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ABSTRACT

The main theme of this dissertation is the study of two racemic compounds: a bimetallic
complex, [(tpy)Ru(tppz)PtCl](PFe);, and a trimetallic complex, [CIPt(tppz)Ru(tppz)PtCI](PFs)a,
in solution and in the solid state, where tpy is 2,2":6',2"-terpyridine and tppz is 2,3,5,6-tetrakis(2-
pyridyl)pyrazine. These two supramolecular assemblies display remarkably different
stereochemistry, electrochemistry and photochemistry. The chapters in this document deal with a
multidisciplinary project that is fundamental to the design and synthesis of similar entities with
potential applications as antitumor agents.

Chapter 1 gives an overview on the metal polyazine supramolecules. More specifically, the
section is focused on the tridentate ruthenium and platinum metallic supramolecular assemblies
with emphasis on their functionality and the methods used to study such systems.

Chapter 2 describes the design and syntheses of the title complexes and their analogs using a
building block strategy. The details of the experimental methods are included in this section.

Chapter 3 presents the identification of the title complexes in solution and in the solid state
by means of single crystal crystallography, mass spectrometry including FAB-MS and ESI-MS,
and multiple NMR techniques including 1D 'H-NMR, "”Pt-NMR and 2D COSY, NOESY and
9pt-'H HMQC, as well as dynamic "H-NMR at variable temperatures. The bi- and tri-metallic
complexes are crystallized in the chiral space group of C2/c and P21/c as racemic compounds.
The interconversion of the three steroisomers, M-M, P-P and M-P of trimetallic complexes are
detected in the NMR timescale. The assignments of the atypical NMR resonance of the bi- and
tri-metallic complexes are supported with the help of multidimensional NMR techniques and
NMR spectroscopy of known systems. The process of assigning the NMR spectra is

accomplished step by step with complexities presented by ring current effects. The 1D-fiber,



2D-plate and  3D-flowerlike  topography  of the  trimetallic  complex  of
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 was illustrated by SEM.

Chapter 4 demonstrates the electrochemical and photochemical differences between the title
complexes and a comparison to known systems. Electrochemically, the Ru",Pt" bimetallic and

1I/I1T

trimetallic complexes display Ru™" oxidations at 1.63 and 1.83 V and ligand-based reduction at

-0.16 and -0.03 V versus Ag/AgCl, respectively. Spectroscopically, the Ru(dm)—tppz(n*) MLCT
transitions are red-shifted relative to the monometallic synthons ([(tpy)Ru(tppz)](PFs), kmaxabs =
472 nm and [Ru(tppz),](PFg),, Ama™™ = 478 nm) occurring in the visible region, centered at 530
and 538 nm in CH3CN for [(tpy)Ru(tppz)PtCl](PFs); and [CIPt(tppz)Ru(tppz)PtCl](PFg)a,
respectively, consistent with the bridging coordination of the tppz ligand.

[CIPt(tppz)Ru(tppz)PtC1](PF¢)s displays an intense emission ( ® ™ = 5.4x10™%) from the

Ru(dm)—tppz(n*) *MLCT state at RT with Ape™ = 754 nm and lifetime of T = 80 ns in CH;CN
solution. The trimetallic complex, [CIPt(tppz)Ru(tppz)PtCl](PFe)s, exhibits a strong emission
property in the solid state with Ay = 764 nm, which was also studied by confocal laser
induced emission scanning microscopy. By contrast, a barely detectable emission was observed
for the bimetallic complex, [(tpy)Ru(tppz)PtCl](PFe);. The redox and luminescence differences
between bi- and tri-metallic complexes is the consequence of the nature of these supramolecular
assemblies. All together the data suggest strong Pt-'Pt interactions in solution providing for
assembly of these molecules into dimers or larger assemblies.

Chapter 5 reports the applications of these complexes as bioactive species interacting with
DNA. The prelimary data show the title complexes bind to DNA producing larger changes in
DNA migration during gel electrophoreses than does the well-established anticancer drug,
cisplatin. Preliminary study indicates trimetallic complex [CIPt(tppz)Ru(tppz)PtCl](PFe)s can
photochemically condenses DNA. This data could provide a form for development of a new class
of photodynamic therapy agents in cancer treatment.

Chapter 6 concludes with summaries of current research and perspective for further work.
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Thesis Statement

The objective of this research was to explore the properties of Ru",Pt" supramolecular
complexes bridged by tridentate polyazine ligands and to understand their stereochemistry,

photochemistry, electrochemistry and biochemistry.
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Chapter 1. Introduction

1.1 Summary

The study of polymetallic ruthenium complexes has attracted much attention due to their rich
excited-state photochemical and photophysical properties. Complicated multicomponent systems
incorporating light absorber (LA) units, electron relays (ERs), and reactive metals (RMs) within
the molecular architecture are desirable for efficient light activated processes. Within this
perspective, polyazine bridging ligands (BLs) have been used to chemically bond the individual
components into the same molecular framework, allowing the construction of complex
polymetallic supramolecular species.'! One of the most extensively studied polymetallic
ruthenium complexes are the class of bidentate-bridged systems. In each bidentate monometallic
complex, there are typically two steroisomers (A/A). Typical bidentate ligands are AB chelates
which provide additional stereoisomers. Consequently, the tris-chelated coordination mode of
bidentate system yields a number of steroisomers that are typically not separated. This is
stereochemically unfavorable for the design of polymetallic supramolecules as they lack control
of sub-unit orientation and distance.

The use of tridentate ligands in the construction of polymetallic systems provides efficient
control of sub-unit distance and orientation. The application of tridentate complexes has been
somewhat limited by the short metal-to-ligand charge-transfer CMLCT) excited state lifetime in
the prototype of tridentate complex, [Ru(tpy)z]2+ (t = 0.25 ns, @™ = 5.6x10° in CH;CN, tpy =
2,2'6'2"-terpyridine).>”

The design of tridentate complexes of Ru" with longer lived *MLCT excited states than
[Ru(tpy)»]** is an area of challenge. Mixed-metal complexes containing the tridentate bridging
ligand tppz (2,3,5,6-tetrakis(2-pyridyl)pyrazine) often have long lived emissive 'MLCT excited
states are not well studied despite the promise such complexes hold in many forums."” The
coupling of Ru" to Pt" within the tridentate bridged architectures such as that provided by tppz

has not been reported yet.



The preparation of structurally diverse supramolecular complexes and investigation of their
stereochemistry, electrochemistry and photochemistry are important for the ever-expanding
potential applications in fields such as solar energy conversion and antitumor bioactivity. The
macroscopic properties, such as color, luminescence and redox chemistry, have their roots at the
molecular levels, which in turn have an influence on the structures.

This chapter begins with a general introduction to molecular orbital (MO) theory to describe
the metal-ligand binding at the molecular level, followed by the description of the fundamentals
of photochemistry, electrochemistry and stereochemistry, as well as NMR techniques. The
Ru"Pt" supramolecular assemblies are reviewed with an emphasis on the modulation of their

luminescent properties and potential application as DNA binding agents.

1.2 Molecular Orbital (MO) Theory

In free metal ions, the d orbitals have identical energy despite their different spatial
orientations. Upon complexation with ligands, the d orbitals split. The magnitude of splitting
energy (A) depends on the relative energy of the ligand and metal orbitals, the degree of their
interaction and the ligands spatial orientation. When the ligand field is progressively
strengthened, the change from a high spin to low spin ground states occurs for metal complexes.
As a general rule, metal ligand bond lengths of high spin complexes are substantially longer than
those of low spin complex with the same metal center. Depicted in Figure 1.1 is the MO
diagram for an octahedral metal complex (MLg) with 7 back-bonding ligands.* This molecular
orbital diagram uses a localized approach to labeling molecular orbitals, labeling MOs as
transition metal (M) or ligands (L) based indicative of the major contribution to each molecular
orbital. The common electronic transitions associated with metal complexes in an octahedral
geometry are illustrated. Electronic transitions in these octahedral metal complexes can be

classified into three types:

Metal-localized d-d transitions are termed ligand field (LF). LF transitions are symmetry

forbidden transitions with low intensity.



Ligand-localized nn* transitions are termed internal ligand (IL). IL transitions due to the
n—7w* transitions in the ligand are generally both spin and symmetry allowed, with high

extinction coefficients on the order of 10°-10° M 'em™.

Metal to ligand or ligand to metal transitions are termed charge transfer (CT). There are two
kinds of CT transitions, ligand to metal charge transfer, LMCT, and metal-to-ligand charge
transfer, MLCT. These transitions are typically symmetry and spin allowed with the extinction
coefficients on the scale of 10* M'em™. Transitions assigned as "LMCT or *MLCT are spin-

forbidden transitions which gain intensively by the spin-orbit coupling.
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Figure 1.1. [llustration of the molecular orbital diagram for a d° octahedral metal complex with
n-back-bonding ligands. Shaded blocks are filled orbitals and unshaded blocks are empty ones.
IL = internal ligand transitions, MLCT = metal to ligand charge transfer transitions, LF = ligand

field transitions.



1.3 Photochemistry

Electronic excited states and the electronic absorption spectroscopy describing their
populations are the key to studying photochemistry. The probability and therefore intensity of the

electronic transitions are governed by selection rules.

1.3.1 Selection Rules

Molecular orbitals involved in electronic transition must be coupled to allow electronic
transitions. The intensity of an electronic transition is governed by the symmetry and spin
selection rules. Selection rules determine which transitions are spectroscopically active.

The symmetry selection rule for an electronic transition is given by equation:”

f=|jy My, =D

where f'is the oscillator strength, which is proportional to the transition integrated intensity.
Yss and Wgs are the electronic wave functions of ground states (GS) and excited states (ES), and
M is the electronic dipole moment operator. The symmetry allowed electronic transition can be
observed when D is not equal to zero. Laporte selection rule is often applied to the electronic
spectroscopy of transition metal complexes with inversion centers, in which the allowed
transitions involve a change in parity. In a transition metal complex, fox example, the transition
of n—n* or d—n* are often allowed.

Spin allowed transitions must involve the promotion of electrons without a change in their
spin, i.e. AS = 0 (S = total spin). For example, 'GS to MLCT transitions are spin-forbidden,
while 'GS to "MLCT or 'IL transitions are spin allowed.

Relaxation of the selection rules can happen by means of spin-orbital coupling, vibronic
coupling or Jahn-Teller effects. The intensity of a forbidden transition is much smaller than that
of a fully allowed transition.

Vibrational levels are associated with each ground and excited electronic state. Electronic

transitions are often accompanied by vibronic excitation. The transition between potential energy



surfaces of the GS and ES is depicted as in Figure 1.2, AE is the energy difference of the
lowest vibrational level of the electronic GS and ES. According to the Franck-Condon principle,
electronic transitions are vertical transitions without change in nuclear positions. This typically
provides for electronic excitations to include substantial vibronic excitation due to the difference
in the equilibrium intermolecular distance in the ground and excited electronic states. The
Franck-Condon principle is applicable to both the absorption and emission processes. A
molecule populates the excited states by absorbing a photon. The excited molecule is unstable
and has to return to the ground state so that energy is emitted. Due to the vibronic relaxation
(thermal), the emitted photon usually has less energy than the absorbed photon, the energy

difference between the absorption and emission is termed a Stokes shift.
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Figure 1.2. Frank-Condon principle energy diagram to illustrate the electronic and vibrational
states, showing the spin and symmetry allowed 'GS—'ES transition from Vo to v/, and

relaxation vy’ to vs.



1.3.2 Electronic Excited State Decay

Conversion between electronic states is generally illustrated by Jablonski (state) diagrams,
Figure 1.3. Multiple pathways for the decay processes of electronically excited states involve the
nonradiative processes (nr, wavy arrow) of internal conversion (ic) or intersystem crossing (isc)
and radiative processes (r, straight arrow). Luminescence represents the radiative process that
results in the emission of light when the electronically excited molecules relax to the GS.
Fluorescence is a radiative process where spin multiplicities of the initial and final states are
identical, while phosphorescence is used to describe an emission with change in spin state.

The quantum yield, ®°", and lifetime, 1, are two important parameters to describe the
luminescent properties of the chromophores. The lifetime of an excited state is the reciprocal of

the sum of the rate constants for deactivation of an excited state.

T =1/(k + kny)

The quantum yield of emission is the ratio of the emitted photons to the absorbed photons.
For a directly populated state, the quantum yield of emission (®“") corresponds to the ratio of
the radiative rate constant over the sum of the rates that deactivate the emitting state. For an
indirectly populated state, the ®°" includes a term for the quantum yield for population of the
emitting state. For most Ru" polyazine complexes, the population of the *MLCT emitting state is

unity and this term is typically omitted. Thus, the quantum yield can be written as:

D" = kr/ (kr + knr)

Two mechanisms of excited state energy transfer have been developed by Forster and Dexter.
Forster’s resonace energy transfer theory is based on dipole-dipole coupling between donor and
acceptor. The rate of energy transfer is inversely proportional to intermolecular separation, and
directly proportional to the density overlap between the interacting initial and final states.
According to Forster’s theory, the most intense energy transfer can be observed in a single

noncentrosymmetric molecule if the two chromophores are identical. Dexter's energy transfer is



associated with the electron exchange between donor and acceptor molecules. Dexter introduces
the spin wave functions of Hamiltonian to the exchange process, which is not considered by

Forster. Dexter’s electron transfer mechanism is important to triplet-triplet energy transfer.
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Figure 1.3. Jablonski diagram illustrating relative energies of states and the processes of moving
among the excited states. —: radiative process, vw» . non-radiative process, kg rate of
fluorescence, kic: rate of internal conversion, kis: rate of intersystem crossing, kp: rate of
phosphorescence, and k,,: rate of nonradiative pathways, ES = excited states, GS = ground state,
IL = internal ligand, MLCT = metal to ligand charge transfer excited states, A = thermal

population.



1.4 Electrochemistry

Electrochemistry studies electron transfer between an electrode and a sample with an applied

voltage. The redox potentials can be interpreted based on the relative orbital levels between the
ligands and metal ions. Reversible electrochemical reactions typically show i, /i =1, and AE, =
E; - E‘; =0.0591 V/n at RT, where n is the number of the electrons involving in the reaction, i,

and i," are the cathodic (c) and anodic (a) peak currents, and E,° and E," are cathodic and anodic
peak potential, respectively.
The thermodynamic redox potential obtained in this process is related to the Gibbs free

energy of an electrochemical reaction:®
AG = -nEF = -RTInK
Where AG is the Gibbs free energy change for the electrochemical reaction, E is the formal

reduction potential, and K is the equilibrium constant of the redox reaction. n is the number of

electrons in the reaction, F is Faraday constant, R is gas constant.
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Figure 1.4. A typical cyclic voltammetry (CV)



Cyclic voltammetry (CV) is a commonly employed electroanalytical method. The current is
monitored while linearly varying the applied potential at a working electrode in a cycle. The
response of the cyclic voltammogram is plotted as the I (current) vs. V (Voltage) graph, Figure
1.4. The redox potentials of metal complexes can be tuned by varying the ligands. Polypyridine
acting as m-accepting ligands will present a low lying n* orbital and stabilize the dm orbital
centered on the metal.

From the I-V graph as shown in Figure 1.4, the peak potential (E,*, E,") and peak current (i,
ip") of the cathodic and anodic process can be obtained. These parameters can indicate the
electrochemical properties of the sample. If the reaction is reversible (fast electron transfer
process and no following chemical reactions), the ratio of i,7/i," = 1. The peak current for a

reversible couple is given by the Randles-Sevcik equation at 25°C:°
{, = (2.69x10°) n' > ACD"*y'"?

Where n is the number of electrons, A = the electrode area (in cm?), C = concentration (in
mol/cm’® ), D = diffusion coefficient (in cm2/s), and v = scan rate (in V/s). Given a reversible
electrochemical reaction, the ratio of i, to the square root of scan rate (v) is a constant, the plot of
i, Vs square root of scan rate is a straight line.

At the half wave potential of a reversible reaction, the concentration of oxidized ([O])
molecules and the concentration of reduced ([R]) molecules are the same, according to the

Nernst equation:’

nF@

= F° -—1In
ERed ERed RT [0]

F is Faraday constant, R is gas constant. The formal reduction potential E;e , for areversible

couple can be obtained from CV:

Ew~E,= (E+EDR



The separation between the peaks is given by:
AE, = I( E; - E;) | =2.303 RT/nF

Atat 25°C, AE, =59 mV/n

The AE, can be used to determine the number of electrons transferred in an electrochemical
reaction. But care must be exercised in such evaluation as many other factors impact peak to
peak splitting such as internal resistance and irreversible redox chemistry.

A reversible electrochemical process at an electrode surface can only be observed when both
the oxidized and reduced form of the species are stable and the kinetics of the electron transfer
process is controlled by mass transportation on the electrode surface, so that Nernstian

equilibrium can be maintained at the small area of the electrode surface.

Figure 1.5. The structure of the Creutz-Taube complex

Symmetric ~ bimetallic  ruthenium  complexes, such as  Creutz-Taube ion,
[(NH3)5Ru(C4H4N2)Ru(NH3)5]5+ (Figure 1.5), are widely studied to probe electronic coupling of
the two Ru centers.*'? In the Creutz-Taube complex, the two rutheniums connected by a
pyrazine BL display added stability of the mixed valenced state. The electronic communication
between the two redox active Ru centers is related to the degree of delocalization of the charge

via the BL. According to Robin-Day’s classification, the degree of electronic coupling is
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illustrated by a simple harmonic oscillator cartoon in Figure 1.6."> The more delocalized the
charge, the stronger the electronic coupling. The longer the separation between electroactive ions,

typically the weaker the coupling.

M Class I: Localized: no coupling
Class II: Slightly delocalized: weak coupling

Class III: Completely delocalized: strong
C()up]ing

Figure 1.6. Representation of Robin-Day’s model to classify the mixed-valent binuclear

complexes as class I (no coupling), class II (weak coupling) and class III (strong coupling).

The electrochemistry of the polypyridyl complexes is discussed by using frontier molecular
orbital theory. Electrochemically, oxidation is the abstraction of an electron from the highest
occupied molecule orbital (HOMO) (dr orbital centered on the metal). Reduction is the addition
of an electron on the lowest unoccupied molecule orbital (LUMO) (n* orbital centered on the
ligand). Ru" complexes of polyazine ligands usually display reversible metal based oxidations

for the Ru™™ processes and ligand based reductions.
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1.4 [Ru"(NN);]** Complexes

The discovery of [Ru(bpy)3]2+ (bpy = 2,2'—bipyridine)14 and its desirable excited state
photochemical and photophysical properties has inspired much research towards exploiting this

1316 The electronic absorption and emission spectra of

and related chromophores.
[Ru(bpy)s](PFe),, as well as its electronic state diagram are depicted in Figure 1.7. [Ru(bpy);]**
displays intense intraligand n—n* (IL) transitions in the UV region and MLCT transitions in the
visible region. The excited 'MLCT state undergoes intersystem crossing (isc) to populate *MLCT
with unit efficiency. [Ru(bpy)s]** possesses a lived lowest excited state CMLCT) with a quantum
yield of emission, @™ = 0.1, with an excited state long lifetime of T = 1.1 ps."” The long lifetime
and efficient quantum yield for emission enable [RU(bPY)3]2+ to undergo photoinduced electron

transfer or energy transfer in the excited state that can be probed through emission studies.'”

A 'IL(-7")
m '
q hV kic
£ MLCT 4= isc
= >
5 2 —— SMLCT
) E hv
knr
kp
0 T T T T T T T T T T T T
200 300 400 500 600 700 800 IGS o
Wavelength (nm)
A B

Figure 1.7. (A) Electronic absorption and emission spectra of tris(2,2'-bipyridine)ruthenium (II),
[Ru(bpy)3]2+, in CH3;CN at RT. (B) Jablonski diagram for [Ru(bpy)3]2+. (bpy = 2,2'-bipyridine,
'GS = singlet electronic ground state, L = singlet internal ligand excited state, LF = triplet
ligand field excited state, 'MLCT = singlet metal to ligand charge transfer excited state, "MLCT

= triplet metal to ligand charge transfer excited state)
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Figure 1.8. Representations of the commonly used polyazine ligands (bpy = 2,2'-bipyridine, dpp
= 2,3 bis-(2-pyridyl)pyrazine, dpq = 2,3 bis-(2-pyridyl)quinoxaline, and dpb = 2,3 bis-(2-
pyridyl)benzoquinoxaline, Phophen = 4,7-diphenyl1,10-phenanthroline, Me,phen = 4,7-
dimethyl1,10-phenanthroline, tpy = 2,2":6',2"-terpyridine, tppz = 2,3,5,6-tetrakis(2-
pyridyl)pyrazine).
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Inspired by the luminescent and redox-active properties from [Ru(bpy);]**, a large number of
polyazine ligands have been developed to construct a variety of polymetallic supramolecular
species. Figure 1.8 lists some of the widely used polypyridyl and polyazine ligands. The

photochemical and redox properties of complexes can be tuned by modifications on the ligands.

1.4.1 Limitation of Bidentate Systems

Bidentate polyazine interactions with metal ions give access to a range of supramolecular
systems of truly impressive architectures. In each bidentate monometallic complex, there are two
stereoisomers (A/A). In addition, many bidentate BLs are AB chelates. As a result, this mode of
coordination affords polymetallic complexes that are stereochemically ill defined. This limits the
ability to control sub-unit orientation and distance within a supramolecular assembly. This is

undesired for the rational design of assemblies capable of complex functions.'®

1.4.2 Tuning of Photophysical Properties of Tridentate Ru" Complexes

The use of tridentate ligand, such as 2,2":6'.2"-terpyridine (tpy), in the construction of
polymetallic systems leads to stereochemically defined systems that have efficient control of
sub-unit distance and orientation. The arrangements of bis-tridentate units in [M(tpy),]"" in a
linear fashion provide for stereochemical control. The applications of tridentate complexes in
solar energy conversion schemes hasve been somewhat limited by the short excited state lifetime
of [Ru(tpy),]** (t = 0.25 ns, @™ = 5.6x10° in CH;CN).*® This short MLCT excited state
lifetime resulting from the non-ideal bite angle of tpy providing low-lying ligand field states that
are thermally accessible at room temperature, limits the application of the [Ru(tpy)2]2+.2'3’ 19-20
The low lying ’LF state quenches the emission of the excited 'MLCT of [Ru(tpy)z]2+ is
illustrated in Figure 1.9. The thermally populated *LF state undergoes rapid non-radiative decay
to the GS, resulting in the substantially shorter lifetime and lower quantum yield of emission of
[Ru(tpy)a]** (@™ = 5.6x10°, T = 0.25 ns) as compared to [Ru(bpy)z]** (@™ =0.1, t = 1.1 ps).

The design of tridentate complexes of Ru" with longer lived "MLCT excited states than
[Ru(tpy),]** is an ongoing area of research.”’> Long excited states lifetime and high quantum

yields of emission for tridentate complexes are required to ensure efficient energy and electron

transfer processes and provide a probe to excited state dynamics. General strategies to increase
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the excited state lifetime have proven somewhat successful either by enhancing the radiation
process and/or by diminishing the radiationless decay.”* A recent review by Hanan highlights a
variety of approaches being employed with much focus on tuning the energetics of the ’LF and

*MLCT states by component modifications.”**

A IIL = o
1 —
hV' “_41
w i = 3LF (L= tpy)
1 ] | —— °LF (L = tpy
MLCTA lMLCTI - }
3
Lg MLCT
hv hy
1GS 4
1GS
A: [Ru(bpy)s]* B: [Ru(tpy)s]**

Figure 1.9. Comparison of the Jablonski diagrams of [Ru(bpy)s;]** (A) and [Ru(tpy),]** (B),
indicative of more accessible, thermally populated *LF of [Ru(tpy),]** vs. [Ru(bpy)s]**. The
ligand field excited state “LF will undergo the nonradiative (nr) decay, resulting in shorter lived
excited states of MLCT in [Ru(tpy)2]2+. (bpy = 2,2-bipyridine, tpy = 2,2":6',2"-terpyridine, 'GS
= singlet electronic ground state, 'IL = singlet internal ligand excited state, °LF = triplet ligand
field excited state, '"MLCT = singlet metal to ligand charge transfer excited state, "MLCT =

triplet metal to ligand charge transfer excited state).

One approach to lengthen the excited state lifetime of [Ru(tpy)»]** type chromophores is to
use electron donating or electron withdrawing substituts on the tpy ring system.” Attachment of

electron withdrawing group to the 4'-position of tpy will stabilize the *MLCT excited states by a
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greater stabilization of the ligand-based LUMO as compared to the metal-based HOMO.** The
replacement of the 4'-H in tpy with electron withdrawing group of methyl-sulphonyl has
prolonged the lifetime of the bis(tridentate) ruthenium complexes: [Ru(MeSO;-tpy),] with an
excited sate lifetime of T = 25 ns and [(MeSO;-tpy)Ru(tpy-OH)] with t = 50 ns. Incorporating
the electron donating group to the 4’-position of tpy will destabilize more effectively the metal-
based HOMO than the ligand-based LUMO. The [Ru(ttpy)(dpb")]® (dpb’ = di-1,3-(2-
pyridyl)benzene, ttpy = tolylterpyridine) gives an excited state lifetime of t = 4.5 ns, eighteen
times more than the excited lifetime of [Ru(tpy)2]2+ (t=0.25 ns).24 Although the excited state
lifetime of the MLCT state has been extended successfully in these systems by limiting thermal
population of the *LF state at room temperature, the optimization of the photophysical properties
of tridentate Ru" complexes is still a developing area to approach the relatively long lived

excited lifetime of [Ru(bpy)s]** (t = 1.1 us).”

1.4.3 Oligonuclear Tridentate Ru" Complexes Using tppz BL

Exploitation of the interesting photophysical and photochemical properties of Ru" polyazine
chromophores can be achieved by the construction of multimetallic complexes. These complexes
typically possess bridging ligands with stabilized m* acceptor orbitals. The luminescent
properties for these supramolecular assemblies are dependent on the extent of the electronic
coupling associated with each of the individual components. The properties of the mononuclear
components can be conveyed into the polynuclear systems important to developing light-
harvesting devices on a large scale.”

The ligand of 2,3,5,6-tetrakis(2-pyridyl)pyrazine (tppz) can act as a tridentate bridging ligand
in building polymetallic systems. Substitution of one tpy with one tppz in [Ru(tpy)2]2+, lowers
the energy of the MLCT state as a result of the stabilized tppz(m*) acceptor orbital.
Coordination of a second Ru" center to the tppz affords a further stabilized SMLCT state with a
long lived excited state’” The syntheses of  [(tpy)Ru(tppz)](PF¢),  and
[(tpy)Ru(tppz)Ru(tpy)](PFs)s were first reported by Petersen and Thummel et al.”** The state
diagram of [Ru(tpy).]**, [(tpy)Ru(tppz)]** and [(tpy)Ru(tppz)Ru(tpy)]** are given in Figure
1.10. These complexes display Ru(dm)—tppz(m*) MLCT emission. The complex
[(tpy)Ru(tppz)](PF¢), emits at 665 nm with a lifetime of T = 30 ns in RT in CH3;CN solution,
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while the bridged system, [(tpy)Ru(tppz)Ru(tppz)](PFs)4, emits at 830 nm with a lifetime of 100
ns under the same conditions.” This is unusual as the energy gap law predicts similar emitting
states that are shifted to lower energy should be shorter lived. The change in thermal population
of the °LF state is responsible for the trend in these systems. Incorporation of the tppz into
[Ru(tpy)»]** stabilizes of the m* orbital, leading to a stabilized "MLCT state. The stabilization of
the *MLCT limits thermal population of the °LF state, contributing to the prolonged lifetime of
t = 025 ns, 30 ns and 100 ns for [Ru(tpy),]*, [(tpy)Ru(tppz)]** and
[(tpy)Ru(tppz)Ru(tppz)](PFe)4, respectively.

