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Abstract: Herein, we present a comparative study on the chemistry and biological activity of
N-heterocyclic carbene (NHC)Pt(II) / Au(I) complexes. Accordingly, representative compounds of
the cis/trans- [PtLyXp] (X = CL (5, 6) or I (7, 8)), [PtL3CI]*" (9), [AuLX] (X = Cl1 (10) or I (11)), and
[AuL,]* (12) type, where L is 1,3-diethylbenzimidazol-2-ylidene, were synthesized and characterized
in detail to elucidate the role of the metal center on their physicochemical and biological properties.
The stability of the complexes in the presence of cell culture medium and their reactivity toward
relevant biomolecules were investigated by RP-HPLC. In addition, their effects on plasmid DNA and
in vitro cytotoxicity in ovarian cancer cells and non-malignant fibroblasts were evaluated. Cationic
[AuL,]* and [PtLzX]* species displayed the highest cytotoxicity and stability in cell culture medium
in the series. They exhibited ICsy values lower than the established metallodrugs cisplatin and
auranofin in both wild-type and cisplatin-resistant ovarian cancer cells, being able to circumvent
cisplatin resistance. Finally, Pt(II)-NHC complexes form 5'-guanosine monophosphate adducts under
physiologically relevant conditions and interact with plasmid DNA in contrast to their Au(I) analogs,
corroborating their distinct modes of action.

Keywords: NHC; platinum(II); gold(I); crystal structures; ovarian cancer; A2780; DNA

1. Introduction

Over 50 years after the discovery of the antiproliferative effects of cisplatin [1],
platinum-based chemotherapeutics remain among the most extensively used drugs in
oncology [2,3]. Nevertheless, their clinical effectiveness is limited due to severe side effects
and resistance phenomena [4-10]. To address these shortcomings, numerous bioactive
metal complexes have been developed during the last decades and their potential appli-
cation as anticancer agents has been evaluated [5,11-17]. In the search for new organic
ligands for the development of catalysts and metallodrugs, the use of N-heterocyclic car-
benes (NHC) emerged in 1991 with the isolation of the first free carbene [18]. This relatively
new class of ligands stabilizes the metal center by forming strong metal-carbon bonds due
to their o-donor and 7-backbonding properties [19,20]. Accordingly, stable and structurally
diverse metal-NHC complexes can be obtained by relatively straightforward synthetic
procedures [21-24]. In addition to their ability to catalyze numerous reactions [25,26], a
good number of NHC compounds are used as stabilizing agents for nanoparticles and clus-
ters [27,28]. Furthermore, some metal NHC complexes showed to be promising candidates
as new chemotherapeutics to overcome the limitations of current clinically used platinum
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drugs. In particular, gold and platinum NHC complexes have demonstrated considerable
activity against various chemo-resistant bacteria and cancer cells [29-34].

The generally accepted mechanism of action of platinum(Il) drugs involves covalent
binding to the DNA with the formation of DNA adducts [10]. Several studies have demon-
strated that Pt(I)-NHC complexes also interact with DNA, although in a different way
than cisplatin and its analogs [35,36]. In some cases, electrostatic interactions with DNA
proved to be of higher relevance for the cytotoxicity of Pt(II/IV)-NHC complexes than
covalent binding to DNA [32]. The main potential molecular targets considered for the
Au(I)-NHC complexes include the selenoenzymes glutathione peroxidase (GPx) [37,38]
and, particularly, the thioredoxin reductase (TrxR) [38—42].

Complexes of the type [Au(NHC)X] (X = Cl, Br, I) are readily transformed in aqueous
media to cationic [Au(NHC),]* species due to an effect called ligand scrambling [39,43—45].
This type of compounds showed remarkably high cytotoxic effects in numerous cancer
cell lines and a higher cellular accumulation, and thus may contribute to the activity of
[Au(NHC)X] complexes as their more active metabolites. To date, the exact intracellular
target of [Au(NHC),]* complexes has not been identified beyond doubt. Their inter-
action with the classical targets of the halido Au(I)-NHC complexes—namely, GPx or
TrxR—is questionable due to their high stability toward nucleophiles (e.g., thiols such as
cysteine) [39]. Moreover, the strong antiproliferative activity of [Au(NHC),]* complexes
does not correlate with their inhibitory effect on TrxR [38,39]. Another possible target
would be G-quadruplex-DNA, as postulated by Casini et al. [46,47].

Despite the numerous publications on cytotoxic Au(l)- and Pt(I)-NHC comp-
lexes [16,32,35,36,48-50], no comparative investigation of their physicochemical and biolog-
ical properties has been reported so far. In this work, we intend to fill this gap and elucidate
the effect of the metal center (Pt(I) vs. Au(l)) on the chemistry (synthesis, solubility, sta-
bility) and pharmacological profile (cytotoxicity, interaction with biomolecules) of NHC
complexes. Accordingly, the already known NHC complexes of the type [AuLX] (X =ClorI)
and [AuL;]*, where L is 1,3-diethylbenzimidazol-2-ylidene, and the corresponding new
platinum(Il) species (see Scheme 1) have been synthesized and structurally characterized.
Their cytotoxicity was examined in the ovarian carcinoma cell lines A2780wt and A2780cis
(cisplatin-resistant subvariant) as well as in non-malignant fibroblast cells. To obtain further
insights into the mechanism of action of the complexes, their effect on plasmid DNA and
potential interactions with representative biomolecules was also investigated.

Gold(l) a)  L—Au—X b) L—Au—L
c) d) e) T+
Platinum(ll) L\Ptjx X\Pth I'\Pt/L

/ ~
L~ X L~ X L Cl
Scheme 1. Au(I)- and Pt(II)>NHC complexes under investigation: a) [AuLX], b) [AuL,]*,
c) cis-[PtLyXp], d) trans-[PtLyX;], e) [PtL3Cl]*; L = 1,3-diethylbenzimidazol-2-ylidene, X = Cl, I.
2. Results
2.1. Synthesis and Characterisation

The synthesis of complexes 5-12 was performed in a multistep procedure as depicted
in Scheme 2.
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Scheme 2. Synthetic routes to obtain complexes 5-12. i) NaH, EtI, ACN, 82 °C; ii) Ag,SOy, BaCl,,
H,O, rt; iii) KPFg, MeOH/H,O, rt; iv) NaOMe, cis-[Pt(DMSO),Cly], ACN, rt; v) Ag,O, Ky [PtCly],
DCM, rt; vi) NaOtBu, cis-[Pt(DMSO),1,], DCM, rt; vii) KPFg, NaOtBu, cis-[Pt(DMSO),Cl,], DCM,
40 °C (method A) or KPF4, NaOMe, cis-[Pt(DMSO)LCl,], DCM, 30 °C (method B); viii) Ag,O, LiCl,
[Au(S(Me);)Cl], DCM/MeOH, rt; ix) Nal, acetone, rt; x) Ag,O, [Au(S(Me);)Cl], DCM/MeOH, rt.

Gold(I) complexes 10-12 [51] were prepared starting from 1,3-diethylbenzimidazol-2-
ium hexafluorophosphate following established protocols [39] (see also Section 3).

