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Ruthenium(I1) arene compounds modified with bexarotene, aretinoid that selectively
activatesretinoid X receptors, prepared by tethering bexaroten to the ruthenium
fragment via an imidazole linker. Docking studies show that the interactions of these
compounds with possible targets are significantly different to the binding mode of the
parent drug.
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Abstract

A series of bifunctional ruthenium(Il) arene compds modified with bexarotene, a retinoid that
selectively activates retinoid X receptors induciegll differentiation and apoptosis and
preventing drug resistance, are described. Therbexe is tethered to the ruthenium(ll) arene
fragment via an imidazole linker. Both the bexanetémidazole ligand and ruthenium(ll) arene
complexes are considerably more cytotoxic thanphent drug bexarotene. Docking studies
show that the interactions of these compounds pogsible targets are significantly different to

the binding mode of the parent drug.

Introduction

The discovery of the anticancer properties of aplrepresents a significant breakthrough in
the treatment several malignant tumors such aguést and ovarian cancer [1]. Nowadays
platinum-based compounds are involved in more t8@% of all anticancer chemotherapy
regimens and are only limited by their strong sffects and incidents of drug resistance [2].
The clinical success of cisplatin initiated thershafor other efficient metal-based anticancer
agents and over the years large numbers of nomypatmetal-based compounds have been

evaluated as antitumor agents [3, 4]. Rutheniumpmamds are among the most promising



candidates with currently KP1339 and NAMI-A haviegtered clinical trials [5-7]. These
ruthenium(lll) compounds are considered to actrasdpugs, possibly transforming into active
Ru(ll) species following reduction in the tumor @onment [8].

Another promising class of antitumor ruthenium-lths®mpounds is based on the ‘half-
sandwich’ Ru(ll)-arene motif with RAPTA-C now in\amhced pre-clinical studies [9, 10]. In
comparison to platinum compounds, which preferdgtinind to DNA [11, 12], RAPTA-C
shows a strong preference for binding to proteimd, & particular, to histones [13, 14]. It has
become evident that RAPTA-C is most effective wheplied in combination with other drugs
[15, 16], and an interesting strategy is to motliy RAPTA structure with a known drug, which
operates via a complementary mechanism, to giv@aahifunctional drug-like compound. Such
an approach has been successfully achieved witlougabiologically active groups [17-19]
attached via thg®-coordinated arene ligand [20-22] or by direct cliwation to the metal center
[23-29].

Bexarotene is a selective agonist of retinoid Xepeors (RXRs), and is used to treat cutaneous
T-cell lymphoma, inducing cell differentiation amgboptosis and inhibiting cancer metastasis
[30-32]. Consequently, we decided to covalentlk loexarotene to the Ru(ll)-arene framework
via an imidazole ligand since this approach hasvskoconsiderable potential with other classes
of drugs [33-35]. In this paper, we describe thetlsgsis, characterization and biological

evaluation of the new compounds.

Results and discussion

Synthesis of the imidazole ligands modified withx&®tene,1-3, was achievedia reaction of
the acid-chloride of bexarotene (not isolated) Ba@minopropyl)imidazole, 2-(1H-imidazol-1-
yhethanol or 3-(1H-benzoimidazol-1-yl)propan-1-ami (Scheme 1). The cytotoxicity of
bexarotene and-3 was evaluated against the ovarian cancer ceb k780 and A2780cisR,
the former being sensitive to cisplatin and theetataving acquired resistance to cisplatin (Table
1). CompoundL was found to be the most cytotoxic among all lgdgrbeing ca. 500 fold more
cytotoxic than the parent drug. In contrast, ligadand 3 are only approximately twice as
cytotoxic as bexarotene and therefore rutheniunvakres and docking studies were performed
using only ligandl. Subsequent reaction @f(i.e. the most cytotoxic ligand) with the dimers
[Ru(n®-arene)C], (arene = @HsCHs toluene or p-@HsCH;CH(CHs), p-cymene), affordd and

