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Abstract

A series of mononuclear organoruthenium complexes of the type [RuX(PPh3),(L)] (X = Cl or Br; L = 2-(arylazo)phenolate
ligand) have been synthesized from the reaction of five 2-(arylazo)phenol ligands with ruthenium(III) precursors, viz. [RuCl;(PPhj3);]
and [RuBr3(PPh;),(CH3;0H)] in benzene under reflux. In all these reactions, the 2-(arylazo)phenolate ligand replaces one triphenyl-
phosphine molecule, two chlorides or bromides and one methanol from the precursors leading to five-membered cyclometallated
species. The 2-(arylazo)phenol ligands behave as dianionic tridentate C, N, O donors and coordinated to ruthenium by dissociation
of the phenolic proton and the phenyl proton at the ortho position of the phenyl ring. The compositions of the complexes have been
established by elemental analysis, magnetic susceptibility measurement, FT-IR, UV-Vis and EPR spectral data. These complexes
are paramagnetic and shows intense d—d and charge transfer transitions in chloroform. The solution EPR spectrum of the complex
7 in dichloromethane at 77 K shows rhombic distortion around the ruthenium ion. The structural conformation of the complex 1
has been carried out by X-ray crystallography. The redox behavior of the complexes has been investigated by cyclic voltammetry
and the potentials are observed with respect to the electronic nature of substituents (R) in the 2-(arylazo) phenolate ligands. These
complexes catalyze transfer hydrogenation of benzophenone to benzhydrol with up to 99.5% in the presence of i-prOH/KOH.
Further, these complexes have shown great promise in inhibiting the growth of both Gram +ve and Gram —ve bacteria, viz.
Staphylococcus aureus NCIM 2079 and Escherichia coli NCIM 2065 and fungus Candida albicans NCIM 3102.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction carbon to metal bond [6,7]. Since the first cyclometal-

lated complex was synthesized, cyclometallation has be-

The cyclometallation reaction, i.e., the intramolecular
activation of aromatic C-H bonds of coordinated li-
gands by transition metals has been widely studied [1-
5]. Conventionally cyclometallation has involved one
ligating group holding a metal center close to C—H bond
and subsequent closure of the ring via the formation of
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come an important part of organometallic chemistry.
More recently, transition metal catalyzed transfer
hydrogenation reaction using isopropanol as a hydrogen
source, has become an efficient method in organic syn-
thesis [8]. Noyori et al. [9-11] discovered a ruthenium(II)
complexes in the presence of a base and isopropanol,
proved to be excellent catalysts for the transfer hydroge-
nation of ketones under mild conditions. Further, a
large number of transition metal phosphine complexes
have been used as catalysts in transfer hydrogenation
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Fig. 1. 2-(Arylazo)phenol ligands.

of aldehydes [12] or ketones [13] due to characteristic
steric and electronic properties of tertiaryphosphine li-
gands [14]. In addition, the N, N and O, N donors of
the ligands play an important role in catalytic reactions.
Though a number of cyclometallated ruthenium(II)
[4,15] and rhodium(IIT) [16] complexes are known, no
reports are available on synthesis and catalytic transfer
hydrogenation of cyclometallated ruthenium(III)2-(aryl-
azo)phenolate complexes containing triphenylphosphine
and chlorides/bromides. Chen et al. [17] have proposed
that intercalation, hydrogen bonding and m—m interac-
tion are some of the features implicated in the mode
of action of ruthenium complexes as antitumour and
antimetastatic agents. Further more, the presence of
ruthenium-halogen bonds in several ruthenium com-
plexes exhibiting anticancer activity suggesting that
these bonds may also play some important role [18].

We describe here the synthesis of 10 cyclometallated
ruthenium(III) complexes containing 2-(arylazo)phenol
ligands, chloride or bromide and triphenylphosphine.
The molecular and electronic structures of the trivalent
complexes are probed with the help of X-ray crystal
structure, in combination with FT-IR, electronic and
EPR spectra. The relative stabilities of oxidation and
reduction states are monitored electrochemically. Fur-
ther, the catalytic activity towards transfer hydrogena-
tion of benzophenone and biological activity against
certain human pathogenic bacteria and fungus of these
complexes are reported. The following 2-(arylazo)phe-
nol ligands (Fig. 1) were used to synthesis the mononu-
clear ruthenium(I1I) complexes.