In contrast to gold(I), which only allows the coordination of two ligands in a linear ar-
rangement, platinum(II) complexes possess a square-planar geometry with a ligand sphere
that can be occupied by four monodentate ligands. Accordingly, two isomeric forms (cis and
trans) are possible for compounds of the [PtL,X;] type. The trans-[PtL,Cl,] complex 6 was
prepared by performing a reaction of the silver carbene complex of ligand 2 (obtained in
situ with Ag,O) with Ky[PtCly] in DCM as previously described for similar compounds [52].
The corresponding cis isomer 5 could be synthesized from cis-[Pt(DMSO)LCl,] (4) after reac-
tion with the NHC ligand in the presence of a base [52] or directly from cis-[Pt(DMSO),Cl,].
If cis-[Pt(DMSO),Cl;] reacts with ligand 2 and NaOtBu (or NaOMe) as a base in anhydrous
DCM, a mixture of the mono- and bis(carbene) complexes 4 and 5 is formed, where the
amount of 5 depends on the equivalents (equiv.) of ligand used. Performing the reac-
tion in ACN instead of DCM facilitated the isolation of complex 5, which precipitated
from the reaction mixture due to its poor solubility. Interestingly, the reaction between
cis-[Pt(DMSO),Cl,], the hexafluorophosphate salt 3, and NaOtBu in anhydrous DCM re-
sulted in a mixture of complex 5 and its tris(carbene) derivative 9. The latter could also be
obtained by the reaction of 4 or 5 with ligand 3 in the presence of NaOMe. Purification by
column chromatography and recrystallization(s) from MeOH allowed the isolation of 9
with sufficient purity (>95%).

Finally, the reaction between cis-[Pt(DMSO),1,], ligand 1, and NaOtBu in anhydrous
DCM resulted in a mixture of the cis and trans iodido complexes 7 and 8, which could be
successfully separated and purified by column chromatography.
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The synthesized Au(I)- and Pt(II)-NHC complexes were characterized in detail by
multinuclear NMR spectroscopy, ESI-HRMS, Fourier-transform (FT)-IR spectroscopy, and
X-ray crystallography (complexes 5, 6, 8, 9, 10, 12). The purity of all biologically tested
compounds was verified by using RP-HPLC (>95%, see Figures 51-57).

The disappearance of the carbene proton (N=CH-N) signal in the 'H NMR spectra
(Figures S8-517) and the strong downfield shift of the signal for the carbon atom coordi-
nated to the metal center in the '3C NMR spectra (Figures S18-S25) are distinctive for the
complex formation. The latter also allows discrimination of the complexes depending on
the metal center, bound halide, and geometry (see Figure 1).
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Figure 1. 13C-Carbene signals of ligand 2 (M), platinum complexes 4-6 and 9 (A), and gold complexes
10-12 (o) in CDCl3. The respective chemical shifts for complexes 7 and 8 could not be obtained due
to insufficient solubility of the compounds.

In the case of the cis-configurated compounds 5 and 7, the N-CH; protons became
chemically and magnetically different and split into separated signals with a multiplicity
of a doublet from a quartet in the 'H NMR spectra (Figures 510 and S12).

In contrast, the 'H NMR spectra of the corresponding trans isomers 6 and 8
(Figures S11 and S13) showed the expected splitting of the methylene group into a quartet
due to the neighboring of the methyl group. Since the cis- and the trans-configurations of 5
and 6/8 were confirmed via X-ray crystallography (vide infra), this finding can be used
for the assignment of the complex’s configuration. A comparable splitting was already
described by Schobert et al. for related complexes [52]. It is worth mentioning that 'H
NMR spectra of the linear gold complexes (10-12) (Figures S15-517) showed resonances of
the N-CH,-CHj3 protons comparable to the trans-configurated platinum complexes 6/8.

The cationic tris(carbene) platinum complex 9 displayed more complicated 'H and
13C NMR spectra with a double set of signals for the coordinated NHC ligands in a 1:2
ratio, and a splitting nearly identical to that of 5 and 6 in the 'H NMR spectra (Figure S14).
Two NHC ligands showed signals comparable to that of the cis-isomer 5, while that of the
third one was comparable to that of 6. Clear differentiation between chlorido platinum
complexes 5, 6, and 9 was also observed in the 1Pt NMR with the tris(carbene) com-
pound 9 exhibiting the most upfield shifted signal (see Figure S526). Finally, their identity
was unambiguously confirmed by ESI-HRMS (see Figure 527) and X-ray crystallography
(vide infra).
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2.2. Crystal Structures

The molecular structures of ligand 1 and complexes 5, 6, 8-10, and 12 were determined
by single crystal X-ray diffraction analysis (see Figures 2, 3 and 528-530). Suitable single
crystals were obtained by slow evaporation of MeOH/CHClI; solutions of the respective
compound. Selected bond lengths and angles are listed in Table 1.

Figure 2. Molecular structures of cationic complexes 9 and 12. For better visualization, solvent
molecules and H atoms are not displayed. The thermal ellipsoids have been drawn at the 50%
probability level.

Figure 3. Molecular structures of complexes 6 and 8. The thermal ellipsoids have been drawn at the
50% probability level (H atoms are omitted for clarity).

Crystal data and structure refinement details are provided in the Supplementary
Materials (Tables S1-57). The crystal structures of compounds 10 [51] and 12 [53] have
already been reported. For the purpose of better comparability (same solvent composition
for crystallization), the structures of these complexes were analyzed again in this study.

The metal-carbon bond lengths (1.975-2.041 A) were nearly the same in all complexes.
Interestingly, the M-X (M = Au or Pt, X = Cl or I) distance (2.275 A (10), 2.348-2.387 A (9),
2.317 A (5), and 2.371 A (6)) seems to be unaffected by the metal and depends mainly on
the nature of the halide (Pt-Cl = 2.317 A (6) vs. Pt-I = 2.600 A (8)).
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Table 1. Selected bond lengths and angles for complexes 5, 6, 8, 9, 10, and 12.
Platinum(II) Gold(I)
5 6 8 9 10 12
M-X [A] 2.372 2.317 2.600 2.348-2.387 2.275 -
. 2.031-2.041 *
M-L[A] 1.964 2.022 2.018 1.987-1.998 # 1.975 2.016
R 173.31-175.30 * )
L-M-L [°] 94.22 180.00 180.00 91.00-95.42 # 177.19
o 89.55— 89.53— 177.61-177.76 * )
LMXT] 9422 90.45 90.47 86.21-89.12 # 178.67

*/# moieties which are trans (*) or cis (*) configurated to each other; X = C1 (5, 8,9, 10) or I (8).

The [AuLCl] complex (10) formed slightly distorted columnar structures, which are
mainly due to 71-77 interactions between the benzimidazole moieties [51]. While for this
complex a Au-Au distance in the range of 6 A could be determined, which corresponds
to the minimal distance necessary for aurophilic interactions, all the other crystalized
complexes have shown no metal-metal interactions (>7.8 A).

For trans-[PtLyX;] complexes (X = C1 (6), I (8)), the ligands organized themselves into
a formation in which the NHC moieties are perpendicularly arranged relative to the plane
coordination sphere of the platinum(Il) (Figure 3). In the case of [AuL,]* (12), cis-[PtL,Cl,]
(5), and [PtLsCl]* (9), a twisted alignment of the NHC moieties to each other over the
metal center can be observed (Figures 2 and 529). In contrast, the NHC ligands adopted
a completely planar alignment in the trans-[PtL,X;] complexes 6 and 8 due to the steric
repulsion with the two halido ligands. This spatial arrangement can also be observed in
similar isoelectronic gold(IlI) complexes with benzimidazol-2-ylidene ligands [54].

