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Abstract

This work explores the -electronic structure aspects involving the complete
intermolecular O, transfer between Ni(II) and Mn(II) complexes, both containing N-
tetramethylated cyclams (TMC). The energy of the low-lying states of reactants,
intermediate and products is established at CASSCF level and also DDCI level when
possible. The orthogonal valence bond analysis of the wave functions obtained from
CASSCF and DDCI calculations indicates the dominant superoxide nature of all the
adducts participating in the reaction, and consequently that the whole reaction can be
described as the transfer of the superoxide O, between Ni(II) and Mn(II) complexes,

without any additional change on the electronic structure of the fragments.
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Introduction
Biomimetic metal-oxygen complexes have been extensively described as key
compounds for the understanding of the catalytic cycles of dioxygen activation by
metalloenzymes.'”” The metal-O, adducts are also important in homogeneous and
heterogeneous catalysis processes and many complexes containing different metal
centers (Mn, Cu, Ni, Fe...) have been prepared and characterized as models of the
reactive species. Beyond Cu complexes,’ mononuclear LM-O, adducts are scarce, since
they usually react fast to give (LM),-O, or higher nuclearity complexes, which in many
cases are stable enough to be isolated and characterized. When reacting with other
transition metal complexes, L’M’, binuclear LM-O,-L’M’ complexes can be obtained,
where the most frequent coordination modes are u-nzz nz-Oz, bis(u-O) and u-nlznl-Oz
in Cu, Ni, Mn, Fe and Co complexes.5’6’7’8’9’10’11’12’13’14’15

In contrast to the usual behaviour, Cho and coworkers'® have recently described a
novel reaction in which an intermolecular O,-transfer occurs from a side-on Ni-O,
complex to a Mn(Il) one, both containing N-tetramethylated cyclams (TMC), and the
products are the Ni(Il) complex and the side-on Mn-O, adduct:

[(12-TMC)Ni-O,]" + [(14-TMC)Mn]*" — [(12-TMC)Ni]*" + [(14-TMC)Mn-0,]" (1)

where 12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane and 14-TMC =
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane.

The same authors indicate that a similar reaction occurs with the cobalt analogue
[(12-TMC)Co-0,]", although in this case the reaction is ~1100 times slower.'”'® These
are the first-described complete O, transfer reactions between complexes bearing TMC
ligands. The kinetic study performed at low temperature on the Ni-Mn system indicates
a second order rate law, with first order on each reactant. The temperature dependence
of the rate constant led to an activation enthalpy of AH*=11.7 kcal-mol™ and a negative
activation entropy of AS™= -18 cal-mol™-K™'. These data are compatible with a two-step
mechanism, where the formation of the binuclear intermediate [(12-TMC)Ni-O;-
Mn[(14—TMC)]3+ is supposed to be the rate-determining step, although this intermediate
has not been isolated even at low temperature.

To elucidate the details of the mechanism favoring the complete O, transfer instead
of the O,-bridged dinuclear formation, we have recently carried out a theoretical
study'®, where the stationary points of the low-lying potential energy surfaces (PES)

compatible with the electronic states of the reactants have been located and
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characterized. B3LYP calculations including long-range corrections and solvent effects
support the experimentally proposed two-step mechanism and the formation of the

intermediate in agreement with the kinetic studies.
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Figure 1. O, transfer mechanism from our B3LYP theoretical study'’. BSSE corrected

energies for the S = 1 (black) and S = 2 (red) pathways.

In the first step, the binuclear complex is formed, which rapidly dissociates to the
products. The intermediate shows a p-n'm' Ni-O-O-Mn core, a coordination mode
present on few examples of dicopper, '»'*2° dicobalt'**'** and diiron* complexes. The
transition states of both steps, TS1 and TS2, have been characterized. The ground state
for TS1, TS2 and the intermediate is the triplet state, although only slightly stabilized
with respect to the quintet state. The B3LYP reaction energy profile including BSSE
corrections is shown in Figure 1.

