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Abstract

The objectiveof this thesis is to examine the photophysical and structural properties
of Ru(ll)/Re(l) basedimetalliccomplexes based gn[N-2-(26pyridyl)benzimidazolyl}
[N-2-(26pyridyl)indolyl]-benzene (L1) ligand, as el as the photophysical and
photochemical properties of N2¢helate 4coordinate organoboron compountsat
contain ametal acetytle group.

Ligand L1 was synthesized and fully characteriZ2de to the incorporation of two
distinct chelating sitesan N*N-chelate site andn N*C-chelate site, L1 has been found
to be very effective in selege binding to two different metal ions.

Two new heterobimetallic complexes Ru{R}(1) and Ru(lI}Pd(ll) using L1 as the
bridging ligand were prepared andlyucharacterizedAll Ru(ll) -containingcomplexes
have been found to be luminescenthe Pt(ll) unit appears to enhance phosphorescent
efficiency of the Ru(Il) unit while th@d(ll) unit has little influence

Using L1 as the bridging unit, two new Re(l) based heterobimetallic complexes
Re(I)}-Pt(ll) and Re(BHPd(ll) were alsosuccessfullysynthesized Results indicate that
there is communication between the two different metal centhespreliminary results
indicated thathe mononuclear Re(l) complex based on L1 is a promising candidate for
the electrocatalytic C&reduction.

Pd(Il) and Pt(ll) complexes were synthesized with an atropisomeripyhidyl
chelate ligand i s {[N-Pr2-q 2p§) indolyl]} (L4). To examine the potéial use of
the transchelate L4 ligand in oxidative coupling reactions catalyzed by Pd(ll)
compounds, acetoxylation of arenes by PhI(QAg3ing PhI(OAcyL4 (2:1) as the

catalyst was examineshd found to accelerate the reaction, but lower the overall yield.



Finally, to examine the impact of metal ions on photochromic properties*Gt N
chelate organoboron compountizreemetal acetylidecompounds thatontaina photc
activeN~C-chelate BMesunit (B(ppy)Mes,) were prepared and fully characterizétie
studies indicated that by taking advantage of different heavy metals the
photoisomerization quantum efficiency of the boron chromophores can be readily tuned
through the adjustment 3 C state localized on the chelate backbone erinkiolvement

of MLCT state in the lowest energy electronic transition.
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Chapter 1

Introduction

Luminescent materials have attracted significant research interest due to their various
applications, such as emitting maaés for organic light emittingliodes (OLEDs},light
harvesting materialé,and fluorescent sensotd.uminescence can be defined as the
emission of light from any substance and occurs from electronically excited states. There
are only two pathways forhé emissive decay of excited electrons. These emission
pathways include fluorescence, which occurs from a singlet excited state, and
phosphorescence, which occurs from a triplet excited state. In comparison with
fluorescent materials, phosphorescent malerre more desirable, as they have several
key advantages over fluorescent materials. Some advantages of phosphorescent materials
are that they provide high device efficiency when used for OLEDs, they are highly
sensitive to triplet state quenchers, &gh color tunabilityvia complexation with metal
ions. Consegently, much research effortsvyesbeen devoted toward the development of
phosphorescent materials, especially highly efficient organometallic phosphors, which
provide access to the triplet stathrough the metal centers. Various transition metal
complexes have been investigated as efficient phosphorescent emitters, such,as Pt(ll)
Ir(I11) , > Ru(ll) ® and Re(l)’ complexes.

N-heterocyclic compounds and their metal complexes have recatttigcted
considerable attention due to their various applications in many areas, such as catalysts
and light emitting material§. Previous research in our group om-heterocyclic

compounds and their metal complexes has led to successful synthesis mfsaoker

1



organic/organometallic compounds, includingZaindole’ 2-( 2p§ridyl) benzimidazole
(py-im),'° 2-( 2p§ridyl)indole py-in),** and di2-pyridylamire? derivatives. Some of
these compounds have been used to fabricateDs, while others display interesting
reactivity toward small molecule activation and thus make tpetentially useful in
synthesis®

In addtion to metalcontainingN-heterocyclic compounds, our group is also active in
organoborofbased materials chemistry. Based on the geometry of the boron center, there
are two classes of organoboron compounds, includiogo8dinate trigonal planar
compound and 4coordinate tetrahedral compounds. Because of the epptypital at
the boron center, -8oordinate boron compounds are strong electron acceptors. This
vacantp orbital also allows for conjugatiowith or gani ¢ °~ systems an
delocalizaion,** making3-coordinate boron compounitieal for applications as emitters,
anion sensors, and oplectronic materials. Since grempty p- orbital on the boron
centeris readily attacked by nucleophiles, bulky substituents are required to protect the
vacant orbital through steric hindrance and thus provide kinetic stability. Substituents
such as mesityl (2,48imethylphenyl, Mes), fluoromesityl (2,4,6
tris(trifluoromethyl)phenyl), and tripyl (2,4;&iisopropylphenyl) groups are particularly
effective for this purpose. These substituents form a progdéestructure around the
boron center, where the ortisabstituents on the aryl ligands form a cage to protect the
vacantp- orbital.

Owing to their reactivity, high electresccepting capabilities and bright
luminescence, 4oordinate boron compounds have also drawn significant attention

recently. Numerous N*O, N~N and N”C chelates (where XY represents a chelate lig



that coordinates through the X and Y atoms)-agbdrdinate boron complexes have been
synthesized™ '* In 2008 our group reported an unasphotochromic switch involving
tetrahedral N*&helate boron chromophore (compoudThis chromophore undergoes
a thermally reversible photoisomerizatioorfr a colorless state to a das&lored state
upon irradiation at 365 nm, as shown in Schere™ This discovery significantly
broadens the applications ofcéordinate organoboron compounds in optical memory

devices, smart windows and so on.

M O—Q hv (365nm)
‘ : A

Schemel-1. Isomerization of a N*&helate boron chromophore.

To continue our research efforts Nrheterocyclic metal complexes and organoboron
chemistry, the research described in this thesis is focused on the stiéhetdrocyclic
ligands containingy-im and/orpy-in moieties (as shown in Figurel). In addition, this
research is also focused on investigatingttemonuclearand heterebinuclear transition
metal (Ru(ll), Pd(Il), Pt(ll) and Re(l)tomplexes of these ligandmdtheir luminescent
and reactivity properties In addition, 4-coordinate boroftontaning transition metal
complexeswere also studiedn the following sections of this chapter, the background

and motivations of this thesis will be briefly presented.
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2-pyridyl-benzimidazolyl (py-im) 2-pyridyl-indolyl (py-in)

Figure 1-1. Structureof ligands: pyim, py-in and LtL4 presented in this thesis.
1.1 Basic Principles of Luminescence and Organic Light Emitting Diodes (OLEDS)

As indicated earlier, luminescence is the emisgb light from any substance and
occurs from electronically excited states. Considering the different ways in which the
excitions are generated, there are several types of luminescence. Some examples of
luminescence include photoluminescence (PL, whickx@ted via the absorption of
light), electroluminescence (EL, which is excited by electrical energy),
chemiluminescence (which is excited by chemical energy). In contrast, there are only two
pathways ér the emissive decay of exaitelectrons, fluoreseee and phosphorescence.

In the case of fluorescence, the ground state and excited state electrons baweethe
spin guantum numbers, and as a result, the transibamthe excited statéo the ground

state, ($Y S) is spin allowed. Typical fluorescenemission rates and lifetimes are £10
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s' and 10 s, respectively. In contrash the case of phosphorescence, sincestiir
guantum number of the excited state and the rgtaatate is different, thel1- S
transition is spin forbidden. As a resuthe T1Y S decay occurs muclslowly.
Accordingly, phosphorescence has a much londecay lifetimes ranging from
microseconds to seconds.

Organic compounds do not typically exhibit phosphorescent emission.
Phosphorescence emission is particularly rare gnowganic compounds in solution at
room temperature, since nemissive relaxation pathways, such as thermal decay and
guenching processes competeffectively with phosphorescence. Therefore,
phosphorescence emission of organic compounds is usually vakyand only observed
in the solid state or at low temperature, which minimizes the influence of solvent
molecules and the thermal decay pathways. When a heavy metal bthdsrganic
ligands, spirorbit coupling facilitates the mixing of the; &nd T, staes and promotes
intersystem crossing, thus leading to a significant enhancement of phcsenoe
emission andghortening decalifetimes. Figure 12 shows the basic pathways followed

during fluorescence and phosphorescence.

& A

Internal Conversion

4 Intersystem Crossing
v \ 4
S .

Absorption Fluorescence Phosphorescen

So v

Figure 1-2. Fluorescence and phosphorescence pathways.



The nature of the phosphorescence from metal complexes is mainly determined by
the relative energy level of tlteorbitals of the metal center and the ligand. If the highest
occuped molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
are both ligand based, the phosphorescence is usually -ogatered (LC) -~ *
transitions® If the HOMO is dominated by the contribution from the metal center and
the corresponidg LUMO from the ligand, the phosphorescence can be described as
transitions of metato-ligand charge transfer (MLCT)f the complex has a ligadshsed
HOMO and a metabased LUMO, it can show ligartd-metal chargdransfer (LMCT)
transitions.

As a leading technology for the generation of full color flat panel displays, OLEDs
have attracted great interest from both academia and industry. This technology is based
on the principle of EL*’In 1987, the commercial potential of OLEDs was first realized
by Tang and van Slyke dfastmanKodak!® They reported the fabrication of a double
layer organic light emitting device with low voltages and high luminescence efficiency.
Motivated by the enormous potential commercial value of this technology, many
researcherbave pursued this new field and much progress has been reported since then.
Now the luminescence efficiency and device reliability have been greatly impfdved.

Figure 13 shows a typical OLED device. The device contains three parts: an anode
such as indim tin oxide (ITO) which is composed of 20% Snéhd 80% Ia0O3, a
metallic cathode which is usually composed of-Mg or LiF-Al, and several thin
organic layers sandwiched between the anode and the cathode consisting of a hole
transport layer (HTL), an et&ron transport layer (ETL) and an emitting layer (EMT).

