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Seven imidazolium salts have been synthesized from octade-
cylimidazole (Im18). These salts differ in the length of the
alkyl chain length bound to the second nitrogen atom of the
imidazolium ring [R = Me, Et, iPr, Pr, Bu, decyl (Dec), octa-
decyl] and were used as synthetic precursors to obtain two
series of gold(I) carbene complexes (AuNHC). The first series
contains one labile ligand at the second coordinative position

{monocarbene, [AuCl(NHC)]}, and the second one comprises
dicarbene complexes. Their biological activity has been
evaluated with respect to two different cell lines, and thio-
redoxin reductase (TrxR) inhibition has also been evaluated
for selected examples. Distinct effects have been observed
for the imidazolium salts and monocarbene derivatives.

Introduction

Gold(I) N-heterocyclic carbene (Au'-NHC) complexes
have been known for more than a quarter of a century,!
but their intensive study began only recently.[>*

The synthesis and characterization of new imidazolium
salts®] and NHC gold complexes have undergone rapid de-
velopment in the past two decades, and their applications
in medicine,[®1?! optics,['3- 181 and a wide variety of catalytic
processes!!?2% have been fascinating.

In particular, their use as anticancer agents has increased
in recent years and they provide an alternative to cisplatin,
which frequently presents associated drawbacks including
severe normal tissue toxicity and resistance to treatment.*#!
Thus, a number of structurally diverse gold(I) and gold(I1T)
compounds have been prepared, such as those stabilized by
phosphine or nitrogen atoms as donor groups, and they
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induce important anticancer effects both in vitro and in
vivo.

The application of Au'"-NHC complexes for targeting
mitochondrial cell death pathways was widely studied fol-
lowing the successful application of gold phosphine com-
plexes as antitumor agents.*2’]

An important aspect that regulates the biological activity
of these organometallic complexes is the presence of an an-
cillary ligand coordinated to the gold center in addition to
the NHC.[20]

Among the reported biologically active gold NHC com-
plexes, distinct effects related to tumor cell proliferation in-
hibition have been described, including the increased for-
mation of reactive oxygen species (ROS) or apoptosis in-
duction.?%27] However, it should be noted that a general
direct correlation between thioredoxin reductase (TrxR) in-
hibition and the cytotoxic effects of gold NHC complexes
has not always been observed;?¥ this indicates that other
mechanisms besides TrxR inhibition might contribute to
the biological profile (e.g., interactions with G-quadru-
plexes).?8 3% Nevertheless, it was hypothesized that such
strong inhibition of TrxR activity by gold complexes might
result in a profound alteration of the mitochondrial mem-
brane potential and ultimately lead to apoptotic cell death
through activation of the mitochondrial pathway.3!-33
Moreover, it should be considered that TrxR is a ubiquitous
flavoprotein that controls the regeneration of the function-
ality of small molecules (e.g., thioredoxin and glutathione),
which are oxidized by different xenobiotics or enzymes be-
longing to the antioxidant network, and is responsible for
controlling the cellular redox homeostasis. Consequently
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the selective inhibition of this key enzyme represents a valu-
able parameter for the development of new gold-based anti-
cancer drugs.[*®]

In this work, we have synthesized a series of imidazolium
salts from 1-octadecylimidazole by anchoring different
alkyl groups (methyl, ethyl, isopropyl, propyl, butyl, decyl,
and octadecyl) at the second nitrogen atom. The constant
presence of an octadecylimidazole group on one side of the
structure was chosen to facilitate cellular uptake. Moreover,
we considered previous experiments with this imidazolium
salt that provided interesting pharmacological results.[!

Two different series of gold(I) carbene complexes (mono-
carbene and dicarbene) have been synthesized, and their
biological activity was evaluated to analyze how the second
alkyl chain length can affect the lipophilicity of the complex
and the corresponding cytotoxicity and inhibition of the
thioredoxin reductase enzyme.

Results and Discussion
Synthesis of Imidazolium Salts

Seven different imidazolium salts that differ in the alkyl
chain length attached to one of the nitrogen atoms were
synthesized by slight modifications of a previously reported

experimental method.*¥ The method is based on the reac-
tion of octadecylimidazole (Im18) with the corresponding
iodoalkane in acetonitrile (Scheme 1). The reaction solu-
tions were stirred at 80 °C for ca. 20 h, and the products
were generally obtained in high yields (70-90%) after con-
centration of the solution and the addition of diethyl ether.

