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a b s t r a c t

Mononuclear ruthenium(III) complexes of the type [RuX(EPh3)2(L)] (E = P or As; X = Cl or Br; L = dibasic
terdentate dehydroacetic acid thiosemicarbazones) have been synthesized from the reaction of thiosemi-
carbazone ligands with ruthenium(III) precursors, [RuX3(EPh3)3] (where E = P, X = Cl; E = As, X = Cl or Br)
and [RuBr3(PPh3)2(CH3OH)] in benzene. The compositions of the complexes have been established by
ccepted 18 November 2009
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elemental analysis, magnetic susceptibility measurement, FT-IR, UV–vis and EPR spectral data. These
complexes are paramagnetic and show intense d–d and charge transfer transitions in dichloromethane.
The complexes show rhombic EPR spectra at LNT which are typical of low-spin distorted octahedral
ruthenium(III) species. All the complexes are redox active and display an irreversible metal centered
redox processes. Complex [RuCl(PPh3)2(DHA–PTSC)] (5) was used as catalyst for transfer hydrogenation

e of is
edox properties
ransfer hydrogenation

of ketones in the presenc

. Introduction

Thiosemicarbazones have emerged as an important class of N,S-
onor ligands for transition metal ions because of their mixed

ard–soft donor character and versatile coordination behavior
1–3]. Transition metal complexes of thiosemicarbazones have
een receiving considerable interest largely because of their
harmacological property [4–8]. Further, structure–activity rela-
ionship studies revealed that the presence of a bulky group
ttached to the terminal nitrogen of the thiosemicarbazone chain
trongly enhances the pharmacological activity of these com-
ounds [9]. The possibility of modulating the cytotoxic activity by
hanging the structure of the complex was also proved [10,11].
hiosemicarbazones are versatile ligands which can coordinate as

eutral ligands (I) or in their tautomeric form (II) and they usually
ind to a metal ion as bidentate N,S-donor ligands via dissocia-
ion of the hydrazinic proton, forming five-membered chelate rings
III) [12]. When a third donor site (D) containing donor group

∗ Corresponding author. Tel.: +91 431 2407053; fax: +91 431 2407045/20.
E-mail address: ramesh bdu@yahoo.com (R. Ramesh).

386-1425/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2009.11.044
opropanol/KOH and was found to be the active species.
© 2009 Elsevier B.V. All rights reserved.

such as –PR2, –NH2, –OH, or –SH is incorporated into the lig-
ands linked to the carbonylic carbon via one or two intervening
atoms, stable complexes with D,N,S-tricoordination (IV) takes place
[13,14].

Bhattacharya and co-workers reported a series of ruthenium
and osmium complexes containing salicylaldehyde thiosemicar-
bazone complexes [15]. Further, the unusual coordination mode of
the benzaldehyde thiosemicarbazone ligands with ruthenium has
been studied [16]. Ruthenium(II) 1-(arylidine)thiosemicarbazone
complexes have also been reported [17]. We recently reported
ruthenium(II) carbonyl dehydroacetic acid thiosemicarbazone
complexes in which thiosemicarbazone ligands coordinated to
ruthenium through O, N and S [18].

Hydrogenation and transfer hydrogenation of carbonyl com-
pounds are of high demand in the petrochemical, pharmaceutical
and food industry. Reduction of polar organic functionalities in
which carbonyl groups are converted to corresponding alco-
hols is one of the most fundamental transformations in organic

synthesis [19]. Transition metal catalyzed transfer hydrogena-
tion reactions using isopropanol as the hydrogen source have
become efficient methods in organic synthesis as illustrated
by several useful applications reported in recent years [20].
Ruthenium compounds have proven to serve as very efficient cat-

