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Abstract

Mechanism of oxygenative cleavage of catechols by nonheme iron complexes was studied by quantum chemical
calculations. Calculations based on the density-functional theory indicate that all carbon atoms of the DMC and Cat ligands
of [Fe""(NH ) ,(DMO)]* (DMC: 3,5-dimethylcatecholate), [Fe'"'(NH ;) (Cat)]* and [Fe"(NH 3),(Cat)] (Cat: catecholate) are
positively charged, that is not favorable for the electrophilic attack. Significant amounts of the spin density, that are greater
on oxygen than carbons, appear on the catecholate ligand. The spin density on aromatic carbon atoms is greater in the ferric
complex than in the ferrous complex, supporting the Fe(ll)-semiquinonate character of the ferric catecholate complexes.
Results are obtained to support the probability of the initial binding of molecular oxygen to the iron center rather than to the
aromatic carbons. In the step of the oxygen insertion into the C—C bond, formation of an epoxide-like structure is proposed.
It is shown that the postulated intermediate can be converted to an oxygen-inserted product in the change of the electronic
state from the anionic ligand to the neutral product. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catechol dioxygenases have been one of the
most important enzymes in the development of
bicinorganic chemistry and studied well from
both sides of enzymes and models. Coordina-
tion environment around the iron center of ferric
and ferrous enzymes has been studied by spec-
troscopic and crystallographic analyses[1,2]. As
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for the ferric enzymes that catalyze the intradiol
cleavage of catechols, coordination of two his-
tidines and two tyrosines [3-5] and one hydrox-
ide [5] to the ferric center in protocatechuate
3,4-dioxygenase (3,4-PCD) has been indicated
spectroscopicaly. This has been supported by
the recent X-ray crystallographic analysis [6,7].
As for the ferrous enzymes that catalyze the
extradiol cleavage of catechols, coordination of
two histidines, one glutamate, and two waters
has been indicated for biphenyl-cleaving Fe(ll)
dependent dioxygenase (BphC enzyme) by X-
ray crystallography [8,9]. Two types of coordi-
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nation of catechols have been suggested: a mon-
odentate form in catechol 1,2-dioxygenase (1,2-
CTD) [10] and a bidentate form in 3,4-PCD
[5,11,12] and in BphC enzyme [8,9]. In case of
3,4-PCD, afive-coordination structure was indi-
cated for the catecholate—iron species formed
by replacement of one of tyrosine [6,7] rather
than histidine [5] with a catecholate ligand.
Many model complexes have been reported
for clarification of structure (structural models)
and for clarification of reaction mechanisms and
development of biomimetic oxygenation cataly-
sis (functional models) [1,2]. The mechanism
proposed on the basis of model chemistry, that
seems mostly accepted so far, involves (1) an
activation of a catecholate ligand for a direct
reaction with molecular oxygen, (2) formation
of a peroxy C—O—O-Fe species, and (3) trans-
fer of an oxygen atom of the peroxo ligand
between a C—C bond of the catecholate ligand
to form a monooxygenated product (path A in
Scheme 1). However, another path (path B in
Scheme 1) which involves an initial oxygen
binding to iron before formation of the peroxo
species seems not to be excluded. In the pro-
posed mechanisms, it is well accepted that acti-
vation of the coordinated catecholate ligand is
important for the reaction with oxygen. Two
types of activated carbon, i.e., radical [13—-20]
and anionic [21,22] carbons, have been pro-
posed. The activated intermediate is repre-
sented, e.g., as a catecholatoiron(lll) species
with aradical character, but it may be probable
in the model systems that a Fe(ll)-semi-
guinonate species is in equilibrium with a
Fe(ll1)-catecholate species. Recently, it is sug-
gested that the mechanisms may be different
between enzymatic and model systems [7]. This
is because the product is formed from a six-co-
ordinate species from model catecholate com-
plexes [20,23—-25] while the five-coordinate
structure of the substrate-enzyme species is
shown [7]. The formation of the extradiol oxy-
genation products from the five-coordinate cate-
cholatoiron(I11) complexes [8,9,26,27] has sug-
gested importance of the open coordination site

(.OO_O B -0- By
Fe?* 3O
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Scheme 1. Proposed mechanism of the oxygen insertion to the
catecholate ligand.

for the extradiol oxygenations from not only
Fe(ll), but also Fe(lll) species. Oxygenation of
the six-coordinate model complex indicates that
the five coordination environment seems not be
essential for the intradiol oxygenation.

