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This work presents the synthesis, characterization and application of eleven new gold (I) complexes 13
e23 with 1,2,4-oxadiazole-containing N-heterocyclic carbene (NHC) ligands and of the NHC silver(I)
complex 24. The 1,2,4-oxadiazole unit, which can be found in a variety of biologically active natural
products such as phidianidines or quisqualic acid, was incorporated, along with a variety of other bio-
logically active moieties (anthracene, indole, 2-pyridine, 2,3,4,5-tetra-O-acetyl-D-glucopyranose, quin-
corine and quincoridine), in order to change the lipophilicity of the complexes, so that the transport of
the active units (M-NHC) though the cell wall barrier is facilitated. The biological activity of the com-
plexes was investigated. In vitro assessment of anti-tumor activity in a panel of 12 human tumor cell lines
by a monolayer assay revealed impressive potency (mean IC50 < 0.1 mM) and tumor selectivity for 6
compounds, with individual IC50 values in the low nanomolar range. The solid state structures of
compounds 13, 14, 15, 17, 18, 19 and 24 were determined by X-ray diffraction analyses.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Gold complexes bearing N-heterocyclic carbenes (NHC) are
currently one of the most promising classes of substances for drug
research [1e3]. The story of neutral gold complexes started when
Auranofin, a triethylphosphine gold(I) glucose-thiolate, was
, dichloromethane; IC50, half
mino-3-hydroxy-5-methyl-4-
kinase 3; QCI, quincorine;
ydrothiophene.
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served.
marketed in 1982 as an anti-rheumatic substance [4]. The oral
availability of this substance represented a major breakthrough in
this area. Furthermore, the pharmacological behavior of this new
class of metal complexes was shown to be different from that of the
well-established platinum species (“Cisplatin”) [2,5], so that gold
complexes became an important area of anti-cancer research.
Inspired by the success of N-heterocyclic carbenes (NHC) in catal-
ysis [6], the idea was born to exchange the phosphine for an NHC
ligand, which acts also as a strong sigma donor [7e11]. This
replacement enhances the stability of the resulting complexes. An
important feature of gold(I)-NHC complexes is their anti-
mitochondrial activity [7,12,13], which is important for the devel-
opment of these substances as anti-tumor agents. The imidazole
core allows facile variation of the N-substituents and of the back-
bone in order to modify properties such as lipophilicity, steric de-
mand and donor strength of the NHC. Several complexes have been
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presented in the last few years and their biological activity is often
impressive. Chloro(1-p-methyl-benzyl-3-methyl-imidazolin-2-
ylidene)gold(I) was tested against protein tyrosine phosphatases
and was found to exhibit potency in the low micromolar range
[7,14]. A further target is the inhibition of thioredoxin reductase. In
this direction gold(I) complexes of N-substituted benzimidazolin-
2-ylidene with alkyl or benzyl groups [15] or of backbone-modified
or N-arylated imidazolin-2-ylidenes [16] were also tested. The
introduction of derivatives with further amino groups [17] or with
modifications based on aryl units in the backbone [18] has also
been presented and their application as antitumoral drugs was
described. Quite simple gold-NHC complexes, such as (imidazolin-
2-ylidene) gold(I) chloride, were shown to have remarkable anti-
cancer activity based on their antiproliferative properties against
cis-platin-resistant cell lines [19]. Still new decorations of the
imidazole core are developed and tested for biological activity [20].

We set out to introduce the motif of 1,2,4-oxadiazole-
substituted phenyl groups into the chemistry of imidazolin-2-
ylidene-gold(I) complexes as a substituent at the nitrogen atom.
The 1,2,4-oxadiazole moiety represents an attractive motif for
synthesis and for expected biological activity. Such groups have
been described in the literature as bioisosteres for amides and es-
ters [21e23] with superior hydrolytic andmetabolic stability. To the
best of our knowledge, such structures have not yet been estab-
lished in the chemistry of gold(I)-NHC complexes.

Only a few natural products are known that contain the 1,2,4-
oxadiazole unit (Fig. 1). One example is the class of 3-substituted
indole alkaloids, phidianidines A and B, isolated from the aeolid
opisthobranch Phidiana militaris and reported by Carbone et al. [24]
as being selective inhibitors of the dopamine transporter DAT and
partial agonists of the m opioid receptor [25]. Other natural prod-
ucts with a 1,2,4-oxadiazole motif include quisqualic acid, isolated
from the seeds of Quisqualis indica and Q. fructus [26]. This sub-
stance is a strong agonist for AMPA (a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid) receptors and group I metabotropic
glutamate receptors [27].

