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We report the results of a comparative study of the biological activity of a series of gold()), palladium(i) and

ruthenium(i) complexes containing deprotonated thio- and selenoureato ligands. A library of compounds

was prepared and characterised by spectroscopic methods and the solid-state structures of several

derivatives were determined by single crystal X-ray diffraction. The in vitro activity of these compounds
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Introduction

Acylselenoureas and acylthioureas of the type ArC(O)NHC(E)NR,
(E =S, Se) have been known since the early 19" century™* and
their metal complexes, particularly those with acylthiourea
ligands, have been thoroughly investigated for a number of
applications.®® For example, some acylthio- and acylselenoureas
have been used for the extraction of gold from aqueous solu-
tions.” Gold(1) complexes, especially those with phosphine
ligands, are known to display biological activity.* ** A cytotoxicity
study of a series of gold(i) triethylphosphine complexes
[Au(x)PEt;] (X = Cl, Br, CN, SCN, or thiolato ligand) revealed that
the sulfur containing complexes exhibited a higher activity com-
pared to those containing halide ligands.’® We have observed
similar results in several gold(i) phosphine or N-heterocyclic
carbene complexes containing heterocyclic sulfur ligands.'>"®
There are several reports describing studies of acylthiourea palla-
dium complexes focusing on their anti-microbial,’” fungicidal,'®
thermal'® or mesomorphic®® properties. Palladium(i) complexes
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was evaluated in mammary and ovarian carcinoma, acute lymphatic and acute and chronic myeloid leu-
kemia cell lines. At lower concentrations Ru- and Pd-containing compounds displayed stronger anti-
cancer effects than the gold compounds. In all cases, the selenium derivatives proved to be more active
than the corresponding sulfur compounds.

with phenanthroline or its derivatives can intercalate with DNA
thus exhibiting significant in vitro anti-tumour activity.*>'*>'">*
The anticancer activity of palladium complexes has recently
been subject of a detailed review.>* Apart from some homoleptic
bis(selenoureato) palladium(u) complexes, there are only very
few examples of heteroleptic Pd(u) derivatives containing monoa-
nionic acylselenoureas.® Ruthenium compounds, in particular
organometallic arene ruthenium(u) species, are emerging as a
new class of promising anti-tumour active substances.®'*>>"
Ruthenium complexes with selenoureato ligands are unknown
and only a few complexes with monoanionic thioureato ligands
have been reported, although none have been examined for
their biological properties.**® Given our interest in the study of
biologically active metal complexes with chalcogen
ligands,">"®*"** we wished to carry out a comparative study of a
family of compounds containing metal centres with known anti-
cancer activity [Au(PTA), Pd(1,10-Phen) and Ru(p-cymol)] in com-
bination with both acylthio- and acylselenoureato ligands.

Results and discussion
Synthesis and crystal structures

The new selenourea N,N-diethyl-N'-4-nitrobenzoylselenourea
(denoted hereafter as HL®®) was prepared from KSeCN, 4-nitro-
benzoyl chloride and Et,NH in CH,Cl, in the presence of
PEG-400 as phase-transfer catalyst following a literature pro-
cedure.” Orange crystals of the pure material were obtained in
about 35% yield after recrystallisation from EtOH.
Alternatively, the compound can also be obtained in similar
yield using the original method of Douglass." The known
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thiourea N,N-diethyl-N'-4-nitrobenzoylthiourea (denoted here-
after as HL®) was prepared analogously from KSCN, 4-nitro-
benzoyl chloride and Et,NH in acetone. The identity and purity of
HLS® was confirmed by 'H, *C and "’Se NMR spectroscopy as
well as by single crystal X-ray diffraction. The molecular struc-
ture of the compound is shown in Fig. 1. Overall, the bond dis-
tances and angles of HL> (Table S1t) are similar to those
reported for PhC(O)NHC(Se)NEt, *® with some minor differ-
ences, which are detailed in the following section. The C=0
and C=Se units in HL5® lie almost perpendicular to each
other (dihedral angle Se-C-N-C = 90.2°), whilst in the Ph-
derivative this angle is approximately 108°.*® Furthermore, the
Ph-derivative forms dimers through intermolecular H-bonds
between the NH group and the selenium atom in the solid-
state, whereas HL®® forms an infinite chain through N-H---O
hydrogen bonds [N(H)---O = 2.905(3) A]. In HL® similar features
can be observed: infinite chain formation through N-H-:.-O
hydrogen bonds [N(H)--O = 2.915(2) A] and perpendicular
C=0 and C=S units (dihedral angle S-C-N-C = 91.1°)."’

Fig. 1 Molecular structure of N,N-diethyl-N’'-4-nitrobenzoylselenourea
HLS®. Ellipsoids show 30% probability levels. Hydrogen atoms have been
omitted for clarity.
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The seleno- or thioureas HL*® and HL® react with [AuCl
(PTA)] (PTA: 1,3,5-triaza-7-phosphaadamantane) in the pres-
ence of base to give neutral gold(r) PTA complexes containing
the deprotonated seleno- or thioureato ligands (Scheme 1).
Similarly, the reaction of HL®® and HL® with cis-[PdCl,(1,10-
Phen)] in the presence of base affords the cationic Pd(u)
species  cis-[Pd{4-0,NC¢H,C(O)NC(E)NEt,}(1,10-Phen)]" (E =
S, Se), which were isolated as their PF, salts as shown
in Scheme 1. The organoruthenium(u) complexes [Ru{4-
0,NC¢H,C(O)NC(E)NEt,)(p-cymol)(PPh;)|PFs (E = S, Se) were
prepared from the reaction of [RuCl,(p-cymol)], with the
corresponding ligand in the presence of Ph;P, base and
NH,PF; (Scheme 1).

