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Geometries and electronic structures of the quintet and septet states of the [Mn(P)(O,)]~ (P: porphinato) anion
were theoretically investigated. Four local minimum geometries with two side-on additions of O, to MnP, 1 (°B,)
and 3 ("A,), and two end-on additions of O,, 2 (*A”) and 4 (°A’), were found. One of the side-on forms, 1, corresponds
to that observed by X-ray crystallographic study. 3 is a septet state with higher spin than the quintet states of 1, 2, and 4.
Each of the two end-on forms has the corresponding transition state with the side-on geometry. Energy differences
among 1, 2, and 3 are less than 1 kcal mol~'. The electronic structures of four local minimum states were essentially
different. 1 has an electronic structure presented as [Mn''(0,%7)]~. 2 has antiferromagnetically coupled diradical char-
acter presented by the formal chemical formula of [Mn"*(0,°7)]~. 3 has ferromagnetically coupled diradical character.

4 is presented by [Mn'(0,7)]~.

It has been well recognized that manganese interacts with
dioxygen and its reduced derivatives in biological systems in
numerous ways. The nuclearity of Mn sites that interact with
dioxygen in biology ranges from mononuclear (MnSOD; man-
ganese superoxide dismutase) and dinuclear (MnRR; manga-
nese ribonucleotide reductase) to tetranuclear (OEC; oxygen-
evolving complex in photosystem II), making use of the
Mn(II), Mn(III), and Mn(IV) oxidation states.' In an early
stage of study on manganese chemistry, much of the work
involved the oxygenation of Mn—porphyrin complexes, even
the Mn sites in MnSOD and OEC were non-heme sites.

The [Mn(TPP)(O,)] (TPP: tetraphenylporphinato) complex,
which was prepared as the first dioxygen adduct for the Mn—
porphyrin complex by Basolo and co-workers using synthetic
manganese porphyrin,” was formed by the replacement of pyri-
dine in [Mn"'(TPP)(py)]. The EPR observation of this complex
exhibited an § = 3/2 ground state that indicates a Mn(IV) for-
mal oxidation state with a large transfer of electron density
from manganese to O, and an absence of spin density on O,
upon binding.” Thus, this complex could be formally denoted
as [Mn"(TPP)(0,%7)].

The [Mn"(TPP)(O,)]~ anion has been prepared as potas-
sium cryptate [K(K222)]" salts of the [peroxotetraphenylpor-
phinato]manganate(III) anion by Valentine and co-workers,®
and its structure was first characterized by X-ray crystallo-
graphic study. The dioxygen is bound to manganese in a side-
on form, and manganese lies 0.764 A above the least-squares
plane based on four pyrrole nitrogens of porphyrin toward the
peroxo ligand. [Mn"™(TPP)(0O,)]~ was originally prepared by
Valentine and Quinn® and was believed to be [Mn''(TPP)-
(O27)]™ because of its lack of the split Soret band. However,
Valentine and co-workers® concluded from the X-ray crystallo-
graphic observation that the oxidation state of Mn is Mn(III)
denoted as [Mn"'(TPP)(0,27)]~ rather than Mn(I); even addi-
tional support!® for Mn(II) was provided from a deuterium
NMR study by Shirazi and Goff. Valentine et al. also estimated

the electronic structures from iterative extended Hiickel (IEH)
and INDO/s of semiempirical molecular orbital methods and
showed that the ground state of the d* complex is (dy —
Ozj'tgy)l(dyz)l(dzz)l(d)(z,yz)1 in the coordinate system of the
xy-plane defined by the pyrrole nitrogens and the x-axis parallel
to the O-O axis.®!! Shirazi and Goff predicted that the Mn(II)
center with a singly occupied d,»_,> orbital would have strong
antiferromagnetic coupling to the unpaired spin on a superoxo
ligand.'? Thus, it looks unclear whether the oxidation state of
manganese in [Mn(TPP)(O,)]~ is Mn(Il) or Mn(III). The pur-
pose of this work is to give the oxidation state of Mn by per-
forming theoretical calculations of possible geometries and
electronic structures of [Mn(P)(O,)]~ (P: porphinato).

The Mn—porphyrin complex and its derivatives have
attracted interest as versatile oxidation catalysts of alkanes
and alkenes.'”?° Their typical Mn—porphyrins complexes are
[Mn(P)CI], [Mn(P)O], and [Mn(P)O]*. Zwaans and co-
workers have performed ab initio calculations on [Mn"'(P)ClI]
and its cation and anion.'>!* The ground state of a neutral
[Mn™(P)CI] is a quintet state of the highest spin state with
the electron configuration of (d2)'(dy)'(dy,)'(dy,)" with the
transfer of electron densities from Mn to Cl. The ground state
of the anion [Mn'(P)Cl]~ is a sextet state with the electron
configuration of (d.2)"(d,2—,2)"(dyy)'(dy2)'(dy2)", in good agree-
ment with the result of the IEH calculation shown by Valentine
and co-workers.® An added electron occupied the unoccu-
pied 3d orbital of Mn with spin parallel to others, and Cl is
a Cl anion with a fully occupied electron configuration of
(3s)*(3p)°. Then, the oxidation state of Mn changes from
Mn(III) to Mn(II). In the case of [Mn(P)O], and [Mn(P)O]",
the oxidation states of Mn in the neutral and positively charged
systems are Mn(IV) and Mn(V), respectively, with a large
transfer of electron density from the 3d orbital of Mn to the
doubly degenerate and singly occupied p-orbitals of the O
atom. [Mn(P)Cl] and [Mn(P)O] have similar electron configu-
rations where the ligands are fully occupied such as (s)?(p)°.
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[Mn(P)(O,)]~ is different from [Mn(P)Cl] and [Mn(P)O],
since the unoccupied orbitals 77,* and 77.* of O, interact with
3d-orbitals of Mn in a different manner. Therefore, [Mn(P)-
(Oy)]” is a more interesting and more complex system than
them.

