Solving the riddle of the intradiol and extradiol catechol dioxygenases:
how do enzymes control hydroperoxide rearrangements?
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Metallo-enzymes catalyse a rich variety of biochemical reac-
tions, some of which have little or no precedent in laboratory
chemistry.! Studies of such enzyme-catalysed reactions have
benefited greatly in recent years from the pace of new protein X-
ray crystallographic structures, but a detailed understanding of
enzyme-catalysed reactions at the molecular level has required
an interplay between structural studies, mechanistic studies,
and small molecule model studies. This article will describe
recent studies on an intriguing and long-standing puzzle in
mechanistic enzymology, that of the non-haem iron-dependent
catechol dioxygenases.2

Discovery of the catechol dioxygenases

A number of soil bacteria, especially Pseudomonas, have the
metabolic capability to degrade aromatic compounds and utilise
these compounds as the sole carbon source for growth.3 A key
step in these catabolic pathways is the oxidative cleavage of
catechol, or substituted catechols, to give acyclic products. Two
families of dioxygenase enzyme were discovered by O.
Hayai shi which can catalyse the oxidative cleavage of catechal,
both families utilising dioxygen as a substrate (see Scheme
1).4-6 Theintradiol dioxygenases, typified by catechol 1,2-diox-
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ygenase (or pyrocatechase), cleave the carbon-carbon bond
between the phenolic hydroxy groups to yield muconic acid as
product, and require Fe3* as a cofactor.4 The extradiol
dioxygenases, typefied by catechol 2,3-dioxygenase (or meta-
pyrocatechase), cleave the carbon—carbon bond adjacent to the
phenolic hydroxy groups to yield 2-hydroxymuconaldehyde as
product, and require Fe2+ as a cofactor.5

Unlike the cytochrome P450-dependent oxygenases, which
were discovered at this time, the metal co-factors were utilised
as non-haem iron by these enzymes. Hayaishi was able to
demonstrate, using 180, labelling experiments, that catechol
1,2-dioxygenase incorporated both atoms of oxygen from
dioxygen into the reaction products,* hence the designation as a
dioxygenase. The mechanism invoked by Hayaishi to explain
these results was that a four-membered dioxetane ring was
formed during the reaction (see Scheme 2), which fragmented to
form the reaction products.®

Thereason for the different metal ion requirement of the two
families of enzyme, however, remained amystery. Theintradiol
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dioxygenases were entirely selective for Fe3*, and were
inactivated by treatment with reducing agents; while the
extradiol dioxygenases were entirely selective for Fe2+, and
were inactivated by treatment with oxidising agents. Each
family of enzyme was quite specific for the production of their
respective reaction product with a range of substrates. Fur-
thermore, although catechol is well known to be sensitive to
aerial oxidation, oxidative cleavage of catechol was a reaction
unprecedented in organic chemistry.

X-Ray crystallography of catechol dioxygenases

Although the catechol dioxygenases were demonstrated by
Hayaishi to be crystalline enzymes,# it was not until 1988 that
thefirst X-ray structure of acatechol dioxygenase, theintradiol-
cleaving protocatechuate 3,4-dioxygenase from Pseudomonas
putida, was solved by Ohlendorf et al.” The enzyme consists of
two subunits, in an oligomeric («fFe)1» structure (see Fig. 1B).
The non-haem iron(in) cofactor was found to be ligated by four
amino acid sidechains: the imidazol e sidechains of His-460 and
His-462, and the phenolic sidechains of Tyr-408 and Tyr-447
(see Fig. 1D). A fifth water ligand completes a trigonal
bipyramidal structure. The two tyrosinate ligands are thought to
stabilise theiron(in) cofactor and give the enzyme its character-
istic deep red colour due to ligand-to-metal charge transfer
interactions.” X-ray structures of protocatechuate 3,4-dioxyge-
nase from Pseudomonas aeruginosa and Acinetobacter sp.
ADP1 have aso been solved.8°

Recently another member of the intradiol dioxygenase
family, catechol 1,2-dioxygenase from Acinetobacter sp.
ADP1, has also been solved.1° This enzyme consists of an «»
homodimer with one iron(in) cofactor per subunit. The tertiary
structure of the 1,2-CTD enzyme is similar to that found in
3,4-PCD, athough 1,2-CTD contains a novel helica zipper
motif at the interface of the two subunits, and contains two
molecules of bound phospholipid (see Fig. 1A). The active site
of 1,2-CTD contains a very similar arrangement of iron(in)
ligands: Tyr-200 and His-226 are the axial ligands, and Tyr-
164, His-224 and a water molecule are the equatoria ligands
(see Fig. 1C).10

