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A series of iridium(in) complexes (Ir1-Ir3) with the formula [Ir(Foppy)2(L)] (Foppy = 2-(2,4-difluoro-phenyl)
pyridine, L = pyridine-2-aldoxime, 2-pyridylamidoxime and di-2-pyridylketoxime) were synthesized
through the reaction of [(Foppy),lr(n-CllIr(Foppy)a] (SM1) and the respective ancillary ligands (L). All the
complexes were characterised by FT-IR, 'H & °F-NMR analysis, electronic absorption—emission
spectroscopy and cyclic voltammetric studies. Molecular structures of complexes Irl and Ir3 were
determined by interpreting single crystal X-ray data. All the complexes were found to be luminescent
with low quantum yields. Anticancer studies on cancer cell lines MDAMB, HT-29 and LN-229 revealed
their effectiveness as antiproliferative agents. The cytotoxicity of the complexes was evaluated using the
MTT assay and complex Ir2 showed activity similar to that of cisplatin towards the three cancer cells. The

elevated level of reactive oxygen species (ROS) in the iridium complex-treated cancer cells further
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was established through a cell migration study and apoptotic induction assay on LN-229 and a colony
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ligand in the design of Ir(m) luminescent materials.>” A design
principle of two units of phenylpyridines and a bidentate
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Iridium(in) organometallic complexes with a 2-phenylpyridine
(ppy) genre backbone are found to be intrinsically
luminescent."™ Various substitutions on the phenyl and pyri-
dine rings of ppy have been chosen as ligands in the design of
a vast family of emissive Ir(m) complexes. The ppy ligation in
Ir(m) complexes brings the HOMO-LUMO levels to the desired
separation for visible light emission. An array of ppy ligands
with various substitutions on phenyl rings were synthesised and
complexed with an Ir(m) center for the emission of light across
the visible spectrum. Among many options, the difluoro-
substituted  phenylpyridine, ie., 2-(2,4-difluoro-phenyl)
pyridine (HF,ppy) (Fig. 1), has emerged as a highly useful
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ancillary ligand (L) around the Ir(u) centre, i.e., [Ir(ppy),L], was
chosen for an easy synthetic route for the target materials.
Keeping the phenylpyridine backbone intact, a range of
bidentate ancillary ligands have been employed to achieve Ir(u)
complexes targeted for applications in various fields, such as
organic light-emitting diodes (OLEDs), photo redox catalysts,*
biological cell imaging,® and anticancer active agents.'>'*

In recent developments, the composition [Tr(ppy),(L)]"° (L =
bidentate ligand) has proven to be effective in the development
of anticancer active agents.””™* To date, results obtained from
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Fig. 1 List of ligands utilised.
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different cancer cell lines with Ir(m) complexes have displayed
encouraging outcomes. Anti-cancer studies have revealed that
[Ir(ppy),L]""° type complexes can interact with DNA, mitochon-
dria, nucleus and other organelles of the cells for cell death
activities.'>'® Complexes with the above design, [Ir(ppy).(L)]"°,
have proved their potential as therapeutic agents for different
cancer cells.” It is found that the coordinated ancillary ligand
‘L’ plays an important role in identifying and targeting the
cellular parts to interact with them directly.”** Thus, selecting
appropriate bidentate ancillary ligands is essential for the
design and development of cyclometallated iridium(m)-based
anti-cancer drugs. This choice facilitates targeted drug delivery,
minimizes unintended side effects, improves effectiveness with
lower dosages and ultimately reduces the multidrug resistance
observed in current cancer treatments.?* In this context, we have
focused on pyridine-oxime-based ancillary ligands owing to
their novel therapeutic potential***® and the remarkable anti-
cancer activities displayed by pyridine-oxime containing metal
complexes against various cancer cell lines.”’** Additionally,
our observation of unusual coordination by 2-pyridinealdoxime
(Hpyrald) as an ancillary ligand®*** in a cyclometallated Ir(im)
complex further spurred the exploration of Ir(ur) chemistry with
an oxime-containing organic entity. Similarly, in our quest for
unique properties, we recently reported three new cyclo-
metallated Pt(un) complexes featuring 2-pyridinealdoxime
(Hpyrald) and investigated their cancer therapeutic potential
against MCF-7 and MDAMB-231 cells.”* The findings revealed
that the [Pt(F,ppy)(pyrald)] complex is a proficient anticancer
agent. However, the complex demonstrated lower anticancer
activity than cisplatin. In contrast, our previously reported Ir()
complexes with fluorine-substituted cyclometallating ligands®
and other F,ppy-containing Ir(m) complexes in the literature
showed greater anticancer efficacy than cisplatin.® Therefore,
we believe that the anticancer potential can be effectively tuned
by altering the central metal atom to Ir(m) and employing
different structural arrangements of the F,ppy and pyrald
ligands (Fig. 1). We designed a series of complexes with the
general formula [Ir(F,ppy),(L)] (Where L = pyridine-2-aldoxime
and substituted pyridine-2-aldoxime) (Fig. 2). The substitution
of Hpyrald with -NH, and a free pendant pyridine moiety was
selected considering the effective anticancer activity demon-
strated by cyclometallated iridium(ur) complexes containing
free amine and aromatic rings.>*****

Hence, extending our study on oxime-containing Ir(m)
chemistry, herein, we report three iridium complexes and
explore their luminescent behaviour, structural properties and
therapeutic potentials.

Results and discussion
Synthesis and some properties

All the complexes were synthesised in moderate to high yields
under mild conditions and are found to be highly air and
moisture stable. In Irl, deprotonated pyridine-2-aldoxime
(pyrald) coordinated the iridium(m) metal centre through pyri-
dine-N and aldoxime-N atoms and identical binding modes of
ancillary ligands were observed in complexes Ir2 and Ir3
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Fig. 2 Structure of prepared iridium(i) complexes.

although ligands 2-pyridylamidoxime (NH,pyrald) and 2-dipyr-
idylketoxime (dipyrald) have other possible coordination modes
(Fig. 2). NH,pyrald can coordinate through the pyridine-N and -
NH, group, while the dipyrald can coordinate through two
pyridine-N atoms.*® The ligations of ancillary ligands to the
metal center were confirmed from the single crystal X-ray
analysis and NMR spectra of the complexes. The appearance
of a broad peak at 5.81 ppm in the proton NMR spectrum
indicated the existence of the free -NH, group in Ir2 and sup-
ported the coordination of pyridine-N and aldoxime-N for
NH,pyrald. The base peaks observed in the mass spectra of
complexes were found to be well-matched with the theoretical
mass of the complexes. Furthermore, the observed four fluorine
signals in the '°F NMR spectra of Ir1-Ir3 in the range of 107-
111 ppm indicated the coordination of two F,ppy ligands. All
the complexes were found to be soluble in methanol, ethanol,
acetonitrile and acetone solvents. The complex [Ir(F,ppy)a(-
NH,pyrald)] (Ir2) was also found to be partly soluble in water
owing to the presence of the free -NH, group.

