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The reaction of a copper(I) complex with a sterically demanding
secondary diamine ligand and O2 yields a tris(µ-hydroxy)tricopper-
(II) complex. This complex is a structural model of the proposed
native intermediate in multicopper oxidases, with interesting
structural, magnetic, and solution properties.

Multinuclear copper clusters in metalloenzymes have
evolved to facilitate multielectron redox processes. Both
binuclear copper enzymes (e.g., hemocyanin, tyrosinase,
catechol oxidase) and multicopper oxidases (e.g., laccase,
ascorbate oxidase, cerulloplasmin) are engaged in dioxygen
(O2) activation and subsequent substrate oxidation.1 Detailed
mechanistic postulates from studies of biological systems
with their inherent ligation and geometric restrictions provide
key insights for the development of bio-inspired catalysts.2

Finding synthetic ligand environments that stabilize com-
plexes related to the postulated intermediates in the catalytic
cycle is an important step in this endeavor.3 Whereas
binuclear copper complexes dominate the area of modeling
O2-activating copper enzymes, the characterization of mag-
netically coupled, triangular trinuclear copper(II) clusters4-6

has significantly lagged behind their binuclear analogues.

Multicopper oxidases7 reduce O2 to H2O at a trinuclear
copper(I) cluster through two sequential, two-electron steps
that involve a peroxide and native intermediate, respec-
tively.1,8 A tris-hydroxy-bridged trinuclear copper(II) cluster
(Chart 1) is currently postulated as the catalytically competent
native intermediate found in these enzymes.9 We report here
a structurally analogous tris(µ-hydroxy)tricopper(II) complex,
along with its intriguing magnetic properties and solution
behavior. The spectroscopic and physical characteristics of
this complex will provide valuable comparative benchmarks
for characterization of the native intermediate of multicopper
oxidases.10

The copper(I) complex ofN,N′-di-tert-butyl-ethylenedi-
amine (DBED), [(DBED)Cu(MeCN)](X) (X ) ClO4

-,
CF3SO3

-, BF4
-), reacts with O2 in THF to form a variety of

complexes. At-80 °C, a binuclearµ-η2:η2-peroxodicopper-
(II) complex is formed that is a spectroscopic and functional
model of tyrosinase.11 By contrast, the reaction of [(DBED)-
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Cu(MeCN)](ClO4) with O2 at 25°C yields a tris(µ-hydroxy)-
tricopper(II) complex [(DBED)3Cu3(µ-OH)3](ClO4)3 (1‚(ClO4)3,
Scheme 1). Alternatively, a change of the weakly coordinat-
ing counteranion of the copper(I) complex leads to the
formation of the bis(µ-hydroxy)dicopper(II) complex
[(DBED)2Cu2(µ-OH)2]X2 (2‚(X)2, X ) CF3SO3

- or BF4
-).

The X-ray crystal structure of1‚(ClO4)3 reveals a trinuclear
copper cluster that has crystallographically imposed 3-fold
symmetry (Figure 1, top).12 The presence of three perchlorate
anions per trinuclear cluster supports a composition of three

Cu(II) centers bridged by three hydroxide groups. The Cu3-
(OH)3 moiety is planar, and each copper center has a distorted
tetrahedral geometry with a twist angle of 46.5° between
the N-Cu-N and O-Cu-O planes. The ligands are
disposed in a helical arrangement that projects thetert-butyl
groups above and below the Cu3(OH)3 plane to maximize
their spatial distribution. The metrical parameters are typical
for four-coordinate Cu(II) centers (Cu-O ) 1.914 Å and
Cu-N ) 2.025 Å), with Cu‚‚‚Cu and O‚‚‚O distances of
3.643 and 2.837 Å, respectively. Two oxygen atoms of each
ClO4

- counteranion form hydrogen bonds with N-H groups
of two ligands of the same molecule (O‚‚‚Navg ) 3.037 Å),
as well as two bifurcated hydrogen bonds with the intercalat-
ing O-H group (O‚‚‚Navg ) 3.202 Å, Scheme 1).

Cyclic trinuclear copper(II) complexes such as1 create a
classic example of aspin-frustratedsystem with interesting
magnetic properties.13 For1‚(ClO4)3, øMT at 300 K is∼0.69
cm3 mol-1 K, much lower than the value expected for three
uncoupledS) 1/2 spins (∼1.2 cm3 mol-1 K), and it decreases
to 0.4 cm3 mol-1 K at 80 K, close to the value for a single
uncoupled Cu(II) center (Figure 2).14 Such behavior is
consistent with a spin-frustrated doublet ground state.5 A fit
of the øMT data in the 80-290 K temperature range to an
equation derived for an equilateral triangle distribution of
the threeS ) 1/2 Cu(II) ions13 givesJ ) -104.7 cm-1 and
g ) 2.06 as best values. The large coupling constant between
the doublet and quartet state is in close agreement with
density functional theory calculations that also predict a
doublet ground state (J ) -111 cm-1).14 At lower temper-
atures,øMT decreases well below the value of 0.4 cm3 mol-1

K. To interpret this behavior, it is necessary to go beyond
the framework of the above isotropic exchange model and
include anantisymmetric exchangeinteraction.15 Such in-
teraction is proposed to occur between two nearly degenerate
S ) 1/2 states in triangular metal complexes, as observed
initially by Tsukerblat16 and recently by others.5 The increase
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and wR2 ) 0.1186. More crystallographic data are provided as
Supporting Information.
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Scheme 1. Synthesis of Complexes1 and2a

a One of the three ClO4- counteranions that forms hydrogen bonds with
the N-H and O-H groups is shown for1‚(ClO4)3. The BF4

- counteranion
that forms hydrogen bonds with two N-H groups is shown for2‚(BF4)2.

