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A new ternary iron(III) complex [FeL(dpq)] containing dipyridoqui-
noxaline (dpq) and 2,2-bis(3,5-di-tert-butyl-2-hydroxybenzyl)ami-
noacetic acid (H3L) is prepared and structurally characterized by
X-ray crystallography. The high-spin complex with a FeN3O3 core
shows a quasi-reversible iron(III)/iron(II) redox couple at −0.62 V
(vs SCE) in DMF/0.1 M TBAP and a broad visible band at 470
nm in DMF/Tris buffer. Laser photoexcitation of this phenolate (L)-
to-iron(III) charge-transfer band at visible wavelengths including
red light of g630 nm leads to cleavage of supercoiled pUC19
DNA to its nicked circular form via a photoredox pathway forming
hydroxyl radicals.

Photofrin is the clinically used drug in the photodynamic
therapy (PDT) of lung and esophageal cancers.1,2 It is a
mixture of hematoporphyrin and its derivatives. The drug
gets activated upon photoexcitation of the Q band at 630
nm. The photoactivation leads to the1ππ* state followed
by formation of the triplet state3ππ* that activates3O2 to
the cytotoxic1O2 by energy transfer. The porphyrin-based
drugs suffer from dark toxicity. Besides, oxidative conversion
of porphyrin bases to bilirubin leads to hepatotoxicity.1 This
drug has generated interests to search for and design new
porphyrin and phthalocyanine bases1,2a as well as non-
porphyrinic complexes of bioessential metal ions that could
efficiently bind and cleave DNA in the PDT window of 600-
800 nm. In this Communication, we report the first iron-
based complex that shows efficient cleavage of plasmid DNA
upon laser irradiation at red light.

Polypyridyl complexes of 4d transition metals like ruthe-
nium and rhodium are known to cleave DNA upon
photoirradiation.3-5 We have reported copper(II) complexes

showing DNA cleavage at red light.6 The present work stems
from our interest to design iron-based DNA photocleavers
at visible light considering the bioessential nature of this
element. While iron complexes are generally used in foot-
printing studies,7 the only iron complex known8 to cleave
DNA upon photolysis up to 500 nm using its ligand-to-metal
charge-transfer (LMCT) bands at 340 and 425 nm is reported
by Kraft and Zaleski. The photoinitiated DNA cleavage takes
place as a result of dinitrogen release from the tris(3-hydroxy-
1,2,3-benzotriazine-4(3H)-one)iron(III) complex. We have
designed a new ternary iron(III) complex [FeL(dpq)] (1)
using dipyrido[3,2-d:2′,3′-f]quinoxaline (dpq) as a DNA
binder and 2,2-bis(3,5-di-tert-butyl-2-hydroxybenzyl)ami-
noacetic acid (H3L) as a ligand stabilizing the ferric state.
Ligand dpq has a quinoxaline moiety like that in antitumor
antibiotics echinomycin and triostin.9 This work presents a
new approach to designing iron-based photonucleases in the
PDT window and provides direct spectral evidence of the
involvement of the LMCT band in the photoexcitation
process.

Complex1, prepared from the reaction of Fe(NO3)3·9H2O
with H3L and dpq, has been structurally characterized by
X-ray crystallography (Figure 1a).10,11 The crystal structure
displays the discrete mononuclear nature of1, where the
ligand L3- and dpq display respective tetradentate and
bidentate chelating modes of binding to the iron(III) center
in FeN3O3 coordination. The Fe-O and Fe-N bond dis-
tances are in the ranges of 1.904(4)-1.997(4) and 2.179-
(5)-2.352(5) Å, respectively. Two Fe-O(phenolate) dis-
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tances are relatively short, while the Fe(1)-N(1) distance
of 2.352(5) Å is significantly long. The Fe1-O1 bond
distance is 1.904(4) Å. The structural features in1 are similar
to those reported for analogous 2,2′-bipyridine complexes.12

The planar dpq ligand in1 is sterically unhindered from the
tetradentate ligand (L) having bulkytert-butyl groups.

Complex1 shows a quasi-reversible cyclic voltammetric
response at-0.62 V for the iron(III)/iron(II) couple in
dimethylformamide (DMF) containing 0.1 M [(tBu)4N](ClO4)
(∆Ep ) 95 mV at 50 mV s-1). A high negative potential of
the redox couple indicates stability of the ferric state. The
complex shows a magnetic moment of 5.86µB in the solid
state at 298 K, suggesting a high-spin (S ) 5/2) electronic
configuration of iron(III). The complex displays a broad
visible electronic band at 470 nm in a DMF/Tris-HCl buffer.
This band is assignable to the phenolate (pπ)-to-iron(III) (dπ*)
charge-transfer transition (Figure 2).8,12 The 470 nm charge-
transfer band is broad, extending to the PDT window. This
has enabled us to use different visible wavelengths for
photoactivation of1 in a DNA-bound form (Figure 2).
Moderately highε values atλ g 600 nm make1 suitable
for photoinduced DNA cleavage studies at red light.

