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Abstract: The reaction of [RuyCl, (1-Cl), (n6-p—cymene)2] with two thiosemicarbazones obtained by the
condensation of N-(4-methoxybenzyl) thiosemicarbazide and 1,4-hydroxy-3-methoxyphenyl)ethan-1-
one (HL!) or 2-fluoro-4-hydroxybenzaldehyde (HL?) was studied. The cationic complexes of formula
[RuCl(n6-p—c:ymer1e)(HL)]Jr were isolated as solid chloride and trifluoromethylsulfate (TfO) salts.
A study of the solid state and NMR spectra suggests the presence in the material of two isomers
that differ in the configuration in the iminic bond, C2=N3, of the coordinated thiosemicarbazone
in the triflate salts and only the E isomer in the chloride. An X-ray study of single crystals of the
complexes supports this hypothesis. The thiosemicarbazone ligand coordinates with the ruthenium
center through the iminic and sulfur atoms to form a five-membered chelate ring. Furthermore, the
isolation of single crystals containing the thiosemicarbazonate complex [Ruz(u—Lz)z(n6-p—cymene)2]2+
suggests the easy labilization of the coordinated chloride in the complex. The redox behavior of the
ligands and complexes was evaluated by cyclic voltammetry. It seems to be more difficult to oxidize
the complex derived from HL! than HL?. The ability of the complexes to inhibit cell growth against
the NCI-H460, A549 and MDA-MB-231 lines was evaluated. The complexes did not show greater
potency than cisplatin, although they did have greater efficacy, especially for the complex derived
from HL!.
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1. Introduction

Thiosemicarbazones (TSCs) have shown a wide range of biological activities, including
cytotoxic [1], antibacterial [2] and antiviral [3] properties. These compounds have a high
affinity for metals due to the inclusion of a variety of different substituents and a wide
range of possible coordination modes, which have been discussed in several reviews [4-6].
In addition, the biological properties of the ligands can be modified by variation of the
substituents, and properties are frequently enhanced when they are coordinated with metal
ions [7-9].

Ruthenium compounds are postulated to be more suitable substitutes for the antitu-
moral platinum family headed by cisplatin. In general, the former tend to produce fewer
side effects, although the potency values and inhibition efficiency are usually lower. These
claims are evidenced by several properties that confer cytotoxicity on these compounds
that is comparable to that of platinum in conjunction with the avoidance of a significant
proportion of the side effects. In general, the exchange kinetics of ruthenium complexes are
similar to those of platinum, while the binding properties are similar to those of iron in a
physiological environment by binding to proteins in the plasma such as serum albumina
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and transferrin [10]. Ruthenium has a rich redox chemistry that allows the formation of
compounds in different oxidation states (mainly +1I, +1II and +IV), as well as the adaptation
of the compound to the physiological environment [10]. Consequently, it is believed that
ruthenium complexes, notably their arene derivatives, can participate in a variety of ac-
tions in the nucleus, mitochondria, and endoplasmic reticulum of cancer cells, stimulating
apoptosis or autophagy processes and ultimately inhibiting angiogenesis, thus implying a
very different therapeutic strategy when compared to cisplatin [11].

In the literature, a large number of arene complexes of Ru(Il) have been described with
different thiosemicarbazone ligands with the aim of increasing the cytotoxic activity in the
resulting complex [12-14]. Studies on the antiparasitic [15-18] and antiviral [19] capacities
have been carried out in the search for a synergistic action of the ruthenium-arene fragment
on the properties of TSCs.

In the work described here, we synthesized arene complexes of ruthenium(Il) with
two thiosemicarbazone ligands that contain substituents that impart biological activity to
the molecules (Scheme 1) after metalation [20]. These compounds were structurally charac-
terized and their redox activity and growth inhibition against several human tumor cell
lines were determined. The results indicate that these newly synthesized Ru(Il) complexes
have promising biological activity.
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H H 4-24h, reflux H |
MeO R® MeO NS R
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Scheme 1. Synthesis of the thiosemicarbazone ligands.

2. Results and Discussion

The TSC ligands (HL! and HL?) were prepared in good yields by the condensation reac-
tion of N-(4-methoxybenzyl) thiosemicarbazide and 1-(4-hydroxy-3-methoxyphenyl)ethan-
1-one or 2-fluoro-4-hydroxybenzaldehyde in an equimolar ratio (Scheme 1) [21].

The methods described previously for the preparation of thiosemicarbazone complexes
with the fragment {Ru(n®-p-cymene)}?* are highly varied [12-14,22-25]. As a consequence,
a range of different media and conditions for the reaction between the ligands and the
ruthenium precursor were explored. Specifically, the effects of the solvent used, the reaction
rate, and the presence of certain anions in the medium were evaluated. The direct reaction
of [RuzClz(u—Cl)z(n6-p—cymene)2] in methanol yielded the cationic complex [RuCl(n6-p—
cymene)(k?>N3,S-HL™)]*. The complexes were isolated as chloride salts, and had different
solubilities depending on the ligand. Complex 1(Cl) was isolated as a precipitate from the
reaction medium. However, ligand HL? seems to impart greater solubility on the complex,
and in this case the reaction medium had to be concentrated to isolate the corresponding
chloride (2(CD)). An interesting aspect is that the 'H NMR spectra in dichloromethane
suggest that the two materials contain the TSC ligand with a unique configuration at the
C2=N3 bond, which we propose to be E, as in the free ligand (vide infra). In addition,
when the reaction was carried out in the presence of NH4PFg, in contrast to the result
previously reported by Su et al. [12] it did not lead to substitution of the anion or changes
in the coordination mode of the thiosemicarbazone ligand. This finding suggests that
the chloride anion must be strongly anchored to the complex cation by hydrogen bonds
to the N1-H and N2-H groups (see Section 2.1). These bonds must strongly stabilize
the [RuCl(n°-p-cymene)(x?N3,S-HL)]Cl compounds, meaning that changes occur only by
sequestering the chloride anion in the outer sphere of the complex. Thus, the corresponding



Molecules 2022, 27, 7976

30f21

cationic thiosemicarbazone complex (Scheme 2) could be isolated in the presence of several
silver salts. However, the best yield was obtained when Ag(TfO) (silver triflate) was added
to an acetonitrile solution of the ruthenium precursor; after ligand addition, the mixture
was stored at room temperature under an inert atmosphere (Ar). The triflate salts of the
complexes were then isolated in moderate yield as [RuCl(n®-p-cymene)(x’N3,S-HL")](TfO).
These compounds are air-stable solids that are soluble in dichloromethane and methanol.
The presence of signals attributable to the free ligand and precursor of ruthenium in the
solutions in DMSO suggest the partial labilization of the complexes in this solvent. The
NMR spectra are discussed in detail below; however, it is worth mentioning here that they
unequivocally show the presence of ligands in both configurations.

H 1
S\\7/N\ /R R2 RU\
ox _NH N D) g7\ © OH
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/©/\H NES R?
H 1 >
OH MeO RT R
MeO + -
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[RuCl(n®-p-cymene)(x2N3,S-HL)]*
1%, HL'; 2%, HL2

Scheme 2. Synthesis of the thiosemicarbazone complexes. The two orientations possible for the
substituent at C2 with respect to the C=N bond are depicted (resulting in the E and Z isomers).

The identities of the complexes 1(TfO) and 2(TfO) were verified by 'H NMR and IR
spectroscopy and ESI mass spectrometry. The spectroscopic data and X-ray structure of
single crystals indicate that ruthenium is coordinated to the TSC ligands through the iminic
nitrogen (N3) and the sulfur atoms of the thiosemicarbazone as well as to a chloride ion
and the n®-p-cymene ring (Scheme 2).

Compound 1(TfO) was crystallized under several sets of conditions and single crys-
tals of 1(TfO) and 1(Cl) were obtained. The formation of the latter salt supports the
idea of the high stability of the pair established between the cationic complex [RuCl(n®-p-
cymene)(HL)]* and the CI™ anion but requires the labilization of the coordinated chlorine of
the cationic complex 1*. In contrast, crystallization of 2(TfO) from methanol yielded single
crystals of the dinuclear ruthenium thiosemicarbazonate complex [Rup(n®-p-cymene), (-
k2N3,5-L2),](TfO), [2/(TfO)], in which the chloride ligand had been released and the TSC
ligand deprotonated. Note that the formation of ruthenium(Il) thiosemicarbazonate com-
plexes was previously described and a relevant role was sometimes attributed to the (PF¢")
anion [14,16]. However, Haribabu et al. attributed the formation of the thiosemicarbazonate
complexes resulting from single deprotonation without the addition of base as a neutral
monomer, [RuCl(L)(né—p—cymene)]O, or dimer, [Ruz(né—p—cymene)z(u—K2N3,S—L2)2]2+ [23],
to the nature of the substituent on the thioamidic nitrogen N1 [19]. The results obtained
for the TfO™ derivatives suggest the existence of several processes that affect the stabil-
ity in solution. Our proposal is represented in Scheme 3, and is based on the following:
(i) because this process was only observed in methanol, it is hypothesized that the possible



Molecules 2022, 27, 7976

4 0f 21

role of triflate is to stabilize the intermediate complex; (ii) the formation of complex 1(CI)
from solutions of previously isolated 1(TfO) dissolved in methanol; (iii) the formation of
2/(TfO) proves that the chloride ligand is spontaneously released from the cation 2* to the
reaction medium.

2 [RuCl(n8-p-cymene)(x?N3,S-HL"))(O3SCF3) < 2 [Ru(n®-p-cymene)(x?N3,S-HL")(solv)]?* +2 CI

—CF3S03

n(TfO)

N\ ~2H*
+2Cr \ +2 CF3S0;

r’ 1

[RUCI(n®-p-cymene)(x?N3,S-HL)ICl  [Ruy(x?N3,S-L2),(n8-p-cymene),](03SCF3),
1(C1) 2'(TfO)

Scheme 3. Possible processes for the formation of the complexes 1(Cl) and 2/(TfO) detected by
X-ray diffraction.

The analytical data are consistent with the proposed structures, and electrospray
ionization (ESI) mass spectra showed m/z values and isotopic pattern distributions in
agreement with those expected for the HL! and HL? ligands and their complexes (see
Supplementary Materials). The (ESI)-MS for the HL!-HL? ligands showed signals due to
IM +HI*. The spectra of 1(TfO) and 2(TfO) contain peaks due to | Ru(n6—p—cymene)(Ln) [+
species, suggesting the mononuclear nature of these compounds and the lability of the
Ru—Cl bond.

