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Inhibition of Cancer Cell Growth by Ruthenium(ll) Arene Complexes
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Inhibition of the growth of the human ovarian cancer cell line A2780 by organometallic
ruthenium(ll) complexes of the type [(y5-arene)Ru(X)(Y)(Z)], where arene is benzene or
substituted benzene, X, Y, and Z are halide, acetonitrile, or isonicotinamide, or XY is
ethylenediamine (en) or N-ethylethylenediamine, has been investigated. The X-ray crystal
structures of the complexes [(1%-p-cymene)Ru(en)CI]PFs (5), [(17%-p-cymene)RuCly(isonicotinamide)]
(7), and [(n®-biphenyl)Ru(en)CI]PF; (9) are reported. They have “piano stool” geometries with
n® coordination of the arene ligand. Complexes with X,Y as a chelated en ligand and Z as a
monofunctional leaving group had the highest activity. Complexes 5, 6 (the iodo analogue of
5), 9, and 10 (ethylethylenediamine analogue of 9) were as active as carboplatin. Hydrolysis of
the reactive Ru—ClI bond in complex 5 was detected by HPLC but was suppressed by the addition
of chloride ions. Complex 5 binds strongly and selectively to G bases on DNA oligonucleotides
to form monofunctional adducts. No inhibition of topoisomerase | or 11 by complexes 5, 6, or 9
was detected. These chelated Ru(ll) arene complexes have potential as novel metal-based
anticancer agents with a mechanism of action different from that of the Ru(lll) complex

currently on clinical trial.

Introduction

The success of cisplatin and related platinum com-
plexes as anticancer agents has stimulated a search for
other active transition metal anticancer complexes, and
ruthenium in particular has attracted recent attention.!
The activity of fac-[Ru''Cl3(NHz3)3] was discovered early,?
but its poor aqueous solubility prevented further use.
Since then, complexes such as trans-[HIn][Ru"'Cly-
(Ind)] (Ind = indazole), mer-[Ru"!(terpy)Cl3] (terpy =
2,2'-terpyridine), and [Ru'V(chd-H)Cl;] (chd = 1,2-
cyclohexanediaminetetraacetate) have also been re-
ported to be highly active.3~5 The complex trans-[HIm]-
[RU"Cl4(DMSO)(Im)] (NAMI-A) has a low cytotoxicity
but is active against tumor metastases and has recently
entered clinical trials.®

Some Ru(l11) complexes are known to bind to Fe(lll)
sites of the proteins lactoferrin and transferrin,”-® and
transferrin is thought to be responsible for the delivery
of Ru(lll) to cancer cells where it is taken up via
receptor-mediated endocytosis.® Transferrin normally
transports Fe(lll) in the blood but is only about one-
third occupied by Fe(ll1), and so there are vacant sites
available for Ru(l11) binding. Another important step
in the mechanism of action of Ru(lll) complexes is
thought to be in vivo reduction to Ru(ll), which is
kinetically more reactive than Ru(lll). In view of this
we have investigated the design of cytotoxic organome-
tallic Ru(ll) arene complexes. Arene ligands stabilize
Ru(ll) and also provide a hydrophobic face for the
complex, which might enhance biomolecular recognition
processes and transport of ruthenium through cell
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membranes. The organometallic Ti'"V complex titanocene
dichloride is currently on clinical trials as an anticancer
drug.! We report here that monofunctional Ru(ll)
complexes of the type [(%-arene)Ru'!(en)X]* (X = halide)
are effective inhibitors of the growth of cancer cells and
form strong monofunctional adducts with DNA.

Results and Discussion

Synthesis and Characterization. We have synthe-
sized ruthenium(l1) complexes of the type [(15-arene)-
Ru(X)(Y)(2)] in which the z-bonded arene is benzene or
a substituted benzene, X, Y, and Z are monodentate
ligands such as halide, acetonitrile, and nicotinamide,
or X,Y is the chelating ligand ethylenediamine or
N-ethylethylenediamine. The presence of the arene
leads to the stabilization of Ru(ll), and the complexes
do not readily undergo oxidation to Ru(l1l). Moreover,
most of the compounds are ionic and have a reasonable
aqueous solubility.

