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Ferrocenyl conjugates 2-ferrocenylimidazophenanthroline
(1) and 2-ferrocenylimidazophenanthrene (2) were prepared,
characterized, and their photoinduced DNA cleavage and
photocytotoxic activity were studied. 2-Phenylimidazophen-
anthroline (3) was used as a control species. Compound 2
was characterized by X-ray crystallography. The interaction
of the compounds with double-stranded calf thymus DNA
(CT DNA) was studied. The compounds show good binding
affinity to CT DNA with Kb values of approximately 105 M–1.
Thermal denaturation data suggest the groove binding na-
ture of the compounds. The redox-active compounds show
poor chemical nuclease activity in the presence of hydrogen

Introduction

Ferrocene and its conjugates are of importance in medic-
inal chemistry for their potential utility as bioorganometal-
lic agents.[1–3] The interest in ferrocene is due to its excellent
stability in biological media, its lipophilicity, and redox ac-
tivity. Although ferrocene as such does not show any anti-
cancer property, the one-electron oxidized ferrocenium ion
is cytotoxic.[4,5] Ferrocene conjugates having different or-
ganic moieties have been studied for their medicinal proper-
ties. The examples of such conjugates include ferrocifen
(ferrocene-appended tamoxifen) as anticancer agent and
ferroquine (ferrocene-conjugated chloroquine) as antima-
larial drug.[6–8] It has been observed that the substitution
of the beta phenyl ring of hydroxytamoxifen by nontoxic
ferrocene not only enhances its activity but also makes it
strongly active towards hormone-independent breast can-
cer.[6] The cytotoxicity of various other ferrocene conjugates
has been reported.[9–12] The ferrocenium ion has been found
to be primarily responsible for the anticancer activity of
these ferrocene conjugates. Ferrocene conjugates having or-
ganic chromophores that are capable of generating ferro-
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peroxide and glutathione (GSH). Compound 1 exhibits sig-
nificant DNA photocleavage activity in visible light of 476
and 532 nm. Compound 3 shows only moderate DNA cleav-
age activity. The positive effect of the ferrocenyl moiety is
demonstrated by the DNA photocleavage data. Mechanistic
investigations reveal the formation of superoxide as well as
hydroxyl radicals as the active species. The photocytotoxicity
of the compounds in HeLa cells was studied upon irradiation
with visible light (400–700 nm). Compound 1 shows efficient
photocytotoxic activity with an IC50 value of 13 μM, while
compounds 2 and 3 are less active with IC50 values of �50
and 22 μM, respectively.

cenium species upon photoactivation could be of impor-
tance as bioorganometallic agents in the photodynamic
therapy (PDT) of cancer.[13–16]

The concept of using hitherto unknown bioorganometal-
lic species as potential PDT agents originates from the suc-
cessful use of porphyrin and phthalocyanine bases as pho-
tochemotherapeutic agents to treat cancer in a noninvasive
method in which the cancer cells are selectively photo-
exposed to visible light to generate singlet oxygen as the
reactive oxygen species, thus leaving the unexposed healthy
cells unaffected.[17–20] Metal-based PDT agents that show
significant photocytotoxicity with reduced dark toxicity
have recently been reported as alternatives to organic PDT
agents.[21–30] We have recently shown that ferrocene-ap-
pended copper(II) complexes incorporating the photoactive
dipyridoquinoxaline or dipyridophenazine bases in their
structure are efficient photocleavers of plasmid DNA under
red light.[31–33] The present work stems from our continued
effort to design new photoactive ferrocene conjugates as
bioorganometallics that are capable of showing photoin-
duced DNA cleavage activity and photocytotoxicity under
visible light. We studied two ferrocene conjugates, 1 and 2,
having the ferrocenyl moiety linked to the respective imida-
zophenanthroline and imidazophenanthrene moiety (Fig-
ure 1). Herein, we present the DNA binding, DNA photo-
cleavage activity, and photocytotoxicity in HeLa cells of
these compounds. To explore the effect of the ferrocenyl
moiety on the DNA cleavage activity, we prepared the
phenyl analogue 2-phenylimidazophenanthroline (3) as a
control species. Compound 2 has been characterized by X-
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ray crystallography. The significant results of this study in-
clude the PDT effect observed for the 2-ferrocenylimidazo-
phenanthroline conjugate in visible light. Interestingly, the
mechanistic pathway observed for the DNA cleavage reac-
tions of 2-ferrocenylimidazophenanthroline is different
from that known for the organic PDT agents.[34,35]

Figure 1. The ferrocene conjugates 1, 2, and the control species 3
used.

