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Hemiparetic koneramine NNP ligand comprising
strategic hard and soft donors: transition metal
complexes, CS2 activation and therapeutic
potential
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A novel koneramine-derived tridentate NNP ligand has been designed and synthesized, and its coordi-

nation chemistry explored with hard and soft metal centres, including Zn(II), Pd(II), Ru(II), Cu(I), Cu(II), and Ni

(II). The resulting complexes were characterized by spectroscopic, structural, and electrochemical

methods, revealing the ligand’s electronic flexibility and its ability to stabilize copper in multiple oxidation

states (Cu(I)/Cu(II)) via selective donor interactions and adaptable coordination geometries. A ruthenium

hydride complex, [Ru(NNP)(H)Cl(CO)], exhibits efficient hydride transfer reactivity and undergoes double

carbon disulfide (CS2) insertion into the Ru–H bond to afford [Ru(NNP)(CS2H)2(CO)], highlighting its

potential in small-molecule activation. Preliminary biological studies show that syn- and anti-rac-[Ru

(NNP)(H)Cl(CO)] display potent antibacterial activity against S. aureus ATCC29213 (MIC = 2 μg mL−1), while

anti-rac-[Ru(NNP)(H)Cl(CO)] and [Zn(NNP)Cl2] exhibit enhanced anticancer efficacy and lower cyto-

toxicity toward non-cancerous cells compared to cisplatin, highlighting their therapeutic potential.

Introduction

The design and development of multifunctional metal com-
plexes exhibiting both catalytic and biological activity rep-
resents a rapidly expanding field in organometallic
chemistry.1–5 Multidentate ligands, which provide structural
flexibility and electronic tunability, are at the forefront of
coordination and organometallic chemistry.6 Their ability to
chelate metal centres through multiple donor atoms enhances
thermodynamic stability and governs their kinetic profile
during catalytic processes. Koneramines are a new class of tri-
dentate ligands that consist of two pyridyl nitrogens (N1 and
N3), one tertiary amine nitrogen (N2), a secondary tertiary
nitrogen (N4) and two stereogenic centres. Koneramine
ligands have attracted significant attention due to their triden-
tate coordination mode, ease of modification, and ability to
stabilise a wide range of metal centres.7–12 However, conven-
tional koneramine often shows selectivity toward either hard
or soft metals, limiting their versatility. The incorporation of
mixed donor atoms (e.g., N, P, S, O) within a ligand scaffold
provides electronic flexibility, enabling the stabilization of

metal centres in diverse oxidation states, which is particularly
important in redox-active systems and catalysis.13–22

Carbon disulfide (CS2) is a colourless volatile liquid used in
industries for manufacturing viscose rayon, cellophane, and
rubber-processing chemicals.23 Despite its widespread appli-
cation, CS2 is highly toxic and leads to acute or chronic
poisoning.24,25 Relative to its carbon dioxide (CO2) analogue,
CS2 remains underexplored, largely due to its thermodynamic
stability and limited reactivity. Nonetheless, it is a valuable
synthon for sulfur-containing heterocycles and other organo-
sulfur compounds with applications in pharmaceuticals and
materials science.26,27 Transition metal hydride complexes
exhibit significant potential in promoting the insertion of CO2

and CS2 through metal hydride or metal ligand cooperative
pathways.28–40 Despite progress in CO2 activation using tran-
sition metal hydride complexes, analogous studies with CS2
remain limited.

Alongside catalytic applications, the development of metal
complexes as therapeutic agents has emerged as a promising
strategy for tackling global health challenges. The escalating
threat of multidrug-resistant (MDR) infections and the
ongoing global burden of cancer are the two major challenges
in contemporary medicine.41,42 Metal complexes offer unique
advantages over traditional organic drugs, including tunable
redox activity, ligand exchange dynamics, and the capacity to
generate reactive oxygen species.43–54 Thus, ligand frameworks

aDepartment of Chemistry, Indian Institute of Technology Kanpur, Kanpur, India,

208016. E-mail: raja@iitk.ac.in
bDepartment of Chemistry, Howard University, Washington, D.C, 20059, USA

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 17471–17478 | 17471

Pu
bl

is
he

d 
on

 1
0 

N
ov

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 4
/3

0/
20

26
 8

:1
9:

45
 P

M
. 

