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CHAPTER 1

Introduction

1.1. Abstract

In this chapter, the importance of ruthenium chemistry has been briefly
discussed. The aim of the present investigation in the background of known

ruthenium chemistry with Schiff bases has been stated.

1.2. Some Aspects of the Ruthenium Chemistry

Coordination chemistry came to the light after the pioneering work of
Nobel laureate Alfred Werner in 1893. After that this branch of inorganic
chemistry has grown vastly and expanded from small molecules to different areas
such as polymers, oligomers, dendrimers, catalytic chemistry, organometallic
chemistry etc. Beginning from Werner it was the turn of first transition series
metals, which were studied extensively and still it 1s going on. Second and third
transition series metals were not in much attention possibly due to the lack of
knowledge to carry out the experiments in different conditions.

Ruthenium being a second transition series metal, chemistry of it was not
explored much. Ruthenium chemistry 1s being studied extensively only in last
three decades. Before this period very few ruthenium complexes were known.
Some of them are ruthenium red,"® [Ru(bpy);;,]h,Ib [Ru(phen)g,]zi Creutz-Taube
co:')mplexeslc etc. Now a vast literature on ruthenium chemistry” is available. One
of the main advantages of ruthenium chemistry is the variable oxidation state of
the metal ranging from -2 to +8. Interconversion of different oxidation states are
usually done by using different redox reagents. The ultimate result is the

discovery of useful redox reactions where ruthenium complexes can act as
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catalysts. This catalytic behavior of ruthenium complexes has been utilized for
various synthetic organic reactions.

Ruthenium complexes with polypyridyl ligands have been subject of
immense attention compared to any other class of ruthenium complexes. This is
because of their chemical stability and photophysical, photochemical, and
electrochemical properties. These complexes are being considered as promising
candidates for the role of ideal photocatalysts in wvisible light induced
decomposition of water into molecular hydrogen and oxygen."* These complexes
are also being used to develop photomolecular devices and as probes for the
elucidation of structural and electron transfer properties of proteins and DNA."’

Due to their unique properties and wide range of applications there is a
continuous quest for new ruthenium complexes with diverse types of ligands.
The goal is to tune the chemical and physical properties of the complexes by
changing the coordination sphere around the metal center. The primary objective
1s to improve their efficiency in the above-mentioned applications and also to find
out new reactivities and applications.

Some of the important applications and reactivities of ruthenium

complexes are described below.

1.2.1. Catalytic properties
Ruthenium complexes with oxo, carbonyl, tertiary phosphines,

cyclopentadienyl, arenes and dienes have been proved to serve as efficient

3-6 7

catalysts. These complexes are being utilized in C-C bond formation,

including metathesis and Murai coupling, oxidation® and isomerisation’ reactions,

nucleophilic addition to C-C and C-heteroatom multiple bonds,'® and

hydrogenation'’

reactions. At present ruthenium complexes are becoming useful
for tandem catalytic'” processes in which one catalyst supports several functions

In two or more catalytic processes resulting into sequential modification of a
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substrate. An example of tandem catalytic ring-opening-ring-closing metathesis

reaction 1s shown below.

P(CH
Cly,, I( sH11)3
14 ) e
v | Ph
0 O P(CgH) )3 O O
C<H; ;: 60°C
= N Cels 90%
Figure 1.1

In case of water oxidation ruthenium complexes are one of the best
systems. Particularly ruthenium polypyridyl and ruthenium amine complexes'”
have been proved to be very efficient. T. J. Meyer group in 1982 reported a
binuclear  ruthenium  polypyridyl com]c:ul(-:-x]'4 [(bpy)2(H20)Ru(p-O)Ru-
(HQO)(bPY)2]4+ capable of oxidizing water catalytically. In that same year, A.
Chakravorty and co-workers reported a cationic ruthenium complex

[Ru(p:«zlp);;(HQO)(py)]2+ (pap = 2-phenylazopyridine, py = pyridine) that acts as

14d 15

homogeneous water oxidation catalyst. Ruthenium ammine complexes = are

also good as water oxidation catalysts. Few of them are ruthenium red,"®
[(NHj)ﬁRu]”(H'O)RUIII(NH3)5]4+ 15b a.nd [(NH3)3RU.“[(IJ.'CI):J,Ru“(NH}):J,]z-i-_ISC

1.2.2. Photochemical properties
Ruthenium polypyridyl complexes and their derivatives have very rich
photochemistry.  Extensive studies on this aspect have been done using

[Ru(bpy)s;]*" and its derivatives.'® These polypyridyl ligands provide t* acceptor
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Figure 1.2

orbitals of appropriate energy and symmetry on the aromatic rings. Visible light
induced dm metal electron transition to m* ligand orbital gives rise to metal-to-
ligand charge transfer (MLCT) excited state. This MLCT excited state thus
formed after absorbing the visible light is of high energy and unstable species,
which often shows interesting photochemical and photophysical properties. This
excited species may undergo deactivation through (i) photochemical reaction
(11) emission of light (fluorescence or phosphorescence) (i11) radiationless
deactivation (internal conversion or intersystem crossing) and (1v) some
interaction with other species present in the medium (quenching).

When intramolecular deactivation steps are not too fast i.e. the life time of
the excited state is sufficiently long (>107 sec.), then there may have a chance for
the excited molecule to collide with another molecule present in the medium.
This process is called bimolecular process. The most important bimolecular
processes are excited state energy transfer and electron transfer (i e. oxidation or

reduction of the excited state). One example of photochemical reaction is given
in Figurel.2.
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1.2.3. DNA binding properties

Ruthenium  polypyridyl ~ complexes,'’

particularly  ruthenium
phenanthroline complexes and mixed ligand derivatives of ruthenium bipyridine
complexes are well-known for DNA binding agents. These complexes interact
with DNA through (1) intercalative interaction, in which part of the metal complex
positions itself between the base pairs of DNA as sandwich like complex, (i1) non-
intercalative groove binding, where metal complex binds DNA on the surface in
minor or major grooves, (111) covalent interaction, where covalent bond formation

takes place between nitrogen atoms of bases and the metal complex and (iv)
electrostatic interaction between the cationic metal complex and the negatively

charged phosphate backbone present in DNA. The above types of ruthenium

\ /7 \ 7/
72\
z =

KFigure 1.3

complexes are also capable of DNA cleavage on irradiation with suitable light. A

couple of ruthenium complexes capable of DNA binding are shown in Figure 1.3.

1.2.4. Organometallic complexes

8

Ruthenium is having vast organometallic chemistry.'® It forms a wide

range of organometallic complexes with different types of ligands. The
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well-known ruthenium organometallic complexes are with carbonyl, alkyl,
carbene, carbyne ligands. Ruthenium metallocene complexes are also common.
These complexes are having wide range of applications in homogeneous and
heterogeneous catalysis. One of the most important applications of ruthenium
organometallic complexes is to activate the inert C-H bond. In Figure 1.4 two

examples of ruthenium organometallic complexes are shown.

__‘ .

® .
Cly, o

| H ; Rl!l—

Ru=—=C=—=C

F 4
PhMe,P” | PPh
PMe,Ph CH(OMe)CH, 3

Figure 1.4

1.3. Ruthenium Schiff Base Chemistry

Considerable work has been done on ruthenium chemistry. Some selected
portions have been mentioned in the earlier section. However, ruthenium Schiff
base chemistry remains largely an unexplored area from beginning to till date.
Presently also not much work is being reported on this area. In contrast Schiff
base complexes of first transition metal ions are numerous in number and a wealth
of information is available on such complexes.'g

The first report on ruthenium Schiff base complexes, bis(N-
phenylsalicylideneiminato)dicarbonylruthenium(Il), and the dimeric N,N'-
ethylenebis(salicylideneiminato)carbonylruthenium(Il) appeared in 1969
(Calderazzo and co-workers™). After that only four articles were published on
ruthenium Schiff base chemistry®' in 1970’s. In 1978, G. Wilkinson®'® reported a

series of ruthenium complexes with Schiff bases mostly derived from
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salicylaldehyde and various diamines. The major portion of the known ruthenium
Schiff base chemistry appeared in 1980’°s and 1990’s. Application of ruthenium
Schiff base complexes in (i) reversible binding of molecular oxygen and carbon
monoxide, (i1) various catalytic reactions and (ii1) different reactivities were also
studied during this period.

In the following sections the work on ruthenium Schiff base complexes
has been divided on the basis of the ligands used: (a) Schiff bases derived from
salicylaldehyde and (b) Schiff bases obtained from other aldehydes/ketones.

1.3.1. Ruthenium complexes with salicylaldehyde derived Schiff bases

Schiff bases derived from salicylaldehyde and different amines constitute
the major Schiff base chemistry of ruthenium. These ligands could be further
divided into two groups on the basis of the types of amines used. They are (1)
salicylaldehyde and various polyamine derived Schiff bases and (11)

salicylaldehyde and monoamine derived Schiff bases.

1.3.1.1. Salicylaldehyde and polyamine derived Schiff bases and their
ruthenium complexes

These types of Schiff bases™ are easily prepared under ambient condition
by condensing proper polyamine and salicylaldehyde or substituted salicy-
laldehyde in 1:2 mole ratio. Condensation of salicylaldehyde and ethylene-
diamine produces the most familiar Schiff base in transition metal chemistry
Hjsalen or N,N'-ethylenebis(salicylideneimine) (Figure 1.5). Ruthenium Schiff
base chemistry also started with this well-known Schiff base. Different Schiff

19,21,23

bases of this kind were synthesized using differernt polyamines. The

amines used for this purpose are ethylenediamine; propylene-diamine; o-
phenylenediamine; hexanediamine; cylcohexane-1,2-diamine; 2,2'-diamino-1,1'-

binaphthyl; 3,4-diaminotoluene; a,a'-diamino-p-xylene; diethylenetriamine etc.
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These Schiff bases act as

tetradentate or pentadentate ligands. OH HO

Deprtonation of phenolic-OH with proper

base/alkali produces dinegatively charged =N N=—

ligand, which can bind the metal center _/

through the phenolate oxygens, and the Hpsalen
Figure 1.5

imine nitrogens. Coordination through
imine nitrogens and phenolate oxygens to
metal center produces stable six membered chelate rings. Hexa-coordinated
Ru(II)/Ru(Ill) complexes have been i1solated using these and other monodentate

ancillary ligands. In these complexes, the phenolate oxygen atoms and the imine

PPh s
0., 30 == NH N
;Ru\i \IL/
u
=N a N o— | o
\ / Cl
Figure 1.6

nitrogen atoms of the ligand form the square plane around the metal center and
the axial positions are occupied by monodentate ligands, e.g. Cl', Br, PPhs, py,

CO, imidazole etc. For pentadentate ligand the sixth site is occupied by a

monodentate ligand. Two examples are shown in Figure 1.6.

A very rare coordination mode is reported for the tetradentate Schiff

31

base” obtained from substituted salicylaldehyde and 2,2'-diamino-1,1-

binaphthyl. Here the tetradentate ligand binds the ruthenium center in cis
configuration and the square plane around the metal center is formed by the two
monodentate ligands and one part of the Schiff base (Figure 1.7).
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Cl
P solae
N/\\I e { o N O
IR s oL0
ON Cl
! N_
Cl

Figure 1.7

Some of the Ru(IIl) Schiff base complexes can bind molecular oxygen and

23e,23n-q,30b

carbon monoxide reversibly. [t has been demonstrated that each of

these complexes takes up one mole of molecular oxygen per mole of the complex.
The reaction with respect to the molecular oxygen is reversible and coordinated
oxygen can be displaced from the metal complex by bubbling nitrogen gas
through solution. Oxygenation of the complex results in the oxidation of Ru(III)
to a formal Ru(IV) oxidation state with the reduction of O, to unstable superoxide
O, species. Formation of Ru(IV) and superoxide were confirmed by

electrochemically and IR spectrophotometry, respectively.”*>" 4%

[ Ru"'@)X)(Cn1"* + 0, --.K02 = [Ru'"(L)X)(O0, )" + Cr

(L = dinegative/neutral tetradentate Schiff base ligands; X = CI’, imidazole, 2-

methylimidazole).

23e,23n-q,30b :

Binding of cabon monoxide 1s also reversible. The presence of

Ru(IIT)/Ru(Il) reduction couple in the cyclic voltammograms of the CO adducts

confirms that there is no reduction of the metal center due to CO binding.
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1.3.1.2. Salicylaldehyde and monoamine derived Schiff bases and their

ruthenium complexes

Condensation of salicylaldehyde or substituted salicylaldehyde with
monoamines in 1:1 mole ratio produces the bidentate or tridentate ligands™'™24
depending on the type of amine used. Different types of monoamines used for
this purpose are aniline, m-toluidine, p-toluidine, methylamine, substituted

aniline, benzylamine, L-histidine, phenylhydrazine, 4-aminobenzoic acid, '‘Bu-

amine, anthranilic acid, oa-methylbenzylamine, o-ethylbenzylamine, 2-amino-
phenol, 2-diphenylphosphinoaniline, semicarbazide, thiosemicarbazide etc.
Deprotonation of phenolic-OH with appropriate base/alkali produces chelating
ligand, which can bind ruthenium center through the phenolate oxygen atom and
the 1mine nitrogen atom resulting in a six-membered chelate ring. These ligands
produce different types of complexes depending upon the number of ligands and
ancillary ligands bound to the metal center. Mono, bis, tris chelates (Figure 1.8)

and mixed ligand complexes are reported with these ligands.

Figure 1.8
1.3.2. Other aldehyde/ketone derived Schiff bases and their ruthenium

Complexes
Various types of aldehydes and ketones other than salicylaldehyde or
acetophenone were used with different amines to prepare Schiff bases. This
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series of ligands could be again classified in two groups: (1) Dialdehyde or
diketone derived Schiff bases and (i) monoaldehyde or monoketone derived
Schiff bases.

1.3.2.1. Dialdehyde or diketone derived Schiff bases and their ruthenium
complexes

Dialdehydes or diketones used for the synthesis of Schiff bases to explore
the ruthenium chemistry are very few. They are 4-methyl-2,6-diformylphenol; 4-
methyl-2,6-diketophenol; acetylacetone; glyoxal and benzil.

Different kinds of Schiff bases were synthesized from 4-methyl-2,6-
diformylphenol (dfp) and its derivatives by condensing 1t with various amines.
Numerous first transition metal complexes have been reported with various Schiff
bases derived from this dialdehyde. Robson and co-worker introduced dfp* in

1970 for synthesis of macrocyclic oxo
CH; bridged binuclear complexes. Though it has

been used extensively to synthesize first

e

l PPh;
CO little has been reported on ruthenium
u

H
\“/ / l oy chemistry. For the synthesis of ruthenium

transition series metal 1on complexes, very

M 0O complexes, 1solated or template derived
/N\ ,,’ PPh:; .
H;C H Schiff bases from dfp have been employed.
A. Chakravorty and co-worker first
Figure 1.9

reported ruthenium complexes with Schiff
bases obtained from dfp and different
monoamines in 1:1 and 1:2 mole ratio. Reactions of [Ru(PPhs);Cl,] with isolated
ligands or in template method resulted in mononuclear organometallic

6

complexes”™ as shown in Figure 1.9. The four membered rings in these
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complexes undergo facile cleavage by ligands such as acetylene, phenylacetylene,
etc. in boiling DCM-MeOH mixture resulting in alkyne-inserted products.

M. Schroder was successful in synthesizing a binuclear ruthenium Schiff
base cc»mplex27 from [Ru(PPh3);Cl;] using the '
Schiff base derived from 4-methyl-2,6-
diketophenol and ethylenediamine.  Single

CH;

crystal X-ray structure showed both the H,C CH,

ruthenium centers are five coordinated and

bridged by phenolate oxygens (Figure 1.10).
Condensation reactions of 4-methyl-2,6- |:

diformylphenol  with  aliphatic  diamines,

HoN(CH,),NH; (n = 2, 3, 4) in the presence of

Ru(dmso)sCl; (dmso = dimethylsulfoxide) H,C CH;

produce acyclic dinuclear six coordinated

ruthenium(II) complexeszsa (Figure 1.11).

These reactions in presence of triphenyl- CHj

phosphine produce binuclear organometallic Figure 1.10

complexes (as in Figure 1.9). Reaction of
Ru(dmso)4Cl,] with the Schiff

I e base obtained from dfp and
tris(2-aminoethyl)-amine in 1:3
mole ratio produces a trinuclear

| | | ruthenium complex.*®° |
CISRU/_O (‘;IH-"'N (CH); N‘-‘H,C"I?lRu{i)Cl Dioxo  ruthenium(VI)
T S PN dmss” Nimso  complexes™™  were  isolated
[dmso = dimethylsulphoxide] from Schiff bases obtained
from acetylacetone and

Figure 1.11 ethylenediamine or anthranilic
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acid. Benzil and ethylenediamine derived Schiff base also produces a similar
complex. Glyoxal and benzil were also used to derive Schiff bases from 2-

aminophenol and 2-aminothiol. Isolation of pph3

Ru(IlIl) octahedral compleXe329 are reported with \ /
these Schiff bases and other monodentate C[ /

ancillary ligands (Figure 1.12).

L Cl
1.3.2.2. Monoaldehyde or monoketone derived
Schiff bases and their ruthenium complexes

Different kinds of monoaldehydes and

Figure 1.12
monoketones were used for preparing Schiff

bases from aromatic or aliphatic monoamines and diamines. Benzaldehyde,
picolinaldehyde, 2-hydroxy-1-naphthaldehyde, acetone, 1-phenyl-3-methyl-4-
benzoyl-5-pyrazolone etc. are few of them.

Reaction of K;[RuCls(H,O)] with Schiff bases prepared from 2-hydroxy-
l-naphtaldehyde and diethylenetriamine, ethylenediamine, propylenediamine,

phenylenediamine were reported to form octahedral six coordinated Ru(IlI)

30

complexes™ containing Cl', imidazole, 2-methylimidazole as ancillary ligand.

Reactions of [Ru(PPhs);Cl;] with L-alanine, L-valine in acetone medium
in presence of NaHCOjs leads to formation of Schiff base complexes.”’ Structures
of both the complexes were confirmed by X-ray crystallography.

[Ru"(L)2(H,0)] (L = Schiff base) type of complexes’> were synthesized by
reacting K,[RuCls(H,0O)] 1n ethanol with Schiff bases derived from 1-phenyl-3-
methyl-4-benzoyl-5-pyrazolone and p-anisidine/ m-anisidine/ m-toluidine.

Picolinaldehyde was used to prepare tetradentate Schiff bases by
condensation reactions with ethylenediamine, o/m/p-phenylenediamine,
diethylenetriamine etc. Reaction of K;[RuCls(H,0)] with these Schiff bases
produce octahedral Ru(Ill) complexes™™*P4¥ of general formula [RuLCl,]"
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(Figure 1.13(a). Some of these complexes were reported to be active in reversible

binding of molecular oxygen and carbon monoxide.

| A
{ 7 el )
=4 )=
N N N=/
7 \[Lu/ N \ y 4 I AN
\\N/(IZI\N o F
| G , G
Figure 1.13(a) Figure 1.13(b)

Schiff base isolated from picolinaldehyde and phenylhydrazine was used
for the preparation of mixed ligand Comple}(6334 (Figure 1.13(b)) from Ru(tpy)Cl;
|tpy = terpyridine]. In one of the complexes this bidentate ligand transforms into

a new class of imine-amidine based tridentate ligand. This was confirmed by X-

ray crystallography.
MeO
Cl
' PPh3
:u’/
/E N\
—II\J Cl PPh,
N\H
Bu'

Figure 1.14
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B. L. Shaw and co-workers derived Schiff bases from different types of

aliphatic or aromatic aldehydes and ketones with phosphino hydrazone

Z-PPh,CH,('‘Bu)=NNH,. These bidentate Schiff bases react with [Ru(PPh;);Cl,]

and [Ru(CO),Cl], to produce five and six coordinated ruthenium complexes.™

Most of the complexes showed agostic interaction between Ru and C-H bond
(Figure 1.14).

Chiral Schiff bases derived from (1R,2R)-diaminocyclohexane with

benzaldehyde, substituted benzaldehyde, I-naphthaldehyde, 9-anthraldehyde, 2-

diphenylphosphinobenzaldehyde were used to prepare ruthenium cf.:omplexes.36

These complexes were used as catalysts in hydrogen transfer reactions.

Schiff bases prepared by condensation of 2-'butylthiobenzaldehyde or 2-
diphenylphosphinobenzaldehyde with cyclohexanediamine, ethylenediamine, 1,2-
diaminopropane and propylenediamine were reacted with [Ru(PPh3);Cl,]. The

37

complexes,”” thus obtained, showed wvisible light induced photosubstitution

reactions.

Unsaturated aliphatic aldehydes were condensed with L-valine, and o-

aminophenol and the resulting Schiff bases were used to synthesize a series of

ruthenium complexes.’®

-+

7 N\ Different substituted benzaldehydes
=X ]X, Y were condensed with 2-aminothiophenol to

T #__Ru/ prepare bidentate Schiff bases. These
\ /" \N/ \ compounds have been reported to form mixed

tris-chelates ~ of  Ru(IVIII)  containing

NN
\r SN . 39
H,N @ {Ru(bpy),} moiety.
Benzaldehyde, substituted benzal-

Figure 1.15 dehyde and acetone were used to get Schiff

bases from semicarbazide and thiosemicarbazide.**  Unusual coordination

behavior of these ligands to ruthenium were studied (Figure 1.15) in details.
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1.3.3. Catalytic properties of ruthenium Schiff base complexes

Different types of catalytic properties have been studied using
ruthenium(I1)/(III) Schiff base complexes. Mononuclear and polynuclear, both
types of complexes are proved to be catalytically active in different organic
synthetic reactions. However, the number of complexes known to act as catalyst
is very few and also limited to few reactions. Different catalytic activities so far
reported are as follows:

Ruthenium complexes generated 1n situ from [Ru(n°-CsHg)Clz], and chiral
Schiff base’® derived from (1R,2R)-diaminocyclohexane catalyze the reduction of
alkyl and aryl ketones in 2-propanol to produce the corresponding alcohol.

Epoxidation of cyclohexene, norborene, cis—cyclooctene, styrene, frans-4-
octene, cycloheptene, were catalyzed by Ru(IlI) Schiff base complexes33b‘24h’23j‘23 !
in presence of molecular oxygen or 10odosylbenzene as oxidant.

Diels—Alder reactions between different types of dienes and dienophiles
are catalyzed by a mixed ligand ruthenium complex [Ru(salen)(NO)(CI)].>"

#M with bidentate Schiff bases derived from

Ruthenium complexes
salicylaldehyde and alkyl or aromatic monoamines are capable of catalyzing ring
closing metathesis reactions of some selective diolefins. These systems can also
catalyze Kharasch addition of carbon tetrachloride across olefins and enol ester
synthesis reactions in good yields.

Ru(I)/(11T) Schiff base complexes®*“****** can act as effective catalysts for
oxidation of primary alcohol to aldehyde, secondary alcohol to ketone, and 3, 5-
di(tert-butyl)catechol to o-benzoquinone in presence of N—methyl-morpholine—
N-oxide as co-oxidant.

Irimethylsilylcyanation of benzaldehyde is also reported to be catalyzed
by ruthenium complexes™' derived from binaphthyl Schiff base ligands.

Recently C. -M. Che reported -catalytic activity of Ru(ll)-salen

41 . . :
complexes” in amidation of silyl enol ethers and cholesteryl acetates.
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1.4. Aim of the Present Investigation

In the previous section we have discussed briefly about the ruthenium
Schiff base chemistry. Different types of Schiff bases were used to study
ruthenium chemistry. However, there are only four reports about ruthenium
complexes with hydrazine derived Schiff bases.”

B. L. Shaw reported first on ruthenium complexes with Schiff bases
prepared from hydrazine. Two of the ligands used are shown in Figure 1.16. A
series of five- and six-coordinated ruthenium complexes were synthesized and
agostic interaction between C — H bond and ruthenium center in five coordinated

complexes has been demonstrated.

Figure 1.16

Schiff bases obtained from salicylaldehyde and hydrazine (HjsalhnR),
picolinaldehyde and aroylhydrazine (HL), and salicylaldehyde and
acetylhydrazine (H,acs) have been used to study first transition metal chemistry.*
However, there 1s no report on ruthenium complexes with these Schiff bases.