The IR spectra of the free ligands contain a band at 1536-1460 cm ! correspond-
ing to the v(C=N) vibration. After coordination, a shift to higher frequencies in the
range 1561-1459 cm~! is observed for both 1(TfO) and 2(TfO) complexes. Moreover,
the v(C=S) band shifts to lower wavenumbers (818-816 cm™!) with respect to the free
ligand (845 Cm_l), which is consistent with the bidentate S,N-coordination of the thiosemi-
carbazone [20,26,27].

In the 'H NMR (CD,Cl,) spectra of the ligands, the azomethinic proton (=N-NH) sig-
nals appear at 8.66 (HL!) and 8.97 ppm (HL?). The methyl substituent at C2 (N3=C2CHj3)
provides a signal at 2.25 ppm (HL!), while the C2-H proton (N3=C2H) is observed at
791 ppm (HL?). The same protons in the complexes are deshielded due to a coordi-
nation effect (Table 1), which confirms the S,N3-coordination mode of the thiosemicar-
bazone [14,28-30].

Table 1. Relevant 'H NMR chemical shift values (6 in ppm) for HL! and HL? and their complexes
in CDzClz.

—CH3 i Pr

N2-H Nl-H N3=C2H N3=CC°H; Ha,b Hc,d
p-cym p-cym

HL! 8.66 7.85 2.25
a 5.35;4.91; .
1(C1) E 12.73 10.89 291 471,401 1.99 1.11;1.04
a 5.35;4.91; .
1(TfO) E 10.84 8.87 2.74 471,401 1.99 1.10; 1.02
5.63;5.47;
a ’ ’ .
Z 10.64 8.42 2.98 4,66 4.60 2.26 1.23;1.12
HL? 8.97 7.68 791
2(C1) E? 14.06 8.69 8.38 5.47;4.99; 4.90 2.08 1.14;1.07
2(TfO) E? 10.62 8.84 8.55 5.50; 5.04; 4.93 2.12 1.17; 1.09
5.71,5.57;
a ’ ’ .
Z 12.10 8.58 8.49 5.60,5.39 2.69 1.29;1.23

2 Signals corresponding to the isomer related to the conformation of the C2=N3 bond.

However, a significant feature of the 'H NMR spectra of the ruthenium complexes
is that there are two different sets of signals (including those of the p-cymene group)
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corresponding to the E and Z isomers, which are related to the arrangement of the C2=N3
bond [14]. For the sake of simplicity, the same notation, Z and E, is used to identify both the
type of isomer/configuration (for example, on the C2-N3 link) and the rotamer/conformer
(as derived from the substituents on the N2—-Cl1 link) along the thiosemicarbazone/-ate arm
C2-N3-N2-C1(S)-N1).

The spectra of the triflate derivatives 1(TfO) and 2(TfO) is discussed first. The 'H-
NMR spectrum of 1(TfO) (with a ratio of around 60:40 between the sets of signals) contains
a doublet for each of the four p-cymene ring protons, two doublets for the methyl groups
of isopropyl moieties (indicating their lack of equivalence), and one singlet for the methyl
groups [26]. The four proton resonances attributed to the p-cymene ring in CD,Cl; are in
the ranges 5.35-4.01 ppm (E isomer) and 5.63—4.60 ppm (Z isomer). One of the four proton
resonances attributable to p-cymene is shifted to higher field at 4.01 ppm in the E isomer.
This is probably due to the proximity of the 4-hydroxy-3-methoxyphenyl group of the TSC
in this configuration. However, in the Z isomer the resonances assigned to the p-cymene
ring are shifted downfield compared to the E isomer. Two singlets at 1.99 and 2.26 ppm
correspond to the methylene protons of the E and Z isomers, respectively. The complexity
of the signals of the p-cymene group is due to the asymmetry of the complex. With respect
to the TSC ligand, the methyl protons of N3=C2-CHj are observed at 2.74 ppm (E) and
2.98 ppm (Z), with the high-field shift of the latter signal possibly due to an interaction
between methyl groups of the ligand (N3=C2-CH3) and the methyl group of p-cymene in
the Z isomer [23]. The multidimensional spectra support the proposed structures for all
complexes. In particular, the NOESY spectra confirm the presence of the E/Z arrangement.
The presence of the E isomer in the single crystal of 1(TfO) and the Z isomer in 1(Cl)
confirms the role of this interaction (vide infra).

The 'H NMR (CD,Cl,) spectrum of 2(TfO) contains two different sets of signals
corresponding to the E/Z isomers (in a similar ratio to 1(TfO)) of the bidentate ligand
coordinated to the metal center. The iminic protons show peaks at 10.62 (E) and 12.10 (Z)
ppm. The low-field shift in the signal for the Z isomer is attributable to the interaction
between the iminic proton of the ligand and one of the aromatic protons of the p-cymene.
The {{H-'"H}NOESY experiment confirms this interaction in the Z isomer.

Three signals of different intensity are observed in the F{'H} NMR spectrum of
2(T£O): one at —70.13 ppm, corresponding to the [TfO]~ anion, and two others correspond-
ing to HL? at —107.27 and —110.68 ppm. These signals are consistent with the presence of
the two different species (E and Z).

The spectroscopic characterization experiments on complexes 1(Cl) and 2(Cl) were
mainly carried out on materials obtained by synthesis in the presence of NH4PFq (see
Section 4). In all cases the 'P NMR spectra did not contain any signal, and therefore the
presence of the PF4~ anion can be ruled out. On comparing the 'H NMR data for these
complexes, it can be observed that the signals corresponding to the p-cymene groups and
substituents of the TSC chain are practically identical to those observed for the E isomer
of the triflate derivatives (Table 1). One exception concerns the signals due to the N-H
groups, which are markedly more deshielded (in the case of N2-H, by around 2 ppm)
with respect to the isomer of the triflate group. This finding suggests that the H-bonding
observed in the X-ray structure of 1(Cl) (vide infra) is present in 2(Cl), and is maintained in
dichloromethane solutions as well.

2.1. Crystal Structures

The molecular structures of the free ligands HL! and HL? are depicted in Figure 1,
and a selection of the most relevant structural data is included in Table 2. Although both
structures are very similar, with the same conformation along the thiosemicarbazone arm
(E,E,E,Z), a few differences can be highlighted. The S1-C1 distance is slightly longer in
HL? than HL1, although both values are within the range expected for an S=C double
bond. As usually observed in metal-free thiosemicarbazones, the N2—-C1 distance is slightly
shorter than that expected for a single N-C bond (for example, the N1-C11 bond), and is
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statistically equivalent in both structures. Nevertheless, N2-N3 is slightly shorter in HL?
than in HL!. In general, the values observed in the thiosemicarbazone chain are consistent
with the existence of 7t delocalization along the whole chain.

Figure 1. The molecular structures of HL! (A) and HL? (B), where only one of the two molecules
present in the asymmetric unit is included, and the intermolecular association in HL! (C).

The HL! and HL? molecules associate in a similar way in the crystal. In both cases,
N2-H ... Sl interactions are established to form centrosymmetric pairs (synthon R,?(8)).
These dimers in turn form 2D associations through hydrogen bonds involving the OH
groups of the substituent on carbon C2 and the MeO group (in HL! in Figure 1C) or S1
(HL?) as acceptors.

The structures of 1(C1).CH30H and 1(T£f0O).2(CH30H) are shown in Figure 2 as repre-
sentative examples. In these structures, the cationic complex [RuCl(n®-p-cymene)(HL!)]*
(1*) appears and forms crystals with chloride and trifluoromethanesulfonate anions. Single
crystals of 1(Cl) were obtained as hydrate and methanol solvate phases (see Section 4).
These crystals have statistically equivalent structural parameters, and we therefore only
include the data corresponding to the methanol-solvated system. The crystal structure
of the triflate derivative contains two 1(TfO) units per asymmetric unit (identified as
molecules A and B in Table 2). Although relevant differences were not observed regard-
ing the cationic unit 1*, as described below, and it is similar to those found in other
[RuCl(n6—;9—cymene)(HL)]+ complexes [14-16,23], its interaction with the solvent molecules
(MeOH) does imply crystallographic differences. Unfortunately, the structural data for this
compound have standard deviation values that limit the conclusions that can be drawn,
specifically when comparing the two types of structures, i.e., that of the complex cation
with the free ligand HL!.
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Table 2. Selected bond lengths (A) and angles (°).

1(T£0).2(MeOH)

HL! 1(C).MeOH HL2 2/(TfO)
A B
X = Cl(1) Cl(1) Cl1(2) s@)d
Ru(1)-N(3) 2.1638(13) 2.127(4) 2.126(4) 2.104(3)
Ru(1)-S(1) 2.3464(4) 2.3744(13) 2.3767(13) 2.3617(10)
Ru(1)-X 2.4238(4) 2.3997(14) 2.4015(14) 2.4085(9)
Ru(1)-Cc? 1.6913(2) 1.6965(4) 1.6907(4) 1.4728(3)
Ru(1)-Cm ¢© 2.208(1) 2.208(2) 2.206(2) 2.215(2)
S(1)-C(1) 1.6897(13) 1.6970(16) 1.698(5) 1.701(5) 1.699(3) 2 1.795(3)
N(2)-C(1) 1.3628(16) 1.349(2) 1.348(6) 1.333(6) 1.356(4) 2 1.303(4)
N(2)-N(3) 1.3934(14) 1.3960(18) 1.387(6) 1.413(6) 1.370(4) 2 1.397(4)
N(3)-C(2) 1.2909(16) 1.303(2) 1.304(6) 1.293(6) 1.279(4) 2 1.295(4)
C(1)-N(1) 1.3326(16) 1.332(2) 1.329(7) 1.339(7) 1.327(4) @ 1.340(5)
N(1)-C(11) 1.4520(16) 1.454(2) 1.478(7) 1.468(7) 1.465(4) 2 1.461(5)
N(3)-Ru(1)-5(1) 82.30(4) 80.99(12) 81.09(12) 79.10(9)
N(3)-Ru(1)-X 87.06(4) 84.63(12) 84.65(12) 83.43(9)
S(1)-Ru(1)-X 87.307(15) 88.75(5) 88.80(5) 81.75(3)
S(1)-Ru(1)-Cc P 125.504(12) 126.86(4) 127.03(4) 131.25(3)
N(3)-Ru(1)-Cc b 132.05(4) 132.57(11) 132.60(12) 129.51(9)
X=Ru(1)-Cc P 127,322(11) 127.24(4) 126.95(4) 132.48(3)
C(2)-N(3)-Ru(1) 129.91(11) 130.7(4) 132.1(4) 121.4(3)
N(2)-N(3)-Ru(1) 114.87(9) 114.4(3) 114.1(3) 120.9(2)
C(1)-S(1)-Ru(1) 99.90(6) 98.77(18) 98.72(18) 95.04(13)
C(2)-N(3)-N(2) 116.67(11) 114.81(13) 120.8(4) 120.4(4) 118.5(3) 2 117.4(3)
N(3)-C(2)-C(3) 115.67(11) 119.63(14) 122.5(5) 123.3(5) 120.0(4) 2 131.6(4)
N(1)-C(1)-N(2) 116.15(11) 116.04(14) 115.8(5) 116.1(5) 115.5(3) @ 121.6(3)
N(1)-C(1)-5(1) 124.78(10) 121.15(12) 124.3(4) 123.4(4) 124.3(2) 2 114.8(3)
N(2)-C(1)-5(1) 119.06(9) 122.81(13) 119.9(4) 120.5(4) 120.1(2) @ 123.5(3)

2 Data are the average of those observed in the two molecules present in the asymmetric unit. ® Centroid defined
from the averages of the six-membered ring of the p-cymene ligand. ¢ Average distance of the six Ru-C distances
of the p-cymene ligand. 4 Symmetry transformations used to generate equivalent atoms: —x + 1, —y + 1, —z.

