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The synthesis and characterization of three dinuclear copper(II) complexes and one mixed-valence tetranuclear
cluster with the asymmetric imidazole-containing ligand bis(1,1′-imidazole-2-yl)(4-imidazole-4(5)-yl)-2-azabutane
(biib) are described. X-ray crystallographic parameters for the copper complexes are as follows. [Cu2(biib)2-
(BF4)2](BF4)2(H2O)4: triclinic, space groupP1h, a ) 10.178(1) Å,b ) 9.4881(9) Å,c ) 11.037(1) Å,R )
95.130(10)°, â ) 112.20(1)°, γ ) 92.142(9)°, andZ ) 1. [Cu2(biib)2(NO3)2](NO3)2(H2O)4: monoclinic, space
groupPh21/n, a ) 9.207(6) Å,b ) 17.0516(6) Å,c ) 12.6107(7) Å,â ) 109.82(1)°, andZ ) 2. [Cu2(biib)2-
(CuBr3)2]: monoclinic, space groupP21/c, a ) 11.583(2) Å,b ) 11.864(2) Å,c ) 16.070(2) Å,â ) 112.459-
(12)°, andZ ) 2. The two Cu(II) ions in all four complexes are coordinated in a square-pyramidal geometry by
three imidazole nitrogens and one amine nitrogen donor in the equatorial plane, and each copper ion is weakly
coordinated at the axial position by respectively a tetrafluoroborate, a perchlorate, a nitrate, or a tribromocuprate-
(I) anion. By comparison of the structural data of the four complexes a relationship has been established between
the donor strength of the anion and some structural features, like the Cu(II)-Cu(II) distance, of the dinuclear
Cu(II)-Cu(II) unit in the four complexes. Single-crystal EPR spectra of [Cu2(biib)2(BF4)2](BF4)2(H2O)4 were
recorded at room temperature at X-band frequencies. The triplet spectra have been fit with nonparallelg andD
tensors, whose principle values are as follows:gxx ) 2.022(8), gyy ) 2.060(7), gzz) 2.211(8),Dx′x′ ) -0.0182-
(9) cm-1,Dy′y′ ) -0.081(6) cm-1, Dz′z′ ) 0.0264(7) cm-1. The compounds were further characterized and studied
by ligand field and by frozen-solution and polycrystalline powder EPR spectroscopy. EPR spectra recorded at
77 K of frozen solutions of the perchlorate complex show that upon dilution in methanol the dinuclear complex
reacts to form a mononuclear species.

Introduction

Copper ions, as centers of the active site of metalloproteins,
play an essential role in biological processes,1 such as electron
transfer, oxidation, and dioxygen transport. In copper proteins,
the copper ions are coordinated by donor atoms of the side
chains of amino acid residues. Except for the Cu(I) metal-
lothioneins, all copper proteins studied so far contain one or
more imidazole residues of histidine, bound to the copper ion.
In the dinuclear type(III) copper protein hemocyanin, which

functions as the dioxygen carrier for mollusks and arthropods,
each copper ion is bound by three imidazole nitrogens. The

crystal structures of both the oxy- and deoxyform of some
hemocyanins have been determined.2 The Cu-Cu distance in
the oxyform ofLimulus lyphemushemocyanin has been reported
to be 3.55 Å and about 4.6 Å in the deoxyform.
Many model compounds have been synthesized, which are

aimed to mimic the active site of certain copper proteins.3-8

As yet, the relation between structure and function of the active
site of most copper proteins is not fully understood.
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The ligands most frequently used in modeling dinuclear type-
(III) copper proteins are benzimidazoles, pyrazoles and pyr-
idines.3 Because of the presence of histidine as a ligand to
copper ions in almost all copper proteins,1 copper complexes
with the biologically more relevant imidazolyl donors are
increasingly studied as model compounds for copper protein
active sites.5-7

In the course of our research on copper coordination
compounds, both the structures and the properties of copper
proteins are tried to be mimicked by modeling the active site
of these proteins with imidazole containing ligands. To model
the type-3 site of copper proteins, the asymmetric tripodal ligand
biib (Figure 1) has been synthesized.7-9

Reaction of biib with copper(II) salts in ethanol results in
the formation of quite unusual dinuclear and tetranuclear
complexes. The dinuclear unit in the four complexes is formed
by the sharing of two ligands by two copper ions. A preliminary
analysis of the crystal structure and the spectroscopic properties
of the dinuclear perchlorate complex have been reported before.7

In this paper the synthesis, crystal structures, single-crystal
EPR studies, and other spectroscopic properties of the four
complexes are described, and the influence of the donor strength
of the axially coordinated anion on the structure and EPR spectra
of the complexes is discussed in detail.

Experimental Section

Synthesis. All chemicals were commercially available, of sufficient
purity. The ligand biib was prepared using the following procedure.
To a solution of the freshly prepared hydrochloride salt of bis(imidazol-
2-yl)nitromethane7,8 (3.0 g, 13.1 mmol) and histamine‚2HCl (2.4 g,
13.1 mmol) in 12 mL of water was added 5.4 mL of 10 M sodium
hydroxide solution, the solution was warmed to 80°C, and to the clear
solution was added 6 mL of a saturated aquous sodium chloride solution.
The solution was stirred for 45 min at 80°C. The solvent was removed
in vacuum (12 mmHg) until precipitation occurred. After 2 days, during
which the product crystallized from the reaction mixture, the ligand
biib was filtered from the reaction mixture, washed with water, and
dried in air. Yield: 2.4 g, 72%.1H NMR (200 MHz, DCl 1 M, 25
°C, 0-10 ppm): δ ) 8.25 (s, 1H; Im-H), 7.20 (s, 4H; Im-H), 6.93
(s, 1H; Im-H) 5.68 (s, 1H, CH), 2.65 (s (broad), 4H, CH2).
The coordination compounds with general formula [Cu2(biib)2(A)2]-

(A)2‚xH2O (x ) 2,4), A) ClO4
-, BF4-, and NO3-, were prepared by

dissolving the appropriate hydrated metal salt (1 mmol) in 10 mL of
hot ethanol (96%) and adding this solution to a solution of the ligand
biib (1 mmol) in 10 mL of hot ethanol (96%). After 1 week the
crystalline products were collected by filtration, washed with ethanol
and dried in air. The compound [Cu2(biib)2(CuBr3)2] was prepared by
dissolving CuBr2 (2 mmol) in 10 mL of hot ethanol (96%) and adding
this solution to a solution of the ligand biib (1 mmol) in 10 mL of hot
ethanol (96%). After 2 weeks the crystalline product was collected
by filtration, washed with ethanol and dried in air. Anal. Calcd for
[Cu2(biib)2(BF4)2](BF4)2(H2O)4: C, 27.17; H, 3.61; N, 18.48. Found:

