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Two New Dinuclear Sterically Crowded CuII Complexes as Catalyst Precursors
for the Oxidative Coupling of 2,6-Dimethylphenol

Guillem Aromı́,[a] Patrick Gamez,[a] Huub Kooijman,[b] Anthony L. Spek,[b]

Willem L. Driessen,[a] and Jan Reedijk*[a]

Keywords: Copper / N ligands / Homogeneous catalysis / Oxidations

The molecular structure and spectroscopic properties of the
first two bis(µ-η1-nitrato)-bridged, dinuclear Cu complexes
containing 4,4�-biimidazole ligands are presented. 1H NMR,
EPR, and UV/Vis spectroscopy indicate that their solid-state
structure is not retained in solution. Dioxygen uptake meas-
urements show that the presence of a methyl group at the 2-
position of the imidazole rings leads to a dramatic increase
of the rate of the catalytic polymerization of 2,6-dimethyl-

Introduction

Our longstanding interest in the preparation and spectro-
scopic study of copper coordination compounds with azole-
based ligands[1�6] originates from two main driving forces.
First, it is well established that many important enzymes
hold a copper-active site mainly by means of the imidazole
moieties from protein histidine amino acids.[7] Second, the
unique characteristics of the CuII/CuI redox couple render
many of their complexes especially suited for the catalysis
of organic oxidation reactions, in some cases with indus-
trial relevance.[8]

Since its discovery in 1959,[9] the oxidative polymeriz-
ation of 2,6-dimethylphenol (DMP) catalyzed by Cu com-
plexes of N-based ligands has been used on an industrial
scale. The product, poly(1,4-phenylene ether) (PPE), is a
valuable thermoplastic with vast worldwide applications
thanks to its excellent mechanical properties and chemical
resistance.[10,11] An unwanted side product of this reaction
is diphenoquinone (DPQ), which results from the C�C
coupling and subsequent oxidation of two DMP units.
Considerable research effort has been dedicated to improve
the performance and selectivity of the reaction and to elu-
cidate its mechanism. For example, we have recently found
conditions that have led to a dramatic increase of the reac-
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phenol. Detailed examination of the molecular structures of
both catalyst precursors in the crystalline state suggests that
this may either be caused by the difference in basicity of the
biimidazole ligands or by a small but important steric effect
of the 2-Me groups affecting the coplanarity of equatorial
CuII ligands and the orientation of the axial nitrate ligands.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

tion rates compared with those still encountered in large-
scale production.[12] Although the exact mechanism of the
reaction remains a matter of discussion, several hypotheses
have been put forward. Early proposals favored a pathway
involving phenoxy radicals as key intermediates.[13,14] More
recently, the presence of a dinuclear phenolate-bridged CuII

complex has been suggested.[15�17] Quite diverse ap-
proaches have been adopted to obtain mechanistic details
of the reaction. These include kinetic studies using various
kinds of ligands,[18�24] the use of different substrates such
as oligomers,[16] ab initio calculations,[25] or changing the
proportions between the various components (Cu, ligand,
base, water, substrate) and studying the influence on the
catalytic activity.[12,19,26] Another strategy has been to ex-
amine the molecular structure of various catalyst precursors
or potential reaction intermediates to establish possible cor-
relations between geometric parameters and activity. In this
context, we decided to explore the coordination properties
of the two chelating 4,4�-biimidazole (bi) ligands shown in
Scheme 1.[27]

Scheme 1

In sharp contrast to their isomeric 2,2�-analogues, 4,4�-
biimidazole chelates have not been found as part of any
structurally characterized coordination compound, most
likely owing to the difficulty in preparing these ligands. In
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this paper we report synthetic procedures to prepare the
complexes [Cu(µ-η1-NO3)(NO3)(bi)]2 [bi � bi1 (1), bi2 (2)],
the first examples containing 4,4�-biimidazole ligands. Their
catalytic activity during the oxidation of DMP into PPE is
examined and discussed in the light of their single-crystal
X-ray structure and their solution properties.

