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Abstract

Ruthenium oxo complexes are important intermediates in ruthenium-catalyzed
oxidation reactions such as epoxidation of alkenes, oxidation of hydrocarbons and the
oxidation of water to dioxygen. The electrochemical interconversion of ruthenium
aqua and ruthenium oxo species has been a subject of extensive interest in the past two
decades. By generating the ruthenium oxo complexes electrochemically, oxidation
reactions can be achieved under electrocatalytic conditions with catalysts recycled
in-situ on the electrode surface. However, the electrochemical oxidation of ruthenium
aqua to oxo species is kinetically slow on electrode surface. The objective of this
project is to promote the electrochemical conversion of Ru-OH; to Ru=O through

specially designed ancillary ligands of the metal complexes.

In the first part of this study, a new electropolymerizable pyrrole-containing
ruthenium complex [Ru(tpy)(PPP)YH;0)](C1O4), (PPP =
N-(3-N,N’-bis(2-pyridyl)propylamino) pyrrole) was prepared. The structure of the
ruthenium complex [Ru(tpy)(PPPYCI))(C104) has been confirmed by X-ray
crystallography. The ruthenium monomer can be electropolymerized onto glassy
carbon electrode surface via anodic oxidation of the pyrrole function group in aqueous
medium. This is the first example of a pyrrole-containing ruthenium aqua complex
that can be electropolymerized in aqueous medium. It is believed that by placing the
ruthenium centres close to each other in the polymer film on the electrode surface,
interaction between the Ru""-OH moieties (which are eletrogenerated from Ru"-OHz) is
facilitated. This interaction should assist the deprotonation of the hydroxo ligand in

the further oxidation of Ru™-OH to Ru’¥=0. The generation of Ru'Y=0 species can be



easily observed in the cyclic voltammograms.

In the second part of the thesis, the X-ray structure of two ruthenium aqua
complexes containing 6,6’ -dichloro-2,2’-bipyridine {(dcbpy),
cis-[Ru(dcbpy)2(H20),](CF3803); and [Ru(tpy)(bpy)(H,0)](CF3S03); were reported.
The cyclic voltammograms of these two complexes show that the oxidation of Ru-OH
to Ru=0 is much mc"re'facile than the analogues without the chloro-substituents. On
comparing the structure of these complexes with analogues without the
chloro-substituents, it is anticipated that intramolecular hydrogen bonding exists
between the chloro-substituent at the ortho-position of the bipyridine ligand and the
hydrogen of the aqua ligand on the ruthenium centre. It is suggested that the
intramolecular hydrogen bonding facilitates the deprotonation of the hydroxo ligand

during the oxidation of Ru-OH to Ru=0.

In the third part of the thesis, the synthesis of two novel binuclear ligands
N,N,N’N’-tetra(2-pyridyl) ethylenediamine (ETHPY) and
1,8-bis(2,2’-dipyridylamino)anthracene (BDPAA) and their ruthenium aqua complexes
were  reported. The structure of the ruthenium binuclear complex
[Ruz(tpy)2(ETHPY)(CH3CN)2]4+ has been confirmed by X-ray crystallography. The
O=Ru"-Ru¥=0H/ HO-Ru"™-Ru"™-OH couple is only observed in the cyclic
voltammogram of [Ruz(tpy)z(ETI-lP‘i’)(HZO)z]"'P but not [Ruz(tpy)z(BDPAA)(HZO)z]‘“.
It is proposed that the flexibility of the ethylene bridge in [Ruz(tpy)z(ETHPY)(HZO)z]“
facilitates the interaction of Ru-OH moieties and hence promotes the conversion of

Ru-OH; to Ru=0.
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Chapter 1

Introduction



1.1 Background

Similar to chemical reactions, many electrode reactions occur only at high
overpotentials because of unfavourable kinetics. For such electrochemical reactions to
be useful, it is necessary to find a electrocatalyst that will lower the overpotential and
speed up the rate 6f reaction. The objective of electrocatalysis is therefore to seek
alternative, lower energy of activation pathways which allow such electrode reactions to
occur at high current density and at a low overpotential. Electrocatalysis is important
to many applications in electrochemistry since the energy efficiency of any
electrochemical cell is determined in part, by the potential of the anode and cathode.
There are two basic different types of electrocatalysis: heterogeneous, and homogeneous.

Each of these types of electrocatalysis are shown in Figures 1.1 and 1.2 respectively [1]:

1.1.1 Heterogeneous electrocatalysts

5 : e §
/] i Ox E /\E
© PO ©®
S
. N :
i €| Red : E
o Inner o Inner o Outer
Helmholiz Helmholz Helmholtz
plane plane plane
(A) (B) (©)

Figure 1.1 Schematic diagrams of different heterogeneous electrocatalysts.

It is the presence of the above-mentioned electric fields, which differentiates
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heterogeneous electrochemical catalysis from thermal or chemical reactions. The

process involves three different steps:

1. Transfer of electroactive species from bulk solution to the electrode surface or
within the double layer ;

2. Exchange of electrons between the electrode and the electroactive species;

3. Removal of the products from the electrode, which may involve desorption. In
heterogeneous electrocatalysis, direct charge transfer from electrode to substrate

gives the product.

Three examples are shown in Figure 1.1. In the first (Fig. 1.1(A)), the substrate
adsorbs onto the electrode surface and undergoes an electron transfer reaction. In the
second (Fig. 1.1(B)), a mediator coating the surface acts as “electron shuttle” to
transport electrons from/to the adsorbed intermediate. In the last example (Fig. 1.1(C),
the substrate is not strongly bound, and instead electron tunnelling from the electrode

allows the reaction to occur.



1.1.2 Homogeneous electrocatalysts
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Figure 1.2 Schematic diagrams of homogeneous electrocatalysis.

In homogeneous electrocatalysis the substrate does not exchange electrons with the
electrode directly, but with some intermediates. Electron transfers and chemical
reactions can then take place in the bulk. This process usually occurs for redox systems.
The principle difference between the heterogeneous and homogeneous case is that in the
former the redox couple is physically attached to the electrode surface whereas in the
later case it is free to diffuse through the solution. In Fig 1.2(A) the mediator and
reactant are both present in the same solution. In the second example (Fig. 1.2(B)) the
substrate is present in a secondary phase, and it is necessary to introduce a transfer

catalyst into the system.



L.13 Electrode reactions involving electrocatalysts

Many industrially important electrochemical reactions, such as hydrogen evolution
[2-8], oxygen reduction [9-16], chlorine formation [17-20] and oxidation of CO [21-38],
require the presence of electrocatalysts. The most well-known example of
electrocatalysts is perhaps the Dimensionally Stable Anode (DSA) for chlorine
production. The DSA consists of a ruthenium dioxide electocatalyst coated on a
titanium support. The electrode can maintain a very high current density, 0.1-1.0
Acm'z,‘at an overpotential of only 30-70 mV. This is in contrast with the 500 mV

overpotential with the graphite anode. [39]

Besides ruthenium dioxide, nickel oxide / hydroxide is another example of
commonly used electrocatalyst in oxidation reactions. Nickel hydroxide modified
electrodes have been applied in the amperometric detection of carbohydrates, amino

acids and amines [40-45] and oxidation of alcohols [40, 46-48].

Although transition metals and their oxides are commonly used as heterogeneous
electrocatalysts, transition metal complexes are often selected as homogeneous catalysts
in electrochemical reactions. Compared to the solid state electrocatalysts, transition
metal complexes are more selective in catalytic reactions and their reactivites can be
tuned through the spectator ligands. In electrochemical oxidations, metal oxo

complexes are the most important class of electrocatalysts and they have been
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extensively studied. Metal oxo complexes are molecules that contain a M=O moiety.
As shown in Figure 1.3, the metal oxygen bond can be viewed as a ligand O* bound to

the metal centre.

2

<

Metal dr orbital PTo

Figure 1.3 Bonding in metal oxo complex.

Metal oxo complexes are important catalysts and intermediates for various
oxidation reactions, including chloride oxidation, oxidation of alcohols and
hydrocarbons as well as epoxidation of olefins. Perhaps the most wel} known example
in the literature are the iron(IV) oxo porphyrin cation radical intermediate in the
enzymatic cycle of cytochrome P450 [49-62] and the manganese(V) oxo Schiff base in

Jacobsen’s catalyst for the asymmetric epoxidation of olefins [63-69].

Electrochemically, metal oxo species can be generated by oxidation of metal aqua

or hydroxo species on the electrode surface:

-, -H' -, -H'
M—OH,———» M—OH——> M=0

The loss of electron from the M-OH; or M-OH species is accompanied by the loss



of a proton. The formation of the oxo species stabilizes the higher oxidation state of
the metal. These electron transfer reactions is accompanied by proton transfer and
called ‘proton-coupled electron transfers’. The stabilization of the metal in high
oxidation states is revealed in Scheme 1.1 in which a ruthenium polypyridyl oxo
complex is used as an example:

Scheme 1.1

cis-TRu™(bpy)CDIr LT o cis R bpy) @ 22V o s Rul(bpy)n D

dn dw dn®
(V verus NHE in 0.1 M [N(n-Buy)]PF¢/CH;CN) (1.1)[70]
, 078V 0671V
cis-[Ru" (bpy),(PYNO)?* ———= cis-(Ru"(bpy)y(PyY)OH)* —— - cis-[Ru'(bpy) (py)H,0)I""
dn dn’ dn®

(Vverus NHE, u=0.1MatpH7)

Where bpy = 2,2"-bipyridine and py = pyridine (1.2)(71]

The example shown in eq 1.1 is typical for Ru polypyridyl couples with oxidation
of Ru(Il) to Ru(Il) occurring at easily accessible potentials. The 1.7 V increase in
potential for the Ru™/Ru™ couple is due to the increase in charge and oxidation state

compared to the Ru/Ru" couple [70].

In the couples shown in eq. 1.2, the anionic CI" ligands are replaced by the neutral
pyridine (py) and H;O ligands. The increase in charge and changes in bonding

increase the potential for oxidation of cis-[Ru"(bpy)(py)(H,0)]** (Ru"-OH,*") to cis-
7



[Ru"'(bpy):(py)(OH))** (Ru"-OH*) by over 0.6 V [71-73]. The potential for
oxidation to the aqua complex Ru-OH,** based on the Ru™-OH,**/Ru"-OH,** couple
is even higher, 1.06 V. However, at pH 7 the relevant couple 1s Ru™-OH**/Ru"-OH,**.
The acidity of the Ru™-OH,** form is _greatly enhanced compared to Ru"-OH,*, pKa =

0.85, and the hydroxo complex Ru"-OH? is the dominant form at pH 7. [72]

The big surprise in eq 1.2 is the much smaller difference between the Ru" / Ru™
and Ru"™ / Ru" couples, 0.11 V compared to 1.7 V. These data point to a dramatic
stabilization of Ru(IV) in the aqua-containing coordination environment. This is
caused by proton loss and electronic stabilization of the higher oxidation state by oxo
formation. pK, values are 10.6 for Ru™-H,0%, and 0.8 and > 13 for the first and
second protons in cis-[Ru™(bpy)(py)H20)1** [74]. The Ru(IV) form exists as the
0x0 complex, cis-[Ruw(bpy)z(py)(O)]2+ (Ruw=02+). There is no sign of protonation at

the oxo group even in strong acids.

Stabilization of Ru(IV) as the oxo complex causes the near overlap of Ru™/Ru"
and Ru""/Ru" potentials. There is an important implication for reactivity in this near
overlap. Thermodynamically, Ru(IV) is nearly as good a two-electron oxidant as a

one-electron oxidant at pH 7.

In proton-coupled electron transfers, there is an initial association between

reactants, probably with hydrogen bonding between the O-H proton of the H,O or OH
8



ligand in Ru"-OH,** or Ru"™-OH?* and the oxidant. Association is followed by
proton-coupled electron transfer which is a synchronous process with simultaneous

transfer of both an electron and a proton from Ru"-OH; or Ru™-OH to the oxidant.

RU"-?“H. +[0x] — Ru"-C|)—H . [0x] (1.3)

H H
.
R@ x] Ru™-0 , H-[Ox]
, | (1.4)

Rum_cl, JHAOXT + —» Ru"-OH + H{Ox] (1.5
H

Proton-coupled electron transfer is different from H-atom transfer [75]. In
H-atom transfer, both the electron and proton come from the same O-H bond. If
H-atom transfer occurred in eq. 1.4, it would give the intermediate Ru"(OOI-I)2+ rather

Il

than Ru"(OH)**. From spectroscopic measurements, a OH' —=Ru™ charge-transfer

band is observed at 312 nm [75], which suggests that Ru"(¢OH)*" is higher in energy by

>2eV, ruling it out as an intermediate in the reaction.

It is interesting to note why a proton-coupled electron transfer should occur, but
not electron transfer followed by proton transfer or vice versa. The answer can be
illustrated by the energetic of the possible pathways as shown in Scheme 1.2, in which

the oxidant for Ru'-OH, is a Ru'Y=0 species. This comproportionation reaction has

9



been reported by Meyer and his co-workers [72, 74).

Scheme 1.2

[(bpy)2(py)Ru"™01* + ((bpy)s(py)RuT-OH >
(a} I AG* >055eV
. (<)

act = +0.44 eV m %
2[(bpy)z(py)Ru"-OH]™" (1.6)

[(bpy)2(py)RUV=0]** + [(bpy)x(py)Ru'-OH,**
AGE = -0.1leV

®} lAG“ >0.5% eV

[(bpy)a(py)Ru'Y=OHT** + [(bpy):(py)Ru"-OH]*

The net reaction in Scheme 1.2 requires that both an electron and a proton are
transferred from Ru'-OH,** to Ru™V=0?*. Three possible mechanisms can do this. In
reaction (a), electron transfer is followed by proton transfer. This is an accessible
pathway. However, because Ru"-O" is formed without a proton and the estimated
pKa for Ru"™-OH?" is >13, this pathway is uphill by at least 0.55 eV. This is the
minimum free energy of activation. Its magnitude rules out a major role for this pathway
since the experimental value for AG* is 0.44 eV. In reaction (b), proton transfer is
followed by electron transfer. The driving force is even less favorable (> +0.59 eV)

due to the initial formation of protonated Ru™=OH*" and deprotonated Ru'-OH".

Because of the special orbital characteristics of Ru" =02+, which allow it to accept
both an electron and a proton, and of Ru"~OH22+, which allow it to donate both an
electron an a proton, proton-coupled electron transfer in reaction (c) is orbitally

accessible. It is by far the low-energy pathway, being favoured by -0.11 eV, and
10



dominates reactivity in this case. Simple electron transfer is disfavoured because of
the thermodynamic instability of the deprotonated Ru™-O" intermediate. Proton
transfer is disfavoured largely because of the low affinity of the oxo group for a proton.
The above explanation also implies that in order for an oxidant to promote
proton-coupled electron transfer in metal aqua or hydroxo complexes, it shouid contain
certain special features which can facilitate this complicated mechanism. A summary
on the literature reported electrochemical generation of metal oxo species is given in

section 1.2.

11



1.2 Review on the Electrogeneration of Metal Oxo Complexes and

Their Applications in Electrocatalysis

A number of metal oxo complexes, including those of chromium, manganese,
rhenium, osmium and mthenium, have been generated electrochemically from their
corresponding aqua or hydroxo complexes. In the following sections we will review
briefly these processes in order to have a better understanding on the interconversion

between metal aqua, metal hydroxo and metal oxo species.

1.2.1 Chromium oxo complexes

Murray and co-workers have reported the electrochemical generation of a stable
formed Cr(V)-oxo porphyrin species from the corresponding Cr(IV)-oxo porphyrin in
dichloromethane [76]. This Cr(V)-oxo species is active towards the epoxidation of
olefins. Anson and co-workers have reported the electrochemical generation of a
Cr'=0 species from Cr"'-OH; in chromium-substituted heteropolytungstate anions [77).
The Cr'=0 species reacted with alcohols, but the rate of the oxidation were too slow to
make the Cr(V) derivatives attractive as electrocatalysts. Bruce and co-workers [78,
79] have studied the electrochemical behaviour and pK, values of various oxidation
states of chromium tetraphenylporphyrin in aqueous solution. As complexes of Cr¥
and Cr" are considered to be carcinogens and mutagens [80, 81], this limits their use

and applications in oxidation reactions.

12



1.2.2 Manganese oxo complexes

Electrocatalytic epoxidation of olefins with manganese porphyrin and Schiff-base
complexes was first stqdied by Murray and co-workers {82-84]. The electrocatalytic
epoxidation of cyclooctene with dioxygen using different manganese Schiff-base
complexes has recently been reported by Moutet and co-workers [85). Devynck and
co-workers [86, 87] have reported the electrocatalytic oxidation of hydrocarbons by
immobilized manganese porphyrin complexes via conducting polymers onto glassy
carbon electrodes. Wong and co-workers [88] and Tanaka and co-workers [89] have
also reported the enantioselective electrocatalytic epoxidation of olefins by chiral
manganese Schiff-base catalysts. The immobilization of the manganese catalysts onto
electrode surface can inhibit the formation of inactive manganese dimer, and moderate
ee values of 65 to 77% were obtained in the asymmetric epoxidation of stilbene and
styrene. Most interestingly, a number of polynuclear manganese oxo complexes are
active catalysts for the electrochemical oxidation of water to dioxygen [90-92]. A
major drawback of these manganese oxo catalysts is that the catalyst life is relatively

short, some can only survive a few catalytic cycles.

1.2.3 Rhenium oxo complexes

Rhenium aqua complexes with pyridine or bipyridine as ancillary ligand can be

13



oxidized to Re"=0 species with the loss of two protons and two electrons. An extensive
study of Re'-oxo and Re'-dioxo complexes, including [(PPhs)(Cl3)Re"=0],
[(CN)Re"(0)]”, [(en);Re"(O)I", trans-[(py)sRe"(0))" and [(salzphen);Re"(O)s]
(salzphen = N,N’-0-phenylenebis(salicylideneaminate) anion, en = ethyleneaiamine and
py = pyridine) [93-96] §hows rhenium (V) oxo species are stable in both solid state and
solution state. However, the rhenium oxo complexes are poor oxidants with low
oxidation potentials and the stability of the these species makes them inviable
candidates in catalytic oxidation reactions. Nevertheless, the stability of the rhenium
oxo complexes makes them attractive for fundamental studies to understand the kinetics

and mechanisms of metal oxo complexes.

1.2.4 Osmium oxo complexes

The aqueous electrochemistry of osmium polypyridyl complexes
[Os(tpy)(O):(OH)]" and [Os(tpy)(0)2(OH);] has been extensively studies by Meyer and
co-workers [97]. The electrochemistry of osmium di-oxo complexes
trans-[0sL(0);]*" and cis-[OsL(O);]** with macrocyclic tertiary amine ligands (L =
1,4,8,11-tetramethyl-1,4,8,11-tetra-azacyclotetradecane, 1,4,8,12-tetramethyl-1,4,8,12-te
tra-azacyclopentadecane, 1,5,9,13-tetramethyl-1,5,9,13-tetra-azacyclohexadecane, and
meso-2,3,7,11,12-pentamethyl-3,7,11,17-tetra-azabicyclo[11.3.1]heptadeca-1(17),13,15
-triene)} [98] have been reported by Che and co-workers. The osmium oxo complexes,

similar to the rhenium oxo complexes, are poor oxidants with low oxidation potentials.

14



No reaction with norbon-2-ene, styrene, and cis- and trans-stilbenes was found to occur.
Nevertheless, osmium oxo complexes are very stable and can be isolated easily. It
serves as an analogue for the more reactive ruthenium and even iron complexes for a

better understanding of the reaction mechanisms and kinetics in the formation of metal

oxo complexes.



1.2.5 Ruthenium oxo complexes

Among the various transition metal oxo complexes, ruthenium oxo complexes are
of particular interest and have received extensive attention in the past two decades.
Ruthenium (VIII) oxide [99] is a powerful oxidizing agent for organic substances such
as alkenes, aromatic hydrocarbons and alkanes. However, these oxidation reactions
often result in poor selectivity. Ruthenium (VI), ruthenium (V) and ruthenium (IV)
oxo complexes with different ancillary ligands have all been synthesized, isolated and
characterized. These ruthenium oxo complexes can be prepared either by chemical or

electrochemical oxidations.

All the reported Ru'-oxo0 complexes are mono-oxo species, most are paramagnetic
and contain at least one N-donor ligand. The Ru™=0 complex can be prepared by
cerium(IV) or electrochemical oxidation of Ru"-OH,. The complex
[Ru"(tpy)(bpy)(HZO)]2+ has been extensively studied by Meyer and co-workers
[100-102], and it was shown to effectively oxidize a variety of organic substrates
including alcohols, aromatic hydrocarbons, alkenes, phenols, hydroquinone and even
DNA (103-109]. Other Ru"'=0 complexes containing multi-dentate N-donor ligands
have  also  been  reported. These  include [Ruw(tpm)(bpy)(O)]2+,
[Ru"(tpy)(dcbpy)(O)I™, [Ru" (Mestacn)(bpy) (O, [Ru(tpm)(phen)(0)]*,
[Ru(bpy)(damp)(0)}** ,[Ru(biq)(bpy}(PEt;X0)]** and [Ru"™ (tpy)(($)-bpop)(O))** {105,

110-114] (tpm = tris(i-pyrazolyl)methane, tpy = 2,2°:6,’2"-terpyridine, dcbpy =

16



6,_6’-dichloro-2,2’-bipyridjne, Mestacn = 1,4,7-trimethyl-1,4,7-triazacyclononane, phen

= 1,10-phenanthroline, big = 2,2’-biquinoline, (S)-bpop
2,2-bis(2-(4-(S)-phenyl-1,3-oxazolinyl))propane, damp =

2,6-bis-((dimethylamino)methyl)pyridine).

Ruthenium(IV) oxo complexes can be electrochemically generated in-situ on

electrode surface which then act as electrocatalyst for the oxidation of various organic

and inorganic substrates.

u''—OH; Substratey

electrode surface /
/ RuY=0 Substrate

Figure 1.5 Electrocatalytic oxidation by Ru"v=0.

