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Ferrocenyl-Coupled N-Heterocyclic Carbene Complexes of

Gold(l): a Successful Approach to Multinuclear An
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Wolfgang Milius,™ Angela Casini,’>® Jing-Jing Zhang," Ingo Ott," Viktor Bigbec, "%}
Stuchlikova,™ lon C. Andronache,™ Leonard Kaps, Detlef Schuppan,™! an '

Abstract: Four gold(l) carbene complexes featuring 4-ferrocenyl
substituted imidazol-2-ylidene ligands were investigated for
antiproliferative and antivascular properties. They were active
against a panel of seven cancer cell lines, including multidrug-
resistant ones, with low micromolar or nanomolar ICs, (72 h) values,
according to their lipophilicity and cellular uptake. The delocalised
lipophilic cationic complexes 8 and 10 acted by increasing the
reactive oxygen species in two ways: via a genuine ferrocene effect
and by inhibiting the thioredoxin reductase. Both complexes gave
rise to a reorganization of the F-actin cytoskeleton in endothelial and
melanoma cells, associated with a G1 phase cell cycle arrest and a
retarded cell migration. They proved antiangiogenic in tube formation
assays with endothelial cells and vascular-disruptive on real blood
vessels in the chorioallantoic membrane of chicken eggs.
Biscarbene complex 10 was also tolerated well by mice where it
to a volume reduction of xenograft tumors by up to 80%.
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Introduction

optimization o

cases pleio t that not only retain the individual
properties of metal and Tigand but also exhibit some new
effects.®™® N-heterocyclic carbene (NHC) ligands are poor
ving grol and thus lend themselves ideally to the
anent Wtroduction of modulatory substituents at their
heV@ocycle.*® Previously, we reported on gold(l) mono- and
ene complexes (1, 2) with imidazole ligands that had
deled on the natural antivascular agent combretastatin
igure1)."® They proved highly cytotoxic and
inst cancer cell lines of various entities with ICso
values in the low micromolar or even submicromolar range.
Despite their different molecular mechanism of action when
compared to CA-4, they also retained a significant antivascular
acti both in vitro and in vivo.
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Figure 1. The natural vascular-disruptive agent combretastatin A-4 (CA-4) and
its analogous gold(l) NHC complexes 1 and 2.

Since gold NHC complexes had been reported to interfere with
the redox machinery of cells, e.g., the mitochondria or specific
antioxidative enzymes such as thioredoxin reductase (TrxR),?>¢
we intended to attach an electronically coupled, redox-active
ferrocenyl residue to the NHC ligand of gold(l) complexes. The
concept of enhancing the activity or selectivity of anticancer
metallodrugs by introduction of further metal centers is not
new."™" Ferrocene is known to activate lymphocytes and to
exert distinct antitumor effects which are associated with the
production and regulation of reactive oxygen species (ROS) and
the oxidation of Ras proteins at cysteine sites." A host of
antitumoral ferrocene derivatives have been published, including
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conjugates with peptides, benzotriazoles, nucleobases, estrogen
receptor modulators, and fungal cytotoxins like illudin M.['>~"%
There are also reports on gold complexes conjugated to
ferrocene with distinct anticancer activities against various
cancer cell lines.'""* In the present paper, we report on the
synthesis and structure-dependent anticancer properties in vitro
and in vivo of new carbene complexes of gold(l) featuring
ferrocenyl-coupled imidazol-2-ylidene ligands.

Results and Discussion

Chemistry
The N-alkyl-5-ferrocenyl-4-phenyl-imidazoles 4 were obtained
via a Van-Leusen imidazole synthesis starting from ferrocenyl
carboxaldehyde and the TosMIC reagent 3 (Scheme 1).
Alkylation of complexes 4 with iodomethane or iodoethane
afforded the corresponding imidazolium salts 5, which were
treated with silver(l) oxide to give the silver(l) carbene
complexes 6. Their transmetallation with chlorido(dimethyl-
sulfide)gold(l) gave the chlorido(NHC)gold(l) complexes 7. The
cationic phosphano gold complex 8 was obtained from the
reaction of 7b with PPh; and NaBF,.?"
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Scheme 1. Synth
conditions: a) ferroc
AcOH, EtOH, reflux, 2
80 °C, 16 h; c) Ag.0, C
NaBF,4, PPh;, acetone, r.t.}
CH,Cl,, r. h, then Cl(Me,

lexes 7, 8, and 10. Reagents and

,r.t., 16 h;
; f) NaBF,, acetone, r.t., 16 h, 100%; g) Ag,0,
(0.5 equiv.), CHyCly, r.t., 16 h.

65 MeNH,/EtOH or 2M EtNH,/THF,
eflux, 3 h; b) Mel or Etl, MeCN,
)Au, CH,Cly, r.t., 16 h; e) 7b,
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The cationic biscarbene complex 10 was prepared from
imidazolium iodide 5b which had it: unter anion substituted for
BF, to give complex 9. This was ed with Ag,0 to the
corresponding silver carbene complex as not isolated
but transmetallated with 0.5 equivalent:

were grown by slow
solution at 4 °C (Figure
plexes showed an

potential r to ferrocene, e.g.
of neutral 7b Supporting Information).

