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ABSTRACT
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STUDIES ON
THE COMPLEXES OF RUTHENIUM(III) AND RUTHENIUM(II) WITH
DIMETHYLSULPHOXIDE

AND SOME MONODENTATE AND BIDENTATE LIGANDS

ABSTRACT

The thesis describes the results of investigations involving
the synthesis, characterization and structural assessments of some
ruthenium (III) and ruthenium(II) complexes containing dimethyl-
sulphoxide and some monodentate or bidentate ligands. The contents

of the thesis have been distributed over seven chapters.

Chapter I, gives a brief introduction pertaining to the work
described in the thesis. It describeé, in general, the rapid growth
and diversification of interest in the study of the chemistry of
ruthenium and in particular, emphasizes the interest in the chemistry
of the metal in oxidation states III and II. Need for more studies
in ruthenium(III) chemistry is also highlighted. The importance of
synthesis and study of ruthenium(III) and ruthenium(II) complexes
containing a weak donor ligand, viz. dimethylsulphoxide has been
emphasized., The ambidentate nature of dimethylsulrhoxide has been

explained and possibility of formation of either S-=bonded or
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O-bonded complexes with ruthenium(III) and ruthenium(II) has been
explored in terms of HSAB principle. A brief review of the literature
of reported compounds of ruthenium(III) and ruthenium(II) containing
Me, S0 (Mest = dimethylsulphoxide) and/or halides, and their chemical
and physical properties has been made, Need to make use of ruthenium
triiodide as the source material, for the synthesis of iodide
containing ruthenium(III) and ruthenium(II) complexes has been
voiced and justified, In this chapter, the scope of the work on the

chosen aspects of ruthenium(ITI) and ruthenium(II) chemistry has

been projected,

The new results described in Chapters II to VII have been
prefaced with a brief introduction. In Chapter II, the synthesis
and characterization of complexes of ruthenium(III) with dimethyl-
sulphoxide, having compositions, 4Thu2C16(MeZSO)4_71, two linkage
isomers, viz, mer / RuCl, (Me,SO), 72 and fac / RuCl, (Me,SO), /3
are discussed. Compound 1 is synthesized by a reaction of commercial
ruthenium=trichloride with dimethylsulphoxide, whereas compounds 2
and 3 by reactions of commercial ruthenium trichloride with dimethyl-
sulphoxide in the presence of conc.HCl. With the help of IR spectra,

the mode of coorxrdination of Me.SO molecules in these complexes has

2
been assigned. The dimeric compound, éfRuchG(Me280)4_7l, and

mer / RuCl, (Me,S0), /2 have both sulphur and oxygen bonded Me,SO

groups, whereas the fac / RuCl, (Me,SO), /3 has all S-bonded Me,SO
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molecules. Compound 1, seems to have chloro-bridges and weak

Ruthenium (III) Ruthenium (III) interaction. Magnetic moment
values (1,6 -~ 1,9 BM) of compounds 2 and 3 justify that the metal
ion is a low~gspin ds, Ruthenium (III) system. A low value of magnetic
moment (1.1 BM per ruthenium atom) for the compound 1 at room
temperature is explained due to weak antiferromagnetic interaction
of two ruthenium(III) ions, through the bridging chlorides, With
the help of EPR spectra in powder form at room temperature and in
frozen solﬁtion at ligquid nitrogen temperature and far IR gpectra,
structural assignments as above, for the compounds 1, 2 and 3 have
been made. A ruthenium(III) compound viz. ZfRuClB(Mezso)3_7 reported

by aAntonov et all, cn reinvestigation is found to be same as

compound 1, viz. ZTRuZCls(Me280)4_7.

The potentiality of the compounds 1, 2 and 3 (the synthesis
and characterization of which are described in Chapter II) as
precursors for the synthesis of ruthenium(III) complexes is discussed
in Chapter III, The above compounds are reacted with some represen-
tative mono- and bidentate ligands containing various donor sites,
viz. N, P, As, O and S atoms. These reactions resulted in the partial
or complete substitution of MeZSO molecules in 1, 2 or 3, depending
on the reaction conditions and nature of the incoming ligands. Ligands

having S, P or As donor sites and chelates having N and S donors

1.
P.G. Antonov, Y.N. Kukushkin, V.I. Konnov and B.I. Ionin,

Russ. J. Inorg, Chem., 1978, 23, 441
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result in complete substitution of Me,.SO molecules, whereas N and O

2
donor ligands generally give_partially substituted complexes. In

general, complete substitution of coordinated Me,SO molecules take

2
place, either when the incoming ligand is stronger coordinating than
Mezso or when the reaction is carried out at a higher temperature

(60°C) ligands, such as PPh

AsPh3, CS., or Et NCS_,Na result in the

c 2 2 2
completely substituted products. Compounds containing one or two
Mezso molecules are generally obtained when nitrogen or oxygen donor

ligands, vize. py. bipy, phen, acac, CH.CN or PDA (PDA = o-phenylene-

3
diamine) are treated with compounds 1, 2 or 3 at room temperature
condition. However, in some cases, such compounds are obtained even

at higher temperature ( ~ 60°C), New compounds, thus prepared and
characterized are éfRuCl3L2(MeZSO)_7 (L = pyridine or acetonitrile;

L, = 1,10-phenanthroline or 2,2'=bipyridyl) and é’RuClz(acac)(Mezsoéy7.
All the compounds thus obtained are characterized by the elemental
analysis and different physical methods, viz. IR, 1H NMR, EPR and
UV-VIS spectra. In the new compounds described above, MEZSO is
coordinated to the metal through sulphur only (irrespective of

starting compounds, either only S=bonded or containing both S« and
O~bonded Mezso groups. Generally all the compounds are six coordinated
with a considerable lowering of symmetry from Oh due to the presence

of different type of (mono or bidentate) ligands and different

donor sites in a complex.
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Studies on the complexes of ruthenium(III) or ruthenium (II)
containing bromide and other ligands are relatively much less compared
to similar systems containing chloride as one of the ligands. In
Chapter IV, at first a brief review on the reported synthesis of
ruthenium(III) and ruthenium(II) complexes containing bromide and
other ligands is presented., Further, synthesis and characterization
of two novel complexes, viz. éfRuBr3(Me250)3;7 and éfRuBrz(Me280)3_7
are described. nguBr3(Mest)3_7 is the first example of a compound
of ruthenium(III) or ruthenium(II) containing halides and all (three)
O=bonded MeZSO molecules.2 AfRuBrB(MEZSO)3_7 has been used as
precursor for the synthesis of many ruthenium(III) compounds containing
bromide and other ligands having donor sites, viz., N, P, As, C and S,
Reactions of / RuBr

3
or complete substitution of Me

(Mest)3d7 with such ligands led to a partial
2SO molecules depending on the reaction
condition, and the nature of ligands. Some of the new compounds thus
synthesized and characterized are, érhuBrz(CSZ)(PPh3)3_7br,

/ RuBr, (Et,NCS,) (Me,S0), 7, / RuBr, (PDA) (Me,S0),_7,
Z’huBrz(PDA)Z(Me280)2_7hr, zrkuBr3(py)3_7 and éfRuBr3L2(Me280)_7

(L = py, Me=py: L. = bipy). Compounds having P or As donor site or

2
N, S8 chelate and Mezso group/groups have S-bonded Mest wheras
compounds containing N donor site, viz. py, Me=py or bipy and Mezso
group have O=bonded Me2SO.

2‘A compound reported by Antonov et a11 having composition

ATRuCl3(M3280)3_7 and only Se=bonded MeZSO groups, upen
reinvestigation is found to have the composition Z?huzcls(Mest)4-7

and both O= and S-bonded MeZSO molecules.
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zrkuBrz(Me280)3_7 has been characterized to have all
S=bonded MeZSO molecules and tentatively it has been assigned to

have a trigonal bipyramidal geometry with Me, SO molecules in the

2
trigonal plane. Some preliminary reactions have been carried out
to examine the potentiality of érhuBrz(Mest)3_7, as precursor for
the synthesis of ruthenium(II) bromo complexes. Reactions of

thuBrz(Me280)3;7 with strong donor ligands viz. PPh3 or AsPh. result

3

in products which have no coordinated Me,SO molecules. Nitrogen donor

2
ligands, such as py, bipy, phen result in partially substituted
compounds at mild reaction condition and completely substituted
compounds under stronger reaction conditions. Compounds thus
synthesized are, z&RuBrz(py)z(MeZSO)2;7, [ThuBrz(py)4_7o

£ RuBr, (L-L) (Me,S0) ,_/ and / RuBr, (L=L), 7 (L-L = bipy, phen).
Compounds containing bremide, MeZSO and the amines have been
characterized to have S-bonded Mezso molecules, similar to their
precursor, viz. [?hnBrz(Me250)3;7. The new ruthenium(II) complex,
[ThuBrz(Me280)3_7 could be used as precursor for the synthesis of

many other ruthenium(II) bromo compounds and a molecular oxygen

oxidative catalyst like thuBrz(Me280)4_7.

Not many ruthenium(III) and ruthenium(II) iodo compounds
are synthesized compared to their chloro analogues. In Chapter V,
firstly a brief review on the reported synthesis of ruthenium(III)
and ruthenium(II) complexes containing iodide and other iigands is

presented, Synthesis of ruthenium triiodide is described by a little
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modification of earlier methods., It is insoluble in non-~coordinating
organic solvents, Ruthenium triiodide, thus synthesized has been
used as precursor for the synthesis of ruthenium(II) compounds,

vize [Ru12L4_7 (L = Me,SO, py or CH3CN), [Rulz (cs) (PPh3)3_7 and
ZfRuIz(PPh3)2(CH3CN)2_7. The synthesis is achieved by dissolving Rul,
CN, Above mentioned

in a coordinating solvent like Me,SO, py or CH

2 3
complexes are characterized as mentioned earlier for other compounds,.

/ Rul, (Me,S0), ./ is characterized to have all Me,

to the metal through the sulphur atom. zrhuIZ(Me280)4_7 and

SO molecules bonded

éfhu12(0H3CN)4;7 are used as source materials for the synthesis of
other complexes containing iodide ligands, The complexes, thus
synthesized and characterized are, 4&Ru12L2(MeZSO)2:7 (L2 = DYy bipy,
phen) ATRulz(py)4_7, éfRuIz(bipy)2_7, ZfRuI2(CHBCN)2(PPh3)2j7,

a Rul, (PPh,), (Me,SO) _7, [Ruzz (CH3CN) 3 (Me,S0) j,
AFRu(EtzNCS2)2(MeZSO)2;7. Among the compounds mentioned above,
compounds containing Me

SO molecules have S<bonded Me,SO only, similar

2 i
to the parent compound, viz. éfhuIZ(Me280)4_7.

2

In Chapter VI, some cationic and anionic complexes of
ruthenium (III) containing Mezso, are described, Cationic complexes
described are Z%Ru(Me250)6_7&§ X = 0104,'BPh4) and anionic complexes
are [/ Me,N_// RuCl, (Me,S0), 7 and [ EBt,N_7/ RuBr, (Me,S0), 7. With the
help of IR and EPR spectral studies, érhu(MeZSO)6;73+ is characterized
to have three S-bonded and three O-bonded molecules; arranged to

i ; -3+
give a facial geometry having a C3v symmetry groupe. éfRu(Me280)6_7
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is synthesized from ruthenium(III) compounds containing either only
S«~pbonded or containing both S~ and O=bonded Mezso molecules. The
anionic complex, ZfMe4N;7Zf§uCl4(Me280)2_7 is synthesized from

fac or mer éfRuCl3(MeZSO)3;7 and characterized to have the Me,S0

molecules bonded through the S=~atom and seems to have a cis geometry.
ngt4N;72ThuBr4(Me280)2_7 is synthesized from [fRuBr3(MeZSO)3;7 and

characterized to have the Me.SO molecules bonded to the metal through

2
the O-atom and seems to have a c¢is geometry.

Some convenient syntheses of 2,2'=bipyridyl and 1,10-phenan-
throline complexes of ruthenium(III) and (II) are described in
Chapter VII, /Ru(L-L), /X, (L~L = phen or bipy:; X = Cl, Br, Cl0,
or BPh ) are synthesized from fac or mer éfhuCl (Me SO)3_7 or

/ RuBr (Me 50)3_7, using excess of the diimines. éfhu(bipy) C12_7C1 2H,0

is obtained by a reaction of fac or mer ZfRuCl (Me SO)3;7 with

2,2'=bipyridyl (molar ratio, 1:2). Further, a novel compound of
ruthenium(III) containing 1,10-phenanthroline and bromide, viz.
zrhu&phen)zBr2_7Br is synthesized from ZfRuBr (Me SO)3_7 and
characterized. By the metathetic substitution, ZfRu(phen)zBr2_7X

(X = ClC, or BPh4) are also obtained and characterized,

Most part of the work described in Chapters II, III, IV and
V have been published in "POLYHEDRON" while the rest is under

communication'
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CHAPTER I

INTRODUCTION

Interest in the chemistry of ruthenium appears to be
growing very rapidly during the last decade. This is reflected
in the publication of several reviews on different facets of the
chemistry of the metal. The pioneering work in this field is by
W.P. Griffith.1 Subsequent reviews by Gmelinz, Livingstone3 and
Cotton and Wilkinson4 contribute more to the chemistry of
ruthenium. One of the latest and most useful collection on
ruthenium chemistry is a monograph by Seddon and Seddon.5 Seddon
has covered the chemistry of ruthenium till 1981 in his subsequent

6=8

reviews. The latest review by Schroder and Stephenson9 covers

the coordination chemistry of ruthenium till the middle of 1984,

10-17 on the organometallic chemistry,

Several other reviews
photochemistry, thermodynamics and medical applications of
ruthenium and its compounds have also appeared which justify

rapidly growing and diversifying interest in ruthenium.



The chemistry of ruthenium is known in the oxidation states

15 yvost extensively studied compounds

1-5

ranging f£rom VIII to II,
of ruthenium belong to the oxidation states II and III. Some
of the important compounds of ruthenium(II) and ruthenium(III)
- 17=-19 ~ s 2+ 14,20
are / RuCl, (PPhj),_/, / Ru(bipy), /%", °*
. ~ 21’22
cis ZTRuC12(Me280)4_/:

£ RuX, (EPh,), / and / RuX, (EPh,), (MeOH) /, (X = Cl or Br,
18,26~29

trans ATRuBrZ(Mezso)4_7,21'23'25

E =P or As). The importance of these compounds is due to
their various physical, chemical and structural behaviours. For
example, étRuClz(PPh3)3_7, has a distorted square pyramidal

30

structure and is a good catalyst for wvarious homogeneous

reactions, viz oxidation, hydrogenation, dehydrogenation, hydro-

silylation and isomerization.17

The homogeneous catalytic
properties are due to the coordinative unsaturation of the
compound. Besides its catalytic behaviour, it has been found
to be excellent starting compound for the synthesis of a large
number of ruthenium(II) complexes, particularly those

containing JT =—acid ligands.17

éfhu(bipy)3_72+ and other related diimine complexesl4‘20

are being considered as promising candidates for the role of

ideal photocatalyst for the visible light photo induced decomposi-
tion of water into dihydrogen and oxygen. Such complexes are
playing a key role in the development of photochemistry, photo-

physics, photocatalysis, electrochemistry, photoelectrochemistry,



chemi- and electrochemi luminescence and electron energy transfer,
The interest in this field could be well imagined that, despite
literally hundreds of publications on the photophysics and
photochemistry of [fRu(bipy)3_72+ have appeared, there still does
not yet exist an unambiguously correct assignment of either the
electronic absorption or the luminescence spectrum for

cis thu012(Mezso)4_7 is characterized to have a distorted
octahedral geometry,31 with the two chlorides in the cis positions

and having three S<bonded and one O=bonded Me,SO molecule, It has

2
been used as a precursor for the synthesis of many ruthenium(II)

22,32=35

complexes, cis /RuCl, (Me,SO), / and trans / RuBr, (Me, 80), /

have been investigated for their catalytic activity towards

molecular oxygen oxidation of thioecethers to the sulphoxides.36'37

The interest aroused by the new antitumour agent, viz,

cis szt(NH3)2012_7, has spread to ruthenium complexes, and

cis érRu012(Me280)4_7 in particular, appears to be attracting some
attention.38 Ruthenium(III) complexes of the type, érhuxs(EPh3)3;7
and / RuX, (EPh,), (MeOH)_/ (X = Cl or Br; E = P or As) have been

used as precursors for the synthesis of ruthenium(III)

45
23,29,39-44 </
Recently / Ru(H,0) _// C,H,SO, / and

= 46
£ Ru(DMF) _//CF.50, / “° (n =2or 3) have been synthesized and

complexes,

their potential as precursors is being explored,



Examples of ruthenium(II) and ruthenium(III) complexes,
cited above, convincingly show their importance in inorganic
chemistry. One finds that much larger contribution has been made
to the study of the chemistry of ruthenium(II) than that of

ruthenium (ITI),.

The source material for the synthesis of ruthenium(II)
and ruthenium(III) compounds is commercial ruthenium trichloride.
However, the reaction products of ruthenium trichloride with
ligands, mostly yielded ruthenium(II) complexes. Commercial
ruthenium trichloride generally gets reduced to ruthenium(II)
even with a mild reducing agent. In most such cases, the ligands
themselves act as agents for reducing ruthenium(III) to ruthenium(II)
One of the most widely studied complex, viz. /| Ruc12(PPh3)3_7 was
synthesized by the refluxing of a methanolic sclution of commercial

ruthenium trichloride with triphenylphosphine.ls'19

Thus the
studies on the ruthenium(III) complexes are relatively less
compared to that of ruthenium(II), Hence, in the present work,

an attempt has been made to synthesize and study mostly complexes
of ruthenium(III), In the cOurse of investigation, some of the
reactions have resulted in the formation of ruthenium(II) complexes
as well, Ruthenium(III) is a @° system forming only low spin
complexes. These complexes have generally one unpaired electron
which shows a magnetic moment ~ 1,9 BM and the single unpaired

electron gives EPR signals which sometimes are very characteristic

to make proper structural assignments to the complexes.47



In the present work, most complexes of ruthenium (ITXI) and
some complexes of ruthenium(II) have been studied with some weak
donor ligands,48 such as dimethylsulphoxide and acetonitrile.
Most of the work centres around Mezso. Me2
ligand, coordinates to a metal ion either through oxygen or through
49,50

SO being an ambidentate
sulphur atom. Besides X-ray crystallographic studies, simple
physical methods, viz. IR and 1H NMR spectral studies have been
used extensively to diognise the bonding behaviour of Mezso
molecules. Recently electron spectroscopy for chemical analysis

(EscA) has been applied to the study of ambidentate coordination

in sulphoxide complexes.51

In terms of explaining the ambidentate donor ability of
sulphoxides, one may like to represent the simple sulphoxides,
sto, as a resonance hybrid of the following three canonical

forms :=-

R R R
\ + - \ . - +
§ —— O —> / S Q0 < S °
R/ R R
(1) (ii) (ii1)

The corollary of this is, that O=bonding is a result of dominant
contribution of form (i) and S-bonding, a result of dominant

contribution of form (iii). A compilation of the available physical



data of Mezso and its transition metal complexes,50 show that

this is not so, and that form (i) makes a dominant contribution

to the resonance hybrid in both, the free molecules and its
O-bonded complexes, while form (ii) makes a dominant contribution
in S-bonding. It seems likely that O-bonding results from electron
donation from a sz hybrid orbital on oxygen and that S=bonding
involves donation from a Sp3 hybrid orbital on sulphur.50 It is
generally observed that sulphoxides cocordinate to hard metals,

50,52

via oxygen and to soft metals via sulphur, exactly as

expected in terms of the HSAB principle,

Ruthenium (ITI) and ruthenium(III) metal ions are not clearly
categorised either as hard or as soft bases.48 Instead, these are
the border line metal ions among the two distinct categories of
hard and sgoft bases. Some of the well characterized complexes of

ruthenium (II) and ruthenium(III) containing Me,SO and/or halides

2
SO groups reported are AfRuBrz(MeZSO)4_725
54

having all S=bonded Me2

— 3 — — — —
SO
[ Rul, (Me,SO) 73 ana / NMe H,_// RuCl, (Me,s0), /.
: SO S
The complexes, cig éfRuCIZ(Mez )4_/ and / Ru(Me, 0)6_/Z BF, /5
are reported to contain three S~bonded and the rest O-bonded
Me2SO molecules. Only one report of a ruthenium(III) complex

having all O-bonded Me,SO molecules, viz Z?kuCl3(Me230)3_7 has

2
been made by Antonov et g;.,56 where characterization of the
complex has not been satisfactory. Looking at the borderline

behaviour of ruthenium(II) and ruthenium(III) it has been thought



interesting to investigate more into the chemistry of the complexes

of MeZSO with ruthenium (II) and ruthenium(III).

Besides the ambidentate donor properties of Mezso and its
reported complexes with ruthenium(II) and ruthenium(III) having

either S-bonded or containing both S~ and O-bonded Me.,SO molecules,

2
SO complexes of ruthenium is
8

the interest in the chemistry of Me2

due to cother reasons also. MeZSO is a weak donor ligand4 which is
relatively easily replaced by other ligands. Due to which complexes

of ruthenium(II) or ruthenium(III) with Me.SO, could be used as

2
precursors for the synthesis of ruthenium(II) and ruthenium(III)
complexes, either containing Me2SO and other ligands or containing
. . =22,32=35

only other ligands. cis / RuCl, (Me, s0), /“°* and
trans éfRuBrz(Me280)4_737 have been used as precursers for the
synthesis of many ruthenium(II) complexes, Further, sulphoxide
complexes Of transition metals are being developed as homogeneous
catalysts for a variety of organic transformations, including the
hydrogenation, hydroformylation and oligomerization of olefines.50

- -36,37
cis [ RuCl, (Me,S0), 7/ and trans / RuBr,(Me,SO), 7°°’>’ have been
used as molecular oxygen oxidative catalyst for the oxidation of
thioethers to sulphoxides. It is observed that cis éfhuClz(Mezso)4;7,
érhucl3(Me250)3_7 ~ and éfhu(Me2SO)6_72+ catalyse the hydrogena-~

54,55,57

tion of acrylamide to l-amino propane, Similarly, other

ruthenium(ITI) and ruthenium(III) complexes with Me,SO may be

2



found to be good catalysts for some of the homogenous catalytic

reactions, mentioned above.

Looking at the importance of the chemistry of ruthenium(II)
and ruthenium(III) complexes with monodentate ligands, especially
of the weak donor type, synthesis and physico chemical studies
of the complexes of ruthenium(II) and ruthenium(III) with one
of the weak donor ligands, viz. dimethylsulphoxide, has been
taken up. In this process some complexes of ruthenium(III)
containing Mezso and halides (chloride or bromide) and some
complexes of ruthenium(II) with Mezso and halides (bromide or
iodide) have been synthesized and their structural assignments
made on the basis of available physical methods. Some of these
complexes are used as precursors for the synthesis of ruthenium(II)
and ruthenium(III) complexes containing one or two molecules Of
MeZSO and other ligand molecules, In some cases completely
substituted (Mezso) compounds have also been obtained. Some of
the compounds obtained by such methods were reported earlier by
different methods and most others are new. These new compounds

are studied for their structural assignments by various physical

methods.,

Some of the well characterized cationic or anionic

complexes of ruthenium(II) containing either Me_ SO or Me,SO and

2
_ _ 22,55,58
halides reported are / Ru(Me280)6_7X2 (x = BF,, C10,, BPh,)

and ZTNMeZHZ thnCl3(Me280)3_7.54 There is a report on ruthenium(III;



59 However the report on

complexes of similar types, as well.
ruthenium (III) complexes is not satisfactory and convincing, and
in most cases the reported syntheses are not repeatable. Hence,
study has been taken up to synthesize and characterize

ruthenium (III) cationic and anionic complexes similar to

ruthenium (II) complexes mentioned above,

Studies on the complexes of ruthenium(II) and ruthenium(III)
containing iodide as one of the ligands is very scarce, even
though the existance of RuI3 was reported at the beginning of
this century.60 Practically, no use of Rul, as the starting
material for the synthesis of ruthenium(II) and ruthenium(III)
complexes containing iodide as one of the ligands has been made.,
It is probably due to the insolubility of RuI3 in most of the
common non-coordinating organic solvents. Hence the study has
been taken up, where RuI3 is made soluble in coordinating type

organic solvents, viz. Me

80, CH,CN or pyridine and in

2 3
this process, complexes of ruthenium(II) containing iodide and
the weak donor ligands, such as Mezso, CH3CN or pyridine are
obtained., As these ligands are of the weak donor tyvpe, these
could be replaced by other ligands in a relatively non-coordina-
ting solvent medium (where these iodo complexes are soluble),
Hence some ruthenium(II) complexes containing iodide as one of

the ligands have been synthesized and their potentiality as

precursor has also been explored,
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Ruthenium (II) complexes of diimines of the type
zrhu(L-L)3_72% (L-L = bipy, phen etc) are of interest because of
their key role in the development of photochemistry, photophysics,

14,20 Most of the methods of syntheses described

photocatalysis etc,
for such complexes make use of ruthenium(III) or ruthenium(IV)
compounds, viz. commercial RuClB.tzo, K2 éfRuCls(Hzo)_7,

- = - - 61 , _.
K, L RuCl, / or K, [/ Ru,OCl, /. = A simpler method has been

evolved where complete substitution of chloride and Me, SO is

2
carried out by the diimines in some ruthenium(III) complexes and
the products obtained are characterized by comparing the physical

properties with the reported compounds.