The compounds were characterised by 'H, *C, 7’Se and
31p NMR spectroscopy, electrospray mass spectrometry and
several derivatives also by X-ray crystallography. In the gold(i)
complexes the monoanionic thio- or selenoureato ligands co-
ordinate only via the sulfur or selenium atom to the gold(i)
centre. In case of the ruthenium and palladium species, biden-
tate coordination of both chalcogen atoms of the thio- and
selenourea ligands is observed. In all the compounds reported
here, the thio- or selenourea ligands are deprotonated, which
is evident from the disappearance of the signal for the N-H
proton in the "H NMR spectra of the compounds. For the gold
derivatives, a shift of the position of the singlet due to the PTA
ligand in the *'P NMR spectra is observed upon coordination
of the seleno- or thioureato ligands. This resonance is
observed at —52.0 ppm in [AuCl(PTA)] and at —51.7 and
—49.8 ppm in the thio- and selenoureato derivatives, respect-
ively. In addition, the *C NMR signals of the quaternary
carbon atom bound to the sulfur or selenium atom are shifted
to 176.8 (S) or 167.1 (Se) ppm to higher field upon coordi-
nation. Whilst the ”7Se NMR signal for the unbound sele-
nourea is found at 502 ppm, that of the gold selenoureato
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Fig. 2 Molecular structures of [Ru{4-O,NCgH4C(O)NC(S)NEt,}(p-cym)(PPh3)]PFs and [Ru{4-O,NCgH,4C(O)NC(Se)NEt,}(p-cym)(PPh3)]PFs. Ellipsoids
show 50% probability levels. Hydrogen atoms and the PFg~ anions have been omitted for clarity.

species is observed at 244 ppm and that of the ruthenium
derivative is shifted upfield to —26 ppm. Unfortunately, the
palladium species were not soluble enough to obtain any ”’Se
NMR spectra. The metal compounds were stable in solution
for at least 48 h, as observed by NMR spectroscopy.
Furthermore, we did not observe any ligand exchange reac-
tions in dmso solutions. X-ray quality crystals of two ruthe-
nium and palladium complexes were obtained and studied by
X-ray diffraction. In the organoruthenium complexes (Fig. 2),
the typical piano stool conformation about the metal centre is
observed. The metal is thus bound to the arene ring (in n°
fashion), the chelating thio- or selenoureato ligand as well as
to the phosphorus atom of the PPh; ligand. The presence of
four different atoms around the metal centre results in metal-
centred chirality. The O-Ru-E angles (E = S, Se) are comparable
to those reported for homoleptic, octahedral ruthenium(m)
tris(chelate) complexes.>® The distances between the ruthe-
nium atom and the centre of the arene rings (S 1.745 A, Se
1.746 A) are typical for such n°-arene ruthenium compounds.*®

The palladium complexes (Fig. 3) show square-planar coordi-
nation with one bidentate chalcogenoureato and a 1,10-phe-
nanthroline ligand bound to the metal. In both the ruthenium
and the palladium compounds, the chalcogenoureato ligands
are nearly planar due to electron delocalisation in the ligand
backbone. A comparison of the two C-N distances as well as
the C-O and C-Se bond lengths of the free and coordinated
ligand, shows that upon coordination to the metal atom the
NH-C=Se unit is transformed into an N=C-Se~ moiety
(the selenolato tautomer). The C-Se bond distance increases
from 1.82 A to 1.88 A (Pd) or 1.90 A (Ru) which is in agreement
with  literature data for ruthenium-p-phenylselenido
compounds.*® Due to the slightly smaller radius of the sulfur
atom, the analogous bond distances in the sulfur complexes
are correspondingly shorter. The C-S bond distance increases
from 1.66 A (HLS) to 1.73 A in the complex. In contrast, the
C=O0 and C(O)N bond distances remain virtually unchanged
upon coordination when compared with those of the free
seleno- or thiourea, respectively. A table listing important

Fig. 3 Molecular structures

This journal is © The Royal Society of Chemistry 2018

of cis-[Pd{4-O,NCgH,C(O)NC(S)NEt,}(1,10-phen)]PF¢
Ellipsoids show 50% probability levels. Hydrogen atoms, the PF¢~ anions as well as the dmso of solvation have been omitted for clarity.

and cis-[Pd{4-O,NCgH,C(O)NC(Se)NEt,}(1,10-phen)]PFs.
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bond distances and angles of the metal complexes and the
thio- and selenourea ligands is included in the ESL}

Biological studies

The biological activity of HLS, HL®® as well as selected Au(i),
Pd(n) and Ru(u) complexes including their chlorido-precursors
(Chart 1) and cisplatin as further control was determined by
their effect on proliferation, metabolic activity, programmed
cell death and induction of oxidative stress of various tumor
and leukemia cell lines.