Results and Discussion

Complexes 1 and 2 both crystallize from acetonitrile dir-
ectly from reaction mixtures containing the stoichiometric
amount of the appropriate components. In both cases, well-
formed crystals collapse immediately upon exposure to air,
probably reflecting loss of lattice solvent, which is detected
crystallographically, but not from microanalysis (see be-
low). The fact that the complexes are hygroscopic is re-
flected in repeated experiments of elemental analysis.

Description of the Structures

Crystallographic data for [Cu(µ-η1-NO3)(NO3)(bi1)]2 (1)
and [Cu(µ-η1-NO3)(NO3)(bi2)]2 (2) are collected in Table 4.
Selected interatomic distances and angles for complexes 1
and 2 are listed in Table 1 and the respective molecular
structures are represented in Figures 1 and 2.

Table 1. Selected interatomic distances [Å] and angles [°] for [Cu(µ-
η1-NO3)(NO3)(bi1)]2 (1) and [Cu(µ-η1-NO3)(NO3)(bi2)]2 (2)

1 2

Cu(1)�O(91) 2.403(3) Cu(1)�O(91) 1.9754(15)
Cu(1)�N(21) 2.002(3) Cu(1)�N(21) 1.9781(19)
Cu(1)�O(96) 1.970(3) Cu(1)�O(96) 1.9626(17)
Cu(1)�O(91)a 1.996(3) Cu(1)�O(91)a 2.3598(17)
Cu(1)�O(97) 2.643(5) Cu(1)�O(97) 2.6972(23)
Cu(1)�N(11) 1.996(3) Cu(1)�N(11) 1.9728(17)
Cu(1)···Cu(1)a 3.4106(8) Cu(1)···Cu(1)a 3.530(1)

O(91)�Cu(1)�O(96) 93.37(7) O(91)�Cu(1)�O(96) 94.43(12)
O(91)�Cu(1)�N(21) 91.54(7) O(91)�Cu(1)�N(21) 97.76(12)
O(96)�Cu(1)�N(11) 93.66(7) O(96)�Cu(1)�N(11) 96.06(12)
N(11)�Cu(1)�N(21) 81.60(8) N(11)�Cu(1)�N(21) 83.24(12)
O(91)�Cu(1)�O(91)a 76.60(6) O(91)�Cu(1)�O(91)a 73.64(10)
O(96)�Cu(1)�N(21) 174.29(7) O(96)�Cu(1)�N(21) 167.80(15)
N(11)�Cu(1)�O(91)a 100.22(7) N(11)�Cu(1)�O(91)a 169.28(13)
O(91)�Cu(1)�N(11) 172.34(8) O(91)�Cu(1)�N(11) 95.95(12)
O(96)�Cu(1)�O(91)a 91.17(6) O(96)�Cu(1)�O(91)a 87.46(11)
N(21)�Cu(1)�O(91)a 92.80(7) N(21)�Cu(1)�O(91)a 95.44(11)
Cu(1)�O(91)�Cu(1)a 103.40(6) Cu(1)�O(91)�Cu(1)a 106.36(11)

[Cu(µ-η1-NO3)(NO3)(bi1)]2 (1)

The structure of 1 shows a dinuclear centrosymmetric
complex consisting of two CuII ions bridged by two monod-
entate µ-η1-NO3

� ligands. This bridging mode is relatively
uncommon for nitrate,[28] which usually bridges Cu ions in
a didentate fashion. The bridging nitrate ligand is bound to
the Cu centers through a short [1.975(2) Å] and a long bond
[2.360(2) Å], which occupy an equatorial and an axial posi-
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Figure 1. P[38] representation of [Cu(µ-η1-NO3)(NO3)(bi1)]2
(1)

Figure 2. P[38] representation of [Cu(µ-η1-NO3)(NO3)(bi2)]2
(2)

tion, respectively, of the nearly square-pyramidal coordina-
tion environment observed around the Cu centers (τ � 0.03,
where τ is 0 and 1 for the perfect square-pyramidal and
trigonal-bipyramidal geometries, respectively).[29] The re-
maining equatorial positions of each metal ion are com-
pleted by the N donors of one chelating bi1 ligand [at dis-
tances of 1.973(2) and 1.978(2) Å, respectively] and by one
O atom of a terminal NO3

� ligand [1.963(2) Å]. A second
O atom of the latter lays 2.697(2) Å apart from the CuII

ion. The intermetallic Cu···Cu distance is 3.4106(8) Å. The
crystal packing shows no unusual features. Complexes 1
and 2 (vide infra) are the first crystallographically charac-
terized complexes of a 4,4�-biimidazole ligand.

