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New hexa-coordinated ruthenium (III) complexes of the type [RuX(EPh3),(L)] (X = Cl or Br; L
= dibasic tridentate Schiff base ligand; E = P or As) have been synthesized by the reactions of
[RuCl3(PPh;3);], [RuCl3(AsPh;3)s] or [RuBr3;(AsPh3);] with the appropriate Schiff base ligands derived
by the condensation of salicylaldehyde and 2-hydroxy-1-naphthaldehyde with N(4) substituted
thiosemicarbazones. All the new complexes were characterized using various physico-chemical
methods such as elemental analyses, infrared, electron paramagnetic resonance (EPR) spectroscopy,
magnetic moment and cyclic voltammetry. Based on the extended X-ray absorption fine structure
(EXAFS) analysis, an octahedral structure has been confirmed for the complexes. The new complexes
have been subjected to the catalytic activity and antibacterial studies. Copyright © 2005 John Wiley &

Sons, Ltd.

KEYWORDS: ruthenium complexes; EPR; cyclic voltammetry; EXAFS; catalytic activity

INTRODUCTION

The choice of ligands which forces metal ions into unusual
geometries that stabilize specific oxidation states is of
interest in the development of a catalytic system relevant
to bioinorganic chemistry. A large number of reports
have appeared not only in the area of preparation of
efficient catalysts, but also in developing agents for defence
mechanisms against microorganisms and tumours.! -8 In this
area of research semicarbazones and thiosemicarbazones
containing nitrogen and oxygen/sulfur donor ligands have
been widely studied. Thiosemicarbazones and their transition
metal complexes have been extensively studied in recent
years owing to their pharmacological properties.’~1? Schiff
base ligands have been extensively investigated with regard
to their numerous applications in organic synthesis as
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well as in pharmacology. The planarity of the ligand
provides a means of creating a large vacant site, where
coordination of a transition metal could be carried out.
Tridentate Schiff base ligands have been successfully used
in several catalytic asymmetric reactions.’>!* The influence
of triphenylphosphine/arsine in the catalytic reaction cycle
has also been examined extensively.'>~* Several ruthenium
(IT) and ruthenium (III) complexes are of importance not only
because of their use in catalytic reactions like oxidation?-%
and hydrogenation,?-? but also due to their medicinal
properties.®~32 In connection with our ongoing interest in
this field of research, we have already investigated several
ruthenium (II) and ruthenium (III) complexes.*3-%

In view of the growing interest in the biological and
catalytic activities of ruthenium complexes, we intend to
develop a single compound effective for both biological and
catalytic studies. In this article, we report the preparation,
catalytic activity and antibacterial properties of a series
of new ruthenium (III) thiosemicarbazone complexes with
triphenylphosphine/arsine. The complexes of this type are

Copyright © 2005 John Wiley & Sons, Ltd.
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Salicylaldehyde-N-phenylthiosemicarbazide
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Salicylaldehyde-N-methylthiosemicarbazide
(Sal-Nmtsc), R = CH;

Materials, Nanoscience and Catalysis m

OH
L
N—HN—-C—NHR
H

Napthaldehyde-N-phenylthiosemicarbazide
(Nap-Nptsc), R = C¢Hs

Napthaldehyde N-methylthiosemicarbazide
(Nap-Nmtsc), R = CH;

Figure 1. General structure of the Schiff base ligands.

expected to exhibit biological activity as well as catalytic
activity due to the presence of both thiosemicarbazone and
triphenylphosphine/arsine moieties. These complexes are
characterized by extended X-ray absorption fine structure
(EXAFS), infrared (IR), electron paramagnetic resonance
(EPR) spectroscopy and cyclic voltammetry. The general
structure of the ligands used in the present work is shown in
Fig. 1.

EXPERIMENTAL

Materials

All the reagents used were chemically pure or analytical
reagent grade. Solvents were purified and dried according
to standard procedures.® RuCl;3H,O was purchased from
Himedia and was used without further purification.
The starting complexes [RuClz (PPh3)3],% [RuCls(AsPhs)s], %
[RuBr;(AsPh;);]*! and the Schiff bases*? were prepared by
reported literature methods.

Preparation of ruthenium (III) complexes

The new complexes were prepared by the following general
procedure. To a solution of [RuX;(EPhs);] (X =Cl or Br,
E =P or As; 0.099-0.125 g, 0.1 mmol) in benzene (20 cm?),
the appropriate Schiff base ligand (0.021-0.032 g, 0.1 mmol)
was added and the mixture was heated under reflux for
6 h. The resulting solution was concentrated to ca 3 cm® and
cooled, and the product was separated by the addition of
a small amount of light petroleum (60-80°C). The product
was filtered and recrystallized from CH,Cl,-light petroleum
(60—80°C) mixture and dried in vacuo (yield 70-85%).

