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1. Introduction

The reactions catalyzed by the cytochrome
P450 family of enzymes have challenged and
intrigued chemists for more than three decades.
Alkane hydroxylation and olefin epoxidation,
particularly, have attracted a sustained worldwide
effort, the allure deriving both from a desire to
understand the details of biological oxygen activa-
tion and transfer and, as well as the sense that the
development of new, selective catalysts, based on
these principles could be of considerable eco-
nomic value. The focus of this chapter is on the
advances in our understanding of the mechanisms
of the remarkable oxygenation reactions mediated
by oxometalloporphyrins in both enzymatic and in
small molecule model systems. Particular empha-
sis is on the period since the publication of second
edition of this monograph in 1995.

The activation and transfer of molecular
oxygen into its substrate by an iron-containing
enzyme was first demonstrated by Hayaishi in the
1950s!. It was shown, in some of the first mecha-
nistically informative oxygen isotopic measure-
ments, that both the inserted oxygen atoms in
the conversion of catechol to cis-muconic acid
derived from O, and not water. These findings
challenged the then firmly held view that oxygen
in biological molecules was derived exclusively
from water via hydration processes. The biosyn-
thesis of cholesterol and its precursor, lanosterol,

from the hydrocarbon squalene were also shown to
derive their oxygen functionality from molecular
oxygen?. Here, a single oxygen atom derived from
molecular oxygen while the other was transformed
to water. Later, the prostaglandins were shown to
derive from the incorporation of two molecules of
oxygen to form, initially, an alkyl hydroperoxide-
endoperoxide. Thus, what appeared at first to be
an obscure process of bacteria and fungi became
recognized as a major theme of aerobic metabo-
lism in higher plants and animals. The subsequent
search for “active oxygen species” and efforts to
elucidate and understand the molecular mecha-
nisms of oxygen activation and transfer have
been richly rewarding. Novel and unusual iron
redox chemistry, particularly those of high-
valent metal-oxo and metal-peroxo species, has
appeared as our understanding of enzymatic
oxidation strategies has developed.

2. Oxygen Activation by
Heme-Thiolate Proteins

The heme-containing metalloenzymes cyto-
chrome P450%, chloroperoxidase (CPO)* 3, nitric
oxide synthase (NOS)5, and their relatives catalyze
a host of crucial biological oxidation reactions.
Highly specific P450s are involved in the selective
oxygenations of steroid and prostaglandin biosyn-
thesis. Myeloperoxidase, which is a CPO, is an
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integral part of the immune response, and NOS is
the source of the highly regulated signal trans-
ducer, nitric oxide (NO). Certain fungal CPOs and
bacterial P450s have been genetically engineered
for large-scale biotransformations’ !0, The active
sites of these three protein families, known in
detail from a number of X-ray crystal structures®
U-13 " are remarkably similar. All three have an
iron protoporphyrin IX center coordinated to a
cysteine thiolate. All of them are oxidoreductases
that activate molecular oxygen (O,), in the cases
of P450 and NOS, or hydrogen peroxide in the
case of CPO, at the iron center and incorporate
one of the oxygen atoms into a wide variety of
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biological substrates. The other oxygen atom is
transformed into H,O. All three proteins are pro-
posed to initiate their chemistry through the oxi-
dation of a resting iron(III) state (1) to a reactive
oxoiron(IV) porphyrin cation radical intermediate
(2) (Figure 1.1). A depiction of the CPO active
site derived from the crystal structure of this
protein from Caldariomyces fumago is shown in
Figure 1.2. The structure, biochemistry, molecular
biology, and the chemistry of cytochrome P450
and related model systems have been extensively
reviewed 1422,

Our understanding of the mechanism of action
of these heme proteins comes from the direct

Figure 1.1.

[ron(11I) protoporphyrin IX with a cysteinate as the axial ligand (1), which is typical of cytochrome

P450, chloroperoxidase (CPO), and nitric oxide synthase (NOS) enzymes. The active oxygen species of these
proteins and related heme enzymes is an oxoiron(IV) porphyrin cation radical (2), often called compound [.

Figure 1.2. Crystal structure of the active site of chloroperoxidase (CPO) (EC 1.11.1.10) from C. fumago. Protein
framework is shown as ribbons. The heme is buried in a hydrophobic binding pocket containing the iron-coordinating
cysteinate ligand. Adapted from the X-ray atomic coordinates of CPO*.
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observation of intermediates in the catalytic cycle
through a variety of spectroscopic techniques, the
use of diagnostic substrates with mechanistically
revealing rearrangements during oxidation, and
the parallel development of the chemistry of
synthetic metalloporphyrins. The principal fea-
tures of the consensus mechanism of cytochrome
P450% are as outlined in Scheme 1.1:

(1) binding of substrate to the enzyme,
sometimes accompanied by a spin-
state change of the iron, to afford an
enzyme-substrate adduct 3;

reduction of the ferric cytochrome

P450 by an associated reductase with

an NADPH-derived electron to the fer-

rous cytochrome P450 4;

(3) binding of molecular oxygen to the fer-
rous heme to produce a ferrous
cytochrome P450—dioxygen complex
5, similar to the situation in oxymyo-
globin;

(4) a second one-electron reduction and
protonation to arrive at the Fe(IIl}-
hydroperoxy complex 6;

(5) protonation and heterolytic cleavage of
the O-O bond in 6 with concurrent pro-
duction of a water molecule to form a
reactive iron—oxo intermediate 7;

(6) and, finally, oxygen-atom transfer from
this iron—oxo complex 7 to the bound
substrate to form the oxygenated prod-
uct complex 8. Product dissociation
completes the cycle.

2
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There were a number of important realizations
in the course of elucidating this mechanism. That
hydrogen peroxide, alkyl hydroperoxides, peroxy-
acids, periodate, and iodosylbenzene were also
functional with cytochrome P450 suggested that
the chemistry of “oxygen activation” was the
two-electron reduction of molecular oxygen to
hydrogen peroxide and that, in analogy to the per-
oxidases, the active oxygen species was a ferryl
(or oxene) complex Fe=0, formally iron(V).
It was shown that a synthetic oxoiron{IV) por-
phyrin cation radical species could be formed at
low temperature by the oxidation of an iron(III)
precursor with peroxyacids (9 — 10)**. Inter-
mediate 10 did have the requisite reactivity to
transfer an oxygen atom to hydrocarbon sub-
strates. It is this oxygen-atom transfer from
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Scheme 1.1. Consensus catalytic cycle for oxygen

activation and transfer by cytochrome P450.

the oxygen donor to form the Fe=0 intermediate
7 and the subsequent oxygen transfer to form
the substrate complex 8 that has been termed
oxygen rebound®. Such an iron—oxo species
(compound I) has been observed for the CPO of
C. fumago® but the active species of cytochrome
P450 has remained elusive. Very recently, it has
been shown that an intermediate with the spectral
properties similar to those of CPO compound I
and the model iron porphyrin systems is formed
upon the oxidation of Cypll9, a thermostable
cytochrome P450, with a peroxyacid, analogous
to the model systems?’. Consistent with the
high reactivity expected for P450 compound 1,
this intermediate decayed with a rate constant
of 29 s~ at 4°C. Interestingly, similar experiments
with P450_, . the camphor-oxidizing enzyme
from Pseudomonas putida, resulted in an
iron(IV)-protein tyrosine radical species, presum-
ably via a one-electron oxidation of Tyr96 which
is only 9.4 A from the iron center®.

3. Mechanism of Hydroxylation
by Cytochrome P450

There has been much discussion in the field
about the oxygen transfer process 6 —» 7 — 8.
The oxygen rebound mechanism in Scheme 1.1 is
consistent with the stereochemical, regiochemical,
and allylic scrambling results observed in the
oxidation of norbornane, camphor, and cyclohex-
ene by cytochrome P450. The hydroxylation of



a saturated methylene (CH,) in norbornane was
accompanied by a significant amount of epimer-
ization at the carbon center?. Thus, the hydroxy-
lation of exo-exo-exo-exo-tetradeuterionorbornane
by P450 2B1 and the hydroxylation of camphor by
P450_, 28 gave exo-alcohol with retention of the
exo-deuterium label (Scheme 1.2). The hydroxyla-
tion of selectively deuterated cyclohexene pro-
ceeded with substantial allylic scrambling®. The
intrinsic isotope effects for the oxygen insertion
into a C-H bond are very large, in the range
of 10-13.5. These large isotope effects are
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inconsistent with an insertion process and indicate
that the C—H bond is essentially half-broken in a
linear [O-H-C] transition state thus providing
strong evidence for a nonconcerted mechanism.
Significantly, model iron porphyrin systems dis-
played the same behavior for both the norbor-
nane®® and cyclohexene? substrates. Thus, one
concludes that the epimerization and allylic scram-
bling processes are intrinsic properties of the
oxygen transfer event from an oxoiron complex.
Another revealing probe of the nature of
P450-mediated hydroxylation is a study of the
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Scheme 1.2. Epimerization and allylic scrambling observed for cytochrome P450 catalyzed hydroxylation.
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Scheme 1.3. Hydroperoxide isomerase activity of cytochrome P450 is intramolecular.

hydroperoxide isomerase activity of these
enzymes. 1-Hydroperoxyhexane has been shown
to afford 1,2-dihydroxyhexane upon exposure to
P450 2B13!. This is an unusual reaction since the
oxidizing equivalents of the hydroperoxide have
been used in this case to hydroxylate the neigh-
boring methylene group. A mixed, double oxygen
label experiment established that the rearrange-
ment was intramolecular (Scheme 1.3). Thus, the
terminal hydroperoxide oxygen was incorporated
into the adjacent C—H bond. This reaction path-
way is pertinent to the discussion about the nature
of reactive P450 intermediates since the same
ferryl species (compound I) can be accessed by
this “peroxide shunt” pathway. Analysis of the
diols derived from chirally labeled 2-deuterio-
1-hydroperoxyhexane showed that there was a loss
of stereochemistry at the hydroxylated carbon
center. Accordingly, the results support a mecha-
nism involving initial peroxide heterolysis, hydro-
gen abstraction at the adjacent methylene, and
radical recombination to afford the product diol.
The result is revealing since O—O bond homolysis
to form a hexyloxy radical should lead instead
to -y-hydrogen abstraction and products derived
therefrom.