2To improve the electroluminescence quantum efficiency, exciton blocking layers may



also be included to help confine excitons to the organic emissive “#yaihen an
external voltage is applied to the device, holes from the anode and electrons from the
cahode are injected into the hole transport layer and the electron transport layer,
respectively. As the holes and the electrons pass through these layers, they eventually
form an exciton when they combine with each other in the emitting layer. Relaxétion o

the exciton from the excitestateto the ground state results in the emission of light.

Cathode
Electron Transport Layer

— Emitting Layer

Hole Transport Layer
Anode
Substrate

Figure 1-3. A typical OLED structure.

Early OLED devices usually used fluorescent organic compounds as the emissive
layer. However, more recent research efforts have been increasingly devoted to the
design and synthesis of elecfsbosphorescent emitters. The motivation for thsearch
effort has been generated because the quantum efficiency of OLEDs utilizing these
emitters can potentially be improved by up to a factor of ¥@onsideringthat heavy
metalatomscan promote fast and efficient intersystem crossing through strongrin
coupling, transition metal complexes are ideal phosphorescent emitters for OLEDs.
Besi des t he emi ssi ve | ayer, many ot her

performance. Thesissues are currently being explored by material chemists, engineers,



and device physicists, which can be found in recent literature, and thus will not be

presented in this chapt&r.

1.2 Polypyridyl Ruthenium(ll) Complexes

During the past 50 years, extensivesearch has been devoted to ruthenium
polypyridyl complexes®2°The photophysical and electrochemical properties of these
complexes have beertomprehensively studied. Due to their lwng triplet MLCT
(MLCT) state ruthenium polypyridyl complexes often show phosphorescence in
solution at room temperature with quantum yields ranging betweénah@ 10°.
Unfortunately, efforts to change tleenission wavelengths of these complexiasigand
tuning have generally been unsuccessful, and their emissions are thus restricted to the
orangered region. The investigation of ruthenium polypyridyl complexes grew rapidly in
the mid to late 1970s with ¢h realization that the unique excited state and
electrochemical properties of ruthenium polypyridyl complexes placed them ideal
candidates for the fabrication of dye sensitized solar cells (DS&®k)ch convert solar
energy into electricity. Compared wicommercially available silicehased solar cells,
DSSCs have several advantages, such as their low cost, their high flexibility and their
light weight. DSSCs are therefore a very promising technology that may eventually
replace silicorbased solar panelén recent years, approximately two or three research
articles are typically published daily in this field.

In contrast to silicotbased solar cells, the light absorbance and charge carrier
transport processes occur separately in DSSCs. The operaddd3$C is illustrated in
Figure 4. The system comprise$ a dye which is bound to the surface of an inorganic
semiconductor. To maximize the light harvesting, nanocrystalline iBi@sually used
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since it provides a large surface area onto which the adye adsorb. The porous
semiconductor layer is interpenetrated by a{@asport material (HTM), which may be

a redox electrolyte in solution or a sebthte or quassolidstate material.
Photoexcitation of the sensitizer leads to the injection oftreles into the conduction

band of the TiQ The oxidized dye is subsequently reduced by the HTM to regenerate
the ground state dye. The injected electrons flow through the semiconductor network to
arrive at the back contact and then through the exteradlttnthe counter electrode. At

the counter electrode, the HTM is regenerated through reduction, thus completing the

circuit.

@ Counter Electrode

Figure 1-4. Operating principles of a dysensitized solar ceff,

The dyes useth DSSCs must fulfill a number of essential design requirements in
order to maximize the cell efficiené}For example, the photosensitizer should have an
intense absorption throughout the entire visible region. Anchoring groups (such as
COOH, -SO;H) are also required which make the dyes strongly bind onto the
semiconductor surface. In order to provide an efficient electron injection process, the

excited state of the dye should be higher in energy than the conduction band edge of a
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semiconductor. fe phobsensitizer must be rapidly regenerated by the mediator layer in
order to avoid electron recombination processes. In additiorphbesensitizer should

be photehemically, electrochemically and thermally stable. Based on the above
considerations, numersucompounds have been studied as photosensitizers, including
organic molecules, such as coumdrisguarain€?’ indoline* and hemicyaniné’ and

also transition metal complexes. It should be pointed out that transition metal complexes
have provided the begerformance as photosensitizers so far due to their high thermal
and chemical stabilitie® Numerous transition metal compleased dyes have been
reported, including those incorporating RU@I)Os(I1),** Pt(l),* Re(1)?* Cu(l)*® and
Fe(ll)* Among these complexes, Ru(ll) complexes have shown the best photovoltaic
properties and have undoubtedly been the most widely investigated dye systems. The
popularity of the Ru(ll) complexes as photosiéimers arises from their broad absorption
spectra, suitable excited and ground state energy levels, relatively long excited lifetimes
and good electrochemical stability. Several Ru(ll) complexes used in DSSCs have
provided solar cell efficiencies that @ed 10%%* The dye N3 shown in Figure-8
provides a good example of an ideal photosensitizer, and this Ru(ll) complex is
considered as a paradigm in the area of-shmesitized nanocrystalline TiCfilms.
Systematic studies have demonstrated that theemces of carboxyt groups as
peripheral substituents significantly increase the sensitization capacity of the dye. In
particular, these carboxglgroups help the dye molecules anchor firmly onto the surface
of TiO, semiconductor film. Additionally, the @ttronic coupling is also enhanced due to
possi bl e o vehitdlssoptheyridine igand With thed®rbitals of Ti(IV),

leading to an ultrafast charge injection. Researchers have also demonstrated that the
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positions of the carboxylic groups tnh e -b2 ,py& i di ne | i gand is <cr
performance. The theoretical -positonthdéted i ons
carboxylic groups have the right orientation for efficient chelation to the Ju@ace. As

a r estiswbst 4t dbpgridineligar®i®are more efficient photosensitizers than
those Dbearing two c a-robro x6pgdstidgns. Vgheroam xcited n t h
electron is injected into the T¥Othe positive charge density remaining on the dye is
distribued over the metal, and also to some extent over the- NgzBid. This spatial

charge separation between the positive charge density on the dye and the injected
electrons effectively retards the rate of charge recombination, which is a key loss
mechanisnt® In attempts to prepare more efficient photosensitizers, researchers have
attempted to prepare derivatives of the N3 dye. For example, phenyl groups have been
introduced between the carboxylic groups and the pyridine unit in order to increase the
molar absrbance’’ However, after addition of this spacer, the sensitizer performance of

the derivative was inferior to that of the parent complex, even though the molar
absorbance did increasthe phenyl group reduced the coupling between the electronic
excited sate of the dye and the semiconductor. Thus, after excitation, the promoted
electron would reside mainly within the bipyridine ligand and did not go far into the
carboxyl groups, which in turn increases the possibility of undesired charge

recombination.
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Figure 1-5. Structure of dye N3.
1.3 Platinum(Il) and Palladium(ll) Complexes

Because of heavy metal effects, the mixing of singlet and triplet states are efficient
for platinum(ll) complexes, which results in enhanced phosphorescence emission and
shortdecay lifetimes. Investigations into square planar Pt(ll) complexes exhibitagr
temperature phosphorescence started in the late 1980s. Most of this research has focused
on cyclometalated Pt(ll) complexes, which could show significant room temperature
luminescence?® Cyclometalation reaction is defined as reactions of transitioralmet
complexes in which organic ligand undergoes intramolecular metalation with formation
ofametalc ar b on *%n comparisbn with simple mononuclear Pt(Il) bipyridine or
terpyridine complexes, cyclometalated ligands can increase the brightnessRuflithe
compl exes, which canoremiitCT r- tsiateeis thelsiae” t h e
generated when pr omot thonding @rbital ona highereenergy o n |
antibonding orbital). The strong ligand field of cyclometalated carbonsdiseenergy
of the metal ed states which diminishes the deactivating effechof-emissive ed
transitionrelaxation pathway. In 1984, Pt(N4&py). (ppy = phenylpyridine) (Figure-&,
left) was synthesized by Von Zelewsky as the first example of a leptmlcomplex
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incorporating phenylpyridine ligandS.Later on, analogues of this complex with 2
thienykpyridine (N*Gthpy) and its derivatives were also investigated. Due to the more
obvious trans effect of the cyclometalated carbon, the formationcisfisomers are
preferred. Investigations involving Pt(NAGpy), and Pt(N*Cthpy-5-SiMe;), (Figure &

6, center and right, respectively) have demonstrated that these complexes have high
guantum yields in degassed solutions. By using the-cgsting method, wbh avoids
thermal decomposition, these complexes can be successfully used for device
fabrication?!

X

|/N
NS
Pt

=
\ 7/

Pt(NAC-ppy), Pt(NAC-thpy), Pt(NAC-thpy-SiMe;),

Figure 1-6. Structures of Pt complexes with cyclometalated ligands.

Our group has synthesized a series of triarylbeftorctionalized phosphorescent
Pt(Il) complexes with acetylacetonate (acac) group as the ancillary ligand as shown in
Figure 17.*°0One key advantage provided by the acac group is the significant
improvement oftie stability of the compound in the solution and solid staighermore,
the acac ligand Rsaa high triplet state which minimizes its interference with
phosphorescent emission from the boron chromoptfdre.addition, the acac group
enhanceshe rigidity of the Pt portion,thus decreasing the loss of enexggy vibrational
radiationless decay. These compounds exhibit bright phosphorescent colors spanning the

green to red region in both solution and solid state. Compared with thebongated
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Pt(Il) paent chromophores, the quantum vyields of these bluoctionalized Pt(ll)
complexes significantly enhanced, which can be attributed to the increased participation
of the MLCT state in the lowest energy emission pathway that was promoted by the
boron moiety Highly efficient EL devices have also been achieved by usingpound

Pt+BppyA.