The DNA binding propensity of1 is evaluated by the
absorption spectral measurements, monitoring the change of

the intensity of the spectral band at 253 nm with increasing
concentration of calf thymus (CT) DNA.13 The equilibrium
binding constant (Kb) and the binding site size (s) of the
complex are determined by the McGhee-von Hippel (MvH)
method using the expression of Bard and co-workers.14 The
Kb and s values obtained from the nonlinear least-squares
fitting are 2.1 ((0.3)× 105 M-1 and 0.71, respectively. The
bulk of L with tert-butyl groups does not cause any major
steric constraint on the DNA binding property. TheKb value
compares well to those of metal complexes having polypy-
ridyl ligands with extended aromatic rings.15

The photoinduced DNA cleavage activity of1 is studied
using supercoiled (SC) pUC19 DNA (33.3µM bp, 0.2µg)
in a medium of a Tris-HCl/NaCl buffer (50 mM, pH, 7.2)
upon irradiation with monochromatic UV light of 365 nm
(12 W) and by laser at different visible wavelengths, viz.,
476, 514, 532, 568, and 647 nm, using a continuous-wave
(CW) argon-krypton laser of 100 mW power (Figure 3).13

We have also studied the DNA cleavage activity of1 at 632.8
nm with a helium-neon laser (12 mW) considering the
photofrin activity at 630 nm.1 A 5.6 µM solution of 1
completely cleaves SC DNA at 365 nm upon 2 h of
photoexposure. The DNA binding property of1 is studied
using minor groove binder distamycin A, which alone gives
∼27% cleavage of SC DNA to its nicked circular form at
365 nm (Figure 3a, lane 7). The addition of1 does not show
any apparent change in the cleavage activity, indicating a
DNA minor groove binding preference of1 (Figure 3a,
lane 8).
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the addition of dpq (0.12 g, 0.5 mM). It was filtered after 10 min.
The filtrate upon slow concentration gave dark-purple block-shaped
crystals in analytically pure form [yield: 0.27 g (65%)]. Anal. Calcd
for C46H54N5O4Fe‚MeCN: C, 69.34; H, 6.83; N, 8.79. Found: C,
69.16; H, 6.95; N, 9.21.ΛM ) 10 S m2 M-1. FT-IR (KBr phase):
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K, 1.70 e θ e 25.25°, µ ) 3.89 cm-1, F(000) ) 1780, goodness-
of-fit (GOF) ) 1.042, R1) 0.0927, wR2) 0.1989 for 4526 reflections
with I > 2σ(I) and 523 parameters [R1(F 2) ) 0.1635 (all data)].w )
[σ2(Fo

2) + (0.0869P)2 + 8.7803P]-1, where P ) [Fo
2 + 2Fc

2]/3
(Bruker SMART APEX CCD diffractometer with a Mo KR X-ray
source). The structure was solved and refined using theSHELX
program (Sheldrick, G. M.SHELX-97, Programs for Crystal Structure
Solution and Refinement; University of Göttingen: Göttingen, Ger-
many, 1997).
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Figure 1. (a) ORTEP view of [FeL(dpq)] showing 30% probability thermal
ellipsoids and a labeling scheme for the metal atoms and heteroatoms. (b)
Schematic drawing of1.

Figure 2. Electronic spectrum of1 in a Tris-HCl buffer (pH 7.2) containing
6% DMF. The inset shows the extent of DNA cleavage by1 at 476, 514,
532, 568, and 647 nm (a-e) upon LMCT band excitation using an argon-
krypton laser.
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Control experiments with1 in the dark or with H3L, dpq,
or Fe(NO3)3‚9H2O alone do not show any significant
cleavage of SC DNA at 365 nm. When exposed to 476 nm
CW argon-krypton laser (100 mW) for 2 h, 33.3µM 1
completely cleaves SC DNA. To explore the possibility of
the involvement of the LMCT band in the photoexcitation
process, we have studied the DNA cleavage activity at longer
wavelengths like 514, 532, 568, and 647 nm using the same
laser (Figure 3b). Interestingly, the observed percent cleavage
follows the spectral pattern (Figure 2). The complex shows
∼50% cleavage at 647 nm red light. A similar percent
cleavage is observed at 632.8 nm (helium-neon laser).