In this work, we focus on the oxidation state of Mn, and the
geometries and electronic structures of the [Mn(P)(O,)]™ sys-
tem. The possible electron and spin configurations of [Mn(P)-
(02)]~ were investigated using high quality calculations at the
unrestricted B3LYP level. Four stable geometries were found.
Two of the four are side-on forms and the others are end-on
forms. It is shown that the electronic structures of these four
states are different in the interaction between Mn and O,. In
addition, two side-on forms corresponding to the transition
states for two end-on forms were also found.

Calculation Details

Obtaining the Electronic Structures. Since correlation
effects are important to elucidate the transition-metal systems,
the usual Hartree—Fock methods lead to poor estimations for
the complex systems of manganese, porphyrin, and O, mole-
cule. The hybrid exchange-correlation functional B3LYP
method?'~2* was most widely used for the transition-metal sys-
tem, and provided results in good agreement with experiments
for mononuclear systems. In order to confirm the applicability
of the B3LYP method for the manganese mononuclear system,
we estimated the dissociation energy of [MnCH,]" as a test
calculation. For the [MnCH,]" system, the UHF method gives
the dissociation energy of 44.3 kcalmol~!' with a MINI basis
set,>>?0 The UMP4 method gives 66.4kcalmol~',?® and the
SDCI method gives 36.0kcalmol™! with an augmented
Wachters basis set?” for Mn and TZP basis set for C and H.?®
All these results largely deviate from the experimental value
of 96 + 4 kcal mol~'.% However, using the B3LYP method
with the LanL.2DZ basis set** for Mn and 6-31G* basis set’!
for C and H, the dissociation energy was estimated to be 84.8
kcal mol~!, which is in reasonable agreement with the experi-
mental value. In this work, we employed the B3LYP method
to estimate the electronic structures of [Mn(P)(O,)]~. The
LanL.2DZ basis set was employed for the Mn atom and the
6-31G* basis set for porphyrin. The 6-3114+G* basis set,*
which can feasibly accept extra electrons, was used for dioxy-
gen. All calculations were carried out using the program pack-
age Gaussian 98.%

It is well recognized that it is a difficult task to investigate
the electronic structures of the transition-metal systems due
to the degeneracy of d-orbitals that cause lots of possible elec-
tron spin configurations and spin states in narrow energy re-
gions. In some cases, metal interacts with a ligand in a manner
of ferromagnetic and antiferromagnetic spin couplings, in ad-
dition to the usual bond formation and coordinate bond. Thus,
we have to search all wavefunctions corresponding to possible
electron and spin configurations. For calculations at the SCF
level, we have to make the appropriate initial guess corre-
sponding to the desired state.

Before we examine the geometries and electronic structures
of [Mn(P)(O,)]~, we like to consider simply the electron spin
configurations of [Mn(0O,)]™ in [Mn(P)(O,)]~. Suppose that
[Mn(O,)]~ is formally presented by [Mn™(O,7)] plus an extra
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Fig. 1. Schematic diagrams of possible electron spin con-
figurations in [Mn(P)(O,)]~, supposing that they are con-
structed from [Mn'(0,7)] plus an extra electron.

electron, as shown in Fig. 1 schematically for interaction in
[Mn"'(0,7)], Mn(II) has (3d)* electron spin configuration,
and O,~ has a doubly occupied 77* orbital and a singly occu-
pied 77* orbital. It is schematically shown by (a) in Fig. 1. In
this simple diagram, bond formations by orbital interactions
between Mn(IIl) and O, are not involved for the simplicity
even though the bonds exist. They are dependent on the geo-
metric configurations of Mn(P) and O,. The addition of an
extra electron to yield [Mn™(0,)]~ causes three possible elec-
tron spin configurations such as (b), (c), and (d) shown in
Fig. 1. For S1 in (b), an extra electron is put into a singly
occupied 77* orbital of O, to give 0,2~ with fully occupied
7r* orbitals. The spin multiplicity for this configuration is
given by 5, which is a quintet state, and the total charge is
—1. In this spin configuration S1, [Mn™(0,)]~ is formally
presented by [Mn'(0,27)]~, which is expected to correspond
to [Mn"'(TPP)(0,%>7)]~, as proposed by Valentine and co-
workers.3!! For (c), an extra electron is added into the unoccu-
pied 3d orbital of Mn. The spins of the added 3d orbital and the
singly occupied 7m* orbital cause three possible interactions.
S2 presents covalent bond formation between their orbitals
with transfer of electron density from Mn to O,. This is denot-
ed as [Mn'"(0,%7)]~, which is indistinguishable from S1. 83 is
an antiferromagnetic spin-coupling diradical, and S4 is a ferro-
magnetic spin-coupling diradical. Their formal presentations
for [Mn™(0O,)]~ are [Mn™(0,°)]~, which is expected to cor-



