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ABSTRACT: Geometries, bonding nature, and electronic
structures of (N"N)Ni(O,) (NN = p-diketiminate), its
cobalt(I) and copper(I) analogues, and (Ph;P),Ni(O,) were
investigated by density functional theory (DFT) and multistate
restricted active space multiconfigurational second-order
perturbation (MS-RASPT2) methods. Only (N"N)Ni(O,)
takes a Cg symmetry structure, because of the pseudo-Jahn—
Teller effect, while all other complexes take a C,y structure.
The symmetry lowering in (N"N)Ni(O,) is induced by the
presence of the singly occupied 83+ orbital. In all of these
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complexes, significant superoxo (O,~) character is found from the occupation numbers of natural orbitals and the O—O 7* bond
order, which is independent of the number of d electrons and the oxidation state of metal center. However, this is not a typical
superoxo species, because the spin density is not found on the O, moiety, even in open-shell complexes, (N"N)Ni(O,) and
(N"N)Co(0,). The M—O and O—O distances are considerably different from each other, despite the similar superoxo character.
The M—O distance and the interaction energy between the metal and O, moieties are determined by the d,, orbital energy of the
metal moiety taking the valence state. The binding energy of the O, moiety is understood in terms of the d, orbital energy in the
valence state and the promotion energy of the metal moiety from the ground state to the valence state. Because of the
participations of various charge transfer (CT) interactions between the metal and O, moieties, neither the d,. orbital energy nor
the electron population of the O, moiety are clearly related to the O—O bond length. Here, the 7 bond order of the O, moiety is
proposed as a good measure for discussing the O—O bond length. Because the d electron configuration is different among these
complexes, the CT interactions are different, leading to the differences in the 7 bond order and, hence, the O—O distance among

these complexes. The reactivity of dioxygen complex is discussed with the d,, orbital energy.

B INTRODUCTION

Activation of dioxygen by such first-row transition metals as Mn,
Fe, Co, Ni, and Cu plays crucial roles in biological oxidation.' ¢
For instance, the importance of copper dioxygen complex is well-
recognized in bioinorganic chemistry.””"* In this regard, many
efforts have been made to characterize the geometry, the
electronic structure, the physicochemical property, and the
nature of metal—dioxygen interaction of those dioxygen
complexes.”'*™>*> However, the nickel—dioxygen interaction
and the role of the Ni center in the relevant dioxygen complexes
have been much less investigated than those of copper—dioxygen
complexes,”** despite the importance of the nickel—dioxygen
species in superoxide dismutase.”> >” It is of considerable
importance to know how much and why the electronic structure
and bonding interaction of the nickel dioxygen complex are
different from and/or similar to those of the copper dioxygen
complex. Such knowledge is indispensable for understanding the
various metal dioxygen complexes in biological systems.

The first step of such research is to make comparison between
mononuclear nickel—dioxygen complex and its copper analogue,
because the mononuclear complex is simpler than the dinuclear
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complex. Also, the comparison of dinuclear metal—dioxygen
complexes is not easily made because dinuclear copper—
dioxygen complexes have been reported but a dinuclear
nickel—dioxygen complex has not. On the other hand, the
comparison can be easily made in mononuclear metal dioxygen
complex, because the similar mononuclear dioxygen complexes
have been reported in both nickel and copper cases. For instance,
a nickel(0)—dioxygen complex (Ph;P),Ni(O,) with a 1* side-on
coordination form was very previously reported.”** Recently,
Driess et al. reported a 7” side-on nickel(I) dioxygen complex
(N*N)Ni(O,) (N"N = f-diketiminate).>* The similar 7 side-on
copper(I)—dioxygen complex (N"N)Cu(O,) was also reported
slightly earlier®™>* (see their structures in Scheme 1).

In general, the 7* side-on M-O, moiety can be classified as
either a superoxo (O3) species with only one-electron charge
transfer (CT) from the M to the O, in a formal sense or a peroxo
(037) one with two-electron CT.>>** In general, the complex
with a longer O—O bond (1.4—1.5 A) and a smaller O—O
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Scheme 1. Real and Model Complexes of (N*"N)Ni(O,) and

(N"N)Cu(0,)
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(N"N)Cu(O,): M=Cu, R;=/Bu M=Nj, Cu, Co
(A) Real (N*"N)Ni(O;) and Cu(I) analogue (B) Model complex (N"N),,M(O,)

stretching vibration (800—930 cm™") is understood as a peroxo
form, while that with a shorter O—O bond length (1.2—1.3 A)
and a larger O—O vibration (1050—1200 cm™") is considered as
a superoxo form."*'® Cramer et al. made successful comparisons
among many transition-metal—dioxygen complexes and found
that the O—O bond length and the stretching frequency correlate
with the O—O bond order and those properties depend closely
on the nature of the metal and its supporting ligands.">'®'* To
date, the majority of the known 7* side-on dioxygen complexes
are described as a peroxo type.'*** In the #? side-on nickel(I)—
dioxygen complex (N*N)Ni(O,), the O—O bond length is 1.347
A and the O—O stretching vibration is 971 cm™" (see Scheme
1).*° These data suggest that (N"N)Ni(O,) is midway between
the peroxo and the superoxo forms. The electron paramagnetic
resonance (EPR) spectrum shows that this complex has a
paramagnetic doublet ground state (total spin S = '/,). DFT
calculation with the B3LYP functional indicates that one
unpaired electron is predominantly localized in the O, moiety;
in other words, this is a superoxo complex.®® Subsequently,
Calzado and co-workers theoretically analyzed the electronic
structure of this complex by a difference dedicated configuration
interaction (DDCI) method and proposed that this complex
exhibits a marked leading superoxo nature.*® Calzado et al. also
studied the copper(I) analogue (N"N)Cu(O,) by the same
method and proposed that (N*N)Cu(O,) also is a superoxo
complex.’**” However, this understanding is not consistent with
the experimental and theoretical proposal that (N*N)Cu(O,)
has a singlet ground state with significant Cu(III)-peroxo
character.'*"**?*3%7%0 More importantly, (N*N)Ni(O,) per-
formed dioxygenase-like reactivity*' but (N*N)Cu(O,) is
inert'>*” in hydrogen abstraction from O—H and N—H groups.
Both are different from the reactivity of typical superoxo species
of cobalt,* iron,** and copper**® dioxygen complexes. These
reactivities are also related to their electronic structure and spin
density.

Considering the above-mentioned confusing situation and
novel reactivity of (N*N)Ni(0O,), it is interesting to investigate
the differences and/or similarities among (N"N)Ni(O,),
(N*N)Cu(0,), and (Ph;P),Ni(O,). Such knowledge leads to
a fundamental understanding of geometry, electronic structure,
metal—dioxygen bonding nature, and their relations to the
number of d electrons and the oxidation state in transition-metal
dioxygen complexes.

