Substrate Oxidation by Cytochrome

P450 Enzymes

Paul R. Ortiz de Montellano and James J. De Voss

1. Introduction

The cytochromes P450 are catalytic hemo-
proteins in which the heme iron atom is coordi-
nated to a proximal cysteine thiolate. This thiolate
ligand is responsible for the characteristic Soret
absorption maximum of the Fe'-CO complex at
~450 nm and is critical for P450 catalysis'. Early
site-specific mutagenesis studies with CYP1A2
and P450, = suggested that replacement of the
cysteine thiolate by a histidine ligand gave inac-
tive protein® 3. Detailed studies of the P450_,
Cys357His mutant have recently confirmed that
this mutant enzyme has an almost undetectable
catalytic activity> >. The low camphor-oxidizing
activity is paralleled by a low rate of reduction of
the iron, an elevated autooxidation rate, and an
observable peroxidase activity*. The thiolate lig-
and is thus clearly critical for P450__ function,
although the relative contributions of the elec-
tronic vs structural perturbations of the mutation
to the low catalytic activity remain unclear. These
results agree with the results of experiments with
thiolate ligated metalloporphyrin model systems®: 7
and of computational analyses of the role of the
thiolate (see Chapter 2)%°.

The heme iron ligand on the distal side is a
water molecule in all the available crystal struc-
tures of substrate-free P450 enzymes, including

P450,. (CYP101)!%, P4505, . (CYP102)!L 12,
P450,., (CYP108)13, P450,, ¢ (CYP1O7TADY,
P450  (CYPSS5A1)S, Sulfolobus solfataricus
CYP119'%, Streptomyces coelicolor CYP154C117,
Mycobacterium tuberculosis CYP52'3, Sorangium
cellulosum P450epoK!®, and the mammalian
CYP2C5 (see Chapter 3)%. Although the thiolate
ligand is always present, the distal water ligand
appears to be absent in some mammalian
enzymes, either because the water does not bind in
those structures or because it is displaced by an
endogenous ligand?!.

The cytochrome P450 catalytic cycle is initiated
by the binding of a substrate, usually with con-
comitant displacement of the distal water ligand.
The ferric heme is then reduced to the ferrous state
using electrons provided by suitable electron donor
proteins (see Chapter 4). In cytochrome P450_,
and many other P450 enzymes, substrate binding
is widely believed to be a prerequisite for the trans-
fer of the first electron to the iron, but in some
enzymes electron transfer can occur without the
prior binding of a substrate®!. Reduction of the iron
is followed by binding of oxygen to give the fer-
rous dioxy complex. Transfer of a second electron
to this complex produces the ferric peroxy anion
(PorFe!"-00~, where Por = porphyrin) or, after
protonation, the ferric hydroperoxo complex
(Por'"-OOH) (Figure 6.1). Heterolytic cleavage of
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The general catalytic cycle of cytochrome P450 enzymes. The [Felll] stands for the resting ferric state

of P450, and SH for a substrate molecule. The shunt pathway utilizing H,0, is shown as are three sites for the
uncoupling of the enzyme to give, respectively, O,"", H,0,, or H,0.

the dioxygen bond in this peroxo intermediate
extrudes a molecule of water and forms the
putative ferryl oxidizing species (Figure 6.1).
Hydrogen bonding of the distal ferric hydroperoxo
oxygen, directly or via a water molecule, to a
highly conserved threonine facilitates this het-
erolytic cleavage (see Chapter 5)2224. The ferryl
species is thought to be responsible for most P450-
catalyzed oxidations, although the ferric peroxo
anion and the ferric hydroperoxo complex have
been invoked as oxidizing species (see below). It is
usually, but not always, possible to circumvent the
requirement for activation of molecular oxygen in
a so-called “shunt” pathway by employing H,O, or
some other peroxide as a co-substrate (Figure 6.1).
However, the oxidizing species thus obtained is
apparently not identical to that obtained by normal
oxygen activation. Thus, peroxides cannot replace
molecular oxygen activation in some reactions,
they often give product distributions that differ sig-
nificantly from those obtained by molecular oxy-
gen activation?>%° and they cause a more rapid
degradation of the prosthetic heme group?'.

The P450 oxidation stoichiometry requites one
molecule of oxygen and two electrons from
NAD(P)H to add one oxygen atom to a substrate. If
the ratio of reduced pyridine nucleotide (or oxygen)
consumed to product formed is greater than one,
the enzyme is said to be uncoupled. Uncoupling
occurs when (a) the ferrous dioxy complex reverts
to the ferric state by dissociation of superoxide,

(b) a molecule of H,0, dissociates from the ferric
hydroperoxide complex, or (c) two electrons are
used to reduce the ferryl species to a molecule of
water before it can be used in a reaction with the
substrate (Figure 6.1). The parameters that govern
uncoupling at each of the three stages are unclear,
but factors that contribute to uncoupling appear to
be the degree of uncontrolled water access to the
active site, the extent to which the substrate can
reside at unproductive distances from the ferryl
species, and the presence or absence of sufficiently
reactive sites on the substrate molecule?? 3234, The
catalytic efficiency of a P450 enzyme can be seri-
ously impaired by uncoupling, as evidenced by the
contrast between nearly quantitative coupling in the
oxidation of camphor by P450_,  and a process that
is more than 95% uncoupled when the same
enzyme oxidizes styrene’>. A higher degree of
intrinsic uncoupling is often observed in mam-
malian P450 enzymes, some of which can be sup-
pressed by interaction of the P450 enzyme with
reduced cytochrome b6 37.

2. Activation of
Molecular Oxygen

Cryogenic X-ray crystallographic, EPR,
ENDOR, and spectroscopic studies have convinc-
ingly identified several intermediates in the P450
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catalytic cycle (see Chapter 5)3840, These include
the ferric, ferrous, ferrous dioxo, and ferric
hydroperoxo complexes of P450_ . Crystallo-
graphic evidence has also been reported for the
ferryl species®, but this intermediate has not been
detected by other sensitive cryogenic approaches
and its attribution to the ferryl species remains
open to question. In low-temperature EPR,
ENDOR, and spectroscopic studies, the ferric
hydroperoxide intermediate disappears as the
hydroxylated camphor product appears without
the observation of any intermediate species®® 40,
All the intermediates in oxygen activation by
P450 have thus been observed except for the crit-
ical ferryl species, which remains elusive and
undefined.

As already mentioned, the activation of molec-
ular oxygen can often be circumvented if perox-
ides are used as activated oxygen donors. Efforts
to identify the reactive oxygen species in these
peroxide-supported reactions have been pursued
for many years*' 7. The species that has been spec-
troscopically detected in these reactions has the
spectroscopic signature of a ferryl intermediate?’,
but evidence is lacking that this intermediate is the
same as that produced by the activation of molecu-
lar oxygen. To the contrary, the reactions with per-
oxides have been shown to produce EPR signals
tentatively attributed to tyrosine radicals*! 4>, but
no such radicals have been observed under normal
turnover conditions. Furthermore, as noted earlier,
the peroxide-mediated reactions do not always
faithfully reproduce the normal reactions.

Two additional intermediates, the ferric peroxy
anion and ferric hydroperoxo complex, have been
proposed to substitute for the ferryl as the actual
oxidizing species in at least some P450 reactions.
The role of the ferric peroxy anion in some reac-
tions is supported by good evidence and is dis-
cussed in the section on carbon-carbon bond
cleavage reactions (see Section 8), but the pro-
posed role of the ferric hydroperoxide in elec-
trophilic double bond and heteroatom oxidations
is discussed here.

The current interest in the ferric hydroperoxo
complex as a P450-oxidizing species derives largely
from the work by Vaz et al., who observed that
mutation of the conserved threonine (Thr303) in
CYP2EI to an alanine decreased the allylic hydrox-
ylation of cyclohexene, cis-2-butene, and trans-2-
butene, but increased the epoxidation of the same
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three substrates plus styrene™®. To rationalize this
observation, the authors argued that hydroxylation is
mediated exclusively by the ferryl whereas epoxida-
tion can be mediated by both the ferryl and ferric
hydroperoxide intermediates. Thus, impairing for-
mation of the ferryl species by removing the cat-
alytic threonine would decrease hydroxylation but
have little effect upon epoxidation. However, in con-
trast to the results with the CYP2E1 T303A mutant,
the corresponding T302A mutant of CYP2B4
exhibited both decreased hydroxylation and epoxi-
dation rates. This discrepancy does not necessarily
contradict the hypothesis, as it could reflect differ-
ential changes in the active sites of the two proteins
in addition to elimination of the hydrogen bond that
facilitates ferryl formation. In a more recent study in
which Thr252, the catalytic threonine of P450_,
was mutated to an alanine, it was found that cam-
phor hydroxylation was suppressed, but the epoxi-
dation of an olefinic camphor analogue could still
be observed®. However, the epoxidation reaction
occurred at a much slower rate (<<20%) despite the
expectation that the steady-state level of the ferric
hydroperoxide should be elevated. This finding is
consistent with the prediction by computational
studies that the ferric hydroperoxo complex should
be a very poor olefin-oxidizing agent’*. These
results argue that in the wild-type proteins, the fer-
ric hydroperoxide makes no more than a small con-
tribution to epoxidation, and none to hydroxylation.

In a second study, the N-oxidation of amines by
CYP2B4 and its T302A mutant supported by either
NADPH-cytochrome P450 reductase or H,O, was
investigated®!. In contrast to what would be
expected if the ferric hydroperoxide were a primary
catalytic species, the rates of N-demethylation and
N-oxidation of N,N-dimethylaniline were both
decreased in the mutant. However, as these activities
were also decreased when H,O, or phenyliodoso-
benzene was used in a shunt reaction, little can be
said from these results relative to the role of the fer-
ryl vs ferric hydroperoxide species in these reac-
tions. The oxidation of para-substituted phenols via
an ipso-substitution mechanism using the CYP2E!
T303A and CYP2B4 T302A mutants has also given
contradictory results (Figure 6.2)°2. The T303A
CYP2E1 mutation increased the rates of ipso-
substitution with 10 para substituents ranging from
a chloride to a tert-butyl group but did not increase
or decrease the rate of reaction of para-fluorophenol,
by far the most active of the investigated substrates
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Figure 6.2. Hypothetical ipso-substitution mechanism
involving the ferric hydroperoxo complex and ferryl
species as the potential oxidizing species’2.

for this reaction. Furthermore, although the increase
in the reaction rate correlated well with the sub-
stituent electronegativity for wild-type CYP2EI, the
reaction with the mutant gave a biphasic correlation
that included a region in which the reactivity was
shown to decrease with increasing electron with-
drawal’2. CYP2B4 exhibited only a low activity in
this reaction and this activity was not greatly
changed when the conserved threonine was mutated
to an alanine. It has finally also been proposed that
the ferric hydroperoxo complex may play a role in
the hydroxylation of saturated hydrocarbons®->>,
As discussed in Section 3, these studies indicate that
a second (or altered) oxidant contributes to the oxi-
dation in threonine mutant enzymes, and suggest
that a minor fraction of the reaction products are
formed via nonobligate cationic intermediates, but
do not specifically implicate the ferric hydroperoxo
species in hydrocarbon hydroxylation reactions.
It may be relevant to the observation of two oxidiz-
ing species that hydrogen bonding to the thiolate
ligand, which is very sensitive to structure, has been
found in calculations to govern the distribution of
unpaired electron density between the porphyrin
and protein®6.

In sum, all the reaction intermediates with the
exception of the ferryl species have been clearly
detected and identified in the catalytic cycle of at
least one P450 enzyme. The two instances in which
it has been proposed that the ferryl species
was detected have shortcomings, one because the
finding is not reproduced with other detection
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techniques, and two because the ferryl produced
with peroxides may not be identical to the reactive
species formed by oxygen activation. Although it
has not been reliably detected as a normal interme-
diate, the ferryl species is nevertheless almost cer-
tainly responsible for the majority of the chemistry
supported by P450 enzymes. The circumstantial
and contradictory evidence so far available does
not provide strong support for significant involve-
ment of the ferric hydroperoxide species in normal
P450-catalyzed reactions. Although mutation of
the conserved threonine appears in some instances
to cause the apparent intervention of a second dif-
ferentiable oxidizing species, the evidence does
not actually indicate the nature of this second
species. Computational comparison of the ferric
hydroperoxo and ferryl reactivities suggests that
the ferric hydroperoxo complex is a poor oxidizing
agent unlikely to contribute significantly to P450
catalysis (see Chapter 2)°7- %8,

3. Hydrocarbon Hydroxylation

Proposals on the mechanism of hydrocarbon
hydroxylation have become increasingly complex
and sophisticated over the past decade. The most
widely accepted mechanism involving hydrogen
atom abstraction by the ferryl oxygen followed by
rebound recombination of the resulting carbon rad-
ical with the iron-bound oxygen, first clearly stated
in 1978%%, has more recently been challenged, pri-
marily on the basis of work with radical clock
probes. As already discussed, the high-valent oxi-
dizing species responsible for most, if not all,
cytochrome P450 substrate oxidations is likely to
be the iron(IV)oxo porphyrin radical cation
(Por*'Fe!V==0). Recent calculations support this
formulation®®: ¢!, although they suggest that the
radical density may reside to a greater or lesser
extent on the thiolate iron ligand or other protein
residues (see Chapter 2). In the conventional oxygen
rebound mechanism, the Por™'Fe'V=—0O species
abstracts a hydrogen atom from a carbon of the
substrate, producing a PorFe!V-OH species and a
carbon radical. The Fe!V—OH species, which can
also be viewed as a complex of Fell! with a
hydroxyl radical, then undergoes a recombination
step in which the hydroxyl radical equivalent and
carbon radical combine to produce the hydroxy-
lated product. The discrete radical intermediate
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proposed in this mechanism readily explains the
repeated experimental observation of high intrinsic
isotope effects (often >10)° 9% 63 partial scram-
bling of substrate stereochemistry®®- %4 %5, and inci-
dence of allylic rearrangements in P450-catalyzed
hydroxylations®* %°. Scrambling of stereochem-
istry has been seen in many situations and includes
the early observation that P450_, , removes either
a 5-exo or 5-endo hydrogen from camphor but
transfers the oxygen exclusively to the 5-exo posi-
tion to yield the 5-exo-hydroxy product’. Allylic
rearrangements, indicative of a delocalized inter-
mediate, have been observed with 3,4,5,6-tetra-
chlorocyclohexene and other cyclohexenes® 3,
linoleic acid®’, and a variety of other compounds
(Figure 6.3). In the same vein, the recently
observed cleavage of a carbon—carbon bond in the
P450-catalyzed oxidation of marmesin is most
plausibly rationalized by a mechanism involving a
carbon radical intermediate (Figure 6.4)%°,

Since 19877°, major efforts have been made to
use radical clocks to estimate the rate of the oxygen
rebound step and the lifetime of the radical inter-
mediate in the hydroxylation reaction. In radical
clocks, a strained—usually cyclopropyl—ring is
directly bonded to the carbon that is the proposed

Cl Cl
Cl Cl Cl Cl
Cl Cl
OH
DD D
OH
DD DD

Figure 6.3. Allylic rearrangements observed in the
hydroxylation by cytochrome P450 of two substituted
cyclohexenes.
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site of the radical intermediate. The ring strain
inherent in a cyclopropyl carbinyl (or related)
radical leads to a rapid and essentially irreversible
rearrangement to the corresponding homoallylic
radical. In the case of P450 hydroxylation, the
hydroxyl group can be delivered either to the cyclo-
propyl carbinyl or rearranged homoallylic radical,
and the ratio of the two resulting products is deter-
mined by the relative magnitudes of the rate con-
stants for radical quenching (k, Figure 6.5) and
rearrangement (k,, Figure 6.5). As the intrinsic
rearrangement rate can be independently measured
in nonbiological experiments, one can calculate
both the lifetime of the radical and the rate of radi-
cal recombination from the ratio of unrearranged to
rearranged products. The first experiments with
substrates containing simple, unsubstituted cyclo-
propyl rings (k, = 1.3 X 108s™") only gave unre-
arranged products’-73. However, bicyclo[2.1.0]
pentane, which gives a radical that rearranges much
faster (k = 2.4 X 10°s7!) due to the additional
strain in the system’, was converted by
cytochrome P450 into a mixture of rearranged and
unrearranged products from which a rebound rate
of 1.4 X 10'%s7! could be calculated™ 7.

