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Abstract 

In this paper we report the synthesis of two new classes of chloride-sulfoxide-Ru(II1) derivatives containing a 
nitrogen ligand (L) of general formula: Na[rrans-RuCl,(R,SO)(L)] and mer,cis-RuCl,(R,SO)(R,SO)(L). Their 
spectroscopic characterization in the solid state (IR) and in solution (NMR, UV-Vis) is also described. The 
cyclic voltammetry of the complexes performed in aqueous solution shows in every case a monoelectronic and 
rather rapid Ru(III)/Ru(II) electron transfer. The observed formal potentials are much more positive than those 
reported for other Ru(II1) complexes. The net charge, together with the n= acidic ability of DMSO, are the 
factors responsible for this behaviour. The crystal structures of Na[rruns-RuC14(DMSO)(NH~)].2DMS0 (5a), 
Na[trans-RuCl,(DMSO)(Im)] .H,O,Me,CO (Sb) and mer, cti-RuCl,(DMSO)(DMSO)(NH,) (6a) have been de- 
termined by three dimensional X-ray analyses. Crystal data are: a=9.578(2), b= 12.480(2), c =9.594(6) A, 
cy=104.33(3), /3= 119.04(2), y=80.71(3)“, triclinic, 
c=7.658(4) A, 

space group Pi, Z=2 for 5~; a=10.790(4), b=11.411(4), 
(~=105.92 3), p=93.61(1), y=83.50(3)“, triclinic, space group Pl, Z=2 for 5b; a=10.110(3), 

b = 9.718(3), c = 14.101(3) k /3= 108.89(3)“, monoclinic, space group E&/n, Z=4 for 6a. Least-squares refinement 
based on 4897 (5a), 4932 (kb) and 3152 (6a) independent reflections converged to R=0.039, 0.031 and 0.022, 
respectively. In 5a and 5b, the DMSO ligand is S-bonded to Ru, with Ru-S bond distances (truns to N) of 
2.2797(7) and 2.2956(6) A, respectively, while in 6a, one DMSO, trans to N, is S-bonded (Ru-S, 2.2714(6) A), 
and the other, fruans to Cl, is O-bonded (Ru-0, 2.070(2) A). The Ru-Cl bond distance, truns to 0, is 2.3207(7) 
A. The Ru-Cl bond distances, tram to Cl, are similar in all three compounds averaging 2.343(6) A. Relevance 
in the synthesis of the new derivatives comes from the known antitumor properties of isostructural Ru(II1) 
complexes with heterocyclic nitrogen ligands. The antitumor activity of some of the new compounds are currently 
under investigation. Their redox potentials suggest the possibility that they might undergo an easy biological 
reduction in vivo. 

Introduction 

Several reports concerning halogen-&methyl sulf- 
oxide-ruthenium(II1) complexes have been published 
since the pioneering work of Wilkinson’s group de- 
scribing a complex of formula RuCl,(DMSO), [l]. 
However, none of the proposed compounds had been 
unambiguously characterized [ 141. To our knowledge 
and personal experience, most of the syntheses reported 
either could not be reproduced [5] or gave compounds 
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that, when correctly characterized, resulted different 
from those expected [6, 71. 

Only very recently two independent publications [6, 
81 reported the synthesis and crystal structure of a 
chloride-dimethyl sulfoxide-ruthenium(II1) c.ompound, 
namely [(DMSO),H][frans-RuC14(DMSO),] (l)+. We 
also described the synthesis and structural character- 
ization of complexes such as [(Acr)H][truns- 
RuCI,(DMSO),J (Acr = a&dine) [9] and mer- 
RuCl,(DMSO),(DMSO) (2) [8] and of similar anionic 
and neutral compounds with tetramethylene sulfoxide 

+DM,SO = S-bonded dimethyl sulfoxide; DMSO = O-bonded di- 
methyl sulfoxide. 
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(TMSO): [(TMSO)H][trans-RuCl,(TMSO),] (3) and 
mer-RuCl,(TMSO),(TMS0) (4) [lo]. In the anionic 
derivatives, the protonated sulfoxide can be easily re- 
placed by Na’ to give the corresponding sodium salts 
1Na [8] and 3Na. 

Our interest in ruthenium-sulfoxide compounds de- 
rives mainly from their potentialities in the field of 
non-platinum inorganic antitumor drugs [ll] and we 
have been investigating both the 2+ [lo, 12-141 and 
3+ [8, 10, 151 ruthenium oxidation states. In this 
perspective, the ruthenium(III)-sulfoxide complexes l-4 
appeared particularly attractive, being structurally very 
similar to the Ru(II1) compounds with heterocyclic 
nitrogen donor ligands, such as [(Im)H][truns- 
RuCl,(Im),] (I m imidazole) (ICR) reported by Kep- = 
pler’s group as being quite active against platinum 
resistant colorectal tumor models [16]. In fact, the 
anionic compounds are isostructural and isoelectronic 
to ICR, with S-bonded sulfoxides sitting in the place 
of the nitrogen ligands. 

The ruthenium-sulfoxide complexes proved, however, 
to be rather labile in aqueous solution [S, 10, 151, in 
particular at physiological pH where they are readily 
hydrolyzed. With the aim of tailoring new ruthe- 
nium(III)-sulfoxide complexes with improved inertness 
in aqueous solution, we synthesized from the precursors 
l-4 two new classes of ruthenium(II1) compounds of 
general formula Na[fruns-RuCl,(R,SO)(L)] (5, 
R,SO =DMSO; 7, R,SO=TMSO) and mer,cis- 
RuCl,(R,SO)(R,SO)(L) (6, R,SO = DMSO; 8, 
R,SO = TMSO), with L = nitrogen donor ligand. In this 
paper we describe their synthesis and structural char- 
acterization, based on spectroscopic results and sup- 
ported by the crystal structures of the two anionic 
derivatives, Na[truns-RuCl,(DMSO)(NH,)] .2DMSO 
(5a) and Na[trans-RuCl,(DMSO)(Im)] .H,O,Me,CO 
(5b) and of the neutral compound mer,cis- 
RuCl,(DMSO)(DMSO)(NH,)1 (6a). 

In order to explain the antitumor activity of inert 
Ru(II1) complexes, an ‘activation by reduction’ mech- 
anism has been proposed [17]. According to this hy- 
pothesis, an in situ Ru(III)/Ru(II) reduction would 
produce more labile species, which should be able to 
interact with biological targets after dissociation of some 
ligands. A biologically accessible redox potential is 
obviously required for a complex in order to fit in such 
mechanism. In this perspective, we determined the 
redox potentials of the complexes in order to ascertain 
the feasibility of their biological reduction. 

Finally, as reported by the group of James [la] 
ruthenium-sulfoxide complexes might also find appli- 
cations in the field of medicinal chemistry as radio- 
sensitizers, when properly substituted with nitroimid- 
azole ligands. The new classes of compounds here 

described might therefore open interesting perspectives 
also in this field. 

Experimental 

Materials 
Analytical grade dimethyl sulfoxide (C. Erba), solvents 

(Baker) and ligands (Aldrich) were used without further 
purification for synthetic purposes. Commercial 
RuCl,. 3H,O was purchased from Johnson Matthey. 
DMSO-d, and D,O were purchased from Cambridge 
Isotope Laboratories. Doubly distilled water and an- 
alytical grade NaClO,.2H,O were employed for the 
electrochemical experiments in aqueous solution. 