In the present work, we theoretically investigated (N"N)Ni-
(0,), its cobalt(I) and copper(I) analogues, and (Ph,;P),Ni(O,)
by density functional theory (DFT) and multistate restricted
active space multiconfigurational second-order perturbation
(MS-RASPT2)*” method with a large active space. We selected
these complexes in expectation that we can clarify the differences
and/or similarities among cobalt(I), nickel(I), and copper(I),
and between nickel(I) and nickel(0). Our purposes here are:

(1) To elucidate the electronic structures of these complexes,
in particular, to elucidate which understanding of peroxo
and superoxo is correct in these complexes;

(2) To disclose the metal and ligand effects on the M—0,
interaction;

(3) To find the determining factors for the M—O and the O—
O bond lengths and their bonding natures, and

(4) The relation between reactivity of dioxygen complex and

their electronic structure.

During this work, we found that pseudo-Jahn—Teller**>°

distortion occurs only in (N"N)Ni(O,): it is not observed in
the other three complexes.

B COMPUTATIONAL DETAILS AND MODEL

Because the transition-metal—dioxygen complex exhibits multiconfi-
gurational character in many cases, we employed the MS-RASPT2
method here, including both static and dynamic electron correlation
effects. Unfortunately, however, the geometry optimization by the MS-
RASPT?2 is considerably expensive, because of the lack of analytical
gradient and the need of large memory space and disk space. Here, we
employed the DFT method for geometry optimization with an
appropriate DFT functional and analyzed the electronic structure by
the MS-RASPT?2 method with the DFT-optimized geometry. To select
a suitable DFT functional, we optimized the geometry of (N"N)Ni(O,)
and compared it with the experimental one (see page S3 and Table S1 in
the Supporting Information. After careful examinations, we selected the
TPSSTPSS functional®' in this work, because the TPSSTPSS-optimized
geometry agrees well with the experimental one.

The active space of RASSCF calculation was selected as follows: In
the O, moiety, the two 7* orbitals are important. In the N*N ligand,
three 7 and two 7* orbitals exist around the HOMO and LUMO of
(N”N)Ni(O,). For the first-row transition metals, we need to consider
the double-shell effect,'>>*>* because of the strong correlation effect. As
a result, a total of 17 electrons in 17 orbitals must be involved in the
active space of CASSCF calculation of (N"N)Ni(O,). However, such
CASSCEF calculation cannot be carried out, even nowadays. Thus, the
entire active space is separated into RAS2 and RAS3 subspaces. In the
RAS3 subspace, five 4d-like orbitals are included. Five 3d orbitals of
metal, two 77* orbitals of the O, moiety, and three 7 and two 7* orbitals
of the N”N ligand are included in the RAS2 space. In the RASSCF
calculation, one-electron excitations from the RAS2 to the RAS3 are
considered (see Figure S2 in the Supporting Information). This is not
unreasonable, because the occupation numbers of the 4d orbitals are
very small (see Table S2 in the Supporting Information). In
(N"N)Cu(0,) and (N*N)Co(0O,), 18 and 16 electrons are considered,
respectively, with the same active orbitals as those of the Ni analogue.

For both DFT and MS-RASPT2 calculations, the same basis set
system was used. The (311111/22111/411/1) basis sets were used for
Ni, Cu, and Co and the effective core potentials proposed by the
Stuggart—Dresden—Bonn group™* were employed for transition metals.
The cc-pVDZ basis sets were used for C, N, O, and H atoms, where one
augmented function was added to each O atom. All the DFT calculations
were carried out using the Gaussian 09 program package®® and MS-
RASPT? calculations were performed using the MOLCAS 7.6 program
package.***®

Model complexes (N"N), M(O,) were employed to analyze the
electronic stucture to save computer processing unit (CPU) time, in
which the i-propyl substitutents on the N*N were substituted for H
atoms, as shown in Scheme 1. [Note that the subscript “m” means the
model hereafter.] We believe that this model is reasonable because the
geometry and electronic structure of the M—O, moiety are essentially
the same as those of the real complex, as will be discussed below.

The hydrogen abstraction reactions by these dioxygen complexes
were investigated here. The geometry changes were optimized with the
B3LYP functional, because the use of the BALYP was recommended for
the geometry optimization of the hydrogen-abstraction reaction,*”®
The electronic energy was recalculated with the TPSSTPSS functional,
which was also recommended previously for evaluating energy changes
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Figure 1. Optimized structures of (N"N)Ni(0O,), (N*N),M(O,), and (Me;P),Ni(O,). [In this figure, the DFT(TPSSTPSS) method was employed;

the experimental values (given in Angstroms) are shown in parentheses.]

of the hydrogen abstraction reaction.”® For these calculations, model
complex (N"N),M(O,) was employed, because it is likely to make
comparison among the different metals with this model system. All the
Gibbs energies were calculated at a temperature of 298.15 K in the gas
phase, where the TPSSTPSS-calculated electronic energy and B3LYP-
calculated enthalpy and entropy were employed (see Table S4 in the
Supporting Information).

B RESULTS AND DISCUSSION

Geometries of (N*N)Ni(O,), (N*N)Cu(O,), (N*N)Co(O,),
and (Ph3P),;Ni(O,). The TPSSTPSS-optimized geometry of
(N*N)Ni(O,) agrees well with the experimental one, as shown
in Figure 1. However, the optimized C,y symmetrical geometry
exhibits a significantly large imaginary frequency (459i cm™),
which is the asymmetrical in-plane stretching of Ni—O bonds;
see Page S3 and Table S1 in the Supporting Information for
details. Hence, we reoptimized this complex under both Cg and
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C, symmetry. The Cg symmetry structure is similar to the C,
symmetry one, and the difference in total energy between them is
not very different; see pages S3—S4 in the Supporting
Information for more details. The Cg-optimized geometry agrees
well with the experimental one, too. It is slightly more stable than
the C,y one, where the energy difference is 0.2 kcal mol™".
Because bulky substituents are introduced in the NN ligand, we
investigated a model complex (N"N)_Ni(O,) (see Scheme 1)
without bulky substituents to check the possibility that the steric
effect of bulky substituents induces the symmetry lowering. The
C,y symmetry model complex (N*N),_Ni(O,) also exhibits an
imaginary frequency (357i cm™') like the real compound
(N*N)Ni(0O,). In (N*N)_Ni(0,), two Ni—O, two Ni—N, and
O—0 bond lengths are close to those of the experimental values
of the real compound (Figure 1). It should be noted that the O—
O bond length, which is an important geometrical parameter, is
almost the same as the experimental one. The Cg symmetry
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Table 1. Relative Energies of the Ground and Low-Lying Excited States of Model Complexes

state (symmetry)

ground state (*A”)

first excited state (?A”)

second excited state (2A”)

ground state (*A”)

first excited state (*A”)

second excited state (*A”)

ground state (*A’)

first excited state (*A”)

ground state (*A’)

first excited state (PA”)

second excited state (*A”)

ground state (*A’)

first excited state (*A”)

configurations
(NAN)mNi(OZ) (Cw)
5 *+dwd§2_zzdizdizéd* pa 4,

nz +dyz Ty

( a2, Al Zn'::»}_dw)

2 2 2 2 gl s#2 *0
”zzz*+dy15nf+dxydyz_zzdxzdxz5dxy7”;” F_d

0 2 2 2 ql g2 #2
(”nﬁdyz‘gn,ﬁdxdeZ,szxzdxzadxy_,,;”n:fay)

