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A cyano-bridged heterometallic lanthanide-transition metal nitrosyl complex, [Pr(phen)2
(MeOH)(H2O)2][Fe(CN)5(NO)] � (Phen)(DMF)(MeOH)(H2O) (Phen¼ 1,10-phenanthroline
and DMF¼dimethylformamide), has been synthesized from reaction of PrCl3 � 6H2O with
1,10-phenanthroline in methanol and sodium nitroprusside followed by crystallization from
DMF. The crystal structure shows that the complex is a 1-D chain, stabilized by coordination,
hydrogen-bonding, and �–� stacking interactions. The complex shows nuclease activity with
pUC19 supercoiled DNA in DMF/Tris-HCl buffer in the presence of H2O2.

Keywords: 3 d–4f Heterometallic complex; Cyanide-bridged complexes; �–� Stacking
interactions; Metal nitrosyl compound; Nuclease activity

1. Introduction

Synthesis and study of a variety of transition metal nitrosyl complexes [1, 2] have been
of interest for decades. The recent discovery of the key role of nitric oxide in human
cardiovascular and nervous systems, as well as in the immune response to pathogen
invasion, has revolutionized research of transition metal nitrosyl complexes [3].
Attention is now focused on the synthetic, structural, and spectroscopic properties of
transition metal nitrosyl complexes along with reactivity of the coordinated NO.
Reactions of coordinated nitrosyl have use in environmental, catalytic, and biochemical
domains. The chemistry of transition-metal-NO complexes, or metal nitrosyls, has
taken on added significance because of the important role played by nitric oxide as a
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signaling molecule in biological systems [4, 5]. NO is involved in a wide range of
physiological functions, vasodilatations, inhibition of platelet aggregation, neurotrans-
mission, and penile erection together with having a major role to play in operation of

the immune system. Review articles [6–8] by biologists, biochemists, medical scientists
and pharmacologists have been published on chemistry of nitric oxide, within the
context of its range of biological activities. Design of small complexes that bind at

specific sequences of DNA [9, 10] becomes important as we begin to delineate, on a
molecular level, how genetic information is expressed. A more complete understanding
of how to target DNA sites with specificity will lead not only to design of novel
chemotherapeutics but also help chemists and biologists to probe DNA and to develop

highly sensitive diagnostic agents. Since 1,10-phenanthroline (Phen) possesses a rigid
planar aromatic ring, it has been used as a DNA intercalator [11]. Some metal
complexes containing 1,10-phenanthroline are also known to bind DNA by interca-
lation [12, 13]; some are used to break the DNA chain in the presence of H2O2 [14–16].

The presence of organic rings close to the metal site plays an important role in binding
the complex to DNA. So, we have synthesized and characterized structurally complexes
with similar ligands which facilitate nicking of pUC19 plasmid DNA [17–19]. The

present communication is an attempt to synthesize a metal nitrosyl complex and
thoroughly study the interaction of the complex with DNA with a view to develop
potential DNA nucleases.

2. Experimental

2.1. Materials and general methods

All materials and solvents were purchased commercially and used as supplied, unless
otherwise mentioned. Analytical grade solvents used for physico-chemical studies were
further purified by literature methods [20] before use. Solutions of CT DNA in Tris-
HCl/NaCl (pH¼ 7.2) buffer gave a ratio of UV absorbance at 260 and 280 nm,

A260/A280, of ca 1.8–1.9, indicating that the DNA was sufficiently free from protein
contamination [21]. The DNA concentration was determined by absorption spectros-
copy following the literature method [22]. Stock solutions were stored at 4�C and used

within 4 days.

2.2. Instrumentation

FTIR spectra were recorded at room temperature on a Perkin Elmer RFX-I
spectrophotometer from 300 to 4000 cm�1 in KBr pellets. UV-Vis spectra (200–

900 nm) were recorded at room temperature with a Shimadzu 1601-PC
Spectrophotometer using 1-cm quartz cell against appropriate reagent blank.
Fluorescence emission intensity measurements were carried out using a JASCO FP
6500 Spectroflourimeter. DNA cleavage activity of the complex was monitored with the

help of a Gel electrophoresis Model No. 2101, Genei, Bangalore and assessed by Gel
Documentation set up.
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2.3. Preparation and characterization of the complex

