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The reaction of 2-chloro-4,6-bis(di-2-picolylamino)-1,3,5-tri-
azine (bdpaT¢!) with copper(Il) perchlorate and copper(Il)
chloride afforded two dinuclear complexes [Cu,(u-bdpaT®)-
(1-OH),(H20)0.5(C104)0.5](Cl04)1.5:(H20)15 (1) and [Cuy(p-
bdpaT®)Cl,]-2CH;0H (2), respectively. These complexes
were characterized by IR, UV/Vis, and EPR spectroscopy, sin-
gle-crystal X-ray crystallography, and temperature depen-
dence magnetic susceptibility measurements (2-300 K) as
well as by electrochemical and molar conductivity measure-
ments. In 1, each of the three N-donor atoms of the binucleat-
ing bdpaT¢! ligand coordinate to Cu' ions, which are further
bridged by two OH™ anions in a distorted five-coordinate ge-
ometry. In addition, each Cu' ion forms a Cu-O semicoordin-
ate bond with an aqua ligand or perchlorato anion. The
Cu-+-Cu distance across the hydroxido bridges is
2.9698(11) A. In 2, the bdpaT< ligand acts as bis-tridentate
ligand connecting the two Cu'! ions, and the five-coordinate

geometry around each copper center is achieved by two ter-
minal chloro ligands. Magnetic measurements revealed
strong antiferromagnetic coupling in 1 (J = -311.2 cm™) and
very weak coupling in 2 (J = -2.4 cm™). DNA cleavage by
these two complexes has been investigated (pH = 7.0, 37 °C).
Although the bridged dihydroxido complex 1 did not show
any detectable cleavage for DNA, significant cleavage was
observed with the tetrachloro complex 2. Under pseudo-
Michaelis-Menten kinetic conditions, the kinetic parameters
Kear = 2.53X107% s and Ky = 1.44 X 10~* M were determined
for 2. The k., value corresponds to a 2.5 X 10° fold rate en-
hancement over noncatalyzed DNA. Electrophoretic experi-
ments conducted in the presence and absence of oxidative
scavengers DMSO, KI, and NaNj, and radical promoter H,O,
provide evidence for the oxidative cleavage of DNA by hy-
droxy radicals and hydrogen peroxide species.

Introduction

The design and synthesis of dinuclear 3d metal com-
plexes is an attractive topic because of the potential applica-
tions of these compounds as catalysts, oxidizing agents,[!-!
electrochemical catalysts for the oxidation of alcohol, ether,
and water,[* ¢l biocatalysts for the hydrolysis of phosphodi-
esters,’12 and for DNA and RNA cleavage!'>-!5 as well as
to mimic the active sites in metalloproteins.!'® '8 Dinuclear
dioxido-bridged complexes of Mn, Fe, Cu, and Ni have
been reported to activate C-H bonds in aliphatic and aro-
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matic compounds and to promote oxygen insertion reac-
tions (monooxygenase).['22 Another feature of these com-
plexes is their use in the field of molecular magnetism.?3-2¢]
In general, two strategies were used to assemble metal cen-
ters by the use of binucleating ligands(!-8-1%:13.181 and/or by
employing small ligands that have the capability of bridging
the metal centers, such as halides, pseudohalides, hydrox-
ides, oxides, and peroxides.l!17-18:21-26] [t has been pointed
out that steric repulsion in the structural skeleton of bulky
coligands often plays an important role in forming multinu-
clear complexes in the presence of small bridging ligands
and this approach provided a successful pathway in the syn-
thesis of a number p-hydroxido and p-oxido com-
pleXeS.[l4’17’18’21’23’27’28]

As alluded to above, one of the important properties of
dinuclear metal(IT) complexes is their increased efficiency in
hydrolyzing phosphate esters and in cleavage reactions of
DNA compared to the related mononuclear species.'? 17
Such bimetallic cooperativity has been observed in the hy-
drolysis of phosphate esters by dinuclear copper(Il) and
zinc(IT) complexes.['>13-29732 For example, in the hydrolysis
of phosphate monoester, a 50-fold enhancement in the rate
of reaction was observed when two bis(benzimidazolyl)cop-
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per(Il) units linked by a bridging 2-phenoxy-1,3-xylyl group
were used compared to the corresponding monomer.*l A
dinuclear copper(IT) complex with two 1,4,7-triazacyclo-
nonane (tacn) units and naphthalenyl spacer groups accel-
erates the cleavage of the RNA model ApA by a factor of
about 10°, which is about 520 times more reactive per metal
center (pH = 6, 25 °C) than its monomeric analog.[*"1 The
hydrolysis of the monoribonucleotide GpppG, a model
compound for the 5'-cap of mRNA, by the dinuclear cop-
per(IT) complex derived from bis(tacn) where the two tacn
rings are linked by p- or m-xylyl groups was about 100 times
more rapid than the corresponding mononuclear com-
plex.3!1 Similarly, dinuclear zinc(II) complexes based on
1,4,7,11-tetraazacyclododecane linked by different spacer
groups were shown to catalyze the cleavage of plasmid
DNA by the synergisic effect of the two zinc ions, which
are separated by about 4 A .32

Dinuclear copper(I) coordination compounds con-
structed from organic building blocks with another bridg-
ing ligand (dicyanamide, squarate dianion, C4O,>, pyr-
azine, hydroxide, alkoxide, oxide) may lead to diverse mag-
netic coupling. When the intradimer Cu'™»--Cu!! distances
are =7 A, asin pyrazine-, dicyanamido-, and p-1,3-C,0,4> -
bridged complexes, weak antiferromagnetic compounds are
produced (|J] = 0-10 cm™!, where J is the exchange coupling
constant) regardless the topological parameters and inter-
molecular distances between the Cu'! centers.’3! On the
other hand, di-p-hydroxido-, di-p-alkoxido-, and di-p-diox-
ido-bridged dinuclear Cu' complexes where the intradimer
Cu'l--Cu™" distances are =4 A yield moderate to strong
antiferro- and ferromagnetic coupling (J = +170 to
—510 cm™").[23-26:3436] The magnetic interactions in the lat-
ter class of complexes bridged by oxygen donors to give a
Cu,0, moiety have been found to have a linear dependence
between the bridging angle of Cu—O—Cu, ¢, and J.1*°

Herein we report the synthesis, structural, electrochemi-
cal, and spectral characterization of two new dinuclear cop-
per(1l) complexes: di-p-hydroxido [Cu,(pu-bdpaT<!)(u-OH),-
(H20)0.5(C104)0 5](Cl04), 57(H20)15 (1) and  tetrachloro
[Cus(p-bdpaT)Cl,-2CH;OH (2), where bdpaT¢ = 2-
chloro-4,6-bis(di-2-picolylamino)-1,3,5-triazine, which acts
as a binucleating bridging ligand (Scheme 1). The magnetic
properties of these two complexes and their catalytic cleav-
age of DNA under the physiological conditions have also
been investigated. The relationship between the structure of
the di-pu-hydroxido complex 1 and its magnetic behavior
was correlated to related compounds.