2.3. Stability in Organic Solevents and Cell Culture Medium

All metal NHC complexes under investigation exhibited a very limited water solubil-
ity. However, gold complexes 10-12 and the tris(carbene) platinum complex 9 were well
soluble in common organic solvents, such as ACN, DMSO, DMF, and DCM. The solubility
of the other Pt(II)-NHC complexes depends on their configuration. The trans-configurated
complexes 6 and 8 were poorly soluble in all solvents tested. Only DCM or CHCl;3 allowed
the preparation of solutions at concentrations of about 1 mg/mL, suitable for the mea-
surement of NMR spectra (solvent: CDCl3). However, both solvents are inappropriate
for in vitro experiments. Therefore, complexes 6 and 8 were omitted from the cell culture
experiments.

The stability of the compounds in DMF, DMSO, and ACN was assessed by means of
RP-HPLC to verify the suitability of these solvents for the preparation of stock solutions
for biological experiments.

It is well known that solvent molecules (such as DMSO) can attack the platinum
as nucleophiles and exchange the leaving group(s) in platinum(II) complexes [43,55-59].
Expectedly, Pt(II)-NHC compounds, in contrast to their gold counterparts (data not shown),
were not inert toward DMSO and slow degradation was observed over an incubation
period of 72 h (Figures S31-533). The cationic tris(carbene) complex 9 possessed the
highest stability in DMSO with more than 80% of the complex remaining intact after 72 h
(Figure S33).

All investigated compounds were stable in DMF (see Figure S34), confirming the
suitability of this solvent for subsequent cell culture experiments. They were also stable
in a 50:50 (v/v) mixture of DMF /water, as exemplary shown for complex 9 (Figure S35).
With the exception of 7, the complexes could be stored in ACN without degradation
(Figure S35). In the case of 7, a slow time-dependent degradation took place (only 70% of
complex remained intact after 72 h of incubation) (see Figure S36). ACN has already proven
its suitability as a solvent for reactivity studies of Au(I/III)-NHC complexes in previous
projects [39,43—-45]. On the one hand, it can be mixed well with water (with or without
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additives such as C1™ or other nucleophiles) and, on the other hand, it does not produce
any interfering solvent signals in the chromatograms obtained with our RP-HPLC method.

As a next step, the stability of the complexes in the presence of cell culture medium
was examined. Therefore, compounds 5, 7, and 9-12 were dissolved in ACN, diluted
with RPMI 1640 (without fetal calf serum (FCS)) in a 50:50 (v/7v) ratio, and monitored by
RP-HPLC over 72 h of incubation at rt. The results from the study are summarized in
Figures 4 and S38-543.
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Figure 4. Time-dependent stability of compounds 5, 7, and 9-12 in ACN/RPMI 1640 (w /o FCS) =
50:50 (v/v). (A) HPLC chromatograms at t;}, (B) Decrease of the amounts of initial complex over 72 h
of incubation at rt as calculated from the chromatograms recorded at 254 nm. Complex concentration:
0.5 mM.

Platinum complexes 5 and 7 showed fast decomposition in ACN/RPMI mixture to a
variety of degradation products, which were not further characterized. Time-dependent
analysis indicated that less than 10% of 5 remained intact after 1 h (Figure S38), while 7
reacted instantly with ingredients of the medium (Figure S39). The tris(carbene) platinum
complex 9 proved to be stable in the experimental setting used, with more than 90% of the
parent compound remaining intact after 72 h (see Figure 543).

The [Aul;,]* complex 12 showed an overall higher stability than the platinum
derivatives. No signs of decomposition could be observed over 72 h of incubation
(Figures 5 and S40). In the case of [AuLlI] 11, a fast I/Cl exchange to 10 (12.3%) and
ligand scrambling to 12 (4.5%) already took place at t = 0 h. In the course of 72 h, the
proportions changed to 58.2% 12 and 3.1% 10, respectively (Figure S41). For [AuLCl] 10,
besides the transformation to 12 (1.0% at t =4 h — 18.7% at t = 72 h), a slow glutathione
(GSH) adduct formation from 0.8% at t =1 h to 9.1% at t = 72 h could be observed
(Figure S42). These findings are well comparable with the data obtained for other Au(I)-
NHC complexes [45].
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Figure 5. Reactivity of compounds 5, 7, and 9-12 (0.5 mM) toward GSH (5 equiv.) in ACN/PBS
(pH 7.4) = 50:50 (v/v). (A) HPLC chromatograms at t7,, (B) Decrease of initial complex over 72 h of
incubation at rt as calculated from the chromatograms recorded at 254 nm.
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2.4. Reactivity toward GSH and 5'-Guanosine Monophosphate (5'-GMP)

The time-dependent reactivity of the Pt(Il)/ Au(I)-NHC complexes 5, 7, and 9-12
toward the biologically relevant nucleophiles GSH and 5-GMP at physiological pH (PBS,
pH 7.4) have been investigated to gain further insights into the mechanism of action
of the compounds. The RP-HPLC method used allowed the discrimination of formed
adducts/degradation products from the initial complexes.

GSH is a strong nucleophile and reducing agent present in the human body that is
known to react with metal complexes and is, to a large extent, responsible for the cellular
deactivation of cisplatin [60]. The results from the incubation experiments conducted with
complexes 5, 7, and 9-12 (0.5 mM) with GSH (5 equiv.) in ACN/PBS (pH 7.4) = 50:50 (v/v)
are depicted in Figure 5, as well as in Figures 544-S52.

The [AuLCl] complex (10) reacted with GSH with adduct formation of 42.5% already
at t = 0 h. This amount remained unchanged over the observed time period (72 h). Of
the remaining unbound complex (57.5%), 3.6% transformed to 12 via ligand scrambling
during a period of 72 h (see Figure S44). An exchange of PBS to water led to a complete
formation of the GSH adduct at t = 0 h (Figure 545). Complex 11 proved to be relatively
stable against a GSH attack. After 72 h, 2.7% of the GSH adduct, 9.5% of [AuLCl] (10),
and 4.5% of [AuL,]* (12) were formed (see Figure 546). These results coincide with recent
observations for related [Au(NHC)Cl/I] complexes [45].

Interestingly, the cationic [Aul;]* complex 12 showed some reactivity towards GSH,
in contrast to previous observations for such type of compound [39,45,61,62]. After 1h, a
peak, which could be assigned to the free ligand, was detected. Its amount increased from
1.5% to 8.2% over 72 h. After 24 h, the chlorido complex 10 and the GSH adduct were also
present at amounts of 3.2% and 1.3%, respectively. Their amounts increased to 6.6% and
2.0% after 72 h (see Figure S547). When the experiment was repeated in ACN/water, no
degradation of 12 occurred (see Figure 548). This suggests that the minimal amounts of
free ligand, complex 10, and its GSH adduct observed in the ACN/PBS setting are caused
by the high concentration of C1~ in the solution [45].

The neutral platinum complexes cis-[PtL,Cl,] (5) and cis-[PtL,1;] (7) rapidly reacted
with GSH in ACN/PBS solution. Att=0h, only 68.5% of 5 and 2.2% of 7 were detectable
in the chromatograms. A complete degradation of 5 was observed after 4 h (Figure 549)
and in the case of 7 after 1 h (Figure S50).

The tris(carbene) complex 9 proved to be more stable under the conditions used.
A slow degradation started at t = 4 h; after 72 h, 82.15% of the complex was still intact
(Figures 5 and S51). The high chloride concentration in PBS diminished the coordination of
GSH to platinum because, in ACN/water, GSH exchanged the C1™ leaving group within
24 h by 76.3% and sustained this amount during the incubation to t = 72 h (Figure S52).

