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DNA interaction studies of rhenium compounds with
Schiff base chelates encompassing biologically
relevant moieties
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School of Chemistry and Physics, University of KwaZulu-Natal, Pietermaritzburg, South Africa

ABSTRACT
Herein, we report the DNA interaction studies of rhenium(I)
and -(V) compounds with Schiff base chelates encompassing
biologically relevant moieties. More specifically, the DNA inter-
action capabilities of these rhenium complexes were probed
using Gel Electrophoresis and Calf Thymus–DNA titrations
monitored by temperature-controlled electronic spectroscopy.
The DNA binding modes of the metal compounds were corro-
borated by molecular docking simulations. In addition, the
synthesis and characterization of a novel facial tricarbonyl
rhenium(I) compound, fac-[Re(chrs)(CO)3Br], (chrs ¼ {3-{[(2-
hydroxyphenyl)imino]methyl}-4H-chromen-4-one) are reported.
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Introduction

The interaction of transition metal complexes towards DNA is a central
scientific focus due to its relevance in cancer research and molecular biol-
ogy.[1,2] Metal ions and their complexes can interact with DNA covalently
and/or non-covalently; therefore, an understanding on their binding modes
is particularly important for the design of modern metallopharmaceuti-
cals.[3] Covalent bonding of a metal complex to the DNA double helix is
typically initiated by substitution of a labile co-ligand within the coordin-
ation sphere of the metal complex followed by coordination of the metal
centre to a nitrogen donor of a DNA nucleotide base. Non-covalent inter-
calative interactions are found in the form of p!p� stacking between the
pi-conjugated chromophores of metal complexes and DNA nucleotide
bases.[4] In addition, non-covalent groove-binding occurs via van der
Waals and hydrogen- or hydrophobic-interactions along the major or
minor groove of the DNA double helix. Lastly, electrostatic interactions
can be induced by columbic forces between a metal complex and the nega-
tively-charged phosphate backbone of DNA.[4–6]
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Rhenium exhibits diverse coordination chemistry and its organometallic
complexes have been utilized in myriad medicinal applications.[7–10] In par-
ticular, the b-emitting 186- and 188-rhenium radionuclides have optimal
half-lives and energies which are ideally suited for the development of
therapeutic radiopharmaceuticals.[11] However, the pharmacological effica-
cies of rhenium radiopharmaceuticals are typically poor, which is largely
attributed to their lack of target-specificity. To address this concern, radio-
labelling of multidentate chelators encompassing various biologically active
moieties can be conducted.[12–14] Subsequently, the bio-active groups of
these next-generation rhenium radiopharmaceuticals could facilitate well-
defined biodistribution patterns and facile interaction with mutated DNA
(i.e. malignant growths) at the target sites.[14]

In comparison with other metals, DNA interaction studies of rhenium
compounds have not been widely reported and to the best of our know-
ledge, these research findings represent one of few studies reported on the
interactions between rhenium(V) complexes and calf-thymus (CT)–DNA.
In addition, gel-electrophoresis studies were conducting using CT–DNA
with the individual rhenium(I) and -(V) Schiff base compounds containing
nucleotide bases, benz(imidazole/othiazole) or chromone moieties: trans-
[Re(ddd)(Hduo)(PPh3)2]I (1) (H2ddd ¼ 5,6-diamino-1,3-dimethyl uracil
and H3duo ¼ [N-(2-hydroxybenzylidene)-5-amino-1,3-dimethyl uracil]);
fac-[Re(CO)3Br(adp)] (2) (adp ¼ {5-amino-1,3-dimethyl-6-[(Z)-(pyridin-2-
ylmethylidene)amino]pyrimidine-2,4(1H,3H)-dione}); fac-[Re(CO)3Br(aap)]
(3) (aap ¼ {4-[(Z)-(2-aminobenzylidene)amino]pyrimidin-2(1H)-one}); cis-
[Re(bcp)OCl2(PPh3)] (4) (Hbcp ¼ [N-(2-hydroxybenzylidene)-benzothia-
zole]) (l-bzp)2[Re(CO)3]2; (5) (Hbzp ¼ [N-(2-hydroxybenzylidene)-benzi-
midazole]); fac-[Re(CO)3(bzch)Cl] (6) (bzch ¼ (2-benzimidazole-4H-
chromen-4-one)); fac-[Re(CO)3(bsch)Cl] (7) (bsch ¼ 2-benzothiazole-4H-
chromen-4-one); [ReO(Hns)] (8) (Hns ¼ bis-[(2-phenylthiolate)imino-
methyl]-methyl-1-(2-hydroxyphenyl)prop-2-en-1-one) and [ReO(OCH3)
(PPh3)(Huch-OCH3)] (9) (H2uch ¼ [5-(6-amino-1,3-dimethyluracil)imino-
methyl-4H-chromen-4-one]).[15]

