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Abstract: The effect of endogenous donor strength on Cu2O2 bonds was studied by electronically perturbing
[{(R-TMPA)CuII}2(O2)]2+ and [{(R-MePY2)Cu}2(O2)]2+ (R ) H, MeO, Me2N), which form the end-on µ-1,2
bound peroxide and an equilibrium mixture of side-on peroxo-dicopper(II) and bis-µ-oxo-dicopper(III) isomers,
respectively. For [{(R-TMPA)CuII}2(O2)]2+, νO-O shifts from 827 to 822 to 812 cm-1 and νCu-O(sym) shifts
from 561 to 557 to 551 cm-1, respectively, as R- varies from H to MeO to Me2N. Thus, increasing the
N-donor strength to the copper decreases peroxide π*σ donation to the copper, weakening the Cu-O and
O-O bonds. A decrease in νCu-O of the bis-µ-oxo-dicopper(III) complex was also observed with increasing
N-donor strength for the R-MePY2 ligand system. However, no change was observed for νO-O of the
side-on peroxo. This is attributed to a reduced charge donation from the peroxide π*σ orbital with increased
N-donor strength, which increases the negative charge on the peroxide and adversely affects the back-
bonding from the Cu to the peroxide σ* orbital. However, an increase in the bis-µ-oxo-dicopper(III) isomer
relative to side-on peroxo-dicopper(II) species is observed for R-MePY2 with R ) H < MeO < Me2N. This
effect is attributed to the thermodynamic stabilization of the bis-µ-oxo-dicopper(III) isomer relative to the
side-on peroxo-dicopper(II) isomer by strong donor ligands. Thus, the side-on peroxo-dicopper(II)/bis-µ-
oxo-dicopper(III) equilibrium can be controlled by electronic as well as steric effects.

Introduction

Binuclear copper centers play important roles in the bioinor-
ganic chemistry of dioxygen.1,2 Hemocyanin is a coupled
binuclear copper protein in the hemolymph of arthropods and
mollusks which reversibly binds and transports dioxygen.
Catechol oxidase catalyzes the oxidation of catechols to
o-quinones (cresolase reaction).3 Tyrosinase catalyzes catechol
oxidation but additionally hydroxylates phenols to catechols.1,4

Theo-quinones produced by both enzymes rapidly polymerize
to form the skin pigment melanin. This process is also involved
in wound protection via the browning reaction of fruits and
vegetables as well as in insect sclerotization.

Despite the disparate reactivity found in these systems, the
coupled binuclear copper(II) active sites are remarkably similar
in both geometric structure1,3,5-7 and spectroscopic features.8-10

Each copper is coordinated by three histidines, one of which is
an axial ligand with an elongated Cu(II)-N bond (∼2.3 Å).
Dioxygen binds between the two copper(II) centers as peroxide
(rO-O ) 1.4 Å) in a side-on,µ-η2:η2 configuration with a Cu-
Cu distance of 3.6-3.8 Å for oxyhemocyanin.5-7

A large number of systems have been synthesized that model
the binuclear copper active site.1,8,11-21 Spectroscopic investiga-
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tions have shown that the side-on peroxo-dicopper(II) complex
can exist in rapid equilibrium with an isomeric form of the
Cu2O2 core, a bis-µ-oxo-dicopper(III) complex (Chart 1).11 The
equilibrium constant for interconversion of the side-on peroxo
and bis-µ-oxo isomers has been shown to be dependent upon
concentration, temperature, ligand steric bulk, and the coordinat-
ing ability of the solvent and/or the counterion.11-16,22-24 While
several studies have explored the influence of amine ligand
sterics upon the equilibrium constant, little research has been
directed toward determining the influence of electronic effects,
which are also directly responsible for the unique spectroscopic
features and reactivity of the side-on peroxo-dicopper(II)
isomeric species. Back-donation from the Cu(II) ions into the
O2

2- σ*u orbital (Scheme 1, bottom right) weakens the O-O
bond (reflected in the lowνO-O ) ∼750 cm-1 in the resonance
Raman spectrum), activating it for cleavage.25,26With sufficient
donation into theσ*u orbital, the O-O bond is reductively
cleaved to form the bis-µ-oxo-dicopper(III) isomer.27

