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Abstract

REDOX REAGENTS BASED ON 212,,4.4B,4\4”-  QUATERPYRIDYL (qpy)

AND 4,7’-PHENANTHROLINO-5\6*:5,6-PYRAZINE (ppz)

by

Roben J. Morgan

Adviser: Professor A. D. Baker

The title ligands, and a series of Ru(ll) polypyridine complexes containing the title 

ligands, have been prepared and characterized. The ground and excited state redox and acid- 

base properties of the quaterpyridyl complexes [Ru(bpy)gqpy]!* (bpy -  2,2 —bipyridine), and its 

N—methylated derivatives ([qpyme]* and [qpymeg]3*), have been measured. [Ru(bpy)2qpy]2* is highly 

luminescent (660 nm) and has a large quantum yield (0.053 in water), a long excited state lifetime 

(569 ns in water), and a first pK, of 4.2. Quatemization on the remote pyridine rings of the 

quaterpyridyl generally decreases the quantum yield, and red shifts the emission and absorption 

maxima. [RufqpyJJ3* is also a powerful emitter, with a quantum yield of emission of 0.14 in 

methanol, and an excited state lifetime of 991 ns in water.

The photoredox properties of monomeric, dimeric, and Pt(ll) heterobinuclear Ru(ll) 

complexes containing the bis—bident ate bridging ligand ppz reveal that the metal cemers of 

luminescent, homobinuclearKbpyJgRuppzRufbpyJJ** are not coupled. [(bpy)?RuppzPtCy3*. the first 

Ru(ll)/Pt(ll) compound in which the two metai centers share the same w— system, is non— 

luminescent and its metal centers are strongly coupled.

The interaction of mixed ligand complexes of the type [RufbpyJgL]3* L- ppz, 

ppzPlClj, qpy, [qpyme]* or [qpyme2f* with calf thymus DNA has been investigated by absorption, 

emission and circular dichroism (CD) spectroscopy, and equilibrium dialysis binding studies 

Resolved spectral features of the ligand L simplify interpretation of the spectra regarding
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intercalation.

A novel method for the enantiomeric resolution of certain tris-chelates of

ruthenium(ll) has been developed. Passing an aqueous solution of (Ru(phen)],3* or Rufbpyjjppz2*

through a column containing DNA adsorbed onto hydroxylapatite, gives fractions which are > 95%

enantiomerically pure, and an additional pass results in pure isomers. We report the Ae  values for 

the A and A isomers of the ppz complex. Qualitative results for the complex (RutbpyJjphen]3*

indicate that a minimal complement of ligands, in which only one is competent to Intercalate within

the major groove of B-form DNA can form the basis for highly enantioselectfve interaction.
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Preface

Bipyridines, phenanthrolines, and related heterocycles have attracted great attention in

recent years as building blocks tor the construction of several classes of highly useful compounds.

These include the viologens. and a-dlimlne complexes of metal ions.

Viologens are quatemized bipyridines. Methyl viologen (N, N —dimethyl—4 ,4 —bipy rid inium

dichloride) is the most common viologen: It is the common herbicide paraquat. Methyl viologen and

other viologens are also extensively used as electron acceptors in redox schemes. On accepting

an electron, the viologens form radicals that are generally stable in the absence of air. and highly

colored.

Polypyridines and phenanthrolines possessing an a—diimine linkage form stable chelates 

with Ru{ll) and other metal ions. These too figure prominently in redox schemes, particularty those

involving photocatalysis. The cation [Ru(bpy)Jz* (bpy -  2,2-bipyridine)can be regarded as the

parent member of this family. Because of Its properties [RuJbpyJJ2* is often used in photoredox

schemes. In addition to a long lived excited state, [Ru(bpy)Jz< absorbs light of < 460 nm and

throughout the ultraviolet region, and undergoes both oxidative and reductive quenching. Other

a—diimine complexes share these properties to a greater or lesser degree depending on the 

structure of the a-diimine ligand.

Both viologens and Ru(ll) a—diimine complexes have been used in photoredox schemes 

that generate hydrogen from water on irradiation with visible light. In this process, [Ru(bpy)J2‘ is

used as the sensitizer, and methyl viologen mediates the transfer of an electron to a catalytic

metal, which can act as a site for water reduction. The process is complicated by the need to use

a sacrificial electron donor, and much work has been devoted to rendering the process catalytic.

These ideas are elaborated in Chapter I, where a discussion of the photophysical properties of

[Ru(bpy)Jz\  and the use of the cation as a light absorption sensitizer is presented.

The use of a-diimine ligands other than bpy. and viologens other than methyl viologen 

allows the redox properties of the sensitizer, and the electron acceptor to be fine-tuned. However,
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the modified ligands on the sensitizer must closely resemble 2 ,2 —bipyridine or many of the 

desirable photophysical properties, in particular luminescence, are lost.

A new use for Ru(ll) a-diimine complexes has recently been found. Some complexes are 

effective structural probes of 8 —DNA. The most effective ligands are thought to intercalate into the

grooves of B-DNA, and are either planar, or contain planar groups, such as phenyl, on their

periphery. There is also growing interest in the usage of these complexes in the pholodeavage of

DNA.

The work of this dissertation is concerned with preparation of two distinct families of redox

reagents, and an investigation of their photophysical properties and their interaction with DNA. The

first family is based on 2,2’:4,4”;4,,4"’-quaterpyridine (qpy), which contains a diimine site and two

"remote" pyridine nitrogen atoms. The diimine site can be used to bind to a metal and structural

elaboration, the simplest of which is quatemization. may be performed on the remote pyridine

nitrogen atoms. Chapter IV presents the preparation of qpy, Chapter V its quatemization, and

Chapters VI through Vlll, a study of the photophysical properties of Ru(ll) complexes containing

qpy, and two of its quatemized derivatives. Chapters Mil put this work in perspective by surveying

relevant background material. After an introductory opening Chapter, Chapter II offers a discussion

of structurally modified ruthenium a-diimine complexes, and Chapter III reviews the methodology 

by which novel a-diimine ligands can be prepared.

Many photochemical processes that could result in the production of useful fuels, such as

the reduction of carbon dioxide to methane, or water to hydrogen, are multi-electron reactions. Yet 

ruthenium(ll) complexes, as is true of most sensitizers, are capable of transferring only a single 

electron. The usage of single electron steps in multi-electron processes presents mechanistic and 

kinetic difficulties. A goal of this research was to prepare bimetallic Ru(ll) complexes and evaluate 

the possibility of observing two-photon, two—electron events. Luminescence, a powerful probe of 

excited state properties, allows a simple calculation of excited state energies, which are pivotal in 

the design of photoredox systems However, luminescence is rare in multimetallic compounds. We
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sought luminescent binuclear complexes in order to investigate their photophysics and defining 

their potential for use in photocatalytic processes. The second portion of this dissertation focuses 

on ruthenfcjm(ll) complexes containing 4,7'—phenanthrolino—5’,6’:5,6- pyrazine (ppz). This planar 

phenanthroline- type ligand contains two diimine linkages, capable of bridging two metal centers. 

Chapter IX contains the preparation of luminescent monomeric and homobinuclear Ru(ll; 

complexes, based on ppz, and an evaluation of their properties.

A major disadvantage in developing catalytic cycles with several components in solution,

is the lack of control over their transport. A key to developing and maximizing the efficiency of

catalytic processes may be to enforce structural organization the system. One approach is to

prepare a "supermolecule" containing all the components of the redox system: sensitizer, catalyst

and relay, bind it onto a suitable heterogeneous surface, and cleave it, regenerating the individual

components in a localized zone. Chapter IX presents the first steps in this approach, and the

evaluation of its feasibility. Novel heterobimetallic Ru(ll)/Pt(ll) complexes containing either ppz or

dpp (2,3-dH2-pyridyl)pyrazine), in which the metal centers share the same ligand * system, are 

prepared, diffused onto porous Vyoor glass (PVG) and reductively cleaved.

Chapter XI is concerned with investigating the behavior of both the qpy, and ppz families 

of Ru(ll) complexes on B-DNA. Chapter XII discusses the use of a DNA—hydroxylapatite in the 

resolution of the racemic Ru(ll) a-diimine complexes; the enantomers of [RulbpyJjppz]2* and 

[Ru(phen)J** are resolved. Finally, Chapter XIII is the experimental section. It contains all the 

experimental procedures used in this work, and the preparation of all the compounds.
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Part I: Survey 

Chapter I. Photophysical Properties of [Ru(bpy)J2+

1

1 (MLCT)
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(MLCT)
A bS.

nr

Ground S ta te

Discussion

Since the discovery of the potentially useful photophysical properties of the tris-(2 ,2 '-

bipyridine)ruthenium(ll) cation1, a tremendous amount of work been devoted to the modification of

the metal environment. This has been achieved by substituting different a-dHmlne Sgands for 2 ,2 - 

bipyridine. The parent complex has become the standard, and the properties of any novel trls-a- 

diimine complex are invariably compared to those of [Ru(bpy)J**, Thus any study of ruthenium(ll)

diimine complexes is incomplete without an overview of the photophysical properties of this
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important complex ion.

Luminescence from the tris-(2 ,2 ’-bipyrkfine)ruthenium{ll) cation was first observed by Paris 

and Brandt1 in 1959. Yet, it was the discovery of excited state quenching by Co(lll)* which 

precipitated an avalanche of studies attempting to exploit the exdted state properties of the ion in 

various applications.

Photophysical Properties of [Ru(bpy)J1+.

(Ru(bpy)jJ2* absorbs throughout the visible and ultraviolet regions of the spectrum. 

Excitation of [Ru(bpy)Ja* throughout the visible and UV spectral regions results in a singlet metal 

to ligand charge transfer state ('(MLCT)). The initially formed ’(MLCT) state rapidly ( < 10 ps) 

undergoes irrtersystem crossing (isc), resulting in a triplet metal to ligand charge transfer state 

(3(MLCT))2 This triplet state is luminescent -  608 nm in aqueous solution* -  0.4 in 

alcoholic glass at 77K*) and has a long lifetime (-800 ns in water at room temperature*). The long 

lifetime allows the possibility of encountering a solute molecule while in the excited state, and 

(Ru(bpy)J2< (the J(MLCT) excited state of [Ru(bpy)J2*) is a potent excited state oxidant, and 

reductant (Scheme 1).

[Ru(bpy)/* + hu -------- ► •[Rufbpy)/4 2.1 eV (1)

'|Ru(bpy)3f* + e ------- > |Ru{bpy)J* 0.84 V (2 )

'(Ru(bpy)J2'  - e ------- ► [Ru(bpy)J* -0.86 V (3)

The quenching of the excited state, [RulbpyJJ2*, has been studied for a large variety of 

molecules2-48 Both reductive24 and oxidative8 quenching (Scheme 2 ) have been observed.

'[RufbpyJaJ2* + Q ------- » [Rii(bpy)J* + Q* Reductive
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[RufbpyJJ** + Q  > [RufbpyJJ1* + Q' Oxidative

It is this ability to undergo chemical reactions induced by absorption of visible light that has 

made [Ru(bpy)J** a popular component In energy conversion applications.

Applications 

Light Absorption Sensitizer (LAS)

An active area of research over the last decade has been the photochemical decomposition 

oi water3

1/2 HaO + ho ------- > 1/2H , + 1/4 Oa AG -  +1.23 eV (4)

The energetics of ( R u ( b p y ) a s  a LAS in the process is summarized below.

'[Ru(bpy)Ja* + H* --------► [Ru(bpy)J** + 1/2 H2 AG -  -0.44 eV (5)

[Ru(bpy)J* + 1/2 HjO ------- ► (Rutbpy)/* + 1/4 0 2 + H* AG -  -0.45 eV (6)

Although, reaction 5 is thermodynamically favorable, it is too slow to compete with the 

deactivation of the excited state of the sensitizer* (the reverse of reaction 1). In spite of this, 

several syslems for water photo-reduction have been developed. These use an electron acceptor 

(A), a metal catalyst (M), a sacrificial electron donor (S), and [Ru(bpy)J2< as the sensitizer.

(Ru(bpy)Ja* + fru ------ > (Ru(bpy)J3* (1)

[Ru(bpy)J*‘ + A ------- > |Ru(bpy)3T + A (7)

A + M ------ > M + A (8)
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M + HjO ------- > H2 (9)

lRu(bpy)j]** + S ------- > [Ru(bpy)/* + S* (10)

The sacrificial electron donor is commonly EDTA or TEOA. the catalyst colloidal 

platinum or semiconductors3* such as  T102. Different acceptors have been used including, methyl8 

and other viologen8**, cobalt complexes7 and others1. The major disadvantage of the method is 

that it is not catalytic, but stoichiometric as the electron donor is consumed. The sacrificial electron 

donor is required because rapid energy—robbing, back electron transfer

A + [FMbpyJJ3* ------- » A + [Ru(bpy)^ (11)

not only returns the electron to the sensitizer, but also returns the sensitizer to the ground state.

Photoxidation of water using [Ru(bpy) J z* as the LAS has been given less attention in the 

recent literature than photoreduction. Cruetz and Sutin* first observed oxygen evolution from waler 

according to the stoichiometry below.

[Rufbpy),]3* + OH --------► |Ru(bpy)J3* + 1/2 H20  + 1/4 0 ,  (12)

Later, it was discovered that trace levels of metals such as Fe3* and Co3* greatly enhanced the 

yield of oxygen10 which is only about 10% in highly purified samples. From these results, it was 

proposed that hydroxo complexes of metal ions are intermediates10. The catalysis ol oxygen in 

aqueous solution by [RuOVHpyJLj3* and ((bpy)2(H20 )2RuJ0** with Ce** supports this proposition1113. 

These observations are focusing considerable attention13 on oxo-bridged dimers of ruthenium with 

bipyridine ligands.
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[FMbpyJJ2* has also been used as a LAS in photoelectrochemical cells14. A photocurrent 

is achieved with a net oxidation of water by Co(C20 4)s2'. There are many other examples of 

[Ru(bpy) J s* as a LAS cited in the reviews in reference 3, but none has received as much attention 

as the photodecomposition of water. The quest to photochemlcally reduce water to hydrogen has 

generated in a tremendous amount of information about ruthenium(ll) complexes and their excited 

states. The plethora of modified ruthenium complexes31’ has generated a large database by which 

clear relationships between ligand structure and excited state properties of their complexes can be 

derived. We will draw upon these relationships to interpret the properties of the new complexes 

described in this dissertation.
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Artificial Photosynthesis
H * 1 /2  C 0 2 1 / iC O jH

1 /4  o ,

2 C 0 2 <g> * 2H 2CMI» ► 2HCOjt-Mftq) •  1 /2  02<g> E -  -1 .4 $  V

CO . ♦ 2H* ♦ $ •   * HCO.H

2H2 0  -------* O . 4 4«  ♦ 4H

E -  -0.«1 

E -  1 .2$ V

Introduction

The purpose of this chapter is to explore, in a general way, the uses of ruthenium(ll) 

diimine complexes. A survey of important work on a variety of applications is given, and subjects 

with direct bearing on the present work are treated in more detail.

Ruthenium (II) polypyridine complexes have a unique combination of spectroscopic311 and 

electrochemical'* properties. The ion [RufbpyjjJ^ has proven to be ideal for many fundamental
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studies of photophysical and photochemical electron—transfer1* and energy transfer17 properties. 

The photophysfcat properties of this and related cations in diverse media such as micelles1*, 

vesicles1*, colloids1*, days19, cellulose*0, and si lea*1 have also been determined. Significant 

applications of ruthenium (II) bipyridine complexes as photocatalysts have been demonstrated. 

Among these are the photoinduced cleavage of water**-23 and the photoreduction of carbon 

dioxide*4, both major goals of research in the area of aittfidal photosynthesis29. In addition, some 

ruthenium polypyridine oomplexes have potential as components of eledrochromic devices29, 

increasingly, emphasis is attached to the rational design and synthesis of complexes with desired 

propenies. "Fine-tuning” of advantageous properties has been achieved through the synthesis of 

many polypyridines and related compounds, and a recent review lists many examples39.

Among the most interesting modified Ru(ll) polypyridine complexes are those containing

ligands that have additional metal binding sites, thus allowing the preparation of bimetallic and

muttimetallic species. There has been much recent effort to prepare multi electron transfer agents

containing Ru(ll) chromophores. The preparation of Ru(ll) polypyridine homonuclear dimers has

been an important step in the understanding of electron transfer in multimetallic species. Initial

eflorts were directed toward the preparation of dimeric species in which two Ru(ll) centers share

the n system of a bridging ligand. In earty studies, the metal centers of the 2,2'-bipyrimidine27

(bpym) dimers (Figure 1a) were found to be strongly coupled, and the complexes were found to

be non-kiminescent. The same result was obtained for its methylated analog29 (Figure 1b). Other

diimine compounds with extended it systems were also used to form dimeric Ru(li) species. For 

example, dimers based on the quinoxaline ligands (Figure 2) were characterized, but were found

to be non—luminescent29̂ 29 These were disappointing results because luminescence is an

invaluable probe of excited state properties.

The first luminescent homonuclear dimers of this type were in fact synthesized in our 

laboratory. These complexes contained dpp (2,3—di-(2-pyridyl)pyrazine (Figure 3a) and ppz, 

4,7'-phenanthrolino-5’,6’:5,6—pyrazine (Figure 3b) as the bridging ligands1031. The excited state
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4 + 4+

CH

R u ( b p y )

CH

Figure 1. bpym and its Dimethyl Analog.

redox potentials of both the dpp and ppz dimers were measured. These studies revealed that the 

dimers are very weak excited state reductants, but potent excited state oxidants31. Subsequently 

mono—, bi— and trimetallic species of the tridentate hat (1,4,5,8,9.12-hexaazatriphenylene) ligand 

have been prepared (Figure 4)” . In general though, the usefulness of this type of multimetallic 

species as excited state reductants in redox systems is hampered by the tow energy of the excited 

state.

Another class of muttimetallic species currently being investigated have the metal centers 

insulated from one another by a covalent linkage. Examples of this type of complex include 

mononuclear, homobinuclear, and Ru(ll)/Pt((l) heterobtnuclear complexes incorporating the 

Mebpy—Mebpy bridging ligand (Figure 5)33 Spectroscopic properties of the series are dominated 

by the presence of the [(bpy)2RuMebpy—M eb p y -co m p o n en t, and there is no indication of 

intramolecular quenching. The [(bpy)*RuMebpy—MebpyRu(bpy)J4+ dimer displays emission and



R. Morgan. Redox Reagents Based on 2,2’:4,4”:4’,4’”-Quaterpyridine. 9

OTO
\ A h '

b l ( 1)

OTO
OTO.

Figure 2. QuinoxaUne Bridging Ligands

absorption spectra which indicate the two chromophores are not interacting with one another. The 

bridging ligand bb (Figure 5) has also been prepared34, and the emission from the ruthenium 

bipyridine centers in the mixed iron-ruthenium cluster {[(bpy^RubblJFe}** has been found to be 

efficiently quenched. Using the bb (Figure 5a) ligand, Schmehl and co—workers prepared 

multimetallic species containing as many as four Ru(ll) centers3*. A novel intramolecular quenching 

mechanism has been proposed to be operative in the unsymmetrical dimer 

((dmb)2RubbRu(decb)zJ4* (where dmb -  4,4'-dimethyi-2,2,-bipyridine and decb -  

4,4’—bis—(carboxyethyl)—2,2’—bi pyridine). An excited state localized on the ((dmb)jRubb-J 

chromophore is thermodynamically favored to quench the Ru(decb)a— chromophore3®. Multimetallic 

species in which the chromophores are separated by an aliphatic linkage have some favorable 

properties. They retain the high excited state potential, exhibited by the monomers, and similar to 

those of [Ru(bpyy** The length and the character of the linkage between metal centers affect the
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Figure 3. dpp (A) and ppz (B)

mechanism by which quenching occurs. Intramolecular quenching has the advantage ot being 

spatially oriented, and could potentially, be modilied to create a difference between the rates ot 

forward and back electron transfer3*24

A rapidly growing application of modified Ru(ll) a-diimine complexes is in their use as site 

specific probes of DNA. It has been demonstrated37'49 that various six-coordinate metal complexes

in which the ligands are bidentate diimines with several fused aromatic rings are capable of

enantiomerically selective interaction with double stranded DNA’s. The basis of this

enarrtioselectivity is usually assumed to be more favorable intercalative interaction of the one

isomer within the major groove of DNA via one ot the metal bonded aromatic ligands. One ot the

most intriguing cases is provided by tris-chelates of ruthenium(tl) with heterocyclic aromatic

fused-ring systems, such as 1,10-phenanthroline (phen), which have been shown3740,4144,49 to bind

enantioselectively to DNA. Here enantioselective binding is accomplished via an intercalative
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H A T

Figure 4. The Tridentate “Hat" Ligand

interaction of one ligand with base pairs within the major groove of B-form DNA, This mode ot

binding favors the fit of the A isomer by more lavorable steric interactions with atoms forming the 

surface of the major groove. Hypochromidty of the visible region metal to ligand charge transfer

(MLCT) absorption bands associated with the phen (or other ligands), circular dichroism spectra

ot DNA dialysates, increases in emission intensities (and quantum yields for emission) of LMCT

transitions and fluorescence polarization anisotropies have all been presented as evidence ot this

unique mode of binding to DNA. The A isomer also shows enantioselectivity, but binds mainly in 

the minor groove. Exclusive binding of the A isomer of [Ru(DIP)J2*

(DIP-4,7-diphenylphenanthroline) to Bform DNA by an intercalative mode44'4’ provides evidence

that the optimum choice of ligand can maximize an enantioselective effect. However, a  recent

report, based on linear dichroism and circular dichroism studies, has challenged4* the conclusions

of Barton et al. regarding the favored intercalative binding of the A isomer within the major groove
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C H ,R C H

M o b p y -M e b p yb - b

Figure 5 T>-b" Type Bridging Ligands.

of DNA In contrast, a model is proposed in which both isomers bind via intercalation within the 

major groove.
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Chapter III. Synthesis of Dilmfne Compounds Based on 

2,2’—Bipyridine

The Bipyridines

2 ,2 '-b ip y r id in «  2 ,3 '-b ip y r id in e  2 ,4 '-b ip y r id in e

3 ,3 ’-b ip y r id in e  3 , 4 ' - bipyridine 4 ,4 '-b ip y r id in e

introduction

The desirable photoredox properties of tris—(2,2’-bipyridir>e)ruthenium{ll) cation (Chapter 

I), motivated the preparation of a wide variety of related diimine compounds. The aim has been to 

"fine tune" the photoredox properties of lRu{bpy)J2* by substituting other diimine ligands for
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2,2'-bipyridine. In this way, hundreds ot complexes of the general formula [Ru(bpy)r,L3_nf* (where 

L is a bidentate diimine ligand) have been prepared, and investigated. The purpose of this chapter 

is to review the methods by which a —diimine compounds related to 2,2'-bipyridine can be 

prepared.

■) Direot funetionslizaMon

b) Coupling of austituted pyridlM i

c) Ring bulltSrvg mathods

rigure 1. General Synthetic Strategies of 2,2’- Bipyridine Based Diimine Compounds.

There are three fundamental synthetic strategies leading to substituted 2,2'—bipyridines. 

(Figure 1).

a) Direct funationalization of 2,2'-bipyridine itself (Figure 1a) is the least common. 

2,2‘-8ipyrldine, as is true of pyridines in general, is unreactive to most reagents useful in benzene 

chemistry. The most important reactions occur, instead, on the nitrogen atoms such as 

N^alkylation, and N-oxide formation. These procedures do activate the 2 -  and 4— positions of the 

pyridine ring toward certain useful procedures, but the synthetic possibilities are still limited80**.
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b) The two pyridines which compose the 2.2'— Ink age are functionalized with pyridine 

chemistry***, and later coupled at the 2—positions to form the 2,2—bipyridine (Figure 1b). An 

important functionality to introduce is a halogen in the 2-position, as this provides a means ol 

coupling the rings together. This method is the best way to prepare symmetrically substituted 

2,2’—bipyridines from pyridines.

c) The pyridine rings are built from simpler starting materials (Figure 1c). For example, the 

condensation of 1,5-diketones with ammonium acetate is effective as in the Krohnke synthesis 

(below). This method is especially useful for highly substituted or unsymmetrical bipyridines.