Synthesis of ruthenium(III) complexes containing (mono,
bis or tris) 2,2' bipyridyl or 1,10-phenanthroline is generally
achieved in two steps.62 The first step involves the synthesis of
the ruthenium(II) analogue of the desired compound and in the
second step, oxidation of ruthenium(II) compounds to ruthenium(III)
compound is achieved by one of the oxidising agents such as
chlorine, a cerium(IV) compound, Pb(IV) oxide or silver nitrate.

One such compound is / Ru(bipy),Cl, /Cl.2H,0. Easier method of

2

synthesizing such compounds have been achieved, where substitution
of coordinated ligands, viz. Me,SO and X (X = Cl or Br), in
easily synthesized and very stable ruthenium(III) complexes of

the type ZTRuXB(MeZSO)3_7 (X = C1 or Br), by the diimine has been
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carried out, Besides, obtaining the reported

has also been synthesized and characterized,

/ Ru (bipy)2<:12 -/Cl.2 a new compound / Ru (phen) ,Br, _/Br
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CHAPTER II

SYNTHESIS AND CHARACTERIZATION OF COMPLEXES
OF RUTHENIUM(III) WITH CHLORIDE AND DIMETHYL~
SULPHOXIDE : / RuCl, _(_Mezso)z 5 AND  fag

AND mer ISOMERS OF / RuCl, (Me280)3_/

A complex of ruthenium(II) with dimethylsulphoxide viz,
ZfRuClz(Me2SO)4_7, was reported by James et gl.l A simpler
method of preparation for the same was later reported,2 and
the complex was used as precursor for the synthesis of many
ruthenium (IT) complexes.z-5 The structure of éfRuClz(MeZSO)4_7
was determined by X~ray diffraction technique,6 and was shown
to have a cis arrangement of the chloride ligands with three
S=pbonded Me,SO ligands and one O-=bonded Me

2 2
to each chloro ligand. A similar complex of ruthenium(III),

SO, mutually cis

viz. ZTRuCl3(MeZSO)3_7 was first reported from Wilkinson's
group,7 using blue solution of ruthenium(II). However, they2
later reported that the preparation was unrepeatable.

Antonov et gl.s reported its preparation and some physical
characteristics. They reported that all the three MeZSO
molecules were bonded to ruthenium(III) through the oxygen atoms.
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Most of the physical data reported conform with the composi-
tion and the facial structure of the complex. However, the
lowering of the magnetic-moment value (ﬁdeff = 1,0 B,M.,) and
sharp line 1H NMR spectrum at room temperature are intriguing.
Two reports on other ruthenium(III) complexes with Mest by

Bora and S;'Lnghg-10

describe éfku(Me250)6_7X3, (X = Cl, Br or
C10,) and M /RuCl, (Me,SO), /, (M = Na or Bu,N). These
complexes require further investigation for complete

characterizatione

Thus looking at the informations available on
kauClé(Me280)3_7 and other ruthenium(III) complexes with

MeZSO, a thorough and exhaustive study of Me,SO complexes of

2
ruthenium(III) has been taken upe. In this chapter, synthesis

of three compounds of ruthenium(IIT) with Me,SO and chloride

2
ligands are described. Characterization and structural assign-
ments have been made using analytical data and various physical
methods. Potentiality of these compounds as precursors for

the synthesis of ruthenium(III) complexes has been explored

and described in Chapter III,

EXPERIMENTAL

All the solvents were freshly distilled before use.
Ruthenium trichloride trihydrate was obtained from Aurora

Matthey Ltd. Calcutta.
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ANALYSES
(a) Carbon _and Hydrogen Carbon and hydrogen were analysed

by microanalytical methods. The analyses were obtained from
the Microanalytical Laboratory, Regional Sophisticated
Instrumentation Centre, Central Drug Research Institute,
Lucknow.

(b) Chloride Chloride was estimated by the standard method.11

An accurately weighed amount of the complex was decomposed by
heating with a melt of KNO, and KOH mixture (1:8) at around ~
800°C, It was cooled and extracted with water and then acidified
with dilute HN03. It was then digested on a water~bath for
about one hour and filtered. Silver nitrate solution (0.1M)

was added to the filtrate to precipitate silver chloride.

The mixture was digested on a water-bath for one hour for
coagulation of the precipitate. The precipitate was filtered
through a sintered glass crucible (G-4), washed with very

dilute HNO., (1:100) to free from silver nitrate and dried to

3
a constant weight at 120°C, The precipitate was weighed as

silver chloride. Analytical data are presented in Table II.1.

MELTING POINT

Melting points were recorded using capilliary method,

and are presented in Table II.,l., Melting points are uncorrected.
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MOLAR CONDUCTANCE MEASUREMENTS

Molar conductance measurements were made on a Systronic
digital direct reading conductivity meter 304, solutions of
milimolar strength were made in acetonitrile or nitro methane,

Molar conductance data are presented in Table II,l.

MAGNETIC SUSCEPTIBILITY MEASUREMENTS

Bulk magnetic susceptibility measurements at room
temperature (~ 25°C), were carried out using a Faraday
balance at Tata Institute of Fundamental Research, Bombay
or using a Vibrating Sample Magnetometer, EG G. PARC, Model
155 at Indian Association for Cultivation of Science,
Jadavpur, Calcutta. fteff values have been reported in

Table II.1.

ELECTRON PARAMAGNETIC RESONANCE

EPR spectra were recorded (i) in the powder form at
room temperature and (ii) in acetonitrile, chleroform or
methanol solution at ligquid nitrogen temperature using a

Varian E~104 spectrometers.

PROTON MAGNETIC RESONANCE

1H NMR spectra were recorded at Regional Sophisticated

Instrumentation Centre, NEHU, Shillong at room temperature on
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a Varian EM=390, 90 MHz spectrometer, in deuterated solvents

N

using tetramethylsilane as internal standard.

INFRARED SPECTRA

Infrared spectra were recorded at Regional Sophisticated
Instrumentation Centre, NEHU, Shillong in KBr pellets on a
Perkin Elmer-297 IR spectrophotometer in the range 4000-~600 cmm1
and in both KBr and CsI pellets on a Perkin Elmer-983 IR
spectrophotometer in the range 4000-200 em™ L. Important IR

absorption bands are given in Table IT,2,.

ELECTRONIC ABSORPTION SPECTRA

Electronic absorption spectra were recorded in solution
at Regional Sophisticated Instrumentation Centre, NEHU; Shillong,
using (i) a Beckmann-26 Spectrophotometer in the range
800-200 nm, or (ii) Cary=-2390 spectrophotometer in the range
1200-200 nm. Electronic spectra were recorded using Hitachi-330

spectrophotometer also, in the range 1200-~200 nm.

PREPARATIONS

L Ru,Cl (Me,SO), / 1

Method A : Dimethylsulphoxide (1.5 cm°) was added to hydrated
ruthenium trichloride (0.25g, 1 mmol) and warmed on a water-
bath ( ~ 15=20 min) to get a clear dark red solution. The

solution was cooled to room temperature and acetone was added
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with stirring when brownish-red coloured compound precipitated
oute It was centrifuged and washed 2-3 times with acetone and
dried in vacuo. Yield 0.3g, 75%. It was analysed for

£ Ru,Cl,(Me,S0),_/.

Method B : Compound 1 was obtained also, when a solution of
hydrated ruthenium trichloride in dimethylsulphoxide (at

room temperature) was precipitated with acetone.

mer éfRuCl3(Me280)3_7, Dark Orange, 2

Method A : Conc. HCL (5 cm°) was added to a solution of
hydrated ruthenium trichloride (0.25g, 1 mmol) in dimethyl-
sulphoxide (1.5 cm®). The mixture was refluxed on an oil-bath
(130=140°C) for 1 % h and slowly cooled to room temperature
when a compound separated out. It was centrifuged and carefully
washed twice with very little (0.l = 042 cm’) ice cold

acetone (acetone soluble) and dried in vacuo. Yield : 0.33g,

80%. It was analysed for Z?hucl3(Me280)3_7.

Method B ¢ If the reaction mixture of method A was heated on
a water-bath for about 4 h = instead of refluxing on an

oil-bath and cooled, compound 2 separated out.

fac éfRuClB(Me280)3_7, yellow, 3

Method A : Conc.HCl (5 cm3) was added to a solution of

hydrated ruthenium trichloride (0.25g, 1 mmol) in dimethyl-
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3). The mixture was heated on a water-bath

3

sulphoxide (1.5 cm
(~85°C) for 30 min. The solution was concentrated to 1 cm
by heating on a water-bath and cooled overnight at 10°C.
Yellow needle-shaped crystals separated out. These were
centrifuged, washed 2-3 times with acetone and dried in vacuo.

Yield 0.33g, 80%. It was analysed for / RuCl, (Me,SO), 7.

Method B : 3, in the powder form, could be precipitated out by
the addition of acetone under constant stirring to the concen-

trated solution (1 cm3) obtained as in Method A above.

Method C : Mother-liquor, obtained after removing 2, was
concentrated on a water-bath to about 1 cm3 and was ice-cooled,
Acetone was added to it with continuous stirring, which

yielded small quantity of 3.

RESULTS AND DISCUSSION

The only ruthenium(III) complex containing chloride and
dimethylsulphoxide ligands, viz. [?RuCl3(Me280)3_7 was first
reported from Wilkinson's group,7 using blue solution of
ruthenium(II). However, they2 later reported the unrepeata-
bility of the reaction. Much later Antonov et 21.8 have
reported its preparation. We have been able to synthesize
two isomers of the formula / RuCl,{(Me,S0), /, and one compound

of the formula éfkn2C16(Me280)4_7. We attempted to prepare
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V‘ThuCl3(MeZSO)3_7 according to Antonov's method, but obtained
.ZTRuZCl6(Mest)4_7 only. In fact, a closer look at the prepara-
tive methods of Antonov and compound 1 of ours, reveals a
great similarity except that we have used a smaller volume of
dimethylsulphoxide, but large excess compared to the ruthenium
trichloride used ( ~ 12 mmol for 1 mmol of RuCl3.xH20).
Normally reactions carried out at higher temperature (i.e.
refluxing of MeZSO), even for short period (5 min) without
using conc. HCl, yielded ruthenium(II) complexes, viz.
ZfRuClz(Me280)4_7.2 When the reaction was carried out at a
lower temperature (water-bath temperature, ~ 70-80°C), a
ruthenium (III) complex with dimethylsulphoxide, viz.

[ Ru,Cl (Me,S0), / was obtained by us. However, if the reaction
was carried out in the presence of conc. HCl, two isomers of
the composition / RuCl, (Me,SO), / were cbtained. A reaction of
dimethylsulphoxide and ruthenium trichloride in conc. HCl at

a higher temperature (heating in oil-bath, 130°~140°C) for

1 % h or at lower temperature (water-bath temperature) for 4 h
yielded an orange-red isomer 2, whereas the reaction at water-

bath temperature for about 30 min gave a yellow isomer 3.

The analytical data (Table II.,1) of 1, 2 and 3 conform
to the compositions / Ru,Cl (Me,SO) g7+ L RuCly(Me,50), 7 and
ZTRuCl3(Me280)3_7 respectively. The conductivity measurements
of these complexes in acetonitrile and nitromethane, showed

2 1

molar conductance of the order of 7 to 14_£l-1cm mol ~ which

conform to the covalent nature of the chlorides bonded to



Table IT.1 Some Physical and Analytical Data of New Ruthenium(III) Complexes

Analytical data® (%)

Au

s A s s e
1 1 1 )
Compounds golecglar { Colour | M.P.°C L E f4'eff ;
t ormu.la ' ' i ' at R.Te !, -l 2 =i
: ' : ! ' y in 2 “cm mol
: : ' rooC H Cl '4in B M. !
| I ) L 1 [ L
1 [Ru,Cl (Me,50), 7  Browish 160-65  13.2 3.4 2847 1.1 7P
red (13.2) (3.3) (2903)
2 [ wer/ RuCl, (Me,50),7 Dark  135-40 1646 4.3 24.0 1.9 14°
orange (16.3) (4.1) (24.1)
— i b
3 zfggggfhuc13(Mezso)34/ye1low 14550 1646 442 2446 1.7 8
(16,3) (4.1) (24.1)
Antonov's ['RuCl3(MeZSO)3 7d Brown - 15.8 - 24,8 1,0 15¢
/[ Ru,Cl,(Me,SO), 7° Brownish 160-65  12.5 3.1 - - 12°
- 27672 4 red (13.2) (3.3)

O & 0 o

L 1) (1] e (1]

Calculated values are in parentheses

in acetonitrile
in nitromethane
Reported by Antonov et al, ref. 8

Repeated by us according to Antonov's method
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Teble IT.2 Importanmt IR band positions (in em~F) and their

assignments
1 2 3
- - - Assignments
[;iuZCl6 (MeZS 0)4-] mer I:RuCl3 (MeZSO) 3] fac [I_QuCl3 (MeZSO) 3]
1427m 1433=1410m~s 1427m
1410m 1413m 64 (cH)
1404m
1317m 1320m 1315m 54 (CH)
1298m 1295w 1295m &g (CH)
1110m 1113m 1110sh )
1093m 1087s S=0
1065m (S=bonded )
1028m 1032s 1037w
1019m} 101&n} 1ozmn} £ (en)
os 981VS oo \)8=O
(O-bonded)
985m
95mn} 936vw 975m P _(cm)
891vs e ee ’\78:‘_0
(O~bonded)
723w 725w 725w
683w}' 683w} 680w} ), (e9)
504m 471bz, s . Vaumo
430m-w 421m=w 422s N Ru=S
Sa (cso)
376w 380w 385m 5a(cso)
335s 340vs 343s N,
326s 319s Ru~Cl
313m
288m 279m
249m-w ~ - '\>Ru-Cl
(oridging)

s, strong; m, medium; w, weak; sh, shoulder.
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ruthenium. Molar conductance in water showed very high values

( ~230 & 370 " emmo1™ for the monomeric 2 and 3 respec-

tively and 600 0" emPmo1™t

for the dimeric species 1 ).
It may be due to the decompogition of the complexes in water

. . =3+ -,
leading to the formation of éfhu(H20)6d/ and C1~ ions.

INFRARED SPECTRA

IR spectra of the compound 1, 2 and 3 throw light on

the nature of coordination of Mezso with ruthenium. Important

infrared bands are given in Table II.2 with their most plausible
assignments. IR spectra of these compounds are shown in Fig.
Nos. IT,1, II.2 and II.3. Compound 1 showed a very strong

absorption band at 891 et assigned to N of the O~bonded

S=0
Me,SO, as observed by Antonov et gi.s A band of medium

intensity at 1110 cm~1 was also observed which may be assigned

to \7S=O (S-bonded).?"12 1

and at 430 em~t could be assigned to «?Ru-o and N

The infrared absorption at 504 cm

Ru-S

respectively due to O-bonded and S-~bonded Me SO.12-16 Finally,

2
a strong band at 335 cm™? could be due to V (terminal)

1

Ru~Cl

and at 249 cm ~ due to \>Ru-01 (bridging).17 On the basis

of infrared spectrum, we may infer that Me,SO molecules in

2
compound 1 are both O-bonded and S-bonded. The dimerization
may take place through chloro~bridges. In compound 2, the

bands at 1113 and 1093 cm_1 of medium intensity may be assigned
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to i>8=0 (S-bonded) and a very strong band at 981 et

2,12
due to i>s=0 (O=bonded) {>Ru-0 and <)Ru-s were also
13=16

observed at 471 and 421 cm - respectively. Comparing
the intensities of bands at 981 cm * and around 1100 cm ,

it may be inferred that compound 2 has two Mezso molecules

as O-bonded and one as S~bonded. Compound 2 showed bands at

340, 326 and 313 cm™ ' also, which could be assigned to

i) Ru~C1°® The number of i>Ru-Cl bands in the spectrum
corresponds to meridional configuration as in ZTRhClB(Me280)3_7.18
Compound 3 seems to be a purely S-bonded isomer, where no

strong absorption between 1000 and 850 cm-1 were Observed,

thereby showing the absence of &y (O-bonded) . Bands around

S=0

1100 cm™t are assigned to \) (S=bonded) and a band at

S=0
422 cm™* due to &?Ru_s.13‘16 Tn fact the IR spectral data of
3 have an exact resemblance to that of éfhuCls(Me280)3~7-
reported by McMillan et g;.lz The spectrum of this compound
showed bands at 343 and 319 cm-l, which may be aésigned to
AQ)Ru-Cl‘ Number and positions of <>Ru-C1 bands conforms to
the facial configuration of the complex,19 as in the case of
fac éfRuCl3(Py)3~7.20 The infrared spectra of the compounds
1, 2 and 3 in acetonitrile solutions were similar to that in

the solid state (KBr or CsI medium). There was slight deviation

( ~ 10 to 20 em™Y) of the bands due to &?so in acetonitrile

solution,
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MAGNETIC PROPERTIES

The magnetic moment values of the compounds 2 and 3
at room temperature were 1.9 and 1,7 BM respectively which
are in conformity with the complexes having low-spin
ruthenium (III), a° system.21 The room temperature magnetic
moment value of compound 1, having composition
£7Ru2Cl6(MeZSO)4~7 is 1.1 BM per ruthenium atom which is
much lower than expected, for a low spin ruthenium(III),
d5 system and is similar to Antonov's compound.8 The lowering
in the magnetic moment could be due to weak antiferromagnetic
interaction of the two ruthenium(III) ions through the
bridging chlorides.22 Proposed structure for the compound 1
is shown in Fig., II.4(a). Lower values of magnetic moment

for dimeriec ruthenium(III) complexes, viz. zrhuCIB(Et28)2_7
22

2
(0,95 BM per ruthenium atom) have been reported earlier.

ELECTRON. PARAMAGNETIC RESONANCE SPECTRA

The electron paramagnetic resonance spectrum oOf

compound 3 (Fig II.5) with all three S-bonded Me SO groups,

2
in powder form, showed two g values, both at room temperature
‘and at liquid nitrogen temperature. The g values were 2.42

and 1,92, which suggest a facial structure éfFig II.4(C)_7
2

with C symmetry.23 The powder EPR spectrum of compound

3v

(Fig II.6), at room temperature showed three g values, viz,.

2441, 2.26 and 1.88. This suggest a rhombic geometry around
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ruthenium(III). If one presumes the meridional type of

structure for compound 2 with a C symmetry, the three g

2v
values could be explained. Three g values could be obtained
also with facial isomer when three MeZSO groups bonded to
ruthenium are not of the same type (0= and S-bonded) (vide
supra). However, we prefer a meridional type [f?ig II.4(b)_7,
as evidenced from far-IR spectrum. The EPR spectrum of
compound 1 (Fig II.7) in the powder form at rcom temperature,
also showed three g values, viz. 2.37, 2.14 and 1.88 which
are similar to that of compound 2. Assuming the structure to
be dimeric with chloro-bridges, as proposed earlier, if one
looks at the symmetry around each of the ruthenium ion, there
is a rhombic distortion and the three g values could be
explained. A signal corresponding to g = 2,14 in compound 1
is much broader than that of g = 2.26 of compound 2. The
broadness of the signal at g = 2.14 may be due to weak
interaction among the two neighbouring ruthenium(III) ions,
proposed on the basis of lowering of the magnetic moment also.

(vide supra).

ELECTRONIC ABSORPTION SPECTRA

The electronic absorption spectral data are given in
Table II.3. The electronic absorption spectra of compound 1
and 2 were similar in acetonitrile and in chloroform.
Compound 3 has very low solubility in chloroform. The spectrum

of compound 1 was similar to that of Antonov's compound except
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Table II.3 Electronic absorption spectra of 1, 2 and 3

[} []
' '
: A innom (€) ! A in nm (€)
Compound ! max H max
{ in CH.CN ! in CHC1l
] 3 ] 3
] 1
- - 3 3
1 [ Ru,Cl, (Me,S0), / 455 (11.8 x 107) 457 (10.4 x 10°)
390 (105 x 10°) 380 (10.6 x 10°)
- 3 3
2 mer / RuCl, (Me,S0),_ / 416 (2.9 x 107) 435 (246 x 10~ )
385 (3.2 x 103) 380 (2.9 x 10° )
3 fac /[ RuCl, (Me,S0), 7 468 (140) -
405 (585) -
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that the € value was somewhat larger (assuming the dimeric
formula). The compounds 2 and 3 also showed spectra similar

to that of compound 1, but with lower € values., The simi=-
larity of the electronic absorption spectra of three compounds
conforms to a similar type of geometry around the metal in

all the cases. Very high value of & (103 to 104) for compounds
1 and 2 are suggestive that the absorption bamds around 450 nm
and 400 nm, are having more of charge transfer character than
the d-d type absorption band (2T2 to 2A2, 2T1 or 2T2 transi-
tions). The electronic absorption spectra of these ruthenium(III)
complexes have a close similarity to the agueous solution

8
spectrum of RuCl, reported by Antonov gt al.

PROTON MAGNETIC RESONANCE SPECTRA

1 ;o - L]
The "H NMR spectra of / RuCl,(Me,SO), / in CHCL, and

CH,C1 at room temperature reported by Antonov et g;s had

2 72
one sharp peak having 6 = 0413 ppm ard 0,20 ppm respectively

relative to free Me,SO. In general, the condition for a

2
sharp line 1H NMR require a short electron spin relaxation

time, and a sharp line EPR require a long one. Thus where

EPR is oObserved at room temperature, lH NMR is either not
observed or is very broad. This is the case with ruthenium(1IT) 24
In fact sharp line 1H NMR spectra are not reported for any
ruthenium (III) complex. Our efforts too, to get the 1H NMR

spectra of the three compounds synthesized were unsuccessful.
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In fact, in some cases in CHCJ.3 or CH2012 solution, some sharp

signals in the S-bonded or O-bonded Me,SO region were oObserved

2
at very high resolution. However, a blank run of the solvent
showed the signals at the same positions, which may be due

to some impurities present in the solvent.
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CHAPTER III

USE OF 4‘Ru2c16(Mezso)4;7, AND fac AND
mer ISOMERS OF / RuCl, (Me,SO), / as
VERSATILE STARTING MATERIALS FOR THE
SYNTHESIS OF RUTHENIUM(III) COMPLEXES

Some ruthenium(II) complexes, containing monodentate
ligands, Viz., é’Rqu(Mest)4_71-4, ZTthZ(PPh3)3_7
5 -—
(X = c1, Br)” and /RuCl,(asPh,), /, are well known, and
used extensively as precursors for the synthesis of a

wide number of ruthenium(II) complexes.2'7-14

In case of
triphenylphosphine or triphenylarsine complexes, generally,
a partial substitution took place, whereas dimethylsulphoxide
complexes resulted in both partial and complete substitution
of the ligand molecules. In case of ruthenium(III), some
complexes with monodentate ligands, viz.
kaux3(mph3)2(CH3OH)_75 and szux3(MPh3)3_7“5‘17 (X = Cl or
Br, M = P or As) are used as precursors for the synthesis of
many ruthenium(III) complexes. Most of the complexes synthe-~
sized, using these complexes, have partial displacement of
3,13,16-21

MPh3 ligands,
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In Chapter II, we have reported the synthesis and
characterization of ZFRuZCls(Me280)4_7 1, mer ZfRuCl3(Mezso)3_7
2 and fac (fRuCl3(M9280)3;7 3. In this Chapter, compounds 1,

2 and 3 have been used as precursors for the synthesis of

many ruthenium(III) complexes containing N, P, As, O and

S donor ligands. Depending on the reaction conditions and

the nature of the ligands reacted with, complete or partial
substitution of dimethylsulphoxide molecules in these
compounds are achieved, Only representative ligands containing
different donor atoms have been used in this work, However,

these complexes will find a much wider horizon as precursors

for the synthesis of ruthenium(III) complexes.

