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ABSTRACT: A pyrazole-appended quinoline-based 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (L1, BODIPY) has been synthesized and used as a ligand for
the preparation of iridium(III) complexes [Ir(phpy)2(L1)]PF6 (1; phpy = 2-
phenylpyridine) and [(η5-C5Me5)Ir(L1)Cl]PF6 (2). The ligand L1 and
complexes 1 and 2 have been meticulously characterized by elemental analyses
and spectral studies (IR, electrospray ionization mass spectrometry, 1H and
13C NMR, UV/vis, fluorescence) and their structures explicitly authenticated
by single-crystal X-ray analyses. UV/vis, fluorescence, and circular dichroism
studies showed that complexes strongly bind with calf-thymus DNA and
bovine serum albumin. Molecular docking studies clearly illustrated binding
through DNA minor grooves via van der Waals forces and their electrostatic
interaction and occurrence in the hydrophobic cavity of protein (subdomain
IIA). Cytotoxicity, morphological changes, and apoptosis have been explored
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and Hoechst 33342 staining. IC50 values for
complexes (1, 30 μM; 2, 50 μM) at 24 h toward the human cervical cancer cell line (HeLa) are as good as that of cisplatin (21.6
μM) under analogous conditions, and their ability to kill cancer cells lies in the order 1 > 2. Because of the inherent emissive
nature of the BODIPY moiety, these are apt for intracellular visualization at low concentration and may find potential
applications in cellular imaging and behave as a theranostic agent.

■ INTRODUCTION
The successful application of cisplatin and its derivatives in the
treatment of a broad spectrum of cancers has stimulated the
scientific community to develop other metal complexes
exhibiting better anticancer activity.1−6 Despite outstanding
utility, the clinical value of platinum-based drugs is severely
affected by serious side effects like high toxicity, drug selectivity,
and intrinsic and acquired resistance.7−9 To overcome these
problems, metallodrugs containing organometallic moieties,
metallocenes, and half-sandwich complexes have drawn special
attention.1,5,10−16 In this direction, the antiproliferative activity
of some organometallic square-planar iridium(I) complexes,
viz., [Ir(acac)(cod)], [IrCl(cod)]2, etc., has been examined
against various types of cancer.17,18 Although these exhibit
promising antiproliferative activity, their mechanism of action
has not been established with certainty.9 Considering this and
the high stability of iridium(III) complexes, coupled with the
significant structural diversity half-sandwich iridium(III)
complexes, has been fascinating because some of these
exhibited encouraging results. Additionally, it has been
categorically shown that their action involves both an attack
on DNA and a perturbation in the redox status of the cells.19−22

Furthermore, multifunctional theranostic agents have
garnered significant clinical relevance because of their

anticancer potencies besides their luminescent properties.23−26

In this regard, cyclometalated iridium(III) complexes, because
of their high quantum yield, large Stokes shift, long-lived
luminescence, good photostability, and cell permeability, have
attracted the attention of many research groups.27−33,33 In
addition, these enhance the electron density at the metal center
and make it labile along with stabilizing high-valent metal
complexes and augmenting the oxidizing ability via reactive
oxygen species generation, causing cancer cell death.35−37 The
incorporation of an electron-rich pentamethylcyclopentadienyl
moiety can have power over the balance between the
hydrophobicity and hydrophilicity and enhance cellular
uptake.38 It is worth mentioning that cationic iridium(III)
complexes can regulate covalent or noncovalent intercalation/
interactions and augment anticancer activity because of their
specific redox properties.39−46 Thus, numerous half-sandwich
cyclopentadienyliridium(III) complexes containing bidentate
ligands (N^N, N^O, or C^N chelating) have been synthesized
and shown to be extremely effective toward tumor cells.11,47−50

Sadler et al. observed that replacement of the neutral N^N-
donor 2,2′-bipyridine (bpy) by C^N-chelating 2-phenylpyridine
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(phpy) in [(η5-C5Me5)Ir(bpy)Cl]
+ improved its cytotoxic

behavior against A2780 cells.10,49 Also, they have thoroughly
investigated the effect of changes of the negatively charged
C^N-chelating ligand and the nature of diverse cyclo-
pentadienyl groups on the biological properties.11,48,50

Additionally, intercalation of the drugs with a DNA helix
inhibits enzyme replication.51,52 Dipyrrin and its derivatives
(4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, BODIPY) are
known to intercalate between base pairs of DNA and interfere
with the transcription process, which can be exploited in the
design of anticancer drugs.53,54 Further, BODIPY dyes have
been used as potential photodynamic therapeutic agents
because of their ability to generate singlet oxygen.55 Recently,
Lee et al. developed some ruthenium(II), palladium(II), and
iridium(III) metallarectangles containing a BODIPY-based
linker and established that these exhibit highly selective
anticancer activity, strongly interact with DNA and protein,
and also display cellular localization.41,56 We too have prepared
some iridium(III) dipyrrinato complexes possessing diverse
substituents like thioether, ferrocenyl, 2-methoxypyridyl, etc.,
and have shown that these interact with DNA and protein and
exhibit prominent anticancer activity.53,57,58 To develop
efficient anticancer agents based on BODIPY-containing
iridium(III) complexes through this work, we prepared a
novel pyrazole-appended quinoline-based BODIPY (L1) and
utilized it in the synthesis of cationic complexes [Ir-
(phpy)2(L1)]PF6 (1; phpy = 2-phenylpyridine) and [(η5-
C5Me5)Ir(L1)Cl]PF6 (2). Through this contribution, we
present the synthesis and thorough characterization of L1
and cationic iridium(III) complexes 1 and 2. Also, we describe
herein their binding ability with DNA and protein and

cytotoxicity against human cervical cancer cell line (HeLa)
along with possible applications as a theranostic agent.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. A methoxy derivative of
2-chloroquinoline-3-carbaldehyde has been synthesized by
following literature procedures.59 6-Methoxy-2-(1H-pyrazol-1-
yl)quinoline-3-carbaldehyde (A) was prepared by treating a
solution of a quinoline aldehyde (2-chloroquinoline-3-carbalde-
hyde) in toluene with pyrazole under refluxing conditions and
continual stirring (48 h). Aldehyde A reacted with an excess of
pyrrole in the presence of trifluoroacetic acid to afford 5-[6-
methoxy-2-(1H-pyrazol-1-yl)quinoline]dipyrromethane (B).
The synthesis of L1 was achieved from B via a two-step
reaction: first oxidation to the corresponding dipyrrin using 2,3-
dicloro-5,6-dicyano-1,4-benzoquinone and subsequent com-
plexation with boron upon treatment with boron trifluoride
etherate (BF3·Et2O) in the presence of triethylamine (35%
yield; Scheme 1).60 Reactions of the ligand L1 with chloro-
bridged dimeric precursors [(phpy)2Ir(μ-Cl)]2 and [{(η5-
C5Me5)Ir(μ-Cl)Cl}2] in dichloromethane/methanol (1:1)
under stirring conditions (room temperature, 16 h) afforded
cationic complexes 1 and 2 in good yield (70−80%). These
were isolated as their hexafluorophosphate salt by adding a
saturated solution of NH4PF6 in methanol. A simple synthetic
strategy adopted for the preparation of A, B, ligand L1, and
complexes 1 and 2 is shown in Scheme 1.
The complexes under study are unaffected by air and

moisture, soluble in common organic solvents like methanol,
ethanol, acetone, dimethylformamide, dimethyl sulfoxide