In the structures of both cations 1*, the ligand HL! is coordinated to ruthenium by
the sulfur atom and the nitrogen N3 to form a five-membered chelate ring. The pseudo-
octahedral (piano stool-shaped) coordination around the ruthenium atom is completed by
the para-cymene ring and the chloride ligand.

In order to achieve k?-S,N3 coordination, the conformation of the N2-C1 bond in
the ligand must change from E, as observed in the free ligand, to Z; in the determination
of the conformers of the complexes, the metal-ligand binding is ignored. However, an
interesting difference between the two cations is the conformation of the C2=N3 bond
of the HL! ligand. In the chloride derivative the configuration of this bond is E, which
directs the vanillin ring towards the ruthenium atom (Figure 2A); however, in the crystal
structure of the triflate derivative the conformation is Z, and the methyl group is oriented
towards the metal (Figure 2B). This arrangement explains the differences in the Ru-5S1
and Ru-N3 distances observed in the two compounds: the former is clearly shorter, while
the latter is clearly longer in the chloride than in the triflate. Bearing in mind the greater
steric hindrance that the vanillin ring must impose, it stands to reason that the approach of
the HL! ligand must be facilitated by the more distant sulfur. This proposal is supported
by the C1-S1-Rul angle in the E-isomer, as observed in 1(Cl), which is wider than in
the Z-isomer observed in 1(TfO). Similarly, the S1-Rul-N3 chelate angle is wider in the
chloride derivative (82.30(4)°) than in the triflate (80.99(12) and 81.09(12)°).

Finally, another interesting difference between the two isomers of the cationic complex
1* is that the Rul—Cl1 distance is clearly longer in the E-isomer (2.4238(4) A) than in the
Z-isomer (2.3997(14) and 2.4015(14) A).

There do not seem to be significant differences in the binding of ruthenium to the
para-cymene ring: the Rul-C distances range from 2.1747(16) to 2.2644(16) A (average
value 2.208(1) A) in the E-isomer and 2.178(5)-2.261(6) A for Rul-C and 2.173(6)-2.268(6) A
for Ru2—-C (average values 2.208(2) and 2.206(2) A, respectively) in the Z-isomer. In both



Molecules 2022, 27,7976

8 of 21

cases the shortest Ru—C distance is observed for the interaction with the carbon ortho to
the isopropyl (C36) substituent, and the distance to the centroid of the para-cymene ring is
statistically equivalent at 2.208(1) A for the E-isomer and 2.208(2) and 2.206(2) A for the
Z-isomer. However, as can be seen in Figure 2B, in the Z conformation the methyl groups
of the thiosemicarbazone and para-cymene are oriented convergently. This observation
reinforces the interaction evidenced in the NMR spectrum between the two groups as well
as the assignment of each isomer in the spectra (vide supra).

O G i

©

Figure 2. (A) The asymmetric unit in the structure of 1(Cl).CH3OH. (B) representation of one of the
molecules of complex observed in 1(Tf0).2(CH30H), showing the H-bonding between ions and
solvent molecules. (C) Space-filling model of the molecule of 1(TfO), showing that the Z configuration
of the C2=N3 bond hinders the H-bonding role of the groups N1-H, in particular N2-H.
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Coordination of the neutral thiosemicarbazone ligand does not usually produce large
changes in bond distances in the thiosemicarbazone chain. Furthermore, when differences
between the bond distances in complexes are observed, the degree of uncertainty associated
with these values often makes it difficult to draw clear conclusions. This is the case for the
N2-N3 distances, which should not be considered as statistically different when comparing
the spectrum of HL! and the values determined for the two 1* isomers. Similarly, the
standard deviation values do not allow us to conclude that there is a lengthening of the
S1-C1 distance in coordinated HL! in any example, although there is a shortening of the
N2-C1 distance and a lengthening of N3-C2 in the E-isomer (Table 2).

As mentioned above, the material isolated in the synthesis of complex 1(TfO) contains
a mixture of the E/Z isomers. It is therefore interesting to consider the factors that could
induce the crystallization of one or other isomer; in this respect, the type of intermolecular
association is probably one of the most relevant factors.

The association in the 1(C1).CH3OH crystal is dominated by the cationic nature of the
complex and the presence of a methanol molecule. Two hydrogen bonding interactions
(N1-H... Cl2and N2-H ... CI2) form a six-membered ring (usually described as chelated
hydrogen bonds or synthon R,!(6)), and the 1* cation is associated with the CI~ anion. The
interatomic distances and angles are almost equivalent (Table S2), indicating the presence
of a moderate H-bond [31]. Two of these ionic pair units are in turn associated through a
hydrogen bond involving a methanol molecule that interacts with the CI2 and the O2-H
donor (Figure 3A).

©

Figure 3. The intermolecular associations in 1(C1).CH30H (A) and 1(T£0O).2(CH30H) (B,C).
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Note that the second interaction (N2-H ... CI2) and the association of the ion pairs
1(Cl) mediated by methanol can hardly be established in the case where the ligand acquires
the Z conformation at the C2=N3 bond, as can clearly be seen in Figure 2C.

In the crystal structure of 1(Tf0).2(CH3OH), the cationic complex is associated with
an anion, in this case with an intervening methanol molecule. These units associate with
another crystallographically identical unit through a combination of three-center hydrogen
bonding and chelation involving the N2-H and N1-H groups of one molecule and the O3
and O2 of its partner (Table S2). Interestingly, the crystallographically different molecules
do not interact with each other or through solvent molecules (Figure 3B,C).

In addition, the triflate anion has a level of disorder; this was interpreted by introduc-
ing two alternative positions for this anion in the model. It was observed that the role of
the N2-H and N1-H groups in the association with the oxygen atoms of the neighboring
vanillin group in this case is much weaker than in 1(Cl), as indicated by the structural
parameters (Table S2).

In the structure of [Ruz(u—Lz)z(n6-p—cymene)2][OgSCF3]2, 2/(TfO), the thiosemicar-
bazone ligand undergoes deprotonation and the sulfur atom acts as a bridge, displacing
the chloride ligand from coordination to ruthenium (Figure 4A). The resulting thiosemicar-
bazonate coordination mode p-k2S,N3:kS, which has been previously observed in other d®
systems such as ruthenium(Il) [17,19] and rhenium(I) [32], gives rise to dimeric structures
based on the formation of Ru,S, diamonds. Note that, as observed in the rhenium com-
plexes, dimers based on M;S; can be formed with the thiosemicarbazonate ligand through
the formation of a four-membered chelate ring by coordination of nitrogen N2 and the sul-
fur [12]. Although several arrangements are possible, in the present case the mass center of
the dimer lies on an inversion center, which means that the dimer consists of two identical
units. The Ru1-S1#1 bridging bond (2.4085(9) A)is substantially longer than the bond that
forms the chelate ring (2.3617(10) A). The conformation of the thiosemicarbazonate chain
(C2-N3-N2-C1(S)-N1) is Z,E,Z,E, where the substituents on the C2 and N1 atoms seem to
avoid the coordination core.

The Ru-S1 distance is intermediate between those observed in 1(Cl) and 1(TfO), while
the Rul-N3 distance is clearly the shortest of all the ruthenium complexes included in this
study. When compared to the free and non-deprotonated HL? ligand structure, the S1-C1
distance seems to be much longer, while N2-C1 is much shorter. The same conclusion can
be drawn for the HL! derivatives (Table 2). On the other hand, the S1-Ru1-N3 chelate angle
is clearly more closed compared to those in the thiosemicarbazone derivatives of HL1.

The Rul-C distances, as in the derivatives of HL!, range between 2.184(5) and
2.267(5) A; again, the shortest distance is that established with one of the carbons in
the ortho position to the isopropyl substituent, although the distance from ruthenium
to the centroid of the aromatic ring is much shorter (1.4728(3) A) than in the previously
discussed compounds.

The complex cation (2/)?* associates with the triflate anion through hydrogen bonds
involving the donor groups N1-H and O2-H and the oxygen atoms of the triflate anions.
These interactions lead to the anions and cations being arranged in chains, as shown in
Figure 4B.

2.2. Cyclic Voltammetry Results

The redox behavior of the ligands and Ru(Il) complexes was studied in methanol
solution by cyclic and square wave voltammetry at a platinum working electrode.

The electrochemical data are summarized in Table 3, and representative voltammo-
grams of complexes are shown in Figure 5.

The free ligands HL! and HL? showed one irreversible oxidation wave at 0.59 and
0.58 V and one reduction wave at —0.75 and —0.8 V, respectively. The oxidation waves can
be attributed to the redox behavior of the imine group present in the ligands [18,33].

Both processes are irreversible in the scan rate range 0.05-1 V/s, indicating that the
electrochemically generated products are not stable. Reduction waves were not observed
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in the first cycle of the negatively initiated voltammograms or when the scan was reversed
before ligand oxidation. These findings confirm that only the products previously generated
in the anodic scan are available for reduction.

> . é . '
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Figure 4. The X-ray structure of the cation in [Ruz(p—Cm)z(u—Lz)z][O3SCF3]2 (A) and the molecular
association based on H-bonding in the crystal (B).

