J. Am. Chem. So@001,123, 30373047 3037

Multi-State Epoxidation of Ethene by Cytochrome P450: A Quantum
Chemical Study

Sam P. de Visser, Franois Ogliaro, Nathan Harris, and Sason Shaik*

Contribution from the Department of Organic Chemistry and the Lise Meitner-Man@enter for
Computational Quantum Chemistry, The Hebrew ddmsity of Jerusalem, 91904 Jerusalem, Israel

Receied September 29, 2000. #s&ed Manuscript Receéd January 11, 2001

Abstract: The epoxidation of ethene by a model for Compound | of cytochrome P450, studied by the use of
density functional B3LYP calculations, involves two-state reactivity (TSR) with multiple electromer species,
hence “multi-state epoxidation”. The reaction is found to proceed in stepwise and effectively concerted manners.
Several reactive states are involved; the reactant is an (oxo)iron(IV) porphyrin cation radical complex with
two closely lying spin states (quartet and doublet), both of which react with ethene to form intermediate
complexes with a covalent-€0 bond and a carbon-centered radical (radical intermediates). The radical
intermediates exist in two electromers that differ in the oxidation state of iror;R$fOCH,CH,* and PorF¥ -
OCH,CHgz* (Por = porphyrin). These radical intermediates exist in both the doublet- and quartet spin states.
The quartet spin intermediates have substantial barriers for transformation to the quartet sgin-epdséde
complex (2.3 kcal moi® for PorFé¥ OCH,CH,* and 7.2 kcal moi! for Port*Fe' OCH,CH,"). In contrast, the

doublet spin radicals collapse to the corresponding Pbrfepoxide complex with virtually no barriers.
Consequently, the lifetimes of the radical intermediates are much longer on the quartet- than on the doublet
spin surface. The loss of isomeric identity in the epoxide and rearrangements to other products arise therefore
mostly, if not only, from the quartet process, while the doublet state epoxidation is effectively concerted (Scheme
7). Experimental trends are discussed in the light of the computed mechanistic scheme, and a comparison is

made with closely related mechanistic schemes deduced from experiment.

1. Introduction

phyrins in different oxidation states and with various ligatids.

Cytochrome P450 enzymes (P450) are the most important The most extensive research efforts were devoted to the

members of the heme-thiolate proteins family, all containing
in their active site an iron porphyrin which is linked to the
protein by an iror-cysteinate boné-8 P450s are present in
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(10) Dawson, J. HSciencel988 240, 433.
(11) Gross, Z.; Nimri, S.; Simkhovich, LJ. Mol. Catal. A: Chem1996

most organisms (mammals, fish, invertebrates, plants, and113 231.

microorganisms), and they catalyze a large variety of reactions
such as oxidation, reduction, isomerization, and dehydration.

(12) Goldfarb, D.; Bernardo, M.; Thomann, H.; Kroneck, P. M. H;

*Ullrich, V. J. Am. Chem. S0d.996 118 2686.

(13) Toy, P. H.; Dhanabalasingam, B.; Newcomb, M.; Hanna, |. H.;

These reactions are important for the biodegradation of toxic Hollenberg, P. FJ. Org. Chem1997, 62, 9114.

substances, as well as for biosynthesis (of sex hormones for

(14) Wertz, D. L.; Sisemore, M. F.; Selke, M.; Driscoll, J.; Valentine, J.
S.J. Am. Chem. S0d.998 120, 5331.
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patterns. Many experimental investigations have been performed_ (16) Hart-Davis, J.; Battioni, P.; Boucher, J.-L.; Mansuy,JDAm. Chem.

on cytochrome P450 and related enzymes. Important insights

So0c.1998 120, 12524.
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of various isozymes as well as of synthetic model metallopor-
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hydroxylation of alkanes and the epoxidation of alkehg43-29
In a most recent pap® we addressed the problems and
controversies which surround the alkane hydroxylation mech-

state reactivity (TSR) model. In short, it was demonstrated that
two closely lying electronic states df the doublet § = 1/,)
and quartet $ = 3/,) spin state, compete and are jointly

anism. The present paper completes the description of theseresponsible for the reaction mechanism of hydroxylation. The
mechanistic twins and presents a density functional investigation epoxidation of ethene by Mn(salen) has been computed by Linde

of ethene epoxidation, Scheme 1.

An important mechanistic issue in P450 oxidations is the
possible participation of two or more oxidizing intermedi-
ates!”21.27The number of mechanistic possibilities for the two

et al. and shown to involve crossing of a triplet ground state
and an initially high-lying quintet state, en route to product
formation*” However, to the best of our knowledge, the
complete epoxidation mechanism by the iron oxene species of

(or three) oxidants is not small, and the treatment of the entire P450 has never been studied before. The present paper addresses
problem by computational means is beyond the scope of a singlethe mechanistic questions of alkene epoxidation by P450,
paper. Since it is generally accepted that the primary oxidative concentrating on the elementary steps that lead from the

form of the catalyst is an (oxo)iron(IV) speciesif Scheme 1),

interaction ofl with olefins eventually to the epoxide product

we have restricted ourselves to this structure as the starting pointcomplex, 3. This was done by studying a model reaction in

for the calculations. The electronic structureldfas been amply
discussed in the literature by several gro#ipg3 The analogous

which the cysteinato ligand in the ferryl oxen®) Exidant is
simplified by SH™ (a few critical species were ascertained for

species in heme peroxidases has been treated by Kuramochi e€H3;S™), the porphyrin is devoid of side-chains, and ethene

al 34 and the Siegbahn grodp-38 Other iron porphyrin systems
have been studied by Parrinello et#iwhile manganese oxenes
have been addressed by Ghosh and GonZélez.

Our past studié8446 of the hydroxylation mechanism have
shown that major controversies could be explained with a two-

(30) Ogliaro, F.; Harris, N.; Cohen, S.; Filatov, M.; de Visser, S. P;
Shaik, S.J. Am. Chem. So@00Q 122 8977.

(31) Harris, D. L.; Loew, G. HJ. Am. Chem. S0d.998 120, 8941.

