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Copper coordination complexes of the neutral tetradentate
nitrogen-containing ligands tris(3,5-dimethylpyrazol-1-ylmeth-
yl)amine (L0N4) and tris(3,5-diisopropylpyrazol-1-ylmeth-
yl)amine (L1N4), namely the copper(II) chlorido complexes
[CuII(L0N4)Cl2] (1) and [CuII(L1N4)Cl2] (2), the copper(II) ni-
trato complexes [CuII(L0N4)(NO3)](NO3) (3) and [CuII(L1N4)-
(NO3)](NO3) (4), and the copper(II) sulfato complexes [CuII-
(L0N4)(SO4)] (5) and [CuII(L1N4)(SO4)] (6), and the copper(I)
complexes [CuI(L0N4)](PF6) (7) and [CuI(L0N4)(PPh3)](ClO4)
(8), have been systematically synthesized in order to investi-
gate the influence of the number of nitrogen donors on their
structures, properties, and reactivity. All copper(II) com-
plexes were fully characterized by X-ray crystallography and
by IR/far-IR, UV/Vis absorption, and ESR spectroscopy. Al-
though the structure of 7 was not determined by X-ray crys-
tallography, this complex and the structurally characterized

Introduction

Copper is one of the most important elements in the field
of biological systems and also for laboratory and industrial
use. Indeed, the structures and functions of many copper-
containing proteins have been resolved during the past dec-
ades.[1–5] These structures contain many different ligand do-
nor sets coordinated to the copper centers with a variety of
coordination numbers and elements as well as coordination
modes. It is therefore of great interest to determine how
structure and function are influenced by the number of co-
ordinating atoms around the copper centers.

Hydrotris(pyrazolyl)borate (tpzb) ligands, which readily
coordinate to metal ions as a face-capping tridentate ligand,
are one of the most widely used ligands for coordination
compounds.[6–11] The tpzb anion is a six-electron donor li-
gand whose pyrazolyl rings can be substituted with bulky
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copper(I) triphenylphosphane complex 8 were fully charac-
terized by IR/far-IR and NMR spectroscopy. A comparison of
the copper(II) complexes with two tris(pyrazol-1-ylmethyl)-
amine ligands with different bulkiness of the pyrazolyl rings
has allowed us to evaluate the second coordination sphere
effects of the ligands. Moreover, the structures and physico-
chemical properties of these complexes are compared with
those of related complexes containing the neutral tridentate
tris(pyrazolyl)methane ligand and the neutral bidentate bis-
(pyrazolyl)methane ligand. Finally, the relative stability of
the copper(I) complexes is discussed. The influence of the
number of nitrogen donors in copper complexes is observed
from these systematic results.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

groups, especially at the 3- and/or 5-position(s). The related
tris(pyrazolyl)methane (tpzm) ligands (e.g. L1� in Figure 1),
on the other hand, have an identical framework to the tpzb
ligands but contain a carbon atom instead of the boron
atom of tpzb and hence act as neutral ligands. The tpzb
and tpzm ligands with identical side chains are therefore
expected to have different nucleophilicity and different elec-
tron donating properties to metal centers due to their dif-
ferent overall charges.[12]

In contrast, bis(pyrazolyl)methane (bpzm) ligands (e.g.
L1�� in Figure 1) act as neutral bidentate ligands and many
complexes containing these ligands have been synthe-
sized.[13–21] In comparison with tpzb, it is interesting to in-
vestigate how the structures and properties of complexes
are influenced by the different number of coordinating ni-
trogen donor atoms. Thus, whereas the CuICO complex
with L1� is mononuclear, the analogous complex with L1��
is binuclear with one bridging ClO4

– anion.[12,20] In ad-
dition, the 31P NMR spectrum of the CuIPPh3 complex of
L1�� shows a narrower signal than that of the correspond-
ing complex with L1�.[20] These differences between tpzm
(N3 donor set) and bpzm (N2 donor set) have led to re-
newed interest in their complexes.
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Figure 1. Ligands discussed in this work.

Herein we focus on neutral N4 tripodal tetradentate tris-
(pyrazol-1-ylmethyl)amine ligands in order to gain more in-
sights into the influence of the number of nitrogen donors
on the structures, properties, and reactivity of copper com-
plexes. Various copper complexes with N4 tripodal tetra-
dentate ligands, such as tris{(2-pyridyl)methyl}amine (tpa)
and derivatives, have been reported as model compounds of
metalloproteins. In the most famous example, Karlin and
co-workers reported the structure of the “end-on µ-peroxo”
Cu2O2 complex [{CuII(tpa)}2(O2)](ClO4)2 and its reactiv-
ity.[22,23] Some copper-dioxygen complexes were sub-
sequently also structurally characterized.[22–27] The reactiv-
ity of N4-type copper(I) complexes toward other external
substrates such as CO and PPh3 as well as O2 has also been
investigated.[28–31] In addition, many reports have been pub-
lished concerning N4-type copper(II) complexes with dif-
ferent anions such as Cl– and N3

–.[32–37]

In order to investigate the influence of the number of
nitrogen donors on the structures, properties, and reactivity,
copper complexes containing tris(3,5-dimethylpyrazol-1-yl-
methyl)amine[38] (L0N4 in Figure 1) and tris(3,5-diisopro-
pylpyrazol-1-ylmethyl)amine (L1N4 in Figure 1) as pyr-
azole-containing neutral tetradentate ligands were synthe-
sized in this work and their structures determined by X-ray
crystallography. To date, only the crystal structure of the
copper(II) azido complex [Cu(L0N4)(N3)](ClO4) has been
reported.[35] The copper(II) chlorido complexes [CuII-
(L0N4)Cl2] (1) and [CuII(L1N4)Cl2] (2), the copper(II) ni-
trato complexes [CuII(L0N4)(NO3)](NO3) (3) and [CuII-
(L1N4)(NO3)](NO3) (4), the copper(II) sulfato complexes
[CuII(L0N4)(SO4)] (5) and [CuII(L1N4)(SO4)] (6), and the
copper(I) complexes [CuI(L0N4)](PF6) (7) and [CuI-
(L0N4)(PPh3)](ClO4) (8) containing the neutral tetraden-
tate nitrogen-containing ligands L0N4 and L1N4 were
therefore systematically synthesized. All the copper(II)
complexes were characterized by IR/far-IR, ESR, and UV/
Vis spectroscopy and compared with copper(II) complexes
ligated by N2, N3, and analogous N4-type ligands. In ad-
dition, we report the reactivity of the copper(I) complexes
7 and 8 toward PPh3, CO, and O2. In view of the expected
lower reactivity of copper(I) complexes ligated by L1N4,
copper(I) complexes were only synthesized for L0N4.
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Furthermore, the tris(pyrazol-1-ylmethyl)amine ligand[39]

(LnN4 in Figure 1) was only used for reactivity studies
towards O2. To the best of our knowledge, no structural
determinations of copper complexes with LnN4 and L1N4
have been reported to date. The properties and reactivities
of the synthesized copper(I) complexes were investigated by
IR/far-IR, UV/Vis, and NMR spectroscopy, and compared
with copper(I) complexes containing N2, N3, and analo-
gous N4-type ligands. From these systematic results, some
interesting effects concerning the number of nitrogen do-
nors on the structures, properties, and reactivities of the
complexes are elucidated.

Results and Discussion

Syntheses

Ligands L0N4 and LnN4 were synthesized following the
procedure reported by Driessen,[38,39] whereas L1N4 was
synthesized by a modified version of this procedure (see
Scheme 1).

Scheme 1. Synthesis of N4-type ligands.

To avoid reaction with atmospheric dioxygen and moist-
ure, all complexes were synthesized under argon [the cop-
per(I) complexes were prepared in a glovebox]. As shown
in Scheme 2, the copper(II) chlorido complexes [Cu(L0N4)-
Cl2] (1) and [Cu(L1N4)Cl2] (2), the copper(II) nitrato com-
plexes [Cu(L0N4)(NO3)](NO3) (3) and [Cu(L1N4)(NO3)]-
(NO3) (4), and the copper(II) sulfato complexes
[Cu(L0N4)(SO4)] (5) and [Cu(L1N4)(SO4)] (6) were ob-
tained by treating ligand L0N4 or L1N4 with the corre-
sponding copper(II) salts. Likewise, the copper(I) complex
[Cu(L0N4)](PF6) (7) was synthesized by treating
[Cu(CH3CN)4](PF6) with L0N4 (see Scheme 3). The
smaller ligand L0N4 was used to prepare copper(I) com-
plexes due to the expected lower reactivity of copper(I) pre-
cursors with L1N4, and the smallest ligand LnN4 was also
used in addition to L0N4 to investigate the reactivity of the
copper(I) complexes toward dioxygen. Single crystals could
not be obtained for complex 7, therefore its structure was
inferred from other spectroscopic data and elemental analy-
sis. [Cu(L0N4)(PPh3)](ClO4) (8) was obtained upon treat-
ment of 7 with PPh3 and NaClO4.
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Scheme 2. Synthesis of copper(II) complexes of L0N4 and L1N4.

Scheme 3. Synthesis of copper(I) complexes with L0N4.

Structures

The previously reported N4-type ligand L0N4 and the
novel ligand L1N4 were obtained as single crystals and
their structures determined by X-ray crystallography. Per-
spective drawings of L0N4 and L1N4 are shown in Fig-
ures 2 and S1, respectively. Despite their different substitu-
ents, the average bond lengths and angles in L0N4 and
L1N4 are almost identical, which suggests that the substitu-
ents at the 3- and 5-positions of the pyrazolyl rings do not
affect their structures. However, important differences in
certain bond lengths and angles are observed in the copper
complexes of these ligands due to the steric hindrance of the
substituents in the complexes. In other words, the second
coordination sphere effects of the ligands are reflected in
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the resulting complex structures. Moreover, the bond angles
around the tertiary amine nitrogen (N41) are almost 109°,
thus indicating a tetrahedral geometry around N41.

