Oxygen Complexes and
Oxygen Activation by
Transition Metals



Oxygen Complexes and
Oxygen Activation by
Transition Metals

Edited by
Arthur E. Martell and
Donald T. Sawyer

Texas A&M University
College Station, Texas

Plenum Press ® New York and London



Library of Congress Cataloging in Publication Data

IUCCP Symposium on Oxygen Complexes and Oxygen Activation by Metal Complexes
(1987: Texas A&M University)

Oxygen complexes and oxygen activation by transition metal / edited by Arthur E.

Martell and Donald T. Sawyer.
p. cm.

“Proceedings of the Fifth Annual [IUCCP Symposium, Oxygen Complexes and Ox-
ygen Activation by Metal Complexes, held March 23-26, 1987, at Texas A&M Universi-
ty, College Station, Texas” —T.p. verso.

Includes bibliographies and index.

ISBN-13: 978-1-4612-8263-1 e-ISBN-13: 978-1-4613-0955-0

DOI: 10.1007/978-1-4613-0955-0

1. Oxygen— Congresses. 2. Catalysis—Congresses. 3. Transition metals — Congress-
es. 4. Martell, Arthur Earl, 1916- —Congresses. 1. Martell, Arthur Earl, 1916-

II. Sawyer, Donald T. III. Texas A&M University. Industry-University Cooperative
Chemistry Program. IV. Title. V. Title: Oxygen activation by transition metals.
QD181.01193 1987

546’.72125—dc19 87-32170
CIP

Proceedings of the Fifth Annual [IUCCP Symposium, Oxygen Complexes and
Oxygen Activation by Metal Complexes, held March 23-26, 1987,
at Texas A&M University, College Station, Texas

© 1988 Plenum Press, New York

Softcover reprint of the hardcover 1st edition 1988
A Division of Plenum Publishing Corporation

233 Spring Street, New York, N.Y. 10013

All rights reserved

No part of this book may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording, or otherwise, without written permission from the Publisher



PREFACE

This monograph consists of manuscripts, summary statements, and poster
abstracts submitted by invited speakers and poster contributors who
participated in the symposium "Oxygen Complexes and Oxygen Activation by
Transition Metals," held March 23-26, 1987, at Texas A&M University. This
meeting was the fifth annual international symposium sponsored by the Texas
A&M Industry-University Cooperative Chemistry Program (IUCCP). The co-
chairmen of the conference were Professors Arthur E. Martell and Donald
T. Sawyer of the Texas A&M University Chemistry Department. The program
was developed by an academic-industrial steering committee consisting of
the co-chairmen and members appointed by the sponsoring chemical companies
Dr. James F. Bradzil, The Standard 0il Company, Ohio; Dr. Jerry R. Ebner,
Monsanto Company; Dr. Craig Murchison, Dow Chemical Company; Dr. Donald
C. Olsen, Shell Development Company; Dr. Tim R. Ryan, Celanese Chemical
Company; and Dr. Ron Sanderson, Texaco Chemical Company.

The subject of this conference reflects the intense interest that has
developed in academic institutions and industry on several aspects of
dioxygen chemistry. These include the formation of dioxygen complexes and
their applications in facilitated transport and oxygen separation; homo-
geneous and heterogeneous catalysis of oxidation; and oxygenation of
organic substrates by molecular oxygen.

The conference differs in two respects from several other symposia on
dioxygen chemistry held during the past few years. First, there is
extensive industrial participation, especially with respect to oxygen
activation. Secondly, the conference purview involves the broadest possible
scope of the general subject, from oxygen complex formation and degradation
to oxygen transport and activation of dioxygen in catalytic processes.

Eighteen invited papers were presented in seven sessions, in
addition to the presentation and discussion of twenty contributed poster
papers.

A highlight of the meeting was a lecture entitled "The Nature of the
Reactivity of Activated Oxygen Species" by Sir Derek Barton at the
symposium banquet.