C, 27.65; H, 3.71; N, 18.64. Anal. Calcd for [Cu2(biib)2(NO3)2](NO3)2-
(H2O)4: C, 29.98; H, 3.98; N, 26.21. Found: C, 30.63; H, 3.93; N,
25.88.
A difference Fourier of [Cu2(biib)2(CuBr3)2] (see below) revealed a

number of residual density peaks; a total number of 44 electrons were
found. The residual electron density is probably caused by a mixture
of water and ethanol, which were used in the synthesis and the
crystallization. Found: C, 24.03; H, 2.97; N, 14.84. Anal. Calcd for
[Cu2(biib)2(CuBr3)2](EtOH)(H2O): C, 23.80; H, 2.92; N, 14.94.
Crystallography. Crystal data for the copper complexes are

collected in Table 1. Crystal data for [Cu2(biib)2(ClO4)2](ClO4)2(H2O)2
have been previously reported.7

Neutral-atom scattering factors and anomalous dispersion factors
were taken from the ref 10. Geometrical calculations were performed
with PLATON.11

[Cu2(biib)2(BF4)2](BF4)2(H2O)4 and [Cu2(biib)2(NO3)2](NO3)2(H2O)4
were obtained as dark blue block-shaped crystals. The diffraction data
were collected on an Enraf-Nonius CAD4 diffractometer. Accurate
unit-cell parameters and an orientation matrix were determined by least-
squares refinement of the setting angles of 25 well-centered reflections
(SET4), in the range 10.0° < θ < 12.0°. Data were collected at room
temperature inω / 2θ scan mode. Scan angle was∆ω ) 1.0+ 1.0
tanθ. Intensity data of 12032 and 8126 independent reflections in the
range (2.0° e θ e 39.9°) and (2.1° e θ e 35°) were measured for
[Cu2(biib)2(BF4)2](BF4)2(H2O)4 and [Cu2(biib)2(NO3)2](NO3)2(H2O)4,
respectively. Data were corrected for Lorentz polarisation and for a
linear decay of 3%. The structures were determined from the copper
position (Xtal 3.2)12 and the AUTOFOUR13 routines. The structures
were refined using Xtal 3.2.12 Most hydrogen atoms were located on
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Chim. Acta1994, 218, 103. (b) Lynch, W. E.; Kurtz, D. M., Jr.; Wang,
S.; Scott, R. A.J. Am. Chem. Soc.1995, 116, 11030. (c) Sorrell, T.
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(10) Wilson, A. J. C., Ed.International tables for X-ray Crystallography;
Kluwer Academic Publishers: Dordrecht, The Netherlands 1992; Vol.
C.
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Universities of Western Australia and Maryland: Nedlands, Australia,
and College Park, MD, 1992.

Figure 1. Schematic drawing of the ligand biib.

Table 1. Experimental Data for the Crystallographic Analysis of
the Copper Complexes

C24H30Cu2B2F8N14‚2BF4‚4H2O
a, Å 10.178(1) space group P1h (No. 2)
b, Å 9.4881(9) temp, K 297
c, Å 11.037(1) radiation (λ, Å) Mo KR (0.710 73 (graphite
R, deg 95.13(1) monochromator))
â, deg 112.20(1) dcalcd, g cm-3 1.7842(3)
γ, deg 92.142(9) µ, cm-1 12.2 (Mo KR)
V, Å3 979.95(18) RFa 0.044
Z 1 RwFb 0.047
MW 1052.9

C24H30Cu2N16O6‚2NO3‚4H2O
a, Å 9.207(6) temp, K 297
b, Å 17.0516(6) radiation (λ, Å) Mo KR (0.710 73 (graphite
c, Å 12.6107(7) monochromator))
â, deg 109.82(1) dcalcd, g cm-3 1.7040 g cm-3

V, Å3 1862.5(12) µ, cm-1 12.4 (Mo KR)
Z 2 RFa 0.042
MW 955.72 RwFb 0.041
space
group

P21/n
(No. 14)

C24H30Br6Cu4N14c
a, Å 11.583(2) temp, K 295
b, Å 11.864(2) radiation (λ, Å) Cu KR ((Ni-filtered)
c, Å 16.070(2) 1.541 84)
â, deg 112.459(12)dcalcd, g cm-3 2.031a g cm-3

V, Å3 2040.9(6) µ, cm-1 95.3a (Cu KR)
Z 2 RFa 0.045 for 3336Fo> 4σ(Fo)
MW 1248.20c RwFb 0.124
space
group

P21/c
(No. 14)

a RF ) ∑||Fo| - |Fc||/∑|Fo|. b RwF ) [∑w(||Fo| - |Fc||2/[w(Fo2)]] 1/2.
cWithout disordered solvent contribution.dwR2 ) [∑[w(Fo2(Fc2)2]/
∑[w(Fo2)2]] 1/2.
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the difference Fourier maps and subsequently included in the refinement.
For [Cu2(biib)2(BF4)2](BF4)2(H2O)4 no hydrogen atoms could be
identified on the water molecules. For [Cu2(biib)2(NO3)2](NO3)2(H2O)4
only one water hydrogen atom could be identified. All non-hydrogen
atoms were refined with anisotropic thermal parameters. The hydrogen
atoms were refined isotropically. For [Cu2(biib)2(BF4)2](BF4)2(H2O)4
convergence was reached atRF ) 0.044,RwF ) 0.047,w ) 1/σ2(F),
andS) 2.256 for 349 parameters and 6432 reflections withI > 2σ(I).
No residual density was found outside-1.84 and+0.86 e Å-3. For
[Cu2(biib)2(NO3)2](NO3)2(H2O)4 convergence was reached atRF )
0.042,RwF ) 0.041,w ) 1/σ2(F), andS) 1.66 for 288 parameters
and 3395 reflections withI > 2σ(I). No residual density was found
outside-2.8 and+1.1 e Å-3.
[Cu2(biib)2(CuBr3)2] was obtained as dark blue, plate-shaped crystals