Structural elucidation of the iron(n)-dependent extradiol
dioxygenases has proved more challenging, due largely to the
facile oxidation of the cofactor. By carrying out the enzyme
purification and crystallisation under an anaerobic atmosphere,
Han et al. were in 1996 able to solve the structure of
2,3-dihydroxybiphenyl 1,2-dioxygenase (BphC) from Pseudo-
monas LB400,11 a strain capable of degrading chlorinated
biphenyls. The tertiary structure of the enzyme consists of two
similar B domains, only one of which contains an iron(in)
cofactor (see Fig. 2A). A funnel-shaped cavity leads to the
active site, where the iron(i1) centre is ligated by three amino
acid sidechains: His-146, His-210 and Glu-260 (see Fig. 2D).1t
ThisHis,Glu/Asp motif isfound in anumber of other non-haem
iron(i1)-dependent oxygenases, including the «-ketoglutarate
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A. Catechol 1,2-dioxygenase (1,2-CTD) B. Protocatechuate 3,4-dioxygenase (3,4-PCD)
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Fig. 1 X-Ray crystal structures of intradiol catechol dioxygenases. A. Catechol 1,2-dioxygenase (1,2-CTD) from Acinetobacter sp. ADP1,10 showing iron(iir)
cofactor, ligands, and bound substrate. Bound phospholipid in shaded green (PDB accession number 1DLT). B. Protocatechuate 3,4-dioxygenase (3,4-PCD)
from Pseudomonas putida,” showing o and 3 subunits (3 subunit in green), iron(ir) cofactor, ligands (PDB accession humber 2PCD). C. Active site of
1,2-CTD,0 showing iron(in) cofactor, ligands, and bound catechol substrate (in red). D. Active site of 3,4-PCD,7 showing iron(ii) cofactor and ligands. E.
Activesite of 3,4-PCD co-crystallised with analogue 2-hydroxyisonicotinic acid N-oxide (in yellow),17 illustrating the movement of Tyr-447 (PDB accession
number 3PCL).
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Fig. 2 X-Ray crysta structures of extradiol catechol dioxygenases. A. 2,3-Dihydroxybiphenyl 1,2-dioxygenase (BphC) from Pseudomonas LB400,11
showing iron(ir) cofactor and ligands (PDB accession number 1HAN). B. Catechol 2,3-dioxygenase (2,3-CTD) from Pseudomonas putida mt-2,14 showing
the iron(n) cofactor, ligands, and a molecule of acetone bound to the iron centre (PDB accession number IMPY). C. Protocatechuate 4,5-dioxygenase
(LigAB) from Sphingomonas paucimobilis SYK-6,15 showing o and 3 subunits (e subunit in blue), iron(i1) cofactor, ligands, and bound substrate (PDB
accession number 1B4U). D. Active site of BphC,11 showing iron(i1) cofactor, ligands (in blue), and nearby active site residues. E. Active site of 2,3-CTD,14
showing iron(n) cofactor, ligands (in blue), bound acetone molecule, and nearby active site residues. F. Active site of LigAB,5 showing iron(i1) cofactor,
ligands (in blue), bound substrate protocatechuic acid (in red), and nearby active site residues.
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dependent dioxygenases and isopenicillin N synthase.12 The
crystal structure of BphC from Pseudomonas KK S102 has a so
been solved with bound substrate, yielding a similar co-
ordination geometry; however the crystallised form of the
enzyme contains iron(iit) rather than iron(ir).13

The crystal structures of three other extradiol dioxygenases
have now been solved. In 1998 Kita et al. reported the structure
of catechol 2,3-dioxygenase from Pseudomonas putida mt-2, an
o4 tetramer.14 The subunit structure is very similar to that of
BphC, and the iron(i) cofactor is bound by His-153, His-214
and Glu-265 (see Fig. 2B,2E).14 In 1999 Sugimoto et al.
reported the structure of protocatechuate 4,5-dioxygenase from
Sohingomonas paucimobilis SYK-6, which is composed of an
oo, tetramer.’> This enzyme has no sequence similarity to
BphC, yet the disposition of iron(i) ligands is very similar: the
metal centreisco-ordinated by His-12, His-61 and Glu-242 (see
Fig. 2C,2F).15 In 2000 Titus et al. reported the structure of
human homogentisate dioxygenase, a non-haem iron(i)-de-
pendent dioxygenaseinvolved in the mammalian degradation of
L-phenylalanine and L-tyrosinel6 This enzyme bears no
sequence similarity to the bacterial extradiol catechol dioxyge-
nases, yet its active site features are very similar: the iron(i)
cofactor is bound by His-335, Glu-341 and His-371.16

Thus, the solution of several X-ray structures has shown that
each family of catechol dioxygenases has a specific set of amino
acid ligands for the non-haem iron cofactor. The iron(ir)
cofactor of theintradiol dioxygenasesisligated by two tyrosine
residues and two histidineresidues, whereastheiron(ir) cofactor
of the extradiol dioxygenases is ligated by two histidine
residues and one glutamic acid residue. Y et how does this small
difference in co-ordination chemistry relate to the choice of
reaction pathway? The active site structures do not revea
obvious differences which would explain why one yields the
intradiol cleavage product and the other the extradiol cleavage
product.

Furthermore, recent structures of co-crystals of proto-
catechuate 3,4-dioxygenase have demonstrated that the axial
tyrosine ligand, Tyr-447, swings away from the iron(in) centre
upon binding of substrate analogues, leaving only three amino
acid ligands for theiron(in) centre (see Fig. 1E).17 Theriddle of
theintradiol vs. extradiol dioxygenases therefore becomes more
intriguing: why Fe3* and a His;Tyr, motif (one of which
appears to dissociate during the reaction) for intradiol cleavage,
and why Fe2+ and a His,Glu motif for extradiol cleavage?

Evidence for 1,2 (Criegee) rearrangementsin the
catechol dioxygenases

The catalytic mechanism proposed by Hayaishi involved the
formation of a cyclohexadienone hydroperoxide in both the
intradiol and extradiol dioxygenases, followed by the formation
of afour-membered dioxetane ring.# Once formed, the strained
dioxetanewould readily undergo retro[ 2+2] cleavageto givethe
acyclic products, with complete incorporation of both atoms of
oxygen from dioxygen (see Scheme 2). There was, however,
some disquiet about this mechanism: the formation of dioxe-
tanes was thought to be a highly endothermic process, and their
breakdown should be accompanied by luminescence, which is
not observed for the catechol dioxygenases.18 Indeed, the only
well-characterised example of a dioxetane intermediate in an
enzyme-catalysed reaction wasthefirefly luciferase reaction, in
which decomposition of a dioxetane intermediate yields the
luminescence characteristic of the firefly.19

An dternative mechanism involves a 1,2-rearrangement of
theintermediate hydroperoxide. It iswell precedented that alkyl
hydroperoxides can undergo migration of a carbon substituent
onto the neighbouring electron-deficient oxygen, with loss of
the second oxygen atom via heterolytic O-O cleavage (see
Scheme 3). In the case of an alkyl hydroperoxide thisis known
as a Criegee rearrangement.2 Thistype of 1,2-rearrangement is
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Scheme 2 Dioxetane intermediates proposed by Hayaishi for the catechol
dioxygenases.

