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Abstract: Spectroscopic and density functional theory (DFT) electronic structure computational studies
on a binuclear bis-µ-oxo bridged (Ni3+)2 complex, [(PhTttBu)2Ni2(µ-O)2] (1), where (PhTttBu) represents phenyl-
tris((tert-butylthio)methyl)borate, are presented and discussed. These studies afford a detailed description
of the Ni2O2 core electronic structure in bis-µ-oxo (Ni3+)2 dimers and provide insight into the possible role
of the (PhTttBu) thioether ligand in the formation of 1 from a Ni1+ precursor by O2 activation. From a normal
coordinate analysis of resonance Raman data, a value of kNi-O ) 2.64 mdyn/Å is obtained for the Ni-O
stretch force constant for 1. This value is smaller than kCu-O ) 2.82-2.90 mdyn/Å obtained for bis-µ-oxo
(Cu3+)2 dimers possessing nitrogen donor ligands, indicating a reduced metal-oxo bond strength in 1.
Electronic absorption and magnetic circular dichroism spectroscopic techniques permit identification of
several OfNi and SfNi charge transfer (CT) transitions that are assigned on the basis of DFT calculations.
The dominant OfNi CT transition of 1 occurs at 17 700 cm-1, red-shifted by ∼7000 cm-1 relative to the
corresponding transition in bis-µ-oxo (Ni3+)2 dimers with nitrogen donor ligands. This red-shift along with
the relatively low value of kNi-O are due primarily to the presence of the thioether ligands in 1 that greatly
affect the compositions of the Ni2O2 core MOs. This unique property of the thioether ligand likely contributes
to the reactivity of the Ni center in the precursor [(PhTttBu)Ni1+CO] toward O2. DFT computations reveal
that conversion of a hypothetical side-on peroxo (Ni2+)2 dimer, [(PhTttBu)2Ni2(µ-η2:η2-O2)], to the bis-µ-oxo
(Ni3+)2 dimer 1 is energetically favorable by 32 kcal/mol and occurs without a significant activation energy
barrier (∆H‡ ) 2 kcal/mol).

1. Introduction

Understanding the mechanisms of O2 and H2O2 activation
by transition metal complexes is of great fundamental and
practical interest. This type of reaction has been shown to afford
high-valent bis-µ-oxo bridged dimers that possess a M2(µ-O)2
(M ) Cu,1-3 Fe,1,4 Co,5 and Ni5-7) “diamond” core structure.
These thermally unstable complexes are capable of performing
diverse organic functionalizations by means of intra- or inter-
molecular oxidative C-H abstraction and thus possess tremen-
dous potential for use as oxidation catalysts. Additionally, the
copper and iron complexes have recently attracted attention as
models of possible reaction intermediates of O2 activating
enzymes such as the Cu proteins tyrosinase8,9 and catechol

oxidase10 and the Fe proteins methane monooxygenase (inter-
mediate Q)11-13 and ribonucleotide reductase (intermediate
X).11,12,14
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A detailed understanding of the reaction mechanisms by
which high-valent bis-µ-oxo dimers are formed and of the
factors that influence their reactivity are of paramount interest.
As particular emphasis has been placed on copper complexes,
a large number of different bis-µ-oxo (Cu3+)2 dimers with a
great variety of nitrogen supporting ligands have been reported.3

Stopped-flow kinetic studies have provided significant insight
into the mechanism of O2 activation by Cu1+ precursors to yield
bis-µ-oxo (Cu3+)2 dimers.15-17 Typically, initial formation of a
1:1 Cu/O2 adduct is followed by reaction with a second Cu1+

to form aµ-η2:η2 side-on peroxo bridged (Cu2+)2 intermediate
that subsequently rearranges to a bis-µ-oxo (Cu3+)2 complex
through reductive O-O bond cleavage.1 Alternatively, only
relatively few bis-µ-oxo (Ni3+)2 dimers have been reported so
far, all of which possess nitrogen supporting ligands.5-7 In the
majority of these dimers the Ni atoms are 5-fold coordinated,5,7

and the dimer adopts an anti conformation as shown in Chart
1. Unlike bis-µ-oxo (Cu3+)2 dimers, these (Ni3+)2 dimers cannot
be obtained upon reaction of a Ni1+ precursor with O2; instead,
the corresponding bis-µ-hydroxo (Ni2+)2 complexes must be
reacted with H2O2. On the basis of kinetic studies it has been
postulated that this reaction involves aµ-η2:η2 peroxo (Ni2+)2

intermediate.7

However, very recently we discovered that [(PhTttBu)Ni1+-
CO], where (PhTttBu) is a tridentate thioether ligand,18 is capable

of activating O2, yielding a species formulated as [(PhTttBu)2-
Ni2(µ-O)2] (1).19 The molecular structure of1 was determined
on the basis of complementary low-temperature spectroscopic
studies. XAS data of1 are consistent with the Ni3+ oxidation
state, and EXAFS studies corroborate the (Ni3+)2(µ-O)2 core
structure. EPR and1H NMR data reveal that the dimer is
diamagnetic at 77 K, indicating that the Ni3+ ions are antifer-
romagnetically exchange-coupled. The electronic absorption
spectrum exhibits a prominent band at 17 700 cm-1 (ε ) 16 000
M-1 cm-1), which has been ascribed to an OfNi charge transfer
(CT) transition.19 As 1 is formed by O2 activation of a Ni1+

precursor, it is conceivable that this reaction follows a similar
mechanism as established for the copper complexes involving
stepwise formation of Ni/O2 and µ-η2:η2 peroxo (Ni2+)2

intermediates. However, while side-on peroxo and bis-µ-oxo
Cu2 isomers can coexist in equilibrium depending on the nature
of the supporting ligands employed,15,20-24 experimental evi-
dence for the formation of side-on peroxo (Ni2+)2 intermediates
has yet to be provided.

Molecular-level understanding of the reactivity of Ni com-
plexes toward O2 requires detailed knowledge of the Ni2O2 core
electronic structure in the corresponding bis-µ-oxo dimers. While
several spectroscopic and theoretical studies performed by
Solomon, Stack, and co-workers25 and Tolman and co-work-
ers2,26 provided detailed insight into Cu-O bonding in bis-µ-
oxo (Cu3+)2 dimers, the nature of Ni-O bonding in bis-µ-oxo
(Ni3+)2 dimers remains largely unexplored. In this paper a
detailed spectroscopic and computational study on the bis-µ-
oxo (Ni3+)2 dimer 1 is presented. The Ni-O bond strength in
1, determined from a normal coordinate analysis (NCA) of our
resonance Raman (rR) data, is compared to that in (Ni3+)2

dimers with nitrogen supporting ligands and to the Cu-O bond
strength in bis-µ-oxo (Cu3+)2 dimers. Absorption, circular
dichroism (CD), and magnetic circular dichroism (MCD)
spectroscopic techniques are used in conjunction with density
functional theory (DFT) electronic structure calculations to
generate an experimentally calibrated bonding description for
1. To explore the possible role of the thioether ligands in the
formation and stabilization of1, computations are also presented
on a representative example of a bis-µ-oxo (Ni3+)2 dimer
possessing tridentate nitrogen supporting ligands (Chart 1).18

To explore whether differences in M2O2 core electronics relate
to differences in the reactivities of Ni2 and Cu2 dimers, additional
computations are described on a hypothetical [(PhTttBu)2Ni2(µ-
η2:η2-O2)] complex (2) corresponding to the putative side-on
peroxo (Ni2+)2 intermediate in the formation of1, and the
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reaction coordinate for the conversion of the side-on peroxo
species2 to the bis-µ-oxo complex1 is evaluated.

2. Experimental Section

2.1. Spectroscopy.Samples of [(PhTttBu)2Ni2(µ-O)2] 1 were obtained
upon reaction of the Ni1+ precursor [(PhTttBu)NiCO] with O2 as
described in ref 19. Absorption, CD, and MCD spectra of a 0.5 mM
solution of1 in toluene were recorded at 190 K using a spectropola-
rimeter (Jasco J-715) with a sample compartment modified to accom-
modate a superconducting magnetocryostat (Oxford Instruments SM-
4000). rR spectra of isotopically pure samples of1 prepared with either
16O2 or 18O2 were recorded upon excitation with an Ar+ ion laser
(Coherent I-305) or a dye laser (Coherent 599-01 equipped with
rhodamine 6G dye) pumped by the Ar+ laser with incident laser power
of 10-20 mW at the sample. Raman scattered light was collected at
an ∼135° backscattering angle from the surface of a frozen solution
of 1 contained in an NMR tube, which was immersed in a liquid N2-
filled EPR dewar. The scattered light was dispersed by a triple
monochromator (Acton Research) using 1200 and 2400 grooves/mm
gratings and detected by a back-illuminated CCD camera (Princeton
Instruments, 1340× 100 pixels). Raman shifts and intensities were
calibrated relative to the 784 cm-1 peak of toluene.27

2.2. Normal Coordinate Analysis.A normal coordinate analysis
(NCA) of the vibrational data was performed on the Ni2O2 core structure
with an idealizedD2h geometry using the interatomic distances Ni-O
) 1.82 Å and Ni‚‚‚Ni ) 2.83 Å derived from an EXAFS study.19 The
analysis was based on the Wilson FG matrix method using a Urey-
Bradley force field as implemented in a modified version of the
Schachtschneider program.28

2.3. Electronic Structure Calculations.DFT computations were
performed on a home-built cluster composed of eight Pentium III
processors using the Amsterdam density functional (ADF) 2000.02
software package.29 Calculations on1 were performed on a simplified
molecular structure in which the phenyl andtert-butyl groups were
substituted by methyl groups. The atomic coordinates of1 were obtained
through energy minimization by using the algorithm of Versluis and
Ziegler30 as implemented in ADF 2000.02. For single-point calculations
on 3 the coordinates were taken from the crystal structure,5 and the
methyl groups were replaced by hydrogen atoms. The atomic coordi-
nates for all models described in the text are included in the Supporting
Information (Tables S1-S6). All calculations were carried out using
an integration constant of 4.0, the Vosko-Wilk-Nusair local density
approximation (VWN-LDA)31 for the exchange and correlation energies,
and the nonlocal gradient corrections of Becke32 and Perdew.33 A
triple-ú Slater-type orbital (STO) basis set with a single-ú STO
polarization function (ADF basis set IV) was used for all atoms. Core
orbitals were frozen through 1s (C, N, and O) and 2p (S and Ni).
Excited-state transition energies were calculated by the Slater transition
state method.34