We determined the X-ray crystal structures of
[(%-p-cymene)Ru(en)CI]PFs (5, Figure S1 of Supporting
Information), [(778-p-cymene)RuCl,(isonicotinamide)] (7,
Figure S2 of Supporting Information), and [(#®-biphen-
yDRu(en)CI]PFg (9, Figure 1). All have the characteristic
“piano-stool” geometry of Ru(ll) arene complexes, with
an 7% m-bonded arene ring forming the seat and three
other ligands forming the legs of the stool. The struc-
tures of the other complexes are similar. The Ru—N
bond lengths in complexes 5, 7, and 9 are within the
range 2.11-2.14 A, Ru—Cl is 2.39—2.45 A, and N—Ru—N
angles are 78.2—79.2°, values close to those reported
previously for related Ru'' arene complexes.1%11 The
X-ray structure of complex 9 [(5®-biphenyl)Ru(en)CI]PFg
(Figure 1) is the first of a monoarene complex of
ruthenium where the arene is biphenyl. The only other
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Figure 1. X-ray crystal structure of the cation in complex 9
[(y8-biphenyl)Ru(en)CI][PFs] (thermal ellipsoids at 50% level).
The longest Ru—C bond to the substituted C (2.244(6) A) is
0.054 A longer than the other Ru—C bonds; Ru—N1' 2.110(5)
A, Ru—N4' 2.121(5) A, Ru—Cl 2.4080(15) A. The phenyl rings
of the biphenyl ligand are tilted from coplanarity by 24.6°. The
PFs~ anion (not shown) is disordered.

Ru(n®-biphenyl) complex previously reported is the bis-
arene complex [bis(178-biphenyl)Ru'|[BF4]2, the biphenyl
analogue of ruthenocene. Both the preliminary structure
of [bis(y®-biphenyl)Ru"|[BF4], reported in 19902 and the
more detailed structure reported in 1995 13 show that
the two phenyl rings of the biphenyl ligand are twisted
from coplanarity by ca. 25.0°. This phenomenon is also
seen in complex 9, for which one phenyl ring is twisted
out of the plane by 24.6° (Figure 1). In the X-ray
structure of the ligand itself, free biphenyl is planar.14
The twisting probably results from packing effects in
the crystal. It is notable that the length of the bond
between Ru and the substituted carbon, 2.244(6) A, is
0.054 A longer than any of the other Ru—C bonds in
the molecule. This has also been reported?d to be the
case for [Ru'(n®-biphenyl),;][BF;], for which the Ru—
C(substituted) bond lengths of 2.271(5) and 2.262(7) A
are also longer than the other Ru—C bonds. The
isonicotinamide ligand in complex 7 is coordinated
through the pyridyl nitrogen, and there is intermolecu-
lar hydrogen bonding between the N—H of the amide
on one molecule and the amide oxygen of an adjacent
molecule (NH:+-O, 1.984 A).

It has been reported previously that (78-CeHg)Ru(l1)
bonds resist hydrolysis and are relatively stable in
water.'® The arene ligand not only provides a lipophilic
side to the complex but also stabilizes Ru in the +2
oxidation state. Oxidation of (7%-Ce¢Hg)Ru(11) complexes
to Ru'" is unfavorable. Complex 5 exhibited good
solubility in water and appeared to undergo rapid
aquation (substitution of bound CI by H,0). Three
HPLC peaks were detected from a 10 mM aqueous
solution of 5 within minutes of dissolution using a
reverse-phase column and elution with ammonium
acetate and l-pentanesulfonate as ion-pairing agent
(Figure S3 of Supporting Information). The HPLC peaks
were identified by positive-ion LC—ESI-MS (Figure S4
of Supporting Information). Peaks a and b with reten-
tion times of 8.4 and 10 min can be assigned to adducts
with water and with the ion-pairing agent, respectively,
and gave rise to ESI-MS peaks at m/z 315 and m/z 447
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Table 1. Inhibition of Growth of A2780 Human Ovarian
Cancer Cells after Exposure to Ru(ll) Compounds for 24 h

complex2 1Cs0 © (uM)
[(75-p-cymene)RUCI(CH3CN),]PFs, 1 >150
[(n®-p-cymene)RUBr(CH3CN);]PFg, 2 >150
[(75-CsHe)RUCI(en)]PFsg, 3 17
[(ﬂe-CaHe)Rul(en)]PFe, 4 20
[(7%-p-cymene)RuCl(en)]PFg, 5 9
[(78-p-cymene)Rul(en)]PFg, 6 8
[(78-p-cymene)RuCl,(isonicotinamide)], 7 >150
[(375-CsHsCO2CH3)RuCl(en)]PFe, 8 55
[(nG-CsH506H5)RuCI(en)]PFG, 9 6
[(375-CsHsCsHs)RuCl(en-Et)]PFg, 10 6
carboplatin 6
cisplatin 0.5

aen = ethylenediamine; en-Et = N-ethylethylenediamine. © All
compounds were evaluated at least five times with the exception
of compounds 8, 10, and carboplatin. Standard deviations were
normally within the range 10—51%.