Condensation reactions of salicylaldehyde and substituted salicylaldehyde
with hydrazine in 2:1 mole ratio produce a tetradentate Schiff base system
HysalhnR (R = H, Cl, OMe, '‘Bu). Crystal structure® of HosalhnH shows that both
the -OH groups are frans to each other as shown in Figure 1.17. Rotation along
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N-N single bond of the diazine moiety allows the ligand to adopt cis, frans, or in

between twisted configurations in complexes. Few years ago a dinuclear iron(I1I)

]443

complex [Fey(u-salhnH);]"™ was reported

from our laboratory using this Schiff base.
Other than this, two more complexes
containing this ligand are known. These
are a dirhodium(I) complex [Rhy(CO)4(p-
salhnH)],**" and a hexanuclear
cobalt(ILIII) complex™* [{CosL-
(CH3COO)(CH30)3}2(p-salhnH)], (H3L 1s
2,6-bis-(salicylideneamino-methyl)-4-

methyl-phenol).  Recently  structurally

characterized dinuclear complexes of first

R

HO

H,salhnR R
R =H, Cl, OMe, '‘Bu

Figure 1.17

transition metal ions are reported with similar kind of ligands N,N'-

bis(picolinylidene)hydrazine or its substituted derivatives with the N-N single

bond as the bridging unit. These complexes are important not only with respect to

their structures but also for the influence

SN of the structure on the interaction

I P =N 7 between the metal ions.
H }I}I Reactions of aroylhydrazine and
substituted aroylhydrazines with
HL % picolinaldehyde produce Schiff bases
R = H, CI, OMe, Me, NMe, (HL) as shown in Figure 1.18. In

Figure 1.18

can

act

as

deprotonated state, these Schiff bases

tridentate  ligands.

Coordination via the pyridine-N, the

imine-N, and the amide-O to metal center forms two five membered chelate Irings.
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As mentioned in Section 1.2.2 ruthenium(II) complexes with o, a'-diimine

licands are very important due to the availability of low-lying ©* orbitals and

hence a low energy metal-to-ligand charge transfer excited state. The HL system
provides this m-acidic o, o'-diimine fragment for metal coordination. In
deprotonated state the third coordinating center i1s the amide-O atom, which 1s
predominantly o-basic. The c-basicity of this coordinating atom can be varied by
using different substituents at the para position of the aroyl moiety. Thus the
electron transfer properties of the complexes can be tuned by this variation. In
addition to the above, this ligand system provides the scope of studying the effect
of coordinated amide protonation state on the physical properties of the complex,
which 1s not easy for amide-N coordinated species.

Acetyl hydrazine with salicylaldehyde in 1:1 mole ratio produces the

tridentate Schiff base Hyacs (Figure 1.19). Higher-valent first transition metal

complexes with ligands containing

amide functionality are well studied.® OH

In these complexes, the N-center of the i
deprotonated amide functionality binds CJ/N\NJ‘\ CH,
the metal ion. Very often these amide H H

nitrogen coordinated higher-valent
complexes are unstable due to self- Haacs
q dio . .

ecomposition. The reason behind this Figure 1.19
problem 1s the proton coupled electron

transfer involving the metal ion and the

hydrogen atom at the carbon a to the coordinated amide nitrogen. This leads to
oxidation of the ligand and reduction of the metal center. This problem could be
avolded by replacing the oo H with alkyl or aryl groupsf'f’ Another approach is to
use ligands with O-coordinating amide functionality. In deprotonated state, H,acs
can coordinate a metal center through the phenolate-O, the imine-N, and the
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amide-O atoms forming a six-and a five-membered chelate ring. This ligand has
not only the O-coordinating amide functionality but also another high oxidation
state promoting’’ phenolate-O coordinating center. Like the HL, Hacs also
provides the opportunity of studying the influence of amide protonation state on
the coordination geometry and physical properties of the complex.

In this work, we have studied the ruthenium chemistry with the above-
mentioned three Schiff base systems. The main objectives are as follows:
(1) Diazine bridged dinucluer ruthenium complexes with HysalhnR.
(11) Mononuclear ruthenium(Il) complexes with o, o'~ diilmine donor HL.
(111) Higher-valent species with Hacs.
(1v) Studies on protonation and deprotonation of the O-coordinating amide
functionalities in the complexes with HL and Hacs.

The results obtained are described in the following chapters with special
reference to (1) synthesis and characterization, (i1) structure and bonding, and (iii)

chemical, spectroscopic and electrochemical properties.
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CHAPTER 2

Diazine and Dichloro Bridged Diruthenium(Ill) Complexes™

2.1. Abstract

A series of dinuclear ruthenium(Ill) complexes with N,N'
bis(salicylidene)hydrazine and its substituted derivatives (HpsalhnR; R = H, Cl,
OMe, '‘Bu; two H stand for the dissociable protons of the phenolic-OH
functionalities) having the general formula [Ru," Cly(PPhs)y(p-Cl)a(p-salhnR)]

has been synthesized. Reactions of two mole equivalents of [RuH(PPhg)_:,C;g]

with one mole equivalent of ligands in CHCI; under aerobic condition produce the
complexes in reasonable yields. All the complexes have been characterized by
using analytical, spectroscopic and electrochemical techniques. [Ru,Cly(PPhs),
(u-Cl)p(u-salhnH)] crystallizes from CHCls-hexane with one molecule of CHCIs
in the monoclinic space group P2,/n with a = 17.857(3) A, b = 16.709(2) A, ¢ =
18.236(2) A, £ =91.32(12)°, V = 5439.5(13) A’ and Z = 4. The metal ions are
bridged by the diazine (=N-N=) moiety of salhnH* and two chloride ligands.
Bond parameters are consistent with Ru, I oxidation state assignment. Both the
RuNOPCI; octahedra are distorted. The electronic absorption spectra of the
complexes in CHCI; solutions display one broad absorption in the range 705 —
799 nm and a shoulder in the range 351-373 nm due to ligand-to-metal charge
transfer and intraligand transitions, respectively. The axial EPR spectra (gL
~2.41, g| ~1.75) displayed by the complexes in frozen (108 K) CHCIs-toluene
(1:1) solutions are consistent with two weakly coupled low-spin Ru(IIl) centers.

In the cyclic voltammograms, complexes show two reduction responses in the
ranges 0.24 to -0.18 V and 0.01 to -0.30 V (vs. SCE). The first response is

*Part of this work has been published in /norg. Chem., 2001, 40, 4807.
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assigned to the Ru,JT/RulllRull and the second response is assigned to the
RulllRull/Ru,11 couples. Variable temperature (20-296 K) magnetic

susceptibility data, for a powdered sample of [Ru,Cly(PPhs),(p-Cl)y(p-salhnH)]
collected at a constant magnetic field of 5 kG, were fitted with the y, vs. T

expression generated from the isotropic spin Hamiltonian H = -2JS1-S; (§; = S, =
1/2). The J value (-9.0(1) cm’™) obtained suggests a weak antiferromagnetic

interaction between the two Ru(lll) centers.

2.2. Introduction

In the previous chapter, we have discussed the known ruthenium Schiff
base chemistry. Very little 1s reported on the complexes of ruthenium with
hydrazine derived Schiff bases. Only four reports are known in the literature.'

We have chosen a potentially dinucleating tetradentate hydrazine based Schiff
base system (HjpsalhnR, Figure 2.1) to study the ruthenium chemuistry.

% Ho
\ // A\ Y H,salhnH (R = H)
N——N P
N\ N\ / HysalhnCl (R = Cl)
7N\ / HysalhnBu (R = Bu)
\ H,salhnOMe (R = OMe)

Figure 2.1

These Schiff bases are easily obtained from condensation of
salicylaldehyde or substituted salicylaldehyde with hydrazine hydrate under

ambient conditions. In deprotonated state, it can coordinate the metal center
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through the phenolate-O, and the imine-N centers. Crystal structure” of H>salhnH
shows the frans configuration of the ligand in solid state as shown in Figure 2.1.

Diazine moiety (=N-N=) is one of the important features of this system.
Free rotation along the N-N bond allows the ligands to adopt cis, frans, or in
between configurations. There are only three reports on transition metal
complexes with this Schiff base system. Few years ago a dinuclear iron(III)
complex™® [Fey(u-salhnH);] was reported from our laboratory. A dinuclear
rhodium(I)*® complex [Rhy(CO)s(p-salhnH)] and a hexanuclear cobalt (ILIII)*
complex [{Co3L-(CH3;COO)(CH30)3}2(p-salhnH)], (HsL 1S 2,6-bis-
(salicylideneamino-methyl)-4-methyl-phenol) were also reported with this Schiff
base. In each of these complexes, the diazine moiety of the ligand acts as the
bridging unit between the metal 1ons. In the Fe(Ill) complex, the configurations
of the ligands are in between cis and trans. On the other hand, salhnH?" is in trans
configuration in both Rh(I) and the Co(IIl) complexes. Structurally characterized
dinuclear first transition metal ion complexes are reported with a similar diazine
ligand system N,N'-bis(picolinylidene)hydrazine and its derivatives.® In all these
complexes, N-N single bond acts as the bridging unit. Dinuclear complexes of
this class are of interest not only with respect to their structures but also for the
influence of the structure on the interaction between the two metal ions.”

Another important feature of this ligand system (HjzsalhnR) is the
phenolic-OH groups as the coordinating sites. The phenolate-O center is
primarily ¢ basic and known to stabilize higher oxidation® states of metal. This o
basicity can be tuned by varying the substituent at para position. Thus electron
withdrawing to electron donating substituents on the aromatic ring can influence
the redox properties of the complexes.

Considering the above facts we have used HysalhnH and its derivatives to

prepare new ruthenium complexes and explore their structural and physical
properties.



34 Chapter 2

2.3. Experimental Section

2.3.1. Materials
The Schiff bases, HysalhnR were obtained 1 ~95% yield by reacting 2

mole equivalents of salicylaldehyde or substituted salicylaldehyde with 1 mole
equivalent of hydrazine in methanol followed by recrystallization from the same
solvent. [Ru(PPhs);Cl;] was prepared by following a reported procc—:dure..6 All
other chemicals and solvents used were of analytical grade available

commercially and were used without further purification.

2.3.2. Physical measurements

Elemental (C, H, N) analysis data were obtained with a Perkin-Elmer
Model 240C elemental analyzer. Infrared spectra were collected by using KBr
pellets on a Jasco-5300 FT-IR spectrophotometer. A Shimadzu 3101-PC
UV/vis/NIR spectrophotometer was used to record the electronic spectra. Room
temperature solid state magnetic susceptibilities were measured by using a
Sherwood Scientific magnetic susceptibility balance. Diamagnetic corrections

calculated from Pascal’s constants’ were used to obtain the molar paramagnetic
susceptibilities. The variable temperature (20-296 K) magnetic susceptibility
measurements were performed with a powdered sample of [Ru,Cly(PPh;3)2(n-Cl);
(u-salhnH)] using the Faraday technique with a set-up comprising a George
Associates Lewis coil force magnetometer, a CAHN microbalance and an Air
Products cryostat. Hg[Co(NCS)4] was used as the standard. EPR spectra were
recorded on a Jeol JES-FA200 spectrometer. Solution electrical conductivities
were measured with a Digisun DI-909 conductivity meter. A CH-Instruments
model 620A electrochemical analyzer was used for cyclic voltammetric
experiments with acetonitrile solutions of the complexes containing
[(n-C4Ho)sN]CIO4 (TBAP) as supporting electrolyte. The three electrode
measurements were carried out at 298 K under a dinitrogen atmosphere with a
platinum disk working electrode, a platinum wire auxiliary electrode and a
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saturated calomel reference electrode (SCE). The potentials reported in this work
are uncorrected for junction contributions.

2.3.3. Synthesis of complexes
All the complexes were prepared by following the same procedure.

Details are given for a representative case.

[Ru,Cl,(PPh;3),(n-Cl)2(p-salhnH)]
Solid [Ru(PPh3);Cl,] (364 mg, 0.38 mmol) was added to a light yellow
solution of HpsalhnH (45 mg, 0.19 mmol) in 50 ml of CHCI;. The brown mixture

was stirred in air at room temperature for 24 h. The resulting dark green solution
was filtered to remove any unreacted solid starting materials followed by the
addition of excess hexane with stirring. The green solid precipitated was
collected by filtration. This solid was redissolved in CHCl; and precipitated by
slow addition of hexane with stirring. The process of dissolution in CHCI; and
precipitation by hexane was repeated for two more times and the solid obtained
was dried in vacuum. This procedure provided 130 mg (yield 62%) of the
complex in high purity. [RuyCly(PPh3)s(p-Cl)a(p-salhnOMe)] was prepared in
similar  yield (60%), whereas [RupCly(PPhs),(pn-Cl)y(p-salhnCl)]  and
[Ru,Cly(PPhs)y(p-Cl)a(p-salhn'Bu)] were prepared in low yields (~20%).

Selected infrared bands® (cm™):

[Ru;Cl(PPh3)(1-Cl)y(u-salhnH)J:  1595(s), 1533(m), 1481(w), 1433(s),
1279(m), 1188(m), 1092(s), 978(m), 905(w), 745(s), 694(s), 525(s), 451(m).
[Ru;Clr(PPh3)(1-Cl)y(u-salhnOMe)]:  1585(m), 1521(m), 1481(m), 1435(s),
1269(m), 1159(w), 744(s), 692(s), 524(s).

[Ru;Cly(PPhs3)y(u-Cl)y(u-salhn'Bu)]:  1570(m), 1522(m), 1481(m), 1433(s),
1255(m), 1188(m), 1091(s), 835(m), 744(s), 692(s), 522(s).
[Ru;Cly(PPhs)(u-Cl)y(u-salhnCl)]: - 1572(m), 1518(m), -1481(m), 1433(s),
1280(m), 1170(m), 1091(s), 823(m), 742(s), 692(s), 524(s).
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2.3.4. Single crystal X-ray structure determination

Single crystals of [Ru,Cly(PPhs)y(p-Cl)2(p-salhnH)] were grown by slow
diffusion of a CHCl; solution of the complex into an overlying layer of hexane. A
crystal of dimension 0.38 x 0.36 x 0.25 mm was mounted at the end of a glass
fibre and covered with a thin layer of epoxy. The data were collected on an
Enraf-Nonius Mach-3  single crystal diffractometer using  graphite
monochromated Mo K« radiation (A = 0.71073 A) by @w-scan method at 298 K.
Unit cell parameters were determined by least-squares fit of 25 reflections having
0 value in the range 9-119. Intensities of 3 check reflections were measured after
every 1.5 h during the data collection to monitor the crystal stability. No decay
was observed in 99 h of exposure to X-ray. Data were corrected for Lorentz-
polarization effects. The wy-scans? of 4 reflections with 20 in the range 10-27°
and y within 84-88° were used for an empirical absorption correction with the
help of Datcor program.'’ The structure was solved by direct methods and refined
on F2 by full-matrix least-squares procedures. The asymmetric unit contains a
molecule of [Ru;Cly(PPhs)>(u-Cl)>(u-salhnH)] with a disordered CHCI3 molecule.

The carbon of CHCI; is found in two positions and three chlorine atoms are found

In 6 positions in between the carbon positions. These partial occupancy atoms are
refined with geometrical restraints in such a way that a 6-fold axis is passing
through the two carbon positions and six chlorine sites are around this 6-fold axis.
All non-hydrogen atoms having full occupancies were refined using anisotropic
thermal parameters. Hydrogen atoms were included in the structure factor
calculation at idealized positions, but not refined. The calculations were
performed using Xtal3.4 softwarel! for data reduction, and SHELX-97
programs!2 for structure solution and refinement. The ORTEX6a and Platon
packages were used for molecular graphics.13 Significant crystal data are listed in

Table 2.1 and final atomic coordinates and equivalent isotropic thermal

parameters are given in Table 2.2.
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Table 2.1. Crystal and structure refinement data for
[Ru,Cly(PPhy )y (p-Cl)o(p-salhnH)|-CHCl,

Chemical formula
Formula weight

Space group

a, A

b, A

c, A

B, deg.

V, A3

L

Pcalcd, £ cm™

1 mm-!

Reflections collected/unique

Reflections I > 2o(I)/parameters

R1%, wR2" [(I> 20(])]
R1, wR2 (all data)
GOF¢ on F*
APmax/min © A”

aR1 = Y||Fo| - [Fel/Z|Fo|. ® WwR2 = {Z[(Fo” - ) VZ[w(Fo )1}

Cs1Hs Cl;N20,P2Ru;
1226.09

Monoclinic, P2,/n
17.857(3)

16.709(2)

18.236(2)

91.32(12)

5439.5(13)

4

1.497

0.997
8929/8455
4654/591
0.0762, 0.1922
0.1546, 0.2333
1.067

1.279, -0.917

¢ GOF = {I[w(F,* - F)*)/(n - p)}'* where n is the number of
reflections and p 1s the number of parameters refined; w =
1/[6*(F,%) + (aP)* + bP] where a = 0.1202 and b = 0.

37
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Table 2.2. Atomic coordinates ( x 10*) and equivalent isotropic displacement
parameters" (AZ x 10°) for [Ru,Cls(PPhs),(salhnH)]-CHCl;

Atom X y 4 U(eq)
Ru(1) 4293(1) 9740(1) 1902(1) 40(1)
Ru(2) 2521(1) 9994(1) 1315(1) 39(1)
CI(1) 3437(2) 10869(2) 1874(2) 49(1)
CI(2) 3162(2) 9035(2) 2091(2) 48(1)
CI(3) 5287(2) 10565(2) 1564(2) 60(1)
Cl(4) 1836(2) 8990(2) 731(2) 53(1)
P(1) 4601(2) 9821(2) 3174(2) 43(1)
P(2) 1532(2) 10193(2) 2153(2) 48(1)
O(1) 4922(5) 8783(5) 1912(4) 54(2)
0(2) 2048(5) 10835(4) 707(4) 50(2)
N(1) 4024(5) 9523(6) 805(5) 44(2)
N(2) 3356(5) 9881(5) 546(5) 40(2)
C(1) 5234(8) 8443(8) 1353(8) 61(4)
C(2) 5840(9) 7942(10) 1481(8) 86(5)
C(3) 6189(12) 7538(13) 932(10) 136(9)
C(4) 5946(12) 7642(14) 189(9) 142(10)
C(5) 5328(9) 8096(11) 48(8) 95(6)
C(6) 4998(8) 8550(9) 603(7) 64(4)
C(7) 4345(7) 9015(8) 395(6) 53(3)
C(8) 3338(7) 10190(7) -95(7) 52(3)
C(9) 2691(8) 10596(8) -415(7) 63(4)
C(10) 2677(11) 10738(11) -1165(8) 100(6)
C(11) 2097(12) 11113(13) -1516(9) 123(8)
C(12) 1505(11) 11370(11) -1121(8) 111(7)
C(13) 1527(8) 11287(7) -389(7) 66(4)
C(14) 2114(7) 10894(7) -8(6) 47(3)
C(15) 5500(7) 9366(8) 3446(7) 52(3)
C(16) 6104(9) 9497(12) 3012(8) 100(6)
C(17) 6800(10) 9213(15) 3256(10) 128(9)
C(18) 6869(11) 8787(12) 3900(11) 111(8)
C(19) 6264(11) 8673(10) 4325(10) 84(5)
C(20) 5590(8) 8949(8) 4074(7) 61(4)
C(21) 4678(7) 10809(7) 3586(6) 47(3)
C(22) 5330(8) 11067(8) 13925(8) 67(4)
~C(23) 5352(9) 11835(10) 4244(9) 82(5)



C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)

C(51A)
C(51B)

CI(5)

CI(5A)

CI(6)

CI(6A)

CI(7)

CI(7A)

4782(9)
4128(8)
4084(8)
3948(7)
3535(7)
3044(9)
2959(9)
3397(9)
3867(8)
1765(7)
2048(8)
2210(10)
2089(11)
1833(13)
1678(10)
1129(7)
1567(9)
1294(10)
585(11)
135(12)
405(10)
723(7)
399(8)
-238(10)
-520(9)
-211(9)
418(8)
-2531(11)
-3228(12)
-2646(7)
-2234(15)
-2444(14)
-3109(13)
-3528(9)
-3315(17)

Diazine and Dichloro Bridged...

12354(8)
12116(8)
11351(8)
9266(7)
9698(9)
9163(12)
8353(12)
7994(9)
8458(8)
10797(8)
11565(8)
12078(9)
11830(11)
11104(13)
10572(10)
9276(8)
8749(9)
8019(9)
7837(10)
8327(12)
9056(10)
10693(8)
11365(9)
[1711(11)
11418(11)
10784(]1)
10441(9)
12309(12)
11460(12)
11532(7)
11278(17)
11598(16)
12167(14)
12521(11)
12185(19)

4165(7)
3818(7)
3530(7)
3742(7)
4269(7)
4668(9)
4524(9)
3989(8)
3607(7)
2957(6)
2828(8)
3400(9)
4085(11)
4229(10)
5650(8)
2516(6)
2926(8)
3194(9)
3038(8)
2663(12)
2348(10)
1739(7)
2041(8)
1691(11)
1060(9)
788(9)
1083(7)
1727(12)
1823(12)
1013(6)
1780(2)
2469(13)
2537(10)
1716(12)
1093(15)

66(4)
64(4)
63(4)
44(3)
60(4)
89(5)
85(6)
70(4)
59(4)
49(3)
61(4)
86(5)
97(6)
126(8)
92(5)
51(3)
70(4)
78(5)
85(5)
130(9)
96(6)
53(3)
76(5)
106(7)
87(5)
83(5)
71(4

510(17)

320(3)
192(4)
270(2)

325(14)
281(11)

214(7)
580(3)

39

* Equivalent isotropic U defined as one third of the trace of the orthogonalized

U(3)) tensor.
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2.4. Results and Discussion

2.4.1. Synthesis and some properties
The complexes were synthesized by reacting one mole equivalent of

H,salhnR (R = H, Cl, OMe, '‘Bu) with two mole equivalents of [Ru(PPh3);Cl;] in
CHCI; in air. The elemental analysis data (Table 2.3) are satisfactory with the
molecular formula, [Ru,Cl4(PPh;);(salhnR)]. In solution, all the complexes are
electrically non-conducting. The room temperature magnetic moments (2.23 -
2.79 ug) suggest two unpaired electrons and hence the +3 oxidation state and low-
spin nature of both metal ions. During the formation of the complexes aerial
oxygen is the most likely oxidizing agent in the oxidation of the metal ions. The
low reduction potentials (vide infra) observed for the complexes are consistent

with such oxidation process.

Table 2.3. Elemental analysis data”

Complex %C %H %N
[RuyCly(PPhs)»(1-Cl)x(1i-salhnOMe)] | 52.15(53.53) | 3.68(3.80) | 2.15(2.40)
[RusCly(PPhs)y(1-Cl)a(u-salhn'Bu)] | 56.71(57.15) | 4.37(4.63) | 2.11(2.30)
[RuyCly(PPhs)s(p-Cl)y(p-salhnH)] 53.84(54.26) | 3.31(3.64) | 2.31(2.53)
[RuyCly(PPhs)s(u-Cl)a(p-salhnCl)] | 50.68(51.08) | 3.04(3.26) | 2.14(2.38)

!

* Calculated values are in parentheses

2.4.2. Infrared spectral properties

The infrared spectra of the complexes were collected in the range of 4000-
400 cm™. A representative spectrum 1s depicted in Figure 2.2. As expected the
free Schiff base phenolic-OH stretching'® (~3600 cm™) is not observed in the
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infrared spectra of the complexes. The C=N stretching3al5 is observed in the
range 1570-1595 cm’™, which is substantially lower than that displayed by

HssalhnR at ~1622 cm™. The strong bands in the region 1433-1527 cm’ are *

16

assigned to the C=C stretching vibrations of the aromatic rings.~ A weak peak

observed just above 3000 cm™ for each complex is likely to be due to the aromatic
C—H bonds."
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Figure 2.2. Infrared spectrum of [Ru,Cly(PPh;3)2(pu-Cl),(pn-salhnH)] in KBr disk.

2.4.3. Electronic spectral properties

The electronic spectral profiles of the complexes in CHCl3 are very similar
(Table 2.4). All the complexes display two absorptions in the ranges 705 - 799
nm and 351 — 373 nm. A representative spectrum is shown in Figure 2.3. For

each complex the absorption in the visible region is broad and the origin of this
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absorption is most probably ligand-to-metal charge transfer transition. The
absorption in the ultraviolet region appears as a shoulder. This high energy
absorption is assigned to the intraligand transition. Red shift of ligand-to-metal
charge transfer band positions with the increasing electron releasing nature of the
ligand substituent for some Fe, Cu, Mn, and Ni complexes has been reported

""" In the present series of complexes the ligand-to-metal charge transfer

before.
band position shifts to lower energy as the R is changing from Cl to ‘Bu to OMe
(Table 2.4). However, the complex of salhnH* does not follow this trend. At
present we do not have any suitable explanation for this anomalous behavior of

this complex with the unsubstituted ligand.

