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Abstract

A suite of eight cationic, tetra-metallic molecular rectangles (1-8) was generated via coordination-
driven self-assembly using four dicarboxylate-bridged arene-Ru precursors (A1-A4) with one of
two dipyridyl ligands (D1, D2). The high-yielding (84-92%) rectangles were characterized by 1H
NMR and HR-ESI-MS to support their structural assignments. The molecular structure of 5 was
determined by single crystal X-ray analysis, which indicated that two D2 ligands bridge two Al
acceptors to form a rectangular construct. The photophysical properties of these metalla-rectangles
and their molecular precursors were also investigated, as well as an MTT assay to evaluate the /in
vitro cytotoxicities relative to two chemotherapeutic agents, cisplatin and doxorubicin. MTT
assays were conducted using SK-hep-1 (liver cancer) and HCT-15 (colon cancer) human cancer
cell lines. Compounds 3, 4, 7 and 8 showed significant activity, with ICsq values comparable to
those of cisplatin and doxorubicin.

Introduction

Over the past two decades, a wide variety of two-dimensional (2D) architectures have been
rationally designed via metal-mediated coordination chemistry.! As the library of known
metal-based acceptors and ligand donors expanded, judicious combinations of specifically-
angled subunits led to the efficient construction of a myriad of symmetric, two-component
frameworks via coordination-driven self-assembly.2~4 This early structural work quickly
evolved to address practical applications, including host-guest chemistry, sensing, catalysis
and molecular flasks for organic transformations.>=6 Pd(11) and Pt(l1) ions have assumed an
archetypal role as the metal acceptors in these designs, due to their tendency to form stable
square planar complexes with control over the cisor trans disposition of ligands.”: 8
However, as the principals governing coordination-driven self-assembly have been
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developed, the versatility afforded by alternative metal ions has become apparent, unlocking
new properties and applications.?

Recently, organometallic half-sandwich complexes of iridium, rhodium and ruthenium have
begun attracting attention as building blocks for coordination-driven self-assembly.10 These
complexes are particularly well-suited for use as “molecular clips,” wherein two arene-
ruthenium sites are bridged by a b/s-bidentate ligand. The remaining substitutionally-labile
sites on each metal is allowing the construction of 2D and 3D frameworks.! The biological
activity of Ru-containing compounds has motivated the study of arene-Ru supramolecules
with a focus on their anti-cancer properties.12 As such, a growing number of Ru cages have
been self-assembled which show promising results as antitumor agents in human cancer cell
lings.13

Herein, we extend the library of potential metallo-pharmaceuticals with a suite of eight new
arene-Ru rectangles. This series of [2 + 2] assembles includes four distinct oxalate-type
bridging ligands between the Ru ions of the acceptors and two distinct rigid organic donors
which differ in size through the use of ethynyl spacers. This builds upon recent observations
that the size and type of the arene-Ru acceptors and organic linkers can influence the
antitumor behaviour of the resulting self-assemblies.14

Rectangles 1-8 self-assembled over the course of 10 hours in 1:1 CH3NO,/CH30H
solutions containing of equimolar amounts of A1-A4 with D1 or D2 (Scheme 1), generating
[>-cymenesRu4(p-C204)2(1-D)2](OTH)4 (1, 5), [-cymenegRug(j-CeH204)2(j1-D)2] (O TH)4
(2, 6), [p-cymenesRug(p-C10H404)2(1-D)2](0TH)4 (3, 7), [p-cymenesRug(u-C1gH404)2( -
D),](OTf)4 (4, 8), [for 1- 4, D = D; =1,2-di(pyridine-3-yl)ethyne, for 5-8, D = D, = 1,4-
di(pyridine-3-yl)buta-1,3-diyne]. All metalla-rectangles were well-characterized by 1H, 13C
NMR and high resolution electrospray mass spectrometry (HR-ESI-MS). A single crystal of
complex 5 was used to determine its solid-state structure via X-ray crystallography. UV-Vis
absorption and fluorescence spectra were also obtained. Furthermore, the /n vitro anticancer
efficacies of rectangles 1-8 against two different cancer cell lines were determined.