Radical clocks of increasing sophistication were
subsequently employed to define better the radical
intermediate in hydrocarbon hydroxylation’*7,
Addition of substituents to the cyclopropyl ring
increases the rate of the ring-opening reaction. For
example, the rearrangement rate for a 2-aryl substi-
tuted cyclopropyl carbiny! radical in solution is
approximately 1,000-times faster than that of the
parent compound without the 2-aryl group’®.
Experiments with these faster radical clocks should
have increased the proportion of rearranged prod-
ucts and thus led to a more accurate value for the
lifetime of the radical. Contrary to expectation, the
measured rate of the radical recombination step
appeared to increase in parallel with the rate of the
probe rearrangement, resulting in a lower rather
than higher proportion of the rearranged

MeZCO

Figure 6.4. Mechanism proposed for the unusual P450-catalyzed carbon—carbon bond fragmentation observed

during the biosynthesis of psoralen®.
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Figure 6.5. The principle of radical clock probes of
the cytochrome P450 mechanism based on the methyl-
cyclopropyl radical rearrangement.

product’® 8. When the very small amount of
rearranged product was used to calculate the radi-
cal rebound rate and radical lifetime, values were
obtained that challenged the existence of a discrete
radical intermediate. Thus, the 2-phenyl and 2,2-
diphenyl substituted probes 1 and 2 (Figure 6.6)
used by Atkinson and Ingold yielded a radical
rebound rate of 2-7 X 10257176, values that
approach the limiting rate constant of approxi-
mately 6 X 10'2s~" at 37°C imposed by transition
state theory. At these rates, the existence of a dis-
crete radical intermediate is reduced to a question
of semantics. The observation of similar high rates
with other radical clocks, the demonstration that
even large substrates undergo significant motion
within P450 active sites, and the observation of
intramolecular isotope effects with some of the
probes, suggests that the rearrangement is not being
suppressed by interaction of the probe with the pro-
tein structure’’. Indeed, analysis of the products
formed from the structurally rigid probe 3 gave the
unbelievably high rebound rate of 1.4 X 10'3s7!78,
These results argued that a radical intermediate was
not mandatory in hydrocarbon hydroxylation.
However, recent experimental work has again com-
plicated the radical clock results® 8!, The oxidation
of norcarane (4) by four P450 enzymes gave a rad-
ical rebound rate of ~10'0s™!, a rate very close to
that of 1.4 X 10!°s~! from the original experi-
ments with bicyclo[2.1.0] pentane (Figure 6.6)7% 74,
Similar experiments with spiro[2,4]octane, a
related structure that rearranges much more slowly
than norcarane, did not, as expected, detectably
yield rearranged products®.

The discrepancies among the radical clocks,
which give credible radical lifetimes in the case
of simple cyclopropylmethyl and bicyclic
probes, but impossibly short lifetimes with the
phenylcyclopropylcarbinyl probes, suggests that
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Figure 6.6. Examples of radical clock probes of the
cytochrome P450 mechanism, including the radical
rearrangements typical of norcarane and bicyclo[2.1.0]
pentane.

the hydroxylation reaction may be more complex
than predicted by a simple radical rebound mecha-
nism. Norcarane and bicyclo[2.1.0]pentane differ
from most of the radical clocks examined to date in
that the radical is located on a secondary rather than
primary carbon. This led to the proposal that the
extent of rearrangement might depend on both
the initial hydrogen abstraction transition state and
the subsequent radical recombination transition
state, and that the shift from one to the other might
be easier for methyl probes because of the tighter
transition state due to the higher C-H bond strength
and smaller size of the methyl group®. However,
the finding that four (2-phenyl)cyclopropylalkyl
probes, in which the radical also resides on a sec-
ondary (or tertiary) carbon, give very high recom-
bination rates is at odds with this explanation®*. An
attractive solution for this dilemma is provided by
the two-state reactivity theory, which postulates a
competition between two parallel reaction path-
ways (see Chapter 2). One of these pathways is
equivalent to a concerted oxygen insertion and the
other akin to a conventional radical recombination
mechanism, and the dominant pathway in any
given situation is substrate and environment
dependent. A substrate-dependent reaction mecha-
nism readily rationalizes the differences in the
results obtained with the different radical clock
probes. Reevaluation of the radical clock results
and additional experimental and theoretical work
are required to satisfactorily reconcile the contra-
dictory results provided by the probes.

The conclusion from some of the radical clock
data that P450 hydroxylation might not proceed
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via a radical intermediate led Newcomb to
propose that oxygen might be inserted into the
C-H via a concerted, nonradical mechanism’> 7%,
According to this proposal, the hydroxylation
traverses a bifurcated transition state that allows
some of the probes to leak into a radical
rearrangement manifold, thus explaining the
observation of rearranged products. A shortcom-
ing of this rationale is that it must explain a large
diversity of reaction outcomes, including radical
clock rearrangements, allylic transpositions, and
stereochemical scrambling, by postulating a range
of electronically and structurally different bifur-
cated transition states. Furthermore, even more
complex structural rearrangements have been
reported that are most consistent with the inter-
vention of a radical intermediate. For example,
dieldrin 5 is converted into the intramolecularly
bridged ketone 6 and Dolphin has demonstrated
that this product is directly produced when 5 is
oxidized by a highly halogenated iron porphyrin
(Figure 6.7)%2. The alcohol 7 is also produced
metabolically in vivo and in vitro, but no chemical
or biochemical conditions have yet been found
that will convert it to the ketone. The most rea-
sonable explanation for the formation of the
ketone product involves hydrogen abstraction to
give a carbon radical, cyclization of this radical
driven by the formation of a chlorine stabilized
radical, recombination with the iron-bound
hydroxy radical to give the alcohol, and elimina-
tion of HCI to give the ketone (Figure 6.7).

Cl
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A mechanism that reconciles the differences in
the radical clock results has been postulated by
Shaik on the basis of theoretical calculations. This
mechanistic hypothesis, which elegantly combines
an essentially concerted insertion and a noncon-
certed radical reaction in a single pathway®! 83-86,
is at once complex, intriguing, and satisfying. As
discussed in detail in Chapter 2, the oxidizing
species is an Fe!V—O porphyrin radical cation
that is present as two approximately equienergetic
electromers, one in a doublet spin state and the
other in a quartet spin state®® !, Intuitively, this
small difference can be viewed as arising from the
combination of two electrons with unpaired spins in
the d orbitals of the iron and a third unpaired elec-
tron in the a, orbital of the porphyrin (Figure 6.8).
The quartet and singlet species abstract a hydrogen
atom from the hydrocarbon through nearly identi-
cal transition states, which readily explains the
measured isotope effects and the similarities in the
reactivities of the P450 enzymes and the +-BuQO-
radical®”- ¥, The transition states lead to complexes
in which the alky] radical is weakly coordinated to
the iron-bound hydroxyl. These complexes, which
can be in a doublet or quartet spin state and are
again of nearly the same energy, derive from
the corresponding doublet and quartet states of the
ferryl species. The species in the doublet spin
state can collapse to the hydroxylated product in
a virtually barrierless (i.e., essentially concerted),
nonsynchronous reaction with no true intermediate.
The porphyrin cation acts to accept an electron and

H H Cl
Cl C Cl H al a H
1 [Fe=0]%* ci
Cl Cl 0o a o
crel cret -
5
[Fe—OHJ* [Fe —OH]**
al
ci_\ H OH Cl Cl
cl o cl H
cl 0 -HCl 4o
et cl 0 cl 0
, crel rer
6

Figure 6.7. Unusual reactions observed in the oxidation of dieldrin.
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Figure 6.8. The ferryl radical cation—substrate complex (I) has two unpaired electrons in the iron d,_ orbitals and
one in the a, porphyrin orbital. This may give rise to either a quartet (*A, ) state if all spins are unpaired or, if the
spin of the electron in the a, orbital is inverted, the complex is in a doublet (2A2u) state. (Another possible pair of
doublet/quartet configurations has a filled a, orbital and a single electron in pw[S] orbital.) In the first step, a
hydrogen atom is abstracted from the substrate and an electron is transferred to either the iron, reducing it to the Felll
state (II), or to the porphyrin, quenching the radical cation, the former being suggested by calculations. Each of these
“intermediates™ (II) can be in a quartet or doublet state, depending on the electron pairing between the carbon radical
R’ and the electrons in the iron porphyrin system. Low-spin II collapses to a low-spin product (IfI) in a rebound
reaction that is virtually barrierless while high-spin H traverses a significant barrier to arrive at high-spin III. Thus,
only high-spin II is believed to behave as a true intermediate (radical). The energy diagram corresponding to the

transformation is shown above. This scheme is based on the work of Shaik and coworkers.

the thiolate ligand increases its interaction with the
iron atom and both of these processes facilitate the
effectively concerted nature of the transformation.
In contrast, the quartet species must traverse a sig-
nificant energy barrier to form the product, thus
allowing the formation of true intermediate radicals
and the consequent reactions (rearrangements) that
this implies. The calculated barrier to product for-
mation in this pathway appears to arise from the fact
that in the recombination reaction, to maintain the
quartet spin state, one electron must reside in a rel-
atively high energy (o*) d? iron orbital and this
leads to a loss of bonding across the S-Fe—O axis. In
general terms, the above mechanism is a specific
example of the two-state reactivity paradigm
recently proposed as an important feature in under-
standing organometallic reactivity (see Chapter 2)%.

Our discussion of the P450 mechanism to this
point has been based on the assumption that the
reactive intermediate is a ferryl species. However,
the possibility has been raised that the ferric
hydroperoxide rather than the ferryl species might
be the active agent in carbon hydroxylation®> 33 89,
A direct role for the Fe'"-OOH intermediate in
substrate oxidation was postulated to explain the
formation of ring opened products in the oxidation
of trans-1-methyl-2-(4-trifluoromethyl)phenylcy-
clopropane (8) by CYP2B1 (Figure 6.9)*3. Radical
and cationic pathways could both explain the for-
mation of these ring-opened products, but the
authors favored the cationic pathway and proposed
that the cationic products arose from an oxidation
mediated directly by the Fe!'-OOH intermediate.
Subsequent studies focused on oxidation of the
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Figure 6.9. Probes of the P450 mechanism, showing the two rearrangement pathways for one of the probes
intended to distinguish between radical and cation intermediates.

radical clock probes 8 and 9 by the CYP2B4
T302A mutant, in which the threonine mutant
thought to facilitate the formation of the ferryl
species by hydrogen bonding to the Fe!'-OOH
complex was replaced by an alanine. CYP2B4 and
its T302A mutant oxidized 9 to products obtained
by reaction with the methy! group (including unre-
arranged 10 and rearranged 11) and the phenyl
ring. Although the same ratio of ring opened to
ring closed products was obtained with the wild-
type and mutant enzymes, the ratio of phenyl to
methyl oxidation products was higher with the
T302A mutant. This shift in product profile was
interpreted as evidence for the involvement in the
mutant enzyme of a second oxiding species that
preferentially oxidized the phenyl group.
Substitution of the phenyl group in 8 with an elec-
tron-withdrawing CF, group, which disfavors
electrophilic attack on the aromatic ring, resulted
in a change in the ratio of ring opened to ring
closed products. This change was also interpreted
as resulting from an alteration in the nature of the
oxiding species, specifically, as evidence
for involvement of the Fe! - OOH intermediate in
methyl group hydroxylation. However, different
explanations are possible for the nature of the two
oxidizing species. For example, differences may
exist in the proportions of the low spin (LS)
and high spin (HS) ferryl species produced by the

wild-type and mutant enzymes in the Shaik two-state
reactivity model (see Chapter 2), or the ferryl
species may be perturbed by differential hydrogen
bonding or other environmental factors, giving rise
to distinguishable ferryl reactivities. It is important
to note, of course, that evidence for a second oxi-
dizing species in the absence of the threonine that is
required for normal oxygen activation does not nec-
essarily mean that the second oxidizing species is
relevant to catalysis in the presence of the threonine.

In fact, cryogenic ENDOR studies with P450_, |
provide direct evidence that the ferric hydroperox-
ide is not involved in camphor hydroxylation3. In
this work, the ferric hydroperoxide complex of
P450_,,, was prepared at 77 K by radiolytic reduc-
tion of the camphor-bound ferrous dioxygen com-
plex. EPR and ENDOR experiments then
demonstrated that the hydroperoxide complex was
smoothly and quantitatively converted on warming
to ~200K to a complex of the enzyme with
the normal 5-exo-hydroxycamphor product. The
hydroxyl of the 5-exo-hydroxycamphor was coordi-
nated to the iron atom in the product formed imme-
diately upon warming, as expected for insertion of
a ferryl oxygen into a C-H bond. If the ferric
hydroperoxide had been the oxidizing species, the
initially formed hydroxycamphor product would
incorporate the distal oxygen of the peroxide and
the proximal oxygen would have remained bound
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to the iron. Coordination of the product hydroxyl to
the iron would therefore require displacement of the
water ligand, an unlikely exchange reaction at 200 K.
Furthermore, ENDOR studies demonstrated that the
C-5 hydrogen abstracted from the camphor was
bound to the hydroxyl oxygen of the product, in
accord with a ferryl insertion mechanism but not
with oxidation by the ferric hydroperoxide.

The formation of products from 12 and 13 sug-
gestive of a cationic intermediate is relevant to argu-
ments for participation of the Fe''“OOH species in
C-H oxidation, as insertion of the terminal
hydroperoxide “HO*” into a C—H bond would give
a protonated alcohol that readily explains the obser-
vation of (carbo)cationic rearrangements. Minor
amounts of such rearrangement products are
obtained in the oxidation of methylcubane 12 and the
methyicyclopropane 13 (Figure 6.9)%. Formation of
small amounts of homocubyl alcohol 14 along with
alcohol 15 upon oxidation of the methyl group of 12
provides evidence for cationic intermediates as the
cation but not radical derived from the methyl group
of 12 rearranges to 14. However, one shortcoming of
12 as a mechanistic probe, as pointed out by the
authors, is that the cationic rearrangement product is
readily identified but the products of the radical
pathway are too unstable to detect. This is not a
shortcoming in the case of 13. Ring opening of the
cyclopropylcarbinyl radical derived from this probe
to the benzylic radical gives rise to structurally
related products, while the corresponding cation is
cleaved in the opposite direction to give first oxo-
nium ion 16 and then aldehyde 17 (Figure 6.9).
These radical and carbocationic ring-opening reac-
tions occur with very high regioselectivity: in the
case of the cation reaction, the indicated ring open-
ing is favored by >1000: 1 relative to the direction of
ring opening observed with the radical. The traces of
aldehyde 17 observed in the oxidation of 13 by a
P450 enzyme thus provide credible evidence for at
least a minor pathway involving a cationic interme-
diate. A corollary, however, is that cations cannot be
mandatory intermediates in normal hydrocarbon
hydroxylation, otherwise, much higher amounts of
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the rearranged products 12 and 13 would be
expected. The cationic intermediate thus diverges
from the normal hydroxylation at some branch point
in the reaction trajectory.

Two mechanisms have been considered for the
formation of cationic intermediates. In the first of
these, electron transfer from the radical intermediate
in the conventional oxygen rebound mechanism
occurs more rapidly than oxygen transfer and pro-
duces a cationic intermediate. Direct electron trans-
fer from a substrate to the P450-oxidizing species is
proposed to occur in the oxidation of electron-rich
nitrogen atoms (see Section 4), and a precedent
exists for such electron transfer even in the case of
hydrocarbon hydroxylation. Thus, the product
formed in the P450-catalyzed oxidation of quadri-
cyclane 18, a hydrocarbon with a low oxidation
potential, is most consistent with electron transfer to
give a radical cation that is subsequently trapped by
the iron-bound oxygen (Figure 6.10)°". An alterna-
tive explanation for the formation of cation
rearrangement products is that the oxidation is
mediated by the P450 Fe''-OOH complex. As
already noted, insertion of the hydroperoxide oxy-
gen into a C—H bond would produce the protonated
alcohol that could either undergo deprotonation to
give the alcohol or ionization to give the carboca-
tion. In this mechanism, the carbocation is not an
intermediate in the hydroxylation reaction but rather
a result of decomposition of the initial product. The
observation that the proportion of cationic products
formed in the oxidation of 12 and 13 increases when
the catalytic threonine is mutated to an alanine can
be taken as evidence for this mechanism®®, but can
also be rationalized by environmental perturbation
of a ferryl oxidizing species. In any case, the signif-
icance of results with the mutants to catalysis by the
native enzyme is questionable. A further important
observation is that the extent of cationic rearrange-
ment does not parallel the stability of the cation, as
shown by studies of a series of 1-aryl-2-alkyl-cyclo-
propane probes with either a phenyl or para-trifluoro-
methylphenyl aryl group and an ethyl, propyl,
or isopropyl alkyl group®s. Although ring opened

Fe_\O,J\ji OHCf%
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Figure 6.10. The cytochrome P450-catalyzed oxidation of quadricyclane involving an initial electron

abstraction step.
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products were observed with these probes, substitu-
tion with cation-stabilizing groups yielded Jess rather
than more rearrangement products, contrary to
expectation if a protonated alcohol were the initial
oxidation product®®. This result is not consistent with
initial formation of a protonated alcohol product, and
therefore does not support the involvement of an
Fe"-OOH species in hydrocarbon oxidation. In con-
trast, the two-state radical recombination model (see
Chapter 2) predicts that better electron donors such
as a methine hydrogen will favor oxidation through
the LS manifold which proceeds without the forma-
tion of a true radical intermediate, precluding further
oxidation of the carbon to a cation.

In sum, the evidence in hand is most consistent
with Shaik’s two-state reactivity model for hydro-
carbon hydroxylation. Both the LS and HS elec-
tromers of the ferryl species first abstract a
hydrogen atom. The LS species then follows a bar-
rierless, effectively concerted, pathway to give the
unrearranged product, while the presence of a sig-
nificant energy barrier in the pathway for the HS
species leads to the formation of a true radical
intermediate. Radical formation readily explains
reaction characteristics such as high kinetic deu-
terium isotope effects, stereochemical scrambling,
and structural rearrangement, while the existence
of two parallel pathways allows the reactivity
pattern to vary both with the substrate and the
enzyme. Carbocationic species are not obligate
hydroxylation intermediates, as a much higher
extent of cationic rearrangements would be
expected if they were. Small amounts of cationic
products, however, apparently can be formed by a
pathway that diverges from that responsible for
normal hydroxylation, possibly by a mechanism
that involves electron transfer from a radical inter-
mediate to the active oxidizing species.

