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ed NNXSS bis-chelated homo-
binuclear metallacycles: synthesis, spectral,
crystallographic, anticancer potential and
molecular docking studies

Devangana Das, a Nivas Saravanan, a Abhishek Kumar,b

Shobhana Krishnaswamy,c Arunkumar Dhayalan*b and Bala. Manimaran *a

Reaction of Mn2(CO)10, dithiooxamide ligand [H2L = N,N0-dibutyldithioxamide (dbdto) and N,N0-
diphenethyldithioxamide (dpedto)], and flexible bidentate linkers [L0 = 1,2-bis(4-pyridyl)ethane (bpe), 1,3-

bis(4-pyridyl)propane (bpp)] produced binuclear metallacyclic compounds [(CO)3Mn(m-h4-L)(m-L0)
Mn(CO)3] (1–4) under ambient reaction conditions. Compounds 1–4 were characterized by elemental

analysis, FT-IR, UV-Vis, and NMR spectroscopy, and the formation of dinuclear metallacycles 1–4 was

confirmed by high-resolution ESI mass spectrometry. The molecular structure of compound 4 was

determined by single-crystal X-ray crystallography, revealing a dinuclear horse-stirrup like framework.

The anticancer properties of the metallacycles were investigated in vitro on two different cancer cell

lines, osteosarcoma (MG-63) and breast cancer (MCF-7), and normal cells (HEK-293). Compounds 2 and

4 showed moderate cytotoxicity toward MG-63 and MCF-7 cells, with IC50 values of 65.58 ± 1.54 and

151.19 ± 1.66 mg mL−1 for compound 2 and 78.58 ± 3.83 and 125.42 ± 10.77 mg mL−1 for compound 4,

respectively, while showing lower toxicity toward HEK-293 cells. Furthermore, qualitative in silico

docking studies of compound 4 were performed with cancer related proteins, epidermal growth factor

receptor tyrosine kinase (EGFRK, PDB ID: 1M17) and human matrix metalloproteinase-9 (MMP-9, PDB ID:

1L6J) to explore possible binding interactions.
Introduction

The process of arranging metal precursors and organic ligands
in a way that contains the necessary information for recognition
has resulted in the creation of a wide variety of two-dimensional
and three-dimensional distinct metal based supramolecular
structures.1,2 A wide variety of unique metallacyclic frameworks
have been created using self-assembly processes, and they are
increasingly being utilized in a diverse range of elds, including
chemosensing, molecular devices, and catalysis.3–6 Lu and co-
workers established several NNXNN and OOXOO coordi-
nated Re(I)-based binuclear metallacyclic compounds contain-
ing exible ditopic ligands in a one-step process.7–9

Manganese(I)-based binuclear metallacycles containing a fac-
Mn(CO)3 core have shown promise as therapeutic agents due to
their bio-medicinal applications. These compounds were
synthesized using ditopic pyridyl ligands in a one-step fashion,
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20
facilitated by NNXNN and OOXOO coordination interac-
tions.10 In our group, we have already explored a dimanganese
metallacyclic system dened by fac-Mn(CO)3 metal centers
connected by a bis-chelating dibutyloxamidato framework via
asymmetrical ONXNO coordination.6 The coordination chem-
istry of metals and ligands is signicantly inuenced by the
hard and so nature of both the metal ions and the ligand
donor sites.11–13 This concept is encapsulated in the Hard and
So Acids and Bases (HSAB) theory, which categorizes metal
ions as either hard or so based on their polarizability and
charge density.14,15 Hard acids, which are small and have high
charge density, tend to prefer coordination with hard bases.
Conversely, so acids, which are larger and have lower charge
density, favour so bases.16–18 This principle can be applied to
predict the stability and reactivity of metal–ligand complexes,
including binuclear compounds formed with dithiooxamide.19

In the context of dithiooxamide ligands, the presence of bulky
alkyl substituents can further inuence the coordination mode.
The ligand can coordinate to metals in various modes, such as
k-N,N0, k-S,S0, or k-N,S, depending on the specic interactions
dictated by the characteristics of metal and the steric and
electronic properties of ligand. For instance, the choice of metal
can direct the binding preferences and ultimately the structure
© 2026 The Author(s). Published by the Royal Society of Chemistry
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of the resulting binuclear complex.20–22 Smaller substituents on
the ligand or less crowded coordination environments around
the metal center can favor the cis conguration. Large or bulky
substituents may prefer a trans arrangement to minimize steric
clashes.23–25 Lately, sulfur containing chelate ligands like
dithiocarbamate compounds have gained attention for their
potential as protective agents in cancer treatment. The design of
transition-metal-derived therapeutic compounds has recently
emerged as a promising strategy for the diagnosis and
management of various disorders, ranging from infectious
diseases to neurodegenerative conditions and cancer.26,27 They
have been incorporated into gold, palladium, and platinum
compounds as anticancer agents, showcasing promising
outcomes in studies and the gold compounds as anticancer
drugs have shown interesting results.28 Askari et al. have also
reported the dithiooxamide chelated Pt and Ru-based hetero-
bimetallic complexes and explored their anticancer activities.29

