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ABSTRACT

The complexes of Ru(L),Cl, (L = dmazpy L8 deazpy) were prepared from the
reactions between Ru(dmso),Cl, complexes and 2-(4'-N,N-dimethyl aminophenylazo)
pyridine (dmazpy, 1) and 2-(4'-N,N-diethylaminophenylazo)pyridine (deazpy, 2)
ligands. Both of ligands are the derivatives of 2-(phenylazo)pyridine (azpy, 3). The
isolated isomeric complexes from these reactions were determined to be cis and frans
configurations. Results from structural determination, chemical properties and
electrochemistry indicated that dmazpy and deazpy ligands are weaker TU-acceptors
than that of azpy. Nevertheless, dmazpy and deazpy ligands have greatef O-donor

ability than azpy, and stabilize Ru(II) center better than the azpy ligand,
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Chapter 1

INTRODUCTION

1.1 Introduction

Ruthenium is a chemical element which has symbol Ru, atomic number 44. The
element is a britten gray-white metal of low natural abundance. It is a second transition
series element in the Periodic Table. The electronic configuration is [Kr] (4d)7(53)1. The
most common isotope is 102 and most common oxidation state are II, 1II and IV, The
ruthenium metal is not oxidized by air at room temperature, but it is oxidized at high
temperatures (more than 900 °C). From this property, ruthenium compounds have been
used a lot of applications. The applications of ruthenium compounds such as the
ruthenium tetraoxide complex (RuQ,) which is the precursor for synthesis hydrated
ruthenium trichloride complex (RuCl,.3H,0) and used as an oxidant for organic
compounds. The RuCl;.3H20 complex is the most common starting material for
preparation other useful ruthenium complexes (Carol, 1993). The ruthenium(Il)
complexes with chelating polypyridyl ligand groups, particularly, 2,2"-bipyridine (bpy)
and derivatives of bpy such as [Ru(bpy)f'+ and Ru(deb),X, (deb = 4,4'-(COOH),-2,2'"-
bipyridine and X = Cl, Br, I, SCN, H,0) complexes, are extensively used as the most
efficient and stable redox sensitizers on nanocrystalline TiO, solar cell for conversion
light to electrical energy. (Meyer, 1997). Other application of rathenium(II) complexes
with polypyridyl ligands is the complex of [Ru(phen)zdppz]2+ (phen = 1,10-

phenanthroline, dppz = dipyridophenazene), acting as luninescent probes in DNA. It is

useful in optically probing the kind of DNA bases. However, these various applications
are related to chemical properties of complexes containing different ligands.
The polypyridyl ligands such as bpy and phen are symmetric ligands which

have o—donor and m-acceptor properties. In addition, ruthenium(II} is well recognized



as a metal ion capable of entering dn-pn back bonding with polypyridyl ligands, This
gives rise to-stabilize ruthenium(Il) and their complexes show interesting properties.
For example, charge transfer luminescence is another property in the complex of [Ru
(bpy)3]2+ that useful for acting as a cafalyst of water photolysis (Krause and Krause,
1980).

Besides, bpy and phen ligands containing the azoimine (-N=N-C=N-) moiety
are better m—acceptor toward ruthenium(II).  One of this type is 2-(phenylazo)pyridine
(azpy). The azpy ligand is an asymmetric ligand, and is stronger m-acidity ligand than
bpy. The chemistry and application of ruthenium(II) complexes with azpy ligand have
been extensively studied. The cis- and frans- isomeric complexes of Ru(azpy),Cl,
show the in Vitro cytotoxicity activity in tumor cell lines (Aldrik et al., 2000).
Besides, the complexes of o.~Ru(azpy),(NO,), (cis-Rufazpy),(NO,),) show the strong
binding of DNA-model bases (Holtze et al, 2000). Furthermore, Ru(azpy),Cl,
complexes are cata.lysts in epoxidation reaction (Barf and Sheldon, 1995). The progress
in azoimine chemistry of azpy leads to further investigation on other heterocyclic
complexes,ligands such as 2-(phenylazo)imidazole (aai) in Ru(aai),CL(Misra et al.,
1998) and 2-(phenylazo)pyrimidine (papm) in Ru(papm),Cl, (Santra et al., 1999).

In the present work, ruthenium(Il) complexes, Ru(L),Cl, (where L were 2-(4"-
N, N-dimethylaminophenylazo)pyridine (dmazpy), 2-(4'-N,N-diethylaminophenylazo)
pyridine (deazpy)) were synthesized and characterized. The dmazpy and deazpy ligands
are derivatives of azpy containing electron-donating substituents, -NR, (where R =
CH,, C,H, in dmazpy and deazpy, respectively). The m-accepting properties of these

ligands were also investigated and compared with those in Ru(azpy),Cl, complexes.

The chemical properties of the complexes were studied by X-ray diffraction,

spectroscopic and cyclic voltanunetric techniques.



It is interesting to know how the -NR, groups effect the chemistry-of Ru(L),Cl,.

The structures of azpy, dmazpy and deazpy are shown in Figure 1.

OB

2-(phenylazopyridine) (azpy)

O~ -
NN N4©~N\CH:

2-(4"-N, N-dimethylaminophenylazo)pyridine (dmazpy)
Qe
GH
2-(4'-N, N-diethylaminophenylazo)pyridine (deazpy)
Figure 1. The structures of azpy, dinazpy and deazpy ligands.
From the structures, dmazpy and deazpy are asymmetric ligands. In priciple, the

six coordination of RuL,Cl, (I. = dmazpy and deazpy) complexes give five possible

geometrical isomers (Figure 2) similar to Ru(azpy),Cl, complexes.
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R = -N(CH,), (dmazpy)
R = ~N(C,H,), (deazpy)
N, = N(py)
N, = N(azo)

Figure 2. Five possible isomers of RuL,Cl, (L = dmazpy and deazpy) complexes.



The structures of possible isomers are described in order of coordination pairs as
Cl, N(pyridine : N,) and N(azo : N,). The two isomers of each complex are obtained
from the experiments and established to frans-cis-cis (icc) and cis-trans-cis (ctc)
configurations. The structures of fce-Ru(dmazpy),Cl,, fec-Ru(deazpy),Cl, and cfc-Ru-
(dmazpy),Cl, complexes have been confirmed by X-ray crystallography. Eventhough
the single crystal of the cfe-Ru(deazpy),Cl, isomer is not available, but it can be
confirmed by spectroscopic techniques. Whereas, three isomers of Ru(azpy),Cl,
complexes, which are frans-cis-cis (ftcc), cis-trans-cis (ctc) and cis-cis-cis (ccc)
complexes, were isolated (Krause and Krause, 1980). The isomeric complex of cce-Ru
(1),ClL, (L = dmazpy and deazpy) are not obfained. However, the isolated complexes
have interesting chemical properties and show different spectroscopic results between

cis and frans configurations.

1.2 Literature reviews .

Evans et al., (1973) studied of dichlorotetrakis (dimethylsulfoxide)ruthenium
(ID), Ru(dmso),Cl, which are common precursors to synthesize other ruthenium(I1)
complexes. Ru(dmso),Cl, was characterized by infrared and NMR techniques. Results

indicated that there were mixed sulphur and oxygen coordination sites.

Krause and Krause, (1980) studied of azpy ligands and three isomeric

complexes of Ru(azpy),Cl,. The complexes of Ru(azpy),Cl, were synthesized from

both Ru(dmso),Cl, and RuCl 3H,O complexes and the different isomers were
obtained. These complexes were characterized by infrared spectroscopy, “C NMR

spectroscopy, UV-Vis absorption spectroscopy and cyclic voltammetry.



Krause and Krause, (1984) synthesized and characterized the complexes of Ru
(Naz),Cl, (Naz == 2-((4"-nitrophenyl)azo)pyridine by infrared spectroscopic, UV-Vis
absorption spectroscopic and Differential pulse voltammetric technigues. In comparison
with Ru(azpy),Cl, complexes, the Naz ligand can stabilize ruthenium(il) greater than
the azpy ligand. This was due to the inductive effect of the nitro group in Naz ligands
as it is stronger m-acceptor properties than that in azpy complexes. The supporting data
were obtained by UV-Vis absorption, infrared spectroscopic and electrochemical
techniques. The UV-Vis abso;ption spectroscopic data of Naz complexes showed the
bathochromic shifted MLCT transition from the azpy complexes. For electrochemical
data, the Ru(II/IIT) couple in Naz complexes occurred at higher potentials than the azpy

complexes.

2

N N NO
2-((4"-nitrophenyhazo)pyridine

Misra, ef al., (1998) studied new azoimidazole ligands (L) which belong to the
class of 1-methyl-2-(arylazo)imidazoles and 1-benzyl-2-(arylazo)imidazoles (R= H,
CH,, OCH,, Cl, NQO, ) as shown below. The reactions between RuCl,.3H,0 with these
ligands in ethanol afforded RuL,Cl, complexes. They reported the synthesis, specira,
redox properties and single erystal X-ray structures of two isomers of ruthenium(II)
complexes with these ligands. These azoimidazole ligands are- better m-—acceptor

~ ligands than bpy and phen but weaker than azpy. Furthermore, the properties of

ruthenium-imidazole complexes are of interest for their antitumor activities.

N
N —N
[N> \‘@—X X = H, CH, and @'CH3

1-methyl-2-(arylazo)imidazoles



Santra et al., (1999) synthesized and isolated three isomers of Ru-(aapm),Cl,
(aapm = 2-(arylazo)pyrimidine) complexes. They were determined as frans-cis-cis
(fcc), cis-trans-cis (ctc) and cis-cis-cis (cec) configurations with refered to the order of
coordination pairs as Cl, N(pyrimidine), N(azo), The isomers of fcc and ccc were
confirmed by X-ray crystallography. Both of these structures, the Ru-N(azo) distances
were shorter than Ru-N(pyrimidine) distances indicating stronger bonding of the former
and the Ru(aapm),Cl, n-interaction was localized in the Ru-N(azo) fragment. The |
structure of all isomers were studied by infrared and 'H-NMR spectroscopy. In
addition, the cyclic voltammetric data showed the Ru(III)/Ru{l[} couple at higher
potential than those in Ru(bpy),CL, Ru(azpy),Cl, and Ru(aai},Cl, (aai = 2- aryl
azoimidazole) complexes. Then the order of the n—acidity of ligands can be arranged

as; bpy < azoimidazole < azopyrimidine.

Oy
0

2~(arylazo)pyrimidine

Velders et al., (2000) investigated the three isomeric of Ru(azpy),Cl, compiexes
(cte—Cl, cec-Cl, tce~-Cl) which showed different in Vitro‘cjm'oxicity activity. The
ctc-Rufazpy),Cl, isomer showed high cytotoxicty against a series of tumor cell lines
while the cce~Cl and the fee-Cl showed low to moderate cytotoxicity. In addition,
the structure of fcc—Cl isomer was confirmed by a single crystal X-ray diffraction. The

tcc—Cl isomer has two Cl atoms in trans configuration, but the pyridines and azo groups

Cl, was studied and compared with the related complexes such as cis—Ru(bpy)2C12. The

binding of the cfc~Cl isomer with guanine and purine bases are sterically less hindered



than that in cis-Ru(bpy),Cl, complexes therefore, the cfc isomer was found to show

high cytotoxicity against a series of tumor-cell lines,

Crutchley and Lever, (1982) reported the synthesis of Ru(bpy)3C13.3;.5H20, Ru
(bpz),.1.5(C11,),CO, [Ru(bpz),(CH,CN)(CH][PF,].1/2H,0, Ru(bpz),CL, 1,0, Ru(bpy),-
Cl,, Mo(CO),bpz and W(CO)bpz (bpz = 2,2-bipyrazine, bpy = 2,2"-bipyridine)
complexes. These comp.lexes were characterized by spectroscopic and electrochemical
methods. The electrochemistry and the photoanation of bipyrazyl and bipyridyl metal
complexes were carried out. Their purpose was to develop the photosensitizer in solar
energy conversion. The results showed that bipyrazyl was not a greater m—acceptor
than bipyridyl.  The bipyridyl ligand was the strong o-donor, which cause an

enhancement of m—back donation with ©-donor metals.

@O QO

2,2-bipyridine (bpy) 2,2"-bipyrazine (bpz)

Goswami ef al., (1981) studied two types of ruthenium(I) complexes, RuX,L,
and [Ru(bpy),LKCIO,), (X = Cl, Br, I ; L = 2-(phenylazo)pyridine (azpy) or 2-(m-
folylazo)pyridine (tap) ; 2,2"-bipyridine(bpy)). These complexes were characterized by
infrared and UV-Vis absorption spectroscopy. In addition, the H NMR spectrum of
the Ru(tap),X, showed methyl signal in CDCI, solvent. The redox activities were done
by cyclic voltammetric technique in acetonitrile and dichloromethane solvents. The

RuX,L, complexes showed Ru(Il/IIl) couple at higher potential than that of cis-Ru

_.{bpy),CL and several other dichlororutheninm (II). species.. The azopyridine ligand can

stabilize (with respect to oxidation potential) ruthenium(II) better than bpy.
O~ O
N N CH

2-(m-tolylazo)pyridine (tap)

3



Seal and Ray, (1984) investigated the structures of two isomers of Ru-(azpy),Cl,
complex were cis-trans-cis (ctc) and eis-cis-cis {cce) configuration (refered to Cl, N
(pyridine} and N(azo) atoms respectively). Refinement parameters of the ctc-Ru(azpy),
Cl, complex (C, symmetry ) were R=0.051 and R, = 0.070. Whereas, the refinement
parameters of the cce-Ru(azpy),Cl, complex (C, symmetry) were 0.054 and R, = 0.074.
Both complexes are distorted octahedral. The angles of Cl-Ru-Cl are nearly 90°,
However, N(py)-Ru-N(azo) angles were found ca. 76°. Furthermore, Ru-N(azo)
distances were shorter than Ru-N(py) distance due to powerful n-backbonding of the

azo function.

Panncerselvam ef al., (2000) reported the crystal structure of the [protonated 2-
(phenylazo)pyridine  and  protonated2-(4-hydroxyphenylazo)pyridine  (3:1)]
tetrafluoroborate compound. The results from X-ray data indicated that the protonation
occurs at N(azo) atom and it was more strongly basic than N{pyridine). The azpy
compound was normally liquid at ambient temperature but this crystal structure was

stabilized by intramolecular H bonding, N-H-N and van der Waals force.

Protonated azpy X =H (3 times) and OH (1 time)

Bao et al., (1988) established the method for conversion the fcc-Ru(azIJy)2C12

(or y form) to the cfe-Rufazpy),Cl, (cte, o form) and the frans-yRu- (azpy),Cl, to the

cte-Rufazpy),Cl, (ccc, B form) isomers. The conversion can be done by using
hydroxide ion as catalyst in the mixture of water-ethanol and water-dichloromethane

which gave o and B isomer respectively.
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Holtze et al., (2000) reported the synthesis and characterization of the o.—[Ru
(azpy),(NO,),] complex. The structure of a~[Ru(azpy),(INO,),] were determined by
X-ray crystallography. The binding of the DNA-model bases 9-ethylguanine and
guanosine also has been studied and compared with bis-(bipyridyl) ruthenium(Il)
complex. The binding DNA complexes have been identified by '"H and 2D NMR

spectroscopy.

Irving et al., (1953) showed the stability constants of some metal chelates of 2-
(4'-N, N-dimethylaminophenylazo)pyridine (dmazpy).  The dmazpy can act as an
indicator in measuring other metal-complex stability constants. ~ Stability constants for
1:1 chelated of dmazpy with metals at 25°C, pH 6 and ionic strength 0.15 fall in order
Cu> Hg > Ni > Co > Zn > Mn > Ca, Mg. They also described the protonated forms in
different pH.

Sadler and Bard, (1968) reviewed the electrochemical reduction of aromatic azo
compounds in dimethylformamide solutions. It was studied by cyclic voltammetric and
other electrochemical techniques. It was also studied the UV-Vis absorption
spectroscopy. The electrochemical reductions of these compounds were generally
similar to that of aromatic hydrocarbons in aprotic media, The reduction couple

occured two steps which one electron transfer.
1.3 Objectives

1. To prepare the Ru(L),Cl, (L = dmazpy and deazpy) complexes

To characterize and to study of chemistry and electrochemistty of their complexes.

To compare the Tt—acceptor property of azpy, dmazpy and deazpy ligands.

Sl

To demonstrate the effect of electron-donating groups to chemical properties

of Ru(ll) complexes.



Chapter 2

METHOD OF STUDY

2.1 Chemicals

2.1.1 Materials from Fluka AG, Switzerland
Ruthenium(III)chloride, RuCl, A.R grade
2-aminopyridine, C;H(N, AR grade

2.2.2 Materials from Lab-Scan
Dimethyl sulphoxide, DMSO, A.R grade
acetonitrile, CH,CN, A.R grade

2.2.3 Materials from Carlo Erba
Chloroform, CHCl,, AR grade

N, N-dimethylformamide, A.R grade
Sodium hydroxide, NaOH, A.R grade
2,2.4 Materials from Merck
Acetone, CH,COCH,, AR grade
Dichloromethane, CH,Cl,, AR grade
Bthanol, C,H,OH, A.R grade
Methanol, CH,0OH, AR grade
2.2.5 Materials from Aldrich Chemical Company, Inc.

N, N-dimethyl-1,4-nitrosoaniline, A.R grade
N, N-diethyl-1,4-nitrosoaniline, A.R grade

Nitrosobenzene, A.R grade

11
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2.2.6 The solvents, dichloromethane, hexane and ethyl acetate for column

chromatography were purified by distillation and collected from their

beiling points.
2.2 Instruments

2.2.1 X-ray diffraction data were collected on a CCD X-ray Diffractometer with
TeXsan program.
2.2.2 UV-Vis absorption spectra were monitored in the 200-820 nm range by
Hewlett Packard 8452A diode array spectrophotometer.,

2.2.3 Electrospray mass spectra were recorded on VG Quattro triple quadrupole
Mass Spectrometer.

2.2.4 Infrared spectra were recorded with either Perkin Elmer Spectrum GX
FTIR-spectrophotometer (4,000-400 cnfl) or Perkin Elmer 783 Infrared
Spectrophotometer (400-200 cm-') from KBr pellets.