Early work in the 1980’s by Meyer and co-workers on ruthenium polypyridyl
complexes {72, 115, 116] showed that the aqua ligand can be electrochemically oxidized
to the corresponding oxo complexes. Studies on the use of these complexes for the
electro-oxidation of organic substrates have been reported [117-119]. In general, the
electrochemical oxidation of the ruthenium (II) aqua complexes to ruthenium (IV) oxo
complexes proceeds in two one-electron one-proton steps as shown in equations (1.7)

and (1.8):

RWOH+H'+¢ E7 (17
Ru'V=0 + H* +¢ E} (1.8)

Ru'-OH,
Ru'_OH
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The E° values of the RuY=O/Ru"-OH and Ru"™-OH/Ru"-OH, couples shift
cathodically with increase in pH in a manner predicted by the Nemst equation. The
two couples observed which are found to shift cathodically by -60 mV per pH unit as

the pH range 1 < pH < 9, which is consistent with one-electron, one-proton transfers

[116]).

Many research groups have attempted to tune the reactivity of the ruthenium
complexes by changing the spectator ligands. For [Ruw(tpy)(diarrline)(O)]2+ [110, 116,
120, 121], the E;; values for the Ru" / Ru™ and Ru™ / Ru" couples fall in the order of
diamine: tmea < bpy < dcbpy (tmea = N,N,N’,N’-tetramethyl-1,2-ethylenediamine),
which follows the order of their relative ¢-donor strength. A comparison of the
electrochemical data for some [Ru"™(L)(bpy)(O)}** complexes also reveals that
replacement of the pyridy! ligands by Mejtacn leads to a substantial decrease in Ejp
values for the of the Ru"/Ru™ and Ru"YRu" couples (in Table 1.1). At pH 7,
[Ru" (tpy)(bpy)(0))** and [Ru™(tpm)(bpy)(0)]** are more oxidizing than

[RuW(Megxtacn)(bpy)(O)]2+ by ca. 80 and 170 mV, respectively.

In the voltammograms recorded for the ruthenium aqua complexes in aqueous
medium, it is noted that the Ru'"-OH / Ru"-OH, couple is usually reversible with E;;;
shifting cathodically by —60 mV per pH units. The size of the Ru"=0 / Ru"-OH,
however, is usually much smaller than the Ru'""-OH / Ru"-OH, couple and its

reversibility is strongly affected by electrode surface conditions. The use of different
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electrodes e.g. gold, platinum and glassy carbon electrodes will give different
voltammograms for the Ru"™=0O/Ru"-OH couple.  This indicated that the
electrochemical formation of Ru™¥=0 from Ru™-OH is kinetically slow. The slow
kinetics of the formation of Ru" =0 limits the applications of ruthenium oxo complexes

as electrocatalysts.
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Table 1.1 Summary of Formal Potentials for Selected Ru Complexes in Aqueous

medium
Complex Ein (Vvs. Ag/AgCl)

E]fz (HI/H) Elfz (IV/HI) pH Ref.
[Ru(tpy)(bpy)(H:0)1** 0.49 0.62 7.0 (116)
[Ru(tpy)(tmea)(H,0)]** 0.35 0.54 7.0 [120]
[Ru(tpy)(dcbpy)(H0)** 0.55 0.74 7.0 [110)
[Ru(tpm)(bpy)(H,0))** 0.40 0.71 7.0 [112]
[Ru(tpm)(phen)(H.0)]** 0.41 0.71 7.0 (112
[Ru(Mestacn)(bpy)(H,0)]** 0.28 0.53 7.0 [111)
[Ru(biq)(bpy)(PEt;)(H,0)1** 0.48 0.69 6.8 [113)
[Ru(bpy)2(PMez)(H.0))** 0.49 0.80 7.0 [122]
[Ru(bpy)2(PPhs)(H,0))** 0.50 0.76 7.0 [122]
[Ru(tpy)((S)-bpop)(H,0)]1** 0.41 0.54 6.86 [114)
[Ru(bpy)(damp)(H,0)]** 0.61 0.75 7.0 [105]

tmea = NNN'.N'-tetramethyl-1.2-ethylenediamine, tpm = tris(1-pyrazoly)methane, tpy = 2,2':6,'2"-terpyridine, dcbpy =
6.6'-dichloro-2,2'-bipyridine, phen = 110-phcoanthroline, Mestacn = 1,4,7-trimethyl-1,4,7-triazacyclononane, biq =

2,2’-biquinotine, (S)-bpop = 2,2-bis(2-(4-(S)-phenyl-1,3-oxazolinyl)}propane, damp = 2,6-bis-((dimethylamine)methyl)pyridine)
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Meyer and co-workers [123] have investigated the use of activated glassy carbon to
promote the oxidation of Ru"-OH to Ru™¥=0. Oxidative activation of glassy carbon
electrodes leads to the catalysis of heterogeneous charge transfer for couples involving
[Ru"(bpy)2(H,O)NOH)]** and [Ru"(NH;)s(OH)]** where there are changes in proton
content upon oxidatioq. By comparing the spectral and electrochemical results, they
suggested the basis for electrode activation may be the appearance of phenolic-like
group on the glassy carbon surface and their subsequent involvement in proton-coupled
electron transfer. Based on these results, Anson and co-workers [124, 125] have
investigated the electrogeneration of Ru™=0 species on edge-plane pyrolytic graphite
electrode (EPG) and glassy carbon electrodes with adsorbed quinones, and rate
enhancement was observed in some, but not all, cases. It is believed that the phenolic

group on EPG facilitates the proton-coupled electro-oxidation reactions.
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Meyer and co-workers then investigated the comproportionation reaction

between [Ru(bpy)2(py)X0)1** and [Ru(bpy)x(py)(H,0))** to give [Ru(bpy),(py)(OH)J?".

The reaction was found to occur at a rate constant of 2.1 x 10° M''s! and a kinetic

21



isotope effect of k(H,0)/k(D0) = 16.1 at 25°C. [73) The importance of proton transfer
in the comproportionation reaction has thus been demonstrated. Recently, they have
re-investigated the electrochemical oxidation of Ru™-OH, to Ru™=0 by using
ruthenium complexes with a modified bipyridine ligand 4,4’-(PO;H,);bpy
(4,4-(PO3H,)bpy = 2,2’-bipyridyl-4,4’-diphosphonic acid) which allows the ruthenium
complex to be covalently linked onto indium tin-oxide electrode surface.

0. OH HO, 0

W/
HO—P P—OH

7 N__ & N
C}Q (4,4'-(PO3H,);bpy)

They found that the appearance of the Ru"/Ru'" couple depends on the loading of
ruthenium complex on indium tin-oxide electrode. The Ru™/Ru™ couple only appears
at high complex coverage of the electrode surface. Based on this observation, they
purposed that the oxidation of Ru™OH to RuY=0 occurs via a disproportionation

mechanism as follows

H*
Ruli__ OH2+ HO um 2+ Ru“_ OH22+ o— Rul\f 2+ Rulll 0H2+ O0— Ru]\" 2+

| .l
S S ST TS

According to their proposal, the second couple assigned previously as Ru™/Ru™

arrives from the further oxidation of the Ru"-OH, generated from the disproportionation

reaction.

Besides ruthenium polypyridyl complexes, high valent trans-dioxo and cis-dioxo
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Ru(VI) and Ru(V} complexes of macrocyclic tetramine ligands such as 2,3,2-tet, cyclam,
[15]aneNs and [l6]aneN, (2,3,2-tet = 3,7-diazanonane-1,9-diamine, cyclam =
1,4,8,11-tetraazacyclotetradecane, [15)aneNy = 1,4,8,12-tetraazacyclopentadecane,
[16]aneNs = 1,4,8,11-tetraazacyclohexadecane) [126-128] have also been extensively
investigated by Che anq his co-workers. Similar to the polypyridyl complexes, the
electrogeneration of Ru=0 species from the ruthenium aqua macrocyclic complexes is

also kinetically slow.

Whereas mono ruthenium complexes are active oxidants for varioué organic
substrates, binuclear ruthenium oxo complexes are active catalysts for multi-electron
processes such as the electrochemical generation of O, from H,O. The most well
known example is the pw-oxo ruthenium dimer [(HzO)(bpy)gRu"'—O-Ru'"(bpy)g(OHz)]4+
reported by Meyer and co-workers {129-131]. Recently, Tanaka and co-workers have
also reported a binuclear complex [Ru'"(3,6-'Bu,q)(OH)(btpyan)(HO)(3,6-'Buq)Ru’**
(btpyan = 1,8-bis(2,2":6',2"-terpyridyl)anthracene, ‘Buyq =
3,6-di-tert-butyl-1,2’-benzoquinone) [132, 133] that is active towards the

electrocatalytic oxidation of water to dioxygen.

Several research groups have tried to immobilize the ruthenium complexes onto
the electrode surface to fabricate chemically modified electrodes for electrocatalysis.
Deronzier and co-workers [134-140] have designed several bipyridine-based ligands

with pendant pyrrolyic groups. The ruthenium complexes of these ligands have been
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prepared and they can be electropolymerized onto electrode surface by anodic oxidation
of the pyrrole group. The immobilized ruthenium complexes have been used to
catalyze alcohol oxidations [135, 141]. However, these ruthenium complexes can only
be electropolymerized in non-aqueous medium such as dichloromethane or acetonitrile,
and the resulting po_lymer films are electroinactive in aqueous medium. Thus the
electrochemical formation of Ru™=0 species, which requires the presence of water in

the electrolyte, is prohibited.

24



1.3 Aims and Objectives of this Project

Ruthenium oxo complexes are potentially useful in electrocatalytic oxidation
reactions. However, the slow kinetic in the electrogeneration of the ruthenium oxo
species limits their applications. Based on the literature results and previous study in
our laboratory, it appeérs that the kinetics for the electrochemical formation of Ru=0
can be promoted by the presence of nearby functional groups such as quinones, which
can facilitate the deprotonation of the Ru-OH species, and by the interaction of nearby
Ru-OHrspecies during the oxidation process. In this project, we aim at designing
ruthenium catalysts with fast kinetics in oxo formation. Several approaches were

adapted in our investigation.

(1) We have designed an electropolymerizable ligand containing both a
dipyridylamine and a pyrrolyic unit, N-(3-N,N’-bis(2-pyridyl)propylamino) pyrrole
(PPP). The synthetic procedures allow the preparation of the ligand in gram quantity
method. The ruthenium aqua complex of this PPP ligand has been prepared. This
ruthenium aqua complex can be electropolymerized in aqueous medium which is the
first example in the literature. It is shown that the placement of a high concentration of
ruthenium moieties in the polymer film would facilitate the formation of Ru=0 species
through interaction of nearby Ru-OH moieties. The results will be discussed in

chapter 2 of this thesis.
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(2) Previous studies have shown that ruthenium aqua complexes with
6,6'-dichloro-2,2’-bipyridine (dcbpy) have relatively fast kinetics on oxo formation
[110). We have obtained the X-ray crystal structure of [Ru(tpy)(dcbpy)(HZO)]2+ and
cis-[Ru(dcbpy)z(H20)2]2+. The correlation between structure and electrochemistry will

be discussed in chapter 3 of the thesis.

(3) We have designed and synthesized two new binuclear ligands that contain two
dipyridylamine units N,N,N’ N’-tetra(2-pyridyl) ethylenediamine (ETHPY) and
1,8-bis(2,2-dipyridylamino) anthracene (BDPAA). The binuclear ruthenium aqua
complexes of these two ligand have been prepared with the aim to promote the
formation of Ru=0 through the close interaction of two ruthenium moieties. The

results will be discussed in chapter 4 of this thesis.
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Chapter 2

Synthesis, Characterization and Electrochemical Studies of a

Electropolymerizable Ruthenium Aqua Complex with Pyrrole -

Functionalized 2,2’-Dipyridylamine
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2.1 Introduction

Polypyridines are one of the most versatile classes of ligands in coordination
chemistry.  Various attempts have been made to prepare chemically modified
electrodes for electrocatalysis by immobilizing these ligands and their metal complexes
onto the electrode surface. Murrary, Meyer, Abrufia, Pickup and Moutet have
pioneered the area of the electrode surface modification with polypyridyl based
transition metal complexes [142-148]. Their strategy is to add a vinyl substituent on the
polypyridine ligand which can then be electropolymerized. Deronzier and co-workers
has synthesized a number of polypyridine ligands with a pyrrole pendant group [140,
149-151]. They have also conducted extensive studies on the electropolymerization of
the Ru [152-154], Re [149-151]) and Mn [155, 156] complexes of these ligands.
However, these pyrrole-containing polypyndine ligands are difficult to synthesize and

the yields are often extremely low (only a few percent).

2,2’-Dipyridylamine (dpa) is a ligand closely related to 2,2’-bipyridine. It contains
a —NH group bridging two pyridines in the ortho positions. There has been much
interest in the coordination chemistry of 2,2’-dipyridylamine [157]. 'We reasoned that
the amine nitrogen in this ligand can be easily functionalized to incorporate an
electropolymerizable moiety such as a pendant pyrrolic unit. This has led us to design
the synthesis of a novel ligand, N—(3~N,N'-bis(2-pyridyl)pr0pylamino)pyrrole {PPP).

We will report the synthesis of the PPP ligand and its ruthenium complexes in this
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chapter. The electropolymerization process was probed by cyclic voltammetry in both

aqueous and non-aqueous media.
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2.2 Experimental Section
2.2.1 Synthesis

Materials

Ruthenium trichloride trihydrate, N-(2-cyanoethyl)pyrrole(97%),
2,2’-dipyridylamine (99%), LiAlH, (95%), 2,2°:6’,2"-terpyridine (tpy, 98%),
2,2’-bipyridine (bpy, 98%), lithium perchlorate (99%), tetrabutylammonium perchlorate
(TBAP, 98%), silver p-toluene sulfonate (99%) and -BuONa (97%) were purchased
from Aldrich Co. BINAP (98%, racemic} was purchased from Strem Co. [Ru(tpy)Cls]
[116], [Ru(tpy)(bpy)Cl] [116], Pd(dba); (dba = dibenzylideneacetone) [158]

N-(3-aminopropyl)pyrrole [159, 160] were synthesized by literature reported methods.

Synthesis of ligands

N-(3-aminopropyl) pyrrole [159, 160]

=
S
A solution of 5.0 g N-(2-cyanoethyl)pyrrole in 50ml dry diethyl ether was added

very slowly to a slurry of LiAlH4 (1.2 eq.) in 50 ml of dry diethy! ether. The mixture

was gently heated at reflux under argon in darkness for 24 h. After cooling to room
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temperature and chilled in an ice bath, 50 ml of double distilled water was added very
slowly and cautiously (Caution: LiAlHy reacts with water vigorously). The agueous
layer was extracted with diethyl ether (3 x 50 ml). The combined organic layers were
dried over anhydrous Na,SO4 and diethy! ether was then removed by rotary evaporation
to yield pale brown oil. The crude product was distilled under vacuum to give a clear
colourless oil. leci: 3.1 g (62%). IR (cm™"): 3369 (s), 3097 (s) 2931 (s), 1552 (m),
1501 (s), 1352 (s), 1280 (s), 1090 (s), 1060 (s), 727 (s) 653 (m), 618 (s). "H-NMR (C¢Ds,
& ppm): 6.45 (t, 2H), 6.31 (t, 2H), 3.39 (t, Pyr-CH,CH,-), 2.16(t, -CH;NH;), 1.28 (qnt,
-CH,CH,CHy-), 027 (br 5, -CHoNHy). UV-Vis(CH;Cl/ Agax, nm / €, M'cm’'): 295

(13500). ESI-MS m/z: 124 (M+H)".

N-(3-N,N’-bis(2-pyridyl)propylamino) pyrrole (PPP)
7\

N== ===
. ”\/\/Q
@

A mixture of 2-bromopyridine (5 mmol, 0.5 ml), N-(3-aminopropyl)pyrrole (6
mmol, 0.75 g), Pdy{dba); (0.2 mmol, 8 mmol% Pd, 90 mg), BINAP (0.2 mmol, 0.125 g)
and r-BuONa (10 mmol, 0.67 g) was stirred at room temperature under argon for 5
minutes. A solution of 2-bromopyridine in toluene (0.5 ml of 2-bromopyridine in 45 ml
toluene, 0.11 M) was added to the above mixture at room temperature. The resulting
mixture was heated at 70 °C under argon for 16 h, and stirred at room temperature for
another 4 h. After this period, 50 ml of diethyl ether was added, and the mixture was

washed with saturated brine (3 x 50 ml). The organic layer was dried over anhydrous
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sgdium sulfate, and the solvents were removed under vacuum to give dark brown oil.
The crude product was purified on a silica column using ethyl acetate/n-hexane (1:2)
containing 0.5~1% triethylamine as eluent to give a yellow-brown oil. Yield: 0.75 g
(45%) '"H-NMR (CDCls, § ppm): 8.34 (d, 2H), 7.48 (gnt, 2H), 7.03 (d, 2H), 6.84 (t,
2H), 6.61 (d, 2H), 6.13 (d, 2H), 4.22 (t, 2H), 3.95 (t, 2H), 2.18 (gnt, 2H). IR: 3369 (s),
3298 (m), 3121 (s), 309’.1 (s), 2931 (s), 2867 (s), 1599 (s), 1552 (s), 1501 (5), 1499 (m),
1280 (s), 1090 (s), 727 (s), 618 (s). ESI-MS: m/z 279 (M+H)", UV-Vis(CH;Cly/ Amas,

am /€, M cm™): 292 (18300).
Synthesis of ruthenium complexes
[Ru(tpy)(PPP)CIICIO,

A mixture of 330 mg of [Ru (tpy)Cl] (0.75 mmol), 0.5 g of LiCl, 200 mg of
N-(3-N,N’-bis(2-pyridyl)propylamino) pyrrole (PPP) (0.75 mmol} and 1.0 ml of
tricthylamine was gently refluxed under argon for 2.5 h in about 40 ml of absolute
ethanol. After the mixture had been cooled to room temperature, the solution was
filtered to remove any insoluble material. The filtrate was concentrated to about 5 ml
and 20 ml of saturated NaClO, aqueous solution was added. Pale brown
microcrystalline solid separated out upon standing which was collected by filtration,
washed thoroughly‘with water and ether and dried in a vacuum oven. Yield: 0.52 g

(93%) 'H-NMR (CD;CN, § ppm): 9.54 (d, 1H), 836 (d, 2H), 8.30 (d, 2H), 8.16 (d,
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2H), 8.05 (t, 1H), 7.87 (dt, 3H), 7.36 (dt, 5H), 6.75 (d, 1H), 6.67 (d, 1H), 6.57 (s, 2H),
6.40 (1, 1H), 6.00 (s, 2H), 3.85 (t, 2H), 3.36 (t, 2H), 1.05 (t, 2H). ESI-MS: m/z 747. IR
(KBr pellet, cm™): 1599 (m, v C=N), 1462 (s), 1486 (w), 1090 (s), 768 (m), 733 (m),
623 (m). UV-Vis (CH;CN/ Amay, nm / €, M'em’™"): 275 (27600), 318 (24300), 368 (sh),
503 (br) (5300). Elemental analysis for C3;Hy9N;Cl,04Ru. Caled : C, 51.4; H, 3.9; N,
13.1. Found: C, 51.8; ﬁ, 4.1; N, 13.3. ESI-MS m/z: 649 (M+H)" .Crystals suitable
for X-ray diffraction study were obtained by diffusing diethyl ether to an acetonitrile

solution of [Ru(tpy)(PPP)CI](C1Oy).

[Ru(tpy)(PPP)(H,0))(Cl0x),

A mixture of 024 g of [Ru(tpy}PPP)CIJICIO; and 0.13 g of silver
p-toluenesulfonate was gently refluxed for 1 h in 40 ml of 1:3 acetone-water in the dark.
After being cooled to room temperature, the mixture was filtered to remove the
precipitated AgCl. 15 ml of LiClO, saturated solution was then added to the filtrate and
the resulting mixture was chilled ovemight in a refrigerator. The microcrystalline
dark-red precipitate of [Ru"(tpy)(L)(H,0))(ClO4), was collected by filtration, washed
with minimum amount of cold water and diethyl ether and air dried. Yield: 0.18 g
(68.9%) IR (cm’', KBr pellet): 3440 (m), 3093 (w), 2972 (w), 2925 (w), 1633 (w),
1600 (w), 1463 (w), 1445 (s), 1093 (s), 769 (s), 624 (m). UV-Vis (H;O/ Ay, nm / g,
M'lcm'*): 273 (28420), 310 (27000), 350 (sh), 464 (br) (5000). Elemental analysis for
C3oHy N.CO4Ru. Caled: C, 46.3; H, 3.7; N, 11.8. Found: C, 46.8; H, 3.5; N, 12.0.
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ESI-MS m/z: 306 (M-H,0)*

[Ru(tpy)(PPP)Y(CH;CN)I(C104),

0.5 g of [Ru(tpy)(PPP)(H,0)](C104), was dissolved in 30 ml of dry CH;CN. The
mixture was gently refluxed for 30 minutes in the dark. After being cooled to room
temperature, the solvents were removed under vacuum. The microcrystalline dark-red
precipitate of [Ru(tpy)(PPPY(CH;CN)][CIO,4); was collected by filtration.  Yield: 0.46
g(90%). UV-Vis (CH;CN/ Amax, nm/ €, Mem™): 271 (28820), 308 (27350), 354 (sh),
472 (br) (5000). Elemental analysis for C3sHjsCI,NgOgRu. Calcd: C,48.5; H, 4.07; N,

12.91. Found: C, 49.2; H, 4.10; N, 12.85. ESI-MS m/z: 327 (M)%*

[Ru(tpy)(dpa)ClIClO,

The complex can be prepared by procedures similar to those of
(Ru(tpy)(PPP)CI1]CIO,. A mixture of 220 mg of [Ru(tpy)Cl;] (0.5 mmol), 0.5 gof LiCl,
85.5 mg of 2,2’-dipyridylamine (dpa) (0.5 mmol) and 1.0 ml of triethylamine was
gently refluxed under argon for 1.5 h in about 40 ml of absolute ethanol. After the
mixture had been cooled to room temperature, the solution was filtered to remove any
insoluble material. The filtrate was concentrated to about 3 ml, and 20 ml! of saturated
NaClO,; aqueous solution was added to the concentrated residue. Pale brown
microcrystalline solid separated out upon standing which was collected by filtration,

washed thoroughly with water and ether and dried in a vacuum oven. Yield: 0.32 g
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(87%). IR (cm™, KBr pellet): 3430 (m), 2955 (w), 2923 (m), 2825 (w), 3093 (w),
1628 (m), 1601 (m), 1447 (s), 1420 (w), 1109 (s), 769 .(s), 624 (w). ). UV-Vis (CH;CN/
Amar, nm / €, M'cm™): 239 (17700), 280 (18800), 310(sh) (15700), 492 (2200).
Elemental analysis for C;sHy0Cl;NgO4Ru.  Caled: C, 46.89; H, 3.15; N, 13.12. Found:

C,47.0;H,3.2;N, 13.0. ESI-MS m/z: 542 (M+H)"
2.2.2 Physical Measurements

Cyclic voltammetry was performed in a conventional two-compartment cell at
room temperature. A glassy carbon of area 0.07 cm® (BAS M2070) was used as the
working electrode. The counter electrode was a platinum wire loop and a Ag/AgCl (3.0
M NaCl) electrode (BAS M2074) was used as reference electrode. Cyclic voltammetry
and chronocoulometry were performed with a BAS 100 B/W potentiostat controlled by

a 586 microcomputer.

