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Abstract

The dimeric dioximatomanganese(II) complex [Mn2(HL)2](BPh4)2 (1) (where H2L is [HON C(CH3)C(CH3) NCH2CH2]2NH) dissociates
to the monomer [Mn(HL)]+ (2) upon dissolution in MeOH. Complex 2 is a functional phenoxazinone synthase model catalyzing the base-
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ssisted oxidative dimerization of 2-aminophenol (H3ap) to 2-amino-3H-phenoxazine-3-one (apx) by dioxygen under ambient conditions via an
-benzoquinone monoimine (bqmi) intermediate, which, however, cannot be directly detected due to its high reactivity. If H3ap is replaced by 2-
nilino-4,6-di-tert-butylphenol (3), a structural analog where the required positions are blocked, oxidation occurs without dimerization, affording
he corresponding N-substituted o-quinone monoimine. Free radical intermediates were detected by ESR spectroscopy in both reactions. The
inetics of the catalytic oxidation of H3ap was studied spectrophotometrically and the corresponding rate equation established. It is consistent
ith a mechanism involving the formation of a catalyst-H2apO2 ternary complex, which decomposes in the rate-determining step, generating a

emiquinone monoimine undergoing noncatalytic oxidative dimerization to apx.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The catalytic activation of dioxygen by transition metal com-
lexes continues to attract interest [1] with special emphasis
n modelling studies aimed at elucidation of oxidases, oxyge-
ases, dehydrogenases and related metalloenzymes. Important
ubstrate groups have been phenol and catechol derivatives,
hich provide valuable mechanistic information on processes in

iving organisms and are sometimes also of synthetic utility. Cat-
chol dioxygenases are involved in the metabolism of aromatic
ompounds and low-molecular iron complexes are intensively
tudied as models of the enzyme active center [2–8]. In addi-
ion to dioxygenase activity, enzymes and models also exhibit
atecholase activity, a feature of biological importance.

Related to catecholase activity is the ability of tyrosinase
o promote the oxidation of 2-aminophenol derivatives to 2-
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amino-3H-phenoxazine-3-ones [9]. The enzyme phenoxazinone
synthase is involved in the last stages of the biosynthesis of Acti-
nomycin D [10,11] a naturally occurring antineoplastic agent,
used clinically for the treatment of certain types of cancer [12].
According to Fig. 1, a 2-aminophenol derivative is catalyti-
cally converted to Actinomycin D in the presence of dioxygen
and phenoxazinone synthase (also called o-aminophenol oxi-
dase, EC 1.10.3.4), which is a type 2 copper-containing oxi-
dase isolated from Streptomyces [13–16]. The mechanism of
this six-electron oxidative coupling reaction has been studied
using 2-aminophenol derivatives as substrates [14]. Nishinaga
et al. [17] have studied the Co(salen) catalyzed oxidation of
substituted H3ap derivatives. Prati et al. investigated the copper-
catalyzed oxidation of H3ap to apx [18], and of the m- and
p-isomers, which gave different products. Speier and coworkers
reported the oxidation of H3ap to 2-amino-3H-phenoxazine-
3-one (apx) initiated by TEMPO [19,20] and recently studied
the copper-catalyzed oxidative dimerization [21]. The elec-
tropolymerization of H3ap yields insoluble films and some apx
[22].
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Fig. 1. Last stage of the biosynthesis of Actinomycin D.

The oxidation of o-substituted anilines by O2 in the presence
of cobalt salts [23] and of H3ap catalyzed by a cobalt phthalo-
cyanine derivative [24] have been reported.

We have previously investigated the catecholase [25,26] and
phenoxazinone synthase [27,28] activity of cobaloxime(II). The
structural analog ferroxime(II) also exhibits both catecholase
[29,30] and phenoxazinone synthase [31] activity. Detailed
mechanistic schemes based on kinetic and structural results and
kinetic isotope effects have been reported [8,32]. A novel, cat-
alytically active series of dioximatoiron(II) complexes has been
structurally characterized by X-ray scattering in methanol solu-
tion [33].

