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The new triazolate-containing Schiff-base macrocyclic ligand L22� has been synthesised as [PbII
2(L2)](ClO4)2, 1,

by the [2 � 2] cyclisation reaction of 3,5-diacetyl-1H-1,2,4-triazole and 1,3-diaminopropane using lead() template
ions. The macrocycle provides four nitrogen atoms, two imine and two triazolate donors, as equatorial donor
atoms to each of the two metal ions in the macrocycle. A series of copper() complexes of the L22� macrocycle has
been produced with a variety of axial donors. Each copper complex has been structurally characterised by X-ray
diffraction and three different structural types can be distinguished: monomeric, trimeric and polymeric. These
different types arise from adding a different ratio of thiocyanate ions to the copper() transmetallation reaction
of [PbII

2(L2)](ClO4)2 (1). The monomeric dicopper() macrocyclic complexes include [CuII
2(L2)(NCMe)2](ClO4)2

(2) and [CuII
2(L2)(NCS)2] (3). The trimeric complex {[CuII

2(L2)]3(NCS)2}(ClO4)4 (4) consists of three dicopper()
macrocyclic complexes bridged by two thiocyanate ions. The thiocyanate-bridged polymeric complex
{[CuII

2(L2)(NCS)][CuII
2(L2)(SCN)](ClO4)2}x (5) comprises two types of macrocyclic units in the repeating unit.

A second polymeric isomer {[CuII
2(L2)(NCS)](ClO4)}x (6), incorporating a more symmetrical thiocyanate-bridging

mode that has only one type of macrocyclic unit in the repeating unit, is also reported.

Introduction
The Schiff-base macrocycle obtained from the [2 � 2] conden-
sation of 3,6-diformylpyridazine 1,2 and 1,3-diaminopropane,
L1 (Fig. 1), has facilitated the isolation of a wide range of tran-
sition metal complexes with interesting redox and magnetic
properties.2–5 Given the considerable current interest in utilising
substituted 1,2,4-triazoles as ligands for transition metal ions 6–8

in applications such as new magnetic materials,7,9–12 and photo-
chemically driven molecular devices,13 we have incorporated
this moiety into Schiff-base macrocycles which are related to L1
(e.g. L22� Fig. 1). Recently, we reported the first structurally
characterised complexes of a triazolate-containing macro-
cycle,14 specifically some dicobalt() complexes of the [2 � 2]
Schiff-base macrocycle derived from 3,5-diacetyl-1H-1,2,4-tri-
azole 15 and 1,4-diaminobutane. Prior to this, Torres and co-
workers have successfully isolated some related triazolate-
containing macrocyclic complexes, although none have been
structurally characterised to date.15,16 Alcalde et al. have struc-
turally characterised some triazolate-containing macrocycles,17

however no metal complexes of these macrocycles have been
reported. There are many examples of acyclic complexes with
bridging triazole or triazolate functionalities in the literature.6

With respect to dicopper() complexes in which the metal
centers are bridged by two triazole or triazolate units, only eight
complexes, of the acyclic ligands L3, L4�, L5� and L6� (Fig. 2),
have been structurally characterised to date (see later).9,11,18–21

Fig. 1 Ligands L1 and L22�.

† Electronic supplementary information (ESI) available: Geometric
data for complexes 1–6. See http://www.rsc.org/suppdata/dt/b3/
b304658c/

We report here on the formation and characterisation of the
parent lead templated complex [PbII

2(L2)](ClO4)2 1 and six
intriguing copper() complexes of this new Schiff-base macro-
cycle, L22� (Fig. 1); the monomeric acetonitrile adduct [CuII

2-
(L2)(NCMe)2](ClO4)2 2, the monomeric thiocyanate adduct
[CuII

2(L2)(NCS)2] 3, a thiocyanate bridged trimer {[CuII
2-

(L2)]3(NCS)2}(ClO4)4 4, and two thiocyanate bridged polymeric
structures; {[CuII

2(L2)(NCS)][CuII
2(L2)(SCN)](ClO4)2}x 5, and

{[CuII
2(L2)(NCS)](ClO4)}x 6 (Scheme 1). The different struc-

tural motifs are assembled according to the addition of differ-
ent ratios of thiocyanate ions, increasing in the order from 2, 4,
5, 6, 3. These are the first examples of structurally characterised
triazolate-containing macrocyclic copper complexes, and as
such they represent a significant step forward in the develop-
ment of the coordination chemistry of this, and related, ligand
systems.14,22

Results and discussion

Synthesis and characterisation

The L22� Schiff-base macrocycle is formed by the addition of
Pb(ClO4)2�6H2O to a solution of 3,5-diacetyl-1H-1,2,4-triazole
and NaOH in methanol, followed by heating to reflux and the
dropwise addition of a methanolic solution of 1,3-diamino-
propane. The resulting precipitate was extracted with aceto-
nitrile (the infrared spectrum of the small amount of residual
yellowish solid indicated that it was not cyclic in nature) to give,

Fig. 2 Ligands L3–L6�.
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Scheme 1

after evaporation of the acetonitrile solution, the pure lead()
complex [PbII

2(L2)](ClO4)2 1 in 80% yield. The band at 1635
cm�1 in the IR spectrum shows that an imine bond has formed,
and the band at 1095 cm�1 clearly indicates the presence of
perchlorate anions. Colourless crystals suitable for X-ray analy-
sis were obtained via slow vapour diffusion of tert-butyl methyl
ether into an acetonitrile solution of 1.

Copper() complexes of L22� were prepared by transmetalla-
tion of 1 in MeCN with two equivalents of Cu(ClO4)2�6H2O.
Normally the resulting transmetallation solution would simply
have been concentrated, resulting in either the precipitation of
the desired complex or in a solution which on vapour diffusion
of diethyl ether would yield the desired complex. In this case,
however, vapour diffusion of diethyl ether into the concentrated
dark green transmetallation reaction solution caused the colour
to fade and a white, presumably lead-containing, precipitate to
form. It was therefore found to be necessary to remove the
lead() ions from the transmetallation reaction solution before
the isolation of the transition metal complex. This was achieved
by the addition of a stoichiometric amount (4 equiv. per macro-
cycle) of thiocyanate ions to the reaction solution, on comple-
tion of the transmetallation process, to precipitate the displaced
Pb2� ions as Pb(SCN)2.

The copper complex, [CuII
2(L2)(NCMe)2](ClO4)2 (2), was

readily crystallised from the filtered, Pb2�-free, dark green reac-
tion solution by diethyl ether diffusion. The band of the imine
bond shifts to 1621 cm�1 and shows that the macrocycle is still
intact. The strong band at 1089 cm�1 indicates the presence of
perchlorate anions. No SCN� band is present. Green crystals
suitable for X-ray analysis were grown in 66% yield by slow
diffusion of diethyl ether into the acetonitrile solution. Despite
our expectation that copper() ions should be able to template
the formation of the L22� macrocycle, thus avoiding the relative
complexities of the above transmetallation reaction, the few
attempts made to date have not been successful. The problem
appears to be the insolubility of at least one intermediate in the
cyclisation process.

Thiocyanate ions are asymmetric ligands that have co-
ordination capabilities at both termini. This leads to two mono-
dentate binding modes, N-bound and S-bound, and a variety
of bridging modes such as >NCS, >SCN, –NCS– and >SCN–
.23 For our system it was found that different copper complexes
of L22� could be isolated depending on the amount of NaSCN
added. The resulting monomeric, trimeric and polymeric motifs
are discussed next (Scheme 1).

The monomeric complex [CuII
2(L2)(NCS)2] 3 was prepared

from the transmetallation solution by using 8.00 equivalents of
NaSCN per macrocycle. After filtration to remove the
Pb(SCN)2 (consumes 4 equiv. of SCN�), diethyl ether diffusion
into the green acetonitrile solution afforded green crystals in
64% yield, which were suitable for X-ray diffraction. The IR
spectrum shows that the macrocycle is still intact, that SCN� is
present (strong band at 2116 cm�1) and that no perchlorate
anions are present.