All Au(i), Pd(un) and Ru(un) compounds dose-dependently
reduced the proliferation of mammary and ovarian carcinoma,
acute lymphatic as well as acute and chronic myeloid leukemia
cell lines (ESI Fig. S1A-S1Ff), whereby, in general, the
selenium derivatives induced stronger effects than the sulfur
compounds. For example, a concentration of 5 uM Pd-S
significantly reduced the proliferation of SUP-B15 cells from
100% (without compound; data not shown) to 44.5 + 8.4% and
a concentration of 10 uM to 18.7 + 3.1% (p < 0,05; Fig. 4) so
that the IC50 was calculated as 4.9 + 1.2 pM (Table 1).
Interestingly, in the mammary carcinoma as well as the
myeloid leukemia cell lines Pd-S was almost ineffective. In
contrast, Pd-Se induced strong anti-proliferative effects and
both Ru(un) compounds completely abolished the proliferation
in all cell lines tested. Weaker anti-proliferative activity (again
in all cell lines) was observed for the two Au(i) complexes.
Cisplatin dose-dependently reduced the proliferation of the
tumor cell lines, but did not show any activity on the leukemia
cell lines. Whereas [RuCl,(p-cymol)], was completely ineffec-
tive in all cell lines, [AuCl(PTA)] and the thio- and selenoureas
HL®® and HL® induced anti-proliferative effects at higher con-
centrations (25 pM and 50 pM, ESI Fig. S1A-S1Ff). cis-
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Fig. 4 Proliferation of SUP-B15 cells after a three-day incubation with
the Au(), Ru(n), Pd(1) complexes, HLS, HLS®, the chlorido complexes
[AUCL(PTA)], [RuCl,y(p-cymol)l,, cis-[PdCl,(1,10-Phen)] as well as cispla-
tin. Proliferation in the absence of the compounds was set to 100%.
Mean proliferation and standard error of four experiments is shown.
Statistical significance was determined with the Wilcoxon Rank Sum
Test (*p < 0.05 against the untreated control).

Table 1 IC50 values of the metal complexes in SUP-B15 cells
IC50 (UM)

Compound Proliferation Metabolic activity
Au-S 17.9+3.2 18.6 + 3.2

Au-Se 9.1+0.5 104 +£1.0

Ru-S 3.5£0.2 3.7+£0.7

Ru-Se 2.6 £0.5 4.1+0.2

Pd-S 4.9+1.2 13.9+19

Pd-Se 3.7+£0.4 4.4+0.0

IC50 values are calculated as the concentration at which the
compounds induce 50% inhibition of proliferation or metabolic
activity of SUP-B15 cells in comparison to untreated cells. The IC50
values are presented as means + standard error of four experiments.
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Chart 1 Compounds selected for biological studies.
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[PdCl,(1,10-Phen)] dose-dependently reduced the proliferation
of all cell lines almost as effective as Pd-Se which may be
explained by the ability of cis-[PdCl,(1,10-Phen)] to intercalate
with DNA.

The anti-proliferative activity of the substances was also
examined on A-2780 cells resistant to cisplatin and revealed
that the Au(i), Pd(u) and Ru(i) compounds have the potential
to overcome cisplatin resistance (Table 2).

To evaluate if the reduced cell growth was also
accompanied by cell death, the metabolic activity of the cell
lines after compound incubation was analysed. Metabolic
activity is determined by the reduction of tetrazolium salts
into formazan derivatives. Since this process requires func-
tional mitochondria, the assay discriminates living and dead
cells whose mitochondria are deactivated within a few minutes
after cell death. As shown in Fig. 5 and ESI Fig. S2A-S2F,} the
metabolic activity of the cell lines was also dose-dependently
diminished after 72 hours of incubation with the test com-
pounds and cis-[PdCl,(1,10-Phen)]. Again, the Ru(u) com-
pounds and Pd-Se were the most active compounds with an
IC50 of ~4 uM (Table 1), whereas the chlorido precursors
[AuCI(PTA)] and [RuCl,(p-cymol)],, HL®, HL*® as well as cispla-
tin were almost ineffective.

To confirm the cytotoxicity of the compounds, their
capacity to induce programmed cell-death was determined by
ssDNA apoptosis ELISA, which is based on the selective de-
naturation of DNA in apoptotic cells by formamide and further
detection of denatured DNA with a monoclonal antibody to
single-stranded DNA (ssDNA). Compounds which reduced pro-
liferation and metabolic activity also induced apoptosis of the
leukemia and tumor cells, whereby the sensitivity of the cell
lines to programmed cell-death induction varied (ESI Fig. S3A-
S3ET). For example, apoptosis of the cell line SUP-B15 was 3.7
+ 0.8 times higher after addition of 5 uM Pd-Se and 5.2 + 0.6
times higher when 10 uM Pd-Se was added to the cultures in
comparison to cells without compound incubation (Fig. 6).

A similar pro-apoptotic effect was observed for both Ru(u)
compounds, whereas 10 pM Au-Se and 5 pM as well as 10 pM
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Fig. 5 Metabolic activity of SUP-B15 cells after a three-day incubation
with the Au(), Ru(i), Pd() complexes, HLS, HLS¢, [AuCI(PTA)], [RuCly(p-
cymol)],, cis-[PdCl,(1,10-Phen)] as well as cisplatin. Metabolic activity in
the absence of the compounds was set to 100%. Mean metabolic
activity and standard error of four experiments is shown. Statistical sig-
nificance was determined with the Wilcoxon Rank Sum Test (*p < 0.05
against the untreated control).

Pd-S caused a lower, but significant apoptosis rate. Consistent
with the weak anti-proliferative and anti-metabolic activity,
incubation with Au-S did not lead to programmed cell death
in any of the cell lines. [AuCl(PTA)], [RuCl,(p-cymol)], and cis-
platin were also ineffective in inducing apoptosis.
Interestingly, despite no activity on proliferation and meta-
bolism, HL® and HL®® significantly induced apoptosis in all
leukemic cell lines, but not in the carcinoma cell lines (Fig. 6
and ESI Fig. S3A-S3Et). A similar effect was observed for cis-
[PACl,(1,10-Phen)], which decreased proliferation and meta-
bolic activity of the cell lines, however, without inducing their
cell death. These rather contradictory results are currently
under investigation.

The pro-apoptotic effect of Ru-Se (Fig. 7A) and the lacking
effect of [RuCl,(p-cymol)], (Fig. 7B) can be readily detected by
morphological changes of the cisplatin-resistant A-2780 cells.

