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Novel Diazamesocyclic Ligands Functionalized with Pyridyl Donor Group(s) 2
Synthesis, Crystal Structures, and Properties of Their Copper(II) Complexes
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Two novel diazamesocyclic ligands based on l,5-diazacy-
clooctane (DACO) and functionalized with additional pyridyl
donor groups, namely 1,5-bis(2-pyridylmethyl)-1,5-diazacy-
clooctane (L1) and 1-(2-pyridylmethyl)-1,5-diazacyclooctane
(L2), have been synthesized and characterized, as have their
CuII complexes. Crystal structure analyses revealed that with
Cu(ClO4)2 L1 forms a five-coordinate mononuclear complex
[CuIIL1Cl]ClO4 (1), whereas L2 forms a µ-Cl−-bridged dinuc-
lear complex [CuII(L2)Cl]2(ClO4)2 (2). Furthermore, it has
been found that the apical chloride anion of 1 may be easily
exchanged by azide anion, forming the mononuclear com-
plex [CuIIL1(N3)]ClO4 (3). There is a notable difference be-
tween 3 and 1 in that 3 forms a quasi-two-dimensional net-
work through intermolecular C−H···O hydrogen bonds and
π−π stacking interactions. Each CuII center in the three com-

Introduction

Macrocyclic polyamines bearing functional groups and
transition metal complexes thereof have been extensively
studied in order to investigate the effects of the functional
pendants on the coordination modes and properties of
these complexes.[1] Mesocyclic diamines such as 1,5-diaza-
cyclooctane (DACO), functionalized with pendant groups,
can form stable metal complexes with unique conforma-
tional requirements,[2,3] and the coordinating abilities of
such ligands can be adjusted through altering the donor
groups on their skeletons.[4] This interesting chemistry
prompted our investigation of DACO, in which we intro-
duced functional donor groups on its backbone and exam-
ined the coordinating functionality of various pendant
donors in relation to the structures and properties of the
relevant metal complexes. Furthermore, the study of DACO
derivatives and their metal complexes has been an active
area of research owing to their use in analytical and biomi-
metic applications, in the stabilization of high oxidation
states of some metal ions, in selective ion recognition, and
as a result of their catalytic activities.[5]
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plexes is pentacoordinated in a distorted square-pyramidal
environment and the DACO ring of each ligand adopts a
boat-chair configuration in all the complexes. In the mononu-
clear complexes 1 and 3, the Cl− or N3

− anions occupy the
apical sites, whereas in the dinuclear complex 2 the two
bridging Cl− anions occupy both axial positions as well as
one equatorial position, leading to an intramolecular Cu···Cu
separation of 3.396 Å. Variable-temperature magnetic sus-
ceptibility measurements on 2 in the range 4−300 K indicate
a weak intramolecular ferromagnetic coupling between adja-
cent CuII centers with 2J = 2.28 cm−1; the magneto-structural
correlations are discussed in detail. The solution behavior of
the complexes has been further studied by UV/vis and ESR
techniques.

Dinuclear CuII complexes play an important role in the
elucidation of spin-coupling or magnetic-exchange phenom-
ena between paramagnetic metal centers. They exemplify the
simplest case where two unpaired electrons on two paramag-
netic ions are separated by spacer ligands that may intramo-
lecularly mediate the stabilization of a singlet. Several ex-
perimental and theoretical investigations have been carried
out aimed at elucidating the structures and magnetic proper-
ties of bis(µ-chloro)-bridged CuII dimers, and different mag-
netic behavior ranging from ferro- to antiferromagnetic in-
teractions has been found in these systems.[6] However, great
difficulties remain in establishing a magneto-structural cor-
relation for these complexes since they show pronounced
Jahn2Teller distortion. Consequently, further investigations
into the magneto-structural correlation of chloro-bridged
CuII dinuclear complexes would seem necessary.

We report herein the synthesis of two new ligands based
on DACO bearing one and two pyridine donor groups, re-
spectively, as well as their CuII complexes (see Scheme 1).
These tetra- and tridentate ligands form stable mononuclear
and dinuclear complexes with CuII, the crystal structures of
which have been elucidated by X-ray diffraction analysis.
The magneto-structural correlations of 2 and the solution
behavior of these CuII complexes have also been studied.