The choice of which general method, or methods, to be used depends on the desired 

functionalities, symmetry, and the degree of substitution of the target polypyridyl.

Direct Coupling of Pyridines 

Metal Catalysts

The action of a  heterogeneous metal catalyst on pyridine, Raney nickel and palladium on 

carbon being the most common6', produces 2,2*—bipyridine as the only isomeric bipyridine9263 The 

procedure has been refined and remains the most important preparation of 2,2 —bfpyridine94'^8. 

Symmetrically substituted 2,2'-bipyridines have also been prepared97"83. Palladium on carbon 

usually gives lower yields of 2,2'-bipyridine than Raney nickel at low temperatures (Reflux 

temperature of the given pyridine)84-73.2,2’:6',2’’-Terpyhdine has been prepared with palladium on 

carbon74-78 and is more etlective than Raney nickel77,78. The couplng of pyridines with either Raney 

nickel or Pd/C remains the best way to prepare symmetrically substituted 2,2'-bipyrfdines. The 

pyridines which compose the 2.2'-bipyridine are prepared with pyridine chemistry, and are coupled 

as a final step.

The action ot alkali metals on pyridines is used to prepare 4,4—bipyridines, which can then 

be coupled to produce quaterpyridyl diimine compounds. Pyridine reacts with sodium to produce

1,1,4,4 —tetrahydro—4,4 —bipyridine (Figure 2)78-82 which is easily oxidized to 4,4‘—bipyridine under
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Na

Na

Na

Na

Figure 2. The Action ot Sodium on Pyridine.

a variety of conditions*1 •” *. With the proper choice ot conditions, yields as high as 84% can be 

achieved**-**'**. Symmetrically substituted 4,4’-bipyridines can be prepared with substituted 

pyridines**-**. Pyridine has also been found to react with zinc in acetic anhydride to give 

l , l ‘-diacetyl—4,4*-tetrahydro—4,4,-bipyridine, and 4.4'-bipyridine results upon hydrolysis and 

oxidation*®'*®. Modifications in the procedure have improved the yield to as much as 50%*Oe.

Organollthlum Reagents

Treatment of pyridine with LDA (Bthiumdiiospropylamide) results in a 50% yield ot 

2,2’-bipyridinew 96 and higher 2—pyridyl oligomers have also been prepared**. Kauffmann has done 

some elegant work with LDA and n—butyl lithium to produce a variety of polyheteroarenes*™.

Among the more interesting compounds reported by Kauffmann are the cycloheteroarenes 

based on it— deficient heterocycles. For example, the cyclotetrapyrimidine in Figure 3 was obtained
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LDA

Figure 3. The Action of LDA on 5,5’-Bipyrimidine.

in 12% yield from the action of LDA on S.S'-bipyrimidine. Figure 4 illustrates how a combined

strategy of using the hindered base LDA combined with lithium—halogen exchange, using n—butyl

lithium is used to couple n deficient heterocydes. In an attempt to synthesize the 

cycloheteroaromatic compound in Figure 5, Kaufmann obtained instead the quaterpyridyl and the

hexapyridyl (in Figure 5) upon the treatment of 4,4 -bipyddine with LDA.

Other Metal Reagents

Organocopper reagents, made from the corresponding lithium compounds, have been used 

to prepare a z a -  crown ether type molecules9*. The decomposition of 2-pyrfdyl gold, available from 

the corresponding lithium compound, results quantitatively in 2t2'-bipyrkline (Figure 6). Methyl 

derivatives ot 2,2’-bipyridine have been prepared by this method in 6 9 -  77% yield9*
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LDA

Figure 4. The Synthesis ot a Tetracycloheteroarene Based on 4,4 - Bipyridine,

Coupling of Halogen Substituted Pyridines 

Uhlmann Reaction

The classical method by which halogen containing pyridines are coupled is the Uhlmann 

reaction. Bipyridines can be prepared by heating a halopyridine. usually the bromo-. in a high 

boiling solvent in the presence of copper powder. The resulting bipyrldine is coupled through the 

positions which contained the halogen. This method has been used to prepare 2,2’-bipyridine100-'”  

as well as higher oligomers'0', 4,4'—bipyridine"01", 2,3’-bipyridine,” l 2,4-bipyridine1" m , 

3,3*-bipyridine111 " 3. The yield of bipyridine Is usually low, and the harsh conditions required limit 

the scope of the reaction. In addition, the reaction is useful only for the preparation of symmetrical 

bipyridines. However, recently, there has been work to improve the procedure. Thompson and 

Gaudino"4 have synthesized a series of 5—arylntcotinates by adding a palladium catalyst (Figure 

7). With this method, they obtained good yields of unsymmetrical biaryls, and at lower temperatures
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Figure 5. Combined n-Butyllithium/ LDA Methodology.

than with the traditional Uhlmann reaction. The 3-arylnlcotinate illustrated in Figure 7 could not be 

prepared in the absence of the palladium catalyst.

Organoborana/Palladlum Methods.

Developing methodology which uses palladium and organoborane chemistry is proving to 

be the most general way to lorm substituted n -  deficient heteroarenes. Davidson and Triggsm  

observed that aryl boronic adds, available Irom the corresponding Grignard reagents, in the 

presence of sodium palladate, gave the corresponding biaryls in good yields under mild conditions. 

This observation has led other workers to explore the scope and limitations of the general 

procedure11,,,T.

Various heteroarenes have been prepared using tetrakis [tr1phenylphosphine]palladium in 

a two phase system (Figure 8). The method has been applied to the of preparation
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Au

Au

Figure 6. 2-Pyridyl Gold Route to 2,2’ Bipyridine.

3-heteroarylpyridines, that are inaccessible by other methods'11. Some compounds which have 

been prepared are 3,3-bipyridine (82%), 2,3-bipyridine (85%), and 3—(3-pyridyl)quinoline (77%). 

With a tetrakis (triphenylphosphine]palladium or a palladium acetate catalyst the authors prepared, 

5-aryinicotinates with a variation of this approach114.

Thompson demonstrated the flexibility of this approach in the synthesis of a pyridine based 

pharmaceutical"* (Figure 9). (1 ,l'-8is(diphenylphosphino)-ferrocene]palladiumm,ia0 formed in situ 

is selective, and gives generally good yields of coupled products. This method promises to be 

extremely valuable in syntheses of heteroarenes which contain sensitive functionalities because 

the reaction is carried out under mild conditions120 (9Q°C), and often results in excellent yields.
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CH. O . C

PdL,

C H -O .C
NO

Figure 7. Palladium Modified Uhlmann Synthesis.

Other Methods

The Grignard reaction has been used to prepare 2,2'—bipyridine,112,1712,3'—bipyridine,112 and 

4,4’-bipyridine,n 114 The method has not been a popular one and the use of LDA or heterogeneous 

metal catalysts gives better results, and does not require a halogenated pyridine. 2.2'-and 

4,4’—Bipyridines have also been prepared by treating bromopyridines with alkaline sodium formate, 

in the presence of a palladium on carbon catalyst

Ring Building Methods

Ring building methods require more steps than the schemes which use coupling of 

pyridines, but allow aocess to unsymmetrical or highly substituted polypyridines.
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Ar
I tC .H .t .P ) ,  Pd /  KOH

♦ A r-X n - I C H j  W Br /  THF

Ar ■ pyridyl firanyt, l - p y rw d y l  «t& 

X ■ bromine or cNorine.

Figure 8. Palladium Mediated Coupling of Organoboranes in a Two Phase System.

Krohnke Synthesis

In a 1976 review1” , Krohnke discusses the approach to substituted pyridines in which 

pyridine rings are built from simpler components. The methodology (Figure 10) utilizes 

acylpyridinium salts, available from the corresponding bromoketones and pyridine, which undergo 

Michael addition with unsaturated ketones to form 1,5—diketones. The pyridine ring is formed via 

addition of ammonium acetate to the 1,5-diketones in glacial acetic acid. With a judicious choice 

of R - groups, a tremendous variety of substituted pyridines have been prepared1”  The major 

advantage to the method is that it may be used to synthesize highly substituted polypyridines with 

sensitive functionalities. Figure 11 illustrates some polyheierocycbc compounds prepared by this 

procedure which could function as multi—dentate ligands.
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Related Methods

Clever methodology was used by Newkome and Lee lor the first synthesis of 18—((2,6)

p y r id in O jC o ro n a n d —6], "sexipyridine* (Figure 12)1M. Cyano-substituted pyridines react with

C H . O .  C ArBr XX♦ ArBr DMF-Et# N 
PdfdppfKOAo).oat. Ar »-l

4 - |

NC
Several s te p s

d p p f -  [1 ,1 a>M «<4ph«nytphoepM noKi

Figure 9. Synthesis of a 4-Methyl- Derivative of the Cardiotonic Milrone.
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M- 1**" '  C |V -r

Figure 10. The Krohnke Method for the Synthesis of Substituted Pyridines.

acetylene in the presence of a cobalt catalyst to give 2—pyrtdylpyridines at 120°C with yields in 

excess of 90%'”  In addition, pyridines bridged by methylene linkages were also prepared in 

excellem yields. The method has yet to be applied to the preparation of terpyridines. and routes 

to the required cyano—bipyridines are available (below).

Halogenatlon of Pyridines*"1

A convenient and high yield method for the regioselective halogenation of pyridines is 

currently not available. Such a method is important, as it would allow pyridines to be used as 

building blocks in the preparation of polypyrtdines.
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Direct Halogenation

Direct chlorination, or bromination, of pyridine requires several hundred degrees, and gives 

predominately the 3—isomer40* 2,2  —Bipyridine chlorinates ortho to the nitrogen atoms to form a 

mixture of 6—criloro—2,2 —bipyridine and6,6 —dichloro—2,2'—bipyridine1”  Bromination gives similar 

results'*. 4,4'—bipyridine gives mono—, di—, tri—, and tetrasubstituted chloro- derivatives, with 

chlorination occurring a  to the nitrogen atoms'2*- '2". Vapor phase bromination of 3,3*-blpyridine 

gives 5-brom o-3,3 —bipyridine as the major product129. The direct halogenation of 2,4’—bipyridine, 

and 3,4'-bipyridine has not been investigated. Direct halogenation is unsatisfactory for most 

applications because to the drastic conditions required, and the formation ot isomeric mixtures.

Halogenation via the 2—Pyrldone

This method requires three steps (Figure 13). The pyridine is alkylated, usually with methyl 

iodide to form a pyridinium salt. Treatment of the salt with potassium ferricyanide gives the 

corresponding a—pyridone, which can be halogenated selectively in the 2—position50* with 

phosphorous pentabromide or phosphorous pentachloride. The disadvantages of this method are 

the required three steps, the use of the acidic phosphorous reagent as the halogen source, and 

it is limited to the preparation of a —bromopyridines.

Fluoropyrldlnlum Salta

This method has just appeared in the literature, and promises to be an improvement over

existing methods of halogenatlng of pyridines in the o-position. Acetyl hypofluoride”0-112 reacts

with pyridines dissolved in methylene chloride to give an N-fluoropyritfnium salt which then

undergoes a substitution, in the a-position, to yield a mixture of 2-chtoropyridine (70%) and 

2^acetylpyridine (15%). The reaction is instantaneous at room temperature (Figure 14)’M.

Replacing the methylene chloride with methylene bromide, gives a 50-60%  yield of

2—bromopyridine and 20% of 2—acetylpyridine. The reactivity of N—fkioropyridinium Inflate has been
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Figure 11. Novel Multidentate Ligands Available from the Krohnke Method.

investigated, and a carbene intermediate proposed134.

Cyanopyrldlnes

Cyanopyridines can be easily converted to acetylpyridines, which are useful in ring building 

methods of polypyridines, such as the Krohnke synthesis. In addition, treatment of cyanobipyridines 

with the above cobalt catalyst could be a valuable route to terpyridines. Alternatively, 

bis-(cyano)—bipyridnes could be converted to quaterpyrfdines. 2—Cyanopyridines are prepared from 

pyridine N-oxides with KCN and benzoyl chloride**, and many N-oxldes of the bipyridlnes are 

known500 The m ono-SOei,38,13‘ and N-oxides of 2,2 —blpyridine and both the N-oxides

of 4,4 —bipyridine900 are available.
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Figure 12. Synthesis of "Sexipyridme".
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Figure 13. Halogenation Through the Intermediate a-Pyridones.
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Figure 14. Halogenation Through a  N-Fluoropyridinium Sait.
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Part II: The Present Work 

Chapter IV. 2,2’:4,4":4\4f"—Quaterpyridlne

1

Introduction

There are currently two literature reports concerning the preparation of 

2,2‘:4,4’,:4,,4"’-quaterpyridine (qpy). The first, over 50 years ago by Burstall101 was a high 

temperature reaction of 4,4 -bipyridine with iodine that was reported to produce compound 1. More 

recently, qpy had been reported by Kauffmann as a side product in the attempt to prepare a 

macrocyclic polypyridyl from 4,4’—bipyridine and LDA*7®*. The Burstall method is unsuitable as a 

routine preparation of the quaterpyridyl, due to the drastic conditions and poor percentage 

conversion involved in the synthesis, while Kauffmann gave no details for his LDA procedure. This 

chapter presents a convenient method for the preparation of 1, and its complete characterization.
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Results and Discussion  

Preparation of 2,2':4,4',:4’14”'-Quaterpyrldlne

The simplest methods by which symmetrical substituted 2,2'—blpyhdines can be prepared 

are those that involve the direct coupling ol pyridines using a heterogeneous metal catalyst. The 

starting material tor this approach to 2,2’:4,4,’:4,,4’"-quaterpyridine (Scheme 1) Is the commercially 

available 4,4'-bipyridine. The most effective metal catalysts for the coupling of bipyridines are 

Raney nickel and palladium on activated cart>on. Raney nickel generally affords higher yields, at 

the reflux temperature of the pyridine, but Pd/C is easier to handle and use because it does not 

have to be degassed. High temperatures are accessible because of the high boiling point of

4,4 -bipyridine ( > 250 °C). Yields with palladium on carbon at higher temperature, rival those on 

Raney nickel. In the procedure described in the Experimental Section (Chapter XIII) the yield with 

Pd/C is 1 -2  g quaterpyridyl/1 g catalyst. Palladium on carbon need not be degassed prior to its 

use, and a mixture of the catalyst and 4,4'-bipyridine may then be heated directly, without the 

difficulty of introducing a solid onto degassed Raney nickel.

The preparation of qpy with Pd/C (Scheme 1) was found to be a practical, routine method 

of preparing the quaterpyridyl in a single step. Any uncoupled starting material can easily be 

recovered and used again with no effect on the yield of subsequent preparations.

The catalyst, however, cannot be recycled. The yield of quaterpyridyl is diminished when 

a previously used sample of catalyst is employed. The yield is generally only 0.1—0.5 g 

quaterpyridyl/1 g of previously used catalyst. Traces of quaterpyridyl in the starting material also 

causes a drop in the yield, albeit a modest one. It is likely that the product quaterpyridyl bonds 

strongly to the catalyst, and causes it to be slowly poisoned during the reaction. It is not completely 

recovered during the work-up.

There are essentially no detectable side products if the reaction is carried out below 200 

°C. However, higher temperatures result in small amounts of high melting (> 270 °C) side products. 

These account for at most 200 mg of the crude quaterpyridyl product. After the reaction is
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completed, the problem is to separate the relatively small amount of the quaterpyridyl product from 

the 4,4*—bipyridine starting material, and the high melting side products. Fortunately there are large 

differences in the solubility properties of 4,4'-bipyridine and those of the products, and this forms 

the basis for the most effective isolation of the quaterpyridyl. Most significantly, only 4,4’-bipyridine 

has any appreciable solubility in acetone, so stirring a quaterpyridyl/4,4*—bipyridine mixture with 

acetone, as detailed in Chapter XIII, results in removing the bulk of 4,4’—bipyridine from the crude 

product. The amount of acetone is not critical, as the quaterpyridyl is almost completely insoluble. 

The crude quaterpyridyl may also be isolated by distilling off the 4,4’-bipyridine. This alternative 

is slower, but results in complete removal of 4,4'—bipyridine.

Scheme 1. Preparation of 2,2,:4,4'*:4\4’"-Quaterpyridine.

o 0
P d /C

2 0 0  °C  > .L

(fiLJO)
N  - N  - N

Small amounts of pure quaterpyridyl may be obtained by recrystallization from hot ethanol. The 

procedure works well for small amounts of quaterpyridyl (< 2g), but is awkward for larger samples 

as large volumes of the solvent are required. An alternative purification procedure is to dissolve
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the crude quaterpyridyl In hot chloroform, then filter to remove the high melting impurities. Hexane 

can then be added to precipitate the quaterpyridyl, as the quaterpyridyl is quite soluble in 

chlorolorm, but insoluble in hexane. Quaterpyridyl Isolated by this alternative purification route, 

appears to have increased ethanol solubility, and this makes possible a convenient recrystallization 

from ethanol. This may be because the higher melting products are insoluble and removed in the 

chlorolorm/hexane procedure. Ultra pure samples of the quaterpyridyl can be obtained by vacuum 

sublimation, but this was rarely used in practice, as it requires high temperatures, and there is 

more loss than in repeated crystallizations from ethanol.

Other methodologies were tried but with little or no success. No quaterpyridyl was detected 

from 4,4'-b)pyridine with either Grignard reagents, n-butyllithium or LDA. Recently, however, an 

LDA method has been reported'79*. We also investigated the preparation of qpy via coupling ot 

2-bromo—4,4,-bipyridine, However this oompound is accessible only in low yields, due to the 

number of steps in its preparation (Chapter III). The only feasible route to 2—bro mo—4,4'—bipyridine 

is from the 2—pyridone (Chapter III). This three step route was difficult, and of low overall yield. The 

treatment of the 4—4’—(2-pyridyl)—2-pyridone with PbTj/PBrj resulted in only a trace of the 

2-bromo—4,4'—bipyridine. The overall yield of quaterpyridyl from the procedure would have been 

small, and result in the loss of all the 4,4'-bipyridine starting material.

Thus, heating 4,4 —bipyridine with palladium on carbon is the method of choice for the 

preparation of the quaterpyridyl. In a single step 10 g of pure quaterpyridyl can be prepared, and 

nearly all of the unreacted 4,4 —bipyridine is recovered.

’*C NMR.

The 75 MHz decoupled carbon 13 spectra of 2,2,.4,4,,:4\4”,-quaterpyrtdine (qpy) is shown 

in Figure 1. The spectrum shows the expected eight resonances. The values for the resonances 

of some simpler, analogous, pyridines used as models to interpret the qpy spectrum, are listed in 

Table I. The 13C resonances for the quaterpyridyl are listed in Table II. The numbering system used
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in this discussion, and in Table I is illustrated in Figure 1,

In general, carbon atoms meta to the nitrogen atom in pyridines give signals in the range 

118-124 ppm. In the spectrum of 2 ,2 :414’ :4’,4"-quaterpyridine there are three resonances in this 

range. 119.0,121.5, and 121.7, corresponding to meta carbons In the quaterpyridyl {C3{3’), C5(5), 

C5"{C5"’}. and C3’’(C3"). Resonances in the 135—146 ppm range are indicative of carbons in the 

four positions ot pyridine rings, carbons C4(4‘) and C4,>{4'") in the quaterpyridyl. There are two 

resonances in the ,3C spectrum of the quaterpyridyl at 145.6, and 146.6 ppm. The carbon atoms 

ortho to the nitrogen atoms (C2(2’), C6(6’) and C2**(2"’, 6",6’**), are further downfield from 147 to 

156 ppm, and there are three in the spectrum at 150.0, 150.6, and 156.6. The extreme downfield 

resonance is an indication that there is a 2,2’-bipyridine linkage in the molecule, since this 

compares well with the carbon C2(2') in 2,2‘-bipyridine (155.7 ppm). Thus, the 13C NMR is 

consistent with the structure 1 lor the quaterpyridyl

’H NMR.

The 1H NMR spectrum ot 2.2’:4,4”:4,,4’"- quaterpyridine is shown in Figure 2. The protons

on ring C (D) are of the type AA’XX’. Protons H3" and H6" form an apparent doublet (rel. area 4)

at 7.65 5. Values for the coupling constants are likely to be of the same order as in other pyridines

(Table III). Coupling constants of adjacent protons, and J58 are over three times the values for

protons coupled across two nuclei (JS1 and J4i). Thus, J*.^. is expected to be large compared to

J3 s , and the AA'XX’ pattern closely resembles the A^B, spectrum of 4,4'-bipyr1dine. The

corresponding doublet expected for protons H2" and H6” In the quaterpyridyl is not resolved on

our instrument, and appears under the multiplet (rel. area 6) at 8.68 S. Analogous protons, H2(2 ) 

and H6(6’}, in the spectrum of 4,4'-bipyridine appear at a similar 5 value (8.70 6).

The three protons on ring A produce a spectrum of the AMX type, similar to the AMXY

spectrum of 2,2'-bipyridine. Protons H6(6') are the furthest downfieid, ortho to the nitrogen atom 

on a disubstituted ring, and due to the large magnitude of J85, compared to J , 3, appear as a
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doublet at 8.80 5 (rel. area 2). Proton H5 is assigned to the quartet (rel. area 2) at 7.65 6. The 

assignment of protons H3(3‘) is based on the analogous protons in 2 ,2 -bipyridine. In the spectrum

of 2,2'bipyridine, protons H3(3*) are further downfield than H5(5 ) at 8.40 and 7.23 6 respectively 

(Table IV). The larger than expected 5 value for H3(3') is thought to be due to a transold 

conformation140, in which the lone pairs on the nitrogen atoms deshields protons H3(3’) relative to

H5{5‘). The protons H3(3’) on the quaterpyridyl are likely to be subject to the same effect, and we

believe them to lie under the multiplet (rel. area 6) at 8.68 5. The proton chemical shifts for qpy are 

summarized in Table IV. Based on the 1SC and 'H NMR spectra, we assign the structure 1

quaterpyridyl.

Mass Spectrum

The dominant fragmentation pathways in 2,2'—bipyridine’4’, and 4,4’-bipyridine142 are the

expulsion of H-, CN*, HCN, and to a lesser extent C2Ha. The base peaks in both spectra are due

to the molecular ion. Hydrogen atom expulsion from the molecular ion gives the largest fragments

(M—1} in both 4,4‘-bipyridine (44% ot base peak) and 2,2'-bipyridine (42%). Expulsion of HCN from

the molecular ion fragment is favored over the loss of CN - in both 4,4'—bipyridine (10% to 6%) and 

2,2’-bipyridine (20% to 10%). The expulsion of HCN dominates the expulsion of H-, CN*and CjHa

from the M-1 ion. High resolution mass spectra was used to discriminate the loss of CN- from ihe 

loss of C^Hg, and it was found that expulsion of CN- dominates in both 2>2*-bipyridine and

4,4'-bipyridine. Pyridine-pyridine bond fission was found to be an important pathway in the

fragmentation of 2 ,2 \2“—terpyridyl143. Doubleiy charged molecular ions are also significant in the

spectra143 of 4,4’-bipyridine (3.8%), 2,2’-bipyridine (4.0%). and 2,2\2"-terpyridyl (5.8%).