corresponding to the aqua adduct (calcd, 314) and to an
adduct with the ion-pairing agent (calcd, 447). The peak
with a retention time of 10.8 min (peak c) gave an ESI-
MS peak at m/z 331, consistent with the initial complex
[(#8-p-cymene)Ru(en)CI]™ (calcd, 331). The fragment
{ (n®-p-cymene)Ru(en)—H} * was also detected (m/z 295).
The ratio of a:b:c was 28:12:60 but changed to 59:29:12
for a more dilute solution of complex 5 (0.2 mM). When
complex 5 was dissolved in 100 mM NaCl (i.e., a
concentration close to physiological), hydrolysis was
largely suppressed, with 81% of 5 remaining intact in
a 10 mM solution and with >99% remaining intact for
a 0.2 mM solution of 5.

Cancer Cell Growth Inhibition. A2780 cells were
plated on day zero, and Ru(ll) arene complexes were
added on day 3. The complex was removed on day 4 (i.e.,
24 h cell exposure), and after growth in fresh medium
in the absence of drug, the cells were counted on day 7.
Because it is known that metal coordination complexes
can undergo ligand substitution reactions with compo-
nents of the media in which they are dissolved, freshly
made stock solutions of each compound were used. The
complexes were stored in the dark at 277 K as a
precaution against photochemical decomposition. The
ICso values are listed in Table 1. It was possible to
obtain reproducible 1Csp values for most of the com-
plexes, but notable exceptions were those containing
three reactive coordination sites (complexes 1, 2, and
7) for which there was a marked decrease in potency
when tested over a period of 12 weeks. Complexes 5, 6,
9, and 10 caused growth inhibition of the human
ovarian cancer cell line A2780 with 1Cso values of 6—9
uM. Although this is an order of magnitude less than
cisplatin (ICsp of 0.5 uM), the potency is similar to that
of the anticancer drug carboplatin.

Binding to Oligonucleotides. Next we investigated
reactions of complex 5 with the DNA 14-mer d(A; T2As3-
C4AsT6G7G3ToA10C11A12T13A14) | in aqueous solution in
1:1, 2:1, and 5:1 mole ratios, pH 6.42, 310 K, using
HPLC (reverse-phase C8, 300 A) to separate the prod-
ucts. For the 1:1 (100 «M) reaction after 24 h, new peaks
d (5.7 min), e (7.9 min), and f (13.4 min) were detected,
as well as a peak for unreacted I (3.8 min) (Figure 2),
on elution with 20 mM triethylammonium acetate and
an acetonitrile gradient. These peaks were identified by
negative ion mode ESI-MS as two monoruthenated
adducts (peaks d and e m/z 4566.0, calcd 4564.9; Figure
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free DNA (1)
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Figure 2. Separation of the products from reaction of complex
5 with the DNA 14-mer | (1:1 mole ratio, 100 uM, 310 K, 24
h) by HPLC on a reverse-phase C8 column with 20 mM
triethylammonium acetate and an acetonitrile gradient. Peaks
d and e are due to monoruthenated adducts, and peak f is due
to a diruthenated adduct.

Peak e 4566.0
100

100 651.3

569.8
%

ne

g +———
759.9 4500 mass

%

0 Jodid L
400 500 600 700 800 900 1000
m/z

Figure 3. Negative ion ESI-MS of peak e from the HPLC
separation of the products of the reaction of complex 5 with
the DNA 14-mer | (Figure 2). The multiply charged ion series
originates from the monoruthenated adduct I-{(55-p-cymene)-
Ru(en)}. The spectrum of HPLC peak d was almost identical,
and therefore, these peaks correspond to isomers with dif-
ferent ruthenation sites: (peak d) 3'G-Ru; (peak e) 5'G-Ru (see
Figure 2).

