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Abstract

New evidence concerning the mechanism of oxidation reactions of alkenes and aromatic compounds catalyzed by metallo
with H2O2 were obtained based on the evaluation of results from structurally different substrates. A systematic change in metallo
structure and reaction conditions was accomplished withcis-cyclooctene as a model. Two maximum performance systems were obtaine
then applied to the oxidation of selected substrates, namely 17β-acetoxy-4-androstene, (+)-3-carene, geraniol, and naphthalene. Substa
differences in reaction conversion and product selectivity were found. These systematic studies confirmed the evidence of two
active oxidation species, assigned as the hydroperoxy or oxo ones. The use of more electronegative porphyrins, iron as centra
protic solvent and the absence of co-catalyst favor the formation of a hydroperoxy active species. On the other hand, the oxo s
considered to be the main acting entity in the presence of less electronegative porphyrin ligands, manganese as central atom, apr
and a buffering substance as co-catalyst. This state of knowledge makes it possible to modulate the reaction selectivity by the sele
appropriate catalytic system.
 2005 Elsevier Inc. All rights reserved.
Keywords: Metalloporphyrins; Epoxidation; Hydrogen peroxide; Mechanism; Oxo species; Hydroperoxy species
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1. Introduction

The oxygenation mechanism operating in cytochro
P450 enzymes and in synthetic metalloporphyrin models
been the aim of numerous studies in recent decades[1,2].
However, the putative character of the active oxidants in
catalytic cycles remains of great interest in the elucidatio
this topic. The existence of the proposed intermediates
only be indirectly inferred[3–9], and their relative contribu
tion to the complex reactivity of cytochrome P450 enzymes
and synthetic models is still a controversial matter[10–12].

* Corresponding authors. Fax: +351239827703 (M.M. Pere

+351234370084 (J.A.S. Cavaleiro).

E-mail addresses: mmpereira@ci.uc.pt(M.M. Pereira),
jcavaleiro@dq.ua.pt(J.A.S. Cavaleiro).
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In the reductive oxygen activation by cytochrome P450
(Scheme 1a), three different species have been conside
as possible active oxidants: one presenting a nucleop
character, a peroxy species (A) [2,13,14], and two other pos
sible oxidizing intermediates, both with electrophilic ch
acter[15], also present in the short cycle of cytochrome P450
with H2O2 (Scheme 1b). These are a hydroperoxy spec
(B) and an oxo species in a high valence oxidation stateD),
which can be written as a resonance hybrid of three m
forms (Scheme 1, C–E).

Initially, the oxo species was considered to be the o
active intermediate for oxygen transfer[1]. In cytochrome
P450 monooxygenations, increasing experimental data
port the intervention of a hydroperoxy species (B) as a sec-

ond plausible electrophilic oxidant[16]. The action of the
oxo or hydroperoxy species seems to be dependent on the
structure of the active site in the enzymatic complex, and

http://www.elsevier.com/locate/jcat
mailto:mmpereira@ci.uc.pt
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pertinent studies were done based on enzyme mutants, w
the key amino acids at the active site have been cha
[17,18]. An active site structure that prevents the hydrop
oxy bond cleavage leads to an enzyme form that is ab
catalyze the epoxidation of alkenes and the hydroxyla
of aromatics, although it is unable to catalyze the hydro
lation of inactivated C–H bonds in alkanes, confirming
reactivity of a hydroperoxy-ferric state of cytochrome P450

[19–22]. The hydroxylation of C–H bonds was attributed
the high valent oxo-species.

Further suggestion of the low reactivity of the hydrop
oxyferric state was provided by theoretical calculations
Shaik and co-workers[10], who classified the hydroperox
species as a “sluggish oxidant” and explained P450 reac-
tivity differences with a two-spin-state model (Scheme 1,
speciesD andE).

The oxo/hydroperoxy debate has been simultaneousl
tended to synthetic metalloporphyrins as model systems
different oxidants. Similarly to cytochrome P450 mechanistic
proposals, the involvement of two different active oxidat
species was postulated: a metalloporphyrin-oxidant ad

(analogous toB in Scheme 1) or a metalloporphyrin oxo
species (Scheme 1, C–E). With the use of different met-
alloporphyrins in the presence of a series of peroxyacids
1.

e[23–26], iodosylarenes[27], or t-BuOOH [28] for compet-
itive epoxidation of alkenes, evidence of two different o
dizing species was found. When the performance was de
dent on the oxidant used, a metalloporphyrin-oxidant add
was considered to be the active oxidizing species.