The 70 eV mass spectrum of 2,2,:4,4,,:4,,4’"-quaterpyridine (qpy. Compound 1) is shown

in Figure 3, and the analysis of the fragmentation pattern in presented in Scheme 2. The base

peak in the spectrum is the molecular ion at m/e 310. The largest fragment results from the loss

of a hydrogen atom from the molecular ion, C^H ^N /, (25% of the base peak). Loss of HCN then
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Scheme 2. Fragmentation Pattern ot 2,2 :4,4 ":4',4'"-Qua1erpyridine.
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gives C18H12NS*, m/e 282 (18%). Expulsion of HCN from the molecular ion results in C1#H,3N3\  nVe 

283 (15%). Expulsion of CN* from the molecular ion results in the C,#HUN3+ at m/e 284. It is likely 

that loss of CjH2 from the molecular ion also contributes to this peak. The peak at m/e 155 (20%) 

results from C—C bond fission, giving 4,4'—bipyridinium cation C ^ jN ,* , and the M" Ion CjoHuN4”  

The bipyridinium cation then expels HCN to give the ion CaHtN \ m/e 126 (5%).

Absorption Spectra.

The ultraviolet (UV) spectrum of qpy is given in Figure 4. Two strong transitions at
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290 nm (e- 2 56 X104 M ^ c n r1) and 238 nm (c- 6.38X104 M~\cnrr1) are shown in the spectrum.

Cyclic Voltammetry

The cycle voltammogram at 500 mv/s of 2,2’:4,4":4,,4'”—quaterpyrldine measured in 

acetonitnle contains two reductions on the anodic scan at E*p -1 .69  V and -1 .90 V (vs. SCE). 

There are two corresponding reductions on the cathodic scan at -1  58 and -1 .79  V. The 110 

mv difference between the waves on the anodic scan and the corresponding cathodic waves for 

both reductions are higher than the predicted value of 59/n mv (where n is the number of electrons 

under the wave) in a reversible system (Reversibility is further discussed in the Experimental 

Section, Chapter XIII).

Conclusion

An improved preparation ot the polypyridyl, 2 ,2 ':4 ,4 '4’, 4 '—quaterpyridine have been 

presented. NMR and m ass spectrometry have been used to confirm the structure.
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Table III. Co'jpllng Constants for Blpyrldlnes1**.
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qpy and its Quaternized Derivatives.

Results and Discussion  

Quaternizatlon Methodology

The reactivity of the nitrogen atoms of the quaterpyridyl toward methylation was explored 

with different methylating agents. Under all conditions, with all methylating agents tested, the 

nitrogen atoms of rings C and D (Scheme 1) reacted first, and further alkylation on the nitrogen 

atoms in rings A and B could only be achieved under forcing conditions. In addition, quatemization
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on all four nitrogen atoms was never observed. These conclusions were confirmed by proton and 

carbon 13 NMR spectroscopy.

The most selective alkylating agent of those tried is methyl iodide. Under the appropriate 

conditions it is possible to form mono—, di—. and tri— methyl iodide salts of the quaterpyridyl

Scheme 1. Quatemization of qpy

CH.I. Pressure  
^  1 5 0 °

CH C H , CH

N \

CHg CH

( O J  f e

CH3
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(Scheme 1). The dimethyl quaternary salt 3 was the first to be characterized. When acetone is 

used as the solvent with an excess of methyl iodide as the akylating agent, only the single diquat 

3 is formed. No higher quatemized products are formed, and there is no afcyfation on rings A and 

B. The reaction is complete after 15 minutes under reflux or overnight at room temperature. As the 

iodide salt, the diquat is highly soluble In water, and highly insoluble in organic solvents such as 

chloroform, dichloromethane, and acetone. It Is sparsely soluble in 95% ethanol, which can be 

used for the recrystallization of small samples. Increasing the water content of the ethanol raises 

its solubility, and can be used to crystallize larger amounts, but the addition ot water also 

decreases the quantity of the recovered diquat. The iodide of 3 forms yellow platelets following this 

crystallization procedure.

Conversion of the iodide to a hexafluorophosphate salt is effected by adding an aqueous 

solution of the iodide to a saturated solution of ammonium hexafluorophosphate. The reaction is 

nearly quantitative, and completely changes the solubility properties of the salt. As the 

hexafluorophosphate salt, the diquat is appreciably soluble in acetone and acetonitrile, but is highly 

water insoluble. The best purification method is to dissolve the salt in acetone, followed by 

precipitation with diethyl ether. For most applications the iodide salt was found to be suitable, and 

the hexafluorophosphate salt was used only in the electrochemical studies.

The monoquatemary salt 2 is best prepared using one equivalent of methyl iodide in 

methylene chloride. From acetone, nearly equal amounts of the monoquai, diquat, and starting 

quaterpyridyl are isolated. No quatemization is observed in less polar solvents, such as hexane 

or ether. As the iodide salt, the monoquat has excellent solubility properties. It is sufficiently polar 

to have appreciable water solubility, but is also soluble in organic solvents such as chloroform. The 

iodide salt is isolated as the monohydrate and is a pale yellow solid. The hexafluorophosphate salt 

can be prepared in the sam e manner as the diquat.

To proceed past the dimethylated stage with methyl iodide, harsh conditions are required.
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When a mixture of the quaterpyridyl and methyl iodide is healed to 100- 150°C in a sealed tube, 

a greenish solid is obtained. The solid has unusual properties. For example, it forms a purple 

solution in water, and a green solution in alcohols. Earlier work on other highly quatemized salts™ 

had revealed similar peculiarities. It was suspected that this behavior resulted from the formation 

of radicals, but our salt gave no EPR signal in the absence of a reducing agent. It is highly 

hygroscopic, and extremely difficult to dry. If left in the air, it forms a green oil. Crystals can be 

obtained by grinding thoroughly with acetone or THF. The salt will not crystallize out of any solvent 

in which it will dissolve (polar aprotic solvents, alcohols, or water). NMR ol the crude product 

(DMSO-d,. 60 MHz) gives two methyl singlets (rel. area 2:1), and a broad aromatic region {rel. 

area 14). From this data, and the established reactivity pattern of the quaterpyridyl, methylation on 

rings C and D in preference to A and B, the structure 4 is assigned for the product.

More powerful methylating agents were used in an attempt to prepare the 

tetramethylquaterpyridinium ion 5. This is an interesting ion, as it is a dimer of methyl viologen, and 

a potential two electron carrier. Using trimethyloxonium tetrafluoroborate in 1,2—dichloroethane in 

a sealed tube, only the triquat ion 4 was isolated. Dimethyl sulfate gave similar results. We 

conclude that the tetramethyl salt cannot be formed in any simple quatemization procedure. From 

this point on 2 will be referred to as [qpyme]*, and 3 as [qpymej2*.

”C NMR of [qpymej*‘( n ,

The decoupled carbon 13 spectrum of [qpymeJ^IHj is shown in Figure 1. Table I 

summarizes the 13C chemical shifts for qpy, [qpymej*(l“), and (qpymeJ2̂ !- )*. In the spectrum of 

[qpymeJJ*(r)2, there are the expected nine resonances. These indude one for the methyl group 

(48.1 ppm), three in the range (118-124 ppm) for carbons in a meta relation to a pyridine nitrogen 

atom, three ortho (147-156 ppm), and two para (135-146). The presence of nine resonances is 

consistent with structure 3, but does not confirm that b is - methylation occurs on rings C and D.
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Definitive assignment as to the position of methylation will be made after the analysis of the proton 

NMR.

’H NMR of [qpymej*4 (H i

The proton NMR of Iqpym ejj^r), is shown in Figure 2. The numbering system used for

the following discussion is also illustrated in the Figure, and Table III (Chapter IV) summarizes the

S values and assignments for the signals. Integration indicates that there are six aliphatic (4.41 S) 

and 14 aromatic protons. The position of the singlet at 4.41 5 confirms the presence of methyl 

groups on quatemized nitrogen atoms, because methyl groups on ring carbons would appear

further upfield.

The protons on ring C(D) are of type AA'XX’, and those on ring A(B) are AMX. Protons on

ring C form apparent doublets at 8.71 5 (ref. area 4) and 9.162 (rel. area 4). The farthest downfield 

of these doublets, is assigned to protons H2" and H6" and protons H3" and H5“ in the upfield

doublet.

In contrast to the spectrum of the parent quaterpyridyl, that of tqpymeji’( n a shows a clear

resolution of the three protons on ring A The farthest protons downfield are H6(6’) (doublet, rel.

area 2) at 9.02 fi. The protons farthest upfield in the aromatic region are H5(5 ) at 8.20 5. The 

signal is broadened in comparison to that for H6(6‘), and the spitting in the AMX quartet is more

evident. This is because the meta coupling constant J3 s is larger than the para JM. The final proton

ot the trio H3 is nearly a singlet (rel. area 2) at 8.91 5, due to the extremely small magnitude of 

both J3S and J3S, little splitting is evident in the signal.

As discussed above, the nC NMR indicates that the ion contains two equivalent methyl

groups, on either rings A and B, or on C and D.

The most important protons in the spectrum, regarding the assignment of the position of

methylation, are those ortho to the nitrogen atoms, protons H6(6’) on rings A and B, and H2" (2'"),

H6”(6"‘) on rings C and D. In the spectrum of the quaterpyridyl the ortho protons associated with
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rings A and B (protons H6(6‘) are the furthest downfield in the spectrum at 8.80 6, with the ortho 

protons on rings C and D at 8.68 6. If quatemization were to occur on rings A and B, the protons, 

in the spectrum of the diquat, on disubstituted rings A and B (protons H6(6')) would be the farthest

downfield. Instead ortho protons on rings C and D are shifted past those on rings A and B, and are

the furthest signals downfield. Thus, from the combination of proton and carbon 13 NMR, we

assign the structure 3 to the dication

"C  NMR of [qpyme]"(II.

The decoupled carbon 13 spectrum of [qpyme]*(l~) is shown in Figure 3, and the chemical 

shifts for qpy, [qpyme]*{l"), and [qpymeJ2*(r)j are summarized in Table I. In the spectrum of 

[q pym eno  there are seventeen expected resonances: one for the methyl group (48.128 ppm), 

six in the range (118— 124 ppm) assigned to carbons in a meta relation to a pyridine nitrogen, six 

ortho (147-156 ppm), and four para (135-146). The spectrum confirms that there is a single methyl 

group in the molecule. The pattern of seventeen resonances could not be produced in any d l- , 

tri, or te tra - quatemized species. The spectrum is consistent with the structure 2, but by itself does 

not exclude the possibility that the methyl group is positioned on ring A and not C.

1H NMR of [qpymer l"

The 'H spectrum ot [qpyme]’(r) is shown in Figure 4. Integration of the spectrum indicates

the presence of three aliphatic protons (singlet 4.40 6) and 14 pyridine protons. The position of the 

singlet is in the range expected for protons on a methyl quatemized pyridine ring. Figure 4

illustrates the numbering system used in the following discussion. Protons on rings C and D are

of type AA'XX', and rings A and B contain protons of type AMX. Protons H2"(6’’) are the farthest

downfield at 9.08 6 (rel area 2). The corresponding doublet (rel. area 2) for the protons H3"(5") is 

at 8.60 5.

The protons on ring D, H'"(6'") and H3’"(5,"), appear as the pair of doublets (rel. area 2)
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at 8.67 and 7.75 S. The splitting ot the doublet, into a quartet is more obvious in the protons on ring 

D than in those on C, and allows the assignments of the quartets at 8.67 and 7.75 6 to be coupled 

to one anolher, and independent of the doublets at 9.08 and 8.60 5 due to protons on ring C.

The H6 signal in the spectrum ot the monoquat Is the farthest downfield of any signal on

rings A and B at 8 .8 / 5 (rel. area 2). Protons H3 and H3‘ are likely to appear as singlets, by 

analogy to protons H3(3’) in the spectrum of the diquat. and H3 will be farthest downfield at 8.71

fi (rel. area 1). The signal for H6‘ is at 8.57 6 (rel. area 1). Finally, the distorted doublets at 8.00 

and 7.81 6 are assigned to H5 and H5‘, respectively.

Based on an argument similar to that presented above for the interpretation of the diquat

spectrum (i.e. ortho protons on ring C (H2"(6") are further downfield than ortho protons on ring A

due to quatemization occurring on rings C and D) the same is true in the spectrum ot the

monoquat. The downfield position of protons H2 "{6 ") relative to H6‘ is evidence that the methyl

group is positioned on ring C, as in structure 2.

Ultra Violet Absorption Spectra

Uflra Violet spectra of qpy and its two methylated derivatives are presented in Figure 5. 

The major transition in the spectrum of the parent quaterpyridyl is the centered at 238 nm. 

The corresponding transition in the dimethyl cation occurs at 257 nm. The spectrum of the 

monomethyl cation shows a band 236 nm with a low energy shoulder at 257 nm. To a close 

approximation, the spectrum of the monomethyl cation is the sum of the spectrum of the parent 

quaterpyridyl and that of the dimethyl cation. The spectrum in Figure 6 was generated by summing, 

on a point by point basis, the spectrum of the dimethyl quaternary cation, and that of the 

quaterpyridyl. The spectra shows maxima at 257 nm and 238 nm, and closely resembles the 

spectrum of ihe monomethyl cation.

A simple interpretation of the spectral data is that the n orbitals responsible for the two 

transitions are localized largely on different halves of the monomethyl cation. In this view, the
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monomethyl cation can be considered as being composed of two units- one consisting of 4,4'— 

bipyridine, and the other N-methyl—4.4 '- bipyridinium cation. The transition at 257 nm is to a it' 

localized on the N—methyl-4,4’—bipyridine unit, and the transition at 238 nm is terminated on the 

4 ,4 '- bipyridine unit.

Complexatlon

In order to test the chelating properties of qpy and its methylated derivatives, as well as 

to confirm the availability of diimine nitrogen atoms for complexation, ferrous complexes of 1, 2, 

and 3 were prepared. All three quaterpyridyls (parent, mono— and dimethyl derivatives) form deeply 

puiple colored complexes upon addition of ferrous ammonium sulfate to methanolic solutions of 

the quaterpyridyls. The visible absorption spectra, which consist of MLCT bands, show a shift to 

lower energy with the addition of each methyl group (Figure 7).

Cyclic Vottammetry of [qpym enn and [qpymejn (n i as their Hexafluorophosphate Salts

The Electrochemical behavior of (qpym enn  and [qpyme2f*(r)2 are summarized in 

Scheme 2. The vottammogram of [qpyme]*(l~) in Figure 8a shows one reversible couple at E°- - 

-0.79 V if the scan is performed from 0 to -t .2 V. The position of the wave is independent of scan 

rate, and the ratio of Ihe current for the cathodic half wave to the anodic is 0.98. In addition, there 

are no changes to the vottammogram after 20 scans at 100 mv/s. Extending the lower scan 

boundary to -2.1 V reveals several additional waves. The first on the anodic scan occurs at -1.66 

V. The vottammogram, with these scan limits, quickly decomposes after a few scans at 100 mv/s. 

The ratio of the cathodic current to the anodic on the first wave (E° -  -0.79 V) decreases with each 

scan.

The diquatemary salt 3 shows two anodic and two corresponding cathodic reductions when 

scanned from 0.0 to -1.2 V (Figure 8b). The cathodic waves occur at -0.84 and -0 .92  V, and the
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Scheme 2. Electrochemical Behavior of 2 and 3.

CHCH

-0 .7 *  V

C H - CHCHCH

- 0 .M  V

anodic portions are approximately -0.85 and -0.71 V. Because of the close spacing of these waves 

there is some uncertainty in the calculation of their half wave (E°) potentials. The ratios of the 

currents (anodic to cathodic) on both the waves is in excess of 0.98, indicative of a reversible 

process. E° values for the waves are -0.78 and -0.86 V respectively. Peak potentials are 

independent of scan rate, and multiple scans produce no changes in the voltammogram. Scanning 

from 0.0 to -2.1 V gives similar results to that of the monomethyl salt. The current on the cathodic 

scan decreases, eventually falling into the baseline, upon multiple scans at 100 mv/s. The 

electrochemical behavior of the monoquat ion 2, is similar to that lor N-methyl—M'-bipyridinium 

cation (not shown), in which the first reduction occurs at -0 .84  V (measured vs the SCE). This
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potential is, within experimental error, the same as the first reduction in the monoquat (Scheme 2).

The diquat, ion 3, contains two reductions in this potential region, at -0 .84  and —0.92 V 

(Scheme 2). The first reduction in the diquat forms the radical cation 6, which can be further 

reduced to species 7. Based on simple resonance considerations, the species 7 must exist as a 

diradical (no reasonable resonance structure can be drawn in which the two unpaired electrons are 

paired in a bond). The electrochemical behavior of 2 is in contrast to that of other vtologens, such 

as methyl viologen (Scheme 3) In the cyclic voltammogram (CV) of methyl viologen, the two 

reduction waves are well spaced, and fully reversible. The diquat 3 behaves as if it were two 

independent N-methyt—4,4’-bipyridinium units.

Conclusion

The reactivity of qpy toward methyl iodide has been explored, and has resulted in selective 

procedures for the preparation of the iodide salts of 2 and 3. The ions have been characterized 

using proton and carbon 13 NMR, and UV spectroscopy. They both readily form complexes with 

Fe(ll), and may be used as ligands to other metals as well.
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Scheme 3. Electrochemical Behavior ot Methyl Viologen
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Figure 2. 300 MHz 1H NMR of [qpyme*T(l )r



R. Morgan Redox R eagents Based on 2,2’:4,4":4\4”’-Quaterpyridine.

111 u  1 1 1 1 1 1 1 1 1 111111  [ 11111  ■ 111 pn  n ~ [ 11 n  | m 1 1 1 1 1 111 

160 155 150 145 140 135 130 125  120 115 110

PPM

( n~n~] 

50 45
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Figure 7. Visible Spectra ot Ferrous Complexes ot Ugands qpy (1), [qpyme]*(0 (2) and 
[qpymej2’(l )j(3).



VOLFS 
V

S.

Chapter V, Q uatem ization of 2,2*:4,4":4’,4’"-Quaterpyridine. 62

- )  z  n  X  x  c  O
^  n -  a o  3 > O —C . 0 3 " ' 6 ' 0  ----^

8

h  z  m x x c n

Km

Figure a .  Cyclic Voltammograms of a) [qpyme]*(l) and b) [qpym e/*(2l). at 200 mv/s, Glassy 
Cart)on Anode in 0.1 M Tetra-n-Butyltetrafluoroborate AcetonHrile Solution.



Chapter VI. Bis-Bipyridine Ru(ll) Complexes 

Based on 2,2,:4,4”:4',4”’-Quaterpyrldlne.

63

o u o

Ru(bpylt

c h 3 c h 3

N N 

Ru(bpy)j**

N N 

^ R u lb p y )/*

[Ru(bpy)2qpy]2* 1 ,[Ru{bpy)2qpyme]3+ 2, and [Ru(bpy>2qpyme2]4+ 3

Results 

Synthesis and Characterization

The bis-bipyridine complexes based on 2,2’:4,4":4’.4’"-quaterpyridine, (Ru{bpy)2L,**]<"*ai* 

(where L » qpy, [qpyme|\ or IqpymeJ2*) are prepared by refluxing Ru(bpy)2Clj with one equivalent 

of the respective ligand in 50% ethanol. Characterization of complexes 1, 2 and 3 was done by 

NMR and elemental microanalysis. Important in confirming that the methyl groups on ligands
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[qpyme]‘ and [qpyme2]2* survived the complexation procedure is 13C NMR. The 75 MHz decoupled

13C spectrum of [Ru(bpy)iqpymep* is shown in Figure 1a, and the frequencies of the resonances

are summarized in Table I. Shown in the spectrum is the expected 22 resonances, five for carbons

on the two equivalent coordinated bipyridines, 17 on the methylated quaterpyrldyl, including one

for the methyl group at 49.6 ppm. Integration of ihe 'H spectrum of ( R u ( b p y ) zq p y m 0 ja* (not shown),

indicates that there are three methyl protons (singlet 4.44 8 .3H) compared to 30 pyridine protons. 

Thus the ,3C and 1H spectra are consistent with the structure proposed for (Ru(bpy)^(pyme]3*.

The 1SC spectrum of [RutbpyJjqpymeJ4* is shown in Figure 1b, and the frequencies ot the 

resonances are summarized in Table I. The spectrum shows a total of 14 resonances, one for the 

two equivalent methyl groups (49 6 ppm), five for the bipyridine carbons, and eight for the aromatic 

carbons on the bis-methylated quaterpyridyL The 1H NMR spectrum (not shown) shows 6 aliphatic 

protons, in a singlet (4.45 5. 6H), and a 30 H multiple! in the aromatic region. The 13C and the ’H 

NMR spectra are in agreement with the structure [Rufbpyl^pymei]4*. Micro analyses of all three 

complexes fall within acceptable limits (See Experimental section).

Absorption Spectra

All three complex ions, [Ru(bpy)*qpyr. [RufbpyJjqpyme]1*, and [RufbpyJ^ymeJ**, absorb 

strongly in ihe visible and Ihe ultraviolet regions of the spectrum. Their spectra are shown in Figure 

2, and their spectral data are summarized in Table II. As the number of quaternary methyl groups 

on the coordinated quaterpyridyl is increased the low energy band undergoes a shift to the red. 

The maximum occurs at 473 nm for [RutbpyJ^yf*. at 487 nm for [RulbpyJjqpyme]3*, and 492 nm 

lor [Rufbpyl^qpymeJ**. All three complexes have an additional band in the visible at approximately 

430 nm. The band is better resolved in the spectra of {RufbpyJaqpymeJ1* and [Ru(bpy)jqpymeJ** 

than that of (Ru(bpy)Iqpy]2*, where it overlaps the band at 473 nm.
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Emission Spsctra

All three complexes are luminescent in methanol/ethanol glass at 77 K (Figure 3), and in 

fluid solution at room temperature (Figure 4], The emission data are summarized in Table III. 

(RufbpyljCpy)2* luminesces strongly with a maximum at 660 nm in water and the emission 

maximum is slightly blue shifted in acetonitrile solution, characteristic of the stabilization of a 

3(MLCT) state by the more polar solvent. The emission quantum yield is 0.078 in acetonitrile and 

0.053 in water, both higher than those observed for (Ru(bpy)jf* under the sam e conditions 

(♦•m^O.062147 and 0„-O.O4214*). [Ru(bpy)2qpyme2]44 shows a weak emission in both acetonitrile 

(0^,-0.0054) and water (0„-O  0013), and the maximum occurs at 728 nm in both solvents. We 

are currently unable to report with confidence the quantum yield and excited state lifetime values 

for (Ru(bpy)jqpyme]3* Samples which satisfy ail the normal criteria for analytical purity are found 

to emit very weakly, on the order of that observed forfRu(bpy)2qpyme2l4* However, the emission 

does not decay exponentially in either acetonitrile or water. Since luminescence is such a sensitive 

technique, we are unable to rule out the possibility that traces of the highly emissive 

[RufbpyJ^y]3* are present. For example, the possibility exists that a certain fraction of the 

[RufbpyJ^ymeJ3* sample self-reacts to give [Rufbpy^qpyJ2* and |Ru(bpy)2qpyme2J**, which could 

be facilitated by laser excitation. The presence of even minute quantities of (Ru(bpy)2qpyJ3* could 

introduce large errors in quantum yield and lifetime measurements- the problem being more severe 

in the latter.

Excited State Lifetimes

Excited state lifetimes in acetonitrile are given in Table IV. The lifetime of [RufbpyJjqpyf* 

in acetonitrile is 1418 ns, and that for [Ru(bpy)2qpyma2J4* is 63 ns. The traces obtained for 

[R utbpyl^ym e]3* are non-exponential in acetonitrile, having two components of 1453 and 75 ns. 

These values are reported with the reservations slated above. Traces measured in water for both 

[Ru(bpy)2qpy]3t and (RufbpyJjqpyme]3* are also non-exponential. This is likely due to the presence
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of the free pyridine nitrogen atoms on the coordinated quaterpyridyl, which allow the possibitty of 

acid-base equilibria in aqueous solution. For example, the Bfetime of [Ru(bpy)jqpy)2* at pH 2 is 

markedly shorter than that obtained at pH 7 (on the order of 200 ns and 600 ns respectively).