3LF — S3LF

SMLCT M EA IMLOT Z(A

=

IMLCT —:_%%{:

SMLCT X
§" —=—MLCT
5| 620 nm 665 nm
830 nm
Igs= e
GS=
Igs=
[Ru(tpy),]* [(tpy)Ru(tppz)]** [(tpy)Ru(tppz)Ru(tpy)]**

Figure 1.10. Comparison of the state diagrams of [Ru(tpy)2]2+ (Amax " = 620 nm, t = 0.25 ns),
[(tpy)RuU(tppz)]** (Amax™ = 665 nm, T = 30 ns) and [(tpy)Ru(tppz)Ru(tppz)](PFe)s (Amax™™ = 830
nm, t = 100 ns), indicative of the stabilization of the "MLCT state based on the values of Apax™.
(The relative energy of 'GS is estimated based on the oxidation potentials of Ru'™™
corresponding to the HOMO of these molecules, the AE between 'GS and 'MLCT is based on
the Xmaxabs values of these complexes, tpy = 2,2":6',2"-terpyridine, tppz = 2,3,5,6-tetrakis(2-
pyridyl)pyrazine, 'GS = singlet electronic ground state, *LF = triplet ligand field excited state,
'MLCT = singlet metal to ligand charge transfer excited state, "MLCT = triplet metal to ligand

charge transfer excited state)

17



Metal-metal communication was investigated by using tppz as a BL in dirhodium complexes,
[CiRh(tppz)RhCL5]*!, as well as in diruthenium complexes, [ClsRu(tppz)RuClz]*,
[(ttpy)Ru(tppz)Ru(ttpy)]* 3336
[C1(dpk)Ru(tppz)Ru(dpk)C1]***">* (dpk = 2,2'-dipyridylketone), and [CI(Q)Ru(tppz)Ru(Q)C1]**

" (Q = 4,6-ditert-butyl-N-phenyl-o-iminobenzoquinone). These molecules were extensively

(ttpy = 4'-p-totyl-2,2":6",2"-terpyridine)

analyzed in the mixed-valence state compared to the Creutz-Taube ion (Nobel Prize in Chemistry,
1983). It has been concluded that the strong electronic interactions between electroactive metal
centers in these symmetric systems is mainly through the central pyrazine ring of the BL of tppz.
The coupling of reactive metals to Ru" light absorbers is not well studied despite the promise
such complexes hold in many forums including light-to-energy conversion schemes. Brewer et.
al. have conducted research on the photophysical and electrochemical properties of the

complexes of Ru", Os", Rh™ and I'™ systems using tppz BL.3% ¥4

The spectroscopic,
photophysical and electrochemical properties of this series of complexes are summarized in
Table 1.1. The electronic absorption spectroscopy for these complexes display M(dn)—BL(7*)
CT and M(dn)—TL(n*) CT transitions in the visible region. The lowest lying excited states in
all of these complexes is the characteristic of M(dn)—BL(n*) CT state. Coupling a second metal
to Ru" via a BL (tppz) shifts the absorption maximum to lower energy, and the luminescence
lifetime are prolonged in the bimetallic complexes compared to the monometallic system. For
example, the complexes of [(tpy)Ru(tppz)Ru(tpy)]4+ max™™ = 550 nm, © = 100 ns) and
[(tpy)Ru(tppz)Ru(tppz)]4+ Amax™™ = 540 nm, T = 100 ns) display red shift in the electronic
absorption and longer lifetime than that of [(tpy)Ru(tppz)]** (Amax™ = 474 nm, T = 30 ns).
Electrochemically, both the ligand based reduction and metal centered oxidation shift towards
more positive potential compared to the monometallic synthons due to the electron withdrawing

nature of the incorporated metal ions. Fox example, the potentials of the first reduction (tpsz/ D)

T/ 1

and the first oxidation (Ru
(B> =151V, E;,® = -0.32 V) and [(tpy)Ru(tppz)Ru(tpy)]** (E1o™* = 1.44 V, B¢ = -0.35V)
compared to [(tpy)Ru(tppz)]2+ (Eip™ = 140 V, E;p™ = -0.97 V ), consistent with the

) shift to more positive potentials for [(tpy)Ru(tppz)Ru(tppz)

spectroscopic data. In the bimetallic complex, for example [(tpy)Ru(tppz)Ru(tpy)]4+ (Eip™ =
1.44 V, E;p™ = 1.76 V), two oxidations of the Ru™™ were observed, indicating the electronic

communication of the two ruthenium centers through the tppz BL.
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Table 1.1.

pyridyl)pyrazine (tppz) complexes of Ru", Os", Ir'" and Rh™ . (bpy = 2,2"-bipyridine, tpy =

Spectroscopic,

photophysical

and

redox properties

2,2":6',2"-terpyridine, BL = bridging ligand, TL = terminal ligand)

of 2,3,5,6-tetrakis(2-

red

abs on o E.:
Complex A Am T Ev. (V. vs Ag/AgCl)°
m)* (m)* @) (V. vs Ag/AgCl)"
BL” BL* TL”
[Ru(bpy)s]** € 452 605 1100  1.32 (Ru™™) -1.30
[Ru(tpy),]**¢ 475 620 025  1.35Ru"™) -1.28
[Ru(tppz),]**© 480 648 50 1.57 (Ru™™) -0.82
[Os(tppz)]**© 468 750 300 1.26 (Os™'™ -0.80
[(tpy)Ru(tppz)]** ¢ 474 665 30 1.40 Ru™™) 0,97 -1.38
(tpy)Ru(tppr)Ru(tpy)] 550 826 100  1.44 (Ruzz) 035 -0.84
1.76 (Ru™™)
R 548 833 100 1.51 (Ruixi) -0.32 -0.82
1.86 (Ru™™)
[(tpy)Os(tppz)]** 468 775 260  1.06 (0s™™)  -0.97 -1.39
[(tpy)Os(tppz)Ru(tppz)]** ¢ 546 833 100 L1 (OSZE) 0.36 081
1.81 (0s™™)
[(tpy)Ru(tppz)RuCls]*"© 612 N/A® N/A® 07 (Ruzz) 060150
1.61 Ru™™)  -1.10
[(tpy)Os(tppz)RuCls]*** 678 NAE NAE O (Ruzz) 039 -150
1.32 (0s™  -1.10
1.56 Ru™™)  -0.29
[(tpy)Ru(tppz)IrCL3]** © 660 810 22 1.92 ™Yy -0.83
-1.42 ("™
[(tpy)Ru(tppz)RhC13]** * 516 830 22 160 (Rulﬁ) 060 -1.40
-0.23 (Rh™)  -0.98
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 The Amax> corresponds to the lowest energy 'MLCT band, the A is the emission upon
excitation into that 'MLCT band. The RT lifetime (t) was measured in deoxygenated acetonitrile
solution.

® Recorded in 0.1 M BusNPF; CH3CN with Ein V vs. Ag/AgCl (0.29 V vs. NHE)

¢ Ref.'

I Ref.

°Ref.*

'Ref!

N/A® No detectable emission

Figure 1.11. Hypothetical one dimensional molecular wire by incorporating metal ions and

bis(tridentate) tppz BL ligands
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Comparing the photophysical properties of the Ru" and Os" systems provide insight into the
tppz BL. Os" has a higher energy LF state, and thus the thermal population of *LF states is not
observed. This provides a longer excited state lifetime. For example, [(tpy)Ru(tppz)]2+ exhibits
an emission at 665 nm with a lifetime of T = 30 ns, while [(tpy)Os(tppz)]2+ has an emission at
775 nm with a lifetime of t = 260 ns, Table 1.1.

We previously reported mixed-metal heterobimetallic entities of Ru"-Rh™ and Ru'-Ir™

. . 27,30, 39-40, 43
Incorporating tppz. 30 39-40.

The complex, [(tpy)Ru(tppz)RhCls](PFe),, displays quenching of
the *MLCT state proposed to occur via electron transfer to generate a lower lying Ru-to-Rh
metal-to-metal charge transfer state.*’ The coupling of Ru" to Pt" within tridentate bridged
architecture of tppz had not yet been reported prior to my work.

Recently, the design of molecular wire by exploiting the tppz to mediate the intermetallic
coupling has been studied. Abruna’s and Fantacci’s group investigated a series of multimetallic
Ru"-tppz systems with both tpy-capped and tppz-capped oligomers of [(tpy):Ruy(tppz)n1]°"* and
[Run(tppz)n1*™, Figure 1.11.7" ** Investigation of the electrochemical and spectroscopic
properties suggests high degrees of delocalization of these complexes, attributing to the metal
interunit communication.”*® No emission properties were given in these complexes.

Coordination of two metals to tppz requires two pyridine rings, and the central pyrazine ring
becomes nearly coplanar. Failure of the bis-tridentate conformation has been reported by the

analyses of the crystal structures. A diversity of binding modes has been observed due to the

steric repulsion and multiple binding modes of tppz.

1.5 Pt" Tridentate Complexes

Pt" complexes are d® and electronically prefer square planar geometry to accommodate the
intermolecular interactions, and the steric straints arising from the coordinated ligands.47'50 pt"
complexes of polyazine ligands have been well studied. Square planar Pt" complexes typically
undergo aggregation forming linear chain structures through Pt'*'Pt interactions. Consequently,
the properties of Pt" complexes are very sensitive to the environments: such as temperature,”’

52-53 51, 54-56

counterions and solvents, which impact the extent of metal-metal and interligand

interactions. Such robust and dynamic character has provided platinum complexes with a variety
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5860 and one dimensional conductors, as well as

69-73

of potential applications as sensors,”’ catalysts,

61-68 with promise in the areas of non-linear optics and photovoltaics.

bioactive probes,

[(tpy)PtC1]" and its analogs have been extensively studied with the focus on modulating their
spectroscopic and luminescent behaviors. Complexes of Pt" with tridentate ligands are typically
not emissive or weakly emissive at RT in solution due to Pt* Pt intermolecular interactions
and/or low lying LF states.”*”” Recently, modified [(tpy)PtL]"" (L = monodentate ligand) analogs
have been designed to display enhanced emission through the substitution of the tpy ligandSZ’ 7679
or replacement with modified monodentate ligand, L.* The RT luminescence lifetimes of
[(tpy)Pt(C=C-C=CH)](OTf) (t = 200 ns, ®" = 0.011), [(tpy)Pt(C=C-CcHs)](OTf) (t = 500 ns,
O™ = 0.012) and [(4’-CH;0-tpy)Pt(C=C-CcHs)](OTf) (t = 500 ns, ®" = 0.025) (OTf =
trifluoromethanesulfonate) have been tuned in CH3CN solution by varying the tpy and L,
preventing the alggregaltion.52

Pt" complexes usually self-quench in fluid solution at RT via the formation of Pt-Pt
interactoins.?'® Modification of the tpy with bulky groups R;, R, and R (like tetra-butyls), as
well as the monodentate ligand (L) can afford high luminescent efficiency by decreasing the self-

51, 54, 57,70, 74, 83-97 st . 1T . .
34 37.70.74. 8397 The emitting state in Pt" polyazine complexes is

quenching Pt --Pt interactions.
typically "MLCT nature. Stabilization of the *IL by the extension of the conjugation of the ligand
may afford an energetically accessible *nm*, in which the vibronically structured narrow-width
emission is observed.”® Figure 1.12 (A) illustrates the ligand modification on the form of
monometallic platinum, [(tpy)PtL]"". The emission of the substituted L with electron
withdrawing or electron donating group is red-shifted or blue-shifted respectively, consistent
with the MLCT assignment for the excited state. For example, replacement of the (-CH,COMe)
in [(‘Bustpy)Pt(CH,COMe)]* * (\°™ = 595 nm) with electron donating group (-C=C-C=CH) has
resulted the emission red-shift 32 nm for [(‘Bustpy)Pt(C=C-C=CH)]* ** (™ = 627 nm), while no

emission was observed for [(‘Bustpy)PtCI]* in solution.
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Figure 1.12. Representative structures of the Pt" terpyridyl complexes, Form A: [(tpy)PtL]™* (L =
monodentate ligand) , Form B: [(tpy)Pt(BL)Pt(tpy)]"", Form C: [LPt(tpy)-(BL)-(tpy)PtL]"" (BL =
bridging ligand)
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Similar strategies to modulate the photophysical properties of Ru" complexes are applicable
to Pt" tridentate systems. The optical and electrochemical properties of platinum complex can be
manipulated by extending the conjugated system using BL to stabilize MLCT excited states
limiting thermal population of LF excited state. The type of platinum complexes,
[(tpy)Pt(BL)Pt(tpy)]"" (Figure 1.12 B)70’ 83.99-104 has been investigated, in which the electronic
coupling of the Pt centers through the n-conjugated BL has been facilitated. An intense emission
has been observed at 615 nm with a lifetime of 0.2 ps in [(tBu3tpy)Pt—CEC—Pt(tBu3tpy)]2+.100 The
type of platinum complexes with the form of [LPt(tpy)-(BL)-(tpy)PtL]"" (Figure 1.12 C)
possesses the geometry with the reactive metal center orienting toward outside, which is more
accessible to the targets than those of form B. Two parallel cofacially disposed terpyridyl-Pt-ClI
in [LPt(tpy)-(BL)-(tpy)PtL]"" can stack on each other. This intermolecular association has been

103, 105

demonstrated by the crystallography. The configuration of Pt complexes with form C

resembles our trimetallic complex, [CIPt(tppz)Ru(tppz)PtCl](PFg)s.

1.6 Oligonuclear Ru" Complexes

The evolution of the supramolecular chemistry will proceed as new functionalities are
introduced to these well-organized entities. Multicomponent supramolecular dendrimers based
on Ru" and/or Os" polypyridine or polyazine building blocks are appealing due to their robust
photoinitiated properties. The bidentate ligand dpp (2,3-bis(2-pyridyl)pyrazine) is widely used as
the polyazine bridging ligand to build up the supramolecular entities.' '°°1%®

The dpp ligand acts as an AB chelate and binds two metal centers through a pyridyl and a
pyrazine nitrogen. Campagna’s group reported a photoinduced energy transfer in a homogenous
heptametallic ruthenium (II) system, [CLRu{(pu-dpp)Ru[(p-dpp)Ru(bpy)sls}2l(PEe)12.'% This
complex exhibits very intense absorption bands in the UV region (¢ = 10°-10° M'cm™) and
visible region (¢ = 10*-10° M'em™), which is attributed to the ligand-based m—m* transition in
UV region and Ru(dn)—bpy(n*) and Ru(dn)—dpp(n*) CT transitions in the visible region
centered at 544 nm. The compound displays luminescent properties both at RT (Apax " = 895 nm)
and 77 K (Amax' " = 880 nm). The electrochemistry of this molecule reveals a series of reversible

Ru-centered oxidation (E;»”* = 1.56, 0.86 V vs. SCE) and ligand-based reduction processes
(Eip™ =-0.51, 0.62, -0.72, -1.16 V vs. SCE). The ultrafast spectroscopic study suggests energy
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that transfer from the peripheral chromophores to the core is very fast (0.6 ps) with unit
efficiency. The results indicate that such supramolecular assemblies can act as artificial light

harvesting systems for photochemical conversion of light energy.

1.7 Ru",Pt" Mixed Metal Complexes

Coupling of ruthenium chromophores to a cis-Pt"Cl, moiety has been exploited as

110-119 62,117, 121-132

luminescent compounds, water splitting catalysts,'*® and antitumor agents

Brewer’s group has long been engaged in the design of Ru polyazine based chromophore
coupled to a cis-PtCl, unit with the focus on their potential applications.m’ 121-122. 124,129, 133-135
series of supramolecular architectures have been constructed with the form [(bpy).M(u-
BL)PtCL,]** (Figure 1.13 A), [{(bpy).M(u-BL)},Ru(u-BL)PtCL,]®" (Figure 1.13 B), and [(R-
tpy)MCI(u-BL)PtCl,]* (Figure 1.13 C), where M = Ru or Os, and BL = dpp (2,3 bis-(2-
pyridyl)pyrazine), dpq (2,3  bis-(2-pyridyl)quinoxaline), and dpb (2,3  bis-(2-
pyridyl)benzoquinoxaline). The electrochemical and spectroscopic data of such mixed metal
supramolecules are summarized in Table 1.2. Coupling of Pt" to Ru" in bidentate coordination
environments to produce hetero-bimetallic complexes leads to systems that possess further
stabilized MLCT excited states relative to the monometallic analogs, which is displayed as a red
shift in the electronic absorption data. This implies the spectroscopic properties of these kinds of
complexes are associated with both the chromophoric Ru part and the Pt site. Fox example,
[(bpy)2Ru(dpp)PtCl,]** demonstrates Ru(dr)—dpp(n*) CT transition at Ame™ = 509 nm with a
red shift compared to the monometallic synthon [(bpy)zRu(dpp)]2+ O\max‘“‘bs = 470). Coupling of
electron withdrawing unit of cis-PtCl, to the monometallic precursor of [(bpy)zRu(dpp)]2+
stabilizes the dpp(n*) orbital, resulting in a lower energy shift of the MLCT transition.
Electrochemically, the heteronuclear complex of [(bpy),Ru(dpp)PtCL]** (Ein™® = -0.49 V)
exhibits substantially more positive potential shift at the first reduction than its homogeneous
synthons of [(bpy)zRu(dpp)]2+ (B, =-1.30 V) upon the platinum coordination, consistent with
the electronic absorption data. This positive potential shift as well as the red shift of

spectroscopic data is indicative of the formation of the mixed-metal Ru",Pt" complex.
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Figure 1.13. The scheme of mixed-metal supramolecules bridged by bidentate BL dpp (dpq
= 2,3 bis-(2-pyridyl)quinoxaline) with the Form A: [(bpy),M(u-BL)PtCL,]**, Form B:
[{ (bpy)2M(u-BL) },Ru(p-BL)PtCl,]%*, and Form C: [(R-tpy)MCIl(u-BL)PtCl,]*, where M = Ru or
Os.
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Table 1.2. Redox® and spectroscopic properties of homogeneous Ru" polyazine complexes and
Ru",Pt" mixed-metal supramolecules by using bidentate BL, BL = bridging ligand, TL =

terminal ligand.

ﬂ;’i E., Elrf;l (V vs. Ag/AgCl)
Complex (V vs.

(nm)  Ag/AgCl) BL” BL* TLY TL™
[Ru(bpy)s]** 452 1.32 130 -1.49
[(bpy),Ru(dpp)]*** 470 1.38 -1.01 146 -1.67
[(bpy)>Ru(dpp)PtCl,]** ¢ 509 1.62 049 -1.06 -1.44
[(bpy)2Ru(dpq)]*** 515 1.47 -0.72 140 -1.62
[(bpy)2Ru(dpq)PtCL,]** © 582 1.72 -0.28 -0.83
[(bpy).Ru(dpb)]*** 550 1.48 -0.62 126 -1.60
[(bpy)2Ru(dpb)PtCl,]** © 630 1.61 -0.11 -0.75
[(tpy)RuCl(dpp)]*" 510 1.04 -1.07 -1.27
[(tpy)RuCl(dpp)PtCl,]** 544 1.14 050 -1.05 -1.43
[(tpy)RuCl(dp)]*" 570 1.06 -0.77 -1.27
[(tpy)RuCl(dpq)PtCl,]** 632 1.10 032 -091 -1.50
[(tpy)RuCl(dpb)]*" 595 1.02 -0.61 -1.25
[(tpy)RuCl(dpb)PtCl,]** 682 1.12 020 -0.81 -151
[{(bpy)Ru(dpp) },Ru(dpp)]®* ¢ 747 1.58 -0.50 -0.64
[{(bpy)Ru(dpp) }-Ru(dpp)PtCl,]** ¢ 750 1.58 -0.40 -0.60

* Measured in CH;CN, bpy = 2,2-bipyridine, dpp = 2,3 bis-(2-pyridyl)pyrazine, dpq = 2,3
bis-(2-pyridyl)quinoxaline, and dpb = 2,3 bis-(2-pyridyl)benzoquinoxaline.

® Recorded in 0.1 M BusNPFs CH3CN with Ein V vs. Ag/AgCl (0.29 V vs. NHE)

¢ Ref.'

d Ref 117

© Ref 17

f Ref 12!

¢ Ref.'?*
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1.8 Stereochemistry

1.8.1 Homochirality and Symmetry Breaking

In biochemistry, macromolecular chirality arises from the self-recognition of intrinsically
homochiral molecules (D-sugars and L-amino acids). A good example of complete symmetry
breaking in chirality is the fact that a series of natural products exsit only as one of the two

1,1 and have long been argued.

enantiomers. Origins of chirality are still controversia
Thermodynamically, chiral compounds synthesized from achiral starting materials and reagents
are racemic (with identical amount of the two enantiomers). The excess of either the left-handed
or right-handed enantiomer can be achieved by making use of chiral auxiliaries or asymmetric
catalyst. Chiral discrimination has been established by the formation of crystals (Pasteur, 1848)
which requires a process whereby the molecules assemble at early stages to form structured

139141 1t is believed that such amplification of chirality by crystallization or surface

aggregates.
adsorption reduces the freedom of the motion of 3D molecules in fluid or gas state. Alternatively,

nature’s spontaneous enantioselectivity is also proposed as a result of the circularly polarized

142-143 144-146

light radiation, magnetic induction, or electroweak interactions arising from the parity

violation.'*'*® None of them, however, are conclusive.?” 14

A chiral molecule has to be in the point groups of C, or Dy, I, O or T which do not possess
improper rotation axes, S,. The molecule and its non-superimposable mirror image are referred
to as enantiomers or optical isomers. A mixture with the same amount of enantiomers is defined
as a racemic mixture and is not optically active. The molecule with more than one chiral center
superimposable to its mirror image is a meso molecule. A meso compound is a diastereomer of
the enantiomers. The assembly of the asymmetric molecular units can only present in the 65
Sohncke space groups (chiral space group as summarized in Table 1.3) among the total 230

150

possible arrangements of symmetry elements in the solid state. ™ There are three possible

arrangements of the enantiomers in the solid crystals.'™

1) Racemate, in which two equal amount of the two enantimoers are distributed in the lattice
with well-defined order. The racemic compound is the most common form of the crystalline

enantiomers. There are 60-80% of racemic crystals in the P2;/c, C,/c and P1 groups.151
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2) Conglomerate, in which each enantiomer condensates with itself to form a homochiral
enantiopure crystal, such as sodium ammonium tartrate tetrahydrate (Pasteur’s salt). Up to 90%

of the conglomerates are found in P2,2,2,, P2, C, and P1.

3) Racemic solid solution, in which there are 1:1 ratio of the two enantiomers with disorder

arrangements in the solid state, are probably due to the strong similarity between the two

: 150-151
enantiomers. 50-13

Table 1.3. 65 chiral space groups in crystals, where space groups of the enantiomorphous pairs

are highlighted in the brackets, Ref.'”*

Crystal Space groups
Cubic P23, P2,3, 123, 12,3, F23, P432, (P4,32, P43;32), P4,32, 1432, [4,32, F432, F4,32
P4, (P4, P43), P4,, 14, I4,, P422, P42,2, (P4,22, P4322), (P412,2, P432,2), P4,22,
Tetragonal P4,2,2, 1422, 14,22
Monoclinic P2, P2, C2
Orthorhombic P222, P222,, P2,2,2, P2,2,2,, C222, C222,, 1222, I2,2,2,, F222
Triclinic P1
Trigonal P3, (P3;, P3,), P312, P321, (P3,12, P3,12), (P3,21, P3,21), R3, R32,
Hexagonal P6, (P6,, P6s), (P6,, P64), P63, P622, (P6122, P6522), P6322, (P6,22, P6422)
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1.8.2 Symmetry and Time-scale

Real molecules are always in motion with time. Even though the enantiomers are non-
superimposable, the conformations of some enatiomers are interconvertable with low energy
barrier. If the inversion is fast compared to the time scale by all the means of observations, the
chirality argument makes no sense. Therefore, configurational stability is essential to maintain
the chirality with the respective of measurements.'>

A flexible molecule can achieve a sustainable conformation with a certain symmetry element.
A typical example to address this issue is an amine with three different groups. In principle, the
pyramidal form of such amine is a chiral molecule. In fact, the two conformations rapidly
convert to each other through an achiral plane. The rapid inversion makes an effectively achiral
system without isolable stereoisomers (Figure 1.14). On the other hand, such conformational
isomers can be stable at RT owing to the high energy barriers for conversion between isomers.
The type of these stereoisomers is depicted as atropisomers. Atropoisomers can convert to each
other by passing through a substantial energy barrier with the increasing of the temperature.'*?

Stable conformations can be facilitated by incorporating steric bulk groups to prevent the
racemization, or by coordinating to multiple metal ions.'”® As illustrated in Figure 1.15, the two
benzene rings in biphenyl are not planar as a consequence of the steric crowding from the
neighboring hydrogen. The resulting chiral conformation is racemized by the rapid rotation of
the C-C single bond. Upon enlarging the benzene rings to naphthalene rings, the conglomerate of

t Replacement of

1,1'-binaphthyl is resolved by the spontaneous process from the racemic melt.
the two ortho-hydrogens in naphthalene rings with two —OH groups to form the 1,1'-bi-2-
naphthol (BINOL) molecule, The enantiomers of BINOL and its derivatives have been resolved

in the solution at RT and widely used as dissymmetric catalysts in chemistry.'>*

30



Plane: achiral transition state
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Figure 1.14. Illustration of the interversion of an achiral molecule (an amine bonded with three

different groups) via an achiral intermediate transformation.

biphenyl naphthalene 1,1'-bi-2-naphthol (BINOL)

([ 99 SO
Ul 99 sop

Achiral Resolved by crystallization Resolved at RT in solution

Figure 1.15. Illustration of the symmetry breaking by introducing bulky groups to limit the
interconversion in the achiral molecule of biphenyl, the chiral molecule of naphthalene and 1,1'-

bi-2-naphthol (BINOL).
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1.9 Nuclear Magnetic Resonance (NMR)

NMR techniques can provide much information about molecules with NMR active

. 1 1 1 155-15
nuclei such as H, 3C or 195pg, 155158

1.9.1 Chemical Shift (6)

When a magnetic field is applied to an atom, the electrons of the atom circulate in the
applied magnetic field. Thus, a small magnetic field is induced by the circulating
electrons with an opposite direction to the applied magnetic field (Lenz's law). The
effective field is less than the externally applied field. As a result, the nucleus is shielded.
If the nucleus possesses an overall spin, the electronic environment of a nucleus can be
investigated by (NMR) techniques. The more the applied field is, the greater the
resonance frequency for the various nuclei. Therefore, the chemical shift was developed
to avoid the difference of the NMR spectra taken on different spectrometers in different
field strengths. Chemical shift, o, is usually expressed in parts per million (ppm) by

frequency:'”’

_ frequency of signal - frequency of reference

b) X10°

spectrometer frequency

The frequency (in Hz) of the signal of 'H, '°C are usually referenced against
tetramethylsilane (TMS, 6 = 0). Chemical shift (6) is a function of the nucleus and its
chemical environment. ¢ is useful to distinguish the structure and conformation of the
molecules, even their aggregation.

For the same nucleus like 'H, the trend of chemical shift correlates to the degree of
shielding or deshielding effect with the variation on the electron density. When the
nucleus is exposed to the external magnetic field, electron donating and electron

withdrawing group can shield and deshield the applied field, respectively. As a
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consequence, the shielding and deshielding effect will cause the signal of the & move

towards upfield and downfield, respectively (Figure 1.16)."’

— —
e Higher frequency e Lower frequency
e Downfield e Upfield
e Deshielding e Shielding
e Paramagnetic shift e Dimaanetic shift
10 8 0 ppm

Figure 1.16. The scheme to denote the dynamics of chemical shifts.