Addition of 4.67 [0.67 equiv. free SCN� per dicopper()
macrocycle] equivalents of NaSCN per macrocycle to the

acetonitrile transmetallation reaction solution gave the trimer
of dicopper() macrocyclic complexes, {[CuII

2(L2)]3(NCS)2}
(ClO4)4 4. Diffusion of diethyl ether into the acetonitrile filtrate
gave single crystals of 4 as dark blue wedges in 61% yield. The
infrared spectrum of 4 shows that the macrocycle is intact and
that SCN� is present (strong band at 2144 cm�1).

When 5.00 equivalents of NaSCN per macrocycle are added
[1 equiv. free SCN� per dicopper() macrocycle], a polymer of
dicopper() complexes {[CuII

2(L2)(NCS)][CuII
2(L2)(SCN)]

(ClO4)2}x 5 is obtained from the transmetallation solution.
Blue–green block crystals of 5�H2O were obtained, in 59%
yield, by diffusion of diethyl ether into the acetonitrile filtrate.
An imine stretch is observed at 1617 cm�1. In addition, the
SCN� stretch is observed at 2135 cm�1 and there is no evidence
of amine or carbonyl absorptions. This complex comprises two
different macrocyclic structural units in the polymer on account
of the organisation of the 1,3-bridging mode of the two thio-
cyanate ions: both of the copper() ions in one macrocyclic unit
have N-bound thiocyanate ions whereas in the second macro-
cyclic unit both copper() ions have S-bound thiocyanate ions
(see later).

The second polymeric product {[CuII
2(L2)(NCS)](ClO4)}x 6

was also obtained by the addition of 5.00 equivalents of
NaSCN, but the crystals formed by vapour diffusion of diethyl
ether into acetonitrile were redissolved in DMF. Diffusion of
diethyl ether into the DMF solution yielded blue–green crystals
of 6�DMF suitable for X-ray analysis. The imine stretch is again
observed at 1617 cm�1 and the SCN� stretch at 2130 cm�1. In
contrast to 5, this isomer consists of only one macrocycle struc-
tural type in the repeat unit of the polymer on account of the
different relative organisation of the 1,3-bridging mode of the
two thiocyanate ions resulting in each dicopper() macrocyclic
unit having one N-bound and one S-bound thiocyanate ion (see
later).

The polymeric structural motif observed in 6�DMF has also
been observed in the acetonitrile solvate, 6�MeCN (see later).
It was prepared by redissolving 6�DMF in acetonitrile and
growing crystals by vapour diffusion of diethyl ether. Sub-
sequent X-ray analysis of the crystals showed the structure of
6�MeCN to be same as 6�DMF, as opposed to the alternating
S-bound and N-bound macrocyclic arrangement observed for
5�H2O.

Reproducing the preparation of the trimer 4 was not straight-
forward, with the difference in the amount of NaSCN added
being only 0.03 mmol (ca. 2 mg). Improved accuracy of the
reaction stoichiometry, and hence reproducibility of this syn-
thesis, should be possible if significantly larger scale reactions
were to be employed. In addition, controlling the selective
formation of 5 vs. 6 was also found to be difficult, presumably
on account of a number of contributing factors, including con-
trolling exactly the ratio of reagents, the solvent and possibly
the temperature.24

In addition to providing proof of the macrocycle remaining
intact, the IR spectra of complexes 3–6 also provide us with the
ν(CN) stretching frequency of the SCN� ligands. In these com-
plexes this value is in the range from 2116 to 2144 cm�1. The
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N-bound thiocyanate ions in the monomeric complex 3 give
rise to the lowest of these values, 2116 cm�1. As one would
anticipate the –NCS– bound thiocyanate ions in 4–6 produce
values well above 2100 cm�1 (2130–2144 cm�1), however, all of
these frequencies should be interpreted with caution as they are
affected by many other factors.25

X-Ray structure determinations

Structure of [PbII
2(L2)](ClO4)2 (1). The structure determin-

ation of 1�MeCN reveals a perchlorate-bridged dimer of com-
plex dications, with the macrocycle bonded to the lead atoms in
the expected manner (Fig. 3, Table 1); the triazolate ‘head’ units
doubly bridge the two metal ions and along with the imine
nitrogen atoms provide an N4 donor set to each lead ion. The
macrocycle in 1 is significantly folded with the triazolate ring
planes intersecting at an angle of 69.0(3)�. Both lead atoms are
pulled far out of their respective N4 mean planes [Pb(1) 1.523(3)
Å ‘out of plane’ (oop); Pb(2) 1.485(4) Å oop], which are angled
at 35.3(3)� and direct the lead atoms away from each other. The
N–Pb–N angles are contracted, reflecting the large displace-
ment of the lead atoms from the N4 mean planes. The Nimine–
Pb–Ntriazolate angles are in the range 65.0–66.3� and the Nimine–
Pb–Nimine and Ntriazolate–Pb–Ntriazolate angles are in the range
67.5–68.0 and 71.9–72.4�, respectively. There are some weak

Fig. 3 Perspective view of the cation of 1, [PbII
2(L2)]2�, which has

dimerised via a set of interactions with perchlorate counter ions to form
{[PbII

2(L2)(ClO4)]
�}2. Solvent molecules, hydrogen atoms and the

remaining perchlorate counter ions have been omitted for clarity.

Table 1 Selected interatomic distances (Å) and angles (�) for [PbII
2-

(L2)](ClO4)2 (1)

Pb(1)–N(1) 2.407(6) Pb(1) � � � Pb(2) 4.610(2)
Pb(1)–N(4) 2.496(7) Pb(1)–O(11) 2.825(6)
Pb(1)–N(5) 2.519(7) Pb(1)–O(12) 3.349(7)
Pb(1)–N(6) 2.430(7) Pb(1)–O(21) 3.113(8)
Pb(2)–N(2) 2.408(6) Pb(1A)–O(12) 3.046(7)
Pb(2)–N(7) 2.381(7) Pb(1A)–O(13) 3.347(7)
Pb(2)–N(9) 2.491(8) Pb(2)–O(11) 2.844(6)
Pb(2)–N(10) 2.471(7) Pb(2B)–O(22) 3.348(7)

N(1)–Pb(1)–N(4) 65.3(2) N(2)–Pb(2)–N(9) 106.7(2)
N(1)–Pb(1)–N(5) 103.3(2) N(2)–Pb(2)–N(10) 66.3(2)
N(1)–Pb(1)–N(6) 71.9(2) N(7)–Pb(2)–N(2) 72.4(2)
N(4)–Pb(1)–N(5) 67.5(2) N(7)–Pb(2)–N(9) 65.9(2)
N(6)–Pb(1)–N(4) 103.5(2) N(7)–Pb(2)–N(10) 102.8(2)
N(6)–Pb(1)–N(5) 65.0(2) N(10)–Pb(2)–N(9) 68.0(2)

Symmetry transformations used to generate equivalent atoms:
A = 1 � x, �y, 1 � z; B = 1.5 � x, �0.5 � y, 0.5 � z.

lead–perchlorate interactions [Pb(1)–O(11) 2.825(6), Pb(1)–
O(12) 3.349(7), Pb(1)–O(21) 3.113(8), Pb(1A)–O(12) 3.046(7),
Pb(1A)–O(13) 3.347(7), Pb(2)–O(11) 2.844(6), Pb(2B)–O(22)
3.348(7) Å; where A = 1 � x, �y, 1 � z and B = 1.5 � x, �0.5 �
y, 0.5 � z], some of which hold the centrosymmetric dimer
together.

Structure of [CuII
2(L2)(NCMe)2](ClO4)2 (2). The X-ray struc-

ture determination (Fig. 4, Table 2) shows that the trans-
metallation has occurred and the two lead ions have been
replaced by two copper ions. Both copper() centers are five
coordinate and are bridged by the two triazolate units of the
macrocyclic framework. The macrocycle also contributes a fur-
ther two imine N-donors to each copper center to complete the
N4 equatorial base. The axial position of each Cu() center is
occupied by a coordinated acetonitrile solvent molecule. The
Cu() coordination geometry is distorted square pyramidal,
similar to the closely related pyridazine-bridged complex 3

[CuII
2(L1)(NCMe)2]

4�. The copper atoms are pulled out of
the N4 basal plane by 0.464(1) and 0.463(1) Å, for Cu(1) and
Cu(2), respectively. The Nimine–Cu–Ntriazolate angles are in the
range 80.1–80.7� and the Nimine–Cu–Nimine and Ntriazolate–
Cu–Ntriazolate in the ranges 94.2–94.5 and 91.9–92.9�, respect-
ively. The macrocycle unit is significantly folded with a tri-
azolate ring plane intersection angle of 69.4(1)� and N4 basal
planes angled at 35.17(8)�. The acetonitrile donors have
an approximately linear binding angle [C(30)–N(30)–Cu(1)
168.0(3), C(40)–N(40)–Cu(2) 168.9(3)�]. One acetonitrile mole-
cule is also present in the lattice. The copper–copper separation
is 4.0664(7) Å.

