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A new type of mixed-metal trinuclear complex containing platinum(ll) and ruthenium(lll) fragments that resemble
both cisplatin and NAMI-A has been synthesized and characterized by IR, *H NMR, elemental analysis, and X-ray
crystallography. The water-soluble compound Naf{ trans,cis, trans-[Ru"Cl,(DMSO- S)(u-pyz)].Pt'Cl,} (AH-197, pyz
= pyrazine) was assessed for its effects on DNA mobility and toxicity against human cancer cell lines. When
compared to cisplatin and KP-1019 (which structurally resembles NAMI-A), ICsq results showed that AH-197 had
an intermediate toxicity. When this data was coupled with a subsequent COMPARE evaluation (standard COMPARE
queries resulted in insignificant correlation coefficients (<0.70) while very low COMPARE correlation coefficients
were found in the matrix queries as well), AH-197 yielded a correlation coefficient of 0.19 when compared to
cisplatin and 0.25 when compared to KP1019 indicating that AH-197 has a unique behavior.

Introduction have been of initial interest and subsequent sffdy?
Although different platinum-containing complexes have been

With the discovery of the anticancer properties oid-
diamminedichloroplatinum(ll), cisplatin (Figure 13,the successfully tested, r_nost of them ha\_/e been proven to _have
the same or only slightly better efficacy than cispl&tin.

research of metallopharmaceuticals increased dramatically. X )
However, some platinum complexes, such as carboplatin and

Cisplatin is still a widely used anticancer drug and is effective liolatin. h h b ) _ ¢
in treating a variety of cancefsCisplatin’s cytotoxicity is ggiclgg?on’ ave shown 1o be active against many types o
A "

achieved by forming, mainly, 1,2-intrastrand d(GpG) DN _ ) ) )
cross-links. The covalent cross-links cause significant distor- Multinuclear platinum complexes, particularly trinuclear,

tion of helical structure and result in inhibition of DNA @re one specific class of compounds that have been recently
replication and transcriptioh® The clinical success of Synthesized and have shown to bind to DNA in a manner

cisplatin has proved to be limited due to significant side different from that of cisplatifi-™*’ These compounds which

effects and resistance that cause reld&pBeerefore, much
; ; i~ (6) Komeda, S.; Kalayda, G. V.; Lutz, M.; Spek, A. L.; Yamanaka, Y.;
interest has focused. on developing new phemotherapeunc Sato, T.. Chikuma, M ; Reedijk, 3. Mad. Chem2003 46, 1210
metal complexes with improved properties. Due to the 1219.
comprehensive studies of cisplatin and insights into its (7) Komeda, S.; Lutz, M.; Spek, A. L.; Chikuma, M.; Reedijkdorg.

. ) ) . . Chem 200Q 39, 4230-4236.
mechanism of interaction with DNA, platinum complexes (8) van Zutphen, S.; Pantoja, E.; Soriano, R.; Soro, C.; Tooke, D. M.;
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bard.edu. Phone: 845-758-7293. (9) Fracasso, P. M.; Blessing, J. A.; Molpus, K. L.; Adler, L. M.; Sorosky,
T Bard College. J. I.; Rose, P. GGynecol. Oncol2006 103 523-526.
*Vassar College. (10) Hah, S. S.; Stivers, K. M.; de Vere, White, R. W.; Henderson, P. T.
(1) Rosenberg, B.; Vancamp, L.; Krigas, Nature1965 205, 698—699. Chem. Res. Toxico200§ 19, 622-626.
(2) Rosenberg, B.; Vancamp, L.; Trosko, J. E.; Mansour, VNH#ture (11) Qu, Y.; Appleton, T. G.; Hoeschele, J. D.; Farrell, Nlfarg. Chem.
1969 222, 385. 1993 32, 2591-2593.
(3) Zhang, C. X,; Lippard, S. Lurr. Opin. Chem. Biol2003 7, 481— (12) Davies, M. S.; Thomas, D. S.; Hegmans, A.; Berners-Price, S. J,;
489. Farrell, N.Inorg. Chem.2002 41, 1101-1109.
(4) Jamieson, E. R.; Lippard, S.Ghem. Re. 1999 99, 2467-2498. (13) Hegmans, A.; Berners-Price, S. J.; Davies, M. S.; Thomas, D. S.;
(5) Suo, Z.; Lippard, S. J.; Johnson, K. Biochemistryl999 38, 715- Humphreys, A. S.; Farrell, Nl. Am. Chem. So@004 126, 2166~
726. 2180.
274 Inorganic Chemistry, Vol. 47, No. 1, 2008 10.1021/ic062419h CCC: $40.75  © 2008 American Chemical Society

