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Abstract. Catechol dioxygenases are responsible for the last step in the biodegradation of aromatic molecules
in the environment. The iron(II) active site in the extradiol-cleaving enzymes cleaves the C–C bond adja-
cent to the hydroxyl group, while the iron(III) active site in the intradiol-cleaving enzymes cleaves the
C–C bond in between two hydroxyl groups. A series of mononuclear iron(III) complexes of the type
[Fe(L)Cl3], where L is the linear N -alkyl substituted bis(pyrid-2-ylmethyl)amine, N -alkyl substituted N -
(pyrid-2-ylmethyl)ethylenediamine, linear tridentate 3N ligands containing imidazolyl moieties and tripodal
ligands containing pyrazolyl moieties have been isolated and studied as structural and functional models for
catechol dioxygenase enzymes. All the complexes catalyse the cleavage of catechols using molecular oxygen
to afford both intra- and extradiol cleavage products. The rate of oxygenation depends on the solvent and the
Lewis acidity of iron(III) center as modified by the sterically demanding N -alkyl groups. Also, our studies
reveal that stereo-electronic factors like the Lewis acidity of the iron(III) center and the steric demand of lig-
ands, as regulated by the N -alkyl substituents, determine the regioselectivity and the rate of dioxygenation.
In sharp contrast to all these complexes, the pyrazole-containing tripodal ligand complexes yield mainly the
oxidized product benzoquinone.

Keywords. Catechol dioxygenases; functional models; mononuclear iron(III) complexes; Lewis acidity;
regioselectivity.

1. Introduction

Aromatic compounds pose a major hazard to the envi-
ronment, being mutagenic, carcinogenic, and recalci-
trant.1 The toxicity of aromatic compounds is derived
from their biological activation, which generates inter-
mediates (hydroxy aromatics) like epoxide or cate-
chol derivatives. These intermediates are highly reac-
tive and yield reactive oxygen species (ROS), form
covalent adduct with macromolecules like nucleic acids
and cause protein inactivation. A number of soil bacte-
ria, especially Pseudomonas, have the metabolic capa-
bility to degrade aromatic compounds and utilize these
compounds as the sole carbon source for growth.2–4

An important step in these catabolic pathways is inser-
tion of both the O-atom of molecular oxygen into
1,2-dihydroxyaromatic compounds, or their substituted
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compounds, to give ring opened products and the
enzymes involved in these catabolic reactions are called
catechol dioxygenases. These enzymes can be divided
into two subclasses based on their position of ring
opening of catechols, both families utilizing catechol
and molecular oxygen as substrates (scheme 1).5–7

The intradiol dioxygenases,8–13 cleave the carbon–
carbon double bond between the phenolic hydroxyl
groups to yield muconic acid as product, and require
Fe3+ as a cofactor. The extradiol dioxygenases,14–19

cleave the carbon–carbon bond adjacent to the pheno-
lic hydroxyl groups to yield 2-hydroxymuconaldehyde
as product, and require Fe2+ as a cofactor. The
molecular structure of three extradiol-cleaving cate-
chol dioxygenases namely 2,3-dihydroxybiphenyl-1,2-
dioxygenase (BphC), catechol-2,3-dioxygenase (2,3-
CTD) and protocatechuate-4,5-dioxygenase (4,5-PCD)
have been determined and found that in all these
enzymes the mononuclear iron(II) center is coordi-
nated by two histidine ligands, one glutamic acid lig-
and and two water molecules in a square pyramidal
shape. In contrast, the mononuclear iron(III) center
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Scheme 1. Active site structures of intradiol and extradiol-
cleaving dioxygenase enzymes.

of the intradiol-cleaving enzymes protocatechuate-3,4-
dioxygenase (3,4-PCD) and catechol-1,2-dioxygenase
(1,2-CTD) is ligated by two histidine ligands and two
tyrosine ligands. Each family of enzyme was quite
specific for the production of their respective reaction
product with a range of substrates (scheme 2). In the
absence of catalyst, the reaction of O2 (S = 1)
with organic substrates (S = 0) is thermodynamically
favourable but kinetically slow because of the spin-
forbidden nature of the reaction. Hence, either O2 or
the substrate needs to be activated to overcome the
kinetic barrier resulting from their spin. Such activation
has been achieved by non-heme iron enzymes and their
small molecule analogues. The reasons for different
metal ion requirement of the two families of enzyme,
however, remained a mystery in the enzymatic path-
way.20,21 The recent X-ray crystal structure of homo-
protocatechuate 2,3-dioxygenase enzyme shows that
three different intermediates reside in different subunits
of a single homotetrameric enzyme molecule.22 Two
aspects of this structure are particularly important, one
is O2 molecule is bound side-on rather than more com-
monly encountered end-on. The other is the plane of the
4-NC (4-nitrocatechol) ring is puckered rather than pla-
nar. But it is interesting that no deviation from a planar
aromatic ring is observed for the anaerobic complex of
2,3-HPCD with substrate.
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Scheme 2. Mode of cleavage of intradiol and extradiol
dioxygenases.

Even though intradiol dioxygenases and their mod-
els23–33 have been more extensively studied and thus
more understood, extradiol dioxygenase enzymes have
not been studied in detail in spite of the latter constitut-
ing the more common iron enzymes for the biodegrada-
tion of aromatic molecules in the soil. The difficulty in
studying extradiol dioxygenases could be attributed to
lack of spectroscopic probes available for iron(II) and
oxygen activation mechanism has been proposed34 for
the extradiol cleavage. Solomon et al. have very recently
found that the resting extradiol-cleaving enzymes fail
to react with O2 but become reactive upon substrate
binding.35 Recent growing interest has been shifted
towards the extradiol-cleaving catechol dioxygenase
and their model complexes and several small molecule
analogues36–44 have been isolated and studied to get
insight into the reaction mechanism of catechol cleav-
age. Earlier Funabiki et al.37 reported the first model
by using FeCl2/FeCl3 with pyridine/bipyridine mix-
ture. Later Die et al.38 found that [Fe(TACN)(DBC)Cl]
(TACN = 1,4,7-triazacyclononane), upon exposure to
molecular oxygen, yielded 35% of the extradiol prod-
uct substituted 2-pyrones. Bugg et al. have found39

that iron(II) complex of TACN shows higher rates and
higher reactivity in the extradiol cleavage and suggest-
ing that iron(II) has an inherently higher chemical reac-
tivity for extradiol cleavage than iron(III). It is worthy to
note that iron(III)-catecholate adducts of cyclic triden-
tate (TACN and Me3TACN) ligands would yield extra-
diol cleavage products quantitatively while some of the
model complexes with facial tridentate ligands showed
the formation of intradiol cleavage products even up to
50%. Que et al. and Bugg et al. have studied the reac-
tivity of [Fe(TACN)(DBC)Cl] with molecular oxygen
and suggested that facial coordination of tridentate lig-
and and both mono- and dianionic catecholate binding
lead to extradiol cleavage and that the iron-catecholate
adduct must contain a vacant coordination site for
oxygen binding.39–41 Que et al.41 and Palaniandavar
et al.45 have recently reported that tridentate ligands
with meridional coordination yields quinone and intra-
diol cleavage products as the major products and con-
firmed that facial coordination of tridentate ligands
is essential to elicit extradiol cleavage (scheme 3).
On substituting the N–H hydrogen of TACN in
[Fe(TACN)(DBC)Cl] by methyl groups as in [Fe(Me3-
TACN)(DBC)Cl] nearly quantitative yield (97%) of
extradiol cleavage product is observed41 even with-
out addition of pyridine. Very recently Gebbink et al.
have isolated the iron(II)- and iron(III)-catecholate
complexes of a new family of substituted 3,3-bis(1-
alkylimidazol-2-yl)propionate ligands and the iron(III)
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Scheme 3. Facial and meridional coordination of tridentate
ligands to iron(III) center.

complexes elicit both the extra- and intradiol cleavage
products in comparable amounts.46 Limberg et al. have
found that iron(III) complexes of novel tripodal ligand
containing three different heterocyclic donor functions
yield both extra- and intradiol cleavage products (E:I,
2:1) in presence of sodium salt of tetraphenylborate.47

All these studies reveal that the steric and electronic
properties of ligands coordinated to iron(III) lead to a
dramatic difference in the cleavage preferences between
the structurally similar catalysts.