2.2.5 Proton nuclear magnetic resonance spectra (1H NMR) were recorded on a
Varian UNITY SNOVA 500 MHz FTNMR spectrometer and 300 MHz
Varian UNITY NMR 165 FT-NMR Spectrometer at ambient temperature.
Tetramethylsilane (TMS) at 0.00 ppm. The residual protons of CDC, at
7.25 ppm were used as internal reference.

2.2.6 Electrochemical measurements were carried out using cyclic voltammetric

technique. The measurements were obtained from Cypress system version

as the working electrode. A platinum gauze was the counter electrode and
AgNO,/Ag was used as the reference electrode. Ferrocene was added as an
internal reference to the electrochemical cell. The supporting electrolyte was

tetrabutylammonium hexafluorophosphate (TBAH) in acetonitrile solvent,
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2.2.7 The measurement of melting points of all compounds were used the
Thomas Hoover Capillary melting point apparatus which can measure in

the range 30-300 °C.
2.3 Synthesis of ligands.

2.3.1 Synthesis of 2-(phenylazo)pyridine ligand (azpy).

The synthesis of 2-(phenylazo)pyridine ligands was prepared by modified
literature method (Krause and Krause, 1980). 2-aminopyridine (3.88 g, 41.2 mmol)
reacted with nitrosobenzene (4.03 g, 37.6 mmol) in 13.5 mL NaOH (25 M) and 2 mL
benzene with stirring. The solution was heated on the steam bath for 45 mins. The
mixture was extracted with 5 x 50 mL of benzene. The mixture solution was evaporated
to have a small volume. Purification was carried out by column chromatography
technique on silica and the mixed solution of hexane: ethyl acetate (9:2) was used to be
the mobile solvent, The isolated product was orange liquid (28.0 % yield, mp 32-34
°C).

2.3.2 Synthesis of 2-(4'-N,N-dimethylaminophenylazo)pyridine ligand
(dmazpy). |
The 2-(4-N,N-dimethylaminophenylazo)pyridine ligand was obtained from the
reaction of 2-aminopyrimidine and N,N-dimethyl-1,4-nitrosoaniline. The N,N-dimethyl-
1 ,4-nitrosoaniline (1.502 g, 0.01 mol} was slightly added to the warm solution of 2-

—.aminopyridine ._(.0.9.4.0._g,.._0,0.1_._mol)..__at.-.'Z.(fC...in...ﬂie:__prcs_ence__of__l_l..6...1?1L 25 M NaQH _in

toluene stirring was continued and 4 mL of acetonitrile was also added. After this
period the mixture was carried out under refluxing conditions for 9 hours. The expected
dark red ligands might be soluble in the foluene portion. Reaction mixture was filtered

and extracted with 50 mL toluene for 5 times. The mixture solution was evaporated to
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be less small volume. Purification was carried out by column chromatography on silica
column. The red ligands were eluted with 9:1 hexane : ethyl acetate (vield 28.0%, mp

80 °C)

2.3.3 Synthesis of 2—(4'—J\T,N—diethy[aminophenylazo)pyridine ligand
(deazpy). |
The 2-(4'-N,N-diethylaminophenylazo)pyridine ligands was synthesized by
using the same procedure as N, N-dimethyl-2-(phenylazo)pyridine ligand. But NN-
diethylnitrosoaniline (1.602 g, 0.01 mol) was replaced the N, N-dimethylnifroso aniline

and the reaction gave 12.7 % yeild withmp 80 °C.
2.4 Synthesis of complexes,

2.4.1 Synthesis of Ru{dmso),Cl, complexes

The Ru(dmso),Cl, complex was prepared according to the literature method.
(BEvan et al., 1973). Ruthenium trichloride trihydrate, RuCl,.3H,0 (0.2 g, 0.8 mmol)
was refluxed in dimethylsulfoxide (1 mL, 3.2 mmol) for 5 mins. The solution was
cooled to room temperature and 4 mL of acetone was added. The reaction mixture was
stored in a desiccator for 7-10 days. The yellow to orange crystals was: filtered and
washed with diethy!] ether. The yields were 72.0 %. The decomposed temperature is

120 °C.

2.4.2 Synthesis of frans-Ru(azpy),CL, complexes

Ru(dmso),Cl, complex (0.024 g, 0.06 mmol) and azpy ligands (0.019 g, 0.13
mmol) were refluxed in chloroform (15 ml.) for 72 hours. The mixture was filtered and
evaporated to dryness. The solution was dissolved in small amount of distilled

dichloromethane. Purification the complexes by using column chromatography on silica
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and the mixed solvents as dichloromethane and ethyl acetate (9:1) were eluting solvent.
The green band of the ft'a:zs—Rll(azpy)2C12 complexes were isolated. The green

complexes were evaporated and precipitated with dichloromethane (28.6 %).

2.4.3 Synthesis of #rans-Ru(dmazpy),Cl, complex

Ru(dmso),CL, complex (0.024 g, 0.05 mmol) and deazpy ligands {0.026 g, 0.13
mmol) were refluxed in chloroform (15 mL ) for 72 h. The solution became orange to
dark purple consequently. The complex solution was filtered and evaporated to dryness.
The obtained solid was purified by using column chromatography on silica gel. The
green band of frans-Ru(dmazpy),Cl, complex were isolated from toluene and
acetonitrile (2:1) mixture. The yield of frans-Ru(dmazpy),Cl, complexes was 0.016 g
(52.4 %), Crystals of frans-Ru(dmazpy),Cl, complexes were obtained from a

dichloromethane-ethanol and 0.1 M HCl mixture (2:1:0.5 v/v).

2.4.4 Synthesis of cis-Ru(dmazpy),Cl, complex

This complex was prepared similarly to frans-Ru(dmazpy),Cl, complex. The
purple band was isolated chromatography. The cis-Ru(dmazpy),Cl, complexes were
recrystallized from toluene and dichloromethane mixture (4:1 v/v) at room temperature

for 4 days. The yield was 0.011 g (38.3 %).

2.4.5 Synthesis of frans-Ru(deazpy),Cl, complex

The synthesis was prepared similarly to #rans-Ru(dmazpy),Cl, complex. The

—dmazpy-ligands—were-replaced-by-- an-equivalent-amount-of-deazpy-(0.030-g,-0.13

mmol). The yield was 54.0 %.
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24.6  Synthesis of cis-Ru(deazpy),CL, complex
The synthesis was prepared similarly to #rans-Ru(dmazpy),Cl, complex. The
dmazpy ligands was replaced by an equivalent amount of deazpy and the purple band

was isolated chromatography. The yield was 30.8 %.
2.5 Methods for determination structures

2,5.1 Single crystal X-ray crystallography

X-ray crystallography is the most precise and comfortable technique for
defermination the actual structures. The ptrincipal of this technique is the radiation of X-
vay through single crystal with the most intense of K line. Some of X-ray which
interacts with the crystal are transmitted and some of them are diffracted with the angle
of 26. That diffracted X-ray enter to the detector. In this work, the CCD is used as
detector. The TeXan programs is used for solving crystal data and the Xtal program was

used to study the crystal structures.

2.5.2 EKleetrospray mass spectrometry (ES-MS)

ES-MS is a new technique which allows pre-existing ions to be very gently
iransferred from solution to gas phase with minimal fragmentation, followed Ey
conventional mass analysis. The ES technique has been developed to study inorganic
and organometallic structures (Colton, 1995). ES-MS teclmique is used to confirm

molecular structure by consideration of m/z values. All peaks in the mass spectra will

be identified by the most intense peak in the isotope mass distribution.

2.53 Proton Nuclear Magnetic Resonance Spectrometry ( H-NMR )
'"H-NMR is another technique to identify structures of compounds or complexes.

It is related to molecular arrangement. The chemical shifts and spin-spin coupling
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constants from nuclear magnetic resonance specira are sensitive to electron density at
the nucleus which depend on the specific to more electronegative atoms. However,

NMR parameters are also affected by other features,

2.54 Infrared spectrometry (IR)

IR is an useful technique to determine the functional groups which composed in
compounds. The compounds have (o absorb the Infrared frequencies range. For this
research complexes absorb in the IR medium region (4,000-200 cm'i) for molecular
vibration. The absorbed IR molecules are IR active which give the stretching or

bending modes of bonding in molecules at different frequencies.

2.5.5 UV-Visible absorption spectrometry (UV-Vis)

The chromophores in complex molecule can absorb energy in the UV-Visible
range and consequently change electronic fransitions. The correlated electrons are all
valence clectrons, bonding orbital and non-bonding electrons which stay in different
energy levels. The electrons are excited and shifted to higher energy level followed by
selection rules. However, the UV-Vis absorption is a roughly technique for
characterization complexes but it is very useful for the describing colored. Besides, it is

the comfortable technique in qualitative and quantitative analysis.

2.5.6 Cyclic voltammetry (CV)
The cyelic voltammetry is an clectrochemical method which leads to the

__knowledge of redox phenomena. It can be used to_investigate fhe rates and mechanisis

of metal-charge transfer reactions, kinetic studies, and so on. It shows current-potential
curve which is called cyclic voltammogram. In general, a typical voltammetric

experiment utilizes three types of electrodes (Eklund and Bond, 1998).
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- the working electrode
this is the electrode at which the reaction of interest takes place, e.g. the simple

one-electron oxidation-reduction processes are given below

—

A AT+ e (oxidation)
B+e B (reduction)
These electrodes are typically made an inert and electrically conducting material. The
common electrodes are made of Platinum and some forms of carbon (i.e. glassy carbon
or graphite).
- the reference electrode
This electrode provides a fixed reference couple against the potential of
working electrode measured, e.g. the Ag/Ag’ electrode which the potentials are

accurately known relative to the standard hydrogen electrode (SHE).

- the counter/auxillary electrode

An auxillary electrode consists of a large surface area piece of platinum (wire or
gauze) or carbon {disk or rod) placed directly into the test solution. Since the current
flows through the counter electrode, it must have a sufficiently large swface area
relative to working electrode to prevent limitation of current flowing in the total circuit.
The current measured in a voltamumetric experiment flows between the working and

counter electrode.




Chapter 3

RESULTS

The results in this investigation were divided info 3 sections as followed :
3.1 The studies on synthesis and characterization of dmazpy and deazpy
Ligands.
3.2 The studies on synthesis and characterization of Ru(dmso),CL, and
Ru(L),Cl, (I = dmazpy and deazpy) complexes.

3.3 Electrochemistry of ligands and complexes.

3.1 Synthesis and characterization of dmazpy and deazpy

ligands.

3.1.1 Synthesis of dmazpy and deazpy Ligands,

2-(4'-N, N-dimethylaminophenylazo)pyridine (dmazpy) and 2-(4'-N,N-diethyl
aminophenylazo)pyridine (deazpy) ligands are synthesized by coupling of 4-N,N-
dimethyl-1,4-nitrosoaniline or N,N-diethyl-1,4-nitrosoanitine with 2-aminopyridine
respectively in separated mixture of 25 M NaOH and toluene. Purification was done

by column chromatography which described previously. The reaction are followed by

equation (1) and (2).
~CH
Q-+ O O
N CH, Q N _@_(ckh )
\—/ CH,

2-aminopyridine A N-dimethyl-1,4-nitrosoaniline  2-(4*-N,N-dimethylaminophenylazo)pyridine (dmazpy)

19
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_ __ ol
O — O
@ ]\02”5 Q \:4©—— N\/FQHS )}

- Cobs
2-aminopyridine N, N-diethyl-14-nitrosoaniline 2-(4'-N, N-diethylaminophenylazo)pyridine (deazpy)

Ligands were prepared in small yields because of many side reactions. The
yield of dmazpy and deazpy ligand were 28 % and 12.7 %, respectively. The

solubilities of dmazpy and deazpy were summarized in Table 1.

Table 1. Solubility of dmazpy and deazpy ligands.

solvents solubility

hexane N
toluene A+
dichloromethane +++
chloroform - +++
ethyl acetate - -+
acefone At
acetonitrile At
dimethylformamide +++
dimethylsulfoxide -+
ethanol NIE
methanol -t
“water ++4
0. TMHCI TFE
‘0.1 M NaOH S
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The symbol of solubility, -‘H+ represents the completely soluble of ligand
0.0030 g in 10 ml of solvents. The * represents the changing of ligand’s color

in a solvent.

Those ligands are soluble in almost solvents because their structures also have
organic patts soluble in organic solvents and N atoms which can make H-bonding with
water molecules. However, the orange ligands have immediately changed color into
deep pink when they dissolved in acid due to the protonation at N atoms (Klotz and

Wing, 1953).
3.1.2 Characterization of dmazpy and deazpy ligands.
The structures of dmazpy and deazpy were determined by using these

techniques

- Electrospray mass spectrometry

1

Proton Nuclear Magnetic Resonance spectrometry

1

Infrared spectrometry

UV-Visible absorption spectrophotometry

3.1.2.1 Electrospray mass spectrometric data of dmazpy and deazpy ligands

The electrospray mass spectra and the electrospray mass speciroscopic data of
dmazpy ligands are displayed in Figure 3 and detail in Table 2 whereas, the deazpy are
shown in Figure 4 and details in Table 3. From the data, the maximum peaks in an

isotropic mass distribution are exactly closed to molecular weight of ligands.

Therefore, 1t can confirm the ligand structures.
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Table 2. Electrospray mass spectroscopic data of dmazpy ligand.

m/z stoichiometry equivalent species rel. abun.

227.1 [dmazpy+H]" [M+H]" 100

MW of the dmazpy ligand = 226.2 = M

Table 3. Electrospray mass spectrometric data of deazpy ligand.

m/z stoichiometry equivalent species rel. abum,
255.3 [deazpy+H]" (M+H] 100
256.2 (deazpy+2H]" [M+2H] 37

MW of the deazpy ligand = 254.2 = M

Both of dmazpy and deazpy ligands show the parent peaks which are one

protonation at n/z 227.1 and 255.3 for dmazpy and deazpy, respectively.
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3.1.2.2 HNMR spectroscopic results of dmazpy and deazpy ligands

The chemical shifts (8, ppm) and J-coupling (Iiz) of free dmazpy and deazpy
(Table 4 and 5) are reported in part per million (ppm) downfield from
tetramethylsilane (TMS, (CH,),Si ) solution. The 'H NMR spectra are displayed in
Figure 6 and 7. TMS was set at 0 ppm and was used as reference for CDCI, solutions.
The types of protons in dmazpy are divided into 7 groups but 8 groups for deazpy as

shown in Figure 5.

3_4 3 4
s 6 56
2 O N o O N s 7
Q \N ~CHs3 ’ Q N ~CHyCH3
h —N N N —
i 1 LN
5 6 7 5 6 Cglzcgls
dmazpy deazpy

Figure 5. Structure of dmazpy and deazpy ligands with proton numbering systems.

Table 4. 'H NMR data for dmazpy

N J-coupling & amounts of H peak
H-posttion (H2) (ppm)
1 7.5 8.678 1 dd
4 9 8.012 1 dd
2 71.8,1.5 7.828 | dt
5 8.5 1.762 2 d
3 1,7 7.286 1 dt
6 9 6.754 2 d
7 - 3.100 6 $

e = doublet. . dd = doublet of doublet dt == doublet of triplet s = singlet



Table 5. '"H NMR data for deazpy
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. J-coupling b amounts of H peak
H-position ) (ppm)
1 7.5 8.668 1 dd
4 9 7.987 1 dd
2 8,7.5 7.818 1 dt
5 8 7.751 2 d
3 1,7 7.271 1 dt
6 9 6.724 2 d
8 7.5,1,7 3.464 4 q
7 7,7.5 1.239 6 t
d =doublet dd = doublet of doublet

dt = doublet of friplet

t = triplet q = quatet

The 'H NMR results are used to support the structures of both ligands. The
results of ' NMR of dmazpy and deazpy are very similar to each other. The chemical
shift of corresponding protons in both ligands resonate at sligthly different values. The
detail of each signal can be described below.

The proton-1 is on pyridine located next to pyridine nitrogen atom which gives
signal at most downfield. The proton signal is splited by the proton-2 (f = 7.5 Hz) and
by the proton-3 (J = 1.5 Hz). Therefore, the signal is doublet of doublet (dd) peak.

The proton-2 located next to proton-1. The signal of this proton is doublet of
triplet. The spliting of triplet peaks (J = 7.5-8 Hz ) is observed for coupling with
proton-1 and proton-3. Then each of triplet peak is splited to doublet peaks (J= 1.5 Hz)

from long range coupling with proton-4.

The proton-3 is the proton which is opposite to pyridine nitrogen. The proton is
less effected fiom nitrogen atom than that of the proton-2 thus the chemical shift value
is less than that of proton-2. The signal of this proton is also doublet of triplet peaks. It

is splited by the proton-2 and 4 (J = 7 Hz) and by the proton-1 (J = 1.5 Hz).
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The proton-4 located next to the proton-3 and it is effected from nifrogen of
azo function. The signals might be at downfield more than proton-2,3. It occurs at
upfield than that in proton-1. The signal is doublet of doublet peaks. It is splited by
proton-3 (9 Hz) and by the proton-2 (J = 1.5 Hz).

The proton-5 are two equivalent protons on phenyl ring located closed to azo
nitrogen. The rotation of phenyl ring leads the proton-5 signal showed at upfield than
proton-4. The proton-5 interacts with proton 6 and give the doublet peaks with J-
coupling 8-8.5 Hz,

The proton-6 are two equivalent protons located next to the proton-5. The
signal is also doublet of doublet peaks. The signal is splited by the proton-5 (J =9 Hz),

The proton-7 are the methyl protons (-CH,). In case of dmazpy, the signal is
singlet peak of 6 protons whereas, deazpy shows triplet peaks with 6 protons. The
signal in deazpy is due to the methylene (-CH,-) protons with J-coupling 7,7.5 Hz.

The proton-8 are the methylene protons of deazpy ligand. The signal of this
proton is quatet peaks from the interaction with methyl proton (J-coupling 7, 7.5, 7

Hz).
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3.1.2.3 Infrared (IR) spectrometric resulfs of dmazpy and deazpy ligands
Infrared spectra of dmazpy and deazpy were recorded in the range 4000-400
cm’' shown in Figure 8 and 9 respectively. Both ligands show bands near 1600 to 500

cm . Some characteristic frequencies are sununarized in Table 6 and 7 respectively.

