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Zhenglai Fang

(Abstract)

The goal of this project was to design a new kind of tagged supramolecular structural
motif. These systems are modular in design and able to bind to DNA. The motif can be
represented as TAG-LA-BL-BAS (TAG = NMR active phosphine ligand, LA = light
absorber, BL = bridging ligand and BAS = bioactive site). The TAG provides a NMR
probe for the characterization of supramolecular complexes as well as for the future
investigation of the metal complex—DNA interaction process. In this project the
phosphorous ligand PEt,Ph was selected as the TAG due its ability to provide an easy *'P
NMR probe in the research. The LA represents the light absorber which could be
photoexcited by photons of proper energy, here a Ru'"(tpy)(PEt,Ph)(BL) chromophore is
used. The bridging ligands are those bidentate polyazine ligands that can connect two
metal center together in a polymetallic system and have a low energy 1t* orbital. The
BAS represents the bioactive sites for binding to DNA, in this case the cis-Pt"Cl, moiety

based on previous studies with cisplatin.

The Ru-Pt bimetallic complexes [(tpy)Ru(PEt,Ph)(BL)PtCl,](PFs). (BL = bpm or dpp)
and their precursors were designed, successfully synthesized and characterized. The
synthesis followed a building block approach, allowing variation of the supramolecular
system. The final bimetallic complexes were made without need for Al,O3 column

chromatograph, important due to the presence of the labile Pt"Cl, center.



The bimetallic complexes and all of their monometallic precursors were fully
characterized by FAB MS, electrochemistry, electronic absorption and *'P NMR
spectroscopy. The Ru-Pt bimetallic complex containing the bpm bridging ligand and its
precursors were also characterized by *H NMR. The FAB MS spectra of the complexes is
characterized by the appearance of the parent ion peaks [M-PFs]" and [M-2PF¢]". The
cyclic voltammogram of all complexes show metal based oxidation(s) and ligand based
reductions. The electronic absorption spectra of the complexes are characteristic of the
lowest lying Ru— BL MLCT (metal to ligand charge transfer) transition with higher
energy bridging and terminal ligand based Tt - T transitions. The electronic absorption
data are consistent with the electrochemical data. The **P NMR technique provides an
efficient and easy characterization method for the complexes, showing the utility of this

structural moiety.

The DNA binding activity of the bimetallic complexes were studied by non-denaturing
agarose gel electrophoresis and the results show that these tagged bimetallic complexes
can bind to DNA through the cis-Pt"'Cl, moiety. This binding has a more pronounced
retardation effect on DNA migration than cis-[Pt(NHz3).Cl] (cisplatin), but less than
[Ru(bpy)2(dpq)PtCI,](CF3SO3),. The DNA binding study establishes these bimetallic
complexes with a NMR tag ligand, PEt,Ph, as a new kind of DNA binding agent.
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Chapter 1: Introduction

Light absorption and electronic absorption spectroscopy

LA is a light absorber molecule. When it absorbs a photon of light, it goes into an

electronically excited state. Eq (1).

Absorption of Light
LA + hv - LA* (1)

A simplified two orbital picture of a light absorber (LA) would consist of a filled orbital
and a higher energy empty orbital. Absorption of a photon of light of the proper energy
would promote an electron from the lower energy orbital to the higher energy orbital,
generating an excited state of the light absorber (Figure 1.1). The excited state of the

light absorber possesses a number of unique chemical properties and thus gives rise to

hy

Y
| |
| ]
(|
T,

LA LAF

Figure 1.1 Light absorption process by a light absorber



some unique reactivity. An obvious example is that the excited state of a light absorber is
both a better oxidizing agent and reducing agent than the ground state of a light absorber.
This is pretty straightforward: it is comparatively easy to remove the promoted electron
from the higher energy orbital making oxidation easier. At the same time it is also
relative easy to put an electron into the hole generated by the electron promotion, making

reduction easier.

The octahedral d° transitional metal ruthenium complexes with polypyridyl ligands are
widely used as light absorbers. This is because these complexes are generally photostable
and under many circumstances are able to undergo excited electron transfer.*® One well-

studied example would be [Ru(bpy)s]**, where bpy = 2,2 -bipyridine.

Figure 1.2 shows the molecular orbitals of the ruthenium metal center using the linear
combination of atomic orbitals (LACO) description. The boxes in the diagram represent
sets of orbitasl of slightly varied energy. In these complexes, the highest occupied
molecular orbital (HOMO) is located on the ruthenium based drtorbital and the lowest

unoccupied molecular orbital (LUMO) is located on the ligands baesd 1t* orbital.

When a light-absorbing molecule absorbs a photon of light, an electron could be
promoted from any occupied orbital to any unfilled orbital. Symmetry considerations and
the amount of overlap between the two orbitals determine the strength of a particular
transition. The major electronic transitions that occur in ruthenium pseudo octahedral d°
complexes of the polyazine ligands are ligand based 1t — 1%, metal-to-ligand charge
transfer (MLCT), and the ligand field transitions. The intensity of a transition is
determined by selection rules. In order for a transition to be fully allowed, the transition
must be both Laporte and spin allowed, conditions typically met for MLCT and 11— 1t

transitions.
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Figure 1.2 Block diagram of molecular orbital of a d° octahedral complex and some of its

possible electronic transitions

Cyclic voltammetry

Cyclic voltammetry measures the potential at which a molecule is either oxidized or
reduced.* Here a simplified 2-orbital model is used in the explanation of the
electrochemical reduction and oxidation of a compound. In the 2-orbital model, a
molecule has one filled lower-energy orbital and one unfilled higher-energy orbital. The
electrochemical oxidation process is the transfer of an electron from the filled orbital of
the compound in the solution to the electrode. The electrochemical reduction process is
the transfer of an electron from the electrode to the empty higher energy orbital of the
compound in the solution. As the external voltage is scanned, a point is reached where

the electrons at the electrode surface have higher energy than the energy of the empty



orbital in the compound and these electrons are then transferred to that compound. This is
how the reduction of a compound occurs (Figure 1.3). In contrast, when the electrons in
the filled orbital of the compound have higher energy than those electrons on the
electrode with some potential, the electrons are transferred to the electrode from the filled

orbital in the compound. This is how the oxidation process occurs (Figure 1.3).

The energy of the orbitals of a compound can be determined by measuring the potential
of the electrons in the electrode as the oxidation and reduction processes occur. The
energy of the electrons are related to the potential of electrons in the electrode by the
equation AG = - nFE, where AG is the Gibbs free energy, n is the number of the electrons

transferred, F is the Faraday’s constant, and E is the potential.

Electrode Electrode
B .
c-
| T
3 o- o G %
h, \
-
+E _— B
Oxidation Reduction

Figure 1.3 The electrochemical oxidation and reduction of a compound



In cyclic voltammetry, the potential of the electrode is cycled through the region where
oxidations and reductions of the compound in solution occur and the current is measured
as electrons flow to or from the electrode. A sample cyclic voltammogram of ferrocene
(FeCp2) in CH3CN is shown in Figure 1.4. As the potential is scanned from

zero/positive, ferrocene is oxidized. As ferrocene at the surface of the electrode is
oxidized, the current eventually reaches a maximum. This is called the anodic peak
current, ip’, and occurs at the anodic peak potential, E,®. After the majority of the sample
at the electrode surface is oxidized, the current is determined by the mass transport of the
unoxidized sample from the bulk solution to the electrode surface and the current drops.
As the potential is cycled back in the negative direction toward 0, the current reaches a
maximum as FeCp," is reduced back to FeCp,. This maximum current is called the
cathodic peak current, iy", and occurs at the cathodic peak potential, E,". A reversible
redox reaction is one in which there are no chemical steps after the oxidation or reduction
and occurs with fast electron transfer rate. The theoretical peak separation for a reversible

reaction, AE, = E,*-E,’, is 59 mV/n where n is the number of the electrons in the redox

process and i,/ip" = 1.The half potential, Ey,, is defined as (E,* + E,°)/2.
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Figure 1.4 Cyclic voltammogram of ferrocene, Fe(CsHs),



Ruthenium chromophores, tridentate terpyridine ligand and polyazine bridging

ligand

Since the discovery of the photophysical properties of [Ru(bpy)s]*

much work has been done on the properties of related ruthenium(ll) polypyridyl
complexes and their applications in solar energy conversion, electron transfer and the
construction of luminescent supramolecular polymetallic complexes.**>" The properties
of ruthenium(Il) complexes can be tuned through the variation of the ligands attached.
Recently ruthenium(Il) complexes with polypyridyl ligands have been widely used as
building blocks for the luminescent supramolecular metal complexes.® In these
polymetallic supramolecular systems, bridging ligands are commonly used to hold the
metal centers together. These complexes could possibly be used as molecular devices for
various photoinitiated processes including energy and electron transfer. In those systems
specially designed for photoinitiated charge separations, a chromophore absorbs a
photons of light and intramolecular electron transfer occurs involving a suitable oxidative
or reductive quencher to produce a separation of charge. This charge-separated state of

the supramolecular system could be utilized to perform many useful complex functions.

The tridentate ligand tpy (tpy = 2,2°:6°,2’-terpyridine, Figure 1.5) is seldom used in the
construction of supramolecular systems. This is largely due to the nonemissive nature as
well as the short excited life time of those tpy-containing complexes such as [Ru(tpy).]*".
It has been shown that the short excited lifetime of the MLCT state of the complex
[Ru(tpy).]** is due to a ligand field (LF) state that is thermally accessible at RT. *** The
thermal accessibility of this LF state is attributed to the non-ideal bite angle (158° instead
of 180°) of the tpy ligand.**** Despite the limited lifetime of the excited state of
[Ru(tpy)2]**, systems with observable emission still could be formed with the tridentate
ligands when the energy difference between the lowest *MLCT and the low-lying ligand
field states are greater than in [Ru(tpy)2]**.? Tridentate ligands eliminate the possibility of

geometric isomers which could bring about two obvious advantages: the elimination of



the problem of separating or studying a mixture of isomers and the ability to design
complexes in which the distance of the electron or energy transfer could be controlled.

Because of these advantages, the tridentate ligand tpy was used to construct our
supramolecular system in this project.

L

N =

bpy tpy bpm

2,27-bipyridine 2,2:6° 27 terpyridine 2,2’ -bipyrimidine
N| Ry
N
N/ T,
Nl ,,o'”
dpp dpq dpb

2.3-bis(2-pynridyl)pyrazine 2.3-bis(2-pyridyl )quinoxaline 2.3-biz(2-pyridyl)benzoquinoxaline

Figure 1.5 Terminal ligands bpy, tpy and bridging ligands bpm, dpp, dpg and dpb.



In the construction of a polymetallic supramolecular species, bridging ligands covalently
connect the different metal centers but also determine many characteristics of the
complex. Bidentate polyazine bridging ligands have been widely used in the construction
of polymetallic complexes. Generally these bridging ligands can be grouped into the
asymmetrical A-B type ligands and the symmetrical A-A type ligands. In the
asymmetrical A-B type polyazine bridging ligands, the two nitrogen donors to one metal
center are nonequivalent. In contrast, the nitrogen donors from the A-A type polyazine
bridging ligands to a metal center are equivalent.

Some of the most widely used A-B type polyazine bridging ligands include dpp (2,3-
bis(2-pyridyl)pyrazine), dpq (2,3-bis(2-pyridyl)quinoxaline and dpb (2,3-bis(2-
pyridyl)benzoquinoxaline) (Figure 1.5).2**" The use of these bridging ligands is a
disadvantage in terms of controlling the stereochemistry of the resulting polymetallic

complexes.

One of the most heavily used A-A type polyazine bridging ligands is bpm
(2,2’-bipyrimidine) (Figure 1.5). It has been used in building a series of polymetallic
systems.*®2! The supramolecular systems incorporating this symmetrical ligand have
well-define stereochemistry. The bpm ligand does bring some disadvantages in the
construction of polymetallic complexes. First, the small size of this ligand holds the
bridged metals very close and this sometimes could prevent the synthesis of the
polymetallic complexes. Secondly, it would be quite difficult to add any electron
withdrawing or donating groups to the bpm ligand and the modified bpm ligand would
probably interfere sterically with the synthesis of the polymetallic complexes. So it is
difficult to tune the electronic properties of the polymetallic complexes with a bpm type

bridging ligand.



Ru-Pt mixed mixed-metal complexes and their application as anticancer agents

The luminescent ruthenium(ll)/platinum(ll) binuclear complexes have recently been
studied by Rillema® and Yam?, most notably [(bpy).Ru(dpp)PtCl,](PFs)2. The
electrochemical behavior and the electronic absorption properties of these complexes
have been studied. The electrochemical study shows that the bridging ligand in the dpp
based bimetallic complexes have a characteristically more positive first reduction
potential (E1» = -0.54 V) relative to the monometallic system (E, = -1.06 V), which is
attributed to the attachment of the electron-deficient Pt"Cl, moiety.? This attachment
leads to a stabilization of the dpp based 1t~ acceptor orbital. The ruthenium(ll) based
oxidation was observed to shift to a more positive potential (E1, = +1.57 V for the
bimetallic complex and Ey/, = +1.31 V for the monometallic complex);
[(bpy)2Ru(dpp)PtCl,](PFg), shows an irreversible oxidation in the cyclic voltammogram
observed by Yam and later assigned by Brewer et al as platinum(ll) in nature.?** The
electronic absorption study shows that the metal-to-ligand charge transfer transitions
(MLCT) between the ruthenium(Il) metal center and the bridging ligand red shifts in the
bimetallic complex relative to the corresponding ruthenium(ll) monometallic complexes
(505 vs 464 nm respectively). > This red shift of the MLCT transitions is consistent with
the coordination of the electron-deficient platinum metal center as suggested by the more

positive first reduction of the bridged bridging ligand.

Previously in the Brewer group, Milkevitch synthesized and characterized the
supramolecular systems [(bpy).Ru(BL)PtCl,](PF). (BL = 2,3-bis(2-pyridyl)quinoxaline
and 2,3-bis(2-pyridyl)benzoquinoxaline) as a new kind of DNA-binding agents.?* In these
bimetallic systems the ruthenium(ll) metal center and platinum(ll) metal center are
covalently coupled by two different bridging ligands, allowing possible intramolecular
energy and electron transfer. Brewer postulated and later showed that incorporation of the
Pt''Cl, moiety into the system allows the potential binding to DNA through the platinum

site.>?’