According to our recent findings, the dioximatoman-
ganese(II) dimer [Mn2(HL)2](BPh4)2 (1) {where H2L
is the quinquedentate dioxime ligand HON C(CH3)
C(CH3) N–CH2CH2)2NH} acts as a catecholase mimic
in methanol, converting 2,6-di-tert-butylcatechol to the corre-
sponding o-quinone [34]. The catalytic activity is associated
with the monomeric complex [Mn(HL)]+ (2), which is formed
instantaneously upon disolution of 1 in MeOH. We have
now found that complex 1 is also a functional model for
phenoxazinone synthase, converting 2-aminophenol (H3ap)
to 2-amino-3H-phenoxazine-3-one (apx). In the present paper
kinetic studies on this functional model system are reported.

2. Experimental

2

t
H
A
t
O
a

2

t
t
(

r
P

Fig. 2. Stoichiometric equation of the oxidation of H3ap to apx in MeOH in the
presence of complex 1.

ESR spectra of reacting solutions were recorded on a Bruker
ELEXYS E500 CW-EPR spectrometer, keeping the solution
saturated with O2 throughout the experiments. Spectra were
accumulated over the initial 30 min of the reaction. Simulations
of the spectra were carried out using the program developed by
Rockenbauer and Korecz [36].

Electrospray ionization mass spectrometry (ESI-MS) was
used to identify and monitor the species present in solution dur-
ing the reaction [34].

3. Results and discussion

3.1. Catalytic oxidation of 2-aminophenol

The oxidation of H3ap to 2-amino-3H-phenoxazin-3-one
(apx) by O2 in the presence of [Mn2(HL)2](BPh4)2 (1) (Fig. 2)
takes place at room temperature in MeOH as solvent under air
or and at 1 bar O2.

The time evolution of the UV–vis spectra is shown in
Fig. 3. The series of spectra reveal the oxidation of H3ap to
2-aminophenoxazine-3-one (apx) as is shown by the increase of
the 410–440 nm band characteristic of apx.

Special care was taken to determine the role of added tri-
ethylamine (TEA) and to establish catalysis by [Mn(HL)]+, the
monomeric complex formed upon dissolution of the dimer in
M
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.1. Materials

[Mn2(HL)2](BPh4)2 was synthesized and characterized by
he procedure developed by us [34]. 2-Aminophenol (Reanal,
ungary) was recrystallized from iPrOH (m.p. 177 ◦C). 2-
mino-3H-phenoxazin-3-one (m.p. 254–6 ◦C) as prepared by

he cobaloxime(II) catalyzed oxidation of 2-aminophenol with
2 [28]. 2-Anilino-4,6-di-tert-butylphenol was synthesized by
literature method [35].

.2. Methods

The kinetic measurements were carried out by spectropho-
ometric monitoring of the increase in the concentration of
he strongly absorbing 2-amino-3H-phenoxazin-3-one product
λ = 432 nm; ε = 2.23 × 104 M−1 cm−1).

In the kinetic experiments the oxidation was followed by
ecording the time evolution of UV–vis spectra on a Hewlett-
ackard 8453 diode array spectrophotometer.
eOH. This was done as demonstrated by Fig. 4, which shows
hat oxidation of H3ap takes place at a low rate when only TEA
nd the substrate are present (left section of smaller slope). Upon
he addition of [Mn(HL)]+ at the time indicated by an arrow, the

ig. 3. Time evolution of the UV–vis spectra accompanying the oxi-
ation of H3ap to apx. [1]o = 2.6 × 10−4 M; [H3ap]o = 7.8 × 10−3 M,
TEA]o = 3.9 × 10−3 M; T = 25 ◦C, solvent MeOH. Wide band at 410–440 nm
hows accumulation of apx. Spectra 1–5 (from bottom up) were taken at 60 s
ntervals, spectra 6–9 at 380, 470, 580 and 720 s, respectively.
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Fig. 4. Rate of the base-catalyzed oxidation (section 1) and its increase
upon the addition of [Mn(HL)]+ (section 2). Rate measured spectrophoto-
metrically by monitoring the increase of absorbance at 432 nm (1 cm cell).
Section 1: [H3ap]o = 7.6 × 10−3 M, [TEA]o = 3.8 × 10−3 M; T = 25 ◦C; slope:
3.33 × 10−4 AU/s. Section 2: [Mn]o = 5.2 × 10−4 M; slope: 2.56 × 10−3 AU/s.

rate significantly increases, demonstrating the catalytic effect of
the complex. Thus oxidation of H3ap takes place via parallel
base-catalyzed and manganese-assisted routes.