The compound was synthesized by mixing an aqueous solution (10mL) of
Na2[Fe(CN)5NO] � 2H2O (0.30 g, 1.0mmol) with a 10mL aqueous solution of
PrCl3 � 6H2O (0.355 g, 1.0mmol) and adding the resulting solution to 10mL of
methanolic solution of 1,10-phenanthroline monohydrate (0.79 g, 4.0mmol). The
precipitate obtained was then crystallized from DMF. After 6–7 days pale red
diffraction grade crystals were obtained. The elemental analysis calculated for
C46H45FeN13O7Pr (%): Calcd C, 50.75; H, 4.17; N, 16.72. Found(%): C, 50.95; H,
4.05; N, 16.85. IR [selected bands] (KBr, cm�1) 3421 [�(OH)], 2152 [�(CNb)], 2131
[�(CN)t], 1918 [�(NO)], 415 [�(Fe–C)]. �max (nm (mol L�1)�1 cm�1): 324 (1574), 446 (sh),
471 (sh), 483 (sh).

2.4. X-ray crystal structure determination

Suitable single crystal was diffracted on a Rigaku RAXIS-IV Imaging Plate
diffractometer with graphite monochromated Mo-K� radiation at 296K.
Crystallographic data and details of structure determination are summarized in
tables 1–3. The data were processed with SAINT and absorption corrections were made
with SADABS [23]. The structure was solved by direct and Fourier methods and refined
by full-matrix least-squares on F2 using WINGX software, which utilizes SHELX-97
[24]. For the structure solution and refinement, SHELXTL software package was used.
Non-hydrogen atoms were refined anisotropically, while hydrogen atoms were placed
with fixed thermal parameters at idealized positions.

2.5. DNA-binding studies

2.5.1. DNA-binding by UV-Vis. Absorption titration experiments were performed by
maintaining the complex concentration at 45 mmolL�1 while varying the concentration
of CT DNA from 25 to 350 mmolL�1. While measuring the absorption spectra, equal
quantity of CT DNA was added to both the complex solution and the reference
solution to eliminate absorbance of DNA itself. From the absorption data, the intrinsic
binding constant Kb was determined from a plot of [DNA]/("a� "f) versus [DNA] using
the following equation [25]:

DNA½ �= "a � "fð Þ ¼ DNA½ �= "b � "fð Þ þ 1=Kb "b � "fð Þ,

where [DNA] is the concentration of DNA in base pairs. The apparent absorption
coefficients "a, "f, and "b correspond to Aobsd/[complex], the extinction coefficient for
the free complex and extinction coefficient for the complex in the fully bound form,
respectively. Plots of [DNA]/("a� "f) versus [DNA] gave a slope 1/("b� "f) with
intercept 1/Kb ("b� "f); Kb is obtained from slope to intercept ratio.

2.5.2. DNA-binding by fluorescence spectroscopy. CT DNA (60mL, 125 mmolL�1)
solution in Tris-HCl/NaCl buffer (pH 7.2) was added to a 2.0mL of ethidium
bromide (EB) (12.5 mmolL�1) in the same buffer medium to get the maximum

3d–4f mixed metal nitrosyl complex 3471
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fluorescence intensity. Aliquots of 1.0mmol L�1 stock solution of the complex in DMF
were added to the EB bound CT DNA solution and fluorescence was measured after
each addition.

2.5.3. DNA cleavage by gel electrophoresis. The supercoiled pUC19 DNA (6 mL,
�500 ng) in Tris-HCl buffer (50mmol L�1, pH 7.2) containing 50mmol L�1 NaCl
(2 mL) was treated with the metal complex (2mL, 40 mmolL�1) and H2O2 (2 mL,
50mmol L�1) followed by dilution with Tris-HCl buffer to a total volume of 20 mL. The
samples were then incubated for an hour at 37�C, loading buffer containing 25%
bromophenol blue, 30% glycerol (3 mL) was added and loaded on 0.8% agarose gel
containing 1.0 mgmL�1 EB. Electrophoresis was carried out at 40V for 2 h in TAE
buffer (40mmol L�1 Tris, 20mmol L�1 acetic acid, 1mmol L�1 EDTA, pH 7.2).

Table 1. Crystal data and structure refinement parameters for the complex.

