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Iron functions as the principal electron carrier in
biological oxidation-reduction reactions.! Iron
ions also serve to transport and store molecular
oxygen, a function that is essential to the life of
all vertebrates.! As to the structure of the
oxygen-iron bond in hemoglobin, Collman’s
group has found that the oxygen binds in an
end-on fashion (L. Pauling’s model) to the iron
of the protoheme, rather than in the sideways
manner proposed by some theories.” Removal of
an oxygen from hemoglobin leads to an oxo-
iron(V) porphyrin, I which is now generally ac-
cepted to be the active oxidant in P-450 mono-
oxogenases, catalase, peroxidase and chloroper-
oxidase.’

Oxo-iron(V) porphyrins, I, are able to hydrox-
ylate an unactivated C-H bond in an alkene to
the corresponding alcohol and to oxidize a pri-
mary alcohol to an aldehyde.’ Another important
property of 1 is its stereospecific ability to ep-

N/’—\"N N\

Fe'——N + PhIO
N\ N/ |

|

L

R =alkyl,phenyl

512-514

512 Acta Chemica Scandinavica B 40 (1986)

0
7 NS

N—Fe'——N N/N\N
s N

L

= Porphyrin

oxidize olefins in good yields.** Cis olefins are
transformed to cis epoxides in high yields,
whereas trans olefins give low yields of trans ep-
oxides using / generated, e.g., from tetraphenyl
porphinatoiron(III) chloride and iodosylbenzene*
(eqn. (1)).

With a high symmetry structure of the oxo-iron
porphyrin, as shown in 1, it is not quite obvious
how the preferred reaction with cis olefins arises.
The primary interaction leading to the epoxide
from the olefin and 1 probably occurs between
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the lone pair located on oxygen in I, antisymmet-
ric with respect to the N-Fe-N plane, and the
antisymmetric 7t* orbital of the olefin. Thus, such
an interaction between 7 and an olefin should be
independent of the stereochemistry of the olefin.

Attempting to understand the stereoselectivity
of oxo-iron porphyrins, it is argued that one
should focus the attention on the structure of this
system and the main purpose of this letter is to
analyse theoretically the structure of oxo-iron
porphyrin using semiemperical molecular orbital
calculations® in relation to its stereospecific ep-
oxidation properties.

The structure of oxo-iron porphyrins, which
has been characterized by spectroscopic and
chemical analyses*® is not well established be-
cause of its instability, but is usually written as 1.

A calculation of the molecular orbitals of 1
gives the highest occupied molecular orbitals as
mainly antisymmetric combinations of d,, (iron)
— p, (oxygen) and d,, (iron) — p, (oxygen) (Fig.
1). This has been used as an explanation for the
instability of ferryl complexes.” Among the low-
est unoccupied molecular orbitals, large ampli-
tudes of p, character are found on the nitrogen in
the porphyrin ring (Fig. 1). From the simple MO
picture, it should thus be expected that a slipping
motion of the oxygen towards, e.g., the right ni-
trogen should stabilize the system: The antibond-
ing combination between iron and oxygen is re-
duced and might become bonded through inter-

LETTER

Op,

§

N4

Np,

Fig. 1. The antibonding Fe d,,—Op, orbital (occupied)
and the Np, unoccupied orbitals in the porphyrin ring.

action of the two shaded loops. Furthermore,
favourable interaction between the unshaded
loop on oxygen (occupied) and the unshaded
loop on nitrogen (unoccupied) might be possible
by the slipping motion of oxygen.

A fruitful way to study the stability of oxo-iron
porphyrin is to calculate an energy surface for a
slipping motion of oxygen towards nitrogen by
performing LCAO-MO-SCF calculations using
an INDO type (intermediate neglect of differen-
tial overlap) program, which provides for tran-
sition metals.”™ Fig. 2 shows the calculated total
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Fig. 2. The change in total
energy of the oxo-iron
porphyrin system as a
function of the slipping
motion of oxygen as
indicated in the upper right
corner. The energy zero is
taken to be the symmetric
form x=0A, z=15A.
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energy surface as a function of the slipping mo-
tion of oxygen towards nitrogen (x axis) and the
distance between oxygen and the iron-porphyrin
plane (z axis).

It appears from Fig. 2 that the oxo-iron por-
phyrin system is stabilized when the oxygen
moves towards the nitrogen and the minimum for
the system is found in a region where the oxygen
is about 1.5 A along the x axis and 1.2 A from the
iron-porphyrin plane. This structure is shown in
2. The calculated stabilization of 2 relative to 1 is
about 8 eV (~185 kcal - mol™"). The bond lengths
for Fe-O (~1.9A) and N-O (~1.4A) do not
seem unrealistic.® It should also be mentioned
that a determination of the energy surface in a
CNDO (complete neglect of differential over-
lap)’ type of calculations gives a similar stabil-
ization, in a geometry which is very similar to 2.

The geometry for oxo-iron porphyrin shown in
2 differs from the one usually presented in papers
and textbooks.' It was mentioned earlier that
oxo-iron porphyrins are unstable and no X-ray
crystallographic structure of these compounds is
available; but it might be useful here to focus on
a related class of compounds — the carbene-iron
porphyrin complexes which are carbon analogues
of the oxo-iron porphyrin species. Such com-
pounds have recently been synthesized™ and an
X-ray structure published;” the terminal carbene
atom is here, in some cases, bound to both the
iron atom and the pyrole nitrogen, which sup-
ports the calculated structure for oxo-iron por-
phyrin. Further support for structure 2 also
comes from recently published X-ray structure of
a nickel complex of octaethyl porphyrin N-oxide
dianion, where it has been found that the oxygen
is bound in the same way as in 2.* The Ni-O and
N-O bond lengths in this complex are in good
agreement with those found in oxo-iron porphy-
rin.*

With the structure of oxo-iron porphyrins sug-
gested here, is afforded an interpretation of the
stereospecific epoxidation properties: the first
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step in the epoxidation of an olefin is a coordi-
nation of the olefin to the iron atom. Thus, cis
olefins are more stable than trans olefins because
of steric reasons. The next step is then a slipping
motion of the olefin towards the oxygen and the
epoxidation thus takes place via an interaction of
the lowest unoccupied molecular orbital of the
olefin (n*) and the lone pair electrons on oxygen
which have the same symmetry (antisymmetric).*
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*A nearly similar mechanism has recently been sug-
gested for the epoxidation of olefins by MO(O,).L,
complexes (M=Cr, Mo, W)."