3.2. ESR spectroscopy

The monitoring of the ESR spectra during the catalytic reac-
tion provides information on the state of the catalyst complex in
MeOH solution and on the reaction intermediates.

Upon dissolution of [Mn2(HL)2](BPh4)2 in methanol at
25 ◦C a characteristic six-line ESR signal immediately appears,
indicating its dissociation to the monomeric [Mn(HL)]+ com-
plex (Fig. 5). Since the dimeric complex 1 was synthesized in,
and crystallized from, MeOH by the addition of NaBPh4 [34],
followed by evaporation of the solvent, we conclude that in dilute

F
t
a

Fig. 6. ESR spectrum of a Hapx• solution in which catalytic reac-
tion (1) is taking place (A), and the simulated spectrum (B) using the
parameters g = 2.0049, 1 × aN = 4.8 G (2), 1 × aN = 4.5 G (10), aNH = 2.8 G,
aNH = 2.7 G, aH = 2.3 G (4), aH = 2.1 G, aH = 1.6 G (1), solvent methanol,
T = 25 ◦C, O2 atmosphere. [Mn]o = 2.05 × 10−3 M; [H3ap]o = 3.00 × 10−2 M;
[TEA] = 3.00 × 10−2 M; solvent methanol, T = 25 ◦C. A: experimental spec-
trum; B: simulated spectrum.

solution 1 rapidly dissociates to the monomer, which remains
stable for hours. A solution of 1 in acetonitrile exhibits a complex
ESR spectrum, which is distinctly different from the spectrum
in MeOH. After several hours a very weak six-line spectrum
begins to appear superimposed on the background spectrum.
Upon addition of MeOH to the acetonitrile solution the spec-
trum of the dimer is immediately replaced by the known six-line
spectrum of the monomeric complex [Mn(HL)]+.

The ESR spectrum of the catalytic solution in MeOH gen-
erating the apx product was monitored over the initial 30 min
period of the reaction. Noise reduction by the accumulation of
200 successive spectra afforded a good quality spectrum of a
free-radical intermediate (Fig. 6), superimposed on the much
wider spectrum of the monomeric [Mn(HL)]+. It corresponds
to the free-radical intermediate Hapx•, as demonstrated by suc-
cessful simulation using the software described in Ref. [36]. (For
the formula of Hapx•, see the reaction mechanism.) The ESR
spectrum of Hapx• showed up immediately after the reactants
were mixed and air was admitted (about 1 min). The initial poor
resolution gradually improved as the number of accumulated
spectra increased. The signal persisted for the period of obser-
vation at a steady state level, then a slow decrease of the signal
intensity was observed.

The free radical Hapx• is formed after the rate-determining
step via a series of noncatalytic reactions shown in Fig. 7.
The first of these steps is the conjugate addition of H ap
t
a
b
C
d
o

ig. 5. Dissociation of the MnII/MnII dimer 1 into monomeric units 2: ESR spec-
rum of a 2.0 × 10−3 M solution of 1 in methanol immediately after dissolution
t room temperature (g = 2.007, coupling constant = 96.4 G).
3
o the catalytic oxidation product, bqmi, affording intermedi-
te C12H12N2O2, which undergoes dehyrogenation followed
y ring closure via intramolecular conjugate addition to yield
12H10N2O2. H-atom abstraction generates the free radical
etected by ESR spectroscopy, C12H9N2O2

•, and the transfer
f another H-atom affords the product apx.
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Fig. 7. Noncatalytic reactions leading to Hapx• and apx.

3.3. Kinetic measurements

The successive UV–vis spectra of the catalytic solutions in
methanol were recorded in air atmosphere at 25 ◦C as a func-
tion of time. As the only product of H3ap oxidation is apx,
which is also the only absorbing species, the initial slopes of
the absorbance versus time straight lines are readily converted
to initial rates Vin. The initial rates of oxidation were determined
as a function of the catalyst, substrate and triethylamine (TEA)
concentration. The results are shown in Tables S1–S3 (see Sup-
plementary information), where each value shown is the average
of three individual runs reproducible to within ±3%. For brevity,
the catalyst complex [Mn(HL)]+ is denoted by Mn. At constant
H3ap concentration and O2 pressure the initial rate was found to
be proportional to the initial catalyst concentration denoted by
[Mn]o (Fig. 8). When varying the initial concentration of H3ap,

F
[
T

Fig. 9. Dependence of the initial rate on the substrate concentration. Condi-
tions: [Mn]o = 2.65 × 10−4 M, [TEA] = 3.90 × 10−3 M, [O2] = 2.20 × 10−4 M,
T = 25 ◦C, in air.

a saturation type curve was observed (Fig. 9). A similar curve
was obtained when varying the TEA concentration (Fig. 10).