To allow for graphical output of key MOs and to obtain an
independent assessment of the calculated bonding description for1,35

additional single-point DFT calculations on1 were performed using
the electronic structure calculation package ORCA 2.1.80 developed
by Dr. Frank Neese (MPI Mu¨lheim, Germany).36 A Perdew-Wang
parametrization of LDA (PW-LDA)37 with the nonlocal gradient
corrections of Becke32 and Perdew33 was employed. For the Ni, O,
and S atoms a triple-ú Gaussian-type orbital (GTO) basis (Ahlrichs
TZV)38 was chosen with three, two, and one polarization functions,
respectively.39,40The remaining atoms were modeled with the DGauss
valence double-ú basis41 with one polarization function.39 Isosurface
plots (isodensity value 0.03 b-3) of the MOs obtained from the ORCA
calculations were generated using the GOpenMol software program
developed by Leif Laaksonen.42

3. Results and Analysis
3.1. Spectroscopy. A. Absorption and rR.The electronic

absorption spectrum of1 at 210 K is dominated by two intense,
broad bands centered at 17 700 cm-1 (ε ) 16 000 M-1 cm-1)
and 24 800 cm-1 (ε ) 12 000 M-1 cm-1) as shown in Figure
1.19 To identify the nature of the corresponding transitions, rR
data were collected using various excitation wavelengths. rR
spectra of1 excited at 565 nm (Figure 2) are governed by an
intense peak at 590 cm-1 that shifts to 560 cm-1 for samples
prepared with18O2.43 This feature has previously been assigned
to the totally symmetric Ni-O stretching mode of the Ni2O2

core in1.19 The isotopic shift of 30 cm-1 compares well with
the value of 28 cm-1 calculated for a diatomic Ni-O harmonic
oscillator. In bis-µ-oxo (Cu3+)2 dimers the corresponding feature
is typically observed in the 600-632 cm-1 range.44 The rR
excitation profile of the 590 cm-1 feature of1 mirrors the
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DeriVatiVes; Wiley & Sons: New York, 1974; p 49.
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Spectroscopy; Bulletin No. 15; National Research Council of Canada:
Ottawa, 1976.
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Figure 1. 210 K electronic absorption spectrum (solid line) of [(PhTttBu)2-
Ni2(µ-O)2] superimposed by rR excitation profiles (symbols) of the dominant
vibrational features observed at 590, 303, and 184 cm-1.
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absorption band in the visible spectral region (Figure 1),
indicating that the latter is due to an OfNi CT transition. Two
additional, significantly weaker rR features are observed at 184
and 303 cm-1. Their enhancement behavior parallels that of
the 590 cm-1 peak (Figure 1); however, these features are not
isotopically sensitive. In bis-µ-oxo (Cu3+)2 dimers, the16O/18O
insensitive symmetric O-Cu-O bending mode has been found
in the 118-133 cm-1 range.25 Since the rR spectrum of1 proved
to be featureless below 180 cm-1, we tentatively assign the band
at 184 cm-1 to the O-Ni-O bending mode. Further support
for this assignment will be provided in section 3.3.A. The band
at 303 cm-1 is clearly at too high a frequency for the O-Ni-O
bending mode, but it is in the range expected for Ni-S
stretching modes.45 Enhancement of this feature for excitation
in resonance with this OfNi CT transition can be explained in
terms of coupling between Ni-S and Ni-O stretching modes
(vide infra). Upon excitation at 455 nm, the rR spectrum of1
exhibits additional, isotope-insensitive peaks at 313, 363, and
415 cm-1 (Figure 2). These features are tentatively assigned to
Ni-S stretches, suggesting that the absorption band at 24 800
cm-1 arises from a S (thioether)fNi CT transition.

To obtain further insight into the nature of the OfNi CT
excited state at 17 700 cm-1, the rR excitation profiles were
analyzed in the framework of the time-dependent Heller
theory.46 Such an analysis yields dimensionless displacements
∆n of the excited state relative to the ground state along the
relevant normal coordinatesn, which will be used in section
3.4.B to estimate excited-state distortions. Because of the high
quality of our rR data, the absolute magnitudes of the∆n values
could be obtained directly from fits of the calculated rR profiles
to the experimental data. With values of|∆590| ) 2.1, |∆184| )
2.25, and|∆303| ) 1.35, the experimental rR profile data are
very well reproduced (Figure 3).

B. CD and MCD. Figure 3 shows that the calculated
absorption profile is significantly sharper than the experimental
spectrum, suggesting that the band at 17 700 cm-1 is actually

composed of several overlapping components. To determine the
number and intensities of the transitions contributing to this
absorption band, CD and MCD spectra of1 were measured at
190 and 230 K. The CD spectrum is completely featureless over
the entire Vis and NIR range (not shown), consistent with a
relatively symmetric Ni-ligand environment in1. In contrast,
the 7 T, 190 K MCD spectrum of1 exhibits three weak features
between 13 000 and 23 000 cm-1 (Figure 4). The intensity of
these bands remains constant between 190 and 230 K, consistent
with MCD B-term behavior. This result indicates that para-
magnetic states are not significantly populated below 230 K,
in line with the results from a1H NMR study.19 MCD data
obtained above 23 000 cm-1 are affected by the presence of
varying amounts of thermal decomposition products; thus, they
are not considered further.

Simultaneous fits of MCD and absorption spectra below
23 000 cm-1 require a minimum of four Gaussians to achieve
good agreement between simulated and experimental absorption
spectra (see the dotted lines in Figure 4). A fifth band was
included in our fit of the absorption spectrum to account for
the band at 24 800 cm-1. The fit parameters shown in Table 1
reveal that the 17 700 cm-1 absorption band is due predomi-
nantly to a single intense transition. Two additional transitions,
labeled A and B, occur at 15 880 and 16 070 cm-1, respectively.
Their almost equal intensities but opposite signs in the MCD
spectrum are characteristic of a pseudo-A-term behavior involv-
ing two perpendicularly polarized transitions.47 They are weak
in absorption but relatively strong in the MCD spectrum,
resulting in large∆ε/ε ratios (see Table 1) that permit their
assignment as ligand-field transitions. Bands C and D form a
second pair of equally intense but oppositely signed transitions
in the MCD spectrum. The∆ε/ε ratio for band C is 2 orders of
magnitude smaller than the ratios for bands A and B, which
clearly reveals the CT character of the corresponding transition,
consistent with our rR data (section 3.1.A). In summary, our
MCD data of1 reveal that four transitions occur between 15 880
and 20 160 cm-1; however, a single transition is responsible
for the intense absorption band centered at 17 700 cm-1.

(45) Nakamoto, K.Infrared and Raman Spectra of Inorganic and Coordination
Compounds, Part B, 5th ed.; John Wiley & Sons: New York, 1997.

(46) (a) Heller, E. J.Acc. Chem. Res.1981, 14, 368. (b) Zink, J. I.; Kim Shin,
K.-S. In AdVances in Photochemistry; Volman, D. H., Hammond, G. S.,
Neckers, D. C., Eds.; John Wiley: New York, 1991; Vol. 16, p 119. (c)
Heller, E. J.J. Chem. Phys.1975, 62, 1544.

(47) Johnson, M. InPhysical Methods in Bioinorganic Chemistry; Que, L., Jr.,
Ed.; University Science Books: Sausalito, CA, 2000; pp 233-285.

Figure 2. rR spectra of [(PhTttBu)2Ni2(µ-O)2] at 77 K for 455 (top) and
565 nm (bottom) excitations. Solid and broken lines show spectra of16O
and18O isotopically labeled samples, respectively. Solvent peaks are marked
with an asterisk.

Figure 3. Simulated absorption spectrum (broken line) and rR excitation
profile data (solid lines) using time-dependent Heller theory46 with the
dimensionless excited-state distortion parameters|∆184| ) 2.25, |∆303| )
1.35, and|∆590| ) 2.1. The experimental absorption spectrum (thin solid
line) and rR excitation profile data (symbols) are shown for comparison.
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3.2. Computations.To complement our experimental data
and to obtain quantitative insight into the electronic structure
of [(PhTttBu)2Ni2(µ-O)2], we performed both high-spin (HS) and
broken-symmetry (BS,MS ) 0) spin-unrestricted density
functional calculations. The HS state withS ) 1, |MS| ) 1 is
the only pure spin state in an exchange-coupled dimer composed
of two low-spinS) 1/2 Ni3+ centers that can be described by
a single determinant. Alternatively, provided the two Ni3+

centers are high-spinS) 3/2, the only pure spin state that can
be described by a single determinant is the HS state withS )
3, |MS| ) 3. The BS wave functions, which contain contributions
from all MS ) 0 components of the exchange-coupled dimer
ground state, are particularly useful for analysis of the super-
exchange pathways because in the BS approach the dimer is

treated as two weakly interacting antiferromagnetically coupled
monomers.48

Because no crystallographic data of1 are available to date,
the molecular structure was obtained by DFT geometry opti-
mizations as described in section 2.3. Symmetry-unrestricted
geometry optimizations were carried out for both theS ) 1
and theS) 3 HS states associated with two ferromagnetically
coupled low-spin (S) 1/2) and high-spin (S) 3/2) Ni3+ centers,
respectively, as well as for the corresponding BS (MS ) 0) states
(atomic coordinates are listed in Tables S1-S3). Table S7
compares the total energies and spin densities for the optimized
dimer structures. The lowest energy was obtained for the BS
state of the dimer composed of two low-spin Ni3+ centers, which
is stabilized by-0.051 eV relative to the corresponding HS (S
) 1) state. The HS (S) 3) state of the dimer composed of two
high-spin Ni3+ centers is 1.555 eV higher in energy than the
HS (S) 1) state of the dimer composed of two low-spin Ni3+

centers.49 The calculation for the BS state of the dimer composed
of two high-spin Ni3+ centers, starting with the optimized HS
(S ) 3) geometry, was found to converge to the BS state
composed of two low-spin Ni3+ centers,50 indicating that the
former state is at much higher energy than the latter. Together
these results clearly indicate that1 is best described as two
antiferromagnetically coupled low-spin Ni3+ centers.