T OOy
|\

MeO
N
Pt-Bmeop ©/ \©
Pt-BNppy
Figure 1-7. Structures ofriarylboronfunctionalized Pt(Il) complexes
Considering thatrigid structures usually favors luminescence over -raahative

decay pathways, tridentate ligands may optimize luminescence efficiency since their
geometry offers additional rigidity. A class of tridentate cyclometalating N*N~C Pt(ll)

complexes have bednvestigated by Lu et alwhere N*N”C is aryR , -Bypyridine
14



(shown in Figure B lefi).* By introducing substituents with different electronic
properties into the ligands, the colors emitted from these complexes can be tuned from
greenyellow to red. Geerally, for these N*N"C Pt(ll) compoundbe introduction of
electrondonating groups at theara-position of thecentral pyridylligand resulted in a
blueshift in the emission energy, while placing electvathdrawing groups at this
position resulted in a reshift. Another clas®f tridentateligandsis N*"C”N, wherethe
cyclometalating phenyl ring occupies the central positamgch results in shorter &

bonds than is encountered among N*N~C complexes. Important examples of this class of
complex include the Pt(ll) bipyridyl benzene complexes synthesized by Williams et al.,
which are shown in Figure- (right).*> In comparisorwith other cyclometalated Pt(ll)
complexes, these tridentate complexes show intense green luminescence in solution and
much higher qup=a058068) Tlyeseqlogkdies tan be attributed o

emission exhibited by these complexes.

Figure 1-8. Structures of tridentate cyclometalatingt complexes.

In solution, most of the Pt (II) complexes form excimers at high concentrations owing
to their unique planar geometry. An excimer is a dimeric species formed from two
molecules, one of which is in its excited state and the other is in its ground state.

Corsequently, the emission from an excimer is often intense bushiidd when
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compared with that of the corresponding monoffi&@xcimer formation can be avoided
by proper ligand design. For example, recently Kavitha etregported a highly
luminescent redight-emitting device that utilized square planar Pt(ll) complexes with
structures shown in Figured*’ Due to the steric hindrance introduced by the bulky
ligands, the stacking effect was diminished. Consequently, excimer formation was
avoided, thus leding to remarkable improvements in device performance.

Fortunately, excimer emissions can also be useful for fabricating white OLED
devices® By controlling the leved of doping in thematrix, emissions from both the
monomer and the excimer can be realjzéds yielding white electroluminescence with

good external quantum efficiency.

Figure 1-9. Chemical strucutres of Pt complexes reported by Kavitha.

Unlike the Pt(Il) analogous, fewer Pd(ll) metal complexes capable of emitting light
while in solutionor the solid statat room temperature. This limitation is mainly due to
the presence of a low lying metal centered wansition, which quenches the potentially
luminescent MLCT and LC transitions through thermaléyivated surfacerossing
processe$’ Due to this limitsion, palladium metal complexes are rarely used as

phosphorescent emitters for device fabrication. However, they have been widely used as
16



highly efficient catalysts in many organic reactions, such as Stille, Negishi, Suzuki
Miyaura and Sonogashira couplmthrough Pd(0)/Pd(Il) cyc€.More recently, €X (X

= C or a heteroatom) bond formation through the PdRd)IV) cycle has also been
extensively investigated due to its pronounced advantages, which include higher
functional group tolerance and mildemotion conditions® A proposed mechanism for

this bond formation reaction is shown in Figurd@ The first step of the reaction
involves GH activation at the Pd(Il) center, followed by oxidative addition of an R
Pd(IV)-X type compound, thus generatingetPd(lV) species. The subsequent reductive

elimination generates the final product and releases Pd(ll) back into the cycle.

C-H Activation Oxidative Addition X Reductive
Elimination
I /’/u, o i - II”’I,/,, an
R-H Pd gl Oxidant-X . gV RoX

H* R N R ‘ ~N  -Pd

X=0,S,I,Br,Cl,F,N

Figure 1-10. Proposed Pd(IIPd(1V) catalyticcycle for GH activation.

However, the above mechanism involved Pd(IV) intermediates-ih @xidation
chemistry is demonstrated to be questionable recently. Through both experimental and
computational studies, Ritter and-aorkers show that the initial pduct of oxidation is
highly possible to be a bimuclear Pd(lll) complex instead of mononuclear Pd(IV)
complexes?

During the past few years Sanfortyu,>* as well as Dauguli$and their ceworkers
have made contributions toward palladium catalyzed kbrd functionalization. A wide
variety of GH functionalization reactions have been developed through the combination

of Pd catalysts and oxidants. Sanford and coworkers have demonstrated that by choosing
17



substrates with appropriate directing groups, usiagteinically activated substrates, and
properly designed catalyst systems, high reaction selectivity can be achfesethe
important conclusions have been drawn from their research. Durirfy G
functionalization reactions, the favored site fioe functional group addition to occur is
ortho to the directing group at its least hindered side, as shown in Figlde 1
Meanwhile sp C-H functionalization processes favthe functional group addition to

occur at the Db positi ddmgcetoxylationireacticheshowmirst r at

Figure 112, °%
Ho FG
Ha oxidant FG

preferred non-preferred

Figure 1-11. Selectivity of a ligand directed $g-H functionalization .

Meo‘lN cat. Pd(OAc), MeO\IN
Phi(OAc), OAG
)\( ACOH/Ac,0 (1:1) )\C
100°C
78%

Not Observed:

MeO.
FO‘N MeO\N MeO\N {\1 MeO‘N
OAc | I | )I |
)\i m )\@AC AcO /Ki/OAC

Figure 1-12. Selectivity of a ligand directed $6-H acetoxylation
Sanford and covorkers also reported several ligands that significantly enhanced the
performance ofhe Pd catalyst® For example, they developed a highly efficient bidentate

N~N donor ligand which demonstrated high efficiency and selectivity feca®alyzed
18



naphthalene arylation reactions, as shown in Figtt8.> They also discovered that a
simple pyridine ligand could effectively promote -Patalyzed arene acetoxylation
reactions. Through altering the palladium/pyridine ratio, the rate and site sejecfivit

this reaction could be adjust&d.

cat. (N~N)PdCl, Ph
[PholIBF, Ph
NO,Ph OO *
130 °C, 16h
U b
cl cl
»—
N N
cl cl
70%
U: b =711

Figure 1-13. Efficient bidentate N*N donor ligandsed in Petatalyzed naphthalene

arylation reaction.
1.4 Tricarbonyl Rhenium(l) Diimine Complexes

The continuous interest in tricarbonyl rhenium(l) diimine complexésc- (
[Re(COR(N~N)X], where X is a halogen, an alkyl group or a pyridyl ligand) stems from
the fact that these compounds have similar excited state properties as Ru(ll) polypyridyl
analogues. These compounds have wsjiead applications, including catalyst
labeling biomolecules® monitoring polymerizations and using as optical switching
materils.®® In 1970, Wrighton and coworkers were the first to investigate the
photophysical and photochemical properties of this class of compfd®ésFurther

studies have focused on the relationship between the nature of the halogen/polypyridyl
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ligand and the photophysical properties of these compféxesgeneral, the lowest

excited state of tricarbonyl rhenium(l) diimine complexes involvesiawv lying MLCT

and intraligand (L}’ -~ excited state® These lowenergy emissions mainly occupy the

orangey el | ow

spectr al

region,

a n-ldondindp eetyveeww c c u r

the carbonyl ligands and rhenium metal center. Bhkbonding lowers the energy gap

bet ween t

he

me t allgand orbitalstf ihe carbosyl ligamds. t h e

Due to strong spHorbit coupling, singletriplet mixing is enhanced for tricarbonyl

rhenium(l) diimine complexes. Consequently, these pleres exhibit phosphorescent

emissions with long decay lifetimes that are observed both in the solid state and in

solution®® However, in comparison with other late transition metals, the quantum yields

of diimine rhenium complexes are generally low, wiipical quantum vyields of

approximately16.%® Despite this, diimine Re(l) complex@sand 3 with high quantum

yi el @=s0.3%0r7)were recatly developed by Demas and DeGraff, as shown in

Figure 114.° Their unusual solution emissions are centered between 450 and 500 nm,

which is mainly®LC in nature.

2 R1234=Me, R®=tBu
3 R1234=Me, R®=(CH,);CH,

Figure 1-14. Structures of tricarbonyl Re(l) diimine complexes with high quantumn

yields.
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In addition to their luminescent properties, tricarbonyl rhenium(l) complexes have
also drawn significant attention because they can facilitate the photoch€naical
electrotiemicaf® reduction of CQ@. In 1984 Lehn et al. reported that the compound
Re(bipy)(CO)CI catalyzed the reduction of G& CO on a glassy carbon electrode in a
DMF/water mixture®® Inspired by their work, researchers have investigated many
rhenium bipyridinebased catalysts during the last two dec&d®s.Ishitani and
coworkers developed a series of mononuclear rhenium () complexes and
rhenium(l)/ruthenium(Ihbased supramolecular photocatalytic systems facilitating highly
efficient photocatigtic CO, reductior®”®*®* |n 2012, Kubiak et al. reported a light
assisted cgeneration of CO and Hrom CQ; and water by using R&u,bipy)(CO)ClI
(where 'Bubipy = 4,%8di-tert-butyl-2,26bipyridine) and pSi (p-type silicon
semiconductorin a nonraqueous mediurt?

Much attention has focused on the mechanisms driving the electrocatfiytiw
photocatalytic®*°® CO, reduction processes. Despite these efforts, rteehanism
behind the latter process still remains unclear and no direct evidence has been observed
for the proposed intermediateésuch as a Cgbridged rhenium dimer and
metalocarboxylates)Through a systematic study of three rhenium(l) complefess,
[Re(bpy)(COX%(L)] (L = NCS, CI, and CN), which have similar photophysical
properties,Ishitani and coworkers proposed a reasonable mechanism for photocatalytic
CO, reduction process, which is show in Schemg. In this scheme, the process
involving fac-[Re(bipy)(COX(NCS)] as a catalysts is shown as an example. Upon
irradiation, an electron of the rhenium catalyst is promoted tSMIET excited state.

This excited electron is subsequently quenched by a tertiary amine, thus yielding a one
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electron rduced (OER) species. The next key step involves the dissociation of SCN from
the OER species, s udlseqturemn |syp eydied sdd nwh cas i
is [Re(bpyE)(CO)] (4).”° This species then reacts with €0 form the CQ adduct(s).