2. Experimental
2.1. Materials and physical measurements

All the reagents used were chemically pure and AR
grade. Solvents were purified and dried according to
standard procedures [19]. RuCl; - 3H,O was purchased
from Loba Chemie Pvt. Ltd., and was used without fur-
ther purification. The primary amines were purchased
from Aldrich.

The analysis of carbon, hydrogen and nitrogen were
performed in Carlo-Erba 1106-model 240 Perkin Elmer
analyzer at Central Drug Research Institute (CDRI),
Lucknow, India. FT-IR spectra were recorded in KBr
Pellets with a JASCO 400 plus spectrophotometer. A
CARY 300 Bio UV-Vis Varian spectrophotometer
was used to record the electronic spectra. Room temper-
ature solid-state magnetic susceptibilities were measured
by using EG and G model 155 vibrating sample magne-
tometer at SAIC, Chennai. EPR spectra were recorded
on JEOL JES-FA200 EPR spectrometer at X-band fre-
quencies for powder sample at room temperature and
solution at 77 K. Electrochemical measurements were
made using a Princeton EG and G-PARC model poten-
tiostat using a glassy carbon working electrode and all
the potentials were referenced to Ag/AgCl electrode.
The catalytic yields were determined using HP 6890 ser-
ies GC-FID with a DP-5 column of 30 m length,
0.32 mm diameter and 0.25 um film thickness. The anti-
microbial screening studies were carried out at Periyar
College of Pharmaceutical Sciences, Tiruchirappalli,
India and the bacteria, fungus were obtained from
National Chemical Laboratory, Pune, India. The ruthe-
nium(I1I) precursor complexes [RuCl;(PPh;);] [20] and
[RuBr;(PPh3),(CH3;0H)] [21] were prepared according
to the literature reports. The 2-(arylazo)phenol ligands
were prepared by coupling diazotized aniline and p-
substituted anilines with p-cresol [19].

2.2. Synthesis of ruthenium/(III) complexes

All the reactions were carried out under strictly anhy-
drous conditions. The ruthenium(IIl) precursors
[RuCl3(PPh3)5] [0.15 mmol; 0.150 g] (or) [RuBr3(PPhjs),
(CH30H)] [0.15 mmol; 0.135 g] and 2-(arylazo)phenol
ligands (HL1-HLS5) (0.15 mmol; 0.031-0.038 g) were
taken in 20 ml benzene. The mixture was heated under
reflux for 2 h until a deep green solution was obtained
and the reactions were monitored by thin-layer chroma-
tography. The solvent was then evaporated under reduced
pressure, which was subjected to purification by silica gel
column chromatography. On elution with chloroform,
the green band was collected. The ruthenium complexes
were obtained as crystalline solid of yield 70% upon com-
plete evaporation of the solvent. The elemental (CHN)
analysis is consistent with the composition proposed for
all the complexes (Table 1). IR and electronic spectral
data of all the complexes are summarized in Table 2.

2.3. Procedure for catalytic transfer hydrogenation of
benzophenone

Under inert atmosphere a mixture containing benzo-
phenone (1.25 mmol; 0.227 g), the ruthenium catalyst
(0.0125 mmol) and 0.0625 mmol of KOH was heated
to reflux in 10 ml of i-prOH for 2 h. The catalyst was re-
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Table 1
Analytical data of ruthenium(I11)2-(arylazo)phenolate complexes
Complexes Colour Found (Calc.) %