One mechanism involved in the induction of apoptosis is
oxidative stress triggered by the formation of reactive oxygen

Table 2 Proliferation of the cisplatin-sensitive and the cisplatin-resistant ovarian carcinoma cell line A-2780 after a three-day incubation with the
Au()), Ru(i), Pd() complexes, HLS, HLS®, the chlorido complexes [AUCL(PTA)], [RuCly(p-cymol)l,, cis-[PdCl,(1,10-Phen)] and cisplatin. Proliferation in
the absence of the compounds was set to 100%. One representative experiment is shown

A-2780 A-2780

Compound Compound

5 uM Cisplatin-sensitive Cisplatin-resistant 10 pM Cisplatin-sensitive Cisplatin-resistant
Au-S 46.8 79.8 Au-S 37.0 28.1
Au-Se 11.7 12.2 Au-Se 0.1 3.2
Ru-S 0.1 0.6 Ru-S 0.0 0.2
Ru-Se 0.1 0.2 Ru-Se 0.0 0.1
Pd-S 1.0 1.5 Pd-S 0.1 0.2
Pd-Se 0.2 0.3 Pd-Se 0.0 0.1
HLS 80.2 92.4 HLS 74.4 111.6
HL%® 76.2 91.7 HL%® 66.5 108.7
AuCIPTA 107.2 76.8 AuCIPTA 80.9 88.6
[CL,Cym], 84.7 97.1 [CL,Cym], 97.1 83.8
PdCl,Phen 24.1 66.4 PdCl,Phen 14.3 54.1
Cisplatin 15.0 67.2 Cisplatin 9.1 64.9

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Induction of apoptosis in SUP-B15 cells after a three-day incu-

bation with the Au(), Ru(i), Pd(1) complexes, HLS, HLS®, [AuCl(PTA)I,
[RUCly(p-cymol)l,, cis-[PdCl,(1,10-Phen)] as well as cisplatin. Mean
apoptosis induction (x-fold) and standard error of four experiments is
shown. Apoptosis rate in the absence of the respective compound was
set to 1. Statistical significance was determined with the Wilcoxon Rank
Sum Test (*p < 0.05 against the untreated control).

A)

(B)

Fig. 7 Morphologic changes after a one-hour and 24-hours incubation,
respectively, with 10 pM Ru-Se (A) and 10 pM [RuCly(p-cymol)l, (B).
One representative experiment is shown.
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Fig. 8 Induction of oxidative stress in SUP-B15 cells after a two-hours
incubation with the Au(), Ru(i), Pd() complexes, HLS, HLS®, [AuCI(PTA)],
[RUCl(p-cymol)],, cis-[PdCl,(1,10-Phen)] as well as cisplatin. Mean ROS
production (x-fold) with standard error of six (for the chloro precursors
and cisplatin four) experiments is shown. Statistical significance was
determined with the Wilcoxon Rank Sum Test (*p < 0.05 against the

untreated control).
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species (ROS) due to deregulated mitochondrial activity. It has
been shown for a variety of gold,”* > ruthenium?®'**3*73 and
palladium®® complexes that their anti-tumour activity is
mediated by an enhanced ROS production. Therefore, ROS
levels were measured after a two-hour incubation of SUP-B15
cells with 10 pM of the respective compound. As shown in
Fig. 8, both Ru(u) compounds and Pd-Se significantly induced
oxidative stress in this cell line, in agreement with an increase
of programmed cell death. Interestingly, the pro-apoptotic
effect of HL® and HL®® cannot be explained by an increase in
ROS formation. Neither the chlorido compounds nor cisplatin
did induce oxidative stress of SUP-B15 cells.

Conclusions

In summary, gold(i), palladium(u) and ruthenium(u) com-
pounds containing anionic nitro-substituted acylseleno- or
acylthioureas display strong anti-tumor and anti-leukemia
effects. The ligands HL®, HL® as well as the chlorido com-
plexes [AuCI(PTA)] and [RuCl,(p-cymol)], induced only weak
effects or only at the highest concentrations tested, whereas
cis-[PdCl,(1,10-Phen)] reduced the proliferation and the meta-
bolic activity almost as effective as the test compounds. The
mechanisms of action include inhibition of proliferation and
metabolic activity as well as induction of apoptosis and oxi-
dative stress by ROS formation. The strongest effects were
observed for the Ru(u) compounds followed by the Pd(u) com-
plexes whereby the selenium-containing compounds displayed
stronger biological activity than the sulfur derivatives. The
Au(i) complexes were only effective at higher concentrations.

Materials and methods
Chemistry

Unless otherwise stated, all manipulations were carried out
without taking precautions to exclude air and moisture. All
chemicals and solvents (HPLC quality) were sourced commer-
cially and used as received. [AuCl(PTA)| was prepared from the
reaction of [AuCl(tht)]’” with the appropriate amount of the
phosphine. The other metal precursors cis-[PdCl,(1,10-
phen)],*® [Ru(p-cymol)Cl,], >* as well as N,N-diethyl-N"-4-nitro-
benzoylthiourea (HL%)* were prepared by standard procedures
described in the literature. The purity of all compounds was
confirmed to be >95% by elemental analysis or high-resolution
mass spectrometry.

Instrumentation

NMR spectroscopy. 'H, °C, 7’Se and *'P{"H} NMR spectra
were recorded on 400 Bruker Avance or 600 MHz Bruker
Avance II spectrometers. Chemical shifts are quoted relative to
external SiMe, (*H, °C), Me,Se or KSeCN (’’Se) and 85%
H;PO, (*'P).

IR spectroscopy. IR spectra were run as KBr pellets on a
Bruker Tensor 27 instrument.