Figure 2. Molecular structure of L0N4 showing 50% thermal ellip-
soids and the atom labeling scheme. Hydrogen atoms have been
omitted for clarity. Selected bond lengths [Å] and angles [°] for
L0N4: N41–C41 1.471(3), N41–C42 1.471(3), N41–C43 1.471(3),
C41–N12 1.451(3), C42–N22 1.455(3), C43–N32 1.457(3); C41–
N41–C42 110.2(2), C42–N41–C43 110.2(2), C43–N41–C41
110.3(3), N12–C41–N41 110.4(2), N22–C42–N41 110.3(2), N32–
C43–N41 110.1(2). For L1N4: N41–C41 1.460(3), N41–C42
1.474(3), N41–C43 1.473(4), C41–N12 1.452(4), C42–N22 1.447(3),
C43–N32 1.449(3); C41–N41–C42 110.3(2), C42–N41–C43
110.2(2), C43–N41–C41 109.9(2), N12–C41–N41 113.0(2), N22–
C42–N41 112.8(2), N32–C43–N41 112.3(2).

Complexes 1–6 and 8 were obtained as single crystals
and their structures determined by X-ray crystallography.
The molecular structures of these complexes, with selected
bond lengths and angles in the respective figure captions,
are shown in Figures 3, 4, 5, 6 and S2–S4, respectively. Se-
lected structural parameters for the synthesized and re-
ported complexes are listed in Tables 1, 2, 3, and 4.
Chlorido and sulfato complexes 1, 2, 5, and 6 are neutral
and the oxidation state of each copper ion is +2. Nitrato
complexes 3 and 4 are cationic, with one nitrate ion as
counterion, and the oxidation state of each copper ion is
also +2. The oxidation state of copper is +1 in the tri-
phenylphosphane complex 8 due to the presence of only
one ClO4

– anion. The distances from copper to an axial
nitrogen atom (labeled N21 in this work) in the four com-
plexes 3–6 are longer than those between copper(II) ions
and the other two equatorial pyrazolyl nitrogen atoms (N11
and N31 in this work), thus suggesting the presence of a
Jahn–Teller effect.

The L0N4 and L1N4 ligands in the copper(II) chlorido
complexes 1 and 2 bind the copper(II) ions as tridentate
ligands, with one pyrazolyl arm of each ligand remaining
uncoordinated. Complexes 1 and 2 therefore consist of a
copper(II) ion surrounded by three nitrogen atoms from the
N4-type ligand and two chloride anions. The observed dif-
ferences due to steric interactions between the two ligands
are small. In terms of the trigonality index for five-coordi-
nate environments (τ) introduced by Addison et al. [τ = (α –
β)/60°, where α and β are the largest angles (α � β) around
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Figure 3. Molecular structure of [Cu(L0N4)Cl2] (1) showing 50%
thermal ellipsoids and the atom labeling scheme. Hydrogen atoms
have been omitted for clarity. Selected bond lengths [Å] and angles
[°] for 1: Cu1–N11 1.991(2), Cu1–N21 1.995(2), Cu1···N31
5.253(2), Cu1–N41 2.351(2), Cu1–Cl51 2.2645(9), Cu1–Cl52
2.2850(7); N11–Cu1–N21 156.19(9), N11–Cu1–N41 77.89(8), N11–
Cu1–Cl51 93.55(6), N11–Cu1–Cl52 94.38(6), N21–Cu1–N41
78.48(8), N21–Cu1–Cl51 93.04(6), N21–Cu1–Cl52 95.15(6), N41–
Cu1–Cl51 112.31(5), N41–Cu1–Cl52 107.61(5), Cl51–Cu1–Cl52
140.08(3). For 2: Cu1–N11 1.970(3), Cu1–N21 1.984(3), Cu1···N31
5.202(4), Cu1–N41 2.314(3), Cu1–Cl51 2.2807(12), Cu1–Cl52
2.2986(15); N11–Cu1–N21 157.81(13), N11–Cu1–N41 79.07(12),
N11–Cu1–Cl51 95.57(10), N11–Cu1–Cl52 90.57(12), N21–Cu1–
N41 78.78(13), N21–Cu1–Cl51 96.00(11), N21–Cu1–Cl52
92.77(14), N41–Cu1–Cl51 117.51(10), N41–Cu1–Cl52 102.77(10),
Cl51–Cu1–Cl52 139.71(4).

Figure 4. Molecular structure of the cation part of
[Cu(L0N4)(NO3)](NO3) (3) showing 50% thermal ellipsoids and
the atom labeling scheme. Hydrogen atoms have been omitted for
clarity. Selected bond lengths [Å] and angles [°] for 3: Cu1–N11
2.014(2), Cu1–N21 2.213(3), Cu1–N31 2.008(2), Cu1–N41
2.101(2), Cu1–O51 1.958(2), Cu1···O52 2.754(3); N11–Cu1–N21
106.99(11), N11–Cu1–N31 141.49(12), N11–Cu1–N41 80.79(10),
N11–Cu1–O51 98.48(10), N21–Cu1–N31 103.99(12), N21–Cu1–
N41 80.04(11), N21–Cu1–O51 97.24(11), N31–Cu1–N41 82.62(9),
N31–Cu1–O51 99.74(9), N41–Cu1–O51 176.79(10). For 4: Cu1–
N11 2.008(2), Cu1–N21 2.242(2), Cu1–N31 2.0079(19), Cu1–N41
2.097(2), Cu1–O51 1.970(2), Cu1···O52 2.604(2); N11–Cu1–N21
97.80(8), N11–Cu1–N31 160.72(9), N11–Cu1–N41 81.62(8), N11–
Cu1–O51 97.12(8), N21–Cu1–N31 88.56(8), N21–Cu1–N41
82.60(8), N21–Cu1–O51 112.16(9), N31–Cu1–N41 81.18(8), N31–
Cu1–O51 97.28(8), N41–Cu1–O51 165.17(9).

a five-coordinate metal center; τ is zero for a perfect square
pyramid and one for a trigonal bipyramid],[40] the coordina-
tion geometries of both complexes are distorted square
pyramids (τ = 0.27 for 1 and 0.30 for 2; Table 1). This is
attributed to the fact that the steric repulsion between the
substituents of the two ligated pyrazolyl arms and the two
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Figure 5. Molecular structure of [Cu(L0N4)(SO4)] (5) showing
50% thermal ellipsoids and the atom labeling scheme. Hydrogen
atoms have been omitted for clarity. Selected bond lengths [Å] and
angles [°] for 5: Cu1–N11 2.017(3), Cu1–N21 2.305(3), Cu1–N31
1.996(4), Cu1–N41 2.105(3), Cu1–O51 1.926(3); N11–Cu1–N21
86.90(14), N11–Cu1–N31 160.01(15), N11–Cu1–N41 81.32(14),
N11–Cu1–O51 98.69(14), N21–Cu1–N31 99.85(14), N21–Cu1–
N41 81.37(13), N21–Cu1–O51 104.09(13), N31–Cu1–N41
81.14(14), N31–Cu1–O51 97.86(14), N41–Cu1–O51 174.53(12).
For 6: Cu1–N11 2.002(4), Cu1–N21 2.242(4), Cu1–N31 2.011(4),
Cu1–N41 2.123(4), Cu1–O51 1.928(4); N11–Cu1–N21 87.90(17),
N11–Cu1–N31 159.46(18), N11–Cu1–N41 82.49(17), N11–Cu1–
O51 98.53(18), N21–Cu1–N31 98.44(18), N21–Cu1–N41 79.28(17),
N21–Cu1–O51 109.09(17), N31–Cu1–N41 79.56(16), N31–Cu1–
O51 97.80(16), N41–Cu1–O51 171.57(16).

Figure 6. Molecular structure of the cation part of
[Cu(L0N4)(PPh3)](ClO4) (8) showing 50% thermal ellipsoids and
the atom labeling scheme. Two crystallographically independent
molecules are present, whose structural features are essentially
identical. Molecule 1 is presented here. Hydrogen atoms have been
omitted for clarity. Selected bond lengths [Å] and angles [°]: Cu1–
N11 2.012(6), Cu1–N21 2.033(7), Cu1–N41 2.313(7), Cu1–P1
2.171(2); N11–Cu1–N21 107.3(2), N11–Cu1–N41 78.0(2), N11–
Cu1–P1 128.3(2), N21–Cu1–N41 76.4(2), N21–Cu1–P1 123.2(2),
N41–Cu1–P1 121.78(19); Cu2–N51 1.984(6), Cu2–N61 2.026(7),
Cu2–N81 2.364(7), Cu2–P2 2.166(2); N51–Cu2–N61 105.0(3),
N51–Cu2–N81 77.8(2), N51–Cu2–P2 128.6(2), N61–Cu2–N81
76.4(2), N61–Cu2–P2 124.8(2), N81–Cu2–P2 122.35(19).

chlorido ligands is very small because each position is dis-
tant enough in this structure. The axial position is occupied
by the tertiary amine nitrogen (N41), which contrasts with
the situation in other complexes. The coordination geome-
tries of complexes 1 and 2 are similar to those of [Cu(L1��)-
Cl2][20,41] and [Cu(L1�)Cl2],[42] which also have two bound
chloride anions. The average Cu–Cl bond lengths in the
three complexes [Cu(L1��)Cl2], [Cu(L1�)Cl2], and 2, which
have the same isopropyl substituents on the pyrazolyl rings,
are 2.22,[20,41] 2.26,[42] and 2.29 Å, respectively. This in-
crease seems to be due to the different number of coordinat-
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Table 1. Selected structural parameters for copper(II) chlorido complexes with N2-, N3-, and N4-type ligands.

Cu–Npz/pyr (av) [Å] Cu–Cl (av) [Å] Cl–Cu–Cl [°] τ[40] Coordination type Ref.