Published on Web 12/07/2007



A Potentially Selectre Anticancer Complex

4@
I NHs Hy
HaN - Cl P /\/\/\/N\ NH; y
/Pt\ HN- N PN Nz\ NHg 4NO;
/\/\/\/
HN™ i : HN N Py
N e
cisplatin BBR3464
— —le
_ [NH ] _ / NH -®
) [ ) @ NH
H AN
N N N N )
® H
cu,,,,,_' WO | Na Cla,, ‘ WC! [/> o, ‘ o | N
R, Ru’ N i, | o
\ Ru \ /
H
o ‘ v, o ‘\CI o 1,
—S,, S.
0T "o o%l “ch AN
HsC : HsC ° HNT Y
NAMI NAMI-A
KP1019

Figure 1. Structures of platinum(ll) and ruthenium(lll) chemotherapeutic complexes.

contain two or more platinum centers can have both cis and/levels at tumor sites, ruthenium’s “activation by reduction”
or trans configurations. BBR3464 (Figure 1) is a representa- process makes it very selective as the metal complex may
tive compound of the polymetallic group which has entered accumulate in these hypoxic environmetft©nly a small
clinical trials and has shown to be potent against pancreatic,number of ruthenium(lll) complexes have been found to be
lung, and melanoma cancéfs?® It was also found that effective with the most prominent examples being the
BBR3464 binds to DNA by forming both intrastrand and following: NaftransRuCL(DMSO)(Im)],?> NAMI; its more
interstrand cross-links. Mechanistic studies have shown thatstable imidazolium analogue [ImHiansRuCL(DMSO)-
the interstrand cross-links, which account for 20% of the (Im)],?® NAMI-A; the closely resembled indazole compound
cross-link adducts formed by BBR3464, are most important [IndH][transRuCl(Ind),],?” KP1019 (Figure 1).
to its anticancer behavigr® NAMI-A, new antitumor metastasis inhibitor-series A,
For the past two decades much work has focused on theshows high selectivity for solid tumor metasta8é%and low
synthesis and pharmacological evaluation of new compoundstoxicity at pharmacologically active doses and was found to
containing metal centers different from platindm? A effectivelyinterfere with cell cycle regulation and angiogerésis.
major reason for this can be attributed to the reduced sideThese properties have made NAMI-A the first ruthenium-
effects of these complexes due to their lower systemic (I1l) compound to successfully complete phase | clinical
toxicity. Complexes with ruthenium(lll) centers have been trials32
synthesized and have demonstrated antitumor activity as well

as remarkable antimetastatic beha#o® It is speculated
that ruthenium(lll) complexes are reduced in vivo to the more
labile ruthenium(ll), and this is a major reason for its
biological activity?~23 Due to lower oxygen and lower pH
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In this paper we report the successful modular synthesis
of heterotrinuclear complexes that combine the classes of
compounds described above. These compounds have a
platinum(ll) center that resembles cisplatin as well as two
ruthenium(lll) centers attached to the platinum by bridging
dinitrogen ligands that resemble NAMI. The design of these

(24) Clarke, M. J. InMetal lons in Biological Systemsigel, A., Sigel,
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complexes has been done to achieve both efficacy and Complexes with the TPP (AH-166), TBA (AH-171), and

selectivity with the objective of obtaining complexes with
properties of both types of metal complexes. The new type
of complex may then be potent against both neoplastic and
metastatic cancers. In addition, the ruthenium(lll) centers are
susceptible to reduction to the more labile ruthenium(ll)
which may weaken the ruthenium#pridging ligand
bonds3* These trinuclear species may also achieve better
selectivity due to the transferrin cycle mediated accumulation
of ruthenium(lll) compounds in hypoxic environments and
subsequent “activation by reduction” of the ruthenium(lll)
centers in these conditioAs.

The water-soluble trinuclear complex AH-197 was evalu-
ated for its in vitro activity with linearized plasmid DNA as
well as against the NCI's 60 human tumor cell line screening
procedure and its algorithm, COMPARE.

Experimental Section

Cis-PtCh(pyz), and [(DMSO}H][transRuCL(DMSQOY),] were
synthesized by following literature preparaticig® The sodium,
tetrabutylammonium (TBA), and tetraphenylphosphonium (TPP)
salts of the fransRuCL(DMSO),]~ anion were obtained from
simple metathesis reactioffsEthanol (200 proof) was purchased
from Pharmaco Products Inc. All other reagents and solvents were
purchased from Sigma Aldrich Inc. IR spectra were recorded in
the solid state on a Nicolet 4700 FTIR spectrometer between 4000
and 250 cmt. IH NMR spectra were measured in®, acetone-
ds, CDCL, and CRCN on a Varian Gemini 300 MHZ spectrometer.
The solvent peaks at 4.80, 2.05, 7.24, and 1.96 ppm {0r, 0,DsO
(acetone), CDG| and CXCN, respectively, were used as internal
standards for théH NMR spectra. UV/vis were run on an Agilent
8453 diode array instrument. Plasmid’s miniprep extractions as wel
as purification kits were purchased from Qiagen Incsgl&ssays
were conducted as part of the in vitro anticancer screening offered
by the Developmental Therapeutic Program in the National Cancer
Institute (Bethesda, MD). Detailed experimental procedures for
these assays are found online (http://dtp.nci.nih.gov/branches/btb
ivclsp.html). Spectral abbreviations used below: br (broad); m
(medium); s (strong); sh (shoulder); vbr (very broad); w (weak).
For NMR labels see Scheme 1.

