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The syntheses of several novel copper-() and -() compounds containing triazacyclohexanes with one or three
2-pyridylmethyl substituents are described. The molecular structures of (2-PyMe)3TACCuCl2 3, [(2-PyMe)Et2-
TACCuCl2]2 4 and [(2-PyMe)3TACCuI](BF4) 5 have been determined by single crystal X-ray diffraction. The
reactivity of 5 and [(2-PyMe)Et2TACCu](BF4) 7 towards dioxygen was investigated and a very stable oxidation
product with a Cu4(OH)4 cubane core could be obtained in high yield simply by exposing 7 to the atmosphere.

Introduction
Copper complexes are widely used as oxidation catalysts not
only in laboratory research but also in industry.1 For example,
aerobic oxidation of 2,6-xylenol with copper() in the presence
of an N-donor ligand such as pyridine produces p-phenylene
oxide polymer which is widely used as an engineering thermo-
plastic with the commercial name PPO. Other important cases
include oxidation of ethylene to ethylene glycol, the Wacker
process in which copper is required as a most effective co-
catalyst, or the oxidative coupling of alkynes. Copper–dioxygen
complexes are suggested to play an important role in these
catalytic oxidation reactions, yet few such intermediates have
been characterised.

In recent decades, a major interest in copper chemistry has
been directed towards the study of copper-containing enzymes.
Several copper() compounds have been described as low
molecular weight model complexes for copper proteins involved
in the activation of dioxygen.2–5 Some ligands used in these
complexes are shown in Fig. 1. Treatment of a monomeric
copper() complex containing a tripodal tetradentate ligand,
[(TMPA)Cu(MeCN)]�, with dioxygen at �85 �C afforded a

thermally unstable trans-1,2-peroxo complex {[Cu(TMPA)]2-
(O2)}

2�, whose structure was determined by X-ray diffraction.6

However, changes in the ligand backbone can result in revers-
ible dioxygen binding, e.g. using the ligand Cyb.7 A common
feature in many of these ligands is the 2-pyridylmethylamine
motif.

During the last few years, we have been focusing on the
coordination chemistry of readily available triazacyclohexanes,
R3TAC (e.g. see Scheme 1), with transition metals.8–10 Previously
we have shown that copper() complexes of triazacyclohexanes
can be prepared by the treatment of anhydrous CuCl2 with
R3TAC. Recently, we have shown that these Cu() complexes
can oxidise excess Me3TAC to amidinium cations and that the
resulting Cu() compounds are readily re-oxidised to Cu() by
air 11 indicating that catalytic oxidation may be possible with
these complexes. Moreover, we reported that the highly oxygen-
sensitive copper() complexes obtained from the reaction of
[Cu(MeCN)4]

� and R3TAC could be stabilised by the addition
of PPh3 to yield the more air stable adducts, [(R3TAC)-
Cu(PPh3)](BF4), which were isolated and characterised by
X-ray crystallography.8 Generally, the bonding in κ3-complexes
of the triazacyclohexanes is weaker than in complexes of other

Fig. 1 Selected ligands used for the synthesis of copper–dioxygen complexes.D
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Scheme 1 Syntheses of pyridylmethyl-substituted ligands.

Scheme 2 Synthesis of the copper() complexes.

Fig. 2 ORTEP views of complexes 3 and 4. Ellipsoids are represented at the 50% probability level.

N3-ligands due to acute N–metal–N angles of about 60�. This
weakness may be compensated by the introduction of pyridyl
substituents into the triazacyclohexanes. Here we describe the
syntheses of suitable new triazacyclohexanes, containing one
or more 2-(aminomethyl)pyridine units as substituents, and
explore their coordination chemistry to copper-() and -().

Results and discussion
The pyridylmethyl substituted triazacyclohexanes, 1 and 2, can
be obtained according to Scheme 1. The isolation of 2 with
two different substituents was achieved by first preparing a
statistical mixture of triazacyclohexanes from PyMeNH2 and
EtNH2. A large excess of EtNH2 ensured that mostly Et3TAC
and some 2 was formed. The more volatile excess of Et3TAC
was removed under vaccum.

