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ABSTRACT: The first u-n*n*-diselenidodicopper(II)
complex has been obtained in the reaction of a copper(I)
complex with N,N',N"-tribenzyl-cis,cis-1,3,5-triaminocyclo-
hexane and elemental selenium. The structure and
reactivity of the complex is described.
S elenium-containing proteins, selenoproteins, serve a variety
of important roles in cellular activity." > The functions of a
number of selenoproteins have not yet been ascertained,
although it is thought that they involve substantially the
chelation of heavy metals.” In some cases, selenium appears to
provide protection against metal toxicity.* These findings may
indicate a specificity of selenide for binding metals such as
copper and iron, but the essential basis of this behavior is
unknown.>™” On the other hand, much attention has been
focused on the chemistry of transition-metal compounds
containing dichalcogen li%ands because of their unique
structures and reactivities" ' and their involvement in
biological systems.'*~'” For the above reasons, it is also
intriguing to explain the chemical properties of the dicopper
complex bridged with diselenide dianion (Se,>”). However,
such a complex has not been prepared, in contrast to substantial
knowledge on the systems of selenidomulticopper clusters.'®™>*
This is probably due to the fact that stable selenidocopper
clusters or their salts are mainly generated from the reaction of
copper salts with selenium sources. Therefore, only structural
information about such complexes has been reported, and their
reactivity has been rarely studied.

We selected a cis,cis-1,3,5-triaminocyclohexane derivative as
the supporting ligand for the purpose of eliminating the
generation of selenidocopper salts. This ligand has a strong o-
donating ability and is expected to indicate a strong chelating
effect in the formation of 6-6-6-membered chelate rings.
Herein, we report the first X-ray structure and chemical
properties of a u-1":1>-diselenidodicopper complex. Addition-
ally, the reactivities of the complex with PPh;, CO, MeCN,
xylyl isocyanide, and dioxygen are also described and discussed.

The addition of elemental selenium (1 equiv) to a pale-
yellow solution of [Cu(MeCN)(BnyTACH)](SbF¢) (1;
Bn;TACH = N,N',N’-tribenzyl-cis,cis-1,3,5-triaminocyclohex-
ane) in N,N-dimethylacetamide (DMA) at room temperature
resulted in a sudden change to a green color. After stirring for 6
h, the color changed to dark-brown and a black precipitate was
filtered off. By condensation in a vacuum and crystallization
from CH,Cl,/Et,O, dark-brown crystals of [Cu,(Se,)-
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(Bn;TACH),](SbF4),,2DMA (2-:2DMA) were isolated in
23.5% yield (Scheme 1). An oily green product was obtained

Scheme 1. Synthesis of Complex 2
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from the filtrate. Other redox processes may have occurred
between the copper(I) ion and elemental selenium. However,
other copper species were not isolated. From the treatment of 1
with excess amounts of elemental selenium (2 equiv), 2-2DMA
was obtained in 30.9% yields as crystals, whose structures were
determined by X-ray analysis. The X-ray structure of 2-2DMA
revealed a unique {Cu',(u-17*:1>-Se,)} core structure (Figure
1). The solution and solid-state structures of 2 were also
identified by mass spectrometry, elemental analysis, and IR,
absorption, reflectance, and multinuclear NMR spectroscopies.
The structure of 2-2DMA includes a centrosymmetric binuclear
complex pentacoordinated in a square-pyramidal geometry (7 =
0.01)** with two secondary amino nitrogen atoms (N1 and
N2) and two selenium atoms in equatorial positions. The
remaining nitrogen atom N3 is located at the apical position.
The dihedral angle (¢) between the two planes defined by the
CuSe, plane is 180.0°, and the Cu,Se, core is completely
planar. The copper(II) coordination geometry is structurally
similar to that of the u-*:y’-disulfidodicopper complex
analogues [Cu,(S,)(Bn;TACH),](SbFy), (3; ¢ 180.0°)
reported previously, whereas the dihedral angles in [Cu,(S,)-
(R;TACH),](SbFy), (R = Et or iBu) are smaller than 180° (¢
< 180.0°).%° The Cu---Cu and Se—Se distances for 2-2DMA are
4.0636(6) and 2.3898(5) A, respectively. The Se—Se distance
of the {Cu",(u->:1>-Se,)} core is significantly longer than that
of Se, [2.19(3) A]*” and is similar to the Se—Se distance in the
crystal of Na,Se, [2.38(5) A].*” This clearly indicates that the
diselenide molecule in the Cu,Se, core is reduced by two
electrons. The Se—Se bond length is similar to that of the
La,(n-n*1*-Se,) core [2.385(4) A; ¢ = 180.0°],*® while it is
slightly longer than that of the Ni,(u-1*:1>-Se,) complex with
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Figure 1. X-ray structure of the cationic portion of 2-2DMA, showing
50% probability thermal ellipsoids. The hydrogen atoms and the
solvent molecules have been omitted for clarity. Selected interatomic
distances [A]: Sel—Sel’ 2.3898(5), Cul--Cul’ 4.0636(6), Cul—Sel
2.3521(5), Cul—Sel’ 2.3621(4), Cul—N1 2.0314(18), Cul—N2
2.002(3), Cul—N3 2.199(3).