1.9.2 Electron Withdrawing Effect via Metal-ligand Bonding

A change of the & of a nucleus such as 'H of free ligand can be observed after
coordinating to metal center. The cause of this behavior is based on the chemical
(electronic) environment variations, which can arise from not only the metal-ligand bond,
but also the configuration change within the complex. For example, downfield shift is
observed in [(tpy)PtCI]* vs. tpy arising from the electron withdrawing effect of positive
charged Pt" on the tpy. The 'H-NMR spectra of tpy ligand and its platinated complex
show a characteristic shift for the electron withdrawing effect, Figure 1.17. It is
important to note free ligands have free rotation of C-C bond between pyridyl rings. The
energetically favored conformation of uncomplexed and unprotonated terpyridine adopt
the trans configuration, which results from electrostatic repulsion of the lone pair
electrons on nitrogen atoms and steric repulsion of the ortho-hydrogen atoms in Ring A
and B. The free ligand of tpy in solution presents trans/trans orientation with the rotation
of the o—bonds. After coordinating to Pt", the three N atoms must be nearly coplanar with
the Pt" and ClI in [(tpy)PtCl]", in which the three pyridine rings are almost coplanar with
the coordination plane with a slightly torsion angle 2.0° between the two peripheral

pyridine rings. Such conformations of the free tpy and [(tpy)PtCl]® complex are
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consistent with the NMR data, as depicted in Figure 1.17. The 'H-NMR spectrum of tpy
displays six nonequivalent proton resonances with expected splitting patterns. Upon
complexation, the protons in [(tpy)PtCI]* undergo dramatic downfield shifts due to the
coordination of the electron withdrawing Pt cation. The resonances at & 8.53,7.97, 8.93
undergo significant downfield shifts for the proton H*® (A8 = 0.51 ppm), the H® (A8 =
0.46 ppm), and the H® (A8 = 0.20 ppm), respectively.'® The multiplet at 8.65 ppm

corresponds to the protons of H**, H** and H®.

Figure 1.17. "H-NMR of free ligand terpyridine (top), and [tpyPtCl]* (bottom) in d°-
DMSO. The arrows show the chemical shift due to the electron withdrawing effect upon

coordination. Adapted from Ref.'®
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1.9.3 Ring Current Effect

Chemical shifts are influenced by delocalized m-electrons in the rings of aromatic
molecule which induce a ring current in the presence of an external magntic field as
stipulated by Ampere’s law. This can lead to somewhat unexpected chemical shifts for
aromatic systems.

Geometry of the compounds is an important factor in determining the 6 values of
protons. Three factors including steric repulsion from ortho-hydrogen, electrostatic
repulsion from the lone pair electrons on nitrogens and the free rotation of the o-bond
make pyridyl or pyrazine free ligands exhibit the expected trans-conformations in their
solid states and have characteristic 'H-NMR spectra in the solution. The 'H-NMR
spectrum of bpy was shown in Figure 1.18. Analyzing the spectrum from left to right, the
& of H® protons are assigned to the lowest field with its representative resonance pattern
(doublet) and characteristic coupling constant, J (5.0-7.0 Hz). This is attributed to the
inductive effects from the nitrogen (electron withdrawing effect). Upon the identification
of H® the assignments of the rest of the protons were accomplished by using 'H-'H
COSY. The observed chemical shifts and splitting pattern for the free ligands, tpy and
tppz hereinafter are consistent with the literature reported data.”" '®!

The & differences between free and coordinated ligands provide information on the
metal complexes. With metal-ligand complexation, the metal ion is the electron acceptor
resembling the electron withdrawing group, and ligand is the electron donor acting as the
electron donating group. Usually, the 6-bond (L—M) reduces the electron density on the
ligand, thus a deshielding effect is observed on the 6 of ligands in the complexation,
although the © back-bonding (M—L) or n-bonding should also be taken into account. The
effect of the long distance coupling can influence & through bonds or through space. The
through-space impact on 9§ is stronger in larger conjugated systems. Ring current arises
from the polycyclic aromatic moieties with the delocalized electrons in an external
magnetic field, which can shield and deshield the nucleus located over or outside of the

rings. For example, in the [Ru(bpy);](PFs),, Figure, 1.19 (left) 162

three bpy ligands
coordinate to Ru and display an octahedral configuration. Such conformation will cause

large ring current effect for the protons located over the aromatic rings, undergoing
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upfield shifts. The shield effect was observed on H°, shifting the signal to the upper field
up to 2.23 ppm comparing to free ligand, Figure 1.18.'®' By contrast, a deshielding effect
is observed for H’A and H’B, shifting their signals to the lowest field by 0.44 ppm in

relation to the free ligand.

3B 3A 4B
5B 4A 6A  s5p

B 6B
\N/ Cl
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Figure 1.18. 500 MHz 'H-NMR spectra of (bpy),RuCl,, free ligand bpy, and
[Ru(bpy)3]2+ and CD3;CN. Our data are comparable to literature reported values.'®!
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Table 1.4. 500 MHz '"H-NMR chemical shifts (6) and coupling constants (3 J) of bidentate

free ligand bpy, (bpy):RuCl, and [Ru(bpy)s:](PFes),, which are comparable to the

literature reported values.'®!

Ring H position on the  bpy (bpy),RuCl, [Ru(bpy)s](PF),
Ring 8(ppm) (J in Hz) 3(ppm) (*J in Hz) 8(ppm) (J in Hz)
A 3 8.40 (8.0) 8.44 (10) 8.84 (8.0)
4 7.94 (7.5) 7.61 (9.5) 8.17 (8.0)
5 7.44 (5.5) 7.06 (7.5) 7.53 (6.5)
6 8.69 (5.0) 7.43 (7.0) 7.73 (6.0)
B 3 8.58 (10)
4 8.02 (10)
5 7.71 (7.5)
6 9.90 (7.0)

Figure 1.19. The crystal structure of [Ru(bpy)s]** (right)and (bpy).RuCl, (left) displaying
the H® protons are subject to the ring-current effect and electron withdrawing effect,
respectively. Our assignments are compared comparable to the literature reported

values.'®!
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A combination of both the ring current effect and the electron withdrawing effect are
presented in [(bpy),RuCl,] moiety, in which the protons in the two pyridyl rings of bpy are split
into eight non-equivalent signals. Remarkably, the H® on ring B is located just above the CI”ion

163 and is shifted downfield

as shown in the crystal structure of bpy,RuCl, in Figure 1.19 (right),
by 2.17 ppm in relation to the same proton in [Ru(bpy)s]**. Such inductive effects have been
observed in many bis(bipyridine)ruthenium chloride complexes.'®'®" On the other hand, the H°
on ring A buried over ring B is shifted to upfield by 1.26 ppm comparing to the same proton in

bpy, which happened to [RU(bPY)3]2+ in the same way due to ring current effect.

1.9.4 Fluxionality in Tridentate Pt" Complex Characterized by NMR

The conformations of the metal complexes with flexible ligands bearing diverse binding
modes (like tppz) can lead to unexpected properties. Factors such as solvent (polarity or H-bond)
and inter-, intra-molecular interactions can cause the changing modes of binding and varied
intermolecular interactions. A fluxional binding mode has been suggested for the substituted
terpyridine (tpy) ligands.'®®"”" It seems that NMR data provides reasonable evidence on the
fluxional process associated with Pt" complex. As shown in Figure 1.20, the "H NMR spectrum
exhibited two different isomers with a 2:1 integration ratio at RT. The energy difference of the

two isomers resulted from the unsymmetrical ligand.'®®

m/m
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- | ‘\
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Figure 1.20. The fluxional mode to interpret the NMR spectrum of a tridentate Pt" complex,
adapted from Ref.'®®
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1.10 The Varied Binding Modes of the Ligand tppz

The ligand of tppz was first reported by Goodwin in 1959."7* It consists of four
pyridine rings bonded to a pyrazine ring with four ¢ C-C axes. There are two reported
solid state conformations on neutral tppz (Figure 1.21 I & II), in which neighboring
pyridine rings are twisted out of the pyrazine ring plane either in the same direction or in
the opposite orientation to relieve H*-H® steric repulsion if all the pyridine rings are
coplanar. Both of these two forms of tppz possess C(i) symmetry, and have planar
173-174

pyrazine rings.

A C

|Y4—a

(/ |/ p

LA (X

Figure 1.21. The illustration of the two conformations observed in the crystal structures
of free tppz ligand (A, B) and binuclear ruthenium complex, [(L)ClRu(p—tppz)RuCl(L)]2+
(L = arylazopyridine), exhibiting saddle-like geometry (C), and chair-like geometry (D),

L and CI are omitted for clarity.
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1.10.1 Binding Modes of tppz

Since the discovery of the tppz ligand, the observed properties have stimulated

. J . 17 190-
extensive research on the utilization of tppz as proton sponge 3 fluorescence sensors,'”*

1 molecular wire,45’ 192-193 ferroelectrics,194 magnetics,177 charge sepalraltors,32 and BL on
supramolecular assemblies.'

Upon complexation, the deformations of the pyrazine ring play an important role in
reducing steric crowding between neighboring H® atoms on the pyridine rings.'”>"”” Due
to the flexible orientation of the four pyridine rings and multiple binding sites, the tppz
ligand is shown to coordinate to metals in a variety of unusual coordination environments,
highlighted in a review by Pennington.'’®

For chelating purpose, the nitrogens of the rings participating in the coordination have
to adopt a cis-conformation via rotation of the C-C single bonds connecting the ring
systems. The steric hindrances arising from the formed rotation of the pyridine rings to
allow simultaneous complexation to multiple N atoms leads to the tppz distortion from
planarity to relieve steric crowding. A diversity of binding modes of the tppz has been
identified and characterized.

Many conformations of the tppz metal complexes have been confirmed by X-ray
crystallography. In the tridentate binding mode, there are three basic binding
coordinations observed, M(tppz), M(tppz),, and M,(p-tppz) (Figure 1.22). The forms of
M(tppz) and M(tppz), exhibit similar structures as M,(i-tppz), in which tppz adopts two
conformations: the saddle-like and chair-like geometries (Figure 1.21 C & D).
Interestingly, these two conformations can exist in one unit cell of a binuclear ruthenium
complex, [(L)ClRu(u—tppz)RuCl(L)]2+, where L is an arylazopyridine ligand.178 In the
saddle-like configuration, the mutually trans pair of pyridyl rings are twisted in the same
sense towards one side of the pyrazine ring.'””"** By contrast, in chair-like symmetry, the
pyridine rings bow out of the pyrazine ring plane, like the free ligand’s conformation
11" 1n both of these structures of [(L)ClRu(u—tppz)RuCl(L)]2+, the distortions from
the four pyridine rings are offset to make the pyrazine closer to planarity (minimal

distortion from planarity).
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Figure 1.22. Scheme of the multiple binding modes for tppz as the bidentate and

tridentate ligand, Ref.!”
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Figure 1.23. Example of the multiple binding modes for tppz as the bidentate and
tridentate ligand in the complexes of [(phen),Ru(tppz)]**, [(tppz)Pto(PEt;),Cl,]*
[(tppz)Re(CO)oCls] and [CIPt(tppz)PtCl]**, Ref. '35 187- 189

185-187 B 188

The ligand tppz can have three possible bidentate binding modes: a, ,  and

y186 as shown in Figure 1.22, or a mixture of them to have bis-, and tris-bidentate
coordination configurations. These biding modes have been observed in the complexes of
[(phen)zRu(tppz)]2+ [(tppz)Ptz(PEt3)2C12]2+ and [(tppz)Re(CO)oCls] as illustrated in
Figure 1.23 (A), (B) and (C), respectively.

The ligand tppz also can adopt various binding modes on the same metal centers,
which have been structurally confirmed for some metal complex in the solid state. For
the square planar coordination Pt, the ligand tppz in [Cl(PEtg)Pt(u—tppz)(PEtg)Cl]2+185
(Figure 1.23 B) and [CIPt(u-tppz)PtC1]**,"® (Figure 1.23 D) exhibited bis(bidentate) and
bis(tridentate) in a p fashion, respectively. The variety of binding modes of tppz make it
critical that assumptions are not made concerning binding modes in metal complexes but

rather carefully probed as unexpected coordination is often encountered.
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1.10.2 Chirality in Complexes of tppz

Chirality arising from structure variations of tppz has been mentioned but not yet
characterized.'”* '"® Molecules with a helical structure can be described as right-handed
(P) if it resembles a screw that rotates clockwise away from the viewer or as left-handed
(M) if the rotation is counterclockwise (Figure 1.24). Helical chirality can also be present
in the metal complex containing two or more bidentate ligands. The assignment of this
chirality of complexes uses A as the right handed configuration, and A as the left-handed
configuration. The universal chiarlity descriptors were summarized by Brown as two
systems: 1) Steering-wheel system, and 2) Skew-line system.'®'*® The skew-line
convention is recommended by IUPAC as the chirality namenclature if the CIP (Cahn-
Ingold-Prelog) priority rules cannot apply.'””"*® In metal complexes, two skew lines are
the projections of the two planar chelating rings or non-planar chelating rings. The A/A
descriptors of the chirality are for the two or three bidentate ligands bound to a metal, and
the P/M descriptor can feature the helical chirlaity resulting from the different
components in one molecule.'” The skew-line descriptor of the chiral complex is
illustrated in Figure 1.24.°%

The restriction of rotation of pyridine rings by complexation could render stable
stereoisomer for tppz metal complexes. As Goodwin mentioned, in the mono-tridentate
tppz binding mode, the two uncomplexed pyridine rings could be on the same side or
opposite side of the pyrazine plane when tppz attached to a four-covalent metal atoms
(like PtH). The former conformation (chair-like) has a plane of symmetry. While the latter
(saddle-like) have a diad axis of symmetry, resulting in two enantiomorphous

configurations (Figure 1.25 A & B).'"

It is worthwhile to point out the complexes with
the [M;(tppz)M;] entities would also possess possible stereoisomers no matter whether
the two metal ions are same or not. Although such arrangements of tppz have been
structurally observed in solid single crystals, little discussion this chiarlity has been
presented. Our work will uncover chiral tppz metal complexes with significant barriers to

interconversion in fluid solution.
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Figure 1.24. The skew-line chirality descriptors with A/ A for the mononuclear complex,

and P/M for the charility arising from the molecular components in a polynuclear

complex. Ref.2”

Figure 1.25. Illustration of the P and M geometries of the screw chiarlity in square

planar coordinated tppz. Ref.'”?
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1.11 Applications: DNA-Metal Complex (MC) Interactions

1.11.1 Structure of DNA

DNA, or deoxyribonucleic acid, is a biological macromolecule made of four different
monomers. Each monomer unit, called a nucleotide, consists of a phosphate group, a 2'-
deoxyribose (a 5-carbon sugar), and one of four bases: thymine (T), cytosine (C), adenine
(A), Or guanine (G). Within the monomer, the 5' and 3' carbons are attached to the
phosphate group on either side. The phosphate on the 5' carbon of deoxyribose is linked
to the 3' carbon of the next deoxyribose. This lends a 5' and 3' directionality to the DNA
strand. The joining of two complementary single strands of DNA through hydrogen
bonding to form a double-stranded DNA is called hybridization. The two strands of a
DNA double helix are arranged in opposite or anti-parallel directions, so that one strand
is 5'-3' and the complementary strand is 3'-5', as illustrated in Figure 1.26. The bases
form a 7m-stack thought to enable electron transfer through DNA.?*' The DNA helical

structure is an example of the many chiral systems in biology.

A B

Minor

Groove

Figure 1.26. Watson—Crick base pairs of the DNA and their electroactive sites (A), and
the helix of the double stranded DNA (B)
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1.11.2 Binding Modes

The properties mentioned above enable DNA to interact with metal complexes. The
interactions between metal complexes and DNA are generally distinguished as four
modes: external or ionic binding, groove binding, intercalation and covalent binding. The
external or ionic binding involves electrostatic interaction between the positively charged
metal complex and the negatively charged phosphate sugar backbone of the DNA
molecule. The luminescence enhancement of the complex of [Ru(bpy)g]2+ (bpy =2, 2°-
bipyridine) upon binding to DNA via an electrostatic mode is strongly dependent on the
jonic strength. Cations like Mg** electrostatically bind DNA in this way. Groove binding
is the approach of a metal complex within van der Waals contact and in the DNA grooves,
Geometric and steric factors of the complex play an important role during groove binding
to DNA. Intercalation is insertion of a complex with a planar ligand between the DNA
base pairs and is thus less sensitive to ionic strength relative to the two other binding
modes. The process of the intercalation is favored by the presence of an extended fused
aromatic ligand in the complex, e. g [Ru(phen)z(PHEHAT)]2+ (phen = 1, 10-
phenanthroline, PHEHAT = 1, 10-phenanthrolino[5, 6-b]l1, 4, 5, 8, 9, 12-
hexaazatriphenylene).””® Covalent binding of the metal complex to DNA enables the best
control of orientation and selectivity. Most of the antitumor platinum complexes such as

cisplatin (cis-[(NH3),PtCl,]) bind to DNA in this way.

1.11.3 Binding to DNA

The anti-tumor activity of cisplatin was discovered serendipitously by Rosenberg in
1965.22% Cisplatin was clinically approved for cancer treatment in 1978. Cisplatin
coordinates with DNA mainly through the N-7 atom of guanine and adenine, illustrated

via X-ray crystallography.?*>2%

Interaction of cisplatin with DNA occurs in two steps
through the positive charged aquated intermediate. The first step involves the
replacement of one chloride atom by water to form the mono aqua species with one
positive charge, which can bind to either a single adenine or guanine bases of DNA.
Monofunctional binding is followed by hydrolysis of the second chloride and binding to a

nearby purine base to form an intrastrand cross-link or to a purine base to form an
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interstrand cross-link on its complementary DNA strand. The dominant intrastrand
crosslink is believed to be responsible for cisplatin’s antitumor actions. During this
process, the square planar Pt" covalently binds to DNA.* The success of cisplatin as an
anti-cancer agent has given rise to a new field of analog research aimed at overcoming
the limitations of drug resistance and toxic side effects. The general strategy has been to
develop cisplatin analogs that have a better therapeutic index than cisplatin by reducing

211-212

side effects and/or increasing potency. New metal complexes with multiple

bioactive sites have also been exploited as potential antitumor agents, as reviewed by
Zaleski et al.>"

The mechanism of cisplatin-DNA interaction provides guidelines for the rational
design of other metallic anti-tumor algents.210 Brewer’s group has conduct extensive
research to develop a new class of cisplatin antitumor agents coupled with Ru"
chromophore.''” 1211124 A
investigated with the form [(bpy)zRu(BL)PtCIZ]ZJr or [(tpy)RuCI(BL)PtCl,]* (BL =
bidentate bridging ligand). Complexes of the formula, [(bpy)zRu(BL)PtC12]2+, bind to

DNA through the cis-PtCl, or intercalate into DNA through the BL."" The labile CI

series of metal complexes with cis-PtCl, moiety have been

ligands enable the covalent binding of these complexes to DNA. The positive charges
imparted by the Ru" lead a greater binding of these complexes to DNA compared to
cisplatin. Complexes of the formula, [(tpy)RuCI(BL)PtCl,]", exhibit avidly bind with
DNA."?"" " Brewer et al have reported a tetrametallic Ru"Pt" complex which
photocleaves DNA via 'O, mediated pathway.'?

Although many bidentate Pt" complexes have been synthesized for DNA binding
study, the search continues for tumor specific agents with higher efficiency and lower
side effects relative to the cisplatin.

Planar tridentate Pt complexes can bind to DNA either by covalent attachment, ionic
interactions, or intercalation. The tridentate Pt" complex, [(tpy)Pt"Cl], has been reported
to intercalate between the DNA base pairs through 7t-7 stacking. The crystallographic unit
contains two molecule of [(tpy)PtCl]* and a hydrogen-bonded (adenosine-5'-
monophosphate) AMP base pairs. The two [(tpy)PtCI]" cations are intercalated between
the base pair, which in turn are stacked on one another in the crystal lattice (Figure

1.27)*'"  Another  metallointercalator,  [(tpy)Pt(HET)]CI*® (HET = 2-
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hydroxyethanethiolate) can unwind the deoxycytidyyl-(3',5')-deoxyguanosine (deoxy
CpG) antiparallel double helix. The interaction between deoxy CpG. and a mixed metallic
complex, [(tpy)Ru(dtdeg)PtC1]C15*'° (dtdeg = bis[4-(2,2:6,2"'-
terpyridyl)]diethylenglycol), are reported covalently binds to DNA by Pt due to
labilization of the CI group.

Figure 1.27. Representation of the intercalation of tridentate Pt complex, [(tpy)PtCl]" into
DNA bases.

Incorporating of the Ru' photosensitizer to a bioactive Pt site allows for the
development of supramolecules as the antibacterial compounds with multiple binding
modes. This design provides a means to deliver the Ru" chromophore to the DNA target.
The spectroscopic and redox properties of the designed complexes play an important role

to understand the mechanism during the DNA binding or DNA photocleavage.
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1.12 Statement of Problem

The primary goal of this research is to investigate the redox and optical properties of
mixed-metal Ru",Pt" supramolecules bridged by a tridentate polypyridyl ligand, tppz
(tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine). This involves the development of methods to
synthesize, identify and characterize such complexes as well as the study of their
electrochemical, photophysical, photochemical properties and potential biological

activities.
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Chapter 2: Experiments: Materials, Syntheses and Measurements

2.1 Materials

RuCl;-xH,O (Alfar Aesar), K,PtCly (Alfar Aesar), 2,2":6",2”-terpyridine (tpy)
(Aldrich), 2,3,5,6-tetrakis(2-pyridyl)pyrazine (tppz) (Aldrich), (NH4PF¢) (Alfar Aesar),
tetrabutylammonium hexafluorophosphate (BusNPFe) (Fluka), spectral and ACS grade
acetonitrile, and toluene NH4PFs, K,PtCl, (Alfar Aesar), 2,2:6”,2”-terpyridine (tpy,
Aldrich), Ethidium bromide, bromophenol blue, xylene cyanol, 2,3,5,6-tetrakis(2-
pyridyl)pyrazine (tppz, Aldrich), BuyNPFg (Fluka), spectral grade acetonitrile (Burdick
and Jackson) were all used without further purification.

Electrophoresis  grade boric acid, agarose, molecular biology grade
tris(hydroxymethyl)aminomethane, and glycerol were all obtained from Fisher Scientific
(Pittsburgh, PA). Plasmid (pUC18) DNA was purchased from Bayou Biolabs (Harahan,
LA). Lambda DNA/Hind III molecular marker was obtained from Promega (Madison,
WI).

2.2 Syntheses

[Ru(tppz)21(PFe)2.>” [(tpy)Ru(tppz)](PFe),>° and [PtCL(DMSO),]*"" were prepared as
218

the precursors to obtain the two new complexes. The other complexes: [(bpy)RuCl,],
[Rutpy)Cl31,*" [Ru(tpy)2](PFe),, ™ [(tpy)Ru(tppz)Ru(tpy)](PFo)3
[(tpy)Ru(tppz)Ru(tppz)Ru(tpy)](PFs)s were prepared by modification of the published
methods, and served as control complexes to more clearly understand the results of
studies of the title [(tpy)Ru(tppz)PtCl](PFs); and [CIPt(tppz)Ru(tppz)PtCl](PFe)4

complexes.

50



2.2.1 Synthesis of [(tpy)RuCl;]

The [(tpy)RuCls] was made by reacting RuCl;-3H,O (10 mmol, 2.6 g) with tpy (10
mmol, 2.2 g) with stoichiometry ratio, stirring at reflux in 200 mL absolute ethanol under
argon for 4 hrs as previously reported.219 The solid was separated by vacuum filtration
washed with ethanol (3 X 30 mL), deionized (DI) water (3 X 30 mL) and dried under
vacuum with a typical yield of 89%. The product served as starting material to prepare
[Ru(tpy)2](PFg)2, [(tpy)Ru(tppz)](PFe)s, [(tpy)Ru(tppz)Ru(tpy)](PFs)s,
[(tpy)Ru(tppz)Ru(tppz)Ru(tpy)](PFs)s and [(tpy)Ru(tppz)PtC1](PFy)s.

2.2.2 Synthesis of [Ru(tpy),](PF),

[Ru(tpy).](PFs), was prepared by a modification of the published method.””® The
mixture of RuCls;-:3H,O (1.0 mmol, 0.26 g) and tpy (2.5 mmol, 0.55 g) with 1:2.5
equivalent was heated at reflux under Ar in 1:1 (v/v) ethanol/water for 12 hrs. The
resulting yellow solution was allowed to cool using ice-water and filtered to remove the
unreacted tpy. Upon addition of 30 mL 4.0 M aqueous ammonium hexafluorophosphate,
the yellow precipitate that formed was collected by vacuum filtration, rinsed with water
(4 X 20 mL) and dried under vacuum. 'H-NMR (500 MHz in CD5CN, § in ppm (J in Hz),
Jin Hz): 8.74 (J =17.5 4H), 8.41 (J = 8.0, 2H), 8.49 (J = 8.0, 4H), 7.91 (J = 8.0, 4H), 7.16
(J=6.0,4H), 7.34 (J = 5.0, 4H).

2.2.3 Synthesis of [(tpy)Ru(tppz)](PFs),

The building block approach was utilized to synthesize [(tpy)Ru(tppz)](PFs),. For our
work a modification of the published procedure was performed.” **' To a solution of
[(tpy)RuCls] (0.31 g, 0.67 mmol) in 50 mL 95% ethanol was added tppz (1.10 g, 2.84
mmol) in the presence of 3.0 mL triethylamine. The mixture was heated at reflux for 6 hrs
under argon atmosphere. The resulting solution was cooled and filtered. The crude
product was then precipitated with 4.0 M aqueous ammonium hexafluorophosphate,
vacuum filtered, washed with water (3 X 20 mL), and dried by washing with diethyl ether
(3 X 20 mL). The solid was purified via column chromatography (40 mm X 15 cm) on
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neutral alumina with 1:1 (v/v) toluene/acetonitrile as the eluant. The orange band was
collected and concentrated by rotary evaporation, followed by the purple band, which is
the product of [(tpy)Ru(tppz)Ru(tpy)](PFs)s. The resulting products were then dissolved
in a minimum amount of acetonitrile and flash precipitated by addition to stirring diethyl
ether. The final product was obtained by vacuum filtration and vacuum drying. The
typical yield is 55% (0.37 g, 0.37 mmol). 'H-NMR (500 MHz in CD;CN at RT) of
[(tpy)Ru(tppz)](PFs),: 6 in ppm (J in Hz), 8.80 (J = 8.5, 2H), 8.50 (J = 8.3, 1H), 8.53 (J =
8.0, 2H), 7.97 (J = 8.0, 6.8, 1.2, 2H), 7.24 (J = 1.5, 6.0, 1.0, 2H), 7.59 (J = 6.0, 1.0, 2H),
8.36 (J=17.5, 1.8, 2H), 8.24 (J=8.0,6.5, 1.7,2H), 7.74 (J=17.8, 6.8, 1.7, 2H), 8.73 (J =
5.0, 2.0, 2H), 7.51 (J = 8.0, 1.0, 2H), 7.60 (J = 8.0, 6.0, 1.8, 2H), 7.13 (J = 7.8, 6.3, 1.5,
2H), 7.40 (J = 5.5, 1.5, 2H), FAB-MS [m/z]:calculated (M-PFg)": 868. This compound is
used to make the new mixed Ru",Pt" bimetallic complex, [(tpy)Ru(tppz)PtCl](PFp)s.