Hydrogen peroxide is a particularly interesting oxida
because it leads to intermediates in the catalytic c
that are identical to the corresponding species obse
in cytochrome P450 mechanism, namely the hydropero
species[29], and, consequently, it can help in the clarific
tion of the enzyme action. Furthermore, hydrogen perox
is the second oxidant, after oxygen, that is suitable for gr
chemistry studies. Knowledge of the mechanism of those
actions can help in the design of more efficient and cl
catalytic processes.

Recently we reported[30] an efficient catalytic epoxi
dation system of steroids, with H2O2 as oxidant and met
alloporphyrins as catalysts. The diastereoselectivity of
products was found to be dependent on the porphyrin s
ture, central metal ion, reaction conditions, and media.
results were rationalized in terms of the action of an o

or hydroperoxy species and their different approaches to the
substrate. The reaction solvent effect was also studied by
Nam and co-workers[31,32], but the assignment of the ac-
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Fig. 1. Probe substr

tive species is in contradiction to our results[30] and other
published findings[33].

In this publication we are extending those results t
systematic study involving manganese and iron porphy
as catalysts, with different electron-withdrawing groups
the epoxidation reaction of structurally different substra
(Fig. 1). The solvent and co-catalyst effects were also a
lyzed, and the stereo-, regio-, and chemoselectivities o
reactions were used as a probe for the nature of the a
intermediate, hydroperoxy or oxo species.

2. Experimental

2.1. Catalyst synthesis

The porphyrin free bases (Fig. 2) were prepared accord
ing to described procedures[34]. The metallation of the free
bases was performed with MnCl2 or FeCl2 according to con-
ventional methods[35,36].

2.2. Catalyst testing

2.2.1. General procedure for oxidations in acetonitrile
In a typical experiment, thecis-cyclooctene (1)

(0.3 mmol), the desired metalloporphyrin (0.5 µmol), a
the co-catalyst (0.2 mmol, when used) were dissolved
acetonitrile (2 ml) and stirred at 22◦C. Aqueous hydrogen
peroxide (30% w/w) diluted in the reaction solvent (1:10
was added to the reaction mixture in small aliquots ev
15 min (150 µl; 0.15 mmol H2O2). For the oxidation reaction

conditions of substrates2–5, seeTables 2–5, respectively.

Fig. 2. Metalloporphyrins u
for mechanistic studies.

injector. The addition of H2O2 was stopped when the relativ
proportions of the compounds remained constant after
successive GC analyses. The reaction time required for
particular substrate is presented inTables 1–5. Naphthalene
oxidation was shown to be a slower reaction, affording o
30% conversion after 60 min of reaction in the presenc
Mn(TDCPP)Cl, attaining 91% after 6 h of reaction.

2.2.2. General procedure for oxidations in
methanol:dichloromethane

In a typical experiment, thecis-cyclooctene (1) (0.3
mmol), the desired metalloporphyrin (0.5 µmol), and the
catalyst (0.2 mmol, when used) were dissolved in 2 m
methanol:dichloromethane (3:1) and stirred at 22◦C. Aque-
ous hydrogen peroxide (30% w/w) diluted in the reaction
solvent (1:10) was added to the reaction mixture in sm
aliquots every 15 min (150 µl; 0.15 mmol H2O2). For the
oxidation reaction conditions of substrates2–5, seeTables
2–5, respectively. The reaction was monitored as descr
above.

The reaction oxidation products ofcis-cyclooctene[37],
17β-acetoxy-4-androstene[30], (+)-3-carene, geraniol[38],
and naphthalene[39] were identified by comparison with th
GC behavior of authentic samples and characterized by
MS, 13C, and1H NMR techniques.

2.3. Analytical methods

1H and 13C NMR spectra of compounds were acquir
in CDCl3 solutions, at 500.13 or 300.13 MHz and at 125
or 75.47 MHz, respectively, with Bruker DRX 500 and 3

spectrometers. Mass spectra were collected in a VG Au-

-
To follow the reaction evolution, aliquots were withdrawn
from the reaction mixture and injected directly into the GC

toSpec Q, operating in FAB+ (fast atom bombardment) ion
ization mode at 70 eV, with CHCl3 as solvent and NBA
sed in catalytic studies.



mol
S.L.H. Rebelo et al. / Journal of Catalysis 234 (2005) 76–87 79

Table 1
Epoxidation ofcis-cyclooctene (1) with different catalytic systems, using H2O2 as oxidanta

Entry Conditions Catalyst

Solvent Co-catalyst Mn Fe

TDCPP (i) TPFPP (ii) TDCPP (iii) TPFPP (iv)