Figure 2% cular structure of complex 10 as thermal ellipsoid
representatiorfat 50% probability level (H atoms omitted). Selected bond
lengths [A] and angles [°]: Au-C1 2.02, C1-N1 1.35(1), N1-C4 1.38(1), C4-C5
1.44(1), C5-Fe 2.092(8), C1-Au-C1 180.0, Au-C1-N1 127.0, N1-C1-N2
1058(7), C5-C4-N1 126.8(8).

iproliferative activity in vitro

e effect of complexes 7, 8, and 10 on the growth of cancer
cells was evaluated in proliferation assays using 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) that is
reduced to a violet formazan in viable cells.”? To assess
potential selectivities for cancer over non-malignant cells,
CCD18-Co colorectal myofibroblasts were included (Table 1).
The  N-methylated monocarbene complex 7a was
antiproliferative with ICsy values mostly in the lower micromolar
range (ICso (72 h) = ca. 7-20 yM), while its N-ethyl analog 7b
was significantly more active (ICso (72 h)=ca. 0.2-4 uM).
Moreover, we found that replacing the chlorido ligand by a
triphenylphosphane or a second NHC ligand, as in the cationic
complexes 8 and 10, further enhanced the antiproliferative effect
giving rise to ICso values in the lower submicromolar range with
complex 10 being slightly more active than complex 8. This
trend of increasing cytotoxicities when substituting a chlorido for
a phosphane or NHC ligand has previously been observed for
NHC gold(l) complexes of the benzimidazol-2-ylidene type by
Rubbiani et al.® Interestingly, all complexes 7, 8, and 10 were
active also against multidrug-resistant tumor cell lines such as
HT-29 colon,?*®! MCF-7/Topo breast®®* and — with the
exception of complex 7a — KB-V1/Vbl cervix carcinomas. Pre-
treatment of KB-V1/Vbl cells which overexpress P-glycoprotein
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112830 with verapamil, an inhibitor of this efflux transporter, for 24

h improved the effect of all complexes by a factor of 4 to 35. This
suggests that they are themselves substrates of P-gp, like the
CA-4 derived biscarbene complexes 2.°! The complexes 7, 8,
and 10 also strongly inhibited the growth of human umbilical vein
endothelial cells (HUVEC), which is a hint at a potential
antivascular activity. In contrast, the non-malignant CCD18-Co
fibroblasts were affected only at higher complex concentrations.

Table 1. Inhibitory concentrations®™ ICs, [uM] of complexes 7, 8, and 10 when
applied to human cancer cells and non-malignant cells.

Cell line™ 7a 7b 8 10
518A2 11.3+03 1.3%01 0.20+0.03  0.19+0.02
Panc-1 6.7+0.3 062+0.01 014+0.02  0.09 +0.00
MCF-7/Topo 7.1 +0.1 0.71+0.02  0.60+0.01 0.11 +0.00
KB-V1/Vbl > 50 13.3+0.1 16+04 15+0.1
KB-VI/VbI 20+06 0.38+0.12 040+0.08  0.11+0.01
+verapamil

HCT-116 11.1+0.3 0.21+0.08  0.09 +0.01 0.06 + 0.00
HT-29 10.8+04 030+0.08 0.16+0.02  0.13+0.01
DLD-1 195+1.0 42+14 12+05 0.30 +0.11
HUVEC 120+£1.5 068007 077017  0.26+0.04,
CCD-18Co > 50 15.0 + 0.9 8.9+0.3 2.8+0.1

standard deviations. [b] Human cancer cell lines: 518A2 melan
pancreatic ductular adenocarcinoma, MCF-7/Topo breast ade,
KB-V1/Vbl cervix carcinoma (optionally pretreated with 24 p
24 h), HCT-116 colon carcinoma, HT-29 and D,
adenocarcinoma; human non-malignant cells: HUVE

umbilical vein endothelial cells and CCD-18Co human colon fibi

Cellular accumulation and lipophilicity
The activity of drugs depends on their intracellular accumul
The uptake of complexes 7, 8, and 10
been exposed to 0.5 yM concentratio,
h, was measured by ICP-MS analysis o
2). Additionally, the coefficient log P for their
octanol and water was detgrmined in orde identify
correlations  between cellular uptake and
cytotoxicity.?*? They hydrophilic character
with negative log P their respective

up to a greater extent. The c
in nicely with thegadinophilicities
is active in HC

accumulations. Complex 7b
Cso value about 50 times
nic phosphane complex
greater lipophilicity than
Consequently, it also showed the
-116 cells which fits in with its high
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Table 2. Cellular iron uptake from complexes 7, 8, and 10 in HCT-116 colon
carcinoma cells and their log P (1-octanol/, r) values. Cells were exposed
to the test compounds (0.5 uM) for 24 h b lyzing the metal content.
The log P values of the complexes were de by the shake flask
method. The results are expressed as means e independent