Table 6. IR data of 2-(4'-N,N-dimethylaminophenylazo)pyridine (dmazpy)

frequencies
vibrational modes 4
(cm )
sp’ C-H stretching 3080(s)
N=N stretching 1399(s)
C=N stretching 1603(s)
1603(s)
1524(s)
C=C stretching
1460(w)
1449(m)
C-H bending of para 825(s)
disubstituted benzene

s = strong, m = medium and w = weak

Table 7. IR data of 2-(4'-N,N-diethylaminophenylazo)pyridine (deazpy)

frequencies
vibrational modes 4
{cm )
sp’ C-H stretching 3080(s)
N=N stretching 1396(s)
C=N stretching 1600(s)
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vibrational modes frequencies
| (em™)

C=C stretching 1600(s)
1515(s)
1480(m)
1470(m)

C-H bending of para 825(m)

disubstituted benzene

C-H bending of 790(m)

ethyl chain

s = strong, m= medium

Some characteristic peaks for determining structure of dmazpy and deazpy
ligands are in the 1600-1400 om’ region. They are C=C and C=N stretching modes of
pyridine and phenyl ring. These modes show strong to medium absorption at the
frequencies similar to azpy results. The C=C and C=N stretching modes of azpy appear
at 1584, 1578, 1498 and 1495 em’ (Krause and Krause, 1980).

The most important peak is N=N siretching mode which used for considering
the m-acid property in azo complexes . The N=N stretching of both ligands show the
intense peak at very closely frequencies to each other. It occurs at 1399 em’ in
dmazpy and at 1396 om’ in deazpy. Meanwhile, the N=N stretching frequency shows
of azpy ligand shows peak at higher frequency, 1420 em” (Krause and Krause, 1980).
This result indicates that the N=N bond of the free azpy ligand is stronger than those of

dmazpy and deazpy ligands. The decrease of N=N bond order in dmazpy and deazpy

could be due to the substituents (-NR,) which are electron donating groups and will be

discussed in details later.
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3.1.2.4 UV-Visible absorption spectra of dmazpy and deazpy
The absorption spectra of azpy, dmazpy and deazpy in CHCI, were shown in
Figure 10, 11 and 12, respectively. In addition, their absorption spectra were also

studied in CH,Cl,, CHCL,, DMSO and CH,CN and the summarized data was listed in
Table 8.

Table 8. The UV-Vis spectral data of azpy, dmazpy and deazpy ligands.

Maximum Wavelength, nm (€ x 10%, M'em") in solvents
Compounds
CHCH, CH,CI, DMSO CH,CN
Azpy 320(1.18) 320 (1.56) 320 (1.96) 316 (1.90)
Dmazpy 430 (2.86) 432 (2.92) 436 (3.60) 422 (3.30)
Deazpy 438 (3.20) 436 (3.00) 444 {3.26) 432 (4.20)

"Molar Extinction coefficient.

The azoimine ligand groups always show two absorption bands which are
assigned as n »>n* and n>m* transifions as observed in 200-500 nm. The absorption
spectrum of azpy exhibited the maximum intense band of w~>7 transition at the
higher energy (320. mmn, €~ 20,000 M'em ") and gave the weak band of n >n*
transition at the lowest energy (~450, €~ 950 M'em™). In contrast to the derivative
ligands, both dmazpy and deazpy showed the absorption intense bands of »r—=>7*
transition at lower energy (~430-440 nm, € ~ 20,000 M em’). whereas, the n >7* the

transition was shifted to higher energy(~274 nm, € ~ 1,000 M_lcm'l) which close to the

~ solvent cut-off.
Furthermore, dmazpy and deazpy showed slightly solvent effect. The polar

solvents lead to bathochromic shift (red shift) of m>m* transition.



0.8 —
0.6~
5
<
3
2
3 0.4
=]
<
.2
0.0- 1 ] I i 1 T
300 400 5090 £€00 700 800
Wavelensth (nm)

Figure 10. UV-Vis absorption spectrum of 2-(phenylazo)pyridine in CHCI,

S¢



Absorbance (AU)

0.8

0.6

C.2 -

0.¢

200

400

I
500

Wavelength (nm)

800

700

800

ieure 11. UV-Vis absorption spectrum of 2-(4'-N, N-dimethylamirophenylazo)pyridine in CHCI; . .

9¢



Absorbance (AU)

0.8 —

0.6

0.4

0.2+

0.0

360

400

I
500
Wavelength (nm)

600

700

g00

Figure 12. UV-Vis absorption spectrum of 2-(4'-N,N-diethylaminophenylazo)pyridine in CHCL,-

Le



38

3.2 Synthesis and characterization of Ru(L),Cl, complexes

(L = dmazpy and deazpy).

3.2.1 Synthesis and Characterization of Ru(dmso),Cl, complexes
Ru(dmso),Cl, complexes were used as starting materials for synthesis RuL,Cl,
(L = dmazpy and deazpy) complexes and prepared according to the literature
procedure (Evan ef al., 1973). The structure of Ru{dmso),Cl, complex was studied by
IR spectroscopy. Table 9 listed the results obtained on examining the IR spectra of this

complex (as shown in Figure 13).

Table 9. IR data of 2-(4'-N, N-diethylaminophenylazo)pyridine (deazpy)

frequencies
vibrational modes 4

(cm )
sp’ C-H stretching 3000, 2908(m)
C-H deformation 1403(m)
S-O stretching S bonded 1120, 1100(s)
C-8S stretching 720 (s)
Ru-S stretching 480(m)
CSO symmetric deformation 430(s)
CSO asymmetric deformation 390(m)
Ru-Cl 350(m)

A complete assignment of all bands are in the range 4000-200 em’. There are

some important bands to specify the isomer of this complex.
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The first characteristic band is the SO stretching. It has been known that the
dimehylsulfoxide (CH,),SO was bonded to metal ions via S or O atoms, The data from
literature review (BEvan ef al., 1973) suggested that if the S atom was bonded, there
was a strong broad band with splitting of SO stretching observed at 1090-1120 em .
Whereas, if the O-bonded there was a strong SO stretching at 915 cm'l. In this work,
the synthesized Ru(dmso),Cl, complex showed only the strong band with splitting at
1100-1120 cm™'. This indicated that the S atom was bonded to the ruthenium center.
The second characteristic band is a Ru-Cl stretching bands in far IR region. It appeared
as the single bands at 350 om. Finally, Ru-S or Ru-O stretching frequencies was
observed in the range 500-400 cm”. The band at 480 e’ can be assigned to either Ru-
S and Ru-O stretching. From these IR data supported with cis- and frans-Ru(dmso),

Cl, structures which S bonded,
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3.2.2 Syathesis of Ru(L.),Cl, complexes (L = dmazpy and deazpy)

The Ru{dmazpy),Cl, and Ru(deazpy),Cl, were synthesized from the reaction
between Ru(dmso),Cl, complexes with dmazpy and deazpy ligands in chioroform
respectively. The orange reaction mixture became purple after refluxed for 40 mins.
The solution was refluxed for 72 h.

The Ru{dmazpy),Cl, or Ru(deazpy),Cl, complexes show three colorful isomers
on TLC plate when ethyl acetate is used as a mobile solvent. They are green, purple
and violet with diferrent R, values, The R values of green complexes are 0.62 for Ru
(dmazpy),CL, and 0.90 for Ru{deazpy),Cl,. The purple compounds give R, values of
Ru(dmazpy),Cl, at 0.76 and 0.80 for Ru(deazpy),Cl,. The violet band was collected in
a very small amount and the R, values of Ru(dmazpy),Cl, and Ru(deazpy),Cl, are
0.75. In general, there are five possible isomeric compounds. However, only two forms
of each complex are isolated from column chromatography. They are green and purple.

The green complex is less polar than the purple therefore the green band was
first obtained from column chromatography. The purple band came out later after
eluted with mixed solvents of 2:1 (v/v) toluene : acetonitrile.

The characterization of Ru(L),Cl, complexes are on the basis of many
techniques. One of them is single crystal X-ray diffraction. The green-Ru(dmazpy),Cl,
was recrystallized from CH,CI, + EtOH + 0.1 M HCl (2:1:0.5 v/v). Whereas, the
purple- Ru(dmazpy),Cl, was recrystallized from CH,Cl, + toluene + CH,CN (2:1:1
v/v). The crystals of green- Ru(deazpy),Cl, were obtained from CH,Cl, + toluene +
CH,CN (2:2:1 v/v). The solubilities of all complexes are similar as summarized in

Table 10.
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Table 10. The solubilities of cis- and frans-Ru(L),CL,

solvents solubility
hexane -
toluene -
dichloromethane +
chloroform ++
ethyl acetate | +
acetone +
acetonitrile +
dimethylformamide ++
dimethylsulfoxide ++
methanol +
ethanol +
water -
"0.1 M HCI +
"0.1 M NaOH +
- nonsoluble + slightly soluble ++ moderately soluble

* color changed

The solubility, ++ represents that the amount of complexes less than 0.0012 g
can completely dissolve in 10 mL, + represents that the amount of complexes 0.0005-

0.0008 g can completely dissolve in 10 mL. The - represents the non soluble 0.0005 g

of complexes in 10 mT.. The * shows the changing of ligand color in a solvent.
The solubility of complexes is useful for recrystallization. The suitable solvents

may be selected from solvent in which compounds have different solubilities.
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3.2.3 Characterization of Ru(L),C), complexes (I = dmazpy and deazpy)

The structures of isolated complexes of Ru(L),Cl, (I = dmazpy and deazpy)

were characterized by using these following techniques.

3.2.3.1 Electrospray mass spectrometry

3.2.3.2 Infrared spectrometry

3.2.3.3 UV-Visible absorption spectrophotometry
3.2.3.4 Protons Nuclear Magnetic Resonance

3.2.3.5 Single crystal X-ray diffraction

3.2.3.1 Electrospray Mass Spectroscopic results of Ru(lL),Cl, complexes

In general, this technique cannot provide us about the structures of compounds
directly. However, in this research, the electrospray mass spectrometry is important
technique to confirm the molecular mass of complexes. In general, one cannot assign
the type of isomer based on the electrospray mass spectra (ES-MS). However, in this
work showed the different results from ES-MS data between frans- and cis- isomers.
In addition, their structures have been confirmed by '"H-NMR and X-ray diffraction
techniques. Therefore, in this work results from mass spectra can be used to determine
the isomer of an unknown complex. It will be discussed in details later.

ES-MS of the possitive ion of a solution of #rans- and cis-Ru(L),Cl, (L =
dmazpy and deazpy) give the abandant peaks which are listed in Table 11 for frans-Ru
(dmazpy),CL,, Table 12 for trans-Ru(deazpy),Cl,, Table 13 for cis-Ru(dmazpy),Cl,

and Table 14 for cis-Ru(deazpy),Cl,. The electrospray mass spechra are displayed in

Figure 13-16 respectively.
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Table 11. Electrospray mass spectroscopic data of trans-Ru(dmazpy),Cl,

complex
m/z stoichiometry equivalent specics rel. abun.
626.2 [Ru(dmazpy),2HCL,] M+2H] 75
2883 | [RUNCHN=NCHAH] | [M-2Cl-dmazpy-N(C,H,),] “+4H 60
1710 | [RuCL]’ {RuCL)" 95

MW of the trans-Ru(dmazpy),Cl, complex = 624.38 =M
MW of the dmazpy ligand = 226.2

Bven the mass spectrum contains several peak, The intense peak at m/z 626.1 is
assigned to [Ru(dmazpy)22HClz])r ion. This peak is an evidence to support the mass of
the complex (MW = 624.38). The [Ru(dmazpy)22HC12]+ is unstable at higher ion
source energy. It undergoes significant decomposition to give 2 major species-complex
in two pathways. First, the molecular ion lost two chlorine atoms, one ligand and the -
N(CH,), substituent of another remained dmazpy this gives rise to a peak [Ru
(NCSI%I‘,N=I\ICGHS4H]Jr at m/z 288.3. The other species which is the most intense peak

at m/z 171.0 is assigned fo [RuClz]Jr ion.

Table 12. Electrospray mass spectrometric data of rrans-Ru{deazpy),Cl,

complex
m/z stoichiometry equivalent species rel. abun,
6812 | [Ru(deazpy),HCL] [M+H] 85

2883 | [Ru(NCHN=NCH4H] [M-2C1 -deazpy-N(C,H,),] "+4H 80
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MW of the trans-Ru(deazpy),Cl, complex = 680.38 =M
MW of the deazpy ligand = 254.25

The intense peak at 681.2 is assigned to [Ru(deazpy),HCL]" ion. This is the
main peak which supports the molecular mass of the complex (MW. = 680.38). The
[Ru(deazpy),HCL]" loses two chlorine atoms, one ligand and the substituent of another
remained deazpy like the [Ru(dmazpy),CL,] complex. It also gives intense peak at m/z

288.3.

Table 13. Electrospray mass spectrometric data of cis-Ru(dmazpy),Cl,

complex
m/z stoichiometry equivalent species rel, abun.
589.0 [Ru(dmazpy),Cl] M-c1l’ 100
591.1 [Ru{dmazpy),2HCI]" (M+2H-CI] " 80
588.1 [Ru(dmazpy),CI-HI' IM-H-C1} " 60

MW of the cis-Ru(dmazpy),Cl, complex = 624.38 =M
MW of the dmazpy ligand =226.25

The abundant peaks are the peaks at m/z 589.0, 591.1 and 588.1 of the positive
ion ES-MS. These ions are assigned [Ru(dmazpy)2C1]+, [Ru(dm::1zpy)22I-IC}L]+ and [Ru

| (dmazpy)ZCI-H]+, respectively.
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Table 14. The Electrospray mass spectrometric data of cis-Ru(deazpy),Cl,

complex
m/z stoichiometry equivalent species rel. abun,
6449 | [Ru(deazpy),CII' M-c1y’ 40
4132 | [Ru(NCHN-NCH)(NCH, | M2Cl, -CHNCH), - 80
N-NCH)' N(CH,2H]
3913 | [Ru(NC,H,N=NH)(NC,H, [M-2CL, -CHN(C,Hy), - 100
N=NCH,)I N(C,Hy), +H]
2882 | [Ru(NC,HN=NCHA4H] [M-2C1 + 4H -N(C,H,),]" 70

MW of the cis-Ru(deazpy),Cl, complex = 680.64 =M
MW of the deazpy ligand =254.25=L,L,

Although the single crystals of cis-Ru(deazpy),Cl, have not been obtained but
the structure of this complex can be confirmed to be the cis- configuration based on
results of electrospray mass spectrum. This is due to the pattern of the losing Cl atoms
to give peak at m/z 644.9 which is similar to those of cis-Ru(dmazpy),Cl,. Besides, the
fragmentation of the cis-Ru(deazpy),Cl, displayed the complicate abundant peaks at
m/z 413.2 and 391.3. The peak at m/z 413.2 is the species which lost the two Cl atoms,

the sustituent -N(C,H,), and fragmented the phenyl to be acetylene molecule.

The most abundant peak is at n/z 319.2. It may come from the fragmentation

of the species at m/z 413.2 to lose the acetylene molecule.
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3.2.3.2 Infrared Spectroscopic data of Ru(L),CL (L = dmazpy and deazpy)

Infrared data of Ru(L),Cl, (L = dmazpy and deazpy) complexes are significant
in the range 1600-200 cm' . Some characteristic frequencies are shown in Table 15 for
trans-Ru{dmazpy),Cl,, Table 16 for trans-Ru(deazpy),Cl,, Table 17 for cis-Ru
(dmazpy),Cl, and Table 18 for cis-Ru(deazpy),Cl,. The Infrared spectra can be shown

in Figure 18-21 respectively.

Table 15, Infrared Stretching Modes (em ) of trans-Ru(dmazpy),Cl,

Stretching Modes (cm )
compounds
N=N Ru-N(azo) Ru-N(py) Ru-Cl
trans-Ruf{dmazpy),Cl, 1250 375 355 310
*trans- Ru(azpy),Cl, 1290 370, 295 350, 280 315,305
dmazpy 1399 - - -
azpy 1421 - - -
® data from literature review (Krause and Krause, 1980)
Table 16. Infrared Stretching Modes (em’) of trans-Ru(deazpy),Cl,
Stretching Modes (cm)
Compounds
N=N Ru-N(azo) Ru-N{py) Ru-Cl
trans-Ru{deazpy),Cl, 1243 - - 310
* trans- Ru(azpy),Cl, 1290 370, 295 350, 280 315, 303
deazpy 1396 - - -
azpy. 1421 - - -

* data from literature review (Krause and Krause, 1980)




Table 17. Infrared Stretching Modes (ecm™) of cis-Ru{dmazpy),Cl,

52

stretching Modes (cm™)
compounds
N=N Ru-N(azo) Ru-N{py) Ru-Cl
cis-Ru{dmazpy),Cl, 1249 370, 280 345, 270 305
" cis- Ru(azpy),Cl, 1290 376, 280 358,268 308, 336
dmazpy 1399 - - -
azpy 1421 - - -
* data from literature review (Krause and Krause, 1980}
Table 18. Infrared Siretching Modes (cm'l) of cis-Ru(deazpy),Cl,
stretching Modes (em™)
compounds
N=N Ru-N(azo) Ru-N(py) Ru-Cl
cis-Ru{deazpy),ClL, 1251 275 255 310
“cis- Rulazpy),Cl, 1290 376, 280 358, 268 308, 336
deazpy 1396 - - -
azpy 1421 - - -

* data from literature review (Krause and Krause, 1980)

Tn general, characteristic peaks of all isomeric complexes are the sharp single
peak of C=N stretching modes which are observed at closed frequencies in the range
1592-1600 cm. The results are also in the N=N stretching modes.

The N=N stretching frequencies of each isomer of Ru(L),Cl, (L. = dmazpy and
deazpy) complexes are not much different from each other. The trans-Ru(deazpy), Cl,
complex seems to show this peak at lower frequencies than other forms. However, the
N=N stretching modes in complexes are shifted to lower frequencies from free ligand,

which is a good indication of w-acceptor property of the ligands. In comparison with

these complexes, the N=N streching modes of the azpy complexes are indicated that
N=N stretching modes of azpy complexes occurred at higher frequencies than those in
the dmazpy and deazpy complexes. It should be from the substituents effect in dmazpy

and deazpy.
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3.2.3.3 UV-Vis absorption spectroscopic results of Ru(L),Cl, (L = dmazpy and
deazpy)

The absorption spectra of the Ru(L),Cl, (L = dmazpy and deazpy) complexes
and free ligands were studied in various solvents in the range 200-820 nm. The
absorption data of all complexes are summarized in Table 19 for frans-Ru(dmazpy)
,Cl,, Table 20 for frans-Ru(deazpy),Cl,, Table 21 for cis- Ru(dmazpy),Cl, and Table
22 for cis-Ru(deazpy)2C12. The Infrared spectra of four complexes are shown in Figure

22-25, respectively.