McMillin and coworkers have shown that [Pt(tpy)X]* ( X = CI, OH and CH3CN)
complexes can bind to DNA intercalatively through the terminal ligand tpy®® as well as
covalently through the platinum(ll) site. But intercalation of tpy to DNA is only observed

in square planar complexes but not in octahedral complexes.

The Ru-Pt bimetallic complexes were made by a building-block approach allowing easy
modification of the electronic properties of the complexes. The electronic absorption
spectroscopic and electrochemical characterization of these complexes show that the
substitution of dpg and dpb for dpp gives rise to a series of complexes with easily tunable
spectroscopic and redox properites. The DNA-binding activities of these complexes were
well studied by agarose gel electrophoresis. The results established these complexes as a
new kind of DNA-binding agent.

Cisplatin and analog research

Cisplatin is one of the most potent and widely-used anticancer drugs known. Its formal
name is cis-diamminedichloroplatinum(ll), abbreviated to cis-DDP. It was discovered to
possess the antitumor activity in 1969 by Rosenberg.? ?° Cisplatin enters human cells by

diffusion, where it is converted to its active form® shown in Eq. (2):

Pt(NH3)2C|2 +2H,0 = [Pt(NHg)z(HzO)2]2+ + 2CI ( 2 )
This ligand substitution equilibrium shifts to the right side due to the lower intracellular
chloride concentration. The active aquated species [Pt(NHs).(H,0)-]*" is a bifunctional

electrophilic agent®* and previous studies show that it binds to DNA forming about 90%

1,2-intrastrand crosslink, preferentially to two N’-guanine (Figure 1.6) sites.***® This

10



adjacent crosslink causes severe distortion to the DNA double helix by introducing
significant disruptions in the DNA base stacking to accommodate the coordination
requirements of the square planar platinum(Il) atom. This distortion causes a degree of

3234 and is believed to be

unwinding and significant bending from the site of attachment
responsible for the prevention of DNA transcription. Although cisplatin has also been
found to be able to form interstrand crosslinks in the DNA duplex, its cytotoxicity>* has
been widely accepted to result primarily from its formation of intrastrand crosslinks in

DNA.

i
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Guanine (G)

L

Figure 1.6 DNA nucleic acid residue [ Guanine

Although cisplatin is a very effective drug for cancer chemotherapy, there are restrictions

in cisplatin’s clinical use due to cumulative drug resistance and toxic effects. Due to these

limitations, an active new area of cisplatin analog®*

H39,40

research has developed. Today,

A41,42

cisplatin analogs containing DAC (diaminocyclohexane) and the CBDC

(cyclobutanecarboxylato) ligand have been developed. Some platinum' complexes have

been designed and show potential for oral adminstration.®*

Recent work has shown that many mono- and bimetallic complexes of the platinum

group metals incorporating planar aromatic ligands with extended Tesystems can interact

with DNA.% 452 stydies on several polypyridyl compounds of the ruthenium, osmium,
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cobalt, nickel, rhodium and platinum indicate that these complexes bind to DNA, often in
an intercalative fashion. Barton et al have demonstrated that [Ru((bpy).(dppz)]**,
[Ru(phen),(dppz)]** , and [Os(phen),(dppz)]** show enhanced photoluminescence in the
presence of DNA (phen =1,10-phenathroline; dppz = dipyrido[3,2-a:2’,3’-c]phenazine).**
They attribute this to the intercalation of the dppz ligand into the DNA double helix.
Murphy and co-workers have demonstrated that bimetallic complexes of ruthenium can
interact with DNA. Studies on the ruthenium bimetallic complex {[(NHs)sRu]>(dpb)}**
indicate that the planar dpb bridging ligand intercalates into DNA.>

Agarose gel electrophoresis experiment for DNA binding study

The DNA binding study of Ru-Pt bimetallic complexes is performed by non-denaturing
agarose gel electrophoresis. Gel electrophoresis™ is an important molecular biology tool.
It could be used along with other methods to study DNA, the site of an insertion or
deletion, or the presence of a point mutation, and to assess the quality and quantity of

DNA present in a sample etc.

Gel electrophoresis is a method for separating chemical compounds based on their size
and charge. Gel electrophoresis of DNA can be carried out in agarose, polyacrylamide, or
agarose-acrylamide composite gels. The most common method allows the separation of
the duplex DNA fragments at neutral pH values, which is called the non-denaturing gel
electrophoresis. Denaturing agarose gels are used for the analysis of single-stranded DNA
fragments. Since in this project only nondenaturing gel electrophoresis is used, only non-

denaturing gel agarose system is discussed here.
In the electrophoresis experiments, the DNA duplex fragments are placed in wells in

solidified agarose gel and subjected to an electrical field. Under these conditions the

DNA is negatively charged so fragments that are loaded into a sample well at the cathode
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(-) end of a gel move through the gel toward the anode (+). The electrophoretic mobility
of DNA fragments is dependent on its size, shape and the overall charge. Longer or larger
molecules have difficulty traveling through the gel; they become entangled in the gel
matrix. Shorter or smaller molecules migrate through the agarose matrix faster and thus
travel farther in a given time period. Similar sized fragments travel at relatively the same
speed and form a tight "band"” when stained. More negatively charged DNA fragments

move faster through the gel than the less negatively charged fragments.

The DNA gels used in these experiments are made of agarose, a highly purified agar,
which is heated and dissolved in a buffer solution. The agarose molecules form a matrix
with pores. The more concentrated the agarose, the smaller the pores. Agarose gels can
be used to analyze double-stranded DNA fragments from 70-base-pairs(bp) (3% agarose
gel, w/v) to 800,000 bp ( 0.1% agarose gel).>* In this project 0.8% agarose gel is used
because our cut plasmid DNA is approximately 3000 in length.

DNA is colorless in the visible region and must be stained for visualization. It can be
stained with either fluorescent or chemical dyes.*® In this research ethidium bromide, an
ultraviolet (UV) fluorescent stain, is used because it shows very small amounts of DNA
and is fast to use. Its fluorescence is much higher when intercalated into the DNA double
helix. The disadvantage of it is that it is a carcinogen. One alternative to the ethidium
bromide is methylene blue, a chemical dye, which binds to DNA.

Goal of this project

Based on the previous DNA-binding study in the Brewer group, the goal of this project is
to design a new kind of supramolecular structural motif using a tpy ligand and adding a
phosphine ligand to the remote metal center. These systems will be modular in design
and able to bind to DNA. The motif of these complexes can be represented as TAG-LA-
BL-BAS (TAG = NMR active phosphine ligand, LA = light absorber, BL = bridging
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ligand and BAS = bioactive sites). The TAG will provide a NMR probe for the
characterization of supramolecular complexes as well as for the future investigation of
the metal complex—DNA interaction process. In this project the phosphine ligand PEt,Ph
was selected as the TAG due its ability to provide an easy **P NMR probe. The LA
represents the light absorber which could be photoexcited by photons of proper energy;
here we use a Ru'"(tpy)(PEt,Ph)(BL) chromophore. The bridging ligands used here are
bidentate polyazine ligands that can connect two metal centers together in a polymetallic
system and have a low energy 1t* orbital. The BAS represents the bioactive site for
binding to DNA and the cis-Pt"Cl, moiety is chosen as the BAS based on the previous

studies of cisplatin.
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Chapter 2: Experimental

Material

All chemicals were obtained from Aldrich Chemical Co. and used as received unless
otherwise noted. HPLC grade acetonitrile was obtained from Baxter Scientific.

The supporting electrolyte for the electrochemistry was tetrabutalammonium
hexafluorophosphate, prepared by the metathesis of tetrabutalammonium bromide with
potassium hexafluorophosphate, recrystallized twice from ethanol, dried under vacuum,
and stored in a vacuum desiccator. Adsorption alumina (80-200 mesh) was obtained from
Fisher Scientific. TIPFs was obtained from Strem Chemicals. PEt,Ph and
cis-[Pt(NHs).Cl;] (cisplatin ) were obtained from Aldrich Chemical Co. Bacteriophage
lambda DNA was obtained from Pharmacia. The plasmid, pBluescript KS+, was obtained
from Stratagene, and all materials used in amplification and purification of plasmid DNA
were purchased from Fisher. Electrophoresis-grade low EEO agarose,
tris(hydroxymethyl)-aminomethane(Tris), boric acid and ethidium bromide were also
obtained from Fisher. EcoRI and HindllI restriction endonucleases were purchased from
Promega. [Ru(tpy)Cls]™ (tpy = 2,2:6,6”"-terpyridine), [Ru(tpy)(CI)(dpp)](PFs)*®, and
Pt(dms0),Cl,***?2*%" were prepared as previously reported.

Synthesis

Column Chromatography

Purification of the ruthenium precursor complexes was achieved by chromatography on
Fisher adsorption alumina, Al,O3. Other forms of alumina may be too active and not

release the desired products. Typically a 8 ~ 10 cm column (3.2 cm in diameter) was
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prepared by filling the glass column with the 3:2 (V/V) toluene/acetonitrile eluent and
adding solid Al,O3 with the eluent flowing. This ensures tight packing of the solid phase.
The crude product was then dissolved in a minimal amount (ca. 20 mL) of the same
eluent and filtered to remove insoluble materials. The product solution was carefully
added onto the solid Al,O3 support and eluted with the same 3:2 toluene/acetonitrile
mixture. The products are colored, thus visual inspection of each column dictates product

band collection.

Synthesis of [(tpy)RuCl(bpm)](PFs)

Ru(tpy)Cl;(0.43 g, 1.0 mmol), 2,2’-bipyrimidine (0.24 g, 1.5 mmol) and triethylamine
(4.0 mL, 29 mmol) were heated at reflux in 40 mL 2:1 (V/V) ethanol/water for 5 hours.
The reaction mixture was added into 10 mL of saturated KPFg aqueous solution to induce
the precipitation of the crude dark product. The solvent was removed by vacuum
filtration. Purification was achieved using alumina chromatography with 3:2
toluene/acetonitrile as eluting solvent. The first, red product band was collected and the
solvent was removed by rotary evaporation. The product was then dissolved in ca. 20 mL
acetonitrile and flash-precipitated in ca. 200 mL diethyl ether. The product was collected
by vacuum filtration and dried under vacuum. Yield: 0.45 g, 0.67 mmol, 67%. *H NMR:
10.04(dd), 9.29(dd), 8.72(dd), 8.50(d), 8.38(d), 8.14(t), 8.05(dd), 7.92(m), 7.75(d),
7.68(dd), 7.29(m) and 7.06(dd). *'P NMR: -143.26(m). Ey, (V vs. Ag/AgCl): +1.01,
-1.15, -1.56. Amax”™ = 516 nm. The FAB MS data are summarized in Table 2.1.
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Table 2.1 FAB Mass spectral data for [(tpy)RuCl(bpm)](PFe)*°

m/z rel. abund assignment

528 100 [(tpy)Ru(CI)(bpm)]*
492 14 [(tpy)Ru(bpm)]*
460 24 [(tpy)Ru(CH3CN)s]"
370 19 [(tpy)Ru(CD]"

334 31 [Ru(tpy)]"

®tpy = 2,2°:6°,6”"-terpyridine and bpm = 2,2’-bipyrimidine.
b See Appendix 1 (Page 95) for the spectrum.

Synthesis of [(tpy)Ru(CH3CN)(bpm)](PFs)

[Ru(tpy)Cl(bpm)](PFe) (0.67 g, 1.0 mmol) and TIPFs (0.70 g, 2.0 mmol) were heated at
reflux in 100 mL 1:1 (V/V) acetonitrile/water under argon in the dark for 24 hours. The
solvent was removed by rotary evaporation. The yellow solid was dissolved in minimal
acetonitrile (ca. 20 mL) and TICI was removed by vacuum filtration. Purification was
achieved using alumina chromatography with 3:2 toluene/acetonitrile as eluting agent.
The product eluted as the second, yellow product band proceeded by a red band. After
collecting the yellow band the solvent was removed by rotary evaporation. The yellow
product was dissolved in ca. 20 mL acetonitrile and flash precipitated in ca. 200 mL
diethyl ether, collected by vacuum filtration and dried under vacuum. Yield: 0.78 g, 0.95
mmol, 95%. *H NMR: 9.84(dd), 9.38(dd), 8.84(dd), 8.57(d), 8.43(d), 8.34(t), 8.08(dd),
8.04(m), 7.81(d), 7.62(dd), 7.37(m), 7.21(dd), 2.10(s). *'P NMR: -143.38(m). E1/> (V vs.
Ag/AQCI): +1.55, -1.06, -1.42. Ama™ = 452 nm. The FAB MS data are summarized in
Table 2.2.
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Table 2.2 FAB Mass spectral data for [(tpy)Ru(CHsCN)(bpm)](PFe)2*"

m/z rel. abund. assignment

679 19 [(tpy)Ru(CH3CN)(bpm)](PFe)*
533 16 [(tpy)RU(CH3CN)(bpm)]*

512 100 [(tpy)Ru(bpm)F]*

492 82 [(tpy)Ru(bpm)]*

334 79 [Ru(tpy)]”

®tpy = 2,2°:6°,6”"-terpyridine and bpm = 2,2’-bipyrimidine.
b See Appendix 2 (Page 96) for the spectrum.

Synthesis of [(tpy)Ru(PEt,Ph)(bpm)](PFs)2

[Ru(tpy)Cl(bpm)](PFs) (0.67 g, 1.0 mmol) and TIPFg (0.70 g, 2.0 mmol) were heated at
reflux in 30 mL 1:1(V/V) ethanol/water under argon in the dark for 32 hours. After 1
hour, the addition of PEt,Ph was begun, 180 uL (1.0 mmol) of PEt,Ph was added five
times at 6-hour increments while the reaction was heated at reflux under argon. The
reaction mixture was added into 15 mL of saturated KPFg aqueous solution to induce the
precipitation and allowed to sit it in the hood for 2 hours to cool to room temperature.
The solvent was removed by rotary evaporation. The yellow solid was then dissolved in
minimal acetonitrile (ca. 20 mL) and TICI precipitate was removed by vacuum filtration.
Purification was achieved using alumina chromatography with 3:2 toluene/acetonitrile as
eluting solvent. The first band to elute was red and discarded. The second, yellow product
band was collected and the solvent was removed by rotary evaporation. The product was
dissolved in 20 mL acetonitrile, flash precipitated in 200 mL diethyl ether, collected by
vacuum filtration and dried under vacuum. Yield: 0.72 g, 0.75 mmol, 75%. *H NMR:
9.75(dd), 9.35(dd), 8.91(t), 8.25(d), 8.19(d), 8.07(dd), 8.03(m), 7.87(d), 7.36(m), 7.27(t),
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7.24(dd), 7.03(m), 6.35(m), 1.88(m), 1.75(m), 0.85(p). **P NMR: -143.26(m), 32.21(s).
Exo (V vs. Ag/AgCI): +1.56, -1.03, -1.38. Amax™ = 450 nm. The FAB MS data are

summarized in Table 2.3.