Fig. 4 Perspective view of the cation of 2, [CuII
2(L2)(NCMe)2]

2�.
Solvent molecules, counter ions and hydrogen atoms have been omitted
for clarity.

Table 2 Selected interatomic distances (Å) and angles (�) for [CuII
2-

(L2)(NCMe)2](ClO4)2 (2)

Cu(1)–N(1) 1.965(2) Cu(2)–N(7) 1.971(2)
Cu(1)–N(4) 1.998(2) Cu(2)–N(9) 2.005(2)
Cu(1)–N(5) 2.019(2) Cu(2)–N(10) 2.005(2)
Cu(1)–N(6) 1.971(2) Cu(2)–N(40) 2.226(3)
Cu(1)–N(30) 2.188(3) Cu(1) � � � Cu(2) 4.0664(7)
Cu(2)–N(2) 1.963(2)   

N(1)–Cu(1)–N(6) 92.93(9) N(2)–Cu(2)–N(7) 91.93(9)
N(1)–Cu(1)–N(4) 80.20(9) N(2)–Cu(2)–N(9) 153.52(9)
N(6)–Cu(1)–N(4) 152.76(9) N(7)–Cu(2)–N(9) 80.39(9)
N(1)–Cu(1)–N(5) 153.28(9) N(2)–Cu(2)–N(10) 80.69(9)
N(6)–Cu(1)–N(5) 80.11(9) N(7)–Cu(2)–N(10) 152.54(9)
N(4)–Cu(1)–N(5) 94.20(9) N(9)–Cu(2)–N(10) 94.48(9)
N(1)–Cu(1)–N(30) 101.74(10) N(2)–Cu(2)–N(40) 102.60(9)
N(6)–Cu(1)–N(30) 107.01(9) N(7)–Cu(2)–N(40) 104.82(9)
N(4)–Cu(1)–N(30) 100.21(9) N(9)–Cu(2)–N(40) 103.85(9)
N(5)–Cu(1)–N(30) 104.97(10) N(10)–Cu(2)–N(40) 102.60(9)
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Structure of [CuII
2(L2)(NCS)2] (3). The X-ray structure

determination shows that the fifth, axial, donor atom of each
copper() atom in the macrocycle unit is the nitrogen of a thio-
cyanate ion (Fig. 5, Table 3). The complex is monomeric and
there is one solvent molecule of acetonitrile present. The
copper atoms have distorted square pyramidal geometry as in 2,
and are pulled out of the N4 basal planes [Cu(1) 0.477(3), Cu(2)
0.485(3) Å oop]. The Nimine–Cu–Ntriazolate angles are in the range
79.6–80.6�, while Nimine–Cu–Nimine and Ntriazolate–Cu–Ntriazolate

angles are in the ranges 93.8–94.3 and 92.2 and 92.6�, respect-
ively. There is again a significant fold in the macrocycle with the
triazolate planes intersecting at 69.1(2)� and the basal N4 planes
intersecting at 39.8(1)�. The thiocyanate donors are slightly
asymmetrically located above the basal planes towards imine
donors on opposite corners of the macrocycle unit, as shown by
the N–Cu–Nthiocyanate angles [N(1)–Cu(1)–N(50) 111.1(3), N(6)–
Cu(1)–N(50) 108.0(2), N(5)–Cu(1)–N(50) 97.1(3), N(4)–Cu(1)–
N(50) 99.1(3)�] and N(7)–Cu(2)–N(60) 109.1(3), N(2)–Cu(2)–
N(60) 112.3(2), N(10)–Cu(2)–N(60) 96.5(3), N(9)–Cu(2)–N(60)
98.0(2)�]. The thiocyanate donors are very slightly bent towards
one side of the macrocycle unit [Cu(1)–N(50)–C(50) 161.3(7),
Cu(2)–N(60)–C(60) 162.6(6)�]. The copper–copper separation
is 4.075(3) Å. There are no significant intermolecular inter-
actions in the crystal lattice.

Structure of {[CuII
2(L2)]3(NCS)2}(ClO4)4 (4). The structure

determination of 4�1.5MeCN (Fig. 6, Table 4) shows a trimeric
complex cation constructed from three dicopper() L22�

macrocycle units and two thiocyanate bridges, in accordance
with the reaction stoichiometry [i.e. 0.67 equivalents of SCN�

per dicopper() macrocycle]. The sulfur donors of the thio-
cyanate ions each bridge two copper centres from different
macrocycles, while the nitrogen donors coordinate to the

Fig. 5 Perspective view of 3, [CuII
2(L2)(NCS)2]. Solvent molecules and

hydrogen atoms have been omitted for clarity.

Table 3 Selected interatomic distances (Å) and angles (�) for [CuII
2-

(L2)(NCS)2] (3)

Cu(1)–N(1) 1.947(7) Cu(2)–N(7) 1.964(8)
Cu(1)–N(4) 2.034(7) Cu(2)–N(9) 2.028(6)
Cu(1)–N(5) 2.003(7) Cu(2)–N(10) 2.010(7)
Cu(1)–N(6) 1.977(6) Cu(2)–N(60) 2.107(6)
Cu(1)–N(50) 2.095(7) Cu(1) � � � Cu(2) 4.075(3)
Cu(2)–N(2) 1.989(6)   

N(1)–Cu(1)–N(6) 92.2(3) N(2)–Cu(2)–N(7) 92.6(3)
N(1)–Cu(1)–N(4) 80.1(3) N(2)–Cu(2)–N(9) 149.5(2)
N(6)–Cu(1)–N(4) 152.8(2) N(7)–Cu(2)–N(9) 80.0(3)
N(1)–Cu(1)–N(5) 151.7(2) N(2)–Cu(2)–N(10) 79.6(3)
N(6)–Cu(1)–N(5) 80.6(3) N(7)–Cu(2)–N(10) 154.3(2)
N(4)–Cu(1)–N(5) 93.8(3) N(9)–Cu(2)–N(10) 94.3(3)
N(1)–Cu(1)–N(50) 111.1(3) N(2)–Cu(2)–N(60) 112.3(2)
N(6)–Cu(1)–N(50) 108.0(2) N(7)–Cu(2)–N(60) 109.1(3)
N(4)–Cu(1)–N(50) 99.1(3) N(9)–Cu(2)–N(60) 98.0(2)
N(5)–Cu(1)–N(50) 97.1(3) N(10)–Cu(2)–N(60) 96.5(3)

copper centres in the single remaining macrocycle unit. The
copper atoms have distorted square pyramidal geometries, each
with the basal N4 plane comprised of two Nimine and two
Ntriazolate donors. The fifth donor atom for Cu(3) and Cu(4) is
the nitrogen atom of a bridging thiocyanate ion, giving an N5

donor set, while for the remaining four copper atoms it is the
sulfur of a bridging thiocyanate ion, giving an N4S donor set.
The Nimine–Cu–Ntriazolate angles are in the range 79.9–80.4� for
the copper atoms in the N5 donor set and are between 80.0–
81.0� for the copper atoms in the N4S donor set and are thus
almost identical. Again these angles at copper are significantly
less than the ideal value of 90� expected for square pyramidal
geometry. The Nimine–Cu–Nimine and Ntriazolate–Cu–Ntriazolate