View Article Online
View Journal  | View Issue

http://rsc.li/dalton
http://orcid.org/0000-0003-3151-5253
http://orcid.org/0000-0003-2770-7076
http://orcid.org/0000-0001-5826-0719
http://orcid.org/0000-0002-5152-0837
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt02106e&domain=pdf&date_stamp=2025-11-27
https://doi.org/10.1039/d5dt02106e
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054047


that combine catalytic utility with biological relevance are
highly desirable.

Copper-containing enzymes such as galactose oxidase, tyro-
sinase, and multicopper oxidases exploit mixed donor environ-
ments to achieve precise control over redox activity, balancing
Cu(I) and Cu(II) states through selective interactions with nitro-
gen, oxygen, and sulfur donors.55 Inspired by nature, synthetic
ligand frameworks combining both hard and soft donor atoms
have been developed to stabilize metals across multiple oxi-
dation states, yet achieving predictable control over donor pre-
ference remains challenging. In particular, the role of phos-
phorus donors in tuning Cu(I)/Cu(II) coordination remains
underexplored compared to classical N, O, S-based systems.56

In this work, we report the design and synthesis of a novel
koneramine-based NNP ligand that incorporates both hard (N)
and soft (P) donor sites, along with its metal complexes. The
dual-donor framework facilitates the stabilization of a wide
range of metal centres such as Zn(II), Pd(II), Ru(II), Cu(I), Cu(II),
and Ni(II), providing a tunable electronic environment crucial
for catalysis and biological applications. The reactivity of the
ruthenium hydride complexes toward CS2 activation was
studied to explore their potential in organosulfur synthesis,
while in vitro anticancer and antibacterial assays were con-
ducted to evaluate the therapeutic potential of the ligand and
its metal complexes.

Results and discussion

Conventional koneramines often exhibit selective binding
toward either hard or soft metal centres, depending on the
nature and electronic characteristics of the nitrogen donor
atoms within the ligand framework. This selectivity arises
from the HSAB (Hard and Soft Acids and Bases) principle,
where the spatial arrangement and electronic tuning of donor
groups influence the ligand’s affinity for specific metals. To
enhance coordination versatility, a tridentate NNP ligand was
designed in which one nitrogen donor is replaced with a softer
phosphorus atom. This modification is aimed at enhancing
coordination versatility and enabling stabilization of metal in
multiple oxidation states.

The NNP ligand was synthesized via a three-step procedure
involving condensation of N-phenylethylenediamine with 2-
(diphenylphosphino)benzaldehyde, reduction of the resulting
imine with sodium borohydride, and subsequent conden-
sation with pyridine-2-carboxaldehyde (Scheme 1). The ligand
was isolated as a white solid and fully characterized by nuclear
magnetic resonance (NMR) spectroscopy, electrospray ioniza-
tion mass spectrometry (ESI-MS) (Fig. S1–S10), and single-
crystal X-ray diffraction (SCXRD) (Fig. 1).

To investigate its coordination flexibility, we explored its
interactions with a series of soft and hard metal centres,
including Zn(II), Ni(II), Pd(II), Ru(II), Cu(I), and Cu(II). The reac-
tion of NNP with anhydrous zinc(II) chloride led to the for-
mation of a white precipitate (Fig. S11–S15). The SCXRD ana-
lysis reveals the structure of the complex as [Zn(NNP)Cl2],

where the Zn(II) ion is present in a tetrahedral environment co-
ordinated to nitrogen (N1) and phosphorus donor (P3) of the
NNP ligand, along with two chloride atoms (Fig. 2).

Similarly, the reaction of NNP with anhydrous nickel(II)
chloride in acetonitrile afforded a green coloured solid. The
composition of the nickel complex was confirmed by ESI-MS
and elemental analysis (Fig. S16–S18). The cyclic voltammo-
gram of [Ni(NNP)Cl2]·CH3CN shows a reversible reduction
event at −1.25 V (vs. Fc/Fc+) for the Ni(II)/Ni(I) couple
(Fig. S19). The SCXRD analysis confirmed the solid-state struc-
ture as [Ni(NNP)Cl2]·CH3CN (Fig. 2).

Scheme 1 Synthesis of NNP ligand.

Fig. 1 Solid-state structure of NNP ligand. H atoms other than those
bound to the stereogenic centre are omitted for clarity. Interatomic dis-
tances and angles are provided in the SI (Fig. S93 and Table S1).

