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Cytochrome P450 is one of Nature's oxidative workhor ses
and is utilized in a wide variety of roles, one of the most
important being the detoxification of foreign bodies within
the liver. As a result of its fundamental importance it has
been extensively investigated, modeled and mimicked over
the past 30 years, and morerecently modified and mutated.
Duringthisperiod the complexity, beauty and activity of the
biomimetic model systemsdeveloped in the laboratory have
grown considerably. The synthetic analogues of the cyto-
chrome P450 system have evolved dramatically from
simple sterically hindered porphyrin models through to
more complex model systems combining cavities such as
cyclodextrins and utilizing the interactions between host
and guest to generate substrate selectivity and stereose-
lectivity in product formation. More recently, researchers
have tried to combine knowledge obtained from the
developing field of supramolecular chemistry and from
biochemistry to construct self-assembling systems that
contain all the components of the natural system and even
utilize molecular oxygen as the oxidant. These systems are
successful in that they can achieve turnover numbers
compar able to those observed for the natural system. The
history of these developments and the current ‘state-of-the-

art’ in construction of mimics of the natural enzyme will be
presented.

1 Introduction

Cytochrome P450 is a member of a ‘super family’ of enzymes
which can be found in a wide diversity of roles throughout
Nature.X They are of fundamental importance in our everyday
life due their presence within our liver where they play an
important rolein the detoxification of foreign bodies. Dueto the
numerous and fundamental roles cytochrome P450 plays, this
enzyme has been extensively investigated by researchers
throughout the scientific community ranging from biologists to
chemists and physicists through to physicians. Y et despite this
intense effort, the precise mechanism of its function is still not
fully known. The wealth of information obtained, however, has
enabled the (bio)organic chemist to develop simple organic
analogues, which have been utilized, as both models to further
understand the mechanism of enzyme action and as functional
catalytic systems.

Cytochrome P450 belongsto the group of enzymes known as
monooxygenases which incorporate one oxygen atom of
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molecular oxygen into organic substrates, the other oxygen
atom being converted into water [egn. (1)].

0, + S+ NAD(P)H + H* — H,0O + SO + NAD(P)* (1)

This reductive activation of molecular oxygen occurs with the
aid of NAD(P)*, the biological cofactor (phosphorylated)
nicotinamide adenosine dinucleotide NAD(P)H.

Cytochrome P450 is catalytically active in the oxidation of a
variety of biological substrates and xenobiotics and furthermore
in processes such as the dehydrogenation of valproic acid and
testosterone, the oxidative deformylation of aldehydes, and the
dehydration of aldoximes. There are also several cytochrome
P450 enzymes which do not carry out any oxidations at all but,
for example, induce the isomerization of prostaglandin H, to
prostacyclin, activate allene oxides or even reduce nitric oxides
(for selected examples, see Scheme 1).2
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Scheme 1 Reactions catalysed by cytochrome P450 and related enzymes.

The primary driving force for the extensive study of this
enzyme is to further investigate the mechanistic behaviour of
the natura system and to subsequently construct a new
generation of organic oxidative catalysts.
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2 Structure and activity of cytochrome P450

The mammalian cytochrome P450 enzymes present in eukar-
yotic organisms reside in the endoplasmatic reticulum, and will
be found in the microsomes upon cell fractionation. They differ
from cytochrome P450 found in microorganismsin that they are
bound within the membrane. The hydrophobic nature of the
enzymes has severely hindered their crystallization due to the
tendency of the protein to aggregate rather than form single
crystals. Only very recently have anumber of crystal structures
of cytochrome P450 from soluble microorganisms been ob-
tained, the very first being that of the enzyme from Pseudomo-
nas putida which selectively hydroxylates the substrate cam-
phor in the 5-exo position (Fig. 1).3 Later other structures from

Fig. 1 X-Ray crystal structure of the cytochrome P450 from Pseudomonas
putidas which selectively hydroxylates camphor. The iron protoporphyrin
I1X, the coordinated cysteine ligand and the camphor substrate are
highlighted.

bacterial sources were reported which have become important
as a basis for site-directed mutagenesis studies and have also
been invaluable in enabling the construction of 3-dimensional
structures of cytochrome P450s for which only the amino acid
sequences are known.# In a very recent modeling study by Dai
in 1998, the part of the protein that inserts in the membrane has
been identified, and the membraneinteraction studied.5> Thereis
strong evidence that in the case of microsomal cytochrome
P450 enzymes the presence of certain membrane components
like phospholipids play a significant role in their catalytic
activity.

Cytochrome P450 contains a hinding site and next to it a
catalytically active iron protoporphyrin IX molecule (Fig. 1).
Together with a number of other proteins, e.g. chloroperox-
idase, cytochrome P450 belongs to the group of heme thiolate
proteins, which feature a proximal thiolate ligand from the
amino acid cysteine. It isin fact this ligand that is responsible
for the remarkabl e red shift of the heme absorption (Soret) band
from 420 to 450 nm upon CO complexation to the reduced
enzyme, which gave cytochrome P450 its name.