The compounds were characterized by 'H NMR and IR
spectroscopy and mass spectrometry. The main evidence of
the correct formation of the imidazolium salts is that the
'"H NMR resonance of the proton at the 2-position (be-
tween the two nitrogen atoms, see Figure 1) is downfield
shifted by ca. 3 ppm after quaternization of the second ni-
trogen atom. Moreover, characteristic trends in the shift of
2-H, 4-H, and 5-H have been observed as the length of sec-
ond alkyl chain increases (Figure 1). The proton at the 2-
position shifts downfield by ca. 0.1-0.2 ppm as the alkyl
chain length increases. On the other hand, 4-H and 5-H,
which appear as two doublets for Im18, shift downfield by
ca. 0.2 ppm after the formation of the 1-methyl-, 1-ethyl-,
and l-isopropyl-3-octadecylimidazolium salts. The 'H
NMR spectrum of 5 is almost identical to that correspond-
ing to bis-Im18, as the chemical environment is quite sim-
ilar at longer alkyl chain. Moreover, the chemical shifts of
4-H and 5-H overlap as the chain length increases [from
the 1-butyl-3-octadecylimidazolium salt (4) and longer]. As
expected, all methylene protons appear at upfield reso-

R=CH; (1)
MeCN N R =CH,CH; (2)
Clg\N/\N + — Clfg\N/\N—R I" R =CH(CH»), (i3
RI (CH3), (i3)
\—/ 80 °C \—/ R = CH,CH,CH; (3)
2CHyCHS

m R = CH,(CH,)sCH (5)

Cls = CH3(CH2)17 R= CHz(CH2)16CH3 (blS Im18)
Scheme 1. Synthesis of the imidazolium salts used in this work.
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Figure 1. "H NMR spectra of the downfield resonance region of the different imidazolium salts.
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Figure 2. '"H NMR spectrum of the upfield resonance region of the imidazolium salt 4 as an example.

nances (between 0 = 4.5 and 0.5 ppm), as shown by the Synthesis of Monocarbene—Gold(I) Complexes
example spectrum in Figure 2.

The successful formation of the imidazolium salts was Six different complexes with the general structure
verified by ESI(+) MS, and the spectra showed the molec- [AuCI(NHC)] were synthesized by an established procedure
ular peak for all compounds. (see Scheme 2).3%]

Cl
| R = CH, (MC1)
Au R = CH,CH; (MC2)
Cis~N"SN-R T g ff&gf(fhg] Ish | R = CH(CHs), (MCi3)
— ’ o> Cis—N “SN—R  R=CH,CH,CH; (MC3)
- \_/ R = CH,(CH,),CH;3 (MC4)
CH,Clp R = CH,(CH,)sCH; (MC5)
Cy5 = CHy(CH,),; MC

Scheme 2. Synthesis of monocarbene—gold(I) complexes.
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Figure 3. '"H NMR spectra of the imidazolium salt 4, the corresponding monocarbene MC4, and dicarbene DC4.
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Figure 4. ESI(+) MS spectrum of MC4.

The resulting monocarbene complexes are solid-like
complexes for shorter R groups (MC1-MC4), but they be-
come oily for longer chain lengths, and a further purifica-
tion process is needed to obtain them in pure form (re-
crystallization with CH,Cl,/hexane or column chromatog-
raphy).

Characterization of the complexes by 'H NMR and IR
spectroscopy and ESI(+) mass spectrometry indicates their
successful formation. As expected, the 'H NMR spectra
show the absence of the H-2 resonance that is characteristic
of imidazolium salts. Moreover, as exemplified in Figure 3
for MC4 and corresponding ligand 4, the protons closer to
the coordination position of the metal atom (H-2 to H-5,
H-24, and H-25) are upfield-shifted by 0.2-0.3 ppm upon
formation of the carbene derivatives. As previously ob-
served for imidazolium salts 1-5, H-4 and H-5 are observed
as two doublets, but only a singlet is observed when the
chemical environment becomes similar (longer alkyl chains,
Figures S1-S2).

The IR spectra also indicate coordination of the gold(I)
atom, as shown in the shift of the bands to higher wave-
numbers by ca. 20 cm!. Moreover, the ESI(+) MS spectra

show [M — CI]* and [M — Cl + MeCN]* peaks in all cases,
as exemplified in Figure 4 for MC4.

Synthesis of Dicarbene—Gold(I) Derivatives

The synthesis of the dicarbene gold(I) complexes was
performed by a previously reported method with slight
modifications (see Scheme 3).133

Characterization by '"H NMR spectroscopy indicates
that the chemical shifts are between those recorded for
imidazolium salts 1-5 and the respective [AuCI(NHC)]
complexes MC1-MCS5 (Figure 3). Moreover, from a de-
tailed study of Figure 3, it can be observed that the equiva-
lence of H-4 and H-5 in 4 and MC4 is lost for the shorter
alkyl chain compounds DC1 and DC4. This could be be-
cause the most-stable conformation expected for asymmet-
ric dicarbene complexes displays an anti-disposition of both
ligands, as observed in X-ray crystal structures of dicarbene
complexes.*®38] The presence of a symmetrical carbene li-
gand precludes this anti conformation and is in agreement
with the equivalence of these protons in DC5 (Figures S3
and S4).