In the present article, we summarize our
results27,45,48–50 on synthetic analogues for extradiol-
cleaving catechol dioxygenases. We have isolated
many series of mononuclear iron(III) complexes of
simple linear and tripodal tridentate ligands consisting
of systematic variation on the Lewis basicity and steric
hindrance. The systematic variation in the ligands,
especially alkyl substitution on the amine (central and
terminal N-atom), would provide valuable information
on the factors dictating regioselectivity of catechol
cleavage. The X-ray crystal structures of the complexes
and iron(III)-catecholate adducts provide valuable
insight into the reaction mechanism of the cleavage.
We have used 3,5-di-tert-butylcatechol (H2DBC) as the
model substrate (scheme 4) and the advantages are the
relatively high stability of the main cleavage product
and the fast reaction of the catecholate complexes with
dioxygen.

2. Iron(III) complexes of meridionally
coordinating tridentate ligands

The iron(III) complexes [Fe(L1)(H2O)2Cl] 1,
[Fe(L2)Cl3] 2, [Fe(L3)Cl3] 3 and [Fe(L4)Cl3]
4, where H2L is pyridine-2,6-dicarboxylic acid
(H2PDA), L2 is 2,2′:6,2′′-terpyridine (TPY), L3 is
2,6-bis(benzimidazolyl)pyridine (BBP) and L4 is
bis(benzimidazol-2-ylmethyl)amine (BBA), have been
used to mimic the function of intradiol-cleaving cate-
chol dioxygenase enzymes (scheme 5). The tridentate

ligands PDA2−, TPY and BBP are meridionally coordi-
nated to iron(III) center as revealed in the X-ray crys-
tal structures of [Fe(PDA)(H2O)2Cl] 1, [Fe(TPY)-
(DBC)Cl] 2a and [Fe(MBBP)Cl3] 3a (MBBP =
2,6-bis(N -methylbenzimidazol-2-yl)pyridine).51,52 In
contrast, on replacing the pyridine backbone in L2 as
in L4 which coordinates to iron(III) center in facial
fashion due to the sp3 hybridization of amine N-atom.27

Upon adding catecholate dianions to 1–4 in DMF
two absorption features appear in the visible region
(435–620 and 610–800 nm),27,45 which are assigned to
the catecholate-to-iron(III) charge-transfer transitions
involving two different catecholate orbitals.25–27,53–55

The energies of both the bands are shifted to higher
region as the substituents on the catecholate ring are
varied from electron-donating to electron-withdrawing
(figure 1). Electron-donating substituents would be
expected to raise the energy of the catecholate frontier
orbitals and thus minimize the ligand-to-metal energy
gap. The position of low- rather than high-energy
LMCT band exhibits a remarkable dependence on the
nature of the tridentate ligand30,42,56,57 and the magni-
tude of energy of this band reflects the Lewis acidity of
the iron(III) center as modified by the 3N ligands. The
low-energy LMCT band of iron(III)-DBC2− adducts
follow the trend 4 < 2 < 3 < 1 (table 1), on replacing
the py/bzim moiety in 2/3 by carboxylate groups to
obtain 1, both the bands are slightly shifted to higher
energies illustrating the decrease in Lewis acidity
of the iron(III) center on coordination to the more
basic carboxylate groups. Similarly, on replacing the
pyridine pendant in 1 by benzimidazole as in 2, both
the catecholate-to-iron(III) LMCT bands are shifted
to higher energies illustrating the decrease in Lewis
acidity of iron(III) center as expected. In contrast, on
replacing the pyridine backbone in 3 as in 4, the LMCT
band is shifted to lower energy due to the weak bind-
ing of amine N-atom, which may increase the Lewis
acidity and hence the reactivity.27 Thus the spectral
studies reveal the importance of electronic factors of
the tridentate ligands in tuning the Lewis acidity of the
iron(III) center and hence the reactivity (cf. below).
The similarity between the electronic spectra of the
catecholate adducts of the present complexes and the
catechol-bound enzymes suggests that the catecholato
dianion is chelated to iron(III) center in the enzymes.22

The electrochemical properties of 1–3 have been stud-
ied in DMF and FeIII/FeII redox potentials (table 1)
follow the trend 2 > 3 > 1 revealing that decrease
in Lewis acidity of iron(III) center as deduced from
the electronic spectra and hence the reactivity is also
expected to follow in the same trend.
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Scheme 5. Structures of the tridentate ligands.

Figure 1. Electronic absorption spectra of adducts of the
complex 1 generated in situ by adding equimolar amount
of differently substituted catecholates in DMF solution:
[Fe(L1)(DBC)]− (A), [Fe(L1)(TBC)]− (B), [Fe(L1)(CAT)]−
(C), [Fe(L1)(TCC)]− (D).

The ability of the complexes to catalyse the cleavage
of di-tert-butylcatechol (H2DBC) was studied by treat-
ing the complexes with equimolar amount of DBC2−

in DMF in the presence of molecular oxygen. The
oxidative cleavage products were identified and quan-
tified by GC and GC-MS techniques. The iron(III)-
DBC2− adducts of the present complexes were reacted
with molecular oxygen to afford oxidised and oxy-
genated products. The rate of oxygenation of iron(III)-
DBC adducts of 1–3 vary in the order 4 > 2 > 3 >

1 (table 1), as dictated by Lewis acidity of iron(III)
center. The complexes 1 and 3 yield major amount

of oxygenated (intradiol cleavage product: 1, 57; 3,
10%) products and relatively very small amount of oxi-
dized product (quinone: 1, 2; 3, 0%) whereas com-
plex 2 yields major amount of oxidized product (78%)
and relatively small amount of intradiol cleavage prod-
uct (20%). This observation is very much in contrast
to the major amount of the oxidative extradiol cleav-
age products observed for the iron(III)-DBC2− adducts
of the facially coordinating cyclic tridentate 1,4,7-
trimethyl-1,4,7-triazacyclononane (Me3TACN).41 This
fascinating result implies that the ancillary tridentate
ligand allows the both reactants (catecholate dianion
and molecular oxygen) to occupy the opposite face
and form a tridentate peroxo intermediate that leads
to extradiol cleavage.41 Since all the present ligands
are meridionally coordinated to iron(III) center, only a
meridional plane is available for both the reactants and
hence the two reactants are unable to form a tridentate
peroxo intermediate with the available meridional sites.
From these observations, it is evident that the tridentate
peroxo intermediate is essential to elicit extradiol cleav-
age such an intermediate is formed when one of faces
of the octahedron is available for reactants. Although
molecular oxygen can bind to iron-center of iron(II)-
semiquinonate intermediate, it is constrained to be in
the same plane and hence the iron(III) center acts as a
conduit of electrons from substrate to molecular oxy-
gen leading to quinone as the major product. It is inter-
esting to note that oxidative cleavage of the catechol
(instead of quinone for meridional ligands) is observed
for the present complexes, which is explained by the
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Table 1. Electronic spectral, redox potential and kinetic data of iron(III) complexes and their DBC2−
adducts and cleavage products obtained upon reaction of iron(III)-DBC2− with O2 in DMF solution.