Table 2.3 FAB Mass spectral data for [(tpy)Ru(PEt,Ph)(bpm)](PFe),*"

m/z rel. abund. assignment

804 32 [(tpy)RuU(PEt,Ph)(bpm)](PFe)*
679 39 [(tpy)Ru(PEt,Ph)(bpm)(HF)]*
659 14 [(tpy)Ru(PEt,Ph)(bpm)]*

512 61 [(tpy)Ru(bpm)F]*

492 100 [(tpy)Ru(bpm)]*

dtpy = 2,27:6°,6”’-terpyridine and bpm = 2,2’-bipyrimidine.
b See the Appendix 3 (Page 97) for the spectrum.

Synthesis of [(tpy)Ru(PEt,Ph)(bpm)PtClI,](PFs),

Due to the labile nature of the Pt"-Cl bonds, this product is not stable under typical
alumina chromatographic procedures. Thus a synthesis had to be designed to produce a
pure product without alumina chromatography. [(tpy)Ru(PEt,Ph)(bpm)](PFs). (0.19 g,
0.20 mmol) and Pt(dmso).Cl, (0.11 g, 0.25 mmol) were heated at reflux in 140 mL
ethanol under argon for 4 hours. The dark product was collected by vacuum filtration and
washed with 700 mL hot ethanol followed by 700 mL diethyl ether. The solid was
dissolved in minimal acetonitrile (ca. 20 mL) and the unreacted Pt(dmso).Cl, was
removed by vacuum filtration. The solvent was removed by rotary evaporation. The dark
green product was dissolved in ca.10 mL acetonitrile and flash precipitated in ca. 100 mL
diethyl ether. The dark green product was collected by vacuum filtration and dried under
vacuum. Yield: 0.15 g, 0.13 mmol, 62%. *H NMR: 9.92(d), 9.81(d), 9.33(dd), 8.36(t),

19



8.26(d), 8.19(d), 8.16(d), 8.10(d), 8.06(q), 7.58(m), 7.42(dd), 7.30(t), 7.03(t), 6.35(t),
1.90(m),1.81(m) and 0.90(p). *'P NMR: -143.98(m), 33.30(s). Eu; (V vs. Ag/AgCI):
+1.63, +1.82, -0.34, -1.04, -1.45. Ama™ = 416 nm. The FAB MS data are summarized in
Table 2.4.

Table 2.4 FAB Mass spectral data for [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFg)..*°

m/z rel. abund. assignment

1070 41 [(tpy)RU(PELPh)(bpm)PtCI,] (PFe)*
998 18 [(tpy)Ru(PEt,Ph)(bpm)Pt](PFe)*
925 100 [(tpy)Ru(PEt,Ph)(bpm)PtCl,]"

805 66 [(tpy)Ru(PEt,Ph)(bpm)](PFs)*

760 40 [(tpy)Ru(bpm)PtCl,]*

722 87 [(tpy)Ru(bpm)PtCI]*

685 79 [(tpy)Ru(bpm)Pt]*

658 60 [(tpy)Ru(PEt,Ph)(bpm)]*

®tpy = 2,27:6°,6”’-terpyridine and bpm = 2,2’-bipyrimidine.
b See Appendix 4 (Page 98) for the spectrum

Synthesis of [(tpy)Ru (CH3CN)(dpp)](PFs)2

[Ru(tpy)Cl(dpp)](PFs) (0.75 g, 1.0 mmol) and TIPFs (0.70 g, 2.0 mmol) were heated at
reflux in 100 mL 1:1(V/V) acetonitrile/water under argon in the dark for 24 hours. The
solvent was removed by rotary evaporation. The solid was dissolved in a minimal amount
of acetonitrile and TICI was removed by vacuum filtration. Purification was achieved
using alumina chromatography with 3:2 toluene/acetonitrile as the eluting solvent. The

first band to elute was red and discarded. The second, yellow product band was the
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desired product and was collected. The solvent was removed by rotary evaporation. The
product was dissolved in ca. 20 mL acetonitrile and flash precipitated in ca. 200 mL
diethyl ether, collected by vacuum filtration and dried under vacuum. Yield: 0.86 g, 0.96
mmol, 96%. *'P NMR: -144.003(M). Amax™ = 464 nm.The FAB MS data are summarized
in Table 2.5.

Table 2.5 FAB Mass spectral data for [(tpy)Ru(CHsCN)(dpp)](PFe),."

m/z rel. abund. assignment

753 12 [(tpy)Ru(CH3CN)(dpp)](PFe)”
608 13 [(tpy)Ru(CH3CN)(dpp)]”

588 15 [(tpy)Ru(dpp)(HF)]*

568 29 [(tpy)Ru(dpp)]*

460 100 [(tpy)RU(CHsCN)3]"

334 23 [Ru(tpy)]”

®tpy = 2,27:6°,6”"-terpyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.
b See Appendix 5 (Page 99) for the spectrum.

Synthesis of [(tpy)Ru(PEt,Ph)(dpp)](PFs)2

[Ru(tpy)Cl(dpp)](PFs) (0.75 g, 1.0 mmol) and TIPFg (0.70 g, 2.0 mmol) were heated at
reflux in 30 mL 1:1 (V/V) ethanol/water under argon for 32 hours. After 1 hour, the
addition of PEt,Ph was begun, 180 uL(1.0 mmol) of PEt,Ph was added five times at
6-hour increments while the reaction was heated at reflux under argon. The reaction
mixture was added into 15 mL of saturated KPFg aqueous solution to induce precipitation

and allowed to sit in the hood for 2 hours to cool to room temperature. The solvent was
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removed by rotary evaporation. The yellow solid was dissolved in ca. 20 mL acetonitrile
and TICI was removed by vacuum filtration. The purification was achieved using alumina
chromatography with 3:2 toluene/acetonitrile as eluting solvent. The first band to elute
was red and discarded. The second, yellow product band was collected and the solvent
was removed by rotary evaporation. The product was dissolved in ca. 20 mL acetonitrile
and flash precipitated in ca. 200 mL diethyl ether, collected by vacuum filtration and
dried under vacuum. Yield: 0.77 g, 0.75 mmol, 75%. *'P NMR: -143.04(m), 30.62(s),
32.18(s). E1r2 (V vs. Ag/AQCI): +1.57, -1.05, -1.42. Amax™™ = 460 nm. The FAB MS data

are summarized in Table 2.6.

Table 2.6 FAB Mass spectral data for [(tpy)Ru(PEt,Ph)(dpp)](PFe)2.*"

m/z rel. abund. assignment

880 31 [(tpy)Ru(PEt,Ph)(dpp)](PFs)"
734 16 [(tpy)Ru(PEtPh)(dpp)]”

568 94 [(tpy)Ru(dpp)]”

334 100 [Ru(tpy)]"

®tpy = 2,2°:6°,6”"-terpyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.
b See Appendix 6 (Page 100) for the spectrum

Synthesis of [(tpy)Ru(PEt,Ph)(dpp)PtCl;](PFs),.

Similar to [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFs)., this product is not stable under typical
alumina chromatographic procedures due to the labile nature of the Pt"-Cl bonds.
Therefore this product was also synthesized using the method that did not involve
alumina chromatography. [(tpy)Ru(PEt,Ph)(dpp)](PFs)2 (0.21 g, 0.20 mmol) and
Pt(dmso),Cl, (0.11 g, 0.25 mmol) were heated at reflux in 140 mL ethanol under argon
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for 4 hours. The dark product was collected by vacuum filtration and washed by 700 mL

hot ethanol followed by 700 mL diethyl ether. The solid was dissolved in minimal

acetonitrile (ca. 20 mL) and the unreacted Pt(dmso),Cl, was removed by vacuum

filtration. The solvent was removed by rotary evaporation. The light red product was

dissolved in 10 mL acetonitrile and flash-precipitated in 100 mL diethyl ether. The light

red product was collected by vacuum filtration and dried under vacuum. Yield: 0.14 g,
0.11 mmol, 55%. *'P NMR: -143.30(m), 29.76(s), 32.12(s). Ex> (V vs. Ag/AgCI): +1.55,
+1.70, -0.50, -1.15, -1.40. Ama™ = 506 nm. The FAB MS data are summarized in Table

2.7.

Table 2.7 FAB Mass spectral data for [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFs),*"

m/z rel. abund. assignment

1146 6 [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFe)*
1001 21 [(tpy)Ru(PEt,Ph)(dpp)PtCl,]*

835 12 [(tpy)Ru(dpp)PtCl]"

798 17 [(tpy)Ru(dpp)PtCI]*

763 11 [(tpy)Ru(dpp)Pt]*

603 15 [(tpy)Ru(dpp)CI]*

568 47 [(tpy)Ru(dpp)]"

500 55 [(tpy)Ru(PEtPh)]"

®tpy = 2,27:6°,6”’-terpyridine and dpp = 2,3-bis(2-pyridyl)pyrazine.

b See Appendix 7 (Page 101) for the spectrum.

Method

Preparation and Purification of Plasmid DNA
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Plasmid DNA was prepared by Matt Milkevtich.>® The plasmid, pBluescript, was
amplified and purified from Escherichia coli strain JM109 according to established
protocols®®. Plasmids were isolated using an alkaline lysis procedure, purified in a cesium
chloride gradient, and then extensively dialyzed against TE [10 mM
Tris(tris(hydroxymethyl)aminomethane), 1 mM EDTA, pH 7.5]. Following
concentration by ethanol precipitation, the DNA was stored in TE at 4 °C. Plasmid DNA
was linearized by overnight incubation at 37 °C with EcoRI endonuclease. Typically, 200
ug of plasmid DNA was combined with EcoRI (3 uL, 240 U) and 20 uL of 10X buffer in
a total volume of 200 uL. Protein was removed by extracting with phenol/0.1%
hydroxyquinoline (equilibriated with TE pH 8) and 24:1 chloroform /isoamyl alcohol.
The DNA was then precipitated with NaCl and ethanol, resuspended in deionized water,
and stored at 4 °C.

Preparation of Molecular Weight Standards

Molecular weight standards for non-denaturing agarose gel electrophoresis were prepared
by digestion of bacteriophage lambda DNA with Hindlll endonuclease. Lambda DNA
(50 ug, 100 uL of 500 ug/mL stock solution) was combined with Hindlll (2 uL, 160 U) in
258 uL of H,0 buffered with 10X buffer (40 uL) and incubated for 12 hours at 37 °C.
Upon completion, 100 uL of 6X type 111 dye was added and the solution was stored at
4°C.

Reactions of Metal Complexes with Plasmid DNA
The concentration of the linearized plasmid DNA solution was determined

spectrophotometrically®®. Concentrations of metal solutions were determined using the
known extinction coefficients for [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFs).
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(e =0.58 x 10*M™cm™ at 560 nm), [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFs), (¢ = 1.47 x 10*
M™cm™ at 506 nm), [(tpy)RuCI(dpp)PtCl,](PFe)** (€ = 1.33 x 10* M cm™ at 548 nm) and
[Ru(bpy)2(dpq)PtCl,](CF3SOs), ( € = 8.10 x 10°* M ecm™ at 582 nm)*®. All reactions
contained 1 ug of linearized plasmid DNA and 10 mM sodium phosphate, pH 7 in a total
volume of 100 uL. The samples were analyzed by electrophoresis in 300 mL agarose gels
(0.8% agarose, 89 mM Tris, 89 mM boric acid, PH 8) at 104 V for 1.5 hours, with
recirculation of the buffer. Gels were then stained in 0.5 ug/mL ethidium bromide for 1
hour and photographed with UV illumination. Polaroid prints were scanned using a
MicroTek ScanMaker Eg.

NMR Spectroscopy

'H NMR spectra were obtained on a JOEL 500 MHz instrument while P NMR spectra
were obtained on a Bruker 360 MHz instrument. All spectra were obtained at room
temperature using CD3CN as the solvent and trimethylsilane as a *H chemical shift
internal standard unless otherwise indicated. The sample was prepared by dissolving 25
mg of the compound into 6 mL dry CD3sCN and the solution was then transferred to the
7-inch NMR tube.

FAB-Mass Spectrometry

FAB Mass spectral analysis was conducted on a Fisons VG Quiattro triple-stage
guadrupole mass spectrophotometer using m-nitrobenzyl alcohol as the matrix. CH3CN

was added to improve the solubility of the samples.

Electrochemistry
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A Bioanalytical Systems, Inc. 100W electrochemical analyzer was used to record the
cyclic voltammograms. The supporting electrolyte was 0.1 M BusNPFs and the
measurements were made in Burdick and Jackson UV-grade acetonitrile. The three-
electrode system uses a 1.9 mm diameter platinum disk working electrode, a platinum
wire auxiliary electrode, and a Ag/AgCl reference electrode (0.29 V vs. NHE). The
Ag/AgClI reference electrode was calibrated against the FeCp,/FeCp,* couple which was
assumed to be 0.665 V vs. NHE in 0.1 M BusNPF in acetonitrile®,

Electronic absorption spectroscopy

Spectra were recorded at room temperature using a Hewlett Packard 8452 diode array
spectrophotometer with a 2 nm resolution and a range from 190 to 820 nm, interfaced to
an IBM compatible computer. The solvent was Burdick and Jackson UV-grade
acetonitrile. The cuvette was a 1 cm pathlength cell with quartz windows. The sample
compounds were dissolved into CH3CN to give a spectrum with absorbance of the largest

peak between 0.5 to 1.0.
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Chapter 3: Results and Discussion

Ru-Pt bimetallic complex containing A-A type bridging ligand bpm

Synthesis

The Ru-Pt bimetallic complex [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFs), with a bpm bridging
ligand and a NMR tag ligand, PEt,Ph, on the ruthenium metal center is a unique
structural type and no previous synthetic method has been reported. Many of the
synthetic precursors to the desired Ru-Pt bimetallic complex are also new compounds.
Our synthesis follows a building block approach where the complex was assembled step
by step by sequentially adding a component building block. The introduction of the
phosphorous ligand was achieved by extraction of the chloride ligand with TIPFg
followed by the addition of the phosphorous ligand. The synthetic scheme is shown in
Figure 3.1. By taking this step by step approach, the exact nature of each component can
be chosen. The use of TIPFs in the PEt,Ph introduction step generates a vacancy in the
remote metal coordination sphere. The PEt,Ph ligand is added into the reaction mixture
five times to avoid the decomposition of the PEt,Ph ligand prior to binding. This method
greatly improved the reaction yield over a single PEt,Ph addition.
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Figure 3.1 Synthetic scheme for the preparation of [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFe)..
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FAB MS Spectra

The MS spectra for complexes [(tpy)RuCl(bpm)](PFs), [(tpy)Ru(CH3CN)(bpm)](PFs),
[(tpy)Ru(PEt,Ph)(bpm)](PFs), and [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFs). are included in
Appendixcesl~4 (Page 95~98). These complexes give quite good FAB MS data with
parent ions appearing and fragmentation by ligand and/or metal loss observable. All the

spectra show the [M-PFg]" peak and the latter three also show the [M-2PFs]" peak.