A feature that distinguishes cytochrome P450 and chloroper-
oxidase (which have no further similarity at either the primary
or tertiary structure level)® from other heme proteinsis the fact
that the proximal ligand is at the positive end of an «-helix
creating an electropositive environment and diminishing some-
what the effect of the negative charge on the thiolate. As a
consequence of thisfeature the soft and el ectron donating nature
of the thiolate is thought to contribute to the splitting of the
oxygen—oxygen bond of molecular oxygen (vide infra).” It is
believed that the ligand confers a radical nature to the active
oxidant and enhances its electrophilicity in the catalytically
active species. This effect is of great relevance to the
mechanism of action of cytochrome P450.



3 Mechanism of action of cytochrome P450

The native enzyme when isolated was found to contain a low-
spin Fe''' porphyrin, whichisalittle surprising since the thiolate
ligand is hardly a sufficiently strong ligand to bring about the
change from the expected high-spin. It wasinitially thought that
water which fills the substrate binding pocket playsarolein the
realization of this low-spin state.3 As a result of extensive
computational modeling, however, it is now agreed that the
axial thiolate ligand alone is responsible for the fact that native
cytochrome P450 is low-spin.8

The catalytic cycle begins with the displacement of the water
cluster from the binding site by a substrate molecule. This
substrate binding changes the redox potential of the iron center
or induces a conformational change that allows more effective
interaction of the enzyme with the electron donor. In micro-
somal systems the reductant is a flavin-containing enzyme
called cytochrome P450 reductase that derives its electrons
from the oxidation of NADPH (see Fig. 2). It is important to
realize that while NADPH delivers its electrons in pairs, they
are passed on sequentialy one by one to cytochrome P450. The
first electron (see Figs. 2 and 3) isdelivered only after substrate
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Fig. 3 Catalytic cycle for cytochrome P450 monooxygenations.
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binding and changes the state of the iron to low-spin Fe'l.
Molecular oxygen is then bound to produce a dioxygen adduct;
the accepted electron is transferred from the iron center to
oxygen, giving a Fe'l'-peroxo complex. This Fe'll peroxo

speci es can accept another electron from its physiological redox
partner and then be quickly protonated to the Fe'!' hydroperoxo
form. An additional proton is accepted and a molecule of water
is split off, resulting in a reactive intermediate containing an
electrophilic oxygen atom which is responsible for the oxygen
transfer to organic substrates, e.g. alkanes (Fig. 3). Studies on
model compounds have shown that the thiolate ligand enhances
the rate of the O-O cleavage in these complexes and promotes
heterolytic splitting rather than homolytic O-O splitting.

The reactive intermediate has the same oxidation state as
compound | inthe catalytic cycle of horseradish peroxidase, and
isformally a O=FeVP species, but is better described as aferryl
O=Fe'VP+- species with aradical cation on the porphyrin ring,
although currently there is only indirect evidence for this
species.® More recent studies indicate that the S of the
complexing thiol ligand also possesses some radical charac-
ter.10 Numerous studies have been carried out in order to
pinpoint the precise structure of the reactive species, in
particular their spin states. These spin states are important
because of the concept of two-state reactivity!! that has been
devel oped recently in order to account for the findings of the so-
caled ‘radical clock’ experiments. These experiments show that
hydroxylations by cytochrome P450 appear to proceed by free
radicals but that the product distribution is not in line with the
expected radical lifetimes.’2 Like dioxygen, the porphyrin
radical cation—Fe'V=0 complex is proposed to have a high-spin
ground state which should lead to alow reactivity in reactions,
like C—H abstraction, which involve low-spin transition states
or products.’ Such a low reactivity is not observed. It is
suggested, therefore, that one of the possible pathways from the
high-spin reactants to the low-spin products involves a spin
inversion by which alow-spin transition state of relatively low
energy can be reached. In this two-state reactivity mechanism,
reactants are converted into products through a transition state
of different spins, as opposed to a single-state reactivity, in
which the spin state stays the same throughout the reaction. It
has very recently been demonstrated by Shaik et al. that the
contradictory data observed so far for the cytochrome P450
mechani sm can be reconciled within thistwo-state scenario. ! It
is clear from the discussion above that thereis still considerably
more research required before the precise mechanism of action
of the cytochrome P450 will be conclusively understood.