4. Heteroatom Oxidation and
Dealkylation

Heteroatom oxidation can be viewed as part of
the hydrocarbon hydroxylation continuum if the
reaction outcome is the introduction of a hydroxyl
group onto the carbon attached to the heteroatom,
an outcome that is usually followed by elimination
of the heteroatom with concomitant formation of a
carbonyl group. O-dealkylation, N-dealkylation,
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S-dealkylation, and oxidative dehalogenation are
all examples of such processes. However, although
in appearance the outcome may be initially similar,
that is, carbon hydroxylation, the mechanisms of
hydroxylation of a simple C—H bond and a C-H
bond adjacent to a heteroatom need not be the
same. Whereas carbon hydroxylation involves
hydrogen abstraction from the carbon to give a
transient carbon radical, hydroxylation adjacent to
a heteroatom may proceed via initial electron
abstraction from the heteroatom to give the radical
cation, deprotonation of the adjacent carbon, and
recombination of the resulting carbon radical with
the iron-bound hydroxyl radical (Figure 6.11).
Such a mechanism is particularly feasible in the
case of atoms such as nitrogen that are electron
rich and easily oxidized. Of course, if the oxygen
rebound reaction is faster than deprotonation of the
adjacent carbon, the oxidation will simply result in
oxidation of the heteroatom, as in conversion of a
trialkylamine to a trialkylamine N-oxide or a
dialkyl sulfide to a sulfoxide. The reaction out-
come, and the mechanism of the reaction (i.e.,
electron abstraction vs C—H oxygen insertion)
would thus be expected to depend on the ease of
oxidation of the heteroatom and the relative ener-
gies of the various reaction pathways.

0
C + HN— AN
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(1) .. [Fe=OHJ}** -
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—C—N— —C—N—
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[
Figure 6.11. The reaction manifold for the oxidation

of an amine or related nitrogen compound by
cytochrome P450.
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In view of the high electronegativity of oxygen
and, therefore, the high energy required to remove
one of its electrons, it is not surprising that the
oxidation of a dialkyl ether occurs by direct reac-
tion of the oxidizing species with the C-H bond,
although the distribution of electron density in the
hydroxylation transition state is likely to be per-
turbed by the vicinal oxygen atom. There is no
evidence for electron abstraction from the oxygen
to give an oxygen radical cation, and also none for
transfer of the ferryl oxygen to an ether or alkoxy
oxygen to give a 1,l-disubstituted zwitterionic
peroxo species. Thus, the O-dealkylation of ethers
with at least one C—H bond next to the oxygen is
most appropriately treated as an extension of car-
bon hydroxylation. In the absence of a vicinal
C-H bond, ether functions are resistant to P450-
catalyzed oxidation.

The oxidation of nitrogen compounds gives
more diverse products than that of oxygen com-
pounds, and the attendant mechanisms are more
varied and controversial. As a result of the lower
electronegativity of nitrogen relative to oxygen,
oxidation of a nifrogen center can result in
hydroxylation of the adjacent carbon (and thus N-
dealkylation), oxidation of the nitrogen electron
pair to an N-oxide, or insertion of an oxygen into
an N—H bond. The key mechanistic question in the
P450-catalyzed oxidation of a nitrogen function is
whether it proceeds via initial electron abstraction
to give the nitrogen radical cation, followed by
either collapse to give the N-oxide or deprotona-
tion of the vicinal carbon to give a carbon radical
that combines with the iron-bound oxygen to give
the alcohol. Oxidation of an N-H bond to a
hydroxylamine by a mechanism analogous to that
for carbon hydroxylation is also possible. To the
extent that the nitrogen radical cation mechanism
is operative, N-oxide formation and N-dealkyla-
tion represent the divergent partitioning of a com-
mon intermediate (Figure 6.11). The alternative is
that nitrogen oxidation and carbon hydroxylation
are independent reactions, one involving reaction
of the ferryl oxygen with the nitrogen electron
pair, and the other a more or less classical hydroxy-
lation of the vicinal carbon.

The ability of P450 enzymes to oxidize nitro-
gen atoms to radical cations via an initial electron
abstraction is supported by a number of experi-
mental results. The finding that the 4-alkyl group
of  3,5-(bis)carbethoxy-2,6-dimethyl-4-alkyl-1,
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4-dihydropyridines is transferred to a nitrogen of
the prosthetic heme group almost certainly requires
initial oxidation of the dihydropyridine nitrogen to
a radical cation (see Chapter 7)°!. This heme alky-
lation reaction occurs upon oxidation of the dihy-
dropyridine within the P450 active site. However,
in incubations with liver microsomes, the dihy-
dropyridine can also be oxidized by trace metals
in the solution. This adventitious oxidation
releases the 4-alkyl group as a spin-trappable free
radical that obscures whatever radical release, if
any, occurs in the enzyme-catalyzed reaction’? %,
No nitrogen radicals have been observed by EPR
in P450 systems that are free of medium-depend-
ent peroxidative reactions except perhaps for the
reported observation of nitrogen radicals in the
CYP2Bl-catalyzed oxidation of para-substituted
dimethylanilines supported by iodosobenzene
rather than NADPH-cytochrome P450 reduc-
tase®>. It is possible that radical formation is
detected in this system due to a faster rate of sub-
strate oxidation with phenyliodosobenzene than
P450 reductase, but the possibility also exists that
the radicals stem from an abnormal process sup-
ported by the artificial oxidizing agent.

Differences in the deuterium isotope effects for
the oxidation of carbons adjacent to nitrogen vs
oxygen suggest that the two reactions are medi-
ated by different mechanisms. The intramolecular
isotope effect for O-deethylation of deuterium
substituted 7-ethoxycoumarin is ~13 and for O-
demethylation of 4-nitroanisole with a trideuterio
methyl group is 10°* %, In contrast, an isotope
effect of 2-3 is obtained for the N-dealkylation
of N-methyl-N-trideuteriomethylaniline®? %, The
intrinsic isotope effects for O-dealkylation thus
approach those for normal carbon hydroxylation
reactions, but the isotope effects for N-dealkyla-
tion are much lower.

The intramolecular isotope effects observed
for N-demethylation of para-substituted N-
methyl-N-trideuteriomethylanilines increased from
kylky, = 2.0 to 3.3 in traversing the range from the
most electron withdrawing (NO,) to the most
electron-donating (CH,0) substituent®®. Similar
values were obtained in an earlier study®2. The
N-dealkylation rates are also increased by elec-
tron-donating substituents®®, in accord with the
finding that the rates of oxidation of 12 para-sub-
stituted N, N-dimethylanilines can be fit to the
equation log V= 04lw —1.02¢ —0.023MR
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+ 1.72 ( = 0.953)”7, where m is the partition
coefficient, o, the Hammett electronic factor, and
MR, the molecular refractivity. A strong enhance-
ment of the reaction by electron-donating sub-
stituents is indicated by the negative sign and
magnitude of the cofactor of the electronic param-
eter. These results are consistent with a mecha-
nism involving a nitrogen radical cation.

The oxidizing species of cytochrome P450 is
thought to have some resemblance to the well-
characterized ferryl species of horseradish peroxide
(HRP). 1t is therefore relevant that the rates of reduc-
tion of the HRP Compound I by para-substituted
N,N-dimethylanilines and N,N-di(trideuteri-
omethyl)anilines correlate with the oxidation poten-
tials of the anilines®® %°, and that no kinetic isotope
effects are observed in these reactions™. Earlier
studies measuring the rates of product formation
rather than the reduction of the ferryl species led to
the conclusion that dimethylaniline N-demethyla-
tion by HRP is subject to large isotope effects® 100,
However, in the case of HRP, product formation
involves a disproportionation reaction subsequent to
radical cation formation that is subject to a large iso-
tope effect. The more recent results of Goto et al.%
are most consistent with a single electron transfer
(SET) mechanism for the N-dealkylation mediated
by HRP. A similar dependence of the N-dealkylation
reaction on the substrate oxidation potential was
observed in the reactions mediated by
TMP*<FelV—=0 (TMP = 5,10,15,20-tetramesityl-
porphyrin dianion), but with this P450 model sys-
tem, kinetic isotope effects of 3.9 (p-CH,0) to 6.2
(p-NO,) and intramolecular isotope effect of
1.3-5.9 for the corresponding N-methyl-N-trideu-
teriomethylanilines were observed®. The authors
argue that isotope effects are observed in this
instance due to a competition between back electron
transfer from the partially reduced TMPFe'V=0
species to the nitrogen radical cation and oxygen
transfer to the nitrogen radical cation. The implica-
tion of a SET mechanism in both the HRP and P450
model reactions agrees with earlier findings on the
rates of oxidation of dimethylaniline by HRP,
CYP2B1, and two metalloporphyrin systems.
Unfortunately, similar spectroscopic rate studies
cannot be carried out with P450 itself because the
analogous “Compound I”” form of cytochrome P450
is not sufficiently stable.

Support for a nitrogen radical cation mecha-
nism in P450-catalyzed N-dealkylation reactions
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is provided by the fact that N-demethylation is
usually favored over N-deethylation. For example,
N-demethylation is favored over N-deethylation
by a factor of 16:1 in the CYP2B1-catalyzed oxi-
dation of N-methyl-N-ethylaniline®*. Electronic
factors would favor deethylation if a direct
hydroxylation of the carbon adjacent to the nitro-
gen were involved because the incipient radical
would be better stabilized by hyperconjugation. In
contrast, demethylation should be favored if the
reaction involves deprotonation of an initially
formed nitrogen radical cation because a methyl is
more acidic than an ethyl methylene. However,
these arguments are not unambiguous because the
electronic differences in the two reactions may be
masked by the differences in the steric effects of a
methyl and an ethyl group. Thus, steric effects
possibly account for the observation that N-
demethylation of N-methyl-N-alkyl-4-chloroben-
zamides is favored over N-deethylation by a factor
of 2.2, as this reaction (see below) is thought to
involve direct oxygen insertion into the C-H
bond'?!. Despite this caveat, the observation of
intramolecular isotope effects =<2.0 in the N-
dealkylation of N, N-dimethylaniline by CYP2BI,
chloroperoxidase, and metalloporphyrin models,
but of isotope effects >8 in the corresponding
reactions catalyzed by hemoglobin, HRP, and
prostaglandin H synthase, provides independent
evidence that the iron-bound oxygen removes a
proton from the carbon adjacent to the nitrogen rad-
ical cation in the first but not the second set of pro-
teins (Figure 6.12)!92. The pK_ values of the protons
next to the trimethylamine and dimethylaniline

CH,CH;4
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CH; CH3;
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2 CH,’
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Figure 6.12. The nitrogen radical cation pathway
proposed for a P450-catalyzed N-dealkylation reaction.
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nitrogen radical cations have been estimated to be,
respectively, ~15 and 9102 103,

It has been proposed that the isotope effects for
the P450-catalyzed oxidations of hydrocarbons
and alkylamines are similar to those observed in
the reactions of the same substrates with the ters-
butoxyl radical®”> 194, The finding that the meas-
ured kinetic isotope effects for the hydrogen
abstraction from benzylic methyl groups fall on
the same line as those for the N-demethylation of
4-substituted dimethylanilines has, therefore, been
advanced as evidence that N-dealkylations occur
via a hydrogen abstraction (HAT) rather than SET
mechanism, in contrast to the evidence for a SET
mechanism provided by the already discussed iso-
tope effect and rate data. Recent studies of the
rates and isotope effects in the reactions of deuter-
ated 1-methyl-4-phenyi-1,2,3,6-tetrahydropyridines
with the tert-butoxyl radical suggest, however,
that the tert-butoxyl! radical may not fully mimic
the enzymatic oxidizing species, as the fert-
butoxyl radical did not discriminate between C-H
bonds that differed in bond strength by as much as
10 keal /mol 1195, A correlation of reaction rates
with bond dissociation energies for a range of
alkylamine C—H bonds indicated that entropy fac-
tors make a significant contribution to the rate con-
stant. The poor correlation between the absolute
rates and C—H bond strengths is caused by differ-
ences in the entropy required to align the C-H
bond to be broken with the electron pair on the
adjacent nitrogen. A correlation between isotope
effects and bond strength may nevertheless be
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observed if the entropy factor is similar for a series
of substrates and thus cancels out, but caution must
be exercised in interpreting such correlations.
Cyclopropylamines can, in principle, be used to
probe the mechanism of nitrogen oxidation because
a cyclopropyl substituent on a nitrogen radical
cation can undergo ring-opening reactions analo-
gous to those of a cyclopropyl attached to a carbon
radical. The inactivation of P450 enzymes by cyclo-
propyl amines was postulated in early studies to
involve formation of the nitrogen radical cation, ring
cleavage to give an iminium carbon radical species,
and alkylation of the heme group'% 7. The obser-
vation of a correlation between the one-electron oxi-
dation potentials and the rates of P450 inactivation
by a series of nitrogen-, oxygen-, and halide-
substituted cyclopropanes offers circumstantial sup-
port for an electron abstraction mechanism!%,
Hanzlik has recently examined the oxidation of
cyclopropylamine probes by HRP, an enzyme that
demethylates N, N-dimethyl- and N-methyl N-iso-
propylaniline in the presence of H,0, and O,'®.
N-cyclopropyl,N-methylaniline (19) was oxidized
to both N-methylaniline and a cyclized product
that derives from a radical-based ring opening of
the cyclopropyl group (Figure 6.13). However,
cyclopropanone was obtained as the product in the
P450-catalyzed oxidation of N-methyl, N-(1-alkyl-
cyclopropyl)aniline!!®. No trace of radical cation
products such as those obtained when the same sub-
strate was oxidized by HRP were detected. The
results suggest that direct oxygen insertion into the
cyclopropyl group occurs faster than oxidation of
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Figure 6.13. Probes designed to investigate whether a nitrogen radical cation is involved in P450-catalyzed

N-dealkylation reactions.
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the nitrogen, and thus is more consistent with a HAT
than a SET mechanism.

4-Phenyl-trans-1-(2-phenylcyclopropyl)-1,2,
3,6-tetrahydropyridine (20) is oxidized by rat liver
microsomes to cinnamaldehyde and N-dealky-
lated tetrahydropyridine in addition to conven-
tional metabolites (Figure 6.13). The first two
metabolites have been postulated to be formed via
the nitrogen radical cation, cyclopropyl ring open-
ing, electron abstraction, proton elimination to
form the double bond, and hydrolysis of the
iminium link to release the aldehyde!'l.

The oxidation potential for an amide nitrogen
is higher than that of an amine due to the electron-
withdrawing effect of the carbonyl group. The
P450-catalyzed N-dealkylation of amides with a
deuterated and undeuterated N-methyl substituent,
RCON(CH,}(CD,), are subject to intramolecular
isotope effects of 4-7!'% 113, The corresponding
isotope effect for the N-dealkylation catalyzed
by a model porphyrin was 5.6!'4, a much higher
value than that observed for the electrochemical
reaction that proceeds via a nitrogen radical cation
intermediate! !>, These results suggest that amide
N-dealkylation occurs by direct carbon hydroxyla-
tion as a result of the higher oxidation potential of
the amide nitrogen.

P450-catalyzed oxygen transfer to amines to
give the N-oxide or N-hydroxyl product is gener-
ally considered to involve nitrogen radical cation
formation followed by recombination with the
ferryl oxygen (Figure 6.11)!'% 117 As these reac-
tions are less amenable to direct investigation with
mechanistic probes, the postulate of a radical
cation mechanism rests largely on the evidence for
such intermediates in N-dealkylation reactions.
However, the reported absence of a systematic
relationship between the electronic properties of
substituents and the rates of oxidation of anilines
and dimethylanilines to hydroxylamines and
N-oxides, respectively, provides no support for
such a mechanism!!” '8, One as yet unproven
explanation for the absence of a correlation is that
the stability of the N-oxide—iron complex makes
dissociation of the N-oxide partially rate limiting!!”.
Hlavica has also proposed that N-oxide formation
is mediated by the P450-ferric hydroperoxide
rather than ferryl species based, in part, on the
observation that the oxidation of N,N-dimethylani-
line to the corresponding N-oxide mediated by
CYP2B4 is both inhibited by superoxide dismutase
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and supported by H,0,'!?. However, these criteria
do not differentiate between the ferric hydroper-
oxide and ferryl species, as one is the precursor of
the other. In the absence of more direct evidence,
it is not possible to determine whether N-oxide
and hydroxylamine formation proceeds by a
mechanism other than reaction with the ferryl
species to give a transient nitrogen radical cation
intermediate.

The conversion of thioethers to sulfoxides or
S-dealkylated products, as noted for the oxidation
of amines, could involve the formation of a tran-
sient sulfur radical cation or direct oxygen trans-
fer to either the sulfur or the adjacent carbon. If
any function can be oxidized by direct reaction
with the P450 ferric hydroperoxide species, it
would appear to be a thioether sulfur. The ratio
of S-dealkylation to sulfoxidation products was
reported in early work to correlate well with the
acidity of the protons adjacent to the sulfur'?C,
Furthermore, electron-donating groups modestly
accelerate the rate of formation of sulfoxides from
substituted thioanisoles (Hammett p* = —0.16),
and of the sulfoxides to the corresponding
sulfones (Hammett p* = —0.2)!?l 122, In an
intramolecular competition experiment, it has
been found that the thioether of thianthrene-5-
oxide is oxidized in preference to the symmetry-
related thioether sulfoxide function, confirming
the expected higher reactivity of the sulfide than
sulfoxide!?}. Unfortunately, although these results
indicate that sulfoxidation occurs most readily at
electron-rich sulfur atoms, the magnitudes of the
effects are such that they cannot be used to unam-
biguously differentiate between radical cation and
oxygen transfer mechanisms for sulfur oxidation.