1.5
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Figure 2.3. Electronic spectrum of [Ru,Cly(PPh;),(p-Cl)y(p-salhnOMe)]  in
chloroform.
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Table 2.4. Electronic spectral data in chloroform solution

Complex Amax (nm) (€ (M cm™))
[Ru,Cla(PPhs)s(t-Cl)p(u-salhinOMe)] | 799 (4600), 373 (11900)
[Ru,Cly(PPhs)a(1u-Cl)a(p-salhn'Bu)] 776 (3780), 360" (9900)
[Ru,Clo(PPhs)s(p-Cl)a(p-salhnH)] 705 (3550), 351" (12404)
[Ru,Cla(PPhs)y(pi-Cl)s(p-salhnCl)] 748 (3430), 362" (10270)

sh = Shoulder

2.4.4. EPR spectral properties
The EPR spectra of the complexes in frozen (108 K) CHCl;-CgHsCH5 (1:1)

solutions showed the axial pattern, which 1s very common for low-spin Ru(III)

ct:)mplexes.'8

In addition to gL and g| signals, some weak resonances were
observed 1n each spectrum most likely due to the hyperfine interaction with the
""'Ru and "Ru nuclei. g values are collected in Table 2.5. A representative

spectrum 1s shown in Figure 2.4. The room temperature magnetic moments of

Table 2.5. EPR g values® and magnetic moments”

Complex gL gl | Hen/hs
[RuyCly(PPhs)y(i-Cl)p(p-salhnOMe)] | 2.40 175 | 2.79
[Ru,Cly(PPhs)s(p-Cl);(p-salhn'Bu)] 2.41 1.75 2.23
[RusCly(PPhs )a(1t-Cl)a(pi-salhnH)] 241 175 | 2.45
[RuyCla(PPhs)s(i-Cl)a(p-salhnCl] 2.4 174 | 2.45

*In chloroform and toluene (1:1); ° At room temperature(298 K) in
powder phase.
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Figure 2.4. X-band EPR spectrum of [Ru,Cly(PPhs),(u-Cl)s(p-salhn'Bu)] in
frozen CHCl; - toluene (1:1) solution.

these complexes are in the range 2.45 - 2.79 ng. These values suggest that at this
temperature there 1s practically no spin coupling between the two low spin Ru(III)
centers 1n any of the four complexes. Variable temperature magnetic
susceptibility measurements for [Ru,Cly(PPhs),(u-Cl)y(u-salhnH)] show a very

weak antiferromagnetic spin-coupling (vide infra) between the two metal centers.
I'he magnetic moment of this complex at 108K is 2.32 pg (Figure 2.6). This

corresponds to 1.64 pp/Ru center, which is slightly lower than the spin-only

moment for one unpaired electron. A similar situation is expected for the other
three complexes. Thus the axial spectra observed for these complexes are

consistent for dinuclear species containing two weakly coupled low-spin Ru(III)
centers.
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2.4.5. Redox properties

Electron transfer properties of all the complexes have been studied by
cyclic voltammetry in acetonitrile solutions. The complexes display two
reduction responses (Table 2.6). The current heights observed for all the
responses are comparable with known one electron redox processes under
identical conditions."” Considering the dinuclear structure of the molecules, the
weak antiferromagnetic spin-coupling and reasonably well separated two
20 we assign the first reduction to Ru(IIl)Ru(Ill) —
Ru(II)Ru(Il) process and the second reduction to Ru(IlI)Ru(Ill) — Ru(II)Ru(II)

process. A representative cyclic voltammogram 1s shown 1n Figure 2.5.

reduction responses,

TpA

I . 1 I

0.1 0.0 -0.1 -d.2 | -0.3 | -0.4
Potential (V)

Figure 2.5. Cyclic voltammogram of [Ru;Cly(PPhs),(u-Cl)y(pn-salhnH)] (scan

rate S0 mVs™) in acetonitrile (0.1M TBAP) at a platinum electrode
(298 K).
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Table 2.6. Cyclic voltammetric data

Complex Ru,"/Ru™Ru" | Ru™Ru"/Ru,™
[RuyClo(PPhs)a(u-Cl)a(pn-salhnOMe)] | -0.04° | -0.30° ‘
[Ru,Cly(PPhs)s(p-Cl)z(p-salhn'Bu)] -0.05" | -0.30° |
[RuyCla(PPhs)(p-Cl)a(p-salhnH)] -0.18° (80)° -0.03" |
[Ru,Cly(PPh;)s(u-Cl)z(u-salhnCl)] 0.24°(80)° | 0.01°(120)°

" Epc values; ® E1;2 values, © AE, values, E,, = anodic peak potential, E,. =
cathodic peak potential, E2 = (Epa + Epe)/2, AE, = Epa - Epe.

2.4.6. Magnetic susceptibility
Magnetic susceptibility measurements with a powdered sample of
|Ru,Cly(PPhs)s(p-Cl)a(p-salhnH)] were conducted in the temperature range

20-296 K at a constant magnetic field of 5 kG. The effective magnetic moment
(2.45 pp) at 296 K is essentially the spin-only moment for a dimer containing two

metal 10ns having S = 1/2 spin states. The moment gradually decreases to 1.87 pp

at 20 K (Figure 2.6) indicating an antiferromagnetic interaction between the two
Ru(TIl) centers. The data were fitted using an expression”' for %, vs. T derived

from the isotropic spin exchange Hamiltonian H = -2JS;-S,, where S; = S, = 1/2.
The best least-squares fit was obtained with J = -9.0(1) cm!, g = 1.915(1), p =
1.33%, and TIP = 2.31 x 104 emwmol, where J is the antiferromagnetic coupling
constant, p 1s the mononuclear low-spin Ru(Ill) impurity, and TIP is the

temperature independent paramagnetism.*?

Dicopper(I) complexes containing
the =N-N= bridge are known to exhibit very weak to strong intramolecular
antiferromagnetic spin-coupling.”*** In these complexes, the extent of interaction

Is determined mainly by the twist along the N-N single bond.*®*® Dinuclear
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Figure 2.6. Inverse molar magnetic susceptibility (O) and effective magnetic
moment ([J) of [Ru,Cly(PPh;)>(u-Cl),(u-salhnH)] as a function of

temperature. The solid lines were generated from the best least-

squares fit parameters given in the text.

complexes of other 3d metal 1ons having the same linkage between the metal
centers *** display no coupling or very weak intramolecular spin-coupling as
observed in the present complex. In addition to the diazine bridge there are two
chloride bridges between the Ru(Ill) centers in the present complex. The folding
of the Ruy(u-Cl); core® along the Cl, Cl line (vide infra) and the nearly
orthogonal Ru-Cl-Ru bridge angles® (87.62(10) and 88.82(1 1)°) are most likely
not conducive for an effective antiferromagnetic super exchange interaction via
the chloride bridges. Thus a small J value (-9.0(1) cm~1) is observed.
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2.4.7. Structure of [Ru,Cly(PPh3),(p-Cl)2(p-salhnH)]

The molecular structure of [Ruy;Cly(PPhs),(p-Cl)2(pn-salhnH)] 1s shown in
Figure 2.7. Bond parameters associated with the metal ions are listed in Table
2.7. The metal ions are in distorted octahedral NOCI;P coordination spheres. The

pair of salicylaldimine moieties in salhnH* binds the Ru centers through the
phenolate-O and the imine-N atoms to form two six-membered chelate rings and

provide the N-N bridge between them. In addition, the metal ions are bridged by

Figure 2.7. Structure of [Ru,Cly(PPhs)y(u-Cl)y(u-salhnH)] with the atom-
labeling scheme. All atoms are represented by their 20% probability
thermal ellipsoids. Hydrogen atoms are omitted and selected carbon

atoms are labeled for clarity.
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two of the four chloride ligands. As expected the Ruy(u-Cl); unit 1s not planar
due to the presence of the third diazine bridge. The angle between the planes
containing Rul, CI1, C12 and Ru2, Cl1, CI2 is 47.0(1)°. The Ru---Ru distance 1s
3.344(2) A. The terminal chlorine atoms are irans to the bridging chlorine atoms
and the PPhs molecules coordinate through P atoms at the trans sites of the imine-
N atoms. The Ru-O(phenolate) and Ru-N(imine) distances (Table 2.7) are similar
to those reported for Ru(Ill) complexes containing the same coordinating
atoms.”®?’ The Ru(Ill)-P distances are unexceptional.”’ The Ru-Cl(bridging)
distances, not surprisingly, are longer than the Ru-Cl(terminal) distances. These
distances are comparable with the distances reported for other structurally

characterized diruthenium(Ill) complexes containing bridging and terminal
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Figure 2.8. Hydrogen bonded one-dimensional chain.
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chlorides.”® Both salicylaldimine fragments are satisfactorily planar. The mean
deviations are 0.05 and 0.08 A for the first (O1, C1-C7, N1) and the second (N2,
C8-C14, 02) fragments, respectively. The corresponding Ru centers, Rul and
Ru?2 aré displaced from these planes by 0.45(1) and 0.57(1) A, respectively. Thus
the six-membered chelate rings are folded along the O, N line. The fold angles
are 17.7(5) and 22.1(5)° for the first and the second chelate ring, respectively.
Similar folding has been also observed for [Fc—:z(p-salhn)g.].3a A weak
intermolecular C-H---Cl interaction between the bridging chloride Cl2 and H35
leads to a one-dimensional chain (Figure 2.8). The distances between CI2 and
C35, and CI2 and H35 are 3.451 and 2.715 A, respectively. The C35-H35--CI2
angle is 136.63°. This type of aromatic C-H-Cl interactions have been reported
before.”’

The solid state structure of the uncomplexed H,salhnH is known.” The
compound is in usual frans configuration (Figure 2.1). As mentioned before there
are three structurally characterized complexes containing bridging salhnH?-. In
two of them, [(CO),Rh(pn-salhnH)(CO),Rh]3b and [{CosL(CH3;COO)(CH30);}2(1
-salhnH)],”° only the diazine fragment of salhnH" is bridging two metal 1ons and
the ligand is in trans configuration. In the third complex, [Fe,(u-salhnH);],>* the
diazine fragments of three salhnH*" bridge the two metal ions and all the three
ligands are twisted along the N-N bond. However, the extent of twisting is
different for the three ligands. The maximum is 56.8° and the minimum is 26.6°.
In the present complex, the salhnH* is also in twisted configuration but to a much
lesser extent. The dihedral angle between the salicylaldimine moieties is
[7.1(4)°. In this complex, the additional two chloride bridges and the trans
arrangement of the terminal chlorides are most likely responsible for the near cis
configuration of salhnH*"
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Table 2.7. Selected bond distances (A) and angles (deg.) for
[RuyCla(PPhs)s(-Cl)y(1-salhnH)]-CHCI;

Ru(1)-0(1)  1.953(8) Ru(2)-0(2)  1.969(7)
Ru(1)-N(1)  2.078(9) Ru(2)-N(2)  2.078(10)
Ru(1)-CI(3)  2.341(3) Ru(2)-Cl(4) 2.320(3)
Ru(1)-Cl(2) 2.369(3) Ru(2)-P(2)  2.385(4)

Ru(1)-P(1)  2.377(3)
Ru(1)-CI(1)  2.428(3)

Ru(2)-CI(1)  2.403(3)
Ru(2)-Cl(2) 2.410(3)

O(1)-Ru(1)-N(1)
O(1)-Ru(1)-CI(3)
N(1)-Ru(1)-CI(3)
O(1)-Ru(1)-CI(2)
N(1)-Ru(1)-CI(2)
CI(3)-Ru(1)-ClI(2)
O(1)-Ru(1)-P(1)
N(1)-Ru(1)-P(1)
CI(3)-Ru(1)-P(1)
C1(2)-Ru(1)-P(1)
O(1)-Ru(1)-CI(1)
N(1)-Ru(1)-CI(1)
C1(3)-Ru(1)-CI(1)
CI1(2)-Ru(1)-CI(1)
P(1)-Ru(1)-CI(1)
Ru(2)-Cl(1)-Ru(1)

89.2(4)
92.6(3)
90.5(3)
94.8(3)
82.8(3)

169.97(11)

85.3(3)
173.2(3)
93.63(14)
93.73(15)
176.0(3)
89.1(3)
91.01(12)
81.42(11)
96.18(13)
87.62(10)

0(2)-Ru(2)-N(2)
0(2)-Ru(2)-Cl(4)
N(2)-Ru(2)-Cl(4)
0(2)-Ru(2)-P(2)
N(2)-Ru(2)-P(2)
Cl(4)-Ru(2)-P(2)
0(2)-Ru(2)-CI(1)
N(2)-Ru(2)-CI(1)
Cl(4)-Ru(2)-CI(1)
P(2)-Ru(2)-CI(1)
0(2)-Ru(2)-Cl(2)
N(2)-Ru(2)-CI(2)
Cl(4)-Ru(2)-CI(2)
P(2)-Ru(2)-Cl(2)
CI(1)-Ru(2)-CI(2)
Ru(1)-CI(2)-Ru(2)

89.4(3)
92.5(3)
90.2(3)
87.0(3)
176.4(2)
90.29(12)
94.8(3)
81.3(3)
168.79(12)
98.60(11)
175.9(2)
89.8(2)
91.56(12)
93.73(11)
81.11(12)
88.82(11)
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2.5. Conclusion
Diazine bridged diruthenium(lll) complexes of general formula

[Ru,Cly(PPhs),y(u-Cl)z(p-salhnR)] with HpsalhnR have been synthesized. In these
complexes, the two ruthenium centers are bridged by =N-N= moiety along with
two chlorides ligands. All the complexes have been characterized by elemental
analysis, different spectroscopic and electrochemical methods. Both ruthenium
centers are in low spin state. J value obtained from variable temperature magnetic
susceptibility data of [Ru,Cly(PPhj3),(u-Cl)2(u-salhnH)], suggests a very weak
antiferromagnetic spin coupling between the two ruthenium centers. The
molecular structure of one of the complex, [Ru,Cly(PPh;3),(u-Cl)z(p-salhnH)| has
been determined by single crystal X-ray crystallography. The ligand is in near cis
configuration in this molecule. The additional two chloride bridges and the
terminal srans chlorides force this configuration. If only the diazine moiety acts
as the bridging unit between the metal centers, a frans configuration of salhnH*
will possibly be the preferred arrangement as observed in the previously reported
Rh(I) and Co(ILIII) complexes. For such a molecule the remaining four

coordination sites of each metal ion has to be satisfied by other non bridging

ancillary ligands. In the following chapter, we have described the results obtained
In our attempts to synthesize such a species using cis-[Ru(bpy),Cl,] as the starting

material.
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CHAPTER 3

Complexes of Bis(2,2'-bipyridine)ruthenium(Il) with
Salicylaldehyde and its Derivatives*®

3.1. Abstract

Ruthenium(Il) mixed-ligand complexes having the general formula
[Ru(bpy)2(salR)]|PF¢ derived from 2,2'-bipyridine and salicylaldehyde or its 5-
substituted derivatives (HsalR, H stands for the dissociable phenolic-OH proton;
R = H, OMe, Bu, Cl, NO,) are described. Characterization of the complexes

were performed by using microanalysis. cyclic voltammetry and various

spectroscopic methods such as infrared, UV-vis, one and two-dimensional 'H
NMR. Diamagnetic character of the complexes i1s consistent with low-spin
ruthenium(Il) system. In solution, each of them behaves as 1:1 electrolyte.
Crystal structures of [Ru(bpy).(salH)]PFg¢ and [Ru(bpy).(salCl)]PFs have been
determined. In solid state, salR~ ligand exists as the intermediate of the normal
phenolate structure and a quinonoid structure. Electronic spectral profiles of all
the complexes are very similar. The complexes displav the Ru(Ill)-Ru(II) couple
in the potential range 0.61-0.84 V (vs. Ag/AgCl) in acetonitrile solutions. The
potential of this couple is linearly related to the Hammett constant of the
substituent R. '"H NMR spectra for all the complexes were recorded in CD;CN
and aromatic protons were assigned with the help of 'H-'H correlation

spectroscopy (COSY).

*This work has been published in Z. Anorg. Allg. Chem.. 2002, 628, 2091.
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3.2. Introduction

The ruthenium(Il) complexes containing polypyridyl ligands are always
interesting for their electronic and redox properties. The fine tuning of these
properties by alteration of the coordination sphere around the metal center affects
the photophysical and photochemical phenomena exhibited by such complexes.'~
In this respect, new ruthenium(Il) polypyridine complexes with different types of
coligands are of significant importance. A large number of mononuclear
ruthenium(Il) complexes containing the {Ru(bpy),} (bpy = 2,2'-bipyridine)
moiety with a variety of ancillary monodentate, and bidentate ligands have been

reported.'” Recently considerable effort has been devoted to synthesize binuclear

Ul HsalH (R =H)
HsalCl (R =Cl)

0
R HsalOMe (R = OMe)
H Hsal'Bu (R = 'Bu)
HS&INO2 (R = NOz)
Figure 3.1

to polynuclear ruthenium(Il) polypyridine complexes using various bridging
ligands. The primary goal is to obtain supramolecular multicomponént systems
that can function as photomolecular devices.®

In the previous -chapter, we have used HjsalhnR to prepare dinuclear
ruthenium complexes from Ru(PPh3);Cl,. In these complexes, both the ruthenium
atoms are 1n +3 oxidation state and the metal ions are bridged by the diazine
moiety (=N-N=) of salhnR* as well as by two chloride ligands. In search of new

binuclear ruthenium(Il) complexes, we have chosen cis-[Ru(bpy),Cly]-2H;0 as

B i W T
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the starting material and salhnR* as the bridging ligand that can replace the two
chloride ligands and form diazine bridged diruthenium(Il) species.

In our attempt to prepare such complexes using cis-[Ru(bpy),Cl,]-2H,0
and HpsalhnR in alkaline medium, we have isolated mononuclear Ru(II) species
of general formula [Ru(bpy),(salR)]". This is because of the hydrolysis of the
Schiff bases in the reaction media. In these complexes, deprotonated
salicylaldehyde and substituted salicylaldehyde moieties bind the metal center
through the phenolate-O and the aldehydic-O replacing two chlorides in cis-
Ru(bpy),Cl,. Our all efforts failed to prevent this hydrolysis of HysalhnR and
1solation of the targeted dimeric complexes. These complexes can also be
synthesized in good yields directly from cis-[Ru(bpy),Cl,]-:2H,0, HsalR, and
NaOH (1:1:1 mole ratio) in methanolic media.

Recently there 1s a report on the quinonoid behavior of the bidentate O,0-
donor salicylate(L”) in the complex, [Ru(bpy),L].° Complexes with quinonoid
ligands are of particular interest as these ligands can play important roles in
deciding the physical properties of the complexes due to the possibility of redox
electron delocalization between the metal 1on and the ligand. The complexes we
have isolated contain deprotonated salicylaldehyde, which is closely related to
salicylate. Thus we have performed an elaborate investigation on this series of

complexes having the general formula [Ru(bpy),(salR)|PFs.

3.3. Experimental Section

3.3.1. Materials

cis-[Ru(bpy),Cl,]-2H,O was prepared by using a reported procedure.’
Acetonitrile used for electrochemical and spectral studies was purified and dried
according to a reported method.'” All other chemicals and solvents were of

analytical grade available commercially and were used as received.



60 Chapter 3

3.3.2. Physical measurements
Proton NMR spectra of the complexes in CD3;CN solutions were recorded

on a Bruker 200 MHz spectrometer using Si(CH3)s as an internal standard. All
other measurements were performed as described 1n chapter 1.

3.3.3. Synthesis of complexes
All the five complexes [Ru(bpy).(salOMe)]PF¢ (1), [Ru(bpy)a(sal'Bu)]PF;

(2). [Ru(bpy)(salH)]PFs (3), [Ru(bpy).(salCl)]PFs (4), and [Ru(bpy):(sal-
NO,)]PFs (5) reported in this chapter were synthesized from cis-
[Ru(bpy),Cl,]-2H,O and salicylaldehyde or its S-substituted derivatives in
comparable yields by following similar procedures. Details are given for a

representative case.

|[Ru(bpy).(salH)|PF (3)

cis-[Ru(bpy),Cly]-2H,0O (221 mg, 0.425 mmol) was added to a methanol
solution (30 ml) of salicylaldehyde (52 mg, 0.426 mmol) and NaOH (17 mg,
0.425 mmol). The mixture was refluxed for 12 h. The resulting brown solution

was evaporated to dryness and the solid obtained was dissolved in 15 ml of water.
To this water solution excess NH4PF¢ was added and a brown solid was
precipitated. This solid was collected by filtration, washed thoroughly with water
and dried in vacuum over anhydrous CaCl,. The purification of the complex was
performed on a neutral aluminium oxide column (15 cm long). The first moving
brown band was eluted with dichloromethane containing 5% acetone. This was
collected and evaporated. The solid thus obtained was recrystallized from
acetone-diethylether (2:1). The yield was 180 mg (62%).

Selected IR bands'' (cm™): 1605(s), 1580(s), 1508(s), 1441(s), 1341(w),
1263(m), 1240(w), 1182(m), 1148(m), 1130(w), 1020(s), 901(m), 839(vs), 760(s),
727(s), 658(m), 556(s). |

i R ap—— A S
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Selected IR bands'' (cm™) for the other four complexes are as follows:
[Ru(bpy),(salOMe)]PFs (1): 1600(m), 1578(s), 1508(s), 1458(s), 1321(m),
1265(w), 1242(m), 1209(m), 1146(s), 1022(s), 839(vs), 762(s), 727(s), 658(w),
556(s).

[Ru(bpy)s(sal!Bu) JPFs (2): 1622(s), 1580(s), 1512(s), 1445(s), 1420(m), 1364(m),
1327(m), 1263(s), 1167(s), 1020(s), 841(vs), 762(s), 731(m), 658(m), 557(s).
[Ru(bpy)>(salCl)]PFs (4): 1605(s), 1580(s), 1501(s), 1445(s), 1325(m), 1265(m),
1235(w), 1155(s), 1024(m), 841(vs), 762(s), 729(s), 658(w), 556(s).
[Ru(bpy)>(salNO;)]PFs (5): 1602(s), 1589(s), 1539(s), 1487(m), 1449(s),
1418(m), 1331(s), 1267(w), 1242(m), 1175(w), 1099(s), 1024(w), 939(w),
841(vs), 762(s), 729(s), 662(w), 557(s).

3.3.4. Single crystal X-ray structure determination

Single crystals of [Ru(bpy))(salH)]PFs (3) were grown by slow
evaporation of a dichloromethane-diethylether (1:1) solution of the complex and
that of [Ru(bpy)z(salCl)]PFﬁ (4) were grown by slow evaporation of an acetone-
diethylether (1:1) solution of the complex. In each case, data were collected on an
Enraf-Nonius Mach-3  single crystal diffractometer using  graphite
monochromated Mo Ka radiation (A = 0.71073 A) by w-scan method at 298 K.
Unit cell parameters were determined by least-squares fit of 25 reflections having
20 values in the range 18-22°. Intensities of 3 check reflections were measured
after every 1.5 h during the data collection to monitor the crystal stability. In both
cases, there is no significant change in the intensities of the check reflections.
Data were corrected for Lorentz-polarization effects. Empirical absorption
corrections were applied to both data sets based on the W-scans' of 6 reflections
in each case. These reflections have 20 1n the range 7-42° and y within 81-89° for
[Ru(bpy),(salH)]PFs (3) and 20 in the range 3-31° and y within 84-88° for
[Ru(bpy),(salCl)]PFs (4). The structures were solved by direct methods and
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refined on F” by full-matrix least-squares procedures. The asymmetric unit of
[Ru(bpy),(salH)]PF¢ contains a molecule of the complex and a dichloromethane
molecule and that of [Ru(bpy).(salCl)]PF¢ contains a molecule of the complex
and one molecule of acetone. All non-hydrogen atoms were refined using
anisotropic thermal parameters. Hydrogen atoms were included in the structure
factor calculation at idealized positions by using riding model, but not refined. In
the case of [Ru(bpy),(salH)]PF4¢ CH,Cl,, the programs of WinGX" were used for
data reduction and absorption correction. For the dataset of
[Ru(bpy)>(salCl)]PF¢(CH;)>CO, the Xtal3.4 software'* and Datcor program'’
were used for data reduction and absorption correction, respectively. Structure
solution and refinement were performed with the SHELX-97 programs.'® The
Platon and Ortep-3 programs were used for molecular graphics.'” Selected crystal
and refinement data are listed in Table 3.1.