Results and Discussion
Syntheses and General Characterizations

The doubly-substituted ligand L1 was prepared by using
an excess of 2-chloromethylpyridine hydrochloride, while an
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Scheme 1

excess of DACO was used to obtain the monoalkylated
product L2; both ligands were purified by column chroma-
tography on silica gel. Acid-free L1 and L2 could only be
obtained as oils, hence they were converted into their HCl
salts to obtain crystalline solids. The yields of both syn-
theses were in excess of 65% and all analytical data were
in good agreement with the theoretical requirements of the
two ligands.

The syntheses of 1 and 2 were accomplished by reacting
the respective ligands with Cu(ClO4)2·6H2O. Since the li-
gands were handled as their HCl salts, they first had to be
neutralized with aqueous NaOH solution prior to com-
plexation. Electrical conductance values in methanol solu-
tion indicated that 1 and 3 behave as 1:1 electrolytes, while
2 acts as a 2:1 electrolyte,[7] these findings being consistent
with the crystal structural analyses. The IR spectra of the
three complexes show absorption bands resulting from the
skeletal vibrations of the pyridine rings in the region
140021600 cm21. The absorption bands due to ClO4

2 ap-
pear at 109821082 and 6232621 cm2l for all three com-
plexes. In addition, 3 exhibits three strong absorption bands
at 2125, 2031, and 1098 cm21 due to the νN2N stretch of
the apical azide anion.

X-ray Crystal Structures of Complexes 123

The crystal structure of 1 showing the atom numbering
scheme is depicted in Figure 1. The structure consists of a
discrete [CuL1Cl]1 cation and a perchlorate anion. The
CuII center is coordinated by two pyridine nitrogen atoms
and a pair of nitrogen donors of the DACO ring. A chloride
anion completes the coordination polyhedron around the
central metal ion. The CuII ion is pentacoordinated
(CuN4Cl) and the coordination polyhedron can best be de-
scribed as a distorted square-pyramid with the chloride an-
ion occupying the axial position. The CuII ion lies 0.425 Å
above the basal least-squares plane defined by N(1), N(2),
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N(16), and N(26), in the direction of the apical Cl(1) anion,
and the dihedral angle between the two pyridine rings is
36.1°. The ligand adopts a typical boat/chair configuration
and with the central CuII ion forms two five-membered co-
ordination rings N(1)2C(10)2C(11)2N(16)2Cu and
N(2)2C(20)2C(21)2N(26)2Cu, resulting in an N(1)2
Cu2N(16) angle of 79.8° and an N(1)2Cu2N(16) angle
of 84.5°.

Figure 1. ORTEP view of 1 with thermal ellipsoids drawn at a 35%
probability level

The two Cu2NDACO bond lengths are approximately
equal (2.032 vs. 2.056 Å), both being normal Cu2N coor-
dination bonds,[8] but the Cu2N(16) (pyridine) bond length
is significantly shorter than the Cu2N(26) (pyridine) dis-
tance (1.991 vs. 2.113 Å), probably due to the steric interac-
tion of the two pyridine groups.

The apical Cu2Cl(1) coordination bond measures 2.424
Å, which is close to the values reported for some similar
complexes.[9,10] The weakly coordinated Cl2 anion may be
easily exchanged by other donor molecules or ions, hence
the complex may have potential application in homogen-
eous catalysis or as a functional building block for the con-
struction of larger functional architectures. We have suc-
cessfully modified this complex by axial ligand exchange of
chloride with azide, thereby generating 3.

The crystal structure of 3 is shown in Figure 2(a); the
coordination environment of the central CuII ion can be
seen to be very similar to that in 1. The CuII ion lies 0.424
Å above the mean basal plane defined by N(1), N(2), N(3),
and N(4), in the direction of the apical N(5) atom. The
dihedral angle between the two pendant pyridine rings is
27.7°, which is smaller than that in 1, probably as a result
of the less severe distortion of the coordination geometry
about the central CuII ion. The Cu2NDACO bond lengths
(2.041 vs. 2.075 Å) are close to the value found in 1 while,
in contrast to 1, the Cu2Npy bond lengths are approxim-
ately the same (2.075 vs. 2.114 Å).
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Figure 2. (a) ORTEP view of 3 with thermal ellipsoids drawn at a
30% probability level; (b) view of the two-dimensional network in
3 along the b axis; the methylene groups of the DACO ring and
irrelevant hydrogen atoms have been omitted for clarity