Bacciochi er al. have shown that a radical
cation localized on the trimethoxy-substituted
phenyl ring is generated when a thioether, with a 2-
(3,4,5-trimethoxyphenyl)ethyl on one side and a
phenyl group on the other, is chemically oxidized.
They have then shown that liver microsomes
exclusively oxidize a thioether with a 3.4,5-
trimethoxyphenyl group on one of the sulfur-
bearing carbons to a sulfoxide rather than to the
products expected from formation of the trimetho-
xyphenyl radical cation!?*. In view of the finding
that chemical oxidation yields the trimetho-
xyphenyl radical cation, they conclude that the sul-
foxide is formed by direct oxygen transfer from the
P450 to the sulfur because oxygen rebound to the
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sulfur should be slow if the unpaired electron is not
localized on the sulfur. In contrast, HRP gives both
sulfoxidation and radical cation cleavage products,
but only the sulfoxide is formed with chloroperox-
idase!?5. However, these studies all assume that the
ferryl oxidation is equivalent to a chemical oxida-
tion in favoring the trimethoxyphenyl ring over the
sulfur. It is possible that the P450-oxidizing
species oxidizes the sulfur to the radical cation and
recombines with it faster than the electron can be
transferred to the trimethoxyphenyl ring. A similar
caveat tempers the conclusions that can be drawn
from the finding that phenyl cyclopropy! sulfide is
oxidized by Mortierella isabellina to the sulfoxide
without opening of the cyclopropyl ring!2.

In sum, the course of heteroatom oxidation
appears to be sensitive to the oxidation potential of
the heteroatom, the acidity of hydrogens on the
adjacent carbon, and steric factors. The bulk of the
evidence suggests that oxidation of the nitrogen in
amines generally involves electron abstraction fol-
lowed primarily by N-dealkylation if a labile proton
is present, or nitrogen oxidation if it is not. As the
nitrogen oxidation potential increases, there is a
shift toward direct insertion into the C—H bond, as
is thought to occur in the N-dealkylation of amides.
O-dealkylation reactions are mediated by direct
insertion of the oxygen into the vicinal C—H bond,
as electron abstraction from the oxygen is too diffi-
cult due to the high oxygen oxidation potential.
Transfer of the P450 ferryl oxygen to an oxygen
atom to give a peroxide is not known, presumably
for the same reason. The mechanisms of sulfur oxi-
dation remain more uncertain, but the limited evi-
dence suggests that sulfur dealkylation may occur
via direct insertion into the vicinal C—H bond, as
found for O-dealkylation, in a reaction that diverges
from that responsible for sulfoxidation.

5. Olefin and Acetylene
Oxidation

No critical experimental advances have been
made in the past decade toward a fuller under-
standing of the mechanisms of P450-catalyzed
epoxidation reactions, although new insights into
the process are emerging from computational
studies. The finding that P450-catalyzed olefin
epoxidations invariably proceed with retention of
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the olefin stereochemistry, as illustrated by results
on the epoxidation of cis-stilbene!?’, oleic acid!%,
and trans-[1-?H]}-1-octene'?® supports the view
that the reaction occurs by a concerted mecha-
nism. However, retention of stereochemistry does
not preclude a nonconcerted mechanism, a point
clearly made by the fact that the stereochemistry
is retained in most carbon hydroxylation reactions
even though they are mediated by a stepwise rad-
ical mechanism. Early isotope effect studies also
provided evidence for a nonconcerted, or at least
asynchronous, reaction mechanism'*°. Thus, sub-
stitution of a deuterium on the internal but not ter-
minal carbon of the exocyclic double bond of
p-methyl- and p-phenylstyrene led to the observa-
tion of an inverse secondary isotope effect k, /k;, =
0.93 in the epoxidation reaction. Similar isotope
effects would be expected at both carbons if the two
carbon—oxygen bonds were formed simultaneously.
However, differential secondary isotope effects can
be observed if one carbon—oxygen bond is formed
to a significantly greater extent than the other in an
asynchronous epoxidation transition state. This is
clearly shown by the finding that olefin epoxidation
by meta-chloroperbenzoic acid, a well-established
concerted reaction, also gives differential second-
ary isotope effects, in this instance, the isotope
effect being seen on the terminal but not internal
carbon'3!,

Acetylenes, like olefins, have oxidizable -
bonds, although it is harder to oxidize an
acetylenic than an olefinic m-bond because the
triple bond is shorter and stronger. Nevertheless,
cytochrome P450 readily oxidizes terminal
acetylenic bonds to give ketene products in which
the terminal hydrogen of the acetylene has
migrated quantitatively to the internal acetylenic
carbon (Figure 6.14)'32 133, The oxirene that would
result from “epoxidation” of the triple bond has not
been detected and may not form, as oxirenes are
highly unstable moieties. If formed, they would be
expected to rearrange to the observed products.
The finding of a substantial kinetic isotope effect
on formation of the arylacetic acid metabolites
when the terminal hydrogen of the arylacetylene is
replaced by a deuterium indicates that the hydro-
gen migration occurs in the rate-determining step
of the catalytic process!3* 14, This finding, and the
observation that the same products are formed
with similar isotope effects in the oxidation of aryl
acetylenes by m-chloroperbenzoic acid!®? 134
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Figure 6.14. Schematic mechanism for the oxidation of a terminal acetylene by cytochrome P450, showing that
addition at the terminal end of the triple bond leads to a ketene product, whereas addition to the internal carbon

results in alkylation of a nitrogen of the heme group.

Figure 6.15. Alkylation of a nitrogen of the heme during the P450-catalyzed oxidation of a terminal double bond.

suggest that the hydrogen migrates to the vicinal
carbon as the oxygen is transferred to the terminal
carbon in a concerted reaction process. The
demonstration that 2-biphenylpropionic acid is a
minor product in the CYP1Al- and CYP1A2-
catalyzed oxidation of 4-(1-propynyl)biphenyl
indicates that it is also possible to oxidize a triple
bond with the migration of an alkyl group rather
than a hydrogen'>.

Two types of evidence, again based on relatively
early experiments, provide serious support for the
availability of a nonconcerted olefin epoxidation
pathway. Thus, the observation that terminal olefins,
including ethylene gas, are not only oxidized to the
corresponding epoxides but simultaneously alkylate
one of the prosthetic heme nitrogen atoms is incom-
patible with a concerted epoxidation mechanism
(Figure 6.15) (see Chapter 7)!3%, Although the struc-
ture of the adducts is that which would result from

addition of the porphyrin nitrogen to the terminal
carbon of the epoxide, control experiments have
clearly established that epoxides do not alkylate the
heme group'®’. Furthermore, the stereochemistry of
the N-alkylated products is opposite to that expected
from backside attack of the nitrogen on the epox-
ide!3®, The heme alkylation must, therefore, occur
prior to formation of the epoxide metabolite. Given
the requirement for catalytic turnover of the
enzyme'?’ and the fact that the resulting N-alkyl
group has incorporated an atom from molecular
oxygen'3® 139 jt ig clear that the heme is alkylated
by a reactive intermediate generated during the
olefin epoxidation reaction (Figure 6.15). The reac-
tive species that alkylates the heme must be a pre-
cursor of the epoxide product, or the result of a
parallel but divergent olefin oxidation pathway. The
partitioning of the common intermediate, or of the
flow of oxidation equivalents into two parallel, but
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distinct, pathways is defined by the partition ratio
between epoxidation and heme alkylation. This par-
tition ratio ranges from values as low as 1-2 (ie,
nearly every oxidation leads to heme alkylation) to
values as high as several hundred (i.e., heme alkyla-
tion competes poorly with epoxide formation).

Prosthetic heme alkylation is also observed
during the oxidation of terminal acetylenes by
cytochrome P450 (Figure 6.14). As found in inac-
tivation by olefins, the terminal carbon of the
acetylene is bound to a nitrogen of the P450 heme
group and an atom derived from molecular oxy-
gen to the internal carbon'?® 1*°. The oxygen is
present as a carbonyl group due to tautomerization
of the enol that would be formed by simple addi-
tion of a hydroxyl group to the internal acetylenic
carbon. In the case of acetylene oxidation, a clear
distinction is possible between the reaction path-
way that produces the ketene metabolites and that
which yields the N-2-ketoalkyl adducts because
metabolite formation involves delivery of the oxy-
gen to the terminal carbon, but N-alkylation deliv-
ery to the internal carbon. In the case of acetylenes,
enzyme inactivation can also occur by a different
mechanism subsequent to metabolite formation
because the initial ketene product can acylate nucle-
ophilic protein residues before it is hydrolyzed to a
stable carboxylic acid (see Chapter 7)'4!- 142 The
partition ratios for metabolite formation vs heme
alkylation are usually smaller for acetylene than for
olefin oxidation.

The second type of evidence that strongly argues
for the availability of a nonconcerted epoxidation
pathway is provided by the finding that carbonyl
products are directly formed during the oxidation of
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a few olefins. As a case in point, the oxidation
of trichloroethylene yields both trichloroethylene
oxide and trichloroacetaldehyde. As control experi-
ments indicated that trichloroethylene oxide did not
rearrange to trichloroacetaldehyde under the incu-
bation conditions, the aldehyde apparently arose by
an oxidation pathway distinct from that which gen-
erated the epoxide (Figure 6.16)!4% 144 Similar
results were obtained for the oxidation of 1,1-
dichloroethylene to the epoxide vs monochloro- and
dichloroacetic acids—again the epoxide did not
appear in control experiments to rearrange to the
acids under physiological conditions'*>. Direct for-
mation of a carbonyl product during the oxidation
of an olefin has been observed in a few other
situations, notably in the formation of 1-phenyl-1-
butanone and 1-phenyl-2-butanone as minor prod-
ucts of the oxidation of trans-1-phenylbutene!45,
and of 2-phenylacetaldehyde in the oxidation of
styrene!45, Under physiological conditions, these
carbonyl products do not appear to be formed by
rearrangement of the epoxides. The carbonyl prod-
ucts are consistent with the formation of a carboca-
tion intermediate, possibly through leakage from the
normal epoxidation pathway into an alternative
pathway within the overall reaction manifold. This
could occur, for example, if a competition exists
between closing the second epoxide bond and
electron transfer from a radical-like carbon interme-
diate to the iron to give the cation. However, the
search for products indicative of radical intermedi-
ates in olefin epoxidation reactions has so far been
fruitless. Thus, no cyclopropane ring-opened prod-
ucts were observed in the oxidation of trans-1-
phenyl-2-vinylcyclopropane'*’.

Cl H Cl H
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Cl Cl
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Figure 6.16. The oxidation of some halogenated olefins has been shown to yield the corresponding epoxides and
rearrangement products that appear to arise via a reaction path that does not include the epoxide as an intermediate.
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The seemingly contradictory evidence for con-
current concerted and nonconcerted epoxidation
pathways can be satisfyingly rationalized by the
two-state reactivity paradigm advocated by Shaik
and colleagues (see Chapter 2). These investigators
have shown by density functional theoretical calcu-
lations that the P450 ferryl porphyrin radical cation
can exist in doublet and quartet spin states that are
quite close in energy. The calculations suggest that
ethylene epoxidation by both the doublet and quar-
tet oxidizing species involves addition of the oxy-
gen to one carbon of the olefin, leaving the other
carbon of the olefin with an unpaired electron
(Figure 6.17)!%%. This radical complex can again
exist in both doublet and quartet states, although
the system is more complex in that each of the two
states has two equilibrating electromers that differ
in whether the electron contributed by the olefin is
used to neutralize the porphyrin radical cation or to
reduce the iron to the Fe!ll state (see Figure 6.8 and
Chapter 2). The critical difference between the two
states is that there is no barrier to closure of the
doublet state to the epoxide, so that epoxidation
occurs via an almost concerted trajectory with
retention of the olefin stereochemistry even though
a true, concerted mechanism is not predicted by the
calculations'#®. In contrast, a barrier of 2.3 kcal
mol~! is found for closure to the epoxide of the
quartet intermediate with the configuration
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PorFe’V-O—CH,CH;, and a barrier of 7.2 keal
mol~' for the quartet intermediate with the
Por*'Fe''-O-CH,CH, structure'“®. These enetgy
barriers are sufficiently high to allow alternative
reactions to compete with epoxide ring closure and
provide a ready explanation for the experimental
observation that the heme undergoes nitrogen alky-
lation in the epoxidation of some olefins!>®. The
partitioning between epoxidation and heme alkyla-
tion is largely determined in this model by the pro-
portion of the doublet and quartet transition-state
complexes. The critical feature of the two-state
epoxidation mechanism is the presence of a doublet
and a quartet transition state of sufficiently close
energies that the oxidation reaction can proceed via
either of the two transition states. This computa-
tional model rationalizes the experimental data
available on olefin oxidation in a satisfying and
comprehensive manner, although the model is
difficult to test experimentally.

The discussion of epoxidation has been
framed in terms of a ferryl catalytic species. It
has been proposed that the ferric hydroperoxo
intermediate may contribute to olefin epoxida-
tion*®, but as discussed in Section 2, the support
for this postulate is contradictory. Although it
appears that the ferric hydroperoxo intermediate
can oxidize double bonds at a low rate, the data
strongly suggests that the ferric hydroperoxide
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Figure 6.17. Explanation of the dual pathways of olefin oxidation resulting in epoxide formation and heme
alkylation in terms of the two-state hypothesis of P450 catalysis extensively described in Chapter 2.
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makes little contribution to oxidations catalyzed
by the wild-type proteins.

Although the stereochemical evidence sug-
gests that olefin oxidation occurs by a concerted
mechanism, it is clear from the observation of
heme alkylation and rearranged products that non-
concerted oxidation pathways are also operative.
The oxidation of terminal acetylenes to ketenes by
addition of the oxygen to the unsubstituted carbon
and to species that alkylate the heme group by
addition to the internal carbon also suggests that
multiple oxidation pathways are possible. The
puzzle that is posed by these mechanistic
dichotomies may find a solution in the recently
formulated hypothesis of two-state reactivity, in
which two energetically similar transition states
are obtained, one of which is in a doublet spin
state and reacts essentially as if the reaction were
concerted, and the second of which is in a quartet
spin state and can give rise to products character-
istic of nonconcerted reactions (see Chapter 2).

6. Oxidation of Aromatic Rings

The oxidation of an aromatic ring by
cytochrome P450 invariably involves oxidation of
one of the w-bonds rather than direct insertion of
the oxygen into one of the aromatic ring C—H
bonds. Thus, benzene oxide has been specifically
identified as a product of the oxidation of benzene
by liver microsomes!’!. However, benzene oxide
and the similarly unstable epoxides expected from
the oxidation of other aromatic rings readily
undergo heterolytic cleavage of one of the epoxide
C-O bonds. This bond cleavage is followed by
migration of a hydride from the carbon retaining
the oxygen to the adjacent carbocation to give
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a ketone intermediate. Tautomerization of this
ketone yields a phenol product. This sequence of
steps is the so-called “NIH-shift” (Figure 6.18)!%2,
Key evidence for this mechanism is provided by
the finding that the hydrogen atom (H*) at the
position that is oxidized migrates to the adjacent
carbon, where it is partially retained in the final
phenol product. Partial retention of the migrating
hydrogen reflects nonstereospecific elimination of
one of the two hydrogens in the tautomerization
step. This mechanism is widely applicable, but
ferryl oxygen transfer to aromatic rings can also
proceed via a transient intermediate that under-
goes the NIH shift or eliminates a substituent on
the tetrahedral carbon before the epoxide is actu-
ally formed (vide infra). The migrating atom in the
NIH shift is usually a hydrogen, but other moi-
eties, notably a halide or an alkyl group, can also
shift to the adjacent carbon as the result of the
hydroxylation event!32 133,

The rate of the hydroxylation reaction is not
very sensitive to deuterium substitution because
the deuterium-sensitive tautomerization step
occurs after the rate-limiting enzymatic oxidation.
The observation of a small inverse secondary iso-
tope effect (0.83-0.94) for ring hydroxylation of
ortho- and para-xylene is consistent with rate-
limiting addition of the ferryl oxygen to the w-
bond, as the transition state for the addition
reaction requires partial rehybridization of the car-
bon from the sp’- to the sp*-state'>*. The observa-
tion of an inverse isotope effect does not support a
mechanism in which the rate-determining step is
oxidation of the aromatic ring to a m-cation radi-
cal, as the secondary isotope effect for such a
process should be negligible. The oxidation of
cyclopropylbenzene to 1-phenylcyclopropanol
and cyclopropylphenols without detectable open-
ing of the cyclopropyl ring also argues against the

R R R R
[Fe=OP"
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Figure 6.18. The NIH shift involving initial formation of an epoxide metabolite in the oxidation of the aromatic
ring by cytochrome P450. The starred hydrogen shows that the hydrogen undergoes a 1,2-shift and then is partially

lost in the final tautomerization step.
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involvement of a radical cation intermediate in the
oxidation of small, unactivated aromatic rings'>.