Results and Discussion

Synthesis and General Aspects

Compounds 1 and 3 were prepared by following litera-
ture procedures.[36,37] Compound 2 was synthesized in good
yield by heating ferrocene-2-carboxaldehyde, phenanthrene-
9,10-dione, and ammonium acetate at reflux. The com-
pounds were characterized by spectroscopic and analytical
methods. Selected physicochemical data are given in
Table 1. The NMR spectra of compounds 1 and 3 are in
accordance with the reported literature values.[36,37] The
prominent molecular ion peak in the ESI-MS study indi-
cates the stability of the compounds. The solution stability
of the compounds has also been studied by electronic spec-
troscopy. The spectra of the compounds in 1:1 aqueous
DMF, monitored for 8 h in the dark, did not show any ap-
parent change. The molar conductivity data in DMF at
25 °C indicate the nonconducting nature of the compounds.
The electronic spectrum of compound 2 showed a ferro-
cenyl band at 443 nm (Figure 2).[13] Compound 1, which is
very similar to compound 2, showed three transitions at
430, 480, and 528 nm as shoulders assignable to the charge-
transfer transitions involving the ferrocenyl and phen-

Table 1. Selected physicochemical data and DNA binding param-
eters for 1–3.

Compd. λmax /nm Ef /V Kb
[c] ΔTm

[d]

(ε /dm3 m–1 cm–1)[a] (ΔEp /mV)[b] /m–1 /°C

1 430, 480, 528[e] 0.59 (95) 1.3(�0.3) �105 1.2
2 443 (830) 0.52 (90) 1.8(�0.4) �105 1.9
3 – – 2.4(�0.6) �105 1.8

[a] In aqueous DMF (4:1 v/v). [b] The Fc+/Fc redox couple in
DMF (0.1 m KCl), Ef = 0.5(Epa + Epc), ΔEp = (Epa – Epc), where
Epa and Epc are the anodic and cathodic peak potential, respec-
tively. Potentials are vs. SCE. Scan rate: 100 mVS–1. [c] Intrinsic
equilibrium DNA binding constant from UV/Vis titration experi-
ment. [d] Change in CT DNA melting temperature. [e] Shoulders
having ε values of 1110, 840, and 520 dm3 m–1 cm–1, respectively.
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anthroline moieties. Compound 3, which lacks the ferro-
cenyl moiety, did not show any visible spectral band.

Figure 2. Electronic absorption spectra of 1 (�), 2 (···), and 3 (---)
in aqueous DMF (1:4 v/v). The arrows indicate the wavelengths of
laser light used for photoinduced DNA cleavage studies.

The compounds are redox-active in DMF (0.1 m TBAP),
showing quasi-reversible cyclic voltammetric response near
0.55 V vs. SCE. The higher potential of 1 and 2 relative to
that of ferrocene (Ef = 0.42 V) indicates the higher redox
stability of the conjugates in DMF. An anodic shift of the
Fc+/Fc redox potential could be due to the electron-with-
drawing nature of the imidazophenanthroline or imidazo-
phenanthrene moiety. Compound 3, which lacks the ferro-
cenyl moiety, showed only two reduction responses near
–1.59 and –1.86 V. Compound 1 showed similar reduction
responses near –1.65 and –1.93 V. Interestingly, the ferro-
cenylimidazophenanthrene compound 2 did not show any
reductive responses. The reduction responses in 1 and 3
could be due to the presence of two phenanthroline nitro-
gen atoms and not due to the imidazole moiety.