Fig. 2 Solid-state structure of [Zn(NNP)Cl2] (left) and [Ni(NNP)
Cl2]·CH3CN (right). H atoms other than those bound to the stereogenic
centre are omitted for clarity. Interatomic distances and angles are pro-
vided in the SI (Fig. S94 and S95, Tables S2 and S3).
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Reaction of NNP with [Pd(CH3CN)2Cl2] afforded [Pd(NNP)
Cl][Cl] confirmed by NMR spectroscopy, elemental analysis
and ESI-MS (observed m/z = 640.0891, calcd 640.0901,
Fig. S20–S25) and SCXRD, which shows Pd(II) in a square
planar geometry (Fig. 3). Subsequent reaction with p-tolue-
nethiol in the presence of triethylamine led to formation of
[Pd(NNP)(SPhCH3)][Cl] (Fig. S26–S30), followed by anion
exchange with KPF6, yielded [Pd(NNP)(SPhCH3)][PF6], charac-
terized by NMR spectroscopy (Fig. S31 and S32) and SCXRD
(Fig. 3).

Further, we investigated the reactivity of the NNP ligand
with soft metal ions such as Ru(II). Reaction of NNP with [Ru
(PPh3)3Cl2] afforded [Ru(NNP)(PPh3)Cl2], characterized by
NMR spectroscopy, ESI-MS, and elemental analysis (Fig. S33–
S37). The crystal structure reveals an octahedral Ru(II) centre
coordinated by the NNP ligand and a PPh3 ligand (Fig. 4).

Synthesis of ruthenium(II) borohydride complex and its
reactivity

Phosphorus-containing ligands are known to stabilize ruthe-
nium hydride species through their strong σ-donor and
π-acceptor properties, which enhance electron density at the
metal centre and improve overall stability.57–60 Motivated by
this, we sought to synthesize Ru(II) hydride complexes sup-
ported by an NNP ligand. Treatment of the NNP ligand with
[Ru(H)Cl(CO)(PPh3)3] in toluene at 118 °C under a nitrogen
atmosphere afforded two distinct products, observed as a
white precipitate and a yellow filtrate, which were further
characterized by standard spectroscopy techniques (Fig. S38–
S50). 1H NMR analysis of the crude mixture indicated the pres-
ence of two stereoisomeric species (Fig. 5). Recrystallization of
the precipitate yielded colourless crystals of anti-rac-[Ru(NNP)
(H)Cl(CO)], while the filtrate provided syn-rac-[Ru(NNP)(H)Cl
(CO)] (Fig. 6).

The hydride transfer reactivity of both stereoisomers was
evaluated with CS2; however, no reactivity was observed
(Fig. S51 and S52), likely due to the moderate trans influence
of the chloride61 positioned trans to the hydride. To further
modulate the electronic, chloride substitution with boro-

hydride was performed, affording the corresponding [Ru(NNP)
(H)(η1-BH4)(CO)] isomers, which were characterized by NMR
spectroscopy, and ESI-MS analysis (Fig. S53–S57).

Fig. 3 Solid-state structures of [Pd(NNP)Cl][Cl] (left) and [Pd(NNP)
(SPhCH3)][PF6] (right). H atoms other than those bound to the stereo-
genic centre and counter anion are omitted for clarity. Interatomic dis-
tances and angles are provided in the SI (Fig. S96 and S97, Tables S4 and
S5).

Fig. 4 Solid-state structure of [Ru(NNP)(PPh3)Cl2]. H atoms other than
those bound to the stereogenic centre are omitted for clarity.
Interatomic distances and angles are provided in the SI (Fig. S98 and
Table S6).

Fig. 5 1H NMR spectra of crude [Ru(NNP)(H)Cl(CO)] showing the pres-
ence of both syn and anti-complexes (bottom), isolated syn-rac-[Ru
(NNP)(H)Cl(CO)] (middle), and anti-rac-[Ru(NNP)(H)Cl(CO)] (top).