Empirical formula C46H45FeN13O7Pr
Formula weight 1088.70
Temperature (K) 296(2)
Wavelength (Å) 0.7107
Crystal system Monoclinic
Space group P 1 21/c 1
Unit cell dimensions (Å, �)
a 14.2980(4)
b 13.8431(4)
c 23.3941(8)
� 90.00
� 101.735(2)
� 90.00
Volume (Å3), Z 4533.6(2), 4
Calculated density (g cm�3) 1.595
Absorption coefficient (mm�1) 1.446
Crystal size (mm3) 0.30� 0.18� 0.10
� range for data collection (�) 0.9–30.03
Reflections collected 39,182
Independent reflection 30.03 [R(int)¼ 0.050]
Completeness to �¼ �max (%) 94.57
Refinement method Full-matrix least-squares on F2

Data/parameters 12,533/614
Goodness-of-fit on F2 1.476
Final R indices [I4 2	(I)] R1¼ 0.0748, wR2¼ 0.2018
Largest diff. peak hole (e Å�3) 2.87 and �2.53

Table 2. Selected bond lengths (Å) for the complex.

Pr–O(2) 2.503(4) Pr–N(11) 2.730(4)
Pr–O(3) 2.500(4) Fe–N(1) 1.623(5)
Pr–O(4) 2.781(7) N(1)–O(1) 1.163(7)
Pr–N(2) 2.617(5) Fe–C(1) 1.938(6)
Pr–N(3) 2.635(5) Fe–C(2) 1.950(6)
Pr–N(8) 2.720(5) Fe–C(3) 1.943(6)
Pr–N(9) 2.718(5) Fe–C(4) 1.938(6)
Pr–N(10) 2.720(5) Fe–C(5) 1.939(6)

3472 S.R. Chowdhury et al.
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Bands were visualized by UV light and photographed in UV tech Gel Documentation
set up.

3. Results and discussion

3.1. Structural characterization of the complex

3.1.1. Single-crystal X-ray diffraction. The structure of [Pr(phen)2(MeOH)(H2O)2]
[Fe(CN)5(NO)] is shown in figure 1. The iron in [Fe(NO)(CN)5]

3� is coordinated to five
CN� ions and one nitrogen atom of NO in an octahedral environment. The
coordination number of Pr3þ in [Pr(phen)2(MeOH)(H2O)2]

3þ is nine, surrounded by
four nitrogen atoms (N8, N9, N10, and N11) of two phen, three oxygen atoms, O2 and
O3 from two water molecules and O4 of an MeOH, and two nitrogen atoms (N2 and
N3) of two bridging cyanides. Adjacent Pr3þ and Fe2þ in [Pr(phen)2(MeOH)
(H2O)2][Fe(CN)5(NO)] are connected by two cynanides (Fe-C1-N2-Pr) and (Fe-C2-
N3-Pr) at trans positions to give a 1-D zigzag chain along the b-axis. The Fe-C bond
distance for non-bridged cyanide ions are �1.939(6) Å while Fe-C distance of a bridged
cyanide is 1.950(6) Å, slightly longer, due to better overlapping of the �* orbital of CN�

with the f-orbital of Pr. The Fe-N1 (nitrosyl) bond distance is 1.623(5) Å and N1–O1
bond distance (nitrosyl) is 1.163(7) Å, equivalent to reported values [26]. The Fe–N1–
O1 bond angle of coordinated nitrosyl (NO) is 178.3(7)�. All Pr–N bond distances of

Table 3. Selected bond angles (�) for the complex.

O(2)–Pr–O(3) 137.3(1) N(3)–Pr–N(8) 69.9(1)
O(2)–Pr–O(4) 75.5(1) N(3)–Pr–N(9) 108.3(2)
O(2)–Pr–N(2) 72.3(2) N(3)–Pr–N(10) 73.3(2)
O(2)–Pr–N(3) 137.4(2) N(3)–Pr–N(11) 116.4(2)
O(2)–Pr–N(8) 74.3(1) N(8)–Pr–N(9) 60.6(1)
O(2)–Pr–N(9) 71.5(1) N(8)–Pr–N(10) 142.9(1)
O(2)–Pr–N(10) 135.4(1) N(8)–Pr–N(11) 135.4(1)
O(2)–Pr–N(11) 75.4(1) N(9)–Pr–N(10) 139.2(1)
O(3)–Pr–O(4) 78.6(2) N(9)–Pr–N(11) 135.2(1)
O(3)–Pr–N(2) 148.2(2) N(10)–Pr–N(11) 60.3(1)
O(3)–Pr–N(3) 72.5(2) N(1)–Fe–C(1) 96.2(3)
O(3)–Pr–N(8) 100.3(2) N(1)–Fe–C(2) 90.6(3)
O(3)–Pr–N(9) 69.4(1) N(1)–Fe–C(3) 178.1(3)
O(3)–Pr–N(10) 72.7(1) N(1)–Fe–C(4) 94.0(3)
O(3)–Pr–N(11) 124.2(1) N(1)–Fe–C(5) 96.2(3)
O(4)–Pr–N(2) 129.1(2) C(1)–Fe–C(2) 172.9(3)
O(4)–Pr–N(3) 146.9(2) C(1)–Fe–C(3) 84.8(2)
O(4)–Pr–N(8) 132.3(1) C(1)–Fe–C(4) 89.7(2)
O(4)–Pr–N(9) 75.2(1) C(1)–Fe–C(5) 89.5(3)
O(4)–Pr–N(10) 83.1(1) C(2)–Fe–C(3) 88.5(2)
O(4)–Pr–N(11) 67.9(1) C(2)–Fe–C(4) 91.6(2)
N(2)–Pr–N(3) 76.1(2) C(2)–Fe–C(5) 88.0(2)
N(2)–Pr–N(8) 73.5(2) C(3)–Fe–C(4) 84.3(3)
N(2)–Pr–N(9) 127.2(2) C(3)–Fe–C(5) 85.5(3)
N(2)–Pr–N(10) 93.3(2) C(4)–Fe–C(5) 169.8(3)
N(2)–Pr–N(11) 66.5(2)
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coordinated phen are ca 2.720(5) Å. The Pr–O2 and Pr–O3 bond distances of