The [(tpy)RuCl(bpm)](PFs) spectrum shows five major groups of peaks (Table 2.1 at
page 17 and Appendix 1 at page 95). The peak at 528(m/z) is assigned as the
[(tpy)RuCI(bpm)]*. The loss of a chlorine atom from the former yields [(tpy)Ru(bpm)]*
giving rise to the peak at 492(m/z). Since the spectrum was obtained with CH3CN in the
matrix, the peak at 460(m/z) is assigned as the species [(tpy)Ru(CHsCN)3]". The
remaining two peaks at 370(m/z) and 334(m/z) could be easily assigned respectively as
the species [(tpy)RuCI]" and [Ru(tpy)]".

The [(tpy)Ru(CH3CN)(bpm)](PFs). spectrum also shows five major groups of peaks
(Table 2.2 at 18 and Appendix 2 at page 96). The [M-PF;]" peak shows at 679(m/z).
Because there are two counter ions in this complex, the [M-2PF¢]* peak is observed at
533(m/z). The appearance of these peaks provides a proof of structure. The peak at
512(m/z) is assigned as the [(tpy)Ru(bpm)F]*. Also the species [(tpy)Ru(bpm)]” and
[Ru(tpy)]” are observed at 492(m/z) and 334(m/z) respectively, consistent with the
location of the corresponding peaks in the [(tpy)RuCl(bpm)](PFs) complex.

The FAB MS spectrum of the complex [(tpy)Ru(PEt,Ph)(bpm)](PFs). (Table 2.3 at page
19 and Appendix 3 at page 97) shows the expected pattern. The [M-PF¢]* peak and the
[M-2PF¢]" peak are observed at 804(m/z) and 659(m/z) respectively. The peak at
679(m/z) is for the species [(tpy)Ru(bpm)(HF)]". It comes from
[(tpy)Ru(PEt,Ph)(bpm)](PFs)* with the loss of PFs. Also the peak at 492(m/z) is assigned
as the species [(tpy)Ru(bpm)]* which comes from the [M-2PF;]* with the further loss of
the phosphine ligand.
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The FAB MS spectrum for the Ru-Pt bimetallic complex looks much more complicated
than the monometallic complexes (Table 2.4 at page 20 and Appendix 4 at page 98), but
the characteristic peaks, ion [M-PFs]* and [M-2PFs]" can be clearly observed at
1070(m/z) and 925(m/z). With continuous loss of the other components like the chlorine
atom, the platinum atom and the phosphine ligand, a series of charged species are
observed at 998(m/z), 805(m/z), 760(m/z), 722(m/z), 685(m/z) and 658(m/z). Their
assignments are listed in Table 2.4. These high mass/charge ratio peaks along with the
characteristic fragmentation by ligand and metal loss is consistent with the proposed

structure.

Electrochemistry

The electrochemical data for [(tpy)RuCl(bpm)](PFs), [(tpy)Ru(CH3CN)(bpm)](PFs)2,
[(tpy)Ru(PEt,Ph)(bpm)](PFs). and [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFs), have been
studied. The electrochemical behavior of these complexes is characterized by reversible
metal based oxidation and ligand based reductions with bpm reduction prior to tpy due to
the lower energy 1t on the bpm realtive to tpy. The specific interpretations of the

electrochemical data for each complex are described below.

[(tpy)RuCl(bpm)](PFe)

In [(tpy)RuCl(bpm)]*(Figure 3.2), the oxidation occurring at +1.01 V is assigned as the
Ru"™ couple, the first reduction at —1.15 V is assigned as the bpm® couple, and the
second reduction at —1.56 V is assigned as the tpy® couple. The bpm®” couple occurs
prior to the tpy”” due to the lower lying 1e* orbital on bpm. The ruthenium based

oxidation at + 1.01 V is consistent with the chloride ligitation of this metal center.?*?
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Current, uA

This assignment is also consistent with the assignment made in the previously studied
[(tpy)RuCl(dpp)](PFs). containing the dpp bridging ligand where the reduction at —1.54 V
is assigned as the tpy®" couple and the reduction at —1.21 V is assigned as the dpp®
couple.”® The terminal ligand tpyO" couples in these two analogs occur at very similar

potentials.
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Figure 3.2 Cyclic voltammogram of [(tpy)RuCIl(bpm)](PFs) in 0.1 M BusNPFg in

CH3CN (tpy = 2,2’:67,6”’-terpyridine, bpm = 2,2’-bipyrimidine).

[(tpy)RU(CH3CN)(bpm)](PFe)2

When the chloride ligand was substituted by CHsCN to form [(tpy)Ru(CHsCN)(bpm)]**
(Figure 3.3), both the metal based oxidation and ligand based reductions are shifted to a
more positive region with a more substantial shift of the metal based oxidation process.
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This is consistent with the chloride substitution. The metal based Ru"""

couple is shifted
to +1.55 V from +1.01 V. The bridging ligand reduction bpm®" couple is shifted much
lessto —1.06 V from -1.15 V for [(tpy)Ru(CH3CN)(bpm)](PFg) Vvs.
[(tpy)RuCl(bpm)](PFe).. The terminal ligand reduction tpy®" also experiences a small

shift moving to -1.42 V from -1.56 V.

The CH3CN ligand, compared to chloride ligand, is a poorer o donor but a much better 1t
acceptor. The coordination of CH3CN will result in a more electron deficient ruthenium
metal center shifting the metal based oxidation to more positive potential. This
substitution also shifts slightly the ligand based reductions. This is consistent with the
decrease of electron density on the ruthenium metal center accepting more electron

density from the other two ligands, bpm and tpy.
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Figure 3.3 Cyclic voltammogram of [(tpy)Ru(CH3CN)(bpm)](PFs), in 0.1 M

BusNPFg in CH3CN (tpy = 2,2°:6°,6° -terpyridine, bpm = 2,2’-bipyrimidine)
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[(tpy)Ru(PEt,Ph)(bpm)](PFe).

The cyclic voltammogram of the complex [(tpy)Ru(PEt,Ph)(bpm)](PFs) is shown in
Figure 3.4. Upon substitution of the CH3CN ligand by PEt,Ph ligand, the metal based
oxidation and the ligand based reductions remain almost the same. This is because the
CH3CN ligand and the PEt,Ph ligand form a very similar coordination bond with the
ruthenium metal center. Both ligands are weak o donors but good ttacceptors. There still
exists a small difference between these two ligands. The PEt,Ph ligand coordinates to the
ruthenium metal center through the phosphorus atom while the CH3CN ligand
coordinates through the nitrogen atom. The phosphorus is at the third row in the
periodical table and its 3d orbital is energetically closer to the ruthenium drtorbital. This
makes the back bonding between the PEt,Ph ligand and the metal center somewhat

stronger, so the ruthenium oxidation shifts slightly to a more positive potential.

T T T T T T T T T T T T T T T T T
+20 +1.&6 +1.2 +0v +0A41 0 -0 -0e -1.2 -1.6

Potential (V) vs. Ag/ApCl

Figure 3.4 Cyclic voltammogram of [(tpy)Ru(PEt,Ph)(bpm)](PFs). in 0.1 M BusNPFg in
CH3CN (tpy = 2,2’:67,6”’-terpyridine, bpm = 2,2’-bipyrimidine).
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[(tpy)Ru(PEt:Ph)(bpm)PtCl,](PFe)2

Upon formation of the bpm-bridged bimetallic complex, the bridging ligand bpm
becomes much easier to reduce due to the stabilization of the 1~ orbital induced by the
coordination of the electron deficient Pt" metal center (Figure 3.5). Thisis a
characteristic of polyazine bridged complexes consistent only with bpm acting in a
bridging fashion. In [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PF¢)2, the first two reductions are
assigned as bpm®- and bpm™* occurring prior to the terminal ligand reduction tpy®". The
first reduction assigned as the bpm®" is consistent with the assignment made by Rillema
et al'*®® in the bimetallic complex [(bpy).Ru(bpm)Ru(bpy).](PFs)s where peaks at —0.37
V, -1.05 V and -1.50 V were assigned respectively as bpm®", bpm?™ and 2bpy®". The
presence of the bpm™* couple before the reduction of the terminal tpy ligand is indicative
of the bimetallic formulation of this complex. Oxidatively, one sees a quasi-reversible
oxidation of the ruthenium and an irreversible oxidation of platinum. Compared to the

monometallic complex, the Ru""" couple is shifted from 1.56 V to 1.63 V.

In the complexes [(bpy).Ru(BL)PtCI,]** where BL = dpq or dpb, similar irreversible
platinum oxidations just prior to 1.72 V and 1.61 V were observed.?** The irreversible
platinum oxidation in our complex appears to occur after the reversible ruthenium
oxidation while the two oxidations occurred in reverse order in the
[(bpy)2Ru(BL)PtCI,]** complexes. This might result from the change of the bridging

ligands that could impact the platinum oxidation potential.

A summary of the electrochemical behavior of these bpm complexes is provided in Table
3.1.
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Figure 3.5 Cyclic voltammogram of [(tpy)Ru(PEt,Ph)(bpm)PtCI,](PFs), in 0.1 M
BusNPFg in CH3CN (tpy = 2,2°:6°,6° -terpyridine, bpm = 2,2’-bipyrimidine).
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Table 3.1 Electrochemical data for a series of ruthenium complexes incorporating

bridging ligand bpm?®®°

Complex E1/, oxidation (V) E1, reduction (V)
[(tpy)RuCl(bpm)](PFe) +1.01 Ru"™ -1.15 bpm®"
-1.56 tpy”"
[(tpy)Ru(CHsCN)(bpm)](PFe): +1.55 Ru"™" -1.06 bpm®"
-1.42 tpy”"
[(tpy)Ru(PEt,Ph)(bpm)](PFe)2 +1.56 Ru"™" -1.03 bpm?
-1.38 tpy”"
[(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFe),  +1.63 Ru"™ -0.34 bpm”
+1.82 pt'V -1.04 bpm™*
-1.45 tpy”

® bpm = 2,2’-bipyrimidine, tpy = 2,2’:6’,6’’-terpyridine, and
PEt,Ph = diethylphenylphosphine.

® Potentials reported in CH3CN solution with 0.1 M BusNPFe
and reported versus Ag/AgCI (0.29 V vs. NHE).

¢ All irreversible processes reported as E,°.
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Electronic Absorption Spectroscopy

The spectroscopy of mixed-ligand ruthenium based complexes containing the bpm
bridging ligand is characterized by intense ligand 11— 1t* and n — Tr* transitions in the
ultraviolet region and metal (dm) — ligand (1t*) charge transfer transitions in the visible
region based on each acceptor ligand. The electronic absorption data were summarized at
Table 3.2.

The electronic absorption spectrum of [(tpy)RuCl(bpm)](PFe) is shown in Figure 3.6. The
lowest energy transition at 516 nm is a Ru(dm) — bpm(1t*) CT transition and the shoulder
at 490 nm is expected to be a Ru(dm) - tpy(rt*) CT transition. This assignment is
consistent with those assignments made by D.P. Rillema™ in the complex
[Ru(bpy)2(bpm)](ClO4),, where the two lowest transitions at 478 nm and 422 nm are
assigned as the Ru(dm) - bpm(rt*) CT transition and Ru(dm) — bpy(re*) CT transition
respectively. From comparison with other polypyridyl complexes, the intense transitions

in the UV region are assigned as bpm and tpy 1t — T transitions.

The electronic absorption spectrum for [(tpy)Ru(CH3CN)(bpm)](PFs): is also shown in
Figure 3.6. The lowest transitions at 452 nm and the shoulder 412 nm are assigned to the
Ru(dm) — bpm(1t*) CT transition and Ru(dm) - tpy(1t*) CT transition respectively. The
intense transitions in the UV region of the spectrum are assigned as bpm and tpy - 1t
transitions. Compared to the complex with the chloride ligand, [(tpy)RuCl(bpm)](PFs),
the lowest lying MLCT transition is significantly blue-shifted for the CH3CN complex.
This is because the CH3CN ligand, compared to chloride ligand, is a poorer o donor but
better Ttacceptor. Thus its coordination with the ruthenium metal center would
substantially stabilize the ruthenium drtorbital. Since the bpm 1t* orbital and the tpy Tt
orbital remain almost the same, the energy gaps for those two MLCT transitions are

greatly increased and the blue shift for these MLCT transitions results.
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Table 3.2 Electronic absorption spectroscopy of the ruthenium and platinum complexes

containing bpm Iiganda'b,

Complex Amax(nm) g(M™*cm"/10* | assignment
[(tpy)RuCl(bpm)] (PFe) 516 0.99 Ru(dm) - bpm(r*) CT

490 0.86 Ru(dm) - tpy(re*) CT

370 0.96 Ru(dm) - tpy(1*) CT

316 3.78 Tt

268 2.86 Tt

240 4.37 T Tt
[(tpy)RU(CH3CN)(bpm)](PFe). | 452 0.85 Ru(dm) - bpm(r™*) CT

412 0.65 Ru(dm) - tpy(re*) CT

332 2.34

304 3.33 Tt

268 3.08 Tt

240 3.50 T Tt
[(tpy)Ru(PEt,Ph)(bpm)](PF¢). | 450 0.91 Ru(dm) - bpm(r™*) CT

404 0.69 Ru(dm) - tpy(re*) CT

334 2.16

308 3.75 T Tt

268 3.34 Tt

234 4.99 T Tt
[(tpy)Ru(PEt2Ph)(bpm)PtCl] | 554 0.53 Ru(dm) - bpm(re) CT
(PFs); 416 1.34 Ru(dm) - tpy(1*) CT

336 2.61

304 3.48 Tt

274 3.98 Tt

232 5.11 T Tt

% Spectra recorded in CH3CN at room temperature.

b tpy = 2,27:6’,6”-terpyridine, bpm = 2,2’-bipyrimidine.
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Figure 3.6 Electronic absorption spectrum of [(tpy)RuCl(bpm)](PFs),
[(tpy)Ru(CH3CN)(bpm)](PF¢)2 and [(tpy)Ru(PEt,Ph)(bpm)](PFe), in CH3CN at RT.

