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The catalytic oxygenation of hydrocarbons by the enzyme R
family, cytochromes P-450, is widely considered to proceed
through a “rebound mechanisrh."The overall rate-determining ‘b
step in the enzyme cycle involves electron transfer eventually
leading to the active oxidant, which is believed to be a high- ROH + M"
valent iron oxo specie.In the subsequent, product-forming step,
a hydrogen atom is thought to be extracted from the substrate Scheme 3
C—H bond, forming a carbon radical that proceeds to the 0 0 0
hydroxylated product in rapid successive electron-transfer and Ho Kun || Kru, I .H
atom-transfer steps (Scheme 1). Considerable evidence has been H"M -Hp M -RH M\‘F:z
accumulated which supports the existence of this putative carbon
radical intermediate. For example, intramolecular isotope studies
using substrates with CHD groups show primary isotope effects
(kn/kp) of about 113 Hydrocarbon hydroxylations exhibit-cH
bond selectivities (tertiary> secondary> primary) which are
similar to those of a radical reactién.On the other hand,
Newcomb has recently used very fast radical clocks to probe for
this postulated radical intermedidtéis results are inconsistent
with a long-lived free-radical intermediate in P-450-catalyze
hydroxylations. Further, P-450 and methane monooxygenase
(MMO) hydroxylations show a regiochemical selectivity which
differs dramatically from that of ert-butoxyl radical

Newcomb’s results prompted us to consider alternate mecha-
nisms which are consistent with the experimental data. It is
known that high-valent transition metal oxides are capable of
reacting with dihydrogen, as demonstrated by the oxidation of
H, by permanganate ioh. The kinetics of this reaction were
reported to show clean second-order beha¥idrhis led us to
speculate about the formation of an “agostic” substratgalyst
complex as a key intermediate, prior to the oxygen-transfer step.

We report here that hydrocarbon hydroxylation by models of
cytochrome P-450 are inhibited by hydrogen and methane. Our
proposed mechanism (Scheme 2) involves the reversible formation
of such a 6-complex” between the substrate and the high-valent
iron oxo center. Because agostic interactions of this kind are
known to increase the Brgnsted acidity of the hydrajeripgical
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second step would be an intramolecular adidse reaction: the
C—H bond could become polarized, prompting a proton to migrate
to the basic oxo group, leaving the carasbonded to the metaf.
This “insertion” would leave the oxidation state of the metal
d unchanged. Subsequent reductive elimination of the alkyl and
hydroxyl groups would then lead to the hydroxylated product (path
a). For some alkyls, the reductive elimination could be preceded
by rearrangement to form a more stable alkyl complex, resulting
in products similar to those seen with carbon radicals or cations
(path b).

The existence of these putative agostic complexes would have
significant kinetic implications. Substrates which form strong
agostic complexes should inhibit the oxidation of more weakly
bound substrates by sequestering the active oxidant (Scheme 3).
Furthermore, there should be inhibitors which complex strongly
but are not oxygenated. Dihydrogen is known to form stronger
agostic complexes than-H bonds, even though the-HH bond
strength is similar to that of the-€H bond in methane. This led
us to examine the interaction between P-450 model complexes
and H.

In the absence of a suitable substrate, the iron porphyrin very
slowly catalyzes the oxidation of Ho H,O. This pathway,
however, is negligible on the time scale of our inhibition
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3T observations mentioned above. Nonetheless, the possibility exists
that catalyst is removed from the catalytic cycle by binding with
the resting state Me porphyrin. Complexation with the e
2 would not be surprising, since coordination of an alkane to an
Fe' porphyrin has been reportésl.

In summary, our present results are consistent with the
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