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The significance of the binding and activation of dioxygen
by copper ions in biological and catalytic systems has stimulated
extensive research oriented toward uncovering the fundamental
chemistry involved.! A key prerequisite for understanding the
course of substrate oxidations promoted by copper ions is
identification of the initial product of the reaction of Cu(I) with
O,. The recent definitive characterization of dicopper(Il)
peroxo” and monocopper(Il) superoxo? complexes has provided
important insights into the initial stages of dioxygen binding
and activation, but much remains to be learned about the order
and nature of subsequent O—O bond cleavage and substrate
oxidation events. Herein we report the isolation, spectroscopic
and theoretical characterization, and C—H bond activation
chemistry of a new species derived from the reaction of a Cu-
(I) complex with dioxygen. The proposed {Cu>(u-0)>}** core
of this molecule is unprecedented in copper chemistry”* and may
be viewed as a possible intermediate in oxidation reactions
catalyzed by multicopper enzymes and small-molecule catalysts.

We recently reported that addition of O» to [(i-Pr;TACN)-
Cu(CH3;CN)]JOsSCFs in CH>Cl» at —80 °C reversibly afforded
a (u-n°:n*-peroxo)dicopper(Il) complex (1, Scheme 1) that was
formulated on the basis of a low vy in its resonance Raman
spectrum [722 cm™'; Av('%0») = 42 cm™'), EPR silence, and
diagnostic UV —vis features [An., = 365 (¢ 11 000 M™! cm™ ),
510 (1000) nm] (Figure [).°7 When the same reaction was
performed using [(Bn;TACN)Cu(CH;CN)]X (X = ClOs~ or
SbF, ") as starting material,® rapid uptake of 1 O, per 2.2(2)
Cu(I) ions (by manometry, average of five runs) and formation
of an orange-brown species 2 (Scheme 1) with spectroscopic
features clearly distinct from those exhibited by 1 were observed
[Figure 1, Ama = 318 (e 6000 M~ ¢cm™'), 430 (7000) nm].
Like 1, however, 2 decomposed upon warming to afford a blue-
green solution, from which a bis(u-hydroxo)dicopper(Il) com-
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Figure 1. UV —vis spectra of solutions of 1 (---) and 2 (—) in CH»-
Cl> at —80 °C and resonance Raman spectra of frozen solutions of 2
in CH,Cl, prepared from the indicated gases (inset: lower spectrum is
difference spectrum; s = solvent band).

Scheme 1

R
I
SN
b
2 H-N/ Cu— NCCH,8

& ’b:
o’

".
"
®

>

£

2

-

|
R

S RH.C! R0
80 °C, 80°C,
R=iPr ~ ReBn © HOMO

2+ Ph Ph 2+
ko p 'y
X u—0-~ u/.' N i u/.. N—"Ph
%E{’C 'o"/C \hj{ Phr—Q{/C 'o"C Minif
/k )\ (ph \Ph
1 2

plex, {[(Bn;TACN)Cu]>,(OH)»}(X) (3) was isolated (60% yield
for X = ClO47).° Extraction of the copper ions from the crude
green solution with aqueous NH4OH yielded intact Bn:TACN,
the dealkylation product Bn,HTACN (40%), and benzaldehyde
(40%), clearly indicating that the ligand was oxidatively attacked
during the decomposition of 2.” The rate-determining step of
this decomposition involves benzyl substituent C—H bond
cleavage, as shown by a large kinetic isotope effect (KIE) for
the first-order loss of 2 containing Bn;TACN or (Bn-d7);TACN
ligands (kw/kp = 50 at —50 °C; 13 at 25 °C by extrapolation
from activation parameters).® The magnitudes of the KIE,
AAH?, and AAS* differ from those measured previously for
the analogous reaction of 1 involving isopropyl substituent C—H
bond cleavage>*® [1, AAH* (H—D) ~ 0 kcal mol~', AAS* ~
+4 eu; 2, AAH* =~ —2.4 kcal mol~', AAS* =~ —3 eu] but are
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Figure 2. Fourier transformed EXAFS data (—) and preliminary
simulation (- - -) of 2 (k =2—12 &"). The experimental data (Fourier
filtered from # = 1—3.2 A) were fitted by using 4 N/O at 1.96 A, 6 C
at2.97 A, and 1 Cu at 2.78 A.

similar to those cited for the decomposition of [(Tpi~PrMeCo),-
(1-0,)] (AAH* =~ —2.8 kcal mol~!, AAS* ~ —4 eu), for which
tunneling was postulated.® Detailed comparisons indicative of
divergent compositions for the species involved aside, the fact
that 1 and 2 undergo analogous first-order, ligand-based C—H
bond activation reactions upon warming implicates similar
oxidizing capabilities for their respective cores.