We thank Liz Porter for assistance with logistics of the symposium and
Mary Martell for help with the organization and preparation of the final
manuscript.
Arthur E. Martell
Donald T. Sawyer
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OPENING REMARKS BY F. BASOLO AT THE SYMPOSIUM HONORING A. E. MARTELL

I've been around a long time doing coordination chemistry, as you people
know, and for about. twenty years we did synthetic oxygen carrier type work.
This was started in 1964 by a graduate student by the the name of Al
Crumbliss who is now a professor at Duke University. Crumbliss and I
decided we would study solution chemistry of some of the cobalt chelates
that Martell and Calvin and others had looked at primarily in solid-state
gas-phase interactions. Fortunately Al chose a system that gave for the
first time monomeric dioxygen complexes of a series of cobalt compounds.

We were never able to get a good suitable single crystal to give Jim
Ibers to do the X-ray structure, but we were able to wave our hands and
speculate about the structure on the basis of IR and of EPR spectra with
the help of Brian Hoffman. We suggested that the dioxygen cobalt chelates
have an end-on bent structure which later Ward Robinson showed by X-ray
structure to be correct. As you know several of these structures have
been found not only for cobalt, but also for iron.

Perhaps the most exciting thing at Northwestern University was the
work of one of my postdoctorals and Hoffman. Dave Pettering and Hoffman
decided to make what they called cobaglobin which they showed to be an
excellent model for the natural protein. The only difference being that
the iron in hemoglobin is replaced with cobalt, everything else is pretty
much the same. Cobaglobin is similar to hemoglobin in its cooperative
uptake of dioxygen, and in its pH effect on the uptake of dioxygen, but
the cobalt system has one thing the iron system natural protein does not
have and that is the cobalt dioxygen adduct is EPR active. Since oxyhemo-
globin is EPR silent one can not probe it with EPR, but Hoffman was able
to get valuable information from EPR studies of cobaglobin.

We then went on to study iron complexes and we were not clever enough
- we are not good enough organic chemists - to put big bulky groups on
Schiff bases, which is what we were using at the time, to prevent the
irreversible formation of the p-oxo bridge (Fe(III)-O-Fe(III)). My graduate
student, Dave Anderson, was attempting this when we began to read where
Jim Collman had made the "picket-fence" porphyrin and a little later I ran
into Jack Baldwin who had made the "capped porphyrin". We then abandoned
this steric approach and along with others showed that at low temperature
one gets reversible dioxygen uptake in synthetic iron complexes. We
studied the kinetics and mechanism of oxygen uptake and release at low
temperature. We also attached iron porphyrin onto an imidazole modified
silica gel and showed that this works as an oxygen carrier at room
temperature, because the irons can not come together to form the stable
u-oxo bridge.

Charlie Weschler, my postdoctorate, studied manganese porphyrin and
he discovered the first example of such a compound that reversibly adds
dioxygen. During all this work we got letters from theoreticians in



Strasbourg who do ab initio calculations. They were very happy when we
published our cobalt dioxygen paper suggesting the end-on bent structure,
saying their ab initio calculations agreed very nicely with this. Although
I know nothing about ab initio calculations, I too was happy that they were
happy and everything went along smoothly until we published our work on the
manganese-dioxygen complex. The situation there is quite different, instead
of an end-one bent structure we think the Mn-O, is a T shape peroxy type
manganese(IV) structure.The structure was baseg on our IR and EPR spectral
results, as was also used to assign the Co-0, structure. This time the
letter from Strasbourg said they were very unhappy with our structure,
because their calculations favored a Mn(II)-O, end-on bent structure. I
guess that they wanted me to be very unhappy, but since I do not under-
stand ab initio calculations I could not be too troubled by their calcula-
tions. Thanks to one of our hosts and speakers here, Professor Michael
Hall, we now have calculations which agree with our proposed structure.

In 1983, as you know, I was president of the American Chemical Society,
and during that same year a renewal was necessary for my NIH grant. I must
not have given my renewal request the loving care that I had always given
my proposals previously, because it got bounced and did not get funded. I
was too busy to try and put it back together again, so I have not done any
of this kind of work since 1983, but we did have a lot of fun during those
twenty years of working on these kinds of systems.

I appreciate being asked to participate in this symposium honoring my
friend Art Martell. I am particularly looking forward to hearing all of
these fine talks which will bring me up to date on what has been happening
in the field the past few years.



