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Reactions between different copper(II) salts and 2-pyridine-
formamide thiosemicarbazone (HAm4DH) in neutral etha-
nolic media led to the formation of complexes with the for-
mulae [Cu(HAm4DH)X2] (X = Cl or Br) (1, 2) and [Cu-
(HAm4DH)2]X2 (X = NO3 or ClO4) (3, 4). The same reactions
carried out in the presence of triethylamine gave rise to new
complexes with the general formulae [Cu(Am4DH)X] (X =
Cl, Br, AcO, or NO3) (5–8), [Cu(H2O)(Am4DH)](ClO4) (9), and
[Cu(Am4DH)2] (10), many of which were isolated with dif-
ferent molecules of crystallization and contain a deproton-
ated thiosemicarbazone (Am4DH). These complexes were
characterized by elemental analysis, and different spectro-
scopic and magnetic techniques. The thermal and redox be-
havior of the complexes was also evaluated. Complexes 1, 2,

Introduction

In general, thiosemicarbazones are obtained by conden-
sation of the corresponding thiosemicarbazide with alde-
hydes or ketones.[1] However, an alternative method of syn-
thesis involves the use of nitriles as starting materials.[2] In
this case, the resulting thiosemicarbazones contain an ad-
ditional amino group (Scheme 1), which gives improved
water solubility. This in turn can improve the biological ac-
tivity of these compounds and their metal complexes.
Furthermore, this amino group is undoubtedly able to par-
ticipate in hydrogen bond formation, which can favor the
formation of supramolecular species.
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5, and 6 show better nuclease activity than [Cu(phen)2]2+. In
addition, crystals were isolated in the cases of [Cu(HAm4DH)-
Cl2]2 (5a), 1

�[Cu(Am4DH)Cl] (5b), 1
�[Cu(Am4DH)Br] (6a), and

[Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·H2O (9a) and these
structures were analyzed by X-ray diffraction. Compound 5a
has a dimeric structure with chlorine bridges and shows
weak antiferromagnetism (J = –12.2 cm–1). Complexes 5b
and 6a are one-dimensional polymers formed through halo-
gen bridges and the deprotonated thiosemicarbazone in the
thiolate form. In compound 9a the copper(II) is in a distorted
octahedral environment with two ClO4 units coordinated to
the metal center.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1.

Thiosemicarbazones in the solid state are in an approxi-
mately planar arrangement with a Z configuration around
the C=N bond and the terminal thioamide sulfur atom in
a trans disposition with respect to the azomethine nitrogen
(Ia in Scheme 1). The fact that this system undergoes
thione–thiol tautomerism makes the thiosemicarbazones
versatile ligands for a wide range of metal ions both in the
neutral and anionic forms (Scheme 1).

Thiosemicarbazones generally coordinate to metal cen-
ters through the sulfur and azomethine nitrogen atoms to
give a five-membered chelate ring with the metal. The re-
sulting complexes are usually mononuclear,[3] dinuclear,[4,5]



A. Castiñeras et al.FULL PAPER
or polynuclear in conjunction with an additional ligand
such as a halogen.

The ability of these ligands to be deprotonated in a suit-
able basic medium frequently leads to the formation not
only of neutral mononuclear species but also polynuclear
entities in which the thiosemicarbazone acts as a bridging
ligand − generally through the thiolate sulfur atom.[6–8]

Although complexes of a number of metals with 2-pyri-
dineformamide thiosemicarbazone (HAm4DH)[9–12] or its
4N-substituted derivatives[13–21] have been studied, the coor-
dination of these ligands with copper() has scarcely been
investigated hitherto.[16,22,23] To explore their versatility fur-
ther, in the work described here we prepared a number of
copper() complexes of HAm4DH and determined their
thermal, magnetic, and redox properties, the X-ray crystal
structures of the complexes [Cu(HAm4DH)Cl2]2 (5a),
1
�[Cu(Am4DH)Cl] (5b), 1

�[Cu(Am4DH)Br] (6a), and
[Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·H2O (9a), and the in
vitro nuclease activities of a selection of these compounds.

Results and Discussion
The reactions between different copper() salts and

HAm4DH, in neutral or slightly basic ethanolic media,
gave a series of complexes with the general formulae [Cu-
(HAm4DH)X2] (X = Cl or Br) (1, 2), [Cu(HAm4DH)2]X2

(X = NO3 or ClO4) (3, 4), [Cu(Am4DH)X] (X = Cl, Br,
AcO, or NO3) (5–8), [Cu(H2O)(Am4DH)](ClO4) (9), and
[Cu(Am4DH)2] (10). These compounds generally have
melting points above 200 °C and are soluble in DMF and
DMSO, partially soluble in methanol, but insoluble in
other commonly used organic solvents. The mass spectra of
the complexes (FAB) in some cases show the molecular ion
peak, although the most significant peaks correspond to
the fragments [Cu(HAm4DH)2]+, [Cu(HAm4DH)X]+, and
[Cu(HAm4DH)]+, where X is the corresponding anion.
These fragmentation patterns involve the addition or loss
of a hydrogen atom from the fragments.

The molar conductivities of freshly prepared solutions of
the complexes in DMF are in the range Λm = 23–
63 S·cm2·mol–1, which indicates that the compounds are
neutral. However, [Cu(Am4DH)(H2O)](ClO4) is a 1:1
electrolyte (Λm = 96 S·cm2·mol–1). The molar conductivity
values for [Cu(HAm4DH)2](NO3)2·EtOH and [Cu-
(HAm4DH)2](ClO4)2 are 152 and 168 S·cm2·mol–1, respec-
tively, and these values correspond to 1:2 electrolytes.[24]

Single crystals of the complexes [Cu(HAm4DH)Cl2]2
(5a), 1

�[Cu(Am4DH)Cl] (5b), 1
�[Cu(Am4DH)Br] (6a), and

[Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·H2O (9a) suitable for
X-ray diffraction were obtained by the slow evaporation of
[Cu(Am4DH)Cl]·0.5EtOH (5), [Cu(Am4DH)Br]·0.5EtOH
(6), or [Cu(Am4DH)(H2O)](ClO4) (9) solutions in 1:1 mix-
tures of MeOH/CCl4, MeOH/CH3CN, or MeOH/CCl4,
respectively, in air at room temperature.

Crystal Structure of [Cu(HAm4DH)Cl2]2 (5a)

It can be seen from Figure 1 that 5a is a centrosymmetric
binuclear species. Each copper() center is bonded to a neu-
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tral HAm4DH molecule through the thione sulfur, azome-
thine nitrogen, and pyridinic nitrogen atoms. Three chlorine
atoms are also bound to the metal − one terminal chlorine
and the other two as bridges between the metal centers.
This arrangement gives rise to an octahedral environment
in such a way that the dimer is formed by two octahedra
that share an edge consisting of the dimeric skeleton Cu(µ-
Cl)2Cu. The most significant bond lengths and angles are
shown in Table 1.

Figure 1. Perspective view of 5a (symmetry code i: –x + 2, –y,
–z + 1).

The formation of dimers is not unusual in copper()
complexes of thiosemicarbazones.[4,25] However, the ma-
jority of such compounds have the formula [Cu(L)Cl]2,
where the bridging atom is either the sulfur or the chlorine
atom, which gives rise to a coordination number of five
around the metal center. In the case where L is 2-pyridine-
carboxaldehyde thiosemicarbazone it was possible to obtain
both structures,[4] each with a pyramidal geometry; that is,
the copper() centers are joined either by two thiolate brid-
ges from the thiosemicarbazone or by two chloro bridges.
In contrast, compound 5a has a coordination mode and
geometry that is completely different, where the Cu(µ-Cl)2-
Cu skeleton has the two copper centers joined through two
chloro bridges that have markedly different bond lengths:
2.219(1) Å (Cu1–Cl2i, i: –x + 2, –y, –z + 1) and 3.139(1) Å
(Cu1–Cl2). This gives rise to a rhomboidal geometry, with
Cu–Cu and Cl–Cl distances of 3.837(1) and 3.850(2) Å,
respectively, and Cl–Cu–Cl and Cu–Cl–Cu angles of
90.20(3) and 89.90(3)°, respectively. The existence of one
weak and one strong Cu–Cl interaction is a characteristic
feature in dimeric species with halogen bridges.[26,27] How-
ever, the second Cu–Cl distance in 5a is at the higher limit
of the sum of the van der Waals radii (3.15 Å), but is equal
to or less than the order of magnitude for these bonds
found in other copper() dimers with chloro bridges.[28] The
three coordination positions around the copper center are
occupied by the sulfur and two nitrogens of HAm4DH,
with values of 2.027(2) and 1.941(2) Å for the Cu–Npyri-
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Table 1. Selected bond lengths [Å] and angles [°] for compounds 5a, 5b, 6a, and 9a.