Y. Yoshioka et al.

respond to the original [Mn'"(TPP)(O,7)]~ proposed by Goff
and co-worker.”!0 In these cases, the oxidation state of Mn
is Mn(II) with the (3d)® configuration rather than Mn(IIT) with
the (3d)* configuration of S1. The spin multiplicities of sys-
tems are given by 5 for S2 and S3, and 7 for S4. For S5 in
(d), an extra electron is put into a singly occupied 3d orbital
of Mn to make a doubly occupied orbital with paired up-
and down-spins. The spin multiplicity is also given by 5, since
0, is not altered from a singly occupied 77 orbital. These
four different spin configurations, S1, S2, S3, and S5, have
the same spin multiplicity of 5 and the S4 spin configuration
has 7.

The calculations to obtain the optimized states with all pos-
sible electron spin configurations shown in Fig. 1 were carried
out as follows. For all spin configurations, the geometries of
the systems were held with the side-on form, since orbitals
are distinguishable because of the higher symmetry than
the end-on form. First of all, the geometry of Mn—porphyrin
[Mn"(P)] with the total charge of 0 and the spin multiplicity of
6 was optimized. Using the optimized geometry of [Mn'(P)],
dioxygen was added to give the side-on form with the dis-
tances of 1.91 A for Mn—O and 1.38 A for O-O. This geometry
was optimized using the basis sets of LanL.2DZ for Mn and
6-31G™ for other atoms. Subsequently, all calculations were
performed by using the 6-311+G™ basis set for dioxygen.
The unrestricted SCF calculation of [Mn™(P)(O,)]~ with the
total charge of —1, spin multiplicity of 5, and without any
other constraints gave the electron spin configuration of S5 in
Fig. 1. Then, all geometrical parameters were fully optimized
without any restrictions. From the configuration of S5, the ini-
tial guess of the unrestricted SCF calculation was formed by
alternation of spin occupation to match with the spin configu-
ration of S3, giving an SCF solution with antiferromagnetic
spin coupling. Then, the geometry was optimized. The ferro-
magnetic spin coupling of S4 was obtained by spin-flip of the
antiferromagnetic spin coupling in the spin configuration of S3.
The electron spin configuration of S1 was obtained by slightly
changing the optimized geometry of S3 and by using the spin
configuration of S3 without changing the spin occupation.
The frequency analyses were performed for optimized geo-
metries of all electron spin configurations, S1, S3, S4, and S5
with side-on forms. The states with spin configurations of S3
and S5 have single imaginary frequency; then, we performed
the intrinsic reaction coordinate (IRC) calculations in order to
find the minimum states connecting the transition states.*%

Analyses by Spin Densities and Natural Orbitals. In
most cases, it is important to identify the formal oxidation state
of a metal in order to elucidate the electronic structure in its
metal-complex system. One of methods to identify the formal
oxidation state is spin density on the metal, which can be esti-
mated by Mulliken spin population. For (3d)’ configuration of
Mn(II), spin density is given by 5, and it is 4 for (3d)* config-
uration of Mn(III). The additional tool is to examine the value
of total spin angular momentum (S2), which gives 6 for S1, 12
for S4, and 6 for S5. For S3, in which two spins are antiferro-
magnetically coupled, the (S?) value becomes different from 6
of the pure spin state due to the spin contaminations from the
higher spin state in the broken symmetry solution. However, in
the real calculations of the metal complexes, the spin density
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on metal and angular momentum are, sometimes, deviated
from the pure values because of charge and spin delocaliza-
tions and redistributions. Accordingly, it is not possible in
many cases to identify the electronic structure and the oxida-
tion state of a metal from only spin density and spin angular
momentum.

As an additional method, the analysis of natural orbital that
is estimated by diagonalizing the density matrix of the desired
state is a strong tool to identify the electron spin configuration.
The natural orbital for the open-shell system is generally pre-
sented as follows:

o(r,r) = Z n_ip_(NG* (") + Z e (NG

+ 3 (b (). (1)
i=1

Here, ny; are occupation numbers of electrons in the natural
orbitals @, ,(r) with

ni+ny =2, ny >0 2

In the case of n_; = 2 and ny; = 0, ¢_,(r) is a doubly occupied
orbital. In the case of n_; = ny; = 1, ¢_,(r) and ¢+,~(r) are the
broken symmetry solutions with antiferromagnetic coupling of
two spins. @;(r) is a singly occupied orbital (SOMO), and m
corresponds to the number of spins in the open-shell system.
For example, m-values are given by four for S1, S3, and S5.
Accordingly, ¢,;(r) shows a radical orbital with up-spin. For
S5 spin configuration, three SOMOs correspond to three differ-
ent 3d orbitals, and one SOMO to the 7* orbital of the dioxy-
gen. If we did not have this picture of SOMOs for S5, the
obtained SCF solution would present a different electronic
structure from the S5 spin configuration; even the spin density
and (S?) value are reasonable.