This journal is © The Royal Society of Chemistry 2018
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Elemental analyses. Elemental analyses were performed by
staff of the in-house microanalytical laboratory using an
Elementar Vario EL analyser.

Mass spectrometry. High-resolution electrospray mass
spectra were recorded on Bruker MicroTOF spectrometer in
positive ion mode using solutions of the samples in MeCN.

X-ray crystallography. Diffraction data were collected at
150 K using a Rigaku Oxford Diffraction Gemini E Ultra diffr-
actometer, equipped with an EOS CCD area detector and a
four-circle kappa goniometer. For the data collection the Mo
source emitting graphite-monochromated Mo-Ka radiation (4 =
0.71073 A) was used. Data integration, scaling and empirical
absorption correction was carried out using the CrysAlis Pro
program package.®’ The structures were solved using Direct
Methods or Patterson Methods and refined by Full-Matrix-
Least-Squares against F°. The non-hydrogen atoms were
refined anisotropically and hydrogen atoms were placed at
idealized positions and refined using the riding model. All cal-
culations were carried out using the program Olex2.°* Full crys-
tallographic and refinement details as well as tables with bond
lengths and angles are included in the ESL.f

Syntheses

N,N-Diethyl-N'-4-nitrobenzoylselenourea (HL*®). To a sus-
pension of KSeCN (2.88 g, 20 mmol) and PEG-400 (0.28 mL) in
CH,Cl, (10 mL) was added a solution of 4-nitrobenzoyl chlor-
ide (3.71 g, 20 mmol) in CH,Cl, (20 mL). After ca. 15 min at
room temperature Et,NH (2.07 mL, 20 mmol) was added, and
the resulting mixture was stirred for 1 h protected from light.
The red-orange mixture was filtered and the filtrate sub-
sequently evaporated to dryness. The resulting solid was
recrystallised from EtOH to give 2.29 g (35%) orange crystals.
X-ray quality crystals were selected from this bulk sample.

'H NMR (400 MHz, CDCl;): 6 = 1.33 (t, J = 7.1 Hz, 3H,
NCH,CH,), 1.41 (t, J = 6.3 Hz, 3H, NCH,CH), 3.60 (br. s, 2H,
NCH,CHj), 4.14 (br. s, 2H, NCH,CHj), 8.03 (d, J = 8.2 Hz, 2H,
H-2), 8.32 (d, J = 8.2 Hz, 2H, H-3), 8.65 (br. s, 1H, NH) ppm.
BC{'H} NMR (101 MHz, CDCl;): § = 11.6 (NCH,CHj3), 12.9
(NCH,CHj;), 48.6 (NCH,CH;), 51.4 (NCH,CHj;), 124.1 (C-3),
129.1 (C-2), 137.9 (C-1), 150.4 (C-4), 160.4 (C=0), 179.8 (C=Se)
ppm. ”’Se NMR (76 MHz, CDCl;): § = 502 ppm. IR (KBr disk) v:
1347 (s, NO,), 1526 (s, NO,), 1649 (s, C=0 amido urea), 2933
(W, Cgp—H), 2975 (W, Cypa—H), 3055 (W, Cype—H), 3289 (m, N-H)
cm™'. Elemental analysis caled (%) for C;,H;5N;05Se (328.23
g mol™!): C 43.91, H 4.61, N 12.80; found C 43.22, H 4.49, N
13.02.

Preparation of the gold(1) complexes

[Au{4-0,NC¢H,C(O)=NC(Se)NEt,}(PTA)]. HLS® (92.7 mg,
0.28 mmol) and NaOMe (16.8 mg, 0.31 mmol) were dissolved
in methanol (10 mL) under dinitrogen. The clear orange solu-
tion was stirred for 20 min at room temperature, then [AuCl
(PTA)] (100 mg, 0.26 mmol) was added to give a yellow suspen-
sion. After 18 h at room temperature, the yellow solution with
little black precipitate was evaporated to dryness. The residue
was taken up in dichloromethane, passed through Celite and

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

concentrated in vacuum. Addition of diethyl ether afforded a
yellow solid, which was isolated by filtration and dried in air.
Yield: 0.150 g (86%). "H NMR (400 MHz, CDCl;): 6 = 1.28 (br.
s, 6H, NCH,CHj3), 3.66 (br. s, 2H, NCH,CHj3), 3.81 (br. s, 2H,
NCH,CHj), 4.02 (s, 6H, NCH,N), 4.42 (q, *J;_i = 13.2 Hz, 6H,
PCH,N), 8.21 (d, J = 8.9 Hz, 2H, H-3), 8.28 (d, J = 8.9 Hz, 2H,
H-2) ppm. *'P{H} NMR (162 MHz, CDCl;): § = —49.8 ppm.
BC{H} NMR (101 MHz, CDCl3): § = 13.0 (NCH,CH;), 13.4
(NCH,CH3), 46.0 (NCH,CH3;), 48.4 (NCH,CH3;), 52.3 (d, Ypc =
18.7 Hz, PCH,N), 72.9 (d, *Jp_c = 7.7 Hz, NCH,N), 123.1 (C-2),
130.2 (C-3), 143.68 (C-4), 149.2 (C-1), 163.1 (C=O0), 167.1
(C-Se) ppm. 7’Se NMR (76 MHz, CDCl;, Me,Se): 244 ppm. IR
(KBr disk) v: 1342 (s, NO,), 1520 (s, NO,), 2932 (m, Cyp:—H),
2972 (m, Cyps-H), 3058 (W, Csp-H) em™'. Elemental analysis
caled (%) for Ci3H,,AuNO;PSe (681.34 ¢ mol™*): C 31.73, H
3.85, N 12.33; found: C 31.64, H 4.16, N 11.83.

