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Abstract

A series of supramolecular rectangles, including two mixed-metal Ru/Pt complexes, have been
formed by the coordination-driven self-assembly of a range of arene-Ru “molecular clip”
acceptors (1a-1d) with rigid dipyridyl-based ligands (2a-2d) over the course of 10 hours in
solution. The isolated products were characterized by multinuclear NMR (*H and 13C or 31P), HR-
ESI-MS and an X-ray diffraction study to support the ascribed two-component rectangular
structures. The rectangles were further characterized by UV-Vis and fluorescence studies. The
redox behaviors of rectangles 3ca and 3da were also determined using cyclic voltammetry.
Additionally, the antitumor activities of the suite of rectangles were determined against various
human cancer cell lines and significant activity was shown by complexes 3ca, 3da, 3cb, 3cc and
3cd, with 1Cgq values as low as 2.65 puM.

Introduction

Coordination-drive self-assembly is an efficient method to generate supramolecules of a
range of shapes and sizes, as evidenced by over two decades of work detailing the formation
of squares, triangles, prisms and other 2D and 3D topologies.! The synthetic ease and
versatility of coordination-driven self-assembly complements the inherent host-guest
properties afforded by the nanoscopic voids of the structures, resulting in numerous
functional materials which act as sensors, molecular flasks and catalysts.2# While Pd(11) and
Pt(I1)-based architectures dominate the library of known complexes,® the principles and
strategies underlying their formation have more recently been applied to incorporate
different metal ions. 8 Arene-capped octahedral metal centers are particularly useful in the
formation of “molecular clips,” which are well-suited for the directional bonding strategy to
form rectangles, and prisms. As such, variety of Ru, Rh, Os or Ir sandwich complex
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molecular clips have been utilized for the construction of various 2D and 3D-
supramolecules.” Supramolecular rectangles are the simplest of these assemblies, requiring
only a 1:1 mixture of clip and linear donor. Although simple in design, these structures have
shown promising applications as anion sensors and hosts for small molecules.® These
rectangles typically incorporate a single type of metal ion. However, a second metal can be
introduced into the donor component of the self-assembly, potentially imparting unique or
enhanced functionalities in the form of mixed-metal, heterometallic scaffolds.

More recently, the biological activity of Ru ions has prompted the synthesis and screening of
a number of complexes for their antitumor properties. These studies indicate that Ru-based
drugs may provide low non-specific toxicities while maintaining high efficacies relative to
platinum-based agents.® The mechanism of action of arene-Ru complexes is an active area
of study, with evidence that iron mimicking (for eg. when binding with biomolecules) is an
important factor.10 Since these complexes act along a different vector, cell lines which have
developed Pt drug resistance remain susceptible to Ru-based treatments.11 While activity
has been seen for small, mononuclear Ru complexes, studies have shown selective cellular
uptake and retention of macromolecules inside cancer cells owing to damaged lymphatic
drainage.12 In this context, various nano-prisms have been prepared and initial studies show
high cytotoxicity against various human cancer cell lines.13 We have recently reported the
preparation of a series of arene Ru-based rectangles which exhibit significant cytotoxicity
against several cancer cell lines.1# The results suggested that larger metalla-cycles show
higher activity over small rectangles, in agreement with the hypothesis that large
macromolecules are retained inside cancer cells.

Herein, we report two heterometallic hexanuclear metalla-rectangles which self-assemble
upon mixing an arene-Ru acceptor (1c, 1d) with trans-[(4-pyridylethynyl),Pt(PEt3),] (2a)
(Scheme 1). This heterometallic rectangle is of special interest for anticancer studies as it
possesses two metals ions known to be biologically active. In addition to these
heterometallic constructs, a suite of homometallic tetranuclear rectangles are also reported,
formed by mixing arene-Ru acceptors 1a-c with one of three dipyridyl donors, 1,4-
di(pyridine-4-yl)buta-1,3-diyne (2b), 1,4-di(pyridi-4-yl)benzene (2c) and 1,2-di(pyridine-4-
yl)ethyne (2d) (Scheme 1). The compound numbering used here represents the arene-Ru
acceptors as 1a-d, the dipyridyl donors as 2a-d, and the resulting self-assemblies as 3xy
where x refers to the acceptor and y refers to the donor components used. In all cases, two
dinuclear Ru precursors react with two dipyridy! ligands, displacing the triflate ligands to
yield 4+ triflate salts. The dipyridyl ligands bridge between two Ru acceptors, defining the
width of the rectangle, with the height determined by the specific arene-Ru compound used.