C H N

[RuCI(PPh;3),(L1)] (1) Green 64.76(64.92) 4.86(4.30) 2.88(3.09)
[RuBr(PPh3),(L1)] (2) Green 61.53(61.88) 4.42(4.10) 2.72(2.94)
[RuCl(PPh;3),(L2)] (3) Green 67.98(67.77) 4.23(4.74) 3.03(3.16)
[RuBr(PPh3),(L2)] (4) Green 64.32(64.53) 4.99(4.51) 2.81(3.01)
[RuCI(PPh;3),(L3)] (5) Green 66.28(66.57) 5.06(4.66) 2.88(3.10)
[RuBr(PPhj3),(L3)] (6) Green 63.58(63.44) 4.73(4.44) 2.73(2.96)
[RuCI(PPh;3),(L4)] (7) Green 67.04(66.86) 4.46(4.46) 2.98(3.05)
[RuBr(PPhj3),(L4)] (8) Green 63.23(63.76) 4.65(4.58) 2.67(2.91)
[RuCI(PPh;3),(L5)] (9) Green 67.66(67.56) 4.18(4.37) 3.08(3.21)
[RuBr(PPhs),(L5)] (10) Green 64.45(64.28) 4.87(4.59) 2.83(3.06)
Table 2

IR and electronic spectral data of the ruthenium(III)2-(arylazo)phenolate complexes

Complexes IR frequencies (cm™") Jemax (nm) & (dm3/mol/cm)
Vc-o VN=N
1 1301 1373 655(756)° 423(1356)° 364(2700) 273(6528)
2 1305 1388 652(848)b 416(2248)* 322(4660) 276(7712) 256(8212)
3 1303 1384 656(1500)° 421(2580)" 334(5460) 318(6340) 273(12,013)
4 1299 1376 653(1728)° 414(3408)" 352(5548) 315(7536) 275(12,969)
5 1288 1380 637(1948)° 422(2736)" 359(6272) 317(7432) 281(12.404)
6 1312 1374 631(1580)° 421(2870)" 361(5092) 276(10,116)
7 1297 1380 634(1128)° 425(1564)" 359(3440) 318(4050) 273(8172)
8 1310 1384 631(1172) 418(2044)" 361(3824) 272(8320)
9 1301 1388 658(1404)° 417(2312)" 331(5576) 316(6608) 282(11,584)
10 1311 1379 658(1072)° 413(2340)" 334(4252) 255(3744)

% Charge transfer transition.
® d-d transition.

moved from the reaction mixture by the addition of
diethylether followed by filtration and subsequent neu-
tralization with 1 M HCI. The ether layer was filtered
through a short path of silica gel by column chromatog-
raphy. The filtrate was subjected to GC analysis and the
hydrogenated product benzhydrol was identified and
determined with authentic sample in all the cases.

2.4. Antimicrobial assays

The in vitro antimicrobial screenings of free ligands
and their ruthenium(IIl) complexes were tested for their
effect on certain human pathogenic bacteria and fungus
by disc diffusion method. The ligands and the ruthenium
complexes were stored dry at room temperature and dis-
solved in 10% DMSO in methanol. Both the Gram +ve
(Staphylococcus aureus NCIM 2079) and Gram —ve
(Escherichia coli NCIM 2065) bacteria were grown in
nutrient agar medium and incubated at 37 °C for 48 h
followed by frequent subculture to fresh medium and
were used as test bacteria. Candida albicans NCIM
3102 grown as sabourard Dextrose Agar medium were
incubated at 27 °C for 72 h followed by periodic sub cul-
turing to fresh medium and were used as test fungus.

Then the petriplates were inoculated with a loop full
of bacterial and fungal culture and spread throughout
the petriplates uniformly with a sterile glass spreader.
To each disc the test samples and reference antibiotic
(tetracycline 10 pg/clotrimazole 10 pg) were added with
a sterile micropipette. The plates were then incubated
at 35+ 2°C for 24-48 h and at 27 + 1 °C for bacteria
and fungus, respectively. Plates with disc containing
respective solvents served as control. Inhibition was re-
corded by measuring the diameter of the inhibitory zone
after the period of incubation. Triplicates were main-
tained and the experiment was repeated thrice and the
average values are presented.

