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Introduction

Research studies devoted to the design and synthesis of
probes for elucidating the drug interaction sites on DNA
and the so-called “chemical nucleases” have become in-
creasingly important in the last thirty years.[1–3] The success-
ful probes have wide applications as DNA sensors, anti-
tumour drugs and artificial restriction enzymes, for exam-
ple.[4,5] Among the different therapeutic strategies to eradi-
cate cancer cells through DNA damage, the view of using
small water-soluble transition-metal complexes, capable of
oxidative or hydrolytic DNA cleavage as anti-cancer drugs,
is a challenging topic in bioinorganic chemistry.[6,7] Many
transition-metal complexes with V,[8] Fe,[9] Cu,[10,11] Co,[12]

lanthanides,[13, 14] and also actinides[15] have been reported as
efficient DNA cleaving agents with or without sequence spe-
cificity. Of these metals, zinc is the second most abundant
transition-metal ion present in the human body,[16,17] and is
in the active sites of several enzymes such as superoxide dis-
mutase, proteins containing zinc finger motifs and zinc hy-
drolases, in particular, owing to its Lewis acid character. Re-
cently, much research has been aimed at preparing model
zinc coordination complexes of these active sites for bio-
mimetic purposes.[18] In this context, many zinc complexes
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are known to be synthetic hydrolases towards the phospho-
diester cleavage of the DNA macromolecule.[19–22]

Recently, we have reported the metal-assisted oxidation
of the ligand 4-methyl-2-N-(2-pyridylmethyl)aminophenol
(Hpyramol, which can be seen below along with its oxidised
form, 4-methyl-2-N-(2-pyridylmethylene)aminophenol
(Hpyrimol)) upon coordination to iron(II) or mangane-
se(II).[23] This unusual feature has also been observed with
copper(II) chloride, and a square-planar complex with the
oxidised, dehydrogenated “pyrimol” is obtained.[24] Interest-
ingly, this water-soluble copper complex cleaves DNA, oxi-
datively, without any reductant, suggesting a non-innocent
participation of the ligand in the remarkable nuclease activi-
ty observed. The Hpyramol ligand is also dehydrogenated
on coordination to the ZnACHTUNGTRENNUNG(acetate)2 salt and forms a trinu-
clear zinc complex as reported earlier by some of us.[25]

Because zinc is a biologically relevant metal ion,[26,27] the
natural next step was to prepare various zinc(II) complexes
with different anions, with the ligand Hpyramol, and to
study the interaction of the resulting complexes with DNA.
Accordingly, in the present paper, four new coordination
complexes obtained by reaction of Hpyramol with zinc(II)
chloride or zinc(II) acetate are described crystallographical-
ly. The cleaving abilities of all the zinc(II) complexes were
examined by using fX174 phage DNA as a template, and
the enzymatic religation experiments, together with the cell-
transformation efficiencies, strongly suggest that the DNA
cleavage is purely oxidative. The DNA-cleaving properties
of these zinc complexes are rather surprising, as the zinc
complexes are so far known to involve a hydrolytic pathway
rather than an oxidative one. Thus, the DNA cleavage is
suggested to be purely ligand-based, but the pure ligands
themselves do not cleave DNA. Therefore, the zinc com-
plexes reported here are the first zinc-based artificial nucle-
ases performing oxidative DNA cleavage.

Results and Discussion

ZnII–ligand complexes : The ligand 4-methyl-2-N-(2-pyridyl-
methyl)aminophenol (Hpyramol) is obtained in a single-step
reaction as previously described.[28] This ligand has been ear-
lier reported as part of a trinuclear zinc(II) complex,
namely, [Zn3ACHTUNGTRENNUNG(OAc)4ACHTUNGTRENNUNG(pyrimol)2] (1), in which it appeared to
be oxidised to its planar pyrimol form.[25] Interestingly, this
metal-assisted oxidation of Hpyramol is a very slow process,
as evidenced by solution 1H NMR studies.[25] By taking ad-
vantage of this slow reaction, the zinc complex bearing the

original ligand, that is, Hpyramol, can be prepared by
mixing concentrated solutions of the ligand and of the
zinc(ii) acetate in methanol, to increase the rate of the crys-
tallisation process relative to the process that leads to the
formation of pyrimol. In this manner, colourless crystals of
[Zn2ACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(pyramol)2]·2CH3OH (2) have been isolated
after two days, with a yield of 9% (based on the ligand). At
this point, it should be mentioned that dark-red crystals of 1
are produced from the same mother liquor, but after two
weeks, resulting in the dehydrogenated pyrimol ligand. The
molecular structure of 2, along with the atom labelling
scheme, is illustrated in Figure 1. The dinuclear unit consists

of two hexacoordinated Zn atoms bridged by the phenolate
moieties of two deprotonated tridentate pyramol ligands,
with an inversion centre located between the metal ions.
The zinc atoms are in a highly distorted octahedral environ-
ment as a result of the bidentate coordination mode of the
acetate anions. The equatorial plane is defined by the pyri-
dine nitrogen atom N11 and the bridging phenolate oxygen
atom O1 of a pyramol ligand and by the two oxygen atoms
O20 and O21 from an acetato ligand (Figure 1). The in-
plane angles range from 58.40(11) to 104.93(11)8, which re-
veals the distorted geometry. The equatorial Zn�N and Zn�
O bond lengths[25,29] as well as the bond lengths observed for
the bidentate acetate[30] can be considered as normal. The
axial positions of the octahedron are occupied by the amine
nitrogen atom N2 from a pyramol and the phenolate
oxygen atom O1’ from a second pyramol ligand, at expected
elongated bond lengths (Figure 1).[31]