Selected bond lengths and angles relevant to the CuII co-
ordination spheres in both 1 and 3 are listed in Table 1. The
stereo geometries of both of the five-coordinate (CuN4X)
complexes are distorted square-pyramids, as reflected in
their τ values (0.38 and 0.29, respectively) defined by Ad-
dison et al. (τ 5 0 for an ideal square-pyramid, τ 5 1 for
an ideal trigonal-bipyramid).[11] In both complexes, L1 acts
as a tetradentate chelating agent. The coordination geo-
metry around CuII is made up by a pair of nitrogen atoms
of the DACO ring and the two nitrogen donors of the pyr-
idine pendants, which occupy cis positions in the coordina-
tion polyhedron. In both complexes, the DACO ring of the
ligand adopts a ‘‘boat/chair’’ configuration and is bent such
that the central methylene C2H group of the boat form of
the metalladiazacyclohexane ring shields the metal center
with a H···Cu distance of 2.565 Å in 1 (2.555 Å in 3) and
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a H2Cu2apex angle of 11.9° in 1 (7.9° in 3). Thus, this
methylene hydrogen effectively blocks the sixth coordina-
tion position, resulting in the observed five-coordinate
metal complexes[4c] (see Scheme 2). The distances between
the nitrogen atoms of the DACO ring are restricted to a
narrow range with NDACO2Cu2N9DACO angles of 87.2°
and 86.7° in the two complexes. The Npy2Cu2N9py angles
are also restricted within narrow limits (100.8° and 101.8°),
due to the steric requirements of the ligand.

Table 1. Selected bond lengths [Å] and angles [°] in 1 and 3 (H* is
the hydrogen of the central methylene group nearest to the CuII

center in the boat forms of the metalladiazacyclohexane rings)

Complex 1

Cu2Cl(1) 2.424(2) Cu2N(1) 2.056(7)
Cu2N(2) 2.032(6) Cu2N(16) 1.991(6)

Cu2N(26) 2.113(6) Cu···H* 2.565
N(2)2Cu(1)2N(16) 166.5(2) N(1)2Cu(1)2N(26) 143.7(3)
N(1)2Cu(1)2N(2) 87.2(3) N(16)2Cu(1)2N(26) 100.8(2)

N(2)2Cu(1)2N(26) 79.8(2) N(1)2Cu(1)2N(16) 84.5(3)
H2Cu2apex 11.9

Complex 3

Cu(1)2N(1) 2.025(2) Cu(1)2N(4) 2.041(2)
Cu(1)2N(3) 2.075(2) Cu(1)2N(5) 2.106(3)
Cu(1)2N(2) 2.114(2) N(6)2N(7) 1.170(3)
N(6)2N(5) 1.174(3) Cu···H* 2.555

N(1)2Cu(1)2N(3) 83.05(8) N(4)2Cu(1)2N(2) 80.13(8)
N(4)2Cu(1)2N(3) 86.68(8) N(1)2Cu(1)2N(2) 101.75(8)
N(3)2Cu(1)2N(2) 146.21(8) N(1)2Cu(1)2N(4) 163.82(8)
N(7)2N(6)2N(5) 179.5(3) H2Cu2apex 7.9

Scheme 2

The most notable difference between 3 and 1 is the ability
of 3 to form a quasi-two-dimensional supramolecular net-
work through weak intermolecular C2H···O hydrogen
bonds and π2π stacking interactions. This is illustrated in
Figure 2(b). The hydrogen atoms of the pyridine ring and
of the methylene group connected to the pyridine ring of
another adjacent molecule in the cation unit [CuL1(N3)]1

are activated by the positive charge that arises due to the
coordination of the N atoms to the CuII center. Each per-
chlorate anion acts as a hydrogen-bond acceptor from two
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adjacent [CuL1(N3)]1 cations, giving a one-dimensional
infinite zigzag chain in the lattice. The C···O separations are
3.461 and 3.397 Å, with H···O separations of 2.561 and
2.484 Å. The C···O separations fall within the range of
3.024.0 Å suggested by Desiraju et al.,[12] while the bond
angles of 161.5 and 163.4° are quite close to 180°. The
Cu···Cu intermolecular distance between adjacent chains is
7.54 Å. Furthermore, the H-bonded chains are cross-linked
in the unit cell. Two nearest pyridine planes, lying almost
parallel to one another between the neighboring chains,
show an average interfacial distance of 3.667 Å, indicating
significant π-π stacking interactions.[13] As a result of these
two types of weak intermolecular interaction, the
[CuL1(N3)]ClO4 molecules are self-assembled into a quasi-
two-dimensional network in this complex.