Kupfer et al. have used this P450-hydroperoxide
isomerase reaction to explore substrate mobility
at the enzyme active site during the hydroxylation
event®2. Isomerase substrates were found to remain
in proximity to the P450 oxoferryl intermediate
and were rapidly captured by the oxidant with
high efficiency. Monooxygenase substrates, by
contrast, apparently bind to ferric P450 in multiple
orientations and undergo more extensive sub-
strate reorientation prior to oxidative attack. This

difference is likely to be due to the requisite
prepositioning of the hydroperoxide as a ligand of
Fe(ll). During turnover via oxygen reduction,
however, the positioning of the substrate will be
dictated by substrate—active-site interactions. An
important conclusion from these studies is that
product selectivity can be affected significantly by
substrate mobility. Accordingly, changes in prod-
uct selectivity, which have been used to suggest
alternative oxidants, need to be interpreted with
caution.

The hydroperoxy iron(IIl) complex 6 has also
been suggested to effect substrate oxygenations
based on observed changes in product ratios
and loss of hydrogen peroxide (uncoupling)
upon P450 active-site mutations’33°. An impor-
tant recent advance has been the development of
cryospectroscopic studies by Hoffman ez al. that
have allowed the stepwise interrogation of inter-
mediates depicted in Scheme 1.1%6. Thus, the
injection of an electron into complex 5 via
y-radiation, followed by thermal annealing of
the sample has produced EPR and ENDOR evi-
dence for the formation of, first, a hydrogen
bonded iron-peroxo species and then the
iron—hydroperoxo complex 6. While no ferryl
intermediate 7 was observed, the product alcohol
was found to be formed with its oxygen atom
coordinated to the iron center and with the
substrate-derived proton attached to the product
alcohol as depicted in structure 8 (Scheme 1.1).
This arrangement has important mechanistic
implications since, if a ferryl species 7 were the
immediate precursor of the product complex 8,
then coordination of the product hydroxyl oxygen
would be a necessary consequence. By contrast, if
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Scheme 1.4. Proposed mechanism for the deformylation typical of P450 aromatase activity.

the hydroperoxo species 6 were the source of
the electrophilic oxygen, then water would be
coordinated to iron rather than the product alco-
hol. A product complex such as 8 could also be the
source of cationic rearrangement products that are
sometimes observed during P450 oxygenations.
Significant recent advances in computational
approaches to the study of biological catalysis,
and the applications of these techniques to the
cytochrome P450 mechanism have also been illu-
minating. Thus, Shaik et al3’ and Yoshizawa
et al3®, have presented the results of a density
functional theory (DFT) analysis of the reactivity
of hydroperoxyiron(III) complexes such as 6.
Both groups conclude that a hydroperoxyiron(IIl)
porphyrin, Fe(III)-OOH, would be an implausible
primary oxidant. The protonation and heterolytic
0-0 bond cleavage of 6 to afford a ferryl species
analogous to 7 was found to proceed with almost
no energetic barrier, in accord with earlier experi-
mental results for the oxidation of an iron(III)
porphyrin 9 to an oxoiron(IV) porphyrin cation
radical species 10 with a peroxyacid®. Further,
the oxygen transfer from 7 to ethylene to form an
epoxide proceeded with only a low barrier. It was
concluded that the DFT calculations exclude a
hydroperoxyiron(Ill) intermediate such as 6 as
a reactive, electrophilic oxidant. Several modes of
oxygen transfer from the hydroperoxide interme-
diate encountered exceedingly high barriers for
reaction. The lowest energy of these was an inter-
action of the substrate ethylene with the proximal,
iron-bound oxygen of the Fe(IlI-OOH ensemble.
Nucleophilic reactions of a hydroperoxyiron(III)
intermediate 6, as have been suggested by
Akhtar®®, Robinson?!, and Vaz and Coon?2, for the
deformylation reactions characteristic of the P450
aromatase, do seem to be suggested by the signifi-
cant basicity of the distal, hydroxylic oxygen
found in the calculations for the Fe(Il[)}-OOH
group. This mode of reactivity is highly analogous

to the reactions of enzymes such as cyclohexanone
monooxygenase that proceed through a flavin
4a-hydroperoxide®’. Here, only electron-deficient
olefins react to afford epoxides even though the
flavin hydroperoxide is 2 X 10° times more reac-
tive than a simple alkyl hydroperoxide®. The reader
is referred to an insightful review by Watanabe for
a thorough discussion of the various modes of reac-
tivity of peroxoFe(III) porphytins (Scheme 1.4)*.
The hydroxylation of a C—H bond does seem to
require the full formation of a reactive ferryl
intermediate as in 11. This applies both for the
reductive activation of dioxygen and for the very
revealing cases of alkyl hydroperoxide isomeriza-
tion catalyzed by P450 discussed above®! 32, For
P450s in which the proton relay system has been
disrupted by active-site mutations, one would
expect that particularly reactive substrates could
interact with the proximal oxygen earlier in this
reaction profile as shown in 12. While similar
atomic trajectories and electronic charge redistrib-
utions are followed in each case, the former (11) is
analogous to the S 1 reaction in organic chem-
istry, generating a discrete ferryl intermediate,
while the latter (12) is Sy2-like, requiring assis-
tance from the electron-rich substrate. Indeed, in a
recent report by Sligar and Dawson, mutation of
the conserved active-site threonine-252 to alanine
in P450_, = was shown to disable camphor hydrox-
ylation while maintaining some reactivity for
more reactive olefinic substrates*®. Similarly, two
reactive intermediates, as suggested by Jones*’ for
the reactions of a thioether substrate, and also for
model porphyrin systems described by Nam*,
could reasonably derive from a mechanistic spec-
trum of this type. An important precedent for this
behavior is seen in the reactions of peroxyacids
with model Fe(IIl) porphyrins. Thus, Watanabe
and Morishima have shown that the iron-
coordinated peroxyacid 9 reacted with olefins
at the iron-coordinated oxygen atom in nonpolar
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solvents to give epoxides but would not react with
saturated hydrocarbons*>*°. By contrast, the same
oxoiron(IV) porphyrin cation radical, 10, was
formed with a variety of peroxyacids in more
polar media. This effect is also seen in model
compounds with a thiolate ligand to iron®". The
protein-derived hydrogen bonds to the axial thio-
late ligand to iron in P450_ _ have been shown to

cam

affect the O-O bond cleavage®!.

4. Mechanisms and Molecular
Trajectories for Hydroxylation
by Cytochrome P450

Among all the varied reactions mediated
by cytochrome P450, none has captured the

imagination of chemists more than the hydro-
xylation of saturated carbon centers. Metal-oxo
reagents such as chromates and permanganate can
perform reactions of this type but are notoriously
nonselective and must be used under forcing
conditions. The selective hydroxylation of hydro-
carbons remains one of the grand challenges
for the chemical catalysis community. How can
a protein create an iron intermediate reactive
enough to hydroxylate even as inert a substrate as
cyclohexane and not oxidize the relatively fragile
protein superstructure? What is the electronic
structure of that intermediate and what are the
molecular pathways for oxygen insertion into a
C-H bond? Without clear answers to these ques-
tions, the chemical catalysis performed by these
metalloenzymes will remain an enigma and our



attempts to draw conclusions will be without
physical meaning. Without knowledge of the
mechanism, we learn nothing of predictive value
that could be applied to other systems such as
the rational design of enzyme inhibitors or the
development of enzymatically inspired catalysts.
Presented in Scheme 1.5 is the range of
mechanisms that have been considered as likely
candidates for the cytochrome P450-catalyzed
hydroxylation of hydrocarbons and those of model
iron, manganese, and ruthenium porphyrins.
A linear, homolytic transition state, as in interme-
diate H, best fits the available data, such as the
very large hydrogen isotope effects. Indeed, exten-
sive similarities to the hydrogen abstraction
observed by cytochrome P450 and a ¢-butoxy rad-
ical have been presented by Dinnocenzo and Jones
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in support of this view2. A nonconcerted pathway
for C-H bond cleavage is strongly supported
by the observations of a variety of molecular
rearrangements that are known to accompany
P450-mediated hydroxylation as discussed above.
Initially it was clear that the kinds of rearrange-
ments observed were consistent with the forma-
tion of a caged substrate radical at the heme active
site. The intermediate radical could be trapped in
a subsequent step. Both P450 enzymes and model
systems showed a nonstereospecificity for the
hydrogen removal step from norbornane or cam-
phor substrates. Such a process was counter-
indicative of a cationic pathway to explain the
observed rearrangements. The results rule out
freely diffusing radicals, but a short-lived substrate
radical would explain the observed results.
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Scheme 1.5. Pathways for oxygen-atom transfer from the active ferryl species 7 of heme-thiolate enzymes such
as cytochrome P450 to form the product alcohol coordinated to the ferric, resting form of the protein (8).
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It was shown by Ortiz de Montellano ez al. that
bicyclo[2.1.0]pentane was oxidized by rat liver
microsomes to a 7: 1 mixture of endo-2-hydroxy-
bicyclo[2.1.0]pentane and 3-cyclopenten-1-ol,
consistent with a radical ring-opening reaction®?.
Applications of the “radical-clock” method by
Ingold>* and by Newcomb>S began to measure the
lifetime of the suspected radical cage intermedi-
ate. The rate constant for the rearrangement of
bicyclo[2.1.0]pent-2-yl radical to 3-cyclopenten-
1-yl radical was determined to be 2.4 X 10° s~ ! at
room temperature by using laser flash photolysis
techniques>®. Thus, a rate constant of ko, = 1.7 X
101°M~1s~! was estimated for the rebound
process. Radical clocks with very fast rearrange-
ment times were shown to produce less rearrange-
ment than slower clocks in the P450-mediated
hydroxylations, however. The results led Newcomb
to question whether a radical pathway existed since
the apparent lifetimes revealed by these probes
were in the range of 100 fs, too short to represent
a bona fide intermediate®’. Several suggestions
have been considered to resolve this dilemma and
the question is still an area of active experiment
and debate. As shown in Scheme 1.5, the transi-
tion state for hydrogen abstraction will position
the active oxygen only a few tenths of an
Angstrom farther from the hydroxylated carbon
atom than the transition state for the ultimate
C-O bond formation. Thus, the extent of radical
rearrangement might be expected to depend criti-
cally on the fightness of the radical cage and the
ensemble of steric and electronic forces experi-
enced by the incipient radical within the cage.
Even the molecular makeup of the active site will
depend on how the substrate fills the site, leaving
room for movement of amino acid side chains in
the vicinity of the substrate or allowing additional
water molecules into the active-site area. The
extent of rearrangement detected by a particular
probe may simply reflect a facile molecular tra-
jectory from the hydrogen abstraction transition
state to the hydroxylation transition state in this
variable environment. For substrates with a very
strong C-H bond and a small steric size, both
effects would push the reaction coordinate toward
a tighter radical cage.