Table 3. Electrochemical data for complexes and the corresponding ligand in methanol at a scan rate

of 0.2 V/s.
Compound Epa (V) Epc (V) Epa — Epc

HL! 0.59 -

—0.61 —0.75 0.14
0.46 0.07

1(TfO) 0.63 -
—0.59 —-0.71 0.12

HL2 0.58 -

—0.40 —0.80

0.49 -

2(TfO) 0.72 -
—-0.57 —-0.73 0.16

The effect of the scan rate on the electrochemical response of the ligands was investi-
gated between 0.05 and 1 V/s. The current was found to be directly proportional to the
square root of the scan rate, indicating the diffusion-controlled nature of the processes.

The voltammograms of the complexes have different features from those described
for the corresponding ligands, which suggests that the metal center has an effect on the

redox properties of the compounds.
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20 pA

1(Tfo)

2(Tfo)

Figure 5. Cyclic voltammograms of complexes measured in CH3OH (1 mM solutions) with 0.1 M
TBAP as the supporting electrolyte. Scan rate: 200 mV /s.

In the scan towards the anodic side of the voltammograms of complexes 1(TfO) and
2(TfO), signals can be observed close to the solvent and electrolyte discharge limit that make
their observation less clear. Both complexes undergo two overlapped irreversible oxidations
and one reduction within the potential window of the CH;OH/TBAP supporting electrolyte
(Figure 5). The first oxidation response is a poorly defined wave at 0.460 for 1(TfO)
and 0.490 V for 2(TfO). However, this wave has better definition in the square wave
voltammetry experiments (see Supplementary Materials). The second oxidation response
is found at 0.630 and 0.720 V for 1(TfO) and 2(TfO), respectively.

After scan reversal towards negative potentials, both complexes experience a similar
voltammetric response at scan rates >0.2 V/s. A quasi-reversible reduction peak was
observed with cathodic peak potentials at —0.71 and —0.73 V for 1(TFO) and 2(TFO),
respectively. The anionic species formed after reductions are relatively stable at high scan
rates (see Supplementary Materials). However, despite the fact that the ratio between
cathodic and anionic current intensities clearly increases with the scan rate, it never reaches
unity under the experimental conditions employed. Additionally, peak-to-peak separations
for the ruthenium complexes are larger than those of the internal ferrocene standard, a
finding that indicates slow electron transfer kinetics for the ruthenium complexes.

For both ligands and complexes, it was observed that the current intensities of the
signals increased with scan rate. A linear dependence of peak current on the square
root of the scan rate is clearly observed, showing the diffusion-controlled nature of the
oxidoreduction processes involving the complexes.

The oxidation and reduction potentials of complexes 1(TFO) and 2(TFO) seem to be
particularly sensitive to the R! (H/CHj;) substituent on the imine carbon of the thiosemi-
carbazone. For example, complex 2(TFO), in which R! = H, has higher oxidation and
reduction potentials than complex 1(TFO) (R! = CHj3), although it is probable that the other
substituents R? and R? influence the potential as well.

2.3. Cytotoxicity Assays

Preliminary studies of the cytotoxicities of 1(TfO) and 2(TfO) and their corresponding
free ligands were evaluated by means of assays in the human cancer cell lines NCI-H460,
A549, and MDA-MB-231 (see caption in Table 4). The ligand HL2 showed low cell growth
inhibition (<50%) at the maximum concentration tested (100 mM) for all three cell lines,
while HL! showed cell growth inhibition >50% in A549 and MDA-MB-231 cells. Similarly,
1(T£O) showed relevant cell growth inhibition for A549 and MDA-MB-231 cells; therefore,
it was possible to generate cell growth inhibition curves in order to calculate ICsg values for
both compounds. Although the cytotoxic activity in absolute terms is weaker for HL? and
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its complex, it can be observed that in this case the activity of the complex 2(TfO) against
the A549 cell line increases substantially, allowing its ICs to be determined as well.

Table 4. Summary of the results of the cytotoxicity screening of the compounds.

NCI-H460 #1 A549 #2 MDA-MB-231 #3
Inh # ICsp Emax ¥ Inh #* ICsp Emax ¥ Inh * ICsp Emax *°
HL! 19(3) 29.6(2.12)  62(1) 34.2(0.9)  59(3)
1(TfO) 41(4) 28.5(0.48)  92(2) 30.7(0.9)  89(1)
HL2 49(1) 50(3) 37(2)
2(TfO) 40(2) 52.6(17.1)  55(2) 49(1)
Cisplatin 6.1(0.3) 68(2) 10.0(0.28)  84(1) 17.9(0.7)  79(1)

#1 Non-small-cell lung carcinoma cell line; #** Non-small-cell lung carcinoma estrogen receptor positive;
# Tumor cells of triple negative (estrogen and progesterone receptors and HER2 amplification gen) breast
adenocarcinoma; # % Inhibition growth at a concentration of 100 uM; ** Efficacy of inhibition expressed at
maximum % inhibition of cell growth.

Taking into account the dissociation of the two complexes in DMSO, it is probable
that the cell growth inhibitory activity has contributions from several species generated
in the biological medium [34]. In general, however, a slight increase in the activity upon
metalation of the two ligands was observed.

It is interesting to note that the ICsq values of both complexes and the ligand HL!
are higher than those of cisplatin (Table 4), which means that the necessary dose must be
higher to reduce the number of cells by half, while the efficacy of the inhibition (referred
to the maximum inhibition percentage achieved) is greater for 1(TfO) in the A549 and
MDA-MB-231 cell lines.

We consider the results obtained to be promising in terms of the antitumor activity of
the compounds because, although the inhibitory power is not superior to that of cisplatin,
the inhibitory efficacy of 1(TfO) is comparable to that of the reference.

3. Conclusions

The thiosemicarbazones and the arene-complexes of ruthenium(Il) show an interesting
capacity for cell growth inhibition, and there is increasing interest in the possible potenti-
ation that may be inherent in complexes formed by two fragments. As a consequence, a
growing number of papers have been published on the reaction of two-fragment species
using varied methodologies, and numerous different types of final product have been
described. The work reported here concerned the reaction of two thiosemicarbazones with
potential biological activity with the {RuCl(n°-p-cymene)}*.

In general, the stoichiometry of the isolated complex does not seem to depend on
the counterion used, and the isolated product is always constituted by a salt of the cation
[RuCl(n®-p-cymene)(xk?N3,S-HL)]*. However, the geometry of the coordinated ligand is
affected by the nature of the anion present. Specifically, the chloride ion, probably through
the establishment of a double hydrogen bond (N2-H ... Cl and N1-H ... Cl) with the
coordinated TSC, favors the presence of a single geometric isomer (E) with respect to
the double bond C2=N3. When the chloride is removed from the second coordination
sphere, the ligand can adopt the two configurations for the C2=N3 bond, and the NMR
spectra show an almost equal population of the two isomers. The cationic complexes
show a tendency to liberate the coordinated chloride, and in the absence of base and at
room temperature, the dimeric complex [Ruz(u—K2N3,S—L)2(n6—p—cymene)2(HL)2]2+ can
be isolated.

A study of the complexes suggests that the substituent in the iminium group affects
the electrochemical properties of the complex, with the aldehyde derivatives (R! = H)
having higher oxidation and reduction potentials than the ketone derivatives (R' = CHj).

Finally, while the complexes show lower cytotoxic activity than cisplatin as measured
by inhibition potency (higher ICsp), but the maximum percentage inhibition of the HL!-
derived complex against A549 and MDA-MB-231 cell lines is comparable to that of the
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standard. Further work is currently underway in our laboratory aimed at modifying the
types of substituents on the thiosemicarbazone chain with the aim of improving the stability
of the complex and the inhibitory power against cell growth.

4. Experimental Section
4.1. General Procedures

Solvents were purified by distillation from the appropriate drying agents [35] and
were degassed before use. All reagents were obtained from commercial sources and were
used without further purification.

N-(4-Methoxybenzyl)thiosemicarbazide (MeO-TSC) [21] and the starting [Ru,Cl,(u-
Cl),(m°-p-cymene),] [36] were prepared following previously published methods. NMR
spectra were recorded in CD2CI2 or DMSO at room temperature on a Bruker ARX 400
instrument with resonating frequencies of 400 MHz (*H), 376 MHz (*°F{'H}) and 100 MHz
(Bc{H}) using the solvent as the internal lock. 1H and BC{'H) signals were referred
to internal TMS and CFCl; for "F{'H}; downfield shifts (expressed in ppm) were con-
sidered positive. 1H and BC{'H} NMR signal assignments were confirmed by (*H,'H)
COSY, {1H,3C} HSQC, {*H,13C} HMBC, and {*H,'H} NOESY experiments. Coupling
constants are provided in Hertz. Infrared spectra were obtained on a Jasco FT/IR-6100
spectrophotometer. C and H analyses were carried out on a Carlo Erba 1108 analyzer.

Melting points were determined on a Gallenkamp MFB-595 apparatus, and were not
corrected. Mass spectra were recorded on a microTOF-Focus (Bruker Daltonics- Bruker Sci-
entific Instruments, Bremen, Germany) mass spectrometer operating under ESI conditions
for ligands and complexes.

4.2. Synthesis of Thiosemicarbazone (TSC) Ligands (HL! and HL?)
4.2.1. Preparation of N-(4-Methoxybenzyl)-(3-methoxy-4-hydroxybenzophenone)
Thiosemicarbazone (HL')

Thiosemicarbazide MeO-TSC (500 mg, 2.36 mmol) and 1,4-hydroxy-3-methoxyphenyl)
ethan-1-one (395 mg, 2.36 mmol) were dissolved in MeOH (20 mL) with 1-2 drops of acetic
acid. The resulting mixture was stirred and heated under reflux. After 24 h the mixture was
allowed to cool to room temperature. The solvent was partially evaporated (5 mL) and the
resulting white solid was filtered off and dried under vacuum over CaCl, /KOH. Crystals
suitable for X-ray analysis were obtained by slow evaporation of a solution of MeOH at
room temperature.

Yield: 672 mg, 79%. Mp. 167-170 °C Anal. caled. for C1gH1N303S (359.13): C: 60.15,
N: 11.70, H: 5.89, S: 8.90%; Exp. C: 60.88, N: 12.02, H: 5.90, S: 8.40%. MS-ESI [m/z (%)]:
360.14 (100) [M + H]*. IR (ATR, v/cm™1): 3167 br (NH, OH), 1596 s (C=N), 845 m (C=S).

S 3
2 101)1\2,N 9
15 f N 1 N \2
171 o, H H 3 \
0" 3 8 5
7 ~
5 O
OH

Scheme 4. Atomic numbering scheme for HL!.