In addition to akane hydroxylation, cytochrome P450
enzymesalso oxidize akenesto form epoxidesand carry out the
dealkylation of amines. The oxidation of alkenesisareaction of
great interest to the organic chemist. Detailed studies on the
interaction of the porphyrin Fe=O specieswith alkenes by Gross
have led to the proposa that the first intermediate on the
reaction pathway of epoxide formationisanion pair, formed by
electron transfer from the alkene to the Fe=O complex, whereas
studies by Bruice indicate that the first intermediate is a charge
transfer complex.13 Axia ligands that stabilize high metal
oxidation states are more likely to push the interconversion
equilibrium to the right [egn. (2)] thereby facilitating oxygen
transfer.13

Fe'V(=O)Porph- = FeV(=0)Porph 2
The cysteine axial ligand in cytochrome P450 is proposed to act
inthisway for epoxidations, whilethe effect of the axial ligands
on hydroxylations is quite different.14

4 Synthetic model systems

A wide variety of approaches has been devel oped to design and
construct synthetic model systems of the cytochrome P450
family. In addition to models synthesized to mimic specific
aspects of the action of the natural system that aid in the
understanding of the mechanism, working catalytic systems
have been designed using the information gained from the
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aforementioned studies as a blueprint. One primary reason why
cytochrome P450 has attracted so many organic chemistsisthat
there is no similar hydroxylation reaction of hydrocarbons
known in organic chemistry.

One can construct a catalytic system using another protein or
enzymefound in nature. An example of such acatalyst isthe so-
called microperoxidasethat is obtained by limited proteolysis of
cytochrome c. This biomolecule contains a proximal imidazole
ligand and catalyses cytochrome P450-type reactions like
aromatic hydroxylation and thioether oxidation with incorpora-
tion of oxygen from the oxidant.> This elegant approach is,
however, not ideal since it does not alow the catalyst to be
easily modified and its properties manipulated. In the case of
more simple model systems the catalyst can be much more
easily controlled by altering the proximal ligand, the electron
state of the porphyrin, the nature of the binding environment
(chiral, hydrophobic—hydrophilic, polar—nonpolar) and a wide
variety of other parameters.

It has been found that the combination of molecular oxygen
and a cofactor in the enzyme is complex, since regeneration in
vitro is difficult and also the reducing agent can compete with
the substrate for the active oxidant. This problem can be
circumvented by using so-called ‘single oxygen donors, e.g.
sodium periodate, iodosobenzene, hypochlorite, hydrogen per-
oxide, aperoxy acid and tert-butyl hydroperoxide.16-20 Thishas
led to the devel opment of synthetic cytochrome P450 modelsin
which the (difficult to achieve) reductive activation of molec-
ular oxygen isby-passed by this so-called ‘ peroxide shunt’ (Fig.
3).

Another problem encountered in model systems is the
extreme sensitivity of the combination of the thiolate group and
Fel! to air and light, and the tendency of thiolate ligandsto give
bis-axial complexes.20

One approach to overcome this problem is to take aromatic
thiols as ligands which have areduced sensitivity to oxidation2t
or to use doubly strapped porphyrins in which one or two
thiolateligandsare held rigidly in one strap.22 Using such model
systems it has been possible to make a detailed assessment of
the importance of the thiolate ligand for the properties and
action of the enzyme.23 The aforementioned hypothesis, that the
thiolate ligand helps confer radical character on the oxygen
received support from a comparative study of kinetic isotope
effects and 180-incorporation from 180-enriched oxidantsin the
dealkylation of aryl alkyl ethers using rat liver microsomes and
a porphyrin with a covalently attached thiolate ligand.23

Hydrogen bonding networks involving the proximal thiolate
ligand have been identified in cytochrome P450 and in the
related enzyme chloroperoxidase. This feature has also been
mimicked, and a model system in which the thiolate group
accepts H-bonds from neighbouring amide groups was found to
have considerable stability towards degradation by oxygen and
moisture.24.25

Although thiols are the natural proximal ligands of cyto-
chrome P450, and have been demonstrated to be more effective
in model catalysts than nitrogen-based ligands, the afore-
mentioned problems with the instability of thiol-ligated metal—
oxo complexes (along with a purely human problem, the
unpleasant aroma of such systems), have led many scientists to
resort to the use of simpleiron(ii) porphyrinswith ahalide axial
ligand and/or porphryrin systems with imidazole or pyridine
ligands.

The very first model systems using nitrogen base ligands
were simple functional iron porphyrins, in which particular
emphasis was laid on creating steric bulk around the porphyrin
in order to prohibit the most important reactions that cause
instability of heme-oxygen complexes to occur, viz. the
dimerization with free heme, and porphyrin ligand oxidation.
With subsequently devel oped models,26 using capped porphyr-
ins (Fig. 4) an attempt was made to avoid the binding of the
nitrogen ligands to both axial positions of the iron center which
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would inhibit the binding of molecular oxygen or the single
oxygen donor.27