The reaction of zinc(II) chloride with Hpyramol in aceto-
nitrile gives rise to the formation of the crystalline complex
[Zn2Cl2ACHTUNGTRENNUNG(pyramol)2]·2CH3CN (3) within a day. Compound 3

Figure 1. ORTEP perspective view of zinc(II) complex 2. Hydrogen
atoms and lattice solvent molecules have been omitted for clarity. Select-
ed bond lengths [P] and angles [8]: Zn1�O1 2.018(3), Zn1�O1’ 2.063(2),
Zn1�O20 2.315(3), Zn1�O21 2.109(3), Zn1�N2 2.211(3), Zn1�N11
2.090(3); O1-Zn1-N11 104.93(11), N11-Zn1-O21 98.45(12), O21-Zn1-O20
58.40(11), O20-Zn1-O1 98.02(11), N2-Zn1-O1’ 156.73(11). Symmetry op-
eration ’: 1�x, �y, 1�z.
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crystallises in the triclinic P1 space group. The ORTEP view
of this dinuclear complex in which the zinc atoms are bridg-
ed by phenoxido moieties from two ligands is depicted in
Figure 2. Each pentacoordinated zinc atom is in a distorted

trigonal-bipyramidal environment with a t factor of 0.79
(t=0 for an ideal square-pyramidal geometry and t=1 for
a perfect trigonal-bipyramidal environment).[32] The equato-
rial plane is defined by the pyridine N12 atom and the
bridging phenolate O1 atom of a pyramol ligand, and by the
chloride anion Cl1 (Figure 2).

The Zn�N, Zn�O and Zn�Cl bond lengths are in
common ranges.[33,34] The in-plane angles vary from
107.95(5) to 134.53(3)8, which reflects the distortion induced
by the ligand coordinating at equatorial–axial–equatorial po-
sitions, and by the bridging phenolato moieties that connect
the two metal ions, separated by a short distance of
3.1772(2) P. The axial positions of the trigonal bipyramid
are occupied by the amine nitrogen atom N9 from the
ligand and the phenolate O1’ atom from a second pyramol
ligand at normal distances.[35] In addition, each dinuclear
unit is interacting with two neighbouring complexes through
p–p stacking between the pyridine rings, generating a one-
dimensional (1D) supramolecular polymer (see Figure 3).

After one week, a new single crystal obtained from the
same mother liquor (from which complex 3 had been isolat-
ed) was mounted on the diffractometer (see the Experimen-
tal Section for X-ray structure determination details) in
order to investigate the metal-mediated oxidation of the
amine function (Hpyramol) to the corresponding imine
group (Hpyrimol). Interestingly, a significantly different
solid-state structure was observed in this case (Figure 4).

The new complex, [Zn2Cl2 ACHTUNGTRENNUNG(pyramol)2] (4), crystallises in the
same space group, namely, P1. However, contrary to 3, no
lattice acetonitrile molecules are present for 4, which results
in a completely different crystal packing (see Figures 3 and
5). The dinuclear complex now consists of two distinct zinc

centres, Zn1 and Zn2, which exhibit slightly different coor-
dination geometries. Zn1 is in a five-coordinate environment
between the square pyramid and the trigonal bipyramid
(with t=0.44).[32] Remarkably, the square-pyramidal charac-
ter dominates for Zn1 (t below 0.5), whereas both symme-
try-related zinc atoms of 3, for which the molecular formula
of the dinuclear unit is identical to the one of 4, are in a
trigonal-bipyramidal environment. This geometry distortion,
albeit less pronounced, is also observed for Zn2. Indeed, the

Figure 2. ORTEP perspective view of zinc(II) complex 3. Hydrogen
atoms and lattice solvent molecules have been omitted for clarity. Select-
ed bond lengths [P] and angles [8]: Zn1�O1 2.0192(10), Zn1�O1’
2.0838(10), Zn1�Cl1 2.2575(4), Zn1�N9 2.2088(13), Zn1�N12 2.0658(12);
O1-Zn1-Cl1 134.53(3), Cl1-Zn1-N12 116.22(4), N12-Zn1-O1 107.95(5),
N9-Zn1-O1’ 155.39(5). Symmetry operation ’: 1�x, 1�y, 1�z.

Figure 3. The p–p stacking interactions in complex 3 resulting in a 1D
supramolecular polymer. Centroid A···centroid A’, 3.593 P.

Figure 4. ORTEP perspective view of zinc(II) complex 4. Hydrogen
atoms have been omitted for clarity. Selected bond lengths [P] and
angles [8]: Zn1�O11 2.0031(14), Zn1�O21 2.0704(13), Zn1�Cl1
2.2587(6), Zn1�N19 2.2133(16), Zn1�N112 2.0788(17), Zn2�O21
2.0104(14), Zn2�O11 2.0716(13), Zn2�Cl2 2.2530(6), Zn2�N29
2.2167(17), Zn2�N212 2.0860(17); O11-Zn1-Cl1 122.41(5), Cl1-Zn1-N112
111.45(5), N112-Zn1-O11 125.24(7), N19-Zn1-O21 151.78(6), O21-Zn2-
Cl2 125.43(4), Cl2-Zn2-N212 116.50(5), N212-Zn2-O21 117.51(6), N29-
Zn2-O11 152.18(6).

