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Abstract

Several Ru(ll) and Ru(lll)-dimethylsulfoxide (DMSQO) complexes, that are not cytotoxic in vitro, are endowed with anticancer and, in
particular, antimetastatic activity against animal tumor models. One possibility for explaining the activity of such compounds against dis-
seminated tumors is that they interfere with NO metabolism in vivo. Thus, we investigated the reactivity of ruthenium—chloride-DMSO
complexes towards NO with the aim of producing well-characterized models to be used as reference compounds in subsequent biomimetic
studies. In this contribution, we report on the synthesis, spectroscopic, structural and electrochemical characterization of anionic (e.qg.
[(DMSO),H][trans-RuCl(DMSO-0)(NO)] (@)), neutral (e.gmer,cisRUCkL(DMSO-0O)L(NO) (2)) and new cationic (e.gcis,fac-RuCh-
(DMSO-O)(NO)][BF,4] (9)) Ru-DMSO nitrosyls, derived from both Ru(ll) and Ru(lll)—chloride—-DMSO precursors. Coordination of the
strongm-acceptor NO favors coordination of DMSO ligands through oxygen (DMSO-O) to avoid competitiandtactrons. The reac-
tivity of some Ru—-DMSO-NO complexes towards heterocyclic N-ligands, leading to compounds such #@s][¢har)s-RuCL(Im)(NO)]

(Im = imidazole 6) and cis,mer-RuChL(py)s(NO)][BF,] (py = pyridine,10), is also described. The spectroscopic and X-ray structural features
for all these complexes are consistent with {fRai(NO)}® formulation, that is a diamagnetic Ru(ll) nucleus bound toNBlectrochemical
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measurements on the Ru—NO complexes showed that they are all redox active in DMF solutions and the site of reductiort isthietNO
With the exception ofl0, the reduced complexes are not stable and rapidly release theadioal.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Ruthenium; Dimethylsulfoxide; Nitrosyl; NO-releasing agents; Anticancer

1. Introduction unrelated to interactions with DN8]. One possibility for
explaining the activity of NAMI-A against disseminated

The high affinity of ruthenium for NO is well documented tumors is that it interferes with NO metabolism in vivo.
[1]. Compounds of this metal with readily available coor- Nitric oxide is known to play an important role in many
dination sites are being investigated as NO scavengers (e.gbiological functiong9] and recently it was demonstrated to
for the treatment of septic shock]. On the other hand, be involved as mediator in one tumor-induced angiogenic
ruthenium nitrosyl complexes are investigated as controlled process, which is a key step in the formation of metastases
NO-releasing agents for medicinal applicati¢®gl], in par- [10]. NO is also known to interact in vivo with iron proteins
ticular for the control of high blood pressure (vasodilatation), [11]; thus, ruthenium action might also occur through an
and as antitumor agents which might release cytotoxic NO iron-mimicking mechanism.
within tumor cells, thus leading to cell death. Most octahe- ~ Within this general framework we previously reported
dral ruthenium-nitrosyls feature the linegRu(NO)}® moi- the reactivity of Ru(ll) and Ru(lll)—chloride-DMSO com-
ety, that is a diamagnetic Ru(ll) center bound to N{3]. plexes and of NAMI-A towards NO and reactions of the
Modulation of NO release can be induced by one-electron resulting nitrosyls with heterocyclic N-ligands to give spec-
reduction[3], which occurs at the NO to yield coordinated  troscopically and structurally well-characterized models
NO?®, or by photolysid4]. (1-8) (Schemes 1-6])12]. We report in this article on the

In the last few years we prepared several Ru(ll) and further characterization of some of these and on the syn-
Ru(lll)—dimethylsulfoxide (DMSO) complexes that are not thesis, spectroscopic, structural and electrochemical char-
cytotoxic in vitro but are nevertheless endowed with anti- acterization of several new complexes. These will be used
cancer activity against animal tumor modg#$. One such as reference compounds in subsequent biomimetic studies
compound, [ImH]frans-RuCL(DMSO-S)(Im)] (NAMI-A, in physiological conditions aimed to understand whether
Im = imidazole), while not particularly active against the the antimetastases activity of some ruthenium—DMSO com-
growth of primary tumor, is very effective in selectively in- plexes might be due to their in vivo interactions with NO.
hibiting the formation and growth of spontaneous metastases
[7]; for this reason, in 1999 NAMI-A was introduced into
phase | clinical trials. 2. Experimental

The low cytotoxicity of NAMI-A and related Ru—-DMSO
complexes suggests that their primary mechanism of action Compoundsl-8 were prepared according to the proce-
is different from that of cytostatic Pt drugs and might be dures already described by [i2,13] UV-vis spectra were
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a Bruker Avance 400 instrument. All spectra were run at
room temperature. Proton peak positions were referenced to
sodium 2,2-dimethyl-2-silapentane-sulfonate (DSS) 40D
and to the peak of residual non-deuterated solvent set at
3 = 4.33 ppm in CBNOy. Carbon peak positions were ref-
erenced to the central peak of nitromethane sét-at62.8
ppm. A CDCj solution of GHs5CRs (set até = —67.73
ppm) was used as external standard for fluoride spectra. In-
frared spectra were recorded on a Perkin—Elmer 983G spec-
trometer. ESI mass spectra were obtained in methanol on a
Perkin—Elmer AP1 instrument working in the positive ion-
ization mode. Elemental analysis (C, H, N) was performed
at the Dipartimento di Scienze Chimiche, Universita di Tri-
este. Electrochemical studies were performed in DMF/0.1
M [NBu4][BF4] as detailed previously12,13] Reference
electrode: Ag/AgCIl. Working electrode: Pt microelectrode
for cyclic voltammetry and Pt basket electrode for coulomet-
ric experiments. Counterelectrode: Pt rod. Solutions were all
purged with N prior to electrochemical study.