Scheme 3 1,2-Rearrangement of a hydroperoxide.

also commonly observed during the Baeyer—Villiger oxidation
of ketones,2! where an intermediate hydroperoxide is formed
upon attack of hydrogen peroxide or a peracid on a ketone.
For intradiol cleavage, upon formation of a cyclohexadienyl
hydroperoxide, migration of the adjacent acyl group (acyl
migration) would yield muconic anhydride as an intermediate,
which would undergo hydrolysis to give the product muconic
acid. 180, labelling studies on catechol 1,2-dioxygenase from
Pseudomonas arvilla have revealed that the intradiol cleavage
products contain 99% incorporation of asingle atom of 180, and
74% incorporation of a second atom of 180, with 24%
incorporation of only one atom of 180 (see Scheme 4).22 These

OH o-
o > ce0-
| _—
OH ) - CeO0-
O-
oH / OH OH

0
0 0 o1 —= .0 _
OT,,,IFeIH 7 o Fe'l C.O:

)’ A X Co0
oo

0]

HO OH

OH
24% M+2
74% M+4

Scheme 4 180, |abelling studies on the reaction of pyrogallol with catechol
1,2-dioxygenase from Pseudomonas arvilla.

data are not consistent with a dioxetane intermediate, but could
be explained by a Creigee rearrangement to give an anhydride
intermediate, followed by the partial exchange of the iron(ii)
180-hydroxide with solvent water.22 Interestingly, no single
atom isotope incorporation is observed with the natura
substrate catechol, implying a lack of exchange or a more
efficient hydrolysis of the anhydride intermediate.22 Model
reactions for intradiol cleavage (see below) have in some cases
yielded muconic anhydrides as reaction products, again con-
sistent with a 1,2-rearrangement.

In the case of extradiol cleavage, there are two possible
cyclohexadienyl hydroperoxides which could undergo 1,2-re-
arrangements. The first possibility is that proximal hydro-
peroxide (1) is formed, as for intradiol cleavage, which
undergoes migration of the adjacent alkene (alkenyl migration)
to give an «-keto-lactone intermediate, which then undergoes
hydrolysis by iron(i) hydroxide to give 2-hydroxymuconate
semi-aldehyde. The second possibility is that a distal hydro-
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Scheme 5 Mechanistic schemes for MhpB-catalysed reaction showing 180 labelling pattern.

peroxide (2) isformed, which undergoes 1,2-rearrangement via
acyl migration to give the same «-keto-lactone intermediate
(see Scheme 5). 180, labelling studies carried out on E. coli
2,3-dihydroxyphenylpropionate 1,2-dioxygenase (MhpB) re-
veadled that although both the acid and ketone carbonyls could
be labelled with 180 from 180,, upon reaction in H,180 the
carboxylate position was labelled to the extent of 30%,
consistent with the formation of an «-keto lactone intermediate,
and exchange of iron(i1) hydroxide with solvent 180-labelled
water (see Scheme 5).23 The enzyme was al so found to catalyse
the hydrolysis of a saturated seven-membered lactone analogue
(3; see Scheme 6).23 These studies implicate a lactone
intermediate arising from Criegee rearrangement in the extra-
diol cleavage reaction mechanism.

Thus, evidence from 180 labelling experiments and model
studies has revealed that both intradiol and extradiol cleavage
reactions involve 1,2-rearrangements taking place on
cyclohexadienyl hydroperoxide reaction intermediates, in close
proximity to the non-haem iron cofactors.

Formation of cyclohexadienyl hydroperoxides via
single electron transfers

The formation of cyclohexadienyl hydroperoxidesisimplicated
in both intradiol and extradiol cleavage reactions from the
studies discussed above. How are they formed? What are the
differences between the Fe3*-based intradiol reaction and the
Fe2+-based extradiol reaction?

There are severa clues from known chemistry that single
electron transfers may beinvolved in each case. First of al, itis
well established that the triplet ground state of dioxygen is
forbidden to react with paired-electron reagents, however it can
react with radical species, and it can accept one electron from
certain transition metal ions to form the much more reactive
superoxide species.2* Indeed, there are many examples of
divalent transition metals (e.g. Fe'!, Ca'", Ir'") which can form
stable metal (111)-superoxide complexes upon reaction with
dioxygen.24 The next clue is that catechol readily undergoes
single electron oxidation, via a stable semiquinone inter-
mediate, to an ortho-quinone species (see Scheme 7). Thus, a
redox-active metal such as iron could mediate one-electron
transfers between catechol and dioxygen.

There are specific examples from transition metal chemistry
which suggest that this may be the case. The X-ray crystal
structure of a rhodium(in)—triphos—catecholate complex (4)
with dioxygen synthesised by Bianchini et al. shows that
dioxygen is bound as superoxide, and that catechol is bound as
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Scheme 7 Single electron oxidation of catechol.

its semiquinone.25 This metal—semiquinone-superoxide com-
plex could be formed by one-electron transfer from Rh!!! to
dioxygen, followed by one-electron transfer from catechol to
Rh!'. The X-ray structure of the corresponding iridium(in)
complex (5) shows a C-O bond formed between the catechol
ring and dioxygen,26 indicating that C-O bond formation
between metal-bound semiquinone and metal-bound super-
oxide is feasible, to give a cyclohexadienyl hydroperoxide. A
similar cyclohexadienyl hydroperoxide has been reported for a



Rh" complex, formed by reaction of Rh'(PPh3)sCl with
9,10-phenanthrenequinone.2” One final clue for the involve-
ment of superoxide is the existence of a model reaction for
catechol cleavage involving treatment of catechol in DMSO
with solid potassium superoxide, which gives a 5-10% yield of
2-hydroxymuconic semialdehyde, the extradiol cleavage
product.28

EPR spectroscopic studies have shown that the iron(in)
cofactor of the intradiol dioxygenase family ligates to the
catechol hydroxy groups, by displacement of a bound water
molecule; however no transient iron(in) intermediates are
detectable during turnover.29.30 EPR spectroscopic studies of
the NO complex of the extradiol dioxygenase protocatechuate
4,5-dioxygenase have shown that the iron(ir) cofactor binds
both catecholic hydroxy groups, and binds NO; however no
iron(in) intermediates could be detected during turnover.3!
Thus, EPR spectroscopy has provided no experimental evidence
for the involvement of one-electron transfers in the catechol
dioxygenase reactions. However, if the one-electron transfers
were very fast, then no build-up of intermediates would be
observable.