Electrochemical M easurem ents

Cyclic voltammograms for the three complexes are shown in Figures 5 and 6. Both the 

reduction and oxidation waves of the three complexes were determined to be one electron events 

using the criteria of Potcyn and Shain'*®. The electrochemical data are summarized in Table V. The 

first reduction of [RulbpyJjqpyJ2* occurs at -1.09 V. The free quaterpyridyl has a lower reduction 

potential than that ot bpy, and this reduction at -1 09 V can therefore be assigned to be locafized 

on the coordinated qpy. The second reduction in Figure 5 is assigned to the first reduction of a bpy 

in (Ru(bpy)?qpy]2V Since the free ligand does not undergo oxidation below +2 V, the oxidation wave 

at +1.24 V is inferred to be metal centered.

The cyclic voltammogram of [Ru(bpy)^qpyme]>* is shown in Figure 6a. The first two 

reduction waves occur at -0.73 and -0.91 V. Since both values are of lower potential than the first 

reduction of [Ru(bpy)j)2* (Table V), as well as the second reduction of (RutbpyJjqpy]2*, both occur 

on the coordinated dimethylqualerpyridyl, as the reduction of a bipyridine would occur at 

considerably lower (more negative) potential. It is uncertain whether the third wave at -1.20 V 

represents a further reduction of the methylquaterpyridyl or the first reduction of a bipyridine. The 

Ru(ll)/Ru(lll) couple at +1.37 V occurs at slightly higher potential than in [Ru(bpy)*qpy]2V

The cyclic voltammogram of [RufbpyJjCpymeJ** is shown in Figure 6b. The first two 

reductions occur at -0.70 and -0.62 V, and both waves represent reductions of the coordinated 

methylquaterpyridyl. While the first reductions of [Rutbpyfjqpyme]*4 and [Ru(bpyj^qpymej4* occur 

at Ihe same potential, the second reduction in [Rufbpyi^qpymeJ*4 occurs at a lower potential than 

the corresponding reduction in [Ru(bpy)2qpyme|**. The presence of the second quatemized pyridine 

ring in [Ru(bpy)2qpyme2fu l lowers the second reduction potential by providing another viologen-fike
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reduction site. Again, the assignment ot waves at higher (more negative) potential is uncertain. The 

Ru(ll)/Ru(lll) couple occurs at E° -  +1.48 V.

Resonance Raman Spectra

Resonance Raman spectra at two different excitation wavelengths are shown in Figure 7. 

Excitation of [RutbpyJjqpymej]4* at 457.9 nm (at approximately the midpoint between the 

absorptions bands at 430 and 492 nm), results in enhancement of bpy1S0 vibrations at 1562,1490, 

1323, and 1177 cm ’. For excitation at 488.0 nm, bands at 1648, 1619,1542, 1339 and 1260 cm 1 

are enhanced and can be inferred to be vibrations of chelated qpyme2z*. A similar result is obtained 

for [Rufbpy^pymeJ1*. Excitation at 457 9 nm enhances bpy vibrations at 1564, 1490, 1324, and 

1175 cm 1, as compared to the spectrum that results from 488.0 nm excitation. The [qpyme]* 

vibrations are assigned to bands occurring at 1648, 1619 1543, 1339, 1287, and 1256 cm 1. The 

resonance Raman spectrum of [Ru(bpy)zqpy]2* is very similar to that of JRu(bpy) J a*, with only minor 

bands at 1617 and 1254 cm 1 and a medium intensity band at 1534 c m 1 assignable to coordinated 

qpy. The resonance Raman spectrum of [RufqpyJJ2* indicates that a strong band at about 1481 

cm'1 is due to qpy, only 9 c m 1 below an equally strong bpy band, seen in resonance Raman 

spectra of all bpy complexes. The 1490 cm 1 bpy band is notable in the 457.9 nm spectra, reported 

here whereas the 1481 c m 1 (substituted qpy) band is notable in the 488 nm spectra (i.e. the 9 cm 1 

difference is consistently observed). Enhancement of the bpy pattern ot vibrations upon excitation 

of (Ru(bpy)2qpyme]s* and (Ru(bpy);,qpyme?I** at 457.9 nm, in conjunction with the enhancement 

of [qpyme]* and [qpymej2* vibrations with 488.0 nm excitation, allows the assignment of the long 

wavelength transitions in the absorption spectra of Ru(bpy)jqpyme)3* and [RufbpyJjqpymeJ4* as 

transitions which terminate on orbitals located on [qpyme]* and [qpyme.,]2* ligands respectively. The 

absorption bands at 430 nm in [Ru(bpy)zqpyme|3*, and at 429 nm in [Ru(bpy)jqpymeJ** is assigned 

to the a MLCT transition to a coordinated 2.2' bipyridine.
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Discussion  

Absorption Spectra

Absorption bands in the visible region (X> 400 nm) of ruthenium(ll) diimine complexes are 

due to spin allowed 1(MLCT) transitions. In tris- a-diimine heteroleptic complexes of the type

[Ru(bpy)aL]2*. MLCT transitions to both ligands can be observed if the energy difference of the

bands is large enough to permit their resolution. The band for the coordinated bpy can usually be

observed between 420- 430 nm. The two bands are hardly resolved in the spectrum of

[Ru(bpy)jqpy]2\  as they are nearly equal in intensity, and merge into a broad band with two barely

resolved maxima at 473 and 429 nm. Customization on the remote quaterpyridyl lowers the energy

of the transition to that ligand, producing an increased resolution of the bands in the spectra of

[RufbpyJjCtpyme]3* and |Ru(bpy)2qpyme/*.

Electrochemistry

The single reversible oxidation wave tor (Ru(bpy)J2* has been assigned to the removal of 

an electron from a metal centered t2 orbital1* '152 The oxidation wave for [Ru(bpy)jqpy]2* is at a 

similar potential to the accepted value for (Ru(bpy)J2* (1.28 V vs. SCE in acetonitrile). This 

suggests that the energies of the metal d orbitals are not significantly perturbed by the additional 

pyridine functionalities of the quaterpyridyl. The oxidation potentials ot [RufbpyJjqpyme]**, and 

[RutbpyJjqpymeJ4* are shifted to more positive values (+1.37 and +1.48 V respectively).

It has been generally observed that the electrochemical potentials of related [RulbpyJjLJ2* 

complexes*1 shift to the positive as the electron withdrawing character of the ligand L is increased. 

Electrochemical studies on the free ligands suggest that the LUMOs of the free ligands are lowered 

as a result of quatemization. The tree diquaternary salt shows two reduction waves at -0.78 and -

0.66 V, the monoquatemary salt a single wave at -0.79 V, and the free quaterpyridyl cannot be 

reduced below -1.7 V. These results closely parallel the results for the bis-bipyridine complexes 

1-3. The first two reductions in [Ru(bpy)jqpyme2F* ( -0.70 and -0.82 V) and the first in
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[Ru(bpy)?qpyme]5* (-0.73 V) all occur on the quaterpyridyl ttgands, and because their potentials are 

very similar to those obtained on the free ligands, we conclude that the viologen sites in 

[Rufbpyj^qpyme]3* and [Ru(bpy)?qpymeJ** remain largely undisturbed by the metal center.

Excited State Behavior

The lowest excited state of [Ru{bpy)J** is considered to be composed of four closely 

spaced states which are considered to be of triplet multiplicity 3(MLCT). The spacing of these 

3(MLCT) slates is small, and they require low temperatures to be resolved133. At room temperature 

they may be considered to be a single state. The decay from this manifold of 3(MLCT) states154 can 

occur by luminescence (k,), non-radiatively ( k j  or through a temperature dependent surface 

crossing to metal centered, ’(MC). state or states. Experimentally k, and can be obtained from 

lifetime and quantum yield measurement, and the contribution of decay through a 3(MC) from a 

temperature dependence of the lifetime study.

The radiative rate constants for [Ru(bpy)jqpy)1*, [RulbpyJJ**, and [Rufbpyljqpymej]4* are 

similar in acetonitrile. The non-radiative rate constants for [RufbpyJjqpy]3* and [Ru(bpy)JJ* are 

again similar, while that for [Ru(bpy)*qpymea]** is considerably larger.

It is imprudent to compare the excited state decays of these complexes too closely The

charges on the periphery of [Rufbpy^qpymeJ4* present several difficulties. The resonance Raman

results of these and related Ru(ll) heteroleptic a- diimine complexes indicate the excited state has 

enhanced electron density on the ligand with the lowest LUMO energy, e.g. in the case of

[RufbpyJ/jpymej]4* the enhanced electron density would lie on the N,N’— dlmethylquaterpyridinium

ligand. The MLCT transition to this ligand will result in an excited state which has a Ru(lll) core and

a singly positive acceptor ligand. To our knowledge all other excited Ru(ll) a-diimine complexes

studied to date are composed of a Ru(lll) core and a negative or neufra/ acceptor ligand. It is

interesting that the values of k„, for [RufbpyJjqpymejJ4* are very similar in both water and

acetonitrile. Coupling to the O-H vibration of water apparently does not significantly alter the
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mechanism of excited state decay in the pro tic solvent. The mechanism by which a cationic excited 

state would dissipate energy through the solvent is likely to be dltferent, and this difference could 

manilest itself in atypical values of k„. compared to other excited Ru(ll) a-diimine complexes.

Excited state Potentials

Excited state potentials of the three complexes are listed in Table 5. Those of 

[Ru(bpy)2qpy]:?* are high enough to make the complex a viable candidate for participation in excited 

state redox schemes. In addition, the complex possesses two free pyridine rings which could be 

used to modify the rates of electron transfer using the free nitrogen aloms to interact with a suitable 

quencher. For the series of bis-bipyridine complexes 1- 3, the complex ions become progressively 

poorer excited state reductants, but more potent excited state oxidams. The excited state redox 

potentials of [Ru{bpy)2qpyme)3* and [Rufbpy^qpym e^ indicate the complexes are poorer 

reductants in the excited state than [Ru(bpy)]]3*. but more potent excited state oxidants.

Conclusion

We report the preparation of a series of ruthenium complexes based on the quaterpyridyl 

ligand. The complex, [Ru(bpy},qpy]*+ is strongly luminescent, has excited state properties simitar 

to (RufbpyJJ2*, and is an excellent candidate for use in energy conversion schemes. The 

complexes [Rufbpyjjqpyme]3* and [RufbpytjqpymejJ4* demonstrate how simple modifications of the 

ground state structure, quatemizatkm on the remote pyridine nitrogen atoms of [Ru(bpy)2qpy)?\  can 

substantially reduce emission quantum yields, excited state oxidation potential, and lifetimes.
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Table I. , 3 C  NMR Resonances.
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......I:-;:-v? fiti

mmmmrnmm:
s i i i i i i i
I l l lP ll l i l j iP l .



Chapter VI. Bis- Bipyridine Complexes Based on 2,2':4,4’*:4’,4"-Quaterpyridine.

Table II. Absorption Spectral Data

473
-438

(f^bpy)aC |)yfr»/*

||§ ||§
3 0 6 { S h . )  

2 8 9  ^  

2 5 2

486
430
3tO(Sh.)
2 8 6

2 4 8

492
430
330
285
253

10*

■■■■ 1 !



R. Morgan Redox Reagents Based on 2,2’:4,4":4’14”’-Quaterpyridine. 73

Table III. Luminescence Data
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Table IV. Excited State Lifetimes

74

m t m f

Values taken from reference 3b

n p u p ®



E. Morgan Redox Reagents Based on 2 (2':4,4M:4’14m-Quaterpyndine. 75

Table V. Electrochemical data
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Figure 1. ,3C Spectra of a) [Ru(bpy)Jqpyme]*‘ and b) (RutbpyJjqpymeJ** in CD3CN. The 
peaks at 120 ppm in both spectra are due to the solvent.
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Figure 2. Absorption Spectra ot a) [Ru(bpy)gqpy]2*, b) [Ru(bpy)2qpyme2J4+ and
[Ru(bpy)2qpyme]3V
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Figure 3. Emission Spectra ol 1, 2 and 3 in 4:1 Methanol/Ethanol Glass at 77 K, -  500
nm.
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Figure 4. Emission Spectra ol 1, 2 and 3 in Water at 25°, -  500 nm.



Chapter VI. Bis- Bipyridine Com plexes Based on 2 ,2’:4,4”:4’,4*’-Quaterpyridine.

c
u

+ 2.0 0.0 - 2.01.0+ 1.0

Potential (Volts vs. SCE)

Figure 5. Cyclic Voltammogram ol lRu(bpy)zqpy]** in 0.1 M Tetra-n- 
Butylammoniumtetrafluoroborate CH3CN vs SCE. 200 mv/s, Glassy Carton Anode.
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Figure 6. Cyclic Voltammograms of a) [Ru(bpy)2qpyme]3* and b) [RutbpyjjipymeJ4* in 0.1 M 
T et ra-n-Bu I y lam moni u mt et rat lu o robo rat e CH3CN vs. SCE, Glassy Carbon Anode, 200 mv/s.



R. Morgan Redox Reagents Based on 2 #2 ^ , 4 *:V14 "-Q uaterpyndine.

IM

1491

4SBJ) nm

1491

1919

* IM1

4S13

•001
1000

Figure 7. R esonance Raman Spectra of [Rutbpyljqpyme]3* and [Ru(bpy)2<s>ynne2]'



83

Chapter VII. Ground and Excited State pK,’s of 

[Ru(bpy),qpy]2* and [Rufbpy^qpyme]3*

**  *
[Ru(bpy)j qpyHg 1 _h^  iRufbpylj qpyH) PK«1

3 4
[Ru(bpy>2 QPyHj

[Ru{bpy)2qpyMeHl [Ru(bpy)2 qpyM«] pK a,

Scheme 1.

Introduction

The complex [RufbpyJjqpyf* has two basic sites located on the non-coordinating pyridines 

of the chelated quaterpyrfdyl, and the complex [Ru(bpy)zqpyme]** has a single basic site. Each of 

these basic sites has an acidity constant associated with it, which in principle can be measured by 

a spectrophotometric titration technique {detailed in Chapter XIII).

For symmetrical diacids in which the acidic sites are spatially isolated from one another (i.e 

non-interacting) the values for the two acidity constants can not equal one another, for statistical 

reasons. In fact Equation 1 restricts the value for pK^ relative to pK„.

pKtf -  pK„ + Log,0(4) (1)

*♦^ [Ru(bpy)2 qpyl pKa^
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Thus the two pK.'s will differ by at least k>g,0(4) even If the two acid sites are symmetrically 

equivalent and completely non-interacting {See the Experimental Section tor a derivation of 

Equation 1). Similar statistical arguments can be applied to polyprotic adds. Table I gives the 

values calculated for the di- to hex- add cases.

An excited state addity constant represents the loss of a proton by a spedes while in the 

excited state. In order to permit measurement of an excited state pKa, at least one of the conjugate 

acid-base pair should be luminescent, and must be suffiderrtly long Bved. Luminescence, if present, 

permits the simplest method for the determination of excited stale acidity constants. Decrease or 

increase of luminescence intensity is plotted as a function of solution addity and the pKa is 

calculated from the resulting titration curve. The excited state, however, must be suffidently long 

lived so as to permit the establishment of true add-base equilibria. Fortunately, most Ru(ll) 

polypyridine complexes satisfy both these criteria, and their exdted state addity constants can be 

measured by the spectrophotometrtc titration experiment. Some exdted state addfty constants have 

been determined lor Ru(ll) complexes, including those of [R ufbpz)^ (where bpz -  2,2- 

bipyrazine)181, [Rutbpyj^bpzj2" ,5#, and [RuJbpyJjdppf* (where dpp -  2,3-bis(2-pyridyl)pyrazine),“ . 

This chapter is concerned chiefly with the study of the add-base behavior of JR^bpyJjqpy]**, in 

both the ground and excited state. These measurements are a necessary prelude to any studies 

of the complexes as a photoredox reagent.

Results and Discussion

Ground State PK, of {Ru(bpy)Iqpyme]**(PF(')1

Visible absorption spectra of [Ru(bpy)2qpymeJi* from pH 6.85 to 2.29 are shown in Figure

1. The spectrum shifts noticeably to the red as the addity of the solution is increased, and isobestic 

points occur at 340 and 390 nm. In addition, throughout the entire pH range, the band at 429 nm 

increases in intensity. The largest changes in the spectrum in particular the band at 429 nm, occur 

between pH 3.11 and pH 4.92. Absorption spedra in this narrow region of pH are shown in
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Figure 2. Plotting the absorbance at 429 nm vs pH gives the titration curve in Figure 3. The Gran

plot (AabsMpH vs. pH) ol the experimental data has a broad maximum at approximately pH 3.8 

(not shown). In order to obtain a better value of the pK., the titration experiment was digitally

simulated. Using a difference of 0.7 between the molar absorptivities of (Ru(bpy)zqpyme]J* and

[Ru(bpy)2qpymeH]* at 429 nm. and a pK. 3.9 gave the best fit (solid tine in Figure 3). Because 3.9

is also on the maximum of the Gran plot, this value is assigned as the pKa of [Ru(bpy)jqpyme]*\

Ground State pK.’a of [Ru(bpy)2qpy)J‘,(PF,)2

Absorption spectra of the ion [Rufbpy^py]2* in neutral and weakly addic aqueous solution

are shown in Figure 4. The spectrum remains constant as the solution is acidified until a pH of

approximately 4.0 is reached. Between pH 4.06 and 3.00, there are significant spectral changes,

and a set of isobestic points at 463, 445, 376 nm develop (Figure 5). Between pH 3.00 and 98%

sulfuric acid, the spectrum gradually shifts to the red, and decreases in intensity, but no new

isobestic points develop. The set of spectra from pH 2 to pH 3 are shown in Figure 6

Because isobestic points are observed only between pH 3 and pH 4, it is our assertion that

both pK.'s of the diacid (RufbpyJjqpyHJ** occur in this region of acidity. If only one acidity constant

is in this region, one would have to conclude that the complex resists di-protonation even in 98%

sulfuric acid. However, since the pK, of [Ru(bpy)2(qpyme)H]3* is 3.9, the addity constant for

{RufbpyJ^yHJ4* is thought to have a similar value.

Figure 7 gives the titration curve for [Ru(bpy)jqpy]z* at 360 nm. The Gran plot Indicates a

single inflection point at 3.9 pH units. There are two distinct interpretations of this value. The first

is that it represents a single pKa at 3.9, and the second that it represents the average of two addity

constants centered at 3.9 pK units. In the case of two acidity constants closer than * 2 pK units, 

two distinct protonation steps will not be resolved on the titration curve. Yet the titration curve will

be qualitatively different than in the single pKa case. Digital simulations indicate that the presence

of the second addity constant causes the titration curve to be steeper. The data in Figure 7 cannot
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be adequately fitted assuming there is only a  single pK, at 3.9 pK units, but can be fitted by 

assuming closely spaced pKa’s (the solid Hne in the Figure). The pK, values chosen for the fit were 

4,2 and 3.5. Equation 1 does not permit the values for the two pK.'s to be closer than 0.65 pH 

units. The two pKa values for [Ru(bpy)?qpyH2)^ should be separated by af least 0.65 pK units, and 

the values for the pKa’s satisfy this criterion.

The analysis of the titration curve at 500 nm in Figure 6 gives a different result, indicating 

the dependence of the titration curve on wavelength. The value obtained for the Gran plot is 4.0, 

which is similar to that obtained for the plot at 360 nm. but the data can be fitted with a single pKa 

rather than with two. The solid line in the Figure resulted from fitting with a single pKa at 4.0 pK 

units; only pKa1 is observed. At 500 nm. spectral changes are associated with either the second 

protonation or the first deprotonation, but both are not observed. The difference in the extinction 

coefficients for the free base, [Ru(bpy)2qpyf * and the monoadd, (Ru(bpy)?qpyH)2* are too close to 

one another to be resolved. Only the second protonation produces significant spectral changes, 

and the resulting titration curve.

In the normal pH range three spedes are present, the free base [Ru(bpy)/tf)yla* and its 

two conjugate acids, [R ufbpy^yH J1* and [RufbpyJjqpyHJ4* (Scheme 1). The spectrum of the free 

base occurs in neutral solution and the lowest energy MLCT transition occurs at 476 nm. The 

spectrum of the diacid, (Rulbpyj^qpyH,)4*, occurs below pH 3, and contains two clearly resolved 

bands at 429 and 497 nm. As expected, the absorption spectrum of IRu(bpy)jqpyHJ**, 

[RutbpyJjqpymeH]**, and [Ru(bpy)jqpyme2J^ are virtually indistinguishable from one another. In the 

narrow region of pH in which the mono-add dominates, the spectrum is considerably broadened. 

Spectral broadening has also been observed in the pH dependent spectrum of (RufbpzJJ2*, and 

has been reported to result from lifting the degeneracy from the n orbital of the mono protonated 

acceptor ligand in the MLCT transition19*. In the case of [RujbpyJjqpyl8*, the spectrum of the mono- 

protonated species is also broadened relative to the spectrum of [Rufbpyj^qpymej1*, which has a 

similarly non-degenerate acceptor ji\ The dominant factor determining spectral broadening in the
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case of [RutbpyjjqpyH]3* is the existence of multiple species in solution, giving superimposed 

spectra. The lifting of degeneracy of the acceptor orbital plays only a  minor role in the qpy 

complexes.

Excited State pK, of [Ru(bpy),qpy]**

At pH 7, the complex shows a bright red-orange emission with a maximum at 660 nm. As 

the pH of the solution is decreased the emission intensity declines, shifts to the red, and finally 

becomes undetectable at pH values less than 2. The luminescence seen in the range 2< pH <7 

is attributed to a mix of that due to [Ru(bpy)^qpy]2* and that due to [Ru(bpy)jqpyH)**; emission from 

the latter is weaker than that of the former. Figure 9 shows the decrease in intensity of the 

luminescence at 660 nm as a function of pH, and the corresponding titration curve is shown in 

Figure 10. The tatter permits an exdted state pK, to be calculated as 5.0. Because no emission 

is observed below pH 2 the diacid is concluded to be non-emissive. The complex is a stronger 

base in the excited state than in the ground state, which is consistent with the character of the 

emissive state in that there is more electron density on the quaterpyridyl following exdtation.

Conclusion

The complexes [RufbpyJjCipy]** and IRuibpyJjqpyme]1* are strong bases, compared to other 

Ru(ll) complexes with free nitrogen atoms. The complex [Ru(bpy)2qpy]2* is a stronger base in the 

exdted state, comparable to that of free pyridine. The acidity constants of the two complex ions 

imply that the free nitrogen atoms are readily available to be coordinated to additional metals or 

to interact with heterogeneous substrates such a porous Vycor glass or DNA. The complexes are 

well suited as probes of these materials because their photophysical properties are sensitive to 

environmental changes In a predictable manner.
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Table I.
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Chapter VIII. Tris- Quaterpyridyl Ruthenium(ll) Complexes

2  +
[ R t t (q p y ) -R u C l_  ]

2 +

[R u (q p y m e ) , ] 5 *

Result* a n d  Discussion 

Preparation

The general methodology lor the preparation ol ruthenium( 11) complexes with three identical 

diimine ligands requires the initial preparation of a  complex of the type RutL^CI,, where L 

represents the diimine Bgand (Scheme 1). This complex Is then isolated, treated with a further 

equivalent of L to form [Ru(L)J**(Cr)i two step method presents some cttfl cutties when 

applied to the preparation of (RufqpylJ2* Refluxing two equivalents of qpy with RuCJj in 

dimethylformamide (DMF), conditions similar to those used to prepare Ru(bpy)jClj, does not result 

in the expected product bis-quaterpyrxtyt complex, Ru(qpy)zClj. Instead, the major proAict is a 

brown solid insoluble material, the elemental analysis of which is inconsistent with a  bis- 

quaterpyridyl complex. The material also gives a purple color in the presence of ferrous ion. These 

observations suggest that the material is polymeric, and contains free diimine sites. Thus, it is
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RuC^ —MSQ > [Ru<DMSO)4 C12 ]

3 DL

[Ru<DL>3]2 +

W h tii  DL n p M M il i  *a a  -Sllmisa llsasd

Scheme 1. Synthesis of Tris -Diimine Ru(ll) Complexes.

probable that both the diimine nitrogen atoms and the ’remote' nitrogen atoms, of the quaterpyridyl 

readily coordinate to ruthenium(lt), and as  a  result there are diimine sites in the material, available 

ior coordination to ferrous ion (lerrous ion does not give a purple color in the presence of simple, 

*non-diimine", pyridines). However, refluxing the brown material with a  small excess of qpy in 

ethylene glycol does give a  low yield of [Ru(qpy)J*\ In which there is coordination to Ru(ll) only 

through the diimine site. Apparently, coordination through the remote (non-diimine) nitrogen atoms 

is labile compared to coordination through the diimine site. This rapid Hgand substitution renders 

the material useless in the preparation [RutqpyJjL]** type complexes. For example, refluxing the 

material with one equivalent of 2 ,2 ' -bipyridine gives several products, including [RutqpyJJ2*, 

[Ru(bpy),qpyl*\ (Ru(bpy)jJ1* and [RufqpyJjbpyl2*.

