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A new dialkoxo-bridged diiron(III) complex, [Fe;(BMA),(CH30),Cl,]-2C1-4CH30OH (1) [BMA = N,N-
bis(2-benzimidazolylmethyl)amine], was synthesized and characterized by UV-visible absorption
and infrared spectra and magnetic susceptibilities. The complex crystallizes in the monoclinic
system, space group P2(1)/n, a =12.9659(19) A, b =10.0278(16) A, c =17.919(2) A, B = 93.766(8)°,
V =2324.8(6) A3, Z =2, F(000) =1036, D, =1.426 gcm™3, u =0.908 mm~!. According to X-ray
crystallographic studies, each Fe(IIl) ion lies in a highly distorted octahedral environment, and
two Fe(IIl) ions are bridged by the methoxyl oxygens. Cryomagnetic analyses indicated a moderate
antiferromagnetic interaction between the high-spin Fe(IIl) ions, with | = —27.05 cm~!. Moreover,

the binding interaction of DNA with the diiron complex was investigated by spectroscopic and

agarose gel electrophoretic methods, showing moderate cleavage activity on pBR322 plasmid DNA at

physiological pH and temperature. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Oxygen-bridged binuclear complexes have been of consid-
erable interest for several decades, in relation to magnetic
superexchange studies.!? Additionally, special attention has
been paid to oxygen-bridged diiron(III) complexes, mainly
stimulated by the discovery of the Fe—O-Fe core in the
active sites of a number of metalloproteins.®~!! On the other
hand, the DNA backbone is formed by phosphodiester links,
ubiquitous chemical bonds in biological systems. Enzymes
that hydrolyze phosphodiester bonds frequently possess cat-
alytic metal ions in their active sites and the metal ions
most frequently employed are Mg>*, Zn**, Fe’*, Mn** and
Ca®".12-17 Thus the search for small metal complexes which
are capable of catalytically hydrolyzing deoxyribonucleic acid
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(DNA) is understandable; however it is also exceedingly dif-
ficult due to the resistance of DNA to hydrolysis.!® Metal
complexes are well established as phosphodiester cleavage
agents and in general their action is mediated by a pow-
erful nucleophilic attack.”~?' These compounds have been
demonstrated to be very useful as footprinting agents, probes
for conformational variability of nucleic acids, as well as tar-
geted nuclease activity.”** Recently, we began to explore
the nuclease activity of the complexes containing transi-
tion metal ions and various pyridyl- or imidazolyl-based
ligands. In this work, we demonstrate that the new dinu-
clear [Fe;(BMA),(CH;30),CL]-2C1-4CH3;0H complex is able
to cleave DNA through a possible hydrolytic mechanism
under mild temperature and pH conditions, and exhibits
moderate antiferromagnetic behavior.

EXPERIMENTAL SECTION

Materials and equipment

Plasmid pBR322 DNA was purchased from Sino-American
Biotechnology. All other starting materials were obtained
from commercial suppliers and were of AR grade. BMA
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ligand was synthesized by a published procedure.* Elemen-
tal analyses (C, H, N) were performed on a Perkin-Elmer
240 analyser. IR spectra were recorded on a Shimadzu
IR-408 spectrometer as KBr pellets, and UV-vis spectra
on a Shimadzu UV-2101PC UV-vis scanning spectropho-
tometer. Variable-temperature magnetic susceptibilities over
4.2-300 K were measured on a Maglab 2000 vibrating sample
magnetometer. Agarose gel electrophoretic was performed
on a Beijing Six-One DYY-2C electrophoresis instrument.

Synthesis of complex 1

A methanol solution (15ml) of BMA ligand (0.139g,
0.5 mmol) was added dropwise to a methanol solution
(15 ml) of FeCl3-2H,O (0.100 g, 0.5 mmol). The mixture was
stirred under reflux for 3h and then left to cool down.
The small amount of red precipitate formed was filtered
and the resulting red solution was allowed to stand at
room temperature. After 2 weeks, red well-shaped prismatic
crystals were obtained, and many of them were suitable
for X-ray diffraction studies. Yield: ca 70%. Anal. caled for
C38H52C14F62N10062 C 4571, H 525, N 14.03%. Found: C
45.56, H 5.22, N 14.19%.

X-ray crystallography

Red prismatic crystal (0.35 x 0.25 x 0.20 mm) was selected
and mounted on a Bruker Smart 1000 diffractometer with
graphite monochromatized MoKe radiation (» = 0.71073 A),
using o scan technique at 293(2) K. A total of 4696 unique
reflections (Rine = 0.0502) were measured in the range of
2.00° < 0 < 26.39°. The structure was solved by the direct
method and successive Fourier difference synthesis, and
refined by the full-matrix least-squares method on F? with
anisotropic thermal parameters for all non-hydrogen atoms.”
Hydrogen atoms were generated geometrically and refined
isotropically. A total of 273 parameters were refined. The
final refinement converged at R; = 0.0536, wR, = 0.1157 for
2878 observed reflections with I > 20 (I), and R; = 0.1052,
wRy, = 0.1346 for all data with GOF = 1.010. The largest
difference peak and hole were 0.671 and —0.583e A’
respectively.