Fig. 6 Solid-state structure of syn-rac-[Ru(NNP)(H)Cl(CO)] (left) and
anti-rac-[Ru(NNP)(H)Cl(CO)] (right). H atoms other than those bound to
the stereogenic centre are omitted for clarity. Interatomic distances and
angles are provided in the SI (Fig. S99 and S100, Tables S7 and S8).
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The 1H NMR spectrum of anti-rac-[Ru(NNP)(H)(η1-BH4)
(CO)] (1) has characteristic peaks for ligand coordinated to
ruthenium along with a broad peak at −1.56 ppm corres-
ponding to the borohydride anion and a doublet peak at
−11.83 ppm corresponding to Ru–H (Fig. S53). The SCXRD
analysis confirmed the solid-state structure as anti-rac-[Ru
(NNP)(H)(η1-BH4)(CO)], where Ru(II) is present in octahedral
geometry, hydride ligand located trans to the η1-coordinated
borohydride ligand (Fig. 7) (Scheme 2).

Notably, the Ru–H bond length in (1) (1.55 Å) is elongated
compared to that in [Ru(NNP)(H)Cl(CO)] (1.45 Å), indicating a
weaker metal–hydride interaction. This elongation is consist-
ent with enhanced hydride donor ability, attributed to
increased electron density at the Ru centre provided by the
borohydride ligand. The electron-rich environment is expected
to facilitate insertion reactions with electrophilic substrates
such as CS2.The addition of carbon disulfide to a dichloro-
methane/ethanol (1 : 1) solution of complex (1) induced an
immediate colour change from colourless to yellow,
accompanied by precipitation of a yellow solid, which was fully
characterized by NMR spectroscopy, ESI-MS and FTIR analysis
(Fig. S58–S62). 1H NMR spectroscopy revealed two singlets at
11.43 and 11.05 ppm, characteristic of the thioformate (–CS2H)
moiety, while signals corresponding to Ru–H and Ru–BH4

were absent, consistent with hydride transfer and CS2 inser-
tion (Fig. S58). SCXRD confirmed the structure as [Ru(NNP)
(CS2H)2(CO)] (2), in which the Ru(II) centre adopts an octa-
hedral geometry with thioformate groups trans to each other
(Fig. 7).

Subsequent treatment of (2) with excess methyl iodide (10
equivalents) in dichloromethane resulted in an immediate
colour change from yellow to orange, indicating rapid trans-
formation. This reaction generated free methyl dithioformate
along with [Ru(NNP)I2(CO)] (3), as confirmed by NMR spec-
troscopy (Fig. S63 and S64) and UV-vis analysis. The dis-
appearance of the 350–400 nm absorption band of (2) and the
emergence of a new band in the 400–450 nm region are con-
sistent with the formation of (3), which was further supported
by ESI-MS analysis (Fig. S65–S67).

Synthesis of copper(I) and copper(II) complexes

The coordination behaviour of the newly designed NNP ligand
with copper was explored in both Cu(I) and Cu(II) oxidation
states. Reaction of NNP with CuCl and CuI in acetonitrile
afforded yellow crystalline complexes [Cu(NNP)Cl] and [Cu
(NNP)I], respectively, which were characterized by NMR spec-
troscopy, ESI-MS, and SCXRD (Fig. S68–S73). In [Cu(NNP)I],
the Cu–N and Cu–P bond lengths were 2.072(2), 2.160(3), and
2.180(8) Å, while the corresponding parameters in [Cu(NNP)
Cl] were 2.076(2), 2.230(2), and 2.195(7) Å.

Cationic Cu(I) species were obtained by reacting NNP with
[Cu(CH3CN)4][X] (X = PF6, BF4, OTf), affording [Cu(NNP)
(CH3CN)][X], confirmed by NMR and ESI-MS (Fig. S74–S79).
Reaction with triphenylphosphine furnished [Cu(NNP)
(PPh3)][BF4], characterized by NMR spectroscopy and SCXRD
(Fig. S80 and S81). These results highlight the ability of the
NNP framework to stabilize Cu(I) centres through its tridentate
coordination environment (Fig. 8).

Fig. 7 Solid-state structure of anti-rac-[Ru(NNP)(H)(η1-BH4)(CO)] (left)
and [Ru(NNP)(CS2H)(CO)] (right). H atoms other than those bound to the
stereogenic centre are omitted for clarity. Interatomic distances and
angles are provided in the SI (Fig. S101 and S102, Tables S9 and S10).

Scheme 2 Reactivity of Ruthenium borohydride complex.