An ORTEP representation of 2, showing the atom num-
bering scheme, is depicted in Figure 3, while selected bond
lengths and angles are listed in Table 2. The complex con-
sists of a discrete [CuL2Cl]221 cation and two perchlorate
anions. In the [CuL2Cl]221 cation, the two CuII centers are
symmetrically bridged by two chloride anions. Each CuII

ion is bound by L1 through one nitrogen atom of the pyri-
dyl pendant group and two nitrogen donors of the DACO
ring, which again adopts a ‘‘boat/chair’’ configuration. The
two bridging chloride anions complete the coordination
polyhedron around each CuII ion. The CuII ions are penta-
coordinated (CuN3Cl2) and the coordination polyhedron
around CuII may best be described as a distorted square-
pyramid with τ 5 0.34.[11] The CuII ion lies 0.28 Å above
the mean basal plane formed by N(1), N(2), N(11), and
Cl(1a), in the direction of the apical Cl2 anion, and the
axial Cu(1)2Cl(1) distance is ca. 0.29 Å longer than the
Cu(1)2Cl(1a) bond length in the basal plane (2.581 vs.
2.291 Å).

Figure 3. ORTEP representation of 2 with thermal ellipsoids drawn
at a 35% probability level

The CuII centers and chloride anions form a rhombic
plane with the angles Cl(1)2Cu(1)2Cl(1a) and
Cu(1)2Cl(1)2Cu(1a) measuring 91.8° and 88.2°, respect-
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Table 2. Selected bond lengths [Å] and angles [°] in 2

Bond lengths [Å]

Cu(1)2Cl(1) 2.581(1) Cu(1)2N(1) 2.038(4)
Cu(1)2N(2) 2.007(5) Cu(1)2N(11) 2.020(4)

Cu(1)2Cl(1a) 2.291(1) Cu···H* 2.507

Bond angles [°]

Cl(1)2Cu(1)2N(1) 95.2(1) Cl(1)2Cu(1)2N(2) 105.3(1)
N(1)2Cu(1)2N(2) 86.5(2) Cl(1)2Cu(1)2N(11) 100.4(1)

N(1)2Cu(1)2N(11) 82.2(2) N(2)2Cu(1)2N(11) 152.7(2)
Cl(1)2Cu(1)2Cl(1a) 91.8(1) N(1)2Cu(1)2Cl(1a) 173.0(1)
N(2)2Cu(1)2Cl(1a) 91.4(1) N(11)2Cu(1)2Cl(1a) 96.8(1)
Cu(1)2Cl(1)2Cu(1a) 88.2(1) H2Cu2apex 13.45

ively. The two intramolecular CuII centers in 2 have the
same coordination configuration and structure. All the
Cu2N and Cu2Cl bond lengths fall into the expected
ranges for normal coordination bonds,[14] while the shortest
Cu···Cu nonbonding length in the dimer is 3.396 Å.

Electronic and ESR Spectra

The UV/vis spectra of the three complexes in methanol
solution show absorption maxima at 621, 622, and 618 nm,
respectively, which is in agreement with the absorptions
seen for other five-coordinated CuII complexes with similar
coordination geometries. The absorption bands of 1 and 2
display a slightly higher λmax than that of 3, suggesting that
their coordination geometries are more distorted toward tri-
gonal-bipyramid;[15] this is consistent with the degrees of
distortion found in the X-ray structural analyses. This spec-
tral feature is typical of pentacoordinated CuII complexes
with distorted square-pyramidal geometry, which generally
exhibit a band in the 5502660 nm range (dxz, dyz R dx

2
2y

2

).[15,16] In addition, the electronic spectra of all the com-
plexes feature a characteristic absorption at about 260 nm
attributable to a ligand π R π* transition.

