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Three ruthenium(lll) complexes containing 1H-1,2,4-triazole (Htrz), viz., (Hatrz)[cis-RuCly(Htrz),], 1, (Hatrz)[trans-
RuCly(Htrz),], 2, and (PhsPCH,Ph)[trans-RuCl,(Htrz),], 3, have been synthesized by reaction between RuCl; and
excess of the triazole in 2.38 M HCI (1 and 2), while 3 was obtained by metathesis of 2 and [PhsPCH,Ph]CI in
water. The products were characterized by IR, UV-vis, electrospray mass spectrometry, cyclic voltammetry, and
X-ray crystallography (1 and 3). X-ray diffraction study revealed cis and trans arrangements of the triazole ligands
in 1 and 3, correspondingly, and unprecedented monodentate coordination of the triazole through N2 and stabilization
of its 4H tautomeric form, which is the disfavored one for the free triazole. The cytotoxicity of 1 and 2 has been
assayed in three human carcinoma cell lines SW480, HT29 (colon carcinoma), and SK-BR-3 (mammary carcinoma).
Both compounds exhibit antiproliferative activity in vitro. Time-dependent response of all three lines to 1 and 2 and
a structure—activity relationship, i.e., higher activity of the trans-isomer 2 than that of cis-species 1, have been

observed.

Introduction

The therapeutic potential of both nonphysiological and
physiological metal ion complexes against tumor cells, is
well documented:1® Current efforts are focused to develop
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metal-based drugs with improved clinical effectiveness,
reduced general toxicity, and a broader spectrum of activity.
Among the non-platinum compounds exhibiting anticancer
properties, those of ruthenium are very promising, showing
activity on even such tumors which developed resistance to
cisplatin or in which cisplatin is totally inactive. Moreover,
in contrast to cisplatin, the toxic side effects of these Ru
compounds are remarkably low.

The first ruthenium compound (HinfJans-RuCly(im)-
(Me;S0)] (NAMI-A; im = imidazole) entered phase | clinical
trials in 1999 as an antimetastatic diigvhereas another
complex (Hind)fransRuCly(ind);] (KP1019; ind= indazole,
Figure 1) has entered phase | clinical trials in 2003 as an
anticancer drug which is very active against colon carcinomas
and their metastasés.Another (azole)Ru(lll) complex,
(Him)[transRuClL(im).], also prepared in our laboratory,
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Isomeric (1H-1,2,4-Triazole)Ru(lll) Complexes
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Figure 1. (Azole)Ru(lll) complexes.

exhibits strong antiproliferative activity in autochtonous
colorectal carcinoma in rat8.Remarkably, this complex
showed high antitumor activity in human colon carcinoma
cell lines (SW707 and SW948) in vitro comparable to that
of (Hind)[trans-RuCl(ind),] (KP1019)° On the contrary,

a related derivative, (HpzyansRuCL(pz)] (pz = pyrazole),
showed only marginal activity against those cell lines, giving,
however, an explicit indication on the effect of the nature
of the heterocycle on biological activity.

Herein we report on the synthesis, structure, unusual
binding mode of the heterocyclic ligand, and spectroscopic
properties of (triazole)Ru(lll) complexes containing isomeric
[cisRuCl(Htrz);]~ and fransRuClL(Htrz),]~ anionic spe-
cies. The cytotoxic activity of the two complexesfiz)-
[cis-RuCl(Htrz),]-H,0 (1) and (Htrz)[trans-RuCl(Htrz),]

(2) with isomeric structures assayed in vitro in three human
cell lines HT29 (colon carcinoma), SK-BR-3 (breast carci-
noma), and SW480 (colon carcinoma) showed (i) a clear
indication for structure-activity relationship, where thieans
complex is more active than thas one, and (ii) that the
activity against SW480 cell line is higher than that of (Him)-
[transRuCly(im)].

Experimental Section

Hydrated RuG was purchased from Degussa and-1,2,4-
triazole from Aldrich and used as received.

Synthesis of ComplexesA starting solution of “RuG’ was
prepared following the procedure described by Kralik e2al.
Hydrated Rud (5.00 g; 17.7 mmol) was dissolved in a mixture
of ethanol (96%)/1M HCI (250 mL, 1:1, v/v) and filtered off from
an insoluble material, and the filter paper was washed with

Searching for other potent antineoplastic agents structurally 5qgitional 5-mL portions of ethanol. The solution was refluxed on

related to (Hind)fransRuCl(ind);] and its imidazole deriva-
tive, we suggested the use dfi1l,2,4-triazole (Htrz) as a
heterocyclic ligand. The 2-position of the triazole is of the
“pyrazole” type, while the 4-position is of the “imidazole”
type (Figure 1). Looking for structureactivity relationships

stirring for 1.5 h, allowed to cool to room temperature, then
evaporated at 50C under reduced pressure to 38 mL, and diluted
with 1 M HCI to obtain 63 mL of the dark-red “ruthenium(lIl)
chloride” solution.