coordinated H2O are 2.502(4) Å and 2.500(4) Å, respectively, while the Pr–O4 distance
for coordinated methanol is 2.780(4), slightly longer than that of coordinated H2O.

The Pr-N2 and Pr-N3 bond distances for bridging cyanides are 2.617(5) Å and

2.636(5) Å. The packing diagram of the complex is shown in figure 2. The two

nitrogen atoms of an uncoordinated Phen (UC-Phen) form hydrogen bonds with a

water molecule in [Pr(phen)2(MeOH)(H2O)2]
3þ as shown by dotted lines in figure 1.

The UC-Phen plays a special role in extending the structure of zigzag chains via �–�
stacking interactions with the coordinated phen from adjacent chains, so that it forms a

sheet structure (figure 2). The distances between the UC- and ligating Phen’s, i.e.

Figure 1. ORTEP of the crystal structure of [Pr(Phen)2(MeOH)(H2O)2][Fe(CN)5(NO)]�(Phen)(DMF)
(MeOH)(H2O).

3474 S.R. Chowdhury et al.
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Phen-to-Phen �–� interactions, are 3.35–3.64 Å. The perfect face-to-face �-stacked
alignments of the UC- and Phen ligands are clearly favored by dipole–dipole

interactions. One DMF is present in the crystal lattice and is linked with
coordinated H2O of [Pr(phen)2(MeOH)(H2O)2]

3þ through H-bonds at 2.656 Å

(O3-H-O5(DMF)).

3.1.2. IR studies. The existence of two types of cyanides in the crystal is supported by
IR studies. The absorption at 2152 cm�1 can be ascribed as bridging cyanide while the

absorption peak at 2131 cm�1 is assigned to three terminal cyanides. The �N¼O
appears at 1918 cm�1 [27].

Figure 2. The crystal packing of [Pr(Phen)2(MeOH)(H2O)2][Fe(CN)5(NO)]. The DMF, MeOH, and H2O
molecules are omitted for clarity.

3d–4f mixed metal nitrosyl complex 3475
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3.1.3. UV-Vis studies. There are two weak bands in the visible region of the spectrum
at 446 and 471 nm due to LMCT of [Fe(NO)(CN)5]

3� [28] and one strong band in the
ultraviolet region at 324 nm due to �–�* transition of cyanide and phen in
[Pr(phen)2(MeOH)(H2O)2][Fe(CN)5(NO)].

3.2. DNA-binding studies

3.2.1. Electronic spectroscopic studies. Electronic absorption spectroscopy is
employed to determine the binding of complexes with DNA. A complex bound to
DNA through intercalation is characterized by change in absorbance along with a
redshift in wavelength, because of the involvement of a strong stacking interaction
between the aromatic chromophore and the DNA base pairs [29–31]. The extent of
change of absorption is consistent with the strength of the intercalative interaction. The
complex shows two intense absorption bands at 446 nm and 470 nm and two broad
bands at 483 nm and 592 nm. The UV-Vis absorption spectrum of the metal complex is
significantly modified (figure 3) by the addition of increasing amounts of DNA.
In detail, the absorption band at 446 nm is red-shifted by about 5 nm and shows
hyperchromism of about 40%. Similar effects are observed in the remaining bands.
All these findings support DNA-binding by intercalation through the stacking
interaction of the aromatic rings of the ligand and the base pairs of DNA. The
intrinsic binding constant Kb was 5.14� 105 (mol L�1)�1 (figure 4), comparable to those
observed for classical intercalators and metallo-intercalators whose binding constants
[32–35] were 105–107. The observed value of binding constant is also in accord with
those of other DNA intercalative lanthanide complexes reported [36–40].