Model studies have also produced a Cu2O2 complex where
dioxygen is bridged end-on (µ-1:2).28 In the TMPA (TMPA)
tris(2-methylpyridyl)amine)) coupled binuclear Cu(II) system,
which binds O2 as an end-onµ-1,2 peroxide (Scheme 2, top),
back-donation from Cu(II) to the O22- σ*u orbital does not occur
and peroxide acts only as aσ donor using theπ*σ orbitals
(Scheme 1, top).29 This σ donation is also present and much
stronger in the side-on bridged structure as peroxide makes two
σ bonds to each of the two coppers (Scheme 1, bottom left).30

In this study, we present resonance Raman results for Cu2O2

systems in which the spectroscopic features of the side-on
peroxo-dicopper(II)/bis-µ-oxo-dicopper(III) equilibrium are elec-
tronically, rather than sterically, controlled. The electronic donor
strength of the ligand R-MePY2 is systematically increased
by varying the R-substituent (R) H, MeO, Me2N), which
controls the side-on peroxo-dicopper(II)/bis-µ-oxo-dicopper(III)
equilibrium (Scheme 2, bottom). These results are compared
and contrasted to those of the end-on bridged R-TMPA
complexes (R) H, MeO, Me2N). These studies define the
effects of endogenous donor strength on Cu-O and O-O bonds.

Experimental Section

Sample Preparation. Full synthetic details for the TMPA and
MePY2 series of ligands and copper (I) complexes have been described
elsewhere.31,32 An abbreviated description appears in the Supporting
Information. Compounds are referred to in the text just in terms of
their cationic portions; complexes were prepared as tetraarylborate salts,
either with a tetrakis[3,5-bis(trifluoromethyl)phenyl]borate counterion
(dBArF) or with a B(C6F5)4- counterion (dBArF′). The following
complexes were utilized in the present study: from the R-TMPA series,
[(TMPA)Cu(I)(MeCN)]BArF, [(MeO-TMPA)Cu(I)(MeCN)]BArF,
[(Me2N-TMPA)Cu(I)]BArF; from the R-MePY2 series, [(MePY2)
Cu(I)(MeCN)]BArF′, [(MeO-MePY2)Cu(I)(MeCN)]BArF′, [(Me2N-
MePY2)Cu(I)(MeCN)]BArF′.

Resonance Raman.Resonance Raman (rR) spectra were obtained
using a Princeton Instruments ST-135 back-illuminated CCD detector
on a Spex 1877 CP triple monochromator with 1200, 1800, and 2400
grooves/mm holographic spectrograph gratings. Excitation was provided
by Coherent I90C-K Kr+ and Innova Sabre 25/7 Ar+ CW ion lasers.
Laser lines were chosen to coincide with the intense absorption
transitions of the different Cu2O2 species listed in Table 1. Spectral
resolution was< 2 cm-1.
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The samples were prepared by dissolving the Cu(I) amine precursor
in solvent in 5 mm NMR tubes and oxygenating at-80 °C. Typical
rR solution sample concentrations were in the range of 2-5 mM of
Cu (1-2.5 mM of dimer) to minimize self-absorption. The samples
were cooled to 77 K in a quartz liquid N2 EPR finger dewar (Wilmad)
and hand spun during scan collection to minimize sample decomposi-
tion. Isotopic substitution was achieved by oxygenation with18O2

(ICON, 99% labeled).
Computational Details. Normal coordinate analysis (NCA) was

performed on a simplified [(N2Cu)2O2] complex by using QCPE
program 576 by M. R. Peterson and D. F. McIntosh, which involves
solution of the secular equation|FG - λE| ) 033,34 by the diagonal-
ization procedure of Miyazawa.35 The calculations were based on a
general valence force field. Force constants were refined with the
nonlinear optimization routine of the simplex algorithm according to
Nelder and Mead.36 Input data sets can be found and additional NCA
details can be found in the Supporting Information.

DFT calculations were performed with the program package Gauss-
ian 9837 using the BP86 functional38 (modified to include 38% Hartree-
Fock exchange) and the LANL2DZ basis set.39-42 A geometry optimized
[{(NH3)3CuII}2(O2)]2+ structure in the broken symmetry and delocalized
singlet spin states (the delocalized singlet was calculated to directly
evaluate the effect of N-donor strength on the peroxideσ*u orbital;
this mixed orbital is dominated byπ* σ interaction in the broken
symmetry calculation) was used as a control. Replacement of the
histidine ligands by ammonia ligands is supported by previous
studies.25,26Increased N-donor strength was modeled by shortening the
equatorial Cu-N bonds by 0.05 Å and performing a single-point
calculation. Input data sets are given in the Supporting Information.