This research studies serves as an evolution of our recent reports,
whereby the rhenium compounds listed above have been previously
reported and now have their DNA interaction capabilities investigated by
UV–Vis titrations, gel-electrophoresis and molecular docking studies.
Furthermore, the facial tricarbonyl rhenium(I) compound, fac-
[Re(chrs)(CO)3Br] (10), (chrs ¼ {3-{[(2-hydroxyphenyl)imino]methyl}-4H-
chromen-4-one}, see Figure 1) has not been previously reported and hence
in addition to its DNA interaction studies, its synthesis, characterization
and crystal data are included. Moreover, this investigation provides a com-
prehensive understanding with respect to the DNA binding capabilities of
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the rhenium compounds 1–9 and provides impetus to explore their in vitro
cytotoxicity and applied radiochemistry. Of particular significance is how
the diverse coordination environments of the respective rhenium(I) and
-(V) centres, as well as the varying stereo-electronic properties of the differ-
ent bio-relevant chelators, dictated the DNA interaction modes of the cor-
responding metal complexes.

2. Experimental

2.1. Materials and methods

Ammonium perrhenate, rhenium pentacarbonyl bromide, rhenium
pentacarbonyl chloride triphenylphosphine, hydrochloric acid, hydrobromic
acid, hydroiodic acid, 3-formylchromone, 5,6-diamino-1,3-dimethyluracil,
2-aminobenz(othiazole/imidazole), cytosine, salicylaldehyde, 2-aminobenzal-
dehyde, picolinaldehyde, 1,2-diaminobenzene, 2-aminophenol, 2-aminothio-
phenol, trifluoroacetic acid, phosphate-buffered saline (PBS) tablets and calf
thymus (CT)–DNA were obtained from Sigma Aldrich. The
oxorhenium(V) precursors were synthesized as described by literature
methods.[16] DNA chips, DNA 1K gel and stain, DNA ladder and loading
buffer were all obtained within a DNA 1K Analysis Kit from Bio-Rad. All
solvents were obtained from Merck SA. These chemicals were used without
any further purification. The infrared spectra were recorded on a
Perkin–Elmer Spectrum 100 from 4000 to 650 cm�1. 1H NMR spectra were
obtained using a Bruker Avance 400MHz spectrometer. All NMR spectra
were recorded in DMSO-d6. UV–Vis spectra were recorded using a
Perkin–Elmer Lambda 25. Melting points were determined using a Stuart
SMP3 melting point apparatus. The conductivity measurements were deter-
mined at 295K on a Radiometer R21M127 CDM 230 conductivity and pH
meter. Toluene was dried with sodium wire and stored in the presence of
dry 4Å microsieves. The redox properties of the metal complexes were
investigated by cyclic and square wave voltammetry. The concentration of
the metal complexes was 2mM and tetrabutylammoniumtetrafluoroborate
(0.1M) was used as the supporting electrolyte. A Metrohm Autolab
Potentiometer was used for measurements equipped with a three-electrode

OH

N

O

O

Figure 1. Structure of chrs.
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system: pseudo AgjAgCl reference electrode, a glassy carbon working elec-
trode and Pt auxiliary counter electrode.

2.2. Synthesis of 3-{[(2-hydroxyphenyl)imino]methyl}-4H-chromen-4-
one (chrs)

Equimolar amounts of 2-aminophenol (157mg; 1.44mmol) and 3-formyl-
chromone (250mg; 1.44mmol) were added to 20 cm3 of methanol and
heated until reflux for 3 hours. A large quantity of brown precipitate was
filtered, washed with 3� 2 cm3 of cold methanol and 2� 3 cm3 of petrol-
eum ether and left to dry in desiccator. Yield: 92%. M.P: 202.4–205.8 �C. IR
(�max/cm

�1): v(O–H) 3160 w, v(C¼O) 1639 s, v(C¼N) 1549 s. 1H NMR
(303K ppm–1): 10.29 (br s, 1H, OH), 8.16 (d, 1H, H8), 7.86 (d, 1H, H11),
7.58–7.44 (m, 2H, H9, H10), 7.09–7.18 (m, 2H, H4, H5), 6.99–6.92 (m,
2H, H1, H2), 6.87 (t, 1H, H3), 5.84 (s, 1H, H6). UV–Vis (MeOH, kmax (e,
M�1 cm�1)): 243 nm (6505), 268 nm (5692), 312 nm (2434),
404 nm (17280).