Figure 5. The p–p stacking interactions in complex 4 that result in a 1D
supramolecular polymer. Centroid A···centroid A’, 3.828 P; centroid
B···centroid B’, 3.662 P.
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coordination geometry observed for Zn2 is also between the
square pyramid and the trigonal bipyramid (t=0.58),[32] but
the trigonal-bipyramidal character is maintained (t above
0.5). These important structural changes are apparently due
to the pyramol ligands coordinated to Zn1 and Zn2, respec-
tively. If the angle q between the centroid of the pyridine
ring, the nitrogen atom, and the centroid of the phenolate
ring from a tridentate pyramol ligand coordinated to a zinc
atom is considered (Figure 6), some drastic variations are
clearly noticed (Table 1). This angle q is 1038 for both sym-
metrical metal centres of 3, whereas the values are 136 and
1148 for Zn1 and Zn2, respectively.

It thus appears that, for both ligands in 4, this angle in-
creases, indicating a propensity of the ligand pyramol to
adjust its structural arrangement on the way to a more flat
geometry; this suggests that the ligand is already adapting
its conformation for a subsequent oxidation of the amine
function to an imine, which will lead to the formation of the
planar delocalised pyrimol moiety.[25] These steric variations
result in a totally different crystal packing (Figure 5). Even
more remarkable, p–p interactions also connect the dinu-
clear units to generate a 1D supramolecular polymer, but
these p–p stacks now involve both the pyridine and the
phenol rings (see Figure 5).

The fascinating oxidative transformation is confirmed by
the X-ray diffraction analysis of red single crystals of
[Zn2Cl2ACHTUNGTRENNUNG(pyrimol)2] (5), which are produced from the same
reaction mixture after several weeks. It has to be pointed
out here that this oxidised complex 5 can also be directly
prepared within one week, by reaction of zinc(II) chloride
and Hpyramol in acetonitrile in a sealed pressure tube at
105 8C (see the Experimental Section). Compound 5 crystal-
lises in the monoclinic space group P21/c. The dinuclear
moiety consists of two symmetry-related pentacoordinated

zinc atoms (Figure 7). Their coordination environment is
highly distorted, and lies between the trigonal-bipyramidal
and square-pyramidal geometries (t=0.58).[32] The Zn�N,
Zn�O and Zn�Cl bond lengths can be considered as normal

for this type of N2O2Cl coordination set.[36,37] The equatorial
plane is defined by the imine N8 atom and the bridging phe-
nolate O1 atom of a pyramol ligand, and the chloride anion
Cl1 (Figure 7). The in-plane angles range from 111.00(3) to
131.02(4)8, indicating a significant distortion of the trigonal-
bipyramidal geometry. Contrary to 3 and 4, the crystal pack-
ing of 5 does not show p–p interactions, which is most likely
due to a completely different spatial arrangement of the
planar molecules in the solid-state structure.

DNA cleavage studies : The DNA cleaving properties of the
zinc(II)–pyramol/pyrimol complexes 1–5 prepared from
zinc(II) chloride/acetate and Hpyramol have been investi-
gated by using fX174 phage DNA. When fX174 DNA
(20 mm in base pair (b.p.)) was incubated for eight hours
with complexes 1–5 (100 mm) at 37 8C, in the absence of any
reductant, the following order of cleavage efficiency, from
supercoiled DNA (Form I) to nicked DNA (Form II) was
observed (Figure 8): complex 5 (94%)>complex 1 (75%)>
complex 4 (67%)>complex 3 (57%)>complex 2 (38%).
Thus, complexes 1 and 5, bearing the (oxidised) pyrimol
ligand, are significantly more active than complexes 2, 3 and
4. The free ligands Hpyramol and Hpyrimol have no cleav-
age activity. Accordingly, complexes 1 and 5 have been used
to further investigate the nature of the DNA cleavage ob-
served. Different concentrations of complex 5 (10–100 mm)
were used to digest fX174 phage DNA (20 mm b.p.) at 37 8C
for eight hours. A clear dependence of the DNA cleavage

Figure 6. The q angle between the pyridine centroid (A), the amine/imine
nitrogen atom (Nam) and the phenol centroid (B) of the coordinated
ligand.

Table 1. Observed q angle(s) [8] for 3–5.

Complex A-Nam-B angle[a] [8]

3 103.14(4)
4 135.63(6) (Zn1), 114.18(6) (Zn2)
5 172.47(5)

[a] See Figure 6.

Figure 7. ORTEP perspective view of zinc(II) complex 5. Hydrogen
atoms have been omitted for clarity. Selected bond lengths [P] and
angles [8]: Zn1�O1’ 1.9894(10), Zn1�O1 2.1770(10), Zn1�Cl1 2.2269(4),
Zn1�N8 2.0691(12), Zn1�N12 2.2113(13); O1’-Zn1-Cl1 111.00(3), Cl1-
Zn1-N8 131.02(4), N8-Zn1-O1’ 117.55(5), N12-Zn1-O1 152.67(4). Sym-
metry operation ’: �x, �y, �z.
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on the concentration of the zinc complex used was observed
(Figure 9a). However, even at high concentrations of com-
plex 5, the linear form of DNA (Form III) was not detected,
which is also the case for all the aforementioned zinc(II)
complexes.