(Hatrz)[ cissRUCI4(N2-Htrz) 5]-H,0 (1) and (Hxtrz)[ trans-RuCl -

to be elucidated in this class of (azole)Ru(lll) complexes of (N*Htrz);] (2). The dark-red solution of Rugl(10.0 mL, 2.8

the type [RuCJL;]-, where L = azole heterocycle, we

intended to study the effect of aza substitution on the

imidazole or pyrazole ring, on the tumor-inhibiting activity

in vitro, which could further help to create other Ru-based

mmol) was added toH-1,2,4-triazole (2.00 g, 29.0 mmol). After
0.7 h, orange needles of §tiz)[trans-RuCly(Htrz),] (2) started to
form, and they were filtered off after 2.5 h. For the preparation of
1, the reaction system was left for 7 days, whereupon the
precipitated mixture of large red-brown crystals of tieproduct

effective metal-based drugs. We also (i) anticipated the (1) orange needles of theans product @), and impurities were

isolation of thecig/trans isomeric pair of [RuCj(Htrz),]~
and the study of antitumor activity of both isomers (previ-
ously [cisRuClL,]~, L =ind, im, pz, were neither isolated
nor, consequently, tested for their biological activity), and
(ii) expected that increased hydrophilicity of the triazole
might result in better aqueous solubility of the final
complexes in comparison with rather poorly soluble (Hind)-
[transRuCly(ind),], and that the increased solubility might
facilitate the galenic formulation for eventual clinical studies.
In addition, as will be discussed, theldl,2,4-triazole exists
in different tautomeric forms, and it might adopt in metal

separated by filtration. The red-brown crystalslafere separated
roughly by mechanical methods and purified by washing with five
3-mL portions of ethanol (96%) under ultrasound treatment (ca.
30 s), where all impurities and theans product were dissolved.
Compoundd and2 were washed with two 3-mL portions of ethanol
(96%) followed by two 3-mL portions of diethyl ether and dried at
room temperature in air. In the caselothe initial dark-red solution
of RuCk was seeded with (3trz)[cis-RuCL(N2-Htrz),]-H,O, which
was prepared with a very low yield-4%) by the same procedure.
(Hatrz)[ cissRUCl4(N2-Htrz) 5]-H,O (1). Yield: 0.28 g, 21%. The
complex is well soluble in water (10 mg/mL at 298 K), DMF, and
DMSO, slightly soluble in methanol and ethanol, and insoluble in

complexes both various ligating modes and those tautomericgiethy| ether. Mp= 135-140°C (dec). Anal. Calcd for gH4:.Ng-

forms which are disfavored for the free heterocy€l@he

Cl,RuO M, = 469.10 g/mol), %: C, 15.36; H, 2.58; N, 26.87; Cl,

latter makes the coordination chemistry of this ligand toward 30.23. Found, %: C, 15.47; H, 2.56; N, 26.60; Cl, 29.88. ESI-MS

ruthenium intriguing from the viewpoint of ligand reactiv-
ity.2t
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(—ve), mz. 380, [RUCk(Htrz),]—; 242, [RuCl]~. IR spectrum in
KBr, selected bands, crit 3450 s,bry(OH); 3149 s(CH), 626
vs; (ring torsion vibration). UV-vis (H;O), Amax NM €, M~ cm™1):

405 (shoulder, 780), 358 (2420).

(Hatrz)[ trans-RUCl4(N2-Htrz) 5] (2). Yield: 0.29 g, 23%. The
product is soluble in water (3 mg/mL at 298 K), DMF, and DMSO,
slightly soluble in methanol and ethanol, and insoluble in diethyl
ether. Mp= 140°C (dec). Anal. Calcd for gH;oNsClsRU (M, =
451.09 g/mol), %: C, 15.97; H, 2.23; N, 27.94; Cl, 31.44. Found,

(22) Kralik, F.; Vrestal, JCollect. Czech. Chem. Commui961, 26, 1298-
1304.
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%: C, 15.87; H, 2.43; N, 27.66; Cl, 30.89. ESI-MS\e): m/z
380, [RUCk(Htrz),]—; 242 [RuCl]~. IR spectrum in KBr, selected
bands, cm®: 3131 s(CH), 626 vs; (ring torsion vibration). U¥Y
vis (Hz0), Amax, M (€, M~1 cm™1): 420 (370), 365 (2745), 240
(9420).