3.2.2. Fluorescence spectroscopic studies. EB is weakly fluorescent, but fluorescence of
EB is remarkably enhanced when it is bound to DNA. The emission spectra of the EB-
DNA complex in Tris-HCl in the presence of increasing amounts of Pr-phen complex
are shown in figure 5. The intensity of fluorescence of EB in the EB-DNA complex is
gradually lowered by addition of increasing amounts of Pr-phen complex. This can
happen if the complex displaces EB from the DNA cavities. This result confirms that
the complex interacts with DNA by an intercalative mechanism [41], thereby competing
with EB.

A plot of I0/I versus [complex] is made (figure 6), where I0 is the fluorescence intensity
of EB-DNA control and I is the fluorescence intensity of EB-DNA complex. The results
show that the I0/I value progressively increases with increase in concentration of the
complex, suggesting displacement of EB from DNA by the complex and supports our
proposition of intercalative binding of DNA by the present compound.

3.2.3. Gel electrophoresis study. The ability of the complex to perform DNA cleavage
has been assayed by gel electrophoresis using supercoiled (SC) pUC 19 DNA in Tris-
HCl/NaCl buffer (50mmol L�1, pH 7.2). The complex on reaction with DNA in the
presence of H2O2 exhibits high nuclease activity (figure 7). Significant cleavage is
observed at 1.0� 10�3mol L�1 and 5.0� 10�3mol L�1 in the presence of 4mmol L�1

H2O2 (table 4). This study shows that the complex cleaves 84% of SC DNA to NC
(nicked coiled) DNA. Control experiments show that the cleavage of SC DNA by the

3476 S.R. Chowdhury et al.
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complex alone, i.e. in absence of H2O2, is negligible. The nuclease mechanism in the
presence of H2O2 as described elsewhere [18, 42] suggests the possibility of formation of
hydroxyl (HO.) radicals as the reactive species.

4. Conclusion

The synthesis and structural characterization of a cyano-bridged heterometallic
lanthanide transition metal nitrosyl complex, [Pr(phen)2(MeOH)(H2O)2]

Figure 4. Plots of [DNA]/("a� "f) vs. [DNA] for the titration of DNA to Pr-phen complex.

Figure 3. Absorption spectra of Pr-phen complex in the presence of increasing amounts of DNA
([Pr-phen]¼ 45 mmolL�1, [DNA]¼ 25–350mmolL�1 from bottom to top). The arrows indicate the change in
absorbance upon increasing DNA concentration.
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[Fe(CN)5(NO)] � (Phen)(DMF)(MeOH)(H2O), has been established. Absorption titra-
tion studies for DNA-binding by the complex provide Kb¼ 5.14� 105 (mol L�1)�1,
suggesting that the complex is a good DNA intercalator. Intercalative binding of the
complex with DNA has been further supported by fluorimetric studies where the
complex competes with EB in binding to DNA. The complex exhibits pronounced
nuclease activity in the presence of H2O2 on supercoiled (SC) pUC19 DNA.

Figure 6. Relative intensity values (I0/I) at 592 nm of the fluorescence spectra of the EB-DNA complex in
the presence of increasing amounts of Pr-phen complex.

Figure 5. Fluorescence spectra of the EB-DNA complex in the presence of increasing amounts of Pr-phen
complex, [EB]¼ 90.0 mmolL�1, [DNA]¼ 60.0mmolL�1: (a) 0.0 mmolL�1, (b) 10.0mmolL�1, (c)
30.0 mmolL�1, (d) 60.0mmolL�1, (e) 90.0mmolL�1, (f) 120mmolL�1, (g) 150.0 mmolL�1, (h) 180mmolL�1,
and (i) 300.0 mmolL�1.
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Supplementary material

Crystallographic data for the structural analysis has been deposited with the Cambridge
Crystallographic Data Centre, CCDC No. 283459. Copies of this information may be
obtained free of charge from The Director, CCDC, 12 Union Road, Cambridge,
CB21EZ, UK (Fax: þ441223336033; E-mail: deposit@ccdc.cam.ac.uk or www.ccdc.ca-
m.ac.uk/data_request/cif).
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