Compound 5a[a] 5b[b] 6a[c] 9a[d]

Cu1–N11 2.027(2) 2.034(6) 2.034(3) 2.020(3) 2.018(3)
Cu1–N12 1.941(2) 1.934(7) 1.938(3) 1.921(3) 1.919(3)
Cu1–S1 2.296(8) 2.265(2) 2.257(1) 2.278(1) 2.277(1)
Cu1–X1 3.132(1) 2.247(2) 2.375(1) 2.498(3) 2.483(3)
Cu1–X2 3.139(1) – – 2.744(3) 2.852(3)
Cu1–X3 2.219(1) 2.945(2) 2.957(1) 1.964(2) 1.966(2)
Cu1–Cu1i 3.837(1) 4.158(1) 4.249(1) 9.687(2) –

N11–Cu1–N12 79.44(8) 80.0(3) 80.25(12) 80.25(11) 80.21(12)
N11–Cu1–S1 164.14(6) 164.0(2) 164.13(9) 166.21(8) 166.04(9)
N12–Cu1–S1 84.75(7) 84.3(2) 84.08(8) 85.97(9) 85.84(9)
N11–Cu1–X1 84.20(6) 97.0(2) 97.95(9) 86.6510 86.71/11)
N11–Cu1–X2 90.49(6) – – 81.96(11) 77.70(11)
N11–Cu1–X3 99.43(6) 86.9(2) 87.50(9) 95.41(11) 95.64(11)
N12–Cu1–X1 83.66(6) 166.3(2) 166.01(9) 92.65(11) 94.22(11)
N12–Cu1–X2 90.49(6) – – 86.17(12) 91.60(11)
N12–Cu1–X3 178.58(7) 98.7(2) 99.03(9) 173.76(11) 173.85(11)
S1–Cu1–X1 95.48(3) 97.6(1) 96.65(3) 94.15(7) 95.08(7)
S1–Cu1–X2 97.47(3) – – 97.09(9) 102.14(8)
S1–Cu1–X3 96.39(3) 98.7(1) 97.48(4) 98.33(8) 98.20(8)
X1–Cu1–X2 165.23(2) – – 168.58(10) 162.18(10)
X1–Cu1–X3 95.38(3) 94.5(1) 94.73(2) 91.56(10) 90.04(10)
X2–Cu1–X3 90.20(3) – – 88.79(12) 83.04(10)

[a] Symmetry transformation used to generate equivalent atoms i: –x + 2, –y, –z + 1; X3 = Cl2i. [b] i: –x – 1/2, y – 1/2, z; X3 = Cl1i.
[c] i: –x + 1/2, y – 1/2, z; X3 = Br1i. [d] X1, X2, and X3 are O11, O21, and O1 for molecule 1, and O31, O41, and O2 for molecule 2,
respectively.

dine and Cu–Nazomethine, respectively, and 2.296(1) Å for
the Cu–S distance. On the other hand, the Cu–Cl1 terminal
distance is 3.132(1) Å, which is longer than those found in
similar compounds[29,30] and is also at the higher limit of
the sum of van der Waals radii (as is Cu–Cl2), a situation
that confers significant ionic character to this chlorine
atom.

On the basis of the information discussed above and on
the assumption that each Cu is hexacoordinate, the trans
angles N11–Cu1–S1, N12–Cu1–Cl2i, and Cl1–Cu1–Cl2
[164.1(1), 178.6(1), and 165.2(1)°, respectively] and the dis-
tances discussed above suggest that each metal center has
an octahedral coordination geometry with a growing tetrag-
onal distortion of the 4+2 type, and a CuCl3N2S chromo-
phore in which the equatorial plane defined by the atoms

Table 2. Best least-squares planes for 5a, 5b, 6a, and 9a.[a]

Compound Plane Rms deviation [Å] Largest deviation [Å] Angle with previous plane [°]

5a N11/N12/S1/Cl2i 0.0192 N12, 0.023(1)
C16/N12/N13/C17/S1/N14 0.0183 N12, 0.036(2) 1.8(1)
N11/C11/C12/C13/C14/C15 0.0050 C15, 0.007(2) 6.0(2)

5b N11/N12/S1/Cl1 0.0738 N12, 0.088(3)
C16/N12/N13/C17/S1/N14 0.0252 N13, 0.039(6) 10.1(2)
N11/C11/C12/C13/C14/C15 0.0075 C11, 0.013(6) 4.5(3)

6a N11/N12/S1/Br1 0.0855 N12, 0.104(2)
C16/N12/N13/C17/S1/N14 0.0125 C17, 0.016(2) 9.4(1)
N11/C11/C12/C13/C14/C15 0.0041 C13, 0.007(4) 3.3(2)

9a N11/C11/C12/C13/C14/C15 0.0045 C15, 0.007(2)
C16/N12/N13/C17/S1/N14 0.0227 N12, 0.041(2) 4.5(2)
N11/N12/S1/O1 0.0318 N12, 0.036(1) 2.4(1)
N21/N22/S2/O2 0.0267 N22, 0.001(1) 1.1(1)
C26/N22/N23/C27/S2/N24 0.0254 N23, 0.026(3) 2.6(11)
N21/C21/C22/C23/C24/C25 0.0034 C22, 0.005(3) 5.7(2)

[a] Symmetry transformation used to generate equivalent atoms, i: –x + 2, –y, –z + 1.
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S1, N12, N11, and Cl2i contains the copper() centers
(Table 2). This plane forms a dihedral angle of 1.8(1)° with
the average plane corresponding to the thiosemicarbazone
chain, which in turn forms an angle of 6.0° with the pyri-
dine ring. This situation confirms that the HAm4DH ligand
is almost planar in the coordination arrangement.

The bonding parameters for the thiosemicarbazone in
the complex are close to those in the free ligand − apart
from the N13–N12–C16 angle, which increases from
116.7(2)° to 120.1(2)° as a consequence of the involvement
of N12 in coordination with the copper center.

In the crystal packing the dimeric units interact with one
another through Cl1, which participates in hydrogen bond-
ing to form chains along the [100] direction, as shown in
Figure 2. Each dimeric unit is bonded to its neighbor
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Figure 2. View of the chain structure in the crystal lattice of complex 5a. The Cl1 atoms are responsible for linking each dimer unit to
another through hydrogen bonding along the [100] direction.

through a N13–H13···Cl1i bond (Table 3). The same atom
acts as a hydrogen-bond acceptor with the NH2 groups of
the thiosemicarbazones from contiguous chains acting as
donors. These interactions give rise to parallel layers along
the bc plane that stack in the [100] direction.

Table 3. Hydrogen bonding interactions for 5a, 5b, 6a, and 9a.

Compound D–H···A d(D–H) d(H···A) d(D···A) �(DHA)

5a[a] N13–H13···Cl11 0.89 2.19 3.078(2) 174.7
N14–H14A···Cl11 0.89 2.88 3.603(3) 139.6
N14–H14B···Cl12 0.95 2.86 3.328(2) 111.9
N14–H14B···Cl23 0.95 2.95 3.670(3) 133.3
N15–H15A···Cl11 0.87 2.52 3.377(2) 173.3
N15–H15B···Cl14 0.83 2.48 3.274(2) 161.6

5b[b] N14–H14A···N131 0.96 2.15 3.090(10) 165.9
N14–H14B···S12 0.97 2.55 3.510(7) 167.6
N15–H15B···Cl13 0.86 2.63 3.44(7) 159.2

6a[c] N14–H14A···S11 0.81 2.69 3.503(4) 173.7
N14–H14B···N132 0.85 2.22 3.074(5) 174.8
N15–H15B···Br13 0.84 2.68 3.468(3) 157.0