2.2.4 Synthesis of [Ru(tppz),](PF),

[Ru(tppz),](PFs), was prepared by a modification of the previously published
procedure.27 A mixture of tppz (190 mg, 0.50 mmol) and RuCl; (410 mg, 0.20 mmol) in
60 mL 95% ethonol was heated at reflux under argon overnight. The compound was
precipitated by 4.0 M aqueous ammonium hexafluorophosphate and separated by vacuum
filtration. The product was chromatographed on adsorption alumina using 3:2 (v/v)
toluene/actonitrile as the eluent. The desired product was eluted as an orange band,
followed by the purple band, which is likely the product of [Ruy(tppz);](PFs)s. The
orange band compound was recovered and concentrated by rotary evaporation, dissolved
in a minimum amount of acetontrile and flash precipitated by addition to a vigorous
stirring solution of diethyl ether. Final product was separated by filtration and dried under
vacuum. The yield for this complex is 35% (0.081 g. 0.071 mmol). 'H-NMR (500 MHz
in CD3CN) of [Ru(tppz)2](PFs),: 6 in ppm (J in Hz), 8.38 (J/ = 8.0, 4H), 8.27 (J=8.4, 6.9,
1.4,4H), 7.78 (J =1.8, 2.0, 4H), 8.76 (J = 5.0, 4H), 7.63 (J =7.5, 4H), 7.66 (J = 8.0, 4H),
7.22 (J = 6.0, 4H), 7.67 (J = 5.0, 4H). FAB-MS [m/z]: calculated (M-PFs)": 1023.
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2.2.5 Synthesis of [(tpy)Ru(tppz)Ru(tpy)](PF);

The synthesis of [(tpy)Ru(tppz)Ru(tpy)](PFs); was achieved by a building block
method via a modification of the published procedure.27 The precursor
[(tpy)Ru(tppz)](PFs), (0.10 g, 0.10 mmol) and the [(tpy)RuCl3] (0.18 g, 0.40 mmol) were
mixed into 60 mL ethylene glycol and heated at reflux for 48 hrs under an argon
atmosphere in the presence of triethylamine (0.11 mL, 0.80 mmol). The initial orange
black solution gradually changes to purple. The solution was then removed from the heat
and 4.0 M aqueous ammonium hexafluorophosphate (100 mL) was added to induce
precipitation. The solid product thus obtained was filtered and wash thoroughly by
ethanol, diethyl ether and ice-cold water. The sample is obtained by recrystallization via

CH;CN/Et,0O by slow diffusion. Yield: 87% (0.14 g, 0.091 mmol).

2.2.6 Synthesis of [(tpy)Ru(tppz)Ru(tppz)Ru(tpy)](PF);

[(tpy)Ru(tppz)Ru(tppz)Ru(tpy)](PF¢s); has been prepared previously by Abruna's
group following a different synthetic procedure.”” A similar procedure was applied to the
synthesis of [(tpy)Ru(tppz)Ru(tpy)](PFe);. Specifically, [Ru(tppz),](PFs), (0.12 g, 0.10
mmol), [(tpy)RuCls] (0.37 g, 0.80 mmol), triethylamine (0.22 mL, 1.60 mmol) were
added into 60 mL ethylene glycol and refluxed for three days under argon atmosphere.
The reaction solution goes from a black to a reddish color. To this was added a 4.0 M
aqueous ammonium hexafluorophosphate (100 mL) with stirring to form precipitate as
the PFq~ salt. The precipitate was collected by vacuum filtration, followed by rinsing
with ice-cold water and diethyl ether. The solid sample is recrystallized from

CH;CN/Et,0. Yield: 73% (0.18 g, 0.071 mmol).

2.2.7 Synthesis of [(tpy) Ru(tppz)PtCI1](PF);

The complex [(tpy)Ru(tppz)PtCl](PFs); was prepared by dropwise addition of
[(tpy)Ru(tppz)](PF¢), (51 mg, 0.050 mmol) in CH3CN (ca. 10 mL) to a solution of
[Pt(DMSO0),CL] (84 mg, 0.40 mmol) in CH3;CN (ca. 10 mL) under an Ar atmosphere.”*’
The reaction mixture was heated at reflux for ca. 4 h under Ar, cooled to RT, vacuum

filtered, and added dropwise to an aqueous solution of 4.0 M NH4PFg (ca. 50 mL). The
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violet product which precipitates upon addition to aqueous NH4PF¢ was collected by
vacuum filtration and washed with EtOH (ca. 20 mL), distilled H,O (ca. 10 mL at O °C),
and diethyl ether (50 mL). The product yield is 76% (0.05 g, 0.04 mmol). "H NMR (500
MHz in CD;CN): 6 in ppm (J in Hz), 9.45 (J = 5.5, 1.5 Hz, 2H), 8.87 (J = 8.5 Hz, 2H),
8.86 (J=8.5, 1.0 Hz, 2H), 8.74 (J = 8.0, 1.0 Hz, 2H), 8.63 (J/ = 7.8 Hz, 1H), 8.56 (J=17.5
Hz, 2H), 8.43 (/= 8.0, 6.3, 1.7 Hz, 2H), 8.11 (/ =7.8, 5.0, 1.3 Hz, 2H), 8.01 (J = 8.5, 7.0,
1.3 Hz, 2H), 7.99 (J = 7.8, 6.3, 1.5 Hz, 2H), 7.66 (J = 6.3, 1.0 Hz, 2H), 7.48 (/= 6.2, 1.0
Hz, 2H), 7.44 (J = 7.8, 6.8, 1.5 Hz, 2H), 7.17 (J = 7.8, 6.3, 1.5 Hz, 2H); 'H-NMR, &p =
-2579 ppm at 600 MHz in CD3;CN vs. K,PtCl4 dp = -1613 ppm at 600 MHz in D,0;
FAB-MS [m/z]:calculated (M-PFg)": 1243. FAB-MS spectrum is attached in Appendix,
Figure A.1. The structure of this complex was confirmed by X-ray crystallography

analysis.

2.2.8 Synthesis of [CIPt(tppz)Ru(tppz)PtCl](PFg),

Using a similar approach to the synthesis of [(tpy)Ru(tppz)PtCl](PFe);, the complex
[CIPt(tppz)Ru(tppz)PtCl](PF¢c)s was prepared by dropwise addition of [Ru(tppz).](PFe)2
(72 mg, 0.062 mmol) in CH3CN (ca. 10 mL) to a refluxing solution of [Pt(DMSO),Cl,]
(210 mg, 0.50 mmol) in CH3CN (ca. 10 mL).221 The reaction mixture was heated at
reflux for 4 h under an Ar atmosphere, cooled to RT, filtered, and added dropwise to an
aqueous solution of 4.0 M NH4PFg (ca. 50 mL). The violet product which forms upon
addition to aqueous NH4PF is collected by vacuum filtration and washed with EtOH (ca.
20 mL), distilled H,O (ca. 10 mL at 0 °C), and diethyl ether (50 mL). The product yield
is 82% (0.097 g, 0.051 mmol). 'H NMR (500 MHz in CDsCN): & in ppm (J in Hz), 9.50
(J=5.5 Hz, 4H), 8.90 (J = 8.5 Hz, 4H), 8.77 (J = 8.0 Hz, 4H), 8.48 (J = 7.8 Hz, 4H), 8.18
(J = 6.5 Hz, 4H), 8.06 (J = 8.5 Hz, 4H), 7.85 (br, 4H), 7.50 (br, 4H); 'H-NMR, &p, =
-2500 ppm at 600 MHz in CD3;CN vs. K,PtCl4 8p, = -1613 ppm at 600 MHz in D,0;
FAB-MS [m/z]:calculated (M-PF¢"): 1772. FAB-MS spectrum is attached in Appendix,
Figure A.2. This complex was crystallized from toluene/nitromethane and analyzed by

single crystal X-ray crystallographic analysis.
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2.3 Measurements

2.3.1 Mass Spectrometry

Mass spectrometry is a powerful technique to characterize the composition of the
molecule with high specificity and resolution. Fast atom bombardment mass
spectrometry (FAB-MS) and electrospray ionization mass spectrometry (ESI-MS) are
applied to study the synthesized molecules.

FAB-MS was performed by M-Scan Incorporated, West Chester, Pennsylvania, on a
VG Analytical ZAB 2-SE high field mass spectrometer using m-nitrobenzyl alcohol as a
matrix. The sample was prepared in CH3CN and infused into a capillary with a 5 mL/min
flow rate.

ESI-MS was carried out on a Micromass VG Platform. The mass spectrometer was
equipped with a thermal pneumatic nebulizer and single quadrupole analyzer. The mass
spectrometer was operated in the ESI positive ion mode with a source temperature at 110
°C. The nebulizer gas flow is 20 L/hr and the dry gas flow is 400 L/hr. In order to obtain
good sensitivity, the cone voltage can be tuned along the standard value of 30 V. ESI-MS
provides the profile of multiply charged gas-phase ions by using a soft-ionization
technique, in which noncovalent features of the molecules can be maintained. Therefore,
a series of multiple charged states can be observed in ESI-MS for molecules with non-
covalent bonds, e.g. hydrogen bond, electrostatic attraction, or mm stacking.’****
Taking into account the phase transferring effects of the analytes from solvent to gas state
upon ionization, ESI-MS data can still monitor the thermodynamic equilibrium of non-
covalent molecular interactions in solution.”?® ESI-MS has been utilized to investigate the
self-assembling of supramolecules through metal-ligand bonds,” dimerization of protein
via hydrogen bond,**” and self-association of individual molecules driven by electrostatic

228 . . .
forces ** in organic and aqueous solutions.
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2.3.2 Crystallography

[(tpy)Ru(tppz)PtCl1](PF¢); and [CIPt(tppz)Ru(tppz)PtCl][PF¢]s were crystallized by
vapor diffusion. A solution of the sample was prepared using a good solvent in a small
vial. This small vial was then placed in a sealed big vial with a poor solvent. The sample
is more soluble in the good solvent than in the poor solvent. Thus the crystal may form
when the good solvent slowly diffuse into the big vial.

X-ray crystallography was performed by Prof. Carla Slebodnick at the Chemistry
Department of Virginia Tech. Shengliang Zhao acknowledges her hard work to screen
multiple crystals to allow us to report the first two mixed-metal Ru",Pt" complexes of

[(tpy)Ru(tppz)PtC1](PFe); and [CIPt(tppz)Ru(tppz)PtC1][PFs]4 bridged by tppz BL.*!

2.3.2.1 X-Ray Diffraction of [(tpy)Ru(tppz)PtCl](PF);

Black parallelepipeds of [(tpy)Ru(tppz)PtCI][PF¢]s were crystallized from
toluene/CH3NO;. The chosen crystal (0.09 x 0.15 x 0.25 mm?®) was centered on the
goniometer of an Oxford Diffraction Gemini diffractometer equipped with a Sapphire 3
CCD detector and operating with MoK radiation. The data collection routine, unit cell
refinement, and data processing were carried out with the program CrysAlisPro.””” The
Laue symmetry and systematic absences were consistent with the monoclinic space group
Cc and C2/c. The centric space group C2/c was chosen. The structure was solved by
direct methods and refined using SHELXTL NT.**° The asymmetric unit of the structure
comprises one crystallographically independent [(tpy)Ru(tppz)PtCI][PF¢]s salt. After
locating the [(tpy)Ru(tppz)PtCl][PF¢]s, residual electron density in remaining void spaces
suggested the presence of disordered solvent. Various attempts were made to model or
correct for this disorder, including multi-position solvent disorder and running the
PLATON routine SQUEEZE™' to subtract out the solvent electron density. With most
models used, the goodness-of-fit suggested we were overfitting the data, yet the
refinement model did not improve substantially. In the final refinement, the solvent was
modeled as a toluene disordered over 2 positions with relative occupancies of 74(2)% and

26(2)%. The phenyl ring of the toluene molecule was restrained to fit a hexagon. The
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toluene atoms were refined isotropically; all remaining non-hydrogen atoms were refined

anisotropically and a riding model was used for all hydrogen atoms.

2.3.2.2 X-Ray Diffraction of [CIPt(tppz)Ru(tppz)PtCl](PF),

Black plates of [CIPt(tppz)Ru(tppz)PtCl][PFs]s were crystallized from CH3;CN/Et,0.
The chosen crystal (0.01 x 0.11 x 0.29 mm®) was centered on the goniometer of an
Oxford Diffraction Gemini diffractometer equipped with a Sapphire 3 CCD detector and
operating with MoK« radiation. The data collection routine, unit cell refinement, and
data processing were carried out with the program CrysAlisPro.””® The Laue symmetry
and systematic absences were consistent with the monoclinic space group P2;/c. The
structure was solved by direct methods and refined using SHELXTL NT.*° The
asymmetric unit of the structure comprises one crystallographically independent
[CIPt(tppz)Ru(tppz)PtCl][PF¢]4 salt. After locating the [CIPt(tppz)Ru(tppz)PtCl][PF¢l4,
residual electron density in remaining void spaces suggested the presence of disordered
solvent. Various attempts were made to model or correct for this disorder, including a
variety of multi-position disorder models for the ether molecule and PF4 anions, as well
as running the PLATON routine SQUEEZE®' to subtract out the ether electron density.
Regardless of the model used, the R-values tended to improve, but the anisotropic
displacement parameters remained unsatisfactory. Presumably the small crystal size and
potential dynamic motion in the solvents and PF4 limit the data quality. In the final
refinement the solvent was modeled as two CH3CN molecules and one Et,O molecule
without disorder. The Et,O atoms were refined isotropically; all remaining non-hydrogen

atoms were refined anisotropically and a riding model was used for all hydrogen atoms.
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2.3.3 NMR Spectroscopy

All standard "H NMR spectra were record on JOEL 500 MHz NMR spectrometer at
298 K. All the 2D spectroscopies were performed on a Varian INOVA 400 MHz NMR
spectrometer at 298 K. The samples (~5 mg) were dissolved in the CD3;CN and syringe
filtered prior to placing in NMR tubes for data collection. Chemical shifts are referenced

to TMS in CD3;CN.

2.3.4 Electrochemistry

Electrochemical analysis experiments are performed on the platform of Bioanalytical
Systems (BAS) 100B workstation. A one-compartment, three-electrode cell was used on
the measurement. The three electrodes are working electrode (Pt or glassy carbon),
reference electrode (Ag/AgCl electrode) and auxiliary electrode (Pt wire). The potential
of the reference electrode is 0.21 V vs. NHE , which was calibrated against the
FeCp,/FeCp," redox couple (0.67 V vs. NHE).>*? And the supporting electrolyte was 0.1
M BusNPFg.

2.3.5 Photochemistry

2.3.5.1 Electronic Absorption Spectroscopy

Electronic absorption spectra were generated at RT in a 1 cm quartz cuvette using a
Hewlett- Packard 8452 diode array spectrometer with a 2 nm resolution and a spectral
range of 190 to 820 nm. Extinction coefficients were collected in triplicate from separate

solutions prepared gravimetrically and averaged.

2.3.5.2 Emission Spectroscopy

Emission spectra were recorded at RT in deoxygenated acetonitrile solutions using a

modified QuantaMaster Model QM-200-45E fluorimeter from Photon Technology Inc.
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The system was modified to use a 150 W water cooled xenon lamp excitation source
collected at a right angle by a thermoelectrically cooled Hamamatsu 1527 photomultiplier
tube operating in photon counting mode with 0.25 nm resolution.

The quantum efficiency, ®“", was determined vs. [Os(bpy)3](PFg)2 (Amax ' = 746 nm,
@™ = 0.00462)* or [Ru(bpy)3l(PFg), (Amax™ = 605 nm, &™ = 0.062) in absorbance
matched deoxygenated solutions by choosing the closest Ay and the same excitation
wavelength ensure the equal amounts of photons are absorbed by the sample and
reference.

Since the photomultiplier response was not equal for the whole detection region, a
correction file (Figure 2.28) was used to obtain an accurate signal. All reported spectra
are corrected for photomultipler tube (PMT) response. The emission spectra are
normalized for PMT response before the quantum yield calculation. The quantum yields
of the complexes reported herein were corrected for PMT response and the quantum
efficiency, @™, determined vs. [Os(bpy);](PFs), (@™ = 0.00462)>* or [Ru(bpy)s](PFs),
(@™ =0.062) in absorbance matched deoxygenated solutions.”* The quantum yield can

be calculated from the peak area ratio by the equation:

P =<I>0><i>< Abs,
A,  Abs

Where ® and @, is the quantum yield of the sample and the reference respectively, A
and Ay is the area under the emission peak of the sample and reference respectively, Abs

and Abs are the absorbance of the sample and reference respectively.
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Figure 2.28. Correction files for the Hamamatsu 1527 red sensitive photomultiplier tube.

2.3.5.3 Lifetime Measurement

Laser-induced emission lifetime measurements were obtained on a system that
utilizes a Photon Technology Inc. PL-2300 nitrogen laser equipped with a PL-201
continuously tunable dye laser (360-900 nm) excitation source (Coumarin 500, 490-540
nm). The emission was passed through a monochromator and detected at a right angle to
the excitation by a Hamamatsu R928 photomultiplier tube operating in direct analog
mode. The signal was recorded on a LeCroy 9361 oscilloscope (2.5 GSa/s) and the data
transferred to a computer for analysis. The sample was dissolved in the deoxygenated
solvent of CH3CN. The raw data from the PMT response, which is an average of 200
traces, was fit to a single exponential function of the form Y = A + B(exp(-X/c)), where c
=1= 1/k (in s), after discarding the initial segment of the data containing the laser pulse.

All emission data fit well to a single exponential decay.
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2.3.6 DNA Gel Electrophoresis

The interactions of the metal complexes with DNA were analyzed using pUCI18
circular plasmid DNA employing agarose gel electrophoresis. Using Lambda DNA/Hind
III as the molecular weight marker, the circular pUC18 with or without metal complex
was loaded to the 0.8% agarose gel and run at 104V for 90 minutes, followed by staining
with ethidium bromide for 45 minutes and destaining in ddH,O for 30 minutes. The gels
were then illuminated with a Fisher Scientific FBTI-88 transilluminator and
photographed using an Olympus SP-320 digital camera equipped with an ethidium
bromide filter purchased from Peca Scientific (Beloit, WI).

Concentrations of the metal complexes solutions were determined by spectroscopy
using the extinction coefficients for [(tpy)Ru(tppz)PtCl](PF¢); (¢ = 2.8 X 10*M"'em™ at
Amax'™ = 530 nm) and [CIPt(tppz)Ru(tppz)PtCl](PFg)s (¢ = 3.0 X 10° M em™ at Ape™ =
538 nm).

The concentration of DNA was calculated using the absorbance reading at 260 nm by

03
equation:*

Concentration of DNA in pg/mL = Absorbance @260-50ug/mL-(2250/15)
or
Concentration of base pairs in mol'L"' = Absorbance @260-13200 M™""L-1-cm™"*(2250/15)
This equation utilizes the fact that one absorbance unit corresponds to a 50ug/mL

concentration of DNA and the absorbance maximum is assumed to be 6600 (mol'L

1 -1 -1
‘base)” ‘cm
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Chapter 3. Identification and Characterization

3.1 Syntheses

The supramolecular complexes [(tpy)Ru(tppz)PtCl1](PF¢)3 and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 have been prepared in good yield using a building block
approach with coordination of the Pt center being the final step. The synthetic routes of
[(tpy)Ru(tppz)PtCl1](PF¢); and [CIPt(tppz)Ru(tppz)PtCl](PF¢), are illustrated in Figures
3.29 and 3.30, respectively.

The title bimetallic and trimetallic complexes, [(tpy)Ru(tppz)PtCl](PFs); and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4, were synthesized by reacting their precursors and excess
[Pt(DMSO),Cl;] in acetonitrile under argon atmosphere. The unreacted [Pt(DMSO),Cl;]
was removed by washing with ethanol and chloroform. The use of acetonitrile plays a
critical role in the syntheses of these complexes, so that the reaction occurs in a
homogenous solution. As a consequence, the overall yield of the reaction is improved
significantly.

The complexes have been identified by mass spectrometry, X-ray crystallography,
and 'H NMR spectroscopy. The X-ray crystallographic analysis of these complexes
confirm the structures of the [(tpy)Ru(tppz)PtCl](PF¢)3 and
[CIPt(tppz)Ru(tppz)PtC1](PE¢)s in the solid state. 'H NMR spectroscopies of these
complexes in solution exhibit the expected splitting pattern.

The bimetallic and trimetallic complexes are unusual in their coupling of Ru" LA
units to a Pt" center, in which tppz coordinates to the metal centers in a p-fashion as a
bis(tridentate) BL. Such supramolecular assemblies provide a TL-LA-BL-RM (TL =
terminal ligand, LA = light absorber, BL = bridging ligand, RM = reactive metal)
architecture in the bimetallic complex, [(tpy)Ru(tppz)PtCI](PF)s, and a RM-BL-LA-BL-
RM architecture in the trimetallic complex, [CIPt(tppz)Ru(tppz)PtCl](PFg)s.
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[(tpy)Ru(tppz)]**
Yield: 55%

Cl DMSO CH-CN
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[CLL,PYDMSO),]  [(tpy)Ru(tppz)PtCl>*
Yield: 76%

Figure 3.29. Synthetic scheme of preparing the [(tpy)Ru(tppz)PtCl](PFe)s. (tpy =
2,2":6’,2”-terpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine).

® modified from Ref.*°
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Figure 3.30. Synthetic scheme of preparing the [CIPt(tppz)Ru(tppz)PtCl](PFe)s. (tpy =
2,2":67,2"”-terpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine).

® modified from Ref.?’
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3.2 Characterizations

3.2.1 Mass Spectrometry

The [(tpy)Ru(tppz)PtCl](PFe); and [CIPt(tppz)Ru(tppz)PtCl](PFe)s systems and their
precursors display mass spectra consistent with their formulation. The observed
fragments in FAB for bimetallic and trimetallic complexes with their precursors were
summarized in Table 3.5. The details of the mass spectra with the isotope distributions

are given in Appendix, Figures A.1-6.

3.2.1.1 FAB Mass Spectrometry

FAB-MS is typically used to measure the mass (m) to charge (z) ratio of metal
complexes. Neutral molecules usually display the [M+H]* or [M-H]  signals in FAB-MS,
and ionic compounds have characteristic patterns with consecutive loss of counterions in
FAB-MS.>¢%7 Typically, complexes of this tpye display FAB mass spectra characteristic
of the metal complex with loss of anions and often intact ligands. Observed
fragmentation patterns include sequential loss of counterions and are consistent with the
compositions of the complexes.

The FAB mass spectrum of [(tpy)Ru(tppz)PtCl](PFe); displayed the molecular ion
minus PFs peak [M-PFq]* at m/z = 1243. The successive loss of PFs groups leads to the
peak at 1098 and 953, corresponding to the [M-2PFs]" and [M-3PFg]", respectively. The
peak at 619 is due to the loss of peripheral (tpy)Ru" to give the (tppz)Pt"Cl fragments.

Similar fragmentation of FAB mass spectrum was observed for the trimetallic
complex, [CIPt(tppz)Ru(tppz)PtCl](PF¢)s. The displayed m/z peak at 1773 corresponds to
[M-PFs+H]", a typical process of H addition for FAB-MS during the ionization process.
The successive loss of PFs groups gives the peak at 1669, 1484 and 1339, corresponding
to the [M-2PFg]*, [M-3PF¢]" and [M-4PFg]*, respectively. The same fragments
(tppz)PtHCI at 619 was also observed in [CIPt(tppz)Ru(tppz)PtCl](PFs)s as in
[(tpy)Ru(tppz)PtCl](PF¢)3. [(tpy)Ru(tppz)PtCl](PFe); and [CIPt(tppz)Ru(tppz)PtCl](PFs)4
display the similar FAB-MS fragmentations. The characteristic fragmentation patterns of

FAB-MS identify the presence of the proposed complexes.
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Table 3.5. FAB-MS data for [(tpy)Ru(tppz)](PFs)2,  [Ru(tppz).](PFe)s.
[(tpy)Ru(tppz)PtCl1](PF¢); and [CIPt(tppz)Ru(tppz)PtCl](PF¢)s. Observed fragmentation
patterns typically involving sequential loss of counterions and are consistent with the

compositions of the complexes (tpy = 2,2":6",2”-terpyridine, tppz = 2,3,5,6-tetrakis(2-

pyridyl)pyrazine).
Complex m/z  Assignment  Relative Abundance (%)

[(tpy)Ru(tppz)](PFe). 868 [M-PFe]* 44
723 [M-2PF¢]" 100

[(tpy)Ru(tppz)PtCl](PFe)3 1243 [M-PFq]" 35
1098 [M-2PF]" 100
953 [M-3PF¢]" 71
619  [(tppz)PtCI]" 49

[Ru(tppz).](PFe)> 1023 [M-PFq]" 55
878 [M-2PF¢]" 100

[CIPt(tppz)Ru(tppz)PtCl](PFg); 1773  [M-PFs+H]" 13
1629  [M-2PF¢]" 39
1484  [M-3PF¢]" 29
1339  [M-4PF¢]* 12
619  [(tppz)PtCI]" 100
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Figure 3.31. ESI-MS of 1x10% M [(tpy)Ru(tppz)PtCl1](PF¢)3, showing the dimer (2M),
trimer (3M) and tetramer (4M) observed from CH3CN solution, M represent the
monomer of the neutral complex of [(tpy)Ru(tppz)PtCl](PF¢); with the molecular weight
(MW) as 1388. MW of PF, is 145. No monomer [M-PFq]" fragementation was observed

at the concentration of 1x107 M.

3.2.1.2 ESI Mass Spectrometry

ESI-MS of [(tpy)Ru(tppz)PtCl1](PFe); and [CIPt(tppz)Ru(tppz)PtCl](PFs)s complexes
were conducted to give a better understanding on the intermolecular interactions of these
supramolecular entities in solution, motivated by emission studies described below that
suggested Pt Pt interactions via intermolecular interactions were occurring in solution.
The ESI-MS spectrum of [(tpy)Ru(tppz)PtCl](PFs); obtained from a CH3CN solution is
given in Figure 3.31. The ESI-MS spectrum exhibits peaks for the aggregation of
[(tpy)Ru(tppz)PtCl1](PF¢); to form dimers, trimers and tetramers. As depicted in Figure
3.32, A singly charged dimer, doubly charged trimer and triply charged tetramer with
significant intensity are detected at m/z 2632, 1937 and 1706, respectively. The peak at
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Figure 3.32. (A) ESI mass spectrum of [(tpy)Ru(tppz)PtCI](PFs); showing the isotopic
distribution pattern of the trimer, [C117Hg1C13N27Pt3Ru3P7F42]2+, (B) Calculated isotopic
distribution of the dimer from ChemBio Draw Ultra 11.0
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2632 is the dimer with the loss of one PFs group. The distance between the isotope peaks
is one dalton, so we know it is a 1+ charge. The peak at 1937 corresponds to the trimer
with 0.5 dalton peak distance between the isotope peaks, which is from the [3M-2PF¢]**
ion of the 4164 trimer. The 1705 peak is attributed to the tetramer with a plus three
charge [3M-3PF]** by losing three PF¢ groups with 0.33 dalton peak distance between
the isotope peaks. The expansions of these three peaks are included in the Appendix,
Figure A.3-5. This data suggests the assembly of this complex in solution likely via
Pt Pt interaction typical of planar Pt" polyazine complexes.

The ESI mass spectra demonstrate the stabilities of the aggregation of
[(tpy)Ru(tppz)PtCl1](PF¢); molecules in solutions. A number of forces such as C-H'**Cl
hydrogen bonds, n-'n stacking and Pt-'Pt interactions can be important to the self-
association behaviors of the [(tpy)Ru(tppz)PtCl](PFs); molecules in solution. The
formation of such assemblies is concentration dependent. At the concentration of 1x107
M, no monomer ions [M-PFs]" was observed on the ESI mass spectrum. At 2x107 M,
4x10™* M and 4x107 M, the monomer [M-PF4]" was observed in the diluted solutions.
The intensity of these monomer signals are qualitatively variable with the decreasing of
concentration of bimetallic complex, Appendix, Figure A.7. This concentration
dependent assembly of bimetallic complex was further supported by the emission
properties of this complex discussed on Section 4.3.3.