Experimental Section

General Details

The chloride analogues of arene-ruthenium acceptors A1-A4, 11(@). 12(0), 13(¢). their triflate
derivatives!® and donors D1, D2 were prepared according to literature methods. 15
Deuterated solvents were purchased from Cambridge Isotope Laboratory (Andover, MA,
USA). NMR spectra were recorded on a Bruker 300 MHz spectrometer. *H NMR chemical
shifts are reported relative to residual solvent signals. HR-ESI-Mass spectra of the molecular
rectangles were recorded on a Micromass Quattro |1 triple-quadrupole mass-spectrometer
using electrospray ionization and analyzed with the MassLynx software suite system. UV-
Vis spectra were recorded on a Cary 100 Conc. Fluorescence titration studies were carried
out on a HORIBA FluoroMax-4 fluorometer.

X-ray Structure Determination

The diffraction data from a single crystal of 5 mounted on a loop were collected at 100 K on
an ADSC Quantum 210 CCD diffractometer with synchrotron radiation (A= 0.90000 A) at
the Macromolecular Crystallography Beamline 6B1, Pohang Accelerator Laboratory (PAL),
Pohang, Korea. The raw data were processed and scaled using the HKL2000 program. The
structure was solved by direct methods, and refinements were carried out with full-matrix
least-squares on /2 with appropriate software implemented in the SHELXTL package. All
non-hydrogen atoms were refined anisotropically, and hydrogen atoms were added to their
geometrically ideal positions. CCDC-841900 contains the supplementary crystallographic
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data for this paper. The data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB2 1EZ, UK.

Cancer Cell Growth Inhibition Assay (MTT assay)

Cells were routinely grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented
with 10% heat inactivated fetal bovine serum (FBS) 1% penicillin streptomycin at 37 °C and
5% CO». For the evolution of growth inhibition tests, cell suspensions were seeded into 96-
well plates at a concentration of 5x10% cells per well (90 L per well and 10 uL sample).
MTT was prepared as a stock solution of 5 mg/ml in phosphate buffered saline (PBS, pH
7.2) and was filtered. Ten microliters of MTT solution was added to each well. After
incubation for 4 hrs at 37 °C and 5% CO,, 100 pL of DMSO (dimethylsulfoxide) was added
to each well. The 96-well plates were read by an enzyme-linked immunosorbent assay
(ELISA) reader at 570 nm for absorbance density values to determine the cell viability, the
percentage of surviving cells was calculated from the ratio of absorbance of treated to
untreated cells. The half-maximal inhibitory concentration (ICsg) values for cell growth
were determined by fitting the plot of the logarithmic percentage of surviving cells against
the logarithm of the drug concentration using a linear regression function.

General procedure for the synthesis of molecular-rectangles (1-8)

A solution of nitromethane-methanol (1:1, 2 mL) was added to a 1:1 molar ratio mixture of
the corresponding arene-Ru acceptors (A1-A4) and 3-dipyridyl donors (D1-D2) and the
resulting solution was stirred at room temperature for 10 hrs. The solution was then
concentrated and diethyl ether was added to precipitate metalla-rectangles 1-8 as
analytically pure solids.

Molecular-rectangle 1—Acceptor clip Al (8.6 mg, 0.01 mmol) and dipyridyl donor D1
(1.8 mg, 0.01 mmol) were stirred in nitromethane-methanol (2 mL) for 10 hours to obtain 1
upon precipitation with diethyl ether. Isolated yield and color: 85%, yellow solid. Anal.
Calcd for C7oH79F19N4020RU4S,: C, 41.70; H, 3.50; N, 2.70. Found: C, 41.31; H, 3.83; N,
2.94. 1H NMR [300 MHz, (CD3),CO]J: & (ppm) 8.48 (s, 4H, Ha), 8.22 (d, = 6.0 Hz, 4H,
H,), 8.00 (d, £ 7.8 Hz, 4H, H3), 7.51 (m, 4H, Hy), 6.18 (m, , 8H, Hcym), 6.06(m, 8H,
Hcym), 3.01 (sept, 4H, CH(CHy3),), 2.33 (s, 12H, CH3), 1.44 (dd, /= 6.9Hz, J= 6.9Hz,
24H,CH(CHs),); 13C NMR [75 MHz, (CD3),CO]J: & (ppm ) 172.0, 171.7, 156.4, 152.6,
143.3,127.4, 122.3, 103.4, 98.7, 89.9, 83.6, 83.3, 82.9, 81.9, 31.9, 22.7, 22.5 18.1; MS (ESI)
for 1 (C7oH72F12N4020RU4S4): 887.9 [M — 20Tf]2*, 542.4 [M - 30Tf]3*.