Tara Sirvay s pdLdlo af,

1 2 2 112 %2 ®1
(”ﬂz*+dy25ﬂ,f+dxydyz_zldxzdxztsd Sr-d )

(N"N),.Ni(0,) (Cy)

5X g0
r *er 5 Irdy, dz =2 242 Zd T —d,,

( ra,Ontrag A pd2d 80 ;Jz:}?_dﬂ)

2 1 *0
Tara Birva, Ao pdd 55 aF,

( W ES Ry ;ﬂ;}"_dﬂ)

#2 #0
6 dz, ,d! d 0, JU %
+dy,Onfrdy G2 2000004, Taioay,

(n;; a, ok +a, 42 5 ad! 42652 :”'j:*l-dw)
(NAN)mCu(Oz)

*0
+d 5 Stdyy dz V- zd zd o —d
ax 2%y

( +d 67[*+d d? V- zd 2d 5 ;”;}l—dyz)

Sptvay @i pdbdlol? Al

I!Z +dyz Ty

( R LN ;n;}z_dw)
(NAN)mCO(Oz)

2 2 2 gl %1 *0
pg Opspq d d2,d,,0 T
+dy, i +dyy YZ,ZZ KXz dxy_”;(* 7, —dy,

0 2 2 2 ql ol #2
(ﬂ”f+dyz6”;+dxydyzfzzdxzdxzadxy_”;ﬂ”:—dy;)

2 2 2 1 gl s®2 *0
”ﬂ:+dyzéﬂ:-%-dxydyl_zldxzdxzﬁdx},i”:ﬂ-ﬂ:—dﬂ

2 2 1 2 42 5%l #0
(ﬂ”;«+dy25ﬂ;+dxydyz_zzddexz5dxy7”;”nz*—dyz>

*0
b4 *er 6 Py d? 2 zd 2d 5 ;n”:,dﬂ

( S +dy, 8z T dyy dl Zdildizédt;_”;ﬂzp—dyz)
(Me3P)2Ni(02)

*0

+d 5:r*-*—d d2 V- zd zd 5 *”/zz*—dyz
£
1 2. 2 2 12 s %2 ®1
(7r,,1*+dy25,,;+dxydyz_zzdxzdxz5dxy7”;”nf—dyz)

1 2 9 2 %2 *1

* 8% d d2,d.,,0 I
+dyz I!x+dxy YZ*ZZ x2oxz dxy_”;(- ﬂz—dyz

2 %2
(”n “+d 5n*+d d2 Ve zd 2d, 5 ;ﬂ',,z*_dyz)

-7

weight (%)

61.4

6.2

62.9

8.9

57.5

44.1

17.6

45.2

66.6

5.0

30.9

22.0

64.5

5.9

55.9

12.3

relative energy (kcal mol™)

0.0

1.8

29

-1.0

33

S.1

0.0

14.4

0.0

4.0

5.6

0.0

19.1

structure is 0.2 kcal mol ™ lower than the C,y symmetry one like
in the real complex. From the results above, it is concluded that
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the symmetry reduction does not arise from the steric effect but
from the electronic factor, which will be discussed below. In
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addition, the calculated O—O stretching frequency is 1056 cm™,

which is close to the experimental one (971 cm™),** even
without a scaling factor. These results also suggest that the model
employed here is reasonable and useful for discussion.

We investigated similar dioxygen complexes (N"N),,Cu(O,),
(N"N),,Co(0,), and (Me;P),Ni(O,) for comparison, where the
model (N"N),, ligand was employed. Although (N"N)Co(O,)
has not been reported experimentally, three coordinated Co(I)
complexes with the NN ligand have been synthesized.®"**
(N"N)Co(0,) is, hence, a good target of synthesis. The Cyy-
optimized geometries of (N"N),,Cu(0O,), (N"N),,Co(0O,), and
(Me;P),Ni(O,) do not exhibit imaginary frequency unlike
(NN),.Ni(0,), indicating that their equilibrium structures are
C,y symmetrical. In (N"N),,Cu(0O,), the singlet state calculated
by the DFT(TPSSTPSS) method is 0.2 kcal mol ™" higher than
the lowest energy triplet state, similar to the previous reports.***’
The CASPT?2 calculation by Cramer et al. indicated that the
singlet state is the ground state.>* Our MS-RASPT?2 calculation
also shows that the singlet state is more stable than the triplet
state by 4.5 kcal mol ™. In addition, the O—O bond length (1.393
A) of (N"N),,Cu(0,) in the singlet state agrees well with the
experimental value (1.392 A).>* On the other hand, the O—O
bond length of the triplet state is somewhat shorter than the
experimental one by 0.067 A. All these results suggest that
(N*N),,Cu(0O,) has a singlet ground state with a C,y
symmetrical structure, which will be discussed below with MS-
RASPT?2 computational results.

(N"N),,Co(0O,) has a triplet ground state with a C,y
symmetrical structure. The closed-shell singlet is 11.1 kcal
mol™" higher than the triplet state. The Co—O and O—O
distances are 1.800 and 1.405 A, respectively.”> Another Ni(0)
complex (PhyP),Ni’(O,) was experimentally investigated
previously by infrared spectra and equilibrium isotope effects,
while no X-ray structure has been reported.*** (Me,P),Ni(O,)
also has a singlet ground state with a C,y symmetrical structure,
where PPh; was replaced by PMe;. The Ni—O distance (1.824
A) is moderately shorter than the average value of (N"N),,Ni-
(0,), and the O—O bond length (1.433 A) is considerably longer
than that of (N*N),Ni(O,), as expected; remember that the Ni
center takes a 0 oxidation state in (Me,P),Ni but +1 oxidation
state in (N”N),_ Ni.

Based on the above results, it is concluded that the symmetry
reduction from C,y to Cg occurs only in (N*N)Ni(O,). The M—
O bond becomes longer in the order (N”"N),Co(0,) <
(Me;P),Ni(0,) < (N*N),Ni(0,) < (N*N),,Cu(O,), but the
0O—0 bond becomes shorter in the order (Me;P),Ni(O,) >
(N"N),,Co(0,) > (N"N),,Cu(0,) > (N*N),Ni(O,). It is of
considerable interest that (N"N), Ni(O,) has the shortest O—O
distance but the medium Ni—O distance. Also, (N*N),,Co(0O,)
has the shortest Co—O distance and the Cu' analogue has the
longest Cu—O distance, while their O—O distances are medium.
Since the M—O and O—O bond lengths are closely related to the
metal—dioxygen bonding nature, we will examine the bonding
nature and the geometrical features of those complexes and
explore the reasons in the following section.

Electronic States of (N“N),M(O,) and (Me;P),Ni(O,).
Prior to the discussion of the metal—dioxygen bonding nature, it
is necessary to understand the electronic structure of these
complexes. The metal—dioxygen interaction often includes an
almost-degenerate electronic structure. Previously, a difference
dedicated configuration interaction (DDCI) study reported that
the doublet ground state of (N*N)Ni(O,) contains three singly
occupied orbitals,*® but DFT study indicated that the doublet

ground state contains one singly occupied orbital.>® We
employed the state-averaged MS-RASPT2 method® here to
elucidate which description of the electronic state is correct.

