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The synthesis, antineoplasic profile, and structural aspects of six In(in) sulfonyldithiocarbimate complexes
(Ph4P[(RSO,N=CS,),In], 2a—f) are described. The salts were readily obtainable with 38% to 98% yield by
the water-mediated complexation of the ligand (1a—f) in the presence of In(NOs)s without further purifi-
cation. Spectroscopic data pointed to the formation of isomers, which were postulated as the result of
three complexation modes — SS-SS, SN-SN, and SN-SS. DFT calculations furnished AG, K.q, and 6 values
that indicated a preference for the SS—SS isomer. Statistical analysis of *C NMR data placed *C=N §
values as efficient probes of the d-electron count of the metal in sulfonyldithiocarbimate complexes. The
compounds displayed antineoplasic activity against human colorectal adenocarcinoma (HCT-116) cell
lines (ICsp = 3.02(21) pmol L™ to 5.36(42) umol L™ with high selectivity compared to HaCaT cells.
Moreover, an XRD analysis of a water-insoluble decomposition product of a ligand (1b) is also described,
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1. Introduction

Alkylating agents are chemotherapeutic drugs that modify the
DNA of cancer cells, preventing replication and inducing cell
death. They are among the oldest antineoplasic drugs and
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remain widely used in clinical practice." In this context, plati-
num-based coordination complexes, such as cisplatin, carbo-
platin, and oxaliplatin, are highly effective due to their ability
to form DNA cross-links, inhibiting replication and transcrip-
tion, leading to programmed cell death.”

Approved for clinical use in 1978, cisplatin has been used
for the treatment of numerous human cancers, including
ovarian, testicular, lung, and colorectal cancer.® At the same
time, carboplatin is mainly used for ovarian cancer therapy
but also exhibits antineoplasic activity in testis, cervical, neck,
head, and small cell lung carcinoma.” Regarding oxaliplatin,
this drug is commonly used as a combination therapy with
other chemotherapeutic agents, part of the FOLFOX regimen
(5-fluorouracil, leucovorin, and oxaliplatin), mainly in the
treatment of colon cancer and non-small-cell lung cancer.’
Despite their effectiveness, platinum-based therapies are
associated with significant side effects, including nephrotoxi-
city, neurotoxicity, and acquired tumor resistance.”®

To overcome these limitations, research into new metal-
based complexes has intensified. Compounds containing
copper, gold, and indium have emerged as promising alterna-
tives, demonstrated selective cytotoxicity, and reduced systemic
toxicity.”® Recent studies suggest that indium-based com-
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pounds can inhibit cancer cell growth and induce apoptosis,
representing a promising therapeutic alternative for colorectal
cancer treatment and other malignancies.'®"*

Notably, the literature on dithiocarbamates and their metal-
lic complexes is quite vast. For instance, the cytotoxic activities
of Pt(u), Mn(u), Cu(u), Zu(u), Cd(u), Bi(m), and many other
metallic dithiocarbamate complexes were evaluated against
human cervical adenocarcinoma (HeLa), human fetal lung
cancer (MRC5-SV2), human cervical cancer (HeLa), and
human adenocarcinoma (MCF-7) cell lines."*™*> However, to
our knowledge, the only evaluation of metallic dithiocarbimate
complexes for antitumoral-related applications in the literature
is the study conducted by Castro et al.'® This study describes
the interaction between two dithiocarbimate Pt(u) complexes
and biotin-labeled y-DNA and determined their modes of
association. No patent documents about biological appli-
cations of dithiocarbimate-based metal complexes were found
(detailed description of the patent database search is
described in the ESIt). Therefore, this study brings much-
needed data on novel avenues for antitumoral drug develop-
ment based on these compounds.

Hence, this paper describes the synthesis and evaluation of
six novel In(m) homoleptic sulfonyldithiocarbimate complexes
and their cytotoxicity against MCF-7 (breast adenocarcinoma),
SK-MEL-28 (human melanoma), and HCT-116 (colorectal
adenocarcinoma) cell lines. Moreover, an extensive chemical,
spectroscopical, and computational description is presented,
shedding light on some crucial structural and biological pro-
perties of this incipient chemical system.

2. Results and discussion
2.1. Synthesis and characterization

Six potassium N-R-sulfonyldithiocarbimate dihydrate salts (1a-
f), with general formula K, (R-SO,N=CS,)-2H,0, where R =
CH; (1a), C¢H; (1b), 4-FC¢H, (1¢), 4-CICeH, (1d), 4-BrCgH, (1e),
and 4-IC¢H, (1f) were prepared from the respective primary
sulfonamides in a reaction with 1.5 molar eq. of carbon di-
sulfide (CS,) and 2 molar eq. of potassium hydroxide (KOH) in
N,N-dimethylformamide (DMF), as shown in Fig. 1, following
synthetic procedures adapted from ones described in the
literature."”*° The products were obtained as yellow solids,
thoroughly water-soluble, and insoluble in organic solvents
such as DMF and acetone.

A substantial difference between the adopted method and
those described in the literature'” ' was the stepwise addition
of KOH. Instead of adding both molar equivalents simul-
taneously, the appropriate mass was added in two portions
and ca. one hour apart. Considering the base was used in a
powder form, this addition method prevented clumping
during the process and favored higher yields. Compound 1c
was synthesized using drops of DMF - enough to dissolve all
reagents — instead of a larger volume, which is the condition
used in the literature, so that the solubility of 1¢ would not be
compromised. This adaptation elevated the yield from 22% to
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1. Base-mediated formation of potassium dithiocarbimates 1a-f
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Fig. 1 Preparation of the potassium N-R-sulfonyldithiocarbimates (1a—
f) following subsequent complexation with In(NOs)s and precipitation
with PPh4Cl, yielding In(m) complexes 2a—f.

63% for 1c. A noteworthy aspect of this reaction is that the
product does not need column chromatography purification
after the synthesis, and the process is operationally simple,
furnishing the ligand in a single step.

The synthesis of compounds 1a-f was confirmed by com-
paring FTIR (Fourier Transform Infrared Spectroscopy) data
with the literature.”*>" Dithiocarbimate formation was mainly
verified by the presence of two sharp bands at 1255.3(5.9)
em™ (v C=N) and 967.2(16.4) cm™" (v, CS,), and by the
absence of two sharp bands at ca. 3400 cm™", attributed to vy
and vg of the NH, group. The v C=N-related band was
observed in lower wavenumbers than usual - ie., ca.
1600 cm™" - given the electron delocalization-enabled high
single bond character of the C=N bond for 1a-f (Fig. 2).

The subsequent complexation of 1la-f was done with
1 molar eq. of In(NO3); and 2 molar eq. of the respective
dithiocarbimate in a methanol:water 1:1 (v:v) solution, fur-
nishing 2a—f (Fig. 1) with 38% to 98% yield. The 1: 2 proportion
between the metal and the ligands was deemed favorable con-
sidering previous ITC (Isothermal Titration Calorimetry) results
for  bis-(N-ethylsulfonyldithiocarbimate)in(m).>*>  Moreover,
replacing In(NO;); with InCl; was inconsequential yield- and

- = &
: { S
Yol — 2 R — X =% L
e N s & IN"Cs & NT ST NI s
CF, CFy CF, RH

Fig. 2 Canonical forms (CF) and resonance hybrid (RH) of a general
dithiocarbimate anion, representing the electronic delocalization, nega-
tive partial charges (57), and the single bond character of the C=N
bond.

This journal is © The Royal Society of Chemistry 2025
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purity-wise. Considering that cost and ease of production are
important aspects of the development of cancer-related
medications,?>?** it is important to mention that the synthesis
of 2a-f involves a two-step synthetic procedure using mainly
cheap reagents and no complicated purification steps.