The electronic absorption spectrum for [(tpy)Ru(PEt,Ph)(bpm)](PFs),, is shown in Figure
3.6. It is very close to that of the CH3CN complex. As before, the two lowest transitions,
at 450 nm and the shoulder at 404 nm, are assigned as Ru(dt) - bpm(re*) CT transition
and Ru(dm) - tpy(re*) CT transition respectively. The similar spectra for the two
complexes are consistent with the electrochemical data. This indicates a very similar

nature of the coordination bonds between the ruthenium metal and these two ligand sets.

The electronic absorption spectrum for the bimetallic complex is shown in Figure 3.7.
The transition at 554 nm is assigned to the Ru(dm) — bpm(1t*) CT transition and the peak
at 416 nm is assigned as overlapping Ru(dm) — bpm(r*) and Ru(dm) - tpy(1e*) CT
transitions. The other intense transitions at the UV region are then assigned as the bpm
TT - Tt and tpy 1T - T transitions. The Ru(dr) — bpm(re*) CT transition is red shifted to
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554 nm in this bimetallic from 450 nm in the monometallic complex. This is consistent

with bridging ligand coordinating to the electron-deficient platinum metal center and
reflective of the electrochemical data.

— [(tpy)Ru(PEt,Ph)}bpm)](PF,),

_______ [(tpy)Ru({PEt,Ph)(bpm)PtCl,](PF;),

200 300 400 500 600 700
Wavelength (nm)

Figure 3.7 Electronic absorption spectrum of [(tpy)Ru(PEt,Ph)(bpm)](PFg), and
[(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFs)2 in CH3CN at RT.
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'H and *'P NMR Spectra

'H and 3'P NMR data for these complexes provide further proof of the structures of these
metal complexes as well as showing the utility of the phosphine as a *!P NMR tag for the
structures of the polymetallic complexes. The *H NMR of these types of complexes is
typically ill-defined. Our use of a phosphine ligand has made NMR a valuable technique
of analysis. The spectral assignments of the *'P and *H NMR spectra for free ligand
PEt,Ph are provided.

The 3P NMR spectrum of PEt,Ph (Figure 3.8) is relatively straightforward: one strong
peak at -10.28 ppm and a minor peak at 46.96 ppm. The peak at —10.28 ppm is assigned
as the phosphorus peak from the free ligand PEt,Ph and the peak at 46.96 ppm is
assigned as the phosphorus peak from the phosphorous oxide. The peak for the
phosphorous oxide appears downfield because it is deshielded by coordination to the

oxygen atom.

The *H spectrum of free ligand PEt,Ph (Figure 3.9) shows 5 peaks, as expected, two
aliphatic and 3 aromatic. The peak at 7.51 is assigned to the proton at position 1 because
these two protons are immediately adjacent to the electron withdrawing phosphorus atom.
The peaks at 7.39 ppm and 7.36 ppm are assigned to protons 2 and 3 respectively. In the
aliphatic region of the spectrum, two groups of peaks are assigned to the -CH,- and -CHj3
protons respectively. The methyl proton peak split into 5 lines with intensity ratio of
1:2:2:2:1. This could be seen as the combination of the two first order 1:2:1 split from
H-H and H-P coupling where the last line in one group of peak lines overlaps with the
first line in the other group of lines. The —CH,- proton peak is split into 4 lines as a
normal quartet. So there is no coupling between the —CH,- protons and the phosphorus
atom. This is because the phosphorus sometimes only couples to the protons on the even-

numbered carbons but not to those protons on the odd-numbered carbons.®*
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Figure 3.8 3'P NMR spectrum of free ligand PEt,Ph in CDsCN at RT
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Figure 3.9 *H NMR spectrum of free ligand PEt,Ph in CDsCN at RT
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The interpretations of for *H NMR spectrum for PEt,Ph are summarized below in
Table 3.3.

Table 3.3 'H NMR data for free ligand PEt,Ph®"

Postion Chemical shift Integration Multiplicity
1 7.51 2 multiplet

2 7.39 2 multiplet

3 7.36 1 multiplet
P(CH,CH3)Ph 1.69 4 quartet
P(CH,CHj3)Ph 0.98 6 pentet

& Data were recorded in CD3CN at 500MHz.

® The chemical shift are measured in ppm.

The *H NMR of the polypyridyl ligand tpy and the bridging ligands bpm and dpp are well
studied and the *H spectra are summarized below (see Figure 3.10 for the numbering of

the protons from these three ligands).

The *H NMR spectrum of free tpy ligand shows six groups of peaks®: 5(ppm) 8.62 (H*
and H*"), 7.86(H* and H*") 7.33(H° and H*"), 8.70(H°® and H*"), 8.46(H* and H>") and
7.96(H).

The *H NMR spectrum of free bpm ligand shows two groups of peaks®: 3(ppm) 8.99(H*,
H®, H* and H®) and 7.64(H>and H°).
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The *H NMR spectrum of free dpp ligand shows five groups of peaks®’: &(ppm) 8.68(H*
and H°), 8.24(H* and H*"), 7.84(H* and H*"), 7.84(H> and H°") and 7.25(H® and H®").

2,2°:6°,6" -terpyndine 2,2’ -bipyrimidine 2,3-bis(2-pyndyl )pyrazine

Figure 3.10 The numbering of protons for ligands tpy, bpm and dpp

[(tpy)RuCl(bpm)](PFe)
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i
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Figure 3.11 The **P NMR spectrum for [(tpy)RuCl(bpm)](PF¢) in CDsCN at RT.
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The *'P and "H NMR spectra for [(tpy)RuCl(bpm)](PFe) are shown in Figures 3.11 and

3.12. The tentative proton peaks assignments are summarized in Table 3.4.
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Figure 3.12 The *H NMR spectrum for [(tpy)RuCl(bpm)](PFes) in CDsCN at RT.

The *'P NMR spectrum is very simple, with only one group of peaks at —143.3 ppm. The

peak is assigned as the phosphorus from the counter ion PFg". It is split into seven lines

due to the coupling of the phosphorus atom to the six adjacent fluorine atoms.
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Table 3.4 'H NMR for [(tpy)RuCl(bpm)](PFe)*"

Position Chemical Shift Integration Multiplicity

1 9.29 1 doublet doublet
2 7.06 1 doublet doublet
3 8.05 1 doublet doublet
4 8.72 1 doublet doublet
5 7.68 1 doublet doublet
6 10.04 1 doublet doublet
7 7.75 2 doublet

8 7.29 2 multiplet

9 7.92 2 multiplet

10 8.38 2 doublet

11 8.50 2 doublet

12 8.14 1 triplet

& The data were recorded in CD3CN in 500 MHz.

® The chemical shifts were measured in ppm.

The *H NMR spectrum is relatively complicated and therefore the following peak
assignments are tentative. There are no aliphatic protons in this complex and no peak is
expected to appear in this region. From the *H spectrum, there still exist two groups of
protons respectively at 1.94 ppm and 2.14 ppm. According to H.E. Gottlieb®, the peak at
1.94 ppm is assigned as the NMR solvent CD3CN peak and the peak at 2.14 ppm is
assigned as the water (either H,O or HOD) peak.
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The aromatic region of the spectrum shows twelve peaks as expected. The tridentate
ligand tpy binds to metal in mer fashion in the octahedral complex. Thus the complex,
[(tpy)Ru(Cl)(bpm)](PFs), has an inherent reflection plane defined by the ruthenium-
chloride bond and the two coordination bonds between ruthenium and the two nitrogen
donors in the bpm ligand. So there should be twelve types of protons (as shown in the
chemical structure in Figure 3.12) in this complex. In the aromatic region of the
spectrum, seven groups of peaks at 10.04, 9.29, 8.72, 8.14, 8.05, 7.68 and 7.06 ppm have
the integration of one hydrogen and the other five groups of peaks at 8.50, 8.38, 7.92,
7.75 and 7.06 ppm have the integration of two hydrogens. So these seven groups of peaks
are assigned as protons 1 to 6 from bpm ligand and proton 12 from tpy ligand. The other

five groups of peaks are then assigned as protons 7 to 11 from the tpy ligand.

First consider the seven peaks with the integration of one hydrogen. The peak at 8.14
ppm is a triplet while the other six groups of peaks are a doublet of doublets. This
difference makes the peak at 8.14 ppm assigned as proton 12 and the other six groups of

peaks assigned to protons 1 to 6 from the bridging ligand bpm.

Among these six groups of peaks, the peak at 10.04 ppm is assigned to proton 6 and the
peak at 9.29 ppm is assigned to proton 1 because they are close to the two electron
withdrawing nitrogen atoms. These two protons have chemical shifts of 8.98 ppm in the
free ligand and move to a more positive region in the bound ligand. The difference
between proton 1 and 6 is that they are trans to different ligands in the complex. It is
believed that chloride ligand is a better o donor and cannot ttaccept like the tpy ligand.
This makes the aromatic ring with proton 1 more electron-rich than the other in the bpm
ligand. Therefore the peak at 9.29 ppm is assigned to proton 1 and the peak at 10.04 ppm
is assigned to proton 6. Both peaks are a doublet of doublets. This is due to their coupling

to the other two protons in each ring.

In the remaining four peaks at 8.72, 8.05, 7.68 and 7.06 ppm, peaks at 8.72 and 8.05 ppm

should be assigned to protons 3 and 4 because these two protons are adjacent to the two
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electron withdrawing nitrogen atoms. The difference between protons 3 and 4 is that they
are in different rings with different electron densities as discussed above. Thus the peak
at 8.72 ppm is assigned to proton 4 and peak at 8.05 ppm is assigned to proton 3. The
last two peaks at 7.68 and 7.06 ppm are then assigned to protons 5 and 2, respectively, for

the same reason.

Now consider the five groups of peaks with the integration of two hydrogens. The peak at
7.92 and 7.29 ppm are split to multiple lines while the three other group of peaks at 8.50,
8.38 and 7.73 ppm are nicely split doublets. Thus the peaks at 7.92 and 7.29 ppm are
assigned to protons 8 and 9. In the free tpy ligand proton 8 shows at 7.33 ppm and proton
9 shows at 7.86 ppm. It is expected that proton 9 still has a larger chemical shift than
proton 8 in the bound tpy. Therefore the peak at 7.92 ppm is assigned to proton 9 and the
peak at 7.29 ppm is assigned to proton 8. This is also consistent with those assignments

|65

made by R.P. Thummel™ in the complex, [Ru(tpy)2](PFe)-.

The remaining three groups of peaks at 8.50, 8.38 and 7.73 ppm are less easily assigned.
In free tpy ligand, protons 7, 10 and 11 appear at 8.70, 8.62 and 8.46 ppm respectively.
According to R.P. Thummel’s assignment of *H NMR peaks for the complex,
[Ru(tpy).](PFe)2, the chemical shift of proton 7 changed to 7.34 ppm from 8.70 ppm, the
chemical shift of proton 10 changed to 8.50 ppm from 8.62 ppm and the chemical shift of
proton 11 changed to 8.76 ppm from 8.46 ppm. The chemical shifts for protons 7 and 10
from the two side rings of the tpy ligand become smaller in the complex while the
chemical shift for proton 11 from the middle ring of the tpy ligand becomes larger. Also
proton 7 has a smaller chemical shift than proton 10 in the complex. So in our complex
the peak at 8.50 ppm is assigned to proton 11 and the peaks at 8.38 and 7.75 ppm are
assigned to protons 10 and 7 respectively.

Now consider these assignments of peaks from the perspective of the three aromatic rings
of the tpy ligand. Protons 11 and 12 in the middle ring move to more positive regions by

0.04 and 0.18 ppm respectively. Protons 7, 8 and 10 in the two side rings move to more
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negative regions by —0.97, -0.04 and —0.24 ppm respectively. Proton 9 in the two side
rings move to a somewhat more positive region by 0.06 ppm. All these changes of
chemical shifts between the corresponding protons in free tpy ligand and bound tpy
ligand in the metal complex, summarized in Table 3.5, are consistent with R.P.
Thummel’s results for [Ru(tpy)2](PFe)2.

Table 3.5 Chemical shift change of the protons in the tpy ligand between the free ligand,
[Ru(tpy)2](PFe)2 and [(tpy)RuCl(bpm)](PFs)*

Complex

tpy 65 5 H3, H5” H4, H4” HS, H3” H6, H2" H3" H5‘ H4'
(ppm) 8.62 7.86 7.33 8.70 8.46 7.96

[Ruttpy)d(PFez |8 |HHT [HOHT [ HH HE HY | HY | He
(ppm) 8.50 7.92 7.17 7.34 8.76 8.42
A -0.12 +0.06 -0.16 -1.36 +0.30 +0.46
(Ppm)

[(tpy)RuCl(bpm)](PFs) | & Hio Ho Hs H7 His Hio
(ppm) 8.38 7.92 7.29 1.75 8.50 8.14
A -0.24 +0.06 -0.04 -0.95 +0.04 +0.18
(Ppm)

% The A (chemical shift change) is calculated against the corresponding proton chemical

shift in the free tpy ligand.
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[(tpy)RU(CH3CN)(bpm)](PFe)2

The *'P NMR spectrum for [(tpy)Ru(CH3sCN)(bpm)](PFs). (Figure 3.13) is also very
simple, with only one group of peaks at —143.3 ppm. The peak is assigned as the
phosphine peak from the counter ion, PFg".

The *H NMR spectrum for [(tpy)Ru(CH3sCN)(bpm)](PFe). (Figure 3.14) is similar to that
for [(tpy)RuCl(bpm)](PFs). except that it has a single peak for bound CH3CN showing at
2.10 ppm. In the aliphatic region there also exist two more peaks at 2.14 and 1.94 ppm
respectively. The peak at 1.94 ppm is assigned to NMR solvent CD3CN and the peak at
2.14 ppm is assigned to H,O or HOD.®®

1T EEE
LR ERT
peak for P from the
aounter ion FF; 4
5 | 0 A0 A5 P

Figure 3.13 3P NMR spectrum for [(tpy)Ru(CH3sCN)(bpm)](PFs), in CDsCN at RT .
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Figure 3.14 *H NMR for [(tpy)Ru(CHsCN)(bpm)](PFs), in CDsCN at RT .

