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Abstract : From reaction of Na2[PdCl4] with 4-R-benzaldehyde thiosemicarbazone (HL-R, R = OCH3, CH3, H, Cl and
NO2) and 2-picolinic acid in 1 : 1 : 1 mole ratio in refluxing ethanol a group of complexes of type [{Pd(NS-R)Cl}n] is
formed as minor product, along with another group of complexes of type [{Pd(CNS-R)}n] as the major product (where
NS-R and CNS-R denote the NS- and CNS-coordinated thiosemicarbazone respectively). Reaction of triphenylphosphine
with the oligomeric [{Pd(NS-R)Cl}n] species affords mononuclear complexes of type [Pd(NS-R)(PPh3)Cl] via splitting of
the sulfur-bridge. Crystal structures of [Pd(NS-CH3)(PPh3)Cl] and [Pd(NS-NO2)(PPh3)Cl] complexes have been determined.
In these [Pd(NS-R)(PPh3)Cl] complexes, the thiosemicarbazones are coordinated to the metal center, via dissociation of
the acidic proton, as monoanionic bidentate NS-donors forming five-membered chelate rings and, the triphenylphosphine
is trans to the imine-nitrogen and the chloride is trans to the coordinated sulfur. The [Pd(NS-R)(PPh3)Cl] complexes
have shown notable efficiency in catalyzing Buchwald type C-N coupling reactions.

Keywords : 4-R-Benzaldehyde thiosemicarbazone, palladium, mixed-ligand complexes, crystal structures, C-N coupling
reactions.

Introduction

The chemistry of transition metal complexes of the

thiosemicarbazone ligands has been receiving consider-

able current attention1, largely because of their

bioinorganic relevance. Many of the thiosemicarbazone

complexes have found wide medicinal applications due to

their potentially beneficial biological (viz. antibacterial,

antimalarial, antiviral and antitumor) activities2. Studies

on the coordination chemistry of thiosemicarbazone ligands

of different types are therefore of considerable impor-
tance. However, we have been exploring the chemistry

of thiosemicarbazone complexes of selected transition metal

ions, with particular reference to variable binding mode

of thiosemicarbazone ligands displayed in these com-

plexes3, and the present work has originated from our

continued interest in this area. For the present study we
have selected a group of five 4-R-benzaldehyde thiosemi-

carbazones as the ligand and palladium as the metal cen-

ter. The chosen ligands are abbreviated in general as HL-

R, where H stands for the potentially dissociable acidic

proton and R (R = OCH3, CH3, H, Cl and NO2) for the

para-substituent in the phenyl ring. Reaction of the se-
lected thiosemicarbazones (HL-R) with Na2[PdCl4], taken

as the palladium starting material, has recently been ob-

served to afford, under appropriate experimental condi-

tion, a group of oligomeric organopalladium complexes

of type [{Pd(CNS-R)}n] (where CNS-R denote the CNS-

coordinated thiosemicarbazone)3a. The sulfur bridge in
these [{Pd(CNS-R)}n] complexes is observed to undergo

facile cleavage upon reaction with triphenylphosphine to

yield monomeric complexes of type [Pd(CNS-R)(PPh3)]
3a.
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While purifying these [Pd(CNS-R)(PPh3)] complexes by
thin layer chromatography using 1 : 7 acetonitrile-ben-
zene as the eluant, it was observed that before the major
yellow band containing the [Pd(CNS-R)(PPh3)] complex,
a minor orange band separated. Extraction of this minor
orange band has afforded another group of mixed-ligand
thiosemicarbazone complexes containing triphenyl-
phosphine as ancillary ligand. Herein we report the chem-
istry of these second group of palladium thiosemicarbazone
complexes, with special reference to their formation, struc-
ture and, catalytic application in C-N coupling reactions.

Experimental

Materials :

Palladium chloride was obtained from Arora Matthey,
Kolkata, India. Na2[PdCl4] was prepared by following a
reported procedure4. The para-substituted benzaldehydes
and thiosemicarbazide were procured from E. Merck
India Pvt. Ltd. Triphenylphosphine was purchased from
Spectrochem, Mumbai, India. The 4-R-benzaldehyde
thiosemicarbazones were prepared by reacting equimolar
amounts of thiosemicarbazide and the respective para-
substituted benzaldehyde in a hot 1 : 1 ethanol-water mix-
ture under stirring condition. The oligomeric [{Pd(CNS-
R)}n] complexes were prepared by following the reported
method3a. All other chemicals and solvents were reagent
grade commercial materials and were used as received.

