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Reaction of mer-[RuCl;(DMSO-S),(DMSO-0] (1) with pyridine (py) in dichloromethane
yields mer-[RuCl;(DMSO-S)(DMSO-0O)(py)] (2). A single crystal suitable for X-ray diffraction
was obtained by recrystalization with dichloromethane and diethyl ether. X-ray diffraction
analysis revealed an unusual case in which two independent molecules (2a and 2b) are present in
the asymmetric unit cell. Both molecules have distorted octahedral geometry in which DMSO
is bound through oxygen and sulfur. Density functional theory (DFT) calculations were
performed for 2a and 2b in gas phase to investigate bonding shown by the two DMSO ligands.
Optimizations were done on both DMSO ligands bonded through S, both DMSO ligands
bonded through O, one DMSO bonded through O, and the other through S but opposite to the
actual molecule. The energy differences of the optimized structures were calculated.
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1. Introduction

Ruthenium complexes attract a great deal of attention due to their applications as
catalysts for different processes including redox reactions [1], molecular machine-type
devices [2], molecular switching devices [3], and molecular memories [4] because of the
ability of the Ru—DMSO bond to undergo linkage isomerism.

In bioinorganic chemistry, ruthenium complexes are utilized as probes for
understanding electron-transfer processes and oxidations in DNA [5]. Ruthenium
(IT, ITT) complexes also display anticancer activity and antimetastatic properties [6, 7];
some of these complexes are under intensive clinical investigation [8].

Ruthenium and platinum complexes with N-heterocyclic ligands show significant
toxicity [9]. Ruthenium—pyridine complexes belong to a series of structurally similar
complexes of the type mer-[RuCl;(DMSO-S)(DMSO-0)(N)] in which only the nature
of the nitrogen ligand was changed. The synthesis of 2 was earlier claimed by Alessio
et al. [10] on the basis of spectroscopy; however, no X-ray structure was reported.
However, we found that the reported complex is an unusual example, where two
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independent molecules are present in the asymmetric unit cell. We report here the
synthesis and unequivocal characterization of mer-[RuCl;(DMSO-S)(DMSO-O)(py)]
complex.

2. Experimental

All reagents were of analytical grade. The solvents employed were of reagent grade and
dried over 4 A molecular sieves. Pyridine was distilled before use. IR spectra were
measured on a JASCO 480 Plus spectrophotometer with samples in KBr discs. UV-Vis
spectra were obtained on a JASCO V-550 spectrophotometer. Elemental analysis
was performed by Atlantic Microlab, Norcross, Georgia. [H(DMSO),]|[trans-
RuCly(DMSO),] and mer-[RuCl;(DMSO-S),(DMSO-0)] 1 were prepared according
to the literature procedures [11]. A cyclic voltammetry (in DMSO) arrangement was
used as described previously [12]. Argon was bubbled through the solution for at least
30min prior to cyclic voltammetry and passed above the solution during cyclic
voltammetry. Instrumental iR compensation was used when needed. In some
experiments the electrode was rotated. The concentration of 2 was 1.00 mM.

2.1. X-ray structure determination

Diffraction data were collected at low temperature on a Nonius KappaCCD
diffractometer equipped with Mo-Ka radiation (A =0.71073 A), a graphite mono-
chromator, and an Oxford Cryostream low-temperature device. Absorption corrections
were carried out by the multi-scan method. Hydrogen atoms were visible in difference
maps, but were placed in calculated positions for refinement, and a torsional parameter
was refined for each methyl group. Crystal data and details of data collection and
refinement are given in table 1.

2.2. Computational studies

Density functional theory (DFT) computations were carried out using Gaussian03 [13].

2.3. Synthesis of mer-{ RuCl;(DMSO-S)(DMSO-0)(py)]

A 0.05g (0.34mmol) sample of pyridine and 0.146g (0.32mmol) of mer-
[RuCl3(DMSO-S),)DMSO-0)] were dissolved in 20mL of dichloromethane and
refluxed for 24 h. Solvent was removed under reduced pressure, and then triturated with
diethyl ether to get yellow-orange solid. The product was recrystalized in dichlor-
omethane and hexane to obtain orange crystalline product suitable for X-ray
diffraction. The product was filtered, washed with chilled dichloromethane and diethyl
ether, and vacuum dried. The yield was 0.086g (65%). Anal. Calcd for
CoH 7CI3NO,RUS, (%) (MM =442.78): C, 24.41; H, 3.87; N, 3.12. Found (%): C,
24.65; H, 3.96; N, 3.03. Selected IR absorption bands in KBr (cm_l): vso 1109 and 1020
(S~-DMSO), vgo 913 (O-DMSO), v 494 (Ru-0O), v 429 (Ru—-N). UV-Vis (acetone):
435nm (¢ =290 Lmol 'm™"); 375nm (¢ =829 Lmol 'm™").
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Table 1. Crystal data for 2.