2.1. [cis,fac-RUCI,(DMSO-O)3(NO)] [BF4] (9)

This complex was prepared according to Scheme 7 as
follows: 0.13 g of AgBR (0.67 mmol) was added to a solu-
tion of mer-RuCk(DMSO-O)(NO) (0.250 g, 0.635 mmol)
in 15 ml of nitromethane and 0.15 ml of DMSO. The mix-
ture was refluxed fio2 h and then filtered to remove AgCl.
The dark-red solution was concentrated to an oil and then
redissolved in 10 ml of acetone, and diethyl ether (1 ml)
was added. The product precipitated slowly as a pink orange
microcrystalline solid from the solution stored at@ and
was removed by filtration, washed with cold acetone, di-
ethyl ether and vacuum dried. A further crop of product was
obtained from the concentrated mother liquor upon addition
of a small amount of diethyl ether. Yield: 0.14 g (42%). The
product was recrystallized from acetone upon addition of
diethyl ether. MW: 523.17 [gH1gN1BCIl>F4,04S3Ru]. Ele-
mental analysis—Calc.: C, 13.7; H, 3.47; N, 2.68. Found:
C, 13.8; H, 3.83; N, 2.84%. ESI-M®&ve = 436.7 (Calc. for
[RUClL(DMSO-0O%(NO)]T, 436.3).1H-NMR spectrum in
D20 (ppm): 3.09 (s, 6H, DMS@®), 2.98 (s, 6H, DMSQ9),

2.96 (s, 6H, DMS0O). 3C{*H}-NMR spectrum in RO

obtained on a Jasco V-550 spectrometer in quartz cells.(ppm): 34.9, 34.8, 34.7 (DMS@). Selected IR (KBr,
IH-NMR and'3C-NMR spectra were recorded at 400 and cm2): vy=0, 1899 (vs):(BF4™), 1069 (vS)wso, 911 (Vs,
100.5 MHz, respectively, on a JEOL Eclipse 400 FT instru- DMSO-O); vru—o, 519, 498 (m);vru—c1, 346 (m). Visible
ment. 1%F-NMR spectra were recorded at 376.5 MHz on spectrum (HO): Amax 480 nm ¢ = 60 dn? mol~1 cm™1).
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2.2. [cismer-RuClz(py)3(NO)][BF4] (10)

The above reaction was performed in refluxing chloro-
form (25 ml plus five drops of nitromethane to increase
the solubility of the precurso®) for 4 h under Ar. The
resulting deep-yellow solution was filtered over fine pa-
per to remove a slight amount of precipitate (compound

This complex was prepared according to Scheme 8 as12; see below) and then concentrated to an oil and redis-

follows: 51 pl of pyridine (0.63 mmol) was added to a solved in 5 ml of methanol. A small amount of a dark-pink
solution of9 (0.1 g, 0.19 mmol) in 15 ml of nitromethane. precipitate was removed by filtration, washed with cold
The mixture was refluxed under Ar for 1 h, during which methanol and diethyl ether (this product was later estab-
time the color changed from light-orange to bright-red. lished to be RuGlpy)2(NO) (12); see below). The main
Concentration of the solution to ca. 4 ml yielded a small product precipitated slowly as a light-orange solid and was
amount of a dark-pink precipitate that was removed by removed by filtration, washed with cold methanol, diethyl
filtration, washed with cold nitromethane and diethyl ether ether and vacuum dried. Yield: 15 mg (15%). MW: 509.63
(this product was later established to be Ry@})2(NO) [C15H15N4BCIFsORU]. Elemental analysis—Calc.: C, 35.3;
(12); see below). The mother liquor was concentrated to an H, 2.97; N, 10.99. Found: C, 34.7; H, 2.85; N, 10.56%.
oil, redissolved in 5 ml of acetone, to which a few drops of ESI-MS: m/e =422.8 (Calc. for [RuCI(F)(pw(NO)]*,
diethyl ether were added. The product precipitated slowly 422.8).'H-NMR spectrum in CBNO> (ppm): 8.68 (d, 4H,

as a light-orange solid and was removed by filtration, oH), 8.50 (d, 2H0oH), 8.22 (m, 3HpH), 7.72+7.67 (m, 6H,
washed with cold acetone, diethyl ether and vacuum dried. mH). 1°F-NMR spectrum in CBNO, (ppm): —122.41 (s,

Yield: 20 mg (20%). MW: 526.09 [gH15N4BCIl>F4ORuU].
Elemental analysis—Calc.: C, 34.2; H, 2.87; N, 10.65.
Found: C, 33.9; H, 2.73; N, 10.45%. ESI-M®&/e = 440.0
(Calc. for [RuCh(py)3(NO)]*, 439.3).1H-NMR spectrum
in CD3NO2 (ppm): 8.70 (d, 4H,0H), 8.53 (d, 2H,0H),
8.23 (m, 3H,pH), 7.70 (m, 6H,mH). 1°F-NMR spec-
trum in CD3NO, (ppm): —157.86 {°BF;~), —157.93

Ru-F), —157.86 {°BF; ), —157.93 ¢BF;"). Selected IR
(KBr, cm™1): vn=0, 1895 (vs);v(BF4~), 1069 (VS);vRu—,
547 (M); vru—cl, 339 (m). Visible spectrum (C4HNO,):
Amax 447 nm € = 125 dn? mol~1 cm™1).