Results and Analysis

R-TMPA. The resonance Raman (rR) spectrum of16O2

bound [{(MeO-TMPA)CuII}2(O2)]2+ in diethyl ether (Et2O) for
λex ) 514.5 nm shows two main peaks which display isotope
shifts upon18O2 substitution (Figure 1, inset). The intense peak

at ν ) 822 cm-1 shifts to 779 cm-1 (16,18∆ ) -43 cm-1), while
the peak atν ) 557 cm-1 shifts to 533 cm-1 (16,18∆ ) -24
cm-1). Similarly, a shift is observed in the more intense peak
in the transµ-1,2 end-on dimer [{(Me2N-TMPA)CuII}2(O2)]2+

spectrum (Figure 1, inset):ν ) 812 cm-1 (16,18∆ ) -43 cm-1).
However, the16O2 [{(Me2N-TMPA)CuII}2(O2)]2+ spectrum
shows a doublet of peaks at 545 and 557 cm-1 arising from a
Fermi resonance (Figure 1), as this splitting is not present in
the 18O2 spectrum at 524 cm-1. Averaging of the two peaks in
the 16O2 spectrum (av) 551 cm-1) gives an isotope shift of
-27 cm-1 for this feature (Figure 1, inset). These data are
consistent with results on the end-on peroxo-dicopper(II)
complex using the unsubstituted TMPA ligand:νÃ-Ã ) 827
cm-1 (16,18∆ ) -44 cm-1); νCu-O ) 561 cm-1 (16,18∆ ) -26
cm-1).29 Thus, the intense peaks at 827-812 cm-1 are assigned
as theνO-O stretches, while the 551-561 cm-1 bands cor-
respond to the symmetric combination of the Cu-O stretches.
[Note that the asymmetric combination of the Cu-O stretches
is also observed in the H-TMPA rR spectrum:ν ) 525 cm-1

(16,18∆ ) -19 cm-1) andν ) 511 cm-1 (16,18∆ ) -20 cm-1),
consistent with previous normal coordinate predictions for
TMPA (see Supporting Information Figure S1).]29

The Cu-Nax stretch (nitrogen trans to the axial peroxo
O-ligand in the trigonal bipyramidal coordination geometry) was
seen at 429 cm-1 for [{(H-TMPA)CuII}2(O2)]2+ (Table 2).29

Similar stretches are observed for the [{(MeO-TMPA)CuII}2

(O2)]2+ and [{(Me2N-TMPA)CuII}2(O2)]2+ complexes (Figure
1). After the deconvolution of the Fermi resonance,33 the pure
Cu-Nax modes are estimated to be at 427 and 426 cm-1,
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Table 1. Absorption Maxima for the Dioxygen Bound R-MePY2 (in CH2Cl2) and R-TMPA Series (Et2O)

H MeO Me2N

R )
λ

(nm)
energy
(cm-1)

ε

(cm-1 M-1)
λ

(nm)
energy
(cm-1)

ε

(cm-1 M-1)
λ

(nm)
energy
(cm-1)

ε

(cm-1 M-1)

MePY2 356 28 100 14 800 356 28 100 20 000 360 27 800 21 000
410 24 400 2900 410 24 400 3500 ∼410a ∼24 400
530 18 900 570 535 18 700 1000 515 19 400 1400
654 15 300 460 650 15 400 750 650 15 400 730

TMPA 520 19 200 ∼14 000 520 19 200 ∼15 000 523 19 100 ∼11 000

a This peak exists as a shoulder on the 360 nm absorption peak.

Figure 1. Resonance Raman spectra (77 K) of the [{(R-TMPA)CuII}2

(O2)]2+ series in Et2O for a 514 nm excitation. R) H is the green spectrum,
R ) MeO is the red spectrum, and R) Me2N is the blue spectrum. See
Figure S2 for an expanded view of the Cu-Nax region. Inset: Resonance
Raman (77 K)16O2 (solid line)/18O2(dashed line) isotopic comparison of
[{(R-TMPA)CuII}2(O2)]2+ (R ) MeO, Me2N). The solvent was Et2O, and
λex ) 514 nm. R) MeO is the red spectrum, and R) Me2N is the blue
spectrum. Note:18O2 spectra contain a small amount of isotopic16O2.
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respectively (Table 2; see Supporting Information Figure S2
for a more detailed Cu-Nax region).