2.5. X-ray crystallography

Single crystals suitable for X-ray diffraction were
grown from mixture of chloroform-acetonitrile solution
at room temperature. A crystal of approximate size
0.25 % 0.25 x 0.15 mm was mounted on a glass fiber with
epoxy cement mounted on a Nonius MACH 3 Diffrac-
tometer equipped with graphite monochromatic Mo
Ko radiation (0.71073 A). Unit cell dimensions were ob-
tained using 25 centered reflections in 0 range 5.1100—



3940 G. Venkatachalam et al. | Journal of Organometallic Chemistry 690 (2005) 3937-3945

11.9900. The intensity data were collected by @26 scan
mode, and corrected by Lorentz polarization and
absorption effects using psi-scan (y-scan). Three stan-
dard reflections monitored after every 200 reflections
and three intensity control reflections monitored every
hour, and showed no significant changes (<3%). The
structure was solved by direct methods sHELxs97 and re-
fined by full-matrix least squares against F* using
SHELXL97 software [22,23]. Non-hydrogen atoms were
refined with anisotropy thermal parameters. All hydro-
gen atoms were geometrically fixed and allowed to refine
using a riding model.

3. Results and discussion

A series of low spin cyclometallated organoruthe-
nium complexes of the type [RuX(PPhj)(L)] (X =ClI
or Br; L =2-(arylazo)phenolate ligands) were synthe-
sized in good yields from the reaction of [RuCl;(PPhs);]
and [RuBr;3(PPh;),(CH;OH)] with 2-(arylazo)phenol li-
gands (HL1-HLS5) in dry benzene in equal molar ratio
(Scheme 1). It has been observed that arylazo ligands re-
place two chlorides or bromides, one PPh; and CH;0H
group and the oxidation state of ruthenium remains un-
changed during the formation of cyclometallated spe-
cies. All the complexes are found to be air stable in
both the solid and liquid state at room temperature,
non-hygroscopic in nature. The synthesized ruthenium
complexes are highly soluble in common solvents such
as chloroform, dichloromethane, toluene and benzene
producing intense green solutions.

3.1. Spectral characterization
Infrared spectra of the complexes show many sharp

and strong vibrations within 1600-400 cm™' and the
assignment of all these vibrations has not been

H;C
HiC
RuCl(PPh FPhs
(RuCh(PPhy)s] OH Benzene O\‘
(OR) Nay reflux/2 hr N}] B R‘ui
R

X
[RuBr3(PPhy),(CH;OH)]

PPh;

R

Where X= Cl or Br; R=H, Cl, CHs, OCH;, OC,Hs

ruthenium(III)
O complexes; 1-10 OH
/U\ , i-prOH/KOH R R'
R R reflux/2hr
(R,R'= C6H5)
Scheme 1.

attempted. However, the ligands exhibit bands around
1429-1439 and 1270-1278 cm™' corresponding to
—~N=N- and phenolic C-O, respectively. On complexa-
tion -N=N- appears at 1373-1388 cm™' and this red
shifting supports the coordination of azo-N to the metal
center [24,25]. The coordination through phenolic oxy-
gen is confirmed by the increase of C-O at higher fre-
quencies in the region 1288-1304cm™' in all the
complexes. This was further supported by the disappear-
ance of voy band in the range 3450-3439 cm ! in all the
complexes. In addition, these complexes show new
bands near 540, 690, 740 and 1556 cm™! which are due
to PPh; ligand.

Electronic spectra of all the complexes have been re-
corded in chloroform solution in the range 200-800 nm.
The representative spectrum of the complex 1 is shown
in Fig. 2. All the complexes display 4-5 intense absorp-
tions in the region 658-255 nm. The intense absorption
in the visible region at 658-631 nm is due to d—d transi-
tions and the absorption at 425-413 nm is probably due
to ligand to metal charge transfer transitions. The spec-
tral profiles below 400 nm are very similar which are due
to n—n* and n-n* ligand centered transitions taking
place in the coordinate 2-(arylazo)phenol ligands. Such
spectral behavior has been observed in similar octahe-
dral ruthenium(III) complexes [16,26].