[Au{4-0,NCcH,C(0)=NC(S)NEt,}(PTA)]. This was prepared
as above using HL® (79.4 mg, 0.28 mmol), NaOMe (16.8 mg,
0.31 mmol) and [AuCl(PTA)] (100 mg, 0.26 mmol). The
product was obtained as yellow solid in 83% yield (0.135 g). 'H
NMR (400 MHz, CDCl;): § = 1.26 (br. s, 6H, NCH,CH3), 3.63
(br. s, 2H, NCH,CH3), 3.80 (br. s, 2H, NCH,CH3), 4.02 (s, 6H,
NCH,N), 4.40 (AB-q, %/ = 13.2 Hz, 6H, PCH,N), 8.24 (4H,
H-2, H-3) ppm. *'P{'H} NMR (162 MHz, CDCly): § =
-51.7 ppm. “C{'H} NMR (101 MHz, CDCly): § = 12.9
(NCH,CHj,), 46.1 (NCH,CHj;), 46.5 (NCH,CHj,), 51.9 (d, YJp_¢ =
20.0 Hz, PCH,N), 72.8 (d, *Jp_¢c = 7.9 Hz, NCH,N), 123.0 (C-2),
129.9 (C-3), 143.8 (C-1), 149.0 (C-4), 166.0 (C—=0), 176.8 (C-S)
ppm. IR (KBr disk) v: 1343 (s, NO,), 1518 (s, NO,), 1567 (s,
C=0), 2933 (W, Csp:—H), 2970 (W, Cspi—H), 3067 (W, Cgp—H)
cm™'. Elemental analysis caled (%) for C;gH,sAuNoO;PS
(634.44 g mol™"): C 34.08, H 4.13, N 13.25, S 4.86; found: C
33.75,H 4.44,N 12.77, S 4.86.

Preparation of the palladium(u) complexes

cis-[Pd{4-NO,CsH,C(O)NC(Se)NEt;,}(1,10-Phen)[PFs. A mixture
containing [PdCl,(1,10-Phen)] (50.0 mg, 0.14 mmol), HL%
(45.8 mg, 0.14 mmol), NaOAc (12.6 mg, 0.15 mmol) and
NH,PFs (25.1 mg, 0.15 mmol) in acetonitrile (15 mL) was
heated to reflux for 30 min. The orange suspension was cooled
to room temperature and concentrated in vacuum. The result-
ing solid was filtered and washed with water and diethyl ether
to give an orange solid. Yield: 0.098 g (93%)

'H NMR (400 MHz, DMSO-d, 32 °C): § = 1.28 (t, ] = 7.1 Hz,
3H, NCH,CH,), 1.42 (t, ] = 7.2 Hz, 3H, NCH,CH;), 3.94 (q, ] =
7.1 Hz, 2H, NCH,CH3;), 3.97 (q, J = 7.2 Hz, 2H, NCH,CHj3), 7.98
(dd, J = 8.1, 5.3 Hz, 1H, H3- or H8-phen), 8.24 (d, J = 7.9 Hz,
1H, H3- or H8-phen), 8.30 (m, 4H, H-2, H-3), 8.62 (dd, J = 5.3,
0.9 Hz, 1H, H2- or H9-phen), 8.91 (dd, J = 8.1, 0.6 Hz, 1H, H4-
or H7-phen), 8.97 (m, 2H, H4- or H7-phen) ppm. *'P{'"H} NMR
(243 MHz, DMSO-dg, 25 °C): § = —144.2 (sept, J = 711.2 Hz,
PF¢) ppm. HR-ESI-MS: m/z (obs., calc.) = 613.9920, 613.9923
[M]". X-ray quality crystals were obtained by slow diffusion of
diethyl ether into a saturated DMSO solution of the complex.

cis[Pd{4-NO,CcH,C(O)NC(S)NEt,}(1,10-Phen)|PF,. This was
prepared as above from [PdCl,(1,10-Phen)] (50.0 mg,
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0.14 mmol), HL® (39.3 mg, 0.14 mmol), NaOAc (12.6 mg,
0.15 mmol) and NH,PF, (25.1 mg, 0.15 mmol). The product
was obtained as an orange solid in 79% yield (0.078 g). 'H
NMR (600 MHz, DMSO-d¢): 6 = 1.28 (t, J = 7.1 Hz, 3H,
NCH,CH,), 1.41 (t, J = 7.1 Hz, 3H, NCH,CH,),), 3.92 (q, J =
7.1 Hz, 2H, NCH,CHj), 3.97 (q, ] = 7.1 Hz, 2H, NCH,CHj), 8.06
(dd, J = 8.1, 5.3 Hz, 1H, H3- or H8-phen), 8.22 (d, J = 8.8 Hz,
1H, H5- or He6-phen), 8.25 (dd, J = 8.2, 5.1 Hz, 1H, H8- or
H3-phen), 8.27 (d, J = 8.8 Hz, 1H, H5- or H6-phen), 8.30 (d, J =
9.0 Hz, 2H, H-2), 8.33 (d, J = 9.0 Hz, 2H, H-3), 8.66 (dd, J = 5.3,
1.0 Hz, 1H, H2- or H9-phen), 8.73 (dd, J = 8.2, 0.9 Hz, 1H, H4-
or H7-phen), 8.99 (dd, J = 8.2, 1.0 Hz, 1H, H4- or H7-phen),
9.02 (dd, J = 5.1, 1.1 Hz, 1H, H2- or H9-phen) ppm. *'P{'H}
NMR (243 MHz, DMSO-de): 6 = —144.2 (sept, J = 711.2 Hz, PF)
ppm. HR-ESI-MS: m/z (obs., calc.) = 566.0474, 566.0478 [M]".
X-ray quality crystals were obtained by slow diffusion of diethyl
ether into a saturated acetonitrile solution of the complex.