Non-aqueous electrochemistry was carried out in acetonitrile which was distilled
over CaH, under vacuum. The E;;; of the ferrocenium / ferrocene couple (szFe” 0)

measured in the solution was used as an internal reference.

UV-visible spectra were recorded on a Milton-Roy Spectronic 3000 diode array
spectrophotometer. 'H NMR spectra were obtained on a Brucker DPX-400 FT-NMR

spectrometer. Chemical shifts (5 ppm) were reported relative to tetramethylsilane
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(TMS). Electrospray-ionization mass spectra were recorded on a Finnigan mass
spectrometer (MAT 95). SEM spectra were obtained on a Leica Stereoscan 440
scanning electron microscope. The samples for scanning electron microscopy were
prepared by polymerizing ruthenium complex onto a demountable glassy carbon disk
electrode, and the resulting polymer films were dried under an air blower and sputter
coated with gold. Elemental analyses were performed by M-H-W Laboratories,

Phoenix, AZ, USA.

X-ray Crystallography

A suitable crystal of each of the complexes was mounted on a Bruker CCD area
detector using MoK, radiation (A =0.71073 A) from generator operating at 50KV, 30
mA condition. The intensity data of [Ru(tpy)(PPP)CI](ClO4) was collected in the range
0 to 180 degree. Frames of 1321 were taken in 4 shells. An empirical absorption
correction of SADABS (Sheldrick, 1996) program based on Fourier coefficient fitting
was applied. The crystal structures were determined by the direct method, yielding the
positions of part of the non-hydrogen atoms, and subsequent difference Fourier
syntheses were employed to locate all of the remaining non-hydrogen atoms which did
not show up in the initial structure. Hydrogen atoms were located based on Difference
Fourier Syntheses connecting geometrical analysis. All non-hydrogen atoms were
refined anisotropically with weight function W= 1/[6*(Fo®)+0.1000p]*+0.0000p, where

p=(Fo>+2Fc?)/3. Hydrogen atoms were refined with fixed individual displacement
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parameters. All experiments and computations were performed on a Bruker CCD Area
Detector Diffractometer and PC computer with the program of the Bruker Smart and
Bruker Shelxtl packages. Further crystallographic details and selected bond distances
and angles for [Ru(tpy)(PPP)CIJ(ClO;) can be found in the Results and Discussion

section.
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2.3 Results and Discussion

2.3.1 Synthesis and characterization

The synthesis of [Ru(tpy)(L)CI]" (L = PPP, dpa) can be accomplished with high
yield from the reaction between [Ru(tpy)Cl;3] and L [116]:

RuT(tpy)Cli] + L + & —2N o Ru'tpy)L)CI* + 2CT  (2.1)

In this reaction, triethylamine acts as a base as well as a reducing agent to assist the
dissociation of CI' from [Rum(tpy)Clg]. The ruthenium complex was isolated as

perchlorate salt and fully characterized by 'H-NMR, IR, UV-Vis, mass spectrometry and

elemental analysis.

The monomeric ruthenium complex has similar electronic spectroscopic properties
to the bpy or dpa analogues. A summary of the electronic absorption spectral data is
given in Table 2.1. The spectra of the different complexes are shown in Fig. 2.1. The
incorporation of PPP in place of bpy or dpa in the ruthenium complexes does not result
in any significant changes in the electronic spectrum. The Ru (dn)—tpy (n) transition
appears to overlap with the Ru (dn)—L (1) charge transfer bands resulting in a very
broad absorption band centered at round S00 nm. The similarity in the electronic

spectrum of [Ru(tpy)(PPP)CI]" and [Ru(tpy)(dpa)CI]* suggests that the grafted pyrrolic
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group with saturated carbon chain on the N atom of the dpa ligand introduces only

minor perturbation to the dpa unit.
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Fig 2.1 Electronic absorption spectra for [Ru(tpy)(PPPXCI)]", [Ru(tpy)(dpa)(C1)]" and
[Ru(tpy)(bpy)X(CD]" in CH;CN at room temperature.

a: [Ru(tpy)(PPP)Y(CD)], b: [Ru(tpy)(dpa)(CD)]" ¢: [Ru(tpy)(bpy) CDI
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Table 2.1 Electronic absorption spectroscopic data for the [Ru(tpy)(L)CI]* *

Complex Wavelength (nm) e M?em™) Assignment
[Ru(tpy)(PPP)CI]* 238 2.76 x 10* L:n-n’
279 | 2.93 x 10° tpy: T-T
318 2.43 x 10* tpy: M-
503 0.53 x 10° MLCT
[Ru(tpy)(bpy)CI]* 237 2.44 x 10 T
280 2.27 x 10* -1
291 2.64 x 10* T
315 2.25x 10* tpy: T-1
501 0.71x 10 MLCT
[Ru(tpy)(dpa)CI]* 239 1.77 x 10* -1
280 1.88 x 10* -
310 (sh) 1.57 x 10* tpy: T-T
492 0.22x 10* MLCT

# Recorded at room temperature in acetonitrile solution.
PPP = N-(3-N,N’-bis(2-pyridyl)propylamino)pyrrole, bpy = 2,2’-bipyridine,

tpy = 2,2°:6’,2”-terpyridine, dpa = 2,2’ -dipyridylamine
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2.3.2 X-ray structural determination of [Ru“(tpy)(PPP)Cl]ClO4

The ORTEP plot of ruthenium complex [Ru'(tpy)(PPP)CI]* is depicted in Figure

2.2.  Crystallographic data are summarized in Table 2.2. Selected bond distances and

angles are tabulated in Tables 2.3 and 2.4 respectively.

The ruthenium coordination environment is a distorted octahedron with the tpy
ligand coordinated, as expected, in meridional fashion, the L ligand in cis fashion, and
the chloride atom frans to one of the PPP nitrogen atoms. The angle of
N(1)-Ru(1)-N(3) is approximately 159° and shortening of the Ru(1)-N(2) distance to the
central pyridyl of approximately 0.1 A with respect to Ru-N distances to the two outer
pyridyl rings are typical features observed in the structure of other Ru(Il) terpyridine
complexes [103, 161-166]). The N(4)-Ru-N(5) bond angle in [Ru(tpy)}(PPP)CI]*
(86.18(5)”)is 7° larger than that in [Ru(tpy)(bpz)CI]* (78.92(6)°) (bpz=2,2"-bipyrazine)

[167).
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Fig. 2.2 A perspective view of [Ru(tpy)(PPP)CI]" with atom numbering.
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Table 2.2 The crystal and structure determination data

[Ru(tpy)(PPP)CIICIO4#CH;CN

of

[Ru (tpy) (PPP)CICIO4CH;CN

Fomula

Formula weight

Crystal system

a(A)

b (A)

c(A)

Vv (A%

Density. (calculated) (Mg/m3)
Absorption coefficient (mm™)
Reflections collected
Independent reflections
Crystal size (mm)

0 range for data collection ()
Largest diff and hole ¢’ A
Completeness to 6
Absorption correction

Max. and min. transmission
Refinement method
Temperature (K)

R

WR2

F(000)

Goodness-of-fit on F

RuCi;HN7Cl«ClO4CH3CN
788.65
Triclinic
8.835(1), o= 78.695(3)°
13.821(5), B = 81.211(2)°
15.308(3), y = 72.176(2)°
1736.5
1.508
0.656
16442
7844
0.18x 0.14x 0.12
1.91 to 27.56
0.87 and -0.567
97.6 %
SADABS
0.948 and 0.932
Full-matrix least-squares on F*
293(2)
0.0494
0.1281
804
0.857




Table 2.3 Selected bond distance (A) of [Ru (tpy)(PPP)CIJC104CH;CN

Ru-Cl
Ru-N(1)
Ru-N(2)
Ru-N(3)
Ru-N(4)
Ru-N(5)
N(6)-C(32)

2.4130(5)
2.0702(11)
1.9586(11)
2.0698(11)
2.1058(10)

2.0730(13)

1.359(2)

N(4)-C(20)
N(7)-C(20)
N(7)-C(21)
N(5)-C(21)
N(6)-C(28)
N(6)-C(29)
N(7)-C(26)

1.3429(19)
1.4043(19)
1.4113(16)
1.3578(18)
1.453(2)

1.357(3)

1.4927(18)

45



Table 2.4 Selected bond angle (°) of [Ru (tpy)(PPP)CI]Cl04CH;CN

Cl-Ru-N(1)
CI-Ru-N(3)
Cl-Ru-N(5)
N(1)-Ru-N(3)
N(1)-Ru-N(5)
N(2)-Ru-N(4)
N(3)-Ru-N(4)
N(4)-Ru-N(5)
Ru-N(2)-C(6)
Ru-N(1)-C(1)
Ru-N(3)-C(15)
Ru-N(4)-C(20)
Ru-N(5)-C(25)
N(1)-C(5)-C(6)
N(2)-C(10)-C(11)
C(4)-C(5)-C(6)
C(9)-C(10)-C(11)
C(21)-N(7)-C(26)
C(28)-N(6)-C(32)
C(29)-N(6)-C(32)

89.62(4)
87.98(4)
178.09(3)
159.08(5)
91.73(5)

- 178.63(5)

99.13(4)
86.18(5)
118.83(10)
129.28(10)
129.15(10)
122.25(9)
119.94(10)
114.42(13)
113.52(13)
123.54(15)
126.80(16)
117.21(12)
126.24(16)
107.58(15)

Cl-Ru-N(2)
Cl-Ru-N(4)

'N(1)-Ru-N(2)

N(1)-Ru-N(4)
N(2)-Ru-N(3)
N(2)-Ru-N(5)
N(3)-Ru-N(5)
Ru-N(1)-C(5)
Ru-N(2)-C(10)
Ru-N(3)-C(11)
Ru-N(4)-C(16)
Ru-N(5)-C(21)

C(20)-N(7)-C(21)

C(5)-C(6)-N(2)

C(10)-C(11)-N(3)

C(5)-C(6)-C(T)

C(10)-C(11)-C(12)
C(20)-N(7)-C(26)
C(28)-N(6)-C(29)

87.33(5)
92.22(4)
79.57(5)
101.73(4)
79.56(5)
94.25(5)
91.23(5)
113.79(9)
118.55(10)
113.01(9)
119.94(10)
112.82(9)
119.94(10)
113.31(13)
114.93(13)
127.60(16)
123.68(15)
115.42(10)
126.17(15)
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2.3.3 Electrochemical behaviour of the ruthenium complexes

Cyclic voltammograms of the ruthenium complexes in non-aqueous medium

The cyclic voltammogram of [Ru (tpy)(PPP)CI]* in CH;CN is shown in Figure 2.3.
A reversible couple is obsérved at 0.81 V vs. Ag/AgCl. The stoichiometry of the redox
process (n = 1.0) was established by controlled potential coulometry. A comparison of
the Ei value of the l.lumlRuIl couple with those of analogues Ru complexes for the
three complexes is given in Table 2.5. The E,p for the Ru/Ru" couple decreases in
the order [Ru(tpy)(bpy)ClI* > [Ru(tpy)(PPP)CI]* ~ [Ru(tpy)(dpa)Cl]*. This is consistent

s

with the sequence of n-acidity which follows the order bpy > PPP ~ dpa.
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Fig. 2.3 Cyclic voltammograms of 0.5 mM [Ru(tpy)(PPP)CI]* in 0.1 M TBAP +
CH;3;CN recorded below the pyrrole polymerization potential.

Working

electrode: 0.196 cm” glassy carbon. Scan rate: 100 mVs’
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Table 2.5 Cyclic voltammetric data of the ruthenium complexes

Complex Ein of Ru"/Ru" couple AE; (mV)

(V vs. Ag/AgCl)

[Ru(tpy)(bpy)CIJ* 0.83 [168] 63
[Ru(tpy)®PPP)CI]* 0.79 57
[Ru(tpy)(dpa)CI]* 0.76 80

The ferrocenium/ferrocene couple was found to be 0.41 V vs. the Ag/AgCl
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Electropolymerization of [Ru(tpy)(PPP)CI]' and [Ru(tpy)(PPP)}(CH:CN)]** in

non-aqueous medium

The cyclic voltammograms of [Ru(tpy)(PPP)CI]* and [Ru(tpy)(PPP)(CHsCN)**
were recorded in acctonim'lc, dichloromethane and ethanol solution. Figure 2.4 shows
the successive cyclic voltammetric scans of [Ru(tpy)(PPP)CI]" in acetonitrile. In the
first scan, a reversible couple with Ei» = 0.79 V is observed which corresponds to the
Ru"/Ru" couple. Scanning the potential further towards the anodic direction leads to
the appearance of an irreversible anodic peak at E,, = 1.35 V which is assignable to the
irreversible oxidation of the pyrrolic unit. After the first voltammetric scan, a new
reversible couple starts to develop at 1.24 V upon repetitive scanning. The size of this
couple is smaller than the [Ru"(tpy)(PPP)CI]**/[Ru"(tpy)(PPP)CI]* couple.
Subsequent repetitive scans produce a significant increase of both couples at 0.79 V and
1.24 V. The increase in current upon repetitive scanning indicates the deposition of an
electroactive film on the electrode surface, which is an evidence for film growing.
This polymer film is stable and shows good adherence on the electrode surface as
shown by the voltammogram of the polymer-coated electrode in pure supporting
electrolyte (Figure 2.5). The electropolymerization of [Ru"(tpy)(PPP)C]]+ is believed
to proceed via radical-radical coupling of the pyrrole moieties accompanied by release

of protons.  Figure 2.6 shows the mechanism of pyrrole polymerization.
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Figure 2.6 Mechanism of pyrrole polymerization.

The new couple at 1.24 V does not appear when [Ru(tpy)(PPP)CIJ" is polymerized
in  dichloromethane. Only one reversible couple assignable as the
[Ru"(tpy)(PPP)CI}**/[Ru"(tpy)(PPP)CI]" couple at 0.8 V was observed in the cyclic
voltammogram recorded in CH,Cl; (Figures 2.6 an.d 2.7). The second couple at 1.24 V
in the cyclic voltammogram recorded in CH3CN is likely due to the substitution of
chloride ligand by the solvent acetonitrile. To confirm our postulation, we have
synthesized the complex [Ru(tpy}(PPP)(CH;CN)])(ClOy4),. Figures 2.8 shows the
cyclic voltammograms of [Ru(tpy)(PPP)(CH;CN)]2+ in acetonitrile which indicate a
reversible [Ru"'(tpy)(PPPYCH;CN)IJ**/[Ru(tpy)(PPP)(CH;CN)]** couple at 1.24 V.
This supports our argument that the second couple at in Figure 2.4 is due to the
formation of [Ru"(tpy)(PPP)(CH3CN)]2+. The appearance of this new couple is a

result of the substitution of the chloride ligand by acetonitrile upon successive oxidation
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and reduction, as Ru(Il) complexes are known to be substitutionally labile. This
agrees with the observation that no
[Ru"(tpy)(PPP)(CH;CN)I**/[Ru"(tpy)(PPP)(CH;CN)J** couple was observed in the
first cycle in Figure 2.4 and the couple only gradually developed from the second cycle
onwards. When the complex is polymerized in dichloromethane, only one reversible
couple appears. This is because dichloromethane is a much weaker ligand than

CH;CN and it cannot displace the C!” anion in the ruthenium coordination sphere.
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Fig24 Cyclic voltammograms of 0.5 mM [Ru(tpy)(PPP)CI]* in 0.1 M TBAP +

CH;CN. Working electrode: 0.196 cm’ glassy carbon. Scan rate: 100 mVs™!
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Fig 2.5 Cyclic voltammograms of poly[Ru(tpy)(PPP)CI]™ in 0.1 M TBAP + CH;CN.

Working electrode: 0.196 cm” glassy carbon. Scan rate: 100 mVs™!
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Fig 2.6 Cyclic voltammograms of 0.5 mM [Ru(tpy)(PPP)CI)* in 0.1 M TBAP +

dichloromethane. Working electrode: 0.196 cm?® glassy carbon. Scan rate:

100 mVs™!
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Fig 2.7 Cyclic voltammograms of poly[Ru(tpy)(PPP)CI]™* in 0.1 M TBAP +
dichloromethane. Working electrode: 0.196 cm® glassy carbon. Scan rate:

100 mVs™!
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Potential(V) vs. Ag/AgCl
Fig 2.8 Cyclic voltammograms of 0.5 mM [Ru(tpy)(PPPYCH;CN)]** in 0.1 M TBAP

+ CH;CN. Working electrode: 0.196 cm’ glassy carbon. Scan rate: 100

mVs’
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Electrochemistry of [Ru(tpy)(PPP)(Hzo)]z* in Ethanol

The electrochemical behaviour of [Ru(tpy)(PPP)(H;0)](ClO4); in ethanol was
investigated by cyclic voltammetry. In the first scan, an irreversible anodic peak is
observed at about 1.2 V corresponding to the oxidation of the pyrrolic unit. After the
first scan, only one couple is observed at Ejp = 0.95 V which is assignable as the
Ru"/Ru" couple (Figure 2.10). The following consecutive scans produce a significant
increase of the metal-based peak indicating the formation of a polymer film. Figure
2.11 shows the cyclic voltammograms for the polymer film when transferred to a blank
electrolyte solution. No waves of the polypyrrole backbone are observed since the
polymer was obtained in its overoxidized form during anodic polymerization [136].
The metal-based peaks are clearly observed with the Ru"™Ru" couple at E; = 0.95 V.
As 'H NMR data in C,DsOD showed that the aqua ligand in [Ru(tpy)(PPP)(H,0)1**
exchanges rapidly with the solvent molecules, the polymer obtained in ethanol is likely

to be poly[Ru(tpy)(PPP)(C,HsOH)]™ (C104),.
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Fig 2.10 Cyclic voltammograms of 0.5 mM [Ru(tpy)}(PPP)(H,0)}** in 0.1 M TBAP +

EtOH. Working electrode: 0.196 cm? glassy carbon. Scan rate: 100 mVs™
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Fig.2.11 Cyclic voltammograms of poly[Ru(tpy)(PPP)(H,0)]"" in 0.1 M TBAP + EtOH.

Working electrode: 0.196 cm? glassy carbon. Scan rate: 100 mVs’!
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Electropolymerization of the ruthenium complex in aqueous medium

The monomer [Ru(tpy)(PPP)(HzO)]2+ can be electropolymerized onto glassy
carbon electrode in agqueous medium by scanning the potential repeatedly from O to
1.3V in 0.1 M HCIO; solution (Fig. 2.12). This is the first report on the
electropolymerizatioﬁ of a pyrrole-containing ruthenium complex in aqueous medium.
The polymerization in all other reports in the literature were done in non-aqueous
solvents. In the first cycle, an anodic peak with low current is observed at E;, = 0.86
V corresponding to the oxidation of Ru(Il) to Ru(IIl). A second wide peak with much
higher ﬁnodic peak is also observed at E,, = 0.98 V corresponding to the irreversible
oxidation of the pyrrolic unit. The voltammetric reverisible couple Ru"/Ru" increases
continuously  upon  repetitive  scan, indicating the growth of a
poly[Ru(tpy)(PPP)(H;0)]™ film on the electrode surface. After the first cycle, two
reversible couples are observed, one at E,;; = 0.8 V and the other at E\» =0.89 V. The
subsequent consecutive scans produce a significant increase in size of both couples due
to the formation of the polymer on the electrode surface. The couple with Ei, = 0.89

V corresponds to further oxidation of the metal center from Ru(III) to Ru(IV).

The cyclic voltammograms of [Ru(tpy)(PPP)(HO)](ClO4); were different in
aqueous and non-aqueous medium. In aprotic medium, the oxidation of Ru(ll) to

Ru(III) occurs via.the reaction

[Ru"(tpy)(PPP)(R)I** [Ru(tpy}PPPYR)** 4+ ¢
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where R is the solvent molecule, such as CHsCN and EtOH, replacing the aqua ligand.

In protic medium, the Ru(II) metal centre can be oxidized to Ru(IIl} by loss of
one electron and one proton to form a Ru(IIl) hydroxo couple, which can then be further

oxidized to give a Ru(IV) oxo species

Figure 2.13 shows the Pourbaix plot of the E» values of both couples against
pH. From the Pourbaix diagram, it can be seen that at pH < 1.7, the slope for the

Ru"/Ru" couple is zero, whereas that for the Ru™/Ru™ couple is 120 mV/pH.

pH< 1.7
[Ru'l(tpy)(PPP)(OH,)]**

[Ru(tpy)(PPPYOH)* +€°

[Rul¥(tpy)(PPP)(O)]** + ¢ + 2H' [Ru(tpy)(PPP)(OH,)I*

From pH 1.7 to 10, the slope for both the Ru"/Ru" and the Ru™/Ru™ couples in the
P

Pourbaix diagram are equal to 60 mV/pH

1.7<pH< 10

[Ru''(tpy)(PPP)(OH,)1**

[Ru'(tpy)(PPP)OH)I** + ¢ + H*

(Ru" (tpy)(PPPYO)I** + ¢ + H [Ru(tpy)(PPP)(OH)}**
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At pH > 10, the slope for the Ru""/Ru" becomes zero, indicating the Ey; of the process

becomes pH independent.
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pH> 10

Ru(tpy)(PPPYOH)]** +e ——= [Ru'(tpy)(PPPYOH)**

Ru"(tpy)(PPP)O)]* + ¢ + HY ——= [Ru"(tpy)(PPP)(OH,)]**

Based on the above results, it can be estimated that the pK, for [Ru!"(tpy)}(PPP)(OH,))**

and [Ru"(tpy)(PPP)(OH;)]** are equal to 1.7 and 10 respectively.