Thus, the frequencies of theνO-O, νCu-O, and νCu-Nax

vibrations in the rR spectrum of R-TMPA are dependent upon
the nature of the R- substituent. As the substituent is varied
from H to MeO to Me2N, the νO-O band shifts downward in
frequency from 827 to 822 to 812 cm-1 (Figure 1, bottom).
Similarly, a shift of the Cu-O and Cu-Nax vibrations to lower
energy occurs over this series from 561 to 557 to 551 cm-1

and from 429 to 427 to 426 cm-1, respectively (Figure 1; Table
2).

MePY2. The resonance Raman spectrum of [{(H-MePY2)
Cu}2(O2)]2+ in THF-d8 (for λex ) 406.7 nm) is shown in Figure
2. The spectrum is characterized by vibrational features corre-
sponding to both the side-on peroxo-dicopper(II) [νÃ-Ã ) 729
cm-1 (16,18∆ ) -40 cm-1; Figure 2);νCu-Cu ) 265, 289 cm-1

(Figure 2; 16,18∆ ) 0 cm-1 for both; the observation of two
νCu-Cu peaks is discussed in the following)] and bis-µ-oxo-
dicopper(III) [νCu-O ) 587 cm-1 (16,18∆ ) -26 cm-1)] isomers.
The peaks at 491 and 538 cm-1 are isotope independent and
are in the range expected for equatorial Cu-N vibrations of a
bis-µ-oxo-dicopper(III) complex.27 The Cu-NPY (equatorial
pyridine nitrogen) vibration is assigned as the lower of the two
vibrations given the larger mass of the pyridine ring. Thus, the
491 cm-1 vibration is assigned as the Cu-NPY stretch, and 538
cm-1 is assigned as a Cu-N (equatorial tertiary nitrogen)
vibration (see Figure 2). The corresponding Raman spectra of
[{(R-MePY2)Cu}2(O2)]2+ for R ) MeO (Figure 3) and Me2N
(Figure 4) also contain features indicating the presence of both
isomers (Table 3). For R) MeO, the side-on peroxo-dicopper-
(II) species hasνO-O ) 728 cm-1 (16,18∆ ) -39 cm-1) and

νCu-Cu ) 275 cm-1 (16,18∆ ) 0 cm-1; Figure 3), while, for the
bis-µ-oxo-dicopper(III) isomer, theνCu-O peak is split into a
doublet of peaks atν ) 579 and 590 cm-1 (νavg ) 585 cm-1).
Upon 18O2 substitution, this doublet collapses to a single peak
at ν ) 559 cm-1, allowing assignment of the peaks in the16O2

spectrum as a Fermi doublet and determination of16,18∆ ) -26
cm-1. Also for the [{(MeO-MePY2)Cu}2(O2)]2+ bis-µ-oxo-
dicopper(III) complex,νCu-NPY ) 493 cm-1 (16,18∆ ) 0 cm-1)
andνCu-N ) 530 cm-1 (16,18∆ ) 0 cm-1)

The rRaman spectrum for R) Me2N contains the side-on
peroxo-dicopper(II) bandsνO-O ) 729 cm-1 (16,18∆ ) -40
cm-1) and νCu-Cu ) 275 cm-1 (16,18∆ ) 0 cm-1; Figure 4).
The bis-µ-oxo-dicopper(III) isomer for this ligand is highly
unstable toward decomposition (and oxidative attachment of
solvent as a substrate)31 to a product with a broad band in the
500-600 cm-1 region, making observation ofνCu-O stretch for
this species difficult. However, comparison of the16O2 and18O2

spectra indicates the presence of an oxygen isotope sensitive
band shifting in this region (Figure 4, inset). Further, the
absorption spectrum for R) Me2N, which was collected at
much lower concentrations (at which the complex is more stable)

Table 2. Resonance Raman Stretching Frequencies for the
R-TMPA Ligand Series

νO-O νCu-O

16O2
18O2 ∆ν 16O2

18O2 ∆ν νCu-Nax

R ) H 827 783 44 561 535 26 429
R ) MeO 822 779 43 557 (sym) 533 24 427

525 (asym) 506 19
R ) Me2N 812 769 43 557, 545 524 27 426

av ) 551 491 20
511 (asym)

Figure 2. 16O2 and18O2 isotope comparison of resonance Raman spectra
of [{(H-MePY2)Cu}2(O2)]2+ in THF-d8 (solvent subtracted) at 77 K.
Excitation at 407 nm. (;;) denotes16O2, and (- - - - - ) denotes18O2.
Note: 18O2 spectrum contains a small amount of isotopic16O2.