In the present study quantum chemical calcu-
lations have been performed on the model com-
plexes to get further information about the oxy-
genation mechanism of catechol dioxygenases.
Quantum chemical calculation studies are no
doubt useful for getting insights on the mecha
nisms for which experimental information is not
enough for clarification. However, systems in-
volving iron and oxygen are one of the most
difficult systems for calculations. The calcula
tion method based on the density-functional the-
ory is applied to iron systems under various
simplifications of systems, e.g., with replace-
ment of ligands by simple molecules [28—30] or
without ligands [31] and changing oxidation
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state of iron [32]. The aim of this paper is not to
discuss in details or elaborate the calculation
studies, but to give some probable ideas for
problems unsolved in the oxygenation mecha-
nism on the basis of the simplified calculations.

2. Experimental

Since the first model oxygenation was per-
formed by the complexes coordinated by pyri-
dine and bipyridine [14,15,33], efficient oxy-
genations by model complexes are favored by
nitrogen-coordinating ligands, such as trig(2-
pyridylmethyl)amine) (TPA) [19,20,23-25].
Thus, four nitrogen ligands (NH ;) are used here
in place of chelating pyridine ligands for simpli-
fication. As substrated in the model reactions,
3,5-di-tert-butylcatechol (DTBCH,, 1), which
is not a substrate for enzyme, is used exten-
sively [1,2] while chlorocatechols, which are
substrates for enzyme, are shown recently to be
oxygenated catalytically [34]. 1 gives monooxy-
genated (2) and dioxygenated (3) products step-
wise [15]. Here [Fe(NH,),(Cat)]* and
[Fe(NH ), (DMCQ)]* are used for caculations by
referring the structure of [Fe(TPA)(DTBC)]*™
which gives 2 and 3 under molecular oxygen
[20].

Different calculation methods were used de-
pending on the structures of molecules, and
smaller basis sets were used in the more compli-
cated systems. Calculations were performed for
six-coordinate species, because formation of
oxygenated species is experimentally demon-
strated in the model systems and factors for
calculation increase by the change of the coordi-
nation number from 6 to 5. In addition, the
effect of distal amino acid residues which may
play important roles in the enzymatic system is
ignored in the present calculations.

2.1. Computer

Quantum chemical calculations were per-
formed by using CRAY T94,/4128 in Super-

Computer Laboratory, Ingtitute for Chemistry,
Kyoto University.

2.2. Calculations for electronic states of
[Fe(NH,),(DMC] * (9), Fe(NH,),(Cat)] * (10),
and [Fe(NH,),(Cat)] (11)

Calculation method was based on the den-
sity-functional theory, using Gaussian 94 pack-
age with BLYP option as the exchange and
correlation terms. Input file was prepared manu-
ally considering molecular symmetry. Atomic
charges were calculated by the method of Mul-
liken population analysis. The ferric high-spin
state and the +1 total charge were postulated
for the complex. Structural parameters obtained
for the complex [Fe(TPA)XDTBC)I(BPh,) [23]
by the X-ray crystallographic analysis were used
as references for structures of model complexes
9 and 10 shown in Fig. 1. Point symmetric
groups C, and C,, were postulated for 9 and 10,
respectively. MIDI-4 was used as a basis set
[35]. Calculations were also performed for the
Fe(l1) complex (11) which has the O total charge
in the aim to know the effect of the oxidation
state of iron on the electronic state of the com-
plex.

2.3. Calculations for the binding of molecular
oxygen to the catecholatoiron complex

Two types of the insertion process of oxygen
into the catecholate ligand were studied by us-
ing [Fe(NH ) (Cat)]" as a model complex, de-
pending on the direction of the approach of

4
Me-2 3
6 2 2
1
§L\\F
e ©~NH, / \NH3
HaN

NHg NH3
(9) [ Fe(NH3)4 (DMC)]* (10) [ Fe(NH3)4(Cat)]*

Fig. 1. Model catecholatoiron complexes used for calculations.
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oxygen to either the catecholate carbon atom or
the iron center. Calculations were performed by
a UHF method, using arelatively small basis set
(3-21G) for convenience.

