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The discovery that the Gucenters in cytochrome oxidase
and nitrous oxide reductase contain bis(cysteinate)-bridged, fully
spin-delocalized dicopper(1.5) udithas stimulated renewed
interest in mixed-valence copper chemistry. Discrete dinuclear
complexes of Cu(l)/Cu(ll) have been known for many yéars,
including a handful of class Il specié$,but fully delocalized,
class Il mixed-valence moieties such as,Gue rare. The two
types of class Ill complexes currently available either employ a
tridentate NS ligand, lPrdacoS, which affords a thiolato-bridged
dinuclear coré;® or octaazacryptand macrobicyclic ligand3;L
L3 (Table 1)7>¢ The electronic structures of the £aenter and
these model complexes have recently been discifésedn the
present communication we describe three new class Ill mixed-
valence Cu(l)/Cu(ll) complexes having exclusively oxygen-donor
ligands, including two bridging carboxylate groups contributed
by XDK and/or PXDKS&% 1l These complexes have been
characterized fully by X-ray crystallographic, solid-state and
solution EPR spectroscopic, cyclic voltammetric, electronic
spectroscopic, reactivity, and extendedckiel molecular orbital
studies. They significantly expand the family of delocalized Cu-
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Table 1. Spectroscopic and Structural Data for Class Ill
Mixed-Valence Copper Complexes
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Met Cys His
Cua(a) Cu(LPrdacog),(OTf) (b) (CuzL?)3+ (c)
Vis/NIR
(Amax NM Cu—Cu EPR
(e, MTcm )  dist (A) (g (A G)) ref
363 (1200% 2.5-2.7  Qmn=2.003 (105§, 1lc—e
480 (3000), Omia = 2.005 (116),
532 (3000), Omax = 2.203 (235)
808 (1600)
b 358 (2700), 2.9306(9) g; = 2.010, 5
602 (800), g2 = 2.046 (36.3),
786 (sh), gs = 2.204 (49.9)
1466 (1200)
600—650 2.448 g = 2.004 (11), 7a,b
(1500-3500)¢ go = 2.148 (111)
756 (5000)
6or7 536 (1600), 2.4246(12)g; = 2.030 (20.0), this
923 (1200) g2 = 2.158 (55.0), work

0 = 2.312 (122.5)

aFromParacoccus denitrifican€cO (see ref 1d)? All parameters
were derived from simulated spectf&>Cu- and [°N]histidine-enriched
N2OR fromP. stutzeri ¢ Only ranges were reported for the absorption
maxima and molar absorptivitiesNo esd reported.UV —vis and EPR
data are fo6, and the X-ray data for.

(D/Cu(ll) compounds and increase our insight into the factors
governing the properties of such class 1l mixed-valent dicopper
units.

From the previously reported dinuclear precursbrand 2,°
complexes3—7 were prepared by one-electron oxidation with
the appropriate silver(l) salt in THF solution (Scheme!?).
Structural studies reveal&]5, and7 to have localC,, symmetry
with Cu—Cu distances ranging from 2.3988(8) ASnthe shortest
value yet reported for such a system, to 2.4246(12) A (fable
1 and Figure 1}?2 The X- and Q-band EPR spectra of powdered
and frozen 2-Me-THF solution samples ®&fat 2, 9, and 77 K
exhibited rhombic signals with readily discernible seven-line
copper hyperfine lines. From the 77 K frozen solution spectrum
(Figure 1), the parameters given in Table 1 were extracted by
simulationst® These results and the similar appearance of the
EPR spectra o8 and 5 demonstrate that thedeCuy(XDK)}*
mixed-valence species are fully delocalized, providing the first
example of a dicopper mixed-valence speae K

The redox properties of the mixed-valence solvento complex
6 and its dicopper(l) precursbexhibit chemically reversible
(ipdipc ~ 1) and electrochemically quasi-reversible (average
Ei. = —218 mV vs CpFe'/Cp.Fe; AE, = 118 mV, scan rate=
50 mV/s) one-electron behavior as judged by cyclic voltammetry
in THF solution. When the measurésgl, value was scaled with
the aid of literature data for the SHE/SCEAgCI/Ag/SCE}* and
SCE/CpFef/CpFe (in THF)}® conversions, the resulting value

(12) (a) Experimental details are provided as Supporting Information, and
a full account will be reported elsewhere. (b) X-ray deBa.space group
P2,/n, a=20.203(2) Ab = 12.0901(10) Ac = 22.130(2) A 3 = 94.522(5,
V = 5388.6(8) & Z = 4, R =0.0519, WR?2 = 0.1259.5. P2,2,2;, a =
11.0246(1) Ab = 16.3138(1) Ac = 27.6753(1) AV = 4977.49(6) & Z
= 4,R=0.0471, W& = 0.12457: P2y/n,a= 17. 423733%) 9) Ab = 21.5206(12)
A, ¢ =18.857(1) AS = 109.997(13, V = 6797.0(6) K, Z = 4, R= 0.085,
wR? = 0.1814.