Table 19, UV-Vis spectral data of rrans-Ru(dmazpy),CL,.

Maximum Wavelength, nm (€ x 10 M’em™) in solvents

compounds
CHCY, CH,Cl, DMF DMSO CH,CN

410(0.96) 406 (1.00) 400(0.91) 404 (0.97) 400 {0.94)

trans-Rufazpy),Cl,
632(1.20) 636(1.25) 640 (1.13) 644 (1.23) 636 (1.21)

482 (1.58) 486 (1.26) 490 (1.52) 484 (1.51) 494 (1.24)

trans-Ru(dmazpy),Cl,
6302.37) 638 (2.65) 640 (2.15) 652 (2.46) 640 (2.04)

*Molar Extinction coefficient,

Table 20, The absorption spectra of trans-Ru(deazpy),Cl,.

. 1 -1y .
maximum wavelength, nm (€° x 104, M cm ) in solvents

compounds
CHCI, CH,CI, DMF DMSO CH,CN

trans-Rufazpy),Cl, 410 (0.96) 406 (1.00) 400 (0.91) 404 (0.97) 400 (0.94)
632 (1.20) 636 (1.25) 640 (1.13) 644 (1.23) 636 (1.21)

trans-Ru(deazpy),Cl, 484 (1.23) 486 (1.38) 490 (1.64) 492(1.61) 490 (1.46)

636 (2.52) 640 (1.44) 644 (2.65) 648 (2.64) 644 (2.35)




Table 21, UV-Vis spectral data of cis-Ru(dmazpy),ClL,.
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maximum Wavelength, nm (8° x 107, M'em™) in solvents
compounds
CHCl, CH,CI, DMF DMSO CH,CN
cis-Ruazpy),Cl, 577(1.07) - - 574 (1.10) -
506 (3.61) 506 (3.73) 506 {3.93) 510(3.93) 506(3.72)
cis-Ru{deazpy),Cl,
636 (1.42) 640 (1.47) 650 (1.40) 654 (1.50) 638 (1.46)
*Molar Extinction coefficient,
Table 22, UV-Vis spectral data of cis-Ru(deazpy),Cl,
maximum Wavelength, nm (£° x 10, M'em™) in solvents
compounds
CHCI, CH,CL, DMF DMSO CH,CN
cis-Rufazpy),Cl, 577 (1.07) - - *574 (1.10) -
cis-Ru{dmazpy),Cl, 496 (2.28) 498 (2.13) 502 (1.78) 506 {2.07) 498 (2.46)
628 (0.82) 630 (0.78) 640 (0.61) 654 (0.81) 632(1.21)

"Molar Extinction coefficient. ® data from literature review (Krause and Krause, 1980)

The absorption spectra of complexes were recorded in both ultraviolet (200-
400 nm) and visible regions (400-820 nm). The intense bands in the UV region arise
from ligands-based n>7n* and m->n* transitions, whereas the bands in the visible
region are assigned to dn(Ru)-> 7* transition.

The transition in visible region is metal to ligand charge transfer (MLCT) with
two broad intense bands. The shape of absorption specira in frans-Ru{dmazpy),Cl, and
trans-Ru(deazpy),Cl, complexes is very similar but different from those of both cis-
forms. The frans-Ru(L),Cl, (L = dmazpy and deazpy) (green complex) show thé most
i_ﬁtense (5~20,000) bands in the range 630-650 nm and the less intense (e~15,000)
bands in the range 482-494 nm. In contrast with cis-Ru(L),CL, (purple complex), they
show the most intense (£~20,000-40,000) bands in the range 496-506 nm and the less

—intense-(g~10,000)-bands-at-628-654 nm-in-various-solvents.—In-addition,-the lowest

energy absorption bands of all complexes are shifted when the polarity of solvents is

increased, the absorption occurred at lower energy than that of Ru(azpy),Cl, complex.
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3.2.3.4 'HNMR spectroscopic results

of Ru(L),ClL, (L = dmnazpy and deazpy) complexes.

Results from 'H-NMR analysis are useful to characterize the isomeric
structures of the complexes. The "H-NMR spectra of frans-and cis-Ru(L),ClL, show
only one set of ligand peaks, indicating two equivalent ligands therefore the complexes
must be symmétric due to the C, axis. The symmetries are C,, for trans-Ru(L),Cl, and
C, for cis-Ru(L),Cl, complexes. The protons can be divided into 7 groups in case of
trans-and cis-Ru(dmazpy),Cl, and 8 groups for trans-and cis-Ru(deazpy),Cl,. The
structures with proton numbering systems are shown in Figure 26 and 27. The symbol
of ' is referred to the equivalent proton. The '"H-NMR spectra of trans-Ru(dmazpy),CL,
trans-Ru(deazpy),Cl,, cis-Ru(dmazpy),Cl, and cis-Ru{deazpy),Cl, are displayed in
Figure 28-31 respectively. The summarized data of '"H-NMR analysis are shown in

Table 23-26.

e AN CL o A
4ON-.,, ‘ -s@i 4ON-.,, ' ,,NNO 4
AN A

N
N
5 5 Cls s 5 5 Cls s
6 6 o &' 6 6 3 &'
LN e,
2tH3
Hie  CM3 o d Xl ‘23(3?2 H,CH,C  CHLHs
7 7 7 [} 7 ] 7 1 8 + 8 ] 7 1

Figure 26. The structure of trans-Ru(dmazpy),CL, and trans-Ru{deazpy),Cl,

complex with proton numbering systems.
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Table 23. 'HI NMR data for trans-Ru({dmazpy),Cl, complex.

. J-coupling 8 amounts of H peak
H-position (52) (ppm)
1,1 29 8.933 2 d
4,4 85 3417 2 d
2,2 7.5,8 8.056 2 dt
5,5 8,7.5 71.619 4 d
3,3 - 7.602 2 dt
6,6' 9 6.206 4 d
7,7 - 2.995 12 s

d = doublet dt = doublet of triplet s = singlet

Table 24. 'H NMR data for trans-Ru(deazpy),Cl, complex

J-coupling 5 amounts of H peak
H-position (1) (ppm)

LI 9 8.923 2 d
4,4' 9 8.441 2 d
2,2 8,7.5 8.028 2 dt
5,5' 6,6.5 7.720 4 d
33 9.3 7.582 2 dt
6,6' 9.3 6.230 4 d
8,8 9,7.2,9 3314 8 q
7.7 7.2,9 1.152 12 t
d = doublet dt= &oublet of triplet t=triplet q = quartet

The patiern of 'H NMR signals of trans-Ru(dmazpy),Cl, and frans-Ru(deazpy),
Cl, are similar to that in the free ligands, but different in chemical shifts. The signal of
protons on pyridine ring and the proton on 5,5 in :‘r«an&r—Ru(L)2Cl2 complexes are

shifted to downfield. In case of #rans-Ru(deazpy),Cl, complexes, the protons of atkyl
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groups are found quatet and triplet, respectively. This is due to ligand coordinated with
Ru(Il) and effects from Cl atoms in complexes. However, 'H NMR spectra of

complexes are more complicate than that of free ligands.

3 4 Cl 3 4
5 6 7
2 O — o 2 CH CH
i N\ / :5:; \CH3 CHZCH3
.IIR_U'.. i ! ,u"R_f
a’ i @2 ) a’ i @CZ )
F i ! . 3]
AP 1O
5 5
~ 3 &
H3C N H3CHC
70 C}713' Togt cgzc;{;

Figure 27. The structures of cis-Ru(dmazpy),Cl, and cis-Ru(deazpy),Cl,

complexes with proton numbering systems.

Table 25. 'H NMR data for cis- Ru(dmazpy),Cl, complex

J-coupling 5 amounts of peak
H-position (E2) (ppm)
L1 9.0 9.517 2 d
44 8.0 8.342 2 d
2,2 7.5,8.0 7.434 2 dt
3,3 8.5,8.5 7.529 2 dt
5,5 9.5 6.814 4 d
0,6' 9.0 6.234 4 d
7,7 - 2,989 12 s

...dz.doublet.........dt = doublet of triplet s = singlet




66

Table 26. 'H NMR data for cis-Ru(deazpy),Cl, complex

J-coupling 8 amounts of H peak
H-position (552) (ppm)

L1t 7.5 9.506 2 d
44 8.8 8.348 2 d
2,2 7.5,8.0 7.900 2 dt
3,3 7.0,7.0 7.413 2 dt
5,5 9.0 6.790 4 d
6,6' 9.0 6.240 4 d
7.7 7.0,7.0,7.1 3.305 8 q
8,8 7.2,7.1 1.660 12 t
d = doublet dt = doublet of triplet t = triplet q = quartet

The 'H NMR results of cis-Ru(deazpy),Cl, are similar to those of cis-Ru
(dmazpy),Cl, but slightly different from those in frans- isomers and the free ligands.
The signals of protons on pyridine ring are observed at downfield than phenyl protons,
proton-1,1' because of the effects from Cl and pyridine nitrogen atoms in cis-position.
Therefore, the proton-1,1' of cis-complexes are shifted further downfield as doublet
signal at 9.51 ppm. This is shifted from that of fiee ligands about 0.90 ppm and from
trans- Ru(deazpy),Cl, 0.60 ppm.

The chemical shifts of proton-3,3' and proton-5,5' can be used to identify the
cis- and frans- isomers. In case of the frans- isomers, the signal of proton-5,5' move
downfield than proton-3,3' but the cis- isomers give the opposite results due to

different position of Cl atoms in their structures.




| AL ARt Nl A B S et Mt S S S S R S B AR A REN SR U RN Se SHOE SNNS S East S |

- T T =1
9.8 8.5 8.8 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 ppm
eyt B e e [ [SS— [FSp——

1.00 0.43 2.66 ' 8.64
.04 3.1 2.24 1.9%

Figure 28. 'H NMR spectrum of trans-Ru(dmazpy),Cl,
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3.2.3.5 X-ray diffraction data

X-ray structure of frans-Ru(dmazpy),Cl,

The single- crystals of frans-Ru(dmazpy),Cl, complexes were grown in the
mixture of CH,Cl,, ethanol and 0.1 M HCI (2:1:0.5 v/v). Data of the crystal and
collection parameters are listed in Table 27. The structure of this complex is shown in
Figure 32.

The coordinated ruthenium is distorted octahedral structure which can be seen
from the angle around ruthenium ion. The average bond angles of atoms in trans
position c_)f Ru(ll) center, CI(1)-Ru-CI(1), N(1)-Ru-N(7) and N(3)-Ru-N(5) are in the
range 172-178°, sligthly deviated from the ideal octahedral (180°). Besides, the
orthogonal angles around Ru(II) are in the range 86-96° to 90° in ideal octahedral. The
average bond distances of Ru-Cl are 2.388(6) A whereas, the average Ru-N(py) are
2.066(2) A and the Ru-N(azo) bond lengths are 2.022(2) A. The atomic arrangement in
this complex involves of two frans-Chlorine, cis-N(py) and cis-N(azo) ¢orresponding
to frans-cis-cis-Ru{dmazpy),Cl, configuration, #rans-Ru(dmazpy),Cl, (Figure 12). The
planes of chelate (I) Ru{1), N(1), C(5), N(2), N(3) and chelate (I} Ru(1), N(5), C(18),
N(6), N(7) are planar with dihedral angle 4.6(1)°. The pendant phenylazo rings are
distorted from chelate rings with 42.3(1)° and 44.2(1)°. Selected bond distances and
angles of trans-Ru(dmazpy),Cl, are listed in Tablel2. Because of the similarity of
azolmine groups, we emphasize comparison of the X-ray data between the complexes
of rans-Ru{dmazpy),Cl, and trans-Ru(azpy),CL (Velders ef al., 2000) in order to -
accepting properties of these ligands and effects of the -N(CH,), substituent groups.

The X-ray data of frans-Ru(azpy),Cl, is also collected in Table 28. Furthermore,

| comparison of the dihedral angles in different planes of both complexes are given in

Table 29,
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Table 27. Crystallographic data for frans-Ru(dmazpy),Cl, and

ti'arrs—Ru(azpy)2C12 complexes.

crystal parameters trans-Ru(dimazpy),Cl, trans-Rulazpy),Cl,
empirical formula C,Hy, CLN,ORu C,,H;CLNRu
fw 624,55 538.39
crystal system monaclinic hexagonal
space group P2 /e PGS
a, A 13.3094(2) 22.2928(19)
b, A 16.4610(2) 22.2928(19)
c, A | 12.1444(1) 8.5121(10)
a,’ 90 90

o 91.2217(8) 90
Y, 90 120
v, A’ 2660.06(5) 3663.5(6)-
Z 4 6
TK 123(1) 150
A A 0.71073 0.71073
Dy gOM° 1.604 1.464
LMo K ), em” 1.004
abs coeff 0.827 0.881
param refined 343 281
R, % 0.0253 0.0557
R, % 0.0308 0.1055
GOF 0.959 1.190




Table 28, Selected bond distances (A) and angles ( °) and their estimated

standard deviations for #rans-Ru{dmazpy),Cl, and #rans-Ru(azpy),Cl,

Distances
(i) trans-Ru(dmazpy),Cl, (ii) trans-Ru(azpy),Cl,
Ru(1)-CI(1) 2.377(6) Ru(1)-CI(1) 2.377(15)
Ru(1)-CI(2) 2.398(6) Ru(1)-Ci(2) 2.368(16)
Ru(1)-N(1) 2.062(2) Ru(1)-N(1) 2.116(5)
Ru(1)-N(5) 2.070(2) Ru(1)-N(21) 2.099(5)
Ru(1)-N(3) 2.018(2) Ru(1)-N(8) 1.986(5)
Ru(1)-N(7) 2.027(2) Ru(1)-N(28) 1.988(5)
N(1)-C(5) 1.361(3) N(D-C) 1.356(9)
N(3)-C(6) 1.410(3) N(8)-C(9) 1.430(9)
N(5)-C(18) 1.360(3) N21D-C(22) 1.347(8)
N(7)-C(19) 1.408(3) N(28)-C(29) 1.450(9)
N(2)-N(3) 1.304(2) N(7)-N(8) 1.302(8)
N(6)-N(7) 1.302(2) N(27-N(28) 1.306(7)

Angles

CI(2)-Ru(1)-CI(1) 172.90(2) CI(2)-Ruf1)-CI(1) 70.50(7)
N(1)-Ru(1)-N(7) 178.01(7) N(D-Ru(1)-N(28) 177.52(7)
N(3)-Ru(1)-N(5) 177.40(7) N(8)-Ru(1)-N(21) 177.40(14)
CI(1)-Ru(1)-N(1) 86.71(5) CH(1)-Ru(1)-N(1) 88.64(14)
CI(2)-Ru(1)-N(1) 90.47(5) CI(2)-Ruf1)-N(1) 85.64(14)
CI(1)-Ru(1)-N(5) 88.51(5) CI(1)-Ru(1)-N(21) 85.71(12)
C1(2)-Ru(1)-N(5) 85.74(5) CI(2)-Ru(1)-N(21) 88.15(12)
CI)-Ru()N()  9449(5) © CI()-Ru(D-NQ8)  88.88(13)
CI(2)-Ru(1)-N(7) 88.16(5) CI(2}-Ru(1)-N(28) 96.63(13)
CH(1)-Ru(1)-N(3) 89.51(5) CI(1)-Ru(1)-N(8) 96.87(13)

Cl(2)-Ru(1)-N(3) 96.11(5) CI(2)-Ru(1)-N(8) 89.34(13)



N(1)-Ru1)-N(3) 75.63(7)
N(7)-Ru(1)-N(5) 75.90(7)
N(7)-Ru(1)-N(3) 105.94(7)
N(1)-Ru(1)-N(5) 102.56(7)

N(1)-Ru(1)-N(8)
N(28)-Ru(1)-N(21)
N(28)-Ru(1)-N(8)
N(1)-Ru(1)-N(21)

74

76.4(2)
75.80(19)
103.8(7)
104.12)

Table 29, Dihedral angles of different planes,

Planes rrans-Ru(dmazpy),Cl, trans-Ru(azpy),Cl,
pyridine- azo 11.1(1) 11.003)
16.9(1) 11.5(4)
azo -phenyl 35.1(1) 51.72(3)
30.5(1) 55.0(5)
pyridine - phenyl 37.1(1) 52.7(3)
©33.3(1) 54.3(3)
chelate rings 4.6(1) 3.6(3)
phenyl rings 14.2(1) 23.7(2)
Pyridine-chelate 10.9(1) 0.4(2)
15.6(1) 10.5(2)
Phenyl - chelate 42.3(1) 58.3(2)
44.2(1) 60.5(2)




Figure 32. X-ray structure of frans-Ru(dmazpy),Cl,

SL
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X-ray structure of trans-Ru(deazpy),Cl,

The single crystals of trans-Ru(deazpy),Cl, complexes were grown in the
mixture of dichloromethane, toluene and acetonitrile. The ratio by volume was 2:2:1.
Crystallographic data are given in Table 30, The structure of this complex is similar to
- trans-Ru(dmazpy),Cl, which is frans-cis-cis configuration (Figure 33). The
coordinated ruthenium is distorted octahedral structure. The average bond angles of
atoms in frans position of Ru(1l) center, CI(1)-Ru-CI(1), N(1)-Ru-N(7) and N(3)-Ru-N
(5) are in the range 171-177° which deviated from the ideal octahedral (180%). Besides,
the orthogonal angles around Ru(ll) are in the range 85-96° compared to 90° in ideal
octahedral. In addition, the average distances of Ru-Cl are 2.382(2) A whereas, the
average Ru-N(py) and the Ru-N(azo) bond lengths are 2.001(2) A and 2,001 A,
respectively. The planes of two chelate rings Ru(1), N(1), C(5), N(2), N(3) and Ru(l1),
N(5), C(20), N(6), N(7) are planar (dihedral angle = 2,533 %). The pendant phenyl azo
rings are distorted from chelate rings with angles 53.217 ° and 47.760 °. The bond
distances and the dihedral angles of planes are listed in Table 31 anleabIe 32,
respectively, The distances of Ru-Cl, Ru-N(py) and Ru-N(azo) are different from those
in trans-Ru(dmazpy),Cl, complex. This could be due to the steric effect of substituent

in deazpy ligand.