(32) Loew, G. H.; Harris, D. LChem. Re. 2000 100, 407.

(33) Green, M. TJ. Am. Chem. S0d.999 121, 7939.

(34) Kuramochi, H.; Noodleman, L.; Case, D. A. Am. Chem. Soc.
1997 119 11442.

(35) Siegbahn, P. E. M.; Crabtree, R. H.Am. Chem. S0d.997, 119
3103.

(36) Wirstam, M.; Blomberg, M. R. A.; Siegbahn, P. E. MMAm. Chem.
Soc.1999 121, 10178.

(37) Siegbahn, P. E. M.; Blomberg, M. R. Annu. Re. Phys. Chem.
1999 50, 221.

(38) Siegbahn, P. E. M.; Blomberg, M. R. &hem. Re. 200Q 100
421.

(39) (a) Rovira, C.; Kunc, K.; Hutter, J.; Ballone, P.; Parrinello, M.
Phys. Chem. AL997 101, 8914. (b) Rovira, C.; Parrinello, Mint. J.
Quantum Chem1998 70, 387.

(40) Ghosh, A.; Gonzalez, HEsr. J. Chem200Q 40, 1.

(41) Shaik, S.; Filatov, M.; Schder, D.; Schwarz, HChem. Eur. J.
1998 4, 193.

(42) Filatov, M.; Harris, N.; Shaik, SJ. Chem. Soc., Perkin Trans. 2
1999 399.

(43) Filatov, M.; Harris, N.; Shaik, SAngew. Chem., Int. EA.999 38,
3510.

(44) Schidler, D.; Shaik, S.; Schwarz, Hicc. Chem. Re200Q 33,
139.

serves as the olefin. This model system will serve to reveal
general tendencies.

Since previous attempts to compute a concerted oxygen
insertion by iron oxené? dioxygen?® and manganese oxene
specie$’ revealed that this is a high-energy pathway, we focus
here on the end-on attack in Scheme 1. Indeed, there is a
growing recognitio®® that the reactions of with olefins are
stepwise, that is, the carbewnxygen bonds of the epoxide are
formed in two consecutive steps. An initial intermediate is
produced after formation of a single-© bond, followed by
ring closure to produce the epoxide. Of the three proposed
intermediates- metallocycle, cationic, and radicathe latter
is more strongly indicated by experimental results. In principle,
two forms of the radical intermediate are possi#téliron(1V)
ligated by a closed-shell porphyrin versus iron(lll) porphyrin
cation radical (possible equilibration of the intermediates have
also been considered):222° As our present study shall reveal,
there is an interplay of an effectively concerted low-spin
mechanism and a stepwise high-spin one with observable radical

(45) Harris, N.; Cohen, S.; Filatov, M.; Ogliaro, F.; Shaik,/Agew.
Chem., Int Ed200Q 39, 2003.

(46) Ogliaro, F.; Cohen, S.; Filatov, M.; Harris, N.; Shaik,/Agew.
Chem., Int. Ed200Q 39, 3851.

(47) Linde, C.; A<ermark, B.; Norrby, P.-O.; Svensson, M.Am. Chem.
So0c.1999 121, 5083.

(48) Filatov, M.; Shaik, SJ. Phys. Chem. A998 102, 3835.

(49) Filatov, M.; Reckien, W.; Peyerimhoff, S. D.; Shaik, B.Phys.
Chem. A200Q 104, 12014.
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intermediates on the reaction pathway. Furthermore, our analysisSCH™. In any event, SH should be considered as a model ligand
exposes four such intermediates, which differ in their electronic designed to reveal the qualitative nature of the mechanism. All structures

configurations and have significantly different lifetimes. Several
puzzling experimental observations, such as occaststathns
isomerizatior?! sensitivity of the reaction to the olefin’s donor
capability®5° and production of aldehyd&%2° might be
accounted for by the computed reaction pathways.

2. Methods

were fully optimized followed by a complete numerical frequency
analyses for the doublet and quartet spin states.

Transition states were located by tracing a potential energy scan
along a choice reaction coordinate, using tight steps, with full
optimization of the rest of the geometrical degrees of freedom. In the
case of TS1 which leads to €O bond formation, the reaction
coordinate parameter was the-O bond length. In the case d1S2
which leads to ring-closure this was the-C—0O angle (see below for

The mechanism of epoxidation of ethene by P450 was studied using details). Subsequently, at the point of maximum energy along each of

the Jaguar 4.0 program packa&je€alculations were performed using
the B3LYP hybrid density functional meth&d®® in combination with

the Los Alamos effective core potential coupled with the double-
LACVP basis séf57 for iron and an all-electron 6-31G basis set for

these reaction coordinates, a full transition-state geometry optimization

was carried out in which all parameters were optimized. A complete

frequency analysis was performed for all of the transition states.
Although all calculations performed here were run without symmetry

the rest of the atoms; hence, LACVP/6-31G. Previous calculations from constraints, the optimized species are close to béygymmetry. The

our groug®#+4¢ showed that these type of basis sets are sufficient to
get qualitatively reliable results. Single-point calculations using the
polarized LACVP*/6-31G* basis set on the different TS1 structures
gave energy differences of 1.2 kcal mbbetweerfTS1-1V and?TS1-

IV and of 4.5 kcal moi* betweer*TS1-IV and?TS1-Ill’, compared
with 1.0 and 4.9 kcal mof with the LACVP/6-31G basis set, vide
supra.

mirror plane inCs symmetry passes through the-Be—O—C atoms.