1,2,4-Oxadiazoles have been extensively implemented into new
drug discovery programs, e.g. in the search for antitumor agents
(Fig. 2). For example 1,2,4-oxadiazole A was found to act as an
apoptosis agent [28], 1,2,4-oxadiazole-5-carboxamides B were
synthesized and tested as inhibitors of the glycogen synthase ki-
nase 3 (GSK-3) [29] and 1,2,4-oxadiazolebutanoic acids such as C
were tested as non-peptidic analogs of avb3 antagonists [30]. 1-(4-
(3-tert-Butyl-1,2,4-oxadiazol-5-yl)phenyl)-1H-pyrrole-2,5-dione D
was tested in vitro for antitumor activity toward a panel of 11 cell
lines by using a monolayer cell survival and proliferation assay and
was found to be moderately active [31].

2. Results and discussion

2.1. Synthesis and structural characterization

In our previous work, we described the synthesis of several
natural product analogs starting from 4-(3-(tert-butyl)-1,2,4-
Fig. 1. Natural products posses
oxadiazol-5-yl)aniline (1) [31]. All derivatives were tested in vitro
for antitumor activity towards a panel of 11 cell lines by using a
monolayer cell survival and proliferation assay. 1-(4-(5-(tert-
Butyl)-1,2,4-oxadiazol-3-yl)phenyl)-1H-pyrrole-2,5-dione (D)
showed good anti-tumor potency combined with good selectivity,
with an IC50 mean value of 9.4 mM. Taking these results into
consideration, we decided to replace the maleimido group by the
imidazole core. This exchange opens the way to the chemistry of
NHC-metal complexes, which could improve the antitumor activity
of the target molecules. The metal of choice was gold, because this
element possesses antitumor activity in several organometallic
compounds [1e4,7,8,10,12e21].

Starting from 5-(4-(1H-imidazol-1-yl)phenyl)-3-(tert-butyl)-
1,2,4-oxadiazole (2), we planned to generate the imidazolium salts,
which would be good precursors for NHCs. With these compounds
containing the 4-(5-(tert-butyl)-1,2,4-oxadiazol-3-yl)phenyl group
in hand, we intended to synthesize organometallic complexes. The
symmetrical imidazolium chloride 3 was generated directly from 1
using literature-reported protocols [32,33], and the one-pot reac-
tion is shown in Scheme 1.

By constructing the unsymmetrical imidazolium salts, we
could systematically insert a second substituent. We used a wide
variety of other organic moieties that are known to be biologically
active, i.e. anthracene, indol, 2-pyridine, 2,3,4,5-tetra-O-acetyl-D-
glucopyranose, quincorine (QCI) and quincoridine (QCD). These
groups should influence the transport of the final agents to the
target cells.

The unsymmetrical imidazolium salts were synthesized
following a two-step protocol starting from compound 1. In the first
step, the N-substituted imidazole 2 was generated using classic
literature-reported protocols (Scheme 2) [34]. In the second step,
nine imidazolium salts 4e12 with various counterions (Cl�, Br� or
NO3

�) were generated, as shown in Scheme 2, using literature
procedures [35e42]. It is worthmentioning that for 1-(3-tert-butyl-
5-phenyl-1,2,4-oxadiazole)-3-(2,3,4,5-tetra-O-acetyl-D-glucopyr-
anosyl)-imidazolium nitrate (11), despite the low yield (18%), we
obtained solely the b-anomer by combining precipitation and
chromatography methods. Derivatives 1-(3-tert-butyl-5-phenyl-
1,2,4-oxadiazole)-3-(QCI)-imidazolium bromide (9) and 1-(3-tert-
butyl-5-phenyl-1,2,4-oxadiazole)-3-(QCD)-imidazolium bromide
(10) were formed only in low amounts because the QCI-/QCD-C9-Br
tend to self-react at elevated temperatures and form bromide salts,
thus becoming inactive as electrophiles.