Herein, we report the self assembly of thioxamidato bridged
Mn(I) homo binuclear metallacycles of the general formula
[(CO)3Mn(m-h4-L)(m-L0)Mn(CO)3] (1–4) synthesized from
Mn2(CO)10, dithioxamide, and exible bispyridyl ligands. The
compounds were spectroscopically characterized, with the
structure of compound 4 conrmed by single-crystal X-ray
diffraction, and their anticancer activity evaluated against MG-
63 and MCF-7 cancer cells and normal HEK-293 cells, sup-
ported by qualitative molecular docking studies.

Results and discussion

Dithiooxamidato-bridged dinuclear manganese(I) metallacyclic
compounds 1–4 were synthesized using dimanganese deca-
carbonyl, dithiooxamide ligands [H2L = N,N0-di-
butyldithioxamide (dbdto) and N,N0-diphenethyldithiooxamide
(dpedto)], and exible bidentate bis pyridyl ligands [L0 = 1,2-
bis(4-pyridyl)ethane (bpe) and 1,3-bis(4-pyridyl)propane (bpp)].
Equimolar quantities of Mn2(CO)10, dithiooxamide ligands, and
bis pyridyl ligands, along with trimethylamine-N-oxide, resulted
Scheme 1 Self-assembly of dithiooxamidato chelated dimanganese(I) m

© 2026 The Author(s). Published by the Royal Society of Chemistry
in the formation of manganese(I)-based metallacyclic
compounds 1–4, with the common formula [(CO)3Mn(m-h4-L)(m-
L0)Mn(CO)3] (Scheme 1). The compounds were synthesized at
ambient reaction conditions and isolated under dark condition
due to the light sensitive nature of Mn(I) compounds. Oxidative
addition of the dithiooxamide ligands to Mn2(CO)10 led to the
formation of the metallacycles by cleaving metal–metal bond
and chelating through NNXSS coordination at the equatorial
sites of the fac-Mn(CO)3-core. Furthermore, the exible bis
pyridyl bidentate linker coordinated orthogonally at the axial
sites. Metallacycles 1–4 are soluble in common polar organic
solvents and were characterized using standard spectroscopic
techniques. The molecular structure of the 1,3-bis(4-pyridyl)
propane containing metallacycle 4 was conrmed by single-
crystal X-ray diffraction analysis, and the molecular masses of
1–4 were determined by HR-ESI mass spectrometry.

The FT-IR spectra of compounds 1–4 showed three strong
stretching bands in the range n 2012–1913 cm−1 matching to
the terminal carbonyl ligands of fac-Mn(CO)3-core.6 The
medium bands at n 2026 and 2025 cm−1 indicated the
symmetrical cis chelation of dithioxamide ligand to the fac-
Mn(CO)3.30 Further, a band in the range n 1493–1498 cm−1 was
characteristic to the N–C]S stretching frequency band of the
bridging dithiooxamide ligand (Fig. S1).31 The shi of the di-
thiooxamide N–C]S stretching frequency band and the disap-
pearance of the NH stretching frequency band in comparison
with the spectra of free dithiooxamide ligands revealed the
chelation of the dithiooxamide ligands between the two metal
cores. The UV-Vis absorption spectra of 1–4 in dichloromethane
revealed two different intraligand transitions at lmax 232–235
and 301–307 nm, and the MLCT transitions appeared in the
region lmax 437–442 nm (Fig. S3).6 1H NMR spectra of
compounds 1–4 display two resonances at d 8.41–8.30 and 7.91–
7.75 ppm, attributed to the H2 py protons adjacent to sulfur and
nitrogen in the bpe and bpp ligands. The corresponding H2 py
protons appear as two doublets in the region d 6.86–6.56 ppm.
In addition, compounds 2 and 4 exhibit aromatic signals from
etallacycles 1–4.