In some instances, particularly in hydroxyla-
tions meta to a halide substituent, the hydrogen on
the hydroxylated carbon is quantitatively lost (i.e.,
there is no NIH shift), and a small deuterium
kinetic isotope effect is observed!>® 137. These
hydroxylations could result from direct oxygen
insertion into the C—H bond, as in a true “hydrox-
ylation” mechanism, but they are more likely to
result from oxidation of the aromatic ring without
the formation of a discrete epoxide intermediate.
Isotope effect studies with deuterated benzenes
bearing a variety of substituents have shed some
light on this process'>® 1. A small, normal iso-
tope effect is observed for meta-hydroxylation
when deuterium is located meta- to the halogen in
chlorobenzene (ky/kp, =1.1-1.3), but a small,
inverse isotope effect (k,/kr, = ~0.95) is observed
for ortho- and para-hydroxylation when the deu-
terium is at those positions’>®. Simultaneous for-
mation of the two epoxide bonds in a concerted
process should be subject to a small, normal iso-
tope effect when either of the two oxidized carbons
bears a deuterium atom, although asynchronous
formation of the two bonds could give rise to dif-
ferent isotope effects at the two sites. In the limiting
situation in which one carbon—oxygen bond is
completely formed first, formation of this bond
could be followed either by closure to the epoxide
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or by an ipso-substitution mechanism that obvi-
ates the epoxide intermediate (vide infra).

The cytochrome P450-catalyzed oxidation of
pentafluorochlorobenzene to tetrafluorochlorophe-
nol has been proposed to involve ferryl oxygen
addition to the fluorine-substituted carbon para to
the chloride, followed by electron donation from
the chloride to eliminate the fluorine as a fluoride
ion (Figure 6.19). The resulting positively charged
chloronium intermediate can then be reduced to
the phenol, possibly by cytochrome P450 reduc-
tase, or can undergo hydrolysis to the tetrafluoro-
quinone!®®. This mechanism is supported by
9F.NMR evidence for the release of fluoride ion
and by molecular orbital calculations. A correla-
tion of molecular orbital calculations with the
regiochemistry of the oxidation of I-fluoroben-
zene, 1,2-difluorobenzene, 1,3-difluorobenzene,
1,2,3-triflucrobenzene, and 1,2,4-trifluorobenzene
suggests that the reaction is initiated by direct
attack of the electrophilic ferryl oxygen on the aro-
matic Tr-system rather than by an initial electron
abstraction!$!. More refined local density approxi-
mation calculations for the oxidation of benzene
and mono-fluorobenzene suggest that epoxidation
is disfavored vs a direct NIH shift from a tetrahe-
dral oxygen-addition intermediate, and that
hydroxylation para to the fluorine is favored!¢2. In
addition to the electronic effect of the halide, a
steric interference is observed in the ability of the
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Figure 6.19. Oxidation of a polyhalogenated ring via an ipse mechanism that does not involve formation of an
epoxide metabolite but rather an addition—elimination reaction that directly yields a quinone product.



204

enzyme to hydroxylate ortho to the halide when it is
a bromine or iodine but not fluorine or chlorine!®.
The oxidation by rat liver microsomes of phe-
nols bearing a para-OPhNO,, -NO,, -CN,
-CH,OH, -COCHj, -COPh, -CO,H, -F, -Cl, or -Br
substituent eliminates the para-substituent and
forms the hydroquinone (Figure 6.20)!6% 165,
Studies with '30, show that an atom of molecular
oxygen is incorporated into one of the two
quinone carbonyl groups. These results, and the
finding that the p-nitrophenoxy group is not elim-
inated when the phenol hydroxyl is replaced by a
methyl ether, suggest that the phenoxy radical
generated by one-electron oxidation of the phenol
undergoes ipso-recombination with the ferryl
oxygen to give a tetrahedral intermediate. Direct
elimination of the para-substituent then gives the
quinone. However, it has also been reported that
4-iodoanisole is oxidized to 4-methoxyphenol
without the incorporation of label from H,'#0 or
2H,0'%. This finding argues that the phenol
hydroxyl is not absolutely required for the reac-
tion, so the addition can occur via ipso-addition
without prior formation of the phenoxy radical. In
accord with an ipso-mechanism, the substituent is
eliminated from 4-halophenols as a halide anion,
a para-CH,OH group as formaldehyde, and

a PhCO-substituent as benzoic acid!6*165,
OH 0.
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Figure 6.20. Two possible pathways for the direct
P450-catalyzed oxidation of a p-aryloxy phenol to the
quinone, one involving initial formation of a phenoxy
radical and the other of an epoxide.
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Furthermore, the methyl in 4-methylphenol is not
a viable leaving group and this compound is sim-
ply oxidized to 4-hydroxy-4-methyl-2,5-cyclo-
hexadiene-1-one!'%®. It is to be noted that the
regiochemical results do not rule out epoxide for-
mation, as electron donation from the phenolic
hydroxyl group would regiospecifically open the
epoxide to the same products, but epoxide forma-
tion appears an unlikely explanation for the col-
lective results.

Evidence for aniline oxidation without the for-
mation of an epoxide intermediate is provided by
the demonstration that an atom of molecular oxy-
gen is incorporated into the quinone oxygen when
p-ethoxyacetanilide (phenacetin) is oxidized to N-
acetyl-p-benzoquinoneimine'®”-'%®. This finding
requires that the reaction proceeds with cleavage of
the bond between the oxygen and the aryl carbon
rather than via a conventional O-dealkylation
mechanism. The most probable mechanism for this
reaction is P450-mediated hydrogen abstraction
from the nitrogen to give a radical that undergoes
ipso-recombination with the ferryl oxygen at the
carbon bearing the ethoxy moiety (Figure 6.21)'%.
The concurrent formation of 2-hydroxyphenacetin
is consistent with this mechanism because high
unpaired electron density would be present in
the aniline radical on both the ortho- and para-
carbons'’’. The formation of quinoneimines
accompanied by the elimination of fluoride anion
in the oxidation of 4-fluoroanilines can be
explained by a similar mechanism'7".

The oxidation of phenols via HAT from the
hydroxyl group (or sequential electron transfer
and deprotonation) is supported by data on the
oxidation of estradiol and estrone. In accord with
a key role for the phenolic hydroxyl group, the
predominant ortho-hydroxylation of estradiol
does not occur when the phenolic hydroxyl is
replaced by a methyl ether'”?. Early experiments
established that 2-hydroxylation of estradiol
occurs without a detectable NIH shift'”>. More
recent work has shown that, whereas estrone is
converted to both 2- and 4-hydroxyestrone by
CYP3A4, conjugation of an additional aromatic
ring, as in equilenin and 2-naphthol, leads exclu-
sively to 4-hydroxylation of estrone and 1-hydrox-
ylation of 2-naphthol. In both these reactions, the
site that is exclusively hydroxylated is that
expected to carry the greatest share of the
unpaired electron density if the initial step is
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Figure 6.21. Possible mechanisms for the oxidation of phenacetin.
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Figure 6.22. The additional aromatic ring in equilenin leads to a change in regiochemistry of hydroxylation of the
phenol ring relative to that observed in the oxidation of estrone, possibly due to a change in the localization of the

unpaired electron density from the 2- to the 4-position.

formation of the phenoxy radical, followed by
recombination with the iron-bound hydroxyl radi-
cal (Figure 6.22)17,

The cytochrome P450-catalyzed formation of
phenol radicals is clearly required for the cross-
linking of phenol rings catalyzed by a variety of

plant cytochrome P450 enzymes, including the
enzyme from Berberis stolonifera that catalyzes
the biosynthesis of dibenzylisoquinoline alkaloids
(Figure 6.23)!7> 176 and the enzymes that convert
reticuline to salutaridine!’”> 178, and autumnaline
to isoandrocymbine in colchicine biosynthesis!”.
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Figure 6.23. The formation of phenoxy radicals is
indicated by the coupling products formed in the P450-
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Another interesting example is provided by the
therapeutically important antibiotic vancomycin
(Figure 6.24), which consists of a crosslinked hep-
tapeptide backbone glycosylated with a disaccha-
ride residue. The phenolic coupling that occurs
between the aromatic side chains of the heptapep-
tide core is believed to be mediated by a P450
enzyme. The vancomycin biosynthetic cluster
encodes three highly related P450 enzymes!®° that
are suggested by gene knockout studies to be
involved in the coupling of residue 4 with resides
2 and 6 via C-O bonds and of residues 5 and 7 via
a C—C bond'®!. One of these enzymes (P450,,.5)
has been cloned and overexpressed in Escherichia
coli and an X-ray crystal structure obtained. It has
a relatively open active site, consistent with a large
substrate, but whether the substrate is the free
heptapeptide or one bound to a peptidyl carrier
domain is unclear'®?. Balhimycin, chloroere-
momycin!'® 133 and complestatin'®* are antibiotics
structurally related to vancomycin in which analo-
gous C—C and C-O bond formation is believed
to be P450 mediated. These reactions, like the

OH

T

Figure 6.24. The biosynthesis of vancomycin involves a phenoxy radical crosslinking step that is catalyzed by a

cytochrome P450 enzyme.
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Figure 6.25. The oxidation of a highly oxidizable
aromatic probe substituted with multiple electron-
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product.
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peroxidative crosslinking of tyrosine residues,
require the coupling of two phenoxy radicals pre-
sumably generated by proton-coupled electron
transfer from each phenol to the ferryl species.
Concurrent formation of the two phenoxy radicals
within the confines of the P450 active site should
suffice to generate the observed crosslinked
products.

The clearest available evidence that aromatic
rings can be oxidized to radical cations by
cytochrome P450, at least when the ring is substi-
tuted with multiple electron-donating groups, is
provided by the reported oxidation of 1,2,4,5-
tetramethoxybenzene to a radical cation by
CYP1A2 (Figure 6.25)'%°. The radical cation was
detected by absorption spectroscopy and spin-trap-
ping EPR. The stable metabolites formed in the
reaction were 2,5-dimethoxy-1,4-benzoquinone
and 4,5-dimethoxy-1,2-benzoquinone, the products
expected from hydrolysis of the radical cation.
A negligible deuterium isotope effect was observed
on formation of the radical cation or products
derived from it even though a large isotope effect
was seen for simple O-dealkylation. The evidence
for other aromatic radical cations is less conclusive.
In an interesting set of experiments, the products
formed in the incubation of 9-methylanthracene
and related compounds with the following systems
were determined: (a) CYP2B1 in the presence
of either NADPH-cytochrome P450 reductase
or PhIO, (b) HRP in the presence of H,O, or
EtOOH, and (c) a model system consisting of iron
tetraphenylporphine and PhIO'6, Apart from
the uninformative 1,2- and 3,4-diols that are formed
exclusively with the P450 system, the relevant

207

products were 9-hydroxymethylanthracene, 10-
methyl-10-hydroxy-9-anthrone, and anthraqui-
none!#. The 9-hydroxymethyl product results from
a straightforward carbon hydroxylation, but more
complex reactions are required to rationalize the
other two products. The incorporation of label from
both H,'30 and '*0, , but not H,'#0,, into the ring-
oxidized products can best be rationalized by the
formation of a radical cation species that combines
with water and/or molecular oxygen to give the
observed products. However, with cytochrome
P450, 80-label was incorporated only from %0,
and not H,'%0. The absence of label from water in
the products from the P450 system, in view of its
incorporation with HRP, is inconsistent with diffu-
sion of a radical cation out of the enzyme active
site. Thus, if a radical cation is formed, it occurs as
a highly transient intermediate that is immediately
trapped by the ferryl oxygen to give the observed
products. The results are reminiscent of the report
by Ohe, Mashino, and Hirobe that (a) a hydrox-
ymethyl group is eliminated as formaldehyde when
the ferryl oxygen adds in an ipso-manner to the
substituted carbon in a 4-substituted phenol, lead-
ing to formation of the 1,4-quinone, and (b) when
the substituent is a methyl, the reaction results in
addition of the hydroxyl group to the substituted
ring carbon with concomitant oxidation of the phe-
nol group to a keto function (Figure 6.20)!6% 165, As
reported by Rizk and Hanzlik, a methoxy group
also makes possible this kind of reaction!%¢. Thus,
mechanisms based on ipso-addition of the ferryl
oxygen to the aromatic ring are likely to account for
the products formed from 9-methylanthracene. A
scheme based on that proposed by Anzenbacher et
al. (Figure 6.26)'%, or a variant of it, readily
explains the observed results without requiring a
radical cation intermediate. The results do not,
however, preclude the existence of nondiffusible
radical cations as transient intermediates.

Cavalieri and coworkers, following earlier
investigators'®”, have championed the hypothesis
that the covalent binding of polycyclic aromatic
hydrocarbons to DNA is due to radical cations
formed from them by the action of cytochrome
P450 and/or peroxidase enzymes!'®® 18°, They have
reported that polycyclic aromatic hydrocarbons
with ionization potentials below 7.35eV can be
oxidized to radical cations by peroxidases'%- 1!,
Furthermore, the formation of a benzo[a]pyrene-
DNA adduct consistent with oxidation of the
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Figure 6.26. Reactions proposed to explain the oxidation of 9-methylanthracene by cytochrome P450.!8¢

hydrocarbon to a radical cation by rat liver micro-
somes and rat skin!®% 1% and the presence of
cytochrome P450 in the nuclear membrane'*, sup-
port the proposal that cytochrome P450 enzymes
may also oxidize polycyclic aromatic hydrocarbons
to radical cations!®®. The oxidation of 6-fluo-
robenzo[a]pyrene by liver microsomes to 6-hydrox-
ybenzo[a]pyrene has been interpreted as evidence
for cytochrome P450-catalyzed radical cation for-
mation, although the reaction could arise, as postu-
lated for polyhalogenated benzenes!®, by direct
addition of the activated oxygen to the aromatic
system!%. Addition of the ferryl oxygen in such a
mechanism would be expected to occur at the
6-position as that is the position most sensitive to
electrophilic attack. The evidence for the formation
of a diffusible radical cation in the normal (as
opposed to peroxide-dependent) cytochrome P450-
catalyzed oxidation of polycyclic aromatic hydro-
carbons remains inconclusive.

In sum, considerable evidence is now available
for the oxidation of aromatic rings not only via the
conventional epoxidation pathway, but also by
mechanisms that do not involve formation of an
epoxide as an intermediate. The non-epoxide
mechanisms involve addition of the ferryl oxygen

to one carbon of the aromatic ring, producing a
tetrahedral intermediate that decays by extrusion
of a substituent at that carbon or by electron trans-
fer, resulting in two-electron oxidation of the ring
system and/or addition of a second nucleophile
from the solution. This type of reaction is particu-
larly favored with aromatic rings such as phenols
and anilines that bear electron-donating sub-
stituents. The evidence for the formation of radi-
cal cations by direct electron abstraction from
polycyclic aromatic hydrocarbons remains ambigu-
ous, although the formation of such intermedi-
ates is favored by multiple electron-donating
substituents.

7. Dehydrogenation Reactions

Cytochrome P450 enzymes catalyze dehydro-
genation as well as oxygenation reactions, includ-
ing the oxidation of saturated to unsaturated
hydrocarbons, alcohols to carbonyl compounds,
and amines to imines or other unsaturated prod-
ucts. The most extensively investigated of these
reactions in terms of mechanism is the desatura-
tion of valproic acid to 2-n-propyl-4-pentenoic
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Figure 6.27. Two mechanistic alternatives for the
dehydrogenation of valproic acid catalyzed by P450
enzymes.

acid (Figure 6.27)!9¢1%° Formation of the A*>-
unsaturated product from valproic acid is cat-
alyzed by rat, rabbit, mouse, monkey, and human
liver microsomes and by purified CYP2BI,
CYP2C9, CYP2A6, CYP3A1, and CYP4BI, but
not by CYP3A4 or CYP4A1!%6 197, 200203 The
A3* isomer is also formed, in some instances in
greater amounts than the A%’ isomer?®!. The 3- and
4-hydroxyvalproic acids are also formed, but these
hydroxylated products are not precursors of the
unsaturated compounds!'®®. Oxidation of the two
enantiomers of stereospecifically [3-13C]-labeled
valproic acid by cultured hepatocytes shows that
the pro-(R)-side chain is preferentially desatu-
rated!”%. The A23-unsaturated analogue of valproic
acid, 2-n-propyl-2(E)-pentenoic acid, is also
desaturated to give the A23, A*S-diene, and an
asymmetric but related molecule, 2-ethylhexanoic
acid, is oxidized to both 2-ethyl-1,6-hexanedioic
acid and 2-ethyl-5-hexenoic acid!®% 204,

The intramolecular isotope effects for the oxi-
dation of valproic acid with two deuterium atoms
on the C-4 carbon of one of the two propyl side
chains by rabbit liver microsomes reveal that
4-hydroxylation (ky/k, = 5.05) and A*5-desatura-
tion (k/k, = 5.58) are sensitive to isotopic
substitution'®”. In contrast, when the methyl group
of one of the side chains is trideuterated, only
minor intramolecular isotope effects are observed
for 4-hydroxylation (k/k, = 1.09) or A**-desatu-
ration (ky/ky, = 1.62). Comparable results have
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been obtained when the oxidation is mediated
by either CYP2B1 or CYP4B1%%2. These results
indicate that removal of a hydrogen from C-4
is rate limiting for both 4-hydroxylation and
desaturation, whereas loss of a hydrogen from
C-5 is not. These results agree well with a mecha-
nism in which removal of a C-4 hydrogen is
followed by either oxygen rebound to give the
4-hydroxy product or transfer of a hydrogen from
the terminal methyl to the ferryl oxygen to give
the olefin product. The hydrogen could be trans-
ferred to the ferryl oxygen together with an elec-
tron or could be transferred as a proton following
transfer of the electron to give a cationic interme-
diate (Figure 6.27). Analogous mechanisms can
be postulated for the finding that CYP3A1 also
oxidizes valproic acid to the A>*-unsaturated iso-
mer, except that in this case deuterium isotope
experiments suggest that the olefin is obtained
equally well by initial oxidation of C-3 (ky/ky, =
2.00) or C-4 (ky/k;, = 2.36)?°!. Interestingly, the
observation of an isotope effect at only one of
the two carbons in an aerobic desaturation process
is also found for the nonheme iron-dependent
fatty acid desaturases, for which a related mecha-
nism involving a nonheme iron center has been
postulated?®>.