Scheme 1. Syntheses of Ligand L1 and Complexes 1 and 2
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(DMSO), acetonitrile, dichloromethane, chloroform, and
water, and insoluble in diethyl ether, hexane, and petroleum
ether. These have been meticulously characterized by
satisfactory elemental analyses and spectroscopic studies
[electrospray ionization mass spectrometry (ESI-MS), 1H and
13C NMR, UV/vis, and fluorescence]. Crystal structures of L1,
1, and 2 have been determined by single-crystal X-ray analyses.
Structures of 1 and 2 have also been optimized theoretically
using geometrical coordinates from their crystallographic data.
NMR Spectral Studies. To affirm the formula, purity, and

integrity of these compounds, 1H and 13C NMR spectra have
been acquired in CDCl3 at room temperature. The resulting
data are summarized in the Experimental Section and the
spectra depicted in Figures S1−S4. 1H NMR spectra of B
display peaks due to methoxy (δ 3.87), meso (δ 6.29), pyrrolic
[δ 5.89, 6.11, 6.70, and 9.07 (br, NH)], aromatic and pyrazole
protons (δ 6.46, 6.99, 7.33, 7.79, 7.88, 8.15, and 8.19). 1H
NMR spectra of L1 show a loss of the resonances due to meso-
subsituted −CH and −NH protons, which suggests its
oxidation and subsequent complexation with the boron center.
The pyrrolic and aromatic protons resonate at their usual
positions with a small downfield shift.61 1H NMR spectra of 1
and 2 display resonances due to BODIPY protons as well as
signals associated with precursor complexes. After complexation
with [(phpy)2Ir(μ-Cl)]2 and [{(η5-C5Me5)Ir(μ-Cl)Cl}2], the

BODIPY proton resonances exhibit a downfield shift relative to
free BODIPY. Moreover, protons due to the metal precursor
exhibit an upfield shift in the complexes relative to precursors
[{(phpy)2Ir(μ-Cl)}2 and {(η5-C5Me5)Ir(μ-Cl)Cl}2]. The rela-
tive shifts and intensities of the ligand and η5-bonded
hydrocarbon protons affirm the coordination of BODIPY
with the metal center and formation of the complexes. In an
analogous manner, 13C NMR spectral data of 1−2 further
support the formation of these complexes.

Mass Spectral Studies. The composition and stability of
L1 and complexes 1 and 2 were investigated by ESI-MS (Figure
S5). In its mass spectrum, L1 displays a molecular ion peak at
m/z 438.1351 (calcd m/z 438.1314) due to (M + Na)+.
Complexes 1 and 2 exhibit molecular ion peaks at m/z
937.1200 (calcd m/z 937.1000) due to (M − PF6)

+ and m/z
778.2 (calcd m/z 778.1) due to (M − PF6)

+, respectively,
arising as a result of loss of the counteranion hexafluoropos-
phate. Further, formulation of the ligand and complexes has
been verified by determination of their crystal structures.

Crystal Structures. The structures of L1, 1, and 2 have
been determined by single-crystal X-ray analyses. Details about
data collection, solution, and refinement are given in the
Experimental Section and Table 1. The ligand L1 crystallizes in
a triclinic system with the space group P1̅. The B atom lies
within the dipyrrin plane and adopts the usual tetrahedral

Table 1. Crystal Data and Structure Refinement Parameters for L1, 1, and 2

crystal param L1 1 2

empirical formula C66 H47B3F6N15O3 C44H32BF8IrN7OP C32H31BClF8IrN5OP
fw 1244.61 1061.20 923.05
cryst syst triclinic monoclinic triclinic
space group P1̅ C2/c P1̅
a (Å) 10.9626(3) 24.3469(5) 10.0848(3)
b (Å) 15.8202(4) 15.2786(3) 11.5614(4)
c (Å) 18.2066(6) 26.9194(5) 17.1320(4)
α (deg) 109.971(3) 90.00 95.205(2)
β (deg) 97.368(2) 102.173(2) 91.872(2)
γ (deg) 94.100(2) 90.00 99.623(2)
V (Å3) 2920.59(2) 9788.5(3) 1958.94(1)
color and habit red, needle red, block red, block
Z 2 4 2
dcalcd (g cm−3) 1.415 1.562 1.565
temperature (K) 293(2) 150(2) 293(2)
wavelength (Å) 1.54184 0.71073 1.54184
μ (mm−1) 0.862 2.830 8.230
GOF on F2 1.033 1.090 1.046
R indices (all data) R1 = 0.0556, wR2 = 0.1573 R1 = 0.0532, wR2 = 0.1472 R1 = 0.0584, wR2 = 0.1643
final R indices [I > 2σ(I)] R1 = 0.0673, wR2 = 0.1677 R1 = 0.0758, wR2 = 0.1734 R1 = 0.0601, wR2 = 0.1676

Figure 1. ORTEP views of L1, 1, and 2 at 30% thermal ellipsoid probability (H atoms are omitted for clarity).
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geometry. Angles N−B−N and F−B−F are 106.26° and
110.14°, respectively, and are comparable to those of other
related systems.61 The dihedral angle between boron dipyrrin
units and the quinoline ring (C4−C5−C11−C12) is 66.00°.
Complex 1 crystallizes in the monoclinic system with the space
group C2/c, while 2 is in the triclinic system with the space
group P1 ̅. Their pertinent view along with partial atomic
numbering scheme is depicted in Figure 1, and important
geometrical parameters are summarized in Table 1.
The crystal structure of 1 showed that the [(phpy)2Ir] unit is

coordinated with a N^N-chelating site of the BODIPY moiety,
creating a slightly distorted octahedral geometry about the Ir
metal center. The N3−Ir1−N5, N6−Ir1−C44 and N7−Ir1−
C42 bite angles in this complex are 74.3(3)°, 80.6(4)°, and
80.4(4)°, respectively. The N6 and N7 atoms from 2-
phenylpyridine are trans-disposed, which is normal and similar
to earlier reports.62−65 The Ir1−C and Ir1−N bond distances
[Ir−C, 2.00 Å; Ir−N, 2.04 Å] and C−Ir1−N, C−Ir1−C, and
N−Ir1−N bond angles are regular and similar to other closely
related cyclometalated iridium(III) complexes.22,46,62,63,65 On
the other hand, Ir1 in complex 2 adopted the typical “piano-
stool” geometry, wherein the metal center coordinated with the
C5Me5 ring in an η

5-fashion, occupying three coordination sites.
Other sites about the metal center are occupied by the N^N-
chelating site of BODIPY via N3 and N5 atoms and a chloro
group. The Ir−N and Ir−Cl bond distances [Ir−N3, 2.08 Å;

Ir−N5, 2.15 Å; Ir−Cl1, 2.38 Å] in this complex are normal and
comparable to those of other related systems.11,12,53 The N−Ir
−N and N−Ir−Cl angles are close to 90° [N3−Ir−N5, 74.29°;
N3−Ir−Cl1, 87.85°; N5−Ir−Cl1, 87.15°] (Table S1). The η5-
C5Me5 ring is symmetrically bonded to the metal center with an
average Ir−C distance of 2.14 Å (range 2.12−2.16 Å). All of the
C atoms in the η5-C5Me5 ring are planar, and iridium is
displaced from the centroid of the ring by 1.78 Å, which is
consistent with other reported iridium complexes.11,12,53

Electronic Absorption Spectroscopy. UV/vis absorption
spectra of L1, 1, and 2 have been acquired in phosphate-
buffered saline (PBS; c, 10 μM; pH ∼ 7.4) at room temperature
(Figure 2a). Spectra of these compounds display strong low-
energy absorptions at ∼505 nm [504 nm, L1; 510 nm, 1; 514
nm, 2] and weak bands at ∼480 nm [480 nm, L1; 484 nm, 1;
488, nm 2]. These have been attributed to S0−S1 and S0−S2
transitions of the conjugated dipyrrinato ligand.53,58,66 Also,
spectra of the compounds display intense high-energy bands at
∼335 nm [335 nm, L1; 343 nm, 1; 355 nm, 2] due to
intraligand π−π* transitions.
Ligand L1 and complexes 1 and 2 are luminescent in a buffer

solution (PBS, pH ∼ 7.4), and all of the photophysical
experiments were performed in this system. Upon excitation at
their respective λex values (L1, 500 nm; 1, 505 nm; 2, 510 nm)
in 100% PBS (Figure 2b), these showed emission maxima at
similar positions of ∼525 nm (L1, 520 nm; 1, 525 nm; 2, 530

Figure 2. UV/vis (a) and fluorescence (b) spectra of L1 and complexes 1 and 2 in PBS (c, 10 μM, pH ∼ 7.4).