5. All organometallic compounds are soluble andlstabpolar organic solvents such asCH
and DMF. In DMSO/water (1% DMSO, since this is €lds the concentration used in the cell



studiesy and5 exist are present in an equilibrium between difieferms, with the exchange of
the Cl ligands by water being the major adductjlamto that observed for RAPTA compounds.
In addition, a minor component present in 1% DMSOwiater involves substitution of the
organic ligand, although full decomposition of tb@mpounds was not observed [36]. All the
compounds were characterized 1y and**C NMR spectroscopy, ESI mass spectrometry and
elemental analysis. Th#d and**C{*H} NMR spectra confirm the expected structuresles.
Coordination of ligandl to ruthenium centre leads to changes in the clansigifts of the
imidazole protons. The N-CH=CH protons are obsefveth 6.85 to 6.99 ppm, 7.58 to 7.89 and
7.09 to 7.16 fod, 4 and5, respectively. The dominant peak in the ESI mpsstsa of ligand4-

3 correspond to the [M+H" ion, whereas for complexdsand5 the highest mass peakth the
characteristic isotope pattern for ruthenium cquoesls to the [M-C]” ion.
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Scheme 1

The cytotoxicity of4 and5 on the same two cancer cell lines, i.e. A2780 ARd@B0cisR, is in
the nanomolar range with the complexes being mallgitess cytotoxic thad. To acquire more
information on the selectivityl, 4 and 5, which are all considerably more cytotoxic than
bexarotene and cisplatin they were evaluated agamsortalized non-tumorigenic human
endothelial kidney (HEK) cells (Table 1). The thre@mpounds display moderate cancer cell

selectivity, being 2-3 fold less cytotoxic to th&Ki cells relative to the ovarian cancer cell lines.

Table 1. Cytotoxicity of bexaroten&;-5 RAPTA-C, and cisplatin towards the ovarian cancer
cell lines A2780 and A2780R and non-tumoural HEKsce

Compound 1Go UM
A2780 A2780R HEK
1 0.027+0.013 0.028+0.017 0.065+0.021
2 7.23+0.38 8.51+0.93




3 9.82+2.35 11.91+2.40

4 0.034+0.004 0.028+0.008 0.093+0.033

5 0.075+£0.023 0.063+0.034 0.147+0.017
bexarotene| 23.74+1.38 27.37+5.13 64.16+18.09
RAPTA-C >250 >250
Cisplatin 95+24 31.5+3.4

The dynamical behavior of RXRadducts ofl was evaluated over 35 ns using molecular
dynamics simulations and compared to bexarotene.hildrogen bonding analysis and ligand
position in the RXR ligand-binding domain were evaluated. While thdkiyuhydrophobic
region of both compounds seems to have similantai®n and contacts, the hydrogen bonds
between the receptor and compounds differs sigmflg. The carboxyl group of bexarotene
forms a salt bridge with R316 maintaining hydrodemding network, with a sidechain Q275
and backbone atoms of A327, L309, and L325. Thelevbonstruction exists during almost all
the simulation time and seems to be a very imporfaature for maintaining an active
conformation of the receptor (Fig. 1). Compouhé unable to form a salt bridge with R316,
which leads to an increase of the distance betamsn 324-332 and helix 268 — 288 (Fig. 2),
which may induce the transformation of the recefii@n inactive form [37].

Fig. 1. Hydrogen bonding analysis of bexaroteneXRR adducts from different views. The
VdW spheres represent bexarotene and the greemesphepresent hydrogen bonds. Color
intensity is positively correlated with the lifetenof the considered bond during simulation.

At the same time, the imidazole fragmentlican take part in the hydrogen bonding networks
with long lifetimes, which contain R371, E239 arg8ll3. The binding energy contribution from
residues 265 -275, 309-315 and 326-327 increasglgffer 1 in comparison to bexarotene. The

hydrogen bond of the imidazole moiety with R371jakhs absent in bexarotene, contributes to



the decreased binding energylobut cannot offset the losses in binding energiysed by a salt
bridge disruption between the bexarotene carbosomand R316.

Fig. 2. Hydrogen bonding analysis bf RXRa adducts from different views. The VdW spheres
represent th& and the green spheres represent hydrogen bondsoldr intensity is positively
correlated with the lifetime of considered bondidgisimulation.