Indeed, it has been shown that the effective
lifetime of a radical intermediate can even be
affected by the stereochemistry of the hydrogen
abstraction event’>. The chiral, binaphthyl

porphyrin shown in Figure 1.3 has been found to
hydroxylate ethylbenzene with a 70% ee. Stereo-
selective deuteration of the substrate revealed
that the pro-R hydrogen of ethyl benzene was
hydroxylated with nearly complete retention of
configuration at carbon while the pro-S hydrogen
underwent significant racemization (Figure 1.3).
Interestingly, the partition ratio, retention/inversion,
was nearly the same for the two enantiomers of
ethylbenzene-d,, suggesting similar mobility of the
radical intermediate at the active site.

Evidence for a similar type of host-guest com-
plementarity effect has been presented recently
by Wiist for the hydroxylation of limonene by
the limonene-6-hydroxylase, P450 CYP71D18%,
The regiochemistry and facial stereochemistry
of the limonene hydroxylation was found to be
determined by the absolute configuration of the
substrate. Thus, (—)-(45)-limonene gave (—)-trans-
carveol as the only product, whereas (+)-
(4R)-limonene afforded mostly (+)-cis-carveol
in a mixture of products. Specifically deuterated
limonene enantiomers revealed that (4R)-limonene
has sufficient freedom of motion within the active
site of CYP71D18 to allow formation of either the
trans-3- or cis-6-hydroxylated product. However,
the kinetic isotope effects resulting from deu-
terium abstraction were significantly smaller than
expected for an allylic hydroxylation. Signifi-
cantly, the oxygenation of (4R)-limonene gave
trans-carveol with considerable allylic rearrange-
ment and stereochemical scrambling, while the
formation of (+)-cis-carveol proceeded with high
stereospecificity for C6 hydrogen abstraction and
little rearrangement. These results are analogous
to the ethylbenzene hydroxylation by the chiral
iron porphyrin described above, in that epimeriza-
tion and allylic rearrangement apparently depend
upon the fit and mobility of the substrate at the
active site. Another informative probe of substrate
mobility at the active site using kinetic isotope
effect has been presented by Jones and Trager™.

For a reaction that involves a paramagnetic
iron—oxo intermediate and proceeds to produce
paramagnetic radical intermediates, it is likely
that spin-orbit coupling effects and the spin states
of reacting intermediates may offer another sig-
nificant consideration®®. Schwarz first suggested
that the unusually slow reaction of FeO* with
hydrogen in the gas phase was due to spin-
conservation effects that were imposed on these
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Figure 1.3. Catalyic asymmetric hydroxylation by a chiral, binaphthy! porphyrin. The stereochemical outcome of
a hydroxylation depends upon the steric fit of the substrate.
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intermolecular encounters®!. Detailed DFT calcu-
lations on this simplest iron—oxo electrophile
showed that there was a spin-state crossover dur-
ing the H-H bond cleavage step to form a species
H-Fe~-OH*, and another spin crossover leading to
the product Fe(OH,)*. Thus, the lowest energy
pathway for the reaction involved crossing from
an initial high-spin, sextet state for the oxidant
FeO™ to a low-spin, quartet state near the transi-
tion state for H-H bond cleavage. While such
effects are common for first-row elements as, for
example, with singlet and triplet carbenes, “spin
forbiddenness” has usually been discounted for
reactions involving transition metals. However,
the successful application of DFT calculations to
explain the unusual behavior of FeOt suggests
that these effects may be significant in the area of
oxidative catalysis.

Shaik has applied these considerations to
examine interactions of a prototype substrate,
methane, with a ferryl intermediate similar to 7 to
probe this chemistry of P4502. The results are
very revealing. The ferryl intermediate was shown
to have two nearly isoenergetic electron configura-
tions, doublet and quartet, depending upon whether
the unpaired electron in the porphyrin cation
radical is ferromagnetically or antiferromagneti-
cally coupled to the triplet ferryl center. Indeed,
both situations are known in enzymatic compounds
I and model systems. The calculations indicate
that the transition state for C~H bond cleavage
does look like the extended arrangement H in
Scheme 1.5. Here, however, the molecular trajec-
tories for the high-spin and low-spin reaction
coordinates diverge. For the high-spin pathway,
there was a discernable intermediate caged radical
state with the carbon center interacting weakly
with the iron-hydroxide. A significant energy
barrier was found for collapse of this high-spin

O

P450 bm3

e ol

intermediate to the product via formation of a
carbon—oxygen bond. By contrast, the low-spin
trajectory could proceed to products without
encountering this barrier. This two-state hypothe-
sis could provide a way out of the mechanistic
dilemma presented by the radical clock results
since the apparent timing of the clocks would
depend upon the relative importance of the high-
and low-spin pathways that would likely vary
from substrate to substrate.

Evidence for short-lived substrate radicals
has been presented recently for the oxidation of
the mechanistically diagnostic probe molecule
norcarane by cytochrome P450%. Among the
products found with P450 BM3, was 1.3% of the
radical rearrangement product hydroxymethyl-
cyclohexene while the cation rearrangement
product 3-cycloheptenol was not observed with
that isozyme (Figure 1.4). An alternate interpre-
tation of similar data, involving unusual behavior
of the probe molecule at the active site, has
also been presented®®. In all known cases of reac-
tions involving a radical intermediate, this nor-
carane probe produces a product derived from
the 3-cyclohexenylmethyl radical, as the major
rearrangement product. The rate constant for the
radical rearrangement of the 2-norcaranyl radical
has been found to be 2 X 108 s~1. By contrast,
for reactions proceeding through discrete carboca-
tions, rearrangement leads instead to 3-cyclohep-
tenol as the major rearrangement product.

The extent of observed rearrangement with a
panel of P450 enzymes leads to a radical lifetime
in the picosecond to nanosecond regime, certainly
long enough to be considered an intermediate
(Figure 1.5). A consistent timing was found for
several similar probes that were all small, aliphatic
hydrocarbons. Smaller amounts of cation-derived
products were also observed and were attributed

x

not detected

CH,0H

R~13%

Figure 1.4. Norcarane as a molecular probe of radical intermediates during C-H hydroxylation by cytochrome

P450 BM3.
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Radical Clock Timing for Cytochrome P450
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Figure 1.5. Plot of radical rearrangement rate constant vs observed product ratios for P450-mediated
hydroxylation of bicyclof2.1.0]pentane, norcarane, and spiro[2,5]octane.

to a competing electron-transfer oxidation of the
incipient radical, a well-precedented process. By
contrast, the hydroxylation of norcarane with a
ruthenium porphyrin catalyst that proceeds through
a reactive oxoruthenium(V) porphyrin intermedi-
ate, afforded ro detectable rearrangement.

DFT calculations on the ruthenium-mediated
hydroxylation show that the low-spin reaction
trajectory is preferred throughout, in accord with
general expectations for the behavior of second-
row transition metals®> % The ruthenium analog
was found to be more electrophilic than its
iron complex, having lower hydrogen abstraction
barriers. Thus, the data for the iron and ruthenium
porphyrin systems is in accord with the predic-
tions of theory that a radical rebound process
is viable for iron which has an accessible high-
spin state but not for ruthenium which is always
low-spin.

The hydroxylation of camphor by an oxoferryl
porphyrin has also been described by Kamachi

and Yoshizawa®’. While two spin states of the
reactive intermediate were also found in this work,
it was the high-spin quartet state of the oxoferryl
that was lower in energy. Also significant in these
calculations, were the findings that there was an
interaction between the incipient substrate radical
upon hydrogen abstraction and the Fe~OH center
at the P450 active site and that there was a
3.3 kcalmol™! activation energy for the highly
exothermic radical rebound to form the product
alcohol (Figure 1.6(a)). Such an interaction would
be expected to refard radical rearrangement rates,
providing another possible avenue for the mis-
timing of the clocks. The reaction profile for the
oxygen rebound pathway of cytochrome P450
computed by Shaik is presented in Figure 1.6(b)
for comparison. Computations on the details of
C-H bond cleavage in camphor by a P450 model
described by Friesner have revealed an unusually
low energy barrier for this process®®. The primary
contribution to stabilization of the transition state
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was attributed to the interaction of positively
charged residues in the active-site cavity with
carboxylate groups on the heme periphery. Addi-
tional experiments on oxoferryl species of known
electronic configuration would seem to be neces-
sary to address these questions.