3) and a bisruthenated adduct, peak f (m/z 4859.4, calcd
4861.0). The ratio of d:e:f was 3.6:4.8:1. To identify the
sites of ruthenation (by {#5-p-cymene)Ru(en)}?"), the
adducts were digested with snake venom phosphodi-
esterase (VPD), a 5'-exonuclease that begins digestion
at the 3'-end of DNA. Sequence ladders were con-
structed by combining transformed mass spectra after
various digestion times. These showed that for peak d
Ru is bound to the 3'-G (G8) of I, for peak e oligonucleo-
tide 1 is ruthenated at the 5-G (G7, Figure S5 of
Supporting Information), and for peak f, 1 is ruthenated
on both Gs. The time dependence of the 1:1 reaction was
studied by HPLC and showed that the reaction was
complete within 4 h at 310 K. At higher Ru/l mole ratios,
the proportion of peak f increased relative to peaks d
and e, so at a 5:1 mole ratio bisruthenated | was the
only species detected. The formation of some bisruth-
enated 1 even after addition of only 1 mol equiv of
complex 5 was notable. The downfield shift of the 'H
NMR H8 resonance of 5° GMP from 8.2 to 8.9 ppm on
reaction of complex 5 in a 1:1 mole ratio, pH 7.43,
suggested that binding of Ru'' to G occurs via N7. This
was confirmed by a 'H NMR pH titration: no shift of
H8 was observed over the normal pH range for N7
protonation (1.9—4.0). Although N7 of G, the most
electron-dense site on DNA, is known to be a target for
both Ru'' and Ru'",16-18 many previously reported Ru
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Figure 4. Topoisomerase relaxation assays showing agarose
gels stained with ethidium bromide. Enzyme activity is
characterized by conversion of pBR322 plasmid DNA from the
supercoiled conformation (SC, form 1) to the fully relaxed
conformation (R, form II; see lanes 1 and 2). DNA species
migrating between these two bands represent either partially
relaxed or over-relaxed conformations. Drug concentrations are
1, 10, and 50 M. Lane 1 contains pBR322 DNA substrate,
and lane 2 contains DNA + topo enzyme. The top part of the
figure shows topoisomerase | assays. NU/ICRF 506 (lanes 3—5)
reduced the intensity of form Il in a dose-dependent manner,
with 10 uM producing 50% enzyme inhibition, whereas none
of the Ru(ll) complexes tested (5, 6, 8, and 9) inhibited Topo
I catalytic activity over the concentration range 1—50 uM. In
the bottom part of the figure, topoisomerase Il assays show a
similar pattern, for which m-AMSA was included as the
positive control (lanes 3—5).

complexes are not as base-selective as complex 5 and
act as intra- or interstrand cross-linking agents because
they have more than one reactive coordination site,!
whereas complex 5 is a monofunctional agent. The
complex [Ru(7%-CeHe)(D20)s]?", for example, has three
coordination sites that readily react with nucleotides.®

DNA melting experiments were carried out on duplex
111, formed from the 14-mer strand | and its comple-
mentary strand 11, to investigate whether adducts with
complex 5 destabilized the duplex structure. Melting
curves were determined for a solution of 111 (in 10 mM
phosphate buffer, 50 mM NaClO4) and complex 5 or
cisplatin in a 1:1 mole ratio (3 uM) for 4 days at ambient
temperature. The Ty for 111 of 313.1 K was lowered to
310.2 K by cisplatin and also by complex 5. Cisplatin is
expected to form intrastrand GG cross-links under these
conditions. Monofunctional adducts of 5 with the G
bases may also distort duplex DNA. Recently it has been
suggested that active trans Pt(l1) imino ether anticancer
complexes that form monofunctional adducts can induce
50° bends in DNA.1°

Inhibition of Topoisomerase. Figure 4 shows an
agarose gel stained with ethidium bromide illustrating
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a typical Topo | relaxation assay. Enzyme activity is
characterized by conversion of the DNA substrate from
the supercoiled conformation (form I) to the fully relaxed
conformation (form II; see lanes 1 and 2 of Figure 4).
DNA species migrating between these two bands are
referred to as topomers and represent either partially
relaxed or, more commonly, over-relaxed conforma-
tions.2021 NU/ICRF 506 reduced the intensity of form
Il in a dose-dependent manner, with 10 M producing
50% enzyme inhibition, in keeping with previous re-
ports.??2 None of the Ru(l1) complexes tested (5, 6, 8, and
9) inhibited Topo I catalytic activity over the concentra-
tion range 1—-50 uM. A similar pattern was observed
with Topo Il catalyzed DNA relaxation, where m-AMSA
was included as the positive control (lanes 3—5 of Figure
4). Under the conditions used here, cisplatin was also
without effect in both Topo | and Il relaxation assays.