We discovered a  superior method for the preparation of [Ru(qpy)Jz*. This requires an initial 

preparation of [Ru(DMSO)4Cl2f*, by warming ruthenium trichloride in DMSO and collecting the
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precipiiate1" .  The complex is obtained pure, and the method results in an effective purification of 

commercial ruthenium chloride. [Ru(qpy)J** is then prepared by refluxing [ R u ( D M S O ) 4 c y 2 *  with 

three equivalents of qpy in water/ethanol. The brown polymeric substance discussed above is again 

formed, but the yield of (Ru(qpy)J2* is greatly improved. The methylated complex 4, is prepared 

under the sam e conditions. The tris Ru(II) complex of bis-methylated quaterpyridyl 5, seems to form 

under the sam e conditions used in the preparations of 3 and 4, but NMR and mlcroelemental 

analysis are inconsistent with the structure 5. Purification of the complex is difficult, and it is not 

stable in solution over time.

Characterization

The 60 MHz 'H NMR spectrum of [Ru(qpy)J2< has only pyridine resonances. The spectrum 

of (Ru(qpyme)J2* has a  singlet for the nine equivalent methyl protons and the expected 42 pyridine 

resonances. Mlcroelemental analysis for both 3 and 4 are within acceptable limits (see Chapter XIII 

for these results).

Absorption Spectra

The absorption spectra of (Ru(qpy)J2* and [Ru(qpyme)Jz* are shown in Figure 1, and their 

spectral data are summarized in Table I. The spectrum of [Ru(qpyme,)J** also shown in the Figure 

1, is of a crude reaction product, and is included only for completeness. The spectral maximum of 

IRutqpy)^* occurs at 476 nm, and [Ru(qpyme)J** at 487 nm. The red shift in the spectra of 

[Ru(qpyme)J2’ reflects the lowering of the k acceptor orbital of the MLCT transition in the 

quatemized quaterpyridyl.

Luminescence

In aqueous solution at room temperature, (Ru(qpy)J2'  has a  bright orange- red emission
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centered at 635 nm (Figure 2a). Hie quantum yield of emission in air equilibrated and degassed 

methanol are 0.055 and 0.14 respectively. The emission from [R u(qpy)^ is stronger than for most 

other a-dHmine Ru(ll) complexes. For example, [Ru(bpy)J** has a  quantum yield of only 0.043 in 

degassed methanol. At 77 K, in methanol or PVA (potyvinylaicohol/water/ethanol) glass, the 

emission maximum of [Ru(qpy)Ja* occurs at 617 nm (16,207 cmr'), with a  well resolved low energy 

shoulder at 667 nm (14,992 cm-1, Figure 3a). The excited state lifetime of [Ru(qpy)Ja* in degassed 

aqueous solution is 991 ns, which places It among the longest lived Ru(ll) potypyrtdine complexes; 

[Ru(bpy)J2'  has a lifetime of 599 ns under the same conditions.

(Ru(qpyme)J2* is also emissive, but its luminescence maximum is red shifted relative to 

that of [RutqpyJJ2* (Figure 2b). In fluid solution the maximum occurs at 660 nm, accompanied by 

a shoulder at 715 nm. The quantum yield of emission in air equilibrated methanol is 0.0074, and 

in degassed methanol is 0.010. At 77 K in methanol/ethanol glass, the emission maximum occurs 

at 650 nm (Figure 3b). The emission data for (Ru(qpy)J2* and [Ru(qpyme)Ja* are summarized in 

Table II. As was observed for the bis-bipyridine complexes, [Ru(bpy)^qpy)2* and (Ru(bpy)ifqpyme]J* 

(Chapter VI), methylatlon of the remote pyridine rings of the quaterpyridyl decreases the quantum 

yield and shifts the maximum to the red.

Ground State Acidity Constanta of [Ru(qpy)Ju

(Rutqpy)^2* has six basic sites, located on the non- coordinating pyridine nitrogen atoms, 

and each has a  pK„ associated with ft (Scheme 2). The complex, as its hexafluorophosphate salt, 

can be dissolved in 70% sulfuric add, and be subsequently isolated without any observable change 

in its spectroscopic properties. Beyond 70%, there is evidence that the complex undergoes 

oxidative decomposition; the solution turns green, and its visible absorption spectrum no longer 

contains strong MLCT bands. All addity measurements in the normal pH range are reversible. 

There is no difference in the results, whether the titration begins in add, and base is added, or if 

the original solution was neutral and made addic. The titration technique is discussed in Chapter
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[Ru<qpy>3 J2 +

[(qpyH)Ru(qpy>2 ]3 +

[(qpyH)^ R u(qpy  )]4 +

E<qpyH)3 R u ] 5 +

[<qpyH>2 Ru<qpyH2 )]6 KqpyH)Ru(qpyH2 )2 ^

[<qpyH)Ru(qpyH2 >2 [Ru(qpyH2 >3 18 +

Scheme 2. Protonation of [Rufqpyy**.

Xtll.

As expected, the absorption spectrum of [Rufqpy),]2* is pH dependent (Figure 4). The band 

positions and intensities in the absorption spectrum of [RutqpyJJ2*, remain constant as the acidity 

of the solution is increased until a pH of 4.0 is reached. Between pH 4.0 and 3.0 there are 

significant spectral changes (Figure 5 and 6). Isobestic points develop at 205, 239, 285,317, 377 

and 450 nm, and the entire spectrum shifts to lower energy.

Figure 7 shows the titration curve at 360 nm for this region of pH. A Gran plot (Aabs/ApH

KqpyH)Ru(qpy>213 +
6

E(qpyH>2 Ru(qpy)]4 * 

;==^ [(qpyH>3Ru]5 +
p K s

4

nh - ^  [<qpyH)2 Ru(qpyH2 )]6 +
p K s 3
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vs. pH) has a broad maximum, and does not yield an accurate value for an acidity oonstant(s). 

However, when the experimental data were digitally simulated assuming pKa values of 4.2 and 3.6, 

an excellent fit was obtained (the sofid line in Figure 7), The data could not be adequately fitted 

with a single pKa, and fitting with more than two acidity constants was not attempted. Titration 

curves using other wavelengths were constructed, and gave similar results. For example plotting 

absorbance at 310 nm gave a well defined Gran plot with an inflection point at 3.9 pK units. This 

value is also the midpoint of the two pK, values calculated using absorbance at 360 nm.

Thus, the spectral changes in this region of pH reveal the values of the acidity constants 

The pKa at 4.2 pK units is assigned to be pK,,, the first protonation of [Ru(qpy)jf*. This value is 

similar to pKtf of (Ru(bpy)zqpy)1* and to pKa, of [RufbpyJjqpyme]5* (Table III). As described in the 

previous Chapter, it is possible to predict the values of subsequent acidity constants using a 

statistical method, which presumes all the acidic sites are equivalent and non— interacting, 

inspection of Table I in Chapter VII indicates that the maximum value for pKtf, using 4.2 pK units 

as the value of pK-p Is 3.9 pK units (see Chapter VII for the application of Table I). Similarly. pKM 

would occur at 3.7 pK units. It is expected from the results outlined in Chapter VII that there would 

be little interaction between the basic sites of [Ru(qpy).jf\ and the acidity constants for at least the 

first three protonations would closely parallel the statistically predicted values, as was observed for 

[Ru(bpy)jCjpy]^. Thus, the fourth pKa is assigned as 3.6, and the fifth as  3.9 pK units. Unfortunately, 

below pH 3.0, no new isobestic points were delected (Figures 8 and 9), which prohibits 

determination of the final three acidity constants. This result could be anticipated from the results 

for [Ru(bpy)jqpy]a*, in which spectral changes due to the second protonation of a quaterpyridyl are 

small compared to those of the first.

There have been few studies of this type for comparative purposes, but Lever's1 M 

spectrophotometric study of tris-{2,2-bipyrazine)ruthenium(lt) complex, which also has two 

protonation sites on each of the three bpz ligands, merits some comment. In the case ol 

[Ru(bpz)J2*, each of the first three protonation steps occur on different bipyrazine ligands, and each
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causes the spectrum to red shift. With the fourth protonation, the first to occur on a previously 

protonated bpz, the absorption spectrum blue shifts.

As opposed to the case of [RufbpzJJ2’, alt the spectral changes in the region ol pH 3.0 to 

4.0 for [Ru(qpy)JZt result in shifting the spectra to lower energy - no blue shift is observed. 

Because the emission spectrum does blue shift (see below), it is a further indication that the 

spectral changes leading to the final three protonations of (Ru(qpy)J2* are not observed. This, of 

course, assumes that shifts in the absorption and emission spectra will occur in the same direction. 

The contrary has not been observed in all the Ru(ll) tris-diimine complexes prepared to date.

Excited State AcldHy Constants of [Ru(qpy)J**

In aqueous solution above pH 6, [Ru<qpy)J“* is strongly luminescent with the maximum 

residing at 635 nm. The intensity of the emission remains nearly constant as the solution acidity 

is increased until a pH of 5.5 is reached. Between pH 5.5 and 4.3, there is a loss of emission 

intensity, but no detectable shift of the emission maximum. (Figure 10). Plotting the emission 

intensity at 635 nm vs pH through this pH range gives the titration curve in Figure 11. From the 

plot an inflection point at 4.4 can be calculated. The experimental data can be fitted assuming two 

pK.'s at 5.2 and 4.1. Between pH 4.2 and 3.1, the spectrum shifts to the red, and at approximately 

pH 3.7 the spectral maximum reaches its lowest energy at 657 nm (Figure 12). From pH 3.4 to 

68% sulfuric acid, the spectral maximum continually shifts to higher energy (Figures 13,14,15 and 

16), and in 66% sulfuric acid the maximum occurs at 637 nm (Figure 16). The spectral changes 

at 310 nm and between pH 3.43 and 2.00 were analyzed. From the titration curve, a single 

inflection point at 3.4 pK units is calculated. Because the curve could not be successfully fitted, this 

value may, or may not, represent a single acidity constant.

These results closely parallel those obtained by Lever"* for the protolytic equilibria of 

lRu(bpz)J*\ In neutral solution, [Ru(bpz)J2* emits at 595 nm. As the solution acidity is increased, 

the intensity of the emission decreases and broadens. From the decrease in emission intensity,
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the first excited state pKa is calculated to be 3.80. As the emission at 595 nm is quenched, a new 

emission at 717 nm begins to appear. From this emission a second pK,* is calculated as -2 .2 . 

Increasing the solution acidity further results in a rapid increase in emission intensity, which 

reaches a maximum in 96% sulfuric acid. Accompanying this growth of emission intensity is a shift 

to higher energy of the maximum to 620 nm. A third pKa* is calculated to be —8.6, which is 

assigned as pK,,* (the equilibrium between the pentaprotonated and the hexaprotonated 

complexes). In their study it was only possible to calculate these three excited state acidity 

constants lor the [Ru(bpz)J2* cation.

It is significant that for both (Ru(bpz)J2’ and [Ru{qpy)Js*, only three different emission 

maxima are observed: 595, 717 and 620 nm for [Ru(bpz)J2* and 635, 657 and 637 nm for 

[Rulqpyy2*.

All known ruthenium tris diimine complexes emit from the lowest excited state, and in 

heteroleptic complexes, from the MLCT state associated with the ligand bearing the lowest energy 

n orbital. On this basis it is reasonable to expect that all possible species resulting from 

protonation of complexes of the type [Ru(L)J** (where L is an a-diimine ligand, having two basic 

siles) would show a maximum of only three distinct emission maxima. Species possessing a di- 

protonated L would show an emission associated with this ligand, having the lowest n‘. Those 

having a mono but no di protonaled L would show an emission associated with mono-protonated 

L. Only in the free base, [RuRJJ2’. would an emission associated with free L be observed. The 

myriad of observed emission maxima would then simply be weighted sums of these three 

wavelengths.

The quenching of the emission from (Ru(qpy)J2* at 635 nm allows the calculation of two 

pK /'s as 5.2 and 4.1. In agreement with the results for (Ru(bpz)J2\  the last two exciled state 

acidity constants (first two protonations) are greater than their ground state counterparts. This is 

expected, due to the increased electron density on the ligand following MLCT excitation. 

Decreasing the pH further increases the concentration of species containing a mono-protonated
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quaterpyridyl. The emission spectrum red shifts and increases in intensity, but the intensity remains 

far weaker lhan that associated with the free base, [Ru(qpy)JI*. At pH 3.7, the spectrum is at its 

lowest energy point (657 nm). and then begins to blue shift with decreasing pH. Emission from 

species containing di-protonated quaterpyridyl ligands start to dominate. In this interpretation, the 

inflection point at 3.4 pK units is not a distinct pK,. but rather the point where concentration of 

mono-protonated quaterpyridyl containing species is equal to the concentration of di-protonated 

species. The blue shift of the ligand to metal charge transfer (LMCT) emission in diprotonated 

species, also observed by Lever'M with [RutbpzJJ2*, is a curious result, that at present eludes a 

satisfying explanation.

Cyclic Voltammetry

Oxidation and reduction potentials for [RutqpyJJ2* and (Ru(qpymey** were measured by 

cyclic voltammetry in 0.1 M tetrabutylammonium tetrafluoroborate DMF at a R  disk working 

electrode. Their electrochemical potentials, as well as potentials for some other complexes, are 

given in Table IV. All waves were found to be reversible as defined by the criteria described in the 

experimental section (Chapter XIII).

The oxidation potentials of tRu(qpy)jf* and IRu(qpyme) J®* (1.49 and 1.44 V respectively) 

are higher than that of [Ru(bpy)JI+ (1.26*), but less than those of other tris-dilmine Ru(ll) 

complexes containing n deficient heterocycles such as [Ru(bpm)Jj** (1.69*) and lRu(bpz)J2* 

(1.86*}, where bpm -  2,2'bipyrimidine and bpz -  2,2-bipyrazine. This suggests that the t, orbitals 

o1 these two quaterpyridyl complexes are stabilized relative to [Ru(bpy)jf\ and destabilized relative 

to [Ru(bpm)J** and [RutbpzJJ2*.

The first reduction potential of [Ru(qpy)Ji+ occurs at —0.96 V, which is less negative than 

the first reduction in (Ru(bpy).J** (-1.27*). As expected the n of the coordinated quaterpyridyl is 

lower in energy than that of 2,2'-bipyridine in (Ru(bpy)J2*, but higher than that of bpm in 

(Ru(bpm)J2* (first reduction potential -  -0.91* V) and that of bpz in [Ru(bpz)J2’ (-0 .80* V). The
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first reduction of [qpyme]* in (Ru(cBJyme)J2* is tower than that of qpy in (Ru{qpy) J 2*, due to the 

lowering of the ligand n as a result of quatemization.

Excited State Potentials

Excited state potential diagrams for (Ru(qpy)J2*, [Rutbpy)^*, and (Ru(qpyme)J2* are given 

in Rgures 17 and 18. The strongest excited state oxidant, and weakest excited state reductant is 

(Ru(qpyme)Js*. [Ru(qpy)J2* is a stronger excited state oxidant, but a weaker excited state reductant 

than (Ru(bpy)J2*.
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Table I. Absorption Spectral Data.
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Table III. pK, Data for Ruthenium Quaterpyridyl Complexes.
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Figure 1. Absorption Spectra of a) [Ru(qpy)Jz+ b) (Ru(qpyme)3]5*' and c) [Rufqpyme^J8* in 
Acotonitrile.
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Figure 2. Emission Spectra of a) [Ru(qpy)3l2t and b) [Ru(qpyme);J5+ in Water. X., -  450 nm 
(Intensities Do not Reflect Quantum Yields).
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Figure 3. Emission Spectra ot a) [Ru(qpy)Jz* and b) [Ru(qpyme)J4\  X„, -  450 nm, at 77 K 
(Intensities Do not Reflect Quantum Yields).
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Chapter IX. Monomeric and Homonuclear Dimeric Ru(ll) 

Complexes Containing ^T’-Phenanthrollno-S'.G^S^-Pyrazine 

(ppz)

Introduction

Many important redox schemes are multi-electron processes, and a theme in current 

ruthenium chemistry is the development of systems capable of convening photoinduced single 

electron transfer events into multielectron transfer reactions. A limitation in the use of the 

ruthenium(ll) tris-2,2’-bipyridine cation, [Ru(bpy)3]z* as an excited state redox reagent, is its inability 

to transfer more than one electron in a single encounter with a quencher. One approach is to 

replace a bpy on |Ru(bpy)3]2* with a bridging ligand (Chapter II cites several examples), which can 

bind a second [Ru(bpy)z] moiety Because “dimers" ot this type contain two Ru(ll) chromophores,

2 *

R u(bpy).
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they could, in principle, participate in two-photon, two-electron events. This chapter is concerned 

with the preparation, characterization, photophysics, and electrochemistry of the homonuclear Ru(tl) 

monomeric and dimeric complexes of (1 and 2), Including the evaluation of their excited state redox 

properties.

Results and Discussion  

Preparation ot compounds

The preparation of the 2,3<li-(2-pyridyl)-pyrazine (dpp) series of complexes has been 

previously reported30. 4.7’-Phenanthrolino-5\6’:5,6-pyrazine used in the preparation of the ppz 

based complexes, was prepared from 4,7*-phenanthroline-5,6-dione (obtained as a gift from Ciba 

Geigy). The dimeric homonuclear complex, [(bpy)jRuppzRu(bpy}2p ,  is prepared by refluxing one 

equivalent of the bridging ppz, with two equivalents of Ru(bpy)2Clj in 50% ethanol. The chloride 

salt can be prepared directly by column chromatography on the reaction mixture. The column is 

packed and developed using acetonitrile. After the addition of several volumes of acetonitrile, a 

red/yellow band, containing Ru(bpy)aCL, elutes first. The monomer (Ru(bpy)^jpz]2* is eluted next, 

as a broad yellow band, by adding a small amount of 95% ethanol to the mobile phase The dimer 

(a deep purple-blue band) is eluted with 95% ethanol. The hexafluorophosphate salt of the dimer 

[(bpy)2RuppzRu(bpy)2f* can be prepared by filtering the reaction mixture into saturated ammonium 

hexafluorophosphate, and using column chromatography as above tor the chloride salt. When pure, 

the dimer is a blue crystalline solid. It is stable for extended periods of time (samples several years 

old show no signs ot decomposition) as a crystalline solid, in solution and when adsorbed onto 

porous Vycor glass. As the hexafluorophosphate salt, the dimer is soluble in polar aprotic solvents, 

including acetonitrile, DMF, and acetone; the chloride salt is highly water soluble.

The monometallic complex [R^bpyjjppzj2* is best prepared by refluxing an excess of the 

ppz ligand with one equivalent of Ru(bpy)2Clj in aqueous ethanol. Without an excess of the
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bridging ligand, as much as 80% dimer is isolated. Varying the reaction time does not improve the 

monomer/ dimer ratio. The progress of the reaction can be followed by thin layer chromatography 

(Alumina, ethanol or acetonitrile). Spots due to both the dimer, and the monomer appear almost 

immediately upon reflux. The monomer/dimer ratio can be maximized by slowly adding an ethanolic 

solution of Rufbpy^Clj to ppz (in 95% ethanol) at reflux. The work-up used for the monomer is 

identical to that for the dimer. The solubility and stability of JRufbpyJjPpz]2* is similar to its dimeric 

analog.

Absorption Spectra

Complexes of the type [Ru(bpy),L]2* (where L is an a-diimine ligand) generally give two 

bands In the visible region of the spectrum, one of which is usually between 410 and 430 nm. The 

independence of the energy ot this band through a wide range of L, leads to the conclusion that 

the band is due to a transition terminated on a bipyridine. This assignment has often been 

confirmed by resonance Raman spectroscopy (see reference 31, for an example). The other band 

is a  MLCT transition terminated on the L ligand, and Is usually observed at lower energy than the 

bipyridine band, as most L studied have a lower LUMO energy than does bipyridine. The 

absorption spectra of [Rufbpyjjppzf* and [(bpy)2RuppzRu(bpy)2f* are shown in Figure 1. Both 

complex ions have a transition in the bipyridine region (420 and 418 respectively). The transition 

in the monomer to a n orbital on ppz occurs al 474 nm, and appears as a shoulder to the 420 nm 

absorption. In the dimer, the low energy band, terminated on ppz occurs at 573 nm, and both 

bands are well resolved in the spectrum. In the dimer the it* of the bridging ligand is 3600 c m 1 

lower in energy than in the monomer. This is not a large drop when compared with other bridging 

ligands in complexes of the type [(bpy)*Ru-BL-Ru(bpy)jJ**. For example, when BL -  2,2- 

bipyrirrtdine27 or 4,4'-djmethyl-2,2,-bipyrimidine2* the r ‘ orbitals of these bridging ligands are 

lowered 8290 c m 1 and 6780 c m ', respectively. The 3600 c m 1 value is similar to that obtained for 

the complex, KbpyJjRudppRufbpyJJ4* (2230 cm'1)”
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Cyclic Voltammetry

Half wave potentials for the ppz monomer 1 and dimer 2, as well as some other related 

complexes are given in Table I. The voltammogram of {(bpy)2RuppzRu(bpy)2J** is shown in Figure 

2. From the criteria discussed in the experimental section {Chapter XIII), all waves in the ppz and 

dpp voltammograms, both oxidations and reductions, involve a single electron. Because the Iree 

ppz and dpp ligands have no oxidations below +2.0 V, the oxidations in the all the complexes are 

assigned to the removal of an electron from a metal centered tj orbital. [(bpy)jRuppzRu{bpy)2l** and 

E(bpy)2RudppRu{bpy)2J4t, each with two metal centers, have two oxidation waves; [RutbpyJjppz]3* 

has one. The potentials for the first oxidations of these dimers, and the single oxidation ot their 

respective monomers are similar, indicating there is no significant perturbation imposed on the 

metal t? orbitals by the addition of another [Ru(bpy)J unit to the monomer to form the dimer. That 

is, in both [(bpy^RuppzRutbpy)^ and [(bpy)2RudppRu(bpy)2]** the metal centers are only weakly 

coupled. In comparison, the extent of coupling in the dimers of bipyrimidine37 (bpym) and 4,4'- 

dimethyl-bipyrimidine3* (dmbpm) is large. The first oxidation of [{bpy)aRubpmRu(bpy)2l** occurs at 

+1.50 V and its monomer at +1.33 V; those of the monomer/dimer of dmbpm occur at 1.22 and 

1.40 V respectively.

Reduction waves in ruthenium polypyridine complexes represent the addition of electrons 

into ligand centered n* orbitals. Typically, a single reversible couple for each ligand is observed. 