7a

samples for each experiment.
&7 -

By, N

ng Fe / ‘N

10 oulls 306006 ‘-0.04 e 5  189:16
y 4 A ~

log P 1714 0’ -0.07+0.01 VN 30£0.02  0.06 +0.00

Effects on th
Like the CA-4

ion
and 2,"* the new ferrocenyl
rfere with the polymerization of tubulin or
microtubules in cells, but induced a
e actin cytoskeleton in both 518A2
melanoma cells ignant HUVEC. For instance, when
we visualized microtubules (not shown) and filamentous actin
(F-actin) in thgse cells after treatment with 500 nM of 8 or 250
of 10, wglaw changes only in the organization of the latter
ure 3). Both complexes led to the formation of sheaves of
el actin fibers running across the entire cell bodies, in
t to the cortical networks of actin observed in untreated
lIs. The stress fiber formation was more pronounced in
@ the tumor cells, and more for complex 10 than

Figure 3. Effects on the organization of F-actin in human vascular endothelial
(HUVEC) and 518A2 melanoma cells. Both cell lines were treated with 500 nM
of 8, 250 nM of 10, or DMF as vehicle control for 24 h. Scale bar - 50 pm.
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Effects on tumor cell cycle and migration

The effects of complexes 8 and 10 on the cell cycle progression
of 518A2 melanoma cells were analyzed by propidium iodide
staining and flow cytometry (Figure 4A). Both complexes
induced a significant accumulation of cells in the G1 phase, with
complex 10 again being slightly more effective. The fractions of
cells in S and G2/M phase were distinctly reduced while the sub-
G1 population of apoptotic cells rose slightly for the applied
concentrations of complexes 8 (500 nM) and 10 (250 nM).

Both, the reduced dynamics of the actin cytoskeleton and the
marked G1 phase arrest diminished the motility and thus
invasiveness of the melanoma cells.®**! In so-called wound
healing assays the complexes 8 and 10 reduced their ability to
close artificial wounds, i.e., scratches in cell monolayers when
compared to untreated cells. While treatment of 518A2 cells with
500 nM of complex 8 for 48 h reduced the wound healing to ca.
70%, the biscarbene complex 10 was a more potent inhibitor of
cell migration, reducing the wound healing to ca. 40% when
applied at the same concentration (Figure 4B).

A B oo

m control mcontrol
50 m8 o @8
" 10 £ 80 w10
3 40 S
S % 60
‘S ko)
0 30 c
= E
= o
00 g 40
10 § = 20
0 0

sub-G1  G1 S G2/M

the cell cycle, and apoptotic cells (sub-G1 population) upon
nM of 8, 250 nM of 10, or vehicle for 24 h as obtained by
DNA staining with propidium iodide. Values represent mea
independent experiments. B) Inhibitory effects of complexes
(500 nM) on the migration of 518A2 melanoma cells in wound healing
Values represent means + SD of three experiments.

Interference with the tumor cell red
The thioredoxin reductase (TrxR) is

identified as an
2% we analyzed

important target of g
the cationic complexes

biscarbene co
1.5+£02uM. A
triphenylphosphane
ligand. This allows a

group than an NHC
r binding interaction of the gold center
cysteine residue in the active site of
A et al. reported a similar gradation
hosphane vs. NHC substituted
complexes.®*®!  The different

of the TrxR inhi
benzimidazolylidene gold(l)
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potential of complexes 7b, 8, and 10 to inhibit the seleno-
enzyme TrxR was also assessed byaa model reaction with in situ
generated seleno-L-cysteine and tics of the resulting
adducts as previously described.!**4" that complexes
7b and 8 readily formed mono selenol
of the chloro or phospha
biscarbene complex 10 did

, while the
orting Information).
n of purified poly(ADP-

repair and in drug
PARP-1 has also been
omplexes as well as for
3 Complex 10 was a
50 = 1.0 £ 0.4 yM) than

¥ Previously, Lease et al.
) complex that also inhibited
ca. 1 pM."" It should be noted, though,
Ill) complexes with N-donor and

wn that inhibit PARP-1 with ECso
o 14243]

identified, recently,
heteronuclear iron
more effectivegi
complex 8 (
reported a trin
PARP-1 with an E

a target for gol
d complexes.”

tion of ferrg@®ne derivatives. There are numerous studies of
correla between ROS production and antiproliferative
ts of ferrocenes, including heteronuclear ferrocene—gold
exes.!"*2041 The effect of complexes 8 and 10 on the ROS
in 518A2 melanoma cells was now investigated by the
razolium chloride (NBT) test (Figure 5A). When
er concentrations, only complex 10 led to an
OS. At a concentration of 500 nM it caused a 1.6
times higher level of ROS when compared with untreated control
cells, while complex 8 had virtually no effect at this concentration

rols. There seem to be at least two ROS increasing effects:
genuine ferrocene effect, which explains the higher ROS
vels initiated by the bisferrocenyl complex 10 at lower
concentrations, and the rise of ROS levels brought about via
TrxR inhibition*****® which is more pronounced for the
monoferrocenyl complex 8 and which overrides the stronger
ferrocene effect by complex 10 at higher concentrations.

>

2 mcontrol @8 §10 120 | mcontrol @8 10

=
c
S §1oo
3 £ 80
0 L £
il ! s
o} % 40 N
[+
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0 = 0
025 050 1.0 025 050 1.0
conc. [uM] conc. [uM]

Figure 5. A) ROS levels in 518A2 melanoma cells as determined by NBT
assays. Cells were treated with 250 nM, 500 nM, or 1 uM of complexes 8 and
10 or respective amounts of DMF (controls) for 24 h. Values represent means
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+ SD of two independent experiments in triplicate. B) Effects on the
mitochondrial membrane potential in 518A2 melanoma cells as observed in
JC-1 assays with cells treated as above. Values represent means + SD of two
independent experiments in triplicate.