The room temperature magnetic susceptibility mea-
surements show that these complexes (1: 1.90 BM, 5:
1.94 BM, 8: 1.87 BM) are one electron paramagnetic,
which supports the trivalent state of ruthenium (low
spin d°; S = 1/2) in an octahedral environment. The so-
lid state EPR spectra of all the complexes were recorded
in X-band frequencies at room temperature. All the
complexes exhibit well-defined single isotropic features
near g, = 2.00 (complexes 1-10: g;;, =2.02 to 2.06).
Such isotropic lines are usually the results of either inter-
molecular spin exchange, which can broaden the lines or
occupancy of the unpaired electron in a degenerate orbi-
tal. However, the EPR spectrum of the complex 7 re-
corded in dichloromethane solution at 77 K shows

154/
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Fig. 2. Electronic spectra of complex 1 in dichloromethane.
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rhombic spectrum (Fig. 3) with three distinct ‘g’ values
(gx# 8y # 8- 8+ =2.203, g,=2.092, g.=1.956). The
rhombicity of the spectra reflects the asymmetry of elec-
tronic environments around ruthenium in these com-
plexes [27].

3.2. Crystal structure

The summary of single crystal X-ray structure refine-
ment results is shown in Table 3 and selected bond
length and bond angles are presented in Table 4. To
understand the coordination mode of 2-(arylazo)pheno-
late ligands and stereochemistry of ruthenium(III) com-
plexes, the X-ray crystal structure of a representative
complex 1 has been determined and the ORTEP view
of this complex is shown in Fig. 4. The 2-(arylazo)phe-
nolate ligands act in a tridentate fashion, binding the
metal center at O(1), N(1), C(1) forming two five-mem-
bered chelate rings with bite angles of 77.93(12) (O(1)-
Ru-N(1)) and 75.61(14) (C(1)-Ru-N(1)). The entire
tridentate ligand skeleton together with ruthenium and
chloride constitute the equatorial plane while the chlo-

DPPH

| I I
2250 3000 3750

Magnetic field (G)

Fig. 3. EPR spectrum of the complex 7 in dichloromethane solution at
77 K.

ride is in transposition with respect to azo nitrogen.
The two PPh; ligands occupy mutually frans to each
other, the Ru(1)-P(1) 2.406(12) and Ru(1)-P(2)
2.400(12) bond distances are equal from the metal cen-
ter. The overall CNOP,Cl coordination sphere around
ruthenium is distorted octahedral in nature, which is re-
flected in all the bond parameters around ruthenium. As
all the complexes display similar spectral and electro-
chemical properties, the other nine complexes are as-
sumed to have similar structure to that of complex 1.

3.3. Electrochemistry

The electrochemical properties of all the complexes
have been examined cyclic voltammetrically under N,
atmosphere at glassy carbon working electrode in chlo-
roform (0.05 M:NBu4ClO,4) and the redox potentials are
expressed with reference to Ag/AgCl. Cyclic voltammo-
gram of all the complexes (1 x 107°M) display a quasi-
reversible oxidation (Ru'Y/Ru™) and quasi-reversible
reduction (Ru'™/Ru') peaks at the scan rate of
100 mV s~'. The potentials are summarized in Table 5

Table 3

Crystal data and structure refinement for complex 1
Identification code bdulla

Empirical formula C49H;39C1,N,OP,Ru
Formula weight 905.73

Temperature (K) 293(2)

Wavelength (A) 0.71073

Crystal system, space group
Unit cell dimensions

Monoclinic, P2,/n

a (A) 12.2790(12)

b (A) 19.0410(16)

cA) 19.140(3)

o (°) 90

B(©) 107.843(12)

7 () 90

Volume (A% 4259.8(9)

Z, calculated density (Mg/m®) 4, 1412

Absorption coefficient (mm™") 0.608

F000) 1852

Crystal size (mm) 0.25%x0.25x%0.15

Theta range for data collection (°) 1.54-24.93

Index ranges 0<h<14,
0< k<22,
-22<1<21

Reflections collected/unique
Completeness to 20 = 24.93
Absorption correction

Maximum and minimum transmission
Refinement method

7830/7460 [Rin: = 0.0335]
96.4%

Psi-scan

0.9143 and 0.8628
Full-matrix least-squares
on F*

Data/restraints/parameters 7460/0/515

Goodness-of-fit on F 0.954

Final R indices [/ > 2a(])] R; =0.0422,
wR, =0.0798

R indices (all data) R, =0.1085,
wR, = 0.0959

Largest difference peak and hole (e A~?)