In the case of [Rufbpy^dpp]2*, the first reduction occurs on the dpp ligand, having a lower energy 

LUMO than bipyridine, and occurs at -1.14 V. The second and third reductions are assigned to the 

sequential reductions ot the coordinated bipyridines (-1.53 and -1.74 V). The first reduction of the 

dpp dimer occurs at -0.71 V. Appending the second metal center, significantly lowers the LUMO 

of the bridging dpp. The same trend can be observed for the monomers and dimers of ppz. The 

first reduction potentials ot the monomer and dimer are -1.11 and -0.71 V respectively.

These electrochemical results indicate that the second metal center in both
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[(bpy)fRudppRu(bpy)2}<* and [(bpy)2RuppzRu(bpy)J<* behaves as a simple electron withdrawing 

group. The lowering of the first reduction potential (to more negative values) in each dimer, relative 

to the monomer, indicates that the LUMO of the bridging ligand is stabilized by the presence of the 

second metal center. Because there is little difference in the monomer/dimer oxidation potentials, 

there is only minimal communication between the metal centers in both dimers.

Luminescence Spectra

Monometallic [Ruibpyjjppzf* is luminescent in fluid solution at room temperature. Excitation 

between 300 and 500 nm results in a red emission at 700 nm (Figure 3a). Bimetallic 

[(bpy)2RuppzRu(bpy)2]** also shows a luminescence in fluid solution at approximately 820 nm 

(Figure 3b). Because, the emission is in a spectral region where the sensitivity of the 

photomultiplier (RCA C31034) declines rapidly with increasing wavelength, the true maxima may 

be farther to the red.

It has been generally observed that most bimetallic Ru(ll) complexes are not luminescent

in fluid solution at room temperature, and [(bpy)2RudppRu(bpy)2f* prepared in our laboratories30

was in fact the first emissive bimetallic Ru(ll) species to be reported. However, it may in fact be

the case that earlier dimers that were reported to be non-luminescent emit in a region which is

outside the detection limits of most commercial emission spectrophotometers. Figure 4 shows the

correlation between emission energy, and the energy of the lowest lying MLCT transition in some

bimetallic a-diimine Ru(ll) complexes. As the MLCT band shifts to lower energy the emission does 

the same. This supports the notion that earlier Ru(ll)/Ru(ll) dimers reported in the literature may

emit in a region that is out of the range of most commonly used detectors. Metal-metal interaction

plays an important role in the luminescence properties of bimetallic complexes. The bimetallic

complex containing dmbpym" has its low energy absorption at 578 nm, which is nearly the same

as the luminescent ppz dimer, and yet no solution emission has been detected. The presence of

another Ru(bpy)2 in a bimetallic species offers an additional pathway for non-radiative decay. The
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efficiency of this pathway is dependent on the extent of coupling which exists between the metal 

atoms. The difference in the first oxidation potentials in the mono- and bi- metallic dmbpym 

complexes is 180 mv. This difference in the ppz and dpp complexes is 20 and 10 mV respectively. 

As previously stated, the difference in the first oxidation potential of the dimer and that of the 

monomer directly reflects the extent of metal-metal interaction. The metal atoms in the bipyrimidine 

series interact strongly with one another, while the interaction is a minimum in the ppz and dpp 

dimers. Thus, this pathway for non-radiative decay is less important in the ppz and dpp dimers than 

it is with those of bpm and dmbpm.

Resonance Raman Spectra

Resonance Raman spectra of [Ru(bpy)j3pz]2t and [(bpy)2RuppzRu(bpy)2]** are similar to 

the spectra previously reported for the dpp complexes30 (not shown). As the excitation wavelength 

is varied, selective frequencies in the spectra are enhanced. The enhanced vibrations occur on the 

ligand(s) in the complex which are involved in Ihe MLCT transition closest to the excitation 

wavelength.

The visible absorption bands in bimetallic ((bpy)2RuppzRu(bpy)2l**, are well resolved and 

with a 488 nm excitation (approximately midway between the bands), the characteristic vibrations 

of bpy at 1563, 1492, 1317, and 1175 c m ’ are evident in the spectrum. With a 562 nm dye laser, 

the frequencies at 1619, 1582, 1480. 1457, 1252, 1220, and 1196 c m 1 are enhanced. The latter 

set of vibrations, which are within the region of diimine stretching frequencies, are not present in 

the resonance Raman spectrum of [Ru(bpy)J2*, and thus can, be assigned to be vibrations of ppz. 

With 457.9 nm excitation, the bpy vibrations are approximately equal in intensity to those of ppz. 

The wavelength dependence of the diimine vibration pattern allows an unambiguous assignment 

of the absorption bands. The low energy band terminates on ppz, and the high energy band on 

bpy.

Excitation of [Ru(bpy)jppz]2< with the 457.9 nm line produces clear enhancement of the bpy
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vibration at 1491 c m 1, relative to the ppz vibration at 1532 cm V With the 488.0 nm argon laser, 

ppz vibrations at 1532, 1482, 1257, and 1194 c m 1 are enhanced. The absorption bands are not 

well resolved in [RufbpyJjppz]2*. With 457.9 nm excitation, vibrations due to ppz still dominate the 

spectrum. As in the case ol bimetallic [(bpy)2RuppzRu(bpy)2l4*, the low energy transition in the 

absorption spectrum ol monometallic [Rutbpyjappz]2* is an MLCT transition terminated on a ppz, 

and the high energy band is terminated on a bpy.

Excited state potentials

Excited state potential diagrams lor |(bpy)2RuppzRu(bpy)2J4* and [RufbpyJjppzJ2* are shown 

in Figure 5, The method by which the values were calculated is described in the experimental 

section (Chapter XIII). The bimetallic complexes are weaker excited state redudants than are their 

monometallic counterparts. Because the energies of the metal t2 orbitals remain constant, as 

evidenced by the similarity of monomer and dimer first oxidation potentials, the difference in the 

2+’/3+ for the monomers, as compared to the dimers, is chiefly due to the decrease in energy ol 

the ligand n acceptor orbital. However, the dimers ol both dpp and ppz are stronger excited state 

oxidants than are their respective monomers. The decrease of the n orbital in the dimers is more 

than offset by the decrease in their reduction potentials.

Conclusion

Luminescence is a highly useful probe of excited state properties of metal complexes. 

While Ru(ll) monometallic diimine complexes are usually luminescent, there are only a few 

luminescent bimetallic species. Both monometallic [Ru(bpy)2ppz]:!* and bimetallic 

[(bpyJjRuppzRufbpy^J4* are luminescent in fluid solution at room temperature, allowing the simple 

determination of their excited state redox potentials. Bimetallic [(bpyJjRuppzRufbpyJjJ4* is a weak 

excited state reductant, but a surprisingly strong oxidant.
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Table I. Electrochemical data.

'■ Oxidations- ■ Y ;;Y: ■.Redikflio'riis

Complex Y: Jy2 y;: . i E° . E* ■

tPMfcpy^xf* 157
l(t>Py)«Rupp*Ru(bpy)af ‘ - 1.35, 152 -: Ik
f(bpy),Ri^aPtCt/ ■; : ■: 1.58 ■ ■ - ; *0.43. *1.20. *150*‘1.70
[(bpy)cRijdppRu(bpy)J** 1.33,1.55 *0.71,-1.18,-155
{Ru(bpy)^ppf* ■ ■ ■;: Y.;

All potentials tor 10 s M solutions in acetonltrtle containing 0.10 M telra-n* 
butylammonium tetrafhjoroborate as the supporting electrolyte. Potentials In Volts vs. 
me SCE.
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Figure 1. Absorption Spectra of a) [Rufbpy^ppzf* and b) [(bpy)2RuppzRu(bpy)?]*' in 
Acetonitrile Solution.
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Figure 2. Cyclic Voltammogram of [(bpy)2RuppzRu(bpy)2]** at 200 mv/s Pt Working Electrode 
in Acetonitrile/ 0.0 M TBAF
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Chapter X. Ru/Pt Heterodinuclear Dimers Containing 4,7’- 

Phenanthrolino-5',6’:5,6-Pyrazine, or 2,3-di-(2-Pyridyl)Pyrazine

Introduction

Since the discovery that the excited state of the cation [Ru(bpy)J2* can be quenched 

oxidatively and reductively, a tremendous amount of research has been devoted to utilizing the 

cation in the photochemical production of chemicals and fuels. Schemes aimed toward the 

photochemical "splitting'* of water in fluid solution are riddled with difficulties, and there is doubt that 

such a catalytic cycle will ever be developed. These difficulties include: sensitizer instability, rapid 

back electron transfer trom the quencher to the sensitizer, and mechanistic problems associated 

with applying single electron sleps to net mutti-electron processes.

2 +

P t C l
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One approach, to solving these problems is the synthesis ol "supermolecules” that contain 

sensitizer, quencher, and catalyst all in a single molecule. In principle this supermolecuie can then 

be diffused onto a suitable surface and cleaved into its components. II the diffusion of the individual 

components can be limited or regulated during cleavage, then the possibility exists that their spatial 

distribution is controlled on the surface, and, thereby, control the kinetics ol the catalytic cycle. In 

this chapter the first steps in this approach are discussed. Complex ions of the type, 

I(bpy)2Ru(BL)PtCIJ** (where BL -  4,7’—phenanthrolino-5’,6’:5.6-pyrazine (ppz) or

2,3—di—(2—pyridyl)pyrazine (dpp) have been prepared. They contain a sensitizer, ((bpy)?RuBL]2* 

and a catalyst, the platinum atom. Several systems by which these "supermolecules” can be 

cleaved both in solution and on PVQ (porous Vyoor glass) are explored.

Results and Discussion

Preparation of [(bpy)aRuppzPtCla]a* and [(bpy),RudppPtCyJ*

The preparation of [Rufbpyljppz)3* is discussed in Chapter IX, and the preparation of 

[RufbpyJ^pp]2* has been previously reported10. These monometallic species comprise the 

ruthenium source in the synthesis of the two title heterobinuclear complexes. The platinum source 

is Pt(DMSO)2CI2, which is prepared in two steps from commercial chloroplatinic acid (H jP tcy 1*2 

Equimolar amounts of either [Ru(bpy)jppzj2+ or (Ru(bpy)2dppf* and Pt(DMSO)aClj are then heated 

in ethylene glycol, giving either ((bpy)2RuppzPtCLJ2* or [{bpy)2RudppPtCIJ*V The stability ol the two 

heterobinuclear complexes are vastly different. Samples of [{bpy^RuppzPtCy3* may be stored 

indefinitely, either as a crystalline solid or in solution, without any visible signs of decomposition. 

On the other hand, [(bpy)2RudppPtCy2* does not even survive purification using column 

chromatography. Obviously, this instability causes difficulties in its structural proof.

The absorption spectrum of freshly prepared KbpyJjRudppPtCIJ2* is exactly as expected. 

In comparing the absorption spectra of [Rufbpy^ppf* and [{bpy)2RudppRu(bpy)2|** it has been 

shown that the band at 470 nm in the spectrum of [Ru(bpy)2dppf* splits into two bands at 425 and
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525 nm in the spectrum of the homonuclear dimer30. The same trend is observed in the ppz 

complexes: the band at 474 nm in (Ru(bpy)jppz]2* is split into bands at 418 and 570 nm. The high 

energy bands in the spectra of both these complexes were assigned to transitions terminated on 

a bipyridine, and the low energy transitions terminated on the respective bridging ligands. It is 

similarly observed that substituting PtCl* for Hu(bpy)z in [{bpy)2RuppzPtCya* (see below) splits the 

band in the monomer into bands at 550 and 420 nm. The low energy transition is 20 nm higher 

in energy than that in the homobinuclear dimer.

From the above trends one would expect two bands in the visible spectrum ol 

[(bpy)2RudppPtCI2]2*, one at approximately 430 nm, by analogy to the spectrum of 

[(bpy),RudppRu(bpy):J4>, and the other 20 nm less than the low energy band in the spectrum of 

[(bpy)jRuppzPtCl?]s*. Thus, the two bands at 430 nm and 510 nm observed in the spectrum of 

freshly prepared [(bpy)2RudppPtCy2+ are close to what one would predict. In addition, one coukJ 

even assign the high energy band to be terminated on a bipyridine, and the low energy band 

terminated on the bridging dpp.

It is acknowledged that the positions of bands in an absorption spectrum constitute, at best, 

a weak structural proof, but due to the nature of the studies presented below, the instability of 

((bpy^RudppPtCIJ2* relative to [(bpy)2RuppzPtCIJ2* is an advantageous quality; it allows the ion 

to be cleaved selectively and under mild conditions.

Absorption Spectra

Absorption spectra of ((bpy)2RuppzRu(bpy)?f*’ and [(bpy)2RuppzPtCya* are shown in Figure 

1. As described in Chapter IX, the lowest energy MLCT bands of [Rufbpyjjppz]2* and 

[(bpy)2RuppzRu(bpy)2f* can 116 assigned to result from MLCT transitions to orbitals localized on 

the ppz ligand. The red shift of the low energy band of [(bpyJjRuppzRulbpyJjl4* is largely due to 

the lowering of the ppz n‘, induced by the presence of the second ruthenium center The same shift 

to lower energy is observed in 1he heterobinuclear dimer [(bpy)jRuppzPtCy2*. The band appears
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at higher energy than in the homonuclear dimer (550 nm and 570 nm respectively). In contrast to 

[Ru(bpy),ppz]2* and [(bpy)2RuppzRu(bpy)2]4*l no luminescence has been observed for 

[(bpy)2RuppzPtCyz* in neither fluid solution, nor at 77 K. Apparently, the excited state is efficiently 

quenched by the presence of the Pt(ll) center.

Absorption spectra taken on freshly prepared samples of [{bpy^RudppPlCljf* show two 

bands in the visible at 510 and 430 nm. Again the band at 510 nm is at higher energy than the 

analogous band in the homonuclear dimer, [(bpy)2RudppRu(bpy)2]4‘ (525 nm). As with the 

heterobinuclear ppz oomplex, no emission has been observed.

Electrochemical Behavior of [(bpy^R uppzP tcy3*

The cyclic voltammogramof [(bpy)2RuppzPtCy!* is given in Figure 2, and Table I contains 

electrochemical data for [Rutbpyljppzl2*, KbpyljRuppzRutbpy)*]4* and [(bpykRuppzPtCy2*. The first 

oxidation in [(bpy)2RuppzRu{bpy)2]4* was found to occur at a similar potential to that in the 

monomer (Ru(bpy)jppz]2*, indicating that there is little perturbation of the metal tj orbitals induced 

by the second Ru(ll) center. The oxidation potential of [(bpy)2R uppzPtcyz* is 203 mV positive to 

the first oxidation of [(bpy)2RuppzRu{bpy)2]4*. The first reduction potential of the heterobinuclear 

dimer is also shifted positive compared to that of [(bpy)2RuppzRu(bpy) J 4*. By analogy to the cyclic 

voftammogram of [(bpy^RuppzRufbpy);.]4*, this wave is assigned to be the single electron reduction 

of the bridging ppz. This indicates that the LUMO of the bridging ppz has increased stability when 

bonded to Pt(ll) as compared to Ru(ll). This reflects the decreased ability of Pt(ll), as compared 

to Ru(ll), to undergo back-bonding. Similar observations have been made with another Ru(ll)/Pt(H) 

dimeric species1*1. The lower first reduction potential of [(bpy)2RuppzRu(bpy)2]4+ compared to that 

of [Rufbpyjjppzl2*, combined with the similarity of their first oxidation potentials, indicate that the 

second Ru(ll) center behaves as a simple electron withdrawing group, and there is little interaction 

between the metal centers in the dimer. The disparity between the oxidation potentials of 

[(bpyJjRuppzRulbpy);}4* and [(bpy)2RuppzPtcy2’ indicate that the Ru(ll) and Pt(ll) are strongly



Chapter X. Ru(II)/Pt(II) Heterobinuclear Complexes 138

coupled to one another. This strong interaction between the metal centers offers an efficient 

pathway for the deactivation of the excited state, and is one reason why no luminescence can be 

observed in the complex.

Resonance Raman Spectra of [(bpy),RuppzPtCy**

The resonance Raman spectra of [(bpy)jRuppzPlCy2* using 514.5 nm excitation (Figure 

3) and that of [(bpy)2RuppzRu(bpy)2I4* using 562 nm excitation (Chapter IX) closely resemble one 

another. Based on the assignments made to the bands in the spectrum of [(bpy),RuppzRu(bpy)J4* 

(Chapter IX), vibrations at 1260, 1467, 1495, 1620, and 1589 cm 1 are assigned to ppz.

Cleavage of [(bpy),RuppzPtCya* and [(bpy),RudppPtCy**

A promising approach to the selective cleavage of [(bpy)IRuppzRCl2)2* and 

[(bpy)jRudppPtCIJ2\  seemed to lie in the reduction of the Pt(ll) functionality to Pt°. It was hoped 

that P f  would not remain coordinated, and the complex would fall apart. Toward this end, two 

reducing systems: sodium borohydride in methanol and aqueous sodium dithionite were tested. 

Both the solution and PVG results are given below.

Reduction with Sodium Borohydride In Methanol

Solutions of either ((bpy) jRudppPtCy2*, [(bpy)2RuppzPtCya* or [(bpy)2Ruppzf * (50 mL, 1.0

O.D. in methanol) were treated with ca. 100 mg of solid sodium borohydride. The addition of 

sodium borohydride to monomeric (Rutbpyjappz)2* results in a deep purple solution. The absorption 

spectrum has two well resolved bands at 549 and 420 nm. After approximately 10 min in air the 

solution returned to the original yellow color. The absorption spectrum of this solution was found 

to be identical with that obtained prior to the borohydride addition. The reducing power of 

borohydride is -1.24 V in basic aqueous solution, which is sufficient to reduce [Rufbpyjjppz]2*, 

Spectroelectrochemical results’*4 for the related (RutbpyJjdpp]2* ion, indicate that the addition of
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a single electron to coordinated dpp results in red shifting its visible absorption spectrum. Addition 

of a second electron gives bands at 530 and 495 nm, which are characteristic of a singly reduced 

bipyridine'**,M. Because these bands are absent in the spectrum of (Ru{bpy}2ppz]2*, following 

treatment with sodium borohydride, it is likely that borohydride reduction of the complex results in 

the reversible addition of a single electron to the coordinated ppz. It is important that the reduction 

is 100% reversible, and (Rufbpyjjppz)2* is stable under these reaction conditions.

Immediately following the addition of sodium borohydride to [(bpyJjRuppzPtCy2*, the 

solution changed from light purple to deep green. The absorption spectra, before and after the 

borohydride addition, are given in Figure 4. The absorption band at 549 nm is replaced by a strong 

band at 650 nm. The band at 420 nm remained relatively unchanged. After approximately 10 min 

in air the green solution turned pale yellow with a maximum absorbance at 467 nm, and there were 

no further spectral changes. The emission spectrum after two hours shows a single well shaped 

band at 630 nm. A grayish -black precipitate is evident from concentrated reaction mixtures. A 

band at 630 nm is also present in the doubly reduced spectrum of [(bpy)2RudppRu(bpy)z)**, in 

which the first two reductions occur on the bridging dpp'**. This indicates that borohydride reduction 

of [(bpy);RuppzPtcy** gives doubly reduced ppz. This doubly reduced species in not stable in air 

and decomposes, giving a product which absorbs at 460 and emits at 630 nm. As opposed to the 

case of monomeric [Ru(bpy)2ppz]1*, borohydride addition to [{bpy)zRuppzPtCI2]z* results in a 

chemical change. Because the same grayish black precipitate is formed from borohydride reduction 

of PttDMSO^CL,. we believe it to be platinum black. The spectral properties of the ruthenium 

product are inconsistent with simple cleavage, resulting in monomeric [RufbpyJjppz]2* (X ^ - 474, 

X ^- 700 nm), but they are consistent with the formation of a tris-diimine ruthenium(il) complex 

(strong luminescence, and visible absorption). Similar results can be obtained by reducing 

|(bpy)zRudppPtCy2* with sodium borohydride. After borohydride addition, the spectrum rapidly 

and irreversibly blue shifts (Figure 5) with a maximum at 485 nm. The solution shows an 

emission at 648 nm. and a black precipitate is formed. There is no intermediate spectrum as
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is observed in the case of [(bpyJjRuppzPtCljf*.

Chemical Reduction in Aqueous Sodium Dlthlonlte

A solution of ((bpy)jRudppPtCy** (4 mL, 1.0 O.D. in water) was treated with 20 mg of 

sodium dithionite. After 20 min, the solution gave an absorption spectrum with two bands at 424 

and 477 nm, and also an emission spectrum consisting of a single band at -  660 nm (Figure 

6). These values agree well with those obtained for authentic samples of [Ru(bpy)jdpp)2* in 

ethanol30 (A ^ -  430 nm, sh. 470 675 nm), but there is no visual evidence of the

formation of platinum black. Either aqueous dithionite is unable to further reduce the platinum(ll) 

product or the platinum metal is too finely divided to be seen. Under the same conditions, there 

are no changes in the spectral characteristics of [(bpy)2RuppzPtCy*‘ Apparently, it cannot be 

irreversibly reduced under these conditions.

Chemical Reduction of [(bpy^RuppzPtCy1* and ((bpy^RudppPtCy** on PVG

The absorption spectrum of [(bpy^RuppzPtdJ2* adsorbed on to PVG is shown in Figure 

7a. The MLCT transition terminated on the bridging ligand occurs at 570 nm, which is red shifted 

in comparison to the value measured in solution, but the low energy band remains at approximately 

the same position. Treatment of the deep purple glass with sodium borohydride, changes the color 

of the glass to a dirty orange. The absorption spectrum of the glass so treated is given in Figure 

7b, and its absorption spectrum is similar to the spectrum obtained in methanol solution following 

borohydride treatment. The spectrum of [RutbpyJjppz]2* recorded on PVG is shown in Figure 8, and 

is qualitatively different than that of the borohydride reduction product, indicating the reduction ol 

[(bpy^RuppzPtcy1* is not simple deavage.

The results of [(bpy)2RudppPtCIJa* reduction with dithionite on PVG closely parallel those 

obtained in solution. Figure 9 shows the absorption spectrum before and after addition of sodium 

dithionite to PVG impregnated with [(bpy)2RudppPtCy3*. The spectrum of the reduction product
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indicates that the product is fRu(bpy)2dppJ**.

141

Conclusion

The first steps in testing the feasibility of placing a reaction site on PVG have been carried 

out. Conditions by which [(bpy)?RuppzPtCI2]2* could be selectively cleaved were not found. 

However, [(bpy)2RudppPtCJ2]a* can be reductiveiy cleaved with sodium dithionite to generate 

[RutbpyJjdppJ2*, both in solution and on PVG.
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Table I. Electrochemical Data

Oxidations Reductions

Complex

lttW)aHuppzRu(bpy),r
Kbpy),RuppzPtCy**

1.35,1.52 
.1.58 . . ...

-0.67, -144, -1.57 
-0.43,-150,-150,-1.70

AH potentials for 103 M solutions in acetorttrile containing 0.10 M tetra-n- 
butytammonlum tetrafluoroborate as the supporting electrolyte. Potentiate In 
Volta vs. the SCE.
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Figure 1. Absorption Spectra of a) [(bpyJjRuppzRutbpy)^* and b) [(bpy)zRuppzPtClzl2*. 
Absorbance Values do not Reflect Molar Absorptivities.
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Figure 2. Cyclic Voltammogram of |(bpy)IRuppzPlCIJi* 200 mv/s vs SCE, in 0.1 M Tetra-n- 
Butylammomiumtetrafluorborate Acetonrtriie, at a Glassy Carbon Anode.
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Figure 4, Absorption Spectra of a) 1 in Methanol b) Immediately Following NaBH4 Treatment, 
c) Two Hours Alter Treatment With NaBH4 (Absorbances do not Reflect Molar Absorptivities).
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Figure 5. Absorption Spectra of [(bpy^RudppPtCy2* Following Treatment With NaBH4.
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Figure 6. Absorption Spectrum of f(bpy)2RudppPtCI2]2* Following Treatment With Sodium 
Dithionite.
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Figure 7, Absorption Spectra on PVG ol a) 1 and b) Product ot 1 and NaBH4 (Absorbances 
do not Reflect Molar Absorptivities).
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Figure 8. Absorption Spectra of [Rulbpyjjppzj2* Recorded on PVG Glass.
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Figure 9. Absorption Spectra ol a) 2 and b) 2 Following Treatment With Dithionite, Both 
Recorded on PVG.



