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Abstract: Benzene hydroxylation is a fundamental process in chemical catalysis. In nature, this reaction
is catalyzed by the enzyme cytochrome P450 via oxygen transfer in a still debated mechanism of
considerable complexity. The paper uses hybrid density functional calculations to elucidate the mechanisms
by which benzene is converted to phenol, benzene oxide, and ketone, by the active species of the enzyme,
the high-valent iron—oxo porphyrin species. The effects of the protein polarity and hydrogen-bonding donation
to the active species are mimicked, as before (Ogliaro, F.; Cohen, S.; de Visser, S. P.; Shaik, S. J. Am.
Chem. Soc. 2000, 122, 12892—12893). It is verified that the reaction does not proceed either by hydrogen
abstraction or by initial electron transfer (Ortiz de Montellano, P. R. In Cytochrome P450: Structure,
Mechanism and Biochemistry, 2nd ed.; Ortiz de Montellano, P. R., Ed.; Plenum Press: New York, 1995;
Chapter 8, pp 245—303). In accord with the latest experimental conclusions, the theoretical calculations
show that the reactivity is an interplay of electrophilic and radicalar pathways, which involve an initial attack
on the z-system of the benzene to produce o-complexes (Korzekwa, K. R.; Swinney, D. C.; Trager, W. T.
Biochemistry 1989, 28, 9019—9027). The dominant reaction channel is electrophilic and proceeds via the
cationic o-complex, 23, that involves an internal ion pair made from a cationic benzene moiety and an
anionic iron porphyrin. The minor channel proceeds by intermediacy of the radical o-complex, 22, in which
the benzene moiety is radicalar and the iron—porphyrin moiety is neutral. Ring closure in these intermediates
produces the benzene oxide product (?4), which does not rearrange to phenol (37) or cyclohexenone (26).
While such a rearrangement can occur post-enzymatically under physiological conditions by acid catalysis,
the computations reveal a novel mechanism whereby the active species of the enzyme catalyzes directly
the production of phenol and cyclohexenone. This enzymatic mechanism involves proton shuttles mediated
by the porphyrin ring through the N-protonated intermediate, 25, which relays the proton either to the oxygen
atom to form phenol (?7) or to the ortho-carbon atom to produce cyclohexenone product (26). The formation
of the phenol via this proton-shuttle mechanism will be competitive with the nonenzymatic conversion of
benzene oxide to phenol by external acid catalysis. With the assumption that 25 is not fully thermalized,
this novel mechanism would account also for the observation that there is a partial skeletal retention of the
original hydrogen of the activated C—H bond, due to migration of the hydrogen from the site of hydroxylation
to the adjacent carbon (so-called “NIH shift” (Jerina, D. M.; Daly, J. W. Science 1974, 185, 573—582)).
Thus, in general, the computationally discovered mechanism of a porphyrin proton shuttle suggests that
there is an enzymatic pathway that converts benzene directly to a phenol and ketone, in addition to
nonenzymatic production of these species by conversion of arene oxide to phenol and ketone. The potential
generality of protonated porphyrin intermediates in P450 chemistry is discussed in the light of the H/D
exchange observed during some olefin epoxidation reactions (Groves, J. T.; Avaria-Neisser, G. E.; Fish,
K. M.; Imachi, M.; Kuczkowski, R. J. Am. Chem. Soc. 1986, 108, 3837—3838) and the general observation
of heme alkylation products (Kunze, K. L.; Mangold, B. L. K.; Wheeler, C.; Beilan, H. S.; Ortiz de Montellano,
P. R. J. Biol. Chem. 1983, 258, 4202—4207). The competition, similarities, and differences between benzene
oxidation viz. olefin epoxidation and alkanyl C—H hydroxylation are discussed, and comparison is made
with relevant experimental and computational data. The dominance of low-spin reactivity in benzene
hydroxylation viz. two-state reactivity (Shaik, S.; de Visser, S. P.; Ogliaro, F.; Schwarz, H.; Schroder, D.
Curr. Opin. Chem. Biol. 2002, 6, 556—567) in olefin epoxidation and alkane hydroxylation is traced to the
loss of benzene resonance energy during the bond activation step.

Introduction anism and the toxicity of some of the metaboli#@she reac-

Arene hydroxylation by the enzyme cytochrome P450 still tion produces typically three types of products, phenol, cyclo-
poses tantalizing questions, concerning both the reaction mech-hexenone, and arene oxide, which are shown below in the

10.1021/ja034142f CCC: $25.00 © 2003 American Chemical Society J. AM. CHEM. SOC. 2003, 125, 7413—7424 = 7413



ARTICLES de Visser and Shaik

Scheme 1. Experimentally Based Alternative Mechanistic Hypotheses for the Hydroxylation of Benzene by Compound | (Cpd 1)@
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aIn mechanism (a), arene oxide (AO) is the precursor of all other products. In mechanism (b), AO is formed from thereaticplex ¢-C*), while
the ketone (K) and phenol (P;)Rare formed from the cationig-complex ¢-C*).

reaction for benzene as an example. A universal feature of arene hydroxylatigitis the migration
of the substituent from the site of hydroxylation to the adjacent
+P450 carbon (so-called “NIH shift”). The substituent migration results
—_— O + . . . ..
@ Q H in a partial skeletal retention of the original hydrogen of the
activated CG-H bond. This observation, which is inconsistent
P) K) (AO) with the standard rebound mechanfsiimat operates in alkane
hydroxylation, leaves in Scheme 1 those hypotheses that account
for the NIH shift. For clarity, we labeled in the scheme the
The P450 mediated conversion of arene to pheRdlhas migrating hydrogen atom with D to identify the position of this
traditionally been viewed as a means of detoxification and atom in all intermediate$.In mechanism (a)? everything is
excretion of the toxic arene by the biosystem. By contrast, arenechanneled through the arene oxideX), which is the primary
oxide (AO) is carcinogenic and mutagenetic through its interac- product of the enzymatic reaction. In a subsequenenzymatic
tion with, for example, DNA and other cellular materfgiand step the epoxide ring opens to the zwitterionic species, which
is hence detrimental to the biosystem. The relationship betweencan further react in two different manners: a hydrogen/
the two products became intriguing when mechanistic investiga- deuterium exchange will produce pheng| '), whereas a 1,2-
tions* led to the conclusion that the highly toxic arene oxide is hydride (deuteride) shift to the carbocationic center (NIH shift)
an intermediate in this reaction and the phenol is one of its will give rise to cyclohexenoneK() that can, in turn, enolize to
byproducts. Further studies have led to the concl@simat arene  the phenok2# Mounting experimental evidence, of various
oxide is an obligatory intermediate in arene hydroxylation. kinds, has revealed, however, that phenol and ketone are unlikely
However, in the course of time, new evidence has appearedto proceed through arene oxiflé.Hence, in the alternative
that questioned the obligatory intermediacy of the arene oxide, mechanistic hypothesis (b), all products are generated from the
thus proposing alternative pathwaly%7However, based on  tetrahedral intermediate-complexes; the phenol and ketone
the detailed analysis of Ortiz de Montellahdt, is fair to say are generated directly from the intermediate cationtomplex
that as yet there is no consensus mechanism that is unequivocallfo-C*), Scheme £;"9while arene oxide formation is suggested
established or that can rule out all others. Scheme 1 summarizego transpire from the radical-complex intermediatectC®).
the main mechanistic hypotheses for arene hydroxylation by Details and pieces of mechanism (b) have gained indirect
Compound | (Cpd 1), the active species of the enzyme. support from kinetic isotope effect measureméntsgiochemi-
cal studied, frontier orbital theoretic arguments, and local
O O oo - e o o densityX: type calculations that ruled out concerted epoxidation
New York, 1995; Chapter 8, pp 24303. as the initial activation step of substituted benzene by Cjd |I.
(2) Song, M.; Roach, M. b.; Coulter, E. D.; Dawson, J.Ghem. Re. 1996 A related mechanism (&%1t 3 that involves an initial electron
(3) (a) Boyland, EBiochem. Soc. Sym95Q 5, 40. (b) Boyland, E.; Sims, transfer, followed by collapse to tlrecomplexes, was suggested
P.Biochem. J1965 95, 788-792.