[Cu(µ-η1-NO3)(NO3)(bi2)]2 (2)

Complex 2 is isostructural with complex 1. The presence
of a methyl substituent at the 2- and 2�-positions of the
imidazole rings does not appear to affect significantly the
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overall structure of the complex. The metal centers main-
tain the square-pyramidal coordination geometry (with τ �
0.02), and are slightly more separated [Cu···Cu � 3.530(1)
Å] than in 1. The bridging nitrate ligand is bound to the Cu
centres at 1.996(3) and 2.403(3) Å, and the oxygen donor of
the terminal nitrate group is separated from the metal ion
by 1.970(3) Å. The long O···Cu contact featured by this
ligand is 2.643(5) Å. The orientations of the nonbridging
nitrato groups do differ from complex 1, which is ascribed
to the steric effect of the 2-Me group. The chelating ligands
display Cu�N distances of 1.996(3) and 2.002(3) Å.[30,31]

The packing in this structure is also uneventful and involves
mainly van der Waals forces.

Spectroscopic Studies

The infrared (IR) spectra of complexes 1 and 2 were
measured in the solid state. Both compounds exhibit a
strong absorption (1279 and 1282 cm�1, respectively) in the
region characteristic for ν(NO) of monodentate-coordin-
ated nitrates.[32]

The electronic spectra of 1 and 2 were collected from
polycrystalline samples, using the diffuse reflectance tech-
nique. Both spectra have the same qualitative appearance,
with the bands of complex 1 being slightly red-shifted with
respect to those of 2. One broad absorption band is ob-
served (Table 2) in the 712�770-nm range (14000�12900
cm�1) that can be assigned to d�d transitions involving
the CuII ion in a square-pyramidal environment.[33,34] Near-
ultraviolet absorption bands at ca. 400 nm (25000 cm�1,
shoulder; 1) and 452 nm (22000 cm�1; 2) were also detected,
and are assigned as charge-transfer transitions from a
nitrate nonbonding orbital to the copper ion. In addition,
both spectra display LMCT transitions from the chelating

Table 2. Spectroscopic data for complexes 1 and 2

Complex 1 Complex 2

Ligand field (solid)[a] 38100, 36300,
31100, ca. 31100,
ca. 25500, 22000,
13900 13300

Ligand field (solution)[b] 43800, 43800,
39300, 38100,
25500, 22000,
14000 12900

EPR (solution)[c] giso � 2.15 giso � 2.16
EPR (frozen solution)[d] g|| � 2.30 g|| � 2.31

(A|| � 166 G), (A|| � 150 G),
g� � 2.07 g� � 2.07

EPR (solid)[e] g � 2.05 g � 2.11
300 MHz 1H NMR[f] 7.41 (m-Ph), 7.47 (m-Ph),

7.05 (p-Ph), 7.04 (p-Ph),
6.44 (m-Ph) 6.51 (m-Ph),

ca. �9 (CH3)

[a] In cm�1, registered in solid state at 298 K, diffuse reflectance.
[b] In cm�1, registered in CH2Cl2 solutions at 298 K. [c] At 77 K,
frozen solution in CH2Cl2/toluene (2:1). At 298 K, solution in
CH2Cl2/toluene (2:1). [d] At 77 K, frozen solution in CH2Cl2/tolu-
ene (2:1). [e] At 77 K, polycrystalline sample. [f] In ppm, in CDCl3.
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ligands at ca. 320 and 261 nm (31100 and 38100 cm�1; 1)
and at ca. 320 and 274 nm (31100 and 36300 cm�1; 2). The
electronic spectra of both compounds where also measured
in CH2Cl2 solution. The above-mentioned various bands
were found at very similar positions, but a dramatic de-
crease of intensity of the visible absorptions with respect to
the ultraviolet bands was evident. This could be due to a
change of the dipolar integral for some transitions, caused
by an alteration of the symmetry within the complex upon
dissolution or by dissociation. Furthermore, a new band
could be seen at very high energy (227 nm, i.e. 43800 cm�1

for both complexes), most probably corresponding to an
intra-ligand transition.