Regarding the electronic structure of the adducts involved in the reaction, the [(12-
TMC)Ni-O,]" and [(14-TMC)Mn-O,]" complexes have been both described as
mononuclear metal-peroxo complexes by Cho and coworkers. This suggests the transfer
of the peroxide O,” accompanied by a change of the oxidation states of the metal

centers to explain the reaction:
Ni(II)-0,> + Mn(II) — Ni (II) + Mn(III)-O,> 2)

However, the analysis of the most relevant B3LYP natural orbitals of the optimized
intermediate indicates that the O, moiety has a marked superoxide nature in the
intermediate and also in the transition states. Then the reaction could be also interpreted

as the migration of the superoxide O, between the M(II) complexes:
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Ni(I)-O5" + Mn(II) —> Ni (II) + Mn(II)-O5 3)

In fact, previous multiconfigurational CASSCF/CASPT2 and DDCI calculations® on
the ground state of the [(12-TMC)Ni-O,]" complex indicate a dominant superoxide
character for this complex (76% of Ni(I)-O,” form), in contrast to the proposed
peroxide structure. The peroxide character is not negligible, 8.1% of the Ni(III)-O,>
form in the wave function, suggesting a superoxide-peroxide mixing.

It is the aim of this work to extend the study carried on the [(12-TMC)Ni-O,]"
complex to the intermediate and products to gain a deeper understanding of the
electronic effects accompanying the O, transfer between Ni and Mn complexes. As
stated in the literature, the LM-O, complexes exhibit an intrinsic multiconfigurational
character,” in such a way that the dynamical correlation effects are important to obtain
a good description of the low-lying state energies and electronic structures. As in
previous studies on related biomimetic complexes, we have used CASSCF and

Difference Dedicated Configuration Interaction (DDCI) 26,27

calculations when possible
to elucidate the electronic structure of the oxygenated species and the way in which the
O, molecule is transferred from Ni to Mn complexes.

The results corroborate the preliminary sketch obtained from B3LYP natural orbitals.
All the complexes containing dioxygen, reactant [(12-TMC)Ni-O,]", intermediate
[(12-TMC)Ni-O,-Mn[(14-TMC)]*" and product [(14-TMC)Mn-O,]", present a
dominant superoxide nature, although with non-negligible contributions of the peroxide
forms. Then in good approximation, the reaction can be described as just the migration

of the superoxide unit between the metal centers, without the occurrence of a

simultaneous intermolecular electron transfer.

Description of the complexes

To define the geometry of reactants and products we have used the available X-ray
16,28

except for [(14-TMC)Mn]™ for which the crystallographic
data of [(14-TMC)Mn-CI]" have been employed.”’ As shown previously' B3LYP

crystal structure data,

geometries when taking into account solvent and counterions are very close to the X-ray
ones. For the intermediate, not yet isolated, the B3LYP optimized structure'® has been
used. In all the adducts, the O-O bond lengths are between those of the metal-superoxo
compounds (~1.2-1.3 A) and the metal-peroxo compounds (~1.4-1.5 A).*

Page 4 of 21



Page 5 of 21

Physical Chemistry Chemical Physics

[(12-TMC)Ni-O,]"

The geometry of the [(12-TMC)Ni-O,]" adduct has been built from the X-ray crystal
data provided by Cho et al.'® The complex structure belongs to the Cy point group
(Figure 2), with a side-on 1:1 Ni-O; coordination, with both Ni and O, placed on the yz
plane. The O-O and Ni-O average bond lengths are 1.386 A and 1.889 A, respectively.
The axial Ni-N bond distances are slightly larger than the equatorial ones, in agreement
with a tetragonal distortion along the x axis. The complex has been formulated by Cho
et al.'® as a Ni(Ill)-peroxo system based on the electron paramagnetic resonance,
resonance Raman and Ni K-edge X-ray absorption spectra and X-ray crystal structure.

A low spin ground state (S=1/2) is proposed for this adduct on the basis of the '"H NMR

Evans method.

‘\}_}_ }

Za_leX

Figure 2. X-ray geometry of reactants (top) and products (bottom). Green, Ni; purple,
Mn; red, O; blue, N; grey, C.

[(14-TMC)Mn-O,]"
The X-ray data by Seo et al.*® have been used for the multiconfigurational calculations
performed on [(14-TMC)Mn-0,]" adduct, which structure belongs to the C, point group

(Figure 2). The O, molecule is symmetrically bound to the Mn ion in a side-on
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coordination, where Mn and O, are situated on the yz plane. The O-O and Mn-O bond
distances are 1.403 A and 1.884 A, respectively. Similarly to the [(12-TMC)Ni-O,]"
adduct, the axial Mn-N bond distances are slightly larger than the equatorial ones, in
agreement with a tetragonal distortion along the x axis. Although the O-O bond length is
slightly shorter than in other Mn(III)-O, complexes,’' as [Mn(TPP)(n*-0,)],*** and
[Mn(HB(3,5-iPropz)3)(3,5-iPropzH) - (n%-0,)1,27* (do-o = 1.421 and 1.428 A,
respectively), Seo et al. proposed a Mn(Ill)-peroxo nature for this complex. The [(14-
TMC)Mn-O,]" is EPR silent but 'H NMR data indicate a high spin state with S=2.