The mitochondrial membrane potential Ay, is known to be
affected by the inhibition of TrxR by gold(l) complexes.***! Both
complexes 8 and 10 are delocalized lipophilic cations (DLC),
which are known to accumulate in mitochondria, disturb
essential functions of these, and lead to the loss of Aym,
eventually inducing the intrinsic pathway of apoptosis.**" The
effects of complexes 8 and 10 on the Ay in 518A2 melanoma
cells were evaluated by a JC-1 assay (Figure 5B). Both
complexes initiated a concentration-dependent reduction in the
fraction of cells with an intact Ayn,. Despite its less pronounced
TrxR inhibition the biscarbene complex 10, when applied at 1
MM, reduced the fraction of cells with unaltered Ay, to ca. 45%,
and thus more strongly than complex 8 which left ca. 65% of
mitochondria with intact Ayn,. A possible explanation lies in the
higher lipophilicity of complex 10 which facilitates its uptake into
mitochondria.®?

Antivascular effects
Tube formation assay: To assess the antiangiogenic activity of
complexes 8 and 10 we performed in vitro tube formation assays

which are based on the ability of vascular endothelial cells
form interconnected networks of capillary-like structures
as

grown on an extracellular membrane matrix support su
matrigel.®™® For this, HUVEC were seeded on matrigel

effects on the formation of tubular networks were
after 24 h of incubation. Figure 6 shows the r

like structures, both complexes 8 and 10 stro
formation of such tubular structures when
concentrations as low as 100 nM.

ach 100 nM) on the

formation of organized tubbu on matrigel after

24 h of incubation.

It can be used as
antiangiogenic or
depicts the antivascular effects of
arison to the normal development
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of blood vessels in the CAM. After 6 h of incubation complex 8
had destroyed nearly all smaller illaries while complex 10
had affected even bigger vessels a induced hemorrhages.
These effects were quantified by a ves analysis based
on a fractal analysis as described pre,
blood vessels was decreas
27 + 1% by complex 10. Aff
the vasculature within the treate
sprouting of new blg;
treatment with comp
the vasculature.

cubation with complex 8
ad recovered and the
In contrast,
to a Mrther destruction of

0 for 24 h

Control

mbrane of fertilized chicken eggs. Images were taken 6 h and 24 h after
pplication of the test compounds (2.5 nmol) on day 7 post fertilization and are
representative of at least three independent assays.

In vivo mouse xenograft model

The antitumoral activity of biscarbene complex 10 was further
assessed in vivo using a Balb/c mouse xenograft model of
invasive B16-F10 melanoma. The results are shown in Figure 8.
Complex 10 was administered intraperitoneally to the mice twice
on two consecutive days (each time 7.5 mg/kg body weight on
days 1, 2, 7, and 8). This induced a considerable reduction in
tumor volumes to 18-48% of the initial size after twelve days
while the volumes of untreated B16-F10 tumors increased by
1.6- to 1.9-fold. The weight of the mice remained nearly the
same as at the beginning of the experiment. Thus, it can be
concluded from this preliminary study that complex 10 exhibits a
significant in vivo antitumor activity against this type of highly
metastatic melanoma while being tolerated very well by the mice.
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Figure 8. Antitumoral activity of complex 10 in mouse xenografts of the highly
metastatic B16-F10 melanoma cell line. Shown are the relative tumor
responses following a repeated application of DMSO (control) or complex 10
on two consecutive days (i.p. injections of 7.5 mg/kg body weight on days 1, 2,
7, and 8: black arrows). Data are means + SD of the tumors implanted in both
flanks of each mouse.

Conclusions

The ferrocenyl substituted NHC gold(l) complexes 7a, 7b, 8, and
10 showed activity against various tumor cell entities with ICso
values in the lower micromolar or even submicromolar range
xenografted mice complex 10 led to significant reductions
tumor volumes while being tolerated well by the animals. The
cytotoxicity of the complexes is correlated with their
uptake, which is dependent on their lipophilicity. The
of action of complexes 8 and 10 was studied in
induced a distinct reorganization of the F-actin c
human vascular endothelial and melanoma ce,
associated with an accumulation of the cells in
the cell cycle leading to a significant antimigra
Moreover, complexes 8 and 10 are potent inhibitors of the
enzyme TrxR with complex 8 being about 2.5 times mor
effective than complex 10. This is in line with finding§, by
Rubbiani et al. for similar gold(l) NHCgcomplexes and is
likely due to the lower stability of co

distinct antivascular effects,
of vessel-like structures by

complexes 8 a

akes these new heteronuclear NHC
ndidates. We will now study their
ignal transduction pathways by
e applicable to gold complexes

effects il

proteomic techniques known
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such as ELISA microarray analyses®®®®% or two-dimensional
difference gel electrophoresis.’®”

Experimental Section

pectra were recorded on an
nit; NMR spectra were run
Mts are given in ppm (O)
ard for 'H and "°C;
: UPLC/Orbitrap MS system
mental analyser. All tested
ysis and HPLC. For in vitro
F, stable for months, were

General: Melting points are unco
FT-IR spectrophotometer with ATR sa

downfield from tetram
mass spectra: direct i
in ESI mode; microa
compounds are > 98
tests stock solutions
prepared.