The product CO is obtained through a telectron reduction of C£O However,
compound4 has only a single extra electron, and thus the OER species act as a source for

the second electron in the catalytic cycle. At the end of the catalytic cycle CO isdelease

as the main product and the eliminated anion S&Mrdinates to [Re{py)(CO)]" to

recover the cataly$ac-[Re(bhipy)(COx(NCS)].

|
_N l .CO
= N/ \Co ( y N( \CO \

NCS cO
] IS
S@RL\\\“CO NCS 4-NCS
N7 Teo SMLCT
Cco excited state
4-NCS
{COZ adduc@ TEOA

NCS —
=N, \Nco_I / TEOA™
o
=N |\co N
S

Scheme 1-2. A proposed photocatalyticCO, reduction  mechanism byfac-
[Re(bipy)(COX(NCS)].

1.5N-heterocyclicCompounds andT heir Transition M etal Complexes

In this part, 2( 2pridyl) benzimidazole, € 2p§ridyl)benzindole, their transition

metal complexes, and their derivatives will be discussed. This section will focus mainly
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on contributions from our group. However, related work by other research grallips

also be discussed.

1.5.12-( 2P§ridyl)benzimidazole and Derivatives

The motivation in preparing 2( 2p§ridyl)benzimidazole gy-im)-based organic
ligands sterafrom the fact that these ligands can bind strongly with transition metal ions.
These ligands are especially wsllited for binding with dor o metal ions, which can
either enhance ligarcentered phosphorescent emissions or promote MLCT emig$ions.
It has been demonstrated thag-im is a promising moiety for the fabrication of
luminescent metal complexes due to its rigid geometry. This rigidity can effectively limit
energy loss through competing pathways such as vibrational decay, and can thus enhance
phosphorescence emission intensities. As shown in Figlibethis family of ligands has
two nitrogen atoms that can chelate with metalsiahus forming a fivanembered
chelate ring with the metal center. In comparison with avsxmbered chelate rinthis
five-membered chelate ring is more rigid and more conjugated, providing a more rigid
metal complex. Additionally, the emptyH site can be further modified. For example,
this site may be coupled to the carbon atom of various aryl groups, which nrayppe
new avenues for preparing new classes of diverse ligands anefunational materials.
Based on these considerations, our group has designed and synthesized apefias of
based ligands as shown in Figur&3l and many of these examples incogtermultiple
py-im subunitst® A common feature shared between these ligands was that their
absorption spectra displapteadproximately 280 andr pt i o
300 nm, whi c h  traessians centefed anripy-imYuhits. Investigations
on their extinctioncoe f f i c) emas e (Undi cated that U is
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number ofpy-im units incorporated into the ligand. The emissions of these derivatives at
room temperature and at 77K are dominated by the fluorescence emission pathway. These
ligands havelao been investigateda X-ray crystallography, and their crystal structures
have revealed that th@y-im unit has little conjugation with the benzene or the biphenyl
groups to which it is directly attached. Tipg-im units are usually arranged in a
perpandicular manner to the benzene or the biphenyl linker in order to minimize steric

interactions between thetho hydrogen atom&™®

Figure 1-15. Structures of various ligands basedmnrim.

Following the synthesis of the free ligands, Pt(ll) complexes based on this class of
ligands were obtained in goodeids, and their structures are shown in Figuk1®
These ligands readily bind to the Pt(ll) centea N~N-chelation. Their absorption
spectra have very similar features, and they all show a broad and weak absorption band

covering 4168550 nm which is attributed to MLCT transitions. As is the case among the
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free |igands, the U values of these comple
py-im units. Unfortunately, solutions of these Pt(Il) complexes do not emit at room
temperature e to the thermal quenching of the solvent molecules. At 77K, frozen
solutions of these complexes emit at &84 nm, which originates from a MLCT excited
state.The solid state emission covers 8821 nm at room temperature, thus displaying

an orangaedemission.

Figure 1-16. Structures of Pt(Il) complexes basedmyim ligands.

In addition to Pt(ll) complexes, Ru(ll) complexes based ongsn unit were also
developed by our group, as shown in Figw2® Upon excitation by light, all of these
Ru(ll) complexes produce a red emasi which is observed both in solution and in the
solid state at room temperature. The emission maximum ranges from 622 to 630 nm in
CH3CN, and from 623 to 629 nm in solid state. In comparison with [IRUHE(PFs). ( @

= 6%), all of these complexes exhihi relatively high emission quantum efficiency (4%
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to 17%), which makes them attractive candidates for use in redeligitting devices.
Electrochemical analyses indicate that incorporation ofpghen units into the Ru(ll)
complex causes an increase in the HOMO level and a decrease in the LUMO level, thus

decreasing the HOMQUMO band gap relative to that of [Rufly)s](PFs)2.

gy

(bPY)zRU\N

n=1,X=CH orn=2,X=N
(bpy)zRu /\

Figure 1-17. Structures of Ru(ll) complexes basedmyim ligands.

s

The py-im ligand has been used not only to prepare small organometallic complexes,
but also been to synthesize metalgramolecular polymers by other research groups.
Rowan and cevorkers successfully prepared a series of muHgtil@uli-responsive

metallosupranolecular polymers based on this benzimidazole moiety using reversible
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metatligand interactiond®*® In this work, they used ligan8l shownin Figure 118 as

the monomer. By simply mixing the transition metal ions and lanthanide metal ions with
an appropriate functionalized monomer they obtained metallsupramolecular gels.
Four metallesupramolecular gdike materials were prepared by»mg the monomer

with either Co(ll) or Zn(ll) as the transition metal and either La(lll) or Eu(lll) as the
lanthanide metal. Through these combinations, the four maaicamolecular gel
composition included 5-Co(Il)/La(lll), 5-Zn(Il)/La(lll), 5-Co(l)/Eu(lll), and 5-
Zn(I)/Eu(lll). The metal ions essentially served as junction points connecting the
monomer units together via metaand coordination. Within this frame work, the
transition metal ions Co(ll) or Zn(ll) would bind to two different monomeits) and
formed junction points connecting monomer units together in a linear fashion as a chain.
The lanthanide ions underwent coordination with three monomer units, forming
intersections between different chains and thus behaving as crosslinkers. &oalan
demonstrated that all four gels responded to thermal and mechanical sEither.
heating the gels at high temperature (30por shaking them resulted in a reversible gel
sol transition.Due to the strong binding affinity between the lanthanided the
carboxylic acids, these lanthanidentaining systems also showed chemoresponsive
behavior. For example, addition of a small amount of formic acisseth the5-

Zn(1)/Eu(ll) gel-like complex to breakdown and the Eu(lll) emission was also quenched
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1.3% >
La(lll)(NOs)s
M Eu(I)(NO3);

2.97% @
Co(I1)(CIOy),
or Zn(I1)(CIO,), \

<

n = number of ligand 5 y = number of repeat unitx = number of negative charge
> = La(lll) or Eu(lll) @ = Co(ll) or Zn(ll)

Figure 1-18.Schematic diagram showing the formation of metalipramolecular gel

like materials obtained by mixing metal ions with monofer
1.5.22-( 2Pgridyl)indole and Derivatives

Unlike the py-im ligand, py-in has a carbon atom located at th@d3ition of the
indole ring rather than a nitrogen in the benzimidazole (Figure After deprotonation,
py-in can emit blue light since deprotonation of the ligand decrehses t * ¢ap, thus
causing a red shift in the emission energy. Additionally, when the indole is deprotonated
to generate an anionic ligand, it could bind to the metal cefadd”N chelation™*
For example, our group has synthesizedp¥sif)(THF)'™®, by reacting the anionic
ligand with ZnC} in THF solution under nitrogen protection. In this reaction,

butyllithium was used to deprotonate the ligand. This reaction involves a simfdéeche
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binding mode and is thus less complicated than the corresponding reaction involving the
2-(2-pyridyl)-7-azaindole ligand, which involves both the bridging and chelate binding
modes. However, the Zoy-in),(THF) complex is ahsensitive. This aisensiivity is
apparently caused by reactions between the negatively chiargedigand and moisture,
which cause the highly polarized -&(indole) bonds to rupture.-kay quality crystals
were obtained by recrystallizing this complex from fCH/hexane, andts crystal
structure is shown in Figure-19. The crystal structure clearly shows that the Zn(ll)
center is five coordinate. In particular, the metal center is chelated tpytwoligands

and is also coordinated to one THF molecule, which is easilywbenh subjected to
vacuum. The phofuhysicalproperties of this Zn(ll) complex were also investigated. In
both solution and the solid state, this complex emitted a brightgoken color upon
irradiation by UV light. Its emission maximum was observed & ém and was
attributed to a ligand e n t e r “erdnsitior¥, This luminescence investigation and the
previous literature work® demonstrated that the central Zn(ll) ion stabilizes the
negatively charged liganda coordination bond formation. Lorenz and-workers also
synthesized a series pf-in-based 8 transition metal complexes using N~N chelation,
and the structures of thresomplexes are shown in Figur@@'*® They alsareported that
evenaweak base such as triethylamine could cause deprotonation. Howewoéthake
complexes were air and moisture sensitive, which greatly limited their potential

applications.
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Figure 1-19. Crystal structure of Zipfy-in)(THF).*?

fPI o¢ co
oCcC— Re—CO
| v Cl N MNe
7N\ _/ | / \ /
M =Rh, Ir, Ru
Figure 1-20. Structures of transition metal complexes prepared by LorenZ&t al.