It is notable that the association of the molecules are disfavored by coulombic
repulsion and favored by non-covalent interactions. The self-assembly of supramolecules
in organic solvent typically require the cooperation of the multiple non-covalent forces.
This led us to measure the ESI-MS of [(tpy)Ru(tppz)PtCl](PFe); in different solvents.
Similar mass spectral fragmentation patterns of [(tpy)Ru(tppz)PtCl](PFs); were also
observed in the organic solvents of acetone, DMSO and DMF. Their ESI mass spectra are
provided in Appendix, Figure A.6. This implies that the intermolecular interactions are
maintained in these organic solvents. However, when the sample of
[(tpy)Ru(tppz)PtCI]Cl; is analyzed in DI H,O under the same condition, no signal was
detected to show the molecular association in the ESI-MS. This might result from the
reduction of the intermolecular hydrogen bonding in the presence of water, or the

association of H,O with the Pt sites preventing the Pt--*Pt interactions.
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Presumably, both [(tpy)Ru(tppz)PtCl](PFs); and [CIPt(tppz)Ru(tppz)PtCl](PFe)4
should give rise to the similar intermolecular associations in solution because the same
CIPt"(tppz)Ru" unit appears in each of these molecules. Surprisingly, the similar
character of ESI-MS is not observed for [CIPt(tppz)Ru(tppz)PtCl](PFe)4 although several
trials are attempted to acquire the ESI spectra by optimizing the experimental conditions.
There are two possible reasons resulting in the different ESI-MS for bimetallic and
trimetallic complexes. Firstly, it becomes challenging when ESI method is applied to the
larger supramolecular assemblies. The higher charge and higher mass of trimetallic
complex relative to bimetallic complex makes the larger trimetallic complex assemblies
less likely to survive in the plume. Secondly, the trimetallic complex may not assemble as
the same way as bimetallic complex. Further examinations of these two complexes also
demonstrate different behaviors in the packing mode in the solid state by comparing their

single crystal structures as will be discussed in detail later.
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3.2.2 NMR

"H-NMR spectroscopy is a commonly employed method to analyze metal complexes
in solution. The chemical shifts of the protons in title complexes are impacted by the
electron withdrawing effects imposed by the ligand and coordinated metal, and ring-
current effects.””” **® The entry points to assign the NMR spectra are protons that have
distinctive features (chemical shift, integrations, coupling pattern or coupling constants).
Referring the spectra of the known compounds is helpful to resolve the complicated
systems.

In comparison to the known systems, [Ru(bpy)s;](PFs)2, [(bpy)RuCl,],
[Ru(tpy)2](PFs)2, [Ru(tppz).](PFs)2, bpy, tpy, and tppz, the assignments of
[(tpy)Ru(tppz)](PFs)2, [(tpy)Ru(tppz)PtCl](PFs);, [CIPt(tppz)Ru(tppz)PtCl](PFs)s were
confirmed based on the coupling constants, 'H-'H correlation spectroscopy (‘H-'H
COSY), nuclear overhauser effect spectroscopy (NOESY), and '*’Pt-'H heteronuclear
multiple bond coherence (HMQC) spectroscopy. All of the chemical shifts and their
coupling constants are summarized in Table 3.6, 3.8, some of the reported values in
literature are provided in the Table 3.7. The numbering scheme used for the assignments
of the protons is given in Figure 3.33. The NMR spectra of these complexes as well as
the free ligands of tpy and tppz are given in Figure 3.34. The 2D COSY spectra of
[Ru(tppz),](PFe)2, [(tpy)Ru(tppz)](PFe)2, [(tpy)Ru(tppz)PtC1](PFe)s and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s were attached in the Appendix, Figures A.8-11.
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Figure 3.33. The numbering scheme used for labeling protons in [(tpy)Ru(tppz)](PFs),
[Ru(tppz)>](PFs)2, [(tpy)Ru(tppz)PtCl](PFe)s, and [CIPt(tppz)Ru(tppz)PtCl](PFe)s (tpy =
2,2":6',2"-terpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine).
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Figure 3.34. 500 MHz 'H-NMR spectra of tpy (I), tppz (II), [Ru(tpy).](PFe), (1),

[(tpy)Ru(tppz)](PFs)> (IV), [Ru(tppz):1(PFs)> (V), [(tpy)Ru(tppz)PtCl](PFe); (VI) and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 (VII) in CD3CN at 298 K




Table 3.6. 500 MHz '"H-NMR chemical shifts of [(tpy)Ru(tppz)](PF¢)2, [Ru(tppz).](PFs)..
[(tpy)Ru(tppz)PtCl1](PF¢); and [CIPt(tppz)Ru(tppz)PtCl](PFs)4in CD3;CN at 298K (tpy =

2,2":6’,2”-terpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine).

H position [(tpy)Ru(tppz)]** [Ru(tppz),]** [(tpy)Ru(tppz)PtCI]”*  [CIPt(tppz)Ru(tppz)PtCl,]**
ne on the ring S(ppm) (J in Hz) S(ppm) (J in Hz) d(ppm) (J in Hz) S(ppm) (J in Hz)

N 3 8.80 (8.5) 8.87 (8.5)

4 8.50 (8.3) 8.63 (7.8)

3 8.53 (8.0) 8.56 (7.5)
5 4 7.97 (8.0,6.8,1.2) 7.99 (7.8,6.3, 1.5)

5 7.24 (7.5, 6.0, 1.0) 7.44 (7.8,6.8, 1.5)

6 7.59 (6.0, 1.0) 7.66 (6.3, 1.0)

3 8.36 (7.5, 1.8) 8.38 (8.0) 8.86 (8.5) 8.90 (8.5)

4 8.24(8.0,6.5,1.7) 827(84,69,14)  8.01(8.5,7.0,1.3) 8.06 (8.5)
C 5 7.74 (1.8, 6.8, 1.7) 7.78 (7.8, 2.0) 7.17(1.8,6.3, 1.5) 7.50 (br')

6 8.73 (5.0, 2.0) 8.76 (5.0) 7.48 (6.2, 1.0) 7.85 (br)

3 7.51 (8.0, 1.0) 7.63 (7.5) 8.74 (8.0, 1.0) 8.77 (8.0)
o 4 7.60 (8.0, 6.0, 1.8) 7.66 (8.0) 8.43(8.0,6.3,1.7) 8.48 (7.8)

5 7.13(7.8,6.3, 1.5) 7.22 (6.0) 8.11(7.8,5.0, 1.3) 8.18 (6.5)

6 7.40 (5.5, 1.5) 7.67 (5.0) 9.45 (5.5, 1.5) 9.50 (5.5)

br': broad at RT, J=6.6 Hz at 60 °C in 400 MHz.
br?: broad at RT, J=5.6 Hz at 60 °C in 400 MHz.
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Table 3.7. Literature reported 'H-NMR chemical shifts of tpy, [Ru(tpy)2]2+, tppz, and
[Ru(tppz),](PF¢), (tpy = 2,2":6",2"—terpyridine, tppz = 2,3,5,6-tetrakis(2-

pyridyl)pyrazine).
Ring H position tpy [Ru(tpy).]™* tppz [Ru(tppz),]*
on the ring 3(ppm)“* 3(ppm)“* 8(ppm)” 3(ppm)°

3 8.46 8.76

A
4 7.96 8.42
3 8.62 8.50
4 7.86 7.42

B
5 7.33 7.17
6 8.70 7.34
3 8.58
4 8.35

C
5 7.83
6 8.81
3 8.05 7.89
4 7.80 7.88

D
5 7.23 7.41
6 8.38 8.12

“In CDCls, Ref. >’
’In CD;CN, Ref.”’

°In dg.acetone, Ref.®
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Table 3.8. 500 MHz '"H-NMR chemical shifts () and coupling constants (3J) of tridentate
free ligand tpy, tppz and [Ru(tpy),](PFs),, which are comparable to the literature reported

values®’
Ring H position tpy tppz [Ru(tpy)a]™
on the ring 3(ppm) 3(ppm) 3(ppm)
R 3 8.45 (8.0) 8.74 (7.5
4 8.00 (8.0) 8.41 (8.0)
3 8.63 (3.0) 8.01 (3.0) 8.49 (8.0)
5 4 7.93 (8.0) 7.93 (8.0) 7.91 (8.0)
5 7.40 (5.0) 7.32 (5.0) 7.16 (6.0)
6 8.68 (5.0) 8.26 (5.0) 7.34 (5.0)
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3.2.2.1 Ring Current and Geometry

The ring current effects on protons within an assembly arising from polycyclic
aromatic systems are highly dependent on molecular geometry.%()'241 In this sub-section,
we discuss the ring current effect in relation to the molecular geometry by comparing the
"H-NMR spectra between [Ru(tpy),](PFe), and [Ru(tppz),](PF¢),. The structures of these
complexes are illustrated in Figure 3.35, and "H-NMR spectra of these complexes as well
as the free ligands tpy and tppz are provided in Figure 3.36. 5 of H°B in [Ru(tpy)2](PFe)2
exhibited upfield shift upon complexation, which is attributed to ring current effect.
However, the ring current effect is not appreciated in the 'H-NMR spectrum of

[Ru(tppz),](PFe), for the HC protons which are also located over the pyrazine ring.

[Ru(tpy).]** [Ru(tppz)s]**
Figure 3.35. The structures of [Ru(tpy).](PF¢), and [Ru(tppz),](PFs),. The blue arrow

pointed H°B in [Ru(tpy).](PFs), displays upfield shift relative to the free ligand of tpy,
while the blue arrow pointed HC in [Ru(tppz),](PFe), exhibits downfield shift compared
to the free ligand of tppz.
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Figure 3.36. 500 MHz 'H-NMR spectra of tpy, tppz, [Ru(tpy),](PF¢), and
[Ru(tppz),](PF),, in CD3;CN at 298 K in CD3;CN, (tpy = 2,2":6,2”—terpyridine, tppz =
2,3,5,6-tetrakis(2-pyridyl)pyrazine).
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The identification of the H® protons in the complexes of [Ru(tpy),](PFs), and
[Ru(tppz),](PFs), can be accomplished by examining the distinct coupling constants on
the H3, H4, H’ and H® positions.

Coupling constant, J, is the frequency difference in Hz between the components
peaks. J value is proportional to the intensity of the coupling and independent of the
external field. As we know, spins of protons are coupled through the intervening bonding
electrons in the molecule. Spin coupling will cause the splitting of the NMR spectrum.
The multiplicity of the spectrum follow the general formula 2nl +1 in the first order
multiplet system (n being the neighboring nuclei number, I being the quantum spin
number, for proton, I=1/2). Therefore, given the information of the J and 9, the different
nuclei can be identified in the molecule. In addition, the enhancement of peak intensity
from the coupled nuclei can further facilitate the assignments.

Our assignments of the '"H-NMR spectrum on [Ru(tpy),](PFe),, Figure 3.36, are
consistent with the literature reported data.”*” ***?*? Firstly, The H*A lying on the mirror
plane of the complexes can be assigned without ambiguity as its integral is half of the
other aromatic protons. Then the H’A can be easily tracked from the 'H-'H COSY
spectrum. Secondly, with the help of the characteristic coupling constants, the sequence
of the protons on each rings can be accomplished for Ring B. H’B & H'B, and H’B &
H°B in [Ru(tpy)2](PFs), demonstrate the characteristic splitting coupling with the distinct
7J as 8.0 and 6.0 Hz respectively, Table 3.8. The chemical shifts of such assignments
reflect the nature of the configuration of the complex. The two terpyridines in
[Ru(tpy)2](PFg), are perpendicular to each other, the sixth proton (blue arrow pointed
proton, Figure 3.35) in the peripheral pyridyl rings resides above the aromatic ring of the
adjacent ligand, resulting in the upfield shift due to the ring current effect. The change of
the chemical shift of H°B between tpy and [Ru(tpy),](PFy), is opposite to the change of
chemical shift between tpy and [(tpy)PtCl](PF¢) (Figure 1.17).

In the same way, the full assignments of the "H-NMR of [Ru(tppz),](PF¢),, Figure
3.36, can be achieved by "H-'H COSY spectrum and the typical coupling constants for
each protons. Briefly, protons belonging to the complexed and uncomplexed pyridyl rings
are grouped into two sets by using 'H-'"H COSY (Appendix, A.8). The sequence of the

protons is assigned by analyzing their distinctive coupling constants, J. The doublet at
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8.76 (°J = 5.0 Hz) represents the protons on the H°C which is coupled to the H’C. All of
the protons of ring C present in the lower field than the protons of ring D in
[Ru(tppz),](PFs), due to the influence of the metal-ligand bond (electron withdrawing
effects). The H°C of [Ru(tppz),](PFs), displays downfield shift relative to the tppz ligand.
The assignments on [Ru(tppz),](PFs), in CD3;CN is comparable to the literature reported
values.”

In a comparison of the spectra between [Ru(tpy).](PFe), and [Ru(tppz),](PFe),, the
H°C in [Ru(tppz),](PFe), (blue arrow pointed hydrogen, Figure 3.35) is also exposed to
the aromatic pyrazine ring, the 8 of H°C doesn’t exhibit the upfield shifts as observed in
[Ru(tpy)2](PFs), owing to the ring current. Presumably, it is due to the deshielding effect
from the uncomplexed Ring D, chelation effect upon complexation to Ru, and electron
withdrawing effect from the uncoordinated lone pair N in pyrazine ring. These
combinational effects outweigh the ring current effect.

If the H® protons display different chemical shifts in [Ru(tpy),](PFs), and
[Ru(tppz):](PFs),, it will be a dilemma to assign the '"H.NMR spectrum of
[(tpy)Ru(tppz)](PFs),, which contain the (tpy)Ru" component and (tppz)Ru" component
from half of [Ru(tpy):](PF¢), and half of [Ru(tppz),](PFe),. The issue is how to
distinguish Ring B and Ring C in [(tpy)Ru(tppz)](PF),.
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3.2.2.2 'H-'H NOESY

Nuclear Overhauser Effect Spectroscopy (NOESY) is a very useful tool to study the
conformation of molecules. The Nuclear Overhauser Effect (NOE) is used to study the
dipolar coupling interactions throughout space. The intensity of the NOE decreases as the
inverse of the sixth power of the distance between the nuclei (like protons). A signal can
be detected by NOESY if the two protons' distance is less than 5A through space. Here
NOESY can be used to distinguish the Ring B and C in [(tpy)Ru(tppz)](PFs), molecule.

The synthesis and study of [(tpy)Ru(tppz)](PFs), has been reported by Abruna,”’

1  and Brewer’s group. The characterization and study of

Thumme
[(tpy)Ru(tppz)](PFs), are based on the MS, electrochemical and photophysical properties.
To date, there is no direct evidence to confirm the structure of [(tpy)Ru(tppz)](PFe), with

respect to the variable binding modes of tppz.'”®

3.2.2.3 '"H-NMR Assignment of [(tpy)Ru(tppz)](PFs),

The well resolved 'H-NMR spectrum of [(tpy)Ru(tppz)](PF), reveals fourteen non-
equivalent proton resonances in accord with the molecular formula [(tpy)Ru(tppz)](PFs).
as shown in Figure 3.37, the enlarged spectrum is given in Figure 3.38. With the
background to assign [Ru(tpy).](PFs), and [Ru(tppz)](PFs),, the 14 non-equivalent
protons in [(tpy)Ru(tppz)](PFs), can be separated as four groups by using 'H-'H COSY
(Appendix, A.9). The H*A is unique and can be assigned as it is half the number of
protons as the other aromatic protons. Then the H’A can be easily tracked from the 'H-'H
COSY spectrum. The sequence of the protons on each ring can be accomplished for the
other three unidentified Ring B, C and D by examining their characteristic coupling
constants. The signals of the uncoordinated Ring D are expected to be upfield with the
similar resonance pattern as in [Ru(tppz),](PFs),. Finally, the distinction between Ring B
and Ring C was carried out by the NOESY experiments. The 'H-'"H NOESY spectrum of
[(tpy)Ru(tppz)](PF¢), is given in Figure 3.39. As expected, the NOESY spectrum
displays two crossing peaks from H>* and H’®. Since Ring A has been assigned,
proceeding H’B by using 'H-'H COSY again, the protons on Ring B can be fully

assigned based on their correlations.
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Examining the assigned spectrum on [(tpy)Ru(tppz)](PFs),, Figure 3.37, it is notable
that the & values of the [(tpy)Ru"] moiety in [(tpy)Ru(tppz)](PFe), follow the same
pattern observed for the [Ru(tpy)2]2+, such resonance coupling is in agreement with other
similar systems in literature.”** ** As one can see, however, the signals of H°C in the
(tppz)Ru" component present to much lower field compared to H°B; this dramatic
difference might be due to the deshielding effect from the rotational Ring D on H°C as
we observed in [Ru(tppz)z](PF6)2.221

In comparison of the & of H°B in [Ru(tpy)2]2+ (Oues = 7.34) and [(tpy)Ru(tppz)](PF),
(8ues = 7.50), Substitution of tpy with tppz in [Ru(tpy),]** makes the & of H°B undergo
downfield shift due to the electron withdrawing effect from the component of (tppz)Ru"
over the part of (tpy)Ru". On the other hand, the signal of H°C in [(tpy)Ru(tppz)](PFs).
(Ouep = 7.73) slightly shifts to upfield in relative to the H°C in [Ru(tppz)2]2+ (Ones = 8.76).

The cause of these behaviors is inherent in the configuration of the complex.
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Figure 3.37. 500 MHz 'H-NMR spectra of [Ru(tpy)2](PFe)», [(tpy)Ru(tppz)](PF¢), and
[Ru(tppz),](PF¢),, in CD;CN at 298 K in CDsCN, (tpy = 2,2":6",2"”—terpyridine, tppz =
2,3,5,6-tetrakis(2-pyridyl)pyrazine).
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3.2.2.4 '"H-NMR Assignment of [(tpy)Ru(tppz)PtCl](PF),

In presence of the free flipping of the uncomplexed pyridyl rings in [Ru(tppz),](PFs).
and [(tpy)Ru(tppz)](PFs),), ring current effect can’t be applied to the assignment of the
protons on the adjacent coordinated rings. Similar arguments can be induced to
rationalize the assignments on the 'H-NMR spectra of [(tpy)Ru(tppz)PtCl](PFs); and
[CIPt(tppz)Ru(tppz)PtCl](PF)a.

The 'H NMR spectrum of [(tpy)Ru(tppz)PtCl](PFs); in CD3CN at room temperature,
Figure 3.40, agrees well with that predicted from its solid state structure and displays 14
non-equivalent proton resonances. Correlation of the structure of a complex with its
spectrum is much easier than resolving and interpreting the spectra in such a complicated
system.

The assignments of the 'H NMR spectrum of [(tpy)Ru(tppz)PtCl](PFs); can be
accomplished by the comparison to the assigned 'H NMR spectrum of
[(tpy)Ru(tppz)](PFs),. The H*A proton in [(tpy)Ru(tppz)PtCI](PF¢); is distinct and
appears as a virtual triplet at 6 8.63 with half the integral intensity of the other protons.
Upon assignment of H*A, the doublet at 5 8.87 can be easily assigned to H’A using 'H-'H
COSY (Appendix, A.10). The distinction between protons of rings B and C was achieved
using NOESY, while the assignments of the sets of protons on each individual ring were
achieved using 'H-'H COSY. For example, the NOESY spectrum of
[(tpy)Ru(tppz)PtCl](PF¢); indicated through space interactions between H’A and the
doublet at & 8.56 attributed to H’B, Figure 3.39. The rest of the protons of ring B were
identified based on this interaction and "H-'"H COSY correlations. The resonances at &
7.99, 7.44, and 7.66 display the expected splitting pattern for H'B, H’B, and H°B,
respectively. The individual assignments of the (tpy)Ru" component of
[(tpy)Ru(tppz)PtCl](PFs);, are comparable with those of the (tpy)Ru" component of
[(tpy)Ru(tppz)](PFs), and [Ru(tpy),]**.*** The H° protons of rings C and D in
[(tpy)Ru(tppz)](PFs),, appear as doublet of doublets, with H®C shifted downfield (6 8.73)
relative to H°D (8 7.40), consistent with the electron withdrawing effect imposed by Ru
on ring C. The significant downfield shift of HC (8 8.73) relative to H’B (5 7.59) in
[(tpy)Ru(tppz)](PFs),, may be a combination effect of the coordination of ring C to Ru
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Figure 3.40. 500 MHz 'H-NMR spectra  of  [(tpy)Ru(tppz)](PF),,
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CD;CN at 298 K in CDsCN, (tpy = 2,2:6",2"—terpyridine, tppz = 2,3,5,6-tetrakis(2-
pyridyl)pyrazine).
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and its attachment to the pyrazine ring of tppz, shifting the H°C resonance to low field.
Coordination of a Pt center to ring D in [(tpy)Ru(tppz)PtCl](PFe)3, leads to a significant
downfield shift in H°D (6 9.45). Using 'H-'H COSY, the resonances at 6 8.74, 8.43, and
8.11 were assigned to H3D, H4D, and HSD, respectively, consistent with Pt coordination.
H’D, H'D, and H’D of [(tpy)Ru(tppz)PtC1](PFe); occur significantly downfield relative to
the corresponding protons of [(tpy)Ru(tppz)](PFs),. By contrast, the upfield shift of H’C
in [(tpy)Ru(tppz)PtCl](PF¢); (6 7.48) relative to [(tpy)Ru(tppz)](PF¢), (6 8.73) is due to
pronounced  shielding of H°C  when ring D is complexed to Pt in
[(tpy)Ru(tppz)PtCl](PF¢); relative to the free tppz of [(tpy)Ru(tppz)](PFs),. This
shielding is imposed by ring current effects as H°C lies directly above the T cloud of ring
A in [(tpy)Ru(tppz)PtCI](PF¢)s;. The remaining resonances at é 8.86, 8.01, and 7.17 were
assigned to H’C, H'C, and HC of [(tpy)Ru(tppz)PtC1](PFs); using 'H-'H COSY. The
NOESY spectrum of [(tpy)Ru(tppz)PtCl](PFs); revealed the through space interactions
between HC and H3D, consistent with our assignments.

Comparison of the o of H°C on [(tpy)Ru(tppz)](PF¢)> (0u’c = 8.73 ppm) and
[(tpy)Ru(tppz)PtC1](PF); (Bu'c = 7.48 ppm), in which the & of H°C appear in the
downfield and upfield with a separation up to 1.25 ppm. Such unpredicted assignments
must be established by compelling evidence. '*°Pt-"H HMQC experiment was carried out
to confirm our assignments at the suggestion of Prof. Harry C. Dorn.

Heteronuclear Multiple Quantum Coherence (HMQC) experiments established
correlation between protons and other atoms with nuclear spin, such as 13C, 5N or °P.
93Pt atom has % nuclear spin with 33.8% abundance in nature. The relative sensitivity of
p_NMR is 0.00994 vs. 1.0 for 'H. Recently, a number of '*’Pt-NMR topics have been
reviewed.”**?*® In our study, all the & (Pt) values were referenced to potassium
tetrachloroplatinate (IT) (K,PtCly) (6 (Pt) = -1613 ppm in D,O at 600 MHz), as depicted
on Figure 3.41.
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Figure 3.41. 600 MHz '"Pt-NMR spectra of [(tpy)Ru(tppz)PtClI(PEe); (A),
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 (B) in CD3;CN and reference compound, K,PtCly in D,O
©).
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In Figure 3.41 A, 195p¢ resonance in [(tpy)Ru(tppz)PtCl1](PF¢); was observed at -2579
ppm, characteristic of N3 coordination sphere for Pt**.*****’ When the tpy is replaced by
ClPtH(tppz) in [(tpy)Ru(tppz)PtCl](PFe); to give [CIPt(tppz)Ru(tppz)PtCl](PFp)a, 195py
resonance in [CIPt(tppz)Ru(tppz)PtCI](PFe)s was observed at -2500 ppm (Figure 3.41 B),
downfield shift 79 ppm compared to [(tpy)Ru(tppz)PtCl](PFs);, characteristic of electron
withdrawing effect from the Pt coordination. Similar '*°Pt resonances were observed in
the RuH,PtII bidentate system at around op; = -2200 ppm (600 MHz, CD3;CN, RT) for the
complexes with the form [(TL)RuCl(dpp)PtCl»](PFe), where TL = 2,2":6"2"-terpyridine,
4'-(4-methylphenyl)-2,2":6"2"-terpyridine or 4,4'.4"-tri-tert-butyl-terpyridine and dpp =
2,3-bis(2-pyridyl)pyrazine.**® Comparable '*°Pt resonances were also reported in the
Ru",Pt" tridentate system at 8p, = -2701 ppm (300 MHz, MeOH, RT) for the terpyridyl-
Pt" complex: [(tpy)Ru(dtdeg)PtCl]3+ (tpy=2,2":6',2"-terpyridine, dtdeg=bis[4'-(2,2":6",2"-
terpyridyl)]-diethyleneglycol ether).®?
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Figure 3.42. 600 MHz '*’Pt-"H HMQC spectrum of [(tpy)Ru(tppz)PtC1](PFs); in CDsCN

A cross signal was exhibited in the 5pe-'"H HMQC spectrum arising from the Pt and
H°D coupling (Figure 3.42). The Pt-H coupling results in slightly broadening of the
signal of H°C in '"H-NMR, and the jagged edges are evidence of the Pt satellites owing to
the long-range coupling. The & of HC is observed at the lowest field (5 = 9.45 ppm) due
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to the electron withdrawing effect of the coordinated chloride. With the confirmation on
Ring D, the assignments of Ring C were straightforward with the help of the 'H-'H
NOESY correlation and 'H-'"H COSY.

In comparison to the "H-NMR spectra on [Ru(tpy).](PFe),, [(tpy)Ru(tppz)](PFs), and
[(tpy)Ru(tppz)PtCl](PFs);, The & of H°B from (tpy)Ru" unit is always shown in the
higher field than the & of H’B, attributing to the ring current effect on H°B. While the ring
current effect on the H°C in Ru'(tppz) units is dependent on the coordination
configurations. The & of H°C was influenced by the ring current effect in
[(tpy)Ru(tppz)PtCl](PF¢)s, but not in [(tpy)Ru(tppz)](PFs), and [Ru(tppz).](PF), as the

bridging mode of binding is needed to fix ring D in space.

3.2.2.5 '"H NMR Assignment of [CIPt(tppz)Ru(tppz)PtCl](PF),

The '"H NMR spectrum of [CIPt(tppz)Ru(tppz)PtCl](PFe)4 revealed eight resonances
consistent with its structure. The NMR spectrum of [CIPt(tppz)Ru(tppz)PtCl](PF¢)4 is
simplified relative to [(tpy)Ru(tppz)PtCI](PF¢); due to the presence of only tppz protons.
Based on the identification of the H? protons by NOESY (Figure 3. 39 (C)), the sequence
of the protons on ring C and D can be easily assigned. At room temperature in CD3;CN,
the 'H NMR spectrum of [CIPt(tppz)Ru(tppz)PtCl](PF¢)4, reveals resonances due to
protons of rings C and D that are quite comparable to [(tpy)Ru(tppz)PtC1](PFe)s. The H°C
are upfield shift arising from the ring current effect as expected. A unique feature in the
'H NMR spectrum of [CIPt(tppz)Ru(tppz)PtCl](PF), is the broadening of the resonances
at & 7.85 and 7.50 of protons H°® and H", respectively. As illustrated in Figures 3.43,
variable temperature 'H NMR spectroscopy in CD;CN at -20 °C reveal two individual
resonances for H°® and H, reflective of slow exchange at -20 °C. By contrast, the 'H
NMR spectrum of [CIPt(tppz)Ru(tppz)PtCl](PF¢)s at 60 °C show sharp resonances with
the expected splitting pattern for H and HC consistent with rapid exchange at this
temperature. Surprisingly, the split peaks display a 2:1 integration ratio, which means that
there are at least two conformations with different energy in the tri-metallic complex

which are present in a 2:1 ratio.
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Figure 3.43. Selected region of the 400 MHz 'H NMR spectrum of
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s in CDsCN at -20, RT and 60 °C showing slow exchange

(A), coalescent (B) and rapid exchange (C) regimes.