As a result thex andy axes of the coordinate system do not pass through
the nitrogen atoms of the porphyrin ring but midway between those. A
d-block diagram used often in the literat®ifginvolves a coordinate
system where thg andy axes pass through the nitrogen atoms of the
porphyrin ring. This diagram, however, switches the labels of hegd
and dy orbitals relative to their ordering in Scheme 2 (vide infra). Recall,

Version 4.0 of the Jaguar program package contains restricted openhowever, that in any coordinate system, the lowest orbital-fgpe

shell DFT (RODFT) and unrestricted DFT (UDFT) methods. As the

followed by twos-types. The higher-lying orbitals arg*-types, one

studies presented here concern a doublet spin state with three unpaireddz2) along thez axis and the other (eithexdor de-,2 depending on

electrons (vide infra), the main calculations on the quartet and doublet the coordinate system) in the porphyrin plane. See refs 42 and 43 for
spin state presented here were performed using the UDFT method. Indetails.

addition to this, some exploratory calculations on the quartet- and sextet
spin potential energy surfaces were done using the RODFT method. It
was found that the iron porphyrin reactants were 17.0 kcathigher

in energy in the sextet staté (-2 — o* dyy excitation) than in the . . .
quartet state. Similarly, the sextet radical complgxwas 17.1 kcal To elucidate the complex behavior of the reaction process,

mol-* higher in energy than the corresponding quartet spin state. The ON€ needs to understand the electronic states involved. Therefore,
sextet product®3) was 1.5 kcal mot! higher than the quartet. we will start the section with a detailed description of the
Consequently, the sextet state corresponds to a highly excited stateessential molecular orbitals and their change of occupation
and therefore the potential energy surface of this state was not exploredduring the oxidation reaction.

3. Results

further.

The coordinating cysteinato group Inwas described by a sulfide
group. To ascertain that the mechanism is qualitatively invariant to
the choice of ligand, we characterized also the intermedi&eer

(50) Groves, J. T.; Nemo, T. B. Am. Chem. Sod.983 105, 5786.

(51) Jaguar 4.0 Schralinger, Inc.: Portland, Oregon, 1998.

(52) Becke, A. D.J. Chem. Phys1992 96, 2155.

(53) Becke, A. D.J. Chem. Phys1992 97, 9173.

(54) Becke, A. D.J. Chem. Phys1993 98, 5648.

(55) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(56) Hay, J. P.; Wadt, W. Rl. Chem. Phys1985 82, 99.

(57) Friesner, R. A.; Murphy, R. B.; Beachy, M. D.; Ringlanda, M. N.;
Pollard, W. T.; Dunietz, B. D.; Cao, Y. XJ. Phys. Chem. A999 103
1913.

3.1. Key Orbitals Involved in the ProcessThe ordering of
the highest occupied and lowest virtual d-type orbitals of reactant
Fe(Por)OSH 1) are depicted in Scheme 2. The 3d atomic
orbitals of the iron atom form bonding and antibonding
combinations with the oxygen and sulfur atomic orbitals. The
highest doubly occupied orbital of those is thaype dz-y2
orbital. A degenerate pair of singly occupied orbitals are
made up from the antibonding combinations of the oxygen 2p
(2py) with the iron 3d, (3dy,) atomic orbitals. Two virtual
orbitals are the g and dy antibonding orbitals. The torbital
has antibonding character along the-Be—S axis, while g, is
antibonding in the in-plane FeN linkages. With this d-block
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filling the iron atom is in the P¥ oxidation state. Other high-
lying occupied orbitals are a lone-pair orbital located on the
sulfur atom (Ig) and two porphyrin orbitals. The latter two
orbitals are designated,@and a, following the assignment from
the literature’®4+45 It must be remembered, though, that the
apy orbital has a mixed porphyriathiolate charactet, and it

is through this mixed character that axial ligands differ from
each other (e.g., imidazole ligands mix less than thidfat&or
simplicity, we show a pureg orbital.

It was show@?-3345-46 that the ground state df has three
unpaired electrons, two on iron and one on the porphyrin ring,
located in ther*(dx,—px), 7*(dy—py) and a, orbitals. Thes*
electrons must maintain a triplet-relation, that is both with alpha
spin, while the @, orbital in 1 has a spin-up electron in the

in the m-bond of the ethene moiety is formally donated into
one of the singly occupied orbitals of the iron oxdnas shown

in Scheme 3. For simplicity, only the quartet state situations
are presented in Scheme 3 (the lone pair orbital on sulfgy (Ip
and a, remain doubly occupied and are therefore omitted). The
diagram on top shows the situation whereby theaabital is
filled (the porphyrin cation radical is reduced), while the bottom
diagram corresponds to the situation in which one of Afie
orbitals of iron accepts the electron (the metal is reduced). Filling
the g, orbital retains the oxidation state of iron at Fe-IV, while
an Fe-lll oxidation state is created when the electron is
transferred to a* d-orbital. In addition to the orbital dichotomy,
with the C-radical included each complex still can be in either
a doublet or a quartet spin state. Consequently, five possible

quartet state and a spin-down electron in the doublet state. Thestates for radical comple® are of importance, that is quartet
quartet- and doublet states are frequently referred to as ferro-spin with Fe-1V ¢2-1V), quartet spin with Fe-11142-111 ), doublet

and antiferromagnetically coupled systehince ther* and
&y Orbitals are disjoined, the interaction between the o
electrons and the singleyaelectron is minimal. Hence, the

spin with Fe-1V £2-1V), and doublet spin with Fe-I1122-1II
and?2-111 ). The z* electrons in the P¥ electromer strongly
prefer to remain in high spin arrangement. Consequently, the

calculated LACVP/6-31G energy gap between the quartet- andlow-lying doublet?2-1V intermediate will possess a spin-down

doublet states is only 0.1 kcal ntél The LACVP*/6-31G*
energy gap is only-0.05 kcal mot? in favor of the doublet

electron ingc.. On the other hand, theaz*, and ¢c. electrons
of Fe' electromer are all weakly coupled and lead therefore to

spin state. Similar results were obtained with larger basis setstwo nearly degenerate doublet-state situations, drawn in Scheme

up to 6-31H-G*.46 It is this proximity of the two states which

is responsible for the two-state-reactivity feature of the mech-
anism. The same state proximity was noted for $Cldnd
cysteinate as ligand$§,as well as for nitrogen ligands.