Because complexes 5, 6, and 9 all inhibited the growth
of human ovarian cancer cells with 1Csy values of less
than 10 uM (see Table 1) and had no effect on the
activity of either Topo | or Topo Il up to 50 uM, it is
unlikely that inhibition of these enzymes is responsible
for their anticancer activity. Recently, the bifunctional
organo-Ru(ll) complex [RuCly(CsHs)(dmso)] (RuBen) has
been shown to inhibit the catalytic activity of Topo 11
and to stabilize the cleavable complex.2® This mecha-
nism was claimed to be critical for antiproliferative
activity. However, RuBen is almost 2 orders of magni-
tude less potent as a cell growth inhibitor than com-
plexes in the present series of Ru(ll) complexes. In
aqueous solution, RuBen is probably hydrolyzed! to fac-
[Ru(#8-CeHs)(H20)3]?", and such a trifunctional ion could
clearly react differently from the monofunctional species
used in our work.

Conclusion

The water-soluble chelated organometallic Ru(ll)
complexes [(7%-p-cymene)Ru(en)(X)]+, where X = CI (5)
or 1 (9), and [(#8-CeHsCeHs)RUCI(YZ)]T, where Y, Z =
ethylenediamine or N-ethylethylenediamine, inhibit the
growth of A2780 human ovarian cancer cells with a
potency similar to that of the anticancer drug carbo-
platin. X-ray crystal structures show that these Ru(ll)
arene complexes have piano stool structures, and HPLC—
MS studies showed that complex 5 undergoes aquation
in aqueous solution, which can be suppressed by addi-
tion of NaCl. Since extracellular chloride concentrations
tend to be higher than intracellular chloride levels,
aquation may activate chloro-Ru(ll) arene complexes
inside cells prior to reactions with DNA, as is the case
for cisplatin. The complexes are not inhibitors of topo-
isomerase but bind strongly and selectively to guanine
bases on DNA, forming monofunctional adducts. When
the design of this class of complexes is optimized, it may
be possible to target specific DNA base sequences. The
mechanism of action of these Ru(ll) organometallic
complexes is likely to be different from that of the
existing Ru(l1l) drug NAMI-A.

Experimental Section

Materials. The starting materials [(y%-arene)RuX;]; (X =
halide) were prepared according to a previously reported
precedure.?42> Acetonitrile was dried over CaH, alcohols were
dried and distilled from P,0s, and ethylenediamine was
distilled over Na metal prior to use. The HPLC-purified sodium
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salts of 14-mer oligonucleotides I and Il were obtained from
Oswel (Southampton, U.K.). Snake venom phosphodiesterase
(VPD) was purchased from Sigma Chemical Co. (Poole, U.K.),
human topoisomerase | and 11 from TopoGEN Inc. (Ohio), and
pBR322 supercoiled plasmid DNA from Boehringer Mannheim
(Mannheim, Germany). All other reagents were obtained from
commercial suppliers and used as received.

Instrumental Methods. *H NMR spectra were recorded
on Bruker DMX and Varian Inova spectrometers at 500 and
600 MHz, respectively, using sodium 3-trimethylsilylpropionic
acid (TSP, 6 = 0) or dioxan (6 = 3.767 ppm) as internal
references. DNA melting curves were recorded on a Perkin-
Elmer Lambda20 spectrometer using 1 cm path length quartz
cells and a PTP1 Peltier temperature programmer. Negative
and positive ion electrospray mass spectra were obtained on
a Platform 11 mass spectrometer (Micromass, Manchester,
U.K.). The samples were infused at a flow rate of 0.48 mL
min~%, and the ions were produced in an atmospheric pressure
ionization (API)/ESI ion source. The temperature was 363 K,
and the drying gas flow rate was 300 L h™*. A cone voltage of
40 keV over 0—1500 Da was used. The acquisiton and
deconvolution of data were performed on a Mass Lynx (version
2.3) Windows NT PC system using the Max Ent Electrospray
software algorithm and calibrated vs a Nal calibration file.
HPLC was carried out on a Hewlett-Packard series 1100
Chemstation. The chromatographic conditions were optimized
on a Nucleosil Cg 300 A stainless steel column (250 mm x 4.6
mm, 5 um, Hichrom, U.K.), usually at 298 K. The detection
wavelength was 254 nm, and the relative concentrations were
determined from peak areas.