Figure 3. UV/vis spectra of 1 (a) and 2 (b) in PBS with increasing concentrations of CT-DNA (0−20 μM) at room temperature. Arrows show
absorbance changes with increasing CT-DNA concentration.
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nm).66−68 As a consequence of complexation, emission maxima
for 1 and 2 showed a red shift of ∼10 nm relative to ligand L1.
Electronic Absorption Titration Studies. Absorption

titration studies have been carried out (Figure 3) using a fixed
concentration of 1 and 2 (10 μM) and an increasing amount of
calf-thymus DNA (CT-DNA; 0−20 μM). Usually, intercalation
or interaction of the metal complexes with base pairs of DNA
causes hypochromism with a small red/blue shift, while the
hyperchromic shift arises because of nonintercalative/electro-
static interactions.57,58,69−72 The extent of hypochromism gives
an idea about the strength of the intercalative binding
interaction. The band at 512 nm for 1 displays hypochromism
(35%) with a small red shift of 5 nm upon the addition of CT-
DNA, while the weak band at 278 nm shows hyperchromism
(50%) along with a red shift of 20 nm. This indicates that
interaction with the DNA results in the formation of a DNA−
drug complex, causing stabilization of the DNA du-
plex.53,57,58,69−72 Similarly, the gradual addition of CT-DNA
to a solution of 2 led to hypochromism (33%) for the band at
510 nm with a small red shift of 4 nm. In addition, the band due
to the intraligand charge-transfer transition at 276 nm displays
hyperchromism (37%) with a blue shift of 16 nm. The
hyperchromic effect may arise because of electrostatic attraction
between a charged cation and the phosphate group of the DNA
backbone, which may cause contraction and overall damage to
the DNA secondary structure. Observed spectral changes
clearly indicated that 1 and 2 interact with DNA through
intercalation as well as groove binding via electrostatic
interactions, leading to DNA stabilization.53,57,58,69−72

To compare their DNA binding affinity, the intrinsic binding
constant Kb was calculated using the equation69,73

ε ε ε ε ε ε− = − + −k[DNA]/( )/ [DNA]/( ) 1/ ( )a f b f b b f
(1)

where [DNA] is the concentration of DNA in base pairs, εa is
the apparent extinction coefficient, calculated as Aobs/
[complex], and εf and εb are to the extinction coefficients of
the complex in its free and bound forms, respectively. Each set
of data upon fitting in the above equation gave a straight line
with a slope of 1/(εb − εf) and a y intercept of 1/Kb(εb − εf).
Kb was determined from the ratio of te slope to the intercept
(Figure S7a). The values of Kb vary in the order 1 (5.8 × 104) >
2 (4.7 × 104).

Ethidium Bromide (EB) Displacement Studies. To
understand the binding mode of the compounds with DNA,
competitive binding studies have been carried out between EB
(3,8-diamino-5-ethyl-6-phenylphenanthridine bromide) and 1
and 2 with CT-DNA.74,75 EB is an intercalating weakly
fluorescent labeling agent often used for staining nucleic acid
and other biomolecules.57,58,69−72,76 After binding with DNA,
its fluorescence intensity increases and displacement of EB (λex,
540 nm; λem, 600 nm) from an EB−DNA complex by other
compounds causes quenching of intrinsic fluorescence of the
EB−DNA system. This occurs because of an increase in the
concentration of free EB in solution and a lowering of the
number of binding sites accessible for EB−DNA binding.
The effects of 1 and 2 on the fluorescence intensity of the

EB−DNA system are shown in Figure 4. Notably, the
fluorescence intensity of EB−DNA underwent an appreciable
decrease (60%, 1; 54%, 2) in the presence of 1 and 2 (50 μM)
with increasing concentrations. It has been concluded that 1
and 2 are capable of displacing EB from the EB−DNA complex
and strongly interact with DNA binding sites in the order 1 > 2.
The quenching parameters were analyzed using the Stern−
Volmer equation (Figure S7b)

= +I I K/ [Q] 10 q (2)

where I0 is the emission intensity in the absence of the
quencher, I is the emission intensity in the presence of the
quencher, Kq is the quenching constant, and [Q] presents the
concentration of the complex (Q = quencher). Kq values have
been derived from the slope of I0/I versus [Q] plot (2.25 × 104,
1; 2.08 × 104, 2). Additionally, the apparent DNA binding
constants (Kapp) were calculated using the equation

=K K[EB] [complex]EB app (3)

where [complex] is the value at a 50% decrease of the
fluorescence intensity for EB, KEB (4.94 × 105 M−1) is the DNA
binding constant for EB, and [EB] is the concentration of EB
(10 μM). Kapp values were found to be 3.18 × 105 M−1 (1) and
2.64 × 105 M−1 (2). This suggests that complex 1 intercalated
rather strongly relative to 2, and this observation is in good
agreement with the conclusions drawn from UV/vis titration
studies.

Protein Binding Studies. Fluorescence spectroscopy is
very useful in investigating the interaction and mechanism of

Figure 4. Emission spectra of EB bound to DNA in the absence (--- green line) and presence of 1 (a) and 2 (b). [EB] = 10 μM; [DNA] = 100 μM;
[1] and [2] = 0−50 μM. Arrows show changes in the emission intensity upon the addition of increasing concentrations of the complexes.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b01693
Inorg. Chem. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01693/suppl_file/ic7b01693_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01693/suppl_file/ic7b01693_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b01693


binding of the compounds with bovine serum albumin
(BSA).35,58,77−79 For this purpose, BSA is preferred over
other proteins because of its abundance, cost effectiveness, ease
of purification, stability, and wide applications.35,58,77−79 It has
been established that the high fluorescent nature of BSA is due
to tryptophan and tyrosine residues.35,58,77−79 Quenching of
the emission intensity of BSA may occur in the presence of the
complexes because of changes in the secondary structure of
protein induced by various molecular interactions.57,80,81

Fluorescence quenching experiments on BSA in the presence
of complexes provide useful information about the structure,
dynamics, and protein folding.35,58,77−82 Fluorescence changes
(range 290−500 nm; λex, 280 nm) in the spectrum of BSA in
the presence of varying amounts of 1 and 2 (0−50 μM) are
depicted in Figure 5. The intensity of the fluorescence band for
BSA at ∼345 nm is quenched (58%, 1; 52%, 2) relative to its
initial intensity along with a small blue shift of ∼5 and 4 nm
upon the addition of 1 or 2. From observations, we concluded
that some interaction is certainly taking place between the
complexes and BSA. One can get an idea about the structural
changes and the types of quenching (static or dynamic) from
the UV/vis study (Figure S9). It is well documented that
dynamic quenching absorption spectra of fluorophore do not
show a substantial change, while static quenching causes

perturbation in the absence and presence of the com-
pounds.35,57,77−79

From Figure S9, it is clear that the addition of 1 and 2 to a
fixed concentration of BSA leads to an increase in the intensity
(λabs = 220 nm), with a small blue shift indicating that these
complexes interact with the protein and follow a static
quenching mechanism. Fluorescence quenching data have
been analyzed using the Stern−Volmer (Figure S10a) and
Scatchard equations and quenching constant (Kq) evaluated
from the plot of I0/I versus [Q]. The equilibrium binding
constant can be estimated from the Scatchard equation:

− = +I I I K nlog[( )/ ] log log [Q]0 bin (4)

where Kbin is the binding constant of the compound with BSA
and n is the number of binding sites. From the log[(I0 − I)/I]
vs log [Q] plot, the number of binding sites (n) and the binding
constant (Kbin) have been calculated (Table S2). Notably,
estimated values of n for these compounds are ∼1 and strongly
suggest the presence of a single binding site in BSA for 1 and 2.
The values of Kq and Kbin for these compounds further suggest
that 1 interacts with BSA rather strongly relative to 2.

Synchronous Fluorescence Experiments. Valuable
information about the microenvironment around the fluo-
rophore can be obtained from synchronous fluorescence

Figure 5. Emission spectrum of BSA (0.5 μM; λex = 280 nm; λem = 343 nm) in the presence of increasing amounts of 1 (a) and 2 (b) (0−50 μM).
Arrows show that the emission intensity changes with increasing concentration of the complexes.

Figure 6. Synchronous spectra of BSA (black line; PBS buffer, c, 0.5 μM, pH ∼ 7.4) in the presence (other lines) of increasing amounts (0−50 μM)
of 1 at wavelength differences of (a) Δλ = 15 nm and (b) Δλ = 60 nm. Arrows show decreases in the emission intensity with increasing
concentrations.
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spectroscopy.35,58,83,84 To investigate conformational changes
in BSA in the presence of 1 and 2, fluorescence spectroscopic
experiments were carried out at Δλ = 15 and 60 nm (Δλ = λex
− λem). A larger wavelength difference (Δλ = 60 nm) provides
information about the microenvironment for tryptophan and a
shorter one (Δλ = 15 nm) that for the tyrosine residue.70,77,84

Emission maxima of tryptophan and tyrosine residue in
proteins depend on the polarity of its surroundings.
It has been observed that synchronous fluorescence spectra

(Δλ = 15 nm) for BSA with increasing concentrations of 1 and
2 exhibit a significant decrease in the intensity for the band at
288 nm (35.85%, 1; 31.55%, 2) without any noticeable shift
(Figures 6 and S8). On the other hand, at Δλ = 60 nm, they
showed a remarkable decrease in the fluorescence intensity for
the band at 280 nm (87.42%, 1; 86.82%, 2) with small blue
shifts of 3 and 4 nm. This suggests that the fluorescence
intensities for both tryptophan and tyrosine diminished with
increasing concentrations of the complexes.57,58,70,77,84 It
further supported that the hydrophobicity around both the
tyrosine and tryptophan residues increases and the polarity
decreases.
Three-Dimensional (3D) Fluorescence Spectroscopy.

Excitation−emission matrix or 3D fluorescence spectroscopy
provides useful information about the emission characteristics
of the fluorophore by changing the excitation and emission
wavelengths simultaneously.85,86 Using this technique, one can
have an idea about the conformational and microenvironmental

changes for BSA in the presence of the complexes.57,58,85,86

Spectral changes arising for BSA in the presence of 1 and 2 are
depicted in Figures 7 and S11. Notably, the 3D spectrum of
BSA exhibits four characteristic peaks: a peak on the extreme
left, namely, peak ‘a’ assigned as the first-order Rayleigh
scattering for which the emission wavelength matches the
excitation wavelength (λex = λem), and the peak on the extreme
right designated as peak ‘b’ ascribed to the second-order
Rayleigh scattering for which λem = 2λex. In addition, peak 1 is
characteristic of the tyrosine and tryptophan residues, and peak
2 is related to the polypeptide backbone and secondary
structure of the protein.57,58,85,86

The fluorescence intensity for peak 1 quenched in the
presence of complexes 1 and 2 (peak 1: 24.4%, 1; 18.0%, 2),
suggesting their binding with BSA and closeness of the binding
sites to the tryptophan and tyrosine residues. Peak 2 also
exhibited quenching (27.9%, 1; 22.2%, 2) and suggested
changes in the peptide structure of BSA. From the 3D and
synchronous fluorescence spectral studies, we conclude that
interaction between BSA and 1 and 2 may be due to the
unfolding of the polypeptide and conformational changes in the
protein due to enhanced exposure to the hydrophobic region.

Circular Dichroism (CD) Spectroscopy. The conforma-
tional changes caused by 1 and 2 in CT-DNA have been
monitored by CD spectroscopic studies in a PBS buffer at room
temperature (Figure 8). CT-DNA itself shows bands at (−)
245 and (+) 275 nm assignable to the right-handed helicity of

Figure 7. 3D fluorescence spectra of BSA (a) and BSA + 1 (b). [BSA] = 10−6 mol L−1; [1] = 10−5 mol L−1.

Figure 8. CD spectra of CT-DNA in the absence and presence of complexes 1(a) and 2 (b). [DNA] = 100 μM; [complex] = 0−50 μM.
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B-DNA and base-pair stacking.87,88 Interaction of non-
intercalative drugs with DNA causes negligible perturbation
for the bands due to base stacking and helicity, whereas an
intercalator leads to changes in the intensity of both bands.
Further, these are sensitive toward the binding of small
molecules and a drug.70,87−89 An increase in the concentrations
of 1 and 2 led to a decrease in the intensity for both (+) and
(−) bands due to CT-DNA, which clearly indicated interaction
between the complexes and CT-DNA.
From this data, we conclude that 1 and 2 may intercalate

between neighboring base pairs of CT-DNA mainly because of
the presence of a planar aromatic dipyrrin moiety. Further, the
intensity change follows the order 1 > 2, indicating greater
efficacy of 1 relative to 2 which is consistent with the UV/vis
and fluorescence spectroscopic studies.
Viscosity Measurements. To understand the nature of the

interaction between 1 and 2, DNA viscosity measurements
have been carried out in the absence and presence of varying
concentrations of the complexes (Figure 9). Usually,

intercalators elongate the DNA double helix by accommodating
such molecules between the base pairs, leading to an increase in
the viscosity.52,90,91 In contrast, partial nonclassical intercalation
leads to a bending (or a kink) in the DNA helix without altering
its length and, thereby, viscosity.92,93 A plot of the relative

specific viscosity (η/η0)
1/3 versus [complex]/[DNA] shows

that the DNA viscosity significantly increases with an increase
in the concentration of the complexes. On the basis of variation
in the DNA viscosity, it has been concluded that complexes
interact with CT-DNA in an intercalative mode.

Hydrolysis Study and Interaction with Nucleobases.
Hydrolysis of the M−Cl bond represents an activation step for
transition-metal anticancer complexes. M−OH2 aqua com-
plexes are typically more reactive relative to analogous chlorido
complexes.35−48 Hydrolysis of compound 2 in 5% CD3CN/
95% D2O (v/v) was monitored by 1H NMR spectroscopy at
298 K (Figure S6), and acetonitrile was used to ensure the
solubility of complex 2 (the NMR spectrum of complex 2 in
DMSO shows broad features). It (c, 1 mM) underwent rapid
hydrolysis in 5% CD3CN/95% D2O within a minute, and the
extent of hydrolysis for this complex is 52%. To further affirm
hydrolysis of the complex, NaCl (4 mol equiv) was added to
the equilibrium solution. 1H NMR spectra was subsequently
recorded within 10 min of the Cl− addition at 298 K. Signals
due to chlorido adducts enhanced in the intensity with the
addition of NaCl, while those for the aqua forms decreased,
suggesting a rapid shifting of the equilibrium toward chloride
from the aqua complex and very fast aquation.