-phenylimidazole (4a): Ferrocenyl
0.42 mmol) was dissolved in ethanol (15 mL),
H (260 pL, 2.10 mmol) and acetic acid (150
2 h under reflux. TosMIC reagent 3 (120
mg, 3.62 mmol) were added and the
reaction mixture was stirre r 6 h under reflux. The volatiles were
evaporated and the residue was suspended in ethyl acetate, washed with
ter, dried o Na,SO,, filtered, and the filtrate was concentrated in
uum. ThegFidue was purified by column chromatography (silica gel
Yield: 75 mg (0.32 mmol, 76%); orange-brown solid; R=0.44 (ethyl
e); 'H NMR (300 MHz, CDCl3) 5=3.93 (s, 3H), 4.0-4.1 (m, 5H),
(m, 4H), 7.2-7.4 (m, 3H), 7.4-7.5 ppm (m, 3H); *C NMR (75.5
I3) 6=32.8, 68.1, 68.7, 69.0, 75.3, 126.6, 127.8, 128.7, 130.6,
.2 PPM; Vmax/cm™': 3086, 2923, 1603, 1511, 1442, 1415,
2, 1285, 1254, 1204, 1156, 1103, 1088, 1070, 1031, 998
867, 834, 824, 811, 774, 752, 719, 697, 663; MS (70eV):
m/z (%) 342 (100) [M"], 277 (25), 234 (26), 220 (75), 165 (42).

1-Ethyl-5-ferrocenyl-4-phenylimidazole (4b): Ferrocenyl carboxaldehy-
mg, 0.42 mmol) was dissolved in ethanol (15 mL), treated with 2M
HF (1.05 mL, 2.10 mmol) and acetic acid (150 pL, 2.63 mmol),
eated for 2 h under reflux. Compound 3 (120 mg, 0.44 mmol) and
O3 (500 mg, 3.62 mmol) were added and the reaction mixture was
ated for 6 h under reflux. The solvent was evaporated and the residue
as suspended in ethyl acetate, washed with water, dried over Na,SOy,
filtered, and the filtrate was concentrated in vacuum. The residue was
purified by column chromatography (silica gel 60). Yield: 100 mg (0.28
mmol, 67%); orange-brown solid; R=0.77 (ethyl acetate/methanol 9:1);
"H NMR (300 MHz, CDCl3) 6=1.51 (t, J = 7.3 Hz, 3H), 3.9-4.0 (m, 5H),
4.2-4.3 (m, 4H), 4.43 (q, J = 7.3 Hz, 2H), 7.1-7.3 (m, 3H), 7.4-7.5 (m,
2H), 7.57 (s, 1H); *C NMR (75.5 MHz, CDCl;) 5=16.9, 39.8, 68.1, 68.9,
69.0, 75.3, 124.2, 126.5, 127.7, 128.7, 130.7, 135.6, 136.1, 140.0;
Vmaxlem™': 3089, 2974, 2933, 1602, 1506, 1442, 1411, 1378, 1347, 1250,
1199, 1105, 1070, 1029, 1000, 948, 912, 875, 819, 771, 721, 697, 662;
MS (70 eV): m/z (%) 356 (100) [M*], 291 (15), 248 (88), 219 (25), 165
(27), 89 (21).

1,3-Dimethyl-5-ferrocenyl-4-phenylimidazolium iodide (5a):
Compound 4a (70 mg, 0.20 mmol) was dissolved in acetonitrile (25 mL)
and iodomethane (3 mL) was added. The reaction mixture was stirred at
85 °C for 24 h. The solvent was evaporated and the residue was dried in
vacuum. Yield: 97 mg (0.20 mmol, 100%); yellow gum; 'H NMR (300
MHz, CDCl3) 6=3.6—4.3 (m, 15H), 7.2-7.5 (m, 5H), 9.84 (s, 1H); °C NMR
(75.5 MHz, CDCl3) 6=34.7, 35.8, 68.3, 68.7, 69.4, 125.5, 128.7, 128.9,
130.4, 136.9; Vmax/cm™: 3460, 3146, 3020, 1621, 1573, 1489, 1440, 1409,
1343, 1202, 1105, 1086, 1058, 1004, 918, 893, 817, 763, 725, 703; MS
(70 eV): m/z (%) 357 (92) [M], 342 (100), 277 (34), 234 (49), 142 (52),
121 (14).