[(12-TMC)Ni-O,-Mn(14-TMC)[**

Since the intermediate has not been isolated, we have used in this case the B3LYP
optimized geometry of the cation in CL[(12-TMC)Ni-O,-Mn(14-TMC)],"” which
belongs to the C; point group (Figure 3). The oxygen molecule binds in a p-n'n'
coordination mode to Ni and Mn, forming a dihedral angle of 183.9°. This less-frequent
coordination is probably due to the steric hindrance of the methyl groups in each of the
macrocyclic ligands. The 0O-O, Ni-O and Mn-O bond lengths are 1.33 A, 2.01 A and
2.09 A, respectively. The B3LYP calculations indicate a ground state with S=1.

Figure 3. B3LYP optimized geometry of [(12-TCM)Ni-O,-Mn(14 TCM)]*". Same

color codes as in Figure 2.

[(12-TMC)Ni]** and [(14-TMC)Mn]*
These complexes have deformed square pyramidal coordination, where the N atoms of

the macrocyclic ligand define the pyramid base (Figure 2). No crystallographic data
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have been published to our knowledge on [(14-TMC)Mn]*" and the XR structure of
[(14-TMC)Mn-C1] * has been used.”” The Ni and Mn complexes present Coy and C,
symmetry, respectively. EPR data have not been given for [(12—TMC)Ni]+2 but the
complex has been proposed as a S=1 spin system, consistent with a high spin 3d®

configuration.'®

Computational strategy

We have performed CASSCF and, when possible, DDCI calculations to analyze the
electronic structure of the adducts. The active space has been rationally selected to
reduce as far as possible the large computational demands of DDCI calculations. The
complete set of CASSCF MOs (active, inactive occupied and virtual) has been
localized. The localization of the inactive orbitals aims to reduce the cost of the DDCI
calculations. In fact, the core orbitals of C, N, O and metal atoms (up to 3s), as well as
the bonding and antibonding C-C and C-H orbitals have been frozen in the DDCI
calculations, since they do not play a relevant role in the M-O, interaction, as shown
previously. 323637

On the other hand, the localization of the active orbitals is seeking to provide and
easier reading of the correlated multireference (MR) wavefunction, otherwise too
complicate on the basis of delocalized MOs. The CAS projection of the MR
wavefunction is written in terms of the orthogonal valence bond structures, giving a
simplified chemical picture of the multiconfigurational character. We have previously
used this strategy to analyze several LM-O, adducts with M = Cu, Ni,*"Error!
Bookmark not defined.’® but it has also been helpful in studying different kind of
problems.3 9-42 LM-0O, delocalized active orbitals have a 3d+n* nature. The localization
of the active orbitals give almost pure 3d metal and O, ©* orbitals, in such a way that it
is easy to calculate the relative weight of the three charge transfer forms between the
metal M™ ion and the O, molecule: peroxide M ™ 0,2, superoxide M ™ 0,7, and
neutral M™ O, forms. A similar scheme is obtained from the M-O,-M’ adducts. For the
intermediate complex, where the DDCI calculations are not affordable, we have
obtained a qualitative good description of the ground state at CASSCF level, followed
by the Orthogonal Valence Bond (OVB) reading of the wave function.
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Description of the Complete Active Space

[(12-TMC)Ni-0,]". This adduct formally corresponds to the interaction of the [(12-
TMC)Ni]" complex with O,. The Ni(I) center has a 3d’ configuration, which gives a
doublet state for the [(12-TMC)Ni]" fragment. The interaction of this doublet with the
triplet state of the O, molecule can result in a doublet or in a quartet state. The active

space contains the two O, w* orbitals and all Ni 3d orbitals, a CAS (11,7).

