygen-saturated solution exhibited a peak-shaped curve sim-

lar to substrate inhibition pattern in enzymatic assays (Fig. 2).
 90% catalytic conversion in dioxygen saturated solution was
chieved after 150 min. while the non-catalytic conversion was
round 30% in the same conditions. Compared to the high yields
btained in time ranges up to 10 min. using several Cu(II) com-

lexes in non-aqueous media which were widely described in

iterature [5,14,15,17], the low yields observed in aqueous media
rovide another argument to sustain the hypothesis of a inactive
atalyst–substrate complex formation.

ig. 2. Substrate inhibition of the initial reaction rate vs. initial concentration of
ubstrate [O2]dissolved = 1.17 × 10−3 M,  T = 30 ◦C.
Fig. 3. Selwyn proof of catalyst inactivation: [OAP]0 = 1 × 10−4 M,
[O2]dissolved = 1.17 × 10−3 M,  T = 30 ◦C.

The analysis of the extended progress curves (substrate or
product concentration vs. time) allows checking the catalyst inacti-
vation in excess of OAP, as in the case of the Selwyn test, originally
conceived for the enzyme inactivation [19,28]. Accordingly, in the
absence of inactivation, the graphs showing absorbance of APX (or
an amount directly proportional to concentration of APX) versus the
product [Cu(II)]0 × time, for the same OAP concentration at several
[Cu(II)]0 concentrations, should be superposable, which was not
observed in the studied system (Fig. 3).

The catalyst inactivation can be assigned to formation of bis(o-
iminosemiquinonato)copper(II) complex Cu(SH)2 (where SH is
aminophenoxyl radical), which is formed upon the interaction of
Cu(II) ions with OAP. The neutral square planar Cu(II) complex of
the stoichiometry Cu(SH)2 has been shown to be a diradical with a
singlet ground state [4,29].  The complex was characterized upon its
IR features against of those of OAP and APX, identifying the bands
previously reported in literature for Cu(SH)2 [4](Table 1).

3.1. Kinetic modelling

According to recent reported data about oxidation of OAP [6,9]
and of several o-diphenols [2],  an appropriate kinetic model can
be developed comprising the generation of ROS species during
the auto-oxidation of OAP in oxygenated solutions as well as for-
mation of free radical products via catalytic steps. It is generally
accepted that in solution Cu(II) is present as hexaaqua complex
(Cu(aq)6)2+ and during the reaction steps of the catalytic branch it
can be replaced by other ligands. In order to simplify the reaction
sequence, the water molecules are omitted from the formulas of
the involved copper(II) species.

SH2 + Cu2+ k1−→(CuSH)+ + H+ (1)

(CuSH)+ + O2
k2−→(CuO2)+ + SH• (2)

(CuO2)+ k3−→Cu2+ + O
•−
2 (3)

O
•−
2 + H+ k4−→HOO• (4)

SH2 + O2
k5−→SH• + HOO• (5)

2SH• k6−→P  (6)
2HOO• k7−→H2O2 + O2 (7)

SH2 + H2O2
k8−→SH• + HO• + H2O (8)



C. Olmazu et al. / Applied Catalysis A: General 447– 448 (2012) 74– 80 77

Table  1
IR spectral assignments of OAP, APX and Cu(II) complex (cm−1).

Compound �̃ (C O)/cm−1 �̃ (C N)/cm−1 �̃ (C C)/cm−1 �̃ (N H)/cm−1 �̃ (Cu N)/cm−1 �̃ (Cu O)/cm−1

OAP 1226 1283 1605 3304

APX  1210 1273 1590 3413
3306

Cu(SH) 1160 1296 1603 3286 620 599
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2O2 + HO• k9−→HOO• + H2O (9)

OO• + H2O2
k10−→HO• + H2O + O2 (10)