carboxaldehyde (90
treated with 33% MeN
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1,3-Diethyl-5-ferrocenyl-4-phenylimidazolium iodide (5b): Compound
4b (100 mg, 0.28 mmol) was dissolved in acetonitrile (25 mL) and
iodoethane (1.5 mL) was added. The reaction mixture was stirred at
85 °C for 24 h. The solvent was evaporated and the residue was dried in
vacuum. Yield: 130 mg (0.25 mmol, 89%); yellow gum; 'H NMR (300
MHz, CDCl3) 6=1.31 (t, J = 7.2 Hz, 3H), 1.63 (t, J = 7.2 Hz, 3H), 3.7-3.8
(m, 5H), 4.0-4.1 (m, 4H), 4.1-4.2 (m, 2H), 4.56 (q, J = 7.2 Hz, 2H), 7.2—
7.5 (m, 5H), 10.01 (s, 1H); "*C NMR (75.5 MHz, CDCl;) 5=15.3, 15.9,
42.9, 43.1, 68.5, 59.2, 69.3, 69.5, 124.3, 125.5, 128.8, 129.0, 129.8,
129.9, 130.2, 130.3, 130.4, 130.7, 134.9, 138.0; Vmad/cm™': 3050, 2979,
1936, 1617, 1561, 1444, 1410, 1386, 1342, 1220, 1182, 1105, 1090,
1074, 1024, 1002, 918, 883, 819, 757, 724, 701, 639; MS (70 eV): m/z
(%) 356 (100), 291 (10), 248 (15).

lodido-(1,3-dimethyl-4-ferrocenyl-5-phenylimidazol-2-ylidene)-
silver(l) (6a): A mixture of imidazolium salt 5a (95 mg, 0.20 mmol),
CHCl; (15 mL), and silver(l) oxide (46 mg, 0.20 mmol) was stirred at
room temperature in the dark for 1 d. The suspension was filtered over
Celite and the filtrate was concentrated in vacuum. The residue was
dissolved in CH,Cl, and the product precipitated with n-hexane. Yield: 72
mg (0.12 mmol, 61%); brown gum; '"H NMR (300 MHz, CDCl3) 6=3.55 (s,
6H), 3.9-4.3 (m, 9H), 7.2-7.5 (m, 5H); *C NMR (75.5 MHz, CDCls)
6=37.4, 38.2, 68.2, 68.8, 69.3, 72.9, 128.7, 128.9, 129.5, 130.3, 130.8,
131.3, 179.8; Vmax/cm™: 3085, 2947, 1622, 1595, 1574, 1503, 1445, 1377,
1254, 1222, 1105, 1077, 1060, 1034, 1015, 911, 896, 820, 764, 723,
700; MS (70 eV): m/z (%) 342 (45), 234 (38), 186 (99), 121 (91), 57 (38).

lodido-(1,3-diethyl-4-ferrocenyl-5-phenylimidazol-2-ylidene)silver(l)

(6b): Analogously to 6a, compound 6b (90 mg, 0.15 mmol, 60%) was
obtained from 5b (130 mg, 0.25 mmol), CH.Cl, (15 mL), and silver(l)
oxide (65 mg, 0.28 mmol) as a brown gum; 'H NMR (300 MHz, CD
6=1.13 (t, J = 7.2 Hz, 3H), 1.47 (t, J = 7.2 Hz, 3H), 3.8-3.9 (m, 7H)
4.0 (m, 2H), 4.1-4.2 (m, 2H), 4.48 (q, J = 7.2 Hz, 2H), 7.2-7.3 (M} 3H),
7.4-7.5 (m, 2H); "*C NMR (75.5 MHz, CDCls) 6=17.2, 18.1, 44.5, 44.7,
68.2, 68.7, 69.1, 72.8, 127.7, 128.3, 128.6, 128.8, 129.5, 13
133.8, 177.8; Vmax/cm™": 3084, 2970, 2928, 2865, 1499, 1459

CHCl; (15 mL) and treated with chloro(dimethylsulfide)gold(l) (49 m
0.16 mmol). The reaction mixture was stirred at room temperature for 18

mmol, 86%); amber solid of m.p. 120 °

5=3.59 (s, 3H), 4.05 (s, 5H), 4.10 (m, 2H), 4 2H),
7.28 (m, 2H), 7.51 (m, 3H); *C NMR (125 MHz, 1, 68.9,
69.5, 69.9, 129,4, 129.6, 130.2, 121.6, 170.7; Vmadcm 7, 2948,
1621, 1595, 1575, 1445, 1382, 081, 1058,

1004, 927, 898, 821, 767, 701,

elemental analysis calc
3.42, N 4.76; found: C 43.89,

-phenylimidazol-2-ylidene)gold(l)
(60 mg, 0.097 mmol, 81%) was

mol), CH.Cl, (15 mL), and
mmol) as an amber solid of
; =1.22 (t, J = 7.2 Hz, 3H),
(s, 5H), 4.08 (m, 4H), 4.22 (m, 2H), 4.67 (m,
H); *C NMR (75.5 MHz, CDCl;) 56=16.8,
,69.7, 72.7, 127.9, 128.5, 128.8, 129.1,
133.8, 169.2; Vma/cm™': 2964, 2932,
9, 1377, 1345, 1308, 1262, 1214,

chloro(dimethylsulfi
m.p. 85-87 °C; 'H N
1.58 (t, J = 7.2 Hz, 3H),

129.4, .
1623, 1593, 1504, 146
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1106, 1094, 1026, 1000, 967, 919, 885, 822, 758, 727, 702; MS (70 eV):
m/z (%) 618 (18) [M*], 616 (47) [M'], A8 (52), 471 (45), 275 (51), 66
(100); elemental analysis calcd (%) 24AuCIFeN; (616.71): C
44.79, H 3.92, N 4.54; found: C 45.09, H 3.
Triphenylphosphino-(1,3-diethyl-4-ferroce
ylidene)gold(l) tetrafluoroborate (8): Col
was dissolved in acetone (10
mmol) and PPh; (25 mg, 0.095 m