CCDC deposit No. CCDC 697452
Empirical formula CyH7CI3NO>RUS,
Formula weight 442.78

Crystal Orange lath
Crystal size (mm?) 0.05x0.10 x 0.23
Crystal system Monoclinic
Space group P2;/c
Temperature (K) 3 90

Unit cell dimensions (A,°)

a 11.9317(14)

b 16.2550(16)

¢ 16.412(2)

B . 90.053(6)
Volume (A%), Z 3183.1(6), 8
Limiting indices —l6<h<+16, -20<k<-22, —-23<[<+423
0 range for data collection (°) 2.7-30.5
Absorption coefficient (mm™") 1.74

Max. and min. transmission 0.690 and 0.918
Calculated density (gcm ™) 1.848

Data collected 55,320
Observed/unique data 6100/8957

R 0.038

WR (F?) 0.078

Parameters . 334

Largest difference peak and hole (e A~%) 1.28 and —1.30

3. Results and discussion

3.1. Synthesis and structure

Equimolecular amounts of mer-[RuCl;(DMSO-S),(DMSO-0)] (1) and pyridine were
refluxed to produce mer-[RuCl;(DMSO-S)(DMSO-0)(py)] (2) in good yield.
{ mer-[RuCl;(DMSO-S),(DMSO—-0)] }

+ pyridine(py)
1 mer-[RuCl;(DMSO—-S)(DMSO—-0)(py)]

2

—_—

3.2. X-ray crystal structure

Compound 2 crystallized as monoclinic, space group P2;/c with two independent
molecules (2a and 2b) in the asymmetric unit cell, shown in figure 1. Ruthenium(III) is
surrounded by (figure 1, table 1) six donors, S of one DMSO and O of another DMSO,
one nitrogen of pyridine and three meridonial chloro ligands in a distorted octahedral
coordination sphere. The pyridine is frans to the S-bound DMSO.

The Ru-S bond distances, 2.2736(9) and 2.2772(8) A (table 2), are appreciably shorter
than the average value of 2.34(1)A found for Ru(IIl)-S trans to DMSO-S in the
precursor [11, 14] and slightly shorter in the TMSO analog, mer-[RuCl;(TMSO)(bpy)]
2.2969(8) [15]. The average Ru—Cl bond length, 2.3414(5) A, is comparable to the
NH; analog [10] and other related Ru(IIl) complexes [10, 16]. However, the
Ru—Cl bond lengths trans to DMSO oxygen, 2.3247(8) and 2.3274(8) A, are shorter
than the other Ru-Cl distances, which fall in the range 2.3441(8)-2.3582(8) A.
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(a)

(b)

C15

Figure 1. Structures of (a) mer-[RuClz3(DMSO-S)(DMSO-O)(py)] (2a) and (b) mer-[RuCl;(DMSO-
S)(DMSO-O)(py)] (2b).

The Ru—DMSO-O0 (trans to Cl), Ru—pyridine nitrogen, and Ru—DMSO-S bond lengths
are very close to mer-[RuCl;(DMSO-S)(DMSO-0O)(NHj3)] [10]. However, DMSO-S
bond length in 2 and its NH; analog are shorter than its precursor due to increased
back-bonding contribution from Ru(Ill). The O—Ru—N and S-Ru-O bond angles are
smaller than mer-[RuClz3(DMSO-S)(DMSO-0)(NH3)].

The bond angles of N1RulS, 178.961(7)°; O2RulCl, 175.64(6)°; and Cl1RulCl3
173.26(3)° are slightly smaller than for octahedral. The bond angles of 2a and 2b are
distinctly different from each other. For example, the bond angles SIRulN1 178.96(7)°
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Table 2. Selected bond lengths (A) and angles (°) for 2a and 2b.