CuSH)+ + SH2
k11−→Cu(SH)2 + H+ (11)

here SH2 is OAP. Occurrence of the active intermediate (CuSH)+

s sustained by the formation (in absence of oxidizing agents)
f the inactive complex (Cu(SH)2). The formation of the highly
eactive species (CuO2)+ is supported by recent reported data
egarding the structure and reactivity of Cu(II)-superoxo adducts
22–24]. The assumption that ROS such as HOO• and H2O2 are
eleased during the auto-oxidation is also sustained by litera-
ure reported data [25,26] and from observed effects of copper(II)
atalyst on OAP oxidation. In CuCl2 aqueous solution copper is
resent as Cu2+, Cu(OH)+, CuCl+, CuCl2. The concentrations of these
pecies were calculated solving the system of equations resulted
rom the equilibrium constants of formation (log KCu(OH)+ =
7.497, log KCu(Cl)+ = 0.2, log KCuCl2 = −0.26) [30] and

he material balance equations, for [CuCl2]0 = 1 × 10−5 M and
H = 6.0. It was found that (Cu(aq)6)2+ is the most stable species
97%).

The simulation providing the kinetic behaviour of the entire sys-
em has to start from a particular set of rate constants and initial
oncentrations of the chemical species involved in the model. The
ate constants found in literature are summarized in Table 2.

In addition, two rate constants (k5 and k8) were estimated
xperimentally following the experimental design and theoretical
easoning depicted in several previous works [18,19,31].  Briefly, an
pparent first-order rate constant k′

5 was estimated by non-linear
egression analysis after fitting an apparent first-order growth
unction on the progress kinetic curve [APX] vs. time obtained at
he oxidation of OAP with dioxygen in dioxygen-saturated solu-
ion. The second-order rate constant k5 was obtained as the ratio
f k′

5 and [O2]: k5 = (1.191 ± 0.002) × 10−2 M−1 s−1with a signifi-
ance level  ̨ = 0.05. In a similar manner was obtained k8, using
he progress kinetic curve [APX] vs. time obtained during oxida-
ion assay of OAP with hydrogen peroxide in a100-fold excess of
2O2: k8 = (2.011 ± 0.006) × 10−3 M−1 s−1with a significance level

 = 0.05.

 Estimation of k5: it was previously shown that the oxidation
of OAP with dioxygen, in dioxygen saturated solution follows

apparent first-order kinetics [18] with respect to substrate con-
centration. The partial reaction order towards dioxygen also being
found equal to one [18,31] and taking into account Scheme 1

able 2
ate constants in aqueous medium used in the optimisation procedure.

Rate constant Value/M−1 s−1 Reference

k7 1.6 × 105 [21,22]
k9 2.7 × 107 [14]
k10 0.50 [21]
422 526

[5,14,20], we conclude that the rate determining step is the for-
mation of aminophenoxyl radical.

- Estimation of k8: as in the case of OAP auto-oxidation, the oxi-
dation of OAP in the presence of H2O2 displays a second-order
kinetics. Since the HPLC analysis of the reaction mixtures for both
auto-oxidation OAP and oxidation with H2O2 proved that APX is
the main reaction product and other intermediates are accumu-
lated in insignificant amounts, steps (5) and (8) can be treated as
single reactions, each being described by a single rate equation.

The step 6 includes several fast elementary steps (dismutations,
additions and oxidations occurring without catalyst assistance
[15]); therefore, it can be treated as a single step in the specified
working conditions (oxygen saturated solution). The constant k6
was  fixed at a plausible value of 1 × 108 M−1 s−1 because varying
this parameter within 1 × 106–1 × 1010 M−1 s−1(specific range of
rate constant for fast reactions in solution) does not change the
values of the optimised parameters.

- Estimation of k11 the inactivation step of the copper(II) catalyst
assigned to formation of the inactive bis(o-iminosemiquinonato)
copper complex can be pursued using an isoconversional method
as described elsewhere for a first-order catalyst inactivation [28].
As long as the concentration of Cu(II) salt is much lower than
the substrates concentrations OAP and O2, a quasi-steady state is
attained and the time evolution of the system can be described by
a single overall reaction rate. The corresponding kinetic equation,
based on the quasi-steady state or quasi-equilibrium assump-
tions, coupled with the catalyst molar balance, takes the general
form:

d[APX]
dt

= [Cu(II)]0 × f ([APX]) (12)

where f([APX]) is dependent only on the OAP conversion, if all other
operational variables are held constant.