Experimental

Material and methods

The chloride analogues of arene-ruthenium acceptors 1a-1d8¢:11211b their triflate
derivatives 8¢ and the donors 2a-2dY were prepared according to literature methods.
Deuterated solvents were purchased from Cambridge Isotope Laboratory (Andover, MA).
NMR spectra were recorded on a Bruker 300 MHz spectrometer. 1H, 13C and 31P NMR
chemical shifts are reported relative to residual solvent (H and C) and H3PO4 (P) signals.
HR-ESI-Mass spectra were recorded on a Micromass Quattro 1l triple-quadrupole mass-
spectrometer using electrospray ionization and analyzed using the MassLynx software suite.
UV-Vis spectra were recorded on Cary 100 Conc. Fluorescence titration studies were carried
out on a HORIBA FluoroMax-4 fluorometer. Cyclic valtametry experiments were carried
out on Metrohm Autolab B. V.
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Cyclic voltammetry

Cyclic voltammetry experiments were carried out with a Metrohm Autolab B. V.
potentiostat at room temperature using a 3-electrode cell with platinum disk electrode
(AUTOLAB RDE; 3 mm diameter) as the working electrode, platinum sheet auxiliary
electrode, and calomel reference electrode. The analyzed compounds were dissolved in
dichloromethane (analytical grade) to give a solution containing 5 x10™4 M of the analytes
[chloride analogues of arene-ruthenium acceptors (1c and 1d) and heteronuclear metalla-
rectangles (3ca and 3da)] and 0.1MBu4NPFg. The redox potentials are given relative to the
ferrocene/ ferrocenium reference.

X-ray Structure Determination

A crystal of 3ab was coated with paratone oil and affixed to a loop. Diffraction data was
collected at 193 K with Mo Ka radiation using an X-ray diffraction camera system with an
imaging plate equipped with a graphite crystal incident beam monochromator. The
RapidAuto software suitel® was used for data collection and processing. The structure was
solved by direct methods and refined by a full-matrix least-squares calculation with the
SHELXTL software package.1® One dipyridyl ligand, one oxalate, two ruthenium atoms,
two p-cymene ligands and one triflate anion were observed as an asymmetric unit. The other
triflate anion was partially identified in the difference Fourier map. The subsequent least-
squares refinement on the model containing the partially-identified atoms did not reveal the
remaining part of the triflate anion. All non-hydrogen atoms were refined anisotropically;
the hydrogen atoms attached to the ligands were assigned isotropic displacement coefficients
U(H) = 1.2U (C) and 1.5U (Cpnetny1), and their coordinates were allowed to ride on their
respective atoms. The least-squares refinement of the structural model was performed under
the geometry constraint AF1X for phenyl and pyridyl parts of the ligand. Additional
commands, specifically DFIX, ISOR, and DELU were applied to restrain 1,2 distances,
restrain Ujj components approximate to isotropic behavior, and enforce a rigid bond
restraint, respectively. The final refinement was performed with a modification of the
structure factors for the electron densities of the partially identified triflate anion and
disordered solvents using the SQUEEZE option of PLATON.1? Refinement of the structure
converged at a final R1 = 0.0847, wR2 = 0.2342 for 2878 reflections with | > 25(l); R1 =
0.1472, wR2 = 0.2698 for all 6210 reflections. The largest difference peak and hole were
1.147 and —0.677 e-A 3, respectively.

Cancer Cell Growth Inhibition Assay (MTT assay)

Cells were routinely grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented
with 10% heat inactivated foetal bovine serum (FBS), 1% penicillin streptomycin at 37 °C
and 5% CO». The cell suspensions were seeded into 96-well plates at a concentration of
5x104 cells per well (90 pL per well and 10 pL sample). MTT ((3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) was prepared as a stock solution of 5 mg/mL in
phosphate buffer (PBS, pH 7.2) and was filtered. 10 uL of the MTT solution was added to
each well. After incubation for 4 h at 37 °C and 5% CO», 100 uL of DMSO
(dimethylsulfoxide) was added to each well for cell lysis. The 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 the absorbance of treated to untreated cells. The half maximal inhibitory
concentration (ICsg) values for the inhibition of 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.
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Stability of rectangles in DMSO—For stability studies, molecular rectangle 3ca were
dissolved in DMSO and the sample was analyzed by H NMR spectroscopy immediately
after dissolution and after 48 h (supporting information). No change observed even after 48
h, thus attesting the stability of molecular rectangle in DMSO.

General procedure for the synthesis of rectangles (3)—A solution of
nitromethane/methanol (1:1, 2 mL) was added to a solid sample of the corresponding arene-
ruthenium acceptors (1a-1d) and 4-dipyridyl donors (2a-2d) in 1:1 molar ratio. The mixture
was stirred at room temperature for 10 hours after which the solution was concentrated and
diethyl ether added to precipitate the pure rectangles.

Metalla-rectangle 3ca—Acceptor clip 1c (9.5 mg, 0.01mmol) and dipyridyl donor 2a
(6.3 mg, 0.01 mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3ca.
Isolated yield: 87%. Anal. Calcd for C116H140F12N4020P4PtoRU4S,: C, 43.74; H, 4.43; N,
1.76. Found: C, 43.60; H, 4.21; N, 1.83. 1H NMR [300 MHz, CD3NO,]: & (ppm) 8.15 (d, J
= 6.0 Hz, 8H, Ha), 7.20 (s, 4H, Hnq), 7.06 (d, J = 6.0 Hz, 8H, HP), 5.72 (d, J = 6.0 Hz, 8H,
Hcym), 5.52 (d, J = 6.0 Hz, 8H, Hcym), 2.90 (sept, 4H, CH(CHg)y), 2.14 (m, 36H, CH3,
P(CH,CH3)3), 1.35 (d, J = 6.6 Hz, 24H,CH(CHs),), 1.20 [t, 36H, P(CH,CH3)]; 13C NMR
[75 MHz, CD3NO,]: & (ppm) 171.0, 151.0, 139.0, 137.1, 127.1, 123.3, 123.2, 111.6, 103.6,
99.1, 84.0, 83.0, 30.5, 21.0, 16.0, 7.6; 31P {1H} NMR (121 MHz, CD3NO,): & 11.83 (s); MS
(ESI) for 3ca (C116H140F12N4020PaPtoRU4S,): 1442.9 [M — 20Tf]2*, 912.4 [M - 30Tf]3*.