(13) WINEPR-SimFonial.25 Bruker Analytik GmbH: Karlsruhe, FRG,
1994-1996.
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Recently, in two independent studf@$the electronic structures
of Cu, and its synthetic analogues were analyzed. Superexchange
in these class Il mixed-valence centers is facilitated by overlap
between metal d or ligand p orbitals, or both, depending upon
the energetic accessibility of a metahetal vs a bridging
exchange pathway. To investigate the electronic structures of
3—7, we carried out extended tdkel molecular orbital calcula-
tionst®2°on the model complexes [@u-O,CCH),(OMe,),] ™ and
[Cux(OH),(OH,)(OMey)4] ", which were assigned core structures
based on the crystallographic coordinates ofThe z-axis was
taken along the apical coppe®Me, bond of one of the copper
atoms, and thex- and y-axes along the coppercopper and
copper-carboxylate (hydroxide/water) oxygen vectors, respec-
tively. The SOMO has considerable Cyg/Cu de_y2 o-anti-
bonding character{60% for each copper atom), with a lobe from
each metal pointed toward the other along skaxis. The 4s
(~11% for each copper) and2d~8% for each copper) orbitals
also contribute significantly to the SOMO, with the same phases

as the ¢_2 orbital on each metal. In addition, the p orbital

B g LM(\ contribution from each ligand is out-of-phase with respect to the
adjacent copper orbital lobe. The SHOMO has marg32%)
and 4s (22%) character, with the ligand p orbitals again being

050 55 360 0 7000 out-of-phase with respect to the adjacent copper orbital lobe. In
H (Gauss) neither the SOMO nor the SHOMO do the carboxylate carbon
Figure 1. (top) ORTEP diagram of [GUPXDK)(THF)4](BF) (7) with atoms participate. The superexchange pathway for electron

50% thermal ellipsoids. The PXDK-propyl groups proximal to the Cu  delocalization therefore appears to be accessible only through the

centers have been removed for clarity, and the atoms designated as opeCu—Cu interaction. A reduced Mulliken overlap population

circles were refined isotropically. (bottom) Experimental EPR spectrum analysis revealed a GtCu overlap population oft0.1495

of [CU(XDK)(THF)4|(BF+) (6) acquired at 9.47 GHz in frozen 2-Me-  compared to the average overlap population-6f5362 for CO

THF solution at _77 K _(A), along with a simulation (B), for which the single bonds in the same structure. Hence the short@u

parameters are listed in Table 1. distance in the mixed-valence complexes is indicative of a weak

metak-metal bond.

oF . The UV-vis spectra of3—7 exhibit a rela.tively sharp and

0-Cu-0 | AgOLCCE x intense ¢ = 1200-2000 M cm™) feature which maximizes at

%( >ﬁ§ THE 97 ~545 nm (Table 1). In addition, the visible/near-infrared region
i _— Coicu"“02£§;© contains broad absorptions between 700 and 2000 nm. Based

NiccH, o_d

1(XDK), 2 (PXDK) 5 (XDK)

Scheme 1

on peak shapes, this latter feature appears to arise from a single
transition for the BE~ complexes, but contains overlapping
components in the OTfand QCCFK~ complexes. In all cases,
/ these spectral features were unaltered when the complexes were

1 AgOT

THF 1 AgBF, allowed to stand in THF, benzene, or &, for several days

THF
under N. The conductivity of3—7 in THF solutions similarly
- L remained unchanged over the same time period; the @mél
3/\5_,.{% @ O 1Ry 0,CCR;~ adducts are nonelectrolytes, whereas thg Bialts are
@)

o= 1:1 electrolytes judging from the slopes of conductivity vs

O’C’dﬁ/i\io OQ Cl i/czo concentration plots. Taken together, these experiments demon-
Cr gy O 5=

I d strate that the mixed-valence core is highly resistant to dispro-
portionation, even in the absence of excess THF.

In conclusion, a series of dicopper mixed-valence complexes
has been assembled with the XDK ligand system. Their fully
of +583 mV vs NHE falls in the-200 to+800 mV range found  delocalized class Ill behavior has been demonstrated experimen-
for blue copper proteid$ and near the value of-240 mV tally through X-ray crystallographic studies and EPR experiments
determined for the Gudomain of Thermus thermophilusyto- in the solid state and solution. These results contribute signifi-
chromebag.*” These proteins employ soft, nitrogesulfur donor  cantly to our understanding of the assembly, stability, and
sets and impose geometries on copper that are essentially unaltereglectronic structures of class 1l mixed-valence-@2u systems
between the + and 2+ oxidation stated® The latter feature is  such as Cu.
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