Cl
=N )l\ /)\ N
N N N N N
72
O =D
(bdpaT®)

Scheme 1. Structural formula of 2-chloro-4,6-bis(di-2-picolyl-
amino)-1,3,5-triazine.
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Results and Discussion

Syntheses

2-Chloro-4,6-bis[bis(2-pyridylmethyl)amino]-1,3,5-tri-
azine (bdpaT¢0.5H,0) was synthesized in good yield by
reacting 2.4,6-trichloro-1,3,5-triazine with two equivalents
of Dbis(2-pryidylmethyl)amine and diisopropylethylamine
(DIPEA) in dry THF. The compound was characterized by
'H and '3C {H}NMR, and IR spectroscopy and by elemen-
tal analysis (see Exp. Section). Complexes 1 and 2 were syn-
thesized in a straightforward manner. In methanolic solu-
tion, the reaction of bdpaT®! with two equimolar amounts
of Cu(ClO4),6H,O afforded the navy blue complex
[Cu,(bdpaT)(OCHs;),](ClO4),°H,0O (1a), which was char-
acterized by elemental analysis, spectroscopic, and molar
conductivity measurements (see Exp. Section). Recrystalli-
zation of 1a from H,O produced the blue complex 1 in 63 %
yield.

When CuCl,'H,O was used instead of the perchlorate
salt, the green complex 2 was obtained (93 % yield). Com-
plexes 1 and 2 were characterized by elemental analysis, IR,
UV/Vis, and EPR spectroscopy, and single-crystal X-ray
crystallography.

Characterization of the Complexes

The IR spectrum of 1 displays a strong band at around
3500 cm™! that splits into two bands at 3434 and 3557 cm™!
characteristic of coordinated hydroxy groups and lattice
water molecules, respectively. Similarly, a strong broad band
centered around 3450 cm~! was observed in 2 due to v(O—
H) of MeOH of crystallization. Complex 1 displays a very
strong band at 1089 cm™' attributed to the stretching v(O—
Cl) frequency of ClO, ions. However, it should be men-
tioned that la, which separated from the reaction of the
methanolic solution of the ligand with copper(Il) perchlo-
rate was not the same as 1. The methanolic product 1a re-
vealed a strong broad band at 3434 cm ! due to lattice water
and three strong perchlorate bands at 1120, 1105, and
1092 cm™!. The splitting of the perchlorate band in the com-
plex may result from a decrease in its symmetry to Cs, or
to sz.

The visible spectroscopic data of 1 and 2, recorded in
H,O and CH;CN, and in MeOH for 2 reveal the presence
of a broad d—d absorption band in the 600-900 nm region
(see Exp. Section). In general, this feature is characteristic
of five-coordinate copper(I) complexes of predominantly
square pyramidal geometry (the broad band in the 600-
700 nm range results from a >B;<-E transition), which is
often associated with a low-energy shoulder at A
> 800 nm.B71 The visible spectra of 1 and 1a in H,O,
CH;CN, and/or MeOH were similar in the positions of
their A,., at the low-energy region; both display a relatively
broad strong band at around 640 nm and a low intensity
one at around 570 nm. These criteria reveal the same chro-
mophore around the central Cu'' ions in the two complexes:
CuN;0,. The molar conductivity, Ay of la measured in
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acetonitrile where the complex retains its identity as
indicated by its bluish-grey color, was found to be
233 Q@ 'cm?mol . This value is consistent with 1:2 electro-
lytic behavior.’8 Therefore, 1a may be formulated as
[Cu,(p-bdpaT)(n-OCH;),](ClO,),*H,0 in a fashion that
is similar to the corresponding structurally characterized
bridged dihydroxido complex 1.

The visible spectrum of 2 not only showed strong depen-
dence on the solvent used, but dissolution was also ac-
companied by color change. The low-energy broad d-d
band was shifted from 647 to 720 to 800 nm on going from
MeOH to H,O to CH;CN, respectively. This finding in
solution is most likely attributed to the partial solvolysis of
the coordinated chloride ion(s) in the tetrachloro complex,
as represented by Equation (1). This process is also associ-
ated with an increased distortion towards trigonal bipyram-
idal geometry (TBP).’1 The aqua product, [Cus(u-
bdpaT")(H,0),Cl, ,]'"", was found to be stable over a
period of more than 24 h.

[Cu,(p-bdpaT)Cly] + n Solv =
[Cus(u-bdpaT)(Solv),Cly . J"* + nCl= (1)

This result was supported by measuring the molar con-
ductivity of the complex in aqueous solution to obtain a
value of 364 Q'cm?>mol™!, which corresponds to 1:3 elec-
trolytic behavior®®!  where the complex ion [Cu,(p-
bdpaT<")(H,0);CI]** is the predominant species in H,O.