0.327 and —0.319
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Table 4 .
Selected bond lengths (A) and bond angles (°) of complex 1

Bond lengths (A)

Bond angles (°)

Ru-C(1) 2.022(4) P(1)-Ru P(2) 174.56(4)
Ru-N(1) 2.010(3) N(1)-Ru-CI(1) 178.32(10)
Ru-0O(1) 2.120(3) C(1)-Ru-N(1) 75.61(14)
Ru-P(1) 2.4064(12) N(1)-Ru-O(1) 77.93(12)
Ru-P(2) 2.4001(12) C(1)-Ru-0O(1) 153.43(14)
Ru-CI(1) 2.3630(11) C(1)-Ru-CI(1) 103.54(12)
C(9)-C(10) 1.514(6) O(1)-Ru-CI(1) 102.97(8)
N(1)-N(2) 1.292(4) N(1)-Ru-P(1) 95.72(10)
O(1)-C(13) 1.317(5) C(1)-Ru-P(1) 91.40(12)
N(1)-C(7) 1.402(5) O(1)-Ru-P(1) 88.73(9)
N(2)-C(6) 1.399(5) CI(1)-Ru-P(1) 85.74(4)
CI(1)-Ru-P(2) 88.83(4)
N(1)-Ru-P(2) 89.71(10)
C(1)-Ru-P(2) 89.57(12)
O(1)-Ru-P(2) 92.79(9)

ESD in parentheses.

_1, c12

A ) C43 '\ _cao
2ok Y
% C11 M
G Ca2=-Ca1

Fig. 4. The ORTEP diagram of the complex [RuCIl(PPhs),(L1)] (1).

and a representative voltammogram is shown in Fig. 5.
All the complexes showed well-defined waves Ej, lies at
+0.67 to + 0.86 V (Ru'Y/Ru™) and —0.60 to —0.43 V

(Ru"/Ru™). These redox processes are quasi-reversible
with large peak-to-peak separation (AE,) of 100-
240 mV [28], and the current height measurement
reveals one electron redox processes. These redox poten-
tials (E},) are independent of the various scan rates,
supporting quasi-reversibility. The couples at more posi-
tive and less negative potentials are believed to corre-
sponding metal oxidation (Eq. (1)) and metal
reduction (Eq. (2)), respectively.

Ru" (PPh, ), (L) (X)) = [Ru® (PPh,),(L) (X)) + & (1)
[Ru"(PPh;),(L)(X)] + e~ = [Ru"(PPh3),(L)(X)]” (2)

The redox potentials shift to lower values upon alkyl
substitution and the amount of shift is ~0.17 and
~0.13 V for oxidation and reduction, respectively. The
potentials of both the oxidation (Ru"Y/Ru'™) and reduc-
tion (Ru'™/Ru™) have been found to be sensitive to the
nature of the substituent (R) in the 2-(arylazo)phenolate
ligands. The formal potentials E;, increases with in-
crease in electron withdrawing nature of the substituent
(R). The plot of Ej; vs. ¢ (¢ — Hammet constant of
R: OCH;=-0.27, OC,Hs=-0.24, CH;=-0.17,
H =0.00, C1=0.23) [29] is linear for both couples
(Fig. 6) with slopes of 0.37 V (Ru/Ru'Y) and 0.32 V
(RuIH/RuH) for complexes 1, 3, 5, 7, 9 and 0.39V
(Ru"/Ru") and 027V (Ru"/Ru") corresponds to
complexes 2, 4, 6, 8 and 10. This linear correlation of
the redox potentials of the electronic nature (o) of the
substituents clearly shows that a single substituent on
the 2-(arylazo)phenolate ligand, which is four bonds
away from the metal center, can influence the metal-cen-
tered potentials in a predictable manner. Further, oxida-
tion and reduction potentials do not show any
systematic variation with the change in chloride or bro-
mide in the ruthenium complexes. Hence, from the elec-
trochemical data it is clear that the present ligand system
is ideally suitable for stabilizing the higher oxidation
state of ruthenium ion and the electron transfer reac-
tions take place without gross changes in the stereo-
chemistry of the complexes [30].