Table 36. Crystallographic data for trans-Ru(deazpy),Cl,

Crystal parameters frans-Ru(deazpy),Cl,

empirical formula
fw

cryst system
space group

a, A

b, A

¢, A

1]

Q,
B,°

Y, deg

v,A’

Z

T, K

ALA

Poce & em”
LMo KOL), em’
R, %

R, %
GOF

Cy, I, ,CLLNRu
680.64
monoclinic
P2,
8.5023(2)
12.4994(3)
14,9986(4)
90
105.7788(9)
90
2660.06(5)
2

123(1)
0.71073
1.474

7.20

0.039

0.041

1.17




Table 31. Selected bond distances (A) and angles (*) and their estimated

standard deviations for frans-Ru{deazpy),Cl, .

(i) trans-Ru(deazpy),Cl,

Distances

(ii) trans-Rul(dmazpy),Cl,

Ru(1)-CI(1) 2.388(2) Ru(1)-Cl(1) 2.377(6)
Ru(1)-Cl(2) 2.377(2) Ru(1)-Ci(2) 2.398(6)
Ru(1)-N(1) 2.088(5) Ru(1)-N(1) 2.062(2)
Ru(1)-N(5) 2.087(5) - Ru(1)-N(5) 2.070(2)
Ru(1)-N(3) 1.990(5) Ru(1)-N(3) 2.018(2)
Ru(1)}-N(7) 2.011(5) Ru(1}-N(7) 2.027(2)
N(1)-C(5) 1.359(7) N(1)-C(5) 1.361(3)
N(3)-C(6) 1.433(8) N(3)-C(6) 1.410(3)
N(5)-C(20} 1.357(7) N(5)-C(18) 1.360(3)
N(7)-C(21) 1.421(8) N(7)-C(19) 1.408(3)
N(2)-N(3) 1.313(6) N(2)-N(3) 1.304(2)
N(6)-N(7) 1.299(7) N(6)-N(7) 1.302(2)
Angles

CI(2)-Ru(1)-Ci(1) 171.47(6) Cl(2)-Ru{1)-CI(1} 172.90(2)
N(1)-Ru(1)}-N(7) 178.5(2) N(1)-Ru(1)-N(7) 178.01(7)
N@3)-Ru(1)-N(5) 177.40(7) N(3)}-Ru(1)-N(5} 177.40(7)
CI(1)-Ru(1)-N(1) 85.2(2) CI(1)-Ru(1)-N(1) 86.71(5)
CI(2}-Ru(1)-N(1) 90.47(5) CI(2)-Ru{1)-N(1) 90.47(5)
CI(1)-Ru{1)-N(5) 84.7(1) CH1)-Ru(1)-N(5) 88.51(5)
CI(2)-Ru{1)-N(5) 89.3(1) CI(2)-Ru(1)-N(5) 85.74(5)
CI(1)-Ru(1)-N(7) 88.2(2) CI(1)-Ru(1)-N(7) 94.495)
CH2)-Ru(1)-N(7) 96.2(1) CI2)-Ru{1)-N(7) 88.16(5)
CI(1)-Ru(1)-N@3) 96.5(1) CI(1)-Ru(1)-N(3) §9.51(5)
CI(2)-Ru(1)-N(3) 89.5(1) Cl{2)-Ru(1)-N(3) 96.11(5)
N(1)-Ru(1)-N(3) 75.7(2) N(1)-Ru(1)-N(3) 75.63(7)



N(7)-Ruf1)-N(5) 75.8(2)
N(7)-Ru(1)-N(3) 104.6(2)
N(1)-Ru(1)-N(5) 103.9(2)

N(7)-Ru(1)-N(5)
N(7)-Ru(1)-N(3)
N(D-Ru(1)-N(5)

75.90(7)
105.94(7)
102.56(7

Table 32, Dihedral angles of different planes.
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Planes trans-Ru(deazpy),Cl, trans-Rulazpy),Cl,
pyridine- azo 14.2(3) 11.0(3)
8.0(1) 11.5(4)
azo -phenyl 44.4(4) 51.72(3)
39.5(4) 55.0(5)
pyridine - phenyl 49.0(2) 52.7(3)
38.4(2) 54.3(3)
chelate rings 2.5(2) 3.6(3)
phenyl rings 20.7(2) 23.7(2)
pyridine-chela;e 10.4(2) 9.4(2)
11.6(2) 10.5(2)
phenyl - chelate 53.2(2) 58.3(2)
44.8(1) 60.5(2)
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Figure 33.

X-ray structure of rans-Ru(deazpy),Cl,
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X-ray structure of cis<-Ru(dmazpy),Cl,

The single crystals of cis-Ru(dmazpy),Cl, complex were obtained from CH,CI, A
. toluene : acetonitrile (2:1:1 ratio by volume). X-ray structure of this complex is
shown in Figure 34. In addition, crystallographic data and collection parameters are
listed in Table 33. The selected bond distances and angles are summarized in Table 34.
The structure of cis-Ru(dmazpy),Cl, complex is distorted octahedral that one can
observe from the angles of atoms which coordinated with ruthenium(IT). The average
bond angles of atoms in frans position of Ru(ll) center, N(1)-Ru-N(5), CI(1)-Ru-N(3)
and CI(2)-Ru-N(7) are in the range 170-178° which deviated from the ideal octahedral
(180°). Besides, the orthogonal angles around Ru(II) are in the range 86-95° whereas,
are 90° in ideal octahedral. In addition, the average distances of Ru-Cl are 2.406(8) A
whereas, the average Ru-N(py) lengths are 2.045(3) A and the Ru-N(azo) are averaged
to 2.000(3) A. The atomic arrangement implicates Cl atoms are cis whereas, both N
(py) atoms are frans geometry. The structure corresponds to cis-frans-cis configuration
(cis-Ru(dmazpy)ZCIZ) . Chelate rings Ru(1), N(5), C(18), N(6), N(7) and Ru(1), N(1),
C(5), N(2), N(3) are co planar with the dihedral angle 78.839°, The dihedral angles of
pyridine rings are 73.544 ° Whereas, the dihedral angle of pheny! rings is 5.845 °. The

dihedral angles of the different planes are shown in Table 35.




Table 33. Crystallographic Data for cis-Ru{dmazpy),Cl, and

cis-Ru(azpy),Cl, complexes

Crystal parameters cis-Ru(dmazpy),Cl, cis-Ru(azpy),Cl,

empirical formula C,H;,CLN;Ru C,,H,;CLLNRu

fw 624.55 538.39

cryst system monoclinic hexagonal

space group P2/c P65

a, A 13.3004(2) 22.2928(19)

b, A 16.4610(2) 22.2928(19)

¢, A 12.1444(1) 8.5121(10)

o, 90 90

Br 91.2217(8) 90

' 90 120

v, A’ 2660.06(5) 3663.5(6)

Z 4 6

T,K 123(1) 150

ALA 0.71073 0.71073

Doy £ EM° 1.604 1.464

UMo KO, em’’ 1.004 1,004

abs coeff 0.827 0.881

param refined 343 281

R, % 00253 0.0557

R, % 0.0308 0.1055
0.959 1.190

GOF

32




Table 34. Selected bond distances (A) and angles (*) and their

estimated standard deviations for cis-Ru(dmazpy),Cl, and

cis-Ru(azpy),Cl,

83

Distances
(i) cis-Ru(dmazpy),Cl, (ii) cis-Ru(azpy),Cl,
Ru(1)-CI(1) 2.408(8) Ru(1)-CK1) 2.401(1)
Ru(1)-CI(2) 2.404(9) Ru(1)-C1(2) 2.397(1)
Ru(1)-N(1) 2.042(3) Ru(1)-N(6) 2.051(4)
Ru(1)-N(5) 2.048(3) Ru(1)-N(3) 2.045(4)
Ru(1)-N(3) 2.000(3) Ru(1)-N(4) 1.984(4)
Ru(1)-N(7) 1.999(3) Ru(1)-N(1) 1.977(4)
N(1)-C(5) © 1.360(4) -
N(3)-C(6) 1.415(4) - -
N(5)-C(18) 1.361(4)
N()-C(19) 1.415(4)
N(2)-N(3) 1306(2) N(4)-N(5) 1.283(6)
N(6)-N(7) 1.304(2) N(1)-N(2) 1.279(7)
Angles
N()-Ru(1)NG)  177.5(1) N(1)-Ru(1)-N(@28)  177.52(7)
CI(1)-Ru(1)-N(3)  170.06(8) CI(1) Ru(1)-N@®)  96.87(13)
CI2)-Ru(1)-N(7)  171.16(8) CI(2)-Ru(1)-N(1)  89.52(16)
Cl(2)-Ru(1)-CI(1)  92.06(3) CI(2)-Ru(1)-CI(1)  89.52(6)
CI(1)-Ru(1)-N(5})  86.28(3) CI(D-Ru(1)-N@3)  95.6(1)
CI(1)-Ru(1)-N(1)  95.22(8) CI(1)-Ru(1)-N(6)  89.0(1)



CI{1)-Ru(1)-N(7)
CI(2)-Ru(1)-N(5)
CI(2)-Ru(1)-N(1)
C1(2)-Ru(1)-N(3)
N(1)-Ru(1)}-N(7)
N(1)-Ru{1)-N(3)
N(3)-Ru(1)-N(5)
N@3)-Ru(1)-N(7)
N(5)-Ru(1)-N(7)

91.81(8)
95.58(3)
86.36(8)
93.44(8)
101.2(1)
76.9(1)
101.4(1)
83.9(1)
76.7(1)

CI(1)-Ru(1)-N(1)
C1(2)-Ru(1)-N(3)
CI(2)-Ru(1)-N(6)
CI(2)-Ru(1)-N(4)
N(6)-Ru(1)-N(1)
N(6)-Ru(1)-N(4)
N(4)-Ru(1)-N(1)
N(4)-Ru(1)-N(1)
N(3)-Ru(1)-N(1)

86.4(1)
96.3(1)
99.2(2)
76.6(2)
100.5(2)
93.5(2)
76.1(2)

Table 35, Dihedral angles of different planes.
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Planes cis-Ru(dmazpy),Cl,

pyridine- azo 6.4(3)
6.9(2)

azo —phenyl 39.2(3)
36.5(3)

pyridine — phenyl 42.9(1)
45.9(1)

chelate rings 78.8(1)
pheny! rings 5.8(1)
pyridine-chelate 3.8(1)
7.9(1)

phenyl — chelate 47.8(2)

44.8(1)
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Figure 34. X-ray structure of cis-Ru(dmazpy),Cl,
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The average N=N bond distances from X-ray data of all complexes , 1.303(2) A
for frans-Ru(dmazpy),Cl,, 1.306(6) A for trans-Ru(deazpy),Cl, and 1.305(2) A for cis-
Ru(dmazpy),Cl, , are longer than that in free ligands which were 1.270 A for dmazpy
ligand and 1.193 A for deazpy ligand. (Hansongnern ef al,, 2001) This was used to
confirm that the Tl-backbonding most occurred at azo function as similar as in the case
of azpy ligand.

In case of the Ru(azpy),Cl, complexes, the average N=N distances were
observed at 1,281(6) A for cis-Ru(azpy),Cl, complex and 1.308(8) A for frans-Ru
(azpy),Cl, complex whereas 1.243(2) A was found in free azpy ligand.

The Ru-N{azo) distances were shorter than Ru-N(py). The shortening may be
due to greater n-backbonding, d{Ru) - T0*(azo). Furthermore, Ru-N{azo) distances of
azpy complexes were shorter than that in dmazpy and deazpy complexes whereas, the
Ru-N(py) distances of dmazpy and deazpy complexes were. shorter, This result will be

considered further in discussion part.
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3.3 Electrochemistry of Complexes.
3.3.1 Electrochemistry of dmazpy and deazpy ligands.

Electrdchemical behaviors of those comple;‘{es were investigated by cyclic
voltammetric methods, The cyclic voltamumograms of their ligands should be considered
first. Because of the similarity structures between dmazpy, deazpy and azpy ligands, it is
important to compare their cyclic voltammograms. The cyclic voltammograms of azpy,
dmazpy and deazpy ligands in acetonitrile solution are shown in Figure 35. The cyclic
voltammograms of dmazpy and deazpy ligands are very similar. The four peaks are
observed, two of those are in reduction potential range (negative potential) and the other
two are in oxidation potential range (positive potential). Whereas, azpy ligand has no
peaks in positive potential. All potentials are collected in Table 36. The potentials are
compared with the unique potential of ferrocene couple (E,, 0.090 V, AEp = 56 mV).

Tn this work, the different scan rates were applied to the electrochemical cell for
inducing to redox reaction and for prove that the oxidized or reduced species in order to
study if the reduced or oxidized specics could be reversed back to show the redox
reaction. If the redox reaction occurred, the cyclic voltammogram was shown as a
couple. The couple which gave anodic currents equal to cathodic currents were referred
to reversible couple. In contrast, the unequal currents were referred to the transfer of ﬂ_le
electron in reduction and oxidation was not equal. This could lead to irreversible

reaction.




88

Table 36. Cyclic voltammetric data of dmazpy, deazpy and azpy ligands in

0.1 M TBAH acetonitrile at scan rate 50 mV/s. (ferrocene couples

occurred at 0.090 V., ABp =56 mv)

E .V (AEp,mV)
compounds
Oxidation reduction

dmazpy +0.634 (84) -1.671"
+0.832 (84)

deazpy +0.688 (96) -1.619°
+0.897 (84)

azpy -1.487(171)

a = irreversible cathodic peak

Reduction range

The cathodic peaks at Ep_= -1.671 V (for dmazpy) and -1.619 V (for deazpy) in
reduction potential are irreversible peaks eventhough high scan rates(500, 1000, 2000
mV/s) were applied. In both dmazpy and deazpy the anodic peaks appeared at -1.172 V.
However, these anodic peak could not occur spontaneously. Comparison with azpy
ligand, the reduction potential displays a reversible couple at E,, =-1.487 V (AEp 171)

which was two electron transfer process related to the AEP of ferrocene.

Oxidation range
The cyclic voltammogram of azpy showed two quasi-reversible couples at B,
0.634 V (72 mV) and 0.832 V (82 mV) respectively. The deazpy ligand gave similar

results and the two quasi-reversible couples appeared at E,, 0.688 V (96 mV) and 0.897
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V (84 mV). These two quasi-reversible couples of both ligands displayed the same
characters as described below,

The group I was studied in the range 400-700 mV. The voltammograms showed
the irreversible peaks at low scan rate (50 and 100 mV/s). However, this group became
clearly quasi-reversible peaks at higher scan rates (1000-4000 mV/s). In addition, the
peak separation (AEP) and the peak currents of this couple gave a detail that this couﬁlc
occuired from one electron transfer compared with ferrocene couples. This couple
occurs spontaneously (Figure 39 Appendix B). 7

The group II actually differed from the couple I because this couple could not
individually arise eventhough higher scan rates were applied. It must be produced from
the couple [ species (scan in the range 750-1150 mV )} (Figure 40 Appendix B).

Whereas, in azpy ligand there was no peaks in oxidation potential and only
responses in reduction potential were observed. Thus the interpretation of Ru(II/III)
couples of complexes of Rulazpy),Cl, were easily assigned. The difference should be
due to substituent effects in dmazpy and deazpy molecules. The cyclic voltammograms
of the starting materials of both ligands, N,N-dimethyl-1,4-nitrosoaniline and N,N-
diethyl-1,4-nitrosoaniline were also studied to confirm this information. In the oxidation
ranges of both substances. There were quasi-reversible couples (as shown in Figure 41
Appendix B) at the adjacent potentials to couple I of both ligands. Therefore, it can

confirm that oxidative couples are from the substituents groups.

3.3.2 Ru(L),Cl, (L = dmazpy and deazpy)

Cyclic voltammograms of cis and frans isomers of Ru(L),Cl, (L =
dmazpy and deazpy) gave the similar patferns but the peak potentials were shifted. The
cyclic voltammograms of the frans complexes were shown in Figure 36 and the cis form

were displayed in Figure 37, There were three couples in positive potential. The two
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couples were ligand characters and one couple for the redox of Ru(II/1IE). Whereas, the

two cathodic peaks occurred in reduction range (Table 37).

Table 37. Cyclic voltammetric data of #rans-Ru(L),Cl, and cis-Ru(L),Cl, (L=

dmazpy and deazpy) in 0.1 M TBAH acetonitrile at scan rate 50 mV/s

compared with trans- and cis-Ru(azpy),Cl,. (ferrocene couples

occurred at 0.090 V., AEp =56 mV)

E .,V (AEp,mV)

Compounds
oxidation reduction
I ~> +0.389 (52) -1.088
trans-Ru{dmazpy),Cl, Ru(IV/II)~> +0.891 (80)
I 2> +1.174 (44)
I > +0.340 (60) -1.087
trans-Ru{deazpy),Cl, Ru(I/IIL)—> +0.895 (50)
I -~ +1.100 (40)
-0,937(50)
trans-Rufazpy),Cl, Ru(II/IID)—~> +0.643 (60)
-1.541
I -> +0.509 (50) -1.066
cis-Ru(dmazpy),Cl, Ru(IVIID-> +0.906 (50) |
It => +1.139 (58)
I = +0.500 (60} -1.095
cis-Ru{deazpy),Cl, Ru(I/ID—> +0.890 (80)
I ~> +1.090 (100)
-0.853 (64)
cis-Ru(azpy),Cl, Ru(IIAID—> +0.820 (63)

-1.676
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Ozxidation potential

The group I belong to the ligand character which occurred spontaneously when
scaned in 300-600 mV (Figure 42 Appendix B)., This couple was quasi-reversible
couple. The current increased when higher scan rates were applied. In addition, it was
one electron transfer process compared with ferrocene couple.

The Ru(IV/III) couple was quasi-reversible in the potential range of 600 — 1000
mV (Figure 38). It can individually occur and transfer ﬁf one electron.