Metalla-rectangle 3da—Acceptor clip 1d (10.6 mg, 0.01 mmol) and dipyridyl donor 2a
(6.3 mg, 0.01 mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3da.
Isolated yield: 85%. Anal. Calcd for C132H148F12N4O20P4PtoRU4S,: C, 46.83; H, 4.41; N,
1.66. Found: C, 46.55; H, 4.18; N, 1.59. IH NMR [300 MHz, CD3NO,]: & (ppm) 8.74 (m,
8H, Hnd), 8.28 (d, J = 6.6 Hz, 8H, Ha), 7.94 (m, 8H, Hnd), 6.97 (d, J = 6.9 Hz, 8H, Hp),
5.90 (d, J = 6.3 Hz, 8H, Hcym), 5.70 (d, J = 6.3 Hz, 8H, Hcym), 3.05 (sept, 4H, CH(CHj3),),
2.25 (s, 12H, CH3), 2.14 (m, 24H, P(CH,CH3)3), 1.37 (d, J = 6.9Hz, 24H,CH(CH3),) 1.07
[t, 36H, P(CH,CH3)]; 13C NMR [75 MHz, CD3NO,]: & (ppm) 170.6, 152.3, 140.3, 135.2,
134.1, 128.5, 128.4, 108.6, 108.5, 105.1, 100.6, 85.1, 84.0, 31.9, 22.6, 18.0, 8.9; 31P {1H}
NMR (121 MHz, CD3NO5): 4 11.90 (s); MS (ESI) for 3da
(C]_32H148F12N4020P4Pt2RU4S4)3 1543.2 [M - 20Tﬂ2+, 979.3 [M - 30Tﬂ3+.

Metalla-rectangle 3ab—Acceptor clip 1a (8.6 mg, 0.01 mmol) and dipyridyl donor 2b
(2.0 mg, 0.01 mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3ab.
Isolated y|eId 89%. Anal. Calcd for C76H72F12N4020RU4S4.2H,0: C, 42.30; H, 3.55; N,
2.60. Found: C, 42.40; H, 3.35; N, 2.38. IH NMR [300 MHz,CD3NO5]: & (ppm) 8.08 (d, J =
6.6 Hz, 8H, Hay), 7.47 (d, J = 6.6 Hz, 8H, Hp), 5.89 (d, J = 6.6 Hz, 8H, Hcym), 5.74 (d, J =
6.3 Hz, 8H, Hcym), 2.90 (sept, 4H, CH(CHs),), 2.21 (s, 12H, CH3), 1.36 (d, J = 6.9 Hz,
24H,CH(CHs),); 13C NMR [75 MHz, CD3NO5]: & (ppm) 172.2, 154.0, 133.6, 129.9,
104.5,99.1, 83.4, 83.1, 81.8, 81.7, 32.5, 22.4, 18.3; MS (ESI) for 3ab
(C75H72F12N4020RU4S4)Z 558.4 [M - 30Tf]3+.

Metalla-rectangle 3bb—Acceptor clip 1b (9.1 mg, 0.01 mmol) and dipyridyl donor 2b
(2.0 mg, 0.01 mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3bb.
Isolated yield: 85%. Anal. Calcd for Cg4H76F12N409RU4S,: C, 45.40; H, 3.45; N, 2.52.
Found: C, 45.13; H, 3.68; N, 2.78. IH NMR [300 MHz, CD3NO5]: 5 (ppm) 8.35 (d, J = 6.6
Hz, 8H, Ha), 7.52 (d, J = 6.6 Hz, 8H, Hp), 5.97 (d, J = 6.6 Hz, 8H, Hcym), 5.76 (d, J = 6.0
Hz, 8H, Hcym), 5.72 (s, 4H, Hbq), 2.93 (sept, 4H, CH(CH3),), 2.23 (s, 12H, CH3), 1.36 (d,
J = 6.9Hz, 24H,CH(CH3),); 13C NMR [75 MHz, CD3NO,]: & (ppm) 185.8, 154.3, 133 .4,
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129.9, 105.5, 102.8,100.4, 84.8, 83.4, 81.1, 80.4, 32.6, 22.5, 18.3; MS (ESI) for 3bb
(C84H76F12N4020RU4S4Z 591.7 [M - 30Tf]3+.