Nay{trans,cistrans{Ru" Cl,(DMSO-S)(u-pyz)],Pt" Cl,}, AH-
197.A 0.21 g amount of Nd@fansRuCl(DMSO),] (0.49 mmol)
was partially dissolved in 30 mL of acetone, and 0.10 isf
PtChL(pyz), (0.23 mmol) was added in situ to the orange suspension.
The mixture was then refluxed for 1 h, during which all of the
reactants dissolved and the solution turned dark red. The solution

imidizolium (AH-235) cations were prepared similarly or by simple
metathesis reactions (see Supporting Information).

[TPP] {trans,trans,trans-[Ru'"' Cl4(DMSO-S)(u-
pyz)].Pt" Cl,}, AH-229. A solution of AH-166 was left in acetone
solution at 4°C for 1 month. Dark red crystals appeared very
slowly. The crystals were then collected by filtration and washed
with ether. Alternatively, [TPP]CI was mixed with 0.5 equiv of
AH-197 and AH-229 was allowed to slowly crystallize over a period
of several weeks at15°C. Selected IRina/cm™2): 1707 m (pyz),
1106 s (Ra-DMSO-S), 521 vs, br (PtN), 421 m (Ru-S), 328 s,

307 sh (Pt/Re-Cl). *H NMR (CDsCN): —1.0 br (pyz H©), —12.9
br (DMSO-S).

DNA Migration Studies. The plasmid pBluescript SK was
purified from Escherichia coliusing a QIAGEN plasmid midi kit
as described by the manufacturer (QIAGEN Inc.). Plasmid DNA
was linearized with the restriction endonuclease EcoRI and purified
from the reaction with a QIAquick PCR Purification Kit (QIAGEN
Inc.) eluted in deionized water. The procedure used in these studies
is a modification of that described by Stellwag&riefly, 0.5ug
of linearized pBluescript SK was incubated with varying con-
centrations of the metal compounds in phosphate buffered saline,
PBS (3.8 mM NaHPQ,, 16.2 mM NaHPQ,, 150 mM NacCl, pH
6.4), in a total volume of 5QL at 37 °C for 24 h. Following
incubation, 2QuL samples were analyzed by agarose gel electro-
phoresis (0.9% agarose, 1X TBE (89 mM Tris base, 89 mM boric
acid, 3.1 mM EDTA)). Gels were stained with:&/mL ethidium
bromide in 1X TBE for 45 min and photographed with UV
illumination.

NCI's 60 Cell in Vitro Cancer Screenings. AH-197 was
screened against the 60 human cancer cell lines (NCI-60) used by
the National Cancer Institute’s Developmental Therapeutics Pro-
gram (detailed procedure found at http://dtp.nci.nih.gov/branches/
btb/ivclsp.html). However, AH-197 was dissolved in water, not
DMSO, prior to dilution. The pH of the medium used in the
procedure was 7.2. Additional evaluation of data from screenings
of AH-197 (NSC: 742192) was conducted using the pattern-

/recognition algorithm COMPARE (http://itbwork.nci.nih.go¥).

Standard COMPARE queries were performed against all synthetic
compounds in the NCI's Developmental Therapeutic Program
Database (http://dtp.nci.nih.gov/docs/dtp_search.html) to obtain
correlation coefficients. Furthermore, matrix COMPARE of our
compound was performed against screening data from cisplatin
(NSC: 119875) and KP1019 (NSC: 666158).
X-ray Structure Determinations. X-ray diffraction data were

collected on a Bruker SMART APEX 2 CCD platform diffracto-
meter (Mo Ko (1 = 0.710 73 A)). Suitable crystals were mounted

was cooled to room temperature. An orange precipitate was affordedin & nylon loop with Paratone-N cryoprotectant oil. The structures

by the addition of 10 mL of diethyl ether that was collected by
filtration, washed with diethyl ether, and vacuum-dried. A yield of
0.17 g obtained (65%). Selected IRi,/cm™): 1699 m, 1614 m,
br (pyz), 1077 s (R#DMSO-9), 515 m (PtN), 429 m (Ru-S),

331 s (Pt/Ru-Cl). IH NMR (D,0): —14.0 br (DMSOS), —2.2 br
(pyz H?9). Anal. Calcd for GoHoClioN4NapO,SRWLPHE1/2CHs-

COCH;: C, 14.1; H, 2.01; N 4.89. Found: C, 13.7; H, 2.08;

4.37. Selected UV/vis (PBS)ima/nm 393 €/L mol~t cm™ 11

900); immediately after reduction 478 (11 200).