Conv.b Stab.c Conv.b Stab.c Conv.b Stab.c Conv.b Stab.c

1 CH3CN NH4AcO 100 34 60 0 0 0 1 0
2 CH3CN – 0 100 0 70 1 8 12 0
3 CH3OH:CH2Cl2

d NH4AcO 2 89 5 26 1 7 1 0
4 CH3OH:CH2Cl2

d – 1 76 1 43 10 6 82 3
5 CH3OH:CH2Cl2

d Imidazole 24e 78e – – – – 1 2

a Reaction conditions: the substrate (0.3 mmol) and the co-catalyst (0.2 mmol, when used) were dissolved in 2 ml of the catalyst solution (0.25 µcat/ml)
and stirred at 22◦C; 0.15 mmol of H2O2 (150 µl of the 1:10 diluted solution) were added to the reaction mixture every 15 min.

b Substrate conversion (%) determined by GC analyses, after 45 min.
c Catalyst stability (%) determined by UV–visible spectroscopy, after 45 min.

d 3:1.
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e Conversion after 45 min (when the reaction was left for 24 h, with a
phyrin stability was 48%).

(3-nitrobenzylic acid) as matrix. The UV–vis spectra we
acquired with a Uvikon 922 spectrophotometer. GC/M
analyses were performed with a Finnigan Trace GC/
(Thermo Quest CE instruments) and helium as the ca
gas (35 cm/s). GC-FID analyses were performed with a V
ian Star 3400 CX gas chromatograph and hydrogen as
carrier gas (55 cm/s). In both cases fused silica Supelco c
illary columns SPB-5 (30 m× 0.25 mm i.d.× 0.25 µm film
thickness) were used.

Preparative thin-layer chromatography (TLC) was c
ried out on silica gel plates (Riedel–de Haën silica gel
DGF254). Hydrogen peroxide (30 wt% solution in wate
and acetonitrile were purchased from Riedel–de Haën.
other chemicals and solvents were obtained from comm
cial sources and used as received or distilled and drie
standard procedures. Light petroleum was the fraction of
40–60◦C.

3. Results and discussion

Comparative studies of epoxidation reactions with str
tural different substrates were carried out with the meta
porphyrins shown inFig. 2as catalysts.

In many metalloporphyrin-catalyzed oxidation reactio
with H2O2 the use of a buffering substance as a co-cata
was demonstrated to be essential for efficient proce
[40,41]. It is also considered that such a co-catalyst fac
tates oxo species formation, either by acting as an elec
donating axial ligand or by taking part in the dehydrat
step (Scheme 1, B–C) [42].

With cis-cyclooctene (1) as a model substrate, the perfo
mance of the four metalloporphyrins (Fig. 2) was studied,
with acetonitrile as an aprotic solvent or methanol:dichlo
methane (3:1) as a protic solvent mixture, in the presenc

in the absence of a co-catalyst. 1,2-Epoxycyclooctane was
obtained as the only product; the results are collected inTa-
ble 1.
on of 1.0 mmol of H2O2, the substrate conversion was 98% and the metallo

In the presence of acetonitrile and with ammonium
etate as a co-catalyst, 100 and 60% of epoxide were for
with catalysts Mn(TDCPP)Cl and Mn(TPFPP)Cl, resp
tively (entries 1(i) and 1(ii)). Under the same reacti
conditions but with the use of the corresponding iron(
complexes, no epoxidation was observed (entries 1(iii)
1(iv)). We also observed that the catalytic systems us
manganese complexes are completely inactivated in the
sence of ammonium acetate (entries 2(i) and 2(ii)). Howe
with iron complexes, the system is inactive with TDCPP (
try 2(iii)), but it is able to transfer oxygen to the substra
with the use of Fe(TPFPP)Cl, a strong electron-withdraw
porphyrin complex (12% conversion, entry 2(iv)).

With the use of the mixture methanol:dichlorometha
(3:1) and in the presence of ammonium acetate, none o
catalytic systems are able to promote efficiently the ep
dation reaction (entry 3).

When the same solvent is used but in the absence
co-catalyst, the manganese complexes are inactive, bu
iron complexes Fe(TDCPP)Cl and Fe(TPFPP)Cl afford
and 82% of 1,2-epoxycyclooctane, respectively (entry 4)

These results indicate that manganese porphyrins r
the maximum activity in an aprotic solvent and in t
presence of a co-catalyst (entries 1(i) and 1(ii)); un
these conditions, Mn(TDCPP)Cl gives higher substrate c
version than Mn(TPFPP)Cl. On the other hand, iron p
phyrins reach their maximum performance in a protic s
vent mixture, without a co-catalyst (entries 4(iii) and 4(iv
and the Fe(TPFPP)Cl is a considerably better catalyst
Fe(TDCPP)Cl.