Syntheses of complexes :

[Pd(NS-R)(PPh3)Cl] complexes : The [Pd(NS-
R)(PPh3)Cl] (R = OCH3, CH3, H, Cl, NO2) complexes
were prepared by following a general procedure. Spe-
cific details are given below for a particular complex.

[Pd(NS-H)(PPh3)Cl] : The oligomeric [{Pd(CNS-H)}n]
species (100 mg, 0.35 mmol) and triphenylphosphine (95
mg, 0.36 mmol) were taken together in hot ethanol (20
mL) and the solution was refluxed for 6 h to yield a clear
yellow solution. The solvent was evaporated and the solid
mass, thus obtained, was subjected to purification by thin-
layer chromatography on a silica plate. With 1 : 7 aceto-
nitrile-benzene as the eluant, a thin orange band sepa-
rated first, followed by a major yellow band. Extraction
of the major yellow band with acetonitrile, followed by
evaporation of the extract, yielded an organopalladium
complex that was reported earlier3a. The minor orange
band was also extracted with acetonitrile, and evapora-
tion of the acetonitrile extract gave the [Pd(NS-H)(PPh3)Cl]
complex as a crystalline orange solid. Yield : 8%; Anal.
Calcd. for C26H23N3SClPPd : C, 53.62; H, 3.95; N,

7.22. Found : C, 53.83; H, 3.97; N, 7.21%; 1H NMR5 :
4.83 (s, NH2), 7.36-7.82 (PPh3 + 3H)*, 8.14 (2H)*,
8.58 (1H, d, J 4.2).

[Pd(NS-OCH3)(PPh3)Cl] : Yield : 6%; Anal. Calcd.
for C27H25N3OSClPPd : C, 52.95; H, 4.08; N, 6.86.
Found : C, 52.63; H, 4.17; N, 6.71%; 1H NMR : 3.88
(s, OCH3), 5.60 (s, NH2), 6.86 (2H, d, J 8.9), 7.36–7.84
(PPh3)*, 8.12 (2H, d, J 9.0), 8.59 (1H, d, J 4.2).

[Pd(NS-CH3)(PPh3)Cl] : Yield : 9%; Anal. Calcd. for
C27H25N3SClPPd : C, 54.37; H, 4.20; N, 7.05. Found :
C, 54.43; H, 4.19; N, 7.11%; 1H NMR : 2.38 (s, CH3),
4.81 (s, NH2), 7.22 (2H, d, J 8.2), 7.40-7.79 (PPh3)*,
8.11 (2H, d, J 8.4), 8.57 (1H, d, J 4.2).

[Pd(NS-Cl)(PPh3)Cl] : Yield : 7%; Anal. Calcd. for
C26H22N3SCl2PPd : C, 50.62; H, 3.57; N, 6.81. Found :
C, 50.79; H, 3.43; N, 6.87%; 1H NMR : 4.88 (s, NH2),
7.39 (2H, d, J 8.3), 7.38–7.82 (PPh3)*, 8.17 (2H, d, J
8.4), 8.59 (1H, d, J 4.2).

[Pd(NS-NO2)(PPh3)Cl] : Yield : 8%; Anal. Calcd. for
C26H22N4O2SClPPd : C, 49.77; H, 3.51; N, 8.93. Found :
C, 49.84; H, 3.47; N, 8.89%; 1H NMR : 5.01 (s, NH2),
7.40–7.80 (PPh3)*, 8.23 (2H, d, J 8.9), 8.32 (2H, d, J
8.9), 8.65 (1H, d, J 4.2).

Physical measurements :

Microanalyses (C, H and N) were performed using a
Heraeus Carlo Erba 1108 elemental analyzer. 1H NMR
spectra were recorded in CDCl3 solution on a Bruker
Avance DPX 300 NMR spectrometer using TMS as the
internal standard.

X-Ray crystallography :

Single crystals of [Pd(NS-CH3)(PPh3)Cl] and [Pd(NS-
NO2)(PPh3)Cl] were obtained by slow evaporation of
solvent from solutions of the complexes in acetonitrile.
Selected crystal data and data collection parameters are
given in Table 1. Data were collected on a Bruker SMART
CCD diffractometer using graphite monochromated Mo
K radiation ( = 0.71073 Å). X-Ray data reduction,
structure solution and refinement were done using
SHELXS-97 and SHELXL-97 programs6. The structures
were solved by the direct methods.