N,

were solved using direct methods and standard difference map
techniques and were refined by full-matrix least-squares procedures
on F2 with SHELXTL (version 6.14%° All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were included in
calculated positions and were refined using a riding model. Crystal
data and refinement details are presented in Table 1.

AH-197. Single crystals of AH-197 were grown from acetone
at 4°C. Several crystals were screened and found to be multiply
twinned. X-ray diffraction data were collected at 115 K on a crystal

(34) Clarke, M. J.; Zhu, F.; Frasca, D. Rhem. Re. 1999 99, 2511~
2533.

(35) Foulds, G.; Thoronton, D5pectrochim. Actal981, 37, 917-921.

(36) (a) Alessio, E.; Bolle, M.; Milani, B.; Mestroni, G.; Faleschini, P;
Geremia, S.; Calligaris, Mnorg. Chem1995 34, 4716. (b) Anderson,
C. M.; Herman, A.; Rochon, F.Rolyhedron 2007, 26, 3661—-3668.

276 Inorganic Chemistry, Vol. 47, No. 1, 2008

(37) Stellwagen, NNucleic acid electrophoresi$Springer: Berlin, 1998;
p 1-53.
(38) Boyd, M. R.; Paull, K. DDrug. Dev. Res.1995 34, 91—-109.
(39) Sheldrick, G. MSHELXTL, An integrated system for @aly, refining
and displaying crystal structures from diffraction dataniversity of
Gottingen: Gidtingen, Germany, 1981.
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Figure 2. ORTEP diagram of the asymmetric unit as-AH-197 (20%

Cl(10)

N(4) 0(1s)

ellipsoids; hydrogen atoms removed for clarity).

Table 1. Crystal Data, Data Collection, and Refinement Parameters for

AH-197 and AH-229

param cisAH-197 transAH-229

formula Gi2H20CligN4O2N & CeoHeoCl10N4O2
S,RWLPtC3HsO P.S;RWPt2C3HO

habit, color plate, orange needle, yellow

size, mm 0.13« 0.10x 0.03 0.32x 0.07x 0.04

lattice type triclinic triclinic

space group P1 P1

a, 12.526(2) 14.6756(7)

b, A 12.667(2) 15.3198(7)

c, A 17.570(3) 17.0886(8)

a, deg 106.517(2) 76.981(1)

B, deg 95.159(2) 73.257(1)

y, deg 115.745(2) 84.799(1)

v, A3 2332.9(7) 3583.2(3)

z 2 2

fw 1172.23 1863.07

D, g cni3 1.669 1.727

u, mnrt 4.331 2.889

F(000) 1116 1852

6 range, deg 1.6828.17 1.45-28.52

index ranges —16=<h=<16,—-16 —19=<h=<19,—-19
k=<16,-23 <k=19,-22
<l=22 <l=22

reflens collcd 50 545 42 414

unique reflcns

completeness

abs corr

max, min transm

data, restraints,
params

R1, WRz (1 > 20(1))

R1, WR; (all data)

goodness-of-fit
(onF?)

largest diff peak,
hole, e A3

that was determined with CELL_NOW to contain two twin
domains. Both domains were integrated with SAINT using the two-

10 350 (R = 0.0928)
90.4 (b = 28.17)
empirical
0.8810, 0.6029
33 000/33/350

0.1045, 0.2570
0.1776, 0.3003
1.012

8.659,—5.649

16 490 (R: = 0.0497)
90.6 (to® = 28.52)
empirical
0.9056, 0.4583
16 490/0/793

0.0377,0.0620
0.0592, 0.0671
1.009

1.300-0.793

Table 2. Selected Bond Lengths (A) and Angles (defir AH-197

Pt—=N(1) 2.01(1) N(1)-Pt—N(3) 89.8(4)
Pt=N(3) 2.03(1) N(1)-Pt—CI(5) 90.2(3)
Pt—CI(5) 2.290(3) N(3)-Pt=CI(6) 86.4(3)
Pt—CI(6) 2.293(3) CI(5)-Pt—CI(6) 93.7(1)
Ru(1)-N(2) 2.16(2) N(2)-Ru(1)-S(1) 175.0(4)
Ru(1)-S(1) 2.305(5) N(2yRu(1)>-Cl av 88(6)
Ru(1)y-Clav 2.2(3) S(1yRu(1)}-Clav 92(5)
Ru(2)-N(4) 2.12(1) N(4>-Ru(2)-S(2) 178.0(3)
Ru(2)-S(2) 2.281(4) N(4yRu(2)-Cl av 89(1)
Ru(2)-Cl av 2.347(7) S(2rRu(2)-Cl av 91(1)

a Estimated standard deviations in the least significant figure are given
in parentheses.