With the imidazolium salts in hand, we generated the com-
plexes NHC-Au(I)X (X ¼ Cl or Br). Several methods of generating
gold(I) complexes have been described in the literature [16,43e52].
One can generate the free carbene and react it subsequently with a
gold-containing precursor, usually [Au(DMS)Cl] or [Au(THT)Cl]
(DMS ¼ dimethylsulfide, THT ¼ tetrahydrothiophene) [44]. How-
ever, this method requires special conditions because of the high
reactivity of the free carbene, and not all free carbenes are suffi-
ciently stable. Another approach uses silver [45,46] or copper [47]
transmetalation protocols. At first, a silver complex is generated
from the reaction of the imidazolium salt with a weak silver base
sing 1,2,4-oxadiazole core.



Fig. 2. Examples of 1,2,4-oxadiazole with antitumor activities.

Scheme 1. Synthesis of (1,3-bis(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenyl)imidazo-
lium chloride (3) i. paraformaldehyde, glyoxal, HCl, toluene, reflux.
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such as Ag2O. One can either isolate these intermediates or use the
reaction mixture for further reactions with an appropriate gold
source, e.g. [Au(DMS)Cl] or [Au(THT)Cl]. We evaluated this method,
but the yields were lower than those described in the literature
and, considering that our ligands are not easy to synthesize, we
tried to improve the protocol. Several protocols in the literature
describe the in situ generation of the free carbene by using the base
KO-tBu to deprotonate the imidazolium salts in anhydrous THF,
whereupon the gold source is added. Nevertheless, this reaction
did not proceed cleanly in our hands, and several unidentified
byproducts were formed, making the isolation of the desired gold
compounds difficult. The byproduct formation raised questions
regarding the stability of the free 1,2,4-oxadiazol-modified
NHC, which might be the reason for the observed problems. It is
reasonable to assume that these occur between the generation of
free NHC and the addition of the gold source. Therefore, we
added the imidazolium salts together with KO-tBu and [Au(DMS)
Scheme 2. Synthesis of imidazolium salts starting from 4-(3-(tert-butyl)-1,2,4-oxadiazol-5-y
Br, I) (see Table 1), toluene, reflux; iii. 2,3,4,5-tetra-O-acetyl-D-glucopyranosylbromide, AgN
Cl] to the reaction flask, and under an inert atmosphere, the solvent
(dry THF) was added by syringe. The reaction was monitored
by thin layer chromatography, and the results were very
promising. After 15 min, the reaction was complete and no
byproducts were observed, making the purification easy and the
yields higher (Scheme 3).

We also wished to synthesize some binuclear gold 1,2,4-
oxadiazol derivatives [53,54] and test their antitumor activity. By
the transmetalation route, we were able to isolate compound 22,
albeit in low yield (35%). In the attempt to generate the binuclear
gold cationic complex 23, we tried first to synthesize the binuclear
silver cationic complex 24 by the same transmetalation method but
using acetonitrile as reaction solvent [55]. The silver complex was
obtained and characterized, but all attempts to isolate the gold
derivative were unsuccessful. In order to produce the compound
23, it was necessary to heat the imidazolium salt in DMF at high
temperature in the presence of NaOAc as base (Scheme 4).

2.1.1. FT-IR spectra of the compounds
Haque et al. [56] described in the their work the use of FT-IR to

determinate the transformation of imidazolium salts to the corre-
sponding Ag(I) derivatives. Therefore we analyzed more deeply the
recorded FT-IR from compounds 2 to 24. In general we can conclude
that the FT-IR spectra of all pairs of imidazolium salt and corre-
sponding Au(I) or Ag(I) complex look in principle similar. This is
understandable because there are no differences in the functional
l)aniline (1); i. glyoxal, NH4Cl, 37% aq. formaldehyde, H3PO4, MeOH, reflux; ii. R2-X (Cl,
O3, CH3CN, 50 �C; iv. CH2Br2, reflux.



Scheme 3. Synthesis of 1,2,4-oxadiazol Au(I)X (X ¼ Cl, Br) with different R2 sub-
stituents. i. Ag2O, [Au(DMS)Cl], DCM, h ¼ 12e45%; ii. KOtBu, [Au(DMS)Cl], THF, r.t.,
h ¼ 40e85%.