2.3. Synthesis of fac-[Re(chrs)(CO)3Br] (10)

The ligand chrs (65.3mg, 246 mmol) was added to [Re(CO)5Br] (100mg,
246 mmol) in 20 cm3 of dry toluene. The resultant mixture was heated at
reflux temperature under an inert N2 atmosphere for 4 hours. A dark green
precipitate was filtered and dried overnight in a desiccator. This precipitate
was dissolved in dichloromethane and layered with n-hexane from which
yellow parallelogram-shaped crystals grew after five days. Yield: 72%. M.P:
286.4–289.2 �C. IR (�max/cm

�1): v(O–H) 3318 w, v(C�O)fac 2020 and
1878 s, v(C¼O) 1632m, v(C¼N) 1557m. 1H NMR (303K ppm–1): 9.95
(br s, 1H, OH), 9.42 (s, 1H, H1), 8.56 (s, 1H, H6), 8.32 (d, 1H, H8), 8.14
(t, 1H, H9), 8.01 (d, 1H, H11), 7.69 (t, 1H, H10), 7.28 (d, 1H, H5), 7.13
(t, 1H, H4), 7.00 (d, 1H, H2), 6.89 (t, 1H, H3). UV–Vis (DMF, kmax (e,
M�1 cm�1)): 242 nm (17248), 260 nm (14836), 284 nm (16824), 320 nm
(12429), 395 (12042). Conductivity (DMF, 10�3 M) ¼
8.64 X�1 cm�2 mol�1.

2.4. X-ray crystallography

The X-ray data for the metal complex 10 was recorded on a Bruker Apex
Duo equipped with an Oxford Instruments Cryojet operating at 100K and
an Incoatec microsource operating at 30W power. Crystal and structure
refinement data are given in Table 1 and selected bond lengths and angles
for 10 are given in Table 2. The data were collected with Mo Ka
(k¼ 0.71073Å) radiation at a crystal-to-detector distance of 50mm.
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The following conditions were used for the Bruker data collection: omega
and phi scans with exposures taken at 30W X-ray power and 0.50� frame
widths using APEX2.[17]. The data were reduced with the program
SAINT[17] using outlier rejection, scan speed scaling, as well as standard
Lorentz and polarization correction factors. A SADABS[17] semi-empirical
multi-scan absorption correction was applied to the data.[18] Direct meth-
ods, SHELXS-97[19] and WinGX[20] were used to solve the structure. All
non-hydrogen atoms were located in the difference density map and
refined anisotropically with SHELXL-97.[19] All hydrogen atoms were
included as idealized contributors in the least squares process. Their posi-
tions were calculated using a standard riding model with C–Haromatic dis-
tances of 0.93Å and Uiso¼ 1.2 Ueq.

2.5. UV–Vis DNA binding titrations

CT–DNA was prepared in PBS at a pH of 7.2 and the DNA binding stud-
ies of the metal complexes were carried out in MeOH. The DNA solution
afforded a ratio of UV absorbance at 260 and 280 nm of approximately
1.9:1 which indicates that the DNA was sufficiently free of protein.[21]

Table 2. Selected bond lengths [Å] and bond angles [�] for 10.
Re–C18 1.912(4) C20–Re–O2 173.5(1)

Re–C19 1.908(3) C19–Re–Br 174.2(1)
Re–C20 1.915(4) O2–Re–N 84.2(1)
Re–Br 2.6327(5) C13–O6 1.361(5)
Re–O2 2.136(2) C19–O4 1.151(5)
Re–N 2.186(3) C8–O2 1.257(4)
C18–Re–N 178.4(1)

Table 1. Crystal data and structure refinement data for compound 10.
Chemical formula C19H11NO6ReBr

Formula weight 615.40
Temperature (K) 100
Crystal system Monoclinic
Space group P21/n
Unit cell dimensions (�Å, �) a¼ 7.4735(4)

b¼ 14.4084(7)
c¼ 16.4626(7)
b¼ 96.997(3)

V (Å3) 1759.51(15)
Z 4
Density (calc.) (Mg m–3) 2.32
Absorption coefficient (mm–1) 9.22
F(000) 1160
h range for data collection (�) 1.9-26.4
Index ranges �8/6; -18/17; -20/20
Reflections measured 14593
Observed data [I> 2r(I)] 2947
Data/restraints/parameters 3339/0/256
Goodness of fit on F2 1.050
R, wR2 0.0200, 0.042
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In addition, the CT–DNA concentration per nucleotide was determined
by UV absorption spectroscopy using the molar absorption coefficient
(e260¼6600M�1 cm�1).[21] The resultant stock DNA solution was stored at
a temperature of 4 �C and used within 2 days after preparation.
Furthermore, the respective metal complexes and CT–DNA solutions were
incubated for 24 hours at 25 �C prior to any UV–Vis measurements.[22]

The UV–Vis spectra were attained for a solution of metal complex (of
known concentration in methanol) with varying nucleotide concentrations
(0–200 lM) in PBS. The data attained from the absorption titration experi-
ments were fitted to the following equation to obtain the intrinsic binding
constant (Kb):

