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Introduction

Mixed-valence coordination compounds with short metal
metal distances involving bridging ligands have been of great
and increasing interest during the last dech@ielheir impor-
tance in biology is due to the total delocalization of the metal
valencies over the cluster, which makes them very efficient in
electron-transfer process&€s. Worldwide, researchers have
been studying clusters such as tthyee and four ironr-sulfur
clusters] the four manganese clusfeand polynuclear active
sites in copper proteir? both in the proteins and in synthetic
analogues. In nature, mixed-valence clusters (often) contain
metal ions in rigorously equivalent sites with totally delocalized
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The coordination geometries of copper ions in (nonbiological)
mixed-valence compounds are mostly highly different, and the
unpaired electron tends to be localized on a certain metal ion;
the valencies are trapped by stereochemical effects.

Itis of interest to find out whether a rational choice of ligands
and counterions can lead to mixed-valence species of either
character. We now report on the synthesis, structure, and
physical properties of an unusual tetranuclear class | Cu mixed-
valence compound.

Experimental Section

Synthesis of 4-Amino-3,5-bisfi-methylamino)methyl]-1,2,4-tria-
zole (maamt). The maamt ligand has been prepared from glycine
methyl ester hydrochloride and hydrazine monohydrate according to
the method reported in the literature for the non-methylated deriva-
tive 1314

Synthesis of [Cu(maamt)(CuC})]. (1). To 17.6 mmol (3.00 g) of
CuChk-2H;0 in 50 mL of methanol was added 17.6 mmol (3.00 g) of
maamt dissolved in 50 mL of methanol. The solution was filtered,
and after a few days the dark blue compound crystallized upon slow
evaporation of the solvent at room temperature. Yield: 25%. Anal.
Calcd for GoH2ClsCwiNi2: C, 17.85; H, 3.50; N, 20.82; Cu, 31.48.
Found: C, 17.80; H, 3.52; N, 21.14; Cu, 31.10.

X-ray Crystallography. A dark blue, block-shaped crystal of
approximate dimensions 0.2 0.2 x 0.2 mn? was sealed in a
Lindemann glass capillary and transferred to an Enraf-Nonius CAD4-
Turbo diffractometer, using a rotating anode X-ray source. Accurate
unit cell parameters and an orientation matrix were determined at 298

valencies. On the contrary, mixed-valence compounds obtainedy py jeast-squares refinement of 25 well-centered reflections (SET4)
by synthetic procedures are known to be of three types: thosejn the range 9.9< 6 < 15.# using graphite-monochromated MaxK
having totally localized (or trapped) valencies (class 1), those radiation (0.710 73 A). Reduced cell calculations did not indicate higher
in which the valencies may be essentially localized, with the lattice symmetry’5 Crystal data and details on data collection and
possibility of (electron) hopping (class Il), and those in which refinement are given in Table 1. Data were corrected for Lorentz and
the valencies can be totally delocalized (in this case, the metalpolarization effects. Three periodically measured reference reflections

sites are rigorously equivalent) (class fI).

Mixed-valence compounds of each class have interesting
physical propertiese(g, magnetic behaviot,electrical con-
ductivity 10 bistability of the compounds, capability of electron
transfer)!! which makes them the compounds of choice for
several applications (magnetic materials and in molecular
electronicsi2 and also in electron-transfer processés).
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Table 1. Crystal Data and Details of the Structure Determination
for [Cu(maamt)(CuG)]2

formula QszsClsCthlz

mol wt 807.34

temp (K) 298

crystal system monoclinic

space group P2,/c (No. 14)

a(h) 9.917(1)

b (A) 11.541(1)

c(A) 11.733(1)

B (deg) 100.39(1)

V (A3) 1320.9(2)

z 2

dearc (9/cn?) 2.030

dobs(g/Crna) 2.00

u (Mo Ka,, cm™?) 38.3

6 range (deg) 1.7%27.49

hklranges h, =12 to 12
k,0to 14
I,—10to 15

no. of reflns measd 3556

no. of indep reflns 3018

R(int) 0.043

no. of reflns usedl(> 2.50(1)) 3018

no. of params 162

R 0.053

WR? 0.099

res el density (e A3) —0.59, 0.48

AR, = [Z||F0| - |Fc||/Z|Fo‘ for Fo > 4(7(':0)- WR, = [Z[W(FO2 -
FAUTWFAY2 w = 1/(c*(F?) + (0.0394)%). P = (max(F.20) +
2FA)/3.