In (N"N),,Ni(O,) with a Cg symmetry, the main configuration
of the ground state is ﬂ'lzf v, 5; . dxydyzz_zzdizdizﬁéxy_ ﬂjﬂ?@_ 4 where
the subscripts a+b and a—b represent bonding and antibonding
combinations between orbitals a and b, respectively, the asterisk
symbol (*) is added to the antibonding 7 orbital of O, (not
added to a and b), and the superscript is the number of electron
in the orbital. Its weight is only 44.1%, as shown in Table 1. The
d,. forms a bonding orbital 7,:,4 and an antibonding orbital

Tz g, ith the O, 7 orbital; see Scheme 2.5 Although the d,. is

Scheme 2. Interactions between Metal Orbitals (d,, and d,,)
and O, z* Orbitals (z* and 7*)“ in (N"N),,Ni(O,) as an
Example
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“The 7,5 +a,, orbital represents the bonding molecular orbital (MO)
between the 7¥ orbital of O, and the d,, orbital of metal.

singly occupied in (N"N),Ni, the &4 becomes singly
occupied in (N”N)_Ni(O,). The reason is easily understood
by Scheme 2. Because the d,, overlaps well with the O, 7¥* orbital,
its bonding MO becomes more stable in energy than the &,
and its antibonding MO becomes more unstable than the 51,4 .
Hence, the §,:,4 becomes singly occupied. The second leading
term is 72, 6%, d> dizd,lczésxy_ ﬂjn'o

ned, Orea, b2 nr—d) whose weight is
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Figure 2. Occupation numbers of natural orbitals of (A) (N"N),,M(O,) and (B) (Me;P),Ni(O,) by the RASSCF method.

17.6%; see Table 1. These results indicate that the static electron
correlation is very strong in (N"N),,Ni(O,). Because the nature
of the O, moiety cannot be discussed well with the main electron
configuration, we employed natural orbitals. As shown in Figure
2, the 64,4 orbital is singly occupied, in which the d,,
component is much larger than the O, 7 component. This
means that the spin density is mainly localized on the Ni center.
The occupation number of the 7,4 is 1.697 and that of the

Tpsg, 15 0.323, indicating that these two orbitals are responsible

for the large electron correlation effect. It is noted that the d,,
component is comparable to the O, 7;° in the bonding 7,4
orbital, indicating that the d,, strongly interacts with the O, 7¥, as
mentioned above. The remaining three d orbitals, d,2, d,,, and
d.2_ are essentially doubly occupied. If the 7,4 _is con51dered

to be formed by the CT from the doubly occupied 7} to the
empty d,., the Ni center is understood to be a d’ system; in other
words, it takes a +3 oxidation state in a formal sense and the
dioxygen moiety exhibits considerable peroxo character.

However, the d,. considerably contributes to the 7,;,4 , which

suggests that the Ni center is considered to be intermediate
between d® and d’ and the dioxygen moiety exhibits character
between peroxo and superoxo. This issue will be discussed below
in detail. The singly occupied MO calculated by the DFT is also
the 6,4 orbital, but the major component of the 6, 4_ is the

of O, (see Figure S in the Supporting Information). The first
and second excited doublet states are 4.3 and 6.1 kcal mol™!
higher than the ground state, respectively. The main
configuration of the first excited doublet state is
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ﬂf[* v, 77:0* _a, with the weight of 62.9%. In

(NAN)le(OZ) with a sz symmetry structure, the ground, first,
and second excited doublet states are essentially the same as
those of (N"N),,Ni(O,) with a Cg symmetry, while the weight of
main configuration is somewhat larger than in the Cg symmetry.
MS-RASPT? calculations indicate that the ground state with the
Cg symmetry structure is 1.0 kcal mol ™" lower than that of the C,y,
symmetry structure.

In MS-RASPT2 calculations of (N”N),Co(O,) and
(N"N),,Cu(O,), we employed the same active orbitals as
those of (N*N)_.Ni(O,), as depicted in Figure S2 in the
Supporting Information, where 16 and 18 electrons are 1nvolved
in the active spaces of the Co and Cu complexes, respectively.®*
The main configuration of the ground state of (N"N),,Cu(0,) is
Moy Oonyy db_d%dr 8] oo, with a weight of 54.1%. The

mit+d,, mi+d,, V=2 K dy—mf i —d,,
second leadlng configuration

1 2 220
ﬂnj‘+d 5ﬂ*+d dy —dede 5
occupation number of the natural orbitals are similar to those of
(N"N),,Ni(O,), except for the large occupation number (1.989)
of the §yy,4, which is nearly 1.0 in (N"N),Ni(O,). This is
because (N”"N),,Cu(O,) has one more d electron than the Ni
analogue and it occupies the 5,4 (see Scheme 2). Inthe 8,1, 4. )

2 2 71 2
g B 2ALT

is
_ﬂ*n' sy whose weight is 13.8%. The

the contribution of d,, is much larger than that of 7. The 74
is similar to that of the Ni analogue. Although the occupation
number of the 54,4 is significantly different between the Ni and
Cu analogues, the contribution of the O, 7 is very small in this

molecular orbital (MO). Hence, the electronic structure of the
Cu—0, moiety is similar to that of (N"N)_Ni(O,). The first
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Table 2. Electron Populations of Important MOs of M and O, Fragments, and O—O Bond Orders

(N"N),.Ni(0,) (N"N),,Cu(0,) (N"N),,Co(0O,) (Me;P),Ni(O,)
Pa,pr 46.9/48.8 53.9/38.5 40.8/52.1 43.8/52.3
gy 1.945 1.954 1.917 1.943
dg 1.947 1.975 1.962 1.943
d,, 1.702 1.976 1.021 1.967
dy 1.389 1.979 1.090 1.963
d,. 1.026 1.100 0.874 0.925
6o-0 1.973 1.975 1.974 1.985
7, 1.976 1.966 1.953 1.969
7z, 1.926 1.873 1.922 1.917
ik 1.889 1.985 1.875 1.981
¥ 1.016 0.960 1116 1.137
BOo_o 0.499 0.447 0.442 0.384

“The percentage of populations (pgq_and p,:) of the metal d,. and O, 7z orbitals in Tpsed:

singlet excited state is ﬂf[* . ﬂ* . d 2 zd22d2 62 *71'1?_ 4

_ e Ts_q » Which
is 14.4 kcal mol ™" higher in energy than the ground state.

In (N"N)mCo(Oz) , the main conﬁguration of the ground state
is triplet 72 d>_.d2dl, 51

T, ”hd o, ﬂﬂ'* 4, with a weight of

66.6%. The welght of the second leading term,
ﬂ?[hd e dyz_ szizdl 61 _ﬂ*ﬁfﬁ_d', is only 5.0%. Obviously,

two unpalred electrons are localized on the metal center, as
shown in Figure 2; in other words, this complex has a metal-
centered triplet ground state. The occupation numbers of natural
orbitals are similar to those of (N*N),,Ni(O,) except for the d,,;
it is singly occupied in (N"N),,Co(O,) but doubly occupied in
the Ni(I) analogue. This difference arises from the difference in
the number of d electrons. The first triplet excited state, which
mainly consists of ﬂz* —a, 62 d _pdLd 52 - ﬂO* a8 higher

than the ground state by 40 kcal mol™". The second triplet

exc1ted state, mainly consisting of
7T,2,3<+d vy dy _dhdz, 51 ﬂj‘ﬂ?rj— 4 is 5.6 kcal mol™ higher in

energy than the ground state, where one-electron excitation from
de to d, is involved. Because a significantly large difference is
found only in the d,, orbital, the electronic structure of the Co—
O, moiety is understood to be similar to that of (N*N)_Ni(O,).