DNA½ �
ea � efð Þ ¼

DNA½ �
eb � efð Þ þ

1
Kb eb � efð Þ :

In this equation, [DNA] is the concentration of DNA in base pairs, ea is
the extinction coefficient of the observed absorption band at the given
DNA concentration (corresponds to Aobs/[complex]), ef is the extinction
coefficient of the complex free in solution, and eb is the extinction coeffi-
cient of the complex when fully bound to DNA. A plot of [DNA]/[ea – ef]
versus [DNA] gave a slope 1/[ea – ef] and Y intercept equal to 1/
Kb[eb – ef]. The intrinsic binding constant (Kb) is estimated to be the ratio
of the slope to the intercept.[22]

2.6. Gel electrophoresis

A Bio-Rad ExperionTM Automated Electrophoresis System was used to per-
form the CT gel electrophoresis study using the reagents and supplies from
a Bio-Rad DNA 1K kit. The system consists of the ExperionTM electro-
phoresis, priming and vortex station. CT–DNA (2mM, prepared in the
same manner as for the DNA binding titrations) and the metal complexes
(at different concentrations) were incubated at room temperature, 24 hours
prior to analysis.

2.7. Computational studies

Computational calculations were conducted with GAUSSIAN 09W.[23]

Geometry optimizations of the metal complexes were achieved through
DFT calculations using the B3LYP functional, with an accompanying
hybrid basis set viz. the 6-311Gþþ (d, p) basis set was applied to all the
nonmetal atoms and the LANL2DZ basis set, which makes use of effective
core potentials, applied to the metal centre.[24,25] The use of these computa-
tional settings was validated by the reasonable agreement between the
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optimized and geometrical parameters. The minor deviations are attributed
to the fact that gas phase optimized structures do not account for nonclass-
ical hydrogen bonding interactions or any short distance contacts.
Furthermore, the lack of any negative Eigen values in the frequency calcu-
lations confirmed that the optimized structures are at a global minima on
the potential energy surfaces.[26] Molecular docking simulations were car-
ried out using the optimized structures and the programme Patchdock Beta
version 1.3. Molecular interactions were refined using Firedock[27] and vis-
ualizations were adapted through YASARA View.[28] The B–DNA structure
(LOX) (PDB ID: 1F8N) was obtained from the Protein Data Bank and all
water molecules were removed prior to the docking procedure.

3. Results and discussion

3.1. Synthesis and characterization of fac-[Re(chrs)(CO)3Br] (10)

The equimolar coordination reaction between chrs and [Re(CO)5Br]
afforded an octahedral rhenium(I) complex, fac-[ReI(CO)3Br(chrs)]. In con-
trast to the intra-ligand cyclization observed for the Hbcp and Hbzp chro-
mone Schiff bases in the formation of 5 and 6, the chrs chelator of 10
remained intact and coordinated as a neutral bidentate chelator via its
NiminoOketonic donor set. The compound is soluble in an array polar sol-
vents such as alcohols, water, chlorinated and high-boiling point aprotic
solvents. In addition, a low-molar conductivity value is observed due to
this metal complex’s charge neutrality.
The proton NMR spectrum of 10 shows well-resolved signals, which

emphasizes the diamagnetic nature of the d6 metal centre and are compar-
able to analogous signals found in the proton NMR spectrum of its free-lig-
and. In particular, broad OH singlets found at 8.16 and 9.95 ppm for ligand
chrs and 10 (Figure S1) respectively, confirm that no cyclization of chrs
took place upon coordination. Similarly, the shift of Schiff base singlet
(found within a multiplet for chrs at 6.92–6.99 ppm) in comparison to 10
(9.42 ppm) is indicative of rhenium(I) coordination through the Nimino

atom which further infers that no cyclization took place. The IR spectra for
10 are dominated by intense bands of the facial tricarbonyl co-ligands
between 2020 and 1878 cm�1. All the other bands associated with the chro-
mone and heterocyclic moieties of 10 are found at medium intensity
between 1639 and 1557 cm�1 (Figure S2).
In the UV–Vis spectrum, three absorbance maxima observed between 0

and 350 nm for 10 are ascribed to intraligand p–p� transitions whereas the
electronic transition at 395 nm is ascribed to a ligand-to-metal charge
transfer band. For 10, (Figure S3) the diffusion controlled processes at
Epa¼0.02 and Epc¼–0.87V are best described as a ligand induced oxidation
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and reduction respectively, see Figure S4. The redox process at –1.12V is
tentatively attributed to a Re(I/0) reduction which falls within range for
that of other tricarbonyl rhenium(I) compounds (–0.98 to –1.26V versus
AgjAgCl) and an irreversible Re(I/II) oxidation process is observed
at 0.80V.[29]