[(14-TMC)Mn-O,]". The electronic structure of this adduct can be analyzed as
resulting from the interaction between [(14-TMC)Mn]" and O,. Mn(1) is a 3d°® ion with
a pseudooctahedral coordination, and the interaction of the Mn 3d with the two O, «*
singly occupied orbitals can lead to triplet, quintet and septet states of various
symmetries. The active space contains eight electrons in seven orbitals, CAS(8,7),

including the five Mn 3d and two O, ©* orbitals.

[(12-TMC)Ni-02-Mn(14-TMC)]3+. This adduct can be split into three different
fragments: (12-TMC)Ni(I), (14-TMC)Mn(II) and O,. Ni(I) has a 3d’ configuration,
while Mn(1II) presents a high spin 3d’ configuration. The interaction of the metals with
the O, w* singly occupied orbitals leads to triplet, quintet or septet states. These
electronic configurations suggest that the active space has to include sixteen electrons

on the five 3d orbitals of Mn and Ni and the two O, ©* orbitals, CAS(16,12).

[(12-TMC)Ni]** and [(14-TMC)Mn]*? In both complexes the oxidation state of the
metal is formally M(II), which corresponds to 3d® for Ni(II) and 3d’ for Mn(II). Hence,

the active space contains the five 3d orbitals and eight and five electrons, respectively.

Computational details

In all calculations the relativistic with core correlation atomic natural orbital (ANO-
RCC) basis sets have been used.*>** This basis set has shown good results in previous
studies involving transition metal complexes.”* For Ni and Mn, the [5s4p2dif]
contraction has been chosen. For atoms directly coordinated to the metal, O and N, the
[4s3pld] and [3s2pld] contractions have been used, respectively. For atoms non-

directly coordinated to the metal, C and H, the [3s2p] and [2s] contractions were used.
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CASSCF and CASPT2 calculations have been performed by means of the MOLCAS
7.4 package, the latter using the the standard IPEA-modified zeroth order Hamiltonian
Hy (with a shift parameter IPEA of 0.25).*® The molecular orbital localizations have
been carried out with DOLO code’’ and the DDCI calculations with CASDI*® suite of

programs.

Electronic structure analysis

[(12-TMC)Ni]**and [(14-TMC)Mn]"

CASSCF(5,5) calculations carried out on the Mn complex give °A as the ground state
and *A as the first excited state, with a relative energy of 56 kcal-mol™. The orientation
of the Cartesian axes is indicated in Figure 2.

In the case of the Ni complex, the ground state is the triplet *A; in agreement with
the experimental description. The two unpaired electrons occupy the 3d,, and 3dy.y»
orbitals. At the CASSCF(8,5) level, the two lowest excited states are both triplets of
symmetry A, and B, separated by only 1.5 and 4.8 kcal-mol™, respectively, at this level

of calculation.

d, ' Ay
BE oD

o interaction o interaction

REET

d interaction 7 interaction

Scheme 1. 5-, - and S-interactions between the [(TCM)-M]" complex and O, in side-

on (left) and end-on (right) coordination modes.

[12-TMC)Ni-0,]"

The electronic structure of the [12-TMC)Ni-O,]" complex has been studied in deep in a
previous work,”* only the main findings are summarized here.

At the CASSCF(11,7) level, the ground state is 2A’, where the Ni 3dy.,, orbital
9



Physical Chemistry Chemical Physics

remains singly occupied as in the free complex, and two o orbitals result from the
bonding and anti-bonding 3d,, + m,* combinations (Scheme 1). Two configurations
have important weights, the largest one implying the bonding ¢ combination, ?adxy2 o’
TEX*2 3dx2y2 the other the anti-bonding c* one, Sde2 o™ nx*z 3dxoy2. This gives
occupations of 1.51 and 0.49 for the ¢ and o* MOs. The 3dy, and 3d,, orbitals remain
doubly occupied. This description is in agreement with the analysis provided by Cho et
al."® based on the EPR spectrum.

The first excited state is a quartet, *A”, only 6.3 kcal- mol™ less stable than the
ground state, containing three unpaired electrons on nx*, 3dy, and 3dy,.» orbitals.

Since 3dy, and 3d,, Ni orbitals are doubly occupied, they have not been included in
the active space employed in the DDCI calculations, to keep the whole CI space
sizeable. Figure 4 shows the five orbitals that define the reference wave function at this
correlated level. The *A' state was confirmed as the ground state, followed by ‘A", 8.8
keal- mol™ above.