¢ Fanl
Au i K,CO; N ANR
] I CH,CL:MeOH (1:1) h )
Ci—N7 ON-R + Cign” SRR > Au I
— \—/ 18 h, RT PN
MC 1,4,5 18N” "N-R
C1s = CH,y(CH,);4CH3 - pc ~
R = CH; (DC1)

Scheme 3. Synthesis of dicarbene—gold(I) complexes.
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R = CH,(CH,),CH; (DC4)
R = CH,(CH,)sCH; (DC5)
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Figure 5. ESI(+) MS spectrum of DC4.

The ESI(+) MS spectra also display the corresponding
molecular peaks for all complexes, as exemplified in Fig-
ure 5. Moreover, ESI(-) MS allowed us to identify that the
counteranion is an iodide ion instead of the possible in-
volvement of a chloride ion from the [AuCl(tht)] (tht =
tetrahydrothiophene) precursor.

Structure Optimization of the Complexes

Molecular mechanics (MM+ force field) calculations
were undertaken with the Spartan’10 program to optimize
the minimum-energy geometries of the series of imid-
azolium salts and the respective mono- and dicarbene deriv-
atives. In particular, our main goal was the analysis of the

splitting of the signals of H-4 and H-5 in the 'H NMR
spectra. For this, complexes with one, four, and ten methyl-
ene groups bonded to the second nitrogen atom were cho-
sen (i.e., MC1, MC4, MC5, DC1, DC4, and DCS5).

As expected, the inequivalence of H-4 and H-5 in MC1
is clearly observed, and the environment becomes more sim-
ilar for longer substituents (Figure 6, left). On the other
hand, on the basis of these models, it is expected that both
N-heterocyclic rings in the dicarbene complexes are more
distorted from the planar conformation for complexes with
shorter alkyl chain lengths (DC1 and DC4), and this hin-
ders the equivalence of the protons (Figure 6, right). On the
contrary, the most-stable calculated conformation of DC5S
shows a near-planar disposition of both rings, in agreement
with the recorded singlet corresponding to both protons.

Figure 6. Spartan models of MC1, MC4, MC5, DC1, DC4, and DCS5.
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Biological Assays

Initially, the effects against tumor cell growth of HT-29
colon carcinoma and MDA-MB-231 breast cancer cells
were determined. The results are summarized in Table 1.

Table 1. ICs, values [um] for cytotoxicity in HT-29 and MDA-MB-
231 cells and TrxR inhibition [um]. Mean values of two to four
independent experiments with errors in parentheses.

Compound ICsy HT-29 1Cso MDA-MB 231  TrxR
1 3.10 (1.38) 1.49 (0.97) >10
3 3.22 (1.50) 1.28 (0.84)

4 3.43 (0.39) 1.22 (0.64)

5 9.52 (0.73) 8.80 (1.65)

MC1 3.08 (0.25) 3.59 (0.25) 0.320 (0.040)
MC2 7.33 (2.46) 4.03 (0.15)

MC3 9.79 (0.22) 4.43 (0.23)

MCi3 9.92 (0.27) 5.15(0.44)

MC4 9.76 (0.19) 6.12 (1.72)

MC5 8.39 (1.80) 4.33 (0.09)

DC1 38.60 (2.76) 9.25(1.21) >10
DC4 26.12 (10.65)  16.79 (6.96)

DC5 9.08 (1.26) 5.58 (0.72)

The metal-free imidazolium salt derivatives 1 and 3-5
displayed good cytotoxic activity in both cell lines with ICs,
values in the low micromolar range.

Previous studies of imidazolium-derived ionic liquids
showed that toxicity increases as the alkyl chain length in-
creases, owing to their higher lipophilicity.?** In this
study, the activity of the ligands is more or less in a similar
range with the exception of 5, which contains the longest
alkyl chain but triggers lower cytotoxicity. This difference
compared with previously reported data could be attributed
to the constant presence of the octadecyl chain in all com-
plexes, which means that the lipophilicity is less affected.

The respective gold chloride analogues MC1-MCS also
exhibited strong antiproliferative effects. However, the ac-
tivities decreased in most cases compared to those of the
imidazolium derivatives. A further loss of cytotoxic potency
was observed for the bis-NHC complexes DC1 and DC4,
which triggered only very modest cell growth inhibitory ef-
fects in both cell lines. It should be noted, however, that the
general decrease of cytotoxic activity upon gold(I) coordi-
nation was less evident for analogues 5, MC5, and DCS5,
which differ from the other compounds by containing the
longest alkyl side chains (C;g and C,(). In this case, the
cytotoxicity values remained in a rather narrow range be-
tween 4 and 10 um.

Overall the results clearly indicate that the inhibition of
tumor cell growth is largely driven by the long lipophilic
side chains of the compounds and not by the presence of
the gold(I) center.

The inhibition of the activity of the enzyme TrxR was
evaluated for some selected species. One compound of each
series (1, MC1, and DC1) was selected to analyze the effect
of the metal atom and the presence of one or two carbene
ligands coordinated to the gold center. As can be observed
in Table 1, the best results were obtained for the mono-
carbene complex; this suggests that the metal atom has a
role in the inhibition of this enzyme together with the neces-
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sary presence of a labile ligand (chloride instead of carbene
group). The value for MC1 is in the same range as the re-
ported values of other gold(I) monocarbene chlorido com-
plexes.**! Also, as previously reported, the TrxR inhibition
of the cationic dicarbene species DC1 was lower than that
of the monocarbene analogue MC1, and no ICs, value
could be calculated up to the highest used concentration of
10 uM.29 As expected, the gold-free analogue 1 was also
inactive.

