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Iridium(in) complexes containing quinoline-appended polypyridyl ligands [Ir(ppy)s(@ip)l™ (1) and [Ir(oha)s(gip)l™ (2)
{ppy = 2-phenylpyridine, bhg = benzolh]lquinoline, Qip = 2(1H)-quinolinone-3(1H)-imidazol[4,5][1,10]-
phenanthrolin-2-yl} have been synthesized and characterized. The structure of complex 2 has been
determined by single crystal X-ray crystallography. The experimental photophysical properties of the
complexes have been compared with the theoretically obtained results by density functional theory (DFT)
and time-dependent density functional theory (TD-DFT) studies. The HOMO of the complexes is mainly
localized on the iridium atom while the LUMO is mainly localized on the proximal position of the N-N
donor polypyridyl ligand and the LUMO+1 is localized on the distal portion of the N—N donor polypyridyl
ligand. The binding of complexes to double-stranded calf thymus DNA (CT-DNA) has been investigated
by absorption and emission spectroscopic techniques. The electrophoretic mobility shift assay of plasmid
DNA in the presence of complexes shows DNA aggregation at micro-molar concentration. These complexes
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Introduction

Transition metal complexes that interact with DNA have
attracted attention from researchers due to their applications
such as structure probes, footprinting agents, sequence-specific
binding, gene engineering and in drug development.'™ These
coordination complexes lead to varied series of reactivities/
properties due to their variable geometry and coordination number,
and different redox, kinetic and thermodynamic properties.
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have low toxicity and their strong intracellular luminescence highlights their potential as theragnostic agents.

Encouraged by the serendipitous discovery and clinical success
of the potent anticancer agent cis-platin,® research into transition
metal complexes that interact with DNA has flourished.

The luminescent d® metal-ion complexes based on ruthenium
that bind to DNA through intercalation have been particularly
well studied."®™® Concurrently, the coordination chemistry of
another d° transition metal ion It has been rapidly developing.
Iridium(mr) cyclometalated complexes have been in the spot light
due to their photoluminescence color tunability, photo-stability
and high quantum yields leading to optical applications such as
sensors,'*'® organic light emitting diodes,"*™* and biomedical
imaging.>*>® The excellent photo-stability of iridium complexes
and their good cell permeability along with high quantum yield
make them attractive alternatives to fluorescent organic dyes for
bio-imaging and labelling.*>** The electronic and steric properties
of the iridium(m) complexes can be easily tuned by modifying the
ligands leading to a range of geometries useful for providing added
chemical planetary about the active sites of enzymes and proteins.
In addition to the anticancer activity of iridium complexes, their
high photostability, large Stokes shift, and large phosphorescence
life time offer better avenues for designing new therapeutic
molecules.*” Additionally mixing of C, N-donor ligands with N,
N-donor ligands in iridium complexes also leads to better efficacy
against cancer cells****™*° by increasing the electron density at the
iridium center and making it labile.
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Scheme 1 The synthetic route for the synthesis of complexes 1 and 2.

Due to the good chemical stability, medicinal properties and
ease of synthetic modifications, quinoline derivatives represent
an important class of compounds in drug and material
chemistry.*’** Many biologically active compounds contains
the quinoline moiety. A number of quinoline based compounds
have antifungal, cardiotonic, antibacterial, antimalarial, anti-
inflammatory, and antiprotozoic properties as well as antineo-
plastics acitivity.*** Additionally, quinolines with high fluorescent
quantum yields have been used as fluorescent probes in chemical
sensors.***

As part of a program to develop metal-complex-based molecules
targeting DNA binding properties, photophysical/imaging
properties, and anticancer activity,>”**>* we have designed and
synthesized quinoline-appended cyclometalated iridium(ur)
complexes [Ir(ppy)>(qip)]" (1) and [Ir(bhq).(qip)]" (2) {ppy = 2-
phenylpyridine, bhq = benzo[#Z]quinoline, Qip = 2(1H)-quino-
linone-3(1H)-imidazo[4,5f][1,10]phenanthrolin-2-yl} (Scheme 1).
Complexes containing different C-N ligands were synthesized to

tune the lipophilicity and cellular uptake efficiency. The molecular
structure of complex 2 is confirmed by single crystal X-ray crystallo-
graphy. The photophysical properties of the complexes were
investigated in different solvents and experimental results were
compared with the theoretical results obtained from DFT and
TD-DFT calculations. The interaction of the complexes with double
stranded calf-thymus DNA (CT-DNA) was explored by spectro-
scopic techniques. The condensation of DNA by the complexes is
studied by electrophoretic mobility studies. The cytotoxicity of the
complexes against HeLa cell lines and subcellular localization of
the complexes within the cells have been investigated.