Figure 2.14 shows the cyclic voltammetry of the poly-[Ru"(tpy)(PPP)(H,0)]™ film
in 0.1 M HCIO, under different scan rates, and Figure 2.15 shows the relationship
between the voltammetric current and the scan rate(v). The voltammetic peak current
(ip) is proportional to the square root of the scan rates(v)"?. This suggests a
diffusion-like behaviour for the oxidation of the ruthenium complex in the polymer film.
Similar observation has been reported for other metal-containing polymer films and the
diffusion-like behaviour was attributed to the hopping of electrons amongst the metal

centres in the polymer film.
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Fig 2.12 Cyclic voltammograms of 0.5 mM [Ru(tpy)(PPP)(H;0)]** in 0.1 M HCIOQ,.

Working electrode: 0.196 cm? glassy carbon. Scan rate: 100 mVs™
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Fig 2.13 Pourbaix diagram of E;;, vs. pH for poly[Ru(tpy)(PPP}H;0)]"".
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Fig 2.14 "Poly[Ru'(tpy)(PPP)H,0))*" film in 0.1 M HCIO, with different scan rates.

(Scan rate) for curves (1~7) = 500, 400, 300, 200, 100, 50, 20 mVs’

respectively.
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Fig2.15 Plots of the peak current vs. the square root of scan rate (v)’* for the

poly[Ru(tpy)(PPP)(H,0)]™ fiim.
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It is noted that the size of the Ru™/Ru™ couple is much smaller than that of the
Ru"/Ru", indicating that the formation of Ru'=0 is kinetically slow. However, on
comparing the Ru™/Ru™ couple in poly[Ru(tpy)(PPP)(H,0)]"* with that in the
monomeric couple [Ru(tpy)(dpa)(HzO)]z* (see Figure 4.9 in chapter 4), it can be seen
that the relative size of the Ru""/Ru™ couple in the polymer film in much larger than
that of the free mon-omer in solution. This indicates that incorporation of the
ruthenium aqua centres inside polymer can promote the oxidation of the complexes to
Ru™=0. Meyer and co-workers have proposed that the formation of Ru™=0 occurs
through a disproportionation mechanism

2Ru"—OH—»Ru"—0OH, + Ru''=

Ru"'—OH, -¢ - H' — Ru'"—OH
The distance between the two Ru"™-OH moieties will greatly affect the above

disproportionation reaction. In metal-containing polymer films, the metal centres

1

should be close enough to one another to facilitate the interaction of Ru™-QH moieties.

To test this hypothesis, we have recorded the cyclic voltammograms of polymer films
that were prepared in electrolytes containing different concentrations of
[Ru(tpy)(PPP)Y(H-0)]** and free pyrrole. The resulting polymer films should contain

ruthenium centres that are separated by different chain lengths of polypyrrole.
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The results are shown in Fig. 2.16. It is interesting to note that the Ru™/Ru™

diminishes in size as the distance between the Ru centre increases. Meyer proposed

the following mechanism for the formation of Ru™=0:

H 4+
2+ RN
ZERum—OI-_I—J Rum—O\ O— Ru'™

H
2+ 2+
‘—» Ezu“—on:zl + Ezu“’z o]

RuH—-OHz -e - H—— Ru'—OH
According to Meyer, the small couple that is assigned as Ru™/Ru"™ actually results
from the oxidation of the [Ru"-OH,]** generated by disproportionation. We doubt
why the Ey; for the oxidation of [Ru"-OH;}** from disproportionation should occur at a
different value than that of the original [RuI'-OH2]2+. An altemative mechanism is that

. H " . .-
the formation of [R o ; 0 —rRrau™ ] intermediate would facilitate the further

-

oxidation the ruthenium centre through easier deprotonation.

24 H 4+
ZBUIII—OH] — [Ru"—0" “o—Ru™
\H"

'H\ 4+
Ru”'——-O’\ "0__ R e H — RuY=0 , Ru'""—OH
H
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Fig 2.16 Poly[Ru'(tpy)(PPP)(H,0)]"* film prepared with different

[Run(tpy)(PPP)(HZO)]2+ and pyrrole mole ratio in 0.1 M HCIQ,. Scan rates:

10 mVs™!

Mole ratio for ruthenium complex : pyrrole (1) 75:25; (2) 50:50; (3) 44:56; (4)

40:60; (5) 36:64; (6) 30:70. The total concentration of ruthenium complex +

pyrrole is 1 mM.
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Electrocatalytic behaviour of poly[Ru(tpy)(PPP)(H,0)]** film toward exidation

reaction

The electrocatalytic behaviour of the poly[Ru(tpy)(PPP)(H,0)]™ film towards the
oxidation of benzyl alcohol was investigated. Figure 2.17 shows the cyclic

voltammograms of poly[Ru(tpy)(PPP)(H,0)]"" in 0.1 M HCIOy in the presence of

" couple was

benzyl alcohol. An increase in the anodic current of the Ru™/Ru
observed as benzyl alcohol was added, indicating that the poly[Ru(tpy)(PPP)(H,0)]"™*

film can catalyze the oxidation of benzyl alcohol at a reasonably fast rate.
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Fig 2.17 Cyclic voltammograms of poly[Ru(tpy}(PPP)Y(H,0)]™ in (a) 0.1 M HCIO,.

(b) Addition of 1 mM of Benzyl alcohol. Working electrode: 0.196 cm’

glassy carbon. Scan rate: 20 mVs™
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234  In-situ reflectance FT-IR spectroelectrochemistry

In-situ FT-IR spectroelectrochemical analysis of the polymer film gives important
information on film structure and electronic properties as a function of redox potential.
Figure. 2.18 shows the IR reflectance spectra of poly[Ru(tpy)(P_PP)(HZO)]“+ in0OI M
HCIO,4 solution recorded at different applied potentials. A new band located at
783cm™ was observed to appear gradually as the pote;ltial was increased from 0.75 V to

1.0 V. This band can be assigned to the Ru'™=O stretching [169].
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Figure 2.18 IR reflectance spectra of poly[Ru(tpy)(PPP)(H,0)]"™ in 0.1 M HCIO; at

different applied potentials.



It is interesting to note that no formation of the Ru=0 stretching band can be observed
in the IR spectra when the potential of the working electrode was held below 0.8 V,
which is beyond the potential for the oxidation of Ru(Il) to Ru(III) but below that for
the oxidation of Ru(l) to Ru(IV). This observation argues against the
disproportionation mechanism proposed by Meyer and co-workers. As each IR

spectrum was recorded after the potential of the electrode has been held for at least 3

I OH to occur

minutes, there should be sufficient time for the disproportionation of Ru
as compared to that in cyclic voltammetric studies. If the Ru™/Ru"™ couple in the
cyclic voltammograms actually arises from disproportionation of Ru™-OH, the Ru™=0
species generated from disproportionation should be observed in the IR spectrum at
potentials below 0.8 V. We therefore favour the assistance of deprotonation of
Ru"-OH by a nearby Ru™-OH moiety in the oxidation of Ru™-OH to Ru™¥=0 rather
than the oxidation of Ru'-OH, generated from disproportionation as the electrode

I

process for the Ru™/Ru couple.
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2.3.5 Scanning electron microscopy

The morphology of poly[Ru(tpy)(PPP)CI]™(C1O4)a and
poly[Ru(tpy)(PPP)H,01™(C10), films were studied by scanning electron microscopy.
Poly[Ru(tpy)(PPP)CI1]™*(ClOy), film and poly[Ru(tpy)(PPP)H,0]™(ClO,), film were
prepared from 0.5 mM monomer complex in 0.1 M TBAP + CH;CN and 0.1 M
HClO4 solution respectively on glassy carbon electrodes. The
poly[Ru(tpy)(PPP)C1]™(CIO,), film shows a shiny violet colour, while the
poly[Ru(tpy)(PPP)H,0]" (ClOQy), film is yellowish brown. The SEM images of the
two pélymers films are shown in Figure 2.19 and Figure 2.20 respectively. Both
films show a surface structure with protrusions [170]. The
poly[Ru(tpy)(PPP)H,0]™(C1Os), film prepared in aqueous media appears to be more
porous that the poly[Ru(tpy)(PPP)H,0]"*(C10O,), film prepared in non-aqueous media,

which is consistent with those results reported for polypyrrole films [171, 172].
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Fig 2.19 SEM image of poly{Ru(tpy)}(PPP)CI]"*(CIQys), prepared from 0.5 mM complex

in CH3CN + 0.1 M TBAP solution on glassy carbon electrode.
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Fig 2.20 SEM image of poly[Ru(tpy)(PPP)H;0]""(CiO,), prepared from 0.5 mM

complex in 0.1 M of HCIQ; solution on glassy carbon electrode.
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2.4 Conclusion

We have synthesized a novel ligand PPP and its ruthenium complexes. The
structure of [Ru(tpy)(PPP)(C1)]C1Os complex has been confirmed by the X-ray
crystallography. The ruthenium aqua complex [Ru(tpy)(PPP)(Hzo)]2+ can be
electropolymerized onto glassy carbon electrodes via anodic oxidation of the pyrrole
groups in both aqueous and non-aqueous medium. The resulting polymers are highly
conductive, as shown by cyclic voltammetric studies. The formation of Ru™=0 in
aqueous medium is promoted in the polymer as compared to that of the monomer in
solution. The interaction of nearby Ru"™-OH moieties is proposed as the mechanism
for the ease of electrochemical formation of the ruthenium oxo species in the polymer

film.
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Chapter 3
X-ray Structure of Ruthenium Aqua Complexes with

6,6’-Dichloro-2,2’-Bipyridine Ligand — Correlation between Structure

and Electrochemistry
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3.1. Introduction

Che and co-workers has prepared the Ru(IV) mono oxo complex
[Ru(tpy)(dcbpy)O]2+ [110] and Ru(VI) cis-dioxo cis-[Ru(dcbpy)zog]2+ [173] with the
6,6’-dichloro-2,2’-bipy1idine ligand (dcbpy). They showed that this chloro-substituted
bipyridine ligand is Iﬁom resistant towards oxidative degradation and hence the
ruthenium complexes are more robust catalysts in oxidation reactions. The E;. of the
Ru"/Ru" (0.55 V) and Ru™/Ru™ (0.74 V) couples for [Ru(tpy)(dcbpy)(H,0))** in pH 7
are more anodic than those of [Ru(tpy)(bpy)(H;;O)]2+ (0.49 V and 0.62 V) respectively
due to the electron withdrawing effect of the chloro-substituents. It is interesting to
note that the Ru™/Ru couple for [Ru(tpy)(dcbpy)(H,0)]** [110] is much more
well-defined than that of [Ru(t];)y)(bpy)(HZO)]2+ [116], indicating that the oxidation of
Ru"-OH to Ru™=O is more facile in [Ru(tpy)(dcbpy)(H,0))*". For
cis-[Ru(dcbpy)(H;0)]*, the Ru"/Ru", Ru™/Ru"™ and Ru'/Ru"”, Ru"/Ru" merge to
give two Ru™/Ru" and Ru"'/Ru" couples at 0.93 and 1.17 V respectively in 0.1 M acid,
which are again much more well-defined than those of cis—[Ru(bpy)z(H20)2]2+. The
change in the shape of the voltammogram is unlikely due to steric effect because the
cyclic voltammogram of (:is-[Ru(dmbpy)g(Hgo)z]2+ {dmbpy =
6,6’-dimethyl-2,2’-bipyridine) consists of four couples and is similar to that of
cis-[Ru(bpy)2(H,0)F" rather than cis-[Ru(dcbpy),(H,0),]**. Moreover, previous

work in  our laboratory showed that replacing 2,2’-bipyridine  with
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4,4’-dichloro-2,2’-bipyridine, 5,5’-dichloro-2,2’ -bipyridine | or
5,5 -bis(trifluoromethyl)-2,2’-bipyridine only change the redox potential but not the
shape of the voltarﬁmograms. These seems to be something unique in the
6,6’-dichloro-2,2’-bipyridine which would promote the oxidation of Ru-OH to Ru=0.
As the X-ray crystal structure of [Ru(tpy)(debpy)(H20)1** and cis-[Ru(debpy),(H,0%]*
have not been reported in the literature, we therefore conducted a detailed study on the
structure of these two compléxes. Attempts were made to correlate the structure of

these complexes with their electrochemistry.
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3.2. Experimental Section

3.2.1. Synthesis

Materials

All the chemicals and sclvents used in synthesis and crystallization were of
analytical (A.R.) grade. Ruthenium trichloride trihydrate (RuCl;.xH;0),
2,2’:6’,2”-terpyﬁdine (tpy), 2,2’-bipyridine (bpy) and silver trifluoromethanesulfonate
were purchased from Aldrich Chemical Company. [Ru(bpy),CQO;] was synthesized as
described in literature [115]. All the other chemicals and regents were used as

received unless otherwise noted. Elemental analyses were performed as described in

chapter 2.

Synthesis of ligands

6,6’-Dichloro-2,2’-bipyridine {174]

6,6’-dichloro-2,2’-bipyridine was synthesized as reported in the literature

according to the following procedure:

2,2’-Bipyridine (10g) was mixed with dimethyl sulphate (35 mL). The mixture
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was heated to 100 °C for 1 hr. After cooling, anhydrous diethyl ether (100 mL) was
added to the mixture with stirring. The resulting white solid was filtered and dissolved
in water (250 mL). Small portions of this solution and sodium hydroxide solution (75g
in 250 mL) were added alternately to an ice-cooled solution of potassium ferricyanide
(60g in 200 mL), keeping the temperature of the reaction mixture below 5°C. The pH
of the mixture was then. adjusted to 8-9 by addition of concentrated hydrochloric acid
and it was then extracted with choloroform (3x100 mL). The chloroform extracts were
combined, dried with sodium sulphate and rotary evaporated to dryness. The resulting
solid (2g) and phosphorus pentachloride (4.28g) were dissolved in POCl; (50 mL) and
the mixture was then refluxed for 20 hrs, After removal of excess POCl; by
distillation under reduced pressure, ice-cooled water was added and the solution was
made alkaline with ammonia solution and then extracted with chloroform (3x100 mL).
The combined chloroform extracts were dried with anhydrous sodium sulphate and then
decolourized with activated charcoal. White 6,6’_-dichloro-2,2’-bipyricline was isolated
by evaporating the chloroform extract to dryness under reduced pressure. Yield: 7.5 g,
(52%). 'H-NMR (CDCls, 8 ppm): 7.28 (d, 2H), 7.7 (t, 2H), 8.29 (d, 2H). ESI-MS:

m/z 226 (M+H)*
Synthesis of Ruthenium Complexes

Ru(tpy)Cl; was prepared as described in chapter 2. The literature procedures
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were followed for the synthesis of the other ruthenium complexes. A summary of the

synthetic procedures is given below.

[Ru(tpy)(bpy)CII[CIO4] [116]

A mixture of 220 mg of [Ru(tpy)Cls] (0.5 mmol), 0.5 g of LiCl, 78 mg of bpy
(0.5 mmol} and 1.0 mL of triethylamine was gently refluxed under argon for 1.5 hrs in
about 40 mL of absolute ethanol. After the mixture had been cooled to room
temperature, the solution was filtered to remove any insoluble material. The filtrate was
conccn&ated to about 3 mL, and 20 mL of saturated solution of LiClO4 was added to the
concentrated residue. A brown microcrystalline solid separated out upon standing which
was collected by filtration, washed thoroughly with water and ether and dried in a
vacuum oven. Yield: 0.27 g (85%). Elemental analysis for CysH 9NsCl;04Ru. Caled :

C, 48.01; H, 3.06; N, 11.20. Found: C, 48.1; H,3.1; N, 11.1.  ESI-MS m/z: 626

[Ru(tpy)(bpy}(H.0)][CF3580,]; [116]

A mixture of 0.2 g of [Ru(tpy)(bpy)CIJ[CIO4] and 0.12 g of silver
trifluoromethanesulfonate was gently refluxed in the dark for 1 hr in 50 mL of water.
After cooling to room temperaturé, the mixture was filtered to remove the precipitated
AgCl.  Several drops of trifluoromethanesulfonic acid were then added to the filtrate
and the resulting mixture was chilled overnight in a refrigerator. The micrbcrystalline

dark-red precipitate of [Ru(tpy}bpy)(H2O)I[CF3;SOs]; was collected by filtration,
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washed with minimum amount of cold water and diethyl ether and air dried. Yield:
0.15 g (60%). Elemental analysis for C7;H;;NsFsO;RuS,. Caled : C, 40.20; H, 2.62; N,
8.68. Found: C, 40.3; H, 2.6; N, 8.6. ESI-MS m/z: 246. Crystals suitable for X-ray
diffraction study were obtained by first dissolving [Ru(tpy)(bpy)(H20)][CF;S0s); in
double distilled water in the presence of trifluoromethanesulfonic acid. This solution
was gently heated until all the complexes had dissolved. Crystals were obtained after

the solution was cooled down slowly to room temperature.

[Ru(tpy)(dcbpy)CII[CF350s] [110]

A mixture of Ru(tpy)Cls (0.4 g) and dcbpy (0.35 g) in ethylene glycol (3 cm®) was
refluxed for 4 hrs. After cooling, ethanol (5 cm3) was added and the mixture was filtered
to remove the excess of ligand and starting metal complex. Trifluoromethanesulfonic
acid (1 mL) was added dropwise to the filtrate. Upon cooling in a refrigerator the dark
purple solid of [Ru(tpy)(dcbpy)CI][CF3805] was obtained. The crude product was

used without further purification

[Ru(tpy)(dcbpy)(H20)][CF3S05]2[110]

The complex was synthesized by a similar procedure as described in the synthesis
of [Ru(tpy)(bpy)(H,0)][CF3S0s]:. A mixture of 0.2 g of [Ru(tpy)(dcbpy)C1][CF;S0s]
and 0.13 g of silver trifluoromethanesulfonate was gently refluxed in the dark for 1 h in

50 mL of water. After being cooled to room temperature, the mixture was filtered to
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remove the precipitated AgCl. Several drops of trifluoromethanesulfonic acid were then
added to the filtrate and the resulting mixture was chilled ovemight in a refrigerator.
The microcrystalline dark-red precipitate of [Ru(tpy)(dcbpy)(H.O)I[CF;S0;}; was
collected by filtration, washed with minimum amount of cold water and diethyl ether
and air dried. Yleld:_ 0.47 g (65%). Elemental analysis for Cy;7HzNsCl,0;5;Ru.
Calcd : C, 36.2; H, 2.3; N, 8.25. Found: C, 36.3; H, 2.35; N, 7.85. ESI-MS m/z: 280
Crystals suitable for X-ray diffraction study were obtained by first dissolving
[Ru(tpy)(dcbpy)(H2O))[CF3S0;), in double distilled water in the presence of
trifluoromethanesulfonic acid. This solution was gently heated until all the complexes
had dissolved. Crystals were obtained after the solution was cooled down slowly to

room temperature.

[Ru(tpy)(dcbpy)}(CH:CN)][CF3SOs]2

A mixture of 0.3 g of [Ru(tpy)(dcbpy)(H;0)]{CF;50;], was gently refluxed for 1 hr in
50 mL of CH3CN. After cooling, the mixture was concentrated to about 3 mL, and 20
mL of saturated LiClQO4 aqueous sqlution was added to the concentrated residue. Orange
microcrystalline solid separated out upon standing which was collected by filtration,
washed thoroughly with water and ether and dried in a vacuum oven. Yield: 0.23 g

(75%). Elemental analysis for CoHaoNsCl0S:Ru. Caled : C, 38.76; H, 2.24; N, 9.35.
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Found: C, 38.7; H, 2.3; N, 94. ESI-MS m/z: 280. Crystals suitable for X-ray

diffraction study were obtained by vapor diffusion of diethyl ether to an acetonitrile

solution of [Ru(tpy)(dcbpy)(CH;CN)][CF;SO;),.

cis-[Ru'(dcbpy),Cl;] [173]

RuCl3.3H,;0 (0.5 g), debpy (0.9 g) and LiCl (1.25 g) were dissolved in deaerated
ethylene glycerol (5 mL). The mixture was refluxed for 4 hrs under a nitrogen
atmosphere.  After cooling, water (10 mL) was added and the resulting purple
precipita‘te was filtered. The product was recrystallized from chloroform/ diethyl ether.
Yield: 0.72 g (60%). Elemental analysis for CoH;3N4ClRu. Caled : C, 36.5; H, 2.4; N,

8.5. Found: C, 36.3; H, 2.2; N, 8.7.

cis-[Ru"'(debpy)z(H20)][CF3SO0s]; [173]

cis-[Ru"(dcbpthlz] (0.19 g) and silver trifluoromethanesulfonate {(0.18 g) were
added to water (40 mL) and heated at 70°C for 10 mins. The solution was filtered hot
to remove AgCl and the red filtrate was collected at about 40°C.
Trifluoromethanesulfonic acid was added dropwise until the complex just precipitated.
The mixture was cooled to 0°C to allow complete precipitation.  Yield: 0.19 g (70%).
Elemental analysis for C2;H¢N4Cl40sS;Ru. Caled : C, 29.84; H, 1.82; N, 6.33. Found:

C, 298, H, 1.8; N, 6.3. Crystals suitable for X-ray diffraction study were obtained by

88



first dissolving cis-[Ru(dcbpy),(H,0);][CF;803); in double distilled water in the
presence of trifluoromethanesuifonic acid. This solution was gently heated until all the
complexes had dissolved. Crystals were obtained after the solution was cooled down

slowly to room temperature.
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3.2.2. Physical measurements

Electrochemical measurements

Glassy carbon (BAS) electrode was polished with 0.05 um o-alumina (Buehler) on
a microcloth, rinsed with double deionized water and then sonicated for 5 minutes in
water before use. A platinium wire was used as the counter electrode whereas a

saturated calomel electrode (SCE) was used as the reference electrode.