2.4. Calculations for probable structures of a
catecholate—monooxygen adduct

Model calculations were performed for two
probable structures of a catecholate—mono-
oxygen adduct in a singlet state, with the total
charge of either —2 or 0. Gaussian 94 program
package, 6-31G basis set, and the RHF method
were used in the calculations.

2.5. Modédl calculations for probable structures
of a catecholate—Fe(O,) ternary complex and
the oxygen insertion process

Model calculations were performed for two
probable structures of a catecholate—Fe(O,)
ternary complex in a quartet state, assuming the
total charge as + 1. Gaussian 94 program pack-
age, 6-31G basis set, and the UHF method were
used in the calculations.

3. Results and discussion
3.1. Electronic states of 9, 10, and 11

Table 1 shows the atomic charge, the un-
paired electron density, and the Frontier elec-

Table 1
Electron states of the catecholate ligand of [Fe(NH,),(DMC)]*
complex

Atom  Charge Unpaired E.D.  Frontier E.D. (HOMO)
C1 +0.14 0.043 0.088

c2 +0.043 0.059 0.12

C3 +0.0017 0.023 0.024

c4 +0.037 0.056 0.075

C5 +0.076 0.049 0.082

C6 +0.035 0.026 0.0006

o7 —0.58 0.29 0.14

o8 —0.56 0.31 0.18

Fe +1.38 391 0.023

E.D.: Electron density.

(a) (b)
+0.06 0.03
+1.39  (40.04) 3.92 (0.01)
(+1.22) (3.67) ¥
% 5
Fe
P4 >
-0.57 0.10 0.3t 0 0.04

+0. .
(-0.60) (:g'.:l'-lo)(_,_o'og) (0.17) ((c))'.o?) (0.01)

Fig. 2. (@) Atomic charge, (b) spin density of [Fe''(NH;),Cat]*
(10) and [Fe'' (NH,),Cat] (11) (in parenthesis).

tron density (HOMO) of 9. The results are
mostly consistent with those obtained by the
extended Huckel calculations [36]. The Mul-
liken population analysis indicates that the
charge on the DMC ligand decreases from —2
to —0.82 and the spin density (0.86) appears on
the ligand. On the other hand, the charge and
the spin density on Fe are +1.38 and 3.91,
respectively. Another characteristic result shown
in Table 1 is that all carbon atoms of the DMC
ligand are positively charged.

Effect of the oxidation state of iron on the
electronic states of the complexes was studied
by changing the total charge of the complexes,
10 and 11, which have the spin multiplicity of 6
and 5, respectively. Results are shown in Fig. 2,
in which data for 11 are shown in parenthesis.
The atomic charges on the carbon atoms are not
significantly different between 10 and 11. On
the other hand, the spin densities on the aro-
matic carbons are significant in the ferric com-
plex, but not in the ferrous complex. The Mul-
liken atomic charge and the spin density on iron
are also greater in the former than the latter, but
differences were small.

Only qualitative discussions are alowed on
the data shown in Table 1 and Fig. 2. Espe-
cialy, atomic charges on iron should not be
overestimated, because the method gives often
the lower charges than those expected from the
oxidation state. Qualitatively a little higher
charge obtained for ferric than ferrous com-
plexes reflects the difference of the total charge.
However, it is difficult to clam on the values
(+1.39 and +1.22) that the oxidation states of
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not only ferrous but aso ferric complexes are
close to the high spin Fe(ll). The relatively high
atomic charges on the catecholate oxygen seem
to be reasonable. The positive charges on al
carbon atoms of the catecholate ligand conflict
with the electrophilic attack by molecular oxy-
gen to carbon atoms [7,22].