Structural characterisation

The single crystal X-ray structures of [Ir(F,ppy).(pyrald)] +
CH;0H (Ir1-CH3OH) and [Ir(F,ppy).(dipyrald)] (Ir3) are depic-
ted in Fig. 3a and b, respectively. The crystal structure of Irl
revealed to contain methanol as the solvent of crystallisation,
and the core Irl and Ir3 molecular structures depicted the
coordination of two F,ppy and one molecule of pyrald or
dipyrald around each Ir(m) centre in a distorted octahedral
geometry. This is in agreement with the bidentate nature of the
coordinating ligands.

In the coordination sphere, the F,ppy ligands tethered the
iridium centre through “N” and “C” and the two “N”s (N1 and
N2) were found in trans positions in the coordination sphere.
The carbon atoms (C11 and C22) of F,ppy ligands were in cis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Thermal ellipsoid plot (40%) of [Ir(Foppy) (pyrald)] + CHsOH
(Ir1-CHsOH). Hydrogen atoms and methanol were excluded for clarity.
(b) Thermal ellipsoid plot (30%) of [Ir(Foppy) (dipyrald)] (Ir3). Hydrogen
atoms were excluded for clarity.

positions and made a square plane along with N3 and N4 of the
pyrald/dipyrald ligand. The Ir-C bond distances [2.005(5) and
2.021(4)] of Irl were in good agreement with the reported
structure of iridium(m) complexes containing F,ppy ligands.”
The bond distances of Ir-N1 and Ir-N2 [2.046(3) A and 2.051(3)
A] of F,ppy origin in Ir1 were found to be shorter than the Ir-N3
and Ir-N4 bond distances [2.116(3) A and 2.119(5) A] emanated
from pyrald ligand, respectively. This Ir-N bond distance
disparity was due to the strong trans influence exerted by
coordinating C11 and C22 situated at the trans position to N3
and N4, respectively, in the coordination sphere. A very similar
coordination sphere was found in Ir3 with bond lengths and
angles comparable to Ir1-CH3;OH (Table 1).
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Theoretical studies

The DFT and TD-DFT methods were used to study the quantum
mechanical calculation of all three iridium complexes Ir1-Ir3.
The S, — S; transitions along with corresponding HOMO —
LUMO transitions are shown in Fig. S167 and Table 2. The
HOMO-LUMO electronic population with the corresponding
energy gaps of Ir1-Ir3 is depicted in Fig. 4.

The HOMOs of Ir1-Ir3 mainly spread over ancillary ligands
with a minimal distribution on iridium(ur) centres. In contrast,
the LUMOs had a dominant contribution of cyclometallating
F,ppy ligands (Fig. 4 and S167). Despite the structural difference
of ancillary ligands, the highest occupied frontier molecular
orbitals (HOMO) of Irl and Ir3 were found to have approxi-
mately the same energy values, i.e. ~5.19 eV. Similar observa-
tions were made for the LUMO energy levels of Irl and Ir3, with
the lowest energy levels at —1.52 eV and —1.53 eV, respectively.
This could be due to the non-involvement of the pyridine
substituent in the formation of HOMO and LUMO in Ir3
(Fig. S167).

The HOMO-LUMO energy gap in Ir2 was found to be the
lowest, i.e. 3.08 eV, and it was ascribed to the high-lying HOMO
(—4.59 eV) of Ir2 among the three complexes. As the LUMOs of
all three complexes had comparable energies (1.50-1.53 eV), the
high lying HOMO caused the smallest separation of HOMO-
LUMO in Ir2.

Optoelectronic studies

The UV-visible spectra of the three iridium complexes were
taken in acetonitrile solution at room temperature within
a concentration range of 10> mol per L. Complexes Ir1-Ir3
exhibited intense absorption spectra at 255, 251 and 254 nm,
respectively (Fig. 5). These high energy transitions were
assigned to the ligand-centered = — 7* transitions. The next
few weak bands were obtained at 371, 365 and 375 nm for
complex Ir1-Ir3, respectively (Fig. 5). These transitions could be
attributed to the combination of spin-allowed charge transfer
spectra. Further, the appearance of the least intense peaks in
the visible region might have originated from the spin-
forbidden electronic transitions involving *MLCT, *LLCT or
’ILCT.

From the TD-DFT calculation, the percentage contributions
of iridium, cyclometallating ligands and ancillary ligands in
HOMOs and corresponding LUMOs are presented in Table S1.7
HOMOs mainly spread over ancillary ligands with minimal

Table 1 Selected bond lengths and angles of [Ir(Foppy)2(pyrald)] + CH3zOH (Irl-CH3OH) and [Ir(Foppy).(dipyrald)] (Ir3)

Ir1

Bond lengths [A] Bond angles [°]

1Ir3

Bond lengths [A] Bond angles [°]

Ir1-C11 2.005 (5) N1-Ir1-N2 174.83 (13)
Ir1-C22 2.021 (4) C11-Ir1-N3 173.71 (15)
Ir1-N1 2.046 (3) C11-Ir1-C22 88.92 (16)
Ir1-N2 2.051 (3) C22-1r1-N3 95.86 (15)
Ir1-N3 2.116 (3) N3-Ir1-N4 77.18 (13)
Ir1-N4 2.119 (5) C11-Tr1-N4 98.52 (15)