Synthesis of the copper(II) complexes

Treatment of anhydrous CuCl2 in dichloromethane with an
equimolar amount of ligand 1 forms a green solution (Scheme
2). After concentration of the solution by solvent removal,
crystals of 3, suitable for X-ray diffraction were obtained within
a few hours. The molecular structure of 3 is shown in Fig. 2,
and bonding of the pyridyl nitrogen atoms to copper occurs in
preference to using all three nitrogen atoms of the triazacyclo-
hexane. In particular, two pyridyl nitrogen atoms and one from
the triazacyclohexane ring coordinate to the metal (Cu–N

1.990(2), 2.020(2), 2.141(2) Å respectively), while the third
pyridine and the two other ring nitrogen atoms point away from
the metal. The whole molecule exhibits a slightly distorted
square-pyrimidal geometry (τ = 0.112 12) with one chlorine atom
completing the basal plane and the other in the apical position
(Cu–Cl 2.316(1) and 2.474(1) Å, respectively). The closely
related TMPA complexes [CuII(TMPA)(H2O)](ClO4)2 and
[CuII(Me3TMPA)Cl2] reported by Tanaka et al. have similar
bond lengths to those in 3 but have trigonal bipyramidal
(τ = 0.97) and intermediate geometries (τ = 0.53), respectively.13

In an attempt to increase the number of triazacyclohexane
nitrogen atoms binding to copper, preparation of a complex
analogous to 3 using the ligand 2 which contains only one
pyridyl substituent resulted in a green compound 4, [(2-PyMe)-
Et2TACCuCl2]2 (Scheme 2). The molecular structure of this
dinuclear complex is shown in Fig. 2 and selected bond lengths
and angles are given in Table 1. The lattice contains both
CH2Cl2 and EtNH2 – the latter being residual from the ligand
synthesis. No crystals could be grown in the absence of EtNH2.
Indeed, both 3 and 4 retained some CH2Cl2 even after pumping
for several hours resulting in slightly low values for the
elemental analyses. The coordination environment around the
copper atom is a distorted square pyramid (τ = 0.31) with two
chlorine atoms, one pyridyl nitrogen and one ring nitrogen
atom in the basal plane (Cu–Cl 2.248(16), 2.3034(15), and
Cu–N 2.024(5), 2.095(5) Å, respectively). In the absence of
additional pyridyl nitrogen atoms as in 3, the metal in 4 chooses
to bind a chlorine atom from a neighbouring complex (Cu–Cl
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Scheme 3 Synthesis of Cu() complexes and their oxidation by air.

2.6258(16) Å) in preference to employing further nitrogen
atoms of the triazacyclohexane and a chloride-bridged di-
nuclear complex is formed.

Synthesis of the Cu(I) complexes and their reaction with O2

Previous work 8 has shown that treatment of [Cu(MeCN)4]BF4

with substituted triazacyclohexanes leads to stable complexes
only when the strong donor PPh3 is added to give compounds
of the type [κ3-R3TACCu(PPh3)](BF4). NMR investigation of
an acetonitrile solution without added phosphine showed the
copper() complex existed only to a small extent. In order to
obtain complexes that would still react with O2, we investi-
gated the reaction with (2-PyMe)3TAC 3 containing the
weaker pyridyl pendant donor substituent instead of added
phosphine. Using completely degassed solvent, the reaction of

Table 1 Selected bond lengths [Å] and angles [�] in complexes 3 and 4

3 4

Cu–N(21) 1.9896(14) Cu–N(4) 2.024(5)
Cu–N(31) 2.0200(15) Cu–N(1) 2.095(5)
Cu–N(3) 2.1405(15) Cu–Cl(2) 2.2477(16)
Cu–Cl(2) 2.3164(5) Cu–Cl(1) 2.3034(15)
Cu–Cl(1) 2.4743(5) Cu–Cl(1)#1 2.6258(16)

N(21)–Cu–N(31) 163.66(6) N(4)–Cu–N(1) 81.3(2)
N(21)–Cu–N(3) 93.38(6) N(4)–Cu–Cl(2) 156.13(17)
N(31)–Cu–N(3) 80.24(6) N(1)–Cu–Cl(2) 92.42(14)
N(21)–Cu–Cl(2) 86.29(4) N(4)–Cu–Cl(1) 93.44(15)
N(31)–Cu–Cl(2) 93.75(4) N(1)–Cu–Cl(1) 174.77(14)
N(3)–Cu–Cl(2) 156.96(4) Cl(2)–Cu–Cl(1) 92.41(6)
N(21)–Cu–Cl(1) 99.30(5) Cl(2)–Cu–Cl(1)#1 107.33(6)
N(31)–Cu–Cl(1) 96.12(4) Cl(1)–Cu–Cl(1)#1 89.37(5)
N(3)–Cu–Cl(1) 93.56(4)   
Cl(2)–Cu–Cl(1) 109.24(2)   

#1 atom related to asymmetric unit by (�x � 2, �y, �z � 1) symmetry
operator.