When manganese porphyrins do not transfer oxy
to the substrate (entries 2(i)–4(i) and 2(ii)–4(ii)), the p
phyrins remain almost intact, which suggests the inactiva
of the catalysts under the reaction conditions. Howe

for iron porphyrins the low conversions were always ac-
companied by high levels of porphyrin degradation (entries
1(iii)–3(iii) and 1(iv)–3(iv)). In all of those reactions the iron
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Table 2
Oxidation of 17β-acetoxy-4-androstene (2) with different catalytic systems, using H2O2 or m-CPBA as oxidantsa,b,h

Entry Catalyst Solvent Co-catalyst Conversion
(%)c

Selectivity (%)c

2a 2b

Allylic
oxidation

1d Mn(TDCPP)Cl CH3CN:CH2Cl2
e NH4AcO 88 56 20 18

2d Mn(TPFPP)Cl CH3CN:CH2Cl2
e NH4AcO 61 43 37 19

3 Fe(TDCPP)Cl CH3OH:CH2Cl2
f – < 4 –g –g –g

4d Fe(TPFPP)Cl CH3OH:CH2Cl2
f – 100 33 57 0

5d m-CPBAh CH2Cl2 – 99 33 51 5

a Reaction conditions: the substrate (0.03 mmol) and ammonium acetate (0.08 mmol, when used) were dissolved in 2 ml of the catalyst solutio
of catalyst/ml) and stirred at 22◦C; 0.015 mmol of H2O2 (30 µl of a 1:20 diluted solution) were added to the reaction mixture every 15 min.

b Complete characterization of the reaction products in reference[30].
c Substrate conversion and product selectivity determined by1H NMR spectroscopy of the reaction mixtures, after 60 min.
d Results from[30].
e 1:1.

f 3:1.
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g Quantity of products too low for quantification.
h Reaction carried out without catalyst andm-CPBA as oxidant.

porphyrin stability was lower than 10%, which indicates
strong degradation of the catalyst.

The inactivation of Mn(TDCPP)Cl in methanol is pa
tially eliminated when ammonium acetate is replaced
imidazole as an axial ligand (entry 5(i)); the activity of t
manganese porphyrin increases and a conversion of 24
obtained after 45 min of reaction. With a reaction time
24 h and after the addition of 1.0 mmol of H2O2, a 98% yield
of epoxide is obtained. Imidazole, as a stronger elect
donating ligand, can replace methanol as an axial ligand
reactivate the catalyst[43], establishing a reaction equilib
rium that can be responsible for the longer reaction time

These significant differences in thecis-cyclooctene epox
idation reaction, depending on the metalloporphyrin str
ture and on the reaction medium, suggest the involveme
different active species in the reaction mechanism. Thes
sults prompted us to extend such studies to other subst
in order to corroborate that mechanistic proposal.

Recently we have reported an efficient catalytic sys
for the promotion of the epoxidation of different stero
compounds with the type of catalyst and reaction conditi
used[30]. Remarkable differences in the diastereoselec
ity of the resulting epoxides were obtained. In the pres
paper we report further studies of steroid oxidation with
most active catalytic systems described inTable 1for the
cis-cyclooctene oxidation.

To promote the epoxidation of 17β-acetoxy-4-androsten
(2), we used the manganese complexes in acetonitril
the presence of ammonium acetate and the iron c
plexes in methanol:dichloromethane without the co-cata
The oxidation results are collected inTable 2; the main

products obtained have been previously characterized as
17β-acetoxy-4,5β-epoxyandrostane (2a) and 17β-acetoxy-
4,5α-epoxyandrostane (2b). The products resulting from
s

-
s

oxidation at the allylic position were identified as 17β-
acetoxy-4-androsten-3-ol, 17β-acetoxy-4-androstene-3-on
and 17β-acetoxy-4,5-epoxyandrostan-3-ol[30].

In the epoxidation of2 with Mn(TDCPP)Cl as a catalys
the β-epoxide was preferentially obtained (56% selec
ity against 20% for theα-epoxide, entry 1,Table 2). With
Mn(TPFPP)Cl a significant decrease inβ-epoxide (43%)
was observed with a concomitant increase in the amou
α-epoxide (37%, entry 2,Table 2).

The Fe(TDCPP)Cl shows a very low activity (entry
Table 2), but with Fe(TPFPP)Cl full conversion is obtain
and theα-epoxide is preferentially formed (57% selectiv
against 33% for theβ-epoxide, entry 4,Table 2). This last re-
sult is in agreement with the epoxidation reaction promo
by m-CPBA (entry 5,Table 2), suggesting the involvemen
of a metallo-hydroperoxide species.