RSC Adv., 2026, 16, 13812–13820 | 13813
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Fig. 1 ORTEP representation of 4 with thermal ellipsoids drawn at the
50% probability level. Hydrogen atoms and solvent molecules are
excluded for clarity.
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the phenethyl dithiooxamidato bridge as multiplets between
d 7.50 and 7.27 ppm (Fig. S2). The upeld shi of the pyridyl
proton signals in 1–4, along with the disappearance of the di-
thiooxamide NH resonance relative to the free ligand, conrms
ligand coordination to the metal centers.32,33 The diastereotopic
methylene (–CH2–) protons adjacent to the dithiooxamidato
nitrogen appear as doublets at d 4.85–3.71 ppm,33,34 while the
aliphatic protons of the bpe and bpp ligands and the di-
butyldithiooxamidato fragment resonate as multiplets in the
regions d 3.26–2.25 and 1.96–0.95 ppm, respectively. The 13C
NMR spectra for complexes 1–4 revealed three resonances
ranging from d 193.2 to 190.8 ppm, which are associated with
the three terminal carbonyl ligands of the fac-Mn(CO)3-core.
The evidence for the formation of dithiooxamidato-bridged
compounds 1–4 with bis pyridyl ligands has been obtained
using ESI-MS mass spectrometry. The isotopic distribution
patterns attained for the molecular-ion peaks related to [1 + H]+,
[2 + H]+, [3 + H]+ and [4 + H]+ at m/z = 693.0435, 789.0444,
707.0621 and 803.0618 match the theoretical isotopic
distribution patterns for the assembly of binuclear compounds
(Fig. S4–S7).

Good quality single-crystals of the Mn(I) based metallacycle 4
interconnected by bis-dithiooxamidato chelate ligand were
successfully grown through diffusion of CH2Cl2 into a hexane
solution of the complex at 5 °C in the absence of light. X-ray
diffraction data were recorded for a crystal of 4 at 100 K and
the structure was solved and rened. The specics of the data
collection, solution, and renement are summarised in Table 1.
Compound 4$CH2Cl2 crystallized in the monoclinic space
Table 1 Crystallographic data and structure refinement of 4

Compound 4$CH2Cl2

Empirical formula C38H34Cl2Mn2N4O6S2
Formula weight 887.59
Crystal system Monoclinic
Temperature [K] 100(2) K
Space group P21/c
a [Å] 10.3703(3)
b [Å] 20.9368(7)
c [Å] 18.2449(5)
a [°] 90
b [°] 90.7820(10)
g [°] 90
Volume [A3] 3961.0(2)
Z 4
F(000) 1816
Dcalc [mg m−3] 1.488
m (mm−1) 0.928
h, k, l collected −13, 13; −26, 26; −23, 22
Theta range for data collection [°] 3.489 to 27.106
Crystal size [mm] 0.215 × 0.139 × 0.055
Reections collected/unique/Rint 82 829/8711/0.0582
Data/restraints/parameters 8711/0/487
Final R indices [I > 2 sigma(I)] R1 = 0.0443, wR2 = 0.0960
Goodness-of-t on F2 1.100
R Indices (all data) R1 = 0.0545, wR2 = 0.1003
Largest diff. peak and hole 0.966 and −0.730 e A−3

CCDC number 2471972

13814 | RSC Adv., 2026, 16, 13812–13820
group P21/c. The molecular structure 4 is illustrated in Fig. 1.
Selected bond lengths and angles for compound 4 are listed in
Table 2. The crystal structure of 4 showed a metallacycle con-
taining two hetero ligand coordinated manganese metal cores,
wherein two fac-Mn(CO)3 cores are bridged by a bis-(chelating)
diphenethyldithiooxamidato group via symmetrical NNXSS
chelation mode.22,30 The manganese cores are moreover con-
nected by a exible bidentate bpp ligand through manganese
Mn–N coordination mode. The diphenethyldithiooxamidato
chelate ligand and the capping dipyridyl linkers are oriented in
an orthogonal fashion to form the binuclear metallacyclic
compound. The structural aspects have a close similarity to
a horse stirrup. The octahedral environment around Mn(I) core
is comprised of three terminal carbonyl groups, sulfur atoms
S(1) and S(2) from the dithiooxamidato group and a nitrogen
atom from bpp, while that around the Mn(2) core consists of
three terminal carbonyl groups, nitrogen atoms N(3) and N(4)
from the dithiooxamidato group, and a nitrogen atom from
bpp. The Mn/Mn intracyclic distance in metallacycle 4 is
5.8558(6) Å. The phenethyl substituents on the dithiooxamidato
group are located away from the bpp ligand. The centroid–
centroid distance between the two pyridyl groups of the bpp
Table 2 Selected bond lengths (Å) and angles (deg) for 4

Mn(1)–N(1) 2.117(2) S(1)–Mn(1)–N(1) 87.65(6)
Mn(2)–N(2) 2.107(2) S(1)–Mn(1)–C(34) 90.88(9)
Mn(1)–S(1) 2.3586(7) S(2)–Mn(1)–N(1) 88.47(6)
Mn(1)–S(2) 2.3575(7) N(3)–Mn(2)–C(35) 95.76(9)
Mn(2)–N(3) 2.0397(19) N(3)–Mn(2)–N(2) 87.94(8)
Mn(2)–N(4) 2.036(2) N(4)–Mn(2)–N(2) 85.65(8)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Cytotoxic effects of compounds 2 and 4 in cancer and
normal cells