X-band EPR spectra of 1 were measured for the solid
sample and in DMF and CH;CN solutions. Taking into
account the dinuclear structure of 1, which shows a strong
antiferromagnetic coupling (J/ = -311.2 cm™") (see next sec-
tion), we expect a low population of S = 1 at room tempera-
ture and a practically silent EPR spectrum. The recorded
spectra show similar features with a wide range of broad
weak signals except an intense narrow band located at g =
2.07, 2.10, and 2.09 for the solid sample, DMF, and
CH;CN solutions, respectively (Figure S1). This band could
correspond to mononuclear Cu'! impurities. It is important
to mention that the intensity of this narrow band did not
increase in solution; if the dinuclear entity was broken in
solution, then intensity of this band that is already present
in the solid state as impurities should increase. The EPR
spectrum of 1 measured after 24 h in DMF solution did not
show spectral changes. These findings are not compatible
with a simple mononuclear structure and most likely the
dinuclear bridged dihydroxido structure is maintained as a
solid and in solution. The room temperature X-band EPR
spectra of 2 in the solid and in DMF/water are identical
(Figure S2) indicating a mononuclear compound with g, =
2.12. Structurally the compound is dinuclear but magneti-
cally the spectrum is the sum of two mononuclear species
due to the long Cul-+Cu2 distance (7.2554 A) and the neg-
ligible superexchange pathway (J = —2.4 cm™!) provided by
the bridging bdpaT®' ligand.

Crystal Structure of 1

The crystal structure of 1 consists of dimeric cationic
subunits, [Cuy(u-bdpaT)(-OH),(ClO0y4).5(H,0)0 5],
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and partially disordered ClO4 counter anions and lattice
water molecules. A perspective view of the dimeric subunit
is presented in Figure 1, and selected bond parameters are
given in Table 1. In the dinuclear subunit the bdpaT" acts
as a bis-tridentate ligand that connects two Cu'! centers,
which are further bridged by two OH™ anions. The four
coordination sites of each Cu'! center are occupied by O1
and O2 of the bridging hydroxido anions and two pyridyl
N atoms of the bdpaT® ligand to form distorted square
CuO,N, planes with Cu-N/O bond lengths in the range
1.889(3)-2.015(4) A. The acute interplanar angle formed by
the two CuN,O, planes is 14.2° and the intradimeric
Cul--Cu2 distance is 2.9808(9) A. The hydroxido bridges
form Cul-O1-Cu2 and Cul-O2-Cu2 bond angles of
100.18(3) and 103.02(13)°, respectively. The fifth coordina-
tion site of each Cu'! center is occupied by N3 and N9
amine atoms of the bdpaT® [Cul-N3 2.638(4), Cu2-N9
2.619(4) A]. Taking into account the half occupied 041 and
010 atoms of the disordered aqua ligand or perchlorato
anion additional semicoordinative Cu-O interactions [Cul—
041 2.580(5), Cu2-010 2.867(5) A] are present. Hydrogen
bonds are listed in Table S1 (see Supporting Information).

Figure 1. Perspective view of the dinuclear subunit of 1 showing
the atom labeling scheme. Note: O10 of disordered ClO,4 anion and
041 of aqua ligand have an occupancy of 0.5.

Table 1. Selected bond lengths [A] and angles [°] of 1.

Cul-Ol 1.955(3) Cul-02 1.889(3)
Cul-N1 1.997(4) Cul-N2 2.015(4)
Cul-N3 2.638(4) Cul-041 2.580(5)
Cu2-01 1.931(3) Cu2-02 1.919(3)
Cu2-N7 1.984(4) Cu2-N§ 2.003(4)
Cu2-N9 2.619(4) Cu2-010 2.867(5)
Cul-Cu2 2.9808(9)

01-Cul-02  77.63(13) O1-Cul-N1  91.80(15)
02-Cul-N1  168.86(13) 02-Cul-N2  93.35(14)
NI-Cul-N2  97.52) N3-Cul-041 157.1(2)
01-Cu2-02  77.51(13) O1-Cu2- N8  95.66(15)
02-Cu2-N7  90.05(14) 02-Cu2- N8  172.61(15)
N7-Cu2-N8  96.9(2) N9-Cu2-010 159.8(2)
Cul-O1-Cu2  100.18(13) Cul-02-Cu2  103.02(13)

Crystal Structure of 2

The crystal structure of 2 is formed by the neutral dinu-
clear complex [Cu,(p-bdpaT<")Cl,] and partially disordered
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MeOH solvent molecules. A perspective view of the dimeric
subunit is given in Figure 2, and selected bond parameters
are summarized in Table 2. As in 1, the bdpaT acts as a
bis-tridentate ligand to connect the two copper(Il) centers,
and the five-coordinate geometry around each copper cen-
ter is completed by two terminal chloro ligands. The
CuN;Cl, chromophores may be described as between
square planar and TBP geometry with 7 values of 0.06 for
Cul and 0.42 for Cu2.[* The basal sites of each distorted
copper polyhedron are occupied by two chloro ligands [Cu—
Cl bond lengths vary from 2.247(2) to 2.314(2) A] and two
pyridyl N atoms of the bdpaT“' ligand [Cu-N,, bond
lengths range from 1.972(5) to 2.034(5) A]. The apical sites
are occupied by N3 and N6 amine N atoms of the bdpaT®!
ligand [Cul-N3 2.613(5); Cu2-N9 2.390(4) A]. The copper
centers deviate from their basal CuN,Cl, planes by 0.029
and 0.213 A for Cul and Cu2, respectively. These CuN,Cl,
basal planes form interplanar angles of 40.2 and 25.7° for
the Cul and Cu2 units, respectively, with the mean plane
of the central C5N; ring of the bridging bdpaT¢! ligand.
The intradimer Cul-+Cu?2 distance is 7.2554(13) A, and the
shortest interdimeric Cu--Cu separation is 4.2519(11) A.
Hydrogen bonds are given in Table S1 and a packing dia-
gram of 2 is given in Figure S3.

Figure 2. Perspective view of the dinuclear subunit of 2 together
with the atom labeling scheme.

Table 2. Selected bond lengths [A] and angles [°] of 2.