Partition Coefficient Determination. The partitioning
behavior of the drugs is usually determined by the lip-
ophilicity.11,94−96 It has been worked out by measuring the
partition coefficient (log P) based on the amounts of 1 and 2
distributed in a biphasic system (n-octanol/water) using the
equation

=Plog log [complex] /[complex]octanol water (5)

Notably, calculated log P values (Table S3) are consistent
with earlier reports.19−35 Further, the log P value for 1 is greater
relative to complex 2, which may be related to the greater
number of hydrophobic aromatic rings in it. These results are in
keeping with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay; the cytotoxicity of the complex
increases with an increase in the lipophilicity.

Molecular Docking with DNA. To explore the most
feasible binding site, interaction mode, and binding affinity,
molecular docking studies have been carried out on 1 and 2
using B-DNA (PDB ID: 1BNA).97 It is well-known that a
DNA−intercalator complex stabilizes via van der Waals forces,
hydrogen bonding, hydrophobic charge transfer, and electro-
static complementarities.35,58,76,98,99

Figure 9. Effect of increasing amounts of complexes on the relative
viscosity of CT-DNA (125 μM) in a PBS buffer at 25 °C in various
[complex]/[DNA] ratios.

Figure 10. Docked model for 1 with DNA (PDB ID: 1BNA): open view (left); closed view (right).
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The most stable binding conformation of 1 and DNA
revealed that it stacks in minor grooves via electrostatic
interactions and the complex is adjusted in such a way that a
part of the planar dipyrrin core makes the stacking interaction
favorable with DNA base pairs and fits inside the DNA strands
by van der Waals forces and hydrophobic contacts (Figures 10
and S14).27,80 The resulting relative binding energies for
docked structures of 1 and 2 have been found to be −285.75
and −277.11 eV, respectively, which indicates the better
binding capability of 1 relative to 2. The results are consistent
with UV/vis and competitive EB displacement studies.
Molecular Docking with Human Serum Albumin

(HSA). To ascertain the binding mode and their location
within the protein, molecular docking studies have been
performed on complexes 1 and 2 with a protein
(HSA).35,57,58,100,101 HSA has been chosen over BSA for its
structural homology, and it provides more biorelevant results.
The 3D structure of crystalline albumin shows that it consists of
three structurally homologous domains: I (residues 1−195), II
(196−383), and III (384−585). Each domain has two
subdomains: A and B. Figures 11 and S15 clearly indicate
that the complexes are localized within the hydrophobic cavity
of subdomain IIA. It has been discovered that the large
hydrophobic cavity in subdomain IIA is capable of accom-
modating intercalator complexes. Amino acid residues around
the binding sites are as follows: LYS199, TRP214, PHE211,
ALA215, ARG218, LEU219, ARG257, SER287, HIS288, and
ALA291 (1); LYS195, GLN196, LEU198, LYS199, SER202,
PHE211, TRP214, ARG222, LEU238, HIS242, ARG257,
ALA291, ASP451, SER454, and LEU481 (2) (within 4 Å;
Table S4).
Docking studies further revealed the occurrence of various

electrostatic and hydrogen-bonding interactions between the
complexes and HSA. These interactions play a major role in
lowering the hydrophilicity and enhancing the hydrophobicity
of HSA and thereby stabilizing the complex·HSA system. The
binding energies for the complexes with HSA are found to be
−378.11 eV (1) and −321.58 eV (2) (Figures 11 and S15).
The results also provided structural evidence for the distinct
optical response of BSA in the presence of complexes 1 and 2.

Density Functional Theory (DFT) Calculations. To
understand the structure and verify the geometrical parameters
(bond lengths and bond angles), geometry optimizations on 1
and 2 were carried out using the Gaussian 09 package.102 The Ir
metal center was described by the LANL2DZ basis set, and the
nonmetal atoms were described by the 6-31G** basis
set.103−106 The starting geometries were taken from the
single-crystal X-ray data and subjected to optimization.
Contour plots for the molecular orbitals were generated using
Gaussview 5.0, and the energies of the frontier molecular
orbitals for 1 and 2 were calculated. DFT calculations on 2
reproduced familiar three-legged “piano-stool” structures
(Figure S12).
From DFT calculations, it is clear that the electron densities

for both the highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals are localized mainly on the
dipyrrin core of BODIPY and lack any electronic communi-
cation with the metal center (Figure S13). Calculated HOMO
energies for the complexes are in the order 1 (−5.95 eV) > 2
(−6.07 eV), and those for the LUMO are 1 (−2.94 eV) > 2
(−3.02 eV). The differences between the HOMO and LUMO
in 1 (−3.01 eV) and 2 (−3.04 eV) are almost identical. The
higher HOMO energies for 1 relative to 2 are responsible for
the better intercalative interaction between DNA base pairs and
complex 1.69 The results are in good agreement with the
experimental data, and factors like the lipophilicity, hydrogen
bonding, steric bulk, rotational motion, etc., can also affect their
biological activity.

Effect of L1, 1, and 2 on the Viability and Proliferation
of the HeLa and Human Embryonic Kidney (HEK293)
Cells. MTT assay has been performed to determine the
cytotoxicity of ligand L1 and complexes 1 and 2 in the
concentration range of 20−100 μM.107

As depicted in Figure 12, L1 displays marginal toxicity at
relatively high concentrations (100 μM) after up to 24 h of
treatment because more than 85% cells were found alive. On
the other hand, 1 and 2 show relatively high toxicity, where
approximately 26% and 29% cells were found alive. The
estimated IC50 values for 1 and 2 turned out to be 32.4 and
51.9 μM, respectively, which are comparable to that of cisplatin

Figure 11. (left) Docked model of 1 located within the hydrophobic pocket of HSA (PDB ID: 1h9z). (right) Interaction mode between 1 and the
polypeptide units.
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(the calculated IC50 value under analogous conditions was
found to be 21.6 μM). Further, to evaluate the selectivity of 1
and 2 toward cancer cells, a cytotoxicity experiment was also
carried out against normal cell lines, HEK293. As shown in
Figure S17, 1 and 2 show less toxicity toward HEK293 cells
than HeLa cells. The estimated IC50 values for 1 and 2 turned
out to be 85.5 and 100 μM, respectively. Under similar
conditions, cisplatin showed IC50 of 80.1 μM, indicating the
selectivity of 1 and 2 toward cancer cells is comparable to that
of cisplatin. In summary, 1 elicited a maximum toxicity
response, followed by 2 for both cell lines.
Change in the Nuclear Morphology and Apoptosis

Induction. The nuclear morphology is a powerful indicator of
cellular health and apoptotic conditions; hence, changes in the
nuclear morphology following treatment with 1 and 2 have
been examined by Hoechst 33342 staining.69,108,109 Changes in
the nuclear morphology, chromatin condensation, and
fragmented nuclei are a few characteristics of apoptotic cells.
As shown in Figure 13, the cells treated with 1 and 2 show
uneven nuclear staining, and abnormal nuclear morphology
along with condensed chromatin, as shown by bright spots
within the nuclei. This clearly indicates apoptotic efficacy of 1
and 2, leading to cancer cell death.
In Vitro Confocal Microscopic Experiments. The

detection of L1 and complexes 1 and 2 in living cells has
also been explored by fluorescence microscopy. The complexes
were incubated with HeLa cells for 2 h at 37 °C and visualized
by a confocal fluorescence microscope. As shown in Figure 14,

L1, 1, and 2 enter the cell membrane and show significant
intracellular fluorescence. A closer observation revealed that L1
and 1 show distinct fluorescence in the extranuclear region with
a clear demarcation of the nuclear membrane, while 2
distributed unevenly throughout the cell. Moreover, major
differences were not observed between the BODIPY ligand and
its metal derivatives, implying that uptake and distribution
characteristics of the compounds are mainly determined by the
BODIPY moiety.