Molecular-rectangle 2—Acceptor clip A2 (9.1 mg, 0.01 mmol) and dipyridyl donor D1
(1.8 mg, 0.01 mmol) were stirred in nitromethane-methanol (2 mL) to obtain 2 upon
precipitation with diethyl ether. Isolated yield and color: 88%, wine red solid. Anal. Calcd
for CgoH76F12N4029RU4S4.(CoH5),0: C, 44.88; H, 3.86; N, 2.49. Found: C, 45.12; H, 3.78;
N, 2.81.1H NMR [300 MHz, (CD3),CO]: & (ppm) 8.80 (s, 4H, Hy), 8.19 (d, /= 6.0 Hz, 8H,
Hj 3), 7.60 (m, 4H, Hy), 6.24 (br, 8H, Hcym), 6.08(br, 8H, Hcym), 5.78 (s, 4H, Hbg), 3.0
(sept, 4H, CH(CHa),), 2.22 (s, 12H, CHg), 1.35 (d, /= 6.9Hz, 24H,CH(CH3),); 13C NMR
[75 MHz, (CD3),CO]: & (ppm) 184.0, 155.4, 142.2, 126.0, 123.4, 121.4, 119.2, 104.0,
101.6, 88.7, 83.7, 31.1, 21.5, 17.1; MS (ESI) for 2 (CgoH76F12N4020RU4S4): 937.9 [M —
20Tf]%*, 575.8 [M - 30Tf]3*.

Molecular-rectangle 3—Acceptor clip A3 (9.6 mg, 0.01 mmol) and dipyridyl donor D1
(1.8 mg, 0.01 mmol) were stirred in nitromethane-methanol (2 mL) to obtain 3 upon
precipitation with diethyl ether. Isolated yield and color: 87%, sea-green solid. Anal. Calcd
for CggHggF12N4020RU4S,: C, 46.48; H, 3.55; N, 2.46. Found: C, 46.19; H, 3.70; N,
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2.41. 'H NMR [300 MHz, (CD3),CO]: 6 (ppm) 8.85 (s, 4H, Hy), 8.56 (d, J= 6.0 Hz, 4H,
Hy), 8.07 (d, J= 7.8 Hz, 4H, Hs), 7.53 (m, 4H, Hy), 7.32 (s, 8H, Hng), 6.05 (d, .= 6.3 Hz,
8H, Heym), 5.85(d, J= 6.3 Hz, 8H, Heym), 2.94 (sept, 4H, CH(CH3),), 2.14 (s, 12H, CH3),
1.34 (d, J= 6.9Hz, 24H,CH(CHs),); 13C NMR [75 MHz, (CD3),CO]: & (ppm ) 171.8,
155.4,152.6, 143.1, 138.4, 126.7, 122.2, 112.2, 104.1, 101.5, 89.7, 85.9, 83.2, 31.5, 22.5,
17.4; MS (ESI) for 3 (CggHggF12N4020RU4S,): 2125.1 [M —OTﬂ+.

Molecular-rectangle 4—Acceptor clip A4 (10.5 mg, 0.01 mmol) and dipyridyl donor D1
(1.8 mg, 0.01 mmol) were stirred in nitromethane-methanol (2 mL) to obtain 4 upon
precipitation with diethyl ether. Isolated yield and color: 92%, green solid. Anal. Calcd for
C104HggF12N4020RU4S,: C, 50.48; H, 3.58; N, 2.26. Found: C, 50.52; H, 3.45; N, 2.31. 1H
NMR [300 MHz, (CD3),CO]: & (ppm) 9.01 (s, 4H, Hy), 8.87 (m, 8H, Hnd), 8.63 (d, /= 6.0
Hz, 4H, Hq), 7.93 (m, 12H, Hnd, Hs), 7.36 (M, 4H, Hy), 6.25 (d, /= 6.3 Hz, 8H, Hcym), 6.01
(d, /= 6.3 Hz, 8H, Hcym), 3.08 (sept, 4H, CH(CH3),), 2.18 (s, 12H, CH3), 1.32 (d, J=
6.9Hz, 24H,CH(CHs),); 13C NMR [75 MHz, (CD3),CO]: & (ppm ) 170.1, 155.6, 152.3,
143.2,134.7,134.1, 128.5, 126.5, 122.1, 107.8, 103.9, 101.9, 89.6, 86.0, 82.5, 31.7, 22.7,
17.9; MS (ES|) for 4 (C104H88F12N4020RU4S4)Z 2326.1 [|V| —OTf]1+.