The X-band ESR spectra of 1 were measured in the poly-
crystalline state and in methanol solution, at room temper-
ature and at 110 K. The following ESR parameters were
obtained for polycrystalline powdered 1 at room temper-
ature: gz 5 2.21, gy 5 2.10, and gx 5 2.04. The resolution
did not improve very much upon cooling to 110 K, with
parameters of gz 5 2.26, gy 5 2.15, and gx 5 2.09. Never-
theless, the spectra at 110 K did show some small splitting
lines, probably due to the hyperfine splitting of the coordin-
ated nitrogen donors. The g values conform to the relation-
ship: g|| . g' . ge, which indicates that the unpaired 3d
electron of the CuII ion should occupy the dx

2
2y

2 orbital
and a predominantly tetragonal component in the solid-
state stereochemistry.[17] The different values of gx and gy

for 1 imply that the CuII ground-state wavefunction is not
pure dx

2
2y

2, but that it contains some contribution from dz
2

as a result of the decreased symmetry of the coordination
polyhedron, which is consistent with the crystal structure
data. The room-temperature solution spectra show hyper-
fine splitting lines characteristic of CuII complexes, as was
also observed for a frozen solution of 1. The approximate
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ESR parameters obtained were: giso 5 2.11 (Aiso 5 74 G),
g|| 5 2.23 (A|| 5 94 G), and g' 5 2.05 (A' 5 64 G), where
g' 5 (3giso 2 g||)/2 and A' 5 (3Aiso 2 A||)/2.[18] The values
again conform to the relationship g|| . g' . ge, with a
smaller A|| value, indicating some distortion of the coor-
dination geometry about the CuII center from square-pyr-
amidal in solution,[19] which is similar to the geometry ob-
served in the solid state.

The X-band ESR spectrum of 2 in the solid state at room
temperature shows isotropic character with gav 5 2.10, pos-
sibly as a result of exchange narrowing. No absorption is
observed at half-field (∆ms 5 2, g 5 4), indicating a small
ZFS effect.[20] The spectrum of a frozen solution of 2 in
methanol likewise exhibits only a quasi-isotropic feature,
and the g value (2.10) is essentially the same as that of the
polycrystalline sample. This indicates that there is no signi-
ficant change in the coordination environment under the
two sets of conditions.

Magnetic Properties

The magnetic behavior of 2 is shown in Figure 4 as the
variation of χM (µeff) versus temperature. The molar mag-
netic susceptibility of the dinuclear CuII unit increases with
decreasing temperature. However, the effective magnetic
moment increases very smoothly on lowering the temper-
ature down to 14 K and finally decreases rapidly at even
lower temperatures. This behavior indicates the existence of
an intradimer ferromagnetic exchange interaction. The ex-
perimental data were least-squares fitted to the analytical
expression given as Equation (1), according to the modified

Figure 4. Magnetic coupling diagram of the µ-Cl2-bridged binuc-
lear complex 2

Table 3. The structural and magnetic properties of some bis(µ-Cl2)-bridged CuII dimeric complexes

Complex Cu···Cu Cu···Cl9 Cu2Cl2Cu9 ϕ/R 2J Ref.
(Å) (R/Å) (ϕ/°) (°/Å) (cm21)

[Cu(DMGH)Cl2]2 3.445 2.698 88.0 32.62 16.3 14
[Cu2(L2)2Cl2](ClO4)2 3.396 2.581 88.2 34.17 12.24 this work

[Cu(Hfsaaep)Cl]2 3.825 2.846 95.27 33.47 10.3 6c
[Cu(TMSO)Cl2]2 3.737 3.020 88.5 29.30 217.0 26
[Cu(TMEN)Cl2] 4.089 3.147 96.8 30.76 25.6 27
[Cu(2-pic)2Cl2]2 4.404 3.364 100.63 29.91 27.4 25, 28
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Bleaney2Bowers model for a CuII dimer.[21] Here, all the
symbols have their usual meanings; ρ is the percentage of
non-coupled impurity and Nα is the temperature-independ-
ent paramagnetism. The following parameters were ob-
tained: 2J 5 2.28 cm21, ρ 5 0.005, and g 5 2.12, which is
in good agreement with the average g value deduced from
the ESR spectra. The agreement factor R [defined as Σ(χobs

2 χcalc)2/Σ(χobs)2] is equal to 2.031025.

χM 5 (2Ng2β2/KT)[3 1 exp(22J/KT)]21(1 2 ρ) 1
(1)