[Cu(L0N4)Cl2] (1) 1.993 2.275 140.08(3) 0.27 N3Cl2 this work
[Cu(L1N4)Cl2] (2) 1.977 2.290 139.71(4) 0.30 N3Cl2 this work
[Cu(Me3tpa)Cl2] 2.015 2.333 131.4(1) 0.53 N3Cl2 [34]

[Cu(tpa)Cl](PF6) 2.140 2.233(2) 1.01 N4Cl [32]

[Cu(Me1tpa)Cl](ClO4) 2.105 2.249(3) 0.16 N4Cl [34]

[Cu(Me2tpa)Cl](ClO4) 2.090 2.253(4) 0.07 N4Cl [34]

[Cu(Me3tpa)Cl](ClO4) 2.081 2.240(2) 0.43 N4Cl [34]

[Cu(pmea)Cl](ClO4)[a] 2.092 2.278 0.12 N4Cl [29]

[Cu(pmap)Cl](ClO4)[b] 2.098 2.2690(12) 0.08 N4Cl [29]

[Cu(tepa)Cl](PF6)[c] 2.109 2.289(1) 0.19 N4Cl [32]

[Cu(bpqa)Cl](PF6)[d] 2.114 2.257(2) 0.16 N4Cl [33]

[Cu(tmqa)Cl](PF6)[e] 2.056 2.244(2) 0.06 N4Cl [33]

[Cu(L1��)Cl2] 1.990 2.224 103.2 N2Cl2 [20,41]

[Cu(L1�)Cl2] 2.140 2.258 93.38(6) 0.12 N3Cl2 [42]

[a] pmea = bis[(2-pyridyl)methyl]-2-(2-pyridyl)ethylamine. [b] pmap = bis[2-(2-pyridyl)ethyl](2-pyridyl)methylamine. [c] tepa = tris[2-(2-
pyridyl)ethyl]amine. [d] bpqa = bis[(2-pyridyl)methyl](2-quinolylmethyl)amine. [e] tmqa = tris[(2-quinolyl)methyl]amine.

Table 2. Selected structural parameters for copper(II) nitrato complexes with N2-, N3-, and N4-type ligands.

Cu–Npz (av) [Å] Cu–O (av) [Å] τ[40] Coordination type Ref.

[Cu(L0N4)(η1-ONO2)](NO3) (3) 2.078 1.958(2) 0.59 N4O this work
[Cu(L1N4)(η1-ONO2)](NO3) (4) 2.086 1.970(2) 0.07 N4O this work
[Cu(L1��)(η1-ONO2)2] 1.989 1.992 N2O2 [41,43]

[Cu(L1�)(η1-ONO2)2] 2.100 1.955 0.26 N3O2 [42]

[Cu(L2�)(η2-O2NO)](ClO4)[a] 2.078 2.002 0.30 N3O2 [44]

[a] L2� = tris(3-tert-butyl-5-methyl-1-pyrazolyl)methane.

Table 3. Selected structural parameters for copper(II) sulfato complexes with N3- and N4-type ligands.

Cu–Npz (av) [Å] Cu–O (av) [Å] τ[40] Coordination type Ref.

[Cu(L0N4)(η1-OSO3)] (5) 2.106 1.926(3) 0.24 N4O this work
[Cu(L1N4)(η1-OSO3)] (6) 2.085 1.928(4) 0.20 N4O this work
[Cu(L1�)(η2-O2SO2)] 2.083 1.964 0.23 N3O2 [45]

Table 4. Selected structural parameters for copper(I) triphenylphosphane complexes with N2-, N3-, and N4-type ligands.

Cu–Npz/pyr (av) [Å] Cu–P (av) [Å] P–Cu–Npz/pyr (av) [°] Coordination type Ref.

[Cu(L0N4)(PPh3)](ClO4) (8) 2.023 2.171(2) 125.8 N3P this work
[Cu(tpa)(PPh3)](PF6) 2.071 2.194(2) 121.7 N3P [23]

[Cu(bqpa)(PPh3)](ClO4)[a] 2.08 2.200(9) 125.0 N3P [28]

[Cu(L0��)(PPh3)](ClO4)[b] 2.019 2.171 131.2 N2P [16]

[Cu(L1��)(PPh3)](ClO4) 2.008 2.174(2) 131.9 N2P [20]

[Cu(L1��)(PPh3)](PF6) 2.006 2.1726(12) 132.3 N2P [20]

[Cu(L1�)(PPh3)](ClO4) 2.085 2.166(6) 126.0 N3P [20]

[a] bqpa = bis(2-pyridylmethyl)(2-quinolylmethyl)amine. [b] L0�� = bis(3,5-dimethyl-1-pyrazolyl)methane.

ing nitrogen atoms and the presence of an interacting terti-
ary amine nitrogen donor in complex 2. As can be seen
from Table 1, many copper(II) chlorido complexes with N4-
type ligands have been reported. Most of these structures,
however, have N4Cl ligand donor sets, and the N3Cl2-type
coordination in complexes 1 and 2 is very rare. The ligands
in N4Cl-type complexes have small or no substituents near
the copper(II) ion, which means that complexes with bulk-
ier substituents tend to belong to the N3Cl2 class. More-
over, the N(tertiary amine nitrogen)–Cu bond lengths are
different. Thus, the Cu1–N41 bond lengths are 2.351(2) Å
for 1 and 2.314(3) Å for 2, whereas the Cu–N1(tertiary
amine nitrogen) bond length in [Cu(Me3tpa)Cl2], which is
of the same N3Cl2 type, is 2.145(6) Å,[34] thereby indicating
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very weak interactions between the tertiary amine nitrogens
and the copper(II) center in complexes 1 and 2.

The L0N4 and L1N4ligands in the copper(II) nitrato
complexes 3 and 4 bind the copper(II) ions as tetradentate
ligands. Complexes 3 and 4 therefore consist of a copper(II)
ion surrounded by four nitrogen donor atoms from the N4-
type ligand and one oxygen atom from the bound nitrate
ion; another nitrate ion is present as a counterion. This co-
ordination geometry differs from the geometries of
[Cu(L1��)(η1-ONO2)2][41,43] and [Cu(L1�)(η1-ONO2)2],[42] in
which two nitrate ions coordinate to the copper(II) ion in a
monodentate mode. In addition, it is also different from
[Cu(L2�)(η2-O2NO)](ClO4) [L2� = tris(3-tert-butyl-5-
methyl-1-pyrazolyl)methane], in which only one nitrate ion
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coordinates in a bidentate mode due to the increased bulki-
ness of the tert-butyl group, which does not allow two ni-
trates to coordinate.[44] Interestingly, the coordination envi-
ronments of complexes 3 and 4 are different (τ = 0.59 for 3
and 0.07 for 4), thus indicating different degrees of steric
repulsion between the different methyl and isopropyl sub-
stituents of the pyrazolyl moieties of the N4-type ligands
and the coordinating planar nitrate ion (see Table 2). No
N4O-type coordination modes have been reported to date
for any type of nitrogen donor ligand in a nitrato complex,
therefore the corresponding structural differences cannot be
discussed.

The copper(II) ion in sulfato complexes 5 and 6 has a
five-coordinate geometry with four Cu–N bonds from the
N4-type ligand and one Cu–O bond to the sulfate ion. This
coordination geometry differs from that of [Cu(L1�)(η2-
O2SO2)],[45] which has two Cu–O bonds to a bidentate sul-
fate ion (see Table 3). In contrast to the copper(II) nitrato
complexes 3 and 4, the coordination environments of the
copper(II) ion in complexes 5 and 6 are similar and corre-
spond to a distorted square pyramidal geometry (τ = 0.24
for 5 and 0.20 for 6). This is because the tetrapod-shaped
sulfate ion is much bulkier than the planar nitrate ion,
which means that even 5, which has only small methyl sub-
stituents, cannot have a distorted trigonal bipyramidal ge-
ometry.

One pyrazolyl arm of the L0N4 ligand in the copper(I)
triphenylphosphane complex 8 remains uncoordinated, as
is the case with previously reported analogous complexes
with the tpa ligand (see Table 4).[23] This is attributed to the
fact that a four-coordinate geometry is generally preferred
in copper(I) complexes. The copper(I) ion is placed in a
trigonal plane consisting of two pyrazolyl nitrogen atoms
from L0N4 and the phosphorus atom of the PPh3 molecule
[sum of angles around the copper(I) ion: 358.7°]. In ad-
dition, the copper(I) ion interacts weakly with the tertiary
amine nitrogen atom (N41 or N81) of L0N4 in the axial
position above the trigonal plane. This is in agreement with
the distances between the N2P least-squares plane and the
copper(I) ions [0.134(1) Å for Cu1 and 0.148(1) Å of Cu2],
both of which show a higher planarity. The previously re-
ported N2-type ligands L0�� and L1�� form a trigonal
planar geometry in copper(I) triphenylphosphane com-
plexes,[16,20] and the N3-type ligand L1� shows a tetrahedral
geometry.[20] As shown in Table 4, the average Cu–Npz dis-
tance in complex 8 (2.023 Å) is almost the same as the
average value for the N2-type complexes [Cu(L1��)(PPh3)]-
(ClO4) (2.008 Å)[20] and [Cu(L0��)(PPh3)](ClO4) (2.019 Å)
[16] but shorter than that for the N3-type complex
[Cu(L1�)(PPh3)](ClO4) (2.085 Å).[20] The reason for this
trend is that the bulkier pyrazolyl ligands result in a
stronger steric repulsion with bulky PPh3. The average Cu–
Npz distances for the complexes with N2- and N4-type li-
gands, which have two Cu–Npz bonds, are therefore shorter
than those with the N3-type ligand which has three Cu–Npz

bonds. In the latter case, three pyrazolyl rings of the ligand
and three phenyl rings of triphenylphosphane are alter-
nately placed in order to minimize the steric repulsion.

www.eurjic.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2009, 3921–39343926

Interestingly, the Cu–P bond lengths of the related com-
plexes [Cu(L1��)(PPh3)](ClO4) [2.174(2) Å],[20] [Cu(L0��)-
(PPh3)](ClO4) (2.171 Å),[16] N4-type complex 8 [2.171(2) Å],
and the N3-type complex [Cu(L1�)(PPh3)](ClO4)
[2.166(6) Å] are almost the same.[20] As was also the case
for complexes 1 and 2, the Cu–N(tertiary nitrogen) bond
lengths in complex 8 [2.313(7) Å for Cu1 and 2.364(7) Å for
Cu2] are longer than those for [Cu(tpa)(PPh3)](PF6)
[2.248(6) Å][23] and [Cu(bqpa)(PPh3)](ClO4) [2.19(2) Å],[28]

which have the same N3P-type ligand environment, thus
indicating weaker interactions of the tertiary amine nitro-
gens with the copper(I) center in 8.