(PhsPCHPh)[trans-RuCl4(N?-Htrz) ]-H,O (3). A solution of
(PhsPCH,Ph)CI (0.066 g, 0.17 mmol) in ethanol (3 mL) was added
to a solution of (Htrz)[transRuCl,(Htrz),] (0.075 g, 0.17 mmol)
in water (25 mL). The light-orange microcrystals which immediately
formed were filtered off, washed with ethanol and diethyl ether,
and dried at room temperature in air. Yield: 0.09 g, 77%. The com-
plex is soluble in DMSO, sparingly soluble in DMF and methanol,
and insoluble in water and diethyl ether. Mp195°C (dec). Anal.
Calcd for GgHzoNsRUCLOP M, = 752.44 g/mol), %: C, 46.29;

H, 4.02; N, 11.17; CI, 18.85. Found, %: C, 46.17; H, 4.03; N,
11.10; Cl, 18.65. ESI-MS—ve), m'z. 380, [RuCl(Htrz),] —; 242,
[RuCly]~; ESI-MS(ve), mz. 353, [PRPCHPh}". IR spectrum

in KBr, selected bands, crk 3470 s,bry(OH), 3145 m;»(CH),
625 m; (ring torsion vibration). UMvis (MeOH),Amax, M (€, M1
cm™1): 435 (380), 375 (3400).

Physical MeasurementsElemental analyses were carried out
by the Microanalytical Service of the Instituto SuperidchiEo in
Lisbon or on a Carlo Erba microanalyzer at the Institute of Physical
Chemistry of the University of Vienna. Infrared spectra were
recorded on a Perkin-Elmer FTIR 2000 IR spectrometer in KBr
pellets (4006-400 cntl). UV—vis spectra were recorded on a
Perkin-Elmer Lambda 20 U¥vis spectrometer using samples
dissolved in water or methanol. Electrospray ionization mass
spectrometry was carried out with a Bruker Esquire 3000 instrument
(Bruker Daltonic, Bremen, Germany). The given'z values,
originating from the most intense isotopes, were obtained by the
mass linearization procedure. Expected and experimental isotop
distributions were compared. Melting points were measured on a
Kofler-table (Leica Galen Ill). Cyclic voltammograms were mea-
sured in a two-compartment three-electrode cell using a 0.5-mm-
diameter platinum-disk working electrode or alternatively with an
glassy carbon electrode £4.0 mm), probed by a Luggin capillary
connected to a silver wire pseudo-reference-electrode and a platinu
auxiliary electrode. Measurements were performed at room tem-
perature using an EG&G PARC 273A potentiostat/galvanostat.

Deaeration of solutions was accomplished by passing a stream of

high-purity nitrogen through the solution for 10 min prior to the

e

m

Arion et al.

Table 1. Crystal Data and Details of Data Collection fbrand 3

1 3
empirical formula GH12NoClsORuU GoH3oN6ClsOPRuU
fw 469.12 752.43
space group P2i/c P2:/c
a, 9.474(2) 11.605(2)

b, A 8.794(2) 17.149(3)
c, A 18.343(4) 16.023(3)
B, deg 94.40(3) 97.81(3)
V, A3 1523.7(6) 3159.2(10)
z 4 4

A 0.71073 0.71073
Pcalcé 9 cnr3 2.045 1.582
cryst size, mm 0.14x 0.26x 0.31 0.015x 0.22x 0.35
T, K 120 120

u, et 17.42 9.20

R12 0.0225 0.0268
wR2 0.0568 6-0621
GOP 1.027 1.029

AR1= 3 ||Fo| — |Fe|l/3|Fol. PWR2= { Y [W(Fo? — F)2/ 3 [W(F)? ]} V2
¢ GOF= {3 [W(Fo? — FA/(n — p)} 2 wheren is the number of reflections
andp is the total number of parameters refined.

SHELXL-97 2> molecular diagrams, ORTE® computer, Pentium
II; scattering factorg?

Cell Lines and Culture Conditions. Three human cell lines
were used for cytotoxicity experiments as described: HT29 and
SW480 (adenocarcinoma of the colon) were kindly provided by
Brigitte Marian (Institute of Cancer Research, University of Vienna,
Austria), and SK-BR-3 (adenocarcinoma of the breast) was a gift
from Evelyn Dittrich (General Hospital, University of Vienna,
Austria). Cells were grown as adherent monolayer cultures in min-
imum essential medium (MEM) containing 10% heat-inactivated
fetal bovine serum, 2 mM-glutamine, 1 mM sodium pyruvate,
50ug/mL streptomycin, and 50 U/mL penicillin (all purchased from
Gibco). Cultures were maintained at 3T in a humidified
atmosphere containing 5% GO

Drug Cytotoxicity. Monolayer cell cultures were trypsinized,
and single-cell suspensions were obtained by repeated pipetting.
A final cell density of 3x 10% 1.5 x 10* and 3x 10* cells/mL
for HT29, SW480 and SK-BR-3, correspondingly, was prepared
in complete culture medium, and 200 cell suspension was added
to each well of a 96-well microculture plate. On the day following
plating, medium was removed, and compounds were added at the
respective concentrations dissolved in complete culture medium.

ach concentration was given to eight microcultures in parallel.
The MTT assay was performed after the cells had been incubated
for 24 and 96 h. Cells treated for 24 h were incubated in drug-free

measurements and then maintaining a blanket atmosphere 01E
nitrogen over the solution during the measurements. The potentials
were measured in 0.2 Mh{BuN][BF4/DMF, at a scan rate of