Ng2β2ρ/2KT 1 Nα

In order to discuss the relationship between the magni-
tude of the exchange constant and the structural para-
meters in distorted square-pyramidal coordinated CuII

dimers with bis(µ-chloro) bridges, we have compiled the
structural and magnetic parameters of several such CuII

dimers in Table 3.
In 2, the spin density lies in the parallel planes and the

magnetic orbital is almost orthogonal, indicating that the
overlap is very small, and this leads to the observed weak
magnetic exchange interaction. Hatfield and co-workers[22]

have shown that antiferromagnetic interactions are ob-
served when the value of the quotient ϕ/R (°/Å) is lower
than 32.6 or higher than 34.8, whereas ferromagnetic inter-
actions are observed for quotient values falling between
these limits. For 2, the quotient value is 34.17°, falling just
within the aforementioned limits, hence the ferromagnetic
interaction may be satisfactorily understood. In CuII com-
plexes, strict orthogonality does not occur,[23] and the ferro-
magnetic interaction is due to accidental orthogonality of
the magnetic orbital involved and/or a polarization effect.
In 2, the π orbitals of the Cl(1) anion interact with the
Cu(1) magnetic orbital; electron delocalization from the π
orbital into the dx

2
2y

2 orbital of Cu(1) deposits some un-
paired spin density of the same net orientation as that on
Cu(1) onto the bridging Cl(1) anion. Therefore, coupling of
the unpaired spins in the orthogonal orbitals, π and dx

2
2y

2

of Cu(2), leads to the triplet ground state.[24] According to
the equation J 5 JF 1 JAF,[25] where JF 5 2C and JAF 5
22∆S (C is the two-electron exchange integral, S is the
overlap integral, and ∆ is the energy separation of the mo-
lecular magnetic orbital occupied by the unpaired elec-
trons), JF is the dominant term for 2. It is worth noting
that the Cu2Cl (equatorial) bond length is a key factor in
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determining the spin-polarization effect, which governs the
magnitude of the magnetic exchange interaction.

Conclusion

The described synthetic procedure provides a convenient
access to a new family of macrocyclic species and their
metal complexes. The effect of substituents and of the ap-
ical anion on the five-coordinated CuII structural geometry
is discussed in detail. A study of the magnetic properties
has shown that the main structural factor determining the
strength of the magnetic interaction is the value of the quo-
tient (ϕ/R), but that the influence of the Cu2Cl equatorial
and axial distances must also be considered.

Experimental Section

Materials and General Methods: The starting compound,
DACO·2HBr, was prepared according to a literature method.[29,30]

Other commercially available chemical reagents and solvents were
of analytical grade and were purified by standard procedures prior
to use. 2 FT-IR spectra were recorded on a Nicolet 170SX spectro-
meter at room temperature. 2 1H NMR spectra were recorded on
a Bruker AC-P 200 spectrometer (200 MHz) at 25 °C using tetra-
methylsilane as an internal reference. 2 Electronic absorption spec-
tra were recorded on a Hitachi UV-3010 spectrophotometer. 2 Ele-
mental analyses were carried out on a Perkin2Elmer 240C ana-
lyzer. 2 Solution and polycrystalline EPR spectra (X-band) were
recorded on a Bruker ER-200-DSRC10 spectrometer.

Syntheses of Ligands: 1,5-Bis(pyrid-2-ylmethyl)-1,5-diazacyclooc-
tane Tetrahydrochloride Monohydrate (L1·4HCl·H2O): A suspen-
sion of DACO·2HBr (1.76 g, 6.4 mmol) and potassium hydroxide
(0.73 g, 12.9 mmol) in anhydrous ethanol (40 mL) was stirred for
4 h at room temperature. A solution of 2-(chloromethyl)pyridine
hydrochloride (2.46 g, 15.0 mmol) and triethylamine (2.09 g,
15.0 mmol) in anhydrous ethanol (20 mL) was then added dropwise
to the stirred mixture over a period of 2 h. After the addition was
complete, additional triethylamine (5 mL) was added and the re-
sulting mixture was stirred for ca. two days at room temperature.
The solvent was then removed under reduced pressure, the residue
was redissolved in water (15 mL), and the pH of the resulting solu-
tion was adjusted to ca. 10 with anhydrous K2CO3. The organic
phase that separated from the mixture was concentrated in vacuo
and the crude product was purified by column chromatography on
silica gel (CH2Cl2/MeOH/NH3·H2O, 10:10:1). The free ligand was
obtained as a colorless oil; it was converted to its HCl salt, which
was obtained as a white crystalline material (2.06 g, 70% yield
based on DACO). 2 C18H24N4·4HCl·H2O (460.3): calcd. C 47.0,
H 6.57, N 12.2; found C 46.8, H 6.81, N 11.8. 2 1H NMR (D2O):
δ 5 1.8221.88 (m, 4 H, CH2CH2CH2), 3.18 (t, J 5 5.7 Hz, 8 H,
NCH2CH2), 4.30 (s, 4 H, CH2-py), 7.8428.66 (m, 8 H, py). 2 IR
(KBr pellet): ν̃ 5 2986 cm21 w, 2958 m, 1636 vs, 1617 s, 1541 s,
1468 s, 1443 s, 1390 vs, 930 m, 780 vs.