Properties of Copper(II) Complexes

IR Spectra

No new characteristic bands are observed for the
chlorido complexes in the 600–1800 cm–1 region, therefore
the stretching vibrations of complexes 1 and 2 are almost
identical to those of the corresponding ligands.

The assignments of stretching vibrations in the nitrato
complexes 3 and 4 are based on those of previously re-
ported nitrato complexes.[41–44,46] Thus, the coordinated ni-
trate ion shows three N–O stretching bands in the 1000–
1500 cm–1 region, whereas the nitrate counterion is respon-
sible for the broad peak at 1385 cm–1. As the N–O bond
lengths in the literature compounds are almost identical to
those in complexes 3 and 4, the N–O stretching bands
should be observed at very similar frequencies. In general,
the energy separation between the two highest-frequency
N–O stretching bands for monodentate coordination is
smaller than that for bidentate coordination if the com-
plexes have a similar coordination mode.[46] Indeed, the ν5–
ν1 values for monodentate nitrato complexes in an N4O-
type (179 cm–1 for 3, 197 cm–1 for 4), N3O2-type {184 cm–1

for [Cu(L1�)(η1-ONO2)2]}, and N2O2-type ligand environ-
ment {231 cm–1 for [Cu(L1��)(η1-ONO2)2]} are smaller than
those for a symmetric bidentate nitrato complex in an
N3O2-type ligand environment {282 cm–1 for [Cu(L2�)(η2-
O2NO)](ClO4)}.

S–O stretching bands are observed in the 600–1200 cm–1

region for sulfato complexes 5 and 6. Since the S–O bond
lengths are almost the same in complexes 5 and 6, the ν1,
ν3, and ν4 S–O stretching bands should be observed at al-
most the same frequency. In general, each ν3 and ν4 mode
splits into two bands in monodentate sulfato complexes,
whereas three bands are observed in bidentate ones as the
symmetry-lowering which results upon coordination is dif-
ferent for monodentate and bidentate complexes.[46] In fact,
bands ν3 and ν4 in 5 and 6 are split into two features
whereas bands ν3 and ν4 in [Cu(L1�)(η2-O2SO2)] split into
three separate bands, thereby reflecting the different coordi-
nation modes (monodentate and bidentate) in these com-
plexes.[45]

Far-IR Spectra

In this work, far-IR spectra were recorded as Nujol mulls
as all the synthesized copper(II) complexes changed color
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upon mixing with CsI. A comparison of L0N4 with L1N4
complexes 1–6 allowed the bands resulting from Cu–X
stretching vibrations (X = Cl for 1 and 2, O for 3–6) to be
identified at very similar positions as a result of the similar
bond lengths. The stretching bands were assigned by com-
parison to those of reported complexes.[20,41–46]

The coordinating chloride ion in complexes 1 and 2
shows a broad peak for ν(Cu–Cl) at 310 cm–1 for 1 and
309 cm–1 for 2. The Cu–Cl stretching bands of [Cu(L1��)-
Cl2] (315 cm–1)[20] and [Cu(L1�)Cl2] (295 cm–1)[42,43] are also
observed around 300 cm–1 because of the similar Cu–Cl
bond lengths with respect to 1 and 2. The coordinating ni-
trate ions in complexes 3 and 4 show peaks for ν(Cu–O) at
324 and 333 cm–1, respectively. The Cu–O stretching fre-
quencies of [Cu(L1��)(NO3)2] (323 cm–1)[41] and [Cu(L1�)-
(NO3)2] (327 cm–1)[42,43] are similar to those of 3 and 4 be-
cause the coordination modes of the nitrate ions are similar
in these four complexes (nearly asymmetric monodentate).
The coordinating sulfate ion in complexes 5 and 6 shows
peaks for ν2(S–O) and ν(Cu–O). The ν2(S–O) peaks are ob-
served at 449 and 433 cm–1 for 5 and 6, respectively, and
the ν(Cu–O) peaks are observed at 299 and 309 cm–1,
respectively. In [Cu(L1�)(SO4)],[45] however, these two peaks
[ν2(S–O) at 464 cm–1 and ν(Cu–O) at 322 cm–1] are ob-
served at higher frequency than for 5 and 6 because of the
different coordination mode of the sulfate ions (mono-
dentate and bidentate).

UV/Vis Spectra

The UV/Vis spectra of complexes 1–6 were recorded in
dichloromethane solution. In general, copper(II) complexes
containing tripodal tetradentate ligands can have a square-
pyramidal or a trigonal-bipyramidal coordination mode,
with the d–d absorption bands of those copper(II) com-
plexes with a square-pyramidal configuration being shifted
to higher energy than those with a trigonal-bipyramidal
configuration.[47]

The d–d transition bands in chlorido complexes 1 (τ =
0.27) and 2 (τ = 0.30) are observed at 858 and 847 nm,
respectively. This similarity in energy is due to the almost
identical coordination structure in these compounds. In ad-
dition, two ligand-to-metal charge transfer (LMCT) transi-
tion bands from chloride to the copper(II) ion are observed
around 350 and 280 nm in both complexes 1 and 2. It is
unclear why the absorption coefficients of 2 are higher than
those of 1 in the CT region. The d–d transition bands of
complexes 1 and 2 are observed at different energies to
those in other N2- and N3-type chlorido complexes such as
[Cu(L1�)Cl2] (756 nm, τ = 0.12) and [Cu(L1��)Cl2] (911 nm,
four-coordinate structure).[20,41,42] It seems likely that the
energy gap between the d orbitals in these complexes is dif-
ferent because of the different structural distortions. The d–
d transition bands in nitrato complexes 3 and 4 are found
at 756 and 748 nm, respectively. It is surprising that these
two bands are observed at similar wavelengths despite their
different coordination geometries (τ = 0.59 for 3 and 0.07
for 4). In addition, [Cu(L1��)(NO3)2] (741 nm, square
planar)[41] and [Cu(L1�)(NO3)2] (730 nm, τ = 0.26: square
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pyramidal)[42] also show d–d transition bands at similar
wavelengths to those for 3 and 4. These results appear to
show that the structure of 3 changes to nearly square py-
ramidal in solution. This is also supported by ESR spec-
troscopy (see below).

The LMCT transition bands from nitrate to the cop-
per(II) ion in 3 and 4 are observed at 312 and 302 nm,
respectively. The absorption coefficients of the LMCT
bands of the N4-type nitrato complexes 3 and 4 are weaker
than those of N2- and N3-type ones. This is attributed to
the fact that the N4-type complexes are coordinated by one
nitrate ion whereas N2- and N3-type complexes have two
coordinating nitrate ions.

The sulfato complexes 5 and 6 show similar spectral pat-
terns, with d–d transition bands at 709 and 720 nm, respec-
tively. This is consistent with their similar coordination geo-
metries (τ = 0.24 for 5 and 0.20 for 6). However, these ener-
gies are different from those of [Cu(L1�)(SO4)] (679 nm).[45]

This can be explained by the different binding modes of the
sulfate ion, which is monodentate in complexes 5 and 6 and
bidentate in [Cu(L1�)(SO4)]. The absorption bands in 5
(286 nm) and 6 (275 nm) corresponding to the LMCT tran-
sitions are observed at slightly different wavelengths. This
seems to be related to the different Cu–O51–S–O53 torsion
angles in 5 (10.7°) and 6 (27.2°). In addition, these LMCT
transition bands in complexes 5 and 6 are observed at
higher energy than that in [Cu(L1�)(SO4)] (294 nm), where
the sulfate ion is bidentate.

ESR Spectra

Since g� � g� � 2.0023 for all complexes 1–6, the un-
paired electron of the copper(II) ion resides in the dx2–y2

orbital in all cases.[48] In other words, the copper(II) ion has
a five-coordinate square-pyramidal geometry in solution, as
determined above from the UV/Vis spectra. A comparison
with other complexes shows that the ESR spectrum of
[Cu(L1��)Cl2], which has a distorted tetrahedral structure,
shows a rhombic signal.[20,43] In general, A� values for com-
plexes with a square-pyramidal or a trigonal-bipyramidal
structure are smaller than those of complexes with a square
planar geometry around the copper ion.[48] The A� values
of all the new complexes 1–6 are smaller than the A� value
of [Cu(L1��)(NO3)2], which has a square-planar structure.
The electronic absorption and ESR spectra therefore con-
firm that the coordination geometry of complex 3 deter-
mined by X-ray crystallography is not maintained in solu-
tion.

Properties of Copper(I) Complexes

IR and Far-IR Spectra

The IR and far-IR spectra of copper(I) complexes 7 and
8 were measured as KBr and CsI pellets, respectively. In the
case of 7, the ν(P–F) and δ(F–P–F) bands derived from the
PF6

– counterion are observed at 842 and 559 cm–1, respec-
tively. In addition, the ν(Cu–N) vibration of the coordinat-
ing pyrazolyl arms is observed at 292 cm–1.[20,46] In the tri-
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phenylphosphane complex 8, the ν(Cl–O) and δ(O–Cl–O)
bands derived from the ClO4

– counterion are observed at
1095 and 624 cm–1, respectively. Complex 8 also shows
strong bands at 531 and 499 cm–1, which were assigned to
Cu–P stretching and C–P–C bending vibrations.[20,49,50] Un-
fortunately, the ν(Cu–P) band could not be identified from
the spectra, probably because it is overlapped by absorp-
tions due to the pyrazolyl ring system.[20] The ν(Cu–N)
band for complex 8 is observed at 276 cm–1. These bands
are also observed in the other complexes.

NMR Spectra

The 1H and 13C NMR spectra of complexes 7 and 8 were
measured, and the appropriate signals for the protons and
carbon atoms of the tetradentate nitrogen-containing li-
gands were observed. As single crystals of 7 could not be
obtained, the coordination mode of L0N4 to copper(I) ion
was determined on the basis of the 1H NMR spectrum and
elemental analysis. The clear downfield shifts of the pyrazo-
lyl ring protons (see Figure 7) indicate that L0N4 coordi-
nates to the copper(I) ion in complex 7. In addition, no
peaks which can be assigned to protons from coordinated
acetonitrile are observed, therefore acetonitrile does not co-
ordinate to the copper(I) center. This coordination mode is
also supported by satisfactory elemental analysis of com-
plex 7. As can be seen from Table 5, complexes with bound
acetonitrile ligands tend to form when the N4-type ligand
has substituents adjacent to the copper(I) ion, as in
L0N4.[51]

Figure 7. 1H NMR spectra of L0N4 (top) and 7 (bottom).