Scheme 4. Synthesis of binuclear Ag(I) and Au(I) 1,2,4-oxadiazole; i. Ag2O, [Au(DMS)
Cl], DCM, r.t.; ii. NaOAc, [Au(DMS)Cl], DMF, 100 �C; iii. Ag2O, CH3CN, r.t.
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groups which can be characterized by IR spectroscopic method. At
least a main change we observed. In the spectra of the imidazolium
salts 3 to 12 are present a strong and sharp stretching vibration in
the region of n ¼ 1550 cm�1. In the case of 4 to 12 the value of this
stretching vibration lay at the interval of n ¼ 1547 cm�1 and
n ¼ 1555 cm�1. Just compound 3 lay with a value of n ¼ 1524 cm�1

out of this sharp interval. Once the metal bond is formed this
intense vibration disappears mostly. The further vibrations of the
complex change unspecific. We suppose that this specific vibration
is attributed to the presence of eHC]Ne module.

2.1.2. FT-NMR spectra of the compounds
The 1H and 13C NMR spectra of the imidazolium salts have

specific resonances for imidazolium protons located between 9.26
and 11.09 ppm and the corresponding imidazolium carbons in the
area of 136.6e147.2 ppm (Table 2).

The formation of the gold(I) complexes is proven without any
doubt by NMR spectroscopy. The disappearance of the NeCHeN
resonance in the 1H NMR along with the shifting in the up-fielded
area (170.3e181.9 ppm) of the resonance for the carbene carbon
atoms, are strong hints that the imidazolium salts have been
deprotonated and the CeAu bondwas established. These values are
in the range of reported values for Au(I)eNHC complexes having
CeAu-X (X ¼ halide).
2.2. Crystal structures of six complexes

2.2.1. Compound 13
The NHC-chlorogold(I) complex 13 was analyzed by X-ray

diffraction analysis (Fig. 3). The coordination at gold, via the NHC
carbon atom and a chloride ligand, is as expected close to linearity,
with CeAueCl 175.96(11)� and bond lengths AueC 1.990(4) and
AueCl 2.2883(9) Å, which may be regarded as typical for
NHCeAueCl complexes. A search of the Cambridge Structural
Database [54] yielded 145 carbene-chlorogold(I)structures, with
189 values for these bond lengths; the average values were CeAu
1.985, AueCl 2.287 Å. The two aromatic rings subtend interplanar
angles of 54 and 46� in opposite directions (unprimed and primed
atoms respectively) to the NHC ring. The compound crystallizes as a
chloroform disolvate, and both chloroform molecules are con-
nected to the gold complex via weak hydrogen bonds (H98 … Cl1
2.68, H99 … N2 2.35 Å). Despite the bulky NHC ligand, 13 forms
inversion-symmetric dimers through aurophilic interactions with
Au…Au 3.2498(3) Å, a feature which is often observed in the solid-
state molecular structures of gold(I) complexes [57e63].

2.2.2. Compound 14
The molecular structure of 14 is depicted in Fig. 4 and shows the

expected linear monocarbene gold(I) complex with bond lengths of
AueCNHC 1.977(4), AueCl 2.2822(9) Å and a bond angle at gold of
172.61(10)�. The six-membered ring and the NHC ring subtend an
interplanar angle of 40�.

2.2.3. Compound 15
The X-ray structure of compound 15 is shown in Fig. 5. The

coordination at gold is described by the bond lengths and angles
CNHCeAu 1.982(2), AueCl 2.2719(5) Å, CNHCeAueCl 177.35(6)�. The
central NHC ring subtends interplanar angles of 47� to the ring C11-
16 and 63� to the anthracenyl system. The packing of 15 involves
ribbons of molecules parallel to [101] linked by the “weak” but
short hydrogen bonds H20A … Cl 2.71 and H16 … O 2.41 Å and a
borderline Au … Au contact of 3.977 Å.