'H NMR (400 MHz, DMSO-dg, ppm, see Scheme 4 for the atomic numbering used):
10.22 (s, 1H, N2-H), 9.38 (s, 1H, OH), 8.80 (t, 1H, 3] y.y = 6.2 Hz, N'-H), 7.43 (m, 1H,
C%-H), 7.34 (dd, 1H, 3] 1.y = 8.3 Hz, 4] 1.y = 2.1 Hz, C8-H), 7.31 (m, 2H, C!2-H, C'°-H),
6.91 (m, 2H, C13-H, C'°-H), 6.77 (d, 1H, 3] 1. = 8.3 Hz, C’-H), 4.78 (d, 2H, 3] 1.4 = 6.1 Hz,
C19-H), 3.81 (s, 3H, C'8-H), 3.73 (s, 3H, C'7-H), 2.27 (s, 3H, C°-H). 'H NMR (400 MHz,
CD,Cl,-d,, ppm): 8.66 (s, 1H, N2-H), 7.85 (s, br, 1H, N'-H), 7.31 (m, 2H, C'?-H, C'®-H),
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7.22 (d, 1H, 3] g = 2.1 Hz, C8-H), 7.19 (dd, 1H, 3] g = 8.3, *] . = 2.1 Hz, C’-H),
6.89 (m, 2H, C'3-H, C15-H), 5.85 (s, 1H, C*-H), 4.85 (d, 2H, 3] yz = 5.7 Hz, C10-H),
3.85 (s, 3H, C'8-H), 3.78 (s, 3H, C7-H), 2.25 (s, 3H, C°-H). 3C{!H} NMR (100 MHz,
DMSO-ds, ppm): 178.03 (s, C1), 158.24 (s, C!4), 148.70 (s, C?), 148.31 (s, C%), 147.38 (s, C°),
131.24 (s, C!1), 128.94 (s, C%), 128.66 (s, C'2, C1¢), 120.26 (s, C?¥), 115.05 (s, C7), 113.61 (s, C13,
C15),110.71 (s, C*), 55.80 (s, C18), 55.06 (s, C17), 46.23 (s, C19), 14.16 (s, C%).

4.2.2. Preparation of N-(4-Methoxybenzyl)-(2-fluoro-4-hydroxybenzaldehyde)-
thiosemicarbazone (HL?)

This ligand was obtained by following a procedure similar to that for HL!, except using
thiosemicarbazide MeO-TSC (200 mg, 0.95 mmol) and 2-fluoro-4-hydroxybenzaldehyde
(133 mg, 0.95 mmol). Crystals suitable for X-ray analysis were obtained by slow evaporation
of a solution in MeOH at room temperature.

Yield: 253, 80%. Mp. 213-214 °C. Anal. caled. Ci6H16FN30,S 1/3 HyO (339.38):
C: 56.62, N: 12.38, H: 4.95, S: 9.44%; Exp. C: 56.73, N: 11.86, H: 5.34, S: 9.14%. MS-ESI
[m/z (%)]: 334.10 (100) [M + HJ*. IR (ATR, v/cm™!): 3181 br (NH, OH), 1623 s (C=N),
846 m (C=S).

S
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Scheme 5. Atomic numbering scheme for HL?.

'H NMR (400 MHz, DMSO-dg, ppm, see Scheme 5 for the atomic numbering used):
11.52 (s, 1H, N2-H), 10.41 (s, 1H, OH), 8.95 (t, 1H, 3] 1.;s = 6.2 Hz, N'-H), 8.20 (s, 1H, C2-H),
8.04 (t, 1H, 3] g = 4 ur = 8.8 Hz, C8-H), 7.29 (d, 2H, 3] gy = 8.7 Hz, C'2-H, C!°-H),
6.89 (d, 2H, 3] .y = 8.7 Hz, C13-H, C1%-H), 6.65 (dd, 1H, 3] .y = 8.7, 4] yu = 2.3 Hz,
C7-H), 6.59 (dd, 1H, 3] y1.p = 12.7, *] . 2.3 Hz, C°-H), 4.75 (d, 1H, 3] 1.1 = 6.2 Hz, C19-H),
3.73 (s, 3H, C'7-H). 'H NMR (400 MHz, CD,Cl,-d,, ppm): 8.97 (s, 1H, N2-H), 7.91 (s, 1H,
C2-H), 7.68 (t, 3] 1.1 = J*1.r = 8.5 Hz, 2H, C8-H, N'-H), 7.32 (d, 2H, 3] 1.4 = 8.7 Hz, C12-H,
Cl6-H), 6.89 (m, 2H, C13-H, C1>-H), 6.65 (dd, 1H, 3] 1.y = 8.6 Hz, 4Jy.yq = 2.5 Hz, C’-H),
6.60 (dd, 1H, 3] t1.p = 11.8 Hz, ]y = 2.4 Hz, C°-H) 4.85 (d, 2H, 3] y. = 5.9 Hz, C10-H),
3.79 (s, 3H, C7-H). 13C{'H} NMR (100 MHz, DMSO-dg, ppm): 177.06 (s, C!), 161.8 (s, d, ]
C-F = 249Hz, C*),160.07 (d, ?] c.r = 12 Hz, C3), 158.20 (s, C'*), 135.30 (d, 3] cp = 4.3 Hz, C?),
131.40 (s, C11), 128.65 (s, C12, C16),127.73 (d, 3] c.r = 4.6 Hz, C8), 113.57 (s, C13, C1%), 112 (d,
4T cp=25Hz,C7),102.33 (d, 2] c.p = 23 Hz, C°), 55.05 (s, C'7), 45.97 (s, C1).

4.3. Synthesis of Ruthenium Complexes
4.3.1. Preparation of [RuCl(n6-p—cymene)(HL1)] [CF3S03], 1(TfO)

AgCF3503 (0.043 g, 0.167 mmol) was added to a solution of [Ru(Cl)(p-Cl)(p-cymene)],
(0.056 g, 0.092 mmol) in acetonitrile (5 mL) and the mixture was stirred for 2 h at room
temperature under argon. The resulting solution was filtered twice through Celite™
545 (Merck Millipore) to remove the silver chloride precipitate. The ligand HL! (0.059 g,
0.164 mmol) was added and the mixture was stirred for 24 h at room temperature under an
inert atmosphere. The solvent was removed under vacuum and the residue was treated
with ethyl ether (2 x 3 mL). The solid was filtered off and dried under vacuum over
CaCl, /KOH. The presence of a mixture of the E/Z isomers was evidenced by analysis of
the 'TH NMR spectra (62:38 molar ratio, respectively). A solution of 1(TfO) in CH,Cl, and
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methanol (2:5) resulted in two types of single crystals. The X-ray diffraction analysis of
these crystals showed the isolation of crystals of isomer E of 1(Cl) and Z of 1(TfO).

Yield: 77 mg, 60%. Mp.: 180-181 °C. Anal. Calc. for Co9H35CIF3N30gRuS; (779.25): C:
44.67,N:5.39, H: 4.49, S: 8.21%; Exp. C: 44.51, N: 5.35, H: 4.28, S: 7.16%. MS(ESI) [m/z (%)]:
287.57 (35.4) | Ru(p-cymene)(HL!) |12+, 594.14(58) | Ru(p-cymene)(L') | *. IR (ATR, cm~1):
3286 br (NH, OH), 1561 m (C=N), 818 m (C=S5).

. ~|CF4S0s

Scheme 6. Atomic numbering scheme for 1(TfO).

H NMR (400 MHz, CD,Cl,, ppm, see Scheme 6 for the atomic numbering used): E iso-
mer: 10.84 (s, 1H, N?-H), 8.87 (b, 1H, N'-H), 7.84 (s, br, 1H, OH), 7.32 (d, 2H, 3Jy.;y = 8.6 Hz,
Cl2.H, C!-H), 7.18 (s, br, 1H, C’-H/C8-H), 7.07 (d, 1H, 3Jy.y = 8.1 Hz, C’-H/C8-H),
6.90 (d, 2H, 3J1y.1y = 8.6 Hz, C13-H, C15-H), 6.13 (s, 1H, C*-H), 5.35,4.91 (d, 2H, 3J1.1; = 5.9 Hz,
Ca-H, Cb-H), 4.71, 4.01 (d, 2H, 3]s = 5.9 Hz, C<-H, C4-H), 4.69 (m, 2H, C10-H), 4.06 (s,
3H, C18-H), 3.80 (s, 3H, CY7-H), 2.74 (s, 3H, C°-H), 2.52 (br, 1H, 311y = 6.8 Hz, CH 'Pr),
1.99 (s, 3H, CHj3 p-cymene), 1.10, 1.02 (d, 6H, 3Jt.1 = 6.8 Hz, CHj3 'Pr); Z isomer: (400 MHz,
CD,Cl,, ppm): 10.64 (s, 1H, N?-H), 8.42 (s, br, 1H, N'-H), 7.27 (d, 2H, 3J.p = 8.5 Hz,
Cl2-H, C'%-H), 6.87 (d, 2H, 3]s = 8.7 Hz, C13-H, C15-H), 6.83 (d, 1H, 3Jy.iy = 8.2 Hz,
C7-H/C8-H), 6.75 (b, 1H, OH), 6.65 (d, 1H, 3]y = 8.2 Hz, C’-H/C8-H), 5.67 (s, 1H, C*-H),
5.63,5.47(d, 2H, 3Jy.1 = 6.1 Hz, C2-H, CP-H,), 4.69-4.66 (d, 2H, *Jt.11 = 6.1 Hz, C°-H, C4-H),
4.64 (m, 2H, C19-H), 3.78 (s, 3H, C17-H), 3.68 (s, 3H, C'8-H), 2.98 (s, 3H, C°-H), 2.76 (br,
1H, 3Jy.q = 7.2 Hz, CH 'Pr), 2.26 (s, 3H, CH3 p-cymene), 1.23, 1.12 (d, 6H, 3.1y = 7.0 Hz,
CH3 lPT’).

4.3.2. Preparation of [RuCl(n®-p-cymene)(HL)]Cl, 1(Cl)

HL! (0.060 g, 0.167 mmol) was added to solution [Ruy(Cl),(p-Cl)2(n°-p-cymene),]
(0.051 g, 0.083 mmol) in methanol (5 mL) and the mixture was stirred for 4 h at room tem-
perature under argon. To the resulting suspension was added NH4PFg (0.027 g, 0.164 mmol),
and the mixture was stirred for 24 h at room temperature under an inert atmosphere. The
resulting solid was filtered off and dried under vacuum over CaCl,/KOH. 'H NMR spec-
troscopy led to the identification of the E isomer as the only species for the cationic complex
[RuCl(n6—p—cymene)(HLl)]Jr (1*). The 3'P NMR spectrum did not contain any signals, and
the elemental analysis data were consistent with the formation of compound 1(Cl).