The stereochemical hindrance of the substrate and
ferent intervening species can control the approach of
metalloporphyrin complex to the substrate from either thα

or β side. Despite the presence of the 19-methyl group in
β-face of the steroid nucleus, it is well established that∆4-
steroids present the most stable conformation in a part
folded structure along the A and B ring fusion, conseque
leaving theα-face more hindered[44].

The porphyrin oxo species (analogous toC in Scheme 1)
has the active oxygen atom very near the large porph
plane, which makes difficult the access to theα-face, where
the double bond has a tight access; consequently, the
species should preferentially produce theβ-epoxide. How-
ever, the metalloporphyrin-hydroperoxy complex has a
ripheral atom bridge, analogous tom-CPBA, that can ap

proach the double bond from both sides; in this case the
presence of the 19β-methyl group can determine the pref-
erence for theα-epoxide.
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Table 3
Oxidation of (+)-3-carene (3) with different catalytic systems, using H2O2 as oxidanta,b

Entry Catalyst Solvent Co-catalyst Conversion
(%)c

Selectivity (%)c α/β

3a/3b

3a 3b

Allylic
oxidation

1 Mn(TDCPP)Cl CH3CN NH4AcO 98 34 20 46 1.7
2 Mn(TPFPP)Cl CH3CN NH4AcO 34 42 14 44 3
3 Fe(TPFPP)Cl CH3OH:CH2Cl2

d – 98 84 8 6 10.5

a Reaction conditions: the substrate (0.3 mmol) and ammonium acetate (0.2 mmol, when used) were dissolved in 2 ml of the catalyst solution
of catalyst/ml) and stirred at 22◦C, protected from light; 0.15 mmol of H2O2 (150 µl of the 1:10 diluted solution) were added to the reaction mixture e
15 min.
b Complete characterization of the reaction products in reference[38].
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c Reaction conversion and product selectivity determined by GC ana
d 3:1.

The differentβ/α epoxide ratio is new evidence for th
involvement of different catalytic active species in the o
gen transfer mechanism. Mn(TDCPP)Cl catalyst can
through an oxo-species mechanism, and Fe(TPFPP)C
alyst through a hydroperoxy-species one.

In previous papers our group described the oxidation
(+)-3-carene (3), geraniol (4) [38], and, more recently, naph
thalene (5) [39] in the presence of several manganese(
porphyrins. Here we extend those studies to the systems
1(ii), 4(iii), and 4(iv) described inTable 1, in order to obtain
evidence for the mechanistic proposal. The identification
characterization of the oxidation products are describe
those previous publications.

The oxidation reaction of (+)-3-carene (3) can lead to
α-epoxycarane (3a), β-epoxycarane (3b), and allylic oxi-
dation products (Table 3). Again we observe a remarkab
difference in the diastereoselectivity of the products
pending on the catalyst and reaction conditions. The
tem Mn(TDCPP)Cl/acetonitrile/co-catalyst gives a mixtu
of α and β epoxides (34:20), along with other produc
resulting from allylic oxidation (46%, entry 1,Table 3).
When Mn(TPFPP)Cl is used, the amount ofα-epoxide
increases (entry 2). On the other hand, Fe(TPFPP)C
methanol:dichloromethane gives 98% conversion with 8
selectivity for theα-epoxide, and only 6% of allylic oxida
tion was observed (entry 4,Table 3).

These results also emphasize the contribution of the
dant species formed. In fact, the manganese porphyrins
aprotic solvent, and in the presence of a co-catalyst, pro
a high reactive oxidation intermediate capable of bothα- and
β-epoxidation and allylic hydroxylation, indicative of the i
volvement of an oxo species. On the other hand, the pres
of iron, several fluorine atoms in the porphyrin ring, an
protic solvent seems to favor the existence of an active
dizing species, which is highly selective forα-epoxycarane

similar to the results obtained withm-CPBA [38], suggest-
ing once more the involvement of a metallo-hydroperoxide
species. It is worth noting that the same diastereoselectiv-
after 60 min of reaction.

-

,

e

ity was observed for the metallo-peroxo species propo
for the tungstoborate-catalyzed epoxidation reactions
H2O2 [45].

Geraniol (4) is another interesting substrate that can
used to prove the nature of active intermediates, bec
of the presence of two competitive double bonds. The
sults of the oxidation of this monoterpene are presente
Table 4. With manganese porphyrins the 6,7-epoxygera
(4a) is the main product, followed by 2,3-epoxygeran
(4b) and 2,3:6,7-diepoxygeraniol (4c) (entries 1 and 2,Ta-
ble 4). This reactivity can be attributed to a highly acti
oxo species. The catalytic epoxidation of4 in the presence
of Fe(TPFPP)Cl gives full conversion with 98% selectiv
for the 6,7-epoxide (entry 3,Table 4). With this system, the
epoxidation takes place exclusively at the more nucleop
double bond. Once more this is a typical behavior of a
droperoxy species, which reacts faster with more elect
rich olefins[46].