Methods

The analyses of carbon, hydrogen, nitrogen and sulfur were
performed on Carlo Erba 1106 and Perkin-Elmer model
240 CHN analysers at the Central drug research institute,
Lucknow, India. IR spectra were recorded in KBr pellets
with Shimadzu/Nicolet instruments in the 4000-400 cm™!
range. The EPR spectra of powdered samples were recorded
at 298 and 77 K with Jeol Tel-100 at X-band frequencies
using DPPH (2,2"-Diphenyl-1-picrylhydrazine hydrate) as
internal standard. Magnetic susceptibility measurements

Copyright © 2005 John Wiley & Sons, Ltd.

of the complexes were made on an EG and G-PARC
vibrating sample magnetometer. Cyclic voltammetric studies
were carried out on an EG&G Princeton Applied Research
Electrochemical Analyser, in acetonitrile using a glassy-
carbon working electrode and the potentials were referenced
to a silver—silver chloride electrode. Melting points were
recorded with a Raaga apparatus and are uncorrected.

The transmission mode EXAFS measurements were
performed at Ru K-edge at 22117 eV with Si(311) double
crystal monochromator at the beamline X1.1 and at As K-
edge at 11867 eV with Si(111) double crystal monochromator
at the beamline A1, at the Hamburger Synchrotron Radiation
Laboratory (HASYLAB), Hamburg. Measurements were
carried out under ambient conditions and ion chambers filled
with inert gases (nitrogen, argon or krypton) were used to
measure the incident and transmitted intensities. The positron
energy was 4.45 GeV and the beam current was between 90
and 130 mA. The complexes in solid state were embedded
in a polyethylene matrix and pressed into pellets, and the
concentration was adjusted to yield an extinction of 1.5.
The data were analysed with a program package especially
developed for the requirements of amorphous samples.** The
program WINXAS* was used for normalization, AUTOBK*
was used for the removal of background and EXCURV98%
was used for the evaluation of EXAFS function. Curved wave
theory with XALPHA phase and amplitude functions was
used for the data analysis in k space and the resulting EXAFS
function was weighted with k*. The mean free paths of the
scattered electrons were calculated from the imaginary part
of the potential (VPI set to —4.00), the amplitude reduction
factor AFAC was fixed at 0.8 and a Fermi energy shift Er was
introduced to give a best fit to the data.

Catalytic oxidation of benzyl alcohol and
cyclohexanol

To a solution of alcohol (1 mmol) in CH,Cl, (20 cm?),
N-methyl morpholine-N-oxide (NMO; 3 mmol) and the
ruthenium complex (0.01 mmol) were added. The solution
was stirred for 3 h at room temperature and the mixture was
evaporated to dryness and extracted with petroleum ether
(60-80°C). The petroleum ether extract was evaporated to
give the corresponding aldehyde/ketone which was then
quantified as 2,4-dinitrophenyl hydrazone derivative.3
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Antibacterial activity

Pathogenic microbials namely Escherichia coli and Pseu-
domonas sp. were used to test the biological potential of
the thiosemicarbazones and their ruthenium (III) complexes.
The antibacterial activity of the compounds was determined
by disc diffusion method.*” The bacteria were cultured in
nutrient agar medium in Petri plates and used as inocula
for the study. The compounds to be tested were dissolved
in DMSO to a final concentration of 0.5 and 1% and soaked
in filter paper discs of 5 mm diameter and 1 mm thickness.
These discs were placed on the previously seeded plates and
incubated at 35+ 2°C for 24 h. The diameter (mm) of the
inhibitory zone around each disc was measured after 24 h.
Streptomycin was used as standard.

RESULTS AND DISCUSSION

Preparation of ruthenium (III) complexes

New hexa-coordinated light- and air-stable ruthenium (III)
complexes of the type [RuX(EPh3),(L)] (X = Clor Br; E = As
or P; L = tridentate dianionic Schiff base) have been prepared
by reacting [RuX;(EPh;);] with the respective Schiff base in a
1:1 molar ratio in benzene.

Benzene
[RuX;3(EPh;);] + HoL m) [RuX(EPh;)»(L)]

Refl

+2HX + EPhs

All the new complexes are soluble in most of the common
organic solvents. Analytical data for the new complexes
(Table 1) agree very well with proposed molecular formulae.

IR studies

The free Schiff bases show a very strong absorption around
1600-1620 cm™! in the IR spectra which is characteristic of
the azomethine v(C=N) group. In the IR spectra of the new

Table 1. Analytical data of ruthenium (Ill) Schiff base complexes

New ruthenium (III) complexes

complexes the absorption due to >C=Nis observed atalower
region (1595-1612 cm™!), indicating the coordination through
the azomethine nitrogen.#” Another medium intensity band,
at 3300 cm ™! in the free ligands due to v(OH), was absent in
the complexes, indicating deprotonation of the Schiff bases
prior to the coordination through the phenolic oxygen atom.*
This is further supported by the increase in the absorption
frequency of phenolic C—O band from 1263-1270 cm™! in the
free ligands to 1315-1340 cm™ in the ruthenium complexes,
indicating that the other coordination site of Schiff bases is
phenolic oxygen in all the complexes.*>* The band of medium
intensity at 792-817 cm™! in the spectra of all the ligands
may be assigned to the >C=S stretching vibration. This
band disappeared in the complexes and a new band appears
at 736-744 cm~!. These observations may be attributed to
the enolization of the -NH-C=S group and subsequent
coordination through the deprotonated sulfur.*-3' Thus,
in all these complexes the Schiff bases behave as dibasic
tridentate ligands. In addition, the other characteristic bands
due to triphenylphosphine/triphenylarsine were also present
in the expected region (Table 2).