Compound

IC50 value mg mL−1

MG-63 MCF-7 HEK-293

2 65.58 � 1.54 78.58 � 3.83 149.83 � 2.65
4 151.19 � 1.66 125.42 � 10.77 196.17 � 3.18
Cisplatin 3.87 � 0.3 5.57 � 1.08 5.29 � 0.86
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ligand is 4.046 Å (Fig. S15a). Two phenethyl groups of the di-
thiooxamidato panel are oriented trans to each other and
directed away from bpp ligand (Fig. S15b). The packing diagram
of 4$CH2Cl2 along a axis displayed CH2Cl2 molecules present in
between the molecules of compound 4 (Fig. S15c). The packing
diagram of 4 along the c axis shows zig-zag chain formation (Fig.
S16) and the compound 4 showed O(5).H(13) type hydrogen
bonding interaction between the O(5) and pyridine hydrogen
H(13) of the nearby metallacycle with a distance of 2.622 Å
(Fig. S17).
Cytotoxicity studies of homo-binuclear metallacycles

To determine the cytotoxic effect of compounds 2 and 4, we
performed MTT assay on (i) MG-63 (osteosarcoma cancer cell
line), (ii) MCF-7 (breast cancer cell line), and (iii) HEK-293
(normal immortalized cell line) at different
concentrations.35–39 We observed that the compounds exhibited
medium-level of cytotoxicity to the MG-63 osteosarcoma and
MCF-7 breast cancer cells (Fig. 2, 3 and Table 3) and the cyto-
toxicity of these compounds are much lower in the normal
immortalized HEK-293 cells suggesting that these compounds
Fig. 2 MTT assay of the compounds 2 and 4 on MG-63 cells to study
the cytotoxicity of these compounds.

Fig. 3 MTT assay of the compounds 2 and 4 on MCF-7 cells to study
the cytotoxicity of these compounds.

© 2026 The Author(s). Published by the Royal Society of Chemistry
have the moderate potential for cancer therapy applications
(Fig. 4 and Table 3). The compounds 2 and 4 reduced the
viability of MG-63 cells and MCF-7 cells by more than 85% at
100 mg mL−1 concentration. Cisplatin exhibits signicantly
higher cytotoxic activity against both MCF-7 (breast cancer),
MG-63 (osteosarcoma) and HEK-293 (normal cells) cancer cell
lines, with low IC50 values of 5.57 ± 1.08 mg mL−1, 3.87 ± 0.3 mg
mL−1 and 5.29 ± 0.86 mg mL−1 respectively.40–42 However,
Compounds 2 and 4 exhibit lower toxicity toward normal cells,
which may offer an advantage in reducing side effects, despite
lower potency. All these data establish that these compounds
hold moderate potential for cancer therapy applications. Addi-
tionally, the stability of compounds 2 and 4 in solution was
evaluated in 0.1% DMSO/DMEM using a time-dependent UV-
Vis absorption spectroscopy, as shown in Fig. S11 and S12.
These UV-Vis spectra of 2 and 4 exhibited characteristic
absorption bands, consistent with fac-Mn(CO)3-core based
compounds. A minor decrease in absorbance was observed
during the rst 24 h, likely due to medium equilibration or
minor structural modications. Thereaer, the spectrum
remained unchanged for up to 48 h, with no peak shis or new
bands, indicating the absence of precipitation, aggregation, or
degradation.43 Furthermore, the stability of compound 2 and 4
in DMSO was monitored by UV-Vis spectroscopy and showed no
change over 48 h (Fig. S13 and S14).44 These results suggest that
2 and 4 retains its appreciable stability45 in under the experi-
mental conditions.
Fig. 4 MTT assay of the compounds 2 and 4 onHEK-293 cells to study
the cytotoxicity of these compounds.