X-ray Crystallography

Compound 2 was structurally characterized by single-
crystal X-ray diffraction. The compound crystallizes in the
C2221 space group of the orthorhombic crystal system. Two
cyclopentadienyl rings of the ferrocenyl unit are in an
eclipsed conformation. A perspective view of the molecule
is shown in Figure 3, and selected bond lengths are given
in Table 2. The dihedral angle between two cyclopen-
tadienyl rings is only 0.38°, indicating that the two rings are
essentially parallel to each other. The plane containing the
imidazophenanthrene ring forms dihedral angles of 4.16°
and 4.53° with the cyclopentadienyl rings containing atoms
C1 to C5 and C6 to C10. The iron atom is slightly displaced
towards the cyclopentadienyl ring containing the imidazo-
phenanthrene ring, which results in a Fe···Cp [C6–C10] ring
centroid distance of 1.646 Å, whereas the other Fe···Cp
[C1–C5] ring centroid distance is 1.663 Å. The Fe–C dis-
tances are in the range 2.034 to 2.046 Å with an average
value of 2.041 Å. A partial π–π stacking interaction is ob-
served between the imidazophenanthrene ring and free cy-
clopentadienyl ring of another molecule.
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Figure 3. An ORTEP view of compound 2 showing 50% prob-
ability thermal ellipsoids and the atom numbering scheme for the
metal and hetero atoms. The hydrogen atoms are not shown for
clarity.

Table 2. Selected bond lengths (in Å) for compound 2.

Fe1–C1 2.035(4) Fe1–C6 2.040(3)
Fe1–C2 2.040(4) Fe1–C7 2.044(3)
Fe1–C3 2.046(6) Fe1–C8 2.034(3)
Fe1–C4 2.045(3) Fe1–C9 2.040(6)
Fe1–C5 2.040(4) Fe1–C10 2.046(3)
Fe1–C0

1[a] 1.646 Fe1–C0
2[b] 1.663

[a] C0
1 is the centroid of the cyclopentadienyl ring containing atoms

C6 to C10. [b] C0
2 is the centroid of the cyclopentadienyl ring con-

taining atoms C1 to C5.

DNA Binding Studies

The interaction of the compounds with double-stranded
calf thymus DNA was studied by UV/Vis absorption ti-
tration and thermal denaturation. The intrinsic binding
constants of compounds 1–3 to DNA were obtained by the
absorption titration method, giving Kb values in the range
1.3� 105 to 2.4�105 m–1 in the order: 3 � 2 � 1 (Figure 4).
An intercalative mode of DNA binding generally leads to
a significant change in absorbance with hypochromism and
redshift of the band due to stacking of the aromatic chro-
mophore between the DNA base pairs.[38] The groove bind-
ing or electrostatic interaction results in only moderate
spectral changes. The electronic absorption spectra of the
compounds in 15 % DMF-Tris-HCl buffer medium (pH 7.2)
showed only moderate hypochromicity (ca. 20 %), indicat-

Figure 4. Spectral traces showing the effect of gradual addition of
CT DNA (270 μm NP) to a 20 μm solution of compound 2 in
DMF-Tris-HCl buffer medium. The inset shows the plot of Δεaf/
Δεbf vs. [DNA].
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ing the groove binding propensity of the compounds. DNA
binding by the compounds was also studied by the thermal
denaturation method. The change in the DNA melting tem-
perature varied from 1.2 to 1.8 °C, while the DNA intercal-
ator ethidium bromide gave a significantly higher ΔTm

value of 8.1 °C under similar conditions. The DNA melting
data suggest groove binding and/or partial intercalative
binding of compounds 1–3 to CT DNA (Table 1).[39]

DNA Cleavage Activity

The oxidative cleavage of SC pUC19 DNA (0.2 μg,
30 μm) by the compounds was studied in the presence of
the cellular reducing agent glutathione in its reduced form
and hydrogen peroxide as oxidizing agent.[40] Compounds 1
and 2 showed poor chemical nuclease activity in the pres-
ence of hydrogen peroxide (0.1 mm). This could be due to
higher Ef values of the conjugates relative to that of ferro-
cene. Compound 3, which lacks the ferrocenyl moiety, is
inactive in the presence of hydrogen peroxide. The ferrocene
conjugates did not show any chemical nuclease activity in
the presence of glutathione.