(4) (a) Jerina, D. M.; Daly, J. WSciencel974 185 573-582. (b) Jerina, D. (8) Groves, J. T.; McClusky, G. Al. Am. Chem. Sod.976 98, 859-861.
M.; Daly, J. W.; Witkop, B.; Zaltzman-Nirenberg, P.; Udenfriend ABch. (9) Hanzlik, R. P.; Hogberg, K.; Judson, C. Biochemistryl984 23, 3048~
Biochem. Biophys1968 128 176-183. 3055.

(5) (a) Jerina, D. M.; Daly, J. W.; Witkop, B.; Zaltzman-Nirenberg, P.; (10) (a) Zakharieva, O.; Grodzicki, M.; Trautwein, A. X.; Veeger, C.; Rietjens,
Udenfriend, SJ. Am. Chem. Sod968 90, 6525-6527. (b) Jerina, D. I. M. C. M. J. Biol. Inorg. Chem1996 1, 192—204. (b) Zakharieva, O.;
M.; Daly, J. W.; Witkop, B.; Zaltzman-Nirenberg, P.; Udenfriend, S. Grodzicki, M.; Trautwein, A. X.; Veeger, C.; Rietjens, |. M. C. Kiophys.
Biochemistry197Q 9, 147—156. Chem.1998 73, 189-203.

(6) Korzekwa, K. R.; Swinney, D. C.; Trager, W. Biochemistry1989 28, (11) Guengerich, F. P.; MacDonald, T. EASEB J.199Q 4, 2453-2459.
9019-9027. (12) Cavalieri, E. L.; Rogan, E. Gharmac. Ther1992 55, 183-199.

(7) Rietjens, 1. M. C. M.; Soffers, A. E. M. F.; Veeger, C.; Vervoort, J. (13) Burka, L. T.; Plucinski, T. M.; MacDonald, T. [Proc. Natl. Acad. Sci.
Biochemistry1993 32, 4801-4812. U.S.A.1983 80, 6680-6684.
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too, but the existence of a free (diffusive) radical cation of the the springboard that mediates a proton shuttle, to-and-fro, and
arene has not been demonstrated'yét'4The role of charge thereby provides channel that bypasses the arene oxide and
transfer from the arene to the iron porphyrin has neverthelessdirectly converts the cationie-complex intermediates to phenol
been inferred from the kinetic isotope effect, for example, for and ketoneThis novel feature resolves much of the mechanistic
the metahydroxylation of chlorobenzerfe. puzzle and makes a fruitful connection to other features of P450
Clearly, the catalysis of arene hydroxylation by P450 offers reactivity, such as the heme alkylation side reaction that destroys
a rich and complex mechanistic puzzle. Despite the supportthe enzyme during its process of olefin epoxidatfoand
accumulated thus far for the.complex based mechanism (b), intriguing findings of hydrogen/deuterium exchange, reported
there still exist counter arguments and compelling evidence for for propene epoxidatidi and a few other simple olefins, and
the intermediacy of benzene oxide, as in mechanisni4a). so on.
Furthermore, the postulated pathways that lead to arene OXideMethods
vis-avis phenol/ketone products are still under debate. Is the
arene oxide intermediary tenable? Are there really both radicalar The DFT calculations employed the unrestricted UB3LYP me##8d
and Carbocationicg-comp]exes@ And if they exist, how in combination with an LACVP basis $8bn iron and a 6-31G basis
precisely do they rearrange to yield ketone and phenol products?set_on all other atoms. Geometries were optimized with JAGUA_RM.l,
Since some cases of arene hydroxylation proceed by theWhile frequencyignalyses were done ywth QAUS$IAI§9$ranS|t|on
complete loss of the original hydrogen in the-B bond-915 states_ were verified by their approprlgte smgle_ imaginary frequgn_cy.
and others by hydrogen abstraction from N 16 and O-HL.17 Reaction paths were explored by running stepwise geometry optimiza-

f le. in oh H heth tions with an appropriate degree of freedom as a reaction coordinate.
bonds, for example, in p gnacg imne may wonder W.t.%t er. For space economy, these scans are presented in the Supporting
the usual rebound mechanism is not, after all, competitive With |rformation deposited with this paper. Based on previous WAk,
(@)—(c)? And finally, Guengerich and MacDonélcproposed  we used Cpd®3with porphine to represent the native porphyrin ligand
a unified scheme for arene hydroxylation and olefin epoxidation, and SH to represent the cysteinate ligand. Recent QM/MM studies in
which involves an interplay of mechanisms similar to those in collaboration with the Mlneim group showed that this type of model
Scheme 1. Since such unification is important, it is essential to represents the active site of P450 quite Virell. _
outline the similarities and differences of arene hydroxylation ~ Electronic structures were ascertained by transforming the UKS
and olefin epoxidatioi®-2° orbitals of UB3LYP to natural orbitals, which are more amenable to
; ; electronic structure analysi&3’ Electronic effects of the protein
Quantum mechanical calculations can probe subtle mecha-environment Were mimic)|l<ed as befdRe% using two amﬁwonia
nistic questions of this type and complement thereby experi- L ' ' . X
. . . ., molecules that maintain NS hydrogen bonds to the thiolate ligand
mental information. Accordingly, the present paper uses hybrid

. . . . (rns= 2.660 A) and a polarizing environment with a dielectric constant
density functional theoretical (DFT) calculations to address these . equal to 5.7. These simple means represent reasonably well the

mechanistic issues and compare them with previously studiedpolarity and hydrogen bonding capability of the protein pocket as
mechanisms of alkene epoxidation and alkane hydroxyl&tiah. revealed by the recent QM/MM calculatioffs.