© 2025 The Author(s). Published by the Royal Society of Chemistry

Ir1-C11 2.030 (3) N1-Ir1-N2 175.63 (11)
Ir1-C22 2.014 (3) C11-1Ir1-N3 99.41 (12)
Ir1-N1 2.041 (3) C11-Ir1-C22 85.64 (13)
Ir1-N2 2.041 (3) C22-1r1-N3 174.02 (11)
Ir1-N3 2.122 (3) N3-Ir1-N4 76.89 (11)
Ir1-N4 2.086 (3) C11-Ir1-N4 174.73 (12)
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Table 2 Theoretically calculated electronic transitions and contours of HOMOs and LUMOs in complex Ir1-Ir3 ¢

Contour of orbitals

Nature of transitions Wavelength Oscillator
Complex So = S1 (nm) strength (f) HOMO LUMO
HOMO — LUMO 1y
\
7/d — m* L'LCT/MLCT/L'MCT " .;;
. - “ ~
Ir1 389.7 0.0114 »",}T > ; ~
- Py - ‘)‘
e :
Tcpyrald/dlr TU*(F2ppy) /di
HOMO — LUMO ® Ny
7t/d — 7* L'LCT/MLCT/L'MCT . ".\*\
(5 ) ! 4
YL w
Ir2 380.9 0.0131 A 4
¥y
{ ] T,
. ‘.)g . "
TiNH2pyrald/dir 0¥ (F2ppy)/dir
HOMO — LUMO ¢ N S
nt/d — m* LCT/MLCT/L'MCT -y -7 NP+
- X
3 o< ' | o S &
. v - » ol .
Ir3 386.2 0.0158 20 2 Q%
TAA {
p . A

ndipyrald/dlr TC*(Fpry)/dlr

“ L = F,ppy, L' = ancillary ligands (pyrald, NH,pyrald and dipyrald for Ir1-Ir3, respectively).

contribution of the iridium atom, and the corresponding
LUMOs were dominantly found on cyclometallating ligands
with negligible contribution of iridium d-orbitals (Fig. S16 and
Table S17).

To reveal the origin of the absorption bands, the results of
TD-DFT calculations of all three iridium complexes were ana-
lysed. The experimental and theoretically calculated peaks with
the highest oscillatory strengths were compared, as illustrated

LUMO
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Fig.4 HOMO and LUMO energy diagram and their compositions with
respect to atomic orbitals of different fragments of the complexes
(Ir1-Ir3).
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in Table S2 in the ESI.} It revealed that the absorption bands in
the region 365-375 nm mainly originated from HOMO-LUMO
transitions with a minimum share of HOMO—1 to LUMO+1
transitions. The characteristics of these transitions were found
to be a mixture of singlet L'LCT, MLCT and L'MCT origin (L' =
ancillary ligand). The 'L’LCT character was found to be superior
over all other possible transitions in the present three

1.0
—1Irl
0.8 2
Ir3
8 0.6
2 06
<
2
[
S 04-
2
<
0.2 4
0‘0 T T T T T T
250 300 350 400 450 500 550

Wavelength (nm)

Fig. 5 UV-Vis spectra of complexes (Ir1l-Ir3) in acetonitrile medium.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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complexes, Ir1-Ir3. The absorption bands obtained in the range
of 345-402 nm were mainly due to HOMO-LUMO transitions.
The observed transition found around 371 nm of Irl was
broadly suited with a theoretically calculated value of 389.7 nm.

Similarly, the observed transition peaks at 365 and 375 nm of
Ir2 and Ir3 were well matched with theoretically calculated
peaks at 380.9 and 386.2 nm, respectively. Therefore, the elec-
tronic spectral peaks in the region 365-375 nm resulted from
the transitions of mp/dy — w*(Fyppy)/dy (L' = ancillary
ligands).

Emission spectra

The photoluminescence spectra were measured at room
temperature in an acetonitrile solution (Fig. S141). Complexes
Irl and Ir3 exhibited emissions in the blue region at 468 and
494 nm, respectively, while Ir2 showed a red-shifted band at
585 nm. The very identical spectral peak positions of Ir1 and Ir3
nullified the substitutional effects of coordinated ancillary
ligands on luminescence behaviour. The observation also holds
with the identical spin-allowed charge transfer bands at 371 and
375 nm for Irl and Ir3, respectively, as mentioned hitherto. In
all three complexes, the excited electron in LUMO might have
decayed through ligand-centred triplet excited states [*L'LCT (L
= F,ppy, L' = pyrald/dipyrald)] to the ground state, producing
weak phosphorescence.”” This was also evident from the
quantum yield values, as depicted in Table 3.

However, the -NH, group of NH,pyrald in Ir2 had a direct
effect on the luminescence spectrum and affected both the
spectral shape and the emission maximum. It was found that
the -NH, group lowered the HOMO-LUMO energy gap and
caused a red shift in luminescence behaviour. This could be due
to the positive inductive effect of the -NH, group, causing an
impact on the iridium centre in reference to HOMO-LUMO
separation and subsequently resulted lower energy absorption
and emission peaks.

The strong luminescence with efficient anticancer activity
makes a complex a potential theragnostic agent, i.e., a thera-
peutic and diagnostic agent, by assessing the mechanism of
action of the complexes via the cellular uptake, distribution and

View Article Online
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localisation.®® The present complexes were found to be weakly
luminescent and need structural modification by replacing the
pyridine moiety of F,ppy ligand in Ir1-Ir3 with imidazole and
pyrazole-like aromatic heterocycles, which might improve the
emissive behaviour and the theragnostic properties of new
compounds.*”

Electrochemical studies

The electrochemical potentials of all the complexes were
studied using cyclic voltammetry in a degassed acetonitrile
solution at 298 K. Irl and Ir3 exhibited two oxidation peaks,
while Ir2 had three anodic responses, as depicted in Fig. 6 and
Table 3. The oxidation responses of Irl at 1.17 V, Ir2 at 0.40 V,
1.42 V and Ir3 at 1.10 V were attributed to the oxidation of the
corresponding coordinated ancillary ligands. The other set of
oxidation potentials of three complexes appeared at 1.71 V,
1.87 V and 1.57 V for Ir1, Ir2 and Ir3, respectively (Table 3) and
were attributed to the Ir(m)-Ir(v) couples in the respective
complexes. For a logical assignment of the anodic peaks of Ir1-
Ir3, the cyclic voltammograms of Hpyrald, HNH,pyrald and
Hdipyrald in pure form were also recorded in acetonitrile
solution (Table 3). Further theoretical calculations revealed

Irl
Ir2
Ir3

-0.6 4

Current/le-5A

0.8

-1.04

-1.2 T T T T T T
20 18 16 14 12 1.0 08 06 04 02 00

Potential/V

Fig. 6 Cyclic voltammograms of complex Irl-Ir3 in acetonitrile

solution.