A similar investigation was performed using compabénit should be noted thak has internal
degrees of freedom which cannot be assessed byuterlenechanics techniques accurately, due
to internal rotation around the coordination boridsus, a DFT-based relaxed potential energy
scan was performed changing the dihedral angleem®sented in Fig. 3. We observed three
minima, which approximately match the scanned duieghgle values of 90, 180 and 270°, and
since the energy difference between them is retilow (1-2 kcal/mol according to different
methods) they were all used in the docking studyelatively high energy was observed fbr
when the scanned dihedral angle was 0°, so it wasised for subsequent calculations due to a
lower occupancy under physiological conditions.
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Fig. 3. Potential energy profile as a function bk tdihedral angle M. The red curve
approximates the result of the B3LYP calculationd the green curve corresponds to the M06-

2X calculations.

The optimum complex conformation obtained in thekiog study is shown in Fig. 4. The
position of the hydrophobic bexarotene moiety im ¢bmplex differs markedly from the position
of this fragment in the adduct with bexarotene. Tethylene fragment points in the opposite
direction to that in bexarotene and it does ndttfie entire space of the binding pocket.
Interestingly, in comparison to the structurelpthe amide group maintains a hydrogen bond
with the sidechain of Q275. In this case, the nitln@ ion lies at a distance of about 9 A from
the sulfur atom of M254. It is generally known thathenium forms stable complexes with
sulfur containing compounds and although the dcstais rather large, M254 is a part of a
flexible loop (243 — 264), so the possibility of RS bond formation is relatively high.

Fig. 4 Docking of4 into RXRo binding domain. Spacefil representation was usedhe ligand
and M254 atoms.

Conclusions

Organometallic compounds in which bexarotene isetetd to the ruthenium(ll) arene unit, i.e.
complexes4 and5, were prepared and found to exhibit a high cytigiox to human ovarian
cancer cells, being more effective than cisplaaimj exhibiting a modest degree of cancer cell
selectivity. In the process of preparidgand 5 it was found that the bexarotene-modified
imidazole ligandl, which represents a novel bexarotene derivats/éyo orders of magnitude

more cytotoxic than bexarotene itself, while mamtay the same degree of cancer cell



selectivity. Therefore, in this case, the ligandhibits more relevant anticancer properties than
the organometallic derivatives, but it should beedothatl would not have been prepared
without the view to using it as a ligand. Computendelling was used to partly explain the
molecular basis for the increased activity, witk tmidazole group participating in H-bonding
interaction with the RXR receptor. But since the estimated binding freerggneof 1 is
significantly higher than the same value calculdtgdbexarotene complex the R¥Receptor
may not be the primary target for these modifiexdpetene derivatives.

Experimental

Solvents were purified and degassed prior to u8 {8 and *C{*H} NMR spectra were
recorded on a Bruker Avance Il 400 spectrometepain temperature and were referenced to
the residuatH signal of the NMR solvent. ESI-mass spectra efdbmpounds were obtained in
MeOH on a ThermoFinnigan LCQ Deca XP Plus quadeipoh-trap instrument operated in
positive ion mode over a mass range of m/z 150-10T886 ionization energy was set at 3.5 kV
and the capillary temperature at 150 °C. Meltinqnfsowere determined with a Stuart Scientific
SMP3 apparatus and are uncorrected. The VariarF®7flash chromatography system was used
for compound purification. Elemental analyses weaaried out by the microanalytical
laboratory at the EPFL.

Synthesis of N-(3-(1H-imidazol-1-yl)propyl)-4-(18%,8,8-pentamethyl-5,6,7,8
tetrahydronaphthalen-2-yl)vinyl)benzamide,