[(tpy)Ru(CH3sCN)(bpm)](PFs), also has a reflection plane and thus its *H NMR spectrum
in the aromatic region is almost identical to that of [(tpy)Ru(Cl)(bpm)](PFe¢).. Due to the

difference in the nature of the ruthenium-chloride bond and ruthenium-CH3sCN bond, the

assignments of some peaks differ.

First consider those seven groups of peaks with the integration of one hydrogen. They

appear at 9.84, 9.38, 8.84, 8.34, 8.03, 7.62 and 7.21 ppm respectively. The peak at 8.34 is

assigned to proton 12 since it is a triplet. Among the remaining six groups of peaks, the

peak at 9.84 ppm is assigned to proton 1 and the peak at 9.38 ppm is assigned to proton 6.

This is different from the corresponding assignments in [(tpy)Ru(Cl)(bpm)](PFs)-

because the change of the ligand from chloride to CH3CN reverses the order of electron

density for the two aromatic rings in the bpm ligand. In [(tpy)Ru(CH3CN)(bpm)](PFe).

the aromatic ring trans to CH3;CN becomes more electron deficient compared to the other
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ring because CH3;CN is a ttacceptor and a poorer ¢ donor than chloride. For the same
reason, the peak at 8.84 ppm is assigned to proton 3 and the peak at 8.08 ppm is assigned
to proton 4, the peak at 7.62 ppm is assigned to proton 2 and the peak at 7.21 ppm is

assigned to proton 5.

The remaining five groups of two hydrogen peaks are assigned to protons in the same
order as they are in the complex [(tpy)Ru(Cl)(bpm)](PF). because it is believed that the
change of the chloride ligand to CH3CN ligand would not change the order of electron
density of the three aromatic rings in the tpy ligand. Also the multiplicities of these

peaks are consistent with these assignments.

The tentative assignments of *H NMR peaks for [(tpy)Ru(CHsCN)(bpm)](PFs), are

summarized in Table 3.6.
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Table 3.6 *H NMR for [(tpy)Ru(CHsCN)(bpm)](PFe), *".

Position Chemical Shift Integration Multiplicity

1 9.84 1 doublet doublet

2 7.62 1 doublet doublet

3 8.84 1 doublet doublet

4 8.08 1 doublet doublet
7.21 1 doublet doublet

6 9.38 1 doublet doublet

7 7.81 2 doublet

8 7.37 2 multiplet

9 8.04 2 multiplet

10 8.43 2 doublet

11 8.57 2 doublet

12 8.34 1 triplet

CHsCN 2.10 3 singlet

a The data were recorded in CD3sCN on 500 MHz JOEL.

b The chemical shifts were measured in ppm.
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[(tpy)Ru(PEt,Ph)(bpm)](PFe)-

The 3P NMR spectrum for [(tpy)Ru(PEt,Ph)(bpm)](PFs). (Figure 3.15) shows two
groups of peaks. There exists a single peak at 32.2 ppm that is assigned to phosphine
peak from the bound PEt,Ph ligand. The phosphine chemical shift in the bound ligand,
32.2 ppm, falls between the phosphine peaks for the free PEt,Ph ligand (at -10.3 ppm)
and the phosphine oxide (at 47.0 ppm). This is consistent with binding of the PEt,Ph to
the electron deficient metal center. At —143.3 ppm there appears a 7-line peak, which is
assigned to the phosphine peak from the counter ion PFg". The phosphine peak for the
PFs and the bound PEt,Ph integrate to 2.01/1, which is very close to the expected 2/1
ratio.
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Figure 3.15 3P NMR spectrum for [(tpy)Ru(PEt,Ph)(bpm)](PF¢); in CDsCN at RT.
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Figure 3.16 *H NMR spectrum for [(tpy)Ru(PEt,Ph)(bpm)](PFs). in CDsCN at RT.

The *H NMR spectrum of [(tpy)Ru(PEt,Ph)(bpm)](PF¢), (Figure 3.16) becomes much
more complicated due to the introduction of five more aromatic protons from the PEt,Ph
ligand. In the aliphatic region of the spectrum, there are peaks at 0.85, 1.12, 1.75, 1.88,
1.94, 2.14 and 3.42 ppm. The peaks at 1.12 ppm and 3.42 ppm are assigned to the -CH3
and —CH,- protons in diethyl ether. As above, the peak at 2.14 ppm is the water peak and
the peak at 1.94 ppm is from proton-containing impurities in the CDsCN NMR solvent.?®
The peak at 0.85 ppm split into a pentet with a ratio of 1:2:2:2:1, matching the pattern of
the —CH3 proton peaks in the free PEt,Ph ligand. This represents the methyl protons in
the bound PEt,Ph ligand. The remaining two groups of peaks at 1.75 ppm and 1.88 ppm
in the aliphatic region are assigned to two —CH,- protons. These two peaks integrate as
2:2:6 relative to the —CHj3 protons at 0.85 ppm. Theoretically the protons in the two -CH,-
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groups are homotopic and should have the same chemical shifts. A possible reason for
the different chemical shifts might be the bulky phenyl group in this ligand. The bulky
phenyl ring could restrict the free rotation of the ruthenium-phosphorus coordination
bond because it is unfavorable for this ring to point toward the tpy or the bpm ligand.
Thus the protons in the two —CH- groups are then exposed to different chemical

environments and have slightly different chemical shifts.

Comparing the aromatic regions of the spectra of [(tpy)Ru(PEt,Ph)(bpm)](PFs), and
[(tpy)RU(CH3CN)(bpm)](PFs)., it is quite easy to assign peaks at 7.03 and 6.35 ppm to
protons 13 and 14 from the aromatic ring in the phosphine ligand. This time the peak of
high chemical shift at 7.03 ppm is assigned as proton 14 instead of proton 13. This is
because this phenyl ring is in partial overlap with one of the tpy side rings and proton 13
is protruding much closer to the inside of one tpy side ring (see calculated 3D structure in
Figure 3.17). Therefore proton 13 is in the shielding cone of the tpy side ring and
chemical shift becomes much smaller than proton 14 and 15. Thus the peak at 6.35 ppm

IS assigned to proton 13.

The remaining eleven groups of peaks in the aromatic region are attentatively assigned in
the following way. There are four groups of peaks at 9.75, 9.35, 8.91 and 7.27 ppm
having the integration of one hydrogen. This makes the assignment of the peaks
somewhat difficult. The peaks at 9.75 and 9.35 ppm are a doublet of doublets and
assigned to protons 1 and 6 from the bpm bridging ligand. More specifically, the peak at
9.75 ppm is assigned to proton 1 and the peak at 9.35 ppm is assigned to proton 6. This is
similar to the assignments made in the solvato complex. The peak at 8.91 ppm is a triplet
and assigned to proton 12 from the middle ring of the tpy ligand. The peak at 7.27 ppm is
split into multiple lines and is assigned to proton 15 from the phosphine ligand. This
assignment of proton 15 is consistent with the previous assignment of the peaks at 7.03
and 6.35 ppm because all the protons in the PEt,Ph ligand have lower chemical shifts in

the complex than in the free ligand.
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Figure 3.17 Calculated structure of [(tpy)Ru(PEt,Ph)(bpm)](PFs)2 using

CAChe ZINDO method of computing molecular geometries

In the remaining 7 groups of peaks with integration of two hydrogens, the peaks at 8.07
and 7.24 ppm are doublet doublets, which are assigned to the remaining four protons
from the bpm bridging ligand. The peak at 8.07 is assigned to proton 3 and proton 4 and
the peak at 7.24 ppm is assigned to proton 2 and 5. This is because proton 3 and 4 are
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closer to the electron withdrawing nitrogen atoms. The last 5 groups of peaks belong to
protons 7 to 11 from the tpy ligand. In these groups, the peaks at 8.03 and 7.36 ppm are
split to multiple lines and should be assigned to protons 8 and 9. As with the assignments
made in the solvato complex, the peak with higher chemical shift at 8.03 ppm is assigned
to proton 9 and the peak at 7.36 ppm is then assigned to proton 8. The last three groups
of peaks at 7.87, 8.19 and 8.25 ppm are assigned to proton 7, 10 and 11 respectively.

The attentative assignments of *H NMR peaks for [(tpy)Ru(PEt,Ph)(bpm)](PFs). are
shown in the Table 3.7.
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Table 3.7 *H NMR for [(tpy)Ru(PEt,Ph)(bpm)](PFs).*"

Position Chemical Shift® Integration Multiplicity
1 9.75 1 doublet doublet
2 7.24 1 doublet doublet
3 8.07 1 doublet doublet
4 8.07 1 doublet doublet
5 7.24 1 doublet doublet
6 9.35 1 doublet doublet
7 7.87 2 doublet
8 7.36 2 multiplet
9 8.03 2 multiplet
10 8.19 2 doublet
11 8.25 2 doublet
12 8.91 1 triplet
13 6.35 2 multiplet
14 7.03 2 multiplet
15 7.27 1 triplet
P(CH2CHg3),Ph 1.88 2 multiplet

1.75 2 multiplet
P(CH,CHs),Ph 0.85 6 pentet

& The data were recorded at 500 MHz in CDsCN at RT.

® The chemical shift were measured in ppm.
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[(tpy)Ru(PEt:Ph)(bpm)PtCl,](PFe)2

The 3P NMR spectrum (Figure 3.18) is quite similar to that of the monometallic complex
with the PF6" peak appearing at —144.0 ppm and the bound PEt,Ph peak at 33.3 ppm. The
two peaks integrate as 1.84:1, close to the expected 2:1 ratio.
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Figure 3.18 3P NMR spectrum for [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PF¢), in CDsCN at RT

The *H NMR spectrum of [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFe)- is very close to that of
monometallic, as shown in Figure 3.19. The peaks are assigned with reference to the
order of the chemical shifts of the corresponding peaks in the monometallic complex. As
in the monometallic complex, the protons from the two —CH,- group in the PEt,Ph ligand
give two different peaks respectively at 1.81 ppm and 1.90 ppm. They integrate as 2:2:6

relative to the -CHj; protons in same ligand.
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Figure 3.19 *H NMR spectrum for [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFs); in CDsCN at RT.
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The change of the chemical shifts between the corresponding protons in the monometallic
and the bimetallic complexes is also consistent with the coordination of the second
electron deficient metal center. The most obvious example is the change in the chemical
shifts for proton 3 and 4. The chemical shifts for proton 3 and 4 changed from 8.07 in the

monometallic complex to 9.33 and 8.10 ppm, respectively, in the bimetallic complex.

The attentative assignments of *H NMR peaks are summarized in Table 3.8.
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Table 3.8 *H NMR for [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFe),*

Position Chemical Shift’ Integration Multiplicity
1 9.92 1 doublet
2 7.42 1 doublet doublet
3 9.33 1 doublet doublet
4 8.10 1 doublet
5 7.42 1 doublet doublet
6 9.81 1 doublet
7 8.16 2 doublet
8 7.58 2 multiplet
9 8.06 2 quartet
10 8.19 2 doublet
11 8.26 2 doublet
12 8.36 1 triplet
13 6.35 2 triplet
14 7.03 2 triplet
15 7.30 1 triplet
P(CH,CHj3),Ph 1.90 2 multiplet
1.81 2 multiplet
P(CH,CH3),Ph 0.90 6 pentet

& The data were recorded in CD3CN at 500 MHz at RT.

® The chemical shift were measured in ppm.
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Ru and Pt complexes containing asymmetrical bridging ligand dpp
Synthesis.

The ruthenium-platinum bimetallic complex bridged by a dpp ligand was synthesized
using a building block approach analogous to the bpm-bridged analog. This step by step
scheme, shown in Figure 3.20, allows for the choice of the exact nature of each
component. Due to the asymmetric nature of the dpp bridging ligand bearing an AB
chelate, all the complexes described herein with this ligand have two stereoisomers. In
this project, all the complexes were characterized as mixtures of the two geometric
isomers without any further separations. This practice is common to polyazine bridged
ruthenium chemistry. As discussed later, our complexes are unique in that the phosphine

probe unit allows us to see the existence of the two stereoisomers.

64



RuCl, 3H,0 “y

~’1+

Pt{dmso),Cl,
L

3 !

PEt2Ph

Figure 3.20 Synthetic scheme for the preparation of [(tpy)Ru(PEt,Ph)(dpp)PtCI,](PFs)-.
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FAB MS Spectrum.

The MS spectra for monometallic complex [(tpy)Ru(PEt,Ph)(dpp)](PFs). and bimetallic
complex [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFs), are included in Appendices 6 and 7 (Page
100 and 101). The two complexes also give quite good FAB MS data with parent ions
appearing and fragmentation by ligand and/or metal loss observable. Both spectra show
the [M-PFg]" peak and the [M-2PF¢]" peak.

The FAB MS spectrum of the complex, [(tpy)Ru(PEt,Ph)(dpp)](PFs)2, shows four major
groups of peaks (Table 2.6 at page 22 and Appendix 6 at page 100). The peaks at
880(m/z) and 734(m/z) are assigned as the species [(tpy)Ru(PEt,Ph)(dpp)](PFs)" and
[(tpy)RuU(PEt,Ph)(dpp)]” respectively. The loss of the phosphine ligand, PEt,Ph, from
[(tpy)Ru(PEt,Ph)(dpp)]” gives rise to the [(tpy)Ru(dpp)]” peak at 568(m/z). The peak at
334(m/z) is assigned as the [Ru(tpy)]” species.

The FAB MS spectrum for the Ru-Pt bimetallic complex has a much more complicated
fragmentation than the monometallic complex (Table 2.7 at page 23 and Appendix 7 at
page 101). However the characteristic peaks for [M-PFs]" and [M-2PF¢]" can be clearly
observed at 1146(m/z) and 1001(m/z). With continuous loss of the other components like
the phosphine ligand, the chlorine atom and the platinum atom, a series of species are
observed at 835(m/z), 798(m/z), 763(m/z), 603(m/z) and 568(m/z). Their assignments are
listed in Table 2.7 (page 23). These high mass/charge ratio peaks along with the
characteristic fragmentation by ligand and metal loss are consistent with the proposed

structure.
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Electrochemistry

The electrochemistry of [(tpy)RuCl(dpp)](PFe), [(tpy)Ru(PEtPh)(dpp)](PFs). and
[(tpy)Ru(PEt,Ph)(dpp)PtCl,](PF¢). have been studied.