Since DNA is regarded as one of the main targets for platinum(ll) containing
drugs [63-66], it is also of interest to investigate the DNA binding activity of the Pt(II)-NHC
complexes of the benzimidazol-2-ylidene type and their corresponding Au(I)-NHC analogs.
The reaction with the nucleotide 5'-GMP is a simple and commonly used model to assess
the ability of metal complexes to coordinate to DNA bases. Accordingly, compounds 5, 7,
and 9-12 were incubated with 5-GMP (5 equiv.) in ACN/PBS (pH 7.4) = 50:50 (v/v) and
potential reaction products were monitored via RP-HPLC over 72 h.

None of the Au()-NHC complexes showed interaction with 5-GMP
(Figures 6 and S53-560). Even in a chloride-free ACN/water mixture, complex 10 did
not interact with 5-GMP (see Figure S56). In case of complex 11, I/Cl exchange (—
10: 9.9% after 72 h) and ligand scrambling to 12 (15.9% after 72 h) was observed (see
Figures 6 and S54).
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Figure 6. Reactivity of compounds 5, 7, and 9-12 (0.5 mM) toward 5'-GMP (5 equiv.) in ACN/PBS

(pH 7.4) = 50:50 (v/v). (A) HPLC chromatograms at ty,},. (B) Decrease of initial complex over 72 h of
incubation at rt as calculated from the chromatograms recorded at 254 nm.

The Pt(II)-NHC complexes 5 and 7 rapidly reacted with 5°-GMP (>60% already at
t =0 h), and the parent compounds could no longer be detected after 4 h of incubation. A
third NHC ligand slowed down the reaction kinetic. After 4 h of incubation, more than 60%
of the tris(carbene) complex 9 was still detectable. This amount decreased to 29.7% after
24 h, reaching a plateau (see Figure S59). The dependence of the reaction kinetic on the
presence of chloride was again demonstrated in this experiment. The exchange of PBS to
water led to a faster reaction with a complete disappearance of the parent compound after
24 h (Figure S60). These incubation experiments suggest that the new tris(carbene) complex
9 interacts faster with 5-GMP compared to GSH. This presumption was also confirmed in
a competitive experiment where 9 was co-incubated with equal amounts of 5-GMP and
GSH in ACN/water = 50:50 (v/v) (Figure S61).

2.5. Interference with Double Stranded Plasmid-DNA

The cell-free double stranded (ds) DNA plasmid electrophoretic assay is a straightfor-
ward method to obtain some preliminary insight into a compound’s capacity for interacting
with DNA. All interfering effects of medium constituents and influences of cellular accu-
mulation or defense mechanisms are excluded, and the direct impact of the compounds on
pSPORT1 plasmid dsDNA can be examined.

DME, which served as a vehicle for dissolving the evaluated complexes, was tested as
a control (labeled as DMF in Figure 7). The resulting electropherogram was comparable
to untreated controls, indicating that DMF has no influence on the DNA plasmid. Only a
somewhat intensified band corresponding to an open circular plasmid was observed, which
might suggest a certain incidence of single strand breaks. This solvent effect, however, does
not have an impact on the interaction of Pt(Il) / Au(I)>NHC complexes (conc. 15 uM) with
the supercoiled form.

blank DMF Cs 5 7 9 10 11 12

Figure 7. Electropherograms of dsDNA plasmid pSPORT1 incubated with 15 uM of Pt(II)-/ Au(I)-
NHC compounds 5, 7, and 9-12, cisplatin (Cis), DMF (vehicle control), and nuclease-free water
(blank) after 4 h of incubation at 37 °C.

Cisplatin (Cis) caused an untwisting open circular form after 4 h of incubation, indi-
cated by a significant DNA band shift (see Figure 7) [32,67]. The DNA band shift pattern
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caused by the Pt(II)-NHC complexes strongly differ from that of cisplatin. Cis-[PtL,Cl;]
(5) transferred the dsDNA from the supercoiled to the linear plasmid form, similar to
cis-[PtLyI5] (7). In the latter case, however, a weak band of the supercoiled form is still
present. Notably, the tris(carbene) complex 9 completely destroyed the structure of the
dsDNA and only one newly formed band can be seen after 4 h of incubation. This might
be the consequence of different modes of DNA binding (monofunctional (9) vice versa
bifunctional (5, 7)).

No DNA interaction could be verified for the Au(I)-NHC complexes 10-12. The
obtained bands are comparable to that of the vehicle control (DMF).

Overall, the dsDNA plasmid electrophoretic assay confirmed that the platinum species
5,7, and 9 are susceptible to DNA interactions in contrast to their gold analogues 10-12.
Nevertheless, the Pt(II)-NHC complexes altered the electrophoretic mobility of DNA in a
different way than cisplatin, suggesting a distinct mode of DNA binding.

2.6. In Vitro Cytotoxicity

The antiproliferative activity of the Au(l)/Pt(I[)-NHC complexes (5, 7, and 9-12) was
evaluated in the ovarian carcinoma cell line A2780wt and its corresponding cisplatin-
resistant subvariant A2780cis. The established metallodrugs cisplatin and auranofin were
also examined for comparison.

The cell lines represent the model of choice as the platinum-based drugs cisplatin or
carboplatin are used in first-line chemotherapy of ovarian carcinoma [68,69]. For auranofin
(and related gold complexes), promising activity against this malignancy was also docu-
mented [70,71]. Furthermore, ovarian cancer resistance to existing treatments is becoming
more common [72,73] and, thus, new metallodrugs are needed for second-line therapies.

The in vitro cytotoxicity of the compounds was assessed using the colorimetric MTT
assay to determine the metabolic activity of the cells. The obtained ICsg values as well as
the calculated resistance factor (RF) are summarized in Table 2 (see Figures 562 and S63 for
concentration-effect curves).

Table 2. Metabolic activity in A2780wt and A2780cis cells determined with an MTT assay as well as
the resulting resistance factor (RF).

Metabolic Activity IC50 ? [uM] REP
Compound
A2780wt A2780cis x-Fold
Ligand 2 >40 >40 -
5 >6.25 >6.25 -
. 7 >6.25 >6.25 -
Platinum(T) 9 0.63 £ 0.18 114 £0.32 1.82
cisplatin 0.87 + 0.46 10.56 + 2.16 12.17
10 431 +1.29 6.69 + 1.55 1.55
11 1.02 = 0.59 1.28 +0.44 1.25
Gold(D) 12 0.09 4+ 0.05 0.11 + 0.05 1.21
auranofin 1.04 £+ 0.49 2.31 £ 0.65 2.22

@ The ICsp value represents the concentration causing 50% decrease in metabolic activity after 72 h of drug

exposure and is calculated as the mean & SEM of six independent experiments. b Resistance factor (RF), calculated
as RF = ICsy(A2780cis)/ICsy(A2780wt).

The gold complexes 10-12 caused a concentration-dependent decrease of the metabolic
activity in both cell lines with slightly higher ICs, values obtained in the A2780cis cells.
The most active compound was the cationic bis(carbene) gold complex 12 with ICs, values
of 0.09 uM (A2780wt) and 0.11 uM (A2780cis), respectively. This means that 12 possesses
12 /21-times higher activity than auranofin and 10/96-times higher activity than cisplatin
in these cell lines. These findings are in a good agreement with previous studies on
[Au(NHC),]* complexes [38,39,74,75]. Complex 11 showed a higher cytotoxicity than 10
in both cell lines, which could be the result of higher cellular accumulation and/or faster
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transformation to the more active complex 12 upon ligand scrambling (see Section 2.3 and
refs. [38,43,44]).

The low water solubility limited the examination of the neutral Pt(II)-NHC complexes
5 and 7. They could only be tested up to a concentration of 6.25 uM, which was not
sufficient to cause a notable decrease in cellular metabolic activity. At higher concentrations,
precipitation took place upon dilution with cell culture medium. It should be mentioned
that the recommended DMF concentration (<0.5%) for cell culture experiments must not
be exceeded.

