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Unusual efficiency of a non-heme iron complex
as catalyst for the hydroxylation of aromatic
compounds by hydrogen peroxide: comparison
with iron porphyrins
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Abstract — The non-heme iron complex, Fe(TPAA = tris{2-pyridylmethyl)-2-aminoethyllamine)(CIf),, is a bad catalyst for

the epoxidation of alkenes such as cyclooctene, cyclohexeneciardilbene and for the hydroxylation of alkanes such as
adamantane by J}D, when compared to the iron porphyrin Fe[TDCIN=meso-tetra-(2,6-dichlorophenylif-
pentanitroporphyrin]Cl. At the opposite, Fe(TPAA)(C)Qis a much better catalyst for the hydroxylation of arenes B in

its presence, anisole, toluene, ethylbenzene, benzene and chlorobenzene are transformed into the corresponding phenols,
respective yields of 53, 17, 24, 22 and 13% based g8 HInterestingly, in Fe(TPAA)-catalysed oxidations of anisole, toluene
and ethylbenzene by J&,, hydroxylation of the aromatic ring is by far the major reaction, even when compared to usually
favoured reactions such as benzylic oxidation and oxidative demethyldtotite this article: J.-F. Bartoli et al., C. R. Chimie

5 (2002) 263-266 © 2002 Académie des sciences / Editions scientifiques et médicales Elsevier SAS
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Résumé— Le complexe de fer non héminique Fe(TPAA=trié-(2-pyridylmethyl)-2-aminoethyl] amine)(CI{), est un beaucoup
moins bon catalyseur de I'’époxydation d'alcénes tels que le cyclooctene, le cyclohéxengsedtilbene, ou de I'hydroxylation
d’'alcanes, comme l'adamantane, pay(d, que la porphyrine de fer Fe(TDCRR)CI. En revanche, il est un bien meilleur
catalyseur de I'hydroxylation des arénes pajOH; en sa présence, l'anisole, le toluene, I'éthylbenzene, le benzéne et le
chlorobenzéne sont transformés en phénols correspondants, avec des rendements respectifs de 53, 17, 24, 22 et 13% (par ri
a H,0,). De fagon intéressante, dans les oxydations catalysées par Fe(TPAA) de l'anisole, du toluéne et de I'éthylbenzéne
H,0,, I'nydroxylation aromatique est de loin la réaction principale, méme lorsqu’'on la compare a des réactions habituelleme
favorisées, telles que I'oxydation en position benzylique et la déméthylation oxyd@mie.citer cet article: J.-F. Bartoli et

al., C. R. Chimie 5 (2002) 263266 © 2002 Académie des sciences / Editions scientifiques et médicales Elsevier SAS
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Three successive generations of iron(lll) porphyrins tetraarylporphyrins bearing electron-withdrawing sub-
have been developed during the last twenty years as stituents on the meso-aryl rings and/or on the
oxidation catalysts mimicking cytochrome P450- [-pyrrole positions are very efficient catalysts for alk-
dependent monooxygenas¢k-6]. Some iron meso- ene epoxidation and alkane hydroxylation by single

* Correspondence and reprints.
E-mail address: Daniel.Mansuy@biomedicale.univ-paris5.fr (D. Mansuy).

263



J-F. Bartoli et a./C. R. Chimie 5 (2002) 263266

oxygen atom donors, including the readily available
and particularly interesting oxidant, H,O, [4, 7-11].
More recently, non-heme iron complexes that were
developed as mimics of non-heme iron containing
monooxygenases, have aso been found to act as good
catalysts for the epoxidation or cis-dihydroxylation of
alkenes, and for the hydroxylation of alkanes by H,O,
(for recent articles, see for instance refs [12-17]).
Cytochrome P450-dependent and non-heme iron-
containing monooxygenases also catalyse the selective
hydroxylation of aromatic compounds [18]. However,
very few model systems, based either on iron porphy-
rins or on non-heme iron complexes, have been
described so far for the selective hydroxylation of
aromatic compounds [1-6]. The most efficient ones
used H,0O, as oxygen atom donor in the presence of
catalytic amounts of an iron porphyrin bearing
electron-withdrawing p-substituents [9, 11, 19, 20].
Thus, quite recently, a study of the hydroxylation of
anisole and ethoxybenzene by H,O, in the presence
of various iron porphyrins, Fe(TDCPN,P)CI, that
derive from Fe[TDCPP = meso-tetra-(2,6-dichloro-
phenyl)porphyrin]Cl, by introducing x p-NO,
substituents (1<x<8) on the tetrapyrrole ring, has
shown that the best catadyst for those reactions
was Fe[TDCPNP = meso-tetra-(2,6-dichlorophenyl) 3-
penta nitroporphyrin]Cl [20].