Complex λmax, E1/2 (V) kO2 (M−1 s−1) % yield

nm (εmax, M−1 cm−1) Intradiol Extradiol Others

[Fe(L1)(H2O)2Cl] 1 710 (1730) 0.129 1.80 × 10−4 57.0 2.9 2.0
435 (1120)

[Fe(L2)Cl3] 2 800 (1370) 0.390 2.70 × 10−2 20.0 2.2 78.0
520 (2045)

[Fe(L3)Cl3] 3 790 (1460) 0.266 1.10 × 10−3 9.7 Nil Nil
575 (2565)

[Fe(L4)Cl3] 4 815 (2580) 0.121 1.20 × 10−2 93.0 <1 <1
540 (1810)

akO2 = kobs /[O2]. The solubility of O2 in DMF is accepted to be 4.86 mM. The kinetic data were obtained
by monitoring the disappearance of the lower energy DBC2−-to-iron(III) LMCT band
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formation of bidentate peroxo intermediate (scheme 6).
The distribution of the cleavage products (formation
of quinone and cleavage products) is dictated by both
Lewis acidity of iron(III) center and steric bulk of lig-
ands. The high Lewis acidity of the iron(III) center in
2 prevents the decoordination of carbonyl group from
iron(III) center to form bidentate peroxo intermedi-
ate, which is essential for intradiol cleavage leading to

simple electron-transfer and end up with the quinone.
On the other hand, the low Lewis acidity of iron(III)
center in 1 yields major amount of intradiol cleavage
products due to weak binding of catecholate dianion to
iron(III) center facilitating the formation of bidentate
peroxo intermediate (scheme 6). Although the iron(III)
center in 3 possesses a moderately low Lewis acidity,
it yields lower amount of intradiol cleavage products
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compared to 2 due to the bulkiness of the auxiliary
ligand discouraging the substrate and oxygen binding.

3. Iron(III) complexes of N-alkyl substituted
bis(pyrid-2-ylmethyl)amine ligands

A series of iron(III) complexes of the type [Fe(L)Cl3],
where L is variously N -alkyl substituted bis(pyrid-2-
ylmethyl)amine ligands such as bis(pyrid-2-ylmethyl)
amine (L5), N ,N -bis(pyrid-2-ylmethyl)methylamine
(L6), N ,N -bis(pyrid-2-ylmethyl)-n-propylamine (L7),
N ,N -bis(pyrid-2-ylmethyl)-iso-butylamine (L8), N ,N -
bis(pyrid-2-ylmethyl)-iso-propylamine (L9), N ,N -bis
(pyrid-2-ylmethyl)cyclohexylamine (L10) and N ,N -bis
(pyrid-2-ylmethyl)-tert-butylamine (L11) (scheme 7)
have been used to understand the role of ligand steric
and electronic factors on the regioselectivity of cate-
chol cleavage. This is the first report illustrating that
a systematic variation in the ligand topology (N -alkyl
group) would dictate the regiospecificity (E/I, 4–6)
in catechol cleavage. The X-ray crystal structures of
two of the complexes [Fe(L5)Cl3] 5,58 [Fe(L6)Cl3] 6
and [Fe(L7)Cl3] 7 have been determined to demon-
strate the availability of facial coordination positions
for the binding of substrate and molecular oxygen
(figure 2). The Fe-Namine bond length increases with
increasing the bulkiness of N -alkyl group, which facil-
itates stronger binding of catechol to iron(III) cen-
ter.48,58–60 In [Fe(L9)(TCC)(NO3)] 9a one of the octa-
hedral face of iron(III) center is coordinated by the
tridentate ligand and the remaining octahedral sites
are occupied by catecholate dianion and one of the
oxygen atoms of nitrate ion (figure 3). This clearly
explains the possibility of O2 attack on iron(III) by
replacing the NO3− group leading to formation of

tridentate peroxo intermediate during the catalytic
reaction.

The adducts [Fe(L)(DBC)(Cl)] generated in DCM
show two visible features in the region of 465–530
and 690–860 nm (table 2) and both these LMCT
bands exhibit remarkable dependence on the N -alkyl
substituent in the 3N ligand.25–27,53–55 Their energies
decrease in the order: 5 > 6 > 7 ≥ 8 > 9 ≥ 10
> 11, reflecting the increase in Lewis acidity of the
iron(III) center along the series, as modified by the
N -alkyl groups. Also, upon removing the coordinated
chloride ions by treating the complexes 5–11 in DCM
with three equivalents of AgClO4·H2O (CH3CN) and
then adding one equivalent of DBC2− to generate
[Fe(L)(DBC)(Sol)]+ species (Sol = H2O/CH3CN) both
the high- and low-energy bands are shifted significantly
(20–110 nm) to lower energies suggesting an increase
in Lewis acidity of the iron(III) center and hence a
stronger iron(III)-catecholate interaction.

The E1/2 values of FeIII/FeII redox potentials
(table 2) follow the trend 5 > 6 > 7 > 8 < 9 >

10 ≈ 11 reflecting a decrease in Lewis acidity of
iron(III) center along this series. This trend is in con-
trast to that observed in electronic spectra, obviously
because the coordinated chloride ions compensate for
the increase in positive charge on iron effected by
the sterically hindering N -alkyl groups. On adding
one equivalent of H2DBC to 1–7 in DCM solution
a new wave appears in the CV and DPV responses,
which corresponds to DBSQ/DBC2− couple53–55,58–62 of
[Fe(L)(DBC)(Cl)] species generated. On adding two
equivalents of Et3N to deprotonate the catechol the
reduction current of this couple increases and the
FeIII/FeII redox wave tend to vanish completely, which
is expected53–55,58–62 to be shifted to a more negative
potential due to chelation of DBC2−. Also, the redox
potential of DBSQ/DBC2− couple of [Fe(L)(DBC)(Cl)]



Mononuclear non-heme iron(III) complexes of linear and tripodal models for catechol dioxygenases 151

Figure 2. ORTEP diagram of complex 5,6 and 7 showing 40% prob-
ability thermal ellipsoids and the labelling scheme for selected atoms.
All hydrogen atoms are omitted for clarity.

Figure 3. ORTEP diagram of complex 9a showing 50% probability thermal
ellipsoids and the labelling scheme for selected atoms. All hydrogen atoms are
omitted for clarity.

species is observed in the range −0.075 − −0.009 V,
which is less negative than that of free DBSQ/DBC2−

couple (Epc, −1.34 V vs. SCE). This confirms the
enhanced covalency of iron-catecholate interaction and

stabilization of semiquinone radical of coordinated
DBC2− anion towards oxidation and is consistent with
the above spectral results. The FeIII/FeII redox waves
of [Fe(L)(Sol)3]3+ species from 5–11 are shifted to
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Table 2. Electonic spectral and redox potential data of iron(III) complexesa and their DBC2− adductsb in
DCM solution.