Table 5. 1H NMR chemical shifts of coordinated acetonitrile li-
gands in copper(I) complexes.

δ(1H) [ppm] Ref.

[Cu(L0N4)](PF6) (7) this work
[Cu(tpa)(CH3CN)](PF6) 2.01 [23]

[Cu(tpa)(CH3CN)](ClO4) 2.00 [23]

[Cu(Me1tpa)](ClO4) [51]

[Cu(Me2tpa)](PF6) [51]

[Cu(Me3tpa)](BF4) [51]

[Cu(L1��)(CH3CN)](PF6) 2.31 [20]

[Cu(L1�)(CH3CN)](PF6) 2.34 [12]

[Cu(L1�)(CH3CN)](ClO4) 2.29 [12]
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The 31P NMR spectrum of the copper(I) triphenylphos-
phane complex 8 shows a single resonance for PPh3, as
shown in Figure 8. Table 6 lists the 31P NMR chemical
shifts for this and other related triphenylphosphane com-
plexes. All these signals appear downfield of free tri-
phenylphosphane, thereby indicating a decreased shielding
due to the presence of the metal, as expected for a σ-donor
ligand like phosphane. The 31P NMR chemical shift of
PPh3 in complex 8 is δ = 3.75 ppm. The related copper(I)
triphenylphosphane complexes [Cu(L1��)(PPh3)](ClO4) and
[Cu(L1��)(PPh3)](PF6) are trigonal planar with similar
structures, which is consistent with their almost identical
chemical shifts of δ = 12.11 and 12.20 ppm, respectively.[20]

Moreover, the chemical shift of PPh3 in [Cu(L1�)(PPh3)]-
(ClO4), which has a tetrahedral geometry, is δ =
13.79 ppm.[20] These chemical-shift differences between
[Cu(L1��)(PPh3)](ClO4) {or [Cu(L1��)(PPh3)](PF6)} and
[Cu(L1�)(PPh3)](ClO4) support the difference in Cu–P inter-
actions in these complexes. Thus, the somewhat larger
chemical shift for [Cu(L1�)(PPh3)](ClO4) indicates that
PPh3 is a stronger donor to the copper center in this com-
plex, which is consistent with the shorter Cu–P bond length
in this case (Table 6). Interestingly, the chemical shift of
complex 8 is much smaller despite the similar Cu–P bond
lengths in 8 and other complexes. It therefore seems that
the Cu–P bond length in the crystal structure of complex 8
is not maintained in solution at room temperature. In fact,
The 1H NMR spectrum of complex 8 in CD3CN solution
indicates that the protons of the three pyrazolyl arms of
L0N4 are equivalent despite one arm being uncoordinated
in the crystal structure (Figure 6). According to the litera-
ture, differences in signal width are due to the inherent in-
stability of the complexes in solution[13] and therefore corre-
late with the bond strength of the Cu–P bond in solu-
tion.[20,26,52,53] The half width of the signal in complex 8
(270.4 Hz) is similar to that of [Cu(L1�)(PPh3)](ClO4)
(323.5 Hz), which is probably due to the fact that these
compounds show similar N3P coordination modes around

Figure 8. 31P NMR spectra of copper(I) triphenylphosphane com-
plexes in the PPh3 resonance region. 31P chemical shifts are refer-
enced relative to an external standard of PPh3 (δ = 0 ppm, top).
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Table 6. 31P NMR chemical shifts of coordinated triphenylphosphane in copper(I) triphenylphosphane complexes.

δ(31P) [ppm] Cu–P [Å] Half width [Hz] Ref.

[Cu(L0N4)(PPh3)](ClO4) (8) 3.75 2.171(2) 270.4 this work
[Cu(L1��)(PPh3)](ClO4) 12.11 2.173(2) 31.5 [20]

[Cu(L1��)(PPh3)](PF6) 12.20 2.173(1) 30.5 [20]

[Cu(L1�)(PPh3)](ClO4) 13.79 2.160(4) 323.5 [20]

[Cu(L1)(PPh3)] 10.73 2.164(1) 1626.5 [20,52,53]

the copper(I) ion. It therefore appears that the stability of
the Cu–P bond in complex 8 is similar to that in
[Cu(L1�)(PPh3)](ClO4).

Reactivity of Copper(I) Complexes

The reactivity of 7 toward PPh3, CO, and O2 (Scheme 4)
was investigated and compared with that of [Cu(L1�)-
(CH3CN)](ClO4) (Scheme 5) and [{Cu(L1��)}2](ClO4)2

(Scheme 6).[12,20]

Scheme 4. Reactivity of copper(I) complexes containing L0N4.

Scheme 5. Reactivity of copper(I) complexes containing L1��
{*Cu(L1��) = [Cu2(L1��)2](ClO4)2 or [Cu(L1��)2](ClO4)}.[20]

Scheme 6. Reactivity of copper(I) complexes containing L1�.[20]

The treatment of 7 with one equivalent of PPh3 resulted
in rapid formation of the triphenylphosphane complex 8.
Since phosphanes are strong σ-donor ligands to copper(I),
a distorted four-coordinate copper(I) complex, with L0N4
acting as a tridentate ligand, is obtained. Unfortunately, it
was unclear from the far-IR spectrum whether PPh3 coordi-
nates or not, as discussed previously.[20] This problem was
solved by 31P NMR spectroscopy (Figure 8), which shows
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distinct 31P chemical shifts in complex 8 compared to free
PPh3. In addition, the reverse reaction was investigated for
comparison. As might be expected, the 31P and 1H NMR
spectra confirmed that complex 8 does not react back to
complex 7 upon stirring in acetonitrile for three days.

After treatment of complex 7 with CO, the solvent was
removed under reduced pressure and the IR spectrum of
the crude product measured. However, no ν(CO) band
could be observed near 2100 cm–1 in this case, in contrast
to other complexes containing L1��, L1�, and L1 ligands
(see Table S1 in the Supporting Information). An additional
IR spectrum was therefore measured in situ to investigate
possible CO desorption under vacuum. This spectrum
showed very weak ν(CO) bands at 2074 and 2100 cm–1 in-
dicative of carbonyl complexes (see Figure S5 in the Sup-
porting Information).[31] These results indicate that complex
7 is poorly reactive towards CO and that the resulting car-
bonyl complex cannot be isolated (Scheme 4).

Replacement of argon gas by oxygen and stirring the
solution for a few hours at –78 °C produced no color
change. However, the color of this solution changed grad-
ually from colorless to deep green upon warming to room
temperature. After stirring for one day, the UV/Vis and
ESR spectra were measured. As shown in Figure S6 (Sup-
porting Information), the UV/Vis spectra show a shoulder
assignable to a LMCT transition from hydroxide to the
copper(II) ion at 311 nm, which is a characteristic absorp-
tion band of hydroxocopper(II) complexes.[54] In addition,
the d–d transition is observed at 687 nm, which is typical
for five-coordinate binuclear copper(II) complexes (see
Table S2 in the Supporting Information). The ESR spectra
of this solution are nearly ESR-silent because of highly
antiferromagnetic coupling between two copper(II) ions.
On the basis of these data, it seems that a binuclear bis(µ-
hydroxo)copper(II) complex is mainly produced by the re-
action of complex 7 with O2 (see Figure S7 in the Support-
ing Information). Unfortunately, no oxygenated intermedi-
ate could be isolated (Scheme 4).

In the case of L0N4, unlike L1��, L1�, tpa, and so on,
the copper(I) complex 7 hardly reacts with CO, although it
reacts almost completely with PPh3. This poor reactivity
toward to CO also explains the fact that acetonitrile does
not coordinate to the copper(I) ion in complex 7. In ad-
dition, although complex 7 reacts with O2, no stable cop-
per–oxygen complexes are observed even at low tempera-
ture, as is also the case for L1��. One possibility to explain
this oxygen reactivity is that copper–oxygen intermediates
with L0N4 are too unstable and decomposition of this spe-
cies to yield copper(II) complexes is always faster than its
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generation.[20] Considering these results, the related unsub-
stituted pyrazolyl ligand LnN4 was synthesized to increase
the reactivity and investigate the reactivity of its copper(I)
complex toward O2. In fact, high reactivities of copper(I)
complexes containing unsubstituted N4-type ligands (tpa
etc.) with small molecules have been reported.[22,23] A
dichloromethane solution containing both LnN4 and
[Cu(CH3CN)4](PF6) was treated with O2 at around –50 °C.
Unlike the case of L0N4, the color of this solution changed
immediately from colorless to deep blue, thus indicating
that a copper–oxygen intermediate had formed. We are cur-
rently trying to determine the structure of this copper(II)
oxygen complex.

Conclusions

Novel copper(II) and copper(I) complexes containing the
neutral tripodal tetradentate nitrogen-containing ligands
L0N4 and L1N4 have been systematically synthesized and
characterized, and the reactivity of their copper(I) com-
plexes investigated. The structures, properties, and reactivit-
ies observed have been compared to the corresponding
complexes with the related neutral bidentate (L1��), triden-
tate (L1�), and other tetradentate ligands.

As regards the structures of the synthesized copper(II)
complexes, the coordination modes of the N4-type ligands
in the chloro complexes 1 and 2 are different from those in
complexes 3–6 in the sense that one pyrazolyl arm does not
coordinate. A different coordination geometry due to the
different methyl and isopropyl substituents of the pyrazolyl
moieties is observed in the nitrato complexes 3 and 4,
whereas this is not observed in the chlorido complexes 1
and 2 or the sulfato complexes 5 and 6. The UV/Vis and
ESR spectra suggest that the structure of complex 3 is close
to square pyramidal, in agreement with the other five com-
plexes 1, 2, and 4–6 in solution. In light of this observation,
and the fact that the colors of all the synthesized copper(II)
complexes change upon treatment with CsI, it seems likely
that the coordination abilities of L0N4 and L1N4 are some-
what lower due to the existence of tertiary amine nitrogen
atoms.