When the digestion of DNA (20 mm b.p.) mediated by
complex 5 (40 mm) was followed over time, only a stoichio-
metric conversion of Form I to Form II was observed (see
Figure S1 in the Supporting Information). A similar non-cat-
alytic DNA cleavage pattern was noticed for complex 1, but
with a lower efficacy relative to 5 (see Figure S2). Similar to
5, 1 also shows a concentration dependent, stoichiometric
cleavage of DNA (Figure 9b). As shown in Figures 9a and
9b, both the complexes 1 and 5 follow pseudo-first-order ki-
netics (single-exponential curves). The highest rate constant
of 0.158 h�1 was observed for complex 1 at a concentration

of 200 mm, and a rate of 0.25 h�1 was observed for complex 5
at a concentration of 100 mm, following pseudo-Michaelis–
Menten conditions (Figures S3a and S3b in the Supporting
Information).[38] True Michaelis–Menten conditions could
not be applied, as the system is not catalytic, like the analo-
gous Cu–pyrimol complex.[24]

The DNA cleavage reactions carried out with complexes
1 and 5 are not inhibited by the presence of various radical
scavengers, that is, NaN3, superoxide dismutase, DMSO, eth-
anol and D2O. The use of distamycin, or an excess of NaCl
also does not inhibit the cleavage of DNA, and Form II is
still detected if the digestion is performed under argon, or
by using dark conditions (Figure 10 and Figure S4 in the

Supporting Information). These observations corroborate a
hydrolytic pathway for the cleavage of DNA mediated by
the zinc complexes.[3] Religation experiments on DNA
cleavage products obtained from digestions with the zinc
complexes 1–5 have been carried out to determine the
nature of the DNA cleavage (Figure 11). Remarkably, these

experiments clearly show that DNA cleavage mediated by
zinc complexes 1–5 is not hydrolytic, but purely oxidative,
because DNA cleavage products are not religated, whereas
control fX174 DNA, digested by the restriction endonu-
clease PstI, is religated with a >35% efficiency (Figure S5
in the Supporting Information).

One can reasonably expect the involvement of radical
species in the oxidative cleavage of DNA, which would be
inhibited in the presence of radical scavengers during the di-
gestion experiments. In the absence of evidence for any free

Figure 8. Agarose gel electrophoresis of fX174 phage DNA (20 mm b.p.)
after 8 h incubation with zinc complexes 1–5 (100 mm), without reductant
in phosphate buffer, pH 7.2, 37 8C. Lane 1, control; lane 2, complex 1;
lane 3, complex 2 ; lane 4, complex 3 ; lane 5, complex 4 ; lane 6, complex
5.

Figure 9. a) Plot of the different concentrations of complex 5 (used to
digest fX174 phage DNA (20 mm)) versus the percentage of Form II
formed after 8 h incubation at 37 8C. b) Plot of the different concentra-
tions of complex 1 (used to digest fX174 phage DNA (20 mm)) versus the
percentage of Form II formed after 8 h incubation at 37 8C.

Figure 10. Agarose gel electrophoresis of the oxidative cleavage reaction
of fX174 supercoiled phage DNA (20 mm b.p.) with the zinc complex 5
(40 mm) without reductant after an incubation time of 24 h at 37 8C in a
phosphate buffer at pH 7.2 (lane 10), in the presence of the following:
for lane 1, 200 mm NaN3; for lane 2, 0.5 U of superoxide dismutase; for
lane 3, DMSO; for lane 4, ethanol; for lane 5, 100 mm distamycin; for
lane 6, D2O; for lane 7, 350 mm NaCl; for lane 8, reaction performed
under argon; for lane 9, reaction in the dark.

Figure 11. Agarose gel electrophoresis of the oxidative cleavage reaction.
Lane 1: 20 mm DNA+complex 5, 100 mm (blank); lane 2: DNA cleavage
products from lane 1 treated with T4 ligase; lane 3: 20 mm DNA+com-
plex 1, 100 mm (blank); lane 4: DNA cleavage products from Lane 1
treated with T4 ligase; lane 5: 20 mm DNA+Hpyramol, 100 mm (blank);
lane 6: DNA cleavage products from lane 5 treated with T4 ligase.
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diffusible radical, a hydrolytic cleavage of the DNA strands
may be anticipated. However, this mechanism is excluded
because the nicked forms of the DNA digested by 5 or 1 are
not religated by the T4 ligase enzyme. The results achieved
from the experiments in the presence of various radical
scavengers, and from the religation experiments show that a
non-hydrolytic pathway not related to OH*, superoxide or
singlet dioxygen is involved.[39]

To further investigate in detail the nature of the cleaving
properties of 1 and 5, pUC19 plasmid DNA treated with
either complex 1 or 5 was relegated and was used for cell-
transformation tests. As shown in Figure 12, the religation

of PstI-linearised pUC19 DNA (notated as LC) is achieved
with an efficiency of about 94%. In contrast, the pUC19
DNA cleavage products, obtained from partial digestion
with the zinc complexes 5 and 1, do not show any cell trans-
formations, because the observed colony-forming units are
purely due to the presence of residual undigested super-
coiled pUC19 DNA (Figure 12, and Figure S6 in the Sup-
porting Information).