Table 3 Electrochemical and electronic spectral data of complex Ir1-Ir3

Electronic spectral data” A

Electrochemical data®

Complex (nm) (e x 10* M " em ™) Photoluminescence data” Quantum yield” (@) [E (V) vs. SCE]
Ir1 261 (20.74), 283 (17.07), 371 468 and 494 nm (A, = 371 0.026 1174 1.714
(4.95), 410 (2.62), 452 (0.61), nm)
501 (0.28)
Ir2 251(36.82), 302 (18.29), 365 585 nm (Jex = 365 nm) 0.014 0.40% 1.427, 1.87%, —1.33°
(8.44), 450 (2.53), 492 (1.06)
Ir3 254 (30.81), 293 (19.67), 375 468 and 494 nm (Aex = 375 0.0012 1.10% 1.57%, —1.25°
(8.57), 408 (6.17), 500 (2.21) nm)
Hpyrald 276, 243 1.24% —1.00°
HNH, pyrald 227, 282 1.15% 1.37%, —1.26°
Hdipyrald 230, 265 1.34%, —1.28°

“ Measured in a degassed acetonitrile solution at room temperature. > Quantum yields were determined with respect to [Ir(ppy)s]. ¢ Acetonitrile

solution (0.1 M TBAP as supporting electrolyte). ¢ E, values. ¢ E, values.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a dominant distribution of HOMO over ancillary ligands; hence,
the first oxidation responses of Ir1-Ir3 were assigned to the
oxidation of ancillary ligands. The assignment of Ir(ur)-Ir(v)
oxidation responses of complexes was in good agreement with
the literature values.®*

Redox potentials obtained by cyclic voltammetry are often
used to calculate the energy levels of HOMO, LUMO and their
energy differences. The onset redox potentials were determined
assuming the ionisation potentials (IP) of ferrocene value at
—5.1 eV.** The HOMO-LUMO energy gaps calculated from
theoretical calculations, absorption spectra and cyclic voltam-
mograms are presented in Table 4. The optical band gaps were
calculated from the absorption peaks at 371 nm, 365 nm and
375 nm for Ir1-Ir3, respectively (Tables 3 and S27) and found in
the order of Ir2 > Ir1 > Ir3. This contradicted the calculated band
gaps obtained from TD-DFT calculation, ie. Irl > Ir3 > Ir2.
Therefore, the observed trend of HOMO-LUMO energy gaps for
complexes Irl and Ir3 using both optical and theoretical
methods was found to be the same, while Ir2 stands out with
a deviation. Electrochemical band gaps calculated from the
onset oxidation and reduction potentials for Ir2 and Ir3 were
found to have values of 2.75 eV and 2.35 eV, respectively, but the
electrochemical band gap for Ir1 could not be evaluated owing
to the absence of a reduction response.

Anticancer studies

Antiproliferative assay. The in vitro antiproliferative activity
of Ir1-Ir3 complexes was evaluated using the MTT assay of
human breast cancer cell lines (MDA-MB 231), colon cancer cell
line (HT-29) and human glioblastoma cell lines (LN-229) for 48
hours. The results revealed that the complexes efficiently inhibit
the proliferation of three cancer cells after 48 hours of incuba-
tion. The half maximal inhibitory concentration values (ICs,) of
the complexes were calculated, as presented in Table 5. Among
the three iridium complexes, Ir2 was found to exhibit the
highest cell cytotoxicity towards all three cancer cells with ICs,
values ranging from 8.6 to 12.3 uM, which were comparable to
the 50% inhibitory concentration of cisplatin (8.3 to 10.3 uM)
(Table 5). Ir3 showed the least cytotoxic effects on cancer cells
with a high range of IC;, values, i.e. 21.3 to 31.32 uM (Table 5),

Table 4 Redox potentials, HOMO and LUMO energies, and electro-
chemical band gaps (Eg) of Ir1-Ir3

Irl Ir2 I3
Eox 1.17 1.42 1.10
Ereq -1.33 —~1.25
HOMO* (CV) —6.27 —6.52 —6.20
LUMO? (CV) —3.77 —3.85
HOMO(DFT) —5.19 —4.59 —5.19
LUMO(DFT) —~1.52 -1.50 —~1.53
Egcv) [eV] 2.75 2.35
Egopt)” [eV] 3.34 3.39 3.30
Eqorr) [€V] 3.67 3.08 3.66

“HOMO = —5.1 — Egy. "LUMO = —5.1 — Eyeq. ©

a Eyov) =
Ered(onset)~ Eg(opt) = 1240/131)5.

ox(onset) ~
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Table 5 [Csq (uM) values of the complexes toward selected cancer
cell lines after 48 hours

Complex MDA-MB 231 HT-29 LN 229

Ir1 11.30 £ 0.95 14.20 £ 1.21 16.23 £+ 1.20
Ir2 8.60 £ 0.98 10.45 £ 1.71 12.30 £ 1.02
Ir3 21.30 £ 1.30 27.30 £ 2.87 31.32 £3.31
Cisplatin 8.30 £ 0.87 9.50 + 1.10 10.30 + 1.45

and moderate toxicity was observed for Irl towards the human
cancer cells (IC5o = 11.3 to 16.23 uM). The observed difference
in the antiproliferation activities of Ir1-Ir3 was ascribed to the
structural variation in ancillary ligands in the complexes. Thus,
the highest cell cytotoxicity in Ir2 may be attributed to potential
interactions of the -NH, group present in the coordinated
NH,pyrald ligand with subcellular organelles.****

Intracellular ROS measurement. To further elucidate the
mechanism of action, cyclometallated complex Ir1-Ir3 was
evaluated owing to their ability to induce apoptosis. The total
ROS assay was performed using the fluorescent probe DCFH-DA
(2/,7'-dichlorofluorescein-diacetate). The reactive oxygen
species cause oxidation in DCFH-DA to produce fluorophore
2/,7'-dichlorofluorescein (DCF). Thus, the mean DCF fluores-
cence intensity increases with an increase in drug concentration
within the cancer cells, indicating the production of ROSs
(Fig. 7). The results revealed that Ir1-Ir3 significantly increased
the intracellular ROS levels in cancer cells (Fig. 7). This increase
in ROS production may contribute to the cytotoxic effects of
complexes, such as oxidative stress, which is known to trigger
apoptotic signalling pathways.** Ir2 was found to produce more
ROS compared with the other two iridium complexes in all three
cancer cell lines (Fig. 7). The least reactive oxygen species was
generated in the case of Ir3. The data obtained in the ROS
generation studies were in good agreement with the cell
viability assay test.