Figure 3. 16O2 and18O2 isotope comparison of resonance Raman spectra
of [{(MeO-MePY2)Cu}2(O2)]2+ in THF-d8 (solvent subtracted) at 77 K.
Excitation at 407 nm. (;;) denotes16O2, and (- - - - -) denotes18O2.
Note: 18O2 spectrum contains a small amount of isotopic16O2.

Figure 4. 16O2 and18O2 isotope comparison of resonance Raman spectra
of [{(Me2N-MePY2)Cu}2(O2)]2+ in THF-d8 (solvent subtracted) at 77 K.
Excitation at 407 nm. The red spectrum denotes16O2, and the blue spectrum
denotes18O2. Note: 18O2 spectra contain a small amount of isotopic16O2.
Inset: 16O2 and18O2 isotope comparison for R) Me2N at 77 K in THF-
d8. Excitation at 380 nm.
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relative to the rRaman samples, confirms the formation of both
isomers with this ligand (see Supporting Information Figures
S3 and S6-S8).

An overlay plot of the18O2 spectra of [{(R-MePY2)Cu}2

(O2)]2+ for R ) H and MeO is shown in Figure 5.43 The relative
amount of bis-µ-oxo-dicopper(III) complex in the equilibrium
mixtures was determined by integrating the Raman peak
intensities of the18O2 νO-O andνCu-O bands at∼690 cm-1 and
∼560 cm-1, respectively, and scaling the Raman peroxo peaks
as in Figure 5. Changing the R-MePY2 substituent from R)
H to MeO shifts the equilibrium such that the relative amount
of bis-µ-oxo-dicopper(III) complex formed increases∼37%.44

Me2N-MePY2 appears to form more bis-µ-oxo-dicopper(III)
complex than R) MeO. The rRaman data for R) Me2N
(Figure 4) show that the bis-µ-oxo-dicopper(III) isomer does
exist, and fitting the absorption spectra for side-on peroxo-
dicopper(II) and bis-µ-oxo-dicopper(III) complex peaks shows
a decreasing ratio of side-on peroxo/bis-µ-oxo peak areas on
going from R) H to MeO and MeO to Me2N (see Supporting
Information Figures S6-S8).45

An interesting trend is also observed over the R-MePY2
series for the side-on peroxo-dicopper(II) component features
in the 260-300 cm-1 region (Figure 6). The spectra for both R
) MeO and Me2N are characterized by a single intenseνCu-Cu

peak at 275 cm-1, with a weaker satellite peak at a higher
stretching frequency which may be assigned as a Cu-NPY

stretch of the side-on peroxo species.46 The νCu-NPY band is
highest in frequency (305 cm-1) for R ) Me2N. This band shifts
down in frequency for R) MeO (ν ) 295 cm-1), becoming a
shoulder on the more intenseνCu-Cu peak. The spectrum for R
) H shows two intense, oxygen isotope independent peaks at
265 and 289 cm-1 (av ) 277 cm-1). These peaks are assigned
as a Fermi doublet arising from resonant overlap between the
νCu-Cu band and aνCu-NPY peak further downshifted relative to
the R) Me2N and MeO complexes.

Discussion

Substituents are observed to affect the frequencies of the
Ã-Ã and Cu-O stretches in [{(R-TMPA)CuII}2(O2)]2+

(Figure 1), in a manner that directly reflects the donor strength
of the substituent. As the R- substituent on the pyridine ring
is varied from H to MeO to Me2N, the ability of the R-TMPA
ligand to donate electron (e-) density to Cu(II) is increased.
The increased ligand donation decreases the amount ofσ e-

donation to Cu(II) from theπ*σ orbital of the peroxide bridge
(Scheme 1, top). Thus, the Cu-O bond strength decreases, and
because decreasedσ donation from peroxide results in more
e- density in the peroxideπ* orbitals (which are antibonding
with respect to the O-O bond), the O-O bond strength and
νO-O decrease as well.

(43) Directly comparing the16O2 intensities is difficult due to Fermi resonance
in the R) MeO spectrum.