The molecular structure for the HS (S) 1) state is shown in
Figure 5.51 The overall symmetry of the dimer complex is
exactlyC2 with the rotation axis perpendicular to the virtually
planar Ni2O2 core.52 One sulfur atom of each ligand is situated

(48) Noodleman, L.; Norman, J. G., Jr.J. Chem. Phys.1979, 70, 4903.
(49) In the HS (S ) 3) state, the Mulliken spin density on both oxo atoms is

0.92 (Table S7). These high values reflect the very covalent nature of the
Ni-O bonds. The spin density of 1.45 on both Ni3+ centers is considerably
lower than the expected value of 3, providing further evidence that the
Ni-ligand environment in1 does not support a high-spin electron
configuration on Ni3+.

(50) This calculation was found to converge to the BS state derived from two
low-spin Ni3+ centers even with “Modify Start Potential 5/2”, a value
typically used for high-spin Fe3+ centers.

(51) The structure obtained for the corresponding BS state is nearly identical;
key interatomic distances read: Ni-O, 1.82/1.85 Å; Ni-S, 2.33 Å; Ni‚‚
‚Ni, 2.77 Å; and O‚‚‚O, 2.41 Å.

Figure 4. (a) 210 K absorption and (b) 190 K, 7 T MCD spectra of
[(PhTttBu)2Ni2(µ-O)2] (solid lines). The dotted lines represent Gaussian band
shape simulations for transitions A-E obtained using the fit parameters in
Table 1. Their sums are shown by the dashed lines.

Table 1. Fit Parameters from Simultaneous Gaussian Resolutions
of the Absorption and MCD Spectra of [(PhTttBu)2Ni2(µ-O)2] in
Figure 3a

band νmax fwhm ε f ∆ε ε/∆ε assign.b

A 15 880 2 000 600 0.006 -12.4 0.0206 dfd
B 16 070 2 000 1 300 0.012 13.7 0.0105 dfd
C 17 700 2 950 15 200 0.205 2.3 0.0002 OfNi CT
D 20 160 2 950 2 300 0.031 -3.3 0.0015 dfd
E 24 800 6 000 11 800 0.325 nac nac SfNi CT

a Band maximaνmax and bandwidth at half-maximum (fwhm) are given
in cm-1, and the molar extinction coefficientsε and molar circular-dichroic
extinction coefficients∆ε are given in M-1 cm-1. b Band assignments (see
text for details).c Not available because of contributions from thermal
decomposition products to the MCD spectrum in that region.

Figure 5. Energy level diagram obtained from a spin-unrestricted BS (MS

) 0) DFT computation on the [(PhTttBu)2Ni2(µ-O)2] model. Spin-up and
spin-down levels of the Ni d-based MOs are denoted by solid and broken
lines, respectively. The computational model employed along with the
molecular coordinate frame are shown on the top.
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trans to one of the Ni-O bonds and lies close to the plane
defined by the Ni2O2 core. The Ni-O bonds that are trans to
these in-plane Ni-S bonds are slightly longer (1.86 Å) than
their cis counterparts (1.81 Å). Overall these distances agree
well with the value of 1.82 Å obtained from EXAFS experi-
ments.19 The Ni‚‚‚Ni and O‚‚‚O distances are 2.76 (EXAFS:
2.83 Å) and 2.42 Å, respectively. The average Ni-S distance
is 2.35 Å, in very good agreement with the value of 2.34 Å
derived from EXAFS data. The three S-Ni-S bonding angles
at each Ni center vary only slightly between 88 and 92°,
indicating an almost perfectly 3-fold symmetric binding mode
of the thioether ligand. This result is consistent with1H NMR
data,19 which show a single resonance for the threetert-butyl
groups. The good agreement between experimental and calcu-
lated bond distances and angles demonstrates that the dimer
shown in Figure 5 provides a reasonable structural model for
1. In contrast, in the geometry-optimized model possessing a
HS S ) 3, |MS| ) 3 ground state, corresponding to two
ferromagnetically coupled high-spin Ni3+ centers, the average
Ni-O and Ni-S bond lengths are increased to 1.90 and 2.43
Å, respectively, while the Ni‚‚‚Ni distance decreased to 2.66
Å. These values are inconsistent with the EXAFS data for1,19

corroborating our conclusion drawn above that the Ni3+ centers
in 1 possess a low-spin electron configuration.

The overall dimer symmetry obtained from the symmetry-
unconstrained geometry optimization (Figure 5) is very close
to C2h. Such a symmetric Ni2O2 core is consistent with the
absence of any detectable features in the CD spectrum of1 (see
section 3.1.B), which indicates that1 probably possesses an
inversion center, as would be the case inC2h symmetry.
Therefore, we performed an additional geometry optimization
for the HS (S ) 1, |MS| ) 1) state by imposingC2h symmetry
with σh lying in the xy plane (i.e., containing the Ni2O2 core)
(Figure 5). While the changes in optimized bond lengths and
angles are negligible53 (Table S4 lists the atomic coordinates),
imposingC2h dimer symmetry greatly facilitates analysis of the
key bonding interactions and the MOs involved in the observed
electronic transitions of1 (sections 3.3 and 3.4).

3.3. Ground-State Properties. A. Normal Coordinate
Analysis. To determine the Ni-O bond strength and to obtain
the eigenvectors of the normal modes associated with the Ni2O2

unit, a normal coordinate analysis (NCA) was performed on
the rR data of1. The fact that (i) the totally symmetric Ni-O
breathing mode produces by far the most intense feature in the
rR spectrum of1 upon excitation in resonance with the 17 700
cm-1 feature, whereas contributions from Ni-S stretches are
minor (Figure 2), and that (ii) the magnitude of the16O2f18O2

shift for this mode only slightly deviates from the value of an
isolated Ni-O harmonic oscillator indicates that this mode is
well-represented using only the four atoms of the Ni2O2 core
in the NCA. A Urey-Bradley force field originally developed
for the description of the core vibrations inµ-η2:η2 peroxo
(Cu2+)2 dimers54 was adapted as follows: to limit the number
of parameters aD2h Ni2O2 core geometry was used, the out-
of-plane mode was neglected, and the O-Ni-O and Ni-O-
Ni bending modes were modeled with a single force constant
kδ, which is justified by the fact that the two bending modes

are fully correlated in a planar Ni2O2 core. An initial estimate
of kNi-O ) 2.70 mdyn/Å was used on the basis of the reported
value for the bis-µ-oxo (Cu3+)2 dimer [(Me2Et2chd)2Cu2(µ-
O)2]2+ (3), possessing a bidentate amine supporting ligand on
each Cu3+ center.18,25 The nonmodal force constantkO-O was
set to 0 mdyn/Å, and a value ofkUB ) 0.05 mdyn/Å was used
for the Urey-Bradley nonbonding interaction that couples the
Ni-O stretching and O-Ni-O bending modes. The force
constantskNi-O andkO-Ni-O were then fit to the experimental
frequencies.

The calculated frequencies obtained with the fitted force
constants agree well with the experimental values (Table 2),
thus lending credence to the normal mode descriptions given
in Table 3. The potential energy distribution (PED) contributions
indicate that the totally symmetric Ni2O2 breathing mode
νs(Ni-O) involves predominantly Ni-O stretching motion.
Therefore, doubling the value forkUB to 0.10 mdyn/Å resulted
in a change inkNi-O of less than 5%. In contrast,δ(O-Ni-O)
depends strongly on the Urey-Bradley nonbonding interaction.
Interestingly, using only the experimentalνs(Ni-16O) ) 590
cm-1 andνs(Ni-18O) ) 560 cm-1 stretches in the fit,δs(O-
Ni-O) is predicted at 176 cm-1 (∆ν(16O2/18O2) ) 2.2 cm-1),
thus supporting our assignment of the 184 cm-1 rR feature to
the symmetric O-Ni-O breathing mode (cf. section 3.1.A).

To facilitate a comparison of the force constants for the
metal-oxo stretching modes in the bis-µ-oxo (Ni3+)2 and
(Cu3+)2 dimers, we also performed a NCA on3 using the same
force field as described above along with the structural
parameters and vibrational frequencies reported by Henson et
al.25 By systematically varying all other force constants within
reasonable limits, a value ofkCu-O ) 2.82-2.90 mdyn/Å was
obtained for3. Thus,kCu-O is significantly higher thankNi-O )
2.64 mdyn/Å for1. The electronic origin of this difference will
be discussed in section 4.2.

B. Nature of the Ni-O Bonds. A major objective of this
study is to explore the nature of the Ni-O bonds in1. Therefore,

(52) The rms out-of-plane deviation is 0.003 Å.
(53) Ni-O, 1.82/1.83 Å; Ni-S, 2.35 Å; Ni‚‚‚Ni, 2.77 Å; and O‚‚‚O, 2.38 Å.
(54) Baldwin, M. J.; Root, D. E.; Pate, J. E.; Fujisawa, K.; Kitajima, N.; Solomon,

E. I. J. Am. Chem. Soc.1992, 114, 10421.

Table 2. Experimental and Calculated Vibrational Frequencies for
[(PhTttBu)2Ni2(µ-O)2]a

exptl freqs normal coordinate analysis

normal mode sym 16O2
18O2

16O2
18O2 force constants

δs(O-Ni-O) ag 184 184 185 183 kδ ) 0.20 (0.05)b

δas(Ni-O-Ni) b2u 551 526
νs(Ni-O) ag 590 560 587 561 kNi-O ) 2.64
νas(Ni-O) b1g 630 600
δas(O-Ni-O) b3u 666 637

a Calculated values were obtained from a normal coordinate analysis
(NCA) of the Ni2O2 unit. Frequencies are given in cm-1, and stretching
and bending force constantsk are given in mdyn/Å and mdynÅ/rad2,
respectively.b Urey-Bradley nonbonding interaction constant in mdyn/Å.