Although all spectroscopic results indicate
that the iron of 3,4-PCD remains ferric through-
out the reaction cycle, a Fe(ll)-semiquinone
complex is considered to be a reasonable active
complex in the model systems [7]. The spin
density appears not only on oxygen, but also on
aromatic carbon atoms. This supports the contri-
bution of the Fe(ll)-semiquinonate structure on
the oxygenation. Total amount of the spin den-
sity is higher in the ferric complex than ferrous,
reflecting the greater electron transfer from the
catecholate ligand to the ferric center than fer-
rous. Supposed the mechanism in which oxygen
attacks homolytically the radical centers of the
semiquinonate ligand, the spin density localized
in the perpendicular orbital suggests that oxygen
favors to approach the carbon atom from the
perpendicular side against the aromatic ring
plane rather than from the vertical side. In this
case, oxygen attacks preferably C1 or C2 rather
than C3 or C6, because the spin density and
Frontier electron density (HOMO) are greater in
the former. However, the spin densities on the
carbon atoms are relatively very low in compar-
ison with that on the oxygen atom, suggesting
that the radical character of the carbon atoms is
not so high as to support strongly the direct
attack by oxygen to the carbon atoms.

On the other hand, the results in Table 1 and
Fig. 2 suggest that the initial attachment of
molecular oxygen to iron is probable even in
Fe(l1l) as well as Fe(ll) complexes. As shown
by examples of Co(lll)-R complexes which
reactivity is explained by Co(ll)—(-R) (R=H,
akyl, aryl) [37—42], it is probable that Fe(ll1)—
catecholate complexes react as Fe(ll)—semi-
quinonate complexes with oxygen. Magnetic
susceptibility study on Fe(l1l)—catecholate com-
plexes indicates the Fe(ll)—semiquinonate char-

acter is greatly dependent on the substituent on
the ligand [43]. The interaction between metal
and dioxolane ligands (e.g., catecholate and
semiqunonate ligands) has been studied with
various metal complexes [44]. An interesting
example is found in manganese complexes in
which any significant w-bonding between man-
ganese and the DTBSQ radical anion is absent
[45,46] and electronic delocalization within the
manganese-dioxolane chelate ring is very little
[47].

3.2. Binding process of oxygen to the catechola-
toiron complex

In the calculations for oxygen metal com-
plexes, selection of spin-multiplicity is not un-
equivocal. In the present case, calculations were
performed by assuming a high spin quartet state
for al Fe/O, complexes. In the four possible
states (S=7/2, 5/2, 3/2, 1/2) caused by
Fe(ll) (S=5/2) and O, (S=1), S=7/2 and
1/2 ae less probable for the high spin
Fe(ll1) /O, system. Supposing that O, is in the
triplet state in the initial approach to iron, it
seems more probable that O, interacts with iron
in the S=3/2 state rather than 5/2. This
enables us to perform calculations by assuming
only a quartet state for iron complexes through-
out the reaction.

3.2.1. Oxygen attack to the catecholate carbon
atom

In the calculation study on 10, it was found
that HOMO of «-electron is represented by 12
for 10 in Fig. 3. In the process of the direct
interaction of molecular oxygen with a cate-
cholate ligand (path A in Scheme 1), the inter-
action between SOMO of O, and SOMO of 10
(HOMO of «a-€electron) is thought to be impor-
tant. This interaction takes place between the
anti w*-orbital of SOMO of O, and the anti
w-orbital of the C—O bond of the catecholate
ligand shown by 12, leading the O, approach
from the direction perpendicular to the aromatic
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Fig. 3. Total energy change caused by the oxygen approach to a
catecholate ligand.

plane and paralel to the C—O bond as shown by
13 in Fig. 3. Calculations were performed at the
C-0, distance (r) shorter than 2 A, because the
complex may not be stabilized at the longer
distance. As shown in Fig. 3, the total energy
increases monotonously with the decreasing
C-0, distance. There is no tendency to show a
minimum point in the total energy curve. This
suggests that the postulated process is not nec-
essarily so favorable as expected from proposed
mechanisms.