As for the synthesized copper(I) complexes, the structure
of the triphenylphosphane complex 8 was determined by
X-ray crystallography, while that of 7 was estimated from
spectroscopic and elemental analysis data, which confirm
the lack of a coordinated acetonitrile in complex 7. One
pyrazolyl arm of the L0N4 ligand in complex 8 remains
uncoordinated, similar to analogous complexes which have
already been reported. As is the case with the N2-type com-
plexes, the copper(I) ion lies in a trigonal plane consisting
of two pyrazolyl nitrogen atoms of L0N4 and one phospho-
rus atom of the PPh3 molecule. However, unlike in the N2-
type complexes, an interaction between the copper(I) ion
and a tertiary amine nitrogen atom of L0N4 is also ob-
served. The 1H and 31P NMR spectra suggest that the coor-
dination mode of complex 8 determined from the crystal
structure is not maintained in solution at room temperature.
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Finally, despite its bulkiness, PPh3 reacts with complex
7 while CO hardly reacts. This instability of the copper(I)
carbonyl complex containing an N4-type ligand differs
from the situation found for other N2- and N3-type ligands
as their carbonyl copper(I) complexes are very stable and
easy to synthesize.[20,52,53,55,56] The reaction of 7 with O2

does not produce any stable copper–oxygen complexes. The
systematic results discussed above indicate a special chemis-
try for copper complexes of N4 ligands, therefore these fin-
dings will be applied to the search for new biologically in-
spired oxidation catalysts.[57]

Experimental Section
Materials: Preparation and handling of all complexes was per-
formed under argon by employing standard Schlenk tube tech-
niques or in a VAC inert atmosphere glovebox containing argon.
Dichloromethane and acetonitrile were carefully purified by re-
fluxing and distilling under argon over phosphorus pentoxide and
over calcium hydride, respectively. Heptane was carefully purified
by refluxing/distilling under argon over sodium benzophenone
ketyl.[58] Methanol, ethanol, 2-propanol, acetone, chloroform, and
octane were spectroscopic grade and were used after bubbling with
argon. Anhydrous solvents and [Cu(CH3CN)4](PF6) were pur-
chased from Aldrich Chemical Company, Inc. and stored in a glove
box. Copper(I) chloride was purified according to a published
method.[53] Pyrazole and 3,5-dimethylpyrazole were purchased
from Aldrich Chemical Company, Inc. and Tokyo Kasei Kogyo
Co., Ltd., respectively and were used without further purification.
Deuterated solvents for NMR measurements were obtained from
Cambridge Isotope Laboratories, Inc. Other reagents were pur-
chased from Wako Pure Chemical Ind. Ltd. and used without fur-
ther purification. [Cu(CH3CN)4](ClO4),[59] 3,5-diisopropylpyr-
azole,[53] and tris(pyrazol-1-ylmethyl)amine[39] were synthesized ac-
cording to published methods. The reported copper(I) complexes
[Cu{HC(3,5-iPr2pz)3}(PPh3)](ClO4) [{Cu(L1�)(PPh3)}(ClO4)],[20]

[Cu{HC(3,5-iPr2pz)3}(CO)](PF6) [{Cu(L1�)(CO)}(PF6)],[12] [Cu-
{H2C(3,5-iPr2pz)2}]2(ClO4)2 [{Cu(L1��)}2(ClO4)2],[20] and [Cu-
{H2C(3,5-iPr2pz)2}(PPh3)](ClO4) [{Cu(L1��)(PPh3)}(ClO4)][20] were
prepared by published methods.

Caution! Perchlorate salts are potentially explosive and should be
handled with care.

Measurements: IR and far-IR spectra were recorded as KBr pellets
in the 4000–400 cm–1 region or in Nujol in the 650–150 cm–1 re-
gion, respectively, using a JASCO FT/IR-550 spectrophotometer.
For in situ IR spectroscopy, the sample solution was stirred in a
Schlenk tube, purged with carbon monoxide for a few minutes, and
then stirred for one day at room temperature. This solution was
then transferred to a Spectralys Specac KBr plate solution IR cell.
1H (600 MHz), 13C (150 MHz), and 31P NMR (242 MHz) spectra
were recorded with a Bruker AVANCE-600 NMR spectrometer at
room temperature (296 K) unless stated otherwise. 1H NMR
(270 MHz) spectra were recorded with a JEOL EX-270 NMR spec-
trometer at room temperature (296 K) unless stated otherwise. 1H
and 13C chemical shifts are reported as δ values downfield from the
internal standard tetramethylsilane and the residual solvent peak.
31P chemical shifts are referenced relative to an external standard
of PPh3 (δ = 0 ppm). ESR spectra were recorded with a Bruker
EMXT ESR spectrometer as frozen solutions at around 123 K in
quartz tubes (diameter 5 mm) using the liquid-nitrogen tempera-
ture controller BVT 3000. UV/Vis absorption spectra at room tem-
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perature in the 240–1840 nm region were recorded with a JASCO
V-570 spectrophotometer. Elemental analyses (C, H, N) were per-
formed at the Department of Chemistry of the University of Tsu-
kuba.

Ligand Preparation

Tris(3,5-dimethylpyrazol-1-ylmethyl)amine (L0N4): L0N4 and a
precursor of L0N4 [1-(hydroxymethyl)-3,5-dimethyl-1-pyrazole]
were prepared by a modification of the reported methods.[38,60]

Thus, a 37% solution of formalin (3.0 mL, 39 mmol) in water
(20 mL) was added to a solution of 3,5-dimethyl-1-pyrazole (3.27 g,
34 mmol) in 1:2 water/ethanol (30 mL). After stirring for 2 d at
room temperature, the mixture was extracted with three 25-mL por-
tions of chloroform and the organic solvent removed under reduced
pressure. Crystallization from dichloromethane/toluene (1:3)
yielded colorless crystals (2.71 g, 63% yield). 1H NMR (CDCl3,
270 MHz): δ = 2.19 (s, 3 H, CH3), 2.34 (s, 3 H, CH3), 5.40 (d, J =
5 Hz, 2 H, CH2), 5.83 [s, 1 H, 4-H(pz)], 7.64 (br., 1 H, OH) ppm.
FT-IR (KBr): ν̃ = 3152 (s), 2118 (m), 1555 (s), 1462 (m), 1395 (m),
1308 (s), 1261 (w), 1227 (s), 1165 (m), 1068 (s), 1038 (m), 1007 (m),
985 (m), 806 (s), 759 (m), 705 (s), 634 (m), 472 (s), 448 (s), 407 (s)
cm–1.

1-(Hydroxymethyl)-3,5-dimethyl-1-pyrazole (1.89 g, 15 mmol) and
ammonium acetate (0.39 g, 5.1 mmol) were stirred for one day at
room temperature in acetonitrile (30 mL). The organic solvent was
then removed under reduced pressure to give a colorless oil. Slow
crystallization from methanol/water (1:1) gave colorless crystals
(1.27 g, 74% yield). C18H27N7 (341.15): calcd. C 63.32, H 7.97, N
28.71; found C 63.31, H 8.08, N 28.79. 1H NMR (CDCl3,
600 MHz): δ = 1.83 (s, 9 H, CH3), 2.19 (s, 9 H, CH3), 4.97 (s, 6 H,
CH2), 5.78 [s, 3 H, 4-H(pz)] ppm. 13C NMR (CDCl3, 150 MHz): δ
= 9.8 (CH3), 13.3 (CH3), 62.4 (CH2), 106.0 [4-C(pz)], 140.0 [3-
C(pz)], 147.5 [5-C(pz)] ppm. FT-IR (KBr): ν̃ = 2921 (s), 1553 (vs),
1465 (s), 1256 (s), 1199 (s), 1098 (s), 1030 (s), 974 (s), 862 (m), 787
(s), 707 (m), 628 (s), 460 (m), 430 (m), 414 (s) cm–1.

Tris(3,5-diisopropylpyrazol-1-ylmethyl)amine (L1N4): L1N4 and a
precursor of L1N4 [1-(hydroxymethyl)-3,5-diisopropyl-1-pyrazole]
were prepared in a similar manner to L0N4 and its precursor. Thus,
a 37% solution of formalin (2.0 mL, 26 mmol) in water (20 mL)
was added to a solution of 3,5-diisopropyl-1-pyrazole (3.99 g,
26 mmol) in 1:3 water/ethanol (40 mL). After stirring for 3 d in a
water bath at about 40 °C, the mixture was extracted with three 25-
mL portions of dichloromethane and the organic solvent removed
under reduced pressure. Further purification was not possible. 1H
NMR (CDCl3, 270 MHz): δ = 1.12 [d, J = 6.9 Hz, 6 H,
CH(CH3)2], 1.22 [d, J = 6.8 Hz, 6 H, CH(CH3)2], 2.82 [sept, J =
6.9 Hz, 1 H, CH(CH3)2], 3.02 [sept, J = 6.8 Hz, 1 H, CH(CH3)2],
5.40 (s, 2 H, CH2), 5.80 [s, 1 H, 4-H(pz)], 7.26 (br., 1 H, OH) ppm.
FT-IR (KBr): ν̃ = 3183 (s), 2964 (s), 1545 (m), 1466 (m), 1398 (w),
1365 (w), 1289 (m), 1261 (s), 1179 (m), 1063 (s), 794 (vs), 723 (w)
cm–1.

Acetonitrile (40 mL) was added to a mixture of 1-(hydroxymethyl)-
3,5-diisopropyl-1-pyrazole (2.73 g, 15 mmol) and ammonium ace-
tate (0.39 g, 5.1 mmol) and the solution stirred for 2 d at about
50 °C. The solvent was then removed under reduced pressure to
yield a white oil. Crystallization from a slowly cooled dichloro-
methane/acetonitrile (1:10) solution gave colorless crystals (2.11 g,
83% yield). C30H51N7 (509.77): calcd. C 70.68, H 10.08, N 19.23;
found C 70.56, H 10.22, N 19.15. 1H NMR (CDCl3, 600 MHz): δ
= 0.96 [d, J = 6.8 Hz, 18 H, CH(CH3)2], 1.23 [d, J = 6.9 Hz, 18 H,
CH(CH3)2], 2.22 [sept, J = 6.8 Hz, 3 H, CH(CH3)2], 2.91 [sept, J
= 6.9 Hz, 3 H, CH(CH3)2], 5.03 (s, 6 H, CH2), 5.84 [s, 3 H, 4-
H(pz)] ppm. 13C NMR (CDCl3, 150 MHz): δ = 22.7 [CH(CH3)2],
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22.8 [CH(CH3)2], 24.3 [CH(CH3)2], 27.8 [CH(CH3)2], 62.5 (CH2),
99.1 [4-C(pz)], 150.9 [3-C(pz)], 158.2 [5-C(pz)] ppm. FT-IR (KBr):
ν̃ = 2963 (s), 1546 (s), 1458 (s), 1381 (s), 1297 (s), 1261 (vs), 1249
(m), 1180 (m), 1124 (s), 1063 (s), 996 (m), 963 (m), 867 (w), 835
(m), 801 (s) cm–1.