[(tpy)RuCl(dpp)](PFe)

The electrochemical behavior of these complexes is characterized by metal based
oxidation(s) and ligand based reductions. [(tpy)RuCIl(dpp)](PFs) has been previously
studied® by the Brewer group but the properties reported herein are for my sample studied
under my conditions to make comparison more valid. In [(tpy)RuCIl(dpp)](PFs), the

1/

oxidation is assigned as Ru'"", the first reduction is assigned as dpp®", and the second

reduction is assigned as tpy®". The dpp®"couple occurs prior to the tpy®" due to the lower

lying 1e* orbitals.*® #9732

[(tpy)Ru(PEt:Ph)(dpp)](PFe)2

When the chloride ligand in [(tpy)RuCl(dpp)](PFs) is substituted by PEt,Ph to form the
new complex [(tpy)Ru(PEt,Ph)(dpp)](PFs)., the metal based oxidation shifts to a more
positive potential to 1.57 V from 1.00 V ( see Figure 3.21). This is due to the decrease in
electron density on the metal center upon PEt,Ph substitution. As PEt,Ph is substituted
for chloride to form [(tpy)Ru(PEt,Ph)(dpp)](PFs). the dpp and tpy ligands become
slightly more electron-deficient and thus much easier to reduce. The dpp reduction is
shifted from -1.21 V to —-1.05 V and the tpy reduction is shifted from -1.54 V to -1.42 V
in [(tpy)Ru(PEt,Ph)(dpp)](PFe)- relative to the [(tpy)RuCl(dpp)](PFs). synthon.

The assignments in [(tpy)Ru(PEt,Ph)(dpp)](PFs). are consistent with those made in the
analog complex [(tpy)Ru(PEt,Ph)(bpm)](PFs).. Comparing the corresponding ligand
based reductions and metal based oxidations, one can see that the tpy terminal ligand

reductions occur at very close potentials, at -1.38 V in the bpm analog and —1.42 V in the
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dpp analog. The ruthenium based oxidation occurs at 1.56 V in the bpm analog and at

1.57 V in the dpp analog. It is very interesting to notice that the two bridging ligand

reductions in the two analog complexes also occur at very close potential, -1.03 V for the

bpm analog and —1.05 V for the dpp analog consistent with the similar Tt orbital energy

in these two systems.
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Figure 3.21 Cyclic voltammogram of [(tpy)Ru(PEt,Ph)(dpp)](PFs)2in 0.1 M BusNPFg in

[(tpy)Ru(PEt.Ph)(dpp)PtCl,](PFs):

When the electron-deficient metal center platinum is bound to the monometallic
compound, [(tpy)Ru(PEt,Ph)(dpp)](PFs), the bridging dpp ligand becomes much easier

CH3CN (tpy = 2,2’:67,6”-terpyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.



to reduce. The first reduction dpp®” couple is shifted from —1.05 V to —0.50 V. This is due
to the stabilization of the 1t* orbital induced by the coordination of the platinum metal
center (Figure 3.22). In [(tpy)Ru(PEt,Ph)(dpp)PtCl.](PFg)2, the first two reductions are
assigned as dpp” and dpp™®, occuring prior to the terminal ligand reduction tpy”". The
assignment of the third reduction peak at —1.40 V to the tpy®" is consistent with similar
assignment in the bpm analog where the third reduction at —1.45 V is assigned as the
tpy”". The presence of the dpp™® couple before the reduction of the tpy ligand indicates
the formation of the bimetallic complex bridged by this dpp ligand.?** In the oxidative
region, there exist two peaks. The first one is assigned to the Ru""". Compared to the
ruthenium oxidation in the monometallic complex, no significant shift of the oxidation
potential occurs upon bimetallic formation. The second oxidation occurring at 1.70 V is

assigned as the irreversible oxidation of the Pt" metal center.

+75 : L
p] 5 lI_." ]

+15 e fl f -

5 ! o T

Current, uA
%
"'I
%
|
|
'

- ™ .l_.r

75 L I B I A R LS SN S SN NI A S
+2.0 +1.G +1.ZF +0a +0.d 0 Ol & 1.2 1.6

Potential (V) vs. Ag/AgCl

Figure 3.22 Cyclic voltammogram of [(tpy)Ru(PEt,Ph)(dpp)PtCl;](PFs)2in 0.1 M
BusNPFg in CH3CN (tpy = 2,2°:67,6”"-terpyridine, dpp = 2,3-bis(2-pyridyl)pyrazine).
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Compared to the Ru-Pt bimetallic analog with the bpm bridging ligand, the two metal
based oxidations in this dpp complex occur at closer potential. In the bpm analog, both
metal based oxidations occur at a correspondingly more positive region than in the dpp
analog. However in the bpm analog, the irreversible platinum oxidation occurs in a much
more positive region. Thus the two oxidation peaks look well separated in that complex.
This may be due to the difference in the matching of the platinum drtorbital and the

different bridging ligands based mtorbitals.

The electrochemistry of the complexes containing dpp bridging ligand is summarized in
Table 3.9.

Table 3.9 Electrochemical data for a series of ruthenium complexes incorporating the dpp

bridging ligand *°,

Complex E,/, oxidation (V) Ey, reduction (V)
[(tpy)RUCI(dpp)](PFs) +1.00 Ru"™ -1.21 dpp””
-1.54 tpy”"
[(tpy)Ru(PEt,Ph)(dpp)](PFs)2 +1.57 Ru"™ -1.05 dpp””
-1.42 tpy”"
[(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFe),  +1.55 Ru'™ -0.50 dpp””
+1.70 PtV ¢ -1.15 dpp™*
-1.40 tpy®"

% dpp = 2,3-bis(2-pyridyl)pyrazine, tpy = 2,2’:6’,6”’-terpyridine, and
PEt,Ph = diethylphenylphosphine.

PPotentials reported in CH3CN solution with 0.1 M TBAH

and reported versus Ag/AgCI (0.29V vs. NHE).

°All irreversible process reported as E,"
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Electronic absorption spectroscopy

The spectroscopy of the complexes containing the dpp bridging ligand is characterized by
intense ligand 1t - 1t* transitions in the ultraviolet region and metal (dm) — ligand (1t*)
charge transfer transitions in the visible region. The spectral data of the dpp complexes

prepared in this project are summarized at Table 3.10.

The electronic absorption spectrum of [(tpy)Ru(PEt,Ph)(dpp)](PFs)2 is shown in Figure
3.23. The lowest energy transition at 460 nm is a Ru(dm) — dpp(re*) CT transition and the
transition at 416 nm is a Ru(dm) - tpy(rt*) CT transition. The intense transitions in the

UV region are assigned as dpp 1t - 1 and tpy 11— Tt transitions.

[(tpy JRu(PEL,Ph){dpp)](PF;),
1y [(tpy )Ru(PEL,Ph)(dpp)PtC1,](PF,),

Wavelength (nm)

Figure 3.23 Electronic absorption spectrum for [(tpy)Ru(PEt,Ph)(dpp)](PFs). and

[(tpy)RU(PEL,Ph)(dpp)PtCl,](PFe), in CH3CN at RT.
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Compared to the complex, [(tpy)RuCl(dpp)](PFs), with chloride ligand, the MLCT
transition is significantly blue-shifted for the complex, [(tpy)Ru(PEt,Ph)(dpp)](PFs).
This is consistent with the replacement of the chloride by the PEt,Ph ligand. The
coordination of the PEt,Ph ligand would stabilize the Ru drtorbital and thus widen the
energy gap between the ruthenium based drtHOMO and the dpp based T LUMO, blue
shifting the MLCT transition.

The electronic absorption spectrum of [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFs), is shown in
Figure 3.23. The lowest energy transition at 506 nm is a Ru(dm) — dpp(1t*) CT transition
and the shoulder at 424 nm is a Ru(dm) - tpy(rt*) CT transition. The intense transitions in
the UV region are assigned as dpp 1t - 1 and tpy 11— Tt* transition with a shoulder
appearing in the [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFs), at ~370 nm likely representing the
red-shifted dpp Tt — Tt upon coordination of the Pt" center. Compared to the
monometallic complex, the lowest energy Ru(dm) - dpp(1t*) CT transition is significantly
red shifted. This is because the coordination of the electron deficient Pt metal pulls more
electron density from the bridging dpp ligand and substantially stabilizes dpp 1 acceptor
orbital. This decrease in the energy gap between the Ru(dm) based HOMO and the
dpp(1t*) based LUMO red shifts this MLCT transition.
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Table 3.10 Electronic absorption spectroscopy of the ruthenium and platinum complexes

containing dpp Iiganda'b,

Complex Amax(nm) g(M™*cm?)/10* | Assignment
[(tpy)RuClI(dpp)](PFe) ° 512 Ru(dm) - dpp(re*) CT

480 Ru(dm) - tpy(r™*) CT

370 tpy T TT*

314 - TT*

276 - TT*
[(tpy)Ru(PEt,Ph)(dpp)](PFs)2 460 1.00 Ru(dm) - dpp(r*) CT

416 0.64 Ru(dm) - tpy(r*) CT

334 2.20 tpy 1T T*

308 4.14 - T*

278 3.14 - TT*

226 4.27 - TT*
[(tpy)Ru(PEt,Ph)(dpp)PtCI,](PFs), | 506 1.47 Ru(dm) - dpp(re*) CT

424 0.70 Ru(dm) - tpy(r*) CT

336 2.94 tpy 1T TT*

308 3.37 T Tt

276 2.85 - TT*

230 4.67 - TT*

& Spectra recorded in CH3CN at room temperature.

Y tpy = 2,2":6°,6""-terpyridine, dpp = 2,3-bis(2-pyridyl)pyrazine.

¢ Reference 24a.
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3P NMR Spectra

The *H NMR spectra for the complexes containing the asymmetric bridging ligand, dpp,
are very complicated and not interpretable due to the two stereoisomers. Only the *'P
NMR spectra are included here as one purpose of the incorporation of the phosphine
ligand was to provide an NMR handle to this type of complexes typically not amenable to

NMR characterization.

[(tpy)Ru(PEt:Ph)(dpp)](PFe)2

The 3P NMR for [(tpy)Ru(PEt,Ph)(dpp)](PFs)2 is shown in Figure 3.24. It is very simple.
The peak for the phosphorus from the PFg" counter ion appears at —143.0 ppm. There are
two single peaks at 30.5 ppm and 32.2 ppm. The two peaks are assigned to phosphorus
from the bound PEt,Ph ligand. There are two single peaks because there are two
stereoisomers for the complex [(tpy)Ru(PEt,Ph)(dpp)](PFs)..

The sum of the integration of two single peaks has a fixed ratio of about 1:2 relative to
the integration of the PFg peak, although the ratio of the two single peaks changes for
different submitted samples. A series of ratios from about 1:1 to more than 10:1 for the
two single peaks have been observed. One possibility is that sometimes when the alumina
chromatography was performed, only part of the second yellow product band following
the band for starting material was collected, so one can see the changed ratio of the two

isomers.
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Figure 3.24 $p NMR spectra for two different samples of [(tpy)Ru(PEt,Ph)(dpp)](PFs)-

in CD3CN at RT.
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[(tpy)Ru(PEt,Ph)(dpp)PtCl:](PFs):

The 3P NMR spectrum for the bimetallic complex, [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PF)2, is
shown in Figure 3.25. This bimetallic is made from the monometallic whose spectrum is
the top spectrum in Figure 3.24. Its spectrum is similar to that for the monometallic

complex.
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Figure 3.25 *'P NMR for the complex [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFs), in CDsCN at
RT.

As above, the peak at —143.3 ppm is assigned as the phosphorus from the PFg” counter ion
and the other two single peaks at 29.8 ppm and 32.1 ppm are assigned as the phosphorus
peak from the bound PEt,Ph ligand. Again the two peaks for PEt,Ph ligand are due to the
presence of the two stereoisomers. As in the monometallic complex, the sum of the

integration of two singlet peaks keeps a fixed ratio of 1:2 relative to the integration of the
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peak for the PFg" counter ion while the ratio of the two singlet peaks sometimes changes

for different samples.
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DNA binding study by non-denaturing agarose gel electrophoresis

Ru-Pt bimetallic complex containing bpm bridging ligand

The DNA interactions of the monometallic and bimetallic complexes containing a bpm
bridging ligand were studied using agarose gel electrophoresis. The results are shown in
Figure 3.26. The results for two known platinum-based DNA binding agents, cisplatin
and the bimetallic complex [Ru(bpy).(dpq)PtCl,](CF3SO3), 2%, are included for
comparison. In Figure 3.26, lanes 1 and 10 contain a molecular weight standard; lanes 2
and 9 contain the linearized plasmid DNA control that was incubated in the absence of
the any metal complex; lanes 3 to 8 show the plasmid DNA incubated with varying ratio
of the corresponding metal complex, given the bp:mc (bp = DNA base pair, mc = metal
complex) ratio of 5:1, 10:1, 20:1, 100:1, 200:1 and 300:1. The highest bp:mc ratio means
the lowest relative amount of metal complex. It is clear that for all compounds at high
bp:mc ratio, from 100:1 to 300:1, the DNA migrated through the gel at approximately the
same rate as the DNA control that was treated with no metal complex. At low bp:mc
ratio, from 5:1 to 20:1, the DNA migrated at different rates for the three Pt-containing
complexes. The monometallic complex [(tpy)Ru(PEt,Ph)(bpm)](PFs). did not retard
DNA migration even at very low bp:mc ratios. For the DNA binding study standard,
cisplatin, the DNA migration through the gel was retarded but to a significantly lower
extent than the other two bimetallic complexes. The bimetallic complex
[(tpy)Ru(PEt,Ph)(bpm)PtCI,](PFs). shows a more pronounced retardation effect on DNA
migration at low bp:mc ratios than the cisplatin standard but a less pronounced effect than
the [Ru(bpy)2(dpq)PtCl,](CF3S03), complex. For the two platinum-containing bimetallic
complexes, with the decrease of the bp:mc ratio, the intensity of the stained DNA band’s
emission also decreased. This is attributed to the quenching of the emissions of the
fluorescent stain ethidium bromide.*® The absolute and relative distances traveled by the

DNA-metal complexes were measured in mm and are summarized in Table 3.11. The
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standard shown in lanes 1 and 10 contains six DNA bands. The lowest molecular weight

or most rapidly migrating band was used to normalize migration of the sample bands.
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Figure 3.26 Gel electrophoresis results for the complexes containing the bpm ligand.
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Table 3.11 Absolute and relative migration distance of the DNA-metal complex

containing bpm ligand in the non-denaturing agarose gel electrophoresis study *°

Complex cis-Pt(NH3),Cl, [Ru(bpy)2(dpa)Pt  [(tpy)Ru(PEt,Ph)  [(tpy)Ru(PEt,Ph)

e Cl,](CF3S0s), (bpm)](PFe)2 (bpm)PtCl,](PF)2
Standard® 30.0/1.15 25.0/1.15 29.0/1.15 27.6/1.15
Control® 26.1/1.00 21.8/1.00 25.2/1.00 24.0/1.00
BP:Metal 5:1  24.8/0.95 15.4/0.706 24.8/0.984 21.5/0.896
BP:Metal 10:1  25.0/0.958 17.0/0.780 24.8/0.984 22.0/0.917
BP:Metal 20:1  25.2/0.966 17.6/0.807 24.8/0.984 22.3/0.929
BP:Metal 100:1 25.5/0.977 20.0/0.917 24.8/0.984 23.0/0.958
BP:Metal 200:1 25.7/0.985 21.0/0.963 24.8/0.984 23.4/0.975
BP:Metal 300:1 25.9/0.992 21.2/0.968 24.8/0.984 23.7/0.988

% The absolute migration distances (in mm) and relative distances are separated by a
slash.