BONDING OF DIOXYGEN TO TRANSITION METALS

Michael B. Hall

Department of Chemistry
Texas A&M University
College Station, Texas 77843

INTRODUCTION

In this chapter I would like to provide the reader with an intro-
duction to the nature of the bond between molecular oxygen and transi-
tion metals. As examples of these systems, I will focus on models for
cobalt, iron and manganese porphyrins.l’2 Before discussing these
fairly complicated metal systems, I would like to briefly review some

basic bonding models for small molecules.

HYDROGEN

Dihydrogen is a deceptively simple molecule. If one thinks about
the usual molecular orbital (MO) representation, one begins with an
orbital on each hydrogen, let us call them orbital a and orbital b, then

one makes linear combinations of these two orbitals,

¢, = (at+b), ¢_ = (a-b) (1)

One finds the in-phase combination, ¢,, is lower in energy than the out-
of-phase combination, ¢_, and that the electron density of ¢+ is larger
between the nuclei than the atomic density while that of ¢_ is smaller.
Thus, we identify ¢+ as the bonding molecular orbital and ¢_ as the
antibonding molecular orbital. The ground state of H, is described as
¢+2, two electrons in the bonding molecular orbital. In order to
satisfy the Pauli Exclusion principle these must have opposite spin, one
with mg = +% or a spin, the other with m = -} or B spin.

In the usual valence bond (VB) description of molecules one draws
the primary resonance structures as Lewis dot diagrams. For dihydrogen

the primary structure is, of course, H:H or H-H where the two dots or



the straight line indicates a pairing of the two 1ls H electrons one with
a spin the other with B spin. In a qualitative sense we are describing
the same bond here as in molecular orbital theory. However, when one
develops the mathematical expressions for the wave functions one finds
that the expressions are quite different.

In molecular orbital theory the total wavefunction, ¢MO’ is a
Slater determinent (to satisfy Pauli Exclusion Principle) of the molecu-
lar orbitals ¢+a and ¢+ﬂ.

g0 () dya (2)

- (2)
6,8 (1)  ¢,8 (2)

¥mo

where the numbers (1) and (2) label the electrons. In the remaining
equations we will not write these electron labels, but will always
assume that functions are in the order electron (1) then electron (2).
If one expands this determinant, ignoring any normalization constants,

one find that
Yuo = #4384 (aB - pa) (3)

where the spin component represents a singlet state. Now we substitute

equation (1) for ¢, and we find that

¢M0 = (aa + ab + ba + bb) (af - Ba) (4)

This wavefunction implies that the two electrons are equally likely to
be found on the same atom (aa) or (bb) as they are to be found on dif-
ferent atoms (ab + ba). When the nuclei are very close together this is
a good approximation, but as the nuclei move further apart it becomes an
increasingly poor approximation. The overall behavior of the potential
energy curve is illustrated in Figure 1, where one can see that the (MO)
result parallels the experimental (exp) curve at short distances but
fails at large distances. The failure to properly dissociate is a
common feature of simple molecular orbital wavefunctions.

The VB function typically has the opposite problem. Ignoring nor-

malization constants, one can write the VB wavefunction as

Yyp = (ab + ba) (af - fa) (5)

Here again one finds the singlet spin function multiplying a spacial
function, but now the terms with both electrons on the same atom are
missing. Thus, the VB wavefunction dissociates properly, but is missing
some components which are important at short distances. The typical VB

behavior is illustrated in Figure 1. One can see that a more accurate



MO

Figure 1. Qualitative potential energy curves for molecular orbital
(MO) and valence bond (VB) wavefunction.

description of the potential energies curve could be made by joining the
MO and VB curves.

One can do this mathematically by considering the wavefunction
formed by putting both electrons into the antibonding MO, ¢_, and

expanding the determinant. The result is shown in equation (6).

¥'Mo ~ (aa - ab - ba + bb)(aB - Ba) (6)

If one compares this to ¢M0 in equation (4), one sees that the terms
(ab) and (ba) enter with the opposite sign. Thus, if one forms a new

wavefunction by subtracting some fraction of P'mo from Py,
¥ = %o - Mo

one can produce a wavefunction % which at short internuclear distances
resembles ¢M0 (A = 0) but at large internuclear distances resembles Yyp
(A =1). One can use ) as a variational parameter to obtain a wavefunc-
tion which is more accurate over the entire potential energy curve than
either the MO or the VB treatment. The process of adding a variable
amount of a wavefunction which is doubly excited with the respect to the
usual MO function is called configuration interaction (CI). Although CI
may not be necessary for a qualitative description all molecules espe-
cially when they are near their equilibrium geometry, it appears to be

important in the correct description of metal-dioxygen bonds.