Cul-N1 2.018(4) Cul-N2 2.034(5)
Cul-Cll1 2.261(2) Cul-CI2 2.267(2)
Cul-N3 2.613(5) Cu2-N4 1.972(5)
Cu2-N5 1.988(5) Cu2-CI3 2.247(2)
Cu2-Cl4 2.314(2) Cu2-No6 2.390(4)
N1-Cul-N2  90.7(2) N4-Cu2-N5 157.7(2)
N1-Cul-CI1  171.85(14) N4-Cu2-CI3 94.56(15)
N2-Cul-Cl2  175.72(14) N5-Cu2-CI3 96.10(15)
N1-Cul-C12  88.47(14) N4-Cu2-Cl4 94.41(14)
Cl1-Cul-CI2  93.53(6) N5-Cu2-Cl4 92.66(14)
N2-Cul-Cl1  87.89(13) CI3-Cu2-Cl4 132.75(8)
N1-Cul-N3  74.2(2) N4-Cu2-N6 79.3(2)
N2-Cul-N3  73.2(2) N5-Cu2-N6 78.9(2)
N3-Cul-Cll1  97.71(11) N6-Cu2-CI3 130.46(12)
N3-Cul-Cl12  110.60(11) N6-Cu2-Cl4 96.79(11)
3472 www.eurjic.org
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Magnetic Properties

The magnetic behavior of 1 is shown in Figure 3 in the
form of a plot of ym7T vs. T. At 300 K, the y,,T value is
0.42 cm3K mol!, which is clearly lower than that expected
for two uncoupled S = 1/2 spins (0.75 cm?* K mol ™!, g = 2.0),
indicating strong antiferromagnetic coupling. Upon cool-
ing, the y\7 values decrease, arriving at zero at around
50 K. The yp vs. T plot for 1 shows a decrease on cooling
from 13.9 X 10# em*mol ! at 300 K to zero at around 50 K.
For this compound, the yy; vs. T plot increases on cooling
from 50 K due to paramagnetic impurities. Based on this
situation, the experimental magnetic data have been fitted
using the Bleaney—Bowers expression based on the Hamil-
tonian H = —JS,-Sp with S, = Sp = 1/2 including the pres-
ence of paramagnetic impurities [Equation (2)].

x = AQN kD3 + exp(-JIKD] '}(1 - 0) + (N gup’/4kT)(0)

®))

=

E )

£ 0.4
g
L =)
b‘—
Hﬁ

0.2

T/'K
0 50 100 150 200 250 300

Figure 3. Temperature dependence of yy7 of a solid sample of
complex 1. The solid line represents the best fit (see text).

The parameters N, up and k in Equation (2) have their
usual meanings, J = singlettriplet splitting, and J = molar
fraction of noncoupled species. Least-squares fitting of all
experimental data leads to the following parameters: J =
—311.2cm™!, g = 2.01, and 6 = 0.0114. R = X[(xsrDobs —
O D earca 20 Tobs?] inferior to R = 1.0 X 104,

The J value of 1 is in accordance with the expected value
from the mean Cu-O-Cu bridging angle of ¢ = 101.8° by
using the equation proposed by Crawford et al.:?® J =
~74.53 ¢ + 7270. The calculated J value of —317.1 cm™' is
in good agreement with the observed J value. In contrast,
the relationship between the Cu—O-Cu bridging angles and
experimental J values in the corresponding dinuclear Cu!!
complexes containing bis(phenoxido) bridges was found to
depend largely on the out-of-plane displacement of the
phenyl groups.?!

The magnetic behavior of compound 2, illustrated in
Figure 4, shows that at 300K the y,;7 value is
0.88 cm?K mol!. This value is slightly higher than that ex-
pected for two uncoupled S = 1/2 spins (0.75 cm*Kmol !, g
= 2.0), indicating ferromagnetic coupling or g > 2.0. Upon
cooling, the y\7 values are practically constant, decreasing

Eur. J. Inorg. Chem. 2011, 34693479
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from T < 50 K to a value of 0.54 cm®*Kmol ! at 2 K. The
m values increase on cooling from 2.5 X 1073 cm®*mol! at
300 K without a maximum. This behavior indicates slight
antiferromagnetic coupling. Based on this situation, the ex-
perimental magnetic data for 2 have been fitted using the
Bleaney—Bowers expression based on the Hamiltonian
H = —JS-Sp with S, = Sy = 1/2 [Equation (3)].

Im = AQN Zug?kT)[3 + exp(-JIkT)] '} (3)
1.0
M
E L 0O0D000000000000000000000
= 4
z 08
)
hl—(
N el
0.4
T/'K
0 50 100 150 200 250 300

Figure 4. Temperature dependence of yy7 of a solid sample of
complex 2. The solid line represents the best fit (see text).

Least-squares fitting of all experimental data led to the
following parameters: J = —2.4cm™' and g = 2.16. The
slight antiferromagnetic coupling can be understood by
taking into account that the coordinating atoms of the
bridging ligand, N(3) and N(6), occupy the apical positions
of the coordination polyhedra of the copper atoms [Cu(1)-
N(3) 2.612 A, Cu(2)-N(6) 2.387 A].

Electrochemistry

The cyclic voltammogram of 1 is shown in Figure S4 at a
sweep rate of 100 mV/s. The curve begins at the open circuit
potential of the system. There follows two complete anodic/
cathodic sweeps and a final portion of cathodic sweep end-
ing near the original open circuit potential. A noticeable
difference was observed between the first and subsequent
sweeps. For all the sweeps except the first there is a small
but well defined cathodic peak at around 0.0 V and a broad
region of cathodic reduction. On the anodic sweeps there
are two well defined peaks though their size increases mark-
edly from sweep to sweep. At higher sweep rates the anodic
peak at around 0.0 V disappears and the other peaks
change less from one sweep to the next.

Data were obtained that focused on the positive end
(-0.310 V to +0.800 V) of the available potential range in
DMF. Sweeps were performed from 100to 3011 mV/s.
Sweeps at all rates were similar except those at 500 mV/s
and above. The cathodic and corresponding anodic peaks
were obtained. The separation of the peaks and semideriv-
ative analysisi*!l indicate that the redox couple is irrevers-
ible. Mass transfer may also contribute to the complicated
nature of the data. The complexity and irreversible nature
of the redox couple preclude an accurate calculation of its
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formal potential but values of the intermediate potentials
for the peaks in this range were calculated, found to be
functions of sweep rate, and ranged from 0.30 to 0.34 V for
the cyclic voltammetric and from 0.30 to 0.38 V for the se-
midifferential curves.