More recently model systems have focused on the develop-
ment of functionalised porphyrinsfor regio- and stereoselective
oxidation reactions.28 Examples are the capped Mn porphyrins,
which in combination with pyridine as an axia ligand give a
high selectivity for the formation of the cis-product in the
epoxidation of (2)-stilbene with NaOCI (Fig. 4, 1).28 Substrate
selectivity has been achieved with the so-called ‘picnic basket
porphyrins’ which contain a rigid cavity (Fig. 4, 2). The Mn
derivatives of these porphyrins showed a preference for the
epoxidation of (Z)-oct-2-ene over cyclooctene in competition
experiments.28 There are numerous examples of enantiose-
lective oxo-transfer by substituted porphyrins, e.g. with chir-
ality inthe strap, asin the ‘ basket-handle’ porphyrin (Fig. 4, 3),2
or with a bulky chiral group at the periphery of the porphyrin
ring, asin the ‘chiral wall’ porphyrin,28 or with diethenoctahy-
drotetralin substituents (Fig. 4, 4).28 Very high enantiosel ectiv-
ity isfound for the so-called ‘ twin coronet porphyrins' . In these
porphyrins the phenyls are linked by binapthalenes (Fig. 4, 5a
eclipsed, 5b staggered) or bitetralins. In most cases the bitet-
TCP' s gave better e€’s, in particular for the Fe derivative of the
eclipsed ‘bitet-TCP ee's of 96% were obtained for the product
of the epoxidation of 3,5-dinitrostyrene.28 A Mn derivative of
the aforementioned ‘ picnic basket porphyrin’ with (S S)-threitol
acetal moietiesin the handle catalyses the epoxidation of (2)-«-
methylstyrene and 1,2-dihydronaphthalene with ee values of
77-88%.28

With the advent of supramolecular chemistry, cytochrome
P450 mimics containing a porphyrin attached to a cavitand like
a cyclodextrin or a cyclophane have become increasingly
popular. A biomimetic catalyst for alkene epoxidation, com-
posed of two cyclodextrin cavities, viz. a cyclodextrin with an
alkanethiolate ligand and a cyclodextrin capped with a por-
phyrin, linked on their primary sides by a flavin unit has been
prepared by Breslow’s group.2® This group, and the groups of
Ogoshi and Hennig have synthesized a wide variety of
cyclodextrin—porphyrin model systems of cytochrome P450
(Fig. 5, 1-4).30-32 Cyclodextrin-sandwiched porphyrins were
found to be equally good catalysts for the epoxidation of
2,3-dimethylbut-2-ene, which does not bind in the cyclodextrin
cavity, and even better catalysts for substrates that do bind
within the cavity, such as cyclohexene (Fig. 5, 2).31 The group
of Breslow has attached severa cyclodextrin cavities to one
porphyrin molecule in order to improve both the substrate
binding properties and the substrate selectivity of the model
system. The porphyrin with four cyclodextrins (Fig. 5, 3) isable
to bind cholesterol and akene derivatives in a specific
orientation with respect to the central porphyrin, resulting in a
catalyst that displays site-specific and stereoselective hydrox-
ylation reactions. In the case of functionalized akenes,
oxidation with iodosobenzene generates the epoxides with
turnover numbers in the range of 650.30

In an dternative approach the group of Diederich has
attached an Fe porphyrin to an azacyclophane host that contains
quaternized diethylcyclohexylamine rings to make the system
water-soluble (Fig. 5, 4). This supramolecular molecule was
found to catalyse the transfer of oxygen from iodosobenzene to
acenaphthylene in 2,2,2-trifluoroethanol, yielding acenaphthy-
len-1-one. Porphyrins incorporated in cyclophane rings have
also been synthesized.33

5 Catalytic antibodies

An interesting approach for the development of new catalystsis
to use ‘catalytic antibodies' . The principle is based on the idea
that Pauling proposed in 1948, that an enzyme is an efficient
catalyst for a particular reaction because it stabilizes the
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Fig. 4 Model cytochrome P450 systems: simple pyridine capped porphyrin model (1), ‘picnic basket' porphyrin model developed by Collman (2), and the
‘basket-handle’ porphyrin of Mansuy (3). Chiral porphyrin cytochrome P450 models sytems: tetra-diethenoctahydrotetralin functionalized porphyrin (4) and

binap-TCP systems (5a eclipsed and 5b staggered).

transition state of that reaction.34 If a stable analogue for a
transition state of a reaction can be designed and prepared and
this can be applied as a hapten to produce antibodies, the latter
are likely to interact with thistransition state in such away that
they will catalyse the reaction. In the field of cytochrome P450,
antibodies catalysing the oxo-transfer step have been devel-
oped.