Complexes 1 and 2 were studied by paramagnetic 1H
NMR in CDCl3 solution (Figure 3). A list of the chemical
shifts of the different observed resonances is included in
Table 2. Both complexes show a unique set of three para-
magnetically broadened signals in the range δ � 6�8 ppm,
corresponding to the phenyl rings of the biimidazole li-
gands. Complex 2 also displays a very broadened and
shifted resonance at δ � �9 ppm attributed to the methyl
substituents on the imidazole rings of the ligand bi2. The
signals corresponding to the protons directly on the imida-
zole rings were broadened beyond detection. Thus, the spec-
tra of 1 and 2 show that both complexes exhibit higher sym-
metry in solution than in the solid state. This could be due
to a rapid fluxional process rendering both halves of the
ligand equivalent, or to the dissociation of the dimers in
solution, leading to more symmetric mononuclear species.
The second hypothesis was supported by a variable temper-
ature 1H NMR study, conducted down to ca. 110 K, in
which no sign of any de-coalescence process could be ob-
served (data not shown).

The solid-state and solution X-band EPR spectra of 1
and 2, respectively, were compared at room temperature
and ca. 77 K. The solution (CH2Cl2/toluene, 2:1) spectrum

Figure 3. 300 MHz 1H NMR spectra of complexes 1 and 2 in
CDCl3; the labels used for the top spectrum apply also to the bot-
tom spectrum
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at room temperature (not shown) displays for both species
a band typical for mononuclear CuII, with giso � 2.15/2.16
(1/2). Both bands are split into four signals (Aiso � 68/62
G) due to hyperfine coupling of the spin with the Cu nuclei
(I � 3/2). In frozen solution, both compounds feature typ-
ical axial spectra (Figure 4) where g|| � 2.30/2.31 and g� �
2.07/2.07. From these values, the isotropic g constants re-
ported above can be calculated from giso � 1/3(2�g� � g||).
The parallel resonance in both compounds display hyper-
fine splitting due to the coupling with Cu (A|| � 166/150
G). Also, both spectra show superhyperfine splitting of the
perpendicular signal due to interaction with the 14N nuclei
of the biimidazole ligands. These spectra are consistent with
the presence of mononuclear species in solution. A possible
distribution of species could be tetragonally elongated [Cu-
(NO3)2(bi)2] along with solvated Cu(NO3)2. Because A|| in
1 is slightly higher than in 2 the first type of species may
well be EPR-active in both systems, the complex of 2 ex-
periencing a larger distortion from planarity at the equator-
ial plane caused by the methyl substituents of bi2. A much
broader signal underlying the spectra (especially visible in
the frozen solution spectrum of 2) could be attributed to
the second type of species. The solid-state EPR spectra of
1 and 2 are also very similar to each other and distinct from
the corresponding solution spectra. In both cases, a broad,
isotropic signal is observed at g � 2.05/2.11. These bands
could be ascribed to a triplet state, and the dramatic differ-
ence with the frozen solution spectra clearly indicates that
the dinuclear structure of 1 and 2 observed in the solid state
is not maintained in solution. No attempts were made to
analyze the triplet signals in detail.