The group II was quasi-reversible of ligand because it showed the character
similar to those of ligand couplré IL. Tt can not spontaneously occur in the range 1000 to
1400 mV. This couple was detected as shoulder at high scan rates (1000-4000 mV/s) as

shown in Figure 43 Appendix B.

Reduction potential

Two cathodic peaks appeared in the range 0 to 1800 mV at scan rate 50 mV/s at
1.10 and 1.28 V. The peak at 1.10 V was quasi-reversible couple when higher scan rates
were applied. Whereas, the peak at 1.28 V dissapeared and became anodic peaks only at

around 1.02 V (Figure 44 Appendix B).
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Figure 35. Cyclic voltammograms of (A) dmazpy, (B) deazpy and

(C) azpy in 0.1 M TBAH CH,CN at scan rate 50 mV/s



93

1CRA}

EMTN MV
1 i 1 1 1 1

©oA)

0.5 0.0 -0.5 -1.0 -1.5
E(V)

1.5 1.0
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(B) trans-Ru(deazpy),Cl, in 0.1 M TBAH CH,CN at scan rate 50 mV/s
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DISCUSSION

It is well documented that the 2-(phenylazo)pyridine (azpy) is a good n—acid
ligand with azoimine function. It is known as the great siabilizer of ruthenium({II) by
coordination to be the complexes such as in Ru(azpy),Cl, and Ru(azpy),(NO,),
complexes. These complexes- have been studied for their chemisiry and their
applications. The isomeric of cis-Ru(azpy),Cl, shows the high in Vitro toxicity against
tumor cell lines (Velder ef al,,2000). In éddition, these complexes are catalyts in the
epoxidation reaction (Barf and Sheldon, 1995). Besides, the complex of a—~Ru-(azpy),
(NO,), showed strong binding to DNA-model bases. (Holtze ef al.,2000). From these
variety applications, the chemistry of the azoimine groups is in progress for finding the
other new ®—acid ligands which has azoimi-ne function.

In this present work, the chemistry of ruthenium(II) complexes with new
azoimine ligands are studied. These ligands are dmazpy and deazpy. Both ligands are
the derivatives of azpy which have the substituents as electron-donating groups (-NR, ;
R = CH, , C,II). The objectives of this work are to study the chemical effects of
electron donating groups on the azpy structure and to find the c-donor and 7t-acceptor
on the basis of X-ray structure, electrospray mass spectrometry, proton nuclear
magnetic resonance, infrared spectroscopy, UV-Vis absorption spectroscopic data and

redox properties.

96



97

4.1 Electrospray mass spectroscopic technique

The electrospray mass spectroscopy is a basis technique to determination of the
molecular weight of molecules. In principal, it cannot give us the arrangement of atoms
in the molecule directly. However in this work, one can divide the fragmentation
patterns of all complexe into 2 groups. The further characterizations based on X-ray
and 'H NMR methods reveal that 2 different groups are frans- and cis- isomers.

Fragmentation characters of {rans- isomers showed that Cl atoms still remained
in their structures. In contrast to the frans-isomers the cis-forms usually lose the Cl
atom. Both frans complexes also give the infense peak of protonated [Ru(L)ZxHC12]+
(L = dmazpy and deazpy, x = the number of protons ) species. In addition, the frans-Ru
(dmazpy), Cl, gives [RuC12]+ at m/z 171.0 but frans-Ru(deazpy),Cl, does not give that
fragment directly. The peak at m/z 288.3 corresponds to [Ru(NCSH.J\I:NCKQHS)tlH]Jr ion
which loses two chlorine atoms, one ligand and the substituent -NR, (R = CH, or C,H,)
of the other ligand. However, this peak appeared less intense than others,

The cis~-Ru(dmazpy),Cl, complexes show the most intense peaks at m/z 589,
which is assigne& to [Ru(dnflazpy)z(:l]+ (100 %). One chlorine atom is lost from the
complex. The two Cl in cis structure are orthogonal (92.06(3)°, 3.464(2) A. There is
electron repulsion between two Cl atoms. It leads to longer Ru-Cl bond distances than
trans isomer. Therefore, the Cl atom in cis isomer is usually lost first.

The purple deazpy complex which has not identified from X-ray structure show

the fragmentation pattern similar to the cis form of dmazpy complex. Besides, the

fragmentation mechanism of some peaks in cis-Ru(deazpy),Cl, complex. The
electerospray mass spectrum of this complex was repeated the peaks at m/z 413.2 and

391.2.
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are still observed. The mechanisms of both peaks can be proposed in the

Scheme I and 11,

m/z 413.2

Scheme I

1_ Csz /\I
: f CZHS H ot Ru\ }
NS
: // b

HsCs \
m/z 391.2

Scheme II.

After the Cl atoms and -NR, (R = CH, and C,H ) lost, the cationic benzene were

(as shown in Scheme I and II).
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4.2 Infrared spectroscopic technique

IR spectra of dmazpy an deazpy ligands show the important peaks in the range
1600-400 cm™ and the IR spectra of complexes are recorded from 1600-200 em’. The
objects in studying the IR spectra were to locate the important functionél groups such as
C=N stretching, N=N stretching, Ru-Cl stretching, Ru-N(py) stretching and Ru-N{azo)
stretching modes. Besides, the IR results can be used to determine the m-acceptor
properties of ligands. ‘

The N=N stretching vibrations of free dmazpy and deazpy have been observed
at 1399 and 1396 cmhl, respectively. Whereas, N=N stretching frequency of azpy ligand
appears at 1420 cm'l, higher energy than those found in dmazpy and deazpy. This can
be explained that the substituents, “NR, (R = CH, and C,H,) of dmazpy and deazpy
donate electrons to phenyl ring. The delocalized electrons are filled into the n-7*
orbital of azo function. This leads to decrease the N=N bond order, The N=N bond is
weaker than that of free azpy. Since the azo modes in dmazpy and deazpy appear at
closed frequencies. It means that the electron donating abilities of methyl and ethyl
groups are comparable.

The N=N stretching modes in complexes were shifted to lower frequencies than
that in free ligands approximately to 150 cm’. This is the case of azpy complex similar
to azpy complex. This is the strong evidence for the most n-backbonding bonding from
ruthenium to azo, t, >n# (azo). The Ru(azpy),Cl, displayed the N=N stretching mode

at the higher energy than that in dmazpy and deazpy complexes because dmazpy and

~-deazpy accept-electrons-both from Ru(Il) and substituent groups. The bound order was
decreased. From these results, it can be suggested that the apzy is a stfonger 7 —acid
than dmazpy and deazpy ligand.

The spectra of metal-ligand stretching modes appear in the range 400-200 em'.

The characteristic peaks are Ru-Cl, Ru-N(py) and Ru-N(azo) stretching modes. The cis-
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and trans-Rufazpy),Cl, complexes is respectively C,and C,, symmetries (Krause and
Krause, 1980). There symmetries are also applied to the corresponding dmazpy and
deazpy complexes, Therefore, it should show IR active for two bands of each modes
but the Ru-N modes appear as weak signal. Thus, it is hard to assign those peaks.
However, the Ru-Cl stretching mode is a sharp single band, different from the Ru-N

modes.

4.3 UV-Visible absorption spectrometry

The absorption spectra of cis- and trans-Ru(L),Cl, (L = dmazpy and deazpy) in
various solvents were carried out in 200-820 nm. The absorption bands in UV region
(200-400 nm) have characters of intraligand transitions similar to that in free ligands.
Both of dmazpy and deazpy ligands exhibit two intense bands which are assigned as
n > at 274 nm (e~ 1,000 Mem™) and n > «* transitions (e~ 30,000 M'em™) in
the range 430-440 nm, The = > =»* absorption bands are the lowest energies. In
contrast with azpy ligand, the n - «* transition at 450 nm (e~ 950 M'em'') is the
lowest energy. The different behavior is due to the substituent effect. The substituents (-
NR,, R = CH, and C,H,) are high polarity auxochrome which have strong effect to the
absorption of bonded chromophores. The most effective chromophore should be phenyl
part which leads to moderate intense color of dmazpy and deazpy ligands. (Shriver ef
al.., 1994) Besides, the substituents are the electron donating groups which can donate

electrons to a* orbitals of phenyl ring. From these results, it leads to stabilize the =*

energy and give more intense band than azpy ligand. Besides, the higher polarity of
solvents give rise to the bathochromic shift of = 2> «* transitions. In case of dmazpy
and deazpy, the excited state (z*) is stabilized while the ground state of azpy (n) is

stabilized when the polarity of solvents increased. The absorption data of complexes
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are specified to metal-to-ligand charge transfer, MLCT (t,, > «*) bands in visible
region (400-820 nm) which is the important character of these complexes. The
absorption spectra of frans-isomers differ from cis-isomer. The spectrum consists of
two MLCT intense bands with different molar extinction coefficients. The maximum
wavelength which is the most intense band of #ans forms occur in the range 630-652
nm (e~ 23,000 M cm’). Whereas, the cis isomers ocour in the range 500-510 nm
(e~ 24,000 M’ em’). The colors of frans and cis isomers are green and purple,
respectively. The wavelength of 500-560 nm is the absorption of the green wave and
the desorption is purple wave. Thus, the cis-isomers are purple. For the frans- isomers,
they absorb the orange color (592-650) and desorb the green-blue therefore, the trans-
are green. The other weaker bands of cis- form appear in the range 628-654 nm which
in the same range of the maxima intense bands of frans form absorbed. Whereas, the
weaker infense bands of the frans forms absorb in the range (482-494 nm). Thf; same
sifuation occurs with the cis-frans-Ru(azpy),Cl, complexes. The lowest absorption
wavelengths of the isomeric of dmazpy and deazpy complexes are a few bathochromic
shift of those in the azpy complexes. It indicates equally stabilization of the t,,
ruthenium orbitals in the dmazpy and deazpy complexes. Furthermore, the dmazpy and
deazpy complexes show the solvent effect in various solvents when the polarity of

solvents increased, the bathochromic shift was observed.

4.4 Proton Nuclear Magnetic resonance spectrometry

The.'H-NMR data of rans-Ru(L),Cl, (L = dmazpy and deazpy) have
similar assignments to their ligands, Whereas, '"H-NMR data of the cis-Ru(L),ClL
display different patterns from both of ligands and trans-Ru(L),CL,. The different is
particularly useful in determination of isomer configuration. However, the spectra of

both ligands and all complexes are divided into three parts. The signal downfield are
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owing to protons on pyridine ring, the upfield signals refer to phenyl protons and the

alkyl groups on substituents which appear at the high field side.

2
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trans-Ru(dmazpy),Cl, trans-Ru(deazpy),Cl,
! .
Table 38. H NMR data for dmazpy, deazpy and cis- and trans-
Ru(L),Cl, (L = dmazpy, deazpy) complexes.
3 (ppm)
H- ) .
frans- frans- cis- cls-
position
dmazpy deazpy Ru{dmazpy),Cl, Ru{deazpy),Cl, Ru(dmazpy).Cl, Ru(deazpy),Ci,
LI 8.678 8.668 8.925 8.923 9.517 9.506
4.4 8.012 7.987 8.423 8.441 8.342 8.348
2,2 7.828 7.818 8.050 8.028 7.529 7.900
55 7762 | 7751 7.594 7.720 6.524 6.790
3,3 7.286 1271 7.612 7.582 7.434 7413
6,6 6,754 6.724 6.195 6.230 6,234 6.240
7 3.100 3.464 2989 3314 2.989 3.305
8,8 - 1.239 - 1.152 - 1.660
d = doublet dt = doublet of triplet t= triplet q = quatet
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In the frans-Ru{dmazpy),CL, complex the protons at the 1,1', 4,4’, 2,2” and 5,5’
position are shift downfield whereas 6,6' and 7,7 appear in the upficld region compare
to the signal of free dmazpy. The shifted of proton is influenced by the electron density
surround it. These results are similar to the frans-Ru(deazpy),Cl, complex. The protons
at the 1,1' and the 4,4' position appear at lower downfield while protons at 3,5-8,8'
positions are shifted upfield. In these complexes the ligands coordinated with ruthenium
ion and the Cl atoms are in trans position. Even the Cl atoms located with different
planes from chelate rings but the distances between chlorine atoms (Cl1) and pyridine
protons are 5.058 A. Thus protéﬁs of pyridine rings (1,1' to 3,3' and 5,5") are effected by
the electroncgative Cl atoms and the signals accordingly move to downfield.
Furthermore, protons at 4,4' are phenyl protons which nearly located to C1 (2) therefore
they have been consequently effected from chlorine atom. The results contrast with 6,6
to 7,7 or 6,6' to 8,8' positions. It can be explained that these protons are far from
chlorine atoms hence they have not got any interaction from chlorine atoms (average
6.309 A for 6,6"-H, 8.269 A for 7,7"-H and 9.142 A for 8,8-H).

The signals of 4,4' and 5,5'-H positions in cis-Ru(dmazpy),Cl, differ from free

ligands and trans-Ru(L),Cl, complexes.

5‘
I-ICHC A :
Fgt CHQCH3
8 i

cis-Ru(dmazpy),Cl, cis-Ru(deazpy),Cl,
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The 3,3'-H are protons on pyridine rings and the 5,5'-H are protons on phenyl
rings. Therefore, the observed signals are different, the 3,3'-H is observed to be doublet
of triplet peaks and occur at the downfield range with greater chemical shift than 5,5
H. It is due to the inductive Cl atom. The average distances between 3,3-H to CI(1) is
5.115 A and they are approximately in the same plane (dihedral angle 9.624° data from
single crystal of cis-Ru{dmazpy),Cl,. Thus, the electrons around the 3,3’-H are induced
by chlorine atom. The signals accordingly occur at downﬁéld. Whereas, 5,5'-H have got
less effect than 3,3°-H. The d‘istances of chlorine atom and 5,5'-H are 6.629 A. It is
worthy noted that all protons a.t 1,1' and 4,4’ are shifted to downfield. The doublet
signal of 1,1'-H appear at the lowest chemical shifts relative fo free dmazpy and trans-
Ru(L),CL. It may be due to chlorine and N{py} which are in the same plane and
adjacent locating. On the other hand, the signals of other positions move to lower
frequencies.

Since the single crystal of cis-Ru(deazpy),Cl, was not obtainable, then result
from other techniques can be used to characterize the structure. The "H-NMR spectra of
cis-Ru(deazpy),Cl, can be used to confirm that the isolated purple complex is cis-trans-
cis configuration according to similar the "H-NMR pattern of cis-Ru(dmazpy),Cl,. In
addition, the chemical shifts which are observed appear nearly to values in cis-Ru

(dmazpy),Cl,.

4.5 X-ray structure

Ru(dmazpy),CL, and cis-Ru(deazpy),Cl, complexes, which obtained from the reactions
but only three of them were supported by single crystal X-ray technique. Although the
cis-Ru(deazpy),Cl, could not crystallize to give single crystal. It was characterized from

spectroscopic techniques "H-NMR spectra and electrospray mass spectrum.

There-are-four complexes-s-frans-Ru(dmazpy),Cl,,- trans-Ruldeazpy),Cly, - Cis= e
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The configurations of Ru(ll) complexes are normally six coordination. The
structures of all complexes are distorted octahedral. The frans-form has C,, symmetry.
The structure of frans-isomer is symmetric owing to C, axis with two verticai planes.
The atom configuration is frans-cis-cis which referred to Cl atom, N(py) and N(azo),
respectively. Whereas, the cis isomer has conﬁgufation as cisitr"ans- cis. The structures
are approached to C, symmefry which has no vertical planes.

On the other hand, the two chelated planes of cis-Ru(dmazpy),Cl, are
orthogonal (dihedral angle 78.8(1)%). The bond distances and the dihedral angles of
pheny! planes with the other pléhes are different results. It should be effected from their
geometrical structure and the substituent on phenyl rings.

The substituent groups of -NR, (R = CH, ,C,H,) showed the extensive effects to
bond distances of Ru-N(azo), N=N and Ru-N(py) in frans-complexes

The planarity between substituent planes and phenyl plane is observed with
dihedral angle less than 10° (average dihedral angle 3.318(4) ° for éiS—Ru(dmazpy)2C12
and 4.516(2) ° for trans-Ru(dmazpy),CL, ). The lone pair electrons at N-atom can
delocalize into the phenyl ring. The conjugated structure is suggested in scheme 1. The

~N'(CH,), was stabilized by electrons from the methyl groups.
372

Scherne 11T
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From the conjugated structure, the Ru-N(azo) distances should be longer.
Whereas, the Ru-N{(py) bonds should be shorter related to the azpy complex. The
donated electrons are delocalized in the ligand structure which extends conjugated

system than that of azpy complexes. These results are shown in Table 38.

Table 39. Bond distances of all complexes (A),

trans {rans frans cis cis
Bonds -
Ru(dmazpy),Cl, Ru(deazpy),Cl, Ruazpy),Cl, Ru(dmazpy},Cl, Ru(azpy),Cl,
2.398 (6) 2.388(2) 2.368 (16) 2.408 (3) 2.401 (1)
Ru-CI
2,378 (6) 2.377(2) 2,378 (15} 2.404 (9) 2.397(1)
2.062 (2} 2.088(5) 2.115(5) 2.042 (3) 2.051(4)
Ru-N(py)
2071 (2) 2.011(5) 2.099 (5) 2.048 (3) 2.045 (4)
Ru-N(azo) 2.018 (2) 1,990 (3) 1.986 (5) 2.000(3) 1.984 (4}
2.027(2) 2,011 (5) 1.988 (5) 1.999 (3) 1.977 (4)
1.304 (2) 1313 (6) 1.302(8) 1.306 (2) 1.283 (6)
N:
1.302 (2) 1.299 (7) 1.306 (7) 1.304 (2) 1.279 ()

4,5.1 X-ray data of Ru-N(azo) bond

The Ru-N(azo) bond distances of all complexes are shorter than the Ru-N(py)
bonds due to the most —backbonding from Ru(Il) to azo function. Amoung the in
trans-isomers, the average Ru-N(azo) distances are arranged in order of Ru(azpy),Cl,

(1.987 A) ( Velder et al., 2000) < Ru{deazpy),CL, (2.001 A) < Ru-(dmazpy),Cl, (2.022

A) : “"HO\VGVBI‘,‘"‘“thB ~bond- strength-- of- RU."N(&ZO) “are-convers ely -order-—The ““Rll‘N(ﬁZO) Trm————

bond of Ru-(azpy),Cl, is stronger than that in RuL,Cl, (L= dmazpy, deazpy) because
the substituent in the donate electrons into the w* orbital of azo character. The n—

backbonding from Ru(ll} is decreased. Thus, the Ru-N(azo) of dmazpy and deazpy
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complexes weaker than that in azpy complex. From these data, the n-acceptor order are
azpy > deazpy > dmazpy.