The ground state of (Me3P)2Ni(OZ) is singlet, in which the
main configuration is 7172[* ;. dx zd22d2 52 - 71'0 4, with a

ﬂ*+d y—z
weight of 64. 5% 66
configuration, 7! ned, 572[* » de2,2_szizd2 52 _”*n’”* 4y is only 5.9%,

which is much smaller than that of (NAN)le(OZ) The
occupation numbers of the 6,4 and the 8y . are ~2.0, as

shown in Figure 2B, indicating that both the d,, and O, z}
orbitals have an electron population of 2.0. The occupation
numbers of all the natural orbitals are similar to those of
(N"N),,Cu(0,), suggesting that the Ni—O, character of
(Me;P),Ni(O,) is similar to that of (N"N),Cu(O,). The
ground and the first excited singlet states of (Me,P),Ni(O,) are
the same as those of (N"N),,Cu(0O,), while the first vertical
excitation energy is considerably large (19.1 kcal mol™) in
(Me,P),Ni(O,) but moderate (14.4 kcal mol™") in (N"N),,Cu-
(0,).

Based on the above discussion, it is concluded interestingly
that the O, moiety is understood to be similar in all these
complexes, despite different oxidation states and different
numbers of d electrons.

At the end of this section, we wish to briefly discuss the Cg
symmetry of (N*N)Ni(O,). In (N"N),Ni(O,) with C,y

The welght of the second leadlng

13152

symmetry, the first and second doublet excited states exist
slightly above the ground state, where the energy difference is
only 1.8 and 2.9 kcal mol™, respectively (see Table 1). On the
other hand, the energy gap in (N"N),,Cu(0,), (N"N),,Co(0O,),
and (Me;P),Ni(O,) are 14.4, 4.0, and 19.1 kcal mol™},
respectively, which are larger than in (N"N),Ni(O,). More
important is the symmetry of the electronic state; in (N*N), Ni-
(0,), both the ground and first excited states belong to A”
irreducible representation under Cg symmetry, while they belong
to different irreducible representations in other complexes (see
Table 1). Therefore, the symmetry reduction occurs through the
pseudo-Jahn—Teller effect in (N"N)Ni(O,), but it is not
observed in the other complexes.

Characterization of the M—0, Moiety, Superoxo vs
Peroxo. The O, moiety strongly interacts with the metal moiety
in the 7, +d, as seenin Figure 2. In the other natural orbitals, the
d orbitals of the metal moiety and the 7* orbitals of the O,
moiety are well-localized. It is noted that the 7} orbital of the O,
moiety is doubly occupied in all these complexes. If the d,

component is negligibly small in the 7,:,4_orbital, the dloxygen

moiety assumes a charge of nearly —2 in (NAN)le( 0,). In such
cases, the O, moiety is a pure peroxo species. If the d,,
component is comparable to the 7 component, the dioxygen
moiety assumes a charge of nearly —1, indicating that the O,
moiety is a pure superoxo species. This understanding is also
reasonable in the other three complexes, because the 6,54 _is
doubly occupied in all of them. In other words, the character of
the O, moiety is mainly determined by the 7,4 . These results
mean that the electronic state of the O, moiety is understood by
analyzing the 7, +d,

In general, the MO of complex AB can be represented by a
linear combination of MOs of fragments A and B, as

described by eq 1:
o = L Co L Cut o
1

where ¢?® represents the ith MO of complex AB and ¢? and ¢
are the mth and nth MOs of fragments A and B, respectively. C

andC 51 are expansion coefficients of ¢’ and ¢%, respectively, and
the electron populations of ¢’ and ¢}, can be obtained from these
coeflicients. We have successfully used this method to under-
stand the charge-transfer interaction in transition-metal com-
plexes.”°”® In the present work, the transition-metal—dioxygen
complex was divided into the dioxygen moiety and the remaining
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moiety, including the transition metal and the other ligand. As
shown in Table 2 (the first column), the contribution of the d,.is
similar to that of the O, 7 in the 7,4 . Because the d,

participates in the antibonding counterpart 7,:_4 , we evaluated

the population of the d, considering all the natural orbitals. Also,
we calculated the electron population (g}) of the 77 orbital of
the O, moiety in the same way. The g, is found between 0.96

and 1.14. The total d orbital population is ~7 in (N*N),,Co(O,),
~8 in the Ni analogue, ~9 in the Cu analogue, and ~9 in
(Me;P),Ni(O,).

The O—O z-bond order is one of the important measures for
understanding the character of O, moiety: peroxo or superoxo.
The 7-bond order should be zero (0) for peroxo and 0.5 for
superoxo. The BOg_g 7-bond order is defined by eq 2:

4, + 9, = Qg ~ 9o

BO,_ =
©-0 2 )

where g, is the occupation number of the 7, orbital. The 7 bond

order of the O, moiety is evaluated to be 0.38 to 0.50 (see Table
2). Based on these results, it is likely concluded that these
complexes exhibit a considerable superoxo nature rather than a
peroxo nature from the viewpoint of electron distribution.

The superoxo character and the ground-state electronic
structure (*A,) are the same as the previously calculated results
by the DDCI method>***” In our calculation, the main
conﬁguration of the ground state of (N"N),Ni(O,) is

”;zmd hd. dyz szizdﬁzél —a 77:0* 4y which contains only one
z Xy

singly occupied orbital 5,,15 +d, Thrs electronic state is easily

understood in terms of the strong overlap between the 77 of O,
and the d,,. Because of the strong overlap, the 7. z+d, 1S much

more stabilized in energy than the 6,4 and as a result, its
antibonding counterpart 7,:_yq_becomes very unstable in energy,

as discussed above and shown in Scheme 2 (see page S14 in the
Supporting Informatlon for an understanding of this *A, state. In
the previous report,*® the 2A, ground state is understood to
possess mainly the character of
&, di_dhd2, 51 ”*777 4,5 consisting of three singly