Spin angular momentum (S?) can be represented by occupa-
tion numbers as follows:

) m (m
(s>=5<5+1)+

showing that deviation of the (S?) value from the pure spin
state depends on ny; values, which correspond to orbitals with
antiferromagnetic coupling of spins. For S3 spin configuration,
the (S?) value is, therefore, expected to increase by unity from
six of the pure spin state (S = 2) because of antiferromagnetic
spin coupling (n+; = 1). Accordingly, the (S?) value is increas-
ed one by one with increasing number of antiferromagnetically
coupled spins.

Using these procedures, the electronic structures of [Mn-
(P)(O,)]™ are identified for the unrestricted SCF solutions ob-
tained from initial guesses of S1, S3, S4, and S5 electron spin
configurations, as discussed in the following section.

S i 3

i(121720)

Results and Discussion

Geometries and Energetics. We have obtained six sta-
tionary states for [Mn(P)(O,)]: four side-on forms (1, 2ts, 3,
and 4ts) and two end-on forms (2 and 4), as shown in Fig. 2.
Figure 2 also shows the selected bond distances and the coor-
dinate system employed in this work. Summarized in Table 1
are the total and relative energies with and without zero point
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Fig. 2. Top and side views of optimized geometries of [Mn(P)(O,)]~. 1, 2, 3, and 4 are local minimum states on the potential
energy surface. 2ts and 4ts are transition states connecting to 2 and 4, respectively. Distances are given in units of A.

Table 1. Total Energies (au) and Relative Energies (kcalmol~') of Optimized Geometries of
[Mn(P)(O)]~ with and without Zero Point Corrections (ZPC)

Without ZPC With ZPC
State Spin state Eo + 1242 AE Eo + 1242 AE.q
1 B, Quintet —0.824419 0.0 —0.548545 0.0
2 SA” Quintet —0.824498 -0.0 —0.548868 -0.2
(—0.825035 —0.4)Y
2ts SA, Quintet —0.822570 1.2 —0.547466 0.7
3 A Septet —0.824787 -0.2 —0.549456 -0.6
4 SA Quintet —0.795255 18.3 —0.518644 18.8
4ts SA Quintet —0.794293 18.9 —0.517923 19.2

a) Approximately projected energy estimated by Eq. 5 in text. The energy of the septet state
is estimated by using the same geometry as the quintet state 2. "Ey = —1242.821666 au and
7(8%),, = 12.0109.

corrections. From the frequency analyses, two side-on forms of ~ with single imaginary frequencies of 100i and 881, respectively.
1 and 3 and two end-on forms of 2 and 4 are local minimum We performed the intrinsic reaction coordinate (IRC) calcula-
states on the potential energy surface with all positive frequen- tions*3 from 2ts and 4ts in order to find the minimum states
cies, while two side-on forms of 2ts and 4ts are transition states connecting to the transition states. 2ts smoothly connects to



Y. Yoshioka et al.

Bull. Chem. Soc. Jpn. Vol. 79, No. 8 (2006) 1205

Table 2. Selected Bond Distances (A) and Manganese Out-of-Plane Displacements (dy) (A) from Four Nitrogen
Atoms in the Porphyrin Ring for Six Optimized Geometries of [Mn(P)(O;)]~ and the Observed Geometry

State Mn-N(x) Mn-N(©) Mn-O 0-0 do/A
1 2.203 2.206 2.224 2224 1.965 1.967 1.387 0.795
2 2.190 2.191 2.185 2.185 2.070 1.335 0.712
2ts 2.209 2.209 2.191 2.191 2.255 2.255 1.342 0.673
3 2.198 2.198 2.198 2.200 2.249 2.263 1.342 0.709
4 2.048 2.051 2.052 2.053 2.288 1.310 0.255
4ts 2.057 2.058 2.054 2.054 2.413 2.427 1.311 0.218
[Mn(TPP)(0,)]~ 2.151 2.184 2.199 2202 1.888 1.901 1.421 0.764

a) Crystal structure of [peroxotetraphenylporphinato]manganate(II) given by Valentine et al.?

2, and 4ts to 4. 2ts is only 0.9 kcal mol~! higher in energy than
2, and 4ts is only 0.4 kcal mol ! higher than 4, as can be seen
from Table 1, showing that dioxygen bound to Mn in 2 is easi-
ly shaken between 2 and 2ts, and dioxygen in 4 is also easily
shaken between 4 and 4ts.

Table 2 lists the manganese—nitrogen, manganese—oxygen,
and oxygen—oxygen distances and manganese out-of-plane
displacements for six optimized geometries of [Mn(P)(O;)]".
In the side-on form of 1, the Mn—O distances are 1.965 and
1.967 A, and the O-O distance is 1.387 A. These distances
are in reasonable agreement with the 1.888 and 1.901 A ob-
served by the X-ray crystallographic study of [Mn™(TPP)-
(02)].8 The Mn atom is 0.795 A out of the plane of four nitro-
gen atoms in the porphyrin ring, which is also in reasonable
agreement with the 0.764 A of [Mn™(TPP)(O,)]~. It could
be, therefore, believed from these results that the side-on form
1 is expected to correspond to the observed side-on form of
[Mn™(TPP)(0,)]~, in harmony with 1 being a state optimized
in geometry by the SCF solution converged with S1 spin con-
figuration as an initial guess.