EPR studies

The room temperature and liquid nitrogen temperature EPR
spectra of powder samples were recorded at X-band fre-
quencies and the spectral data are given in Table 3. The EPR
spectra of ruthenium (III) complexes in liquid nitrogen tem-
perature showed no indication of any hyperfine interaction of
nuclei with magnetic moments viz. Ru, As, P, Cl and Br. The
complexes [RuCl(PPh;);(Nap-Nptsc)], [RuCl(AsPh;),(Sal-
Nptsc)], [RuCl(AsPh;),(Sal-Nmtsc)], [RuBr(AsPh;),(Sal-
Nmtsc)], [RuBr(AsPhs),(Nap-Nptsc)] and [RuBr(AsPhs),
(Nap-Nmtsc)] exhibited three lines with different ¢ val-
ues, indicating the presence of magnetic anisotropy (Fig. 2).
These values correspond to those obtained for similar
ruthenium (IIl) complexes.’*% The presence of three ¢
values is indicative of a rhombic distortion in these

Elemental analysis calculated (found), %

Complex m.p (°C) H N S

[RuCl(PPhs),(Sal-Nptsc)] 192 64.45 (63.98) 443 (4.25) 451 (4.28) 3.45 (3.44)
[RuCl(PPhs),(Sal-Nmtsc)] 183 62.24 (61.94) 452 (4.92) 4.84 (5.18) 3.69 (4.01)
[RuCl(PPhs),(Nap-Nptsc)] 154 66.28 (65.14) 422 (4.34) 4.29 (4.16) 3.27 (4.18)
[RuCl(PPhs),(Nap-Nmtsc)] 163 64.23 (65.62) 4.28 (4.67) 4.58 (4.32) 3.50 (4.24)
[RuCl(AsPhs),(Sal-Nptsc)] 171 58.98 (60.14) 4.05 (3.24) 414 (3.82) 3.15 (3.68)
[RuCl(AsPh;),(Sal-Nmtsc)] 138 56.52 (55.86) 4.11 (4.28) 4.39 (4.63) 3.35 (4.06)
[RuCl(AsPhs),(Nap-Nptsc)] 149 60.82 (61.24) 3.87 (3.64) 3.94 (4.67) 3.00 (3.92)
[RuCl(AsPhs),(Nap-Nmtsc)] 199 56.12 (55.98) 3.91 (3.87) 4.18 (4.86) 3.19 (3.76)
[RuBr(AsPhs),(Sal-Nptsc)] 145 56.56 (56.40) 3.95 (3.88) 3.95 (3.88) 3.02 (2.99)
[RuBr(AsPhs),(Sal-Nmtsc)] 158 54.01 (53.90) 3.92(3.80) 4.20 (4.10) 3.20 (3.15)
[RuBr(AsPhs),(Nap-Nptsc)] 181 58.39 (59.14) 3.72 (3.84) 3.78 (4.06) 2.88 (3.64)
[RuBr(AsPhs),(Nap-Nmtsc)] 240 56.12 (56.96) 3.74 (4.15) 4.01 (4.98) 3.06 (3.81)
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complexes. The complexes [RuCl(PPh;),(Sal-Nptsc)], and
[RuCl(PPhs),(Sal-Nmtsc)] exhibited the spectra with g, at
2.51 and 2.53, and g; at 2.20 and 2.26. The two different
g values (g =gy # §:) are indicative of a tetragonal dis-
tortion in these octahedral complexes3* The presence of
two g values also indicates an axial symmetry for these

Table 2. IR spectral data of ruthenium (Ill) complexes

Vec=N) Vc-0) Ve-sy Bandsdue to
Complex (cm™) (em™) (cm™') PPhs/AsPh;
[RuCl(PPhs), 1595 1313 737 1436, 1086, 690
(Sal-Nptsc)]
[RuCl(PPhy), 1602 1325 736 1411, 1075, 690
(Sal-Nmtsc)]
[RuCl(PPhy), 1597 1329 739 1439, 1060, 689
(Nap-Nptsc)]
[RuCl(PPh;), 1600 1336 738  1435,1076, 692
(Nap-Nmtsc)]
[RuCl(AsPhs), 1595 1325 744  1435,1092, 692
(Sal-Nptsc)]
[RuCl(AsPhs), 1600 1325 744  1435,1091, 692
(Sal-Nmtsc)]
[RuCl(AsPhs), 1596 1320 742  1435,1092, 692
(Nap-Nptsc)]
[RuCl(AsPhs), 1600 1330 744  1435,1092, 692
(Nap-Nmtsc)]
[RuBr(AsPhjz), 1596 1320 738  1435,1082, 694
(Sal-Nptsc)]
[RuBr(AsPhs), 1612 1340 738  1437,1060, 692
(Sal-Nmtsc)]
[RuBr(AsPhs), 1597 1332 738  1425,1060, 690
(Nap-Nptsc)]
[RuBr(AsPhj3), 1608 1320 738 1458, 1096, 692