RSC Adv., 2026, 16, 13812–13820 | 13815
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Fig. 5 (a) Plausible interactions of metallacycle 4 against epidermal growth factor receptor tyrosine kinase (PDB ID: 1M17), (b) plausible inter-
actions of metallacycle 4 against human matrix metalloproteinase-9 (PDB ID: 1L6J).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 4

:1
0:

59
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Molecular docking analysis

Molecular docking methods serve as an essential approach in
drug discovery, enabling detailed examination of how potential
drug candidates interact with their biological targets. These
techniques allow researchers to predict the possible biological
13816 | RSC Adv., 2026, 16, 13812–13820
activities of molecules even before their actual synthesis,
offering insights that go beyond conventional experimental
activity assessments. Cavity based blind docking studies were
carried out to assess the qualitative binding interactions of
compound 4 with biologically relevant cancer targets, including
epidermal growth factor receptor tyrosine kinase (EGFR, PDB
© 2026 The Author(s). Published by the Royal Society of Chemistry
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ID: 1M17),46 and human matrix metalloproteinase-9 (MMP-9,
PDB ID: 1L6J),47 a well-established cancer based therapeutic
targets.48 The results obtained from the molecular docking for
compound 4 are presented in Fig. 5 Based on the cavity detec-
tion and AutoDock Vina49 scoring algorithm integrated in the
CB-Dock2 platform, ve possible binding models were gener-
ated for each protein.50,51 The vina scores were used to predict
the most favorable interactions. Among these, the docking pose
with the lowest binding energy was selected in each case, and in
the event of identical scores, the model corresponding to the
largest active cavity was chosen (Table S1). Accordingly, the
EGFRK (1M17) structure exhibited a favorable binding interac-
tion, followed closely by MMP-9 (1L6J). The docking results
suggest that compound 4 shows plausible interactions with
cancer-associated proteins. The ligand–protein interactions
involving amino acid residues for 4 in EGFR (1M17) and MMP-9
(1L6J) are illustrated in Fig. S8–S10.

Conclusion

We have effectively synthesized neutral molecular man-
ganese(I)-based dinuclear metallacycles with a stirrup-like
shape using NNXSS chelation via self-assembly process. The
self-assembly of three precursors was achieved by introducing
dithiooxamide ligands to manganese carbonyl with exible di-
topic linkers, using an orthogonal bonding approach. The
compounds were investigated using spectroscopic techniques
and the homo-binuclear metallacyclic architecture of 4 was
determined by single-crystal X-ray diffraction studies. The
anticancer potential of manganese(I) compounds 2 and 4 with
exible pyridyl linkers bridged by dithiooxamidato ligand was
examined on two different types of cancer cells and normal
cells, and these compounds possess moderate potential for
anticancer therapy applications. Molecular docking studies of
the compound 4 demonstrated its possible binding interactions
toward key biological targets, including epidermal growth factor
receptor tyrosine kinase and human matrix metalloproteinase-
9, supporting its promise as a bioactive candidate. The
ongoing research focuses on the synthesis of manganese(I)
compounds with varying geometries, bridged by di-
thiooxamidato ligands that exhibit potential biological
activities.

Experimental section
Instruments and materials

The procedures were conducted in a dry, oxygen-free N2 envi-
ronment using standard Schlenk techniques. Mn2(CO)10 was
bought from Strem Chemicals, while bpe and bpp were ob-
tained from Sigma-Aldrich. The secondary dithiooxamide
ligands were prepared as previously reported.52 The synthesis,
workup, isolation and crystallization of the manganese meta-
llacyclic compounds were carried out in the absence of light.
Dichloromethane and other solvents were puried using stan-
dard procedures and freshly distilled before use.53 All meta-
llacyclic compounds were meticulously dried in a high-vacuum
conditions for several hours before spectroscopic studies. FT-IR
© 2026 The Author(s). Published by the Royal Society of Chemistry
spectra were recorded using a Thermo Nicolet 6700 FT-IR
spectrometer. Absorption spectra were collected using a Shi-
madzu UV-2450 spectrophotometer. Elemental composition
was determined with a Thermo Scientic Flash 2000 CHNS
analyzer. 1H NMR spectra were obtained with a Bruker Avance
400 MHz spectrometer, and the HR-ESI mass spectra were
recorded by using an Agilent 6530B Accurate-Mass Q-TOF LC/
MS mass spectrometer.

Synthesis of [(CO)3Mn(m-h4-dbdto)(m-bpe)Mn(CO)3] (1)

A combination of Mn2(CO)10 (39 mg, 0.1 mmol), N,N0- di-
butyldithiooxamide (23 mg, 0.1 mmol), bpe (20 mg, 0.1 mmol),
and trimethylamine N-oxide (17 mg, 0.2 mmol) were added in
two-neck round-bottom ask with a magnetic stirring bar. The
setup was evacuated and ushed with nitrogen gas using
a Schlenk line. Under a nitrogen atmosphere, freshly distilled
dichloromethane (15 mL) was added to the mixture, and the
solution was stirred at 30 °C for 16 hours. Color of the reaction
mixture changed from yellow to orange. Aer removing the
solvent, the mixture was puried by silica gel column chroma-
tography using a dichloromethane and hexane as an eluent and
dried under vacuum. The product was separated as an orange
solid. Yield 52 mg, 59% [based on Mn2(CO)10]. Calc. for C28-
H30N4O6S2Mn2: C, 48.56; H, 4.37; N, 8.09. Found: C, 48.13; H,
4.29; N, 7.97. IR (CH2Cl2, cm