The OVB analysis of the DDCI ground state wave function indicates weights of
84.4% of the superoxide, Ni(I)-O,", and 9.0% of the peroxide, Ni(IH)-Ozz', forms, in the
CAS projection (see Table 1). These weights are very close to those extracted from the
simple CASSCF (7,5) and CASSCF(11,7) wave functions. The external correlation
slightly increases the weight of the neutral and peroxide forms by less than 3% and
decreases the superoxide one by around 6%. However, the overall description is not
changed.

Hence, the ground state can be described as a high spin Ni(Il) ion,
antiferromagnetically coupled with the O, moiety. The peroxide character is not
negligible and suggests a superoxide-peroxide mixing, consistent with the fact that the
experimental O-O bond distance (1.386 A) and O-O stretching frequency (1002 cm™)
reported for this complex show values in between those considered as typical for
superoxide (1.2-1.3 A, 1050-1200 cm™) and peroxide (1.4-1.5 A, 800-930 cm™) M-O,
complexes. Nevertheless, the superoxide character is dominant, which is in contrast

with the assignation given by Cho et al.'®

10
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3dx2-y2 , .

Figure 4. CASSCF(7,5) symmetry-adapted active orbitals of [(12-TMC)Ni-O,]" N

ground state.

Table 1. [(12-TMC)Ni-O,]" ground state configurations weights (%) of the
CASSCF(11,7), CASSCF(7,5) and DDCI(7,5) wave functions, in terms of charge

transfer forms.

CASSCF(11,7) CASSCF(7,5) DDCI(7,5)

Ni(I)-0, 3.7 3.5 6.6
Ni(I)-0,"  90.1 90.0 84.4
Ni(IID)-0,> 6.2 6.5 9.0

*CAS-projected DDCI wave function

[(14-TMC)Mn-O,]"
Table 2 shows the relative energies of the lowest quintet and triplet states at CASSCF

and CASPT?2 levels for the [(14-TMC)Mn-O,]" complex. The septet states are too high

in energy and have not been included.

Table 2. [(14-TMC) Mn-0,]" low-lying states CASSCF, CASPT2 and DDCI relative
energies (kcal'mol™). A CAS(8,7) reference has been used in all the calculations.

State CASSCF  CASPT2 DDCI

A 51.4 67.7 -

°B 46.6 60.7 -

A 17.0 27.4 26.6
°B 0.0 0.0 0.0

11
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At all levels of calculation the ground state is the °B quintet. At the CASSCF level,
the excited quintet °A is found 17.0 kcal-mol™ above and the *A and B triplet states are
well separated, at 46.6 and 51.4 kcal-mol™, respectively. The CASPT?2 relative energies
show a similar trend although the dynamical correlation increases the relative energies
by approximately 10-15 kcal-mol™.

Figure 5 shows some of the °B symmetry-adapted CASSCF(8,7) active orbitals. The
Mn-O, bonding is due to the ¢ [linteraction between the Mn 3d,, and O, n*, orbitals
(Scheme 1). At this level, the occupations of the bonding and antibonding combinations
of the 3dy, and n*, orbitals, c and c*, are 1.67 and 0.33, respectively. The 6-type
interaction between Mn 3d,, and n*, O, orbitals is negligible, as expected from the
steric hindrance of the methyl groups. In fact, these two orbitals practically do not mix,
as shown in Figure 5. Hence, the orbital O, ©*, carries two electrons, while the orbitals
Mn 3d,y, 3dx2.y2, 3dy, and 3d,, are singly occupied. Three dominant configurations can
be distinguished in the wave function of the quintet ground state, all them with two
electrons in the ¢ and o* orbitals:

(i) 7% 6° 3dyy 3dyay2 3dy, 3,

(ii) 7*:* 6** 3dyy 3dyay2 3dy, 3d, and

(i) *:* 6 0* 3dyy 3dxa2 3dy, 3d.0,
with weights of 77, 10 and 12%, respectively. These electronic configurations are

consistent with a high-spin Mn ion in agreement with the interpretation provided by Seo

et al.”® based on the NMR data.