(Nap-Nmtsc)]

Materials, Nanoscience and Catalysis m

complexes and hence, the trans positions are assigned
for triphenylphosphine/triphenylarsine groups.”® Moreover,
two of the complexes, [RuCl(AsPh;);(Nap-Nmtsc)] and
[RuCl(PPh;),(Nap-Nmtsc)], exhibit a single isotropic reso-
nance with g values in the 2.08-2.14 range, indicating a very
high symmetry around the ruthenium ions. Such isotropic
lines are usually observed either due to the intermolecular
spin exchange which can broaden the lines or due to occu-
pancy of the unpaired electrons in a degenerate orbital. There

Table 3. EPR spectral data of ruthenium (lll) complexes

Temperature
Complex (K) x Sy g <g>
[RuCI(PPhj;), 77 253 253 220 2369
(Sal-Nptsc)]
[RuCl(PPh3), 298 251 251 226 238
(Sal-Nmtsc)]
[RuCI(PPhj3), 298 251 219 210 2.28
(Nap-Nptsc)] 77 250 219 210 227
[RuCI(PPh;), 298 214 214 214 214
(Nap-Nmitsc)]
[RuCl(AsPhs), 298 289 239 222 251
(Sal-Nptsc)] 77 238 223 202 222
[RuCI(AsPhz), 298 293 243 220 254
(Sal-Nmtsc)]
[RuCI(AsPhj3), 298 208 2.08 208 2.08
(Nap-Nmtsc)] 77 209 209 209 209
[RuBr(AsPhz), 298 245 221 212 226
(Sal-Nmtsc)] 77 244 220 211 225
[RuBr(AsPhz), 298 242 223 212 226
(Nap-Nptsc)] 77 242 223 210 225
[RuBr(AsPhs), 298 243 218 209 224
(Nap-Nmitsc)] 77 244 220 210 225

<g>*=[1/3 g2 +1/3 g% +1/3 g:2]'/?

50

550

Magnetic field (Gauss) —»

Figure 2. EPR spectrum of [RuCI(PPhz)»(Sal-Nptsc)] at 77 K.

Copyright © 2005 John Wiley & Sons, Ltd.
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exists no significant variation in the EPR spectra of the com-
plexes recorded at room temperature and liquid nitrogen
temperature. In addition, the nature and position of the lines
in the spectra of these complexes are similar to those of the
other octahedral complexes.>

Electrochemical studies

Cyclic voltammetric studies have been carried out for the
ruthenium (III) Schiff base complexes in acetonitrile solution
using a glassy carbon working electrode. All potentials were
referenced to silver—silver chloride electrode. The cyclic
voltammetric data are given in Table 4 and a representative
case is displayed in Fig. 3. As the ligands used in this work are
not reversibly reduced within the potential limit (0 to —2 V),
we believe that the reduction process observed for these
complexes are metal-centered only. All the complexes showed
only a reversible reduction wave in the —0.7 to —1.15 V range.
The high peak-to-peak separation value (AE, = 210-420 mV)

Table 4. Cyclic voltammetric data of ruthenium (Ill) complexes

Complex Epa Epe E¢ AE,
[RuCl(PPh;),(Sal-Nptsc)] -0.76 —099 -0.875 230
[RuCl(PPh3),(Sal-Nmtsc)] -0.75 -099 -0.87 240
[RuCl(PPhs),(Nap-Nptsc)] -0.70 -0.91 -0.805 210
[RuCl(PPhs),(Nap-Nmtsc)] —0.73 —1.05 —0.89 320
[RuCl(AsPh;),(Sal-Nptsc)] -091 -1.15 -1.03 240
[RuCl(AsPh3),(Sal-Nmtsc)] —0.81 —-1.03 —-0.92 220
[RuCl(AsPhs),(Nap-Nptsc)] —0.82 —-1.12 —0.97 300
[RuCl(AsPhs),(Nap-Nmtsc)] —0.77 —0.98 —-0.875 210
[RuBr(AsPh;),(Sal-Nptsc)] -0.81 -1.05 -093 240
[RuBr(AsPh;),(Sal-Nmtsc)] —0.78 —-1.2 —0.99 420
[RuBr(AsPh;),(Nap-Nptsc)] —0.85 —1.08 —-0.965 230
[RuBr(AsPhs),(Nap-Nmtsc)] —0.80 —1.04 —0.92 240

Supporting electrolyte: [NBus]BFs (0.1 M); concentration of the
complex: 0.001 M; scan rate: 100 mV s~!; all the potentials are
referenced to Ag-AgCl; Ef = 0.5 (Epa + Epc), where Ep, and Epc
are anodic and cathodic potentials, respectively.