The kinetic pattern emerging from Figs. 8–10 is consistent
with the reaction mechanism shown in (Eqs. (1)–(8)):

H3ap + TEA � H2ap− + HTEA+ KA/KT (1)

H2ap− + O2 � H2apO2
− KB (2)

H2apO2
− → bqmi + HO2

− RDS, kB (3)

[Mn2(HL)2]2+ + 2MeOH → 2[(HL)Mn(MeOH)]+ fast

(4)

[(HL)MnII(MeOH)]
+ + H2apO2

− � [(HL)Mn(H2apO2)]
(X)

+MeOH K5 (5)

F
t
T

ig. 8. Dependence of the rate of oxidation on the concentration of [Mn(HL)]+.
H3ap]o = 7.8 × 10−3 M; [TEA]o = 3.9 × 10−3 M, [O2] = 2.20 × 10−4 M,
= 25 ◦C, in air.
ig. 10. Dependence of the initial rate on the TEA concentration. Condi-
ions: [Mn]o = 5.32 × 10−4 M, [H3ap] = 7.83 × 10−3 M, [O2] = 2.20 × 10−4 M,
= 25 ◦C, in air.
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X → [(HL)MnII(MeOH)]+ + bqmi + HO2
− RDS, k6

(6)

2HO2
− → 2OH− + O2 (7)

bqmi + H3ap + O2 → apx + 2H2O (fast step, cf. Fig. 7)

(8)

According to the proposed mechanism, the catalytic oxida-
tion of H3ap to bqmi takes place via two pathways, viz. (a)
base-catalyzed oxidation involving steps (1)–(3), and (b) a com-
bined base- and Mn-catalyzed route involving steps (1)–(3)
followed by steps (4)–(6). Both pathways also involve reactions
(7) and (8): repeated disproportionation (7) ensures that O2 is
reduced to water, whereas noncatalytic reactions (8) lead to the
observed product apx. This mechanism is required by the fact
that the base-catalyzed oxidation does occur in the absence of
Mn catalyst, but no oxidation is observed if [Mn2(HL)2]2+ is
used without added base (see Fig. 4).

The base-catalyzed oxidation was run in the presence of TEA.
It deprotonates H3ap in equilibrium (1) to H2ap−, which binds
O2 in step (2) to yield a hydroperoxo species H2apO2

− analo-
gous to that generated in the base-catalyzed oxidation of catechol
[3]. In the rate-determining step (3) H2apO2

− generates benzo-
quinone monoimine (bqmi) and HO2

−, which disproportionates
t

o
[
t
i
a

t

w
d
s
p

(

versible, in which all of the dimeric complex 1 dissociates to the
monomer 2. Steps (1), (2) and (5) behave as pre-equilibria and
steps (3) and (6) are slow (rate-determining), whereas step (6)
is fast. The initial rate of the combined base- and Mn-catalyzed
paths (Vin) can be written as Eq. (9):

Vin = (kB + k6K5 [Mn]o) KB [H2ap−][O2]o (9)

The mass balance and acid dissociation equilbria for H3ap
are given by Eqs. (10) and (11), whence expression (12) can be
obtained for [H2ap−]:

[H3ap]o = [H3ap] + [H2ap−] (10)

Kap = [H3ap]

[H2ap−][H+]
(11)

[H2ap−] = [H3ap]o

(1 + Kap[H+])
(12)

The effect of added TEA can be described in terms of equi-
librium (1), mass balance (13) and protonation constant (14),
yielding Eq. (15) for [TEAH+]:

[TEA] = [TEA] + [TEAH+] (13)

KT = [TEAH+]

[TEA][H+]
(14)

[
+

(
e
b

[

[

w

terme
o OH− and O2 in step (7).
The Mn-catalyzed path is due to the rapid solvolysis (4)

f dimer 1 to produce the five-coordinate monomeric catalyst
(HL)MnII(MeOH)]+, which binds H2apO2

− in equilibrium (5)
o generate intermediate X (see Fig. 11). The latter decomposes
n rate-determining step (6), yielding bqmi and HO2

−, as well
s regenerating the starting [(HL)MnII(MeOH)]+ catalyst.