When diethyl ether was added to the methanol solution
to induce precipitation and increase the reaction yield, a ca.
1:1 mixture of10 and11 was obtained (total yield ca. 40%).
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2.4. RuClz(py)2(NO) (12)

Compoundl? precipitated as a dark-pink solid from the
reaction medium in the preparations of bdihand 11, as
detailed above. Average yield: ca. 17 mg (22%). MW: 395.43
[C10H10N3CI3ORU]. Elemental analysis—Calc.: C, 30.3; H,
2.55; N, 10.62. Found: C, 30.2; H, 2.54; N, 10'®-NMR
spectrum in CBNO; (ppm): 9.10 (d, 4HpH), 8.14 (m, 2H,
pH), 7.66 (m, 4H,mH). Selected IR (KBr, cml): vn=0,
1850 (vs);vru—cl, 351, 329 (m).

As an alternative,12 was prepared by treatment of
mer,cissRUCK(DMSO-0O)(NO) (2) with pyridine: 104 pl
of pyridine (1.26 mmol) was added to a suspensior? of
(0.1 g, 0.25 mmol) in 30 ml of chloroform. The mixture
was refluxed under Ar for 4 h, during which time the
color changed from light-orange to bright-red. A dark-pink
precipitate was obtained upon concentration of the final
solution to ca. 3 ml and addition of some diethyl ether; it
was removed by filtration, washed with cold chloroform,
diethyl ether and vacuum dried. Yield: 30 mg (30%).

2.5. X-ray crystallography

Diffraction data for the structure®-11 were carried out
on a Nonius DIP-1030H system with MogzKadiation. A

e

mm~1, F(000)= 2016. FinaR; = 0.0498 wWR, = 0.1283,
S=1.063 for 253 parameters and 8307 reflections, 4285
unigue Rint = 0.0269], of which 3180 witH > 24 (1), max

positive and negative peaks inF map 0.947,—0.500
e A-3

3. Results
3.1. Recent relevant results

Until very recently[12,13,17] despite the large number
of ruthenium-nitrosyls described in the literat(ite18], the
examples involving sulfoxide derivatives were very few and
the structural characterizations available were of low quality
[19-21]

We investigated the reactivity of several Ru(ll) and
Ru(lll)—chloride—-DMSO precursors and of the antimetastatic
drug NAMI-A towards NO. Treatment of [(DMSGM]
[trans-RuCl(DMSO-S)] and mer-RuCk(DMSO); with
gaseous NO yielded [(DMS@H][trans-RuClL(DMSO-0)
(NO)] (1) and mer,cisRUCk(DMSO-O)(NO) (2), re-
spectively (Scheme 1J12]. Coordination of the strong
w-acceptor NO induces an S to O linkage isomerization of
the DMSOtrans to it to avoid competition forr electrons.

total of 30 frames were collected, each with an exposure time The same neutral nitrosyl compléxwas obtained by us

of 15-20 min, rotation angle of@bouty, the detector at 80
mm from the crystal. Cell refinement, indexing and scaling
of the data sets were carried out using Modfld] and Scala

[12] and by otherg17] by treatment of the Rug(NO) in-
termediate with DMSO. Similarly, treatment of Ry O)
with DMSO+-HCI yields compound. In light-protected ni-

[14]. All the structures were solved by Patterson and Fourier tromethane solutions, compl@equilibrates slowly with the

analyseq15] and refined by the full-matrix least-squares
method based oR? with all observed reflectiongl5]. All

the calculations were performed using the WinGX System,
Ver 1.64.02[16].

Crystal data 9): CgH18BCloF4NO4RUSs, M = 523.17,
triclinic, space groupPl, a=8.681(3) A, b =9.584(3)
A, c=12.882(4) A, «=76.02(2), B=76.36(2),

y = 100.74(2), V=976.5(5) B, Z= 2, pcac=1.779 ¢
cm3, u(Mo—-K,) = 1.441 mnt!, F(000)=520. Final
R; = 0.0514,wR, = 0.1467,S= 1.065 for 206 parameters
and 6516 reflections, 4027 uniqu& = 0.0395], of which
3581 withl > 20 (l), max positive and negative peaksAir
map 0.860—0.568 e A3,

Crystal data 10): Ci5H15BCloF4N4ORuU, M = 526.09,
orthorhombic, space groupPbca, a=11.926(4) A,
b=12.398(4) A, c=27.530(5) A, V=14071(2) A&,

Z =38, pcaic= 1.717 g cn3, u(Mo—K,) = 1.081 mnt1,
F(000)=2080. Final R;=0.0554, wR, = 0.1469,

two isomersmer-RuCh(DMSO-S)(DMSO-0)(NO) 8) with
NO trans to Cl andmer-RuCk(DMSO-S)(DMSO-0)(NO)
(4) with NO transto DMSO-0 (Scheme 2); the equilibrium
mixture consists of ca. 64% 3% 3 and 33%4.