Catalytic Properties

[Cu(µ-η1-NO3)(NO3)(bi1)]2 (1) and [Cu(µ-η1-NO3)(NO3)-
(bi2)]2 (2) were tested as catalysts for the polymerization of
2,6-dimethylphenol (DMP) to ascertain the influence of the
ligand derivatives on the catalytic activity of these pre-
cursors, in relation to their structural properties. Interest-
ingly, the catalytic activity of complex 2 (which contains
the 2,2�-dimethylbiimidazole ligand) is more than ten times
faster than that of 1 (Table 3). This confirms the results
achieved with ligands Meim and Dmeim (1-methylimid-
azole and 1,2-dimethylimidazole, respectively), where a
methyl group on the 2-position of the imidazole ring led
to a dramatic enhancement of activity[18] (see Table 3). The
crystal structures of complexes 1 and 2 (see above) have

Table 3. Catalytic activity of CuII with didentate ligands bi1 and bi2 during the polymerization of DMP in acetonitrile, compared with
that with Meim and Dmeim[18]

Ligand L L/Cu Conversion [%] Reaction time [h] R0 [10�5 molL�1s�1] PPE [%]

bi1 1 68 1.50 3 95.1
bi2 1 43 0.30 31 95.0
Meim[a] 4 68 0.08 142 � 95
Dmeim[b] 4 76 0.08 200 � 95

[a] Meim � 1-methylimidazole. [b] Dmeim � 1,2-dimethylimidazole.
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Figure 4. X-band EPR spectra of complexes 1 and 2 at 77 K in
CH2Cl2/toluene (2:1) frozen solution; the signal labeled ‘‘*’’ corre-
sponds to the reference radical used for calibration (see Exp. Sect.)

revealed that the presence of methyl groups at the 2,2�-posi-
tions of the imidazole rings has almost no influence on the
metric parameters of the rest of the complex. This suggests
that the main reason for the difference in activity is the
differential basicity of the ligands. It has been proposed that
the N-based ligands of the catalyst might act as a Brønsted
base during the catalytic cycle. In such a case the pKb of the
ligand could affect the rate of conversion. In this particular
system the structural factors influencing the catalytic activ-
ity might be dominated by the much larger triphenylmethyl
substituents common to both compounds. It would be in-
teresting to expand the present study using the correspond-
ing ligands 4,4�-biimidazole and 2,2�-dimethyl-4,4�-biimid-
azole. Here, however, an influence of the steric properties
on the catalytic activity cannot be completely excluded,
since no structural details of intermediates containing the
reaction substrate, DMP, are known.

Conclusion

Single-crystal X-ray diffraction has revealed the solid-
state molecular structure of the two copper dimeric com-
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plexes [Cu(µ-η1-NO3)(NO3)(bi1)]2 (1) and [Cu(µ-η1-
NO3)(NO3)(bi2)]2 (2) are similar, despite the fact that the
2-Me group of the latter is close to the coordination sphere
of CuII. These are the first crystallographically character-
ized coordination compounds featuring 4,4�-biimidazole li-
gands. Spectroscopic studies indicate that the solid-state
structure of compounds 1 and 2 is not preserved in solu-
tion. The various data suggest that dissociation into
mononuclear species takes place. Complexes 1 and 2 have
been used as catalyst precursors for the oxidative coupling
of DMP into PPE. In view of the solid-state molecular
structure of both precursors, their dramatic difference in
activity is interpreted in terms of the difference in ligand
basicity. The EPR solution spectra, however, indicate that
the presence of an Me group might distort the mononuclear
complexes present in solution, thereby affecting their cata-
lytic activity. The preparation and crystallographic charac-
terization of additional catalyst precursors for this reaction
will establish any correlations between structural para-
meters and the catalytic activity of these species.

Experimental Section

General Remarks: The biimidazole ligands 1,1�-bis(triphenyl-
methyl)-4,4�-biimidazole (bi1) and 2,2�-dimethyl-1,1�-bis(triphenyl-
methyl)-4,4�-biimidazole (bi2) were prepared according to the
method reported by Pyne et al.[27] Solvents and chemicals were
commercially available and were used as received unless otherwise
indicated. The syntheses of all organic compounds were performed
under argon and their purification was commonly performed in air.
Infrared spectra were collected with a Perkin�Elmer Paragon 1000
spectrophotometer equipped with a Golden Gate Diamond ATR
as a sample support. 1H NMR spectra were recorded with a
200 MHz Jeol JNM FX-200 instrument and a 300 MHz Bruker
DPX 300 spectrometer. Vis/NIR spectra where measured with a
Perkin�Elmer Lambda 900 spectrophotometer in CH2Cl2 solution
or using the diffuse reflectance technique, with MgO as a reference.
X-band EPR spectra were recorded with a JEOL ESR spectro-
meter equipped with an Esprit 330 data system at room temper-
ature and at 77 K, with dpph as an internal reference (g � 2.0036).
Elemental analyses were performed at the Microanalytical Laborat-
ory of the University College, Dublin, Ireland or at the Mikroana-
lytisches Labor Pascher, Remagen-Bandorf, Germany.