Molecular-rectangle 5—Acceptor clip Al (8.6 mg, 0.01 mmol) and dipyridyl donor D2
(2.0 mg, 0.01 mmol) were stirred in nitromethane-methanol (2 mL) to obtain 5 upon
precipitation with diethyl ether. Isolated yield and colour: 84%, brown-yellow solid. Anal.
Calcd for C76H72F12N4020RU4S4.2H50: C, 42.30; H, 3.55; N, 2.60. Found: C, 41.88; H,
3.45; N, 2.39. IH NMR [300 MHz, (CD3),CO]: & (ppm) 8.38 (m, 4H, Hy), 8.17 (m, 4H, Hy),
8.12 (m, 4H, H3), 7.52 (m, 4H, Hy), 6.13 (m, 8H, Hcym), 5.99 (d, J= 6.0 Hz, 8H, Hcym),
2.96 (sept, 4H, CH(CHz3),), 2.31 (s, 12H, CH3), 1.38 (d, J= 6.0 Hz, 24H,CH(CHs),); 13C
NMR [75 MHz, (CD3),CO]: 6 (ppm ) 170.9, 155.1, 152.7, 143.3, 126.6, 120.4, 102.6, 82.1,
78.0, 31.0, 21.5, 17.1; MS (ESI) for 5 (C7gH72F12N4O20RU4S,): 911.9 [M - 20Tf]?*, 558.4
[M - 30Tf]3*.

Molecular-rectangle 6—Acceptor clip A2 (9.1 mg, 0.01 mmol) and dipyridyl donor D2
(2.0 mg, 0.01 mmol) were stirred in nitromethane-methanol (2 mL) to obtain 6 upon
precipitation with diethyl ether. Isolated yield and color: 89%, wine red solid. Anal. Calcd
for CgaH76F19N40O20RU4S,: C, 45.40; H, 3.45; N, 2.52. Found: C, 45.13; H, 3.68; N,

2.71. 1H NMR [300 MHz, (CD3),CO]: & (ppm) 8.58 (s, 4H, Hy), 8.32 (m, 4H, H), 8.26 (m,
4H, H3), 7.63 (m, 4H, H,), 6.27 (d, J= 6.0 Hz, 8H, Hcym), 6.07 (d, J= 6.3 Hz, 8H, Hcym),
5.78 (s, 4H, Hbq), 3.04 (sept, 4H, CH(CH3),), 2.30 (s, 12H, CHs), 1.40 (d, /= 6.9 Hz,
24H,CH(CH3),); 13C NMR [75 MHz, (CD3),CO]: 6 (ppm ) 184.7, 157.0, 154.3, 143.7,
127.4,121.2,104.9, 102.7, 100.1, 84.6, 83.0, 78.6, 78.4, 32.2, 22.6, 18.3; MS (ESI) for 6
(CgaH76F12N4020RU4S): 2072.4 [M — OTf]*, 592.0 [M - 30Tf]3*.