Further details are available from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK on request, quoting the
deposition nos. CCDC 185005 and 185006.
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Table 3.1. Crystal and structure refinement data for [Ru(bpy).(salH)]PFs

‘CH,Cl, (3-CH,Cl) and [Ru(bpy)z(salCl)]PFe(CH3),CO
(4-(CH3),CO)
Complex 3-CH,Cl, 4-(CH3),CO
Chemical formula C23H23N402F5C12PRU C30H26N403F6C1PRU
Crystal size, mm 0.50 x 0.47 x 0.35 0.48 x 0.45 x 0.38
Formula weight 764.44 772.04
Space group Monoclinic, P2/n Triclinic, P1
a, A 9.289(2) 10.3637(15)
b, A 20.099(5) 12.973(2)
c, A 16.388(4) 13.361(3)
o, deg. 90 110.22(2)
[, deg. 90.27(2) 106.753(18)
v, deg. 90 91.491(13)
v, A’ 3059.4(12) 1598.3(5)
4 4 2
Py, 8 CM> 1.660 1.604
u mm-! 0.810 0.698
Reflections collected/unique 7229/7014 5611/5611
Reflections I > 2o(I)/parameters  4811/397 4389/415

R1%, wR2" [(I1> 26(D)]

R1, wR2 (all data)
Goodness-of-fit°

3
_ APmax/min € A

0.0510, 0.1372
0.0818, 0.1566
1.020

1.104, -0.824

0.0493, 0.1429
0.0694, 0.1544
1.176

0.946, -0.491

“R1 = Y|Fo| - [Fell/ZlEol. ®WR2 = {Z[(F,’ - F')’VZ[W(Fo*) ]},

“GOF = {Z[v»r(l:.z.,2 -FH)/(n - p)} "2 where ‘n’ is the number of reflections and ‘p’
is the number of parameters refined; w = 1/ [Gz(Foz) + (aP‘)2 + bP] where a = 0.08
and b = 3.1739 for 3-CH,Cl,; and 0.0927 and b = 0 for 4-(CH3),CO
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Table 3.2. Atomic coordinates (x10*) and equivalent isotropic displacement
parameters® (A*x10”) for [Ru(bpy)a(salH)]PFs:CH,Cl;

Atom X y Z U(eq)
Ru 4598(1) 7769(1) 4778(1) 48(1)
P 6482(2) 9634(1) 1705(1) 64(1)
CI(1) 3744(4) 6578(2) 2174(2) 157(1)
CI(2) 5868(4) 6103(2) 1089(2) 196(2)
F(1) 5999(5) 8889(2) 1532(3) 111(1)
F(2) 4914(4) 9788(3) 1986(3) 134(2)
F(3) 6977(6) 10379(2) 1822(3) 134(2)
F(4) 8049(4) 9478(2) 1399(3) 131(2)
F(5) 6076(5) 9810(2) 798(2) 108(1)
F(6) 6878(6) 9439(3) 2589(3) 167(2)
O(1) 2636(3) 8223(2) 4594(2) 62(1)
O(2) 5123(4) 7847(2) 3562(2) 64(1)
N(1) 4168(4) 7786(2) 5995(2) 35(1)
N(2) 5491(4) 8665(2) 5095(3) 61(1)
N(3) 6400(4) 7217(2) 4940(2) 56(1)
N(4) 3824(4) 6838(2) 4506(2) 56(1)
C(1) 2153(5) 8429(2) 3891(3) 60(1)
C(2) 764(6) 8720(3) 3875(4) 78(2)
C(3) 187(7) 8955(4) 3173(5) 99(2)
C(4) 928(8) 8§919(4) 2437(5) 110(3)
C(5) 2258(7) 8640(4) 2424(4) 94(2)
C(6) 2915(5) 8382(2) 3139(3) 64(1)
C(7) 4311(6) 8105(3) 3041(3) 69(1)
C(8) 3461(6) 7316(3) 6411(3) 65(1)
C(9) 3166(7) 7377(4) 7226(4) 88(2)
C(10) 3604(9) 7937(4) 7630(4) 106(2)
C(11) 4317(8) 8422(4) 7210(4) 98(2)
C(12) 4607(6) 8347(2) 6387(3) 65(1)
C(13) 5365(5) 8833(2) 5879(4) 66(1)
C(14) 5950(8) 9430(3) 6175(5) 96(2)
C(15) 6701(8) 9835(3) 5637(7) 115(3)

m



C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)

6844(8)
6221(6)
7676(6)
8854(7)
8692(8)
7407(7)
6265(6)
4820(6)
4448(8)
3079(9)
2061(8)
2455(6)

5095(12)

9073(3)
7437(3)
7019(4)
6356(4)
6124(3)
6553(2)
6345(2)
5700(3)
5560(3)
6055(3)
6687(3)

9650(3)

5938(8)

 4844(6)

4587(4)
5202(3)
5302(4)
5120(4)
4849(4)
4765(3)
4494(3)
4241(4)
4020(4)
4050(4)
4286(3)
1968(8)

Complexes of Bis(2,2"-bipyridine)ruthenium(ll)...

110(3)
82(2)
72(1)
93(2)
94(2)
83(2)
63(1)
62(1)
85(2)
95(2)
85(2)
67(1)
224(8)

65

—

* Equivalent isotropic U defined as one third of the trace of the orthogonalized

U(1)) tensor.

Table 3.3. Atomic coordinates (x10%) and equivalent isotropic displacement
parameters® (A*x10°) for [Ru(bpy)(salCl)]PF¢(CH;),CO

e S T S e

N(2)

3352(4)

6240(3)

3541(3)

Atom X i .z U(eq)
Ru 3578(1) 6871(1) 2379(1) 45(1)
P 13095(2) 1654(2) 1940(2) 81(1)
Cl 9669(2) 4116(2) 2888(2) 94(1)
F(1) 11838(6) 2296(5) 2008(4) 134(2)
F(2) 12297(6) 568(4) 1890(5) 130(2)
F(3) 12579(6) 1232(5) 620(4) 127(2)
F(4) 14377(6) 1049(5) 1905(5) 145(2)
F(5) 13919(7) 2734(4) 2011(5) 146(2)
F(6) 13614(5) 2068(4) 3266(4) 113(2)
O(1) 5621(3) 7167(3) 5247(3) S7(1)
0O(2) 3818(3) 5386(3) 1255(3) 56(1)
O(3) 2274(13) 9845(17) 7677(9) 331(10)
N(1) 3380(4) 8264(3) 3589(3) 47(1)

49(1)
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N(3) 1590(4) 6682(3) 1446(3) 43(1)
N(4) 3738(4) 7589(3) 1274(3) 52(1)
C(1) 6461(5) 6444(4) 3098(4) 53(1)
C(2) 7803(6) 6746(5) 3868(5) 71(2)
C(3) 8754(6) 6041(5) 3798(6) 75(2)
C(4) 8423(6) 5000(5) 2927(5) 66(2)
C(5) 7196(6) 4676(5) 2168(5) 62(1)
C(6) 6152(5) 5386(4) 2211(4) 52(1)
C(7) 4893(6) 4965(5) 1366(5) 59(1)
C(8) 3320(5) 9280(4) 3534(5) 56(1)
C(9) 3283(6) 10188(5) 4422(5) 65(2)
C(10) 3317(6) 10083(5) 5407(5) 68(2)
C(11) 3369(6) 9055(5) 5487(5) 64(1)
C(12) 3387(5) 8154(4) 4570(4) S1(1)
C(13) 3377(5) 7005(4) 4530(4) 52(1)
C(14) 3346(06) 6705(5) 5430(5) 65(1)
C(15) 3292(6) 5602(6) 5291(6) 73(2)
C(16) 3245(6) 4834(5) 4286(06) 69(2)
C(17) 3280(5) 5160(4) 3422(5) 58(1)
C(18) 539(5) 6168(5) 1572(5) 61(1)
C(19) -789(6) 6094(6) 914(6) 77(2)
C(20) -1040(6) 6574(6) 127(6) 81(2)
C(2]) 25(6) 7104(5) 2(5) 72(2)
C(22) 1324(5) 7142(4) 653(4) 54(1)
C(23) 2546(5) 7660(4) 555(4) 54(1)
C(24) 2522(7) 8159(5) -218(5) 71(2)
C(25) 3726(8) 8558(6) -266(6) 84(2)
C(26) 4928(8) 8474(6) 442(6) 83(2)
C(27) 4891(6) 7995(5) 1194(5) 67(2)
C(28) 283(16) 8945(16) 6500(2) 329(15)
C(29) 1082(13) 9840(3) 7311(13) 273(15)
C(30) 489(18) 10857(17) 7300(2) 410(2)

" Equivalent isotropic U defined as one third of the trace of the orthogonalized

U(1)) tensor.
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3.4. Results and Discussion

3.4.1. Synthesis and some properties

The syntheses of all the five complexes were performed by using a general
method. Reactions of stoichiometric quantities of cis-[Ru(bpy),Cl,]-2H,0, HsalR
and NaOH 1n boiling methanol afford the complexes in good yields. The cationic
complexes were precipitated as their hexafluorophosphate salts. However,
chromatographic purification was necessary on a neutral aluminium oxide
column. Elemental analysis data (Table 3.4) are satisfactory with the general
formula [Ru(bpy).(salR)]PFs. Molar conductivity values (Table 3.5) of all the
complexes in acetonitrile solutions are consistent with 1:1 electrolytic behavior."®
The complexes are diamagnetic and NMR active. Thus the ruthenium centers in

these complexes are in +2 oxidation state and low-spin in character.

Table 3.4. Elemental analysis data?

Complex %0C %H %N
[Ru(bpy).(salOMe)|PFqs | 47.28 (47.40) 3.12(3.27) 7.69 (7.90)
[Ru(bpy)(saltBu)|PFg 50.81 (50.61) 3.35 (3.97) 7.43 (7.62)
Ru(bpy),(salH)]PFg 47.56 (47.72) 2.98 (3.11) 7.94 (8.24)
[Ru(bpy)2(salCl)|PFg 45.32 (45.42) 2:71 (2.:62) 7.68 (7.85)
[Ru(bpy)2(salNO,)]PFs | 44.43 (44.76) 2.49 (2.78) 9.46 (9.67)

“Calculated values are in parentheses.

3.4.2. Infrared spectral properties
Infrared spectra of the complexes do not display any band near 3300 cm-!

suggesting deprotonation of the phenolic-OH of HsalR in the complexes. The
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free aldehydes (HsalR) display a peak near 1650 cm~! due to the C=0 group. A
medium to strong peak is observed in the range 1600-1622 cm-! for all the five
complexes. The origin of this peak'’ might involve the metal coordinated C=0
group of salR-. The strong and sharp peak displayed by the complexes in the
range 1578-1589 cm™! is likely to be associated with the C=N fragments of the
bpy ligands.”® The presence of PFs~ in each complex is indicated by a strong

peak'” at ~840 cm~!. A representative spectrum is shown below.

may
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Figure 3.2. Infrared spectrum of [Ru(bpy),(sal'Bu)]PFs in KBr disc.

3.4.3. Electronic spectral properties

Electronic spectral data of the complexes in acetonitrile solutions are listed
in Table 3.5. A representative spectrum is shown in Figure 3.3. Except for the
[Ru(bpy),(salNO,)]PFs, the spectral profiles of the other four complexes are very

. e
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similar.  [Ru(bpy),(salNO,)]PFs differs only in the relative intensities of the
absorption bands when compared with the rest. In the visible region, all the
complexes display four absorptions in the ranges 537-557 nm, 476-489 nm, 402-
415 nm and 341-368 nm. These absorptions for [Ru(bpy)(salNO,)]PF¢ are

ﬁ

124
=
<
. &
;_,‘ -
-
= \
< 04-

0.0 /\/\-

200 400 600

Wavelength (nm)

Figure 3.3. Electronic spectrum of [Ru(bpy),(salH)]PF¢ 1in acetonitrile.

significantly blue shifted compared to the other four complexes (Table 3.5).

Multiple transitions in the visible region in this type of complexes are common
due to presence of several closely spaced acceptor levels.*” The lowest energy dm
(Rull) - 7*(bpy) band for [Ru(bpy)s;]*" is observed at 450 nm.*® In the present
series of complexes, this MLCT band appears in the range 476-491 nm with a

shoulder within 537-557 nm. This red shift is consistent with the replacement of
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one m-accepting bpy ligand with the o-donating asymmetric salR™ having reduced

ligand-field strength and lowering of the molecular symmetry due to the
replacement. An interesting observation is the trend of this band position within

this series of [Ru(bpy)a(salR)]PFs complexes. When R = OMe, Bu and H it
appears at 490 + 1 nm. On the other hand, for R = Cl and NO; the peak is
observed at 485 and 476 nm, respectively. A possible rationale for the above shift

1s as follows. Electron withdrawing substituents such as Cl and NO, at the para

Table 3.5. Electronic spectral® and molar conductivity” data

Complex

Amax (nm) (€ (M’ cm™))

Am (Q' em? mol™)

|Ru(bpy)a(salOMe)|PF¢

557b (6700), 489 (10300),
411% (7900), 368 (10800),
295 (45500), 243 (32400)

138

[Ru(bpy)z(saltBu)]PF6

560b (7900), 491 (12400).
404 (10200), 362 (12800).
295 (60900), 245 (43500)

150

[Ru(bpy)2(salH)]PFg

556b (8200), 489 (12800),
408 (9900), 358 (12700).
295 (65300), 245 (43400)

152

[Ru(bpy)2(salC1)]PFs

556b (3600), 485 (6700).
415 (4100), 361 (6100),
294 (30100), 244 (20400)

142

[Ru(bpy),(salNO,)]PFg

537b (7900), 476 (17300),
402 (16700), 341 (14400),
293 (64800), 245 (42000)

147

a In acetonitrile, ® Shoulder.
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position of the phenolate-O will reduce the c-donating ability of the coordinating
atom. However, the energy of the phenolate-pnt levels are expected to be lower
due to the presence of an electron withdrawing group at para to the phenolate-O
compared to the energy of the phenolate-pn levels in presence of an electron
releasing group at the same position. In the latter case, the interaction of Rull-dr
with phenolate-pmt will increase the energy of the former and hence Rull-dn will
be nearer to the bpy-n* levels. The opposite is expected for the electron-
withdrawing group. Thus there is a high energy shift of the lowest energy MLCT
band for these two complexes compared to the rest. The shoulder in the range
537-557 nm possibly involves charge transfer from both Ru(II) and salR- to bpy.®
Here also the absorption for salNO,~ complex is blue shifted compared to the rest.
In the UV region, all the complexes display two intense peaks. The positions of
these two peaks are essentially same (294 + 1 and 244 + 1 nm). In similar
ruthenium(II) bipyridine heterochelates, absorptions in this region are assigned to

: i e > 4.7
bipyridine T — ©* transitions.

3.4.4. NMR spectral properties

The proton NMR spectra of all the complexes were recorded in CD;CN.
A representative spectrum 1s shown in Figure 3.4. The absence of free HsalR
-OH proton (&6 > 10) in all the spectra21 confirm the complexation through the
phenolate-O. The -CHO proton is observed in the range 8.99-9.31 & (Table 3.6).

There i1s an upfield shift for this signal with the increasing electron releasing

nature of R. A similar substituent effect on the chemical shift of -CH=N- proton
1s noted for some ruthenium(Il) Schiff base complexes described in the following
chapter. The  methyl protons of  [Ru(bpy),(salOMe)]PF¢  and
[Ru(bpy),(sal'Bu)]PFs appear as singlet at 3.66 and 1.22 §, respectively.

The aromatic region of each spectrum i1s very complicated. In each

complex, the equatorial plane contains two pyridine rings (b, d) from two bpy
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ligands and the salR- (ring p) moiety. The remaining two pyridine rings (a, c)
occupy the axial positions (Scheme 1). Thus the four pyridine rings from

Table 3.6. 'H NMR data® (§) in CD;CN

[Ru(bpy)2(salOMe)|PFg

3.66 (3 H, s), 6.46 (1 H,d, ] =10),6.70 (1 H,d, J =
3.8). 6.93-6.99 (1 H, q), 7.09-7.19 (2 H, m), 7.52-
7.63 (2 H, q), 7.74-7.88 (4 H, m), 8.02-8.13 (2 H, q),
8.36 (2H,d,J=6.4),848 (2 H,d,J =8.4),8.67-
8.74 (2 H, 1), 8.99 (1 H, s).

[Ru(bpy)2(sal Bu)]PFe

1.22 (9 H,s),6.49 (1 H.d,7=9),7.01-7.19 (2 H,
m), 7.23 (1 H,d,J=2.9), 7.36 (1 H, dd, ] = 9.7,
2.9), 7.52-7.63 (2 H, q), 7.74-7.87 (4 H, m), 8.01-
8.13 (2 H,q), 8.36 (2H,dd, ] =9.8,2), 8.48 (2 H,
dd, J = 8.8, 2), 8.66-8.74 (2 H, q), 9.03 (1 H, s).

[Ru(bpy)z(salH)]PF(,

——

6.43-6.53 (2 H, m), 7.10-7.19 (2'H, m), 7.22-7.27 (1
H, m), 7.32 (1 H, dd, ] = 7.8, 2), 7.52-7.63 (2 H, q).
7.75-7.88 (4 H, m), 8.02-8.14 (2 H, q), 8.36 (2 H, d,
1=6.4),848 (2H,d,J=8.4),8.67-8.76 (2 H, q),
9.06 (1 H, s).

[Ru(bpy)(sal C1)]PFy

6.49(1H,d,J=9.2),7.11-7.19(3 H,m),7.32(1 H
d.J=3),7.53-7652H,m), 7.74 - 7.86 (4 H, m),
8.03-8.15(2H,m), 836 (2H,dd,J=7.38, 3), 8.49
(2H,d,J=8),8.66-8.73 (2H, m), 9.05(1 H, s).

[Ru(bpy)z(salN03)]PF(,

6.54 (1 H, d, J = 10), 7.15 - 7.21 (2 H, m), 7.57 -
7.66 (2 H, q), 7.76 - 7.85 (4 H, m), 7.88 (1 H, 1),
7.97 (1 H, dd, J = 9.7, 4), 8.08 - 8.19 (2 H, m), 8.38 |
2 H, dd, J = 7.2, 1.6), 8.45 - 8.53 (2 H, q), 8.66 -
8.72 (2 H, m), 9.31 (1 H, s). |

—

*s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet.
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Figure 3.4. '"HNMR spectrum of [Ru(bpy)>(salCl)]PF4 in CD;CN.

two bpy ligands are non-equivalent due to chelation of the asymmetric salR".
Although all the aromatic protons are non-equivalent, many of them are in similar
electronic environment. Thus the assignment of the signals becomes difficult due
to their appearance in a narrow chemical shift range causing partial overlapping of
the signals. However, the aromatic protons can be separated in different groups
with the help of two-dimensional '"H-"H correlation spectroscopy (COSY). The

twenty aromatic protons in [Ru(bpy).(salH)|PFs separate into five groups of four,
each corresponding to H?, H*, H> and H® (usual numbering scheme). For each of

the rest four complexes, nineteen aromatic protons are separated into four groups
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of four protons and one group of three protons. The positions of the complexed
salR- ring protons are influenced by the electronic nature of R at para to the
phenolate-O. The order of the salR~ ring protons in increasing chemical shift is 6
> 4;> §:when R is electron withdrawing group (Cl and NO;) and that 1s 4 > 6 > 3

for electron releasing groups (R =
OMe and CMe;). For the complex
with the unsubstituted deprotonated
salicylaldehyde (salH~) the order i1s
6 > 4 > 3,5. The protons of the

pyridine ring (d), which 1s at trans

to the phenolate-O, are expected to

be at lower chemical shift compared

to the other pyridine ring protons

due to the frans effect. In addition,
the effect of the electron Scheme 1
withdrawing or releasing property

of the substituent R at para to the phenolate-O is reflected in the relative chemical
shifts of the protons on the ring ‘d’. Assignments of the other sets of protons to
specific pyridine rings cannot be done unambiguously. In all the complexes, the
order of the pyridine ring protons with respect to increasing chemical shift is 6 > 3
>4 > 5 for rings ‘a’ and ‘b’ and that for pyridine rings ‘¢’ and ‘d’ 1s 6 > 3,5 > 4.
Similar distributions of pyridine protons in the NMR spectra have been observed
before for other bis(bipyridine)ruthenium(Il) complexes with asymmetric

bidentate chelating ligands.***
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Figure 3.5. 'H - '"H COSY spectrum of [Ru(bpy)>(salCl)]PFs in CD;CN.

3.4.5. Redox properties
Acetonitrile solutions cf all the complexes were used to study the redox

behavior with the help of cyclic voltammetry. Representative voltammograms are
shown in Figure 3.6 and the potential data are provided in Table 3.7. The
complexes display the Ru(Ill)-Ru(Il) couple in the potential range 0.61-0.84 V
(vs. Ag/AgCl) with a peak-to-peak separation of 70-80 mV and essentially
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idehtica} anodic and cathodic peak current. The one electron stoichiometry of this
response - is confirmed for each complex by comparison of peak currents with
known 9@ electron redox processes under identical conditions.”” The potential of
thlS .ré'if ;(se is sensitive to R. It decreases with increasing electron releasing
nature of the substituent. Thus as the electron density on the phenolate-O
decreases Ru(Il) to Ru(Ill) oxidation becomes more difficult. When these
potentials are plotted against the Hammett substituent constants (cp)23 a linear
correlation is observed (Figure 3.7). At a more anodic potential, two more

irreversible oxidations are displayed by [Ru(bpy)(salOMe)]PFs. On the other

Table 3.7. Cyclic voltammetric datad:P in acetonitrile at 298 K

Complex Ein (V) (AEp (mV)) Epa (V) Ein (V) (AEp (mV))
1 0.61 (70) 1.45, 1.81 | -1.64¢, -1.90¢
2 0.65 (70) 1.75 -1.47 (60), -1.68 (100)
3 0.68 (80) 1.84 -1.45¢, -1.68 (90)
4 0.75 (70) 1.85 -1.67¢, -1.87¢
5 0.84 (80) : 1.55¢, -1.74¢ |

" Epa» anodic peak potential; Epc, cathodic peak potential; Ejp = (Epg + Epe)/2:
AE,=E,, - Epe. P Scan rate is 100 mVs-!. CE values.

hand, there 1s no such oxidation response for [Ru(bpy),(saNO,)]PFs. Rest three
complexes display only one irreversible oxidation response (Table 3.7). The
anodic peak currents of these responses are comparable with that of the preceding

Ru(III)-Ru(Il) couple. Similar two monoelectronic irreversible oxidations after
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1.2 0.9 0.6 0.3 0.0
Potential (V)

Figure 3.6. Cyclic  voltammograms (scan rate 100 mVs!) of
[Ru(bpy)(salOMe)|PF¢ ( ) and [Ru(bpy)a(salNO,)]PF¢ (--===-) 1n
CH;CN.

the reversible Ru(Il) to Ru(Ill) oxidation as observed for [Ru(bpy).(salOMe)|PFg
are reported for [Ru(bpy),L] (L is salicylate).”® In the latter case, after allowing

the highest oxidation on reverse scan a new reversible Ru(Ill)-Ru(Il) couple was
observed. On repeated scan the current height of the new couple increases in
expense of the original couple. It has been shown for [Ru(bpy),L] that the first
irreversible response is due to oxidation of salicylate to its semiquinone form and
the following one involves oxidation of the semiquinone to an electrophile, which
undergoes hydroxylation. The new redox active species has been proposed to be
a complex of {Ru(bpy),} with 4-hydroxysalicylate semiquinone. Considering the
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similarity of oxidation responses observed for the present series of complexes
with that for [Ru(bpy),L], we assign the first irreversible response to one electron

0.85-

0.80-

0.75-

E,,(V)

0.70 1

0.65 1

0.60 -

Figure 3.7. Correlation between the E;; values for Ru(IIl)-Ru(Il) couple and the
Hammett substituent constants. The straight line represents a linear

least-squares fit.

oxidation of salR- (R = OMe, H, 'Bu and Cl) to semiquinone form. The second
oxidation observed for only the complex with salOMe" is possibly due to further
one electron oxidation of its semiquinone form to a cationic species. The
observation of two irreversible oxidation responses when R in salR" is an electron
releasing group (OMe), no such response when R is an electron withdrawing
group (NO,) and one irreversible oxidation for the other three complexes having
R (1Bu, H, Cl) of intermediate electronic character is consistent with the above

assignment. Cyclic voltammograms of the five complexes do not show any
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change during repeated scans from 0 - 2 V. Thus there is no chemical transfor-
mation of any of the complexes in the cyclic voltammetric time scale after the
oxidation of the salR" ligand as observed for the salicylate complex.®® All the
complexes display two successive quasi-reversible to irreversible reduction
responses 1n the potential range -1.45 to -1.90 V (Table 3.7). Such successive
reductions at similar potentials for {Ru(bpy),}** complexes with other bidentate

chelating ligands are assigned to one electron reduction of each of the two bpy

- 4b.d,5c,
ligands.**4>¢7

3.4.6. Description of structures

In the solid state, molecular structures of two complexes
[Ru(bpy).(salH)]PFs and [Ru(bpy),(salCl)]PFs, have been determined by X-ray
crystallography. The structures of the cations are depicted in Figures 3.8 and 3.9.
Selected bond parameters are listed in Table 3.8. Both the complexes are pseudo-
octahedral. The metal ion is chelated by two bipyridine and one salR~ (R = H and
Cl) ligands. The bipyridine chelate bite angles (79.20(16)-79.58(16)°) are very
similar and unexceptional.4b‘d‘63’24 The bite angle (92.22(14)°) for the six-
membered salH™ chelate ring is little larger than that (90.61(14)°) for the chelate
ring formed by salCl~. The bipyridine ligands in both complexes are essentially
planar. The inter-ring torsion angles are within 2.9(3)-4.9(2)°. In
[Ru(bpy),(salH)]*, the {Ru(salH)} fragment is planar (mean deviation 0.006 A).
On the other hand, the salCl- ligand in [Ru(bpy),(salCIl)]™ is satisfactorily planar
(mean deviation 0.02 A) but the metal ion is displaced from this plane by 0.272(3)
A. Thus the six-membered chelate ring is folded along the O, O line with a fold

angle 9.7(2)°. Similar folding has been observed for complexes with Schiff bases

derived from salicylaldehyde.” The Ru-N bond lengths in these two complexes
are in the range 2.025(4)-2.054(4) A. In each complex, the Ru-N,,;,; (Ru-N2 and

Ru-N4) bond lengths are relatively longer than the Ru-Nequatoriat (Ru-N1 and Ru-
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N3) bond lengths (Table 3.8). Similar long Ru-Naia and short Ru-Neguatorial
distances are reported for other [Rull(bpy),L]”* complexes where L is an
asymmetric bidentate chelating ligand.**%

structure of [Ru(bpy),(salH)]™ is that the Ru-O1 and the Ru-O2 bond lengths are
essentially same. The former is 2.058(3) A and the latter is 2.060(3) A. Thus
both phenolate-O and keto-O bind the metal 1on in practically equal strength.