The photocleavage activity of the compounds was
studied by using SC pUC19 DNA upon irradiation with
UV-A light of 365 nm and laser light of different visible
wavelengths [476 (blue light), 532 (green light), and 647 nm
(red light)] (Figure 5). The DNA photocleavage activity fol-
lows the order: 1 �� 3 � 2. Selected DNA photocleavage
data are given in Table 3. An 8 μm solution of compound 1
showed essentially complete cleavage of DNA to its nicked
circular form in UV-A light. Compound 1 also showed sig-
nificant DNA cleavage activity in blue or green light and
relatively less activity in red light. Compound 3, which
lacked the ferrocenyl moiety, showed lower DNA photo-
cleavage activity. Compound 2, having the ferrocenyl moi-
ety, did not show any significant DNA photocleavage ac-
tivity. The results suggest the importance of the photoactive
phenanthroline moiety having two nitrogen atoms that
could undergo n–π* transitions for the presence of DNA
photocleavage activity.[41] The compounds are inactive in
the dark, which excludes the possibility of DNA hydrolysis.
Inactivity of the compounds under an argon atmosphere
indicates the necessity for molecular oxygen to generate re-
active oxygen species (ROS) to photocleave DNA.

Figure 5. Gel electrophoresis diagram showing the visible-light-in-
duced DNA cleavage activity of 1–3 (20 μm) with SC pUC19 DNA
(0.2 μg, 30 μm b.p.) for an exposure time of 2 h. Lane 1: DNA con-
trol (476 nm); lane 2: DNA + 1 (476 nm); lane 3: DNA + 2
(476 nm); lane 4: DNA + 3 (476 nm); lane 5: DNA + 1 (532 nm);
lane 6: DNA + 2 (532 nm); lane 7: DNA + 3 (532 nm); lane 8:
DNA + 1 (647 nm); lane 9: DNA + 3 (647 nm).
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Table 3. Selected SC pUC19 DNA (0.2 μg, 30 μm b.p.) photocleav-
age data for 1–3.

Reaction conditions λ[a] /nm %NC[b]

DNA control 365 4
DNA + 1 365 92

476 90
532 55
647 30

DNA + 2 365 17
476 7
532 6

DNA + 3 365 25
476 30
532 20
647 7

[a] Wavelength used for DNA photocleavage reactions. Compound
concentration is 8 μm for 365 nm and 20 μm for visible light experi-
ments. Exposure time: 2 h. [b] NC is the nicked circular form of
supercoiled pUC19 DNA.

The mechanistic aspects of the DNA photocleavage reac-
tions were studied by radical quenching experiments with
external additives (Figure 6). Superoxide radical scavenger
SOD or hydroxyl radical scavenger potassium iodide and
catalase inhibited the DNA photocleavage activity of com-
pound 1, indicating the formation O2

·– and HO· species in
the reaction medium. No apparent change in the DNA
cleavage activity was observed in the presence of singlet
oxygen quenchers like TEMP or DABCO. The mechanistic
data suggest a photoredox pathway, involving the ferrocenyl
moiety, in which O2

·– and HO· species are formed.[42] In
contrast, DNA photocleavage by compound 3 proceeds by
a type-II mechanistic pathway, showing significant inhibi-
tion with singlet oxygen quenchers and no inhibition in the
presence of hydroxyl radical scavengers.

Figure 6. Bar diagram showing the photoinduced pUC19 DNA
(0.2 μg, 30 μm b.p.) cleavage activity of compound 1 (20 μm) in the
presence of different singlet oxygen quenchers and hydroxyl radical
scavengers at 476 nm for an exposure time of 2 h [concentrations
of the additives: DABCO, TEMP, KI: 1 mm; catalase and SOD: 8
units].