Conclusions

The synthesis of a series of imidazolium salts from 1-
octadecylimidazole by anchoring different alkyl groups
(methyl, ethyl, isopropyl, propyl, butyl, decyl and octadec-
yl) at the second nitrogen atom has been successfully
achieved in moderate-to-high yields.

To evaluate the cytotoxicity of their corresponding
gold(IT) derivatives, two series of complexes (monocarbenes
and dicarbenes) were prepared.

The H-4 and H-5 protons become equivalent when both
alkyl chains bonded to the nitrogen atoms are long (R =
butyl and decyl for monocarbene and R = decyl for dicarb-
ene) owing to the expected conformation of the complexes.

Their biological activity against tumor cell growth of
HT-29 colon carcinoma and MDA-MB-231 breast cancer
cells demonstrated that the metal-free imidazolium iodide
derivatives 1 and 3-5 displayed good cytotoxic activity in
both cell lines. Moreover, their activity was decreased for 5,
which contains the longest alkyl chain. The cytotoxic ac-
tivity was in general driven by the lipophilicity of the alkyl
chains. The introduction of gold carbene partial structures
did not increase the cytotoxic potency. However, for the
monocarbene derivative MC1, potent TrxR inhibition
could be confirmed. This is indicative that the shorter sub-
stituent is a key factor for this activity.

Experimental Section

General Procedures: All manipulations were performed under puri-
fied N, by standard Schlenk techniques. All solvents were distilled
from appropriate drying agents. The commercially available rea-
gents CH3l, CH;CH,I, CH;3(CH,),I, CH(CH;),I, CH3(CH,);l,
CH;3(CH,)ol, and Ag,O were used as received from Sigma—Aldrich.
Literature methods were used to prepare octadecylimidazole
(Im18),34 bis(Im18),134 and [AuCl(tht)].*!

Physical Measurements: Infrared spectra were recorded with a Nic-
olet 520 FTIR Spectrophotometer. '"H NMR [6(SiMe,) = 0.0 ppm]
spectra were obtained with Varian Unity 400 and Varian Inova 300
spectrometers. ES(+) and ES(-) mass spectra were recorded with a
Fisons VG Quatro spectrometer. Elemental analyses of C, H, and
N were performed at the Centres Cientifics i Tecnologics Uni-
versitat de Barcelona (CCiT-UB) and with a Thermo Quest CE
Instruments Flash EA 1112 analyzer at the Institute of Medicinal
and Pharmaceutical Chemistry in Braunschweig.

Structure Optimization: Molecular modeling was performed with
the software Spartan’10 V1.0.1 for Windows. The structures were
previously optimized at the MM+ molecular mechanics level.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1-Methyl-3-octadecylimidazolium Iodide (1): Iodomethane (440 pL,
7.07 mmol) was added to an acetonitrile solution (50 mL) of octa-
decylimidazole (450 mg, 1.40 mmol). The solution was stirred un-
der reflux for 18 h, and the resulting yellow solution was concen-
trated under vacuum to 2 mL. A yellow solid was obtained after
the addition of diethyl ether (40 mL). The solid was collected by
filtration to give 1 in 85% yield (553 mg). IR (KBr): ¥ = 3075 (st,
=CH-), 2917, 2848 (st, C-H), 1560 (st, N=C) cm!. '"H NMR
(400.11 MHz, 298 K, CDCly): 6 = 10.45 (s, 1 H, NCHN), 7.21 (s,
1 H, NCHCHNCH;), 7.19 (s, 1 H, NCHCHNCHS3), 4.31 (t, 3Jyn
= 7.5Hz, 2 H, CH,CH,N), 4.12 (s, 3 H, CH3N), 2.01 1.86 (m, 2
H, CH,CH,N), 1.42-1.15 [m, 30 H, CH3(CH>);5), 0.88 [t, 3/ =
6.7Hz, 3 H, CH3(CH,),5] ppm. MS (ES+): m/z = 335.34 [M]".
CyHy3IN, (462.50): caled. C 57.13, H 9.37, N 6.06; found C 56.98,
H 9.32, N 5.89.