angles range from 91.4–95.3 and 92.3–93.3�, respectively. The
macrocycles are significantly folded with triazolate plane inter-
section angles of 70.3(2) and 70.3(3)� for the S-bound macro-
cycles and 78.3(2)� for the N-bound. The copper atoms are
pulled out of the N4 plane slightly more for the N-bound
macrocycle [Cu(3) 0.510(3), Cu(4) 0.523(3) Å oop; N4 planes
intersect at 34.7(2)�] than for the S-bound macrocycle [Cu(1)
0.455(3), Cu(2) 0.435(3) Å oop; N4 planes intersect at 33.9(2)�;
Cu(5) 0.416(3), Cu(6) 0.461(3) Å oop; N4 planes intersect at
33.1(2)�]. The preference for a near linear binding angle 26 of
the thiocyanate through nitrogen [Cu(3)–N(1)–C(1) 171.1(6)�,
Cu(4)–N(2)–C(2) 160.0(5)�] and a bent angle for binding
through sulfur [Cu(1)–S(1)–C(1) 95.9(2), Cu(2)–S(2)–C(2)
94.1(2), Cu(5)–S(1)–C(1) 93.8(2), Cu(6)–S(2)–C(2) 96.7(2)�] is
met. The Cu–S–Cu bridging angles are 136.11(8)� [Cu(1)–S(1)–
Cu(5)] and 138.19(7)� [Cu(2)–S(2)–Cu(6)]. The copper–copper
separations in each macrocycle are 4.030(2) [Cu(1), Cu(2)] and
4.027(2) Å [Cu(5), Cu(6)] for the S-bound and 4.061(2) Å
[Cu(3), Cu(4)] for the N-bound macrocycle.

There are many examples of structurally characterised thio-
cyanate-bridged copper complexes in the literature where three
copper centers are bridged in a Cu2>SCN–Cu fashion.27–29

However, all of these complexes are polymeric copper() species,
except for a mixed-valent CuI thiocyanate-bridged polymer
with a [CuII(DMF)4]

2� counterion 29 and a non-polymeric cop-
per()–tungsten adduct.28 None of these structures contains a
thiocyanate ion bridging copper() centers. The trimeric com-
plex 4 is therefore the first structurally characterised copper()
complex with a thiocyanate ion present in a CuII

2>SCN–CuII

bridging mode.

Structure of {[CuII
2(L2)(NCS)][CuII

2(L2)(SCN)](ClO4)2}x (5).
The X-ray structure determination of 5�H2O (Fig. 7, Table 5)
reveals a polymeric structure, resulting from the 1,3-bridging by
thiocyanate ions. The bridging arrangement of the thiocyanate

Fig. 6 Perspective view of the cation of 4, {[CuII
2(L2)]3(NCS)2}

4�.
Solvent molecules, counter ions and hydrogen atoms have been omitted
for clarity.
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Fig. 7 Perspective view of the cation of 5, {[CuII
2(L2)(NCS)][CuII

2(L2)(SCN)]2�}x. Solvent molecules, counter ions and hydrogen atoms have been
omitted for clarity.

Table 4 Selected interatomic distances (Å) and angles (�) for {[CuII
2(L2)]3(NCS)2}(ClO4)4 (4)

Cu(1)–N(11) 1.959(5) Cu(4)–N(39) 2.006(6)
Cu(1)–N(14) 1.999(6) Cu(4)–N(40) 2.016(6)
Cu(1)–N(15) 2.013(6) Cu(4)–N(2) 2.080(6)
Cu(1)–N(16) 1.953(5) Cu(5)–N(51) 1.970(6)
Cu(1)–S(1) 2.569(2) Cu(5)–N(54) 1.985(7)
Cu(2)–N(12) 1.950(5) Cu(5)–N(55) 1.998(7)
Cu(2)–N(17) 1.968(5) Cu(5)–N(56) 1.944(6)
Cu(2)–N(19) 1.995(5) Cu(5)–S(1) 2.590(2)
Cu(2)–N(20) 1.999(5) Cu(6)–N(52) 1.952(5)
Cu(2)–S(2) 2.6298(19) Cu(6)–N(57) 1.949(5)
Cu(3)–N(31) 1.970(6) Cu(6)–N(59) 1.997(5)
Cu(3)–N(34) 2.013(6) Cu(6)–N(60) 2.001(6)
Cu(3)–N(35) 2.005(6) Cu(6)–S(2) 2.5144(19)
Cu(3)–N(36) 1.966(5) Cu(1) � � � Cu(2) 4.030(2)
Cu(3)–N(1) 2.139(6) Cu(3) � � � Cu(4) 4.061(2)
Cu(4)–N(32) 1.967(6) Cu(5) � � � Cu(6) 4.027(2)
Cu(4)–N(37) 1.969(6)   

N(11)–Cu(1)–N(14) 80.8(2) N(32)–Cu(4)–N(37) 92.3(2)
N(11)–Cu(1)–N(15) 153.4(2) N(32)–Cu(4)–N(39) 148.5(2)
N(14)–Cu(1)–N(15) 93.8(2) N(32)–Cu(4)–N(40) 80.2(2)
N(16)–Cu(1)–N(11) 93.2(2) N(37)–Cu(4)–N(39) 79.9(2)
N(16)–Cu(1)–N(14) 153.4(2) N(37)–Cu(4)–N(40) 150.5(2)
N(16)–Cu(1)–N(15) 80.0(2) N(39)–Cu(4)–N(40) 91.6(3)
N(11)–Cu(1)–S(1) 109.38(17) N(32)–Cu(4)–N(2) 106.0(2)
N(14)–Cu(1)–S(1) 106.30(18) N(37)–Cu(4)–N(2) 103.5(2)
N(15)–Cu(1)–S(1) 97.15(18) N(39)–Cu(4)–N(2) 105.4(2)
N(16)–Cu(1)–S(1) 100.15(17) N(40)–Cu(4)–N(2) 106.0(2)
N(12)–Cu(2)–N(17) 92.8(2) N(51)–Cu(5)–N(54) 81.0(3)
N(12)–Cu(2)–N(19) 154.9(2) N(51)–Cu(5)–N(55) 155.3(3)
N(12)–Cu(2)–N(20) 80.9(2) N(54)–Cu(5)–N(55) 95.3(3)
N(17)–Cu(2)–N(19) 80.2(2) N(56)–Cu(5)–N(51) 93.3(2)
N(17)–Cu(2)–N(20) 154.2(2) N(56)–Cu(5)–N(54) 156.0(3)
N(19)–Cu(2)–N(20) 94.9(2) N(56)–Cu(5)–N(55) 80.1(3)
N(12)–Cu(2)–S(2) 102.89(16) N(51)–Cu(5)–S(1) 101.56(16)
N(17)–Cu(2)–S(2) 107.50(16) N(54)–Cu(5)–S(1) 95.79(18)
N(19)–Cu(2)–S(2) 102.17(15) N(55)–Cu(5)–S(1) 103.1(2)
N(20)–Cu(2)–S(2) 98.29(15) N(56)–Cu(5)–S(1) 108.24(18)
N(31)–Cu(3)–N(34) 80.2(3) N(52)–Cu(6)–N(59) 154.0(2)
N(31)–Cu(3)–N(35) 150.6(2) N(52)–Cu(6)–N(60) 80.5(2)
N(35)–Cu(3)–N(34) 91.4(3) N(57)–Cu(6)–N(52) 92.6(2)
N(36)–Cu(3)–N(31) 92.8(2) N(57)–Cu(6)–N(59) 80.5(2)
N(36)–Cu(3)–N(34) 150.0(2) N(57)–Cu(6)–N(60) 152.1(2)
N(36)–Cu(3)–N(35) 80.4(2) N(59)–Cu(6)–N(60) 93.9(2)
N(31)–Cu(3)–N(1) 106.0(2) N(52)–Cu(6)–S(2) 105.37(16)
N(34)–Cu(3)–N(1) 102.2(2) N(57)–Cu(6)–S(2) 106.74(17)
N(35)–Cu(3)–N(1) 103.4(3) N(59)–Cu(6)–S(2) 100.67(17)
N(36)–Cu(3)–N(1) 107.8(2) N(60)–Cu(6)–S(2) 101.18(17)

Symmetry transformations used to generate equivalent atoms: A = �x, �y � 2, �z � 1.