−1): n(CO) 2025 (m), 2012 (vs), 1927
(s), 1912 (s), n(aromatic C]C) 1606 (w), n(dithiooxamide N–C]S) 1496
(w). 1H NMR (400 MHz, CDCl3): d 8.41 (s, 2H, H2, py (nitrogen)),
7.91 (s, 2H, H2, py (sulfur)), 6.78 (s, 2H, H3, py (nitrogen)), 6.62
(s, 2H, H3, py (sulfur)), 4.55 (s, 2H, H1, CH2-dithiooxamidato),
3.77 (s, 2H, H10, CH2-dithiooxamidato), 3.14 (s, 2H, CH2-bpe,
sulfur), 2.94 (s, 2H, CH2-bpe, nitrogen), 1.93 (s, 4H, H2, CH2-
dithiooxamidato) 1.58 (s, 4H, H3, CH2-dithiooxamidato), 0.95 (s,
4H, H4, CH2-dithiooxamidato) ppm. 13C NMR (100 MHz,
CDCl3): d= 193.5 (thioamide CS), 192.0, 191.5, 190.8 [Mn(CO)3],
154.9 (C2, py, nitrogen), 153.4 (C4, py, nitrogen), 152.1 (C2, py,
sulfur), 151.7 (C4, py, sulfur), 125.2 (C3, py, nitrogen), 124.0 (C3,
py, sulfur), 60.4 (C1, butyl), 34.7 (methylene), 29.6 (C2, butyl),
20.8 (C3, butyl), 14.0 (C4, butyl) ppm. UV-Vis (lmax

ab (CH2Cl2),
nm): 234, 302 (LIG); 439 (MLCT). HRMS (ESI) Calcd for C28-
H30N4O6S2Mn2, [M + H]+: m/z 693.0446; found: 693.0435.

Synthesis of [(CO)3Mn(m-h4-dpedto)(m-bpe)Mn(CO)3] (2)

Compound 2 was attained by following a corresponding
procedure as that for 1 with a mixture of Mn2(CO)10 (39 mg, 0.1
mmol), N,N0-diphenethyldithiooxamide (33 mg, 0.1 mmol), bpe
(20 mg, 0.1 mmol), and trimethylamine N-oxide (17 mg, 0.2
mmol). The reaction mixture was stirred at 30 °C for 14 h under
the atmosphere of nitrogen gas. The product was isolated as an
orange solid. Yield 52 mg, 75% (based on Mn2(CO)10). Calc. for
C36H30N4O6S2Mn2: C, 54.83; H, 3.83; N, 7.10. Found: C, 54.68;
H, 3.94; N, 6.73. IR (CH2Cl2, cm

−1): n(CO) 2026 (m), 2013 (vs),
1928 (s), 1917 (s), n(aromatic C]C) 1602 (w), n (dithiooxamide N–C]S)

1493 (w). 1H NMR (400 MHz, CDCl3): d 8.39 (s, 2H, H2, py
(nitrogen)), 7.90 (s, 2H, H2, py (sulfur)), 7.50 (s, 4H, H2, Ph), 7.40
(s, 4H, H3, Ph), 7.30 (s, 2H, H4, Ph), 6.70 (s, 2H, H3, py
(nitrogen)), 6.56 (s, 2H, H3, py (sulfur)), 4.74 (s, 2H, H1, CH2-
RSC Adv., 2026, 16, 13812–13820 | 13817
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dithiooxamidato), 3.93 (s, 2H, H10, CH2-dithiooxamidato), 3.26
(s, 2H, H2, CH2-dithiooxamidato), 3.11 (s, 4H, (2H, H20, CH2-
dithiooxamidato and 2H, CH2-bpe, sulfur), 2.94 (s, 2H, CH2-bpe,
nitrogen), ppm. 13C NMR (100 MHz, CDCl3): d = 194.4 (thio-
amide CS), 192.7, 191.5, 190.9 [Mn(CO)3], 155.0 (C2, py,
nitrogen), 153.3 (C4, py, nitrogen), 152.0 (C2, py, sulfur), 152.2
(C4, py, sulfur), 138.9, 128.7, 126.6 (Ph, aromatic), 125.4 (C3, py,
nitrogen), 124.5 (C3, py, sulfur), 62.6, 33.5 (phenethyl), 33.4
(methylene) ppm. UV-Vis (lmax

ab (CH2Cl2), nm): 233, 307 (LIG);
442 (MLCT). HRMS (ESI) Calcd for C36H30N4O6S2Mn2, [M + H]+:
m/z 789.0446; found: 789.0444.