EXPERIMENTAL

[/ Ru,Cl  (Me,S0), 7, mer /RuCl,(Me,S0), / and
fae ZTRuCIB(Me2SO)3_7‘were prepared according to the methods
described in Chapter II. Analytical data and all physical
measurements were obtained as described in Chapter II,
Nitrogen analyses of the compounds were obtained from Regional
Sophisticated Instrumentation Centre, Central Drug Research
Institute, Lucknow. Analytical data, melting point, molar
conductance data and magnetic measurement results are presented
in Table III,1, Important IR and electronic absorption bands

are presented in Table III.2.
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Reactions of szuZClG(Me280)4;7 1, mex éfRuCl3(MeZSO)3_7,

orange isomer 2, and fac éfRuClB(MeZSO)3_7, yellow isomer

w
~

(a) With triphenylphosphine or triphenylarsine

(1) Compound 1, 2 or 3 (0.2g) was dissolved in
methanol (20 cm®) and to which a solution of ligand L

(L = PPh., or AsPhB) in methanol (10 cm3) was added., Reactions

3
with varying molar ratios of the compounds 1, 2 or 3 and
ligand L, vize. 1:1, 1:2, 1:3 and 1:6 were carried out.

The reaction mixture was stirred for 30 min to 1hat room
temperature. The compound obtained in each case was centri-
fuged, washed with little methanol and then with little
diethyl ether and dried in vacuc. In all the above reactions,

even with varying proportions, the f£inal product obtained in

each case was of the composition, / RuCl3L2(CH30H)d/.

(ii) Reactions similar to that in (i) above were
carried out by refluxing the reaction mixture on a water-bath

for 30 min. The products obtained were same as in (i).

o) With pyridine

(1) 0.2g of each of the compounds 1 or 3 was dissolved
in minimum quantity of methanol (10 cm3), to which pyridine
(1 cm3) was added and the mixture was stirred at room tempera-

ture for 3~-4 h. In case of compound 3, product separated simply
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on stirring. In case of compound 1, after stirring, the volume
of the solution was reduced to about half, at room temperature
and diethylether was added, followed by cooling (0°C) for

2=3 h, whereby a green coloured compound separated out. The
products were separated by centrifugation, washed with

diethyl ether and dried in vacuo. Product obtained from the
reaction of 1 was green whereas from 3, it was yellow. These
compounds may be isomers, having the composition,

£ RuCl, (Py) , (1e,S0)_/,

(ii) Reactions similar to that in (i) above, were
carried out by refluxing the reaction mixture on a water=bath
for 2h, concentrated ( ~ 5 cm3) and cooled, when compounds
separated out which were centrifuged, washed with diethyl

ether and dried in vacuo. The compounds were analysed for
[ RuCl, (By), 7.

(c) With 1,10=phenanthroline

(1) 0e2g of each of the compounds 1, 2 or 3 was
dissolved in methanol (20 cm®) and to which 1,10-phenanthroline
(0elg) in methanol (5 cm®) was added. The reaction mixture
was stirred at room temperature. In case Of compound 1 and 2
the products separated after 1-2 h, whereas in case of compound
3+ the product separated after 10 min only. The compounds were

centrifuged, washed with little methanol followed by diethyl
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ether and dried in vacuo. The product obtained from the
reaction of 1 was brown in colour whereas from 2 and 3

were orange in colour. However, the composition in all three
cases was ATRuClB(phen)(Mest)_7. Some compound was isolated
when the reaction mixture (as above) was refluxed in methanol

for 30 min.

(@) With 2,2=bipyridvl

0 «2g of each of the compounds 2 or 3 was dissolved in
methanol (20 cm®) and to which 2,2=bipyridyl (0.1g) in
methanol (5 cm3) was added. The reaction mixture was stirred
at room temperature. In the case of compound 3, the product
was separated after 30 min whereas in case of 2 after 2 h.
Products obtained were centrifuged, washed first with methanol
followed by diethyl ether and were dried in vacuo. The compounds

were analysed for AfRuCIB(bipy)(MeZSOL;7.

(e) With o-phenylenediamine

(1) Compound 2 or 3 (0.2g) was dissolved in ethanol
(20 cm3) and a solution of o-phenylenediamine (0.lg) in
ethanol (5 cm3) was added to it. The reaction mixture was
refluxed for 15-20 min, concentrated (-~ 5 cm3) and the
compounds were precipitated by the addition of dry diethyl
ether. Products obtained from compounds 2 and 3 were light

orange in colour and were analysed for ZtRuClz(PDA)(MeZSO)2_7.
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Reaction of compound 2 with o~phenylenediamine using chloro-

form as solvent also gave the same product.

(1i) - The above reactions were carried out at room
temperature with stirring for few hours. Same products

were obtained with lower vields.

(£) With acetvlacetone

A suspension of compound 3 or a solution of compound 2
(0.2g) was taken in toluene (20 om) . Acetylacetone (0.5 cm’)
and triethylamine (1 cm3) were added to the suspension or
solution, and the reaction mixture was refluxed for 2-3 h at
120-130°C, cooled and filtered. The brown coloured mother
liquor was concentrated slowly on a water-bath (~ 5 cm3).
Petroleum ether (80-100°C) was added to precipitate a light
brown compound. More compound crystallized out from the
mother liquor on cooling to 0°C for 2-3 h.The product was
centrifuged, washed with little diethyl ether and dried

in vacuo. The compounds were analysed for [—RuClz(acac)(MeZSO)z;Z

(g) With acetonitrile

0.2g 6f each of the compound 1, 2 or 3 was dissolved
in acetonitrile (20 cm>) and was refluxed on a water-bath
for 4 h. The reaction mixture was concentrated to small volume
(5 cm3) and dry diethyl ether was added to precipitate a
yellowish orange coloured compound. Products obtained were
centrifuged, washed with diethyl ether and dried in vacuo.

These were analysed for Z?huCl3(CHBCN)Z(MeZSO)_7.
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(h) With sodium diethyldithiocarbamate or g-aminobenzenethiol

A solution of sodium diethyldithiocarbamate (0.2g)
or o=-aminobenzenethiol (0.15g) in methanol (10 em®) was
added to a solution of compound, 1 2 or 3 (0.3g) in methanol
(20 em’). The reaction mixture in the former case was stirred
at room temperature for 2 hand refluxed for 30 min in the
latter case. Dark brown and dark-violet crystals separated
in the former and the latter cases respectively. The compounds
were centrifuged, washed with small guantity of methanol
followed by diethyl ether and dried in vacuo. The compound
in each reaction was of the composition AfRu(L-L)3_7 (I-L =

diethyldithiocarbamate or o-aminobenzenethiolate).

(1) With carbondisulphide and triphenylphosphine

Compound 2 or 3 (0.2g) was dissolved in carbondisulphide
(20-30 cm°) and triphenylphosphine (0.18g) was added to it and
refluxed on a water-bath for 30 min. Dark brown crystals
separated out. It was centrifuged, washed with diethyl ether
and dried in vacuo. The compound in each case was analysed for

/ RuCl, (CS,) (PPh,), 7.

Preparation of [?hu(g-aminobenzenethiolate)3_7 from

RuCl 5 exH,0 (0e2g) was dissolved in methanol (10 em’)

2
and a solution of o-aminobenzenethiol (0.2g) in methanol
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(10 cm3) was added to it. The mixture was refluxed for 5 min.
A compound separated out. It was cooled, centrifuged and

washed with methanol and then with ether. It was analysed for

RESULTS AND DISCUSSION

[ Ru,Cl, (Me,S0), / 1, mer £ RuCl,(Me,50), 7/ 2 and
3

are soluble in most of the organic

fac / RuCl, (Me_SO)._7
= 3 2 3
solvents, vize. methanol, ethanol, acetonitrile and chloroforme
Compound 2 is soluble in acetone and benzene also. Hence these
compounds are suited for carrying out exchange reactions with
other ligands in neutral type organic solvents. In water,

however, these complexes dissociate.

The reaction of 1, 2 and 3 with various donor ligands
can be divided into three categories, viz. (i) where complete

substitution of Me,SO molecules took place, (ii) where only

2
one Mest molecule was coordinated and (iii) where two Mezso
molecules were coordinated, The complete or partial substi-

tution of coordinated MeZSO molecules depend on the reaction
conditions and the nature of coordinating molecules, which

could be generalised in the following paragraphe

In general, complete substitution of coordinated MeZSO
molecules took place, either when the incoming ligand was

stronger coordinating than Me,SO or when the reaction was

2
carried out at higher temperature, generally at the refluxing
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condition of the solvent. Examples of complete substitution

of Me,SO molecules due to stronger coordinating ability of

2
ligand is found in case of P, As or S donor ligands at room

temperature and at refluxing condition of the solvent.

Complete substitution of Me,SO takes place even in case where

2
there is a nitrogen donor ligand or a nitrogen and sulphur

donor chelate, at the refluxing condition of the solvent.

Compounds containing one or two Me,SO molecules are generally

2
obtained when nitrogen or oxygen donor ligands are treated
with 1, 2 or 3 at room temperature conditions. However, in
some cases such compounds are obtained under refluxing

condition of the solvent also.

Reactions of / Ru,Cl, (Me,SO), / 1, mer / RuCl3(MeZSO)3_/ 2

2
and fac / RuCl, (Me,S0), / 3 with

Phogphorus, arsenic and sulphur donor ligands

Reactions of 1, 2 and 3 with triphenylphosphine or
triphenylarsine in varying molar ratios (from 1:1 to 1:6,
complex @ PPh3 or AsPh3) at room temperature or at methanol
refluxing conditions resulted in the formation of
£ RuCl, (MPh,), (CH,OH)_/ (M = P or as) complexes, which are
well characterized and reported by Stephenson and Wilkinson.5

Complete substitution of Me_ SO is due to the stronger coordi-

2

3 and AsPh3 compared to Me2

complex : MPh3 ratio was varied, in all cases, only

nating ability of PPh SO, Even when
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ZfRuC13(MPh3)2(CH30H)_7 was obtained which implies that it
is probably the most stable compound of ruthenium(III) with

chloro and MPh3 groups in methanol medium.

Reactions of 1, 2 or 3 with sodium salt of diethyl-
dithiocarbamate at room temperature condition yielded
éfRu(EtzNC§93_7 which was obtained by the complete substi-
tution of both chloro and_Mest groups from these complexes.
The product thu(EtzNC593_7 is Well characterised and

studied earlier.22™23

A reaction of compound 2 or 3 with carbondisulphide
under the refluxing condition of the solvent did not give

any substitution of Me, SO by a thiocarbonyl group or by

2
carbondisulphide., Instead, the starting materials were
recovered., However, when a reaction of 2 or 3 with carbon-
disulphide was carried out in presence of triphenylphosphine
under refluxing condition, a dark brown coloured compound
separated out, which was analysed for érhuC13(PPh3)2(C82)_7.
This compound is same as reported by Ruiz Ramirez and
Stephenson,> from the reaction of éfRuCl3(PPh3)2(CH30H)_7
with carbondisulphide. Besides all the bands due to triphenyl-
phosphine, it showed an absorption band at 1505 cm-l, assigned
to a linearly bonded carbondisulphide group,3 and another
band at 332 cm™t assigned to 4 Ru~cl* The magnetic moment of

the compound measured at room temperature (/{eff = 1,8 B.M,),

confirms its behaviour as a low=spin d5, ruthenium (III)



Table IIT,1 Some Physical and Analytical Data of New Ruthenium (III) Complexes

; r ' ' :
: : 5/4 ot | /\y in ! Analysis® (%)
1 1 ]
Compound ! Colour | M.P.°C E eff B -1 2 -1 b : T
E E ER.T.(BM) PLL cm mol E c E H E N
: : : 1 : ; }
[‘Ruc13(py)2(Mezso)_7 Yellow 220=25 - 3P  32.8 4.1 660
(32.,5) (346) (663)
[ RuCl, (py),, (Me,S0) 7 Green 2409 - 200 3242 3.9 6ol
thuc13(phen)(Mezso)_7 Orange 240 1.8 3¢ 3642 2.9 59
(36.1) (3,0) (6.0)
/RuCl, (bipy) (Me,SO0)_7 Orange 250 - 6P 32.2 3. 6.3
(32.B) (3.2) (663)
ZPRu(acac)(Me280)2C12_7 Light 215=20 - 3° 25 .6 4.8 -
brown (25.3) (4.4)
4?Ru013(cs2)(pph3)2_7e Dark 180-853 1.8 - 55 42 440 -
brown (54,9) (3.7)
[/ Rulabt), 7 Violet - - 5¢ 46.0 442 8.8
(4543) (4.4) (8.8)
/ RuCl, (CH,CN) , (Me,SO)_7 Yellow 1.9 10° 1944 340 743
3322 (19.5)  (3.3) (7.6)

a, Calculated values are in parentheses; b, in acetonitrile; ¢, in chloroform;

d, decomposes; e, ref, 3,

8%



Table III,2 Important infrared and electronic absorption bands of Ruthenium(III)

complexes containing Me, SO and other ligands

2

Tnfrared bands Electronic absorption bands in nm (€)

RELTET PR

Compound Colour . ~1 :
in cm CH_CN ! CHC1
3 : 3
L :
£ RuCl, (py) , (Me,50)_/ Yellow 1105s, 1090sh, 465 (700) 470 (740)
1065m, 1015m=-s, 406 (2200) 408 (2450)
423m, 345m, 330m
thuc13(py)2(Mezso);7 Green 1105s, 1090s, - , 620 (220)
1065s, 1015m-s, 470 (930)
426m, 380m 405 (1620)
351im, 330m.
/ RuCl, (phen) (Me,50)_/ Brown 1090m=-s, 423m, 404 (3580) 404 (4060)
390m, 323m, 254m. 395 (3770) 395 (4130)
/ RuCl, (phen) (Me,S0)_/ Orange 1090m=-s, 430m, - 405 (4070)
343m, 285m 395 (4280)

Table III.2 continued

6%



Table III.Z2 continued

Electronic absorption bands in nm (€)
Infrared bands

Compound Colour

o v es - e s
-_-—-r--——-

: -1 i
in cm CH_CN :' CHC1
3 , 3
]
/ RuCl, (CH,CN) , (Me,S0)_/  Yellow 2315w, 2280m, - -
1110s, 1090s,
1020s, 331m,.
[Ruc13(bipy) (Mest)J Dark 1110s, 1015m, 408 (5140) 404 (3530)
o)
range 420m, 321m. 404 (4540) 395 (3700)
/ Ru(acac) (Mezso)2012_7 Light 1570m=-s, 1510m, 560 (50) -
Brown

1090s

0§
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complex. An EPR spectrum of the complex in the powder form

at room temperature (Fig III.1l) showed three g values, viz.

gq = 2.40, g, = 2.16 and gy = 1,81, This confirms once again
the presence of ruthenium(III) in low-spin state and signifies
rhombic distortion in the complex, which is expected too,

due to the presence of three different types of donor sites

in the complex,

Reactions of 1, 2 or 3 with o-aminobenzenethiol under
refluxing methanol condition gave a completely substituted
(both chloro and Me,SO groups) compound, Viz. [fhu(abt)3_7.
Here, complete substitution may be due to the stronger
coordinating ability of the sulphur atom. The IR spectrum
of the complex in the region 1100-1000 cm™t showed two weak
bands which are due to o-aminobenzenethiolate. Further, no
characteristic band due to O=bonded Mezso was Observed
between 1000~500 cm-l. This complex could also be obtained
by the direct reaction of ruthenium trichloride with o-amino-
benzenethiol in methanol., The IR spectrum of which was super=-

imposable with that of the product obtained by the reaction

of 1, 2 or 3 with o~aminobenzenethicl,

Oxygen donor ligands

Reactions of compounds 2 or 3 with acetylacetone in a

weakly basic medium under refluxing condition of toluene gave



1 e 1 [ 1 ]
22725 2155 2625 2825 3025 32'2§2 3425 3625 3é‘25 4025
H (GAUSS) x10 .

Figll.l. EPR SPECTRUM OF [Rucg((:%)(PP@)z] AT R T
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a compound of the composition éfhuClz(acac)(Mest)2_7. The

IR spectrum showed two strong bands at 1570 and 1510 cm"'1

which could be assigned to N o °f the O-bonded type chelating

cC

acetylacetonato groups.24 The presence of Me2SO molecules was

characterised by a very strong band at 1090 cm-l. It is

evidently due to S-bonded Me,SO groups. There were no other

2
bands in the region 1000 to 900 em™2 confirming the absence

of any O=bonded Me,.SO group. The IR spectra of the compounds

2
obtained from the reactions of 2 and 3 with acetylacetone
were superimposable, thereby confirming that the products
obtained from the two isomers, viz. 2 having mostly O-bonded
Mezso groups and 3 having only S-bonded Me2
and the same, and that the Me280 molecules in the product

SO groups are one

are S=-bonded. From the above reactions we may infer that the

coordinating behaviour of Me,SO in the products depend on

2
the incoming ligand and not on the starting compounds. The
non~-conducting behaviour of the complex in acetonitrile

confirms the formula éfhuC12(acac)(Me280)2_7, where chloride
ligands are covalently bonded. Reactions of 1, 2 and 3 were
carried out with triphenylphosphine oxide and triphenylarsine
oxide separately under room temperature and refluxing methanol
conditions. In both the cases no substitution of Me, SO molecules

2
took place and the starting materials were recovered,
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Nitrogen donor ligands

(a) Pyridine : The products obtained from the reactions
of 1, 2 or 3 with pyridine are dependent on the reaction
conditions and in some cases on the starting compounds,.
Reaction of 1 and 3 with pyridine at room temperature,
gave different products in each case, whereas reactions of
compounds 1, 2 or 3 with pyridine under refluxing condition
of methanol for 2h gave é_RuClz(py) ¢ _/+ Reactions of pyridine
with other compounds, viz. zrhuClz(PPh3)3;7 or
£ RuCl, (MPh;), (CH,OH) / (M = P or 2s) under similar conditions
were reported to give ATRuClz(py)4_7§ Here, besides complete

substitution of Me,SO molecules by pyridine, there is reduc-

2
tion of ruthenium(III) to ruthenium(II) as well. éfRuClz(py)4d7,
obtained as above, has a trans geometry which is reflected

by the far-IR and ly mm spectrum. 1y or spectrum showed a
doublet at § 8.6, and two triplets at S 7.64 and o 7.08,

which is similar to that reported for trans—éfRuClz(py)4_725.
The far-IR spectrum is superimposable with the reported

one, 25

Reactions of compounds 1 or 3 with pyridine at room
temperature yielded products which conform to the composi-
tion ATRuCl3(py)2(Me250)_7. The product from compound 1
was a green isomer whereas from 3, a yellow one. The
conductivity measurement showed a very low molar conductance

value thereby conforming to the covalently bonded chlorides.
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The IR spectra of both the compounds (Fig III.2(a) arnd
Fig III.2(b)) showed strong bands around 1100 em™! which

could be assigned to’e S=0 of the S-bonded Me,. SO groups.

2
A band at 1065 crn"1 could be due to pyridine or a combina=-

tion of pyridine and Me, SO bands. There were no strong bands

2
in the region 1000 to 900 cm-l, characteristic of O=bonded

Me,S0 groups. A band at 1015 cm™

of the Mezso group.2 Characteristic bands due to coordinated

pyridine groups were observed in both the complexes. The IR

could be assigned to fgr CH

spectra of the green and yellow isomers showed bands at

426 and 423 cm™t respectively, which could be assigned to

0 Ru=S of the S~bonded MeZSO groups. Further, the green

isomer showed three bands at 380, 351 and 330 cm-1 which

could be assigned to-@?Ru_Cl. The presence of three absorption
bands for 0 Ru~C1° indicate that two chloride ligands in the
complex are arranged in the trans positions and the third

ones is ¢is to both of them as in the case of mer isomer of
Z_MX3L3_7 type system.26 The yellow isomer has two absorptions

at 345 and 330 cm-1 assignable to’o The presence of

Ru=Cl°*

two absorption bands for’o is indicative that the three

Ru=Cl
chlorides in the complex are arranged in the cis- form as

in the case of fac isomer of éfMX3L3_7 type system.26

The EPR spectrum of the yellow and green isomers in
powder form at room temperature showed a broad signal at

/g = 2425 and 2,21 respectively, which confirms the presence
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of a low=spin ruthenium(III), ds system. The room temperature
spectra are not much informative but spectra of the frozen
solution of the two compounds in chloroform at liguid nitrogen
temperature showed three g values around 2.5, 2.0 and 1.8,
Hyperfine coupling due to ruthenium was also observed in

these cases. A detailed study of the frozen solution EPR

spectra will be taken up later,

o) 2,2=Bipyridyl : A reaction of 2 or 3 with 2,2-bipyridyl

at room temperature resulted in the partial substitution of

Me SO molecules leading to the formation of [fkuCl3(bipy)(Me250)_;
Compounds obtained from 2 or 3 were identical and their IR
spectra were superimposable. The compound was non-electrolyte.

The IR spectrum of the compound showed a strong band at

1110 em™* assigned to
1

3=0 of the S=bonded MeZSO group and

a band at 1015 em — due to 'Fr CH of the Me.SO molecule.

2
Besides this, 2ll characteristiec absorption bands due to

bipyridyl were present. However, no band of appreciable
intensity in the region 1000-500 cm-l was present confirming

the absence of O-bonded MEZSO groups. Spectrum in the far-=IR

-

region showed bands at 420 and 321 cm - which could be

assigned to'v‘ and'o respectively., Thus, IR

Ru-~S Ru~Cl

spectrum confirms the presence of S-~bonded molecule. Room
temperature EPR measurement of the powder sample showed a
broad signal at g = 2,23 which confirms the presence of a

low=spin ruthenium(III), d5 system. However, the spectrum
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does not say much about the geometry around the metal

ione

(e) 1,10-phenanthroline : The products obtained from the

reaction of compound 1 with 1,10-phenanthroline at room
temperature and methanol refluxing conditions were same,
having brown colour and composition, szuC13(phen)(Me280)_7.
The products obtained from the reaction of compound 2 or 3
with 1,10-phenanthroline under similar cenditions were same
having orange=-yellow colour and composition,
ZTRuClB(phen)(Mest);7. The brown and orange-yellow
compounds may be isomers. Non-ionic nature of the compounds
was confirmed by their molar conductivity measurements. IR
spectra of both the compounds showed strong bands around

1090 em™}, which could be assigned to V of the S~bonded

S=0
MeZSO molecule. In the far-IR region, the brown compound

showed absorptions at 423, 390, 323 and 254 cm L, The first
band may be due to‘Q Ru=S whereas the rest three bands due
to‘o Ru~C1°* The orange yellow compound showed absorptions
at 430, 343 and 285 cm Y. Here again, the absorption at

430 em™! could be due toV Ru-g Whereas the bands at 343

and 285 crn-1 due to‘Q e The presence of three absorption

Ru~Cl

bands due to’o in case of brown compound may be assigned

Ru~Cl

to its structure where two of the chloride ligands are trans
to each other and the third one cis to them, and presence of

two abgorption bands due to“Q in case of orange=-yellow

Ru-Cl
compound, may be due to the presence of all three chloride
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ligands in the cis position.26 (similar to green and yellow
isomers of thuClB(py)z(MeZSO)_7 ). The magnetic moment of the
orange yellow compound observed at room temperature was,
/‘eff = 1,9 B.M., a value expected for low<spin d5,
ruthenium(III) complexes. Its EPR spectrum in powder form

at room temperature showed two g values at 2.50 and 2.12,.