Other, more exotic factors such as nonstochas-
tic behavior®® and tunneling effects™, could also
be involved in causing the mistiming of events
during C-H bond hydroxylation. Indeed, a
carbene ring-expansion reaction was very recently
found to have a large quantum-tunneling effect
that significantly affected the observed rate’!.
High-level calculations indicated that a thermal,
over-the-barrier process, and quantum tunneling
of carbon were still competitive even at room
temperature. Applied to C—H hydroxylation by a
reactive oxidant, this situation could give the
appearance of multiple oxidants and non-
Arrhenius behavior. Further, computations have
suggested that the speed of radical clocks can be
made to run fast via interactions with even simple

John T. Groves

metal ion centers such as Li* (ref. [72]). Thus,
for a stepwise reaction via the caged radical inter-
mediate in Scheme 1.5, a spectrum of apparent
lifetimes, perhaps dependent on such effects as
weak dipolar interactions and even vibrational
state, might be observed for rebound through tran-
sition state R to intermediate 8. Consideration of
the energy landscape for C-H hydroxylation
(Figure 1.7) suggests that the C-H bond cleavage
and concomitant FeO-H bond formation will
occur on a high-energy plateau, since the scissile
C-H bond should be similar in energy to the form-
ing FeO-H bond. Accordingly, the intrinsic
exothermicity of the hydroxylation reaction will be
expressed in the C—OH bond-forming step. In such
a scenario, it becomes more clear as to how small
changes in bond energies and weak interactions
of the reaction ensemble along the reaction coor-
dinate could have a significant effect on the out-
come, for example, positional or stereochemical
scrambling, by shifting the position of the transi-
tion states along the reaction coordinates.

g-(‘_\\'

g(‘_\.\

Ion pair

Figure 1.7. Energy landscape for aliphatic hydroxylation by cytochrome P450.
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The nonheme diiron hydroxylases, such as
methane monooxygenase (MMO)73 and AIkB, the
w-hydroxylase from P, putida, have also yielded to
similar structural, spectroscopic, and mechanistic
probes. Interestingly, there are striking similari-
ties between the consensus mechanism for the
heme and nonheme iron proteins (Figure 1.8). For
MMO, the resting enzyme has both iron centers in
the ferric state. Reduction and binding of oxygen
again produces a peroxo intermediate which is
oxidized to a reactive species, compound Q, that

has been characterized as a bis-p-oxoiron(IV)
intermediate. Both AlkB7* and MMO% 75 have
been interrogated recently with the diagnostic
probe norcarane and both have shown the radical
rearrangement product, hydroxymethylcyclo-
hexene. With MMO, it was possible to show that it
was the reactive intermediate Q that was interact-
ing with the substrate probe. For the histidine-rich
hydroxylase, AlkB, the results were particularly
striking since 15% of the product was indicative
of the radical rearrangement pathway. Similar

cell membrane
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Figure 1.8. Competing radical rearrangement and electron transfer during norcarane hydroxylation by the

histidine-rich hydroxylase XyIM.



16

results have been obtained recently for the related
histidine-rich, diiron hydroxylase XyIMS. A sig-
nificant aspect of this work was that it was per-
formed on whole cells and clones into which the
AlkB and XyIM genes had been introduced. Thus,
mechanistically informative biochemistry can be
obtained from this type of biological screen.

5. On the Mechanism of
Nitric Oxide Synthase

Nitric oxide (NO) is produced by the heme-
containing metalloenzyme NOS (EC 1.14.13.39).
Several NOS isoforms are homodimers with each
monomer containing binding sites for NADPH,
FMN, FAD, calmodulin, tetrahydrobiopterin
(H4B), and a heme group®. Similar proteins are
found in animals, plants, and bacteria indicating
that this is a widely distributed and highly
conserved process in nature. The H4B cofactor is
especially important, serving structural, allosteric,
and redox functions’”#%. The X-ray crystal struc-
tures of substrate-bound NOS show that both the
substrate and H4B are bound at the heme site with
a substantial network of hydrogen bonds'!-!3.
NOS catalyzes the two-step, five-electron oxida-
tion of L-arginine via N-hydroxyarginine (NHA)

PPIX—Felll_x
OH H

H,N__NH,
T 'NADPH NADP*

)

iy
H-N. _N-H
1/2NADPH 1/2 NADP*

John T. Groves

to citrulline and NO (Scheme 1.6). The initial
N-hydroxylation of L-Arg to NHA by O, is similar
to the C-hydroxylations of P450 described above.
The second step of the NOS reaction is unusual
because it is a three-electron, aerobic oxidation of
NHA to NO and citrulline®!: 82,

Our current understanding of these processes
is constrained by the fact that the consensus mech-
anism (Scheme 1.6) contains several unknown
intermediates and unprecedented processes in
the second step. There have been a number of
significant recent advances in the mechanistic
enzymology of NOS and the structures of the
enzyme—substrate complexes. However, while
these results have provided confirmation of the
basic tenets for the N-hydroxylation of arginine in
the first part of the consensus mechanism, the
results raise important questions regarding the
oxidation of NHA and the release of NO. Thus,
Poulos has shown that the X-ray structure of
NOS with NO bound to the heme iron center as a
structural surrogate for O,, places the NO oxygen
within hydrogen-bonding distance to the w-N-H!3.
This juxtaposition provides support for the notion
that the arginine proton assists the heterolysis
of the FeO—O bond during oxygen activation to
afford the ferryl intermediate in a P450-like
process. However, the same structure would have

PPIX—Fell— 0, 3

b(OHH
HN\NH

e %—' % G'“ m
%\ 0, H0 0,
* —
HN">co0- H)N" >C00~ co0
L-arginine NHA electron
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Scheme 1.6.
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difficulty accommodating both the hydroxyl
group of NHA where it would have to be, and the
0, of the next cycle. Significantly, very recent
EPR/ENDOR results by Hoffman ef al.%3 have
indicated that the incipient hydroxyl of NHA is
formed bound to the heme iron in a manner simi-
lar to C—H hydroxylation by P450. This unsus-
pected arrangement is consistent with an oxygen
rebound scenario but inconsistent with the X-ray
structure of NHA bound to the active site of NOS
obtained by Tainer et al!!, which shows the
N-hydroxy group to be displayed away from the
heme iron. Thus, it appears that NHA, as biosyn-
thesized from arginine, may be formed in a non-
equilibrium configuration with respect to the NOS
heme active site. In this light, the observation by
Silverman®* that oxime ethers of the type
NHA-OR are active substrates for NOS and that
NO is produced from these species is very
informative. The NHA-NOS crystal structure
suggests that NHA-OR derivatives can be accom-
modated at the active site in the configuration
shown in Figure 1.9%. Thus, the O-H of NHA
may not be mechanistically significant because
the mechanism of the N-hydroxylation of L-Arg
to afford NHA is still available to the oxime
ethers.

Figure 1.9. Structure suggested for the active site of
RO-NHA-bound murine iNOS.

6. Synthetic
Oxometalloporphyrins as
Models for Cytochrome P450

Studies using synthetic metalloporphyrins
(Figure 1.10) as models for cytochrome P450
have afforded important insights into the nature
of the enzymatic processes®® 87, Indeed, each of
the intermediates shown in Scheme 1.1 has
been independently identified by model studies
using synthetic analogs, especially meso-tetraaryl
porphyrins36: 88,

The first report of a simple iron porphyrin sys-
tem that effected stereospecific olefin epoxidation
and alkane hydroxylation was reported in 1979
(Scheme 1.7). This system introduced the use of
iodosylbenzene as an oxygen-transfer agent to
mimic the chemistry of cytochrome P450%,

It was later discovered that the reactive inter-
mediates in the iron porphyrin model systems
were high-valent oxoiron porphyrin complexes.
A green oxoiron(IV) porphyrin cation radical
species (13) has been well characterized by vari-
ous spectroscopic techniques, including visible
spectroscopy, NMR, EPR, Mbossbauer, and
EXAFS (Figure 1.11)°%%, It has recently been
shown by Nam and Que that the oxygen-atom
transfer from certain iodosylarenes is reversible
with some iron porphyrins. For the case of 1,2-
difluoro-4-iodobenzene both an oxoferryl species
and an iodosyl-ferric species were observed to be
in equilibrium®.

A family of oxoiron(IV) porphyrin cation rad-
ical species (13) with different axial ligands has
been reported, each of which displayed a charac-
teristic 'H-NMR for the pyrrole protons. Addition
of methanol replaced each of these ligands with
a solvent molecule (8 = —22.8)!% A report of
the imidazole and p-nitrophenolate complexes of
13 has also appeared, affording closer model com-
plexes for the compounds I of peroxidase and
catalase, respectively!®!. The oxoiron(IV) por-
phyrin cation radical complexes 13 were shown to
be highly reactive as oxygen-atom transfer agents
toward olefins and hydrocarbons, that is, reacting
with olefins to afford epoxides and with alkanes to
give alcohols!®1%4 Notably, 13-4-Me-Im was
also reactive toward norbornene, giving a 67%
yield of the corresponding epoxide!'®. Significant
variations have been observed in the reactivity and
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Figure 1.11. The family of oxoiron(IV) porphyrin cation radical species, Fe(IV)(O)TMP)™*(X) and the
characteristic proton NMR resonances of the pyrrole protons.
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selectivity of the complex 13 as a function of the
axial ligand'®-1%7. By contrast, the reactivity and
stereospecificity of the corresponding oxoiron(IV)
porphyrin complexes were low86 108, 109,

Nam has described studies using observed
changes in product ratios and '30-labeling to
suggest that both oxoferryl complexes such as
13 and the Fe(IlI)-O-X precursors are reactive
oxidants*® 10, The nature of the anionic ligand
was shown to affect both product selectivities and
the efficiency of '80 exchange. It is difficult,
however, to discern the cause of the changes
observed, since the two-oxidant scenario proposed
by Nam and the anionic ligand effect on the reac-
tivity of the oxoferryl complex itself described
by Gross, both would seem to explain the results.
The two most-well-characterized intermediates,
Fe(IV)(O)(por)™"(X), (“compound I”) and
(por)Fe(IV)=0 (“compound II”) are known to
react with olefins to afford epoxides with different
stereoselectivities. The former is known to pro-
duce a high cis/trans ratio of epoxide from
cis olefins, while the latter gives mostly trans
epoxide via a stepwise process. The effect of axial
ligands would then be on the lifetime of [(por)Fe
(IV)=0]"" (high cis/trans epoxide ratio), which
easily decays to (por)Fe(IV)=O (low cis/trans
epoxide ratio). Thus, while an iron(IlI)(por)-
peroxyacid complex has been demonstrated to be
reactive toward organic substrates such as olefins,
as discussed above, there is no unambiguous
evidence as yet from the model studies that a
hydroperoxoiron(III) porphyrin species, HOO—
Fe(IIT)(por), is a reactive, electrophilic oxidant.