UV-visible absorption spectra for DNA
binding study

The spectra of complex 1in the absence of DNA were recorded
in 10 mMm pH 7.5 Tris—Cl buffer as a reference group. The
absorption spectra of the diiron complex in the presence
of DNA were measured after incubating their mixtures in
10mMm pH 7.5 Tris—Cl buffer for 10 min at 37°C, where
controlling the corresponding DNA solutions with increasing
molar concentration ratio to complex 1 from 0:1 to 12:1
(DNA : complex 1).

Electrophoretic assay for cleavage activity study
Preparation of agarose gel electrophoresis

Agarose gel (0.7% w/v) in 1 x TAE buffer (121 g Tris base,
18.6 g Na,EDTA and 28.55 ml glacial acetic acid are dissolved
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in the sterilized distilled water to 500ml volume, thus
constituting 50 x concentrate) was prepared. Then to 18 ul
of each of the incubated complex-plasmid mixtures was
added 2 pl tracking dye (50 mm Tris, 0.25% bromophenol
blue and 50% glycerol), it was loaded onto the gel and the
electrophoresis was carried out under TAE buffer system
at 80 V for about 3 h, which was then transferred into the
dye solution containing several drops of 0.5 pg/ml ethidium
bromide in 1 x TAE for half an hour. At the end of these
processes, the gel was visualized under UV light using the
BIO-Rad Trans illuminator IEC 1010. The illuminated gel
was photographed with a Polaroid camera (a red filter and
Polaroid type of film were used).

pBR322 DNA cleavage experiments by complex 1

The complex solutions were prepared in DMSO with the
concentrations of 5.00, 2.50, 1.25, 0.25 and 0 mM. Solution of
pBR322 plasmid DNA (0.4 mg/ml) in the TE-buffer consisting
of 1 mm Tris—HCl at pH 7.5, 1 mM NaCl and 1 mm EDTA as
supplied, and sterilized distilled water as solvent, were used.
Appropriate concentrations of the complex DMSO solution
(4 ul) were added to 2pl of plasmid DNA and the total
volume was made up to 18 pl by adding TE buffer so that the
concentration of DNA remained unchanged at 0.04 mg/ml
while that of the complex was changed to 1.00, 0.50, 0.25, 0.05
and 0.00 mMm corresponding to lanes 1-5. The mixtures were
then incubated at 37 °C for 3 h.

RESULTS AND DISCUSSION

Crystal structure of complex 1

The structure of 1 consists of the binuclear cation
[Fe»(BMA),(CH30),Cl,J>*, two uncoordinated CI~ anions
and four methanol molecules. A perspective view of the bin-
uclear entities with the atom-numbering scheme is depicted
in Fig. 1. Crystallographic data are collected in Table 1 and
selected bond lengths and angles are listed in Table 2.

Each diiron(IIl) complex cation is centrosymmetric, with
two six-coordinated Fe(Ill) atoms being bridged by two
deprotonated methoxyl groups. The BMA ligand coordinates
towards one iron atom in a tridentate mode forming two five-
membered chelate rings, together with one CI™ ion and two
oxygen atoms from deprotonated methanols completing the
Fe(III) octahedral geometry. The Fe—Naiylamin bond (2.246 A)
and the Fe-Cl bond (2.275 A) are significantly longer than
the Fe—Nimidazolyls Ones (average 2.082 A) and the Fe—Omethoxyl
(average 1.968 A), also the bond angles around Fe(III), for
instances O1-Fel-O1A (76.58°) and N1-Fel-Cl1 (100.22°),
indicating a distorted octahedron. In the Fe,O, bridging
moieties, which are strictly planar due to the centrosymmetry,
the parameters of Fe-O-Fe angle (103.41°) and Fe---Fe
distance (3.089 A) fall within the ranges reported for other
dialkoxo-bridged diiron(Ill) complexes.*>2¢-% In the crystal
lattice, C1™ ions and non-coordinated methanol molecules as
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Figure 1. A perspective view of the binuclear cation in 1.