Figure 1. Structures of cations1 (top) and2 (bottom). Selected distances
(Å) for 1 (2): Cu‚‚‚Cu 3.643 (2.973), O‚‚‚O 2.837 (2.392), Cu-Oavg 1.914
(1.908), Cu-Navg 2.025 (2.009).

Figure 2. Thermal dependence oføMT for 1‚(ClO4)3. The solid line
corresponds to the best theoretical fit for the data in the 80-290 K
temperature range, and the dotted line to the fit for the 5-290 K temperature
range, including antisymmetric exchange. See text for details.
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of the øMT product below 16 K suggests the presence of
weak ferromagnetic intermolecular interactions,17 possibly
due to the hydrogen bonding between neighboring cationic
clusters and counteranions. A Hamiltonian including anti-
symmetric exchange and intermolecular interactions terms
is sufficient to fit the experimental data for the entire
temperature range,18 yielding the same intramolecular cou-
pling constant (J ) -105 cm-1) as found for the high-
temperature range, an antisymmetric exchange constantG
) 35 cm-1 and an effective intermolecular ferromagnetic
interactionJ′ ) +1.1 cm-1.19

X-ray structure analysis of the binuclear bis(µ-hydroxy)-
dicopper(II) complex2‚(BF4)2 reveals a similar distorted
tetrahedral geometry of each copper center (Figure 1), with
an average twist angle of 46.4° between the N-Cu-N and
O-Cu-O planes.20 Such geometric distortions are uncom-
mon for bis(µ-hydroxy)dicopper(II) complexes; only one
other complex is known with such a large tetrahedral
distortion.21 The noncentrosymmetric disposition of thetert-
butyl groups around the Cu2(OH)2 core maximizes their
spatial distribution, and the metrical parameters of2 are
unexceptional for a bis(µ-hydroxy) dimer (Cu-Oavg ) 1.908
Å, Cu-Navg ) 2.009 Å, Cu‚‚‚Cu ) 2.972 Å, O‚‚‚O ) 2.392
Å). The main structural differences between2 and1 are the
O-Cu-O and Cu-O-Cu angles (77.8°, 101.6° for 2 and
95.7°, 144.2° for 1), supporting a more compact structure
for 2. Solid-state magnetic measurements are consistent with
two Cu(II) centers that are strongly antiferromagnetically
coupled even at room temperature to give a singlet ground
state.13,22 In contrast to1, two F atoms of only one BF4-

counteranion form hydrogen bonds with a N-H and an O-H
group in2‚(BF4)2 (F‚‚‚N/O ≈ 3.0 Å, Scheme 1).

The distinct solution properties of1‚(ClO4)3 and 2‚(X)2

(X ) CF3SO3
- or BF4

-) excludes preferential crystallization
as an explanation for the selective formation of each product.
Examples do exist in the solid state in which weakly
coordinating anions affect the nuclearity of metal com-
plexes,23 but we are unaware of any known examples in
solution. Solution magnetic susceptibility measurements of
1‚(ClO4)3 in THF at 298 K give aøMT value of∼0.7 cm3

mol-1 K, consistent with more than one unpaired spin per
trinuclear species and similar to that observed in the solid
state.24 This susceptibility is invariant whether the sample
is prepared in situ or by dissolving crystalline material of

1‚(ClO4)3. By contrast, the susceptibility measurements of
2‚(CF3SO3)2 under the same conditions indicate a diamag-
netic complex. The visible absorption features of1‚(ClO4)3

and2‚(CF3SO3)2, although similar,14 are sufficiently different
to assess a conversion from one species to the other. The
addition of a 25-fold molar excess of (nBu4N)(CF3SO3) to a
THF solution of1‚(ClO4)3 at 25°C leads to the conversion
to 2 over 24 h as evidenced by the appropriate change in
the visible spectrum and ES-MS.25 Combined, these experi-
ments suggest that the energy associated with the conversion
of 2 equiv of trimer1 to 3 equiv of dimer2 is small and
that the hydrogen-bonding and ion-pairing interactions with
the weakly coordinating counteranions in THF determine
what species is formed.

The generation of1‚(ClO4)3 in solution rather than the
binuclear analogue was initially surprising as the latter is
generally thermodynamically preferred. Yet, bis(µ-hydroxy)-
dicopper(II) complexes prefer to maintain a planar N4Cu2-
(OH)2 core, unlike that found in the structure of2. Twisting
of the N-Cu-N planes relative to the Cu2(OH)2 plane will
electronically destabilize the dimer core, a distortion man-
dated by the severe steric demands of the DBED ligand. This
suggests a reduction of the energetic cost of forming the less-
compact, higher-nuclearity trinuclear complex. Interestingly,
the two other structurally characterized Cu(II)6 and Zn(II)26

tris(µ-hydroxy) complexes carrying no additional bridging
groups employ ligands with similar attributes to DBED.
Thus, destabilizing an energetically preferred dimeric com-
plex through increased ligand steric demands appears to be
a viable strategy for creating higher-order species in solution,
with the potential of studying their functional chemistry.

Modeling studies over the past decades have clearly
demonstrated that almost all metal clusters in metalloproteins
have intrisinic stability in homogeneous solution if appropri-
ate solvents and sterically demanding ligands are selected.
These restrictive conditions can be equated to the site-
isolation and ligand geometrical constraints within a protein
active site. The chemical plausibility of a tris(µ-hydroxy)-
tricopper(II) complex in a homogeneous solution as shown
here and elsewhere6 foreshadows its potential relevance in
the catalytic cycle of multicopper oxidases.
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