OXYGEN
In 0, the two oxygen atoms, whose atomic configuration is
ls22522p4, interact with each other to produce a molecular orbital con-
29 20 25 29 27 4y 2
1au 20g 20u 30g 1nu lwg

figuration lo , where the lo orbitals and the

g



2r orbitals are linear combinations of the 1ls and 2s atomic orbitals,
respectively. The primary O, bond is manifest in the remaining MO's.
The 3ag is the in-phase combination of the 2p atomic orbitals in the o
direction, while the 1z, and lwg are the in-phase and out-of-phase com-
binations, respectively, of the 2p atomic orbitals with n symmetry.

This ground state electronic configuration gives rise to three states of

different energy which are given in Table I. By applying Hund’s Rule,

+

one easily sees that the ground state is the 32g

state.

Table I. Relative Energy and Valence Bond Structures for 0, States

State E gcm;ll VB
1zg+ 13,195 t 1
1-0]+|0=0|
i i
1 -
A ,918 =
. 7 0-0
3 T t
St 0 1Q-0]+|0=0|
1 1

However, when students are asked to draw the VB structure or

Lewis-dot diagram for 0y, they often draw §=Q, which 'is correct for

the first excited state but not for the ground state. Although this is
often cited as a failure of VB theory, it is not. It is simply a fail-
ure of the practitioner to write the correct VB structures. The correct
one (see Table I) is a resonance hybrid between singly and triply bonded
structures both of which have two unpaired electrons. Thus with the
correct resonance structures VB theory also produces a 0, molecule with
a double bond and two unpaired electrons.

The bond order and bond distances for the molecule and negative

ions are given in Table II.

Table II. Bond Order and Bond Distance for 0,, O,  and 0,%".
Species B.O. Bgriél
0, 2 1.21
0, 1% 1.34
0,2 1 1.49



As electrons are added to the lx_ orbital, the bond lengths increases to

1.34 A for the superoxide ion ani to 1.49 A for the peroxide ion. Some
earlier workers reported 1.28 A as the bond length for superoxide and
this has caused some confusion in making comparisons with the dioxygen
in transition metal complexes.

Another "simple" system that is sometimes used as a standard of
comparison to describe the metal-dioxygen bond is the ozone molecule.
The molecule is not well described by the standard valence bond struc-

tures, 1, but is well deserted as a biradical, 2.3

/0\

NN

\ / O\
g o 9

1 2

The correct description in MO theory requires the use of a configuration
interaction wavefunction for the four n electrons. The three orbitals
involved are shown in Figure 2. The usual MO description would be 1b12
1a22 2b10. However, this lAl state is predicted to be higher in energy
than the 332 state described by the configuration 1b12 1a21 2b11.
Experimentally the ground state is lAl but only by including the doubly-

24na configuration interaction

excited configuration 1b12 1a20 2b,
wavefunction can one achieve the correct description and energy. Thus,

when one refers

1b, la, 2by
Figure 2. Qualitative n MO’s of ozone.

% one is referring to a

to a MO, system as having ozone like character
system where the M and O atomic orbitals have similar energies and small

overlaps such that CI is necessary for a correct description.

METAL-DIOXYGEN BONDING5
Among the most interesting metal complexes which show the binding

of dioxygen are the porphyrin complexes. Shown below is the porphyrin



ring, 3, and the model ligand, 4, used in our calculations.l'2 The
accuracy of this model ligand has been discussed previously and will not
be repeated here. A simple ligand system is necessary in order to

reduce the computational time to manageable levels.

The two prevalent geometries for the metal dioxygen bond are shown in 5,
the end-on or Pauling geometry, and 6, the side-on or Griffith geometry.
One area which often generates considerable argument, some

semantic, is the question of the dioxygen oxidation state, i.e.

0

/

R —o0
7
AN

dioxygen, superoxo or peroxo. One can take a very formal view and
insist that all electron transfer is from ligand to metal and all bonds
to the metal should be viewed as dative.® This view usually results in
a high oxidation state metal. One can also take a purely structural
view; naming all end-on systems as superoxo and side-on systems as
peroxo.7 In this paper, I will try to clarify the nature of the
argument about the electron distribution, and to offer a complete
theoretical description of the bonding. I will emphasize the actual

electron distribution as opposed to the formal oxidation state.