General procedure for C-N coupling reactions :

In a typical run, an oven-dried 10 mL round bottom
flask was charged with a known mole percent of catalyst,
NaOtBu (1.7 mmol), XPhos (0.1 mmol), amine (1.0 mmol)
and aryl halide (1.0 mmol) with the solvent (4 mL). The
flask was placed in a preheated oil bath at required tem-
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perature. After the specified time the flask was removed
from the oil bath, water (20 mL) was added, and extrac-
tion with ether (4 × 10 mL) was done. The combined
organic layers were washed with water (3 × 10 mL),
dried over anhydrous Na2SO4, and filtered. Solvent was
removed under vacuum. The residue was dissolved in
acetonitrile and analyzed by GCMS using a Perkin-Elmer
CLARUS 680 instrument.

Results and discussion

Synthesis and structure :

As delineated in the introduction, reaction of
Na2[PdCl4] with the five selected 4-R-benzaldehyde
thiosemicarbazones (HL-R) affords, under a set of ex-
perimental conditions, palladium complexes of type
[{Pd(CNS-R)}n]

3a. Further reaction of each of these
[{Pd(CNS-R)}n] complexes with triphenylphosphine is
observed to yield an yellow complex of type [Pd(CNS-
R)(PPh3)] as the major product3a, along with an orange

product in much lower yield. The present work has origi-
nated from our curiosity to find out the identity of this
minor orange species. Each synthetic reaction has been
repeated several times in order to accumulate reasonable
quantity of the orange product, necessary for its charac-
terization. Microanalytical and 1H NMR data on these
orange species indicate the presence of a thiosemicarbazone

Table 1. Crystallographic data for the [Pd(NS-CH3)(PPh3)Cl] and
[Pd(NS-NO2)(PPh3)Cl] complexes

Complex [Pd(NS-CH3)(PPh3)Cl] [Pd(NS-NO2)(PPh3)Cl]

Empirical formula C27H25N3OPSClPd C26H22N4O2PSClPd

Formula mass 612.41 627.39

Crystal system Orthorhombic Monoclinic

Space group Pbcn P21/n

a (Å) 16.2496(4) 9.2002(2)

b (Å) 17.2780(4) 18.5339(4)

c (Å) 18.8321(4) 15.6689(3)

 (deg) 90 90

 (deg) 90 93.076(1)

 (deg) 90 90

V (Å3) 5287.3(2) 2667.94(10)

Z 8 4

Dcalcd (mg m–3) 1.539 1.562

F (000) 2480 1264

Crystal size (mm) 0.25 × 0.25 × 0.26 0.18 × 0.18 × 0.19

T (K) 296 296

  (mm–1) 0.968 0.965

R1a 0.0393 0.0303

wR2b 0.1157 0.0832

GOFc 0.96 0.92
aR1 = Fo –  Fc /Fo
bwR2 = [[w(Fo

2 – Fc
2)2]/[w(Fo

2)2]]1/2

cGOF = [[w(Fo
2 – Fc

2)2]/(M – N)]1/2, where M is the number of
reflections and N is the number of parameters refined.

Fig. 1. Structure of the [Pd(NS-CH3)(PPh3)Cl] complex. Hydro-
gen atoms are omitted for clarity.

and a triphenylphosphine in them. In order to authenti-
cate the composition of these complexes, as well as to
find out the binding mode of the thiosemicarbazone ligand
in them, structure of a selected member of this family,
viz. the orange species obtained from the reaction of
[{Pd(CNS-CH3)}n] with triphenylphosphine, has been
determined by X-ray crystallography. The structure is
shown in Fig. 1 and some relevant bond parameters are
listed in Table 2. The structure shows that the
thiosemicarbazone is coordinated to palladium, via disso-
ciation of the acidic proton, as a bidentate NS-donor form-
ing a five-membered chelate ring (as in I with R = CH3).
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A triphenylphosphine and a chloride are also coordinated
to the metal center. The chloride is trans to the sulfur and
the triphenylphosphine is trans to the imine-nitrogen. Pal-
ladium is thus nested in a NSPCl coordination sphere,
which is distorted significantly from ideal square-planar
geometry, as reflected in the bond parameters around the
metal center. Comparison of the geometry of the palla-
dium-coordinated thiosemicarbazone in this structurally
characterized complex with that of the uncoordinated
thiosemicarbazone ligand (which is similar as shown in
HL-R3e) reveals that a change in geometry around the
pre-existing imine-bond has occurred during the com-
plexation. Such change in geometry of benzaldehyde
thiosemicarbazones, upon their coordination to palladium,
has been observed before3b,e. Based on the crystal struc-
ture, this particular complex is abbreviated as [Pd(NS-
CH3)(PPh3)Cl], where NS-CH3 refers to the NS-coordi-
nated thiosemicarbazone ligand (as in I with R = CH3).