1-(Pyrid-2-ylmethyl)-1,5-diazacyclooctane Trihydrochloride Dihy-
drate (L2·3HCl·2H2O): A solution of DACO·2HBr (8.68 g,
31.7 mmol) and potassium hydroxide (3.30 g, 58.8 mmol) in anhyd-
rous methanol (50 mL) was stirred for 4 h at room temperature. A
solution of 2-(chloromethyl)pyridine hydrochloride (1.23 g,
7.5 mmol) in anhydrous ethanol was then added dropwise. The re-
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sulting mixture was refluxed for 1 h and then stirred at room tem-
perature for ca. two days. The solvent was subsequently evaporated
under reduced pressure, the residue was redissolved in water
(20 mL), the pH of the resulting solution was adjusted to ca. 10
with Na2CO3, and then it was extracted with CHCl3 (3 3 100 mL).
The combined CHCl3 extracts were dried, the solvent was evapor-
ated, and the residue was purified by column chromatography on
silica gel eluting with CH2Cl2/MeOH/NH3·H2O (5:5:1). The free
base, obtained as an oil, was dissolved in anhydrous ethanol; pas-
sage of HCl gas into this solution gave the salt as an off-white solid
(1.7 g, 65% yield based on 2-(chloromethyl)pyridine hydrochloride
used). 2 C12H19N3·3HCl·2H2O (350.7): calcd. C 41.1, H 7.47, N
12.0; found C 40.8, H 7.69, N 11.8. 2 1H NMR (D2O): δ 5

1.9021.96 (m, 4 H, CH2CH2CH2), 3.02 (t, J 5 5.7 Hz, 4 H,
NCH2CH2), 3.24 (t, J 5 5.9 Hz, 4 H, NCH2CH2), 4.15 (s, 2 H,
CH2-py), 7.7728.42 (m, 4 H, py). 2 IR (KBr pellet): ν̃ 5 2953
cm21 m, 1619 vs, 1546 m, 1466 s, 1406 w, 1327 w, 1230 m, 1073 m,
1038 w, 771 s.

Preparation of the Complexes: The mononuclear complex 1,
[CuL1Cl]ClO4, was prepared by mixing Cu(ClO4)2·6H2O (147 mg,
0.4 mmol) and L1·4HCl·H2O (184 mg, 0.4 mmol) in a 1:1 molar
ratio in methanol/water solution. The pH of this solution was ad-
justed to ca. 627 with dilute aqueous NaOH solution. The re-
sulting mixture was filtered and the filtrate was left to stand at
room temperature. Blue single crystals suitable for X-ray analysis
were obtained upon slow evaporation of the solvent. Yield: 119 mg
(60%). 2 C18H24Cl2CuN4O4 (494.9): calcd. C 43.7, H 4.89, N 11.1;
found C 43.6, H 4.92, N 11.3. 2 FT-IR (KBr pellet): ν̃ 5 2952
cm21 w, 2905 m, 1609 s, 1569 m, 1484 s, 1449 s, 1091 vs, 623 s. 2

ΛM (methanol): 102 cm2 Ω21 mol21. 2 UV/vis: λmax/nm (ε/dm3

mol21 cm21) (methanol): 622 (240), 260 (13300).

The dinuclear complex 2, [CuL2Cl]2(ClO4)2, was obtained in a sim-
ilar manner as described for the preparation of 1 (52%). 2

C24H38Cl4Cu2N6O8 (807.5): calcd. C 35.7, H 4.74, N 10.4; found
C 35.4, H 4.88, N 10.3. 2 FT-IR (KBr pellet): ν̃ 5 2940 cm21 w,
1610 s, 1573 m, 1481 m, 1454 s, 1082 vs, 1025 s, 621 s. 2 ΛM

(methanol): 184 cm2 Ω21 mol21. 2 UV/vis: λmax/nm (ε/dm3 mol21

cm21) (methanol): 621 (330), 260 (17900).