[Cu(MeCN)4]BF4 with 1, in acetonitrile at room temperature,
gave the pale yellow product [(PyMe)3TACCu](BF4) 5 (Scheme
3). Despite stringent efforts, only poor quality single crystals
could be obtained by slow concentration of the reaction solu-
tion. However, the X-ray diffraction data were still adequate to
unambiguously determine the coordination geometry and con-
nectivity in 5. The complex forms a linear polymeric structure
as shown in Fig. 3. The copper() atom is tetrahedrally co-
ordinated by one triazacyclohexane ring and its pendant
pyridyl nitrogen from each of two different (2-PyMe)3TAC
ligands. Concomitantly, each ligand is coordinated to two
copper atoms leaving the third triazacyclohexane and associ-
ated pyridyl nitrogen atoms uncoordinated. Thus, only two
thirds of each ligand is used, while the remaining part is
directed away from the metal centers.

Of the many attempts to obtain better crystals of 5 one
attempt seemed initially successful. However, the crystal struc-
ture revealed that some 2-(aminomethyl)pyridine left from
the preparation of 3 resulted in a break-up of the polymeric
structure of 5 to give complex 6, [((PyMe)3TAC)(PyMeNH2)-
(MeCN)Cu]2(BF4)2, as shown in Fig. 3. There are two different
coordination environments for the metal. As in 5, each copper
is tetrahedrally coordinated by two pyridyl and two other nitro-
gen atoms and only two of the three 2-(aminomethyl)pyridine
units of (2-PyMe)3TAC chelate a copper atom. These two
copper atoms are coordinatively saturated by one acetonitrile
and pyridyl nitrogen atom from another ligand (Cu(1)) and by
the two nitrogen atoms of 2-Py–CH2NH2 (Cu(2)). Thus, the
crystal contains isolated tetranuclear units. The more accurate
crystal data for 6 show a similar trend in the bond lengths and
angles when compared to those estimated for 5 and hence can
serve as a good model. The pyridyl nitrogen atoms (1.92–
2.06 Å, see Table 2) are much closer to copper than the ring
nitrogen atoms (2.21–2.42 Å). The bond angles between the
nitrogen atoms of a 2-(aminomethyl)pyridine are necessarily
acute (79–83�) and bond angles between two pyridyl nitrogen
atoms are wide (126–157�). The severely distorted tetrahedral
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Table 2 Selected bond lengths [Å] and angles [�] in complexes 5 and 6

5 6

Cu(1)–N(31) 1.924(13) Cu(1)–N(4) 1.986(3)
Cu(1)–N(11) 1.988(12) Cu(1)–N(21) 2.000(3)
Cu(1)–N(1) 2.221(14) Cu(1)–N(31) 2.008(3)
Cu(1)–N(3)#1 2.406(14) Cu(1)–N(2) 2.291(3)
  Cu(2)–N(11) 1.938(3)
  Cu(2)–N(5) 2.033(3)
  Cu(2)–N(51) 2.064(3)
  Cu(2)–N(1) 2.344(3)

N(31)–Cu(1)–N(11) 157.8(6) N(4)–Cu(1)–N(21) 113.63(13)
N(31)–Cu(1)–N(1) 120.0(5) N(4)–Cu(1)–N(31) 109.30(13)
N(11)–Cu(1)–N(1) 79.8(5) N(21)–Cu(1)–N(31) 134.07(12)
N(31)–Cu(1)–N(3)#1 78.7(5) N(4)–Cu(1)–N(2) 105.16(12)
N(11)–Cu(1)–N(3)#1 98.9(5) N(21)–Cu(1)–N(2) 79.58(11)
N(1)–Cu(1)–N(3)#1 124.1(5) N(31)–Cu(1)–N(2) 104.47(11)
  N(11)–Cu(2)–N(5) 146.42(14)
  N(11)–Cu(2)–N(51) 125.57(13)
  N(5)–Cu(2)–N(51) 83.08(14)
  N(11)–Cu(2)–N(1) 81.13(11)
  N(5)–Cu(2)–N(1) 112.54(12)
  N(51)–Cu(2)–N(1) 101.74(11)

#1 atom related to asymmetric unit by (�x � 1/2, y � 1/2, �z) symmetry operator.