In order to ensure that the other four complexes of
this family have the same composition and structure as
[Pd(NS-CH3)(PPh3)Cl], structure of a second complex
from this group, viz. the orange complex obtained from
the reaction of [{Pd(CNS-NO2)}n] with triphenyl-phos-

phine, has also been determined by X-ray crystallogra-
phy. This structure (Fig. 2) also shows that the
thiosemicarbazone is coordinated to palladium in the same
NS-fashion (as in I with R = NO2) and, a triphenyl-
phosphine and a chloride are bound to palladium as be-
fore. This particular complex is abbreviated, based on its
crystal structure, as [Pd(NS-NO2)(PPh3)Cl]. In this
[Pd(NS-NO2)(PPh3)Cl] complex the bond parameters
around the metal center, as well as within the coordinated
thiosemicarbazone, are found to be comparable to those
observed in the [Pd(NS-CH3)(PPh3)Cl] complex
(Table 2). As all the five complexes of this family have
been synthesized similarly, and they show similar prop-
erties (vide infra), the other three complexes of this group
are assumed to have similar structure as the [Pd(NS-
CH3)(PPh3)Cl] or  [Pd(NS-NO2)(PPh3)Cl] complex. All
five complexes of this series are henceforth abbreviated
in general as [Pd(NS-R)(PPh3)Cl].

Table 2. Selected bond distances and bond angels for the [Pd(NS-
CH3)(PPh3)Cl] and [Pd(NS-NO2)(PPh3)Cl] complexes

[Pd(NS-CH3)(PPh3)Cl]

Bond distances (Å)

Pd(1)-Cl(1) 2.3360(10) C(7)-N(1) 1.287(4)

Pd(1)-P(1) 2.2675(8) N(1)-N(2) 1.387(4)

Pd(1)-N(1) 2.106(3) N(2)-C(8) 1.285(4)

Pd(1)-S(1) 2.2212(10) C(8)-S(1) 1.751(3)

C(8)-N(3) 1.350(5)

Bond angles (deg)

N(1)-Pd(1)-P(1) 173.98(7) N(1)-Pd(1)-S(1) 82.89(7)

S(1)-Pd(1)-Cl(1) 176.64(4)

[Pd(NS-NO2)(PPh3)Cl]

Bond distances (Å)

Pd(1)-Cl(1) 2.3395(7) C(7)-N(1) 1.286(3)

Pd(1)-P(1) 2.2496(7) N(1)-N(2) 1.383(3)

Pd(1)-N(1) 2.0970(19) N(2)-C(8) 1.293(3)

Pd(1)-S(1) 2.2423(7) C(8)-S(1) 1.744(3)

C(8)-N(3) 1.347(3)

Bond angles (deg)

N(1)-Pd(1)-P(1) 172.38(6) N(1)-Pd(1)-S(1) 83.20(5)

S(1)-Pd(1)-Cl(1) 178.36(3)

Fig. 2. Structure of the [Pd(NS-NO2)(PPh3)Cl] complex. Hydro-
gen atoms are omitted for clarity.

The presence of a chloride in each of these [Pd(NS-
R)(PPh3)Cl] complexes has been rather surprising, par-
ticularly as there was no visible source of chloride present
either in the starting oligomeric [{Pd(CNS-R)}n] species,
or in anything else needed for the synthesis or purifica-
tion of these complexes. This clearly indicates that the
starting oligomeric species, which was believed to be pure
[{Pd(CNS-R)}n], is actually not so and contains another
species of type [{Pd(NS-R)Cl}n] as minor impurity. Split-
ting of the sulfur-bridge in these [{Pd(NS-R)Cl}n] com-
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plexes by their interaction with triphenylphosphine has
led to formation of the mononuclear [Pd(NS-R)(PPh3)Cl]
complexes (Scheme 1). Presence of these [{Pd(NS-R)Cl}n]
complexes as minor impurity in the [{Pd(CNS-R)}n] com-
plexes also accounts for the observed low yields of the
derived [Pd(NS-R)(PPh3)Cl] complexes. It may be men-
tioned in this context that preparation of the same [Pd(NS-
R)(PPh3)Cl] complexes in good yield can be achieved by
direct reaction of the thiosemicarbazones (HL-R) with
[Pd(PPh3)2Cl2]

3e.