Dithiocarbimate complexation and precipitation with Ph,P"
were attested by FTIR, HRMS (High-Resolution Mass
Spectrometry), and NMR (Nuclear Magnetic Resonance) spec-
troscopy analyses. First, the band related to v C=N underwent
a hypsochromic shift to 1443.8(19.2) cm™", which is in line
with  other reported dithiocarbimate complexes.>>¢
Accordingly, the band related to v,s CS, was bathochromically
shifted to 951.2(16.6) cm™". Although the literature reports a
more pronounced bathochromic shift - ie., to ca. 930 cm™
(ref. 27 and 28) -, the spectra showed considerably wide bands
in this region, which could indicate a superposition with
bands at wavenumbers lower than 951.2 cm™. These shifts
can be attributed to a greater double bond character to the
C=N bond in 2a-f compared to 1a-f, which is confirmed by
the calculated wavenumber and bond order values for v C=N
of 1b and 2b (Table 1), chosen as model compounds.

The intermediate bond order for 1a is adequately reflected
by the lower calculated wavenumber for the v C=N-related
band. However, the calculated bond order and wavenumber
increased after complexation. This can be rationalized by the
more efficient conjugation for 1a-f compared to 2a-f, given
the smaller energy gap between the filled sulfur nonbonding
orbital (ns~) and the empty C=N antibonding = orbital
(m*c—n) for the latter. Complexation lowers the overall orbital
energy of the dithiocarbimate portion, hindering conjugation
and increasing the bond order. The same reasoning can be
used to justify the hypsochromic shift of the v,4 CS, band, con-
sidering the n*-—g orbital instead of ©*c—x.

The metallic complexes 2a—f were submitted to HRMS ana-
lyses under ESI (electrospray ionization) in negative mode
(Fig. S2t). All spectra showed peaks for the homoleptic com-
plexes with a low relative error between -calculated and
observed values - ie., 0.39(35) ppm -, indicating that the pro-
posed molecular formulae are correct.?’

It is important to note that the literature shows instances of
hexacoordinated In(m) dithiocarbamate complex.**** However,
the In(m) complexes reported herein do not show this coordi-
nation pattern, adopting a tetracoordinated form, InL,”. De
Freitas et al?® attested to this preference with ITC data,
showing a preference for 1:2 molar ratios and tetracoordina-
tion. Moreover, the HRMS analyses were conducted under soft
ionization conditions, comparable to those reported by

Table 1 Calculated wavenumber (cm™) and Mayer bond order for v
C=N of 1b and the SS-SS isomer of 2b

Compound Wavenumber (cm™) Mayer bond order
1b 1229.3 1.42
2b 1468.8 (vg) 1.66

1463.15 (Vgs) 1.66

This journal is © The Royal Society of Chemistry 2025
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Destefani et al. and Filho et al.>**? In these conditions, neutral
ligands remain coordinated to the metal center until data
acquisition and are detected, suggesting a sufficiently gentle
ionization process that preserves labile coordination inter-
actions. No peaks corresponding to solvent- or water-co-
ordinated species were observed in the acquired spectra
(Fig. S2-S71), even at low intensities. This absence of peaks
supports the interpretation that such solvent molecules are
not part of the coordination sphere in solution. Consequently,
we propose that the InL,” species observed reflect the predo-
minant coordination environment and are not the result of
fragmentation under the experimental conditions. Finally,
Fig. S2-S71 show an expansion of the HRMS spectrum of 2a-f
around the region corresponding to the possible addition of
two coordinated water molecules in which no peak corres-
ponding to the calculated spectrum can be observed.

Although HRMS analyses were instrumental in confirming
the chemical identity of the reaction products as complexes
2a-f, NMR analyses (Fig. S8-S19%) proved paramount in pro-
viding unambiguous structural characterization and under-
standing the system more intricately from a chemical
standpoint.

First, the 'H spectra for all compounds showed a slight
excess of Ph,P" given the relative integrals for its protons.
Specifically, average cation : anion 'H integral ratios, consider-
ing the specific proportions, ranged from 1.37(10) to 2.50(75)
(Table S1t), showing a moderate cationic excess for all
samples. Previous recrystallization attempts of an In(ur) dithio-
carbimate complex in methanol decomposed it into its corres-
ponding dithiocarbamate, as attested by X-Ray Diffraction
(XRD) analysis.”* Therefore, recrystallization is an unfeasible
purification methodology for complexes 2a-f.

Notably, the excess of Ph,P" should not impact the biologi-
cal assays, as suggested by some studies. The study conducted
by Li et al. pertains to the antineoplasic activity of dysprosium
thiocyanate complexes with Ph,P* as the counterion.?® The
authors verified that the IC;, of Ph,PBr were greater than
400 pmol L™ for all cancer lines studies, including the human
colorectal adenocarcinoma HT-29 cell line. Moreover,
Thomadaki et al. researched the antineoplasic properties of
2,5-dihydroxybenzoate molybdenum(vi) complexes with Ph,P"
as the counterion against leukemia cell lines HL-60 and
K562.>* Comparison between the activities of the complexes
and Ph,PCl revealed that the phosphonium salt displayed neg-
ligible antineoplasic character. Hence, the cationic excess
observed likely did not affect the outcome of the biological
studies.

Second, the NMR analyses also showed the impact of
diminishing electron delocalization from 1a-f to 2a-f. The
13C-NMR spectra of dihydrate potassium dithiocarbimate salts
- i.e., [RSO,N=CS,]K,-2H,0 - typically show a peak related to
the C=N carbon at ca. 225 ppm.”**> In contrast, the spectra
for dithiocarbimate-based metal complexes typically show a
shielding effect for this carbon atom, shifting it to 200 ppm-
210 ppm,>*>® which adequately reflects the values obtained in
this work - i.e., 207.5(2.81) ppm. This effect is often associated

Dalton Trans., 2025, 54, 1207-11224 | 11209
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with a more significant contribution of the canonical form CF,
(Fig. 2) to the resonance hybrid (H, Fig. 2). However, a more
accurate reasoning is given by analyzing the atomic partial
charges for the C=N carbon atom of 1b and 2b, obtained
through calculations using CHELPG,*® which were 0.53 and
0.28, respectively, reflecting a larger paramagnetic shielding
(0para) after complexation, and contributing to a smaller isotro-
pic chemical shift (8is).*”

Another important aspect of this peak is the low signal-to-
noise ratio (sino) of the C=N peak for 2a—f, which can be
explained by its less pronounced intensification by the nOe, as
was the case for C-4/C-4’ and C-1/C-1', and by the low solubility
of compounds 2a-f in DMSO which, coupled to a smaller
number of scans, can lead to a less intense signal. Moreover, it
should be noted that quaternary *>C signals have longer longi-
tudinal relaxation times (7}) given the lack of efficient 'H-"*C
dipolar relaxation pathways, which was observed by
Abdalrazaq et al. and Tan et al.'*?® Finally, considering that
the C=N carbon atom establishes a double bond to a quadru-
polar N atom, the scalar coupling between them could lead
to smaller transverse relaxation times (7), broadening the
signal and further lowering its intensity.

Third, the "H-NMR spectra of 2a-e showed a noteworthy
trend in the 7.0 ppm to 8.0 ppm region (Fig. 3). By maintain-
ing the intensity of the Ph,P*-related 'H signals constant and
analyzing the signals of H3/H5/H3'/H5' for compounds 2c-e, a
clear pattern was observed. While the neighboring triplet at ca.

_ N— _ \\

A JL%A 2
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7.3 ppm for 2¢ - shown as the light gray region in Fig. 3 - had
a negligible sino, the respective regions for compounds 2d and
2e displayed greater relative intensities. Given the similarity in
their multiplicity pattern and their chemical shift proximity,
these peaks are likely related to isomers of 2c-e.