149

Chapter XI. Effect of Ligand Planarity and Peripheral Charge 

on Intercalative Binding of [Ru(bpy)2L]2+ to B-DNA

Introduction

This is the first chapter of two detailing our investigation of the interaction of some of the 

complexes, described in this dissertation, with calf thymus DNA. This chapter investigates the effect 

of peripheral charge and ligand planarity on intercalative binding to B-DNA.

[Ru(bpy)2ppz]** and IRu(bpy);,dpp]z* have structures which differ from one another by a 

single chemical bond. The consequence of this is that the ppz ligand is completely planar, and the 

dpp is not. Comparing the interaction of the two complexes with B-DNA gives valuable insight into 

the effect of ligand planarity on the interaction of B-DNA with [Ru(bpy)2L]J* type complexes.

The heteroleptic qpy complexes discussed in Chapter VI namely, (Rutbpytjqpy]*’, 

[RutbpyJjqpymeJ3* and [Rulbpy^qpyme^* have similar geometries and spatial characteristics, but 

differ by the charge on their periphery. Examination of this series of complexes allows the 

exploration of peripheral charge on the interaction of metal complexes with B-DNA,

Finally, comparison of {Ru(bpy)2ppz]** and [(bpy)2RuppzPtCI2l** allow the investigation of 

bulk on the intercalating ligand.

Results 

Effects of Binding to DNA on Visible MLCT Transitions

Visible spectra for each of the complexes studied, in buffer alone, and in the presence of 

calf thymus DNA are presented in Figures 1 and 2. All visible spectra are for solutions in 5 mM Tris 

buffer, pH 7.4, with 50 mM NaCt. For the complex [Ru(bpy)jppz]2*, the MLCT band at 475 nm shifts 

to a final value of 485 nm as the DNA phosphate to ruthenium ratio ([P]/lRu]) increases. At the 

sam e time, this transition shows a decrease in intensity with a maximal value of 20%. This band
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has been assigned, based on resonance Raman studies, as a charge transfer terminating on the 

ppz ligand (Chapter IX) The MLCT band at 422 nm, which is assigned to a transition terminating 

on bpy, shows no wavelength shitt and only modest intensity changes as the [PyiRu] ratio 

increases. Visible spectra of the complex [Rufbpy^dppJ2* show no change in intensity or 

wavelength with increasing |P]/|RuJ ratio over the same range of values (spectra not shown).

For the complex in which PtCI; has been added to the periphery of the ppz ligand, the 

spectra in Figure 1 are notable for the red shitt of the MLCT transition to the ppz ligand (shifted 

to 556 nm from 475 nm in (Ru(bpy)*ppz]z*). This shift is similar in magnitude to that observed for 

binuclear complexes in which a [Ru(bpy):]z* unit has been added, or in which the ppz is protonated. 

In the presence of DNA, this band shows a further red shift to 570 nm and a maxima) decrease 

in intensity of 20%. Again, the transition at 40B nm, associated with bpy, shows little change.

For the complex [Ru(bpy);qpy]*\ the spectra in Figure 2 show a larger decrease in intensity 

near 475 nm in the presence of DNA. with a lesser decrease near 430 nm. In this case, the MLCT 

transitions to bpy and qpy are not completely resolved, but resonance Raman studies indicate that 

the transition to qpy is red shifted compared to the bpy centered transition. For [Rufbpy^qpyme]1*, 

the shoulder at 475 nm undergoes no intensity decrease(<3%) in the presence of DNA, and no 

wavelength shift is evident. The complex [Rufbpy^qpym e^ presents a unique result for the series. 

The MLCT transition to [qpyme:]2* at 500 nm undergoes a red shift to 520 nm in the presence of 

DNA, and in addition show a slight increase in intensity (~5%). To our knowledge, this is the first 

recorded hype/chromic effect for such a complex in the presence of DNA. For the series of 

complexes based on the qpy (or methylated qpy) ligand, the MLCT band (or region) associated 

with the qpy ligand alone shows significant changes. The region associated with bpy shows much 

smaller changes.
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Effects of Binding to DNA on Fluorescence Spectra

The fluorescence spectra for the complexes with ligands ppz, dpp, qpy, [qpymej* and 

[qpymej2*, with and without DNA, are shown in Figure 3. All spectra were run at [Py[Ru] ratios 

>60. Table I summarizes the maximum wavelengths for emission and l/l, values (for [Py[Ru] ratios 

>60} for the complexes studied. Only Ihe ppz and [qpymej2'  complexes show emission maximum 

wavelength shifts upon binding to DNA. The ppz complex shows a blue shift of 2B nm (595 cm 1), 

while the lqpymesJ** complex shows a red shift ol 15 nm (281 cm '). Emission intensities are 

essentially unchanged for the complexes with dpp, qpy and [qpyme]* upon binding to DNA. The 

complex with ppz shows the largest increase among the complexes in this study, and the 

[qpymej2* complex once again shows results unique to the qpy series, with a modest increase in 

intensity. The complex in which platinum(ll) has been added to the coordinated ppz shows no 

luminescence, either alone in solution, or in the presence of DNA.

Equilibrium Dialysis Binding Studios

Equilibrium dialysis experiments provide parameters the binding constant, and I, the 

average binding site size, from a fit to the McGhee and von Hippel equation as adapted by Barton 

et al.384344:

r/C,» (K,/2)(1-2lr) [(1-2lr) / (1-2(1-1 )r)]M

where r is the fraction of DNA phosphate sites' occupied and C, is the free solution concentration 

of ruthenium complex. Comparison of typical best fit curves and the associated experimental data 

for the complexes studied are shown in Bgure 4. Table II summarizes the average Kb and I values 

obtained using at least two sets of data for each complex.

The ppz complex gives a binding constant of 5.5 ± 0.5 x 10* (I-3-4). While the addition of 

a platinum site (PtCI3) to the ppz periphery does not diminish the binding constant (6.5 ± 0 .5x1  o3).
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this value is obtained only by fitting with a greatly increased parameter for the binding site size, 

U16 to 18.

For the series of complexes with the iigands based on qpy, the highest is found for 

[qpyme-,]2* (2.8 ± 0.6 x 104), with qpy (1.3 ± 0.2 x to4) and [qpyme]’ (1.4 ± 0.3 x 104) only about 

a factor of 2 lower. The binding site size tor this series is 2 to 3.

Enantloselectlvity of Binding to DNA

Dialysates of experiments in which racemic solutions of the complexes studied were 

dialyzed against 1.6 mM calf thymus DNA for 48 hours were subjected to circular dichroism 

analysis. The results reported here (Figure 5) are qualitative, but indicate that the mixed ligand 

complexes with ppz, as well at its PtClj adduct, and with [qpymej7* all interact enantioselectively 

with DNA. The dialysate for the dpp complex, as well as the complexes with qpy and [qpymej* 

show no circular dichroism signal.

Discussion

Effect of Ligand Planarity on Intercalatlve Binding to DNA

Our equilibrium dialysis results show that the complex (RutbpyJjppzj2* binds to DNA with 

a binding constant comparable3*45 to that of (Ru(phen)J3* under similar conditions. Furthermore, 

the combination of fluorescence, circular dichroism and visible absorption data provides evidence 

that the major interaction with DNA is likely intercalative in nature and occurs within the major 

groove of 0-form DNA, as  has been demonstrated.37"4*'1**170 for (RufphenJJ2*. The hypochromicity 

observed specifically for the MLCT transition which has been assigned as terminating on the ppz 

ligand indicates that this ligand is reasonably assumed to intercalate between base pairs accessible 

via the major groove. This interaction would then have the effect of pulling the remaining structure, 

including the two additional bipyridine ligands coordinated to the ruthenium, into the major groove
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to interact via van der Waals contacts with the atoms of DNA lining the groove. It is noteworthy that 

this effect is capable of enantioselectivity, as evidenced by the circular dichroism signal of the 

dialysate, despite the presence of only two bipyridines as ancillary ligands. It may be recalled that 

the complex [Ru(bpy)J2* shows little or no enantioselectivity3* in its binding to DNA.

When PtClj is coordinated to the periphery of the ppz ligand, most aspects of the binding 

are not seriously affected. Hypochromidty is significant for the MLCT transition upon binding to 

DNA, and the binding is still enantioselective. Though the binding constant remains comparable 

to that of the ppz complex, a reasonable fit to the McGhee and von Hippel equation requires an 

average site size of 16 to 18 base pairs, as compared to 2 to 4 base pairs for the other complexes 

studied here. Because of the similarity of the platinum substituted complex to the unsubstituted one 

in most other respects, we propose that this drastic increase in average site size is indicative ol 

more significant disruption of the DNA structure as complex binds. The raw data alone show that 

the fraction of total sites which are occupied by the platinum containing complex is drastically 

reduced, as indicated by the intercept with the r axis. This effect may be due to the larger size of 

the coordinated platinum which must be accommodated between the base pairs of DNA to effect 

intercalation. It is interesting to note that one of the earliest examples of intercalation of a transition 

metal containing complex was a terpyiidyl complex of platinum (II). The crystal structure170 of this 

complex with a dinucleotide shows that the platinum penetrates the region between the base pairs 

involved in the intercalative binding.

A most interesting result from our study is the lack of evidence for intercalative binding of 

the dpp complex to DNA. The overall size and shape of the two complexes differs only in the lack 

of planarity of the dpp ligand. The ppz ligand is of course completely planar. For coordinated dpp, 

the pyrazine and one of the pyridyl substituents would be closest to coplanar, with the remaining 

pyridyt substituent rotated out of plane due primarily to the interaction between the 3 and 3' 

hydrogens. The crystal structure for a binuclear complex of dpp has been reported170 to show the
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pyridyl-pyrazine twist angle is 19.5° when both diimine sites ate coordinated to a metal center. It 

would appear from these comparative results that the ability of such complexes to bind 

intercalatlvely is sensitively influenced by the inability of the intercalating ligand to assume a 

completely planar conformation.

For the case of the mixed ligand complex with qpy, where the absorption evidence 

suggests an intercalative mode of binding, the steric constraint to coplanarity of the pyridyl 

substituents and the coordinated bipyridyl is tar less severe.

The above observations can be contrasted to the results for [RufDIPJJ2*, where the

interpretation44'40 has called for an intercalative mode of binding (involving opening up of the DNA 

structure). Despite the reported non-coplanarity of the phenyl substituents with the phenanthroline 

system due to hydrogens which interact in a fashion similar to those at the 3' and 3" positions of 

the dpp ligand. For the DIP ligand, however, the interaction between analogous hydrogens are 

somewhat less direct, and, therefore, probably less severe. The phenyl rings may be able to 

approach more closely to coplanarity with the phen system in this case than in the case of dpp. 

This difference may be enough to allow for the intercalation of the DIP, but not the dpp ligand.

Effect of Ligand Peripheral Charge on Binding to DNA

As evidenced by the absorption, circular dichroism and equilibrium dialysis results, there 

is an apparent discontinuity in the series of complexes with ligands based on qpy. While the 

complex containing qpy shows some hypochromicity associated with the qpy ligand near 475 nm. 

the [qpymep complex shows none. The visible spectrum of the [qpymej2* complex shows a red 

shift for the MLCT transition assigned as terminating on this ligand, and. in contrast to other 

complexes studied to date, a small hyperchromic effect. This intensification of the MLCT transition 

is not consistent with intercalation of the [qpyme2]2* ligand, and indeed, suggests some other

specific orientation with respect to the aromatic base pairs of DNA.
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Likewise, the fluorescence maximum and intensities for the qpy and [qpyme]* complexes 

are unaffected by binding to DNA, while the [qpyme2]2* complex shows a red shift and intensity 

increase.

Finally, enantioselectivity is observed only for the [qpyme2J2* complex, but not for the other 

two members of the series. The binding constant is about the same for the complexes with qpy or 

[qpyme]*, but increases by about a factor of 2 for the [qpyme?]2* complex. All three are, however, 

quite large and indicate strong binding to DNA.

The only difference in the members of the series is the increase in positive charge at the 

periphery of the ligand, as one. then two pyridyl substituents are methylated. Aqueous solubility 

increases with each methyl substituent added, as the overall charge on the complex ion rises from 

+2 to +4. This demonstrates that the hydrophilicity of the complexes, specifically the region 

associated with the qpy ligand, increases along the series with increasing charge. As a result, one 

might anticipate5* binding based primarily on an intercalative interaction within the hydrophobic 

major groove, to decrease along the series. The qpy and {qpyme]* complexes show comparable 

binding constants, as well as modest (or no) hypochromism for the MLCT region associated with 

these ligands. Space filling models suggest that, because of the size of these ligands, they would 

not be accommodated symmetrically within the major groove of DNA. Rather, one of the pyridyl 

substituents could intercalate, leaving the other facing out of the groove and exposed to solvent. 

This model would allow that the qpy and [qpyme]* complexes interact in a somewhat similar way, 

with a pyridyl group partially intercalated, and the other pyridyl, or the methylated pyridyl on 

[qpyme]* then free to remain in the more hydrophilic environment outside the major groove. In the 

case of [qpyme]*, the positively charged quaternary methyl could also associate with a DNA 

phosphate. This exposure to solvent could explain the lack of change in fluorescence. For these 

complexes, the emission arises from a tc' orbital on the L ligand. Because the overall binding 

constant in fact increases for the [qpyme3]2* complex, we infer that the dominant mode of binding
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is no longer intercalative, but based on electrostatic attraction. Space-filling models ol the

complexes show that the two positive charges on the [qpyme J a* ligand are the right distance apart

M 2  angstroms) to interact electrostatically with a pair of phosphates, one on each of the strands

of DNA in the double stranded p-torm. The result is a binding which bridges the two strands, but 

is not intercalative in nature. In fact, such models show that the two ancillary bipyridine ligands can

only be accommodated facing away from the major groove, with the [qpymej2* ligand facing in,

bridging the phosphates. This mode of binding would be more rigid, and result in alignment of the

[qpymej*’ parallel with adjacent base pairs within the major groove, but not intercalating between

them. The [qpymea]a* ligand would be more shielded from solvent, providing a rationale for the

emission shift and intensity increase, as well as the observed shift in the MLCT band.
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Table I. Fluorescence Data

;' -i:" I:": .X:
wft DNA w DNA AX(nm)

700 WmMm
685 ..................... .. .. ■;:i:

No Emission Observed i:;::::: :';;i ?
665 ... mmmnu.f-umm.
723

Table II. Binding Parameters

' *V ' ■■ ,::■■ 1
IRtM bpy)^^ # 5.5± 0.5 x 10* 3*4
l(bpy)aflup|izPlcy* 8.5± 0.5 x 10* . ... 16*18
fWWJaflpyp 1.3± 0.2 x 10* 2 3̂
[Ru^bpyJjqpymef* 1.4 ±0.3 x 10* 2
IRtHbpyVjpymejT 2.8 ±0 6 X 10* 3 :
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Chapter XII. Resolution of [Ru(bpy)2ppz]2* and [Rufpheny2* 

on DNA-Hydroxylapatfte

Introduction

This chapter, the second concerning the interaction of [Ru(bpy)jL)1* type complexes with 

B-DNA, discusses a method by which racemic metal complexes, which contain a suitable 

intercalating ligand may be resolved by chromatography on a DNA-hydroxylapatite column.

Results and Discussion

During the course of our investigations we attempted to resolve (Ru(bpy)jppz]2* into its A

and A isomers by fractional crystallization with potassium antimony tartrate without success. 

Because of limited amounts of complex, we have devised a novel means of separation for

[Ru(bpy)appz]2* and similar complexes which intercalatively interact with DNA.

A column of hydroxylapatite (BIO-GEL— HTP, Biorad Laboratories) 1.6 cm X 21 cm was

first poured and washed with several column volumes of buffer (0.01 M sodium phosphate, pH 6.8;

100 mM NaCI). Calf thymus DNA (Sigma) was dissolved at a concentration of 1 mg/mL in the

same buffer and 40 mL of this solution was washed onto the column, followed by several hundred

milliliters of buffer. Double-stranded DNA (and some single-stranded, if present) adsorbs173 to the

column under these conditions.

As a test of the resolving capabilities of the column, we passed a 0.100 mL sample ol

racemic [Ru(phen)jf* (1.2 mM) through the column, eluting with the column buffer. Circular

dichroism spectra of the tractions eluted showed that the A- (Rufphen).,]2* elutes first and that the

A-IRutbpyJJ2* elutes last. This would be expected Because A-(Ru(bpy)J7* has been shown to bind

more strongly to double stranded DNA. A plot of the Ae{267 nm) versus column fraction is 

presented in Figure 2. The published value171 ol Ae(267 nm) is +540 for the A isomer. Clearly, the

leading fractions are significantly enriched in the A isomer and the tailing tractions in the A isomer.
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We then proceeded to attempt resolution ot [Ru{bpy)jppzj2* on the same column. A 1.0 mL

sample of the complex (0.7 mM) was eluted through the column and was observed to separate into

two distinct bands. The circular dichroism spectra of the bands indicated that they were indeed

enriched in the two enantiomers. The first band eluted gave Ae(289 nm)«(-)120 ; Ac(273 nm)*(+)38 

while the second band gave ae(289 nm)»(+)ii5 , ae(273 nm)>(-)32. A second pass of each band 

through the column gave the same values within a few percent, indicating that the first pass

through the column gave approximately 95% enantiometically pure fractions. By analogy with the

(Ru(phen)J2* results4*, we assign the leading fraction as the A isomer and the tailing traction as

the a isomer. The maximal values for the A isomer are: Ac{289 nm)-(-)l30 ; Ae(273 nm)«(+)40; 

Ac{393 nm)-(+)15.8; Ac(503 nm)=(-)4.0. The A isomer has the same values with opposite sign. 

Additional trials with several other complexes, including [RutbpyJjphenJ2*, have indicated

that this method is generally useful in accomplishing significant enantiomeric fractionation for

complexes of this type, when at least one ot the ligands is competent as an intercalator. It has

been demonstrated4647 that bpy is at best only minimally competent in this regard, because

[Ru(bpy)J2* shows little or no enantioselectivity in interacting with DNA. Nevertheless, we have

demonstrated that complexes of the general formula Ru(bpy)2L, where only A is an intercalating

ligand are capable of high enantioselectivity in their interaction with B-form DNA. This finding helps

to define a minimal complement of ligands capable of enantiospecific interaction with DNA. The

greatest degree of enantiospecificity previously reported46 was for [Ru(DIP)J2*, whose A isomer did

not bind to B-form DNA. Because of the size of the DIP (4,7-diphenylphenanthroline) ligands and

its non-planarity, the overall interaction of this tris complex, as previously described, is surely quite

different from that of a complex such as [RufbpyJ^ppzJ2*. The overall structure of the latter complex

is certainly closer to [Ru(bpy)J2*, but only the ppz ligand intercalates, leaving two bpy ligands to

determine the chirality of interaction within the major groove of DNA. The column separation results

indicate that this combination of ligands results in significant enantioselective discrimination. We

conclude that the favorable intercalative interaction of the ppz ligand is manifested in its tendency
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to pull the complex into the major groove sufficiently to favor binding of the A isomer over the A 

isomer via the non-bonded interactions of the bpy ligands within the major groove of DNA. This

result would support the interpretation37"*04* of Barton et al. regarding the more favorable

intercalative mode of interaction for the A isomer. A recent report has appeared49 which proposes

an alternative model for differential binding of (Ru(phen)J2* enantiomers based on linear dichroism

results. With the ability to separate enantiomers of such complexes, we look forward 1o studying,

via a variety of spectroscopic methods, the effect of binding individual isomers to DNA and

contributing to the resolution of this question
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Chapter XIII. Experimental

Material* and Mot hods

4 ,4 —bipyridine was obtained Irom Aldrich as the dlhydrate. RuCl, was obtained as the 

hexahydrate, and stored at 150 °C for 4 hours prior to use. HjPtCI, was obtained as a 10% solution 

(Aldrich). Acetonltrile was either Aldrich gold label or Baker HPLC grade. DMF was distilled over 

CaH2 prior to use. Ru(bpy)2CI2 was either purchased as the hexahydrate, or prepared by existing 

literature methods174. Nitrogen gas was dried by passage through a column of P*Os, followed by 

a column of CaC ̂  All other reagents were used as received from chemical suppliers without further 

purification.

Cyclic Voltammetry

Cyclic voltammograms were recorded on a PAR 173 system as described in our earlier 

publications30,31. Millimolar samples were examined in acetonltrile solution with 0.1M tetra 

n-butylammonium tetrafluoroborate as the supporting electrolyte. The cell was purged with nitrogen 

tor 20 minutes prior to the recording of the voltammogram. The working electrode was either a 

glassy carbon or platinum disk, the auxiliary a platinum screen, and potentials were recorded 

versus the standard calomel electrode (SCE).

Acidity Measurements

A stock solution of the complex to be studied, either [RutbpyJjqpyl^PF,-^, 

[RutbpyJjqpyme]** (PF,- )3 or (Ru(qpy)J2* (PFa")2. was adjusted to absorbance 0.8 to 1.5 for 

absorption measurements, and to 0.6 for emission experiments. The solution was made slightly 

acidic due 10 the lack of solubility of some of the complexes in neutral aqueous media. Standard 

solutions of sulfuric add  and potassium hydroxide were prepared for use as titrants.

A Corning 135 or Digisense LED 5986-10 pH meter was used for pH measurements in
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both cases, the meter was first calibrated with standard buffer solutions obtained from Fischer. The 

Coming meter was calibrated using the two point method. The stock solution of the complex was 

adjusted to a convenient initial pH. Small aliquots of standard add  or base were added In portions 

to the stock solution so as to adjust the pH, and its spectrum was recorded. After several 

measurements, the solution was returned to its original pH, whereupon spectra identical to that of 

the original solution were obtained. This was the case whether the original solution was first made 

basic with potassium hydroxide solution or addic with suHuric add. After each series of 

measurements, the pH meter was rechecked with known buffers lo ensure that no significant drift 

had occurred. In no case was the drift more than 0.02 pH units.

Absorption and Luminescence Measurements

All UV/Vis spectra were recorded on a Cary 14 spectrophotometer, except the DNA 

interaction data which were recorded on a Perkin Elmer 320. Emission spectra were recorded on 

a Perkin Elmer Hitachi MPF-2A emission spectrophotometer equipped with a red sensitive 

Hamamatsu H618 photomultiplier. Emission quantum yields were made relative to IRutbpyjJ*4 in 

the case of the complexes containing a qpy, and to [OsfbpyjJ2’ for the oomplexes containing 

4,7'-phenamhrolino-5',6':5,6-pyrazine, as previously reported3031. Excited state lifetimes were 

measured by the method described in earlier publications from this laboratory3031 and also with a 

newer system that uses a Quanta—Ray DCR—2A Nd YAG laser with a 355 nm excitation source. 

When using the ND:YAG as the source, the luminescence was analyzed at 90° to the direction of 

excitation by first passing the emitted light through a Bausch and Lomb 33—86-76  monochromator 

and then into a RCA 31034A photomultiplier. The output of the photomultiplier was sent to a 

Tektronix 7834 oscilloscope and photographs were taken of the oscilloscope trace. Lifetimes were 

calculated by the usual method of finding the time for the luminescence decay to 1/e ol its intensity 

at the time of the pulse.
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Excited state potentials.