Complex λmax, nm (εmax, M−1 cm−1) E1/2 (V)c Redox preocess

[Fe(L)(DBC)Cl] [Fe(L)(DBC) (Sol)]+ [Fe(L)Cl3] [Fe(L)(Sol)3]

[Fe(L5)Cl3] 5 820 (3260) 839 (2650) −0.206 0.157 FeIII → FeII

505 (1970) 549 (2170) −0.075 0.313 DBSQ→DBC
[Fe(L6)Cl3] 6 848 (1970) 737 (2430) −0.257 0.209 FeIII → FeII

508 (1240) 607 (1870) −0.023 0.407 DBSQ→DBC
[Fe(L7)Cl3] 7 852 (2700) 795 (2710) −0.287 0.125 FeIII → FeII

512 (1753) 619 (1940) −0.045 0.413 DBSQ→DBC
[Fe(L8)Cl3] 8 852 (3290) 893 (2000) −0.299 0.181 FeIII → FeII

519 (2160) 581 (1500) −0.009 0.415 DBSQ→DBC
[Fe(L9)Cl3] 9 856 (1430) 899 (1830) −0.280 0.157 FeIII → FeII

519 (1095) 585 (1550) −0.019 0.415 DBSQ→DBC
[Fe(L10)Cl3] 10 856 (2380) 910 (2600) −0.323 0.139 FeIII → FeII

531 (1740) 588 (1820) −0.051 0.411 DBSQ→DBC
[Fe(L11)Cl3] 11 859 (1440) 942 (1820) −0.324 0.125 FeIII → FeII

523 (1040) 605 (1830) −0.039 – DBSQ→DBC

aConcentration of iron(III) complexes, 2 × 10−4 M
bThe ratio of added ligand to iron(III) complexes was 1:1; the anions were generated by adding 2 equivalents
of triethylamine
cPotntial measured vs. Ag(s)/Ag+ (0.01 M, 0.10 M TBAP); add 0.544 V to convert to NHE

Table 3. Kinetic dataa and cleavage products obtained upon reaction of iron(III)-DBC adducts with O2.

Complex kO2 (M−1 s−1) [Fe(L)(DBC)(Sol)]+

in DMF kO2 (M−1 s−1) kO2 (M−1 s−1) Cleavage products in %

in DMF in DCM Extradiol Intradiol E/I ratio

[Fe(L5)Cl3] 17.00 × 10−3 4.08 × 10−2 0.162 26.7 18.6 1.4
[Fe(L6)Cl3] 3.10 × 10−3 1.01 × 10−2 0.152 38.7 41.0 0.9
[Fe(L7)Cl3] 1.65 × 10−3 1.24 × 10−2 0.159 37.8 11.7 3.2
[Fe(L8)Cl3] 2.83 × 10−3 0.85 × 10−2 0.311 59.5 14.4 4.1
[Fe(L9)Cl3] 1.94 × 10−3 1.39 × 10−2 0.188 68.0 11.1 6.1
[Fe(L10)Cl3] 3.74 × 10−3 0.96 × 10−2 0.194 64.1 12.8 5.0
[Fe(L11)Cl3] 2.82 × 10−3 3.03 × 10−2 0.376 34.8 27.5 1.3

akO2 = kobs /[O2]. The solubility of O2 in DMF is accepted to be 4.86 mM; in DCM, 5.80 mM at 25◦C.
The kinetic data were obtained by monitoring the disappearance of the lower energy DBC2−-to-iron(III)
LMCT band

potentials enormously more positive (0.412 − 0.480 V)
than those observed for the corresponding [Fe(L)Cl3]
complexes, as expected. Hence the electron-transfer
from the coordinated catecholate adducts to dioxygen is
thermodynamically less favourable in the solvated com-
plexes than in the chloro complexes, obviously due to
the higher Lewis acidity of the iron(III) centers. Very
recently, Solomon et al. have described35 the nature of
such an electron transfer, O2 is reduced to a superoxide
while the catecholate is at the semiquinone level at the
transition state.

The second order reaction rate constants (kO2,
0.85 − 4.08 × 10−2 M−1 s−1) for [Fe(L)(DBC)(Sol)]+

adducts derived from 5–11 in DMF are 5–10 fold
higher than those (0.17 − 1.70 × 10−2 M−1 s−1)

for [Fe(L)(DBC)(Cl)] adducts in the same solvent
(table 3). This is expected of the higher Lewis acid-
ity63 of the iron(III) centre in [Fe(L)(DBC)(Sol)]+

adducts, which favours catecholate and dioxygen bind-
ing. Upon introducing bulky alkyl groups near the
donor atoms in the heterocyclic ring systems28,64 as
in [Fe(Tpipr,tBu)(DBC)]+ and [Fe(6-MeTPA)(DBC)]+,
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Figure 4. Progress of the reaction of adduct
[Fe(L11)(DBC)(Sol)]+ with O2 in DCM solution. The dis-
appearance of the DBC2−-to-iron(III) charge-transfer band
is monitored.

catechol and dioxygen are discouraged from binding
to iron(III) centre leading to a decrease in dioxyge-
nase activity of the complexes. On the other hand,
dioxygen could approach iron(III) center of the present
[Fe(L)(DBC)(Sol)]+ adducts opposite to the sterically
hindered N -alkyl groups (cf. crystal structure of 9a).
Interestingly, the reaction rates for [Fe(L)(DBC)(Sol)]+

complexes in DCM are 10–130 fold higher than
in DMF solvent (figure 4). Obviously, the displace-
ment of coordinated solvent in the adduct by dioxy-
gen in non-coordinating solvent DCM is more facile
than that of the solvent by dioxygen in the DMF.
The plot of log(kO2) vs. energy of the low-energy
catecholate-to-metal CT band is linear, which is in
line with the trend in Lewis acidity of iron(III) cen-
tres (cf. above). The adducts [Fe(L8)(DBC)(Sol)]+

and [Fe(L11)(DBC)(Sol)]+ exhibit a positive deviation
from the straight line illustrating that in addition to
the high Lewis acidity of iron(III) centres the bulki-
ness and orientation of N -alkyl groups of the adducts
enhances the reaction rate (cf. above).65,66 The reactiv-
ity of the present adducts is explained by invoking a two
states reaction pathway, which involves a spin-inversion
process67 from spin-sextet state (S = 5/2) in (L)FeIII-
Cat2− to the upper lying spin-doublet (S = 1/2) state
in (L)FeII-SQ upon O2 approaching the iron(III) cen-
tre. As O2 approaches the iron(III)-catecholate adduct,
the ligand field strength increases causing spin-pairing
leading to spin-inversion and formation of Fe(II)-SQ
state. Thus for the present complexes both the Lewis
acidity and ligand steric demand enhance the reactiv-
ity of complexes towards dioxygenation of catechol
substrates.