Cell migration study. Cellular migration and invasion play
a crucial role in spreading cancer cells from one organ to
another through metastasis and increasing the mortality risk.*
Cell migration assay in LN-229 cells was performed to check
potent cell migration activity. The migratory potential of the LN-
229 cell lines was significantly inhibited by the addition of
iridium complex Ir1-Ir3 to the corresponding cell lines (Fig. 8).
Among all the complexes, Ir2 was found to inhibit cell migra-
tion most significantly (Fig. 8) and Ir3 showed the least cell
migration inhibition. Ir2 attacked cells more prominently
through -NH, group present in the ancillary moiety, suppress-
ing dynamic instability and showing the most significant
result.*>**

Colony formation assay. A colony formation assay was
employed to assess the long-term effects of the iridium
complexes on the proliferative capacity of cancer cells. The
results showed that the complexes effectively suppressed the
colony-forming ability of HT-29 cells in a dose-dependent
manner, suggesting their potential to inhibit tumor growth.
All the complexes showed inhibition in colony formation with
respect to the control. Ir2 was found to inhibit colony formation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Intracellular ROS levels were assessed in (A) MDA-MB 231, (B) HT-29, and (C) LN-229 cells following treatment with Ir1—Ir3 using a DCFH-

DA fluorescence assay. Cells were incubated with 6 and 12 uM of the

complexes for 48 hours, and ROS levels were quantified by measuring

fluorescence intensity and expressed as mean fluorescence intensity. Data were expressed as mean + SD. (n = 3), ***P < 0.01 versus control.

with reduced colony number and size, most significantly
compared to the other two complexes, Irl and Ir3 (Fig. 9).
Similarly, Ir3 showed the least inhibiting activity compared to
the others in the colony formation assay. There was no signifi-
cant decrease in colony formation in the case of Ir3, while Ir1
showed moderate inhibitory activity.

Immunocytochemistry. Immunocytochemistry analysis
revealed that the iridium complexes induced the upregulation
and nuclear localization of the tumor suppressor protein p53, as

24 hr

(A)

Control

Irl 12 pM

Ir2 12 M

Ir3 12 M

well as the activation of cleaved caspase, a key mediator of
apoptosis. Complex Ir2 showed more nuclear localisation of p53
and activation of cleaved caspase 3 and also a change in the cell
morphology, while Ir3 showed the least result (Fig. 10). These
findings suggest that the complexes may induce apoptosis in
cancer cells through the p53-dependent pathway. These find-
ings align with previous studies on the ability of iridium-based
complexes to modulate the expression and activity of apoptosis-
related proteins to elicit anticancer effects.*

48 hr

= 0h =24h =48h

Irl
Groups

Control Ir2 Ir3

Fig. 8 Cell migration assay of LN-229 cells treated with or without Irl-Ir3 for 24 and 48 hours. (A) Representative images of cell migration at
0 hours, 24 hours and 48 hours post-treatment, comparing untreated control and complex Irl-Ir3 treated cells. (B) Quantification of the
migration rate, expressed as the percentage of gap closure relative to the control. Data represent mean + SD from three independent

experiments.
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Fig. 9 Colony formation was assessed in HT-29 cells following treatment with complex Irl-Ir3 using a clonogenic assay. (A) Representative
images of colonies formed in untreated control and Irl-Ir3 treated groups after 14 days. (B) Quantification of colony formation, expressed as the
percentage of colonies relative to the control. All values are expressed as the mean + SD (n = 3), ***P < 0.01 versus control.

Apoptosis study. The AO/PI staining assay confirmed that the
Ir1-Ir3 complexes effectively induced apoptosis in cancer cells,
as evidenced by the increased percentage of cells undergoing
early and late apoptosis (Fig. 11). This study further supported
the superior anticancer efficacy of complex Ir2 with both early
and late apoptosis and high cell morphology irregularity after
treatment. Complex Ir1 mostly induced early apoptosis with the
maximum observation of greenish yellow with orange cancer
cells compared to red-orange, and the least activity was
observed for complex Ir3.

Experimental

Materials and synthesis of complexes

IrCl;-xH,0, 2-pyridinealdoxime (Hpyrald), 2-(2,4-difluor-
ophenyl)pyridine (HF,ppy), and di-2-pyridyl ketoxime (Hdipyr-
ald) were obtained from Merck and used without further

purification.  Pyridine-2-amidoxime  (HNH,pyrald) was
purchased from BLD Pharm, India. MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide],  acri-

dine orange and ethidiumbromide were purchased from Merck
USA. The human cancer cell lines MDAMB, HT-29 and LN-229
were obtained from CSIR-National Chemical Laboratory,
Pune, India. All chemicals for cell culture, such as DMEM
(Dulbecco's modified Eagle's medium), fetal bovine serum (FBS)
and trypsin-EDTA were purchased from Himedia Laboratories
Pvt. Ltd, Mumbai, India. All the solvents were dried following
reported methods** before use. The chloro-bridged dimer
[Ir(Foppy)a(n-Cl)oIr(Foppy)s] (SM1) was prepared from IrCls-
-xH,O using the method described by Nonoyama.*

22882 | RSC Adv, 2025, 15, 22875-22888

Synthesis of [Ir(F,ppy).(pyrald)] (Ir1), [Ir(F,ppy).(NH,pyrald)]
(Ir2) and [Ir(F,ppy).(dipyrald)] (Ir3)

Iridium complex Ir1-Ir3 was synthesised following the synthetic
procedure proposed by Nonoyama.* In a typical preparation of
Ir1, the dichloro-bridged dimer, [(Foppy).Ir(n-Cl,Ir(Foppy)s]
(SM1) (200 mg, 0.16 mmol) reacted with pyridine-2-aldoxime
(Hpyrald) (49 mg, 0.40 mmol) and Et;N (0.056 ml, 0.40 mmol)
in 30 ml ethanol under reflux condition under dinitrogen
atmosphere for 18 hours (Scheme S17). The resulting mixture
was evaporated in a water bath. The impure mixture thus ob-
tained was applied to a neutral aluminium oxide column and
eluted with acetonitrile to isolate a yellow band. The evapora-
tion of the column-separated solution resulted in a yellow solid
with a 90% yield (205 mg).