Physical measurements 
Electronic absorption spectra were recorded in stop- 

pered quartz cells with a Perkin-Elmer Lambda 5 
UV-Vis spectrophotometer equipped with a Haake F3 
thermo-cryostat. Solid state IR spectra were recorded 
in KBr pellets on in nujol mull between CsI windows 
on a Perkin-Elmer 9836 spectrometer. 

‘H NMR spectra were obtained on a Nicolet 360 
MHz spectrometer using a 12 ps 90” pulse over a 30 
KHz bandwidth with 16K data points. All spectra were 
recorded in D,O at room temperature with 3-(tri- 
methylsilyl)tetradeutero sodium propionate (TSP) as 
internal standard. 

Cyclic voltammetric measurements were performed 
under inert atmosphere (Ar) in a three electrode cell 
at 25.0 “C. The working electrode was a Pt bead obtained 
by melting the end of a Pt wire. The wire was sealed 
in a pipette in such a way that only the bead protruded 
out of the pipette tip. The counter electrode was a Pt 
wire coiled on the working electrode holder in order 
to improve the geometry of the cell arrangement. The 
reference electrode was a conventional NaCl saturated 
calomel electrode (SSCE) and all the potentials are 
referred to it, unless explicitly stated; it was fitted in 
a Luggin probe filled with the same solution used for 
the measurements. The working electrode was cleaned 
immediately prior to use by heating it to whiteness on 
an oxy-gas micro flame. 

The electrochemical instrumentation included a home 
built potentiostat equipped with ‘damped’ positive feed- 
back for iR compensation [19], an Amel 568 function 
generator and a Nicolet 2090111a digital oscilloscope. 
The digitized cyclicvoltammetric traces were transferred 
to an IBM PS/2 personal computer and numerically 
processed. 

Synthesis of the complexes 
[(DMSO),H][frans-RuCl,(DMSO),] (l), Na[trans- 

RuCl,( DMSO),] (1Na) and mer-RuCl,(DMSO),- 



207 

(DMSO) (2), and the corresponding hexadeuterated 
derivatives were synthesized according to the procedures 
reported in ref. 8. The tetramethylene sulfoxide com- 
plexes [(TMSO)H][trans-RuCl,(TMSO),] (3), Na[trans- 
RuCl,(TMSO),] (3Na), and mer-RuCl,(TMSO),- 
(TMSO) (4) were synthesized according to the pro- 
cedures reported in ref. 10. 

We describe here the synthesis of the anionic and 
neutral DMSO derivatives with ammonia (5a and 6a, 
respectively) and imidazole (5b and 6b, respectively). 
All the other compounds with different nitrogen donor 
ligands were synthesized with procedures very similar 
to those reported for the imidazole derivatives, adopting 
the same ligand to ruthenium ratio and solvent mixture. 
In the case of indazole and isoquinoline, also the anionic 
compounds are very soluble in cold acetone and there- 
fore the precipitates were washed with diethyl ether 
only. The corresponding TMSO derivatives were syn- 
thesized according to very similar procedures, which 
are not reported here for the sake of brevity. 

Sodium tram- (dimethyl sulfoxide) (ammonia) tetrachloro 
ruthenate(III) (Na[trans-R&X, (DMSO) (NH,)]) (5a) 
A 0.5 g amount of 1Na (1.2 mmol) was partially 

dissolved in a mixture of 10 ml of acetone and 2 ml 
of DMSO in a flask closed with a stopcock. The flask 
was first connected to a vacuum line and then to a 
reservoir of gaseous ammonia. Within 1 min at r.t., 
under magnetic stirring, the reactant dissolved com- 
pletely and the initially orange solution turned 
brown-yellow. The product rapidly precipitated from 
the solution as light orange microcrystals which, after 
15 min, were filtered off, washed with cold acetone 
and diethyl ether, and vacuum dried at r.t. (yield 85%). 

The complex contains two DMSO molecules of crys- 
tallization and can be better formulated as Na[trans- 
RuCl,(DMSO)(NH,)].2DMSO, Anal. Calc. for 
Na[trans-RuCl,(DMSO)(NH,)] .2DMSO (Mr = 517.28): 
C, 13.9; H, 4.09; N, 2.70. Found: C, 14.5; H, 3.96; N, 
2.66%. 

Acetone and, sometimes, water molecules can par- 
tially replace the DMSO molecules of crystallization, 
thereby affecting the goodness and reproducibility of 
elemental analysis. The above reported analysis was 
probably affected by the presence of acetone as an 
impurity. 

Sodium trans-(dimethyl sulfoxide) (imidazole)tetra- 
chloromthenate(III) (Na[trans-RuCl, (DMSO) (Im)]) 
(5b) 
A 0.6 g amount of 1Na (1.4 mmol) was partially 

dissolved in a mixture of 10 ml of acetone and 2 ml 
of DMSO. 0.48 g of imidazole (7 mmol) dissolved in 
4 ml of acetone was added to the mixture under magnetic 
stirring. After 15 min at r.t. the reactant dissolved 

almost completely and the solution was filtered over 
a fine paper filter. Orange-yellow crystals of the product 
formed from the clear solution after some hours at 
room temperature and were filtered off, washed with 
cold acetone and diethyl ether, and vacuum dried at 
r.t.. Crystal formation could be hastened and increased 
by addition of small amounts of diethyl ether (yield 
80%). 

As in the case of the ammonia derivative 5a, the 
complex contains two DMSO molecules of crystalliza- 
tion and can be better formulated as Na[trans- 
RuCl,(DMSO)(Im)] .2DMSO.Anal. Calc. for Na[trans- 
RuCl,(DMSO)(Im)] .2DMSO (Mr = 568.32): C, 19.02; 
H, 3.90; N, 4.92. Found: C, 19.5; H, 3.87; N, 4.75%. 

Also in this case, acetone and, sometimes, water 
molecules can partially replace the DMSO molecules 
of crystallization, thereby affecting the goodness and 
reproducibility of elemental analysis. 

mer-Trichlorobis(dimethy1 sulfoxide)(ammonia)- 
ruthenium(III) (mer-RuCl,(DMSO),(NH,)) (6a) 
A 0.5 g amount of 2 (1.1 mmol) was dissolved in a 

mixture of CH,Cl, (7 ml) and DMSO (0.5 ml) in a 
flask closed with a stopcock. The flask was first connected 
to a vacuum line and then to a reservoir of gaseous 
ammonia. In a few minutes at r.t. the solution turned 
from red to brown-yellow and microcrystals of the same 
color began to form. After 30 min they were filtered 
off, washed with cold CH,Cl, and diethyl ether, and 
vacuum dried at r.t. (yield 85%). Anal. Calc. for 
RuCl,(DMSO),(NH), (Mr = 380.75): C, 12.62; H, 3.97; 
N, 3.67. Found: C, 12.7; H, 3.95; N, 3.47%. 

mer- Tn’chlorobis(dimethy1 sulfoxide) (imidazole)- 
ruthenium(III) (mer-RuCi,(DMSO),(Im)) (6b) 
A 0.5 g amount of 2 (1.1 mmol) was dissolved in 8 

ml of CH,Cl, and 0.28 g of imidazole (4 mmol) was 
added. In a few minutes at r.t. the solution turned 
from red to brown-yellow. Addition of a few drops of 
diethyl ether caused the precipitation of the micro- 
crystalline product. After 30 min it was filtered off, 
washed with cold CH,Cl, and diethyl ether, and vacuum 
dried at r.t. (yield 70%). Anal. Calc. for 
RuCl,(DMSO),(Im) (Mr = 431.76): C, 19.47; H, 3.73; 
N, 6.48. Found: C, 19.40; H, 3.90; N, 6.65%. 