[CuL1(N3)]ClO4 (3), was synthesized by adding excess NaN3 to a
methanolic solution of 1. The resulting mixture was filtered and
the filtrate was left to stand at room temperature. Green single
crystals suitable for X-ray analysis were obtained upon slow evap-
oration of the solvent (38%). 2 C18H24ClCuN7O4 (501.4): calcd. C
43.1, H 4.82, N 19.6; found C 42.9, H 4.98, N 19.3. 2 FT-IR (KBr
pellet): ν̃ 5 2950 cm21 m, 2125 s, 2031 vs, 1609 s, 1570 m, 1483 m,
1447 s, 1309 m, 1098 vs, 623 s. 2 ΛM (methanol): 99 cm2 Ω21

mol21. 2 UV/vis: λmax/nm (ε/dm3 mol21 cm21) (methanol): 618
(274), 263 (11200).

Magnetic Study: Variable-temperature magnetic susceptibility
measurements on 2 were made on a SQUID magnetometer in the
52300 K temperature range. The susceptibilities were corrected for
diamagnetism using Pascal’s constants for all the constituent
atoms, and magnetic moments were calculated from the equation
µeff 5 2.828(χMT)1/2.

Crystallographic Study: The reflection data were collected on an
Enraf2Nonius CAD-4 X-ray diffractometer (for 1 and 2) or a
Bruker Smart 1000 CCD diffractometer (for 3) equipped with a
graphite crystal monochromator situated in the incident beam. The
determination of unit cell parameters and data collections were
performed with Mo-Kα radiation (λ 5 0.71073 Å). Reflections in
the range 4.5 # θ # 25° (for 1 and 2) and 1.71 # θ # 25.03° (for 3)
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Table 4. Crystallographic data and structure refinement summary for 1, 2, and 3

Complex 1 2 3

Empirical formula C18H24Cl2CuN4O4 C24H38Cl4Cu2N6O8 C18H24ClCuN7O4

Mr 494.86 807.50 501.43
Crystal size [mm3] 0.25 3 0.30 3 0.30 0.20 3 0.30 3 0.55 0.15 3 0.30 3 0.40

Space group P21/n P21/c P21/n
Temp. [K] 299(1) 299(1) 293(2)

a [Å] 7.824(2) 7.124(1) 15.5984(17)
b [Å] 22.562(5) 18.700(4) 7.5357(9)
c [Å] 11.840(2) 12.191(2) 17.799(2)
β [°] 94.50(3) 101.12(3) 91.648(2)

V [Å3] 2084(1) 1594(1) 2091.3(4)
D [g cm23] 1.570 1.683 1.593

F(000) 1020 828 1036
Z 4 2 4

Unique reflections 2603 2086 3679
Observed reflections 1923 1763 3679

Parameters 262 199 280
R[a] 0.064 0.044 0.0316

Rw
[b] 0.068 0.051 0.0827

S[c] 1.28 1.02 0.925
Largest diff. peak [e Å23] 0.51 0.73 0.294

[a] R 5 Σ(||Fo| 2 |Fc||/Σ|Fo|). 2 [b] Rw 5 [Σw(|Fo| 2 |Fc|)2/ΣwFo
2]1/2, w21 5 σ2(F) 1 0.0001F2 (for complexes 1 and 2); Rw 5 {Σ[w(Fo

2 2
Fc

2)2]/Σw(Fo
2)2}1/2, w21 5 s2(Fo

2) 1 (0.0554P)2 1 0.7119P, where P 5 (Fo
2 1 2Fc

2)/3 (for complex 3). 2 [c] S 5 {Σ[w(Fo
2 2 Fc

2)2]/(n 2
p)}1/2, where n 5 number of reflections measured and p 5 number of parameters used.

were collected at room temperature. All the structures were solved
by direct methods and empirical absorption corrections were ap-
plied. CuII atoms in each complex were located from E-maps. All
non-hydrogen atoms were determined by successive Fourier syn-
theses and were refined isotropically. The final refinement was per-
formed by full-matrix least-squares methods against F (for 1 and 2)
or F2 (for 3) with anisotropic thermal parameters for non-hydrogen
atoms. The hydrogen atoms were placed in theoretical positions as
riding on the relevant atoms and were refined with fixed thermal
factors. Crystallographic and refinement data for all three com-
plexes are summarized in Table 4. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre and
allocated the deposition numbers CCDC-150458 (1), -150459
(2) and -150460 (3). Copies of the data may be obtained free
of charge on application to the CCDC, 12 Union Road,
Cambridge CB2 1EZ, U.K. [Fax: (internat). 144 (0)1223/336033;
E-mail: deposit@ccdc.cam.ac.uk].
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