Preparation of the ruthenium complexes

[Ru(p-cym){4-NO,C¢H,C(O)NC(Se)NEt,}(PPh;)|PF,. A
mixture containing [Ru(p-cym)Cl,], (50 mg, 0.082 mmol), HLS®
(53.6 mg, 0.163 mmol), Et;N (23 pL, 0.165 mmol), Ph;P
(43 mg, 0.164 mmol) and NH,PF¢ (29 mg, 0.179 mmol) in
methanol (15 mL) was heated to reflux for 15 min. Addition of
water to the red solution gave an orange precipitate. This was
isolated by filtration and was washed with water and diethyl
ether and subsequently dried in air. Yield: 0.132 g (84%). 'H
NMR (400 MHz, CDCL;): § = 1.11 (d, J = 6.9 Hz, 3H, CH(CH3),),
1.20 (d, J = 6.9 Hz, 3H, CH(CH,),), 1.28 (t, J = 7.1 Hz, 3H,
NCH,CHj3), 1.40 (t, J = 7.2 Hz, 3H, NCH,CHj), 1.91 (s, 3H,
CCHj), 2.54 (sept, J = 6.9 Hz, 1H, CH(CHj,),), 3.67 (dq, J = 13.2,
7.1 Hz, 1H, NCH,CHj), 3.92 (m, 2H, NCH,), 4.35 (dq, J = 14.2,
7.1 Hz, 1H, NCH,CHj,), 5.17 (d, J = 6.1 Hz, 1H, H-3 cym), 5.65
(m, 2H, H-2 cym, H-3' cym), 5.72 (dd, J = 6.2, 1.0 Hz, 1H, H-2'
cym), 7.33-7.46 (m, 15H, PPh;), 7.61 (d, J = 9.0 Hz, 2H, H-2),
8.03 (d, J = 8.9 Hz, 2H, H-3) ppm. *'P{'"H} NMR (162 MHz,
CDCl,): 39.5 (PPhy), —144.2 (sept, Jp_p = 716.1 Hz, PF) ppm.
BC{'H} NMR (101 MHz, CDCl;): § = 13.0 (NCH,CHj;), 13.4
(NCH,CHj3;), 18.0 (CCHj3), 22.0 (CH(CHj),), 22.2 (CH(CH;),),
31.2 (CH), 46.4 (NCH,CHj,), 49.5 (NCH,CH3), 89.8 (d, ¥/p.c =
3.2 Hz, C-3 cym), 90.0 (d, ¥/p_c = 7.1 Hz, C-2 cym), 90.9 (C-3'
cym), 92.5 (d, */p_¢c = 1.5 Hz, C-2' cym), 98.7 (C-4 cym), 114.8
(d, *fp_c = 4.2 Hz, C-1 cym), 122.8 (C-3), 128.8 (d, *Jp_c = 10.1
Hz, m-PPh;), 129.7 (C-2), 131.0 (d, Yp_c = 47.8 Hz, i-PPh;),
131.1 (d, Yp_c = 2.4 Hz, p-PPhy), 133.9 (d, */p.c = 9.8 Hz,
0-PPh;), 141.5 (C-1), 149.3 (C-4), 169.8 (d, *Jp_¢ = 4.2 Hz, C-Se),
170.7 (C-0) ppm. "’Se NMR (76 MHz, DMSO-dg): § = =26 ppm.
HR-ESI-MS: m/z (obs., calc.) = 826.1241, 826.1251 [M]’,
564.0341, 564.0339 [M — PPh;]". Crystals suitable for X-ray
diffraction were grown by slow diffusion of diethyl ether into a
CH,Cl, and CDCl; mixture of the complex.

[Ru(p-cym){4-NO,CsH,4C(O)NC(S)NEt, }(PPh;)|PFs. This was
prepared as above using [Ru(p-cym)Cl,], (50 mg, 0.082 mmol),
HL® (46.4 mg, 0.165 mmol), Ph;P (43 mg, 0.164 mmol), Et;N
(23 pL, 0.165 mmol) and NH,PF, (29 mg, 0.179 mmol). The
product was obtained as a red solid in 38% yield (0.058 g). "H
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NMR (400 MHz, CDCl;): § = 1.17 (d, J = 6.9 Hz, 3H, CH(CH3),),
1.20 (t, J = 6.9 Hz, 3H, NCH,CHj3), 1.22 (d, J = 6.9 Hz, 3H, CH
(CH3),), 1.32 (t, J = 7.1 Hz, 3H, NCH,CH3;), 1.83 (s, 3H, CCH;
cym), 2.66 (sept, /] = 6.9 Hz, 1H, CH(CH;),), 3.67 (m, 2H,
NCH,CH3), 3.86 (dq, J = 14.2, 7.1 Hz, 2H, NCH,CH3), 4.03 (dq,
J =14.2, 7.1 Hz, 1H, NCHy,), 5.26 (d, J = 6.1 Hz, 1H, H-3 cym,
H-3' cym), 5.42 (d, J = 6.1 Hz, 1H, H-3 cym, H-3' cym), 5.70 (dd,
J = 6.1, 0.9 Hz, 1H, H-2 cym, H-2' cym), 5.82 (d, J = 6.2, 1.0 Hz,
1H, H-2 cym, H-2' cym), 7.34-7.45 (m, 15H, PPhy), 7.81 (d, J =
8.9 Hz, 2H, H-2, 8.11 (d, J = 8.9 Hz, 2H, H-3) ppm. *'P{'H}
NMR (162 MHz, CDCl;): 37.9 (PPh;), —144.1 (sept, Jp_r = 716.1
Hz, PF) ppm. “*C{'H} NMR (101 MHz, CDCls,): § = 12.8
(NCH,CH3;), 13.2 (NCH,CHj3), 18.0 (CCH3), 21.9 (CH(CH3)y),
22.2 (CH(CHj;),), 31.0 (CH), 46.0 (NCH,CH3;), 47.2 (NCH,CHj),
87.8 (C-3 cym), 91.0 (d, *Jp_c = 5.8 Hz, C-2 cym), 92.7 (C-3'
cym), 93.9 (d, */p_¢ = 2.7 Hz, C-2 cym), 102.2 (C-4 cym), 115.6
(d, *Jp_c = 6.4 Hz, C-1 cym), 123.0 (C-3), 128.8 (d, *Jp_c = 10.1
Hz, m-PPhy), 129.7 (C-2), 130.3 (d, YJp.c = 47.9 Hz, i-PPhy),
131.2 (d, Yp.c = 2.4 Hz, p-PPhy), 134.0 (d, */p.c = 9.6 Hz,
0-PPh3), 142.0 (C-1), 149.4 (C-4), 169.2 (C-0), 173.2 (d, *Jp_c =
2.0 Hz, C-S) ppm. HR-ESI-MS: m/z (obs., calc.) = 778.1791,
778.1806 [M]', 516.0889, 516.0895 [M — PPh;]". Crystals suit-
able for X-ray diffraction were grown by slow diffusion of
diethyl ether into a CDCl; solution of the complex.