Sci2a) CliA)

Figure 3. Molecular structures of the two independent moleculdsaofs
AH-229 (20% ellipsoids; hydrogen atoms removed for clarity).

Table 3. Selected Bond Lengths (A) and Angles (defir AH-229

PH(1)-N(1) 2.0133)  N(L)Pt(1)-Cl(1) 89.09(9)
Pt(1)-CI(1) 2.300(1)  N(1#2¥Pt(1)-Cl(1) 90.91(9)
Ru(1)-N(2) 2.101(3)  N(2-Ru(1)-S(1) 178.52(9)
Ru(1)-S(1) 2.289(1)  N(ZrRu(1)-Cl av 88.8(3)
Ru(1)-Cl av 2.349(4)  S(B-Ru(l)-Clav 91(1)
Pt(1A-N(1A)  2.024(3)  N(LA-Pt(1A)-CI(1A) 90.95(9)
Pt(1A-CI(1A) 2.289(1)  N(1A#2}-Pt(1A)-CI(1A)  89.05(9)
Ru(1A)-N(2A) 2.103(3)  N(2A)-Ru(1A)-S(1A) 178.51(9)
Ru(1A)-S(1A) 2.289(1)  N(2A»Ru(1A)—Clav 89(1)
Ru(lA)-Clav  2.352(17) S(1AYRu(1A)—Clav 91(1)

a Estimated standard deviations in the least significant figure are given
in parentheses.

two of which have been located and refined and two of which are
disordered. The atoms of the disordered acetone molecules were
included in the refinement as a diffuse contribution to the scattering
using the program SQUEEZE in the PLATON suite of progrdfns.
ORTEP diagrams of the two independent molecules are shown in
Figure 3. Selected bond length and angles are given in Table 3.

Results and Discussion

Synthesis and Characterization of the Complexes.

component orientation matrix produced by CELL_NOW. The data gythenjum(iIl) precursors were synthesized by modifications

were scaled and absorption corrected with TWINABS. The initial
solution was refined with single component data for the stronger
domain before final refinement with HKLF 5 format data for both
twin domains as produced by TWINABS. An ORTEP diagram of
the molecule is shown in Figure 2. Selected bond length and angles

are given in Table 2.

AH-229. Suitable X-ray-quality single crystals of AH-229 were
grown from acetone at 2C. X-ray diffraction data were collected

of those reported by Allesio et &l.[(DMSO),H][trans
RuCL(DMSOY),], 1, was the initial ruthenium(lll) compound
from which the other ruthenium(lll) compounds were
derived. Complexes with different cations (Ng,TPP, 3;
TBA, 4) resulted from simple metathesis reactiond @fith

the chloride salts of the appropriate cations (NaCl, TPP-CI,
TBA-CI) in appropriate molar ratios. The platinium(ll)

at 125 K. The asymmetric unit contains two unique half-molecules, precursor was synthesized according to an earlier report by
one from each of the independent trinuclear molecules of AH-229, Foulds et ap®

each platinum atom residing on an inversion center. The unit cell

contains four molecules of acetone solvent of crystallization, (40) Spek, A. L.Acta Crystallogr.199Q A46, C34.
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Scheme 1. Synthesis of the Complexes
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Synthesis of the trinuclear complex AH-197 was achieved as in complex AH-197. Two new peaks at 1699 and 1615
by refluxing a mixture of the ruthenium and platinum cm™ are present in the spectrum of AH-197. The trans
precursors listed above, in a 2.1:1 ratio, respectively. The complex shows only one peak for the pyrazine mode at 1707
initial insoluble nature of the platinum precursor was used cm2.
as indication for the extent of the reaction; as the platinum  The NMR spectrum of AH-197 (Supporting Information)
complex dissolved and the solution reached homogeneity,shows peaks that are characteristic of complexes containing
the reaction was assumed to be complete. This resulted inparamagnetic ruthenium(l1ff.4” Protons close to the para-
the bridging of the pyrazine ligand between the platinum magnetic center have large line widths (often some peaks
center and the ruthenium center as a result of a substitutionare too wide to be observable) and are shifted greatly upfield.
of the pyrazine for the DMSO ligand on the ruthenium. The The peak at-14.0 ppm integrating to 12 protons is assigned
general route is outlined in Scheme 1. The trans isomer ofto the coordinated DMSO while the peak a2.2 ppm
the trinuclear species was obtained from aged solutions ofintegrating to 4 protons is assigned to the protons on the
AH-197 in acetone with the addition of the tetraphenylphos- pyrazine ring closest to the platinum center, thus furthest
phonium cation or from aged solutions of ttie- TPP isomer,  from the paramagnetic ruthenium(lll) center. The protons
AH-166. Cis chloro/pyridine platinum complexes are known on the pyrazine ring closest to the ruthenium center are not
to slowly isomerize to the trans configuratitif?In addition, observed (for labeling, see Scheme 1). The proton NMR of
computation studies using Gaussian“08how the trans  the trans complex, AH-229, recorded in @IN showed
isomer of the dianion to be slightly lower in energy than the peaks at-13.2 ppm for the DMSO methyl protons and..0