Crystal data 
Crystals were grown from DMSO/acetone (1:5) so- 

lutions upon addition of diethyl ether. 
Crystallization of the imidazole derivative 5b caused 

the substitution of the two DMSO molecules with one 
molecule of water and one of acetone. Water very likely 
comes from DMSO, as this solvent was not dried for 
synthetic purposes. 
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TABLE 1. Crystallographic data for 5a, 5b and 6a 

5a 5b 6a 

Formula 
Molecular weight 
Crystal system 
Space group 

a (A) 
b (A) 
c (A) 
a (“) 
P (“) 
Y (“) 
v (A3) 
Z 

D,,k (g cm-‘) 
p (MO Ka) (cm-‘) 

A (A) 
Scan type 
0 Range (“) 
Intensity monitor? 
Unique data with I>3o(I) 
No. variables 
Residuals in final 
Difference map (e k3) 
Rb 
RW’ 

C&,,Cl,NNaO,S,Ru 
517.3 
triclinic 
pi 
9.578(4) 
12.480(4) 
9.594(3) 
104.33(2) 
119.04(3) 
80.71(3) 
970.3(7) 
2 
1.771 
16.8 

WI28 
3-30 
3 
4897 
190 

+0.89, - 1.50 + 0.93, - 0.75 + 0.46, - 0.47 
0.039 0.031 0.022 
0.065 0.032 0.023 

C8H&l~N2Na03S RuC.,H&l,N02S2Ru 
488.2 380.7 
triclinic monoclinic 
pi P&In 
10.790(5) 10.110(4) 
11.411(5) 9.718(6) 
7.658(4) 14.101(5) 
105.92(4) 90 
93.61(4) 108.89(3) 
83.50(3) 90 
900.4(8) 1311(l) 
2 4 
1.802 1.929 
15.94 20.73 

0.71069 (graphite-monochromated MO Ko) 
0128 Of20 
3-30 3-30 
3 3 
4932 3152 
181 118 

:OP 2.33 [ 1+ @a) + O.O4F,2] 
- 

’ 0.811 1 1 1.000 

“Measured after each 4000 s. bR=CIIF,I - IF,IIL%lF,I. ‘Rw=[Cw(lF,I - IF,l)z%vIF~12]‘~. dGOF=[%v(IF,,I - lF,l)*/(m-.)]“*; 
m =no. of observations, n = no. of variables. 

Unit cell parameters of the three compounds were 
obtained by least-squares methods from the setting 
angles of 25 accurately centred reflections on an Enraf- 
Nonius CAD4 diffractometer. A summary of the crystal 
data, data collection and refinement is given in Table 
1. Intensities were corrected for Lorentz-polarization 
factors and an empirical absorption correction was also 
applied, by using $ scan data. No correction for ex- 
tinction was applied. 

Structure determination and refinement 
The structures were solved by the heavy atom method 

through Patterson and Fourier syntheses. In Sa, one 
of the two crystallization DMSO molecules was found 
to be disordered, in such a way that the oxygen atom 
(03) and one methyl group (C.5) are fixed, while the 
sulfur atom and the other methyl group occupy two 
close positions, S3, S4, and C6, C7, with half occupancy 
factors. All hydrogen atoms were included at calculated 
positions, except those of C6 and C7. Hydrogen atom 
parameters were held fixed during refinement with 
isotropic thermal factors B = 1.3B,, of the atom to which 
they are bonded. Neutral atom scattering factors and 
anomalous dispersion terms were taken from the lit- 
erature [20]. All calculations were done by using the 

Enraf-Nonius SDP programs [21] on a PDP 11/44 
computer. 

The final positional parameters for non-hydrogen 
atoms of 5a, 5b and 6a are listed in Tables 2, 3 and 
4, respectively. See also ‘Supplementary material’. 

Results and discussion 

Dimethyl sulfox’de derivatives 
As already reported in previous papers [8, lo], the 

chemical behaviour of the Ru(III)-sulfoxide precursors 
in solution is characterized by the rather facile dis- 
sociation of one of the two tram S-bonded sulfoxides. 
Accordingly, we found that both 1Na and 2, in organic 
solvent solution and at room temperature, can rapidly 
react with a slight excess of nitrogen ligand replacing 
one DMSO as schematically reported in Fig. 1. 

The anionic compounds 5 usually have two DMSO 
molecules of crystallization and are therefore better 
formulated as Na[trans-RuCl,(DM.SO)(L)] .2DMSO. 
As shown by spectroscopic data, acetone (used as 
reaction medium) and, more seldom, water molecules 
can sometimes partially replace the DMSO of crys- 
tallization, affecting the reproducibility of the elemental 
analysis of different preparations. Compounds with 



TABLE 2. Atomic parametersa of Na[trans-RuCI,- TABLE 4. Atomic parameters= of mer,cis-RuCI,(DMSO),(NH,) 
(DMSO)(NH,)] .2DMSO (5a) with e.s.d.s in parentheses (6a) with e.s.d.s in parentheses 

Atom x Y z B (A’) 

Ru 
Cl1 
Cl2 
Cl3 
Cl4 
Sl 
s2 
s3 
s4 
Na 
01 
02 
03 
N 
Cl 
C2 
c3 
c4 
c5 
C6 
c7 

-0.00716(3) 
0.0802(l) 

-0.0754(l) 
-0.1777(l) 

0.1736(l) 
- 0.21347(9) 
-0.4193(l) 
- 0.7382(2) 
- 0.6596(3) 
- 0.3958(2) 
- 0.3408(3) 
- 0.4688(3) 
- 0.6148(3) 

0.1738(3) 
- 0.3106(4) 
- 0.1522(5) 
- 0.4819(5) 
- 0.2087(5) 
- 0.6327(8) 
- 0.769( 1) 
-0.864(l) 

0.26306(2) 
0.14797(7) 
0.38462(7) 
0.36444(g) 
0.16639(9) 
0.15308(6) 
0.1992(l) 
0.4317(2) 
0.3589(2) 
0.3747(l) 
0.1994(2) 
0.3060(3) 
0.4413(3) 
0.3710(3) 
0.1085(4) 
0.0216(3) 
0.0927(4) 
0.1802(6) 
0.4278(7) 
0.2821(9) 
0.354( 1) 

0.38743(2) 
0.5761( 1) 
0.2092(l) 
0.4891(l) 
0.2938(l) 
0.20310(9) 

-0.3676(l) 
0.0795(2) 
0.0927(3) 

- 0.0097(2) 
0.0634(3) 

- 0.2848(3) 
0.0242(3) 
0.5621(3) 
0.2948(5) 
0.1201(5) 

-0.3199(5) 
- 0.2464(6) 

0.2832(6) 
0.006( 1) 

- 0.028( 1) 

2.215(4) 
3.64(2) 
3.71(2) 
3.73(2) 
4.08(2) 
2.64(2) 
3.81(2) 
3.63(3) 
6.40(5) 
3.72(4) 
3.84(7) 
4.10(7) 
4.65(6) 
3.12(6) 
4.15(8) 
4.2(l) 
4.5( 1) 
5.9( 1) 
7.4(2) 
6.8(3) 
7.3(3) 

“Anisotropically refined atoms are given in the form of equivalent 
thermal parameters defined as: 4/3[a2P1r + b2& + cz& + 
ab(cos y)& + ac(cos p)& + bc(cos cu)&,]. 