200 mV/s, and are quoted relative to the ffeCsHs)2]%* redox
couple E1,°* = 0.72 V vs NHE)?® which was used as internal
standard, employing a platinum disk working electrode.
Crystallographic Structure Determination. X-ray diffraction
measurements were performed on a Nonius Kappa CCD diffrac-
tometer at 120 K. Single crystals were positioned at 35 and 30
mm from the detector, and 676 and 341 frames were measured
each for 10 and 120 s over a 1.Bnd 2 scan forl and 3
correspondingly. The data were processed using Denzo-SMN
software. Crystal data, data collection parameters, and structure
refinement details fot and3 are given in Table 1. The structures

culture medium for a further 72 h before the MTT dye was added
whereas the MTT reaction was performed immediately after drug
exposure in the case of the 96 h treatment. 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliumbromide (MTT) was dissolved in aqua
tridest at 5 mg/mL, and 2@L was added to each well already
filled with a fresh 15QuL portion of complete culture medium and
incubated fo 4 h at 37°C. Afterward, the precipitated dye was
dissolved in 15Q:L DMSO, and optical densities were measured
at a wavelength of 550 nm by means of a microplate reader (Tecan
Spectra Classic). Each experiment was performed in triplicate, and
evaluation is based on means.

were solved by direct methods and refined by full-matrix least-
squares techniques. Non-hydrogen atoms were refined with aniso-

(24) Sheldrick, G. MSHELXS-97, Program for Crystal Structure Solution
University Gdtingen: Gitingen, Germany, 1997.

tropic displacement parameters. H atoms were located on difference(25) Sheldrick, G. MSHELXL-97, Program for Crystal Structure Refine-

Fourier maps and isotropically refined. The following computer
programs were used: structure solution, SHELXS“g&finement,

(23) Barrette, W. C., Jr.; Johnson, H. W., Jr.; Sawyer, DAflal. Chem
1984 56, 1893-1898.
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ment University Gdtingen: Gitingen, Germany, 1997.

(26) Johnson, C. K. Report ORNL-5138; Oak Ridge National Laboratory:
Oak Ridge, TN, 1976.

(27) International Tables for X-ray CrystallographKluwer Academic
Press: Dordrecht, The Netherlands, 1992; Vol. C, Tables 4.2.6.8 and
6.1.1.4.



Isomeric (1H-1,2,4-Triazole)Ru(lll) Complexes

Scheme 1
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Figure 2. Part of the crystal structure df showing the formation of a
@ @ stack pair byr— interaction between two adjacent triazole ligands. Atoms
B HN T marked with i, ii, and iii are at the symmetry positionsx(+ 1, -y + 1,
4_\\ -z+1),x—1,y,2,and x+ 2, -y + 1, —z + 1), respectively.
X AN
N - Table 2. Bond Lengths (A) and Angles (deg) in the Coordination
Cl Cl
[PhsPCH,Ph]" \Rlu/ [PhPCH;Ph CT Polyhedron and in the Coordinated Triazole Ligandd aind3
N~ -
Cl/]\ll cl [HatrzCl atomt-atom2 1 3A 3B
7
N\ w Rul-N2 2.0627(10) 2.0668(13)
\_NH Rul-N7 2.0733(10)
Ru2-N7 2.0575(14)
3 Rul—Cl1 2.3663(6) 2.3493(6)
) ) Rul-CI2 2.3628(6) 2.3591(86)
Results and Discussion Rul-CI3 2.3870(5)
. L Rul—Cl4 2.3478(5)

Synthesis and Characterization of ComplexesRuthe- Ru2—CI3 2.3557(7)
nium(lll) chloride reacts with an excess dfldl,2,4-triazole Ru2-Cl4 2.3671(9)
in 2.38 M HClI solution (where the heterocycle exists as the N1-N2 1.3775(13)  1.3734(18)
triazolium salt; X, = 2.559) to give two products isolated N2~C3 1.3205(15) 1.8146(19)