3.2. Crystal structure of fac-[Re(CO)3(chrs)Br] (10)

Compound 10 crystallizes out as a monomeric, neutral compound, see
Figure 2. Four molecules of 10 occupy an asymmetric unit cell with a
P21/n space group. The Re–CO [1.906(3)–1.915(4) Å] and Re–Br
[2.6327(5) Å] bonds within the coordination sphere are typical of
facial tricarbonylrhenium(I) compounds, e.g. fac-[Re(CO)3Br[(2-
pyridylmethyl)NH2]], fac-[Re(CO)3[(2-pyridylmethyl)2NH]]Br and their
derivatives [Re–CO: 1.904(6)–1.927(4) Å, Re–Br: 2.618(1)–2.6462(7) Å].[30]

The Re–Oketonic bond length of 2.136(2) Å compares well with that of 7
[2.147(2) Å][15] while the Re–Nimino [2.186(3) Å] bond distance is within
range found for other rhenium(I) Schiff base compounds
[2.144(4)–2.194(5) Å].[31] Furthermore, the constrained O2–Re–N bite
angle [84.2(1)�] induces non-linearity of the equatorial [C18–Re–N:
178.4(1)� and C20–Re–O2: 173.5(1)�] and axial [C19–Re–Br: 174.2(1)�]
bond angles.
The deviation of the latter is further influenced by classical intramolecu-

lar hydrogen bonding [O6–H���Br ¼ 2.5508(4) Å]. In addition, this hydro-
gen-bonding allows the chromone and phenol planes to lie almost perfectly
perpendicular to each other (88.47�). Hybridization of the C–O bonds are
clearly depicted when comparing the C13–O6 single bond length
[1.361(5) Å] to the double bond C8–O2 [1.257(4) Å] and the carbonyl tri-
ple bond C19–O4 [1.151(5) Å]. In addition, the molecules pack along the

Figure 2. An ORTEP view of compound 10 showing 50% probability displacement ellipsoids
and the atom labeling.
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[b]-axis due to short contacts between adjacent phenol moieties
[3.156(5)–3.382(4) Å] and adjacent Cimine���O3 atoms [3.079(4) Å] of neigh-
bouring molecules.

3.3. DNA interaction studies of pyrimidine Schiff base rhenium
compounds 1–3

Gradual electronic spectral changes upon the addition of increasing
amounts of DNA is one of the most common methods used to determine
the binding mode and extent of the interaction between inorganic or
organic compounds with DNA. Upon the addition of CT–DNA, the
absorption intensity of a metal complex may increase (hyperchromism),
decrease (hypochromism) or cause a red-shift in absorption wavelength of
a selected peak maximum (bathochromism). In general, hypochromism
accompanied with bathochromism is associated with an intercalative bind-
ing mode of metal complexes in the DNA helix and involves a strong
p!p� stacking interaction between aromatic chromophores and the base
pairs of DNA.[32,33] The DNA titration spectra for 1, 2 and 3 are similar in
that they each display hypochromism (between 15 and 20%) with zero or
negligible bathochromic effects (1: 0%, 2: 0%, 3: 0.3%), see Figures 3, 4 and
S5. The data were consistent for compounds of a DNA groove-binding
nature e.g. the groove-binding metal complex, fac-[Re(CO)3(phendione)Cl]
{phendione ¼ 1,10-phenanthroline-5,6-dione} which exhibits hypochrom-
ism (albeit 30%) and a negligible shift in absorption maximum wave-
length.[22] In addition, the binding constants (Kb values) were calculated
using the linear plot insets of [DNA]/[ea�ef] versus [DNA]. Kb was found

Figure 3. The overlay UV–Vis absorption spectra of compound 1. The dashed line indicates
complex 1 free of any DNA and the hypochromic effect (indicated by the arrow) is due to pro-
gressive increments of a 2mM CT–DNA solution.
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to be 1.01 (± 0.42)�03 M�1, 1.17 (± 0.32)�103 M�1 and 2.75 (±
0.78)�105 M�1 for 1, 2 and 3, respectively. This compares well with litera-
ture metal complexes containing multidentate Schiff base ligands
(103 M�1>Kb>106 M�1).[34–37]

Molecular docking is a well-established computational technique for pre-
dicting the best interaction between a metal complex and DNA to form a
new DNA–metal complex conjugate of lowest possible energy.[38] Relatively
smaller molecules tend to interact with the DNA minor groove due to
minute steric interferences and generally the lowest energy metal
complex–DNA adducts arises from metal complexes with freely rotational
aromatic rings. Furthermore, these metal complexes can orientate to the
curvature of the groove while displacing water molecules.[39] Molecular dock-
ing simulations conducted on 1–3 corroborated their experimental CT–DNA
binding modes where computationally, all three metal complexes exhibit
groove binding: 1 docks within the major groove of B–DNA (nucleotide
base pairs: AT, AT, TA, TA, CG) and the other two metal compounds dock
within the minor groove (nucleotide base pairs: GC, CG, GC). These metal
compounds have lowest calculated global energies of –39.48, –47.65 and
–40.03 kJ mol�1, respectively (Figures 5, S6 and S7). The adducts of 2 and 3
with B–DNA are largely stabilized by hydrogen bonding: between the brom-
ide co-ligand and guanine amine for 2 and the axial tricarbonyl co-ligand
and a phosphate oxygen atom for 3. This affords similarity between the con-
figurations of the rhenium(I) compounds 2 and 3, where both Schiff base
chelators interact with the hydrophobic B–DNA interior and their more
polar tricarbonyl moieties with the hydrophilic phosphate backbone.
As expected, compound 1 has a larger calculated van der Waals radius