3.2.2. Oxygen coordination to iron

Another possible way of the O, attachment is
the initial approach to the iron center as shown
by the path B in Scheme 1. Though this process
is not generally accepted in comparison with the
path A, it is worthwhile to study the process by
calculations. The binding of O, to Fe requires
an open coordination site. A probable model
may be derived from 10 by removing one NH,
ligand, but this increases factors that should be
considered in calculations. Since the oxygena
tion products are formed from the tetradentate
TPA complexes such as [F&(TPA)(DTBC)]*
[20], the calculation study was performed here
with another model complex, which was de-

rived from 10 by changing the chelate cate-
cholate ligand to the monodentate form with
maintaining four NH ; ligands. The model com-
plex (14, Fig. 4) was derived from 10 by cutting
a Fe—0O1 bond and turning the catecholate lig-
and 90 degree around the C2—0O bond. The total
energy change was calculated by changing the
Fe-O, bond length with the fixed bond angle
£/ Fe—-O-0 = 130°. Considering that the Fe—O,
bond distance is longer than the C—O bond,
caculations were performed between 1.8 and
26 A. As shown in Fig. 4, the total energy
becomes minimum at Fe—O =ca. 2.0 A, indi-
cating that the complex can be stabilized by the
coordination of oxygen. This result parallels the
fact that the most Fe-O bonds of Fe—(O2)
species are around 1.75-2.0 A. The Fe—(O,)
complex, if formed, may be very unstable since
the complex is destabilized by the change of the
catecholate coordination from chelate to mon-
odentate.

3.3. Insertion of a peroxy oxygen atom into the
C-C bond

Mechanistic studies on the catechol dioxy-
genases and model systems have suggested that

-2005.56
S .
& -2005.58

-2005.60 [—

1.8 2.0 2.2 2.4 2.6
r(C-(0z)) /A

0 6=130°
r\O)/
HaNl
HN—Fe-0" O
NHg
NH3

14

Fig. 4. Total energy change caused by the oxygen approach to an
iron center.
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Fig. 5. HOMO of 21.

oxygen is inserted to a catecholate ligand step-
wise viaa Fe—O-0O-C species[1,2,6,15,20]. No
direct evidence for formation of this type of
peroxy iron species has been obtained, but it is
thought that the isolation of analogous stable
complexes which involve an M—0O-0O-C bond
(M =Rh and Ir) gives a strong support for the
Fe—O—-0O-C species [48,49]. The insertion pro-
cess is explained by the Criegee rearrangement
that is originally applied for organic hydro-
peroxide or akyl peroxy esters. The Criegee
rearrangement may proceed mostly by an intra-
molecular ionic reaction via either a bicyclic,
highly oriented transition state or a tightly ori-
ented intimate ion pair, though the rearrange-
ment with homolytic decomposition has also
been proposed in the case of t-alkyl peroxy
esters [50]. The rearrangement has not been
studied in detail when it is applied to peroxy
iron species.

In the present study, model calculations were
performed for the reaction in Eq. (1) to know
how one of the oxygen atoms is inserted into
the C—C bond of the catecholate ligand from the
Fe—O—-0O—C gpecies. Since the process is very
complicated for calculations, calculations of only
the part of the catecholate ligand was first tried,
neglecting the iron part of the complex. Thisis
connected with the oxygenative cleavage of cat-
echol by the action of activated oxygen, e.g.,
superoxide ion and hydrogen peroxide, in the
absence of assistance of metals [1]. The result

was then tested to the iron complex by perform-
ing preliminary calculations.
0 T NHg

9 v
O/Fe NH, — Qo/ —NHs

o
NHNH3 0 ’|\IH21H3 (D

15 16

3.3.1. Probable structures of the catecholate-
monooxygen adduct

Two assumption was made for formation of a
catecholate—monooxygen adduct and for inser-
tion of an oxygen atom into the C—C bond: (1)
the cleavage of the O—O bond may occur simul-
taneously with the formation of the C-O bond,
but not necessarily with the insertion of the
oxygen atom into the C—C bond, (2) the oxygen
insertion into the C—C bond may promote the
simultaneous dissociation of the product from
iron, in which process the anionic catecholate
ligand is converted to a neutral product. Thus,
calculations were performed to know whether
an oxygen atom attached to anionic organic
species is inserted by the change of the tota
charge from —2to 0.