Table 2. Final Coordinates and Equivalent Isotropic Thermal
Parameters (A of the Non-Hydrogen Atoms for
[Cu(maamt)(CuG)]. with Esd’s in Parentheses

X y z U(eqy
Cu  —0.14797(7) 0.89919(6) —0.09175(6) 0.0313(2)
Cu(l) —0.21343(9) 1.04330(8) 0.19159(7)  0.0483(3)
Cl(l) —0.2797(2) 0.87591(13)  0.10422(12) 0.0398(5)
Cl(2) —0.0098(2) 1.09912(15)  0.28407(13) 0.0446(5)
Cl(3) —0.3856(2) 1.18292(14)  0.17331(13) 0.0410(5)
N(1) 0.1275(4)  0.9333(4) 0.0660(3)  0.0252(12)
N(2) 0.0274(4)  0.8651(4) 0.0042(4)  0.0271(14)
N(4) 0.2146(4)  0.7651(4) 0.0413(4)  0.0245(12)
N(31) —0.1401(5) 0.7239(4) —0.1257(4)  0.0306(16)
N(41)  0.3040(5) 0.6719(5) 0.0414(4)  0.0398(17)
N(51)  0.3337(5) 1.0471(4) 0.1808(4)  0.0301(17)
c@3) 0.0809(5) 0.7648(4) —0.0108(4)  0.0254(17)
c(5) 0.2402(5)  0.8727(4) 0.0865(4)  0.0252(17)
C(31)  0.0010(6) 0.6763(5) —0.0857(5)  0.0381(19)
C(32) —0.2444(7) 0.6529(5) —0.0827(6)  0.051(2)
C(51)  0.3691(6)  0.9296(5) 0.1413(5)  0.0372(19)
C(52)  0.3466(6)  1.0522(6) 0.3078(5)  0.046(2)

aU(eq) is defined as one-third of the trace of the orthogonalized

International Tables for Crystallograpkly Geometrical calculations
and illustrations were performed with PLATON93.All calculations
were performed on a DECstation 5000/125. Positional and equivalentA). The Cu-Cl1—Cul and Cl-Cl2—Cul angles are 98.57-
thermal parameters are given in Table 2.

Magnetic Measurements. Magnetic susceptibilities were measured ~ distances are 3.875(1) and 4.022(1) A, respectively. These
and fitted to the theoretical expression as described in refs 21 and 22.approximately trigonal planar [Cugﬁ— units with C;, sym-

EPR Spectroscopy. X-band powder EPR spectra have been metry are stacked above the triazole ring at a distance of 3.193-
obtained on a JEOL RE2x electron spin resonance spectrometer.

Ligand Field Spectroscopy. UV/visible spectra were obtained on

a Perkin Elmer 330 spectrophotometer using the diffuse reflectance

technique with MgO as a reference.

(19) Wilson, A. J. C., EdInternational Tables for Crystallography/ol.

Figure 1. PLUTON? drawing and atomic labeling system showing
the structure of [Cu(maamt)(Cufll.. Primed atoms are generated by
the symmetry operationrx, 1 —y, 1 — z

Table 3. Selected Distances (A) and Angles (deg) for
[Cu(maamt)(CuG)]2

Cu--Cu 4.048(1) Cu-N2 1.934(4)
Cul-+-Cut 6.782(1)  Cu-N31 2.066(5)
Cu--Cul 3.875(1) CuCl2 2.969(2)
Cu--Cul 4.022(1) CuiCll 2.230(2)
Cu-N1’ 1.962(5) CutCl2 2.209(2)
Cu—N5Y 2.043(5) CutCI3 2.329(2)
Cu-Cl1 2.855(2)

Cu-Cl1—Cul 9857(7)  Cl2Cul-CI3  115.69(7)
Cu—-Cl2—Cul  100.90(6)  Cu-N1—N2 133.9(3)
Cll-Cul-Cl2  130.24(8)  CuN2-N1 133.0(4)
Cll-Cul-CI3  114.00(7)

aPrimed atoms are generated by the symmetry operatigrl —
y,1—z

Results and Discussion

The structure ofl is shown in Figure 1, with relevant bond
length and bond angle information given in Table 3. The
monoclinic cell contains two [Cu(maamt)(Cul}b units. The
molecular structure can be described as a dinucleat'-[Cu
(maamt)}** cation to which two [CLCI3]2~ anions are weakly
coordinated. The [Cu(maamijT unit resembles previously
reported compounds obtained with 4-amino-3,5-bis(amino-
methyl)-1,2,4-triazolé#23 The maamt ligand acts as a doubly
bidentate ligand, linking the metal ions which are related by a
crystallographic center of symmetry. This 1,2,4-triazole bridg-
ing mode zvia N1N2 is quite well known in copper(ll)
coordination compound<:2-25 The Cu-CU distance within
the cation of 4.048(1) A is in the same range as for related
dinuclear compound¥:2-25 The Cu(ll) atom is in a distorted
octahedral environment. The equatorial plane is formed by four
N-donor atoms of two maamt ligands. The [Cti€l unit is
linked via CI1 to Cu (2.855(2) A) andia CI2 to Cu (2.969(2)