Result and discussion

Synthesis and characterization

The ligand 2(1H)-quinolinone-3(1H)-imidazo[4,5f][1,10] phenan-
throlin-2-yl (Qip) was synthesized by condensation of 1,10-
phenanthroline-5,6-dione and 2-hydroxy-3-formyl-quinoline in
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Fig.1 ORTEP diagram of 2, bond angles (°): N1-1r1-N2 = 78.0(2); N7-Ir1—
C36 = 81.0(2); N6-Ir1-C23 = 81.1(2): bond lengths (A): Irl—- N1 = 2.145(5),
Ir1-N2 = 2.107(6), Ir1-N6 = 2.031(6), Ir1-C23 = 2.075(6), Ir1-N7 = 2.057(5),
Ir1-C36 = 2.021(6).

the presence of ammonium acetate in glacial acetic acid. The
purified ligand is characterized by IR spectroscopy, ESI-MS,
"H-NMR, and "*C-NMR (see the Experimental section).

The iridium(m) complexes 1 and 2 were synthesized by
refluxing Qip with an appropriate mole ratio of the precursor
complex [Ir(C-N),Cl], (C-N = ppy, bhq) in a chloroform and
methanol mixture (Scheme 1). The complexes 1 and 2 were purified
by neutral alumina column chromatography and characterized
by ESI-MS, 'H and "*C NMR, IR and elemental analysis.

Single crystal structure of complex 2

Single crystals of complex 2 were obtained by vapor diffusion of
diethyl ether into the solution of the perchlorate salt of the
complex in dimethylformamide. Complex 2 crystallized in a
triclinic crystal system with the P1 space group. The Oak Ridge
Thermal-Ellipsoid Plot (ORTEP) plot of complex 2 is given in
Fig. 1 along with important bond lengths and angles. The
single crystal structure refinement parameters for complex 2
are compiled in Table 1. The iridium atom within complex 2
had octahedral distortions, with an average bite angle between
two bidentate carbene ligands of 81.0(2)° and polypyridine
ligands of 78.0(2)°, which are similar to those reported for

Table 1 Crystal data and structure refinement parameters for complex 2

Chemical formula 2(C45H20I1N;0)-2(Cl0y)-5(C;H,NO)-(H,0)

M, 2406.35
Crystal system, space group Triclinic, P1

a, b, c(A) 15.9765(7), 19.1257(8), 19.7837(9)
% B, 7 () 107.484(2), 113.614(2), 95.893(2)
v (A% 5108.1(4)

zZ 2

Radiation type Cu Ko

@ (mm™1) 6.09

Diffractometer Bruker X8 Proteum

Absorption correction Multi-scan SADABS

Rine 74726, 16 741, 14 835

(Sin @/ max (A7) 0.059

R[F* > 2s(F%)], wR(F?), S 0.051, 0.148, 1.04

No. of reflections 16741

No. of parameters 1364

H-atom treatment H-atom parameters constrained
Pmaxs Dprnin (e Ais) 2'39) —0.93
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Fig. 2 Packing diagram of complex 2 showing the dimer formed by
intermolecular hydrogen bonding involving cations and solvent molecules.

similar type complexes.>” Complex 2 gets stabilized via inter-
molecular hydrogen bonding involving solvent molecules and
cations leading to “dimer” formation (Fig. 2).

Photophysical properties

The UV-visible spectra of iridium complexes 1 and 2 recorded in
dichloromethane at room temperature are given in Fig. 3a.
Both the complexes showed intense intraligand (IL) transitions
(t —» m*) at approximately 220-350 nm. The less intense
absorption shoulder at 350-420 nm is assigned to the spin
allowed metal to ligand transitions (MLCT) by similarities with
other reported systems.*”>>

On excitation at 370 nm, complexes 1 and 2 emit green-
orange fluorescence centered around 560 nm (Fig. 3b). The
solution state emission by complexes 1 and 2 arises from
SMLCT (dr(Ir) — m*) excited states.’® In dichloromethane
complexes 1 and 2 have a quantum yield of 0.126 and 0.134
respectively at room temperature (Table 2). Both the complexes
have a lower emission quantum yield in a more polar solvent
such as acetonitrile than the less polar CH,Cl, solvent, which is
similar to the observations reported for the cyclometalated
iridium(m) MLCT emitting complexes.”****” The lower quantum
yield of the complexes in a more polar solvent such as acetonitrile
is due to the hydrogen-bonding interaction between the N-H
groups of the diamine ligand and protic solvent molecules.>®