1-Ethyl-3-octadecylimidazolium Iodide (2): A similar procedure with
iodoethane instead of iodomethane was used to obtain 2. A white
solid was obtained in 40% yield (89 mg). IR (KBr): ¥ = 3075 (st,
=CH-), 2917, 2848 (st, C-H), 1560 (st, N=C), 1465, 1375 (3, —
CH;, -CH,) ecm™'. '"H NMR (400.11 MHz, 298 K, CDCly): 6 =
10.55 (s, 1 H, NCHN), 7.24 (s, 1 H, NCHCHNE), 7.20 (s, 1 H,
NCHCHNEY), 4.44 (q, 3Jun = 7.4 Hz, 2 H, NCH,CH3), 4.34 (t,
3Junu = 7.5 Hz, 2 H, CH,CH,N), 1.99-1.88 (m, 2 H, CH,CH,N),
1.64 (t, 3Juu = 74Hz, 3 H, NCH,CHs3), 1.39-1.19 [m, 30 H,
CH;3(CH,),5), 0.88 [t, 3Jy.y = 6.7 Hz, 3 H, CH3(CH,),5] ppm. MS
(ES+): m/z = 349.35 [M]*. C,3HysIN, (476.53): caled. C 57.97, H
9.52, N 5.88; found C 57.90, H 9.48, N 5.81.

1-Propyl-3-octadecylimidazolium lodide (3): A similar procedure
with 1-iodopropane instead of iodomethane was used to obtain 3.
Yellow solid (yield: 190 mg, 82%). IR (KBr): ¥ = 3075 (st, =CH-),
2917, 2848 (st, C-H), 1560 (st, N=C), 1465, 1375 (8, -CH;, -CH,)
cm!. 'TH NMR (400.11 MHz, 298 K, CDCl3): 6 = 10.56 (s, 1 H,
NCHN), 7.20 (s, 2 H, NCHCHN), 4.40-4.27 (m, 4 H, CH,CH,N),
2.07-1.84 (m, 4 H, CH,CH;,N), 1.44-1.14 [m, 30 H, CH5(CH,);5],
1.02 (t, 3Jypu = 74 Hz, 3 H, CH;CH,CH,N), 0.88 [t, 3/ =
6.7Hz, 3 H, CH3(CH,),5] ppm. MS: (ES+) m/z = 363.38 [M]".
Cy4Hy7IN, (490.55): caled. C 58.76, H 9.66, N 5.71; found C 58.70,
H 9.59, N 5.65.

1-Isopropyl-3-octadecylimidazolium lodide (i3): A similar procedure
with 2-iodopropane instead of iodomethane was used to obtain i3.
Yellow solid (yield: 109 mg, 47%). IR (KBr): ¥ = 3075 (st, =CH-),
2917, 2848 (st, C-H), 1560 (st, N=C), 1465, 1375 (8, -CH;, —CH,)
cm . 'TH NMR (400.11 MHz, 298 K, CDCl;): 6 = 10.63 (s, 1 H,
NCHN), 7.23 (s, 1 H, NCHCHNiPr), 7.18 (s, 1 H, NCHCHNPr),
4.92 [hept, 3Jyy w = 6.7 Hz, 1 H, CH(CH3),], 4.38 (t, 3Ju 1 = 7.5 Hz,
2 H, CH,CH,N), 2.00-1.88 (m, 2 H, CH,CH,N), 1.66 [d, 3/ =
6.7 Hz, 6 H, CH(CHs;),], 1.41-1.14 [m, 30 H, CH5(CH>),5], 0.88 [t,
3Jun = 6.7Hz, 3 H, CH;(CH,)5] ppm. MS (ES+): m/z = 363.38
[M]*. C,4H47IN, (490.55): caled. C 58.76, H 9.66, N 5.71; found C
58.69, H 9.58, N 5.67.

1-Butyl-3-octadecylimidazolium Iodide (4): A similar procedure with
1-iodobutane instead of iodomethane was used to obtain 4. Yellow
solid (yield: 183 mg, 77%). IR (KBr): ¥ = 3075 (st, =CH-), 2917,
2848 (st, C-H), 1560 (st, N=C) cm'. '"H NMR (400.11 MHz,
298 K, CDCly): ¢ = 10.58 (s, 1 H, NCHN), 7.18 (s, 2 H,
NCHCHN), 4.41-4.28 (m, 4 H, CH,CH,N), 1.99-1.86 (m, 4 H,
CH,CH;N), 1.47-1.12 [m, 32 H, CH5(CH,),5 + CH3CH,(CH,),N],
0.99 [t, 3Ju = 7.4 Hz, 3 H, CH;CH,(CH,),N], 0.88 [t, 3/ =
6.7Hz, 3 H, CH3(CH,),5] ppm. MS (ES+): m/z = 377.39 [M]".
C,sHy9IN, (504.58): caled. C 59.51, H 9.79, N 5.55; found C 59.55,
H 9.94, N 5.32.
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1-Decyl-3-octadecylimidazolium lIodide (5): A similar procedure
with 1-iododecane instead of iodomethane was used to obtain 5.
White solid (yield: 326 mg, 88%). IR (KBr): ¥ = 3075 (st, =CH-),
2917, 2848 (st, C-H), 1560 (st, N=C) cm'. '"H NMR (400.11 MHz,
298 K, CDCls): 6 = 10.62 (s, 1 H, NCHN), 7.16 (d, 3Jy iy = 1.3 Hz,
2 H, NCHCHN), 4.35 (t, *Jyz = 7.5 Hz, 4 H, CH,CH,N), 1.98-
1.88 (m, 4 H, CH,CH,N), 1.42-1.19 [m, 44 H, CH3(CH,);s,
CH;3(CH,)7(CH,),N], 0.88 [t, 3Jy = 6.7 Hz, 6 H, CH3(CH,);s,
CH;3(CH,)oN] ppm. MS (ES+): m/z = 461.49 [M]*. C3;HgIN,
(588.74): calcd. C 63.24, H 10.44, N 4.76; found C 63.58, H 10.41,
N 4.54.