An excess of oxalyl chloride (5 ml, 58.3 mmol) wadded to a solution of 4-(1-(3,5,5,8,8-
pentamethyl-5,6,7,8-tetrahydronaphthalen-2-yl)Wioghzoic acid (1.0 g, 2.87 mmol) in gEl,
(50 mL). A catalytic amount of DMF (2@) was added and the reaction mixture was heated
under reflux for 2 h. Unreacted oxalyl chloride asdlvent were removed under reduced
pressure to yield 4-(1-(3,5,5,8,8-pentamethyl-5&iétrahydronaphthalen-2-yl)vinyl)benzoyl
chloride as a yellowish solid and was used withputification. N-(aminopropyl)imidazole
(2.25 ml, 10.48 mmol) was added to a solution inCIKH(100 mL) and the reaction mixture was
stirred for 6 h at the room temperature. Afterwaadsolution of NaHC® (5 %, 60 mL) was
added to quench the reaction and the aqueous plaesextracted with Cil, (3 x 50 mL). The
organic fractions were combined and washed witheb(R x 50 mL), dried over N&QO,, and
solvent was removed in vacuum. The pure productatdsined after column chromatography
on silica gel with EtOH/CKCI, 1:10 as eluent. Yield 1.04 g, (78.9%), elem. acalc (%) for
(CaoH37Nz0): C 79.08, H 8.19, N 9.22, found: C 78.87, H 88®.17."H NMR (400.13 MHz,
CDCl) 6: 7.70 (d, 2HJ = 8.5 Hz, H,), 7.58 (s, 1H, N-CH=CH), 7.35 (d, 2d= 8.5 Hz, H,),
7.14 (s, 1H, H), 7.09-7.07 (m, 2H, K, N-CH=CH), 6.99 (s, 1H, N-CH=N), 6.49 (t, 1H,



J=5.7 Hz, NH), 5.80 (d, 1H] = 0.9 Hz, C=CHH), 5.32 (d, 1H = 0.9 Hz, C=CHH), 4.08 {t,
2H, J=6.9 Hz, NH-CH-CH>-CH,-N), 3.49 (g, 2H,J = 6.5 Hz, NH-CH-CH,-CH,-N), 2.11-
2.18 (m, 2H, NH-CH-CH,-CH,-N), 1.95 (s, 3H; Ar-Ch), 1.72 (s, 4H, C-CHCH,-C), 1.32 (s,
6H, C-(CH),), 1.29 (s, 6H, C-(ChH,). “*C{*H} (100.61 MHz, CDC}) &: 167.7 C=0),

149.1 (C=CH), 144.3 (G,), 144.2 (G,), 142.3 (G,), 138.1 (G,), 137.2 (CH,), 133.0 (G.),

132.7 (Gy), 129.7 (CH,), 129.3(CH,), 128.0(CH,), 127.2(CH,), 126.7 (CH,),

119.1 (CH,), 116.4 (C=CH), 44.8 (N-CH), 37.2 (NH-CH), 35.2 (C-CH-CH,-C), 34.0 (C-
CHx-CHy-C), 33.9 (C-CH-CH»-C), 32.0(C-CH), 31.9 (C-CH), 31.1 (CH-CHx-CHy),

20.0 (Ar-CHp). ESI-MS: m/z: 456 [M + H".

Synthesis of 2-(1H-imidazol-1-yl)ethyl 4-(1-(3,8,8;pentamethyl-5,6,7,8-
tetrahydronaphthalen-2-yl)vinyl)benzodte

An excess of oxalyl chloride (5 ml, 58.3 mmol) wadded to a solution of 4-(1-(3,5,5,8,8-
pentamethyl-5,6,7,8-tetrahydronaphthalen-2-yl)Jioghzoic acid (1.0 g, 2.87 mmol) in gEl,
(50 mL). A catalytic amount of DMF (2@) was added and the reaction mixture was heated to
reflux for 2 h. Unreacted oxalyl chloride and saivv@vere removed under reduced pressure to
yield 4-(1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetraloytrphthalen-2-yl)vinyl)benzoyl chloride as a
yellowish solid and was used without purificatio2-(1H-imidazol-1-yl)ethanol (1.1 g,
9.8 mmol) was added to a solution of the acid atioin CHCI, (100 mL) and the reaction
mixture was stirred for 6 h at the room temperatafterwards a solution of NaHG@5 %,