Cobalt

In all cobalt porphyrin and related complexes the dioxygen is
found to be end-on as in 5. Figure 3 shows a qualitative molecular
orbital diagram for the interaction of the upper 0, valence orbitals
with the metal 3d orbitals. The primary interactions are between the
lﬂgs, the in-plane n* 0, orbitals, and the 3d,, or a hybrid containing

substantial d character, and the 1lx_%, the out-of-plane m* 0, orbital,

g
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Figure 3. MO diagram for end-on dioxygen system. The left side
shows the qualitative energy ordering of the metal 4
for the M(porphyrin model)(terminal ligand) system,
while the right side shows the order of the 0, orbitals.

and the 3dyz' The former interaction produces the g,

ing and antibonding M-0, o orbital, the latter interaction produces the

and az*, the bond-

Ty and ﬂy*, the bonding and antibonding M-O, m orbitals. For GoO, (P)L

system there are a total of 15 electrons to place in orbitals shown in

Figure 3. Thus, this molecule has 1 electron in the "y* and 2 electrons

in the orbitals below the ﬂy*.
The main arguments about the charge distribution in these com-

plexes involves the distribution of metal and ligand in the o,, m,, and

y
ﬂy*, the question of whether the molecular orbital representation is

accurate or CI is needed, and whether the lower energy o and =m orbitals
become involved to a significant extent. In the case of the Go0y
systems ESR spectroscopy has shown that the unpaired electron is almost

entirely on the 0, ligand. Thus, the Ty

wga, and therefore, the m, must be nearly pure 3d,,. With that

potential problem solved the main argument in the CoO, systems resides
s

* orbital must be almost pure

in the nature of the o, molecular orbital. 1If the o, is mainly =,” with
only a small amount of metal character than the system should be viewed

as Co3+«02' with a dative o bond. This electron distribution could



occur with or without the involvement of the lower emergy =, and 9g

orbitals. If these lower energy orbitals become involved that would

indicate a strong enough Co-O, interaction to cause rehybridization of
the 0, orbitals. 1If the o, is nearly an equal mixture of metal and ngs
the system should be viewed as Coz+-020 with a covalent o bond between
Co and 0,. For the latter electron distribution there are two bond

types. If the Co-0, o interaction were so weak that CI was needed to
2+_020

best view, but if the interaction was strong such that rehydridization

properly describe it then the spin-coupling model of Co would the

of the in-plane orbitals of 0, occurs then the spin-coupling model would
be inappropriate. Thus, for the Co0O, system we have four possibilities

3+ 4 - 2+ 4 0
Co “02 Co '02
simple dative bond spin coupled
or or
rehybridized dative bond rehybridized covalent bond

The results of our calculations strongly support a Co3++02' elec-
tron distribution with rehybridized 0, orbitals. The key molecular
orbitals are shown in Figure 4. The calculations confirm the interpre-
tation of the ESR;S’9 the doubly occupied = orbital is pure 3dyz and
the ﬁy* is pure ﬂga.
Figure 4. The calculations even predict the fact that more of the

y
As can be seen from the number of contours in

unpaired electron resides on the distal oxygen.

The o bond is comprised of two important interactions displayed on

s
g
donation from the doubly occupied ﬂus. Because both the T and

the right of Figure 4, donation from the doubly occupied «_° and

u
become involved in this bond, it is best viewed as involving a rehy-
bridization of the 02. The distortion in the n orbitals are due to the

mixing of some 30g character into them.

Figure 4. MO of cobalt-dioxygen system. Plots on left are for =
system, while those on the right are for the o system.

10



An isolated Co-0, o bond and an O lone pair can be formed from a
linear combinations of the two o orbitals in Figure 4. The sum of these
two orbitals would be an isolated Co-O bond, while the difference would
represent a lone pair on the distal oxygen. Examination of the CI
results suggests that the MO representation described above is accurate
and that CI makes no important qualitative changes in this description.
The electron distribution in this complex closely resembles a rehy-

bridized superoxide ion forming a dative bond to a cobalt (+3) ion.