Fig. 3 ORTEP plots of complexes 5 and 6. Ellipsoids are represented at the 50% probability level. Labels for the carbon atoms in complex 5 are
omitted for clarity.

geometry around Cu(2) may be due to π-stacking interactions
between the nearly planar 2-(aminomethyl)pyridine–Cu units
of neighbouring molecules in the crystal.

The 1H and 13C NMR spectra of a CD3CN solution of 5
exhibit signals for a C3 symmetrical ligand indicating fast
exchange between bound and free 2-(aminomethyl)pyridines.
These signals are broadened and a little shifted relative to the
free ligand.

The reaction between complex 5 and O2 in dichloromethane
occurred very fast even at �70 �C. The colour of the solution
turned from pale yellow into deep violet quickly after exposure
to air. When the whole system was warmed to room temper-
ature, the violet solution gradually changed colour to green.
Thus the initial product of the reaction with dioxygen is ther-
mally unstable, and the structure has not as yet been identified.

Complex 7, a yellow solid, was prepared by mixing
[Cu(MeCN)4]BF4 and 2 in the absence of oxygen. NMR and
elemental analysis suggest a 1 : 1 complex, but we have not
yet obtained suitable single crystals for a diffraction study.
Exposure to air of an acetonitrile solution of complex 7 at
room temperature overnight resulted in a colour change from
pale yellow to deep green. Eventually, blue needle like crystals
suitable for X-ray crystallography grew from this solution.
These were identified as [((2-PyMe)Et2TAC)Cu(OH)]4(BF4)4, 8,
and the structure is shown in Fig. 4. Complex 8 contains a
Cu4(OH)4 cubane core with eight short Cu–O distances of

1.95(1) and four long ones of 2.31(1) Å (see Table 3). Each
copper has a coordination number of five in square pyramidal
geometry with the two nitrogen atoms of a triazacyclohexane
ring and its associated pyridyl substituent (Cu–NTAC 2.05(1)

Fig. 4 Structure of complex 8.
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Table 3 Selected bond lengths [Å] and angles [�] in complex 8

Cu(1)–O(2) 1.9412(14) Cu(2)–O(2) 1.9646(13)
Cu(1)–O(1)#1 1.9635(13) Cu(2)–N(41) 1.9874(18)
Cu(1)–N(11) 1.9881(17) Cu(2)–N(4) 2.0529(17)
Cu(1)–N(1) 2.0567(17) Cu(2)–O(2)#1 2.3032(13)
Cu(1)–O(1) 2.3254(13) O(1)–Cu(1)#1 1.9635(13)
Cu(2)–O(1) 1.9483(14) O(2)–Cu(2)#1 2.3032(13)

O(2)–Cu(1)–O(1)#1 86.89(6) O(1)–Cu(2)–O(2) 87.10(6)
O(2)–Cu(1)–N(11) 177.28(6) O(1)–Cu(2)–N(41) 177.71(6)
O(1)#1–Cu(1)–N(11) 95.34(6) O(2)–Cu(2)–N(41) 94.74(6)
O(2)–Cu(1)–N(1) 96.62(6) O(1)–Cu(2)–N(4) 97.14(6)
O(1)#1–Cu(1)–N(1) 171.49(6) O(2)–Cu(2)–N(4) 170.10(6)
N(11)–Cu(1)–N(1) 81.38(7) N(41)–Cu(2)–N(4) 81.25(7)
O(2)–Cu(1)–O(1) 77.80(5) O(1)–Cu(2)–O(2)#1 77.84(5)
O(1)#1–Cu(1)–O(1) 85.20(5) O(2)–Cu(2)–O(2)#1 85.54(5)
N(11)–Cu(1)–O(1) 100.80(6) N(41)–Cu(2)–O(2)#1 100.92(6)
N(1)–Cu(1)–O(1) 103.10(6) N(4)–Cu(2)–O(2)#1 104.07(6)