cis dianion (see Supporting Information). ppm for the pyrazine protons furthest from the ruthenium
The vibrational spectra fais-PtCh(pyz), and [[DMSO}H]- as well as the phenyl peaks associated with the TPP cation.
[transRUCL(DMSOY)] have been reportetd?> and the The trinuclear complex AH-197 has its ruthenium(lil)

assignments on the platinum(ll) and ruthenium(lil) fragments centers reduced to ruthenium(ll) upon the addition of 2 equiv
of the new complexes are based on these studies. Infrarecf the biological reductant, ascorbic acid. This was witnessed
spectroscopy is diagnostic of the binding mode (terminal or jn both NMR and UV/vis experiments. Upon addition of

bridging) of coordinated pyrazinééMonocoordinated pyra-  ascorbic acid to a solution of AH-197, an immediate reaction
zine compounds (terminal) are characterized by a “breathingis seen as the color changes from orange to red. In the UV/
mode” which gives a sharp peak at about 1590°¢th  vis spectrum, the lowest energy peak at 393 nm shifted to
That peak is absent if pyrazine acts as a bridging ligand 480 nm upon addition of ascorbic acid as is characteristic

of reduction of ruthenium(lll) to ruthenium(IP%4® In the
(41) Rochon, F. D.; Kong, P. Can. J. Chem1979 57, 526-529. s . . .
(42) Rochon, F. D. Kong, P. C.. Melanson, ®an. J. Chem1981, 59, NMR spectrum, upon addition of ascorbic acid, there is an
195-198. immediate and complete disappearance of the peaks associ-
(43) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, : : : : _
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, ,ate,d W_Ith the pargma_gnetm rUt_hemum(”I) spegles, AH-197,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, indicating a quantitative reduction of the ruthenium(lll). The
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. disappearance of the paramagnetic upfield peaks is ac-

A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R; . . .
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, COmpanied with the appearance of several new, overlapping

Ei.;kilflene\,/ MA;dLi, X.;CKnSJx, J. ﬁ Ijlraghian, H. F;é; %ross, J. B.;R downfield peaks between 8.6 and 9.6 ppm and 3.4 and 3.6
akken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. ‘o . .

E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. ppm. Ch‘?’lraCte.”S“C of a mixture Of. a ”Lfmt,’er of posgble

W.; Ayala, P. Y., Morokuma, K.; Voth, G. A.; Salvador, P.;  species including ruthenium(ll)/pyrazine(bridging or terminal)/

Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; 9,45

Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, DMSO complexe?s. . .

K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; The structures of the cis trinuclear complex and of the

Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;  trans trinuclear complex wer rmin Th nd lenath

Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; trans trinuclear comple ere dete ed. e bond lengths
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. (45) Allesio, E.; Mestroni, G.; Geremia, S.; Calligaris, M.; lengoD&lton

Gaussian ‘03 Gaussian, Inc.: Wallingford CT, 2004. Trans.1999 19, 3361-3371.
(44) Collman, J. P.; McDeuvitt, J. T.; Leidner C. R.; Yee, G. T. Torrance, (46) Anderson, C.; Beauchamp, A. Inorg. Chem1995 34, 6065-6073.
J. B,; Little, W. A.J. Am. Chem. S0d.987, 109 4606-4614. (47) Anderson, CCan. J. Chem2001, 79, 1477-1482.
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Figure 4. Concentration-dependent interactions of metal complexes with
DNA. A total of 0.5 ug of linearized plasmid DNA was incubated with
varying concentrations of cisplatin, AH-197, or NahsRuCl(DMSO)-
(pyz)], at 37°C for 24 h. A 1 kbplus molecular weight standard (Invitrogen)
was included for reference. Lanes 1, 6, and 11: 1 kb plus DNA ladder.
Lanes 2-5: 0, 0.1, 0.5, 1.0 mM cisplatin, respectively. Lanes1D: O,