60 mL) was added to quench the reaction and thecaguphase was extracted with LCH

(3 x 50 mL). The organic fractions were combined arashed with brine (2 x 50 mL), dried
over NaSO,, and solvent was removed in vacuum. The pure gtodas obtained after column
chromatography on silica gel with EtOH/gEl, 1:10 as eluent. Yield 1 g, (78.7%), elem. anal.
calc (%) for (GgHa4N20y): C 78.70, H 7.74, N 6.33, found: C 78.89, H 8.83.40."H NMR
(400.13 MHz, CDG)) 6: 7.97-7.91 (m, 2H, W), 7.59 (s, 1H, N-CH=CH), 7.35-7.38 (m, 2H,
Har), 7.14 (s, 1H, K,), 7.11-7.10 (m, 2H, W, N-CH=CH), 7.03 (t, 1H,J = 1.2 Hz, N-CH=N),
5.84 (d, 1HJ = 1.3 Hz, C=CHH), 5.36 (d, 1H,= 1.2 Hz, C=CHH), 4.59 (t, 2H,= 5.3 Hz, O-
CH,-CHx-N), 4.35 (t, 2HJ = 5.3 Hz, O-CH-CH,-N), 1.95 (s, 3H; Ar-CH), 1.72 (s, 4H, C-CH
CH,-C), 1.33(s, 6H, C-(Ch),), 1.30 (s, 6H, C-(CH). “C{*H}(100.61 MHz, CDC}) 5:
165.8 C=0), 149.0 (C=CH), 146.1 (G,), 144.4 (G)), 142.4 (G,), 137.9 (G,), 137.5 (CH)),
132.7 (Gy), 129.9 (CH,), 129.7 (CH), 128.1 (CH,), 128.1 (G), 128.0(CH), 126.8 (CH,),
119.1 (CHy), 117.1 (C=CH), 63.7 (O-CH), 45.9 (N-CH), 35.2 (C-CH-CH,-C), 34.0 (C-CH
CH,-C), 33.9 (C-CHCH,-C), 32.0 (C-CH), 31.9 (C-CH), 20.0 (Ar-CH). ESI-MS: m/z:
443 [M + HT".



Synthesis of N-(3-(1H-benzo[d]imidazol-1-yl)prop¥H1-(3,5,5,8,8-pentamethyl-5,6,7,8-
tetrahydronaphthalen-2-yl)vinyl)benzamige

An excess of oxalyl chloride (5 ml, 58.3 mmol) wadded to a solution of 4-(1-(3,5,5,8,8-
pentamethyl-5,6,7,8-tetrahydronaphthalen-2-yl)Wioghzoic acid (1.0 g, 2.87 mmol) in QEl,

(50 mL). A catalytic amount of DMF (2@) was added and the reaction mixture was heated to
reflux for 2 h. Unreacted oxalyl chloride and saivevere removed under reduced pressure to
yield 4-(1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetraloysaphthalen-2-yl)vinyl)benzoyl chloride as a
yellowish solid and was used without purificati@(1H-benzofljimidazol-1-yl)propan-1-amine
(1.5 g, 8.6 mmol) was added to a solution of thel abloride in CHCI, (100 mL) and the
reaction mixture was stirred for 6 h at the roomperature, afterwards a solution of NaHLCO
(5 %, 60 mL) was added to quench the reaction &edagueous phase was extracted with
CH.CI; (3 x 50 mL). The organic fractions were combined amshed with brine (2 x 50 mL),
dried over NaSQ,, and solvent was removed under vacuum. The pwedupt was obtained
after column chromatography on silica gel with E/OH,CIl, 1:10 as eluent. Yield 0.9 g,
(62.0%), elem. anal. calc (%) for {f139N30): C 80.75, H 7.77, N 8.31, found: C 80.57, H 7.87
N 8.45.'H NMR (400.13 MHz, CDG) &: 8.01 (s, 1H, N-CH=N), 7.84-7.82 (m, 1Ha}
7.62 (d, 2H,J=8.3 Hz, H,), 7.45-7.42 (m, 1H, HAr), 7.35(d, 2H,=8.4 Hz, H,), 7.32-
7.30 (m, 2H, H,), 7.14 (s, 1H, k), 7.10 (s, 1H, &), 6.17 (s, 1H, NH), 5.81 (d, 1H,= 1.2 Hz,
C=CHH), 5.33 (d, 1H,J=1.1 Hz, C=CHH), 4.33 (t, 2HJ = 6.9 Hz, NH-CH-CH,-CHx>-N),
3.53 (q, 2HJ = 6.6 Hz, NH-CH-CH,-CH,-N), 2.26 (p, 2H, NH-CRH#CH,-CH,-N), 1.96 (s, 3H;
Ar-CHg), 1.72 (s, 4H, C-CHCH,-C), 1.33 (s, 6H, C-(Ch), 1.30 (s, 6H, C-(Ch),). *C{*H}
(100.61 MHz, CDGJ) &: 167.7 C=0), 149.0 (C=ChH), 144.4 (G,), 144.4 (G,), 143.9 (G,),
143.0 (CHy), 142.3 (G,), 138.0 (G), 133.6 (G,), 132.8 (Gr), 132.7 (G;), 128.0 (CH,),
126.9 (CH), 126.8 (CH,), 123.1(CH,), 122.3(CH,), 120.5(CH,), 116.5(C=CH),
109.58 (CH,), 42.9 (N-CH), 37.5(NH-CH), 35.2 (C-CH-CH,-C), 34.0 (C-CHCH,-C),
33.9 (C-CH-CH,-C), 32.0 (C-CH), 31.9 (C-CH), 30.0 (CH-CH,-CH,), 19.9 (Ar-CH). ESI-
MS: m/z: 506 [M + H]".