of approximate dimensions 0.3× 0.3 × 0.1 mm suitable for X-ray
structure determination which were mounted on a Lindemann-glass
capillary and transferred to an Enraf-Nonius CAD4F sealed tube
diffractometer. Accurate unit-cell parameters and an orientation matrix
were determined by least-squares refinement of the setting angles of
25 well-centered reflections (SET4), in the range 16.9° < θ < 23.8°.
The unit-cell parameters were checked for the presence of higher lattice
symmetry.14 Data were collected at room temperature inω/2θ scan
mode. Scan angle was∆ω ) 0.65+ 0.14 tanθ. Intensity data of
4363 reflections in the range 2.98° e θ e 74.98° were measured, of
which 4003 were independent (Rint ) 0.041). Data were corrected for
Lorentz and polarization effects. Three periodically measured reflec-
tions showed no significant decay during 35 h of X-ray exposure time.
An empirical absorption correction was applied (DIFABS,15 correction
range 0.36-2.50). The structure was solved by automated Patterson
methods and subsequent difference Fourier techniques (SHELXS86).16

Refinement onF2 was carried out using full-matrix least-squares
techniques (SHELXL93);17 no observance criterion was applied during
refinement. Hydrogen atoms (including the amine and imidazole
hydrogen atoms) were included in the refinement on calculated positions
riding on their carrier atoms. After anisotropic refinement of the non-
hydrogen atoms and introduction of the hydrogen atoms at expected
positions a wR2 value of 0.222(RF ) 0.086 for 3336Fo > 4σ(Fo))
was obtained. A difference Fourier revealed a number of residual
density peaks (approximately 2.4 e Å-3) in two symmetry related
cavitiesx ) 1/2, y ) 1/2, z) 0 andx ) 1/2, y ) 0, z) 1/2. No discrete
solvent model could be refined. The BYPASS18 procedure, as
implemented in the program PLATON,11 was used to take this electron
density into account. A total number of 44 electrons were found in
each of the two cavities, which have a volume of 124.5 Å3 each. The
cavities are probably filled with a mixture of water and ethanol, which
was used in the synthesis and the crystallization. Since the boundary
of the disordered solvent region is difficult to define, due to hydrogen
bonding of the amine and imidazole nitrogens toward the disordered
solvent, it is not possible to asses the correct occupancy of the cavity.
All non-hydrogen atoms were refined with anisotropic thermal param-
eters, the hydrogen atoms were refined with an overall isotropic thermal
parameter related to the value of the equivalent isotropic thermal
parameter of their carrier atoms by a factor of 1.2. Convergence was
reached at wR2) 0.124,w-1 ) σ2(F2) + (0.0615P)2 + 8.19P, where
P ) (Max(Fo2, 0) + 2Fc2)/3, RF ) 0.045 (for 3336Fo > 4σ(Fo)), and
S) 1.05 for 217 parameters. No residual density was found outside
-1.06 and+1.07 e Å-3.
Spectral and Magnetic Measurements.Fourier transform infrared

spectra (4000-200 cm-1) were recorded on a Bruker IFS 113V FT-IR
spectrophotometer, as KBr pellets.
Ligand-field spectra of the solids (300-2000 nm) were recorded

on a Perkin-Elmer 330 spectrophotometer equipped with a diffuse-
reflectance attachment, using MgO as a reference.

X-band EPR spectra (powder or frozen solution) were recorded on
a JEOL RE2X electron spin resonance spectrometer. Variable tem-
perature X-band powder EPR spectra have been obtained on a JEOL
RE2X electron spin resonance spectrometer using an ESR900 continu-
ous-flow cryostat.
Single-Crystal EPR. EPR-suitable single crystals of [Cu2(biib)2-

(BF4)2](BF4)2(H2O)4 and Cu2(biib)2(NO3)2](NO3)(H2O)4 were oriented
with an Enraf-Nonius CAD4 diffractometer and were found to conform
to the X-ray structures. Single crystals of [Cu2(biib)2(BF4)2](BF4)2-
(H2O)4 showed well-developed 001 and 010 faces. Crystals of Cu2-
(biib)2(NO3)2](NO3)(H2O)4 were found to have a well-developed 010
face. Single-crystal X-band EPR spectra were recorded at room
temperature on a Varian E-9 spectrometer.
Magnetic Measurements.Magnetic susceptibilities of the perchlo-

rate complex were measured in the temperature range 250-4.5 K with
a Cryogenic S600C SQUID susceptometer. Data were corrected for
diamagnetic contributions, which were estimated from the Pascal
constants.

Results and Discussion

Structure of the Complexes.Structural analysis of the four
complexes shows that in each complex the two Cu(II) ions are
coordinated in a square-pyramidal geometry. In the equatorial
plane, each copper ion is coordinated by one of the imidazole
nitrogens from the bis(imidazole) unit (N(13)), the amine
nitrogen (N(42)), and the nitrogen of the separate imidazole
group (N(33)), while the fourth coordinated nitrogen N(23)a is
from an imidazole group provided by the bis(imidazole) unit
of another ligand. Cu(II)-N distances (Table 3) are between
1.953(3) and 2.074(3) and are in the normal range for Cu(II)-
imidazole or Cu(II)-amine bonds.19

In the present complexes the dinuclear Cu(II)-Cu(II) unit is
formed by the sharing of two ligands by two Cu(II) ions.
Similar coordination behavior of a tripodal tetradentate ligand
has been reported by Karlin and co-workers5 in the dinuclear
Cu(I) complex [(bpia)2Cu2](CF3SO3)2 (bpia) bis(2-pyridyl)-
methyl)(1-methylimidazol-2-yl)methyl)amine). This dinuclear
Cu(I) complex is formed by the sharing of two imidazole groups
by two Cu(I) ions. A possible driving force for the dimerization
of [(BPIA)2Cu2](CF3SO3)2 might be a stacking interaction
between two pyridines of the two bpia ligands.5 In the present
complexes no intramolecular stacking interactions are observed
between the imidazole rings, and the formation of the dinuclear
Cu(II) unit in complexes with the ligand biib is probably due
to steric effects. Coordination chemistry studies with the ligand
Htidah20 (1,1,6,6-tetrakis(imidazol-2-yl)-2,5-diazahexane), which
also contains the bis(imidazole)methylamine unit, revealed that
due to steric reasons the bis(imidazole) methylamine unit cannot
encapsulate one Cu(II) ion. Due to the same steric effects the
ligand biib cannot act as a tetradentate mononucleating ligand.
But upon dimerization all four nitrogen donors of the ligand
biib can coordinate to the copper ions in a square-planar fashion.
In the present complexes each Cu(II) ion is coordinated at