The structure proposed for this compound on the basis of
far-IR would be in conformity with the EPR result, if one

assumes that ligand field due to Me. SO is similar to that of

2
nitrogen donor 1,l1C-~phenanthroline, hence two g values,
Room temperature EPR spectrum of brown compound in powder
form showed a broad signal at g = 2.27, confirming the

presence of low=-spin d5 system,

(@) o-Phenylenediamine : Reactions of 2 or 3 with

o-phenylenediamine, under refluxing condition of methanol
gave a light orange compound, of the composition,
/ RuCl, (PD2) (Me,S0),_/. It is diamagnetic and showed IR

absorption at 1065 cm +, assignable to of the S-bonded

S=0
MeZSO. There was no absorption of appreciable intensity in
the region 1000-200 cm-l, confirming the absence of any
O=-bonded MeZSO group. The 1H NMR spectrum of the compound

in (CD3)230 (Fig III.3) showed two broad singlets at & 7.48
and & 7433, one singlet at S 641 and a sharp singlet at

§ 3.25. The signals at & 7.48 and 6 733 may be assigned due

to the o- and p-protons in gephenylenediamine.27 The signals
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at 6 6.1 may be due to the four protons attached to the two
nitrogen atoms of the amino groups. In case, where the
o=amino groups are not coordinated, the aromatic amino
protons are expected in the range 8.3.6 - 4.7.27 However,
due to the coordination of the nitrogen atoms to the metal,
the electron density around the nitrogen atoms are reduced,
thereby decreasing shielding of the protons at the nitrogen
atoms and leading to a signal at lower field i.e. at a
higher 5 value- (§6.1). The signal at 6 3.25 is indicative
of the S bonded Mezso groups. The ratio of the protons under
6 3,25 and 5 661 is 3:1 confirming the presence of twelve
protons of two Me,SO groups (S=bonded) compared to four
brotons of the two amino groups of one o=-phenylenediamine

molecule, The presence of a singlet for two Me, SO groups at

2
§ 3.25 is indicative of the presence of six methylprotons
on each MeZSO group in equivalent environments. Hence a
structure for / RuCl, (PDA) (Me,SO),_/ with two S-bonded

Mezso groups in trans positions, two chloride ligands in cis
positions and two amino=-groups of o=-phenylenediamine in
cis=positions, is most probable. Preparation of a compound
of the composition ZTRuClZ(PDA)(MeZSO)2_7, was reported by
Evans et gi.,z by the reaction of o-phenylenediamine with
ZfRuClZ(MeZSO)4_7. However, no physical measurements were

reported,
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(¢)  Acetonitrile : Reaction of 1, 2 or 3 with acetonitrile

(as solvent) at refluxing condition gave, in all cases a
compound of the composition é’RuCl3(CH3CN)2(MeZSO)_7. The
products obtained from all these compounds are same and
are confirmed with superimposable IR and visible spectra,
melting points and the analytical data., Here complete

substitution of the Me250 molecules do not take place

probably due to the weak coordinating ability of acetonitrile

compared to Me.SO, The molar conductance measurements oOf the

2
complex showed a very low molar conductance value, confirming

thereby the presence of all covalently bonded chloride

1

ligands. IR absorption bands at 2315 and 2280 cm — could be

assigned to’Q CN of the coordinated CH
12

3CN molecules preferably

in the cis positions. 2 Two bands around 1100 cm + can be

assigned to‘O S=0 of the S-~bonded Mezso group. There were no

bands of appreciable intensity in the region 1000-900 cm™t

which could be due to O-bonded Me,SO. A band at 331 em™ L

was observed, which could be assigned to‘) in the

Ru~Cl

complex. All other bands due to Mezso and CH3CN were also
present in the spectra. Thus, the complex contains only

S=bonded Me280 group.

ELECTRONIC SPECTRA

The electronic absorption spectral data of the new

ruthenium(III) complexes are presented in Table III,2.
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The spectra showed similar features in chloroform and
acetonitrile solution. Generally, all the ruthenium(III)
complexes have absorption around 500 nm and 400 nm with
molar extinction coefficients of the order of 103. High
values of € for all these complexes are suggestive that
these absorptions have more of charge-transfer character
than the 4 - 4 type. In case of the green isomer of
[fkucl3(py)2(Me280)_7, an absorption band at 620 nm with
€ = 220 and in case of ZTRuClz(acac)(Mezso)2_7, a band

at 560 nm with € = 50 was observed. These bands have rela-
tively low value of € and hence may be due tod - d

2 " 2T1 or 2T2 type). The electronic
absorption bands for the ruthenium compounds are similar to

transition (2'1‘2 to

other ruthenium(III) complexes.28 All the compounds, for

which electronic absorption bands are presented in Table III.2
have six coordination around ruthenium(III), However, there

is considerable lowering of symmetry from Oh due to the
presence of different mono or bidentate ligands. Absorption
bands with high value of &€ for such low symmetry ruthenium(III)
complexes, cannot be assigned to d -4 transitions alone, which

may be obscured by charge~transfer bands in these regions.28
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CHAPTER 1V

SYNTHESIS AND CHARACTERIZATION OF
/ RuBr, (Me,S0) ,_7 AND / RuBr, (Me,50),_/
AND THEIR USE AS PRECURSORS FOR THE
SYNTHESIS OF RUTHENIUM(III) AND
RUTHENIUM (II) BROMO COMPLEXES

INTRODUCT ION

Synthesis and study of the complexes of ruthenium(II)
and ruthenium(IIT) containing chloride as one of the ligands
and other mono- or multidentate ligands have been carried
out in greater detail due to the easy availability of the
source material, viz. commercial ruthenium trichloride,
RuC13.XH20. Similar to ruthenium trichloride, its bromo-
analogue, viz, ruthenium tribromide is not available
commercially. Hence, synthesis and study of the complexes
of ruthenium(II) and ruthenium(III) containing bromide as
one of the ligands and other mono or multidentate ligands

have not been carried out in detail.1

Complexes of ruthenium(II) and ruthenium(III) containing

. . , . 243
chloride and Me,SO ligands studied, are cis éfRuClz(Me280)4;7 "~

2
— =4,5 ~5
fac and mer / RuCl,;(Me,50), /**7, [ Ru,Cl, (Me,S0), /7,
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-6 - -7
/ Ru,Cl, (Me,80)._/,> [/ WMe,H, // RuCl, (Me,SO), /', and
pann —8 _
M /£ RuCl, (Me,S0),_ /~ (where M = Na or Bu,N). Some of the
above mentioned compounds have been used as precursors for

the synthesis of other ruthenium(II) and ruthenium(IIT)

3'6'9-11

complexes, The only ruthenium(II) or ruthenium(III)

complex containing bromide and Me

2
trans Z_RuBrz(Me280)4_7,2'12-14 having all S-bonded Me,S0

groups. No report is available on ruthenium(IIT) complexes

SO ligands, reported is

containing bromo and Me,SO ligands. szuBrz(MeZSO)4_7 has
been used as precursor for the svnthesis of some ruthenium(II)

bromo complexes of the type, / RuBr, (Me,S0),L /, (L = PPhg,

AsPh,, PBu, or P(OBu),, / RuBr,L, / (L = py or CH,CN) and

3 3
15

ZFRuBrz(Me2SO)2(diphos)_7. szuBrz(Me280)4_7 has been

found to have better activity compared to c¢is [TRuCl2(Mest)4_7,

as molecular oxygen oxidation catalyst towards thioethers

to give sulphOXides.15'16

The synthesis of complexes containing bromide as one
of the ligands is achieved by one of the following methods:
(i) reaction of RuBr, (obtained from the reaction of ruthenium
oxide with HBr also) with the ligand,2’13'l7 (ii) generating
RuBr, or bromoruthenate (III) in situ using RuCl, or chloro-
ruthenate (III) and LiBr, NaBr or HBr and treating with the
ligand,18-23 (iii) metathesis of the chloro, hydroxo or

hydrido group to bromo group using LiBr, NaBr, KBr, HBr or

21,22,24-30

Br2

in the complex, (iv) reaction of a complex
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31-33; and (v) substitution

containing oxalato group with HBr,
of one or more ligand (L) molecules in a bromo complex of the

type, / RuBr L, /, / RuBr3L2(MeOH)d/ (where L = PPh, or AsPh3),

3
[/ RuBr L, / (L = PPh;) or / RuBr,L, / (where L = Me,SO) by

12,15,34 Table IV.l describes different pre-~

other ligands,
parative methods for the complexes of ruthenium(III) and
ruthenium(II) containing bromide and other mono- or bidentate

ligands. Z

Out of the above mentioned fiwve methods, method (ii),
(iii) and (v) are more frequently used., In method (v), the
ligand L substituted in the complexes are PPhS, AsPh3 or

Me,S0, Complete substitution of PPh3 or AsPh., by weak donor

2 3
ligands is generally not successful. However, MeZSO containing
complexes may be good for such purposes. In this Chapter, we
have described the synthesis and characterization of one
ruthenium (ITI) complex, viz. / RuBr, (Me,SO), / and other
ruthenium(II) complex, viz. é’RuBrZ(MeZSO)3_7. These two
complexes have been used as precursors for the synthesis of
other ruthenium(III) and ruthenium(II) complexes.

érRuBrz(MeZSO)3;7 is a potential molecular oxygen oxidative

catalyst also, as [fRuBrz(MeZSO)4_7.15'16



Table IV,.1 Complexes of Ruthenium(II) and Ruthenium(III) containing Bromide

and other Monodentate or Bidentate Ligands

T T L] ]
] ) L] '
Sl.No ! H . ! Physical '
C | ]
: omplex | Preparation i Properties iReferences
: H H H
1. trans /RuBr, (Me,SO), 7 (1) RuBry + Me,SO + H, IR, UV~VIS, 2,14
(11)Ru,0,4xH,0 + HBr + Me,SO X ray, 'H NMR 13
(111)/ RuBr, (AsPh,) ,MeOH_/+Me SO cv 12
2. trans érRuBrz(py)4_7 (1) RuBr, + H, + py IR 17
o 1
(ii),zﬁhugrz(pph3)3;7 + py IR, "H NMR 12
(iii) /[ RuBr.,, (Me,S0) 4_7 + py IR, UV=VIS, CV 15
3. cis zrhuBrz(py)4_7 zrhu(py)4(ox);7H20 + HBr far IR, Raman 31
1y mm
4, g(' RuBr, (;’Ph3)n_7 RuCl,.xH,0 + LiBr + PPhg MW 18
n=3,4

Table IV,l continued
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Table IV.l continued

] ] [] 1
[ ] 1
Sl .No ; ‘ i Physical !
[ 1 ] 1 !
; Complex : Preparation i properties :Referenoe
! : : :
5. [/ RuBr,(asPh,), 7 RuCl,.xH,0 + HBr + LiBr + asph, My M, M, 19
_ IR, UV-VIS
6. [/ Ru(NH) Br_/Br, RuCl,exH,0 + HBr + NH,NH,.H,0 IR 20
7e ZfRuBrz(L-L)z_/ RuCl, + NaBr + L-L M 21,22
(L-L = diars, dmpe or
depe)
8e [ RuBr, (asMePh,) .-/ K, / RuCl; (H,0)_/ + HBr + AsMePh, 23
9 mer / RuBr L. / / RuCl L, _/ + LiBr IR 24,25
(L = PMe,Ph, PEtzPh)
104 Me,N /RuCl, (PPh;), / + LiBr

[ RuBr, (PPh,) , (H,0) _/H,0

/4, IR 26

Table IV,1l continued..
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Table IV.l continued

; H ' ‘
] [} ]
] '
S5l.No E Complex E Preparation E Physical ! References
" H ! Properties !
: 1 1 H
11, /[ RuBrg (PhSR); / / RuCl, (PhSR) 3 / + LiBr IR, UV-VIS, -
(R = Me, Et, n-propyl) 1y NMR, EPR
12, [/ Ru(diars),Br,_ /cl0, / Ru(diars),Cl, /+HC1O,+Br,, /A{ 21
13, /Ru(i-L),Br, / / Ru(L-L) ,Cl, 7 + KBr P 22
(L=L = dmpe, depe) ‘
14, /[ RuBr, (0as)_/ / RuCl, (QAS) 7 + NaBr Xye UV=VIS 28
15, gis /Ru(CO),Br, / / Ru(co) H, / + Br, IR 29
16s [ RuBr, (NH;), /Br.H,0 / Ru (OH)C1 (NH,) ,_7C1.H,O+HBr+KBr 30
17, A /RuBr, (aniline)2;7 2 / Ru(0X), (aniline), 7 + HBr 32

A = Me,N, CH.NH,,C.HN

IR, VIs,/AL

Table IV.,l continuedeee.es
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Table IV.l continued..

L [] 1 []
] 1§ [ ] '
] ] [} 1
S1 ; i E Physical 5
No ! Complex : Preparation | properties :Reﬁerence
s e e i
18, cis /RuBr, (en), /Br.H,0 [/ Ru.0x(en),_// Ru(0X) ,en_/,2H,0 + HBr ~ UV-VIS, IR 33
19. /[ RuBr,(asPh,), -7 / RuBr, (AsPh,), (MeOH)_/ + CH, far-IR, M, .
14 R, EPR,
20, [RuBr3 (MPh3)2L_~7 [RuBrB (BdPhB)Z(MeOH)J + L vis, IR, 12
(M = P, as 1y om
(L = CH,CN, PhCH,CN,
PhCN, CH,CHCN,
Mest, EtZS,CS,THF)
21, /[ RuBr, (MPh,)L, / / RuBr, (MPh,), (MeOH) -/ + L, vis, IR, 12
(M=P, As 1y om

phen, bipy)

Table IV,1 continuedeees
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Table IV.l continued

[ [] [ 1
; i : i
- ] ] ] s
51 : Complex ' Preparation H Physical i References
No | : ! Properties H
: i H L
224 / RuBr, (MPh,) , (bdk)_7/ (i) /RuBr, (asPhy), /7 + bdk IR, VIS, /‘4 34
MPhy = PPh,, AsPhg (i1) /[ RuBr, (MPh,), (MeOH)_/ + bdk
bdk = acac, dbm, ba M =P or as
23, { RuBr, (e S0) L./ [/ RuBr, Me,80), 7/ + L IR, UV=VIS, 15
1 .
P (0Bu) 5)
24, / RuBr, (Me,S0) , (iphos) .7 [ RuBr, (Me,S0), 7 + diphos IR, UV-VIS, 15
y mr, ov
25, trans / RuBr, (CH,CN) ,_/ [ RuBr, (Me,SO) , / + CH,CN IR, UV-VIS 15
‘m R, ov

TL
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EXPERIMENTAL

All the solvents were distilled before use. Ruthenium
trichloride trihydrate was obtained from Aurora Matthey ILtd,
Calcutta. Analytical data and all physical measurements were
obtained as described in Chapter II and Chapter III. Analyti-
cal data, melting point, molar conductance data and magnetic
measurement results are presented in Table IV,.2., Important
IR and electronic absorption bands are presented in Table IV.3.

1H NMR spectral data are given in Table IV.,4., The analysis for

bromide was carried out by the standard method,35 the details

of which are described belowe.

ESTIMATION OF BROMIDE

An accurately weighed amount of the complex was decom=-

posed by heating with a melt of KNO, and KOH mixture (1:8)

3
at around ~—~800°C, It was cooled and extracted with distilled
water and then acidified with dilute HNOB. It was then digested
on a water-bath for about 30 min and filtered., Silver nitrate
solution (0.1M) was added to precipitate silver bromide. The
mixture was digested slowly on a water-bath for about 30 min
for coagulation of the precipitate keeping away from light.

The precipitate was filtered through a sintered glass crucible

(G=4), washed with very dilute HNO., (1:100) to free from

3
silver nitrate and dried to a constant weight at 120°C. The
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precipitate was weighed as silver bromide, Analytical data are

presented in Table 1IV,.2.

1. Preparation of / RuBr3(MeZSO)3_/

Hydrated ruthenium trichloride (0.25g, 1 mmol) was
dissolved in conc. HBr (5 cm3), to which LiBr (lg) was added.
The mixture was warmed on a water bath to get a clear solution.
The solution was centrifuged and dimethylsulphoxide (1.5 cn’)
was added to the clear solution and refluxed in an oil-bath
(130~140°C) for 5 min (longer time refluxation results in the
separation of an insoluble compound). Dark violet crystals
separated out. The product was cooled, centrifuged and the
compound was washed 2-3 times with water followed by ethanol
and dried in vacuo. It was analysed for ZFRuBr3(MeZSO)3_7.
Yield, 0,45g (80%).

2. Preparation of Z-RuBrz(Me280)3_7

Hydrated ruthenium trichloride (0.,25g, 1 mmol) was dissolved
in ethanol (20 cm®), to which LiBr (2g) was added and refluxed
for 30 min. To the clear solution dimethylsulphoxide (1.5 cm’)
was added and refluxed for another 2 h. The solution was con-
centrated to small volume (5 cm3) on a water bath and cooled
to 0°C, A yellow compound separated out, The mother liquor, on
concentration and on addition of acetone gave more of the

yvellow compound. The compound was washed 2=3 times with ethanol,
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then with ether and dried in vacuo. It was analysed for

{ RuBr, (Me,50), /. Yield, 0.35g (75%).

Reaction of Z_RuBr3(Mest)3_7

(1) With triphenylphosphine and triphenylarsine

(a) To a solutjon of ZPRuBr3(MeZSO)3;7 (0e3g, 045 mmol)
in ethanol (10 cm3), triphenylphosphine or triphenylarsine
(0e4 to 045g, 1.5 mmol) in ethanol (10 cm>) was added and
stirred at room temperature for 3 h. Dark purple compound
separated out. It was centrifuged, washed with little ethanol
and then with ether and dried in vacuo. The compound was

analysed for [fRuBr3(MPh3)2(Me280);7 (M = P or As).

(b) A reaction similar to above (a) was carried out
under refluxing condition of the solvent, when szuBr3(MPh3)3_7

(M = P or As) was obtained,

(ii) wWith pyridine

(a) To a clear solution of ATRuBrB(Me280)3_7 (0e3g) in
toluene (10 cm;), pyridine (0.5 cm3) was added and stirred at
room temperature for 1 h. The solution was cooled to 0°C for
2=3 h, when violet compound separated out, It was centrifuged,
washed with ether and dried in vacuo. The compound was analysed

for [/ RuBr, (py) (Me,S0),_/. Yield, 0.24g (80%).
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(b) A reaction similar to (a) above., using methanol as
solvent was carried out where solution was refluxed for 1 h.
Light brown crystals separated out and collected as in (a)

above., It was analysed for eruBr3(py)3_7- Yield 0.25g (83%).

(c) A reaction similar to (a) above, using methanol as
solvent with excess pyridine (~5 cm3) was refluxed for 3 h.

Dark brown crystals separated out and collected as above. It

was analysed for AfRuBr2(py)4r;{ Yield, 0.2g (66%).

(1ii) With 2-methyl pyridine

2-methyl pyridine (0.5 cm®) was added to ZfRuBr3(MeZSO)3_7
(0e3g) and the mixture was warmed on a water-bath for 30 min
to get a clear solution. It was cooled and diethyl ether was
added to precipitate a green compound, It was centrifuged,
washed with ether and dried in vacuo and was analysed for

[ RuBr, (C.H_N) (Me,S0), 7. vield, 0.22g (73%).

(iv) With 2,2'-bipyridyl

[ RuBr, (Me,50),_/ (0.3g, 0.5 mmol) was dissolved in
ethanol (20 cm>), to which 2,2'=bipyridyl (0.lg, 0.6 mmol)
was added and refluxed on a water bath for 10 min. The solution
was concentrated to small volume ( ~ 5 cm3) when crystalline
compound separated out. It was centrifuged, washed first with

ethanol and then with diethyl ether and dried in vacuo. It

was analysed for ZfRuBr3(bipy)(Me280)_/, Yield, 0.18g (60%).



76

(v) With o-phenylenediamine

(a) To a clear solution of [?RuBr3(MeZSO)3_7 (0e3g, 0.5 mmol)
in toluene (10 cm3), o=-phenylenediamine (0.12g, 1 mmol) was
added. The mixture was warmed on water bath for 10 min. Reddish
brown compound separated, which was centrifuged, washed with
ethanol-~ether mixture and dried in vacuo. It was analysed for

/[ RuBr, (FD2) (Me,S50), /. Yield, 0.2g ( 74%).

(b) A reaction similar to (a) above was carried out by
taking / RuBr, (Me,S0), / and PDA in molar ratio 1:1, when a
dark red compound separated out, The compound is soluble in
most of the organic solvents. It was washed carefully with a

small quantity of ethanol and dried in vacuo. It was analysed

for Z—RuBrZ(PDA)Z(Me250)2_7Br. Yield, 0.3g, (80%).

(vi) With sodium diethvl dithiocarbamate

(a) To a clear solution of ZfRuBr3(Me280)3_7 (0.3g,

0.5 mmol) in toluene (15 cm>) sodium diethyldithiocarbamate
(0e12g, 0.5 mmol) was added and the mixture was refluxed on
an oil-bath for 30 min (110-15°C). The solution was cooled,
centrifuged and concentrated to small volume ( ~5 cm3) on
water bath. Petroleum ether (60-100°C) was added when brown
complex precipitated. The mixture was cooled to 0°C for 6 he
It was centrifuged, washed with ether and dried in vacuo. The
compound was analysed for [FRu(Et

2NC82)(MeZSO)zBr2_/.
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(b) A reaction similar to the above (a) was carried out by
taking ZTRuBrB(Me280)3_7 and sodium diethyldithiocarbamate in
the molar ratio (1:3) and refluxing the solution for 2h. The

compound obtained was analysed for é’hu(EtzNC82)3_7.

(vii) wWith carbon disulphide and trivhenylphosphine

To a clear solution of / RuBr3(MeZSO)3_7 (043g, 0.5 mmol)
in carbon disulphide (20 cm3), triphenylphosphine (0.4g, 1.5 mmol)
was added and refluxed for 1 h. Dark reddish brown crystals
separated. It was cooled, centrifuged, washed with ether and

dried in vacuo. The compound was analysed for éfRuBrz(CSZ)(PPh3)3_73n

(viii) With acetvlacetone

A solution of kauBrB(Me280)3_7 (0.3g) was made in toluene
(20 em’). Acetylacetone (0.5 cm®) and triethylamine (0.5 cm®)
were added to the solution and refluxed in an oil bath for 2 he.
The solution was cooled, filtered and concentrated slowly to
about 2 cm3. Light petroleum ether (40-60°C) was added to preci-
pitate a purple compound. It was centrifuged, washed with ether

and dried in vacuo., The compound was analysed for ZTRu(acac)3_7.

Reactions of ATRuBrz(Me280)3_7

(i) With triphenylphosphine

(a) To a solution of Z_RuBrz(Me280)3_7 (0e2g) in methanol

(10 cm3), a solution of PPh3(O.2g) in methanol (5 cm’) was added
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and the mixture was stirred at room temperature for 2 h. A
reddish brown compound separated out., It was centrifuged, washed
with ether and dried in wvacuo. The compound was analysed for

/ RuBr, (PPh,) , 7. ¥ield 0.45g (85%).

(b) A reaction similar to the above reaction (a) was
carried out, where the solution was refluxed for 10 min. When

a compound, same as in reaction (a) separated out.

(ii) With pyridine

(a) Pyridine (0.5 cm>) was added to a solution of
Z~RuBr2(MeZSO)3_7 (0.2g) in methanol (10 om®) and the mixture
was stirred at room temperature for 3 h. A yellow compound
separated out which was isolated as in above (i). The compound
was analysed for the composition, / RuBrz(py)z(Mest)z_/.

Yield 0.2g (90%).

(b) Pyridine (0.5 cm®) was added to a solution Of
/ RuBr, (Me,50),_7 (0.2g) in methanol (10 cm®) and the solution
was refluxed for 1 h. The solution on concentration ( ~ 5 cm°)
and cooling to room temperature, resulted in the separationof a
brown crystalline compound of the composition, LTRuBrz(py)4_7.
This was centrifuged, washed with methanol and then with diethyl

ether and dried in vacuo. Yield 0.18g (85%).
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(1ii) wWith 1,10-phenanthroline

(a) Z_RuBrz(Mest)3_7 (0.2g) was dissolved in methanol
(10 em®) and a solution Of 1,10=-phenanthroline (0.12g) in
methanol (5 cm>) was added to it. The solution was stirred at
room temperature for 10 min. Dark yellow coloured compound
separated out, This was centrifuged, washed with methanol and
ether and dried in vacuo. The compound was analysed for

£ RuBr, (phen) (Me,50), /. ¥ield 0.16g (68%).

(b) A reaction similar to (a) above with excess of
1,10-phenanthroline (0.,24g) was carried out by refluxing on a
water-bath for 1 h. Dark orange solution was obtained which was
concentrated to small volume (~2 cm3). Diethyl ether was added
to precipitate a dark orange coloured compound. It was centri-
fuged, washed with methanol and then with diethyl ether and
dried in vacuo. The coﬁpound was analysed for zrhu(phen)zBr2_7.

Yield 0.18g (~70%).

(iv) With 2,2'-bipyridyl

To a solution of [tRuBrz(Me250)3_7, (0e2g) in methanol
(10 cm3), 2,2'=bipyridyl (0.lg) in methanol (5 cm’) was added
and the mixture was stirred at room~temperature for 2 h. The
volume of the solution was reduced (~1 cm3), at room temperature,
and diethyl ether was added to precipitate a dark brown coloured

compound. The compound was centrifuged, washed with methanol
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followed by diethyl ether and dried in vacuo. The compound was

analysed for nguBrgbipy)(Me2s0)2;7. Yield 0,169 (70%).

(b) A reaction similar to the above, was carried out by
taking nguBrz(Me2so)3d7 and 2,2'~bipyridyl in the molar ratio
1:2, and refluxing on a water-bath for 2 h. The orange coloured
compound was precipitated by adding diethyl ether to concentrated

3 . . = ,

(-2 cm”) solution. Tt was analysed for / Ru(bipy),Br, /. Yield

0.15g (~65%).

RESULTS AND DISCUSSION

The only reported bromide complex containing dimethyl-
sulphoxide ligand is ZTRuBrZ(MeZSO)4 —.2'12-14 We report here,
two new complexes, viz. [TRuBrS(MeZSO)3;7 and / RuBr, (Me,S0) -/,

a ruthenium(III) and ruthenium(II) complex respectively.