Molecular-rectangle 7—Acceptor clip A3 (9.6 mg, 0.01 mmol) and dipyridyl donor D2
(2.0 mg, 0.01 mmol) were stirred in nitromethane-methanol (2 mL) to obtain 7 upon
precipitation with diethyl ether. Isolated yield and colour: 90%, sea-green solid. Anal. Calcd
for CgoHggF12N4029RU4S4.2H,0: C, 46.86; H, 3.59; N, 2.38. Found: C, 46.63; H, 3.72; N,
2.04. ITH NMR [300 MHz, (CD3),CO]: & (ppm) 8.72 (s, 4H, Hy), 8.63 (m, 4H, Hy), 8.12 (m,
4H, H3), 7.59 (m, 4H, H,), 7.25 (s, 4H, Hnq), 6.04 (d, /= 6.3 Hz, 8H, Hcym), 5.86 (d, /=
6.3 Hz, 8H, Hcym), 3.00 (sept, 4H, CH(CH3),), 2.24 (s, 12H, CH3), 1.40 (d, J= 6.9 Hz,
24H,CH(CH3),); 13C NMR [75 MHz, (CD3),CO]: 6 (ppm) 172.0, 155.9, 153.7, 143.6,
138.6, 127.0, 121.0, 112.4, 104.7, 100.7, 85.1, 84.1, 78.7, 77.9, 31.6, 22.5, 17.4; MS (ESI)
for 7 (CgoHgoF12N4029RU4S,): 625.1 [M — 30Tf]3+.
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Molecular-rectangle 8—Acceptor clip A4 (10.5 mg, 0.01 mmol) and dipyridyl donor D2
(2.0 mg, 0.01 mmol) were stirred in nitromethane-methanol (2 mL) to obtain 8 upon
precipitation with diethyl ether. Isolated yield and colour: 90%, green solid. Anal. Calcd for
C108HggF12N4020RU4S4: C, 51.43; H, 3.52; N, 2.22. Found: C, 51.73; H, 3.81; N, 2.39. 1H
NMR [300 MHz, (CD3),CO]: & (ppm) 8.90 (m, 8H, Hnd ), 8.70 (m, 8H, Hy, Hy ), 8.10 (m,
8H, Hnd), 7.75 (m, 4H, H3), 7.33 (m, 4H, H,), 6.25 (d, /= 6.3 Hz, 8H, Hcym), 6.02 (d, J=
6.0 Hz, 8H, Hcym), 3.14 (sept, 4H, CH(CH3),), 2.25 (s, 12H, CH3), 1.39 (d, J= 6.9 Hz,
24H,CH(CH3),); 13C NMR [75 MHz, (CD3),CO]: 6 (ppm ) 170.1, 155.4, 153.2, 143.2,
134.7,134.1, 128.3, 126.8, 120.6, 107.8, 104.6, 100.9, 85.1, 83.3, 78.2, 31.5, 22.6, 17.8; MS
(ESI) for 8 (C10gHggF12N4020RU4S,): 1111.8 [M — 20Tf]2*, 692.0 [M — 30Tf]3*.

Results and Discussion

Synthesis and Characterization

Solutions containing equimolar amounts of A1-A4 with dipyridyl donor D1 in CH3NO,/
CH30H were stirred for 10 hrs at room temperature, resulting in quantitative self-assembly
of 1-4, respectively. Analytically pure metalla-rectangles could be isolated as crystalline
solids upon the addition of diethyl-ether to the concentrated reaction mixtures. The 1H NMR
spectra for 1-4 (Fig. 1)showed characteristic resonances for the pyridyl protons with
significant shifts as compared to free D1; & = 8.48 (s, Hy), 8.22 (d, H1), 8.00 (d, Hg), 7.51
(m, Hy) ppm for 1; 8.80 (s, Hy), 8.19 (d, Hy,3), 7.60 (m, Hy) ppm for 2; 8.85 (s, Hy), 8.56 (d,
H1), 8.07 (d, Hg), 7.53 (m, Hy) ppm for 3; 9.01 (d, Hy), 8.63 (M, Hy), 7.93 (m, H3), 7.36 (s,
8H, Hy) ppm for 4. These resonances were consistent with the assignment of a tetranuclear
rectangular structure. The aromatic proton resonances of the p-cymene ligands were
observed as two doublets around & = 6.10- 5.7 ppm, while the signals for the benzoquinone
protons of 2 (6§ = 5.78 ppm) and naphthoquinone protons of 3 (& = 7.32 ppm) were observed
as sharp singlets. The naphthacenedione protons were observed as two multiplets at & = 8.75
and 7.94 ppm for 4. The formation of metalla-rectangles 1-4 was further confirmed by HR-
ESI-MS spectra. The charged states at m/z = 887.9 [M — 20Tf]?* and 542.4 [M - 30Tf]3*
for 1, 937.9 [M — 20Tf]2* and 575.8 [M — 30Tf]3* for 2, 2125.1 [M —~OTf]* for 3, and
2326.1 [M —OTf] *for 4, were clearly observed and isotopically resolved. These peaks were
all consistent with their theoretical isotopic distributions.