the axial position by a monodentate coordinated BF4
-, ClO4

-,
NO3

-, or CuBr32- anion. The distance between the Cu(II) ion
and the donor atom of the coordinated anion is as follows:
2.606(2), 2.563(3), 2.497(4), or 2.9504(11) Å, respectively.
Coordination of a [CuBr3]2- unit to a Cu(II) ion is quite unusual
and has only been observed once before, in the tetranuclear
complex [Cu(maamt)(CuBr3)]2.21 In the latter complex the
[CuBr3]2- unit acts as a bridging ligand between the two Cu-
(II) ions. The two Cu(II)-Br distances in [Cu(maamt)(CuBr3)]2
(3.116(3) and (2.960(3) Å) are both larger than the distance

(13) Kinneging, A. J.; de Graaff, R. A. G.J. Appl. Crystallogr. 1984, 17,
364.
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(2.9504(11) Å) observed in the present complex. The coordina-
tion around the Cu(I) ion in the present complex can best be
described as distorted trigonal planar. The deviation of the Cu-
(I) ion from the plane provided by the three coordinated
bromides is 0.0614(11) Å. The observed angles around the Cu-
(I) ion are as follows: Br(1)-Cu(2)-Br(2) ) 112.66(5)°, Br-
(1)-Cu(2)-Br(3) ) 127.40(5)°, and Br(2)-Cu(2)-Br(3) )
119.74(5)°.
No intermolecular stacking interactions or short intermolecu-

lar Cu-Cu contacts are observed in the four complexes. The
smallest intermolecular Cu(II)-Cu(II) distances observed in the
four complexes (BF4-, ClO4

-, NO3
-, CuBr32-) are, respectively,

7.6416(8), 7.4124(7), 8.0045(5), and 8.4912(18) Å. The small-
est intermolecular Cu(II)-Cu(I) distance in the tribromocuprate-
(I) complex is 7.1576(18) Å.
The general solid-state structure of the cationic complexes

[Cu2(biib)2A2]2+ (A ) BF4-, ClO4
-, NO3

-, and CuBr32-) is
shown in Figure 2 (PLUTON22 projection). The structure of
the mixed-valence tetranuclear cluster (TME projection11) is
shown in Figure 3. Selected bond distances and angles are listed
in Table 2.

Comparison of the Structure of the Four Complexes.The
X-ray data sets of all four complexes were obtained at room
temperature, which allows a detailed structural comparison of
the complexes. Apparently a relationship exists between the
donor strength of the anion and some structural features of the
dinuclear unit of the complexes,i.e. the Cu(II)-Cu(II) distance,
the distance of the copper(II) ion to the least-squares plane
provided by N(13), N(42), N(33), and N(23)a, and the distance
between the two inversion-related (-x, -y, -z), and therefore
parallel, least-squares planes. A schematic representation of
the influence of the anion on the structure of the dinuclear Cu-
(II)-Cu(II) unit is shown in Figure 4, the selected structural
parameters are listed in Tables 3 and 4.
The binding properties of the coordinated anions in the four

complexes are known to increase in the following order:23 BF4-

< ClO4
- < NO3

-. Although the donor properties of the

(22) Spek, A. L.PLUTON Molecular graphics program; Utrecht Univer-
sity: The Netherlands, 1995.

(23) Linert, W.; Jameson, R. F.; Taha, A.J. Chem. Soc., Dalton Trans.
1993, 318.

Table 2. Final Atomic Coordinates and Equivalent Isotropic Thermal Parameters of the Non-Hydrogen Atoms

atom x y z Ueq,a Å2 atom x y z Ueq,a Å2

(a) [Cu2(biib)2(BF4)2](BF4)2(H2O)4
Cu(1) 0.33616(2) 0.05406(2) 0.92797(2) 0.0235(1) C(35) 0.0529(2)-0.2368(2) 0.6335(2) 0.0414(6)
N(11) 0.6341(2) 0.3778(2) 1.0168(2) 0.0332(5) C(41) 0.5290(2) 0.1878(2) 0.8197(2) 0.0254(5)
N(13) 0.4899(2) 0.2054(2) 1.0263(2) 0.0286(4) C(43) 0.3457(2) 0.0179(2) 0.6502(2) 0.0306(5)
N(21) 0.6959(2) 0.0733(2) 0.7316(2) 0.0325(5) C(44) 0.1867(2)-0.0242(2) 0.5933(2) 0.0341(6)
N(23) 0.6897(2) -0.0098(2) 0.9089(2) 0.0287(5) F(51) -0.0169(2) 0.2631(2) 0.9128(2) 0.0739(6)
N(31) 0.0392(2) -0.2791(2) 0.7439(2) 0.0443(6) F(52) 0.0392(2) 0.4491(2) 0.8297(2) 0.0916(10)
N(33) 0.1830(2) -0.0866(2) 0.8110(2) 0.0296(4) F(53) 0.1841(2) 0.2720(2) 0.8732(2) 0.0737(6)
N(42) 0.3820(2) 0.1157(2) 0.7726(2) 0.0250(4) F(54)-0.0291(2) 0.2399(3) 0.7035(2) 0.0965(8)
C(12) 0.5531(2) 0.2597(2) 0.9538(2) 0.0262(5) B(50) 0.0439(3) 0.3050(3) 0.8278(3) 0.0405(6)
C(14) 0.5334(2) 0.2959(2) 1.1427(2) 0.0355(6) F(61) 0.2532(2) 0.3389(2) 0.6076(2) 0.0717(6)
C(15) 0.6233(2) 0.4019(2) 1.1371(2) 0.0393(6) F(62) 0.4353(2) 0.4803(2) 0.6074(2) 0.0639(5)
C(22) 0.6385(2) 0.0845(2) 0.8237(2) 0.0249(5) F(63) 0.2167(2) 0.4831(2) 0.4499(2) 0.1105(8)
C(24) 0.7832(2) -0.0830(2) 0.8672(2) 0.0373(6) F(64) 0.3437(3) 0.2963(3) 0.4539(3) 0.1149(12)
C(25) 0.7873(3) -0.0314(3) 0.7593(2) 0.0393(6) B(60) 0.3115(3) 0.4018(3) 0.5291(3) 0.0490(8)
C(32) 0.1185(2) -0.1883(2) 0.8482(2) 0.0372(6) O(70) 0.6372(3) 0.2505(2) 0.5368(2) 0.0680(8)
C(34) 0.1410(2) -0.1162(2) 0.6746(2) 0.0307(5) O(75) 0.2572(2) 0.5134(3) 0.1592(2) 0.0742(8)