ligands has resulted in two distinct types of dicopper() tri-
azolate macrocycles in the polymer repeating unit. In the first
type of complex [Cu(1) and Cu(2)] the fifth donor atoms are the
sulfur atoms of the 1,3-bridging thiocyanate ions (S-bound

form) whereas in the second type of complex [Cu(3) and Cu(4)]
the fifth donor atoms are the nitrogens of these thiocyanate
ions (N-bound form). The L22� macrocycle provides two Nimine

and two Ntriazolate donors to the basal plane of each copper atom
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Table 5 Selected interatomic distances (Å) and angles (�) for {[CuII
2(L2)(NCS)][CuII

2(L2)(SCN)](ClO4)2}x (5)

Cu(1)–N(1) 1.957(3) Cu(3)–N(15) 2.023(3)
Cu(1)–N(6) 1.962(3) Cu(3)–N(60B) 2.089(3)
Cu(1)–N(4) 1.998(3) Cu(4)–N(17) 1.977(3)
Cu(1)–N(5) 2.010(3) Cu(4)–N(12) 1.982(3)
Cu(1)–S(50) 2.5073(10) Cu(4)–N(20) 2.012(3)
Cu(2)–N(7) 1.947(3) Cu(4)–N(19) 2.018(3)
Cu(2)–N(2) 1.967(3) Cu(4)–N(50) 2.079(3)
Cu(2)–N(10) 1.986(3) Cu(1) � � � Cu(2) 4.050(1)
Cu(2)–N(9) 2.002(3) Cu(3) � � � Cu(4) 4.081(1)
Cu(2)–S(60) 2.5945(11) Cu(1) � � � Cu(4) 5.737(1)
Cu(3)–N(11) 1.971(3) Cu(2) � � � Cu(4) 7.020(2)
Cu(3)–N(16) 1.983(3) Cu(1) � � � Cu(3) 8.720(2)
Cu(3)–N(14) 2.003(3) Cu(2) � � � Cu(3) 10.934(3)

N(1)–Cu(1)–N(6) 92.41(11) N(11)–Cu(3)–N(16) 91.50(11)
N(1)–Cu(1)–N(4) 80.93(11) N(11)–Cu(3)–N(14) 80.13(11)
N(6)–Cu(1)–N(4) 153.57(11) N(16)–Cu(3)–N(14) 146.40(11)
N(1)–Cu(1)–N(5) 154.66(11) N(11)–Cu(3)–N(15) 150.78(11)
N(6)–Cu(1)–N(5) 80.16(11) N(16)–Cu(3)–N(15) 79.73(12)
N(4)–Cu(1)–N(5) 94.96(11) N(14)–Cu(3)–N(15) 91.83(12)
N(1)–Cu(1)–S(50) 109.97(8) N(11)–Cu(3)–N(60B) 102.85(11)
N(6)–Cu(1)–S(50) 109.69(8) N(16)–Cu(3)–N(60B) 112.43(11)
N(4)–Cu(1)–S(50) 96.58(8) N(14)–Cu(3)–N(60B) 101.17(12)
N(5)–Cu(1)–S(50) 95.32(8) N(15)–Cu(3)–N(60B) 106.27(12)
N(7)–Cu(2)–N(2) 92.16(11) N(17)–Cu(4)–N(12) 91.84(11)
N(7)–Cu(2)–N(10) 156.10(11) N(17)–Cu(4)–N(20) 152.40(11)
N(2)–Cu(2)–N(10) 81.32(11) N(12)–Cu(4)–N(20) 80.25(11)
N(7)–Cu(2)–N(9) 80.75(11) N(17)–Cu(4)–N(19) 79.84(12)
N(2)–Cu(2)–N(9) 152.74(11) N(12)–Cu(4)–N(19) 147.18(11)
N(10)–Cu(2)–N(9) 94.54(11) N(20)–Cu(4)–N(19) 92.54(12)
N(7)–Cu(2)–S(60) 101.21(8) N(17)–Cu(4)–N(50) 101.53(11)
N(2)–Cu(2)–S(60) 106.90(8) N(12)–Cu(4)–N(50) 111.04(11)
N(10)–Cu(2)–S(60) 102.69(8) N(20)–Cu(4)–N(50) 105.99(12)
N(9)–Cu(2)–S(60) 100.31(8) N(19)–Cu(4)–N(50) 101.74(12)

Symmetry transformations used to generate equivalent atoms: A = x � 1, y, z; B = x � 1, y, z.

as before. The copper centres have distorted square pyramidal
geometry; Nimine–Cu–Ntriazolate angles range from 79.7–80.1� for
the N-bound complex to 80.2–81.3� for the S-bound complex,
whereas the Nimine–Cu–Nimine and Ntriazolate–Cu–Ntriazolate angles
are between 91.5–92.5 and 92.2–95.0�, respectively. The macro-
cycles are significantly folded, with the triazolate ring planes
intersecting at angles of 67.9(1) and 78.3(1)�, for the S-bound
and N-bound macrocycles, respectively. As in 4 there is greater
folding of the N-bound macrocycle compared to the S-bound
macrocycle, and the Cu–N–C angle is approximately linear
whereas the Cu–S–C angle is bent [Cu(3)–N(60B)–C(60B)
166.5(3), Cu(4)–N(50)–C(50) 175.3(3), Cu(1)–S(50)–C(50)
95.5(1), Cu(2)–S(60)–C(60) 95.6(1)�]. The S-bound copper
atoms are not pulled as far out of the basal N4 plane [Cu(1)
0.443(1), Cu(2) 0.437(1) Å oop; N4 planes intersect at 36.2(1)�]
as the N-bound copper atoms are [Cu(3) 0.540(1), Cu(4)
0.520(1) Å oop; N4 planes intersect at 35.4(1)�]. Within the
macrocycles the respective copper–copper separations are
4.050(1) [Cu(1), Cu(2)] for the S-bound macrocycle and
4.081(1) Å [Cu(3), Cu(4)] for the N-bound. The polymer chains
are arranged in double layers with the thiocyanate ‘faces’
towards each other and then the alkyl ‘faces’ of each double
layer facing, separated by a channel of perchlorate and water
molecules. The chains are staggered within double layers and
between double layers.

Structure of {[CuII
2(L2)(NCS)](ClO4)}x�DMF (6�DMF). In

contrast to 5, the structure of 6 is an alternative polymeric
isomer arising from a different combination of the 1,3-bridging
modes of the two thiocyanate ions (Fig. 8, Table 6). As opposed
to the alternating S-bound and N-bound macrocyclic units of
5, 6 consists of only one type of macrocycle, with one N-bound
and one S-bound thiocyanate ion, in the polymer repeat
unit. The polymer chains are arranged in layers with adjacent
chains separated by a channel of perchlorate counterions and
DMF solvent molecules. Successive layers are staggered. The

thiocyanate ions are all in the same direction along the chain, in
contrast to 5, where the bridging thiocyanate ions alternate in
orientation. This results in each macrocycle unit having one
copper atom with an S-bound thiocyanate as the fifth donor
atom, giving an N4S donor set and the other an N-bound thio-
cyanate, giving an N5 donor set. Both copper atoms have dis-
torted square pyramidal geometry and are pulled out of the N4

basal plane towards the axial thiocyanate donor by 0.433(1)
and 0.495(1) Å oop for the N4S and N5 donor sets, respectively.
The Nimine–Cu–Ntriazolate angles are in the range 79.6–80.2� and
the Nimine–Cu–Nimine and Ntriazolate–Cu–Ntriazolate angles in the
ranges 93.6–96.2 and 92.8–93.1�, respectively. The binding
preferences of thiocyanate nitrogen and sulfur donors are
again observed with linear coordination to N and bent coordin-
ation to S [C(50)–N(50)–Cu(2) 168.7(3), C(50)–S(50)–Cu(1B)
114.38(12)�].