When a substituent group protects the nitrogen atom on the indole ring from chelation,
the C"N chelated metal complexes could be preparede dime substituent does not
deactivate the indole nucleus towards the electrophilic attack by the fi@aked on
this consideration, a sesi®f 2( 2pgridyl)indole derivatives bearing phenyl substituents
on the indole nitrogen have been synthesized by our group. In addition, cyclometallated
Pd(Il) and Pt(Il) complexes of these ligands are also under investigation, as shown in

Figure 12119
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Figure 1-21. Structures ofpy-in based ligand and N~AChelate Pt(Il)/Pd(Il) metal

complexes.
1.6 Polynuclear Metal Complexes

While N-heterocyclic compounds have been used to prepare mononuclear metal
complexes, they are also widely used to prepare polynuclear coetalexes. Currently,
much research attention is devoted to polynuclear metal complexes. This interest is
stimulated not only because of the large sizes of these complexes, but also the variety of
components that can be incorporated into these supranaieauwdys. The long term
goal of these studies is to prepare light harvesting units capable of absorbing the entire
solar spectrum and process this light energy into useful chemical €hdmang the
most weltknown examples of these systems are solds,oghich convert sunlight into
electricity. Research has shown that even though many variables will influence the final
performance of solar cells, the design of the dye sensitizers is considered to be the most

important factors’ As discussed above, Ru(ll) polypyridyl compounds are considered to
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be the most promising photosensitizers. The dye N3 can be considered as an example in
this regard, ast has been demonstrated to be an efficient photosensitizer with high
stability. Unfortunately, its spectral response decreases rapidly above 700 nm. In order to
efficiently harvest sunlight, polynuclear metal complexes have been employed, which
consist ofseveral chromophores that are linked together by bridging or spacer units. In
such systems, the excitation energy arising from light absorption is transferred from the
higher energy chromophores to the lowest energy chromophores, as shown in28ure 1
The communication between the constituent units is greatly influenced by the nature of
the bridge and the mode of linkaffef the interactionsare weak, the properties of the
supramolecular complexes can be considered as simply the sum of their constituent units.
However if strong interactions exist between the metal centers, the properties of the
complex will be quite different from those ofieir monomeric analogs. Significant
advances have been made in this fléldor example, Grézel and eworkers reported

the synthesis of Ru(ll)/Re(l) polynuclear complexes utilizing cyanide as the bridging
ligand (Figure 123).”? Their investigations have shown that cydmialged Re(BRe(l)

and Re(BRu(ll)-Re(l) complexes are highly emissive. Luminescence and redox
properties have been usedassess the intramolecular energy/electron transfer processes
between the terminal Re{bolypyridyl units and the central Ru@polypyridyl unit. The
intervalence transitions and the excitation spectra for the Fag#g¢d emission
demonstrate that energy efficiently transferred from the Re(l) based chromophore to

the Ru(ll) based unit.
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Figure 1-22. Energy transfer process in a polynuclear metal complex.

LR
OC—Re—NC— I:?g—CN—Rle—CO ( O—O

oc” co N_N oc” o

Figure 1-23. Structure of ReRu polynuclear complex.

In addtion to solar cell applicatias) the heterébimetallic RuM (M = Pd, Pt and so
on) complexes have also been designed for the visible light splitting ef.Wadis solar
energy water splitting process involves two components, the reduction of protons and the
oxidation of water. To date, several examples have been reported involving the
homogeneous catalysis of individual half reactions. These systems duslzificial
agents to provide the required redox equivalents. Photoactive metal complexes play the
role of light absorbers, and electrons are transferred from the dye to the catalytic center
through an intermolecular proc€dsThe light driven oxidation of water is catalyzed by
colloidal particles, and manganese clusters are the most frequently used catalysts for this
role.”® The lightdriven proton reduction can be catalyzed by redox active metals such as
platinum or palladium® Here only the proton reduction half reaction will be discussed. It

is difficult to optimize the electron transfer processes through the intermolecular
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approach. To address thisuahn effort has focused on the development of controllable
intramolecular edctron transfer processes. By manipulating the appropriate molecular
components, systems allowing directional lidhtven electron transfer from the photo
center to the catalytic center can become available. These systems are described as
photochemical mlecular devices (PMDs), and the general structure of one of these
systems is shown in FigureZ#t. A PMDs consists of a photoactive center, a bridging

unit and a catalytically active moiety.

Light
e e
Donor /77 N\ /77 O\ H,

Bridging
> = Ligand M <
2 H

Oxidised  photo Catalytic
Donor centre centre
M = Pd, Pt, Co

Figure 1-24. A scheme showin@ bimetallic complex serving as a PMD for proton

reduction.

I n 2006, Sakai and c¢ o whbydrégerewlvinfy molestlar r e por
deviceo, wh pfoomangaguears aadtate Hufféd solution in the presence of a
sacrificial electron donor upon visible light illuminatidff However, the turover
number (TON) of this compound for hydrogen formation was only 2.4. The chemical
structure of this compoun@ is shown in Figure -B5. Following this discovery, much
research effort has been given to improve the catalytic performance of these systems.
Several polynuclear metal complexes (e.g. compourtdshown in Figure 25) have
been investigated as efficient photocatalytic active systems with high T@Nsther
investigations on these complexes have shown that the bridging ligand significantly

affects the performance of these systems. In order to obtain active catalysts, the bridging
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ligands should have lolying energy orbitals that can accommodate an electron

originating from the photo center.

Figure 1-25. Structures of various polynuclear metal complexes used as photochemical

molecular devices.
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1.7 Organoboron Compounds
1.7.1Four-coordinate boron compounds

The study of 4coordinate organoboron compounds stems from the interesting
properties exhibited by Afg(q=8-hydroxyquinolinate) and its derivatives. In 1987 Tang
and Van Slyke first reported an efficient green EL device that preparedtnorfiims of
Algs.”® Since then, this compound and its derivatives have been fully studied and widely
used as electron transporting and emaesdayers for OLED fabrication. Even though
previous studies have achiev@tlEDs emitting ingreen and redegionsby doping Alg
with different dyes, it is still a big challenge to obtain blue emitters through this
method’® This problem was not resolvedtil the emergence of-doordinate boron
systems. Our group synthesizeehy@lroxyquinoline based -doordinate organoboron
compounds, shown dd and12in Figure 126.** These boron compounds exhibit bright
greenblue photoluminescence and hageod stability towards air and moisture. This
stability can be attributed to the more covalent nature of the ¥igamd bonds, which
makes them potentially useful compounds for electroluminescence. Additionally, they
also have good electron transport prapstt giving them potential applications as

electron transport materials.

B-O /B\—O
Ph/ Ph Et Et

Figure 1-26. Structures of 8Hydroxyquinoline based -doordinate organoboron

compounds.
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Our group ao developed a series of N*N chelatedoérdinate boron compounds,
shown as13-17 in Figure 127.”° Those compounds have a general formula of
BPh(N”N), where N~N represents bidentate chelate ligands containing both neutral and
negatively charged nitrogatonor atoms. These compounds display bright luminescence
ranging from blue to red, depending on the nature of the chelate ligand. In addition, they

can function as both emitters and electron transport materials in EL devices.

- Ph
B‘Ph

H,CO
16 17

Figure 1-27. Chemical structure of N*N chelate organoboron compotBdsy.

In addition tothe N*N-chelate N*C-chelated organoboron compounds are another
significant class of molecules used for OLED fabrication. Unlike the widely explored
N~C-chelated metal complexeBI*C-chelated boron compounds are still rare. In 2006
Yamaguchi and cavorkers designed and synsiieed a borykubstituted thienylthiazole
compound, which is shown in Figure28.%° The photophysical and electrochemical
properties, as well as the solid state structures of this compound were investigated. These
investigations revealed that the intranmlar BN coordination effectively constrains
t h econjugated framework in a planar fashion. Consequently, the electron affinity
increases, which in turn lowers the LUMO level. Due to the above properties, these

compounds are promising electron transpgrtnaterials.
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Figure 1-28. Chemical structure of borgubstituted thienylthiazole.

Recently organoboryl groups have also been shown to exhibit interesting
photochromic behaviof&**which broadens their potential applicationghe fabrication
of optical memory devices, molecular switches, smart windows and other devices.
Photochromism is the lighhduced reversible transformation of a chemical species to a
new species that has a different absorption spectrum or®édsrshown in Figure 129,
upon UV irradiation isomeA can be converted to the higher energy isoBeiThe
reverse reaction is induced by irradiation at a different wavelength or alternatively by
heat to regenerate isomé. Until now, there are only two typesf photochromic
organoboron compounds, including the azobenzene-dated boron compounds

reported by Kawashinfd and N*Gchelated boron compounds reported by our grbup.

Excited States

N

AG*

1
B
hv'/A
A

Figure 1-29. Diagram showing the pathways of photochromic switching between two

hv

isomers?®
In 2005 Kawashimaand coworkers reported the photoisomerization of a
catecholborane [)-18) containing a Aphenylazo)phenyl group attached to the boron
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through an NB dative bond, as shown in Figure3@®! This (E)-18 compound had a

maxi mum absorption at 3 39transitign ofthe azo proumwa s a s
After irradiation at 360 nm, the absorbance band at 339 nm decreased while a
corresponding absbance increase was observed at 460 nm. This new absorbance
maximum at 460 nm was attributed to-Arf t r ansi t i on ocisisdmere az o
B NMR experiments revealed that this isomerization occurs by the dissociation of the

B-N bond, which isd |1 | owe d by t he atmmshl® nz@sn(d moi et
isomerization. This process is fully reversible, as applying irradiation at 431 nm produces

the original isomer. Kawashima andaorkers also discovered that the Lewis acidity of

the catecholboranean be switchedia photoirradiation. Upon transformation from the

trans isomer to thecis isomer, the complexation affinity for pyridine increased by a

factor of ~300.
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Figure 1-30. Photoisomerization of compourk8 and the influence of pyridine on the

isomerization process.

In 2008 our group reported a reversible isomerization process involving a tetrahedral
boron centel? Unlike the photochromic azobenzene organoboron compounds mentioned
above, structural transformation of our N~C chelate boron compounds involved the
cleavage and subsequent formation e€Band new C-C bonds, as shown earlier in
Scheme 41. An example of these compounds is B(ppy)Meshere ppy =2-
phenylpyridine, and Mes = mesityl. Upon irradiation at 365 nm, solutions of these
tetrahedral N~*&helated boron compounds rapidly changed from highlgréiscent
colorless solutions to neemissive dark blue solutions. During this process, a név C
bond was formed between a mesityl and phenyl groti#s.and 'H NMR studies
confirmed that this process was fully reversible. As part of a systemegistigation of

these tetrahedral boron compounds, a series of boron compounds with substituted ppy
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chelating ligands were synthesized (Figur81)L This investigation was conducted in
order to gain a full understanding of the steric and electronictefiguch can influence
the photochromic behavior and photochemical stability of this class of compSunds
was found thathe incorporation of electrewithdrawing groups on the chelate backbone
increase the mesityl to chelate charge transfer contrimitio the lowest excited state,

which may lead to enhanced photoisomerization efficiency.

Figure 1-31. Chemical structure of N~Chelate boron compounds with different

substtuted chelation ligands.