In the course of a comparison of the catalytic prop-
erties of iron porphyrins and non-heme iron com-
plexes in the oxidation of hydrocarbons by H,O,, we
recently found that the previously described non por-
phyrin iron complex, Fe(TPAA = tris[N-(2-
pyridylmethyl)-2-aminoethyl]amine)(CIO,), (Fig. 1)
[21], was a poor catalyst for akene epoxidation and
alkane hydroxylation, but a quite efficient catalyst for
hydroxylation of aromatic compounds. This prelimi-
nary communication describes these results and com-
pares the catalytic properties of Fe(TPAA)(CIO,), and
Fe(TDCPNsP)CI.

As previously reported [20], Fe(TDCPNgP)CI is an
efficient catalyst for the epoxidation of cyclooctene by
H,O,. The epoxide yield (based on cyclooctene) is
90% when using conditions of conversion of this al-
kene  (catalyst: H,0,: cyclooctene  molar
ratio=1:300:100 in CH,CI,/CH,CN 1:1) [20], and
50% (based on H,0,) when using cyclooctene in
excess relative to H,O, (catalyst: H,0.:
cyclooctene = 1:40:800) (Table 1).

This means that under the latter conditions of sub-
strate in excess, 50% of H,O, consumed is used for
the transfer of an oxygen atom to cyclooctene. At the
opposite, Fe(TPAA)(CIO,), is a bad catalyst for this
reaction as it leads to a very low epoxide yield under
identical conditions (6%, Table 1). This weak ability
of Fe(TPAA)(CIO,), to act as an epoxidation catalyst

264

~zm ‘(\NH
»
0

Fig. 1. Formula of the TPAA ligand.

is further shown with cyclohexene as substrate, the
main reaction observed being an alylic hydroxylation
with formation of cyclohexen-3-ol and cyclohexen-3-
one (14% of products deriving from this alylic
hydroxylation to be compared with only 3% epoxide).
In the same manner, the Fe(TPAA)(CIO,),-catalysed
oxidation of cis-stilbene only leads to a very low
yield of epoxides in a non stereoselective manner,
whereas the main product, benzaldehyde, is derived
from the oxidative cleavage of the double bond
(Table1). On the contrary, the Fe(TDCPNgP)Cl-
catalysed oxidation of those alkenes by H,O, always
leads to the corresponding epoxide as a major prod-
uct. Moreover, the Fe(TDCPNgP)Cl-catalysed epoxida-
tion of cis-stilbene gives the cis-epoxide as a very
major product (Table 1).

Fe(TPAA)(CIQ,), is also a bad catalyst for adaman-
tane hydroxylation by H,O, with a tota 15% yield
(11% adamantan-1-ol and 4% adamantan-2-ol) which
is markedly lower than that obtained in the case of
Fe(TDCPNsP)ClI (35%, Tablel). However, surpris-
ingly, Fe(TPAA)(CIO,), appears to be a quite efficient
catalyst for the hydroxylation of anisole by H,O,,
with a tota vyield of 53% (26% of ortho-
hydroxyanisole and 27% of para-hydroxyanisole).
Under identical conditions, Fe(TDCPNgP)Cl, which is
the best catalyst of the Fe(TDCPN,P)Cl series for this
hydroxylation [20], gives a markedly lower total yield
(17%, Table1). This particular efficiency of Fe(TPAA)
(ClO,), for catalysing the hydroxylation of the aro-
matic ring of anisole is further shown by the rela
tively low yield of the competing reaction, the oxida-
tive demethylation of anisole leading to phenol. In
fact, the aromatic hydroxylation/oxidative demethyla-
tion ratio is 17.7 in the case of Fe(TPAA)(CIO,),
instead of 2.4 with Fe(TDCPNgP)CI.
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Table 1. Comparison between Fe(TPAA)(CIO,), and Fe(TDCPNgP)CI as oxidation catalysts by H,0,2

Substrate Catalyst Products (yields %)°©
Epoxide
Cyclooctene Fe(TPAA)(CIO,), 6
Fe(TDCPNgP)CI 50
Epoxide 3-ol 3-one
Cyclohexene Fe(TPAA)(CIO,), 3 8 6
Fe(TDCPNgP)CI 19 7 4
cis-epoxide trans-epoxide PhCHO
Cis-stilbene Fe(TPAA)(CIO,), 1 1 16
Fe(TDCPNgP)CI 26 2 <1
Adamantane 1-ol 2-ol 2-one
Fe(TPAA)(CIO,), 1 4 <1
Fe(TDCPN:P)CI 26 9 1
0-OH p-OH phenol
Anisole? Fe(TPAA)(CIO,), 26 27 3
Fe(TDCPNgP)CI 14 3 7

2 Conditions: catalyst/H,O,/substrate molar ratio = 1:40:800 in CH,CI,/CH;CN (1:1) for 2 h at 20 °C, except for cis-stilbene and adamantane, for
which 1:10:100 and 1:40:300 molar ratios were used; [catalyst] = 2mM. 3-ol and 3-one products from cyclohexene denote cyclohexen-3-ol and
cyclohexen-3-one ; 1-ol, 2-ol and 2-one were used in the case of adamantane for adamantan-1-ol, -2-ol and -2-one respectively.

b Conditions used in the case of anisole: catalyst/H,O,/anisole molar ratio = 1:20:3000 in CH;CN/H,O (90:10) for 2 h at 20 °C; 0-OH and p-OH

denote ortho- and para-methoxyphenoal.