New ruthenium (III) complexes

reveals that this process is quasi-reversible.”” This is attributed
to slow electron transfer and adsorption of the complexes onto
the electrode surface.”® The ruthenium (III) to ruthenium (II)
redox processes are influenced by the coordination number,
stereochemistry and the hard/soft character of the ligands
donor atoms. However, owing to inherent difficulties in
relating coordination number and stereochemistry of the
species present in solution, redox processes are generally
described in terms of the nature of the ligands present.”’
Patterson and Holm®® have shown that softer ligands tend
to produce more positive E, values, while hard acids give
rise to negative E, values. The observed E, values for the
thiosemicarbazone complexes indicate considerable hard acid
character, which is likely to be due to an azomethine nitrogen
donor atom involved in the coordination. It has also been
observed that little variation exists in the redox potentials
due to replacement of PPh; or AsPh; and also to the nature of
the ligand. A similar behaviour has been observed for other

ruthenium (III) complexes as well.®!

EXAFS studies

Despite several attempts, single crystals suitable for X-ray
structure determination could not be obtained. Hence,
the local structure and the coordination geometry of the
complexes were determined by EXAFS spectroscopy, which
is a powerful technique for probing the neighbourhood
environment of a selected atom regardless of the physical
state of the sample. EXAFS provides information on the
coordination number, the nature of the scattering atoms
surrounding the absorbing atom, the interatomic distance
between the absorbing atom and the backscattering atoms and
the Debye—Waller factor, which accounts for the disorders
due to the static displacements and thermal vibrations.®%%
EXAFS studies were performed on selected five complexes
at the Ru and As K-edges. In the fitting procedure, for
all the complexes the coordination numbers were fixed to
known values for different backscatterers surrounding the
excited atom, and the other parameters, including interatomic

Current—1 pA

SO
oK
ﬁ_I{I/Asth
N

AsPh,

o
—e )

I
-1.03

Potential (V)

Figure 3. Cyclic voltammogram of [RuBr(AsPhz),(Nap-Nptsc)].

Copyright © 2005 John Wiley & Sons, Ltd.
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distances, Debye—Waller factor and Fermi energy value, were
varied by iterations.

Ru K-edge investigations

The experimentally determined and theoretically calculated
EXAFS functions in k space and their Fourier transforms
in real space for the different ruthenium (III) complexes
measured at the Ru K-edge are shown in Fig. 4 and the corre-
sponding structural parameters are summarized in Table 5.
In the analyses of the complexes, the first shell was fit-
ted with a coordination number of two consisting of a
nitrogen and an oxygen backscatterer from the coordinat-
ing ligand, at about 2.06 A in the case of arsenic containing
complexes ([RuCl(AsPhs),(Sal-Nptsc)], [RuCl(AsPhs),(Nap-
Nptsc)] and [RuCl(AsPhs),(Nap-Nmtsc)]), at about 2.04 A
in the case of [RuCl(PPhs),(Nap-Nptsc)] and at 201 A
in the case of [RuCl(PPhs),(Nap-Nmtsc)]. Owing to the
similar backscattering behaviour of the near neighbours
(nitrogen and oxygen) occurring at nearly the same dis-
tance, they could not be fitted separately and thus were

Materials, Nanoscience and Catalysis m

fitted as one shell with nitrogen amplitude and phase
functions. The observed ruthenium-nitrogen and ruthe-
nium-oxygen distances are in agreement with those of
analogous ruthenium complexes.®*% The second shell was
determined at about 2.35 A distance in all the complexes. In
[RuCl(AsPhs),(Sal-Nptsc)], [RuCl(AsPhs),(Nap-Nptsc)] and
[RuCl(AsPh;),(Nap-Nmtsc)], the second shell consisted of
one sulfur and one chlorine backscatterers, whereas in
[RuCl(PPh;),(Nap-Nptsc)] and [RuCl(PPh;),(Nap-Nmitsc)],
the second shell consisted of one sulfur, two phos-
phorus and one chlorine backscatterers. For the same
reason as shell fitted
with the combined coordination number, with sulfur
amplitude and phase functions. For comparison, the
reported ruthenium-sulfur distances ranges from 2.23
to 2.37 A in fac-[Ru(CsHsNHC,03) (Cl) (dmso)3 (H,0] 3H,0,%
ruthenium—phosphorus distances ranges from 2.32 to
237 A in cis-[Ru(dppm)(MeCN),]-(BF,),** and ruthe-
nium-chlorine distances ranges from 235 to 239 A

stated earlier, a single was

(@

‘ ‘ ‘ [RuCI{AsPh,),(Nap-Nmtsc)]
I\ Y My

Kx(k) (@.u.)
el
<
<]
<]

(b)

[RUCH{ASPh,),(Nap-Nmtsc)]

[RUCI{PPh;,),(Nap-Nmtsc)]

Mod(r) (a.u.)