(b) [Cu2(biib)2(NO3)2](NO3)2(H2O)4
Cu 0.61565(4) 0.41290(2) 0.53586(3) 0.0188 C(22) 0.3015(3) 0.4728(2) 0.2652(2) 0.0244
O(4) 1.0077(3) 0.2816(2) 0.4691(2) 0.0571 C(24) 0.1089(4) 0.5466(2) 0.2627(3) 0.0383
O(5) 0.8285(3) 0.3241(2) 0.5302(2) 0.0518 C(25) 0.0559(4) 0.4970(2) 0.1749(3) 0.0408
O(10) 0.8273(4) 0.3534(2) 0.3632(2) 0.0834 C(32) 0.5690(4) 0.3224(2) 0.7201(3) 0.0306
N(3) 0.8875(3) 0.3198(2) 0.4530(2) 0.0373 C(34) 0.4602(4) 0.2624(2) 0.5610(3) 0.0295
N(11) 0.6452(3) 0.5414(2) 0.2788(2) 0.0308 C(35) 0.4295(4) 0.2209(2) 0.6426(3) 0.0377
N(13) 0.6648(3) 0.4946(2) 0.4449(2) 0.0270 C(41) 0.4577(3) 0.4352(2) 0.2898(2) 0.0259
N(21) 0.1784(3) 0.4506(2) 0.1776(2) 0.0332 C(43) 0.3571(4) 0.3166(2) 0.3618(3) 0.0320
N(23) 0.2642(3) 0.5322(2) 0.3200(2) 0.0276 C(44) 0.4138(4) 0.2455(2) 0.4382(3) 0.0358
N(31) 0.4992(3) 0.2588(2) 0.7420(2) 0.0359 O(3) 0.1389(3) 0.0945(2) 0.6049(2) 0.0561
N(33) 0.5488(3) 0.3266(2) 0.6110(2) 0.0274 O(7) 0.1909(3) 0.0706(2) 0.4530(2) 0.0634
N(42) 0.4895(3) 0.3711(2) 0.3768(2) 0.0256 O(8) -0.0450(3) 0.0881(2) 0.4450(2) 0.0573
C(12) 0.5874(3) 0.4913(2) 0.3355(2) 0.0239 N(1) 0.0976(3) 0.0842(2) 0.5023(2) 0.0412
C(14) 0.7804(4) 0.5504(2) 0.4589(3) 0.0337 O(9) 0.2534(3) 0.3481(2) 0.0371(2) 0.0598
C(15) 0.7670(4) 0.5804(2) 0.3565(3) 0.0362 O(6) 0.5806(4) 0.2520(2) 0.2239(3) 0.0821

(c) (CuBr3)2]
Br(1) 0.50473(5) 0.32465(6) 0.42478(4) 0.0420(2) C(12) 0.2213(4)-0.0230(4) 0.1090(3) 0.0209(12)
Br(2) 0.48048(7) 0.21402(8) 0.18644(6) 0.0632(3) C(14) 0.1197(5)-0.0668(5) 0.1930(4) 0.0322(17)
Br(3) 0.15092(5) 0.28361(5) 0.21414(4) 0.0382(2) C(15) 0.2258(6)-0.1292(5) 0.2213(4) 0.0372(17)
Cu(1) 0.02639(6) 0.13428(6) 0.05872(5) 0.0214(2) C(22) 0.2172(4)-0.0228(4) -0.0480(3) 0.0211(12)
Cu(2) 0.36984(9) 0.27128(9) 0.27755(7) 0.0503(3) C(24) 0.1325(5)-0.1291(5) -0.1656(3) 0.0309(17)
N(11) 0.2887(4) -0.1004(4) 0.1675(3) 0.0303(12) C(25) 0.2358(5)-0.0798(5) -0.1724(4) 0.0326(17)
N(13) 0.1173(4) -0.0003(4) 0.1220(3) 0.0247(12) C(32) -0.1690(5) 0.3030(5) -0.0318(4) 0.0346(17)
N(21) 0.2866(4) -0.0149(3) -0.0985(3) 0.0258(12) C(34) 0.0030(5) 0.3423(4)-0.0519(3) 0.0317(16)
N(23) 0.1227(4) -0.0928(3) -0.0869(3) 0.0229(12) C(35) -0.0849(6) 0.4226(5) -0.0954(4) 0.0384(17)
N(31) -0.1893(5) 0.3966(4) -0.0799(3) 0.0396(16) C(41) 0.2516(4) 0.0393(4) 0.0390(3) 0.0209(12)
N(33) -0.0523(4) 0.2663(3) -0.0128(3) 0.0252(12) C(43) 0.1813(6) 0.2167(4)-0.0490(4) 0.0335(17)
N(42) 0.1849(4) 0.1498(3) 0.0302(3) 0.0229(12) C(44) 0.1354(6) 0.3351(4)-0.0428(4) 0.0375(16)

a Ueq ) 1/3 of the trace of the orthogonalizedU.
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CuBr32- anion have never been fully investigated, the donor
strength is expected to be similar to a bromide anion (i.e. >
NO3

-). The difference in donor strength between a perchlorate
and tetrafluoroborate anion is known to be very small or even
neglectable.23

In the tetrafluoroborate and perchlorate complex the Cu-Cu
distances are, respectively, 3.3532(4) and 3.4229(6) Å. In both
complexes no significant deviations of the copper ion from the
least-squares plane provided by the four coordinated nitrogen
atoms are observed,i.e. 0.010(1) Å in the tetrafluoroborate and
0.012(1) Å in the perchlorate complex. The distance between
the two least-squares planes is 2.990(2) and 2.933(3) Å,

respectively. In the perchlorate complex a larger Cu(II)-Cu-
(II) distance, but a smaller distance between the two least-
squares planes, is observed. This can be explained by a parallel
shift of the four nitrogen donors defining the least-squares plane.
This shift is reflected in the angle between the plane and the
Cu-Cu direction. This angle is 58.2(1)°, 60.2(1)°, and 61.7-
(1)° in the perchlorate, nitrate, and tribromocuprate complexes,
respectively, which is in agreement with the expected increase
of the angle with increasing Cu(II)-Cu(II) distance, presuming
that an increase of the Cu(II)-Cu(II) distance is caused by a
migration of the copper ion in the molecularz-direction. In
the tetrafluoroborate complex this angle is 62.3(1)°, which is
much larger than expected. A perchlorate anion is known to
provide a slightly stronger coordination than a tetrafluoroborate
anion, but the small structural differences between these two
complexes cannot be fully related to the small difference in