(44) The 37% increase of bis-µ-oxo-dicopper(III) complex on going from R)
H to MeO should be considered a minimum value. The absorption data in
Table 1 indicate that the UV-vis peaks of the side-on peroxo-dicopper(II)
complex increase more in intensity than those of the bis-µ-oxo-dicopper-
(III) complex. The resonance Raman intensity scales toε2, and this estimate
involves scaling the entire spectrum to the O-O stretch of the side-on
peroxo-dicopper(II) complex. In addition, the peak at 640 cm-1 is present
in the 18O2 spectrum of [{(H-MePY2)Cu}2(O2)]2+, but is not present in
the corresponding16O2 spectrum (Figure 2). It likely acquires intensity by
mixing with the ∼690 cm-1 side-on peroxo-dicopper(II) complex peak.
Including this in the normalization would involve an area summation of
the 640 and 690 cm-1 peaks, decreasing the relative intensity of the side-
on peroxo-dicopper(II) peak in this figure.

(45) This trend is also observed in CO binding studies and electrochemical data
(see refs 16 and 17) and Cu-NPY satellite peaks (vide infra).

(46) Henson, M. J.; Mahadevan, V.; Stack, T. D. P.; Solomon, E. I.Inorg. Chem.
2001, 40, 5068.

Table 3. Resonance Raman Stretching Frequencies for the R-MePY2 Ligand Series

side-on peroxo bis-µ-oxo

νO-O νCu-O

16O2
18O2 ∆ν νCu-PY νCu-Cu

16O2
18O2 ∆ν νCu-N νCu-PY

R ) H 729 689 40 ∼275 265, 289
av ) 277

587 561 26 538 491

R ) MeO 728 689 39 295 275 590, 579
av ) 585

559 26 530 493

R ) NMe2 729 689 40 305 275 ∼548 ∼523 25

Figure 5. Solvent subtracted18O2 resonance Raman comparison of the
side-on peroxo-dicopper(II) and bis-µ-oxo-dicopper(III) complex intensities
for the [{(R-MePY2)Cu}2(O2)]2+ series in THF-d8 at 77 K. Intensity
comparison for R) H (;;) and R) MeO (- - - - -). Excitation at 407
nm.

Figure 6. Resonance Raman spectra (77 K) of the [{(R-MePY2)Cu}2

(O2)]2+ series in THF-d8 at 380 nm excitation. For the R-MePY2 series,
the green spectrum denotes R) H, the red spectrum denotes R) MeO,
and the blue spectrum denotes R) Me2N.
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In support of this being an electronic effect, theνCu-Nax peak
positions measurably decrease as R is varied from H to MeO
to Me2N (Table 2). A mass effect would not be expected here
as varying R only adds mass to the pyridine rings, which are in
the equatorial plane of the trigonal bipyramid. However,
increasing the N-donor strength of the pyridines would add
electron density to Cu(II) atoms, which in turn would limit
electron density donation from the axial nitrogen and weaken
the Cu-Nax bond.

Electronic substituent effects are also observed to affect the
side-on peroxo-dicopper(II) and bis-µ-oxo-dicopper(III) complex
peak frequencies as well as the bis-µ-oxo-dicopper(III)/side-on
peroxo-dicopper(II) equilibrium in the MePY2 ligand system.
As the pyridine substituent is varied from H to MeO to Me2N
(increasing the strength of the N-donor),νCu-O for the bis-µ-
oxo-dicopper(III) complexes decreases from 587 cm-1 for R )
H to ∼548 cm-1 for R ) Me2N.47 That the substituent effects
are electronic in nature and not simply mass effects, as suggested
by Holland, et al.,21 can be seen from the Cu-N shifts in the
side-on peroxo-dicopper(II) and bis-µ-oxo-dicopper(III) com-
plexes. Figure 6 for the side-on peroxo-dicopper(II) complex
shows the Cu-NPY stretch increasingas the strength of the
N-donor (and relative mass) is increased. This is opposite of
the expected trend if a mass effect was dominant. For the bis-
µ-oxo-dicopper(III) complex, an upward shift in the Cu-NPY

stretching frequencies and a downward shift in the Cu-N
stretches are observed (Table 3) as R is varied from H to MeO.
This is to be expected for an electronic effect. As the strength
of the N-donor is increased, the Cu-NPY bond would strengthen,
shifting to a higher frequency. However, as the pyridine donates
added electron density to the Cu atom, less electron density
will be donated by the tertiary nitrogen ligand, which will
weaken the Cu-N bond and lowerνCu-N.