Mechanistic aspects of the photoinduced DNA cleavage
reactions are studied at 365 and 476 nm (Figure 4). While1
is cleavage-active in air, it is inactive under argon (Figure

4a). This indicates the involvement of molecular oxygen in
the DNA photocleavage reaction. We have probed the
cleavage activity using different external reagents. There is
no apparent variation in the cleavage activity in the presence
of singlet oxygen quencher sodium azide. The addition of
deuterated water does not show any enhancement of the
cleavage activity, thus ruling out a1O2 (type II) pathway.
Hydroxyl radical scavangers dimethyl sulfoxide (DMSO),
KI, and catalase show complete inhibition at both 365 and
476 nm. Superoxide scavenger superoxide dismutase (SOD)
shows significant inhibition of the cleavage activity, indicat-
ing the formation of transient superoxide species (Figure 4a,b,
lane 8).

Mechanistic data suggest a photoredox pathway in which
1 upon photoexcitation at the LMCT band forms a charge-
separated Fe2+-L•+ (phenolate ligand radical) intermediate
involving the Fe-phenolato bond (Scheme 1).8 Subsequent
reactions with O2 could lead to O2•- formation followed by
the generation of HO• in the reaction 3O2•- + 2H+ f HO•

+ HO- + 2O2 as reported16 for antitumor natural product
podophyllotoxin. Electron paramagnetic resonance (EPR)
studies using 5,5-dimethyl-1-pyrrolineN-oxide (DMPO)
show DMPO-HO• formation (Figure S7a in the Supporting
Information). Anaerobic photoexcitation of1 shows reduction
in the LMCT band intensity that reverts back upon exposure
to O2 (Figure S8 in the Supporting Information).

In summary, we report here the first iron-based, low-
molecular-weight complex that shows efficient DNA binding
and cleavage activity at red light. We provide here direct
spectral evidence of the involvement of the LMCT band in
the metal-assisted photosensitization process. The percent of
DNA cleavage at different wavelengths follows the visible
spectral pattern. The oxidative DNA cleavage proceeds via
a photoredox pathway, forming a hydroxyl radical as the
DNA-cleavage-active species. This is in contrast to the
porphyrin and related bases cleaving DNA by a singlet
oxygen mechanism. The present work opens up new avenues
for designing and developing iron-based compounds for
possible use in PDT chemistry.
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Figure 3. Gel electrophoresis diagrams showing cleavage of SC pUC19
DNA (0.2 µg, 33.3µM bp) by [FeL(dpq)] (1) for 2 h of exposure time. (a)
λ ) 365 nm except for lane 5: lane 1, DNA control; lane 2, DNA+ Fe-
(NO3)3‚9H2O (33.3µM); lane 3, DNA+ dpq (33.3µM); lane 4, DNA+
H3L (33.3µM); lane 5, DNA+ 1 (33.3µM) in dark (2 h); lane 6, DNA+
1 (5.6 µM); lane 7, DNA + distamycin A (2 units); lane 8, DNA+
distamycin A (2 units)+ 1 (5.6 µM). (b) At visible wavelengths: lane 1,
DNA control (476 nm); lane 2, DNA+ 1 (476 nm); lane 3, DNA+ 1 (514
nm); lane 4, DNA+ 1 (532 nm); lane 5, DNA+ 1 (568 nm); lane 6, DNA
+ 1 (647 nm); lane 7, DNA control (632.8 nm); lane 8, DNA+ 1
(632.8 nm) [complex concentration) 33.3 µM].

Figure 4. Gel electrophoresis diagrams showing cleavage of SC pUC19
DNA (0.2 µg, 33.3µM bp) by 1 [5.6 µM at 365 nm; 33.3µM at 476 nm].
(a) λ ) 365 nm, exposure time (t) of 1 h: lane 1, DNA control; lane 2,
DNA + 1; lane 3, DNA+ NaN3 (22 µM) + 1; lane 4, DNA+ D2O (14
µL) + 1; lane 5, DNA+ KI (22 µM) + 1; lane 6, DNA+ DMSO (4µL)
+ 1; lane 7, DNA+ catalase (2 units)+ 1; lane 8, DNA+ SOD (2 units)
+ 1; lane 9, DNA+ 1 (under argon;t ) 2 h). (b) λ ) 476 nm,t ) 1 h:
lane 1, DNA control; lane 2, DNA+ 1; lane 3, DNA+ NaN3 (133 µM)
+ 1; lane 4, DNA+ D2O (14 µL) + 1; lane 5, DNA+ DMSO (5 µL) +
1; lane 6, DNA+ KI (133 µM) + 1; lane 7, DNA+ catalase (4 units)+
1; lane 8, DNA+ SOD (4 units)+ 1.

Scheme 1. Mechanism Proposed for the Photoinduced DNA
Cleavage by1, Forming a Hydroxyl Radical in a Photoredox Pathway
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