In all calculations presented here, the §md a,, orbitals are
doubly occupied. It was shown in one of our previous paféfs
that excitation from the lone pair orbitaldpo &, leads to an
excited state 68 kcal mol? higher than the electronic state
with a singly occupied g orbital. Similarly, the transition states
for C—H bond activation by these sulfur-radical states were
found to be higher in energ¥. Thus, epoxidation originating
from these sulfur radical states was not studied.

When an ethene molecule approaclhes covalent bond can

4 using only essential orbitals. The calculations show that the

22-1l intermediate is lower by 1.7 kcal mdithan22-11 ',
Following the G-C bond formation there occurs ring-closure

to form the iron-epoxide comple®. The orbital occupations

of the doublet- and quartet states of the product complase

depicted in Scheme 5 (recall, the sextet state is higher-lying

and anyway does not play a role up to this stage). Only essential

orbitals are drawn in Scheme 5. Starting frégalV (Scheme

3), an electron is formally transferred from the. orbital to

the dz orbital 3° leading to an iron(lll)-epoxide complex in a

guartet spin state in Scheme 5. The reaction path via the Fe-lll

radical complex, however, requires a double excitation of an

alpha spin electron from thgc. orbital to the ¢k orbital and of

be formed between the oxygen atom and one of the carbona beta spin electron from*(dx, — px) to the a, orbital. Thus,
atoms of the ethene moiety, leading to a radical center on thealready at this stage of the analysis we expected that the barrier

terminal carbon atom (Scheme 1). One of the electrons initially

for ring-closure will be higher fof2-1ll than for2-IvV (vide
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Scheme 5 Table 1. Relative Energies (kcal mol) and Group Spin Densities
Quartet: (p) of Optimized Structures
_— 0y relative energy pre  pror  Po  PsH  PcH,  PcH
/Cnuunl a
»—C wd, 1 0.0 (0.0Y 1.0 0.4 1.0 0.6 0.0 0.0
\(4 - 7% e —0.2 10 04 10 06 00 00
[ “TS1-Iv. +13.9 1.3 0.1 0.8 0.3-0.1 0.6
_FTHI_ —1— —1— L, -1V +06(12) 19 -01 03 00 00 09
SH . . » “2-1ll +3.2(20) 09 04 03 04 00 10
T (P 7 (depy) TS2-IV. +2.9 23 -01 —-01 03 00 0.6
(&) TS2-Ill¢ +10.4 1.6 0.2 0.0 0.5-0.1 0.8
—H— dda “3 —-255 26 00 00 04 00 00
2]a +0.1(0.03y 1.2 —0.5 0.9 —-0.6 0.0 0.0
Doublet: 21 -0.2 1.2 -05 09 -06 00 0.0
. TS1-IV. +14.9 1.8 -0.3 0.2 —0.4 0.1 —-04
C“_{m — 0y 22-Iv +0.9 20 0.1 0.3 -0.3 0.1 —-1.0
,c// o doa 2211 +1.4 12 -05 -0.1 —-04 00 0.8
N \o i 241" +3.1 0.8 0.4 0.2 0.4 0.1-0.9

L g § 23 —27.9 1.2 =01 00 —-0.1 00 0.0
L1 e
T =% 4 -

- asSum of isolated ethene and P48Q.ong-range complex;c—o =

T* (o Py) T (dy,mpy) 3.720 (quartet) antk—o = 4.338 (doublet)¢ Estimated from geometry
3 scan; see text for detail$In parentheses are values for §H as an
_1+ Sday2 axial ligand.® Terminal CH group.

(quartet) and 179°1(doublet). Furthermore, th2-1ll isomers
infra). In the doublet state, the electron fr@. is transferred have smaller FeO—C angles compared with those of tadV
to 7*(dyxz — py) in the case of thé2-1V electromer, and to the  entities. In agreement with our previous calculatf@rise iron-
ay orbital in the case of thé&2-1ll and?2-1Il  electromers. It [l complex has longer FeS and Fe-O bonds than the
follows that, on the doublet surface the three electromets of corresponding Fe-IV complex. In particular, the quartet state
will possess lower barriers for ring-closure than on the quartet has a substantially shorter 8 bond length of 2.381 A if2-
surface. IV with respect to the 2.447 A i#2-11l . The intermediate states,
3.2. GeometriesOptimized geometries of the complex@s 42-1IV and“2-1ll were characterized also for SgHas a ligand,
and 3 in the lowest doublet- and quartet spin states are and gave a very similar picture. Thd&;IV lies 1.2 kcal mot?
schematically depicted in Figure 1. Relative energies and groupabove the reactant state (compared with 0.6 kcaitfor SH™),
spin densities are collected in Table 1. Absolute energies andwhereas thé2-1ll intermediate lies 2.0 kcal mo! above the
group charges can be found in Table A of the Supporting reactant state (compared with 3.2 kcal midior SH").
Information. All five electronic states in Figure 1 correspond The product comple® in Figure 1 has a long FeO bond
to minimum energy structures having only real frequencies. length of 2.555 A in the quartet state and a shorter one of 2.172
Geometrically, the doublet- and quartet state2-0¥ closely A'in the doublet state. The long bond in the quartet is the result
resemble each other. Similarly, the doublet- and quartet statesof filling the o*(d2) orbital with one electron, in comparison
of 2-1ll are basically alike. In the case of tBelV structures, with the doublet state in which the electron adds tor’a
the epoxide moiety is in a plane almost orthogonal to the d-orbital. In addition*3 has an Fe'S bond distance of 2.497
porphyrin ring bisecting the plane between the four nitrogen A, whereas the doublet state has a bond length of only 2.294
atoms. The2-Ill (2-111") structures, however, have an-F@— A, for precisely the same reasons as given for the respective
C—C dihedral of 171.0 (quartet) and 1749 (—176.0) Fe—0O bonds, and in accord with the corresponding methanol
(doublet), while the2-1V structures have a dihedral of 178.8 complexes® A complex of Rl with epoxides was described
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1.469 [1.458] {1.456}
26.2[124.9] {126.2}

1.486 [1.482]
107.0 [108.2]

1.464 [1.473]

131.8 [131.1]
1.810 [1.808)

d(Fe-0-C1-C2)=-178.8 [-179.1]

421V [22-1V]

42111 [?2-100] {%2-IIT'}

1.488 [1.482)

170.4 [168.3]

2,497 [2.294]
; “‘m@
d(Fe-0-C1-C2)=172.9 [174.8]

43 [23]

Figure 1. Optimized2-1V, 2-1ll, and3 structures in the quartet- and doublet spin states. Bond lengths are in A and angles in degrees.

by Groves et at® to occur en route to olefin epoxidation by
ruthenium oxene.