■ CONCLUSION
In summary, through this work, two iridium(III) complexes
containing a BODIPY ligand have been synthesized and
thoroughly characterized by various techniques. It has been
clearly shown that these efficiently interact with DNA in an
intercalative mode. From the molecular docking studies, it has
been established that 1 and 2 bind with DNA in its minor
groove via intercalative interactions but with protein via
hydrophobic residues located within the subdomain IIA cavity.
Indeed, the fluorescence characteristics of the ligand and
complexes allowed monitoring of their in vitro uptake in cancer
cells. These exhibited significant cytotoxicity toward the HeLa
cell line and showed a preference for accumulation in cell
membranes without reaching the nuclei. Moreover, it is
apparent that the BODIPY moiety solely determines the
cellular uptake and fluorescence staining pattern of the ligand
and complexes. Among these, 1 displayed the lowest IC50 value
and distinct changes in the nuclear morphology, with
fragmented nuclei on the cell surface indicating apoptotic cell
death. Correlation analysis showed that an increase in the
hydrophobicity of 1 causes an increase in cellular accumulation,
which generally results in an increase in the potency. The
results shown here will be helpful in understanding the
interaction of iridium complexes with DNA and proteins.
Importantly, it also highlights that inclusion of 2-phenylpyridine
along with N^N-donor ligand can create complexes with
enhanced potency and thereby provide a new strategy beneficial
for the development of these types of complexes.

■ EXPERIMENTAL SECTION
Reagents. Standard literature procedures have been employed for

drying and distilling the solvents prior to their use.110 Hydrated
iridium(III) chloride, 2-phenylpyridine, pentamethylcyclopentadiene,
2,3-dicloro-5,6-dicyano-1,4-benzoquinone (DDQ), pyrrole, trifluoro-
acetic acid, anisidine, triethylamine, and boron trifluoride diethyl
etherate were procured from Sigma-Aldrich India and used as received
without further purification. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) and ethidium bromide (EB) were

Figure 12. Cytotoxicity profile of L1, 1, and 2 against the HeLa cell
line.

Figure 13. Nuclear morphology using Hoechst staining following treatment with 1 and 2 (scale bar: 20 μm).
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purchased from Hi-Media Laboratories and Loba Chemie, respec-
tively. Calf-thymus DNA (CT-DNA) was acquired from Bangalore
Genei. Human cervical cancer (HeLa) and human embryonic kidney
(HEK293) cell lines were obtained from National Centre for Cell
Science, Pune, India. Other common reagents of highest purity were
purchased from local firms.
General Methods. Elemental analyses for C, H, and N were

obtained on an Elementar Vario EL III Carlo Erba 1108 elemental
analyzer. Electronic absorption and fluorescence spectra were acquired
on Shimadzu UV-1601 and PerkinElmer LS 55 fluorescence
spectrometers, respectively. 1H and 13C NMR spectra were acquired
on a JEOL AL 500/300 FT-NMR spectrometer using tetramethylsi-
lane [Si(CH3)4] as an internal reference. Electrospray ionization mass
spectrometry (ESI-MS) measurements were made on a Bruker
Daltonics Amazon SL ion-trap mass spectrometer. After dissolution
of the samples in 100% acetonitrile with 0.1% formic acid, these were
introduced into the ESI source through a syringe pump at a flow rate
of 100 mL h−1. The capillary voltage was 4500 V and dry gas flow 8 L
min−1 with the dry gas at 300 °C. An MS scan was acquired for 2.0
min, and spectral printouts were averaged over each scan.
Fluorescence microscopic images were taken on a EVOS FL cell
imaging system.
X-ray Structure Determination. Crystals suitable for single-

crystal X-ray analyses for L1 and complexes 1 and 2 were obtained by
the slow diffusion of hexane over a dichloromethane solution of the
respective compounds. X-ray data were collected on a dual-source
Supernova CCD system from Agilent Technologies (Oxford
Diffraction) at room temperature with Mo Kα radiation (λ =
0.71073 Å). Structures were solved by direct methods (SHELXS-97)
and refined by full-matrix least squares on F2 (SHELX-97). All of the
non-H atoms were treated anisotropically, and H atoms attached to C
atoms were included as a fixed contribution and geometrically

calculated and refined using the SHELX riding model.111,112 The
computer program PLATON was used for analysis of the interaction
and stacking distances.112−114 Disordered solvent molecules were
removed by the SQUEEZE command in PLATON.112−114 CCDC
1553126 (L1), 1553128 (1), and 1553125 (2) contain the
supplementary crystallographic data for this paper.

Partition Coefficient Determination. The lipophilicities of 1 and
2 have been determined by the “shake-flask” method using octanol/
water phase partitions. Octanol-saturated water and water-saturated
octanol were prepared using analytical-grade octanol and double-
distilled water. The complexes under study (1 mg mL−1; 1:6 ethanol/
water) were diluted to 2, 4, 6, 8, and 10 μg mL−1 in water;
subsequently, these (1 mg mL−1) were diluted to 2, 4, 6, 8, and 10 μg
mL−1 in octanol. Appropriate amounts of the complexes (4 mg mL−1)
were shaken for 24 h at room temperature in equal volume (50:50).
After equilibrium, the organic and aqueous phases were separated and
centrifuged. Finally, the concentration of the drug in each phase was
determined by UV/vis spectroscopy. The sample solution concen-
tration was used to calculate log P and the partition coefficients for 1
and 2 using the equation log P = log [complex]octanol/[complex]water

Far-UV CD Spectroscopy. CD spectra were recorded on a Jasco J-
815 spectropolarimeter at 25 °C using a quartz cell (0.1 cm path
length) and scanned in the spectral range 220−300 nm. The
concentration of CT-DNA (50 μM) was held constant and those
for complexes 1 and 2 varied from 10 to 50 μM. The final spectra were
taken as the average of two accumulated runs.