7r*+d wE+d,y, Y =2

occupred orbitals. We performed four-state-average CASSCEF-
(9e, 60)/CASPT?2 calculation, where the active space was taken
as the same as the previous study.*® The CASPT2 calculation
indicates that the ground state is the A, containing
7[72[? +d, 5,2[sk v dyz szxzd 51 X*”gi*— 4,382 main configuration like

in the MS-RASPT2 calculation with large active space and the

2 sl 1 .
5” frd,, dz zd 2d,. 64 —n:Tzz _g @S @ main

configuration is at a much hlgher energy (87.1 kcal/mol) than
the ground state; see page S14 in the Supporting Information for
details. Considering the strong overlap between the 77 of O, and
the d,,, it seems reasonable to conclude that the ground state
(ZAZ) has a main character Ofﬂzhd ied, d _pd; zd2 51 ”*ﬂ'ﬂ* 4
Although (N"N)Cu(0,) and (NAN)Nr(OZ) exhlbrt a
considerable superoxo nature, the reacthlty for hydrogen
abstraction from O— H and N—H groups">*" is different from
the typical end-on #'-superoxo copper, cobalt, and iron—
dioxygen complexes, because the out-of-plane 7* orbital of O,
is singly occupied in those complexes.”” In (N"N)Cu(0,), the
ground state is close-shell singlet and no spin density is found in
the O, moiety. In (N"N)Ni(O,), the unpaired electron is mainly
localized in the Ni center; see Figure S2 in the Supporting

’A, containing ﬂ'ﬂ* +d,

Information. In addition, the out-of-plane 7} is doubly occupied.
Thus, the spin density on the O, moiety is very small unlike the
O, moiety in the typical 5'-superoxo complex. It is likely that
(N"N)Ni(O,) and the Cu analogue exhibit different reactivity
from that of the typical 7'-superoxo complex.

Factors Determining the M—O Bond Lengths. Cramer et
al. reported that the Mayer bond order of O—O is inversely
proportional to the M—O bond order, in which the O-O
dlstance Jvas compared among neutral, superoxo, and peroxo
species.'® Here, all four complexes exhibit considerable superoxo
nature in the O, moiety, but the M—O bond and O—O distance
are considerably different among them; for instance, (N"N),,,Cu-
(0,) has the longest M—O bond length (1.846 A), (N"N),,Co-
(0,) has the shortest one (1.800 A), (Me;P),Ni(O,) has the
longest O—O bond length, and (N"N),,Ni(O,) has the shortest
one (1.347 A). If we find the relationship between the M—O
bond length and the properties of ML (L = (N"N),, or (Me;P),),
it is useful to understanding the nature of the metal—dioxygen
complex.

The M—O bond length becomes shorter in the following
order: (N"N),,Cu(0O,) > (N"N),Ni(O,) > (Me;P),Ni(0,) >
(N”N),,Co(0,). The z-type interaction between the metal and
the O, moieties is much stronger than the d-type interaction due
to the larger orbital overlap in the 7-type interaction, as discussed
above (also see Scheme 2). Thus, the 7-type interaction is one of
the important factors for the M—O bond length. The strength of
the 7-type interaction is represented by the sn-type M—O bond
order, which is defined by eq 3:

qzzz*+dyZ - qﬂz*—d

— yZ
B0 = 3 3)

where q,%,4 and g, 4 are the occupation numbers of the

bonding 7,4 and the antibonding ., orbitals calculated by

the RASSCF method, respectively (see Table S2 in the
Supporting Information). Although a good correlation is
observed between the M—O bond length and the BOy_¢ in
(N*N),,M(O,) (M = Co, Ni, or Cu), the Ni—O distance of
(Me,P),Ni(0O,) largely deviates from the relation, as shown in
Figure 3A. Because it is likely that this discrepancy arises from the
difference in ionic radii between Ni* and Ni**, we employed
another parameter to take the difference in ionic radius into
account, as shown in eq 4:

RY"S' = Ry_o — ARypt 4)

where Ry;_q is the M—O bond length in the complex and ARy~
is the difference of ionic radius of M™ from that of Ni?*,”*"® as
defined by eq S.

ARpyp+ = Rype — Ryt ()

where “n+” is the oxidation state. We found a good linear
relationship between the BOy_o and the R§"5", as shown in
Figure 3B; in other words, the M—O bond length with correction
of ionic radius, rather than the M—O bond length, well relates to
the metal—dioxygen interaction.

The next step is to clarify the factor determining the BOy;_o.
In these dioxygen complexes, the charge transfer mainly occurs
from the d,, to the 7 orbital of the O, moiety via the 7-type
interaction (Scheme 2) The strength of CT can be evaluated by
the electron populations of donor and acceptor MOs, which are
evaluated with eq 1, as described in Table 2. One can expect that
the M—O, bonding interaction becomes stronger and the
BOy;_o becomes larger, as the CT from the metal d orbital to the
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Figure 3. Correlations of (A) Ry_o vs BOy_q, (B) Ri{™&" vs BOy_o,
(C) BOy_o vs the electron population on O, 7, and (D) the electron
population on O, 7¥ vs &g .

O, 7 increases. As expected, we found a linear relationship
between the electron population of the O, 7 and the BOy_g
(see Figure 3C). Because the metal d,, orbital mainly participates
in the charge transfer as a donating MO, we calculated the d,,

orbital energy (&, ) in the valence state.”® As shown in Figure 3D,

a linear relationship between the ¢; and the electron population

of the O, z} orbital is found.
The above results encourage us to examine the relationship
between the £;_and the binding energy (Egg). However, we

could not find a good relationship between Egg and the €4, aS
shown by a black line in Figure 4A, where we employed the DFT-

<180
g . INT .
21604 = E
g = o (MeP)Ni(O,)
5140+ | i
2 . ;
& 120 (N*N).Co(O,)
5
E 100 (NN NI(O,)
) . .
£ 80-
S A
2 50| N, CuO) 4
2 .
m 40 —T T T T T T T T ™
40 -38 36 34 32 30 -28 26 24 -22
&4, (€V)
(A)
iee] * (MeP)NIO,)
1.84 4 = (N*N) Co(O,)
1824
=
= 1.80
o'
X 1784 (N"N) Ni(O,) =
Lol (N"N),Cu(0,) =
1-?4 T T T T T T T T 1
38 -36 -34 -32 -30 -28 -26 -24 -22
&4, (eV)
(B)

1 e 4. Correlations o an VS €4 an —_0 VS &
Figure 4. Correlations of (A) Eyy and By vs €q_and (B) R{T™&¢ vs & .

computational results, since the orbital energy cannot be defined
by the RASSCF calculation. We must remember that the d,,
orbital energy is calculated in the valence state and, hence, it is
different from that in the ground state. This means that &, must

be plotted against the interaction energy (Epr), which is the
relative energy of LM(O,) to the sum of ML and O, in their
valence states. Here, we considered the valence states in both the
ML and O, moieties. In the O, moiety, the valence state is
72 7*0, which corresponds to the closed-shell singlet state. In
(N"N),,Cu and (Me;P),Ni, the ground state is the same as the
valence state d% 2d22dizdiyd§z In (N"N),,Ni, the valence state is
d’ .dxdl dlydz2 In (N”N),Co, the valence state is
d¥ zdzzdl d1 { . Their energies were calculated with the DFT
method (Table 3). As expected, the calculated AEp; value

linearly increases as the &;_increases; see the red line in Figure

4A. This linear relationship is useful to understand the
relationship between Eyg and €4, because Egg is represented

by Er, as follows:
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Table 3. Orbital Energy (¢4, ), Promotion Energy (E,..n), Binding Energy (Egg), Interaction Energy (Epyy) Electron
Configurations of the Ground and Valence States of the Metal Moiety with Associated Ligand

Eprom configuration
éq, (eV) ML? 0, Egg (kcal mol™) Enyr (keal mol™) ground state valence state

(N"N),.Ni(0,) -32 28.1 (23.0) 372 533 81.4 diz—' zdizdizdiydiz dizﬂzdildidiydiz

(PMe;),Ni(0,) -2.3 0.0 36.8 111.1 111.1 d2, zdzzdizdiyd;z dz, Zdzldizdiyd)zlz
yo -z x y -z x

(N"N),,Cu(0,) —3.8 0.0 37.0 323 323 dz, Zdzldizdiyd;z dz, Zdzzd;diyd;z
y -z7 x yo-z7 x

(N"*N),,Co(0,) =27 27.5 (12.7) 37.0 66.6 94.0 d2, Zdzld)z(zdl(yd;z d2, Zdzzd:;zd}(yd;z
y -z x y -z x

“L = (N"N),, and (Me,P),, and the value in parentheses is calculated by MS-RASPT2.