Due to the different orientation of the thiocyanate ions in 5
and 6, the geometry of the polymer chains is different. In 5, the
unit with two sulfur donors is bent away from the nitrogen
bound unit because of the preference of sulfur for a bent angle.
In 6, each unit has one sulfur donor and one nitrogen donor,
resulting in a zigzag chain. If the polymers are considered to be
in a square tube, in 5 the macrocycle units occupy adjacent
sides, whereas in 6 they occupy opposite sides. The fold in the
macrocycle in 6 is similar to that in the previous complexes with
triazolate ring planes intersecting at 68.2(1)� and N4 basal
planes intersecting at 33.85(8)�. The copper–copper separation
is 4.043(1) Å, closer to the values observed for S-bound macro-
cycles in 4 and 5 than the N-bound macrocycles. There is a
weak copper–perchlorate interaction [Cu(1)–O(11) 3.053(3)Å].

Structure of {[CuII
2(L2)(NCS)](ClO4)}x�MeCN (6�MeCN).

The polymer chain is constructed in the same manner as that in
6�DMF, with bridging thiocyanate ions alternating between
nitrogen and sulfur donors (Table 7). The polymer chains are
arranged in layers with chains separated by perchlorate counter-
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Table 6 Selected interatomic distances (Å) and angles (�) for {[CuII
2(L2)(NCS)](ClO4)}x�DMF (6�DMF)

Cu(1)–N(1) 1.964(3) Cu(2)–N(7) 1.956(3)
Cu(1)–N(4) 2.020(3) Cu(2)–N(9) 2.032(3)
Cu(1)–N(5) 1.995(3) Cu(2)–N(10) 2.022(3)
Cu(1)–N(6) 1.967(3) Cu(2)–N(50) 2.100(3)
Cu(1)–S(50A) 2.5595(11) Cu(1) � � � Cu(2) 4.043(1)
Cu(2)–N(2) 1.980(3)   

N(1)–Cu(1)–N(6) 93.07(11) N(7)–Cu(2)–N(2) 92.77(11)
N(1)–Cu(1)–N(5) 155.57(11) N(7)–Cu(2)–N(10) 152.89(11)
N(6)–Cu(1)–N(5) 80.16(11) N(2)–Cu(2)–N(10) 79.80(11)
N(1)–Cu(1)–N(4) 79.62(11) N(7)–Cu(2)–N(9) 79.73(11)
N(6)–Cu(1)–N(4) 153.93(11) N(2)–Cu(2)–N(9) 149.72(11)
N(5)–Cu(1)–N(4) 96.17(11) N(10)–Cu(2)–N(9) 93.56(11)
N(1)–Cu(1)–S(50A) 92.86(8) N(7)–Cu(2)–N(50) 103.57(12)
N(6)–Cu(1)–S(50A) 103.30(8) N(2)–Cu(2)–N(50) 108.12(11)
N(5)–Cu(1)–S(50A) 111.52(8) N(10)–Cu(2)–N(50) 103.52(12)
N(4)–Cu(1)–S(50A) 102.03(8) N(9)–Cu(2)–N(50) 102.16(11)

Symmetry transformations used to generate equivalent atoms: A = �x � 1, y � ½, �z � ½; B = �x � 1, y � ½, �z � ½.

Fig. 8 Perspective view of the cation of 6, {[CuII
2(L2)(NCS)]�}x. Solvent molecules, counter ions and hydrogen atoms have been omitted for clarity.

ions and acetonitrile solvent molecules. Further layers are
staggered slightly and the overall packing of the polymer chains
is the same as in the previous structure. The displacement of the
copper atoms from the basal N4 planes is 0.491(3) Å for the
N-bound and 0.416(3) Å for the S-bound. Although these
values are statistically different from those in 6�DMF, they are
similar and show the same difference between the N-bound and
S-bound parts of the macrocycle. The slight difference in abso-
lute values can be explained by the difference in solvent in the
two structures and the changes this makes to the cell param-
eters. There is a weak copper–perchlorate interaction; Cu(2)–
O(11) of 3.111(6) Å as seen in 6�DMF. The copper–copper
separation is effectively the same as in 6�DMF at 4.053(2) Å.
The thiocyanate bridges are bound in the expected manner with

Table 7 Selected interatomic distances (Å) and angles (�) for {[CuII
2-

(L2)(NCS)](ClO4)}x�MeCN (6�MeCN)

Cu(1)–N(1) 1.972(5) Cu(2)–N(7) 1.969(5)
Cu(1)–N(4) 2.040(5) Cu(2)–N(9) 2.025(5)
Cu(1)–N(5) 2.043(5) Cu(2)–N(10) 2.002(6)
Cu(1)–N(6) 1.970(5) Cu(2)–S(50) 2.607(2)
Cu(1)–N(50A) 2.104(6) Cu(1) � � � Cu(2) 4.053(2)
Cu(2)–N(2) 1.971(5)   

N(1)–Cu(1)–N(6) 93.1(2) N(7)–Cu(2)–N(2) 92.6(2)
N(1)–Cu(1)–N(5) 153.0(2) N(7)–Cu(2)–N(10) 155.8(2)
N(6)–Cu(1)–N(5) 79.6(2) N(2)–Cu(2)–N(10) 80.7(2)
N(1)–Cu(1)–N(4) 79.7(2) N(7)–Cu(2)–N(9) 80.2(2)
N(6)–Cu(1)–N(4) 150.4(2) N(2)–Cu(2)–N(9) 155.9(2)
N(5)–Cu(1)–N(4) 93.8(2) N(10)–Cu(2)–N(9) 96.4(2)
N(1)–Cu(1)–N(50A) 103.7(2) N(7)–Cu(2)–S(50) 91.13(15)
N(6)–Cu(1)–N(50A) 107.1(2) N(2)–Cu(2)–S(50) 102.70(15)
N(5)–Cu(1)–N(50A) 103.3(2) N(10)–Cu(2)–S(50) 113.04(15)
N(4)–Cu(1)–N(50A) 102.6(2) N(9)–Cu(2)–S(50) 100.43(15)

Symmetry transformations used to generate equivalent atoms: A = �x,
y � ½, �z � ½; B = �x, y � ½, �z � ½.

a near-linear angle at nitrogen and a bent angle at sulfur
[C(50)–N(50)–Cu(1B) 174.6(5), C(50)–S(50)–Cu(2) 115.4(2)�].
The fold in the macrocycle results in the triazolate ring planes
intersecting at 65.1(2)� and basal N4 planes intersecting at
34.1(2)�. These values are typical of the structures so far, as are
the metal coordination angles: Nimine–Cu–Ntriazolate angles are
in the range 79.6–80.7�, while Nimine–Cu–Nimine and Ntriazolate–
Cu–Ntriazolate angles are in the range 93.8–96.4 and 92.6–93.1�,
respectively.

Comparison of the structures. As expected the L22� macro-
cycle forms a dicopper() complex unit in 2–6. However, the
addition of a different ratio of thiocyanate ions after transmet-
allation results in different supramolecular architectures. All of
the structures have copper() centres with a distorted square
pyramidal geometry. For a given complex, the Cu–Nimine bond
lengths [range 1.99–2.04 Å; average 2.01 Å] are generally longer
than the Cu–Ntriazolate bond lengths [range 1.94–1.99 Å; average
1.97 Å], (see Table S1, ESI †). This is the reverse trend to that
seen in the analogous pyridazine complex 3 [CuII

2(L1)-
(NCMe)2]

4� in which the Cu–Nimine bond lengths range from
1.96–1.99 Å compared to the Cu–Npyridazine bond lengths with a
range of 2.04–2.04 Å. The Nimine–Cu–Ntriazolate angles are
smaller than the equivalent pyridazine angles [range 79.6–81.3�;
average 80.3�; Nimine–Cu–Npyridazine 81.2–81.8�].3 The Nimine–
Cu–Nimine angles are about the same [range 91.4–96.4�;
average 94.0� – compared to 93.3–94.2�] while the Ntriazolate–Cu–
Ntriazolate angles are significantly smaller with range 91.9–95.0�,
average 92.6� [Npyridazine–Cu–Npyridazine bite angles 99.3–102.1�].3