(8.798Å) from its geometric centre in comparison to 2 and 3 (radii of

Figure 4. The overlay UV–Vis absorption spectra of compound 2. The dashed line indicates
complex 2 free of any DNA and the hypochromic effect (indicated by the arrow) is due to pro-
gressive increments of a 2mM CT–DNA solution.
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equal size, 7.037Å) with steric hindrance of the bulky PPh3 group rational-
izing its affinity for the major groove of B–DNA instead of the minor
groove. However, literature trends reveals that metal complexes with triphe-
nylphosphines within their coordination spheres can bind within either
the major or minor grooves of B–DNA, like in the case of the series of
silver(I) complexes: [AgCl(PPh3)2(MTZD)], {[AgCl(PPh3)2(MBZT)] and
[AgCl(PPh3)2(CMBZT)] (where MTZD ¼ 2-mercaptothiazolidine, MBZT
¼ 2-mercaptobenzothiazole and CMBZT ¼ 5-chloro-2-mercaptobenzothia-
zole).[40] Further observation of the complex–DNA adduct of 1 reveals
three firm intermolecular hydrogen bonds, arising from the uracil moiety
of Hduo, stabilizes the DNA adduct of 1 and B–DNA in the major groove
including the methyl carbons with thymine Oketone atom (2.356Å) and
guanine ring nitrogen (2.207Å) as well as Oketone with adenine
Namine (2.012Å).
Interestingly, even though the docked structures of 1 and 2 exhibit only

a slightly lower energy than 3, metal complexes 1 and 2 display a substan-
tially lower experimental intrinsic binding constant (Kb) value. This would
suggest that there is a combination of experimental factors for 1 and 2 to
overcome to be able to dock in energetically favourable positions.
Evaluating the structure of the Schiff base chelators for 1 and 2, the uracil
moieties each contain two polar ketone and two non-polar methyl groups.
Thus, in order for the chelating moieties to facilitate groove-binding, the
competitive polarity interactions must breach analogous interactions found
within the interior and exterior of the CT–DNA double helix.

Figure 5. Docked position of 3 bound to the minor groove of B–DNA: ball and stick view (left)
and DNA molecular surface view (right).
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A gel electrophoresis study was conducted to evaluate whether the
groove-binding metal complexes induce DNA cleavage, see Figure 6. In
comparison with CT–DNA only (Lane 1), it is seen that the cleaving ability
of all three metal compounds correlate with increasing compound concen-
tration. At the highest concentrations (Lanes 4, 7 and 10) compounds 1
and 3 display a similar activity, greater than that of 2. This suggests that 1
and 3 are able to produce more DNA damaging reactive oxygen species
than that of 2. DNA fragments greater than 1500 bp are observed for 1–3
as CT–DNA contains DNA chains far greater in length than the limit of
detection in this study.[41]

3.4. DNA interaction studies of benz(imidazole/othiazole) rhenium
compounds 4–6

The overlay electronic spectra of 4–6 indicate no significant structural con-
tusions as implied by the lack of red or blue shifts of peak maxima upon
DNA addition (4: 0 nm, 5: 3 nm bathochromism, 6: 0 nm), see Figures
S8–S10. However, compound 4 displays a substantial hyperchromic shift
(	20%) of the peak at 262 nm which is evidence for the formation of an
adduct between this compound and the double-helical DNA.[42] This type
of shift is further consistent for a metal complex of groove-binding nature,

Figure 6. Lane L: DNA Ladder of known base pair lengths, Lane 1: CT DNA only, Lane 2: DNA
þ 10mM of 1, Lane 3: DNA þ 50mM of 1, Lane 4: DNA þ 100mM of 1; Lane 5: DNA þ 10mM
of 2, Lane 6: DNA þ 50mM of 2, Lane 7: DNA þ 100mM of 2; Lane 8: DNA þ 10mM of 3,
Lane 9: DNA þ 50mM of 3 and Lane 10: DNA þ 100mM of 3.
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as illustrated by cobalt(II) and nickel(II) complexes of salicylaldehyde 2-
phenylquinoline-4-carboylhydrazone (H2L) {[M(HL)(H2O)3](NO3)2 where
M¼Co or Ni}.[43] Compounds 5 and 6 are similar in that they display
hypochromic effects, perhaps as a result from the contraction of DNA
phosphate chains.[44,45]. Although 5 exhibits both properties of an interca-
lative complex, the minor observed red-shift coupled with the large dinu-
clear structure of 5 make this mode of interaction unlikely. Thus
compounds 4–6 are designated as groove-binding compounds and
exhibit binding constants {4: Kb¼2.76 (± 0.94)�105 M�1, 5: Kb¼4.32
(± 0.62)�103 M�1 and 6: Kb¼9.37 (± 0.55)�104 M�1} which are compar-
able with other such metal compounds found in literature (Kb:
5.60� 103–8.72� 107 M�1).[46,47]