Synthesis of [(CO)3Mn(m-h4-dbdto)(m-bpp)Mn(CO)3] (3)

Compound 3 was attained by following a corresponding
procedure as that for 1 with a mixture of Mn2(CO)10 (39 mg, 0.1
mmol), N,N0- dibutyldithiooxamide (23 mg, 0.1 mmol), bpp
(20 mg, 0.1 mmol), and trimethylamine N-oxide (17 mg, 0.2
mmol). The reaction mixture was stirred at 30 °C for 15 h under
the atmosphere of nitrogen gas. The product was separated as
an orange solid, yield 52 mg, 59% [based on Mn2(CO)10]. Calc.
for C29H32N4O6S2Mn2: C, 49.30; H, 4.57; N, 7.93. Found: C,
49.20; H, 4.87; N, 7.85. IR (CH2Cl2, cm−1): n(CO) 2025 (m),
2011 (vs), 1926 (s), 1911 (s), n (aromatic C]C) 1617 (w), n

(dithiooxamide N–C]S) 1498 (w). 1H NMR (400 MHz, CDCl3): d 8.33
(s, 2H, H2, py (nitrogen)), 7.79 (s, 2H, H2, py (sulfur)), 6.86 (s, 2H,
H3, py (nitrogen)), 6.74 (s, 2H, H3, py (sulfur)), 4.65 (s, 2H, H1,
CH2-dithiooxamidato), 3.72 (s, 2H, H10, CH2-dithiooxamidato),
2.79 (s, 4H, H1, CH2-bpp), 2.29 (s, 2H, H2, CH2-bpp), 1.96 (s, 4H,
H2, CH2-dithiooxamidato) 1.54 (s, 4H, H3, CH2-di-
thiooxamidato), 1.07 (s, 6H, H4, CH2-dithiooxamidato) ppm. 13C
NMR (100 MHz, CDCl3): d = 193.5 (thioamide CS), 192.5, 191.5,
190.8 [Mn(CO)3], 154.9 (C2, py, nitrogen), 152.7 (C4, py,
nitrogen), 151.8 (C2, py, sulfur), 150.7 (C4, py, sulfur), 125.6 (C3,
py, nitrogen), 124.2 (C3, py, sulfur), 60.5 (C1, butyl), 36.1 (C2,
butyl), 29.7, 27.2 (methylene), 20.93 (C3, butyl), 14.1 (C4,
butyl) ppm. UV-Vis (lmax

ab (CH2Cl2), nm): 235, 301 (LIG); 438
(MLCT). HRMS (ESI) Calcd for C29H32N4O6S2Mn2, [M + H]+: m/z
707.0603; found: 707.0621.

Synthesis of [(CO)3Mn(m-h4-dpedto)(m-bpp)Mn(CO)3] (4)

Compound 4 was attained by following a corresponding
procedure as that for 1 with a mixture of Mn2(CO)10 (39 mg, 0.1
mmol), N,N0-diphenethyldithiooxamide (33 mg, 0.1 mmol), bpp
(20 mg, 0.1 mmol), and trimethylamine N-oxide (17 mg, 0.2
mmol). The reaction mixture was stirred at 30 °C for 14 h under
the atmosphere of nitrogen gas. The product was separated as
an orange solid, yield 52 mg, 65% [based on Mn2(CO)10]. Calc.
for C37H32N4O6S2Mn2: C, 55.37; H, 4.02; N, 6.98. Found:
C, 54.75; H, 4.03; N, 6.75. IR (CH2Cl2, cm−1): n(CO)

2025 (m), 2013 (vs), 1927 (s), 1913 (s), n(aromatic C]C) 1603 (w),
n(dithiooxamide N–C]S) 1494 (w). 1H NMR (400 MHz, CDCl3): d 8.30
(d, 2H, H2, py (nitrogen)), 7.75 (d, 2H, H2, py (sulfur)), 7.51 (d,
4H, H2, Ph), 7.40 (t, 4H, H3, Ph), 7.27 (d, 2H, H4, Ph), 6.79 (d, 2H,
H3, py (nitrogen)), 6.67 (d, 2H, H3, py (sulfur)), 4.85 (t, 2H, H1,
CH2-dithiooxamidato), 3.96 (t, 2H, H10, CH2-dithiooxamidato),
3.34 (t, 2H, H2, CH2-dithiooxamidato), 3.17 (t, 2H, H20, CH2-
13818 | RSC Adv., 2026, 16, 13812–13820
dithiooxamidato), 2.74 (s, 4H, H1, CH2-bpp), 2.25 (s, 2H, H2,
CH2-bpp), ppm. 13C NMR (100 MHz, CDCl3): d = 194.5 (thio-
amide CS), 193.1, 192.2, 190.9 [Mn(CO)3], 154.9 (C2, py,
nitrogen), 152.8 (C4, py, nitrogen), 151.9 (C2, py, sulfur), 150.8
(C4, py, sulfur), 139.4, 129.8, 126.6 (Ph, aromatic), 125.6 (C3, py,
nitrogen), 124.2 (C3, py, sulfur), 62.9, 35.8 (phenethyl), 33.6, 27.3
(methylene) ppm. UV-Vis (lmax

ab (CH2Cl2) nm): 232, 302 (LIG),
437 (MLCT) nm. HRMS (ESI): Calcd. For C37H32N4O6S2Mn2 [M +
H]+ 803.0603.; found 803.0618.