Complexes 5-8 self-assembled under identical conditions to those for the formation of 1-4.
The proton resonances of the pyridyl groups exhibited similar downfield shifts upon
coordination. Signals were observed at 8.38 (m, Hy), 8.17 (m, Hy), 8.12 (m, H3), 7.52 (m,
H5) ppm for 5; 8.58 (s, Hy), 8.32(m, Hy), 8.26 (M, H3), 7.48 (m, H,) ppm for 6; 8.72 (s, Ha),
8.63 (m, Hy), 8.12 (m, H3), 7.59 (m, Hy) ppm for 7; 8.70 (m, Hg, Hy), 7.75 (m, H3), 7.33 (m,
H») ppm for 8. The p-cymene protons were again resolved as two doublets at & = 6.10- 5.7
ppm. Singlet resonances were observed for the benzoquinone group of 6 (6 = 5.78 ppm) and
the naphthoquinone group of 7 (& = 7.25 ppm). The naphthacenedione protons of 8 were
assigned as two multiplets at & = 8.90 and 8.10 ppm (see Supporting Informationt). The ESI
mass spectra of 5-8 showed peaks at /77z= 911.9 [M — 20Tf]?* and 558.4 [M — 30Tf]3* for
5, 2072.4 [M - OTf]* and 592.0 [M — 30Tf]3* for 6, 625.1 [M — 30Tf]3* for 7 and 1111.8
[M - 20Tf]%* and 692.0 [M — 30Tf]3* for 8. The peaks were isotopically resolved and
agreed well with their corresponding theoretical isotopic distribution patterns (see
Supporting Informationt).

TElectronic Supplementary Information (ESI) available: [NMR and HR-ESI-MS data for 1-8, CCDC 841900]. See DOI: 10.1039/

b000000x/
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Molecular Structure

Single crystals of rectangle 5 were obtained by the slow diffusion of diethyl ether into a
methanol/nitromethane solution. Crystals suitable for X-ray diffraction were best grown
from the sample of 5 when the counter anion was changed to PFg™. A single crystal X-ray
diffraction analysis (Table 1) revealed that the complex 5 has a tetranuclear rectangular
architecture, which lies on the crystallographic inversion center. Perspective drawings of 5
are shown in Fig. 2 with selected bond lengths and angles listed in Table 2.

Each Ru center adopts a three-legged piano-stool conformation capped by p-cymene
ligands. The tetradentate dicarboxylate ligands bridge two Ru sites, with the final Ru
coordination sites occupied by pyridyl ligands which act as bridges between diruthenium
moieties. The pyridine rings are twisted with respect to each other, with an angle of 28.9°.
The average Ru-N and Ru-O bond distances are 2.13 and 2.10 A, respectively. The average
bite angle of the two oxygen atoms in the oxalato five-membered chelate rings is 80.9°.

Electronic absorption and fluorescence studies

The UV-Vis spectra of 1-8 (Fig. 3) were recorded in methanol solutions resulting in the
absorption bands summarized in Table 3. The high energy bands observed in all of the
rectangles were also present in the spectra of free D1 and D2. As such, these bands are likely
due to T—m* transitions of the ethynyl backbone which are preserved upon self-assembly.
The dinuclear arene-Ru acceptors also exhibited high-energy absorption bands at 270-298
nm, as well as broad, low-energy absorption bands ranging from 380-680 nm. These bands
are likely a combination of intra/intermolecular T—m* transitions mixed with metal-to-
ligand charge transfers transitions. As with the bands of the pyridyl donors, these arene-Ru-
based bands are also preserved upon self-assembly, given rise to complicated absorption
manifolds observed for 1-8. 11d