[tr(Fppy)o(pyrald)] (Ir1). IR data (cm ', ATR): 1733(w),
1600(s), 1569(w), 1557(m), 1472(s), 1416(w), 1403(s), 1330(m),
1292(m), 1265(w), 1243(s), 1146(s), 1102(s), 1068(w), 1042(m),
983(s), 839(w), 824(s), 755(w), 749(s), 711(m), 676(s), 649(W),
610(w), 568(s), 525(s), 456(W).

"H NMR data (400 MHz, DMSO-dg, ppm): 6 8.37 (d, J =
5.5 Hz, 1H), 8.24 (d, J = 7.7 Hz, 3H), 8.03 (t,/ = 7.8 Hz, 2H), 7.77
(t,J = 6.8 Hz, 1H), 7.65 (d, J = 6.2 Hz, 1H), 7.51 (d, ] = 8.8 Hz,
1H), 7.48-7.42 (m, 1H), 7.39 (d, J = 4.9 Hz, 1H), 7.36-7.29 (m,
1H), 7.09-7.01 (m, 1H), 6.89-6.79 (m, 1H), 6.79-6.67 (m, 1H),
5.66 (d, J = 8.3 Hz, 1H), 5.44 (d, J = 9.6 Hz, 1H).

9F NMR data (377 MHz, DMSO-ds, ppm): 6 —107.76,
—108.97, —109.51, —110.97.

ESI-MS for [Ir(F,ppy).(pyrald)] (Irl): theoretical mass for
C,gH,,N,F,0Ir, 694.0968; found 694.7900.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Iridium complexes induce nuclear translocation of p53 and (B) activation of cleaved caspase3. Confocal microscopy images of LN
229 cells treated with 12 puM Irl-Ir3 for 48 hours and stained with anti-p53 and cleaved caspase-3 primary antibodies, followed by incubation
with the Alexa-488-conjugated secondary antibody and DAPI for nuclear staining.

Control | _ Ir2

Fig. 11 (A) Investigation of apoptosis induction in Irl-Ir3 treated with LN 229 cells by fluorescence microscope with acridine orange and
propidium iodide: (i) control, (ii) Ir, (iii) Ir2 and (iv) Ir3. Untreated control cells emitted green fluorescence. Treated cells showed greenish-yellow
with orange nuclei at the early apoptotic phase (pointed as white arrow), and the cells turned red-orange at the late apoptosis phase (pointed as
white arrow). (B) Change in cell shape with Irl-Ir3 treatment: (i) control, (ii) Ird, (iii) Ir2, and (iv) Ir3. The LN-229 cells were treated with or without
Ir1-Ir3 (12 uM) for 48 hours. Bright-field images showed the change in morphology after treatment, and cells acquired with poorly defined and
irregular cell morphology with iridium complex treatment. Magnification: x10 and x20.
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Elemental analysis: anal. caled for C,sH;,N,F,OIr: C, 48.48;
H, 2.47; N, 8.08. Found C, 49.69; H, 3.12; N, 8.98.

[Ir(F,ppy).(NH,pyrald)] (Ir2). Ir2 was prepared following the
very same procedure described for Irl. The crude product ob-
tained from the reaction mixture was purified on an Al,O;
column by eluting it with an acetonitrile and hexane mixture
(4:1, v/v). The complex was isolated as a yellow powder with
a 64.7% yield.

IR data (KBr, cm '): 3063(w), 1603(s), 1571(w), 1558(w),
1474(s), 1440(m), 1400(s), 1360(m), 1288(s), 1247(s), 1162(s),
1100(s), 1043(w), 985(s), 828(s), 785(m), 755(m), 700(m), 668(m),
568(w), 526(w), 418(w).

'H NMR data (400 MHz, DMSO-dg, ppm): 6 8.34 (d, J =
4.8 Hz, 1H), 8.28-8.18 (m, 2H), 8.01 (t,J = 7.9 Hz, 2H), 7.92 (t, ] =
7.8 Hz, 1H), 7.72 (d, J = 7.5 Hz, 1H), 7.58 (d, J = 5.1 Hz, 1H),
7.52-7.39 (m, 2H), 7.30 (t, / = 6.0 Hz, 1H), 7.22-7.10 (m, 1H),
6.83 (ddd, J = 12.1, 9.5, 2.3 Hz, 1H), 6.73 (ddd, J = 12.2, 9.5,
2.3 Hz, 1H), 5.81 (s, 2H), 5.65 (dd, J = 8.1, 2.4 Hz, 1H), 5.46 (dd, J
= 8.9, 2.4 Hz, 1H).

F NMR data (377 MHz, DMSO-ds, ppm): 6 —107.73,
—109.03, —109.44, —111.11.

ESI-MS for [Ir(F,ppy).(NH,pyrald)] (Ir2): theoretical mass for
C,5H1oNsF,OIr [Ir2H]", 710.1077; found 710.0981.

Elemental analysis: anal. calcd for CysH;gNsF,Olr: C, 47.45;
H, 2.56; N, 9.88. Found C, 48.06; H, 3.01; N, 10.42.

[Ir(F,ppy).(dipyrald)] (Ir3). Ir3 was also prepared following
the same procedure described for complex Ir1.

The crude product was purified on an Al,O; column by
eluting with an acetone:methanol (1:1, v/v) mixture. The
greenish-yellow coloured powder was obtained with a yield of
65%.

IR data (KBr, cm '): 3063(w), 1603(s), 1571(w), 1558(w),
1474(s), 1440(m), 1400(s), 1360(m), 1288(s), 1247(s), 1162(s),
1100(s), 1043(w), 985(s), 828(s), 785(m), 755(m), 700(m), 668(m),
568(w), 526(w), 418(w).