TABLE 3. Atomic parameters” of Na[rruns-RuCl,- 
(DMSO)(Im)] .H,O,Me,CO (Sb) with e.s.d.s in parentheses 

Atom x Y .7 B (A’) 

Ru 
Cl1 
Cl2 
Cl3 
Cl4 
S 
Na 
01 
02 
03 
Nl 
N2 
Cl 
c2 
c3 
c4 
c5 
C6 
c7 
C8 

0.21248(2) 
0.18812(9) 
0.42545(7) 
0.2361(l) 

- 0.00398(7) 
0.23664(6) 
0.0884( 1) 
0.1295(2) 
0.2762(2) 
0.0002(2) 
0.1867(2) 
0.2090(4) 
0.3705(3) 
0.2722(3) 
0.1071(3) 
0.1188(3) 
0.2522(4) 
0.3176(4) 
0.3451(3) 
0.4615(4) 

0.20315(2) 
0.32737(7) 
0.2217(l) 
0.08059(7) 
0.19431(9) 
0.03793(6) 

-0.1018(l) 
0.0237(2) 

- 0.2275(2) 
- 0.2235(2) 

0.3587(2) 
0.4959(3) 
0.0388(3) 

- 0.1049(3) 
0.4562(3) 
0.5407(3) 
0.3816(3) 

- 0.3794(4) 
- 0.3123(3) 
- 0.3564(5) 

0.02184(2) 
-0.17806(9) 

0.0523(l) 
0.2270(l) 
0.0114(l) 

- 0.22865(8) 
- 0.6580(2) 
- 0.3622(3) 
- 0.6702(4) 
- 0.4800(4) 

0.2396(3) 
0.5031(5) 

- 0.3525(4) 
-0.1778(4) 

0.2468(4) 
0.4047(4) 
0.4031(4) 

- 0.9463(6) 
- 0.7542(5) 
- 0.6660(7) 

2.098(3) 
3.92(2) 
5.02(2) 
4.63(2) 
4.35(2) 
2.33( 1) 
3.88(3) 
3.19(4) 
5.02(6) 
4.44(5) 
2.87(4) 
6.8(l) 
3.91(7) 
3.88(7) 
3.61(6) 
3.27(6) 
4.17(7) 
5.9(l) 
4.09(7) 
6.8( 1) 

“Anisotropically refined atoms are given in the form of equivalent 
thermal parameters defined as: 4/3[&, +bZ&+c2&+ 
ub(cos y)hz+uc(cos P)P~s+bdcos 4Pd 

L = NH, (5a), imidazole (Im, 5b), N-methylimidazole 
(MeIm), pyrazole (Pz), indazole (Ind), pyridine (Py), 
isoquinoline (Iq) have been synthesized and charac- 

209 

Atom x Y .z B (A’) 

Ru 0.09938(2) 0.16475(2) 0.37074(l) 1.781(3) 
Cl1 0.33294(6) 0.17718(8) 0.38125(5) 2.96( 1) 
CI2 0.08621(7) 0.40133(7) 0.39429(5) 3.01(l) 
CI3 0.09238(7) - 0.07646(7) 0.35864(5) 2.96(l) 
Sl - 0.21749(6) 0.25391(7) 0.31972(5) 2.51(l) 
s2 0.02918(6) 0.18153(7) 0.20100(4) 2.10( 1) 
01 -0.1025(Z) 0.1505(2) 0.3758( 1) 2.39(3) 
02 - 0.1217(2) 0.1557(2) 0.1515(l) 3.13(4) 
N 0.1570(2) 0.1442(3) 0.5276(2) 2.90(5) 
Cl - 0.3627(3) 0.1448(4) 0.2652(3) 4.71(9) 
C2 - 0.2678(4) 0.3289(4) 0.4174(3) 5.18(8) 
c3 0.0699(3) 0.3420(3) 0.1579(2) 3.38(6) 
c4 0.1225(3) 0.0701(4) 0.1453(2) 3.66(6) 

“Anisotropically refined atoms are given in the form of equivalent 
thermal parameters defined as; 4/3[&, +b*&+c*&+ 
ub(cos y)& + uc(cos p)& + bc(cos a)&]. 

terized up to now, but other derivatives might be easily 
synthesized with similar procedures. 

All the anionic derivatives are highly water soluble. 
The solubility of the neutral complexes 6 is less pro- 
nounced and strongly dependent on the nature of the 
nitrogen ligand. 

The anionic and neutral derivatives have been char- 
acterized mainly by means of solid state IR and ‘H 
NMR in D,O. However, owing to the paramagnetism 
of the Ru(II1) nucleus and to the almost total absence 
of previous reports on this subject, a complete assign- 
ment of the NMR spectra was not attempted. 

IR band assignment was performed according to 
current literature data [5, 8, 12, 22-271 and was sup- 
ported by the systematic analysis of the corresponding 
compounds with DMSO-d,. All the complexes belonging 
to each class have some features in common. In fact, 
every anionic complex 5 is characterized by a strong 
band at about 1090 cm-l, that is not shifted upon 
deuteration and can be safely attributed to the S-O 
stretching mode of DMSO. This absorption is always 
accompanied by a Ru-S stretching band at about 430 
cm-‘. Other common features are the S-O stretching 
band of the DMSO molecules of crystallization at about 
1020 cm-’ and the strong Ru-Cl stretching band (some- 
times splitted) approximately at 340 cm-‘. On the other 
hand, the spectra of the neutral derivatives 6 clearly 
show the presence of two differently bonded dimethyl 
sulfoxides, one through the sulfur atom (v(S-0) at 
about 1090 cm-’ and v(Ru-S) around 420 cm-‘) and 
the other through the oxygen atom (v(S-0) at about 
910 cm-’ and v(Ru-0) around 495 cm-‘). As in the 
precursor 2, only a single strong Ru-Cl stretching band 
with an enlarged shape is observed in every case at 
about 330 cm-l. In this paper we report in detail the 
spectroscopic results concerning the ammonia (Sa and 
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Fig. 1. Scheme of the synthetic path to the anionic (5) and neutral (6) Ru(II1) derivatives. 

6a, Table 5) and imidazole (5b and 6b, Table 6) 
derivatives. In the case of the ammonia complexes, the 
almost total absence of ligand absorption bands allowed 
a more detailed band assignment. 

The D,O ‘H NMR spectra of the anionic complexes 
5 share the common feature of a broad signal centered 
at about - 15 ppm. This peak, that could be unam- 
biguously attributed to the protons of S-bonded DMSO 
by comparison with the DMSO-d, derivatives, is shifted 
approximately 2 ppm downfield compared to the pre- 
cursor [B]. Analysis of the neutral complexes was limited 
to the ammonia and imidazole derivatives, due to 
solubility limits. Similarly to the precursor [B], they 
both have a broad band around - 14.5 ppm (S-bonded 
DMSO) and a slightly sharper band of equal intensity 
around 10.7 ppm (O-bonded DMSO). 