¢Yields are based on starting H,O,. Oxidation of cyclohexene was performed under anaerobic conditions (under Ar). It is noteworthy that, for
the oxidation of all the other substrates by H,O,, amost identical results were obtained under aerobic and anaerobic conditions.

The propetties of Fe(TPAA)(CIO,), and
Fe(TDCPNgP)Cl were then compared towards the
hydroxylation of several aromatic compounds by
H,O,. Table2 shows that, for al these substrates,
Fe(TPAA)(CIO,), was a markedly better catalyst than
Fe(TDCPNgP)CI. This is true for toluene and ethyl-
benzene, with a total yield of alkylphenols of 17 and

24% respectively when using Fe(TPAA)(CIO,),,
whereas their yield is of 5 and 8% with
Fe(TDCPNgP)Cl. Once again, the efficiency of

Fe(TPAA)(CIO,), as a catalyst for the hydroxylation
of aromatic rings is further shown, when comparing
the relative importance of the competing reaction,
which is generally favoured in the oxidation of alkyl-

benzenes, the oxidation at the benzylic position [22].
The aromatic hydroxylation/benzylic oxidation ratio is
17 and 2.2 in the case of the Fe(TPAA)(CIO,),-
catalysed oxidations of toluene and ethylbenzene
respectively, instead of 1.7 and 0.3 for the correspond-
ing Fe(TDCPNgP)Cl-catalysed reactions. In that
regard, it is noteworthy that simple iron complexes,
such as Fe(TDCPP)Cl and Fe(acac = acetylacetonate),,
exclusively lead to benzylic oxidation products from
oxidation of ethylbenzene under identical conditions.

Finally, Fe(TPAA)(CIO,), was aso found to be able
to catalyse the hydroxylation of less electron-rich and
much less reactive aromatic compounds. Thus, ben-

Table 2. Oxidation of various aromatic compounds by H,O, in the presence of Fe(TPAA)(CIO,), or Fe(TDCPNgP)Cl as catalysts®.

Substrate Catalyst Products (yields %)
0-OH m-OH p-OH PhCH,OH  PhCHO
Toluene Fe(TPAA)(CIO,), 8 2 7 <1 1
Fe(TDCPNgP)CI 2 <1 2 <1 3
0-OH m-OH p-OH PhCHOHMe  PhCOMe
Ethylbenzene Fe(TPAA)(CIO,), 9 4 1 4 7
Fe(TDCPNgP)CI 3 2 3 9 17
phenoal
Benzene Fe(TPAA)(CIO,), 22
Fe(TDCPNgP)CI 1
0-OH p-OH
Chlorobenzene Fe(TPAA)(CIO,), 6 7
Fe(TDCPNgP)C <1 <1

Conditions: catalyst/H,O,/substrate molar ratio = 1:20:3000 in CH;CN/H,O (9:1), except for benzene (1:100:3000), for 2h at 20 °C. Yields are
based on starting H,O,. 0-OH, mOH and p-OH are used for ortho-, meta- and para-substituted phenol products.
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zene is transformed to phenol with a 22% yield, and
chlorobenzene to ortho- and para-chlorophenol with a
13% total yield. Under identica conditions,
Fe(TDCPNgP)CI only leads to very low hydroxylation
yields (<2%) (Table 2).

The aforementioned results show the peculiar
behaviour of Fe(TPAA)(CIO,), in the oxidation of
hydrocarbons by H,O,; it is a poor catalyst for alkene
epoxidation and alkane hydroxylation and a surpris-
ingly efficient catalyst for the hydroxylation of aro-
matic compounds. In fact, not only Fe(TPAA)(CIO,),
leads to the formation of phenols from the corre-
sponding arenes in yields between 13 (for the less
reactive substrate, chlorobenzene) to 53% (for ani-
sole), but it leads also to unexpected chemoselectivi-
ties in favour of the hydroxylation of aromatic rings
over oxidative demethylation in the case of anisole
and benzylic hydroxylation in the case of akylben-
zenes (Table 2).

The mechanistic basis of this original behaviour is
presently unknown. It could be related to an original,
intrinsic reactivity of the active oxygen species
derived from the reaction of Fe(TPAA)(CIO,), with
H,O,, which would be more reactive towards aro-
matic rings than towards OCH; and benzylic CH
bonds, and not too reactive towards the phenol prod-
ucts under the used conditions (great excess of arene
substrates relative to H,0O,). This relatively small
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