9a[d] O1–H1B···O331 0.77 2.11 2.862(4) 168.3
O1–H1B···O13 0.77 2.62 3.077(4) 119.4
N13–H13A···O5 0.97 1.76 2.723(5) 168.2
N14–H14A···O322 0.88 2.09 2.942(4) 162.7
N14–H14B···O343 0.90 2.20 3.011(4) 151.0
N15–H15A···O5 0.84 2.27 3.078(4) 163.4
N15–H15B···O3 0.90 2.04 2.894(4) 157.9
O2–H2A···O3 0.87 1.85 2.710(4) 173.4
O2–H2B···O131 0.78 2.12 2.864(4) 161.0
O2–H2B···O33 0.78 2.53 3.065(4) 126.8
N23–H23A···O64 0.92 1.83 2.744(4) 175.4
N24–H24A···O124 0.83 2.15 2.950(4) 164.2
N24–H24B···O143 0.91 2.18 3.028(4) 154.9
N25–H25A···O64 0.81 2.31 3.064(4) 155.0
N25–H25B···O45 0.87 2.08 2.907(4) 157.9
O5–H5A···O436 0.88 2.15 2.964(5) 154.1
O6–H6A···O141 0.95 2.19 3.038(4) 149.4
O3–H3A···O41 0.87 2.23 2.830(4) 126.2
O3–H3A···O426 0.87 2.39 3.072(4) 135.4
O3–H3B···O227 0.76 2.11 2.810(5) 153.9
O4–H4A···O211 0.90 2.30 2.958(5) 129.7
O4–H4A···O248 0.90 2.38 3.025(4) 128.0
O4–H4B···O439 0.80 2.11 2.786(4) 141.8

[a] Symmetry transformations used to generate equivalent atoms: 1: –x + 1, –y, –z + 1; 2: x, –y – 1/2, z + 1/2; 3: –x + 2, y – 1/2, –z +
3/2; 4: x, –y + 1/2, z + 1/2. [b] 1: –x, y, –z + 1/2; 2: –x, –y, –z + 1; 3: –x – 1/2, –y – 1/2, z – 1/2. [c] 1: –x, –y + 1, –z + 1; 2: –x, y, –z +
1/2; 3: –x + 1/2, –y – 1/2, z – 1/2. [d] 1: –x + 1, –y + 1, –z + 1; 2: x, y, z + 1; 3: –x, –y + 1, –z + 1; 4: x – 1, y, z, 5: –x, –y + 1, –z; 6:
–x, –y, –z + 1; 7: –x + 1, –y, –z + 1; 8: x, y + 1, z + 1; 9: x, y + 1, z.
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Crystal Structure of 1
�[Cu(Am4DH)Cl] (5b) and

1
�[Cu(Am4DH)Br] (6a)

Compounds 5b and 6a are isotypic and their structures
are formed by chains along the a axis. Each copper() cen-
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ter is coordinated to a deprotonated thiosemicarbazone
through the thiolate sulfur atom and the azomethine and
pyridine nitrogen atoms, a situation that is common with
this type of ligand. The structure of the 1D coordination
polymers is formed by the asymmetric halogen bridges be-
tween the metal centers, which gives rise to pentacoordina-
tion around each copper() center (Figure 3). In both com-
plexes the Cu–S, Cu–Nazomethine, and Cu–Npyridine dis-
tances (Table 1) are very similar and the most marked dif-
ference (0.008 Å) is in the Cu–S bond of 5b. This in turn is
associated with the largest deviation (0.039 Å), which is not
particularly significant in comparison with that in 5a.

The Cu–Cl distances in 5b are 2.247(2) and 2.945(2) Å
and, although these are significantly different, they are
more similar to one another than those found in the dimer
5a (differences of 0.920 Å vs 0.694 Å). The shortest distance
is slightly longer than those found in other copper() com-
plexes with thiosemicarbazone ligands and chloro brid-
ges[25] and the longest distance is in the range found in other
systems with chloro bridges between copper centers (2.70–
3.19 Å).[31,32]

In 6a both Cu–Br bond lengths are also significantly dif-
ferent. However, in this case the difference is 0.582 Å, which
represents the smallest difference of the three complexes un-
der discussion. However, the bond lengths are shorter and
longer, respectively, than those found in [Cu(dmamhp)Br2]2
(dmamhp = 2-dimethylaminomethyl-3-hydroxypyridine), a
dimer that contains asymmetric bromo bridges with Cu–Br
distances of 2.439(2) and 2.805(2) Å.[33]

The τ values found in the two complexes[34] are 0.039 for
5b and 0.031 for 6a, and these are consistent with the cop-
per() atoms having a tetragonal pyramidal coordination
environment (τ = 0) with a distortion towards trigonal bipy-
ramidal (τ = 1). In this arrangement the basal plane is de-
fined by N11, N12, S1, and X1, all of which are coplanar
[maximum deviations of 0.088(3) and 0.104(2) Å in N12 for
5b and 6a, respectively], and the copper center is located
0.170(3) Å above this plane in 5b and 0.173(1) Å above it

Figure 3. Perspective view of the 1D-chain structure of 5b along the b axis.
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in 6a (Table 2). This basal plane forms angles of 10.1(2) and
9.4(1)° with the plane of the thiosemicarbazone chain,
which in turn forms angles of 4.5(3) and 3.3(2)°, respec-
tively, with the best least-squares plane of the pyridine ring.

The axial position is occupied by the neighboring halo-
gen atom that forms the bridge (symmetry code: –x – 1/2,
y – 1/2, z) and this gives rise to angles in the range 86.9(2)–
98.7(1) Å in 5b and 87.5(1)–99.0(1) Å in 6a (Table 1). The
chains develop along the [010] direction and in these chains
the Cu···Cu separations are 4.158(1) and 4.249(1) Å for 5b
and 6a, respectively. This level of separation is sufficiently
large that magnetic interactions can take place between the
metal centers.

In contrast to the situation in 5a, a number of significant
changes are apparent in 5b and 6a in terms of the bonding
parameters of HAm4DH when compared to the data for
the free ligand. These changes are due to deprotonation of
the ligand and mainly affect the bond lengths and angles
around C17. This situation gives rise to elongation of the
S1–C17 and N14–C17 bonds from average values of
1.698(2) and 1.316(3) Å to 1.741(6) and 1.363(6) Å, respec-
tively. On the other hand, the N13–C17 bond decreases in
length from 1.340(2) to 1.305(8) Å. Some bond angles also
experience significant changes on complexation and this is
due to the presence of the thiolate form of the ligand; S1–
C17–N14 and C17–N13–N12 are modified from average
values of 123.0(2) and 118.3(2)° in HAm4DH to 116.8(5)
and 111.3(5)°, respectively, while S1–C17–N13 changes
form 120.3(2) to 125.4(5)°. These changes are clearly a re-
sult of changes in the electronic delocalization in the thiose-
micarbazone chain on conversion to the thiol form of the
ligand and subsequent deprotonation in the basic medium.

A number of hydrogen bonds are formed in the crystal
packing arrangement. The most significant of these occur
between the amino donor groups and the imine nitrogen
atoms of neighboring chains, which act as acceptors
(Table 3). These interactions give rise to a three-dimen-
sional supramolecular network.
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Crystal Structure of [Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·
H2O (9a)

The asymmetric unit consists of two complex molecules
that are crystallographically independent (I and II), and are
separated by a Cu···Cu distance of 9.687(2) Å. In each
molecule the copper() center is hexacoordinate by a neu-
tral thiosemicarbazone molecule through the sulfur atoms
and the usual nitrogen atoms, an oxygen atom from a water
molecule, which occupies the equatorial positions, and two
oxygen atoms from the perchlorate ligands, which occupy
the axial positions. Figure 4 is a diagram of molecule I.

Figure 4. Representation of molecule I of 9a.

In the equatorial plane the metal–ligand distances in the
two molecules range from 1.919(3) Å for the Cu–Nazome-
thine distance in the second molecule to 2.278(1) Å for the
Cu–S distance in the first molecule (Table 1). The axial Cu–
O distances are different and this gives rise to a 4+1+1 dis-
tortion in the coordination polyhedron. One of the Cu–O
distances is around 2.5 Å and the other around 2.8 Å.
These distances are considerably longer than the equatorial
Cu–Owater distance, which has an average value of
1.965(2) Å, but are of the same order of magnitude as those
found in other copper() complexes with coordinated per-
chlorate groups.[5,26,35–37]

Another indication of the magnitude of the distortion is
given by the trans angles in the equatorial plane, which have
average values of 166.1(1)° for N11–Cu1–S1 and 173.8(1)
for N12–Cu1–O1. However, the clearest evidence of distor-
tion is provided by the trans angle between the axial posi-
tions, with values of 168.6(1)° in the first molecule and
162.2(1)° in the second. These bond angle values are com-
parable to those found in other copper() complexes with
coordinated perchlorate ligands but are larger than the
value of 155.9(2)° found in [Cu(HL)(H2O)(ClO4)2], where
HL is 2-formylpyridine thiosemicarbazone.[5] In both mole-
cules the equatorial plane containing each Cu atom is ap-
proximately coplanar with the corresponding thiosemicar-
bazone plane [dihedral angles are 2.4(1) and 2.6(1)°]
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(Table 2), which in turn form angles of 4.5(2) and 5.7(2)°
with the best least-squares plane of the pyridine ring.