The existence of carbon-centred radicals in enzyme-cata-
lysed reactions has been probed in several cases using ‘radical
trap’ substrates containing a cyclopropyl group adjacent to the
radical-bearing carbon atom.32 Formation of the radical inter-
mediate would then lead to an extremely rapid opening of the
cyclopropanering, yielding anew reaction product or leading to
enzyme inactivation. A cyclopropyl-containing substrate ana-
logue (6) was synthesised as a substrate for 2,3-dihydroxy-
phenylpropionate 1,2-dioxygenase (MhpB) from E. coli.33 Both
cis- and trans-substituted cyclopropyl analogues were found to
be efficiently processed by the enzyme. However, when the
products were analysed by further enzymatic degradation, it
was found that isomerisation of the cyclopropyl ring sub-
stituents had occurred: processing of the trans-substituted
substrate gave 94% trans-product and 6% cis-product; while
processing of the cis-substituted substrate gave only 10% of the
cis-product, and 90% of the trans-product (see Scheme 8).
Having established that epimerisation via solvent exchange was
not occurring, the only reasonabl e explanation of theseresultsis
that a radical-mediated reversible opening of the cyclopropyl
ring is taking place.33 Since the equilibrium position of ring-
closed vs. ring-opened product is governed by the stability of

ring-closed vs. ring-opened products, the reversible ring
opening can be explained by the high stability of the initia
semiquinone radical. These data provide some experimental
evidence for atransient iron(i1)—semiquinone-superoxide inter-
mediate in the extradiol catechol dioxygenase reaction mech-
anism.

Evidence from model studies of intradiol cleavage aso
suggests the involvement of one-electron transfers. Analysis of
a Fellltris(2-pyridylmethyl)amine complex (7), which showed
high activity for intradiol catechol cleavage, by X-ray crys
tallography and *H NMR spectroscopy revealed a very strong
iron—catecholate interaction, and increased semiquinone char-
acter in the bound substrate.34:35 |t was therefore proposed that
formation of a transient Fe''l-semiquinone intermediate pre-
ceded reaction with dioxygen (see Scheme 9).35 Since no

1
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_ 0
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Scheme 9 Semiquinone activation proposed for intradiol cleavage.

binding of O, or NO to the iron(ii1) centre of the intradiol
dioxygenases has been observed by EPR spectroscopy,2930itis
proposed that the iron(i)-bound semiquinone reacts directly
with dioxygen, without prior binding of dioxygen to the iron
centre.35

Thus, both intradiol and extradiol dioxygenases utilise single
electron transfers to form a cyclohexadienyl hydroperoxide
intermediate, although the order of steps is different in the two
enzymes. Intheextradiol dioxygenase active site single electron
transfer from iron(i1) to dioxygen is followed by single electron
transfer from catechol to iron(in), to give a transient iron(i)—
semiquinone-superoxide intermediate, which then undergoes
C-O bond formation. In the intradiol dioxygenase active site
single electron transfer from catechol to iron(i) gives an
iron(n)-semiquinone intermediate which reacts directly with
dioxygen to form the C—O bond. Both families make use of the

Substrate Enzyme Ratio of products
(trans:cis)
trans E. coli MhpB 94:6
cis E. coliMhpB 90:10
trans A. eutrophus Mpcl  85:15
COy
H
1) MhpC B
2) CHoN, Hue- COzMe
CO,Me

Scheme 8 Cis-trans isomerisation of a cyclopropyl radical trap (6) catalysed by extradiol dioxygenase MhpB.

Chem. Commun., 2001, 941952 945



single electron redox chemistry of iron and catechol, but via a
different sequence.

Evidence for a proximal hydroperoxidein the
extradiol catechol dioxygenases

Returning to the cyclohexadienyl hydroperoxide intermediate
formed after the single electron redox chemistry described
above, thereis one important issue to be resolved. The extradiol
cleavage mechanism could proceed via either of two possible
cyclohexadienyl hydroperoxides (Scheme 5). As discussed in
Section 3, either a proxima hydroperoxide could undergo
alkenyl migration to give an «-keto-lactone, or a dista
hydroperoxide could undergo acyl migration to give the same
«-keto-lactone. Which is it?

Several pieces of circumstantial evidence favour the inter-
mediacy of a proxima hydroperoxide, rather than a distal
hydroperoxide. Inspection of models reveals that the geometry
required to form the distal hydroperoxide israther strained, and
inspection of the X-ray structures of BphC also indicates that
reaction at the proximal position of the substrate is more readily
achievable than reaction at the distal position.11.13 The
iridium(in) model complex (5) containing a cyclohexadienyl
hydroperoxide also exhibits a proximal hydroperoxide.26

More definitive evidence has been obtained for the extradiol
dioxygenase 2,3-dihydroxyphenylpropionate 1,2-dioxygenase
(MhpB) from E. coli. It was known from structure—activity
relationships that MhpB would process substrates containing a
diverse range of functional groups at the 3-position (e.g. alkyl,
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Fig. 3 Carba analogues of proxima and distal hydroperoxide reaction
intermediates, tested as inhibitors for 2,3-dihydroxyphenylpropionate
1,2-dioxygenase (MhpB) from Escherichia coli.3¢
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—CH=CHCO,H, —OCH,CO,H) with comparable efficiency,
which is hard to reconcile with the formation of a distal
hydroperoxide at the 3-position.33 A series of analogues of the
proximal and distal hydroperoxides were synthesised, in which
the —OOH functional group was replaced by —CH,OH, and the
cyclohexadienyl ring simplified to a cyclohexanone ring.36
These ‘carba’ analogues are shown in Fig. 3. It was found that
the carba analogue 7 of the distal hydroperoxide showed no
inhibition of MhpB a 10 mM concentration. However,
analogues 9 and 10 of the proximal hydroperoxide did show
modest competitive inhibition of MhpB, with K; values of 4.9
mM and 0.7 mM respectively. In contrast, the methyl-
substituted analogue 8 showed no enzyme inhibition. Analysis
by *H NMR spectroscopy revealed that in 9 and 10 the
hydroxymethy! substituent is positioned in an axial oritentation
with respect to the cyclohexanone ring, whereas in 8 the
hydroxymethyl group was equatorial (see Fig. 3).36 These data
provided some experimental evidence in support of a proximal
hydroperoxide, and furthermore indicated that the conformation
adopted by the hydroperoxide was of importance, an axial
hydroperoxide being required at the extradiol dioxygenase
active site.