Scheme 1

Catalysis :

The fact, that palladium complexes are known to effi-
ciently catalyze Buchwald type C-N coupling reactions7,
has encouraged us to explore similar property in the present
group of [Pd(NS-R)(PPh3)Cl] complexes. At first C-N
coupling between iodobenzene and aniline was attempted
using [Pd(NS-H)(PPh3)Cl] as the catalyst. After exten-
sive optimization, we found that 0.01 mol% catalyst, 1.0
mmol iodobenzene, 1.0 mmol aniline, 1.7 mmol NaOt-
Bu as base, 0.1 mmol XPhos as additive, polyethyl-
eneglycol as solvent, 145 ºC reaction temperature, and
20 h reaction time, furnish an excellent (100%) yield of
the desired C-N coupled product (entry 1 in Table 3). All
the five [Pd(NS-R)(PPh3)Cl] complexes were tried as cata-
lysts, and as each of them has displayed similar catalytic
efficiency, only the results obtained with [Pd(NS-
H)(PPh3)Cl] as the catalyst are presented in Table 3.
Coupling of iodobenzene with five other primary aro-
matic amines, bearing different functional groups and
substituents, were also attempted and each of these reac-
tions proceed smoothly under similar reaction conditions
to afford the expected products in 58–100% yields (en-
tries 2–6). Coupling of iodobenzene with two chosen sec-
ondary amines, viz. piperidine and morpholine, was also

Table 3. C-N cross-coupling reaction of aryl halides with aminesa

Entry X Amine Amt. of Time Yieldb TON
cat. (mol%) (h) (%)

1 I 0.01 20 100 10000

2 I 0.01 20 100 10000

3 I 0.01 20 98 9800

4 I 0.01 20 58 5800

5 I 0.01 20 92 9200

6 I 0.01 20 85 8500

7 I 0.01 20 100 10000

8 I 0.01 20 100 10000

9 Br 0.1 20 100 1000

10 Br 0.1 20 74 740

11 Br 0.1 20 100 1000

12 Br 0.1 20 30 300

13 Br 0.1 20 50 500

14 Br 0.1 20 26 260

15 Br 0.1 20 100 1000

16 Br 0.1 20 100 1000

JICS-11
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found to proceed smoothly to produce the targeted prod-
ucts in excellent yields (entries 7 and 8). Use of
bromobenzene, instead of iodobenzene, was found to turn
the C-N coupling slightly difficult, as manifested in ten
times more catalyst loading needed to achieve similar
yield (entries 9–16). Encouraged by the observed effi-
ciency of [Pd(NS-H)(PPh3)Cl] in activating C-I and C-Br
bonds, and thereby induce C-N coupling with both pri-
mary and secondary amines, we have also attempted simi-
lar coupling reaction via rather difficult C-Cl bond acti-
vation of chlorobenzene. The attempted reactions did take
place, but with much higher (1 mol%) catalyst loading,
and the yield varied between 26–97% (entries 17–24).
The turnover numbers are found to reduce significantly
from iodobenzene to bromobenzene to chlorobenzene. The
[Pd(NS-R)(PPh3)Cl] complexes are thus found to be good
catalysts for Buchwald type C-N coupling reactions. The
observed catalytic efficiency of the present group of com-
plexes in C–N coupling reactions is comparable to that of
several other palladium complexes under similar experi-
mental conditions8.

17 Cl 1.0 20 97 97

18 Cl 1.0 20 26 26

19 Cl 1.0 20 100 100

20 Cl 1.0 20 42 42

21 Cl 1.0 20 66 66

22 Cl 1.0 20 29 29

23 Cl 1.0 20 89 89

24 Cl 1.0 20 94 94

aReaction conditions : aryl halide (1.0 mmol), amine (1.0 mmol),
NaOt-Bu (1.7 mmol), XPhos (0.1 mmol), catalyst [Pd(NS-
H)(PPh3)Cl], polyethyleneglycol (4 mL).
bDetermined by GCMS.

Table-3 (contd.) Conclusions

The present study shows that an oligomeric species of
type [{Pd(NS-R)Cl}n] is generated as a minor product,
along with the major [{Pd(CNS-R)}n] species, from the
reaction of the 4-R-benzaldehyde thiosemicarbazones (HL-
R) with Na2[PdCl4] under certain experimental
conditions3a. The oligomeric [{Pd(NS-R)Cl}n] species
undergo facile splitting of the sulfur-bridge upon reaction
with triphenylphosphine to afford discrete mononuclear
complexes of type [Pd(NS-R)(PPh3)Cl]. This study also
demonstrates that the [Pd(NS-R)(PPh3)Cl] complexes can
efficiently catalyze Buchwald type C-N coupling reac-
tions.

Acknowledgement

Financial assistance received from the Department of
Science and Technology, New Delhi, India [Grant No.
SR/S1/IC-29/2009 and SR/S1/RFIC-01/2009] is gratefully
acknowledged. Jayita Dutta thanks the Council of Scien-
tific and Industrial Research, New Delhi, for her fellow-
ship [Grant No. 09/096(0702)/2011-EMR-I].