From Table 1, 2 and 3 are isoenergetic to 1, and only 0.2
and 0.6 kcal mol~! different in energy, respectively. However,
2 has the end-on form, different from the side-on of 1. The
Mn-O distance is estimated to be 2.070 A, longer than the
1.966 A of 1, while the O-O distance is 1.335 A, shorter than
the 1.387 A of 1. For the side-on form 3, distances of Mn-O
and O-O are 2.256 A (in average of two Mn-O distances)
and 1.342 A, respectively, also being longer and shorter than
those of 1. However, the Mn atom is 0.712 and 0.709 A out
of the plane of four nitrogen atoms in the porphyrin ring for
2 and 3, respectively, similar to the 0.795 Aof 1.

The end-on form of 4 is higher in energy by 18.8 kcal mol !
than 1. The Mn-O distance is the longest and O-O distance is
the shortest. Mn is only 0.255 A out of the plane of four nitro-
gen atoms in the porphyrin ring, being essentially different
from 1, 2, and 3.

Electronic Structures. Four stable states, 1, 2, 3, and 4,
were obtained based on the assumption of the electron spin
configurations S1, S3, S4, and S5, respectively. It is, however,
not clear whether the four stable states hold the original spin
configurations or not. As can be seen from Fig. 1, spin config-
urations S1, S3, S4, and S5 are easily distinguishable by spin
densities on the Mn atom and dioxygen. For the S1 spin con-
figuration, the Mn atom has four up-spins and dioxygen has no
spin due to fully occupied 77* orbitals. The Mn atom has five
up-spins and dioxygen has a single down-spin for S3, while the

Table 3. Spin Angular Momentums ((S?)) and Spin Densi-
ties of Mn, Porphyrin Ring (P), and Dioxygen (O-O)
Moieties for Six Optimized Geometries of [Mn(P)(O,)]~

Spin densities

(S?) Mn P 0-0
1 6.4076 4.342 0.168 —0.510
2 6.9565 4.729 0.175 —0.905
2ts 6.9955 4.756 0.163 -0.919
3 12.0158 4.708 0.158 1.134
4 6.1500 2.900 —0.151 1.251
4ts 6.1503 2.885 —0.163 1.278

Mn atom has five up-spins and dioxygen has a single up-spin
for S4. For S5, the Mn atom has three up-spins and dioxygen
has a single up-spin. Accordingly, the four spin configurations
S1, S3, S4, and S5 have essentially different patterns in spin
distribution.

Summarized in Table 3 are spin angular momentums and
spin densities of Mn, Porphyrin (P), and O—O moieties of four
stable states and their transition states. Spin densities of P and
0O-0 moieties were obtained by summation of the atomic spin
densities in P and O—O moieties. As expected from the above
considerations, it is easily found that the spin densities of
[Mn(P)(O,)]~ are divided into four groups, (1), (2 and 2ts),
(3), and (4 and 4ts). For 1, spin angular momentum (S?) is
6.4076, slightly larger than the 6.0 of the pure quintet state
with four parallel spins. Spin densities of Mn and O-O are
estimated to be 4.324 and —0.510, respectively. It is expected
from these results that 1 has four up-spins localized on Mn
and small diradical character distributed on Mn and O-O with
weak antiferromagnetic spin coupling. However, it seems that
the pattern of spin densities of 1 holds that of S1: even Mn and
0-0 have extra spin densities.

The spin densities of Mn and O-O in 2 are 4.729 and
—0.905, showing that Mn has five up-spins and O-O has a sin-
gle down-spin. The (S?) value is 6.9565, which is increased by
unity from the 6.0 of the pure quintet state. These results indi-
cate that there exist spins with antiferromagnetic coupling be-
tween Mn and O-O, and an additional four up-spins on Mn;
because of that the antiferromagnetic spin coupling increases
(S?) by unity from the value of the pure spin state, as shown
in above section.’*-3® Thus, the pattern of the spin densities
of 2 holds that of S3. Spin densities of Mn and O-O in 3
are 4.708 and 1.134, respectively, showing that Mn has five
up-spins and O-O has a single up-spin. The (S?) value is
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Table 4. Occupation Numbers of Natural Orbitals of Optimized States of [Mn(P)(O,)]~, Characteristics of Natural Orbitals in Paren-
thesis, Diradical Characters, and Chemical Formula of Mn—O Bonds

Orbital 1 CBy) 2 (A" 2ts (CA,) 3(Ay) 4(A) 4ts CA))
LUMO 0.226 (dy. — 7.%) 0.004 (P) 0.066 (P) 0.067 (P)
SOMO+1 0771 dy. — %) 0.885 (dyy — 7,%)

SOMO6 1.0 (dy_y2)

SOMO5 1.0 (dy,)

SOMO4 1.0 (dy) 1.0 (d2) 1.0 (dy,) 1.0 (d,,) 1.0 (d.2) 1.0 (71,)
SOMO3 1.0 (dy.) 1.0 (dy_y2) 1.0 (dy.) 10 dy — %) 1.0 (dy) 1.0 (dy,)
SOMO2 1.0 (d,2) 1.0 (dyy) 1.0 (dp_y2) 1.0 (d,) 1.0 (,%) 1.0 (d,2)
SOMO1 1.0 (dy_y2) 1.0 (dy) 1.0 (d.2) 10 (dy +1,%) 1.0 (dy) 1.0 (d,.)
SOMO—1 1229 (dy. +71,%) 1115 (dyy + 7,%)

HOMO 1774 (m.* +dy)  1.998 (7,) 1.998 (1r,) 1.996 (.%) 1.934 (%) 1.933 (7.%)
HOMO—1  1.998 (7.) 2.000 (77,%) 1.999 (77,%)

HOMO—-2 1.998 (dyy)

HOMO—4  2.000 (77,*) 1.998 (dyy)
b 0.032 0.565 0.773

Formula [Mn"'(0,%7)]~ [Mn"*(0,* )]~ [Mn'*(0,°7)]~ [Mn"(0,7)]~

a) Diradical character estimated by Eq. 4 in text.