This result has an important conseguence for the reaction
mechanisms of both families of enzyme, namely that both
reactions converge on the same proximal cyclohexadienyl
hydroperoxide intermediate (see Fig. 4). In the case of the
intradiol dioxygenases, thisintermediate undergoes acyl migra-
tion to give a muconic anhydride, whereas in the extradiol
dioxygenases the proximal hydroperoxide undergoes akenyl
migration to give an «-keto-lactone. Therefore, in spite of the
differences in the early steps of the reaction mechanism, the
inescapable conclusion is that the choice of intradiol vs.
extradiol reaction pathways is controlled by the choice of acyl
vs. akenyl migration of a reactive proximal hydroperoxide
intermediate. How might this choice of 1,2-rearrangements be
controlled?

Acyl vs. alkenyl migration in hydroperoxide
rearrangements

In order to addressthe question of acyl vs. alkenyl migration, we
must first look at examples of hydroperoxide rearrangementsin
organic chemistry. This section will describe instructive
examples from Criegee rearrangments and Baeyer—Villiger
oxidations.

The first example which provides a good model for the
desired proximal hydroperoxide occurs in the Baeyer—Villiger
oxidation of 1,2-diketones, in which anhydride products are
formed in arange of examples.2! Thus, upon attack of peroxide
or a peracid upon one ketone centre, an intermediate «-
ketohydroperoxide is formed, which undergoes acyl migration
(see Scheme 10). This example provides clear precedent for the
acyl migration step of intradiol cleavage, to give an anhydride

2 OH | =09
=0 — —
alkenyl NS < o — ©
migration O””zFe” OH
0—0 LACTONE
NI
e
acyl
migration 0
7 o Ccoz
N N 3 Il X COy
O~ Fe
ANHYDRIDE

Fig. 4 Proposed mechanistic convergence of the catalytic mechanisms of the extradiol and intradiol catechol dioxygenases onto a common proximal
hydroperoxide intermediate, and their divergence via alkenyl or acyl migration to give extradiol or intradiol reaction products.
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Scheme 10 Baeyer-Villiger oxidation of 1,2-diketones.

product. However, the mechanism of acyl migration may not be
as straightforward as it seems. Baeyer—Villiger oxidation of
170-labelled benzil gave anhydride product containing 17O in
the bridging position, not consistent with a direct migration of
an acyl group (see Scheme 11).37 A mechanism was proposed
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Scheme 11 Epoxide mechanism proposed for Bayer—Villiger oxidation of

benzil.

involving attack of the alkoxide ion upon the adjacent ketone, to
form a 1,2-epoxide, followed by C—C fragmentation to give the
anhydride product (see Scheme 11).37 It is known that the
presence of electron-withdrawing groups reduces migratory
aptitude in Baeyer—Villiger oxidations,38 therefore the facile
migration of an electron-deficient acyl group in this case could
be rationalised by this aternative mechanism.

One recent observation suggests that such a mechanism
might operate in the acyl migration of cyclohexadienyl
hydroperoxides. Treatment of 6-alkyl-6-acetoxycyclohexa
2,4-dienones with carbonate buffer in water—methanol leads to
a rapid C—C cleavage reaction, resulting in the production of
acyclic esters (see Scheme 12). Studies of the mechanism of this

@R o )W
MeOH g CO,Me /LU\ACOZMe
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&\R L @\R . (:ZO
o —
& 6] o

Scheme 12 Solvolytic C-C cleavage of 6-alkyl-6-acetoxycyclohexa-
dienones (R = CHgs, Ph).

C—C cleavage reaction indicate that hydrolysis of the acetyl
group is essential for ring cleavage, hence that a mechanism
involving attack of the tertiary alcohol on the adjacent ketone,
followed by a benzene oxide-oxepin interconversion, may
mediate ring cleavage in this system (see Scheme 12). This
mechanism provides an aternative pathway for acyl migration
in the intradiol dioxygenase reaction.3®

Recent work by Goodman and Kishi provides clear examples
of akenyl migration: treatment of a cyclohexenyl hydro-
peroxide with trifluoroacetic anhydride yields products arising
from alkenyl migration in preference to alkyl migration (see

Scheme 13A).40 In cases where the hydroperoxide group is
positioned on a bicyclic carbon skeleton, as shown in Scheme
13B, the choice of migrating group is determined by stereoelec-
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(CF;C0),0
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(
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Scheme 13 Alkenyl migration of a cyclohexyl hydroperoxides.

tronic factors: the group which preferentially migratesisthe one
which is positioned anti-periplanar to the O-O bond which is
being broken,4° as one might expect from stereoelectronic
arguments.4t

This idea provides an attractive rationalisation of the results
obtained using the carba-analogues of proximal hydroperoxide
intermediates in the MhpB-catalysed reaction.3¢ If the hydro-
peroxide functional group is positioned axially with respect to
the cyclohexadienone ring, and is ligated to the iron(i1) centre,
then the O—-O bond will be aligned in an antiperiplanar geometry
with the C—C bond to the neighbouring alkenyl group which
migratesin the extradiol reaction (see Fig. 5A). Thus, one factor

A. " I
0==0 H—AEnz
é \ alkenyl
Y migration
0.4 Il
= - —F.F.L
0-- |
f
{
{
B. /
. ~ /
t
o—o H—AEnz
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~ __.--Fel’ é—
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Fig. 5 Two possible mechanisms for alkenyl migration in the extradiol
dioxygenase reaction pathway. A. o bond migration of an axia hydro-
peroxide. B. mt participation mechanism.

which could control the acyl vs. alkenyl migration of acommon
hydroperoxide intermediate is the conformation of the bound
intermediate and hence precise positioning of the O-O bond.
Further reactions of akenyl hydroperoxides provide an
alternative mechanism for alkenyl migration. Nishinaga et al.
have reported that treatment of atributyl-substituted cyclohexa
dienone hydroperoxide with acetyl chloride—pyridine leads to
the formation of two epoxides (see Scheme 14).42 These
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epoxides could be formed by nucleophilic participation of the
neighbouring alkene to form an epoxide intermediate contain-
ing an allylic carbocation, which could be quenched by acetate.
Note that in this case the tert-butyl substituent will ensure that
the hydroperoxideis held axially with respect to the ring, which
would bring the hydroperoxide in close proximity to the x
system of the neighbouring diene. Further examples of the
reaction of polyunsaturated fatty acid hydroperoxides to form
epoxides have also been reported by Corey et al. (see Scheme
15).4344 Again an adjacent diene is present, so that the
intermediate carbocation arising from nucleophilic participation
would be a stabilised alylic carbocation.
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Scheme 15 Epoxide formation in polyunsaturated fatty acid hydroperoxide
rearrangement.