The tris(carbene) platinum complex 9 demonstrated high cytotoxicity with ICsj values
in the lower micromolar range in both cell lines (0.63 M (A2780wt) and 1.14 uM (A2780cis),
respectively). Notably, this compound exhibited only a 1.82-fold decrease (vs. 12.2-fold
for cisplatin) in activity on A2780cis, compared to A2780wt cells and circumvent cisplatin
resistance. The distinctly higher cytotoxicity in A2870cis cells compared to cisplatin might
be the consequence of a higher accumulation in the cells or, more likely, of different DNA
binding properties, as demonstrated in the DNA plasmid assay (vide supra). It seems that
the DNA binding of 9 is not recognized by DNA repair mechanisms.

To evaluate the selectivity toward cancer cells, compounds 5, 7, and 9-12 were addi-
tionally tested in human fibroblast cells. Complexes 9-12 were significantly less active in
non-cancerous cells compared to A2780wt cells when tested at the same concentrations
(Figure 8). As expected, the low solubility also limited the effects of 5 and 7 in fibroblasts.
Comparable to A2780cis cells, no reduced viability was observed up to a concentration of
6.25 uM.

S 7.9 101 12 Jc

D okkk
ik 3***

*** = p<0.001
ns = not significant

Conc. [pM]

Figure 8. Metabolic activity in non-cancerous fibroblast cells vs. A2780wt cells determined in an MTT
assay. Values were calculated as the mean + SEM of four independent experiments.

3. Materials and Methods
3.1. Materials

Chemical reagents and solvents were purchased from commercial suppliers (Sigma-
Aldrich (St. Louis, MI, USA), BLDpharm (Cincinnati, OH, USA), Fluka (Buchs, Switzer-
land), Alfa Aesar (Ward Hill, MA, USA), and Abcr (Karlsruhe, Germany)) and were used
without further purification. Thin layer chromatography was carried out on Polygram®
SIL G/UV254 (Macherey-Nagel (Diiren, Germany)) pre-coated polyester sheets; the spots
were visualized by UV light (254 nm). For column chromatography, silica gel 60
(0.040-0.063 mm, VWR) was used. NMR spectra were recorded on a Bruker (Billerica,
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MA, USA) Avance 4 Neo 400 MHz spectrometer at 400.13 (H), 100.62 (13C), 161.98 (3'P),
376.46 MHz (*°F), and 85.88 (1°Pt) MHz in CDCl3 or DMSO-dg (purchased at Eurisotop
(Saint-Aubin, France)) at an ambient temperature. Chemical shifts (0) are given in ppm and
were referenced relative to the internal standard TMS for 'H and '*C NMR spectroscopy,
external Na, [PtClg] for 1°Pt NMR spectroscopy, external H3POj for 3!P, and external CFCl;
for 1°F NMR spectroscopy. NMR data were processed using MestreNova 14.3.0. Infrared
spectra were obtained on a Bruker Alpha FI-IR-spectrometer with an ATR unit (attenuated
total reflection unit) in the range of 4000-400 cm . Intensities of the reported bands are
described with s for strong, m for medium, and w for weak; broad signals are additionally
specified with the letter b in front of these abbreviations. High-resolution mass spectra
(HRMS) were measured with Orbitrap Elite mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) using direct infusion and electrospray ionisation (ESI). Measurements
were conducted in positive ion mode. MS data analysis was carried out with Xcalibur.
RP-HPLC experiments (determination of purity and reactivity studies) were performed on
a Shimadzu prominence HPLC system with autosampler SIL-20A HT, column oven CTO-
10AS VP, degassers DGU-20A, detector SPD-M20A, pumps LC-20AD, and a reverse phase
C18 column (KNAUER Eurospher 100-5 C18, 250 x 4 mm). The mobile phase consisted of
ACN (HPLC-grade) and Milli Q water (Millipore GmbH, Vienna, Austria) with 0.1% TFA.
To achieve separation of the compounds, a gradient elution from 60-90% ACN/water was
used with a flow rate of 1 mL/min at an oven temperature of 35 °C. All solvents have been
degassed before use. The injection volume was 20 pL and the UV-VIS detection wavelength
was set at 254 nm. The software used for data processing was LabSolutions. The purity
(>95%) of all bio-tested compounds was confirmed by RP-HPLC.

3.2. Synthesis

A general reaction scheme is given in Scheme 2. 1,3-Diethylbenzimidazol-2-ium
iodide (1) was prepared from benzimidazole based on literature methods [42] with some
modifications. The respective chloride (2) and hexafluorophosphate (3) analogs were
obtained from 1 via salt metathesis (see the Supplementary Materials). Platinum precursor
cis-[Pt(DMSO),Cl;] [76] as well as complex 4 [50] were synthesized as described in the
literature. Cis-[Pt(DMSO),I,] was prepared similarly to cis-[Pt(DMSO),Cl,], using Ky [Ptl4]
(prepared in situ from Ky[PtCly] and KI) instead of K;[PtCly] as a starting material.

3.2.1. Synthesis of Platinum Complexes (5-9)

cis-Dichlorido[bis(1,3-diethylbenzimidazol-2-ylidene)]platinum(II) (5)

Cis-[Pt(DMSO),Cl,] (40 mg, 95 pmol, 1 equiv.), 2 (60 mg, 280 umol, 3 equiv.), and
NaOMe (23 mg, 430 umol, 4.5 equiv.) were dissolved /suspended under an argon atmo-
sphere in 4 mL of anhydrous ACN. The reaction mixture was stirred at rt for 4 h under
protection from light. The precipitate formed was collected via filtration, re-suspended in
DCM, and filtered from undissolved inorganic salts. The volume of the filtrate was reduced
by rotary evaporation, and Et;O was added to precipitate the final product, which was
collected via filtration, washed with Et,O, and dried in vacuum to give complex 5 as almost
white solid, 28 mg (48% yield). 'H NMR (400 MHz, CDCl3): § 7.41-7.34 (m, 4H, Ar-H),
7.30-7.25 (m, 4H, Ar-H), 5.06 (m, 4H, CH,), 4.65 (m, 4H, CH,), 1.46 (t, | = 7.2 Hz, 12H).
13C NMR (101 MHz, CDCly): 6 158.8 (NCN), 133.5 (Ar-Cg), 123.5 (Ar-CH), 111.0 (Ar-CH),
43.6 (CH,), 14.3 (CH3). Pt NMR (86 MHz, CDCl3): 5 —3630. ESI-HRMS(+) found (cal-
culated): m/z [M + Na*]*, 637.1147 (637.1188); [M + CH3CN-CI~]*, 619.1861 (619.1867).
FT-IR (ATR, cm™~1): 3398 bw; 2984 bw, 2966 bw; 1479 w, 1406 m, 1266 w, 1089 w; 765 s, 550
bm. Purity was calculated using HPLC (peak area): 97.5%. Characterization also in the
literature [52].

trans-Dichlorido[bis(1,3-diethylbenzimidazol-2-ylidene)]platinum(II) (6)

Complex 6 was prepared by a similar procedure as described for related compounds [52].
A total of 106 mg (500 umol, 2 equiv.) of 2 was dissolved in 30 mL of anhydrous DCM and
treated with Ag,O (83 mg, 356 umol, 1.4 equiv.). The mixture was stirred for 12 h at rt and