Treatment of either Ru(I)-DMSO precurstians-RuChb
(DMSO-S), or cisRuCh(DMSO),, with gaseous NO
in CH,Cl, solution yielded the nitrosyl-nitro derivative
trans,cis,cisRUCh(DMSO-O)L(NO)(NO,) (5) (Scheme 3),
which can be thought of as deriving frothupon replace-
ment of the chloridérans to DMSO-O with the nitro group
[12].

Finally, [(Im)2H][trans-RuCl(Im)(NO)] (6) was pre-
pared by treatment of [ImHifans-RuCL(DMSO-0O)(NO)]
with an excess of imidazole in refluxing acetone (Scheme 4)
[12]. Similarly, by treatment of the tetrabutylammo-
nium salt of 1 with pyrazine we also prepared some
mono- and dinuclear ruthenium nitrosyls bearing ei-
ther terminal ([NBy][trans-RuCl(pyz)(NO)] (7a) and

S=1.062 for 253 parameters and 8713 reflections, 4562 [NBuy][cis-RuCl(pyz)(NO)] (7b); Scheme 5) or bridg-

unigue Rint = 0.0381], of which 3086 witH > 25(1), max
positive and negative peaks kF map 1.909 [close to Ru
centre],—0.547 e A3,

Crystal data 11): Ci5H15BCIF5N4ORu, M = 509.64,
orthorhombic, space groupPbca, a= 11.388(3) A,
b=12.4653) A, ¢=27.274(5) A, V=23871.6(16)
A3, Z2=8, pcac=1.749 g cm?3, p(Mo—K,) = 1.007

ing pyrazine ([NBu]z[{trans/cisRuCL(NO)}2(-pyz)]
(transtrans-8a, cis,cis-8b, trans,cis-8c); Scheme 6]13].

The spectroscopic features for each of the above com-
plexes are consistent with t{&u(NO)}® formulation, i.e.
a diamagnetic Ru(ll) nucleus bound to NOCompounds
1, 2, 5, 6, 7a and 7b were also characterized by X-ray
crystallography[12,13] they all show a linear nitrosyl
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group, with short Ru—NO bond distances consistent with a try of compoundLO, whose NO stretching frequency is sub-

strong d.—«* NO back bonding. An unusual inertness of
O-bonded DMSO was observed in compound
Complexesl, 2, 3, 5 and6 are all redox active in DMF

solutions showing irreversible reductions whose peak po-

stantially unchanged comparedacould not be established
by NMR spectroscopy only, since all three possible isomers,
[fac-RuCh(py)s(NO)] ™, [trans,mer-RuCh(py)s(NO)]* and
[cis,mer-RuCh(py)3(NO)]™, are expected to have similar

tentials depend on the other ligands attached to the Rupatterns for the py resonances (two sets of signals in a 2:1

metal center. There was no improvement in the reversibil-
ity of the reduction process for all DMSO-containing com-

pounds at low temperature, down to 223 K, and/or by in-
creasing the scan rate to 20 Vs The site of reduction is

intensity ratio). X-ray analysis (see below) established that
the isolated complet0 has thecis,mer geometry, implying
that replacement of DMSO-O by pyridine is accompanied
by isomerization that brings N@ans to Cl. Formation of

the NO™ moiety. The reduced complexes are not stable and a fac-[RuCl,(Im)3(NO)] * complex (Im= imidazole) was

rapidly release a Clligand (or NQ~ in the case 0b) fol-
lowed by the NO radical. The chemical reactions following
electron transfer are all fast; rate constants > 100at 293

K were inferred from the electrochemical studies. The Ru
product species are not redox active within the DMF win-
dow.

3.2. New results

We find now that treatment afier,cissRuCk(DMSO-O)
(NO) (2) with an equivalent amount of AgBFin reflux-
ing nitromethane and DMSO leads to the isolation of the
cationic speciesds,fac-RuCh(DMSO-O)(NO)][BF4] (9),
in which all three DMSO ligands are bound through oxy-
gen in a facial geometry (Scheme 7). The NO stretching
frequency in9 is ca. 20 crm! higher than in its precursa,
owing to the expected decrease of théack bonding con-
tribution in the Ru—NO bond upon going from a neutral to a
cationic complex. Consistent with tH&u(NO)}® formula-
tion, complex9 is diamagnetic; three equally intense singlet
resonances are found in the DMSO-O region ofHsNMR
spectrum: the sharpest on=(3.09) belongs to the equiva-
lent methyl groups of the DMSO-®ans to NO, while the
other two ¢ = 2.98 and 2.96) pertain to the diastereotopic
methyl groups of the two equivalent DMSQrainsto Cl and

postulated to occur (on the basis of IR data) upon treatment
of RuCk(NO)(H0), with three equivalents of imidazole in
aqueous solutiofdb]; this complex however is apparently
fluxional and an averaged set of NMR signals for the three
imidazole ligands was found in4®. No sign of fluxional
behavior on théH-NMR time scale was found in the case
of 10.

When the reaction was performed in refluxing chloroform,
followed by crystallization from methanol, the isolated raw
product was composed, according!td-NMR analysis, of
comparable amounts df0 and of another compound,
characterized by a spectrum very similar to that@fCrys-
tals of purell were obtained by slow crystallization of the
raw product from a dilute methanol solution to which diethyl
ether was added. X-ray analysis, supported by ESI-MS and
19F-NMR data, established that compoutitiderives from
10 upon substitution of the Girans to NO by F and can
be thus formulated ascis,mer-RuCI(F)(pys(NO)][BF4]
(Scheme 8). The only source of fluorine in this reaction
is the BR; anion; several precedents for the formation of
fluoro complexes from Bf can be found in the literature
[22]. Interestingly, no halide scrambling was observed to
occur in the preparation of the cationic precur8pwhich
is performed under more forcing conditions.