7. Manganese Porphyrins in
Catalytic Oxidations

Manganese porphyrins have been shown to
have unusually high reactivity toward olefin epox-
idation and alkane hydroxylation'!'-117. However,
the physical characteristics of the putative oxo-
manganese(V) porphyrin species remained partic-
ularly elusive®® '8 because of its high reactivity
and transient nature. Stable oxomanganese(V)
complexes are few, the only examples involving
the use of tetraanionic ligands to stabilize the
high-valent manganese center'!%-122,

Structurally related to the porphyrins,
manganese salen catalysts have shown wide

applicability for the epoxidation of unfunctional-
ized olefins. First described by Kochi!?3, this sys-
tem has been particularly effective for the
asymmetric epoxidation of prochiral olefins with
readily available complexes such as 11'2%. Evi-
dence for an oxomanganese(V) salen complex!'?’
and an oxoiron(IV) salen complex [O=Fe(IV)
(salen)]"*(ref. [126]) have been presented. The
area has been thoroughly reviewed!?” 128, The
reader is also referred to the growing literature on
high-valent metallocorroles'?-132,

The intermediacy of reactive oxomanganese(V)
porphyrin complexes has long been implicated in
olefin epoxidation and alkane hydroxylation
because of the distinct reactivity patterns and
H,'80-exchange behavior'**-13, as compared to
that of the relatively stable oxomanganese(IV)
porphyrin 14 intermediates which have been iso-
lated and well characterized!'® 140, The oxoman-
ganese(IV) porphyrin complex transferred oxygen
to olefins with little stereoselectivity, while a tran-
sient oxomanganese(V) complex underwent oxy-
gen transfer to olefins with predominant retention
of configuration (Scheme 1.8)!3% 14! Further, the
oxomanganese(I'V) species exchanged the oxo lig-
and with water slowly while the positively charged
oxomanganese(V) complex readily exchanged the
oxo ligand with added 0 water!34.

Oxometalloporphyrin  studies in aqueous
media have allowed the study of reactive interme-
diates and metal-oxo—aqua interchange. The
small peptide—porphyrin fragment, microperoxi-
dase 8, has afforded evidence of reactive
metal-oxo intermediates upon reaction with oxi-
dants such as hydrogen peroxide!4? 143, Important
insights into this oxo-hydroxo tautomerism were
first reported by Meunier!® 137-13% 144 [t was
shown in these studies that metal-oxo species are
able to transfer an oxygen atom originating from
either the oxygen source or from water. Because
the intermolecular exchange of metal-oxo with
water is slow, an intramolecular exchange of
labeled oxygen atoms occurred, which is reminis-
cent of a carboxylic acid. This mechanism
involves a rapid, prototropic equilibrium, probably
via a trans-dioxoMn(V) intermediate'4’, that
interconverts an oxo group on one face of the
metalloporphyrin with an aqua or hydroxo group
on the other face. This type of rearrangement
was revealed by performing a catalytic oxygena-
tion catalyzed by a manganese porphyrin in
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Scheme 1.8. Reactivity and stereoselectivity of oxomanganese(IV) and oxomanganese(V) (generated by Mn(III)

and oxidants in sifu) in olefin epoxidation.

180-labeled water but with a 'O oxidant such a
Oxone or a peroxyacid. The oxo-hydroxy tau-
tomerism would allow as much as 50% water-
derived '30 oxygen transfer to a substrate, while
the other 50% of the oxygen would derive from
the peroxide.

The first direct detection of an oxoman-
ganese(V) porphyrin intermediate under ambient
catalytic conditions was achieved by using rapid-
mixing stopped-flow techniques®® 14, A direct
assessment of its reactivity in both one-electron
and oxygen-transfer processes was made possible
by these observations. The reaction of tetra-
N-methyl-4-pyridylporphyrinatomanganese(III)

[Mn{TMPyP)] with a variety of oxidants, m-
CPBA, HSO,, and ClO~, has been shown to
produce the same, short-lived intermediate. An
oxoMn(V) porphyrin structure was assigned to this
intermediate. The rate of formation of oxoMn(V)
from Mn''(TMPyP) followed second-order kinetics,

.
OHZ\]
I v 0—X
Mn

- -

first-order in Mn(III) porphyrin, and first-order in
oxidant. The rate constants have the following
order: m-CPBA (2.7 X 10" M~!s™!) > HSO,~
(6.9 X 10°M~s™1) ~CIO~ (6.3 X 10°M~!s71).
Once formed, the intermediate oxoMn(V) species
was rapidly converted to oxoMn(IV) by one-elec-
tron reduction with a first-order rate constant of
5.7s~1L. The oxoMn(IV) species was relatively

+
ok, |
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stable under the reaction conditions and was
shown by EPR spectroscopy to have a high-spin
quartet ground state. The one-electron reduction
of oxoMn(V) to oxoMn(IV) was greatly
accelerated by mitrite ion (k=15X
10’ M~!s™!). However, the reaction between
nitrite and oxoMn(IV) is much slower. The
oxoMn(V) intermediate was shown to be highly
reactive toward olefins, affording epoxide products.
In the presence of carbamazepine, a water-soluble
olefin, this oxygen transfer was extraordinarily
rapid with a second-order rate constant of 6.5 X
10°M~!'s™!). By contrast, oxoMn(IV) was not
capable of effecting the same reaction under

these conditions. With m-CPBA as the oxidant in
the presence of H,'80, the product epoxide was
shown to contain 35% !30, consistent with an
O-exchange-labile oxoMn(V) intermediate. Nitrite
ion inhibited the epoxidation reaction competi-
tively by one-electron reduction of the oxoMn(V)
intermediate to the unreactive oxoMn(IV). In
this way, it was possible to show that the oxo-
aqua exchange rate was about 103s™! for the
coordinated water. Significantly, bulk water
exchange was slower than oxo-transfer to the
olefin under these conditions. This simple
observation explains a body of often confusing
data and claims in the literature in this field.

NO; NO3
OH \_/ (0]
e ™
OH, NO; OH,
NO3
m-CPBA
or HSO5_ k1
[or Clo™ ] ke
H2180 OH2
3 -1
10° s 180
\—/
k3
G 18y
OH OH
I\:/In'" l\:lln”'
OH, 80H,

Scheme 1.9. (a) Rate constants: k;, =27 X 107M™'s7} k, = 1.5 X 10"M 157} k=65 X 10°M™ 157}
ky=14X102M~1s7!; 180 exchange ~10° s~. (b) 180 incorporation: 35% 80 labeling from the solvent (95%

H,'%0) into the epoxide.
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Peroxyacids will not exchange the peroxo oxygen
with water at all and neither does the pro-
duct epoxide. Thus, in those cases for which
180-incorporation is observed into the product
epoxides or alcohols, an oxo-metal species in
strongly implicated as the oxygen donor.
However, failure to see !#Q-exchange is not a
definitive result since the exchange rate may
simply be too slow to compete with oxygen-atom
transfer. These transformations and the !%O-
exchange process are summarized in Scheme 1.9.
It has been shown that hydrogen peroxide is also
an effective oxidant of water-soluble manganese
porphyrins, affording a reactive oxoMn(V) inter-
mediate as well'¥’. With water-soluble iron por-
phyrins, hydrogen peroxide was able to epoxidize
olefins'“®. Significantly, the efficiency of epoxi-
dation dropped drastically above pH 5, suggesting
that an acid-catalyzed heterolytic O-O bond
cleavage is part of the oxygen-transfer process.
Surprisingly, the 2-N-methyl pyridyl isomer
oxoMn(V)}(TM-2-PyP) was found to be unusually
stable allowing its characterization by 'H-NMR*.
Reaction rate constants for oxoMn(V)(TM-2-PyP)

John T. Groves

toward electron transfer, hydrogen atom abstrac-
tion, and epoxidation were all several orders
of magnitude slower than the corresponding
4-N-methylpyridyl species (Scheme 1.10). This
unusual effect, which did not appear in the corre-
sponding reactions of the Mn(IV) and Mn(III)
states, was ascribed to the low spin, & electronic
configuration of oxoMn(V). Thus, a spin-state
crossover is required during reduction with the
promotion of an electron from dxy tod, -
Oxomanganese(V)-5,10,15,20-tetrakis(N-
methyl-2-pyridyl)-porphyrin (15) was found to
transfer its oxo ligand efficiently to the bromide
ion. Furthermore, this oxo transfer is rapid and
reversible!®. The forward reaction mimics the
halide oxidation reaction catalyzed by haloperoxi-
dases, while the reverse reaction is the catalyst
activation step in substrate oxygenation by man-
ganese porphyrins. This well-behaved equilibrium
has allowed the assignment of a free energy
change for this reaction and is the first clear deter-
mination of the thermodynamics of an oxo trans-
fer reaction for a metal catalyst of this type. As
can be seen in the Nernst plot in Figure 1.12, the

electron transfer
_ o)
NO, II\/]InV

hydrogen atom abstraction

77 N\
QOH ﬁn 3.5x10°
O atom transfer
RN | 6.5x10°

o "

1.5x107

Second Order Rate Constants (M'ls'l)

2.0 x10*

8.8 x10°
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Scheme 1.10. Reaction rates for OxoMn(V)TM-4-PyP and OxoMnT(Y)M-2-PyP.
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Figure 1.12. Reversible oxygen transfer from hypobromite provided an energy calibration for cxomanganese(V)

porphyrins.

oxoMn(V) species is able to oxygenate bromide
ion below pH 8 and chloride ion below pH 5, the
increase in oxidizing power being due to the
protonation of the oxoMn(V) intermediate. As can
be seen, this species is tantalizingly close to the
oxidation potential of water/hydrogen peroxide at
low pH.