The impact of metal chelation on the properties of this boron photochromic system
has also been investigated by our group, although this research is still at an early stage.
Several Pt(ll) chelate compounds have been prepareshasn in Figure $82.3% At
ambient temperature, their toluene solutions all show bright phosphorescent emission,
which originate mainly from the’LC state of the chelate ligand. However, the
photoisomerization quantum efficiencies of these complexes are lower than that of
their parentcompoundl1. The absorption spectral data and tidependent density
functional theory (TBDFT) computational results indicate that chelation to the Pt(ll)
center enhances the ligandntered singlet to triplet intersystamossing, resulting in an
enhancement of th&.C state that is localized on the chelate backbone. Consequently,

phosphorescence becomes a highly efficient relaxation pathway for energy dissipation
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which was not available to the parent B(ppy)Mekromophoe. This new relaxation

pathway thus leads to significant photoisomerization quenching.

7\ /\ 7 N\ /\
OO0 D

g Q@ﬁ MQ(@

L = DMSO, 4-t-Bu-py

Figure 1-32. Chemical structures of N*Chelate boron compounds that are coordinated
with Pt(1l).

1.8 Scope of this Thesis

As shown in the above sections, transition metal complexeg-andrdinate boron
compounds have a wide range of applications in OLEDSs, for catalysis, and for various
other photochemical devices. This is also apparenthétransition metatontaining 4
coordinate boron compoundsyen thoughresearch in this area is still in its infancy.
Therefore, the goal of this thesis is to investigate the structures and luminescent
properties opy-in andpy-im-containing coordin&n complexes of Ru(ll) and Re(l), as
well as their corresponding Pd(ll) and Pt(ll) bimetallic complexes. Additionally, the
reactivity of Pd(Il1l) complex inchisf29@Gati ng
py)-indolyl] moieties is also examined. Thmpact of transition metal coordination on
the photochromic behavior of N€-chelate 4-coordinate boron compounds is also
discussed.

In Chapter 2 the synthesis of a novel ligarid(as shown in Figure-1) where gy-

in and apy-im unit are linked togethieby a phenyl group, is described. In addition, two
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C-C bonded polydentate ligands (L2 and L3) were isolated as byproducts which
structures are shown in Figurell Chapter 2 examines theroperties of both the
monomerand oligomer ligands. In Chapter,3he syntheis of heterobimetallic Ru(H)

Pt(Il) and Ru(Il}Pd(ll) complexes based on ligand L1 is discussed. The photophysical
and electrochemical properties are also examined. Chapter 4 describes the synthesis of
heterobimetallic Re(#Pt(ll) and Re(hPd(l) complexes based on ligand L1, and also
examines their photophysical and electrochemical properties. In addition, preliminary
results exploring the electrocatalytic reduction of,G@e also presented. In Chapter 5,

the synthesis of novétans-chelatedPd(Il) and Pt(Il) complexes based on chiral ligand

b i s F&(, 2pydidyl)indolyl)benzene] Wpib, L4) are described. A preliminary
investigation on the catalytic activity of the Pd(OALY system for promoting the arene
acetoxylation reaction is alsogsented. Chapter 6 described the effect of coordination
with metals(Au(l), Pt(ll), and Re(l) on the photochromic behavior ofcbordinate boron
compounds. Meanwhile, Chapter 7 provides a general summary of the research described

in this thesis along witkey conclusions and proposed future work.
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Chapter 2

Synthesis of 2( 2P§ridyl)indole and 2-( 2P§ridyl)benzimidazole Based

Ligands

2.1 Introduction

As discussed in Chapter 1;(22pgridyl)benzimidazole y-im) ligand canstrongly
bind with transition metal ions. These ligands are especiallysuéid for binding with
d® or & metal! which can either enhance ligandntered phosphorescent emissions or
promoted MLCT emissions. Due to its rigid geomepysim is a promisng moiety for
fabricating luminescent metal complexes. Previously our group has reported a series of
polydentate ligands that have multigsg-im binding sites and can chelate readily to
metal ions, producing luminescent dinuclear and trinuclear Ru(I()l) Rind Cu(l)
compounds? In contrast to the N~MNhelate py-im chromophore, the -2 2 6
pyridyl)indolyl (py-in) chromophore may bind to metal ions either as a terminal ligand or
an N"Gchelate ligandria cyclometadtion. * Because of the different binding modes and
different reactivity ofpy-im and py-in toward metal ions, ligand systems that contain
both py-im and py-in binding sites would allow the attachment of two different metal
centers, thus achieving heterobimetatimmpounds. Based on this consideration, a new
ligand L1 was designed and synthesized whemy-&n and apy-im unit are linked
together by a phenyl group, as shown in Figufe 2

During the synthesis of ligand L1, a new class of ligands L2 and L3 wéated@s
byproducts,as shown in Figure 2. These two ligands can be considered as the

corresponding3 , -@-@ coupled products vase mechanismof formation has been

54



reportedpreviously* This chapter will examine the syntlessand characterization of

the ligands.

L2 L3

Figure 2-1.Chemical structures of L1, L2 and L3.

2.2 Experimental

2.2.1General Considerations

All reactions were performed under dryg With standard Schlenk techniques unless
otherwise noted. All starting materials were purchased from Aldrich Chemical Co. and
used without further purification. Solvents were freshly distilled over appropriate drying
reagents under Natmosphere. NMR speet were recorded on a Bruker Avance 400 or
500 MHz spectrometer as stated. Excitation and emission spectra were recorded on a
Photon Technologies International QuantaMaster Mod@&0Gspectrometer. UWis

spectra were recded on a Varian Cary 50Bio UVis spectrophotometer. The syntheses
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of 2-( 2pgridyl)indole’ and tbromo-4-[2-( 2p§ridyl)-benzimidazolyllbenzene (Brn)

wereachieved by methods described in the literature.

2.2.2Synthesis of Ligand L1
A mixture of Brmb (0.374 g, 1.07 mmol);(2 2pgridyl)indole (0.D7 g, 1.07 mmaol),

CuSQA 5,8 (0.027 g, 0.107 mmol), g30; (0.707 g, 2.17 mmol) was suspended in 2.5
mL of dodecane. The mixture was refluxed for 12 h and then cooled to room temperature.
The resulting residue was extracted with,CH (50 mL x 4), and theorganic extracts

were combined dried over Mg@Oand purified by column chromatography (1:1
THF/hexane) to obtain the product as white powder. Recrystallization of the crude
product in CHCI,-hexane afforded L1 as white crystals (yield 30%, m. p. 2(8219.0

°C).'H NMR (400 MHz, CDCl,, 298.0 K,li , )p&b5i(d, J = € Hz, 1H), 8.42 (d, J =

46 Hz, 1H), 8.30 (d, J = 7.9 Hz, 1H), 7.90 (d, J = 5.8 Hz, 1H), 7.86 (td, J = 7.7, 1.8 Hz,
1H), 7.79 (d, J = 7.Hz, 1H), 7.68 (td, J = 7, 18 Hz, 1H), 7.467.30 (m, 11H), 7.29

7.20 (m, 3H);**C{*H} NMR (100 MHz, CD:Cl,, i, ppm): 151.5, 150.
148.8, 143.2, 139.9, 139.1, 138.1, 137.1, 136.9, 136.2, 128.8, 128.5, 128.4, 124.9, 124.2,
124.1, 123.6, 123.6, 123.4, 122.1, 121.5, 121.3, 120.3, 111.8B, 10%.2. HRMS calcd

for Ca1H21Ns[M] - m/z 463.1797, found: 463.1792.

2.2.3Synthesis of Ligand L2

This compound was isolated as a byproduct from the reaction mixture for L1 in 10%
yield after recrystallization from Ci€l, and hexanes. (m. p. 187@-188.6°C)'H NMR
(500 MHz, CDCl,, 298.0 K, i, ppm): 9.88 (s, 1H), 8.54 (d, J = 5.1 Hz, 1H), 8.39 (d, J =
49 Hz, 1H), 8.32 (d, J = 4.9 Hz, 1H), 8.24 (d, J = 7.5 Hz, 1H), 7.87 (d, B HZ.1H),

7.82 (t, J = 6.4 Hz, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.48 (t, X8, 4H), 7.427.20 (m,
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13H), 7.13 (t, J = B.Hz, 1H), 7.06 (t, J = 6.4 Hz, 1H), 68892 (m, 2H)HRMS calcd
for CasH20N7[M] *: m/z 655.2484, found: 655.247The **C NMR spectrum could not be

obtained due to poor solubility

2.2.4Synthesis of Ligand L3

This compound was isolated as apbgduct from the reaction mixture for L1 in 7%
yield after recrystallization from Ci€l, and hexanes. It decomposes at T > Z00H
NMR (500 MHz, CBCl, 298.0 K., ppn): 8.35 (d, J = 4.2 Hz, 2H), 8.88121 (m, 4H),
7.86 (d,J = 7.8 Hz, 2H), 7.81 (t, J =&Hz, 2H), 7.59 (d, J = 7.8, Hz, 2H), 7.53 (d, J =
8.2 Hz, 2H), 7.387.26 (m, 20H), 7.19 (t, J = 7.8 Hz, 2H), 7.10 (d, J = 7.2 Hz, 2H); 6.97
6.95 (m, 2H)HRMS calcd for GHaN1M] *: m/z 924.3437, found: 924.346Bhe °C

NMR spectrum could not be obtained due to poor solubility

2.2.5X-ray Diffraction Analyses

Single crystals of.1 andL3 were mounted on glass fibers and were collected on a
Bruker Apex Il singlecrystal Xray diffractometer with graphitsnonochromated WK,
radiation, operating at 50 kV and 30 mA and at 180 K. Data were processed on a PC with
the aid of the Bruker SHELXTL software package (version 5#0)d corrected for
absorption effects. All nehydrogen atoms were refined anisotropically. The crysia d
of L1 has been deposited at Cambridge Crystallographic Data Ce@€DC No.
860141) The crystal dataf L1 and L3 areeported in Table 4. Their selected bond

lengths and angles are given in Tabi2. 2
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Table 2-1 Crystallographic data for compound$ andL3.