Iron

Figure 3 can again be used to describe qualitatively the problems
inherent in resolving the argument about the electron distribution in
the iron-porphyrin-dioxygen system. The FeO, system has one less elec-

tron than the C002 system, and, hence, the wn_* is the lowest unoccupied

y
molecular orbital. Since the iron system is a closed-shell system we do

not have a convenient probe such as ESR that allows us to determine
unequivocally the distribution of charge in the m system. Hence, the
description of FeO, system is complicated because one may argue about
the distribution in both the ¢ and 7 system.

For the n system the key is the nature of the interaction and

charge distribution in the Ty molecular orbital. The two likely

extremes for this orbital are either a dyz orbital with some small

amount of donation into the wga 0, orbital (back-bonding), or a strong
mixture of dyz and ﬁga which would best be described as one electron in
each orbital spin-coupled to form a covalent bond. The m system could
also be complicated somewhat by some mixing of the Ty with the nua. The
o system has the same four choices that the o system of cobalt had.

Even if we leave out any nua involvement in the n, and any complica-

) y
tions due to CI, we already have 8 possible descriptions. Two of these

1+

correspond to Fe -02+ descriptions and need not be considered further.

The remaining six are:

Fe2*(5=0)+0,0(s=0)  Fe?*(s-1)-0,0(s-1) Fe3*e0,"
simple dative spin-coupled spin-coupled
or or or
rehybridized dative rehybridized covalent rehybridized

covalent

Our results support Fe’t(s=0)-0,0(5=0) with a rehybridized dative
bond as the major contributor to the Fe-0O, bond. The key molecular

orbitals are shown in Figure 5. The n system consists of a =, orbital

1"



Figure 5. MO of iron-dioxygen system. The = orbitals are on the
left and the o orbital is on the right.

with a small amount of metal character and an unequal distribution of 0
character with more density on the distal O and of a Fe 3dyz orbital
delocalized on to the 0,5, but with substantially more character on the
bonded 0. This orbital picture seems to correspond closely to a local-
ized versions of the typical 3-orbital, 4-electron interaction such as
found in ozone. If we have 3 equal energy atomic orbitals (a, b, and c)

the delocalized MOs will be

¢1 = atb+c, ¢2 = a-c, ¢3 = a-b+c. (8)

In ozone and Fe0, both ¢1 and ¢2 are filled. The orbitals in Figure 4

roughly correspond to the linear combinations
¢, + ¢ = 2atb, ¢1 - 49 = bt2c 9

Thus, the first has most of the Fe character (a) while the second has
most of the distal O character (c). What makes ozone different from
other 3-orbital, 4-electron systems is that the energy of the triplet
state ¢12¢21¢31 is lower in energy than the singlet ¢12¢22, unless CI is
included by subtracting a small amount of ¢12¢32 from ¢12¢22. It turns
out that the FeO, system has the same behavior. From this behavior one
might be tempted to say that the Fe0, has substantial Fe2+(S=1)-020(S=1)
or ozone-like character. However, an examination of ¢3 (Figure 5) which
in ozone would have slightly more central atom (b) character and equal
terminal atom (a and c¢) character, shows that in FeO, 44 has substan-
tially more wga character than Fe character and that the distribution is
nearly equal between the two oxygen (b and c). Thus, in spite of some
resemblance to ozone a better description is a Fe 3d,, orbital strongly

y
nearly equal between the two oxygen (b and c). Thus, in spite of some
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resemblance to ozone a better description is a Fe 3dyz orbital strongly
delocalized into the ﬂga. This view returns us to thinking of 0, as a
neutral ligand with strong m acceptor properties in the plane perpendic-
ular to the molecular plane of FeO,.

The Fe-0, o bond, right side of Figure 5, shows rehybridization in
the molecular plane to produce an 0O, lone pair which then donates elec-
tron density to the metal. The final Fe-0, bonding MO appears to
contain more O, than Fe character, but doesn'’'t preclude some contribu-
tions from a covalent Fe-O bond used in the ozone-like model. Still,
Fe2+(S-O) - 020(8-0) is the major contributor to the bonding. In this
model there is donation from an 0, lone pair to the metal to form the o
bond and back-donation from the metal to the 0, nga orbital to add
partial double bond character to the Fe-O bond and reduce the bond order
of the 0-O0 bond. This description does not preclude some contribution
to the bonding from the other two models nor does it preclude discussing
the bonding starting with one of these models and then modifying the
description of the electron flow.