The oxidation of polynuclear aromatic hydrocarbons
hydrogen peroxide in acetic acid provides a clean and
ten efficient process for the preparation of 1,4-quino
[47,48]. The reaction proceeds by double hydroxylation
the aromatic ring followed by an easy oxidation of the h
droquinone stage to the corresponding quinone. The e
idation of polynuclear aromatic hydrocarbons was dem
strated to be a particularly difficult process, and the oxi
tion to the diepoxides was only obtained with peroxyac
in very low yields [49,50]. Recently we reported an effi
cient process for producing high yields of diepoxides fr
naphthalene and anthracene, with hydrogen peroxide a
idant and manganese porphyrins as catalysts[39]. We have
also observed that changes in the porphyrin structure lea
different product selectivities. Two reaction pathways w
assigned, namely the direct epoxidation of the aromatic r

leading to diepoxides (Scheme 2, pathway 1), or the hy-
droxylation of the aromatic ring, leading, in last instance,
to quinones (Scheme 2, pathway 2).
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Table 4
Oxidation of geraniol (4) with different catalytic systems, using H2O2 as oxidanta,b

Entry Catalyst Solvent Co-catalyst Conversion
(%)c

Selectivity (%)c

4a 4b 4c

1 Mn(TDCPP)Cl CH3CN NH4AcO 94 55 7 32
2 Mn(TPFPP)Cl CH3CN NH4AcO 33 70 23 7
3 Fe(TPFPP)Cl CH3OH:CH2Cl2

d – 100 98 1 1

a Reaction conditions: the substrate (0.3 mmol) and ammonium acetate (0.2 mmol, when used) were dissolved in 2 ml of the catalyst solution
of catalyst/ml) and stirred at 22◦C, protected from light; 0.15 mmol of H2O2 (150 µl of the 1:10 diluted solution) were added to the reaction mixture e
15 min.

b Complete characterization of the reaction products in reference[38].
c Reaction conversion and product selectivity determined by GC analyses after 60 min of reaction.
d 3:1

.

Table 5
Oxidation of naphthalene (5) with different catalytic systems, using H2O2 as oxidanta,b

Entry Catalyst Solvent Co-catalyst Conversion (%)c Selectivity (%)c

Pathway 1 Pathway 2

1d Mn(TDCPP)Cl CH3CN NH4AcO 91 88 12
2d Mn(TPFPP)Cl CH3CN NH4AcO 44 22 78
3 Fe(TDCPP)Cl CH3OH:CH2Cl2

e – 0 – –
4 Fe(TPFPP)Cl CH3OH:CH2Cl2

e – 34 0 100

a Reaction conditions: the substrate (0.3 mmol), the catalyst (1 µmol) and ammonium acetate (0.2 mmol, when used) were stirred in the solvent a◦C and
protected from light; 0.15 mmol of H2O2 (37.5 µl of the 2:5 diluted solution) were added to the reaction mixture every 15 min.

b Complete characterization of the reaction products in reference[39].

c Substrate conversion and product selectivity determined by1H NMR spectroscopy of the total reaction mixtures after 6 h of reaction.
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Scheme 2.

Extending the oxidation of naphthalene by using iron p
phyrins in protic solvent as catalysts (Table 5), we observed
only the formation of 1-naphthols and 1,4-naphthoquinon
which corresponds to the exclusive accomplishment of p
way 2.

Diepoxidation of polynuclear aromatic hydrocarbons
vivo is considered to occur by intervention of cytochro

P450 enzymes, possibly by the involvement of an oxo
species. The same mechanism is probably occurring with
Mn(TDCPP)Cl in the presence of CH3CN and NH4AcO
(total selectivity of 88% forcis- and trans-diepoxides, en-
try 1, Table 5). When Mn(TPFPP)Cl catalyst is used (en
2,Table 5), an almost opposite result is obtained, which m
indicate the main involvement of the hydroperoxy specie

For the Fe(TPFPP)Cl catalyst in methanol:dichlorome
ane, only 1-naphthol and 1,4-naphtoquinone are obtai
This result is in agreement with a hydroperoxy oxidizi
species, which probably is ineffective in aromatic epoxi
tion reactions, but it is capable of aromatic hydroxylati
by analogy to other peroxy oxidants used for aromatic c
pounds[48].

The results obtained so far can be understood if they
based on the different actions of two possible interme
ates: a metalloporphyrin-hydrogen peroxide complex o
high-valence oxo species. These two species have diffe
formation propensities and different reactivities in the diff
ent catalytic systems studied; these results are summa
in Scheme 3.