An interesting observation in the

- Cl5 \‘_
.\# Mrh'\
C14( 3 ‘B'f\g_‘lﬁ’_

Cl] ~| CIJ

g__,.\lz €

C10 bﬁ \

Figure 3.8. Structure of [Ru(bpy),(salH)]* showing the 30% probability thermal
ellipsoids for the non-hydrogen atoms and the atom-labeling scheme.
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Figure 3.9. Structure of [Ru(bpy)>(salCl)]™ with the atom-labeling scheme. All
non-hydrogen atoms are represented by their 30% probability

thermal ellipsoids.

However, the Ru-O1 bond length is expected to be shorter than the Ru-O2 bond
length as the phenolate-O is a better g-donor than the keto-O. Authentic Ru(II) to
phenolate-O bond distance is scarce. The Ru-O and C-O bond lengths reported
for a Ru(Il) catecholate complex are 2.026(5) and 1.342(9) A, respectively.”” The
C1-0O1 bond length (1.302(6) A) in [Ru(bpy).(salH)]" is significantly shorter than
that in the catecholate complex. Further scrutiny of the individual bond lengths
(Table 3.8) in salH- moiety reveals the following trends. The value of C6-C7
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bond length is considerably shorter than the ideal single bond value™® of 1.54 A.
In the ring, C1-C2, C3-C4, C5-C6 and C6-CI1 bond lengths are noticeably longer

than the C2-C3 and C4-C5 bond lengths (Table 3.8). Ideally all these six bond
lengths should have been identical. The above trends and the same Ru-O1 and

Ru-O2 bond lengths suggest that the negative charge of salH™ 1s not localized

ol O
@ ) g
C=—0 C—O
/ /
H H
Scheme 2

exclusively on the phenolate-O. Delocalization of the charge can be envisaged
through a resonating quinonoid structure as shown in scheme 2. Thus Ru-O1 and
Ru-O2 bond lengths associated with the salH™ fragment reflects the average of the
two possible resonating structures in solid state. The lengthening of the C7-O2
bond length (1.249(6) A) from the ideal C=0 bond length (1.20 A) is likely to be
not only due to metal coordination by the keto-O but also due to the resonance. In
the case of [Ru(bpy),(salCl)]*, the same trends (Table 3.8) as noted for
|[Ru(bpy)a(salH)|" are observed. Thus a similar resonance is also present in
salCl-. However, here the difference between the Ru-O1 (2.052(3) A) and the
Ru-02 (2.067(4) A) bond lengths though statistically insignificant is relatively
more prominent. A possible reason may be the presence of the electron
withdrawing substituent in the ring, which in principle can hinder the effective

delocalization of the negative charge.
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Table 3.8. Selected bond distances (A) and angles (deg.)

[Ru(bpy)(salH)]PF¢-CH,Cl,

Ru-O(1)
Ru-O(2)
Ru-N(1)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
N(1)-Ru-N(2)
N(1)-Ru-N(3)
N(1)-Ru-N(4)
N(1)-Ru-O(1)
N(1)-Ru-O(2)
N(2)-Ru-N(3)
N(2)-Ru-N(4)
N(2)-Ru-O(1)

2.058(3)
2.060(3)

2.035(4)
1.417(7)
1.353(9)
1.393(10)
1.357(10)
1.417(8)
79.58(16)
92.67(15)
99.06(14)
87.63(14)
174.22(14)
96.58(15)
175.80(15)
90.33(14)

[Ru(bpy)2(salCD)|PFg-(CH3),CO

Ru-O(1)
Ru-0O(2)
Ru-N(1)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
N(1)-Ru-N(2)
N(1)-Ru-N(3)
N(1)-Ru-N(4)
N(1)-Ru-O(1)
N(1)-Ru-O(2)
N(2)-Ru-N(3)
N(2)-Ru-N(4)

N(2)-Ru-O(1)

2.052(3)
2.067(4)
2.028(4)
1.420(7)
1.363(8)
1.398(9)
1.326(8)
1.440(7)
79.24(16)
91.94(16)
97.04(16)
87.52(15)
174.72(14)
99.37(16)
176.01(17)
86.02(15)

Ru-N(2)
Ru-N(3)

Ru-N(4)

C(1)-C(6)
C(6)-C(7)
C(7)-0(2)
C(1)-O(1)

N(2)-Ru-O(2)
N(3)-Ru-N(4)
N(3)-Ru-O(1)
N(3)-Ru-O(2)
N(4)-Ru-O(1)
N(4)-Ru-O(2)
O(1)-Ru-O(2)

Ru-N(2)
Ru-N(3)
Ru-N(4)
C(1)-C(6)
C(6)-C(7)
C(7)-0(2)
C(1)-0(1)

N(2)-Ru-O(2)
N(3)-Ru-N(4)
N(3)-Ru-O(1)
N(3)-Ru-O(2)
N(4)-Ru-O(1)
N(4)-Ru-O(2)
O(1)-Ru-O(2)

2.047(4)
2.025(4)
2.053(4)
1.427(7)
1.420(7)
1.249(6)
1.302(6)

94.64(15)
79.48(16)
173.03(15)
88.19(14)
93.59(15)
86.72(14)
92.22(14)

2.054(4)
2.034(4)
2.039(4)
1.423(7)
1.401(7)
1.246(6)
1.300(6)

95.71(16)
79.20(16)
174.39(15)
90.40(15)
95.33(16)
88.04(16)
90.61(14)
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Figure 3.10. Two dimensional network of [Ru(bpy).(salH)]PFs formed via
C-H:---F hydrogen bonding.

In these two structures, we did not find any strong hydrogen bonding
interactions. However, there are several weak hydrogen bonding interactions

.

between C-H of bipyridine rings and F atoms of PFs moiety.”” In each case,

these hydrogen bonding interaction form two dimensional network in the crystal
lattice as shown in Figures 3.10 and 3.11. There is also one C-H--O interaction”
between C-H of a bipyridine ring and acetone present in [Ru(bpy),(salCl)]" The
HF distances and C-H-F angles are within 2.37 — 2.52 A and 126 — 160°,
respectively. Whereas for C-H---O hydrogen bonding H--O distance and C-H-O

angle are 2.57 A and 134°, respectively.
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Figure 3.11. Two dimensional network of [Ru(bpy).(salCl)]PFs(CH;3),CO
formed via C-H----F hydrogen bonding.

3.5. Conclusion

Though our aim was to prepare diazine bridged dinuclear ruthenium(II)
complexes from cis-[Ru(bpy),Cl;]-2H,0 and Hj;salhnR but we have succeeded
only in isolating mixed-ligand complexes of type [Rull(bpy),(salR)]* where salR-
represents deprotonated salicylaldehyde or 1ts 5-substituted derivatives.
Hydrolysis at -C=N- moieties of HysalhnR 1n each case leads to the formation of

these mononuclear complexes.
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The same complexes were synthesized from methanolic media by reacting
cis-[Ru(bpy),Cl;]-:2H,0, HsalR, and NaOH in 1:1:1 mole ratio. All the
complexes show low energy electronic bands primarily due to the metal-to-bpy
charge transfer. Solid state structures of two complexes have been determined.
The Ru-O and the intraligand (salR”) bond lengths suggest that the negative
charge of the salR" ligand is delocalized between the phenolate-O and the keto-O
through a quinonoid structure. The complexes are redox active and display
reversible Ru(IIl)- Ru(Il) couples with a systematic shift of potentials due to the

electronic nature of the substituent.
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CHAPTER 4

Ruthenium(1I) Complexes with Imine-N, Pyridine-N and
Amide-O Coordinating Schiff Bases*

4.1. Abstract

A series of ruthenitum(Il) complexes of general formula [Rul,] with the
pyridine-N, the imine-N and the amide-O donor N-(aroyl)-N'-
(picolinylidene)hydrazines (HL) has been synthesized. The ligands differ on the
substituent at the para position of the aroyl fragment. The complexes have been
characterized by analytical, '"H NMR, electronic absorption spectroscopy and
cyclic voltammetry. X-ray structures of representative complexes have been
determined. The lowest energy MLCT (Ru(dn) — L(n*)) transitions for these

complexes are observed at essentially identical wavelength (544 = 1 nm). The

complexes display a metal centered oxidation and a ligand-centered reduction in
the potential ranges 0.44 to 0.59 V and -1.49 to -1.35 V (vs. Ag/AgCl).
respectively. The differences in the metal and ligand redox potentials (AE;,) are
practically same (1.94 + 0.01 V) for all the complexes. The identical MLCT band
positions and the same AE;, values suggest that in this series of complexes, the
energy gap between the metal-dn and the ligand-n* levels 1s constant. The
effective pK, values of the species obtained by protonation of the coordinated
amide functionalities in one of the complexes have been evaluated by
spectrophotometric titration. The corresponding diprotonated species has been

characterized by X-ray crystallography.

*This work has been published in J. Chem. Soc., Dalton Trans., 2002, 2102.
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4.2. Introduction

In the last two chapters, we have studied the complexation behavior of
HysalhnR with [Ru(PPhs3);Cl,] and cis-[Ru(bpy),Cly].  With [Ru(PPh;3);Cl;] this
Schiff base system forms dinuclear ruthenium(IIl) species. Whereas with cis-
[Ru(bpy),Cl,], HjsalhnR affords mononuclear ruthenium(Il) species
[Ru(bpy)a(salR)]” (where salR™ is S5-substituted deprotonated salicylaldehyde
generated by the hydrolysis of HysalhnR).

In this chapter, we have studied the ruthenium(Il) chemistry with tridentate
N-(aroyl)-N'-(picolinylidene)hydrazines (HL) (Figure 4.1). In deprotonated state,
these Schiff bases can coordinate ruthenium(Il) via the pyridine-N, the imine-N

and the amide-O atoms and form neutral bis-chelates.

l\/l\/‘\ /k/\
P

N
T

\/\R

Hpabh (R = H)
Hpach (R = Cl)
Hpath (R = Me)
Hpamh (R = OMe)
Hpadh (R =NMe,)

Figure 4.1

Complexes of ruthenium(Il) with o,0'-diimine ligands particularly
bipyridine' and its derivatives are most extensively studied for their redox,
photophysical and photochemical properties that are determined by the availability
of low lying t* orbitals of the coordinated ligands and hence a low energy metal-

to-ligand charge transfer excited state. These properties have led to increased
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utilization of such ruthenium complexes in the studies on artificial
photosynthesis,” photomolecular devices® and protein and DNA structures and
electron transfer in them.* Due to such wide range of applications there is a
continuing quest for new ruthenium(Il) complexes with different ligands
containing the a,a'-diimine fragment™® or with derivatives of polypyridine
ligands.” The primary goal 1s to improve their efficiency in the above mentioned
applications by modification of the coordinated ligands.

The reasons for the choice of N-(aroyl)-N'-(picolinylidene)hydrazines (HL)
to study ruthenmum chemistry are as follows. Like 2,2'-bipyridine they also
contain the o,0'-diimine fragment, which i1s m-acidic and can form a five-
membered chelate ring with metal ions. The third coordinating center, the O-atom
of the deprotonated amide functionality is predominantly o-basic, which is
opposite 1n character compared to the diimine fragment. The o-basicity of this
coordinating atom can be varied by using different substituents at the para
position of the aroyl moiety. Thus the electron transter properties of the
complexes can be tuned by this variation. In addition to the above, this ligand
system provides the scope of studying the effect of coordinated amide protonation
state on the physical properties of the complex. Herein, we describe the synthesis
and characterization of a new series of ruthenium(Il) complexes with the above
ligand system. X-ray structures of representative complexes have been
determined. In solutions, electron transfer and spectral properties, and protonation

behavior of the coordinated amide have been investigated.
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4.3. Experimental Section

4.3.1. Materials
cis-[Ru(dmso)4Cl,] was prepared by following a reported procedure.® The

Schiff bases were obtained in 80-90% yield by the condensation of one mole of
picolinaldehyde with one mole of the corresponding aroylhydrazine in methanol.”
Acetonitrile used for electrochemical and spectral studies was purified and dried
according to a reported method.'® All other chemicals and solvents used were of
analytical grade available commercially and were used without further

purification.

4.3.2. Physical measurements
All the physical measurements were performed as described in the

previous chapters.

4.3.3. Synthesis of complexes

The complexes, [Ru(padh);] (1), [Ru(pamh),] (2), [Ru(path);] (3),
|Ru(pabh),] (4), and [Ru(pach),] (5), reported in this chapter were synthesized by
the same general procedure in similar yields. Details are therefore given for a

representative case.

[Ru(pabh),] (4)

To a yellow solution of Hpabh (101 mg, 0.45 mmol) and NaOH (18 mg,
0.45 mmol) in methanol (30 ml) was added solid cis-[Ru(dmso)sCl;] (108 mg,
0.22 mmol). The mixture was refluxed for 12 h and then cooled to room
temperature. The brown solid precipitated was collected by filtration, washed

with ice-cold methanol-and dried in vacuum. The purification of the complex was
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performed on a neutral aluminium oxide column. The first moving purple band
was eluted with acetone-dichloromethane-hexane (1:5:5) mixture. This was
collected and evaporated. The solid thus obtained was recrystalllzed from a
mixture of dichloromethane-hexane (1:1). Yield: 50 mg (41%).

Selected IR bands'' (em™): 1593(m), 1471(s), 1452(s), 1413(s), 1361(s), 1140(m).
1049(m), 814(m), 702(s), 542(w).

Selected IR bands'' (cm™) for the other four complexes are as follows:
[Ru(padh);] (I1): 1604(vs). 1531(w), 1437(w), 1352(vs), 1188(s), 1047(m),
943(m), 823(m), 758(m), 621(w), 547(w).

[Ru(pamh)>] (2): 1604(s), 1516(m), 1440(s), 1365(s), 1250(s), 1167(s), 1049(s),
912(w), 839(m), 756(m), 628(w), 549(w).

[Ru(path)>] (3): 1606(m), 1469(m), 1427(s), 1361(s), 1286(m), 1174(m),
1138(m), 1047(m), 914(m), 833(m), 744(s), 547(w). 482(w).

[Ru(pach);] (5): 1593(m), 1466(s), 1433(s), 1361(s), 1282(m), 1209(m), 1140(m).
1084(w), 1053(m), 1008(m). 916(m), 843(m), 746(s), 572(s), 482(w).

4.3.4. Spectrophotometric titration

In a typical titration, a 3 ml aliquot of a stock solution of [Ru(pabh),] in
acetonitrile (3.66 x 10” M, prepared by dissolving 2.01 mg (3.66 umol) of
|[Ru(pabh),] in 10 ml of acetonitrile and then diluting 1 ml of this solution to 10
ml by adding the same solvent) was taken in an airtight cuvette. Protonation of
|[Ru(pabh),] was performed by addition of aliquots (2 pL) of an acetonitrile
solution of CF3SO3H (5.65 x 10~ M, prepared by dissolving 0.5 1nl (5.65 mmol)
in 10 ml of acetonitrile and then diluting 0.1 ml of this solution to 10 ml by
adding the same solvent) with a gastight syringe. Protonation was considered

complete when no significant change of the electronic spectrum was observed by
further addition of CF3SO3H solution.
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4.3.5. Single crystal X-ray structure determination

Single crystals of [Ru(path),] (3) and [Ru(pabh),] (4) were grown by slow
evaporation of CH,Cl,-hexane (1:1) solutions. Slow evaporation of a CH3CN-
toluene (1:1) solution of [Ru(pabh);] (4) and HCIO4 (1:2.5 mole ratio) in air at
room temperature produced the single crystals of
[Ru(Hpabh),(CH3CN);](ClO4),-H,0O (6). The data were collected on an Enraf-
Nonius Mach-3 single crystal diffractometer using graphite monochromated
Mo Ko radiation (A = 0.71073 A) by ®-scan method at room temperature
(298 K). Unit cell parameters were determined by the least-squares fit of
machine-centered 25 reflections. In each case, the stability of the crystal was
monitored by measuring the intensities of three check reflections after every 1.5 h
during the data collection. No decay was observed in any case. The data were
corrected for Lorentz-polarization effects. An empirical absorption correction
was applied on the data sets based on W-scans.'> The structures were solved by
direct methods and refined by full-matrix least-squares on F”. All the three
complexes crystallize in the P2,/n space group. In each case, the asymmetric unit
contains a single molecule of the complex. In the case of [Ru(path);], the tolyl
ring (C22-C27, Figure 4.11) of one of the ligands is disordered. The ring plane
has two orientations. Three C-atoms (C22, C25 and C28) are common to both
planes. Each of the other four C-atoms (C23, C24, C26 and C27) is found at two
positions and refined with half occupancy. The oxygen of the water molecule in
|Ru(Hpabh),(CH3CN),](ClO4),-H,O (6) was located at two sites and each was
refined with half occupancy. For [Ru(path),] (3) and [Ru(pabh),] (4) all the non-
hydrogen atoms and for [Ru(Hpabh),(CH;CN),](ClO4),-H,O (6) except the
disordered water oxygen, all other non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were added at calculated positions by using
riding model for structure factor calculation, but not refined. Calculations were
done using the programs of WinGX" for data reduction and absorption
correction, and SHELX-97 programs'® for structure solution and refinement.
ORTEX6a'"* and Platon programs'>° were used for molecular graphics.
Significant crystal data are summarized in Table 4.1. |
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Table 4.1. Crystal and structure refinement data for [Ru(path);] (3), [Ru(pabh),]
(4), and [Ru(Hpabh),(CH3CN),](ClO4),"Hy0 (6)

Complex 3 4 6

Chemical formula CysH»r4NgO>Ru CrsHr0NsOsRu C3oH30NgOClhbRu
Formula weight 577.60 549.55 850.59

Space group Monoclinic, P2;/n Monoclinic, P2,/n Monoclinic, P2,/n
a, A 8.7422(17) 9.5802(14) 10.750(2)

b, A 8.6826(19) 23.874(3) 27.396(5)

c, A 33.738(5) 10.3378(12) 13.087(2)

[, deg. 94.986(15) 105.102(13) 05.054(16)

V, A’ 2551.2(8) 2282.8(5) 3839.3(12)

/ 4 4 4

Pealeds g cm™ 1.504 1.599 1.472

i, mm-1 0.652 0.724 0.612

Reflections collected/ 4822/4492 4133/4014 6875/6707
Unique

Reflections I > 2c(I) 2882/372 2893/316 4251/470
/parameters

R12wR2® [I>26(I)] 0.0518,0.1079  0.0389,0.0660  0.0705,0.1912
R1,°wR2’ (all data) 0.1021,0.1258  0.0716,0.0754  0.1176, 0.2231

Goodness-of-fit® on F* 1.047 1.03 1.025
Apmax/min € A°  0.88,-0.66 0.29,-0.30 1.25,-0.93

*R1=Y|[F| - [Fll/ZIFl- * WR2 = {S[(Fo’ - FH)*VEwF) T}

“ GOF = {Z[W(F.g,2 - FA2)/(n - p)}”?‘ where ‘n’ is the number of reflections and
‘p’ is the number of parameters refined; w = 1/[02(F02) + (aP)* + bP] where a =
0.0513 and b = 2.7435 for 3: a=0.0269 and b = 1.3055 for 4; a = 0.1121 and b =
14.1446 for 6.
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Table 4.2. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters" (Az x 10°) for [Ru(path),]

Atom X y 4 U(eq)
Ru 6953(1) 656(1) 1236(1) 40(1)
O(1) 8006(4) -1521(4) 1304(1) 42(1)
0(2) 8848(4) 1547(5) 965(1) 50(1)
N(1) 6200(6) 2750(5) 1419(1) 47(1)
N(2) 7635(5) 585(6) 1805(1) 39(1)
N(3) 8369(5) -709(6) 1959(1) 42(1)
N(4) 4829(5) -219(6) 1249(1) 48(1)
N(5) 6248(6) 699(7) 669(1) 55(1)
N(6) 7196(6) 1264(7) 397(2) 67(2)
C(1) 5424(8) 3841(8) 1204(2) - 61(2)
C(2) 4905(10) 5150(9) 1377(2) 80(2)
C(3) 5204(9) 5372(8) 1779(2) 76(2)
C(4) 6010(8) 4303(7) 1998(2) 58(2)
C(5) 6509(7) 2984(7) 1815(2) 46(1)
C(6) 7332(7) 1760(7) 2024(2) 48(2)
C(7) 8497(6) -1708(6) 1670(2) 39(1)
C(8) 9271(6) -3186(7) 1779(2) 42(1)
C(9) 10048(7) -3438(7) 2148(2) 54(2)
C(10) 10779(8) -4809(8) 2237(2) 63(2)
C(11) 10771(7) -5979(7) 1965(2) 61(2)
C(12) 10008(7) -5737(8) 1595(2) 64(2)
C(13) 9277(7) -4362(8) 1501(2) 52(2)
C(14) 11569(10) -7485(8) 2055(3) 95(3)
C(15) 4097(7) -644(7) 1562(2) 51(2)
C(16) 2610(8) -1179(8) 1532(2) 66(2)
il 1843(9) -1279(11) 1167(3) 95(3)
C(18) 2579(10) -907(14) 847(3) 127(4)
C(19) 4034(8) -338(10) 888(2) 73(2)
C(20) 4892(8) 192(12) 567(2) 97(3)
C(21) 8508(7) 1661(7) 587(2) 51(2)
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C(22) 9711(8) 2278(8) 347(2) 54(2)
C(23) 10710(3) 3390(2) 495(7) 87(7)
C(24) 11890(3) 3920(3) 268(8) 101(9)
C(26) 11188(17) 2120(2) -237(4) 65(4)
C(27) 9991(16) 1559(16) -11(4) 54(3)
C(23" 11160(2) 2500(2) 497(6) 58(5)
C(24") 12320(2) 2970(2) 272(7) 72(6)
C(26") 10447(18) 3290(2) 281(4) 71(4)
C(27") 9280(17) 2828(19) -53(4) 66(4)
C(25) 12027(9) 3349(11) 117(2) 76(2)
C(28) 13265(10) 3878(11) -359(3) 111(3)

“U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

Table 4.3. Atomic coordinates ( x 10*) and equivalent isotropic displacement
parameters” (A2 x 10”) for [Ru(pabh)-]

Atom  x yY .z U(eq)
Ru 6521(1) 995(1) 8659(1) 35(1)
O(1) 4644(3) 1338(1) 9113(3) 44(1)
0(2) 7988(3) 1412(1) 10251(3) 41(1)
N(1) 3078(3) 944(1) 7647(3) 37(1)
N(2) 5856(3) 1568(1) 7279(3) 36(1)
N(3) 4586(3) 1853(1) 7198(3) 41(1)
N(4) 5299(3) 335(1) 7741(3) 38(1)
N(5) 7280(3) 389(1) 9926(3) 36(1)
N(6) 8451(4) 494(1) 11006(3) 41(1)
C(1) 9259(4) 624(2) 7885(4) 46(1)
C(2) 10224(5) 633(2) 7107(5) 54(1)
C(3) 10016(4) 996(2) 6054(4) 56(1)
C(4) 8823(5) 1348(2) 5812(4) 48(1)
C(5) 7869(4) 1318(2) 6599(4) 39(1)
C(6) 6604(4) 1655(2) 6420(4) 42(1)
C(7) 4056(4) 1697(2) 8200(4) 39(1)
C(8) 2659(4) 1962(2) 8232(4) 42(1)
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C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)