Owing to their lower intensity, detection of the ni- 
trogen ligand signals was sometimes difficult, in par- 
ticular with the slightly soluble neutral derivatives. As 
an example we report the D,O spectrum of Na[truns- 
RuCl,(DMSO)(Im)]=2DMSO (5b) (Fig. 2). Beside the 
DMSO protons signal (and the signal of free DMSO 
at 2.72 ppm, not shown in the Figure), the spectrum 
of the complex shows three signals of equal intensity 
for the coordinated imidazole, two very broad peaks 
centered at - 7.8 and - 5.6 ppm and a sharper resonance 
at - 3.5 ppm. No free imidazole was detected in freshly 
prepared solutions. As in the case of [Ru(NH,),(Im)13’ 
[28], the narrowest peak can be safely attributed to 
H5, which is further removed from the paramagnetic 
center, while the two other originate from H2 and H4. 
The imidazole resonances are quite different from those 
observed in the similar complex (ImH)[trans- 
RuCl,(Im),]. In a freshly prepared solution of ICR, in 

fact, the three signals for the two equivalent imidazole 
ligands are found at -6.0 ppm (H.5) and at - 16.1 
and -21.5 ppm (H2 and H4). 

As a general remark, the NMR spectra of complexes 
5 and 6 clearly showed that neither DMSO or the 
nitrogen ligand are readily replaced in aqueous solution. 

Both the IR and the NMR spectra strongly suggested 
that the disposition of the other ligands in 1Na and 
2 was left unaltered by the replacement of a DMSO 
with a nitrogen ligand. This hypothesis was further 
supported by the UV-Vis absorption spectra. In fact, 
both anionic and neutral derivatives have electronic 
absorption spectra very similar to that of the corre- 
sponding precursor (Table 7). Interestingly, each ni- 
trogen ligand induces a similar shift of the main ab- 
sorption maximum in both classes of compounds. 

The single-crystal X-ray analysis of some anionic (5a, 
Sb) and neutral (6a) derivatives definitively confirmed 
the structures proposed for the two classes of compounds 
(see below). 

Molecular structures 
The molecular structures of Na[truns-RuCl,- 

(DMSO)(NH,)] .2DMSO @a), Na[truns-RuCl,- 
(DMSO)(Im)] . H,O,Me,CO (5b) and mer,cis-RuCl,- 
(DMSO)(DMSO)(NH,) (6a) are depicted in Figs. 3, 
4, and 5, respectively. Bond lengths and angles are 
given in Tables 8, 9 and 10, respectively. 

In both ruthenates, 5a and 5b, the metal atom has 
the expected distorted octahedral geometry, with four 
chlorine atoms in the equatorial positions and a DMSO 
tram to the N-ligand. In 5a, the sodium ion is bound 
to the oxygen atom, 01, of the coordinated DMSO 
and to the oxygen atoms, 02 and 03, of the two 
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TABLE 5. Vibrational frequencies (cm-‘) for the main absorption bands of Na[fruns-RuCI,(DMSO)(NH,)I.2DMSO (5a), muds- 

RuCI,(DMSO),(NH,) (6a), and their hexadeuterated analogues Ja(DMSO-d,) and Qa(DMSO-d,) between 4000 and 3X) cm-’ 

Frequency (cm-‘) 

5a Sa(DMSO-d,) 

3300s” 3303s 
3244m 3245m 
3173m 3171m 

2997m 2253m (1.33) 
2918m 2130m (1.37) 

1611s 1616s 

1439m 1032m (1.39) 
1405s 1011s (1.39) 
1309m 1003m (1.30) 

6a 

3312s 
3243m 
3171m 

3001m 
2918m 

1614s 

1426m 
1404s 
1307s 
1295m 
1281m 

1248s 

1088~s 

1031m 
1018s 

982s 
962~ 

910vs 

724m 
690m 

498s 

455w 

6a(DMSO- 

de) 

3310s 
3241m 
3170m 

2253m (1.33) 
2128w (1.37) 

1616s 

1030sh (1.39) 
1007s (1.39) 

950sh (1.36) 

Assignment 

vN-Hb 

K-H 

UNH) 

UCH) 

1282s 

1088vs 

1025~s 

979w 
961s 
938m 
907w 

709s 
687m 

460w 

1283s 

1092vs 

d 

828s 
822s 
770m 

7oOw (1.01) 
635~ (1.08) 

457w 

1247s 

1093vs 

823s 
765m 

907vs 

692~ (1.05) 
633~ (1.09) 

472s (1.05) 
d 

UNH) 

vs-0 
(DMSO) 

VSO 
(crystallization) 

P(CW 

VS-O 
(DMSO) 

VC-S 

VRU-0 

VRU-N 

427m 396m (1.08) 419m 384m (1.09) VRU-S 

395m d 375m d X-S-O 

338~s 
319vs 317vs 329vs 322~s vRu-Cl 

“sh, shoulder; w, weak; m, medium; s, strong; vs, very strong; br, broad. by, stretching; 6, deformation; p, rocking. Numbers in 
parentheses refer to the isotope ratios. dPeak hidden by other absorptions. 

crystallization DMSO molecules. An extremely distorted 
tetrahedral environment of Nat is achieved through 
further coordination to the oxygen atom, 03’, of the 
symmetry related molecule at - 1 -x,1 -y,-z. In Sb, 
the sodium ion has again a highly distorted tetrahedral 
geometry, being coordinated to the oxygen atoms of 
the crystallization acetone (02) and water (03) mol- 
ecules, and to the oxygen atoms of the Ru-bonded 
DMSO (01) and its symmetry analogue (01’) of the 
molecule at -x, -y, - 1-z. 

In 6a the three chlorine atoms occupy the meridianal 
positions, with a DMSO trans to NH, and a DMSO 
tram to Cl. The Ru-0 bond length is very close to 
that found in 2 (2.077(3) A) [8]. 

The average values of the Ru-Cl bond lengths are 
well comparable in the three compounds (2.348(7) 8, 
in Sa, 2.34(2) 8, in 5b, and 2.34(l) 8, in 6a) and close 
to the average value of 2.350(7) 8, found in related 
Ru(II1) complexes 91. As expected [S-lo] these dis- 
tances are c. 0.06 8, shorter than those found in the 
tram Cl-Ru(II)-Cl group (av. 2.41(l) A). 

Similarly, the Ru(III)-NH, distances in 5a and 6a 
are shorter than the average value of 2.150(7) A, found 
for the Ru(II)-NH, distance in cis,fac-RuCl,- 
(DMSO),NH, and trans,cis,cis-RuCl,(DMSO),(NH,),. 
H,O [14]. It is interesting to observe that a similar 
shortening of 0.040 A of the Ru-NH, bond length has 
been already observed when [Ru(NH,),]I, (2.144(4) A) 
was compared to [Ru(NH,),][BF,], (2.104(4) A) [29]. 
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TABLE 6. Vibrational frequencies (cm-‘) for the main absorption bands of Na[rruns-RuCl,(DMSO)(Im)].2DMSO (5b), mer,cis- 
RuCl,(DMSO),(Im) (6b), and their hexadeuterated analogues Sb(DMSO-d,) and 6b(DMSO-d,) between 1600 and 300 cm-’ 

Frequency (cm-‘) 

Sb Sb(DMSO-d,) 

1413m” 1046m (1.35$’ 
1310m 999m (1.31) 

1096s 1099s 

1020s 1026s 

1007s 820sh 
959w 785m 
951m 770m 
941w 

731w 
690w 636~ (1.08) 

428m 396m (1.08) 

398m 379w 

345s 339s 
32% 322s 

Imidazole characteristic absorptions 
106Os, 840m, 827m, 660s 618m 

6b 

1412m 
1311m 

1093s 

1020s 
976m 

902s 

728m 
687m 

496s 

422m 

335s 

6b(DMSO- 

de) 

1028m (1.37) 
1Ollm (1.30) 

1096s 

825s 
771m 
749m 

902s 

704w (1.03) 

472s (1.05) 

390m (1.08) 

341s 
326s 

Assignment 

S(CH)’ 

IS-0 
(DMSO) 

us-0 
(crystallization) 

P(CH) 

vs-0 
(DMSO) 

K-S 

vRu-0 

vRu-S 

K-S-0 

vRu-Cl 

“sh, shoulder; w, weak; m, medium; s, strong; vs, very strong; br, broad. bNumbers in parentheses refer to the isotope ratios. 
‘v, stretching; 6, deformation; p, rocking. 