8. Metalloporphyrins as
Detectors and Decomposition
Catalysts of Peroxynitrite

The rapid reaction rates of peroxides with met-
alloporphyrins and the detection of observable
oxometalloporphyrin species, especially in the
reactions of manganese porphyrins with various
oxidants (m-CPBA, NaOCl, KHSO,)!%, have also
inspired the use of these porphyrins as detectors

for a transient biological oxidant, peroxynitrite
(ONOO™). ONOO™, a strong one- and two-
electron oxidant, has been implicated in a
number of pathological conditions!#°. Structurally,
ONOO™ is the conjugate base of peroxynitrous
acid and, like other similar peroxides, it rapidly
oxidizes manganese porphyrins!36 150. 151 Thuys, its
reactions with manganese porphyrins to generate
oxomanganese intermediates allowed the sensitive
detection of this transient molecule under cell-like
conditions'36 130, Using manganese porphyrins as
ONOO™ detectors, it has been shown that ONOO~
can quickly diffuse across biological membranes
and react with its biological targets!>% 152,

The fast oxidation of manganese(Ill) por-
phyrins to oxomanganese(IV) species by ONOO™
satisfied the prerequisite for the porphyrins to
be efficient ONOO™ decomposition catalysts!>0.
Indeed, manganese porphyrins, redox-coupled
with biological antioxidants (such as ascorbate,
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glutathione, Trolox®), rapidly reduce ONOO ™~ and
thus prevent the oxidation and nitration of biolog-
ical substrates by this toxic oxidant!Sh 153,
Amphiphilic analogs of the water-soluble metal-
loporphyrins have been developed that are
suitable for liposomal delivery!**. Further, these
amphiphilic metalloporphyrins in sterically stabi-
lized liposomes are highly active in decomposing
ONOO™ (ref. [154]), and thus are potential thera-
peutic agents for the treatment of ONOO~-related
diseases. Iron(IlI) porphyrins are also rapidly oxi-
dized by ONOO™, and Stern et al. have reported

FeTMPS

ONOO™

ONOO~

John T. Groves

that water-soluble iron porphyrins have the ability
to decompose ONOO™ by isomerizing it to nitrate
and these compounds, moreover, have shown sig-
nificant biological responses in animals!>. The
mechanism of action of the iron porphyrins
is significantly different than the manganese
case. Significantly, both Fe(Ill) and oxoFe(IV)
states are catalytically active toward ONQO~
(Scheme 1.11)!%6- 157 Compounds of this sort have
been shown to be highly potent in animal models
of inflammation related pathologies such as
diabetes and colitis'®.

NO3

‘NO;

4
NO2 —4_—»N204;5h> NOg + NOE +2H+

ONOO —»

Scheme 1.11.

NO3

Mechanism of peroxynitrite decomposition by FeTMPS.
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9. Synthetic Metalloporphyrins
as Stereoselective Catalysts

Understanding the mechanism of cytochrome
P450 through the study of the synthetic model
systems offers an opportunity to develop practical
regioselective and stereoselective catalysts. Such
catalytic systems have been extensively surveyed
in numerous reviews!# 20, 86, 159-162  Qnace does
not permit a discussion of all the elegant catalysts
developed, but a few systems are shown here as
examples.

By analogy to the natural enzymes which
utilize a protein scaffold to effect substrate recog-
nition and stereoselectivity, special steric features
have been introduced into the synthetic porphyrin
catalysts to achieve regio- and enantioselective
oxidation. The success of such systems relies on
the steric interactions between the substrates and
porphyrin catalysts, which position the substrates
specifically toward the reactive metal-oxo center.
Breslow et al®® 1% have recently reported a
remarkably selective, catalytic steroid hydroxyla-
tion using an artificial cytochrome P450 enzyme.
The synthetic strategy to induce selectivity in the
model system was the attachment of four cyclo-
dextrin appendages to a synthetic manganese por-
phyrin used in place of the heme center of the
natural enzyme. These donut shaped heptamylose
sugars have a hydrophobic central cavity, which is
known to bind aromatic molecules. The substrate
steroid was modified with such an aromatic group
at either end of the molecule. The host—guest
complex obtained from these designed partners,
Figure 1.13, displays a limited region of the sub-
strate steroid in the vicinity of the catalytic man-
ganese center. What is most significant about this
artificial enzyme is the fact that hydroxylation

CH;

//O
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occurred only at carbon 6 to give the 6a-hydroxy-
steroid, even though there are many sites in this
molecule with similar intrinsic reactivity. This
high selectivity was found to depend critically
on the precise arrangement of the aromatic
groups of the substrate. Moreover, the manganese
porphyrin—cyclodextrin construct was able to
release the product sterol and hydroxylate at least
four steroid molecules. Catalytic turnover with
such high positional selectivity is highly unusual
for this kind of model system!6’.

Collman et al. reported a series of “picket
basket” porphyrins (Figure 1.14) which show
extremely high shape selectivity (>1,000 for
cis-2-octene vs cis-cyclooctene) and relatively
high enantioselectivity in olefin epoxidation
{ee around 70-85%)!% 156 Chiral, binaphthyl
straps between adjacent o-aminophenyl groups
have afforded very good enantiomeric selectivities
for styrene epoxidations!®7.

The first use of a chiral porphyrin to carry
out asymmetric epoxidation was reported in
1983, giving 50% ee with p-chlorostyrene!®,
The ee was improved to ~70% for epoxidation
of cis-B-methylstyrene with the use of a very
robust chiral vaulted binaphthyl porphyrin 16
(Figure 1.15)1%%- 170, More significantly, this cata-
lyst afforded the first case of catalytic asymmetric
hydroxylation by a model system, giving a ~70%
ee for hydroxylation of ethylbenzene and related
hydrocarbons!®%: 170,

Further developments of this system have led
to studies of the binaphthyl-peptide-strapped por-
phyrin 17'7!. For styrene epoxidation this chiral
catalyst afforded an ee greater than 90% in the ini-
tial stages of the reaction, with the (R)-styrene
oxide predominating. NMR T, relaxation studies
with the copper(Il) derivative of the same ligand

CH;
0]

Figure 1.13. Steroid-manganese porphyrin host—guest complex.
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R=-(CH,)- n=2,4,6,8,10

Figure 1.14. Chiral “picnic basket” porphyrins.

;0 H ‘Q
O
N-H H

O
A = H-N

Figure 1.15. A chiral vaulted binaphthyl metallo-
porphyrin.

showed that it was the protons of the major
enantiomer of the product epoxide that were more
efficiently relaxed in an inversion-recovery exper-
iment with Cu-17. Comparative T, data are shown
in Figure 1.16. Accordingly, the major product
must fit better into the chiral cavity of this cata-
lyst. Thus, one can conclude that the enantio-
selectivity observed can be attributed to a simple
lock-and-key process in which the transition state
for epoxidation must look rather like the coordi-
nated epoxide.

An interesting functional active-site model
system for prostaglandin H synthase has recently

been described by Naruta'’> '3, In this “twin
coronet” structural motif, four pendant hydroxy-
naphthyl groups provide a sterically encumbered,
hydrophobic substrate-binding cavity (Figure 1.17).
Upon treatment with m-chloroperoxybenzoic acid
an oxoiron(IV)-naphthyloxy radical species was
formed and detected by EPR. This radical interme-
diate reacted with a 1[,4-diene and oxygen in
a single-turnover reaction to afford S-trans-7-cis-
undeca-5,7-diene-4-ol in 156% yield. The forma-
tion of the aryloxy radical was shown to be
essential to this conversion in close analogy to the
enzymatic process.

10. Ruthenium Porphyrins in
Oxidative Catalysis

The controlled oxygenation of alkanes, alkenes,
and aromatic hydrocarbons is one of the most
important technologies for the conversion of crude
oil and natural gas to valuable commodity chemi-
cals'’®. Biomimetic studies of metalloporphyrins
have led to important advances in practical cataly-
sis, especially with ruthenium porphyrins. Reaction
of m-CPBA, periodate, or iodosylbenzene with
Ru(I[)(TMP)(CO) produced Ru(VIXTMP)O),!”.
Remarkably, Ru(VITMP)(O), was found to cat-
alyze the aerobic epoxidation of olefins under mild
conditions!’¢. Thus, for a number of olefins includ-
ing cyclooctene, norbornene, cis-, and trans-§3-
methyl styrene 1645 equivalents of epoxide were
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Figure 1.17. Twin coronet model prostaglandin H synthase.

produced per equivalent of the ruthenium
porphyrin complex over a 24-hr period at room
temperature under 1 atm of dioxygen.

Dioxygen activation by Ru(Il) porphyrins is
likely to involve the formation of a p-peroxo-
ruthenium(III) dimer followed by homolysis of the
O-O bond to give two equivalent of oxoruthe-
nium(IV) species. Nakamoto et al.!”” 178 detected
such a p-peroxoruthenium(Ill} intermediate by
resonance Raman spectroscopy (v(O=Ru) at
552 cm™!) in the toluene solution of Ru(II)(TPP)
saturated with O, at —80°C. Upon raising the
temperature of the solution a v (O=Ru=0) band
corresponding to Ru(VIYTMP)O), appeared at
81t em™L.