£ RuBr, (Me,S0),_/

The analytical data (Table IV.2) of a dark violet
compound, obtained by treating ruthenium trichloride with
dimethylsulphoxide in presence of lithium bromide and hydrogen
bromide conform to the composition Z_RuBr3(Me250)3_7. It showed
very low molar conductance ( 5 0" lem®mol™) in acetonitrile
conforming all covalently bonded bromide. The IR spectrum of
the compound (Fig. IV.1l) throws light on the nature of coordi-

nation of Me, SO with ruthenium. The spectrum showed a band of

2



Table IV,2 Some analytical and physical data of some Ruthenium(IIT)

and Ruthenium(II) bromo complexes

Analysis® (%)

3 1 ) i
] ] 1] [ ]
1 ] 1] ]
: ' MoP. |} Conduc-— ' at
Compounds ; Colour | , - T % : ! . : f{eff
! ! c ! h H ' ; cance 1n M RT (BM)
: - 1o ' H ' N ) Br ! =1 2 -1 -
1 : 1] ] ] 1 :ﬁ cm mOl [}
] L 1 ) ] 1 1 1
1. /RuBr, (Me_SO). 7 Dark 250  12.4 3.0 - 40.8 sb 2.1
3 VRV 3 :
violet (12.5) (3.1) (41.7)
2. / RuBr, (py),_/ Light 31.1 3,0 740 41.1 3¢ -
3. éfRuBr3(py)(Mezso)2_7 Violet 140 19,0 3.0 2.3 - - 2,0
(18.8) (3.0) (2.4)
4e / RuBr3(Mefpy)(Me280)2~/ Green  180-185 19,5 3.0 264 - - 1,02
(19.4) (3.1)  (2.3)
5. /Ru(bipy) (e,80)Br, 7  Dark 240  25.2 2.5 4.5 - 10° -
brown (25.0) (2.4) (4,9)
6. / RuBr, (PDA), (Me,S0),7Br Reddish 190-195 27.2 3.8 7.6 - 128° -
2 o Wepetiy
brown (27.0) (3.9) (7.8)

Table IV,2 continued..e.
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Table IV,2 continued

! : : - : :
' ' ' Analysis® (%) ' H .
\ ' ' ' - t
Compound i Colour ¢ MeP. L : ; . - Conduc ' /leff s
] 1 ] ] 1 1 o 3 1
; e t ¢ i H ! N | Bp j 2099 n RT (BM)
: : : L : L 0" lenmo1
1} ! [ . 1 I 1 [} 1
7. [ RuBr, (PDA) (Me,S0) , 7 Light 200-205 22.9 4.0 5.1 &2 D
pink (22.8) (3.8) (5,3)
— b
8. / Ru(Et NCS_) (Me,SO) Br, / Brown 250 18e7  3e4 2.7 245
22 e (19.1) (3.9) (2.5)
9. /RuBr, (CS,) (PPh,). 7Br  Reddish 195-200  54.7 3.7 = 1120 1.65
. 24772 3’3 ° . c *
brown (54.9) (3.7) 80
10. /[ RuBr, (Me,50),_7 Yellow 220-225  14.3 3.5 31.8 g° D
(14.5) (3.6) (32.3)
11. /[ RuBr, (py) , % ,S0), / Dark 185-190(d) 29.0 3.5 4.6 5P D
yellow (29.2) (3.8) (4.,9)
12. /[ RuBr, (phen) (Me,S0)y 7 Yellow 230-235(d) 31.8 3.0 4.3 g° D
. (32.1) (3.3) (4,7)

Table IV.2 continued
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Table IV, 2 continued

] 1 [ ] ]
] 1 ! ] '
1 ] 1 1 H
' ' ' Analysis® (%) t  Conduc- Mg at
Compound | Colour | M,P, : ; 7 7 ‘ . '
! . ! | o po_Jence dn 1 R (aM)
i ; C : C : H ,. N : Br :_D_-lcmzmol_ ;
! ] L 1 1 ] [ —
13. / RuBr, (bipy) (Me_SO),_7 Dark 200=-205 (@) 2940 3.0 4,5 3® D
2 27772
brown (29.3) (3.5) (4.9)
~ b
14. [/ RuBr, (phen), / Dark _ 45.8 2.4 8.6 10
Orange (46.3) (2.6) (9.0)
15. /RuBr, (bipy), 7 Orange ~ 41.4 2.5 9.3 12P

(41.9) (2.8) (92.8)

a, Calculated values are in parentheses
b, in acetonitrile; ¢, in chloroform;

d, decomposes g D, diamagnetic

€8



Table IV.3 Important IR and electronic absorption bands of Ruthenium(III)
and Ruthenium(II) complexes containing Me, SO and other ligands
1 1
1 1
: ! Electronic absorption bands )\ in
: IR : ) max
Compounds : : nm (€ max
i bandsin L .
1 1 ]
1 - 1 ]
: om~t : CH,CN : CHC1,
] 1 i
£ RuBr, (Me,S0),_/ 1030m-s, 970s, 602(1150) 620(1200)
468m, 295w 520(2900) 540 (2300)
490 (2500) 500(2150)
395( 950) 395 ( 800)
/ RuBr, (py) (Me,S0),_/ 965m, 447w, - 588 (1270)
292w, 245w 526 (1700)
476 (2900)
400( 950)
/ RuBr, (Me~py) (Me,S0),_/ 990s,  970s, 440( 990) -
4'78m,

Table IV.3 continued
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Table IV,3 continued

Electronic absorption bands

A inom (€ )

L] ]
1 [}
: 1
i IR E max ax
1 1
Compound : bands in ' ]
] t ]
1 _1 ] T
5 cm E CH,CN i CHCL,
L 1 /]
/ RuBr, (bipy) (Me,50)_7 970s, 479m-s, 570 ( 700) 575 (1050)
' 458, 292w, 500 (2500) 500 (2600)
275w 425 (1800) 481 (2750)
420 sh
£ RuBr, (PDA), (Me,S0),_/Br 1120s - 495
[ Ru (8t NCS,) (Me,S0) ,Br, /  1080s, 1530m-s - 465 (1350)
/ Ru(cs,) (PPh,) Br, /Br 1510m~-s 656 ( 210) 510 (3900)
485 (2850) 390 (1850)
/ RuBr, (Me,80) ,_/ 1097s, 1030m 365 ( 330)

423m, 247w

[ RuBr, (PDA) (Me,S0) ,_7 1130s

220 (37000)

Table IV.3 continuede...
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Table IVe3 continued

] ]
] ]
]
! - EElectronic absorption bands ,Anﬁx in nm ( €:max)
t 1 =
1 )
Compounds : bands in : 7

t - I 1
: om 1 : CH3CN : CHCl3
I 1 ]

£ RuBr, (py), Me,50),_/ 1180s, 1060s

£ RuBr, (phen) (Me,S0),_/ 1075s, 1060s

425m
[ RuBr, (bipy) (Me,S0),_7/ 1080s, 1060s

s, strong;
m, medium;

w, weak

98
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medium intensity at 1030 em™t and a strong band at 970 cm L.

The former can be assigned to Fr(CH), whereas the latter to
N 1
S5=0

295 cm

(O=bonded) of the MeZSO groups. 3 Bands at 468 cm ~ and

1 36,37

in the far IR region may be assigned to Ru~0

and‘o 8 respectively. The room temperature magnetic moment

Ru~-Br
value of the complex (fieff) observed, was 2,1 B M., confirming

5 Ru(III) system. The room tempera=-

the presence of a low-spin d
ture EPR measurement of the compound in the powder form showed
a broad signal at g = 2.2, A frozen solution EPR spectrum in
dichloromethane at liquid nitrogen temperature also showed a
broad signal at g = 2.12 which means that the symmetry around
ruthenium (IIT) is close to that of a cubical one, which is

possible if one assumes that the O-bonded Me,SO groups and the

2
bromides have similar ligand fields. With these information,
it is not possible to clearly assign a facial or a meridional
geometry to the complex., With the help of above measurements
it is inferred that ZFRuBr3(MeZSO£;7 is the first example of
ruthenium complex containing bromide and dimethylsulphoxide

having all three O=bonded Me,SO groups. Other reported ccmpounds

2
viz., two isomers of / RuBr, (Me,S0), / have either completely
S-bonded12 or both S-= and O—bonded13 Me.SO groups.

2
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Reactions of/RuBr, (Me,S0), 7

With Phosphorus and Arsenic donor ligands

Reactions of ZfRuBr3(Me280)3_7 with triphenylphosphine or
triphenylarsine gave either complete or partial substitution of
dimethylsulphoxide depending on the reaction conditions.
Reactions at room temperature resulted in the formation of
érRuBr3(MPh3)2(MeZSO)_7 (M = P or As) whereas at refluxing
condition of ethanol yielded completely substituted complexes,
viz. [ RuBr, (MPh;), /. The IR spectra of / RuBry (MPh,), /

(M = P or As) showed all absorption bands characteristics of
« No band characteristic of S~ or O~bonded Me,SO

3 2
were observed. For / RuBr, (MPh,),(Me,SO)_/ all the bands due to

PPh3 or AsPh

PPh., or AsPh, and one band of medium intensity at 975 cm-l was

3 3

observed, which could be assigned to V of O=bonded Me_,SO

S=0 2
group.12 Similar compounds were reported by the reaction of

- - . . . i2
£ RuBr, (MPh,), (MeOH)_/ (M = P or As) with dimethylsulphoxide.

With Sulphur and Oxygen donor ligands

Reactions of / RuBr,(Me,SO), / with sodium diethyl dithio-
carbamate in the molar ratio 1:1 resulted in the partial substi-
tution of MeZSO leading to the formation of a non-electrolyte

2m01 -1 ) .

~ -~ -1
complex / RuBr, (Et,NCS,) (Me,S0),_7 (/\M = 245 ) “cm
However, a reaction in the molar ratio 1:3 resulted in the

complete substitution of Mest and bromide leading to
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o =7 39, 40 - . -
[ Ru(Et,NCS,),_7. The IR spectrum of / RuBr, (Et,NCS,) (Me

1

550) 5

(Fig IV.2) showed strong bands at 1080 cm ~ and 1530 cmﬁl,

besides all other bands due to diethyl dithiocarbamate. The

former may be assigned to‘O (S=bonded) of the Me,SO group

S=0 2
whereas the latter one to CN of a chelating diethyl dithio~

carbamate group. 'Q N for unidentate diethyl dithiocarbamate

"1) .41

C

group is generally observed at a lower frequency (1470 cm
Hence ZTRuBrZ(EtZNcsz)(MeZSO)z_/ is expected to have six coordi=-

nation having a chelating diethyl dithiocarbamate group.

A reaction of / RuBr, (Me,S0), / with PPh, in carbon

disulphide medium resulted in the formation of

zrhuBrz(CSZ)(PPh3)3_7 Br. However, CS. did not react and coordi-

2
nate to the metal if PPh3 was not used, and the starting compound

was isolated. The compound, / RuBrz(Csz)(PPh3)3;7%r showed a

2 -1 N . .
mol in acetonitrile, which is

molar conductance of 112 - "lem
close to the 1:1 electrolytic behaviour of the compound, The IR
spectrum showed a band of strong intensity at 1510 cm-1 besides
all bands due to PPhB. The absorption at 1510 cm"'1 may be assigned
to a linearly bonded CS, group to the metal,t? The /(eff_ff the
complex at room temperature was 1l.65 B M., which is close to the
value for one unpaired electron in a low-spin d5 octahedral

complexes of ruthenium(III),

A reaction of ZTRuBr3(MeZSO)3_7 with acetylacetone resulted

in the complete substitution of the bromo and Me,SO groups leading

2
to the formation of thu(acac)3_7. In this case no partial substi-
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tution product could be isolated as in the case of the chloro-
analogues, reported in Chapter ITII, ZFRu(acac)3_7 showed IR

absorptions at 1560 and 1515 cm"1 which are characteristics of
chelating O~bonded acetylacetonate group, assigned to’o (C=2=20)
and'o (cz==C) respectively?slt is the same compound as reported

by Endo et §;.42 An attempt to substitute Me, SO in

2

/ RuBr; (Me,S0) ; 7 with OPPh, was unsuccessful and

3
Z_RuBrs(MeZSO)3_7 was recovered after the reaction.

With Nitrogen donor ligands

Pyridine : Reaction of / RuBrj (Me,S0), / with pyridine
at room temperature yvielded a dark violet compound of the

composition Z_RuBr3(py)(Me280)2_7 where only one Me,SO molecule

2
was substituted by pyridine. The IR spectrum showed a band at

965 cm™t which could be assigned toV (O-bonded) and a band

S=0
at 447 cm-1 could be due to‘o Ru=0° Begides these, characteristic

1

bands due to pyridine were also observed. Bands at 292 cm © and

245 cm-l may be assigned to ¥ ¢ The room temperature magne-

Ru-Br
tic moment value, ‘ﬂ%ff, was 20 B M , thereby confirming the
oxidation state of ruthenium as 3+. Dimethylsulphoxide groups in

ZfRuBr3(py)(Me280)2_7 are O-bonded as in the parent compound,

Complete substitution of Mest molecules took place when
slightly stronger reaction condition was employed, leading to
the formation of a brown crystalline compound of the composition

ZfRuBr3(py)3_7. The IR spectrum of the compound showed all the
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bands due to pyridine. The room temperature EPR spectrum

(Fig IV.3) of the compound in powder form showed two signals
corresponding to g values 2.65 and 1.,95. If, one presumes a
facial type of structure for / RuBrB(py)3_/ with a C,  symmetry,

two g values can be explained.43

Reaction of ZFRuBr3(Me280)3_7 with pyridine under much
stronger condition (large excess of pyridine and refluxing for
longer time) resulted in the formation of ZfRuBrz(py)A;7.

Besides complete substitution of Me, SO, reduction of

2
ruthenium(IIX) to ruthenium(II) was also achieved., The far IR

spectrum of this compound in the region 500-250 cm"1 is super=-

imposable with that of trans Z_RuBrz(py)4_7 reported by Raichart

31 1

and Taube, The "H NMR spectrum of the compound in CDCl, showed

3
a doublet at é)8.73 and triplets at 8 763 and 57.04, similar
to trans éfRuBrZ(py)4_7, reported earlier.31 szuBrz(py)4_7,

obtained from ZfRuBrs(MeZSO)3_7, thus, has a trans geometry.

2=Methyl pyridine : A reaction of Z_RuBr3(MeZSO)3_7 with

2=-methyl pyridine on slight warming gave a dark green compound

of the composition, ZfRuBr3(Meﬁpy)(Me250)2_7. The IR spectrum

of the compound showed strong bands at 990 ard 970 cm'-l

characteristic of V (O-bonded) of the Me,SO groups. A band

S=0
- \)
at 478 cm T may be due to

2

Ru=0° The room temperature magnetic

moment value, /Leff was 1.92 B- M., thereby confirming the oxida=-

tion state of ruthenium as 3+. The partially substituted product
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with 2-methyl pyridine is similar to that of pyridine reaction.
Attempts to obtain completely substituted product were un-

successful.

2,2'-bipyridyl : A reaction of éfRuBr3(Mest)3_7, with
2,2'-bipyridyl (1:1 ratio) results in a partially substituted
complex of the composition ZfRu(bipy)(MeZSO)Br3;7. Conductivity
measurements in acetonitrile showed negligible molar conductance
thereby confirming the covalent bonding of all bromide ligands.
The IR spectrum showed a strong band at 970 cm_l assigned to

‘0

=g °Ff the O-bonded Mezso groupse. All the bands due to bipy-~

ridyl are also present. Besides, weak bands at 479 and 458 cm-l
may be due to‘o Ru~0 and bands at 292 and 275 c:m_1 due to
v » Room temperature EPR spectrum of the powdered sample

Ru=Br

showed a broad signal at g = 2.19, which is indicative of one

unpaired electron in a low-spin d5 ruthenium (III) complex.

o-phenylenediamine : Reaction of / RuBr, (Me,S0), / with

o-phenylenediamine in the molar ratio l:1 resulted in the
formation of a reddish brown compound of the composition,

érRuBrz(PDA)z(Me280)2_7Br. The conductance measurement in

acetonitrile showed a molar conductance value of 128_Oflcm2mol—

1
¢
thereby confirming the 1:1 electrolytic nature of the complex.
IR spectrum showed one strong band at 1120 cm ! besides all
other bands due to g-phehylenediamine, which may be assigned to

V 4_g of S-bonded Me

3 SO groups. EPR spectrum of the complex in

2
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the powder form at room temperature showed a broad signal at
g = 2460 which may confirm the 3+ nature of ruthenium in this

complex.

When a reaction of / RuBr,(Me,SO); / with g-phenylene-
diamine in the molar ratio 1:2 was carried out, reduction of
ruthenium (III) to ruthenium(II) took place leading to the

formation of a complex of the composition Z_RuBrz(PDA)(MGZSO)2_7.

Very low value of molar conductance (6 Jlflcmzmol-l) in aceto=-

nitrile confirms that bromide is covalently bonded in the complex.
It is a diamagnetic compound confirming its oxidation state as
2+, The IR spectrum showed a strong band at 1130 cm-1 which may

be assigned tO'Q (s=bonded). There was no band of appreciable

S=0

intensity in the region 1000-900 cm_'1 which confirms the absence

. o 1 5
of O-bonded Me,SO groups. ~H NMR spectrum of / RuBr, (PDA) (Me,SO),_/

in (CD3)ZSO (Fig. IV.4) showed two broad singlets at § 7.4 and

5 7.2, One singlet at § 6.2 and a sharp singlet at § 3.3. The

1 ] : . J
H NMR spectrum of ZFRuBrZ(PDA)(Me280)2_7 is similar to that of

ZTRuClZ(PDA)(MeZSO)2_7, described in Chapter III, Besides the

1

features of the "H NMR spectrum discussed in Chapter III, the

ratio of proton area under the curve at 8 6.2 and under the
curve at § 7.4 and § 7.2 (taken together) is 1:1, which confirms

that the number of amino protons and the aromatic protons are

same, l.8e four in each case. On the basis of IR and 1H NMR

results a structure with the two S-bonded Me, SO groups in the

2

trans position, the two bromide ligands in the c¢is positions and
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the two amino groups of PDA in the cis positions is

proposed.

ATRuBrZ(MeZSO)3_7

The analytical data (Table IV.2) of a yellow compound
obtained by the reaction of ruthenium trichloride with lithium
bromide and dimethylsulphoxide in ethanol medium conforms to the
conposition éfkuBrZ(MeZSO)3_7. The compound is diamagnetic,
thereby confirming it to be a a8 low~spin ruthenium(II) complex.
The IR spectrum (Fig IV,5) showed a strong absorption band at

(S-bonded).3 Bands

36,37
Ru~S

respectively. There was no strong absorption in the

1097 em™t which could be assigned to V S=0

at 423 cm™t and 245 cm™t may be assigned to and

\) Ru~Br
region 1000-900 cm-'1 indicative of the absence of any O-bonded

MeZSO groups. The 1H NMR spectrum of a freshly prepared solution

- < - _
of / RuBr, (Me,S0), / in (CD3)ZSO showed a sharp signal at & 3.3

which is weak field by S 0.7 from free Me, SO ( 8 2.6) indicative

3,7

2

of S~bonded Me,SO groupse. The other signal observed is at

2
8 2.6 which could be due to the residual protons of (CD3)2SO.

There are no signals in the range & 2.6 to 3.3 indicative of the

absence of O=bonded MeZSO groups, further, signal at § 3.3 is a

sharp singlet indicative of all the three MeZSO groups in equi-~
valent positions7 which is possible only if the structure is a

trigonal bipyrimidal with the three Me,SO groups in the eguato-

2
rial positions and the two bromides in the axial positions. The

1y wr spectrum of ZTEuBrz(Me 80)3_7 in (CD3)2SO after keeping

2
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the solution for 100 h at room temperature or by warming on
water bath for 3 h; does not show any change with respect to the
spectrum of a freshly prepared solution. The intensity of the
signal at S 3.3 is practically not reduced., This shows that an
exchange oOf (CH3)ZSO molecules coordinated to the metal, with
the solvent (CD3)ZSO molecules, does not take place under the

conditions mentioned above,

Some preliminary reactions were carried out to examine
the potentiality of / RuBr, (Me,S0), / as precursor for the
synthesis of ruthenium(II) bromo complexes. Reactions carried
out at room temperature in methanol, resulted in partial or

complete substitution of Me,SO groups. Reaction of

2

Z’RuBrz(MeZSO)}~7 with PPh, at room temperature or by refluxing

3
in methanol resulted in a completely substituted (MeZSO) compound .

The product, has a composition érRuBrz(PPh3)4;7. The IR spectrum

clearly showed the presence of PPh, and absence of any Me,SO

3 2
group. The compound is same as reported by Stephenson and
Wilkinson.18

Reactions of Z’RuBrz(MeZSO)3_7 with ligands like pyridine,
1,10=-phenanthroline and 2,2'-bipyridyl at room temperature led
to partially substituted compounds having composition,

[RuBr2 (py) , (Me,50) 2_7 or / RuBr, (L-L) (Me,S0),_/, (L-L = phen
or bipy). The molar conductance values of these compounds was

2 1

found to be 5—12.0rlcm mol ~ which indicate the covalent nature
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of bromides. The IR spectra of these compounds clearly showed the

presence of S-bonded Me, SO molecules, besides the presence of

2

respective amines. Two strong absorption bands in the region
1080-1060 cm.1 were observed for these complexes which could be

assigned to‘O S0 of S~=bonded Mezso groupse. A band of medium
1

intensity at 425 cm ~ in case of é’RuBrz(phen)(Me2SO)2_7 could

be assigned toV . Reactions of ZfRuBrz(MeZSO)3_7 with

Ru=S
pyridine, 1,10=-phenanthroline and 2,2'-bipyridyl carried out by
refluxing in methanol resulted in the complete substitution of
MeZSO molecules by the ligands. The compounds, thus obtained,

were analysed for the composition, / RuBr,(py), / or / RuBr, (I-L.)
(L-L = phen or bipy). The IR spectra of these compounds showed

no characteristic absorption in the region where V s for

O
S~bonded or O-bonded Me,.SO could be observed,

2 )
The presence of S-bonded MeZSO molecules in case of
partially substituted compounds and absence of any MeZSO

molecules in case of completely substituted compounds, was further
confirmed with the help of 1H NMR spectra. lH NMR spectrum of

/ RuBr, (py) , 7 in CDCl, showed a doublet at § 8,74 and two
triplets at § 7.63 and & 7.06 and no signal was observed in the
region $ 2-4, absence of any signal in the region § 2~4, confirms
the absence of any Mest molecules. Presence of two triplets and
one doublet in the region § 7=9 is due to the pyridine molecules

in trans ZT_RuBrZ(py)4_7.31 The TH NMR spectrum of
Fig.IV.6 )

ZFRuBrz(py)z(Me280)2;7 in CDCl3/ghowed a sharp singlet at & 3.44,
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two triplets at 5)7.2 and & 7.75, and one doublet at 8§9.12. The
singlet at 8 3e44 could be assigned due to the methyl protons of
S=bonded Mezso molecules. The pattern of the signals in the
region § 7.20 - 9.12 is characteristic where the pyridine
molecules are coordinated in the trans positions.31 Further,
only one sharp signal at 8§ 3.44 is indicative that the two Me2SO
molecules are in equivalent environments, which is possible only
if a trans structure for‘ZTRuBrz(py)z(Me2SO)2_7 is envisaged.
The ratio of the areas of the signals due to the protons of the
pyridine and Mezso is 5:6, thereby confirming the presence of

equal number of pyridine and Me,.SO molecules in the complex.

2
The TH NMR spectrum of / Ru(bipy) 213::2_7 in (CD3)2SO

(Fig IV.7(a)) showed a doublet at § 895, a triplet at § 8.18

and a multiplet (an asymmetrical quintet) at 5 7.70 and no

signals in the region 5 2=4, Signals in the region 5745 = 9,0

are characteristic of aromatic protons of 2,2'=bipyridyl. The

structure proposed for ZfRu(bipy)zBr2_7, on the basis of 1H

NMR is a trans one. For trans isomer, the four pyridine rings

of the two bipyridyl molecules ha&e equivalent environments,

whereas for the ¢is isomer, the pyridine of each ligand are

inequivalent, but each is equivalent to one pyridine ring of the

other bipyridyl. Thus the aromatic region in the spectrum of

the trans isomer should contain four multiplets, while that of

the cis isomers should consists of signals from eight distin-

guishable hydrogens.44 The spectrum of éfku(bipy)2Br2_7'has one
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doublet, one triplet and one asymmetrical quintet (may be due
to the combination of a doublet and a triplet), thus, in all

four multiplets as expected for trans Z~Ru(bipy)2Br2_7. The

1

H NMR spectrum oOf ZFRu(phen)zBr2_7-in CD,.CN (Fig Iv,7(b))

3
showed a doublet at O 8.65, a singlet at §8.28, a doublet at

S 8.67 and a gquartet at § 7.67. The presence of four sets of
signals in the aromatic region for 1,10-phenanthroline is expected
only for a trans isomer similar to that of trans ZFRu(bipy)zBr2_7
discussed above. Hence a trans geometry for / Ru(phen),Br, /

is also proposed.