Spin densities of the singly occupied , andz*y, orbitals
are spread over the iron and oxygen atoms, due to the fact that
these orbitals represent the antibonding combinations ofthe

20

Doublet Spin State

2rs1-1r

Te. FeIV: .« % e
« Felll' -
+ - Felll | <*TS1-I>

ooop e s

(Fe—0) bond. The patrtially filled & orbital gives spin densities
distributed over the porphyrin and HS ligari$ience, the spin
densities as written in Table 1 support the assignment of the
orbital occupancy in Schemes-8 and thereby ascertain that
the calculations converged to the proper electronic state.
Population of theo*(d2) orbital places spin densities on the
iron and SH moieties as this orbital involves the 1=
antibonding combinations. Notice, however, the singly occupied
ar* orbitals in 1 are Fe-O antibonding with equal share of spin
density on both the iron and oxygen units. In 24V radical . 5
complex, however, the spin densities are strongly polarized S
toward the iron atom. . s

3.3. Transition State for Radical Intermediate Formation
(TS1).En route from the reactant34l + C,H,) to the radical 2
intermediates2-1V and 2-Ill, there occur two low-lying
transition state$4TS1-1V of the Fé¥ variety. These transition
states were obtained using tight-step path following which
established that they form contiguous energy curves from the
reactant stated*l + C,H, to the intermediate$“2-1V. These Figure 2. Potential energy scan starting at the radical complé2es
curves are shown in Figures 2 and 3. 1", 22-111, and?2-1V in the direction of?1. Each point represents a

Corresponding structures along with the transition vector full optimization with a given G-O bond distance<?TS1-Ill > is a
modes of the imaginary frequencies are shown in Figure 4.  higher-order saddle point.

The major activation in the transition state is apparent in the

elongation of the FeO and G=C bonds relative to the reactants  species. Nevertheless, it was deemed necessary to have at least
(1 + CoHg)* In contrast, the FeS bond is shortened and  an estimate of the energetics and behavior of tREE&1-111
mitigates thereby the barrier heiglitThis is a simple mani- species. This can be done by starting Vit S1-1V swapping
festation of the “pUSh effect” of the thiolate |igand, and was electrons in appropriate orbitals to generate the1-111
originally invoked for facilitating the heterolytic cleavage of electronic configuration and subsequently proceeding with
the FeG-OH bond?> With these structures ofS1, we are  geometry optimization (and transition-state search). The resulting
unable to assess the steric differentiation that would exist stryctures are assembled in Figure 5 along with their energies
betweercis- andtransolefins®® The ethene as a whole seems  g|ative to that of the reactant stat@g1( + CoHa).
to keep away from the porphyrin plane. The first specie€TS1-1ll " is a true saddle point (imaginary
The electromeric P& transition states are higher-lying. As frequencyi 199 cnt?) that correlates in the forward direction
such, their characterization and path-following is not a simple tg the intermediaté2-1l '. In the reverse direction it correlates
matter. They tend to converge to the lower-lyid§rS1-IV with an excited state of the reactant in which the twb

(58) Groves, J. T.; Ahn, K.-H.; Quinn, R. Am. Chem. S0d.988 110, electrons ofl are singlet-paired (see Figure 2). A lower-lying
4217. doublet species is indicated in Figure 5&'S1-Ill >, where
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Figure 3. Potential energy scan starting at the quartet radical complexes Felll Felll
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Figure 4. Optimized geometries 641, etheneTS1-1V, and?TS1-

4TS1-IV-reaction vector

Vip= 1317 cm!

2TS1-IV-reaction vector

Vi= i 134 cm’!

AE = 17.4 kcal mol™! AE = 17.5 keal mol™*

<TS1-101> <2TS1-1I>

Figure 5. Geometries ofTS1-Ill', <2TS1-lll >, and <*TS1-Ill >.
Energies are relative ti + C,Ha.

reverse direction, the<?TS1-lll > species converges to the
ground state offl. Similarly, <4TS1-lll > possesses three
negative eigenvalues in the Hessian. Many attempts to follow
it ended in its convergence tdS1-IV. We failed to connect
4TS1-1ll to 42-1ll . Starting with42-1ll we always ended on
4TS1-IV.

An interesting feature of alf S1 species is their involvement
of charge transfer from the olefin moiety to the ferryl oxene.
The degree of charge transfer is 0:2ie TS1-IV and 0.3 €
in 2TS1-1V as shown in drawinga andb in Scheme 6. An
insight into the electronic structure 51 can be gained from
the spin density data in Table 1. The quartet spin density is
more reliable than the doublet’s due to the single determinant
nature of the KohsrSham wave function. The spin density dis-
tribution of “TS1, depicted in drawing, shows that the carbon
site of attack (@) bears a negative spin density and the two
flanking groups (¢ and O) have positive spin densities. A sim-
ilar feature characterizes the-El activation transition staté.
This feature is a mark of 3-electron/3-center delocalization and
is typical to radical attack transition staf@sThus,TS1 can be
viewed as a radical attack of one of th&(Fe—0) orbitals on
the 7(C=C) bond. This description is in harmony with the
stereoelectronic reasoning of Groves and N&rabout the role
for the 7*(Fe—O)/x*(C=C) overlap in the transition state.