,-~llTrrl~-T~T~[ 7-r i ,- 1 r_r~yI Ti,--r_r77- 

0 -2 -4 i, -8 IO I,’ I4 I ii I !i -20 -22 -24 PPM 

Fig. 2. ‘H NMR spectrum, (360 MHz, DZO) of Na[rruns-RuCl,(DM.SO)Im] (5b). 

This has been attributed to the increase of the metal [Sal. These values are slightly shorter than those 
positive charge [29]. of the ammonia derivatives, as expected from the 

The Ru(III)-N(Im) bond distance in 5b is similar change of hybridization of the nitrogen atoms, from 
to that of 2.079(3) A found in [(Im)H][truns-RuClJm,] sp3 to sp2. 
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TABLE 7. UV-Vis absorption bands and half-wave potentials of anionic and neutral complexes in aqueous solution 

Compound h,, (nm) (c (M-’ cm-‘)) 

Na[fruns-RuCl,(DMSO)(H,0)1 464 (592) 395 (5212) 
Na[trans-RuCl,(DMSO)(NH,)I 449 (449) 385 (3684) 
Na[truns-RuCl,(DMSO)(Im)] 451 (488) 390 (3644) 
Na[&uns-RuCl,(TMSO)(Im)] 451 (496) 388 (3411) 
Na[rruns-RuCl,(DMSO)(MeIm)] 451 (535) 389 (3880) 
Na[fruns-RuCl,(DMSO)(Pz)] 456 (673) 389 (4776) 
Na[truns-RuCl,(DMSO)(Ind)] 461 (648) 395 (4357) 
Na[rruns-RuCl,(TMSO)(Ind)] 461 (492) 395 (3261) 
Na[truns-RuCl,(DMSO)(Py)] 458 (438) 394 (3568) 
Na[rruns-RuCl,(TMSO)(Py)] 457 (474) 394 (3539) 
Na[rruns-RuCl,(DMSO)(Iq)] 458 (488) 395 (3850) 
Na[truns-RuCl,(TMSO)(Iq)] 457 (492) 395 (3497) 
mer-RuCl,(DMSO),(H,O) 426 (1060) 364 (3260) 
mer-RuCl,(DMSO),(NH,) 414 (1174) 355 (3222) 
mer-RuCl,(DMSO),(Im) 413 (1034) 358 (2529) 
mer-RuCl,(TMSO),(Im)b 413 358 

“See ref. 15. ‘e not evaluated due to the low solubility of the complex. 

J&z (V) 

0.107” 
0.029 

- 0.001 

0.005 
0.065 
0.089 

0.065 
0.062 
0.066 

0.186” 
0.117 
0.101 

Cl1 

Fig. 3. ORTEP drawing of Na[iruns-RuCl,(DMSO)(NH,)I . 
2DMS0 (Sa) showing the atom numbering scheme (thermal 
ellipsoids at 50% probability level). 03’ refers to the oxygen 
atom of a DMSO symmetry equivalent molecule at - 1 -x, 1 -y, 
--z, not shown for sake of clarity. 

On the other hand, the Ru-S bond distances in 5a, 
5b and 6a are si nificantly shorter than the average 
value of 2.34(l) 1 found for the Ru(II1)S, truns to 
S, in the precursors [6, S-101. It is also interesting to 
observe that the above Ru-S bond distances do not 
show any appreciable reduction with res ect to the 
equivalent Ru(I1)S distance of 2.2877(5) 1 in cis,fac- 
RuCl,(DMSO),NH, [16]. Moreover, they are longer 
than the Ru(II)-S bond distances in truns,cls,cls- 
RuCl,(DMSO),(NH,),.H,O (2.2350(6) and 2.2468(6) 
A), and in [Ru(NH,),(DMS0)12+ (2.188(3) A) [30]. 

The dependence of the Ru-S bond length on the 
ruthenium oxidation state and on the nature of the 

C8 

Fig. 4. ORTEP drawing of Na[truns-RuCl,(DMSO)(Im)]~HzO, 
Me2C0 (Sb) showing the atom numbering scheme (thermal 
ellipsoids at 50% probability level). 01’ refers to the oxygen 
atom of a DMSO symmetry equivalent molecule at -x, -y, 
-l-z, not shown for sake of clarity. 

ligand in tram might be rationalized in terms of Z- 
backbonding contribution in the Ru-DMSO bond. This, 
in fact, should increase from Ru(II1) to Ru(I1) and 
with the number of a-donor ligands because of the 
increased negative charge density on the metal center, 
and decrease with the number of W- accepting ligands, 
such as two truns DMSOs. Furthermore, an increase 
of the rr bond character of the Ru-S bond is expected 
to reduce the positive charge on the sulfur atom [26] 
and hence also the p,-d, overlap between 0 and S 
orbitals. 
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Fig. 5. ORTEP drawing of mer,cis-RuCl,(DMSO),(NH,) (6a) 
showing the atom numbering scheme (thermal ellipsoids at 50% 
probability level). 

The shortening of the Ru-S bond length in these 
complexes compared to the precursors might therefore 
be interpreted with an increased Z- backbonding con- 
tribution from Ru(II1). This bonding scheme is sup- 
ported by the trend of the S-O bond lengths. In fact, 
the average S-O bond distance of 1.466(5) 8, in [rrans- 
RuCl,(DMSO),] - is shorter than that of 1.482(5) A 
in Sa, 5b and 6a. This trend is also reflected in the 
S-O stretching frequency that, for example, decreases 
from 1115 cm-l in 1 to approx. 1090 cm ~’ in 5a and 
6a (Table 6). 

It is interesting to note that the S-O bond distances 
in the DMSO molecules of crystallization bound to 
Na’ in 5a are markedly longer than those in the Ru- 
coordinated molecules. The average bond distance of 
1.53(2) 8, is in the range of values found for other 
alkaly metal-DMSO complexes, e.g. 1.54(2) 8, [31], 
1.50(2) A [32], as well as for protonated [(DMSO),H] + 
cations, e.g. 1.544(6) 8, [33], 1.534(3) 8, [34], 1.532(4) 
8, [8]. Longer distances are found in 
(1.585(g) A) [35] and 

[(DMSO)H + 
in [(TMSO)H]’ (1.589(3) 8, ) 

[lo]. All these values are greater than the S-O bond 
length in free DMSO. Unfortunately, the available X- 
ray data for free DMSO are of low accuracy and 
strongly dependent on the experimental temperature 
[26]. Probably, the most accurate S-O bond distance 
for free DMSO is that of 1.485(6) A, obtained by gas- 
phase microwave spectroscopy on various isotopically 
substituted species [36]. As a matter of fact, this value 
is comparable to those found in some solvates, e.g. 
1.488(5) 8, [37], 1.49(l) pi [38]. 1.494(4) 8, [39]. 