All the present complexes also afford major amounts
of intradiol cleavage products and smaller amounts of

extradiol (1.5–5%) products in DMF solvent. On the
other hand, extradiol cleavage products are isolated
in 13–22% yield (the results are not shown here) for
the adducts [Fe(L)(DBC)(Sol)]+ generated in DMF.
It is clear that the presence of a vacant or solvent-
coordinated site at cis-position to Fe-Ocat bond on
iron(III) centre of the catecholate adducts is essen-
tial for dioxygen attack to achieve extradiol cleavage
products and that a coordinated chloride ion in the
adduct [Fe(L)(DBC)Cl] is difficult to be replaced by
dioxygen to afford extradiol cleavage products. Thus it
is remarkable that all the solvent coordinated adducts
[Fe(L)(DBC)(Sol)]+ generated in DCM solvent show
enhanced yields of extradiol cleavage products (26.7 −
68.0%; table 3). Further, the catecholate adducts
derived from 8–10 show the highest yield of extradiol
cleavage products (59.5–68.0%) with the extradiol
to intradiol cleavage product selectivity (E /I ) being
approximately 6:1 while the adduct derived from 7
shows a lower selectivity (E /I,4:1) (figure 5). On the
other hand, the adducts derived from 5, 6 and 11 show
26.7–38.7% of extradiol cleavage products with much
lower selectivity (E /I,∼1:1). The facially coordinated
3N ligands in the present complexes allow the two reac-
tants (molecular oxygen and catechol) to occupy the
opposite face of the iron coordination sphere thereby
bringing them in close proximity and in proper orienta-
tion to form tridentate peroxo intermediate,68 which on
alkenyl migration gives extradiol cleavage products and
on acyl migration yields intradiol cleavage products.
Very recently, this is confirmed by trapping three differ-
ent intermediates in a single enzyme, tridentate peroxo
intermediate is one among them and is more intriguing
one.21 In order to address the alkenyl and acyl migra-
tions, one would understand examples of hydroperox-
ide rearrangements in organic chemistry.69–71 It is sug-
gested that the acyl and alkenyl migrations of a com-
mon hydroperoxide intermediate is controlled by the
conformation of the bound intermediate and hence the
precise positioning of the O–O bond. So it emerges
from the present study that the N -alkyl groups n-propyl,
iso-butyl, iso-propyl and cyclohexyl in the 3N ligand
complexes facilitate alkenyl migration while the H,
methyl and tert-butyl groups favour both alkenyl and
acyl migrations (scheme 8).

4. Iron(III) complexes of terminal N-alkyl//
substituted 3N ligands

A series of 1:1 iron(III) complexes of sterically hin-
dered and systematically modified tridentate 3N donor
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Figure 5. Plot of complexes versus % yield of oxidative cleavage of catechol in DCM.
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Figure 6. ORTEP diagram of complex 13, 14 and 19 showing 50%
probability thermal ellipsoids and the labelling scheme for selected
atoms. All hydrogen atoms are omitted for clarity.

ligands have been studied as functional models for
extradiol-cleaving catechol dioxygenases. All these are
of the type [Fe(L)Cl3], where L is N -methyl-N′-(pyrid-
2-ylmethyl)ethylenediamine (L12), N -ethyl-N′-(pyrid-
2-ylmethyl)ethylenediamine (L13), N -benzyl-N′-(pyrid-
2-ylmethyl)ethylenediamine (L14), N -phenyl-N′-(pyrid-
2-ylmethyl)ethylenediamine (L15),N ,N -dimethyl-N′-
(pyrid-2-ylmethyl)ethylenediamine (L16), N′-methyl-
N′-(pyrid-2-ylmethyl)-N ,N -dimethylethylenediamine
(L17), N′-ethyl-N′-(pyrid-2-ylmethyl)-N,N-dimethyl-
ethylenediamine (L18) and N′-benzyl-N′-(pyrid-2-
ylmethyl)-N ,N -dimethylethylenediamine (L19)
(scheme 9). The molecular structures of complexes
13, 14 and 19 (figure 6) demonstrate that the triden-
tate ligands are coordinated to iron(III) center in a
facial fashion and the remaining sites are completed
by three chloride. Upon increasing the bulkiness on
the terminal N-atom of the ethylenediamine moi-
ety, the Fe-Namine bond length increases as observed
previously.48,58–60 A similar increase in bond length
is observed in complex 19, which is obviously due
to the lone pair orbital not oriented exactly towards
the iron(III) orbital rendering the Fe-Namine bond
longer.

Two moderately intense visible bands (400–520,
600–865 nm; table 4) appear on adding catechols pre-
treated with two equiv. of Et3N to the iron(III) com-
plexes 12–19 in DMF solution.53–55,58–62 The positions
of both the low- and high-energy bands depend on the
nature of substituents on the catecholate ring and are
shifted to higher energies when the substituents are var-
ied from electron-donating to electron-withdrawing. In
DMF solvent both the low- and high-energy LMCT
bands exhibit a remarkable dependence on the number
of N -alkyl substituents in the complexes of 3N ligands
and their energies decrease in the order: 12 > 13 >

14 > 16 > 17 ≥ 18 > 19 and thus, on increasing the
number of N -alkyl substituents along the above series,
the lower energy band shifts from 781 to 810 to 848 nm
in DMF solvent. The decrease in energies of the bands
reflects the increase in Lewis acidity of the iron(III) cen-
ter along the above series, as modified by the N -alkyl
groups.

The iron(III) complexes 12–19 exhibit redox waves
at negative potentials in cyclic voltammetry, which
are assigned to FeIII/FeII couple. The E1/2 values
of FeIII/FeII redox potentials (−0.402 to −0.276 V,
table 4) reflect a variation in Lewis acidity of the
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Table 4. Electonic spectral and redox potential data of iron(III) complexes and their DBC2− adductsb in DMF solution.

Complexa λmax, nm (εmax, M−1 cm−1) E1/2 (V) Redox preocess

[Fe(L)(DBC)Cl] [Fe(L)(Sol)3]

[Fe(L12)Cl3] 12 781 (2185) 0.135 FeIII → FeII

491 (1300) DBSQ→DBC
[Fe(L13)Cl3] 13 786 (2365) 0.139 FeIII → FeII

464 (2180) DBSQ→DBC
[Fe(L14)Cl3] 14 789 (2170) 0.151 FeIII → FeII

481 (1675) DBSQ→DBC
[Fe(L15)Cl3] 15 850 (2890) – FeIII → FeII

515 (1870) DBSQ→DBC
[Fe(L16)Cl3] 16 815 (2820) 0.137 FeIII → FeII

500 (1890) DBSQ→DBC
[Fe(L17)Cl3] 17 848 (2425) 0.148 FeIII → FeII

510 (1735) DBSQ→DBC
[Fe(L18)Cl3] 18 848 (1990) 0.134 FeIII → FeII

510 (1570) DBSQ→DBC
[Fe(L19)Cl3] 19 862 (2310) 0.156

518 (1750)

aConcentration of iron(III) complexes, 2 × 10−4 M
bThe ratio of added ligand to iron(III) complexes was 1:1; the anions were generated by adding 2 equivalents of triethy-
lamine
cPotential measured vs. Ag(s)/Ag+ (0.01 M, 0.10 M TBAP); add 0.544 V to convert to NHE