This &t participation mechanism could be applied to the
alkenyl migration step of the extradiol reaction pathway.3¢ If the
hydroperoxide functiona group is held axialy with respect to
the cyclohexadienonering, then the it system of the dienewould
overlap with the o* orbital of the O-O bond, leading to the
formation of a transient epoxide species bearing an adjacent
alylic carbocation, which would rapidly undergo C-C
fragmentation to give the «-keto-lactone (see Fig. 5B). Thus,
there are two subtly different mechanismsfor alkenyl migration
of an axia proximal hydroperoxide: either o bond migration of
an antiperiplanar alkenyl group, or m participation of the
adjacent diene.

In conclusion, there are literature examples of both acyl
migration and akenyl migration in hydroperoxide 1,2-re-
arrangements in organic chemistry. The control of migratory
group via stereoelectronic factors would provide an attractive
means by which an enzyme active site might dictateintradiol vs.
extradiol cleavage. However, the examplesin this Section lack
one crucial feature of the enzyme-catalysed reactions: the
proximity of the non-haem iron centre, whose effects upon
intradiol vs. extradiol cleavage will be discussed next.
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Transition metal-based model reactions for
oxidative catechol cleavage

Since the discovery of the catechol dioxygenases, many
attempts have been made to mimic these reactions non-
enzymatically. The intriguing iron cofactor specificity of the
catechol dioxygenase suggested that the iron cofactor played a
major rolein the active site chemistry, hence most attempts have
involved metal ion complexes of catechol substrates. Does the
character of the iron centre control the choice of cleavage
pathways?

Model systems for intradiol cleavage

The first model system for intradiol cleavage was an Fe'll—
nitrilotriacetate complex 11, which was reported to convert
3,5-di-tert-butylcatechol catalytically over aperiod of 4 daysin
the presence of oxygen to give the furanone derivative 12 in
80% yield.4546 An X-ray crystal structure of this complex
showed the catechol substrate bound in bidentate fashion, with
the geometry around the central Fel'' close to octahedral.46
Labelling studies with 180, on this system reveded the
incorporation of one atom of 180, into furanone 12, consistent
with the existence of an anhydride intermediate as shown in
Scheme 16.46

By 'Bu
L ™
0 o COOR
0 (6] 6]
12
Scheme 16 Intradiol cleavage catalysed by Fe!''(NTA) complex 11.

Subseguent studies using a range of iron(in) complexes
showed a correlation between the reactivity of the Fe'l'igand
system and the L ewis acidity of the metal centre, which could be
quantitatively assessed by measuring the redox potential for the
catechol-to-semiquinone oxidation.4” Of the complexes stud-
ied, the Fe!llnitrilotriacetate complex 11 showed the highest
reactivity, and the highest redox potential of +59 mV (and hence
the highest affinity of the catechol ligand for the Fel!!
centre).47

Further studies by Que and co-workers|ed to the discovery of
more reactive Fe'l' complexes,34.35 the most active of which was
Felll—tris(2-pyridylmethyl)amine 13. This complex was found
to react with dioxygen within minutes to form furanone 12 in
98% yield, at arate of 15 M—1 s—1, approximately 1000-fold
faster than complex 11. Analysis of complex 13 by X-ray
crystallography and *H-NMR spectroscopy revealed a very
strong iron—catecholate interaction, and increased semiquinone
character in the bound substrate. It was therefore proposed that
formation of a transient Fe''-semiquinone intermediate pre-
ceded reaction with dioxygen, as shown previously in Scheme
9. Each of these tetradentate ligands 13-16, when complexed to
Fe'l!, showed activity for intradiol cleavage, revealing that two
easily accessible cis coordination sites are needed for coordina-
tion of the catecholate ligand and its subsequent reaction with
dioxygen. The order of reactivity of the coordinated 3,5-di-tert-
butylcatecholate ligand (dbc)2— wasin the order [Fe(13)(dbc)]*
> [Fe(14)(dbc)]* > [Fe(15)(dbc)]* > [Fe(16)(dbc)]* , and is
correlated to the Lewis acidity of the iron(in) centre.34.35.45



‘ ~ N | ~ ‘\ N/ﬁ(OH
~N N_ .= N (0]
\ N

N
N/ /
(13;TPA) (14;BPG)
OH 0 OH
~ N ~ N
Y ~r
~N 0] OH 0]
)—OH }—OH
@] @)
(15;PDA) (16;NTA)

Girerd and co-workers have investigated the structures and
reactivity of Fe'''! complexes of 17-20 with 3,5-di-tert-
butylcatechol, which all formed [Fe(L)(dbsq)] complexes with
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N N
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18 R'=H R?=Cl
19 R' = 2-pyridyl, R = H

20

significant semiquinone character.#® Reactivity for intradiol
cleavage was found to correlate inversely with the A value,
the order of reactivity being 13 (874 nm) > 17 (935 nm) > 18
(941 nm) > 19 (957 nm).48

In most studies, 3,5-di-tert-butylcatechol has been used as a
model substrate in functional investigations, however Krebs
and co-workers have reported studies of iron(in) complexes of
big[ (2-pyridyl)methyl][ (1-methylimidazol e-2-yl)methyl]amine
21 with a series of catechols.4® The position of the ligand-metal

AN N S

21

charge-transfer (LMCT) bands were observed to shift to lower
energies by varying the substituents on the catecholate from
electron-withdrawing to electron-donating. The reaction with
dioxygen exhibits pseudo-first-order kinetics, and the order of
activity correlates with the energy of the lower energy LMCT
band of the complexes: electron-donating substituents on the
catechol result in a higher dioxygenase activity.4°