3dyy

Figure 5. [(14-TCM)Mn-O,]" ground state symmetry-adapted active orbitals: (right)
orbitals relevant to the Mn-O; bonding; (left) active orbitals essentially localized on Mn

3dyy and O, m,* orbitals showing the negligible d interaction between Mn and O,

The DDCI relative energies of the low-lying states are also reported in Table 2. All
12
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DDCI calculations were performed on the basis of the averaged CASSCF MOs of the
>A and B states. These calculations confirm A to be the first excited state, separated by
26.6 kcal'mol™ from the °B ground state. As in the CASPT2 calculations, the DDCI
external correlation favors the quintet ground state by about 10 kcal-mol™.

The DDCI wave function of the ground state has been analyzed on the basis of the
OVB structures. The weight of the charge transfer forms of the ground state DDCI wave
function are reported in Table 3. The projection onto the CAS of this wave function
shows that the external correlation induces only small changes in the description with
similar trends as in [(12-TCM)Ni-O,]", with a slight increase of the peroxide weight and
a slight decrease of the superoxide one. The DDCI wave function of the ground state
(see Table 3) indicates a dominant superoxide nature, Mn(I[)-O,, where the leading
configuration represented in Figure 6, reaches 77.3% of the CAS-projected DDCI wave
function. The neutral form, Mn(I)-O,, has only a weight of 3.1%. The peroxide form,
Mn(II1)-O,”, suggested to be the main form by the experimental studies, has only a
weight of 19.6% in the CAS-projected DDCI wave function. This weight is the largest

24,37,38 and

found in all the systems analyzed using multiconfigurational methods
indicates a non-negligible contribution of peroxide in the description of the electronic
structure of the ground state, but is not in agreement with the rotund assignation as
Mn(III)-peroxide. In fact, the OVB analysis of the DDCI wave function is consistent
with a configuration containing a local sextet in Mn(II), with one unpaired electron on
each of the Mn 3d orbital, antiferromagnetically coupled to the unpaired electron on O,

n*, orbital. This electronic structure is in agreement with the NMR data suggesting a

high-spin Mn(II) and a coordinated superoxide molecule.

Sogo F+
3d,: 3d,.» 3d, 3d. 3d,: 3d.»
S
3d,, 3d,, 3d,,
s = +
3d,, 3d,, 3d,,
B H+ £
3d,, 3d,, 3d,
o ST
n*z T[*l T[*Z
3.1% 77.3% 19.6%
Mn(I)-0, Mn(II)-0,* Mn(III)-0,*

Figure 6. [(14TMC)Mn-0O,]" DDCI localized configurations for the °B state.

13
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Table 3. [(14-TMC)Mn-O,]" ground state configuration weights (%) of the
CASSCF(8,7) and DDCI(8,7) wave functions, in terms of charge transfer forms.

CASSCF DDCI* DDCI leading configurations

Mn(I)-O, 2.0 3.1 %% 3dy,” 3dyy 3dyoy 3dy, 3d,
Mn(ID)-O,"  81.1 773 w*’ ¥, 3dy, 3dyy 3diyn 3dy, 3ds
Mn(Ill)-0,>  16.9 19.6  w*2 1%, 3dy, 3dey2 3dy, 3d,

* CAS-projected DDCI wave function

[(12-TMC)Ni-O,-Mn(14-TMC)|**

The size of this system makes the DDCI calculation unaffordable even with a
substantial truncation of the inactive MOs subset, since the main bottleneck is the size
of the reference space, with sixteen electrons distributed in ten 3d orbitals and two [*
orbitals. However, it is possible to obtain a qualitative picture of the electronic structure
at the CASSCF level, presumably not very different to the correlated picture as
previously shown for the [12-TMC)Ni-O,] and [(14-TMC)Mn-O;]" complexes.

As stated before CASSCF(16,12) calculations have been performed in this adduct,
and a >A ground state is found. The quintet *A and septet 'A are practically degenerate,
at only 0.2 and 0.5 kcal-mol™ above the ground state. This relative distribution of the
low-lying states is consistent with the previously found from B3LYP calculations.'” The
most relevant ground state delocalized CASSCF active orbitals are represented in
Figure 7. The Ni 3dy,, 3dy, and 3dx, orbitals maintain a double occupation, as well as
the O, *, orbital. In fact, the same description and relative stability of the low-lying
states are obtained with a CAS(10,9), containing the five Mn 3d orbitals, the two O, *
orbitals and only Ni 3dz2 and 3dx2_y2 .