On the basis of the low-lying transition staté4[S1-1V, there
are two competitive doublet- and quartet paths leading to the
radical intermediateg;"2. Furthermore, all of the intermediates
242 are packed within 2.6 kcal mol and are 0.6-3.2 kcal mot™
higher than the reactant state. Thus, the bond-activation step of
the oxidation is virtually thermoneutral for both reactive spin

IV. Bond distances are in A and angles in degrees. The reaction vectorsStates.
and the imaginary frequencies $fTS1-1V are shown.

Attempts to change the guess wave function of the radical
complex2 to a carbocationic species Poff@CH,CH,™, always

the triangular brackets indicate that it is a higher-order saddle ended back in the radical spec<learly, for the bare system,
point (two imaginary frequencies). This species correlates to the carbocationic form is much higher in energy relative to the

the intermediate structuf@-I1l in the forward direction. In the

radical form. For radical centers with ionization energies-8f
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Scheme 6
Charge Densities Spin Density
(+0.1) (+0.1) (+0.6)
H,C HC HyC
“CH, (+0.1) “CH, (+0.2) e, (0.1
c‘)" (‘) +0.8) O
(-0.2) —}T— (-0.3) —F‘e— — i —
SH SH SH
‘TS1-IV 2TS1-1V ‘TS1-1V

(a) (b) (©)

eV, the energy difference can be roughly estimated 48 kcal These spin densities are between those calculate@fv and
mol~%. This may be too large to be compensated for by “3. Along the reaction pathway, the spin density on iron
solvation. For such radical centers, the carbocationic species,ncreases gradually from 1.61) — 1.3 (¢*TS1) — 1.9 ¢2-1V)
PorFd' OCH,CH,*, will be higher-lying than the corresponding — 2.3 ¢TS2-1V) — 2.6 (*3), thus reflecting the changes in the
radical ) PorFeOCHCH;". electronic structure discussed in Schemes2The second
3.4. Transition State for Epoxide Complex Formation transition state for ring-closuréTS2-1Il is higher in energy
(TS2). The transition state which separates the radical inter- and differs from4TS2-1V in its geometry. Although both
mediate 2) from the epoxide complex3] is designated S2. transition states exhibit F&S and Fe-O bond lengthening,
The energy- and spin density data are tabulated in Table 1.which account for the activation barrier due to the occupation
Figure 6 shows the intermediate complexes and their corre-of the dz (¢*) orbital, “TS2-1Il is not fully characterized as
sponding transition states for ring-closure. On the quartet explained below.
potential energy surface a small barrier of 2.3 kcal Thalith The geometry scan of the minimum energy reaction path
respect td"2-1V leads to the product complé8. A frequency between*2-1ll and“3 is schematically depicted in Figure 7.
analysis offTS2-1V gave an imaginary frequency i#f04 cnt?, Attempts to precisely locate the transition state at tHé paten-
and a pictorial representation of this vibrational mode is given tial energy surface failed. Therefore, the optimized geometry
in Figure 6. The reaction vector corresponds to a motion that (“TS2-1Il ) depicted in Figure 6 represents the highest point along

leads to ring-closure of the epoxide unit. In the transition state, the geometry scan. It may be anticipated that the “t{Te&32-

the spin density (Table 1) on the terminal &4toup has reduced

[Il transition state is close in energy and geometry to this

to 0.6. At the same time the spin density on the SH group is structure. As already noted, the barrier for conversiof2ei/
enhanced to 0.3, and the spin density on iron increases to 2.3into 43 (2.3 kcal mot?) is much lower than the corresponding

G
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Figure 6. Optimized*TS2-IV geometry and corresponding reaction vector. Strucfig2-1ll has been obtained with a fixed-C—0 angle of
85.0°, see text for explanation. Shown also are the intermedf2té¥ and“2-1ll . Bond distances are in A and angles in degrees.
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Figure 7. Relative energy and iron spin densities for the geometry
scan starting at2-111 toward*3.

barrier (7.2 kcal mait) on the F&' surface. This is mainly due '6

to a double excitation that is necessary for #@dll isomer to . .
becomée'3, as opposed to a single excitation from theothital 14 " !
in 42-1V to theo*(d2) orbital in“3 which is achieved vidTS2- i o ‘
IV. Thus, the double excitation é2-1Il involves, apart from 12 i !

the G — o*(d2) excitation of an alpha spin electron, also an
excitation of a beta spin electron from thé&,; to the a, orbital,
at a phase where the latter orbital is still of higher energy (recall = “ :
discussion of Schemes 3 and 5). The same trends were observezg 084 ¢ ; .
in the rebound step of the hydroxylation mechanism, where a ‘
smaller rebound barrier was calculated for the iron(lll)-hydroxo
intermediate compared with the iron(IV)-hydroxo intermedi- : ‘
ate® 04 : i
Our previous hydroxylation studi&showed that on the ‘ . j
doublet potential energy surface the rebound barrier is vanish- : :
ingly small. The second step in the doublet-state epoxidation '
process shows much analogy with the hydroxylation mechanism. \\.
A geometry scan along the-@C—0 angle on the doublet 0 30 6 9 120 150 18 210 240 270 300 330 360
potential energy surface starting?atlll , 22-111 " and?2-1V has Dihedral Angle O-C-C-H1 (degrees)
been performed and is schematically depicted in Figure 8. The Figure 9. Relative energies of internal rotation of the terminal CH
product complexX3 has an iron atom in oxidation state Ill and  group. The energies are relative to the optimi#24V geometry, which
can be formed directly from th&-Ill and22-11l ' intermediate has a dihedral of 82°8Each point represents a single-point calculation.

complexes. The scan of these states shows that the barrier for ) ) )
going from22-I1l or 2211l ' to 23 is smaller than 0.3 kcal mot. barrier for internal rotation, 1.4 kcal md, is lower than the