X-ray data obtained for a closely related
Ru(VI(TDCPPYO),, definitively established a
structural precedent for the frans-dioxoRu(VI) por-
phyrin complexes!”®. The structure revealed a nearly
planar arrangement of the porphyrin macrocycle
and two relatively long Ru=0 bonds of 1.729 A
(Figure 1.18). Marchon and coworkers have pub-
lished an X-ray structure of trans-dihydroxoruthe-
nium(IV) complex of H,TDCPP!®, also obtained
from the reaction of Ru(IlTDCPP)CO) with
m-CPBA. The IR spectrum of the trans-dihydroxo-
ruthenium(IV) complex was reported to be differ-
ent from that of the frans-dioxoruthenium(VI)
complex. Thus, Ru(IV)}(TDCPP)OH), showed
a Ru—O stretch at 760 cm™! in the IR spectrum
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Figure 1.18. Molecular structure of Ru(VIY(TDCPP)(0),.

while the Ru=O band of Ru(VI}(TDCPP)(O),
appeared at 828 cm™!. The length of the Ru-O
bonds in the X-ray structure of Ru'Y(TDCPP)
(OH), was 1.790 A which is somewhat longer but
not significantly different from the length of the
Ru=0 bonds in Ru(VI)(TDCPP)(O),'”.
Nonlinear, upward U-shaped Hammett plots
were obtained for the stoichiometric oxidation of
substituted styrenes with Ru(VI}(OEP)(O), and
Ru(VIY(TPP)(O),. The shape of the Hammett cor-
relations indicated a change in the structure of the
transition state of epoxidation with these com-
plexes when switching from electron-donating to
electron-withdrawing substituents!3!. However,
the Hammett treatment of data for a series of com-
petitive aerobic oxidations of para-substituted
styrenes catalyzed by Ru(VITMP)O), gave a
good linear correlation with a p* value of —0.93
against o' set of parameters'’”®. Only para-
nitrostyrene deviated from the linear trend. This
p* value was typical of the results obtained for
iron and manganese-porphyrin-mediated epoxida-
tions with iodosyl arenes and hypochlorite,
suggesting a similar, relatively small charge sepa-
ration in the transition states of these reactions®®
166,182, 183 Gignificantly, in epoxidations with the

Ru(VI)(TPP)(0),/0, system, the electron-rich
styrenes gave more para-substituted phenyl-
acetaldehyde byproducts than the electron-poor
styrenes. For example, 19.5 equiv of the aldehyde
and 3.8 equiv of the epoxide was produced in
the oxygenation of methoxystyrene while the
epoxidation of chlorostyrene produced less than
1 equiv of the aldehyde and 37 equiv of the
chlorostyrene oxide based on catalyst. In order
to explain these data, a mechanism has been pro-
posed (Scheme 1.12) in which the rate-limiting-
step of the initial partial charge transfer is
separated from the product-forming step. Phenyl-
acetaldehydes are believed to be formed by a
1,2-hydride shift of the cationic intermediate. This
intermediate would be more favored by electron-
donating para-substituents in agreement with the
distribution of products.

Murahashi and coworkers have studied the
aerobic oxidation of alkanes catalyzed by poly-
fluorinated metalloporphyrins including Rul
(TPFPP)(CO) in the presence of acetaldehyde
(Scheme 1.13)!84 185,

The catalytic oxygenation of cyclohexane and
adamantane at 70°C under 1 atm dioxygen gave
¢. 200 turnovers in 24 hr. The ruthenium porphyrin
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Scheme 1.12. Proposed mechanism of oxygen-atom transfer from Ru(VI)(TMP)(0), to substituted styrenes.

Ry R4 R,
RuU"(TPFPP)(CO) Rs=H \

R—C—H ——————» R,—C—OH —— C—O0
| CH4CHO, 1 atm O, F(/
Rs 70°C Ra 2

Scheme 1.13. Acrobic oxidation catalyzed by Ru(II)(TPFPP)CO, see references 184 and 185.
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demonstrated high stability toward oxidative
degradation with turnover numbers as high as
14,000, achieved in the oxygenation of cyclo-
hexane when a low catalyst concentration was
used. The normalized 3°/2° C—H bond preference
in oxidation of adamantane with this system was
about 20. Competitive experiments with cyclo-
hexane and cyclohexane-d, , resulted in an isotope
effect of 13. The mechanism of catalysis was not
clear. It is known that the reaction of aldehydes
with dioxygen in the presence of metal complexes
produces peroxyacids!®®. The authors suggested
an oxometal species which is formed by reaction
of peroxyacid with ruthenium porphyrin as the
active intermediate although no good evidence in
favor of such species was presented. The possibil-
ity of a radical autoxidation mechanism cannot be
excluded.

Labinger and coworkers'8” have investigated
the catalysis of aerobic olefin oxidation by a
highly electron-deficient perhalogenated ruthe-
nium porphyrin complex Ru'(TPFPPCL)CO).
The oxidation of cyclohexene under 1 atm dioxy-
gen at room temperature proceeded mostly in the
allylic positions affording 58% 2-cyclohexen-1-ot
and 27% 2-cyclohexen-1-one along with only
15% of cyclohexene oxide. Three hundred
turnovers of oxidation were achieved in 24 hr and
90% of the catalyst was recovered at the end of the
reaction. Oxygenation of styrene gave benzalde-
hyde (3 turnovers in 24 hr) as the only product. By
contrast, the oxidation of cyclooctene produced
cyclooctene oxide as the major product (42
turnovers in 24 hr). With iodosylbenzene as oxi-
dant Ru'(TPFPPCL)(CO) demonstrated signifi-
cantly higher selectivity for epoxidation with §1%
styrene oxide and 42% cyclohexene oxide pro-
duced, based on the total amounts of oxidation
products. The trans-dioxoruthenium(VI) complex
RuV{TPFPPCI X(O), prepared by oxidation of
Ru(TPFPPCI,((CO) with m-CPBA was found
to be a less efficient catalyst for the aerobic

Ry

Ry Ry N

_ o+
N

Ru(Por)
Ry’ Arbenzene R, g R, F{1 N Ry
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oxygenations and therefore an unlikely intermedi-
ate in the catalytic cycle. The authors noted that
the distribution of products in a cyclchexene oxy-
genation with Ru(TPFPPCL)(CO) was identical
to the ratio of allylic oxidation vs epoxidation
products obtained in the aerobic oxidation with
Fe''(TPFPPBr,)CI'®8. For the iron porphyrin
catalyst these reactions have been established to
follow a radical autoxidation mechanism'8® 1%,

Nitrous oxide is produced as a byproduct in
multimillion lb/year quantities in nylon manu-
facture worldwide. Currently, there is a great
interest toward the utilization of N,O due to the
environmentally hazardous nature of this gas
with respect to the greenhouse effect and ozone
layer depletion. In addition to their ability to
utilize dioxygen for catalytic hydrocarbon oxida-
tions, ruthenium porphyrins have been shown to
activate nitrous oxide'®® which is an extremely
inert molecule!®' and a poor ligand.'"?* Groves
and Roman have found that N,O reacted with
Ru'(TMPYTHF), in toluene to produce Ru“'
(TMPYO0),'?. The trans-dioxoRu(VI) complex
can in turn epoxidize a suitable substrate such as
trans-B-methyl styrene. This system was subse-
quently shown to be catalytic under appropriate
conditions' %",

Hirobe and coworkers were the first to use
an unusual class of oxidants, 2,6-disubstituted
pyridine N-oxides, in conjunction with ruthenium
porphyrins for oxidation of olefins (Scheme 1.14),
alcohols, and sulfides!9*-197,

The epoxidation of styrene with 2,6-
dichloropyridine N-oxide was efficiently catalyzed
by of Ru(VI)(TMP)O), or Ru(ll)(TMP)CO) to
afford styrene oxide with high selectivity and
nearly quantitative yields based on substrate
used!®®. Moderate yields of the epoxide (26%)
were obtained with Ru(IITPP)(CO). Turnover
numbers up to 16,500 were achieved in epoxidation
of norbornene in the presence of catalytic amounts
of Ru(VI)Y(TMP)(O),. The catalytic reactions were

R3'

bl

Scheme 1.14. RuPor = Ru(II)TMP)(CO), Ru(I)(TPPY(CO) or Ru(VI}TMP)(0),.
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characterized by high chemoselectivity and stereo-
specificity. For example, when a 1:1 mixture of
cis- and trans-stilbene was reacted with 2,6-luti-
dine N-oxide in the presence of Ru(VI)(TMP)O),,
cis-stilbene oxide was produced in 87% yield,
while only 1% of trans-stilbene was epoxidized!®%.
Further, the cis disubstituted double bond of
trans,cis,trans-1,5,9-cyclododecatriene was pre-
dominantly oxidized under these conditions.
Cis-stilbene was stereospecifically epoxidized
with 2,4,6-trimethylpyridine. Only ruthenium por-
phyrins displayed catalytic activity with respect to
the oxygen transfer from pyridine N-oxides. Other
metalloporphyrins, such as Mn, Fe, Co, Mo, and
Rh porphyrin complexes, were found to be inactive
with these oxidants!®3 19,

While alkanes and aliphatic alcohols were
inert with respect to the RuPor/N-oxide system,
the catalytic activity of ruthenium porphyrins was
dramatically enhanced in the presence of protic
acids such as HBr'%% 198 19 Hydroxylation of
adamantane with 2,6-dichloropyridine N-oxide in
the presence of Ru(IIlTMPYCO) and HBr
afforded over 100,000 turnovers of the tertiary
C-H oxidation products, 1-adamantanol and 1,3-
adamantanediol, with a turnover frequency of
5.6 turnovers s~ !. Methylcyclohexane was selec-
tively hydroxylated to give 1-methylcyclohexanol
in 94% yield. Cis-9-decalol was the major pro-
duct in oxidation of cis-decalin with no stereoiso-
mer frans-9-decalol detected. Oxygenation of a
relatively inactive alkane such as cyclooctanol
afforded c. 300 turnovers of cyclooctanone (77%
yield based on substrate)!%.