The emission data for the rectangles and their precursors are summarized in Table 3. The
spectrum of D1 (A¢x = 289 nm) showed a broad band 371 nm. A similar band was observed
for D2, but tailed significantly further into longer wavelengths, due to its extended m system
relative to D1. This broad peak had features at 360, 387 and 416 nm. Acceptors Al and A2
possessed similar absorption bands centered around 411 nm (Fig. 4, top). The spectra of A3
and A4, however, were markedly different with A3 displaying a single band around 350 nm
and A4 possessing two bands at 530 and 566 nm (Figure 5). Rectangles 1 and 5 showed
emission bands at 381 and 362 nm, respectively (Fig. 4, top). These emission bands likely
originate from D1 and D2, which emit in a similar region. Interestingly, rectangle 1 had a
similar intensity as to that of the donor with a slight red-shift in position, whereas rectangle
5 showed a quenched intensity compared with D2. Rectangles 2 and 6 show emission bands
at 335 and 352 nm (2) and 335 and 345 nm (6) which are blue-shifted slightly from the
bands seen for D1 and D2, (Fig. 4, bottom).

For rectangles 3 and 7, emission bands (Aex = 330 nm) were observed at 368, 399 and 432
nm (3) and 368 and 399 nm (7) (Fig. 5, top). Rectangles 4 and 8 showed emission at 527 and
560 nm, respectively, with increased intensity as compared to acceptor A4 (Fig. 5, bottom).
Complexes 3, 4, 7 and 8 all share similar emission features with their corresponding arene-
Ru precursors, suggesting that the acceptor fragments are the source of emission bands in
this subset of rectangles. Metalla-rectangles 1-4 qualitatively exhibit stronger bands as
compared to 5-8. The more extensive conjugation resulting from the diethynyldipyridyl
ligand of the latter may result in enhanced self-quenching and intermolecular r-r stacking
between two adjacent metalla-rectangles. 16
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In Vitro Anticancer Activity

Organometallic arene-Ru-based half-sandwich complexes have attracted interest as
anticancer agents due to their activity against a range of cancer cells with low toxicity and
no cross-resistance with cisplatin. The /n vitro anticancer efficacies of rectangles 1-8 and
their respective donors were investigated against SK-hep-1(liver cancer) and HCT-15 (colon
cancer) human cancer cell lines by means of a colorimetric MTT assay. The results of this
assay are summarized in Table 4. Cisplatin and doxorubicin were used as reference
compounds. The results demonstrate that D1, D2, 1 and 2 are inactive (ICgg > 200 uM).
Complexes 5 and 6 show poor activity, with 1Csq values between 50-70 uM. Rectangles 3
(IC50 =6.97 and 7.46 pM), 4 (IC5p = 29.53 and 39.45 pM), 7 (IC5p = 9.60 and 10.66 uM)
and 8 (ICgg = 16.32 and 17.68 uM) all showed significant activity with ICgq values
comparable to those determined for cisplatin and doxorubicin. These results suggest that
there is no direct correlation between metalla-rectangle size and tumor inhibition efficacy
(Fig. 6). The mechanism underlying the anticancer activity of ruthenium compounds is still
unclear, but previous findings indicate that the mode of cell cycle regulation by Ru
complexes is different from that of cisplatin. During apoptosis, cisplatin blocks cancer cell
growth in the G2-phasel’” whereas the arene-Ru-based metalla-cycles arrest cell growth in
the G1 phase.132 The different modes of action during cell cycle progression of cisplatin and
arene-Ru-based metalla-cycles suggest that these two classes of complexes have different
mechanisms of action.18

Conclusion

We have synthesized eight new tetranuclear rectangles of varying size by coordination
driven self-assembly between arene-Ru-based acceptors and 3-dipyridyl donors. All of these
molecules were well-characterized by multinuclear NMR (*H and 13C) and HR-ESI-MS
data. The solid state structure of 5 was confirmed by single crystal diffraction studies. UV-
Vis and fluorescence studies were also carried out, indicating that the photophysical
properties of the assemblies largely mimicked those of their precursors. The cytotoxicity of
these metalla-rectangles against SK-hep-1 and HCT-15 human cancer cell lines was
evaluated with complexes 3, 4, 7 and 8 exhibiting low ICsg values on the order of cisplatin
and doxorubicin.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Partial 1TH NMR spectra of the metalla-rectangles 1(b), 2(c), 3(d), 4(e) and donor D1(a).
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Fig. 2.