Since the *C-NMR spectra were acquired with power gated
'H decoupling, the argument of signal intensity cannot be
used. However, these spectra became considerably contami-
nated from 2b to 2f (Fig. S8-S19%), which indicated a pro-
portional increase in isomer population. To address this, a
theory for isomer formation was initially formulated.
Considering the electron delocalization at the N=CS,>”
moiety of compounds 1a-f, more than one coordination mode
is possible, yielding three possible constitutional isomers for
each complex (Fig. 4). One homoleptic isomer can be formed
by the coordination of both dithiocarbimates using their
sulfur atoms (SS-SS), another homoleptic isomer with each
anion complexed by one sulfur and one nitrogen atom (SN-
SN), and a heteroleptic isomer by the complexation of one
dithiocarbimate with its sulfur atoms and the other with one
sulfur and one nitrogen atom (SS-SN).

FTIR results could also attest to the formation of these
isomers. Considering the previously discussed change in elec-
tron delocalization from 1a-f to 2a-f, one could argue that the
SS-coordinated dithiocarbimate would have C=N and C-S
bonds with a greater double and single bond character,
respectively. In contrast, the SN-coordinated dithiocarbimate

2d

2c

\ L/“/ - 2b

e .-
JJM 2a
T T T T T T T T T 1
8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 ppm

Fig. 3 IH-NMR spectra of 2a—e stacked vertically in the 7.0 ppm to 8.0 ppm region. Ph,P*-related 'H peaks are grouped and color-coded, for
which the light green region represents Hg, the light red region represents Hy/H;, and the light blue region, H./He. Anion *H peaks are shown as light
orange regions for H3/H5/H3'/H5" (2c—e) and as a light yellow region for H2/H2' to H6/H6’ (2b). The light gray regions for each spectrum represent

peaks possibly related to isomers.
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Fig. 4 Structural formulae for the constitutional isomers of 2a-—f
according to the coordination mode. The SS—SS isomer involves the
complexation of the dithiocarbimates by their sulfur atoms. The SS-SN
isomer is formed by the complexation of one dithiocarbimate with its
sulfur atoms and another dithiocarbimate with one sulfur atom and one
nitrogen atom. Finally, the SN-SN isomer is formed by the dithiocarbi-
mates with one sulfur atom and one nitrogen atom.

moiety would display the opposite pattern, furnishing a hypso-
chromic shift of the v,s CS, band compared to 1a-f. The litera-
ture shows that v,s CS, in dithiocarbamate complexes, which
have a formal C=S bond, range from 990 cm™" to 1100 cm™"
(ref. 39 and 40) and the FTIR spectra for 2a—f showed one band
at 998.40(57) cm ™. Therefore, while the 951.2(16.6) cm™" band
indicates an SS complexation, the one at 998.40(57) cm™"
could indicate an SN complexation and serve as evidence of
the formation of the specified isomers. However, the studies
conducted by Adeyemi et al. and Halimehjani et al.,***' per-
taining to the synthesis of N-substituted dithiocarbamate com-
plexes, show v C-N-related bands at 1231.63(3.81) cm™.
Notably, the FTIR spectra of 2a-f show no bands between
1265 cm™' and 1139 cm™', indicating that SN-coordinated
complexes are likely present as minor products and the SS-SS
isomer is preponderant.

One interesting aspect of isomer formation was observed
for 2e, for which the "*C-NMR spectra (Fig. S171) showed two
clear peaks at 200.4 ppm and 208.6 ppm. Choosing which
peak would be correctly assigned to the C=N carbon atom led
to a systematic analysis of NMR spectroscopy data for all
reported dithiocarbimate metal complexes, which ultimately
led to assigning the 208.6 ppm peak to the C=N carbon atom.
This analysis considered 72 homoleptic sulfonyldithiocarbi-
mate complexes spanning 27 publications®>"?>**7%* and
involved analyzing the correlation between the '*C chemical
shift of the C=N carbon atom and (i) the charge of the
complex, (ii) the metal, (iii) the outermost shell of the metal
cation, (iv) the number of d electrons of the metal cation, (v)
the counterion of the complex, (vi) the dithiocarbimate sulfo-
nyl substituent, (v) the spectrometer frequency and (vi) the
solvent used in spectra acquisition. First, a Spearman corre-
lation matrix was constructed for these variables (Fig. 5),
which indicated that the chemical shift correlated moderately
with the charge of the complex (—0.60), the metal cation (+0.5),
the number of d electrons of the metal cation (—0.56), the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Spearman correlation matrices for (A) all variables considered in
the statistical analysis and for (B) the numerical variables—i.e., complex
charge, metal cation electron shell and d electron count of the metal
cation in the complex, spectrometer frequency (MHz), and the 3C
chemical shift of the C=N bond (5§ C=N (ppm)).

counterion (—0.6), and the solvent (+0.6). It should be noted
that the p-value for these correlations were all equal to 0.0, and
that the Spearman correlation was favored over the Pearson’s
given the high condition number obtained by the OLS
(Ordinary Least Squares) regression - i.e., 2.17 x 10°.

Moreover, the variances of the chemical shift values (§
C=N) across the charges of the complexes and the numbers of
d electrons of the metal cations were analyzed by ANOVA
(Analysis Of Variance). The analysis of the F-statistics values
indicated a high variance of § C=N between the groups com-
pared to the variance among § C=N values, and the p-values
indicated that the groups are statistically different (Table 2).
This indicated that they were the most impactful variables to
the chemical shift, as shown in Fig. 6.

The d electron count for the metallic center reflects its elec-
tronic environment more accurately and was thusly chosen as

Dalton Trans., 2025, 54, 11207-11224 | 1121
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Table 2 F-Statistic and p-values for the **C chemical shift of the C=N
carbon atom (5 C=N (ppm)), the complex charge, and the number of d
electrons of the metal

Dependent variable Categorical variable F-Statistic p-Value
5 C=N (ppm) Complex charge 175.251 0.000
d-Electron count 4.200 0.019
~ 2104
=
2y
2 205 -
4
Il 200 -
@)
w0
195 A
—
190 T T T
-3 -2 -1
Complex charge
B J
2157 ee—
2101 —
2
£ 205 1 @
i
O 200
w0
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Fig. 6 Boxplots of *C chemical shifts of the C=N bond (§ C=N (ppm))
for homoleptic dithiocarbimate complexes in the literature. Panel A
shows the variation of § C=N according to the charge of the complex,
and panel B shows their variation according to the number of d elec-
trons of the cationic metal center.

the main categorical variable. One can see that a higher d elec-
tron count for the metal cation results in a greater shielding of
the C=N carbon atom, which can be attributed to a possible
metal-ligand backbonding for compounds 2a-f that would be
more pronounced in complexes with a higher d electron count
at their metallic cation centers, increasing the electronic
density at the NCS, group. The § C=N values obtained in this
work - i.e., 207.5(2.81) ppm - agree with these findings, given
that In(m) has 10 d electrons. The physical significance of the
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inverse correlation between d-electron count and § C=N was
not immediately clear, and a significant lack of this kind of
discussion was observed in the current dithiocarbimate litera-
ture. However, some initial theories could be formed based on
findings for similar metallic complexes.

Gowda et al.®® published an interesting study showing how
DFT calculations can aid the assignment of solid-state NMR
signals and provide a more accurate structure elucidation of a
heteroleptic La(m) dithiocarbamate/phenanthroline complex.
In this paper, the authors show that high Laplacian of the elec-
tron density (Vp*) and negative energy density (H(r)) values for
this complex point to a considerable covalent character for the
La-S and La-N, with the latter being more covalent than the
former. Moreover, a Natural Bond Orbital (NBO) analysis of
the same complex revealed that the La-S bonding orbital is
heavily polarized towards the sulfur atom (polarization coeffi-
cient = 0.96), and that all NBOs of the NCS, system are predo-
minantly p-hybridized. These findings suggest that dithiocar-
bimates, which display the same chelate mode of coordi-
nation, could have an S-polarized In**-S bond, contributing to
the shielding of the carbon atom of the NCS, moiety.