Traces of organic radical in complex 5 in the solid state
have been detected by using EPR spectroscopy at room
temperature. The amount of radical species present could
not be determined, most likely due to their decaying or de-
localised nature (Figure 13).[40] The radical is expected to
originate from the phenolate moiety of the ligand coupled
with the dehydrogenation of the Hpyramol ligand. Copper
complexes with phenolate ligands are known in the litera-
ture as structural/functional models for the active site of the
enzyme galactose oxidase.[41–43] This enzyme oxidises pri-
mary alcohols selectively to aldehydes by hydrogen abstrac-
tion in the presence of dioxygen, which is reduced to dihy-
drogen peroxide. The Cu–pyrimol complex also oxidises

benzyl alcohol selectively to benzaldehyde.[44] Accordingly,
the catalytic DNA cleavage observed with the Cu–pyrimol
complex can be explained by the initial hydrogen abstrac-
tion from the deoxyribose sugar in the presence of dioxygen,
and generates dihydrogen peroxide in situ. Next, the dihy-
drogen peroxide couples with CuII in a Fenton-type reaction
to produce reactive oxygen species, which ultimately makes
the DNA cleavage oxidative and catalytic. Similar results of
oxidative DNA cleavage with Cu–salen type complexes,
without any reductant, have been reported.[45] In the case of
complexes 5 or 1, the ZnII ions cannot play a redox role like
CuII and form hydrogen peroxide, so the DNA cleavage ob-
served is strictly stoichiometric.

When the titration of complex 5 with calf-thymus DNA in
a phosphate buffer at room temperature is followed by
using UV-visible spectroscopy, the formation of phenoxyl
radicals is evidenced after three hours of interaction. The in-
tensity of the absorption bands initially observed for the
complex 5 at l=260 and 305 nm increases upon addition of
DNA at an R value of 5 (R= [DNA]/[metal complex],
Figure 14). This hyperchromism is ascribed to the intercala-
tion and p–p stacking interactions of the complex 5 between
the DNA base pairs. The absorption band observed at
397 nm decreases and a new band around 420 nm appears.
This band, which increases in intensity with time, is most

Figure 12. pUC19 plasmid DNA was treated with complex 5 or 1, or line-
arised with endonuclease, PstI (New England Biolabs), and was subse-
quently purified for ligation as described in the Experimental Section.
Competent Escherichia coli cells (strain JM109) were transformed with
the ligation mixtures and plated on an ampicillin-containing medium.
After 16 h of growth, colony-forming units were counted and expressed
as CFU per ng of DNA. Untreated pUC19 plasmid DNA (pUC) was
used for calculating the transformation efficiency (1325�35 CFU per ng
DNA). From ligation of the PstI-digested pUC19 (LC, 1242�64 CFU
per ng DNA), a ligation efficiency of �94% was calculated. Error bars
denote the standard deviations of the means of three independent experi-
ments.

Figure 13. Solid-state powder EPR spectrum of complex 5, recorded at
room temperature.

Figure 14. Absorption spectra of complex 5 in DMF diluted with 10 mm

phosphate buffer at pH 7.2, in the absence (a; R=0) and presence (b;
R=5) of calf-thymus DNA.
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likely due to the formation of phenoxyl radical species, and
is assigned to the p–p* transition of the phenoxyl radical, as
MLCT bands are not occurring for zinc(II) systems.[46,47]

Cyclic voltammetry studies : Electrochemical investigations
have been performed in order to appraise the role of the
non-redox zinc(II) ions on the dehydrogenation of the
ligand Hpyramol, and in the formation of the reactive phe-
noxyl radicals upon coordination. Therefore, the redox be-
haviour of the free ligands Hpyramol and Hpyrimol, and of
the zinc complexes 1–3 and 5 have been investigated by
using cyclic voltammetry at room temperature, under argon,
in DMF with tetrabutylammonium hexafluorophosphate as
the supporting electrolyte and with Ag/AgCl as the refer-
ence electrode. The electrochemical data are presented in
Table 2. The cyclic voltammograms of the free ligand Hpyr-

amol and its zinc(II) complexes 2 and 3 exhibit two-step oxi-
dation processes. On reverse scan, a reversible cathodic
peak is observed between �0.30 and �0.44 V, depending on
the second oxidation peak (Figures 15, 16 and 17). On the
other hand, the cyclic voltammogram of Hpyrimol and its
zinc(II) complexes 1 and 5 show irreversible oxidation and
reduction peaks as shown in Figures 15, 16 and 17. As the
voltage scan rate increases, a linear dependence is observed,
both between the peak current (Ip) and scan rate (n1/2), and

between the peak potential (Ep) and Ip, which suggests diffu-
sion-controlled electron transfers.[48]

Hpyramol : The cyclic voltammogram (CV) of Hpyramol
(Figure 15, Table 2) exhibits two irreversible oxidation peaks
at around 0.71 and 1.30 V versus Ag/Ag+ , respectively.
Upon reversal of the scan, a reversible oxidation peak at
about �0.40 V versus Ag/Ag+ appears and is dependent on
the second oxidation peak (1.30 V). Two electrons were
found to be transferred during the first oxidation peak of
the ligand, based on chronocoulometry data, and are ascri-
bed to the electrochemical dehydrogenation of the ligand.
The number of electrons transferred during the second oxi-
dation step could not be clearly established as it most likely
involves the formation of phenoxyl radical species and fur-
ther oxidative products. All these compounds appear to be
very unstable and their formation is irreversible in the time-
scale of electrochemistry at room temperature.