L1 L3
Empirical formula C31 H21 N5 C62 H40 N10
Formula weight 463.53 925.04
Space group P2,2:2; P4
a, A 7.578(4) 18.178(1)
b, A 10.822(5) 18.178(1)
c, A 28.380(14) 18.065(1)
U, deg 90 90
b, deg 90 90
2, deg 90 90
v, A3 2327(2) 5969(9)
Z 4 4
Density (calculated), gcth 1.323 1.029
B mm? 0.080 0.06
2 dax deg 49.98 51.98
Reflns meads 20451 59315
Reflns used 4078 11753
(Rint) (0.1040) (0.2171)
FinalR[I>2 0 (| ) ]
R1? 0.0858 0.0998
wR2 0.2113 0.2048
R(all data)
R1? 0.0991 0.2493
wR2 0.220 0.2617
GOF onF? 1.147 0.860

A RL = H[[Fo] FRJ/EF ° WR2 = {B[W(Fo’ T FA BWFAY2 v = 1[0 (FS) +
(0.079°)%, whereP = [max.F.2,0) + F7/3.
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Table 2-2 Selected bond lengths (A) and ang/®sdf compound_1 andL3.

L1
N(1)-C(1) 1.380(6) C(1)N(1)-C(8) 107.3(4)
N(1)-C(8) 1.394(6) C(1}N(1)-C(14)  125.6(4)
N(1)-C(14) 1.409(6) C(B}N(1)-C(14)  127.2(4)
N(2)-C(9) 1.330(6) C(OFN(2)-C(13)  117.6(4)
N(2)-C(13) 1.348(6) C(20yN(3)-C(26)  105.3(4)
N(3)-C(20) 1.393(6) C(20yN(3)-C(17)  123.7(4)
N(3)-C(26) 1.393(6) C(26)N(4)-C(25)  105.4(4)
N(3)-C(17) 1.414(6) C(27yN(5)-C(31)  116.9(4)
N(4)-C(26) 1.293(6) N(1)-C(1)-C(6) 108.7(4)
N(5)-C(27) 1.327(6) N(1)-C(1)}-C(2) 130.1(4)
N(5)-C(31) 1.336(6) N(4)-C(26)N(3)  113.4(4)
C(1)C(6) 1.400(7) N(4)-C(26)}C(27)  121.5(4)
C(1)}C(2) 1.408(7) N(5)-C(27}C(28)  123.3(5)
L3

N(1)-C(1) 1.32509) N(1)-C(1)-C(2) 130.8(8)
N(1)-C(7) 1.355(11) N(1)-C(1)-C(6) 106.3(7)
N(1)-C(13) 1.380(9) N(2)-C(6)-C(5) 134.6(9)
N(2)-C(6) 1.314(11) N(2)-C(6)-C(1) 109.1(8)
N(2)-C(7) 1.380(10) N(3)-C(8)-C(9) 123.3(9)
N(3)-C(8) 1.240(9) N(4)-C(19-C(24)  108.0(7)
N(3)-C(12) 1.431(10) N(4)-C(19-C(20)  125.3(9)
N(4)-C(19) 1.299(9) N(4)-C(26)-C(27)  120.7(6)
N(4)-C(26) 1.440(9) N(5)-C(27)-C(26)  107.2(7)
N(4)-C(16) 1.572(10) N(6)-C(38)-C(33)  109.0(7)
N(6)-C(39) 1.340(10) C(32-C(39-N(6)  129.3(6)
N(6)-C(39) 1.378(8)

N(6)-C(45) 1.436(9)

N(8)-C(51) 1.299(10)
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2.3Results and Discussion

2.3.1Synthesis and Structures

Ligand L1wasobtained through a twstep Ullmann condensation reaction using 1,4
dibromobenzene?2-( 2pgridyl)benzimidazole an®-( 2pgridyl)indole as the starting
materials, as shown in Figure22 In the first step, one of the bromine atoms in 1,4
diboromobenzene is replaced by pg-im group to produce the monosubstituted
compound. In the second step, the remaining bromine atom is replacqxy{y group.

L1 is fully characterized by NMR and HRMSalyses.

P Cul, Cs,CO [
N~ 3 N~
1,10-phenanthroline Br
N7 N,H + Br4< >—Br > N7 N/@/
@ DMF, reflux i f
N
N~

CUSO4, CSZCO3

dodecane, reflux

Figure 2-2. Reaction scheme for the synthesis of ligandd 81

Ligand L2 and L3 were isolated as byproducts from the reaction with the intended
target being L1 as shown in Figure2In this copper catalyzed Ulimann condensation
reaction, both €N and CC bonds were formed at the same time whics already
observedpreviously by our group.The isolated yields of L2 and L3 amermal (10%

and 7% respectively) for these larger oligomers due to their poor solubility assilge
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decomposition under the harsh reaction condition employed. (T = 22)0Two
possible reaction pathways have been proposed to explain the formation of L2 and L3,
which areshown in Figure 3. One is direct € coupling at the three position of indolyl
first, following with the GN bond formation. The other ithe formation of L1 as
precursor first, which then undergoes dir€e€ coupling at the three position of indolyl.
Mechanism of this unusual copper catalyze@ Coupling reaction has been explored by
our group which can be found in literatut€ and thus will not be preseed in this
chapter. Even though the exact mechanism is still undeasidering the relativelgasy
C-N bond formation compared to-C coupling on sp carbons under this copper
catalyzed reaction condition and the higher yield of ligand L1, we bdlai¢he second
pathway is more possible and reasonaBleth L2 and L3were characterized byH
NMR and HRMS analyses.

The crystal structures of L1 and L3 were determined fgydiffraction and shown
in Figure 24 and Figure 5. For L1, the crystal structure confirms the ramplanarity of
the two chelate units with the central benzene ring.

It was found that L3 crystallized in the tetragonal space gropplé dihedral angle
between the indolyl rings is 122.1The crystal sucture also confims i gni i cant
interactions between the central pyridyl ring and central yhdahg with the atomic
separation distances being 3.50 4.50 A. Additionally, eaclpy-im group of L3 nearly
antiparallel with anothepy-im gr oup of an adjacent -mol ecul
stacking structure (shown in Figurészottom). The distance between the stacked planes
is about 3.54 APreviously our groupeportedb i s F(B4bi3[&( 2pgridyl)indolyl]

benzene)]bbib) (as showrin Figure 26).° The only difference between this compound
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and ligand L3 is that the ending grouphhib is py-in, while in ligand L3 ispy-im.
Interestingly, unlike L3 where the centia-in groups are in the opposite direction, in

bbib the centrapy-in units are in the same direction.

Br,

()

" )

Figure 2-4. The crystal structuref L1 with 35% thermal ellipsoidand labeling schemes
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Figure 2-5. Top: the crystal structure of L3Bottom: Parallel structure formed by
intermolecular -~ st ancLB.i ng
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Figure 2-6. Structure ob i s F(B4bi3[3( 2pgridyl)indolyl] benzeny (bbib).

2.3.2UV-Vis Absorption Spectra
100000
90000 1 L1
80000 - —13
70000 -
60000 -

50000 4

O(M-1cm?)

40000 1

30000 -

20000 1

10000 +

0 T T ¥ 7 ' |
230 280 330 380 430 480 530

wavelength (nm)

Figure 2-7. UV-Vis spectra of~1! 10° M solutions of ligands recorded in GEl, at

ambient temperature.

All photophysical property measurements were done igGGHat room temperature.
Absorption spectra arghown in Figure 2 andthe data arsummarized in Table-2.
The UV-Vis absorption spectra of ligands are all similar in shape, with the molar
absorptivity increasing with the number y-im or py-in unit. Theabsorption bands

shown at around ~310 nm are attributed to'thé ~ transition ofpy-im or py-in units.
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Compared to L1, both L2 and L3 have a shoulder band at ~370 nm in thesl$gectra,
which most | ikelyiwotremgaaoti e@slpyidyfamtindadyl t wo ¢
rings, as revealed by the crystal structure ofA.3imilar phenomenomas also observed
in thebbib molecule in which-~ i nt er acti ons birdblyweiesmalsot he t w

produce a distinct showdabsorption band.

Table 2-3. Absorption and luminescence data.

Emi s s jfnm,

Compound Absor phd am, (‘dinr)
(F phos)
L1 312 (39700) 384(0.05)
L2 310 (56600) 440(0.26)
L3 305 (61100) 448(0.21)

Conditions: All the spectra of1! 10> M solutions of free ligands were recorded in
degassed Cy€l, at ambient temperaturgDetermined using 9,28iphenylanthracenas

the standard.
2.3.3Luminescence Spectra
All ligands are emissive in solution at ambient temperature. As shown in Figjre 2
L1 emits i n t hg=8B¢nn ngantast, bath L2 hnd B3 emit in the
UV 1 egi @a=440inin And 448 nm, regpvely. This dramatic spectral red shift
between L1 and L2/L3 can be attributed to the intramolecular excimer formation between
the central pyridyl ringand indolyl ringin L2 and L3. The similar phenomenon involving
two py-in groups inbbib ° or two pyrene rings in a sterically constrained environfient
is also observed. 't i s believCGbondimd2 t he

and L3 assist the excimer formation.
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Figure 2-8. Emission spectra ofl! 10° M solutions of ligands recorded in GEl, at
ambient temperature.