Additionally, Pd(m) (d®) complexes with aromatic ligands
were shown to display some degree of n back-bonding by
Martinez-Vivente et al.,°® demonstrating that this metal-ligand
interaction promoted a shielding to the carbon atom at the
para position to the Pd(u) center. Moreover, dithiocarbimates
are strong o-donor ligands which, coupled to the high d-elec-
tron count of In(ur), could promote a stronger n back-bonding,
as observed for N-heterocyclic carbenes metallic complexes by
Comas-Vives and Harvey.®’

Although the formation of the SS-SS, SS-SN, and SN-SN
isomers could be inferred from the acquired data, the relative
population of said isomers could not be attested from experi-
mental data alone. At most, the data suggest that the size of
the halogen bound to the aromatic ring is proportional to the
amount of isomers present in the NMR sample, given the
increasing complexity of the resulting spectra. Therefore,
extensive computational calculations were performed to shed
light on some thermodynamic aspects of these isomers. It
should be noted that understanding the behavior of these
isomers and, especially, knowing their relative stabilities is
paramount to learning how they will behave biologically and
what chemical transformations are adequate to modulate their
activities.

In this sense, geometry optimization and frequency calcu-
lations were performed for compounds 2a-f isomers using
implicit solvation of water and DMSO to understand their rela-
tive stabilities. Table 3 gathers the Gibbs free energy difference
results for the SN-SN and SN-SS isomers relative to their
corresponding SS-SS isomer, once the SS-SS isomers were
computed as the most stable among compounds 2a-f. The
SN-SS isomers have intermediate stability compared to the
other two possibilities, and the SN-SN isomers were the least
stable among 2a-f. However, the energy difference does not
follow the same pattern for the other two isomers. While the
SN-SN molecules are ca. 8 kcal mol™" higher in energy com-
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Table 3 Gibbs free energy difference (in kcal mol™) relative to the corresponding S$—SS isomer using implicit solvation of DMSO and water and
their corresponding equilibrium constant (Keq) between SN-SS, SN-SN, and SS—SS isomers, and C=N chemical shifts (ppm, experimental and cal-

culated) for compounds 2a—f

Thermodynamic parameters®

Chemical shift’

DMSO Water Calculated

Compound AGsn_sn AGsn_ss Keq AGsn_sn AGgn_ss Keq Exp. SN-SN SN-SS SS-SS

2a 7.95 5.35 8355.6 7.95 5.32 7943.1 206.9  234.7(8)  221.4(13.5)  217.1(2)
2b 8.28 6.00 25031.2 8.26 5.98 24 200.3 203.1 232.2(1) 221.8(13.5) 216.8(4)
2¢ 8.25 4.26 1327.1 8.36 4.17 1140.1 208.2 231.2(4) 223.4(11.3) 217.2(0)
2d 7.71 3.80 610.5 7.67 3.69 507.1 210.6 232.2(3) 224.0(10.1) 217.2(2)
2e 8.03 3.61 443.0 8.05 3.60 435.6 208.6  232.5(5)  224.0(9.9) 217.4(2)
of 8.09 2.67 90.64 8.08 2.70 95.3 na‘ 232.3(0) 224.4(11.2) 217.4(2)

“Calculations performed at B3LYP-D3(BJ)/def2-TZVP level of theory. ? Calculations performed at B3LYP/def2-TVZPP level of theory. “ The signal

related to the C=N group for 2f was not observed.

pared to the SS-SS, the relative stability of SN-SS molecules
towards the same compounds varies significantly, showing a
tendency of decreasing energy with increasing halogen size.
While the energy difference between SN-SS and SS-SS isomers
of 2¢ is 4.26 kcal mol™* and 4.17 kecal mol™" in DMSO and
water, respectively, the same comparison is 2.67 kcal mol™
and 2.70 kcal mol™" for 2f, respectively. These results support
the above findings, suggesting that more than one isomer is
present, especially for compounds 2d-f. In this sense, Table 3
also presents the equilibrium constant, K.q, for the intercon-
version reaction assuming the SN-SS — SS-SS process in
DMSO and water (implicit solvation), calculated using the
vastly known A,G° = —RTIn K.q equation, where A;G° is the
standard free Gibbs energy of reaction, R is the gas constant,
and T is the temperature of 298.15 K. As can be observed, the
solvent nature does not primarily affect the relative stability of
the isomers, and the results in water and DMSO are very
similar. For all compounds, K.q > 1, which indicates that the
reaction ultimately favors the formation of SS-SS isomers.
Compounds 2e and 2f have the smallest K.y, and the for-
mation of the SN-SS isomers is possible, even if in small con-
centration. These results align with the observed experimental
NMR results discussed previously.

Another crucial computational result on isomer formation
was the calculated NMR chemical shifts of 2a—f (Tables S2 and
S37). The compiled C=N chemical shift (5) values (ppm) for
each isomer of 2a—f are shown in Table 3. The § C=N was
chosen due to its pronounced sensitivity to the coordination
mode. Although the aromatic protons H3/H5/H3'/H5' of 2c—f
yielded pronounced neighboring, low-intensity signals, as pre-
viously discussed (Fig. 3), their calculated NMR § were not
sufficiently different to provide meaningful results pertaining
isomer prevalence. Notably, the non-zero standard deviation of
the 6 C=N for the isomers and its high value for the SN-SS -
ca. 11.2 - is due to a non-equivalence of the carbon atoms for
each sulfonyldithiocarbimate ligand in the complex. This non-
equivalence, while minimal for the SN-SN and SS-SS isomers,
is substantial for the SN-SS isomer. Specifically, the calculated
8 C=N is 231.4(5) ppm for the SN-coordinated ligand and

This journal is © The Royal Society of Chemistry 2025

215.0(2.3) ppm for SS-coordinated ligand. Nevertheless, the
calculated data reveal that the SS-coordinated ligands have sig-
nificantly more shielded C=N carbons than the SN-co-
ordinated ones. Moreover, the experimental shifts are closer to
the calculated ones for the SS-SS isomers, corroborating its
preponderance in lieu of the other two. Considering that the
NMR spectra showed no evidence of two C=N-related signals
after a single analysis, the prevalence of the SN-SS can also be
considered minimal.

The relative stability of the isomers was also investigated by
analyzing the highest occupied molecular orbital, HOMO, of
each compound. Fig. 7 shows the HOMO of all three isomers
of compounds 2¢ and 2f, which feature fluorine and iodine
atoms, respectively. The delocalization of the electron density
is more pronounced in the SS-SS isomer for both compounds
when compared with the other two isomers. Furthermore, the
iodine atom has a bigger orbital coefficient contributing more
to the HOMO in the SS-SS isomer case. The HOMO of 2a-b
and 2d-e compounds are shown in the ESI (Fig. S207).

2.2. Biological assays

Table 4 presents the ICs, (umol L") values of compounds 2a—f
in human tumor (HCT-116, SK-MEL-28, and MCF-7) and non-
tumor (HaCaT) cell lines.

Compounds 2a-f exhibited varying levels of cytotoxicity
depending on the cell line treated (Fig. S21-S267). Overall,
HCT-116 cells were the most sensitive, with ICs, values below
5.5 pmol L™* for all tested compounds. 2a demonstrated the
highest cytotoxicity against HCT-116, with an ICs, of 3.02(21)
pumol L™, whereas 2f was the least cytotoxic, with an ICs, of
5.36(42) pmol L. In contrast, SK-MEL-28 and MCF-7 cells
exhibited poor cytotoxicity, with ICs, values often exceeding
30 pmol L™,

Regarding the human keratinocyte cell line (HaCaT), com-
pounds 2a-f induced low toxicity to non-tumor cells, which
was suggested by their ICs;, values above 100 pmol L™
Doxorubicin (DXR), used as a positive control, exhibited high
cytotoxicity against all tumor (HCT-116 ICso = 2.570(1) pmol
L™%; SKMEL-28 IC5, = 3.55(1.67) pmol L™'; MCF-7 ICs, = 1.53
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Fig. 7 The highest occupied molecular orbitals, HOMO, of SN-SN, SN-SS, and SS—SS isomers in DMSO of compounds 2c and 2f.