Chapter 4

1983(4)
668(5)
21(5)
657(6)
1995(5)
4224(5)
3438(5)
3740(5)
4826(5)
5603(4)
6753(4)
8719(4)
10002(4)
11186(5)
12386(5)
12440(5)
11287(5)
10089(5)

2336(2)
2571(2)
2434(2)
2068(2)
1830(2)
327(2)

-144(2)
-630(2)
-637(2)
-154(2)
-113(2)
1038(2)
1227(2)
874(2)

1057(2)
1586(2)
1939(2)
1762(2)

7224(4)
7232(6)
8199(6)
9188(6)
9226(5)
6614(4)
6147(5)
6874(4)
8037(4)
8465(4)
9661(4)
11050(4)
12115(4)
12572(4)
13500(4)
14025(4)
13570(5)
12611(4)

53(1)

65(1

)

73(2)
69(2)
55(1)

52(1
63(1
59(1

49(1

41(1
42(1
40(1
41(1
54(1
60(
60(1
66(1
56(1

“U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

Table 4.4. Atomic coordinates.(x 10%) and equivalent isotropic displacement
parameters® (A* x 10°) for [Ru(Hpabh)>(CH3CN),](Cl04),'H,0

)
)
)

)
)

)
)

Atom X y Z U(eq)
Ru 7496(1) 1906(1) 6546(1) 41(1)
CI(1) 7126(3) 557(1) 3597(3) 95(1)
Cl(2) 12545(2) 1871(1) 6586(2) 63(1)
O(1) 9861(8) 2055(3) 3619(7) 126(3)
0O(2) 6951(11) 1622(4) 9947(6) 167(5)
O(3) 7393(8) 991(3) 3100(7) 118(3)
04) 7577(9) 620(3) 4660(7) 125(3)
O(5) 5783(9) 503(4) 3514(10) 165(5)
O(6) 7712(11) 155(3) 3206(8) 143(4)
O(7) 11558(9) 1626(4) 6902(9) 147(4)



0(8)
0(9)
0(10)
O(11)
O(11A)
N(1)
N(2)
NQ3)
N(4)
N(5)
N(6)
N(7)
N(8)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)

12200(13)
12857(13)
13594(11)
4040(2)
620(3)°
6404(5)
8136(6)
9020(6)
8681(5)
6891(6)
5970(6)
6226(6)
8678(6)
5417(7)
4743(8)
5095(9)
6109(9)
6731(7)
7706(7)

-~ 9808(8)

10616(7)
10677(12)
11452(12)
12196(13)
12180(17)
11372(12)
9635(7)
10311(9)
9992(10)
9035(10)
8397(8)
7405(7)
6058(10)
5079(11)
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2063(5)

2231(5)
1627(6)

4332(10)
451(13)

2441(2)
1943(2)
1622(3)
2439(2)
1989(2)
1711(3)
1380(2)
1355(2)
2653(3)
3023(3)
3176(4)
2954(4)
2581(3)
2301(3)
1679(3)
1266(3)
858(5)

458(5)

516(7)

946(8)

1303(5)
2653(3)
3027(4)
3199(4)
2970(3)
2596(3)
2332(3)
1526(4)
1186(4)

9567(9)

5655(8)
7265(9)
6534(15)
6140(2)
9890(3)
5864(4)
S118(5)
4799(5)
7172(5)
7983(5)
8362(5)
6079(5)
7042(5)
6237(7)
5711(7)
4804(8)
4380(7)
4937(6)
4539(6)
4070(6)
3899(6)
4483(10)
4246(13)
3476(14)
2905(16)
3119(10)
6763(7)
7239(9)
8186(9)
8623(7)
8124(6)
8533(6)
9332(8)

188(6)
204(7)
252(9)
178(9)
248(14)
44(1)
50(2)
59(2)
47(2)
45(2)
56(2)
53(2)
52(2)
58(2)
65(2)
77(3)
72(3)
52(2)
53(2)
56(2)
57(2)
105(4)
122(5)
130(6)
160(8)
106(4)
56(2)
77(3)
84(3)
73(3)
53(2)
54(2)
87(3)
08(4)

101
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C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)

Chapter 4

5270(13)
4380(18)
3233(19)
3176(19)
4106(14)
5539(9)
4628(12)
9323(8)
10133(12)

932(5)
614(5)
575(9)
785(10)
1092(8)
1077(4)
685(5)
1032(4)

617(4)

10514(10)
10836(13)
10149(19)
9350(2)
9061(15)
5886(8)
5640(11)
7227(7)
7433(11)

122(5)
152(7)
271(17)
540(4)
310(2)
69(3)
128(5)
65(2)
120(5)

“U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
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4.4. Results and discussion

4.4.1. Synthesis and some properties

The dark brown complexes were synthesized in good yields by reacting
cis-|Ru(dmso)4Cl;], HL and NaOH in 1:2:2 mole ratio in boiling methanol. In
each case, the complex was precipitated from the reaction mixture. However,
chromatographic purification was necessary on a neutral aluminium oxide
column. Elemental analysis data (Table 4.5) are satisfactory with the molecular
formula [Rul,] (L~ = pach-, pabh-, path~, pamh- and padh-). All the complexes
are electrically non-conducting in CH3CN solutions. They are diamagnetic and
NMR active. Thus the metal ions in these complexes are in +2 oxidation state and

low-spin 1n character.

Table 4.5. Elemental analysis data?

Complex C(%) H(%) N(%)

|[Ru(padh),] 56.41 (56.68) 4.69 (4.76) 17.50 (17.62)
Ru(pamh);] 54.95 (55.17) 3.86 (3.97) 13.64 (13.79)
‘Ru(path),] 58.06 (58.22) 4.31(4.19) 14.39 (14.55)
'Ru(pabh);] 56.70 (56.82) 3.74 (3.67) 15.14 (15.29)
[Ru(pach);] 50.13 (50.49) 2.84 (2.93) 13.31 (13.59)

4 Calculated values are given in parentheses.

4.4.2. Infrared spectral properties
In the infrared spectra, none of the complexes displays the characteristic

bands associated with the N-H and C=0 bonds of the amide functi()nadity“5
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present in the free Schiff bases. Thus in each complex the amide functionality is
deprotonated and exists in the enolate form. A medium to strong band observed
in the range 1593-1605 cm™ is possibly due to the conjugate C=N-N=C

fragment'’ of the coordinated ligand.
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Figure 4.2. Infrared spectrum of [Ru(pach),] in KBr disc.

4.4.3. NMR spectral properties

The proton NMR spectra of all the five complexes clearly suggest that in
solutions both ligands in each complex are magnetically equivalent. The
azomethine hydrogen appears as a singlet in the range 8.75-8.89 6. An interesting
observation is that as the electron donating ability of the substituent on the aroyl
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moiety of the ligand increases the signal corresponding to the azomethine proton
displays a high-field shift. For the three complexes, [Ru(padh),], [Ru(pamh),]
and [Ru(path),] the methyl protons of the substituent on the aroyl fragment of the
ligands are observed as singlet at 2.98, 3.81 and 2.36 9, respectively. Aromatic
protons resonate in the range 6.58-8.13. H6 in all spectra (Table 4.6) appears as
doublet and H4 as multiplet. In [Ru(pabh);], H10 and H14 appear as multiplet,
whereas these two protons appear as doublet in other four complexes. HI11/H13
and H3/HS appear as muliplet in [Ru(pabh);] and [Ru(pach);]. In other three
complexes, these four protons appear in two sets as doublets (Table 4.6). H11 and
H13 appear in up field region compared to the H3 and HS. This is possibly due to

the electron releasing nature of the substituents.

l :
‘—wm_._w-J ;__J_J tulH_JLﬂJwLJW_Jk -

' . I ’ I ' ! ¢ | ’ IJ:IJ I | T | // [
9.0 8.9 8.0 7.5 7.0 2.0 1.5 0.0

Figure 4.3. 'H NMR spectrum of [Ru(path),] in CDCl; solution.
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Table 4.6. '"H NMR spectral data® (8) (J (Hz)) in CDCl3

[Ru(padh),] R =NMe,
[Ru(pamh),] R = OMe
[Ru(path);] R =CH;
[Ru(pabh),] R=H
[Ru(pach),] R=Cl

Complex H7 H10/H14 | H6 HI11/HI13 H4 Methyl
& protons
H3/HS
|[Ru(padh),] |8.75s | 7.97 - 747d |6.60d(12) 6.64- | 298s
8.02d (6) | (6) (H11/H13); | 6.70 m | -NMe,
721 -7.26 m
(H3/HS5)
|[Ru(pamh),] | 8.78s | 8.05d(8) | 7.48d | 6.82d(8) 6.69- |3.81s
(6) (H11/H13); |6.76 m | -OMe
7.27 d (6)
(H3/HS)
[Ru(path);] |[8.78s | 7.97d(8) |7.49d |7.12d(8) 6.68- | 2.36s
(3) (H11/H13); | 6.76 m | -CH3
7.27 d (6)
(H3/HS)
|Ru(pabh),] | 8.80s | 8.06 - 7.50d |7.26-737m | 6.70 -
8.13 m (6) 6.78 m
[Ru(pach),] | 8.89s [8.01d(8) |747d |726-734m |6.74 -
(4) 6.81 m

s, singlet; d, doublet; t, triplet; m, multiplet
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4.4.4. Electronic spectral properties

The electronic absorption spectral data for the complexes are collected in
Table 4.7. The spectral profiles are very similar. All the complexes display the
lowest energy band at 544 + 1 nm with absorption coefficients in the order of 10
M ecm™. In each case, a shoulder in the range 486-492 nm follows this band.
These bands are assigned to metal-to-ligand (Ru(dn) — L(n*)) charge transfer
transitions (MLCT). Broad mutiple MLCT bands for this type of complexes are

not unusual considering the possibility of several acceptor levels of different

1.2-
{
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Figure 4.4. Electronic spectrum of [Ru(pabh),] in acetonitrile.

energies being available.>'® This spectral profile in the visible region i1s strikingly

similar to those of tris(diimino) complexes of ruthenium(ll) ([RuL3]2+ where L 1s
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2,2'-bipyridine or aryl(2-pyridylmethylene)arnine).5 [t is interesting to note that
the present series of complexes display the lowest energy MLCT band at a much
longer wavelength compared to that displayed by the above mentioned [RuL;]**
species (454 nm when L = 22-bipyridine and 480 nm when L = aryl(2-
pyridylmethylene)amine). At higher energy the complexes display two very
intense bands in the ranges 335-407 nm and 251-282 nm. The former 1s preceded
by several shoulders (Table 4.7). The first intense absorption shows a high-energy
shift as the substituent on the aroyl moiety becomes more electron withdrawing.
The main spectral features for the complexes in the higher energy range

are very similar with those of the corresponding free Schiff bases. In general for

Table 4.7. Electronic spectral data®

Complex dmax (nm) (€ (M™" ecm™))

[Ru(padh),] 545 (9791), 492° (6447), 407 (61402), 282 (27262)
[Ru(pamh),] | 543 (15713), 486° (7892), 437° (5388), 396" (41964), 373"
(62810), 348 (71965), 272° (29968), 246 (35144)
[Ru(path),] 544 (11474), 489° (5853), 433" (3966), 395° (23603), 371"
(36694), 340 (50440), 256 (28012)

[Ru(pabh),] | 544 (11410), 486° (5020), 431° (3590), 394° (17585), 370"
(28467), 335 (43253), 251 (27269)

[Ru(pach),] 545 (9790), 487" (5063), 433" (3440), 396° (16890), 373"
(27950), 337 (47070), 257 (28560)

*In CH;CN solutions. ° Shoulder.
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each complex these bands are at longer wavelengths compared to the band
positions displayed by the corresponding free Schiff base. The Schiff bases
display a weak band (g, 396-1222 M ¢m™) in the range 375-412 nm followed by
two intense peaks in the ranges 299-335 nm and Z11-245 nm. The first two

absorptions display a high-energy shift with the increasing electron withdrawing
nature of the substituent on the aroyl moiety. Thus except the lowest energy

absorptions the other higher energy absorptions observed for the complexes are
assigned to the intraligand transitions.

4.4.5. Redox properties

Electron transfer properties of all the complexes have been studied by

cyclic voltammetry in acetonitrile solutions (0.1 M TBAP). The potential data are
listed in Table 4.8 and representative cyclic voltammograms are illustrated in
Figure 4.5. Each complex displays a metal centered oxidation response and a
ligand centered reduction response on. the anodic and cathodic side of the
Ag/AgCl electrode, respectively. The one electron stoichiometry of these
responses 1s established by coulometry. The oxidation response is assigned to the
couple (1) and the reduction response is assigned to the couple (2) (Figure 4.5).
The potentials for both couples are sensitive to the polar effect of the substituent
on the aroyl moiety of the ligand. For each couple the potential gradually

decreases as the substituent becomes more and more electron releasing. These

[RulllL ;] + e~ == [RullL,] | (1)
[RullL,] + e~ == [RullL(L*)]- (2)

plots of E|, against the Hammett substituent constants (cs,,)19 are satisfactorily
linear (Figure 4.6). The effect of substituent on the potential (E,»(Ru)) of couple
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Table 4.8. Cyclic voltammetric data®

Complex Metal-centered oxidation | Ligand-based reduction
Ein/V (AEp/mV) Ein/V (AEP/ITIV)

' [Ru(padh);,] 0.44 (70) -1.49 (70)
[Ru(pamh); | 0.52 (80) -1.42 (70)
[Ru(path);] 0.54 (70) -1.40 (80)

[Ru(pabh),| 0.56 (70) -1.38 (70)
[Ru(pach),| 0.59 (70) -1.35 (70)

"E1p= (Epa + Epc)/2, where E,, and E,, are anodic and cathodic peak

potentials, respectively; AE, = Ey, - Ep; scan rate 100 mVs™.

(a) \ (b)

08 06 04 02 12 14 16  -1.8
Potential (V) Potential (V)
Figure 4.5. Cyclic voltammograms (scan rate 100 mVs™") of [Ru(padh),] in

acetonitrile (0.1 M TBAP) at a glassy carbon working electrode at
298 K.
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(1) and on that (Ei2(L)) of couple (2) is same within experimental error (Table
4.8). As a consequence the value of AE;, (Ejn(Ru) — Eia(l)) is essentially
identical (1.94 = 0.01 V) for all the complexes (Table 4.8). In additon, the
Ei1n(Ru) 1s linearly correlated with E; (L) (Figure 4.7) with a slope very close to
unity (1.09(6)). A possible rational for these observations is as follows:

An electron withdrawing group on the aroyl fragment of the ligand
decreases o-donor capability of the O-atom of the deprotonated amide
functionality and hence increases the effective nuclear charge on the ruthenium
center. As a result the energy of the metal-dn orbitals and that of the ligand-nt*

orbitals are lowered.”’ The ensuing metal-dn to ligand-n* backbonding

0.60{ @ 1.35.
o
* Cl
0_56" H -1.38-
. Me
i -1.41
8 0.52- OMe,
[
-1.44 -
0.48-
1474
0.44 - ONMEZ
T ¥ T T * T "150
06 -0.3 0.0 0.3

Figure 4.6. Correlations between the (a) Ej;» values of the metal oxidation and
Hammett substituent constants, (b) E,, values of the ligand reduction

and Hammett substituent constants. The straight line in each plot

represents a linear least-squares fit.
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further stabilizes the metal-dn orbitals, however, destabilizes the ligand-nt*
orbitals. The AE,; values and the slope of the straight line obtained by plotting
Ei»(Ru) against En(L) reflect the extent of changes in the metal-dn and the
ligand-n* levels.”' In the present series of complexes, the very similar values of
AE;» and a slope very close to unity suggest that the net perturbations in the
metal-dn and the ligand-n* levels are same due to the polar effect of the
substituent on the aroyl fragment of the ligand. This 1s also substantiated by
essentially i1dentical lowest energy band positions (544 = 1 nm) observed in the
electronic spectra of these complexes (vide supra) due to MLCT transitions that

involve excitation of electron from metal-dn to ligand-t* level.

0.60 - Cl

0.56 -
CH

0,52 OMe

E_(Ru) (V)

0.48 -

044" NMe

2

148 -1.44 -1.40 -1.36
E (L) (V)

Figure 4.7. Correlation between E;; (Ru) and E;;, (L) values. The straight line

represents a linear least-squares fit.
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4.4.6. Protonation behavior of [Ru(pabh),]

Protonation behavior of the coordinated amide functionalities in
[Ru(pabh);] has been studied by spectrophotometric titration using acetonitrile
solutions of the complex and CF3;SO3H. With the progressive addition of the
acid, the absorptions are blue-shifted (Figures 4.8 and 4.9). The interesting aspect
of the titration 1s that the extent of change in the spectral profile gradually
decreases and when the complex to acid mole ratio becomes about 1:1.1 it
becomes minimum. Figure 4.8(a) depicts the shift of band positions through five
isobestic points in this part of the titration. These i1sobestic points are at 509, 421,

319, 276, and 241 nm. However, continued addition of the acid causes further

(b)
1.5-

Absorbance
o

0.9

200 400 600 800 200 400 600 800
Wavelength (nm) Wavelength (nm)
Figure 4.8. Spectrophotometric titration of [Ru(pabh),] in acetonitrile with

CF;SOsH. (a) First segment of the titration. (b) Second segment of
the titration.
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shift of band positions to higher energy through a different set of five isobestic
points (at 451, 387, 307, 263, and 228 nm) and at about 1:2.4 complex to acid
mole ratio the spectral profile becomes constant (Figure 4.8b). The observation of
two sets of isobestic points clearly suggest two sequential protonation of the pair
of metal coordinated amide functionalities present in the complex.

1.5+

Absorbance
—
(-
i I
s, S (e

W)
v

200 400 600 800

Wavelength (nm)

Figure 4.9. First (red) and second (blue) segments of
titration.

Quantitative reversibility of this protonation behavior was confirmed by
spectrophotometric back-titration with (C,Hs)sN. The effective pKyi (1 = 1 and 2)
values were determined from the two segments (Figure 4.8(a) for pKy, and Figure
4.8(b) for pKa;) of the spectrophotometric titration using equations 3, 4 and 5.%
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The value of K3(CF3;SO3H) in acetonitrile was obtained from ref. 23. The change
in absorbance at 486.5 nm and that at 544 nm were used to calculate K.; and K,

K. = Ky(CF3SOsH)/ K, (3)
K. = [complexH22+][CF3SO3"]/ [complexH][CF3SO;H] (4)
K> = [complexH ][CF5SO;"]/[complex][CF3SO;H] (5)

respectively. The values of pK;, and pKj, thus obtained are 6.85(5) and 7.44(9),
respectively. The large pK, value (~15)** of free amide functionality in organic
compounds suggest that the -C(=O)NH- proton is very weakly acidic. It is
interesting to note that although in the diprotonated species (complexH,*"), and

possibly in the monoprotonated species (complexH"), the amide functionalities

are not bound to the metal ion (vide infra) still the acidity of the amide proton
increases by ~8 orders of magnitude. A combination of several reasons could be
responsible for the increase of the acidity. One of the possible reasons is as
follows. The electron deficiency of the N-atom adjacent to the protonated amide
N-atom arising out of the formers coordination to the Ru(Il) center is partially
compensated by the free amide moiety. As a consequence the N-center in the
amide functionality becomes less basic and hence the attached proton becomes
more acidic. In some ruthenium(Il) complexes with Schiff bases derived from
phenylhydrazine and 2- hydroxybenzaldehydes, a similar increase in acidity of the

N-H proton due to metal coordination to the adjacent N-atom has been noted.*’

4.4.7. Structures of [Ru(pabh),] and [Ru(path),]

The molecular structures of [Ru(pabh),] and [Ru(path),] are illustrated in
Figures 4.10 and 4.11, reSpecti\}ely. The selected bond parameters associated with
the metal ions are listed in Table 4.9. In each complex, the metal 1on is in

distorted octahedral N4O, coordination sphere assembled via the meridionally
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spanning pyridine-N, imine-N and deprotonated amide-O donor tridentate ligands.
The N-N, N-C and C-O distances in the =N-N=C(O~)- fragments of the
coordinated ligands in both complexes are in the range 1.374(6)-1.384(4) A,
1.310(7)-1.323(5) A and 1.281(6)-1.292(4) A, respectively. These distances are
consistent with the enolate form of the amide functionalities in each complex.® In
these complexes, the average chelate bite angles in the five-membered rings
formed by the pyridine-N and the imine-N are slightly larger than that in the five -
membered rings formed by the amide-O and the imine-N. The former 1s 79.03°
and 79.259 and the latter is 76.449 and 76.5° for [Ru(pabh);] and [Ru(path),],

C10

Figure 4.10. Structure of [Ru(pabh),] with the atom-labeling scheme. All atoms
are represented by their 25% probability thermal ellipsoids.

Hydrogen atoms are omitted for clarity.
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respectively. The Ru(Il)-N(pyridine) bond lengths are within the range reported
for Ru(Il) complexes having the same coordinating atom.”*® The Ru(II)-N(imine)

bond lengths are comparable with those reported earlier.’ However, the Ru(II)-
N(pyridine) bond lengths (2.010(5)-2.042(3) A) are significantly longer than the
Ru(Il)-N(imine) bond lengths (1.957(5)-1.962(4) A). Most probably this

C26 C28

Figure 4.11. Structure of [Ru(path),] showing the 25% probability thermal
ellipsoids and the atom-labeling scheme. For clarity, hydrogen

atoms are omitted and only one of the two orientations of the
disordered tolyl ring (C22-C27) is shown.
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Table 4.9. Selected bond distances (A) and angles (deg.) for [Ru(pabh);] and

- L !:_"u:—-:Ai:‘*u=.

[Ru(path),]

[Ru(pabh);] ' |[Ru(path),]
Ru-N(1) 2.037(3) 2.047(5)
Ru-N(2) 1.960(3) 1.962(4)
Ru-N(4) 2.042(3) 2.010(5)
Ru-N(5) 1.958(3) 1.957(5)
Ru-O(1) 2.137(3) 2.106(4)
Ru-0O(2) 2.115(3) 2.108(4)
N(1)-Ru-N(2) 79.03(13) 79.11(19)
N(1)-Ru-N(4) 97.09(13) 90.4(2)
N(1)-Ru-N(5) 96.08(13) 101.3(2)
N(1)-Ru-O(1) 155.01(11) 155.90(17)
N(1)-Ru-O(2) 89.99(11) 95.17(18)
N(2)-Ru-N(4) 99.31(13) 99.75(19)
N(2)-Ru-N(5) 174.65(13) 179.1(2)
N(2)-Ru-O(1) 76.09(12) 76.79(17)
N(2)-Ru-O(2) 105.18(11) 104.65(17)
N(4)-Ru-N(5) 79.03(13) 79.4(2)
N(4)-Ru-O(1) 89.17(12) 93.09(17)
N(4)-Ru-O(2) 155.39(11) 155.58(17)
N(5)-Ru-O(1) 108.87(11) 102.8(2)
N(5)-Ru-0O(2) 76.80(12) 76.20(18)
O(1)-Ru-0O(2) 94.29(10) 91.41(15)
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difference is mainly due to the rigidity of the tridentate ligand.”’ Better n-
backbonding in the Ru(Il)-N(imine) bond compared to that in the Ru(Il)-
N(pyridine) bond*® may also be partially responsible for this difference. The
- Ru(II)-O(amide) bond lengths in [Ru(pabh);] are longer than those in [Ru(path),].
This 1s most likely due to better Ru(Il)-O o-bonding in the latter compared to that
in the former. This difference in the o-bond strength can be rationalized
considering the presence of electron releasing methyl group at the para position of

the aroyl fragment in path-.