UV photolysis experiments were carried out with com-
pound 1, which showed three shoulders at 430, 480, and
527 nm in aqueous DMF. Upon irradiation with UV-A
light of 365 nm, two peaks at 490 and 532 nm gradually
appeared. Similarly, when the compound was treated with
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an oxidizing agent like ammonium ceric(IV) nitrate, similar
bands at 490 and 527 nm were obtained. In the dark, there
was no apparent change in the visible spectral pattern for
up to 8 h. The results indicate that compound 1 could un-
dergo oxidation at the ferrocenyl moiety and the oxidized
species could lead to the degradation of DNA.[31]

Photocytotoxicity Study

The cytotoxicity of the compounds on the human cervi-
cal carcinoma HeLa cell line was evaluated. Since the com-
pounds showed limited aqueous solubility, the concentra-
tion was limited to 50 μm. The IC50 values were obtained
from the MTT assay (Figure 7). Compounds 1 and 3
showed significant cytotoxicity to HeLa cells with IC50 val-
ues of 33 and 38 μm, respectively, in the dark, whereas com-
pound 2 did not show cytotoxicity, with an IC50 value of
�50 μm. The cytotoxicity of 1 and 3 was found to increase
on irradiation with visible light of 400–700 nm. The en-
hancement of cytotoxicity was greater for compound 1 hav-
ing a conjugated ferrocenyl moiety, reaching an IC50 value
of 13 μm. The phenyl analogue, compound 3, showed rela-
tively lower photocytotoxicity, giving an IC50 value of
22 μm. The ferrocenyl moiety in 1 seems to be responsible
for its higher photocytotoxicity, which is in agreement with
the greater enhancement of the DNA photocleavage activity
of 1 relative to that of 3. The activity of compound 1 is
lower when compared to Photofrin®, the FDA-approved
PDT drug, having reported IC50 values of 4.3 μm in red
light and �41 μm in the dark.[43] The anticancer drug cis-
platin did not show any PDT effect and its IC50 value is
significantly higher than that of Photofrin® in red light for
HeLa cells.[44]

Figure 7. Cytotoxicity of compound 1 in human cervical HeLa can-
cer cells upon incubation for 4 h in the dark followed by irradiation
by visible light (400 to 700 nm) as determined by MTT assay. The
cells treated in the dark and the photoexposed cells are shown by
circles and squares, respectively.

PDT Effect on Nuclear Morphology

Hoechst staining was performed to understand the mode
of cell death induced by compound 1 upon photoexcitation
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with visible light. The change in the nuclear morphology
could indicate the cell death mechanism. To identify the
possible involvement of apoptosis, the visible-light-irradi-
ated HeLa cells treated with compound 1 (15 μm for 4 h in
the dark) were stained with Hoechst 33258 stain. A signifi-
cant increase in the apoptotic nuclear morphology such as
extensive chromatin aggregation or nuclear condensation
was evidenced by shrinkage in cell volume and membrane
blebbing in the treated cells as compared to the evenly
stained nuclear contours of the normal or untreated HeLa
cells, suggesting apoptosis (Figure 8).[45,46] The PDT effect
of 1 is evidenced from significant increase in the population
of apoptotic nuclei upon irradiation of the HeLa cells in
the presence of 1.

Figure 8. Panels (a) to (c) show Hoechst 33258 staining of com-
pound 1 (15 μm) in untreated and treated HeLa cells permeabilized
with TBST and fixed with paraformaldehyde (3.7%), 1 h after pho-
toexposure to identify nuclear morphology: (a) untreated cells, (b)
cells treated with compound 1 kept in the dark, and (c) cells treated
with compound 1 and exposed to visible light (10 Jcm–2). Panels
(d) to (f) are the corresponding bright field images.