The ratio of 4-hydroxy to A*3-desaturated
metabolites depends on the P450 isoform and is
larger for CYP2B1 (37:1) than for CYP4B1
(2:1)*°2, The proportion of the olefin is much
higher when the substrate is the A>3-unsaturated
valproic acid, a result that is particularly consis-
tent with a mechanism in which the electron is
transferred to the ferryl oxygen before the hydro-
gen!®. The structural determinants that control
whether hydroxylation or desaturation occurs are
unknown, but if the Shaik formalism applies (see
Chapter 2), it is probable that the desaturation
reaction involves the quartet rather than doublet
hydroxylation transition state.

The isopropy! group of ezlopitant, which bears
a 2-methoxy-5-isopropylbenzylamino group, is
oxidized by both CYP3A4 and CYP2D6 to the
tertiary alcohol and the desaturated 1-methylvinyl
moiety?®. The alcohol was specifically shown not
to be a precursor of the unsaturated product, and a
small primary isotope effect was observed when
deuterium was placed at the benzylic but not
methyl carbons of the isopropyl group. Although
not studied in detail, concurrent hydroxylation and
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desaturation of an isopropyl group was also
observed in the metabolism of - and B-thujone
even though the isopropyl group is not bound to
an aromatic or conjugating function?®’. These
observations are well accommodated by the mech-
anistic alternatives proposed for desaturation of
valproic acid.

The desaturation of sterols has also been
observed. Quantitatively, the most important of
these is the P450-mediated A?2-desaturation in the
ergosterol biosynthetic pathway of Saccharomyces
cerevisiae’®. The enzyme (CYP61) has been puri-
fied and shown to specifically catalyze the
A%-desaturation without forming hydroxylated
sterol products?%® 219, Related A%2-desaturases are
found in other organisms, including mammals?!1-212,
Sterol desaturation also occurs at other positions.
Thus, the CYP2Al-catalyzed oxidation of testos-
terone yields the 7-hydroxylated, 6-hydroxylated,
and A%’-desaturated sterols in a 38:1:1 ratio
(Figure 6.28)%1> 214 As might be expected, a pri-
mary intermolecular isotope effect is only observed
for 6-hydroxylation and A%’-desaturation when the
deuterium is at the allylic C-6 position, although an
isotope effect is observed for 7-hydroxylation when
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the deuterium is at C-72!°. The formation of
17B-hydroxy-4,6-androstadiene-3-one in this reac-
tion presumably occurs via the mechanism dis-
cussed above, although the finding that oxidation of
C-6, and not C-7, leads to desaturation again sug-
gests that electron transfer from the free-radical
intermediate to the iron to give the allylically stabi-
lized cation may contribute to the emergence of the
desaturation pathway.

The past decade has shown that hydrocarbon
desaturation is not uncommon but, except in cases
such as the biosynthesis of ergosterol, it generally
accounts for a minor proportion of the metabolic
products. The earliest reported example of P450-
mediated hydrocarbon desaturation appears to be
the conversion of lindane (1,2,3,4,5,6-hexachloro-
cyclohexane) to 1,2,3,4,5,6-hexachlorocyclohex-
ene?!6, but the known hydrocarbon desaturation
reactions now include the A%’-desaturation of
androstenedione and deoxycorticosterone by adre-
nal mitochondria®!’, the oxidation of dihydronaph-
thalene to naphthalene and 7,8-dihydrobenzo[a]
pyrene to benzo[a]pyrene?!® 219, the conversion of
warfarin to dehydrowarfarin??’, the desaturation of
lovostatin and simvastatin to the 6-exo-methylene

)@@3

Figure 6.28. Paralle! hydroxylation and dehydrogenation of testosterone.
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derivatives??!223 and the formation of 11-dode-

cenoic acid from lauric acid®*.

The direct desaturation of carbon adjacent to
heteroatoms, notably oxygen and nitrogen, has
also been observed. These reactions include
the desaturation of a tetrahydrofuran ring in the
biosynthesis of aflatoxin and sterigmatocystin by
a specific P450 enzyme®?, the P450-catalyzed
desaturation of flavanones to flavones?2®, and the
conversion of ethylcarbamate to vinyl carba-
mate??’. In some instances, the desaturation may
involve the carbon and the heteroatom instead of
two carbon atoms. The CYP2B1-catalyzed oxida-
tion of testosterone to androstenedione, which
involves oxidation of the 17-hydroxy to a 17-keto
function, is possibly such a reaction, because only
5-8% of the keto group oxygen derives from O,
with testosterone, but 84% with epitesto-
sterone??®. A similar observation has been made
for the P450-catalyzed oxidation of 6-hydroxy- to
6-keto-progesterone by CYP2C13%?, Thus, either
one of the two hydroxyls in a conventional gem-
diol intermediate is eliminated with high stereose-
lectivity, or HAT is followed by loss of an electron
without actual formation of the gem-diol:

RR’CHOH + [FeO]*> — RR'C + (OH)
+ [FeOH]*? — RR'C=0 + [Fe]** + H,0

The dehydrogenation of a carbon next to a
nitrogen has been unambiguously demonstrated.
Acetaminophen (4-hydroxyacetanilide) is oxidized
to the iminoquinone intermediate by a mechanism
explicitly shown not to involve hydroxylation of the
nitrogen (Figure 6.29)?3°. Other examples are the

O
\)k N

(REe)

Figure 6.29. Dechydrogenation of acetaminophen to
the iminoquinone occurs by a mechanism that does not
include the hydroxyamide structure as an actual
intermediate, even though the hydroxylamide product is
found with related compounds that do not have the para-
hydroxyl group.
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aromatization of 4-alkyl- and 4-aryi-1,4-dihydropy-
ridines?*" 232, the oxidation of 3-methylindole to
the highly reactive 3-methyleneindolenine?*?, and
possibly the conversion of the N-ethyl to an N-vinyl
moiety in the metabolism of tracazolate?*.

8. Carbon-Carbon Bond
Cleavage Reactions

The power of P450 enzymes to catalyze oxida-
tive transformations is perhaps nowhere better
illustrated than in their ability to catalyze the
cleavage of unactivated C—C bonds. Somewhat
ironically, these reactions generally form part of
biosynthetic pathways and allow organisms to
build complex molecules via striking metabolic
transformations. However, C—C bond cleavages
have also been reported for some degradative/
xenobiotic metabolizing enzymes. Additionally,
many of these C—C bond cleavage reactions require
a sequence of oxidations that are all carried out
by the one enzyme. These P450 enzymes thus
form a mechanistically fascinating group as they
are not only capable of standard oxygen activation
and hydroxylation chemistry, but also react
through different mechanisms to eventually cleave
a C—C bond. The examples below are arranged by
the functional group(s) that is (are) adjacent to the
C—C bond cleaved, although this group(s) may be
introduced by the P450 during the course of oxi-
dation of the original substrate. Excluded from
this discussion are reactive compounds specifi-
cally designed to undergo cleavage of C—C bonds
as mechanistic probes, for example, cyclopropyl-
methyl containing compounds (Section 3) and the
cleavage of C—C bonds as part of the oxidation of
an aromatic ring (Section 6).

8.1. Cleavage between
Oxygenated Carbons

Diols. One of the best known examples of a
P450-catalyzed C—C bond cleavage is carried out by
P450_. (CYP11A) which converts cholesterol to
pregnenolone and 4-methylpentanal (Figure 6.30).
The mechanism by which this P450 effects scission
of the C20-C22 bond of cholesterol has been exten-
sively studied. The enzyme is trifunctional, catalyz-

ing three sequential reactions that each consumes
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Figure 6.30. The intermediates in the P450 catalyzed conversion of cholesterol to pregnenolone and

4-methylpentanal.

one molecule of dioxygen and one molecule of
NADPH. The first two regio- and stereospecific
hydroxylation reactions lead to, respectively, 22(R)-
hydroxy and 20(R), 22(R) dihydroxycholesterol.
These reactions are unremarkable P450-catalyzed
oxidations, proceeding with retention of configura-
tion as expected?> 236, The third oxidative transfor-
mation leads to cleavage of the C—C bond between
the two oxygenated carbons and is of considerable
mechanistic interest. The overall transformation
is quite efficient as the intermediate hydroxylated
cholesterol derivatives are bound up to 300 times
more tightly than the parent substrate’>” and the
ferrous—dioxygen complex is more stable in each
successive turnover?3® 23,

Mechanisms for cleavage of the intermediate
diol that involve further oxidation at C-22 are
excluded by the fact that the 22(S) hydrogen is
retained in the 4-methylpentanal produced as a
result of C—C bond cleavage®*®. The most likely
mechanism is thus one in which one of the
hydroxyl moieties is activated in some fashion,
followed by decomposition with C—C bond cleav-
age. The nature of this activation has led to a num-
ber of mechanistic proposals. First, a hydrogen
may be abstracted from one of the alcohols by the
ferryl species to form an alkoxy radical, which

decomposes to release one carbonyl fragment and
a carbon radical. This radical is then intercepted
by the Fe(IV)YOH species to yield the second prod-
uct (Figure 6.31, path B). An alternative mecha-
nism suggests that one of the hydroxyls of the diol
intermediate intercepts an activated oxygen
species to produce a peroxy complex. Loss of a
proton from the adjacent alcohol initiates a het-
erolytic fragmentation reaction that leads directly
to the two carbonyl products (Figure 6.31, path A).
Formation of a hydroperoxide may be seen as
precedented by the exchange of oxygen between
hydrogen peroxide and water via a putative ferryl
species in model systems?*’. The chemistry of
such a hydroperoxide would also explain nicely
the intriguing early observation that (20S5)-20-
(p-tolyl)-5-pregnen-3B-ol is cleaved to preg-
nenolone and presumably phenol by P450_
(Figure 6.32)**!. This remarkable transformation
would be analogous to the well-known formation of
acetone and phenol from cumene hydroperoxide
under acid catalysis.

Recently another biosynthetic enzyme, P450,, |
(CYP107H1) has been shown to cleave an aliphatic
chain via a diol intermediate. First found as a gene
of unknown function in the biotin biosynthetic
operon of Bacillus subtilis, P450; - was implicated
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Figure 6.32. A possible mechanism for the P450_ catalyzed conversion of (205)-20-( p-toly})-5-pregnen-3B-ol

to pregnenolone and phenol (R = sterol nucleus).

through analysis of mutants in the formation of a
biological equivalent of pimelic acid (heptane-
dioic acid)**2. Cloning and overexpression in E.
coli resulted in isolation of a complex between the
P450 and acylated acyl carrier protein (ACP) as
well as the P450 alone®?. It was shown that the
acyl moiety of the complex could be cleaved to
produce a pimeloyl ACP utilizing a novel flavo-
doxin as the redox partner. P450,, , was also
shown to act on free fatty acids to produce pimelic
acid as well as a range of hydroxylated fatty
acids?* 24, Careful analysis of these latter products

indicated that a range of hydroxy fatty acids was
produced but no w-oxidation was observed, indi-
cating that production of a long-chain diacid as a
pimeloate precursor was not the biological func-
tion of this P450%%. Subsequently, a series of
potential intermediates in the C—C bond cleavage
reaction were synthesized and incubated with the
enzyme?*®. It was shown that pimelic acid produc-
tion increased when the substrate was changed
from the C,, fatty acid to the 7-hydroxy derivative
with the threo-7,8-diol as the best substrate
(Figure 6.33). Other derivatives such as the 7- or
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8-oxo0, 8-hydroxy or erythro-7,8 diol gave no
increase in pimelic acid formation. It was also
found that, as with P450_, the postulated oxy-
genated intermediates bound much more tightly to
the enzyme than the parent substrate?*S, These
results are clearly in keeping with a C—C bond
cleavage mechanism in which the P450 operates
on one face of the extended conformation of the
fatty acid chain to produce the threo-diol, which is
then cleaved to produce two aldehyde fragments.
The pimeloyl semialdehyde initially formed is
somewhat unstable to aerial oxidation and both it
and pimelic acid are seen in the cleavage of the
threo-7,8-diol. Interestingly, only a small enantio-
selectivity was seen for the 7-(S) alcohol and the
derived threo diol. This perhaps reflects the fact
that the true substrate is an ACP-bound acyl
group, making P450, ; one of a growing number
of P450s found to act on carrier protein bound
substrates?®’.

Paul R. Ortiz de Montellano and James J. De Voss

One example of P450 mediated C—C cleavage
via a presumed diol intermediate during xenobiotic
metabolism has been reported. Olanexidine, an
antimicrobial agent, is metabolized mainly to a
range of chain shortened carboxylic acids in both
rats and dogs, as well as to various other oxy-
genated metabolites (Figure 6.34)2%%- 249 Dog liver
microsome studies indicated that vicinal diol
metabolites were further transformed to the C-C
bond cleavage products and specific inhibitor stud-
ies implicated enzymes of the CYP2D family in all
of the oxidative transformations?*®. Interestingly,
in contrast to P450___and P450, ., no diastereose-
lectivity was observed in the further oxidation of
the diols investigated (Figure 6.34)**%. This may be
due to the position of the diol near the terminus
of the aliphatic chain such that there is little differ-
ence in the energy of binding or oxidation of the
conformations accessible to the erythro and threo
isomers. An alternative explanation is that C-C
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Figure 6.35. Various oxidation products reported to be formed from pregnenolone/progesterone via the action of

CYP17A.

bond cleavage does not proceed directly from the
diol but rather an o-hydroxy ketone which is also an
observed metabolite (cf. CYP17A below). However,
the different effects of specific P450 inhibitors on
a-hydroxy ketone formation and C—C bond cleav-
age argue against a precursor product relation-
ship?®. Final delineation of the pathway awaits
studies with purified isoforms but does suggest that
C—C bond cleavage may be a significant metabolic
pathway for compounds with aliphatic chains.

Keto Alcohols. CYP17A is a remarkable, mul-
tifunctional P450 that is primarily responsible
for the 17a-hydroxylation of pregnenolone (or prog-
esterone) and the subsequent lysis of the C17-C20
bond to produce dehydroepiandrosterone (or andro-
stendione)®® 2!, In addition, it catalyzes the
cleavage of this same C17-C20 bond in mechanisti-
cally distinct ways to yield a number of minor prod-
ucts. These less common pathways lead to the
formation of 17a-hydroxyandrost-5-en-3B-ol (note
inversion of stereochemistry at C17) and the corre-
sponding A'6!7-olefin from pregnenolone?*>-2%* as
well as 17-O-acetyltestosterone from progesterone

(Figure 6.35)%%°. The proposed mechanism for
the dominant reaction involves an unremarkable
hydroxylation at C17 of the steroid nucleus
(Figure 6.36)>>. This is then followed by an attack
of the ferric peroxo moiety on the carbonyl to yield
a species that fragments to an alkoxy radical and a
one-electron oxidized ferryl species. The alkoxy
radical subsequently decomposes to produce acetic
acid and a carbon radical that recombines with the
ferryl species to yield a gem-diol, which dehydrates
to the C17 carbonyl of the product. This mechanism
is in accord with a wealth of labeling studies and can
be modified simply to explain the origin of the other
observed products.

Studies with 30, have demonstrated the incor-
poration of one atom of 20 into the acetic acid
fragment produced upon C17-C20 cleavage of
pregnenolone in all of the observed pathways®**
256, 257 Additionally, O incorporation from '30,
is seen at the C17 position of the steroidal prod-
ucts from pregnenolone bearing an oxygen atom
at this position?*¢, The minor products from C17—
C20 cleavage are proposed to arise from attack
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decomposition (pathway b) of the peroxyhemiacetal

competes with free-radical fragmentation ( pathway a) to yield the observed mixture of minor products.

of the ferric peroxo species on the carbonyl prior
to any C17 hydroxylation (Figure 6.37). The
resultant adduct then fragments to an alkoxy radi-
cal which loses acetic acid to produce a C17 radi-
cal in a fashion analogous to that proposed for the
major pathway. This C17 radical then partitions
between direct oxygen rebound to the 17c-
hydroxy product and elimination to the A!'®!7-olefin.