It will be shown that, by contrast to other processes, which

proceed by two-state reactivity involving both quartet and Results

doublet spin state®;?225benzene hydroxylation is fundamen- Our study consists of testing and comparing four alternative
tally different and is dominated by a single spin state, due to a mechanistic schemes for benzene hydroxylation, mechanisms
unique feature of arene activatiothe loss of resonance energy (a)—(c) in Scheme 1 and, in addition, the usual rebound
in the transition state. The calculations will also reveal a key mechanism for alkane hydroxylati§riThe study generated a
role played by the porphyrin ligand. Thus, porphyrin acts as great deal of data, which are summarized in the Supporting
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Figure 1. Computed relative energies (in kcal mblof reaction intermedi-
ates for the mechanistic alternatives (a) and (c) in Scheme 1 and for the
rebound mechanism. Relative energy and spin quantum nurper
indicated in parentheses near each speésnd?3 are the corresponding
radical and cationio-complexes of mechanism (b). TheOH is the species
obtained by hydrogen abstraction from benzene in the rebound mechanism

mechanism (c).

A. Selection of the Lowest Energy Mechanismsrigure 1
shows the relative energy of the intermediates in the various
mechanisms. All in all, we located 14 different intermediate

S.10). The results for the ET mechanism show that a diffusive
arene radical cation will be hard to reafizven for arenes that

are better electron donors than benzene. Therefore, we focus
hereafter on the mechanisms that invotwattack, (a) and (b)

in Scheme 1.

B. Mechanism of Benzene EpoxidationStep 1 of mecha-
nism (a) involves a concerted epoxidation of benzewetype
calculations by Zakharieva et #lrule out the concerted arene
oxide mechanism. In a recent study,we showed that a
concerted epoxidation of ethene is a high energy process, and
its transition structure is a second-order saddle point, with two
negative frequencies. One corresponding to the oxygen insertion
and the other connects the transition structure to the lower lying
nonsynchronous transition state for epoxidation; in this case,
this would be the transition state(s) for mechanism (b). It was
shown that this is a general feature of the oxygen insertion that
behaves like a forbidden reactiéi:38Based on all these data,
we can rule out the concerted epoxidation of benzene. Therefore,
we are only left with mechanism (b) that proceeds via the
radicalar and carbocationiccomplexes and is the lowest energy
pathway that has to account for the formation of benzene oxide,
phenol, and ketone products.

B.1. Radical and Electrophilic Reaction Profiles for
Benzene Epoxidation. Figure 2 summarizes the essential
features of the three lowest energy pathways for benzene
epoxidation starting with benzene and Cpd-#1) leading to
benzene oxide*@4). Both mechanisms proceed via an initial
formation of ao-complex ¢-22 and23), followed by ring closures
to the arene oxide. One mechanism involves a radical-type
attack, via*?TS; », and results in the radicatcomplexes?22.

By contrast, the second mechanism involves an electrophilic

! attack on benzene, VETS; 3, and generates the carbocationic
The uppermost species correspond to the electron-transfer process in '

o-complex,?3. The lowest barrier in the gas phase is 3i&; »

and is 17.5 kcal moft above the energy of the separate reactants,
with the barrier vie?TS; 3 only 0.6 kcal mot? higher. All these
intermediates undergo ring closure to the benzene oxide with
small to moderate barriers.

structures nascent from the mechanisms in Scheme 1 and the B.2. Bond Activation Transition States and Barriers. The
rebound mechanism. The relative energies of these intermediatea,z~|-s12 species shown in Figure 2 are the quartet and doublet

were calculated in vacuum and with the inclusion of the
environmental effects. These data are summarized in the
Supporting Information, while Figure 1 shows only the lowest
states of each variety. It is seen that the lowest energy
intermediates involver-attack to generate the radicalar and
carbocationico-complexes. The lowest intermediate is the
carbocationico-complex, which has a doublet spif € /),

and just slightly above it, there are two radicatacomplexes,

in two spin varieties doublet and quart&= 3/,). The quartet
carbocationico-complex is much higher lying at 10.95 kcal
mol~! and not shown in the figure. Still higher, at ca.-1¥6

kcal moit, are the lowest intermediates that are obtained by
hydrogen abstractiow-OH. And finally, the electron transferred
species lie more than 100 kcal mélabove the lowest
intermediates. Since the barriers to the formation of these

transition states (TSs) for the radicalar mechanism. It is seen
that the low-spin species[S; », is significantly lower than the
high-spin one?TS;, ,, unlike the situation in alkene epoxidation
where the two species have similar energigdCompared with
the doublet speciedT S, »is more advanced (e.g., shorter- @
bond) with a higher degree of benzene activation (see later).
As discussed later, this is the root cause of the clear separation
of the spin state profiles for benzene activation as opposed to
their proximity for olefin activation. The third TS species in
Figure 2 is the doublefTS, 3 that leads to the carbocationic
o-complex,23. The corresponding high-spin speci¢ES; s, is
much higher lying (by 11.1 kcal mo}, see Supporting
Information) and is therefore not shown here.

An indication of the different nature of the two mechanisms,
radicalar viz. cationic, can be gained from the data in Table 1.

intermediates are at least as high as the intermediates themselvegyo gata shows different sensitivities 4TS, » viz. 2TS; 3 to
this rules out the electron transfer and the rebound meChanism%nvironmental effects. which were estimated from sinéle point

as viable alternatives for benzene hydroxylation. Indeed, the

complete rebound mechanism was followed, and its barriers are

at least 10 kcal mot higher than those for the formation of
the radicalar and carbocationic-complexes (the hydrogen
abstraction profile is given in the Supporting Information, Figure

7416 J. AM. CHEM. SOC. = VOL. 125, NO. 24, 2003

calculations with either two NH-S hydrogen bonds or a
polarizing environment with a dielectric constaatof 5.7, or
the combined effects. Thus, in a polarizing environment with a

(38) Sevin, A.; Fontecave Ml. Am. Chem. S0d.986 108 3266-3272.
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Figure 2. Lowest doublet and quartet spin potent|a| energy profiles for the formation of benzene oxide. All values are in kEatlatdle to the reactants.
The o-complexesh?22 and?3 are radicalar and cationic, respectively. Next to each structure are written from top to bottom@heSFe, and Fe-S bond
distances, in A.