1

The “H NMR spectrum of éfRu(bipy)(MeZSO)zBr2_7 in (CD,) S0,

showed a sharp singlet at 8 3.30 and multiplets at S 7.66,
5 8.12, & 3.66 and 8 9.82. The signal at & 3.30 could be assigned

due to the methyl protons of S-bonded Me,SO molecules. The

2

spectrum in the aromatic region is not well resolved. However,
the signals in the region § 7.5 - 10, could be assigned due to
the pfotons of bipyridyl. The ratio of the area under the signals
in the aromatic region to the area of the signal at $3.30 is

2:3, corresponding to 8 protons due to one bipyridyl molecule :

1

12 protons due to two Me.SO molecules in the complex. The "H

2

NMR spectrum of éfRu(phen)(MeZSO)zBr2i7 in CD,CN, showed a sharp

3
singlet at & 3.7, a singlet at & 8,03, a doublet at & 8.50,
another doublet at & 10.1, and few weak signals in the region

§ 7.6 - 8. The singlet at & 3.7 could be assigned due to the
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H NMR spectral data of some Ruthenium(II) complexes

] ]
[} ]
Compounds ' § (ppm) | Solvent
i s
/ RuBr,, (PDA) (Me,S0) ,_/ 3435, 6425, 7428, Te4s (cD,) 80
trans / RuBr, (py), 7/ 7.04t, 7.63t, 8.73d cncl,
/ RuBr, (Me,S0,) , 7 3438 (0,) ,50
trans / RuBr, (py), (Me,S0),_/ 3.44s, 7.2t, 7.75t, CDCL,
9.12d
/ RuBr, (bipy) (Me,S0), 7/ 3435, 7.66m, 8.12m, (cD,) 80
8.66m, 9¢82m
ZTRuBrZ(phen)(MeZSO)2_7 3.7s, (7.6-8)m, CDBCN
8.03s, 8.5d, 10.1d
trans AFRu(bipy)zBr2_7 7.7m, 8.18t, 8,954 (CD3)ZSO
trans thu(phen)23r2_7 7.75q, 8.07d, 8.39s, (cp4) ,80
8.82d
7.67q, 8407d CD,CN

8.28s, 8.65d

s, singlet;
d, quartet;

d, doublet:
m, rultiplet

t, triplet
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methyl protons of S-bonded Me,SO molecules and all the signals

2
in the aromatic region (between 5 7.6 = 10,1) due to the protons
of 1,10-phenanthroline. Further, the ratio of the areas under
the signal at 8 3.7 and the signals in the aromatic region

confirm the composition of the complex as

/ Ru (phen) (Me,80) ,Br,_/.

Electronic Spectra

Electronic spectral data of new ruthenium(III) complexes
are given in Table IV.3. The spectra shows similar features in
chloroform and acetonitrile solutions. Generally, all ruthe-
nium(ITI) complexes have two absorptions around 400 nm and
500 nm with molar extinction coefficients of the order of 10°,
High value of € for all these complexes is suggestive of a
greater contribution due to charge-transfer rather than d-d
transitions. In some cases, one band at lower f£requency with
slightly lower € value is also observed, viz for
[RuBr3 (bipy) (MeZSO)J at 570 nm ( € = 700) and for
/ Ru(CS,) (PPh,) ;Br, /Br at 656 nm (€ = 210). These bands may
2 2 2

T2 to A2, Tl

or 2T2 type) than the charge-transfer. Electronic absorption
bands for ruthenium(III) complexes are similar to other

25,45

have more of d~d character (transitions from

ruthenium (III) complexes, All the ruthenium(III) complexes

described in Table IV.2 have six coordination around ruthenium (ITI).
However, the symmetry is lowered considerably from Oh due to the
presence of two or three different type of ligands, monodentate
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and bidentate ones. Absorption bands with high value of €
for such low symmetry ruthenium(III) complexes, can not be
assigned to d-d transitions alone, which may be obscured by
charge~transfer transitions in those regiOns.45 Tﬁe electronic
spectrum of éfRuBrz(Me280)3_7 in acetonitrile shows one band
at 365 nm with € = 330, If the complex is assumed to have a
trigonal bipyrimidal geometry, it will have a D3h symmetry.
Due to lowering in symmetry the absorptions bands due to d-d
transitions are expected to have slightly higher € values
(102). Thus the band at 365 nm can be assigned to one of the
1 1 1

d-d transitions (1A1 to “A,, "E or 282).46 The other band at

220 nm is due to charge~transfer only.
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CHAPTER - V

SYNTHESIS AND CHARACTERIZATION OF
[ RuI,L, / (E = MeZSS, CH,
AND USE OF / RuI,L, /, (L = Me,SO

and CH3CN) AS PRECURSORS FOR THE

SYNTHESIS OF RUTHENIUM(II) IODO
COMPLEXES

CN or py)

Synthesis and study of the complexes of ruthenium(II)
and ruthenium(III) containing iodide as one of the ligands
and other mono or multidentate ligands has not been carried
out in much detail compared to its chloro analogues. It is
probably due to (i) the non-availability of ruthenium
triiodide commercially and (ii) lack of solubility of
ruthenium triiodide obtained by the metathesis of ruthenium
trichloride and potassium iodide or sodium iodide in non-

coordinating solvents.

The synthesis of ruthenium(II) or ruthenium(III)
complexes containing iodide as one oOf the ligands is achieved
by one of the following methods:

(1) metathesis of the chloro, hydroxo or hydrido groups in

1 -
the complexes to iodo using KI, Nal or HI," 13

(ii) substitution of a ligand L, viz. py or N, in the complex

py iodide, 4716

(iii) reaction of a complex containing oxalato group/groups
with HI,27"1° ana



107

(iv) reaction of ruthenium triiodide (generated in situ
also, by treating ruthenium trichloride and KI, Nal
or HI) with the ligand.2’6’20_22 Table V.1 describes
different preparative methods for the complexes of
ruthenium (III) and ruthenium(II) containing iodide

and other mono or bidentate ligandse.

Among the above mentioned four methods, method (i)
is used most frequently for the synthesis of ruthenium(II)
or ruthenium(III) complexes containing iodide and other
ligands. There are no examples in literature where an iodide
containing ruthenium(II) or ruthenium(III) complex is used
as precursor for the synthesis of iodo complexes by substi-

tuting the coordinated ligand with new ligands.

In the present chapter, attempt has been made to use
ruthenium triiodide as the source material for the synthesis
of ruthenium(II) complexes containing iodo and other ligands,

viz. Me,SO, CH,CN, pyridine or triphenylphosphine,Ruthenium

2 3

trijiodide was dissolved in coordinating solvents, viz.

Me,SO, CH,

sized were characterised and some of them were used as

CN or py for this purpose. Complexes thus synthe-

precursors for the synthesis of other ruthenium(II) complexes

containing iodide as one of the ligands,



Table V.1 Complexes of Ruthenium(III) and Ruthenium(II) containing Iodide and
Other Mono or Bidentate Ligands
31, No Complex Preparation Physical Reference
. properties
1. £ Ru(OH)I(NH,) , /1 / Ru (OH)CL (NH,) ,-/C1l.H,0 + KI + HI 1
24 / RuI, (WH,) /T / Ru(OH)I(NH,) , / + HI 1
- / i -L)C
3. / Ru(L-L) I, / i) [/ Ru(L-L)Cl, / + KI ou ,
(L=L : dmpe, depe) ii)Rm23+IhI+ (L=-L)
4e ZTRu(phen)ZIZ_/ Z—Ru(phen)zclz_/ + NaT UV=VIS 3
5. /[ Rul,(pPh,), / [/ H,Ru(PPhy), 7 + I,(1:2 molar ratio) IR 4
6o / RuHI (PPhy) .-/ / H,Ru(PPh,), / + I, (1:1 molar ratio) IR 4
— H — — —
7e trans / Ru(PPh,H) HI / { RuH, (HPFh,), / + NaI _ . IR 5
H NMR

Table V.1l continued

80T



Table

Vel continued

. Physical
Sl.No Complex Preparation properties Reference
8. Cs, [RuI4 (co)z_/ Cs, / RuCl, (00)2_/ + HI IR 6,7.,8
' Raman
% ¢is / Rui, (CO), / { Ra(CO) H, / + I, IR 9
10. [ RuI,(0as)_/ [ RuCl, (Q2S)_/ + Nal Moo Ay 10
W-vIs
11, [ RuI,(CO), (PPr,Ph), / / RucCl, (Co), (PPr,Ph), /+ Nal . IR 11
H NMR
12. /£ RuHI(CO) (PPr,Ph), / £ RUHCL (CO) (PPr,Ph), /+ NaI . IR 11
H NMR
13. /Ru(Epa), 1. 7 / Ru(Epa) c1, 7 * el pre TV IS, 12
272 2772 =
. g ), 7 g
14. [/ RuI,(P(OPh),), 7 / RuCl, (¢ (OPh) ;) , / + Nal IR 13

Table V,1 continued

60T



Table V.1 continued

. Physical
Sl.No Complex Preparation Properties References
15. [/ Ru(phen)ZI(py)__/'ClO4 cis APRu(phen)z(py)z_/Cl2 + Lil + NaClo, 14
16. ZTRu(bipy)(py)ZI2_7 kau(bipy)(py)4_7 + KI 15
—_ - 1

17, [ Ru(NH,) I /I, - L RuQHy) (N,) /I, + HI IR 16
18.  PhNH, é’RuI4(aniline)2J7 PhNH, Z—Ru(ox)z(aniline)z_/+ HI IR 17

W=VIS

po g
19. cis or trans ZTRuIZ(py)4;7 éfRu(py)4(OX)_/H20 + HI far-IR,

Raman 18

lH,NMR
20, /[ Rul,(en), /I / Ru(0X) (en) ,_// Ru(0X) jen_/+ HI UV-VIS 19
21, [ RuI,(cO), / Rul, + HI + HCOOH IR 647,

i Raman 8

22 [/ Rul,(Me,S0), 7/ Rul, + Me,SO R 20

Table V.l continued

OTT



Table

Vel continued

Sl.No, Complex Preparation g?g;ig:ies References
23, trans Z_Ru(diars)212;7 RuCl, + Nal + diars M 21
24. /[ Rul@iars),I, /(C10,) [ Ru(diars),I, / + HClO, + Br, M 21
25. [/ Rul,(asMePh,), 7/ K, [/ RuCl, (H,0)_7+ KI + AsMePh, 22

2

TTT
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EXPERIMENTAL

Ruthenium trichloride trihydrate was obtained from

Aurora Matthey Ltd., Calcutta. Ruthenium triiodide was

prepared by a modification of the reported rnethods.23-25

Analytical data and other physical measurements, viZe.

R, *

H NMR, EPR, /A{eff etc were obtained as described in
Chapters II and III., Analytical data, melting point and
molar conductance data are presented in Table V.,2. Important
IR and electronic absorption bands are given in Table V.3.

1H NMR spectral data are reported in Table V.4. Iodide was

estimated by the standard method,2® the details of which are

described below.

ESTIMATION OF IODIDE

An accurately weighed amount of the complex was
decomposed by heating with a melt of KNO3 and KOH mixture
(1:8) at around ~800°C. It was cooled and extracted with
distilled water. The solution was acidified with dilute
HNO3 and then made ammoniacal and digested slowly on a
water=bath for about 30 min. It was filtered through a gquan-
titative filter paper. Precipitation of silver iodide was
made by adding a very dilute solution of silver nitrate

( ~ 0,05 M) slowly and with constant stirring to the
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ammoniacal solution, until precipitation was complete. The

solution was made acidic by adding dilute HNO, (1 percent

3
by volume). The solution was digested on a water-bath for
about 15 min. The precipitate was filtered through a pre-
weighed sintered glass (G-4) crucible and was washed with
one percent nitric acid, and finally with a little water.
The crucible with the precipitate was dried in an air-oven

at about 120°C for about 2 h to get constant weight. The

precipitate was weighed as silver iodide,

PREPARATIONS

(i) Ruthenium Iodide, Rul,.xH.O

3 2

To a solution of hydrated ruthenium trichloride (1lg)
in water (20 cm3), hydroiodic acid (5 cm>) and potassium
iodide (5¢g) were added. The reaction mixture was stirred
at room temperature (for 2 h), when a black compound separated
outes The compound was centrifuged, washed 2~3 times with
water, then with acetone and dried in vacuo. (Yield, 1l.7g,
85%). It was analysed for its iodide content., Iodide,

Found: 70.5%, Calcd for RuI3.3H20: T0e1%,

(i1) /Rul, (Me,SO) 4_-_7

Method A : To a suspension of finely powdered

Rul,.xH, O (045g) in acetone (25 cm3), dimethylsulphoxide

3 2
(5 cm3) was added. The mixture was refluxed on a water=bath
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for about 2 he The colour of the solution changed from black
to green and then to brown, and a reddish brown compound
separated out. The compound after centrifugation was washed
successively with acetone and ether. It was dried in vacuo

and was analysed for ZfRuIZ(MeZSO)¢J7. Yield, 0.55g (85%)'

Method B : A mixture of RuI3.xH2

sulphoxide (5 cm°) was refluxed in an oil bath (130-140°C)

O (0¢5g) and dimethyl-

for 5 min, when a clear solution was obtained. The volume was
reduced to 2 cm3, cooled and acetone was added to it with
stirring. The compound separated after 30 min, was obtained

as in method A, Yield, 0,55g, (85%).

(iidi) Z_RuI2(py)4_7

A mixture of finely powdered Rul,.xH.O (0.2g) and

3 2
pyridine (1 cm>) was heated on a water-bath for about 2 h.
A green coloured solution was obtained. Brown crystalline
compound separated from the solution, on cooling. It was
centrifuged, washed with acetone and ether, and dried

in vacuo. It was analysed for [fRuIZ(py)4_Z Yield 0.22qg,

(86%) «
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(iv) /Rul, (CH,CN) 4_-7

A suspension of Rul,exH,O (0e2g) in acetonitrile

3
(10 em®) was refluxed on a water-bath for about 4 h, when

a clear solution was obtained. The solution was concentrated

and cooled to room temperature, when a reddish brown crystal-
line compound separated out, It was centrifuged, washed with

ether and dried in vacuo. The compound was analysed for

[ Rul, (CH,CN) /. ¥ield 0,1dg (74%).

v) /[ Rul, (CHCN), (PPh;), /

To a solution of RuI3.xH2

(20 cm®) triphenylphosphine (0.5g) was added. The mixture

O (0+2g) in acetonitrile

was refluxed for 4 h. A yellow solution was obtained which
on concentration, yielded yellow crystalline compound. The
compound was washed with ether and dried in vacuo. It was
analysed for the composition, / RuIz(CH3CN)2(PPh3)2_/.

Yield 00259' (70%)0

(vi) [Ruzz (cs) (PPh,) ;7

To a suspension of finely powdered Rul,.xH,0 (0e2g)

2
in carbondisulphide (20 cm3), triphenylphosphine (0.5g) was
addeds The mixture was refluxed on a water-=bath for 2 he. It
was kept overnight at room temperature when most of the solvent

evaporated and a brownish-red compound separated out. The
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compound was first washed with water followed by ether and
dried in vacuo. It was analysed for éfRuIz(CS)(PPh3)3;7.

Yield 0,28g (65%) e

- Reactions of [/ Rul, (Me,SO), /

(i) With triphenylphosphine. To a solution of éfRuIz(Me280)4_7
(0e2g) in methanol (20 cm3), triphenylphosphine (0435g)
(molar ratio 1:4) was added., The reaction mixture was refluxed
for 5 min and cooled to room temperature, when a dark brown
compound crystallised out, It was centrifuged, washed with
ether and dried in vacuo. The compound was analysed for
Z%RuIZ(PPhB)z(Mest)ij.

Z%Rulz(PPh3)2(MeZSO);7 was obtained also when a reaction
similar to above was carried out at room temperature by stirring

the reaction mixture for about 1 h,

(ii) With pyridine.

(a) To a solution of éfRuIz(MeZSO)4_7 (0u2g) in methanol
(10 cm3), pyridine (1 cm®) was added and stirred at room
temperature for 3 h. A reddish brown compound separated out,
which was centrifuged, washed with ether, and dried in vacuo.

The compound obtained was analysed for é’RuIz(py)z(Me2SO)2_7.

(b) A reaction similar to condition (a) was carried

out under refluxing condition of solvent for 2 h, and cooled.
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A dark~brown crystalline compound separated. It was washed

with ether and dried in vacuo. The compound was analysed for
V4 RuIz(py)4;7.

(iii) wWith 2,2'~bipyridyl or 1l,l0-phenanthroline

(a) To a solution of éfRuIZ(Me280)4H7(O.Zg) in methanol
(20 em®), a methanolic solution of 2,2'~bipyridyl or 1,10-
phenanthroline (0.2g in 5 cm®) was added., The solution was
stirred at room temperature for about 3 h. Orange coloured
compound separated out in each case, which was washed with
acetone and dried in vacuo. The compounds had the composition,

éfRuIZ(L-L)(MeZSO)2~7 (L~L = bipy or phen).

(b) A reaction similar to above (a) using 2,2'=bipyridyl
was carried out by refluxing the mixture on a water-bath for
3 h. The solution was concentrated and cooled, and the products

isolated as in (a) above. It was analysed for A_RuIz(bipy)2;7.

(iv) With acetonitrile. éﬁRuIz(Me250)4_7 (0e2g) was dissolved
in acetonitrile (20 cm>). The solution was refluxed for about

1 h, concentrated (2 cm3) and cooled to room temperature.

A yellow crystalline compound separated out which was washed
with ether and dried in vacuo. The compound had the composition,

£/ Rul, (CH,CN) , (Me,S0)_7.

(v)  With sodium diethyldithiocarbamate. / Rul,(Me,S0) _/ (0.2g)

was suspended in toluene (20 cm3) and sodium diethyldithio=-

carbamate (0,15g) was added. The suspension was refluxed for
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30 min to give a dark-green coloured solution. The solution
was concentrated (5 cm®). addition of light petroleum ether
(bpe 80-100°C)followed by cooling in ice=salt mixture yielded
green needle shaped crystals. The compound had the composition

/ Ru (Bt NCS,), (Me,S0O),_/

. 2 C _'— .
Reaction of / RuIZ(CH3 N) .o/ with Me,SO

A clear solution of Z—RuIZ(CH3CN)4‘7 (0e2g) in dimethyl-
sulphoxide (2 em®) was obtained by heating the mixture on a
water=bath for 5 mine. The solution was cooled and acetone was
added with constant stirring. The solution was stirred for
15 mine. A yellow crystalline compound separated oute. The
compound was centrifuged, washed with diethyl ether and dried

in vacuo. The compound was analysed for Z—Ru12(0H3CN)3(MeZSO)_7.

RESULTS AND DISCUSSION

The preparation of ruthenium triiodide had been reported

either by the metathetic reaction between RuClS.xH O and KI in

2
aqueous solution?°~%° or by the action of HI on RuO,. 7 We have
synthesised RuI3.3H2O by the metathetic reaction between

RuClB.xHZO and KI in the presence of HI, The compound has
}iéff = 241 B.M. at room temperature., The room temperature EPR

spectrum showed a broad signal at g = 2,05,
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L Rul.S, / (8 = py, CH,CN or Me,SO)

6,20

In the literature there are very few reports of the

use of RuI3 as a starting compound for the syntheses of
ruthenium (II) iodo compounds. Hence in the present work we have
explored the possibility of synthesising ruthenium iodo
is generally

compounds using Rul, as the source material. Rul

3 3
insoluble in non-coordinating solvents. Hence reaction§ have
been carried out using a solvent (S) which coordinates to
ruthenium, viz. dimethylsulphoxide, acetonitrile or pyridinel,
Normally, when a reaction was carried out between RuI3 and the
solvent (S) under refluxing condition, products of the compo-
sition, ZTRuIZS4;7, were obtained, Solvent, being present in
excess, acts both as a coordinating agent and reducing agent
Zfreducing ruthenium (III) to ruthenium(II)_ji4?Ru1284_7

(S = py, MeCN, Mezso) are diamagnetic, thereby confirming that
the metal is in 2+ state having a d6 low=spin configuratione.
Conductivity measurements in acetonitrile or methanol showed

2

low molar conductance values(lO—lS.IZ-lcm mol-l) indicative of

covalently bonded iodide to ruthenium(II),

The IR spectrum of [TRuIZ(py)4;7 showed the presence of
all bands due to coordinated pyridine. The spectrum in the

far-~IR region showed bands of medium to weak intensities at

1

465, 408, and 290 cm Y. The H NMR spectrum in CDCl. (Table

3
Vo4) showed triplets at $7.03 and §7.63 and a doublet at

S 9401, The far-IR and the 1H NMR spectra were similar to the



Table Vo 2

Some analytical and physical data of some new

Ruthenium (II)~icdo

complexes

1

] [] ]
! ] ]
' ' Analysis® (%) '  Molar
1 ] [ - ]
Compounds i <olour | M.,P,°C i ; ] Condliitagce)-
H ! ! C : H : N ! in () “cm mol
! ] : 5 E E
- *
/ RuI, (Me,50) , 7 Brown  255-60(d)  14.5 3.7 38,0 oP
(14.4) (3.6) (38.1)
/Rul, (CH.CN) , 7 Reddish 3250 18.3 2.2 10.8 152
2 3N g
brown (18.5) (2.3) (10.8)
—_ - . ~C
/ RuIz(py)z(MeZSO)z_/ Reddish 210-15(d) 25.0 3.1 461 3
brown (25 01) (3.3) (4.2)
LFRuIz(PPha)z(Mezso)_7 Dark 145-50 4747 345 - 5%
Brown (47.6) (3.8)
[ RuL, (PPh), (CH,CN), 7  Light  190-95 49.8 3.7 3.2 14°
yellow (49.9) (3.7) (3.0)
[ Rul, (CHCN), (Me,50) 7  Yellow 16062 16,9 3.0 7ot 5%
(17.3) (247) (7.6)

Table V,2 continued
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M



Table V.2 continued

¥ L 1] ]
] ]
N E E Analysis® (%) EC golzr A
! ! ! y Conductance,
Compound s E Colour EM.P.°C E : : : -1 2 l'T
' : : C : H ' N i (2 Temmo
1 1 1 ] H !
1] ] ] ] 1 1
[ ] 1 L 1 ] 1
—~ = n b
/ Rul, (CS) (PPh,),_/ Browish 200-05 5544 3.6 - 5
red (5547) (3.8)
/ Rul, (bipy) (1te,50) , 7 Orange  >250 25 .4 3.0 4.0 5%
(2542) (3.0) (4.2)
/ RuT, (phen) (Me,S0),_7 Orange  165-70 28,0 3.0 3.8 3%
(27.7) (249) (4,1)
a, Calculated values are in parentheses: b, in methanol;
c, in acetonitrile; d, decomposes: £, in chloroform; , ¥ % iodide

TCT
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Table V.3 Important infrared and UV-visible bands
of some new Ruthenium(II) complexes

infrared bands

fo o e

Compounds 1 >\max in nm (€ )
in com
[/ RuT, (Me,S0), 7 1079s, 1026, 976, 930, 480sh (400)%
420, 383, 246
ngu12(CH3CN)4_7 2275m 360 (11,000)°
[ Rul, (py), (Me,S0), 7 1085s, 1070s
l RuIz(PPh3)2(MeZSO)_/ 1120s
[ Rul, (Pph.) (CH,CN) , 7 2270m 420sh®
"RuI, (CH,CN), (Me,.SO)./ 2310m, 2275m, 1120s, 360 (410)b
2 \HgN g e,
1100s
"Rul, (CS) (PPh,) . 7/ 1270s 535 (1470)°
2 33
370sh
/ RuI, (bipy) (Me,S0) 7 1085s, 418s 375 (3100)°

280 (26700)
235 (70600)

éfhuxz(phen)(Mezso)2;7 1105s, 1070s, 425m

a, in CH3OH; b, in CH3CN; m, medium; s, strong



Table V.4 lI-I NMR spectral data of some

ruthenium (II) complexes

123

) ]
[] 1
Compound s H (S ppm ! solvent
=. z
£ Rul, bby), / 7.03t, 7.63t, 9.01d CDCl,
£ Rul, (FPh,), (Me,SO)_/  3.6s, (7.3=7.6)b,m CDC1,
/ Rul, (py), (Me,S0), / 3.7S, 7.15t, 7.74t, cpel,
9,25d
(c 7
[ Rul, (CH CN) , (Me,80)_/ 2.5,  3.55 cpel,
[’Ru12 (bipy) (Me280)2_7 3¢37, 3442, 3.53, D CN
(7.25—8.7)1’11, 10.1d
[ Rul, (phen) (Me,S0), 7  3.45s, (7.35-8.3)m CD,CN

s, singlet; d, doublets; t, triplets;

b, broad:; m, multipletse.
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one reported for trans [fRuIz(py)4_718 and hence a trans

structure for the synthesised ZFRulz(py)4_7 is proposede.