Within the isoconversional method, several kinetic runs are
performed maintaining the initial concentrations of OAP and O2
constant and varying Cu(II)0 concentration. A family of extended
progress curves [APX] as a function of time, for different [Cu(II)]0
concentrations, is obtained. For a certain product concentration,
resulted at the same OAP conversion, designated as [APX]isoconv,
different reaction times t1, t2, t3,. . . can be measured on each curve,
corresponding to [Cu(II)]0,1, [Cu(II)]0,2, [Cu(II)]0,3. . . concentrations.
Arbitrary values of [APX]isoconv can be selected as long as they
are present on all progress curves. At each point [Cu(II)]0,i–ti, the
reaction rate (d[APX]/dt)i can be calculated numerically by fitting
a convenient function (e.g. a polynomial) to each experimental
progress curve and taking its first derivative. Eq. (12) takes the form:
(

d[APX]
)

= f ([APX]isoconv) × [Cu(II)]∗0,i (13)

dt i

where [Cu(II)]∗0,i is the total copper(II) concentration for run i, active
at time ti, considering that the remaining part of the catalyst is
converted into an inactive form. The time evolution of the active
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atalyst can be approximated in this case from the catalyst molar
alance:

Cu(II)]∗0 + [Cu(SH)2] = [Cu(II)]0 (14)

here

Cu(II)]∗ + [(CuSH)+] + [(CuO2)+] = [Cu(II)]∗0 (15)

he terms [(CuSH)+] and [(CuO2)+] can be calculated from
he approximate steady-state conditions d[(CuSH)+]/dt ≈ 0 and
[(CuO2)+]/dt ≈ 0, or:

1
•[Cu(II)]∗•[SH2] = k2

•[(CuSH)+][O2] + k11[(CuSH)+][SH2] (16)

2[O2][(CuSH)+] = k3[(CuO2)+] (17)

he equation system (15)–(17) allows calculating the concentra-
ions of actives intermediates (CuSH)+, and (CuO2)+ as well as the
oncentration of active unbound catalyst Cu(II)∗ as function of the
otal concentration of active catalyst Cu(II)∗

0. The formation rate of
he inactive complex Cu(SH)2 can be written as:

d[Cu(SH)2]
dt

= k11[(CuSH)+][SH2] (18)

he concentration of the inactive complex can be calculated also
rom Eq. (14)

Cu(SH)2] = [Cu(II)]0 − [Cu(II)]∗0 (19)

eriving Eq. (19) with respect to time and equalling to Eq. (18) one
btains:

d[Cu(II)]∗0
dt

= k11[(CuSH)+][SH2] (20)

here

(CuSH)+] = k1k3[Cu(II)]∗0[SH2]
k2k3[O2] + [SH2](k3k11 + k1k3 + k1k2[O2])

(21)

Since the inactivation step (11) is much slower than the steps
1) and (2) it can be neglected in the steady-state condition (16)
nd consequently Eq. (20) becomes:

d[Cu(II)]∗0
dt

= k1k3k11[SH2]2[Cu(II)]∗0
k2k3[O2] + (k1k3 + k1k2[O2]) [SH2]

(22)

No simple procedure exists to integrate this equation in order
o obtain [Cu(II)]∗0 as a function of time when [SH2] changes in
ime. However, two simpler limiting cases are obtained when
ne of the two terms in the denominator can be neglected.When
2k3[O2] � (k1k3 + k1k2[O2])[SH2], Eq. (22) takes the following
orm:

d[Cu(II)]∗0
dt

= k1k3k11[SH2]
(k1k3 + k1k2[O2])

[Cu(II)]∗0 or − d[Cu(II)]∗0
dt

= k11[SH2](
1 +

(
k2
k3

)
[O2]