2a 2b
Bond angles
Rul-02 2.062(2) Ru2-04 2.0674(19)
Rul-N1 2.123(2) Ru2-N2 2.127(3)
Ru-S1 2.2772(8) Ru2-S3 2.2736(9)
Rul-CI2 2.3247(8) Ru2-CI5 2.3274(8)
Rul-Cl1 2.3492(8) Ru2-Cl4 2.3441(8)
Rul-CI3 2.3504(8) Ru2-Cl6 2.3582(8)
Bond angles
02-Rul-NI 84.96(9) 04-Ru2-N2 85.36(9)
02-Rul-S1 95.08(6) 04-Ru2-S3 91.59(6)
NI1-Rul-SI 178.96(7) N2-Ru2-S3 176.23(7)
02-Rul-CI2 175.64(6) 04-Ru2-CI5 176.47(6)
NI1-Rul-CI2 90.69(7) N2-Ru2-CI5 92.37(7)
S1-Rul-CI2 89.28(3) S3-Ru2-ClI5 90.77(3)
02-Ru-Cll 85.86(6) 04-Ru2-Cl4 89.91(6)
NI1-Rul-CI1 89.05(7) N2-Ru2-Cl4 88.79(7)
S1-Rul-CllI 89.92(3) S3-Ru2-Cl4 88.99(3)
CI2-Rul-Cll 94.13(3) Cl5-Ru2-Cl4 92.75(3)
02-Rul-CI3 87.46(6) 04-Ru2-Cl6 85.17(6)
NI1-Rul-CI3 89.42(7) N2-Ru2-Cl6 88.64(7)
S1-Rul-CI3 91.61(3) S2-Ru2-Cl6 93.33(3)
CI2-Rul-CI3 92.46(3) Cl5-Ru2-Cl6 92.07(3)
Cl1-Rul-CI3 173.26(3) Cl4-Ru2-Cl6 174.62(3)

and O2RulS1 95.08(6)° of 2a are larger than S3Ru2N2, 176.23(7)° and O4Ru2S3
91.59(6)° of 2b. The conformations of the two independent molecules differ mainly with
respect to the O-bonded DMSO. Relative to the RuCl; units, the S-bonded DMSO
ligands of the two molecules differ by a torsional difference of only 6.4° about the Ru—S
bond. Similarly, the pyridine conformations differ by a twist of only 9.6° about Ru—N.
However, the O-bonded DMSO ligand conformations differ by a 76.6° torsional twist
about Ru-O.

3.3. DFT calculation

DFT calculations were carried out using Gaussian 03 [13]. The DFT method used was
B3PWO91 with a LANL2DZ basis set. Energy calculations were made for both the
isomers of 2 as they appear in the crystal. These separate isomer structures differ in
calculated energy by 12.4kJmol™". The structures 2a and 2b were also used as starting
structures for the structure optimization of isolated molecules in the gas phase. Each
gave a slightly different optimized structure. The two optimized structures differed in
energy by 4.1 kJmol~'. Obtaining two structures illustrates the problem of optimizing
to a local minimum. There may be many points of potential energy that are lower than
the immediately surrounding points, but only one of these points is the global
minimum. For a complicated molecule, it is difficult to obtain a global minimum with
certainly using a small number of calculations. The two optimized structures obtained
above differ mostly in the rotation around a bond in a DMSO ligand. The more stable
of the two structures will be used for comparisons with the calculations described
below.
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The different bonding shown by the two DMSO ligands (one through S and the other
through O) was investigated somewhat by DFT gas phase optimizations of these
bonding schemes with both DMSO ligands bonded through S, both DMSO ligands
bonded through O, one DMSO bonded through O, and the other through S but
opposite to the actual molecule (figure 2a—d).

Two optimizations were done with different starting structures with both DMSO
ligands bonded through S. The energy of the two calculations differed only by
0.0035kJ mol~". The structure obtained is less stable than the actual bonding optimized
above. The difference in energy in the two types of bonding is 83.7 kJ mol~".

Two optimizations were done with bonding through S and O but opposite to the
actual bonding. Two optimizations gave nearly the same structure with an energy
difference of only 0.0040 kI mol~'. This structure was also less stable than the actual
structure. The energy difference was 28.4 kI mol ™.

Two optimizations done with both DMSO ligands bonded through O gave a more
stable structure than the actual structure. Two minima were obtained that differed in
energy by 5.8 kJmol~'. Again, we have the above-mentioned problem of optimizing to
a local minimum. As said above, we will use the lower of these two energies and
compare this with the actual structure. When that is done, a difference of 24.4kJ mol ™!
is found. Why this bonding scheme is not what is experimentally realized may be due to
solvent effects during synthesis and/or crystallization.