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:ramesh_bdu@yahoo.com
dx.doi.org/10.1016/j.saa.2009.11.044
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lyst of transfer hydrogenation reactions [21–25]. Ruthenium(II)
omplexes containing diphosphine and 1,2-diamine ligands, in the
resence of a base and isopropanol, are excellent catalysts for the
ydrogenation of ketones under mild conditions [26,27]. van Koten
nd co-workers reported pincer-type aryl ruthenium(II) complexes
ontaining the monoanionic terdentate NCN/PCP ligands as active
atalysts for the transfer hydrogenation of ketones in the pres-
nce of isopropanol and KOH [28,29]. Further, several example
uch as ruthenium carbene complexes [30,31], ruthenium arene
omplexes [32,33] and ruthenium BINAP(diamine) complexes
34] have become the most prominent species for the trans-
er hydrogenation of ketones in an excellent yield. Though there
re several complexes known as catalyst for transfer hydrogena-
ion, only a few reports are available on ruthenium(III) complexes
35,36].

Hence, we focus our interest on the synthesis, characteriza-
ion and catalytic application of ruthenium(III) thiosemicarbazone
omplexes. Herein, we describe the synthesis of a series of
uthenium(III) complexes containing dehydroacetic acid thiosemi-
arbazone ligands. The tridentate N, S and O combination mode
f these ligands to ruthenium was confirmed by analytical
nd spectral methods. Further, electrochemical behavior of the
omplexes is monitored by cyclic voltammetric technique. Fur-
hermore, one of the complexes, [RuCl(PPh3)2(DHA–PTSC)], (5) is
mployed as the catalyst for transfer hydrogenation of a range of
liphatic and aromatic ketones in the presence of isopropanol/KOH
t 82 ◦C.

. Experimental

.1. Materials and physical measurements

All the reagents used were chemically pure and are of analyt-
cal reagent grade. The solvents were dried and distilled before
se following the standard procedures [37]. Dehydroacetic acid
DHA) was purchased from SRL. RuCl3·3H2O was purchased from
oba-Chemie Pvt. Ltd., and was used without further purifica-
ion. The ketones and tetrabutylammonium perchlorate (TBAP)
ere obtained from Aldrich. TBAP was dried in vacuum prior to
se. Melting points were recorded with a Boetius micro-heating
able and are uncorrected. The carbon, hydrogen, nitrogen and
ulphur microanalysis content of each sample was determined
t STIC, Cochin University of Science and Technology, Cochin,
y analytic function testing VarioEL III CHNS elemental analyzer.

nfrared spectra were collected using KBr pellets on a Jasco 400
lus in the range 4000–400 cm−1. Electronic spectra of the com-
lexes in dichloromethane were recorded on a Cary 300 Bio
V-Vis Varian spectrophotometer. Room temperature solid-state
agnetic susceptibilities were measured by using an EG and G

odel 155 vibrating sample magnetometer at Indian Institute

f Technology, Madras. Diamagnetic corrections calculated from
ascal’s constant [38] were used to obtain the molar paramag-
etic susceptibilities. The X-band EPR spectra of the powdered
amples were recorded on JEOL JES-FA200 EPR spectrometer

Scheme 1. Formation of ruthenium(III) D
cta Part A 75 (2010) 713–718

at RT and LNT, the field being calibrated with 2,2-diphenyl-1-
picrylhydrazyl. Electrochemical studies were performed using a
Princeton EG and G-PARC model potentiostat in degassed 0.001 M
acetonitrile solutions of TBAP as supporting electrolyte. A three-
electrode cell was employed with carbon working electrode, a
platinum wire auxiliary electrode and an Ag/AgCl reference elec-
trode. The precursor ruthenium(III) complexes [RuCl3(PPh3)3],
[RuCl3(AsPh3)3], [RuBr3(AsPh3)3], [RuBr3(PPh3)2(CH3OH)] [39–42]
and dehydroacetic acid thiosemicarbazone ligands [43–45] were
prepared according to the literature procedures.