Synthesis of dichloridgf-toluene)(N-(3-(1H-imidazol-1-yl)propyl)-4-(1-(3%8,8-pentamethyl-
5,6,7,8 tetrahydronaphthalen-2-yl)vinyl)benzamidghenium(ll),4

Solution of [(*-toluene)RuClg-Cl)], (211.0 mg, 0.4 mmol) in Ci€l, (10 mL) was added to a
solution of N-(3-(1H-imidazol-1-yl)propyl)-4-(1-(8,5,8,8-pentamethyl-5,6,7,8
tetrahydronaphthalen-2-yl)vinyl)benzamid® (377.0 mg, 0.83 mmol) in Gi€l, (30 mL) and

the mixture was stirred at room temperature fohlZhe reaction mixture was concentrated to



~5'mL and pentane (150 mL) was added to precipitegroduct, the orange solid was washed
with pentane (3 x 10 mL) and dried in vacuum. Yi&8d4.0 mg, (62.6 %), m.p. 163-164 °C
(decomp.), elem. anal. calc (%) fogA45CI,N3ORu: C 61.74, H 6.30, N 5.83, found: C 61.98,
H 6.55, N5.67,'H NMR (400.13 MHz, CDG) &: 7.89 (s,1H, N-CH=CH), 7.81(d, 2H,
J=8.5Hz, H), 7.34(d, 2H,J=8.5Hz, H,), 7.18(s, 1H, W), 7.13 (s, 1H, N-CH=CH),
7.07 (s, 1H, H,), 6.90 (brs, 1H, NH), 6.86 (s, 1H, N-CH=N), 5.7 {H,J = 1.2 Hz, C=CHH),
5.60 (t, 2H,J =5.6 Hz, CHiojuend, 5.48 (t, 1H,J = 5.3 Hz, CHioend, 5.29 (s, 2H, CHouend,
5.28 (s, 1H; C=CHH), 3.79 (t, 2H),= 6.4 Hz, NH-CH-CH,-CH,-N), 3.29 (q, 2H,J = 4.4 Hz,
NH-CH,-CH,-CH-N), 2.17 (s, 3H; Ch), 1.95 (s , 3H, CH),1.85 (m, 2H, NH-CkCH,-CH,-
N),1.69 (s, 4H; C-CHCH,-C), 1.29(s, 6H; C-(Cko), 1.27 (s, 6H; C-(Ch>),
3c{*H} (100.61 MHz, CDC}) &: 167.5 (C=0), 149.2 (C=CH), 144.3 (G,), 144.0 (G,),
142.3 (G,), 140.5 (CH,), 138.3(G,), 132.9(G,), 132.8(G,), 131.9 (G, 130.5(G),
128.0 (CH,), 127.7 (CH,), 126.6 (CH,), 119.9 (N-CH=N), 116.2 (C=CH 99.6 (Cioluend,
86.3 (Ciouend, 81.1 (Goiend, 79.5 (Goluend, 46.0 (N-CH), 36.7 (NH-CH), 35.2 (C-CH-CH,-C),
34.0 (C-CH-CH,-C), 33.9 (C-CH-CH,-C), 32.0 (C-CH), 31.9 (C-CH), 30.5 (CH-CH,-CH,),
20.0 (CH), 19.0 (CH), ESI-MS: m/z: 684 [M - C]*.