However,νCu-O does shift downward slightly as R is varied
from H to MeO, which has been ascribed to a mass effect in
similar systems.21 A normal coordinate analysis (NCA) was
performed to address the direct effect of the Cu-N and
Cu-NPY bonds on Cu-O bonding. The lack of mixing between
the Cu-O and Cu-N modes is evident by (1) the18O2

insensitivity of νCu-N and νCu-NPY for R ) H and MeO (see
Figures 2 and 3, respectively), indicating little to no mixing
with oxygen containing modes (When R) H, 16,18∆ ) 2.5 and
1.0 cm-1 for νCu-N andνCu-NPY, respectively, in the NCA fit.
When R ) MeO, 16,18∆ ) 1.4 and 1.8 cm-1 for νCu-N and
νCu-NPY, respectively.); (2) the normal coordinate fit shows
negligible mixing between theνCu-N and νCu-NPY modes; (3)
NCA shows that the mass effect on the Cu-NPY bond on
changing from R) H to MeO would be on the order of 60-70
cm-1 rather than the observed shift of∆ ) +2 cm-1 opposite
the mass effect. By fitting the observed frequency shifts for R
) H and MeO, the NCA shows that strengthening the N-donor
to R ) MeO weakens the Cu-O and Cu-N bonds and greatly
strengthens the Cu-NPY bond (Table 4). Thus, as the N-donor
strength of the pyridine is increased, the tertiary nitrogen and
oxygen ligands become poorer donors to the copper.

Electronic substituent effects also affect the amount of bis-
µ-oxo-dicopper(III) isomer present, increasing it along the series
R ) H, MeO, Me2N (Figure 5), which reflects relative
thermodynamic stabilities. Although the R) H ligand domi-
nantly forms the side-on peroxo-dicopper(II) isomer, increasing
the N-donor ability and thereby increasing e- density donation
to the copper preferentially stabilizes the Cu(III) centers of the
bis-µ-oxo-dicopper(III) isomer for R) MeO and Me2N. Thus,
the equilibrium shifts toward the bis-µ-oxo-dicopper(III) isomer
due toelectronic rather than steric effects.

The effect of additional electron density donation to the
Cu(II) centers can be extrapolated from examining atomic
contributions to the relevant antibondingπ and σ molecular
orbitals. These contributions have been previously calculated
for similar systems and are summarized in Table 5.26,27,29These
results reveal that the end-on peroxo-dicopper(II) and bis-µ-
oxo-dicopper(III) isomers have higher contributions from the
nitrogens to the antibonding LUMO molecular orbitals. Thus,
increased N-donor strength would be expected to have a greater
effect on the core Cu2O2 vibrational frequencies of the end-on
peroxo-dicopper(II) and bis-µ-oxo-dicopper(III) complexes than
on those of the side-on peroxo-dicopper(II) complex. In
particular, this correlates with the greater sensitivity of the
bis-µ-oxo-dicopper(III) complex than the side-on peroxo-
dicopper(II) complex to N-donor strength and stabilization.

While the amount of bis-µ-oxo-dicopper(III) isomer formed
is observed to increase with the donor strength of the endog-
enous ligand system, the lack of a substituent-dependent shift
in the O-O stretching frequency for R) H (νO-O ) 729 cm-1),
MeO (νO-O ) 728 cm-1), or Me2N (νO-O ) 729 cm-1) in the
side-on peroxo-dicopper(II) complex (Table 3) indicates little
change in the extent of Cu2/O2 back-bonding in the three
complexes studied.

To explore the insensitivity of the side-on peroxoνO-O to
N-donor strength, DFT calculations were performed on a side-
on peroxo [{(NH3)3CuII}2(O2)]2+ core molecule (as both a
delocalized and localized singlet, the latter to better clarify the
effect ofσ*

u mixing) with varied equatorial ligation. The effect
of increasing N-donor strength was modeled by shortening the
Cu-Neq bond of a geometry optimized structure by 0.05 Å and
performing a single-point calculation. The localized singlet
HOMO (σ*

u) shows an increase in N contribution, a decrease

(47) Crystal structures of the bis-µ-hydroxo-dicopper(II) complexes, [{(R-
MePY2)Cu}2(OH)2]2+ (Karlin, et al. unpublished results), show that, for
R ) H and MeO, there is one equatorial and one axial pyridine ligand.
However, for R) Me2N, both pyridine ligands are equatorial and the
tertiary nitrogen is axial. This may account for the large difference inνCu-O
for R ) Me2N versus R) H and MeO.