Table 4 Cytotoxic activity (ICse, pmol L™*) of compounds 2a—f and
doxorubicin (DXR) against human tumor - je., HCT-116 (colorectal
adenocarcinoma), SK-MEL-28 (melanoma), MCF-7 (breast adeno-
carcinoma) —, and non-tumor - i.e., HaCaT (keratinocytes) — cell lines
after 72 hours of treatment. Doxorubicin (DXR) was used as the positive
control

ICs50 % (pmol L)

Compound HCT-116 SK-MEL-28 MCEF-7 HaCaT
2a 3.02(21) 38.29(3.21) 34.70(2.31) >100

2b 3.58(29) 43.30(4.15) 89.90(14.7) >100
2¢ 5.19(60) 45.68(3.26) 47.35(4.48) >100

2d 4.14(24) 40.22(3.45) 96.33(12.3) >100

2e 3.15(1.42) 54.31(5.52) 32.26(3.23) >100

2f 5.36(42) 37.53(3.04) 77.10(11.5) >100
DXR 2.570(1) 3.55(1.67) 1.53(20) 0.280(1)

“Values were obtained by nonlinear regression from at least three
independent experiments performed in quadruplicate and are
expressed as mean(SEM) - i.e., ¥(SEM).

(20) pmol L™") and non-tumor cells (HaCaT ICs, = 0.280(1)
pumol L™Y), suggesting a lack of selectivity. In contrast, com-
pounds 2a-f demonstrated preferential cytotoxicity against
tumor cells, indicating a degree of tumor selectivity, a desir-
able feature that could reduce adverse effects in clinical
applications.’

Analyzing the cytotoxicities of compounds 2a-f against
human colorectal adenocarcinoma cell lines - i.e., HCT-116 -
(Fig. 8) revealed a non-linear relationship between the dithio-
carbimate substituents and the biological activity. While the

M214 | Dalton Trans., 2025, 54, 11207-11224

5.0

4.0

3.5

2.5

Cytotoxicity (umol/L) - HCT-116

2.0 1

T T T T T T T
2a 2b 2c 2d 2e 2f DXR

Compound

Fig. 8 Cytotoxicity values (ICso, pmol L™) of compounds 2a—f against
HCT-116 (colorectal adenocarcinoma) cell lines after 72 hours of treat-
ment with the respective error bars. Doxorubicin (DXR) was used as the
positive control.

methyl and 4-bromophenyl substituents — 2a and 2e, respect-
ively — were responsible for the most active complexes, with
IC5o values comparable to DXR, clear trends could not be
established. On the one hand, changing the para aromatic sub-
stituent from fluorine (2¢) to chlorine (2d) to bromine (2e)
yielded increasing cytotoxicities. However, this trend is inter-
rupted by the inferior activity of 2f, with its 4-iodophenyl
group. Interestingly, the least active complexes against
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HCT-116 - viz., 2c and 2f - showed the smallest cytotoxicities
against HaCaT cell lines, alluding to a higher selectivity, and
the aliphatic In(m) dithiocarbimate complex 2a was more
active than its aromatic counterparts 2b-f.

Although some aspects of the antineoplastic activities of 2a—f
need further experiments to be adequately explained, some
studies can provide indications of their mechanism of action.
Traditionally, metal dithiocarbimate complexes are tested as
antimicrobial crop-preserving agents. For instance, Zn(u) dithio-
carbimate complexes were investigated by Rabello et al as
control agents for coffee leaf rust, caused by Hemileia vastarix
(Puccinialis), and aliphatic dithiocarbimates showed greater
antifungal capabilities than aromatic ones.*® However, halogen-
related trends were not compatible with the one observed
herein. Alternatively, Sn(iv) complexes of the form R,SnL,, where
L is an aromatic dithiocarbimate, were evaluated by Dias et al
as inhibitors of Colletotrichum gloeosporioides, which did not
show a clear trend for the aromatic substituents.®® Therefore, it
is clear that the previous results of the antimicrobial activity
cannot be used as a reference point for the present discussion,
likely due to a markedly different mechanism of action.

Fortunately, Castro et al. published a recent study about the
antitumor activities of two potassium Pt(u) sulfonyldithiocarbi-
mate complexes - ie., K, [Pt(CH3SO,N=CS,),] and K, [Pt(4-
FC¢H5SO,N=CS,),]."® The interactions between these com-
pounds with biotin-labeled A-DNA revealed that the aliphatic
dithiocarbimate complex performs minor groove binding.”%”"
In contrast, the aromatic dithiocarbimate complex performs
intercalation at <30 pmol L', and aggregate-induced groove
binding at >30 pmol L™". A similar DNA intercalation behavior
was observed for a Pd(u) dithiocarbamate/phenanthroline
complex by Feizi-Dehnayebi et al.””

Another critical study in this field was published by
Adeyemi et al., which analyzed the cytotoxicities against the
human tumor cell line (HeLa) of Sn(wv) dithiocarbamate com-
plexes of the form R,SnL,, where L is an N,N-diallyldithiocar-
bamate and R = Cl, CH;, C,Hy, and C¢Hs.”® The researchers
noticed that the cytotoxicity of the complex was intrinsically
related to its lipophilicity - e.g., the observed ICs, values for
[Ph,SnL,], [(CH;),SnL,], and [(C4Hy),SnL,] were 2 pmol L7,
56 umol L™, and 288 pmol L™, respectively.

A common ground capable of reconciling these findings
with the observed cytotoxicities of 2a-f can be related to the
interplay between (i) the degree of halogen bonds of 2¢-f and
the DNA base pairs of the tumor cell lines, (ii) the steric hin-
drance associated with intercalation or groove binding, and
(iii) the lipophilicity of the dithiocarbimate portion of 2a-f.
Halogen bonds’* have been associated with cytotoxicities, as
observed by Kitawat and Singh in the investigation of the DNA
binding properties of halogenated chalcones, which showed a
stronger binding for the brominated compound compared to
the chlorinated and fluorinated analogs.”> Notwithstanding,
Arjmand et al. observed that halogenated Cu(u) chromone
complexes display DNA intercalation with intrinsic binding
constants, Ky, proportional to halogen size given the increase
in halogen bond strength.”®

This journal is © The Royal Society of Chemistry 2025
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The activity of the metallic complexes 2a-f could not be
compared to their potassium dithiocarbimate precursors 1a-f.
This is due to the unavoidable decomposition of dithiocarbi-
mates when left in aqueous or organic solutions for a long
time and was experimentally observed in some instances by
our group - characterized by the evolution of a sulfur-like
smell and a color shift to white. However, our group managed
to isolate a white single crystal of the decomposition product
and analyze it by X-ray crystal diffraction. To our knowledge,
this is the first report on the structural analysis of potassium
dithiocarbimate decomposition products. However, it should
be noted that decomposition of the potassium dithiocarbi-
mates during the reaction to form 2a-f is highly unlikely given
the speed of complexation, which is almost immediately
observed by the disappearance of the characteristic yellow hue
associated with 1a-f.

Finally, the cell viability-concentration profiles of 2a-f
(Fig. S21-S267) show that, for the tumor cell lines MCF-7,
SK-MEL-28, and HCT-116, the cell viability tends to decrease to
its lowest value after a specific concentration, displaying a
plateau-like behavior for higher concentrations. Conversely,
analyses using the non-tumor cell line HaCaT showed that all
compounds except 2c and 2f have a sudden drop in cell viabi-
lity at 200 pmol L™'. This prompted a deeper analysis of the
cytotoxic behavior of 2a-f.