Nagano et al. have studied the oxidation
of steroids with 2,6-dichloropyridine N-oxide

R—H
ClI" N d

co O

G e

catalyzed by Ru(II}(TPPYCO), Ru{II)(TMP)
(CO), and Ru(Il)(TDCPP)(CO) in the presence of
HBr2%, Tertiary C-H positions of steroidal sub-
strates were hydroxylated with complete retention
of configuration of the asymmetric centers. The
regioselectivity of oxidation significantly depended
on the steric bulk of the ortho substituents of the
aromatic rings at the meso position of the porphyrin
catalysts and on the electronic properties of the
porphyrins.

A very promising system for hydrocarbon oxy-
genation with 2,6-dichloropyridine N-oxide in the
presence of electron-deficient, polyhalogenated
ruthenium porphyrins has been reported?0!- 202,
The oxidations with this system were character-
ized by high rates and selectivity even under
mild conditions and, most significantly, could be
carried out in a nonacidic reaction media.
Carbonyl (5,10,15,20-tetrapentafluorophenylpor-
phyrinato)  ruthenium(II)—Ru(ID(TPFPP)(CO)
showed unusually high activity with 2,6-
dichloropyridine N-oxide as the oxygen donor
(Scheme 1.15).

Adamantane and cis-decalin were hydroxylated
with high selectivity, complete stereo-retention,
extraordinarily high rates (up to 800 turnovers
min~1), and high efficiency with up to 15,000
turnovers. Similar conversions were obtained when
Ru(VI)(TPFPP)O), and Ru(VI}TPFPBr,P)(O),
were used as catalysts. Oxygenation of less reac-
tive substrates such as benzene and cyclohexane
proceeded with lower but still significant turnover
numbers (100-3,000). Tertiary vs secondary selec-
tivity in adamantane oxidation was above 210.
No rearrangement products were detected in
cis-decalin hydroxylation.

Scheme 1.15. Fast catalytic hydroxylation with a fluorophenylruthenium porphyrin.
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The kinetics of product evolution in a typical
reaction of adamantane hydroxylation showed
an initial induction period followed by a fast,
apparently zero-order phase with the maximum
rate and highest efficiencies (Figure 1.19).
Deviation from linear behavior took place only
after 90% of the oxygen donor and 80% of the
substrate had been consumed. When Ru(VI)
(TPFPP)(O),, prepared by reaction of Ru(Il)
(TPFPPYCO) with 3-chloroperoxybenzoic acid
was used as the catalyst, no induction time was
detected and zero-order kinetics were observed as
well. The well-defined and characteristic UV-vis
spectra of metalloporphyrins provide an invalu-
able tool for the mechanistic studies. Thus, moni-
toring the state of the metalloporphyrin catalysts
during the course of both model reactions by
UV-vis spectroscopy revealed that the initial form
of the catalyst remained the predominant one
throughout the oxidation, that is, in the Ru(ll)
(TPFPP)(CO)-catalyzed reaction c. 80% of the
porphyrin catalyst existed as Ru(IT) (TPFPPYCO)
and in Ru(VI)(TPFPP)(O),-catalyzed reaction
more than 90% of the catalyst was still in the
form of Ru(VIYTPFPP)O), despite the high
turnover numbers reached (~400 turnovers). The
fact that Ru(I[)(TPFPP)(CO) demonstrates similar

400
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and even higher maximum turnover rate of
4.9 turnovers min~! in adamantane hydroxylation
vs 4.0 turnovers min~! for Ru(VIYTPFPP)(O),
under the same conditions indicates that an active
catalyst species other than Ru(VIXTPFPP)(O), is
involved in the fast catalytic hydroxylation.
Therefore, a typical trans-dioxoRu(VI)-
oxoRu(IV) catalytic cycle can be ruled out as the
primary reaction pathway in case of rapid catalytic
oxygenation. The apparent zero-order Kkinetics
observed are consistent with a steady-state cat-
alytic regime accessible from different initial
states of ruthenium metalloporphyrin. Indeed,
common oxidants, other than aromatic N-oxides,
such as iodosylbenzene, magnesium monoperoxy-
phthalate, Oxone®, and tetrabutylammonium
periodate produced the trans-dioxoRu(VI) species
from Ru(II}(TPFPP)(CO) under reaction condi-
tions but were ineffective for the rapid catalysis.
A two-electron oxidation of Ru(II)(TPFPP)
(CO) would produce oxoRu(IV) porphyrin and
eventually dioxoRu(VI). What is the alterna-
tive pathway for Rull(TPFPP)(CO) activation?
It is known that ruthenium(II) w-cation radicals
are formed from the corresponding carbonyl
compounds by chemical or electrochemical one-
electron oxidation?®>. Such species have been

100 —

T
100 150 200

Time, min

Figure 1.19. Adamantane hydroxylation catalyzed by Ru(ID)TPFPP)}CO) and Ru(VI)(TPFPP)(0),,
[adamantane] = [pyCI,NO] = 0.02 M, [catalyst] = 50 puM, CH,CL, 40°C. TO (Turnovers) = moles of

product/moles of catalyst.
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shown to undergo intramolecular electron transfer
upon axial ligation and removal of CO to give
ruthenium(IIl) porphyrins?®*. An emerald green
solution of Ru(Il)}(TPFPP)(CO)*" radical cation
with a strong EPR signal (g = 2.00) was quantita-
tively obtained when Ru(IY(TPFPP)(CO) was oxi-
dized with ferric perchlorate in methylene
chloride. An EPR signal typical of a ruthenium(III)
species (g" = 2.55, g, = 2.05) was detected after
the addition of 2,6-lutidine N-oxide to the solution
of the radical cation.

Metastable Ru(III) and oxoRu(V) species have
been proposed as key intermediates in the cat-
alytic cycle of “rapid oxygenation” which can be
viewed as a part of the general scheme of diverse
oxidative chemistry of ruthenium porphyrins
(Scheme 1.16). The aerobic oxygenation pathway,
involving the even oxidation states, is shown in
the left half of Scheme 1.16. The new fast catalytic
process on the right half of the figure depicts the
chemical interconnectivity between the fast and
slow catalytic regimes.

Enantioselective epoxidation of unfunctional-
ized olefins is an important area of asymmetric
synthesis!®> 205 206 Metalloporphyrins represent
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an attractive foundation for the design of the new
chiral epoxidation catalysts due to their high
intrinsic stability with respect to oxidative degra-
dation. Thus, extremely large turnover numbers in
the oxygenation of hydrocarbons, approaching
10°-105, have been achieved with achiral metallo-
porphyrin catalysts!?% 27,

Gross et al. reported the first use of a chiral
ruthenium porphyrin Ru'{L )(CO) as a catalyst
for styrene epoxidation?8. Chiral ruthenium por-
phyrin systems have also been reported by Che
et al ?%%-210 The utilization of another chiral ruthe-
nium porphyrin, Rul{(L)(CO) as a catalyst for
enantioselective epoxidation of olefins with 2,6-
dichloropyridine N-oxide has been described by
Berkessel and Frauenkron?!!, The highest enan-
tiomeric excesses of the oxiranes were obtained in
the epoxidation of tetrahydronaphthalene and
styrene, 77% and 70% ee, respectively, with high
yields (up to 88%). Terminal aliphatic olefins
and tfrans-disubstituted olefins, represented by
l-octene and frans-stilbene, were sluggish sub-
strates and gave low ee’s. The epoxidation of
tetrahydronaphthalene with iodosylbenzene cat-
alyzed by Ru(I}(L,)(CO) produced only 52% ee

CO CO
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Scheme 1.16. Mechanisms of ruthenium porphyrin oxidation catalysis.
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of the epoxide. Interestingly, the results were sim-
ilar to those published by Gross ef a/.1%” in that the
enantioselectivity of epoxidation with Ru(II)}(L,)
(CO) was different when iodosylbenzene or pyri-
dine N-oxides were used as primary oxidants but
did not depend on the nature of the pyridine N-
oxide. Under the comparable reaction conditions
~T72% ee of tetrahydronaphthalene oxide was
reported for the catalytic oxidation of tetrahydron-
aphthalene with 2,6-dichloropyridine N-oxide,
2,6-dibromopyridine N-oxide, and N-methylmor-
pholine N-oxide.

11. Conclusion

Cytochrome P450 has been called the Rosetta
Stone of iron proteins. Perhaps nowhere else in the
biological sciences has the rich interplay between
structural, spectroscopic, mechanistic, computa-
tional, and chemical modeling techniques led to
such a detailed level of understanding of such an
important system. The central paradigm of biolog-
ical oxygen activation is now recognized to
involve the formation a ferryl, or oxoiron interme-
diate. Oxoiron(I1V) porphyrin cation radicals have
been observed in peroxidase, cytochrome oxidase,
CPO, cytochrome P450, and in a variety of model
systems. Model system studies, especially those
of iron, manganese, and ruthenium porphyrins
and related ligands, have led to important
advances in catalysis and in catalytic asymmetric
oxygenation. Advances in computational studies
of such complex, open-shell systems have begun
to provide a rigorous physical underpinning for
the body of complex and sometimes confusing
experimental results. In this chapter, I have tried to
weave together all of these aspects to provide for
the reader a unified picture of the current under-
standing in the field of cytochrome P450 research.
More detailed presentations are to be found in the
chapters that follow.
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