idazol-2-
0.073 mmol)
with NaBF, (15 mg, 0.136
reaction mixture was stirred
s filtered, the filtrate was
ised from CH,Cly/n-
. amber solid of m.p. 183 °C
J=14.6, 7.2 Hz, 3H), 1.70
m, 4H), 4.28 (m, 2H), 4.73
(125 MHz, CDCl3) 6=17.4
, 72.0, 72.5, 128.2, 128.6,
» 130.1, 130.6, 131.2, 1324,
2 MHz, CDCl3) 6 41.0; "'B NMR
1.18; Vmax/cm™': 3059, 2963, 1480, 1464, 1436,
183, 1159, 1098, 1049, 997, 925, 884, 823,
) 843.3 (100) [M* -BF,], 735.4 (15), 721.3

hexane. Yield: 50 mg
(dec.); '"H NMR (500
(dt, J = 14.6, 7.2 Hz,
(m, 2H), 7.37 (m, 3H)
18.3, 18.4, 44.2,44.

, CDCl) 6=1.3
), 4.04 (s, 5H), 4.
8 (m, 17H); *C
, 68.6 69.1,

(49), 3 (13); elemental analysis calcd (%) for
Cu1HzoAuBF4FeN,P (930: 52.93, H 4.23, N 3.01; found: C 53.10, H
4.50, N 3.36.

-Diethyl-4-f cenyl-5-phenylimidazolium tetrafluoroborate (9): A
ture of 5 mg, 0.13 mmol), acetone (30 mL), and NaBF, (22 mg,
mmol) was stirred at room temperature for 24 h. The mixture was
over MgSQ,, the filtrate was concentrated in vacuum and the
was dried. Yield: 60 mg (0.13 mmol, 100%); yellow gum; 'H NMR
CDCl3) 6=1.40 (t, J = 7.3 Hz, 3H), 1.72 (t, J = 7.3 Hz, 3H),
4.0-4.1 (m, 4H), 4.3-4.4 (m, 2H), 4.66 (q, J = 7.3 Hz,
2H), 7.3- J'2H), 7.5-7.7 (m, 3H), 10.18 (s, 1H); "*C NMR (75.5 MHz
CDCl3) 6=15¥6, 16.3, 44.3, 44.4, 68.8, 69.2, 69.6, 69.9, 70.2, 126.0,
129.2, 129.4, 129.7, 130.1, 130.2, 130.5, 130.6, 130.8, 131.0, 135.5,
148.5; Vmax/om™': 3055, 2978, 2936, 1615, 1561, 1444, 1410, 1386, 1342,
1181, 1105, 1024, 1002, 918, 883, 819, 794, 757, 725, 702; MS(70
(%) 356 (100), 291 (15), 248 (22).

,3-diethyl-4-ferrocenyl-5-phenylimidazol-2-ylidene]gold(l)
afluoroborate (10): Imidazolium salt 9 (60 mg, 0.13 mmol) was
ssolved in CH,Cly/methanol (1:1, 30 mL) and treated with Ag.O (34 mg,
.14 mmol). The resulting mixture was stirred in the dark at room
temperature for 5 h. Chloro(dimethylsulfide)gold(l) (23 mg, 0.075 mmol)
was added and stirring was continued for a further 20 h. The suspension
was filtered, the filtrate was concentrated in vacuum, and the residue was
redissolved in CH,Cl,, and filtered over MgSO./celite. The filtrate was
concentrated and the remainder was dried in vacuum. Yield: 50 mg (0.05
mmol, 64%); amber solid of m.p. 183 °C (dec.); "H NMR (300 MHz,
CDCl3) 6=1.1-1.3 (m, 6H), 1.6—1.8 (m, 6H), 3.8-4.3 (m, 22H), 4.6-4.8 (m
4H), 7.1-7.6 (m, 10H); "*C NMR (75.5 MHz, CDCl;) 6=16.8, 17.3, 17.6,
18.2, 44.1, 44.2, 68.5, 69.0, 69.1, 69.3, 69.4, 72.4, 72.8, 128.0, 128.5,
128.9, 129.1, 129.4, 129.8, 130.5, 130.8, 131.2, 131.8, 135.0, 161.2,
182.7; "B NMR (96.3 MHz, CDCl3) &= —1.29; Vmadom™: 2972, 2924,
1462, 1446, 1411, 1378, 1345, 1306, 1262, 1216, 1195, 1107, 1050,
1002, 969, 885, 834, 818, 757, 703; MS (70 eV): m/z (%) 965.2 (100) [M*
—BF,], 857.4 (6), 506.8 (7), 338.5 (23), 282.4 (7); elemental analysis
calcd (%) for CysHisAuBFsFesNs (1052.36): C 52.50, H 4.60, N 5.32;
found: C 52.48, H 4.55, N 5.02.