iron(III) center along this series 12 < 13 < 14 <

16 < 17 > 18 > 19 in DMF. Upon replacement of the
N -methyl group in the terminal nitrogen donor in 12
by the more sterically demanding N -ethyl group in
13, and that of N -ethyl group by the more sterically
demanding N -benzyl group in 14, the lone pair orbital
of the nitrogen atom becomes improperly oriented
towards the iron(III) orbital leading to an increase
in positive charge on iron(III) and hence a higher
FeIII/FeII redox potential on 13 and 14. Similarly, the
incorporation of two methyl groups as in 16 enhances
the E1/2 value, which is consistent with the increase in
the Fe–N distance of the terminal nitrogen atom from
2.229(5) Å in 13 to 2.290(5) Å in 16. In contrast to this
trend, the increase in bulkiness of the N -alkyl group
on the central nitrogen atom of 3N ligands leads to
a decrease in E1/2 value of FeIII/FeII redox potential
illustrating the increase in positive charge on iron(III)
center (Fe–Namine distance increases from 2.181(5) Å in
16 to 2.299(2) Å in 19) is compensated by the stronger
coordination of chloride ion. The FeIII/FeII redox waves
of the [Fe(L)(Sol)3]3+ species, generated in DCM by
treating 12–19 with three equivalents of AgClO4·H2O
(DMF) to remove the coordinated chloride ions, are
shifted to potentials (+0.134 to +0.156 V) enormously

more positive than those observed for the correspond-
ing [Fe(L)Cl3] complexes, which is expected of the
increase in Lewis acidity of the iron(III) center upon
solvation. The appearance of the DBSQ/DBC2− cou-
ple of the [Fe(L)(DBC)(Sol)]+ species at potentials
more positive than those of the [Fe(L)(DBC)(Cl)]
species reveals that the semiquinone form of the coor-
dinated DBC2− in the former is much more stabilized
towards oxidation than that in the latter as observed
earlier. This interesting observation suggests that
the redox behaviour of the [Fe(L12)(DBC)(Sol)]+–
[Fe(L16)(DBC)(Sol)]+ adducts are different from those
of the [Fe(L17)(DBC)(Sol)]+–[Fe(L19)(DBC)(Sol)]+

adducts. It is possible that the adducts 12–16 containing
the coordinated NH group is unstable in the presence of
added Et3N base. A similar redox behaviour has been
observed for the dimeric complex [(TCC)(L20)Fe–O–
Fe(L20)(TCC)] in acetonitrile, (L20 = N ,N -dimethyl-
N ,-(1-methylimindazol-2-ylmethyl)ethylenediamine).
So, it is likely that the adducts [Fe(L12)(DBC)(Sol)]+ –
[Fe(L16)(DBC)(Sol)]+ undergo dimerisation involving
the coordinated NH group in them. Also, the slight
differences in the redox potentials of the two waves cor-
respond to two iron(III) centers with slightly different
coordination environments in solution.
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Table 5. Kinetic dataa and cleavage products obtained upon reaction of iron(III)-DBC2− adducts
with O2 in DMF and DCM solution.

Complex Solvent kO2 × 10−2 (M−1 s−1) % Yield

Intradiol Extradiol E/I ratio

[Fe(L12)(DBC)(Sol)]+ DMF 8.70 13.8 20.4 1.4
DCM 39.10 4.2 64.2 15.3

[Fe(L13)(DBC)(Sol)]+ DMF 9.70 28.6 33.8 1.8
DCM 34.50 7.0 87.7 12.5

[Fe(L14)(DBC)(Sol)]+ DMF 6.60 31.6 29.9 0.9
DCM 46.45 7.1 52.4 7.3

[Fe(L15)(DBC)(Cl)] DMF 2.80 91.3 <1 –
DCM – – – –

[Fe(L16)(DBC)(Sol)]+ DMF 5.20 60.5 36.0 0.6
DCM 41.80 2.1 38.9 18.5

[Fe(L17)(DBC)(Sol)]+ DMF 0.86 37.6 30.3 0.8
DCM 25.04 7.6 63.0 8.2

[Fe(L18)(DBC)(Sol)]+ DMF 1.47 25.5 42.2 1.6
DCM 47.46 7.6 72.3 9.5

[Fe(L19)(DBC)(Sol)]+ DMF 1.74 58.2 20.5 0.4
DCM 67.04 10.5 75.4 7.2

akO2 = kobs /[O2]. The solubility of O2 in DMF is accepted to be 4.86 mM; in DCM, 5.80 mM at
25◦C. The kinetic data were obtained by monitoring the disappearance of the lower energy DBC2−-
to-iron(III) LMCT band

The catecholate adducts [Fe(L)(DBC)(Cl)] of all the
complexes afford major amounts of intradiol cleav-
age products and smaller amounts of extradiol (1.5–
12.5%) products with the extradiol-to-intradiol cleav-
age product selectivity (E /I ) being ∼0.5: 1 in DMF
solvent. Interestingly, when the coordinated chloride
ions in these adducts are removed to generate the
[Fe(L)(DBC)(Sol)]+ species in DMF the extradiol
cleavage products are isolated in higher yields (20–
50%) with the product selectivity (E/I) falling in the
range 0.3:1 – 2.0:1. Thus, it is remarkable that all of the
solvent coordinated adducts [Fe(L)(DBC)(Sol)]+ gen-
erated in DCM solution show enhanced yields of extra-
diol cleavage products (38.9–87.7%; table 5; scheme
8) with the extradiol to intradiol cleavage product
selectivity (E/I) varying in the range 7.2:1 – 18.5:1
(figure 7). A variation of the N -alkyl group on the ter-
minal secondary amine nitrogen donor of the present
complexes leads to the product selectivity (E /I ) vary-
ing in the range 7.3:1 – 8.5:1. Upon increasing the
steric bulk of the terminal N -alkyl substituent, the prod-
uct selectivity decreases from 15.3: 1 (12) to 12.5: 1
(13) and then to 7.3: 1 (14). It is possible that the
bulky N -benzyl group may hinder the approach of
O2 to the intermediate iron(II)-semiquinonate radical
adduct leading to a decrease in the observed prod-
uct selectivity. Interestingly, on introducing one more

methyl group in 12 to give 16, the product selectiv-
ity increases to 18.5:1. It is interesting to note that on
replacing one of the pyridyl arms in the bis(pyrid-2-
ylmethyl)amine by –CH2NR2 group to obtain 12–16, a
tremendous increase in the selectivity (E :I , 7:1 – 18:1)
has been observed and is mainly due the high Lewis
acidity of iron(III) centre, which may encourage alkenyl
migration. Whereas on increasing the bulkiness of the
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Figure 7. Plot of complexes versus % yield of oxidative
cleavage of catechol in DCM.



158 Mallayan Palaniandavar and Kusalendiran Visvaganesan

H

N
N

N
N

NN

R

R'

R

R
R'

R'

R = -H, R' = -H;               L23
R = -CH3, R' = -CH3;      L24
R = -H, R' = -CH(CH3)2; L25

N

N

H

R'

R

N

N

R = -CH3, R' = -CH3; L20
R = -H, R = -(C6H5);  L21

N

H

N

N N

L22

Scheme 10. Imidazole and pyrazole based tridentate 3N ligands.

central and terminal N-atom of the N ,N -dimethyl-
N′-(pyrid-2-ylmethyl)amine ligand, the regiospecificity
towards extradiol (E /I ) decreases from 18.5 to 7.3 (still
it is higher than the bis(pyrid-2-ylmethyl)amine ana-
logues).49 This is also observed in iron(III) complexes
of triazacyclononane ligands in which all the donors
derived from amine N-atom lead to increase the Lewis
acidity on the iron(III) center enormously and hence the
higher yield of extradiol cleavage products. Also upon
introducing methyl groups at amine N-atom of TACN
ligand to obtain Me3TACN, a quantitative amount of
extradiol product has been observed with any base.41

This illustrates that the increase in Lewis acidity of
the iron(III) center enhances the O2 attack and that the
steric bulk of the NMe2 group does not discourage it.