We have analyzed the CASSCF(10,9) wave function of the triplet state to determine
the degree of charge transfer between both metals, if any, and to figure out the oxidation
state of Mn, Ni and O; in the intermediate. There exists a n-type interaction (Scheme 1)
between the Mn 3dy, and the O, n*, orbitals (Figure 7). The bonding and antibonding

combinations of these two orbitals present occupations of 1.1 and 0.9, respectively. The

14
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O, m*, orbital is doubly occupied and the remaining Ni and Mn 3d active orbitals are
practically singly occupied. In both states the ¢ and & interactions between the metal
atoms and O, are nearly null.

An OVB analysis of the CASSCF wave function has been done on the basis of the
localized active orbitals of the *A state. Table 4 shows the configurations and the weight
of the charge transfer forms. The superoxide form, Ni(Il)-O,-Mn(II), with a weight of
98%, governs the triplet state. The Ni(IT)-O,” moiety maintains the [(12-TMC)Ni-O,]"
superoxide, but the occupation of the orbitals is modified with the deformation of the
Ni-O-O angle and the consequent stabilization of the quartet with respect to the doublet
in this fragment compatible with the [(12-TMC)Ni-O,-Mn(14-TMC)]** triplet state, as
discussed previously." This configuration, where Ni(II) has a local triplet and Mn(II) a
local sextet, is shown in Figure 8. All the remaining configurations, have very small
weights not higher than 1%. The Ni(IT)-O,>-Mn(I1I) configuration is the major
contribution to the very small weight of the peroxide form. Although this description is
obtained at the CASSCF level, it is expected that the dynamical correlation only
modifies slightly the relative weights of the different charge transfer forms, but not the

general trend, as for the adducts of Mn and Ni.

F2K e
7 interaction

Figure 7. [(12-TMC)Ni-O,-Mn(14-TMC)]** ground state symmetry-adapted active

orbitals relevant to the Ni-O,-Mn interaction.

The electronic structure of the quintet °A is quite similar, with a marked dominant
superoxide form. The dominant configurations in the analyzed states are consistent with
both metallic centers in high-spin states, i.e., a local triplet in Ni(Il) and a local sextet in

15
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Mn(II), which are coupled in an antiferromagnetic manner. The so-resulting quartet can
be coupled ferromagnetically or antiferromagnetically with the unpaired electron on the
¥y orbital of Oy, giving the quintet or triplet states of the intermediate. At this level,
we do not observe the formation of the peroxide on the intermediate, but only the
formal transfer of one electron from Ni(I) to O..

The description resulting from these CASSCF calculations is consistent with that
provided by our previous B3LYP calculations."” The analysis of the ground state natural
orbitals gave single occupations of two Ni and five Mn 3d orbitals and three electrons
occupying the two n* orbitals of the O,, consistent with an O, spin population of -0.99

and a dominant superoxide Ni(II)-O,-Mn(II) electronic configuration.

Table 4. [(12-TMC)Ni-O,-Mn(14-TMC)]*" triplet configuration weights (%) of the

CASSCEF(10,9) wave function in terms of charge transfer forms.

CT form A Ni 0, Mn

Ni(IT)-O,-Mn(II) 98 3dy3d, ot 3dy3d3dyn3di3das
Ni(I)-O,-Mn(IT) 1 3dy3dy” T, 3dy,3dg3day03di3d,,
Ni(I1)-0,”-Mn(IIT) 1 3dgoy3dy T, 3dy3deg3day3da

3&,2 n, 31:1“2

Q) | 0 _1 | )
- T
3d,z_,s n*, 3d.2

8 3d,, jri 8
3d,, 3d,,

* 4 %
Ni(II) o Mn(ID)

Figure 8. [(12-TMC)Ni-O,-Mn(14-TMC)]** largest contribution configuration (98%) in

terms of localized orbitals for the *A state of the intermediate.
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Discussion and conclusions

Once the ground state of all the involved species has been established, let us take a look
at the global process. In the reaction, the [(12-TMC)Ni-O,]" complex, with a doublet
ground state, interacts with the [(14-TMC)Mn]™ complex in the sextet ground state.
This gives a quintet as the ground state for reactants. However, the excited triplet state
is close enough to make possible an alternative pathway through the S=1 potential
energy surface, compatible with the triplet ground state of the intermediate. This excited
S=1 state comes from the interaction between the local excited [(12-TMC)Ni-O,]"
triplet and the ground sextet [(14-TMC)Mn] 2 states.