0.1, 0.5, 1.0 mM AH-197, respectively. Lanes-115: 0, 0.1, 0.5, 1.0 mM
Na[trans RuCL(DMSO)(pyz)], respectively.

and angles for the metaligand bonds in the coordination

Table 4. ICsp Values (M) for AH-197, Cisplatin, and KP1019 for
Selected Cell Lines

cell line AH-197 cisplatin KP1019
CCRF-CEM (leukemia) 4.3 438 24.9
HOP-62 (NSC lung) 5.0 4.5 100
BT-549 (breast) 14.4 14.8 59.8
HT29 (colon) 18.8 27.4 17.4
COLO 205 (colon) 5.5 56.0 53.6

no effect on the electrophoretic mobility of the plasmid
(Figure 4 lanes 1215). Similar ruthenium(lll)/DMSO-
containing compounds are hypothesized to act on tumor cells
through a different mechanism than cisplatin, not necessarily
involving DNA binding3253

NCI's 60 Cell in Vitro Cancer Screenings.AH-197 was
accepted to the NCI's Developmental Therapeutics Program
in vitro screening. A general comparison of thed@alues
for the NCI-60 cell lines for AH-197, cisplatin, and KP1019
revealed that AH-197 has an intermediate cytotoxicity
compared to the other two compounds (Supporting Informa-

sphere (Tables 2 and 3) are reasonable when compared tdion). ICso values for selected cell lines that show interesting

similar monomeric and pyrazine-bridged ruthenium(lll) and
platinum(ll) complexes previously reportétt>*¢ ORTEP

results are presented in Table 4. As shown, AH-197 and
cisplatin were almost equally effective in CCRF-CEM

diagrams can be seen in Figures 2 and 3. In the cis complexleukemia cells (IGo = 4.3 and 4.8:M, respectively), HOP-

(AH-197), the angle between the P}z, square plane and
the plane of the pyz ring is 65.7Ghor the N1/N2 pyz and
68.8(4Y for the N3/N4 pyz. The trans complex, as stated in

62 NSC lung cells (I = 5.0 and 4.5:M, respectively),
and BT-549 breast cells (g = 14.4 and 14.8uM,
respectively). The I& results for KP1019 in HT29 colorectal

the Experimental Section, crystallizes with two independent cells, where efficacy of this compound exceeded cisplatin,

trinuclear units. In this complex, the angle between the PtClI
pyz square plane and the plane of the pyz ring is 52°1(1)
for the Pt1 molecule and 40.9(1jor the Pt1A molecule.

led KP1019 to clinical trials as a colorectal chemotherapeutic
drug>* The 1G; value for AH-197 in HT29 colorectal cells
was similar to that for KP1019. Most interesting was the

This is the principal difference between the two independent dissimilar result shown for another colon cancer cell line,
molecules in this structure. The larger values for the angles cOLO 205, for which AH-197 was found to be much more
on the cis complex are most probably due to steric hindrancepotent in inhibiting cell growth in this cell line than either

between the pyrazine groufisAlso, when considering the
N—Ru—Cl and S-Ru—Cl angles (Tables 2 and 3), it appears

that the chlorides cant slightly toward the pyrazine ring and
away from the DMSO ligand in each of the cis and the trans

complexes.
DNA Migration Studies. Cisplatin is known to form

intrastrand cross-links with guanine bases and bend DNA

thereby reducing its electrophoretic mobilft§2:51.52 The
concentration dependent inhibition of DNA migration due
to incubation with AH-197 is shown in Figure 4, suggesting
it tightly binds to DNA. To provide a basis for comparison,
incubation of DNA with cisplatin and N#&fansRuCl-

(DMSO)(pyz)] was also performed using the same concen-
trations and conditions. Interestingly, AH-197 appears to
have a greater effect on mobility than cisplatin at comparable

concentrations (compare Figure 4 lanes53with lanes
8—10) perhaps reflecting the greater size of AH-197. Not
surprisingly, NafransRuCL(DMSO)(pyz)] appears to show

(48) Tessier, C.; Rochon, F. Inorg. Chim. Actal999 295 25-38.

(49) Rochon, F. D.; Priqueler, J. R. Can. J. Chem2004 82, 649-658.

(50) Flores, A.; Peez, J. M.Toxicol. Appl. Pharmacol2001, 161, 75—
81.

(51) Williams, R. L.; Toft, H. N.; Winkel, B.; Brewer, K. Jnorg. Chem
2003 42, 4394-4400.

(52) Miao, R.; Mongelli, M. T.; Zigler, D. F.; Winkel, B. S. J.; Brewer, K.
J. Inorg. Chem 2006 ASAP.

cisplatin or KP1019.