Once again in this complex − as in the case of 5a − only
the N13–N12–C16 angle changes and this angle has values
of 120.7(3) and 120.2(3)° in the two molecules in the com-
plex.

Numerous hydrogen-bonding interactions occur in the
crystal packing arrangement (Table 3) and it is not only the
amine and imine groups of HAm4DH that take part but
also the water and ethanol molecules and the noncoordi-
nated oxygen atoms of the perchlorate ligands.

Spectral Studies

The IR spectra of the CuII complexes contain bands in
the range 3473–3158 cm–1 and these correspond to ν(NH)
and, in cases where the complex contains solvent molecules,
ν(OH). Bands are also observed between 1610 and
1568 cm–1 and these are due to ν(CN+CC).

The C=S vibration modes are seen for the ligand
HAm4DH at 853 cm–1 and this band is observed at lower
frequencies in the complexes, which shows that coordina-
tion of the thio donor to the copper center has taken place.
In the free ligand the band corresponding to ν(NN) is ob-
served at 999 cm–1, while in all of the complexes this band
appears at higher frequencies because of coordination of
the metal center through the sulfur and azomethine nitro-
gen atom.

The diffuse reflectance spectra of all of the complexes
show three broad bands in the visible region. The intense
band, which has the high energy, appears at 26350–
26724 cm–1 and has a shoulder on the highest energy side.
This band is due to ligand transitions: n � π* (main band)
and π � π* (shoulder). A second band is observed between
22624 and 24232 cm–1 and this has various components
that must correspond to metal–ligand charge-transfer
processes (MLCT), probably σ(S) � dx2 – y2 (CuII) or π �
dx2 – y2 (CuII). In contrast to other copper() complexes, in
this case there does not seem to be a clear correlation be-
tween the position of the maximum of this band and the
coordination geometry or the nature of the ligand coordi-
nated to the metal. The band that is observed in the lower
energy region of the spectrum has two components at
15244–16353 and 14245–15785 cm–1 and these correspond
to a d–d transition.[38]

The EPR spectra of polycrystalline samples, measured at
room temperature, are axial and isotropic. The spectra of
complexes 1 and 8 are practically identical and show an
axial nature (Figure 5, a) and very similar EPR parameters
for the two complexes, a situation that suggests the same
coordination polyhedron around copper(). Given that g�

� g�, the unpaired electron is located in a dx2 – y2 orbital
and this is characteristic of a distorted tetragonal structure.
Complex 7 gives rise to an axial spectrum that is slightly
rhombic, as can be seen in Figure 5 (b). The EPR param-
eters of this complex are practically identical to those of
the two complexes discussed above. The complexes are also
quasi-isotropic.
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Figure 5. ESR spectra of 1 (A) and 7 (B) at room temperature.

Magnetic Behavior

The magnetic moments of the complexes were measured
at room temperature (298 K) and the majority are in the
range 1.75–2.20 BM, which is characteristic of mononu-
clear copper() complexes. However, in compound 5a, [Cu-
(HAm4DH)Cl2]2, the value is 1.24 BM and this is lower than
the expected spin-only value, which clearly indicates antifer-
romagnetic coupling between the copper() ions. This be-
havior is very similar to that found in binuclear copper()
complexes containing chloro bridges. In order to determine
the extent of the magnetic interaction between the two me-
tal ions and to elucidate the difference in the singlet–triplet
energy values, the magnetic susceptibility was measured in
the temperature range 2–150 K. The variation in the mag-
netic susceptibility with temperature is shown in Figure 6.
It can be seen that the magnetic susceptibility increases to
a maximum at 15 K on cooling and then falls rapidly on
decreasing the temperature further. The experimental mag-
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netic susceptibility values (corrected for diamagnetism)
were adjusted using the Bleaney–Bowers equation[39] for a
coupled dinuclear copper() species:

χM = {(Ng2β2)/kT[3 + exp(–J/kT)]}–1(1 – ρ) + ρNg2β2/4kT + χTIP

which results from considering the same values of H =
–2JS1S2 and where the symbols have the accepted mean-
ings. A nonlinear least-squares adjustment program was
used to calculate –J and g and excellent agreement was ob-
tained when J = –12.2 cm–1, g = 2.17, χTIP = 124×10–6, ρ =
0.035, and R = 1.2×10–3. The coupling constant calculated
for the singlet–triplet exchange clearly shows that antiferro-
magnetic interactions exist between the copper() ions in
5a in the solid phase.

Figure 6. Temperature [K] dependence of the magnetic suscep-
tibility χM (cm3·mol–1) of 5a. The solid line represents the least-
squares fit equation and the parameters described in the text.

In contrast to copper() complexes containing hydroxy
bridges, which have equivalent Cu–O (bridge) distances, di-
mers with chloro bridges frequently have different Cu–Cl
(bridge) distances and the singlet–triplet splitting depends
on the length of the bridging bonds and the Cu–Cl–Cu an-
gle of the bridge.[40]

Correlation studies were carried out on the magnetic and
structural properties of a diverse range of dinuclear cop-
per() species − particularly compounds with two chloro
bridges between the metal centers and trigonal pyramidal
or square-pyramidal coordination geometries. Reasonable
consistency was found in that the singlet–triplet splitting
and, consequently, the isotropic interaction parameter (2J)
correlate reasonably well with the φ/r ratio between the
bridging angle Cu–Cl–Cu� (φ) and the longest Cu–Cl dis-
tance from the basal plane (r). The φ/r values between 32.5
and 34.75 °/Å correspond to ferromagnetic interaction
while values outside this range correspond to antiferromag-
netic behavior.[41] The φ/r value found for compound 5a is
28.6 °/Å and this is consistent with the correlation.

However, this situation contrasts with that found for
[(dpt)Cu(µ-Cl)2Cu(dpt)]Cl2 (dpt = dipropylenetriamine, φ/r
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= 35.9 °/Å), where each copper() ion is in a trigonal bipy-
ramidal environment and the compound shows ferromag-
netic coupling between the copper() ions (J = 42.9 cm–1)
and an interdimeric antiferromagnetic coupling (J� =
–3.92 cm–1).[42] Another similar example is [(depc)(Cl)Cu(µ-
Cl)2Cu(Cl)(depc)] (depc = diethyl pyridine-2,6-dicarboxyl-
ate, φ/r = 40.9 °/Å), in which each copper() ion is in a
distorted octahedral environment and coupling constants of
J = 39.9 cm–1 and J� = –0.59 cm–1 are found.[43]

Thermochemistry

The pyrolysis of the compounds subjected to thermo-
gravimetric analysis (1–3, 5–8, 10) occurred in four or five
stages, with overall evolution of H2O, CO2, CO, NH3, NO,
NO2, and SO2 in all cases except that of compound 7, for
which only three stages and the evolution of only H2O,
CO2, NO, NO2, and SO2 were detected (Table 4). In keep-
ing with their observed crystal structures, compounds 1 and
7 gave off no solvent molecules, and these compounds were
stable up to 226 °C and 174 °C, respectively. The remaining
compounds, which are all solvated, lost solvent molecules
even at room temperature, because of which the number of
solvent molecules included in the working empirical for-
mula of the starting material was calculated as that which
gave the best agreement with the experimental weight loss
during the first decomposition stage, assuming this stage to
involve only solvent loss; for example, for compounds 3 and
10 this procedure afforded the working empirical formulae
[Cu(HAm4DH)2](NO3)2·0.52EtOH and [Cu(Am4DH)2]·
1.27H2O, respectively. Note that the final residue of com-
pound 7, the only compound not to give off ammonia as
well as SO2 and nitrogen oxides, was Cu(NO3)2, and that
for all compounds except compound 7 the final residue ac-
counted for a greater percentage of the initial mass than
would correspond to its consisting entirely of CuO, the dif-
ference being quite substantial in some cases; this suggests
that in these cases, too, the residue may have contained
Cu(NO3)2, or perhaps a copper() oxy-nitrate, even though
only CuO was detected.