2.2.4. Compound 17
The X-ray structure of compound 17 is shown in Fig. 6. There are

two independent molecules in the asymmetric unit, which are
closely similar (r.m.s.d. 0.14 Å excluding terminal butyl carbons).
The bond lengths C17eAu 1.989(8), 2.007(8) Å and AueBr
2.3826(10), 2.3959(10) Å are in the normal range of NHCeAueBr
complexes; a CCDC search [57] gave 14 hits, 15 values for this
fragment, with mean bond lengths of AueC 1.985, AueBr 2.394 Å.
As usual, the angle around the metal centre C(17)-Au-Br is almost
linear at 177.6(2), 176.9(2)�. The central NHC ring subtends an
interplanar angle of 37� with the aromatic ring C11-16 but is almost
perpendicular (79�) to the ring C21-26. Values are almost identical
for the second molecule. The molecular packing involves broad
layers of molecules, with molecule 1 occupying the region x z ½
and molecule 2 at x z 0. The molecules are linked by short Himi-

dazole … Au contacts (2.86, 2.92 Å) and very long Au … Au contacts
(4.25, 4.21 Å). It is often a moot point whether H … Au contacts
represent genuine interactions or amerely a chance consequence of
the sterically exposed nature of two-coordinate gold atoms [64].

2.2.5. Compound 18
The structure of compound 18, which crystallizes as a

dichloromethane solvate, is shown in Fig. 7a. The AueBr and CeAu
bond lengths are 2.3962(3) Å and 1.987(3) Å respectively, with the
usual linear coordination at gold, C17eAueBr 177.88(8)�. The sol-
vent molecule is connected to the molecule of 18 by an acceptably
linear contact (H… Br 3.00 Å, CeH… Br 166�) that may reasonably



Table 1
Structures of Au(I)X derivatives (X ¼ Cl, Br).

Table 2
Notable features in the 1H and 13C NMR spectra of the imidazolium salts and the corresponding NHCeAu(I) complexes.

NHCeAu(I) complex dC (NHCeAu)a [ppm] Imidazolium salt Solvent dH (NHC*HX) [ppm] dC (NHC*HX) [ppm] DdC

13 170.9 3 DMSO-d6 10.76 b

14 171.3 4 DMSO-d6 9.98 137.4 33.9
15 170.6 5 DMSO-d6 10.49 147.2 23.4
16 173.7 6 DMSO-d6 10.09 138.4 35.3
17 173.7 7 DMSO-d6 10.41 137.8 35.9
18 172.7 8 DMSO-d6 10.88 137.6 35.1
19 181.8 9 MeOH-d4 9.26 139.3 42.5
20 181.9 10 CDCl3 10.96 136.6 45.3
21 171.0 11 CDCl3 11.09 137.8 33.2
22 171.9 12 DMSO-d6 10.56 b

a 13C NMR spectra were recorded using CDCl3as solvent.
b The solubility was insufficient for recording a good 13C NMR spectra.
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Fig. 3. Molecular structure of chloro(1,3-bis(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)
phenyl)-2(3H)-ylidene)gold(I) (13), including the two chloroformmolecules. Atoms are
drawn as 50% thermal ellipsoids. Weak hydrogen bonds are shown as dotted lines.

Fig. 4. Molecular structure of chloro(1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenyl)-
3-methyl-1H-imidazol-2(3H)-ylidene)gold(I) (14). Atoms are drawn as 50% thermal
ellipsoids. Hydrogen atoms are omitted for clarity.

Fig. 5. Molecular structure of chloro(1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenyl)-
3-(9-methyl-antracene)-1H-imidazol-2(3H)-ylidene)gold(I) (15). Atoms are drawn as
50% thermal ellipsoids. Hydrogen atoms are omitted for clarity.

Fig. 6. Molecular structure of bromo(1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenyl)-
3-(benzyl)-1H-imidazol-2(3H) ylidene) gold(I) (17); one of two independent mole-
cules. Atoms are drawn as 50% thermal ellipsoids. Hydrogen atoms are omitted for
clarity.

Fig. 7. a: Molecular structure of bromo(1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)
phenyl)-3-(2-pyridine)-1H-imidazol-2(3H)-ylidene)gold(I) (18) as its dichloromethane
solvate. Atoms are drawn as 50% thermal ellipsoids. The dashed bond is a weak
hydrogen bond. b: Packing diagram of 18 (solvent omitted) with view direction
approximately parallel to the b axis. Dashed bonds indicate weak hydrogen bonds or
Au … Au interactions.
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be classified as a “weak” hydrogen bond. This ensemble also in-
cludes an intramolecular Cl2 … O contact of 3.34 Å, which may be
recognized in Fig. 7 a although it is not drawn explicitly. The six-
membered rings C11e16 and N5, C20-24 subtend interplanar an-
gles of 47 and 51� respectively with the central NHC ring and are
approximately perpendicular to each other. The pyridinic nitrogen
atom N5 is clearly identifiable by its shorter ring bonds [1.328(4),
1.343(4) Å] and its narrow ring angle of 115.9(3)�.
The most striking intermolecular contact is the aurophilic