The scan which started &2-IV crosses thé2-1ll (22-111 ") barriers for reaching either of the two transition statdss(l-
surfaces, around a-€C—O angle of 95, and the height of the IV and“TS2-IV). Consequently, internal rotation of the terminal
crossing point is again equal to or less than 0.3 kcaltglee ~ Methylene group is feasible and might well happen during the
Figure 8). lifetime of the radical intermediate. With the small difference
3.5. Internal Rotation in the 2-Intermediate. To check the ~ between barrier heights for rotation (1.4 kcal mgland*TS2-
possibility of cis—trans isomerizatiod2! in our model system 1V (2.3 kcal mot?) quite small changes in experimental
we have run a potential energy scan of the rotation about the conditions (solvent, temperature, ligands) could easily have a
C—C bond in the radical complex at the quartet spin state, using Iarge eﬁect on the amount of isomerization. Since this rotational
the RODFT method. The quartet radical compléiV) is in barrier is larger than the tiny barriers in the doublet state,
a potential minimum between two transition stattES1-IV 22-1V or 22-1ll, the doublet radical complex will not exhibit
and“TS2-1V, with barrier heights of 13.3 and 2.3 kcal ma| cis—transisomerization. Rather as we already concluded, the
respectively. The terminal GHyroup of“2-1V was rotated 360 doqblet mechanism will feature an effectively concerted epoxi-
stepwise by changing the dihedral angle {H1—C—0O) from dation.
82.8 to 442.8, while the dihedral angle (H2C—C—H1) stayed
constant. All other geometrical parameters were fixed. Energies
relative to the starting point have been calculated, and the results The details of the potential energy profile for ethene epoxi-
are schematically depicted in Figure 9. While Figure 9 results dation by a model P450 iron oxene specigsdre assembled
from stepwise single-point calculations, still the maximum in Scheme 7. This information and the charge-transfer character

06 .

Relative Ei

4. Discussion
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Scheme 7
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of TS1in Scheme 6 form the basis for the discussion. Starting intermediates2-1V and“2-11l will be sufficiently long-lied to
from the center of Scheme 7, the quartet state profile stretchesundergo cis/trans isomerizatiom contrast, in the doublet state,
to the right while the doublet profile stretches to the left. In the radical intermediates will have virtually no barriers since
both cases the initial step of the reaction involves formation of the 22-1V intermediate will cross over to th&-1ll state and

a carbor-oxygen bond that leads to a radical intermedi@te,  proceeds thereafter in a barrierless fashion to prodifcilows

To simplify the arguments, we disregatrS1-I1l, due to their therefore, that the doublet-state mechanism will be effelsti
higher energy compared with tAéTS1-IV transition states and  concerted Using radical clocks to determine the lifetime of the
since they are not true saddle points. With the simplification, radical intermediate in such a two-state system will lead to too
the quartet and doublet profiles are extremely close in energy, short lifetimes and occasionally to a false informatt®ithus,
almost throughout the process. Consequently, the epoxidationthe measured ultrashort radical lifetitrfé®® which is used to
process involves two-state-reactivity (TSR) in which the product discard the hypothesis of radical intermediacy, may originate
information involves the interplay of the patterns typical to the in the TSR feature of the mechanism.

two states. Another possible intermediate, which has been considered,

Furg}er complexity is c_onff_erred by _the coexist_ence df Fe s the carbocation species, PotBe-O—CH,—CH,* 138 Ag
and F¢&’ states for the radical intermediate. Thus, in the second ;o have discussed in the Results section, this species is too

phase of the process, the number of states that may participatg,g, for the bare system. For the P450 species (that is not a
in the ring-closure is increased to five. In the in-vacuum e go0d electron acceptor) and for radical centers with
conditions O.f the calculations, #iklV state is of lower energy. jonization energies of8 eV, solvation (or interaction with the
Hoyveve_r, since thé'l“. state possesses a porphyrin cation polarizing groups of the protein pocket) will not be sufficient
radlcal, it is more polarizable and is expected to be staplllzed to make these Porf—O—CH,—CH," species competitive

n lexlce_ss reflart]lve to th@'l\é. states. hln(;ieed, ou%gﬁwous with the radical intermediate. However, when the porphyrin is
Cr? cu atloln of the co:jr_espon ::)nlg |ron-h ){IFroxo Sge I;OV\II polyhalogenated, when the axial ligand is not a good internal
that a polarizing medium stabilizes the'ketate by~5 kca donor or is altogether missing, and when the radical center is

—1 _ .
aial nenmectates compettive, and thif nterconversion il M1 SUDSULIEG Wwih gas-phase fonization eneray-afeV.
P ' a carbocation intermediate is plausible. This intermediate will

be controlled by intrinsic and solvation reorganization factors occur only on the doublet manifold
involved in the electron shift between theg,@and thex*(dy, ) ) ) . )
dyy) orbitals. This is similar to medium polarization effects in The radical intermediates in Scheme 7 are expected to
internal electron-transfer processes. We have no hard data tglominate the chemistry of P450 epoxidation of olefins with
discuss this aspect (not possible with DFT computations), but moderate _donor c_apablh_ty. W|th t_hls mechanistic scheme, the
if we make the reasonable assumption that the interconversion€Xtent ofcis'trans isomerization will depend to a large extent
barriers are not larger than the computed energy gaps betweer?n the spin state crossover, which controls the rate 'of passage
2-1IV and2-11l , we expect then equilibration of the intermediate from the doublet- to the quartet state and on thelrelatl\{e heights
species. Assuming such an equilibration, the quartet-state bond®f “TS1-IV and ?TS1-IV. The present calculation with the
closure processes have sufficiently high barriers, higher than simplified models shows that the quartet barrier |s.sl|ghtly lower.
that for G-C internal rotation.Consequently, the quartet However, as shown by us recerffiylarger basis sets and
especially polarizing media tend to prefer the doublet state. In
(59) The relative stabilization energy in ref 43 of 13 kcal mialid not such a case and if spin crossover, en routg$d, is not fast
take into account the energy cost of polarizing the bare molecule. With ’ ’

this term, the relative stabilization energy is 5 kcal mdh favor of the on the reaction time scale, there will be a preference for the
Fe'' state. Such a value will makzlll slightly more stable. doublet process and a high degree of stereochemical reténtion.
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Spin-crossover can occur en routet81% or at the stage of
the intermediate2. The 2%2-1ll intermediates can undergo
scrambling since they can mix indirectly with the analogous
242-111 «, species in which the d-orbital occupation ig'd,?
instead of g2d,* for 242-1ll (Scheme 3¥3 This mixing will
result in a significant iron-centered spiorbit coupling interac-
tion and will induce efficient quartetdoublet crossovers. Since