Hpyrimol : The CV of the ligand Hpyrimol shows only one
irreversible oxidation peak around 1.38 V versus Ag/Ag+ ,
and a reversible reduction peak around �0.44 V (Figure 15,
Table 2). This observation is consistent with the results men-

Table 2. Electrochemical data for the free ligands and the zinc com-
plexes.

Compound Ea
[a] [V] Ec

[b] [V] DEp
[c] [V]

Hpyramol 0.71, 1.30 �0.40[d,e] 0.058
Hpyrimol 1.38 �0.44[d,f] 0.058
complex 3 0.64, 1.25 �0.30[d,e] 0.058
complex 5 1.32 �0.36[d,f] 0.056
complex 2 0.51, 1.05 �0.28,[e] �0.63[f]

complex 1 0.84 �0.22[f]

[a] Oxidation peak potential. [b] Reduction peak potential. [c] Difference
between the peak potentials of the reversible cathodic peaks. [d] Rever-
sible peak potential. [e] Dependant on the second oxidation peak poten-
tial. [f] Dependant on the first oxidation peak potential.

Figure 15. Cyclic voltammograms of 0.001m Hpyramol (A) and 0.001m
Hpyrimol (B) in DMF, at room temperature, versus Ag/Ag+ .

Figure 16. Cyclic voltammograms of 0.001m complex 2 (A) and 0.001m
complex 1 (B) in DMF, at room temperature, versus Ag/Ag+ .

Figure 17. Cyclic voltammograms of 0.001m complex 3 (A) and 0.001m
complex 5 (B) in DMF, at room temperature, versus Ag/Ag+ .
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tioned above for the ligand Hpyramol, and the oxidation
peak is assigned to the formation of phenoxyl radical species
that are very unstable and oxidised further to other oxida-
tion products (quinone-type products, which are common
for para-substituted phenols).[49]

Complexes 1–3 and 5 : The two consecutive irreversible oxi-
dation peaks observed with the Zn–pyramol complexes 2
and 3 (Table 2 and Figures 16 and 17) are assigned to the
ligand dehydrogenation (pyramol to pyrimol), and to the
phenoxyl radical formation and its consequent oxidation
products, respectively (as observed for the free ligand Hpyr-
amol). Similarly, the sole irreversible oxidation peak ob-
served in the voltammograms of the Zn–pyrimol complexes
1 and 5 corresponds to the oxidation of the phenolic moiety
to phenoxyl radicals, and the subsequent oxidation products.
Thus, the coordination of the ligand to the zinc(II) ion clear-
ly facilitates the oxidation of the ligand pyramol to pyrimol,
because the amine/imine oxidation potential is observed
around 0.51–0.67 V for the zinc complexes, whereas the
value for this oxidation process is 0.71 V for the free ligand
Hpyramol (see above). The above study indicates that the
dehydrogenation of the ligand takes place for Hpyramol
and its zinc complexes prior to the formation of the phenox-
yl radical species. The phenoxyl radical species formed in
the second oxidation step are very unstable and lead to
other oxidation products. Controlled potential electrolysis
for the free ligands and the zinc complexes has been per-
formed at the second oxidation potentials. The electrolysed
solutions are found to be EPR-silent both at room tempera-
ture and at low temperature (�15 8C), whereas the presence
of radical species has been observed by means of powder
EPR measurements on complex 5. These disparate results
can be explained by the great instability of the formed phe-
noxyl radical species in DMF (unfortunately, the zinc com-
plexes are only soluble in DMF).

Thus, in the present study, it appears that the formation of
highly reactive phenoxyl radical species in the presence of
DNA is responsible for the observed oxidative cleavage of
DNA by using the Zn–pyramol/pyrimol systems. The role of
the zinc ions may be diverse: 1) The chloride or acetate
anions of the zinc(II) salts may help to form the phenolate
ions through deprotonation (however, it should be men-
tioned that the pure Hpyramol or Hpyrimol ligands that are
not deprotonated do not cleave DNA); 2) The coordination
of the ligand to the metal centre leads to perfect planar co-
ordination compounds (complexes 1 and 5), enabling them
to intercalate and suitably interact with DNA for the cleav-
age process; 3) The coordination of the ligand Hpyramol to
zinc favours its oxidation to pyrimol. From all the above ob-
servations, the degradation of the DNA through its interac-
tion with the different zinc complexes appears to be a stoi-
chiometric, oxidative cleavage event, most likely involving
non-diffusible phenoxyl radical species originating from the
ligand pyrimol. Detailed electro/spectroelectrochemical ex-
periments are ongoing for a better understanding of the
phenoxyl-radical-based mechanism.

Conclusion

Reactions of ZnACHTUNGTRENNUNG(CH3COO)2 and ZnCl2 with the ligand
Hpyramol yielded five different complexes (1–5), which
were structurally characterised. The zinc(II) complexes 1
and 5 result from the slow dehydrogenation of the ligand in
solution. Furthermore, the X-ray analyses have revealed an
intermediate compound, 4, which suggests that the slow oxi-
dation of the ligand Hpyramol to anionic pyrimol occurs
upon coordination to the ZnII ions. All five zinc complexes
are able to oxidatively cleave DNA through the formation
of putative radical-based active species, and the correspond-
ing efficiencies are found to be in the following order (most
efficient first): complex 5 (94%)>complex 1 (75%)>com-
plex 4 (67%)>complex 3 (57%)>complex 2 (38%). The
complexes with the oxidised ligand are more active than
those bearing the non-oxidised ligand. Traces of organic rad-
icals have been observed in the solid-state EPR spectrum of
complex 5, which strongly suggests a non-diffusible radical
mechanism for the herein reported oxidative cleavage of
DNA.