12.0158, which is nearly equal to the 12.0 of the septet state.
Thus, the pattern of the spin densities of 3 holds that of S4 with
ferromagnetic spin coupling. The spin densities of Mn and O—
O in 4 are 2.900 and 1.251, respectively, showing that Mn has
three up-spins and O—O has a single up-spin, while the (S?)
value of 4 is 6.1500, nearly equal to the 6.0 of the pure quintet
state. 4 also holds the pattern of spin densities of S5. It is,
therefore, confirmed that the four stable states 1, 2, 3, and 4,
optimized in geometry based on the assumption of the electron
spin configurations S1, S3, S4, and S5, hold the original spin
configurations.

As can be seen from Fig. 1, the electron spin configurations
S1, S3, S4, and S5 do not include the information of orbitals
and their interactions at all. For S1 (1), although n'y* and
7.* orbitals (in coordinate system shown in Fig. 2) of 0,%~
are doubly occupied, it is uncertain which of the 3d orbitals
on Mn is unoccupied, and the orbital interactions between
Mn and O,>~ are also unknown. For 83 (2) and S4 (3), it can-
not be seen from Fig. 1 what 3d orbitals on Mn and 7 orbitals
on Oy~ contribute to the antiferromagnetic or ferromagnetic
spin couplings. In the side-on form, the 7,* orbital will inter-
act with the d,, orbital and 7. * with d,, due to the symmetry
consideration. In the end-on form, the ny* orbital will interact
with the d,; orbital and 77,* with d> from symmetry consider-
ation. For S5 (4), it is uncertain which of the 3d orbitals on Mn
is doubly occupied or unoccupied. It is apparent that these
unknown electron configurations of [Mn(P)(O,)]~ are largely
dependent on the geometric configuration of [Mn(P)(O,)] .

In order to explore the electronic structures of 1, 2, 3, and 4,
we performed the natural orbital (NO) analysis. Summarized
in Table 4 are their occupation numbers and the orbital assign-
ments in parentheses. The notation of SOMOi (i = 1-6) is
used for the singly occupied NO with an occupation number
of pure unity, indicating the pure radical orbital, as shown in
Eq. 1. SOMO—i is used for NOs with the occupation numbers
(n_;) greater than and nearly equal to unity, and HOMO and
HOMO-—i are used with n_; nearly equal to two. The corre-
sponding NO with the occupation number ny; (n_; + ny; =2

in Eq. 2) is denoted by SOMO+i, LUMO, and LUMO+i.
The diradical character b of NO can be estimated from the

occupation number of n_ or n, as follows:36-38
2n_ —1 2(1 —
be1— (n 2) X 72l+) _ @
(n-—1)"+1 (I =ny)”+1

It can be seen for 1 from Table 4 that four pure radicals with
up-spins are localized on Mn and that the d* configuration is
(dy)'(dy)'(d2_,2)"'(d2)!. This is in good agreement with
(dyy — OZJ'L'gy)l(dyz)l(dzz)l(d)cz,yz)1 obtained from the previous
IEH calculations® except for a small discrepancy. The IEH cal-
culations yield that one of the singly occupied orbitals is given
by the hybrid 60% d,,—40% O, er* through a mix of Mn d,,
and O, 7,*. However, our B3LYP calculations give a singly
occupied Mn d,, orbital (94% d,,~3% 7,* (0,)-3% 7 (P))
and doubly occupied O, ny* orbital, as can be seen from
Fig. 3. The 7. * orbital of dioxygen interacts with the d.. orbi-
tal of Mn, yielding a strong bonding HOMO with the occupa-
tion number of 1.774 and antibonding LUMO with 0.226, as
shown in Fig. 3. The deviation from 2.0 to 1.774 in the occu-
pation number causes the spin polarization between Mn and
dioxygen, reflecting the appearance of spin densities on Mn
and dioxygen as shown in Table 3. It is, therefore, concluded
that the electron configuration of 1 (°B») obtained here strong-
ly supports the suggestion by Valentine and co-workers,? and
the oxidation state of Mn in 1 is Mn(III) rather than Mn(II).
In addition, these results lead to the conclusion that the chemi-
cal formula of 1 (°B,) can be formally represented as [Mn'!l-
(P)O* )]

Before the electronic structure of the minimum stationary
state 2 is explored, it is interesting to elucidate it for the transi-
tion state 2ts, which connects smoothly to 2. 2ts also has the
same side-on form of dioxygen as the local minimum state 1.
It is easily found from Table 4 that four pure radicals are local-
ized on Mn with a d* configuration of (d;.)'(d,,)' (d,2_,2)'(d2)".
The d,, orbital of this configuration is different from the
d,, orbital of (dxy)l(dyz)l(dxz,yz)l(dzz)l for 1. The 7Ty* orbital
is destabilized with shorting the O-O distance from 1.387 to
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Fig. 3. Side views of SOMO4, HOMO, and LUMO for side-on form 1.
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Fig. 4. Side views of HOMO—1 and SOMO4 and top and
side views of SOMO—1 and SOMO+1 for the side-on
form 2ts.