p-diketiminate [2.3304(6) A; ¢ = 134.35°),% Ir,(u-n>:1*-Se,)
[2.3628(7) A; ¢ = 75.77°],>° and MoMn(u-n*n>-Se,)
[2.3144(6) A; ¢ = 80.85°] cores.” Interestingly, the Se—Se
bond is shorter when the dihedral angle, ¢, is smaller than
180°. Shorter Se—Se bonds appear in diselenidodimetal
complexes with dihedral angles smaller than ¢ = 180.0°. This
fact suggests that electron transfer by back-donation from metal
ions to the antibonding orbital of the diselenide molecule
causes a weakening of the bending of the M,Se, plane. The
Cu—Nracy bond lengths [2.0314(18), 2.002(3), and 2.199(3)
A] are very similar to those of 3 [2.024(3), 2.002(3), and
2.195(3) A] and are shorter than those of
[Cu,(OH),(Bn;TACH),](ClO,), [4; 2.0451(11),
2.0301(10), and 2.2495(11) A].>* This trend may indicate
that the order of the electron-donating ability from the TACH
ligand to the copper(Il) ion is 2 &~ 3 > 4, suggesting that the
electron-donating abilities of diselenide and disulfide are
smaller than that of hydroxide.

It is clear from our spectroscopic results that the Cu,(u-
n*:*-Se,) structure of complex 2 is retained in solution.
Complex 2 is ESR-silent in acetone, and its "H NMR spectrum
in acetone-dy exhibits peaks in the diamagnetic region. These
results indicate strong antiferromagnetic coupling between the
copper(II) ions. The UV—vis absorption spectrum of 2 (Figure
2) in CH,Cl, at ambient temperature has multiple spectral
features at A, [nm] (&, M cm™) = 294 (sh, 5400), 375
(16 000), 433 (11 000), 476 (sh, 7900), and 705 (510). The
spectral pattern of 2 is very similar to that of 3 reported
previously, although the bands are slightly red-shifted relative to
those of 3. The two bands at 375 and 476 nm are assigned to
the in-plane diselenido 7*,-to-Cu" charge-transfer (CT)
transition, and the band at 433 nm is assigned to the out-of-
plane diselenido 7* -to-Cu" CT. The ”’Se NMR spectrum of 2
in acetone-d, has a resonance at 1070.6 ppm. ”’Se NMR spectra
of p-n*:’-diselenide species and copper-bound inorganic
selenide have not been reported, although spectra of previously
reported selenium-containing compounds have been recorded
in the range of —800 to +2400 ppm. For the tungsten and
molybdenum selenide compounds reported previously, those of
the bridging selenide are observed in the range of 1100 > 6 >
600 ppm and those of metal-bound selenide are detected in the
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Figure 2. UV—vis spectrum of 2 (5.0 X 107° M) in CH,CL,. Inset:
UV—vis spectrum of a concentrated CH,Cl, solution of 2 (2.5 X 107*
M).

range of 1100 > § > 500 ppm.'® So, the peak detected for
complex 2 is reasonable as the diselenide ligand bridged
between two copper(Il) ions. The positive electrospray
ionization mass spectrometry (ESI-MS) spectrum of complex
2 was also measured in acetone, and the isotope pattern was
observed at m/z 1318.8, which is assignable to [M — SbF]".
This structure has been confirmed to be retained in solution
and in the gaseous phase.