Yield: 55mg, 43%. 'H NMR (400 MHz, CD,Cl,, ppm): 12.73 (s, 1H, N2-H), 10.89 (b,
1H, N'-H), 7.87 (s, br, 1H, OH), 7.33 (d, 2H, 3]tz = 8.6 Hz, C12-H, C16-H), 7.17 (s, br, 1H,
C7-H/C8-H), 7.08 (d, 1H, 3J.q = 8.2 Hz, C’-H/C8-H), 6.91 (d, 2H, 3.1y = 8.7 Hz, C13-H,
C15-H), 6.17 (s, 1H, C*-H), 5.35, 4.91 (d, 2H, 3]s = 6.0 Hz, C2-H, CP-H), 4.71, 4.01 (d, 2H,
31 = 5.9 Hz, C°-H, C4-H), 4.69 (m, 2H, C1°-H), 4.06 (s, 3H, C'8-H), 3.80 (s, 3H, C7-H),
291 (s, 3H, C°-H), 2.55 (br, 1H, 3Jyg.p = 6.8 Hz, CH 'Pr), 1.99 (s, 3H, CHj p-cymene), 1.11,
1.04 (d, 6H, 3]y = 6.8 Hz, CH;3 'Pr).

Single crystals suitable for X-ray diffraction were isolated from a CH,Cl; solution (see
Supplementary Materials).
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4.3.3. Preparation of [RuCl(n6-p—cymene) (HL2)][CF3S03], 2(TfO)

2(TfO) was obtained by following a procedure similar to that used for 1(TfO). The
product was isolated as an orange solid. The presence of a mixture of the E/Z isomers was
detected and determined by 'H NMR spectroscopy in a ~43:57 molar ratio, respectively.

Yield: 107 mg, 81% Mp.: 163-165 °C. Anal. Calc. for Co7H3CIF4N3O05RuS; (753.19):
C:43.06, N: 5.58, H: 4.01, S: 8.51%; Exp. C: 43.15, N: 5.81, H: 3.90, S: 9.34%.

_ |cFss0s

a
: bS- d

Ru-CI

Scheme 7. Atomic numbering scheme for 2(TfO).

MS(ESI) [11/z (%)]: 287.57 (35.4) | Ru(p-cymene)(HL?) 12+, 594.14(58) | Ru(p-cymene)(L?) | *.
IR (ATR, cm™1): 3226 br (NH, OH), 1617 m (C=N), 816 m (C=S).

I'H NMR (400 MHz, CD,Cl,, ppm, see Scheme 7 for the atomic numbering used):
E isomer, 10.62 (s, 1H, N?-H), 8.84 (s, br, 1H, N'-H), 8.65 (t, 1H, 3]y = 8.6 Hz, C3-H),
8.55 (s, 1H, C2-H), 8.38 (s, br, 1H, OH), 7.27 (d, 2H, 3]sy = 8.7 Hz, C'2-H, C!°-H),
6.93 (dd, 1H, 3Jyi = 8.2, 4. = 2.3 Hz, C7-H), 6.90 (t, 2H, 3]y = 8.5 Hz, C13-H, C1°-H),
6.81 (dd, 1H, 3Jf.p = 11.8, *Jpp = 2.2 Hz, C°-H), 5.50, 5.04 (d, 2H, C2-H, CP-H, 3]y = 6.0 Hz),
493 (d, 2H, 3Jpg = 6.0 Hz, C°-H, C4-H), 4.69 (m, 2H, C1°-H), 3.83, (s, 3H, C7-H),
2.58 (br, 1H, 3]y = 6.9 Hz, CH iPr), 2.12 (s, 3H, CH3 p-cymene), 1.17, 1.09 (d, 3H,
3.1 = 6.9 Hz, CH; Pr); Z isomer: (400 MHz, CD,Cly, ppm): 12.10 (s, 1H, N2-H), 8.58 (s, br,
1H, N'-H), 8.49 (s, 1H, C2-H), 8.20 (bs, 1H, OH), 7.27 (d, 2H, 3Jy.ig = 8.7 Hz, C12-H, C1°-H),
7.22 (t, 1H, 3Jy. = 8.1Hz, C8-H), 6.90 (t, 2H, 3111y = 8.5 Hz, C13-H, C1°-H), 6.67 (dd, 1H,
3Tn = 8.2, Yun = 2.3 Hz, C7-H), 6.56 (dd, 1H, 3J.p = 11.8, 4Jy.y = 2.3 Hz, C°-H), 5.71,
5.57 (2H, 3]y = 6.0 Hz, C2-H, CP-H), 5.60, 5.39 (d, 2H, *[y.iy = 6.0 Hz, C°-H, C4-H),
4.68 (m, 2H, C19-H), 3.81 (s, 3H, C17-H), 2.79 (br, 1H, 3J3.1y = 6.9 Hz, CH iPr), 2.69 (s, 3H,
CH;s p-cymene) 1.29, 1.23 (d, 3H, 3Jt.1 = 6.9 Hz, CH; Pr).

19F{TH} NMR (376 MHz, CD,Cl,, ppm): -70.13 (CF3S03), -107.27 (E isomer), —110.68
(Z isomer).

A few single crystals from a solution of 2(TfO) were obtained. X-ray analysis showed
that these were [Ruz(Lz)z(p—cymene)z][CF3803]2, 2/(T£O). Only sufficient crystals for char-
acterization by MS and IR spectroscopies were obtained.

MS (ESI) [m/z (%)]: 594.14(58) | Ru(L?)(p-cymene) | *. IR (ATR, cm~!): 3271 br (NH,
OH), 1617, 1557, 1511, 1459 m (C=N), 813 m (C=S).

4.3.4. Preparation of [RuCl(n®-p-cymene)(HL?)]Cl, 2(Cl)

To a suspension of [Ru(Cl)(u-Cl)(p-cymene)], (0.05 g, 0.082 mmol) in methanol (5 mL)
was added HL? (0.054 g, 0.164 mmol). The mixture was stirred for 4 h at room temperature
under argon. To the resulting solution was added NH4PFg (0.027 g, 0.164 mmol), and the
mixture was stirred for 24 h at room temperature under an inert atmosphere. The precipitate
was filtered off and the solvent was removed from the filtrate under vacuum. The resulting
orange solid was dried under vacuum over CaCl, /KOH. 'H NMR spectroscopy showed
that only the E isomer was obtained for the cation 2*. The P NMR spectrum did not
contain any signals, and the elemental analysis data were consistent with the formation of
compound 2(CD).

Yield: 79 mg, 76%. Anal. Calc. for CysHzgCl,FN3O2RuS (639.05): C: 48.82, N: 6.57,
H: 4.73, S: 5.00%; Exp. C: 48.88, N: 6.29, H: 4.58, S: 4.94%. 'H NMR (CD,Cl,): 14.06
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(s, 1H, N2-H), 9.49 (s, 1H, OH), 8.69 (s, 1H, N'-H), 8.44 (t, 1H, 3]y = 8.7 Hz, C8-H),
8.38 (s, 1H, C2-H), 7.31 (d, 2H, ®J1.iy = 8.7 Hz, C12-H, C'%-H), 6.97 (dd, 1H, /3.5y = 8.7 Hz,
44 = 2.3 Hz, C7-H), 6.93 (d, 2H, 3Jyu = 8.7 Hz, C13-H, C!°-H), 6.82 (dd, 1H,
3ta = 11.9 Hz, 4Jyy = 2.3 Hz, C°-H), 5.47, 4.99, 4.90 (d, 4H, 3]y = 5.4 Hz, C2-H,
CP-H, C-H, C4-H), 4.71 (d, 2H, 3Jy.iy = 5.7 Hz, C10-H), 3.81 (s, 3H, C'7-H), 2.57 (br, 1H,
3Ty = 6.9 Hz, CH 'Pr), 2.08 (s, 3H, CHj3 p-cymene), 1.14, 1.07 (d, 6H, 3]y = 7.0 Hz,
CH3 lPV).

4.4. Crystallography

The crystallographic data were collected at 100 K using a Bruker D8 Venture diffrac-
tometer with a Photon 100 CMOS detector and Mo-K« radiation (A = 0.71073 A) generated
by an Incoatec high brilliance microfocus source equipped with Incoatec Helios multilayer
optics. APEX3 software was used to collect frames of data and index reflections and to
determine the lattice parameters, SAINT was used for integration of the intensity of re-
flections, and SADABS was used for scaling and empirical absorption correction [37,38].
The structures were solved using the SHELXT program [39]. All non-hydrogen atoms
were refined on F? with anisotropic thermal parameters using SHELXL [40]. Hydrogen
atoms were inserted at calculated positions and refined as riding atoms, except for those
bonded to heteroatoms (N-H and O-H), which were generally located from the electron
density synthesis Fo-Fc map and isotropically refined. Validation checking of the models
(including for missed symmetry) was performed using PLATON [41], and plots of all
structures were produced using MERCURY [42]. The crystallographic data collection and
refinement parameters are listed in Table S1 (see Supplementary Materials).

The structure of the [Ruz(LZ)z(p—cymene)z][OgSCF3]2 (2/(T£0)) showed the presence of
a disordered triflate group. This disorder was modeled including two alternative positions
for the anion with equivalent percentages of occupation.

4.5. Electrochemistry

Electrochemical measurements were carried out using an Autolab potentiostat/galvanostat
(PGSTAT100). This system was equipped with a three-electrode cell, with a 2.00 mm di-
ameter glassy carbon electrode as the working electrode (GCE), a platinum plate electrode
as the counter electrode, and the Ag/AgCl reference electrode was used for electrochemi-
cal experiments.

The GCE was polished using alumina powder (0.03 pum) before use. Ferrocene was
used as an internal reference, and the redox potentials presented in this work are related to
the standard ferrocene/ferrocenium redox couple (Fc/Fc*).

Measurements were performed in 10~ mol-L~! solutions of compounds in methanol
containing tetrabutylammonium perchlorate (TBAP) 0.1 mol-L~! as supporting electrolyte.
Solutions were deaerated by passing a stream of nitrogen through the solution for 10 min
prior to measurement.

4.6. Cytotoxicity Assays
4.6.1. Cell Line and Culture Conditions

Cytotoxicity studies on compounds were carried out on NCI-H460 (human lung carci-
noma), A549 (human lung carcinoma), and MDA-MB231 (human breast adenocarcinoma)
cell lines obtained from the American Type Culture Collection (ATCC). Cells were grown
on culture media RPMI 1640 (NCI-H640) or DMEM (Dulbecco’s Modified Eagle’s Medium,
A549 and MDA-MB231) supplemented with 10% FBS (Fetal Bovine Serum) and additionally
with 2 mM L-glutamine for A549 and MDA-MB231, all under an atmosphere of 95% air
and 5% CO, at 37 °C.
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4.6.2. Cytotoxicity Study

Inhibition of cell growth induced by the test compounds was evaluated using a system
based on the 3-[4,5-dimethylthiazol-2-yl]-2,-5-diphenyltetrazolium bromide assai (MTT)
and on its ability to be transformed into formazan when the cells are metabolically active.