sall; Ra = 2. g p C3-N4 1.3483(15)  1.340(2)
as the solid (Hrz)[cis-Ru" Cl,(Htrz),]-H.O (1) as large red- N4—C5 1.3554(15) 1.341(2)
brown blocks and (ktrz)[trans-Ru" Cl,(Htrz),] (2) as orange C5-N1 1.3127(15) 1.312(2)
needles (Scheme 1). While the cr N6-N7 1.3868(14) 1.3783(18)
: ystalsloproved o be N7—C8 1.3127(15) 1.313(2)
suitable for an X-ray structure determination, our attempts cg-no 1.3461(15) 1.341(2)
to prepare single crystals 8ffor an X-ray data set collection ~ N9—C10 1.3516(17) 1.343(2)
resulted in crystals of rather poor quality, which however C10-N6é 1.3164(16) 1.316(2)
. . atomt-atom2-atom3 1 3A 3B
permitted us to establish theans arrangement of the two N1-N2—C3 108.21(9) 107.48(12)
triazole ligands in the complex anion. In addition, a metath- N2-c3-N4 109.14(10) 109.70(14)
esis reaction betweef and triphenylbenzylphosphonium  C3-N4-C5 105.85(10) 105.90(13)
chloride has been carried out to obt&iScheme 1), which ~ N4~C5-N1 110.57(10)  110.46(14)
. . . C5-N1-N2 106.24(9) 106.46(13)
was studied by X-ray crystallography (see following descrip- ng—n7-C8 108.63(9) 107.81(13)
tion). Complexesl and 2 show, as expected, better water N7-C8-N9 109.23(10) 109.95(14)
solubility than the indazole derivative (HinthinsRuCl- ﬁg—'éi;cdg :ffgg((ll%) %ffff((llg))
(ind).]. Aqueous solubility is often the major problem  J, (e \7 105:23(10) 105:69(13)

precluding the clinical use of potent metal-based drugs. Note
also that the solubility ofl is significantly higher than that  and differs, as expected, from thatZfin which three bands

of 2 (see Experimental Section). The negative ion ESI massat 240 nm ¢ = 9425 M*cm™), 365 nm € = 2745
spectra ofl—3 showed a 100% intense peaknalz 380 due M~tcm™), and 420 nm{ = 370 M~ cm™1) are observed.

to [RU" Cl4(Htrz),] ~ ions. Their isotopic patterns in the mass The latter two bands are red-shifted in methanol solution of
spectra agree well with the calculated isotopic distribution. 3 to 375 nm € = 3400 Mt cm™) and 435 nm { = 380
Another peak observed in all three cases was detected aM~* cm™1), which can presumably be assigned to chloride
m/z 242 and corresponds to the [R@l,]~ ion. The positive pr — Ru dr LMCT transitions?®

ion mass spectrum ¢ displayed a peak atvz 353 arising Crystal Structures. The asymmetric unit ol contains

from the PRPCH,Ph' cation. an essentially octahedral anion [Rultrz),] -, the triazo-
The electronic absorption spectrum bin water shows lium cation, and a water molecule. A part of the crystal

one band with an absorption maximum at 358 rn+(2420 structure ofl is shown in Figure 2. Selected bond distances

M~1cm™) and a shoulder at405 nm € = 780 Mt cm™) and angles are quoted in Table 2.

(28) Potts, K. T.Chem. Re. 1961, 61, 87—127. (29) Rack, J. J.; Gray, H. Bnorg. Chem.1999 38, 2—3.
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Figure 3. View of two independent complex anions 8f(A and B),
showing the atom-labeling scheme. Displacement ellipsoids are drawn at
the 50% probability level.

The ruthenium(lIl) atom is bound to twajs arranged to
each other, monodentate triazole ligands and four chloride - A Part of th ol structure & showing the formation of

. . igure 4. Part of the crystal structure & showing the formation of a
anions. The RttN2 and Ru-N7 bpnd distances at 2'0627,_ (100) sheet built from complex anions and water molecules. Atoms marked
(10) and 2.0733(10) A, respectively, are comparable with i and ii are at the symmetry positions, §/, z + 1) and £, 0.5+ y, 0.5
those in (PEP)[transRuCl(ind);] at 2.0517(21) and 2.0711-  — 2, respectively.

30 i i i i

(22) _A' The_t”aZOle ligands coordinated via N2 and N7 Table 3. Bond Lengths (A) and Angles (deg) in the Triazolium Cation
are tilted relative to the mean plane through RuN2N7CI3Cl4, in 1

the corresponding angles being at 4a8d 138.7. The Ru-

- . atomt-atom2 1
Cl bond distances (Table 2) are normal for ruthenium(lll)

133 L . N11-N12 1.3644(16)
complexes$! 32 The most striking feature, however, is the N12-C13 1.3070(18)
stabilization of the ¥ tautomeric form of the 1,2,4-triazole C13-N14 1.3556(18)
in this species through binding of the ligand via N2 to N14-C15 1.3295(17)

; : C15-N11 1.3116(16)
ruthenium(lll) ion. To the best of our knowledge, no such atomLatom2—atom3 1
behavior has been observed for any other metal ions so far, N11—-N12—C13 103.69(11)
and this gives a novel example for predominant stabilization N12—C13-N14 111.44(12)
by complexation of a tautomer which is the minor one in C13-N14-C15 106.37(11)
h tal-free ligandé N14—C15-N11 107.24(12)
the me 9 : C15-N11-N12 111.25(11)