Considering our results and the data from the lite
ture [27], we assume the initial formation, in all of the

catalytic systems, of a hydroperoxy-species (II) as a con-
sequence of the addition of H2O2 to the resting state of the
metalloporphyrin (I). The hydroperoxy species can transfer
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oxygen to the substrate or can evolve to a higher ox
tion state forming the oxo species (III), a high active ox-
idizing intermediate. The reaction conditions, the electr
withdrawing characteristics of the porphyrin nucleus and
electronegativity of the metal (1.83 for Fe and 1.55 for M
determine the preferential formation of (II) or (III) as the
oxidizing intermediate and its inherent activity.

The reactivity of Mn(TDCPP)Cl catalyst in the presen
of CH3CN and ammonium acetate can be assigned to an
species (Scheme 3, III) as the oxidizing species, based
the high activity of this system (1(i),Table 1), the capability
for allylic hydroxylation in addition to epoxidation (entry 1
Table 3), and the preferential formation of 17β-acetoxy-
4,5β-epoxyandrostane (entry 1,Table 2) and of naphthalen
dioxides (entry 1,Table 5). However, the formation and re
activity of this oxidizing species can be sensitive to vario
factors.

As can be seen inTable 1, entry 1, the increasing electro
withdrawing capabilities of the metalloporphyrin are resp
sible for its higher destruction and lower activity levels. T
increasing contribution of the radical form of the oxo spec
probably must be considered (Scheme 4a), since it could
explain the lower epoxidation yields and higher porphy
degradation.

In the absence of ammonium acetate, the Mn(TDCPP
catalyst is inactive (Table 1, entry 2(i)), and 100% porphyri

stability is observed at the end of reaction. This result is
probably due to the lower electrophilic character of the hy-
droperoxy species formed, which is unable to transfer oxy-
3.

gen (Scheme 4b). For a more electronegative catalyst,
hydroperoxy species formed [HOO-Fe(TPFPP)Cl] is m
active for oxygen transfer to the olefins (Table 1, entry 2(iv)),
because of the presence of strong electron-withdrawing
orine atoms and iron as a central metal.

In the presence of methanol, Mn(TDCPP)Cl is also in
tive, even in the presence of ammonium acetate (high
phyrin stability was observed; see 3(i) and 4(i),Table 1). We
have also seen that methanol is an inactivating solven
the catalytic system, and not dichloromethane. In two re
tions carried out in conditions 1(i) ofTable 1, some drops
of dichloromethane or methanol were added. Upon the a
tion of dichloromethane, the system reproduced the res
presented. However, the addition of methanol lowered
conversion to 4%. As considered inScheme 5, the binding
of methanol to the lower electron-withdrawing metallop
phyrin can prevent the oxo-species formation, even in
presence of ammonium acetate (Scheme 5a). The lack of
activity of the HOO-Mn(TDCPP) species has already b
mentioned. It is worth noting that Gross et al. also obser
methanol inactivation catalysis by the electron-donating
complexes of 5,10,15,20-tetrakis(mesityl)porphyrin[51].

For the catalytic system composed of Fe(TPFPP)Cl,
tic solvent, and no co-catalyst (Table 1, 4(iv)), we propose
the exclusive formation of the hydroperoxy species, as
be indicated by (a) the same diastereoselectivity obta

4
in the epoxidation of∆ -steroids withm-CPBA (Table 2,
entry 5), (b) highly selectiveα-epoxidation of (+)-3-carene
(Table 3, entry 4), (c) exclusive epoxidation at the more nu-
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cleophilic 6,7-double bond of geraniol (Table 4, entry 4), and
(d) the exclusive accomplishment of pathway 2 in the o
dation of naphthalene (Table 5, entry 4). However, methano
seems to have an important role, as observed in the oxid
of cis-cyclooctene (Table 1, entries 2(iv) and 4(iv)), wher
the conversion increased from 12% in CH3CN to 82% in
CH3OH:CH2Cl2. Such behavior is in accordance with t
results obtained in the activation of hydrogen peroxide
trifluorinated alcohols[52] and can be justified by the high
electrophilicity of the hydroperoxy oxygen (Scheme 5b).

It remains to justify the different stability of MnTDCP
and FeTPFPP in methanol and in the presence of am
nium acetate (Table 1, entries 3(i) and 3(iv)). In the presen
of FeTPFPP (more electronegative than MnTDCPP), the
etate ion is able to remove a proton from the methanol c
plex, and the metoxy group as an axial ligand is now abl
favor the oxo species formation (Scheme 5c).