Metalla-rectangle 3cb—Acceptor clip 1c (9.6 mg, 0.01 mmol) and dipyridyl donor 2b
(2.0 mg, 0.02mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3cb.
Isolated yield: 89%. Anal. Calcd for CgpHggF12N4O29RU4S4.2H50: C, 46.86; H, 3.59; N,
2.38. Found: C, 46.63; H, 3.72; N, 2.04. 1H NMR [300 MHz,CD3NO,]: & (ppm) 8.52 (dd, J
=1.2Hz,J=15Hz, 8H, Ha), 7.45 (dd, J = 1.5 Hz, J = 1.5 Hz, 8H, H), 7.22 (s, 4H, Hnaq),
5.77 (d, J = 6.3 Hz, 8H, Hcym), 5.58 (d, J = 6.0 Hz, 8H, Hcym), 2.90 (sept, 4H, CH(CHs3),),
2.15 (s, 12H, CH3), 1.35 (d, J = 6.9Hz, 24H,CH(CH3),); 13C NMR [75 MHz, CD3NO,]: &
(ppm) 172.5, 153.4, 138.6, 133.1, 129.7, 112.8, 105.3, 100.8, 85.4, 84.5, 81.0, 79.8, 32.1,
22.7,17.4; MS (ES|) for 3cb (C92H80F12N4020RU4S4)Z 625.1 [M - 30Tf]3+.

Metalla-rectangle 3ac—Acceptor clip 1a (8.6 mg, 0.01 mmol) and dipyridyl donor 2c
(2.3 mg, 0.01 mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3ac.
Isolated yield: 88%. Anal. Calcd for CggHggF12N4O29RU4S4.2H50: C, 43.40; H, 3.82; N,
2.53. Found: C, 43.02; H, 3.91; N, 2.43. 1H NMR [300 MHz, CD3NO,]: & (ppm) 8.08 (d, J
= 6.6 Hz, 8H, Hay), 7.63 (s, 8H, Hbz), 7.63 (d, J = 6.6 Hz, 8H, H), 5.90 (d, J = 6.6 Hz, 8H,
Hcym), 5.73 (d, J = 6.3 Hz, 8H, Hcym), 2.92 (sept, 4H, CH(CH3),), 2.21 (s, 12H, CH3),
1.38 (d, J = 6.9Hz, 24H,CH(CHj3),); 13C NMR [75 MHz, CD3NO5]: & (ppm) 172.41,
153.98, 150.85, 137.90, 129.34, 124.57, 104.33, 99.02, 83.42, 82.85, 32.48, 22.47, 18.30 ;
MS (ES|) for 3ac (C30H80F12N4020RU4S4)Z 577.1 [M - 30Tf]3+.

Metalla-rectangle 3bc—Acceptor clip 1b (9.1 mg, 0.01 mmol) and dipyridyl donor 2c
(2.3 mg, 0.01 mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3bc.
Isolated yield: 87%. Anal. Calcd for CggHgaF1oN4O2gRU4S,: C, 46.39; H, 3.72; N, 2.46.
Found: C, 46.21; H, 3.94; N, 2.51.. 1H NMR [300 MHz, CD3NO,]: & (ppm) 8.36 (d, J = 6.6
Hz, 8H, Ha), 7.78 (s, 8H, Hbz), 7.73 (d, J = 6.6 Hz, 8H, HB), 5.99 (d, J = 6.3 Hz, 8H,
Hcym), 5.83 (s, 4H, Hbq), 5.77 (d, J = 6.3 Hz, 8H, Hcym), 2.96 (sept, 4H, CH(CH3),), 2.20
(s, 12H, CH3), 1.38 (d, J = 6.9Hz, 24H,CH(CHs),); 13C NMR [75 MHz, CD3NO>]: & (ppm)
185.81, 154.44, 150.82, 138.42, 129.31, 124.56, 105.42, 102.76, 100.20, 84.74, 83.21,
32.58, 22.50, 18.33; MS (ESI) for 3bc (CggHgaF12N4020RU4S,): 610.4 [M — 30Tf]3*.

Metalla-rectangle 3cc—Acceptor clip 1¢ (9.6 mg, 0.01 mmol) and dipyridyl donor 2¢
(2.3 mg, 0.01 mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3cc.
Isolated yield: 90%. Anal. Calcd for CggHggF1oN4O2gRU4S,: C, 48.48; H, 3.73; N, 2.36.
Found: C, 48.20; H, 3.89; N, 2.59. 1H NMR [300 MHz,CD3NO,]: & (ppm) 8.52 (d, J = 6.6
Hz, 8H, Ha), 7.70 (s, 8H, Hbz), 7.65 (d, J = 6.6 Hz, 8H, HP), 7.27 (s, 8H, HnQ), 5.79 (d, J =
6.0 Hz, 8H, Hcym), 5.59 (d, J = 6.3 Hz, 8H, Hcym), 2.95 (sept, 4H, CH(CH3),), 2.16 (s,
12H, CHs), 1.37 (d, J = 6.9Hz, 24H,CH(CHj3),); 13C NMR [75 MHz, CD3NO,]: & (ppm)
172.79, 153.94, 151.04, 138.87, 129.30, 124.66, 112.77, 105.24, 100.89, 85.81, 84.65,
32.18, 22.43, 17.68; MS (ES|) for 3cc (C98H88F12N4020RU4S4): 643.7 [M - 30Tﬂ3+.