[((MAuCl] (MC1): A dichloromethane solution (60 mL) of 1
(500 mg. 1.08 mmol) and Ag,O (125 mg, 0.54 mmol) was stirred
for 5h at room temperature protected from light with aluminum
foil. [AuClI(tht)] (346 mg, 1.08 mmol) was added as a solid. After
15 h of stirring, the solution was filtered through Celite, and the
resulting yellow solution was concentrated to dryness to obtain an
orange solid. Yield: 525 mg, 86%. IR (KBr): ¥ = 3092 (st, =CH-),
2917, 2848 (st, C-H), 1560 (st, N=C) cm™'. '"H NMR (400.11 MHz,
298 K, CDCl;): § = 6.93-6.90 (m, 2 H, NCHCHN), 4.14 (t, 3Jyn
= 7.3 Hz, 2 H, CH,CH-,N), 3.83 (s, 3 H, CH3N), 1.90-1.70 (m, 2
H, CH,CH,N), 1.36-1.12 [m, 30 H, CH3(CH>);s], 0.88 [t, 3Juy =
6.8 Hz, 3 H, CH5(CH,)5] ppm. MS (ES+): m/z = 572.32 [M - ClI
+ MeCNJ*, 321.33 [Im18 + H]". Cy,H4,AuCIN, (567.01): caled. C
46.60, H 7.47, N 4.94; found C 46.53, H 7.40, N 4.89.

[(2)AuCl] (MC2): The procedure for the synthesis of MC1 was ap-
plied for MC2, but 2 was used instead of 1. A brown solid was
obtained in 26% yield (51 mg). IR (KBr): ¥ = 3092 (st, =CH-),
2917, 2848 (st, C-H), 1560 (st, N=C) cm™'. '"H NMR (400.11 MHz,
298 K, CDCly): 0 = 6.96-6.91 (m, 2 H, NCHCHN), 4.23 (q, *Jy.n
=74 Hz, 2 H, CH;CH,N), 4.17-4.11 (m, 2 H, CH,CH,N), 1.89—
1.76 (m, 2 H, CH,CH,N), 1.47 (t, 3Jyu = 7.4 Hz, 3 H, CH;CH,N),
1.37-1.18 [m, 30 H, CH;3(CH>);s], 0.88 [t, 3Jyy = 6.6 Hz, 3 H,
CH;(CH,),5] ppm. MS (ES+): m/z = 586.34 [M - Cl + MeCN]*,
545.32 [M - CI]%, 321.33 [Im18 + H]*. C,3H44AuCIN, (581.03):
caled. C 47.54, H 7.63, N 4.82; found C 47.49, H 7.50, N 4.75.

[(3)AuCl] (MC3): The procedure for the synthesis of MC1 was ap-
plied for MC3, but 3 was used instead of 1. A yellow solid was
obtained in 6% yield (13 mg). IR (KBr): ¥ = 3092 (st, =CH-),
2917, 2848 (st, C-H), 1560 (st, N=C) cm'. '"H NMR (400.11 MHz,
298 K, CDCly): 6 = 6.92 (d, 3Jyr.ir = 2.1 Hz, 2 H, NCHCHN), 4.23~
4.00 (m, 4 H, CH3CH,N, CH,CH,N), 1.98-1.72 (m, 4 H,
CH,CH,N, CH;CH,CH,N), 1.38-1.13 [m, 30 H, CH;(CH,);s],
0.95 (t, 3Junu = 7.4 Hz, 3 H, CH;CH,CH,N), 0.88 [t, *Jypny =
6.6 Hz, 3 H, CH5(CH,);5] ppm. MS (ES+): m/z = 600.36 [M — Cl
+ MeCN]*, 559.33 [M — CI]*, 321.33 [Im18 + H]*. Co4H4AuCIN,
(595.06): caled. C 48.44, H 7.79, N 4.71; found C 48.14, H 7.76, N
4.42.