Egz = E[ML]; + E[O,]; — E[ML(0,)]; (6)

= EINT —E [ML] - Eprom[ol] (7)

prom

where the subscript G represents a ground state and E,,, is a

promotion energy from the ground state to the valence state; in
other words, the linear relationship between Epyr and €q,

suggests that Ep largely depends on ¢, in the valence state

and the promotion energy of the ML moiety; remember that the
promotion energy of the O, moiety is not different very much
among these complexes (Table 2). Thus, the difference between
Egg and Epyp mainly comes from the promotion energy of the
ML moiety. Because the d,, orbital of (Me;P),Ni(O,) is
calculated at the highest energy among these complexes, its Epyp
value is the largest. In addition, the promotion energy is zero in
this complex; hence, the Egg value is the largest. In (N"N),,Co-
(0,), the d,. is calculated at the second highest energy, while in
(N"N),,Ni(O,) the d,, is lower than in the Co analogue.
However, the promotion energies are considerably large in these
two complexes (~28 kcal mol ™). In (N”N),,Cu(0,), the energy
of d,, is the lowest but the promotion energy is zero. Because of
the difference in promotion energy, the Epp values of
(N"N),,Co(0,) and the Ni analogue are smaller than in
(N"N),,Cu(0,) and (Me;P),Ni(O,). Considering these
promotion energies, we can easily understand the parabolic
relation between &; and Epg in Figure 4A; the similar

relationship is presented when we employed the MS-RASPT2
to evaluate the promotion energy, as shown in Table S3 and
Figure S7 in the Supporting Information . Because the R{{"g" is
value closely related to the bond strength between metal and O,,

correct

a good relationship between the Ry;"5" and the &4 _is also found,

as shown in Figure 4B. Therefore, the d,, orbital energy is one
important factor in determining the M—O bond length and bond
strength, as expected.

It is likely concluded that (i) the trend of the M—O bond
length largely depends on the d,, orbital energy in the distorted
ML moiety with valence state and (ii) the binding energy largely
depends on the d,, orbital energy and the promotion energy to
the valence state; note that the binding energy also depends on
some other factors such as the electrostatic interaction, steric
repulsion, and exchange repulsion.

Factors Determining the O—O Bond Length. The O—0O
bond length is an important geometrical parameter in metal—
dioxygen complexes. Although all four of these complexes exhibit
similar M—O, character, the O—O distance is considerably
different, as mentioned above. It is of considerable importance to
clarify the factors to determine the O—O distance.
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Previously, the inverse correlation was found between the O—
O and the M—O distances and between their bond orders.">"’
However, such a relationship cannot be found in these four

correct

complexes. Here, the relationship between the Ry"g" and the

O—0 distance is examined first because the R{{"g" provides a

linear relationship with the BOy;_o. However, a linear relation-

ship is not presented between the R§j"&" and the O—O distance,

as shown in Figure SA. For instance, the O—O distance of

(N"N),,Cu(0,) is much longer than that of (N*N),Ni(O,),
correct

despite the shorter Ry{"5".
Because the &4 was successfully employed for discussing the

Einr and the M—O values, as shown in Figures SA and SB, we
examined the relationship between the &; and the O-O

distance. However, we also could not find a linear relationship;
for instance, the d,, orbital exists at a higher energy in (N"N),,Ni
than in (N”N),,Cu, but the O—O distance of (N*N),Ni(O,) is
considerably shorter than that of (N"N),.Cu(O,).

One can expect that the O—O distance depends on the
electron population of the O, moiety (qo,), because the O—O

distance becomes longer as the electron population increases in
the ¥ and z¥ orbitals. However, a linear relation is not found
between them again, as shown in Figure 5B. In this case, the O—
O distance of (N"N),,Ni(O,) substantially deviates from the
relationship; for instance, the qo, of (N"N),,Ni(O,) (—0.845 ¢)

is moderately more negative than that of (N"N),Cu(O,)
(—0.815 ), while the O—O distance of the former is much
shorter than of the latter. The absence of a linear relationship
between the g5, and O—O distance is attributed to the presence

of various CT interactions. For instance, the CT from the metal
d,. to the O, 7¥ increases both the gp, value and the O-O
distance, as expected. However, the O, moiety has a 7’72
configuration in the valence state. This means that the CT can
occur from the O, 7 to the M d,, when the d,, is not doubly

occupied. This CT decreases the g, value and decreases the O—

O distance. When the d,, is unoccupied or singly occupied, the
CT occurs from the O, 7, to the d,,. Such CT decreases the qq,

but increases the O—O distance, because the electron population
decreases in the bonding MO. In (N"N),Ni(O,) and
(N"N),,Co(0,), the electron population of the O, 7 is 1.889
and 1.875, respectively, which are somewhat smaller than that in
(N"N),,Cu(0,) and (Me;P)Ni(O,). Consistent with those
populations, the d,, electron populations are 1.389 and 1.090 in
(N"N),,Ni(O,) and (N"N),Co(0,), respectively. The larger
electron population of the d,, in (N"N),,Ni(O,) arises from the
CT from the O, z¥ and the configuration mixing between
Toivg, Oniva, 4, 2d2d 20,0 om, ! (41.1%) and

T _
nF+d,, nF P rX—d,,
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Figure 5. Correlations of the O—O bond length vs (A) BOy.o, (B)
Mulliken charge of O,, and (C) O—O bond order (BOo_o). [The
Mulliken charge has been calculated by the RASSCF.]

71’72[? . dﬂ(ﬁf ) dnd;z_zzdizdizéﬁxy_”fﬂgj_ 4 (17.6%) in the ground state.
In (N"N),,Co(0,), the singly occupied d,, orbital induces the
CT from the O, x,, which decreases the g, value but increases

the O—O distance, as mentioned above. These results suggest
that we cannot simply discuss the O—O distance based on the g,

but must consider populations of all 7 and 7* orbitals. Finally, we
employed the O—O 7z bond order (BOo_g), which is defined by
eq 2. Apparently, a linear relationship is presented between the
BOg_o and the O—O bond distance, as shown in Figure SC.

It should be concluded that not only the electron population of
the O, ¥ and 7z} orbitals but also those of the O, 7, and 7,

orbitals are important to understand the O—O distance, when
the metal center has several singly occupied and/or unoccupied d
orbital.