Electronic structure calculations

Density Functional Theory (DFT) and Time-Dependent Density
Functional Theory (TD-DFT) calculations of complexes 1 and 2
were studied in the dichloromethane solvent. The optimized
structures of complexes 1 and 2 in the ground state (Fig. S5,
ESIT) agree well with the single crystal X-ray data. Selected MOs
of complexes 1 and 2 are given in Fig. 4 and Fig. S6 and orbital
contributions are given in Table S2 (ESIt). The energy level diagram
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Fig. 3 (a) Absorption and (b) emission spectra of complexes 1 and 2 in

dichloromethane (10 uM).

Table 2 Photo-physical properties of complexes 1 and 2

Emission
Absorbance ;"emb ¢emc )vem (Ibemc
Jmax/e M em ™!
(Dichloromethane)

Complex” transitions (Dichloromethane) (Acetonitrile)

1 233/42 000, 259/47 700 558 0.126 466  0.029
296/31200, 339/20 600
379/24 300

2 232/56 500, 255/49 100
292/26 700, 338/23 000

378/23700

563 0.134 562  0.006

“[1r] = 10 (+0.2) uM. ? Emission maxima. ¢ ¢ = emission quantum yield
excited at 370 nm, error limit: Ay = £2 nm, Aoy, = +2 nm, ¢ = +5%.
Relative quantum yield compared to [Ru(bpy);]** ¢ = 0.028 in aerated
aqueous solution.”” The quantum yield values are corrected for the
refractive index of the solvent according to ref. 40.

of molecular orbitals of complexes 1 and 2 is given in Fig. 5. The
HOMO is localized on the iridium atom with some contribution
from C-N ligands, while the HOMO—1 is mainly centered on the
N-N polypyridyl ligand. The LUMO, LUMO+1, and LUMO+2 are
located on the N-N polypyridyl ligand. The LUMO is mainly localized
on the proximal position of the N-N donor polypyridyl ligand, while
the LUMO+1 is localized on the distal portion of the ligand.

The electronic spectra of complexes 1 and 2 (Fig. 6) simulated
by TD-DFT agree relatively well with the experimental results. The
observed low energy band at 375 nm for complex 1 originates
from HOMO—1 — LUMO+1 (67.9%), HOMO—2 — LUMO (21%),
and HOMO — LUMO+4 (3.27%) and the observed low energy
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Fig. 5 The energy of the orbitals (in eV) for complexes 1-2 relative to the
HOMO of the respective molecules.
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Fig. 6 TD-DFT calculated absorption spectra of complexes (a) 1 and (b) 2.

band at 375 nm for complex 2 corresponds HOMO—-1 —
LUMO+1 (89.2%), and HOMO—2 — LUMO+1 (3.79%).
Biological properties

Before biological studies, the integrity of the complexes in
water was investigated by UV-vis spectroscopy. The UV-visible
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spectra of complexes recorded in water (containing 5% DMF)
after dissolving immediately and after 24 h of dissolving did
not show any significant changes confirming the stability of the
complexes in water.

UV-Visible spectral titration

The UV-visible titration experiment is one of the widely used
methodologies to study the interaction of synthetic molecules
with DNA.**>%%7! Iridium complexes 1 and 2 exhibited hypo-
chromism upon addition of double-stranded calf thymus DNA
(CT-DNA). The absorption spectra of complexes 1 and 2 upon
addition of CT-DNA are shown in Fig. 7. Hypochromism of
40% and 16% was observed for complex 1 and 2 respectively
at 380 nm indicating strong interaction of the complexes with
CT-DNA.

The data obtained from the UV-visible titration experiments
have been fitted with eqn (2) (Experimental section of ESIf) to
estimate the intrinsic binding constants of complexes 1 and 2.
The intrinsic binding constants of complexes 1 and 2 were
determined to be 3.92 x 10* M ! and 1.52 x 10* M~ ! (error
limit +5%) respectively. Lower binding constants suggest partial
intercalation binding modes of complexes. The DNA binding
constants of complexes 1 and 2 are comparable to that of the
[ir(ppy)2(dppz)]" complex (K, = 2.0 x 10" M™"),*® but smaller than
that of the well-known DNA intercalator [Ru(bpy).(dppz)[**
complex (K, = 4.0 x 10° M~").”*> The lower binding constants
of the complexes used in the present study compared to the
[Ru(bpy),(dppz)]** complex may be due to the lower cationic
charge of complexes 1 and 2.