Analyzing the cell viability-concentration profiles of DXR
against these cell lines (Fig. S271) reveals a similar profile, low-
ering the likelihood of a compound-specific behavior.
Moreover, the stability of the In(um) complex 2a, which dis-
played the most pronounced activity, was analyzed in phos-
phate-buffered saline (PBS) with DMSO (0.5%) and pH 7.4 by
UV-Vis spectroscopy (Fig. 9). The results indicate that 2a is
stable in these conditions, given that the spectral profile did
not change for 72 hours. Therefore, 2a retains its chemical
and structural integrity throughout the biological assay, and
no degradation products were formed during this time.
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Fig. 9 UV-Vis absorption spectra obtained from the stability analysis of

compound 2a in PBS with DMSO (0.5%), pH 7.4, after 24 h, 48 h, and
72 h in solution.
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Hence, possible alternative reasons underlying the dis-
played cell viability-concentration profiles for 2a-f include the
saturation of intracellular molecular targets or cellular uptake
mechanisms. Once a concentration sufficient to engage the
primary cytotoxic mechanism - e.g., DNA interaction, redox
imbalance, or mitochondrial dysfunction - is reached, increas-
ing the dose may not enhance the effect due to target satur-
ation or limited uptake. Additionally, the initial response
might reflect a predominantly cytostatic effect, such as cell
cycle arrest or senescence, rather than direct cell death. In this
case, metabolic activity measured by the MTT assay may reach
a plateau as proliferation and mitochondrial function
decrease, even though the cells remain viable but metaboli-
cally inactive. This phenomenon has been described for other
metal-based compounds and may contribute to the flattened
curve at higher concentrations.”

2.3. Crystal data

Crystal data and selected geometrical parameters of the
decomposition product of 1b are listed in Table 5 and in the
ESI (Table S4f), respectively. The crystal fragment of the
decomposition product is displayed in Fig. 10A. The final com-
pound is a bi-dimensional coordination polymer formed by K-
S and K-O coordination bonds. The potassium cation is co-
ordinated to seven atoms - five oxygen atoms and two sulfur
atoms -, giving rise to a capped trigonal prismatic geometry.
The average K-O bond distance is 2.382(2) A and, for K-S, is
3.2349(8) A. The torsion angle between the aromatic ring and
the SO,-N-CSO-C group is 79.5°. The solid state is stabilized
by K-O and K-S coordination and C-H---n interactions (dis-
tance H---centroid = 3.32 A and 3.42 A). The topological ana-
lysis”® of 1b indicates that the bidimensional net is unimodal,

Table 5 Crystal data and structure refinement results for the crystal of
compound 1b

Compound 1b

Molecular formula CgHoNO;S,K
Molar mass/g mol ™" 270.38

Crystal system Orthorhombic
Space group Phca

Crystal color White

alA 11.1836(1)

b/A 8.8869(1)

c/A 23.2030(2)

a, B, y/° 90.00, 90.00, 90.00
VIA® 2306.09(4)
Temperature/K 301(2)

zZ 8

Dearclg cm™ 1.558

Crystal size/mm 0.06 x 0.12 x 0.29
u(Mo-Ky)/em™ 7.337
Measured/unique reflections 49 673/2520

Rint 0.0913

Observed reflections [F,> > 26(F,?)] 2388

Refined parameters 137

0.0398/0.0412
0.1101/0.1114
1.061
RMS/e A3 0.076

Robs [Fo >226(F0)]/I§all
WRobs [Fo- > 26(Fy")|/WRan
S
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Fig. 10 (A) Fragment of the crystal structure of compound 1b, showing
thermal ellipsoids at 50% probability level, and (B) simplified sql net.
Symmetry code:i:3—x,3+y, ziit1-x,2-y, 1-ziiix-315-y,1-

e 1 1
Ziviz-Xy—32Z

tetra-connected, and it can be classified as sql type”® with
symbol point 4%-6>. The simplified net sql is displayed in
Fig. 10B. Notably, the decomposition of 1b yielded a supramo-
lecular-like network, which justifies the insolubility of the
decomposition product in water.

3. Experimental section
3.1. Chemistry

All chemical compounds used in the syntheses and the deute-
rated reagents used for NMR analyses were purchased from
Sigma-Aldrich (USA). The reagents were used without further
purification. The solvents employed in the syntheses were pur-
chased from Vetec Quimica Fina (Brazil).

"H-NMR and "*C-NMR were recorded on a Bruker Avance III
Nanobay spectrometer (400 MHz) at the Laboratério de
Ressonancia Magnética de Alta Resolucdo - LAREMAR - at the
Federal University of Minas Gerais (UFMG), using DMSO-d; as
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solvent and tetramethylsilane (TMS) as the internal standard.
NMR spectra were also recorded on a Varian Mercury-300
spectrometer at the Chemistry Department of the Federal
University of Vicosa (UFV). Correlation experiments were per-
formed for the structural characterization of the products. IR
spectra were recorded on a Spectrum 100 (PerkinElmer) scan-
ning from 4000 cm™" to 650 cm ™. Mass spectra were recorded
on a Bruker Daltonics model 9.4 T Solarix ultra-high resolution
mass spectrometer operated in the negative and positive
ionization modes over a mass range of m/z 200-2000 using
Electron Spray Ionization Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry (ESI-FT-ICR MS). ESI-FT-ICR MS
spectra were acquired with a resolving power of m/Amsgy, ~
500 000, in which Amsge, is the full peak width at the half-
maximum peak height of m/z 400 and mass accuracy of
<1 ppm, which provides an unambiguous molecular formula.
The acquired spectra are shown in the ESI (Fig. S27).

3.2. Chemical synthesis

The potassium N-R-sulfonyldithiocarbimate dihydrated salts,
with the general formula K, (R-SO,=CS,)-2H,0, where R =
CH; (1a), C¢H; (1b), 4-FC¢H, (1c), 4-CIC¢H, (1d), 4-BrC¢H, (1e),
and 4-IC¢H, (1f) were prepared from the sulfonamides as
described in the literature (Fig. 1)."”'° The complete pro-
cedure used to synthesize 1a-f is described in the ESL{

The syntheses of compounds 2a-f (Fig. 1) were performed
by adding 2 mmol of the appropriate dithiocarbimate salt (1a-
f) to a 50 mL round-bottom flask, and dissolving the reagent
in 20 mL of a methanol:water 1:1 (v:v) solution. 1 mmol
(0.3008 g) of In(m) nitrate (In(NO;);) was then added, resulting
in the disappearance of the yellow color of the solution, and it
was stirred for five minutes. 1 mmol (0.3749 g) of tetraphenyl-
phosphonium chloride (PPh,Cl) was dissolved in 500 pL of
distilled water and added dropwise to the round-bottom flask,
furnishing a white precipitate. The resulting solid was then fil-
tered through a glass funnel with a sintered disc (G4) and
washed with significant amounts of water, drops of ethanol,
and small amounts of cold diethyl ether, yielding In(m) com-
plexes 2a—f as white solids with 38% to 98% yield.

The NMR spectra for compounds 2a-f (Fig. 11) showed the
expected signals for the tetraphenylphosphonium cation
(Ph,P") at: 'H-NMR (400 MHz, DMSO-d,) &: 7.71-7.78 (m, 8H,
Hb/Hf), 7.79-7.86 (m, 8H, Hc/He), 7.95-8.00 (m, 4H, Hd); and

d — _—
C e '
» S ap
b f 1
a lS /N\S 5
2 \\/p S\In\S ()// P 6

Fig. 11 General structure and atom numbering of tetraphenylphospho-
nium In(n) sulfonyldithiocarbimate salts (2a—f).
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3C-NMR (100 MHz, DMSO-d,) 8: 118.2 (Ca, d, “Jc_p = 89 Hz),
131.0 (Cb/Cf, d, *)Jc_p = 13 Hz), 135.0 (Cc/Ce, d, *Jc_p = 11.0 Hz),
135.8 (Cd, d, *Jc_p = 3.0 Hz).