Table 1. Crystallographic data for complex 1

Table 2. Bond lengths (&) and angles (deg) for complex 1

Formula

Formula weight
Crystal system
Space group

Unit cell dimensions

VA, z

Dcalc (gcm_s)
p(mm-1)

T (K)

F(000)

Crystal size (mm)
0 range for data
collection (deg)
Limiting indices
Unique reflections
Max. and min.
transmission
Refinement method
Data/restraints/
parameters
Goodness-of-fit on
FZ

Final R indices

[I > 20()]

R indices (all data)
Largest peak and
hole (e A7)

Csg Hsz Cly Fey Nyjp O
998.40

Monoclinic

P2(1)/n

a=12.9659(19) A « = 90.00°
b =10.0278(16) A B = 93.766(8)
c=17.919(2) A y = 90.00°
2324.8(6), 2

1.426

0.908

293(2)

1036

0.35 x 0.25 x 0.20
2.00-26.39°

-16<h<16,0<k<12,0<1<22
4696 [R(int) = 0.0502]
0.7417 and 0.8393

Full-matrix least-squares on F2
4696/0/276

1.009
R! =0.0534, wR? = 0.1148

R' = 0.1051, wR? = 0.1335
0.656 and —0.578

well as the NH groups of BMA ligand form wide hydrogen
bonds. The relevant distances and angles of the hydrogen
bonds are also given in Table 3.

Copyright © 2007 John Wiley & Sons, Ltd.

Fel-O1A 1.962(3)  Fel-N4 2.092(3)
Fel-O1 1.974(3)  Fel-N3 2.246(3)
Fel-N1 2.072(33)  Fel-Cl1 2.275(1)
O1A-Fel-O1  7659(3)  N1-Fel-Cl1 100.20(8)
O1A-Fel-N1 161.54(1)  N4-Fel-Cl1 98.29(9)
O1-Fel-N1 93.57(1)  N3-Fel-Cl1 174.69(8)
O1A-Fel-N4  9495(1)  N1-Fel-N3 77.38(1)
O1-Fel-N4  16252(1)  N4-Fel-N3 77.09(1)
N1-Fel-N4 90.07(2)  OlA-Fel-CL1  96.65(8)
Ol1A-Fel-N3  86.43(1)  Ol-Fel-CL1 97.88(8)
O1-Fel-N3 87.03(1)  FelA-Ol-Fel  103.41(2)

Symmetry transformations used to generate equivalent atoms: A
—x+1,-y+1,—z+1

Spectroscopic characterization

The IR spectra of the title complex display the characteristic
bands of the BMA ligand. The v(-C=N) absorption of
the benzimidazole is observed at 1620s cm~!, and v(C-N)
at 1450s cm™!, and they are slightly shifted to higher
wavenumbers than those of free ligand. The wide bands
in the range of 3100-3400 cm™! can be assigned to the
v(OH) stretching frequency and the sharp band of v(N-H) is
at 3350 cm~!. The absorption bands, near 900w and 740m

cm™!

, are due to out-of-plane bend vibration correlating
with aryl ring, where s, m and w refer to strong, medium
and weak, respectively. The electronic spectrum of the
complex in methanol shows three very strong absorptions
at 206 nm (¢ = 5.67 x 10* Imol ™" em™?), 272 nm (¢ = 4.69 x
10* 1mol™' em™') and 278 nm (¢ = 4.54 x 10* Imol ™' em™?),
which may be attributed to charge transfer and the transition
of the ligand itself. In addition, a weak broad band around
441nm (¢ ~ 32621 mol ' cm™') may be observed in the
concentrated solution. According to ligand field theory and
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Table 3. Hydrogen bonds with H- - -A < r(A) + 2.000 A and DHA >110°

D-H d(D-H) d(H---A) <DHA d(D---A) A

N2-H2B 0.860 1.810 173.43 2.666 O3[—x+1/2,y—1/2, —z+1/2]

N3-H3B 0.910 2416 161.86 3.293 Cli[—x+1,-y+1,—z+1]

N5-H5B 0.860 1.965 163.90 2.801 02

0O2-H2 0.820 2.299 154.60 3.060 CI2

0O3-H3 0.820 2.228 172.17 3.042 Cl2

assuming O, symmetry, the ground state of the distorted 0 50 100 150 200 250 300

octahedron Fe(Ill) is ®Aj;. This band can be tentatively 0.030 — ' ' ' ' '

attributed to the overlap peak of multifold electronic

’éransitio;\s: 6A]§o_3)2 4Ty (G) and °Aj; — *A(*Ez(G)) and _ 0025f 16

Alg — ng(D) - '?) E
. . ooE 14 m

ESR and magnetic properties g 0.020F ~

In the ESR spectrum, the sharp signal observed at g = 82 ;“:’

427 (5=5/2) and the signal at ¢=2.01 (S=1/2) are = 19

characteristic of a high-spin non-heme ferric system, and
the signal at g = 6.78 is due to Fe(Ill) with axial symmetry,
which accorded with the result of magnetic measure. High-
spin octahedral Fe(IIl) complexes normally exhibit ¢ values
close to free spin in their ESR spectra, but highly distorted six-
coordinate environments are known to result in large values
(such as ¢ = 8.88).3%3