Tetramethylene sulfoxide derivatives 
Anionic and neutral derivatives of general formula 

Na[trans-RuCl,(TMSO)(L)] .TMSO (7) and mer- 

TABLE 8. Bond distances (A) and angles (“) for Na[truns- 
RuCI,(DMSO)(NH,)]~2DMSO (5a) 

Distances 
Ru-Cl1 
Ru-Cl2 
Ru-Cl3 
Ru-Cl4 
Ru-Sl 
Ru-N 
Na-01 
Na-02 
Na-03 
Na-03’ 
Sl-Cl 

Angles 
Cll-Ru-Cl2 
CIl-Ru-Cl3 
CIl-Ru-Cl4 
Cll-Ru-Sl 
Cll-Ru-N 
ClZ-Ru-Cl3 
ClZ-Ru-Cl4 
C12-Ru-Sl 
C12-Ru-N 
C13-Ru-Cl4 
C13-Ru-Sl 
C13-Ru-N 
CWRu-Sl 
Cl&Ru-N 
Sl-Ru-N 

Ol-Na-02 
Ol-Na-03 
Ol-Na-03’ 
OZ-Na-03 
02-Na-03’ 
03-Na-03’ 

2.339(2) 
2.352(Z) 
2.344(Z) 
2.358( 1) 
2.2797(7) 
2.108(3) 
2.363(3) 
2.338(3) 
2.272(4) 
2.356(4) 
1.784(Z) 

175.58(2) 
90.51(4) 
89.44(4) 
91.82(3) 
88.6( 1) 
90.95(4) 
88.92(5) 
92.39(4) 
87.3(l) 

177.46(4) 
88.46(3) 
881(l) 
94.10(3) 
89.4( 1) 

176.52(9) 

95.6(l) 
103.1(l) 
165.2(l) 
110.6(2) 

94.1(l) 
83.9( 1) 

Sl-01 
Sl-Cl 
Sl-c2 
s2-02 
SZ-C3 
SZ-C4 
s3-03 
s3-c5 
S3-C6 
s4-03 
St-c5 
St-c7 

Ru-SlXI7 
Ru-Sl-Cl 
Ru-Sl-CZ 
01Sl-Cl 
01Sl-c2 
Cl-Sl-CZ 
OZ-S2-C3 
OZ-S2-C4 
C3-SZ-C4 
03-s3-c5 
03-S3-C6 
C5-S3-C6 
03-S&C5 
03-S&c7 
c5-s&C7 

1.479(3) 
1.776(6) 
1.780(4) 
1.508(3) 
1.777(7) 
1.784(4) 
1.542(4) 
1.720(6) 
1.84(Z) 
1.558(5) 
1.727(7) 
1.726(9) 

117.1(l) 
112.2(l) 
113.9(l) 
106.3(2) 
106.3(2) 

99.1(Z) 
105.2(Z) 
106.1(Z) 

98.6(3) 
106.7(3) 

99.2(5) 
96.7(4) 

105.8(3) 
102.5(5) 
105.3(5) 

03’ is referred to 03 by the symmetry operation - 1 --x, 1 -y, 
--z. 

RuCl,(TMSO),(L) (8) could be obtained from 3Na and 
4, respectively, by adopting synthetic procedures very 
similar to those already reported for the corresponding 
DMSO compounds 5 and 6. Even though in this case 
no X-ray determination was performed, the IR and 
UV-Vis spectroscopic data allowed the unambiguous 
structural characterization of the complexes. 

IR spectroscopy confirmed the presence of exclusively 
S-bonded TMSO in the anionic derivatives 7 (v(S-0) 
at about 1105 cm-‘) and of both S-bonded and O- 
bonded TMSO in the neutral ones (8) (v(S-0) at about 
1105 and 910 cm-‘, respectively). Moreover, both an- 
ionic and neutral compounds have electronic absorption 
spectra almost superimposable to those of the corre- 
sponding DMSO derivatives. Some examples are re- 
ported in Table 7. 

Electrochemistry 
The cyclic voltammetry of the complexes 5-8 in 

aqueous solution at a scan rate of 1 V/s, reveals in 



21.5 

TABLE 9. Bond distances (A) and angles (“) for Na[fnzns- 
RuCl,(DMSO)(Im)] .H,O,Me,CO (5b) 

Distances 
Ru-Cll 
Ru-Cl2 
Ru-Cl3 
Ru-Cl4 
Ru-S 
Ru-Nl 
Na-01 
Na-01’ 
Na-02 
Na-03 

Angles 
Cll-Ru-Cl2 
Cll-Ru-Cl3 
Cll-Ru-Cl4 
Cll-Ru-S 
Cll-Ru-Nl 
Cl2-Ru-Cl3 
Cl2-Ru-Cl4 
Cl2-Ru-S 
Cl2-Ru-Nl 
Cl%Ru-Cl4 
C13-Ru-S 
Cl3-Ru-Nl 
Cl4-Ru-S 
Cl4-Ru-Nl 
S-Ru-Nl 

Ol-Na-01’ 
Ol-Na-02 
Ol-Na-03 
Ol’-Na-02 
Ol’-Na-03 
02-Na-03 

- 

2.3403(9) 
2.3227(8) 
2.3588(9) 
2.3447(g) 
2.2956(6) 
2.081(2) 
2.370(2) 
2.418(2) 
2.337(3) 
2.489(3) 

90.80(4) 
179.12(2) 

90.17(4) 
87.43(2) 
89.55(7) 
89.32(5) 

175.95(3) 
92.43(3) 
88.41(8) 
89.65(4) 
93.44(3) 
89.58(7) 
91.54(3) 
87.66(8) 

176.88(7) 

90.35(7) 
94.84(9) 
81.41(9) 

163.6( 1) 
76.33(9) 
89.1(2) 

s-01 
S-Cl 
S-C2 
02-C7 
Nl-C3 
Nl-C5 
N2-C4 
N2-C5 
c3-c4 
c6-C7 
C7-C8 

Ru-S-01 
Ru-S-Cl 
Ru-S-C2 
Ol-S-Cl 
Ol-s-C2 
Cl-S-C2 
C3-Nl-C5 
C4-N2-C5 
Nl-C3-C4 
N2-G&C3 
Nl-C5-N2 
02-C7-c6 
02-C7-C8 
c6-c7-C8 
Ru-NlX3 
Ru-NI-CS 

1.487(2) 
1.779(3) 
1.773(3) 
1.207(4) 
1.317(4) 
1.373(4) 
1.334(5) 
1.365(5) 
1.333(4) 
1.490(S) 
1.492(6) 

115.53(8) 
112.7(l) 
114.4(9) 
106.3(l) 
106.7(l) 

99.8(2) 
106.2(2) 
107.9(3) 
111.2(3) 
107.4(3) 
107.4(4) 
122.5(3) 
120.6(3) 
116.9(3) 
127.1(2) 
127.7(2) 

01’ is referred to 01 by the symmetry operation --x, -y, - 1 --z. 

every case a reversible to quasi-reversible Ru(III)/Ru(II) 
electron transfer, with peak to peak separations in the 
range 60-72 mV. Complete stability of the reduced 
forms on this time scale is deduced from the observed 
anodic to cathodic peak current ratios in the range 
0.96-1.1. The cathodic peak current was found to be 
linearly related (with zero intercept) to the square root 
of the scan rate between 1 and 100 V/s. 