Various examples of antibodies raised against porphyrins
have been reported3s and catalytic activities such as porphyrin
metallation,36 peroxidase activity, i.e. degradation of pyrogallol
and other substrates, have been observed.3” Relatively simple
porphyrins, like the Sn(OH), derivative of a meso-tetrakis-
(4-carboxyvinylphenyl) porphyrin or its Fe!'! u-oxo dimer, were
found to give circular dichroism spectra when combined with
the antibodies that were raised against them, indicating that they
are bound within the (chiral) protein environment.38 The
activity of such antibody—porphyrin assemblies in the oxo
transfer from iodosobenzene to styrene was tested in a number
of biphasic systems,38 e.g. reverse micelles in dichloromethane,
microemulsions, and solid suspensions in organic solvents.
Only in the last case was there observed some rate enhancement
(30-60%) relative to the reaction in the absence of the antibody.
The background reaction involving the non-complexed por-
phyrin must be relatively strong, asis also reflected by the low
ee values (10%) that were observed. Very recently, it was

demonstrated that far more efficient catalytic antibodies can be
obtained by applying dinaphthoxy tin porphyrin derivatives as
the hapten.3® When recombined with the corresponding Ru"!
porphyrin, they were found to catalyse oxo transfer from
iodosobenzeneto avariety of sulfidestoyield chiral sulfoxides.
The highest rate was obtained with p-methoxythioanisole (Kea/
Kuncar 6.5; ee of (9-product 27%), and the highest ee with
unsubstituted thioanisole (Kea/Kuncat 2.8; ee of (S)-product 43%).
The dinaphthoxy substituted tin porphyrin can be considered to
be atransition state analogue for both the step of oxygen transfer
from iodosobenzene to the porphyrin and the subsequent
oxygen transfer from the porphyrin to the sulfide. The observed
ee indicates that the transfer of oxygen from the Ru-porphyrin
to the sulfide presumably takes place in the chiral environment
of the antibody. Interestingly, in some examples the oxygen
transfer catalysis by the antibodies proceeded even without the
presence of porphyrins, but this will not be discussed in this
review.40-42

6 Sdf-assembled model systems

The first report of reductive activation of molecular oxygen in
amodel system was by the group of Tabushi in 1979.43 They
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Fig. 5 Supramolecular cytochrome P450 model systems containing cyclodextrin and cyclophane cavities developed by Ogashi (1), Hennig (2), Breslow (3)

and Diederich (4).

demonstrated that cyclohexanol can be formed from cyclohex-
ene and molecular oxygen using manganese(in) tetraphenylpor-
phyrin chloride (MnTPPCI) as a catalyst and NaBH, as a
reducing agent. Similar reactions have since been reported for a
variety of other metalated porphyrins, i.e. Rh, Co and Fe
porphyrins. Using molecular hydrogen in combination with
colloida platinum for the reduction, and imidazole as an axia
ligand, the major product of the MnTPP-catalysed oxidation of
cyclohexene with molecular oxygen was cyclohexene ep-
oxide44 Several supramolecular self-assembled systems have
been described in which the oxygen is derived from single
oxygen donors or from molecular oxygen and a co-reductant.

In the cases where not just oxygen transfer but complete
reductive activation of molecular oxygen by cytochrome P450
is modeled, the problem is to find a suitable reductant and to
control the flow of electrons and protons in such a way that
compl ete reduction of oxygen to water, without incorporation of
an oxygen atom into an organic substrate, is avoided. Several
approaches have been followed to overcome this difficult
problem. Closely mimicking nature, flavin molecules have been
covaently linked to an Fe- or Mn-porphyrin and have been
combined with an imidazole-substituted nicotinamide.2® Alter-
native reductants such as NaBHg,, Zn, and Zn(Hg) have all been
used. Very recently, an azobenzene reductant in combination
with aviologen mediator has been applied as well.44 Advantage
has also been taken of the possibility to reduce the porphyrins
with the help of light, either by initializing a processin which a
ligand radical isdissociated from the porphyrin which actsasan
initiator of aradical chain auto-oxidation reaction, or by using
a charged semiconductor like solid TiO, which supplies the
necessary electrons.

380 Chem. Soc. Rev., 2000, 29, 375-384

An interesting aspect of cytochrome P450 isthe fact that it is
a membrane-bound enzyme, and that phospholipids stimulate
the transfer of electrons to the isolated enzyme and enhance its
affinity for the substrate. This feature has stimulated a number
of groups to develop cytochrome P450 mimics in which a
hydrophobic porphyrinisincorporated in the bilayer of avesicle
membrane.