This latter product may arise via direct hydrogen
abstraction or via a single-electron oxidation of the
radical to the cation followed by elimination of a
proton?*®, Results of CYP17A catalyzed oxidation
of substrates bearing deuterium labels at the C16,
C17 and the methyl group « to the ketone are in
agreement with this mechanism?®. The 17-O-
acetyl-testosterone is probably best explained as
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the result of a Baeyer—Villiger like decomposition
of the peroxo adduct derived initially from an
attack on the carbonyl (Figure 6.37)>%. This indi-
cates that the peroxo adduct may decompose by
an ionic mechanism as well as by the radical
pathway proposed to explain the other observed
products.

The role of the ferric peroxo moiety in the
mechanism has been supported by mutagenesis
studies in which Thr306 has been replaced by an
alanine?*®. This threonine is believed to be the
active site residue that directs the delivery of pro-
tons required to cleave the O—O bond and form
the ferryl species. As expected, its loss results in
an approximately 20-fold decrease in the ferryl
dependent C17 hydroxylation activity but a much
smaller decrease in C17—-C20 lyase activity medi-
ated by the ferric peroxo moiety?*®. Experiments
involving analysis of the solvent deuterium iso-
tope effect as a function of pH have suggested that
the protonation of the ferric peroxide intermediate
governs whether the reaction proceeds via a ferryl
dependent (17a hydroxylation) or a peroxy adduct
(C17-C20 lyase) pathway>>°.

The aldehyde corresponding to pregnenolone
has also been used as a mechanistic probe with
CYPI7A as it is reported to undergo exclusive
cleavage of the C17—C20 bond to produce formic
acid and the 17« alcohol or A!%!7-olefin?%’. These
reactions are believed to proceed via pathways
analogous to those proposed for the formation of
minor cleavage products of CYP17A catalyzed
oxidation of pregnenolone. The more electrophilic
carbonyl of the aldehyde favors the direct bond
scission pathways by more effectively trapping
the ferric peroxide moiety. The aldehyde is not
reported to be oxidized to the corresponding
acid?%C. This suggests that an ionic cleavage of the
proposed peroxy intermediate (Baeyer—Villiger
pathway) does not occur to any great extent as
hydrogen migration, which would lead to acid for-
mation, is known to be favored for this type of
reaction. The experiments with this aldehyde do,
however, provide evidence for the bifurcation of a
single pathway leading to the two minor products
of pregnenolone oxidation (Figure 6.37). Deute-
ration of the Cl6a position led to an apparent
enrichment in deuteration of the 17a-hydroxy
product, suggesting an isotope-induced partition-
ing away from the A!%!7-olefin that requires
cleavage of the C-D bond?®°. Cleavage of the C-C
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bond a to an aldehyde is discussed further in
Section 8.3.

8.2. Cleavage Alpha to
Oxygenated Carbon

Ketones. The CYP17A-mediated cleavage of
the C17—C20 bond of pregnenolone (or proges-
terone) without prior C17 hydroxylation provides
the only clearly documented example of cleavage of
a C—C bond « to a ketone (Figure 6.37, Section 8.1).
The manifold of products formed, however, nicely
indicates the variety of mechanistic pathways that
might be envisioned. A peroxo adduct from the
carbonyl and the ferric peroxide intermediate
forms and subsequently decomposes by one of two
pathways. A radical mechanism leads to an alkoxy
radical that eventually gives C—C bond cleavage to
form an alcohol or olefinic product. An ionic
mechanism (Baeyer—Villiger) leads to an ester
product in which insertion of oxygen has occurred
with retention of configuration. It will be of inter-
est to determine whether such pathways might pro-
vide the dominant activity of some P450s.

Aldehydes. Cleavage of a C—C bond « to an
aldehyde has already been discussed in the context
of the CYP17A-catalyzed oxidation of an alde-
hyde analogue of pregnenolone (Section 8.1).
However, such reactions are believed to play
a central role in the activities of several other P450s
including the important steroid biosynthetic
enzymes aromatase (CYP19) and 14a-demethy-
lase (CYPS51). It is worth emphasizing that P450-
catalyzed aldehyde oxidation does not necessarily
result in C—C bond cleavage and that in fact often
oxidation to the corresponding carboxylic acid
occurs?®!. The factors that govern partitioning
between these different modes of oxidation are
unknown at present?6!,

Aromatase (CYP19), like P450_ , plays an
essential role in the biosynthesis of steroid hor-
mones. It catalyzes the aromatization of the C
androgen, androstendione to the C,; estrogen
estrone (Figure 6.38), as well as similar aromati-
zations of testosterone and 16a-hyroxyandrosten-
dione?6? 263 These conversions involve three
sequential oxidations at the angular C19 methyl
group that result in its eventual loss and aromati-
zation of the A-ring of the substrate. Each oxida-
tion requires a molecule of NADPH and of
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Androstendione

HO

Figure 6.38.

oxygen?®*. The first two steps appear to be unex-
ceptional P450-catalyzed hydroxylation steps. The
initial reaction produces the C19 primary alcohol
and proceeds, as expected, with retention of
configuration?®> 2 while the second oxidation
abstracts the 19-pro-R hydrogen to yield a gem-
diol intermediate?6”- 268, This latter compound is
believed to dehydrate to yield the more stable,
observed C19 aldehyde. There is an observable
tritium isotope effect on the first hydroxylation
step2®°, but not on the subsequent one with [19-°H]
androst-4-ene-3,17-dione or analogues®’® 271
This is understandable as the first step can dis-
criminate between the hydrogen and tritium atoms
on a given methyl group. An isotope effect on the
second step, however, which stereospecifically
removes the pro-R hydrogen, would require the
kind of inter-molecular effect commonly sup-
pressed in P450 reactions. It is the mechanism of
the third oxidative transformation that involves
C-C bond cleavage and aromatization that has
attracted the most attention. In this reaction, the 18
and 2 hydrogens are lost?’2?7 into water and the
C19 carbon as formate which contains an oxygen
atom from the first and third oxidation steps?’® 27°.
A large number of different mechanisms have been
proposed to account for this transformation involv-
ing the intermediacy of a steroid containing a C19
formyl group and, variously, a 4,5-epoxide?3’,
a 1B-hydroxyl??, a 2B-hydroxyl 28'-282 or a C19
peroxide 27% 28 a5 well as a possible enzymic
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Intermediates in the catalytic turnover of aromatase (CYP19).

Schiff base formed from the 3-keto moiety?®*.
Several of these intermediates are known to be
converted spontaneously?®! or by aromatase?®’ into
estrone but none of them are currently accepted as
lying upon the major pathway for aromatization.
This is primarily due to the '*0 labeling studies
indicating that the third oxygen atom is incorpo-
rated into formate?’® 280, The difficulties in estab-
lishing the mechanism are illustrated nicely with
the postulated 2B3-hydroxy intermediate. This was
synthesized and shown to aromatize rapidly in the
absence of enzyme?®' and it was also detected in
enzymic incubations at low pH (which slows the
aromatization reaction)?32. However, the facts that
the 2@3-hydroxyl was not incorporated into the
released formate?”’, and the stereochemistry of
loss of hydrogen from C-2 appears to be substrate
dependent ruled this compound out as an obliga-
tory intermediate?® 287, The currently accepted
mechanism?56: 288-290 explains all experimental
observations and is supported by model stud-
ies?®"2%3 and analogy with the mechanisms of
other P450s such as CYP17A and CYP2B4 (vide
infra) (Figure 6.39). Thus, the ferric peroxide inter-
mediate is believed to add to the electrophilic alde-
hyde carbonyl to yield a peroxyhemiacetal. This
can fragment to give an alkoxy radical that loses
formic acid to produce a C10 radical. Loss of the
18 hydrogen and enolization of the carbonyl is
required to produce the aromatized A ring. Recent
model studies by Valentine and coworkers provide
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Figure 6.39. The currently accepted mechanism for the final step in the aromatase catalyzed reaction. The timing
of enolization of the carbonyl with respect to the addition of the ferric peroxide to the aldehyde and to C-C and O-O

bond fission is still uncertain.

+ Fe(II(TMP)O,™
F2CS0y
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R

+ Fe(III)(TMP)OH + HCOOH
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Figure 6.40. Conversion of enolized analogue of the natural aromatase substrate to the corresponding aromatized
compound is catalyzed by a model peroxo ferric porphyrin complex.

strong support for the involvement of the ferric per-
oxo in the mechanism?®!. They demonstrated that a
model peroxo ferric porphyrin complex will quan-
titatively convert an enolized model of androsten-
dione to the corresponding aromatic compound and
formate (Figure 6.40). Reaction of the ferric peroxo
model with androstendione itself results in the
chemically reasonable epoxidation of the electron
deficient C4—CS double bond. This follows sugges-
tions in the literature that enolization of the C3 car-
bonyl occurs prior to C19—C10 bond cleavage and
additionally activates the 1B hydrogen toward
loss?%3- 294, However, whether the chemoselectivity
required (C—C bond cleavage vs epoxidation) is
achieved enzymatically via prior enolization or by
selective positioning of the substrate within the
active site remains to be established.

Enzymes of the CYP51 family (sterol 14a-deme-
thylases) catalyze the removal of the 14a-methyl

group from a variety of steroidal nuclei with con-
comitant introduction of a carbon—carbon double
bond (Figure 6.41). The archetypal reaction is the
loss of the C14 angular methyl group (C32) from
lanosterol with formation of a C14-C15 double
bond during cholesterol biosynthesis?®> 2. Once
again, this conversion is believed to involve three
sequential oxidation steps and proceed initially via
an alcohol that is subsequently converted into an
aldehyde?’307, These steps parallel the first two
steps catalyzed by aromatase and are believed to be
unexceptional hydroxylation reactions’**310. The
stereochemical course of the second hydroxylation is
unknown, but studies with mechanism-based inhi-
bitors have shown that steroidal 32-S-vinylalcohols
are transformed to covalent inhibitors, presumably
with a C32 carbonyl via a C32 gem-diol while the
32-R isomers are not oxidized®!!. These results do
demonstrate stereospecificity in the oxidation of
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Figure 6.41. The stable intermediates in the 14a-demethylation of lanosterol.
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Figure 6.42. A possible mechanism for the final step in the 14a-demethylation of lanosterol that employs the
isolated Baeyer—Villiger rearrangement product. Radical decomposition of the peroxyhemiacetal intermediate may

also lead to the observed demethylated product.

a C32 alcohol but the deduction that the proS hydro-
gen is removed is more questionable. The 32-S-vinyl
alcohols that are oxidized have a hydrogen that is
stereochemically equivalent to the proR hydrogen of
the hydroxymethyl intermediate in the demethyla-
tion reaction. This would suggest that it is this proR
hydrogen that is abstracted in the second hydroxyla-
tion step catalyzed by CYP51.

The facts on the oxidation of the C32 aldehyde
are remarkably similar to those seen for the aro-
matase catalyzed reaction. The formate moiety
that is expelled contains one dioxygen-derived
oxygen atom and incorporates one oxygen and one
hydrogen atom from the aldehyde precursor’!?,
There is also a stereospecific loss of the syn 15a

hydrogen in the formation of the A'* !5 double
bond?%%- 313. 314" By analogy with the aromatase
reaction, the oxidation is proposed to be initiated
by addition of the ferric peroxo intermediate to the
electrophilic aldehyde to produce a peroxyhemi-
acetal (Figure 6.42). However, the decomposition
of this intermediate is proposed to occur via an
ionic Baeyer—Villiger-like mechanism rather than
a radical one. The primary reason for this is the
isolation and spectroscopic identification of the
14a-formyloxy compound required as an interme-
diate in the ionic mechanism3!S. It was also
demonstrated that the 14a-formyloxy intermediate
could be converted into the final product by the
enzyme>'>. The mechanism of this elimination has
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not been studied in detail but loss of the tertiary
allylic formate would be expected to be a facile
reaction, subject to standard acid-base catalysis.
However, the proposed mechanism invokes an
ionic decomposition of a peroxyhemiacetal while
those suggested for CYP17 and CYP19 invoke
radical pathways. The possibility remains there-
fore that, as is believed to be the case with CYP17,
the Baeyer—Villiger product is formed as a result
of a minor pathway while the major route pro-
ceeds via simultaneous elimination of C32 and the
150 hydrogen. A unified view of the mechanism
of the three P450 families would suggest that this
occurs via radical decomposition of the peroxy-
hemiacetal (cf. Figure 6.39). It is perhaps also
possible that the isolated formyloxy compound
arises from formate trapping of a C14 cation, the
major fate of which would be to undergo elimina-
tion with loss of the C15a hydrogen. The cation
would derive from a single-electron oxidation of a
C14 radical, the intermediate in the radical decom-
position of the peroxyhemiacetal. The availability
of cloned and overexpressed CYP51 from ani-
mals®1% 317 plants318, fungi®'?, and bacteria®!®-32!
with differing substrate specificity®?? and also of a
crystal structure of one of the bacterial enzymes'®
should facilitate complete elucidation of the
mechanism of this interesting family of P450s.
Some xenobiotic metabolizing enzymes, par-
ticularly CYP2B4, are also reported to be capable
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of catalyzing the conversion of some aldehydes
into the one-carbon diminished alkene and for-
mate’?3 324 It appears that there is a structural
requirement for o or 3 branching of the aldehyde
for the reaction, with alkene formation occurring
with compounds such as isobutyraldehyde and
2-methylbutyraldehyde but not with the straight-
chain propionaldehyde or valeraldehyde’??.
Although most work has been carried out with
CYP2B4, other isoforms such as CYP1A2, 2El,
2C3, and 3A6 are all reported to catalyze this type
of transformation®?®. The extent to which this
occurs relative to oxidation of the aldehyde to the
corresponding carboxylic acid appears small with
a ratio of 50:1 favoring acid formation in the
CYP2B4 catalyzed oxidation of 2-phenylpropi-
onaldehyde’?®. However, the reaction has proved
very valuable as a model for understanding the
mechanism of the C—C bond cleavage reactions of
CYP17, 19, and 51 and has played a significant role
in the formulation of their mechanisms above. It
was shown that the deformylation reaction was
supported by P450 reductase/NADPH or H,O, but
not cumene hydroperoxide or iodosyl benzene?*.
This concurs with the hypothesis that it is the ferric
peroxo species that adds to the aldehyde rather than
the ferryl species. Fragmentation of the hydroper-
oxyhemiacetal then occurs to produce formate and
the alkene (Figure 6.43). Significantly, formation of
the one-carbon reduced alcohol has also been

b
(\G ‘O-Fe(IlD)

e
O/ + HCOOH

b a

w /N

olle

Figure 6.43. The oxidation of cyclohexanecarboxaldehyde by CYP2B4 is believed to proceed via the ferryl
species to yield the carboxylic acid and via the ferric peroxo species to yield the deformylated products, cyclohexene

and cyclohexanol.
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reported, although only in passing!*2° This product
is analogous to the 17c-hydroxy C,, products
reported from CYP17A oxidation of pregnenolone
and its analogues. It should be noted that while
deformylation is thought to involve the ferric per-
0x0 species, oxidation to the acid is believed to pro-
ceed via the ferryl species®?.

The relevance of the CYP2B4 catalyzed
deformylation reaction as a model for CYP51 is
clearly demonstrated by the aromatization of the
androstendione analogue 3-oxodecalin-4-ene-10-
carboxaldehyde to the corresponding tetrahydron-
aphthalene (cf. Figure 6.40) with concomitant
formate production®?® 327, Deuterium isotope
studies showed that the formyl hydrogen was
retained in the formate, that the 18 hydrogen was
specifically lost, and that loss of the C2 hydrogen
was not stereoselective. These results faithfully
reproduce the characteristics of the aromatase cat-
alyzed reaction.