Inorganics 2023, 11, 293

13 of 20

under the exclusion of light. Then, 108 mg (262 umol, 1 equiv.) of pulverized K;[PtCl4]
was added and the reaction mixture was stirred for an additional 7 days. After filtration
over a pad of celite, the filtrate was concentrated under reduced pressure, and Et,O was
added to precipitate the crude product. The latter was purified via column chromatography
(DCM/MeOH = 12:1) and recrystallization from DCM to yield complex 6 as almost white
solid, 50 mg (34% yield). "H NMR (400 MHz, CDCl3): § 7.48-7.39 (m, 4H, Ar-H), 7.34-7.26
(m, 4H, Ar-H), 4.97 (q, ] = 7.3 Hz, 8H, CH,), 1.76 (t, ] = 7.3 Hz, 12H, CH3). 1*C NMR (101
MHz, CDCly): 8 178.2 (NCN), 134.0 (Ar-Cq), 122.8 (Ar-CH), 110.3 (Ar-CH), 42.4 (CHy),
15.0 (CH3). 1Pt NMR (86 MHz, CDCl3): 5 —3252. ESI-HRMS(+) found (calculated): m/z
[M + Na*]*, 637.1180 (637.1188). FT-IR (ATR, cm™~1): 2969 bw, 2934 bw; 1450 w, 1412 m,
1223 w, 1093 w; 763 s.

cis-Diiodido[bis(1,3-diethylbenzimidazol-2-ylidene)]platinum(II) (7) and trans-
Diiodido[bis(1,3-diethylbenzimidazol-2-ylidene)]platinum(II) (8)

Cis-[Pt(DMSO);1,] (121 mg, 199 pmol, 1 equiv.), 1 (151 mg, 499 umol, 2.5 equiv.),
and NaOtBu (61 mg, 635 umol, 3.2 equiv.) were dissolved/suspended under an argon
atmosphere in 18 mL of anhydrous DCM. The reaction mixture was stirred at rt for
30 h and under protection from light. The precipitate formed was collected via filtra-
tion, re-suspended in water, filtered, washed with MeOH and Et,O, and dried in vacuum
to give complex 8 as a pale yellow solid (32 mg). The volume of the filtrate was reduced
by rotary evaporation to approx. 1-2 mL and the newly formed precipitate was collected
via filtration. The latter was subjected to column chromatography with DCM as a mobile
phase to obtain pure complex 7 (68 mg) and complex 8 (10 mg).

Complex 7: almost white solid, 68 mg (43% yield). 'H NMR (400 MHz, CDCl3): &
7.41-7.33 (m, 4H, Ar-H), 7.28-7.24 (m (superimposed by the solvent peak), 4H, Ar-H), 5.21
(m, 4H, CHy), 4.56 (m, 4H, CHy), 1.58 (t, | = 7.2 Hz, 12H). ESI-HRMS(+) found (calculated):
m/z [M-I"]*, 670.0944 (670.0958); [M + CH3CN-I"]*, 711.1214 (711.1223). FI-IR (ATR,
cm™1): 2977 bw, 2931 bw; 1478 w, 1396 m, 1261 w, 1086 w; 751 s, 568 w. Purity was
calculated using HPLC (peak area): 95.5%.

Complex 8: pale yellow solid, 42 mg (27% yield). 'H NMR (400 MHz, CDCl3): 5
7.44-7.37 (m, 4H, Ar-H), 7.30-7.26 (m, 4H, Ar-H), 4.86 (q, ] = 7.3 Hz, 8H, CH), 1.71 (t,
J =7.3 Hz, 12H, CH3). 3C NMR (101 MHz, CDCl3): § 122.6 (Ar-CH), 110.3 (Ar-CH), 42.8
(CHy), 14.1 (CH3). IR (ATR, cm™1): 2975 bw, 2932 bw; 1478 w, 1408 m, 1257 w, 1091 w;
758 s, 569 w.

Chloridoltris(1,3-diethylbenzimidazol-2-ylidene)lplatinum(II)  hexafluorophos-
phate (9)

e Method A

Cis-[Pt(DMSO),Cl,] (124 mg, 293 umol, 1 equiv.), 3 (300 mg, 937 umol, 3.2 equiv.),
NaOtBu (99 mg, 1002 pmol, 3.5 equiv.), and KPFg (108 mg, 586 pumol, 2 equiv.) were
dissolved /suspended in 10 mL of anhydrous DCM in a high pressure tube and stirred
at 40 °C for 48 h. Subsequently, the mixture was filtered over a pad of celite, the volume
of the filtrate was reduced by rotary evaporation, and Et,O was added to precipitate the
crude product. The latter was purified by column chromatography (DCM/MeOH = 12:1),
followed by double recrystallization from MeOH and washing with Et,O yielding 9, a
white solid, 12 mg (11% yield). 'H NMR (400 MHz, CDCl3): § 7.51-7.41 (m, 4H, Ar-H),
7.46-7.42 (m, 2H, Ar-H'), 7.38-7.33 (m, 4H, Ar-H), 7.32-7.28 (m, 2H, Ar-H'), 4.96 (m, 4H,
CH;), 4.84 (q,] =7.2 Hz, 4H, CHy), 4.65 (m, 4H, CH}), 1.45 (t, ] =7.2 Hz, 12H, CHj3), 0.68
(t, ] =7.2 Hz, 6H, CHy). 3C NMR (101 MHz, CDCl3): § 176.6 (NCN), 154.9 (NCN"), 133.5
(Ar-Cq), 133.0 (Ar-Cq"), 124.7 (Ar-CH’), 124.2 (Ar-CH), 111.7 (Ar-CH’), 111.6 (Ar-CH), 43.9
(CHy), 43.5 (CHy), 14.5 (CH3), 13.1 (CHy). 3'P NMR (162 MHz, CDCl3): § —144.3 (septet,
2Jrp = 711 Hz). F NMR (376 MHz, CDClz): 5 —73.2 (d, ?Jp.r = 711 Hz). °°Pt NMR
(86 MHz, CDCl3): 6 —3925. ESI-HRMS(+) found (calculated): m/z [M-PFq~]*, 752.2853
(752.2807). FT-IR (ATR, cm~'): 2984 bw, 2942 bw; 1481 w, 1406 m; 1261 w, 1089 w; 836 bs
(vp.p); 744 s, 556 s. Purity was calculated using HPLC (peak area): 98.0%
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e Method B

Complex 4 (25 mg, 48 pmol, 1 equiv.), 3 (39 mg, 120 umol, 2.5 equiv.), NaOMe
(13 mg, 240 umol, 5 equiv.), and KPFg (27 mg, 140 umol, 3 equiv.) were dissolved /suspended
in 3 mL of anhydrous DCM and stirred at 30 °C for 24 h. Subsequently, the mixture was
filtered over a pad of celite, the volume of the filtrate was reduced by rotary evaporation,
and Et,O was added to precipitate the crude product. The latter was purified by column
chromatography (DCM/MeOH = 12:1), followed by recrystallization from MeOH and
washing with Et,O yielding 9 as an almost white solid, 14 mg (32% yield). Purity was
calculated using HPLC (peak area): 95.4%

3.2.2. Synthesis of Gold Complexes (10-12)

Complexes 10-12 [51] were prepared according to procedures previously established
in our group [39], which allow straightforward isolation of the products in high purity
and yield.