The cyclic voltammogram of 2 shows a large region of
reduction followed by oxidation regions at around —0.3, 0.5,
and 0.75 V. The oxidation peak at 0.75V seen on the first
sweep was anodic and assumed to be due to ligand oxi-
dation. The rather weak anodic and cathodic signals more
negative than 0.0 V may be due to minor ligand reactions
and a second reduction of Cu'’. We focussed on the more
prominent signals with shorter sweeps as shown in Figure 5,
which contains three initial voltammetric segments. A well
defined anodic peak is evident but there is only a broad
region of reduction for which a peak potential cannot be
measured. Reduction occurring in the first sweep segment
beginning at 0.474 V was followed by an oxidation segment
and another reduction. Several additional sweeps followed
but are not included in Figure 5 for clarity.

-5.00E-06 -

-3.00E-06 -

-1.00E-06 -
ilA

1.00E-06 -

3.00E-06 -

5.00E-06 -

0 100 200 300 400 500 600
ElmV vs. SCE

Figure 5. Cyclic voltammetric curve of 2 (1.0mMm) with
(C,H;5)4NCl1O4 (0.100 M) in DMF at a sweep rate of 200 mV/s.

Semiderivatives of the voltammogram segments (Fig-
ure 5) as well as those that followed were obtained. Similar
plots were obtained at sweep rates ranging from 100 to
1505 mV/s. The semiderivative results show well defined
peaks for both reduction and oxidation. From the £, val-
ues at these sweep rates it can be shown that the cathodic
region and anodic peak in Figure 5 correspond to a quasi-
reversible redox couple. If a one electron transfer is as-
sumed then transfer coefficients of 0.45 and 0.49 are calcu-
lated for the cathodic and anodic reactions, respectively.
The intermediate of the anodic and cathodic peak poten-
tials on the semiderivative graphs ranged from 0.421 V to
0.428 V with an average of 0.425V vs. SCE. These were
taken as approximately the formal potential corresponding
to a one electron reduction of Cu'l.

Cleavage of Plasmid DNA by 1 and 2

Although 1 did not exhibit any obvious DNA cleavage
activity over a period of 24 h (Figure 6), the corresponding
dinuclear tetrachloro complex 2 showed detectable DNA
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cleavage where supercoiled DNA (form I) was cleaved to
the relaxed open circular DNA (form II) as illustrated in
Figure 7(a). The kinetics of DNA cleavage by 2 were mea-
sured by following the conversion of form I to form II at
constant pUC19 DNA concentration (76.8 um) and dif-

)

Form Il
Form | —

24 h

Figure 6. Electrophoretic separations of pUCI19 plasmid DNA
cleavage by 1. Plasmid DNA (76.8 um) was incubated with varying
[1] (0, 50, 100, 150, 300, and 450 pum, from left to right lanes; molar
ratio of [1J/[DNA] = 0, 0.651, 1.30, 1.95, 3.91, and 5.86, respec-
tively) in 1.0 mm Tris-Cl buffer pH 7.0 for 24 h at 37 °C.

16 h 20h 24h
_.i]
Form Il
Form | Form 1l
28 h
b)
DNA Cleavage Profile by Complex 2
1004
E 751
(=]
N
ks
© 504
o)
.g v 450 uM
g v 300 uM
> 251 4+ 150 uM
4 100 uM
= 50 uM

0 4 8 12 16 20 24 28
Time (h)

Figure 7. Cleavage profile of pUCI19 plasmid DNA by 2. (a) Forms
L II, and III as resolved by gel electrophoresis. DNA (76.8 um) was
incubated with varying concentrations of 2 (0, 50, 100, 150, 300,
and 450 pum) in 1.0 mMm Tris-Cl buffer pH 7.0 at 37 °C. (b) Quanti-
fied percentage of form II over the time.
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ferent complex 2 concentrations (50-450 pm) at different
time intervals. The percentages of form II were plotted
against time and the plots are shown in Figure 7(b). These
plots followed a pseudo-first order kinetic profile and fit
well to a single exponential curve using Equation (4) (see
Exp. Section). From these curves, the cleavage rate con-
stant, k., at each concentration was calculated and the
data are collected in Table 3. The values of the catalytic rate
constant, k.., and the binding affinity constant, Ky;, were
evaluated from the linear plots of 1/k.ys vs. the reciprocal
concentrations of the Cu' complex, catalyst: [Cu complex],
according to Equation (5). These experimental conditions
allowed a pseudo-Michaelis—Menten analysis from which
Kear = 2.53 X 107° s ' and Ky = 1.44 X 10+ M were obtained.
The calculated values of k., and Ky fall into the range
reported for the cleavage of DNA by other metal complexes
(keat = 5.0x10°-2.0x10%s! and Ky = 1.0X10*
2.0 X 1073 m).[42-47]

Table 3. Pseudo-Michaelis—-Menten kinetic data for the cleavage of
pUCI9 plasmid DNA (76.8 um) at different concentrations of 2.

[2] [HM] kobs [Sil] kcal [Sil] KM [M]

50 6.86X10°° 2.53% 107 1.44 X104
100 9.29x10°°

150 1.15X 107

300 1.67 X103

450 2.70% 103

In order to establish the DNA cleavage mechanism by 2
(oxidative mechanism vs. hydrolytic mechanism), the cleav-
age of DNA was further investigated in the presence and
absence of scavengers of oxidative species. Oxidative cleav-
age of plasmid DNA species may lead to the formation of
reactive singlet oxygen ('O,), hydrogen peroxide (H,O,),
and/or hydroxy radical (HO") species, which cause damage
to the sugar and/or base.[*8! To reveal the DNA cleavage
mechanism by 2, a singlet oxygen scavenger (NaNj3),[*] hy-
drogen peroxide scavenger (KI),*%4! and hydroxy radical
scavenger (DMSO) were used*>->%1 and the results are illus-
trated in Figure 8. In two independent experiments for the
cleavage of DNA by 2, a decrease of percentage of form II
was observed in the presence of DMSO (Figure 8, lane 4)
and KI (Figure 8, lane 6) compared with the absence of
DMSO and KI (Figure 8, lane 2). This demonstrates that
hydroxy radicals and hydrogen peroxide are the active oxi-

Control
DMSO

2 + DMSO
2 +KI
N3N3

2 + NaNg

o~ ¥

Form Il —|
S— — — Form Il

Figure 8. Electrophoretic separations of pUCI19 plasmid DNA
cleavage by 2 in the presence and absence of oxidative scavengers.
Plasmid DNA (76.8 um) was incubated with 2 (450 pm) in the pres-
ence of DMSO (0.4 m), KI (500 pm), and NaNj3 (500 pum) at 37 °C
for 24 h.
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dative species that promote the DNA cleavage by 2. In ad-
dition, the DNA cleavage was dramatically enhanced in the
presence of hydrogen peroxide (Figure S5), which again
supports the increase of hydrogen peroxide catalytic ac-
tivity.