Syntheses. The preparations of compounds 1 and 2 were
based on a published synthesis? and followed the same general
procedure, as did the preparations of the ethylenediamine
complexes 3—9 and N-ethylethylenediamine complex 10.2"

[(#5-p-cymene)RUCI(CH3CN),]PFs (1). [(5-p-cymene)-
RuCl;]. (0.31 g, 0.51 mmol) was stirred in 20 mL of reagent
grade acetonitrile, and NH4PFg (0.18 g, 1.10 mmol) in 5 mL of
acetonitrile was added in one portion. The flask was sealed
without specific precautions to exclude air, and the reaction
was stirred at ambient temperature. After 14 h the pale
precipitate was filtered off and the orange filtrate evaporated
to leave an orange solid. This was dissolved in a minimum of
hot acetonitrile, filtered, and allowed to cool. Ether was added
until precipitation was apparent, and the mixture was placed
in a freezer at ca. 253 K for 2 days. The precipitate was filtered
off, washed with ether, and dried in vacuo (0.28 g; 54.9% yield).
1H NMR (CDsCN): ¢ 5.35 (m, 2H), 5.28 (m, 2H), 1.23 (d, 6H).
Anal. Calcd for C14H20CIFsN2PRu: C, 33.78; H, 4.05; N, 5.62.
Found: C, 33.80; H, 3.91; N, 5.53.

[(78-p-cymene)RuBr(CHsCN),]PFs (2). 2 was prepared
according to a published procedure? using [(15-p-cymene)-
RuBTr;], (0.24 g, 0.3 mmol), NH4PFs (0.12 g, 0.74 mmol), and
dry acetonitrile (12 mL). The final product was recrystallized
from acetonitrile/ether to give deep-red crystals (0.28 g, 86.7%
yield). IH NMR (CDsCN): ¢ 5.44 (m, 2H), 5.36 (m, 2H), 1.26
(d, 6H). Anal. Calcd for C14H20BrFsN,PRu: C, 31.01; H, 3.72;
N, 5.16. Found: C, 31.22; H, 3.75; N, 5.09.

[(ﬂe-CGHG)Rucl(HzNCHzCHzNHz—N,N)]PFG (3) [(7’]6-C5He)-
RuCl;], (0.167 g, 0.33 mmol) was suspended in dry methanol
(50 mL), and ethylenediamine (0.06 g, 1 mmol) was added in
one portion. The mixture was stirred for 3 h and filtered, and
NH4PFs (0.5 g, 3.07 mmol) was added. The volume was slowly
reduced to ca. 15 mL on a rotary evaporator, and after standing
at 277 K, the mixture formed a microcrystalline product. This
was collected, washed with ether, and recrystallized from
methanol/ether (0.128 g, 47.0% yield).*H NMR (DMSO-de): 6
6.45 (b, 2H), 5.86 (s, 6H), 4.28 (b, 2H), 2.34 (m, 2H), 2.17 (m,
2H). Anal. Calcd for CgH14CIFsN2PRu: C, 22.89; H, 3.36; N,
6.67. Found: C, 22.81; H, 3.24; N, 6.51.

[(78-CsHe)RUl(H.NCH,CH;NH>—N,N)]PFg (4). The pro-
cedure followed that for compound 3, using [(7%-CsHs)Rulz]2
(0.48 g, 0.55 mmol), dry methanol (80 mL), ethylenediamine
(0.12 g, 2 mmol), and NH4PF¢ (0.5 g, 3.07 mmol) (0.412 g,
73.3% yield). H NMR (DMSO-dg): 0 6.42 (b, 2H), 5.86 (s, 6H),
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4.22 (b, 2H), 2.35 (m, 2H), 2.15 (m, 2H). Anal. Calcd for CgHi4-
IFsN2PRu: C, 18.80; H, 2.76; N, 5.48. Found: C, 18.52; H, 2.43;
N, 5.14.