The IR spectrum of ZTRuIz(CH3CN)4_7 showed a band of
medium intensity at 2275 cm-l, besides other bands due to
CHéCN. This band may be assigned to Vv c

group.28 The presence of only one band around 2275 cm

N of coordinated CHjCN
1

indicate that all the four CH.CN groups are in equivalent

3
position, which is possible only in the case of trans
L RuIz(CHécN)4_/ and hence a trans geometry for ZtRuIZ(CH3CN)4_/

is proposed.

The IR spectrum Of ZfRuIz(Mest)4_7 (Fig V.1) showed a
band at 1079 cm™~ (strong) which is characteristic of S0
(S=bonded) of the MeZSO groups. Besides this, bands of medium
intensities at 1026, 976 and 930 cm * were also observed which

may be assigned to Pr CH.29

The IR spectral patﬁern in the

. -1 : . - ~29
region 1100-900 cm ~ was identical to that of / RuBr, (Me,50), /7
which was reported to have a trans geometry, with all S-bonded
Me280. This confirms the presence of all the MeZSO groups in
S=bonded fashion. Bora and Singh20 reported the preparation of
(TRuI2(MeZSO)4;7 by a slightly different method and characterised
it using the IR spectrum as having both S-bonded and O-bonded
Me,SO. The IR spectrum of ZﬁRuIZ(Mesz)447 1n_the region
600-350 cm - was similar to that of é_NMe2H2_7Z_RuCl3 (Me,50) ,_7/,

a ruthenium(II) compound containing all S-bonded Me, S0 groups.30
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It showed a strong absorption at 420 cm~1 and a medium band

at 383 cm T, Zbsorption at 420 cm™t may be due to the combi-

. -1
nation of‘o Ru=~S and éS(CSO)' whereas 383 cm band may be
due to 6a(CSO)° Further, one band at 246 cm-l, may tentatively
. 31
be assigned to~ Ru—I°

Ruthenium (IT) Iodo complexes containing PPh, and other groups

Reaction of RuI, with PPh., in a non-~coordinating solvent

3 3
or a weakly coordinating solvent like acetone under refluxing

condition,did not result in the formation of ruthenium iodo
triphenylphosphine complex. Reaction of RuI3, using melt of

PPh3 as a solvent at its boiling point also, did not lead to

the coordination of PPh instead Rul, separated unreacted,

3¢ 3

However, when'JRuI3 was treated with PPhB, in a coordinating

solvent like acetonitrile, a compound of the composition
ZFRulz(CH3CN)2(PPh3)2_7 was obtained. It was non=-conducting
and diamagnetic in nature. The IR spectrum showed a band of
medium intensity at 2270 cm-l besides other bands due to
acetonitrile and PPh3. One band at 2270 cm'-1 is characteristic
of V CN of acetonitrile groups coordinated to ruthenium in the
trans position,28 A reaction of Rul, with PPh3 in C52 med ium
resulted in the formation of a compound of the composition
ZfRuIz(CS)(PPh3)3_7. It was diamagnetic in nature, thereby
confirming ruthenium to be in 2+ state. The low value of the

2

molar conductance in CH3OH (512-1cm mol-l) is indicative of
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covalently bonded iodides. Besides the presence of all the
bands due to PPhs, the IR spectrum showed a strong band at
1270 em™t which may be assigned to V

grou.p.32

cs of the thiocarbonyl

Reactions of ZTRuIZ(Me2SO)4_7

Wwith triphenylphosphine. Reaction of /Rul,(Me,S0), / with
PPh3 at room temperature and under refluxing condition of
methanol gave éfRuIz(PPh3)2(Me280)_7 onlye. The compound was
diamagnetic confirming the oxidation state of ruthenium as
2+, It was non-conducting in nature, confirming the covalent
nature of the iodides. The IR spectrum of the complex showed

1

all the bands due to PPh, and a strong band at 1120 cm -,

3

which is characteristic of ¥ (5 = bonded) of the Me,.SO

SO 2
group. The TH NMR spectrum of ZrRuIZ(PPhB)z(Mest)_7 in
CDCl3 at room temperature showed a sharp signal at S 3.6
and broad signals in the region & 7.3 to & 7.6. The former

one is due to the methyl protons of Me,SO (S~bonded) and the

2
latter due to the phenyl protons of PPh3 groupse. lhe ratio of
the area under the two signals is 1:5 confirming the presence

of one Me,SO and two PPh, molecules (6:30 protons) in the

complex.
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With pyridine. A reaction of ZﬁRuIZ(MeZSO)4;7 with pyridine
at room temperature led to the formation of a partially
substituted é’RuIz(py)z(MeZSO)2_7 complex. The IR spectrum

showed all the bands due to pyridine and two strong bands at

1

1070 and 1085 om + due to V (S=bonded) of the Me,.SO mole-

SO 2
culese 1H NMR spectrum of the complex in CDCJ_3 (Fige Va2)

showed a sharp signal at S 3.7 characteristic of the methyl

proton of the S-pbonded Me,S0O groupse. Other signals observed

2
were a doublet at & 9.25 and triplets at 5'7.74 and 2)7.15.

The 1H NMR spectral pattern in the region S 7el=9425 is
characteristic where the pyridine molecules are coordinated in
tﬁe trans position.18 Further, only one sharp signal at 5 3.7
is indicative that two MeZSO molecules are also in equivalent
environments, which is possible if a trans structure is present
in ZfRulz(py)z(Me280)2“7. The ratio of the areas of the signals

due to the protons of pyridine and Me,SO is 5:6, thereby

2
confirming the presence of equal numbers of pyridine and Me, SO

2
molecules in the complex. Reactions of é Rul, (Me,SO) u/ with
pyridine in reflux1ng methanol gave a completely substituted
product, vize /. Rul, (py) _/ The TR and TH NMR spectra of this
compound were superimposable with that of ZfRuI (py)4_/

obtained by a reaction of RuIl, and pyridine, discussed earlier

3
in this chapter., Hence a trans geometry for ZTRulz(py)4~7

is proposed,
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With 2,2'=bipyridine and 1,l0~phenanthroline. Room temperature

reaction products of éfRuIz(Me280)4_7 with 2,2'-bipyridine and ‘
1,10-phenanthroline were of the composition,ZfRuIZ(L-L)(Me280)2_7
(L-L = bipy or phen). The compounds were diamagnetic and had

very low molar conductance, confirming ruthenium(II) complexes,

having covalent iodide. The IR spectrum of the bipyridyl

containing complex showed strong bands at 1085 and 418 cm'-1

which could be assigned to ¥ (S=bonded) of the Me.,SO and

SO 2

O Ru~S respectively, Similarly, in case of the complex contai-

ning 1,lO-phenanthrolineybands at 1105 and 1070 c:m_l could be

1

(S=bonded) of the Me.SO groups and at 425 cm

S=0 2
o The 1H NMR spectrum of the two complexes in

assigned to‘O

due to’Q Ru~S

CD3CN, further confirm the compoéition of the complexes and
1

the bonding mode of Me, SO groups. The "H NMR spectrum of

2

ZfRuIz(bipy)(MeZSO)2;7 in CD,.CN showed signals at & 3.53,

3
§ 3.42 and & 3.37 which are characteristic of the methyl
protons of the S-pbonded MeZSO. A doublet at 6 10,1 and multi-
plet in the region & 7.25-8.7 were observed due to the protons
of the coordinated bipyridyl group.33 A doublet at é>10.1 is
due to the two protons present next to the coordinated nitrogen
atoms,33 and multiplets in the region 2>7.25-8.7 are due to the
rest of the protons in bipyridyl. The ratio of the signals

around 8 10.1 and around O 3.4 was 1:6, thereby confirming the

presence Of two protons from one bipyridyl and twelve protons
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from the two Mezso molecules. The 1H NMR spectrum of

Z_RuIz(phen)(MeZSO)2_7 in CD,CN showed one signal at & 3.45

3
assigned to the methyl protons of S-bonded MeZSO groups
and multiplets in the region 6-7.35-8.3 assigned to the

protons due to 1,1O-phenanthroline.34

Reaction of éfRuIZ(MeZSO)4_7 with 2,2'=bipyridine in

refluxing methanol led to the formation of (fRuIz(bipy)2;7.

The compound is the same as that of Fergusson and Harris35

obtained by the metathesis of / Ru(bipy),Cl, / with iocdide.
The UV~visible spectrum of the compound showed absorptions

similar to that of the reported one ,°°¢3°

With acetonitrile. Reacticns of éfhuIz(MeZSO)4_7 with acetonitrile
under refluxing condition substituted only three of the four

Me,SO molecules leading to the formation of ZTRuIz(CHSCN)3(Mest£Z
A compound of the same composition was obtained when
éfRuIz(CHBCN)4;7 was reacted with dimethylsulphoxide. The IR
spectra of the compounds obtained by both the methcods were
superimposable confirming that the compounds obtained are one

and the same. The IR spectrum of éfRuIZ(CH3CN)3(MeZSO)_7
showed two bands of medium intensity at 2310 and 2275 cm-l,
assigned to “)CN of coordinated CH3CN. It shows that at least
two of the acetonitrile molecules are bonded in the cis
position to ruthenium.?C The strong bands at 1120 and 1100 cm™t

in the complex may be assigned to W? (S=bonded) of the Me,SO

S=0 2
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molecule, The 1H NMR spectrum of the complex in CDCl3 showed
signals at 5 2.5 and §3.55, The signals at 6 2.5 may be assigned

to the methyl protons of the coordinated CH_,CN, Protons due

3
to free acetonitrile are observed around & 2.2. However, upon

coordination, the methyl protons of CH,CN shift downfield by

3
S 043 (to §2.5)e A signal at § 3.55 could be assigned to

methyl protons of S-bonded Me, SO molecules. The ratio of the

2
areas under the two signals is 3:2 thereby conforming the
presence of three acetonitrile (9 H) and one Me,SO (6 H)

molecule in the complex,

With sodium diethyldithiocarbamate. The reaction of

éfRuIz(MeZSO)4;7 with sodium diethyldithiocarbamate led to the
formation of / Ru(Etchsz)z(Mest)z;/. This compound was

obtained by Evans et §£37 by the reaction of éfRuClz(MeZSO)A_7

with the ligand. The compound showed a strong band at 1490 c:m-1

characteristic of‘o cs for the bidentate diethyldithiocarbamate
1

groups.38 Another strong band at 1075 cm — is due the V.

S0
(S=bonded) of the Mezso groups .

Electronic Spectra

Electronic absorption spectra of all the complexes
Table V.3)showedsome absorptions in the 350~500 nm regione
Absorption bands with high € value (103-104) are largely due to
charge~transfer transitions whereas bands with lower € value

(102—103) may be of the d-d type (1A1g —_— 1Eg or 1A2).39
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CHAPTER VI

CATIONIC AND ANIONIC COMPLEXES OF RUTHENIUM (III) :
/ Ru (Me,S0) 6_7x3 (x = Ccl0o, or BPh,),
Me,N £ RuCl, (Me,SO) o/ AND Et,N [ RuBr, (MeZSO)ZJ_

Hexakis-dimethylsulphoxide ruthenium(II) cation is
reported in the literature by different groups of workers,1-3
and has been characterized using various physical methods
including X=ray crystallography.3 The cation is found to have
three Me,SO molecules coordinated to ruthenium(II) via the
oxygen atomsand the rest three MeZSO molecules, via the sulphur
atoms to give the facial isomer of irregular octahedral geometry.3
Synthesis of éfRu(MeZSO)6m7Q+ has been achieved either from
cis éfRuCl2(Me280)4"7 or from ZTRu(cod)(Me250)4_72+. Similar
cation of ruthenium(III), viz. Z_Ru(MeZSO)6_73+ has been
reported by Bora and Singh.4'5 However, these are not well
characterised and our attempts to repeat the preparation accor-
ding to Bora and Singh were unsucessful. The compounds reported
by Bora and Singh are ZfRu(Me280)6~7X3 (X = Cl, Br or ClO,).
The synthesis reported by them make use of RuCl3 or RuBr3. In

this chapter, we report the synthesis and characterization of

ZPRu(MeZSO)6;7X3 (X = Cl0, or BPh,) using fac or mer

4
o - 1 _
/ RuC_B(MeZSO)3m7 or Z-Ru2C16(MeZSO)4_/. The ruthenium(III)
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complex
catiOn@@as been characterized using various physical methods

and seems to have a structure similar to that of its ruthenium(II)

analogue.

The reports on the synthesis and characterization of
ruthenium (II) and ruthenium(III) complex anions containing

halide and Me,SO ligands are very scarce. Such compound reported

2
. . - —~ - 6

for ruthenium(II) is / NMe,H, // RuCl, (Me,S0), /.~ ZX-ray crystal

lographic studies and other physical measurements reveal that

the complex ion has a facial structure and has all S-bonded

Me2SO groups.6 The compounds reported for ruthenium (III), viz,

M /[ RuCl, (Me,SO), / (where M = Na, NBu,), are very poorly

characterised,4 and their syntheses are not reproducible. In this

chapter, synthesis and characterization of some ruthenium (III)

anions, viz. "RuX, (Me.SO).. 7 are described. Use of fac or mer
— 4 2

2
L RuCl; (Me,S0),_/ or MRu,ci, (Me,80) _/ or [/ RuBr, (Me,S0),_/

has been made to synthesize them.

EXPERIMENTAL

All the solvents were freshly distilled before use. fac
and mer / RuCl, (Me,50), /, /Ru,Cl,(Me,S0), / and / RuBr, (Me,SO), /
were prepared as described in Chapters II and IV. Analytical
data and all physical measurements were obtained as described in

Chapters II and III. Analytical data, molar conductance values
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and magnetic moment of the complexes are presented in Table
VI.l. Important IR and electronic absorption bands are given

in Table VI.Z2.

PREPARATIONS

(a) [ RulMe,s0) _//C10, 7,

_— ] -
To a solution/suspension of ZfRu2C16(Me2SO)4_/ or fac or
mer ZﬁRuCl3(MeZSO)3_7 (0.5g) in ethanol (30 cm3), a solution of

AgCl10O, in ethanol (10 cm®) (molar ratio 1:4) was added. The

4
mixture was stirred at room temperature for 10-12 h and then
refluxed on a water-bath for 1 h. The solution was cooled to

room temperature and centrifuged out the precipitated AgCl.

To the light violet mother liquor, dimethylsulphoxide (1 em)

was added and stirred at room temperature for 2-3 h. The solution
was concentrated on a water-bath to a small volume ( ~ 2cm>).

It was cooled in ice and methanol was added to precipitate the

violet compound. The compound was recrystallized from acetone

and dried in vacuo. Yield 0.82g ( ~75%). It was analysed for

/R (Me,S0) 7/ Cl0, /..

) /[ RulMe,so), 7/ BPh,_/,

Z.Ru(MeZSO)6;[é C10, /5 (0.2g), was dissolved in acetone
(10 em®) and a solution of NaBPh, (0.25g) in acetone (10 em)

 was added to it., The reaction mixture was stirred at room
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temperature for 1 h, when the colour changed from violet to

greene. The green solution was concentrated at room temperature,

to small volume ( ~ 2 cm3). Methanol was added to precipitate

the light green compound. The compound was centrifuged, washed with
little acetone and dried in vacuo. It was analysed for

[ Ru(Me,S0) . _// BPh, 7.

() Me,N /RuCl, (Me,S0),_/

£ Ru,Cl (Me S0), /, or fac or mer / RuCl, (Me,S0), /

(0.5g) was dissolved in methancl (20 cm3). A solution of
tetramethylammonium chloride (0.2g) in methanol (5 cm3) was
added to it and the reaction mixture was refluxed on a water
bath for 1 h. After concentrating and cooling the solution to
room temperature, orange crystals separated out. The compound
was centrifuged, washed with diethyl ether and dried in vacuo.

Yield O.4g ( ~ 75%). It was analysed for Me,N / RuCl4(MeZSO)2_/.

@  Et,N /[RuBr, (Me,S0), /

éfRuBr3(Me280)3_7 (0.3g) was dissolved in methanol (20 cm’)
and a solution of tetraethylammonium bromide (0.15g) in methanol
(10 cms) was added to it. The reaction mixture was refluxed for
10 min, concentrated and cooled to room temperature. Violet
crystals separated out which were centrifuged, washed with

methanol and dried in vacuo. Yield 0,3g ( ~80%). It was

analysed for Et,N ZTRuBr4(Me280)2_/.
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RESULTS AND DISCUSSION

/ Ru(e,80) /X, (x = Cl, Br or ClO,) were reported by
Bora and Singh,4’5 AfRu(MeZSO)6_7X3 (X = C1 or Br) were synthe-
O or RuBr O. However, our

sized by them using RuCl3.xH oXH

2 3 2
attempts to synthesize these compounds according to Bora and
Singh were unsuccessful. érﬁu(MeZSO)6_7(ClO4)3 was reported by
the metathesis of érRu(Me250)6_7bl3 with silver perchlorate.4

We have synthesized ZTRu(MeZSO)6*7(ClO4)3 by the reaction of

£ Ru,Cl (Me,S0)4_/ or fac or mexr / RuCl, (Me,S80), / with silver
perchlorate in presence of excess dimethylsulphoxide. A meta=-

resulted

thetic reaction of thu(Me280)6_7(C104)3 with NaBPh,

in / Ru(MeZSO)G_/(BPh4)3.
The compositions of éfhu(Me250)6_7k3 (X = c10, or BPh4)

4
were confirmed with the help of analytical data (Table VI.1).

The molar conductance values for these complexes in acetonitrile

2

was about 350 2 tem?mol™! which is nearly the expected value for

a 1:3 electrolyte.7 The IR spectra of these complexes are similar

to those of the reported ruthenium(II) complexes, vize.

éfRu(Me2SO)6;7X2 (X = BF, or BPI'14).2’3 The IR spectrum oOf

4
"Ru (Me,SO)._/(C10,). (Fig VI.la) was superimposable with that
2 6 4°3

of éfRu(MeZSO)6_7(C104) prepared according to Evans et gl.l

2! ]
The IR spectrum of the compound Z"Ru(MeZSO)6;7(ClO4)

37 showed

strong absorption at 1140, 1120 and 1090 c:m.'l in the region

1150 - 1050 cm~1. These bands may be due to V of S-bonded

SO



Table VI.1 Analytical and Physical data of some Cationic and Anionic
Complexes of Ruthenium (III)
1 [] T [ ]
: ’ : analysis® (%) : :
: : ' alysis is ' Conductance ! jV;ff at
Compound s ; Colour ; M.P.°C !} — in N
1 1 1 — o, [ ]
' ' : c H N Ell lem®mol 1 ' RT in BM.
; : ] ! in CH,CN '
1 } ) g | ! !
/ Ru(Me_s0)_._7(c10,) Violet 120 16.2 442 350 1.9
276 43 (16.2)  (4.2)
/ Ru(Me_s0) __7(BpPh,) Light 170 6542 640 340 -
276 43 green (65.8]  (643)
Me N /"RuCl, (Me,SO) Orange 260(d)  20.1 5.3 247 128 1.8
4 A yellow (20.3)  (5.1) (2.9)
Bt,N / RuBr, (Me,SO),_7 Violet 205-208  20.8 4.9 1.8 115P 1,92
(20.4) (4.5) (2.0)

a, Calculated values are in parentheses

b, in methancl

d, decomposes

oVl
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Important IR and electronic absorption bands

of cationic and anionic complexes of Ruthenium (III)

n 1
1 !
! = | Blectronic absorp-
1 1
! 1 v
Compounds : bands in :tlon bands
] t :
: Cm‘-l : A max ln I'l-m (€ )
' H in CH_CN
(] ] 3
/ Ru(Me,S0O) . _/(cl0,) 1140s, 1120s, 1090s,
2 T6- 43 575 (320)
925m, 480m-w, 42%m-~w
Afhu(Mezso)6_7(Bph4)3 1570m, 1470m, 1120s, -
430m
Me,N [ RuCl, (Me, SO), /  1120s, 955m=-w, 475 (350)
415m, 405 (4520)
345s, 330s, 265m, 292 (1220)

Et,N / RuBr4(MeZSO)2_/

225m

1080w, 1060w,
1030m-s, 997m-s,
97 Tm=-s,

290m, 235m, 208m,
195m

535 (1260)
490 (1180)
440 (1880)

385 sh

5, strong:

sh, shoulder

m, medium; w, weak:
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Me2SO and due to ionic C10;}8 The IR spectrum of

/ Ru(Me2SO)6_/(BPh4)3 (Fig VI.1b) showed only one absorption in
that region at 1120 cm-l which can unambiguously be assigned to

Vv S 2

the absorption at 1120 cm-:L can be assigned to-x)‘SO of S~bonded

o Of S-bonded Me,S0 groups. Thus.for / Ru(MeZSO)6_/(ClO4)3,

MeZSO and the absorption at 1140 and 1090 cm_1 to ionic perchlorate.
Further one band at 925 cm"1 of medium intensity was observed

for / Ru(e,S0) _/X, (X = C1O, or BPh,),which could be assigned

4
to ¥ go Of the O-pbonded MeZSO groups. The positions of IR bands

due to % (S=bonded) and ¥

30 S0 (O-bonded) observed for

ZTRu(Me280)6_7X3 are same as reported for the ruthenium (II)

2,3

analogues, yiz / Ru(Me,SO) /X, (X = BPh, or BF,). In the

far IR region, bands of weak to medium intensity were ocbserved

1

at 480 and 429 cm” and

9,10

which may be assigned to ¥ Ru~0 Ru=8

respectively, Besides the bands described above IR spectrum

of /[ Ru(Me,SO) _/(BPh,),, showed bands at 1570, 1470, and 700 em™t

also, which are characteristic of the presence of BPh - anion.2

4

An X-ray crystal study of BF, salt of [fRu(Me2SO)6;72+ revealed®

4

that the ruthenium(II) was coordinated to three Me.SO molecules,

2

via the oxygen atom and to the rest three Me,SO molecules, via

2

the sulphur atom, to give the facial isomer having C symmetry.

3v
As the IR spectrum of ZfRu(MeZSO)6_73+ is superimposable to that
of ZfRu(MeZSO)6_72+, we also propose a structure for the
ruthenium (III) cationic complex, same as for the ruthenium(II)

cationic complex. EPR spectral observation (discussed later) also

support the same,
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The magnetic moment value observed at room temperature for
[FRu(MeZSO)G_/(ClO4)3 was 1,9 B.M., characteristic of a low-spin
a®, ruthenium(III) system. The EPR spectrum of ZfRu(MeZSO)6_7(ClO4E
in powder form at room temperature, (Fig VI.2) showed two signals

at g = 2.31 and 1.88. If one presumes, three S-bonded Me,SO and

2
three O-bonded Mezso groups bonded to the metal to give a facial

isomer (vide supra) a C,_ symmetry is expected., For such

3v
ruthenium (III) compounds having facial geometry, generally a two

line spectrum is observed,ts12

The electronic absorption spectrum
of LfRu(MeZSO)6;7(ClO4)3 in acetonitrile in the visible region
showed a broad band at 575 nm having molar extinction coefficient
(€), 320. Absorption in rutheniﬁm(III) system with € = 10% could
normally be assigned due to spin allowed d=d transition.13 Thus
575 nm ban@ may be assigned to one of the d-d transition, viZe.

2 2 2

T2 —_— A2, 2Tl or T2. Thus, with the help of the above

studies, a facial structure with three S-bonded and three
O=bonded MeZSO groups, for éfRu(MeZSO)6_73+ is proposed.

The complex ion ZFRuCl4(MeZSO)2_7 ~ was reported by Bora
and Singh from [mRu(Mest)G_7Cl3.4 As described earlier, synthesis
of Z_Ru(MeZSO)6_7C13 according to Bora and Singh was not reprodu-—
cible, hence the synthesis of éfRuCl4(MeZSO)2_7 ~ could not be
reproduced. We have achieved the synthesis of Me,N / Rucl4(MeZSO)2i/,
using / Ru,Cl, (Me,SO),_/, fac or mer / RuCl, (Me,S0), /.

Et4N'£FRuBrA(Me2SO)2_7 has been synthesized using AfRuBr3MeZSO)3_7.



| | | | |
2400 2650 2300 3150 3600 %50 3900
HGAUSS)x 10

Fig VI2 E P R SPECTRUM OF [Ru(Mezso)&.j(clc%)3 AT RT.
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The compositions of Me,N Z—Rucl4(MeZSO)2_7 and
Et,N ZwRuBr4(MeZSO)2_7 were confirmed with the help of
analytical data (Table VI.l). The molar conductance values for
the compounds in acetonitrile were about 120 -—O-"'lcmzmol“1

which is characteristic of their 1:1 electrolytic behaviour.