These differences can be explained by the presence of a five-
membered heterocycle in the L22� macrocycle compared to a
six-membered heterocycle in L1. The effect of this is to angle
the N-donors of the imine arms away from the heterocyclic
N-donors in L22� causing, amongst other things, the Cu–Nimine

bond lengths to be longer. In the L1 macrocycle the imine
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N-donors are more in line with the heterocyclic donors which
results in somewhat shorter Cu–Nimine bonds. Another con-
sequence of the five- vs. six-membered ring is a reduction in
cavity size. This causes the metal atoms in the triazolate
macrocycle to be further displaced from the basal N4 plane than
in the pyridazine macrocycle, and explains the observed con-
traction in angles for the triazolate macrocycles. This angle
contraction is also related to the fold in the macrocycle. The
triazolate macrocycles are more folded than the pyridazine
analogues; triazolate plane intersection angles in complexes 2–6
range from 65.1 to 78.3� {cf. [CuII

2(L1)(NCMe)2]
4� 29.7�} and

basal N4 plane intersection angles range from 33.1 to 36.2� {cf.
[CuII

2(L1)(NCMe)2]
4� 9.9�}. The position of the imine arms on

the five-membered triazole ring causes the N4 planes to be
angled away from each other when the macrocycle is folded.
This does not happen to such an extent for the pyridazine
macrocycle as the imine arms are attached to a six-membered
ring, and the larger cavity size of the pyridazine macrocycle
allows for a flatter arrangement. The fact that the N4 planes are
angled away from each other more and the copper atoms are
displaced further from the N4 plane than in the pyridazine
complex, should result in greater Cu � � � Cu separations. The
separations [range 4.03–4.08 Å; average 4.05 Å] are, as
expected, greater than those seen in the related pyridazine
complexes {cf. [CuII

2(L1)(NCMe)2]
4� Cu � � � Cu 3.805(3) Å}.3

There are differences between the L22� macrocycle units
when bonded to the nitrogen of a thiocyanate ion compared to
those bonded to the sulfur of a thiocyanate ion. The copper
atoms with an N5 donor set are pulled further out of the basal
N4 plane [range 0.46–0.54 Å; average 0.50 Å] than those with an
N4S donor set [range 0.42–0.46 Å; average 0.44 Å]. The greater
displacement of the Cu(N5) atoms combined with the angling
away of the N4 planes in the macrocycle unit also results in the
Cu � � � Cu separation for a macrocycle unit with two N5 donor
sets being somewhat longer [range 4.06–4.08 Å; average 4.07 Å]
than that with two N4S donor sets [range 4.03–4.05 Å; average
4.04 Å]. In 6 the macrocycle has one N5 donor set and one N4S
and has an intermediate value [average Cu � � � Cu 4.05 Å],
resulting from one long and one short displacement.

These results can be compared with those obtained from the
structural studies carried out by Haasnoot, Reedijk and co-
workers on the complexes of the acyclic ligands, L3–L6�,
shown in Fig. 2. In the two described complexes of L3, the only
ligand containing a triazole instead of a triazolate unit, the two
copper centers are octahedrally coordinated and the doubly tri-
azole-bridged dicopper() moieties are planar by symmetry.20

The only amide ligand in this series is L4�, and it gives a di-
copper() complex with two triazolate ligands bridging the
metal centers.18 The amide oxygen atoms, a water molecule and
nitrate anion complete the distorted octahedral coordination
sphere of each copper ion. The [CuII

2(L4)2]
2� cation is planar.

By using L5� instead of L4� the authors get the analogous
complex with the same axial ligands, and a complex with the
nitrate anions replaced by weakly coordinated triflate anions.9

The copper centers are again in a distorted octahedral environ-
ment and the two triazolate ring mean planes intersect at the
slightly larger angle of 13� in the latter case (no coordinates are
available for the former complex). With the triazolate ligand
L6�, three dicopper() complexes have been prepared, two with
octahedral coordination spheres 19 and one with two five-co-
ordinated copper centers.21 These [CuII

2(L6)]2� cations are again
nearly planar with the intersection angle of the two triazolate
ring mean planes being in the range of 0� (planar by symmetry)
to 6�. It is interesting to note that within the restrictive frame-
work of the L22� macrocycle the two triazolate units are no
longer co-planar as they are, or very nearly are, in these related
acyclic complexes. This is expected to lead to a significant
decrease in magnetic exchange interactions, as we showed was
the case in a series of closely related, folded, dicobalt()
complexes.14

The Cu–Ntriazole/triazolate distance in these acyclic complexes of
L3–L6� ranges from 1.93 to 2.01 Å (average 1.97 Å) with no
significant difference in a Cu–Ntriazole and a Cu–Ntriazolate bond
length.9,11,18–21 The Cu–Ntriazolate bond lengths in the macrocyclic
complexes 2–6 described here are about the same (1.94–1.99 Å,
average 1.97 Å). The copper–copper separations in 2–6 do not
differ significantly [range 3.85–4.09 Å; average 4.02 Å] from
those observed for these acyclic complexes [4.07–4.09 Å (L3),
3.854(6) Å (L4�), 4.085(1) Å (L5�) and 3.97–4.03 Å (L6�)].

The lead() macrocyclic complex is different from the
copper() series. The [2 � 2] macrocycle has formed in
the expected manner but, due to the increased ionic radius, the
macrocycle cavity is unable to accommodate the lead atoms,
which are consequently pulled much further out of the basal N4

plane of the macrocycle than the copper atoms are in com-
plexes 2–6. The fold in the L22� macrocycle is consequently far
larger than it is in the copper series, as is shown by the larger
triazolate intersection angle of 111.0(3)� (cf. average for copper
complexes 70.8�), while the N4 mean plane intersection angle at
35.3(3)� is similar (cf. average for copper complexes 35.1�) as
this value is fixed by the orientation of the imine arms.

Conclusion
These results, along with our previously reported results 14,22

and those of Torres and co-workers 15,16 using related triazolate
ligands, show that macrocyclic triazolate-containing ligands are
a promising system for generating interesting coordination
complexes. These particular complexes form an unusual set of
structurally characterised thiocyanate-bridged assemblies in
which a macrocyclic dicopper() complex is the basic unit. They
also highlight the potential importance of stoichiometric con-
trol in assembling interesting arrays or polymers which may
optimise the intermolecular communication between metal ion
centers. These results will therefore be valuable as we work
towards controlling both the effectiveness and the extent of
intermolecular communication between metal ions to produce
magnetically interesting and potentially useful materials. We 14

and others 6,12 have already shown that the triazolate unit itself
is capable of mediating magnetic exchange. Our next aim
is to explore this, and related, ligand systems further 22 by
varying the transition metals, especially targeting cobalt 14,22

and iron,12,30 the latter being a strong candidate for giving
spin-crossover complexes.

Experimental
3,5-Diacetyl-1H-1,2,4-triazole was prepared according to the
literature preparation.15 All reagents and solvents were used as
received, without further purification, unless otherwise stated.
Acetonitrile was refluxed over calcium hydride and distilled
prior to use. Measurements were carried out as described
previously.2,5

Extreme CAUTION! Whilst no problems were encountered
in the course of this work, perchlorate mixtures are potentially
explosive and should therefore be handled with appropriate
care.

Preparation of the lead precursor complex

[PbII
2(L2)](ClO4)2 (1), crystals as 1�MeCN. Pb(ClO4)2�6H2O

(1.5 g, 3.26 mmol) was added to a stirred solution of 3,5-di-
acetyl-1H-1,2,4-triazole (500 mg, 3.26 mmol) and NaOH
(130 mg, 3.26 mmol) in MeOH (ca. 100 mL). As the reaction
mixture was heated to reflux temperature, a methanolic solu-
tion (2–3 mL) of 1,3-diaminopropane (250 mg, 3.37 mmol) was
added dropwise causing the reaction mixture to become cloudy
within 15 min. The reaction was stirred at reflux temperature
overnight (ca. 17 h) producing a fine white precipitate. The pre-
cipitate was collected by filtration and dried under vacuum. The
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solid was added to MeCN (ca. 10 mL per 100 mg) and the small
amount of insoluble material was separated by centrifugation.
Evaporation of the MeCN yielded colourless microcrystals of
[PbII

2(L2)](ClO4)2 (1.29 g, 80%). Crystals suitable for X-ray
analysis were obtained via slow vapour diffusion of tert-butyl
methyl ether into MeCN solutions of [PbII

2(L2)](ClO4)2. FAB
m/z (rel. intensity): 154 (100), 289 (22), 307 (38), 794 (7), 811 (4),
831 (4), 895 (16) [(Pb2L2)ClO4]

�, 1887 (<1) (dimeric). Found: C,
21.46; H, 2.37; N, 13.81; Cl, 6.70. C18H24N10Pb2Cl2O8 requires
C, 21.76; H, 2.43; N, 14.09; Cl, 7.14%. IR (KBr disk)
(νmax/cm�1): 1635, 1413, 1355, 1095, 619.