Cyclic Voltammetry Studies

The reduction peak potentials for CuII are shown in
Table 5 along with the corresponding reoxidation peaks for

Table 4. Data for the thermogravimetric analysis of CuII.

Stages % Total ∆T [°C] Gases evolved in stage 1 Gases evolved in other stages Final residue (% exp. –
% calcd.)

1 4 70.85 226–524 H2O, CO2, CO, NH3, NO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (29.15–24.13)
2 5 76.04 r.t.–737 H2O, CO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (23.96–17.65)
3 5 74.86 r.t.–511 H2O, CO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (33.65–25.11)
5 4 71.42 r.t.–512 H2O, CO2, NO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (28.58–25.15)
6 5 76.87 r.t.–773 H2O, CO2, NO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (23.13–22.05)
7 3 66.35 174–474 H2O, CO2, NO H2O, CO2, NO2, SO2 Cu(NO3)2 (27.57–29.21)
8 4 65.76 r.t.–526 H2O, CO2, CO, NH3, NO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (34.24–18.54)
10 5 73.86 r.t.–524 H2O, CO2, CO, NH3 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (26.14–15.18)
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CuI. It can be seen that the more negative the cathodic
peak, the more stable the complex (for a variation in poten-
tial of 0.02 V·s–1).

Table 5. Reduction peak potentials for CuII and the corresponding
peaks for the reoxidation of CuI.

V = 0.02 V·s–1 V = 0.2 V·s–1

Ec
[a] Ea

[a] Ec – Ec
[a] Ea

[a] Ec –
Ea

[a] Ea
[a]

1 –0.532 –0.379 –0.135 –0.597 –0.413 –0.184
2 –0.572 – – –0.662 –0.121 –0.541
3 –0.562 – – –0.655 –0.192 –0.463
4 –0.406 – – –0.452 – –
5 –0.564 –0.425 –0.139 –0.610 –0.345 –0.265
6 –0.501 –0.384 –0.117 –0.523 –0.307 –0.216
7 –0.493 –0.326 –0.167 –0.544 –0.292 –0.252
8 –0.432 – – –0.465 – –
9 –0.610 –0.054 –0.556 –0.685 0.052 –0.737
10 –0.663 –0.375 –0.288 –0.618 –0.224 –0.394

[a] V vs. SCE.

In all cases a well-defined cathodic peak was observed
and, based on the position of the peak on the potential
scale (–0.4 to –0.8 V vs SCE) and its absence in the reverse
measurements on the ligands, this can be attributed to the
reduction of copper() according to the equation:

Cu2+ + e–
p Cu+

In the majority of the complexes the corresponding an-
odic peak is also observed (Ea) (Figure 7), although in some
cases the appearance of the peak depends on the experi-
mental conditions (e.g. potential range and length of time
after preparation of the solution). The peak shapes and the
separation between the cathodic and anodic peaks (when
they are observed) demonstrate the irreversible nature of
the electrode process.

Voltammograms were also obtained over a larger poten-
tial range and these showed a cathodic peak at around –2 V
versus SCE, which is also present in the voltammograms
obtained for the ligand (Figure 8). This peak can be as-
signed to reduction of the ligand from the thione to the
thiol, as proposed by other authors for similar condi-
tions.[44] An anodic peak was also observed in the potential
range 0.5–0.6 V versus SCE (Figure 9) and the origin of this
peak is not clear because of its changeable behavior.

In complexes 3, 8, 9, and 10 the peak due to the re-
duction of copper() is split into two very close peaks that
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Figure 7. Cyclic voltammogram of complex 5 in 10–3  DMF (scan
rate 0.2 V·s–1).

Figure 8. Cyclic voltammogram (scan rate 0.2 V·s–1) of a 1 m
solution in DMF of HAm4DH.

Figure 9. Cyclic voltammogram (scan rate 0.2 V·s–1) of a 1 m
solution in DMF of 1.

practically overlap (Figure 10) − these peaks are due to the
presence of two chemically very similar species in solution.
In the case of complex 9 this splitting becomes more
marked as the length of time after preparation of the solu-
tion increases. This change indicates a progressive change
in the structure of the ligand. Complexes 1 and 7 also show
splitting of the cathodic peak because of the reduction of
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copper() (Figure 11) but, given the characteristic shape of
one of the peaks, this splitting can be attributed to the fact
that a proportion of the electrochemical reaction takes
place at the surface.

Figure 10. Cyclic voltammogram of complex 10 in 10–3  DMF
(scan rate 0.2 V·s–1).

Figure 11. Cyclic voltammogram of complex 1 in 10–3  DMF
(scan rate 0.2 V·s–1).

Similar splitting − albeit less marked − was observed in
the anodic peak associated with the reoxidation of cop-
per().

The Activity of Thiosemicarbazone/Copper Complexes as
DNA Nucleases

The electrophoresis studies carried out on complexes 1,
2, 5, and 6 (Figure 12) show that these materials have nucle-
ase activity because a significant proportion of the DNA,
which is initially supercoiled (lane 2), appears in a circular
form when incubated in the presence of 12 µ of complex
(lanes 5, 7, 9, and 11, respectively). It can also be seen that
the nuclease capacity of the four complexes under investiga-
tion is dependent on the concentration, as the digestion ob-
served on incubating the DNA with 24 µ of the complex
is higher than that produced with 12 µ for all four com-
plexes.



A. Castiñeras et al.FULL PAPER

Figure 12. Agarose gel electrophoresis of pUC18 plasmid DNA
treated with complexes 1, 2, 5 and 6 or CuSO4 in the presence of
50 equiv. H2O2/ascorbate tandem. Incubation time 1 h (37 °C).
Lane 1, λDNA/EcoR1 + HindIII Marker; lane 2, supercoiled DNA
(control); lane 3, Cu(SO4) 40 µ; lane 4, Cu(SO4) 80 µ; lane 5,
complex 2 12 µ; lane 6, complex 2 24 µ; lane 7, complex 6 12 µ;
lane 8, complex 6 24 µ; lane 9, complex 1 12 µ; lane 10, complex
1 24 µ; lane 11, complex 5 12 µ; lane 12, complex 5 24 µ. Incu-
bation time 1 h (37 °C).

It is known that copper has nuclease activity in its own
right and, for this reason, the digestion produced by CuSO4

under the same conditions was also determined. It can be
seen from Figure 12 that the presence of CuSO4 causes a
proportion of the DNA to change to the circular form upon
digestion (lanes 3 and 4). Complexes 1, 5, and 6 show prac-
tically identical nuclease activity to that shown by copper
under the same conditions (cf. lanes 3–4 with 7–8, 9–10 and
11–12). The activity of these complexes must therefore be
due to the presence of copper. In contrast, at a concentra-
tion of 24 µ complex 2 causes complete digestion of the
supercoiled plasmid to give the circular form and a small
quantity of the linear form. This complex clearly shows
higher activity than CuSO4 under the same experimental
conditions (lanes 4 and 6).

In an effort to determine the mode of action of the nucle-
ase process associated with complex 2, we assessed the in-
fluence of different agents that could potentially inhibit re-
active oxygen species (ROS). These compounds included
hydroxy radical scavengers (DMSO and tert-butyl alcohol),
singlet oxygen scavengers (sodium azide and 2,2,6,6-tet-
ramethyl-4-piperidone), and superoxide radical scavengers
(SOD). Finally, distamycin was tested as a species that
bonds to DNA in the minor groove. Comparison of lanes
4 and 5 (Figure 13), which represent assays with DMSO
and tert-butyl alcohol, respectively, with lane 3 (absence of
inhibitor) shows that these additives do inhibit the process.
This observation indicates the participation of the hydroxy
radical in the DNA digestion process. Sodium azide (lane
6) and 2,2,6,6-tetramethyl-4-piperidone (lane 7) also inhibit
the nuclease activity of the complex. This finding shows
that singlet oxygen − or a species that behaves in a similar
way − is also involved in the nuclease process. It is worth
highlighting that azide can form complexes with copper and
in this case the inhibition is markedly higher than that ob-
served with 2,2,6,6-tertramethyl-4-piperidone. The presence
of distamycin in the reaction mixture did not lead to
changes in the activation of the complex, as can be seen in
lane 8. This observation shows that the complex does not
interact with DNA through the minor groove. The SOD
enzyme, on the other hand, increased the nuclease activity
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and lane 9 shows total degradation of the plasmid. The dis-
mutation process of the superoxide ion probably gives rise
to a greater proportion of hydroxy radicals, which are pro-
duced by decomposition of hydrogen peroxide produced in
the dismutation process.