Table 3. Normal Mode Descriptions for the Ni2(16O)2 Unit

eigenvectorsa PEDb

normal mode sym Ni−O O‚‚‚O O−Ni−O Ni−O O−Ni−O UBc

δs(O-Ni-O) ag 0.011 0.167 0.128 5.9 64.6 29.5
δas(Ni-O-Ni) b2u (0.125 0.000 0.000 92.9 6.5 0.5
νs(Ni-O) ag 0.132 0.312 0.103 90.5 4.2 5.3
νas(Ni-O) b1g (0.149 0.000 0.000 100 0 0
δas(O-Ni-O) b3u (0.155 0.000 (0.138 96.8 2.9 0.2

a Mass-weighted eigenvectorsLn. b Potential energy distribution (PED)
in %. c Urey-Bradley nonbonded interaction.
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we also performed a spin-unrestricted BS (MS ) 0) DFT
calculation on1 using the geometry-optimizedC2h model.55 In
the BS approach,48 the symmetry elements connecting the two
monomer halves of the dimer are removed, which allows the
spin-up and spin-down electrons to localize on opposite sides
of the dimer (see Figure 5). Table 4 lists the energies and
compositions of the four relevant Ni1 d-based MOs obtained
from a BS calculation on1 with R andâ denoting spin-up and
spin-down MOs, respectively. The single unpaired electron on
each Ni center occupies thexz-derived MO corresponding to
Ni1(xz),â in Table 4.56,57As a consequence, this MO is strongly
stabilized by-0.730 eV relative to its unoccupied minority-
spin counterpart Ni1(xz),R because of spin polarization. This
polarization effect also leads to a small stabilization of the other
majority-spin MOs relative to their minority-spin analogues. The
10 Ni d-based MOs are in close energetic proximity to the
highest-energy occupied ligand-based orbitals that carry sig-
nificant thioether sulfur pz character. This small energy differ-
ence between metal and ligand orbitals, which reflects the high
effective nuclear charge of Ni3+, results in significant mixing
of Ni d orbitals with oxo and sulfur p orbitals (see Table 4).

The Ni-O bonding interactions can be inferred best from
the Ni d-based unoccupied MOs that are antibonding with
respect to the oxo ligand orbitals. Isosurface plots of these MOs
localized on Ni1 are shown in Figure 6. The dominant Ni-O
bonding interactions involve the Ni1(xy),R and Ni1(xy),â MOs,
which areσ antibonding, and the Ni1(xz),R MO, which is π
antibonding with respect to the Ni-O bond. These MOs have
substantial contributions from the oxo px, py (Ni1(xy),R and Ni1-
(xy),â), and pz (Ni1(xz),R) atomic orbitals (Table 4), reflecting
highly covalent Ni-O σ andπ bonds, respectively. Since these
MOs are unoccupied, their oxo p orbital character reflects the
extent of OfNi electron delocalization in the occupied MOs
that stabilizes the high formal 3+ oxidation state of the Ni
centers.

C. Exchange Coupling.The results of both1H NMR19 and
MCD spectroscopie studies indicate that the two Ni3+ centers
in 1 are antiferromagnetically coupled with an exchange
parameter value of|J| J 250 cm-1 using the Heisenberg-

Dirac-Van Vleck HamiltonianH ) -2J(Ŝ1‚Ŝ2). By employing
the formalism developed by Noodleman,58 J can be calculated
from the total energies of the HS and BS states as follows:

With Smax
2 ) 1, we obtain values ofJ ) -347 and-208 cm-1

for the symmetry-unrestricted andC2h geometry-optimized
models of1, respectively. Our calculations thus reproduce the
experimentally observed strong antiferromagnetic exchange
interaction in1. The effectiveness of the Ni d-based MOs in
mediating antiferromagnetic exchange interactions is governed
by the extent of orbital contributions from the bridging oxides
and the second nickel. Antiferromagnetic contributions toJ arise
from delocalization of unpaired electron spin density localized
on Ni1 onto the half-filled Ni2-centered d orbitals and vice versa.
Thus, the MO compositions in Table 4 reveal that the dominant
superexchange pathway involves the Ni2(xz),R and Ni1(xz),â
MOs that areπ antibonding with respect to the oxo pz orbitals
(Figure 6).

3.4. Excited States. A. Spectral Assignments.On the basis
of our spectral analysis presented in section 3.1.B, five transi-
tions labeled A-E are observed in the visible spectral range
(Figure 4 and Table 1). Bands A, B, and D are readily assigned
to ligand-field transitions because of their low absorption
intensities and large∆ε/ε ratios (Table 1). In contrast, bands C
and E possess high absorption intensities and small∆ε/ε ratios
indicating their charge-transfer character. The Raman profile
for the Ni-O stretching mode (Figure 1b) indicates that band
C, centered at 17 700 cm-1, is associated with an OfNi CT
transition. Significantly, this transition is red-shifted by about
8000 cm-1 as compared to the lowest-energy OfCu CT
transition in bis-µ-oxo (Cu3+)2 dimers.25 To explore the origin(55) Single-point BS calculations were performed on the geometry-optimized

models of1 obtained for both the HS (S) 1) and the BS (MS ) 0) dimer
spin ground states. As the differences were insignificant, we report here
the results of the single-point calculation on the HS geometry, as this
calculation yields exact mirror images of the MOs localized on the two
halves of the molecule.

(56) Throughout the manuscript, Ni d orbitals are labeled using an abbreviated
notation (e.g.,xy stands for dxy).

(57) As for the local coordinate system chosen the Nixz and yz orbitals are
strongly mixed in1, the designations Ni1(xz),R; Ni1(xz),â; Ni1(yz),R; Ni1-
(yz),â; Ni2(xz),R; Ni2(xz),â; Ni2(yz),R; and Ni2(yz),â are used solely for
labeling purposes.

(58) Noodleman, L.J. Chem. Phys.1981, 74, 5737.

Table 4. Energies (in eV) and Compositions (in %) of the
Relevant Ni1 d-Based Molecular Orbitals Obtained from a BS DFT
Calculation on the [(PhTttBu)2Ni2(µ-O)2] Modela

left bis-µ-oxo right

levelb energy Sop Sip Ni1 px py pz Ni2 Sip Sop

Unoccupied
Ni1(xy),R -3.223 8 6 42 20 9 0 3 0 0
Ni1(xy),â -3.491 5 4 38 8 32 0 3 0 0
Ni1(xz),R -3.511 25 0 42 0 0 18 3 0 0

Occupied
Ni1(xz),â -4.241 31 3 23 0 0 16 10 3 0

a Only Ni 3d, O 2p, and S 3p orbital contributions are shown.
Contributions from C, H, and B atoms are negligible for these MOs. Electron
density on the S atoms (denoted Sop and Sip for out-of-plane and in-plane,
respectively) is almost exclusively located in the pz orbitals.b R andâ denote
spin-up and spin-down MOs, respectively.

Figure 6. Isosurface plots (isodensity value 0.03 b-3) of the Ni1 d-based
lowest unoccupied (xy(R), xy(â), andxz(R)) and highest occupied (xz(â))
MOs obtained from a BS (MS ) 0) DFT calculation on the [(PhTttBu)2Ni2-
(µ-O)2] model.

J ) (EBS - EHS)/Smax
2 (1)
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of this marked bandshift, a detailed knowledge of the nature of
the MOs involved in the OfNi CT transition in1 is necessary.

An important aspect of singly excited states in dimers is the
fact that the locally excited configurations are not eigenfunctions
of the dimer Hamiltonian. Instead, proper wave functions are
obtained by taking the symmetric and antisymmetric combina-
tions of these configurations. In contrast to the BS wave
functions, the HS wave functions have proper dimer symmetry
and are therefore better suited for analysis of the MOs involved
in the key CT transitions of1.59 Energies and compositions of
the 10 Ni d-based spin-up MOs obtained from a spin-unrestricted
HS calculation are listed in Table 5. These MOs arise from
symmetric (+) and antisymmetric (-) combinations of the five
monomeric Ni d orbitals with respect to the molecularC2 axis.
The intensity of CT transitions can be related to the sum of
overlaps of individual ligand orbital contributions to the
corresponding donor and acceptor MOs.60 Therefore, the MO
compositions obtained from our HS computation greatly assist
in assigning the absorption bands of1 (Figure 4). From Table
5 three of the Ni d-based occupied spin-up MOs are found to
have substantial oxo p character (i.e., levels 27ag, 28ag, and
28bu). The symmetric combination of the Nix2-y2 orbital (level
27ag) has a strongσ bonding interaction with the oxo py orbitals
(Figure 7, bottom right). From level 27ag, only the transition to
level 29bu is allowed inC2h symmetry (i.e.,x2-y2(+)fxy(-)).
As both the donor and the acceptor MOs have large contribu-
tions from the oxo py orbitals (Figure 7), this transition (which
formally corresponds to a ligand-field transition based on the
calculated MO descriptions but in fact carries significant OfNi
CT character due to electronic relaxation effects in the corre-
sponding excited state) is expected to carry significant intensity
in absorption. As MOs 27ag and 29bu are Ni-O σ bonding and
σ antibonding, respectively, the Ni-O bonds are expected to
weaken considerably upon 27agf29bu excitation, consistent with

our rR data for excitation in resonance with band C (section
3.4.B). Hence, band C is assigned to the 27agf29bu (OfNi)
CT transition.