Cyclic voltammetry was performed under argon in a conventional
two-compartment cell with a sintered glass disc separating the two compartments. A
Bioanalytical Systems (BAS) model 100W electrochemical analyzer interfaced to a
microcomputer was used in all electrochemical measurements. E;, values are the

average of cathodic and anodic potentials for the oxidative and reductive waves.

In-situ FTIR spectroelectrochemistry

In our study, the IR spectra collected are presented in the form of difference spectra.
A reference spectrum, S,, was first collected at a reference potential E, which is usually
in the electro-inactive region. The potential of the working electrode was then stepped

to a potential E; and a second spectrum S, was collected at successive time intervals.
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A certain number of co-added and averaged scans were taken to give the desired S/N

ratio. The spectra were therefore presented as:

AR /R = (8,~8,)/§, versus vV (cm™)

It follows that both positive and negative peaks can appear in the difference spectrum.
A positive peak, +AR/R represents absorption from species that decrease in
concentration in the thin layer on stepping the potential from E, to E;. A negative peak,

AR/R represents a gain in the concentration of that particular species in the thin layer.

The FTIR spectroelectrochemistry experiments were performed on a Nicolet
Avatar 360 FTIR Spectrometer in the reflectance mode, equipped with a wide band
mercury cadmium telluride (MCT) detector. The cell was a standard three-electrode
thin layer design [175-177] with a KRS-5 (Thallium Bromide-Iodide) window, a
platinum foil counter electrode, a glassy carbon working electrode (0.d. = 6mm) and a
saturated calomel electrode (SCE) reference electrode. The potential of the
spectroelectrochemical cell was controlled by a Princeton Applied Research model 362
potentiostat. The FTIR spectrométer was coupled with a Spectra-Tech Series 500
variable angle specular reflectance accessory, which allowed the spectral reflectance
measurement to be carried out at incident angles between 30°-80°, the optimum angle
fore maximum reflectance was determined before each experiment and was usually
around 55°. The distance between the working electrode and the KRS-5 window can
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be adjusted to accommodate a thin layer of electrolyte (ca. Imm thick) for
spectroelectrochemical measurement.  All the spectra were collected at 8 cm™
resolution and consisted of 100 co-added and averaged scans. The sample
compartment of the FTIR spectrometer was purged by N, prior to the measurement to

ensure complete removal of CO, and water vapor.

X-ray crystallographic data collection and refinement of structures

A suitable crystal of each of the complexes was mounted on a Bruker CCD area
detector using MoKa. radiation (A =0.71073 A) from generator operating at S0KV, 30
mA  condition. The intensity data of [Ru(tpy)(bpy)(H20))[ClOy4),,
(Ru(tpy)(dcbpy)(HLO)I[CF>SO0sl2,  [Ru(tpy)(debpy)(CH;CN)I[CE;SOs,  and
cis-[Ru"(dcbpy)g(Hzo)z][CF3803]2 were collected in the range of 0 to 180 degree.
Frames of 1321 were taken in 4 shells. An empirical absorption correction of SADABS
(Sheldrick, 1996) program based on Fourier coefficient fitting was applied. The crystal
structures were determined by the direct method, yielding the positibns of part of the
non-hydrogen atoms, and subsequent difference Fourier syntheses were employed to
locate all of the remaining non-hydrogen atoms which did not show up in the initial
structure. Hydrogen atoms were located based on Difference Fourier Syntheses
connecting geometrical analysis. All non-hydrogen atoms were refined anisotropically

with weight function W= 1/[0°(Fo)+0.1000p]’+0.0000p, where p=(Fo’+2Fc?)/3.
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Hydrogen atoms were refined with fixed individual displacement parameters. All
experiments and computations were performed on a Bruker CCD Area Detector
Diffractometer and PC computer with the program of the Bruker Smart and Bruker
Shelxtl packages. Further crystallographic details and selected bond distances and
angles  for  [Ru(tpy)(bpy)(H:0)[ClOsl2,  [Ru(tpy)}(decbpy)(H,0)][CF3S0s];,
[Ru(tpy)(dcbpy)(CH;CN)][CF3SO3]; and  cis-[Ru"(debpy)a(H,0),]{CF;SOs], can be

found in the Results and Discussion section.
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Fig3.1 A schematic diagram showing the setup for in-situ FTIR

spectroelectrochemistry.
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3.3. Results and Discussion
3.3.1. X-ray structure of the ruthenium complexes

The ORTEP plots of the various ruthenium complexes are depicted in Figure 3.2 -
3.5, respectively. Crystallographic data are summarized in Tables 3.1 - 3.2. Selected
bond distances and angles are given in Tables 3.4 - 3.10. The structural features of

i

each individual complex are described below:

- [Ru(tpy)(dcbpy)(H20)](CF3503),

The OPTEP‘ pl‘ot‘ of [Ru(tpy)tdcbpy)(HZO)](CF3803)2 with atom numbering is
shown in Figure 3.2. Th.e.ruihenium ion is coordinated to i‘aqua-oxygen and 5 pyridyl
nitrogens of the.polypyridjne ligands. The geometry.about the ruthenium is regarded as
a distorted octahedial structure. The ruthenium ion is positioned at the centre and
displaced 0.0332 A from plané N1-N2-N3. The Ru-N distances are normal and span a
narrow range from 1.964(2) to 2.130(2) A. Th'e Ru-Oony distance between ruthenium
and the aqua oxygen is 2.130(2) A, which is similar to th_bse in the other ruthenium aqua
complexeg such as  [Ru(tacn)(bpy)}(OH)]* (2.168(3) A) [178] and

[Ru(Me;tacn)(3,3’-Mezbpy)(OH,))** (2.176(4) A)[111].

[Ru(tpy)(dcbpy)(CHCN)(CF:SO5);
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Figure 33  depicts the ORTEP plot of the complex
[Ru(tpy)(dcbpy)(CH;CN)(CF350;3), with atom numbering. The ruthenium ion is
ligated to 6 nitrogen atloms, 5 belong to pyridyl nitrogens and 1 belongs to acetonitrile
nitrogen. The ruthenium ion is positioned at the centre and displaced 0.0694 A from
plane N1-N2-N3. The bond distances between the Ru-N are normal and span through

a narrow range from 1.961(5) to 2.104(4) A, which are similar to those in the complex

[Ru(tpy)(dcbpy)(H20))(CF3S03),.

[Ru(tpy)(bpy)(H20)1(CF3803),

The structure of [Ru(tpy)(bpy)(H,O))(PFg), has been reported in a PhD dissertation
[179] but not in journal paper. As the details of the crystallography data are not
available, we have re-determined the X-ray structure of [Ru(tpy)(bpy)(Hzo)]2+. Figure
3.4 depicts the ORTEP plot of the complex [Ru(tpy)(bpy)(H;0)){(CF3S803), with atom
numbering. The coordination geometry of the ruthenium centre is approximately
octahedral. The three nitrogen atoms of tpy and one nitrogen atom of bpy are
coordinated in the equatorial positions, while the other nitrogen of bpy and the oxygen
atom of the aqua ligand are in the axial position. The Ru-N bond distances are in the
range of 1.959(2) to 2.075(2) A, while the Ru-Oony bond length is 2.129(2) A, which is
similar  to those in [Ru(tacn)(bpy)(OH;)I** (2.168(3) A) [178] and

[Ru(Mejstacn)(3,3’-Mebpy OH,)1** (2.176(4) A) [111].
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cis-[Ru(dcbpy)(H,0);][CF3S0;];

The OPTEP plot of cis-[Ru(dcbpy),(H;0),](CF3S0;), with atom numbering is
shown in Figure 3.5. The OPTEP plot shows that the two
6,6'-dichloro-2,2’-bipyridines are in a cis- conformation. The four Ru-N bond
distances range from 2.033(2) to 2.085(2) A, which are similar with those in
[Ru(bpy)2(CHsCN).]** [180] and [Ru((CF3);-bpy)y(CH;CN)J** [181). The Ru-O
bond distances are 2.129(2) and 2.145(2) A, which are similar to the Ru-Oon;) bond
lengths in the ruthenium trans-diaqua complex (2.116(2) A ) [182] and ruthenium (II)

mono aqua complexes described previously.
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Table 3.2 A summary of crystallographic data, intensity collection and structure

refinement of cis-[Ru(dcbpy).(H:0),]**

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Reflections collected
Independent reflections
Completeness to 8 = 27.55°
Absorption correction
Max. and min. transmission
Refinement method
Goodness-of-fit on F2

R

WR2

Largest diff. Peak and hole

885.40

301 K

0.71073 A

triclinic

P1(#2)

a=9.5382) A a=238042(1)°
b=12984(3)A P =87.531)°
c=13702(3) A y=68.65(1)°
1558.1(6) A’

2
1.887 Mg /m’

0.876 mm*

876

0.35 x 0.18 x 0.06 mm’
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Table 3.3 Selected bond length (A) for [Ru(tpy)(dcbpy)(H20))(CF3S03),

Ru(1)-N(1) 2.068(3) N(1)-C(1) 1.333(4)
Ru(1)-N(2) 1.964(2) N(1)-C(5) 1.378(4)
Ru(1)-N(3) 2.085(3) N(2)-C(6) 1.351(4)
Ru(1)-N(4) 2.071(3) N(2)-C(10) 1.363(4)
Ru(1)-N(5) 2.115(2) N(3)-C(15) 1.348(4)
Ru(1)-0(1W) 2.130(2) N(3)-C(11) 1.374(4)
CI(1)-C(16) 1.713(4) N(4)-C(16) 1.349(4)
C1(2)-C(25) 1.735(4) N(4)-C(20) 1.382(4)
O(IW)-H(1WA)  0.8771 N(5)-C(25) 1.345(4)
O(IW)-H(IWB)  0.8500 N(5)-C(21) 1.362(4)
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Table 3.4 Selected bond angles (°) for [Ru(tpy)(dcbpy)(H;0)](CF:SO;3),

N(2)-Ru(1)-N(1)
N(2)-Ru(1)-N(4)
N(1)-Ru(1)-N@4)
N(2)-Ru(1)-N(3)
N(1)-Ru(1)-N(3)
N(4)-Ru(1)-N(3)
N(2)-Ru(1)-N(5)
N(1)-Ru(1)-N(5)
N(4)-Ru(1)-N(5)
N(3)-Ru(1)-N(5)
N(2)-Ru(1)-O(1W)
N(1)-Ru(1)-O(1W)
N(4)-Ru(1)-O(1W)
N(3)-Ru(1)-O(1W)

79.80(10)
101.58(11)
96.32(11)
79.89(10)
159.66(10)
88.81 (10)
177.48(10)

- 102.71(10)

72.28(10)
97.60(10)
78.82(9)
88.07(10)
175.599)
86.93(9)

N(5)-Ru(1)-0(1W)

101.12(9)

H(IWA)-O(1W)-H(1WB) 107.7

Ru(1)-O(1W)-H(1WA)
Ru(1)-O(1W)-H(1WB)

C(1)-N(1)-Ru(1)

C(5)-N(1)-Ru(1)

C(6)-N(2)-Ru(1)

C(10)-N(2)-Ru(1)
C(15)-N(3)-Ru(l)
C(11)-N(3)-Ru(1)
C(16)-N(4)-Ru(1)
C(20)-N(4)-Ru(1)
C(25)-N(5)-Ru(1)
C(21)-N(5)-Ru(L)

118.8
107.3(10)
128.6(2)
113.2(2)
118.6(2)
118.3(2)
129.5(2)
112.42)
130.7(2)
113.2(2)
131.2(2)
112.8(2)
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Figure 3.2 An ORTEP plot of [Ru(tpy)(dcbpy)(HZO)]2+ with atom numbering.
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Table 3.5 Selected bond length (A) for [Ru(tpy)(debpy)(CH3CN)}(CF3S05) (C10,)

Ru(1)-N(1) 2.069(5) N(1)-C(1) 1.334(7)
Ru(1)-N(2) 1.961(5) N(1)-C(5) 1.401(7)
Ru(1)-N(3) 2.084(5) N(2)-C(6) 1.364(6)
Ru(1)-N(4) 2.096(5) N(2)-C(10) 1.349(7)
Ru(1)-N(5) 2.104(4) N(3)-C(15) 1.343(7)
Ru(1)-N(6) 2.001(5) N(3)-C(11) 1.367(6)
CI(1)-C(16) 1.712(6) N(4)-C(16) 1.350(6)
C1(2)-C(25) 1.715(6) N(4)-C(20) 1.378(6)
N(6)-C(26) 1.140(7) N(5)-C(25) 1.338(6)

N(5)-C(21) 1.377(6)
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Table 3.6 Selected bond angles (°) for [Ru(tpy)(dcbpy (CH3CN)J(CF;S05) (ClO;)

N(2)-Ru(1)-N(6) - 84.74(18) N(3)-Ru(1)-N(5) 100.39(19)
N(2)-Ru(1)-N(1) 80.1(2) N(4)-Ru(1)-N(5) 78.39(18)
N(6)-Ru(1)-N(1)  93.21(18) C(1)-N(1)-Ru(1) 129.4(4)
N(2)-Ru(1)-N(3) 78.8(2) C(5)-N(1)-Ru(1) 112.9(4)
N(6)-Ru(1)-N(3) 86.47(18) C(10)-N(2)-Ru(l)  119.4(4)
N(1)-Ru(1)-N(3) '158.8(2) C(6)-N(2)-Ru(1) 118.4(4)
N(2)-Ru(1)-N(4) 101.02(18) C(15)-N(3)-Ru(l)  128.1(4)
N(6)-Ru(1)-N(4) 169.90(19) C(11)-NG®)-Ru(l)  114.2(4)
N(1)-Ru(1)-N(4) 95.94(17) C(16)-N@)-Ru(l) . 130.9(4)
N@3)-Ru(1)-N4) 86.53(16) C(20)-N@)-Ru(l)  111.9(4)
N(2)-Ru(1)-N(5) 179.0(2) C(25)-N(5)-Ru(l)  131.3(4)
N(6)-Ru(1)-N(5) 95.72(19) CQD-NG)-Ru(l)  112.4(4)
N(1)-Ru(1)-N(5) 100.71(19) C(26)-N(6)-Ru(l)  173.6(6)
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Figure 3.3 An ORTEP plot of [Ru(tpy)(dcbpy)(CH3CN)J** with atom numbering.
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Table 3.7 Selected bond length (A) for [Ru(tpy)(bpy)(H,0)J(CF1S0;),

Ru(1)-N(1) 2.011(2) N(1)-C(5) 1.373(4)
Ru(1)-N(2) 2.075(2) N(2)-C(6) 1.349(4)
Ru(1)-N(3) 2.071(2) N(2)-C(10) 1.349(4)
Ru(1)-N(@4) 1.959(2) N(3)-C(15) 1.376(4)
Ru(1)-N(5) 2.070(2) N(@3)-C(11) 1.342(4)
Ru(1)-0(7) 2.129(2) N(4)-C(16) 1.351(4)
0(7)-H(20) 092 N(4)-C(20) 1.354(3)
O(7)-H(21) 0.87 N(5)-C(25) 1.346(4)
N(1)-C(1) 1.353(3) N(5)-C(21) 1.373(4)
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Table 3.8 Selected bond angles (°) for [Ru(tpy)(bpy)(H0)I(CF;S0;),

N(1)-Ru(1)-N(2) 78.76(9) N(5)-Ru(1)-O(7) 87.47(9)
N(1)-Ru(1)-N(3) 91.39(9) H(20)-0(1)-H21) 1175

N(1)-Ru(1)-N(4) 98.07(10) Ru(1)-0(7)-H(20) 1186

N(1)-Ru(1)-N¢(5) 93.09(9) Ru(1)-0(7)}-H21)  107.3

N(2)-Ru(1)-N(3) 98.58(9) C(1)-N(1)-Ru(1) 125.8(2)
N(2)-Ru(1)-N(4) 176.41(1) C(5)-N(1)-Ru(1) 116.8(2)
N(2)-Ru(1)-N(5) 102.32(9) C(6)-N(2)-Ru(1) 115.3(2)
N(3)}-Ru(1)-N4) - 79.71(9) C(10)-N(2)}-Ru(l)  126.3(2)
N(3)-Ru(1)-N(5) 159.10(9) C(11)-N(3)-Ru(1) 129.3(2)
N(4)-Ru(1)-N(5) 79.45(10) C(15-N3)-Ru(l) 11332
N(1)-Ru(1)-0(7) 172.22(9) C(16)-N(4)-Ru(l)  130.7(2)
N(2)-Ru(1)-0(7) 93.53(10) C(20)-N@)-Ru(l)  1193(2)
N(3)-Ru(1)-O(7) 90.82(9) C(21)-N(5)-Ru(l)  113.4(2)
N(4)-Ru(1)-O(7) 86.67(10) C(25)-N(5)-Ru(l)  128.7(2)
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Figure 3.4 An ORTERP plot of [Ru(tpy)(bpy)(H20)](CF3803), with atom numbering.
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Table 3.9 Selected bond length (A) for cis-[Ru(dcbpy)y(H,0),)(CF2S05);

Ru(1)-N(1) 2.077(2) 0(2)-H(16) 0.82

Ru(1)-N(2) 2.047(2) N(1)-C(1) 1.333(3)
Ru(1)-N(3) 2.033(2) N(1)-C(5) 1.370(3)
Ru(1)-N(@4) 2.085(2) N(2)-C(6) 1.377(3)
Ru(1)-O(1) 2.129(2) N(2)-C(10) 1.338(3)
Ru(1)-0(2) 2.145(2) N(3)-C(11) 1.350(3)
O(1)-H(13) -0.81 N(3)-C(15) 1.375(3)
0(1)-H(14) 0.84 N(4)-C(16) 1.368(3)
0(2)-H(15) 0.79 N(4)-C(20) 1.347(3)
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Table 3.10 Selected bond angles (°) for cis-[Ru(dcbpy)2(H,0):}(CF;S03),

O(1)-Ru(1)-0(2) 83.08(7) N(3)-Ru(1)-N(4) 79.04(8)
O(1)-Ru(1)-N(1) 82.20(7) H(20)-0(7)-H(21)  117.5

O(1)-Ru(1)-N(2) 89.71(7)  Ru(1)-0(7)-H(20)  118.6

O(1)-Ru(1)-N(3) 170.30(7) Ru(1)-0(7)-HQ21) 1073

O(1)-Ru(1)-N(4) 97.23(8) C(1)-N(1)-Ru(1) 130.5(2)
0(2)-Ru(1)-N(1) 96.72(7) C(5)-N(1)-Ru(1) 116.1(1)
O(2)}-Ru(1)-N2) . 172.20(7) C(6)-N(2)-Ru(1) 112.9(1)
0(2)-Ru(1)-N(3) 88.50(7) C(10)}-N@2)-Ru(l)  131.2(2)
0(2)-Ru(1)-N(4) 79.54(7) C(ID-NG3)-Ru(l)  130.2(2)
N(1)-Ru(1)-N(2) 79.29(7) C(15)-N3)-Ru(1)  112.2(2)
N(1)-Ru(1)-N(3) 101.01(8) C(16)-N(4)-Ru(l)  111.4Q2)
N(1)-Ru(1)-N(4) 176.26(7) C(20)-N@)-Ru(l)  131.2Q2)

N(2)-Ru(1)-N(3) 98.81(7)
N(2)-Ru(1)-N(4) 104.42(7)
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31.3.2. Correlation between structure and electrochemistry

Figures 3.6 and 3.7 show the cyclic voltammograms of [Ru(tpy)(bpy)(H0)1**
and [Ru(tpy)(dcbpy)(Hgo)]2+ in 0.1 M CF;SO:H (pH 1.0) respectively. In both

cyclic voltammograms two couples are observed: The first one (I) corresponds to

1§

the Ru"/Ru" couple and the second smaller one (II) is the Ru"/Ru'™ couple.

Comparison of the cyclic voltammograms of [Ru(tpy)(dcbpy)(HZO)]2+ with
[Ru(tpy)(bpy)(HZO)]2+ shows that the second Ru"/Ru™ couple is more reversible and
easier to observe in the former. This implies that the oxidation of Ru™-OH to
Ru™=0 is more facile in [Ru(tpy)(dcbpy)(H,0)I** than [Ru(tpy)(bpy)(H;0)]**.
Meyer and co-workers [183, 184] proposed the oxidation of Ru'_OH, to Ru"V=0
involves: (1) Oxidation of Ru"™-OH; into Ru"-OH by losing one electron and one
proton [couple (I), (eq 3.1)]; (2) Disproportionation of two Ru"™.OH into Ru-OH; and
Ru=0 (eq 3.2) and (3) Oxidation of the Ru"-OH, generated from the
disproportionational reaction (eq 3.3). It was proposed that the second couple (11} is
due to the oxidation of the Ru"-OH, species resulting from the disproportionation

reaction:
n 2+ m_ 24, - +
[Ru-0OH;3)"——»[Ru —OH]*"+e¢ + H 3.1
H. 4+ 2+ 2+
2[Ri™—OHP* — Ru“'—ofH_:o—Ru"'] —..[ RV-OH, :l + Eui":r_ﬂ (3.2)
(Rul-OH,*—— [Ru'"=OH]** + ¢ + H* (3.3)
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The main difference between [Ru(tpy)(dcbpy)(H:0))** and
[Ru(tpy)(bpy)(HZO)]2+ is the chloro-substituents on the ortho-position of the bipyridine
ligand. The -electron-withdrawing effect of the chloro-constituents makes the
ruthenium centre more electron deficient, which would affect the pK, of the aqua and
hydroxo ligands of the ruthenium complex. However, the ease of accessibility to the
Ru"™=O state is unlikely due to the negative inductive effect as placing the chloro or
trifluoromethyl substituents in the 4,4’- and 5,5’-positions would only shift the E;; of
the couples towards the anodic direction but does not improve the reversibility of the
Ru™/Ru™ couple. We suspect the chloro-substituents at the 6,6’-positions are able to
form weak hydrogen bonding with the -OH; or —OH ligand on the Ru complex, which
would assist the deprotonation in the proton-coupled electron transfer to the Ru=0.
Formation of weak hydrogen-bond between C-Cl and H-O is known in the literature

{185-187].