The second order reaction rate constants (table 5)
of complexes [Fe(L)(DBC)(Sol)]+ in DCM solvent is
19 > 18 > 17; 14 > 16 ∼ 12 > 13, which is in
accordance with the decrease in Lewis acidity of the
adducts in the non-coordinating solvent (cf. above).
Interestingly, a plot of the rate of dioxygenation against
the FeIII/FeII redox potential is linear with 17 show-
ing a negative deviation from it. The higher rate of
catechol cleavage of [Fe(L19)(DBC)(Sol)]+ species
is in accordance with the higher steric demand of
the central N -benzyl group in the complex, which
strengthens the iron(III)–catecholate interaction by
increasing the Lewis acidity of the iron(III) cen-
ter and facilitates the electron-transfer from the sub-
strate to O2 in both the intra- and extradiol cleav-
age mechanisms25,27,65,66,72 (cf. above). The plot of
log (kO2) vs. energy of the low-energy catecholate-
to-metal CT band is also linear with 17 showing a
negative deviation again. Interestingly, the catecholate
adducts with N-alkyl substituents at the central nitro-
gen donor atom including 17 fall on another straight
line (E /I , 6:1 – 7:1) with a higher slope, along with
those of bis(pyrid-2-ylmethyl)amine48 with branched
N -alkyl substituents at the central nitrogen donor.

5. Iron(III) complexes of imidazol-
and pyrazol-based linear and tripodal tridentate
ligands

A series of new 1:1 iron(III) complexes of the linear
and sterically hindering tripodal tridentate ligands
N ,N -dimethyl-N′-(1-methyl-1H -imidazol-2-ylmethyl)-
ethane-1,2-diamine (L20) and N -(1-methyl-1H -
imidazol-2-ylmethyl)-N′-phenylethane-1,2-diamine
(L21), (1-methyl-1H -imidazol-2-ylmethyl)pyrid-2-
ylmethylamine (L22), tris(1-pyrazolyl)methane (L23),
tris(3,5-dimethyl-1-pyrazolyl)methane (L24) and
tris(3-iso-propylpyrazolyl)methane (L25) (scheme 10)
have been used to explore the necessity of facial coordi-
nation of ligands, tune the Lewis acidity of the iron(III)
center and hence affect the dioxygenase activity of the
complexes.

The two DBC2−-to-iron(III) LMCT band energies
increase in the order: 22 < 20 < 21 and a similar vari-
ation in band energies are observed for the other cat-
echolate adducts. Also, it is interesting that in DMF
the low-energy LMCT band of 24 is lower in energy
than that of 23 while the low energy band of 25 is
higher in energy than that of 23. It is obvious that
incorporation of the sterically demanding iso-propyl
substituent in 25 would hinder the coordination of
the pyrazole nitrogen and concomitantly stabilize the
dπ* orbital leading to a decrease in dπ* and cate-
cholate orbital energy gap and hence the shift in the
LMCT band to low energy. On the other hand, incor-
poration of electron-releasing methyl groups on the
pyrazole ring in 24 adduct would enhance the elec-
tron density on dπ* orbital and destabilize it leading
to an increase in dπ* and catecholate orbital energy
gap and hence the shift in the LMCT band to a higher
energy.

The E1/2 of iron(III) complexes (table 6) of the imi-
dazole ligands follow the trend 22 > 20 > 21 reflecting
a decrease in Lewis acidity of iron(III) center along
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Table 6. Electonic spectral, redox potential and kinetic data of iron(III) complexes and their
DBC2− adducts and cleavage products obtained on reaction of iron(III)-DBC2− with O2 in DMF
solution.

Complex λmax, E1/2 (V) kO2 (M−1 s−1) % yield

nm (εmax, M−1 cm−1) Intradiol Extradiol Quinone

[Fe(L20)Cl3] 20 795 (2505) −0.306 0.59 × 10−2 43.1 12.0 –
490 (1730)

[Fe(L21)Cl3] 21 780 (1920) −0.318 0.21 × 10−2 24.7 11.1 –
485 (1575)

[Fe(L22)Cl3] 22 718 (1600) −0.372 2.40 × 10−2 40.7 6.0 –
503 (1590)

[Fe(L23)Cl3] 23 660 (1710) −0.432 1.85 × 10−2 5.0 – 40.0
530 (1390)

[Fe(L24)Cl3] 24 655 (1670) −0.444 1.90 × 10−2 1.8 13.3 22.3
528 (1390)

[Fe(L25)Cl3] 25 670 (1920) −0.398 2.39 × 10−2 2.9 6.0 16.3
546 (1620)

akO2 = kobs /[O2]. The solubility of O2 in DMF is accepted to be 4.86 mM. The kinetic data were
obtained by monitoring the disappearance of the lower energy DBC2−-to-iron(III) LMCT band

this series. With the replacement of the pyridyl moi-
ety in 22 by he electron-releasing groups as in 20
and 21, the Lewis acidity of iron(III) centre decreases.
The FeIII/FeII redox potentials of the pyrazole-based
complexes 23–25 (−0.398 to −0.444 V) are more
negative than those for the pyridyl-based complexes
20–22 clearly suggesting that the tripodal ligands are
more strongly coordinated than the linear ligands. The
FeIII/FeII redox potentials of the tripodal ligand com-
plexes follow the trend 25 > 23 > 24, which repre-
sents a decrease in Lewis acidity of the iron(III) cen-
ter along this series. On introducing the iso-propyl
group on the 3-position of pyrazole rings in 23 to
give 25, the sterically hindering iso-propyl group weak-
ens the coordination of N2 nitrogen of pyrazolyl ring
leading to confer an enhanced Lewis acidity of the
iron(III) center. It is possible that upon DBC2− coor-
dination one of the tripodal arms in 23–25 dissoci-
ate leading to an increase in Lewis acidity of the
iron(III) center and hence the same extent of stabi-
lization of the semiquinone radical towards oxidation
for both the imidazole- and pyrazole-based complexes.