Viscosity Measurements. Viscosity measurements were made
using an Ubbelodhe viscometer immersed in a constant-temperature
bath at 25 °C. Data are presented as η/η0 versus [complex]/[DNA],
where η is the specific viscosity of DNA in the presence of complexes
and η0 is the specific viscosity of DNA alone in a PBS buffer. Specific

Figure 14. Cellular uptake of L1, 1, and 2 by HeLa cell lines (scale bar: 20 μm).
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viscosity values have been calculated from the observed flow time of a
DNA solution (t) corrected for the buffer alone (t0), η = (t − t0)/t0.
Molecular Docking. Molecular docking studies on 1 and 2 have

been performed using HEX 6.1 software and Q-SiteFinder, an
interactive molecular graphics program for interaction and docking
calculations and to classify the possible binding sites of biomolecules.98

DFT calculations have been carried out using Gaussian 09 by the
B3LYP method.102 The geometries of the compounds have been
optimized using a standard 6-31G** basis set for C, H, N, O, B, F, P,
and Cl, while LANL2DZ was used for Ir with the effective core
pseudopotential for the metal.103−106 Coordinates for metal complexes
have been taken from their optimized structures as a .mol file and
transformed to PDB using CHIMERA 1.5.1 software. The crystal
structure of B-DNA (PDB ID: 1BNA) has been taken from the
protein data bank (http://www.rcsb.org./pdb). Visualization of the
docked molecules has been made by Discovery Studio 3.5 software. The
default parameters have been used for docking calculations with the
correlation-type shape only, FFT mode at the 3D level, and grid
dimension 6 with receptor range 180 and ligand range 180 with twist
range 360 and distance range 40.
Preparation of the Stock Solutions of Ligands and Their

Complexes. The complexes were dissolved in DMSO (c, 100 mM)
and further diluted in a complete Dulbecco’s modified Eagle’s medium
[DMEM; culture medium consisting of 10% fetal bovine serum
(FBS)]. The maximum concentration of DMSO even at the highest
level of the drugs was less than 0.1% v/v.
Cytotoxicity and Proliferation Assay by MTT Assay. The

cytotoxic impacts of L1, 1, and 2 have been explored using the HeLa
and HEK293 cells by performing MTT assay.107 In a typical
procedure, the HeLa cells were seeded in a 96-well plate using
minimum essential media (MEM; Himedia) containing 10% FBS and
1% penicillin streptomycin and incubated at 37 °C under a humidified
CO2 (5%) environment for 24 h. The cells were treated with L1, 1.
and 2 in the concentration range of 20−100 μM for a period of 24 h.
Subsequently, media were removed and the cells treated with 0.5 mg
mL−1 MTT in MEM over a period of an additional 4 h. Later, the
MTT-containing media were removed, and 100 μL of DMSO was
added to each well. After 15 min of incubation, the plate was read
under a Biotek plate reader at 540 nm. The experiment was performed
in triplicate. The cytotoxicity against the HEK293 cells was performed
by the same protocol using DMEM. The cell viability was calculated
using absorbance at 540 nm.

=

×

%cell viability [mean o.d. of the treated cell/mean o.d. of the 

control] 100

Bioimaging Studies. The cellular uptake for L1, 1, and 2 has been
investigated by confocal laser scanning microscopy. HeLa cells were
seeded in 27 mm confocal dishes and incubated for 24 h. Further, the
cells were treated with L1, 1, and 2 for a period of 4 h and
subsequently washed one time with PBS. The intracellular
fluorescence was studied using an excitation laser (515 nm) and
emission recorded in the range 525−600 nm.
Synthesis. Synthesis of 6-Methoxy-2-(1H-pyrazol-1-yl)quinoline-

3-carbaldehyde (A). A was prepared by reacting 2-chloro-6-
methoxyquinoline-3-carbaldehyde (2.21 g, 10 mmol) with 1H-pyrazole
(1.02 g, 15 mmol) in toluene (25 mL) and heating under refluxing
conditions with continuous stirring for 48 h. After cooling, the reaction
mixture was treated with a saturated NaHCO3 solution and extracted
with CH2Cl2 (100 mL × 2). The organic layer was separated, dried,
and concentrated to dryness under reduced pressure. The crude
product thus obtained was purified by column chromatography (SiO2;
ethyl acetate/hexane; 2.02 g, 80%). Anal. Calcd for C14H11N3O2: C,
66.40; H, 4.38; N, 16.59. Found: C, 66.35; H, 4.34; N, 16.55. 1H NMR
(CDCl3): δ 3.93 (s, 3H, OCH3), 6.56 (s, 1H), 7.24 (d, 2H, J = 7.2
Hz), 7.48 (d, 1H, J = 6.9 Hz), 7.82 (s, 1H), 7.94 (d, 1H, J = 8.7 Hz),
8.65 (s, 2H), 10.67 (s, 1H), 11.25 (s, 1H). IR (KBr pellets, cm−1):
3043, 2872, 1688, 1661, 1614, 1579, 1490, 1455, 1369, 1333, 1165,
1132, 1046, 940, 807, 761, 749.

Synthesis of 5-[6-Methoxy-2-(1H-pyrazol-1-yl)quinoline]-
dipyrromethane (B). Pyrrole (10.0 mL) and catalytic amounts of
trifluoroacetic acid (3 drops) were added to a flask containing
aldehyde A (1.5 g, 5.9 mmol) and the contents of the flask stirred at
room temperature for 24 h. After completion of the reaction
[monitored by thin-layer chromatography (TLC)], the ensuing
solution was concentrated to dryness under reduced pressure. The
crude product thus obtained was purified by column chromatography
(SiO2; ethyl acetate/hexane). Yield: 1.63 g, 75%. Anal. Calcd for
C22H19N5O: C, 71.53; H, 5.18; N, 18.96. Found: C, 71.46; H, 5.12; N,
18.90. 1H NMR (CDCl3, 300 MHz): δ3.87 (s, 3H, O methyl), 5.89 (s,
2H, pyrrolic H), 6.11 (s, 2H, pyrrolic H), 6.29 (s, 1H, meso-H), 6.46
(s, 1H, pyrazole H), 6.70 (s, 2H, pyrrolic H), 6.99 (s, 1H, pyrazole H),
7.33 (d, 1H, J = 9.0 Hz, pyrazole H), 7.79 (s, 1H, aromatic H), 7.88 (d,
1H, J = 9.0 Hz, aromatic H), 8.15 (s, 1H, aromatic H), 8.19 (s, 1H,
aromatic H), 9.07 (br, 2H, pyrrolic N−H). 13C NMR (CDCl3, 75
MHz): δ37.6, 55.5, 104.6, 106.4, 106.9, 108.0, 117.3, 123.3, 128.3,
128.9, 130.2, 131.0, 131.1, 132.5, 139.1, 140.7, 141.1, 141.6, 147.1,
158.1. IR (KBr pellets, cm−1): 3412, 3349, 2925, 1595, 1557, 1494,
1448, 1392, 1348, 1281, 1116, 1095, 1041, 940, 778, 768.

Synthesis of L1. DDQ (0.62 g, 2.7 mmol) dissolved in benzene
(50.0 mL) was added dropwise to a solution of B (1.0 g, 2.70 mmol)
in dichloromethane (15.0 mL) under stirring for 4 h. The reaction
mixture was stirred for an additional 2 h. After completion of the
reaction, the contents of the flask was concentrated to dryness under
reduced pressure. The crude product was dissolved in dichloro-
methane and filtered to remove any solid impurities. Triethylamine
(1.5 mL) and BF3·Et2O (3.0 mL) were successively added to this
solution, and the reaction mixture was stirred for 15 min at room
temperature. The progress of the reaction was monitored by TLC.
After completion of reaction, it was filtered and the filtrate washed
three times with water, extracted with dichloromethane, and
concentrated to dryness under reduced pressure. The crude product
thus obtained was charged on a flash column (SiO2; CH2Cl2/hexane).
The dark-orange-red band was collected and concentrated to dryness
to afford the desired product. Yield: 0.34 g, 30%. Anal. Calcd for
C22H16BF2N5O: C, 63.64; H, 3.88; N, 16.87. Found C, 63.58; H, 3.82;
N, 16.82. 1H NMR (CDCl3, 500 MHz, a few drops of DMSO-d6): δ
3.96 (s, 3H, methoxy), 6.31 (d, 1H, J = 1.5 Hz, aromatic H), 6.41 (d,
2H, J = 3.0 Hz, pyrrolic H), 6.69 (d, 2H, J = 3.5 Hz, pyrrolic H), 7.15
(d, 1H, J = 3.0 Hz, aromatic H), 7.44 (s, 1H, J = 2.0 Hz, aromatic H),
7.52 (m, 1H, aromatic H), 7.88 (s, 2H, pyrrolic H), 8.04 (d, 1H, J =
10.0 Hz, aromatic H), 8.24 (s, 1H, aromatic H), 8.36 (d, 1H, J = 3.0
Hz, aromatic H). 13C NMR (CDCl3, 125 MHz, a few drops of DMSO-
d6): δ 55.8, 105.2, 107.9, 118.5, 120.5, 125.0, 126.8, 129.5, 130.2,
135.4, 140.5, 142.1, 143.0, 144.0, 144.6, 158.7. IR (KBr pellets, cm−1):
3106, 2929, 1592, 1557, 1487, 1411, 1387, 1357, 1257, 1140, 1108,
975, 764. ESI-MS. Calcd for (M + Na)+: m/z 438.1314. Found: m/z
438.1351.