) [Cu(II)]∗0 (23)

ntegration of Eq. (23) after separating the variables, and taking
nto account that the concentration of the dissolved dioxygen was

aintained constant during the oxidation assays, gives:∫ Cu(II)∗0

[Cu(II)]0

d[Cu(II)]∗0
[Cu(II)]∗0

= k11(
1 + (k2/k3)[O2]

)
∫ t

0

[SH2]dt (24)

or i set, from t = 0 to isoconversional time, tisoconv one obtains:

Cu(II)]∗0,i = [Cu(II)]0,i × e−kin1I1 (25)
here the inactivation constant kin1 and integral I1 are:

in1 = k11

1 + (k2/k3)[O2]
and I1 =

∫ tisoconv

0

[SH2]dt (26)
Fig. 4. Estimation of k in1 in dioxygen/air saturated solutions according to the first
limiting case – Eqs. (25) and (26). [OAP]0 = 1 × 10−4 M,  T = 30 ◦C, conversion ≈ 20%,
[CuCl2]0 ranging from 5 × 10−7 M to 1 × 10−6 M.

On the other hand, assuming that
k2k3[O2] � (k1k3 + k1k2[O2])[SH2], Eq. (22) becomes:

−d[Cu(II)]∗0
dt

= k1k11[SH2]2[Cu(II)]∗0
k2[O2]

or  − d[Cu(II)]∗0
dt

= k1k11[SH2]2

k2[O2]
[Cu(II)]∗0 (27)

After integration one obtains:

[Cu(II)]∗0,i = [Cu(II)]0,i × e−kin2I2 (28)

with

kin2 = k1k11

k2[O2]
and I2 =

∫ tisoconv

0

[SH2]2dt (29)

The integrals I1 and I2 can be calculated numerically as the area
under the curves [OAP] or [OAP]2 as functions of time, after fitting
smooth functions (polynomials) on the experimental set of data of
the form [OAP] = [OAP]0 − 2[APX]. Replacing the concentration of
active catalyst from Eq. (25) in Eq. (13), one obtains:

(d[APX]/dt)isoconv

[Cu(II)]0,i
= f ([APX]isoconv) · e−kin1I1 (30)

The inactivation constant kin1 can be estimated using a nonlinear
regression analysis of Eq. (30) with (d[APX]/dt)isoconv/[Cu(II)]0,i as
dependent variable, I1 as independent variable and f ([APX]isoconv)
and kin1 as estimated parameters, or using a linear regression anal-
ysis of the logarithmic form of the same equation. The evaluation
of the inactivation kinetic constant kin1 is illustrated in Fig. 4:

Alternatively, replacing the concentration of the active catalyst
from Eq. (28) in Eq. (13), one obtains:

(d[APX]/dt)
[Cu(II)]0,i

= f ([APX]isoconv) · e−kin2I2 (31)

Following the same procedure, the linear regression analysis of
the logarithmic form of Eq. (31) is illustrated in Fig. 5. Both the
derivatives (d[APX]/dt)i and integrals I1 and I2 have been calculated
numerically.

The results for kin1 (0.361 ± 0.030 s−1 for O2 and

0.366 ± 0.016 s−1 for air) and for kin2 (4165 ± 169 s−1 for O2
and 4023 ± 342 s−1 for air) indicate an apparent independence of
the inhibition of the dissolved oxygen concentration. The numeri-
cal integration and optimization of the rate constants involved in
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Fig. 6. Simulated and experimental extended kinetic curves of the reac-
ig. 5. Estimation of k in2 in dioxygen/air saturated solutions according to the second
imiting case [Eqs. (28) and 29)]. [OAP]0 = 1 × 10−4 M,  T = 30 ◦C, conversion ≈ 20%,
CuCl2]0 ranging from 5 × 10−7 M to 1 × 10−6 M.

he system of differential Eqs. (1)–(11) can help to discriminate
etween these limiting cases and to establish the significance of
he inhibition constant.