Complex Preparation

[CuII(L0N4)Cl2] (1): A solution of L0N4 (0.170 g, 0.498 mmol) in
methanol (10 mL) was added to a solution of CuCl2·2H2O (0.085 g,
0.50 mmol) in the same solvent (5 mL). The color of the solution
gradually turned to light green. After stirring for 1 h, the solvent
was removed under reduced pressure. Crystallization from dichlo-
romethane/octane (1:3) at –30 °C gave 1·0.4CH2Cl2 as light green
crystals (0.114 g, 45% yield). C18.4H27.8Cl2.8CuN7 (509.88): calcd.
C 43.34, H 5.50, N 19.23; found C 43.00, H 5.82, N 19.47. FT-IR
(KBr): ν̃ = 2971 (w), 1629 (m), 1555 (s), 1493 (w), 1469 (m), 1421
(w), 1400 (w), 1315 (m), 1278 (m), 1055 (w), 1040 (m), 986 (s), 873
(m), 825 (w), 789 (s) cm–1. Far-IR (Nujol): ν̃ = 564 (w), 526 (w),
504 (w), 439 (w), 374 (m), 332 (m), 351 (w), 310 (m), 295 (s), 288
(s), 278 (m), 245 (m), 176 (w) cm–1. UV/Vis (dichloromethane): λ (ε)
= 858 nm (270 –1 cm–1), 356 (1510), 279 (4290). ESR (methanol/
ethanol = 9:1, 123 K): g� = 2.30 (A� = 136 G); g� = 2.07.

[CuII(L1N4)Cl2] (2): This complex was synthesized in the same
manner as 2 using CuCl2·2H2O (0.068 g, 0.40 mmol) in methanol
(5 mL) and L1N4 (0.201 g, 0.394 mmol) in methanol (10 mL).
Crystallization from chloroform/heptane (1:4) at –50 °C gave light
green crystals (0.071 g, 28 % yield). C30H51Cl2CuN7 (644.22): calcd.
C 55.93, H 7.98, N 15.22; found C 55.73, H 7.99, N 15.14. FT-IR
(KBr): ν̃ = 2966 (s), 2930 (w), 2871 (w), 1633 (w), 1547 (s), 1469
(m), 1410 (m), 1384 (m), 1367 (w), 1317 (w), 1273 (m), 1261 (m),
1183 (m), 1086 (m), 1062 (s), 1023 (m), 800 (vs) cm–1. Far-IR (Nu-
jol): ν̃ = 577 (w), 547 (w), 513 (w), 472 (w), 456 (w), 396 (w), 309 (s),
246 (m), 227 (w) cm–1. UV/Vis (dichloromethane): λ (ε) = 847 nm
(270 –1 cm–1), 354 (1840), 280 (5120). ESR (methanol/ethanol =
9:1, 123 K): g� = 2.29 (A� = 141 G); g� = 2.07.

[CuII(L0N4)(NO3)](NO3) (3): A solution of L0N4 (0.171 g,
0.500 mmol) in methanol (10 mL) was added to a solution of
Cu(NO3)2·3H2O (0.121 g, 0.501 mmol) in methanol (7 mL). The
color of the solution gradually turned to bluish green. After stirring
for 1 h, the solution was concentrated under reduced pressure.
Crystallization from methanol at –30 °C gave green crystals
(0.190 g, 72% yield). C18H27CuN9O6 (529.01): calcd. C 40.87, H
5.14, N 23.8; found C 40.76, H 5.00, N 23.67. FT-IR (KBr): ν̃ =
3437 (m), 3131 (w), 2991 (w), 1557 (s), 1495 (s), 1469 (s), 1385 (vs),
1359 (s), 1332 (m), 1290 (s), 1119 (w), 1058 (m), 1004 (m), 797 (w)
cm–1. Far-IR (Nujol): ν̃ = 625 (w), 594 (w), 558 (w), 541 (w), 500
(w), 438 (m), 356 (w), 324 (m), 301 (w), 245 (w) cm–1. UV/Vis
(dichloromethane): λ (ε) = 312 nm (1530 –1 cm–1), 756 (100). ESR
(methanol/ethanol = 9:1, 123 K): g� = 2.30 (A� = 140 G); g� = 2.08.

[CuII(L1N4)(NO3)](NO3) (4): This complex was synthesized in the
same manner as 3 using Cu(NO3)2·3H2O (0.123 g, 0.509 mmol) in
methanol (5 mL) and L1N4 (0.255 g, 0.500 mmol) in methanol
(15 mL). Crystallization from methanol/2-propanol (1:3) at –30 °C
gave bluish green crystals (0.125 g, 36% yield). C30H51CuN9O6

(697.33): calcd. C 51.67, H 7.37, N 18.08; found C 51.56, H 7.27,
N 17.78. FT-IR (KBr): ν̃ = 3443 (m), 2967 (s), 2933 (w), 2871 (w),
1548 (m), 1498 (m), 1473 (m), 1384 (vs), 1276 (m), 1188 (w), 1061
(w), 1000 (w), 800 (w) cm–1. Far-IR (Nujol): ν̃ = 612 (s), 578 (w),
522 (w), 493 (w), 472 (w), 432 (w), 395 (w), 333 (m), 306 (w), 257
(m) cm–1. UV/Vis (dichloromethane): λ (ε) = 302 nm
(1580 –1 cm–1), 748 (130). ESR (methanol/ethanol = 9:1, 123 K):
g� = 2.29 (A� = 132 G); g� = 2.08.
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[CuII(L0N4)(SO4)] (5): A solution of L0N4 (0.171 g, 0.501 mmol)
in methanol (10 mL) was added to a solution of CuSO4·5H2O
(0.124 g, 0.497 mmol) in methanol (5 mL). The color of the solu-
tion gradually turned to deep blue. After stirring for 1 h, the solu-
tion was concentrated under reduced pressure. Crystallization from
methanol/ethanol (1:3) at –30 °C gave 5·H2O as blue crystals
(0.104 g, 40% yield). C18H29CuN7O5S (519.08): calcd. C 41.65, H
5.63, N 18.89; found C 41.84, H 5.59, N 19.13. FT-IR (KBr): ν̃ =
3434 (s), 3127 (w), 2922 (m), 1556 (s), 1468 (m), 1422 (m), 1397
(m), 1314 (w), 1280 (m), 1209 (s), 1141 (vs), 1039 (s), 957 (s), 930
(m), 884 (w), 785 (w), 651 (m) cm–1. Far-IR (Nujol): ν̃ = 600 (w),
507 (m), 471 (w), 449 (m), 364 (w), 333 (m), 299 (s), 253 (w), 245
(w), 206 (w) cm–1. UV/Vis (dichloromethane): λ (ε) = 286 nm
(4650 –1 cm–1), 699 (90). ESR (methanol/ethanol = 9:1, 123 K): g�

= 2.30 (A� = 141 G); g� = 2.08.

[CuII(L1N4)(SO4)] (6): This complex was synthesized in the same
manner as 5 using CuSO4·5H2O (0.125 g, 0.501 mmol) in methanol
(5 mL) and L1N4 (0.255 g, 0.500 mmol) in methanol (10 mL).
Crystallization from methanol at –50 °C gave 6·0.75H2O as blue
crystals (0.134 g, 39% yield). C30H52.5CuN7O4.75S (682.89): calcd.
C 52.76, H 7.75, N 14.36; found C 52.62, H 7.47, N 14.34. FT-IR
(KBr): ν̃ = 3433 (m), 3192 (w), 2966 (s), 2871 (w), 1547 (m), 1472
(m), 1384 (w), 1368 (w), 1263 (m), 1183 (m), 1117 (vs), 1029 (s),
970 (w), 798 (s), 661 (m), 620 (m) cm–1. Far-IR (Nujol): ν̃ = 583
(m), 522 (w), 495 (m), 480.2 (m), 433 (w), 393 (w), 311 (s), 278 (m),
253 (m), 196 (w) cm–1. UV/Vis (dichloromethane): λ (ε) = 703 nm
(140 –1 cm–1), 275 (4260). ESR (methanol/ethanol = 9:1, 123 K):
g� = 2.33 (A� = 126 G); g� = 2.07.

[CuI(L0N4)](PF6) (7): A solution of L0N4 (0.153 g, 0.448 mmol) in
methanol (10 mL) was added to a solution of [Cu(CH3CN)4](PF6)
(0.168 g, 0.451 mmol) in methanol (20 mL). After stirring for 2 h,
the suspension was filtered and the resulting white solid washed
with methanol (20 mL) and dichloromethane (20 mL). After drying
under reduced pressure, 7·0.2CH2Cl2 was obtained as a white pow-
der (0.208 g, 82% yield). C18.2H27.4Cl0.4CuF6N7P (566.95): calcd.

Table 7. Crystallographic data for L0N4, L1N4, and complexes 1 and 2.