Palaniandavar et al. have studied a series of iron(in)
complexes of tetradentate tripodal ligands 22-24, and found
that not only the phenolate-to-iron(in) charge transfer band but
aso the L2—/dbc2— to Fe'!' charge transfer band is remarkably
sensitive to the primary ligand environment.5° The simultane-
ous appearance of the dbc2— to Fe'!! charge transfer band, the
dbsg/dbe redox wave, and the lowering of the Fel!l/Fe!! redox
potential on adding dbcH,, even in the absence of added base,
demonstrate the spontaneous deprotonation of the catechol
substrate on binding to iron(in). Thus it is suggested that one
function of the iron(ir) center is to promote the loss of both
protons of the substrate.5°

Attempts to mimic the ligating abilities of histidine in the
active site of the enzyme have been reported, by introducing
benzimidazole moieties into atripodal ligand.5! Ligands 25,26
showed intradiol cleaving activity when complexed to Fe''l, the
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25 R = benzimidazole
26 R = CH,OH

reaction rate depending on the steric and el ectronic properties of
the coordinating ligand moieties.5! Funabiki et al. have reported
the first example of the oxidative cleavage of 3- and
4-chlorocatechols with dioxygen by an Fel!l(tpa) complex.52
4-Chlorocatechol was oxygenated at 25 °C in acetonitrile under
an oxygen atmosphere by the iron complex prepared in situ by
mixing FeCls and tris(2-pyridylmethyl)amine (tpa), giving rise
to intradiol cleavage products as shown in Scheme 17.52
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Scheme 17

Finally, Kruger et al. have reported a highly reactive and
catalytically active model system by using N,N’-dimethyl-
2,11-diazg[3,3](2,6)pyridinophane (27, L-N4Me,) as a macro-

|
N
I

27

cyclic ligand.s3 For catalytic reaction, two equivalents of abase
are needed per iron(i). With 1% of theiron(iin) catalyst, ayield
of 54% of muconic anhydride was obtained after areaction time
of 30 h.53

In summary, intradiol cleavage activity is observed with a
number of tetradentate nitrogen ligands, complexed to Fe'll.
High activity is correlated with Lewis acidity of the Fel!! centre,
and semiquinone character of the bound catechol substrate. The
tetradentate co-ordination geometry of these systems parallels
the tetradentate Fel!! co-ordination state in the intradiol
dioxygenase active sites (see Fig. 1).
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Model systems for extradiol cleavage

Although most of model reactions for catechol oxidative
cleavage perform intradiol cleavage, there are a few examples
of oxidative cleavage by synthetic iron complexes to give
2-pyrone products which are believed to be of extradiol origin,
although they are lacking one carbon atom. Funabiki et al.
found that FeCl./FeCl; complexes with bipyridine/pyridine
prepared in situ cleave 3,5-di-tert-butylcatechol to give a
mixture of 2-pyrones, which incorporate 180 |abel from 180,.54
The 2-pyrones are proposed to derive from decarbonylation of
the a-keto-lactone extradiol cleavage intermediate.>4

Dei et al. found that the complex [Fe''(TACN)(dbc)]Cl (28)
yielded 2-pyrones upon exposure to O, in 35% yield (see
Scheme 18).55 Que et al. used the same complex to give an

t
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Scheme 18

amost quantitative yield of 2-pyrones using a modified
procedure with additional base/ligand in favor of extradiol
cleavage.56 Moro-oka et al. found that oxygenation of the
square pyramidal complex [Fe!!(hydrotris(3,5-diisopropyl-
1-pyrazoyl)borate)(dbc)]Cl (29) results in the formation of
2-pyrones and an intradiol-derived anhydride (see Scheme
19).57 They report that a related complex which adopts a
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trigonal bipyramidal geometry gives no 2-pyrone products,
therefore a vacant co-ordination site appears to be required for
oxygen activation.5”

We have reported that the oxygenation of catechol by O, in
the presence of FeCl, or FeCls, 1,4,9-triazacyclononane
(TACN), and pyridinein methanol gives the authentic extradiol
product 2-hydroxymuconic semi-aldehyde methyl ester in 50%
yield58 In this model system FeCl—~TACN shows higher
selectivity for extradiol:intradiol cleavage (7: 1) compared with
FeCls-TACN (2:1), as shown in Scheme 20. Extradiol
cleavage is only observed with the facial Ns-tridentate ligand
TACN, and not with N,O-macrocycles, nor with N-substituted
TACN macrocycles. We have found that this model reaction is
highly regioselective for proximal 2,3-extradiol cleavage over
distal 1,6-extradiol cleavage when using 3-methylcatechol
(35:1), or 4-methylcatechol (>99), or 3-(2,3-dihydroxy-
phenyl)propionic acid (>99:1) as substrates.>® The reaction
proceeds in the absence of pyridine using monosodium
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Scheme 20 FeCl~TACN model reaction for extradiol cleavage.

catecholate, but not disodium catecholate, implying that
catechol binds to the iron centre as the monoanion,>° the same
conclusion reached from EXAFS studies on the 2,3-CTD-
catechol complex.6°

Studies of the mechanism of the FeCl-TACN model
reaction have shown that the role of pyridine is two-fold: one
equivalent of pyridineisrequired as a base to generate catechol
monoanion, but one equivalent of pyridinium chloride is
subsequently required as a proton donor to assist the Criegee
rearrangement for extradiol cleavage.5® Cleavage in the pres-
ence of methanol, ethanol or isopropanol yields the respective
various akyl esters of 2-hydroxymuconic semialdehyde, imply-
ing theintermediacy of a 7-membered «-keto-lactone, asfor the
enzymatic reaction.5® The close similarities of regioselectivity
and substrate selectivity between this model reaction and the
E. coli MhpB-catalysed enzymatic reaction suggest that they

follow a similar mechanism.
OTyr
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Scheme 21 Axial/equatorial hypothesis for extradiol/intradiol dioxygenase
selectivity.

In summary, model systems for extradiol cleavage have
proved more elusive, but extradiol cleavage is observed for a
tridentate macrocyclic ligand, complexed with Fe'!, which
shows high selectivity and appears to follow the same
mechanism as the enzyme-catalysed reaction. It isinteresting to
note that both Fe!' and Fe'!! are capable of extradiol cleavagein
this system, but that Fe'' shows higher rate and selectivity,
providing some insight into why Fe'! isfound as the cofactor in
the extradiol dioxygenases. Thetwo-fold role of pyridinein this
model reaction also suggests arole for an active site base, and
aproton donor, in the extradiol dioxygenase active sites. All of
the extradiol dioxygenases which have been structurally
elucidated have, as well as the iron(i1) ligands, an additional
histidine residue near to the substrate binding site, and a



tyrosine-histidine pair which could function as a proton donor
(see Fig. 2).