The cells were seeded in a sterile 96-well plate at a density of 5000-15,000 cells/well
and incubated for 24 h in growth medium. A solution of the compound in DMSO was
added to the cells while maintaining the same proportion of solvent in each well. After
72 h of incubation in an atmosphere of 95% air and 5% CO, at 37 °C, 10 pL of 5 mg/mL
MTT prepared in PBS (0.136 M NaCl, 1.47 mM KH,POy4, 8 mM NaH,;POy4 and 2.68 mM
KCl) was added to each well and the cell plate was incubated for another 4 h.

Subsequently, 10% SDS (100 uL) prepared in 0.01M HCI was added and the cell plate
was incubated for 12-14 h under the same experimental conditions. Finally, the absorbance
of the samples on the cell plate was measured at a wavelength of 595 nm (Tecan M1000
infinite Pro, Tecan, Hombrechtikon, Switzerland). All experiments were carried out in
triplicate. The absorbance measurement range was assessed between one value (average of
triplicate points) containing 5000-15,000 cells in RPMI 1640/ DMEM medjia in the absence
of growth factors (which allows the stable cell concentration to be determined) and another
value (average of triplicate points) containing the usual growth medium, allowing the
maximum cell growth at 48-72 h to be determined.

Controls with DMSO at the same proportion in which the compounds were dissolved
were included in all experiments. These controls showed a cell growth inhibition of 6-8%
with respect to the control, in which the cells were grown in the growth medium.

4.7. Analysis and Expression of the Results

The experiments were carried out in triplicate. Data are expressed as % growth
inhibition, calculated using the following formula:

(AO x 100)

% inhibition = 100 — AT

)
where AO is the absorbance observed in the wells with the compounds under study and
AT is the absorbance observed in the wells with DMSO controls.

When concentration-dependent cell growth inhibition was observed, the inhibitory
potency was evaluated by calculating the concentration—percent inhibition curve of the
compound by adjustment to the following equation:

y= HIS(IC) @)

X

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules27227976/s1, Tables S1 and S2: Crystal data and structure
refinement, Selected bond lengths and angles, and Main intermolecular interactions. Figures S1-54:
1H NMR spectra of the ligands and their complexes. Figures S5 and S6: 13C NMR spectra of the
ligands. Figures S7 and S8: NOESY spectra of the complexes. Figures S59-512: ESI mass spectra of the
ligands and complexes. Figures S13-516: IR (solid) of the ligands and complexes. Figure S17-519:
cyclic voltammogram studies.

Author Contributions: Investigation, Methodology, M.M.-E.; Supervision, Writing—original draft,
S.G.-F; Validation, S.A.-O.; Investigation, Writing—original draft, L.P.; Conceptualization, Writing—
review and editing, E.M.V.-L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministerio de Ciencia e Innovacion (Spain) under research
project PID2019-110218RB-100.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/molecules27227976/s1
https://www.mdpi.com/article/10.3390/molecules27227976/s1

Molecules 2022, 27, 7976 20 of 21

Data Availability Statement: CCDC 2216181-2216186 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/
cif (accessed on 30 October 2022), by emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

Acknowledgments: We thank the Structural Determination Service of the Universidade de Vigo-
CACTI for X-ray diffraction measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Quiroga, A.G.; Perez, ] M.; Lopez-Solera, I.; Masaguer, ].R.; Luque, A.; Raman, P; Edwards, A.; Alonso, C.; Navarro-Ranninger, C.
Novel Tetranuclear Orthometalated Complexes of Pd(II) and Pt(II) Derived from p-Isopropylbenzaldehyde Thiosemicarbazone
with Cytotoxic Activity in cis-DDP Resistant Tumor Cell Lines. Interaction of These Complexes with DNA. J. Med. Chem. 1998,
41, 1399-1408. [CrossRef] [PubMed]

Offiong, O.E.; Martelli, S. Antibacterial activity of metal complexes of benzil and benzoin thiosemicarbazones. Farmaco 1994,
49, 513-518. [PubMed]

Hadjipavlou-Litina, D. QSAR of thiosemicarbazones derived from formyl- and acyl-diazines designed as antiviral agents.
Pharmazie 1996, 51, 468-470. [PubMed]

Campbell, M.J.M. Transition metal complexes of thiosemicarbazide and thiosemicarbazones. Coord. Chem. Rev. 1975, 15, 279-319.
[CrossRef]

WEST, D.X.; Padhye, S.B.; Sonawane, P.B. Structural and physical correlations in the biological properties of transition metal
heterocyclic thiosemicarbazone and S-alkyldithiocarbazate complexes. Struct. Bond. 1991, 76, 1-50. [CrossRef]

Lobana, T.S.; Sharma, R.; Bawa, G.; Khanna, S. Bonding and structure of metals—An overview. Coord. Chem. Rev. 2009,
253,977-1055. [CrossRef]

Garcia-Tojal, J.; Garcia-Orad, A.; Serra, J.L.; Pizarro, J.L.; Lezamma, L.; Arriortua, M.I.; Rojo, T. Synthesis and spectroscopic
properties of copper(Il) complexes derived from thiophene-2-carbaldehyde thiosemicarbazone. Structure and biological activity
of [Cu(CgHgN3S;)21. J. Inorg. Biochem. 1999, 75, 45-54. [CrossRef]

Petering, D.H. Physico-chemical properties of the antitumor agent, 3-ethoxy-2-oxobutyraldehyde bis (thiosemicarbazonato)
copper(Il). Bioinorg. Chem. 1972, 1, 255-271. [CrossRef]

West, D.X,; Liberta, A.E.; Padhye, S.B.; Chikate, R.C.; Sonawane, P.B.; Kumbhar, A.S.; Yerande, R.G. Thiosemicarbazone complexes
of copper(Il): Structural and biological studies. Coord. Chem. Rev. 1993, 123, 49-71. [CrossRef]

Allardyce, C.S.; Dorcier, A.; Scolaro, C.; Dyson, P.J. Development of organometallic (organo-transition metal) pharmaceuticals.
Appl. Organometal. Chem. 2005, 19, 1-10. [CrossRef]

Pete, S.; Roy, N.; Kar, B.; Paira, P. Construction of homo and heteronuclear Ru(Il), Ir(III) and Re(I) complexes for target specific
cancer therapy. Coord. Chem. Rev. 2022, 460, 214462. [CrossRef]

Su, W.; Tang, Z.; Li, P; Wang, G.; Xiao, Q.; Li, Y.; Zhang, Y. New dinuclear ruthenium arene complexes containing thiosemicar-
bazone ligands: Synthesis, structure and cytotoxic studies. Dalton Trans. 2016, 45, 19329-19340. [CrossRef] [PubMed]

Beckford, E; Dourth, D.; Shaloski, M.; Didion, J.; Thessing, J.; Woods, J.; Crowell, V.; Gerasimchuk, N.; Gonzalez-Sarrias, A.;
Seeram, N.P. Half-sandwich ruthenium-arene complexes with thiosemicarbazones: Synthesis and biological evaluation of
[(M®-p-cymene)Ru(piperonalthiosemicarbazones)CI]Cl complexes. J. Inorg. Biochem. 2011, 105, 1019-1029. [CrossRef] [PubMed]
Gatti, A.; Habtemariam, A.; Romero-Caneldn, I.; Song, J.I.; Heer, B.; Clarkson, G.J.; Rogolino, D.; Sadler, PJ.; Carcelli, M.
Half-Sandwich Arene Ruthenium(II) and Osmium(II) Thiosemicarbazone Complexes: Solution Behavior and Antiproliferative
Activity. Organometallics 2018, 37, 891-899. [CrossRef]

Adams, M,; Li, Y.; Khot, H.; Kock, C.; Smith, PJ.; Land, K.; Chibale, K.; Smith, G.S. The synthesis and antiparasitic activity of
aryland ferrocenyl-derived thiosemicarbazone ruthenium(Il)-arene complexes. Dalton Trans. 2013, 42, 4677-4685. [CrossRef]
Adams, M.; Kock, C.; Smith, PJ.; Land, K.M.; Liu, N.; Hopper, M.; Hsiao, A.; Burgoyne, A.R.; Stringer, T.; Meyer, M.; et al.
Improved antiparasitic activity by incorporation of organosilane entities into half-sandwich ruthenium(II) and rhodium(III)
thiosemicarbazone complexes. Dalton Trans. 2015, 44, 2456-2468. [CrossRef]

Demoro, B.; Sarniguet, C.; Sanchez-Delgado, R.; Rossi, M.; Liebowitz, D.; Caruso, F; Gambino, D. New organoruthenium
complexes with bioactive thiosemicarbazones as co-ligands: Potential anti-trypanosomal agents. Dalton Trans. 2012, 41, 1534-1543.
[CrossRef]

Bakir, M.; Lawrence, M.A.W.; Nelson, P.N.; Conry, R.R. Spectroscopic and electrochemical properties of di-2-thienyl ketone
thiosemicarbazone (dtktsc): Electrochemical reactions with electrophiles (H+ and CO2). Electrochim. Acta 2016, 212, 1010-1020.
[CrossRef]

Haribabu, J.; Balakrishnan, N.; Swaminathan, S.; Peter, J.; Gayathri, D.; Echeverria, C.; Bhuvanesh, N.; Karvembu, R. Syn-
thesis, cytotoxicity and docking studies (with SARS-CoV-2) of water-soluble binuclear Ru-p-cymene complex holding indole
thiosemicarbazone ligand. Inorg. Chem. Comm. 2021, 134, 109029. [CrossRef]

Nuriez-Montenegro, A.; Carballo, R.; Vazquez-Lépez, E.M. Synthesis, Characterization and Binding Affinities for Estrogen
Receptor (oe/B) of Rhenium(I) Thiosemicarbazone Complexes. J. Inorg. Biochem. 2014, 140, 53—63. [CrossRef]


www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
http://doi.org/10.1021/jm970520d
http://www.ncbi.nlm.nih.gov/pubmed/9554873
http://www.ncbi.nlm.nih.gov/pubmed/7945719
http://www.ncbi.nlm.nih.gov/pubmed/8774839
http://doi.org/10.1016/S0010-8545(00)80276-3
http://doi.org/10.1007/3-540-53499-7_1
http://doi.org/10.1016/j.ccr.2008.07.004
http://doi.org/10.1016/S0162-0134(99)00031-8
http://doi.org/10.1016/S0006-3061(00)81001-7
http://doi.org/10.1016/0010-8545(93)85052-6
http://doi.org/10.1002/aoc.725
http://doi.org/10.1016/j.ccr.2022.214462
http://doi.org/10.1039/C6DT03306G
http://www.ncbi.nlm.nih.gov/pubmed/27872925
http://doi.org/10.1016/j.jinorgbio.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21666776
http://doi.org/10.1021/acs.organomet.7b00875
http://doi.org/10.1039/c3dt32740j
http://doi.org/10.1039/C4DT03234A
http://doi.org/10.1039/C1DT11519G
http://doi.org/10.1016/j.electacta.2016.07.051
http://doi.org/10.1016/j.inoche.2021.109029
http://doi.org/10.1016/j.jinorgbio.2014.06.012

Molecules 2022, 27, 7976 21 of 21

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.
40.