Sorokinin the early 1980’ s constructed a system in which the
hydrophobic porphyrin manganese(in) tetrahexadecylphenyl-
porphyrin chloride was incorporated within dimizistoylphos-
phatidylcholine (DMPC) vesicles45> They studied oxidation
reactions with iodosobenzene as an oxidant. The oxidation of
hydrocarbons was remarkably selective, with hexan-2-ol from
hexane, and cyclohexanol from cyclohexane as the magjor and
exclusive products, respectively. Cyclohexene gave the epoxide
and the allylalcohal in relatively high yields, viz. 40 and 30%
based on the iodosobenzene consumed. By incorporating a
membrane-spanning Fe''"TPP chloride derivative containing
four steroid groups, viz. tetrakis(o-cholenylamidophenyl)por-
phyrin (ChPP), in DMPC or dipa mitoylphosphatidylcholine
(DPPC) hilayers, regioselectivity in the epoxidation of steroids
and polyunsaturated fatty acids has been achieved by Groves
and co-workers using iodosobenzene as the oxidant.46 In the
case of steroids, the double bonds farthest away from the
hydroxy group were selectively epoxidized in 20-30% yields,
e.g. the 24,25 double bond in desmosterol and the 24,28 double
bond in fucosterol. This contrasts with the epoxidation of these
substrates by Fe!''TPPCI in methylene chloride which showed a
significant 34 fold preference for the epoxidation of the 5,6
double bond in both cases46 In another study, selective
hydroxylation of cholesterol at the hydrophobic 25-position was



catalysed by Mn'!'tetrakis(o-cholenylamidophenyl)porphyrinin
dilauroylphosphatidylcholine (DLPC) vesicles with molecular
oxygen as the oxidant and ascorbic acid as the reducing agent,
or with sodium periodate as the single oxygen donor. Inter-
estingly, with cyclooctane and ethylbenzene as the substrates,
the ketones cyclooctanone and acetophenone were obtained,
respectively, when the aerobic system was applied4s whereas
the single oxygen donor gave mixtures in which the alcohol
predominated. The group of Groves has developed a more
complex self-assembled system in which the reductive activa-
tion of molecular oxygen by Mn'!! ChPP in DMPC bilayersis
realized with the help of a membrane-associated enzyme, viz.
the flavoprotein pyruvate oxidase. In this system, electrons are
derived from the oxidative decarboxylation of pyruvic acid and
carried to the porphyrin by an amphiphilic flavin. The enzyme
is known to bind to phospholipid vesicles when the required
cofactors and the substrate are present, presumably due to a
conformational change in the protein which exposes a mem-
brane-binding hydrophobic segment. After 15 hours at 30 °C,
the system had produced 20 per mol acetophenone per mol Mn
ChPP from ethylbenzene. This hybrid enzyme-synthetic model
system is referred to as a ‘biocompatible catalyst’ (Fig. 6).47

e

NH HO

Fig. 6 Schematic representation of the biocompatible catalytic system
developed by the group of Groves, FAD = flavoprotein pyruvate
oxidase.

In an aternative system, the group of Nolte incorporated a
manganese porphyrin in the bilayers of vesicles of a polymer-
izable isocyanide analogue of dihexadecyldimethylammonium
bromide (DHDAB).#8 Within the vesicles colloidal platinum
was encapsul ated, together with methylene blue as an electron
donor and N-methylimidazole as an axial ligand for the
porphyrin. This system catalyses at 20.0 °C under an atmos-
phere of hydrogen and oxygen gases (1:1) the reductive
activation of oxygen to form epoxides (predominantly detected
as the corresponding diols) of both water-soluble (2,5-dihy-
drofuran) and water-insoluble (styrene) alkenes, with turnover
numbers of 8 and 1.3 mol product per mol porphyrin per hour,
respectively (Fig. 7).

This catalytic system incorporates al the features of the
natural enzyme system, viz. ametalloporphyrin, an axial ligand,
an electron donor, an electron carrier, and a membrane which
holds al components. As the molecular hydrogen—platinum
reduction system is inefficient, and the combination of
hydrogen and oxygen gases (detonating gas) dangerous,
aternative reducing agents have been investigated, viz. the
Rhi'—formate system. It was found that Rh'''(pentamethyl-
cyclopentadienyl) (2,2’-bipyridyl) bis-chloride in combination
with formate ions can be applied as a reductant and at the same

C = electron carrier

Porphyrin (MnTPP) Me  Me
catalytic site Polymerised @N.
Colloidial Pt O
reductant 0
=C
A B

Fig. 7 Vesicle cytochrome P450 model system developed by the group of
Nolte (top); Freeze fracture electron micrographs of the unpolymerized (A)
and polymerized (B) vesicles which hold the components of the model
system (bottom).

time as a phase-transfer catalyst in atwo-phase catalytic system
for the reductive activation of oxygen, viz. with the formate in
the agueouslayer, and MnTPP Cl and the alkene substratein the
1,1,1-trichloroethane layer.4° The turnover numbers are higher
in the presence of benzoic acid anhydride, which is proposed to
assist in the cleavage of the oxygen—oxygen bond in molecular
oxygen after coordination of the latter to Mn TPP. At 40 °C, «-
pineneis selectively converted into the epoxide (30 mol per mol
porphyrin per hour), and nerol to a mixture of 2,3- and
6,7-epoxides in the ratio 1:2 (18 mol per mol porphyrin per
hour). Recently, manganese tetrakis(2,6-dichlorophenyl)por-
phyrin acetate (MNTDCPP acetate) was combined with an
amphiphilic 2,2’-bipyridyl Rh (pentamethylcyclopentadienyl)
complex (Scheme 2, 1) and N-methylimidazole in both
dihexadecyl phosphate (DHP) and dioctadecylammonium chlo-
ride (DODAC) vesicles.50