[(i3)AuCl] (MCi3): The procedure for the synthesis of MC1 was
applied for MCi3, but i3 was used instead of 1. A white solid was
obtained in 43% yield (46 mg). IR (KBr): ¥ = 3092 (st, =CH-),
2917, 2848 (st, C-H), 1560 (st, N=C) cm™'. '"H NMR (400.11 MHz,
298 K, CDCl;): 6 = 6.99-6.91 (m, 2 H, NCHCHN), 5.12-5.00 [m,
1 H, (CH;),CHN], 4.13 (t, 3Jy . = 7.4 Hz, 2 H, CH,CH,N), 1.90-
1.75 (m, 2 H, CH,CH,N), 1.47 [d, 3Jyu = 6.8 Hz, (CH3),CHN],
1.37-1.10 [m, 30 H, CH;(CH,);s], 0.88 [t, 3Jyu = 6.7Hz, 3 H,
CH;(CH,);5] ppm. MS (ES+): m/z = 600.36 [M — Cl + MeCN]*,
559.33 [M - CIJ*, 321.33 [Im18 + H]*. CyHysAuCIN, (595.06):
caled. C 48.44, H 7.79, N 4.71; found C 48.36, H 7.72, N 4.69.

[(4)AuCl] (MC4): The procedure for the synthesis of MC1 was ap-
plied for MC4, but 4 was used instead of 1. The orange solid ob-
tained was sonicated with hexane to obtain a yellow solid in 75%
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yield (271 mg). IR (KBr): ¥ = 3092 (st, =CH-), 2917, 2848 (st, C—
H), 1560 (st, N=C) em!. '"H NMR (400.11 MHz, 298 K, CDCl,):
5=6.92 (s, 2 H, NCHCHN), 4.21-4.06 [m, 4 H, CH5(CH,),CH,N,
CH,CH,N], 1.89-1.75 (m, 4 H, CH,CH,N), 1.44-1.16 [m, 32 H,
CH;(CH,);s, CH»(CH,),N], 0.95 [t, 3Jyy = 74Hz, 3 H,
CH3(CH,);N], 0.88 [t, 3Jyy 1y = 6.7 Hz, 3 H, CHy(CH,),s] ppm. MS
(ES+): m/z = 600.36 [M — Cl + MeCNJ*, 559.33 [M — CIJ*, 321.33
[Im18 + H]*. C,5H,sAuCIN, (609.09): caled. C 49.30, H 7.94, N
4.60; found C 49.24, H 7.73, N 4.55.

[(5)AuCl] (MC5): The procedure for the synthesis of MC1 was ap-
plied for MCS5, but 5 was used instead of 1. The resulting oil was
purified by column chromatography with dichloromethane as the
cluent. An orange solid was obtained in 88% yield (326 mg). IR
(KBr): v = 3092 (st, =CH-), 2917, 2848 (st, C-H), 1560 (st, N=C)
cm . 'TH NMR (400.11 MHz, 298 K, CDCl;): § = 6.91 (s, 2 H,
NCHCHN), 4.15 [t, 4 H, CH3(CH,)3sCH,N, CH;(CH,);;CH,N],
1.92-1.72 [m, 4 H, CH3(CH,),sCH,CH,N, CH;5(CH,);CH,CH,N],
1.38-1.13 [m, 44 H, CH;(CH,);s, CH3(CH,);(CH,),N], 0.88 [t,
3Jan = 6.9 Hz, 6 H, CH3(CH,);5, CH3(CH,)o] ppm. MS (ES+):
mlz = 698.48 [M — Cl + MeCN]*, 657.45 [M - CI]*, 321.33 [Im18
+ HJ*. C;3HAuCIN, (693.25): caled. C 53.71, H 8.72, N 4.04;
found C 52.69, H 8.61, N 3.98.

[(1),Au]l (DC1): Methanol (4 mL) was added to a dichloromethane
solution (4 mL) of MC1 (90 mg. 0.16 mmol), 1 (73 mg, 0.16 mmol),
and K,CO; (22 mg, 0.16 mmol), and the solution was stirred for
18 h at room temperature protected from light with aluminum foil.
The resulting suspension was concentrated to dryness, extracted
with CH,Cl, (10 mL), and precipitated with diethyl ether (10 mL).
A white solid was obtained in 52% yield (82 mg). IR (KBr): v =
3075 (st, =CH-), 2917, 2848 (st, C-H), 1560 (st, N=C) cm™!. 'H
NMR (400.11 MHz, 298 K, CDCls): 6 = 7.20 (d, 3Jiyp = 1.8 Hz,
2 H, NCHCHNCH;), 7.10 (d, 3Jyxy = 18Hz, 2 H,
NCHCHNCHs), 4.21 [t, 3Jyy. = 7.2 Hz, 4 H, CH5(CH,);sCH,N],
3.99 (s, 6 H, CH3N), 1.95-1.80 (m, 4 H, CH,CH,N), 1.40-1.12 [m,
60 H, CH3(CH,);5], 0.88 [t, 3Jiy.u = 6.8 Hz, 6 H, CH3(CH,);5] ppm.
MS (ES+): m/z = 865.63 [(1),Au]", 321.33 [Iml8 + H]".
CyyHgsAuIN, (995.06): caled. C 53.11, H 8.71, N 5.63; found C
52.96, H 8.67, N 5.42.