The Ru-N(azo) distance of deazpy complex is shorter than that in dmazpy
complex because of the different electron donating groups. The ethyl group of
substituent was bent from the plane of phenyl with average dihedral angle 57.8(4)°, then

less electrons delocalized into donate electron to phenyl plane.

4.5.2 X-ray data of N=N bond

The azo function, -N=N-, is known as the accepting function of the m elecfrons
from Ru(l). The N=N bond distances are decreased in complexes from the =-
backbonding of t,, > 7 orbital. The N=N distances in coordinated dmazpy ligands are
longer (1.303 A) than that in uncbordinated ligand (1.270 A, Hansongnern et al., 2001).

In frans-complexes, the N=N bond distances showed almost the same values,
1.304 A for Ru(azpy),Cl, ( Velder ef al., 1.306 A for Ru(deazpy),Cl, and 1.303 A for
Ru(dmazpy),Cl, . In contrast with the IR data, the N=N streiching modes of dmazpy
and deazpy complexes appeared at the lower frequencies than azpy which indicated that
the N=N bond of azpy is stronger than dmazpy and deazpy. The reason is due to more
conjugated structure of dmazpy and deazpy which allowed electrons continually
delocalize in azo 7+ orbital, Therefore, the amount of electrons in 7+ orbital are closely
to azpy. The N=N distances are very similar in frans-complexes. Thus, it is not easy to

arrange the m—acid properties of the ligands based on the azo distance.

similar to that of frans-isomer (1.305(2) A). Whereas, the cis-Rufazpy),Cl, give shorter
N=N distances (1.281(6) A). It may be due to that the cis- conﬁguratibn has (C,

symmetry) less strain than frans- isomer.

In-case-of-the-cis-isomers;-the-cis-Ru(dmazpy);Cly-showed-the-N=N-distances v
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4.5.3 X-ray data of Ru-N(py) bond

The electron donating substituents, -NR, (R = CH, and C,Hy), show the
dramatically effect to the Ru-N(py) bond distances in the trans- forms of dmazpy and
deazpy complexes. The Ru-N(py) distances are shorter than that in trans-Ru(azpy),Cl,
complex (2.066 A for trans-Ru(dmazpy),Cl,, 2.088 A for trans-Ru(deazpy),Cl,.
Whereas, the Ru-N{py) distances in Ru(azpy),Cl, are 2,116 A. This resulis are due to
the delocalization of electrons followed by scheme IIL. The pyridine rings donate more
o-electrons to ruthenium(ll)‘ .center. Therefore, the Ru-N(py) bonds are strong.
Ruthenium(IT) are rich of electrons then, it give electron back (n-backbonding) to the
m# orbital of azo character. It is suggested that there are some of m-backbonding to
pyridine as well. Therefore, the bond distance of Ru-N(py) bonds are decreased. The
Ru-N(py) lengths became shorter which similar to Ru-N(py) distances in trans-[Ru
(phen)2(py)z]PF6 complex, 2.096(5) —2.100(5) A and 2.013(2) — 2.054(2) A for cis-Ru-
(bpy),Cl, complex (Ye et al., 1994).

According to the Ru-N(py) distances, it can be arranged in order: frans-Ru
(dmazpy),Cl, < frans-Ru(deazpy),Cl, < trans-Ru(azpy),Cl,. Thus, the o donation
ability of pyridine in ligands are arranged into the order azpy < deazpy < dmazpy. The
—N(CH,), is located in the same plane of phenyl whereas, the —N(C,H;), is distortion
from phenyl plane for average 57.3 °. Therefore, the -N(CH,), group shows the o
donation ability greater than the —N(C,H,), group. On the other hand, the azpy ligand

has no electron donating group in the structure.

character between cis-Ru(dmazpy),Cl, and cis-Ru(azpy),Cl,. The complexes of cis-Ru
(dmazpy),Cl, shows the average Ru-N(py) distances of 2.045 A similar to the cis-Ru
(azpy),CL, (2.048 A) and those frans-isomers.
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4.5.4 X ray data of Ru-Cl bond

All trans- and cis-isomers show the average of Ru-Cl distances in the order of
Ru(dmazpy),Cl, (2.388 A) > Ru(deazpy),Cl, (2.382 A) > trans-Ru(azpy),Cl, (2.373 A).
The Ru-Cl distances of dmazpy and deazpy éomplexes in the pyridine plane are
observed to longer than the one in phenyl plane. It should be due to decreasing the

strain of structures by lenghtening the Ru-Cl bond.
4.6 Cyclic Voltammetry technique
4.6.1 Reduction range (negative potential)

The potential 0.3 to ~1.8 V was scanned and referred to the reduction range. The
reduction peaks of ligand, dmazpy and deazpy are less stable. At the low scan rate (50
mV/s), the forward scanned showed one cathodic peak at —1.671 V for dmazpy and —
1.619 V for deazpy. It did not show any reversed anodic peak in this range. The reduced
species at Ep_—1.671 V could not occur reversible oxidation, Higher scan rates (100 to
2000 mV/s) were applied to stimulate the oxidation. However, the oxidation were not
found. The species at Ep, —1.671 V were irreversible peak in the cyclic voltammogram
which were defined to the dmazpy, deazpy species. The azo, —N=N—, was the accepting
function as shown in equation (3)

dmazpy + ¢ — P dmazpy
(3)

deazpy ¢ deazpy
It was different characters from free azpy ligand. The azpy showed the
reversible couple of two electron transfer in one process at B, = -1.487 V
(AEp 171 IﬁV) which suggested the following mechanism of the azpy reduction in
equation (4) (Shelder and Barf, 1968).
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azpy + 28 azpyz' (4)

-C-N=N-C- + 2¢ =——=—m -C-N=N-C*

The reduction potential species of azpy, dmazpy and deazpy are compared and
showed that the azpy can accept the electron better than deazpy and dmazpy,
respectively. This corresponds to X-ray data and IR data. The reduction potential
represehts the electron accepting ability of the ligand. The more positive potential are
greater electron accepting abiiity.'

The reduction range of frans-Ru(L),Cl, (L = dmazpy and deazpy) give the
quasi-reversible couple at E,, —1.088 V(AEp 55 mV) for dmazpy complex and —1.087
V (AEp 53 mV) for deazpy complex. The electron transfer process is one electron and
they also show an irreversible cathodic potential at —1.275 V and 1.250 V, respectively.
Besides, comparison with frans-Ru(azpy),Cl,, it showed two reversible reduction
couple at B,, —0.937 V(AEp 50 mV) and E,, ~1.541 V(AEp 80 mV). From these
reduction potential, it can be arranged the m—accepting ability as order, azpy >
dmazpy~deazpy. Because the reduction potentials of dmazpy and deazpy complexes are
very close to each other, the one cannot exactly determine m—accepling ability from
this technique. However, these results from the X-ray data and IR data supported that
the azpy has the greatest n—accepting ability.

In case of cis-Ru(L),Cl, (L. = dmazpy and deazpy), the quasi-reversible couple
occur at E,, —1.066 V(AEp 84 mV) for dimazpy complex and ~1.095 V (AEp 50 mV)

for deazpy complex. Whereas, the eis-Ru(azpy),Cl, shows two quasi-reversible couple

at B.—0.853-V(AEp-64 mV) -and B, ~1.676 V(AEp 86 mV). All of cis- isomers give

1Y

more positive reduction potential than that in frans-isomers because the structure of cis-
isomer is less symmetric than frans-form. Therefore, cis- isomers is less rigidity and

more stable than frans-isomer.
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idation range it ial

The free ligands of dmazpy and deazpy show the two quasi-reversible couples
in oxidative cyclic voltammograms (group I and group II). Whereas, this phenomena is
not available for azpy ligand. From ligand structures, the hypothesis is the different
from the substituent groups. To prove out the reason, the starting materials of NN~
dimethyl-1,4-nitrosoaniline and N,N-diethyl-1,4-nitrosoaniline were carried out by
cyclic voltammetric method. The cyclic voltammograms of both compounds {(Figure 45
Appendix B) obtain one quasi—réversible couple in oxidation range which leads to be
the group I in dmazpy and deazpy voltammograms,

The character of the group I of dmazpy and deazpy was studied in the 0.3-0.7 V.
At the low scan rate (50 mV/s), the scanned forward showed one anodic peak at +0.624
V for dmazpy and + 0.659 V for deazpy. It showed the quasi-reversible cathodic peak
in this range at high scan rates (200-2000 mV/s). The E,, potential is +0.634 V (ABp
81 mV) for dmazpy and +0.688 V (AEp 96 mV). Besides, the cutrents of anodic peak
are higher than that of cathodic peak but currents of cathodic peak will increase when
high potentials are supplied. The electron transfer process is followed by equation (5)
which the redox reaction occurred at phenyl ring. In general, the redox of azobenzene
was found at high potential (more than +2.000 V). The available of electron donating
groups, R referred to -N(CH,), and -N(C,H,), provides the ease of redox reaction on

phenyl (benzene) ring.

NCJUN=NCHN®), = = NCHN=NCHNR),*+e (5)

The cyclic voltammograms of this couple of both ligands are shown in Figure 46,

Appendix B.
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The ligand group II are studied in the potential range 0.3-1.4 V. The group II
has a specific character thét it must be produced from (Figure 47, Appendix B) the
anodic species, NC5H4N=NC6+H5-N(R)2, of the couple I at higher potential +0.832 V
(AEp 84 mV) for dmazpy and +0.897 V (AEp 84 mV) for dmazpy followed the

equation (6),

NCHN=NC,HNR), === NCHN=NC/"H/N(R),+¢ (6)

The character of this couple is useful for indicating Ru(II/III) couple in
complexes,

All complexes show the redox of the three groups in oxidation range, the first
group is the redox of ligand group I, the second group is the redox of Ru(II/TIT) and the
final group is the redox of ligand group IL

The ligand couple I is shifted to more positive potential at +0.389 V (52 mvV)
for trans-Ru(dmazpy),Cl,, +0.340 V (60 mV) for trans-Ru(deazpy),Cl,, +0.509 (50
mV) for cis-Ru(dmazpy),Cl, and +0.500 V for cis-Ru(deazpy),Cl,. The shifts of the
ligand couple I to less positive potential in complexes, are due to greater conjugation in
ligands. This leads to lower the n* energy level. Therefore, the redox potential of
phenyl ring occurs at lower potential than that in free ligand. Besides from the X-ray
results, the substituent -N(C,H,), can donate clectron less than -N(CIH,),. Therefore,
the cis- and frans-Ru(dmazpy),Cl, are more stable with higher positive potentials than

cis- and trans-Ru(deazpy),Cl,.

when scanned in the range +700-+1000 mV (as shown in Figure 48 , Appendix B). The
E,, potentials of frans-isomer are +0.891 V (80 mV) for trans-Ru(dmazpy),Cl, and
+0.895 V (50 mV). Whereas, the trans-Ru(azpy),CL, gives the potential at +-0.643 V(60

mV). One can assign the stability of Ru(Il) in order of trans-Ru(dmazpy),Cl, ~ trans-

The redox-of Ru(II/lD)in-all complexes are found to be quasi-reversible couples.
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Ru{deazpy),Cl, > trans-Ru(azpy),Cl,. The dmazpy and deazpy ligand can stabilize the
Ru(lI) in the complexes more than azpy due to the pyridine ¢ donating ability and the
more conjugation. This result is similar to case of cis-isomers, the ‘cis—Ru(dmazpy)ZCIZ
give the highest positive potentials than cis-Ru(deazpy),Cl, and cis-Rufazpy),Cl,, at
+0.906 V (50 mV) and +0.890 V (80 mV) and +0.820 (63), respectively. It can be noted
that the dmazpy is greatly stabilize Ru(Il). The results agree well with the X-ray data
and IR results. It is noted the substituent, -N(Csz)z, can donate electrons to the parent
molecule and increase that the strength of o bonding at pyridine toward Ru(1l). The
deazpy also has this character but it can provide electrons less than the dmazpy.
Therefore, the o bonding ability is summarized in order dmazpy > deazpy > azpy

supported the X-ray data, The happened redox is given in equation (7).
Ru,m(r_,)ZCIZ+ e Ru“(L)2Cl2 (L = dmazpy and deazpy) [©)

In addition, the Ru(Il) cis-isomers are stabilized more than frans- isomers due to the
less symmetry in cis- forn.

The final group is the ligand couple II in all complexes occur at higher potential
than those in free ligands, +1.174 V (44 mV) for trans-Ru{dmazpy),Cl,, +1.100 V (40
mV) for frans-Ru(deazpy),Cl,, +1.139 V (58 mV) for cis-Ru(dmazpy),Cl, and + 1.090
V for cis-Ru(deazpy),Cl,. The shifting to higher potentials than that in free ligands
causes by the complex is oxidized with two electrons before reaching to the potential of

this species in forward scan oxidation side. Those oxidized electrons are from the

is difficult. The supplied potentials are higher than that of free ligands.



‘Chapter 5

SUMMARY

The isomeric complexes of Ru(L),CL, (L = dmazpy and deazpy) were
synthesized. The structures of isolated complexes were identified as frans- and cis-
conﬁgurationé referred to Cl atoms. The isomers of rans-Ru(L.),Cl, and cis-Ru{dmazpy),
Cl, were determined by the single crystal X-ray diffraction method and other
spectroscopic techniques which correspond to the proposed structures. Although, the cis-
Ru(deazpy),C], has not been determined from single crystal X-ray diffraction but the 'H
NMR and electrospray mass spectroscopic data  can determine to be the cis-
configuration as similar as the cis-Ru(dmazpy),Cl,.

The different isomers show the specific characters in electiospray mass spectra
and '"H-NMR results. From the electrospray mass spectra, the cis- forms are preferable to
lose a chlorine atom whereas, the Ru-Cl bond strength is greater in the trans-complex. In
addition, the 'H-NMR assignment gives the data that the proton on pyridine rings of cis-
isomers are shifted to downfield than that of trans- isomers caused by the effective from
electronegative chlorine atoms. The cis isomers exhibit a MLCT transition at higher
energy than the frans- complexes with a strong molar absorptivity due to less symmetry
of cis- forms,

The effects of the substituents are studied from X-ray structure, infrared
spectroscopic data and cyclic voltammetric technique. The substituents, -N(CH,), and -N

(C,H,), on the para position make the different chemical properties from azpy. These

substituents are clectron donating groups and are plamar to the phenyl-plane-Therefore;— S—

the electrons from the substituents can be donated to the phenyl ring. The -N(C,H,), give
less donated electrons to phenyl ring than the -N(CH,),. The electrons delocalized in the
conjugated system. The pyridine shows the strong donation to Ru(II) and then leads to

decreasing of Ru-N(py) distances related to the vesults from azpy complexes. It can be

114



115

in the conjugated system. The pyridine shows the strong donation to Ru(Il} and then
leads to decreasing of Ru-N(py) distances related to the results from azpy complexes. It
can be suggested that dmazpy and deazpy are the stronger o donor than azpy ligand.
Besides, the increase of conjugated system in dmazpy and deazpy complexes make the
Ru(ll) stabilized, Thus, the electrochemistry of Ru(IV/ID) occur at more positive
potential than that of azpy complexes.

However, the azpy is still the strong 7 acceptor. The substituents, -N(CIL,), and
-N(C,H,), of dmazpy and deazpy are possible to donate electrons to the 7% orbital of
the azo function thus the bond order of azo~N=N-, is decreased. The N=N stretching
mode in IR spectra are observed at lower energy than azpy complexes. Furthermore, the
distances of Ru-N(azo) of azpy give the shorter than dmazpy and deazpy complexes.

From these results, the 7 acceptor properties of those ligands are provided in the
order azpy > deazpy > dmazpy. Whereas, the o donation ability of pyridine are

assigned in the reverse order of dmazpy > deazpy > azpy.
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Appendix A,

Table 40, The bond distances (A) and bond angles ()

of trans-Ru(dmazpy),Cl, complex.