The reduction of Mn!"" TDCPP by formate under argon is
faster in DODAC than in DHP, because of the accumulation of
formate ions on the positively charged surface of the former
vesicles. Nevertheless, with styrene as substrate, the DHP
vesicles were a more efficient support for the epoxidation
catalysts in the presence of oxygen (turnover 60 mol per mol
porphyrin per hour at 70 °C), than DODAC vesicles presumably
because at the Rh: Mnratio used (1: 1 mol/mol), the availability
of the protons required for the epoxidation is rate limiting.
Comparison of the vesicle with the two-phase system showed a
higher turnover number for the former system (360 vs. 30 mol
per mol porphyrin per hour for «-pinene at 70 and 40 °C,
respectively), a higher stability of the porphyrin, and no
interference of the imidazole with the reduction of the Rh
complex by formate.

A detailed study was carried out to obtain information about
the precise behaviour of the catalyst and cofactor in the last
mentioned cytochrome P450 mimic.5! To this end the location,
aggregation and orientation of a number of tetraarylporphyrins
in vesicle bilayers of both positively and negatively charged
amphiphiles, viz. DODAC and DHP, wereinvestigated in detail .
It was concluded that in DODAC bilayers charged porphyrins
(Scheme 2, 2) form face-to-face aggregates, whereas hydro-
phobic ones (Scheme 2, 3), yield edge-to-edge aggregates and
that the monomeric porphyrins have an orientation perpendicu-
lar to the normal of the DODAC hilayer.51

The efficiency of the reduction of the amphiphilic Rh co-
catalyst N-(2-(2-(2,2’-bipyridyl-5-ylcarboxamido)ethoxy)-
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amphiphile (DODAC, DHP, DPPC) used in the Nolte self-assembled
cytochrome P450 mimic.

ethyl)-N,N-dihexadecyl-N-methylammonium) rhodium dichlo-
ride (Scheme 2, AmphRh, 1) by formate in vesicle bilayers of
various types of amphiphiles, viz. cationic (DODAC), anionic
(DHP), and zwitterionic (DPPC), and at various pH values was
investigated. At pH values where the reduced Rh complex is
expected to be present as Rh! only, the rate of the reduction of
the amphiphilic Rh complex by formate increased in the series
DPPC<DHP<DODAC, in line with the expected higher
concentration of formate ions at the surface of the cationic
vesicless2 (Table 1). The reduction rates of the porphyrins

Table 1 Apparent pK, (pKzPs) of AmphRh, rate of its reduction by formate,
rate of reduction of Mn'!' TDCPP Cl by AmphRh and formate, and turnover
number in the epoxidation of styrene, in various bilayers at various
temperatures just above the phase transitions

AmphRh Mn'" TDCPP Cl
Reductionb  Epoxidation
Reduction2  kg/nmol turnover no.
Surfactant pKgoPs  ky/ms—1 |-1s-1 h—1c
DHP (72-75 °C) 8.6 10 60 55
DPPC (4748 °C) 5.7 3.2 12.5d 4
DODAC (72-75°C) 5.0 25 >100 0

a First-order rate constant for the reduction by formate ions. P Zero-order
rate constant for the reduction by AmphRh and formate ions. ¢ Epoxidation
of styrene by MnTDCPPCI, AmpRh, formate and O,. d Reduction rate
measured for Mn!!-5-(1-methyl-4-pyridyl)-10,15,20-tris(4-hexadecyloxy-
phenyl)porphyrin monotosylate.5!

incorporated in the vesicle bilayers catal ysed by the amphiphilic
Rh complex increased in the same order as mentioned above
(DPPC<DHP<DODAC) because formation of the Rh—for-
mate complex is the rate-determining step in this reduction.
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However, when the rates of epoxidation of styrene in this
cytochrome P450 mimic (Fig. 8) were studied at pH 7, the

Vesicle
Membrane
Rhodium
Complex
Mn(l I TDCPP

HCO,

RE™ Mn TDCPP >= + 0y +2H'
co, )( }[Rhm)( ManDCPP)( >&< + H0

Absorption
o o
5N w

o
w

©
[

0 4 20 &0
Time {minutes)

Fig. 8 Schematic represention of the rhodium—porphyrin vesicle system
developed by Nolte et al. (top, middle). Change in absorbance at 435 nm
(Mn") versustime under the conditions at which the oscillating reduction of
manganese(iir) porphyrin takes place (bottom).

relative rates were found to be reversed, with almost total
absence of product formation in the case of DODAC:
DODAC<<DPPC<DHP. Apparently, for epoxidation to
occur, an efficient supply of protons to the vesicle surface is
important, probably for the step in which the Mn''-O, complex
breaks down into the active epoxidizing MnvV=0 species and
water. With «-pinene asthe substrate, aturnover number of 360
was observed using DHP vesicles above the phase transition
temperature. This is comparable to the turnover numbers of
cytochrome P450 itself at room temperature.