;ab/e (lfs)RglatiV_e E_nerr(izie(s3 (inéﬁal mol‘? Ofﬁ Fle‘\?ll Transitiﬂ configuration. Thus, in fact, the complé&g is an internal ion

tate pecies in the Gas ase, under the Influence of Two H H : :

NH:+-S Hydrogen Bonds and in a Polarizing Environment? pai, Obt_amed _by transferring a single _eleCtron from the
nonbonding orbital of the pentadienyl radical moiepyy, in

transition state Abgs ABw-s ABesz AB-sems7 22 to the singly occupiedt*,, orbital that becomes doubly
ggm +S-g ig-g ig-g ig-s occupied in?3. We verified that the alternative catiéy, that
1,2 —0. . . . . . s
2TS, 3 0.0 0.0 0.0 0.0 arises by transferring the electron to th&y, orbital is much

higher lying (7.28 kcal mol!, Table S.11). The singly occupied
aAll values were taken from the calculation with Jaguar 4.1. The x*, orbital of23, in Figure 3, has a highydFe) character, but

dielectric constant is 5.7. it is also significantly delocalized over the phenyl moiety, and

hydrogen bonding capability, as in the protein pocket, the this is the origin of the spin density on the phenyl moiety. Note

ordering of2TS; » and 2TS; 3 is reversed; NowWTS; 3 is 0.94 however that, in accord with its assignment, the carbocationic

kcal mol? lower than2TS; ». The high-spirfTS; , undergoes ~ o-complex?3 has a smaller phenyl spin densig(Ph), and

the least stabilization by the environmental effects, and its energylarger phenyl positive chargQ(Ph), compared with those of

rises to 7.2 kcal moft above the two low-spin TSs. This implies, the radicalar specie®. This is further corroborated by the effect

in turn, thatthe high-spin pathway will play a minor role inthe ~ of NH--*S hydrogen bonding and medium polarity on these

reactivity of the enzyme and that the low-spin pathways will quantities, as may be witnessed by the corresponding values in

dominate parentheses. Thus, now the spin density on the phenyl moiety
B.3. Electronic Structure and Properties of the Reaction of 23 becomes quite small and negative, while the positive
Intermediates. To ascertain the nature of tilecomplexes{22 charge increases (#60.68). In addition, the relative energy data

and?23), we characterized their electronic structures by use of reveals that the environmental effect stabiliZ3s well below
natural orbital analyses. Figure 3 shows the main features ofthe radical one, by ca. 4.6 kcal mél These effects are in line
the lower lying22 versus23 intermediates, using the d-block  Wwith the ion pair nature o3 by contrast to the largely radicalar
and pheny! orbitals, group charged)(and group spin densities ~ nature of?2.

(o). It is seen that ther-complex?2 is characterized by a*d B.4. Ring Closure Step.The ring closure step, en route to
configuration on iron, that is, P& which is antiferromagneti-  the epoxide complex?4), in Figure 2 involves three TSs, two
cally coupled to a single electron on the activated benzene for the radicalar intermediate$22, and one for the cationic
moiety, in thegpn orbital. The latter orbital is a nonbonding  o-complex intermediaté3. As in all previous studie¥;?2here
orbital of a pentadienyl moiety, in line with the formation of too, the low-spin radicalar process, ¥&S; 4, has a lower barrier
such a radical on the activated phenyl. This is further cor- than the corresponding high-spin process,4li&; 4. This will
roborated by the spin densitieg) (on the iron and phenyl  further diminish the contribution of the high-spin process in

moieties, which are, respectively, 1.84 an@.85. this reaction. The different nature of the intermedf&eiz. 23
In turn, in the o-complex 23, the nonbonding pentadienyl is reflected in fact in the relative ring closure barriers. Thus,
orbital is vacant, while the heme is characterized by &' the cationico-complex, which involves a catieranion com-
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X
“\“1.482
- 1.882
o »))
© | 2393
©
p(Fe) = 1.84 (1.78) p(Fe) = 1.06 (1.00)
p(Ph) = -0.85 (-0.81) Q(Ph) = 0.33 (0.37) p(Ph) = 0.46 (-0.24) Q(Ph) =0.51 (0.68)
E¢ = 0.0 (0.0) keal mol™ E,q = -1.2 (-4.6) keal mol™

Figure 3. Orbital occupancy, bond lengths (in A), group spi densities, charge densitigd)( and relative energies (kcal md) of the radicalar?2) and
cationic €3) o-complex intermediates. Only d-block orbital$, (* req, ando*) and the singly occupied or vacant benzene orbiggh) are shown. The
relative energies are shown in the gas phase (out of parentheses) and with inclusion- <& Mrrogen bonds and polarization by a medium with a
dielectric constant of = 5.7. Note the increased stability &8 by the polarity and hydrogen bonding effects.

Table 2. Relative Barriers, in kcal mol~1, for Ring Closures to .
Benzene Oxide (?4) from the o-Complex Intermediates, in the Gas —l
Phase, under the Influence of Two NH---S Hydrogen Bonds and a

Polarized Environment in Combination With Two NH---S Hydrogen Qg =-0.51 @ Qu =017
Bonds?@ ' ,NH = é488
v /N-H = 2.
process AE¥gs AEfyes AE g ems 7 m
|
22— 4) 43 6.3 4.1 Ala .
23—~ 4) 0.8 0.3 0.8 © ~Qn=-085

a All data were taken from Jaguar 4.1. The dielectric constaat5.7.

E)plan(-g-plane =84.6

Oplane-plane = 78.4
bination, has a tiny barrier of 1.2 kcal md] while the radical

o-complex has a significant barrier, ca. 3.3 kcal molThis 22 3

reflects both strain and loss of delocalization energy of the Figure 4. Properties of the doublet-complex intermediates. Shown are
pentadienyl radical in the radical intermediatEsrthermore, group charges@), the N--H distance, and the phenyl plangorphyrin
given the energy difference of 4.6 kcal molunder emiron- plane angle @piane-piand

mental effects betwe@a and?2 (Figure 3), their equilibration ate in the formation of either phenol or ketone but a dead-end
will not be very fast and is unlikely to yield much of the product. Nevertheless, as shown by Jerina and Balgne
radicalar species As such, the cationic mechanism will oxides undergo rearrangement to phenols under physiological
dominate arene oxide production, while the radicalar mecha- conditions and even exhibit NIH shift. Indeed, our calculations
nisms will be a minor pathway. Environmental effects on the cannot account for such a rearrangement, which may transpire
barriers for ring closure of the two doublet processes are via protonation of the arene oxide, by a sequestered hydronium
summarized in Table 2. The NHS hydrogen bonding and the  jon or an array of water molecules held by a side chain amino
medium polarity have hardly any effect on these barriers. acid3® The question we wish to answer ighether there can

C. Mechanisms of Phenol and Ketone ProductionTo test be a direct enzymatic pathway for the generation of phenol and
whether benzene oxide is the precursor of phenol or the ketone ketone not via the benzene oxide
we ran extensive geometry scans (see Figures S.5 and S.7, It is apparent that an enzymatic NIH shift must involve an
Supporting Information) following the transfer of the hydrogen internal acid-base process. Initial appreciation of such a
atom from the tetrahedral carbon aton*# to the oxygen or
to theortho carbon of the phenyl group. Al these scans led to (39) ('; ‘)’ff:(;ln’q“:eﬁ.f’fsﬁg’atﬁnsétg? ﬁ{jﬂ?g%ﬁ?g;ﬁ"ﬁfﬂegﬁ@gy"i‘é]eotchh%rpggtf;“' see:
high-energy pathways, which do not yield the desired end 1995 34, 14733-14740. (b) Vidakovic, M.; Sligar, S. G.; Li, H.; Poulos,
products. Thus, under the vacuum conditions employed in the T L. Biochemistryl998 37, 9211-9219. () Loew, G. H.; Harris, D. L.