Crystal data: CssHasAuBF4FeoN4, M=1052.36, monoclinic, space group
C2/c, a=19.657(4), b=10.889(2), c=21.868(4) A, a=y=90°, $=114.33(3)°,
V=4264.8(15) A®, Z=4, 2=0.71073 A, y=4.158 mm™', T=293(2) K; 15540
reflections measured, 4121 unique; final refinement to convergence on
F? gave R=0.0539 and Rw=0.1161, GOF=0.703. CCDC 1500972.

Biological Studies. Enzyme: PARP-1 activity was determined using
Trevigen’s HT universal colorimetric PARP assay according to the
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manufacturer’s instructions. It measures the incorporation of biotinylated
poly(ADP-ribose) in histone proteins in a 96-microtiter strip well format.
Recombinant human PARP-1 (high specific activity, purified from E. coli
containing recombinant plasmid harboring the human PARP gene) was
used as the enzyme source and incubated with different concentrations
of complexes 8 and 10 for 1 h at room temperature prior to its addition to
the histone proteins in the 96-well plates. The final reaction mixture (50
yL) was treated with TACS-Sapphire, a horseradish peroxidase
colorimetric substrate, and incubated in the dark for 30 min. The
absorbance was measured at 630 nm. The experiment was performed
twice in duplicate and ECsg values are presented as means + S.D..

The inhibition of thioredoxin reductase (TrxR) by 8 and 10 was assessed
using a microplate reader based assay with minor modifications.!*33"!
Rat liver TrxR (Sigma-Aldrich) was diluted with water to a concentration
of 2.0 U/mL. To 25 pL aliquots of the enzyme solution 25 pL of potassium
phosphate buffer pH 7.0 containing the complexes 8 and 10 in graded
concentrations or vehicle (DMF) were added. The resulting solutions
(final concentration of DMF: 0.5% v/v) were incubated for 75 min at 37 °C
in a 96-well plate. To each well, 225 pL of the reaction mixture (1000 pL
reaction mixture: 500 uL potassium phosphate buffer pH 7.0, 80 yL 100
mM EDTA solution pH 7.5, 20 pyL BSA solution 0.05%, 100 pL of 20mM
NADPH solution, and 300 pL of distilled water) were added and the
reaction was started by adding 25 pL of a 20 mM DTNB solution. The
formation of 5-TNB was monitored with a Perkin-Elmer Victor X4
microplate reader at 405 nm in 10 s intervals for 6 min. The increase in 5-
TNB concentrations over time followed a linear trend (* > 0.99), and the
enzymatic activities were calculated as the slopes (increase in
absorbance per second) thereof. The noninterference of the test
compounds with the assay components was confirmed by negatige
control experiments with enzyme-free solution. The ECs values ar
complex concentrations decreasing the enzymatic activity to 50%
as means + S.D. of two or three experiments in duplicate.

Tube Formation Assay: The interference of 8 and 10 with th
of vascular-like tubular networks by HUVEC was investig
HUVEC (25 uL of 8x10° cells/mL) were seeded on
Biosciences) in black 96-well plates and treated with 8 q
10 mM stock solutions in DMF ranging from 50 nM to
identify antiangiogenic activity. Solvent controls (D,
identically. Effects were documented by light microscopy
incubation (Axiovert 35, 5x objective lens, AxioCam color, Zeiss).

Chorioallantoic Membrane (CAM) Assay: Fertilized, specific pathoge
free (SPF) chicken eggs (VALO BioMedia) were bred in an incubator at
37 °C and 60% relative humidity. On day 6 yindows (& 1.5-2 cm)
cut into the shell at the more rounded pol
sealed with tape, and incubation was
silicon foil (& 5 mm) were placed on the CA
vessels, and complexes 8 or 10 (2.5 nmol), or D
volume of 10 pL H,O) were topicall
on the developing vasculature we

of Rhineland—Palatinate). The
mice (Balb/c) were t—dark cycle in a controlled
conventional colony r

standard rodent diet

titumor activity and tolerance of gold
raft model of highly metastatic B16-

F10 mouse melanoma cel d. A suspension of 2 x 10° cells in

10.1002/chem.201604246

WILEY-VCH

200 mL PBS was administered to the flanks of each mouse to generate
subcutaneous xenograft tumors. Freshlgprepared 9 mM stock solutions
of complex 10 in DMSO were diluted 14 BS and injected i.p. twice
on two consecutive days (days 1, 2, and 7, mice (n=3) at 7.5 mg
x (kg body weight). Control mice (n=3) w with respective
amounts of DMSO (in PBS). The size of th corded daily,
beginning on the day of thg& n. Tumor volumes were
a being the short and b the
easured at the beginning
and was used as an

Further tests: For
accumulation, partit
mitochondrial membr
generation refer

f growth inhibition, cellular
rence with F-actin and
, wound healing, and ROS

coefficients, int
potential, cell cy;
orting inform

tion CM1105 ‘Functional metal
complexes that bind to olecules’ for support and an STSM
appropriation (JKM), RS thanks the Deutsche Forschungs-
r a grant (Scho 402/12), VB and OS thank the
ch Sci Foundation for a grant (14-21053S), and JKM
s the Elite Study Program ‘Macromolecular Science’, Elite
rk of Bavaria. We are indebted to Friedrich Foerster

(University Bayreuth) for assistance with the cyclic voltammetry.
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