#1 atom related to asymmetric unit by (�x � 1/2, y, �z � 1/2) symmetry operator.

and Cu–Npy 1.99(1) Å) and two closely bound hydroxides in the
square plane and a third long hydroxide bridge in apical pos-
ition (τ = 0.11(2)). Although only one (aminomethyl)pyridine
of (PyMe)3TAC is used in the bonding to copper, the triaza-
cyclohexane is in the less stable all-equatorial conformation.
This is partly due to hydrogen bonding interactions between
one remaining ring nitrogen atom and a hydroxide bridge
(N � � � O 2.73(2) Å). The synthesis of this very stable complex
is reproducible and no decomposition of the crystals is
observed after several days. Polynuclear transition metal com-
pounds of this type have attracted much attention during the
last few years due to their magnetic properties 14 and a number
of similar complexes containing the Cu4O4 cubane core have
been investigated.15,16 Indeed, tetranuclear copper() complexes
provide one of the simplest cases of a three-dimensional
arrangement of metal ions, bridged through diamagnetic lig-
ands. They are not only interesting because of their magnetic
properties,17 but they also play a main role in catalysis, e.g. in
the hydrolysis of peptides and DNA.18 The properties of 8 are
currently being investigated.

Conclusions
Introduction of pyridyl substituents to triazacyclohexanes
leads to the coordination of the 2-(aminomethyl)pyridine unit
to copper-() and -() rather than κ3-complexes of the triaza-
cyclohexane even when only one pyridyl substituent is intro-
duced. This leaves some amino groups unused for coordination
and their ability to coordinate other metals is currently being
investigated. The copper() complexes are readily oxidised in
air and a Cu4(OH)4 cubane complex containing the unaltered
ligand was isolated in one instance.

Experimental

General procedures

All manipulations of air- and moisture-sensitive complexes
were carried out under an atmosphere of nitrogen or argon
using standard Schlenk-line or glovebox techniques. Solvents
were dried according to standard methods and collected by
distillation. 1H NMR and 13C NMR spectra were recorded
on Varian Mercury-400 or Bruker Avance-300 instruments.
Elemental analysis was conducted on an Exeter Analytical
Instruments CE-440 elemental analyser.

Synthesis of ligands 1 and 2

(2-PyMe)3TAC 1 and (2-PyMe)Et2TAC 2 were prepared in a
similar manner to other triazacyclohexanes.8 For the synthesis
of 1, equimolar amounts of 2-(aminomethyl)pyridine and

paraformaldehyde were stirred and heated in a mixture of
toluene and water (5 : 1) for half an hour, and the water was
co-distilled out completely by adding fresh toluene several
times. The remaining toluene was removed under vacuum,
giving 1 as a yellow oil in >90% yield.

For the synthesis of 2, a large excess of EtNH2 (molar ratio
EtNH2 : PyMeNH2 = 20 : 1) was used and the by-product
Et3TAC was removed by distillation under high vacuum to give
a 98% yield on a 5 g scale. Both 1 and 2 are yellow, viscous and
high boiling liquids. 1, 1H NMR(CDCl3, 300 MHz): δ 3.6 (s,
6H, ring-CH2, ∆ν1/2 = 6.4Hz), 3.85 (s, 6H, Py–CH2-ring), 7.05,
7.45, 7.55, 8.5 (t, 4 × 3H, Py). 13C NMR(CDCl3): δ 58.98
(Py–CH2-ring), 74.26 (ring-CH2), 122.34, 123.01, 136.78,
149.50, 159.21 (Py). 2,1H NMR(CDCl3, 300 MHz): δ 0.9 (t, 6H,
–CH3), 2.35 (t, 4H, –CH2–), 3.30 (s, broad, 6H, ring-CH2,
∆ν1/2 = 23.2 Hz), 3.63 (d, 2H, Py–CH2-ring), 6.95, 7.30, 7.40,
8.35 (t, 4 × 1H, Py). 13C NMR(CDCl3): δ 12.96 (–CH3), 46.82
(–CH2–), 59.00 (Py–CH2-ring), 74.21, 74.26 (ring-CH2), 122.21,
122.97, 136.65, 149.48, 159.27 (Py).