Variable-temperature magnetic susceptibilities for 1 were
measured in the 4.2-300 K temperature range and are shown
as xm and e vs T plots in Fig. 2. The experimental peg
value at room temperature is ca. 6.72 B.M., well below
the spin-only value (8.36 B.M.) expected for an uncoupled
diiron(II) unit. Upon cooling, the magnetic moment declines
monotonically until 10 K. These features, together with the
temperature dependence behavior of xy above 10K, are
characteristic of an antiferromagnetic interaction between the
Fe(Ill) ions. On further cooling, the wes vs T plot reaches
an approximate plateau, with the magnetic moment in the
1.28-1.06 B.M. range, while the yv value increases sharply.
This low-temperature behavior indicates the presence of small
quantities of paramagnetic impurities.?>-%

For diiron(Ill) complexes (51 = S, = 5/2), the theoretical
expression of the magnetic susceptibility based on H =
—2J5,8, is:

55 exp(lS]) + 30 exp(lo]) + 14 exp( 6]

2Ng*? +5 exp(K—é) + exp(%)
Xbi = KT 10] o ]
1+9exp( )+7exp( )+5exp(
+3exp(K]T)+1lexp(K]
— (1 — NP’ :
x = xi(1—p) + KT SS+1p

where | is the exchange integral between Fe(IIl) ions
bridged by methoxyl oxygen atoms, p accounts for

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 2. Plots of yv and e vs T for complex 1.

paramagnetic impurities [presumably monomeric high-spin
Fe(Il) complex, s = 5/2], and the other parameters have their
usual meanings. An isotropic g value of 1.99 was assumed.
The simulation of experimental data leads to ] = —27.05 cm ™},
p= 0.003, R= Z(Xobsd - Xcacld)z/ Z ngsd =192 x 1074-

The above ] value, which near to the range (—2.5 to
—25 cm™!) observed for other dialkoxo- or dihydroxo-bridged
diiron(Ill) complexes, suggests a moderate antiferromagnetic
exchange between iron(IIl) ions. The magnetic interaction is
somewhat stronger than those diiron complexes in literature,
maybe resulting from somewhat its shorter Fe- - -Fe distance,
a smaller bridging angle and comparable Fe-O distances
in complex 1.3® However, it has been reported that the
interaction magnitude in oxo-, hydroxo- or alkoxo-bridged
diiron(III) complexes is quite insensitive to the bridging angle
and the Fe- - -Fe distance.®
Plasmid-complex1 binding studies
Electronic spectral method
As shown in Fig. 3, the potential pBR322 DNA binding ability
of complex 1 was studied by UV spectroscopy. To obtain
practical DNA-mediated hypochromic spectra of the diiron
complex absorption, absorption spectra of the diiron complex
in the absence and the presence of DNA were performed,
respectively, involving different molar concentration ratios
of DNA to the diiron complex from 0:1 to 12:1 in 10 mMm
pH 7.5 Tris—Cl buffer. The result shows decreases in the peak
intensity of the intraligand 7 —s* transition band at ~209 nm

Appl. Organometal. Chem. 2007; 21: 129-134
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Figure 3. Absorption spectra of 1 (20 um) with increasing the molar concentration ratio of DNA to the diiron complex of 0: 1 (line 0),
1:1(line1),2:1(ine 2),3:1 (ine 3),4:1 (line 4),5:1 (ineb5), 6:1 (line 6)and 12:1 (line 7) in 10 mm pH 7.5 Tris—Cl buffer.

and a slight red shift (~5 nm) along with increasing amounts
of pBR322 DNA. The hypochromism was suggested to be
commonly due to a moderate interaction of a complex bound
to DNA through intercalation.*0-4

Gel electrophoretic method

The ability of [Fe,(BMA),(CH;30),Cl,]-2C1-4CH;0H to per-
form DNA cleavage under physiological conditions (pH 7.5,
37°C) was observed by the transformation of the supercoiled
form (form I) to the nicked form (form II) of plasmid DNA.
Figure 4 shows the cleavage status of pBR322 DNA mediated
by complex 1 with various concentrations. It is clear from
lanes 1-4 that the diiron complex exhibits the trend that
increasing concentration results in more efficient cleavage.
The results accorded with the literature and study of the
mechanism of DNA cleavage activity by the diiron complex
is under way.

Form II

Form I

Figure 4. Agarose gel electrophoresis of pBR322 DNA (0.8 ug)
cleavage by 1 in a buffer containing 10 mm Tris, 1 mm NaxEDTA
and HCI (adjusted pH = 7.5) at 37 °C for 3 h. Lanes 1-5, with
1.00, 0.50, 0.25, 0.05 and 0.00 mm of 1 added (lane 5: blank
DMSO contrast).
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