Supplementary data

Crystallographic data have been deposited with the
Cambridge Crystallographic Data Center, CCDC num-
bers 941387 and 941388.

References

1. (a) J.  L. Hickey and P. S. Donnelly, Coord. Chem. Rev.,
2012, 256, 2367; (b) J. S. Casas, M. D. Couce and J. Sordo,
Coord. Chem. Rev., 2012, 256, 3036; (c) J. Kalinowski, V.
Fattori, M. Cocchi and J. A. G. Williams, Coord. Chem.
Rev., 2011, 255, 2401; (d) V. Guerchais and J. L. Fillaut,
Coord. Chem. Rev., 2011, 255, 2448; (e) A. Sivaramakrishna,
H. S. Clayton, M. M. Mogorosi and J. R. Moss, Coord.
Chem. Rev., 2010, 254, 2904; (f) V. K. Jain and L. Jain,
Coord. Chem. Rev., 2010, 254, 2848; (g) J. R. Berenguer,
E. Lalinde and M. T. Moreno, Coord. Chem. Rev., 2010,
254, 832; (h) D. Belli, D. Amico, L. Labella, F. Marchetti
and S. Samaritani, Coord. Chem. Rev., 2010, 254, 635; (i)
T. S. Lobana, R. Sharma, G. Bawa and S. Khanna, Coord.
Chem. Rev., 2009, 253, 977; (j) S. D. Cummings, Coord.
Chem. Rev., 2009, 253, 449; (k) U. K. Lis, J. Ochocki and
K. M. Wasowska, Coord. Chem. Rev., 2008, 252, 1328; (l)
J. A. G. Williams, S. Develay, D. L. Rochester and L.
Murphy, Coord. Chem. Rev., 2008, 252, 2596; (m) K. Sakai
and H. Ozawa, Coord. Chem. Rev., 2007, 251, 2753; (n) K.
M. C. Wong and V. W. W. Yam, Coord. Chem. Rev.,
2007, 251, 2477; (o) H. Torrens, Coord. Chem. Rev., 2005,
249, 1957; (p) A. G. Quiroga and C. N. Ranninge, Coord.



Dutta et al. : Mixed-ligand benzaldehyde thiosemicarbazone complexes of palladium etc.

669

Chem. Rev., 2004, 248, 119; (q) J. Slageren, A. Klein and
S. Záliš, Coord. Chem. Rev., 2002, 230, 193; (r) K.
Matsumoto and M. Ochiai, Coord. Chem. Rev., 2002, 231,
229; (s) J. R. Dilwarth, P. Amold, D. Morales, Y. L. Wong
and Y. Zheng, Modern Coord. Chem., 2002, 217; (t) D. X.
West, A. E. Liberta, S. B. Padhye, R. C. Chikate, P. B.
Sonawane, A. S. Kumbhar and R. G. Yerande, Coord. Chem.
Rev., 1993, 123, 49; (u) D. X. West, S. B. Padhye and P. B.
Sonawane, Struct. Bonding, 1992, 76, 1; (v) I. Haiduc and
C. Silvestru, Coord. Chem. Rev., 1990, 99, 253; (w) S. B.
Padhye and G. B. Kaffman, Coord. Chem. Rev., 1985, 63,
127; (x) P. B. Critchlow and S. D. Robinson, Coord. Chem.
Rev., 1978, 25, 69; (y) M. J. M. Campbell, Coord. Chem.
Rev., 1975, 15, 279.