Synthesis of complexes 3 and 4

CuCl2 (0.78g, 5.8mmol) was suspended in 50 ml of dry CH2Cl2

and then 1 (2.09 g, 5.8 mmol) was added by syringe. Most of the
CuCl2 slowly dissolved. After 3 hours of stirring and another
2 hours of settling down, the deep green solution was decanted
and reduced to half the volume, then cooled down to 4 �C,
producing 0.61 g of crystals. Most of the solvent was removed
from the mother solution and additional product was precipi-
tated with excess hexane, washed with dry Et2O, and dried
in vacuo yielding a further 1.05 g of green 3 (58% yield in total).
Elemental analysis: calcd. for C21H24N6CuCl2�0.2CH2Cl2:
C 49.7, H 4.80, N 16.4; found C 49.9, H 4.91, N 16.3%.

Using the same method described for complex 3, 1.78 g
CuCl2 (13 mmol) and 3.09 g 2 (13 mmol) gave 2.6 g green
product 4 (53% yield). Elemental analysis: calcd. for C13H22-
N4CuCl2�0.3CH2Cl2: C 40.5, H 5.77, N 14.2; found C 40.2,
H 5.57, N 14.2%.

Synthesis of complexes 5 and 7

Copper() complexes are very sensitive to oxygen in solution.
All chemicals used during the synthesis were carefully degassed
by vacuum transfer and the reaction was performed under
vaccum.

0.43 g [Cu(MeCN)4]BF4 (1.37 mmol) and 0.49 g ligand 1
(1.37 mmol) were dissolved in 50 ml dry acetonitrile and stirred
overnight. The yellow solution was slowly concentrated to
20 ml under vacuum and single crystals of complex 5 were
obtained eventually. Removal of all the solvent and drying in
vacuo yielded 0.39 g (56% yield) of 5. Elemental analysis: calcd.
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Table 4 Crystal data, data collection and refinement parameters for 3, 4, 5, 6 and 8

Compound 3 4�2CH2Cl2�EtNH2 5 6�2MeCN 8�MeCN�H2O

Molecular formula C21H24Cl2CuN6 C30H55Cl8Cu2N9 C21H24BCuF4N6 C62H76B4Cu4F16N20 C54H97B4Cu4F16N17O5

M/g mol�1 494.90 952.51 510.81 1702.83 1665.89
Crystal colour Green Green Pale yellow Orange yellow Turquoise
Crystal size/mm 0.2 × 0.18 × 0.18 0.63 × 0.4 × 0.2 0.15 × 0.13 × 0.08 0.33 × 0.20 × 0.15 0.5 × 0.25 × 0.25
Crystal system Monoclinic Monoclinic Monoclinic Triclinic Monoclinic
Space group P21/n (no.14) P21/a (no.14) P21/a (no.14) P1̄ (no. 2) P2/n (no. 13)
a/Å 8.5610(1) 9.3710(2) 18.6920(16) 10.4440(3) 14.9710(2)
b/Å 15.7360(3) 23.2990(5) 10.6070(6) 12.3160(4) 14.4640(2)
c/Å 15.8740(2) 9.9180(2) 24.0520(18) 15.6130(5) 16.7010(2)
a/�    89.6680(17)  
β/� 90.0570(7) 101.7720(10) 111.354(3) 76.0910(18) 90.8570(10)
γ/�    73.2270(12)  
V/Å3 2138.48(5) 2119.90(8) 4441.3(6) 1862.08(10) 3616.04(8)
Z 4 2 8 1 2
Dc /g cm�3 1.537 1.492 1.528 1.519 1.530
µ(Mo-Kα)/mm�1 1.293 1.542 1.039 1.220 1.258
F(000) 1020 984 2096 868 1720
Collected data 31384 27101 13703 23629 45486
Unique data [I>2σ(I )] 4893 (R(int) = 0.059) 3732 (R(int) = 0.104) 7326 (R(int) = 0.2619) 6560 (R(int) = 0.071) 8281 (R(int) = 0.04)
Refined parameters 271 220 586 517 485
Min., max density/e Å�3 �0.511, 0.717 �1.782, 1.950 �0.549, 1.493 �0.934, 0.636 �0.661, 0.939
R1

b (I>2σI ) 0.0306 0.0818 0.1475 0.0515 0.0338
wR2

c (I>2σI) 0.0755 0.2091 0.3040 0.01366 0.0859
a Fc* = kFc[1 � 0.001Fc 2λ3/sin(2θ)]�1/4. b R1 = Σ| |Fo| � |Fc| |/Σ|Fo|. c wR2 ={Σ[w(Fo