2.2. Synthesis of ruthenium(III) DHA–TSC/PTSC complexes

All the reactions were performed under strictly anhydrous
conditions and the complexes were prepared by the following gen-
eral procedure. To a benzene (20 ml) solution of [RuX3(EPh3)3]
(0.124–0.157 g, 0.125 mmol) (E = P, X = Cl; E = As, X = Cl or Br)
or [RuBr3(PPh3)2(CH3OH)] (0.112 g, 0.125 mmol) was added
the appropriate Schiff base ligands (0.02–0.039 g, 0.125 mmol)
(DHA–TSC, DHA–PTSC). The solution was allowed to heat under
reflux for 8 h. The resulting solution was concentrated to 3 ml,
cooled and light petroleum ether (60–80 ◦C) (5 ml) was added
where upon the complex was separated. All the complexes
were green in colour and were recrystallized from CH2Cl2/light
petroleum ether mixture and dried in vacuo. The purity of the
complexes was checked by TLC (yield: 65–70%).

2.3. Procedure for catalytic transfer hydrogenation of ketones

Under an inert atmosphere, a mixture containing ketones
(2 mmol), the ruthenium catalyst (5) (0.01 mmol) and KOH
(0.025 mmol) was heated to reflux in isopropanol (5 ml) for 2 h.
The catalyst was removed as precipitate from the reaction mix-
ture by the addition of diethyl ether, followed by filtration and
subsequent neutralization with 5 ml of 1 M HCl. Then the ether
layer was passed through a short path of silica gel and the fil-
trate was subjected to GC analysis. The hydrogenated product was
identified and determined by comparison with authentic sam-
ple.

3. Results and discussion

The reactions of [RuX3(EPh3)3] (E = P, X = Cl; E = As, X = Cl
or Br) or [RuBr3(PPh3)2(CH3OH)] with Schiff base ligands
(DHA–TSC, DHA–PTSC) in 1:1 molar ratio in dry benzene afforded
new hexa-coordinated low-spin ruthenium(III) thiosemicarbazone
complexes (Scheme 1). The analytical data (Table 1) are in good
agreement with the general molecular formula proposed. In all the
reactions, the Schiff base ligand behaves as tridentate ligand by
replacing one triphenylphosphine or triphenylarsine molecule, two

chloride or bromide ions and one methanol from the precursors. All
the complexes are air-stable, non-hygroscopic in nature, insoluble
in water and highly soluble in common solvents such as chloroform,
dichloromethane, acetonitrile and dimethyl sulphoxide producing
intense green solutions. Attempts made to grow single crystal were

HA–thiosemicarbazone complexes.
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Table 1
Analytical data of ruthenium(III) DHA–thiosemicarbazone complexes.

Sl. no. Complex Empirical formula m.pa (◦C) Calculated (found) %

C H N S

1 [RuCl(PPh3)2(DHA–TSC)] C45H39ClN3O3P2RuS 176 60.03(59.89) 4.37(4.23) 4.67(4.54) 3.56(3.51)
2 [RuCl(AsPh3)2(DHA–TSC)] C45H39ClN3O3As2RuS 233 54.69(54.76) 3.98(3.87) 4.25(4.43) 3.24(3.44)
3 [RuBr(PPh3)2(DHA–TSC)] C45H39BrN3O3P2RuS 167 57.21(57.60) 4.16(4.59) 4.45(4.21) 3.39(3.19)
4 [RuBr(AsPh3)2(DHA–TSC)] C45H39BrN3O3As2RuS 230 52.34(52.37) 3.81(3.55) 4.07(3.98) 3.10(2.98.)
5 [RuCl(PPh3)2(DHA–PTSC)] C51H43ClN3O3P2RuS 210 62.73(62.53) 4.44(4.35) 4.30(4.72) 3.28(3.39)
6 [RuCl(AsPh ) (DHA–PTSC)] C H ClN O As RuS 260 57.55(57.57) 4.07(3.90) 3.95(3.99) 3.01(2.89)
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7 [RuBr(PPh3)2(DHA–PTSC)] C51H43BrN3O3P2RuS 196
8 [RuBr(AsPh3)2(DHA–PTSC)] C51H43BrN3O3As2RuS 190

a Decomposition temperature.

nsuccessful. Based on our previous report on the crystal structure
f the ruthenium(II) DHA–thiosemicarbazone complexes [18], the
rans-meridional structure is confirmed for the present complexes
ather than a facial structure. Further, the trans-meridional struc-
ure is more favoured structure than a cis meridional, due to the
ulky nature of two PPh3 groups and the presence of conjugation

n DHA–thiosemicarbazone ligands.