Anintriguing aspect of the self-assembled system depicted in
Fig. 8isthat at specific conditions an oscillatory behaviour was
observed.52 At 48 °C and a formate concentration of 0.25M, no
reduction of Mn!"! porphyrin was observed at [Rh]/[Mn] ratios
lower than 10. At [Rh]/[Mn] ratios higher than 10, reduction
took place. At a ratio of exactly 10, oscillations in the
concentration of the Mn"' species were detected. After aninitia
induction period of 30 minutes the Mnl!! species was formed
which was then converted back to the Mn'!! species by oxidation
with the O, present. After 50 minutes an oscillating reduction of
Mn!"" occurred. This process was found to be exceptionally
sensitive to dight changesin the temperature and the [Rh]/[Mn]
ratio. At a[Rh]/[Mn] ratio < 10 the reoxidation of the Mn!! is
faster than thereduction. At a[Rh]/[Mn] ratio > 10thesituation
isreversed. At aratio of 10 the manganese shuttles between the
2+ and 3+ states. UV—-Vis studies suggested that the Mn'!
porphyrin after reduction moves toward the middle of the
bilayer, which has a less polar environment. This unique



behaviour closely resembles that seen for the natural enzyme
system horseradish peroxidase.

7 Dendrimers

An alternative approach to positioning porphyrins as mimics of
cytochrome P450 within a hydrophobic environment is the use
of dendrimers. In the past few years there have been numerous
effortsto encapsulate metalloporphyrinsinto theinterior core of
dendritic polymers.53 Such systems have been shown to display
interesting photophysical and electrochemical properties, as
well as oxygen binding and regioselective catalysis. The group
of Aida were the first to show that molecular oxygen can be
readily bound to an iron porphyrin covalently encapsulated
within an aryl ether dendrimer (Fig. 9, compound 1).53 It was
later shown that in asimilar system the oxygen can be activated

MeD OMe

wo iy (D
S B

Fig. 9 Dendritic cytochrome P450 model system of Aida (top). Self-
assembling dendritic model system developed by Nolte et al.

by laser stimulation of the dendritic tails.53 The precise
mechanism by which the oxygen is activated is not yet
understood, but this approach has interesting possibilities.

In addition to oxygen binding, it has a so been demonstrated
that by modifying the dendritic system using different genera-
tions of dendritic tails, complexation of substrates to the central
porphyrin can be shape-selective. Although in its infancy, the
use of dendrite—porphyrin systems has a great potential for the
development of cytochrome P450-like synthetic catalysts. One
slight drawback to this approach is that the dentritic tails are
covaently attached to the porphyrin. The group of Nolte has
developed an aternative approach in which the dendritic tails
and the centra porphyrin are self-assembled to give amodel of
the cytochrome P450 system.54 Using a tetrakis(3,5-dihydroxy-
phenyl)porphyrin (Fig. 9, compound 2) it was demonstrated that
upon mixing with a ‘ clip’-shaped diphenylglycoluril host (Fig.
9, compound 3), a 4:1 complex was formed in which the
porphyrin is completely encapsulated within the hydrophobic
tails (Fig. 9, compound 4). Although to date no catalysis has
been carried out with this system, the el ectrochemical properties
of thisassembly mimic more closely those of the natural system
than that of a free porphyrin.>4

8 Conclusion

The synthetic analogues of the cytochrome P450 system have
evolved dramaticaly in the past twenty years from simple
sterically hindered porphyrin models through to more complex
model systems combining cavities and utilizing the interactions
between host and guest to generate the substrate selectivity and
stereoselectivity in product formation. More recently, re-
searchers have tried to combine the knowledge obtained from
the developing field of supramolecular chemistry and that
obtained from biochemistry to construct self-assembling sys-
tems that contain all the components of the natural system and
even utilize molecular oxygen asthe oxidant. These systemsare
successful in that they can achieve turnover numbers compara-
ble to those observed for the natural system. The question is
where now lies the next challenge in mimicking cytochrome
P450? Almost all the model systems described, aside from the
exciting field of catalytic antibodies, still lack the selectivity in
substrate and the stereoselectivity of the product of some
cytochrome P450 enzymes found in nature. The ultimate goal is
to combine the selectivity of the cavitand systems with the
knowledge obtained from supramolecular chemistry and bio-
chemistry, to design model systems which self-assemble and
self-organise themselves into highly active and selective
catalysts, not only mimicking the activity and selectivity of the
natural system but also significantly improving on it.
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