; K i X . Chem. Re. 200Q 20, 407. (d) Gualar, V.; Harris, D. L.; Batista, V. S.;
calculations, the arene oxide compléx4) is not an intermedi- Miller, W. H. J. Am. Chem. S0@002 124, 1430-1437.
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Figure 5. Lowest doublet and quartet spin potential energy profiles for the formation of phenol and ketone frordimplex intermediates by proton
shuttles. All values are in kcal midi relative to the reactants (in Figure 1). The conversitg® 25 and*% to 4% involve flat energy profiles, and TSs
could not be precised. Next to each structure are written from top to bottom-ti&s O—Fe, and Fe-S bond distances, in A.

potential mechanism can be gained by inspecting the geometryabstraction is a simple proton-transfer process. As such, the

of the intermediates?2 and 23, which are plotted again with

process3 — 25 has a small barrier that could not be localized

additional details in Figure 4. As may be seen, the plane of the precisely due to the extreme flatness of the surface. By contrast,
benzene ring is perpendicular to the porphyrin plane and neitherthe processe® — 25 and“2 — 45 have substantial barriers of

parallel nor halfway between, as reported previod$iyn the

4.1 and 8.2 kcal mot, respectively. The structure of the

perpendicular orientation, the intermediates can be stabilized protonated porphyrin intermediate?, is drawn in the inset in

due to orbital mixing between the* reo orbital of the iron-
oxo moiety and ther andz* orbitals of the benzene moiety.

Figure 5. It is seen that the protonation causes a severe buckling
of the porphyrin, such that one of the pyrrole rings deviates

This interaction is less efficient when the benzene ring is parallel from the mean plane of the rest of the porphyrin by as much as

to the porphyrin plane. An additional important factor that

37—38. A similar buckling was observed by#&for the heme-

stabilizes the perpendicular conformation relative to the parallel alkylated product during the deactivation of the enzyme, en route

one is the interaction between the positively chardesb
hydrogen Qu(2) = 0.17, Qu(3) = 0.18) of benzene and the
negatively charged nitrogen aton@(Por,2) = —0.65,Qn(Por,
3) = —0.61) of the porphyrin ring. As will turn out, it is this
N---H(ips0) interaction that is crucial in the enzymatic conver-
sion mechanism of the-complexes to the phenol and ketone
products.

Figure 5 shows the energy profiles, which convert the
o-complex intermediates to the phend) (and ketone %)

to ethene epoxidation. This buckling appears also in the crystal
structures oN-alkylporphyrins andN-alkylmetalloporphyring?
Another interesting feature df% is the proximity of the
hydrogen end of the NH bond to the oxygen anattho carbon
atoms of the phenoxyl moiety. As such, the protonated porphyrin
species,*%, can shuttle the hydrogen back to the substrate
moiety. A proton shuttle to the oxygen atom produces phenol
(*+%6), while a shuttle to thertho position of benzene produces
2,4-cyclohexenone*£7). Since the oxygen position ih% is

products; for completeness, we show also the quartet statenegatively chargeddo = —0.62 in?5), much more so than the

processes. As can be seen, starting from eitf2ror 23, one

of the nitrogen atoms of the porphyrin ring abstracts ifie®
hydrogen from the tetrahedral carbon of theomplex produc-
ing the protonated porphyrin comple¥?). In the case of the
radicalar o-complexes, the abstraction is accompanied by
shifting the radical from the benzene moiety to ttig, orbital

of the heme (Figure 3), such that the process involves electron

plus proton shifts. In the case of the catiomicomplex, the

ortho carbon Qc = —0.18 in25), production of phenot% —

426, meets only a tiny barrier, which could not be precised due
to the flat surface. By contrast, production of the ketdi,

— 427 requires significant barriers of 10.2 (doublet) and 11.2
(quartet) kcal motl. Nevertheless, sinde® and its subsequent
species all lie well below the bond activation transition states

(40) For example, see: Lee, H.-l.; Dexter, A. F.; Fann, Y.-C.; Lakner, F. J.;
Hager, L. P.; Hoffman, B. MJ. Am. Chem. S0d.997, 119 4059-4069.
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Figure 6. Mechanistic scheme for the oxidation of benzene to benzene oxide, phenol, and ketone. Only the doublet low-spin mechanisms are shown.

Relative energies are in kcal malrelative to the reactants. Note that NFS hydrogen bonding and medium polarity lowf&S; 3 ca. 1 kcal mot?! below
2TS;» and23 4.6 kcal mot?® below 22 (see Table 1).

in Figure 1 TS, 3, then, in the case thdb does not undergo  mechanism for the production of phenol and keturitin the
fast thermalization within the protein pocket, there will exist coordination sphere of iroproceeds via the intermediary of
sufficient excess energy to pass the barrier for rearrangement5. Of course, we cannot rule out tunneling fréthand?3 to
of 25 to cyclohexenone. The assumption tfats not thermal- phenol and ketone, but if tunneling is important, it will also
ized requires that some of the excess energy, ca. 10 kcalmol operate in the conversions # and?3 to the requisite products
will not dissipate to the protein but will be invested in the via 5.
internal modes of5, thereby serving to drivés to 27. It follows
that, since the conversion of the intermediate to phenol is almost
barrierless, this process will compete efficiently with any post-  A. Differences and Similarities between the Mechanistic
enzymatic conversion of the benzene oxide to phenol via Schemes of Benzene Oxidation and Olefin Epoxidation by
protonation by an external source (e.g., sequestered hydroniunCpd I. Figure 6 assembles the lowest energy mechanisms, from
ion, amino acid side chain, &&. Moreover, under the assump- Figures 2 and 5, into a single mechanistic scheme. The viable
tion of an incomplete thermalization @B, its rearrangementto  mechanisms proceed via low-spin (LS) radicalar and carbo-
cyclohexenone will also be competitive with a post-enzymatic cationic pathways, and the correspondingomplex intermedi-
rearrangement of benzene oxide that requires initial dissociationates,?2 and?3, branch out to all the productg4( %6, and?7).
from the heme complex. The levels of the high-spin (HS) species are not shown, since