.1. Spectroscopic characterization

The important IR absorption frequencies of the synthesized
omplexes are shown in Table 2. The free ligand displays �(C S)
nd �(N–H) absorptions at 788 and 3181 cm−1, respectively and
ere disappeared upon complexation. These observations may

e attributed to the enolization of –NH–C S and subsequent
oordination through the deprotonated sulphur [46]. The azome-
hine nitrogen �(C N) stretching frequency in the free ligands
DHA–TSC and DHA–PTSC) appear around 1624–1643 cm−1. This
requency has been shifted to lower wave numbers in the range
562–1589 cm−1 in accordance with the coordination of the
zomethine function to the metal ion for all the complexes [47] and
his lowering of the wave number may be attributed to the decrease
n electron density on the nitrogen atom of the azomethine group.
he enolic �(C–O) stretching frequency of the free ligand (DHA–TSC
nd DHA–PTSC) appears around 1235–1250 cm−1. On complex-
tion this frequency is shifted to higher frequency in the range
244–1279 cm−1 for all the complexes. This is further supported
y the disappearance of the �OH in the range 3400–3440 cm−1 in
ll the complexes indicating deprotonation of the enolic proton
rior to coordination [48]. The spectra of the free DHA–TSC lig-
nd show strong stretch around 1682 and 3380 cm−1 due to the
resence of lactone carbonyl �(C O) and NH2 groups, respectively

49]. These frequencies remain same even after the coordination
ndicating that the groups are not involved in coordination. Fur-
her, the bands were observed in the region 500–550, 441–476
nd 406–417 cm−1 which are probably due to the formation of
–O, M–N and M–S bonds, respectively [50]. All the ruthenium(III)

able 2
R and electronic spectral data of ruthenium(III) DHA–thiosemicarbazone complexes.

Complex �(C N) (cm−1) �(C–O) + �(C–S) (cm

1 1568 1262
2 1565 1275
3 1564 1264
4 1571 1264
5 1564 1250
6 1581 1261
7 1581 1271
8 1589 1279

a d–d transition.
b LMCT.
c n–�*.
d �–�*.
60.00(59.67) 4.25(4.64) 4.12(4.10) 3.14(3.02)
55.24(55.46) 3.91(3.98) 3.79(3.58) 2.89(2.97)

thiosemicarbazone complexes show strong vibrations near 530,
690, 745 and 1550 cm−1 which are attributed to PPh3/AsPh3 [51].

The electronic spectra of the complexes were recorded in
dichloromethane solution in the region 800–200 nm (Table 2). The
ground state of ruthenium(III) is 2T2g and the first excited dou-
blet levels in the order of increasing energy are 2A2g and 2A1g,
which arise from t4

2ge1
g configuration [52]. All the ruthenium(III)

complexes display strong band in the visible region in the range
584–534 nm followed by a weak shoulder in the range 450–493 nm
which are assigned as d–d and LMCT transitions, respectively. The
bands in the 325–369 nm regions are due to n–�* transition of
non-bonding electrons present on the nitrogen of the azomethine
group in the ruthenium(III) complexes. The band observed around
230–286 nm is as assigned to �–�* transitions of the ligand. The
pattern of the electronic spectra of all the complexes indicates the
presence of an octahedral environment around the ruthenium(III)
ion [53].