'H NMR data (400 MHz, DMSO-dg, ppm): 6 8.65 (d, J =
4.8 Hz, 1H), 8.46 (d,J = 4.9 Hz, 1H), 8.27 (t,J = 8.3 Hz, 2H), 8.05
(t,J = 7.8 Hz, 2H), 7.84-7.69 (m, 4H), 7.58-7.45 (m, 3H), 7.41-
7.29 (m, 2H), 7.17-7.11 (m, 1H), 6.91-6.82 (m, 1H), 6.78-6.67
(m, 1H), 5.70 (dd, J = 8.1, 2.3 Hz, 1H), 5.46 (dd, J = 8.8, 2.4 Hz,
1H).

9F NMR data (377 MHz, DMSO-ds, ppm): 6 —107.64,
—109.09, —109.47, —111.06.

ESI-MS for [Ir(F,ppy),(dipyrald)] (Ir3): theoretical mass for
C33H,;NsF,OIr [Ir3H]", 772.1233; found 772.1311.

Elemental analysis: anal. caled for C33H,oNsF,Olr: C, 51.42;
H, 2.62; N, 9.09. Found C, 52.26; H, 2.98; N, 9.78.

Physical measurements

The FT-IR spectra of the complexes were recorded using a Shi-
madzu IR Afinity-1S spectrophotometer with a KBr pallet. A
Bruker 700 MHz spectrometer was used to measure 'H and '°F
NMR data for all the complexes using a dry DMSO-d, solvent.
The Thermo Finnigan Flash EA1112 series instrument was used
for the elemental (C, H, N) analysis of the iridium complexes. An
Agilent Carry 100 UV-Vis spectrophotometer instrument was
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used to record the absorption spectra of all the complexes. A
Shimadzu RF 6000 fluorescence spectrometer was used to
obtain the photoluminescence spectra. Cyclic voltammograms
were recorded on CH Instrument model CHI760E to observe the
oxidation and reduction potentials of the iridium complexes.
The redox properties were studied under a dinitrogen atmo-
sphere in an acetonitrile medium at room temperature using
[(n-C4H,)4N]ClO, (TBAP) as a supporting electrolyte. The Pt-disk
electrode was used as the working electrode, while Pt-wire and
saturated calomel (SCE) were used as the reference and auxiliary
electrodes, respectively. All the mass spectra were recorded
using a Bruker micro TOF-QII mass spectrometer.

Crystal structure determination

The X-ray quality single crystal of [Ir(F,ppy)(pyrald)] (Ir1) was
obtained upon slow evaporation of a methanol-toluene mixture
at room temperature. A suitable single crystal was chosen and
mounted on a Rigaku CCD X-ray diffractometer. The X-ray data
were collected at 296 K using a microfocus sealed X-ray tube
with Cu-Ko. (A = 1.54184 A) as an X-ray source. The obtained
data were refined and reduced through the CrysAlisPro software
for further processing. The structure was solved using SHELXT
software and refined on F> by applying a full-matrix least-
squares method with the SHELXL programme assembled in
Wingx software. The thermal parameters of all the non-
hydrogen atoms were refined anisotropically, and hydrogen
atoms were added to the atoms at an idealised position using
the riding model. The structure was crystallised with one
molecule of methanol. The final crystallographic data were
submitted to CCDC with deposition numbers 2377820 and
2377821. The different refinement parameters along with
selected bond lengths and angle parameters are listed in Tables
1 and S3,} respectively. The thermal ellipsoid plot, as depicted
in Fig. 3, was obtained from the ORTEP 3 programme.

Computational methods

The ORCA programme was used for the time-dependent density
functional theory (TD-DFT) calculation of complex Ir1-Ir3.* The
geometries of all the complexes were optimised in the gas phase
prior to theoretical calculations. The hybrid B3LYP-D3/def2-
TZVP level of theory was used for TD-DFT calculations.”” Two
different basis sets were employed to treat the non-metallic and
metallic atoms present in complexes. The Basis LanL2DZ set
was used to treat the iridium atom,*® and 6-31G** basis set was
used for the treatment of non-metallic atoms, such as C, N, H
and F, present in ligand frameworks.*>** Hessian indices were
used as a tool to examine the stationary states. TD-DFT calcu-
lations of all the complexes were performed at the gas phase
optimized geometry using the SMD continuum solvation model
for acetonitrile stated by Truhlar and Cramer.**

Anticancer study

Cell culture. The MDA-MB 231, HT-29 and LN-229 cancer cell
lines were cultured using DMEM with 10% FBS, 1% r-glutamine
and 1% penicillin streptomycin at 37 °C in a humidified, 5%
CO, incubator (Galaxy 170 R, Eppendorf, Germany).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cell viability assay. The MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay was performed to
evaluate the cytotoxic potential of Ir1-Ir3 against a panel of
cancer cell lines, including MDA-MB 231, HT-29, and LN 229.34.
Briefly, these cells were seeded into 96-well plates (NEST
Scientific Inc., USA) at a density of 3000 cells per well and
incubated in a growth medium at 37 °C for 24 hours to facilitate
attachment. The following day, the cells were exposed to varying
concentrations of Ir1-Ir3 dissolved in DMSO (with DMSO
concentration kept below 0.01%) and incubated for 48 hours.
Cells treated with medium alone served as controls. After the
incubation period, the medium was replaced with 100 pl MTT
(5 mg ml ") containing media, and the cells were incubated for
an additional 4 hours. The resulting formazan crystals were
dissolved in DMSO, and their absorbance was measured at
570 nm using an ELISA plate reader (BioTek Epoch, USA).

Intracellular ROS measurement. The total reactive oxygen
species (ROS) assay was performed to assess the ability of the
iridium complexes (Ir1-Ir3) to induce oxidative stress in cancer
cells. The generation of ROS was evaluated using the DCFH-DA
fluorescent dye protocol with minor modifications.>* Briefly,
MD-MB 231, HT-29, and LN 229 cells (1 x 10° cells per well)
were seeded into 6-well plates (NEST Scientific Inc., USA) con-
taining growth medium and incubated overnight at 37 °C to
allow for cell attachment. The following day, the cells were
exposed to varying concentrations of Ir1-Ir3 dissolved in DMSO
(with a DMSO concentration of less than 0.01%) and incubated
at 37 °C for 48 hours. Cells treated with the growth medium
alone served as controls. After the incubation period, the cells
were washed twice with PBS and incubated with 10 uM DCFH-
DA for 30 minutes. Subsequently, the excess dye was removed
by washing with PBS. The cells were then lysed, and the fluo-
rescence intensity of the lysates was measured using a fluores-
cence spectrophotometer (Agilent) with an excitation
wavelength of 488 nm and an emission wavelength of 530 nm.