Antibonding interactions between the symmetric and the
antisymmetric combinations of the Niz2 orbitals and the oxo
py and px orbitals in the 28ag and 28bu MOs, respectively, are
small since the lobes of the Niz2 orbitals are oriented
perpendicular to the oxo px and py orbitals. Thus, these MOs
have primarily Ni d orbital character, and the symmetry-allowed
transitions originating from these levels, 28buf29ag and
28agf29bu, formally correspond to ligand-field transitions; they
are therefore weak in absorption. As these transitions are
calculated at lower energy than the 27agf29bu transition
corresponding to band C (Table 6), we tentatively assign bands
A and B to the 28buf29ag and 28agf29bu transitions, respec-
tively. On the basis of similar considerations, the weak
absorption band D is assigned to the 26buf29ag transition.

Further support for the above assignment comes from the
MCD spectra in Figure 3. MCD intensity requires the presence
of two perpendicular transition moments.47 In complexes such
as1 that possess low symmetry and thus no orbitally degenerate
states, this can be achieved through spin-orbit coupling among
two excited states. In this case, the sum of the MCD intensities
over two spin-orbit coupled excited states vanishes, which leads

(59) Note that the HS state is not actually populated at 200 K.
(60) (a) Ros, P.; Schuit, G. C. A.Theor. Chim. Acta (Berlin)1966, 4, 1. (b)

Van der Avoird, A.; Ros., P.Theor. Chim. Acta (Berlin)1966, 4, 13.

Table 5. Energies (in eV) and Compositions (in %) of the Ni
d-Based and Relevant Ligand-Based Spin-Up Molecular Orbitals
Obtained from a HS (S ) 1, |MS| ) 1) DFT Calculation on the
[(PhTttBu)2Ni2(µ-O)2] Modela

Ni bis-µ-oxo S

level MOb energy x2−y2 xy xz yz z2 px py pz tot

Unoccupied
29ag xy(+) -3.475 0 38 0 0 3 29 0 0 21
29bu xy(-) -3.596 0 41 0 0 0 0 44 0 8

Occupied
18au xz(+) -4.146 0 0 23 4 0 0 0 18 40
18bg yz(-) -4.397 0 0 3 26 0 0 0 10 45
28bu z2(-) -4.869 8 0 0 0 49 18 4 0 7
28ag z2(+) -5.266 13 0 0 0 44 0 17 0 3
27ag x2-y2(+) -5.915 35 0 0 0 10 0 13 0 14
26bu x2-y2(-) -6.166 43 0 0 0 4 7 6 0 6
15bg xz(-) -6.256 0 0 56 0 0 0 0 0 19
15au yz(+) -6.526 4 0 0 51 0 0 0 0 7
24bu Sop, pz -6.663 0 0 0 0 0 0 6 0 26
24ag Sop, pz -6.892 0 0 0 0 0 0 0 0 46

a Only Ni 3d, O 2p, and S 3p orbital contributions are shown.
Contributions from C, H, and B atoms are negligible for these MOs.b MOs
are labeled according to the atomic orbitals that produce the dominant
contribution (i.e., either Ni 3d or out-of-plane Sop 3p orbitals). The
transformation behavior of each MO with respect to theC2 axis is indicated
by “+” (symmetric) and “-” (antisymmetric).

Figure 7. Energy level diagram showing the donor and acceptor MOs for
they polarized OfNi andz polarized SfNi CT transitions obtained from
a spin-unrestricted HS (S) 1, |MS| ) 1) calculation on the [(PhTttBu)2Ni2-
(µ-O)2] model (left). Isosurface plots (isodensity value 0.03 b-3) of the donor
and acceptor MOs for the dominant OfNi CT transition at 17 700 cm-1

(band C, Figure 4) are shown on the right.

Table 6. Comparison of Experimental and Calculated Transition
Energies (in cm-1)

banda transitionb polc obs calcd

A z2(-), 28bufxy(+), 29ag x 15 880 11 265
B z2(+), 28agfxy(-), 29bu y 16 070 13 300
C x2-y2(+), 27agfxy(-), 29bu y 17 700 18 000
D x2-y2(-), 26bufxy(+), 29ag x 20 160 20 760
E S pz, 24bufyz(-), 18bg z 24 800 26 370

S pz, 24agfxz(+), 18au z 29 270

a Band designations relate to Figure 3 and Table 1.b See Table 5 for
MO compositions.c Band polarizations relate to the coordinate system in
Figure 5.
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to characteristic derivative-shaped pseudo-A-term features.
Bands A/B and C/D form two pairs of MCD pseudo-A-terms
(see Figure 4). In the approximateC2h symmetry, all four
transitions 27agf29bu, 28agf29bu, 28buf29ag, and 26buf29ag

are allowed in eitherx or y polarization. The actual polarization
of a transition is given by the direction of the electric dipole
moment generated upon excitation. Both the 27agf29bu and
the 28agf29bu transitions involve MOs that have substantial
oxo py character. The oxo py orbitals in the donor and acceptor
MOs are formallyσ bonding and antibonding, respectively, with
respect to the O‚‚‚O vector. This results in a transition dipole
moment oriented along they axis. In contrast, the 28buf29ag

and 26buf29ag transitions involve MOs with significant
contributions from the oxo px orbitals such that these transitions
will have a nonzero transition dipole moment oriented along
the x axis. Thus, the transition moments of they polarized
27agf29bu andx polarized 28agf29bu transitions are mutually
perpendicular, consistent with our assignment of the pseudo-
A-term MCD feature composed of bands A and B to these
transitions. By analogy, they and x polarized transitions
28buf29ag and 26buf29ag, respectively, are responsible for
the second pseudo-A-term composed of bands C and D.

Assignment of the intense absorption band E (Figure 4) that
has been attributed to a S (thioether)fNi CT transition on the
basis of rR data (section 3.1.A) is complicated by the fact that
several MOs have substantial contributions from thioether sulfur
orbitals (Table 5). However, only transitions from the out-of-
plane sulfur atoms are expected to be very strong because of
the σ bonding interactions of the out-of-plane sulfur pz and Ni
xz, yzorbitals.61 Table 5 reveals that two potential donor MOs,
24ag and 24bu, have especially high contributions from out-of-
plane sulfur pz orbitals. Transitions along the out-of-plane S-Ni
vectors have to bez polarized. Therefore, the only two
transitions that are allowed inC2h symmetry are 24agf18au and
24buf18bg.62 As the 18au and 18bg acceptor MOs have large
admixtures of out-of-plane sulfur pz orbitals, the 24agf18au and
24buf18bg transitions have substantial out-of-plane sulfur
pzfNi xz, yz CT character and will give rise to intense
absorption features. Both the 24agf18au and the 24buf18bg S
(thioether)fNi CT transitions may thus contribute to the broad
absorption feature centered at 24 800 cm-1.63 The assignments

of bands A-E are summarized in Table 6. The DFT calculated
energies agree favorably with the experimental values (Table
6), thus lending further support to the above band assignments.

B. Excited-State Distortions.To further our analysis of the
OfNi CT transition corresponding to band C (Figure 4), we
performed an excited-state distortion analysis. Excited-state
distortions can be expressed in terms of changes in internal
coordinates using the eigenvectors obtained from the NCA (see
Table 3) and the dimensionless displacements|∆590| ) 2.1 and
|∆184| ) 2.25 from the quantitative rR analysis (section 3.1.A).
The changes in internal coordinates∆r i (Å) are related to
displacements∆n along normal coordinates by64

whereLi,n is the ith element of the mass-weighted eigenvector
Ln for thenth normal mode. The nuclear distortions of the Ni2O2

core upon OfNi CT excitation using∆590 ) +2.1 and∆184 )
-2.25 are listed in Table 7. Since the signs of the displacements
∆ are ambiguous, there are three other phase combinations of
the distortions alongν(Ni-O) and the nonmodalν(O‚‚‚O)
motions in addition to the one shown in Table 7. However, as
the Ni-O bonds substantially weaken upon OfNi CT excita-
tion, they are expected to elongate, which indicates that∆590 >
0. Our choice of∆184 < 0 is based on a comparison with
computational data obtained from optimization of the geometry
of 1 in both the ground state and the OfNi CT excited state
(Table 7, right). Overall the computed and experimentally
determined excited-state distortions agree well, thus lending
credence to our choice of phase combinations. While the
experimental value of+0.05 Å for the Ni-O distortion reflects
an averaged value based on our NCA that assumesD2h

symmetry, the computations predict that the trans Ni-O bonds
undergo a significantly larger elongation (+0.07 Å) than the
cis Ni-O bonds (+0.02 Å), the average change of+0.045 Å
being in good agreement with the experimental value (+0.05
Å). We ascribe this asymmetry to a trans influence of the in-
plane thioether S ligand atoms.

4. Discussion

In recent years bis-µ-oxo (Ni3+)2 dimers have become the
focus of intense research in the fields of inorganic chemistry
and catalysis.5-7,19 However, very little is known to date about
the nature of Ni-O bonding in these dimers, although knowl-
edge of the electronic structure of the Ni2O2 core is essential
for tuning the reactivities of these complexes toward oxidative
C-H abstraction, as has been described for several bis-µ-oxo
(Ni3+)2 dimers possessing chelating nitrogen supporting ligands.
Previous spectroscopic2,25,26and theoretical65-68 studies on the
closely related bis-µ-oxo (Cu3+)2 dimers provided a detailed

(61) The in-plane sulfur px and py orbitals are involved inσ bonding interactions
with Ni d orbitals and are therefore strongly stabilized such that corre-
sponding excitations lie outside the experimentally accessible range.

(62) Although the 18au and 18bg spin-up MOs are occupied, their spin-down
counterparts are empty in the HS state and therefore can serve as acceptor
MOs. The orbital compositions of the spin-up and spin-down MOs are
very similar.

(63) The bandwidth of band E in absorption is twice as large as that of band C,
suggesting that band E is actually composed of multiple components.

(64) Myers, A. B.; Mathies, R. A. InBiological Applications of Raman
Spectroscopy; Spiro, T. G., Ed.; Wiley: New York, 1987; Vol. 2, pp 1-58.

(65) Cramer, C. J.; Smith, B. A.; Tolman, W. B.J. Am. Chem. Soc.1996, 118,
11283.