Preparation of the copper(II) complexes

[CuII
2(L2)(NCMe)2](ClO4)2 (2), crystals as 2�MeCN. To a

heated, stirred solution of [PbII
2(L2)](ClO4)2 (100 mg, 0.1

mmol) in MeCN (ca.20 mL), was added a solution of
Cu(ClO4)2�6H2O (74 mg, 0.2 mmol) in MeCN (3 mL), and the
clear blue solution was heated at reflux temperature for 3–4 h.
To the resulting intense dark-green solution was added NaSCN
(32 mg, 0.4 mmol), which produced an instant precipitate of
Pb(SCN)2. The reaction mixture was cooled to room temper-
ature and filtered to remove the Pb(SCN)2. Slow vapour diffu-
sion of diethyl ether into the filtrate yielded dark-green crystals
of [CuII

2(L2)(NCMe)2](ClO4)2 which were dried under vacuum
(50 mg, 69%). FAB m/z (rel. intensity): 154 (90), 307 (10), 506
(15) [CuII

2L2]2�, 607 (8) [(CuII
2L2)ClO4]

�. Found C, 28.98; H,
3.67; N, 18.56. C18H28N10Cu2Cl2O10 requires C, 29.19; H, 3.81;
N, 18.92%. IR (KBr disk) (νmax/cm�1): 1621, 1412, 1359, 1089,
620.

[CuII
2(L2)(NCS)2] (3), crystals as 3�MeCN. The same pro-

cedure was followed as for [CuII
2(L2)(NCMe)2](ClO4)2 (2),

except 0.8 mmol (65 mg) NaSCN was added to the reaction
mixture. Similarly, the reaction mixture was filtered to remove
the Pb(SCN)2 and the filtrate diffused with diethyl ether to yield
green crystals of [CuII

2(L2)(NCS)2]�MeCN (40 mg, 64%). FAB
m/z (rel. intensity): 154 (80), 307 (16), 506 (11), 607 (11). Found
C, 38.50; H, 3.76; N, 26.93; S, 10.27. C20H24N12S2Cu2 requires
C, 38.52; H, 3.88; N, 26.95; S, 10.28%. IR (KBr disk)
(νmax/cm�1): 2116, 1615, 1489, 1412, 1359, 1227, 622.

{[CuII
2(L2)]3(NCS)2}(ClO4)4 (4), crystals as 4�1.5 MeCN. To a

heated, stirred solution of [PbII
2(L2)](ClO4)2 (100 mg, 0.101

mmol) in MeCN (ca.20 mL), was added a solution of
Cu(ClO4)2�6H2O (37 mg, 0.101 mmol) in MeCN (3 mL), and
the clear blue solution was heated at reflux temperature for 3–4
h. To the resulting intense dark-green solution was added 4.67
mol equivalents (per macrocycle) of NaSCN (38 mg, 0.47
mmol). The reaction mixture was cooled to room temperature
and filtered to remove the Pb(SCN)2 and the blue–green filtrate
diffused with diethyl ether to yield dark blue crystals of {[CuII

2-
(L2)]3(NCS)2}(ClO4)4�1.5MeCN (42 mg, 61%). FAB m/z
(rel. intensity): 154 (100), 307 (11), 506 (14), 607 (9). Found C,
33.24; H, 3.72; N, 21.92; S, 2.88; Cl, 7.24. C56H72N32O16S2-
Cl4Cu6 requires C, 33.03; H, 3.56; N, 22.01; S, 3.15; Cl, 6.96%.
IR (KBr disk) (νmax/cm�1): 2144, 1615, 1417, 1359, 1226, 1089,
622.

{[CuII
2(L2)(NCS)][CuII

2(L2)(SCN)](ClO4)2}x (5), crystals as
5�H2O. The same procedure as for [CuII

2(L2)(NCMe)2](ClO4)2

(2) was followed, except 5.00 equivalents (per macrocycle) of
NaSCN (41 mg, 0.5 mmol) was added to the reaction mixture.
Similarly, the reaction mixture was filtered to remove the
Pb(SCN)2 and the blue–green filtrate diffused with diethyl ether
to yield blue–green crystals of {[CuII

2(L2)(NCS)][CuII
2(L2)-

(SCN)](ClO4)2}x�H2O (42 mg, 59%). FAB m/z (rel. intensity):
154 (98), 307 (11), 506 (10), 607 (12). Found C, 34.72; H, 3.88;
N, 23.69; S, 4.51. C38H48N22O8S2Cl2Cu4 requires C, 34.39; H,
3.65; N, 23.23; S, 4.82%. IR (KBr disk) (νmax/cm�1): 2135, 1617,
1490, 1414, 1361, 1227, 1088, 623. T
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{[CuII
2(L2)(NCS)](ClO4)}x (6), crystals as 6�DMF. Crystals

of {[CuII
2(L2)(NCS)][CuII

2(L2)(SCN)](ClO4)2}x (5) were redis-
solved in DMF and the clear blue–green solution diffused
with diethyl ether to yield blue–green crystals of {[CuII

2-
(L2)(NCS)](ClO4)}x�DMF (44%). FAB m/z (rel. intensity): 154
(88), 307 (11), 506 (17), 607 (22). Found C, 35.72; H, 3.88; N,
22.69; S, 4.51. C22H31N12O5SClCu2 requires C, 35.87; H, 4.24;
N, 22.83; S, 4.34%. IR (KBr disk) (νmax/cm�1): 2130, 1617, 1485,
1411, 1089, 620. The crystals lost solvent very quickly.

{[CuII
2(L2)(NCS)](ClO4)}x (6), crystals as 6�MeCN. Crystals

of {[CuII
2(L2)(NCS)](ClO4)}x�DMF (6�DMF) were redissolved

in MeCN and the clear blue–green solution diffused with di-
ethyl ether to yield blue–green crystals of {[CuII

2(L2)(NCS)]-
(ClO4)}x�MeCN (88%). FAB m/z (rel. intensity): 154 (89), 307
(11), 506 (17), 607 (24). Found C, 35.72; H, 3.88; N, 23.69; S,
4.51. C22H31N12O5SClCu2 requires C, 35.79; H, 3.87; N, 23.87;
S, 4.54%. IR (KBr disk) (νmax/cm�1): 2131, 1617, 1485, 1412,
1087, 620.

X-Ray crystallography

X-Ray data were collected on a Bruker SMART diffractometer
(λ = 0.71073 Å) and the structures solved and refined (all non-
hydrogen atoms anisotropic) using SHELXS and SHELXL.31

Details of the crystal structures are collected in Table 8 and
additional notes referring to particular structures are detailed
below.

[PbII
2(L2)](ClO4)2�MeCN, (1)�MeCN. Highest peaks (Q1 =

3.98, Q2 = 3.62, Q3 = 3.60, Q4 = 3.45) are residuals due to
absorption and are all within 1 Å of the lead atoms.

[CuII
2(L2)(NCS)2]�MeCN, (3)�MeCN. Data is 75% complete

to 2θ = 47�.

{[CuII
2(L2)]3(NCS)2}(ClO4)4�1.5 MeCN, (4)�1.5 MeCN.

Atoms C(61), O(5D), O(12A) and O(14A) were restrained
using ISOR to aid convergence (restrained goodness of fit =
1.089). Positional disorder in perchlorate counterions [central
chlorine atoms Cl(10), Cl(30), Cl(40) and Cl(50)] and one
macrocycle alkyl chain [C(58), C(59), C(60)] was successfully
modelled.

[CuII
2(L2)(NCS)]x�H2O, (5)�H2O. One water molecule dis-

ordered over two sites.

CCDC reference numbers 207829–207835.
See http://www.rsc.org/suppdata/dt/b3/b304658c/ for crystal-

lographic data in CIF or other electronic format.
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