From the above it may be concluded that the reduction 
processes under study are not complicated by adsorption 
phenomena or coupled chemical reactions. Accordingly, 
the mean of the cathodic and anodic peak potentials 
(E1,J is a good estimation of the formal reduction 
potential of the complexes. The observed E,, fall in 
the range -0.001 to 0.117 V (Table 7). Neutral de- 
rivatives are significantly more reducible than the cor- 
responding anionic species. No apparent changes in 
the redox potential result from the substitution of a 
DMSO for a TMSO ligand. 

TABLE 10. Bond distances (A) and angles (“) for mer,cis- 
RuCl,(DMSO),(NH-,) (6a) 

Distances 
Ru-Cl1 
Ru-Cl2 
Ru-Cl3 

RuS2 
Ru-01 
Ru-N 

Angles 
Cll-Ru-Cl2 
Cll-Ru-Cl3 
Cll-Ru-S2 
Cll-Ru-01 
Cll-Ru-N 
Cl2-Ru-Cl3 
Cl2-Ru-S2 
Cl2-Ru-O 1 
Cl2-Ru-N 
Cl3-Ru-S2 
Cl3-Ru-01 
Cl3-Ru-N 
S2-Ru-01 
S2-Ru-N 
Ol-Ru-N 

2.3207(7) 
2.3330(8) 
2.3497(7) 

2.2714(6) 
2.070(2) 
2.107(2) 

92.49(3) 
93.59(3) 
91.60(2) 

174.60(5) 
90.48(7) 

172.62(4) 
93.81(2) 
87.63(6) 
87.30(7) 
90.20(2) 
85.93(6) 
88.48(7) 
93.78(5) 

177.60(7) 
84.14(8) 

Sl-01 
Sl-Cl 
Sl-c2 
s2-02 
S2-C3 
S2-C4 

Ol-Sl-Cl 
Ol-Sl-C2 
Cl-Sl-C2 
Ru-S2-02 
Ru-S2-C3 
Ru-S2-C4 
02-S2-C3 
02-S2ZC4 
C3-S2-C4 
Ru-Ol-Sl 

1.547(2) 
1.773(3) 
1.773(4) 
1.479(2) 
1.770(3) 
1.777(4) 

102.3(l) 
103.1(l) 
100.2(2) 
114.08(9) 
113.41(9) 
113.10(9) 
107.8(l) 
107.6(l) 

99.8(l) 
121.7(l) 

According to the measured&,, a biological reduction 
process is thermodynamically possible for all the de- 
rivatives [17]. In this respect it is interesting to compare 
the Eln value of Sb with that of ICR, which we found 
to be -0.511 V under the same conditions. This last 
value sits at the lower limit of the biologically accessible 
potentials suggesting that, in the hypothesis of an 
‘activation by reduction’ mechanism operating in viva 
for these Ru(II1) complexes, the sulfoxide derivatives 
might be expected to behave quite differently from ICR 
despite their structural similarity. 

For the anionic derivatives with HzO, Im, MeIm, 
NH,, Pz and Py it is possible to compare the observed 
E,,2 value with that calculated according to the linear 
relation given by Lever for Ru(III)/Ru(II) couples in 
water (Fig. 6) and based on his electrochemical ligand 
parameters EL [40]. As it may be seen, the predicted 
redox potentials are considerably lower than those 
observed. Even though the range of E,,2 values in our 
hands is too narrow to attempt any reasonable cor- 
relation, yet there are at least two factors to be con- 
sidered when comparing our results with Lever’s pre- 
diction. On one hand, Lever’s correlation in water was 
based essentially on Ru(I1) species with a +2 net 
charge, while our complexes have a net - 2 charge for 
the same oxidation state. Actually, one would expect 
this to push the formal potentials towards more negative 
values. On the other hand, the high affinity of the 
DMSO ligand for Ru(II), together with its rather strong 
rr-acidic character stimulated by the abundance of 
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Fig. 6. Observed E,, values (vs. NHE) for the anionic complexes 
with HzO, Im, MeIm, NH,, Pz and Py vs. the corresponding 
Lever’s I;E,. The straight line is drawn according to Lever’s 
correlation: Eln= l.l4(ZE,)-0.35; for the construction of the 
figure, the E,, values were referred to the NHE by assuming 
E(SSCE) vs. NHE=0.236 V [41]. 

negative charge in the complexes, act in the opposite 
direction, moving the formal potentials towards more 
positive values. As a matter of fact, substitution of an 
imidazole ligand for a DMSO (cf. ICR and 5b), induces 
an increase in the reduction potential of 0.51 V (see 
above). Moreover, in a previous paper [15] we found 
that the electrochemical behaviour of the parent com- 
pounds 1Na and 2 is heavily influenced by the peculiar 
character of the DMSO ligand. Finally, a similar extra- 
stabilization effect due to r-acidic ligands has been 
recently reported for similar complexes [42]. 

As an alternative hypothesis, in aqueous solution the 
complexes might be in rapid equilibrium with some 
other species which actually undergo reduction at the 
electrode surface (CE mechanism). According to the 
independent NMR evidence, however, the concentra- 
tion of such electroactive species should be below the 
limit of detection and we can estimate 5 x lo-’ as the 
maximumvalue for their formation equilibrium constant. 
Since all the cyclic voltammograms remain unchanged 
up to a scan rate of 100 V/s, a lower limit of about 
7.5X lo6 s-l can be derived for the first order rate 
constant pertinent to the formation of the electroactive 
species from the complexes. This, in turn, determines 
a lower bound of 1.5 X 10’ s-l of the rate constant for 
the opposite reaction. Actually, this last value seems 
to be very high, even if this mechanistic hypothesis 
cannot be conclusively excluded. 

Conclusions 

The two new classes of ruthenium(II1) derivatives 
reported in this paper fulfill the basic requirement that 

prompted their synthesis. In fact, as shown by prelim- 
inary results, they have an increased inertness in aqueous 
solution compared to their precursors. We attribute 
this behaviour to the reinforcement of the Ru-DMSO 
bond which, according to both structural (Ru-S and 
S-O bond distances) and spectroscopic (S=O stretching 
frequencies) results, is due to an increased 7r back- 
bonding contribution. The presence of coordinated 
sulfoxide is also fundamental in determining the ease 
of reduction of the complexes through a stabilization 
of the Ru(I1) oxidation state. 

A thorough investigation of the chemical behaviour 
of the complexes in aqueous solution, with particular 
regard to physiological conditions, is currently in prog- 
ress. 

The two new classes of compounds will allow also 
a rather systematic approach to the study of the an- 
titumor properties of ruthenium compounds, due to 
the possibility of exploring a range of chemical and 
physicochemical properties (e.g. solubility, lipophiliticy, 
redox potential) while maintaining unaltered the com- 
plex structure. Some preliminary results on the anti- 
tumor activity of selected compounds, in comparison 
with ICR, are already available in the literature [43, 
441. 

Supplementary material 

Elemental analysis of the complexes whose synthesis 
was not explicitly reported, anisotropic thermal para- 
meters, hydrogen atom coordinates and tables of ob- 
served and calculated structure factors are available 
on request from the authors. 
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