[(4)2Au]l (DC4): The procedure for the synthesis of DC1 was ap-
plied for DC4, but MC4 and 4 were used instead of MC1 and 1.
An orange solid was obtained in 22% yield (39 mg) after purifica-
tion by column chromatography (CH,Cl,/MeOH, 95:5). IR (KBr):
v =3075 (st, =CH-), 2917, 2848 (st, C-H), 1560 (st, N=C) cm™'. 'H
NMR (400.11 MHz, 298 K, CDCl,): 6 = 7.23 (d, 3Jyu = 1.9 Hz, 2
H, NCHCHNBu), 7.21 (d, 3Jix = 1.9 Hz, 2 H, NCHCHNBu),
4.29-4.16 (m, 8 H, CH,CH,N), 1.95-1.80 (m, 8 H, CH,CH,N),
1.46-1.15 [m, 64 H, CH;(CH,);s, NCH,CH,CH,CHjs], 0.95 (t,
3Jun = 7.4 Hz, 6 H, NCH,CH,CH,CH3), 0.88 [t, 3/ = 6.9 Hz,
6 H, CH3(CH,),s] ppm. MS (ES+): m/z = 949.73 [(4),Au]*, 321.33
[Im18 + HJ*. CsoHosAuIN, (1077.21): caled. C 55.75, H 8.98, N
5.20; found C 55.93, H 9.12, N 5.12.

[(5);Au]Cl (DC5): The procedure for the synthesis of DC1 was ap-
plied for DC5, but MC5 and 5 were used instead of MC1 and 1.
A white solid was obtained in 38% yield (35 mg). IR (KBr): ¥ =
3075 (st, =CH-), 2917, 2848 (st, C-H), 1560 (st, N=C) cm!. '"H
NMR (400.11 MHz, 298 K, CDCl,): 6 = 7.22 (s, 4 H, NCHCHN),
423 (t, 3Juy = 8.1Hz, 8 H, CH,CH,N), 1.95-1.78 (m, 8 H,
CH,CH,N), 1.43-1.14 [m, 88 H, CH;(CH,);5, CH3(CH,);-
(CH,),N], 0.96 [t, 3Jy 1 = 7.4 Hz, 6 H, CH3(CH,), 5], 0.94-0.77 [m,
12 H, CH5(CH,),5, CH3(CH;)9] ppm. MS (ES+): m/z = 1117.92
[M]*, 321.33 [Im18 + H]". Cs,H;2,AulN, (1247.54): caled. C 66.45,
H 10.97, N 5.00; found C 66.67, H 11.06, N 4.89.
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TrxR Inhibition Assay: To determine the inhibition of TrxR, an
established microplate-reader-based assay was performed with
minor modifications.?) For this purpose, commercially available
recombinant rat liver TrxR 1 (from IMCO Corporation Ltd AB)
was used and diluted with distilled water to achieve a concentration
of 0.05 U/mL. The compounds were freshly dissolved as stock solu-
tions in N,N-dimethylformamide (DMF). To each 25 pL aliquot of
the enzyme solution, potassium phosphate buffer (pH 7.0, 25 uL)
containing the compounds in graded concentrations or vehicle
(DMF) without compounds (control probe) was added, and the
resulting solutions (final concentration of DMF: max. 0.5% v/v)
were incubated with moderate shaking for 75 min at 37 °C in a 96-
well plate. The reaction mixture [225 pL; 1000 pL of reaction mix-
ture consisted of 500 pL of potassium phosphate buffer pH 7.0,
80 pL of 100 mm ethylenediaminetetraacetic acid (EDTA) solution
at pH 7.5, 20 uL of bovine serum albumin (BSA) solution 0.2%,
100 uL of 20 mm nicotinamide adenine dinucleotide phosphate
(NADPH) solution, and 300 pL of distilled water] were added to
each well, and the reaction was started by the addition of a 20 mm
ethanolic dithio(bis-2-nitrobenzoic acid) (DTNB) solution (25 pL).
After proper mixing, the formation of 5-thio-2-nitrobenzoic acid
(5-TNB) was monitored with a microplate reader (Perkin—Elmer
Victor X4) at 405 nm in 35 s intervals for 350 s. For each tested
compound, the noninterference with the assay components was
confirmed by a negative control experiment with an enzyme-free
solution. The ICs, values were calculated as the concentration of
compound that decreased the enzymatic activity of the untreated
control by 50% and are given as the mean and error of two to three
independent experiments.

Cell Culture and Antiproliferative Effects: MDA-MB-231 breast ad-
enocarcinoma and HT-29 colon carcinoma were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose
(PAA) supplemented with gentamycin (50 mg/L) and 10% (v/v) fe-
tal calf serum (FCS) at 37 °C under a 5% CO, atmosphere and
passaged every 7 d. The antiproliferative effects were determined as
described in a recent publication.?’! The antiproliferative effects
against MDA-MB-231 cells were determined after 96 h.

Supporting Information (see footnote on the first page of this arti-
cle): "H NMR spectra of MC1, MC5, DC1, and DC5 in CDCl;.
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