The complexes 20–22 with imidazole nitrogen
donors afford major amounts of the intradiol cleav-
age products and smaller amounts of the extradiol
cleavage products in DMF solvent with the extra-
diol to intradiol product selectivity (E:I) varying from
0.14: 1 to 0.45: 1. Interestingly, when the coordinated

chloride ion in [Fe(L)(DBC)Cl] is removed to gen-
erate [Fe(L)(DBC)(Sol)]+ species in DMF solvent,
the product selectivity (E:I) increases to 0.6: 1–1.8:1
(table 6), with the adduct [Fe(L20)(DBC)(Sol)]+ giv-
ing 38% yield of extradiol products. In contrast to
the iron(III) complexes 20–22 of imidazole-based lig-
ands, those of the tripodal pyrazole-based ligands (23–
25) effect the oxidation of H2DBC on exposure to
O2 to afford mainly the benzoquinone product; also,
small amounts of extradiol cleavage products and very
small amounts of intradiol cleavage products are also
obtained. Also, the observation of a higher E:I value
for [Fe(L20)(DBC)Cl] reveals that the sterically hin-
dering terminal –NMe2 group of the ligand appears
to be oriented away from the sp3 hybridized carbon
atom of the catecholate substrate in the tridentate per-
oxo intermediate and facilitates alkenyl migration to
give enhanced regioselective extradiol cleavage prod-
ucts.49 Also, upon replacement of one of the pyridyl
moieties in the 1:1 iron(III) complex49 of N ′-(pyrid-
2-ylmethyl)-N ,N -dimethylethylenediamine by N -Me-
imidazolyl moiety to get [Fe(L20)(DBC)Cl] a dramatic
decrease in product selectivity (E: I) from 18.5: 1.0 to
1.83: 1.0 is observed. Obviously, the sterically less hin-
dering N -methylimidazolyl moiety favours the attack
of molecular oxygen and also facilitates acyl rather than
alkenyl migration to give intradiol cleavage products.
As illustrated above for 20–22, the DBC2− adducts
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Scheme 11. Proposed mechanism for the formation of quinone.

of 23–25 are also expected to yield extradiol cleav-
age products upon oxygenation since they contain the
tripodal ligands facially coordinated and also a coor-
dination position vacant for dioxygen binding. How-
ever, interestingly, all of them yield mainly the oxi-
dized product benzoquinone. It is clear that they are not
prone to form the intermediate [(L)(DBSQ)Fe(III)O2]−

responsible for catechol cleavage. Thus, the formation
of the oxidized products for 23–25 can be explained by
assuming equatorial attack of dioxygen on the DBC2−

adducts of the complexes (scheme 11) in which one of
the arms of the tripodal ligand (trans to one of the strong
Fe–Ocat bonds) is displaced from the octahedral coor-
dination sphere due to the sterically constrained 6,6,6-
chelate ring system. The equatorially bound dioxygen
is unable to attack the semiquinone radical located in
the same plane and hence the oxidation product ben-
zoquinone is formed in larger amounts as for the BPY
and TERPY complexes. The extradiol cleavage prod-
ucts are obtained when dioxygen attacks the axial posi-
tion of the adduct with or without dissociation of one
of the arms of the tripodal ligand, while the intradiol
cleavage products are formed by the concerted72 dioxy-
gen attack on iron(III) and the carbon atom of the
bound catecholate. The yield of quinone product for the
[Fe(L)(DBC)Cl] adducts of 23–25 with pyrazolyl lig-
ands in DMF decreases along the series 23 > 24 > 25
(table 6) while their second order reaction rate constants
vary in the order 25 > 24 ∼ 23. As substrate binding
is the first step in the mechanism, the highest Lewis
acidity of 25 (cf. above) would encourage its strongest
binding with both anionic DBC2− and dioxygen lead-
ing to the highest yield of the benzoquinone product.

Similarly, the catecholate adduct of 25 with a steri-
cally hindering iso-propyl substituent (cf. above) would
be expected to show a decreased rate of quinone
formation but it exhibits the highest rate of reac-
tion. Therefore, it appears that the bulky iso-propyl

groups on the pyrazolyl ring in 25 do not hin-
der the approach of DBC2− and dioxygen and it is
the highest Lewis acidity of 25 which strengthens
the iron(III)–catecholate interaction in the alkylper-
oxo intermediate [(L6)(DBSQ)Fe(III)O2]− leading to
facile dioxygen attack and hence the highest rate
of dioxygenation is observed.48,49 Also, the disso-
ciation of one of the sterically hindering pyrazolyl
arms from the coordination sphere (cf. above) would
lead to an increase in Lewis acidity of the iron(III)
center. Thus it is remarkable that the iron(III) com-
plexes with facially coordinated tris(pyrazolyl)methane
ligand yields only the quinone product obviously
due to bidentate coordination of the tripodal lig-
and. Also, for complexes of both the imidazole- and
pyrazole-based 3N ligands the steric constraint around
iron(III) determines the yield of dioxygenation prod-
ucts while the Lewis acidity of the iron(III) cen-
ter determines the observed rates of dioxygenation.

6. Conclusions

A few mononuclear iron(III) complexes of meridion-
ally coordinating tridentate ligands have been prepared
and studied as spectral and functional models for the
intradiol-cleaving catechol 1,2-dioxygenase enzymes.
Interestingly, meridional carboxylate coordination is
found to be suitable to elicit intradiol rather than extra-
diol cleavage, however, with a decrease in reaction rate.

Also, a series of iron(III) complexes of the type
[Fe(L)Cl3], where L is the linear N -alkyl substituted
bis(pyrid-2-ylmethyl)amine, N -alkyl substituted N -
(pyrid-2-ylmethyl)ethylenediamine, linear tridentate
3N ligands containing imidazolyl moieties and lin-
ear tripodal ligands containing pyrazolyl moieties have
been isolated and studied as structural and functional
models for catechol dioxygenase enzymes. The X-ray
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crystal structures of many of the complexes reveal that
the 3N ligands are facially coordinated. The effect
of N -methyl substitution at the central and terminal
amine nitrogen atoms in these structures have been
illustrated. Also, the structure of the tetrachlorocate-
cholate adduct of one of these complexes has been
determined as a model for enzyme-substrate adduct.
The similarity between the electronic spectra of the cat-
echolate adducts of the complexes and the catecholate-
bound enzymes suggests that the catecholato dianion
is chelated to iron(III) centre in the latter. The obser-
vation of two new cat2−/dbc2−-to-Fe(III) LMCT bands
on adding simple and substituted catechols to the chlo-
ride complexes illustrates the deprotonation of cate-
chols on binding to iron(III) even in the absence of
added base. The primary ligand functionalities play a
very important role in modulating the Lewis acidity of
the iron(III) centre, as revealed by their Fe(III)/Fe(II)
redox potentials.

Our studies reveal that stereo-electronic factors like
the Lewis acidity of the iron(III) centre and the steric
demand of ligands, as regulated by the N -alkyl sub-
tituents, determine the cleavage yields and the rate
of dioxygenation in DCM and DMF solvents. It is
remarkable that the iron(III)-catecholate adducts with
the N -alkyl groups n-propyl, iso-butyl, iso-propyl, and
cyclohexyl confer enhanced selectivity toward extra-
diol cleavage, whereas that with a N -tert-butyl sub-
stituent enhances the reaction rate. The extradiol-to-
intradiol product selectivity is enhanced by replac-
ing one of the coordinated pyridylmethyl arms in the
catecholate adduct of iron(III) complex of bis(pyrid-
2-ylmethyl)amine by the sterically demanding and
weakly coordinating −CH2NHR arm and upon incor-
poration of one more N -methyl group at the terminal
nitrogen atom of the 3N ligands. However, it decreases
upon introducing N -alkyl substituents at the central
nitrogen atom of the ligands. In sharp contrast to all
these complexes, the pyrazole-containing tripodal lig-
and complexes yield mainly the oxidized product ben-
zoquinone. All the observations provide a valuable
support to the substrate-activation and oxygen activa-
tion mechanisms proposed for intradiol cleavage of
catechol.
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