Experimental Section

General : All chemicals were used as obtained without further purifica-
tion. Elemental analyses (C, H, N) were carried out by using a Perkin–
Elmer 2400 series II analyzer. FTIR spectra were recorded by using a
Perkin–Elmer Paragon 1000 FTIR spectrophotometer, equipped with a
Golden Gate ATR device, by using the reflectance technique (4000–
300 cm�1). The ligand-field spectra of the compounds in solution were re-
corded in the l=200–1100 nm range with a Cary 50 spectrophotometer.
1H NMR spectra were recorded by using a Bruker DPX 300 (300 MHz)
instrument. Chemical shifts are reported in parts per million relative to
the solvent peak. X-band EPR measurements were performed at 77 K in
the solid state on a Jeol RE2x electron spin resonance spectrometer, by
using DPPH (g=2.0036) as the standard.

4-Methyl-2-N-(2-pyridylmethylene)aminophenol (Hpyrimol): A solution
of picolinaldehyde (10.7 g, 0.1 mol) in methanol (75 mL) was added,
under constant stirring, to a solution of 2-amino-4-methylphenol (12.4 g,
0.1 mol) in methanol (50 mL) containing molecular sieves (4 P). The re-
action mixture was heated at reflux (70 8C) for 2 h. Next, the methanol
was evaporated under reduced pressure to yield a deep-green residue.
This solid material was redissolved in CH2Cl2 (200 mL), filtered and lay-
ered with n-hexane (200 mL). The resulting bilayer was left at �20 8C for
the crystallisation of the pure compound. After two days, bright-yellow
crystals were obtained. The crystals were collected and washed with di-
ethyl ether, and were subsequently dried under argon. Yield: 53%;
1H NMR (CDCl3): d=8.81 (s), 8.72 (d), 8.20 (d), 7.82 (t), 7.37 (m), 7.25
(d), 7.2 (s), 7.1 (s), 7.06 (d), 6.90 (d), 2.31 ppm (s).

ACHTUNGTRENNUNG[Zn2ACHTUNGTRENNUNG(OAc)2 ACHTUNGTRENNUNG(pyramol)2]·2CH3OH (2): A solution of Hpyramol (200 mg,
0.93 mmol) in methanol (20 mL) was added to a stirred solution of Zn-
ACHTUNGTRENNUNG(CH3COO)2·2H2O (280 mg, 1.28 mmol) in methanol (20 mL). The result-
ing reaction mixture was left unperturbed for the slow evaporation of the
solvent. After a few days, colourless rectangular single crystals of 2, suita-
ble for X-ray diffraction analyses, were obtained. Yield (based on the
ligand): 9% (30.9 mg); IR (neat): ñ=3201 (s, N�H), 1598, 1498, 1428,
1290, 807, 771, 674, 622, 485 cm�1; elemental analysis calcd (%) for
C30H32N4O6Zn2 [2�2CH3OH]: C 53.35, H 4.78, N 8.30%; found: C 52.44,
H 4.30, N 8.36.

ACHTUNGTRENNUNG[Zn2Cl2 ACHTUNGTRENNUNG(Pyramol)2]·2CH3CN (3): A warmed solution of ZnCl2 (127 mg,
0.93 mmol) in acetonitrile (10 mL) was added to a stirred solution of
Hpyramol (200 mg, 0.93 mmol) in acetonitrile (10 mL). The resulting re-
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action mixture was stirred at 50 8C for 10 min and the solution was subse-
quently filtered. The filtrate was left unperturbed in air for the slow
evaporation of the solvent. Yellowish-white crystals of 3, suitable for X-
ray diffraction analyses, were obtained after one day. Yield (based on the
ligand): 37% (109 mg); IR (neat): ñ=3244 (s, N�H), 1499, 1282, 1024,
807, 766, 488 cm�1; elemental analysis calcd (%) for C26H26N4O2Zn2

[3�2CH3CN]: C 49.71, H 4.17, N 8.92; found: C 49.19, H 3.63, N 9.07.

ACHTUNGTRENNUNG[Zn2Cl2 ACHTUNGTRENNUNG(Pyramol)2] (4): When the solution mentioned in the above pro-
cedure was left in air for about two weeks, the initially colourless crystals
turned orange. These single crystals of 4 were analyzed by X-ray crystal-
lography. Yield (based on the ligand): 34% (99 mg); IR (neat): ñ=3246
(s, N�H), 1499, 1281, 1024, 808, 766, 488 cm�1; elemental analysis calcd
(%) for C26H26Cl2N4O2Zn2 (4): C 49.71, H 4.17, N 8.92; found: C 48.97, H
3.64, N 8.95.