Fig. 8 Solid-state structure of [Cu(NNP)I] (left) and [Cu(NNP)
(PPh3)][BF4] (right). H atoms other than those bound to the stereogenic
centre are omitted for clarity. Interatomic distances and angles are pro-
vided in the SI (Fig. S103 and S104, Tables S11 and S12).
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In contrast, reaction with Cu(II) chloride in dichloro-
methane afforded a green crystalline product, which was
initially analysed by ESI-MS (Fig. S82 and S83). The SCXRD
analysis confirmed the solid-state structure as [Cu2(NNP)2(μ-
Cl)Cl2][CuCl2], in which Cu(II) adopts a square-pyramidal geo-
metry (Fig. 9). The Cu-donor bond lengths (Cu–N(1) = 2.018(3)
Å, Cu–N(2) = 2.087(4) Å, Cu–P(3) = 2.3216(12) Å) reveal a dis-
tinct donor preference: Cu(I) exhibits stronger coordination to
the phosphorus donor, while Cu(II) shows enhanced affinity
for nitrogen donors. This redox-dependent shift underscores
the electronic adaptability of the NNP ligand in stabilizing
both oxidation states.

Reduction of copper(II) to copper(I)

The reduction of [Cu(NNP)Cl2] was achieved using ascorbic
acid as a mild and environmentally benign reductant. The
UV-Vis spectrum of the Cu(II) precursor displayed a broad d–d
transition in the 600–800 nm region, which gradually dimin-
ished upon incremental addition of ascorbic acid and dis-
appeared completely, consistent with quantitative reduction to
Cu(I) (Fig. S84). The formation of the diamagnetic Cu(I)
product was further confirmed by NMR spectroscopy.

Transmetallation

A clean metal exchange was observed upon treatment of [Zn
(NNP)Cl2] with CuI in acetonitrile, evidenced by an immediate
colour change from colourless to yellow. 1H and 31P NMR titra-
tions revealed the progressive disappearance of Zn(II)-bound
resonances and the concomitant growth of new signals corres-
ponding to [Cu(NNP)I], indicating complete displacement of
Zn(II) under the experimental conditions (Fig. S85 and S86).
The transformation was further validated by ESI-MS, which
showed the [(NNP)Cu]+ ion (observed m/z = 562.1477; calcd m/z
= 562.1473, Fig. S87). These results demonstrate the high
affinity of Cu(I) for the NNP framework and highlight the
potential of this system to undergo controlled redox and
metal-exchange processes.

Electrochemical studies of Cu(I) and Cu(II) complexes

The electrochemical behaviour of [Cu(NNP)(CH3CN)][OTf], [Cu
(NNP)(CH3CN)][PF6], [Cu(NNP)I], [Cu(NNP)Cl] and [Cu(NNP)
Cl2] complexes was examined using cyclic voltammetry in

acetonitrile with 0.1 M tetrabutylammonium hexafluoro-
phosphate (TBAPF6) as the supporting electrolyte. All com-
plexes displayed a single, reversible Cu(II)/Cu(I) redox couple
(Fig. S88–S92), indicative of a redox process centred on the
copper ion.