During the preparation o010, regardless of the reaction

are slightly broadened by the long-range coupling. These conditions, a relatively small amount of yet another nitrosyl
two resonances are connected in the H-H COSY spectrum. Itproduct, 12, precipitates from the solution. Thg4-NMR
should be noted that a similar set of NMR signals is expected spectrum of12 in CD3NO; solution, in which the com-

also for the §is,mer-RuCh(DMSO-O)(NO)] T isomer; the
geometry oB was established unambiguously only by deter-
mination of its X-ray structure (see below). As found for the
other complexes of this series studied previol$Bj, also
compoundd is quite inert; for example, in a light-protected
D,0 solution 0f9, only ca. 25% of the coordinated DMSO-O
is hydrolyzed over a period of 8 days at room temperature.
Treatment of 9 in refluxing organic solvents with
N-heterocyclic ligands L such as pyridine (py) led to the
replacement of all three DMSO moieties and to the isola-
tion of [RuCh(py)s(NO)][BF4] (10) (Scheme 8). Puré0,
even though in relatively low yield, was obtained when the
reaction betweef and pyridine was performed in refluxing
nitromethane followed by crystallization from acetone. TLC
andH-NMR analyses showed that the mother liquor con-
tained, beside residua0, a number of unidentified products
with coordinated py (includindl; see below). The geome-

plex is slightly soluble, shows no resonances for coordi-
nated DMSO and only one set of py signals. According to
elemental analysis, compouri@ can be formulated as the
neutral species Rugllpy)2(NO), which must derive fron®
upon replacement of the three sulfoxides with two pyridine
molecules and one chloride deriving frdritself. In addi-
tion, complex12 was also obtained as main product upon
treatment of the neutral precursdwith py in refluxing chlo-
roform, thus allowing the possibility of coordinated fluo-
ride to be eliminated. Two geometridac-RuCk(py)2(NO)
andmer trans-RuCk(py)2(NO), are consistent with the ob-
served NMR pattern of2 as they have equivalent pyridine
ligands, but could not be distinguished. In both geometries
NO istrans to a chloride. The NO stretching frequency in
12 is ca. 30 cr! lower than in the precursd, in which

NO is trans to a DMSO-O ligand. Shepherd and cowork-
ers[4b], on the basis of NMR data, reported that treatment
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Fig. 1. Molecular structure and atom numbering scheme of the cation
of [cis,fac-RUChL(DMSO-O)(NO)][BF4] (9) (ortep drawing, 40% proba-
bility level). Selected bond lengths (A) and angles): ( Ru—
N(1), 1.727(4); Ru-CI(1), 2.347(1); Ru-CI(2), 2.335(1); N(1)-O(4),
1.139(6); Ru—O(1), 2.074(3); Ru-0(2), 2.063(3); Ru-0O(3), 2.028(3);
N(1)-Ru-0(3), 178.3(2); O(1)-Ru-ClI(1), 170.15(9); O(2)-Ru—Cl(2),
169.3(1); Ru-N(1)-O(4), 173.5(4); Ru-O(1)-S(1), 120.9(2); Ru-—
0(2)-S(2), 123.9(2); Ru-0(3)-S(3), 122.7(2).

of RuCk(NO)(H20), with two equivalents of imidazole in
aqueous solution leads to the formation of a mixture of
both fac-RuCk(Im)2(NO) and mer trans-RuCk(Im)2(NO)
isomers.

3.3. X-ray crystallography

The molecular structures of complex@and10 are shown
in Figs. 1 and 2respectively (the structure afl, which is
isomorphous tdO0, is not reported since it can be obtained
from that of 10 by replacement of CI(2) with F). Selected
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Fig. 2. Molecular structure (ortep drawing, 40% probability level) of
the cation of §ismer-RuCh(py)s(NO)][BF4] (10). The atom number-
ing scheme applies also tbl, substituting CI(2) with a fluorine atom.
Selected bond lengths (A) and angley (for 11, data in italics):
Ru-N(1), 1.749(4) 1.749(3)); Ru-N(2), 2.106(4) Z.096(4)); Ru-N(3),
2.116(4) .095(4)); Ru-N(4), 2.115(4) 2.106(4)); Ru—Cl(2), 2.325(1)
(1.984(2)); Ru—Cl(1), 2.368(1)Z.367(1)); N(1)-O(1), 1.131(5)1.133(4));
O(1)-N(1)-Ru, 177.6(4)176.9(4)).

previous example, the dicationic speci¢daciRu(DMSO-
0)3(DMSO-S}]%t, was reported more than 20 years ago
[23]. The Ru-Cl bond distances (Ru-Cl&)2.347(1)