1 i 1
 Atoms Distance (A)
Ru(1)-CI(1) 2.3767(5)
Ru(1)-CI(2) ) 23978(5)
Ru(1)-N(1) 2.062(1)
Ru(1)-N(3) 2.018(2)
Ru(1)-N(5) 2.070(2)
Ru(1)-N(7) 2.027(1)
N(D-C(1) 1.344(3)
N(D-C(5) 1.361(3)
N(2)-N(3) 1.305(2)
N(2)-C(5) 1.390(3)
N@)-C(6) 1.4103)
N@)-C(9) 1.364(3)
N@)-C(12) 1.4533)
N@)-C(13) 1.449(3)
N(S)-C(14) 1.345(3)
N(5)-C(18) 1.360(3)
N(6)-N(7) 1:302(2)
N(6)-C(18) 138703)
N(7)-C(19) 1.409(3)
N(8)-C(22) 1.367(3)
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Table 40,(continued)

Atoms Distance (A)
N(8)-C(25) 1.449(3)
N(8)-C(26) 1.452(3)
C(1)-C) ~ 1.380(3)
C(2)-C(3) 1.389(4)
C(3)-C(4) : 1.382(3)
C(4)-C(5) 1.387(3)
C(6)-C(7) 1.399(3)
C(6)-C(11) 1.403(4)
C(7)-C(8) 1.377(3)
C(8)-C(9) 1.412(4)
C(9)-C(10) 1.416(3)
C(10)-C(11) 1.378(3)
C(14)-C(15) 1.372(3)
C(15)-C(16) 1.398(3)
C(16)-C(17) 1.379(3)
C(17)-C(18) 1.380(3)
C(19)-C(20) 1.398(4)
C(19)-C(24) 1.398(3)
C(20)-C(21) _ 1.380(3)
cen-czy : 1.413(3)
C(22)-C(23) - 1.421(4)

C(23)-C(24) 1.370(3)
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Table 40, (continued)

Bond angle ()

Atoms Angles ()
CI(1)-Ru(1)-CI(2) 172.90(2)
CI(1)-Ru(1)-N(1) 86.71(4)
CI(1)-Ru(1)-N(3) 89.54(4)
CI(1)-Ru(1)-N(5) 88.52(4)
CI(1)-Ru(1)-N(7) | 94.48(4)
CH2)-Ru(1)-N(1) 90.47(4)
CI(2)-Ru(1)-N(3) 96.08(4)
C1(2)-Ru(1)-N(5) 85.74(4)
C1(2)-Ru(1)-N(7) 88.17(4)
N(D-Ru(1)-N@G) 75.65(6)
N(1)-Ru(1)-N(5) 102.55(6)
N(1)-Ru(1)-N(7) 178.01(6)
N(3)-Ru(1)-N(5) 177.43(5)
NG)-Ru(1)-N(7) 105.93(6)
N(5)-Ru(1)-N(7) 75.91(6)
Ru(1)-N(1)-C(1) 130.4(1)
Ru(1)-N(1)-C(5) 110.8(1)
CON(L)-C(5) | 1183(2)
N(3)-N(2)-C(5) 111,9(2)
Ru(1)-N(3)-N(2) 118.0(1)
Ru(1)-N(3)-C(6) 129.1(1)
N(2)-N(3)-C(6) 112.8(2)

C(9)-N(4)-C(12) 120.2(2)
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Table 40. {continued)

Atoms Angles ()
C(9)-N(4)-C(13) 121.9(2)
C(12)-N(4)-C(13) 117.6(2)
Ru(1)-N(5)-C(14) 130.4(1)
Ru(1)-N(5)-C(18) 111.7¢1)
C(14)N(5)-C(18) 117.7(2)
N(7)-N(6)-C(18) 112.5(1)
Ru(1)-N(7)-N(6) 118.5(1)
Ru(1)-N(7)-C(19) 128.6(1)
N(6)-N(7)-C(19) 112.4Q1)
C(22)-N(8)-C(25) 122.3(2)
C(22)-N(8)-C(26) 120.6(2)
C(25)-N(8)-C(26) 117.0(2)
N(-C(1)-C(2) 122.2(2)
C(1)-C(2)-C(3) 119.0(2)
C(2)-C(3)-C(4) 119.4(2)
C(3)-C(4)-C(5) 118.6(2)
N(1)-C(5)-N(2) 117.3(2)
N(1)-C(5)-C(4) 122.0(2)
N(2)-C(5)-C(4) 120.3(2)
N(3)-C(6)-C(7) 118.7(2)
N(3)-C(6)-C(11) 122.7(2)
C(7)-C(6)-C(11) 118.6(2)
C(6)-C(7)-C(8) | | 120.8(2)

C(7)-C(8)-C(9) 121.3(2)
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Table 40. (continued)

Atoms Angles (°)
N(4)-C(9)-C(8) 121.1(2)
N(4)-C(9)-C(10) 121.4(2)
C(8)-C(9)-C(10) 117.5(2)
cE)-cioy-ca) 120.7(2)
C(6)-C(11)-C(10) 121.1(2)
N(5)-C(14)-C(15) 122.9(2)
C(14)-C(15)-C(16) 118.9(2)
C(15)-C(16)-C(17) 118.9(2)
C(16)-C(17)-C(18) 119.0(2)
N(5)-C(18)-N(6) 117.8(2)
N(5)-C(18)-C(17) 122.4(2)
N(6)-C(18)-C(17) 119.5(2)
N(7)-C(19)-C(20) 119.8(2)
N(7)-C(19)-C(24) 120.8(2)
C(20)-C(19)-C(24) 119.3(2)
C(19)-C20)-C21) 120.2(2)
C(20)-C(21)-C(22) 121.0(2)
N(8)-C(22)-C(21) 122.0(2)
N(B)FC(22)-C(23) 120:2(2)
C(21)-C(22)-C(23) 117.8(2)
C(22)-C(23)-C(24) 120.6(2)

C(19)-C(24)-C(23) 120.9(2)




Appendix A.

Table 41. The bond distances (A) and bond angles @)

of {rans-Ru(deazpy),Cl, complex.
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Bond distances
Atoms Distance (A)

Ru(1)-CI(1) 2.389(2)
Ru(1)-CI(2) 2.376(2)
Ru(1)-N(1) 2.088(4)
Ru(1)-N(3) 1.990(5)
Ru(1)-N(5) 2.087(5)
Ru(1)-N(7) 2.011(4)
N(1)-C(1) 1.342(8)
N(1)-C(5) 1.359(7)
N@)-N(3) 1.313(6)
N(2)-C(5) 1.371(7)
N(3)-C(6) 1.433(7)
N(4)-C(9) 1.380(8)
N(4)-C(12) 1.45(1)
N(4)-C(14) 1.47(1)
N(5)-C(16) 1.342(8)
N(5)-C(20) 1.357(6)
N(6)-N(7) 1.299(7)
N(6)-C(20) 1.390(8)
N(7)-C(21) 1.421(7)
N()-C(24) 1.383(8)
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Table 41. (continued)

Atoms _ Distance (A)
N(8)-C(27) 1.45(1)
N(8)-C(29) 1.454(9)
C(1)-C(2) 1.391(8)
C(2)-C(3) 1.39(1)
C(3)-C4) 1.39(1)
C(4)-C(5) | 1.388(7)
C(6)-C(7) 1.386(9)
C(6)-C(11) 1.391(9)
C(7)-C(8) 1.378(9)
C(8)-C(9) 1.403(9)
C(9)-C(10) 1.421(9)
C(10)-C(11) 1.380(9)
C(12)-C(13) 1.527(9)
C(14)-C(15) 1.52(1)
C(16)-C(17) 1.382(9)
CA7)-C(18) 1.398(8)
C(18)-C(19) 1.379(9)
C(19)-C(20) 1.395(8)
C(21)-C(22) 1.392(8)
C(21)-C(26) 1.398(9)
C(22)-C(23) 1.377(9)
C(23)-C(24) 1.39(1)
C(24)-C(25) 1.412(9)

C(25)-C(26) 1.387(8)




128

Table 41. (continued)

Bond angles ()

Atoms Angle ()
CQ7)-C(28) 1.51(1)
C(29)-C(30) 1.516(9)
CHD-Ru(1)-CI(2) 171.48(5)
CI(1)-Ru(1)-N(1) 90.4(1)
CI(1)-Ru(1)-N(3) 96.5(1)
CI(1)-Ru(1)-N(5) | 84.7(1)
CI(1)-Ru(1)-N(7) 88.1(1)
CI(2)-Ru(1)-N(1) 85.2(1)
CI(2)-Ru(1)-N(3) 89.5(1)
C1(2)-Ru(1)-N(5) 89.3(1)
CI(2)-Ru(1)-N(7) 96.2(1)
N(1)-Ruf1)-N(3) 75.7(2)
N(1)-Ru(1)-N(5) 103.9(2)
N(1)-Ru(1)-N(7) 178.5(2)
N(3)-Ru(1)-N(5) 178.8(2)
N(3)-Ru(1)-N(7) 104.6(2)
N(5)-Ru(1)-N(7) 75.8(2)
Ru(1FN(1)<CCD) . 130:2(4)
Ru(l)-N(l)-C(S) 111.2(3)
C(1)-N(1)-C(5) 118.5(4)
N(3)-N(2)-C(5) 112.0(5)

Ru(1)-N(3)-N(2) 119.8(4)
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Table 41. (continued)

Atoms Angle ()
Ru(1)-N(5)-C(16) 130.3(3)
Ru(1)-N(5)-C(20) 111.8(4)
C(16)-N(5)-C(20) _ 117.5(5)
N(7)-N(6)-C(20) 112.9(4)
Ru(1)-N(7)-N(6) 119.2(3)
Ru(1)-N(7)-C(21)} 130.8(3)
N(6)-N(7)-C(21) 109.5(4)
C(24)-N(8)-C(27) 122.2(5)
C(24)-N(8)-C(29) 122..0(6) _
CQ27)-N(8)-C(29) 115.8(5)
N(1)-C(1)-C(2) 121.5(6)
C(1)-C(2)-C(3) 120.1(7)
C(2)-C(3)-C(4) 118.5(5)
C(3)-C(4)-C(5) 118.7(6)
N(1)-C(5)-N(2) 118.1(4)
N(1)-C(5)-C(4) 122.6(5)
N(2)-C(5)-C(4) 118.8(5)
N(3)-C(6)-C(7) 122.0(5)
N(3)-C(6)-C(11) 118.8(6)
C(T)-C(6)-C 1) _ 119.1(5)
C(6)-C(7)-C(8) 120.8(6)
C(N-C(8)-C(9) 121.2(6)
N(4)-C(9)-C(8) 121.8(6)

N(4)-C(9)-C(10) 120.6(6)
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Table 41. (continued)

Bond Angles Angle )
C(8)-C(9)-C(10) 117.6(6)
C(9)-C(10)-C(11) 120.3(6)
C(6)-C(11)-C(10) 120.9(6)
N(4)-C(12)-C(13) 113.2(6)
N(@)-C(14)-C(15) 112.8(6)
N(5)-C(16)-C(17) 122.4(5)
C(16)-C(17)-C(18) 119.7(6)
C(17)-C(18)-C(19) 118.7(6)
C(18)-C(19)-C(20) 118.3(5)
N(5)-C(20)-N(6) 117.3(5)
N(5)-C(20)-C(19) 123.3(5)
N(6)-C(20)-C(19) 119.4(4)
N(7)-C(21)-C(22) 120.2(6)
N(7)-C(21)-C(26) 121.1(5)
C(22)-C(21)-C(26) 118.7(5)
C(21)-C(22)-C(23) 120.4(6)
C(22)-C(23)-C(24) 122.1(6)
N(8)-C(24)-C(23) 120.4(6)
N(8)-C(24)-C(25) 122.0(6)
C(23)-C24)-C(25) 117.5(5)
C(24)-C(25)-C(26) 120.5(6)
C(21)-C(26)-C(25) 120.8(5)
N(8)-C(27)-C(28) 113.1(6)

N(8)-C(29)-C(30) 112.4(6)
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Table 42. The bond distances (A) and bond angles ()

of cis-Ru(dmazpy),Cl, complex.

131

Bond distances
Atom Distance (A)

Ru(1)-CI(1) 2.4083(7)
Ru(1)-C1(2) 2.404(1)
Ru(1)-N(1) 2.042(3)
Ru(1)-N(3) 2.000(2)
Ru(1)-N(5) 2.048(3)
Ru(1)-N(7) 1.999(3)
N(1)-C(1) 1.340(4)
N(1)-C(5) 1.361(4)
N(2)-N(3) 1.306(4)
N(2)-C(5) 1.385(4)
N(3)-C(6) 1.415(4)
N4)-C(9) 1.362(4)
N#)-C(12) 1.420(5)
N(4)-C(13) 1.461(6)
N(5)-C(14) 1.348(5)
N(3)-C(18) 1.361(5)
N(6)-N(7) 1.304(4)
N(6)-C(18) 1.389(5)
N(7)-C(19) 1.415(5)
N(8)-C(22) 1.356(6)




Table 42. (continued)

132

Atom Distance (&)
N(8)-C(25) 1.413(7)
N(8)-C(26) 1.443(6)
C(1)-C(2) 1.380(4)
C(2)-C(3) 1.388(4)
C(3)-C4) 1.380(5)
C(4)-C(5) 1.392(4)
C(6)-C(7) 1.404(5)
C(6)-C(11) 1.392(5)
C(7)-C(8) 1.369(4)
C(8)-C(9) 1.411(5)
C(9)-C(10) 1416(5)
C(10)-C(11) 1.378(4)
C(14)-C(15) 1.378(5)
C(15)-C(16) ' 1.386(6)
C(16)-C(17) 1.388(5)
C(17)-C(18) 1.383(5)
C(19)-C(20) 1.395(5)
C(19)-C(24) 1.404(5)
C(20)-C(21) 1.374(6)
CO1)-C(22) 1AT4(6)
C(22)-C(23) 1.410(6)
C(23)-C(24) 1.376(6)
CI(3)-C(27) 1.745(4)
Cl(4)-C(27) 1.764(5)
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Table 42. (continued)

Atom Distance (A)
C(28)-C(29) 1.24(1)
C(28)-C(31) 1.59(2)
C(28)-C(32) 1.65(1)
C(29)-C(30) 1.568(9)
C(29)-C(31) 1.19(1)
C(29)-C(32) 1.32(1)
C(29)-C(30) 1.52(1)
C(30)-C(32) 1.16(1)
C(30)-C(31) 1.15(1)
Bond angles ()

Atom Angle ]
CI(1)-Ru(1)-Cl2) 92.06(3)
CI(1)-Ruf1)-N(1) 95.22(7)
CH1)-Ru(1)-N(3) 170.1(1)
CI(1)-Ru(1)-N(5) 86.28(7)
CH{(1)-Ru(1)-N(7) 91.80(7)
CI(2)-Ru(1)-N(1) 93.41(9)

CI(2)-Ru(1)-N(5) 95.58(9)
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Table. 42 {continued)

Atom Angle ()
ClI(2)-Ru(1)-N(7) 171.2(1)
N(1)-Ru(1)-N(3) 76.9(1)
N(1)-Ru(1)-N(5) 177.50(9)
NO-Ru(DNT) 101.2(1)
NG)-Ru(1)-N(5) 101.4(1)
N(3)-Ru(1)-N(7) 84.0(1)
NG)-Ru(1)-N(7) 76.8(1)
Ru(1)-N(1)-C(1) 128.7(2)
Ru(1)-N(1)-C(5) 113.0(2)
C(1)-N(D-C(5) 118.2(3)
N(3)-N(2)-C(5) 112.0(2)
Ru(1)-N(3)-N(2) 119.8(2)
Ru(1)-N(3)-C(6) 124.8(2)
N(2)-N(3)-C(6) 114.1(2)
C(9)-N(4)-C(12) 121.8(4)
C(9)-N(4)-C(13) 120.8(3)
C(12)-N(4)-C(13) 116.6(4)
Ru(1)-N(5)-C(14) 128.6(2)
Ru(1)-N(5)-C(18) 112:9(2)
C(14)-N(5)-C(18) 118.3(3)
N(7)-N(6)-C(18) : 111.7(3)
Ru(1)-N(7)-N(6) 120.3(3)

Ru(1)-N(7)-C(19) 124.8(2)




Table 42. (continued)
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Atom Angle ()
N(6)-N(7)-C(19) 114.0(3)
C(22)-N(8)-C(25) 122.0(4)
C(22)-N(8)-C(26) 121.1(4)
C(25)-N(8)-C(26) 116.9(4)
N(1)-C(1)-C(2) 122.2(3)
C(1)-C(2)-C(3) 119.7(3)
C(2)-C(3)-C(4) 118.9(3)
C(3)-C(4)-C(5) 118.7(3)
N(1)-C(5)-N(©2) 117.9(3)
N(1)-C(5)-C(4) 122.3(3)
N(2)-C(5)-C(4) 119.7(3)
N(3)-C(6)-C(7) 121.2(3)
N(3)-C(6)-C(11) 120.0(3)
C(7)-C(6)-C(11) 118.8(3)
C(6)-C(7)-C(8) 120.6(3)
C(7)-C(8)-C(9) 121.5(3)
N(@4)-C(9)-C(8) " 121.9(3)
N(4)-C(9)-C(10) 120.8(3)
C(8)-C(9)-C(10) 117:2(3)
C(9)-C(10)-C(11) 121.0(3)
C(6)-C(11)-C(10) 120.8(3)
N(5)-C(14)-C(15) 122.1(4)
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Table 42, (continued)

Atom Angle ()
C(14)-C(15)-C(16) 119.5(3)
C(15)-C(16)-C(17) 119.1(3)
C(16)-C(17)-C(18) 118.7(4)
N(5)-C(18)-N(6) 7 118.0(3)
N(5)-C(18)-C(17) 122.2(4)
N(6)-C(18)-C(17) 119.7(4)
N(7)-C(19)-C(20) 121.5(3)
N(7)-C(19)-C(24) 119.3(3)
C(20)-C(19)-C(24) 119.2(3)
C(19)-C(20)-C(21) 120.5(3)
C(20)-C(21)-C(22) 121.4(3)
N(8)-C(22)-C(21) 121.6(4)
N(8)-C(22)-C(23) 121.2(4)
C(21)-C(22)-C(23) 117.2(4)
C22)-C(23)-C(24) 121.6(3)
C(19)-C(24)-C(23) 120.1(3)
CI(3)-C27)-Cl(4) 110.3(3)
C(29)-C(28)-C(31) 47.8(6)

C(29)C(28)-C(32) 52:0(6}

C(31)-C(28)-C(32) : 99.4(7)

C(28)-C(29)-C(30) 126.6(8)
C(28)-C(29)-C(31) 80.1(8)

C(28)-C(29)-C(30) 129.7(7)




Table 42. (continued)
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Atom

Angle (*)

C(30)-C(29)-C(31)
C(30)-C(29)-C(32)
C(30)-C(29)-C(30)
C(31)-C(29)-C(32)
C(31)-C(29)-C(30)
C(32)-C(29)-C(30)
C(29)-C(30)-C(32)
C(29)-C(30)-C(29)
C(29)-C(30)-C(31)
C(32)-C(30)-C(29)
C(32)-C(30)-C(31)
C(29)-C(30)-C(31)
C(28)-C{31)-C(29)
C(28)-C(31)-C(30)
C(29)-C(31)-C(30)
C(28)-C(32)-C(29)
C(28)-C(32)-C(30)
C(29)-C(32)-C(30)

151(1)
46.6(6)
103.2(6)
160(1)
48.3(8)
149.2(8)
55.4(6)
76.8(5)
127.1(9)
131.7(7)
177.2(9)
50.7(7)
50.8(7)
131.8(9)
81.0(8)
48.0(6)
126.0(9)
78.0(8)




g1

¢ xipuaddy
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Itammograms of ligand group I (A) dmazpy, (B) deazpy scanned with various scan rates (50-2000 mV/s)
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Figure 40. Cyclic voltammograms of ligand group II (A) dmazpy, (B) deazpy scanned with various scan rates (50-2000 mV/s)
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Cyclic voltammograms of (A) N, N-dimethyl-1,4-nitrosoaniline and (B) N,N-diethyl-1,4-nitrosoaniline

scanned with various scan rates (50-2000 mV/s)
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