In literature, there are several tools to study hydrogen bondings between molecules;
namely infrared (IR) spectroscopy, nuclear magnetic resonances (NMR) and X-ray
crystallography [188]. NMR spectroscopy is so far the most common tool as the
patterns or chemical shift of the proton signal will change in the presence of hydrogen

bonding interaction. IR spectroscopy is only used for strong hydrogen bonds. Both
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NMR and IR spectroscopy, however, were proved to be difficult for the ruthenium aqua
complexes. The complexes [Ru(tpy)(dcbpy)(H20)12+ and [Ru(tpy)(bpy)(HZO)]2+
undergo fast exchange with most common solvents including acetone, methanol,
ethanol acetonitrile and tetrahydrofuran (Figure A1-A3 in the Appendix). These
complexes are not soluble in non-polar solvents such as dichloromethane and
chloroform. Attempts have been made to record the solid state IR spectrum of these
complexes using KBr-pellets, but we did not observe the IR stretching assignable to
OH:--Cl probably because the hydrogen bond is too weak to be observed. Due to
these limitations, we used X-ray crystallography to probe the possibility of
intramolecular hydrogen bondings in {Ru(tpy)(dcbpy)(Hzo)]2+ and
cis-[Ru(dcbpy)2(H20)2]**  complexes. The bond length of Ru-Oguy in
[Ru(tpy)(debpy)(H,0)]** and [Ru(tpy)(bpy)H;0)1** are 2.130 A and 2.129 A
respectively, which does not represent a significant difference between the two.
However, the Ru-O bond distance in [Ru"(bpy),(PO'Pr-PYOH,)]** (PO'Pr-P =
2-(2-propoxy)phenyl)diphenylphosphine) which is known to contain an intramolecular
hydrogen bond between the coordinated aqua ligand and the isopropyl ether oxygen
[182], is 2.138 A. The Ru-Oouz bond length is also very similar to most ruthenium
aqua complexes reported in the literature [111, 178, 182, 189-191], which ranges from

2.11 to 2.18 A, Therefore, the Ru-O bond distance may not be a good indicator for
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H-bonding. In [Ru(tpy)(dcbpy)(HZO)]2+, the distances between H1A, HIB and Cl are
2.7 A and 2.8 A respectively. These distances between the OH, hydrogens and Cl on
bipyridine suggest the existence of “intermediate” intramolecular hydrogen bonding

[185-187].
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Figure 3.6 Cyclic voltammogram of 0.5mM [Ru(tpy)(bpy)(Hzo)]2+ in 0.1 M of
CF;8O;H solution. Working electrode: 0.196 cm’ glassy carbon. Scan

rate: 100 mVs!
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Figure 3.7 Cyclic voltammogram of 0.5mM [Ru(tpy)(dcbpy)(Hgo)]2+ in 0.1 M of

CF3SO;H solution. Working electrode: 0.196 cm?® glassy carbon. Scan

rate: 100 mVs''
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Table 3.11 A comparison of the O(OHZ)"RU‘N(bipyddine) and N(CH,CN)'RU'N(bipyridine)

angles in various ruthenium complexes.

Complex Deviation from planarity (90°)
[Ru(tpy)(dcbpy)(H:0)1** 101.1°
[Ru(tpy)(dcbpy)(CH;CN))** 95.7°
[Rutpy)(bpy)(H;0)]** 93.5°

{Ru(tpy)(dcbpy)(H,0)1>*  [Ru(tpy)dcbpy)(CH3;CN))** [Ru(tpy)(bpy)(H,0)1**

A comparison of the O(OHI)-Ru-N(bipyﬁdine) and Nch,cny-Ru-Npipyriginey bond angles
in [Ru(tpy)(debpy)(H;0)1*, [Ru(tpy)(bpy)(H;0)]** and [Ru(tpy)(dcbpy)(CH;CN)}*
yields interesting results, which are tabulated in Table 3.11. The structure of
[Ru(tp],/)(dcbpy)(HZO)]2+ and [Ru(tpy)(dcbpy)(CH;CN)]2+ should be similar, but the
angle between the Opon,)-Ru-Npipyridinegy and Ncn,enyRu-Nepipyridingy angles are
significantly different. In [Ru(tpy)(dcbpy)(HZO)]2+, the Oon)-Ru-Npipyridiney angle is
101.1°, whereas replacing of the aqua ligand with CH;CN decreases the angle to 95.7°.

The [Ru(tpy)(bpy)(HzO)]2+ complex without the chloro-substituents has an
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O on,y-Ru-Nipyriginey angle of 93.5°, which is similar to that [Ru(tpy)(dcbpy)(CH;CN)]2+.
Such a large difference between [Ru(tpj,w)(dcbpy}(Hzo)]2+ and [Ra.l(tp)f)(bpy)(HgO)]2+

cannot be attributed to random error in estimating the bond angles.

We propose that the difference in the bond angles can be accounted by the
existence of intramolecular hydrogen bonding between the chloro-substituent on
6,6’-dichloro-2,2’-bipyridine and the hydrogen of the aqua ligand on the ruthenium
centre in [Ru(tpy)(dcbpy)(I-IzO)]2+. The O(QH_Z)-RU-N(bipyridine) angle in
[Ru(tpy)(dcbpy)(HZO)]2+ is opened up from the ideal 90° to 101.1° in order to
accommodate this intramolecular hydrogen bond, otherwise the resulting 6-membered
ring (see Scheme 3.1) would be highly strained. The estimated distance between the
hydrogen of the aqua ligand and the chloro group on 6,6’-dichloro-2,2’-bipyridine is

also consistent with the existence of hydrogen bonding between them.

o 101.12°

/s._ _./\
R

9101.60

N\\'f‘\/

C"131.2°

-

2.727A Scheme 3.1

o RSN

A comparison of the cyclic voltammograms of the cis-diaqua complex
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cis-[Ru{dcbpy)a(H20),)** with that of other diaqua ruthenium(II) polypyridyl complexes
is also intriguing. The cyclic voltammogram of cis-[Ru(dc:bpy);g(Hzo)z]2+ in 0.1 M
acid consists of two well-defined couples-corresponding to Ru"/Ru" and Ru"'/Ru"™
respectively (Figure 3.8). The cyclic voltammogram of all the other ruthenium diaqua
complexes, such as cis-[Ru((bpy)z(H20)2}2+ [115], cis-[Ru(dmbpy),(H,0),]** (192] and
cis-[Ru((CF3):bpy)2(H20),]** [181] (dmbpy = 6,6’-dimethyl-2,2’-bipyridine, (CFs);bpy
= 5,5 -trifluoromethyl-2,2’-bipyridine) consists of 4 couples assignable as Ru"/Ru"
Ru¥/Ru™ Ru™/Ru" and Rv¥/Ru" respectively. Only the Ru"YRu" couple in these

complexes is well-defined, whereas the other three couples are small and poorly shaped.
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Figure 3.8 Cyclic voltammogram of 0.5mM cis-[Ru(dcbpy)z(H20)2]2+ in 0.I M
CF:SO;H. Working electrode: 0.196 cm’ glassy carbon. Scan rate: 100

mVs!
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Figure 3.9 Cyclic voltammogram of 0.5mM [Ru(bpy)z(HZO)g]2+ in 0.1 M CF:SO;H.
Working electrode: 0.196 cm’ glassy carbon. Scan rate: 100 mVs'. The
[Ru(bpy)z(H20)2]2+ was generated from [Ru(bpy)(COs3)] in acid as

described in [115].
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A comparison of the O(OHI)'RU‘N(bipyridine) and N(CH,CN)‘RU‘N(hipyridinc) bond angles
in cis-[Ru(dcbpy)2(H20),)** with those of cis-[Ru((CF),bpy),(CH;CN),J** [181] and
cis-[Ru(bpy)2(CH;CN),]** [180] is given in Figure 3.10

N\ N N \
Hy0,, aN CH;CN | N CHyCN,,, I "

................

: Ru
07N N CHyCN*"T N CH N ] N
79.5%/N_ [ 885 883NN 88.2° 90.1%N 92.4°
Y = -
N o= 2 M= O N =00

[Ru(debpy)a(H;0),1%*  [Ru((CF3)bpy)a(CHsCN),J%  [Ru(bpy)2(CH;CN))**

Figure 3.10  Comparison of bond angles in three ruthenium complexes.

The O,-Ru-N, bond angle of 79.5° in cis-[Ru(dcbpy)z(Hzo)z]2+ deviates greatly
from the Nicu,cvy-Ru-Nepipyridiney angle of approximately 90° in the bis(acetonitrile)
complexes. This observation is again consistent with the presence of intramolecular
hydrogen bonding between the hydrogen atoms on the aqua ligand and the
chloro-substituents on bipyridine, which pulls the aqua ligand toward the
6,6"dichloro-2,2’-bipyridine to make the O,-Ru-N; angle much smaller than 90° (Figure

3.11).
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intramolecular hydrogen bonding

Figure 3.11  Schematic diagram of the cis-[Ru(dcbpy)z(H;;O)z]2+ complex showing

the intramolecular hydrogen bonding.

The Ru-O(onz bond length in cis-[Ru"(dcbpy)s(H,0)1** are 2.129(2) and 2.145(2)
A respectively, which are close to those of 2.116(2) A reported for trans-diaqua
ruthenium (H) diaqua complex [190]. This Ru-Oonz bond length is also similar to
that 2.138(2) A in the complex [Ru"(bpy),(PO'Pr-PYOH,)**  (PO'Pr-P =
2-(2-Propoxy)phenyl)diphenylphosphine) contains an intramolecular hydrogen bonding

between the coordinated aqua ligand and the isopropyl ether oxygen [182].

This proposed hydrogen bonding should facilitate the deprotonation of the aqua
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ligand in the oxidation of Ru-OH, to Ru=0. In CiS-[Ru(dCbpy)z(H20)2]2+ the extent of
this assistance in deprotonation is so great that the Ru™/Ru™ and Ru"/Ru" couples

merge with that of Ru"/Ru" and Ru"/Ru" to give two Ru™/Ru" and Ru"/Ru" couples

respectively.
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FTIR spectroelectrochemistry

By using in-stiu FTIR spectroelectrochemical technique, we can monitor the
formation of the ruthenium oxo species. Che and co-workers [110] have reported that
[Ru(tpy)(dcbpy)(O)]z* exhibits an IR absorption peak at 780 cm’ assignable to
v(Ru"=0). Figure 3.12 shows the IR reflectance spectra of [Ru(tpy)(dcbpy)(H20)1*
in 0.1 M CF;SO;H with the potential being held at 1.3 V at different time intervals. A
new p_eak at 780 cm™ slowly develops which is assigned as the v(Ru=0O) stretching.
No increase in absorption at 780 cm™ was observed when the potential of the working
electrode was held at 0.83 V, which is below the potential required for the formation of
Ru"=0 (Figure 3.13). The increase in absorption at 763 cm™ observed in both spectra

were assignable to of the C-H bending of bipyridine ligand.
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Waverumbers {em-1)

Figure 3.12 IR reflectance spectra of [Ru(tpy)(dcbpg,')(HZO)]2+ in 0.1 M CF;SO;H
with the potential being held at 1.3 V. The spectra were recorded at

time intervals of 16 s.
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Figure 3.13 IR reflectance spectra of [Ru(tpy)(dcbpy)(HzO)]2+ in 0.1 M CF:SO;H
with the potential being held at 0.83 V. The spectra were recorded at

time intervals of 16 s.
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3.4. Conclusion

The structure of two ruthenium aqua complexes with 6,6’-dichloro-2,2’-bipyridine
ligand have been determined by X-ray crystallography. The X-ray structures suggest
that intramolecular hydrogen bonding exists between the aqua hydrogen and the
chloro-substituents on the ortho-position of the bipyridine ligand. This intramolecular
H-bond should facilitate the deprotonation of the aqua ligand during the oxidation of
Ru-OH; to Ru=0, which is consistent with the electrochemical data. The formation of

Ru=0 has also been demonstrated by in-sizu FTIR spectroelectrochemistry.
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Chapter 4

Synthesis and Redox Properties of Some New Binuclear Ruthenium

Complexes with Specially Designed Ligands
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4.1 Introduction

Binuclear ruthenium oxo complexes are of particular interest due to a number of
reasons. Firstly, interaction between the two nearby ruthenium hydroxo moieties
might promote the formation of ruthenium oxo species in electrochemical oxidation.
Secondly, some mul_ti-glectron processes require catalysts with more than one metal

centres. A typical example is the oxidation of water to dioxygen {(eq 4.1):

2H,0 —» O, +4H" +4¢ (4.1)

The oxidation of water to dioxygen is a four-proton four electron process. This
process requires at least two metal centres in operation with each other to cleave the
O-O bond. Meyer and co-workers [117, 129-131, 193-198] reported the catalytic
oxidation of water to dioxygen with the binuclear Ru p-oxo complex
[(H,0)(bpy)Ru™-O-Ru(bpy)2(OH)]*.  The mechanism of water oxidation by the
Ru p-oxo complex has been investigated by Hurst and co-workers [199-204]. The
stability of the binuclear Ru p-oxo complex, however, is limited to 10-25 turnovers due
to cleavage of the p-oxo bond. Recently, Tanaka and co-workers [132, 133] designed
a non p-oxo ruthenium complex [Ru"(3,6-'Bu;q)(OH)(btpyan)(HO)(3,6-'Buzq)Ru" 1**

1,8-bis(2,2:6',2"-terpyridyl)anthracene, '‘Buyq =

(btpyan
3,6-di-tert-butyl-1,2;benzoquinone) to improve the stability of the ruthenium catalysts,

but the synthesis of this complex involves complicated procedures. We have therefore
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designed two new binuclear ligands N,N,N’N’-tetra(2-pyridyl) ethylenediamine
(ETHPY) and 1,8-bis(2,2-dipyridylamino) anthracene (BDPAA). The binuclear
ruthenium aqua complexes of these two ligands have also been prepared. The
electrochemical generation of ruthenium oxo complexes from these ruthenium aqua

complexes will be discussed in this chapter.
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4.2 Experimental Section

4.2,1 Synthesis

Materials

All the chemicals and solvents used were of analytical (A.R.) grade. Ruthenium
trichloride  trihydrate  (RuCl;.xH,O),  2,2":6".,2"-terpyridine  (tpy),  silver
trifluoromethanesulfonate, sodium borohydride, phthalimide, anhydrous sodium acetate,
2-br0m6pyridine, ethylenediamine  dichloro(p-cymene)ruthenium(Il) (cymene =
1-isopropyl-4-methylbenzene) and copper powder were purchased from Aldrich Co..
1,8-Dichloroanthracene-9,10-dione was purchased from TCI Tokyo Kasei Kogyo Co.
Ltd. BINAP (98%, racemic) was purchased from Strem Co. All other chemicals and
reagents were used as received unless otherwise noted.  Pdy(dba); (dba =
dibenzylideneacetone) was synthesized by literature reported methods [158].

Elemental analyses were performed as previously described in chapter 2.
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Synthesis of ligands

N,N,N’,N’-tetra(2-pyridyl) ethylenediamine (ETHPY)

A mixture of 2-bromopyridine (10 mmol, 1.0 ml), ethylenediamine (6 mmol, 0.25
ml), Pdy(dba); (0.4 mmol, 16 mmol% Pd, 180 mg), BINAP (0.4 mmol, 0.25 g) and
t-BuONa (20 mmol, 0.134 g) was stirred at room temperature under argon for 5 minutes.
A solution of 2-bromopyridine in toluene (1.0 ml of 2-bromopyridine in 45 ml toluene)
was added dropwisely to the above mixture at room temperature. The resulting
mixture was heated at reflux under argon for 16 h.  After cooling to room temperature,
the mixture was washed with saturated brine (50 ml) and dry ether was added (3x 100
ml). The organic layer was dried over anhydrous sodium suifate, and the solvents were
removed under vacuum to a give dark brown oil. A 2:1 (v/v) mixture of hexane/ethyl
acetate (100 mL) was added to the dark brown oil, the resulting precipitate was
collected by filtration, washed with acetone (3 x 50 ml) and hexane (3 x 50 ml), and
dried to give white needle-shape crystals (1.2 g, 54%). 'H-NMR (CDCls, § ppm): 4.32
(s, 4H), 6.76 (t, 4H), 7.03 (d, 4H), 7.42 (t, 4H), 8.09 (d, 4H); ESI-MS: m/z 379

(M+H)".
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Scheme 4.1 Synthesis of N,N,N’,N’-tetra(2-pyridyl) ethylenediamine (ETHPY)

1,8-Diaminoanthraquinone [205]

0

NH, O NH,

A stirred mixture of 1,8-dichloroanthracene-9,10-dione (41.6 g, 0.15 mol),
phthalimide (52.7 g, 0.385 mol), anhydrous sodium acetate (29.6 g, 0.361 mol), and
nitrobenzene (77 ml) was heated to 180 °C. Quinoline (25 ml) and copper powder
(300 mesh, 0.72 g) were added, and the mixture was heated at 200°C for 1 h. The
reaction mixture was allowed to cool and left to stand overnight. The mixture was
filtered, washed with nitrobenzene (3 x 100 mi), ethanol (3 x 100 ml), hot water (2 x
100 ml), ethanol (2 x 100 ml), and ether (2 x 100 ml), and dried to give the intermediate
diphthalimide intermediate as a pale-yellow/orange solid. (56.66 g, 76 %) The crude
solid (56.0 g) was added to conc. H;SO, (400 ml) with stirring and the mixture was
heated at 95 °C for 45 minutes. The reaction mixture was cooled to 5 °C, and crushed
ice (150 g) was slowly added. The mixture was poured onto ice/water (1.5 L) with
stirring and the resulting precipitate was collected by filtration, washed with water until

the pH became neutral, and dried in vacuo. Recrystallization from ethanol afforded
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the product as red/purple needles (27 g, 98 %). 'H-NMR (DMSO, § ppm): 7.15 (dd,

2H), 7.34 (dd, 2H), 7.45 (dd, 2H), 7.86 (br s, 4H). ESI-MS: m/z 239 (M+H)".

1,8-Diaminoanthracene [206, 207]

NH; NH;

A solution of 1,8-diaminoanthraquinone (2.0 g, 8.4 mmol} in isopropanol (100 ml)
was bubbled with nitrogen for 15 mins before the introduction of sodium borohydride
(4.0 g, 106 mmol). The resulting suspension was heated at reflux under nitrogen
atmosphere for 60 h. After cooling to room temperature, the reaction mixture was
poured into ice water (250 ml). The dark precipitates were filtered off, washed
thoroughly with water and then dissolved in chloroform (100 ml). The resulting
solution was dried over anhydrous sodium sulfate before being concentrated on a rotary
evaporator under reduced pressure. Purification was then carried out on a silica gel
column using 0-3 % methanol in chloroform as the eluents to give the green product.
Yield: 1.0 g (565%). 'H-NMR (CDCls, 6 ppm): 3.83 (br s, 4H), 6.76 (d, 2H), 7.30 (t,

2H), 7.48 (d, 2H), 8.35(s, 1H), 8.37 (s, 1H). ESI-MS: m/z 209 (M+H)".

1,8-Bis(2,2-dipyridylamino) anthracene (BDPAA)
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A mixture of 2-bromopyridine (10 mmol, 1.0 ml), 1,8-diaminoanthracene (6 mmol,
1.25 g), Pdy(dba); (0.4 mmol, 16 mmol% Pd, 180 mg), BINAP (0.4 mmol, 0.25 g) and
t-BuONa (20 mmol, 0.134 g) was stirred at room temperature under argon for 5 minutes.
A solution of 2-bromopyridine in toluene (1.0 ml of 2-bromopyridine in 45 ml toluene)
was added dropwisely to the above mixture at room temperature. The resulting
mixture was heated at réflux under argon for 10 h.  After cooling to room temperature,
the green precipitates were filtered off and washed thoroughly with acetone for several
times. The solid was collected and dried in vacuo. Yield: 1.25 g (40%) 'H-NMR
(CDC];T & ppm): 6.68 (d, 4H), 6.74 (t, 4H), 7.31 (d, 4H), 7.47 (d, 2H), 7.53 (t, 2H), 8.04

(d, 2H), 8.19 (s, 4H), 8.38 (s, 1H), 8.60 (s, IH). ESI-MS: m/z 518 (M+H)".