A hypothesis for extradiol vs. intradiol selectivity

At this point the reader will see that the choice of intradiol vs.
extradiol reaction pathway will be influenced strongly by the
co-ordination chemistry of the metal centre, but that the choice
of acyl vs. akenyl migration which ultimately dictates the
reaction products will also be influenced by stereoelectronic
factors, notably the positioning of the hydroperoxide O—O bond.
In this section we will present a hypothesis which may
rationalise the selectivity shown by the extradiol and intradiol
dioxygenases using a stereochemical model.

In Section 5 we reached the important conclusion that,
athough there is a different order of initial events in the
intradiol vs. extradiol reaction mechanisms, the two reaction
mechanisms converge on a common proximal hydroperoxide
intermediate. The choice of intradiol vs. extradiol reaction
pathways is then determined by acyl vs. alkenyl migration
rearrangements of this hydroperoxide intermediate. In Section 6
we saw that there is chemical precedent for both acyl migration
and alkenyl migration, but that the choice of migratory group
may be governed by stereoelectronic factors. In Section 7 we
saw that the co-ordination chemistry of the metal centreis also
important for choice of reaction pathway: tetradentate iron(in)
complexes are effective catalystsfor intradiol cleavage, but that
themore elusive extradiol cleavage reaction can be catalysed by
afacial tridentate iron(i) complex. These co-ordination states
mimic the situation observed in the respective dioxygenase
active sites.

Our hypothesis to rationalise these observations is that there
are two stable conformations for the proximal hydroperoxide
intermediate: one in which the hydroperoxide group is situated
in a pseudo-axial orientation, and one in which the hydro-
peroxide is situated in a pseudo-equatorial orientation. In the
extradiol dioxygenase active site the His,Glu motif provides
three protein ligands for iron(i) (as found in the TACN model
reaction). Assuming that the iron(ir) centre can access an
octahedral co-ordination geometry during the catalytic cycle,
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then it is able to bind substrates and reaction intermediates via
three co-ordination sites. It istherefore able to bind the proximal
hydroperoxide intermediate in a tridentate fashion, and hence
access the conformation in which hydroperoxide is pseudo-
axial. Inthis conformation the hydroperoxide group isoptimally
aligned for alkenyl migration (via either o bond migration or
participation) and hence undergoes extradiol cleavage.

In the intradiol dioxygenase active site the His,Tyr, motif
provides four protein ligands for iron(in) (as found in the
tetradentate iron(i11) models). Assuming that the iron(in) centre
can access an octahedral co-ordination geometry during the
catalytic cycle, then it is able to bind substrates and reaction
intermediates via only two co-ordination sites. Bidentate co-
ordination of the proximal hydroperoxide is not able to access
the pseudo-axia hydroperoxide conformation, but instead binds
as the pseudo-equatorial conformation, which then undergoes
acyl migration. Why should an equatorial hydroperoxide
promote acyl migration? One argument isthat acyl migrationis
the ‘default’ option, as shown by the Baeyer—Villiger oxidation
of 1,2-diketones. Alternatively, the axial hydroxy group iswell
positioned to attack the neighbouring ketone, which could
initiate acyl migration via electrocyclic ring opening.3°

The weakness in this argument in the latter case is that the
axial tyrosine ligand (Tyr-447) of 3,4-PCD has been shown to
swing away from the iron(in) centre upon substrate binding,
leaving only three protein ligands.1” However, presumably Tyr-
447 isre-ligated to the iron(i) centre at the end of the catalytic
cycle, so it is not clear whether it remains dissociated from the
iron(in) centre throughout the reaction cycle, or becomes re-
attached at some point. The observation that the majority of
intradiol catalysts are tetradentate iron(i1) complexes suggests
that the availability of only two co-ordination sites may be a
feature of the intradiol reaction.

Would this model explain the other amino acid sidechains
found in the extradiol and intradiol active sites? Studies of the
TACN extradiol model reaction imply a requirement for one
base for substrate ligation, and one proton donor to assist
alkenyl migration. In each of the extradiol active sites (see Fig.
2) thereis a nearby histidine residue which could function as a
base (His195 in BphC is situated 4.0 A from theiron(i1) centre),
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Fig. 6 Proposed catalytic mechanism for extradiol catechol cleavage, via an axial proximal hydroperoxide intermediate.
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Fig. 7 Proposed catalytic mechanism for intradiol catechol cleavage, via an equatorial proximal hydroperoxide intermediate.
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and also a nearby tyrosine-histidine pair which could function
as a proton donor (Tyr250 in BphC is situated 3.8 A from the
iron(1) centre, with nearby His-241). The active sites of
3,4-PCD and 1,2-CTD (see Fig. 1) are, apart from the iron(in)
ligands, notable for the absence of acid/base or polar amino acid
sidechains, suggesting that the intradiol reaction requires
relatively little catalytic assistance by the enzyme, consistent
with the observation that a wide variety of tetradentate model
systems are able to catalyse intradiol cleavage.

The overall catalytic mechanisms proposed for extradiol and
intradiol cleavage are shown in Fig. 6 and 7. For extradiol
cleavage, an active site base is required to generate the catechol
mono-anion, and a proton donor is required to assist alkenyl
migration. The iron(i) centre is able to activate both catechol
and dioxygen, mediate one-electron transfers, assist akenyl
migration via Lewis acid catalysis, and activate Fe'!-hydroxide
for lactone hydrolysis. For intradiol cleavage, substrate deproto-
nation appears to be driven by the stronger Lewis acidity of
iron(ni), which then activates the substrate for reaction with
dioxygen, then mediates acyl migration, and assists hydrolysis
of muconic anhydride. Both families of enzyme demonstrate the
range of chemical functions carried out by non-haem iron in
enzyme catalysis. A combination of mechanistic enzymology
and small molecule model studies, in combination with protein
crystallography, are now beginning to provide a rationalisation
of how Nature has evolved two catalytic strategies for this
difficult transformation, and the subtle chemical factors which
control the choice of reaction pathway.
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