Molecular docking studies of 4–6 show that all three metal compounds
bind to the minor groove of B–DNA in the GC, CG, GC, CG region
(Figures S11–S13). Compound 5 displays the highest global energy of the
three compounds (4: –35.06, 5: –28.14 and 6: –47.38 kJ mol�1) primarily
due to its large dinuclear structure (van der Waals radius ¼ 8.078Å).
Flexibility of molecules plays an important role in increasing
molecule–DNA stability as they can orient more easily along the minor
groove.[48,49] The rigidity of 5 may prevent manoeuvrability within the
B–DNA minor groove and could further attest for its lower intrinsic bind-
ing constant. Compound 6 displays two strong bonding interactions:
between its chlorine co-ligand and an outer Ophosphate atom (2.300Å) as
well as a chromone carbon and guanine Namine atom (2.533Å). This bond-
ing pattern results in 6 having the lowest energy of the three compounds.
Compound 5 also exhibits two close contacts: a triphenylphosphine carbon
atom with a guanosine ribose carbon atom (2.694Å) and chlorine co-ligand
with a ribose methyl moiety (2.616Å). Despite the difference in global
energies, compounds 4 and 6 display a similar calculated binding constant
which suggests that there are dynamic factors for 6 to overcome to be able
to dock in its energetically favourable position.[50]

It is common for transition metals to cleave DNA via metal-mediated
radical production.[51] Compounds 4–6 were incubated with CT–DNA to
preliminary assess if the groove-binding compounds are able to cleave
DNA in this manner, which can further provide insight about their
potential cytotoxicities.[52] From the virtual gel stain (Figure 7), it is
seen that all three compounds exhibit substantial DNA cleavage.
Compound 5 displays consistent cleaving ability at all three concentra-
tions whereas compounds 4 and 6 show a positive cleaving correlation
with concentration. Based on the number of dark bands (i.e. high DNA
concentration) in the 0–50 bp region, compound 4 at 100 mM (lane 4)
displays the most significant DNA cleaving ability which insinuates that
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it is able to generate more reactive oxygen species at high concentrations
than 5 and 6.[22,51]

3.5. DNA interaction studies of chromone Schiff base rhenium
compounds 7–10

Compounds 7–10 induce no significant structural damage of the
DNA–helix as indicated by a lack of substantial red or blue shifts of the
peak maxima (see Figures S14–S17). Compounds 7–9 display hypochrom-
ism (7: 8%, 8: 8% and 9: 42%) whereas compound 10 exhibits hyperchrom-
ism (13%) as well as two isosbestic points at 303 and 349 nm. Isosbetic
points are commonly seen in DNA binding titrations but do not infer
binding mode. Typical examples of this phenomenon are observed for the
titrations of octahedral Schiff base iron(II) compounds [Fe(bsal)2]�2H2O
and [Fe(bsas)2]�H2O {bsal ¼ 2-[(E)-(5-bromo-2-hydroxybenzylidene)ami-
no]propanoic acid and bsas ¼ 2-[(E)-(5-bromo-2-hydroxybenzylidene)ami-
no]butanedioic acid} with CT–DNA.[53] Since, 7–10 do not display large
hypochromism coupled with bathochromic shifts (indicative of intercal-
ation), they are assigned as DNA groove-binding in nature. With reference
to 10, another molecule that exhibits hyperchromism and assigned as a
groove binding compound is 3,5,6-trichloro-2-pyridinol.[54] Furthermore,
the calculated Kb values of 4.22 (± 0.38)�104 M�1, 2.21 (± 0.46)�105 M�1,

Figure 7. Lane L: DNA Ladder of known base pair lengths, Lane 1: CT DNA only, Lane 2: DNA
þ 10mM of 4, Lane 3: DNA þ 50mM of 4, Lane 4: DNA þ 100mM of 4; Lane 5: DNA þ 10mM
of 5, Lane 6: DNA þ 50mM of 5, Lane 7: DNA þ 100mM of 5; Lane 8: DNA þ 10mM of 6,
Lane 9: DNA þ 50mM of 6 and Lane 10: DNA þ 100mM of 6.