Table 5

Electrochemical data of ruthenium(III)2-(arylazo)phenolate complexes

Complexes Ru™/Ru'Y Ru/Ru'!

Epa (V) Epc (V) El/2 (V) AEp (mV) Epu (V) Epc (V) El/2 (V) AEp (mV)

1 +0.92 +0.79 +0.86 130 —0.38 —0.48 —0.43 100
2 +0.93 +0.78 +0.86 140 —0.37 —0.55 —0.46 180
3 +0.84 +0.61 +0.72 230 —0.47 —0.69 —0.58 220
4 +0.80 +0.65 +0.72 150 —0.47 —0.63 —0.55 160
5 +0.78 +0.58 +0.68 200 —0.49 —0.68 -0.59 190
6 +0.73 +0.62 +0.67 110 —0.48 —0.72 —0.60 240
7 +0.74 +0.62 +0.69 120 —0.50 —0.64 —0.57 140
8 +0.75 +0.61 +0.68 140 —0.47 —0.63 —0.55 160
9 +0.91 +0.70 +0.80 210 —0.42 —0.58 —0.50 160

10 +0.92 +0.71 +0.81 210 —0.41 —0.53 —0.47 120

Supporting electrolyte: NBuyClO4(0.005 M); Complex: 0.001 M; Solvent: CHCls; AE, = E,, — E, where E,, and E,. are anodic and cathodic

potentials, respectively; E);, = 0.5(E,, + Epc); scan rate: 100 mV s7h
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-15

Fig. 5. Cyclic voltammogram of the complex 2 in chloroform solution (0.05 M TBAP) at the scan rate of 100 mV s~ .
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Fig. 6. Least-squares plot of (i) E;,» values oxidation (Ru'Y/Ru'™) and
reduction (Ru'/Ru'") potentials of complexes 1, 3, 5,7, 9 and (ii) E})»
values of oxidation (Ru'Y/Ru") and reduction (Ru"/Ru™) potentials
of the complexes 2, 4, 6, 8, 10 vs 0.

3.4. Catalytic activity in transfer hydrogenation of
ketones

The catalytic transfer hydrogenation of benzophe-
none by all the ruthenium(III) complexes was carried

Potential/mV

1

out in the presence of isopropanol/KOH (Scheme 1).
All the complexes catalyze benzophenone to benzhydrol
with high conversion. The benzhydrol formed after 2 h
of reflux were determined by gas chromatography with
authentic samples.

In this reaction, the base facilitates the formation of
ruthenium alkoxide by abstracting the proton of the
alcohol and subsequent B-elimination of alkoxide gener-
ates ruthenium-hydride, which is an active species in this
reactions. This is the mechanism proposed by several
workers on the studies of ruthenium complexes cata-
lyzed transfer hydrogenation reaction by metal hydride
intermediates [31]. Although no mechanistic studies
have been performed, the catalytic transformation of
benzophenone most probably follows the classical

Table 6
Catalytic activities in transfer hydrogenation of benzophenone by
ruthenium(IIT) complexes/i-prOH-KOH*

Complexes Product Conversion (%)°
1 Benzhydrol 92.6
2 Benzhydrol 96.0
3 Benzhydrol 97.6
4 Benzhydrol 99.5
5 Benzhydrol 99.2
6 Benzhydrol 95.5
7 Benzhydrol 99.0
8 Benzhydrol 98.0
9 Benzhydrol 92.8

10 Benzhydrol 94.0

# Condition: reactions were carried out 82 °C using 1.25 mmol of
benzophenone (10 ml isopropanol); Catalyst/Ketone/KOH ratio
1:100:2.5.

® Conversion of benzhydrol after 2 h, GC determined.