3.2.1. Tetraphenylphosphonium bis(N-(methylsulfonyl)
dithiocarbimate)In(u) (2a). White solid; yield = 75%; IR (ATR,
em™) 3169, 3078, 3056, 3033, 1585, 1483, 1435 (v C=N), 1359,
1307, 1267, 1105, 995 (155 CS,, SN-SS/SN-SN), 944 (1,5 CS,, SS-
SS), 924, 829, 753, 720, 687; 'H-NMR (In(m) complex signals,
400 MHz, DMSO-d,) &: 2.83 (s, 6H, CH;); >C-NMR (In(m)
complex signals, 100 MHz, DMSO-d¢) 6: 38.9 (CHj3), 206.9
(C=N); HRMS (ESI) m/z calculated for C,HgInN,0,Ss”
452.76961, found 452.76959 (r.e. = 0.04 ppm).

3.2.2. Tetraphenylphosphonium bis(N-( phenylsulfonyl)
dithiocarbimate)In(u) (2b). White solid; yield = 98%; IR (ATR,
em™) 3059, 1586, 1436 (v C=N), 1376, 1280, 1141, 1083, 996
(vas CSz, SN-SS/SN-SN), 938 (14 CS,, SS-SS), 824, 719, 686;
'"H-NMR (In(m) complex signals, 400 MHz, DMSO-dq) &:
7.35-7.59 (m, 10H, H-2 to H-6, H-2' to H-6"); "*C-NMR (In(m)
complex signals, 100 MHz, DMSO-d,) &: 127.8 (C2/C6, C2'/C6’),
128.6 (C3/C5, C3'/C5"), 131.8 (C4, C4'), 203.1 (C=N); HRMS
(ESI) m/z calculated for C;,H;0InN,0,Ss~ 576.80091, found
576.80057 (r.e. = 0.59 ppm).

3.2.3. Tetraphenylphosphonium bis(N-(4-fluorophenylsul-
fonyl)dithiocarbimate)In(m) (2¢). White solid; yield = 57%; IR
(ATR, cm ™) 3060, 1588, 1491 (v C=N), 1372, 1280, 1140, 1082
(vas CS,, SN-SS/SN-SN), 938 (v4s CS,, SS-SS), 834, 721, 687;
"H-NMR (In(m) complex signals, 400 MHz, DMSO-d) 8: 7.23 (t,
4H, *Jy gy = 8.3 Hz, H3/H5, H3'/H5'), 7.97 (t, 4H, *J;_py = 6.7
Hz, H2/H6, H2'/H6); C-NMR (In(m) complex signals,
100 MHz, DMSO-dg) 6: 115.3 (d, *Jc_r = 22 Hz, C3/C5, C3'/C5),
130.6 (d, *Jc_r = 9 Hz, C2/C6, C2/C6'), 140.2 (d, *Jc_r = 3.0 Hz,
C1, C1"), 163.7 (d, YJc_r = 247 Hz, C4, C4'), 208.2 (C=N); HRMS
(ESI) m/z calculated for C;,HgF,InN,0,Ss~ 612.78107, found
612.78283 (r.e. = 1.24 ppm).

3.2.4. Tetraphenylphosphonium bis(N-(4-chlorophenylsul-
fonyl)dithiocarbimate)In(m) (2d). White solid; yield = 66%; IR
(ATR, cm™) 3059, 1584, 1475 (v C—=N), 1367, 1272, 1141, 1082
(Vas CS», SN-SS/SN-SN), 938 (145 CS,, SS-SS), 818, 720; 'H-NMR
(In(ur) complex signals, 400 MHz, DMSO-d¢) &: 7.55 (d, 4H,
*Ju_n = 8.5 Hz, H3/H5, H3'/H5"), 7.79-7.84 (m, 4H, H2/H6, H2'/
H6"); "*C-NMR (In(m) complex signals, 100 MHz, DMSO-d,)
128.8 (C2/C6, C2'/C6'), 129.8 (C3/C5, C3'/C5'), 141.4 (C1, C1'),
210.7 (C=N); HRMS (ESI) m/z calculated for
C14HgCLINN,0,S,~ 644.72296, found 644.72273 (re. =
0.36 ppm).

3.2.5. Tetraphenylphosphonium bis(N-(4-bromophenylsul-
fonyl)dithiocarbimate)In(m) (2e). White solid; yield = 73%; IR
(ATR, cm™) 3058, 1573, 1483, 1436 (v C=N), 1367, 1270, 1139,
1072 (vas CS,, SN-SS/SN-SN), 938 (1as CS,, SS-SS), 815, 720,
686; "H-NMR (In(m) complex signals, 400 MHz, DMSO-d,) &:
7.67 (d, 4H, *Jy_y = 9.0 Hz, H3/H5, H3'/H5'), 7.79-7.84 (m, 4H,
H2/H6, H2'/H6'); ">*C-NMR (In(m) complex signals, 100 MHz,
DMSO-dg) 8: 125.5 (C4, C4'), 131.4 (C3/C5, C3'/C5'), 131.7 (C2/
C6, C2'/C6'), 143.1 (C1, C1"), 208.6 (C=N); HRMS (ESI) m/z cal-
culated for Cy4HgBr,InN,0,Ss~ 734.61989, found 734.61919 (r.
e.=0.95 ppm).
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3.2.6. Tetraphenylphosphonium bis(N-(4-iodophenylsulfo-
nyl)dithiocarbimate)In(ur) (2f). White solid; yield = 38%; IR
(ATR, em™") 3057, 1568, 1436 (v C=N), 1380, 1288, 1142, 1080
(as CS,, SN-SS/SN-SN), 933 (v, CS,, SS-SS), 812, 721; "H-NMR
(In(m) complex signals, 400 MHz, DMSO-dg) &: 7.49 (d, 4H,
u = 6.92 Hz, H3/H5, H3'/H5'), 7.82-7.87 (m, 4H, H2/HS6,
H2'/H6"); "*C-NMR (In(m) complex signals, 100 MHz, DMSO-
de) 8: 129.8 (C3/C5, C3'/C5'), 130.8 (C2/C6, C2'/C6'), 137.3 (C4,
C4), 137.5 (C1, C1'); HRMS (ESI) m/z calculated for
C14HglL,InN,0,Ss~  828.59419, found 824.59418 (re. =
0.01 ppm).

3.3. Computational details

All calculations in this work were performed employing
ORCA-5.0.4 software.®>®! Full unconstrained geometry optimi-
zations and frequency calculations were carried out for the
three possible isomers of molecules 2a-f to determine the rela-
tive stability of the SN-SN, SN-SS, and SS-SS. A scaling factor
of 0.97 was applied to the frequencies of the normal modes
calculated.®*®" Density Functional Theory (DFT) was used
with the hybrid functional B3LYP.*> The Ahlrichs def2-SVP
basis set®®®” was used for the optimizations and frequencies,
while the def2-TZVP basis set®>®” was used for single-point cal-
culations. All calculations included the Grimme’s D3 dis-
persion correction®® with Becke-Johnson (BJ) damping.®
Coulomb integrals were sped up by RICOSX approximation®
using def2/] as an auxiliary basis set.”® The conductor-like
polarizable continuum model (C-PCM)®> was used to simulate
implicit solvation in water and DMSO. Mayer bond order of
the molecules 2a-f was also evaluated.

From the optimized geometries of the isomers, NMR
chemical shift calculations were performed with B3LYP/def2-
TZVPP*>"¥ level of theory and C-PCM®* to simulate DMSO sol-
vation. Tetramethylsilane (TMS) was chosen as the reference
molecule, and all calculated chemical shifts presented herein
are given as the TMS average chemical shift absolute value
minus the chemical shift absolute value of each carbon or
hydrogen atom of the isomers.