interaction Au … Au of 3.3373(3) Å, forming centrosymmetric di-
mers. These are further linked via weak hydrogen bonds H19… N5
(2.44 Å, 148�) and H12 … O (2.45 Å, 156�) to form a layer structure
parallel to the planes (110) (Fig. 7 b).

2.2.6. Compound 19
Themolecular structure of the enantiomerically pure compound

19 is shown in Fig. 8. The dimensions around the gold atom are
C17eAu 1.994(3), AueBr 2.4010(4) Å, and C17eAueBr 177.42(10)�.
The QCI substituent shows a C28eC29 bond length of 1.319(5) Å,
consistent with a CC double bond. The molecular packing involves
an aurophilic interaction of 3.4586(2) Å between neighboring
molecules related by the 21 operator parallel to the a axis, thus
leading to a chain of molecules with AueAueAu angle 163.79(2)�.
Otherwise the packing shows few short contacts.



Fig. 8. Molecular structure of bromo(1-(4-(3-tert-butyl-1,2,4-oxadiazol-5-yl)phenyl)-
3-(QCI)-1H-imidazol-2(3H)-ylidene)gold(I) (19). Atoms are drawn as 50% thermal
ellipsoids.
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2.2.7. Compound 24
X-ray crystallographic analysis of derivative 24 confirms the

presence of a dinuclear, dicationic complex with two dicarbene li-
gands, each of which bridges both silver atoms. (Fig. 9). Similar
dimeric structures have been observed for silver complexes of
chelating CNC pincer [65,66] and C2N2 cyclophane bis(NHC) ligands
[67]. The AgeC bond lengths (Ag1eC1 2.071(5), Ag1eC3 2.090(5),
Ag2eC2 2.087(5), Ag2eC4 2.085(5) Å) and near-linear CeAgeC
angles (169.85(17), 167.28(16)�) of 24 lie within the normal ranges
for published silver NHC complexes.

An important characteristic of 24 is the short Ag…Ag contact of
3.1642(4) Å. Such contacts shorter than twice the van der Waals
radius (3.40 Å) are considered diagnostic for “argentophilic” in-
teractions [68], but these are not as common as their Au … Au
counterparts.

2.3. In vitro anti-tumor activity towards human tumor cell lines

The in vitro anti-tumor activity of the compounds 2e24 was
assessed in a panel of 12 human tumor cell lines by using a
monolayer cell survival and proliferation assay. As shown in Fig. 10,
excellent potency withmean IC50 values <0.1 mMwas detected for 6
compounds, namely 18 (mean IC50 ¼ 0.012 mM), 16 (0.019 mM), 21
(0.020 mM), 19 (0.049 mM), 17 (0.053 mM), and 20 (0.058 mM). In
addition, good potency was detected for 15 (mean IC50 ¼ 0.208 mM)
and at a lower level for 13, 24, 23 and 4 (IC50 in the range from 1 to
10 mM).

We tested also the imidazolium salts 3 to 12 in order to show the
difference of the anti-tumor activity after the incorporation of Au(I)
or Ag(I). Furthermore in recent publications [69,70] the anti-tumor
activity of imidazolium salts was described, so there is a general
interest of their activity. Although is an accepted fact that after the
incorporation of metal to an imadazolium salt through metal-NHC
bond enhances its activity, we found a pair (4 and 14) were the anti-
tumor activity of the Imidazolium salt is higher than the anti-tumor
activity of the corresponding Au(I) complex. Compound 4 is in
Fig. 9. Structure of the dicationic silver complex 24. Atoms are drawn as 30% thermal
ellipsoids. Hydrogen atoms are omitted for clarity. Only one position of the disordered
group (to the right of N4 in the lower ligand) is shown.
some aspects different from the other imidazolium salts. It has the
smallest substituent (methyl-group), it has as contra-ion iodide and
it has the best solubility in organic solvents. Further investigation
for this aspect is under study.