Surprisingly, when NaN; was used a significant fraction
of form III was observed (Figure 8, lane 8), suggesting that
reactive singlet oxygen inhibits the DNA cleavage process.
The DNA cleavage mechanism of form II to III by 2 in the
presence of NaNj was further investigated by performing
DNA ligation experiments of pUCI19 plasmid DNA linear-
ized by 2 in the presence of NaNj and by restriction enzyme
EcoR 1. Complex 2 cleaved pUC19 plasmid DNA into form
II in the absence of NaNj, but in the presence of NaNj,
form II was further cleaved to form III. The 2-cleaved form
IIT and linearized DNA by EcoR I migrated to the pre-
dicted positions (Figure 9). Both DNA bands were purified
from the gel and the purified DNA was used in the ligation
experiments. The appearance of high molecular weight
bands indicates a successful ligation of EcoR I-linearized
pUCI9 by T4 DNA ligase. The observed fraction of one
high molecular weight band after ligation in 2-linearized
pUCI19 indicates that a hydrolytic mechanism is involved in
the conversion of form II to III by 2 in the presence of
NaNj;. The significant increase in the DNA cleavage ac-
tivity by 2 in the presence of H,O, and the inhibition of
activity in the presence of DMSO and KI suggest that this
reaction is preferentially proceeding by a hydroxy radical
mechanism with ‘'OH and hydrogen peroxide species. The
oxidative reaction pathway observed here has been sug-
gested previously in the vast majority of DNA cleavage ac-
tivity by copper complexest!41348:31-561 and in the DNA
photocleavage activity by some cobalt(III) complexes.>”]

1 kb DNA ladder
DNA + EcoR |
1 kb DNA ladder

12,216bp —>
1636bp — 2,036 bp
1,018bp —»
506, 517 bp —*|

Figure 9. Gel electrophoresis for ligation of pUCI19 plasmid DNA
cleavage by 2 and by EcoR I. Lanes 1 and 4: 1 kb ladder (Invi-
trogen); lane 2: pUCI9 linearized by EcoR I with T4 DNA ligase
(Roche); lane 3: pUCI9 linearized by 2 with T4 DNA ligase
(Roche).

The rate enhancement for DNA cleavage by 2 or its hy-
drolytic active species [Cuy(pu-bdpaT)(H,0);CIP* corre-

sponding to a 2.5 X 10° fold increase over the noncatalyzed
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DNA (k= 1.0Xx 10 s at 37 °C)B® reveals the efficiency
of this complex to cleave DNA. Comparable and even
higher enhancements by copper(II) complexes have been re-
ported for DNA cleavage when rates were compared at the
saturation levels under pseudo-Michaelis—Menten kinet-
ics.[46:47:51.551 Under similar physiological conditions, the tri-
nuclear copper(Il) complex [Cus(TDAT),Cl5]Cl3:2H,0 de-
rived  from  2,4,6-tris(di-2-pyridylamine)-1,3,5-triazine
(TDAT) also exhibited efficient oxidative DNA cleavage.[>!

The lack of DNA cleavage activity by the bridged dihy-
droxido complex 1 does not seem to be unusual in light of
the short Cu-Cu distance of 2.9808(9) A in the bridging
moiety of the Cu(u-OH),Cu unit. The steric bulk induced
by the planar triazine ring and the pyridyl groups around
the Cu'! centers as well as the semicoordinative Cu-O
bonds prevent the approach of the DNA to the metal cen-
ters. Similar results were reported for the hydrolysis of
bis(4-nitrophenyl)phosphate (BNPP) by the monomeric
Cu'"tacn complex and its N-alkylated derivatives where the
formation of the inactive dihydroxido-bridged dimeric spe-
cies prevents BNPP hydrolysis.””! In a related system de-
rived from a dicopper(Il) complex bridged by a hydroxy
group and a phenolate oxygen atom, low catecholase-like
activity was also observed.l'¥! In contrast to the lack of
catalytic DNA cleavage by 1, the doubly bridged dihy-
droxido—dicobalt(IIT) complexes constructed from tacn-N-
acetate were found to be 40 times more reactive (under
pseudo-Michaelis—-Menten conditions kg, = 9.9 X 104 s71)[60]
than 2.

Conclusions

The findings reported here demonstrate that the nature
of the copper(1]) salt used in the synthesis of dinuclear cop-
per(IT) complexes of 2-chloro-4,6-bis(di-2-picolylamino)-
1,3,5-triazine has a great influence on the structural, mag-
netic, and electrochemical properties of the resulting com-
plex and hence their DNA cleavage activity. Although the
tetrachloro complex 2 is a moderately efficient nuclease in
promoting the DNA cleavage, a million fold over the non-
catalyzed DNA, the corresponding bridging dihydroxido
complex 1 is catalytically inactive. The short Cu---Cu dis-
tance in this complex is reflected by the strong magnetic
coupling between the two copper(Il) centers through the
dihydroxido bridges in the complex and plays a crucial role
in inhibiting its reactivity. From a structural point of view
this was attributed to the steric environment imposed by the
triazine ring which prevents the DNA from approaching
the central copper(Il) ions. Complex 2 is a promising candi-
date for DNA cleavage reactions. Increasing the catalytic
activity of 2 by modifying the structural skeleton of the
pendant pyridyl arms attached to the triazine ring and/or
by substituting the triazine chloride group in the ligand by
a bulky substituent is under investigation.
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Experimental Section

Materials: The compounds bis(2-pyridylmethyl)amine (DPA) and
2,4,6-trichloro-1,3,5-triazine were purchased from TCI-America,
and DIPEA was obtained from Aldrich Chem. Company, USA.
All other chemicals were reagent grade quality.