Table 3. Selected Bond Distances (Å) and Angles (deg) for the
Copper Complexesa

BF4- ClO4
- NO3

- CuBr32-

Cu(1)-N(13) 1.990(2) 1.980(3) 1.953(3) 1.968(5)
Cu(1)-N(33) 1.973(2) 1.954(3) 1.959(3) 1.951(4)
Cu(1)-N(42) 2.065(2) 2.060(3) 2.074(3) 2.063(5)
Cu(1)-N(23)a 1.993(2) 2.004(3) 2.010(3) 2.007(5)
Cu(1)-Ab 2.606(2) 2.563(3) 2.497(4) 2.9504(11)
Cu(1)-Cu(1)a 3.3532(4) 3.4229(6) 3.5875(5) 3.6340(12)
Br(1)-Cu(2) 2.3697(13)
Br(2)-Cu(2) 2.3835(15)
Br(3)-Cu(2) 2.3485(13)
Cu(1)-Cu(2) 4.4884(15)
N(13)-Cu(1)-N(33) 173.09(8) 173.69(14) 173.42(11) 173.3(2)
N(13)-Cu(1)-N(42) 81.10(8) 80.91(12) 80.93(12) 80.87(18)
N(13)-Cu(1)-N(23)a 92.45(8) 91.16(12) 91.88(12) 91.21(19)
N(33)-Cu(1)-N(42) 92.20(8) 92.79(12) 92.57(12) 93.02(18)
N(23)a-Cu(1)-N(33) 94.27(8) 95.14(12) 94.55(12) 94.66(19)
N(23)a-Cu(1)-N(42) 173.52(8) 172.00(10) 172.19(13) 170.91(15)
X-Cu(1)-N(13) 81.99(8) 90.88(11) 94.32(11) 93.31(14)
X-Cu(1)-N(33) 95.22(8) 87.88(11) 86.37(12) 89.08(13)
X-Cu(1)-N(42) 79.57(7) 81.94(11) 87.22(10) 86.89(12)
X-Cu(1)-N(23)a 100.16(8) 97.29(11) 96.41(11) 98.09(12)
Br(1)-Cu(2)-Br(2) 112.66(5)
Br(1)-Cu(2)-Br(3) 127.40(5)
Br(2)-Cu(2)-Br(3) 119.74(5)
Cu(1)-Br(3)-Cu(2) 115.31(4)

a Key: (a) denotes symmetry operation-x, -y, -z; (b) denotes the
coordinating atom of BF4-, ClO4

-, NO3
-, and CuBr32-.

Figure 2. General solid-state structure of the copper complexes
(PLUTON22 projection). Hydrogen atoms and noncoordinated anions
are omitted for clarity (A) BF4-, ClO4

-, NO3
-, and CuBr32-).

Figure 3. TME plot11 of the mixed-valence tetranuclear copper
complex [Cu2(biib)2(CuBr3)2], drawn at 50% probability. Hydrogen
atoms are omitted for clarity.

Figure 4. Schematic representation of the influence of the donor
strength of the axially coordinated anion on the solid-state structure of
the dinuclear Cu(II)-Cu(II) unit. Increasing donor strength results in
an increase of the Cu(II)-Cu(II) distance, the distance of the Cu(II)
ion to the least-squares plane, and the distance between the two least-
squares planes.
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binding strength of the respective anion and might be caused
by crystal-packing effects as well.
In the nitrate complex a significant effect of the coordination

of the anion on the structure of the dinuclear unit of the complex
is observed. The coordination of the nitrate ion causes a small

distortion of the square-pyramidal environment of the copper
ion. The distance of the copper ion to the least-squares plane
is 0.038(1) Å. The copper(II) ion lies above the plane and is
directed toward the oxygen donor atom of the coordinated nitrate
anion. Comparison of the nitrate complex with the tetrafluo-
roborate and perchlorate complex shows that the coordination
of the nitrate results in a larger Cu(II)-Cu(II) distance (3.5875-
(5) Å), but also in a larger distance between the two parallel
least-squares planes (3.036(3) Å).
The strongest anion coordination is observed in the tribro-

mocuprate(I) complex. This strong coordination is reflected in
the distance of the copper(II) ion to the least-squares plane
(0.067(1) Å), the relatively large Cu(II)-Cu(II) distance
(3.6340(12) Å), and the distance between the two least-squares
planes (3.066(6) Å).
Polycrystalline Powder EPR. EPR spectra recorded at room

temperature and 77 K of the polycrystalline powders of the
present complexes, show typical axial triplet spectra24,25(Figure
5A-5D). No sharpening of the lines or hyperfine splitting is
observed upon cooling from room temperature to 77 K. Except
for the tribromocuprate(I) complex, the half-field signal is

Figure 5. Polycrystalline powder EPR spectra of the copper complexes recorded at room temperature (A) BF4-, B ) ClO4
-, C ) NO3

-, D )
CuBr32-) and frozen solution EPR spectra of the perchlorate complex recorded at 77 K (E ) 0.01 M in MeOH/DMSO 80/20,F ) 2 × 10-4 M in
meOH).