Reactivities of (N"N),,M(O,) and (Me;P),Ni(O,). One of
the important features of these dioxy%en complexes is the
reactivity to organic substrates.”>””~*" Here, the reaction
between these dioxygen complexes and phenol was investigated,
since substituted phenols are usually employed as substrate for
the H atom abstraction reaction by transition-metal—dioxygen
complexes;*>®? actually, the reactions of substituted phenol with
(N*N)Ni(0,)*" and (N"N)Cu(0,)** have been experimentally
investigated, in which LM(O,) abstracts the hydroxyl hydrogen
of phenol to produce radical PhO® and LM—OOH, as shown
below:

LM(O,) + PhOH — TS' = LM — OOH + PhO"

The Gibbs activation energy is calculated to be 20.7 kcal/mol
in the reaction of (N"N),.Ni(O,) (see Figure 6 and Table S4 in

I | (Me P)Ni(O,)

a0 | 4 aG" *
1 *
. 28]
B 4
-‘E‘ 26 /
S 24 -
< N*N), Co(O
a 29 ] : ( )m 0( 2)
S 20 Wk
i _—(N"N)_ Ni(O,)
18"‘ -

164 (N"N) Cu(O,)

U ¥ T J T ¥ T b I U L] Ll x T g T
40 -38 -36 -34 -32 -30 -28 -26 -24 -22

€d,, (eV)

Figure 6. Correlations of AG, vs &, and AGF vs g

the Supporting Information). This moderate barrier is consistent
with the experimental report that (N"N),Ni(O,) is reactive for
the hydrogen abstraction reaction.*' The Gibbs activation energy
with (N*N),,Cu(O,) is 17.1 kcal/mol, which indicates that
(N"N),,Cu(0,) is also reactive for the hydrogen abstraction
reaction. However, (N"N), Cu(O,) was experimentally reported
to be inert toward phenol.** We noticed that a very low reaction
temperature (—60 °C) was employed in the experiment.*” It is
likely that the reaction with the Gibbs activation energy of 17.1
kcal/mol occurs very slowly at such a low temperature. In
addition, (N"N),,Cu(O,) was experimentally reported to be
easily decomposed upon warming.* One reasonable under-
standing is that the decomposition of (N"N),,Cu(O,) occurs
easier than the hydrogen abstraction and, hence, no reactivity was
observed for (N"N),,Cu(O,). However, we wish to stop this
discussion, because we do not have computational results about
the decomposition; note that the decomposition reaction is
complicated in many cases.

In the hydrogen abstraction reaction by (N"N),,Co(0O,), the
Gibbs activation energy is evaluated to be 24.4 kcal/mol, which is
higher than that for (N"N)_Ni(O,), indicating it is less reactive
than the Ni analogue. In the reaction by (Me;P),Ni(O,), neither
radical product (Me;P),NiOOH:--OPh nor the transition state
for hydrogen abstraction could be located unlike those of
(N"N),.Ni(O,), suggesting that this complex is inert for the
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Inorganic Chemistry

hydrogen abstraction from phenol. The Gibbs reaction energy
for (Me;P),Ni(OOH) + #OPh is evaluated to be 31.1 kcal/mol,
which is more endothermic than that for (N"N),,Ni(OOH) +
eOPh.

We found the linear relationships between the Gibbs
activation energy (AG¥) of hydrogen abstraction and the €q,

and between the Gibbs reaction energy (AG,) and the €4, aS

shown in Figure 6. In the previous section, we found that the
higher €4, leads to the larger interaction energy (see Figure 4A).

These results indicate that high ¢; _valueslead to too strong ofan

interaction between O, and ML, which is not favorable for the
reactivity of the dioxygen complex; in other words, if we employ
the appropriate ligand in the Ni(0)—dioxygen complex to
stabilize its €4 , we can increase its reactivity toward the hydrogen

abstraction reaction. However, if £q, is too low, the dioxygen

complex becomes too unstable and, hence, some decomposition
reactions occur easier, such as (N*N)_Cu(O,), which is not
favorable.

B CONCLUSIONS

Both density functional theory (DFT) and multi-configurational
second-order perturbation (MS-RASPT2) calculations clearly
show that (N*N)Ni(O,) is not C,, but Cg symmetry with
different Ni—O bond lengths, which arises from the pseudo-
Jahn—Teller effect. On the other hand, (N"N),Cu(O,),
(N"N),,Co(0,), and (Me;P),Ni(O,) all have a C,y symmetry
structure in the ground state. The pseudo-Jahn—Teller effect
occurs only in (N"N)Ni(O,), because of the presence of the
singly occupied §,+, 4  orbital.

MS-RASPT2 calculations disclose that these complexes
exhibit considerable superoxo (O3) nature, independent of the
metal oxidation state and the number of d electrons. In these
complexes, however, little spin density is found on the O, moiety
since the out-of-plane #* orbital is doubly occupied and the in-
plane 7* orbital strongly interacts with the metal d,, in the doubly
occupied bonding orbital. This feature is completely different
from the usual #'-superoxo complex, which possesses one
unpaired electron on the O, moiety. This would be a reason for
different reactivity of these complexes from that of the usual 7'-
superoxo complex. This result suggests that we need a new index
for discussing the metal—dioxygen interaction besides peroxo,
superoxo, and oxo species.

Although all these complexes have a similar metal—dioxygen
moiety, their M—O and O—O distances are considerably
different among them. We introduced a new parameter, R{g™",
to take the difference of ionic radius of metal center into account,
and we found that the R{3"&" linearly correlates to the bond order
BOy_o between the metal center and the O, moiety. Also, we
found that the interaction energy Epyy of the dioxygen molecule
with the metal moiety linearly correlates to the d,, orbital energy
(E‘dﬂ) in the valence state; in other words, as the &5 becomes

higher, the R{{"5" decreases and the interaction energy (Enr)
increases. It is concluded that the binding energy (Egg) of the
dioxygen molecule is determined by the &4_in the valence state

and the promotion energy of ML to the valence state.

The O—O bond length is influenced not only by the charge
transfer (CT) from ML to O, but also by the CT from O, 7* and
7 to ML. Because of the presence of various CTs, the electron
population of the O, moiety is not a good index for the O—O
bond distance. In the present work, we proposed an O—O =z

bond order (BOg_e) of the O, moiety as a good index for the
O-O0 distance, which is calculated using the RASSCF method.
Actually, this BOg_q reversely correlates to the O—O bond
length.

The calculated Gibbs energy barriers of hydrogen abstraction
from phenol suggest that (N"N),,Ni(O,) and (N"N),,Co(O,)
are reactive toward phenol but (Me,P),Ni(O,) is not. The
reactivity of dioxygen complex exhibits interesting relationship
with the d,, orbital energy of ML (L = (N"N) or (PMe,),). Our
computational results suggest that (N"N),,Cu(O,) is reactive
toward phenol if the decomposition reaction is suppressed.

All these reasonable relationships proposed in our work
provide clear and well understanding of the nature of the metal-
dioxygen moiety and the interaction between the metal and the
dioxygen molecule.

B ASSOCIATED CONTENT

© Supporting Information
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