Conclusions

We studied two ferrocene conjugates, and the one having
the imidazophenanthroline moiety shows significant photo-
induced pUC19 DNA cleavage activity in visible light and
photocytotoxicity in visible light in HeLa cells. The com-
pounds show binding propensity to calf thymus DNA.
Interestingly, the conjugate having the imidazophen-
anthrene moiety does not show any DNA photocleavage
activity and photocytotoxicity. Complex 1 forms the super-
oxide anion radical and hydroxyl radical species in the
DNA photocleavage reactions. The mechanistic pathway is
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thus different from that known for common organic PDT
agents, involving the formation of singlet oxygen as the re-
active species. The PDT effect observed for compound 1 is
significant, since the use of bioorganometallic compounds
in PDT is virtually unknown in the literature. Ferrocene,
being a less cytotoxic molecule, provides an opportunity to
develop bioorganometallic compounds as photochemother-
apeutic agents by suitable design of the stable conjugate
species having biologically important photoactive moieties
with potential anticancer properties, as exemplified by
ferrocifen.

Experimental Section
Materials: The reagents and chemicals were purchased from com-
mercial sources. Ferrocene-2-carboxaldehyde, calf thymus DNA,
agarose (molecular biology grade), catalase, superoxide dismutase,
TEMP (2,2,6,6-tetramethyl-4-piperidone), DABCO (1,4-diazabicy-
clo[2.2.2]octane), and ethidium bromide (EB) were purchased from
Sigma–Aldrich (USA). The supercoiled (SC) pUC19 DNA (cesium
chloride purified) was procured from Bangalore Genie (India).
Tris(hydroxymethyl)aminomethane-HCl (Tris-HCl) and phosphate
buffer were prepared by using doubly distilled water. The solvents
were purified by standard procedures.[47] Compounds 1 and 3 were
prepared by following literature procedures.[36,37]

Measurements: The NMR spectra were recorded with a Bruker Av-
ance 400 (400 MHz) NMR spectrometer. The elemental analyses
were performed by using a thermo Finnigan FLASH EA 1112
CHNS analyzer. Mass spectra were obtained with a Bruker Esquire
300 Plus ESI (Bruker daltonics) spectrometer. The IR spectra of
the solid samples were recorded with a Perkin–Elmer Lambda 35
instrument. The electronic absorption spectroscopic and DNA
melting experiments were carried out by using Cary 300 bio UV/
Vis spectrometer. Conductivity measurements were performed by
using a Control Dynamics (India) conductivity meter. Cyclic vol-
tammetric measurements were carried out at room temperature
with an EG&G PAR 253 VersaStat potentiostat/galvanostat having
a three electrode configuration consisting of a glassy carbon work-
ing, a platinum wire auxiliary, and a saturated calomel (SCE) refer-
ence electrode. Ferrocene (Ef = 0.43 V) was used as standard in
DMF containing 0.1 m tetrabutylammonium perchlorate (TBAP).

Compound 2: A mixture of phenanthrene-9,10-dione (0.26 g,
1.25 mmol), ammonium acetate (0.96 g, 12.5 mmol), ferrocene-2-
carboxaldehyde (0.27 g, 1.25 mmol), and acetic acid (1 mL) in chlo-
roform (25 mL) was heated at reflux with stirring for 10 h. After
cooling, the solution was neutralized with a saturated aqueous
NaHCO3 solution, during which orange precipitation appeared,
and the solid product was removed by filtration. The filtrate was
then extracted with chloroform (3 � 25 mL). The combined organic
layers were dried with Na2SO4 and filtered, and the filtrate, after
concentration, gave an orange residue. The combined residue was
recrystallized from CH2Cl2 (Yield = 0.40 g, ca. 70%). C25H18FeN2

(402.26): calcd. C 74.64, H 4.51, N 6.96; found C 74.41, H 4.77, N
6.74. 1H NMR (400 MHz, [D6]DMSO): δ = 4.13 (s, 5 H), 4.48 (s,
2 H), 5.16 (s, 2 H), 7.59 (dd, J = 7.6, 7.2 Hz, 2 H), 7.69 (dd, J =
7.2, 7.2 Hz, 2 H), 8.50 (d, J = 8.0 Hz, 2 H), 8.83 (d, J = 8.0 Hz, 2
H), 13.18 (br., NH) ppm. ESI-MS (in MeCN): m/z = 402 [M]+.
Molar conductance: ΛM = 21 S m2 m–1 in aqueous DMF at 25 °C.
IR (KBr phase): ν̃ = 3382 (w, br.), 2835 (w), 1610 (m), 1564 (w),
1449 (m), 1413 (s), 1348 (m), 1233 (m), 1106 (w), 1037 (w), 999
(m), 971 (s), 819 (m), 759 (s), 728 (s), 510 (w) cm–1. UV/Vis in
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aqueous DMF (1:4): λmax (ε [dm3 m–1 cm–1]) = 260 (65900), 284 sh
(21200), 314 (22600), 367 (2170), 443 (830) nm.