0 0
phthalimide/AcONa NaBH,
conc. HyS0, - isopropanol
10 cl NH, O NH; NH; NH,

X Pdsy(dba)s
BINAP
NaO1-Bu
=\ N /TN
\ N/ T \ N ;\;

Scheme 4.2  Synthesis of 1,8-bis(2,2-dipyridylamino) anthracene (BDPAA)
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Synthesis of Ruthenium Complexes

Ru(tpy)Cl; [208] and [Ru(tpy)(dpa)CI]ClO4 were prepared as described in chapter

[Ru;(tpy)(ETHPY)CL][ClO4):

A mixture of 440 mg of [Ru"(tpy)Cls] (1.0 mmol), 1.0 g of LiCl, 184 mg of
N,N,N ’_,N’-tetra(2-pyridyl)ethylenedianﬁne (ETHPY) (0.5 mmol) and 2.0 ml of
triethylamine was gently refluxed under argon for 1.5 h in about 40 ml of absolute
ethanol. After the mixture had been cooled to room temperature, the solution was
filtered to remove any insoluble material. The filtrate was concentrated to about 3 ml,
and 20 ml of saturated LiClO4 aqueous sclution was added to the concentrated residue.
Brown microcrystalline solid separated out upon standing which was collected by
filtration, washed thoroughly with water and ether and dried in a vacuum oven. Yield:
0.4 g (85%). UV-Vis (CH3CN/ Ay, N/ E, M 'em™): 235 (66000), 276 (72666), 318
(sh), 368 (16333), 509 (12333). Elemental analysis for Cs2H4;Cl4N20gRu;. Caled: C,

47.79; H, 3.24; N, 12.86. Found: C, 48.0; H, 3.20; N, 13.2.
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[Rux(tpy):(ETHPY)(H;0);][C104])4

A mixture of 0.2 g of [Rux(tpy(ETHPY)CL][CIO4)> and 94 mg of silver
trifluoromethanesulfonate was gently refluxed for 1 hr in 50 ml of water in the dark.
After being cooled to room temperature, the mixture was filtered to remove the
precipitated AgCl. Sevéral drops of perchloric acid were then added to the filtrate and
the resulting mixture was chilled overight in a refrigerator. The microcrystalline
dark-red precipitate of [Ru(tpy)(ETHPY)(H,0):][C104]4 was collected by filtration,
washed with minimum amount of cold water and diethyl ether and air dried. Yield: 0.14
g (60%). UV-Vis (Hz0/ Ayax, nm / &, M'em™): 271 (52352), 316 (52352), 370 (9706),
491 (8530). Elemental analysis for Cs;HysCIsN120 3Rz, Caled: C, 42.46; H, 3.15; N,

11.43. Found: C, 42.6; H, 3.3; N, 11.5.

[Ru,(tpy(ETHPY)(CH3CN).])[ClO4l4

[Rux(tpy)2(ETHPY )(H20)2][C104]4 (0.3 g} was dissolved in 30 ml of dry CH3CN.
The mixture was gently refluxed for 30 minutes in the dark. After being cooled to
room temperature, the solvents were removed under vacuum. The microcrystalline
orange precipitate of [Rux(tpy):(ETHPY )(CH3CN);][ClO4)s was collected by filtration.
Yield: 0.25 g (83%). UV-Vis (CH;CN/ Amay, nm / €, Mlemy: 272 (65192), 308
(65385), 361 (9346), 469 (8846). Elemental analysis for CsqHygClsN14OgRuz Caled:

C,44.34; H, 3.19; N, 12.93. Found: C, 45.1; H, 4.10; N, 12.85. Crystals suitable for
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X-ray diffraction study were obtained by vapor diffusion of diethyl ether to an

acetonitrile solution of [Ruy(tpy),(ETHPY)(CH3;CN),][ClO4]4

[Rux(tpy)2(BDPAA)CI,][CIO;]:

The complex was srynthesizcd by a similar procedure as described in the synthesis
of [Ruy(tpy)2(ETHPY)CL][CIO4],. A mixture of 440 mg of [Ru(tpy)Cls] (1.0 mmol),
1.0 g of LiCl, 260 mg of 1,8-bis(2,2-dipyridylamino) anthracene (BDPAA) (0.5 mmol)
were refluxed under argon for 4.0 h in 30 ml of ethylene glycol. After the mixture had
been cooled to room temperature, the solution was filtered to remove any insoluble
material. Saturated LiClO4 aqueous solution (30 ml) was added to the solution filtrate.
Purple microcrystalline solid separated out upon standing which was collected by
filtration, washed thoroughly with water and ether and dried in a vacuum oven. Yield:
0.39 g (54%). UV-Vis (CH3CN/ A, nm / €, M'em™): 276 (71166), 319 (45882), 355
(15882), 373 (17941), 394 (15588), 507 (10294). Elemental analysis for
C52H42C14N|203Ruz'. Calcd: C, 47.79; H, 3.24; N, 12.86. Found: C, 48.0; H, 3.20; N,

13.2.

[Rux(tpy)2(BDPAA)(H20).)[C104]4

A mixture of 0.2 g of [Ruy(tpy)(BDPAA)CI;][ClIO.); and 84 mg of silver

trifluoromethanesulfonate was gently refluxed for 1 h in 50 m] of water. After being
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cooled to room temperature, the mixture was filtered to remove the precipitated AgCl.
Several drops of perchloric acid were then added to the filtrate and the resulting mixture
was chilled overnight in a refrigerator. The microcrystalline dark-red precipitate of
[Ruy(tpy)2(BDPAA)H,0),][ClO,)s was collected by filtration, washed with minimum
amount of cold water and diethyl ether and air dried. Yield: 0.13 g (62%). UV-Vis
(HyOf Appax, nm / €, Mlém'l): 252 (89643), 273 (75357), 314 (48928), 356 (16535), 375
(15785), 395 (13571), 478 (8571). Elemental analysis for CesHspCliN120,3Ru;. Caled:

C, 47.48; H, 3.11; N, 10.38. Found: C, 48.20; H, 3.13; N, 10.40.

[Ruz(tpy)2(BDPAA)(CH3CN),][ClO04]4

{Ru;(tpy),(BDPAA)(H,0)][Cl04]4 (0.3 g) was dissolved in 30 ml of dry CH,CN.
The mixture was gently refluxed for 30 minutes in the dark. After being cooled to
room temperature, the solvents were removed under vacuum. The microcrystalline
orange precipitate of [Rux(tpy)2(BDPAA)(CH3;CN))[ClO4ls was collected by
filtration. Yiéld: 0.22 g (71 %). UV-Vis (CH3CN/ Apyg, nm / g, M'em): 256
(87857), 273 (78571), 310 (51429), 354 (15857), 395 (12857), 473 (7964}
Elemental analysis for CgHsClN3OgRu;  Caled: C, 49.05; H, 3.15; N, 11.78.
Found: C, 50.10; H, 3.30; N, 11.90. Crystals suitable for X-ray diffraction study
were obtained by vapor diffusion of diethyl ether to an acetonitrile solution of

[Ru(tpy)2(BDPAAYCH;3;CN),}[ClO4)4
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[Ruz(cymen)(BDPAA)CI,]Cl,

A mixture of 300 mg of dichloro(p-cymene)ruthenium(II) (0.5 mmol) (cymene =
1-Isopropyl-4-methylbenzene), 1.0 g of LiCl, 260 mg of BDPAA (0.5 mmol) were
gently refluxed under argon for 2.0 h in about 50 ml of dry THF.  After the mixture had
been cooled to room.temperature, the solution was filtered to remove any insoluble
material. The filtrate was concentrated to about 10 ml, yellow microcrystalline solid
separated out upon standing which was collected by filtration, washed thoroughly with
water gnd ether and dried in a vacuum oven. Yield: 0.45 g (85%). UV-Vis (CH;CN/
Amax, nm / €, M 'em™): 256 (60333), 304 (18000), 356 (7000), 376 (8333), 397 (7333).
Elemental analysis for Cs;Hs:Cl4NgRu,. Caled: C, 57.45; H, 4.64; N, 7.44. Found: C,
58.00; H, 4.71; N, 7.44. Crystals suitable for X-ray diffraction study were obtained by

diffusing diethyl ether to CH;CN solution of [Ru;(cymen),(BDPAA)CI;]Cl,.

[Ruz(cymen)(BDPAA)(H,0);][C104]4

A mixture of 0.2 g of [Ruy(cymen)(BDPAA)CL]Cl; and 100 mg of silver
trifluoromethanesulfonate was gently refluxed for 1 h in 50 ml of water in the dark.
After being cooled to room temperature, the mixture was filtered to remove the
precipitated AgCl. Several drops of perchloric acid were then added to the filtrate and
the resulting mixture was chilled ovemight in a refrigerator. The microcrystalline

dark-red precipitate of [Ru(cymen)(BDPAA)(H;0),][ClO4]; was collected by filtration,
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washed with minimum amount of cold water and diethyl ether and air dried. Yield: 0.14
g (76%). UV-Vis (CH;CN/ Agax, nm / €, M'em™): 252 (85666), 300 (24000), 356
(9333), 374 (11000), 395 (8666). Elemental analysis for CssHssClaNsO1zRu,. Caled: C,

45.64; H, 3.97; N, 5.91. Found: C, 45.60; H, 4.00; N, 5.92.

[Ru(dpa)(H,0)J[CIO4);

A mixture of 02 g of [Ru(dpa)Cl]J(C1Os) and 80 mg of silver
trifluoromethanesulfonate was gently refluxed for 1 h in 50 ml of water in the dark.
After being cooled to room temperature, the mixture was filtered to remove the
precipitated AgCl. Several drops of perchloric acid were then added to the filtrate and
the resulting mixture was chilled overnight in a refrigerator. The microcrystalline
dark-red precipitate of [Ru(dpa)(H,0)][CIO4]; was collected by filtration, washed with
minimum amount of cold water and diethyl ether and air dried. Yield: 0.15 g (84%).
UV-Vis (H;O/ Amax, nm / &, M'ecm™): 233 (24000), 272 (37353), 314 (34411), 364
(5882), 478 (5000). Elemental analysis for CysH2:Cl;NgOgRu. Caled: C, 41.56; H,
3.07; N, 11.63. Found: C, 41.80; H, 3.08; N, 11.60. Crystals suitable for X-ray
diffraction study were obtained by first dissolving [Ru(tpy)(dpa)(H,O)]J[ClO4]; in
double distilled water in the presence of trifluoromethanesulfonic acid. This solution
was gently heated until all the complexes dissolved. Crystals were obtained after the

solution had been cooled down to room temperature.
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4.2.2 Physical measurements

Electrochemical and x-ray crystallpgraphic studies were performed as described in

previous chapters.
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4.3 Results and Discussion

4.3.1 X-ray structural determination of BDPAA and ruthenium complexes

The ORTEP plot of the binuclear ligand BDPAA and those for various ruthenium
complexes are depicted in Figure 4.1 and Figures 4.2 — 4.5 respectively. The
crystallographic data of DBPAA are listed in Table 4.1 and those ruthenium complexes
are summarized in Table 4.4. Selected bond distances and angles are tabulated in

Tables 4.2 to 4.3 and Tables 4.5 to 4.8, respectively.

BDPAA

BDPAA was recrystallized from chloroform/hexane (1/1 v/v) in the dark at room
temperature to give small pale yellow crystals. The two 2,2’-dipyridylamino groups
linked to the 1,8-positions of anthracene are faced towards the same direction.
BDPAA has a rotation axis that includes C6 and C13, and the two 2,2’-dipyridylamino
groups are crystallographically equivalent in the crystal structure. Because of the
steric repulsion between the pyridyl rings attached onto N1, an angle of 122.4(3)° exists
between the pyridyl rings while the angle between the pyridyl ring and anthracene is
118.6(3)°. Free rotation of the 2,2’-dipyridylamino group must be inhibited because of
steric repulsion. From the crystal structure, the short distance of 4.8 A was estimated

between N1 and N4. The distance between two metals, therefore, is estimated to be in
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the range 5-6 A when BDPAA forms a binuclear complex.

[Ru(tpy)(dpa)(H;0)I(Cl04),

The ORTEP plot of [Ru(tpy)(dpa)(H‘qO)]2+ is depicted in Figure 4.2.
Crystallographic data are summarized in Table 4.4. Selected bond distances and angles

are tabulated in Tables 4.5 and 4.6 respectively.

The ruthenium coordination environment is a distorted octahedron with the tpy
ligand coordinated, as expected, in meridional fashion, the dpa ligand in cis fashion, and
the aqua ligand trans to one of the dpa nitrogen atoms. The angle of N(1)-Ru(1)-N(3)
is approximately 159° and shortening of the Ru(1)-N(2) distance to the central pyridyl
of approximately 0.1 A with respect to Ru-N distances to the two outer pyridyl rings are
typical features observed in other Ru(Il) tpy structures (103, 161-166). The distance
between ruthenium and the water oxygen is 2.143(2) A, the distance for the Ru-O is
similar to the other ruthenium aqua complexes such as [Ru(tpy)(dcbpy)(HZO)]2+,
[Ru(tpy)(bpy)(H20)]™", [Ru(tacn)(bpy)(OH2))™ [178] and
[Ru(Megtacn)(3,3’-Meszy)(OHg)]2+ [111). A comparison of the complex
[Ru(tpy)(dpa)(H20)](C10;4), with [Ru({tpy}PPP)CI]* shows that the bond length of
Ru-N and bond angles in both complexes are nearly the same. The N(4)-Ru-N(5) bond
angle in [Ru(tpy)(dpa)(H;O)})(ClO,); is 88.23(11)°, which is 2° wider than that in

[Ru(tpy)(PPP)CI]" (86.18(5)°), showing that the ligand dpa is more flexible than the
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PPP ligand.
[Ruz(tpy)(ETHPY)(CH3CN)-][C104)4

The ORTEP plot of [Ruz(tpy)g(ETI-IPY)(CH;;CN)z]“ is depicted in Figure 4.3.
Crystallographic data are summarized in Table 4.4. Selected bond distances and angles

are tabulated in Tables 4.7 and 4.8 respectively.

The ruthenium ligand environment is a distorted octahedron with the tpy ligand
coordinated, as expected, in meridional fashion, the ETHPY ligand in cis fashion, and
the acetonitrile ligand trans to one of the ETHPY nitrogen atoms. The ETHPY ligand
links two ruthenium centres by an ethylene bridge, and the bond angles, bond distances
are nearly identical for the two ruthenium in [Ruz(tpy)z(ETHPY)(CH3CN)2]4+. On
comparing the bond angles, bond distances of [Ruz(tpy)z(ETHPY)(CH;CN)Z]'” with its
analogue [Ru(tpy)(dpa)(H;;O)]z+, there is no significant difference between the two

ruthenium compiexes.
[Ruz(cymen):(BDPAA)(CI1);]Cl; and [Ru;(tpy)(BDPAA)(CH3CN)2](C104)4

Due to the disorder of the anions presence in the crystal lattice, the bond lengths
and bond angles could not be accurately determined for these two complexes. Only

the ORTEP plot of the binuclear ruthenium cations were obtained which are shown in
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Figure 4.4 and Figure 4.5 respectively. The X-ray structure of these two complexes
suggest that the two ruthenium centres are not as close to each as originally expected.
The structure of [Ru,(cymen),(BDPAA)(CI)]** shows that with the facial cymen ligand,
the two chloro ligands are facing each other in the binuclear complex. In
[Ruz(tpy)z(BDPAA)(CHgCN)z]‘“, where the tridentate tpy ligand is meridonal, the two

CH;CN ligands are pointing away from one another in the complex.
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Table 4.1 The crystal and structure determination data of BDPAA

BDPAA
Empirical formula C34H24Ns
Formula weight 516.59
Temperature 294(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/n

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

O range for data collection
Reflections collected
Independent reflections
Completeness to 0 = 27.57°
Absorption correction
Max. and min. transmission
Refinement method
Goodness-of-fit on F2

R

WR2

Largest diff. Peak and hole

a=9.566(3)A a=90°
b=18.465(5) A B =93.0358)°
c=14506(4)A y=90°
2558.7(12) A®
4
1.341 Mg /m®
0.082 mm""
1080
0.18 x 0.10 x 0.10 mm’
2.62t027.57°
17413
5876
99.2%
Empirical
0.9919 and 0.9854
Full-martix least-squares on F*
0.646
0.0496
0.0576
0.188 and —0.20%¢. A’
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Table 4.2 Selected bond length (A) for BDPAA

N(1)-C(15) 1.396(4) N(4)-C(25) 1.402(4)
N(1)-C(20) 1.418(4) N(4)-C(30) 1.411(4)
N(1)-C(1) 1.449(4) N(4)-C(11) 1.461(4)
N(2)-C(15) 1.338(4) N(5)-C(25) 1.329(4)
N(2)-C(19) 1.340(5) N(5)-C(29) 1.342(5)
N(3)-C(20) 1.341(4) N(6)-C(30) 1.322(4)
N(3)-C(24) 1.320(4) N(6)-C(34) 1.354(4)
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Table 4.3 Selected bond angles (°) for BDPAA

C(15)-N(1)-C(20)
C(20)-N(1)-C(1)

C(24)-N(3)-C(20)
C(25)-N(4)-C(20)
C(25)-N(5)-C(20)

124.1(3)
115.0(3)
117.4(4)
118.4(3)
115.8(4)

C(15)-N(1)-C(1)
C(15)-N(2)-C(19)
C(25)-N(4)-C(30)
C(30)-N(4)-C(110)
C(30)-N(6)-C(34)

118.9(3)
115.4(4)
122.4(3)
118.6(3)
117.1(3)
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Figure 4.1 An ORTEP plot of BDPAA with atom numbering.
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Table 4.5 Selected bond length (A) for [Ru(tpy)(dpa)(H,0)](C104): H;0

Ru(1)-N(1) 2.080(3) N(3)-C(15) 1.334(5)
Ru(1)-N(2) 1.952(3) N(3)-C(11) 1.387(5)
Ru(1)-N(3) 2.081(3) N4)-C(16) 1.349(4)
Ru(1)-N(4) 2.041(3) N(4)-C(20) 1.344(4)
Ru(1)-N(5) 2.101(3) N(5)-C(25) 1.352(5)
Ru(1)-0(1W) 2.143(2) N(5)-C(21) 1.355(5)
N(1)-C(1) 1.333(6) N(6)-C(20) 1.363(4)
N(1)-C(5) © 1.356(5) N(6)-C(21) 1.381(5)
N(2)-C(6) 1.358(5) N(6)-H(6A) 0.8600
N(2)-C(10) 1.336(5)
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Table 4.6Selected bond angles (°) for [Ru(tpy)(dpa)(H;0)]1(C104):.H;O

N(2)-Ru(1)-N(1)
N(2)-Ru(1)-N(4)
N(1)-Ru(1)-N(4)
N(2)-Ru(1)-N(3)
N(1)-Ru(1)-N(3)
N(4)-Ru(1)-N(3)
N(2)-Ru(1)-N¢5)
N(1)-Ru(1)-N(5)
N(4)-Ru(1)-N(5)
N(3)-Ru(1)-N(5)
N(2)-Ru(1)-O(1W)
N(1)-Ru(1)-O(1W)
N()-Ru(1)-O(1W)
N(3)-Ru(1)-O(1W)

79.25(13)
93.25(11)
93.56(11)
79.81(13)
159.00(13)
89.12(12)

 178.38(12)

100.01(13)
88.23(11)
100.88(12)
87.70(11)
90.72(11)
175.72(11)
86.94(11)

N(5)-Ru(1)-O(1W)

C(1)-N(1)-Ru(1)
C(5)-N(1)-Ru(1)
C(6)-N(2)-Ru(1)
C(10)-N(2)-Ru(1)
C(15)-N(3)-Ru(1)
C(11)-N(3)-Ru(l)
C(16)-N(4)-Ru(1)
C(20)-N(4)-Ru(1)
C(25)-N(5)-Ru(1)
C(21)-N(5)-Ru(1)
C(20)-N(6)-H(6A)
C(21)-N(6)-H(6A)

90.87(11)
128.9(3)
113.7(3)
118.5(3)
119.2(2)
129.6(3)
111.4(2)
121.1(2)
120.7(2)
121.9(2)
120.6(3)
115.5
115.5
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Figure 4.2 An ORTEP plot of [Ru(tpy)(dpa)(HZO)]2+ with atom numbering.
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Table 4.7 Selected bond length (A) for [Rux(tpy):(ETHPY )(CH;CN),][C10,]4.CH;CN

Ru(1)-N(1) 2.038(5) N@)-C17) 1.342(5)
Ru(1)-N(2) 2.071(3) N(4)-C(13) 1.405(5)
Ru()-N@)  19753) N(5)-C(18) 1.364(7)
Ru(1)-N(4) 2.034(4) N(5)-C(22) 1.398(7)
Ru(1)-N(5) 2.158(3) N(6)-C(23) 1.362(6)
Ru(1)-N(6) 2.046(5) N(6)-C(27) 1.373(6)
Ru(2)-N(9) 2.110(3) N(9)-C(30) 1.343(5)
Ru(2)-N(10) 2.042(4) N(9)-C(34) 1.346(5)
Ru(2)-N(11) 2.041(4) N(10)-C(39) 1.344(6)
Ru(2)-N(12) 1.956(3) N(10)-C(35) 1.390(5)
Ru(2)-N(13) 2.043(4) N(11)-C(40) 1.311(5)
Ru(2)-N(14) 1.961(4) N(11)-C(44) 1.341(6)
N(1)-C(1) 1.147(7) N(12)-C(45) 1.264(7)
NQ2)-C(3) 1.289(5) N(12)-C(49) 1.313(6)
N(2)-C(7) 1.409(5) N(13)-C(54) 1.280(7)
N(3)-C(12) 1.342(6) N(13)-C(50) 1.411(5)
N(3)-C(8) 1.396(6) N(14)-C(55) 1.158(7)
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Table 4.8  Selected bond angles (°) for [Ruy(tpy)(ETHPY )(CH;CN),][Cl10,),.CH,CN

N(3)-Ru(1)-N(1)
N(3)-Ru(1)-N(4)
N(1)-Ru(1)-N(4)
N(3)-Ru(1)-N(6)
N(1)-Ru(1)-N(6)
N(4)-Ru(1)-N(6)
N(3)-Ru(1)-N(2)
N(1)-Ru(1)-N(2)
N(4)-Ru(1)-N(2)
N(6)-Ru(1)-N(2)
N(3)-Ru(1)-N(5)
N(1)-Ru(1)-N(5)
N(4)-Ru(1)-N(5)
N(6)-Ru(1)-N(5)
N(2)-Ru(1)-N(5)
N(12)-Ru(2)-N(14)
N(12)-Ru(2)-N(11)
N(14)-Ru(2)-N(11)
N(12)-Ru(2)-N(13)
N(14)-Ru(2)-N(13)
N(11)-Ru(2)-N(13)
N(12)-Ru(2)-N(10)
N(14)-Ru(2)-N(10)
N(11)-Ru(2)-N(10)
N(13)-Ru(2)-N(10)
N(12)-Ru(2)-N(9)

92.08(15)
78.61(13)
85.18(16)
92.16(16)
175.77(13)
95.69(16)
80.93(14)
90.23(16)

158.84(13)

90.41(16)
177.00(17)
89.97(16)
99.38(14)
85.80(16)
101.26(14)
92.51(15)
81.26(15)
86.72(17)
80.11(15)
87.29(17)
160.14(13)
01.11(14)
176.22(13)
92.79(16)
94.38(15)
175.97(14)

N(14)-Ru(2)-N(9)
N(11)-Ru(2)-N(9)
N(13)-Ru(2)-N(9)

- N(10)-Ru(2)-N(9)