Single-crystal X-ray diffraction studies

Single-crystal X-ray diffraction data were recorded for the crys-
tals of 4 on a Bruker D8 VENTURE dual source diffractometer
equipped with a PHOTON II detector using Mo Ka (l = 0.71073
Å) radiation at 100 K with the aid of an Oxford Cryosystem unit.
A single crystal, selected using polarized optical microscopy,
was picked using a ber loop and mounted on the goniometer
and optically centered. The automatic cell determination
routine was employed to collect reections (at different orien-
tations of the detector) and the Bruker APEX4 (ref. 54) suite was
used for determining the unit cell parameters, data collection
and integration. Semiempirical absorption correction (multi-
scan) based on symmetry-equivalent reections was per-
formed using the SADABS program.55 The structures were
solved by intrinsic phasing and rened by full matrix least-
squares, based on F2 using SHELXT56 and SHELXL-2019 (ref.
57) in the programWinGX.58 An attempt was made to model the
largest residual electron density peak located near the CH2Cl2
solvent molecule as disorder. The occupancy ratios for the two
sites for the disordered CH2Cl2 molecule were approximately
90 : 10. Anisotropic renement cycles resulted in the carbon
atom turning non-positive denite and hence, the disorder was
not modelled. The positions of all the atoms were obtained by
direct methods. The graphics were generated using ORTEP-3
(ref. 59) and Mercury 3.8.60

MTT assay to assess the toxicity of the compounds

The HEK-293, MG-63 and MCF-7 cells were procured from the
National Centre for Cell Science, India and were cultured in
DMEM supplemented with 10% FBS at 37 °C in 5% CO2

conditions. MTT assays were performed with HEK-293, MG-63
and MCF-7 cells as described previously.61 The MG-63 cells
were in Minimum Essential Medium Eagle (MEM) with 10%
fetal bovine serum at 37 °C at 5% CO2. For the MTT assay, the
cells were seeded at density of 10 000 cells per well into 96 well
cell culture plates (tissue culture grade, 96 wells, at bottom).62

Aer 20 h, old media were discarded and replenished with fresh
media (200 mL) in each well. The compounds 2 and 4 were
added at the indicated concentrations and incubated for 48 h at
37 °C at 5% CO2. Aer 48 h of incubation, the old media were
discarded and 100 mL of MTT solution (DMEM medium with
MTT at the concentration of 0.5 mgmL−1) to each well of the 96-
well plate, followed by the incubation of 3 h period at 37 °C at
5% CO2. The resultant formazan crystals were dissolved in
DMSO and nally, solutions were read by a plate reader at lmax

595 nm. The cell viability percentage is determined by
© 2026 The Author(s). Published by the Royal Society of Chemistry
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calculating the ratio of OD value of test cells, which were treated
with the indicated compounds to OD value of the control cells,
which were treated with DMSO. The values in the graph repre-
sent the mean of three independent replicates and the error
bars represent the standard deviations. The IC50 values were
derived from these data by calculating the concentration of the
compound required to inhibit the cell viability by 50%. The
standard deviations of the IC50 values are provided in Table 3.

In silico molecular docking studies

The molecular structure of compound 4, obtained from single-
crystal X-ray diffraction analysis, was used as the ligand for
docking simulations.63 Protein crystal structures of the biolog-
ical targets epidermal growth factor receptor tyrosine kinase
(PDB ID: 1M17) and human matrix metalloproteinase-9 (PDB
ID: 1L6J) were retrieved from the RCSB Protein Data Bank
(https://www.rcsb.org).64 Prior to docking, protein structures
were prepared by removing water molecules and
supplementing missing hydrogens, residues, and partial
charges.65–68 The cavity guided blind molecular docking
studies were performed using the AutoDock Vina-based CB-
Dock2 web server (https://cadd.labshare.cn/cb-dock2/), which
integrates cavity detection and AutoDock Vina-based docking.
The results were visualized using PyMOL and Discovery Studio
Visualizer v25.1.0.24284 (BIOVIA, San Diego, CA, USA).
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