It is worth mentioning the formation of stacked pairs of
[RuCly(Htrz),]~ through 7—x intermolecular interaction  and 2.0575(14) A compare well with those dis species
between triazole planes as shown in Figure 2. For the triazole1. Thetrans-arranged triazole ligands are almost parallel to
rings of adjacent anions, the minimum distance between theeach other and bisect the angles €Rul—CI2 and CI3-
ring centroids of the interacting species is ca. 3.38 A, with Ru2—Cl4 in 3A and3B, correspondingly. The torsion angles
the planes separated by 3.10 A. In addition, the built dimeric N1—N2:--N2A—C3A and N6-N7---N7A—C8A are at
species is stabilized by strong H-bonding interactions. All 3 3» and —0.8°> in 3A and 3B, respectively. Like inl, the
nitrogen atoms of the coordinated triazole ligands are triazole ligands adopt the Hi tautomeric form, being
involved in hydrogen bonding. The hydrogen atoms of the coordinated through N2 in the nomenclature used fér 1
water molecule appear to take part in two bifurcated or 44-1,2,4-triazole. The RuCl bond distances vary from

hydrogen bonds, involving ClI2 and CI3. Other intermolecular 2.3493(6) to 2.36.71(9) A and do not present unexpected
contacts involving the triazolium cation and water molecule features.

are shown in F‘Q“re 2 . . The packing diagram reveals a layered structure composed
_The asymmetric unit d8 contains two crystallographically ¢ gitemating sheets of hydrogen bonded anionic [RuCI
distinct RuCj(Htrz) moieties, each of them being a half of (Htrz),] - species, water molecules (Figure 4), angFbHb-

the trans[RuCly(Htrz),] ", with Rul and Ru2 situated on  pp+ cations. Between sheets there are weak interactions of
crystallographic inversion points, a f#CHPh" cation and the C—H-+-Cl type.

a water molecule. Both Rul and Ru2 are coordinated by a

pair of symmetry relatedranstriazole ligands and four Although the structures of both isomeric species have been

symmetry related chloride ions in an octahedral manner. Theunequwo_call)_/ established by X-ray _crystallography, the mode
of coordination of 1,2,4-triazole in them deserves some

structures of the complex anio®# and 3B are shown in dditional ts which : i the followi
Figure 3. Selected bond distances and angles are given jpacditional comments which are given in the loflowing

Tables 2 and 3. The RuIN2 and Ru2-N7 at 2.0668(13) ~ Paragraphs. _ o
Coordination Mode of Triazole. The coordination chem-
(30) Peti, W.; Pieper, T.; Sommer, M.; Keppler, B. K.; GiesterEar. J. istry of 1,2,4-triazole shows interesting featufésnainly
Inorg. Chem.1999 1551-155S. because of the diverse modes of binding to metal ions and
(31) Alessio, E.; Balducci, G.; Lutman, A.; Mestroni, G.; Calligaris, G.; . .
Attia, W. M. Inorg. Chim. Actal993 203 205-217. tautomerism. There are known two NH-tautomeric forrhis 1
(32) Jasval, J. S.; Rettig, S. J.; James, BCR1. J. Chem199Q 68, 1808~ and 4 for 1,2,4-triazole, which differ from each other in
(33) 1A?és7§io E.. Balducci, G.. Calligaris, M. Costa, G.: Attia, W. M.; electron distribution and in the position of a relatively acidic
Mestroni, J.Inorg. Chem.1991, 30, 609-618. NH group.
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Figure 5. Tautomeric forms of 1,2,4-triazole.

The speciesH(A) and H(B) are statistically distinct, but
energetically equal (Figure 3).Therefore, it implies that
the 1H tautomer is twice as probable ad.4Dipole moment
measurements of 1,2 4-triazole in dioxane indicated the
presence of some amount oH4automer in solutiod®
Analogously,’®N NMR studies showed the presence of about
40% of H-tautomer in concentrated solutions of Htrz in
methanoP® In the solid, Htrz crystallizes exclusively as a
1H-tautomer’3° However, the #-tautomer can be stabi-
lized upon ligation to metal centers. In addition, 1,2,4-triazole

(NO3); (mecyt = 1-methylcytosinatdf and in a helical
polymer complex [AYtrz)(PPh),]..%* The H tautomer
stabilization occurs probably when the N1, Bizdobridging
mode is adopted, as in [Cu{Htrz)],5? [CuBray(Htrz)],>3 [Nis-
(HtrZ)e(Hzo)s](NO3)5,54’55 [MOO3(HtrZ)0_5]n,56 [Rh'g(,u—Htrz)-
(173-CgHs)g],5” or [Ag(NOs)(Htrz)]..%8 The triply bridging
triazolato group has been documented for ZnCIGHE) Cue-
(trz)2} V4012)n,%° and two rhodium(l) complexes [Rlus-trz)-
(u-CI)Cl(5*tfbb)(CO)]-0.5CHCI, (tfbb = tetrafluoroben-
zobarrelené} and [Rhy(u-Cl)Cl(us-trz)(i73-CsHs)(CO))
0.5GHCl,.57