Metalla-rectangle 3ad—Acceptor clip 1a (8.6 mg, 0.01 mmol) and dipyridyl donor 2d
(1.8 mg, 0.01 mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3ad.
Isolated y|eId 90%. Anal. Calcd for C72H72F12N4020RU4S4.2H,0: C, 40.99; H, 3.63; N,
2.66. Found: C, 40.65; H, 3.78; N, 2.71. 1H NMR [300 MHz, CD3NO,]: & (ppm) 8.09, (dd,
J=12Hz,J=12Hz 8H, Ha), 7.52 (d,J = 1.5 Hz, J=1.2 Hz, 8H, HpB), 5.89 (d, J = 6.3
Hz, 8H, Hcym), 5.74 (d, J = 6.3 Hz, 8H, Hcym), 2.90 (sept, 4H, CH(CH3),), 2.17 (s, 12H,
CHa), 1.36 (d, J = 6.9Hz, 24H,CH(CH3)5); 13C NMR [75 MHz, CD3NO,]: & (ppm) 172.34,
153.99, 134.30, 129.63, 104.43, 99.06, 94.2, 83.38, 83.12, 32.47, 22.43, 18.29; MS (ESI) for
3ad (C72H72F12N4020RU4S4)2 1924.0 [M - OTf]1+.
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Metalla-rectangle 3bd—Acceptor clip 1b (9.1 mg, 0.01 mmol) and dipyridyl donor 2d
(1.8 mg, 0.01 mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3bd.
Isolated yield: 85%. Anal. Calcd for CggH7gF12N4O29RU4S4.2H0: C, 43.48; H, 3.65; N,
2.54. Found: C, 43.15; H, 3.78; N, 2.58. 1TH NMR [300 MHz, CD3NO,]: & (ppm) 8.36 (dd, J
=1.2Hz,J=1.2Hz, 8H, Ha), 7.56 (dd, J = 1.5 Hz, J = 1.5 Hz, 8H, Hp), 5.96 (d, J = 6.3 Hz,
8H, Hcym), 5.76 (s, 4H, Hbq), 5.75 (d, J = 6.3 Hz, 8H, Hcym), 2.93 (sept, 4H, CH(CH3),),
2.15 (s, 12H, CH3), 1.36 (d, J = 6.9Hz, 24H,CH(CH3),); 13C NMR [75 MHz, CD3NO,]: &
(ppm) 185.92, 154.36, 133.94, 129.51, 105.82, 102.92, 100.60, 84.72, 83.42, 32.58, 22.49,
18.32; MS (ES|) for 3bd (C80H76F12N4020RU4S4)Z 575.8 [M - 30Tf]3+.

Metalla-rectangle 3cd—Acceptor clip 1c (9.6 mg, 0.01 mmol) and dipyridyl donor 2d
(1.8 mg, 0.01 mmol) were stirred in nitromethane-methanol (1:1, 2 mL) to obtain 3cd.
Isolated yield: 83%. Anal. Calcd for CggHggF12N4O29RU4S4.2H50: C, 45.75; H, 3.67; N,
2.43. Found: C, 45.36; H, 3.72; N, 2.41. 1H NMR [300 MHz, CD3NO,]: & (ppm) 8.50 (dd, J
=12 Hz, J=15Hz, 8H, Ha), 746 (d, J = 1.5 Hz, J = 1.5 Hz, 8H, HB), 7.27 (s, 8H, HnQ),
5.76 (d, J = 6.3 Hz, 8H, Hcym), 5.56 (d, J = 6.3 Hz, 8H, Hcym), 2.92 (sept, 4H, CH(CH3),),
2.15 (s, 12H, CH3), 1.35 (d, J = 6.9Hz, 24H,CH(CH3),); 13C NMR [75 MHz, CD3NO>]: &
(ppm) 172.44, 153.58, 138.67, 133.79, 129.17, 112.81, 105.42, 100.80, 93.01, 85.41, 84.51,
31.95, 22.41, 17.40; MS (ESI) for 3cd (CggHgoF12N4029RU4S4): 2124.98 [M —OTf]1*,
984.01 [M - 20Tf]%*.

Results and Discussion

Synthesis and characterization of heterometallic and homometallic molecular rectangles

The two heterometallic rectangles form upon mixing arene—Ru acceptors 1c and 1d with the
Pt-based donor (2a) in CH3NO,/MeOH solution for 10 hours at room temperature (Scheme
1). Precipitation with diethyl ether furnishes 3ca and 3da as analytically pure solids.
Similarly, the homometallic rectangles also self-assemble upon mixing in CH3NOy/MeOH
solution. Arene-Ru acceptors 1a-1c were mixed with donors 2b-2d to generate the series of
nine rectangles, 3ab-3cb, 3ac-3cc, 3ad-3cd.

The H NMR spectra of 3ca and 3da are similar, each displaying two doublets
corresponding to the pyridyl protons with downfield shifts relative to the free pyridyl
ligands. The methyl and isopropyl resonances of the p-cymene ligands and ethyl resonances
of the phosphines are relatively unaffected by self-assembly; however, the aromatic protons
of the p-cymene ligands shift downfield. A sharp singlet was observed at 6 = 7.20 ppm for
the naphthoquinone proton of 3ca and two multiplets were found at & = 8.75 and 8.28 ppm
for the naphthacenedione protons of 3da. The 31P NMR spectra of 3ca and 3da exhibit
sharp singlets at 6 11.83 and 11.90 ppm, respectively, with concomitant Pt satellites,
indicative of the symmetric phosphine environment about the Pt center of ligand 2a (Figure
1). These peaks are unaffected by self-assembly formation. The 1H NMR spectra of the nine
homometallic rectangles similarly showed two doublets corresponding to the pyridyl protons
of the ligands (see Supporting Information). These signals show downfield shifts relative to
the free ligands 2b-d, due to the loss of electron density upon coordination. The p-cymene
protons appear as two doublets for 3ab-3cd and the benzoquinone protons for 3bb, 3bc, 3bd
and naphthoquinone protons for 3cb, 3cc and 3cd are observed as sharp singlets nearly at &
=5.76 and 7.27 ppm, respectively.