Solubility and Stability: All the compounds were soluble in DMF,
MeCN, and DMSO; they were moderately soluble in CH2Cl2 and
MeOH. They were stable in the solid and solution (aqueous DMF
or DMSO) phases in the dark.

X-ray Crystallography: Single crystals suitable for X-ray diffraction
were grown by slow concentration of a dichloromethane solution
of compound 2. X-ray intensity data on the single crystal of 2 were
measured by using a Bruker Smart Kappa APEX II CCD Detector
with a fine-focused sealed tube with graphite-monochromated Mo-
Kα (λ = 0.71073 Å) radiation at 293 K using the ω-scan mode. The
molecular structure of 2 was solved by direct methods (SHELX-
97), and all non-hydrogen atoms were refined anisotropically on F2

using the full-matrix least-squares procedure.[48] Empirical absorp-
tion corrections were made by using the multi-scan program. All
non-hydrogen atoms were refined with anisotropic thermal dis-
placement parameters. All hydrogen atoms were added at their cal-
culated positions and refined by using a riding model. The perspec-
tive view of the compound was obtained with ORTEP-3 for Win-
dows.[49] Details of the crystallographic data collection and solution
parameters are given in Table 4. CCDC-797006 contains the crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Data Centre via www. ccdc.ac.uk/
data-request/cif.

Table 4. Selected crystallographic data for compound 2.

2

Chemical formula C25H18FeN2

M /gmol–1 402.26
Crystal system orthorhombic
Space group C2221

a /Å 9.7865(18)
b /Å 19.247(4)
c /Å 19.164(4)
α, β, γ /° 90.0
Z 8
T /K 293(2)
Volume /Å3 3609.8(12)
D /gcm–3 1.480
μ (Mo-Kα) /mm–1 0.848
θ min–max /° 2.12–30.57
R(int) 0.0566
F(000) 1664
GOF on F2 0.954
R1[I � 2σ(I)] 0.0486
wR2[a] 0.0787

[a] w = [σ2(Fo
2) + (0.0319P)2 + 0.0000P]–1, where P = [Fo

2 +
2Fc

2]/3.

DNA Binding Experiments: The UV/Vis absorption titration and
thermal denaturation techniques were used. The UV/Vis absorp-
tion titration was carried out by following a reported procedure in
5 mm Tris-HCl buffer medium (pH 7.2) containing 15% DMF by
using CT DNA.[33,50] The concentration of the CT DNA was varied
from 0 to 13 μm during the titration. The binding affinity of the
compounds to DNA was evaluated from the intrinsic equilibrium
binding constant (Kb) values.[51,52] Thermal denaturation experi-
ments were carried out by following a published procedure in 5 mm

phosphate buffer (pH 6.8)/NaCl medium containing 15% DMF.[53]

The ratio of DNA to complex was 10:1. A control experiment was
done by using ethidium bromide as a classical DNA intercalator.