A, Ru-CI(2)=2.335(1) A) fall in the usual range re-
ported in the literature for Ru(ll) complexes. On the other
hand, a slight shortening is observed for the Ru—O bond
length trans to the nitrosyl group (2.028(3) A) when
compared with the other values (2.063(3) and 2.074(3)
A). This difference is attributed to the well-documented
trans-shortening effect exerted by NO when coordi-
nated trans to a o-donor ligand [18b,24] We found
similar short Ru—O bond lengths in the X-ray struc-
tures of [(DMSO)H][trans-RuClL(DMSO-0O)(NO)] @),
mer,cis-RUCkK(DMSO-O)(NO) (2) andtrans,cis,cisRuCh
(DMSO-OR(NO)(NOy) (5) [12]. Following the sugges-
tions of Geremia and Calligari®5], the conformation of

bond lengths and angles are reported in the correspondingall the DMSO ligands ir® can be classified asans-trans
captions. In all the complexes, the metal displays a distorted (Ru—O-S—C torsion angles betweerl07 and —153).

octahedral geometry with a linear nitrosyl group which is
trans to an O-bonded DMSO i, to a chloride in10 and
to a fluoride in11. The X-ray structures o811 provided
evidence that: (i) the three DMSO-O ligands 9rhave a

This arrangement, likely dictated by inter-ligand steric in-
teractions, is markedly preferred by this ligand in the solid
state[26].

The Ru-NO bond length of 1.727(4) A thappears sen-

facial geometry and (i) their replacement by the pyridines sibly shorter then those detected in the pyridine derivatives
is accompanied by #ac to mer isomerization. A common 10 and11 (1.749(4) A). On the other hand, in all the struc-
feature in9-11, already observed in previous nitrosyls of tures, the N—O distances are comparable within their e.s.d.s
this series, is the displacement of the metal from the mean(range: 1.131(5)-1.139(6) A). These data are in agreement
“basal” plane towards the NO group. In fact,9muthenium with spectroscopic results that show no significant difference
is displaced from the CI(1)/CI(2)/0(1)/O(2) plane by about in the NO stretching frequency betwe@mnd 10 (or 11).
0.17 A, while the corresponding values 189 and 11 are In 10 and 11, the Ru—N(py) bond lengths fall in a range
lower (0.07 and 0.11 A, respectively). from 2.095(4) to 2.116(4) A, with the pyridine ligands ori-
Compound9 represents the second example of a ruthe- ented in such a way to bisect the coordination bond angles in
nium complex bearing three O-bonded DMSO ligands; the cis-position. Both the structures have comparable Ru—CI(1)
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bond distances, but the Ru—CI¢ansto NO in10is shorter The resulting solution shows no electrochemical responses
(2.325(1) A). The Ru—F bond distance foundliy which from+1.5to—1.5V, i.e. the product species formed follow-
agrees nicely with the typical Ru—F distances found in the ing reduction is not electrochemically active and no chloride
literature[27], corresponds to the value calculated by sub- ligands are released as a result of the reduction. We believe
tracting the difference between the covalent radii of Cl and that once again, and in common with the previous studies,
F (0.35 A) from the Ru—Cl distance determinedlih This the NOT ligand is being reduced and the following mecha-
suggests that both fluoride and chloride manifest push-pull nism is occurring (Eg. (1)):

interactions of comparable magnitude, as can be deduced

also from the strictly similar Ru-NO and N-O bond dis- Ru(ID—NO" + &~ — Ru(I)—NO*

tances (and NO stretching frequencies) in the two isomor- . Ru(Il)—DMF + NO 1)

phous halide derivatives.
Compared to previously studied anionic and neutral nitro-

3.4. Electrochemical studies syls of this series, replacement of a further chloride ligand
by a DMSO ligand has resulted in the positive shift of the

DMF was chosen as the solvent for the electrochemical "eduction peakTable J.
studies, as all the complexes were soluble in this solvent NS iS to be expected as replacement of thelonor
hence common solvent could be employed. Furthermore, chioride ligand by thes-donor DMSO-O ligand will result
experiments confirmed that DMF did not substitute into the in decreased electron density at the Ru(l1) center which will,
complexes in their starting form. Owing to the potential

in turn, result in decreased back donation from the Ru(ll)
biological implications of these nitrosyls, ultimately we

to the m*-antibonding orbital of the N®. Thus, it will be
would want to consider their redox chemistry in an aque- easier to reduce the NOligand, hence the observed shift of
ous medium. However, water does not permit study at low

the reduction potential to less negative potentials as chloride
temperature and is not a good epr solvent particularly for ligands are sequentially replaced by DMSO ligands.
spectroelectrochemical investigations.

3.4.2. [cis,mer-RuCly(py)3(NO)][BF4] (10)
3.4.1. [cisfac-RuClo(DMSO-0)3(NO)] [BF4] (9) R.eplac'ement of the DMSO-O ligands thby pyr_idine
As for other ruthenium—DMSO nitrosyls studied previ- © 9ive [cismer-RuCh(py)s(NO)I[BF4] (10) results in the

ously, [cis,fac-RuCh(DMSO-O)3(NO)][BF4] (9) exhibits an cyclic \_/oltammetric trace shown iRig. 4. The oqe-electron
irreversible one-electron (as determined by coulometry) re- reduction process now becomes reversible, with a half wave

duction. The peak potential of the reduction is measured atPotential at-0.11 V. A further irreversible reduction is ob-

—0.26 V at 100 mV s at room temperature as shown in served at-1.00 V. Since pyridine can be regarded as a weak

Fig. 3 wr-accepting ligand, replacement of DMSO by py should and
does result in a positive potential shift of the Ndased