Table 4. Deviations (Å) of Cu(1) and Donor Atoms from the
Least-Squares Plane Provided by N(13), N(33), N(23)a, and N(42)
(Å), Distance (Å) between the Symmetry-Related Least-Squares
Planes Provided by N(13), N(33), N(23)a, and N(42) (Å), and Angle
(deg) between the Plane and the Cu(II)-Cu(II) Vector

deviation

atoma BF4- ClO4
- NO3

- CuBr32-

N(13) 0.019(2) -0.006(3) 0.018(3) 0.017(5)
N(23)a -0.017(2) 0.006(3) -0.017(3) -0.015(4)
N(33) 0.017(2) -0.005(3) 0.016(3) 0.015(4)
N(42) -0.019(2) 0.006(3) -0.018(3) -0.016(4)
Cu(1) -0.010(1) -0.012(1) 0.038(1) 0.067(1)

BF4- ClO4
- NO3

- CuBr32-

distance 2.990(2) 2.933(3) 3.036(3) 3.066(6)
angle 62.3(1) 58.2(1) 60.2(1) 61.7(1)

a Key: (a) denotes symmetry operation-x, -y, -z.
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observed for all other complexes. The spectra contain an
isotropic signal centered atg ) 2.06, indicating crystal defects
or monomeric impurities in the complexes. The EPR parameters
of the perchlorate complex were determined from standard
analysis of the polycrystalline powder spectrum.24 Assuming
thatg andD are coincident,27 g⊥ ) 2.02. g| )2.21, andD )
0.058 cm-1. In the polycrystalline powder EPR spectra of the
nitrate and tribromocuprate(I) complex, the high intensity of
the isotropic signal and the low resolution of the triplet signals
make a determination of theg andD values from these spectra
impossible. Theg andD values of the nitrate and tetrafluo-
roborate complex were determined from the single-crystal EPR
spectra and will be discussed below. Theg andD values of
the tribromocuprate(I) complex could not be determined, since
no crystals suitable for a single-crystal EPR study were available.
Single-Crystal EPR. Suitable crystals for single-crystal EPR

studies were obtained for the tetrafluoroborate and nitrate
complex. The nitrate complex crystallizes in a monoclinic space
group with two molecules in the unit cell. Single-crystal EPR
spectra of the nitrate complex were recorded at X-band
frequencies by rotating the crystal with respect to the static
magnetic field around the three orthogonal axesa, b, andc*.
The relatively large line width caused merging of the lines
arising from the two symmetry related dinuclear molecules and
made a detailed analysis of the single-crystal EPR spectra
impossible. Although a full analysis was impossible thegxy,
gz, andD values of the nitrate complex, which could not be
determined from the polycrystalline powder spectrum, could be
estimated25 from the single-crystal EPR spectra and are as
follows: g⊥ ) 2.02, g| )2.21, andD ) 0.058 cm-1 (assuming
thatg andD are coincident26).
The tetrafluoroborate complex crystallizes in the triclinic

space groupP1h with only one molecule in the unit cell. Single-
crystal EPR spectra of the tetrafluoroborate complex were
recorded at X-band by rotating the crystal with respect to the
static magnetic field around the three orthogonal axisa, b*,
andc′. The b* axis is perpendicular to the (010) face, thea
axis is defined by the intersection of the (001) and (010) faces,
and thec′ axis is perpendicular to both thea andb* axis. In
each rotation two fine-structure lines split by the zero-field
parameterD are observed. The angular dependence of the
transition fields in the three rotations and the best-fit curves27

are shown in Figure 6. The triplet spectra have been fit with
nonparallelg andD tensors.27,28 The best-fit spin-Hamiltonian
parameters, together with experimental errors, as well as the
directions of theg andD tensors,27 whose principal values are
gxx) 2.022(8),gyy) 2.060(7),gzz) 2.211(8),Dx′x′ ) -0.0182-
(9) cm-1, Dy′y′ ) -0.081(6) cm-1, andDz′z′ ) 0.0264(7) cm-1,
are listed in Table 5. A PLUTON22 projection showing the
principal directions of theg andD tensors is given in Figure 7.
ThegzzandDz′z′ directions are not coincident, making an angle

of ca.23°; gzz is quasi parallel to the normal to the least-squares
plane formed by N(42), N(13), N(33) and N(23a), in reasonable
agreement with the expectation that the largestg value for a
square pyramidal copper(II) is observed parallel to the pseudo-
tetragonal axis.25 Dzzmakes an angle ofca.13° with the Cu-

Cu direction and an angle ofca. 23° with the normal to the
least-squares plane provided by N(42), N(13), N(33), and N(23a).
The zero-field splitting parameters are calculated asD ) 0.0396-
(14) cm-1 andE/D ) 0.128.26

(24) Reedijk, J.; Nieuwenhuijse, B.Recl. TraV. Chim. Pays-Bas1972, 91,
533.

(25) Mabbs, F. E.; Collison, D.Electron Paramagnetic Resonance of d
Transition Metal Compounds;Elsevier: Amsterdam, 1992.

(26) Bencini, A.; Gatteschi, D.EPR of Exchange Coupled Systems;
Springer-Verlag: Berlin, Heidelberg, Germany, 1990.

(27) Banci, L.; Bencini A.; Gatteschi, D.; Zanchini, C.J. Magn Reson.
1982, 48, 9.

(28) (a) Bencini, A.; Gatteschi, D.; Zanchini, C.Inorg. Chem.1985, 24,
207. (b) Ajo, D.; Bencini, A.; Mani, F.J. Inorg. Chem.1988, 27,
2437.

Figure 6. Angular dependence of the EPR transition fields for [Cu2-
(biib)2(BF4)2](BF4)2(H2O)4.

Table 5. Principal Values and Directions ofg andD Tensors for
[Cu2(biib)2(BF4)2]‚2BF4‚4H2O

gxx ) 2.022(8) gyy ) 2.060(7) gzz) 2.211(8)

0.67(4) -0.31(9) -0.68(2)
0.53(6) -0.43(8) 0.73(2)
0.51(11) 0.85(7) 0.13(4)

Dx′x′ ) -0.0182(9)a Dy′y′ ) -0.081(6)a Dz′z′ ) +0.0264(7)a

0.93(1) 0.05(5) 0.37(1)
0.32(3) 0.39(3) -0.86(1)
0.19(6) -0.92(1) -0.34(1)

a In cm-1.
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The zero-field splitting tensorD shows evidence of substantial
exchange contributions.27,28 In fact, the largest component is
not found to be parallel to the Cu-Cu direction, as would be
expected for dominant dipolar effects. Upon substituting theg
andD parameters obtained from the single-crystal EPR study
in a simulation program,29 assumingg andD coincident, the
powder EPR spectrum was reproduced reasonably well.
Frozen Solution EPR Spectra.Except for the tribromocu-

prate(I) complex, well-resolved triplet spectra of the complexes
are obtained from concentrated (0.01 M) frozen solutions in
methanol/DMSO (77 K), showing that the dinuclearity of these
complexes is fully preserved in this concentrated solution.24,25