Emission titration studies

Further, the DNA binding properties of complexes 1 and 2 have
been confirmed by emission titration experiments. The spectral
changes in the emission spectra of complexes 1 and 2 upon
addition of CT-DNA are shown in Fig. 8. The emission enhancement
upon addition of CT-DNA was ascribed to the partial intercalation
binding mode of iridium complexes 1 and 2 with CT-DNA. At higher
concentrations of complex and CT-DNA the DNA condensates start
precipitating as yellow threads. The fluorescence microscopy images
of CT-DNA condensates are given in Fig. S7 (ESIt).

Electrophoretic mobility shift assay

Further, the interaction of complexes with plasmid pBr322 DNA
was studied by electrophoretic mobility shift assay.*®*° In the
presence of complexes 1 and 2 DNA cleavage was not observed
but retention of the DNA in the loading wells was observed
(Fig. 9). The retention of DNA in the loading wells is due to
the aggregation or condensation of DNA in the presence of
complexes.’””">> At higher concentration of complexes, complete
condensation of DNA was observed. The condensation of DNA
in the presence of complexes may be due to the intermolecular
n---m contacts in the DNA-bound complexes, which lead to
the collapse of part of DNA strands and initiate nucleation
points for DNA condensation as observed in some of the
reported ruthenium complexes.”*> DNA condensation is one of
the major requirements to transport therapeutic genes into the
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Fig. 7 Changes in the absorption spectra of complexes with increasing con-
centrations of CT-DNA (0-80 uM) (0.2 M phosphate buffer, pH 7.2) (a) 1 (10 pM),
and (c) 2 (10 uM); (b and d) fitting of absorption data at 375 nm of complexes
used to obtain the binding constants of complexes 1 and 2 respectively.
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Fig. 9 Agarose gel (1%) electrophoresis of pBR322 DNA, [complex] = 5-80 uM,
[DNA] = 200 ng, incubation 30 min at 37 °C, TBE buffer (40 mM Tris-acetate,
1 mM EDTA). Percentage of DNA band in control lane: NC 12.7%; linear 15.8;
SC 68.1

host cells to replace defective genes in the gene therapy
process 37,48,49,74,75

Cytotoxicity studies

The cytotoxicity of cyclometalated complexes 1 and 2 towards
HeLa cells was examined by MTT assay. The dose-dependent
cytotoxicity of the complexes towards HeLa cells after treatment
of 48 h is shown in Fig. 10. The ICs, values of complexes 1 and 2
are 60 g mL~ ', which are on the same order of magnitude as
the other reported iridium complexes. At a lower concentration
range from 10-30 uM, these complexes exhibit low toxicity and
can be further studied for their cellular imaging properties.
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Fig. 10 Cytotoxicity evaluation of complexes 1 and 2 against the Hela
cell line. The cell viability was measured after 48 h by MTT assay, each data
point represents the mean of three separate experiments.

Cellular uptake studies

Both the complexes are luminescent and exhibit low toxicity at
the lower concentration range, so their cellular imaging ability
was evaluated by fluorescence microscopy. For fluorescence
microscopy studies HeLa cells were incubated with 10 uM of
complexes for 1 h and then viewed under high resolution
fluorescence microscopy; both the complexes accumulated
throughout the cells (Fig. 11). Even localization of the complexes
was observed throughout the cells without giving any preference
to the nucleus.

Conclusions

In summary, two mononuclear iridium(m) complexes containing
quinoline-appended ligands have been synthesized and character-
ized. Complex 2 has been characterized by single crystal X-ray
structure determination. As per DFT calculations, the HOMO is
localized mainly on iridium centers with some contribution from
CN ligands and the LUMO is localized on the NN donor polypyridyl
ligand in both the complexes. These complexes strongly interact
with CT-DNA having a binding constant of the order of 10° M.
Both the complexes are less toxic to HeLa cells at lower concentra-
tions. Further, fluorescence microscopy studies show that these
complexes accumulate throughout the cell. These complexes have
low toxicity and their strong intracellular luminescence highlights
their potential as theragnostic agents.

Experimental section
Synthesis

1,10-Phenanthroline-5,6-dione”® was synthesized according to
the literature. The iridium precursor complexes [Ir(ppy),Cl], and
[ir(bhq),CI], were prepared according to the reported procedure.”’