Electrospray ionization mass spectrometry (ESI-MS) provided further evidence for the
formation of rectangles. For the heterometallic rectangles, the ESI mass spectra showed
peaks at m/z = 1443.2 and 912.4 (for 3ca) and 1543.7 and 979.3 (for 3da), corresponding to
the consecutive loss of the triflate anions [M-2CF3S03]2* and [M-3CF3S03]3*. The peaks
were isotopically resolved and matched well with their corresponding theoretical
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distribution patterns (see Supporting Information). The homometallic rectangles also
provided prominent peaks in their HR-ESI-MS spectra. Peaks were observed for 3ab at m/z
=558.4 [3ab - 303SCF3]3*; for 3bb at m/z = 591.7 [3bb - 303SCF37]3*; for 3cb at m/z =
625.1 [3cb -303SCF37]3; for 3ac at m/z = 557.1 [3ac - 303SCF3.]3*; for 3bc at m/z = 610.4
[3bc - 303SCF4.]3*; for 3cc at m/z = 643.7 [3cc -303SCF47]3*; 3ad at m/z = 1925.0 [3ad -
03SCF311*; for 3bd at m/z = 575.8 [3bd - 303SCF3]3*; for 3cd at m/z = 989.01 [3cd
-203SCF37]%*; for 2124.98 [3cd - O3SCF311*, consistent with the formation of [2 + 2]
metalla-rectangles. These observed peaks were isotopically resolved and agreed well with
their theoretical isotopic distributions (see Supporting Information).

Single crystals suitable for X-ray diffraction experiments were grown of rectangle 3ab by
the slow diffusion of diethyl ether into a CH3NO,/MeOH solution of the isolated product.

The structure of 3ab (selected bond lengths are summarized in Table 1) approximates a
dumbbell-shape with a distance of ~24 A between the symmetry related methyl groups of
the arene ligands (generated from the inversion center, the “diagonal” of the rectangle). The
ethynyl moieties of the two dipyridyl donors are bowed inward, with a spacing of ~3.32 A
(C9 - C16; Figure 2) through the center of the rectangle. This close contact suggests
intramolecular n-n interactions between the pyridyl donors.

The photophysical properties of the hetero- and homometallic rectangles were investigated
using MeOH solutions. The absorption spectra of 3ca and 3da (Figure 3, left) are similar,
exhibiting high energy bands around 300-360 nm with broad, weak bands extending into the
visible wavelengths, ranging from 450-750 nm. These absorption bands are ascribed to a
mix of metal-to-ligand (MLCT) or intramolecular charge transfer. Upon excitation at 330
nm, donor 2a and complexes 3ca and 3da are emissive, with bands at 370 and 442 nm (for
2a), 370 and 390 nm (for 3ca) and 370, 443, 525 and 560 nm (for 3da). The emission of 2a
and 3ca are similar, suggesting that ligand emission dominates the spectrum of the self-
assembly. Rectangle 3da exhibits significantly different emission bands, implicating that the
tetracene moiety originating from acceptor 1d is responsible for the emissive properties of
the self-assembly (Figure 3, right) The electronic absorbance and emission spectra of
homometallic rectangles 3ab-3cd were recorded and are summarized in Table 2 (see
Supporting Information for spectra). As with their heterometallic counterparts, the
absorbance bands for the homometallic assemblies are ascribed to a mix MLCT and
intramolecular charge transfer transitions. Upon excitation at 298 nm, the homometallic
rectangles 3ab, 3bb, 3ac, 3bc, 3ad and 3bd (the oxalate and benzoquinone-spaced
rectangles) showed only weak emissions, likely originating from the electron-rich donor
ligands. Rectangles 3cb, 3cc and 3cd could be excited at longer wavelengths due to their
more extensive absorption bands, also resulting in emission bands originating from the
electron-rich donor ligands. In all cases the metalla-rectangles displayed attenuated emission
intensities as compared to the donors 2b-2c, potentially due to photoinduced electron
transfer from the acceptor fragments to the donor fragments, as observed for previous arene-
Ru systems.4k

Cyclic voltammetry (CV) experiments were carried out on 1c, 1d, 3ca and 3da in
dichloromethane solutions containing 0.1 M n-BusNPFg as a supporting electrolyte. The
redox response of 1c shows an irreversible wave at —1.25 V vs SCE, corresponding to a
reduction event. Similarly, 1d exhibits an onset of cathodic current at —=1.34 V; however, this
reduction appears to be reversible at a scan rate of 250 mV s~1. The tetracene moiety of 1d
appears to be better suited to accommodate a reduction relative to naphthalene group of 1c,
due to its smaller n-system. As a result, the reduction product of 1d is stable on the timescale
of this CV experiment, resulting in reversible redox behavior. This reduction is likely a
Ru(11)/(1) couple, stabilized by molecular orbital contributions from the bridging oxalate-
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type ligands. As such, the bridging ligands play a role in stabilizing the reduction products
and ultimately in determining the reversibility of the waves.