The spectra show copper hyperfine interactions superimposed
on the HZ absorptions with a value ofA) 85 G. No variation
of the zero-field splitting for the different complexes was
observed in solution, indicating that in solution probably not
the respective anion, but, instead, a solvent molecule is
coordinated axially to the Cu(II) ion. The tribromocuprate(I)
complex decomposes in solution, probably due to partial
oxidation of the Cu(I) ions in the complex.
EPR spectra recorded at 77 K of frozen solutions of the

perchlorate complex in methanol at various concentrations show
that upon dilution the dinuclear complex reacts to form a
mononuclear species withg⊥ ) 2.07, g| ) 2.26 and A| ) 150
gauss. The structure of this mononuclear species is still
unknown, but theg| andA| values indicate30 that probably three
nitrogens and one methanol solvent molecule are coordinated
to the Cu(II) ion in this mononuclear species. The frozen-
solution EPR spectra (77 K) of the perchlorate complex recorded
at high concentration (0.01 M in methanol/DMSO) and at low
concentration (2.10-4 in methanol) are shown in parts E and F
of Figure 5, respectively.
Comparison of the EPR Parameters of the Four Com-

plexes. Significant variations in the EPR zero-field splittingD
of the complexes are observed,i.e. 0.058 cm-1 for the nitrate
and perchlorate and 0.0396 cm-1 for the tetrafluoroborate
complex. The zero-field splitting for the tribromocuprate(I)
complex could not be determined.
The zero-field splitting parameterD () 3/2 Dzz) for copper-

(II) dimers is determined by two main contributions:26 A
through-space magnetic dipolar interaction denoted asDdip

between the unpaired electron spins and a through-bond
anisotropic exchange interaction denoted asDex. The dipolar
contributionDdip to the zero-field splitting, which is expected
to be parallel to the Cu-Cu direction can be calculated in the
approximation of magnetic dipoles centered on the two metal
ions26 and is 0.0788, 0.0730, and 0.0638 cm-1 for the three
complexes (BF4-, ClO4

- , and NO3- , respectively) (Table 6).
The variation of the experimentally determined zero-field
splitting for the different complexes cannot be fully related to
the change of the dipolar contribution to the zero-field splitting
D. In the case of a pure dipolar interaction between the two
copper(II) ions, the largest zero-field splitting is expected for
the tetrafluoroborate complex. The exchange contributions to
the zero-field splitting are calculated by the subtraction of the
dipolar contribution from the experimentally determinedD
value, assuming thatD andDdip have the same sign(Dex ) D
- Ddip ), and are (BF4-, ClO4

-, NO3
-) -0.0392,-0.0150, and

-0.0058 cm-1, respectively (Table 5). These data seem to
indicate a rapid decrease of the exchange component with
increasing Cu-Cu distance.
Vis-Near-IR Spectra. The diffuse-reflectance spectra of

the complexes in the Vis-near-IR region show a single band,
as is usually observed for square-planar or square-pyramidal
copper(II) complexes.23,30,31 The absorption maximum for the
tetrafluoroborate and perchlorate complex is found at 17.70(5)
× 103 cm-1. In the nitrate complex the band shifts to 17.60(5)
× 103 cm-1 and in the tribromocuprate(I) complex to 17.50(5)
× 103 cm-1. The position of the absorption maximum in the
complexes is in agreement with the donor strength of the axially
coordinated donor atom provided by the respective anion.
Increasing donor strength of the axially coordinated anion causes
a decrease of the d-orbital splitting between the dxz ,dyzand dx2-
x2 orbitals, resulting in a small shift of the absorption maximum
to lower energy.23

Magnetic Measurements. The magnetic behavior of the
perchlorate complex has been investigated in the temperature
range 250-4.5 K. The magnetic susceptibility per copper(II)
ion multiplied by the temperature (øT) is approximately 0.36
cm3 mol-1 K (µeff ) 1.70) over the whole temperature range
and follows the Curie law corresponding to a single non-coupled
electron spin (S) 1/2).

Concluding Remarks

By comparison of the structural data of the four complexes
a relationship could be established between the donor strength
of the anion and some structural features of the complexes. The
Cu(II)-Cu(II) distance, the distance of the copper(II) ion to
the least-squares plane provided by N(13), N(42), N(33), and
N(23)a, and the distance between the two symmetry-related (-x,
-y,-z) least-squares planes are correlated to the donor strength
of the respective anion coordinated to the Cu(II) ions. The small
structural differences between the perchlorate and tetrafluo-
roborate complex are probably caused by crystal packing effects
and cannot be related to the small difference in binding strength
of the respective anion coordinated to the copper ion.(29) Neese, F.; Kroneck, P. M. H. The program EPR, Preliminaryγ-test

version 1.0, . . 1994.
(30) Hathaway, B. J.ComprehensiVe Coordination Chemistry; Wilkinson,

G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press: Oxford,
U.K., 1987; Vol. 5, p 652.

(31) Lever, A. B. P.Inorganic Electronic Spectroscopy; Elsevier, Amster-
dam: 1986.

Figure 7. PLUTON22 projection showing the principal directions of
theg andD tensors for [Cu2(biib)2(BF4)2](BF4)2(H2O)4.

Table 6. EPR Parameters of the Dinuclear Complexes

complex gx, gy g| |D|a Ddip a Dexa

BF4- 2.02, 2.06 2.21 0.0396 0.0788 -0.0392
ClO4

- 2.02 2.21 0.058 0.0730 -0.0150
NO3

- 2.02 2.21 0.058 0.0638 -0.0058
a In cm-1
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The position of the absorption maximum in the Vis-near-
IR region of the complexes is consistent with the donor strength
of the axially coordinated donor atom provided by the respective
anion.
A significant variation in the EPR zero-field splitting

parameterD in the three dinuclear complexes is observed. The
variation inD for the different complexes seems to be related
to the small change of the Cu(II)-Cu(II) distance.
Frozen-solution EPR spectra of the perchlorate complex

recorded at various concentrations in methanol show that upon
dilution the dinuclear complex reacts to form a mononuclear
species, in which probably three nitrogens and one solvent
molecule are coordinated to the Cu(II) ion.
Further studies will deal with the reactivity of the present

complexes toward azide, hydroxide, and hydrogen peroxide and
of the Cu(I) complexes toward dioxygen.
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