Compound L0N4·7H2O L1N4 1·2CH2Cl2 2·CHCl3

Formula C18H35N7O7 C30H51N7 C20H31Cl6CuN7 C33H54Cl11CuN7

F.W. 461.52 509.78 645.78 1002.37
Crystal system triclinic triclinic triclinic monoclinic
Space group P1̄ (No. 2) P1̄ (No. 2) P1̄ (No. 2) P21/n (No. 14)
a [Å] 10.9826(4) 9.6471(2) 8.5775(2) 15.4577(5)
b [Å] 10.9868(2) 9.8740(4) 13.2652(2) 22.3605(5)
c [Å] 11.0067(2) 16.4202(5) 13.2749(4) 15.5845(5)
α [°] 79.610(8) 83.100(4) 85.477(5) 90
β [°] 79.621(8) 79.058(4) 82.995(4) 113.9590(4)
γ [°] 79.782(8) 86.874(5) 76.929(4) 90
V [Å3] 1270.46(6) 1523.75(8) 1458.28(6) 4922.5(2)
Z 2 2 2 4
Dcalc [g cm–3] 1.206 1.111 1.471 1.352
µ(Mo-Kα) [cm–1] 0.934 0.675 13.206 10.708
Temp. [°C] –80 –80 –90 –90
Reflections collected 10316 12258 11926 38486
Rint 0.020 0.022 0.018 0.034
Unique reflections 5652 6746 6602 11167
Number of observations 4188 4350 5755 6772
[I � 3.0σ(I)]
Number of variables 324 385 338 523
Final R (Rw)[a] 0.0736 (0.1068) 0.0760 (0.1065) 0.0452 (0.0688) 0.0590 (0.0766)
GOF 1.707 1.613 1.250 1.149
Max./min. peak [e/Å3] 0.80/–0.39 0.36/–0.35 1.40/–1.09 0.92/–0.65

[a] R = ∑||Fo| – |Fc||/∑|Fo|; Rw = [(|Fo| – |Fc|)2/∑wFo
2]1/2, w = 1/σ2(|Fo|).
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C 38.56, H 4.87, N 17.29; found C 38.55, H 4.88, N 17.33. FT-IR
(KBr): ν̃ = 3430 (w), 2981 (w), 2927 (w), 1635 (w), 1557 (s), 1465
(m), 1428 (m), 1389 (m), 1308 (m), 1247 (m), 1196 (w), 1108 (m),
1094 (m), 1045 (m), 842 (vs), 713 (m), 557 (s) cm–1. Far-IR (CsI):
ν̃ = 558 (s), 535 (m), 504 (m), 494 (w), 472 (m), 415 (w), 374 (w),
340 (w), 292 (m), 212 (m) cm–1. 1H NMR (CD3CN, 600 MHz): δ
= 2.09 (s, 9 H, CH3), 2.24 (s, 9 H, CH3), 4.95 [s, 3 H, 4-H(pz)],
5.99 (s, 6 H, H2C) ppm. 13C NMR (CD3CN, 150 MHz): δ = 10.5
(CH3), 13.3 (CH3), 61.6 (CH2), 107.0 [4-C(pz)], 141.6 [3-C(pz)],
149.3 [5-C(pz)] ppm.

[CuI(L0N4)(PPh3)](ClO4) (8): A solution of PPh3 (0.057 g,
0.217 mmol) in dichloromethane (15 mL) was added to solid 7
(0.120 g, 0.218 mmol). After stirring for 3 h, NaClO4·H2O (0.027 g,
0.192 mmol) dissolved in acetone (5 mL) was added to the solution.
After stirring for 3 h, the solution was dried under reduced pressure
and the complex extracted with dichloromethane (20 mL). The
solution was filtered and the filtrate concentrated under reduced
pressure. Crystallization from dichloromethane/hexane (1:3) at
–50 °C gave 8·0.3CH2Cl2 as colorless crystals (0.074 g, 43 % yield).
C36.3H42.6Cl1.6CuN7O4P (792.22): calcd. C 55.03, H 5.42, N 12.38;
found C 55.12, H 5.66, N 12.15. FT-IR (KBr): ν̃ = 3458 (m), 2954
(w), 2919 (w), 1558 (m), 1464 (w), 1435 (m), 1393 (w), 1331 (m),
1259 (w), 1237 (w), 1095 (vs), 747 (s), 696 (s), 622 (m), 530 (m)
cm–1. Far-IR (CsI): ν̃ = 623 (s), 531 (s), 499 (s), 472 (w), 445 (m),
395 (w), 378 (m), 344 (w), 332 (w), 318 (w), 276 (m), 203 (m), 194
(m) cm–1. 1H NMR (CD3CN, 600 MHz): δ = 2.14 (s, 9 H, CH3),
2.19 (s, 9 H, CH3), 4.82 [s, 3 H, 4-H(pz)], 6.01 (s, 6 H, H2C), 7.34–
7.63 (m, 15 H, PPh3) ppm. 13C NMR (CD3CN, 150 MHz): δ =
10.9 (CH3), 13.9 (CH3), 62.0 (CH2), 107.0 [4-C(pz)], 129.8 (PPh3),
131.1 (PPh3), 132.6 (PPh3), 132.8 (PPh3), 133.6 (PPh3), 133.7
(PPh3), 142.3 [3-C(pz)], 149.7 [5-C(pz)] ppm. 31P NMR (CDCl3,
242 MHz): δ = 2.75 (br. s, PPh3) ppm.

Reaction of 7 with CO: Complex 7 was dissolved in dichlorometh-
ane in a Schlenk tube and cooled to –78 °C under argon. The argon
was then replaced with carbon monoxide and the solution warmed
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Table 8. Crystallographic data for complexes 3–6 and 8.

Compound 3 4·EtOH 5·2EtOH·0.5MeOH 6·7MeOH 8·CH2Cl2·MeOH

Formula C18H27CuN9O6 C32H57CuN9O7 C22.5H41CuN7O6.5S C37H79CuN7O11S C38H48Cl3CuN7O5P
F.W. 529.01 743.40 609.22 893.68 883.72
Crystal system monoclinic triclinic monoclinic monoclinic triclinic
Space group C2/c (No. 15) P1̄ (No. 2) P21/n (No. 14) P21/c (No. 14) P1̄ (No. 2)
a [Å] 25.5478(17) 10.3651(4) 8.9916(11) 12.6999(11) 13.7987(4)
b [Å] 10.3909(4) 12.5039(5) 15.8436(15) 23.3385(11) 13.9118(4)
c [Å] 20.6190(13) 14.6314(5) 19.480(3) 17.1747(15) 22.5459(5)
α [°] 90 96.036(2) 90 90 96.4240(13)
β [°] 119.9450(5) 94.195(2) 94.820(2) 106.9800(11) 94.9740(13)
γ [°] 90 97.986(2) 90 90 96.3080(13)
V [Å3] 4742.9(5) 1860.06(12) 2765.3(6) 4868.6(6) 4253.28(20)
Z 8 2 4 4 4
Dcalc [g cm–3] 1.482 1.327 1.463 1.219 1.380
µ(Mo-Kα) [cm–1] 9.742 6.438 9.178 5.489 7.888
Temp. [°C] –90 –90 –90 –90 –89
Reflections collected 17733 15210 19861 32634 23580
Rint 0.029 0.017 0.054 0.041 0.067
Unique reflections 5337 8396 6137 10450 17807
Number of observations 4347 7532 5710 8166 10148
[I � 3.0σ(I)]
Number of variables 334 517 395 593 1067
Final R (Rw)[a] 0.0486 (0.0740) 0.0554 (0.0854) 0.0749 (0.0936) 0.0954 (0.1300) 0.0913 (0.1238)
GOF 1.357 1.599 6.785 1.980 1.582
Max./min. peak [e/Å3] 0.61/–0.46 0.85/–0.77 0.97/–1.09 1.19/–0.94 1.79/–0.78

[a] R = ∑||Fo| – |Fc||/∑|Fo|; Rw = [(|Fo| – |Fc|)2/∑wFo
2]1/2, w = 1/σ2(|Fo|).

to room temperature. After stirring for 24 h, an in situ IR spectrum
of this solution was recorded.

Complex 7 was dissolved in [D3]acetonitrile in a Schlenk tube and
cooled to –78 °C under argon. The argon was then replaced with
carbon monoxide and the solution warmed to room temperature.
After stirring for 24 h, the 1H NMR spectrum of this solution was
recorded.

Reaction of 7 with O2: Complex 7 was dissolved in dichloromethane
in a Schlenk tube and cooled to –78 °C under argon. The argon
was then replaced by dioxygen gas and stirred for a few hours. This
solution was warmed to room temperature. After stirring for a day,
the UV/Vis and ESR spectra of this solution were recorded.

X-ray Data Collection and Structural Determination: The diffrac-
tion data for ligands L0N4 and L1N4 and complexes 1–6 and 8
were collected on a Rigaku/MSC Mercury CCD system with
graphite-monochromated Mo-Kα (λ = 0.71069 Å) radiation at low
temperature (Tables 7 and 8). Each crystal was mounted on the tip
of a glass fiber in heavy viscous oil. The unit cell parameters of
each crystal were determined from six images using Rigaku Dae-
mon software and refined using CrystalClear.[61] Data were col-
lected using 0.5° intervals for 30 s/frame (L0N4, 1, 3, 4, 5), 40 s/
frame (L1N4, 2), 15 s/frame (6), or 64 s/frame (8) in φ and ω to a
maximum 2θ value of 55°. A total of 744 oscillation images were
collected. The highly redundant data sets were reduced using Crys-
talClear and corrected for Lorentz and polarization effects. An em-
pirical absorption correction was applied for each complex.[61–63]

The structures were solved by direct methods using the programs
SIR 92[64] and SIR 97.[65] The positions of the metal atoms and
their first coordination sphere were located from the E-map; other
non-hydrogen atoms were found in alternating difference Fourier
syntheses.[66] Least-squares refinement cycles on F were conducted
using CrystalStructure with anisotropic displacement parameters
for non-hydrogen atoms; hydrogen atoms were placed in calculated
positions.[62,63] Strong remaining peaks in complexes 1, 2, 5, 6, and
8 are due to the disordered solvents, whereas the peaks in 4 are due
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to the disordered nitrate ion. Two disordered MeOH molecules in
8 were refined isotropically. The high GOF value of 5 is also due
to the disordered solvents. A weighting scheme (according to Shel-
drick) was performed for all complexes except 5.

CCDC-620398 (for L1N4), 620399 (for L0N4), 699107 (for 1),
699108 (for 2), 620400 (for 4), 620401 (for 3), 620402 (for 6),
620403 (for 5), and 699106 (for 8) contain the crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Figures S1–S7: ORTEP drawings of L1N4, 2, 4, and
6, IR and UV/Vis spectra, and proposed structure of oxygenated
complex. Tables S1 and S2: IR and UV/Vis data.
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