DNA Cleavage Experiments: The cleavage of supercoiled (SC)
pUC19 DNA (30 μm, 0.2 μg, 2686 base pairs) by the compounds
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was studied in 50 mm Tris-HCl/NaCl buffer (pH 7.2) by following
a reported literature procedure.[33] The reactions were carried out
with a UV-A lamp of 365 nm (6 W, sample area of illumination:
45 mm2) and visible light using a CW Ar-Kr laser (100 mW, laser
beam diameter = 1.8 mm, beam divergence = 0.7 mrad, Spectra
Physics water-cooled mixed-gas ion laser Stabilite 2018-RM). The
power of the laser beam was measured by using a Spectra Physics
CW laser power meter (model 407A). All the samples were incu-
bated at 37 °C for 45 min prior to photoexposure. For mechanistic
investigations, TEMP and DABCO, as singlet oxygen quenchers,
superoxide dismutase, as superoxide radical scavenger, and KI, cat-
alase, and mannitol as hydroxyl radical scavengers, were used. The
chemical nuclease reactions were carried out by incubating the
samples in the presence of hydrogen peroxide (0.1 mm) as an oxidiz-
ing agent and glutathione (1 mm) as a reducing agent for 2 h at
37 °C in the dark. The extent of DNA cleavage was estimated by
measuring the intensities of the bands with the UVITECH gel doc-
umentation system and by applying corrections for the low level of
NC form present in the SC DNA sample and for the low affinity
of EB binding to SC compared to the NC form of DNA.[54] The
observed error in measuring the band intensities in the agarose gel
was ca. 5%.

MTT Assay and Hoechst Staining

The cellular toxicity of the compounds was studied by using 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay based on the ability of mitochondrial dehydrogenases in the
viable cells to cleave the tetrazolium rings of MTT, forming dark
blue membrane-impermeable crystals of formazan that can be
quantified at 595 nm on detergent solubilization. The amount of
the formazan product formed gave a measure of the viable cells.[55]

Approximately 10000 HeLa cells (human cervical carcinoma cell
line) were placed in a 96-well culture plate in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS). The cells were incubated for 24 h at 37 °C in a CO2

incubator, and then different concentrations of compounds 1–3 (1–
50 μm) were added, and incubation was continued for another 4 h
in the dark. The stock solution of the compounds, which was ini-
tially prepared in DMSO, was diluted with cell culture medium
(DMEM) to make the final concentration of DMSO in the sample
solution 1%. Prior to irradiation, the medium was replaced by PBS,
and the cell plates were exposed to visible light (400–700 nm, Luz-
chem Photoreactor, light dose of 10 Jcm–2). After irradiation, PBS
was replaced with DMEM supplemented with 10 % FBS, and incu-
bated for another 24 h in the dark followed by addition of MTT
(20 μL of a 5 mg mL–1 solution) and then incubated for additional
3 h. Finally, the culture medium was discarded, and DMSO
(200 μL) was added to dissolve the formazan crystals. The ab-
sorbance of the formazan in DMSO solution was measured at
595 nm by using a BIORAD ELISA plate reader. The cytotoxicity
of the test compound was measured as the percentage ratio of the
absorbance of the treated cells to the untreated controls. The IC50

values were determined by nonlinear regression analysis (Graph
Pad Prism).

The changes in chromatin organization such as condensation of
chromatin and nuclear fragmentations characteristic to apoptosis,
following photoexposure after treatment with 1, were determined
microscopically by assessing staining with Hoechst 33258. Hoechst
staining was performed as described by Lee and Shacter.[56] Briefly,
the control and the cells treated with 1 (15 μm) for 4 h in the dark,
followed by irradiation with visible light of 400–700 nm (10 Jcm–2),
were fixed with 4% (v/v) paraformaldehyde in PBS for 10 min at
room temperature, permeabilized with 0.1% Triton X-100 for
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10 min, and stained with Hoechst 33258 (1 mgmL–1 in PBS) for
5 min. After being washed twice with PBS, cells were examined
by fluorescence microscopy (360/40 nm excitation and 460/50 nm
emission filters). The apoptotic cells were identified by the presence
of highly condensed or fragmented nuclei.[57]

Supporting Information (see footnote on the first page of this arti-
cle): ESI-MS spectrum of 2, 1H NMR spectrum, UV/Vis spectra,
cyclic voltammograms, unit cell packing and π–π stacking interac-
tion diagrams, UV/Vis binding plot, DNA melting plot, gel electro-
phoresis diagrams, photolysis diagram, and MTT plot for photo-
cytotoxicity.
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