Biological activity

Compounds. All compounds were dissolved in dmso, ali-
quoted and stored at —20 °C. Prior to use solutions of the
respective compound were diluted at least 1:1000 with cell
culture medium. Dmso in the appropriate concentration did
not induce any effect on the cell lines.

Cell lines. The leukemic cell lines were purchased from
DSMZ - German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany. The mammary carcinoma
cell lines were kindly provided by the Institute of Pharmacy,
Free University of Berlin. The ovarian carcinoma cell lines were
kindly provided by the Department of Gynecology, Medical
University Innsbruck. The acute myeloid leukemia cell line
HL-60 as well as the chronic myeloid leukemia cell line K-562,
the mammary carcinoma cell lines MCF-7 and MDA-MB231 as
well as the ovarian carcinoma cell lines A2780 (cisplatin-sensi-
tive and cisplatin-resistant) were grown in RPMI 1640 without
phenol red (PAA Laboratories, Pasching, Austria), sup-
plemented with glutamine (2 mM), penicillin (100 U mL™%),
streptomycin (100 pg mL ") and fetal bovine serum (FBS; 10%;
all from Invitrogen Corporation, Gibco, Paisley, Scotland) at
37 °C in a 5% CO,/95% air atmosphere and fed twice weekly.
Cisplatin (1 pM) was added to the cisplatin-resistant A-2780
cell line every third passage. The acute lymphatic leukemia cell
line SUP-B15 was grown in Mc Coy’s 5A medium (Invitrogen)
and supplemented with 20% FBS.

Analysis of metabolic activity and proliferation.
Logarithmically growing cells were resuspended in culture
medium at 1 x 10° cells per mL and plated in triplicate in
U-bottomed or flat-bottomed microtiter plates (50 pL; Falcon,
Becton Dickinson, Franklin Lakes, NJ, USA). Various concen-
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trations of compounds were added one hour thereafter. After a
three-day culture at 37 °C in a 5% CO,/95% air atmosphere cul-
tures were analyzed for metabolic activity using a modified 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (EZ4U kit; Biomedica, Vienna, Austria) according
to the manufacturer’s instructions and for cellular prolifer-
ation using [methyl->’H]-thymidine uptake. Metabolic activity
and proliferation in the absence of the compound was set to
100%.

Analysis of apoptosis. The plates for apoptosis were prepared
analogously as described above and were evaluated with an
enzyme-linked immunoadsorbent assay (ELISA) using the
ssDNA apoptosis kit (Chemicon International, Hofheim,
Germany) according to the manufacturer’s instructions.
Apoptosis rate was evaluated by dividing the optical density of
the wells measured in the plates for ssDNA apoptosis by the
optical density of the wells for metabolic activity. Apoptosis in
the absence of the compounds was set to 1.

Detection of morphological changes. 3 x 10° cells were
adjusted to 1 x 10° cells per ml, placed in a 12-well plate and
incubated at 37 °C in a humidified 5% CO,/95% air atmo-
sphere for 24 hours to let the cells adhere. After 24 hours
10 uM compound was added and the cells were cultivated for
another 24 hours. Every 30 minutes a picture was made by
JuLI™ Live cell imaging system (NanoEnTek, Seoul, Korea).

Measurement of intracellular ROS formation. SUP-B15 cells
(1 x 10° cells per well) were incubated with 10 pM of the
respective compound for two hours at 37 °C in a humidified
5% CO,/95% air atmosphere, washed and treated for further
15 minutes with 5 pL of a 5 mM dihydroethidium solution
(Sigma, St Louis, MO, USA) in 1 mL phosphate-buffered saline
(PBS) + 1% bovine albumin (Ortho-Clinical Diagnostics, High
Wycombe, UK). After another wash cells were resuspended in
500 pL PBS + 1% bovine albumin and analyzed immediately by
flow cytometry (FACSCalibur, Becton Dickinson, San José, CA,
USA).

Statistical analysis. The Wilcoxon Rank Sum Test was used
to analyze the differences between proliferation, metabolic
activity, apoptosis and ROS production in the absence and the
presence of a variable concentration of the test compounds
(NCSS software, Kaysville, UT, USA).
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