(7)° and 100.90(6) The resulting Ca-Cul and Cl+Cul

(1) A. This stacking position is further stabilized by the
intramolecular hydrogen bond between CI3 and the amino group
attached to the triazole ring (N£41CI3 (x, 1 — vy, 1 — 2 =
3.247(5) A; N41-H41A= 0.88(7) A; H41A--CI3 (—x, 1 —y,
1—2) =2.60(7) A; NAT-H41A-CI3 (—x, 1 —y, 1 — 2) =
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131(6Y). The steric features of the complex require the methyl 2.10 and|D| = 0.05 cnt?, as well as the transition forbidden
groups of the aminomethyl substituents of maamt to be twisted by the selection ruleAms = 2 atg = 4.29, due to the coupling
out of the equatorial plane and away from the copper(l) of the two Cu(ll)S = %, spins.

trichloride anion that is stacked above the triazole ring. Asa The UV/isible spectrum shows a broad asymmetric band
result, these two amino groups are also involved in hydrogen \ith a maximum at 15.6< 1C cmL, with a shoulder at 11.7
bonding with CI3 (N51--CI3 (x — 1,y, 2 = 3.210(5) A; N51- x 10® cm™2, which is in agreement with the presence of a
H51=0.77(6) A; H5:--CI3 (x — 1,y, 2) = 2.47(6) A/ NS1-  tetragonal CIN.Cl, chromophoré2 There is no evidence for
H51---CI3 (x — 1,y, 2 = 161(6}). The lattice structure is  ntervalence charge-transfer bands.

fui?t?\roitar?lt“hzs ?rig%/lgr}:)dgggegrg;)girist.is known as a noncoor- In_conclusion, [Cu(maamt)(Cug)]; represents a novel
_Athough (27,28 bp : - example of a tetranuclear copper mixed-valence cluster with
F(I:rlljaélln%*a:rll?oﬁé a;aelssmt)v\\,/v%g%amples of bidentate bridging localized valencies. The compound shows some similarity to
& : the tetranuclear complex [@iH,L1][Cu,Cls], where HL1 is

The differences in the coordination environment clearly he 20-membered macrocvcle obtained from the template
indicate that the Cu atoms are Cu(ll), whereas the atoms marked[ ; . y . emp
condensation of 2,6-diformyl-4-methylphenol with 1,3-diamino-

Cul are Cu(l). The valencies are expected to be (essemial.ly)2-hydroxypropané?’ However, this compound contains the
Iocallze('j.. Th|s is confirmed .by the EPR (below) and magnetic planar [CuCl4)2~ anions coordinated monodentately to the Cu-
suscept_lblllty data_recorded in the temperature range 6-292 K. (I1) ions, and the unique stacking does not occur. Consequently
The typical behavior of a copper(ll) dinuclear compound has the topology of the cluster is entirely different from that in our

n found with a maximum in Tcurv 130 K. .
been found with & maximu theus Teurve atca 130 compound. The topology of the present cluster is remarkable:

The magnetic data have been fitted to the modified Bleaney , "~ |\ions are linked by a double diazine bridge, whereas
and Bowers expression for the molar magnetic susceptibility the Cu(ll) and Cu(l) ions are only bridged by a single chloride

for S = Y, dimers?! based on the spin Hamiltoniad = ; . o . )
—2J[ScurScud, vielding J = —78(2) ent?, g = 2.05(1), and a anion. The stacking of CGls2~ anions upon the triazole ring
u uzly - 1 — & y . . .

fraction of paramagnetic contribution of 0.0277. Thealue is unique. The Cu_(l-)Cu(II) distances are even shprter tha_n
can be explained on the basis of the localized valencies and thethe C”(”)_.CU(”) distances. The magnetlc prc')per.nes of this
geometry around Cu(ll). The unpaired electron for tAéor cluster indicate the presence of localized valencies, in agreement
clearly resides in the ##—y?) orbital, with hardly any density with_ the presence of different Cu(l) and Cu(ll) coordination
in the direction of the axial Cl ligands. The magnitude of the environments.
antiferromagnetic interaction between Cu(ll) ions can, therefore,
be explained by the superexchange pathway involvingsthe
orbitals of theN1,N2-diazine moiety of the bridging triazole
network4.21-25

The X-band powder EPR spectra (77 and 298 K) are typical
of a triplet spin state showing thems = £1 transition alg =
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