41.
42.

Argibay-Otero, S.; Gano, L.; Fernandes, C.; Paulo, A.; Carballo, R.; Vazquez-Lépez, EM. Chemical and Biological Studies
of Re(I)/Tc(I) Thiosemicarbazonate Complexes Relevant for the Design of Radiopharmaceuticals. ]. Inorg. Biochem. 2020,
203,110917-110929. [CrossRef] [PubMed]

Stringer, T.; Therrien, B.; Hendricks, D.T.; Guzgay, H.; Smith, G.S. Mono- and dinuclear (n6-arene) ruthenium(II) benzaldehyde
thiosemicarbazone complexes: Synthesis, characterization and cytotoxicity. Inorg. Chem. Comm. 2011, 14, 956-960. [CrossRef]
Su, W,; Qian, Q.; Li, P; Lei, X,; Xiao, Q.; Huang, S.; Huang, C.; Cui, J. Synthesis, Characterization, and Anticancer Activity
of a Series of Ketone-N*-Substituted Thiosemicarbazones and Their Ruthenium(IT) Arene Complexes. Inorg. Chem. 2013,
52,12440-12449. [CrossRef] [PubMed]

Beckford, F; Thessing, J.; Woods, ]J.; Didion, J.; Gerasimchuk, N.; Gonzalez-Sarrias, A.; Seeram, N.P. Synthesis and structure of
[(M®-p-cymene)Ru(2-anthracen-9-ylmethylene-N-ethylhydrazinecarbothioamide)Cl]Cl; biological evaluation, topoisomerase II
inhibition and reaction with DNA and human serum albumin. Metallomics 2011, 3, 491-502. [CrossRef] [PubMed]

Haribabu, J.; Sabapathi, G.; Tamizh, M.M.; Balachandran, C.; Bhuvanesh, N.S.P,; Venuvanalingam, P.; Karvembu, R. Water-
Soluble Mono- and Binuclear Ru(né-p—cymene) Complexes Containing Indole Thiosemicarbazones: Synthesis, DFT Modeling,
Biomolecular Interactions, and In Vitro Anticancer Activity through Apoptosis. Organometallics 2018, 37, 1242-1257. [CrossRef]
Kumar, R.; Ramesh, R.; Matecki, J.G. Steric Control on the Coordination Behaviour of Carbazole Thiosemicarbazones towards
[RuH(CI)(CO)(AsPh3)s]: A Combined Experimental and Theoretical Study. New J. Chem. 2016, 40, 10084-10093. [CrossRef]
Muralisankar, M.; Dheepika, R.; Haribabu, J.; Balachandran, C.; Aoki, S.; Bhuvanesh, N.S.; Nagarajan, S. Design, synthesis,
DNA /HSA binding, and cytotoxic activity of half-sandwich Ru (II)-Arene complexes containing triarylamine—thiosemicarbazone
hybrids. ACS Omega 2019, 4, 11712-11723. [CrossRef]

Devagi, G.; Reyhaneh, F; Dallemer, F.; Jayakumar, R.; Kalaivani, P.; Prabhakaran, R. Morphological and in Vitro Evaluation of
Programmed Cell Death in MCF-7 Cells by New Organoruthenium(ii) Complexes. New . Chem. 2017, 41, 8620-8636. [CrossRef]
Rogolino, D.; Bacchi, A.; De Luca, L.; Rispoli, G.; Sechi, M.; Stevaert, A.; Naesens, L.; Carcelli, M. Investigation of the Salicylalde-
hyde Thiosemicarbazone Scaffold for Inhibition of Influenza Virus PA Endonuclease. J. Biol. Inorg. Chem. 2015, 20, 1109-1121.
[CrossRef]

Balaji, S.; Subarkhan, M.K.M.; Ramesh, R.; Wang, H.; Semeril, D. Synthesis and structure of arene Ru (II) N-O-chelating complexes:
In vitro cytotoxicity and cancer cell death mechanism. Organometallics 2020, 39, 1366-1375. [CrossRef]

Jeffrey, G.A. An Introduction to Hydrogen Bonding; Oxford University Press: Oxford, UK, 1997.

Argibay-Otero, S.; Grafia, A.; Carballo, R.; Vazquez-Lopez, E.M. Synthesis of novel dinuclear N-substituted-(4-methylaminobenzaldehyde)
thiosemicarbazonates rhenium(I): Formation of four- and/or five-membered chelate rings, conformation analysis and reactivity.
Inorg. Chem. 2020, 59, 14101-14117. [CrossRef] [PubMed]

Mishraa, D.; Naskara, S.; Drew, M.; Chattopadhyay, S.K. Synthesis, Spectroscopic and Redox Properties of some Ruthenium(II)
Thiosemicarbazone Complexes: Structural Description of Four of these Complexes. Inorg. Chim. Acta 2006, 359, 585-592.
[CrossRef]

Tabares, J.P.G.; Santos, R.L.S.R.; Cassiano, J.L.; Zaim, M.H.; Honorato, J.; Batista, A.A.; Teixeira, S.E.; Ferreira, A.K.; Viana,
R.B.; Martinez, S.Q.; et al. A Ru(II)-p-cymene compound bearing naproxen-pyridineamide. Synthesis, spectroscopic studies,
computational analysis and in vitro anticancer activity against lung cells compared to Ru(II)-p-cymene-naproxen and the
corresponding drug ligands. Inorg. Chim. Acta 2019, 489, 27-38. [CrossRef]

Perrin, D.D.; Armarego, W.L.F. Purification of Laboratory Chemicals, 3rd ed.; Butterworth/Heinemann: London/Oxford, UK, 1988.
Bennett, M.A.; Smith, A.K. Arene ruthenium(Il) complexes formed by dehydrogenation of cyclohexadienes with ruthenium(III)
trichloride. J. Chem Soc. Dalton Trans. 1974, 2, 233-241. [CrossRef]

APEX3, SAINT and SADABS; Software for Chemical Crystallography Bruker AXS: Madison, WI, USA, 2015.

Krause, L.; Herbst-Irmer, R.; Sheldrick, G.M.; Stalke, D. Comparison of silver and molybdenum microfocus X-ray sources for
single-crystal structure determination. J. Appl. Crystallogr. 2015, 48, 3-10. [CrossRef] [PubMed]

Sheldrick, G.M. SHELXT—Integrated space-group and crystal-structure determination. Acta Cryst. Sect. A 2015, 71, 3-8.
[CrossRef]

Sheldrick, G.M. A short history of SHELX. Acta Cryst. Sect. A 2008, 64, 112-122. [CrossRef]

Spek, A.L. Structure validation in chemical crystallography. Acta Cryst. Sect. D 2009, 65, 148-155. [CrossRef]

Macrae, C.F; Edgington, P.R.; McCabe, P; Pidcock, E.; Shields, G.P,; Taylor, R.; Towler, M.; van de Streek, J. Mercury: Visualization
and analysis of crystal structures. J. Appl. Cryst. 2006, 39, 453—457. [CrossRef]


http://doi.org/10.1016/j.jinorgbio.2019.110917
http://www.ncbi.nlm.nih.gov/pubmed/31766012
http://doi.org/10.1016/j.inoche.2011.03.041
http://doi.org/10.1021/ic401362s
http://www.ncbi.nlm.nih.gov/pubmed/24143913
http://doi.org/10.1039/c1mt00003a
http://www.ncbi.nlm.nih.gov/pubmed/21347491
http://doi.org/10.1021/acs.organomet.8b00004
http://doi.org/10.1039/C6NJ02430K
http://doi.org/10.1021/acsomega.9b01022
http://doi.org/10.1039/C7NJ01707C
http://doi.org/10.1007/s00775-015-1292-0
http://doi.org/10.1021/acs.organomet.0c00092
http://doi.org/10.1021/acs.inorgchem.0c01887
http://www.ncbi.nlm.nih.gov/pubmed/32965111
http://doi.org/10.1016/j.ica.2005.11.001
http://doi.org/10.1016/j.ica.2019.01.030
http://doi.org/10.1039/dt9740000233
http://doi.org/10.1107/S1600576714022985
http://www.ncbi.nlm.nih.gov/pubmed/26089746
http://doi.org/10.1107/S2053273314026370
http://doi.org/10.1107/S0108767307043930
http://doi.org/10.1107/S090744490804362X
http://doi.org/10.1107/S002188980600731X

	Introduction 
	Results and Discussion 
	Crystal Structures 
	Cyclic Voltammetry Results 
	Cytotoxicity Assays 

	Conclusions 
	Experimental Section 
	General Procedures 
	Synthesis of Thiosemicarbazone (TSC) Ligands (HL1 and HL2) 
	Preparation of N-(4-Methoxybenzyl)-(3-methoxy-4-hydroxybenzophenone) Thiosemicarbazone (HL1) 
	Preparation of N-(4-Methoxybenzyl)-(2-fluoro-4-hydroxybenzaldehyde)-thiosemicarbazone (HL2) 

	Synthesis of Ruthenium Complexes 
	Preparation of [RuCl(6-p-cymene)(HL1)] [CF3SO3], 1(TfO) 
	Preparation of [RuCl(6-p-cymene)(HL1)]Cl, 1(Cl) 
	Preparation of [RuCl(6-p-cymene) (HL2)][CF3SO3], 2(TfO) 
	Preparation of [RuCl(6-p-cymene)(HL2)]Cl, 2(Cl) 

	Crystallography 
	Electrochemistry 
	Cytotoxicity Assays 
	Cell Line and Culture Conditions 
	Cytotoxicity Study 

	Analysis and Expression of the Results 

	References