C(1)-N(1)-Ru(1)
C(3)-N(2)-Ru(1)
C(7)-N(2)-Ru(1)
C(12)-N(3)-Ru(1)
C(8)-N(3)-Ru(l)
C(17)-N(4)-Ru(1)
C(13)-N(4)-Ru(1)
C(18)-N(5)-Ru(1)
C(22)-N(5)-Ru(1)
C(23)-N(6)-Ru(1)
C(27)-N(6)-Ru(1)
C(30)-N(9)-Ru(2)
C(34)-N(9)-Ru(2)
C(39)-N(10)-Ru(2)
C(35)-N(10)-Ru(2)
C(40)-N(11)-Ru(2)
C(44)-N(11)-Ru(2)
C(45)-N(12)-Ru(2)
C(49)-N(12)-Ru(2)
C(54)-N(13)-Ru(2)
C(50)-N(13)-Ru(2)
C(55)-N(14)-Ru(2)

91.19(14)
100.56(14)
98.48(14)
85.22(13)
177.6(4)
131.5(3)
112.9(3)
119.2(3)
117.8(3)
129.5(3)
113.8(3)
120.4(3)
116.3(3)
122.2(3)
122.1(3)
120.7(2)
120.3(3)
122.8(3)
123.7(3)
132.4(3)
112.4(3)
120.8(3)
118.9(3)
129.9(3)
110.9(3)
174.3(4)
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Figure 4.3 An ORTEP plot of [Ruy(tpy),(ETHPY)CH3;CN),]* with atom

numbering.
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Figure 4.4 An ORTEP plot of [Rux(cymen),(BDPAA)CL,]** with atom numbering.
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Figure 4.5 An ORTEP plot of [Ruz(BDPAA)(tpy)z(CH3CN)2]4+ with atom

numbering.
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Synthesis and characterization of the binuclear ruthenium complexes

The synthesis of the binuclear ruthenium aqua complexes, as outlined in Scheme
4.3 is similar to that of [Ru(tpy)(dpa)(H,O)}(ClO4),. For the synthesis of the binuclear
ruthenium aqua complex [Ruz(tpy)2(BDPAA)(H>0),][ClO4]s (Scheme 4.4), a higher
boiling point solvent ethylene glycol has to be used. The low boiling ethanol has
proved to be inefficient in the synthesis of [Ruz(tpy)z(BDPAA)(Cl)g]“. This is probably
because the two 2,2°-dipyridylamine units are clo.ser to each other in BDPAA and the
steric hindrance makes the coordination to two Ru centres more difficult. Nonetheless,

this can be overcome by raising the reaction temperature with ethylene glycol.
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2Ru(tpy)Cly Eljgg fethanol | (Ruy(tpy),(ETHPY)Cl,)(CIOW),
4

Ag*(CF;S03)
LiCIO,

(Cl04)4

,( l ’( 1=N,N,N'.N'-tcn'a(Z-pyridyl)el.hylenediamine(E'I‘HPY)

Scheme 4.3  Synthesis of the [Rua(tpy)(ETHPY }(H;0),][C104)4

2Ru(tpy)Cl3 }i?g%A / ethylene gycql (Ruy(tpy)(BDPAA)CL)(CIO ),
4

Ag*(CF;50,)
LiCIO,

(ClO4)4

N
( l = 2,2-dipyridylamine

Scheme 4.4  Synthesis of the [Rus(tpy)2(BDPAA)YH;0),][Cl04]a
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Figure 4.6 Electronic absorption spectra for (a) [Rus(tpy),(ETHPY)CI;]** and (b)

[Rux(tpy)2(BDPAA)CI;)** in acetonitrile solution at room temperature.
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Table 4.9 Electronic absorption spectroscopic data for the

binuclear ruthenium

complexes
Complex Wavelength (nm) e M'em™) Assignment
[Rua(tpy)(ETHPY)Cl]* 236 6.6 x 10° n-m*
276 7.2 x 10* tpy: T-1*
318 6.3 x 10 -7
509 1.2x 10* MLCT
[Ruz(tpy)2(BDPAA)CL]* 248 8.5x 10* T-m*
276 7.1 x 10* tpy: T-T*
319 4.6 x 10° n-T*
507 1.0x 10* MLCT

Recorded at room temperature in acetonitrile solution

ETHPY=, N,N,N' ,N’-tetra{2-pyridyl) ethylenediamine, BDPAA = 1,8-bis(2,2-dipyridylamino} anthracene
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4.3.2 Electrochemical properties of the ruthenium binuclear complexes in

non-aqueous solution

The cyclic voltammograms of [Rux(tpy),(ETHPY)Cl,J* and
[Ruz(tpy)z(BDPAA)}CIZ]2+ in acetonitrile are shown in Figures 4.7 and 4.8 respectively.
A summary of E;;, values for the two binuclear complexes are given in Table 4.10.
Both complexes show a reversible two-electron couple which is assigned as the
Ru""-Ru"/Ru'-Ru" couple. The stoichiometry of the redox process (n = 2) has been
established by comparing the peak current with that of the ferrocenium/ferrocene couple
under similar experimental conditions and by constant potential coulometry. A
comparsion of the Ej;; of the ruthenium binuclear complexes with [Ru(tpy)(PPP)CI]*,
[Ru(tpy)(dpa)CI]" and [Ru(tpy)(bpy)Cl]* (Table 2.5) shows that replacing PPP and dpa
with ETHPY or BDPAA has almost no effect on the E;; values. This is consistent
with the sequence of nt-acidity which follows the order of bpy > dpa ~ PPP ~ ETHPY ~

BDPAA.
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Figure 4.7 Cyclic voltammogram of 0.5 mM [Ruz(tpy)z(ETHPY)C]z]2+ in 0.1 M
TBAP + CH;CN. Working electrode: 0.196 cm? glassy carbon. Scan rate:

100 mVs™
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Figure 4.8 Cyclic voltammogram of 0.5 mM [Ruz(tpy)g(BDPAA)C]2]2+ in 0.1 M

TBAP + CH;CN. Working electrode: 0.196 cm® glassy carbon. Scan rate: 100 mVs™
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Table 4.10  Cyclic voltammetric data of the binuclear ruthenium complexes

Complex Ej7, of Ru"-Ru'"/Ru"-Ru" couple AE, (mV)

(Vvs. Ag/AgCl)

[Rux(tpy)2(ETHPY)(Cl),]** 0.81 70

[Rux(tpy)2(BDPAA)(C)»]* 0.80 87

The F.'/F. couple was found to be 0.41 V vs. the Ag/AgCl
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4.3.3 Electrochemical properties of the binuclear ruthenium complexes in

aqueous medium

The cyclic voltammograms of [Ru{tpy)(dpa)(H20)][ClO4]s,
[Ruz(tpy)z(ET]iPY)(I{ZQ)z][ClO4]4 and [Rux(tpy):(BDPAA)H;0)]{ClO4]4 in 0.1 M
acid solution and pH 7 buffer solution are shown in Figures 4.9 to 4.14 respectively.
For [Ru(tpy)(dpa)(l-lgo)]2+, it shows one reversible couple (I) with E;;; = 0.68 V and a
peak-to-peak separation AE, of 86 mV. The size of this couple is similar to that of
[FC(CNjﬁ]S-/[FC(CN)ﬁld- suggesting that this is a one-electron process. This couple is
therefore assigned as the Ru""/Ru" couple. The Ru"™/Ru™ couple (II) is only barely

visible in 0.1 M HCI1O4 (Figure 4.9).

The cyclic voltammogram of [Ruz(tpy);g(ETI-IPY)(Hgo)z]4+ shows two couples
with Eip = 0.78 V and 0.9 V respectively (Figure 4.11 and 4.12). The peak-to-peak
separation AE; are equal to 70 mV and 54 mV respectively for these two couples. The
size of the first couple (I) at 0.78 V is roughly twice that of the [Fe(CN)s]>/[Fe(CN)s]*
couple, indicating that this is a two-¢electron processes. The size of the second couple

(II) at 0.9 V, however, is much smaller in size than the first couple.

170



For complex [Ru2(tpy)2(BDPAA)(H20)2]‘“, the cyclic voltammogram only shows
one couple at 0.81 V, the size of which is about twice that of the [Fe(CN)(s]3 /[Fe(CN)s]*

couple, indicating that this is a two-electron process (Figure 4.13 and 4.14).

Figure 4.15 shows the RDE voltammograms of 0.5 mM
[Ruz(tpy)z(ETI-IPY)(H20)2]4+ in aqueous 0.1 M CFgSOgﬁ with glassy carbon as
working electrode. For a diffusion-controlled electrochemical reaction, the relation
between the limiting current and the rotation rate is given by the Levich equation [209]

i = 0.620nFAC,D**v "'

Where

=Angular velocity of the disc (w=27nN, N = rotation per second)
v =Kinematic viscosity of the fluid, cm%/s
i, =Limiting current, mA
- =Concentration of reactant, mol/dm®

@)

=number of electron transfer

=Faraday constant

=electrode surface area, cm’

o> ">

=diffusion coefficient of the reactant, cm?/s

A plot of ip vs. "2 will then give a straight line with a slope from which the
diffusion coefficient can be calculated. The RDE voltammograms of
[Rux(tpy)2(ETHPY)(H;0)2]** and [Rux(tpy)2(ETHPY)(py)2]"” (py = pyridine) are

shown in Figure 4.15. Figure 4.16 indicated that the overall current of couples (I) and
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(I) is larger than that of the two-electron process in the oxidation of
[Ruy(tpy)2(ETHPY)(py)]* to [Rux(tpy)(ETHPY)(py),]* under similar experimental

conditions.

The Levich plot of the‘[Ruz(tpy)g(ETI-IPY)(py)z]6+l [RUz([pY)z(ETI‘[PY)(py)z]M couple is
a straight line passing through the origin (Figure 4.16 b) indicating that couple is a
diffusion controlled reaction from which the diffusion coefficient of
[Ruz(tpy)2(ETHPY)(py):]*" in water was determined to be 1.74 x 10° cm’'. A
comparison of the RDE voltammogram of [Ruz(tpy)z(ETI-IF’Y)(szO)g]4+ with that of
[Ruz(tpy)z(ETHPY)(py);g]‘“ indicated  that the  overall oxidation  of
[Ruz(tpy)z(ETHPY)(HgO)g]4+ involves more than two electrons. This is consistent
with the further oxidation of [(HO-Ru™(tpy)(ETHPY)(tpy)Ru™-OH)]* to
[(_0=Ru"’)(tpy)(ETHPY)(tpy)(Ru“’:O)]“* as expected. The Ejf; of the ruthenium aqua
complexes vary with the pH of the solution. The Pourbaix diagrams obtained from the
cyclic voltammograms recorded at different pH are discussed in the following section

for the various ruthenium aqua complexes.
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[Ru(tpy)(dpa)(H;0)I**

As the Ru™/Ru™ couple of [Ru(t-py)(dpa)(HIO)]“ is illy defined (Figures 4.9
and 4.10), only the Ein of the Ru"/Ru" couple are recorded at different pH. The
Pourbaix diagram is shown in Figure 4.17. From pH 1-8, the slope for the plot of E
vs. pH is 60 mV/pH, which is consistent with the loss of one proton and one electron in

the electrode process:

1.0 <pH < 8.0

[Ru"(tpy)(dpa)(OHI** +¢ + HY [Ru'(tpy)(dpa)( OH,)I**

At pH > 8.0, the E,1; of the Ru'"/Ru" couple becomes pH independent

pH > 8.0

[Ru"(tpy)(dpa) OH)I** + & [Ru''(tpy)(dpa)(OH)J**

The pK, of [Ru(tpy)(dpa)(Hzo)]2+ is therefore estimated to be around 8.0.
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[Ru;(tpy)(ETHPY)(H,0),]*

The Pourbaix diagram for [Ruz(tpy)g(ETHPY)(HzO)z]“ is shown in Figure 4.18.

At pH below 1.8, the slope of the Ey; vs. pH plot for the Ru¥/Ru™ couple is linear with
a slope close to —120 mV/pH unit, indicative of a four-proton two-electron transfer. In

the same region, the E; 2 of the Ru"/Ru" couple is independent of pH.

pH< 138

Couple I: [Ru™-OH,)(tpy XETHPY )(tpy)(Ru'-OH)]** 4 2¢
[(Ru"-OH,)(tpy)(ETHPY )(tpy XRu'"-OH,)] **

Couple IT: RuV=OXtpyXETHPY)ipy)Ru'=01*"  + 2¢™ + 4H*
— [(RV"-OH)(ipyXETHPY Xtpy)Ru"-OHp)/**

In the pH range of 1.8 — 8.0, the plot of Ei vs. pH for both the Ru"/Ru™ and the
Ru"Y/Ru" couples are linear with a slope close to -60 mV/pH unit, indicating that these

processes are two-proton two-electron transfers.
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1.8<pH<8.0

Couple I: [Ru"™-OH)(tpy)(ETHPY )(tpy)(Ru'-OH)I** + 2¢” + 2H*
[(Ru"-OH,)(tpy  ETHPY )(tpy)(Ru"-OH,)] **

Coupie II: [RuN =Otiy)(E'fIHPY)(lpy)(Ruw=0)]4+ +2e +2H
/ [(RU"-OH Xtpy XETHPY X tpy) RuT-OH )} **

At pH > 8.0, the slope for the E;; vs. pH plot for couple I is equal to -30 mV/pH unit.

This is consistent with the following one-proton two-electron process:

pH>8.0

[Ru"-OH,)(tpy(ETHPY )(tpy)(Ru™-OH)]* + 2¢" + H*
[Ru"-OH,)(tpy EETHPY )(tpy Ru-OH)] **

Based on the above results, it can be estiniated the pK, for
[(Ru"-OH,)(tpy)2(ETHPY)]* and [(Ru"-OH,),(tpy),(ETHPY)]* are around to 1.8 and

8.0 respectively.

Bulk electrolysis of [Rux(tpy),(ETHPY)(H;0),]* in 0.1 M CF;SO:H at 1.3 V vs.
SCE resulted in a greenish-yellow solution. The anodic charge consumed in-the

electrolysis corresponds to an overall four-electron oxidation of the complex, suggesting
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IV_yyd+
that the oxidized product should be [(O=Ruw)(tpy)(ETHPY)(tpy)(Ru = 0)]
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[Ru,(tpy),(BDPAA)H,0).]*

The cyclic voltammogram of [Ruz(tpy)g(BDPAA)(HzO)z]“ only shows one
two-electron couple in the pH range of 1 to 10. The Pourbaix diagram for the
Ru"™-Ru"/Ru-Ru" .co'uple is shown in Figure 4.19. The slope of the Pourbaix
diagram is linear with a slope close to -60 mV/pH unit, indicative of a two-proton two
electron transfer process.

[Rull-OH)(tpy)(BDPAA)(tpy )Ru'"-OH)J** + 2¢” + 2H*
[(Ru"-OH,)(tpy)(BDPAA)(tpy)(Ru-OH,))**

From the above results, it appear that the formation of Ru=0 is favourable in the
binuclear  ruthenium  complex  [Ruy(tpy)2(ETHPY)H,0);]* but not in
[Ruz(tpy)z(BDPAA)(HZO)Z]‘”. As the X-ray structure of these complexes show that
the two Ru centres are not close enocugh to allow direct interaction of the two Ru™-OH
moieties, interaction can therefore only occur through movement of the two ruthenium
units. In this aspect, the ETHPY ligand should be more favourable for such
interactions as it is flexible, whereas the rigidity of the BDPAA ligand should prohibit
such movements. This can explain the difference in the voltammogram of these two

complexes.
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Cyclic voltammogram of 0.1mM [Ru(tpy)(dpa)(Hgo)]2+ in 0.1 M of
CF;SO;H solution. Working electrode: 0.196 cm? glassy carbon. Scan

rate: 100 mVs™. (...0.lmM Fe(CN)54' in the same electrolyte)
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Figure 4.10  Cyclic voltammogram of 0.1mM [Ru(tpy)(dpa)(HZO)]2+ in pH 7 buffer.

Working electrode: 0.196 ¢m® glassy carbon. Scan rate: 100 mVs™
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Figure 411  Cyclic voltammogram of 0.1mM [Rux(tpy)2(ETHPY)(H,0)]* in 0.1 M
of CF:SOsH solution. Working electrode: 0.196 cm?® glassy carbon.

Scan rate: 100 mVs™. (... 0.lmM Fe(CN).{" in the same electrol yte)

180



12

Current (uA)

L L l' L]
0.0 0.2 04 0.6 0.8

Potential (V) vs. SCE

Figure 4.12 Cyclic voltammogram of 0.1mM [Ru(tpy)2(ETHPY )(H,0),]* in pH 7

buffer solution. Working electrode: 0.196 cm? glassy carbon. Scan rate:

100 mVs™
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Figure 4.13  Cyclic voltammogram of 0.1mM [Ruz(tpy)z(BDPAA)(H20)2]4+ in0.1M
of CF;SO:H solution. Working electrode: 0.196 cm® glassy carbon.

Scan rate: 100 mVs™. (... 0.1mM Fe(CN)¢" in the same electrolyte)
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Figure 4.14  Cyclic voltammogram of 0.ImM [RUz(IPY)z(BDPAA)(Hzo)z]4+ in pH 7

buffer solution. Working electrode: 0.196 cm’ glassy carbon. Scan rate:

100 mVs™
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Figure 4.15 RDE voltammograms of (a) (—) 0.5 mM [Ru;(tpy)z(ETHPY)(H;O);]4+

and (b) (---) 0.5 mM [Ruy(tpy)(ETHPY)(py)»]* in aqueous 0.1 M

CF;SO;H. (Working electrode: 0.32 cm® glassy carbon. Scan rate: 5

mVs’! (rpm = rotation per minute).
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Figure 4.16 Levich plot for couple of (a) 0.5 mM [Ruz(t];)y)z(ETILIPY)(H20)2]4+ and
(b) 0.5 mM [Ruz(tpy)g(ETI-[PY)(py)z]“ in aqueous 0.1 M CF;80;H.

Working electrode: 0.32 cm? glassy carbon.
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Pourbaix diagram of E,s; vs. pH for [Ru(tpy)(dpa)(H;gO)]z".
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Figure 4.18  Pourbaix diagram of E,;; vs. pH for [Ruy(tpy):(ETHPY )(H,0),]*.
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Figure 4.19  Pourbaix diagram of E;;; vs. pH for [Ruz(tpy)z(BDPAA)(HZO)z]4+.
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4.4 Conclusion

Two novel binuclear ligand ETHPY and BDPAA and their corresponding
ruthenium complexes have been synthesized and characterized. The structure of the
binuclear [Ruy(tpy)2(ETHPY)(CH;CN);(ClO4)s complex and the mononuciear
analogue [Ru(tpy)(dpa)(H,0)](ClOs); have been determined by X-ray crystallography.
Electrochemical studies of the binulcear ruthenium aqua complexes indicated that the
oxidation of HO-Ru-Ru"-OH, to O=RuI‘}-RuW=O is only feasible in
[Rug(tpy)z(ET}EY)(H20)2]4+. As the X-ray structure suggests that the distance
between two ruthenium metal centres are quite far away from each other in both
[Rux(tpy)(ETHPY)Y(H,0),]* and [Ru(tpy)2(BDPAA)(H,0),]*, the flexibility of the
ethylene bridge in ETHPY provides an explanation for the formation of Ru=0 species

through interaction of the two metal centres.
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Ruthenium oxo complexes are potential catalysts in electrochemical oxidation
reactions. The slow kinetics in the electrogeneration of Ru=0 species, however limit
its applications. In.this project, we have explored a number of ways to promote the
electrochemical conversion of ruthenium aqua complexes to ruthrenium oxo species.
It is found that by placing the ruthenium aqua complexes close to each other in polymer
films, the oxidation to Ru=0 in aqueous medium is promoted. This is attributed to the
interaction between nearby Ru''-OH (probably through hydrogen bonding) in the
polymer film, which might assist the deprotonation of -OH in formation of Ru=0. As
all previous reports on electropolymerized ruthenium-containing films were done in
non-aqueous medium which inhibits the formation of ruthenium oxo species, our study
on poly[Ru(tpy)(PPP)(OH,)]™ is the first report on the electrogeneration of Ru=0 in

electropolymerized films.

The postulation that nearby functional groups capable of hydrogen bond formation
with Ru-OH; or Ru-OH can promote the electrochemical formation of Ru=0 is further
supported by our study in the X-ray structure and electrochemistry of
[Ru(tpy)(dcbpy)(HZO)]?‘)r and cis-[Ru(dcbpy)z(H20)2]2+. The X-ray structures of these
two complexes are consistent with the existence of intramolecular hydrogen bonding
between the aqua hydrogen and the chloro-substituent on the ortho-position of the
bipyridine ligand. The cyclic voltammograms of [Ru(tpy)(dcbpy)(H;gO)]2+ and
cis-[Ru(dcbpy)z(HZO)g]2+ show that the generation of Ru=0 species is more facile than

the analogues without chloro-substituents on the ortho-position.
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Two novel binuclear ligands N,N,N’'N’-tetra(2-pyridyl) ethyldiamine (ETHPY)
and 1,8-bis(2,2’-dipyridylamino)anthracene (BDPAA) and their ruthenium aqua
complexes were synthesized with the aim to promote the formation of Ru=0 through

m

close interaction of two nearby Ru"-OH species. Electrochemical formation of

Ru™=0  was observed in  [Rux(tpy)(ETHPY)(H;0)]" but  not
[Ruz(tpy)z(BDPAA)(HZO)z]‘“. X-ray crystal structures indicated that the two Ru
centres are not close enough to each other to allow the direct interaction of Ru-OH
moieties. It is possible that the flexible ethylene bridge in ETHPY still allows the two
Ru centres to interact during the electrochemical oxidation, whereas the rigidity of

BDPAA completely prohibits this type of interaction.

Our findings indicate that the distance between the ruthenium centres is critical in
Ru=0 formation. In future work, attention should be focused on shortening the
distance between the two metal centres. A possible design will be through the

N,N,N’,N,’-tetramethyl- 1,8-diaminoanthracence ligand.
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N(Me}), N(Me),

Figure 5.1 Structure of ligand N,N,N’,N_’-tetramethyl-1,8-diaminoanthracence

It will be interesting to synthesize the binuclear ruthenium complex with the ligand
N,N,N’.N, -tetramethyl-1,8-diaminoanthracence as shown in Figure 5.1. The estimated
distance between the two ruthenium centres is about 4.2 A, which should be sufficiently
close for two Ru"-OH moieties to interact. Investigation of this kind of binuclear

complexes will shed light on the mechanism of formation of Ru=0 species..
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