14 M. B. ISMAIL ET AL.



2.04 (±0.51)�105 M�1 and 1.96 (±0.25)�103 M�1, for 7–10, respectively,
are well within the range of magnitudes previously described (Figure S18).
The relatively small rhenium(I) and -(V) complexes 7–10 [vdW radius

wrt. geometric centre ¼ 7.838Å (for 7), 8.123Å (for 8), 8.959Å (for 9) and
7.994Å (for 10)] makes this class of compounds groove-binding favourable
(Figures 8, 9, S19 and S20). Compounds 7, 8 and 10 interact with the
minor groove of B–DNA within the AT, AT, GC, CG, GC, CG region
whereas 9 docks within the major groove of the same region. All four com-
pounds display high affinities for DNA based on their global lowest ener-
gies (7: –56.21, 8: –59.72, 9: –45.84, 10: –47.47 kJ mol�1) which supports
the moderate to high Kb values attained during the experimental CT–DNA
binding titrations. The structurally similar rhenium(I) compounds 7 and 10
indicate that the chromone moieties interact with the inner hydrophobic
region of B–DNA and the metal carbonyls form hydrogen bonds with the
hydrophilic phosphate backbone between 2.444 and 2.467Å. In addition,
compound 9 shows the higher energy than the other three compounds
owing to its larger size and weaker interactions: it is stabilized by just a sin-
gle hydrogen bond between a uracil Oketone atom and phosphate oxygen
atom (2.106Å) whereas 7, 8 and 10 each display at least two stabilizing
hydrogen bonds (2.168–2.467Å). Furthermore, compound 8 displays a
unique square pyramidal geometry whereby the axial mono

Figure 8. Docked position of 7 bound to the minor groove of B–DNA: ball and stick view (left)
and DNA molecular surface view (right).
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oxorhenium(V) core orientates away from the hydrophobic B–DNA inter-
ior with the tetradentate ligand moiety fitting along the carbon–phosphate
backbone via numerous van der Waals interactions, resulting in the most
energetically favourable complex–DNA adduct.
The virtual gel stains for compounds 7–10 clearly indicate that this class

of metal complexes can substantially cleave CT–DNA (Figures 10 and 11).
Upon observation of the lowest (0–100) bp regions of each compound, it is
noted that compounds 8 and 10 cleave DNA to a similar extent across all
three compound concentrations. In contrast, there is a visible increase in
DNA cleavage activity upon increased concentration of 7 and 9. The data
suggest that the production of DNA-damaging reactive oxygen species are
more concentration dependent for 7 and 9 and that at highest concentra-
tion (100 mM), all four compounds are able to cleave DNA to a simi-
lar extent.[42]

4. Conclusion

The molecular docking studies provided fascinating insight into the compu-
tational interactions between the metal compounds and B–DNA structure
at the molecular level. Moreover, correlation could be found between the
calculated global energies of the DNA–metal compound adducts and their
experimental intrinsic binding constants. Of significance was the triphenyl-
phosphine-containing rhenium(V) compounds 1, 4 and 9 displaying the

Figure 9. Docked position of 8 bound to the minor groove of B–DNA: ball and stick view (left)
and DNA molecular surface view (right).
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Figure 11. Lane L: DNA Ladder of known base pair lengths, Lane 1: CT DNA only, Lane 2: DNA
þ 10mM of 10, Lane 3: DNA þ 50mM of 10, Lane 4: DNA þ 100mM of 10.

Figure 10. Lane L: DNA Ladder of known base pair lengths, Lane 1: CT DNA only, Lane 2: DNA
þ 10mM of 7, Lane 3: DNA þ 50mM of 7, Lane 4: DNA þ 100mM of 7; Lane 5: DNA þ 10mM
of 8, Lane 6: DNA þ 50mM of 8, Lane 7: DNA þ 100mM of 8; Lane 8: DNA þ 10mM of 9,
Lane 9: DNA þ 50mM of 9 and Lane 10: DNA þ 100mM of 9.
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ability to dock within either major or minor B–DNA grooves. It is also
noted that the CT–DNA cleaving capability of the major groove binding
compounds 1 and 9 do not significantly differ from the minor groove
binding compound 4. In addition, the square pyramidal geometry of the
oxorhenium(V) complex 8 maximizes contact interaction between its tetra-
dentate organic chelator and the B–DNA phosphate backbone, allowing an
extension of the chelator to interact with the B–DNA interior. This
research finding provides new scope for research in designing
oxorhenium(V) complexes with similar chelating ligands whereby the
resultant metal complexes could potentially circumvent the weak computa-
tional B–DNA interactions of these class of rhenium complexes as well as
culminating low experimental intrinsic binding constants. Another interest-
ing molecular docking research finding is with the competitive polarity
interactions of the uracil derivatives (for 1 and 2) to B–DNA which pro-
vides evidence for the low Kb values of 1 and 2. Excluding compound 8,
the rhenium(I) compounds generally display superior affinities for DNA
when compared to the rhenium(V) compounds stemming from their
smaller vdW radii (wrt their geometries) and stronger bonding patterns
between chelating ligands and the hydrophobic DNA interior.
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