(66) Bérces, A.Inorg. Chem.1997, 36, 4831.
(67) Liu, X.-Y.; Palacios, A. A.; Novoa, J. J.; Alvarez, S.Inorg. Chem.1998,

37, 1202.
(68) Lam, B. M. T.; Halfen, J. A.; Young, V. G., Jr.; Hagadorn, J. R.; Holland,

P. L.; Lledós, A.; Cucurull-Sa´nchez, L.; Novoa, J. J.; Alvarez, S.; Tolman,
W. B. Inorg. Chem.2000, 39, 4059.

Table 7. Comparison of the Ni2O2 Core Interatomic Distances (in
Å) in the Ground State and the 27agf29bu (OfNi) CT Excited
State Corresponding to Band C of [(PhTttBu)2Ni2(µ-O)2]

experimentala calculatedb

bond vector r(GS) r(ES) ∆r r(GS) r(ES) ∆r

Ni-Ocis 1.82 1.87 +0.05 1.82 1.84 +0.02
Ni-Otrans 1.82 1.87 +0.05 1.83 1.90 +0.07
Ni‚‚‚Ni 2.83 2.92 +0.09 2.77 2.93 +0.16
O‚‚‚O 2.29 2.29 -0.005 2.38 2.33 -0.05
Ni-Sc 2.34 na na 2.35 2.35 0.00

a Experimental values are derived from EXAFS data (ground state, GS)
and rR data in conjunction with a normal coordinate analysis (excited state,
ES). b Calculated values are obtained from DFT geometry optimizations in
the HS (S ) 1, |MS| ) 1) states. Ocis and Otrans denote the oxygen atoms
oriented cis and trans to the in-plane Ni-S bonds.c Average value.

∆r i ) 5.8065∑
n

Li,n

∆n

xνn

(2)

A R T I C L E S Schenker et al.

13850 J. AM. CHEM. SOC. 9 VOL. 124, NO. 46, 2002



picture of Cu-O bonding in the Cu2O2 diamond core structure
and permitted significant insight into electronic structure
contributions to the reactivities of these complexes. In the
present study we have employed a combined spectroscopic/
computational approach to obtain insight into the geometric and
electronic structures of the Ni2O2 core in [(PhTttBu)2Ni2(µ-O)2]
1. Below, these results are compared to relevant data reported
for bis-µ-oxo (Cu3+)2 complexes. To evaluate the influence of
the thioether supporting ligands in1, we also compare Ni-O
bonding in1 and bis-µ-oxo (Ni3+)2 dimers that possess nitrogen
supporting ligands.

4.1. Influence of the Thioether Ligands on Ni-O Bonding.
In 1 the lowest-energy OfNi CT transition occurs at 17 700
cm-1, red-shifted by∼7000 cm-1 as compared to the corre-
sponding transition in bis-µ-oxo (Ni3+)2 dimers with nitrogen
supporting ligands.5-7 As the energies of CT transitions relate
to metal-ligand bonding, this striking difference suggests that
the supporting ligands have a crucial impact on Ni2O2 core
electronics in bis-µ-oxo (Ni3+)2 dimers.

Quantitative insight into the Ni-O bond strength can be
obtained from rR experiments in conjunction with a normal
coordinate analysis of the Ni2O2 core vibrations. Itoh et al.
reported rR data for several bis-µ-oxo (Ni3+)2 dimers with
tridentate nitrogen donor ligands.7 Depending on the specific
donor ligand, the Ni-O breathing mode was observed in the
range of 599-612 cm-1 upon excitation in resonance with the
OfNi CT absorption band at 24 400 cm-1. These values are
consistently higher than the value of 590 cm-1 for 1. To verify
whether this difference reflects stronger Ni-O bonds in the
dimers with nitrogen ligands than in1, we performed a normal
coordinate analysis on the former using the same force field as
for 1 (see section 3.3.A) and an idealizedD2h core structure
with Ni-O ) 1.86 Å and Ni‚‚‚Ni ) 2.88 Å.69 Using ν(Ni-
16O) of 612 and 599 cm-1, the respective upper and lower limits
observed experimentally in ref 7, we obtain Ni-O stretch force
constants of 2.85 and 2.73 mdyn/Å, respectively. These values
are significantly higher thankNi-O ) 2.64 mdyn/Å in1, thus
indeed reflecting stronger Ni-O bonds in the dimers with
nitrogen ligands.

To explain the electronic origin of this difference in Ni-O
bond stretch, DFT computations were performed on an ap-
proximate model70 of the crystallographically characterized
complex [(TpMe3)2Ni2(µ-O)2] (4),5 a representative bis-µ-oxo
(Ni3+)2 dimer with a tridentate nitrogen supporting ligand on
each Ni center (Chart 1 shows the inner coordination sphere).18

Analysis of the MO compositions of the three lowest unoccupied
MOs (Table S8) obtained from a DFT calculation on4 in the
BS (MS ) 0) state55 provides detailed insight into the Ni-O
bonding interactions in this species. Similar to1, the dominant
Ni-O bonding interactions in4 also involve the Ni1(xy),R and
Ni1(xy),â MOs, which areσ antibonding, and the Ni1(xz),R MO,
which is π antibonding with respect to the Ni-O bonds.71

Importantly, the relative contributions of ligand orbitals to these

three MOs are significantly different for1 and4 (Tables 4 and
S8, respectively). The sum of atomic orbital contributions to
the three MOs are 131% Ni 3d, 85% O 2p, and 48% S 3p in1
and 147% Ni 3d, 93% O 2p, and 16% N 2p in4. Thus, while
in 4 these MOs possess only little N ligand orbital character, in
1 they carry substantial contributions from the sulfur 3p-derived
thioether ligand orbitals. Consequently, the Ni-O bonds in1
are less covalent (i.e., more ionic) in1 than in4. This rather
qualitative analysis is supported by a 4% lower average
computed Ni-O bond order in1 than in 4 (Figure S1), in
excellent agreement with the 3-7% decrease in the Ni-O
stretch force constant in1 as compared to (Ni3+)2 dimers with
nitrogen ligands (vide supra). DFT computations thus cor-
roborate our conclusion drawn from rR data.

The large admixture of thioether sulfur p orbital character to
the Ni-O bonding MOs also substantially affects the energies
of the Ni2O2 core MOs as shown schematically in Figure 8
(left).72 In 1 the Ni2O2 core orbitals strongly interact with the
energetically close sulfur 3p-based thioether orbitals, leading

to a bonding (SL
b
-Ni

b
-O) and an antibonding (SL

/
-Ni

b
-O) set

of MOs with respect to the Ni-S bonds.73 As the

(SL /-Ni
b
-O) set is derived from the oxo 2p orbitals, its

electron density is predominantly localized along the Ni-O
bonds. Consequently, MOs in this set serve as donors for OfNi

CT transitions to the all-antibonding (SL /-Ni
/
-O) Ni d-based

set of MOs. As the latter are considerably less interacting with
sulfur p orbitals than the former, the OfNi CT transition
energies are reduced. Alternatively, in4 the Ni-O bonding MOs

(Ni
b
-O in Figure 8, right) are essentially unperturbed by

nitrogen 2p orbitals, resulting in higher OfNi CT transition
energies than for1.

In conclusion, the presence of the thioether supporting ligands
in 1 leads to a relatively low covalency of the Ni-O bonds
and an unusually low OfNi CT transition energy. Thus, as
compared to the N donor ligands present in all other bis-µ-oxo
(Ni3+)2 dimers reported to date, the thioether ligand has a
considerably greater influence on the frontier MOs. This unique
property of the thioether ligand likely contributes to the reactivity
of the Ni center in the precursor [(PhTttBu)NiCO] toward O2.

(69) As no crystallographic data are available for the complexes reported in ref
7, this molecular geometry is based on the crystal structure of4,5 which
has similar supporting ligands.kδ andkUB were fixed at 0.20 mdyn Å/rad2

and 0.05 mdyn/Å, respectively, the same values used for1.
(70) In the model the methyl groups at the pyrazolyl rings were replaced by

hydrogen atoms.
(71) The large contributions from Niyz orbitals to the Ni1(xz),R MO in 1 are

replaced by contributions from the Niz2 orbitals in 4, reflecting the
differences in coordination geometry at the Ni sites in1 and4.

(72) The energetic ordering of the ligand-derived O (oxo) and S (thioether) ligand
orbitals in1 is based on the experimental observation that the O (oxo)fNi
CT transition is considerably lower in energy than the S (thioether)fNi
CT transitions (Figure 4).

(73) The b and asterisk symbols indicate the bonding and antibonding character
of the corresponding bonds.