Decreasing the temperature to 233 K and increasing the ) _ X )
reduction. Thus, we assign the reversible reduction to the

scan rated 1 V s1 did not result in any sign of reversibil-
ity. Thus, once again the electron transfer reaction is fol- Table 1

. . . . aple
Ioweq by a rapid chemlcallreactlon. Bulk electrolysis qf the Reduction peak potentials of [RuCk(DMSO)(NO)]®~2 complexes
solution by one molar equivalent of electrons-d.42 V is (x=1, 2, 3 in DMF/0.1 M NBYBF, at 298 K, scan rate 0.1 V-3),
accompanied by collapse of the NO band at 1878.2%cm  compared to those of other Ru-nitrosyls

Compound NO -based Reference
reduction potentidl
01 [Ru(bpy)(NO)(CHsCN)J** 0.57 [28]
[Ru(bpy:(NO)(py)** 0.54 [28]
| [Ru(bpy)(NO)(NH3)]** 0.37 [28]
1 [Ru(bpy:(NO)(NO)]** 0.34 [28]
[Ru(bpy)(NO)(CI)]3+ 0.20 [28]
] [Ru(bpy:(NO)(N3)]?* 0.18 [28]
[Ru(bpy)(trpy)(NO)F* 0.46 (28]
J [Ru(NO)(NHa)s]3t -0.35 [28,29]
[Ru(NO)(NHa)a(py)I** —0.25 [29]
[RUu(NO)(NHz)4(L-hist) >+ -0.39 [29]
[RU(NO)(NH;;)4(P(OM€)3)]3+ —-0.12 [29]
[RUCI(NO)(cyclam)f+ —0.27 [3a]
T r r T ' , [Ru(trpy)(azopyridine)(NOR* 0.37 [30]
-0.750  -0.500  -0.250 0 025 0500 0750 trans-[RUCLy(DMSO-O)(NO)]~ —1.25 (irreversible)  [12]
E/V mer cis-RUCK(DMS0-0),(NO) —0.59 (irreversible) [12]
. . . . cis,fac-[RuClL(DMSO-0O)x(NO)|* —0.26 (irreversible) This work
Fig. 3. Cyclic voltammetric response forci§fac-RuChL(DMSO-O) cis mer-[RuCk(py)s(NO)* _0.11 This work

(NO)][BF4] (9) in DMF/0.1 M [NBuw][BF4] at 298 K, scan rate
01Vvsl @ Reversible reduction potential vs s.c.e. unless stated otherwise.
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at the dilute concentration used in this experiment; on re-
duction to fis,mer-RuCh(py)s(NO)] the growth of an in-
tense band at ca. 320 nm and of a broad lower intensity
band centered on 410 nm was observed. Similar transitions
were observed by Callahan and Mey28] for the related
bpy complex. A clean isosbestic point was observed at 270
nm, which implies a clean conversion process. In addition,
the spectrum reverts to that of the starting material on re-
versal of the electrogeneration potentiahtf.1 V. We also
attempted to monitor the electron transfer reaction using IR
spectroelectrochemically. The NO stretching band at 1897
cm~1 in the starting compouncdiis,mer-RuCh(NO)pys] *
collapsed on reduction and grew back again on re-oxidation.
0.750 ' ' 0 : T oYs50 However, no new growing bands which could be assigned to
E/V ligated NO radical could be identified. The NO band would

Fig. 4. Cyclic volammetric response forigmer-RuCh(py)a(NO) (10) be expected to shift by ca. 300 ch(i.e. move to around

l . . .
in DMF/0.1 M [NBw][BF4] at 298 K, scan rate 0.1 V-4. The scan 1600 cnT~) on re(_JIuct|0r[28]. Unfor'Funater, this region of
reported is in fact the second scan although the first scan is very similar the IR spectrum is masked by an intense absorption due to

to it. The initial potential ) was 4+0.7 V and the switching potential  the solvent electrolyte system. Attempts to vary the solvent

—0.6 V; thus, scan direction was negative initially. and electrolyte to permit study in the relevant region were
not successful.
following process (Eq. (2)): Finally, an in situ epr study of the one-electron reduced
species was performed. The monoreduced neutral species
[cis, mer-Ru(l)Cla(py)s(NOH)] T + e~ was generated at0.475 V inside the epr cavity at 233
© [cis, mer-Ru(Il)Cla(py)3(NO®*)] ) K. There was no observable signal at 233 K; however, on

cooling the cell to 10 K a rhombic signal with the follow-

A similar behavior was observed by Callahan and Meyer ing g anda values was observed; = 2.022,g> = 1.995,
[28] on [Ru(bpy»(NO)CIJ?*, with a reversible one-electron gz = 1.894,a;(N) = 19.8 G,ax(N) = 28.0 G,a3(N) = 16.5
reduction a#-0.20 V and an irreversible reduction-a0.60 G (Fig. 5. Theg anda values were initially measured from
V. Bipyridine is a bettefr-accepting ligand than py and there the experimental spectrum and then confirmed by simula-
is only one chloride ligand in that case and therefore the bpy tion. This signal has been interpreted as coupling of the un-
analogue is expected to reduce at more positive potentialspaired electron to one N nucleus (the N couplings were mea-
than 10, as observed experimentally. The irreversible pro- sured on an expanded epr spectrum) and no other couplings
cess is assigned to the one-electron reduction of RIHHO  to Ru could be identified.
Ru—NO~ which is rapidly followed by a chemical reaction. These values correspond very well to those of the bpy ana-
A second and smaller process with a half wave potential at logue which also had no resolvable signal at room temper-
—0.29 V was observed. This minor reversible process was ature but showed a frozen glass spectrum \gith= 2.035,
attributed to the presence of a trace amount of the chlo- g, = 1.995,g3 = 1.883,a1(N) = 17 G,a2(N) = 32.1 G and
rofluoro compound.1 (confirmed by NMR analysis of the
sample). This attribution agrees well with Levej3d] lig-
and additivity data: a shift of the observed redox couple by
0.16 V in a negative direction is anticipated by exchanging
of one chloride £0.24 V) for one fluoride ligand-0.42
V), just as is observed. In addition, changing chloride for
fluoride should still give a reversible peak.