Synthesis of dichloridgf-p-cymene)(N-(3-(1H-imidazol-1-yl)propyl)-4-(1-(HB,8-
pentamethyl-5,6,7,8 tetrahydronaphthalen-2-yl)Jinghzamide) ruthenium(li%

To a solution of N-(3-(1H-imidazol-1-yl)propyl)-4t{(3,5,5,8,8-pentamethyl-5,6,7,8
tetrahydronaphthalen-2-yl)vinyl)benzamidg (500 mg, 1.1 mmol) in C¥l, (30 mL), [0%-p-
cymene)RuUCK-Cl)]. (320 mg, 0.52 mmol) was added and the mixture stased at room
temperature for 12 h. The reaction mixture was eotrated to ~10 mL and pentane (150 mL)
was added to precipitate the product. The orangd s@s washed with pentane and dried in
vacuum. Yield 384 mg, (45.8%), m.p. 177-178 °C degg elem. anal. calc (%) for
CaoHs1ClLNsORu: C 63.06, H 6.75, N 5.52, found: C 63.22, H76 N 5.39,'"H NMR (400.13
MHz, CDCk) 6 7.90 (d, 2HJ = 5.1 Hz, H,), 7.87 (s, 1H, N-CH=CH), 7.36 (d, 2= 7.9 Hz,
Har), 7.16 (s, 2H, N-CH=CH, H), 6.85 (s, 1H, N-CH=N), 5.81 (s, 1H, C=CHH), 544 2H,J

= 5.7 Hz, CHp-cymend, 5.31 (s, 1H;C=CHH), 5.23 (d, 2H,= 5.7 Hz, CHp.cymend, 3.73 (S, 2H,
NH-CH,-CH,-CHx-N), 3.28 (s, 2H; NH-CHCH,-CH,-N), 2.88-2.99 (m, 1H, CH(Chh), 2.10
(s, 3H; CH), 1.97 (s, 3H; ChH), 1.72 (s, 6H; C-CHCH»-C, NH-CH-CH»-CHy-N), 1.27-1.32
(m, 18H; C-(CH),, C-(CHs)2, CH(CHb),). *C{1H} (100.61 MHz, CDC}) 6 167.4 (=0), 149.3
(C=CH,), 144.2 (G,), 143.9 (G), 142.2 (G\), 140.2 (CH,), 138.3 (G,), 132.9 (CH,), 132.8
(CHar), 131.5 (G), 129.3 (G), 128.0 (CH,), 127.7 (CH,), 126.5 (CH,), 119.8 (CH,), 116.2
(C=CHp), 102.7 (Co-cymeng, 97.2 (Cp-cymeng, 82.7 (CHp-cymeng, 81.3 (CHp-cymend, 45.7 (N-CH),
36.5 (NH-ChH), 35.2 (C-CH-CH»-C), 34.0 (C-CH-CHx-C), 33.9 (C-CH-CH,-C), 32.0 (C-



CHs), 31.9 (C-CH), 30.7 (CH-CH,-CH,), 30.5 (CH(CH),), 22.3 (CH(CH),), 20.0 (CH), 18.4
(CHs), ESIMS: m/z: 726 [M - C]".