Recently, support for the role of ferric peroxo
species in CYP2B4 catalyzed deformylation, and
by analogy for the mechanisms of CYP17, -19,
and -51, has come from mutagenesis studies’?’. Vaz
and Coon reported the effect of replacing Thr302,
the residue thought to facilitate O-O bond cleavage
in CYP2B4, with alanine. It was expected that this
would favor the peroxo pathway and decrease the
availability of the ferryl species. In line with these
expectations, normal P450-catalyzed reactions,
including aldehyde to carboxylic acid oxidation,
were suppressed but deformylation to the alkene
and alcobol products was significantly enhanced?’,
Evidence for the radical nature of the decomposition
of the peroxyhemiacetal has come from examination
of the mechanism-based inactivation of P450s that
occurs concurrently with aldehyde oxidation®2> 328,
For saturated aldehydes, it was shown that inactiva-
tion of CYP2B4 paralleled their ability to undergo a
deformylation reaction, suggesting that both of
these processes flowed from a common intermedi-
ate, the peroxyhemiacetal (Figure 6.43)’%%. It was
shown that inactivation of the P450 was due to addi-
tion of the carbon radical, formed in a homolytic
process, to the y-meso position of the prosthetic
heme32. Interestingly, although P450,, , is reported
to oxidize a variety of aldehydes without detectable
deformylation?!, it was demonstrated that a mutant
is deactivated by aldehydes when the co-oxidant is
H,0,%%. This presumably again occurs through an
alkyl radical formed by homolytic decomposition of

Paul R. Ortiz de Montellano and James J. De Voss

the peroxyhemiacetal intermediate. An intermedi-
ate was detected in this work that was spectro-
scopically consistent with an isoporphyrin which
would be formed upon addition of a carbon radi-
cal to the heme cofactor’?®, Finally, it is of note
that the ferryl catalyzed oxidation of aldehydes to
acids can also cause enzyme inactivation by heme
adduct formation, but in this case as predicted for
an H abstraction mechanism, an acylated heme is
formed?3?8,

Cytochrome P450s can also interact with alde-
hydes in a different way to generate the corre-
sponding hydrocarbon and CO,,**°. Hydrocarbons
are abundant components of cuticular lipids in
most insects and can also play a role in their
chemical communication. It has been demon-
strated that in microsomes derived from the house
fly, Musca domestica, hydrocarbons are formed
from the corresponding aldehyde with concomi-
tant generation of CO, and with all the character-
istics expected of a P450-mediated reaction:

CH,(CH,),CH=CH(CH,),,CD,CDO + NADPH
+ 0, + H* - CH,(CH,){CH=CH(CH,),,CD,
+ NADP* + CO, + H,0

There is a requirement for NADPH and oxygen
and the reaction is inhibited by both CO and an
antibody to house fly P450 reductase®. Labeling
studies showed that deuterium atoms at the C-1,
C-2, and C-3 positions were all retained®3!. In
addition, active oxygen donors such as hydrogen
peroxide, cumene hydroperoxide, and iodosylben-
zene all support hydrocarbon production to some
extent. The ability of the latter species to support
oxidation clearly indicates that the ferric peroxide
species is not the active oxidant in this case. On
the basis of these results, an unusual mechanism
has been proposed?! and a slightly more conven-
tional version is presented here (Figure 6.44). The
first step is the oxidation of the aldehyde to a
dioxirane or its resonance form, a carbonyl oxide.
Dioxiranes are known to decompose with release
of CO, and formation of two radicals that can
recombine as shown to form a hydrocarbon332,
Presumably, this recombination would be favored
by retention of the fragments within the active
site. Complete elucidation of the reaction mecha-
nism awaits identification and purification of the
P450 but recent studies have shown this to be a
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Figure 6.44. Possible mechanism for the P450-catalyzed conversion of an aldehyde into the corresponding
hydrocarbon and CO, seen in the biosynthesis of insect-derived hydrocarbons.
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Figure 6.45. Mechanistic possibilities for the P450-catalyzed conversion of (+)-marmesin into psoralen and
acetone. Prandiol is known not to be an intermediate in this process.

widespread reaction in insects for the formation of
hydrocarbons?33.

Alcohols. Boland and coworkers demon-
strated conclusively that a P450 can catalyze the
direct fragmentation of an alcohol into an olefin
and a carbonyl-containing fragment®. They studied
the conversion of marmesin to psoralen in micro-
somes derived from cell cultures of the plant Ammi
majus (Figure 6.45)%°. Deuterium labeled precur-
sors allowed them to demonstrate that marmesin
was converted into an equimolar mixture of acetone
and psoralen, excluding the possibility of other oxy-
genated intermediates such as the known prandiol

(Figure 6.45). The stereochemistry of the elim-
ination was exclusively syn and a small isotope
effect (ky/ky, = 4) was observed when the abstracted
hydrogen was replaced with deuterium. The mech-
anism proposed (Figure 6.45, pathway A) consists
of B-hydrogen atom abstraction, decomposition
of the radical intermediate to produce the olefin
and an isopropoxyl radical, the latter of which is
intercepted by the Fe(TV)OH species®. A possible
mechanistic alternative (Figure 6.45, pathway B)
invokes intermediates analogous to those proposed
for the diol cleavage reactions above. In these, it
would be the alcohol moiety that is initially
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attacked and initiates fragmentation to the observed
products.

This type of C—C cleavage reaction, however,
appears to be a general and important biosynthetic
one in plants and a number of other analogous
oxidative C—-C bond cleavage reactions seen in
bacteria and plants have now been postulated to be
P450 catalyzed®3* 333, In particular, secologanin
synthase from Catharanthus roseus (CYP72A1) is
believed to catalyze the C—C bond cleavage that
transforms loganin into secologanin, the final
common non-nitrogenous precursor of many plant
indole alkaloids (Figure 6.46)33% 336 In this case,
the reaction involves cleavage of a carbocyclic
ring rather than fragmentation of the substrate.
This activity was demonstrated in vitro with
CYP72A1 heterologously expressed in . coliasa
fusion with its homologous P450 reductase’3®.

A reaction that involves cleavage of the C—C bond
« to a phenol occurs in aflatoxin biosynthesis®3’.

OGlucose

HO

Loganin

Paul R. Ortiz de Montellano and James J. De Voss

Aflatoxins are mycotoxins produced by strains
in the fungal genus Aspergillus and are notable for
the complexity of their biogenesis. Genetic evi-
dence suggested that a single P450 was responsible
for the transformation of O-methylsterigmatocystin
to aflatoxin B, (Figure 6.47)%%. A P450 from
Aspergillus parasiticus was subsequently cloned,
heterologously expressed in yeast, and was demon-
strated to be capable of catalyzing this remarkable
conversion in vivo>>’. The first formed 11-hydroxy-
O-methylsterigmatocystin (Figure 6.47) was also
synthesized and shown to be converted to aflatoxin
B,. These experiments interlocked with a wealth of
previous results from in vivo isotope labeling stud-
ies and led to the mechanistic hypothesis shown?>’.
After C—C bond cleavage and formation of the pro-
posed hydrolytically unstable lactone, the ensuing
decarboxylation, dehydration, rearrangement, and
O-demethylation reactions are presumed to proceed
spontaneously. Two plausible mechanisms for the

OGlucose

COCH,

Secologanin

Figure 6.46. Loganin is converted into secologanin via a P450-catalyzed C—C bond cleavage reaction analogous

to that seen in psoralen biosynthesis.

CH;0
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CH;0

Aflatoxin B,

R = OH 11-hydroxy O-Methylsterigmatocystin

Figure 6.47. A single cytochrome P450 is responsible for the conversion of O-methylsterigmatocystin to aflatoxin

B, via 11-hydroxy O-methylsterigmatocystin.
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Figure 6.48. Mechanistic proposals for the P450-catalyzed C—C bond cleavage during the biosynthesis of
aflatoxin B,. One possibility involves a Baeyer—Villiger-like reaction of the ferric peroxo species with the keto
tautomer of the phenolic substrate while the other proceeds via the epoxide intermediate typical of ferryl catalyzed

aromatic oxidations.

COOH

ent-kaurenoic acid
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R =COOH GA |,

Figure 6.49. CYP88A catalyzes the three oxidative transformations required to convert ent-kaurenoic acid into GA .

C—C bond cleavage process have been proposed
(Figure 6.48)**7, The first involves a Baeyer—
Villiger-like oxidation of the keto tautomer of the
phenol and the second a rearrangement of the epox-
ide intermediate in aromatic oxidation. Delineation
of the mechanism will require experimentation
with purified enzyme, mutants, and substrate
analogues.

The gibberellins (GAs) are important plant hor-
mones with remarkably complex structures.

Several similarly remarkable multifunctional
P450s have been implicated in their biosynthesis in
both plants and fungi®* 349 CYP88A from
Arabidopsis thaliana and barley has been shown
to catalyze the three oxidative steps required to
convert ent-kaurenoic acid to GA |, (Figure 6.49)%!.
The experiments involved the expression of
CYPS8A in yeast strains containing A. thaliana
P450 reductase and monitoring in vivo oxidation of
potential substrates. The key step in the proposed
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Figure 6.50. Mechanism of a pinacol rearrangement of a diol.
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Likely mechanisms for the P450-catalyzed conversion of valerate into isobutene and CO,. A pathway

involving direct hydride abstraction has also been proposed but appears less probable.

reaction involves cleavage of a C—C bond « to an
alcohol in an oxidative ring contraction to yield an
aldehyde (GA,,-aldehyde, Figure 6.49)*!. The
mechanism has not been investigated but the
process follows the pathway predicted for an a-
hydroxy carbocation, such as the intermediate
proposed for a pinacol rearrangement of a diol
(Figure 6.50). Such a cation could arise from a
diol formed by CYP88A catalyzed C6 hydroxyla-
tion under the influence of the Lewis acidic heme
iron or directly via a SET process from the hydrox-
ylation radical intermediate. Subsequently, a P450
from the fungus Gibberella fujikuroi was also
shown to catalyze the same pinacol-like transfor-
mation, once again by expression and in vivo mon-
itoring of putative substrate transformation®*2. In
this case, a 6,7-diol was also isolated but was not
further transformed via ring contraction, suggest-
ing that such a compound is not an intermediate in
this pathway. This single fungal P450 was also pro-
posed to be capable of catalyzing at least seven
other biosynthetically significant oxidative trans-
formations as well as the three assigned to
CYPS88A, explaining the various GA metabolites
found in G. fujikuroi. One of these other transfor-
mations is a proposed oxidative cleavage of the
vicinal 6,7-diol. Clearly, the results of in vitro

characterization of the catalytic capabilities of this
enzyme will be of great interest.

Acids. Two isolated examples of P450-
catalyzed oxidative decarboxylation have appeared
in the literature. The first concerns the formation of
isobutene from isovalerate by the yeast Rhodotorula
minuta®. A P450 and a homologous reductase
were purified and a reconstituted system that pro-
duced isobutene from isovalerate was con-
structed®®. A large isotope effect upon isobutene
formation was found when the 3-hydrogen was sub-
stituted with deuterium (k,/k, = 14), clearly impli-
cating cleavage of this bond in the rate-determining
step. It was also found that 3-branching appeared to
be necessary for alkene formation. A mechanism
involving direct hydride abstraction and decarboxy-
lation of the resultant cation was proposed>*’.
However, more conventional pathways are also
possible in which either (a) hydrogen atom abstrac-
tion to give a carbon radical is followed by electron
transfer to generate the corresponding carbocation,
or (b) the tertiary alcohol is formed but ionizes to
the carbocation under the influence of the Lewis
acidic heme iron (Figure 6.51). One caveat with this
system is that the P450 was subsequently shown to
hydroxylate benzoate to 4-hydroxybenzoate as part
of phenylalanine catabolism and this latter reaction



Substrate Oxidation by Cytochrome P450 Enzymes

appears to be its primary metabolic function®#* 345,
It is also unclear whether other nonvolatile products
of isovalerate oxidation are formed in the incuba-
tions which were monitored by headspace gas
chromatography®#}. Thus, the exact nature of this
decarboxylation reaction remains to be established.

Hirobe has reported the P450-catalyzed decar-
boxylation of carboxylic acids to a one-carbon
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shorter alcohol*S. The acid must have an a-
carbon bearing either a phenyl group or three
substituents. This transformation was originally
observed in iron—porphyrin model systems but
was subsequently reproduced in vivo in rats and in
rat liver microsomes for two therapeutic car-
boxylic acids (Figure 6.52)*%. Once again, the
mechanism has not been investigated but the
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p C1C6H4
O

Figure 6.52. Possible pathways for the oxidative decarboxylation of some therapeutic carboxylic acids catalyzed

by both P450s and some iron—porphyrin model systems.
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oxidative aryl migration. A possible mechanism involving an anchimerically stabilized radical is shown.
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proposed decomposition of a carboxyl radical is
attractive, especially as this process is known to be
quite sensitive to a-substitution. The radical might
be produced either directly from the carboxylate
by the ferryl species or by decomposition of a
peroxyacid initially formed by reaction of the acid
and an ironoxo species (Figure 6.52). This latter
mechanism would then be analogous to the
reported CYP2B4 catalyzed conversion of 2-
phenylperacetic acid to CO, and benzyl alcohol
by homolysis of the O—O bond**’.

Ethers. Isoflavone synthase (CYP93C) cat-
alyzes the formation of isoflavone from 2S-
flavone via an unusual oxidative aryl migration
(Figure 6.53)3*%3%, (This C-C bond cleavage
occurs o to an ether and is classified as such here,
but it is unclear whether this is a mechanistically
significant feature.) Little is known about the
reaction, but it is postulated to proceed via 383
HAT to give a carbon radical anchimerically sta-
bilized by the adjacent phenol**®: 33!, Oxygen
rebound can then occur at the C2 position to give
the unstable 2-hydroxyisoflavone that dehydrates
to isoflavone (Figure 6.53). Support for this mech-
anism is provided by the isolation of the 3f3-
hydroxyisoflavone as a side product of the
reaction®®!. The availability of heterologously
overexpressed wild-type protein and site-directed
mutants should facilitate investigation of this
unusual transformation®®!.

8.3. Cleavage Alpha to Carbon
Bearing a Nitrogen Atom

Amines. Recently, an example of C-C bond
cleavage o to an amine has been reported
(Figure 6.54)%52. Interestingly, this is also a
rearrangement reaction and one of the few exam-
ples of C-C bond scission catalyzed by non-
biosynthetic enzymes. It was found that a variety
of tetramethylpiperidine containing compounds
were transformed into the corresponding
dimethylpyrrolidine derivatives (Figure 6.54). By
incubations with recombinant human liver P450s
and immuno-inhibition studies, this reaction was
shown to be catalyzed by a variety of P450s, with
CYP3A4 the major isoform responsible for this
transformation. The authors suggest that this is a
general metabolic pathway for compounds

Paul R. Ortiz de Montellano and James J. De Voss

containing a tetramethylpiperidine moiety as they
have also observed similar metabolism in other
mammals®>?, The mechanism of the reaction has
not been investigated in detail but clearly appears
to be a transformation of a secondary amine,
formed via N-dealkylation if necessary, given the
structures of the pyrrolidines produced. The inter-
mediacy of hydroxylamines or the corresponding
nitroxyl radical in this reaction has been sug-
gested. One possibility (Figure 6.54) is that the
heme iron may promote ionization of a hydroxyl-
amine to an incipient nitrogen cation that
rearranges, a pathway comparable to the P450-
catalyzed dehydration of oximes to nitriles>,
Alternatively, it may simply be a rearrangement
of the intermediate nitrogen cation radical formed
during amine oxidation. This can no longer be
stabilized by o-hydrogen elimination and the
steric congestion of the surrounding methyl
groups may slow the oxygen rebound, allowing
rearrangement (Figure 6.54). The piperidine to
pyrrolidine rearrangement has precedent in the
chemistry of N-fluoroamines that undergo the
same ring contraction in the presence of a Lewis
acid®*. This latter reaction, however, presumably
involves the equivalent of a nitrogen cation,
rather than a cation radical species favoring the
former pathway. More detailed investigations are
required to determine the mechanism of this
interesting transformation.

Finally, another of the remarkable multifunc-
tional P450s involved in GA formation in fungi
has recently been demonstrated to catalyze
the demethylation of an angular carbon along
the biosynthetic pathway (Figure 6.55)*%. The
apparently concomitant formation of the lactone
with demethylation suggests that a different
pathway is followed from that seen in aromatase
and 14a-demethylase. It is tempting to speculate
that this represents a biosynthetically novel
oxidative decarbonylation or decarboxylation
reaction in which an alcohol or the correspond-
ing cation is the initial product. This could then
be intercepted by the adjacent carboxylate to
form the observed lactone (Figure 6.55). Clearly,
however, the cytochrome P450s are capable of
catalyzing C—C cleavage by a variety of mecha-
nisms and much work remains to understand all
the possible permutations of these interesting
reactions.
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Figure 6.54. A variety of tetramethylpiperidine compounds are converted into the corresponding
dimethylpyrrolidine derivatives by a number of xenobiotic metabolizing P450s, particularly CYP3A4. Two mechanistic
possibilities for this process are shown. (R = H, R’ = p-nitrophenyl-NH- or R = CH,, R’ = (CH,),HCO-)

Figure 6.565. Gibberellin 20-oxidase from the fungus Gibberella fujikuroi is a multifunctional P450 that catalyzes
the angular demethylation of GA,, to produce the lactone GA,.

9. Conclusions frequently encountered. Experimentally, the past
few years have seen major progress in characteriz-

Cytochrome P450 mechanisms continue to  ing the intermediates that are formed as molecular
surprise and delight, although the field is growing  oxygen is activated to the final oxidizing species.
to maturity and the completely unexpected is less  All the intermediates, with the exception of the
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critical ferryl species, have now been directly
observed by various spectroscopic and crystallo-
graphic methods. The ferric peroxo anion has
been found to act as the oxidizing agent with a
growing range of highly electrophilic substrates.
In contrast, the proposed role for the ferric
hydroperoxo complex as an electrophilic oxidiz-
ing agent remains a matter of debate, as the evi-
dence advanced in support of the proposal is
circumstantial and contradictory. Although the
ferryl species remains elusive, it is increasingly
clear that it plays the predominant role as the oxi-
dizing agent in the P450 catalytic cycle. A second
area that has recently received considerable atten-
tion is the mechanism of hydrocarbon hydroxyla-
tion, the key question being whether the radical
rebound mechanism that has held sway for three
decades is in fact valid. The contradictory results
obtained with radical and cation probes, which
have provided most of the new evidence, must be
resolved by further experimentation in order for
this question to be settled. The development of a
two-state model for the catalytic action of P450
enzymes may be one of the most important recent
advances in the field, as it provides a ready expla-
nation for a variety of otherwise contradictory
data, some of which argues for concerted and
some for nonconcerted oxidation mechanisms. No
doubt, the next few years will uncover novel
aspects of P450 function and will lead to deeper
and more sophisticated understanding of the cat-
alytic mechanisms of the amazing family of P450
enzymes.
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