J. Am. Chem. Soc., Vol. 123, No. 13, 20041

hand, with non-thiolate ligands td2-I1l state is stabilized, and
with its high barrier for ring-closure will give rise to a high
degree otis—transisomerization and aldehyde production via
1,2-hydrogen shift in the radical moiety followed by F@
cleavage’l-2%60 Traditionally, these kinds of differences have
been analyzed in terms of two oxidants. Our investigations
indicate that the complexity of the results can be accommodated

the doublet intermediate transforms to an epoxide complex in with a single oxidant, a Compound | type.

a barrierless fashion, this spin-crossover will have a serious

Another trend can be deduced from the charge-transfer

impact on the stereochemistry of the epoxidation. Clearly, theseinformation in?4TS1-1V; shown in drawings andb in Scheme
aspects of the reactivity require more sophisticated studies of6 above. Thus, it is expected that as the olefin becomes a better
the spin-crossover factors. However, such a full-scale calculationelectron donor and the ferryl oxene species a better acceptor,

of the spin crossover dynamics along the entire path is still
beyond the present means.
While our study is a very simplified modeling of a “real”

this will be attended by a decrease of the barrier for bond
insertion 'S1 lowering). Such trends have been noted indeed
by Groves et at! and Gross et & and are reported for

epoxidation by P450, nevertheless its results make some linkschromium oxene by Ostovic and Bruit¢elVe might further

to experimental trends. The first and foremost link is the

similarity between the computed mechanism and the experi-

mentally described or:2°Especially striking is the similarity
to the recently described mechanistic scheme by Gross?et al.
where the intermediatéslll and2-1V play a major role. Thus,
our study vindicates the stepwise mechant$id,albeit in a
two-spin-state scenario.

The stepwise mechanism involving some kind of intermediate
has gained support from various studié$¢Gross et af® who

expect that the doublet state will benefit more from the
improvement of the doneracceptor relationship (seeversus

b in Scheme 6 above). If this is indeed the case, better donor
olefins will yield more stereospecific epoxidations. These are
some of the possible articulations of the computed epoxidation
mechanism (Scheme 7). Finding reliable probes for the two-
state nature of the mechanism can make further progress.

5. Conclusions and Summary

support a radical mechanism have shown that the axial ligand The reaction of iron porphyrinlj with ethene to yield an

has a pronounced effect on the lifetime of the radical. With
ligands which stabilize the Feform, presumably analogous to
42-11l in our study, the radical was sufficiently long-lived to

epoxide has been studied by computational methods. The
reaction can be explained by two-state reactivity (TSR) of
competing quartet- and doublet spin states. In addition, two

afford spectroscopic characterization. On the other hand, with gxjgation states are involved in the reaction process: one with

ligands which stabilize the radical for@& IV (presumably*2-
IV), the radical intermediate did not accumul&@éccumulation

of the radical in the’2-111 state due to the high barrier to ring-
closure (See Scheme 7) was invok&ad explain the formation

of an aldehyde byproduct due to 1,2-hydrogen shift followed
by Fe-O bond cleavagé'?%8°Furthermore, early on, Groves
and Watanaldé have shown that an intermediate is formed

an Fé' oxidation state (neutral porphyrin system) and one
whereby the iron has an oxidation state of!'Fgation radical
porphyrin ring). The barrier heights show that the overall
reaction on the quartet surface follows a stepwise mechanism
via a radical intermediate2]. In both the quartet- and doublet
spin states the Fe-Ill and Fe-IV electromers2oére reached
via 24TS1, of 13.9 kcal mot? and 14.9 kcal moi* above the

reversibly and can thereby return to its precursor Compound | reactants. Subsequently, on the doublet surface a tiny barrier

(analogous td) under certain conditions. While in the original

(<0.3 kcal mot?) leads to internal conversion into the product

paper, this was considered to be a charge-transfer complex, theepoxide complex 28). In contrast, the®2-Ill and 42-IV

Groves-Watanabe intermediate might well B2-111 .

A related aspect is the role of the thiolate ligand. Higuchi,
Nagano et af? have demonstrated on model complexes that
the thiolate ligand is necessary to mimic a P450-like reactivity.
This was attributed to the internal donor property of the thiolate
which tends to disfavor an Pesituation!?6364|n terms of
Scheme 7, this is equivalent to a fluxional behavio? between
the forms“2-1ll and “2-IV, and a tendency of good donor
ligands to prefer the latter form relative to lesser donor ligands.
This may account for the fact that the thiolate ligand affords a
high degree of stereospecifitf2%n line with the small barrier
computed for the ring-closure ¢2-1V (Scheme 7). On the other

(60) The 1,2-shift appears more likely for a carbocation intermediate.
But in the complex2, such a rearrangement in the radical moiety may
have a different barrier than for the free radical. Such a calculation is
currently attempted.

(61) Groves, J. T.; Watanabe, ¥. Am. Chem. Sod.986 108 507.

(62) Urano, Y.; Higuchi, T.; Hirobe, M.; Nagano, J. Am. Chem. Soc
1997 119 12008.

(63) Weiss, R.; Mandon, D.; Wolter, T.; Trautwein, A. X.; kher, M.;

Bill, E.; Gold, A.; Jayaraj, K.; Terner, J. Bioinorg. Chem1996§ 1, 377.

(64) Champion, P. MJ. Am. Chem. S0d.989 111, 3433.

intermediates have significant barriers for ring-closure of 7.2
and 2.3 kcal moll, respectively (see Scheme 7 for details).
Thus, a longer lifetime is expected for th 11l radical inter-
mediate. In contrast, the much smaller ring-closure barrier on
the doublet surface indicates that the doublet-state epoxidation
could well be effectively concerted. These mechanistic features
resemble our previous findings for alkane-hydroxylafién.
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