Quantum Chemical Calculations

Calculations were performed using the version 3.60f2the ORCA quantum chemistry
package[39]. We used the popular hybrid densitgtional B3LYP[40, 41] (in the formulation
developed from the Ansatz V[42]) along with moream’t M062X of the so-called 'Minnesota
family' [43] with the MO6L local part [44] and ineased amount of the nonlocal Hartree-Fock
exchange included in density functional theory ([PE@lculations. The value of the HF / total
exchange fraction in M062X is doubled to 54% adaiihe original 27% in M06[44] (it is only
20% in B3LYP). Los Alamos (LANL) effective core moitial (ECP) with the corresponding

basis sets was used for ruthenium ion [45].
Molecular dynamics simulations

The 3D structure of RX& complex was taken from Protein Data Bank (PDB 1BtVC)[46].

All molecular dynamics (MD) simulations were perfaed using Amber 11 package[47]. Force
field parameters set for protein and ligands atevese derived from FF10 and GAFF [48].
Bexarotene was used in the deprotonated statepwvabfi charges on ligands atoms were
calculated using the semi-empirical AM1BCC methd@]] Two systems were simulated: the
bexarotene bound form of RXRIligand binding domain and-bound form (this complex
structure was obtained using the docking protodascribed below). All structures were
solvated, placed into a truncated octahedron agx shirrounded by a 10 A water layer. Sodium
ions were added to achieve charge neutrality ofepra(12 Asp, 19 Glu, 12 Arg and 13 Lys
residues). The simulation protocol included thelofeing steps: (1) 500 steepest descent
minimization steps and 500 conjugate gradient stegre applied to each system; (2) 50 ps of
constant volume simulation were performed to ineeetemperature to 300 K; (3) 50 ps of
constant pressure simulation were performed in rotdedrive the system density to the
equilibrium state. Harmonic restraints were appteegrotein and ligand atoms with 10 kcal/mol
value during the last two stages; (4) after remaiahe restraints, a 35 ns MD simulation was
performed. Data for hydrogen bond [50] and MMPBSA][analysis were collected for the last
25 ns. The constant temperature was maintained tisenLangevin thermostat. The integration
step value of 2 fs was chosen in combination WithAKE algorithm. Visualization and
appropriate analysis were performed by VMD [52]a@rs were created using the efficient

scripting tool Gnuplot .

Docking studies



The docking study was carried out using AUTODOCK §3] and the results were visualized
with MGL Tools 1.5.6. Each docking calculation cisitsd of 200 launches of Lamarckian
genetic algorithm. Since the ruthenium parameteesnat available in the Autodock default
parameter set, the vdW radius, the vdW well dejpidr,atomic solvation volume and the atomic
solvation parameter were derived as follows. Ringi parameters were taken from the Rappe
work [54]. Atomic solvation volume can be easilytaibed using the simple formula: 4/3t*
(Rvaw)®. Atomic solvation parameter adopts the same vaineng all default transition metals,
so we decided to use it in this case. Protein b@es were not allowed to be flexible. Bonds in
the internal sphere of the structures were fropeprévent conformational change in optimized

structures.
Cell culture and inhibition of cell growth

Human A2780 and A2780cisR ovarian carcinoma ceieevobtained from the European Centre
of Cell Cultures (ECACC, Salisbury, UK) and maintl in culture as described by the
provider. The cells were grown in Dulbecco's Maglifi Eagle Medium (DMEM) medium

containing 4.5 g/L glucose, 5% heat-inactivated alfetcalf serum (FCS) and

penicillin/streptomycin (all cell culture reagentsere obtained from Invitrogen, Basel,

Switzerland). Unless otherwise specified, cellsavgrown for 24 h in 96-well plates (Costar,
Corning, NY, USA), then the compounds (stock soluin DMSO) were added for the indicated
times and concentrations. DMSO final concentrat@ver exceeded 1%; at concentrations
below 1% DMSO has no effect on cell survival (resuot shown). Following exposure to the
compounds, cell viability was assessed using thd M3say (3-(4,5-dimethyl-2-thiazoyl)-2,5-

diphenyltetrazolium bromide, Sigma-Aldrich, 206/ml final concentration. Absorbance at 540
nm was measured in a multi-well plate reader (iIEMR8ader, Labsystems, Bioconcept,
Allschwil, Switzerland) and the absorbance valuéstreated cells were compared to the
absorbance values of untreated cells. Experimermiee veonducted in duplicate wells and

repeated at least twice.
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