To ascertain whethé@ and?3 could rearrange to phenol and the HS transition states (TSs) are much higher in energy and
ketone by other pathways that may account for the NIH shift, become even higher by medium polarity and hydrogen bonding
we tested 1,2-hydrogen shifts from tigso carbon either to interactions with the thiolate ligand (Table 1). In this sense,
the oxygen or to thertho-carbon. As may be seen from the benzene oxidation is fundamentally different than other mech-
Supporting Information (Figures S.8 and S.9) starting from the anisms which were studied so far, namely-i& hydroxyl-
radical intermediat@2, the energy rises very steeply, while in  atior?3¢¢2> and G=C epoxidatioA22 by Cpd . All other
the case of3 the scan simply falls to the protonated heme mechanisms were found to involve two-state reactiityin
intermediate25. Another potential pathway that was studied is terms of the interplay of HS and LS radicalar pathways and
the 1,3-hydrogen shift if2 and?3. In this process too, starting  occasionally also species that differed in the oxidation state of
from 22, the energy rises very steeply (Figure S.12), while when the iron (F&' and Fé&’). By contrast,benzene oxidation, to
starting from?23, the scan simply falls to the protonated heme whicheer product, is dominated by the LS pathways, where
intermediate,?5. Attempts to prevent3 from undergoing now it is the substrate that appears in different “oxidation
instantaneous heme protonation, by angular constraints, resultecgtates”, one radicalar and one cationi@his difference merits
in a very steep energy rise en route to the 1,3-shifted specieselaboration.
(Figure S.12). Apparentlythe coordinated carbocation in the As noted already, there seems to be a fundamental reason
internal ion pair species’3 does not behee like a free why the HS bond activation transition statd$; ,) is signifi-
carbocationand does not undergo facile hydrogen shifts, most

(41) Schidler, D.; Shaik, S.; Schwarz, Acc. Chem. Re00Q 33, 139-145.

likely because it is engaged in bonding with the ir@xo  pi58 3005 " iser, 5 P.: Ogliaro. F.; Schwarz. H.: StmoD. Curr,
moiety. Thus, one could be reasonably confident that the major Opin. Chem. Biol2002 6, 556-567.

Discussion
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Figure 7. Structural distortions and deformation energies (in kcaldh the high-spin (HS) and low-spin (LS) transition statéES; , viz. 2TS; ,) for
benzene oxidation viz. propene epoxidation. The bond distortion is indexed as averaged squared deviations relative to the free substraidaliatioyram
angles are shown explicitely. The relative deformation energies are givaEqs The total fragment energiekd) are shown relative to the energy of the
transition statesg(TS)). Note the difference between the propene and benzene reactions.

cantly higher than its LS counterpart. This is analyzed in Figure significant deformation in order to be aectited Indeed, the
7, by comparing the structural deformations of the moieties in Cpd | moiety, in these TSs, undergoes also large deviations from
the HS and LS TSs, the corresponding deformation energiesits ground-state geometry. Consequently, the sum of deformation
for substrate activation, and the energies of the deformed energies of the TS fragments is higher than the corresponding
moieties Ef) relative to the respective TSE(TS)), in the case barriers by 3.+4.9 kcal mot™. These latter quantities constitute
of propené? viz. benzene. As shown by the bond length the total interaction energies of the TS fragments to yield the
deviation index and the angular distortions relative to the free final states,?TS;, and *TS; 2 Thus, the TSs for benzene
substrate, in both processes, the HS spediES, involves a hydroxylation are a very “late” species that do not resemble
higher degree of substrate deformation compared with its LS anymore their ground states. As such, the-HiS energy
counterpart?TS. However, other than that, the deformation difference will no longer be small, as in the ground state, and
patterns are drastically different for the two processes. In the will be dominated by other factors. Our energy partition, in
case of propene, the substrate deformation energy is higher byFigure 7, shows that the difference of 3.1 kcal moin the
merely 1.1 kcal mol® in 4TS1, relative t0?TS1, and the Cpd barriers originates in a combination of (i) a higher deformation
I moiety undergoes equally small deformations. Indeed, the sumenergy of the benzene moiety in thES; » species and (ii) the
of the deformation energies of the TS constituents is well below poorer binding between the benzene moiety and the-icxo
the barrier by 5.£7.4 kcal moll, whereas the barrier itself is  species in the/TS; » species. Polarity and NHS hydrogen
ca. 10 kcal mott. Thus, the TSs for propene epoxidation are bonding further increase this difference to 6.3 kcal Th¢Table
an “early” species that resemble the ground-state species. Asl). The very same trend is exhibited for the TS speciésS; 3
such, the TSs exhibit close lying HS and LS speélédmuch of the cationic pathway, where the deformation energy of the
as in the ground state, where these states nascent from Cpd TS, 3 species is higher by 4 kcal ndlcompared with the LS
are close lying. counterpart. These large differences in the substrate deformation
By contrast, in the case of benzene, the substrate activationenergies raise the HS TS species considerably above the
is accompanied by a loss of resonance energy and would requirecorresponding LS species. It follows therefore that the LS
a large deformation of the molecule. As may be seen in Figure mechanism will dominate arene oxidation due to a fundamental
7, the benzene molecule is significantly distorted (consider the property of arenes, theit-delocalization, that enforces large
angular deformation and bond deformation index), and the deformations in the TS. Small, residual HS reactivity may
deformation energies are much larger than in propene. Impor-transpire primarily by spin crossover between the HS and LS
tantly, theAEqes quantity of the HS specieéT(S; ) is now 10.1 radicalaro-complexes (e.g2*2 in Figure 2), a process that may
kcal mol larger compared with the LS counterpat$; ,). be too inefficient to matter.
These large deformation energies reflect that, in its ground state, Another major difference between olefin epoxidation and
benzene is stabilized by resonance energy and requires therefordoenzene hydroxylation, is the appearance of the cationic pathway
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in the case of benzene, by contrast to the radicalar-only pathwaysthan the presently calculated barriers for benzene hydroxylation/
that operate in the case of olefifi?2 The reason for this  epoxidation. Again, this is in good agreement with the experi-
difference can be understood by considering the conversion of mental observation of toluene oxidation, which gives predomi-
the radicalaw-complex to the cationic one, for exampte,— nantly benzyl alcohol via benzylic -€H hydroxylation, with
23 in the present problem, via internal electron transfer from little if ever phenol productioA? By contrast, G-H hydroxyl-
the radical moiety to the heme. The relative facility of the ation in simple alkanes was computed to have larger barriers
process for different substrates will depend on the ionization of 19—27 kcal mot?, depending on the alkarfé*® As already
energy of the substrate-derived radical. In the case of benzenereasoned befot&19.2223cC—H hydroxylation is very sensitive
the radicalo-complex, 22, involves acis-pentadienyl radical to the C-H bond strength. Therefore, one may reasonably
moiety, derived from the benzene, linked to the heme, while, expect that by using the Newcomb probes, suchirass2-
in propene activation, the analogazsomplex involves an alkyl methylphenylcyclopropane,-€H hydroxylation will be faster
(ethyl-like or isopropyl-like) radical. Since the ionization than in simple alkanes and compete with phenyl epoxidation.
potential of thecis-pentadienyl radical is lower than that of the  Indeed, as shown by Newcomb et #lphenyl hydroxylation
alkyl radical by as much as £330 kcal mof1,43 the cationic becomes appreciable only after deuteration of the methyl group
o-complex could be located by us only during benzene of trans-2-methylphenylcyclopropane, which results in metabolic
oxidation. However, it is apparent that when the olefin-derived switching and produces more of the phenol product. Thus, the
radical moiety will become a better electron donor, then cationic computational results in this paper together with previous studies
o-complexes will be significant also during olefin epoxidation, form a reliable set of data that matches experimental trends.
as we already reasoned befétg Thus, in accord with the B. Benzene Epoxidation viz. Hydroxylation: Are They
mechanisms deduced from experiment, the mechanistic schemegonnected? As discussed in the Introduction, the major
of arene hydroxylation and olefin epoxidation can indeed be dilemmas in the field of arene oxidation concerns the precise
unified'*18with the addition of the two-state reactivity aspect role of the radicalar viz. the cationio-complexes in the
of olefin epoxidation that emerges from thed#y? mechanism, the obligatory intermediacy of arene oxide en route
An aspect worth mentioning at this point is associated with to phenol and ketone, and the origins of the NIH shift (Scheme
the feasibility of the electron-transfer process. As can be seen1). Figure 6 allows us to respond to these questions and help
from Figure 1, the separated electron transferred intermediatesresolve the mechanistic puzzle.
lie ca. 120 kcal mol* above the cationie-complex. In fact, B.1. Competition between the Radicalar and Cationic
the latter intermediate is a result of the bonding of the two Mechanisms of Benzene Activationlt is apparent from Figure
electron transferred species. This bonding energy is composeds that two factors determine the relative importance of the two
of the electrostatic interactions and the©OFe bond energy;  pathways, the relative barriers of bond activationalig; » viz.
its magnitude is sufficiently large to severely limit the concen- 2Ts, ; and the partition of the intermediaté® viz. 23 to the
tration of a diffusive radical cation of the substrate even for various productsl First, under conditions that mimic the elec-
polycyclic aromatic species. trostatic and hydrogen bonding interaction in the protein pocket,
A.1. Reactivity Patterns viz. Other P450 ProcesseBigure the lowest species &Sy 3 (2NH:+-S, ¢ = 5.7) that leads to the
6 reveals that the benzene activation wi@ttack is the rate-  cationic intermediate (Table 1). Second, the barrier for collapse
determining step for all the mechanisms. It is therefore instruc- of the cationico-complex,23, to give either the benzene oxide
tive to assess the reliability of the computed scheme by (24) and/or the protonated heme intermedi8, (s significantly
comparison to other computations and to experimental trends.smaller than the corresponding barriers nascent from the radical