In the crystal lattice, both complex molecules display self-assembly via

weak intermolecular hydrogen bonding. In [Ru(pabh);] intermolecular C-H-+0*

Figure 4.12. One-dimensional arrangement of [Ru(pabh),] molecules.
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and C-H-~N°? interactions help to form a one-dimensional chain of the complex
molecules (Figure 4.12), whereas for [Ru(path),], the same interactions leads to a
two dimensional network of the molecules (Figure 4.13). All the C-H--O
hydrogen bonding involves the aromatic protons and coordinated amide oxygens.
In [Ru(path);], both the coordinated amide oxygen atoms are involved in
hydrogen bonding but in [Ru(pabh);] only one amide oxygen is hydrogen bonded.
C-H-*N hydrogen bonding involves the aromatic protons and one of the amide
nitrogens. Another amide nitrogen (N6) in each of the two structures is not
involved 1n such type of hydrogen bonding. The hydrogen bonding distances and

angles (Table 4.10) are within the acceptable range.”””"
‘;}i ; ‘?f-- -4 /’/L
| f“m- ¢ e ,tf**
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Figure 4.13. Two dimensional network of [Ru(path),].
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Table 4.10. Hydrogen bonding parameters

| H---A (A) D--A (A) D-H:A (°)

! Rll( pabh)g]

C17-H17---O1#1 2.53 3.31 141.50
C24 - H24---N3#2 2.60 3.44 150.29
[Ru(path);|

C4 - H4---N3#3 2.60 392 168.45
C12 - H12---O2#4 2.40 3.28 156.55
C17 - H17---O1#5 2.5% 5.45 153.65

A = acceptor. D = donor. #1 = 1-x, -y, 2-z. #2 =1+x,y, 1+z.
#3 =1.5-x, 0.5+y, 0.5-z. #4 =X, -1+y,z. #5=-1+x,y, 2.

4.4.8. Isolation and characterization of the diprotonated complex

We are unable to grow X-ray quality crystals of CF3;SOs™ salts of the
monoprotonated and diprotonated species. However, slow evaportaion of an
acetonitrile‘solution of [Ru(pabh),] and HCIO4 (1:2.5 mole ratio) produces a light
brown crystalline material. X-ray structure determination (vide infra) of this
material reveals the protonation of both amide functionalities in [Ru(pabh)].
This diprotonated complex crystallizes as (Ru(Hpabh),(CH3CN),](ClO4)2-H 0. A
similar approach to obtain the crystals of the ClO4™ salt of the monoprotonated
species failed. The diprotonated complex [Ru(Hpabh),(CH3CN),](ClO4),"H2O
starts loosing solvent immediately after isolation and become light brown
amorphous solid. The exact nature of this amorphous solid is not clear at present.
Infrared spectrum does not indicate the presence of the acetonitrile molecules.
The perchlorate ions display a strong and broad peak at ~1100 cm” and a sharp
peak at ~620 cm”. A broad peak centered at ~3440 cm” and a sharp peak at
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Figure 4.14. Structure of the cation in [Ru(Hpabh),(CH3;CN);](ClO4);'H,0O
showing the 20% probability thermal ellipsoids and the atom-

labeling scheme. Hydrogen atoms are omitted for clarity.

2924 cm™ are likely to be associated with the water molecule and amide N-H
stretches, respectively. The strong peak observed at 1682 cm™ is possibly due to
the amide C=0O moiety. Because of the solvent loss problem the solution
properties of the crystalline complex were studied by dissolving it in acetonitrile
within 5 min. after isolation of the crystals and the concentration was calculated
assuming the molecular formula, [Ru(Hpabh),(CH3CN);](ClO4);'H,0 as found in

the X-ray structure determination. In acetonitrile, the complex behaves as 1:2

2

electrolyte. The molar conductivity value is 263 Q' cm® mol”. The electronic

spectrum 1n acetonitrile solution displays a peak at 429 nm (g, 7500 M cm")
followed by two shoulders (393 and 323 nm) and another peak at 290 nm
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(g, 34,200 M cm'l). This spectral profile is identical with that obtained from the
mixture of [Ru(pabh);] and CF3;SO;H (1:2.4 mole ratio) in acetonitrile (Figure
4.8(b)). The 'H NMR spectrum in CD3CN displays the N-H proton at 10.53 § and
the =C-H proton at 9.69 8. The aromatic protons are observed in the range 7.62-
8.04 0. Thus 1 solution both the Hpabh ligands of
[Ru(Hpabh),(CH3CN),](Cl04)2'H,O are magnetically equivalent. The structure
of the complex cation in [Ru(Hpabh),(CH3CN),](ClO4),-H,0 is illustrated in
Figure 4.14. The selected bond parameters associated with the Ru(Il) center are
given 1n Table 4.11. The metal center in [Ru(Hpabh),(CH3CN),](ClO4),-H,0 is
in distorted octahedral Ng coordination sphere. Each of the two Hpabh ligands act
as bidentate ligand and coordinates the metal ion through the pyridine-N and

Table 4.11. Selected bond distances (A) and angles (deg.) for
'Ru(Hpabh)>(CH;CN)](Cl04) Hy0

Ru-N(1) 2.036(6) Ru-N(2) 2.050(6)

Ru-N(4) 2.059(6) Ru-N(5) 2.055(6)

Ru-N(7) 2.042(7) Ru-N(8) 2.042(7)

N(1)-Ru-N(2) 78.0(2) N(1)-Ru-N(4) 88.7(2)
N(1)-Ru-N(5) 96.0(2) N(1)-Ru-N(7) 91.8(3)
N(1)-Ru-N(8) 172.3(2) N(2)-Ru-N(4) 94.7(3)
N(2)-Ru-N(5) 170.8(2) N(2)-Ru-N(7) 91.8(3)
N(2)-Ru-N(8) 94.4(3) N(4)-Ru-N(5) 78.0(2)
N(4)-Ru-N(7) 173.5(3) N(4)-Ru-N(8) 93.0(2)
N(5)-Ru-N(7) 95.5(3) N(5)-Ru-N(8) 91.7(3)

N(7)-Ru-N(8) 87.4(3)
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the imine-N atoms forming a five membered chelate ring. Two acetonitrile-N
atoms occupy the remaining two mutually cis coordination sites. The N-N, N-C
and C-O bond lengths in the =N-NH-C(=0)- fragments of the two coordinated
ligands are 1.386(8), 1.375(8); 1.340(10), 1.363(10); and 1.191(11), 1.226(12) A,
respectively. Comparison of these bond lengths with the corresponding bond
lengths in [Ru(pabh),] clearly indicate that the amide fragments in
| Ru(Hpabh),(CH3CN),](C104),-H,O are protonated. Thus when the amide
functionalities in [Ru(pabh),] get protonated the Ru(Il)-O(amide) bonds are
dissociated and the N-atoms of two acetonitrile molecules coordinate the metal
1on at the same two sites. The Ru(Il)-N(pyridine) bond lengths (2.036(6) and
2.059(6) A) are essentiallv identical with those in [Ru(pabh);]. However, the
Ru(II)-N(imine) distances (2.050(6) and 2.055(6) A) are significantly longer than
those (1.960(3) and 1.958(3) A) in [Ru(pabh);]. As mentioned before the rigidity
of the pabh~ ligands in [Ru(pabh),] arising from its tridentate binding mode and
the imine-N being the middle coordinating atom are likely to be the reasons for
the shorter Ru(Il)-N(imine) bond lengths in [Ru(pabh),] compared to those in

| Ru(Hpabh),(CH3;CN),](C104),°H,0O. The Ru(Il)-N(acetonitrile) bond lengths are
| 31

unexceptiona
The molecules of 6 forms a two dimensional network through the

intermolecular N-H-O and C-H--O hydrogen bonding. H:A distances and D -
H-A angles (A = acceptor; D = donor) are in the ranges 2.41 to 2.59 A and
128.17 to 165.98° respectively (Table 4.12). Between the two uncoordinated
amide oxygens, Ol is involved in hydrogen bonding with aromatic C-H moiety,
whereas O2 remains free. Both the perchlorate moieties are extensively involved
in hydrogen bonding with aldehydic C-H, methyl C-H, aromatic C-H, and amide
N-H protons. These hydrogen bonding interactions involving both the cation and

anion in 6 form the two dimensional network (Figure 4.15).



Table 4.12. Hydrogen bonding parameters

Ru(1l) Complexes with...

H-A(A) | D~A(A) | D-H-A (°)
[ N(6) - H(6)-~O(10)#1 25152 | 3.3560 165.98
C(1) - H(1)--O(1)#2 25825 | 3.3202 136.59
C(4) - H(4)O(7)#3 25927 | 3.5083 168.23
C(6) - H(6)-O(9)#3 24140 | 3.2633 151.78
C(10) - H(10)--O(4)#4 2.5439 | 3.4049 154.09
C(19) - H(19)-0(8) 24188 | 3.2567 149.84
C(28) - H(28B)--0(5)#1 24925 | 3.1768 128.17

A = acceptor, D = donor, #1 =-1/2+x, 1/2-y, -1/2+z.
#2 = -1/2+x, 1/2-y, 1/2+z. #3 =x,y, -1+z. #4 =3/2-x, 1/2+y, 1/2-z.

Figure 4.15. Two dimensional network of [Ru(Hpabh),](Cl04)>-H>O.
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4.5.

Chapter 4

Conclusion
In this chapter, a new series of mononuclear ruthenium(Il) complexes with

N,N,O-donor N-(aroyl)-N'-(picolinylidene)hydrazines has been described. It has
been demonstrated that the polar effect of the substituent on the ligand affects the
energies of the metal-dn and the ligand-n* levels. However, the energy difference

between them remains constant in all the complexes. The coordinated amide

functionalities can be reversibly protonated and deprotonated. The X-ray structure

reveals that in the diprotonated species the ligands act as bidenate N,N-donor and

the

ruthenium(Il) center prefers two acetonitrile-N atoms instead of the oxygen

atoms of the protonated amide functionalities in the coordination sphere.
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CHAPTER 5

Mononuclear Ruthenium(III) Complexes with a Phenolate-O,

Imine-N and Amide-O Coordinating Ligand*

S5.1. Abstract
The reaction of cis-[Ru(dmso)4Cl,], N-(acetyl)-N'~(salicylidene)hydrazine

(Hoacs), and KOH (in 1:2:2 mole ratio) in methanol under aerobic condition
produces a ruthenium(IIl) complex, [Ru(acs)(Hacs)]-H,O. Addition of one mole
equivalent of HClO4 to this complex in methanol affords [Ru(Hacs),]C1Os. On
the other hand, reaction of one mole equivalent of KOH with
[Ru(acs)(Hacs)]-H,O in methanol produces K[Ru(acs),]. All the three complexes
have been characterized by elemental analyses, magnetic, spectroscopic, and

electrochemical techniques. In solutions, except [Ru(acs)(Hacs)]-H,O, the other

two complexes are 1:1 electrolytic in nature. Solid state magnetic moments (at
298 K) of the complexes are in the range 1.91-2.15 ug. These values reflect a
S = %2 spin state and hence low-spin ruthenium(IIl) in each complex. X-ray
structures of [Ru(acs)(Hacs)]-H,O and tetraphenylphosphonium salt of
|Ru(acs),| have been determined. In both complexes, the ligands bind the metal
1on meridionally through the phenolate-O, the imine-N and the amide-O atoms.
In [Ru(acs)(Hacs)]-H,O, the amide functionality of one of the ligands is
protonated and in [PPhs][Ru(acs);], amide functionalities of both ligands are
deprotonated. Electronic spectra of the complexes display ligand-to-metal charge
transfer bands in the range 626—699 nm. Cyclic voltammetry reveals a Ru(Ill) —
Ru(IV) oxidation in the potential range 0.56-0.84 V (vs. SCE) for these

complexes. The charge transfer band positions and the oxidation potentials are

*This work has been accepted for publication in Eur. J. Inorg. Chem.
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significantly influenced by the protonation state of the O-coordinating amide
functionality present in each ligand. The pK, values of the coordinated amide

functionalities have been determined by spectrophotometric titration.

5.2. Introduction
In the previous chapter, we have described a series of mononuclear
ruthenium(Il) complexes with Schiff bases obtained from substituted hydrazines
and picolinaldehyde. In these complexes, the ligands bind ruthenium(Il) center
through the pyridine-N, the imine-N, and the deprotonated amide-O. The neutral
ruthenium(Il) complexes display interesting redox, spectral and protonation
behavior of amide functionalities. In this chapter, we have explored the
coordination chemistry of ruthenium with a similar kind of Schiff base N-(acetyl)-
N'-(salicylidene)hydrazine (Hjacs, 2 H represent the dissociable phenolic and
amide protons (Figure 35.1)). In
OH deprotonated state (acs™), this Schiff
|C‘) base can coordinate a metal 1on via the

N /C\ phenolate-O, the imine-N, and the
C

ﬁ IIEII H3  deprotonated amide-O atoms forming a
H,acs six- and a five-membered chelate ring.
This type of coordination mode by this

Figure 5.1 and similar ligands are known.' The

reasons for the choice of this Schiff
base are as follows. It contains high oxidation state promoting” phenolic hydroxy
and amide functionalities. The O-coordinating amide functionality provides the
rare opportunity of studying the influence of amide protonation state on the

coordination geometry and physical properties of the complex, which is not easy
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for amide-N coordinated species. Herein, we describe three new ruthenium(III)
bis-chelates with Hacs. These complexes differ only in the protonation state of
the coordinated amide functionalities. Solid state molecular structures of two of
them determined by X-ray crystallography have been reported. In solution,

dependence of the spectral and the redox features on the amide protonation state

has been scrutinized.

5.3. Experimental Section

5.3.1. Materials
The Schiff base Hjacs'® and CiS-[RU(deO)z;]CIQB were prepared by
following reported procedures. All other chemicals and solvents were of

analytical grade available commercially and were used as received.

5.3.2. Physical measurements

All the physical measurements were performed as described in the

preceding chapters.

5.3.3. Synthesis of the ruthenium complexes

[Ru(acs)(Hacs)]-H,O

Solid cis-[Ru(dmso)4Cly] (242 mg, 0.5 mmol) was added to a methanol
solution (40 ml) of H»acs (178 mg, 1 mmol) and KOH (56 mg, 1 mmol). The
mixture was heated under reflux for 8 h. The hot brown solution was cooled to
room temperature and left in air for 5 h. The color of the solution changed to
oreen and the complex was precipitated as a dark green solid. It was collected by

filtration, washed with methanol followed by ether and finally dried in air. The
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yield was 95 mg (40%). Single crystals suitable for X-ray structure determination
were obtained by storing the filtrate at 5° C for about 3-4 days.

Selected IR bands® (cm™): 3427(m), 1597(s), 1521(vs), 1467(w), 1435(vs),
1379(m), 1323(vs), 1267(vs), 1192(s), 1149(m), 1033(w), 943(m), 898(m)
748(vs).

[Ru(Hacs),]|ClO4

A methanol solution (10 ml) of 70% aqueous HCIO4 (0.2 ml) was
prepared. To a suspension of [Ru(acs)(Hacs)]-H,O (118 mg, 0.25 mmol) in 25 ml
methanol, 1 ml of the above HCIO4 solution was added and the mixture was
magnetically stirred in air. Initially a clear green solution was obtained and after
about 2 h a green solid separated. The complex thus obtained was collected by
filtration, washed with ether and dried in air. The isolated yield was 70 mg
(49%).
Selected IR bands' (cm™): 3205(m), 3067(m), 2710(w), 1599(s), 1550(vs),
1429(s), 1381(s), 1273(vs), 1194(s), 1107(vs), 997(m). 902(w), 767(s), 621(m).

K[Ru(acs),]

[Ru(acs)(Hacs)]'-H>O (150 mg, 0.32 mmol) was taken in 50 ml of
methanol and 18 mg (0.32 mmol) of KOH was added to the suspension. The
mixture was magnetically stirred in air for 6 h. The green solution thus obtained
was filtered to remove any unreacted starting complex and the filtrate was
evaporated to about ~4-5 ml in vacuum. The green solid obtained was collected
by filtration, washed with ether and dried in air. The yield obtained by this
procedure was 120 mg (76%). |
Selected IR bands® (ecm™): 1595(m), 1520(vs), 1433(s), 1388(m), 1363(m),
1317(vs), 1197(m), 943(m), 748(s).
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5.3.4. Spectrophotometric titration

In a typical titration, a 3 ml aliquot of a stock solution of K[Ru(acs),] in
acetonitrile (3.74 x 10° M, prepared by dissolving 1.84 mg (3.74 pmol) of
K[Ru(acs);] in 10 ml of acetonitrile and then diluting 1 ml of this solution to 10
ml by adding the same solvent) was taken in an air-tight cuvette. Protonation of
K[Ru(acs),| was performed by addition of aliquots (1 pl) of an acetonitrile
solution of CF3SOsH (1.13 x 10™ M, prepared by dissolving 0.5 ml (5.65 mmol)
in 10 ml of acetonitrile and then diluting 0.2 ml of this solution to 10 ml by
adding the same solvent) with a gas-tight syringe. Protonation was considered
complete when no significant change of the electronic spectrum was observed by
further addition of CF;SOs;H solution. The effective pK, (1 = 1 and 2) values
were determined from the two segments (Figure 5.6a for pKy and Figure 5.6b for
pKa1) of the spectrophotometric titration curves using the equations 1, 2 and 3.7
The value of K,(CF;SO3H) in acetonitrile’ used to calculate the pK, values is
2.512 x 10”. The change in absorbance at 364 nm and that at 340 nm were used

to calculate K and K, respectively.

Kai — Ka(CFg.SO_v,H)/KCi (1)
K. = [Ru(Hacs)z""][CF;;SO;']/ [Ru(acs)(Hacs)][CF3;SOsH] (2)
K. = [Ru(acs)(Hacs)][CF3SO5~]/[Ru(acs), J{CF;SO3;H] (3)

5.3.5. Single crystal X-ray structure determination

X-ray data for crystals of both [Ru(acs)(Hacs)]-H,O and
[PPhs][Ru(acs),]-C¢HsCH3 were collected on an Enraf-Nonius Mach-3 single
crystal diffractometer using graphite monochromated Mo-Ko radiation (A =
0.71073 A) by w-scan method at 298 K. In each case, unit cell parameters were
determined by least-squares fit of 25 reflections having 20 values in the range 10-
22°. Intensities of 3 check reflections were measured after every 1.5 h during the

data collection to monitor the crystal stability. In both cases, there was no
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significant change in the intensities of the check reflections. Empirical absorption
corrections were applied to both data sets based on the y-scans.® The structures
were solved by direct methods and refined on F* by full-matrix least-squares
procedures. In each case, the asymmetric unit contains one molecule of the
complex and one solvent molecule. All non-hydrogen atoms having full
occupancy were refined using anisotropic thermal parameters. For both
molecules the methyl group H-atoms and the aromatic H-atoms were placed
geometrically by using a riding model. In the case of [Ru(acs)(Hacs)]-H;0, H-
atoms attached to the water oxygen atom and the amide nitrogen atom were
located 1n a difference map. For both structures all the H-atoms were included in
the structure factor calculation at idealized positions [with Ujs(methyl-H) =
[.5Ueq(C), Uio(aromatic-H) = 1.2U¢(C), Ujso(water-H) = 1.5U¢(O), and
Uiso(amide-H) = 1.2Uq(N)], but not refined. The programs of WinGX’ were used
for data reduction and absorption correction. Structure solution and refinement
were performed with the SHELX-97 programs.'” The Ortex6a'' and Platon'’
packages were used for molecular graphics. Selected crystal and refinement data
are listed in Table 5.1. The supplementary crystallographic data for the structures
reported in this work have been deposited with the Cambridge Crystallographic
Data Centre (CCDC). The deposition numbers are CCDC-208845 and -208846
for [Ru(acs)(Hacs)]-H,O and [PPhs][Ru(acs),]-C¢HsCHs, respectively.
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Table 5.1. Crystal and structure refinement data for [Ru(acs)(Hacs)]-H,O (1) and
[PPhs][Ru(acs),]-C¢HsCHj3 (2)

Compound

1

2

Empirical formula
Crystal size, mm
Formula weight
Space group

RuCgH9N40:s

0.50x 0.48 x 0.24

472.44

Monoclinic, C2/c

RuPC49H4aN4O4
0.49x0.24 x0.16
884.92

Triclinic, P -1

a, A 10.789(3) 11.910(3)
b, A 19.872(2) 13.437(3)
¢, A 8.768(2) 15.227(7)
a, deg. 90 91.93(5)
P, deg. 103.46(3) 109.650(19)
¥, deg. 90 106.50(3)
vV, A’ 1828.2(7) 2177.7(12)
Z 4 2

Pcaled. £ cm™ 1.716 1.350

(, mm’ 0.897 0.445
Reflections collected/unique 4178/4020 7617/7617
Reflections [I > 2o(I)]/parameters ~ 3267/131 3819/535

R1,> wR2" [I>20(])’

0.0545, 0.1394

0.0840, 0.1913

R1, wR2 (all data) 0.0690, 0.1559 0.1797, 0.2474
Goodness-of-fit® on F~ 1.083 1.022
Apmax/min € A” ©1.487,-1.989  0.850,-0.361

*R1 = 3|[Fo| - [Fell/ZIFal- ®WR2 = {Z[(Fo’ - FYVZ[w(Fo") ]}

°GOF = {3 [w(F,” - FAY/(n - p)} 12 where ‘n’ is the number of reflections and ‘p’
is the number of parameters refined; w = 1/[02(F02) ' 3 (aP)2 + bP] where a =
0.1001 and b=0.6487 for 1; a=0.1199 and b =0.1847 for 2.
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Table 5.2. Atomic coordinates (x 10%) and equivalent isotropic displacement

parameters" (A% x 10°) for [Ru(acs)(Hacs)]-H,0

Atom X y Z U(eq)
Ru 0 2191(1) 2500 36(1)
O(1) 20(2) 1525(1) 855(3) 45(1)
O(2) -321(2) 2954(1) 3958(3) 46(1)
O(3) -5000 2775(2) 2500 116(3)
N(1) -1888(2) 2199(1) 2079(3) 39(1)
N(2) -2395(3) 2689(1) 2904(3) 42(1)
C(1) -991(3) 1164(1) 163(3) 41(1)
C(2) -767(4) 654(2) -844(4) 53(1)
C(3) -1728(4) 233(2) -1610(5) 61(1)
C(4) -2951(4) 315(2) -1432(5) 60(1)
C(5) -3215(3) 824(2) -494(4) 53(1)
C(6) -2251(3) 1261(2) 326(3) 42(1)
C(7) -2659(3) 1783(2) 1221(3) 42(1)
C(8) -1515(3) 3046(2) 3845(3) 42(1)
C(9) -1918(4) 3579(2) 4314(4) S3(1)

-

“U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

Table 5.3. Atomic coordinates (x 10%) and equivalent 1sotropic displacement

parameters® (A” x 10°) for [PPhs][Ru(acs),]-CsHsCH;

Atom X y Z U(eq)
Ru 921(1) 8868(1) 3138(1) 60(1)
P 3427(2) 3542(2) 3115(2) 54(1)
O(1) 1091(6) 7515(5) 3518(5) 72(2)
O(2) 478(6) 10161(5) 2711(5) 72(2)
O(3) 1300(6) 8637(5) 1995(5) 78(2)
O(4) 764(6) 9263(5) 4376(4) 65(2)
N(1) -919(8) 8282(8) 2327(5) 75(2)
N(2) -1527(7) 8998(7) 1878(5) 68(2)
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N(3) 2714(6)
N(4) 2930(7)
C(1) 156(10)
C(2) 400(12)
C(3) -437(18)
C(4) -1652(18)
C(5) -1958(13)
C(6) -1057(9)
C(7) -1564(10)
C(8) -676(10)
C(9) -1147(13)
C(10) 2460(9)
C(11) 2567(11)
C(12) 3697(13)
C(13) 4790(11)
C(14) 4703(10)
C(15) 3583(8)
C(16) 3656(8)
C(17) 1868(9)
C(18) 1900(10)
C(19) 3918(8)
C(20) 5161(10)
C(21) 5528(13)
C(22) 4641(15)
C(23) 3436(14)
C(24) 3082(11)
C(25) 4759(9)
C(26) 5137(10)
C(27) 6181(12)
C(28) 6834(11)
C(29) 6477(12)
C(30) 5450(11)
C(31) 2554(9)
C(32) 2627(10)
C(33) 1932(12)
C(34) 1185(12)

9607(5)
10016(6)
6635(8)
5732(10)
4794(13)
4607(13)
5470(12)
6532(8)
7369(10)
9934(8)
10809(9)
8937(7)
8728(8)
9028(10)
9534(9)
9756(8)
9483(6)
9786(6)
9770(7)
10126(9)
4909(7)
5441(8)
6480(9)
6994(9)
6505(9)
5459(7)
3087(7)
2888(7)
2547(8)
2418(8)
2603(9)
2960(9)
3354(7)
4164(8)
3972(11)
2961(13)

3938(5)
4862(5)
3215(7)
3555(9)
3275(13)
2624(15)
2272(10)
2585(8)
2129(7)
2155(7)
1733(9)
1981(7)
1110(8)
982(9)
1754(10)
2594(8)
2749(6)
3674(6)
5000(7)
5958(7)
3011(6)
3107(7)
3027(9)
2858(8)
2765(8)
2851(7)
3607(7)
4519(7)
4866(9)
4326(11)
3447(11)
3041(8)
3877(6)
4512(7)
5087(8)
5041(9)

Mononuclear Ruthenium(IIl) Complexes ...