As shown in Fig. 11 (IC50 heatmap presentation), the six most
active compounds exhibit a selective activity profile across the 12
cell lines tested, with the cell lines GXF 251 (gastric cancer), LXFA
629 (lung cancer), MAXF 401 (mammary cancer), 22RV1 (prostate
cancer and UXF 1138 (cancer of the uteri body) showing above-
average sensitivity, while OVXF 899 (ovarian cancer) and RXF 486
(renal cancer) appeared to be resistant. With respect to compound
16, strong selective activity was evident by individual IC50 values
from 0.003 mM (MAXF 401) to 0.871 mM (RXF 486), corresponding
to a 290-fold difference between the most sensitive and most
resistant cell line. Importantly, the activity profiles of these six
compounds were quite similar to each other, indicating a similar
mode of action. Fig. 12 exemplarily shows the IC50 mean graph
presentation for the twomost active compounds 16 and 18 and also
emphasizes the similar activity pattern. Good tumor selectivity was
further indicated for 15, while all other compounds showed a lower
level of selectivity or were not active at all. Comparing the in vitro
activity of the compounds with established platinum compounds
approved for cancer therapy revealed a markedly higher potency
(Fig. 13). Five platinum compounds of the first and second gener-
ation exhibited geometric mean IC50 values across the 12 cell line
panel in the range from 0.96 mM (Satraplatin) to 11.68 mM (Carbo-
platin). In particular 18, 16, 21, 19, 17, 20 and 15 were clearly more
potent than approved reference platinum compounds. Further
investigation on the mode of action and in vivo efficacy studies are
warranted for these highly attractive anticancer compounds.

These results are much better than results from previous work
presented in this area [71]. Thus the pyridine based NHCeAu(I)
complex 18 with an IC50 of 0.012, has a better activity than the
former results by a factor of at least 800. Interestingly, quinoli-
neeNHCeAu(I) complexes synthesised by Hemmert et al., showed
also a strong bioactivity as antileishmanial agent with an IC50 of 0.4
[72] and as antimalarial agent [73]. Further investigation for the
aspect of the activity of NHC depending on the pyridine-type
substituents is under study.

3. Conclusion

A series of novel gold(I) N-heterocyclic carbenes (NHC) linked to
1,2,4-oxadiazol derivatives were synthesized from the corre-
sponding imidazolium salts. All derivatives were isolated, charac-
terized and tested for anti-tumor activity in vitro towards a panel of
12 cell lines using a monolayer cell survival and proliferation assay.
Six compounds revealed impressive potency (mean IC50 < 0.1 mM)
and tumor selectivity, with individual IC50 values in the low
nanomolar range, namely 18 (mean IC50¼ 0.012 mM),16 (0.019 mM),
21 (0.020 mM), 19 (0.049 mM), 17 (0.053 mM), and 20 (0.058 mM). In
addition, good potency was detected for 15 (mean IC50 ¼ 0.208 mM)
and at a lower level for 13, 24, 23 and 4 (IC50 in the range from 1 to
10 mM).

All derivatives were obtained in high purity (at least 95%) and
good to moderate yields. The structural assignments were corrob-
orated by the X-ray structure analysis for compounds 13, 14, 15, 17,
18, 19 and 24.

4. Experimental section

4.1. X-ray structure determinations

Crystals were mounted in inert oil on glass fibres and trans-
ferred to the cold gas stream of the diffractometer (Oxford



Fig. 10. In vitro anti-tumor activity of compounds 2e24 in a panel of 12 human tumor cell lines (mean IC50 values).

Fig. 11. Heatmap presentation of individual IC50 values for compounds 2e24 in a panel of 12 human tumor cell lines.
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Diffraction Nova A with mirror-focussed Cu Ka radiation for 24;
Oxford Diffraction Xcalibur E with monochromated Mo Ka radia-
tion for all others). Absorption corrections were implemented on
the basis of multi-scans. The structures were refined anisotropically
on F2 using the program SHELXL-97 [74]. Hydrogens were refined
using rigidmethyl groups or a ridingmodel starting from calculated
positions. Special features and exceptions: Compound 14 shows a
significant difference peak near H18 that might correspond to
disorder caused by a contaminant, the nature of which could
however not be established. Compound 17, which is monoclinic



Fig. 12. IC50 mean graph presentation for compounds 18 and 16.