In both isomers, the coordination of 1,2,4-triazole to
ruthenium via N2 has been found. These are the first known
complexes in which triazole acts as a monodentate ligand
being bound via N2 to a metal ion. The N2 atom in triazole
is less basic than N#;therefore, such a behavior is rather
unexpected. The reason is probably the acidic reaction
medium, which is needed to avoid the deprotonation of the

can act in metal complexes as a neutral ligand or as alH-1,2,4-triazole upon coordination. Moreover, we suggest

triazolate anion (trz). Moreover, the H-1,2,4-triazole can
easily be derivatized. More than 200 X-ray diffraction
structures are well document&thf them only 10% concern

that N4 is easily protonated under these conditions and N2
possessing a lone pair is probably imposed to coordinate to
ruthenium with subsequent rearrangement of the azole ring

the metal complexes of the unsubstituted 1,2,4-triazole. Thisdouble bonds and deprotonation at N1, due to the polarization
behaves as monodentate ligand coordinating to the first roweffect of R, which is more close to the positively charged

or second row transition metal ion through N4 ([IM80Qy)-
(Htrz)(H20)],*° [CA(NCS)(Htrz),],** [FeCh(bpy)(Htrz)];*

or Zn(ll) in human carbonic anhydr&Sewhen neutral or
via N1 ([Au(trz)(PPhR)]2,** [PhC(CH),CH,]3Sn(trz)°) when
deprotonatedexaDidentate linking of metal ions through
two nonadjacent nitrogens is a feature of both triazole and
triazolate ligands. Thexodidentate N2, N4 binding mode
was found in a number of compounds with general formulas
[M"(NCS)(Htrz),], where M= Fe? Co/"*¢Mn,* Zn, and
Cu?” exoDidentate N1, N4 linking of triazolate anion has
been discovered ittans{ [(NHMe),Pt! (mecytyPd'](trz)} -

(34) Claramunt, R. M.; Lpez, C.; Garcia, M. A.; Otero, M. D.; Torres,
M. R.; Pinilla, E.; Alarcm, S. H.; Alkorta, I.; Elguero, New J. Chem.
2001 25, 1061-1068.

(35) Mazheika, I. B.; Chipen, G. |.; Hiller, S. Ahim. Geterotsikl. Soedin.
1966 776-781.
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(43) Driessen, W. L.; De Graaf, R. A. G.; Vos, J. Bcta Crystallogr.
1983 C39 1635-1637.

(44) Mangani, S.; Liljas, AJ. Mol. Biol. 1993 232, 9—14.

(45) Nomiya, K.; Noguchi, R.; Ohsawa, K.; Tsuda,XChem. Soc., Dalton
Trans.1998 4101-4108.

(46) Engelfriet, D. W.; Verschoor, G. @cta Crystallogr1981 B37, 237—
240.

(47) Engelfriet, D. W.; Den Brinker, W.; Verschoor, G. C.; GorterASta
Crystallogr. 1979 B35 2922-2927.

(48) Engelfriet, D. W.; Groeneveld, W. L.; Groenendijk, H. A.; Smit, J.
J.; Nap, G. M.Z. Naturforsch.198Q 35a 115-128.
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metal center than N4.

Cyclic Voltammetric Studies. The cyclic voltammograms
of 1 [Figure 6 (top)],2, and3 [Figure 6 (bottom)] in DMF,
at a platinum disk working electrode, at the scan rate 200
mV/s, display one single-electron oxidation wave&)(that
meets the usual reversibility and diffusion controlled electron-
transfer criteria, aE;,°>* = 0.33, 0.46, and 0.45 V versus
FcH/FcH, respectively, assigned to the Ru(lll) to Ru(IV)
oxidation, and one irreversible reduction waveY( at Eye
—1.23,—1.24, and—1.26 V, correspondingly, due to the
Ru(lll) to Ru(ll) reduction. Another irreversible reduction
wave is observed aEy*? = —0.92 V in 1 and 2, but it
disappears i3, or when a glassy carbon working electrode
is used inl or 2, and is associated to the reduction of the
protic counterion Hrz*. Irreversible oxidation waves &>
= —0.82,-0.63, and 0.66 V irl, —0.88,—0.64, and 0.67
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Figure 6. Cyclic voltammogram ofl in DMF at scan rate 200 mV/s with & 100 4 2(96 h): 169 20 pM
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with a glassy carbon working electrode (bottom). Asterisk indicates reduction -
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Vin 2, and—0.86,-0.66, and 0.64 V irB are detected upon = 5 ]
scan reversal following the cathodic scan. 0
The current function igu—1/2<;-l, where i, is t_he peak 10 100 1000 10000
current,v is the scan rate, anglis the concentration) of the Concentration of 1 and 2 (uM)

ox@aﬂpn Wa\{e at_0'82_m1’ —0.881in2, or—0.86 Vin 3,’ Figure 7. Dose-response curves of the complexesll 96 h,O0 24 h),
which is maximum at higher scan rates, decreases with theand2 (@ 96 h; © 24 h) in colon carcinoma cells SW480 (top) and HT29
decrease of the scan rate with concomitant increase of the(middle) and in mammary carcinoma cells SK-BR-3 (bottom) after 24 h
current function of the oxidation wave at 0.63 in1, — g”g]gemr;;’; %’;ptﬁf:éei#é‘:génségg?zg;‘migggss(pH 7.4). Each data point
0.64 in 2, or —0.66 V in 3. This indicates the cathodic