(b)

(d)

5
T e

Figure 2. Optimized structure of mer-[RuCl;(DMSO-S)(DMSO-0O)(py)] 2 in gas phase in which (a) one
DMSO is sulfur bonded and another via oxygen as in actual molecule in the crystal to ruthenium(III); (b)
sulfur and oxygen bonded to ruthenium(III) is switched to figure 3(a); (c) both DMSO are oxygen bonded to
ruthenium(I1I); and (d) both DMSO are sulfur bonded to ruthenium(III).
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3.4. Electrochemistry

Cyclic voltammetry was carried out for 2in DMSO at sweep rates ranging from 100 to
5120mVs~'. Figure 3 shows the resulting graph of the first reduction sweep followed by
an oxidation sweep and another reduction sweep at a sweep rate of 200mVs~'. The
ends of the sweeps correspond to the reduction and oxidation of DMSO. On the graph
there are five reduction peaks or shoulders and five corresponding oxidation peaks or
shoulders. There are two central oxidation-reduction regions between about —0.400 V
and 40.200 V, near the initial open-circuit potential of +0.071 V.

Anodic of these are two oxidation-reduction regions around 0.400-0.800 V due to
products of the initial reduction of 2. They are not present if the electrode is initialy
oxidized. They are not present if the electrode is initially reduced but at a rotating
electrode; reduction products will be removed and their oxidation cannot take place.

At —1.200V to —0.400 V there is a reduction—oxidation region cathodic of the two
central regions. Voltammograms obtained for solutions not containing 2 indicate that
these peaks are due to products formed from the slight oxidation and reduction of
solvent at the edges of the potential range.

@ 4 00E-06

—2.00E-06 -

/A

0.00E+00 1

-1500 -1000 -500 0 500
E/mV vs. SCE
—1.20E-06 1

—6.00E-07
0.00E+00

6.00E-07

1/A

1.20E-06
1.80E-06
2.40E-06

-400 -300 -200 -100 0 100 200
E/mV vs. SCE

Figure 3. (a) Optimized structure of mer-[RuCl;(DMSO-S)(DMSO-O)(py)] 2 in gas phase in which one
DMSO is sulfur bonded and another via oxygen as in actual molecule in the crystal to ruthenium(III).
(b) Optimized structure of mer-[RuCl;(DMSO-S)(DMSO-O)(py)] 2 in gas phase in which sulfur and oxygen
bonded to ruthenium(III) is switched compared to (a).
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The two central oxidation-reduction regions are characteristic of 2. Cyclic
voltammetry was carried out with shorter sweeps that included only these two regions
(figure 3). The voltammogram in figure 3 is characteristic of a reversible two-step
system [17]. Peak separations in individual sweeps are about 200 mV but uncertainty
in baselines prevents quantitative measurement of peak currents. The cathodic/anodic
pair of peaks centered around 0.04V is due to the Ru(Ill)/Ru(Il) redox couple. The
difference in potential between these two peaks (AE,) ranges from 61 to 66mV at
sweep rates of 100-1003mVs~' and increases to 74mV at 1505mVs~' and 96mV
at 3011mVs~"'. The intermediate potential of these peaks ranged from 0.029 to 0.040 V
with an average of 0.036 V. The close proximity of the two oxidation—reduction regions
prevented full implementation of semi-derivative analysis [18], but the redox potential
approximated as the average of the intermediate of the anodic and cathodic peak
potentials on the semi-derivative graphs was 0.036 V.

The cathodic/anodic pair of peaks centered around —0.16 V is due to the Ru(IT)/Ru(I)
redox couple. For these two peaks, AE}, ranges from 61 to 64mV at sweep rates of 200
1003mV s~ ' and increases to 84mV at 1505mVs~"' and 106 mV at 3011 mVs~'. The
intermediate potential of these peaks ranged from —0.161 to —0.167 V with an average of
—0.163 V. Semi-derivative analyses gives an approximate redox potential of —0.162 V.

The correlation of Lever [19] predicts an approximate potential of 0.23V for the
Ru(IIl)/Ru(Il) couple, at some variance with the value found here. Lever points out
that DMSO is poorly behaved ligand for correlation. This may be a consequence of
variable S or O coordinate bonding, which was not considered by Lever.

Supplementary material

Complete crystallographic data tables for 2 have been deposited with Cambridge
Crystallographic Database in CIF format. Copies of this information may be obtained
free of charge from the Director, CCDC, 12 Union Road, Cambridge, CB21EZ, UK
(Fax: +44-1223-336-033; Email: deposit@ccdc.cam.ac.uk; www: http://www.ccdc.
cam.ac.uk). CCDC deposit number is CCDC 697452.
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