Cell migration assay. To investigate the migratory potential
of the LN 229 cancer cell line in response to Ir1-Ir3 complexes,
a wound-healing assay was performed.>® Briefly, LN 229 cells
were seeded into 6-well plates (NEST Scientific Inc., USA) at
a density of 1 x 10° cells per well and allowed to form
a confluent monolayer overnight at 37 °C with 5% CO,. After 24
hours, a scratch was introduced into the cell monolayer using
a 200 pl pipette tip. The wells were then gently washed with PBS
to remove any cellular debris generated during scratch forma-
tion. The cells were then treated with 12 pM of Ir1-Ir3 for 48
hours, while the control cells received only the culture medium.
Photographic images of the scratch were captured at the initial
point in time and after 24 and 48 hours of incubation using an
inverted microscope equipped with a digital camera. The open,
cell-free areas created by the scratch were analyzed using
TScratch software, and the migration rate was quantified as the
percentage reduction in the wound area over time, as the cells
migrated to close the scratch.

Colony formation assay. To assess the long-term effects of
Ir1-Ir3 complexes on the clonogenic potential of HT-29 cells,
a colony formation assay was conducted.** Specifically, 1000
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cells were seeded per well in a six-well plate (NEST Scientific
Inc., USA) and allowed to adhere for 4 hours. Subsequently, the
cells were exposed to 12 pM of Ir1-Ir3, while medium-treated
cells served as controls. The cells were then incubated at 37 °
C with 5% CO, for 14 days, with the culture medium replen-
ished every 2 days. After the 14-days incubation period, the cells
were fixed with 70% ethanol and stained with 0.5% crystal
violet, and the colony formations were analyzed. A cell colony
was defined as a cluster of at least 50 cells, and the colonies were
quantified using Image] software (National Institutes of Health,
Bethesda, Maryland, USA).

Immunolocalization analysis. Immunocytochemistry was
employed to investigate the impact of Ir1-Ir3 on the expression of
key apoptosis-related proteins, including p53 and cleaved cas-
pase-3.>® Briefly, LN 229 cells were seeded onto coverslips (NEST
Scientific Inc., USA) at a density of 1 x 10" cells per coverslip and
incubated in growth medium at 37 °C for 24 hours to facilitate
cell attachment. The following day, the cells were exposed to 12
uM of Ir1-Ir3 complexes for 48 hours, with medium-treated cells
serving as controls. After the treatment period, the cells were
thoroughly washed with PBS, fixed with 4% paraformaldehyde
and subjected to blocking with 5% BSA. Subsequently, the cells
were incubated for 3 hours with primary antibodies specific for
p53 and cleaved caspase-3 (Santa Cruz Biotechnology Inc., Dallas,
TX, USA) at a dilution of 1:150. Goat anti-rabbit IgG-Alexa-488
secondary antibodies (Invitrogen, USA) were then used to incu-
bate the cells at a dilution of 1:100 for 1 hour. DAPI was employed
to stain the cell nuclei. The expression levels of these apoptotic
markers were analyzed using confocal microscopy (Stellaris 5,
Leica Confocal Microscope).

Assessment of apoptosis (propidium iodide/acridine orange
assay). Propidium iodide/acridine orange (PI/AO) dual staining
was used to measure the apoptotic rates in the control and
iridium complex-treated LN 229 cancer cells.*® Briefly, LN-229
cells were seeded onto coverslips (NEST Scientific Inc., USA) at
a density of 1 x 10" cells per coverslip and incubated in
a growth medium at 37 °C for 24 hours to facilitate cell
attachment. The following day, the cells were exposed to 12 pM
of Ir1-Ir3 complexes for 48 hours, with medium-treated cells
serving as controls before AO/PI staining. After the incubation
period, the cells were washed twice with PBS and incubated with
AO/PI staining (10 uM AO/10 pM PI) for 30 minutes. Subse-
quently, the excess dye was removed by washing with PBS.
Photographs were taken directly under a fluorescent micro-
scope (Olympus BX63, Olympus Corp., Tokyo, Japan).

Statistical analysis. All the experiments were repeated
a minimum of three times. Data are presented as mean =+
standard deviation, and analyzed by one-way ANOVA with
Tukey's test applied post hoc for comparisons of means (Prism
5.0, GraphPad Software Inc., CA, USA). The value of ***P < 0.01
indicated significant differences.

Conclusions

Three bis-heteroleptic Ir(m)-F,ppy complexes (Ir1-Ir3) were
designed and synthesised, aiming to explore the ortho C-H
bond activation potential inherited within the pyridine-2-
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aldoxime and its two derivatives. However, the ortho C-H bond
activation phenomenon was found to be absent in the present
complexes, which was also confirmed by the single crystal X-ray
structures of Irl and Ir3. The molecular structures displayed
distorted octahedral geometry with the usual C*N coordination
of F,ppy ligands around the Ir(um) centres and an innocent
character of aldoxime ligands. All the complexes exhibited very
weak luminescence in the solution medium. Anticancer studies
with MDAMB, HT-29 and LN 229 cancer cells revealed the
cytotoxic nature of all the iridium complexes. The complexes
induce oxidative stress by generating reactive oxygen species,
which were ultimately associated with the induction of
apoptosis in cancer cells. The suppression of colony formation
and cell migration by the iridium complexes further under-
scores their potential to inhibit key cellular processes essential
for tumour growth and metastasis. The observed upregulation
and nuclear localization of crucial tumour suppressor protein
p53 and the activation of caspase-3, a hallmark of apoptosis,
suggested that complex Ir1-Ir3 may induce programmed cell
death through the p53-dependent pathway. All the biological
studies supported the superior anticancer activity of complex
Ir2 among the three complexes, and Ir3 was found to be the
least effective.
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