The overall stoichiometry is achieved via repeated dispropor-
ionation of HO2

− according to reaction (7).
After the rate-determining step, the bqmi produced reacts

ith O2 in a series of steps, generating the free-radical interme-
iate Hapx• detected by ESR spectroscopy (Fig. 6). The likely
eries of non-catalytic oxidation reactions leading to the apx
roduct are shown in Fig. 7.

The kinetic equation consistent with the reaction mechanism
1)–(8) can be obtained by regarding step (4) as rapid and irre-

Fig. 11. Proposed structure and decomposition of the active in
TEAH+] = [TEA]oKT [H ]

(1 + KT [H+])
(15)

The proton concentration can be estimated by inserting Eqs.
12) and (15) into the charge balance Eq. (16), corresponding to
quilibrium (1). The implicit expression (17) thus obtained can
e rearranged to Eq. (18):

TEAH+] = [H2ap−] (16)

[TEA]oKT [H+]

(1 + KT [H+])
= [H3ap]o

(1 + Kap[H+])
(17)

H+] = [H3ap]o

KT [TEA]o

(1 + KT [H+])

(1 + Kap[H+])
(18)

Upon insertion of Eq. (18) into (12), we get Eq. (19),
hich can be simplified if we assume that KT [H+] � 1 and

diate X in the rate-determining step. X = [(HL)Mn(H2apO2)].
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Kap[H+] � 1:

[H2ap−] = [H3ap]o

1 + (Kap[H3ap]o)/(KT [TEA]o)

((1 + KT [H+]))/((1 + Kap[H+]))

(19)

Insertion of the simplified expression for [H2ap−] into Eq.
(9) yields kinetic Eq. (20), which can be applied in the presence
of TEA. The usual assumption for work with initial rates is
accepted, i.e. the initial concentrations remain unchanged over
the time-span of the measurements (subscript “o” refers to the
initial value).

Vin = (kB + k6K5[Mn]o)KB[O2]o[H3ap]o

1 + (Kap/KT )[H3ap]o/[TEA]o
(20)

Non-linear least-squares fitting of expression (20) to the
curves describing the dependence of Vin on the initial concentra-
tions [H3ap]o (Fig. 9) and [TEA]o (Fig. 10) affords the constants
listed in Table 1. These constants can be used to calculate the
slope of the Vin versus [Mn]o straight line and compare it with
the experimental value.

The kinetic results are consistent with the reaction mecha-
nism depicted by Eqs. (1)–(8).

3.4. Oxidation of 2-anilino-4,6-di-tert-butylphenol
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Fig. 12. Oxidation of the sterically hindered 2-anilino-4,6-di-tert-butylphenol
(3) catalyzed by complex 2 in MeOH.

Fig. 13. ESR spectrum of the free-radical intermediate formed from 2-anilino-
4,6-di-tert-butylphenol by H-atom abstraction (solvent MeOH). A: experimental
spectrum; B: simulated spectrum with the parameters: g = 2.0038; aN = 3.51 G;
aH = 3.98 G; aH = 1.04 G (2H); aH = 0.41 G (18H).

ucts is consistent with the availability or blocking of sites
required for dimerization.

A series of MnIII and MnIV complexes with coordinated
free-radical ligand 4 and its ring-substituted derivatives have
been synthesized and characterized by Wieghardt, Chaudhuri
and coworkers [37,38]. These MnIV radical complexes catalyze
the oxidation of 3,5-di-tert-butylcatechol with dioxygen.