Figure 13. Agarose gel electrophoresis of pUC18 plasmid DNA
treated with 24 µ of complex 2 and different inhibitors in the
presence of H2O2/ascorbate (50 times more concentrated than the
complex). Incubation time 1 h (37 °C). Lane 1, λDNA/EcoR1 +
HindIII Marker; lane 2, supercoiled DNA (control); lane 3, com-
plex without inhibitor; lane 4, complex + 1  DMSO; lane 5, com-
plex + 1  tert-butyl alcohol; lane 6, complex + NaN3 (100 m);
lane 7, complex + 2,2,6,6-tetramethyl-4-piperidone (100 m); lane
8, complex + distamycin (8 µ); lane 9, complex + SOD (15 units).

These results imply that the OH· radicals take part in the
nucleic acid digestion process in the same way as singlet
oxygen (or a species with similar behavior). The following
mechanism can be proposed for the process:
1. reduction of CuII to CuI;
2. interaction of the CuI complex with DNA, possibly
through the major groove;
3. reaction between hydrogen peroxide or oxygen with the
CuI to form the reactive oxygen species;
4. reaction of the hydroxy radical and singlet oxygen with
DNA and destruction of the strands.

If the reactive species are not generated in the immediate
vicinity of the DNA they can diffuse and be neutralized.
For this reason the structures of the complexes and the na-
ture of the ligand govern the DNA recognition process and
determine the level of chemical damage.

The fact that the complex does not intercalate with the
minor groove of the double helix possibly means that the
reduction of CuII to CuI and the production of reactive oxy-
gen species capable of attacking the DNA do not take place
in the vicinity of the DNA. For this reason the digestion
process is not as effective as that in cases where the com-
plexes act by intercalation, for example, [Cu(phen)2]2+. This
could be the reason why complex 2 shows a higher nuclease
activity than the other compounds synthesized in this study.

Experimental Section
General: Elemental analyses were carried out with a Carlo–Erba
Model 1108 and Perkin–Elmer 240B microanalyzer. IR spectra
were recorded with a Bruker IFS-66 V spectrophotometer as KBr
disks (4000–400 cm–1) or polyethylene-sandwiched Nujol mulls
(500–100 cm–1). Mass spectra were obtained with a Hewlett Pack-
ard HP598A spectrometer. Electronic spectra were obtained with a
Shimadzu UV-3101PC spectrophotometer equipped with a reflec-
tance accessory. X-band EPR spectra of the complexes were ob-
tained in 3 mm Pyrex tubes with a Bruker EMX spectrometer using
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a conventional Dewar insert at liquid nitrogen temperature and CrII

as the reference. Room temperature magnetic moments were deter-
mined on a DSM-8 magnetic susceptibility balance, and the instru-
ment was calibrated using nickel metal. Variable-temperature (5–
293 K) magnetic susceptibility measurements on a polycrystalline
sample of 5a were carried out with a Quantum Design SQUID
susceptometer using an applied magnetic field of 2000 G over the
whole temperature range. All data were corrected for diamagnetism
of the ligands as estimated from Pascal’s constants. The conductiv-
ity measurements were carried out with a CRISON digital conduc-
tivity bridge model MicroCM 2202 using freshly prepared 10–3 

solutions of the complexes in DMF. Thermogravimetric analysis
from 20 to 950 °C was performed in a Shimadzu TGA-DGT 50H
thermobalance using a constant 100 mL/min air flow. Evolved
gases were identified from between 21 and 24 IR spectra of the
gaseous products that were recorded at appropriate times during
the analysis using a coupled Nicolet Magma 550 FTIR spectropho-
tometer; in each spectrum, the characteristic bands of the various
gases were unequivocally identified by comparison with spectra in
the Sigma–Aldrich FTIR library. Cyclic voltammograms were ob-
tained on a 273 EG&G Princeton Applied Research electrochemi-
cal analyzer. The measurements were carried out at 50 mV·s–1 un-
der oxygen-free conditions using a three-electrode cell with a glassy
carbon electrode. Tetra(n-butyl)ammonium perchlorate (TBAP)
was used as the supporting electrolyte.

All chemicals and solvents were of analytical grade and were used
as received. The TBAP used as the supporting electrolyte in electro-
chemical measurements was purchased from Fluka and recrys-
tallized from hot methanol.

Caution! Perchlorates are potentially explosive and care should be
taken in handling these compounds.

Preparation of HAm4DH: The ligand, HAm4DH, 2-pyridineform-
amide thiosemicarbazone was prepared according to a literature
procedure.[2]

Synthesis of [Cu(HAm4DH)Cl2] (1): An ethanolic solution (20 mL)
of HAm4DH (0.25 g, 1.28 mmol) was added to a stirred solution
of CuCl2·2H2O (0.22 g, 1.28 mmol) in ethanol (20 mL). The mix-
ture was stirred for 7 days; the resulting suspension was filtered off
and the bluish-green solid was washed with ethanol and dried with
calcium chloride. Yield: 0.38 g (90%). C7H9Cl2CuN5S (329.70):
calcd. C 25.5, H 2.8, N 21.2, S 9.7; found C 25.6, H 2.8, N 21.0, S
9.5. Selected IR data: ν̃max = 3437–3165 (NH), 1639–1578 (C=N +
C=C), 1020 (NN), 793 (C=S), 463 (Cu–N), 349 (Cu–S), 319, 264
(Cu–Cl) cm–1. FAB+ MS [m/z, assignment]: 258 [Cu(HAm4DH)].
UV/Vis (λmax, nm): 26738, 24154, 15244, 14245. EPR (X-band, so-
lid sample): g� = 2.19, g� = 2.04, gav = 2.05, G = 4.75. µeff =
2.05 MB. Conductance (Λm/S·cm2·mol–1) in DMF: 28.

Synthesis of [Cu(HAm4DH)Br2]·0.5EtOH·0.5H2O (2): A solution
of HAm4DH (0.20 g, 1.02 mmol) in ethanol (20 mL) was added to
a solution of CuBr2 (0.46 g, 2.05 mmol) in ethanol (20 mL). The
mixture was stirred for one week and the resulting dark brown solid
was filtered off, washed with ethanol, and dried under vacuum.
Yield: 0.92 g (99%). C8H13Br2CuN5OS (545.64): calcd. C 21.3, H
2.9, N 15.5, S 7.1; found C 22.2, H 2.3, N 15.0, S 6.5. Selected IR
data: ν̃max = 3408, 3324 (NH), 1562, 1515 (C=N, C=C), 1015 (NN),
789 (C=S), 464 (Cu–N2), 324 (Cu–S), 254 (Cu–Br) cm–1. FAB+ MS
[m/z, assignment]: 338, [Cu(Am4DH)Br]; 257, [Cu(Am4DH)]. UV/
Vis (λmax, nm): 26693, 24232, 15253, 14271 cm–1. EPR (X-band,
solid sample): giso = 2.04. µeff = 2.16 MB. Conductance (Λm/
S·cm2·mol–1) in DMF: 34.6.

Synthesis of [Cu(HAm4DH)2](NO3)2·EtOH (3): A solution of
Cu(NO3)2·3H2O (0.25 g, 1.02 mmol) and HAm4DH (0.40 g,
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2.05 mmol) in ethanol (20 mL) was stirred for one week. A dark
green precipitate formed and this was filtered off, washed with eth-
anol, and dried under vacuum. Yield: 0.25 g (40%).
C16H24CuN12O7S2 (624.11): calcd. C 30.8, H 3.9, N 26.9, S 10.3;
found C 31.5, H 3.5, N 26.2, S 11.8. Selected IR data : ν̃max =
3422–3171 (NH), 1599–1519 (C=N, C=C), 1384 (NO3), 1016 (NN),
840 (C=S), 467 (Cu–N2), 338 (Cu–S) cm–1. FAB+ MS [m/z, assign-
ment]: 453, [Cu(HAm4DH)2]; 322, [Cu(H3Am4DH)(NO3)]; 259,
[Cu(H2Am4DH)]. UV/Vis (λmax, nm): 26378, 22676, 21459, 16326,
15588. EPR (X-band, solid sample): giso = 2.08. µeff = 2.16 MB.
Conductance (Λm/S·cm2·mol–1) in DMF: 125.6.