3944

Table 7

Antimicrobial activity of ruthenium(I1I) 2-(arylazo) phenolate complexes
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Complexes Diameter of zone of inhibition (mm)

Stap. aureus NCIM 2079 E. coli NCIM 2065 C. albicans NCIM 3102

50 ppm 100 ppm 50 ppm 100 ppm 50 ppm 100 ppm
HL1 - 8 - 7 - -
1 11 13 10 10 8 10
2 10 12 11 13 10 12
HL2 8 8 7 8 - 8
3 11 13 11 11 11 12
4 10 12 9 11 8 11
HL3 - 7 - 9 - 7
5 11 16 13 11 7 10
6 9 10 9 11 9 11
HL4 - 7 9 11 - 7
7 10 13 11 13 - 9
8 12 13 9 12 7 9
HLS5 - - 8 7 9 8
9 9 12 10 13 11 13
10 10 11 9 11 8 9
Standard 25 24 24 24 12 12

‘~’, no inhibition. Standard: Tetracycline (10 pg) for bacteria and clotrimazole (10 pg) for fungus. Solvent: DMSO (No inhibitory against the

microorganisms).

pathway in which ketones coordinate to hydride-
ruthenium metal intermediate. The formation of
ruthenium(IIl) hydride active species as catalytic
intermediate is proposed for this catalytic reactions.
The observed effects seem to indicate that the hydride
transfer from the metal to the coordinated ketones is
the final step in the catalytic cycle. It has been observed
that the catalytic activity varies with respect to substitu-
ent (R) in the azo fragment. The electron donating sub-
stituent present in the complexes found to be highly
active in the catalytic reactions showing conversion of
>96% (Table 6). Even though several catalytic system
have been reported to support the transfer hydrogena-
tion of ketones, complexes of this types are new for its
saturated C, N, O donor environment of the ruthe-
nium(III)2-(arylazo)phenolate complexes.

3.5. Antimicrobial activity

The in vitro cytotoxicity of ligands and their com-
plexes were screened in order to evaluate the activity
against the certain human pathogenic bacteria and fun-
gus at two different concentrations and the results are
shown in Table 7. The microbes used were both the
Gram +ve (S. aureus NCIM 2079), Gram —ve (E. coli
NCIM 2065) bacteria and the fungus C. albicans. The re-
sults indicate that the complexes exhibit considerable
activity compared to their parent ligands against the
same microbes under identical experimental conditions
and the toxicity of ruthenium chelate increases on
increasing the concentration. This would suggest that
chelation could facilitate the ability of a complex to
cross a cell membrane [32,33]. A possible mode of toxic-
ity increase can be explained by Tweedy’s Chelation the-

ory [34]. Chelation considerably reduces the polarity of
the metal ion because of partial sharing of its positive
charge with donor groups and possible n-electron delo-
calization over the whole chelate ring. Such a chelation
could enhance the lipophilic character of the central me-
tal atom, which subsequently favors its permeation
through the lipid layer of the cell membrane. In addition
to this, azo nitrogen may be the active site and is capable
of forming hydrogen bond with the cell constituents
[35]. The results revealed that the nature of the substitu-
ents (R) on the phenyl ring was found either to increase
or decrease the biological activity of the complexes and
may be due to the variation of electron density on the
azo-nitrogen. The observed results seem to conclude
that the present ruthenium(III)2-(arylazo)phenolate
complexes possess more cytotoxicity than the other me-
tal complexes against the microbes S. aureus, E. coli
[36,37] and C. albicans [38]. The variation in the effec-
tiveness of different compounds against different organ-
ism depends either on the impermeability of the cells of
microbes or the differences in ribosome of microbial
cells.

4. Conclusion

The present work describes a simple and convenient
route to synthesize of a series of cyclometallated ruthe-
nium(I11)2-(arylazo)phenolate complexes incorporating
triphenylphosphine and chloride/bromide ligands. The
X-crystal structure of the complex reveals a distorted
octahedral environment around ruthenium. All the com-
plexes were found to be efficient catalyst in transfer
hydrogenation of benzophenone to benzhydrol and the
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conversion is up to 99.5%. Further, the possible
explanations for the mode of action of these complexes
against different microbes are described.
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