2 � Fc2)2]/Σ[w(Fo
2)2]}1/2. 

for C21H24N6CuBF4: C 49.4, H 4.74, N 16.4; found C 49.5, H
4.79, N 16.5%. 1H NMR (CD3CN, 300 MHz): δ 3.50 (s, 6H,
ring-CH2, ∆ν1/2 = 26.1 Hz), 3.90 (s, 6H, Py–CH2-ring), 7.35,
7.45, 7.80, 8.60 (t, 4 × 3H, Py). 13C NMR(CD3CN): δ 57.41
(Py–CH2-ring), 73.23 (ring-CH2), 123.18, 123.91, 137.30,
148.75, 156.56 (Py). 11B NMR: δ 1.86 (s, BF4).

Complex 7 was prepared with 0.65 g Cu(MeCN)4BF4

(2.07 mmol) and 0.48 g ligand 2 (2.07 mmol) in 30 ml MeCN.
After the same treatment as described above and washing of
the solid with oxygen-free hexane twice in the glove box,
0.33 g yellow product 7 was obtained in total 42% yield. 1H
NMR (CD3CN, 300 MHz): δ 1.02 (t, 6H, –CH3), 2.42 (t, 4H,
–CH2), 3.50 (s, 6H, ring-CH2, ∆ν1/2 = 11.6Hz), 4.19 (s, 2H,
Py–CH2-ring), 7.35, 7.45, 7.90, 8.50 (t, 4 × 1H, Py). 13C
NMR(CD3CN): δ 11.48 (–CH3), 45.76 (–CH2–), 57.05
(Py–CH2-ring), 73.44, 73.52 (ring-CH2), 123.72, 137.84, 148.58,
156.80 (Py). Elemental analysis: calcd. for C13H22N4CuBF4: C
40.6, H 5.76, N 14.5; found C 40.4, H 5.52, N 14.8%.

Exposure of the acetonitrile solution of complex 7 (0.17 g,
3.99 mmol) to air at room temperature overnight resulted in a
colour change from pale yellow to deep green. The solution was
concentrated and turquoise–blue crystals of 8 grew gradually to
finally give 0.13 g of a solid (79% yield based on complex 7).
Elemental analysis: calcd. for C54H97N17B4F16O5Cu4: C 38.9,
H 5.87, N 14.3; found C 39.1, H 5.73, N 14.5%.

X-Ray crystal structure determinations

Intensity data were collected at 150 K on a Nonius Kappa CCD
equipped with a low temperature device, using graphite mono-
chromated Mo-Kα radiation (λ = 0.71070 Å) and processed
using the Nonius Software.19 Empirical absorption corrections
for 3 and 4 were applied using the SORTAV program for the
Nonius area detector. For structure solution and refinement the
programs SIR-97 20 and SHELXL97-2 21 were used while illus-
trations were generated using ORTEP-3.22 Crystal parameters
and details of the data collection, solution and refinement are
summarised in Table 4.

Notes on the refinement: 4 crystallises with two molecules of
CH2Cl2 and one molecule of EtNH2 in the asymmetric unit.
Bond lengths in the CH2Cl2 molecule were idealised and the
terminal methyl group in EtNH2 showed an unusually high
temperature factor, probably indicative of some disorder which
was not modelled. The EtNH2 was refined isotropically. Weak

data in 5 led to high R-values and C5 and C11 were refined
isotropically. The two independent molecules in the asym-
metrical unit form infinite one dimensional chains along the
b-axis. In 6 and 8 some of the BF4 anions exhibited disorder.
The co-crystallised CH3CN solvent molecule in the asymmetric
unit of 8 was found to be disordered about the crystallographic
C2 axis with 50% site occupancy.

CCDC reference numbers 204540–204544.
See http://www.rsc.org/suppdata/dt/b3/b302037a/ for crystal-

lographic data in CIF or other electronic format.
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