From a comparison of Mn(TDCPP)Cl with Mn(TPFPP
in the same reaction conditions, it can be seen that the l
system leads to lower yields of 1,2-epoxycyclooctane, lo
selectivity forβ-epoxycarane, and higher selectivity for 6
epoxygeraniol, as well as higher levels for pathway 2 in
naphthalene oxidation. This behavior approaches that of

tem 4(iv) (Table 1) and can be understood by consideration
of the electron-withdrawing capabilities of Mn(TPFPP)Cl
relative to Mn(TDCPP)Cl and suggests a more difficult
4.

-

r

-

formation of the oxo species [O=Mn(TPFPP)OAc]. Con-
sequently, higher amounts of metalloporphyrin can sta
the hydroperoxy form [HOO–Mn(TPFPP)OAc], which c
be active for electrophilic oxidation because of its m
electron-withdrawing porphyrin ring. As a result, the c
alytic behavior of Mn(TPFPP)Cl could be explained by
partial action of either an oxo or a hydroperoxy species.

Another hypothesis to consider is also based in the hig
electronegativity of Mn(TPFPP)Cl relative to Mn(TDCPP)
which could dictate the presence of the oxo species in
high spin state [Mn(IV)–O.] to some degree[53]. This
species could be responsible for the changes in the rea
ity of Mn(TPFPP)Cl compared with Mn(TDCPP)Cl: low
epoxidation yields and higher levels of aromatic hydroxy
tion in naphthalene oxidation (Table 5, entry 2).

Further confirmation of a two-mechanism possibility
obtained by visible spectrophotometry of the systems 1
1(ii), 4(iii), and 4(iv) (Table 1). To the initial catalytic sys-
tem in the absence of substrate (Fig. 3a), a 15 µmol aliquo
of H2O2 was added and UV–visible spectra were taken a
1 min (Fig. 3b); one drop ofcis-cyclooctene was then adde
to the spectrophotometer cell (Fig. 3c). The results are pre
sented inFig. 3.
In the first two experiments, with the use of manganese
complexes of TDCPP and TPFPP, a decrease in the Soret
band at 478 nm is observed, with a concomitant increase
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Scheme 5.
Fig. 3. Evolution of UV–visible spectra of catalytic reactions corresponding to entries 1(i), 1(ii), 4(iii), and 4(iv) ofTable 1: (a) at the beginning of the reaction
in the absence of substrate and H2O2; (b) after the addition of H2O2; (c) after the addition of one drop ofcis-cyclooctene.
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in a band at near 425 nm (429 and 423 nm, respectiv
Fig. 3b). The addition of one drop of substrate (Fig. 3c)
causes a decrease in the band near 425 nm and an incre
the porphyrin Soret band. The GC control of these react
revealed the formation of the epoxide, which is indicative
the presence of an active oxidation species.

On the other side, for reaction conditions described in
periment 4(iii) [Fe(TDCPP)Cl, in CH3OH:CH2Cl2, without
a co-catalyst], a short band at∼370 nm is observed, with
concomitant decrease of the Soret band, upon the additi
hydrogen peroxide, indicating a very low involvement of
oxo mechanism.

The addition of hydrogen peroxide to the syst
[Fe(TPFPP)Cl/CH3OH:CH2Cl2/no co-catalyst] causes a d
crease in the Soret band, and, upon the addition of subs
no changes in the visible spectra were observed, and a
plete absence of the oxo-mechanism can be inferred for t
conditions.

4. Conclusions

Experimental evidence for two different oxidizing spec
was obtained, based on the variation of reactivity and se
tivity induced by the substrate and porphyrin structure,
by the central metal and reaction conditions. Based on
results, we propose that the system (protic solvent, iro
central metal, high electron-withdrawing porphyrin ligan
absence of a co-catalyst) favors the main formation of a
droperoxy active species, as shown by identical react
to m-CPBA in the oxidation of 17β-acetoxy-4-androstene
with the preferential formation ofα-epoxide, in the exclu
sive formation ofα-epoxycarane in the oxidation of (+)-3-
carene, in the exclusive epoxidation at the 6,7-double b
of geraniol, and in the preferential formation of 1-napht
and 1,4-naphthoquinone in the oxidation of naphthalene
the other hand, the oxo species is considered to be the
acting entity in the system involving aprotic solvent, t
presence of a buffering substance as co-catalyst, porp
ligands with lower redox potential, and manganese as
central atom.

Nomenclature

m-CPBA meta-chloroperoxybenzoic acid;
TDCPP the dianion of 5,10,15,20-tetrakis(2,6-dichlor

phenyl)porphyrin;
TPFPP the dianion of 5,10,15,20-tetrakis(pentafluoroph

yl)porphyrin;

t-BuOOH t-butylhydroperoxide;
NH4AcO ammonium acetate
atalysis 234 (2005) 76–87
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