For a situation in fast exchange, the observed chemical shift is the average of the

individual species chemical shifts:**

dobs = £101 + 120,
f1 + f2 =]

Where f; and f, are the mole fraction of each species, and 6; and 6, are the chemical
shift of each species. From Figure 3.43 (I), the 2:1 integration ratio corresponds to the
population of the species in the two energy states. The calculated chemical shifts for H°C
and HC are 7.88 and 7.46 ppm, which are very close to the observed values, 7.85 and
7.47 ppm in Figure 3.43 (III). The rationalization of the two separate forms of this

complex as well as the 2:1 ratio of these will be discussed in Section 3.2.5.
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3.2.2.6 Summary

A combination of NMR techniques is demonstrated to fully assign the spectra of the
class of tpy and tppz Ru',Pt" mixed-metallic complexes. The assignments of the
resonances on [(tpy)Ru(tppz)](PFs),, [(tpy)Ru(tppz)PtCl1](PFg)s, and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s were confirmed by the direct evidence from 1D "H-NMR
and '”Pt-NMR, 2D 'H-'H COSY, 'H-'H NOESY and '"Pt-'"H HMQC, and variable
temperature dynamic NMR techniques. Precautions must be taken in assigning 'H
resonances in systems with significant ring current effects on the NMR spectra despite
the apparent simplicity of the 'H-NMR spectra. The molecular conformation, chelation
effect, electron withdrawing effect should also be taken into account when making
assignments. The results and information gained here can be applied for the assignments

of the "H NMR spectra of such tridentate complexes with substituted tpy/tppz ligands.
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3.2.3 Crystallography

The use of tppz as a bridging ligand has been an intriguing synthetic approach to

construct supramolecular building blocks due to tppz’s structure versatility.

3.2.3.1 Crystal Structure Determination

After numerous trials, the single crystals of [(tpy)Ru(tppz)PtCl](PFs); and
[CIPt(tppz)Ru(tppz)PtCl][PFcls suitable for X-ray crystallography were successfully
obtained (Special thanks are given to our X-ray crystallographer: Dr. Carla Slebodnick,
for her patient and professional assistance to help me solve the structures of the bimetallic
and trimetallic complexes, [(tpy)Ru(tppz)PtCl](PFs)3 and
[CIPt(tppz)Ru(tppz)PtCl][PF¢ls). The experimental crystallographic data and selected
bond lengths and angles for [(tpy)Ru(tppz)PtCl1](PF¢)3 and
[CIPt(tppz)Ru(tppz)PtCl][PF¢]4 are given in Tables 3.9, 3.10 and 3.11, and the
perspective views are illustrated in Figure 3.44.

In each structure, Pt" atoms displaying a distorted square planar geometry, and Ru"
centers display distorted octahedral geometry. The coordinated tppz adopted the saddle-
like configurations to relieve the steric repulsion arising from the H’ positions on
neighboring rings. The four pyridine rings are in alternating trans positions from the
pyrazine plane. Such binding mode causes a substantial distortion on the pyrazine rings
with the torsion angle in the pyrazine ring ranging from -14.24° to 21.60°. The X-ray
structures of these two complexes reveal some intermolecular interactions, such as C-
H---CI hydrogen bonds, C-H**m, m'*'7 interactions and Pt'**Pt interactions.

X-ray analyses reveal a racemic mixture of polymorphs with heterochiral packing
fashion in the crystal lattice for both [(tpy)Ru(tppz)PtCI](PFs); and
[CIPt(tppz)Ru(tppz)PtCl][PF¢l4. The M (like the nomenclature of S or A) and P (like the
nomenclature of A or R) descriptors are used to address the chirality of the skew-line

convention arising from the translation and rotation in the molecules, Figure 1. 25,200
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Figure 3.44. The 50% thermal ellipsoid representations of the cations
[(tpy)Ru(tppz)PtCl]3+ (top) and [ClPt(tppz)Ru(tppz)PtCl]4Jr (bottom) (tpy = 2,2"6',2"-
terpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine), the counterions, solvents and

hydrogens are omitted for clarity.
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Table 3.9. Crystallographic data collection and structure refinement parameters for

[(tpy)Ru(tppz)PtC1](PFs)s and [CIPt(tppz)Ru(tppz)PtC1](PF)4

Identification code

[(tpy)Ru(tppz)PtCl](PF¢)s

[CIPt(tppz)Ru(tppz)PtCl][PF¢]-2CH3CN-Et,O

Empirical formula
Formula weight
Space group

a (A)

b (A)

c (A)

o (%)

P

v ()

Volume (A’)

Z

Temperature (K)
Density (calcd.,
Mg/m”’)
Wavelength (A)
Absorption

coefficient (mm'l)
Final R indices

R indices (all data)

[C39H27CINgPtRu][PFg]3-C7Hg
1480.35
C2/c
16.4811(3)
31.2657(7)
19.9039(3)
90
94.364(2)
90
10226.6(3)
8

100(2)

1.923

0.71073

3.286

R1=0.0432, wR2 =0.1282

R1=0.0596, wR2 =0.1384

Cs6¢HasCloFo4 N14OP4Pt,Ru
2075.11
P2,/c
12.4793(2)
24.3668(5)
22.5775(4)
90
103.4360(10)
90

6677.5(2)

4

100(2)

2.064
0.71073

4.700

R1=0.0605, wR2 =0.1111

R1=0.0955, wR2 =0.1268
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Table 3.10. Selected bond length (A) and angles (deg) for [(tpy)Ru(tppz)PtCl](PFg)s.

Pt(1)-N(7) 2.012(6) N(2)-Ru(2)-N(1) 78.5(2)
Pt(1)-N(8) 1.947(6) N(5)-Ru(2)-N(6) 80.3(2)
Pt(1)-N(9) 1.999(6) N(8)-Pt(1)-N(9) 81.5(2)
Pt(1)-CI(1) 2.2971(19) N(8)-Pt(1)-CI(1) 179.58(17)
Ru(2)-N(1) 2.066(6) C(19)-C(20)-C(21)-C(22)  18.1(11)
Ru(2)-N(2) 1.989(6) C(20)-C(21)-C(22)-C(23) 21.2(12)
Ru(2)-N(3) 2.084(6) C(21)-C(22)-C(23)-C(24)  17.0(11)
Ru(2)-N(4) 2.066(5) C(31)-C(32)-C(33)-C(34) 19.7(11)
Ru(2)-N(5) 1.951(6) C(32)-C(33)-C(34)-C(35) 20.7(12)
Ru(2)-N(6) 2.050(5) C(33)-C(34)-C(35)-C(36) 14.4(11)
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Table 3.11. Selected bond length (A) and angles (deg) for [CIPt(tppz)Ru(tppz)PtCI](PFs)a.

Pt(1)-N(1) 1.923(8) N(1)-Pt(1)-C1(1) 177.4(2)
Pt(1)-N(3) 1.982(8) N(1)-Pt(1)-N(3) 82.0(3)
Pt(1)-N(4) 1.999(9) N(5)-Ru(1)-N(6) 157.2(3)
Pt(1)-CI(1) 2.291(2) N(8)-Pt(2)-N(12) 81.4(3)
Pt(2)-N(8) 1.928(7) N(8)-Pt(2)-C1(2) 179.7(3)
Pt(2)-N(12) 1.987(9) N(9)-Ru(1)-N(10) 158.0(3)
Pt(2)-N(11) 2.006(10) C(2)-C(1)-C(9)-C(8) 22.4(17)
Pt(2)-C1(2) 2.294(2) C(9)-C(1)-C(2)-C(15) 27.1(17)
Ru(1)-N(2) 1.982(8) C(1)-C(2)-C(15)-C(16) 11.8(16)
Ru(1)-N(5) 2.072(8) C(2)-C(15)-C(16)-C(17)  173.9(10)
Ru(1)-N(6) 2.086(8) C(3)-C(4)-C(20)-C(21) 19.8(16)
Ru(1)-N(7) 1.986(8) C(4)-C(3)-C(14)-C(13) 7.2(16)
Ru(1)-N(@©9) 2.070(8) C(14)-C(3)-C(4)-C(20) 30.6(17)
Ru(1)-N(10) 2.083(7) C(25)-C(26)-C(39)-C(40) 14.7(18)
N(2)-Ru(1)-N(7) 178.9(3) C(26)-C(25)-C(33)-C(32) 11.5(17)
N(2)-Ru(1)-N(5) 78.9(3) C(28)-C(44)-C(45)-C(46) 173.7(9)
N(7)-Ru(1)-N(9) 78.7(3) C(28)-C(27)-C(38)-C(37) 16.2(16)

C(33)-C(25)-C(26)-C(39) 23.9(17)
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The bimetallic complex, [(tpy)Ru(tppz)PtCI](PFs)s, crystallizes in the chiral Cy/c
space group. A discrete pair of enantiomers (Figure 3.45, A & B) is stacked in a head to
tail fashion in the solid state structure, in which the two Pt centers of the two independent
molecules in the unit cell have a PtPt distance of 3.3218(5) 10%, indicating a weak Pt Pt
interaction. As depicted in Figure 3.45 D, such packing pattern is stabilized by the two
C-H--Cl interactions, which are separated by a typical distance of 2.670 A, enhancing the
n*-1 stacking from the pyrazine planes. These pairs of racemic motifs propagate into two
dimensional grids via the offset face-to-face and edge-to-face n"'x interactions (Figure
3.45 E). Such packing mode resembles the analogous [M(tpy).]"" complexes with
orthogonal heteroaromatic ligand planes.*’

The trimetallic complex, [CIPt(tppz)Ru(tppz)PtCl](PFg)4, crystallizes in a chiral P2,/c
space group. Analysis of the crystal packing of [CIPt(tppz)Ru(tppz)PtCl](PFs)s reveals
that the molecules are arranged in different patterns compared to
[(tpy)Ru(tppz)PtCl](PF¢);. In the solid structure of [CIPt(tppz)Ru(tppz)PtCl](PF¢)4,
Figure 3.46 A & B, the tppz skeletons clearly adopt the saddle-like conformations with
the four pyridine units pointing up and down alternating with respect to the mean plane of
the pyrazine ring. This results in a pair of enantiomers, denoted as M-M and P-P. The unit
cell carries two pairs of enantiomers of M-M-*"P-P via C-H''w interactions (2.543 and
3.003 A), Figure 3.46 C & D. These two species are arranged in an alternating manner in
the supramolecular architecture. The short C-H--*Cl interactions (2.744 A and 2.771 A)
direct the self-assembly along a continuous one-dimensional chain, enhanced by © "*'n

interactions from the peripheral pyridine rings, Figure 3.46 E.
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C: Racemic M**P dimer

D: Intermolecular interactions in one pair
of enantiomers via Pt'Pt interaction
(3.322 A) enhanced by the C-HCl
hydrogen bonds (2.670 A).

E: Stacking of the two pairs of
enantiomers via face-to-face and edge-to-

face m'*'m interactions.

Figure 3.45. Illustration of the pairwise assembly of [(tpy)Ru(tppz)PtCl]3+ motif
comprises racemic dimer (M- *P). The intermolecular interaction via Pt-*-Pt and C-H---Cl

to form two paired dimers via face-to-face and edge-to-face n*'x stacking.
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C. Racemic dimer: M-M*--P-P

D: Intermolecular interactions in one
pair of enantiomers via C-H—=n

interactions.

E: Assembly of a continueous 1D
chain via C-H'*Cl hydrogen bonds
and mm stacking with a PtPt
distance of 4.699 A

Figure 3.46. Representation of the crystal structure of [CIPt(tppz)Ru(tppz)PtCI]**.
Racemic conformations of the trimetallic complex, M-M (A) and P-P (B) form the
racemic dimer (C) via C-H '« interactions (D), and the extension of the 1D chain via C-

H---Cl interactions (E).
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In summary, X-ray crystallographic data of the two complexes confirm the identity of
the metal complexes. In the tpy-capped bimetallic complex, [(tpy)Ru(tppz)PtCl](PFs)s,
Pt---Pt interactions dominate the supramolecular assembling with a Pt Pt distance of
3.3218(5) A, enhanced by the C-H'"Cl hydrogen bonds, Figure 3.45 D. In the open-
ended trimetallic complex, [CIPt(tppz)Ru(tppz)PtCl][PFsls, concerted interactions of the
two enantiomers combo can be extended to 2D lamellar assemblies by utilizing the self-
complementary molecular recognitions though C-H***Cl and & - & interactions, Figure

3.46,D.
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3.2.4 Morphology of the Aggregation

The X-ray analysis demonstrates the self-assembly of the trimetallic complex via
weak intermolecular interactions. With these results in mind, the self-assembly process
was further investigated by electron microscopy.

A strategy to build up the 3D supramolecular architecture was systematically made
from the 1D, 2D to 3D controlled assemblies. The two enantiomers were arranged in a
well-defined pattern. The morphology of the self assembling racemic compound was
further verified by scanning electronic microscopy (SEM) studies (SEM was carried out
using instruments in the Nanoscale Characterization and Fabrication Laboratory, a
Virginia Tech facility operated by the Institute for Critical Technology and Applied
Science (ICTAS)). The sample was prepared by casting a drop of CH3CN/Et,;O solution
of the [CIPt(tppz)Ru(tppz)PtCl](PFs)s on silica. The sample solution was the one in
which the single crystal was grown and solved by X-ray crystallography. As shown in
Figure 3.46, presumably, in the early stage, the molecular association and the growth of
the fibrous structure can occur most advantageously in dilute solution. Then the
aggregation should proceed to form a sheet-like structure at high concentration. The SEM
image of this mixture established that the sheet-like structure was constructed. With the
evaporation of the solvent, the lamellar structures are propagated to a 3D network leading
to the formation of the flower-like structure. Such characteristic structure is due to the
nature of the molecular geometry. This architecture opens the door for potential
application of these solid structures of the trimetallic complex as a catalytic material with
high surface area and channels containing reactive Pt sites.

The surface of the 3D flower-like image contains the fingerprints of the 1D fibrous
structures and 2D plate-like structures. It is notable that cooperation and/or competition
between the intermolecular interactions result in the formation of structures with different
morphologies. The 3D flower network is possibly initiated from any of the direction of a,

b or c axes.
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A: 1D fibrous assembly C: 3D flower-like assembly

N

D e { Bk NN “ Rl 5
) WD= Smm EHT= 500kv Date :30 Oct 2008 ) WD= 5mm EHT= 500KV Signal A= InLens
zhao-fiber1 | Frasto-75 Signal A= InLens tri-crystal — Vag= 200KX  Phode =72 Date :7 May 2008

B: zoomed 1D fibrous assembly D: zoomed 3D flower-like assembly

| N
WD = 5mm EHT = 5.00 kv Date :30 Oct 2008 8mm EHT=500kV Signal A = InLens

zhao-fiberl I oo ms Signal A= InLens tri-crystal ] S WMOKX  Pratoto =78 Date :7 May 2008

Figure 3.47. SEM images showing the self-assembly of the trimetallic complex,

[CIPt(tppz)Ru(tppz)PtCl][PFs]4, from 1D fiber to 3D flower-like arrays.
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3.2.5 'H-NMR Revisited

i :
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60°C C. Fast exchange

Figure 3.43. Selected region of the 400 MHz 'H NMR spectrum of
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s in CD3CN at -20, RT and 60 °C showing slow exchange

(A), coalescent (B) and rapid exchange (C) regimes.

The X-ray crystallography provides insight into the broadened "H-NMR spectrum of
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4, specifically for H°C and H’C peaks, Figure 3.43. From
the X-ray analysis, two stable conformations of the trimetallic complex, M-M and P-P are
confirmed in the solid state. These two stereoisomers have the same energy state because
of their symmetries and should give the same 'H-NMR spectrum. The two conformations
can convert to each other via an intermediate in solution. If there are two chiral centers in
one molecule, another meso type isomer is possible, M-P or P-M. As a result, the
exchange between M-M and P-P can take place at RT via the intermediate, M-P, with the
possible energy profile being illustrated in Figure 3.48. The exchange process between
the three stereoisomers can be studied by the variable temperature NMR experiments. By
lowering the temperature to -20°C, two individual resonances for H°C and H’C appears,
reflective of slow exchange between the M-M, P-P and M-P, P-M isomers. The 'H
resonances for both sets of isomers can be observed during this dynamic process at lower
temperature. The relative energy of these pair of isomers should be such that the

population of M-P (or P-M) is half of the total population of the two enantiomers, M-M
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and P-P although we can not rule out the reverse being true. Our data does not rule out
the possibility that M-P (or P-M) isomers are twice the population of the M-M and P-P
enantiomers. The M-P or P-M isomers are likely less stable conformations, because these
configurations require an unusual unusual distortion of the octahedral geometry at the Ru
center. The 'H-NMR spectrum at -20°C agrees with this interpretation with a 2:1
integration ratio from the two separated peaks. On the other hand, sharp resonances with
the expected splitting pattern for H°C and HC were observed at 60°C, indicating the

rapid exchange at this temperature.

Energy

Figure 3.48. Representation of the energy profile of the M-M, M-P and P-P stereoisomers
of the trimetallic complex, [CIPt(tppz)Ru(tppz)PtCIl](PF¢)4

The exchange rates (k) can be obtained from the NMR data by the following

equations for the fast exchange, coalescent and slow exchange:**
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P - AV,
fast
2(W 1/2,E_W1/2,0)

AR
k coalescence™ \/5
K o= TW 115 =W 1100)

where k is the exchange rate, Wy, is the peak width at half height, vy is the peak
frequency, Wg is the the peak width at half height at the limit of fast exchang, and W is
the the peak width at half height at the limit of no exchange.

Since H°C an HC are equally populated exchange sites with the identical ratio of 2:1,
the activation energy (A”G) can be calculated from the exchange rate (k) by the following

. 249
equation:

AG™= RT[23.8+In ?]

where R is the gas constant, T is the temperature in kelvin.

The exchange rate and activation energy of [CIPt(tppz)Ru(tppz)PtCI][PFs]s at RT can
be estimated as 62~93 s and 33~35 kJ/mol, respectively. Noteworthy, it is difficult to
determine the accurate exchange rate from the NMR data if there are two different
broadening positions, since this will cause two different Avy values. Additional
information such as the computational study could be carried out to support these
calculated values from NMR data in the future.

No broadening in the "H-NMR spectrum for [(tpy)Ru(tppz)PtC1](PFe)s is observed at
RT. Low temperature NMR of [(tpy)Ru(tppz)PtCI](PF¢); was carried out at -20°C. No
broadening and/or splitting of the peaks were observed. This supports the 'H-NMR
interpretation on the broadening of the trimetallic complexes. The bimetallic complex just
has two enatiomers (M and P), which give the same 'H-NMR spectrum. By contrast, the
trimetallic complex has diastereomer (M-M, P-P, M-P), which give the proton resonance

NMR spectrum with two distinctive peaks.
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Chapter 4. Electrochemical, Spectroscopic and Photophysical Properties

In this chapter, we study the response of the metal complexes to changes in redox
state and optical excitation. This provides insight into the ground and excited state

reactivity of these complexes as well as providing information about orbital energetics.

4.2 Electrochemistry

The electrochemical data of the title complexes [(tpy)Ru(tppz)PtCl](PFs); and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4, along with related complexes and free ligands, are given
in Table 4.12. The electrochemical properties are all measured in acetonitrile solution

with 0.1 M BusNPFs as the supporting electrolyte. All reported potentials (E;;) are
calculated by averaging the E and E ' obtained by cyclic voltammetry (CV), the

potential values are in V vs Ag/AgCl reference electrode (0.21 V vs. NHE) calibrated
against Fc/Fc™ couple (0.665 V vs. NHE).”' The redox processes are assigned based on

the electrochemistry of the free ligand tppz and tpy,> 2* ! 4% 22

and the reported
monometallic complexes of [Ru(tppz),]** and [(tpy)Ru(tppz)]** by Thummel,” Abruna®’
and our group®’. The potentials presented in Table 4.12 for these complexes are all based
on our own synthesized complexes under our own conditions for comparison. The CVs of

these complexes can be found in the Appendix, Figures A.12-14.
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Table 4.12. Electrochemical data for Ru" and Pt" of the tridentate complexes. Potentials
reported vs. Ag/AgCl (0.21 V vs. NHE) in CH3;CN with 0.1 M BusNPF; (tpy = 2,2":6',2"-
terpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine).

Compound Eiz2 (V vs. Ag/AgCl) Assignments
[Ru(tppz)2](PFs)2 1.54 Ry
-0.85 topz®”
-1.06 topz®”
[(tpy)Ru(tppz)](PFe) 1.42 Ru""
-0.95 tppz?"
-1.39 toy””
[(tpy) Ru(tppz)Ru(tppz)](PFe)4 1.51 Ru""
1.86 Ry
-0.30 topz®”
-0.82 tppz°"
[(tpy)Ru(tppz)Ru(tpy)](PFe)4 1.39 R
1.72 Ry
-0.45 topz®”
-0.94 tppz™>
[(tpy)Ru(tppz) PtCI)(PFs)s 1.63 RV
1.12 pt!Vv
-0.16 tppz°"
-0.70 topz >
[CIPt(tppz)Ru(tppz)PtCI](PFs)4 1.83 Ry
1.24 ptVv
-0.03 tppz”"
-0.17 tppz””
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Figure 4.49. Cyclic voltammetry of the monometallic complexes, [(tpy)Ru(tppz)](PFs)»
(A) and [Ru(tppz),](PFs),, (B) in CH3CN with 0.1 M BusNPFg, scan rate = 100 mV/s.
Potentials reported vs. Ag/AgCl (0.21 V vs. NHE), tpy = 2,2":6",2"-terpyridine, tppz =
2,3,5,6-tetrakis(2-pyridyl)pyrazine
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Figure 4.50. Cyclic voltammetry (A and B, scan rate = 100 mV/s) and square wave
voltammetry (C and D, Step potential E = 4 mV, S.W. Amplitude = 25 mV, Frequency =
15 Hz) of bimetallic complex, [(tpy)Ru(tppz)PtCl](PF¢); (A, C), and trimetallic complex,
[CIPt(tppz)Ru(tppz)PtCl](PFs)s (B, D) in CH3CN with 0.1 M BuysNPFg, Potentials
reported vs. Ag/AgCl (0.21 V vs. NHE), tpy = 2,26',2"-terpyridine, tppz = 2,3,5,6-
tetrakis(2-pyridyl)pyrazine
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4.2.1 Electrochemical Properties of Monometallic Precursors

The cyclic voltammograms of [(tpy)Ru(tppz)](PFs), was shown in Figure 4.49 (A).
One reversible oxidation (i,/i," = 1) and three reversible reduction (ip/i,’ =~ 1) were

II/111
VI etal

observed for [(tpy)Ru(tppz)](PF¢),. The oxidation at 1.40 V was assigned as Ru
based process, indicative of the Ru metal center as the site of the localization of HOMO.
The first reduction at -0.95 V was assigned as tppz”~ based reductions, reflective of the
ligand as the localization of the LUMO. The second reduction peak at -1.39 V
corresponds to tpy”” electron transfer. The third reduction at -1.61 V was assigned as a
second tppz based reduction, tppz”> on the basis of the reductions observed in the tpy,
and tppz free ligands and [Ru(tpy),](PFe),.”

The cyclic voltammograms of [Ru(tppz),](PFs), was shown in Figure 4.49 (B). One
reversible oxidation (i, /i," = 1) and two reversible redox (i, /i," = 1) processes were
observed. The oxidation at 1.54 V was assigned as Ru"™" metal based process. The two
successive reductions at -0.85 V and -1.06 V were ascribed to the first reduction for each

tppz. For comparison, the Ru'"™

couple of the monometallic synthon, [Ru(tppz),](PFé)a,
is shifted to more positive potential by 120 mV relative to [(tpy)Ru(tppz)](PFs),. The
more positive first reduction potential observed for [Ru(tppz),](PFs), compared to
[(tpy)Ru(tppz)](PFs), is due to the lower lying n* orbitals of the tppz than tpy, supporting
the ligand based reduction assignments on this type of metal complexes. Significant
adsorption and desorption peaks are observed upon ligand reduction and reoxidation.

The assignments of the cyclic voltammograms of [(tpy)Ru(tppz)](PFs), and
[Ru(tppz),](PFs), as well as the reported data here are consistent with previous reports of

Brewer,2” Thummel? and Abruna?0?7- 240

4.2.2 Electrochemical Properties of Ru",Pt" Mixed-metal Complexes

The cyclic voltammograms of [(tpy)Ru(tppz)PtCl](PF¢)3 and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s (Figure 4.50 A, B) were carried out at the same
conditions as the monometallic complexes. Comparing to the monometallic complex, the

cyclic voltammograms of Ru",Pt" mixed-metal complexes, particularly the trimetallic
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complex, are distorted and the peaks are ill-resolved. Significant adsorption and
desorption processes are also seen for these couples.

In the CV of [(tpy)Ru(tppz)PtC1](PFe)s, the i,7/i," # 1 for all reductive processes is
indicative of the quasi-reversible processes. Such quasi-reversible electrochemical
properties is consistent with the molecular association of [(tpy)Ru(tppz)PtCl](PF¢); in
solution.

The ESI-MS data suggests [(tpy)Ru(tppz)PtCl]3+ is associated in solution, giving
assembly of dimers, trimers, etc. For the dimer, this process can be expressed as
equilibrium balanced by the intermolecular attraction and coulombic repulsion

(electrostatic interaction):

[Ru,Pt]** + [Ru,Pt]*Y «<—— [Ru,Pt]*'[Ru,Pt]*

In an applied electrical field (potential), take the reduction process as an example, the
electroactive molecules ([Ru,Pt]3+) which are electrostatically distributed along the

electrode will be reduced by gaining electrons:

[RuPt]** +e — [Ru,Pt]*

This process is then reversed by switching the potential scan resulting in oxidation of

the electrochemically reduced species.

[Ru,Pt]** — [Ru,Pt]* +¢

In the reduced form, [Ru,Pt]2+ complex has a lower charge (+2 vs. +3) and should be
more prone to associate due to the decreased electrostatic repulsion.

The reduction and oxidation potential of the complexes should be sensitive to its
degree of association, and these processes occur at different potentials in the monomers,

/v

dimmers, etc. The Pt couple should be particularly sensitive to Pt...Pt associations
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in solution. This process should give rise to quasi-reversible and ill-reduced
electrochemistry.

A more distorted CV (Figure 4.50 B) was observed for the trimetallic complex,
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s than bimetallic complex, [(tpy)Ru(tppz)PtCl](PF¢)s. This
may result from the  different intermolecular  association  between
[(tpy)Ru(tppz)PtCl1](PFg)3 and [CIPt(tppz)Ru(tppz)PtCl](PFg)s4. The
[CIPt(tppz)Ru(tppz)PtCl](PFs)s should undergo chain-like molecular assembly as
demonstrated in the crystal structure. This complex has Pt at each end of the molecule.
Additionally, the [Ru(tppz),]** synthon displays more significant adsorption following
reduction which would further complicate the electrochemistry, Figure 4.49 (B).

A more sensitive voltammetric method, square wave voltammetry (SWV), is used to
provide better signal/noise ratio for [(tpy)Ru(tppz)PtCl](PF¢); (Figure 4.50 C) and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s (Figure 4.50 D). The SWV also display significant
adsorption behavior but allow better signal/noise. Interestingly, comparing the SWV of
[(tpy)Ru(tppz)PtCl](PF¢); and [CIPt(tppz)Ru(tppz)PtCl](PFs)4, a peak at ca 1.24 V was
observed for [CIPt(tppz)Ru(tppz)PtCl](PFs)4, ascribing to the irreversible oxidation of
Pt"".  This may be due to the “open-ended”  aggregation  of
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s will make Pt sites not involved in Pt'Pt bonding,
resulting in the observed oxidation. This value is comparable to the oxidation potential of
P in [(tpy)PtCl]+ at 1.15 V vs. Ag/AgCl in DMF (Appendix, Figure A.13). In
contrast, the Pt-ClI in [(tpy)Ru(tppz)PtCl](PFs); will be involved in Pt*"Pt bonding when
just two monomers assemble, weakening the signal from the any unassembled Pt

oxidation.

4.2.3 Comparison of Electrochemical Properties of Ru"Pt" Complexes

with their Monometallic Precursors

The electrochemistry of [(tpy)Ru(tppz)PtCl1](PF¢)3 and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s consist of Ru™ based oxidations and ligand based
reductions, Table 4.12. CV and SWV of these complexes display complicated

electrochemistry, which is reflective the composition of the electroactive subunits and
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intermolecular association in solution. The electrochemical properties provide insight into
the relative orbital energies of HOMO and LUMO.