Dioxygen Uptake Measurements: In a typical quantitative, time-
resolved dioxygen-uptake experiment, one compartment of a spe-
cial in-house made two-compartment reaction vessel was filled with
5 mL of a 0.01  CuII/ligand solution, and the other with 10 mL of
the substrate (3 mmol) solution. Intense shaking in under dioxygen
combined these solutions and started the reaction. The resulting
reaction mixture was 3.33 m in Cu and 0.2  in DMP (3). The
polymerization reactions were performed at 25 °C under pure di-
oxygen at atmospheric pressure. In this particular case, a ligand/Cu
ratio of 1 and an NaOMe/Cu ratio of 2 were used. The catalytic
activity was determined from the initial dioxygen-uptake rate R0.
A detailed description of the dioxygen-uptake experiments and the
processing of the experimental data have been previously pub-
lished.[35]
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[Cu(µ-η1-NO3)(NO3)(bi1)]2 (1): A slurry of bi1 (62 mg, 0.1 mmol)
in MeCN (5 mL) was added to a stirred blue solution of
Cu(NO3)2·3H2O (26 mg, 0.1 mmol) in MeCN (5 mL). The ligand
dissolved completely upon reaction. After a few minutes, the blue
solution was left unperturbed and the solvent was allowed to slowly
evaporate for a few days. After this time, blue block-shaped
crystals suitable for X-ray crystallography had deposited. The
crystals were collected by filtration and dried in vacuo. The yield
was 44%. IR (neat): ν̃ [cm�1] � 1511.8 m, 1490.0 m, 1471.6 s,
1445.7 m, 1278.9 vs, 1214.0 m, 1085.8 m, 1002.1 m, 947.3 w, 845.8
w, 744.6 vs, 697.7 vs, 659.4 vs, 638.8 m, 374.0 w, 345.3 m, 316.6 w.
C88H68Cu2N12O12(H2O)2 (1648.72): calcd. C 64.11, H 4.40, N
10.19; found C 63.86, H 4.12, N 9.96.

[Cu(µ-η1-NO3)(NO3)(bi2)]2 (2): A slurry of bi2 (259 mg, 0.4 mmol)
in MeCN (10 mL) was added to a stirred blue solution of
Cu(NO3)2·3H2O (96 mg, 0.4 mmol) in MeCN (20 mL). After a few
minutes, the resulting green solution was filtered with paper and
the filtrate was left unperturbed for the slow evaporation of the
solvent. After a few days, green needles suitable for X-ray crystallo-
graphy were obtained. The solid was collected by filtration and
turned gray upon contact with air. The sample was dried in
vacuo (yield 31%). IR (neat): ν̃ [cm�1] � 1489.7 s, 1446.0 m, 1394.1
w, 1281.8 vs, 1232.9 m, 1149.5 w, 1010.1 m, 747.9 vs, 700.1 vs,
668.2 m, 655.7 w, 637.9 m, 586.0 w, 499.4 w, 398.2 w, 336.4 w.
C92H76Cu2N12O12(H2O) (1686.81): calcd. C 65.51, H 4.66, N 9.96;
found C 65.67, H 4.78, N 9.48.