ACHTUNGTRENNUNG[Zn2Cl2 ACHTUNGTRENNUNG(Pyrimol)2] (5): A solution of Hpyramol (500 mg, 2.32 mmole) in
acetonitrile (15 mL) was added to a solution of ZnCl2 (316 mg,
2.32 mmole) in acetonitrile (10 mL). The resulting reaction mixture was
stirred for 10 min and was then placed in a sealed pressure tube, at
105 8C in an oven, for one week. At regular time intervals, the pressure
tube was shaken to ensure the homogeneity of the solution. After a
week, deep-red crystals of 5 were obtained and were analyzed by using
X-ray crystallography. The same complex 5 could also be obtained by
mixing equimolar amounts of the ligand Hpyramol and ZnCl2 in warm
acetonitrile. The reaction mixture was stirred at 50 8C for 1 h, filtered,
and the filtrate was left unperturbed in air for the slow evaporation of
the solvent for about two months. Yield (based on the ligand): 27%
(78 mg); IR (neat): ñ=1608 (s, N=C), 1506, 1281, 1255, 1219, 1020, 818,
774, 766, 644, 506, 414 cm�1; elemental analysis calcd (%) for
C26H22Cl2N4O2Zn2 (5): C 50.03, H 3.55, N 8.98%; found: C 49.60, H 3.87,
N 9.22.

Procedure for DNA cleavage experiments : fX174 DNA was purchased
from Invitrogen, and was stored at �20 8C. The typical reaction mixture,
containing double-stranded DNA and the zinc complexes 1–5 in a 10 mm

phosphate buffer solution (pH 7.2), was incubated at 37 8C for the re-
quired time, with or without additives. After the incubation period, the
reaction was quenched at �20 8C, followed by the addition of loading
buffer (bromophenol blue, xylene cyanol, and 25% ficoll). This reaction
mixture was then loaded on a 0.8% agarose gel containing ethidium bro-
mide (2.54 mm final concentration in the gel as well as in the buffer). The
gels were run at a constant voltage of 80 V for 60–90 min in tris–borate–
EDTA (TBE) buffer containing ethidium bromide. After being washed
with distilled water, the gels were visualised under a UV transilluminator
and the bands were documented and quantified by using a BioRad Gel
Doc 1000 apparatus interfaced with a computer.

Enzymatic religation and cell-transformation experiments : Double-
stranded DNA was treated with the zinc complexes, without any reduc-
tant, at 37 8C and at pH 7.2. DNA samples were purified over QIAquick
PCR purification columns (Qiagen) and were used for religation experi-
ments. Control DNA was digested with the endonuclease PstI and
cleaned in the same way. Ligation was performed in the 20 mL range by
using 50 ng of the digested DNA products with 2 units of T4 DNA ligase
(Fermentas) for 16 h at 16 8C. Competent JM109 cells were transformed
in triplicate with the ligation mixtures and three different quantities were
plated on ampicillin-containing medium. Religation of the PstI-linearised
DNA revealed that ligation efficiency was around 94%.

Electrochemical studies : The electrochemical behaviour of the free li-
gands and the complexes 1–3 and 5 was investigated by means of cyclic
voltammetry (CV) in dimethylformamide (DMF) containing 0.1m
(Bu4N)PF6 as the supporting electrolyte. A three-electrode system con-
taining a platinum-wire working electrode, a platinum-plate (counter)
electrode and an Ag/AgCl reference electrode was used. The three elec-
trodes were positioned as close as possible to minimise the Ohmic poten-
tial drop. Voltammetric recordings were performed under an argon at-
mosphere, at RT. The concentration of the free ligands and the com-
plexes was 0.001m for each measurement and the voltage scan rate
during the CV measurements was 100 mVs�1. Controlled potential elec-
trolyses at the peak potentials were carried out in DMF versus Ag-wire
reference electrode, taking into account the required correction between

the Ag/Ag+ and the Ag-wire systems (the oxidation potential of the fer-
rocene/ferrocenium couple was found to be 0.55 V vs. Ag/Ag+ and
0.49 V vs. Ag wire in our system). Platinum-gauze electrodes were used
as working and counter electrodes, respectively.

X-ray crystallography : X-ray intensities for complexes 2–4 were collected
by using a Nonius–Kappa CCD diffractometer with rotating anode. The
structures were solved by using direct methods (compound 2 with
SHELXS-97,[50] compound 4 with SIR-97)[51] or automated Patterson
methods (compound 3, DIRDIF-99),[52] and refined with SHELXL-97[53]

against F 2 of all reflections. Non-hydrogen atoms were refined freely
with anisotropic displacement parameters. All hydrogen atoms were lo-
cated in the difference Fourier map. The N�H and O�H hydrogen atoms
were refined freely with isotropic displacement parameters; C�H hydro-
gen atoms were refined by using a riding model. In 2, one methanol mol-
ecule was fully occupied, whereas the second molecule was only partially
occupied. Geometry calculations and checking for higher symmetry were
performed with the PLATON package.[54] The measurements for com-
pound 5 were made by using Si ACHTUNGTRENNUNG(111) monochromated synchrotron radia-
tion (q=0.6894 P) and a Bruker APEX II CCD diffractometer by using
standard procedures and programs for Station 9.8 of the Daresbury SRS
(synchrotron radiation source).[55] Data were collected on a Bruker
APEX II CCD diffractometer by using the APEX 2 software and proc-
essed by using SAINT Version 7.06a. The crystal was mounted onto the
diffractometer at low temperature under nitrogen at approximately
150(2) K. The structure was solved by using direct methods with the
SHELXTL program package. All non-hydrogen atoms were refined ani-
sotropically. The function minimised was [w(F2

o�F2
c)] with reflection

weights w�1= [2F2
o+ (g1P)

2+ (g2P)], in which P= [F2
o ðmaxÞ

+2F2
c]/3.

Table S1 in the Supporting Information includes the most relevant crys-
tallographic parameters along with further details of the crystal structure
determinations.

CCDC-609506 (2), -609507 (3), -609508 (4) and -609509 (5) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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