The redox behaviors of 3ca and 3da are markedly different than their corresponding arene-
Ru precursors, each showing two dominant reduction events, albeit at different potentials.
3ca is reduced at —0.95 and —1.35 V, with each reduction appearing reversible across a
variety of scan rates between 100 and 250 mV s~1. The redox waves of 3da are shifted
relative to 3ca, with reductions occurring at —1.35 and —1.70 V. These peaks appear quasi-
reversible over a range of scan rates (100 — 250 mV s~1), and may have been affected by an
onset of cathodic current as the electrode approached —2.0 V, leading to some
decomposition. Since the arene-Ru donors did not show two reversible waves, it is likely
that this new reduction event is due to the larger n-system introduced by the Pt-
diethynyldipyridyl moieties found in 2a. With the more extensive orbital manifold
associated with self-assembly formation, a second electron can be accommodated and the
resulting complexes are stable over the course of the experiments. Since a strong pyridyl
donor is expected to increase the energy of the empty eq set of the low-spin Ru(l1)
complexes, the reductions at —1.35 and —1.70 V most likely correspond to the waves
observed in 1c¢ and 1d shifted to more negative potentials, as the Ru centers should be less
susceptible to reduction in the presence of strong donors. The first reduction events can then
be assigned as originating from the donor fragments. It is unlikely that the Pt(ll) centers are
so easily reduced, but the extensive n* system involving the ethynyl groups may be the
source of the observed waves.

In Vitro Anticancer Activity

The in vitro cytotoxicities of the entire suite of hetero- and homometallic rectangles were
explored using SK-hep-1 (liver cancer), HeLa (ovary cancer), HCT-15 (colon cancer) and
AGS (gastric cancer) human cancer cell lines (Table 3). These cell lines were exposed to
increasing concentrations of the metalla-rectangles for 24 h after which a colorimetric MTT
assay was performed. These results were compared with the well-known antitumor drugs,
cisplatin and doxorubicin. Metalla-rectangles 3ab, 3bb, 3ac, 3bc, 3ad and 3bd (the oxalate
and benzoquinone-bridged arene-Ru complexes) did not show significant antitumor activity.
However, the comparatively larger metalla-rectangles 3ca, 3da (containing the Pt ligand),
3cb, 3cc and 3cd (the naphthoquinone-bridged arene-Ru) exhibited low micromolar
inhibition against all cancer cell lines. The growth inhibition efficacy increased with
increasing cavity size and conjugation, and the highest inhibition activity was found for the
heterometallic rectangles (Figure 6). In particular, the growth inhibition efficacy of metalla-
rectangle 3ca was higher for all four classes of cancer cells, exceeding that of cisplatin and
on the order of doxorubicin.

The growth inhibitory activity data suggest that rectangles possessing large cavity sizes have
high antitumor activity with the mixed-metal rectangles containing both Ru and Pt showing
the highest activity. While the mechanisms of action of arene-Ru-based complexes are
currently poorly understood, it is clear that these complexes have different mechanisms of
action than cisplatin; the Ru metallacycles are active against HeLa and AGS cancer cell
lines whereas cisplatin showed poor cytotoxicity. Previous studies also indicate that cisplatin
and arene-Ru derivatives have different modes of action on cell-cycle regulation. During
apoptosis, arene-Ru derivatives arrest the cell cycle in G1-phase, 1P whereas cisplatin
affects cancer cells during the G2-phase.1® Also extended conjugation and increased
nuclearity appears to have an impact on the activity of the metallacyclic complexes towards
cancer cell lines, as reflecting from the lowest ICsq values of 3ca and 3da.

Organometallics. Author manuscript; available in PMC 2012 December 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vajpayee et al. Page 9

Conclusion

In conclusion, we have described the synthesis and characterization of a suite of hetero- and
homo-metallic rectangles which self-assemble from mixtures of arene-Ru based acceptors
and 4-dipyridyl donors. These rectangles were characterized by multinuclear NMR (*H
and 13C or 31p NMR), HR-ESI-MS analysis. The solid state structure of 3ab was
determined by a single crystal X-ray diffraction study, confirming the rectangular structure
assigned to these complexes. The absorbance and fluorescence properties for all metalla-
rectangles were measured, indicating MLCT and intramolecular charge transfer absorption
bands tailing far into the visible region, and emission bands arising from the donor and
acceptor fragments. The electrochemical behaviour for the heterometallic rectangles has
been studied. The arene-Ru acceptors show reduction events assigned to the Ru(I1)/Ru(l)
couple, stabilized by the bridging naphthalene or tetracene-based ligands. The more
stabilizing tetracene ligand imparts reversibility to 1d, while the reduction of 1c is
irreversible. Upon self-assembly formation, the resulting rectangles (3ca and 3da) both
exhibit two reduction waves. One wave is ascribed to Ru reduction, as observed in the
precursors, with the other arising from the incorporation of the Pt-diethynyl-dipyridyl
ligands. Both waves have a large degree of reversibility for both complexes; however, the
return current for 3da is slightly attenuated. The anti-tumor activities of the rectangles were
evaluated against SK-hep-1, HeLa, HCT-15 and AGS human cancer cell lines. Preliminary
results indicate that the larger metalla-rectangles possessed comparative high antitumor
activity, on the order of that of cisplatin and doxorubicin. A detailed study on the mode of
action as well as cellular uptake of metalla-rectangles is underway.
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Refer to Web version on PubMed Central for supplementary material.
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3xy