The  electrochemical  properties  of [(tpy)Ru(tppz)PtCI](PFs);  and
[CIPt(tppz)Ru(tppz)PtCl](PFec)s as well as their monometallic synthons are compared.
The Ru center coordinated to two tppz ligands in [CIPt(tppz)Ru(tppz)PtCl](PFs), is more
difficult to oxidize (1.83 V vs. Ag/AgCl) relative to [(tpy)Ru(tppz)PtCl](PFe); (1.63 V vs.
Ag/AgCl), consistent with the better T accepting ability of the tppz ligand relative to tpy.
Platinum coordination to the monometallic synthons [(tpy)Ru(tppz)](PFs), and

[Ru(tppz),](PFs), also impacts the Ru"™ oxidation as evidenced by the Ry

couple of
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s occurring at the most positive potential, indicating the
Ru-based HOMO. The peak observed at 124 V vs. Ag/AgCl for
[CIPt(tppz)Ru(tppz)PtCl|(PFs), was assigned to the irreversible Pt”". The Pt""
oxidation occurred at a more positive potential in the trimetallic complex,
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 relative to the bimetallic complex,
[(tpy)Ru(tppz)PtCl1](PF¢); (1.12 V vs. Ag/AgCl), consistent with the more positive charge
of the trimetallic systems.

The reductive electrochemistry of [(tpy)Ru(tppz)PtCl](PFs)3 and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 display tppz based reductions that occur at significantly
more positive potentials compared to their monometallic synthons, [(tpy)Ru(tppz)](PFs).
and [Ru(tppz),](PF¢),, respectively, Table 4.12. This positive shift implies that the
coordination of Pt" to the remote site of tppz affords significant stabilization of the
tppz(1*) acceptor orbitals in [(tpy)Ru(tppz)PtCl1](PF¢)3 and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s. For example, the tpsz/ " couple shifts from -0.95 and
-0.85 V vs. Ag/AgCl in [(tpy)Ru(tppz)](PF¢), and [Ru(tppz),](PFe),, respectively, to -0.16
and -0.03 V in [(tpy)Ru(tppz)PtCl](PFs); and [CIPt(tppz)Ru(tppz)PtCl](PFs)4 respectively.
Stabilization of the tppz(mt*) orbital upon Pt coordination is significantly larger than with
Ru coordination where the tppz” process occurs at -0.30 V vs. Ag/AgCl for
[(tpy)Ru(tppz)Ru(tppz)](PF6)4.20 This is consistent with the electrochemistry of
[(bpy)zRu(dpp)PtClz]2+ Vs [(bpy)zRu(dpp)Ru(bpy)2]4+,121 which shows the ligand based
first reduction at -0.49 V and -0.66 V after and before the Pt coordination. These tppz

bridged systems have very low ligand based reduction potentials.
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The electrochemical properties of [(tpy)Ru(tppz)PtCl1](PF¢)3 and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 establish a Ru(dw) HOMO (highest occupied molecular
orbital) and tppz (m*) LUMO (lowest unoccupied molecular orbital) in these structural
motifs. The electrochemistry predicts a lowest lying Ru(dm)—tppz(m*) SMLCT excited
state  with a lower energy MLCT for [(tpy)Ru(tppz)PtCl](PFs); than
[CIPt(tppz)Ru(tppz)PtCl1](PFg)4.

4.3 Electronic Absorption and Emission Spectroscopy

Ruthenium polypyridyl complexes exhibit intense transitions in the UV region arising
from the ligand based n — n and © — = transitions. The visible regions of the electronic
absorption spectra display a large red shift upon complexation of Pt. The visible region is
dominated by MLCT transitions from each metal to each acceptor ligand. The emission
of polyazine complexes arises from the lowest lying *MLCT. A summary of the light

absorbing and photophysical properties are given in Table 4.13.

Table 4.13. Summary of the spectroscopic data of [(tpy)Ru(tppz)PtCl](PFs); and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 with their precursors, where tpy = 2,2":6',2"-terpyridine,
tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine.

Complex Ao eat A A T
(nm)* (x10*M'em™)  (nm)’ (ns)"
[(tpy)Ru(tppz)](PFe), 472 1.6 667 67
[Ru(tppz).](PF¢)2 478 23 646 81
[(tpy)Ru(tppz)PtCl](PFs),» 530 2.8 810 N/A®
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 538 3.0 754 80

* Reported for the lowest energy 'MLCT;
® Measured in deoxygenated CH3;CN;

¢ Weak emission for which an accurate lifetime can not be measured.
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Figure 4.51. Electronic absorption and emission spectra for the mixed-metal
supramolecular complexes and monometallic synthons (A) [(tpy)Ru(tppz)](PF¢), (-----
)and  [(tpy)Ru(tppz)PtCI](PFs)y (—) and (B) [Ru(tppz)2](PFg); (—-) and
[CIPt(tppz)Ru(tppz)PtCl](PFs)s (—) measured in CH3CN at RT (tpy = 2,2°,6',2"-
terpyridine and tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine).
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4.3.1 Electronic Absorption Spectroscopy

Light absorbing properties of the title complexes were investigated by electronic
absorption spectroscopy. The electronic absorption spectra of the bimetallic and
trimetallic complexes with their monometallic synthons are summarized in Table 4.13
and the spectra shown in Figure 4.51.

The monometallic synthons display m—7* transitions in the UV with MLCT
transitions in the visible to both acceptor ligands with the Ru—tppz CT band being
lowest in energy.”?' This [Ru(tppz),](PFe)> MLCT band (A = 478) slightly shifts to
lower energy compared to [(tpy)Ru(tppz)](PFs), (Amax™™ = 472). This red shift is a result
of the stabilization of the tppz * acceptor orbital, consistent with their electrochemical
properties.

The complexes [(tpy)Ru(tppz)PtCl](PF¢); and [CIPt(tppz)Ru(tppz)PtCl](PF¢)s are
efficient light absorbers displaying intraligand (IL) m—7* transitions in the UV and
MLCT transitions in the visible, with the lowest energy transition being Ru(dn)—tppz(m*)
MLCT in nature. Consistent with the stabilization of tppz(w*) orbital upon Pt
coordination, the Ru(dm)—>tppz(n*) MLCT transitions are red shifted in
[(tpy)Ru(tppz)PtC1](PFe)3 (Amax'™ = 530 nm) and [CIPt(tppz)Ru(tppz)PtC1](PFe)s Amax™"
= 538 nm) relative to their monometallic synthons. This stabilization of the tppz(w*)
orbital is consistent with the positive shift of the tppz” couple, as observed in the
electrochemistry of [(tpy)Ru(tppz)PtCl](PFs); and [CIPt(tppz)Ru(tppz)PtCl](PFe)a,
relative to their monometallic synthons. The spectroscopic properties of
[(tpy)Ru(tppz)PtCI1](PF¢); and [CIPt(tppz)Ru(tppz)PtCIl](PFs)s suggests that upon light

absorption, charge transfer is promoted towards the coordinated Pt center to the tppz BL.
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4.3.2 Luminescent Properties of [(tpy)Ru(tppz)PtCl](PFs); and

[CIPt(tppz)Ru(tppz)PtCl](PF¢),

Ruthenium polyazine complexes often possess lowest lying "MLCT states that are
emissive. The prototypical bis-tridentate complex [Ru(tpy),]**, is not emissive, attributed
to the presence of low-lying ligand field CLF) states that are thermally accessible at room
temperature leading to rapid deactivation of the Ru(dm)—tpy(mw*) MLCT state.
Ruthenium complexes of the tridentate BL tppz have been shown to be emissive due to
stabilization of the Ru(dm)—tppz(m*) SMLCT state, which limits thermal population of
the °LF state. The RT emission spectra recorded in deoxygenated CH3CN solutions of the
monometallic complexes [(tpy)Ru(tppz)](PF¢), and [Ru(tppz),](PFe), and the trimetallic
complex, [CIPt(tppz)Ru(tppz)PtCl](PF¢)4, are shown in Figure 4.51. The complexes
[(tpy)Ru(tppz)](PFs), and [Ru(tppz),](PF¢), emit at 668 and 646 nm, respectively.

The trimetallic complex [CIPt(tppz)Ru(tppz)PtCl](PF)4 displays a Ru(dm)—tppz(m*)
SMLCT emission centered at 754 nm with an excited state lifetime (t) of 80 ns and @™
of 54 x 10" The photophysical properties of [CIPt(tppz)Ru(tppz)PtC1](PFs) are
comparable with [(tpy)Ru(tppz)Ru(tppz)](PFe)s; Amax = 830 nm, T = 100 ns; and & =
4.0 x 10**° The Ru(dm)—tppz(n*) *MLCT emission of [CIPt(tppz)Ru(tppz)PtC1](PF),
complex is significantly red-shifted relative to [Ru(tppz),](PFe),, consistent with the
stabilized tppz(m*) orbital upon Pt" coordination. The intense emission of
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 affords a probe into its excited state reactivity and the 80

ns lifetime, significant time for excited state reactions.
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4.3.3 Concentration Dependent Study of the Luminescent Property of

[(tpy)Ru(tppz)PtCl](PF¢)s

The difference in excited state properties of [(tpy)Ru(tppz)PtCI](PFs); and
[CIPt(tppz)Ru(tppz)PtCl](PFs)s complexes is an interesting result imparted by the
difference in their structures. Platinum terpyridine complexes are known to undergo
intermolecular Pt Pt interactions that lead to quenching of the otherwise emissive
*MLCT excited states. Such an interaction in our system is supported by the ESI-MS data.
From the single crystal structure, the Pt Pt interactions were observed in the solid state
for [(tpy)Ru(tppz)PtCl](PFs)s. The Pt Pt interactions in [(tpy)Ru(tppz)PtCl](PFe); to
quench the *MLCT excited state requires the assembly of only two molecules, such
quenching effect is concentration dependent. Measured under typical conditions,
[(tpy)Ru(tppz)PtCl](PF¢); does not display a detectable emission. When a CH3;CN
solution of [(tpy)Ru(tppz)PtCl](PFe); is diluted to below 2.5 x 10™ M, an extremely weak
emission is observed at 810 nm (Figure 4.52). The emission intensity increases with
decreasing metal complex concentration in marked contrast to most chromophores. This
implies association via Pt Pt interactions quenchs the emission of the bimetallic and the
equilibrium of assembly lies largely towards assembled dimers, trimers, etc.

There is one emitting state in the monomer of bimetallic complex. The bimetallic
complexes are prone to undergo intermolecular association in solution. Take the dimer of
bimetallic complex as an example (Figure 3.45, C), both emitting states in the dimer is
quenched via a direct attachment of the tppz to a Pt engaged Pt Pt assembly. By contrast,
the trimetallic complex is emissive even at higher concentrations. There are two emitting
states in the monomer of the trimetallic complex. When the trimetallic molecules undergo
intermolecular associations, take the dimer of trimetallic complex as an example (Figure
3.46, C), the two external emitting states should not be quenched even though the two
internal emitting states are quenched. The emission of trimetallic complex might arise
from the two external emitting states in the dimers. Even with large aggregation, the
trimetallic complex has at each end unassembled Ru-tppz-Pt units. These SMLCT states
can’t all be quenched on the two tppz ligands in [CIPt(tppz)Ru(tppz)PtCl](PFs)s even

with assembly.
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Figure 4.52. The concentration dependent emission spectra of [(tpy)Ru(tppz)PtCl1](PFg)s
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4.3.4 Solid State Emission Property of [CIPt(tppz)Ru(tppz)PtCl1](PFs),

Solid state emission was probed and [CIPt(tppz)Ru(tppz)PtCl](PFs)s maintains the
characteristic "MLCT emission at Ama"™ = 764 nm, while [(tpy)Ru(tppz)PtC1](PFs); does
not display a detectable emission in the solid state, Figure 4.53.

Confocal laser induced emission scanning microscopy was applied to compare the
luminescence difference between the bimetallic and trimetallic complexes (The
experiments were conducted with the assistance from Dr. Kristi R. DeCourcy at Virginia

Tech). No signal was observed for bimetallic powder in the confocal image, Figure 4.53

(A). In contrast, the trimetallic powder displays intense emission, Figure 4.53 (B).

Figure 4.53. Confocal laser scanning microscopy analysis of bimetallic powder
[(tpy)Ru(tppz)PtCl](PF¢)3 (A), trimetallic powder of [CIPt(tppz)Ru(tppz)PtCl](PFs)s (B).
The samples were excited with the 543 nm laser line (helium-neon) and emission

detected by using a long pass filter (>633 nm).
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Chapter 5. Applications: Metal Complex-DNA Interactions

The design of mixed metal supramolecular complexes of the type described above
involves the coupling of a ruthenium polyazine light absorber to platinum bioactive sites.
The supramolecular assemblies provide a TL-LA-BL-BAS (TL = terminal ligand, LA =
light absorber, BL = bridging ligand, BAS = bioactive site) architecture in the bimetallic
complex, [(tpy)Ru(tppz)PtCl](PF¢);, and BAS-BL-LA-BL-BAS architecture in the
trimetallic complex, [CIPt(tppz)Ru(tppz)PtCl](PFs)s. These complexes are unique in
their coupling of Ru bis(tridentate) LA units to a Pt" center.'”

The Ru",Pt" bimetallic complexes are efficient light absorbers. The tppz BL provides
a low lying m* acceptor orbital affording a stabilized MLCT state. Both title complexes
possess low energy absorptions corresponding to the Ru(dn)—tppz(n*) MLCT transition
at 530 nm and 538 nm for [(tpy)Ru(tppz)PtCl](PFs); (¢ = 2.8x10* M'ecm™) and
[CIPt(tppz)Ru(tppz)PtC1](PEe)4 (¢ = 3.0x10* M'em™), respectively, as shown in Figure
4.51.

5.1 Thermal Binding Study

The BAS Pt  site in  the  [(tpy)Ru(tppz)PtCl](PFs);  and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s complexes possesses a labile chloride ligand similar to
cisplatin. This labile site should allow for the covalent binding of these complexes to the
nitrogen bases of DNA. The ability of the complexes to bind double stranded DNA was
therefore examined by agarose gel electrophoresis. The DNA binding assays shown in
Figure 5.54 and Figure 5.55 were conducted by Mr. A. J. Prussin, IL.'* This method
provides a useful means for assessing covalent binding to DNA and comparing the
binding properties of different metal complexes. The principle of this method is that
molecules migrate in the gel as a function of their mass, charge, and shape, with
supercoiled DNA migrating faster than open circular molecules of the same mass and
charge. For these studies, the complexes were incubated for 2 hours with pUC18 plasmid

DNA in phosphate buffer. Small aliquots of the solutions (10 pL containing 0.1 pg of
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DNA) were mixed with 2 pL glycerol based gel loading buffer and loaded into the wells
of a gel made with 0.8 % w/w agarose, 0.55 % w/w boric acid, and 1.08 % w/w Trisbase.

The DNA binding abilities of the [(tpy)Ru(tppz)PtCI](PF¢);  and
[CIPt(tppz)Ru(tppz)PtCl](PFs)s complexes were first probed as a function of the DNA
base pair (BP) to metal complex (MC) ratio. DNA binding assays for these complexes
and cisplatin are shown in Figure 5.54. In this study the metal complexes were
incubated with circular pUCI18 plasmid DNA at various BP:MC ratios at room
temperature (RT) prior to analysis by agarose gel electrophoresis. In each case, lane A is a
molecular weight standard (23, 9.4, 6.6, 4.4, 2.3 and 2.0 kb). Lane C is the pUC18 DNA
controls, showing the major supercoiled (Form I) and minor nicked (Form II) forms of
the circular plasmid. Lanes 1-8 are the pUC18 DNA incubated with BP:MC ratios as 1:1,
2:1, 3:1, 5:1, 10:1, 20:1, 30:1, and 50:1, respectively.

Both title complexes bind to DNA as illustrated by the retardation of migration of the
pUC18 plasmid through the agarose gel. This effect was found to be greater for both title
complexes than for cisplatin (Figure 5.54 A, B, and C). This more pronounced effect has
also been observed for the related bpy and tpy systems and could result from the higher
cationic charge and molecular mass of our supramolecular complexes compared to
cisplatin, from enhanced DNA binding or from larger changes in DNA structure upon
MC binding.'?" *** The migration of DNA in the presence of the trimetallic complex,
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4, at a 10:1 BP:MC ratio was comparable to its migration in
the precence of bimetallic complex, [(tpy)Ru(tppz)PtCI](PF¢)s;, at a 5:1 BP:MC ratio as
shown in Figure 5.54 B, C. This is consistent with the number of BAS in these metal
complexes, implying that both Pt" sites can bind to DNA in the trimetallic complex.
Although the type of adduct that is formed (interstrand, intrastrand or monofunctional)
cannot be determined from these experiments, these results confirm the covalent binding
mode of these metal complexes with DNA and their promise as a new class of anticancer
drugs having DNA as a target.

The impact of temperature on the covalent binding of [(tpy)Ru(tppz)PtCl](PFe); and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 to circular plasmid DNA was also examined. Circular
DNA contains a constant number of superhelical turns. A compound that unwinds DNA

reduces the number of superhelical turns and therefore slows its migration through the gel.
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This supercoiling of DNA has been shown to be disrupted by binding of the metal
complexes such as cisplatin.”>’*° Cisplatin induces DNA unwinding process followed by
crosslinking to reduce the size of the cisplatin-DNA adduct.”® Lippard and coworkers
have quantitatively determined the degree of DNA unwinding produced in specific

adducts of cisplatin.*®!
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Figure 5.54. Binding study of cisplatin (A), [(tpy)Ru(tppz)PtCl](PFs); (B), and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s (C) using circular plasmid pUC18 DNA with different
BP:MC ratios at RT. Lanes 1, 2, 3, 5, 10, 20, 30 and 50 are the metal complex-DNA with
the BP:MC ratios as 1:1, 2:1, 3:1, 5:1, 10:1, 20:1, 30:1, and 50:1 respectively. tpy =
2,2":6’,2”-terpyridine and tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine).

In this study, BP:MC ratios of 5:1 and 10:1 were used for [(tpy)Ru(tppz)PtCl](PFs);
and [CIPt(tppz)Ru(tppz)PtCl](PFg)4, respectively, to maintain the same stoichiometry of
Pt" BAS to DNA BPs. The results of this study are shown in Figure 5.55. In all four
panels, lane A corresponds to the molecular weight marker. Lane C is the pUC18 DNA
control. Lanes 4, 25, 37, and 50 are the MC-DNA mixture incubated at 4, 25, 37, and
50°C, respectively for 2 hours. As a control, circular plasmid pUC18 DNA was incubated
at different temperatures in the absence of metal complex, showing that this treatment by
itself had no effect on the conformation of the plasmid (Figure 5.55 A). In contrast,
incubation with cisplatin (Figure 5.55 B) resulted in retardation of DNA migration

through the gel due to the unwinding of the supercoiled DNA, an effect that was
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substantially enhanced with increasing incubation temperature (Figure 5.55 A, lanes 4,

25 and 37). The plasmid exhibited the slowest migration in the sample incubated at 37°C,

L C 1 2 3 SBPMC A C 1 2 3 5 10 20 30 50BPMC A C 1 2 3 5 10 20 30 50BPMC
A B C
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Figure 5.55. The impact of temperature on DNA binding to pUC18 DNA by metal
complexes (A), cisplatin with 5:1 BP:MC (B), [(tpy)Ru(tppz)PtCl](PFs); with 5:1
BP:MC (C), and [CIPt(tppz)Ru(tppz)PtC1](PFs), with 10:1 BP:MC (D) at 4°C, 25°C,
37°C and 50°C. (tpy = 2,2:6"2"-terpyridine and tppz = 2,3,5,6-tetrakis(2-
pyridyl)pyrazine).

suggesting that cisplatin had fully unwound the DNA in this case. At 50°C (Figure 5.55 A,
lane 50), cisplatin appeared to have introduced negative supercoils into the DNA, causing
the plasmid to migrate more rapidly through the gel. Similar patterns have been reported
in kinetic studies of cisplatin-DNA binding.258’ 260 The title complexes,
[(tpy)Ru(tppz)PtCl](PFs); and [CIPt(tppz)Ru(tppz)PtCl](PFe)s, also reduced the
migration of DNA in the gel as a function of temperature. This suggests that covalent
binding of the MC to DNA is enhanced with increased incubation temperature, resulting
in unwinding of the supercoiled DNA. However the title complexes did not lead to DNA
compaction or rewinding at 50°C as observed for cisplatin (lane 50 in Figure 5.55 B, C,
and D). This may reflect a difference in the type of binding of our metal complexes
compared to cisplatin, which is not surprising given the single labile Pt-Cl bond on the
BAS compared to two Pt-Cl labile bonds in cisplatin. Single labile Pt-Cl bonds in our
complexes only allow for the formation of monofunctional DNA adducts compared to the

bifunctional DNA adducts formed by cisplatin. In the trimetallic complex of
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[CIPt(tppz)Ru(tppz)PtCl](PF¢)4, there are also two Pt-Cl BAS at 180° vs. the 90° in
cisplatin. This might allow the trimetallic interact to form more inter-strand crosslinks of
DNA vs. the primarily intrastrand crosslinking presented by cisplatin. In addition, the
bimetallic and trimetallic complexes have higher positive charges than cisplatin. The
higher cationic charge and molecular weight of these mixed-metal complexes could result
in a higher degree of DNA binding or a larger impact on DNA structure relative to
cisplatin.

In summary, studies were performed on the interaction with DNA of Ru",Pt" mixed-
metal supramolecular complexes of the form LA-BL-BAS and BAS-LA-BL-BAS. The
complexes, [(tpy)Ru(tppz)PtCl](PFs); and [CIPt(tppz)Ru(tppz)PtCl](PF¢)4, represent the
first Ru",Pt" polyazine systems bridged by tppz BL shown to bind DNA. These
complexes are efficient light absorbers with intense transitions throughout the UV and
visible with the lowest transition being MLCT in nature to the tppz acceptor orbital. The
title complexes exhibit enhanced modification of DNA structure as compared to a well
known anticancer drug, cisplatin at much higher BP:MC ratios, displaying their promise
as a new class of anticancer agents. DNA binding was also shown to be temperature
dependent. The metal complexes, [(tpy)Ru(tppz)PtCl1](PFg)3 and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4, displayed apparent enhanced unwinding of DNA with
increase in temperature. The temperature dependent DNA interaction of the designed
complexes was found to be different from that of cisplatin, presumably due to the
presence of only a single labile chloride, higher molecular weight and positive charge in
the title complexes compared to cisplatin. Work is currently in progress to further explore

the mechanism of DNA binding of these and related systems.
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5.2 Light Activated DNA Interactions

The emissive trimetallic complex [CIPt(tppz)Ru(tppz)PtCI|Cly was studied further to
assay light activated interactions of the complex with DNA. An emission titration and
light activated agarose gel electrophoresis study were performed to investigate the
photoinitiated interactions of this complex with DNA. In the emission titration studies,
the emission properties of the trimetallic complex [CIPt(tppz)Ru(tppz)PtCI]Cls at a
constant concentration ¢ = 1.3x10° M in an aqueous 10 mM sodium phosphate buffer
(pH = 7) were monitored upon exposure to disodium-guanosine-5-monophosphate
(Na,GMP), supercoiled pUC18 DNA and calf thymus DNA with the ratios of BP:MC =5,
10, 20 and 40. In the gel electrophoresis study, a gel shift assay was planned to probe the
photoreactivity of [CIPt(tppz)Ru(tppz)PtCl]Cls with DNA using circular pUCI18 with a
20:1 BP:MC ratio in an aqueous 10 mM sodium phosphate buffer (pH =7). The solutions
were photolyzed with a SW LED at 455 nm for one hour, and then assayed using gel

electrophoresis and electronic absorption spectroscopy

5.2.1 Emission Titration

An emission ftitration experiment was conducted with the trimetallic complex
dissolved in 10 mM sodium phosphate buffer (pH = 7) with addition of the
dexoynucleotide disodium-guanosine-5'-monophosphate (Na,GMP). A solution of
1.3x10° M [CIPt(tppz)Ru(tppz)PtCI|Cl; in 10 mM phosphate buffer (pH = 7) was
assayed by emission spectroscopy. The emission was monitored as a function of added
Na,GMP. When the trimetallic complex was exposed to increasing amount of Na,GMP,
reduction of emission was observed, Figure 5.56. The chloride salt of trimetallic complex
[CIPt(tppz)Ru(tppz)PtC1]Cl, showed luminescence in the aqueous solution (Apa" = 748
nm in H,O). This emission is similar to that observed for the PFg salt of trimetallic
complex in the organic solvent CH3CN (Apax = 764 nm). Upon introduction of Na,GMP
to an aqueous solution of the [CIPt(tppz)Ru(tppz)PtC1]**, the luminescence was quenched.
The GMP could bond to the Pt site of the complex leading to an expected shift in the
emission maxima. For this complex, emission quenching is seen. The guanine (G)

(Eoxaomp= 0.80 V vs. Ag/AgCl in aqueous solution)262 is highly susceptible to oxidative
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due to its lowest oxidation (oxd) potential among the four bases (G, C, A and T). Adding
Na,GMP to the [CIPt(tppz)Ru(tppz)PtCI|Cl, solution may result in excited state electron
transfer or energy transfer quenching of the Ru chromophore. This would lead to
quenching of the Ru *MLCT emission. The *MLCT excited states of Ru chromophores
are often good oxidizing agents. The excited state reduction potential of the trimetallic
complex can be estimated by the Eq of the excited state (ES) and the ground state (GS)
reduction (red) potential of the trimetallic complex. This analysis provides:

MC + hv — MC*
Ered™ = Ered™ + Eo.g = 0.28 V vs. Ag/AgCl
This provides the driving force for the reactions (EredES < Eoxa/gmp):
MC* + G — MC + G" (Eredox)

ES
Eredox = Eoxdaiomp —Ered/trimetatiic complex = 052V

Since the change in Gibbs free energy (AG) can be computed from E.qox. The sign of
the change in free energy (AG = -nEF < 0) associated with this process indicates the
reaction will procede spontaneously.

Similar emission titration experiments were performed on
[CIPt(tppz)Ru(tppz)PtCl]Cly with addition of calf thymus or pUC18 DNA at BP:MC
ratios of 5, 10, 20, and 40. After addition of even the lowest amount of DNA, no emission
was detected in either case. The polyanionic properties of calf thymus or pUC18 DNA
should faciliate the metal complex and DNA association leading to enhanced quenching

of the luminescence of [CIPt(tppz)Ru(tppz)PtCl]Cly.
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Figure 5.56. Emission titration data for of 1.3x10™ M [CIPt(tppz)Ru(tppz)PtC1]Cl4 in 10
mM phosphate buffer (pH = 7) upon addition of guanosine 5'-monophosphoric acid
disodium salt (Na,GMP) with the 5, 10, 20 and 40 Na,GMP:MC ratios. The solution was
deoxygenated by bubbling with Ar for 15 minutes before conducting the emission

measurements.