Physical Measurements: Infrared spectra were recorded with a
JASCO FT/IR-480 plus spectrometer as KBr pellets. Electronic
spectra were recorded using an Agilent 8453 HP diode UV/Vis
spectrophotometer. '"H and '3C NMR spectra were obtained at
room temperature with a Varian 400 NMR spectrometer operating
at 400 MHz (H) and 100 MHz (}3C). 'H and '*C NMR chemical
shifts (9) are reported in ppm and were referenced internally to
residual solvent resonances, [Dg]DMSO: oy = 2.49, dc = 39.4 ppm.
EPR measurements were performed for polycrystalline powder and
in solution using DMF and/or CH;CN. The spectra were recorded
at room temperature with a Bruker ES200 spectrometer at X-band
frequency (Magnetochemistry Service at the University of Barce-
lona). Molar conductance, Ay, of 2 was measured in H,O at 25 °C
with platinized platinum electrodes. A Wheatstone bridge circuit
was used with a 1.00 kHz alternating current and the bridge bal-
ance was detected with an oscilloscope. The cell constant was cal-
ibrated with 0.0200 M KCI solution. Cyclic voltammetry was per-
formed using a BAS CV-50 W voltammetric analyzer and a three-
electrode cell with a Pt disk working electrode, a Pt wire counter
electrode, and a saturated calomel reference electrode. Dry DMF
was used as the solvent with tetraethyl ammonium perchlorate as
the supporting electrolyte. Solutions were deaerated with Ar bub-
bling. Voltammograms were obtained under quiescent solution
conditions. Magnetic susceptibility measurements under 1 T mag-
netic field in the range 2-300 K and magnetization measurements
in the field range of 1-4 T were performed with a Quantum Design
MPMS-XL SQUID magnetometer by the Magnetochemistry Ser-
vice of the University of Barcelona. All measurements were per-
formed with polycrystalline samples. Pascal’s constants were used
to estimate the diamagnetic corrections, which were subtracted
from the experimental susceptibilities to give the corrected molar
magnetic susceptibilities. pUC19 Plasmids were purified according
to published procedures.[*?l The plasmid DNA concentrations were
determined spectrophotometrically by measuring their absorbance
at 260 nm. Elemental analyses were carried out at the Atlantic
Microlaboratory, Norcross, Georgia U.S.A.

Synthesis of the Ligand and Complexes

Caution! Perchlorate salts and their metal complexes are potentially
explosive and should be handled with great care and in small quan-
tities.

2-Chloro-4,6-bis|bis(2-pyridylmethyl)amino]-1,3,5-triazine (bdpaT¢"
0.5H,0): This compound was synthesized using a procedure sim-
ilar to that described for the corresponding 2-chloro-4,6-bis[(dipyr-
idin-2-yl-amino)]-1,3,5-triazine (CCDC-660712).11 In a typical ex-
periment, 2.4,6-trichloro-1,3,5-triazine (1.84 g, 10 mmol) and DI-
PEA (2.58 g, 20 mmol) were dissolved in dry THF (30 mL) in a
two-necked round-bottom flask and the solution was cooled to
0 °C. While stirring this solution, one equivalent of DPA (2.00 g,
10 mmol) dissolved in THF (12 mL) was added dropwise over a
period of 2h. To the resulting yellowish-orange slurry, DPA
(2.00 g, 10 mmol) dissolved in THF (12 mL) was added. The mix-
ture was warmed to room temperature and then heated to reflux
for 24 h under N,. The solvent was removed at reduced pressure.
The isolated crude solid was treated with CH,Cl, (50 mL), filtered
to remove diisopropylethylamine hydrochloride, and the solvents
evaporated to dryness. The resulting product was recrystallized
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from MeOH with the aid of activated charcoal to afford the com-
pound as an off-white solid (yield: 3.90 g, 75%); m.p. 138-140 °C,
'H NMR ([D¢]CH;COCHj;, 400 MHz): 6 = 4.89, 5.03 (s, 2 H,
CH,); 7.24, 7.15 (dd, 2 H, 4-py-H); 7.06-7.08, 7.35-7.33 (d, 2 H,
6-py-H); 7.74-7.52 (dd, 2 H, 5-py-H); 8.50-8.42 (d, 2 H, 3-py-H)
ppm. *C NMR ([Dg]CH3;COCH3, 100 MHz): 6 = 52.2, 52.1, 122.2,
121.4, 136.4, 149.2, 157.4, 166.0 ppm. Selected IR (KBr): ¥ = 3422
(w, br), 1595 (s), 1573 (vs), 1507 (s), 1492 (vs) cm.
Cy7H,5NyClOy 5 (519.0): Caled. C 62.89, H 4.83, N 24.06; found C
62.9, H 4.8, N 24.3.

[Cuy(n-bdpaT)(n-OH)»(H,0)y.5(Cl10,) sI(Cl04); 5'(H,0)1.5 (1)
To a solution of the ligand (0.130 g, 0.25 mmol) in MeOH (20 mL)
was added Cu(ClOy),6H-O (0.190 g, 0.50 mmol) and the resulting
bluish-green solution was heated on a steam bath for 5 min and
then allowed to crystallize at room temperature. In the following
day, the resulting navy-blue precipitate was collected by filtration,
washed with Et,0, and dried in air. The molecular formula of this
complex was most likely consistent with [Cu,(bdpaT)(OCH),]-
(Cl0,)>’H,O (1a) (yield: 72%). CyoH3,ClCu,NgOy; (916.08):
caled. C 38.02, H 3.52, N, 13.76; found C 38.46, H 3.66, N 13.56.
Ay (CH5CN) = 233 Q 'em?mol . Selected IR (KBr): v = 3434 (s,
br.), 1092, 1105, 1120 (vs, split) cm™'. UV/Vis: Zyax (&, M em™!) in
H,0 = 508 (33), = 567 (28), 636 (62); in MeOH = 567 (15), 640 (80);
in CH;CN = 510 (38), = 570 (51), 638 (69).