Synthetic route to the hetero- and homometallic molecular- rectangles. 1a-d denote arene-
Ru acceptors, 2a-d denote dipyridyl donors, 3xy denote metalla-rectangles where x refers to

the acceptor and y refers to the donor components used.
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Figure 1.
31p NMR spectra of donor 2a (a) and heterometallic-rectangles 3ca (b) and 3da (c).
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Figure 2.

(a) Numbered diagram of X-ray crystal structure of the molecular rectangle 3ab; Solvent
molecules and hydrogen atoms are omitted for clarity (color codes: red = Ru, green = O,
blue = N and gray = C), (b) Space-filling model of 3ab.
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Figure 3.

UV-vis absorption (left) and emission spectra (right, the inset shows the expended view) of
Pt-based donor 2a and heterometallic rectangles 3ca and 3da.
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Figure 4.
Cyclic voltammograms of 1c and 1d (0.5 mM in CH,Cl, at Pt-disk) at a scan rate 250 mV
-1
s
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Figure 5.

Cyclic voltammograms of 0.5 mM of 3ca and 3da at a scan rate of 100-250 mV s'1.
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Figure 6.
Comparison of antitumor activity of metalla-rectangles (3ca, 3cb, 3cc and 3cd), cisplatin
and doxorubicin against SK-hep-1 and HCT-15 human cancer cell lines.
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Table 1
Bond lengths [A] and angles [°] for 3ab.
Ru(1)-0(2) 2.05(9) Ru(1)-0(1) 2.08(8)
Ru(1)-N(1) 2.12(5) Ru(1)-C(17) 2.16(5)
Ru(2)-0(4) #1 2.05(12) Ru(2)-N(2) 2.09(5)

Ru(2)-0(3) #1
0(2)-Ru(1)-0(1)
O(1)-Ru(1)-N(1)

N(2)#1-Ru(2)-C(30)
0(4) #1-Ru(2)-N(2)

2.12(10)

788(4)  O@)-Ru(l)-N(L)  826(2)
83.8(2) O(4)#1-Ru(2)-C(30) 160.2(3)
114.7(3) NEM#1-Ru(1)-C(27) 115.4(3)
850(3) N(2)-Ru(2-0(3)#1  85.6(3)
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Table 2

Photophysical properties of the metalla-rectangles.

Page 20

Molecular-rectangle  Absorption maxima Amax(nm) (Molf\)r extinction co-efficient 105 ML Ae(nm)  Emission maxima Ama,(nm)
cm-

3ca 309 (1.09), 352(1.48), 446 (0.29), 639(0.08), 701 (0.08) 330 370, 390

3da 308 (0.86), 355 (1.19), 565 (0.14), 611 (0.18) 330 370, 443, 525, 560
3ab 303 (0.84), 323 (1.00), 337 (0.83) 298 335

3bb 316 (0.95), 358 (0.60), 494 (0.39) 2908 335

3ch 323 (0.62), 353 (0.51), 437 (0.21), 643 (0.04), 701 (0.05) 330 370

3ac 312 (0.76) 298 339, 383

3bc 310 (1.25), 494 (0.41) 298 372

3cc 325 (0.61), 353 (0.50), 439 (0.21), 645 (0.05), 701 (0.04) 330 370

3ad 316 (0.48) 298 334, 352

3bd 304 (1.01), 492 (0.43) 298 357, 374

3cd 294 (0.56), 318 (0.49), 435 (0.20), 645 (0.05), 701 (0.05) 330 370
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Table 3

Cytotoxicity of the complexes in human cancer cells.

Metalla-rectangle 1Cs0 HM[a]

SK-hep-1 HelLa HCT-15 AGS
3ca 5.36+0.38 9.40+0.51 9.83+0.33 2.65+0.02
3da 8.60+0.65 9.55+0.87 13.27+0.03 10.83+0.30
3ab 51.08+0.95 14.91+0.59 11.40+0.15 9.61+0.55
3bb 58.88+0.08 43.74+2.08 11.91+0.10 10.37+0.69
3cb 15.45+0.95 20.48+2.70  15.23+0.87 11.65+0.16
3ac >200 >200 >200 >200
3bc >200 >200 >200 >200
3cc 19.00+4.99 - 31.74+0.25 -
3ad >200 >200- >200 >200
3bd >200 >200 >200 >200
3cd 114.05+2.69 - 109.60+£5.49  31.96+2.25
2a >200 >200 >200 >200
2b >200 >200 >200 >200
2c >200 >200 >200 147.0+7.54
2d 178.60+10.05 >200 >200 >200
Cisplatin 12.38+0.24 76.85+0.41 8.38+2.31 >100
Doxorubicin 2.67+0.24 3.16+0.04 15.34+0.58 0.70+0.16

[a]
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IC50: drug concentration necessary for 50% inhibition of cell viability.
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