5.2.2 Photoreactivity of [CIPt(tppz)Ru(tppz)PtCl]Cl, with DNA

The complex [CIPt(tppz)Ru(tppz)PtCl]Cl; was dissolved in 10 mM phosphate buffer
(pH = 7) and combined mixed with pUC18 DNA in a 20:1 BP:MC ratio. The effect of
irradiation at 455 nm using a 5 W LED light source were then examined using a gel
electrophoresis assay. Interestingly, a reddish precipitate was observed after irradiation of
the trimetallic complex/pUC18 (BP:MC = 20) sample for one hour. The morphology of
the condensate of DNA with the trimetallic complex is illustrated in Figure 5.57. This

structure is characteristic of condensed DNA morphology. DNA condensation behaviors
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has been observed for ruthenium (II) polypyridyl complexes although to date no
demonstration of light activated DNA condensation is reported.”®™ The electronic
absorbance spectra (Figure 5.58) of the photolyzed solution before and after photolysis
indicate that neither the cationic trimetallic complex nor the anionic DNA are present in
solution after photolysis. This solution has essentially no light absorbing species present.
When loaded the supernatant to an agarose gel, no DNA was observed for the gel
electrophoresis assay of pUCI18 after photolysis, Figure 5.59. In this figure, Lane A
represents Lambda DNA HindIIl digest molecular weight marker, Lane C represents

pUC18 DNA without the metal complex, which shows that the pUC18 DNA exists

e ¥ 3 3 - N -
um WD= 7mm EHT= 500kV Date :6 Nov 2009 i PUC 18 20um WD= 7mm EHT=5.00kV Date 6 Nov2009
Msgs 200KX P
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Figure 5.57. The morphology of the condensed pUC18 DNA with the trimetallic
complex at a 20:1 BP:MC ratio irradiated at 455 nm for 1 hr using a 5 W LED light

source.

primarily in the supercoiled form. Lane 1 represents the supercoiled pUC18 DNA with
the trimetallic complex added (BP:MC = 20) without photolysis, which shows the
trimetallic complex binds to DNA providing a slight slowing of migration of the pUCI18
DNA through the gel. Lane 2 represents the sample photolyzed with 455 nm LED for one
hour, which contains no dectable DNA, suggesting that no DNA is left in the solution. It
is well known that cationic metals with high charge density such as Mg2+ can condense
DNA,** providing a compact less soluble form. The observed photochemistry of the
trimetallic complex with DNA is consistent with light activated DNA condensation. This

is not typically seen for Ru",Pt" polyazine complexes. To the best of our knowledge, this
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observation is the first case of light activated DNA condensation by a metal complex. The
nature of the trimetallic complex provides the possibility for multiple binding modes with
DNA as we indicated in Section 5.1. In the presence of light, the excited metal complex
may lose chloride to give rise to enhanced DNA crosslinking. This light induced binding
to DNA by two sites on one molecule can lead to crosslinking and compaction of DNA.
Such DNA condensation provides possible areas to inhibit DNA unwinding and double
strand separation needed for cell replication. This exciting new method to use visible
light to efficiently condense DNA should provide an oxygen independent means to
prohibit DNA replication in cancerous cells, may offer a new approach into development
of light activated cancer treatment. The application of these systems in photodynamic
therapy is underway. Further study is required to elucidate the detail of the DNA-MC

interaction mechanism. This unusual result is the subject of ongoing investigation.
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Figure 5.58. Electronic absorption spectra of [CIPt(tppz)Ru(tppz)PtCl]Cl, in the absence

(—) and presence of pUC18 (—) and following photolysis (—) in 10 mM phosphate
buffer (pH = 7). Sample was photolyzed with 455 nm light from a SW LED for one hour.
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Figure 5.59. Agarose gel electrophoresis studies on the MC-DNA interactions of the
complex [CIPt(tppz)Ru(tppz)PtCI|Cly with BP:MC = 20. Lane A is the Lambda DNA
hindIII digest molecular weight marker with bands at 23.1, 9.4, 6.6, 4.4, 2.3 and 2.0 k
base pairs, Lane C is pUC18 DNA control without added metal complex, Lane 1 is the
metal complex with pUC18 DNA at a 20:1 BP:MC ratio without photolysis, and Lane 2
is the metal complex with pUC18 DNA at a 20:1 BP:MC ratio after 1 hr photolysis at 455
nm using a 5 W LED light source. SC = supercoiled pUC18 DNA, OC = open circular
pUCI18 DNA.
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Chapter 6. Conclusions and Future Work

6.1 Highlights of the Contributions

The design, synthesis, identification, characterization and DNA binding properties of
Ru",pt" mixed-metal supramolecules, [(tpy)Ru(tppz)PtCl](PFg)3 and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4 (tpy = 2,2":6',2"-terpyridine and tppz = 2,3,5,6-tetrakis(2-
pyridyl)pyrazine), were reported in this dissertation focusing on stereochemistry,
electrochemistry, photochemistry and biochemistry. A variety of analytical techniques
including mass spectrometry, NMR spectroscopy, X-ray crystallography, scanning
electron microscopy, cyclic voltammetry, electronic absorption spectroscopy, emission
spectroscopy, confocal laser induced spectroscopy, and DNA gel electrophoresis have
been used for characterization of these RuH,PtH mixed-metal supramolecules. Here are the

main accomplishments in this dissertation:

1. Two mixed-metal tppz bridged complexes have been prepared and studied in

detail that couple a Ru light absorber to a reactive Pt metal center.

2. The composition and  geometry of mixed-metal complexes
[(tpy)Ru(tppz)PtCl1](PF¢); and [CIPt(tppz)Ru(tppz)PtCl](PFs)s was confirmed
in solid state by X-ray crystallography and in solution by NMR techniques.

3. The chirality of these tridentate complexes bridged by tppz in solution was
demonstrated for the first time since the discovery of the tppz ligand at 1959.
The stereoisomers were characterized by analyses of the single crystal

structures and NMR spectroscopy.
4. Electrochemically, a very low first tppz-based reduction was observed in each

of the complexes: [(tpy)Ru(tppz)PtCl](PF¢)3 and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4, predicting a low-lying *MLCT. This low-
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lying MLCT is essential to initiate a photochemical reaction with low energy

light.

5. An emissive tridentate complex, [CIPt(tppz)Ru(tppz)PtCI](PFg)s Amax” = 754
nm and t = 80 ns) was reported. In contrast, a barely detectable emission was
observed for its analog, [(tpy)Ru(tppz)PtCl](PFe);. A design consideration that
should be generally applicable.

6. One of the most interesting discoveries was the light-activated DNA
condensation by the trimetallic complex, [CIPt(tppz)Ru(tppz)PtCl](PFs)4. This
new reactivity provides a totally unprecedented mode of action for

photodynamic therapy.

6.2 Conclusions in Detail

This work involved the design and synthesis of the mixed-metal complexes,
[(tpy)Ru(tppz)PtCl1](PF¢); and [CIPt(tppz)Ru(tppz)PtCl](PFs)4, that couple the Pt reactive
center to the ruthenium-based chromophore via a tppz bridging ligand. These
supramolecular assemblies provide a TL-LA-BL-RM (TL = terminal ligand, LA = light
absorber, BL = bridging ligand, RM = reactive metal center) architecture in the bimetallic
complex, [(tpy)Ru(tppz)PtCl](PFs);, and RM-BL-LA-BL-RM architecture in the
trimetallic complex, [CIPt(tppz)Ru(tppz)PtCl](PFe)s. These complexes are of interest in
that they provide LA and RM in a framework that exhibits rich redox, spectroscopic, and
photophysical properties. Sytems with coupled LA and RM units hold promise for a
variety of applications including solar energy conversion and antitumor agent

development.

The bimetallic and trimetallic complexes, [(tpy)Ru(tppz)PtCl](PFs); and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4, were prepared using a building block method. After the
synthesis of the monometallic precursors, [(tpy)Ru(tppz)](PF¢), and [Ru(tppz),](PF),
the next step was to incorporate the Pt"-Cl moiety to form the bimetallic and trimetallic

complexes. This was done under careful reaction control by dissolving [(DMSO),PtCl,]
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in CH3;CN and adding the monometallic precursor dropwise. This stepwise approach
provides the systematic assembly of the supramolecular architectures with controllable
properties and high purity. The platinum metal center was incorporated last as a reactive
metal is substitutionally labile, making typical adsorption chromatography undesirable

following Pt incorporation.

The identity of the title complexes was confirmed by FAB-MS and ESI-MS. As
expected, similar FAB-MS fragmentation patterns were observed for both
[(tpy)Ru(tppz)PtCl](PFs); and [CIPt(tppz)Ru(tppz)PtCl](PFs)s, with experimental
isotopic distribution patterns matching the theoretical values. The FAB mass spectral
analysis showed [M-PFs]" peaks at m/z = 1243 for the bimetallic complex and
[M-PFs+H"]" at m/z = 1773 for the trimetallic complex, respectively. The fragmentation
patterns observed were consistent with the composition of the complexes. Surprisingly,
different ESI-MS patterns were observed for [(tpy)Ru(tppz)PtCl](PFs); and
[CIPt(tppz)Ru(tppz)PtCl](PF¢)s. ESI-MS confirmed formation of assemblies in solution
showing a dimer, trimer and tetramer of the bimetallic complex,
[(tpy)Ru(tppz)PtCl](PF¢); with appropriate isotopic patterns. The different states of
charge (z) were confirmed by the isotopic peak separation with 1, 0.5 and 0.33 m/z units
for z = 14, 2+ and 3+ charge, respectively. Peaks at m/z = 2632, 1937 and 1706 were
assigned to the singly charged dimer [2M-PFg]", doubly charged trimer [3M-2PF¢]** and
triply charged tetramer [4M-3PF¢]** of [(tpy)Ru(tppz)PtC1](PF¢)s, respectively. This ESI-
MS data provides evidence of the assembly of the complexes, likely through Pt - Pt
interactions in solution. Typically in the literature, Pt Pt interactions were established by
analysis of the structures of the complexes in the solid state. To the best of our knowledge,
this is the first time that trimers and tetramers of Pt complexes have been characterized in
solution by mass spectrometry. In contrast, the assembly of the trimetallic complex of
[CIPt(tppz)Ru(tppz)PtCl](PFs)s was not detectable by ESI-MS method, which may be

reflective of the large size and charge on this system.

The  characterization of the bimetallic and trimetallic  complexes,

[(tpy)Ru(tppz)PtCl](PF¢); and [CIPt(tppz)Ru(tppz)PtCl](PF¢)s, was conducted by a
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combination of NMR techniques. The assignments of the "H-NMR spectra provided for
some unexpected complexity. In view of the many factors that influence the § of 'H
resonances for polypyridyl ruthenium supramolecules, consideration of a number of
factors and careful analysis is required to assign their 'H chemical shifts. 'H chemical
shift is impacted by electron withdrawing effects from the metal coordination, ring
current effects are particularly impacted for the H® protons which locate over the aromatic
rings. The resonances at d 8.65 and 8.26 ppm correspond to the H° for the free ligands of
tpy and tppz, respectively. Both upfield and downfield shifts were observed in the 'H
resonance of the complexes compared to the free ligands. Upfield shifts of H in the tpy
units resulting from the ring current effects were observed in the complexes, [Ru(tpy),]**

[(tpy)Ru(tppz)]2+ and [(tpy)Ru(tppz)PtCl]3+, displaying 6 at 7.34, 7.59 and 7.66 ppm,

9

respectively. By contrast, downfield shifts of the H°C of tppz units with the similar
chemical environments as tpy units in the above complexes were observed in
[Ru(tppz),
Interestingly, upfield shifts of the H®C of the tppz unit were observed again in
[(tpy)Ru(tppz)PtCl](PF¢); and [CIPt(tppz)Ru(tppz)PtCl](PFs)s after incorporating the Pt

1** and [(tpy)Ru(tppz)]**, displaying & at 8.76 and 8.73 ppm, respectively.

metals, displaying & at 7.48 and 7.85 ppm, respectively. '’ Pt-NMR resonances at dp =
-2579 ppm (vs. op; = 1613 ppm for K,PtCl, in D,O) in CD3CN at RT were observed for
the trimetallic complex, [CIPt(tppz)Ru(tppz)PtCl](PF¢)s, and dp; = -2500 ppm for the
bimetallic complex, [(tpy)Ru(tppz)PtCl](PFs)s. This downfield shift is consistent with
electron withdrawing effects due to the two Pt electron deficient Pt centers being bound
in the trimetallic complex vs. only one Pt in the bimetallic complex. A combination of 1D
'H-NMR, 'Pt-NMR, 2D 'H-'H COSY, NOESY and "’Pt-'"H HMQC provides firm

assignments of this series of complexes.

The ligand tppz, once bound to two metals, presents a chiral system. NMR spectra
provide insight into the structures of these complexes in solution. The bimetallic complex
[(tpy)Ru(tppz)PtCl](PF¢); has only one chiral p-tppz unit and thus has two enantiomers
occuring with equal probability, left handed (M) and right-handed (P). On the other hand,
there are two chiral centers in the trimetallic complex, [CIPt(tppz)Ru(tppz)PtCI](PFs)s.
Therefore, three stereoisomers, left-handed (M-M), right-handed (P-P) and a combination
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of both (M-P) are possible in [CIPt(tppz)Ru(tppz)PtCl](PFe)s. These stereoisomers can
interconvert at RT as suggested by the fluxional behavior seen on the time scale of NMR.
Variable temperature dynamic NMR analysis of [CIPt(tppz)Ru(tppz)PtCl](PF)4 supports
this conclusion, a phenomenon yet to be observed for tppz bridged complexes in solution,
broadening of the resonances at & 7.85 and 7.50 ppm of protons H°C and H’C at RT in
CH;CN coalescence as expected for two sets of stereoisomers. As expected, sharp
resonances with the characteristic splitting pattern for H°C and HC were observed upon
increasing the temperature to 60°C, reflective of fast exchanges among the isomers at this
temperature. Two individual resonances for H°C and HC were observed upon decreasing
the temperature to -20°C with 2:1 peak ratios, showing the slow exchange of the three
isomers at -20°C. The nonequivalent integration (2:1) indicates a difference in the
energies of the the enantiomers (M-M and P-P) and the mesomer (M-P or P-M). The
trimetallic complex represents the first identified chiral molecule of tppz in solution

characterized by NMR since the discovery of the tppz ligand at 1959.

The pair of enantiomers left-handed (M-M) and right-handed (P-P) were also
confirmed by the X-ray crystallography in solid state. X-ray crystallographic analysis of
these systems in the solid state represents the first crystallographically characterized
mixed-metal complexes bridged by tppz ligand. The bis(tridentate) structures as well as
the stereoisomers of [(tpy)Ru(tppz)PtCl](PF¢); and [CIPt(tppz)Ru(tppz)PtCl](PFs)s are
observed in the solid state by the analysis of their crystal structures. This analysis
revealed that [(tpy)Ru(tppz)PtCI](PFs); and [CIPt(tppz)Ru(tppz)PtCl](PFs)s were
crystallized in the centrosymmetric space groups of C,/c and P2/c, containing equal
amounts of enantiomers in well-defined patterns as the racemic compound crystalline. A
strong Pt Pt interaction with a short interatomic distance of 3.3218(5) A was observed in
[(tpy)Ru(tppz)PtCl1](PF¢)s, with stabilization by C-H CI hydrogen bonds. Analysis of the
crystal packing of [CIPt(tppz)Ru(tppz)PtCl](PFs)s reveals that the molecules are
arranged without this close Pt--'Pt intermolecular interaction. The cooperative effect of
multiple C-H"-*Cl hydrogen bonding from both sides of the trimetallic complex stabilizes
the network aggregates in the crystal. The short C-H'**Cl hydrogen bond directs self-

assembly along a continuous one-dimensional chain, enhanced by n'**w interactions from
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the peripheral pyridyl rings. The average interplanar separation through 7***m interactions
in the plane is 3.2 A, with the Pt Pt distance at 4.699 A. The chloro group provides
electrostatic stabilization because Pt-Cl groups point to m-electron rich aromatic rings.
The presence of C-H--*Cl hydrogen bondings, C-H'*"m interactions, ©*'7 interactions, and
Pt--Pt interactions play an important role in the assembly of such Ru",Pt" tridentate

systems.

SEM was conducted to show the hierarchical assembly of open-ended trimetallic
molecules into long range 3D flower-like materials. The exquisite and uniform
arrangements of the molecules can be manipulated via a slow solvent evaporation process.
With progressively increasing the concentration, 1D nanowire and macroscopic bundles
were produced at the very beginning of evaporation. These open nanowires were then
further assembled into 2D lamellar structures. Finally, the layers were extended to three
dimensions to form the 3D flowerlike networks, with the Pt sites decorating the surface

of these materials.

A comparative study of the electrochemical properties of the title complexes and
related tridentate systems was performed. The complexes, [(tpy)Ru(tppz)PtCl](PF¢); and
[CIPt(tppz)Ru(tppz)PtC1](PFe)4, display Ru™™ oxidation at 1.63 and 1.83 V vs. Ag/AgCl,
respectively. These complexes display very low potential tpsz/ “at -0.16 vs. Ag/AgCl for
[(tpy)Ru(tppz)PtCl](PF¢);, at -0.03 vs. Ag/AgCl for [CIPt(tppz)Ru(tppz)PtCl](PF¢)4,
relative to their monometallic synthons, [(tpy)Ru(tppz)](PF¢), (-0.95 and -1.39 V vs.
Ag/AgCl) and [Ru(tppz);](PFs), (-0.85 and -1.06 V vs. Ag/AgCl). This is consistent
with the bridging coordination of the tppz ligand by incorporating Pt metals. The first
ligand-based reduction in the tridentate RuH,PtH mixed-metal complexes,
[(tpy)Ru(tppz)PtCl](PF¢); (-0.17 V vs. Ag/AgCl) and [CIPt(tppz)Ru(tppz)PtCl](PF¢)4
(-0.03 V vs. Ag/AgCl), occurred at a more positive potential compared to those in the
bidentate RuH,PtH mixed-metallic complexes, [(bpy).Ru(dpp)PtCl,](PF¢), (-0.49 V vs.
Ag/AgCl) and [(bpy)Ru(dpq)PtCL;](PFs), (-0.28 V vs. Ag/AgCl), implying that the

tppz(n*) LUMO in the tridentate systems are lower energy than in the bidentate systems.
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The lower lying LUMO of the tridentate complexes predicts a lower lying MLCT
excited state.

The photophysical properties of the bimetallic and trimetallic complexes were
investigated in solution and the solid state. The mixed-metal complexes display very low
energy tppz(m*) acceptor orbitals, reflective of the first ligand based reduction potential.
The complexes are efficient light absorbers with intense transitions throughout the UV
and visible regions with the lowest transition being MLCT in nature to the tppz acceptor
orbital. The mixed-metal Ru" Pt" complexes exhibited intense MLCT at lower energy
[(tpy)Ru(tppz)PtClI(PFe)3, Amac™ = 530 nm, ¢ = 28 x 10* M'em™;
[CIPt(tppz)Ru(tppz)PtC1](PE¢)4, Amax™ = 538 nm, € = 3.0 x 10 M'em™ compared to the
monometallic precursors: [(tpy)Ru(tppz)](PFe)3, Amax'> =472 nm, € = 1.6 x 10* M'em™;
[Ru(tppz),](PF¢)3, A = 478 nm, € = 2.3 x 10* M'em™’. In marked contrast to most
bis-tridentate  Ru" complexes such as [Ru(tpy),]**, the tppz bridged complex
[CIPt(tppz)Ru(tppz)PtCl](PFe)4, displays an intense visible emission at Ay = 754 nm
with quantum yield of @™ = 5.4 x 10 and lifetime of T = 80 ns at RT in CH5CN from
the  Ru—u-tppz MLCT  emissive  state.  The trimetallic complex,
[CIPt(tppz)Ru(tppz)PtCl](PF¢)4, maintains the strong emission property in the solid state
with Apax = 764 nm, visualized by the confocal laser induced emission scanning
microscopy. The closely related complex [(tpy)Ru(tppz)PtCl](PFe);, displays only an
extremely weak emission in dilute CH3CN solution and no detectable emission in the
solid state. This is likely a characteristic of the Ru",Pt" bimetallic in which even dimer
formation through Pt-*-Pt interaction can simultaneously quench all *MLCT excited states.
The presence of the two Ru-tppz-Pt sites in each molecule in the trimetallic complex
prohibits the Pt-'Pt interaction from simultaneously quenching both Ru—tppz CT

excited states, a design consideration that should be generally applicable.

Interactions of the title complexes with DNA were investigated. Both title complexes
were shown to covalently bind to DNA via the Pt"-Cl site. The effect of incubating these
metal complexes with DNA on the subsequent migration of DNA through an agarose gel

was found to be more dramatic than that observed for the well known anticancer drug,
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cis-[Pt(NH3),Cl,] (cisplatin). This effect was enhanced with increased incubation
temperature. Unwinding of supercoiled plasmid DNA upon binding of the metal complex
was found to be more pronounced for the trimetallic complex,
[CIPt(tppz)Ru(tppz)PtCl](PF)4, than for the bimetallic complex,
[(tpy)Ru(tppz)PtCl1](PFg)s, consistent with reactivity of both Pt bioactive sites.

One of the most exciting observations was that the trimetallic complex
[CIPt(tppz)Ru(tppz)PtCl]Cl4 can induce the condensation of DNA in presence of visible
light. The photolysis of solution of 20:1 base pairs:metal complex with visible light A =
455 nm provides for rapid condensation of the DNA leaving the solution free of metal
complex and DNA. SEM imaging shows the DNA forms large, ca. 80 um condensed
particles. The bimetallic does not display this interesting photoreactivity, indicating the
two Pt"-Cl sites are important for DNA photocondensation. Condensed DNA is not able
to be replicated. Given these remarkable preliminary results of the light-activated DNA
condensation, this exciting method holds the promise in the applicaiton of this material in
photodynamic therapy. Condensed DNA is not able to be replicated.

The work highlighted in this dissertation provided considerable insight into the
properties of light absorber-reactive metal assemblies. Detailed analysis of the bimetallic
vs. trimetallic systems uncovered many similarties and striking differences. The
trimetallic system shows dynamic 'H-NMR, displays a long-lived emissive *MLCT
excited state and photocondense DNA in marked contrast to the bimetallic system. This
study indicates careful analysis of closely related systems, is important to fully explore

the properties of multicomponent polyazine bridged systems.
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6.3 Future Work

This project discovered many interesting properties and reactivity patterns, which
open up this new structural motif for future exploration. Future work can be governed by

the results of the studies in this dissertation:

The remote chloride ligands on the Pt site give the mixed-metal complexes an easily
substituted site on this reactive metal. Of particular interest would be a molecular design
to eliminate Pt Pt interactions by the substitution of Cl with a bulky group L (L = PhsN
or Ph;P). Modification on the tpy ligand with R, R, and R3 (R, R, and R3 = 4,4',4""-tri-
tert-butyl) in the bimetallic complex, [(tpy)Ru(tppz)PtCl](PFs); could also prevent Pt---Pt
assembly, allowing a means to test the hypothesis that such assembly is important in our
current bimetallic complex. Related systems should be explored to improve the

luminescent properties and to derive structure activity relationships, Figure 6.60.

Ru—N —Pt—L
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Figure 6.60. Proposed modifications on the bimetallic complex of
[(tpy)Ru(tppz)PtCl1](PF¢)s, where R, R, and R3; = 4,4'4"-tri-tert-butyl and L = PhsN or
PhsP

Replacing the Ru with other metal centers has the potential to change the redox and

spectroscopic properties of these complexes. The use of Os, Rh, Ir and even the first row
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transition metals in place of the Ru center would change the energy of the HOMO,
leading to perturbation of the electrochemical, photophysical, photochemical and
magnetic properties. For example, the use of Os for Ru metal conter might lead to intense
*MLCT absorption in a therapeutic window as a result of the higher energy dr orbitals on

Os.

The supramolecular assemblies, [(tpy)Ru(tppz)PtCl1](PF¢)3 and
[CIPt(tppz)Ru(tppz)PtCl](PF)s, would be extended by incorporating more (tppz)Ru"
units to form longer one-dimensional molecular wires, Figure 6.61. Attachment of one
more Ru" through the BL tppz to the system would provide a further stabilized "MLCT
state with additional metal-metal communication. In addition, a charge separated state
could be experimentally characterized for a system such as
[(tpy)Ru(tppz)Ru’(tppz')PtCl]5+, where HOMOs locate on Ru’, and LUMOs locate on

tppz'. Electronic coupling could be simulated modeled by computational study.

—Pt—Cl
n
—Pt—Cl
— Jn

M =Ru, Os, Ir

Figure 6.61. Proposed molecular wires
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Although gel electrophoresis studies have contributed significantly to understanding
the DNA binding properties of bimetallic and trimetallic complexes, it cannot provide
insight into binding specificity or information on the kinetics of binding. The chemical
shift of Pt is sensitive to the environment and has a wide chemical shift window
(10000 ppm). 99pt-NMR spectroscopy has long been used to study the in vivo DNA
binding activity of antitumor agents such as cisplatin and carboplatin. Further research on

the '*°Pt resonance should be conducted to study the kinetics of the DNA-binding process.

Additional studies should be performed to exploit the possible applications of the title
complexes in photodynamic therapy. Due to their intense absorption in the visible region,
the title complexes should be further investigated as a candidate for DNA photocleavage
or photobinding. Other factors such as photolysis time and O, dependence should also be
investigated. The chirality of these systems may provide stereospecific interactions with

chiral biomolecules such as DNA.

The current study on [CIPt(tppz)Ru(tppz)PtCl](PFs)4 has provided a solid platform to
further investigate its photocatalytic property. Although tridentate complexes of Ru" and
Pt" have been explored for water splitting, the mechanism behind H,-evolving or O,-
evolving activities is still a matter of debate.” %27 The simple NMR profile of the
trimetallic complex as well as its analogs provide a means for monitoring the functions of
the metal complex in a photocatalytic process. In addition, '"Pt-NMR can be used to

monitor the reaction pathway and the reaction mechanism over time.

Putting things in prespective, it is always challenging for chemists to develop
multifunctional systems via self-assembling (mimicking the natural process) with a well-
defined structure and a specific reactivity or catalysis. The identification and
confirmation  of the  structure and  properties of the  assemblies
[CIPt(tppz)Ru(tppz)PtCl](PFs)s and [(tpy)Ru(tppz)PtCl](PFs); in this dissertation
provided considerable insight into the study of the multifunctional metallosupramolecules.
Careful analyses of complexes of this type are needed to fully understand structure

function relationships. This is highlighted by the remarkable structure similiartiy of the
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bimetallic and trimetallic complexes reported herein as well as their striking contrast
properties which may not have been undercovered without the herein reported careful

comparative study.
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Figure A.12. Cyclic voltammetry of the monometallic complexes, [Ru(tpy)2](PFs), (1),
[(tpy)Ru(tppz)](PFe)> (II), [Ru(tppz).](PFe)> (III), and the bimetallic complex
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Figure A.13. Cyclic voltammetry of the monometallic complexes, [(tpy)PtC1](PF¢)in 0.1
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Figure A.S. (I) ESI mass spectrum of [(tpy)Ru(tppz)PtCI1](PF¢); showing isotopic
distribution pattern of the tetramer, [4M-3PF4]**, [C156H10sCLiN3¢PtuRusPoFs4]**, (1)

Calculated isotopic distribution of the dimer by ChemBio Draw Ultra 11.0
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Figure A.6. Comparison of the ESI mass spectra of [(tpy)Ru(tppz)PtCl](PFg); in different

solvents
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Figure A.7. Concentration dependent intensity of the monomer ion fragmentation

[M-PFq]" (peak at 1243) for [(tpy)Ru(tppz)PtCl](PF¢); at different concentrations in

CH;CN.
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Figure A.8. 400 MHz 'H-'H COSY of [Ru(tppz),](PFe)s in CD;CN at 298 K
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Figure A.9. 400 MHz 'H-"H COSY of [(tpy)Ru(tppz)](PFs), in CD3;CN at 298 K
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Figure A.10. 400 MHz 'H-"H COSY of [(tpy)Ru(tppz)PtCI](PFs)s in CDsCN at 298 K
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Figure A.11. 400 MHz "H-'"H COSY of [CIPt(tppz)Ru(tppz)PtC1](PFs)s in CDCN at
298 K
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Figure A.12. Cyclic voltammetry of the monometallic complexes, [Ru(tpy)2](PFe), (D),
[(tpy)Ru(tppz)](PFs), (II), [Ru(tppz):]1(PFs), (II), and the bimetallic complex
[(tpy)Ru(tppz)PtCIl](PF¢); (IV) in CH3CN with a scan rate of 100 mV/s

172



20 15 10 05 00 -05 1.0 -15 -2.0
Potential (V vs. Ag/AgCl)

Figure A.13. Cyclic voltammetry of the monometallic complexes, [(tpy)PtCI](PF¢)in 0.1
M BusNPFg in DMF with a scan rate of 100 mV/s.
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Figure A.14. Cyclic voltammetry of the monometallic complexes,

[(tpy)Ru(tppz)Ru(tpy)](PF¢)4in 0.1 M BusNPFs in CH3CN with a scan rate of 100 mV/s.
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