The computerized, pattern-recognition algorithm, COM-
PARE, that was developed at the NCI was shown to correlate
biochemical mechanisms of action on the basis of the profile
of cell sensitivities produced from the screenittgé and
enables the evaluation and exploitation of data from all NCI
in vitro screenings. The profile for AH-197 was compared
to all synthetic compounds (standard COMPARE) as well
as to both cisplatin and KP1019 (matrix COMPARE).
Standard COMPARE queries resulted in insignificant cor-
relation coefficients €0.70, data not shown). Additionally,
very low COMPARE correlation coefficients were found in
the matrix queries; AH-197 yielded a correlation coefficient
of 0.19 when compared to cisplatin and 0.25 when compared
to KP1019 (0.6-1.0 range). The low COMPARE

(53) Grguric-Sipka, S. R.; Vilaplana, R. A.] ez, J. M.; Fuertes, M. A,;
Alonso, C.; Alvarez, Y.; Sabo, T. J.; Gofea-Vilchez, F.J. Inorg.
Biochem 2003 97, 215-220.

(54) Kapitza, S.; Pongratz, M.; Jakupec, M. A.; Heffeter, P.; Berger, W.;
Lackinger, L.; Keppler, B. K.; Marian, Bl. Cancer Res. Clin. Oncol.
2005 131, 101-110.

(55) Boyd, R. InCurrent Therapy in OncologyNiederhuber, J. E., Ed.;
BC Decker, Inc.: Philadelphia, PA, 1993; pp-122.

(56) Paull, K. D.; Hamel, E.; Malspeis, L. I&ancer Chemotherapeutic
Agents Foye, W. O., Ed.; American Chemical Society: Washington,
DC, 1995.
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coefficients suggest that AH-197 does indeed have a uniqueimportant when evaluating a modular compound such as AH-
profile of tumor cell sensitivities and therefore it is likely 197. Large proportions of cisplatin has been found to bind
that AH-197 has a novel biological mechanism of acfion. irreversibly to albumin and transferrin and thereby lose much
Like NAMI-A, AH-197 failed the usual in vitro screenings  of its antitumor activity while NAMI-A and KP1019 were
such as the NCI's due to low overall toxicity to the cancer found to bind reversibly to these proteins and retain their
cell lines. It is well-established that ruthenium(lll) com- heterocyclic ligandg36%¢1 Therefore, AH-197, which may
pounds are not toxic compared to platinum complexes andhave restricted binding properties for its platinum center due
hence do not yield the required 4 values®” One reason  to the attached ruthenium moieties, could well achieve better
for the low values may be the failure of the in vitro efficacy in its delivery to the tumor site. Recent combination
screenings to mimic the reduction potential that is found in therapy results using both cisplatin and NAMI-A on lung
the in vivo cancer environments. Nevertheless, both NAMI-A metastasis mouse models revealed an exceptional activity;
and KP1019 showed good results in treating cancer in vivo more than 60% of the animals were cured of the cahc®r.
and this led them to clinical tria®:3® AH-197 generally Concluding Remarks. AH-197 showed interesting be-
showed intermediate Kgvalues between those of KP1019 havior under our experimental conditions. AH-197 is quickly
and cisplatin. Given the above and our knowledge of and quantitatively reduced by ascorbic acid; therefore, the
NAMI-A and KP1019, leads us to conclude that, generally, compound may be activated by reduction as expected for
the cytotoxicity of AH-197 is due to the activity of the ruthenium(lll) compounds. The hybrid (cisplatiNAMI)
platinum center. Tumor environment has been found to be nature of our compound allows for the potential of combined
acidic and be favorable for the reduction of ruthenium(lll) efficiency of mechanisms and, perhaps, higher selectivity
to ruthenium(ll)?® Under such conditions KP1019 and against both neoplastic tumors and metastatic cancer. Al-
NAMI-A were found to respond differently; a chloride ligand  though AH-197 was not chosen for continued studies by the
is the first ligand of KP1019 to hydrolyze upon reduction, NCI due only to its lack of overall cytotoxicity, this is not
whereas, for NAMI-A, the imidazole ligand trans to DMSO  a grave concern. It has been very recently reported, for
is the first to hydrolyzé3>9Therefore, upon reduction, AH-  several reasons, that the existing screening procedures are
197 might fragment into one platinum(ll) and two ruthenium- in need of updating as many of the most promising new
(Il) centers, which could result in better inhibition of cell pharmaceuticals have “failed” the NCI screening which does
growth exerted by the cisplatin-like moiety while the two not account for the possible in vivo activity of weakly
ruthenium(ll) centers could follow NAMI-A-like behavior  cytotoxic drugs’ %4 We look forward to further testing of
and reduce metastasis. Another possible advantage of comeur new class of compounds and the related analogues that
bining the ruthenium(lll) and platinum(ll) moieties stems we are preparing.
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