[(37%-p-cymene)RUCI(H,NCH,CH,NH>—N,N)]PF¢ (5). The
procedure followed that for compound 3 using [(%-p-cymene)-
RuCl;]2 (0.39 g, 0.64 mmol), methanol (60 mL), and ethylene-
diamine (0.12 g, 2.0 mmol). The reaction mixture was stirred
for 1.5 h, and the green liquid was filtered. NH4PFs (0.52 g,
3.2 mmol) was added to the yellow filtrate, and the volume
was reduced to 15 mL. This was left to stand at 277 K for 6 h,
during which time orange crystals formed (0.23 g, 37.7% yield).
IH NMR (DMSO-dg): 9 6.13 (b, 2H), 5.48 (d, 2H), 5.32 (d, 2H),
4.22 (b, 2H), 2.71 (m, 1H), 2.43 (m, 2H), 2.32 (m, 2H), 2.11 (s,
3H), 1.25 (d, 6H). Anal. Calcd for C1,H2,CIFsN,PRu: C, 30.29;
H, 4.66; N, 5.88. Found: C, 30.05; H, 4.41; N, 5.98.

[(78-p-cymene)Rul (H.NCH,CH;NH,—N,N)]PF; (6). The
procedure followed that for compound 3 using [(#%-p-cymene)-
Rul], (0.34 g, 0.35 mmol), ethylenediamine (0.06 g, 1 mmol),
and NH4PFg (0.52 g, 3.2 mmol). The volume was reduced to
15 mL and left to stand at 277 K overnight, during which time
red crystals formed (0.24 g, 59.5% vyield). Anal. Calcd for
CioHalFsNoPRuU: C, 25.41; H, 3.91; N, 4.94. Found: C, 25.64;
H, 3.72; N, 5.24.

[(#8-p-cymene)RuCl,(isonicotinamide)] (7). [(#®-p-cy-
mene)RuCl;]; (0.129 g, 0.21 mmol) was stirred in benzene (50
mL), and isonicotinamide (0.052 g, 0.43 mmol) was added in
one portion. The mixture was heated to reflux under argon
for 4 h, during which time a mustard-colored precipitate
formed. This was collected by filtration, washed with a little
benzene, and recrystallized from methanol/ether to give red
crystals (0.061 g, 33.8% yield). Anal. Calcd for Ci6H20CI2N2-
ORu: C, 44.87; H, 4.71; N, 6.54. Found: C, 44.65; H, 4.54; N,
6.23.

[(#5-CsHsCO,CH3)RUCI(H.NCH,CH,;NH>—N,N)]PF; (8).
Ethylenediamine (0.09 g, 1.5 mmol) was added to a stirred
suspension of [(7%-CsHsCO,CH3)RUCl;], (0.355 g, 0.576 mmol)
in methanol (200 mL). After 4 h the orange solution was
filtered and the volume reduced to 20 mL. NH4PFs (0.49 g,
2.3 mmol) was added, and the mixture was stirred for an
additional minute. The sealed flask was left to stand overnight
at 277 K. The resulting yellow microcrystalline solid was
collected by filtration, washed with a little methanol followed
by ether, and dried in vacuo (0.22 g, 40.0% yield). Anal. Calcd
for C10H16CIN2O,PFsRu: C, 25.14; H, 3.38; N, 5.86. Found: C,
25.18; H, 3.12; N, 5.50.

[(ﬂe-CeHs(:aHs)RUC|(H2NCH2CH2NHZ—N,N)]PFG (9) [(776-
CsHsCsHs)RUCl), (0.30 g, 0.46 mmol) was refluxed in H;O (25
mL) for 1 h. At this time ethylenediamine (0.06 g, 1 mmol)
was added to the refluxing suspension. The brown suspension
immediately became dark-green. This was refluxed for another
30 min and filtered while hot. NH4PFs (0.5 g, 3 mmol) was
added to the yellowish filtrate, and the flask was briefly
shaken. A yellow precipitate began to form almost immedi-
ately. The flask was sealed, allowed to cool to ambient
temperature, and placed in an ice bath for 3 h. The precipitate
was collected by filtration, washed with a little water followed
by ethanol followed by ether, and dried in vacuo. It was
recrystallized from methanol/ether (0.11 g, 23.9% yield). Anal.
Calcd for Ci4HisCIFsN2PRu: C, 33.91; H, 3.66; N, 5.65.
Found: C, 34.06; H, 3.37; N, 5.44.