Two structures, 17 in Eq. (2) and 20 in Eq.
(3), were postulated as the structures before
insertion of an oxygen atom. These structures

2.8
-2005.64
2.4 <
< -2005.66 20 S
o S
A
-2005.68 1.6
1.2
-2005.70 | L | L | 1
110 120 130 140
6/degree
/01 .....
6 Q
Fée—~\
(0]

Fig. 6. Effect of 6 on the total energy and the O—O distance.
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are geometrically close to those proposed for
transition states in the Criegee rearrangement
[50]. The most stable anionic forms (total
charge = —2) derived from 17 and 20 by opti-
mization are 18 and 21, respectively. 21 is 3.75
kcal /mol less unstable than 18, suggesting that
21 is a structure closer to the transition state
than 18. The estimated C1-C2 bond distance
(1.52 A) in 21 indicates no bond breaking at
this stage. An optimized neutral form derived
from 18 by the change of the charge from —2
to 0 is 19, in which the O—C-O bond angle
becomes a little smaller than in 18.

On the other hand, 21 is converted to the
oxygen-inserted product 22 by the same proce-
dure. The conversion of 21 to 22 is the 146.6
kcal /mol exothermic reaction, indicating that
the reaction proceeds irreversibly. The driving
force for the insertion of oxygen from 21 may
be related to HOMO of 21 that is shown by 23
in Fig. 5. The orbitals between C1 and C2 are
bonding and those between O and C1-C2 are
antibonding. The change of the total charge of
21 from — 2 to 0 removes electron from HOMO
and contributes to weaken both the C1-C2
bonding and the anti-bonding between O and
C1-C2, that promotes the insertion of oxygen.
In this connection, it is interesting to know that
one of the peroxo oxygen in the rhodium and

iridium complexes is not fixed to the C2 carbon
but interacts with both C1 and C2 [48,49].

O Q . 0
<?Oo Qoo Q;o -
17 18 19

o TFo— (o
0 o F©° 3
20 21

22

3.3.2. Probable structures of a catecholate-
Fe(O,) ternary complex for oxygen insertion
Since the model calculations described above
suggest that the oxygen-inserted product 22 is
derived from the epoxide type adduct 21, calcu-
lations for a catecholate-Fe(O,) ternary com-
plex were tried with the model complex
[Fe(NH ) (Cat)(O,)]*. As shown in Fig. 6, Fe,
01, 02, and O3 are placed in the same plane in
the model structure 24. Since the structure-opti-
mization computation for the iron containing
model complexes was extremely slow in the

33 34
Fig. 8. ORTEP description of the oxygen adduct for monodentate ligand.

35
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present calculation process, it has not been suc-
cessful in finding the optimized structures which
are in the thermodynamically stabilized form. In
addition, the more elaborate calculations are
required for detailed discussions, considering
the electronic correlation on the basis of the
lower approximation. However, it is worthwhile
to show the structural changes towards opti-
mized structures and forces causing that change
at the present stage.

The O-0O bond fission and the total energy
change were studied by changing the 6 value
between 105 and 140° in 24. Fig. 6 shows the
changes of the total energy and the O1-02
bond distance caused by the change of 6. The
total energy becomes minimum near at 6=
110°(r oy _op) = 1.49 A) and maximum near at
6 =120° (15, _op = 1.91 A). This suggests that
the state near § = 120° is close to the transition
state for the O—O bond fission.

Fig. 7 shows ORTEP figures obtained in the
structure-optimizing calculations performed at
0 =110 and 6 = 130°. At 6 = 110°, structure 25
changes towards 28 (peroxo complex) by the
force to separate the epoxide oxygen from the
aromatic carbon. At 6= 130° structure 29
changes towards 32 with insertion of oxygen
between the C1-C2 bond by the force to move
the epoxide oxygen between C1 and C2 bond.

The calculation study has not been performed
for the extradiol oxygenations. Chelate cate-
cholate adducts have been isolated in the extra-
diol oxygenases and analyzed X-ray crystallo-
graphically [8,9,26,27]. However, the proposed
mechanisms involve a monodentate species in
the reaction of extradiol oxygenases [51-53].
This is consistent with that the epoxide-type
oxygen adduct between C1 and C6 cannot be
formed in the chelate complex for the steric
reason, but only in the monodentate catecholate
complex. As shown in Fig. 8, once a peroxo
complex is formed with the monodentate ligand,
33, it can be converted sterically to either intra-
diol or extradiol epoxide-type form (34 or 35).
The probability of this process on the energetic
base should be studied in the future.
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