2. (a) A. Sankaraperumal, J. Karthikeyan, A. N. Shetty and R.
Lakshmisundaram, Polyhedron, 2013, 50, 264; (b) M.
Khandani, T. Sedaghat, N. Erfani, M. R. Haghshenas and
H. R. Khavasi, J. Mol. Struct., 2013, 1037, 136; (c) D.
Kovala-Demertzi, A. Galani, J. R. Miller, C. S. Frampton
and M. A. Demertzis, Polyhedron, 2013, 52, 1096; (d) M.
O’Connor, A. Kellett, M. McCann, G. Rosair, M.
McNamara, O. Howe, B. S. Creaven, S. McClean, A. F.
A. Kia, D. O’Shea and M. Devereux, J. Med. Chem., 2012,
55, 1957; (e) M. Skander, P. Retailleau, B. Bourrieì, L.
Schio, P. Mailliet and A. Marinetti, J. Med. Chem., 2010,
53, 2146; (f) S. H. van Rijt, A. Mukherjee, A. M. Pizarro
and P. J. Sadler, J. Med. Chem., 2010, 53, 840; (g) J.
Hamberger, M. Liebeke, M. Kaiser, K. Bracht, U. Olszewski,
R. Zeillinger, G. Hamilton, D. Braun and P. J. Bednarski,
Anti-Cancer Drugs, 2009, 20, 559; (h) R. Hrstka, D. J.
Powell, V. Kvardova, E. Roubalova, K. Bourougaa, M. M.
Candeias, P. Sova, F. Zak, R. Fåhraeus and B. Vojtesek,
Anti-Cancer Drugs, 2008, 19, 369; (i) B. Ma, P. I. Djurovich
and M. E. Thompson, Coord. Chem. Rev., 2005, 249, 1501;
(j) P. Sova, A. Mistr, A. Kroutil, F. Zak, P. Pouckova and
M. Zadinova, Anti-Cancer Drugs, 2005, 16, 653; (k) J.
Turánek, A. Kašná, D. Záluská, J. Neca, V. Kvardová, P.
Knötigová, V. Horváth, L. Šindlerová, A. Kozubík, P. Sova,
A. Kroutil, F. Žák and A. Mistr, Anti-Cancer Drugs, 2004,
15, 537; (l) E. M. Jouad, X. D. Thanh, G. Bouet, S. M.
Bonneau and A. Khan, Anticancer Res., 2002, 22, 1713; (m)
M. B. Ferrari, F. Bisceglie, G. Pelosi, M. Sassi, P. Tarasconi,
M. Cornia, S. Capacchi, R. Albertini and S. Pinelli, J. Inorg.
Biochem., 90, 113; (n) A. R. Cowly, J. R. Dilworth, P. S.
Donnely, E. Labisbal and A. Sousa, J. Am. Chem. Soc.,
2002, 124, 5270; (o) R. I. Maurer, P. J. Blower, J. R.
Dilworth, C. A. Reynolds, Y. Zheng and G. E. D. Mullen,
J. Med. Chem., 2002, 45, 1420; (p) J. Patole, S. Dutta, S.
Padhye and E. Sinn, Inorg. Chim. Acta, 2001, 318, 207; (q)
Z. Iakovidou, A. Papageorgiou, M. A. Demertzis, E.
Mioglou, D. Mourelatos, A. Kotsis, P. N. Yadav and D.
Kovala-Demertzi, Anti-Cancer Drugs, 2001, 12, 65; (r) D.
Kovala-Demertzi, J. R. Miller, N. Kourkoumelis, S. K.
Hadjikakou and M. A. Demertzis, Polyhedron, 1999, 18,
1005; (s) M. C. Miller III, C. N. Stineman, J. R. Vance, D.
X. West and I. H. Hall, Anticancer Res., 1998, 18, 4131; (t)
A. Papageorgiou, Z. Iakovidou, D. Mourelatos, E. Mioglou,

L. Boutis, A. Kotsis, D. Kovala-Demertzi, A. Domopoulou,
D. X. West and M. A. Demertzis, Anticancer Res., 1997,
17, 247; (u) J. R. Dimmock, R. N. Puthucode, J. M. Smith,
M. Hetherington, J. W. Quail, U. Pugazhenthi, J. Lechler
and J. P. Stables, J. Med. Chem., 1996, 39, 3984.