The chemical reversibility of the main process allowed
us to characterize the monoreduced species for the first
time. Coulometry of the solution at room temperature re-
vealed that the reduction process involves one electron and
that the reduced speciagg,mer-RuCh(NO)pys] is not par-
ticularly stable at 297 K. Therefore, the in situ spectro-
electrochemical experiments (UV—-vis spectra recorded as
[cis,mer-RuCh(NO)pys][BF4] was reduced to the neutral 3200 3900
species at-0.475 V) were conducted at 233 K in order to -

. . - Magnetic Field/G

slow down any following chemical reactions. The spectrum
of [cismer-RuCh(py)s(NO)][BF4] is essentially featureless  Fig. 5. Epr signal of §ismer-RuCh(py)s(NO)] (10) at 100 K in DMF.




82 B. Serli et al./Coordination Chemistry Reviews 245 (2003) 73-83

\C

S‘cﬁ | S‘c?-i §=C S:cﬁ |+

SuICH3
o 0 1
Clu,,,ju‘\\\CI CI""'j~ Nef CH3 Clin, R wNO Clu, " \‘O TCHs BF4
- |

cl 'L cl CI/I\CI C|/£\C| C|/|\o CH
1 N 3
(0} 2 0 /\’CH3 9 O IICH3

AN\ ]
a I o

Clus,, IT WCl

Ru C|/l \\N N | N
PR fe, B
cI” | ~c |/ | I~c o IU\N BF,
o N
O
6 N=Im 0
7a N=pyz 7b N =pyz 10 N =py
Scheme 9.

az(N) = 15 G [32]. Thus, in agreement with the explana- formed in vivo from the Ru—-DMSO compounds, might
tions already given for the previous compounds of this series, have themselves some pharmacological interest as potential

all the data fit well for the reversible reduction of N@n NO-releasing agents upon in vivo reduction. Even though,
[cis,mer-RuCh(py)3(NO)] * with good strong evidence of for the moment, most of the chemical investigations were
the reduced NG fragment. performed in aprotic media, ultimately we want to consider

the redox chemistry in an aqueous medium. All the charged
species (with the exception @) are well soluble in water,

4. Conclusions where, according to preliminaryH-NMR investigations,
they are quite stable also at physiological pH 7.4. In view

The possibility that the mechanism of action of the an- Of the possibility, evidenced by our electrochemical results,
timetastases Ru(lll) compound NAMI-A, and of related that the new nitrosyls might release NO upon reduction in
Ru-DMSO species, might be due to their interference with Vivo (and thus become cytotoxic), experiments aimed to
NO metabolism in vivo prompted this investigation. Thus, assess their chemical behavior in agueous solution in the
we prepared and characterized a series of new Ru—-DMSoOPresence of biological reducing agents (e.g. ascorbic acid,
nitrosyls of general formula [Rugl,(DMSO),(NO)]*~2 cysteine) will be performed, as already done for NAMI-A
(x = 1-3; Scheme 9). In all cases, upon coordination of the [6.7b]. Tests aimed to evaluate the potential cytotoxicity in
strong w-acceptor NO to Ru, the preferred binding mode Vitro and anticancer activity in vivo of the new nitrosyls are
for DMSO switches from S to O. The reactivity of some currently in progress.

Ru-DMSO nitrosyls towards heterocyclic N-ligands, lead-

ing to compounds such as [(Ia][trans-RuCl(Im)(NO)]

(Im = imidazole, 6) and [cismer-RuCh(py)3(NO)][BF4] 5. Supplementary material

(py = pyridine, 10), was also investigated (Scheme 9). The

spectroscopic and X-ray structural features for all these Crystallographic data (excluding structure factors) re-
complexes are consistent with tHRu(NO)}® formulation, ported in this paper have been deposited with the Cam-
that is a diamagnetic Ru(ll) nucleus bound to N@&lectro- bridge Crystallographic Data Center, CCDC nos. 194594—
chemical measurements on the Ru-NO complexes showedl94596. Copies of the data can be obtained free of
that they are all redox active in DMF solutions and the site charge on application to The Director, CCDC, 12 Union
of reduction is the NG moiety. With the exception of0, Road, Cambridge CB2 1EZ, UK (Fax:44-1223-336033;
the reduced complexes are not stable and rapidly releasee-mail: deposit@ccdc.cam.ac.uk or wwhitp://www.ccdc.
the NO radical. The rate of NO dissociation is too fast for cam.ac.uk

all compounds looked at to be measured electrochemically.

Thus, the influence of the other ligands on the rate of NO

dissociation could not be studied for these particular species.Acknowledgements
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