1.342 A, as shown in Table 2, yielding bonding and antibond-
ing interactions with d,, that have occupation numbers of
1.115 and 0.885, respectively. These orbitals are shown as
SOMO-—1 and SOMO+1 in Fig. 4. The diradical character b
of these orbitals can be estimated using Eq. 4. The diradical
character is 0.773, showing that the antiferromagnetically cou-
pled spins are distributed on d,, of Mn and 77, of O-O. These
are consistent with the spin densities of 4.756 on Mn and
—0.919 on O-0, and the (S?) value is increased by about unity
from the pure spin state as shown by Eq. 3. The 7.* orbital
does not interact with d,, due to the longer distance of
2.255A (1.966 A for 1), yielding that d,; is changed to a pure
radical orbital and 77.* is changed to a doubly occupied orbital,
as shown in Fig. 4. They are different from the mixing of d,,
and 77.* in the side-on form of 1. Since Mn has four pure radi-
cal spins and a single diradical spin coupled with O-O, the

oxidation state of Mn is Mn(II) rather than Mn(III). It is, there-
fore, concluded that 2ts (°A;) is characterized by [Mn"*(P)-
(0,°7)]™ as a formal chemical formula.

Geometric change from 2ts to 2 induces reduction of sym-
metry from Cy, to Ci. dy, and d,; orbitals in 2ts, which have
respectively a; and b; symmetries of C,y, belong to the same
symmetry a” in Cs of 2. In the end-on form of 2, one of the
dioxygens is 2.070 A from Mn and the other is 2.880 A away
from Mn. Accordingly, the 7,* orbital interacts with the d,,
orbital rather than d,,, and d,, is switched to the pure radical
orbital in place of the d,; of 2ts. SOMO—1 and SOMO+-1,
which correspond to diradical orbitals with antiferromagnetic
spin coupling, are depicted in Fig. 5. It is easily found that
SOMO-1 is the bonding interaction of d,, and 7 * and
SOMO+1 is the antibonding interaction. These indicate that
the electronic structure of 2 (A”) is smoothly connected to
those of 2ts (CA,).

As expected from the previous discussion that 3 (side-on
form) holds the S4 spin configuration, d,, and 77, orbitals
with the antiferromagnetic spin coupling in 2ts are changed
to diradical orbitals with the ferromagnetic spin coupling. 2
and 3 are isoenergetic with only 0.2 kcalmol™! of difference
without zero point correction (Table 1). The unrestricted solu-
tion for 2 with the antiferromagnetic spin coupling suffers
from spin contamination from the next higher spin state. In this
case, the septet spin state is the main contamination, which can
be approximately removed. The total energy >Epy after remov-
al of spin contamination is obtained using the energies >Ey,
energy of the unrestricted solution for the quintet state, and
7Ey, energy for the septet state with the geometry of >Ey; state,
as follows:30-38
2($Py —2(8%)
$%) = 2()y

The evaluated value is listed in parenthesis in Table 1.
Although 2 and 3 are still isoenergetic, 2 is lower by 0.2
kcal mol~! in relative energy than 3. Shirazi and Goff provided
a prediction from the observation of downfield NMR shifts for
the pyrrole protons that Mn is a high-spin state with a singly
occupied d,_,» orbital and is Mn(Il) rather than Mn(III).1°
They also proposed that the Mn(II) center has strong antiferro-
magnetic coupling to the unpaired spin on a superoxo ligand.”
Their proposal is in good agreement with the electronic struc-
ture of 2 obtained here. 2 has a singly occupied d_,» and
strong antiferromagnetic spin coupling between d,; and 7Ty*,
as can be seen from Table 4 and Fig. 5. In other words, the
geometry and electronic structure of 2 support strongly the ob-
servation by Shirazi and Goff rather than that by Valentine and
co-workers.®!! The observations of two different electronic

SEpy = Ey + CEy —"Ep). )
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Fig. 5. Top view of SOMO2 and top and side views of SOMO—1 and SOMO+1 for the end-on form 2.

structures and geometries of 1 (°B;) and 2 (°A”) might be due
to the difference of experimental conditions, where 1 is ob-
served in a crystal and 2 in a Me,SO solution. Unfortunately,
we could not find the experimental observation corresponding
to the electronic structure of 3 (7A,). It might be possible,
however, to observe it under the appropriate condition because
of being isoenergetic to 2.

The ground states of [Fe"(P)(O,)], which is an isoelectronic
system to [Mn'(P)(0,)]~, have end-on forms.>**3 The elec-
tronic structure is a singlet diradical state in which two spins
are distributed on Fe and dioxygen with an antiferromagnetic
coupling.?**? The diradical orbitals are presented by bonding
and antibonding interactions of d,, and 77,*, being essentially
similar to antiferromagnetic coupling of spins in 2. The differ-
ence between [Fe''(P)(0O,)] and 2 is that Fe has no pure radical
spins from d orbitals due to double occupation of electrons,
and Mn has four pure radical spins from d orbitals such as
(dxy)l(dxz)l(dxz,yz)l(dzz)1 shown in Table 4. It is interesting
that end-on forms of dioxygen to Mn and Fe give the same
antiferromagnetic spin coupling in spite of showing different
behaviors of Mn and Fe in the chemical and biological
systems.