Table 4. Force Constant Fits (mdyn/Å) for R ) H, MeO in the
MePY2 Ligand System

force constants

mode R ) H R ) MeO

Cu-O stretch 3.62 3.58
Cu-PY stretch 2.63 3.60
Cu-N stretch 2.27 2.19
O-Cu-N bend 0.35 0.35

Table 5. Atomic Contributions to Selected Molecular Orbitalsa

side-on peroxo
(HOMO ) σu*;
LUMO ) πσ*)

end-on peroxo
(LUMO ) πσ*)

bis-µ-oxo
(LUMO ) σu*;

LUMO + 1 ) πσ*)

Cu O N Cu O N Cu O N

LUMO + 1 58 22 9
LUMO 35 12 4 35 10 9 56 31 6
HOMO 38 4 5

a Values are scaled to reflect the number and type of equatorial N-donors.

Equatorial Ligand Donor Effects on Cu2O2
2+ Core A R T I C L E S
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in Cu contribution, and a negligible effect of the O contribution
on going from the long to the short Cu-Neq bond (Table 6).
This indicates thatσ*

u back-bonding from the Cu to the peroxo
is not significantly affected by the strength of the N-donor. In
contrast, in the LUMO (π*σ antibonding), the O contribution
decreases while the N and Cu contributions increase, indicating
less Cu-O interaction and an expected decrease inνCu-O.48

Revisiting the peroxideπ* donation andσ* back-bonding
model,25,30 we observed that the amount of back-bonding into
the peroxide is dependent upon the strongσ donation from the
π*σ to the Cu(II) atoms (facilitated by four Cu-O bonds; see
Scheme 1, bottom left). As the strength of the N-donor increases,
more electron density is donated to the Cu(II) atoms. This
decreases the positive charge on the Cu(II) atoms. As a result,
less charge is donated from the peroxideπ*σ orbitals (Scheme
1, bottom left). More electron density on the Cu(II) decreases
the effective charge of the Cu(II) atoms, thereby increasing the
d-orbital energies, which should increase the back-bonding from
the copper to the peroxideσ*u orbitals (Scheme 1, bottom right).
However, the increased negative charge on the peroxide
adversely affects the back-bonding due to the energetically
disfavored process of donating additional electron density to
an already more negative peroxide. Any net effect would be
further mitigated by the presence of only one equatorial N-donor
substituent per Cu for the MePY2 ligand.

In summary, substituted end-on and side-on bridged peroxo-
dicopper(II) and bis-µ-oxo-dicopper(III) complexes were studied
to gain a better understanding of electronic effects on Cu2O2

bonding and on the side-on peroxo-dicopper(II)/bis-µ-oxo-
dicopper(III) equilibrium. Increasing the endogenous N-donor
strength in the [{(R-TMPA)CuII}2(O2)]2+ ligand series was
observed to affectσ donation to copper, weakening the Cu-O
and O-O bonds. Increasing the N-donor strength also weakens
the Cu-O bond in the bis-µ-oxo-dicopper(III) complex in the
[{(R-MePY2)Cu}2(O2)]2+ ligand series. For the side-on peroxo-
dicopper(II) model, N-donor interactions were determined to
have little direct effect on the bonding associated with its unique
electronic structure. Rather, the equilibrium is shifted due to
the thermodynamic effect of increased N-donor strength better
stabilizing the high-valent bis-µ-oxo-dicopper(III) species. Thus,
the side-on peroxo-dicopper(II)/bis-µ-oxo-dicopper(III) equi-
librium is shifted due to electronic rather than steric effects.
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(48) A decrease in the Cu-O stretching frequency of the side-on peroxo-
dicopper(II) complex would not be observed in the rRaman spectrum. The
rRaman observable “Cu-Cu” stretch at∼280 cm-1 would not be expected
to change even with a dramatic change in the Cu-O force constant. (See:
Baldwin, M.; et al.J. Am. Chem. Soc., 1992, 114, 10421.)

Table 6. Percent Change in Atomic Contributions of the Localized
Singlet State of [{(NH3)3CuII}2(O2)]2+ when Shortening the
Equatorial Cu-N Bonds (∆ ) (Short CuN) - (Long CuN))

atomic contribution

atoms HOMO LUMO

O 0.29% -7.04%
Cu -3.90% 3.13%
Neq 3.59% 3.88%
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