[RuCI(AsPh,) (Nap-Nptsc)]

[RuCIl(PPh;),(Nap-Nptsc)]

[RuCl(AsPh,) (Sal-Nptsc))

3 4 5 6 7 8 9
k(A

10 11 12 13 14

0 1 2 3 5 6 7 8

4
r(A)

Figure 4. Experimental (solid line) and calculated (dotted line) EXAFS functions and their corresponding Fourier transform plots for
the different ruthenium (lll) complexes measured at the Ru K-edge.
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Table 5. EXAFS determined structural parameters at Ru K-edge

New ruthenium (III) complexes 209

Complex A-Bs? NP < [A] o9 [A] Eg (eV) k-range (Afl) R-factor
[RuCl(AsPhs),(Sal-Nptsc)] Ru-N/O 2 2.06 +0.02 0.050 £ 0.005 4.682 3.13-14.04 22.83
Ru-S/Cl 2 2.35+0.03 0.063 £ 0.009
Ru-As 2 2.55 +0.04 0.120 £0.018
Ru-C 3 2.96 + 0.05 0.071 £0.014
[RuCl(PPhs),(Nap-Nptsc)] Ru-N/O 2 2.04 +0.02 0.067 £ 0.007 5.584 3.20-14.05 20.23
Ru-S/P/Cl 4 2.36 +0.03 0.095 £ 0.014
Ru-C 3 2.99 + 0.05 0.059 £0.012
[RuCl(AsPhs),(Nap-Nptsc)] Ru-N/O 2 2.05+0.02 0.059 £+ 0.006 5.531 3.19-14.05 22.69
Ru-S/Cl 2 2.34+0.03 0.067 £0.010
Ru-As 2 2.53 +0.04 0.102 £0.015
Ru-C 3 2.91+0.05 0.081 £0.016
[RuCl(PPhj),(Nap-Nmtsc)] Ru-N/O 2 2.01 +0.02 0.059 £+ 0.006 6.352 3.20-14.01 20.12
Ru-S/P/Cl 4 2.37 +0.03 0.084 +£0.013
Ru-C 3 2.98 +0.05 0.063 £0.013
[RuCl(AsPhs),(Nap-Nmtsc)] Ru-N/O 2 2.06 +0.02 0.059 £ 0.006 5.036 3.17-14.05 21.45
Ru-S/Cl 2 2.36 +0.03 0.063 £+ 0.009
Ru-As 2 2.52 +0.04 0.107 £0.016
Ru-C 3 2.93 +0.05 0.067 £0.013

a Absorber (A)-backscatterers (Bs); P coordination number N; € interatomic distance r; 4 Debye—Waller factor o with its calculated deviation; and

¢ Fermi energy Er.

in mer-[RuCl;(AsMe,Ph);]1.¥ Additionally, in complexes
[RuCl(AsPh;),(Sal-Nptsc)], [RuCl(AsPhs),(Nap-Nptsc)] and
[RuCl(AsPh;),(Nap-Nmtsc)], two arsenic backscatterers were
determined at about 2.53 A distance. The determined ruthe-
nium-arsenic distances were in good agreement with those
reported for similar organo-ruthenium complexes.®” Fur-
ther, in all the complexes, an additional shell consisting
of three carbon backscatterers, possibly originating from
the proximal carbon atoms of the ligand, could be deter-
mined at about 2.98 A distance (slightly shortened in the
case of [RuCl(AsPhs),(Nap-Nptsc)] and [RuCl(AsPhs),(Nap-
Nmitsc)]). The obtained EXAFS results indicate 6-fold coordi-
nation geometry around the ruthenium atom.

As K-edge investigations

The experimentally determined and theoretically calculated
EXAFS functions in k space and their Fourier transforms
in real space for the different ruthenium (III) complexes
measured at the As K-edge are shown in Fig.5 and
the corresponding structural parameters are summarized
in Table6. In the three investigated complexes, the k°-
weighted EXAFS function could best be described by a
three-shell model. The first shell at about 1.93 A distance was
fitted with three carbon backscatterers originating from the
three proximal carbon atoms of the coordinating triphenyl
group, the second shell consisting of a single ruthenium
backscatterer was determined at about 2.49 A and the third
shell comprising six carbon backscatterers stemming from
the second near-neighbour carbon atoms of the phenyl ring
was determined at about 2.91 A distance. The reported

Copyright © 2005 John Wiley & Sons, Ltd.

arsenic—carbon distances ranges from 1.90 to 1.97 A and
arsenic-ruthenium distances ranges from 2.46 to 2.51 A, in
mer-[RuClz (AsMe,Ph);] and mer-[RuBrs;(AsMe,Ph)3].¢” In all
the complexes, the arsenic-ruthenium distances determined
from the As K-edge measurements were slightly shorter
than those determined from the Ru K-edge measurements.
In addition, in all the cases, the fitting of the EXAFS
function to the experimental spectra resulted in very high
R-factor values. This could be attributed to the ambiguous
coordination geometry around the arsenic atom and apart
from the first three shells; the other shells could not be fitted
unequivocally. Furthermore, to confirm this supposition,
Fourier filter analysis was performed in the range 1.0-3.0 A,
in order that the contributions from only the first three
shells are considered. The experimentally determined and
theoretically calculated EXAFS functions in k space and their
Fourier transforms in real space for the above-mentioned
complexes are shown in Fig. 6 and the results of the Fourier
filter analysis are summarized in Table 6. It should be noted
that the R-factor value improves considerably by about 38% in
the case of [RuCl(AsPh;),(Sal-Nptsc)], about 37% in the case
of [RuCl(AsPhs),(Nap-Nptsc)] and about 39% in the case of
[RuCl(AsPhs),(Nap-Nmitsc)].