4 is 19 kcal mol~! higher in relative energy than 1, 2, and 3,
and the geometry of 4 is quite different from those of 1, 2, and
3 (see Fig. 2). The out-of-plane distance of Mn for four nitro-
gen atoms in the porphyrin ring is only 0.255 A, remarkably
shorter than the 0.795, 0.712, and 0.709 A of 1, 2, and 3,
respectively, as shown in Table 2. Mn is, thus, closer to four
nitrogen atoms, when compared with 1, 2, and 3, reflecting
the shortest Mn—N distances among 1, 2, 3, and 4. Figure 6
shows the contour maps of HOMO—-2, SOMO1, and SOMO?2.
HOMO-2 is composed of dpo_,» and 7, of O-O (66%
de_y + 24% 1, (0-O) — 10% o™ (P)), while two SOMOs

are composed of dy, and 7,* of O-O. The 7,* is made more
unstable with shortening the O-O distance to 1.310 A. The
long Mn-O distance causes loss of interaction between Jty*
and d,,, resulting in 77, and d,, being shifted to pure radical
orbitals with the occupation number of unity. d,._,» which
appears as a pure radical orbital for 1 and 2, is shifted to the
unoccupied orbital because of strong antibonding interaction
with four nitrogen atoms in the porphyrin ring due to the small
out-of-plane distance. For the S5 (4) spin configuration shown
in Fig. 1, the doubly occupied orbital in Mn is d,,, the unoccu-
pied orbital in Mn is d,>_,2, and the singly occupied orbital in
dioxygen is 7,*. Therefore, the electron configuration of Mn
for 4 is given by (dy,)*(d2)"(dy,)!(dy,)!, showing that the oxi-
dation state of Mn is Mn(II). Unfortunately, we could not find
any experimental observation corresponding to the electronic
structure of 4. Finally, the chemical formula of 4 (°A’) is for-
mally represented as [Mn"'(P)(0,°7)]".

Summary

Geometries and electronic structures of [Mn(P)(O,)]™ have
been investigated in this work. We have explored all stable
states corresponding to the possible electron spin configura-
tions. In the addition of O, to Mn—porphyrin, four geome-
tries, 1 °B»), 2 CA”), 3 ("A,), and 4 °A’) with essentially dif-
ferent electronic structures were found. 1 and 3 have side-on
forms and 2 and 4 have end-on forms. We clarified from our
theoretical views that the two states 1 and 2 with perfectly dif-
ferent electron configurations are discussed on the same stage
of the experiment. Our results are summarized as follows:

1) For the side-on form 1 (°B,), the electron configuration
of [Mn(P)0)]™ is presented by (71,%)*(.* + dy.)*(dy)'-
(dy)'(d2)'(de_y2)". dy; and 7.* provide the strong bonding
orbitals and four pure radical spins are from 3d orbitals of
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Fig. 6. Bottom and side views of HOMO—2, top and side views of SOMOI1, and top view of SOMO2 for the end-on form 4.

Mn. Formal presentation of the bond character in 1 is [Mn'"-

(P)(0,27)]~. The side-on form 1 supports strongly the struc-
ture observed by X-ray crystallographic analysis.®!! The man-
ganese atom is 0.795 A out of the plane of four nitrogen atoms
in the porphyrin ring, in good agreement with the 0.762 A of
the X-ray structure.

2) For the end-on form 2 (°A”), d,, and 7,* provide anti-
ferromagnetically coupled diradical spins with the electron
configuration of (77.%)*(dyy)" (dy)' (di)'(d2) (d2—y2) (7, ™).
Formal presentation of the bond character for 2 is [Mn"*(P)-
(0,°7)]~. The end-on form 2 supports strongly the observation
by Shirazi and Goff.!” The d,2_,> orbital of Mn is singly occu-
pied, and the d,, orbital of Mn and 77, orbital have the strong
antiferromagnetic coupling, yielding diradical character be-
tween Mn and dioxygen.

3) For the side-on form 3 (A;), the electron configuration
is given by (77.%)*(dy)"'(dy2)'(d)'(d2) ' (d2—,2)' (77, ™)! with
ferromagnetically coupled spins of d,, and 7,*. The ground
state of 3 is a septet state, different from the quintet state of
2. Formal presentation of the bond character for 3 is [Mn'"(P)-
(O]

4) For the end-on form 4 (CA’), four pure radicals are com-
posed of 7,* of O-O and three 3d of Mn with the electron
configuration of (77,)*(d,,)*(dy.)'(dy,)'(d2)! (7r,™)". Formal
presentation of the bond character in 4 is [Mn"(P)(O, )]~
The end-on form 4 is 19kcal mol~! higher in energy than 1,
2, and 3.

This study has sparked our interest to investigate the poten-
tial energy surfaces from the stable states to the dissociation
limits. We plan to perform them as a future study.

This work was supported by The Japanese Ministry of
Education, Culture, Sports, Science and Technology.
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