T
R netic results

S B (M−2 s−1) kB (M−1 s−1) Slope (s−1)

V 0.14) × 102 (2.44 ± 0.10) × 10−2 n.a.
V n.a.
V n.a. (6.13 ± 0.12) × 10−4

V n.a. (6.11 ± 0.12) × 10−4
Additional support for the proposed mechanism can be
btained from the oxidation of 2-anilino-4,6-di-tert-butylphenol
3) catalyzed by complex 2. The monitoring of this reaction by
SR spectroscopy in MeOH has revealed H-atom abstraction to
fford a relatively stable free radical intermediate (4) shown
n Fig. 12. Under oxidative conditions 4 is further oxidized
o the N-phenyl-4,6-di-tert-butyl-1,2-benzoquinone monoimine
5), rather than to apx, whose formation is prevented by the N-
henyl group. The ESR spectra of 4 can be readily generated in
oth MeOH and MeOD and are shown in Figs. 13 and 14, respec-
ively, exhibiting the expected features due to D-substitution in

eOD.
On comparison of the ESR spectra in Figs. 13 and 14 it is

pparent that in CH3OD H–D substitution has taken place in both
he OH and NH groups, as shown by the absence of aH = 3.98 G.
he two protons with coupling constants of 1.04 and 1.28 G are
eta-protons in positions 3 and 5, respectively. The 18 protons
ith aH = 0.41 and 1.37 G are due to the two di-tert-butyl groups

n positions 4 and 6.
The ESR results confirm that the catalytic oxidation of H3ap

nd 3 occur by similar mechanisms and the difference in prod-

able 1
ate and equilibrium constants determined from the fitting of Eq. (20) to the ki

ource Kap/KT k6K5K

in vs. [H3ap]o curve (Fig. 9) 0.55 ± 0.01 (7.56 ±
in vs. [TEA]o curve (Fig. 10) 0.56 ± 0.01

in vs. [Mn]o line (Fig. 8) exp. n.a. n.a.

in vs. [Mn]o line (Fig. 8) calcd. n.a. n.a.
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Fig. 14. ESR spectrum of the free-radical intermediate formed from 2-anilino-
4,6-di-tert-butylphenol by D-atom abstraction (solvent MeOD). A: experimental
spectrum; B: spectrum simulated with the parameters: g = 2.0038; aN = 3.43 G;
aH = 1.28 G (2H); aH = 0.37 G (18H).

4. Conclusion

In this work the dioximatomanganese(II) complex
[Mn(HL)]+ was demonstrated to act as a functional phenoxazin-
one synthase, which catalyzes the air oxidation of 2-amino-
phenol (H3ap) in methanol to 2-amino-3H-phenoxazine-
3-one (apx). Kinetic studies combined with ESR spectroscopy
have shown that dioxygen activation and catalytic oxidation
are restricted to the conversion of H3ap to o-benzoquinone
monoimine (bqmi), which occurs by a base-catalyzed and a
manganese-assisted path. The active intermediate of the latter
reaction is a complex consisting of the catalyst and the O2
adduct of 2-aminophenolate(1−), decomposing to bqmi and
the starting manganese(II) complex in the rate-determining
step. From this point on, non-catalytic addition and oxidation
steps take over. The last intermediate is a free radical directly
oxidized to the apx product.

It is important that although triethylamine is needed for oxi-
dation to occur, catalysis by [Mn(HL)]+ is much faster than
base-catalyzed oxidation alone. This is explained in terms of
the proposed mechanism.

Work is in progress to further elucidate the scope and mech-
anisms of the catalytic activation of O2 by manganese(II) com-
plexes.
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24] Z. Szeverényi, E.R. Milaeva, L.I. Simándi, J. Mol. Catal. 67 (1991) 251.
25] L.I. Simándi, T. Barna, Gy. Argay, T.L. Simándi, Inorg. Chem. 34 (1995)

6337.
26] L.I. Simándi, T.L. Simándi, J. Chem. Soc. Dalton Trans. (1998) 3275.
27] L.I. Simándi, T. Barna, L. Korecz, A. Rockenbauer, Tetrahedron Lett.

34 (1993) 717.
28] L.I. Simándi, T. Barna, S. Németh, J. Chem. Soc. Dalton Trans. (1996)

473.
29] T.L. Simándi, L.I. Simándi, J. Chem. Soc. Dalton Trans. (1999) 4529.
30] L.I. Simándi, T.L. Simándi, J. Inorg. Biochem. 86 (2001) 432.
31] T.M. Simándi, L.I. Simándi, M. Győr, A. Rockenbauer, Á Gömöry,
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