3.4. Single crystal X-ray diffraction

A Sinergy diffractometer was used to collect the measures for
the crystallographic determination, with copper radiation (1 =
1.54184 A) at ambient temperature. The data collection and
reduction were processed in the CrysAlisPro software.”
OLEX2%* was employed in conjunction with the SHELXL suite
of crystallographic programs®® for structure resolution and
refinement. Non-hydrogen atoms were refined with anisotropic
thermal parameters. C- and N-bonded H atoms were placed in
idealized positions and treated by a rigid model, with Ujso(H) =
1.2 Uy(C/N) for aromatic and NH groups, and Ujs,(H) =
1.5Ucq(C) for methyl groups. The figures were made in
ORTEP-3 for Windows’® and ToposPro.”” The crystallographic
information file (CIF) containing complete data on the struc-
tural studies has been deposited in the Cambridge
Crystallographic Data Center (CCDC) database under number
2433188.7
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3.5. Biological assays

3.5.1. Cell lines. The MCF-7 (breast adenocarcinoma),
SK-MEL-28 (human melanoma), HCT-116 (colorectal adeno-
carcinoma), and HaCat (human immortalized keratinocytes)
cell lines were obtained from Rio de Janeiro Cell Bank (BCR],
Rio de Janeiro, Brazil), and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (MCF-7, SK-MEL-28 and HaCaT) or
Roswell Park Memorial Institute 1640 (RPMI) (HCT-116)
medium supplemented with 10% Fetal Bovine Serum and 1%
penicillin-streptomycin, at 37 °C, with 5% CO,.

3.5.2. Cytotoxicity assay against tumor and non-tumor
cells. The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) was used to evaluate the cytotoxicity of
indium compounds against MCF-7 (breast adenocarcinoma),
SK-MEL-28 (human melanoma), and HCT-116 (colorectal
adenocarcinoma) cell lines, as well as the non-tumor cells
HaCaT (human immortalized keratinocytes). This method
assesses cell viability and proliferation based on the reduced
activity of mitochondrial and cytoplasmic enzymes. MTT, a
water-soluble yellow dye, is converted into insoluble blue-
purple formazan crystals within the cytosol of viable cells by
the activity of dehydrogenases, primarily succinate dehydro-
genase, which cleave the tetrazolium ring. The crystals are
released and solubilized following cell lysis, enabling quantifi-
cation via spectrophotometry.®®°°

The solid complexes were initially dissolved in DMSO to
prepare stock solutions (20 mmol L"), which were then
diluted in the culture medium immediately prior to treatment.
The final DMSO concentration in all assays was maintained at
or below 0.5% (v:v). Cells (100 pL per well) were seeded in
96-well plates at densities of 1 x 10° cells per mL (MCF-7) and
3 x 10° cells per mL (SKMEL-28, HCT-116, HaCaT). After
24 hours, the cells were treated with 2a—f (100 pL) at various
concentrations (0.39 pmol L™, 0.78 pmol L™, 1.56 pmol L™,
6.25 pmol L™', 12.5 pmol L™, 25 pmol L™%, 50 pmol L7},
100 pmol L™, and 200 pmol L"), for 72 hours. Doxorubicin
(DXR) was used as the standard for comparison. Following
treatment, 110 pL of supernatant was removed, and 10 pL of a
5 mg mL~' MTT solution (Sigma-Aldrich, St Louis, MO, USA)
was added to each well. Plates were incubated for an additional
4 hours, after which 100 pL of a 10% (m:v) sodium dodecyl
sulfate (SDS) solution was added to dissolve the formazan
crystals.’®”'°" Absorbance was measured using a spectrophoto-
meter (BioTek Instruments microplate reader, Synergy HT,
Winooski, VT, USA) at a wavelength of 570 nm and used to cal-
culate the ICs, (half-maximal inhibitory concentration). Three
independent experiments were performed in quadruplicate.

3.5.3. Statistical analyses. Statistical analysis was per-
formed using GraphPad Prism 8.0.2 (Graphpad Software Inc.,
San Diego, CA, USA). Results are expressed as the mean(stan-
dard deviation) - ie., X(c). Data statistical analysis was per-
formed using Analysis of Variance (ANOVA), followed by
Tukey’s test (p < 0.05). The half-maximal inhibitory concen-
trations (ICso) and their 95% confidence intervals (CI 95%)
were obtained by non-linear regression analysis.
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3.5.4. Stability analysis of 2a using UV-Vis spectroscopy.
The stability of compounds 2a was studied using UV-Vis spec-
troscopy. Electronic spectra were obtained in the UV-Vis range
(from 200 nm to 800 nm) using a scan rate of 4800.00 nm min~"
using an Agilent Technologies® Cary 60 UV-Vis spectrophoto-
meter with quartz cuvettes with 10 mm path length and 1.0 mL
volume. The spectra were recorded at times 0, 24 h, 48 h, and
72 h to visualize the absorption profile of 2a and determine its
stability in phosphate-buffered saline (PBS) with DMSO (0.5%)
and pH 7.4, kept in a CO, incubator (5%) and at 37 °C, simulat-
ing the experimental conditions to which the cells were subjected.
The concentration of 2a was 25 pmol L™ (v: v).

4. Conclusions

In summary, this paper showed the facile and inexpensive syn-
thesis of six novel In(u) sulfonyldithiocarbimate complexes from
their parental dithiocarbimate anions and In(NO;);. These com-
plexes were obtained with 38% to 98% yield and in near-instan-
taneous reaction times. Complexation was attested by (i) FTIR —
hypsochromic shift of v C=N to 1443.8(19.2) cm ™" and batho-
chromic shift of v, CS, to 951.2(16.6) cm ™" -, (ii) HRMS - relative
error of 0.39(35) between experimental and theoretical m/z values
-, and (iii) NMR - § C=N 207.5(2.81) ppm. Interestingly, statisti-
cal analysis of NMR data for 72 homoleptic sulfonyldithiocarbi-
mate complexes in the literature revealed a strong dependence
between § C=N and the d-electron count of the metal cation, for
which higher electron counts yielded smaller chemical shifts
likely due to increased shielding by © back-bonding.

Analysis of the complexes revealed isomer formation based
on different coordination modes - viz., SS-SS, SS-SN, and SN-
SN - and, while the experiments alluded to a preponderance of
the SS-SS isomer, DFT calculations showed smaller energies
for this isomer than the others —AAGgy sy = 8.05(21) keal
mol™" and AAGgy.ss = 4.28(1.21) kcal mol™. These calcu-
lations also showed decreasing AAGgn_ss values according to
halogen size. This can be attributed to a greater delocalization
of the HOMO orbitals of 2a-b as the halogen size increases.
The AG calculations yielded equilibrium constants, K,
ranging from 90.64 kcal mol™" to 25031.2 kecal mol ™, support-
ing the preponderance of the SS-SS isomer. Moreover, *C
chemical shift calculations for the C=N corroborated the
prevalence of the SS-SS isomer, suggested by the experimental
results. Specifically, while the *C § is 215.0(2.3) ppm for the
SS-coordinated ligand, it is 231.4(5) ppm for the SN-co-
ordinated. Compared to the experimental values - viz., 207.5
(2.81) ppm -, the SS coordination mode is more plausible.

All complexes were highly active against colorectal adeno-
carcinoma (HCT-116) cells and moderately active against mela-
noma (SK-MEL-28) and breast adenocarcinoma (MCF-7) cells.
The complexes displayed ICs, values between 3.02(21) pmol
L™" and 5.36(42) pmol L™" for HCT-116 (ICso = 2.570(1) pmol
L' for doxorubicin). All compounds showed substantial
selectivity, given the high ICs;, values for HaCaT cells
(>100 pmol L', compared to 0.280(1) umol L' for doxo-
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rubicin). In general, the aromatic complexes were less active
than the aliphatic, and the cytotoxicity of the latter complexes
increased with the halogen size and decreased for the iodine
analog. Although further studies regarding the mechanism of
action are needed, which are being made, an interplay
between (i) the degree of halogen bonds, (ii) steric hindrance,
and (iii) the lipophilicity of the dithiocarbimate portion is
likely key to differentiate between the analogs.

The biological activity of the metallic complexes 2a—f cannot
be compared to their precursors 1a-f given their decomposition
after prolonged solvent exposure. Hence, the decomposition
product of the potassium dithiocarbimate 1b was isolated as a
single crystal for the first time and analyzed. Crystal data revealed
that the decomposition yields a supramolecular structure com-
prised of dithiocarbimate units interspaced by potassium cations,
justifying its insolubility in water.
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