Figure 8. Schematic illustration of the influence of the sulfur 3p-derived
thioether ligand orbitals of (PhTttBu) on the Ni-O bonding interactions in
[(PhTttBu)2Ni2(µ-O)2].72 For comparison the situation for [(TpMe3)2Ni2(µ-
O)2] is shown on the right. The b and asterisk symbols indicate the bonding
and antibonding character of the corresponding bonds.
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4.2. Ni-O versus Cu-O Bonding. Several theoretical
studies performed on [(NH3)xCu2(µ-O)2]2+ (x ) 4, 6) model
complexes have provided a detailed description of Cu-O
bonding in bis-µ-oxo (Cu3+)2 dimers.2,25,65,67Comparison of the
results from these studies with our findings for1 reveals that
the dominant metal-oxo bonding interactions in the (Ni3+)2 and
(Cu3+)2 dimers are very similar: they involve the metalxy-
based MOs (Ni1(xy),R and Ni1(xy),â in 1) that have substantial
contributions from oxo px and py orbitals, respectively, and are
σ antibonding with respect to the metal-oxo bond. In1, the
unoccupied Ni1(xz),R MO that is π antibonding with respect
to the Ni-O bond further contributes to Ni-O bonding. In
contrast, because of the additional electron in Cu3+ (d8) as
compared to Ni3+ (d7), the analogous MO in Cu is fully occupied
and thus does not contribute to Cu-O bonding, lowering the
bond order in Cu3+ (d8) as compared to Ni3+. On the basis of
this argument, the total strength of metal-oxo bonding would
be expected to be slightly reduced in (Cu3+)2 relative to (Ni3+)2

dimers. However, the effective nuclear charge of Ni3+ (Zeff )
7.55) is slightly lower than that of Cu3+ (Zeff ) 8.20).74 Thus,
the metal 3d orbitals are higher in energy for Ni3+ than for Cu3+,
leading to less covalent metal-oxo bonds. As this difference
in covalency compensates for the differences in bond order,
metal-oxo bonds are expected to be similarly strong in (Ni3+)2

and (Cu3+)2 dimers.
Henson et al.25 reported a value ofkCu-O ) 2.70 mdyn/Å for

the force constant of the totally symmetric Cu-O stretching
mode in [(Me2Et2chd)2Cu2(µ-O)2]2+ (3).18 As the values of the
fitted force constants depend on the specific force field chosen,
we have redeterminedkCu-O for 3 using the same force field as
for 1 (section 3.3.A). The value obtained,kCu-O ) 2.82-2.90
mdyn/Å, is significantly higher thankNi-O ) 2.64 mdyn/Å
determined for1, indicating substantially stronger metal-oxo
bonds in3. However, as pointed out above, the nature of the
supporting ligands in the Ni dimers strongly affects Ni-O
bonding; for the complexes with nitrogen supporting ligands,
kNi-O lies in the range of 2.73-2.85 mdyn/Å, virtually identical
to kCu-O ) 2.82-2.90 mdyn/Å obtained for3. Furthermore,
the frequency of the Cu-O stretching mode that mirrors the
Cu-O bond strength has been reported to vary substantially
between 583 and 616 cm-1 for a variety of bis-µ-oxo (Cu3+)2

dimers with different nitrogen supporting ligands.44 Thus, the
Cu-O bond strength depends on ligand influences such as steric
strain and the coordination number at the Cu site. Overall it
appears that the metal-oxo bonds in bis-µ-oxo (Ni3+)2 and
(Cu3+)2 dimers are similarly strong for a given set of supporting
ligands. A parallel rR study on bis-µ-oxo (Ni3+)2 and (Cu3+)2

dimers possessing identical supporting ligands should aid further
in discriminating between metal and ligand contributions to
differences in Cu-O and Ni-O bonding.

4.3. Nature of OxofMetal CT Excitations in Ni 2 and Cu2

Dimers. In bis-µ-oxo (Ni3+)2 and (Cu3+)2 dimers the lowest-
energy intense absorption bands are due to oxofmetal CT
transitions whose energies depend on the extent of covalency
in metal-oxo bonds. On the basis of our computations for1
(section 4.2) and published data for3,25 this covalency is
comparable in (Ni3+)2 and (Cu3+)2 dimers that both possess
nitrogen supporting ligands. As the oxofmetal CT transitions

in these dimers are invariably observed near 25 000 cm-1 for
both (Ni3+)2 and (Cu3+)2 complexes,5-7,25 it is interesting to
explore whether they involve the same donor and acceptor MOs
in each dimer.

Experimental insight into the nature of oxofmetal CT
transitions can be obtained from an analysis of the geometric
distortions of the M2O2 core in the corresponding excited states.
Excited-state distortions for the bis-µ-oxo (Cu3+)2 dimer [(Me2-
Et2chd)2Cu2(µ-O)2]2+ (3) were previously determined from rR
data in conjunction with a normal coordinate analysis of the
Cu2O2 core vibrations.25 Upon OfCu CT excitation, the Cu-O
bonds were found to elongate significantly from 1.80 to 1.89
Å. Importantly, this change is accompanied by a drastic decrease
in O‚‚‚O separation from 2.33 to 2.03 Å and an increase in
Cu‚‚‚Cu distance from 2.73 to 3.18 Å. These results indicate
that upon OfCu CT excitation the Cu2O2 core is distorted
toward a geometry known forµ-η2:η2 side-on peroxo bridged
(Cu2+)2 dimers.75 Alternatively, upon OfNi CT excitation in
1 the Ni-O bond lengths are only moderately enlarged from
1.82 to 1.87 Å (section 3.4.B and Table 7). Importantly, the
O‚‚‚O separation remains virtually unchanged (-0.005 Å), while
the Ni‚‚‚Ni distance is moderately enlarged from 2.83 to 2.92
Å.

This strikingly different behavior can be understood in terms
of the different compositions of the donor and acceptor MOs
involved in the oxofmetal CT excitations. The donor and
acceptor MOs for the relevant OfCu CT transition in3,
obtained by Henson et al. from SCF-XR-SW calculations, are
shown schematically in Figure 9 (right).25 In 3 the donor MO
is derived from the antisymmetric combination of the oxo py

(74) Slater, J. C.Quantum Theory of Atomic Structure; McGraw-Hill: York,
PA, 1960; Vol. 1, p 112.

(75) Typical geometry ofµ-η2:η2 side-on peroxo bridged (Cu2+)2 dimers: Cu-O
) 1.92 Å, O-O ) 1.41 Å, and Cu‚‚‚Cu ) 3.56 Å. See ref 25.

Figure 9. Schematic representation of the relevant donor and acceptor MOs
for the oxofmetal CT transitions in [(PhTttBu)2Ni2(µ-O)2] (1) and a
representative bis-µ-oxo (Cu3+)2 dimer.
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orbitals referred to asσu
/.76 This MO, which exhibits substan-

tial contributions from the Cuxy orbitals, isσ bonding with
respect to the Cu-O bonds and isσ antibonding with respect
to the O‚‚‚O bond vector. Alternatively, the acceptor MO,
labeledxy(-) -πu

/, is σ antibonding with respect to Cu-O
bonds but only weaklyπ antibonding with respect to the O‚‚‚O
bond vector. Hence, upon OfCu CT excitation an electron is
formally promoted from an O‚‚‚O σ antibonding MO to a Cu-O
σ antibonding MO, leading to partial O-O bond formation at
the expense of the Cu-O bond strength. These changes in
bonding lead to the large changes in O‚‚‚O, Cu‚‚‚Cu, and Cu-O
separations observed experimentally.

As shown in section 3.4.A, the situation is significantly
different for 1. In this complex the donor MO (27ag) is
composed of the symmetric (+) combination of the Nix2-y2

orbitals and the oxo py orbitals (Figure 9, left). This MO isσ
bonding with respect to the O‚‚‚O bond vector (σg). The acceptor
MO (29bu) is σ antibonding with respect to both the Ni-O
bonds and the O‚‚‚O bond vector. Hence, upon OfNi CT
excitation an electron is formally transferred from a Ni-O σ
bonding to a Ni-O σ antibonding MO, leading to a weakening
of the Ni-O bonds consistent with the observed Ni-O bond
elongation. Importantly, as the electron is transferred from aσ
bonding MO to aσ antibonding MO with respect to the O‚‚‚O
bond vector, no decrease in O‚‚‚O separation is expected, which
is in agreement with the experiment.

Comparison of the MO compositions for1 and4 shows that
the donor and acceptor MOs are largely unaffected upon
substitution of the thioether ligand by a nitrogen supporting
ligand. We therefore conclude that despite very similar oxofmetal
CT transition energies for (Ni3+)2 and (Cu3+)2 dimers possessing
nitrogen ligands, the corresponding excitations are very different
in nature because of differences in M2O2 core electronics.77 To
explore whether these differences in M2O2 core electronics relate
to differences in reactivities of (Ni3+)2 and (Cu3+)2 dimers, the
reaction coordinate for the side-on peroxofbis-µ-oxo conver-
sion of 1 is studied in the next section.

4.4. µ-η2:η2 PeroxofBis-µ-oxo M2O2 Core Conversion.
As the correspondingµ-η2:η2 side-on peroxo complex is
presumably a transient reaction intermediate in the formation
of [(PhTttBu)2Ni2(µ-O)2], exploration of the reaction coordinate
for the side-on peroxofbis-µ-oxo conversion to yield1 is of
significant interest. For Cu2 dimers, both the side-on peroxo78,79

and the bis-µ-oxo3 core structures have been reported. Their
relative stabilities, described in detail by Tolman and Que,1 are
strongly dependent on the supporting ligands, the polarity of
the solvent, the temperature, and the identity of the counter-
ions. WithiPrTACN15,18and several other supporting ligands,20-24

both the side-on peroxo and the bis-µ-oxo isomers coexist, thus
providing experimental evidence that these particular isomers
participate in a chemical equilibrium. Alternatively, only bis-

µ-oxo (Ni3+)2 complexes have been reported to date,5-7,19

indicating that they are significantly stabilized relative to their
putative side-on peroxo precursors. Factors contributing to this
difference in relative stabilities of Cu2 and Ni2 dimers are largely
unknown.

To explore the reaction coordinate for the side-on peroxofbis-
µ-oxo conversion to yield1, a series of DFT computations were
performed. In a first step, the molecular structure of an
approximate model80 of the hypotheticalµ-η2:η2 side-on peroxo-
bridged (Ni2+)2 dimer, [(PhTttBu)2Ni2(µ-η2:η2-O2)] (2), was
obtained from a symmetry-unrestricted DFT geometry optimiza-
tion in the BS (MS ) 0) state. The O-O bond length of 1.489
Å obtained for this model is consistent with a bridging peroxide
moiety (atomic coordinates are listed in Table S5). Structures
along a model reaction path converting2 to 1 were generated
next by varying the O-O distance in fixed increments of 0.101
Å from 1.489 to 2.407 Å while fully relaxing all other degrees
of freedom.81

The change in total energy along the side-on peroxo2fbis-
µ-oxo 1 reaction pathway (Figure 10) reveals a strong stabiliza-
tion of 1 relative to2 by 1.38 eV (32.0 kcal/mol) and a very
low activation energy barrier of only 0.08 eV (2.0 kcal/mol).
As these computations neglect solvation effects,1 would be
further stabilized relative to2 in a polar solvent because of the
increased polarity within the Ni2O2 core. For Cu2 dimers in a
medium with a dielectric constant ofε ) 10, this difference in
solvation free energy has been calculated to be 5.6-8.4 kcal/
mol in favor of the bis-µ-oxo core depending on the level of
theory.65 Thus, including solvation effects,1 may be stabilized
over2 by as much as 40 kcal/mol.82 As this value is much larger
than the contribution from solvation, the equilibrium between

(76) Although there is no O-O bond in the bis-µ-oxo structure, the bonding
and antibonding combinations of the oxygen p orbitals in the bis-µ-oxo
dimers are referred to using theD∞h Mulliken symbols that are typically
employed to label the O2-derived MOs in side-on peroxo dimers.