In avacuum, the lowest barrier in Figure 6, 17.5 kcal Tﬁﬂb O--comp|eX,22_ Fina”y, with hydrogen bonding and p0|arity
via ?TSy, that leads to the radicab-complex ¢2). The effect included,?3 becomes much lower than the radicalar
competing process VieiTS; 5 that leads to the carbocationic  intermediate by 4.6 kcal mol. Consequently, the cationic
o-complex £3) has a slightly higher barrier, 18.1 kcal mél mechanism will prevail, and one may estimate, from the relative

With inclusion of the environmental effects that simulate the pond activation barriers, that an upper limit contribution of the
protein polarity and hydrogen bonding capability, the order of radicalar mechanism to arene oxide formation will be ap-
the transition states is reversed and the cationic mechanism ha%roximately 17% ail = 300 K.

the lowest barrier (Table 1). In any event, the barrier for the g 5 pnenol and Ketone Production: Must They Originate
rate-determining step is of the order of 168.1 kcal mot™. from Benzene Oxide?As we showed in the Results section,
These barriers are significantly higher than the computed barriers;p, vacuum, there is no pathway that rearranges the-imxm

for the epoxidation of properwhich are 10.3 (HS) and 10.6  ¢oordinatedr-complex intermediates to either phenol or ketone.
(LS) keal mol* and also higher than those for ethene epoxi- These intermediates branch out to give either the new intermedi-
dation?! which are 13.9 (HS) and 14.9 (LS) kcal mal Thus, ate?5 and/or benzene oxide. Furthermore, in vacuum, there is
the computations predict that olefin epoxidation should be pathway that converts benzene oxide directly to phenol and
energetically favorable over phenyl epoxidation/hydroxylation. yatone. In this respect, the calculations in a vacuum suggest

Indeed, experimentally the oxidation of, for example, styrene ¢ henzene oxide is a dead-end product. However, arene oxides
by Cpd | leads to epoxidation of the vinyl group with only a

trace of phenyl hydroxylatioh!® 2 Similarly, the allylic (44) (a) Inchley, P.; Lindsay-Smith, J. R.; Lower, RNEw J. Chem1989 13,

hydroxylation of propene was computed to have barriers of 10.6 ?85*06g§§_(‘28%a°i°°°““ E.; Crescenzi, M.; Lanzalungad@em. Commun.

(HS) and 10.8 (LS) kcal mot,2? which are significantly lower (45) Cohen, S.; Shaik, S., unpublished results for gas-phase hydroxylation of

camphor.
(43) lonization potentials were computed with the OVGF method described in: (46) (a) Newcomb, M.; Toy, P. HAcc. Chem. Re200Q 33, 449-455. (b)
Danovich, D.; Apeloig, Y.; Shaik, Sl. Chem. Soc., Perkin Trans. 2993 Newcomb, M.; Shen, R.; Choi, S.-Y.; Toy, P. H.; Hollenberg, P. F.; Vaz,
321. A. D. N.; Coon, M. J.J. Am. Chem. So@00Q 122, 26772686.
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are knowri to give phenols when in appropriate media that can Scheme 2. Computationally Based Mechanism of Benzene
protonate the epoxide or catalyze its ring opening. Thus, our ©Xidation by Cpd I.
calculations cannot, of course, rule out that part of the phenol o %ﬂ;
product arises from a pathway that involves external protonation c‘::{o External o

o®

of the arene enzyme under physiological conditi#fisowever, menmo 24
our computations proposen enzymatic alternate, which is I