Insight into the structure of 2 has been obtained from
spectroscopic and theoretical studies. The complex is EPR silent
and exhibits a relatively sharp '"H NMR spectrum,® ruling out
formulation as a mononuclear Cu(Il) species. Electrospray MS
results support its dinuclear composition.'® Resonance Raman
spectra (457 nm excitation) of frozen CH»Cl, solutions of 2
derived from 'O, and '80, lack oxygen isotope-sensitive
features in the peroxide O—Q stretching region and, instead,
contain peaks at 602 and 608 cm™! that shift to 583 cm™! upon
180 substitution (Figure 1, inset). The conversion of two peaks
to one suggests that the 602/608 cm™' pair is a Fermi doublet,
with the magnitude of the isotope shift (23 cm™!) being
consistent with assignment of the fundamental to a Cu—Q
vibration.!! The X-ray absorption K-edge measured for a solid
sample occurs at ~8987 eV, consistent with the presence of
Cu(Il) ions in the complex.!? The r’-space EXAFS spectrum
(Figure 2) contains two distinct features, a first-shell peak that
was fit by 4 N/O at 1.96 A and a second peak indicative of a
relatively rigid scatterer at ~2.8 A. This feature, which is
similar to ones observed in EXAFS spectra of complexes
containing Fe»(u-O); and Fex(u-O)(u-OH) cores,'? was fit
analogously as a 2.78 A Cu—Cu vector. Additional contribu-
tions from 6 C at 2.97 A (Bn;TACN backbone carbons)
improved the overall fit.

We propose a novel {Cu,(u-0)2}>" structure with significant
covalent character for 2 on the basis of its composition (MS),
the stoichiometry of its formation (Cu:O, = 2:1), its diamag-
netism (EPR, NMR), its oxidizing capability, and similarities
of the observed resonance Raman and EXAFS features to those
reported for other Mx(u-O), (M = Fe, Mn) rhombs. 131415 Such
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a core can be envisioned to arise from homolysis of the O—O
bond in a (u-n%:72-peroxo)dicopper(Il) precursor with attendant
shortening of the intermetal distance (3.5% to 2.8 A). We
suggest a (simplified) electronic structure for 2 in which two
Cu(Il) ions are bridged by oxyl radicals, with extensive spin-
coupling to yield an § = 0 ground state. In support of this
covalent description, preliminary ab initio calculations'6-!?
predict a stable (energy minimum) singlet state for Cy, {[(NH3)3-
Culx(u-0):}2". There is good agreement between the observed
(vide supra) and predicted values [v(calc) = 638 cm™!; Av-
(80 calc) = 26 cm™'] for the A, vibrational frequency for the
Cux(u-0), rthomb, as well as between the calculated (2.72 A)
and observed (2.78 A) intermetal distance. The calculated
HOMO (Scheme 1) is comprised of strong bonding interactions
between the two Cu d,2-,2 and the antisymmetric combination
of O p, orbitals; this rationalizes the observed diamagnetic
ground state. Note that this HOMO is qualitatively similar to
one we have calculated at the same level of theory for a
previously described'® (u-17°:57°-peroxo)dicopper(Il) species, i.e.,
2Cu de-» + peroxo o*. The orbital coefficients differ,
however, in a manner consistent with cleavage of the O—O bond
in the (u-Q), species (see supporting information).
Compound 2 represents a new structural motif in copper
dioxygen chemistry that we propose may form immediately
subsequent to dioxygen adduct formation in oxidation processes
promoted by multicopper sites. The relevance of this intermedi-
ate to biological oxidase and oxygenase activity in particular
will be addressed in future work oriented toward ascertaining a
thorough understanding of its formation, structure, and reactivity.
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