Biological activity screening

Antibacterial studies. Antimicrobial resistance (AMR) rep-
resents a major global health challenge and is projected to
cause 10 million deaths annually by 2050.62 Among the key
contributors to AMR is Staphylococcus aureus (S. aureus), a
pathogenic bacterium responsible for severe infections, includ-
ing pneumonia, arthritis, and sepsis. S. aureus is capable of
invading and proliferating within mammalian cells, particu-
larly neutrophils and macrophages, leading to persistent and
systemic infections. To assess the potential of the NNP
scaffold and its metal derivatives, the free ligand and its com-
plexes ([Zn(NNP)Cl2], [Pd(NNP)Cl][Cl], [Ru(NNP)(PPh3)Cl3],
syn-rac-[Ru(NNP)(H)Cl(CO)], anti-rac-[Ru(NNP)(H)Cl(CO)]), [Cu
(NNP)I], [Cu(NNP)(PPh3)][BF4], [Cu(NNP)(CH3CN)][BF4], [Cu
(NNP)(CH3CN)][OTf], [Cu(NNP)(CH3CN)][PF6], [Cu(NNP)Cl]
and [Cu2(NNP)2(μ-Cl)Cl2][CuCl2] were screened for antibacter-
ial activity. The free ligand and metal precursors were inactive
(MIC >64 μg mL−1) (Table S15), whereas metalation substan-
tially enhanced activity63 (Table 1). The Pd(II) complex [Pd
(NNP)Cl][Cl] displayed moderate activity (MIC 16 μg mL−1) but
limited selectivity (IC50 = 25.5 ± 3.5 μM against HEK-293). In
contrast, the ruthenium complexes syn-rac-[Ru(NNP)(H)Cl(CO)]
and anti-rac-[Ru(NNP)(H)Cl(CO)] exhibited superior potency
(MIC 2 μg mL−1). No effect of syn and anti-position of the
hydride was observed in antimicrobial activity. Further, we cal-
culated the selectivity index (SI) to evaluate the therapeutic
window of antimicrobial agents by comparing their toxicity to
mammalian cells with their antimicrobial efficacy. In our
study, SI was calculated as the ratio of the 50% inhibitory con-
centration (IC50) against the non-cancerous human embryonic
kidney cell line (HEK-293) to the minimum inhibitory concen-
tration (MIC) of the metal complexes against bacterial strains.
A higher SI value indicates a greater degree of selectivity of the
compound towards bacterial cells over mammalian cells,
suggesting better therapeutic potential and reduced
cytotoxicity.64,65 The complex anti-rac-[Ru(NNP)(H)Cl(CO)] dis-
played a better selectivity index (∼5) than syn-rac-[Ru(NNP)(H)
Cl(CO)], signifying the relevance of the geometry in enhancing

Fig. 9 Solid-state structure of [Cu(NNP)Cl] (left) and [Cu2(NNP)2(μ-Cl)
Cl2][CuCl2] (right). H atoms other than those bound to the stereogenic
centre are omitted for clarity. Interatomic distances and angles are pro-
vided in the SI (Fig. S105 and S106, Tables S13 and S14).

Table 1 MIC (µg mL−1) of NNP ligand and its metal complexes against
S. aureus ATCC29213

Compound S. aureus ATCC29213

NNP >64
[Zn(NNP)Cl2] >64
[Pd(NNP)Cl][Cl] 16
[Ru(NNP)(PPh3)Cl2] 4
syn-rac-[Ru(NNP)(H)Cl(CO)] 2
anti-rac-[Ru(NNP)(H)Cl(CO)] 2
Levofloxacin 0.5
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selectivity. Substitution of CO with PPh3 slightly reduced
potency (MIC 4 μg mL−1) but significantly enhanced selectivity
(IC50 = 42.6 ± 4.8 μM), underscoring the role of ancillary
ligands in modulating biological activity. These findings high-
light the potential of Ru–hydride carbonyl species as scaffolds
for selective antibacterial agents.

The investigation into the effects of essential metals, specifi-
cally zinc and copper complexes, revealed that [Zn(NNP)Cl2]
exhibited no significant toxicity at concentrations exceeding
64 µg mL−1, while copper complexes displayed moderate toxicity
within the range of 8–16 µg mL−1 (Table S16). Notably, the most
active compound, the ruthenium hydride complex, demon-
strated a minimum inhibitory concentration (MIC) of 2 µg mL−1,
which is lower than that of the widely used antibiotic levofloxa-
cin. Efforts to enhance structural modifications aimed at sur-
passing levofloxacin are currently in progress. The findings pre-
sented align closely with the data from the Community for Open
Antimicrobial Drug Discovery (CO-ADD) study, which identified
ruthenium as the most frequently detected element in active
‘non-toxic’ compounds.66 This observation underscores the
potential of Ru–hydride carbonyl species as effective scaffolds
for the development of selective antibacterial agents.

Cytotoxicity against cancer cell lines. The cytotoxicity of the
ligand and its complexes was further evaluated against three
cancer cell lines (Human lung adenocarcinoma cell line A549,
Breast adenocarcinoma cell lines MDA-MB-231, and MCF-7) and
one non-cancerous Human embryonic kidney cell line (HEK-293)
using in vitro assays. The IC50 values are summarized in Table 2.

Among the series, anti-rac-[Ru(NNP)(H)Cl(CO)] displayed
the most potent and selective activity (IC50 = 0.51 ± 0.24 μM in
A549; IC50 = 16.6 ± 2.7 μM in HEK-293), suggesting a favour-
able therapeutic window. The syn-isomer, though equally
potent (IC50 ≈ 0.9 μM), was broadly cytotoxic, including
towards non-cancerous cells, limiting its selectivity.