2(1H)-Quinolinone-3(1H)-imidazo[4,5f][1,10]phenanthrolin-2-yl
(Qip)

1,10-Phenanthroline-5,6-dione (0.60 g, 2.85 mmol), 2-hydroxy-3-
formyl-quinoline (0.494 g, 2.85 mmol) and ammonium acetate

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018 New J. Chem., 2018, 42, 16846-16854 | 16851
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Fig. 11 High resolution fluorescence microscopy images of Hela cells incubated (1 h) with 10 uM of (a) complex 1 (b) complex 2.

(2.20 g, 28.5 mmol) were added to glacial acetic acid (20 mL)
and refluxed for 6 h. The solution was cooled to room temperature
and neutralized by liquid ammonia. The yellow precipitate formed
was filtered and washed with water. The crude product obtained
was purified by recrystallisation in methanol. Yield: 0.72 g (69%)
'"H NMR (DMSO-dg, 400 MHz, 30 °C) § = 7.30 (t, 1H), 7.47 (d,
1H),7.62 (t, 1H), 7.81 (m, 2H), 7.99 (d, 1H), 9.03 (dd, 3H), 9.10 (d,
2H); IR (ecm %) 2922, 1716, 1651, 1601, 1578, 1477, 1213 ESI-MS:
(m/z), (%) positive mode: 364 (M + HJ'); anal. caled for
C,,H13N50; C, 72.72; H 3.61; N 19.27 found: C, 72.61; H 3.54;
N 19.17.

[Ir(ppy)2(gip)]Cl (1)

A suspension of precursor complex [Ir(ppy),Cl], (150 mg,
0.139 mmol) and Qip (101 mg, 0.278 mmol) in 40 mL methanol:
chloroform (40 mL) was refluxed for 24 h under a nitrogen
atmosphere in the dark. The reaction mixture was cooled and
evaporated to dryness. The crude product obtained was purified
by column chromatography on neutral alumina using acetoni-
trile : methanol (3:1). The orange yellow band was collected and
evaporated to get the pure compound. Yield: 180 mg (71%)
'"H NMR (DMSO-dg, 400 MHz, 30 °C) 6 = 6.27 (d, 2H), 6.91 (m,
2H), 6.99 (m, 4H), 7.17 (m, 3H), 7.44 (m, 2H), 7.51 (d, 2H), 7.82
(m, 3H), 7.94 (m, 4H), 8.09 (t, 2H), 8.23 (d, 2H), 8.93 (s, 1H), 9.22
(d, 2H); *C NMR (DMSO-d, 100 MHz, 30 °C) § = 120.40, 120.51,
122.88, 123.20, 124.37, 125.60, 127.28, 130.77, 131.75, 132.06,
133.12, 139.21, 139.75, 144.56, 144.63, 148.67, 149.68, 150.48,
151.02, 160.90, 167.44; IR (cm™*): 3434, 3049, 2922, 1742, 1657,
1607, 1580, 1478, 1218, 785; ESI-MS: (m/z, (%) positive mode):

864.2 (100%) ([M — CIJ"); anal. caled for C44H,oN;CIOIr; C, 58.76;
H 3.25; N 10.90 found: C, 58.64; H 3.17; N 10.63.

[ix(bhq)(qip)]Cl (2)

The synthesis and purification of 2 was similar to that of 1
using [Ir(bhq),Cl], (100 mg, 0.085 mmol) and Qip (62 mg,
0.17 mmol). Yield: 102 mg (63%). "H NMR (DMSO-ds, 400 MHz,
30 °C) 6 = 6.27 (d, 2H), 7.19 (m, 4H), 7.41 (m, 4H), 7.52 (t, 4H),
7.81-7.96 ~ (m, 10H), 8.08 (m, 2H), 8.48 (d, 2H), 9.03 (s, 1H);
13C NMR (DMSO-dg, 100 MHz, 30 °C) § = 115.92, 119.49, 120.90,
123.31, 124.77, 127.22, 129.05, 129.69, 130.02, 130.27, 134.26,
138.09, 139.41, 140.86, 149.41, 149.70, 156.91, 160.85; IR (cm ™ *):
3455, 3053, 2925, 1711, 1653, 1605, 1585, 1503, 1419, 1365,
1217, 1113, 783; ESI-MS: (m/z, (%) positive mode): 912.2 (100%)
(M — CI]"); anal. caled for C4gH,oN,CIOIr; C, 60.85; H 3.08;
N 10.35 found: C, 60.74; H 3.01; N 10.03.

Methods and instrumentation

Details of methods/bio-assays used and instruments used in
the present study are given in the ESL
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