[(#8-CsH5CsHs)RUCI(H2N(CH2).NH(CH>CHj3))]PFs (10).
[(#8-CeHsCsHs)RUCI,]2 (0.10 g, 0.158 mmol) was refluxed in
water (10 mL) for 3 h and then cooled to 353 K. To this
suspension was added N-ethylethylenediamine (37 mg, 0.42
mmol). The brown suspension immediately became dark-green.
This was then slowly heated to reflux again for another 1.5 h
and filtered while hot. NH4PFs (0.2 g, 1.23 mmol) was added
to the yellowish filtrate, and the flask was briefly shaken. A
yellow precipitate began to form almost immediately. After the
mixture was allowed to stand at 277 K overnight, the precipi-
tate was collected by filtration, washed with a little methanol
followed by diethyl ether, and dried in vacuo. This was
recrystallized from methanol/ether (0.08 g, 48.3% yield). Anal.

Morris et al.

Calcd for Ci6H2CIFsN,PRu: C, 36.68; H, 4.23; N, 5.35.
Found: C, 36.00; H, 4.37; N, 5.24.

Growth Inhibition Assays. Toxicity screens were carried
out using the A2780 human adenocarcinoma cell line. The cells
were grown as monolayers in RPMI 1640 medium with
L-glutamine containing 5% fetal calf serum and a 1% antibiotic
mixture. Cells were maintained under standard tissue culture
conditions (37 °C, 5% COy), seeded in 24-well trays at a density
of 1 x 10* cells per well, and allowed to grow for 72 h before
addition of the Ru(ll) complexes. Stock solutions of the
ruthenium complexes were made up fresh in deionized water
and sonicated to ensure complete dissolution. These stock
solutions were diluted with RPMI medium to give final
concentrations of 0.1, 1, 10, and 100 M. All the compounds
were evaluated at these concentrations in duplicate. Cisplatin
was employed as a positive control because the cell line was
known to be sensitive to this agent. The cells were exposed to
the compounds for 24 h before the drug-containing medium
was aspirated off. The cells were washed with phosphate-
buffered saline (PBS), and fresh medium was added. The cells
were counted on day 7 using a coulter counter.

DNA Binding. The concentrations of the oligonucleotides
were determined using UV—vis spectroscopy: strand I, ezg0 =
149.0 uM~* cm™; strand 11, ex50 = 137.2 uM~* cm~2. For the
HPLC separation, reaction mixtures containing 100 uM | and
the ruthenium complex were sealed in Eppendorf tubes and
incubated at 310 K. To study the time dependence, aliquots
were taken at various intervals over a total period of 2 days.
For mass spectrometry, samples were diluted twice in HPLC
grade CH3CN prior to infusion. Concentrations of separated
oligonucleotides used for enzyme digestion were typically ca.
25 uM, and 2 uL of VPD solution (diluted three times in H,0)
was added to 200 uL of the oligonucleotide solution. The
mixtures were incubated at 310 K, and aliquots were extracted
at various time intervals and diluted twice with CH3CN prior
to ESI-MS analysis.

For the DNA melting experiments, duplex 11 was incubated
with either cisplatin or complex 5 for 4 days at ambient
temperature in a 1:1 mole ratio (3 «M, 10 mM sodium
phosphate buffer, pH 7.0, 50 mM NaClO,).

Topoisomerase Assays. Inhibition of the catalytic activity
of human DNA topoisomerase (Topo) | and Il was evaluated
by monitoring the enzyme-catalyzed relaxation of a supercoiled
DNA substrate by 1% agarose gel electrophoresis as described
previously in detail.?? Stock solutions of compounds 5, 6, 8,
and 9 were made up fresh in phosphate-buffered saline (PBS)
at a stock concentration of 500 ug/mL. Amsacrine (m-AMSA)
was employed as a positive control for Topo Il inhibition and
NU/ICRF 506 as a positive control for Topo I inhibition.??2®
Both these compounds were initially dissolved in DMSO, and
cisplatin was also included for comparison. All compounds
were evaluated at three different final concentrations, 1, 10,
and 50 uM, and experimental procedures were repeated twice.

X-ray Crystallography. Standard data relating to the
X-ray crystal structures of complexes 5, 7, and 9 have been
deposited in the Cambridge Crystallographic Data Centre with
CCDC reference numbers 170360, 170361, and 170362, re-
spectively.
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