¢ i £ an int diat dized at the f Lever's redox potential parametrization apprdactor
ormation ot an intermediate (oxidized at the ormer wave) octahedral complexes of reversible'"RRU' couples assum-
that is further converted into the thermodynamic product

dized at the latt hich is bett t] ing ligand additivity allows us to estimate the redox potentials
oxidized at the latter wave, which 1S better seen at lower ¢, complexes. The thus calculated potentig);®? =

scan rate.s (E|gures SB4). ) ) ) —1.26 V (estimated by considering tig value of 0.18 V

The oxidation wave at 0.66 i, 0.63 in2, or 0.64 V' in versus NHE for the 1,2,4-triazole ligand, in complexes
3can b_e aSS|gnf3d to the oxidation of chloride, liberated upon ¢, dies in organic solvents), is in very good agreement with
cathodic reduction of the complexes as kné¥to occuron  yhe measured reduction potentials (see preceding details),
chemical reduction of Ru(lltychloro complexes. Thisis also  5ithough the latter correspond to irreversible waves and to
consistent with reported observatishsor this type of  yhe ynysual N2-coordination mode of 1,2,4-triazole. How-
complexes and is further supported by the fact that addition ever, one should mention that this agreement in organic
of [PhePCHPh]CI to the solution revealed chloride oxidation  gqyents cannot be extrapolated to aqueous medium, where
at ca. 0.65 V. Comparison of the oxidation potentials of the e RW/RU' redox potentials shift anodically and are pH
various complexes indicates that ttisisomer (inl) is easier dependent as already demonstrated for (HirajisRuCl-
to oxidize than théransone (in2 and3), indicating a more (im)2].% Further investigation of our systems in aqueous

stabilized HOMO in the latter isomer. media is under way.
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Alessio, E.Inorg. Chem.2002 41, 4033-4043. G.; Sadler, P. JJ. Chem. Soc., Dalton Tran&994 3305-3310.
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Cytotoxicity in Human Carcinoma Cell Lines. Re- unprecedented monodentate coordination of triazole via N2
sponses of SW480, HT29 (colon carcinoma), and SK-BR-3 and stabilization of the K tautomeric form have been
(mammary carcinoma) cells to continuous exposure to observed. This work demonstrates the availability of both
various concentrations of and 2 for 24 and 96 h are isomers for complexes of the type [RuC)]~ and makes
presented in Figure 7. Two remarkable features becomethe search focis isomers with species other than triazole
evident: (i) Time-dependent response of all three cell lines heterocycles relevant. The performed preparative studies gave
to 1 and2 has been observed. No marked antiproliferative a unique opportunity to carry out structuractivity relation-
effect is seen after 24 h of drug-exposure time in concentra- ships for such type of complexes. Compoutdsd2 show
tions up to 200Q:M; in neither case was the igreached. considerable in vitro antitumor activity in three human cell
In contrast, the effect is evident after 96 h. This can be due lines: SW480, HT29, and SK-BR-3, the activity against
to slow activating reactions of the complexes in the medium SW480 being higher than for (HintyansRuCl(im),]. It is
or slow incorporation mode into the cell. Which of these worth mentioning that in contrast to P\ Hs)., where the
mechanisms is responsible for this observation has to betransspecies exhibits only marginal tumor-inhibiting activity,
determined by further experiments. The fact that the markedthe activity of trans product2 was superior to that ofis
time dependence of the cell damage is observed despitecomplexl, suggesting another mechanism of action than that
extended postincubation after the 24-h treatment indicatesfor cisplatin. As expected, both isomeric species are signifi-
that intracellular activation of the compounds cannot explain cantly more water-soluble than the indazole derivative
this effect. (ii) The structureactivity relationship is worth (Hind)[transRuCly(ind),], which suggest them as compounds
mentioning. Thetrans isomer, 2, shows higher antiprolif-  of great potential for development as anticancer drugs.
erative activity in all three human carcinoma cell lines, as Studies on their anticancer activity in vivo, hydrolytic
compared tocis compoundl, the difference being more  stability, interaction with biologically relevant targets, and
pronounced on colon carcinoma cells than on the mammarycell uptake of Ru species are under way in our group.
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Final Remarks. For the first time, bothtrans and cis

isomers of (azole)Ru(lll) complexes of the type [RyG]~,
where L= azole heterocycle, have been prepared, in which
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