X-ray Crystallography: Crystals of complexes 1 and 2 were
mounted on Lindemann glass capillaries and transferred into the
cold nitrogen stream of a Nonius KappaCCD diffractometer on a
rotating anode, (Mo-Kα radiation, graphite monochromator, λ �

0.71073 Å, T � 150 K). Pertinent data for the structure determina-
tions are collected in Table 4. Structures were solved with direct
methods using S86.[36] Refinement on F2 was performed with
S-97-2.[37] The hydrogen atoms were included in the refine-
ment on calculated positions riding on their carrier atoms. The
non-hydrogen atoms were refined with anisotropic thermal para-
meters. The hydrogen atoms were refined with a fixed isotropic dis-
placement parameter related to the value of the equivalent isotropic
displacement parameter of their carrier atoms. The structures of
both 1 and 2 contain an area filled with acetonitrile. In 1 the solv-
ent could be described with an ordered model, albeit with relatively
high displacement parameters. In 2 the volume of the solvent area
was significantly larger, and no satisfactory model could be con-
structed. Therefore, for this complex, the contribution to the struc-
ture factors associated with the solvent was taken into account us-
ing the S procedure as incorporated in P.[38] A total
of 126 electrons were found in a system of channels running paral-
lel to a and c of 600 Å3 per unit cell, corresponding to approxim-
ately six molecules of acetonitrile. The nitrate ions and one of the
phenyl rings of 2 displayed high anisotropy in their displacement
factors. Mild rigid bond restraints were applied to ensure realistic
values for the displacement parameters. Neutral atom scattering
factors and anomalous dispersion corrections were taken from the
International Tables for Crystallography.[39] Geometrical calcula-
tions and illustrations were performed with P.[38] CCDC-
194207 (1) and -194208 (2) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; Fax: (internat.) � 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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Table 4. Crystallographic data for [Cu(µ-η1-NO3)(NO3)(bi1)]2 (1) and [Cu(µ-η1-NO3)(NO3)(bi2)]2 (2)

1 2

Crystal data:
Empirical formula C88H68Cu2N12O12·4C2H3N C92H76Cu2N12O12·6C2H3N[a]

Formula mass [g·mol�1] 1776.86 1915.09[a]

Crystal system triclinic triclinic
Space group P1̄ (no. 2) P1̄ (no. 2)
a [Å] 13.4436(15) 11.286(2)
b [Å] 13.5376(10) 15.320(2)
c [Å] 13.944(3) 15.520(3)
α [°] 90.437(17) 105.442(12)
β [°] 118.674(11) 99.655(10)
γ [°] 94.982(10) 106.171(10)
V [Å3] 2214.6(5) 2397.9(7)
ρcalcd. [g·cm�3] 1.332 1.326[a]

Z 1 1
F(000) 922 998[a]

T [K] 150 150
µ [mm�1] (Mo-Kα) 0.552 0.538[a]

Crystal colour blue blue�green
Crystal size [mm] 0.1 � 0.3 � 0.3 0.2 � 0.3 � 0.3
Data collection:
θmin, θmax [°] 1.6, 27.46 1.6, 25.25
X-ray exposure [h] 1.8 2.4
Data set �17:17, �17:17, �18:18 �13:12, �18:17, �18:18
Total data 29969 22466
Total unique data 10077 8443
Rint 0.0699 0.0529
Rσ 0.0548 0.0452
Absorption correction range 0.864�0.977 [M][38] ₄
Refinement:
No. of refined parameters 570 534
Final R1[b] 0.0458 [8188 I � 2σ(I)] 0.0618 [7237 I � 2σ(I)]
Final wR2[c] 0.1243 0.1622
Goodness of fit 1.030 1.045
w�1[d] σ2(F2

obs) � (0.0597P)2 � 1.34P σ2(F2
obs) � (0.0582P)2 � 5.48P

(∆/σ)av, (∆/σ)max � 0.001, 0.001 � 0.001, 0.001
Min., max. residual density [e·Å�3] �0.76, 0.63 �0.54, 0.66

[a] Including the estimated contribution of the disordered solvent. [b] R1 � Σ||Fo| � |Fc||/Σ|Fo|. [c] wR2 � {Σ[w(Fo
2 � Fc

2)2]/Σ[w(Fo
2)2]}1/2.

[d] P � [Max(Fo
2,0) � 2Fc

2)/3.
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