! S . @)
the proton-shuttle mechanism, shown in Figure 6 (also Figure mino major
5). In this mechanism, the nitrogen atoms of the porphyrin act /
as internal bases and abstract a proton from dtemplex & p— . & g
intermediates23 and 22, to yield the protonated porphyrin v&m 3$°—| r“‘i‘
intermediate 25. This intermediate subsequently transfers the e fo: °: -
proton back either to the oxygen to produce phef@lor to + — .cxaerPte- mo
the ortho carbon to produce the ketor&, The barrier?s — ? 29 i
26 is exceedingly small, and one can be assured that this proton- °mam° O ol 73
shuttle mechanism will be compet#i with the externally Oe mi%\ Aaim
assisted ring opening of the benzene oxide (e.g., by external 24 e
acid catalysis) Furthermore, since the transition st&fSs ; }c
lies well below thes-complex intermediaté3, then, in the case -
of incomplete thermalization of5, part of this great excess % 25
energy will serve to drive the conversion & to 27. This O
process, which is largely controlled by energy transfer among NIH-shift
the internal modes of the molecule, may also compete with the minor major
acid-catalyzed benzene oxide conversiofi7toAnother way to
conceptualize the role of the proton-shuttle mechanism is that 06 .
it serves as a catalytic process whereby the enzyme generate 9 @ °°_‘:‘“
phenols from arenes directly. Thus, as we showed earlier in ”p ?
Figure 1, the rebound mechanism for phenol formation requires Ucﬂwﬂ e L
a barrier that is too high, by at least 10 kcal mio(see also O O
Figure S.10), compared with the present mechanBlearly, 27 26

the enzyme.bypasses all the hlgh-energy procegsgs and utilizes aMinor and major pathways are indicated. Note that the NIH shift occurs
the porphyrin ligand as a springboard for mediating phenol by the proton-shuttle mechanism via the protonated porphyrin intermediate
production (and in part also the ketone) from arene. (*5). The possibility of opening of the benzene oxide to phenol by post-
An assessment of the benzene oxide viz. phenol (and ketone)enzym"’ItIC processes (€.g., acid catalysis) is indicated too.
production can be made by considering, in the light of Figure
6, the partitioning o3 and?2 to the arene oxidé4 viz. the
protonated porphyrin intermediat®. It is seen that the barriers
for the processe®8 — 24 viz. 23 — 25 are roughly of the same
order, and so are the barriers f&— 24 viz. 22 — 25 (Figure
2). It follows therefore that benzene oxide production will be
competitive with phenol production. Of course, in our vacuum
calculations, the two products are orthogonal and do not
interconnect, whereas, under physiological conditions, much of
the arene oxide may convert to phenolic products, either by

direct opening or by reacting with various cellular nucleophiles protonated heme intermediaté, and the heme alkylation

(DNA, the protein, sequestered water, etc). - P .
) i ) complexes begin to map a gallery of porphyrin intermediates
~Scheme 2 summarizes the computationally derived mecha- a5 \e|| as their mechanistic origins and roles during oxidative
nism using deuterated benzene to illustrate the NIH shift. Thus, processes by P450.

our calculations reveal that the cationiecomplex,23, plays _
the major role in producing all the products, while the radical, Conclusions

22, plays a relatively minor role. Moreover, in agreement with  The density functional calculations of benzene hydroxylation
Korzekwa et af and Rietjens et aY.Ihe calculations show that by a model de | of Cytochrome P450 respond to the major
arene oxides not the onlyprecursor of phenol and ketone. Our  dilemmas in the aré& and project some novel features of the
scheme predicts that, in addition, as part of the direct enzymatic mechanisms. In harmony with experiméritthe theoretical
reaction, there exists an internal proton-shuttle mechanism thatcaiculations show that benzene activation occurs by an initial
accounts for the prOdUCtion of phenol as well as for NIH attack on the-[_system of the benzene to produﬁeompﬂexes
shift.t24 along electrophilic and radicalar pathways. The dominant

This unusual mechanism could well be general, and pro- reaction channel is electrophilic leading to the cationic
tonated porphyrin intermediates may play a frequent mechanisticcomplex,23, while the minor channel involves the intermediacy
role in P450 chemistry. For example, such an intermediate may of the radicabb-complex,22. Ring closure in these intermediates
be responsible for the intriguing finding of Groves et'&g’? produces the benzene oxide prodifd).(

that epoxidation of propene and other terminal alkenes by
P45Qwm2, in the presence of D, lead to an unusual hydrogen/
deuterium exchange at the terminal position. A protonated
porphyrin intermediate of the typ® or 45 (but with an alkene
instead of arene) having a finite lifetime will exchange protons
with external acids including water. The protonated heme
intermediate is reminiscent of the mechanisms of heme alkyl-
ation that occurs during the epoxidation of terminal olefif%.
However, while heme alkylation destroys the catalybie
protonated intermediate catalyzes the 8 hydroxylation The
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Benzene oxide does not rearrange to phefdl ¢r cyclo- trend is the loss of benzene resonance energy during the bond
hexenone 46) and requires acid catalysis. The computations activation step. Thus, the benzene deformation that is much
reveal a novel mechanism, whereby the active species of thelarger in the high-spin transition state disfavors the high-spin
enzyme participates as an internal base and catalyzes directlyprocess. By contrast, in alkene epoxidation or alkane hydroxyl-
the production of phenol and cyclohexenone. This enzymatic ation, the deformation of the substrate is similar in the high-
mechanism involves proton shuttles mediated by the porphyrin spin and low-spin transition states, and consequently, these
ring, through theN-protonated intermediaté. The formation processes occur by two-state reactity22544n this sense, it
of the phenol via this proton-shuttle mechanism is predicted to has not eluded us that this difference has implications on the
be fast enough to compete with the post-enzymatic conversionreactivity patterns of the Newcomb probes that involve both
of benzene oxide to phenol by external acid cataly§haus, benzene and alkane hydroxylation processes in the same
the computationally dise@red porphyrin protonation mecha-  substratg$
nism suggests that there is an enzymatic pathway thatects
benzene directly to phenol and ketone, in addition to the post- Acknowledgment. The research is supported in part by the
enzymatic production of these species by.eosion of arene Israeli Science Foundation (ISF), The Ministry of Science,
oxide to phenol and ketone Sports and Art, and the German Israeli Foundation (GIF).

The potential generality of protonated porphyrin intermediates
in P450 chemistry is discussed in the light of the H/D exchange
observed during some olefin epoxidation reactféred the
general observation of heme alkylation prodd€the competi-
tion, similarities, and differences between benzene oxidation
viz. olefin epoxidation and alkanyl €H hydroxylation are
discussed, and the comparison with relevant experimental an
computational data is favorable.

The dominance of low-spin reactivity in benzene hydroxyl-
ation is analyzed, and it is shown that the root cause for this JA034142F

Supporting Information Available: Tables (16) with relative
energies, absolute energies, group spin densities, and group
charges of all optimized geometries in the gas phase and with
environmental effects are available. In addition, 12 figures and
3 schemes with detailed geometries of the optimized structures,
OIgeometry scans, and alternative reaction paths are available. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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