It is very important to understand the reactivity of copper—
selenium complexes when we consider the biological selenium
cycle, but this area has been rarely investigated. Therefore, we
studied the reactivity of 2 toward exogenous substrates that
were previously investigated in the copper—sulfur systems.>>>°
The results are quite interesting from the viewpoint of
selenium-atom transfer. The reaction of 2 with 4 equiv of
PPh; provides 2 equiv of Se==PPh;, as determined by
monitoring of *'P NMR spectra. A single crystal of [Cu-
(Bn;TACH)(PPh;)](SbF4)-CH,Cl, was obtained from the
mixture, and a fragment of [Cu(Bn;TACH)(PPh;)]" was also
detected in ESI-MS analysis. The reaction of 2 and 2 equiv of
xylyl isocyanide (CN-xylyl) afforded the copper(I) complex
[Cu(Bny;TACH)(CN-xylyl) ] (SbF;) without any detection of
selenium-inserted Se=C=N-xylyl species. When an acetone
solution of 2 was stirred under a CO atmosphere (1 atm), the
brown color disappeared and the previously reported carbonyl
complex [Cu(CO)(Bn,;TACH)](SbFs) was obtained, as
confirmed by the observation of vco 2076 cm '** The
brown precipitate was separated and identified as elemental
selenium. Additionally, when excess MeCN was added to an
acetone solution of 2, the brown color bleached and a brown
precipitate was isolated. The starting material 1 was recovered
from the mixture. Therefore, it has been clarified that complex
2 is easily reduced from copper(Il) to copper(I) by reaction
with exogenous substrates to generate elemental selenium. This
indicates that the metal center is easily stabilized in a low
valence.

A CH,CI, solution of 2 at room temperature reacts with
dioxygen to produce a green solution with UV—vis features at
Aax = 359 nm (€ = 3900 M cm™) and 636 nm (& = 410 M™*
cm™). These spectral features are characteristic of the bis(u-
hydroxo)dicopper(II) complex 4 reported previously.*> This
means that a bis(u-oxo)dicopper species would have been
generated after the selenium exchange. Reaction intermediates
were not detected at low temperature because of their
instability. This reaction obeys pseudo-first-order kinetics, and
the half-life time was estimated to be t;,, ~ 9.7 h, as measured
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by monitoring of the intensity of the peak at 375 nm. The half-
life of the p-n*n*-disulfidodicopper(IT) complex 3 was found to
be ~5.7 h. The Cu,Se, species may be more stable than the
Cu,S, species in reactions with dioxygen. In this reaction, the
diselenidodicopper(II) complex, dioxygen, and two external
hydrogen atoms have been consumed, and the bis(u-hydroxo)-
dicopper(II) complex and 2 equiv of elemental selenium have
been generated. The organism Thiobacillus ferrooxidans is
known to oxidize copper(Il) selenide to generate elemental
selenium, as shown in Scheme 2.5 Thus, the reaction of 2 with

Scheme 2. Oxidation Reaction Catalyzed by T. ferrooxidans

T. ferroxidans

2CuSe + 4H* + O, 2Cu?* + 28e0 + 2H,0

dioxygen may be comparable to the reaction in T. ferrooxidans.
Here we propose that copper selenide may serve through
coordination with coligands similar to Bn;TACH-like in the
oxidation process of T. ferrooxidans.

In summary, we have synthesized and characterized a new
TACH ligand-supported Cu,Se, complex, [Cu",(u-n*1>-Se,)-
(Bn;TACH),](SbF¢), (2). Using UV—vis and ’Se NMR
spectroscopies and crystal structure analysis, we determined
that the Cu,Se, core has characteristics similar to those of other
Se,”” compounds. We have also observed the conversion of 2
to the copper(I) adduct in a reaction of 2 with PPh;, xylyl
isocyanide, CO, and MeCN as exogenous substrates.
Furthermore, in the reaction of 2 with dioxygen, diselenium
is displaced by dioxygen to produce
[Cu,(OH),(Bn,;TACH),]*.
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