In fact, at CASSCF(11,7) level, the quartet state of the [(12-TMC)Ni-O,]" complex is
6.3 kcal-mol™ above the ground state at the optimal side-on coordination. To bind the
Mn complex, the Ni-O; side-on geometry must evolve to an end-on coordination, to
release one of the O atom and bind the Mn center in a pu-n'm' Ni-O,-Mn arrangement.
The Ni-O, deformation goes with the stabilization of the quartet state in front of the
doublet state.’® CASSCF(11,7) calculations of both the doublet and the quartet states of
the distorted [(12-TMC)Ni-O,]" confirm the inversion of the relative position of these
two states. At the geometry adopted by this fragment in the transition state TS1, with an
open Ni-O-0 angle enabling the formation of the O-Mn bond, the quartet is the ground
state, 0.5 kcal-mol™ more stable than the doublet state.

The [(12-TMC)Ni-O,]" dominant configuration for the quartet state in the distorted
geometry is 3dXZ2 3de2 (3dy, + 3d22)2 nz*2 nx*(3dy, - 3d,2) 3dx2-y2. This is essentially the
same configuration found for the [(12-TMC)Ni-O,]" fragment on the intermediate.
Hence, the distortion induces a mixing of the Ni 3dy, and 3d,, orbitals, moving the
unpaired electron from 3dy, in the quartet state of the side-on Ni-O; to the 3d,, in the
ground state of the p-n':m' intermediate.

The interaction of this fragment with the five open shells of the Mn(II) complex in
the intermediate does not introduce any additional change on the electronic
configuration. According to the dominant configuration of the triplet ground state, no
electron transfer between the fragments is observed, neither between Mn and O, nor
between the metal centers. Hence, the intermediate keeps the superoxide nature, i.e. the
Ni(I)-O,-Mn(II) form. Finally, the Ni-O bond cleaves to produce the [(12-TMC)Ni] ™
complex, with two unpaired electrons on 3dy.y» and 3d,, coupled in a triplet ground

state, and [(14-TMC)Mn-0,]", with a quintet ground state. The Mn-O, complex shows a
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distorted end-on coordination immediately after overcoming the transition state
conducting to products. This complex finally evolves to a more stable side-on Mn-O,
coordination.
The reaction can be understood as the sum of the two following partial reactions:
[(12-TMC)Ni(II) -Oy] + [(14-TMC)Mn(II)]
-2 [(12-TMC)Ni(IT)-O,-Mn(II)(14-TMC)] (4a)

[(12-TMC)Ni(IT)-O,-Mn(II) (14-TMC)]
> [(14-TMC)Mn(I1)-0,] + [(12-TMC)Ni(I)]  (4b)

In contrast with the experimental interpretation, that suggest the transfer of the peroxide
molecule, the electronic structures of reactant, intermediate and products are consistent
with the migration of the superoxide molecule from the Ni(Il) to the Mn(Il) complexes,
without any additional change on the electronic structure of the fragments.

This study puts in evidence the marked multiconfigurational nature of the adducts
resulting from the bonding between the dioxygen molecule and Ni and Mn complexes.
This multiconfigurational character can be caught at CASSCF level, with only small
and not relevant differences when the dynamical correlation is also taken into account,
as proved by the DDCI calculations performed on Ni-O, and Mn-O, complexes. The
main effect of the dynamical correlation is to modify to a small extent the energy of the
low-lying states, but not their relative distribution. The analysis of the ground state
wavefunction on the basis of the localized active orbitals and in terms of the charge
transfer forms supplies a clear picture of the dominant configuration on each system,
and the relative weight of the superoxide and peroxide forms. The fact that the O-O
distances and O-O stretching frequencies reported for these complexes show values in
between those considered as typical for superoxide and peroxide M-O, complexes
support the superoxide/peroxide mixing resulting from our calculations. For the
intermediate, not yet isolated, it is not possible to compare with experimental data, only
to predict a ground state where the superoxide O,  bridges the Ni(Il) and Mn(II)
complexes, in agreement with the electronic structure found for the reactants and
products of this reaction.

In summary, this work emphasizes the potential complementarities between the
experimental findings and the theoretical calculations in order to enhance and extend the

knowledge about the electronic aspects of the reactivity of these biomimetic metal-

18

Page 18 of 21



Page 19 of 21

Physical Chemistry Chemical Physics

dioxyen adducts.
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