3.2. Magnetic moments and EPR spectra

The room temperature magnetic susceptibility measurements
show that these complexes are paramagnetic corresponding to one
unpaired electron (1.85–1.92 BM), which supports the trivalent
state of ruthenium (low-spin RuIII, t5

2g) in an octahedral envi-
ronment. All the complexes exhibit well-defined single isotropic
lines with ‘g’ values in the range 2.08–2.26. Isotropic lines are
observed as a result of either intermolecular spin exchange (which
can broaden the lines) or occupancy of the unpaired electron in
a degenerate orbital. However, the EPR spectra of the complexes,
[RuCl(PPh3)2(DHA–TSC)] (1), [RuCl(PPh3)2(DHA–PTSC)] (5) and
[RuBr(AsPh3)2(DHA–PTSC)] (8) recorded in toluene at 77 K shows

rhombic spectra with three different ‘g’ values gx = 2.19, gy = 2.08,
gz = 1.98 (1), gx = 2.24, gy = 2.08, gz = 1.97 for (5) and gx = 2.21,
gy = 2.13, gz = 1.99 for (8) (gx /= gy /= gz), respectively (Fig. 1) The
rhombicity of the spectra reflects the asymmetry of the electronic
environment around the ruthenium in these complexes [54].

−1) �max, nm (ε, dm3 mol−1 cm−1)

534a(690), 451b(1959), 369c(8154), 230d(16,605)
536a(2184), 450b(4281), 361c(14,481), 280d(29,026)
584a(1125), 457b(2284), 325c(9047), 241d(21,739)
582a(2612), 453b(4208), 369c(7587), 231d(24,429)
537a(2189), 451b(6009), 363c(14,531), 283d(29,182)
541a(473), 467b(1151), 369c(5390), 241d(18,420)
573a(1854), 493b(2872), 368c(18,076), 283d(28,602)
543a(418), 487b(1607), 355c(5046), 286d(28,095)
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Table 4
Transfer hydrogenation of ketones by [RuCl(PPh3)2(DHA–PTSC)] (5) with
isopropanol/KOHa.

Entry Substrates Products Conversionb % TONc

1 67.6 135

2 89.2 178

3 83.0 166

4 97.5 195

5 96.6 193

6 79.1 158

7 86.2 172

8 66.3 132

9 94.6 189

a Reaction condition: reactions were carried out at 82 ◦C using substrate (2 mmol),
catalyst (0.01 mmol) in 5 ml of isopropanol, KOH (0.025 mmol); catalyst/ketone/KOH
ratio 1:200:2.5.
Fig. 1. EPR spectrum of [RuCl(PPh3)2(DHA–PTSC)] (5) at 77 K.

.3. Redox properties

The redox behavior of the ruthenium(III) thiosemicarbazone
omplexes has been examined by cyclic voltammetric technique
t glassy carbon electrode in degassed acetonitrile solution and
he redox potentials are expressed with reference to Ag/AgCl.
he potentials are summarized in Table 3 and a representative
oltammogram of complex (5) is shown in Fig. 2. The cyclic voltam-
ogram of all the complexes exhibit an irreversible oxidation and

n irreversible reduction at the scan rate of 100 mV s−1. The redox
otential of the complexes is characterized by well-defined waves

n the range +0.74 to +0.98 V (oxidation) and −0.94 to −1.06 V
reduction). The irreversible redox processes observed for these
omplexes may be due to short-lived oxidized/reduced state of the
etal ion [55]. There is not much variation in the redox potential

ue to the replacement of chloride by bromide and triphenylphos-
hine by triphenylarsine.

.4. Catalytic transfer hydrogenation of ketones

Ruthenium mediated transfer hydrogenation reactions are
ound to be effective catalytic systems in which hydrogen is
ransferred from one organic molecule to another and this made

s to carry out this type of reactions. One of the complexes
RuCl(PPh3)2(DHA–PTSC)] (5) is taken as model catalyst and the
atalytic activity in the transfer hydrogenation of various aliphatic
nd aromatic ketones in the presence of isopropanol and KOH has

able 3
lectrochemical data of ruthenium(III) DHA–thiosemicarbazone complexes.