Magnetic moments

The magnetic moments for some of the complexes have
been measured at room temperature using a vibrating
sample magnetometer. The values lie between 1.70 and 2.10,
indicating the presence of one unpaired electron and +3
oxidation state for ruthenium in all these complexes.®®

Appl. Organometal. Chem. 2006; 20: 203-213
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Figure 5. Experimental (solid line) and calculated (dotted line) EXAFS functions and their corresponding Fourier transform plots for
the different ruthenium (lll) complexes measured at the As K-edge.

Table 6. EXAFS determined structural parameters at As K-edge

Complex A-Bs? NP  (A) od (A) Ex® (eV) k-range (A7 R-factor

[RuCl(AsPhs;),(Sal-Nptsc)] As-C 3 1.94 £0.02 0.050 £ 0.005 —3.654 3.00-15.04 45.73
As-Ru 1 2.49 +0.04 0.089 £0.013
As-C 6 2.91+£0.05 0.077 £0.015

[RuCl(AsPhs),Nap-Nptsc)] As-C 3 1.93 +£0.02 0.050 £ 0.005 —3.130 3.02-15.05 41.24
As-Ru 1 2.49 £0.04 0.084 £ 0.013
As-C 6 291+£0.05 0.074 £ 0.015

[RuCl(AsPh;),(Nap-Nmtsc)] As-C 3 1.94 £0.02 0.050 £ 0.005 —3.663 3.00-15.04 42.15
As-Ru 1 2.49 £0.04 0.087 £0.013
As-C 6 291+£0.05 0.074 £ 0.015

[RuCl(AsPh3)2(Sal—Nptsc)]f As-C 3 1.93 +£0.02 0.050 £ 0.005 —1.858 3.10-15.06 28.15
As-Ru 1 2.49 £0.04 0.089 £ 0.013
As-C 6 2.90 + 0.05 0.074 £0.015

[RuCl(AsPh3)2(Nap—Nptsc)]‘ As-C 3 1.93 £0.02 0.050 £ 0.005 —1.569 3.09-15.06 25.81
As-Ru 1 2.49 £0.04 0.084 +0.013
As-C 6 2.90£0.05 0.074 £ 0.015

[RuCl(AsPh3)2(Nap-Nmtsc)]f As-C 3 1.93 +£0.02 0.050 £ 0.005 —1.435 3.12-15.06 25.75
As-Ru 1 2.49 +0.04 0.087 £0.013
As-C 6 2.90 + 0.05 0.074 £0.015

a Absorber (A)—backscatterers (Bs); b coordination number N; € interatomic distance r; 4 Debye—Waller factor o with its calculated deviation; and
¢ Fermi energy Eg. f Evaluated using Fourier filter analysis (1.0-3.0 A range).
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Figure 6. Experimental (solid line) and calculated (dotted line) EXAFS functions and their corresponding Fourier transform plots for
the different ruthenium (Ill) complexes measured at the As K-edge evaluated using Fourier filter analysis (1.0-3.0 A range).

o EPhs o Ph
y|A\/ N N
=L DAEAR
I EPh3| < H \ BPhy|
N——=C—NHR N——=C—NHR
R = C¢Hs CH;

EPh3 =PPh3’ ASPh3

X=BrorCl

[RuClI(PPhs),(Sal-Nptsc)] - R =C¢Hs, E=P, X =Cl
[RuCI(PPhs),(Sal-Nmtsc)] - R=CH;, E=P, X =Cl
[RuCl(AsPhs),(Sal-Nptsc)] - R = C¢Hs, E = As, X = Cl
[RuCl(AsPhs),(Sal-Nmtsc)] - R = CH3, E = As, X =Cl
[RuBr(AsPh;),(Sal-Nptsc)] - R = C¢Hs, E = As, X = Br
[RuBr(AsPh;)(Sal-Nmtsc)] - R = CHs, E = As, X = Br

[RuCl(PPh;),(Nap-Nptsc)] - R = C¢Hs, E=P, X = Cl
[RuCl(PPh;),(Nap-Nmtsc)] - R=CH;, E=P, X =Cl
[RuCl(AsPh;),(Nap-Nptsc)] - R = C¢Hs, E = As, X = Cl
[RuCl(AsPh;),(Nap-Nmtsc)] - R = CH3, E= As, X =Cl
[RuBr(AsPh;),(Nap-Nptsc)] - R = C¢Hs, E = As, X = Br
[RuBr(AsPh;),(Nap-Nmtsc)] - R = CHj, E = As, X = Br

Figure 7. Structure of the ruthenium (lll) complexes.

Based on the elemental analysis, IR, EPR, EXAFS and
electrochemical studies, an octahedral structure (Fig.7) has
been confirmed for the new ruthenium (III) Schiff base
complexes.