Fig. 13. Heatmap presentation of individual IC50 values for approved Platinum compounds in a panel of 12 human tumor cell lines (historical data of Oncotest).
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with b z 90�, crystallizes as a pseudomerohedral twin, and an
appropriate twinning matrix (1 0 0/0e1 0/0 0e1) was used; the
twinning ratio refined to 0.69:0.31. The structure displays an un-
usually small and misshapen ellispoid for atom C18, with unusual
bond lengths at this atom. Attempts to refine this site as nitrogen
(which would not be chemically logical), or as carbon with a freely
refining site occupation factor greater than 1, brought no
improvement. The problem may be an artefact of a possible third
twinning component. For compound 18, the nitrogen N5 was
unambiguously identified by the fact that it accepts a weak
hydrogen bond from H19; C/N disorder can therefore be ruled out.
Compound 19 is enantiomerically pure; the Flack parameter
refined to �0.008(6). For complex 24, one of the ligands is disor-
dered; all atoms to the right of N4 in Fig. 9 were refined on alter-
native positions with relative occupation factors 78, 22%. Only the
major component was refined anisotropically, and constraints
(idealized phenyl rings) and similarity restraints were employed to
improved refinement stability. Although the results are plausible,
the dimensions of disordered groups should be interpreted with
caution.

Crystallographic data have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications no.
CCDC-1033662(13), -1033663(14), -1033664(15), -1033665(17),
-1033666(18), -1033667 (19), -1033668 (24). Copies of the data can
be obtained free of charge fromwww.ccdc.cam.ac.uk/data_request/
cif.

4.2. In vitro antitumor activity towards human tumor cell lines

Antitumor activity of these compounds was tested in a mono-
layer cell survival and proliferation assay using human tumor cell
lines. Studies using panels of human tumor cell lines of different
origin/histotype allow for analysis of potency and tumor selectivity
of test compounds.

Ten out of the twelve cell lines as tested were established at
Oncotest from patient-derived human tumor xenografts passaged
subcutaneously in nude mice [75]. The origin of the donor xeno-
grafts was described [76,77]. The cell line 22RV1 was supplied by
ATCC ((Rockville, MD), HT-29 was kindly provided by the National
Cancer Institute (Bethesda, MA, USA). Cells were cultured in RPMI
1640 medium, supplemented with 10% fetal calf serum and 0.1 mg/
mL gentamicin under standard conditions (37 �C, 5% CO2).
Authenticity of all cell lines was proven by STR analysis at the DSMZ
(Braunschweig, Germany).

A modified propidium iodide assay was used to assess the
compounds' activity toward human tumor cell lines [78]. Briefly,
cells were harvested from exponential phase cultures by trypsini-
zation, counted and plated in 96-well flat-bottom microtiter plates
at a cell density dependent on the cell line (4.000e20.000 cells/
well). After 24 h recovery period to allow the cells to adhere and
resume exponential growth, compounds were added at 10 con-
centrations in half-log increments and left for further 4 days. The
inhibition of proliferation was determined by measuring the DNA
content using an aqueous propidium iodide solution (7 mg/mL).
Fluorescence was measured using the Enspire Multimode-Plate
Reader (excitation l ¼ 530 nm, emission l ¼ 620 nm), providing
a direct relationship to the total viable cell number. In each
experiment, all data points were determined in duplicates. Anti-
tumor activity was reported as the absolute IC50 value, which re-
flects the concentration of the test compound that achieves test/
control values of 50%. Calculation was done by 4 parameter non-
linear curve fit (Oncotest Data Warehouse Software). The overall
potency of a compound was determined by the geometric mean
IC50 values of all individual IC50 values. In the heatmap

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
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representation of IC50 values, the distribution of the IC50 values
obtained for a test compound in the individual tumor models is
given in relation to the geometric mean IC50 value, obtained over all
cell lines tested.

The individual IC values are highlighted in colors ranging from
dark green (�1/32-fold geometric mean IC50, corresponds to very
potent compound activity or high tumor sensitivity) to dark red
(�32-fold geometric mean IC50, corresponds to lack of compound
activity or tumor resistance). The heatmap presentation, therefore,
represents an anti-proliferative “fingerprint” profile of a test
compound.
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