Synthesis of 1. The dimeric complex [(phpy)2Ir(μ-Cl)]2 (0.12 g,
0.1 mmol) was added to a suspension of L1 (0.10 g, 0.24 mmol) in 1:1
CH2Cl2/MeOH (50.0 mL) and reaction mixture stirred for 12 h at
room temperature. After filtration to remove any solid impurities, a
methanolic solution of NH4PF6 (0.040 g, 0.25 mmol, 10 mL) was
added to it and the resulting mixture stirred for 4 h. The volume of the
solution was reduced to half under reduced pressure and precipitated
using diethyl ether. The resulting solid was filtered and washed twice
with diethyl ether. Yield: 75% (0.16 g). Anal. Calcd for
C44H32BF8IrN7OP: C, 49.82; H, 3.04; N, 9.24. Found: C, 49.75; H,
3.10; N, 9.18. 1H NMR (CDCl3, 500 MHz): δ 3.90 (s, 3H, OCH3),
6.05 (d, 1H, J = 7.5 Hz, aromatic H), 6.42 (d, 2H, J = 4.5 Hz, aromatic
H), 6.45 (d, 1H, J = 3.0 Hz, aromatic H), 6.52 (s, 1H, aromatic H),
6.70 (s, 1H, aromatic H), 6.81 (s, 1H, aromatic H), 6.98−7.07 (m, 6H,
aromatic H), 7.24 (d, 2H, J = 3.0 Hz, aromatic H), 7.29 (s, 1H,
aromatic H), 7.40 (d, 1H, J = 4.5 Hz, aromatic H), 7.61−7.66 (m, 3H,
aromatic H), 7.81 (d, 1H, J = 10.5 Hz, aromatic H), 7.88 (s, 1H,
aromatic H), 7.94 (s, 1H, aromatic H), 7.98 (s, 1H, aromatic H), 8.12
(t, 2H, J = 6.5 Hz, aromatic H), 8.22 (d, 1H, J = 6.5 Hz, aromatic H),
8.26 (s, 1H, aromatic H), 8.50 (s, 1H, aromatic H).13C NMR (CDCl3,
125 MHz): δ 56.1 (OCH3), 106.6, 112.0, 119.8, 122.8, 123.2, 124.1,
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124.5, 125.3, 127.0, 130.0, 130.5, 130.7, 131.2, 132.0, 134.3, 138.5,
143.1, 144.1, 146.3, 148.5, 150.6 (C6H6). ESI-MS. Calcd for [M −
PF6]

+: m/z 937.1210. Found: m/z 937.1000.
Synthesis of 2. 2 was prepared following the above procedure for 1

using [{(η5-C5Me5)Ir(μ-Cl)Cl}2] (0.08 g, 0.1 mmol) in place of
[(phpy)2Ir(μ-Cl)]2. It was isolated as a red precipitate in good yield.
Yield: 73% (0.075 mg). Anal. Calcd for C32H31BClF8IrN5OP: C,
41.64; H, 3.38; N, 7.58. Found: C, 41.58; H, 3.45; N, 7.52. 1H NMR
(CDCl3, 500 MHz): δ 1.59 (s, 15H, methyl), 4.03 (s, 3H, methoxy),
6.54 (d, 1H, J = 4.0 Hz, aromatic H), 6.67 (d, 2H, J = 4.0 Hz, pyrrolic
H), 6.71 (m, 2H, pyrrolic H), 7.03 (d, 1H, J = 4.0 Hz, aromatic H),
7.35 (d, 1H, J = 3.0 Hz, aromatic H), 7.65 (m, 1H, aromatic H), 7.94
(d, 1H, J = 2.0 Hz, aromatic H), 8.05 (d, 2H, J = 4.0 Hz, pyrrolic H),
8.39 (d, 1H, J = 9.5 Hz, aromatic H), 8.51 (s, 1H, aromatic H). 13C
NMR (CDCl3, 125 MHz): δ56.4, 90.4, 106.8, 112.5, 115.9, 120.3,
121.8, 127.5, 128.8, 130.3, 131.4, 132.1, 134.6, 141.0, 143.9, 146.8,
148.6, 160.4. ESI-MS. Calcd for [M − PF6]

+: m/z 778.1. Found: m/z
778.2.
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Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09,
revision A.1; Gaussian, Inc.: Wallingford, CT, 2009.
(103) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. Self-
consistent molecular orbital methods. XX. A basis set for correlated
wave functions. J. Chem. Phys. 1980, 72, 650.
(104) Wadt, W. R.; Hay, P. Ab initio effective core potentials for
molecular calculations. Potentials for main group elements Na to Bi. J.
Chem. Phys. 1985, 82, 284.
(105) Becke, A. D. Density-functional thermochemistry. III. The role
of exact exchange. J. Chem. Phys. 1993, 98, 5648.

(106) Lee, C. T.; Yang, W. T.; Parr, R. G. Development of the Colle-
Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785−789.
(107) Berridge, M. V.; Herst, P. M.; Tan, A. S. Tetrazolium dyes as
tools in cell biology: new insights into their cellular reduction.
Biotechnol. Annu. Rev. 2005, 11, 127−152.
(108) Mukhopadhyay, S.; Singh, R. S.; Paitandi, R. P.; Sharma, G.;
Koch, B.; Pandey, D. S. Influence of Substituents on DNA/ Protein
Binding and Anticancer Activity of Cyclometalated Ir(III) Complexes.
Dalton Trans. 2017, 46, 8572−8585.
(109) Bezabeh, T.; Mowat, M. R. A.; Jarolim, L.; Greenberg, A. H.;
Smith, I. C. P. Detection of drug-induced apoptosis and necrosis
inhuman cervical carcinoma cells using 1H NMR spectroscopy. Cell
Death Differ. 2001, 8, 219−224.
(110) Perrin, D. D.; Armango, W. L. F.; Perrin, D. R. Purification of
laboratory Chemicals; Pergamon: Oxford, U.K., 1986.
(111) Sheldrick, G. M. SHELXL-97, Program for X-ray Crystal
Structure Refinement; Gottingen University: Gottingen, Germany, 1997.
(112) Sheldrick, G. M.; SHELXS-97, Program for X-ray Crystal
Structure Solution; Gottingen University: Gottingen, Germany, 1997.
(113) Spek, A. L. PLATON, A Multipurpose Crystallographic Tools;
Utrecht University: Utrecht, The Netherlands, 2000.
(114) Spek, A. L. Acta Crystallogr., Sect. A 1990, 46, C31.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b01693
Inorg. Chem. XXXX, XXX, XXX−XXX

P

http://dx.doi.org/10.1021/acs.inorgchem.7b01693