Complex Ru(III)/Ru(IV) Ru(III)/Ru(II)
Epa (V) Epc (V)

1 0.98 −1.01
2 0.76 −1.01
3 0.83 −1.01
4 0.77 −1.02
5 0.74 −1.05
6 0.96 −1.02
7 0.89 −1.02
8 0.75 −1.06

olvent: acetonitrile; supporting electrolyte: 0.001 M [NBu4]ClO4; concentration of
he complex: 0.001 M; scan rate: 100 mV s−1. Epa and Epc are anodic and cathodic
otentials, respectively.
b Conversion of the product after 2 h was determined with authentic samples
using HP 6890 series GC-FID with a DP-5 column of 30 m length, 0.32 mm diameter
and 0.25 �m film thickness.

c TON = moles of product/moles of catalyst.

been explored.

The complex catalyzes the conversion of ketones to their cor-
responding alcohols with reasonable conversions in all the cases
(Table 4). The alcohols formed were determined by GC by compar-
ison with authentic samples. In this method, it is believed that the
base facilitates the formation of a ruthenium alkoxide by abstract-
ing the proton of the alcohol, which then undergoes �-elimination
to give a ruthenium-hydride which is the active catalyst. This clas-
sical mechanism is proposed by several workers on the studies of

ruthenium complexes catalyzed transfer hydrogenation reaction
by metal hydrides [56,57].

The conversion in case of acetophenone is 67.6%. 4-Chloro
acetophenone is converted to corresponding alcohol with 89.2%
conversion and in the case of 4-methoxy acetophenone the con-
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Fig. 2. Cyclic voltammogram of [RuCl(PPh3)2(DHA–PTSC)] (5).

ersion is 83.0%. The presence of electron withdrawing (Cl) and
lectron donating (OCH3) substituents on the substrates (entries 2
nd 3) has marginal effect on the catalytic transfer hydrogenation
f ketones. Though the effect is minimal, the greater conversion
n case of 4-chloro acetophenone compared to 4-methoxy ace-
ophenone may be due to the fact that reduction involves the
ubstrate gaining electrons and this would be more facile at an
lectron deficient center [58]. The complex efficiently catalyzed
he reduction of aliphatic ketones such as methyl propyl ketone
nd diethyl ketone to their corresponding alcohols with 97.5% and
6.5% conversions, respectively (entries 4 and 5). Moreover, this
atalyst efficiently catalyzes the reduction of cyclopentanone and
yclohexanone to cyclopentanol and cyclohexanol with 79.1% and
6.2% conversions, respectively (entries 6 and 7). The complex
hows good catalytic activity for seven and eight membered cyclic
etones, cycloheptanone and cyclooctanone, with 66.3% and 94.6%
onversions, respectively (entries 8 and 9). The presence of a cat-
lytic amount of base is necessary for the transfer hydrogenation of
etones. Acetone was identified as only byproduct in all the cases.
s the catalyst is stable in all organic solvents and it can be recov-
red and the work up process is also very simple for this catalytic
ystem. Although the present catalyst has less catalytic efficiency
ompared to ruthenium pincer [59] or azo [60] complexes, they
ossesses better catalytic activity than the ruthenium complexes
ecently reported in the literature [61–64].

. Conclusion

In conclusion, we have described the synthesis and characteri-
ation of a series of ruthenium(III) complexes containing tridentate
hiosemicarbazone, halides and triphenyl phosphine/arsine. A
istorted octahedral geometry has been proposed around the
uthenium ion. The complex (5), [RuCl(PPh3)2(DHA–PTSC)], has
een tested as catalyst in transfer hydrogenation of aliphatic and
romatic ketones to the corresponding secondary alcohols in the
resence isopropanol/KOH at 82 ◦C.
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