51(2)
60(2)
67(3)
94(4)
137(6)
162(8)
127(5)
70(3)
76(3)
68(3)
107(4)
57(2)
79(3)
96(4)
93(4)
76(3)
50(2)
55(2)
62(2)
87(3)
55(2)
75(3)
98(4)
94(4)
92(4)
73(3)
61(3)
73(3)
86(4)
91(4)
99(4)
84(3)
61(2)
73(3)
94(4)
94(4)
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C(35)
C(36)
CA37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)

1149(11)
1802(10)
2496(8)
1838(10)
1177(10)
1081(10)
1692(12)
2416(11)
-900(2)
-840(2)
60(3)
-1680(4)
4310(2)
-5000(2)
-5710(2)
-5010(6)

2159(10)
2343(8)
2785(6)
3203(8)
2623(9)
1612(9)
1162(9)
1744(8)
4142(18)
4378(19)
5257(19)
3610(4)
4700(2)
3970(14)
4260(2)
2850(2)

4454(9)
3864(8)
1973(6)
1244(7)
376(7)
220(7)
947(8)
1827(7)
-587(19)
304(19)
868(15)
690(3)
-486(16)
-86(16)
374(18)
-160(4)

90(4)
77(3)
49(2)
69(3)
72(3)
73(3)
94(4)
78(3)
166(10)
147(7)
153(8)
210(2)
204(13)
280(2)
220(15)
320(4)

T?‘-U(eq) 1s defined as one third of the trace of the orthogonalized Uij tensor.
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5.4. Results and Discussion

5.4.1. Syntheses and characterization of the complexes

The neutral complex [Ru(acs)(Hacs)] was isolated from methanolic
medium by reacting cis-[Ru(dmso)4Cl;], Hracs and KOH in 1:2:2 mole ratio
under aerobic condition. The monohydrate of the complex precipitates from the
reaction mixture as a green solid in reasonable yield. The aerial oxygen is the
most likely oxidizing agent in the oxidation of the metal ion during the formation
of the complex. If stoichiometrically required mole ratio (1:2:3) is taken the
amount of the precipitated complex is significantly low. However, the potassium
salt of the anionic complex [Ru(acs),]” can be recovered from the filtrate. The
dissociation of the phenolic-OH proton may happen in absence of a strong base
like OH . Most likely for this reason 1:2:2 mole ratio gives better yield of the
neutral complex and for stoichiometric mole ratio formation of [Ru(acs);]” has
been noticed. A more convenient and clean method for the synthesis of
K[Ru(acs);] 1s the treatment of [Ru(acs)(Hacs)]-H,O with one mole equivalent of
KOH 1n methanol. By using a similar approach the perchlorate salt of the cationic
complex [Ru(Hacs),]” can be prepared by reacting [Ru(acs)(Hacs)]-H,O and
HClOg4 1n 1:1 mole ratio in methanol. The elemental analysis data (Table 5.4) for

all the three complexes are satisfactory with the proposed molecular formulae.

Table 5.4. Elemental analysis “, and magnetic moment® data

Complex %C 7oH /N Hefr/ LB
[Ru(acs)(Hacs)] H,0 | 45.53 (45.76) | 3.87 (4.05) | 11.63 (11.86) | 101
[Ru(Hacs),]ClOq 38.61 (38.96) | 3.42(3.27) | 9.85(10.10) | 5 1<
K[Ru(acs),] 43.58 (43.90) | 3.13(3.27) | 11.04 (11.37) 7 01

* Calculated values are in parentheses, ° In powder phase at 298 K.
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Molar conductivity values (Table 5.5) of the complexes in solutions are consistent

with the neutral character of [Ru(acs)(Hacs)]-H;O and 1:1 electrolytic nature’ of
both K[Ru(acs),] and [Ru(Hacs);]ClO4. The solid-state magnetic moments (Table .
5.4) of these complexes at 298 K are in the range 1.91-2.15 pg. Thus in each
complex, the ruthenium center is in +3 oxidation state and low-spin in character.

5.4.2. Infrared spectral properties

The infrared spectra of [Ru(acs)(Hacs)]-H,O and [Ru(Hacs),]ClO4 display
multiple peaks in the range 2710-3206 cm™. These peaks are most likely
associated with the N-H group of the protonated amide functionalities in these
complexes. ** On the other hand, absence of any such peak in this region of the
spectrum of K[Ru(acs),] confirms deprotonation of amide functionalities in both
ligands. In addition to the above mentioned peaks, [Ru(acs)(Hacs)]-H,O displays

I

a broad peak centered at 3427 cm™ ascribable to the lattice water.'*® All the three

complexes display three medium to strong peaks at ~1597, ~1550 and ~1520
cm™. These peaks are possibly due to the metal coordinated azomethine and

1.5.14a

protonated/deprotonated amide functionalities of the ligands. The presence

of perchlorate ion in [Ru(Hacs),]ClO4 is indicated by a broad and strong peak at
~1100 cm™ and a sharp peak at ~620 cm™. A representative spectrum 1s shown in

Figure 5.2.

5.4.3. Electronic spectral properties

The electronic spectral data of the complexes in acetonitrile solutions are
listed in Table 5.5. The spectral profiles are quite similar. In the visible region,
the major features displayed by the complexes are a band in the range 626-699 nm
and a shoulder within 487-504 nm (Table 5.5). These absorptions are assigned to
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Figure 5.2. Infrared spectrum of K[Ru(acs),] in KBr disc.

Table 5.5. Molar conductivity, and electronic spectral® data
Complex Anm (Q' em?® mol™) Amax (nm) (€ (103 M cm™))

[Ru(acs)(Hacs)]-H,O 15° 630 (1.1), 504° (1.2), 375 (15.4),
343 (15.5), 271° (19.6)

[Ru(Hacs),]ClO4 117¢ 699 (2.0), 496° (1.1), 365 (13.6)
267 (18.6), 235 (26.1)

K[Ru(acs);] 138¢ 626 (0.7), 487° (1.2), 380 (14.7),
342 (16.4), 282° (15.6), 241
(28.3)

*In CH;CN solution. °In HCON(CH;),-CH;CN (1:4). solution. “Shoulder. ¢ In
CH;CN solution.
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the phenolate-pn to the metal-dn charge transfer transitions."

[Ru(Hacs);]ClO4, where both the amide functionalities of the ligands are
protonated, display the first band (Figure 5.3) at the lowest energy (699 nm)

Interestingly

whereas the completely deprotonated species K[Ru(acs),] display the same at
highest energy (626 nm). This shift of the band position suggests that due to the
protonation of the O-coordinating amide functionalities of the two ligands the

o_slv
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Figure 5.3. Electronic spectrum of [Ru(Hacs),]ClO4 in acetonitrile.

energy gap between the phenolate-pn and the metal-dn levels is significantly
decreased. The band position of the neutral complex [Ru(acs)(Hacs)], where only
one amide functionality is protonated, shows the same trend but to a much smaller
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extent. The strong absorptions (Table 5.5) observed in the ultraviolet region of

the spectra are most likely due to transitions involving only ligand orbitals.

5.4.4. EPR spectral properties

The EPR spectra of the complexes in frozen (103 K) methanol-toluene
(1:1) solutions are very similar. A representative spectrum is shown in Figure 5.4.
Each of them displays three distinct signals (Table 5.6) indicating the distortion of
the N,O4 coordination sphere around the metal center from octahedral symmetry.
The distortion can be measured in terms of axial (A) and rhombic (V)
components. The axial distortion (A) splits t; into ‘a’ and ‘e’ and the rhombic
component again splits ‘e’ into nondegenerate components (Figure 5.4). In
addition to A and V, spin-orbit coupling also influences the extent of energy gaps
between these levels. Thus two ligand field transitions of energies AE;| and AE,
(AE, < AE,) are possible within these three levels. The distortion parameters and

the transition energies have been quantitated using the observed g values and the

Table 5.6. EPR g-values.” calculated distortion parameters and near-IR

transitions’

Complex g) g5 g3 AN | V/A | AE/A | AEy/A
[Ru(acs)(Hacs)] 2186 | 2.133 | 1.876 | 4.849 | -0.935 | 4.377 | 5.659
[Ru(Hacs),]ClOs | 2.166 | 2.114 | 1.888 | 5.069 | -1.064 | 4.540 | 5.921
K[Ru(acs),] 2208 | 2.161 | 1.854 | 4.492 | -0.670 | 4.125 | 5.225

In 1:1 methanol-toluene at 103 K. ° The calculations are based on spin-orbit

coupling constant L = 1000 cm™.
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¢ tensor theory of low-spin d° complexes.'® The results are collected in Table 5.6.

The distortion parameters suggest that the axial component 1s significantly larger
than the rhombic component in each of the three complexes. The AE; and AE;
transitions are expected to occur in the range 4100-4600 and 5200-6000 cm’’
(Table 5.6), respectively. No absorption was detected in either of the above

a
! A
——-J- 1 V
C

: -

B

2800 3200 3600
H/G

Figure 5.4. EPR spectrum of [Ru(Hacs),]ClO4 in frozen (103 K) methanol-
toluene (1:1) solution and t, splitting pattern.

two regions due to non-transparency of the solvent. Similar EPR spectral profiles
and the comparable values of the distortion parameters calculated from the EPR
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data indicate that the nature and extent of distortions from the octahedral
geometry are not very different in these complexes. Thus there is no significant
change in the distortion pattern of the NyO4 coordination sphere around the low
spin ruthemmum(lll) center due to protonation or deprotonation of the amide
functionalities of the ligands. A few years ago we reported a similar series of
three high-spin 1ron(Ill) complexes with enolate-O, imine-N, and amide-O donor
deprotonated acetylacetone benzoylhydrazone. It may be noted that unlike the
present series of complexes the variation of the protonation state of the amide
functionalities changes the distortion pattern from rhombic to near-axial in the

iron(III) complexes. '’

5.4.5. Electrochemical properties

Electron transfer properties of the complexes 1In acetonitrile-
dimethylformamide (9:1) solutions (0.1 M TBAP) have been investigated with the
help of cyclic voltammetry. Each of the three complexes displays an oxidation
response on the anodic side of SCE (Figure 5.5). The one-electron stoichiometry
for these oxidation processes is ascertained by comparing the current heights with
known one electron redox processes under identical conditions.'™® The potential
for the anionic complex, [Ru(acs),], is the lowest (Ej, = 0.56 V and AE, = 70
mV)'® and that for the cationic complex, [Ru(Hacs),]", is the highest (E;, = 0.84
V and AE, = 150 mV). The potential (E, = 0.76 V and AE, = 240 mV) for the
neutral complex, {Ru(acs)(Hacs)], is in between the above two values. The free
Schiff base (Hpacs) shows an irreversible oxidation with comparatively much
higher current at +1.38 V under identical conditions. Thus the oxidation
responses observed for the complexes are assigned to the Ru(Ill) — Ru(IV)
process. The trend in the E;» values indicates that the oxidation of the metal
center in the anionic complex where the amide functionality of each of the two

ligands is deprotonated is most favorable and that in the cationic complex where
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the amide functionalities are protonated is most difficult. This behavior is likely

to be primarily due to the electrostatic reasons.

10 08 06 04
Potential (V)

Figure 5.5. Cyclic voltammograms of K[Ru(acs);] ( ), [Ru(acs)(Hacs)]-H,O
(-----), and [Ru(Hacs),|CIOs  (——=) in  acetonitrile-
dimethylformamide (9:1) solutions (0.1 M TBAP) at scan rates of 50

mV s

On the cathodic side of the SCE, both K[Ru(acs);| and [Ru(acs)(Hacs)]
display a reduction response. The E; values are —1.11 V (AE, = 80 mV) and
—-1.13 V (AE, = 80 mV), respectively. In both cases, the anodic (ip,) and cathodic

(1pc) peak currents are very similar and comparable with the current heights
observed for the Ru(Illl) — Ru(IV) processes. @ On the other hand,
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|Ru(Hacs),]ClO4 displays three reduction responses at £y, =—0.20 V (AE, = 100
mV), Epc = —0.90 and —1.63 V. For the highest potential reduction i,. is much
larger than the 1,,. However, the Ipc 1S comparable to that of the Ru(IIl) — Ru(1V)
process. This first reduction response of [Ru(Hacs);]ClO4 and the reduction
responses observed for [Ru(acs)(Hacs)] and K[Ru(acs);] may be assigned to the

Ru(lll) — Ru(Il) process and the differences in the potential values can be

rationalized considering the electrostatic effect. However. the trend in the
reduction potential values is significantly different than that of the oxidation
potential values. The reduction potentials observed for K[Ru(acs),] (=1.11 V)
and [Ru(acs)(Hacs)] (—-1.13 V) are very similar and much lower than the first
reduction potential (—0.20 V) observed for [Ru(Hacs),]ClO4. Whereas the Ru(IIl)
— Ru(lV) potentials are observed in comparatively much narrow range
(0.56-0.84 V). Under identical conditions, free perchloric acid shows a reduction
response (E1, =-0.25 V, AE, = 100 mV). This voltammogram 1s very similar to
that of the first reduction displayed by [Ru(Hacs),]ClO4. The free Schiff base
(Hacs) under the same conditions displays a reduction response. E,. and E,,
values for this reduction response are —1.37 and —0.96 V, respectively.
Considering all the above the reductions displayed by the present series of

complexes cannot be assigned to the Ru(Ill) - Ru(Il) process unambiguously.

5.4.6. Protonation and deprotonation of coordinated amide
Spectrophotometric titrations have been performed using acetonitrile
solutions of K[Ru(acs),] and CF3SOsH to study the protonation bzhavior of the
coordinated amide functionalities in the complex. With the progressive addition
of the acid the change of spectral profiles is characteristic of successive
protonation of the two amide functionalities present in the two ligands of
K[Ru(acs);].>"” The initial change in the spectral profile gradually decreases and

becomes minimum when the complex to acid mole ratio reaches 1:1.2. At this
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stage the spectral profile is akin to that of the neutral complex [Ru(acs)(Hacs)]
indicating the protonation of the first ligand amide functionality. In this portion
of the titration, the shift of band positions occurs through eight isobestic points
(455, 378, 361, 284, 250, 242, 222, and 207 nm) (Figure 5.6a). " Continued
addition of the acid causes a further shift of band positions through another set of
five 1sobestic points (584, 344, 374, 299, and 263 nm) (Figure 5.6b). The spectral
profile becomes constant and similar to that of the [Ru(Hacs),]" at about 1:2.6
complex to acid mole ratio. Quantitative reversibility of this protonation behavior
was confirmed by spectrophotometric back-titration with triethylamine. The
values of pK, and pK, determined from the two segments of the titration are
6.64(4) and 7.19(1), respectively. These values are much lower than the pK,
(~15) of free amide functionality in organic compounds.”’ This difference in the
pK, values is likely to be due to a combination of several factors. Among various
possibilities one readily apparent 1s as follows. The electron deficiency at the
imine-N adjacent to the amide-N arising out of coordination of the former to the
metal center being compensated by the amide functionality and thereby

5,21

contributing to the increase of the amide N-H acidity. Interestingly the pK,

values determined in this work are very similar with those [pK, = 6.85(5) and
pKa = 7.44(9)] determined for the ruthenium(Il) complex, [Rul,], where HL is

> It seems there is no effect of the

N-(benzoyl)-N'-(picolinylidene)hydrazine.
difference in the oxidation states (+3 and +2) of the metal ion on the acidities of
the ligand amide functionalities. = However, there are two very distinct
dissimilarities between the two systems. In the ruthenium(II) complex, after
protonation the amide functionalities are no longer bound to the metal center,
which is not the case for the present complexes of acs” and Hacs™ (vide supra).
The ligand (L") is pyridine-N, imine-N, and deprotonated amide-O donor,

2-

whereas acs™ is phenolate-O, imine-N, and deprotonated amide-O donor.
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Figure 5.6. Spectrophotometric titration of K[Ru(acs),] in acetonitrile with

CF3SO3H. (a) First segment and (b) second segment of the titration.

Perhaps these dissimilarities offset the effect of oxidation state on the acidity of

ligand amide functionalities and similar pK, values are observed for both systems.

5.4.7. Description of structures

The solid state molecular structure of [Ru(acs)(Hacs)]-H>O has been
determined by X-ray crystallography. The complex crystallizes in the C2/c space
group. The structure of the complex molecule is depicted in Figure 5.7. The
bond parameters associated with the metal center are listed in Table 5.7. Each
ligand binds the metal ion meridionally through the phenolate-O, the imine-N,
and the amide-O atoms forming a six- and a five-membered chelate ring. Two
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ligands are related by a crystallographically imposed two-fold axis of symmetry
passing through Ru and bisecting the angles O1-Ru-01' and O2-Ru—-02' (Figure
5.7). The presence of this two-fold axis of symmetry indicates that two ligands

C4 CS
S 2
—& Cc7
6 ‘l\‘ N2
C3
)
2
=1 @ Ry
01
2
o 20 N2'
"33" =3/
(V) ' N1

Figure 5.7. The structure of [Ru(acs)(Hacs)] showing the 35% probability
thermal ellipsoids and the atom-labeling scheme. Hydrogen atoms

are omitted for clarity.

are crystallographically equivalent. This could also indicate that both ligands are
chemically equivalent. Taking into account the neutral character of the complex,
this will be possible if the oxidation state of the metal center is +2 and the ligands
are monoanionic (Hacs ). Considering the more acidic character of the phenolic-
OH the amide functionality in each ligand has to be protonated. The second
possibility is that the oxidation state of the metal center is +4 and the ligands are
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dianionic (acs®"). However, the physical properties (vide supra) of the complexes
clearly suggest +3 oxidation state of the metal ion in all the complexes. In
addition, the observed (Table 5.7) Ru-O(phenolate) and Ru-N(imine) distances
are comparable to the distances reported for Ru(IIl) complexes with ligands that
provide the deprotonated salcylaldimine or similar moiety for metal 1on binding.'’
The significantly shorter Ru-O(amide) distance compared to the distances
observed in ruthenium(Il) complexes® containing the same coordinating atom is

also consistent with the +3 oxidation state of the metal ion. Thus the two ligands

Table 5.7. Selected bond lengths (A), and angles (deg.) for
[Ru(acs)(Hacs)]-H,O

Ru-O(1) 1.961(2) Ru-O(1)’ 1.961(2)
Ru-N(1) 1.983(3) Ru-N(1) 1.983(3)
Ru-O(2) 2.063(2) Ru-0O(2)’ 2.063(2)
O(1)-Ru-O(1)' 95.12(14)  O(1)-Ru-O(2) 169.57(9)
O(1)-Ru-O(2)' 90.46(11)  O(1)-Ru-N(1) 93.16(9)
O(1)-Ru-N(1)' 87.45(9) O(1)-Ru-0(2) 90.46(11)
O(1)-Ru-0(2)' 169.57(9)  O(1)-Ru-N(1) 87.45(9)
O(1)-Ru-N(1)' 93.16(9) O(2)-Ru-0(2)’ 85.45(14)
O(2)-Ru-N(1) 78.27(10)  O(2)-Ru-N(1)’ 101.06(9)
O(2)-Ru-N(1) 101.06(9)  O(2)'-Ru-N(1) 78.27(10)

N(1)-Ru-N(1)' 179.11(13)

Symmetry transformation used to generate equivalent atoms: -X, y, -z+1/2.

— e —— —
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are not chemically equivalent and one of them is dianionic (acs®") and the other
one is monoanionic (Hacs™). The origin of the crystallographic equivalence of the
two ligands is therefore due to either a static disorder resulting from the
crystallographic superposition of an equal number of Hacs™ and acs’”, or a
dynamic disorder due to rapid (on the crystallographic time scale) H-atom transfer
between the two amide-N centres. Rapid H-atom transfer in solid state is highly
unlikely to occur and hence the observed crystallographic equivalence of the two
ligands can be attributed solely to a static disorder. The lattice water molecule is
also similarly disordered and the O-atom sits at a special position with half
occupancy. The distance (2.754 A) between the amide-N atom (N2) and the

water O-atom suggests N-H:-O hydrogen bonding interaction. Due to disorder
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Figure 5.8. Two-dimensional network of [Ru(acs)(Hacs)]-H,O along b axis.
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amide-N atoms of both ligands show the same interaction. In the crystal lattice, a
one-dimensional chain of alternating complex molecule and water molecule is
formed via this hydrogen bonding. The water hydrogen atoms are also involved
in inter-chain weak H-bonding interactions with the amide-O and phenolate-O
atoms (O-H:-O distances are 3.370 and 3.250 A, respectively) forming a two-
dimensional network of [Ru(acs)(Hacs)]-H,O in the crystal lattice (Figure 5.8).
We were unable to grow X-ray quality single crystals of K[Ru(acs),].
However, the tetraphenylphosphonium salt of [Ru(acs),;| crystallizes in the P-1

space group. Single crystals of [PPhs][Ru(acs),] were obtained by the reaction of
K[Ru(acs),] and PPh4Cl in acetonitrile followed by addition of toluene and slow
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Figure 5.9. Structure of [PPhs][Ru(acs),] showing 25% probability thermal
ellipsoids and the atom-labeling scheme. The labeling of the carbon

atoms in [PPhs]" and H-atoms are not shown for clarity.
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evaporation of the mixture in air. The asymmetric unit contains a PPh4" cation, a

complex anion [Ru(acs);], and a toluene molecule that has been located at two
sites. The structure of [PPhs][Ru(acs),] is shown in Figure 5.9 and selected bond
parameters involving the metal center are collected in Table 5.8. As in the

previous structure the ligands bind the metal ion meridionally. The Ru-O(amide),
Ru-O(phenolate) and Ru-N(imine) distances are typical for a ruthenium(IIl)

species.”'” These distances clearly indicate that there is essentially no difference

with respect to the binding strength of the two ligands. The dianionic nature of

bot

1 ligands and hence the single negative charge on the complex and the +3

oxidation state of the metal 1on are further confirmed by the presence of the
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Figure 5.10. Various C-H-m interactions in the crystal lattice of

[PPh4][Ru(acs), |- CsHsCH;.
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PPh;  ion. The bond parameters of the cation are unexceptional.”? As in
[Ru(acs)(Hacs)]-HyO, there 1s no good conventional hydrogen-bond acceptors or
donors 1n [PPhs][Ru(acs),]-CcHsCH3. However, this species also forms a two-
dimensional network in the crystal lattice via several C—H:-'w interactions.”> The
H---centroid distances and the C-H--centroid angles are within 2.742-3.177 A and
134.98-169.48°, respectively. The ligand methyl group C-H, aromatic C-H from
the ligand and the phenyl groups of the cation are involved in these interactions
with the m-electrons of the toluene, PPhy” phenyl groups, ligand phenolate ring

and the chelate rings. Few of these interactions are depicted in Figure 5.10.

Table 5.8. Selected bond lengths (A) and angles (deg.) for
[PPhs][Ru(acs),]-CeHsCHj

Ru-O(1) 1.971(7) Ru-O(2) 2.021(7)
Ru-O(3) 1.975(7) Ru-0O(4) 2.024(6)
Ru-N(1) 2.020(9) Ru-N(3) 1.999(7)
O(1)-Ru-O(2) 171.7(3) O(1)-Ru-O(3) 92.5(3)
O(1)-Ru-O(4) 90.4(3) O(1)-Ru-N(1) 95.2(3)
O(1)-Ru-N(3) 90.9(3) 0O(2)-Ru-0O(3) 90.4(3)
O2)-Ru-O(4) 87.7(3) O(2)-Ru-N(1) 77.1(3)
O(2)-Ru-N(3) 96.6(5) O(3)-Ru-0O(4) 172.1(3)
O3)-Ru-N(1) 87.8(3) O(3)-Ru-N(3) 93.9(3)
O(4)-Ru-N(1) 99.3(3) O(4)-Ru-N(3) 78.7(3)

N(1)-Ru-N(3) 173.6(4)
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5.5. Conclusion
Syntheses and physical properties of three new ruthenium(Ill) complexes

with N-(acetyl)-N'-(salicylidene)hydrazine (Hjacs) have been described. The bis
complexes vary in the protonation state of amide functionality of the ligands. The
crystal structures of [Ru(acs)(Hacs)] and [Ru(acs);]” reveal the meridionally
spanning phenolate-O, imine-N and amide-O coordinating mode of both Hacs™
and acs”". In frozen solutions, all the three complexes display the typical rhombic
EPR spectra for low-spin ruthenium(IIl) species indicating no significant
variation in the distortion pattern from octahedral symmetry of the N;Oq
coordination spheres around the metal center due to protonation or deprotonation
of the amide functionalities. However, the potentials of the Ru(Ill) — Ru(IV)
oxidation are markedly affected by the protonation state of the amide
functionalities. Reversible protonation and deprotonation of the O-coordinating

amide functionalities present in the ligands have been demonstrated.
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