Catalytic studies

The oxidation of benzyl alcohol and cyclohexanol using the
different ruthenium complexes as catalysts in the presence
of N-methylmorpholine-N-oxide (NMO) as co-oxidant were
carried out in dichloromethane. The results of the catalytic

Copyright © 2005 John Wiley & Sons, Ltd.

oxidation by ruthenium (III) complexes are summarized
in Table 7. Benzaldehyde was formed from benzyl alcohol
and cyclohexanol was converted into cyclohexanone after
3h of stirring at room temperature. The aldehyde/ketone
formed were quantified as their 2,4-dinitrophenylhydrazone
derivatives. In no case was there any detectable oxidation
of alcohols in the presence of N-methylmorpholine-N-oxide
alone without the ruthenium complexes. All the synthesized
ruthenium complexes were found to catalyse the oxidation
of alcohols to aldehydes/ketones, but the yields and the

Appl. Organometal. Chem. 2006; 20: 203-213
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Table 7. Catalytic oxidation of alcohol by ruthenium (Ill) Schiff
base complexes

Turn-
Complex Substrate ~ Product® Yield® over®
RuCl(PPh;3), Benzyl alcohol A 60.82 61.33
(Sal-Nptsc) Cyclohexanol K 31.33 31.59
RuCl(PPh;3), Benzyl alcohol A 53.13 53.57
(Sal-Nmtsc) Cyclohexanol K 27.99 2823
RuCl(PPh;3), Benzyl alcohol A 67.61 68.17
(Nap-Nptsc)  Cyclohexanol K 33.50 33.78
RuCl(PPh3),  Benzyl alcohol A 54.10 54.55
(Nap-Nmtsc) Cyclohexanol K 28.45 28.69
RuCl(AsPhs), Benzyl alcohol A 48.00 48.40
(Sal-Nptsc) Cyclohexanol K 27.50 27.73
RuCl(AsPhs), Benzyl alcohol A 51.00 51.43
(Sal-Nmtsc) Cyclohexanol K 26.00 26.22

2 A = benzaldehyde; K = cyclohexanone; P yields based on sub-
strate; © moles of product per mole or catalyst.

turnover were found to vary with different catalysts. The
relatively higher product yield obtained for the oxidation
of benzyl alcohol than for cyclohexanol was due to the
fact that the o-CH moiety of benzyl alcohol is more
acidic than that of cyclohexanol.®® It has also been found
that triphenylphosphine complexes possess higher catalytic
activity than the triphenylarsine complexes.®” This may be
due to the higher donor ability of the arsine ligand compared
with that of phosphine. It has also been found that ruthenium
(IIT) complexes derived from 4(N) methyl thiosemicarbazone
ligands showed less catalytic activity when compared with
other complexes, which could be attributed to the presence
of the electron-releasing methyl group in these complexes,
which decreases the catalytic activity by increasing the

electron density on the metal ion.”

Antibacterial studies

The in vitro antibacterial screening of the ligands and their
ruthenium complexes was carried out against Escherichia
coli and Pseudomonas sp. using a nutrient agar medium by
disc diffusion method. The results (Table 8) showed that
the complexes exhibit moderate activity against Escherichia
coli and Pseudomonas sp. The possible mode of increased
toxicity of the ruthenium (III) complexes compared with
that of the free ligands may be explained by Tweedy’s
chelating theory,” according to which chelation reduces the
polarity of the central metal atom because of partial sharing
of its positive charge with the ligand, which favours the
permeation of the complexes through the lipid layer of cell
membranes. Although the complexes were active, they did
not reach the effectiveness of the conventional bactericide,
Streptomycin.

Copyright © 2005 John Wiley & Sons, Ltd.
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Table 8. Antibacterial activity of Schiff base ligands and
ruthenium (Ill) complexes

Diameter of inhibition
zones (mm)

Escherichia Pseudomonas
coli sp.

Ligand/complex 05% 1.0% 05% 1.0%
H,-Sal-Nptsc 10 13 10 12
H,-Sal-Nmtsc 9 11 10 11
H,-Nap-Nptsc 9 13 10 12
H>-Nap-Nmtsc 10 13 10 12
[RuCl(PPh;),(Sal-Nptsc)] 12 15 11 13
[RuCl(PPh3),(Sal-Nmtsc)] 11 16 12 14
[RuCl(PPh;),(Nap-Nptsc)] 11 14 12 15
[RuCl(PPh;),(Nap-Nmtsc)] 11 15 12 14
[RuCl(AsPhj),(Sal-Nptsc)] 13 14 12 13

[RuCl(AsPh;),(Sal-Nmtsc)] 10 12 12 14
[RuCl(AsPh;),(Nap-Nptsc)] 14 16 11 15
[RuCl(AsPhs),(Nap-Nmtsc)] 13 15 14 15

CONCLUSION

Mononuclear ruthenium (III) complexes of the type
[RuX(EPh3),(L)] (X = ClI or Br; L = dibasic tridentate Schiff
base ligand; E = P or As) were synthesized. Based on the ele-
mental analysis, IR, EPR, EXAFS and electrochemical studies,
an octahedral structure was confirmed for the new complexes.
The new complexes showed high catalytic activity in the oxi-
dation of alcohols and also exhibited a considerable amount
of antibacterial activity towards microbials.
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