Interestingly, [Zn(NNP)Cl2] exhibited strong and selective
cytotoxicity across cancer lines (IC50 = 0.7–3.3 μM) while
showing negligible toxicity in HEK-293 (IC50 ≈ 41.7 μM). This
marked difference suggests that coordination with zinc may
enhance selective cytotoxicity, potentially due to altered uptake
or cellular interactions.67 The Pd(II) derivative displayed moder-
ate activity in MDA-MB-231 cells but lacked selectivity, whereas
[Ru(NNP)(PPh3)Cl2] was generally less active (IC50 = 16–47 μM).
Cisplatin, used as a control, exhibited potent but non-selective
cytotoxicity (IC50 = 1.2 μM in HEK-293), highlighting the advan-
tage of the NNP metal complexes in balancing potency and

reduced off-target effects. In general, ZnCl2 is regarded as non-
toxic to cancer cells under typical experimental conditions.68

Palladium chloride analogues are known to undergo ultra-fast
hydrolysis in biological media, which limits Pd(II) ions from
effectively interacting with cellular targets, suggesting low
intrinsic toxicity of these Pd(II) precursors.69 However, when
properly coordinated with tailored ligands, palladium com-
plexes often show enhanced cytotoxicity. Also, ruthenium pre-
cursor complex [RuHCl(CO)(PPh3)3] has been reported to
exhibit negligible cytotoxicity even at concentrations as high as
100 µM.70 These findings imply that the moderate cytotoxicity
observed in our metal complexes likely arises from the precise
tuning of the ligand environment around the metal center
rather than from the metal salts themselves. This ligand modu-
lation plays a crucial role in dictating biological activity and
selectivity. In particular, syn,anti-[Ru(NNP)(H)Cl(CO)] and [Zn
(NNP)Cl2] complexes stand out as dual-action candidates, com-
bining potent antibacterial and anticancer activity with
improved selectivity relative to established metallodrugs.

Conclusions

In summary, a novel koneramine-derived tridentate NNP
ligand has been developed that stabilizes a broad range of
metal centres through its mixed-donor environment. The
ligand displays notable electronic flexibility, supporting both
low and high valent species of Cu, Ru, Zn, Pd and Ni. The
ruthenium borohydride complexes exhibit distinct reactivity,
including hydride transfer and CS2 insertion into the Ru–H
bond. Biological studies revealed potent antibacterial and anti-
cancer activities, with syn-rac-[Ru(NNP)(H)Cl(CO)] and anti-rac-
[Ru(NNP)(H)Cl(CO)] showing MIC values of 2 µg mL−1 against
S. aureus. Furthermore, anti-rac-[Ru(NNP)(H)Cl(CO)] and [Zn
(NNP)Cl2] show enhanced potency and lower toxicity toward
non-cancerous cells when compared to cisplatin. These results
establish the NNP scaffold as a versatile platform for both
coordination chemistry and metallodrug development.
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Table 2 Half-maximal inhibitory concentration (µM) of NNP ligand and its metal complexes against cancer cell lines

Compound A549 MDA-MB-231 MCF-7 HEK-293

NNP 1.66 ± 0.68 1.86 ± 0.50 0.69 ± 0.20 2.30 ± 1.68
[Zn(NNP)Cl2] 3.32 ± 0.30 1.81 ± 0.80 0.74 ± 0.30 41.67 ± 5.36
[Pd(NNP)Cl][Cl] 29.90 ± 4.12 5.55 ± 0.42 20.07 ± 0.08 25.50 ± 3.51
[Ru(NNP)(PPh3)Cl2] 16.52 ± 1.52 47.09 ± 2.12 21.01 ± 2.21 42.61 ± 4.78
syn-rac-[Ru(NNP)(H)Cl(CO)] 0.84 ± 0.17 1.16 ± 0.28 0.58 ± 0.30 0.92 ± 0.19
anti-rac-[Ru(NNP)(H)Cl(CO)] 0.51 ± 0.24 7.73 ± 2.85 3.70 ± 1.96 16.61 ± 2.67
Cisplatin 3.23 ± 0.20 4.07 ± 0.01 2.80 ± 0.42 1.21 ± 0.34
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