Synthesis of [Cu(HAm4DH)2](ClO4)2 (4): A solution of HAm4DH
(0.25 g, 1.28 mmol) in ethanol (20 mL) was added to a solution
of Cu(ClO4)2·6H2O (0.47 g, 1.28 mmol) in ethanol (20 mL). The
mixture was stirred for 7 days and the resulting black solid was
filtered off, washed with ethanol and dried with calcium chloride.
Yield: 0.64 g (76%). C14H18Cl2CuN10O8S2 (652.93): calcd. C 23.5,
H 2.3, N 19.6, S 9.0; found C 23.9, H 2.4, N 19.3, S 9.0. Selected
IR data: ν̃max = 3421–3189 (NH), 1619–1518 (C=N, C=C), 1118,
936, 632 [ν3, ν1, ν4 (ClO4)], 1019 (NN), 847 (C=S), 488 (Cu–N2),
363 (Cu–S) cm–1. FAB+ MS [m/z, assignment]: 258, [Cu-
(HAm4DH)]. UV/Vis (λmax, nm): 26364, 22655, 15593, 14290. EPR
(X-band, solid sample): g� = 2.19, g� = 2.04, gav = 2.08, G = 4.75.
µeff = 1.97 MB. Conductance (Λm/S·cm2·mol–1) in DMF: 152.4.

Synthesis of [Cu(Am4DH)Cl]·0.5EtOH (5): A solution of
HAm4DH (0.20 g, 1.02 mmol) in ethanol was added to a stirred
solution of CuCl2·2H2O (0.18 g, 1.02 mmol) in ethanol (20 mL).
After a few drops of triethylamine (0.14 mL, 1.02 mmol) were
added, the mixture was stirred for 7 days, just to complete precipi-
tation of a dark green solid which was filtered off, washed with
ethanol, and dried. Yield: 0.30 g (92%). C8H11ClCuN5O0.5S
(316.27): calcd. C 30.4, H 3.5, N 22.1, S 10.1; found C 30.2, H 3.5,
N 21.7, S, 9.4. Selected IR data: ν̃max = 3473–3158 (NH), 1625–
1515 (C=N, C=C), 1020 (NN), 783 (C=S), 467 (Cu–N2), 350 (Cu–
S), 313 (Cu–Cl) cm–1. FAB+ MS [m/z, assignment]: 294, [Cu-
(H2Am4DH)Cl]; 259, [Cu(H2Am4DH)]. UV/Vis (λmax, nm): 26385,
22989, 16247, 15662 cm–1. EPR (X-band, solid sample): giso = 2.08.
µeff = 2.04 MB. Conductance (Λm/S·cm2·mol–1) in DMF: 47.8.
Recrystallization from MeOH/CCl4 or EtOH/H2O gave green pris-
matic crystals of [Cu(HAm4DH)Cl2]2 (5a) and green needles of
1
�[Cu(Am4DH)Cl] (5b), respectively, that were suitable for X-ray
diffraction.

Synthesis of [Cu(Am4DH)Br]·0.5EtOH (6): A solution of
HAm4DH (0.20 g, 1.02 mmol) in ethanol (20 mL) was added to a
solution of CuBr2 (0.23 g, 1.02 mmol) in ethanol (20 mL). Triethyl-
amine (0.14 mL, 1.02 mmol) was added and the mixture was stirred
for one week. The resulting dark green solid was filtered off,
washed with ethanol, and dried under vacuum. Yield: 0.31 g (84%).
C8H11BrCuN5O0.5S (360.72): calcd. C 26.6, H 3.1, N 19.4, S 8.9;
found C 26.7, H 3.0, N 19.2, S 6.2. Selected IR data: ν̃max = 3521–
3159 (NH), 1613–1514 (C=N, C=C), 1017 (NN), 844 (C=S), 468
(Cu–N2), 329 (Cu–S), 255 (Cu–Br) cm–1. FAB+ MS [m/z, assign-
ment]: 338, [Cu(Am4DH)Br]; 257, [Cu(Am4DH)]. UV/Vis (λmax,
nm): 26350, 23068, 16247, 15698 cm–1. EPR (X-band, solid sam-
ple): giso = 2.07. µeff = 1.98 MB. Conductance (Λm/S·cm2·mol–1) in
DMF: 62.6. X-ray quality crystals of 1

�[Cu(Am4DH)Br] (6a) were
obtained as blue prisms by recrystallization from MeOH/acetoni-
trile.

Synthesis of [Cu(Am4DH)(OAc)] (7): A solution of HAm4DH
(0.20 g, 1.02 mmol) in ethanol (20 mL) was added to a solution
of Cu(CH3OO)2·H2O (0.20 g, 1.02 mmol) in ethanol (20 mL) and
triethylamine was added (0.14 mL, 1.02 mmol). The mixture was
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stirred for 7 days and the resulting green solid was filtered off,
washed with ethanol, and dried under vacuum. Yield: 0.26 g (80%).
C9H11CuN5O2S (316.83): calcd. C 34.1, H 3.5, N 22.1, S 10.1;
found C 34.4, H 3.5, N 21.8, S 10.0. Selected IR data: ν̃max = 3427–
3183 (NH), 1596, 1515 (C=N, C=C, CH3COO), 1407 (CH3COO),
1018 (NN), 846 (C=S), 442 (Cu–N2), 409 (Cu–O), 351 (Cu–S)
cm–1. FAB+ MS [m/z, assignment]: 257, [Cu(Am4DH)]. UV/Vis
(λmax, nm): 26399, 23364, 16155, 15662, 14358 cm–1. EPR (X-band,
solid sample): g� = 2.20, g� = 2.04, gav = 2.06, G = 5. µeff =
2.10 MB. Conductance (Λm/S·cm2·mol–1) in DMF: 33.7.

Synthesis of [Cu(Am4DH)(NO3)]·0.5EtOH (8): A solution of
HAm4DH (0.20 g, 1.02 mmol) in ethanol was added to a stirred
solution of Cu(NO3)2·3H2O (0.25 g, 1.02 mmol) in ethanol
(20 mL). After adding a few drops of triethylamine (0.14 mL,
1.02 mmol), the mixture was stirred for 7 days and, a dark brown
solid was isolated that was filtered off, washed with ethanol, and
dried with calcium chloride. Yield: 0.27 g (77%). C8H13CuN6O3.5S
(342.82): calcd. C 28.0, H 3.2, N 24.5, S 9.4; found C 27.5, H 2.9,
N 24.8, S 10.2. Selected IR data: ν̃max = 3424–3172 (NH), 1598–
1523 (C=N, C=C), 1384, 1101 (NO3), 1016 (NN), 841 (C=S), 465
(Cu–N2), 333 (Cu–S) cm–1. FAB+ MS [m/z, assignment]: 320, [Cu-
(HAm4DH)(NO3)]; 257, [Cu(Am4DH)]. UV/Vis (λmax, nm): 26406,
23474, 21186, 16353, 15785 cm–1. EPR (X-band, solid sample): g�

= 2.20, g� = 2.04, gav = 2.05, G = 5. µeff = 2.15 MB. Conductance
(Λm/S·cm2·mol–1) in DMF: 40.2.

Synthesis of [Cu(Am4DH)(H2O)](ClO4) (9): A solution of
HAm4DH (0.20 g, 1.02 mmol) in ethanol was added to a stirred
solution of Cu(ClO4)2·6H2O (0.38 g, 1.02 mmol) in ethanol
(20 mL). After adding a few drops of triethylamine (0.14 mL,
1.02 mmol), the mixture was stirred for 7 days and the brown solid

Table 6. Crystal data and structure refinement for 5a, 5b, 6a, and 9a.