® The relative migration distances are calculated against the average of absolute
migration distances for two controls in each gel.

¢ The absolute migration distances for the molecular weight standard and the control are
the average of two distances values (the distance between the well and the first band in

these lanes) collected from two lanes in each gel.

McMillin and coworkers have shown that [Pt(tpy)X]* (X=CI, OH, CHsCN) is a
bifunctional DNA-binding agent that competitively binds to DNA covalently through the
platinum(1l) metal site and intercalatively through the terminal ligand tpy.?® This

80



suggested that the new bimetallic complex, [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFs)., also has
two possible modes of binding to DNA, even though no report about tpy intercalation to
DNA from octahedral complexes. Previous studies in our group have shown that covalent
binding appears to be necessary to alter DNA migration through the gel.** Our
monometallic complex [(tpy)Ru(PEt,Ph)(bpm)](PFs). does not have the cis-Pt"Cl,
moiety and could not bind to DNA in a covalent manner. Comparison of the gel
electrophoresis results for the monometallic and bimetallic complexes at low bp:mc ratios
strongly suggest that covalent binding to DNA through the Pt" metal center is responsible

for retardation of DNA migration in the agarose gel.

In the agarose gel electrophoresis experiments, covalent binding to DNA through the
platinum(Il) metal site alters DNA migration through the gel by changing molecular
weight, molecular shape and molecular charge of the DNA fragment.?*® Although the
voltage applied in the electrophoresis experiment has a large impact on DNA migration
rate, it does not account for the differences observed for the various DNA-binding agents

as all of the electrophoresis experiments were performed at the same voltage of 105 V.

Based on molecular weight considerations, one would expect binding of cisplatin and the
other two bimetallic complexes to impact DNA migration differently. The complexes
[Ru(bpy)2(dpq)PtCl,](CF3S0s), (increasing DNA molecular weight by 894 g/mole) and
[(tpy)Ru(PEt,Ph)(bpm)PtClI,](PF¢). (increasing DNA molecular weight by 854 g/mol)
have much greater molecular weights than the cisplatin (increasing DNA molecular
weight by 229 g/mol) standard and therefore these two complexes are expected to have
more pronounced molecular weight-based retardation effects on DNA migration than
cisplatin. This is consistent with the observed results. However, the significantly different
retardation effects between these two bimetallic complexes on DNA migration could not
be satisfactorily explained by molecular weight difference alone, as the two complexes

are very similar in molecular weight.
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The change in DNA charge from metal binding will also impact DNA migration in gel
electrophoresis. The DNA strand has an overall negative charge due to the sugar
phosphate backbone. When the metal complexes bind to DNA a decrease in the overall
negative charge results due to the cationic metal center. The two bimetallic complexes,
[Ru(bpy)2(dpg)PtCl,](CF3S03), and [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFs)2, become 4°
cations upon substitution of the two chloride ligands on platinum(Il) metal by water
before binding to the DNA strand. Cisplatin becomes the generally-accepted active
species® 372 38 [Pt(NHs),(H,0),]*", which is a 2* cation prior to the binding to DNA
strand. So it will decrease the DNA overall negative charge by 4 per complex binding for
the bimetallic complexes relative to 2 per complex binding for cisplatin. Therefore DNA
bound to cisplatin has a larger negative charge than DNA bound with equivalent amount
of either the two bimetallic complexes and is expected to migrate faster in the gel
electrophoresis experiments. This factor may contribute to the different migration rates of
DNA bound with the bimetallic complexes versus that bound with cisplatin. However,
speculated above, if the two bimetallic complexes, [Ru(bpy).(dpq)PtCIl,](CF;SO3), and
[(tpy)Ru(PEt,Ph)(bpm)PtCI,](PF¢)2, bind to DNA with the same efficiency, the migration
rate difference of the DNA bound with either complex could also not be explained by

difference in charge.

The molecular shape of DNA is a third factor that can have a dramatic effect on DNA
migration in gel electrophoresis.?*® There is an obvious difference between the cisplatin
standard and the two bimetallic complexes in the experiments shown in Figure 3.26. The
DNA bound to cisplatin standard forms a much tighter band in terms of molecular size
than the two ruthenium-platinum bimetallic complexes. Cisplatin is generally accepted to

form a variety of adducts with DNA®™47

, primarily (>90%) by 1,2 intrastrand
crosslinks at adjacent purine bases.The bimetallic complex
[Ru(bpy)2(dpq)PtCl,](CF3S0s), exhibits DNA binding that is primarily intrastrand
crosslink in nature but has more interstrand crosslinks with DNA than does cisplatin.?***

Since in our native gel electrophoresis experiments the DNA is in a double-stranded
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form, both interstrand and intrastrand crosslinks can produce differences in the shape of
the linearized plasmid DNA. According to the work of Marzilli, platinum-based
anticancer agents sometimes induce an unusual hairpinlike structure in DNA.”® However,
how one complex impacts DNA shape relative to the other, especially in our case, is still
unclear. The dramatic difference in migration of DNA bound with the bimetallic
complexes, [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PF¢). or [Ru(bpy).(dpq)PtCl,](CF3SOs),,
relative to cisplatin points to a more pronounced impact of metal binding on DNA shape.

The difference in the retardation effects of [(tpy)Ru(PEt,Ph)(bpm)PtClI,](PFg), and
[Ru(bpy)2(dpq)PtCl,](CF3S0O3), on DNA migration is still unclear and requires further
study. There are three striking structural differences between these two complexes: a
tridentate terminal ligand tpy in the new complex versus two bidentate terminal ligands
bpy in [Ru(bpy).(dpq)PtCI;](CF3SOs3),, the small bpm bridging ligand in the new
complex versus quite bulky dpq bridging ligand in [Ru(bpy)2(dpg)PtCl,;](CF3S0s3),, and
the unique phosphine ligand PEt,Ph only in the new complex. The incorporation of the
PEt,Ph ligand will influence sterically or electronically the nature of the ruthenium(Il)
center and indirectly the nature of the platinum(Il) metal center. All these structural
differences might contribute to the observed migration rate difference of the bound DNA
either by affecting the binding mode and/or binding efficiency. It is important to realize
that the exact nature of the DNA-metal complex interaction in these experiments is not
known. Studies are in progress to probe the DNA binding to these complexes in more

detail.”’
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Ru-Pt bimetallic complex containing dpp bridging ligand

DNA binding of the monometallic and bimetallic complexes containing a dpp bridging
ligand was also studied using agarose gel electrophoresis. The results are shown in Figure
3.27. The absolute and relative distances traveled by DNA-metal complex were measured
in the same manner as for the analogs containing bpm and are summarized in Table 3.12.
The gels for cis-Pt(NH3),Cl, and [Ru(bpy).(dpq)PtCl,](CF3SO3), are the exact same gels
as in Figure 3.26. The results are very similar to what was observed for the bpm analogs
containing bpm as the bridging ligand. This provides good evidence that this class of
compounds, with a tridentate tpy terminal ligand and a PEt,Ph ligand on the remote metal

center, form a new type of DNA binding agent and produce different
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Figure 3.27 Gel electrophoresis results for the complexes containing the dpp ligand.
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retardation effects on DNA migration through the agarose gel from complexes such as
[Ru(bpy)2(dpq)PtCl,](CF3S03),. The dpp bimetallic complex retards DNA migration
more than the bpm analog at low bp:mc (5:1) ratio. This might be because the larger size
of the dpp bridging ligand makes the bound DNA fragment more bulky. At high bp:mc

ratios, the bpm and dpp analogs retard DNA migration almost to the same extent.

Table 3.12 Absolute and relative migration distance of the DNA-Metal Complex

containing dpp ligand in the non-denaturing agarose gel electrophoresis study ®°.

Complex cis-Pt(NH3).Cl, [Ru(bpy)2(dpq) [(tpy)Ru(PEt,Ph)  [(tpy)Ru(PEt,Ph)
Lanes PtCI;](CFsSOs),  (dpp)](PFs). (dpp)PtCl2](PFe)2
Standard © 30.0/1.15 25.0/1.15 29.0/1.14 27.6/1.15
Control 26.1/1.00 21.8/1.00 25.4/1.00 24.0/1.00
BP:Metal 5:1 24.8/0.95 15.4/0.706 25.1/0.988 20.8/0.867
BP:Metal 10:1  25.0/0.958 17.0/0.780 25.1/0.988 21.8/0.908
BP:Metal 20:1  25.2/0.966 17.6/0.807 25.1/0.988 22.2/0.925
BP:Metal 100:1 25.5/0.977 20.0/0.917 25.1/0.988 23.0/0.958
BP:Metal 200:1  25.7/0.985 21.0/0.963 25.1/0.988 23.3/0.971
BP:Metal 300:1 25.9/0.992 21.2/0.968 25.1/0.988 23.7/0.988

a The absolute migration distances (in mm) and relative distances are separated by a slash.

b The relative migration distance is calculated against the average of absolute migration

distances for two controls in each gel.

¢ The absolute migration distances for the molecular weight standard and the control are

the average of the two distances (the distance between the well and the first band in these lanes)

collected from two lane in each gel.



Chapter 4: Conclusions and Future Work

Conclusion

The Ru-Pt bimetallic complexes containing the bridging ligands, bpm or dpp, and
precursors were designed, successfully synthesized and characterized. The synthesis
followed a building block approach, allowing variation of each part of the supramolecular
system. The final bimetallic complexes were made without need for alumina

chromatography purification, which is very important to labile cis-Pt"Cl, site.

The bimetallic complexes and all of their monometallic precursors were fully
characterized by FAB MS, electrochemistry, electronic absorption spectroscopy and 3P
and *H NMR. The FAB MS spectra of the complexes is characterized by the appearance
of the parent ion peaks [M-PFs]*. The fragments observed are characteristic of the loss of
counter ions, intact ligands and/or metals. The cyclic voltammogram of all complexes
show observable metal based oxidation(s) and ligand based reductions. The change of the
redox potential is consistent with the variation of the ligand set and the coordination of
the additional metal centers. Substitution of the chloride with phosphine ligand, PEt,Ph,
in the monometallic complexes [(tpy)RuCI(BL)](PFs) (BL = bpm or dpp) shift the
ruthenium(I1) based oxidations to significantly more positive potentials. Coordination of
the platinum(ll) metal center to the monometallic complexes
[(tpy)Ru(PEt,Ph)(BL)](PFs). (BL = bpm or dpp) significantly shift the bridging ligands
based first reductions to less negative potentials. The electronic absorption spectra of the
complexes are characteristic of the lowest lying MLCT transitions and the higher energy
bridging and terminal ligands 1t — Tt transitions. Substitution of the chloride with PEt,Ph
blue shifts the lowest lying MLCT transitions while coordination of the platinum(ll)
metal center red shifts the MLCT transitions. The electronic absorption data are
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consistent with the electrochemical data. The *'P NMR technique provides a very

efficient and easy characterization method for the complexes.

The DNA binding activity of the bimetallic complex was studied by non-denaturing
agarose gel electrophoresis, which showed that these bimetallic complexes can bind to
DNA through the cis-Pt"Cl, moiety and this binding has a more pronounced retardation
effect on DNA migration than cis-[Pt(NHs),Cl,] (cisplatin), but less than
[Ru(bpy).(dpq)PtCI;](CF3SO3),. The DNA binding study established these tagged

bimetallic complexes as a new kind of DNA binding agent.

Future work

The Ru-Pt bimetallic complexes synthesized in this project have PFg as the counter ion
and do not have good solubility in water. This imposes a limit on the DNA-metal
complex interaction study via **P NMR, for DNA studies need to be carried out in
aqueous solutions. Future work could therefore include the synthesis of analogs with
better water solubility. This might be achieved by changing the counter ion from PF¢” to
CF3S03.%* There are two possible ways to change the counter ions: (1) change the
counter ions during the synthetic pathway or (2) change the counter ions using ion-
exchange chromatography. The study of DNA-metal complex interaction could then be

carried out using **P NMR method with the analogs of improved water solubility.

The other possible future work could include making Ru-Pt bimetallic complexes with
varied terminal ligands as well bridging ligands. The change of the ligand sets in the
remote metal center would have steric and electronic impact on the whole supramolecular
systems and therefore allow further exploration of structure-activity relationships. Tuning
of the ligand sets could also possibly make these complexes much better DNA binding
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agents that could be photoactivated upon exposure to photons of a specific wavelength in

the near IR region.

The third possibility for future work would include searching the alternatives of the tag
ligand PEt,Ph that could provide characterization using simpler methods than NMR. One

possibility is the use of CO for IR probing.

Finally, it is vey desirable as well as necessary to know the modes and efficiency of
binding to DNA by the new bimetallic complexes. The denaturing gel electrophoresis
experiment is a good tool for the binding modes study. For the binding efficiency study,
it is possible to take advantage of the fact the DNA binding studies was carried out in
aqueous solutions. We can add some solvents that are insoluble to water but can dissolve
our metal complexes into the DNA-metal complex reaction mixture. This would allow
the separation of the unreacted metal complexes and therefore indirect detection of DNA

binding efficiency.
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Appendix 4

FAB MS spectrum for [(tpy)Ru(PEt,Ph)(bpm)PtCl,](PFs)2
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Appendix 6

FAB MS spectrum for [(tpy)Ru(PEt,Ph)(dpp)](PFs)-
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