All of the experimental results on FeO, porphyrin can be accommo-
dated within this model. Beginning with the system as

2+(S-0)<—O 0(S-O) one has sufficient back-donation from the dyz to the
wga to reduce the 0-0 bond order and explain the reduction in the 0-0
stretching frequency and the increase in the 0-0 bond length. Although
the stretching frequency approachs that of the superoxide ion so does
the 0-0 stretch in ozone and H02.9 Furthermore, where the 0-0 bond
distance is accurately known it is significantly shorter than that found
for the superoxide ion.? The Méssbauer spectrum of these system is

often interpreted to favor Fe3+ 1 dxz?‘.10 How-

with a configuration dyz
ever, our calculations suggest that the dyz occupation is larger. The
remaining orbital asymmetry observed in the Méssbauer spectrum arises

from an expansion of the d,, toward the 0, ligand and a contraction of

yz
the d , away from the 0, ligand.

Manganese

Although earlier ab-initio calculations without CI suggested that

1 our CI results support a

the MnO, porphyrin geometry was also end-on,
side-on structure, 7 as do the ESR and IR results. The ESR results sug-
gest three possible electronic configurations for the three unpaired

1, 1 1, 15 01 1, 1 1
electrons: d,2_ 2 d dxz , dx2 2 dyz d,2%, or dx2 2 dyz dyy”. In
addition to the question of the distrlbutlon of the unpaired electrons
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the Mn-0, bonding electrons could be accommodated by several electron
distributions. Beginning with a Mn2+ high-spin a° system, the bonding
could occur by a spin coupling mechanism which in structure 7 would
involve the dxy and dxz orbitals. Thus, only the second configuration
would be acceptable for this Mn2+(S-5/2)-020(S-1) model. A second
alternative would be a Mn2+(S-3/2)-020(S-0) scheme. Here we would use
the 1Ag state of 0, and use the empty dz2 as the acceptor orbital for
the ﬂus pair and the dg, as the donor orbital to the wgs. This model
would suggest the third configuration for the unpaired electrons; how-
ever, if the donation to the dz2 were weak, the second configuration
model would also be acceptable. These two configurations would also be
invoked by a peroxide model Mn4+(S-3/2) - 022'(8-0). One could also
postulate a superoxide model Mn3+(S-2)-02'(S-1/2). In this model the

1
ngs electron would spin couple with dle to form one bond. In addition

there would be donation from the ﬂusz orbital into the d,2 orbital.
Again either configuration two or three would be appropriate.

We examined several geometries and a number of possible electronic
configurations, and concluded that the second configuration was the
lowest in energy.2 The three singly occupied orbitals are shown in
Figure 6. Furthermore, the calculations totally eliminated the spin-
coupling model M2+(S-5/2)-02(S-1) as a possible description.

The doubly occupied orbitals in the MnO, plan are shown in

Figure 7; in addition to these the =« 8 orbital, which is perpendicular

to this plane, is also doubly occupizd. The orbital on the left side
represents a nus orbital donating some density to the metal. Most of
the interaction must be with the s and p orbitals on the metal since the
d,2 remains low enough in energy to be singly occupied. The orbital on
right side represents a strong covalent bond between the wgs and the d ,
orbital. Notice that it is almost an equal mixture of the two
components. Configuration interaction also plays an important role in

this interaction, such that a reasonable representation would be to
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Figure 6. Singly occupied MO of manganese-dioxygen system: the

d,2, the dx2-y2 and the dyz‘

think of a valence bond description where one electron in the dy,

orbital formed a covalent bond with one electron in the =n_5. Thus, the

- 2 g2
dioxygen configuration corresponds to Oy 3ag21rua ﬁus rga rgs 1, and the

manganese corresponds to Mn3* dx2_y21 dyz1 dz21 dle dxyo'

Figure 7. Doubly occupied MO of manganese-dioxygen system: the =« s

u
to metal donation and the "gs'dxz interaction.

Summary
In this paper we have attempted to summarize our work on MO, por-
phyrin systems and provide enough background to allow the rea