Compound 5a 5b 6a 9a

Empirical formula C14H18Cl4Cu2N10S2 C7H8ClCuN5S C7H8BrCuN5S C8H17Cl2CuN5O11S
Formula weight 659.38 293.23 337.69 525.77
Temperature [K] 293(2) 293(2) 293(2) 150(2)
Wavelength [Å] 0.71073 1.54184 1.54184 0.71073
Crystal system monoclinic orthorhombic orthorhombic triclinic
Space group P21/c (no. 14) Pbcn (no. 60) Pbcn (no. 60) P1̄ (no. 2)
a [Å] 10.660(2) 20.2564(8) 19.8492(13) 11.243(3)
b [Å] 10.865(2) 7.5598(3) 7.7764(6) 12.662(3)
c [Å] 10.812(2) 15.0873(7) 15.2852(13) 13.539(3)
α [°] 90 90 90 80.230(3)
β [°] 109.377(3) 90 90 78.177(3)
γ [°] 90 90 90 86.411(4)
Volume [Å–3] 1181.3(4) 2310.4(2) 2359.4(3) 1858.4(8)
Z 2 8 8 4
ρcalcd [Mg·m–3] 1.854 1.686 1.901 1.879
Abs. coefficient [mm–1] 2.456 6.295 8.050 1.641
F (000) 660 1176 1320 1068
Crystal size 0.51×0.47×0.27 0.48×0.12×0.02 0.48×0.24×0.08 0.58×0.49×0.17
θ range [°] 2.03–26.48 4.37–72.89 4.46–72.89 1.56–26.43
Limiting indices h, k, l –12/13, 0/13, –13/0 0/24, –9/0, –18/0 –24/0, 0/9, 0/18 –13/14, –15/15, 0/16
Reflections collected 9947 2975 3025 21117
Unique reflections/Rint 2427/0.0203 2314/0.0553 2361/0.0532 7577/0.0188
Absorp. correct. SADABS Ψ-scans Ψ-scans SADABS
Max./min. transmission 0.5569/0.3673 0.8844/0.1521 0.5653/0.1131 0.7677/0.4494
Data/parameters 2427/145 2314/136 2361/136 7577/505
Gof (for F2) 1.078 0.988 1.058 1.045
Final R indices [I � 2σ(I)] R1 = 0.0268 R1 = 0.0699 R1 = 0.0481 R1 = 0.0425

wR2 = 0.0714 wR2 = 0.1872 wR2 = 0.1400 wR2 = 0.1070
R indices (all data) R1 = 0.0379 R1 = 0.1412 R1 = 0.1561 R1 = 0.0635

wR2 = 0.0793 wR2 = 0.2064 wR2 = 0.1427 wR2 = 0.1239
Larg. diff. peak/hole [e·Å–3] 0.560/–0.335 0.655/–0.637 0.904/–1.314 2.182/–1.292
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formed was filtered off, washed with ethanol, and dried. Yield: 0.16
(43%). C7H10ClCuN5O5S (375.25): calcd. C 22.4, H 2.7, N 18.7, S
8.5; found C 22.2, H 2.4, N 16.2, S 7.8. Selected IR data: ν̃max =
3429–3175 (NH), 1608–1518 (C=N, C=C), 1109, 926, 627 [ν3, ν1,
ν4 (ClO4)], 1016 (NN), 791 (C=S), 466 (Cu–N), 350 (Cu–S) cm–1.
FAB+ MS [m/z, assignment]: 255, [Cu(Am4DH-2 H)]. UV/Vis
(λmax, nm): 26716, 23252, 15964, 15431. µeff = 2.19 MB. Conduc-
tance (Λm/S·cm2·mol–1) in DMF: 90.3. Dark green prismatic crys-
tals of [Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·H2O (9a) suitable for
X-ray diffractometry were obtained after a few days by slow evapo-
ration of a mixture of MeOH/CCl4 at room temperature.

Synthesis of [Cu(Am4DH)2]·4H2O (10): Cu(CH3OO)2·H2O (0.20 g,
1.02 mmol) and HAm4DH (0.4 g, 2.05 mmol) were dissolved in
ethanol (20 mL); some triethylamine was added (0.28 mL,
2.05 mmol) and the mixture was stirred for a week. The dark green
precipitate was filtered off, washed with ethanol, and dried under
vacuum. Yield: 0.35 (42%). C14H24CuN10O4S2 (524.08): calcd. C
32.1, H 4.6, N 26.7, S 11.2; found C 32.1, H 3.3, N 25.2, S 13.7.
Selected IR data: ν̃max = 3423–3174 (NH), 1598–1520 (C=N, C=C),
1016 (NN), 845 (C=S), 470 (Cu–N2), 337 (Cu–S) cm–1. FAB+ MS
[m/z, assignment]: 452, [Cu(HAm4DH)(Am4DH)]; 257, [Cu-
(Am4DH)]. UV/Vis (λmax, nm): 26724, 22624, 15649, 14409 cm–1.
EPR (X-band, solid sample): giso = 2.08. µeff = 2.13 MB. Conduc-
tance (Λm/S·cm2·mol–1) in DMF: 32.7.

X-ray Crystallography: Crystals were mounted on glass fibers and
these samples were used for data collection. Data for 5b and 6a
were collected with a Nonius CAD4 automatic diffractometer and
for 5a and 9a with a Bruker SMART CCD 1000 diffractometer.
Cell constants and an orientation matrix were obtained from data
collection of 2.03 � θ � 26.48° for 5a, 15.69 � θ � 45.59° for 5b,
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1.56 � θ � 26.43° for 6a and 4.37 � θ � 72.98° for 9a. The data
for 5b and 6a were processed with SAINT[45] and corrected for
absorption using SADABS.[46] The structures were solved by direct
methods,[47] which revealed the position of all non-hydrogen atoms.
These atoms were refined on F2 by a full-matrix least-squares pro-
cedure using anisotropic displacement parameters.[48] The hydrogen
atoms were located from difference syntheses or in their calculated
positions (C–H, 0.93–0.97 Å), and were refined using a riding
model. Atom scattering factors were taken from the International
Tables for Crystallography.[49] Crystal and refinement data are
listed in Table 6.

Cleavage of pUV18 by Thiosemicarbazone/Copper: The interaction
of the copper() complexes with DNA was studied using the plas-
mid pUC18 in the presence of H2O2, with the resulting fragments
analyzed by electrophoresis in agarose. Plasmid pUC18 has a size
of 2686 base pairs at a concentration of 0.25 mg·mL–1 in TE buffer
(pH = 8, Tris 10 m, EDTA 1 m). The assay carried out involved
digesting plasmid pUC18 with the copper complexes in the pres-
ence of a reducing agent. The copper() complexes are insoluble in
the buffer solutions commonly used in DNA degradation processes.
For this reason DMF was employed as a solvent and the method
reported by Reddy[50] was used for studies in this solvent. A typical
assay was carried out as follows: 7 µL of 0.1  cacodylate buffer
(pH = 6.0), 1 µL of DNA pUC18 (0.25 µg·µL–1), 6 µL of a solution
of the copper() complex (or copper) (40 or 80 µ) in 0.1  caco-
dylate buffer (pH = 6.0), 3 µL of H2O2 (0.4 or 0.8 m) in 0.1 

cacodylate buffer, and 3 µL ascorbate (0.4 or 0.8 m). The samples
were incubated at 37 °C for 60 min. After this time 3 µL of charge
buffer (0.25% bromophenol, 0.25% xylene cyanol, and 30% glyc-
erol) was added and the electrophoresis was carried out immedi-
ately at 80 V in 0.8% agarose gel [containing 2 µL/100 mL of a
solution of ethidium bromide (10 mg·mL–1)] using 0.5×TBE as a
buffer (0.045  Tris, 0.045  boric acid, and 1 m EDTA) for 2–
2.5 h. The gel was photographed using a Gel printer Plus TDI sys-
tem. Assays involving the various inhibitors were carried out in the
same way as above but the agents under investigation were added
as follows: tert-butyl alcohol (1 ) and DMSO (1 ) for their ability
to scavenge OH· radicals, sodium azide (100 m), and 2,2,6,6-tet-
ramethyl-4-piperidone (100 m), which are characterized by their
ability to scavenge singlet oxygen; distamycin (8 m), which in-
tercalates between the nucleobases of the minor groove of the
double helix of DNA and superoxide dismutase (15 units) for its
ability to quench the superoxide radical. It is known that copper()
shows nuclease activity in its own right and therefore comparative
electrophoresis was carried out for a range of incubation times in
order to determine whether the complex showed higher, lower or
equivalent activity to the copper() salts.

CCDC-277157 (for [Cu(HAm4DH)Cl2]2), CCDC-277158 (for
1
�[Cu(Am4DH)Cl]), CCDC-277159 for (1

�[Cu(Am4DH)Br]),
and CCDC-277160 for ([Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·
H2O) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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