Crystallization of 1a from H,O afforded 1 as blue single crystals,
which were collected by filtration, washed with 2-propanol and
ether, and air-dried (yield: 62%). C,;H3,Cl3Cu,NyO;, (906.04 g/
mol): caled. C 35.74, H 3.34, N 13.91; found C 36.18, H 3.34, N,
13.91. Selected IR (KBr): ¥ = 3557 (s, br.), 3434 (s, br.), 1089 (vs,
centered) cm!. UV/Vis /.y (6, M 'em ™) in H,O = 355 (1470), 644
(53); in CH3CN = 510 (sh), 570 (54), 638 (95).

[Cu,(n-bdpaT)Cly]-2CH;0H (2): Copper(Il) chloride dihydrate
(0.068 g, 0.500 mmol) was added to bdpaT<' (0.130 g, 0.25 mmol)
dissolved in MeOH. The resulting bright green solution was heated
for 5 min on a steam bath and allowed to crystallize at room tem-
perature. The shiny green crystals that separated the following day
were collected by filtration, washed with diethyl ether, and air-dried
(overall yield: 0.196 g, 93%). Cy9H3,ClsCusNgO, (842.99): calcd.
C 41.32, H 3.83, N 14.95; found C 41.16, H 3.82, N 14.87. Ay
(H50, 25°C) = 364 Q 'cm?>mol . Selected IR (KBr): 3450 (br. s,
centered). UV/Vis: Ayax (6, M ecm™!) in MeOH = 510 (sh), 647; in
H,0: 480 (sh), = 720 (br.); in CH3CN = 465 (sh), = 800 (br.).

X-ray Structure Determination: The X-ray single-crystal data for 1
and 2 were collected with a Bruker-AXS APEX II CCD dif-
fractometer at 100(2) K. The crystallographic data, conditions re-
tained for the intensity data collection, and some features of the
structure refinements are listed in Table 4. The intensities were col-
lected with Mo-K, radiation (4 = 0.71073 A). Data processing, Lo-
rentz polarization and absorption corrections were performed
using SAINT, APEX, and SADABS computer programs.[®>63 The
structures were solved by direct methods and refined by full-matrix
least-squares methods on F?, using the SHELXTL program pack-
age.l* All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were located from difference Fourier maps as-
signed with isotropic displacement factors and included in the final
refinement cycles on calculated positions. For 1, a split occupancy
of 0.5 was applied to disordered atoms of two ClO4 counter anions
and the water molecules. SADI constraints were applied to fix the
geometry of the disordered perchlorato ligands. For 2, a split occu-
pancy of 0.5 was applied to the two disordered CH;OH solvent
molecules.
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Table 4. Crystallographic data for 1 and 2.

1

2

Empirical formula

Cs4HeoClgCugN 3054 CroH3,ClsCuyNgO,

Formula weight 1812.10 842.99
Crystal system triclinic monoclinic
Space group Pl P2,/c

alA 11.8807(12) 10.8410(12)
bIA 11.9556(12) 13.7665(13)
clA 13.6994(14) 24.186(2)
al° 73.405(13) 90

pr° 84.853(14) 93.48(2)

v /e 67.833(13) 90

VIA3 1726.6(4) 3602.9(6)
Z 1 4

4 /mm! 1.539 1.593
Pcaled. /Mgm’3 1.743 1.554
Crystal size /mm 0.340.27 X0.19 0.28 X0.21 X 0.13
Reflections collected 12259 25392
Reflections unique 6055 6335
Parameters 542 445

GOF 1.262 1.246

R;, wR, (obsd. refl.)
R, wR, (all data)

0.0787, 0.1568
0.0957, 0.1642

0.0651, 0.1677
0.0742, 0.1717

CCDC-803720 (for 1) and -803721 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

Plasmid DNA Cleavage by Copper(II) Complexes and Agarose Gel
Electrophoresis: The procedures for plasmid DNA cleavage and gel
electrophoresis were carried out as described elsewhere.[*?) pUC19
Plasmid DNA (1 pg) was incubated with the Cu complexes at vari-
ous concentrations in a total volume of 20 pL at 37 °C in a water
bath for various incubation times. After incubation, bromophenol
blue loading buffer was added. The samples were then loaded on
a 1.0% agarose gel containing approximately 2.0 pg/mL ethidium
bromide. Electrophoresis was carried out at 150 V for approxi-
mately 20 min in Tris-Borate-EDTA (TBE) buffer. The bands were
visualized by UV light and photographed with a Bio-Rad gel docu-
mentation system. The % of the different plasmid DNA forms (I,
11, and III) were quantified from the intensities of the correspond-
ing forms using Quantity One software (Bio-Rad Laboratories,
Hercules, CA 94547).

Kinetic Measurements for the DNA Cleavage by Copper(Il) Com-
plexes: DNA cleavage rates at varying concentrations of Cu com-
plexes [0 (control), 50, 100, 150, 300, and 450 pm] were determined
in 1.0 mm Tris-Cl buffer (pH = 7.0) at 37 °C for different intervals
of time. The cleavage of DNA was fitted to a single-exponential
curve (pseudo first-order kinetics)®>> using Origin 7.5 and Equation
(4), where y, is the initial percentage of a form of DNA and y is
the percentage of the form of DNA at time ¢, to extract the hydroly-
sis rate constant, or apparent rate constant, k.

¥ = (100 — yo)l[1 — exp(—kobst)] “

The values of ks were then plotted vs. the concentrations of cop-
per(I) complexes [catalyst = copper(Il) complex] [Equation (5)]
allowing a pseudo-Michaelis-Menten analysis and the determi-
nation of the corresponding kinetic parameters:1>> hydrolysis rate
constant, k., and affinity constant, Ky;.
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Kobs = kealcomplex]/(Ky + [complex]) 5)

Supporting Information (see footnote on the first page of this arti-
cle): Selected hydrogen bonds in the two complexes are included in
Table S1. The EPR spectra of complexes 1 and 2, the packing view
of 2, the cyclic voltammetry of 1, and the electrophoretic separa-
tions of pUCI19 plasmid DNA cleavage by 2 in the presence and
absence of H,O, or DMSO are shown in Figures S1-SS5, respec-
tively.
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