3. (a) J. Dutta and S. Bhattacharya, RSC Advances, 2013, 3,
10707; (b) P. Paul, P. Sengupta and S. Bhattacharya, J.
Organomet. Chem., 2013, 724, 281; (c) J. Dutta, S. Datta,
D. K. Seth and S. Bhattacharya, RSC Advances, 2012, 2,
11751; (d) S. Halder, P. Paul, S. M. Peng, G. H. Lee, A.
Mukherjee, S. Dutta, U. Sanyal and S. Bhattacharya, Poly-
hedron, 2012, 45, 177; (e) P. Paul, S. Datta, S. Halder, R.
Acharyya, F. Basuli, R. J. Butcher, S. M. Peng, G. H. Lee,
A. Castineiras, M. G. B. Drew and S. Bhattacharya, J. Mol.
Cat. A : Chem., 2011, 344, 62; (f) D. K. Seth and S.
Bhattacharya, J. Organomet. Chem., 2011, 696, 3779; (g)
S. Datta, M. G. B. Drew and S. Bhattacharya,  Indian J.
Chem., Sect. A, 2011, 50, 1403; (h) S. Datta, D. K. Seth, R.
J. Butcher and S. Bhattacharya, Inorg. Chim. Acta, 2011,
377, 120; (i) N. S. Chowdhury, D. K. Seth, M. G. B. Drew
and S. Bhattacharya, Inorg. Chim. Acta, 2011, 372, 183; (j)
S. Basu, R. Acharyya, F. Basuli, S. M. Peng, G. H. Lee, G.
Mostafa and S. Bhattacharya, Inorg. Chim. Acta, 2010, 363,
2848; (k) S. Dutta, F. Basuli, A. Castineiras, S. M. Peng,
G. H. Lee and S. Bhattacharya, Eur. J. Inorg. Chem., 2008,
4538; (l) S. Halder, S. M. Peng, G. H. Lee, T. Chatterjee,
A. Mukherjee, S. Dutta, U. Sanyal and S. Bhattacharya,
New J. Chem., 2008, 32, 105; (m) S. Halder, R. J. Butcher
and S. Bhattacharya, Polyhedron, 2007, 26, 2741; (n) S.
Basu, R. Acharyya, W. S. Sheldrick, H. Mayer-Figge and
S. Bhattacharya, Struct. Chem., 2007, 18, 209; (o) R.
Acharyya, S. Dutta, F. Basuli, S. M. Peng, G. H. Lee, L.
R. Falvello and S. Bhattacharya, Inorg. Chem., 2006, 45,
1252; (p) S. Dutta, F. Basuli, S. M. Peng, G. H. Lee and S.
Bhattacharya, New J. Chem., 2002, 26, 1607; (q) I. Pal, F.
Basuli, T. C. W. Mak, and S. Bhattacharya, Angew. Chem.
Int. Ed., 2001, 40, 2923; (r) F. Basuli, S. M. Peng and S.
Bhattacharya, Inorg. Chem., 2000, 39, 1120; (s) F. Basuli,
M. Ruf, C. G. Pierpont and S. Bhattacharya, Inorg. Chem.,
1998, 39, 6113; (t) F. Basuli, S. M. Peng and S. Bhattacharya,
Inorg. Chem., 1997, 36, 5645.

4. L. Malatesta and M. Angoletta, J. Chem. Soc., 1957, 1186.

5. Chemical shifts are given in ppm and multiplicity of the
signals along with the associated coupling constants (in Hz)
is given in parentheses. Overlapping signals are marked with
an asterisk (*).

6. G. M. Sheldrick, SHELXS-97 and SHELXL-97, Fortran pro-
grams for crystal structure solution and refinement, Univer-
sity of Gottingen, Gottingen, Germany, 1997.

7. (a) Y. J. Li, J. L. Zhang, X. J. Li, Y. Geng, X. H. Xu and
Z. Jin, J. Organomet. Chem., 2013, 737, 12; (b) A.
Pommella, G. Tomaiuolo, A. Chartoire, S. Caserta, G.
Toscano, S. P. Nolan and S. Guido, Chem. Eng. J., 2013,
223, 578; (c) D. C. Samblanet and J. A. R. Schmidt, J.
Organomet. Chem., 2012, 720, 7; (d) R. Koteshwar Rao, I.



J. Indian Chem. Soc., Vol. 91, April 2014

670

Karthikeyan and G. Sekar, Tetrahedron, 2012, 68, 9090;
(e) M. Hoyos, R. S. Sprick, C. Wang, M. L. Turner and O.
Navarro, J. Polym. Sci. Pol. Chem., 2012, 50, 4155; (f) A.
Chartoire, X. Frogneux and S. P. Nolan, Adv. Synth.
Catal., 2012, 354, 1897; (g) M. Horie, Y. Hayashi, S.
Yamaguchi and H. Shinokubo, Chem. Eur. J., 2012, 18,
5919; (h) R. S. Sprick, M. Hoyos, O. Navarro and M. L.
Turner, React. Funct. Polym., 2012, 72, 337; (i) K. H.
Chung, C. M. So, S. M. Wong, C. H. Luk, Z. Zhou, C. P.
Lau and F. Y. Kwong, Synlett, 2012, 23, 1181; (j) C. C. C.

J. Seechurn, S. L. Parisel and T. J. Colacot, J. Org.
Chem., 2011, 76, 7918.

8. (a) G. Zhang, X. Wang, C. Li and D. Yin, Synth. Commun.,
2013, 43, 456; (b) X. D. Fei, Z. Zhou, W. Li, Y. M. Zhu
and J. K. Shen, Eur. J. Org. Chem., 2012, 3001; (c) X.
Hao, J. Yuan, G. A. Yu, M. Q. Qiu, N. F. She, Y. Sun, C.
Zhao, S. L. Mao, J. Yin and S. H. Liu, J. Organomet.
Chem., 2012, 706-707, 99; (d) S. Meiries, A. Chartoire, A.
M. Z. Slawin and S. P. Nolan, Organometallics, 2012, 31,
3402.