.2. Simulation assays

The time evolution of the reacting system was  described by a
et of differential equations obtained from the reaction steps 1–11,
orresponding to the transformation rates for all species involved
n the proposed model (except dioxygen whose concentration is
ept constant in the working conditions). The optimisation process
as accomplished with Kintecus [32] on 20 different experimental
ata sets.

.3. Sensitivity analysis

The sensitivity analysis, accomplished with Atropos [33] at three
ifferent time intervals in order to avoid over-parameterization
hows that all rate constants do influence the shape of the
imulated progress curves and consequently all proposed steps
an be considered kinetically significant. The optimized val-
es are: k1 = (58.50 ± 0.04) M−1 s−1, k2 = (2.18 ± 0.04) M−1 s−1,
3 = (2.80 ± 0.08) × 102 s−1, k4 = (5.100 ± 0.024) × 106 M−1 s−1and
11 = (4.80 ± 0.05) × 10−2 M−1 s−1 (with  ̨ = 0.05). The simulated
rogress curves for the proposed active and inactive copper species
CuSH)+, Cu(SH)2 together with both simulated and experimental
inetic curves for APX are displayed in Fig. 6, for substrate con-
ersion around 90%. The agreement between experimental and
imulated kinetic curves of APX was noticed likewise on the other
xperimental data sets.

The optimized parameters k1, k2, k3, k11 and concentrations [O2]
nd [SH2] can be used to decide which terms in the denominator of
q. (21) and those subsequently derived from it can be neglected.
ith present data Eq. (22) becomes simpler but still difficult to

ntegrate:

d[Cu(II)]∗0
dt

= k1k11[SH2]2[Cu(II)]∗0
k2[O2] + k1[SH2]

(32)
For air saturated solutions k2[O2] ≈ 4.9 × 10−4 s−1 and
1[SH2] ≈ 5.9 × 10−3 s−1. If the first term in the denominator
s neglected as a rough approximation, one obtains kin1 ≈ k11, a
esult obtained also from Eq. (26) since k2[O2]/k3 = 1.7 × 10−6 � 1.
tion intermediate and products. [OAP]0 = 1 × 10−4 M,  [O2]dissolved = 1.17 × 10−3 M,
[CuCl2]0 = 1 × 10−5 M,  T = 30 ◦C .

This explains the apparent independence of the inhibition con-
stant on the dioxygen concentration. For dioxygen saturated
solution the approximation is even rougher but still in accord
with the experimental behaviour. It can be concluded that only
the first limiting approximation k2k3[O2] � (k1k3 + k1k2[O2])[SH2],
although rough, can explain the results, while the second one,
predicting an inverse proportionality of the inhibition constant
with the oxygen concentration is in disagreement with the results.
The above approximations can partly explain the difference
between the measured inhibition constant kin1 = 0.366 M−1 s−1

and calculated value k11 = 0.048 M−1 s−1.

4. Conclusions

The oxidation of 2-aminophenol with dissolved dioxygen in
aqueous solution to give 2-amino-3H-phenoxazin-3-one is cat-
alyzed by simple copper salts. The kinetics of the process indicates
the existence of an inhibition by the substrate, confirmed by the
characteristic variation of the initial reaction rate with substrate
concentration, which presents a maximum, and also by the Selwyn
test. A kinetic model implying 11 steps (catalytic and non-catalytic)
was  proposed, where the inhibition step represents the forma-
tion of bis(o-iminosemiquinonato)copper(II) complex, isolated and
characterized. Several rate constants of the component steps
were taken from literature and the others were evaluated either
experimentally or numerically using an optimization procedure
according to Kintecus software. The inhibition constant was also
evaluated using an isoconversional procedure described earlier.
The agreement between the measured and simulated inhibition
constant proves that this method can rapidly provide mechanis-
tic insights of the studied system and accurately describe the time
evolution of active intermediates or side reaction products. The
relative simple and costly-efficient manner to detect and evaluate
the degree of operational inactivation of a catalyst in homogenous
media is suitable for routine analysis in batch/flow reactors where
the output signal of a stable reaction product can be measured, even
when dealing with a single reaction or with a reaction network.
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