(77) Therefore, it appears that the energetic coincidence of the oxofmetal CT
transitions around 25 000 cm-1 for (Ni3+)2 and (Cu3+)2 dimers with similar
ligands is most probably fortuitous.

(78) Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Moro-oka, Y.; Hashimoto, S.;
Kitagawa, T.; Toriumi, K.; Tatsumi, K.; Nakamura, A.J. Am. Chem. Soc.
1992, 114, 1277.

(79) Pidcock, E.; Obias, H. V.; Abe, M.; Liang, H.-C.; Karlin, K. D.; Solomon,
E. I. J. Am. Chem. Soc.1999, 121, 1299.

(80) Similar to our calculations on1, the phenyl andtert-butyl groups on the
(PhTttBu) ligands were substituted by methyl groups.

(81) As the difference in total energies of the side-on peroxo and bis-µ-oxo
isomers is much larger than the exchange splitting, possible complications
associated with determining the relative weights of the spin singlet and
triplet contributions to the BS state can be ignored.

Figure 10. Variation of the relative total energy upon conversion of the
hypothetical model of the side-on peroxo [(PhTttBu)2Ni2(µ-η2:η2-O2)] species
2 to the bis-µ-oxo [(PhTttBu)2Ni2(µ-O)2] dimer model1 obtained from a
series of DFT geometry optimizations with constrained O‚‚‚O distances.
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1 and2 is expected to be not substantially altered by changing
the solvent, in sharp contrast to the situation for Cu2 dimers.

Several theoretical studies revealed that for Cu2 dimers with
sterically nondemanding supporting ligands such as ammine the
side-on peroxo and bis-µ-oxo core structures are virtually
isoenergetic, while bulky substituents disfavoring close metal-
metal distances stabilize the side-on peroxo structure.65-68

Therefore, in the absence of bulky ligands that sterically stabilize
the peroxo structure, the strong energetic stabilization of the
bis-µ-oxo core structure (1) relative to the side-on peroxo core
structure (2) can be generalized for Ni2O2 dimers. This conclu-
sion is supported by the experimental observation that complexes
with identical supporting ligands adopt the side-on peroxo
structure for Cu2 but adopt the bis-µ-oxo structure for Ni2.7,83

We conclude that the metal ion plays a crucial role in defining
the M2O2 core electronic structure such as to promote O-O
bond cleavage in side-on peroxo complexes more easily for
(Ni2+)2 than for (Cu2+)2 species.

The relative energies of side-on peroxo and bis-µ-oxo core
structures are governed by two competing effects. First, the
Coulomb repulsion between the positively charged metal ions
leads to a favoring of the side-on peroxo structure in which the
positive charges are formally reduced from M3+ to M2+ and
separated further apart. However, the reduction in Coulomb
repulsion because of the reduced effective nuclear charge in
Ni2+/3+ as compared to Cu2+/3+ is likely to be compensated for
by the decreased covalency of metal-oxo bonds in Ni2 relative
to Cu2 dimers. The important contribution to the side-on peroxo/
bis-µ-oxo energetics therefore comes from an electron correla-
tion effect arising from a strong stabilization of the peroxo
σu
/-based MO. This effect has been studied in detail by Henson

et al. for Cu2 dimers.25 A similar analysis for Ni2 dimers is
presented in Figure 11, which shows a correlation diagram for

key MOs in the side-on peroxo2 (left) and bis-µ-oxo 1 (right)
Ni2O2 core structures. This diagram was obtained from sym-
metry-unrestricted DFT geometry optimizations for2 and1 in
their respective BS (MS ) 0) states. In2, the unoccupied peroxo
σu
/-based MO is located 3.167 eV above the HOMO, which is

mainly composed of the Nixy-based orbital (Figure 11). It
should be noted that because of the overestimation of covalency
by DFT methods, this energy gap might actually be even
smaller, whileσ back-bonding (vide infra) is probably under-
estimated in our calculation. As the two MOs possess the same
symmetry,84 they interact, which gives rise toσ back-donation
of electron density from the Nixy orbital to the peroxoσu

/

orbital that isσ antibonding with respect to the O-O bond.
With increasing O‚‚‚O distance, the peroxoσu

/-based MO is
stabilized throughσ bonding interactions with the Nixyorbitals
and drops below the Nixy derived MOs. In the bis-µ-oxo
limiting structure1, the corresponding orbital is stabilized by
6.4 eV relative to the peroxoσu

/-based MO in2. This energetic
stabilization of theσu

/ orbital is the main contribution to the
lower energy of1 relative to2. The decreased effective nuclear
charge of Ni2+ (Zeff ) 7.2) as compared to Cu2+ (Zeff ) 7.85)74

leads to substantially higher energies of the Ni d-based orbitals
and thus to a smaller energy gap to the peroxoσu

/ orbital in 2.
Consequently, the amount of metalxyfperoxo σu

/ charge
donation is considerably higher in (Ni2+)2 dimers than in (Cu2+)2

dimers, suggesting that the former are more strongly activated
for O-O bond cleavage.

In addition to the large thermodynamic driving force, the low
energy barrier of∆H‡ ) 2.0 kcal/mol also facilitates2f1
conversion. This value is significantly lower than that of∆H‡

≈ 8-9 kcal/mol reported for similar Cu2 complexes on the basis
of DFT computations.66 In 2, both the Nixy and thexzorbitals
are half-occupied (see Figure 11), consistent with a high-spin
d8 electron configuration. Therefore, the electron in the Ni1-
(xy),â MO can readily delocalize into the peroxoσu

/-based MO
upon 2f1 conversion as indicated by the lower solid line in
Figure 11. This minimizes the reorganization energy for2f1
conversion, thus contributing to the low calculated energy
barrier. Furthermore, as the peroxoσu

/ orbital drops below the
metal xy orbital upon conversion, the barrier height depends
on the magnitude of the resonance integralHAB involving these
two MOs at the transition state geometry corresponding to the
crossing point of the broken lines in Figure 11. Because of the
close energetic proximity of the metalxy and peroxoσu

/

orbitals in the peroxo structure, this crossing point lies closer
to the side-on peroxo limit in the Ni2 dimer (Figure 11) than in
the Cu2 dimers. Thus, assuming similar values ofHAB for Ni2
and Cu2 dimers, the energy barrier is lower in the former. In
conclusion, our calculations suggest that side-on peroxofbis-
µ-oxo conversion is significantly more favorable for Ni2 dimers
than for Cu2 dimers because the thermodynamic driving force
is larger and the energy barrier lower in the former case.

4.5. Summary and Conclusions.The spectroscopic and
computational studies on [(PhTttBu)2Ni2(µ-O)2] reported here
provide the first detailed description of the Ni2O2 core electronic
structure in bis-µ-oxo (Ni3+)2 dimers. The dominant OfNi CT
transition of [(PhTttBu)2Ni2(µ-O)2] observed at 17 700 cm-1 is
red-shifted by ∼7000 cm-1 relative to the corresponding

(82) The calculated stabilization energy is probably slightly larger than the
experimental value because of the truncation of thetert-butyl groups of1
and 2 in our computational models; tridentate supporting ligands with
sterically demanding substituents are expected to disfavor close metal-
metal distances and thus to favor the side-on peroxo structure. See ref 1.

(83) Itoh, S.; Kondo, T.; Komatsu, M.; Fukuzumi, S.J. Am. Chem. Soc.1995,
117, 4714.

(84) In the approximateC2h symmetry and the HS state they both transform as
bu.

Figure 11. Walsh diagram correlating between key MOs of the hypothetical
model of the side-on peroxo [(PhTttBu)2Ni2(µ-η2:η2-O2)] species (2) and
the bis-µ-oxo [(PhTttBu)2Ni2(µ-O)2] dimer model (1).
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transition in bis-µ-oxo (Ni3+)2 dimers with nitrogen supporting
ligands. This red-shift along with a relatively low Ni-O bond
strength are primarily due to the presence of the thioether ligands
in [(PhTttBu)2Ni2(µ-O)2] that directly influence the characters
of the Ni2O2 core MOs. The reduced effective nuclear charge
of Ni3+ as compared to Cu3+ substantially impacts the M2O2

core electronics in several ways. First, the covalency of metal-
oxo bonds is reduced, which leads to an increase in negative
charge on the oxygen atoms, thus rendering (Ni3+)2 complexes
potentially more reactive for C-H abstraction than their (Cu3+)2

analogues. Furthermore, the nature of the dominant oxofmetal
CT transition is altered, as in bis-µ-oxo (Ni3+)2 dimers the
σu
/-derived MO lies too low in energy relative to the metal

d-based acceptor MOs to serve as the donor MO for OfNi CT
transitions in the visible spectral region. Finally, the equilibrium
between the side-on peroxo and bis-µ-oxo core structures, which
is roughly balanced for several Cu2 complexes, is strongly
shifted toward the bis-µ-oxo core in Ni2 dimers, and the energy
barrier for side-on peroxofbis-µ-oxo conversion is even lower
than for Cu2 dimers. As this preference of the bis-µ-oxo core
in Ni2 dimers is due to electronic effects, the utilization of
sterically demanding supporting ligands that resist close

Ni‚‚‚Ni distance provides a logical and attractive approach to
the preparation of the presently unknownµ-η2:η2 side-on
peroxo-bridged (Ni2+)2 dimer.
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