The IR spectra of Me,N /RuCl, (Me,SO), / (Fig VI.3)
obtained from / Ru,Cl,(Me,S0), / or fac or mer / RuCl, (Me,S0), 7

were superimposable, which means the mode of coordination of

Me,SO to ruthenium in ZfRuCl4(Me280)2;7 is independent of the

starting compounds (having either completely S-bonded Me, SO

molecules or both S and O-bonded Me,SO molecules), The complex

2
anion has only S-bonded MeZSO groups, evident from the presence
of a strong band at 1120 cm-l due to ~) so? (S=bonded Mezso).
1

A band of medium to weak intensity was cobserved at 955 cm

which is due to the presence ofMe N * cation. The possibility

4
of the presence of this band due to‘o S0 of O=ponded MeZSO
cannot be . . ruled out., However, looking at its intensity

1

(medium to weak) and comparing with that of 1120 cm — band, it

seems unlikely that the band is due to ¥ 5o Of O-bonded Me,SO.

2
Further, an absorption at 415 cm_1 could be assigned due to
v 9410 pour bands at 345 (s), 330(s), 265 (m) and 225 (m)cm >

Ru-S*
1

were observed in the region 350 = 200 cm ~. If one presumes a
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trans geometry for the complex leading to D4h symmetry, according

to group theory, only one absorption band due to ¥ Ru—cl 1S

expected, whereas for a cis complex four‘O are expected,

Ru-Cl
Thus the four absorptions in the region 350 - 200 cm"l may be

assigned due to 4 of the c¢is ZfRuCl4(Me280)2_7 ", similar

1

Ru-Cl

to four “, ., at 353, 344, 330 and 206 cm

. - 14 .
cis ZfPtCl4(NH3)2_/. Hence a cis geometry for ZfRuCl4(Me280)2_/

for

is proposed.

The IR spectrum of EtAN'ZfRuBr4(MeZSO)2_7 (Fig VI.4),

showed two weak bands at 1080 and 1060 cm-l and three bands of
medium to strong intensity at 1030, 997 and 977 cm © in the
1 1

region 1100 = 900 cm ~. The bands at 1080 and 1060 cm — are

present in Et,NBr. A band at 1030 cm™! could be due to FA@HB)

of Me,SO. The bands at 997 and 977 cm ™ may be assigned due to
) <0 of O=-bonded Me2

the mode of coordination of MeZSO to ruthenium most probably

SO molecules. Thus in éfRuBr4(Me280)2_7 =,

remains O=bonded, same as that of the starting compound, viz.

/ RuBr, (Me,50) ; 7. The spectrum in the region 350 - 180 cm™

showed medium intensity bands at 290, 235, 208 and 195 cm™T.

These bands may be assigned due to‘Q « Presence of four

Ru-Br

bands due to'a Ru~Br is indicative of a cis geometry, for

[PRuBr4(Me280)2_7, similar to ZfRuCl4(MeZSO)2_7 ~ (vide supra).
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The magnetic moment values,'/Uéff, for the two anionic
complexes are 1.8 and 1,9 BM, thereby confirming that the
complexes contain low-spin, a> ruthenium(III), The EPR
spectrum of Et,N ZTRuBr4(Me280)2_7 in powder form at room
temperature showed a broad signal at g = 2,17. However,
for a cis geometry of the complex (vide supra) one expects
Iy # gy # g, and hence three g values are expected. The
presence of one broad signal at g = 2,17 means that the
symmetry around ruthenium(III) is close to cubic which is

possible if one assumes that the O-bonded Me. SO groups and

2
the bromides have similar ligand field, Similar observations

were made for / RuBr (Me280)3_7 (discussed in Chapter 1IV).

3
The electronic absorption spectrum of / RuCl, (Me,S0), / ~

in CH,CN (Figs. VI.,5a) showed one band of low intensity at 475 nm
(€= 350) and two bands of higher intensities, viz. at 405 nm

(€= 4520) and at 292 nm (€= 1220), The band at 475 nm may be
assigned due to one of the d-d transition of the type 2T2 —> 2A20
2T1 or 2T2' Other bands may be mostly due to charge~transfer

type of transitions from ligand to the metal. The electronic
absorption spectrum of ZTRuBr4(MeZSO)2H7: in methanol (Fig.VI.5b)
showed bands at 535 nm (&= 1260), 490 nm (€= 1180), 440 nm

(€ = 1880) and a shoulder at 385 nm. Since all these bands have

€ values around 103, these may be assigned to charge transfer

type of transition from ligand to the metal as in the case of

its chloro=analogue.
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CHAPTER VII

CONVENIENT SYNTHESIS OF BIS (2,2'-BIPYRIDYL)
COMPLEXES OF RUTHENIUM(III) AND TRIS(2,2'~
BIPYRIDYL) OR (1,10-PHENANTHROLINE) COMPLEXES
OF RUTHENIUM(II)

AND

NOVEL SYNTHESIS OF [Ru(l,lo-PHENANTmOLINE)2Br2_7x

(X = Br, C10,, BPh4)

The chemistry of diimine complexes of ruthenium(II)
and ruthenium(III) is interesting because of their physical,
chemical and structural properties. The attention of inor-
ganic chemists during the past decade has been focussed on
the chemistry of éfhu(bipy)3;72+ and its derivatives due to
a unigue combination of chemical stability, redox properties,
excited state reactivity, luminescence emission and excited
state life time. In particular, the ruthenium(II) diimine
complexes have played and are still playing a key role in
the development of photochemistry, photophysics, photo-
catalysis, electrochemistry, photo electrochemistry, chemi-

. . 1
and electrochemi- luminescence and electron and energy transfer.
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As a result of which, such complexes are being éonsidered

as promiging candidates for the role of ideal photocatalysts
for the visible light photoinduced decomposition of water
into dihydrogen and oxygen. The interest in evolving easy
methods of synthesizing these compounds continues, besides
studying their physical, chemical and photocatalytic

behaviours in detail,

Synthesis of ruthenium(III) complexes containing
(mono, bis or tris) 2,2'=pbipyridyl or 1,10-phenanthroline

is generally achieved by the oxidation of their ruthenium(II)

analogues with (i) chlorine,z-'5 (ii) a cerium(IV) c:ompounci,6-10

11,12

(iii) lead (IV) oxide or (iv) silver nitrate.® Recently

K ATRuCl4(bipy)_7 and ZfRuCl3(bipy)_7 were reported from

13-15
RuCls.tzO.

first described by Bailer et al.? by the oxidation of

The synthesis of 4?Ru(bipy)2012_7bl.2H20 was
ZFRu(bipy)2(0204)d7 with chlorine. Latter, Fergusson and
Harris5 obtained this compound by the oxidation of
éfku(bipy)2C12;7 with chlorine, Syntheses of
éfRu(bipy)2C12_7bl.2H20, described above, involve two steps,
(i) preparation of a ruthenium(II) complex containing 2,2'-=
bipyridyl and (ii) its oxidation using chlorine. Recently

Bottomley and M.ukaidal6

have reported a one pot synthesis of
the ruthenium(III) complex described above. In this chapter,

we describe a very simple method of synthesising
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thu(bipy)zch_/Cl.2H2O, by the metathesis of Me,SO groups
in an easily synthesised ruthenium(III) compound, vizZ.

~ - 17
fac- or mer- / RuCl3(Me280)3n/.

Reports on the synthesis of ruthenium(III) complexes
containing (mono or bis) 2,2'-bipyridyl or 1,10-phenanthro-
line and bromide ligands are very few. [fRuBrz(py)z(bipy);7ClO4
and [PRuBr(py)B(bipy)_72fC104;72 were reported by the oxida-
tion of their ruthenium(II) analogues with cerium(IV) ammonium
sulphate. 2 NH, / RuBr 4 (bipy)_/ was reported by the metathesis
2

and reduction oOf ZfRuCl4(bipy)_7 with HBr and NH,

/ Phen H;7ZfRuBr4(phen)_7H20 was reported by the metathesis

Bre

of K, ZTRuClS(HZO)_7 with HBr and NH Br in situ and reaction

4
with 1,10-phenanthroline. In this chapter, we report the
synthesis of a new ruthenium(III) complex, viz
thu(phen)ZBr2_7br, by a simple substitution of MeZSO with
1,10-phenanthroline in éfkuBr3(Mezso)3_718. This is the first
example of a bis (1,10-phenanthroline) ruthenium(III) complex

containing bromide ligands. Chloro-analogue of this ruthenium (IID)

complex is known.3

Various methods have been described for the synthesis

of ruthenium(II) complexes of the type, éfRu(L—L)3_7X2.nH2O

19
(L-L = bipy or phen, X = Cl, Br, I, C10, etc) . Most of the

methods make use of commercial RuCl3.xH 0, a ruthenium(III)

2
compound, viz. K, éfRuCls(H20)47; or ruthenium(IV) compounds,
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viz. K, L RuCl  / or K, / Ru20Cllo_/. In most cases, excess
of the ligand acts as a reducing agent to give the ruthenium (II)

compounds, ZrRu(L-L)3;7X2.nH O, We report here a simple

2
method of complete substitution of chloro and MeZSO groups

from fac oOr mer éfRuClB(MeZSO)3_7 by 2,2'=bipyridyl or

1,10=-phenanthroline to give éfRu(L—L)3_7X2.nH O. Substitution

2
reactions of é’Ruc12(Mest)4;7 with 2,2'~bipyridyl or

1,10=phenanthroline were reported to give partially substi-

tuted products only.20

EXPERIMENTAL

All the solvents were freshly distilled before use.
fac and mer szuClB(Me2SO)3_7 and Z_RuBrB(MeZSO)3_7 were
prepared as described in Chapter .II and Chapter IV respec-
tively. Analytical data and other physical measurements, Vize
IR, 1HNMR, EPR, ﬂleff were obtained as described in Chapters
II and III, Analytical data and molar conductance data are

reported in Table VII,l1. Electronic absorption spectral data

are given in Table VII.2.

PREPARAT IONS

(a) [fRu(bipy)ZClz_/Cl.2H20

To a solution of fac or mer ZfRuCl3(Me280)3_7 (0e2g)

in methanol (10 em>), 2,2'~bipyridyl (0.1lg) (molar ratio,
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1:1,5) was added and refluxed on a water-bath for 30 min. In
case Of mer Z’RuCl3(Me280)3_7, the product separated out on
cooling, whereas in case of fac ZfRuCl3(MeZSO)3_7, diethyl
ether was added to precipitate the orange coloured compound.e
It was centrifuged, washed with ether and dried in vacuo.

Yield 0.18g, (75%).

®) /[ Ruloipy),Cl 2_7~c1o .

To a solution of Z_Ru(bipy)2012_7bl.2H 0 (0.2g) in

2
methanol (10 cm3), a solution of NH4C1O4 (0.05g) in methanol
(5 cm3) was added and the mixture was refluxed on a water-bath
for 15 min, concentrated and cooled to room temperature.

Brown crystalline compound separated out. It was centrifuged,

washed with ether and dried in vacuo.

(c) ZFRu(phen)zBr2_7Br

To a solution of / RuBr,(Me,S0),_/ (0.2g), in toluene
(10 cm3), 1, 10~phenanthroline (0.1g) (molar ratio 1:1,5) was
added and warmed on a water=bath for 10 min. A compound separa-
ted, which was centrifuged, washed with ethanol and then with

ether and dried in vacuo. Yield 0.16g, (66%).

(@) [/ Rulphen)Br, /X, (X = ClO,, BPh,)

/ Ru (phen) Br, /Br (0.2g), was dissolved in methanol

(20 cm3) and a methanolic solution of NH4ClO4'or NaBPh4
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(molar ratio of the complex : X = 1:1,5) was added to it. In

case of NaBPh, an orange compound separated on mixing at room

4
temperature, whereas in case oOf NH4ClO4, refluxing of the
mixture for 30 min and cooling to room temperature yielded a
brown crystalline compound. The compounds were centrifuged,

washed with ether and dried in vacuo.

(e) ZfRu(bipy)3;7C12.H20

To a solution of fac or mer éfhuCl3(MeZSO)3_7 (0e2g) in
ethanol (20 em>), 2,2'-bipyridyl (0.22g) (molar ratio 1:3)
was added and refluxed the mixture for 2 h, when a dark orange
solution was obtained., The solution was concentrated to A‘Scm3,
cooled to room temperature and diethyl ether was added to

precipitate the compound. The compound was centrifuged, washed

with ether and dried in vacuo. Yield 0O.2g (65%).

(£) ZfRu(bipy)s_jbrz

ATRuBr3(MeZSO)3;7 (0,2g) was dissolved in ethanol (20 cm®)
and a solution of 2,2'=bipyridyl (0.2g) (molar ratio ~1:4) in
ethanol was added to it. The mixture was refluxed for 2 h when
an orange coloured solution was obtained. The solution was
concentrated, cooled, and diethyl ether was added to precipitate
a yellow orange compound., It was centrifuged, washed with ether

and dried in vacuo. Yield 0.,18g, (—~72%)%.
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(g) [ Rulbipy)y /X,H,0 (X = Cl0O,, BPh,)

To the orange coloured solution obtained in reaction (e)
or in reaction (f) above, an ethanolic solution of NH,ClO, or

NaBPh, (molar ratio of the complex : X = 1:3) was added. In

4
case of NaBPh4, the mixture on stirring at rocom temperature

for 5 min. yielded an orange coloured compound, whereas in case
of NH4ClO4, refluxing of the mixture for 15 min and cooling to

room temperature yielded the red crystalline compound. The

compounds were separated as in (e) above.

(h) /Ru(phen), /X, .nH,0 (X = ClO,, n = 2; X = BPh,, n = 6)

fac or mer ZPRuCl3(MeZSO)3_7 (0e2g) was dissolved in

ethanol (5 cm®) and 1,10=-phenanthroline (0,28g) (molar ratio
1:3) was added to the solution. To the above reaction mixture,
toluene (10 cm’) was added and heated on a water-bath for 2 h.
The solution was concentrated (-~ 5 cm°) and an ethanolic
solution of NH,Cl0O, or NaBPh

4 4 4
1:3) was added. Complexes separated in similar way as in

(molar ratio of the complex : X =

reaction (g) above,

RESULTS AND DISCUSSION

Synthesis of ruthenium(III) complexes containing 2,2'-

bipyridyl or 1,l10-phenanthroline were generally reported by

2=12

the oxidation of their ruthenium(II) analoguese Only, in
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case of mono diimine complexes, direct reactions of commercial

13=15

RuClB.xH O with the diimines were reportede. We have been

2
able to achieve the synthesis of bis diimine ruthenium(III)

complexes using easily synthesizable compounds, viz. fac or
mer / RuCl, (Me,SO), 7 and / RuBr, (Me,S0), /. Reaction between

the Me,SO complexes and the diimines,resulted under suitable

2
condition, complete substitution of MeZSO and resulted in the

formation of ZfRu(bipy)2C12_7Cl.2H O and / Ru(phen),Br, /Br

2

respectively.

ZfRu(bipy)2012_7bl.2H O, synthesised by the substitution.

2

of Me,SO molecules from fac or mer szuCla(Mest)3;7, were

characterised by the elemental analysis (Table VII,1l) and
various physical methods, Similarly, [fku(bipy)2C12;701O4 R
synthesised by the metathesis of the chloro-compound, was

also characterised., The electronic absorption spectra of these

compounds in acetonitrile were similar to the ones reported

4-6,16

earlier, The IR spectrum showed complete substitution of

MeZSO groupse All characteristic IR bands due tc bipyridyl were

observed, Far IR spectra showed two bands at 340 and 320 cm-1

4
which may be due tO'Q Ru~C1’ similar to those reported earliere”

Presence of two bands due to'Q conforms to the cis

Ru~Cl
geometry of the complex in solid state.4 In case of

éfku(bipy)2C12_7blO4, a very strong band at 1090 em™! was also

observed, which is characteristic of the ClO4- group present in

the ionic fashion,?’ an EPR spectrum of / Ru(bipy),Cl, 7CL.2H,0

2



Table VII,1 Analytical and Physical data of Ruthenium(III) and Ruthenium(II)
Complexes containing 2,2'=Bipyridyl or 1,10-Phenanthroline

] ] ]

1) ] ]

' : Ny ; Analytical data® (%)

Compounds ' Colour ! in . tnfrdll ' '

] ] . ] C 1 H 1 N

! !'in CH_.CN | : :

] L 3 L 1 1
1. [Ru(bipy)2c12_7c1.2H20 Orange 120 4341 (43.2) 3.8(3.6) 9.9 (10.1)
2, [Ru<bipy)2c12_7c1o4 Brown 130 41,0 (41.1) 2.9(2,7) 9¢4 (946)
3e [Ru(phen)zsr2_75r Brown 118 41,0(41.1) 2.6(2.3) 7.7 (8.0)
4e [Ru(phen)23r2_7c1o4 Reddish 120 39.6 (39.9) 2,0(2.2) 7e6 (7.8)

brown
5 [Ru(phen)ZBrZJBPh4 Orange 120 61.C(61,2) 3.6(3.8) 5¢6 (549)
6o [Ru(bipy)3_7c12.H20 Orange 220 54.3(54.7) 3.6(3.,9) 1245 (12.8)
7 [Ru(bipy)SJBrz.szo Yellow 260 42,4(42.6) 3.8(3,3) 9.7 (9.9)

orange
8 [Ru(bipy)3_7(ClO4)2H20 Red 230 45,9 (45,8) 3.2(3.3) 10.6(1047)

Table VII.l1 continued

LST



Table VII.,1 continued

1 ] 1

) ' t

! ' AM ' Analytical data® (%)

1 3 - -] !

Compounds :Colour :in,Q.lcﬁ%pf: , '

! 1 1 L} 1

| } in CH,CN ! C ' H ' N

1 [} 3 ] : 1

[} ] ] 3 { I
9. [ Rulbipy), 7(BPh,) H,0 Orange 220 7640 (764.3) 5.6 (5.5) 6.7 (649)
10, [-Ru(phen)BJ(ClO4)2.2H20 Brown 210 4642 (46.4) 3.0(3.0) 8.8 (9,0)
11, [Ru(phen)3_7(Bph4)26H20 Yellow 220 7243 (72.6) 541 (544) 6.0 (6.1)

orange

a : Calculated values are in parentheses

86T
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Table VII,2 Electronic 2Absorption Spectral
Data of the Complexes

[
a i P (€) in CH,CN
Compounds ; max 0 €/ in 3
]
1. /Rulbipy) ,Cl, 7C1.2H,0 420sh: 380 (6.3 x 10°); 310sh
295 (2.4 x 10%)
2. /Rulbipy) ,C1,_/C10, 425sh; 382 (6.5 x 10°); 310sh
295 (2.7 x 10%)
- ‘ 3 3
3. / Ru(phen) ,Br, /Br 560 (1436 x 107); 490(4,30 x 107);
395 (3.25 x 10°); 360(2.93 x 10°);
292sh; 267 (4.2 x 10%)
4e [Ruloipy) ,_7C1,.2H,0 450 (1,15 x 10%); 420sh; 390sh

4),
4y

350sh; 288(6.,76 x 10
254sh; 242 (2,07 x 10

5. /Rulbipy) , 7/ €10, 7,.H,0  450(1.12 x 10%); 430sh; 392sh;
325sh; 284 (7.5 x 10%); 255sh
240sh

6e ZFRu(bipy)3_72fsph4_72.ﬁzo 450 (1.32 x 10%); 430sh; 395sh;
323sh; 286 (7.8 x 10%); 255sh
240sh

7o /Rulphen) , 7/7BPh, 7,.6H,0 442 (1.64 x 10%); 418 (1.62 x 10%);
315sh; 285sh; 262 (10.2 x 10%)
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in powder form at room temperature showed only one broad
signal around g = 2.15., However, a frozen solution EPR
spectrum in chloroform at ligquid nitrogen temperature

(Fige. VII.1l) gave two g values, gy = 2462 and g, = 2.43.

If one assumes a trans structure in solution, distortion
from cubic geometry is expected along the Cl = Ru =~ Cl axis.

Hence two g values are expected.

A reaction of ZfRuBr3(MeZSO)3;7 with 1,10-phenanthroline
yvielded a brown compound of the composition, éfku(phen)zBr2_7br.

Reactions of / Rul(phen),Br, /Br with NH,Cl0, or NaBFh, in

methanolic solution yielded ZPRu(phen)zBr2_7X, (X = Clo,,

BPh4). All these compounds, viz. [—Ru(phen)zBr2_7k (X = Br,

ClO4 or BPh4) showed molar conductance value in acetonitrile

2mo1”t, confirming that these are

in the range 100 - 110 .0 tem
1:1 electrolytes. The IR spectra of these compounds showed
the presence of all the bands due to 1,l10-phenanthroline and

absence of any Me,SO groups present. In case of complexes

2
containing 0104- and BPh4_ anions, IR absorptions at 1085 and
1580 cm_1 respectively were also observed which are characteris-
21,22

tic of the ionic nature of the respective anionic groupse
The magnetic moment (/Meff) values at room temperature for

£ Ru(phen) ,Br, /Br and / Ru(phen) Br, /Cl0, were 2.2 B M. and
1.8 B.M respectively, which is characteristic of a low-spin

5

d”, ruthenium(III) complex. A room temperature EPR spectrum of

[fRu(phen)zBr2_7Br showed a broad signal at g = 2,18 which
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[ Ru(bipy),CL,] CL2H,0 IN CHCl, AT 77°K
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further confirms the low=-spin d5 configuration for this complex.
The electronic spectrum of the complex (Fig VII.2) in CH3CN
showed absorption at 560, 490, 395 and 360 nm in the visible
region. These absorptions having € of the order of 103 are
mostly of the charge transfer type. These bands may be assigned
to .the charge~transfer from Br to the empty orbital on the
metal viz. (eg*). Similar observations were reported for
ZfRu(bipy)2012;701.2H20.5 Electronic absorptions in the UV~
region were observed at 292 and 265 nm with £ of the order of
104. These bands may be assigned to TT = 'ﬂj type of transitions

in IL,10-phenanthroline.5''23

/ Ru (bipy) 4 _~7ch2 and / Ru (L-L)3_7X2.nH O (X = ClO,, BPh,,

2
L-L = bipy or phen) were obtained by the reaction of fac or

mer éfRuClS(MeZSO)3_7 with excess of the diimines and metathesis
of the chloro analogue (obtained in situ), with C10 4' or BPh 4'

respectively. Zrku(bipy)3;7B:2.2H O was obtained by the reaction

2
of é_RuBrB(MeZSO)3;7 with excess of 2,2'=bipyridyl. These
complexes are diamagnetic in nature, thereby confirming that
ruthenium is present in 2+ oxidation state. The reduction of
ruthenium (II1) in / RuX; (Me,SO), _7 (X = CLl or Br) to ruthenium(II)
in these compounds is achieved by the diimines, which act both

as the ligand and the reducing agents, in these reactions. In
fact, most of the methods of preparation of these complexes

make use of the reaction of ruthenium(III) or ruthenium(IV)

compounds with the diimines, > ZfRu(bipy)3_7X2.H 0 ( X =cCl0

2 4
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or BPh,) obtained either from fac or mer ZfRuClB(Me280)3_7

or from Z—RuBrB(Me SO)3_7 are same as evidenced from the

2
overlapping IR and 1H NMR spectrae

The characterization of these complexes was made with the
help of analytical data (Table VII,1) and various physical
methodse The UV~visible spectra of these complexes were super-
imposable with those of the reported ones earlier23-25(Table
VII.2)s The IR spectra of sll these complexes did not show

absorption bands due to Me,SO groups. All IR absorption bands

2
due to 2,2'-bipyridyl or 1,10-phenanthroline were present.
The IR spectra of these complexes in the region 350-200 cm-l,
showed no absorption bands, thereby confirming the absence

of any covalently bonded terminal chloro groups. Presence of
ionic ClO4- groups was confirmed by the appearance of a strong
and broad band at 1085 cm-l.21 Presence of BPh4- groups in the
complexes was confirmed by the appearance of bands at 1575 and
1480 cm .22

The ‘H NMR spectra of Z_Ru(bipy)3;7X2 (X = C1, C10,) in

(CD3)2SO showed a doublet at <58.9, a triplet at § 8e2, and &
quintet at 6 7+7. The signals were same as reported for
ZFRu(bipy)3;72+ systems.26 The ‘H NMR spectrum of the compound
Z;Ru(bipy)3_7(BPh4)2.H20 showed all the signals as mentioned

above and more signals in the region §64.7 to & 7.3 which

could be assigned due to the phenyl protons of BPh4~ groups..



le3

1

The “H NMR spectrum of / Ru (phen)3_7(ClO 4)2 showed signals in

the region 73 = 846. The signals are similar to the ones

reported earlier. 27
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