Chlorido[1,3-diethylbenzimidazol-2-ylidenelgold(I) (10)

A total of 125 mg (390 umol, 1 equiv.) of 3 was dissolved under an argon atmosphere
and exclusion of light in an anhydrous DCM/MeOH (3 + 3 mL) mixture and supplemented
with 64 mg (273 umol, 0.7 equiv.) of Ag,O. The resulting suspension was stirred overnight
(12 h) at rt. Then, 83 mg (1.952 mmol, 5 equiv.) of LiCl was added to the reaction mixture
together with 126 mg (429 umol, 1.1 equiv.) of [Au(S(Me),)Cl]. After stirring for additional
6 h and evaporating of the solvent, the residue was purified by column chromatography
(DCM/MeOH = 9.8:0.2). The final product 10 was obtained after recrystallization from
n-pentane as an off-white solid, 80 mg (50% yield). 'H NMR (400 MHz, CDCl3): & 7.50-7.47
(m, 2H, Ar-H), 7.47-7.42 (m, 2H, Ar-H), 4.54 (q, ] = 7.3 Hz, 4H, CHy), 1.53 (t, ] = 7.3 Hz, 6H,
CHj3). 3C NMR (101 MHz, CDCly): 8 177.4 (NCN), 132.8 (Ar-Cq), 124.4 (Ar-CH), 111.4 (Ar-
CH), 44.0 (s, CH,), 15.5 (s, CH3). ESI-HRMS(+) found (calculated): m/z [M +ACN-CI~]*,
412.1101 (412.1088). FT-IR (ATR, cm~1!): 2982 w, 2928 bw; 1459 m; 1410 m, 1084 w; 740 s,
566 w. Purity was calculated using HPLC (peak area): 99.4%. Detailed characterization also
in the literature [51].

Iodido[1,3-diethylbenzimidazol-2-ylidene]gold(I) (11)

A total of 25 mg (61 pmol, 1 equiv.) of 10 was dissolved in 5 mL of anhydrous acetone
and stirred together with 92 mg (614 umol, 10 equiv.) Nal for 8 min at rt. The solvent was
removed under reduced pressure, and the residue was taken up in DCM and subsequently
filtered through a pad of celite to separate the remaining salts (Nal/NaCl) from 11. The
filtrate was evaporated to dryness and recrystallized from n-pentane to yield 11 as a yellow
solid, 22 mg (88% yield). 'H NMR (400 MHz, CDCl3): § 7.51-7.48 (m, 2H, Ar-H), 7.47-7.26
(m, 2H, Ar-H), 4.56 (q, ] = 7.2 Hz, 4H, CH,), 1.55 (t, ] = 7.3 Hz, 6H, CH3). '3C NMR (101
MHz, CDCl3): 6 187.1 (NCN), 132.7 (Ar-Cg), 124.5 (Ar-H), 111.4 (Ar-H), 43.6 (CHy), 15.5
(CHj3). ESI-HRMS(+) found (calculated): m/z [M + ACN-I~]*, 412.1088 (412.1088). FT-IR
(ATR, cm™1): 2960 bw, 2922 bm; 1480 m, 1446 m, 1407 m, 1082 m; 740 s, 562 m. Purity was
calculated using HPLC (peak area): 98.9%. Characterization also in the literature [51].

Bis[1,3-diethylbenzimidazol-2-ylidenelgold(I) hexafluorophosphate (12)

A total of 200 mg (625 umol, 1 equiv.) of 3 was dissolved under an argon atmosphere
and exclusion of light in an anhydrous DCM/MeOH (3 + 3 mL) mixture and supplemented
with 101 mg (437 umol, 1.4 equiv.) of Ag,0. The resulting suspension was stirred overnight
(12 h) at rt. Then, 92 mg (312 umol, 1 equiv.) of [Au(S(Me),)Cl] was added and the mixture
was stirred for another 120 h. After evaporating of the solvent, the residue was purified by
column chromatography (DCM/MeOH = 9.8:0.2) to remove remaining ligand or eventually
formed 10. After recrystallization with n-pentane, the pure complex 12 was collected as
a yellowish solid, 125 mg (64% yield). 'H NMR (400 MHz, CDCl3): 5 7.61-7.55 (m, 4H,
Ar-H), 7.51-7.26 (m, 4H, Ar-H), 4.64 (q, ] = 7.3 Hz, 8H, CHy), 1.65 (t, ] = 7.3 Hz, 12H, CH3).
13C NMR (101 MHz, CDCl;): § 189.6 (NCN), 133.0 (Ar-Cy), 125.0 (Ar-C), 111.66 (Ar-C),
44.04 (CHy), 16.01 (CH3). 3'P NMR (162 MHz, CDCl3): § —144.36 (septet, ?Jrp = 710 Hz).
1F NMR (376 MHz, CDCl3): & —73.6 (d, ?Jp.p = 712 Hz). ESI-HRMS(+) found (calculated):
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m/z [M-PFg~]*, 545.1988 (545.1979). FT-IR (ATR, cm~1): 2963 w, 2923 bm; 1480 m, 1420 m,
1089 w; 827 bs (vp.p); 766 s, 556 s. Purity was calculated using HPLC (peak area): 99.7%.
Characterization also in the literature [51].

3.3. HPLC Investigations

To investigate the stability of the complexes in pure organic solvents (ACN, DMF, and
DMSO), 0.5 mM solutions were used. For the other stability studies, DMF or ACN stocks
of the respective compounds (1.0 mM) were prepared and diluted with Milli Q water or
RPMI 1640 (w/o FCS) 50:50 (v/v), respectively.

For experiments with relevant biomolecules (5 "-GMP, GSH), an ACN/PBS (or water)
mixture was prepared as follows: a 1.0 mM stock solution of the respective complex
was made in ACN and diluted 50:50 (v/v) with PBS (water) solution containing 5.0 mM
GSH or 5-GMP to reach a final concentration of 0.5 mM complex and 2.5 mM GSH or
5'-GMP, respectively.

All the solutions were incubated for 72 h at rt. Samples (20 pL each) were taken at
appropriate time points (t=0h (1.5min), 1 h, 4 h, 8 h, 24 h, 48 h, and 72 h) and analyzed via
RP-HPLC (see Section 3.1). The chromatograms were displayed with the program Origin
Pro 2018 (Origin LabCorporation, Northampton, MA, USA).

3.4. X-ray Crystallography

For single crystal structure analysis, crystals were measured into a stream of cold Nj
inside a Bruker D8 Quest diffractometer (Photon III C14). The instrument was equipped
with an Incoatec Microfocus source generator (multi layered optics monochromatized
Mo-K radiation, A = 71.073 pm). Multi-scan absorption corrections were applied with the
program SADABS-2014/5. SHELXT and SHELXL programs [77,78] were used for structure
solution and refinement. Further details about crystal data, data collection parameters, and
structure refinement are given in the Supplementary Materials (see Tables 51-57). CCDC
2267764-2267770 contains additional crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data Centre.

3.5. Electrophoretic Double Stranded DNA Plasmid Assay

A total of 2 pL (conc. 0.5 pg/uL) of pSportl (4109 bp) plasmid was mixed with 2 uL
of each test compound (150 M in DMF) and diluted with 16 uL of nuclease-free water to
reach a final concentration of 15 uM. Subsequently, this mixture was incubated for 4 h at
37 °C under gentle shaking. Samples were loaded with gel loading buffer on an agarose gel
(0.5% (w/v) in 1 x Tris-acetate-EDTA (TAE) buffer + 0.004% Midori Green Advance). The
following running parameters were used: 95 min at 3 V/ecm~! in 1 x TAE buffer. Images
were visualized under UV light (254 nm).