(a) X-ray crystal structure of metalla-rectangle 5. Solvent molecules, counter-anions and
hydrogen atoms are omitted for clarity (Color codes: green = Ru, red = O, blue = N and grey
= C). (b) Crystal packing diagram of 5 with a space-filling model. The mark (#) on atom
labels denote the elements generated by inversion symmetry (=x, =y, —z).
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UV-Vis spectra of metalla-rectangles 1-8 (left) and their donor (D1, D2) and acceptors (Al-

Ad)(right).
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Fig. 4.
Emission spectra of metalla-rectangles 1 and 5 (top) and 2 and 6(bottom) compared with
their respective donors and acceptors.
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Fig. 5.
Emission spectra of metalla-rectangles 3 and 7 (top) and 4 and 8(bottom) compared with
their acceptors.
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Al-Ad

Scheme 1.
Coordination-driven self-assembly of molecular-rectangles 1-8.
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Table 1

Crystal data and structure refinement for molecular rectangle 5.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Dcalculated

Abs. coefficient

Goodness-of-fit on F2

Final R indices [1>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Cag.50 Haz.50 F12 N2.50 O5 P2 RU,
1083.27

100(2) K

0.90000 A

Monoclinic

P2i/n

2=8.630(2) A =90°
b=135.969(7) A B = 97.55(3)°
c=13.430(3) A y = 90°
4132.7(14) A3

4

1.741 glcm?

1.697 mm*

1.023

R1 =0.0550, wR2 = 0.1557
R1 =0.0679, wR2 = 0. 1656
1.040 and -1.025 e. A3
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Table 2

Bond lengths [A] and angles [°] for 5.
Ru(1)-0(4) 2.105(5) Ru(1)-0(3) 2.104(5)
RUL)-N@#L  2.127(6) Ru(1)-C(27) 2.174(8)
Ru(2)-0(1) 2.112(5) Ru(2)-N(1) 2.109(6)
Ru(2)-0(2) 2.110(6)

O()-Ru(1)-0(3)  788(2) O@)-Ru(l)-NQ@#L  84.4(2)
OB)}RU(L)-N@#L 8L7(2)  O4)-Ru()-C(30)  93.9(3)
N@)#1-Ru(1)-C(30) 125.6(3) N(2#L-Ru(1)-C(27) 115.3(3)

O()-RU@)-N(L) 8452  N@O)-Ru@-0Q2)  826(2)

O(L)-RU@)-C(3)  90.4(2)
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Table 3

Photophysical Properties of the metalla-rectangles 1-8.

Molecular- Absorption maxima Emission
rectangle Amax(Nm) maxima
(Molar extinction co-efficient Amax(nNm)
105eM1cm Aex(Nm)

1 280 (2.54), 382(0.12) 298 362, 381
2 292 (0.66), 491 (0.30) 298 335, 352
3 280 (1.02), 437 (0.29), 633 (0.11), 690 (0.09) 330 368, 432
4 272 (1.39), 377(0.17), 562 (0.15), 598 (0.10) 390 527, 560
5 296(2.04), 307(2.23), 327 (1.59), 376 (0.16) 298 362, 381
6 297(0.58), 307(0.64), 327 (0.44), 491 (0.20) 298 335, 345

7 297(1.05), 311(1.24), 328 (1.02), 437 (0.31), 633(0.11), 694 (0.10) 330 368
8 272 (2.52), 377(1.20), 562 (0.15), 602 (0.13) 390 527, 560
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Table 4
ICsq values for SK-hep-1 and HCT-15 human cancer cells for molecular rectangles 1-8, donors, cisplatin and
dxorubicin.
compound s pM[a]
SK-hep-1 ~ HCT-15
1 >200 >200
2 >200 >200
3 6.97+0.69  7.4620.24
4 2953172 39.45:1.73
5 66.19+0.25 53.6620.27
6 63.58£1.27 57.05+0.98
7 9.60£0.84  10.6620.19
8 16.32+£1.98  17.68+0.92
D1 >200 >200
D2 >200 >200
cisplatin  12.38+0.24  8.38+2.31
doxorubicin  2.67+0.24  15.34+0.58

fa]

Cs0: drug concentration necessary for 50% inhibition of cell viability.
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