Oxidative and reductive exdted state potentials were calculated according to equations (1) 

and (2) respectively*.

E(A7A‘) -  E(A7A) — E0-"* (1)

E(AVA-) -  E(A/A“) -  EM  (2)

Where A7A and A/A" are the potentials for the first reduction and oxidation potentials in the 

complex, and E°""° is the zero—zero spectroscopic energy of the transition, which was estimated 

as the maxima ot the luminescence spectrum.

Derivation of pK. Relationships.

For symmetrical polyadds in which the addic sites are spatially isolated from one another 

(i.e. non-interacting) the values for the addity constants can not equal one another, for statistical 

reasons. In Chapter VII Equation 1 was introduced for the case ot a diadd.

pK,* -  pK„ + Log10{4) (1)

The proof of Equation 1 is as follows.

Consider the case of a diadd:

AHZ -  A* + H* K„

AH- -  V  + H* K«

The rates for the forward reactions, with rate constants k, and k,, are not equal. Because AH2 can 

lose a  proton from either of the two equivalent sites, and AH~ Irom only a single site, k, -  2k2. For 

the reverse reaction, -  2k_,. Because A2- can be protonated at either of two sites, and AH~ 

at only one.

Expressing the equilibrium oonstants as:

K„ •  k,/k_, and -  k j/k^
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it follows that

K.,/Krf -  k1/k_, * kVka (2)

Substituting the fate constant relationships into (2):

Ktl/K^ -  2ig<^ / 0.5 • k jc ,  -  4

Thus:

Loq.JK ^/K J -  Log10[4]

From which Equation (1) follows.

The derivation of the relationships lor higher polyacids is similar to that of Equation (1). and the 

values for di- to hex- adds are given in Table I in Chapter VII.

Column Chromatography.

Excellent samples of all the ruthenium complexes described here can be purified by column 

chromatography on alumina (neutral, activity I obtained from Baker). The general procedure is to 

place a phig of glass wool in the column, and till it with acetone. The stationary phase is poured 

slowly and allowed to settle. The column is packed under pressure by passing a volume of acetone 

through it. Two centimeters of sand is then added to the top of the column. The complex to be 

purified is dissolved in acetonitrile, in the case of the hexafluorophosphate salt, or 

acetonitrile/meihanol in the case of the chloride. The sample is added to the column and allowed 

to enter the stationary phase, by adding small quantities of acetone (acetone is generally not polar 

enough to be used as the eluent). The column is then developed with acetone. If the material does 

not move down the column with acetone, acetonitrile is used. Most samples can be eluted with 

acetonitrile and a small quantity of methanol. The amount of methanol can be increased until the 

bands move down the column. The column can be cleaned by passing a volume or so of methanol 

through il, and prepared for another sample, with a volume of acetone. Alumina has been found 

to vary from sample to sample, and the amount of methanol in the acetonitrile needed to elute a
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particular complex also varies. The gradient method above has been found to be exlremely general 

to the purification of trls—demine ruthenium(ll) complexes.

Preparation of Impregnated Porous Vycor Glasses.

The piece ot glass is weighed, and a 1XKT* solution of the complex as its 

hexafluorophosphate salt in acetonitrile is prepared. The initial absorbance (at the visible maximum) 

of the solution is recorded. The glass is placed in 50 mL of this solution, and the absorbance of 

both solution and glass are monitored during the soak. When absorbance of the glass is between

0.3 and 0.6, the soak is terminated. Similarly, the absorbance of the solution drops .1 to .2 (as 

recorded in a 1 cm cell) during this time. The glass is then placed in a vacuum desiccator in the 

presence of calcium chloride, and the solvent removed at 0.1 torr. The loading of the complex was 

calculated in mole of complex per gram of PVG. The glasses were thoroughly dried under vacuum, 

and their absorption spectra recorded.

Equilibrium Dialysis

Equilibrium dialysis experiments were run in a buffer composed ot 5mM Tris, pH 7.4 and 

50 mM NaCl. 1.0 mL ot calf thymus DNA (1 mg/mL), was placed in the buffer, sealed in dialysis 

tubing, and dialyzed for 46 to 72 hours at 25 °C versus 2.0 ml of ruthenium complex in solution. 

Concentrations were determined by absorption spectroscopy.

Preparation of Compounds

The procedures for the preparation of the compounds in this work are described below. 

The ruthenium complexes are always prepared as their hexafluorophosphate salts. In order to 

prepare the chloride salts (for improved water solubility), the precipitation step is to be neglected, 

and the samples directly chromatographed, as described above.
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2,2”:4,4” :4’14"*-Quaterpyrldyl1 qpy.

4 ,4 —dipyridyl dihydrate (75 g) and 10% Pd/C (10 g) were heated at 125 °C for 72 hours 

in a round bottom flask equipped with a reflux condenser After this time, the reaction mixture was 

cooled. Chloroform (300 mL) was added, and the resulting siuny was refluxed for 30 min. The 

mixture was filtered, and the chloroform removed by distillation. Acetone (200 mL) was added to 

the solid residue and the mixture stirred. The slurry so obtained was filtered to yield a crop of the 

quaterpyridyl which was set aside for later purification. The filtrate was oollected and its volume 

reduced by about 50 mL by partial evaporation of the acetone so as to yield more solid. The solid 

(a further batch of the quaterpyridyl) was again collected by filtration, and the filtrate once more 

reduced in volume. In this way .more quaterpyridyl was obtained. This evaporation/filtration 

procedure was repeated several times, the acetone volume being reduced in 50 m l increments, 

until the solid obtained was found to be unreacted starting material (mp 71 0C) rather than the 

much higher melting quaterpyridyl (mp> 200 °C) The batches of crude quaterpyridyl were 

combined and recrystallized from ethanol. Samples of high purity could be obtained by sublimation 

under reduced pressure. The quaterpyridyl is a colorless solid m.p. 235 °C C,H,N Analysis for 

qpy HjO: Found. (%C 73.02 %H 4.37 %N 17.07) Calc. (%C 73.15 %H 4.91 %N 17.06)

N”-Methyfquaierpyridinium Iodide, (qpyme]’(r)-

500 mg of 2,2,:4,4":4’,4’"-quaterpyridine was dissolved in 100 mL of methylene chloride 

and 1.0 mL of methyl iodide added. The resulting solution was stoppered, and allowed to remain 

at room temperature for 96 hours. The solvent was removed by distillation, the solid residue was 

refluxed in chloroform (200 mL) for 20 min, and the resulting solution filtered while hot. The yellow 

solid so obtained (200 mg) was found to be the diquatemary salt (see next preparation (IV  0 0, 

95% ethanol, alumina). The filtrate containing unreacted 2,2':4,4":4',4"'—quaterpyridine and the 

monoquaternary salt, was reduced in volume to 50 mL. The monomethy(quaternary salt was
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precipitated by the addition ol hexane, and isolated by crystalHzation trom chloroform or methylene 

chloride of to yield 500 mg of yellow platelet. C.H.N Analysis Found for the mono hydrate: (%C 

53.25 %H 3 70 %N 11.66) Calc. (%C 53.62 %H 4.07 %N 11.96)

N",N'"—Dimethyl—2,2*:4,4':4*, 4 ' ' Quaterpyrldlnlum Iodide, [qpymej,4(r)2-

50 mg (0.16 mmol) of 2,2,:4,4”:4’,4,"-quaterpyridine and 2 mL of methyl iodide were 

refluxed in 50 mL ol acetone for 4 hours. The mixture was then filtered and the solid so obtained 

washed with acetone (20 mL) then chloroform (4 x 20 mL), Recrystallizaiion from ethanol yielded 

75 mg of yellow platelet of the diquaternary salt (75%). C.H.N Analysis: Found. (%C 44.03 %H 3.29 

%N 9.15). Calc. (%C 44.46 %H 3.39 %N 9.43)

N,\N’"-Dlmethyl-2,2,:4,4’:4’,4,”-Guaterpyrldlnlum Hexafluorophosphate,(qpymeJ^PF/V

100 mg of N",N‘"-dimethyl—2,2,:4t4,:4,,4’—quaterpyridinlum iodide (prepared by the above 

method) were added to 10 mL of water and heated until all of the solid dissolved. This solution was 

allowed to cool, and was added to a 15 mL saturated solution of ammonium hexafluorophosphate. 

The precipitate was allowed to digest at 0 °C for 2 hours, and then the resulting slurry was filtered. 

The crude product was washed with 5 mL of cold water, and precipitated out of acetone using 

ether to yield 90 mg of the salt, (qpyme2]**(PF,‘ )2. The NMR and UV spectra were Identical to that 

ot the iodide salt above. Addition of AgNO, solution to a solution containing 10"2 moles of the PFS 

salt prepared by the above method gave no detectable precipitate of silver iodide.

N"-Methyl-2)2,:4I4,:4,,4”'-Quaterpyrldlnlum Hexafluorophosphate, fqpyme]*(PFt~).

Prepared as  above for N” ,N,"-d im e th y l-2 ,2 ’:414 ,:4,,4"'-quaterpyridinium  

hexafluorophosphate. substituting |qpyme]*(r) for (qpym eJ^inj.
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4;7'-Phananthrollno-5,6:9,6>Pyrazlne, ppz

The following is a modified preparation of that previously reported11. 5.0 g of 

4,7-phenarrthroline-5,6—dione and 1.2 g of ethylene diamine were added to 500 mL of methanol, 

and stirred for 24 hours. The solvent was removed under reduced pressure, and 50 mL ot acetone 

was added. The slurry was filtered to yield 3.8 g of crude 1,10—phenanthrolino—5,6:5.6 —pyrazine 

as a pale yellow solid. The solid was dissolved 100 mL ot hot methylene chloride, treated with 

activated carbon, filtered while hot, and precipitated with the addition of ligroin (bp. 6 0 -  90 °C). 

Filtration of the mixture yielded 3.0 g of 4,7*—phenanthrolino—5,6 5’.6’—pyrazine as a white solid mp 

268°C

1;l0'-Phenanthrollno-5,6:5,6’—Pyrazine, /-ppz.

5.0 g of 1,10—phenanthroline-5,6—dione and 1.2 g of ethylene diamine were added to 500 

mL of methanol, and stirred for 7 days. The solvent was removed under reduced pressure, and 50 

mL of acetone was added. The slurry was filtered to yield 3 8 g ot crude 

1,10-phenanthroHno—5.6:5‘,6’—pyrazine as a pale yellow solid. The solid was dissolved 100 mL ol 

hot methylene chloride, treated with activated carbon, filtered while hot, and precipitated with the 

addition of ligroin (bp. 6 0 - 90 °C). Filtration of the mixture yielded 3.0 g of 

l,l0 '-phenanthrolino-5,6:5\6'-pyrazine as a white solid mp > 260 °C. C,H,N Analysis: Found. 

(%C 72.63 %H 3.55 %N 24.06). Calc. (%C 72.40 %H 3.47 %N 24.12)

Trls-(2,2,’:4,4":4'l4,"-Quaterpyrldlne)lron(ll) Hexafluorophosphate, [Fe(qpy)s]>*(PF'~)r

2,2:4, 4*4’, 4*’ -quaterpyridine (100 mg, 0.323 mmol) and ferrous chloride (32 mg, 0.108 

mmol) were refluxed in 25 mL of 95% ethanol for one hour. The deep purple solution was added 

dropwise to 20 mL of sat. ammonium hexafluorophosphate, and the solution was cooled to 0 °C 

tor one hour. The resulting mixture was filtered, the crystals washed with 50 mL of water and dried
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in air. The complex was precipitated out of acetone by the addition of ether to yield 100 mg of 

[Fe(qpy)jf*(PFg )2. Comparable results are obtained using a stoichiometric amount of ferrous 

ammonium sulfate as the iron source. C,H,N Analysis: Found {%C 49.50 %H 3.27 %N 11.78) Calc. 

(%C 49.61 %H 3.12 %N 11.54}

Trls—(N'—Methyl—2l2":4,4’>:4*,4"’—Ouaterpyrldlnlum)lron(ll) Hexafluorophosphate 

[FelqpymeU^PFn..

Prepared as above for tris—(2l2 ':4,4":4’,4"‘-quaterpyridine)iron(ll) hexafluorophosphate. 

substituting [qpymer for qpy.

Trls-{N",N,"-Dlmethyl-2,2’:4,4”:4't4’”-Quaterpyrldlnlum)lron(ll) Hexafluorophosphate, 

[Fe(qpymS|)J**(PF,~)r

Prepared as above for tris-(2,2":4,4”:4’,4,"-quaterpyridine)iron(ll) hexafluorophosphate, 

substituting [qpyme2f* for qpy.

Bis—(2,2’—Bipyrtdine)—2,2’:4I4”:4’I4'”-Quaterpyridlne Ruthenlum(ll) Hexafluorophosphate,

[Ru(bpy)»qpy]*+(PFt-)r

Ru(bpy)aCL, (500 mg, 0.92 mmol) and qpy (310 mg, 1.00 mmol) were refluxed in 50 mL 

of ethanol (95%) for 2 hours. The deep red solution so obtained was filtered while hot. After 

removing the solvent under reduced pressure a red solid was obtained. This was dissolved in a 

minimum amount of acetonitrile, and this solution was added dropwise into 20 mL of a saturated 

aqueous solution of ammonium hexafluorophosphate. The salt which precipitated was collected by 

filtration, precipitated out of acetone by the addition of ether, and chromatographed on alumina 

(acetonitrile/methanol) as described above to give 500 mg of IRulbpyJjqpyfMPF,-)*. C.H.N 

Analysis Found (%C 47.89 %H 3.16 %N 11.20), Calc. (%C 47.39 %H 2.97 %N 11.01).
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B ls-(2 ,2 ,-Blpyrldlne)-N**-Methyl*2l2 ':4 l4":4 ‘,4" ,-Q uaterpyrldlne Ruthenium(ll) 

Hexafluorophosphate, [Rutbpy^qpymel^PF,-),.

Ru(bpy)j,Cl2 {300 mg. 0.61 mmol) and N,,-methyl-2,2’:4,4":4’,4,”-quatefpyridinium iodide 

([qpym enO. 276 mg, 0.61 mmol) were relluxed in 100 mL of 50% ethanol/water for 1 h. The deep 

red solution was concentrated to 30 mL, and added to 10 mL of sat. ammonium 

hexafluorophosphate, with the immediate formation of a red solid. This precipitate was allowed to 

digest at 0 °C tor 4 hours. The solid was filtered, and washed thoroughly with water (20 mL, 4X). 

The solid was collected, dissolved in a minimum amount of hot acetone and filtered hot. The 

volume of acetone was reduced to 30 mL, and the complex was precipitated by the addition of 

ether. The solid was filtered washed with ether, and allowed to dry. The sample was repeatedly 

chromatographed on alumina (acetonilrile/methanol) as described above until the emission spectra 

for the top of the band was identical with that on the bottom of the band. This resulted in 100 mg 

of [RufbpyJjqpymeJ^PF,'^. Analysis on the pentahydrate : Found (%C 39.29 %H2.79 %N 8.89) 

Calc. (%C 39.02 %H 3.12 %N 8.89).

Bls-(2,2,-blpyrldlne)-N ,\N M’-Methyl-2t2’:4,4,':4 \4 ,"-QuaterpyrldIne Ruthenlum(ll) 

Hexafluorophosphate, [Ru(bpy)1qpymeI)4*(PF'~)4.

Prepared as above for bis—(2,2*—bipyridine)—N”—methyl-2,2’:4,4’’:4’,4’”—quaterpyridine 

rutheniumfll) hexafluorophosphate, substituting [qpymej2* lor {qpyme]*. Resulting in 300 mg of 

lRu(bpy)2qpyme2]4*(PFt_)4. C,H,N Analysis Found (%C 37.34 %H 2.74 %N 8.32) Calc. (%C 37.34 

%H 2.52 %N 8.50)

T r l s - ^ ’ :4*4” :4’ ,4'“—Quaterpy rtdine)Ruthenlum(ll) Hexaf luorophoaphate, [Ru(qpy) J^ P F ,-),. 

Ru(DMSO)4Cl2 (300 mg, 1.18 mmol) and qpy (366 mg, 1.18 mmol) were relluxed. with stirring, in 

25 mL of ethylene glycol for 15 min. At that time, the additional 2 equivalents of the quaterpyridyl
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were added (732 mg, 2.36 mmol), and heating was continued for 30 min longer. The resulting deep 

red solution was cooled to room temperature, and added to 10 mL of sat. ammonium 

hexafluorophosphate. The resulting precipitate was allowed to digest at 0 for 4 hours. The solid 

was filtered and washed thoroughly with water (20 mL, 4X), and chloroform (20 mL. 4X). The solid 

was precipitated from acetone with ether, and chromatographed on alumina (acetonitrile/methanol) 

as described above. The procedure results in 300 mg of (Ru(qpy)j]**(PFs~)j. C.H.N Analysis Found 

on the octahydrate: (%C 48.71 %H 2.97 %11.52) Calc. (%C 48.55 %H 2.85 %N 11.32)

Trls-^N'—Methyf-2,2”:4,4”:4,,4’”-Quaterpyrtdlnlum)Ruthenium(ll) Hexafluorophosphate.

[Rufqpymeyj-tPF,-),.

The complex was prepared as above tor [RutqpyJJ^tPFJj. substituting (c^ymef (l~) for

qpy.

Tris-(N”.N‘”-Dlmethyl-2^':4,4,:4'14",-Quaterpyi1dlnlum)Ruthenlum(n) Hexafluorophosphate, 

[Ru(qpyma,)J**(PF#-).

The complex likely is formed with the above preparation (Ru{qpy)J2t(PF6")s, substituting [qpyme2f* 

(l~)2 lor qpy, but purification using column chromatography Is not applicable. The complex binds 

irreversibly to alumina or silica gel, and cannot be removed even with water/methanol solutions.

Bls-(2,2,-Blpyrldlna)-4;7,-Phenamhrollno-5\e,:5,6-PyrBzlne Ruthenlum(ll) 

Hexafluorophosphate, [Ru(bpy)j>pz]I*{PF(~V

Ru(bpy)jClj (300 mg, 0.576 mmol) in 200 ml 95% ethanol was added to 

4;7'-phenanthroNno-5\6’:5,6-pyrazine (250 mg, 1.08 mmol), also in 200 ml of 95% ethanol, over 

a period of one hour at reflux. After the addition, refluxing was continued for another two hours. 

The volume was then reduced to 40 mL by distillation under reduced pressure, and the solution
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was cooled to room temperature. The complex was then precipitated by addition of the solution to 

20 mL of sat. ammonium hexafluorophosphate, and the complex immediately precipitated. The 

precipitate was allowed to digest at 0 °C for 4 hours; the solid was filtered and washed with water 

(20 mL, 4X), and chloroform (20 mL, 4X). The solid was dissolved in a minimum amount of hot 

acetone and filtered while hot. The volume of acetone was reduced to 30 mL, and the complex was 

precipitated by the addition of ether. The sold was filtered and washed with ether, and allowed to 

dry. This resulted in 200 mg of crude (RufbpyJjppzJ^tPF,- ), contaminated with traces of the 

dimeric species, (RufbpyJjPpzRufbpyJJ^tPF,- ),. Pure samples of [Ru(bpy)jppz]2’(PF,~)2 can be 

obtained by one of two methods. Column chromatography on alumina with methanol/acetone or 

(acetonitrile/ethanol) or gel filtration on sephadex LH 60 eluted with acetonitrile/ ethanol. In both 

procedures there are three major bands observed. The first is composed of Ru(bpy),CI,, next, 

[Ru(bpy),ppz]** elutes in a yellow band, and finally, the dimer, [RulbpyjjPpzRufbpy),]4’ elutes in the 

a blue/purple band.

[(bpyj.RuppzRutbpyjJ^PF,-)*.

Ru(bpy),CL, (300 mg, 0.576 mmol) and ppz (67 mg, 0.289 mmol) were refluxed in 70 mL 

of 50% ethanol for 2 hours. The volume was then reduced to 25 mL The resulting solution was 

cooled to room temperature, and added to 50 mL ol sat. ammonium hexafluorophosphate. The 

solution was stored at 0 °C for 4 hours. The solid was filtered and washed with water (20 mL, 4X), 

and chloroform (20 mL, 4X). Purification is accomplished as for the monomeric species (above).

[(bpy^RuppzPtCIJ1* (PF .l,

HjPtC), was reduced to K,PtCI4 with SO, via the method of Keller1**. The K,PtCI4 so 

obtained was used to prepare the PtfDMSO^CI, by a previously described procedure1*1. 

[Ru(bpy),ppz)2* (50 mg, 0.058 mmol) and Pt(DMSO),Cl, (24 mg, 0.058 mmol) were relluxed in 20
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mL of ethylene glycol for 1 hour. The resulting solution was oooled to room temperature, and 

added to 20 mL of sat. ammonium hexafluorophosphate. The solution was stored at 0 °C for 4 

hours. The solid was filtered and washed with water (20 mL, 2X). The solid was collected, and 

dissolved in a minimum amount of hot acetone and filtered hot. The volume of acetone was 

reduced to 30 mL. and the complex was precipitated by the addition of ether. The solid was 

filtered, washed with ether, allowed to dry, dissolved in a minimum of acetonitrile, and 

chromatographed on alumina with an acetonitrfle/methanol mobile phase as described above. This 

procedure result in 50 mg of (RutbpyJjppzPtCy^PF,).,. C,H,N Analysis on the dihydrate: Found 

(%C 32.79 %H 2.00 %N 8.91) Calc. (%C 32.99 %H 2.28 %N 9.05).

KbpykRudppPtcy** (PF.l,

[Rutbpy^ppI2* (50 mg, 0.058 mmol) and Pt(DMSO)aClj, prepared as above, (24 mg, 0.058 

mmol) were relluxed in 20 ml of ethylene glycol for 1 hour. The resulting solution was cooled to 

room temperature, and added to 20 mL of sat. ammonium hexafluorophosphate. The solution was 

stored at 0 °C for 4 hours. The solid was filtered and washed with water (20 mL, 2X). The solid 

was collected, and dissolved in a minimum amount of hot acetone and filtered hot. The volume of 

acetone was reduced to 30 mL, and the complex was precipitated by the addition of ether. The 

solid was filtered and washed with ether, and allowed to dry. The solid was dissolved in a minimum 

ol acetonitrile, and chromatographed on alumina with an acelonitrlle/methanol mobile phase as 

described above. This procedure result in 50 mg of (Ru(bpy)7dppPtClJJ’(PFs )2. The complex 

appears to decompose on the column, and is not stable (Chapter X).

Bis—(2,2‘—Slpyrtdlne)—1 ;10,-Phsnanthrollno-5‘,6*:5(6>Pyraz)ne Ruthenlum(ll) 

Hexafluorophosphate, [Ru(bpy),(/-pp*)f’(PF.“)r

Ru(bpy)aCla(100mg, 0.192 mmol) and 1 ;l0 ‘-phenanthrolino-5\6’:5,6-pyrazine(83 mg, 0.36
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mmol) were relluxed in 100 mL ol 50% ethanol lor 2 hours. The volume was then reduced to 40 

mL by distillation under reduced pressure, and the solution was cooled to room temperature. The 

complex was then precipitated by addition ol the solution to 50 mL ol sat. ammonium 

hexalluorophosphate, and the complex immediately precipitated. The precipitate was allowed to 

digest at 0 °C lor 1 hours. The solid was littered and washed with water (20 mL, 4X), and then 

chlorolorm (20 mL, 4X). The solid was collected, dissolved in a minimum amount of hot acetonitrile, 

and chromatographed on alumina with acetonitrile/methanol as described above. (Ru(bpy)7(i-pPz)f * 

is collected as a bright yellow band. The solvent is then allowed to evaporate giving a yield of 100 

mg. C,H,N Analysis on the monohydrate: Found. (%C 42.44 %H 2.47 %N 11.54), Calc. (%C 42.82 

%H 2.75 %N 11.75)
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