3.6. Cell Lines

The ovarian carcinoma cell lines A2780wt and A2780cis were kindly provided by
the Department of Gynaecology, Medical University, Innsbruck. To maintain resistance,
A2780cis cells were incubated fortnightly with 1 uM of cisplatin. The fibroblasts were
kindly provided by the Department of Internal Medicine V, Medical University Inns-
bruck. The cell lines and the fibroblasts were cultivated in RPMI 1640 without phenol red
(BioWhittaker, Lonza, Walkersville, MD, USA), supplemented with L-glutamine (2 mM),
FCS (10%) (all from Invitrogen Corporation, Gibco, Paisley, UK), Penicillin (100 U mL™1),
and Streptomycin (100 pg mL ') at 37 °C in a 5% CO,/95% air-humidified atmosphere,
and fed/passaged twice weekly.

3.7. Cytotoxicity Assays and Data Analysis

The exponentially growing cells were seeded at a density of 8000 cells/well (A2780wt,
A2780cis, and fibroblasts) into clear flat-bottom 96-well plates in triplicates. Following 24 h
of incubation at 37 °C in a humidified atmosphere (5% CO,/95% air), stock solutions of



Inorganics 2023, 11, 293

16 of 20

the test compounds were prepared in DMF, serially diluted with completed medium to
the respective concentrations, and added to the cells (final DMF content did not exceed
0.5%). After another 72 h of incubation, the cellular metabolic activity was measured as an
indicator of cell viability employing a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. An MTT solution (in PBS) at a final concentration of 0.5 mg/mL
was applied and the incubation was continued for 3 h at 37 °C. After medium aspiration,
200 pL of DMSO were added to each well to dissolve the formed formazan crystals. The
absorbance (A) of the solution was recorded at 570 nm and 690 nm (turbidity assessment)
using the EnSpire microplate reader (Perkin Elmer, Waltham, MA, USA). Solvent-treated
cells without compound served as a positive control. Metabolic activity was calculated by
the following equation:

Metabolic Activity % =
Ar (control)

At (sample)] % 100

A1 = As570 nm — A690 nm

The IC5( values were calculated with GraphPad Prism 8.0 (GraphPad Software, Boston,
MA, USA) using nonlinear regression. Data were analyzed by ordinary one-way ANOVA
test (after normal distributions of data were verified by the Shapiro-Wilk test). Statistical
significance was set at p < 0.05. Significance levels of p < 0.001 are denoted in the graphs by
a triple asterisk.

4. Conclusions

A series of Pt(II)- and Au(I)-NHC complexes of the benzimidazol-2-ylidene type
were synthesized and characterized in detail by various techniques. To elucidate the role
of the metal center on the physicochemical and biological properties of the compounds,
their stability in cell culture medium and in the presence of relevant biomolecules as
well as their in vitro cytotoxicity and interactions with plasmid DNA were investigated.
Trans-configured platinum complexes 6 and 8 displayed very poor solubility and could not
be included in the studies.

Cationic [PtL3Cl]* and [AuL;]* complexes (9 and 12) exhibited high stability in cell
culture medium with > 90% of the complex remaining intact after 72 h of incubation. In
contrast, neutral platinum species 5 and 7 showed fast decomposition in this experimental
setting and the parent compounds were no longer detectable after 4 h. The [AuLCl/I]
complexes 10 and 11 showed chloride-dependent adduct formation with GSH and, to some
extent, ligand scrambling to 12.

Complexes 9 and 12 displayed the highest cytotoxic activity in this series on both
wild-type and cisplatin-resistant ovarian carcinoma cell lines with ICsy values in the low
micromolar range. Notably, these compounds were capable of circumventing acquired
resistance to cisplatin in the model used and showed selectivity toward cancer cells com-
pared to non-cancerous fibroblasts. The lower activity (ICsy > 6.25 uM) observed for the
other platinum species tested (5 and 7) could be related to their low stability in biological
media and solubility limitations.

Finally, all the Pt(II)-NHC complexes tested formed 5'-GMP adducts under physiolog-
ically relevant conditions and interacted with dsDNA, in contrast to their Au(l) analogs,
supporting distinct mechanisms of action dependent on the metal center.

The results obtained in this study suggest that complex 12 and the new tris(carbene)
compound 9 represent promising lead structures for further optimization as anticancer
drug candidates. Furthermore, obtaining better water-soluble NHC complexes is necessary
to facilitate the subsequent preclinical development of this type of compounds and is part
of a forthcoming project.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics11070293/s1, Figures S1-57: HPLC chromatograms of 2,
5,7, and 9-12 dissolved in ACN; Figures S8-517: TH NMR spectra of 2 and 4-12 recorded in CDCl3;
Figures S18-5S25: 13C NMR spectra of 2, 4-6, and 9-12 recorded in CDCl3; Figure 526: 195p NMR
spectra of 5, 6, and 9 recorded in CDCl3; Figure S27: ESI-HRMS spectrum of 9; Figures S28-530: X-ray
structures of 1, 5, and 10; Tables S1-S7: Crystal data and structure refinement for 1, 5, 6, 8-10, and
12; Figures S31-S33: HPLC chromatograms of 5, 7, and 9 incubated in DMSO up to 72 h; Figure S34:
HPLC chromatograms of complexes 5, 7, 9, 10, and 12 in DMF upon 72 h of incubation; Figure S35:
HPLC chromatograms of 9 incubated in DMF/water = 50:50 (v/v) up to 72 h; Figure S36: HPLC
chromatograms of complexes 5,7, 9, 10, and 12 in ACN at t = 72 h incubation time; Figure S37: HPLC
chromatograms of 7 incubated in ACN up to 72 h; Figures S38-543: HPLC chromatograms of 5, 7,
and 9-12 over 72 h of incubation in ACN/RPMI 1640 (w/o FCS) = 50:50 (v/v); Figures S44 and S45:
HPLC chromatograms up to 72 h incubation time of 10 dissolved in ACN/PBS(or water) = 50:50 (v/v)
in the presence of 5 eq. GSH (red.); Figures S46 and 547: HPLC chromatograms up to 72 h incubation
time of 11 and 12 dissolved in ACN/PBS = 50:50 (v/v) in the presence of 5 eq. GSH (red.); Figure
548: HPLC chromatograms up to 72 h incubation time of 12 dissolved in ACN/water = 50:50 (v/v) in
the presence of 5 eq. GSH (red.); Figures 549-551: HPLC chromatograms up to 72 h incubation time
of 5,7, and 12 dissolved in ACN/PBS = 50:50 (v/v) in the presence of 5 eq. GSH (red.); Figure S52:
HPLC chromatograms up to 72 h incubation time of 9 dissolved in ACN/water = 50:50 (v/v) in the
presence of 5 eq. GSH (red.); Figures S53-555: HPLC chromatograms up to 72 h incubation time of
10-12 dissolved in ACN/PBS = 50:50 (v/v) in the presence of 5 eq. 5’-GMP (at pH 7.4); Figure S56:
HPLC chromatograms up to 72 h incubation time of 10 dissolved in ACN/water = 50:50 (v/v) in the
presence of 5 eq. 5°-GMP (at pH 7.4); Figures S57-S59: HPLC chromatograms up to 72 h incubation
time of 5, 7, and 9 dissolved in ACN/PBS = 50:50 (v/v) in the presence of 5 eq. 5"-GMP (at pH 7.4);
Figure S60: HPLC chromatograms up to 72 h incubation time of 9 dissolved in ACN/water = 50:50
(v/v) in the presence of 5 eq. 5"-GMP (at pH 7.4); Figure S61: HPLC chromatograms of 9 co-incubated
with 5°-GMP and GSH; Figures 562 and S63: A2780wt/cis: Concentration-effect curves of 5,7, 9-12,
cisplatin, and auranofin.
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