2.4 Conclusion

New ligands L1, L2 and L3 based pg-in and py-im units have been synthesized
and isolated in a one pot reaction catalyzed by copper ions. The intramolecular excimer
emission has been observed for L2 and L3 due to the restricted rotation aro@nd-8é
C-C bond.Because ofhe different Iinding modes and reactivity, all of these ligands will
show different affinity toward metal ions, which may find applications in synthesis of

heterometallic complexes and supramolecular architectures.
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Chapter 3

Heterobimetallic Ru(ll) Complexes Based ond 2 6

Pyridyl)benzimidazolyl and 2-( 2P§ridyl)indolyl Derivative Ligand

3.1 Introduction

Luminescent transition metal complexes have attracted much research attention due
to their broad applications, such as triplet emitters for racgéght emitting diodes
(OLEDs)} light harvesting materiafsand fluorescent sensot&®u(ll) polypyridyl and
derivative compounds are a class of extensively investigated molecules because of their
unique redox properties, interesting excited state/pbatalytic reactivity, and
luminescencélt has been shown by several research teaatglhi introduction of a"2
metal center to a Ru(ll) ipy chromphore can significantly alter or enhance the
photophysical and photochemical properties of the compaolifidspromote electronic
communications between two metal centers, the use of an ajgpedpidging ligand is
necessary and is in fact a commonly used strategy in -handeterobimetallic
compounds involving Ru(lly.Many heterobimetallic systems that contain a Ry
unit such afkRu-Pd and Ru-Pt compounds have been shown to be muckebegtalysts
than the individual mononuclear components for ploat@lytic reduction of waterA
number of Ru(lpy),-containing heterobimetallic compounds have also been shown to be
effective sensors for a number of anedyt

In chapter 2, wénavereported the synthesis of ligand L1 which containing-@ 2 6
pyridyl)benzimidazolyl py-im) and a 2( 2pgridyl)indolyl (py-in) moiety that are linked
together by a phenyl group. As discussed in Chapter 1 gngdi@) chromophore usually

68



prefers N*N chelateibding mode, whilepy-in chromophore may bind to metal ions
either as terminal ligand or an N4belate ligandvia cyclometadtion.® Due to the
different binding modes and different reactivity mf-im and py-in toward metal ions,
ligand L1 would allow theattachment of two different metal centers, thus achieving
heterobimetallic compounds. We have found that L1 is a very effective ligand for
achieving bimetalliRu-Pt (3.3) andRu-Pd (3.4) compounds. The synthetic details and
photophysical properties ofew metal compounds based on L1 are presented in this

chapter.

3.2 Experimental

3.2.1General Considerations

All reactions were performed under dryg With standard Schlenk techniques unless
otherwise noted. All starting materials were purchased from Aldrich Che@aaand
used without further purification. Solvents were freshly distilled over appropriate drying
reagents under Natmosphere. NMR spectra were recorded on a Bruker Avance 400 or
500 MHz spectrometer as stated. Excitation and emission spectra weadedeon a
Photon Technologies International QuantaMaster Mod®0 Cspectrometer. UWis
spectra were recorded on a Varian Cary 50Bio -WU¥Y spectrophotometer.
Phosphorescent lifetimes were measured on a Photon Technologies International (PTI)
phosphorimedr (TimeMaster C631F) that was equipped with a xenon flash lamp and a
digital emission photon multiplier tube, using a band pathway of 5 nm for excitation and
2 nm for emission. Fluorescent lifetime was measured on a R@tajuorometerwith
LED excitation.Cyclic voltammetry (CV) was performed using a BAS-60W analyzer,

with a scan rate of 100 mV/s to 350 mV/s and a typical concentration of 5 mg of the
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compound in 2 mL of DMF, at room temperature using 0.10 M jJRByuas the
supporting electrolyte. fie ferrocenium/ferrocene couple was used as the internal
standard (E= 0.54 V).The electrolytic cell used was a conventional tboepartment

cell, in which a Pt working electrode, a Pt auxiliary electrode, and an Ag/AgCl reference
electrode were emplogle Elemental analyses were performed at Elemental Analysis
Service, Department of chemistry, University of Montreal (Montreal, Quebec, Canada).

The syntheses of ligantl-phenyt2-( 2pgridyl)indole @ib),’®cisdi ¢ hl or-di-bi s ( 4,
tert-butyl-2 , -Bigyridyl)ruthenium(ll) (Ru(tbbpy),Cl,), * and cis-[PtPh(DMSO),] *?

were achieved by methods described in the literature.

3.2.2Synthesis ofRu(t-Bux-bipy)2(L1)][PFé]2 (3.2).
A mixture of Ru(tblpy).Cl, (0.142 g, 0.20 mmol), LX0.093 g, 0.20 mmol) and

ethylene glycol (4mL) was heated to reflux for 4 h then cooled to room temperature.
Water (20 mL) was added to the mixture. An aqueous solution (5 mL) gPRK0.500

g) was added to precipitate the complex, which was subsequently filtered off, and rinsed
with water (2x 10 mL) ard cold THF (2 x 10 mL). Recrystallization from CkCl,-
hexane afforde8.1as a red solid in 78% yieldd NMR (400 MHz, CDCl,, 298.0 K, ,

ppm): 8.48 (d, J = 4.2 Hz, 1H), 8.3533 (m, 3H), 8.26 (d, J = 1.9 Hz, 1H), 7-BF0 (m,

11H), 7.65 (d, & 6.1 Hz, 1H), 7.6Z.55 (m, 3H), 7.53.47 (m, 6H), 7.3§.34 (m, 2H),
7.307.24 (m, 2H), 7.20 (s, 1H), 7.17 (t, J = 7.6 Hz, 1H), 5.89 (d, J = 8.3 Hz, 1H), 1.52 (s,
9H), 1.47 (s, 9H), 1.45 (s, 9H), 1.44 (s, 9Hhal calcd for GHgoF12NgP.RU: C, 57.84;

H, 5.00; N, 9.06. Found: C, 58.22; H, 4.99; N, 888 *C NMR spectrum could not be

obtained due to poor solubility.
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3.2.3Synthesis offRu(bipy)2(L1)][PF¢]2 (3.2
Mononuclear compleRu(bipy)(L1)][PFe]2 (3.2 was obtainedusing the same

method as that applied f& 1 Yield 72%."H NMR (400 MHz, CDCl,, 298.0 K, U ,
ppm): 8.528.48 (m, 4H), 8.43 (d, J = 8.2 Hz, 1H), 8.19 (td, J = 8.2 Hz, 1.5 Hz, 1H), 8.14
8.05 (m, 3H), 8.00 (d, J = 6.5 Hz, 1H), 7.96 (d, J = 6.5 Hz, 1H)-7.B8 (m, 10H),
7.61:7.46 (m, 9H), 7.39.33 (m, 2H), 7.3277.20 (m, 4H), 5.96 (d, J = 8.5 Hz, 1H)nal
calcd for GiHs7/F12NoPRU: C, 52.49; H, 3.20; N, 10.80. Found: C, 52.20; H, 3.11; N,

10.47.The**C NMR spectrum could not be obtained due to poor solubility.

3.2.4Synthesis of|Ru(t-Bu-bipy)2(L1)Pt(DMSO)(Ph)](PFe)2 (3.3
A mixture 0f3.1(0.060 g, 0.04 mmol) ands-[PtPh(DMSQO)] (0.033 g, 0.06 mmol)

was dissolved in 30 mL THF. The mixture was stirred atG@or 6 h, and the solvent
was removed under reduced pressure. Recrystallization fros@l&hkexane afforde.3

as an orangeed sdid in 56% yield.'H NMR (400 MHz,acetoneds, 298.0 K.ti, )p p m
9.69 (d, J = 5.1 Hz, 1H), 8.95 (d, J1:9 Hz, 1H), 8.91 (d, J = 2.0 Hz, 1H), 8.90 (d, J =
2.0 Hz, 1H), 8.86 (d, J = 1.9 Hz, 1H), 8.20 (d, J = 6.0 Hz, 1H),-8.1% (m, 2H), 8.08

8.02 (m, 3H), 7.94.92 (m, 2H), 7.88 (d, J= 6.0 Hz, 1H), 7-831 (br, 2H), 7.6&.51

(m, 10H), 7.227.18 (m, 2H), 711-7.07 (m, 4H), 7.0 (t, J = 7.2 Hz, 1H), 6:8185 (br,

1H), 6.59 (t, J = 7.9 Hz, 1H), 5.94 (d, J = 8.3 Hz, 1H), 5.90 (d, J = 8.0 Hz, 1H), 2.96 (s,
6H), 1.48 (s, 9H), 1.40 (s, 9H), 1.39 (s, 9H), 1.38 (s, 9Hnal calcd for
CrsH7oF12NgOPRUPLS: C, 51.75H, 4.57; N, 7.24. Found: C, 52.28; H, 4.90; N, 6.69.

The'*C NMR spectrum could not be obtained due to poor solubility.
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3.2.5Synthesis offRu(t-Buy-bipy).(L1)Pd(acac)][PF]2 (3.4)
A mixture of 3.1 (0.060 g, 0.04 mmol) and Pd(aca¢p.032 g, 0.08 mmol) was

suspended in 30 mL methanol. The mixture was refluxed for 2 days, and the solvent was
removed under reduced pressure. The residue was washed by diethyBeti0 mL).
Recrystallization from CkCl,-diethyl ether afforde®.4 asa red solid in 38% yieldH

NMR (400 MHz, CDClp, 298.0 K,ii , )p&88(d, J = 4.9 Hz, 1H), 8.8527 (m, 5H),

7.96 (d, J = 7.9 Hz, 1H), 7.90.78 (m, 8H), 7.7.43 (m, 10H), 7.32.31 (m, 2H), 7.22

7.18 (m, 2H), 7.07 (t, J = 6.0 Hz, 1H), 6.82 (br) 15191 (d, J = 8.3 Hz, 1H), 5.56 (s, 1H),
2.23 (s, 3H), 2.15 (s, 3H), 1.53 (s, 9H), 1.48 (s, 9H), 1.47 (s, 9H), 1.45 (A@calcd

for CoH7sF12NgP,O2RUPd: C, 54.9; H, 474; N, 7.9D. Found: C, 53.35; H, 4.69; N, 7.49.

The'*C NMR spectrum could ndite obtained due to poor solubility.

3.2.6Synthesis ofPt(pib)(DMSO)(Ph) (3.5)

Mononuclear comple8.5was obtained using the same method as that appli&iXor
using pib and PtRIDMSO), as the starting materials. Recrystallization of the crude
product in CHCl>-hexane afforde®.5 as yellow crystals (yield 62%fH NMR (400
MHz, CD,.Clp, 298.0 K,ii , )p96in(d, J = 5.5 Hz, 1H), 7.6655 (m, 5H), 7.48 (td, J =
8.2Hz, J = 1.6 Hz, 1H), 7.42.40 (m, 2H), 7.15.10 (m, 3H), 7.077.04 (m, 1H), 6.99
6.96 (m, 1H, 6.87 (d, J = 8.2 Hz, 1H), 6.59 (td, J = 7.1 Hz, J = 1 Hz, 1H), 6.50 (d, J = 8.2
Hz, 1H), 5.77 (d, J = & Hz, 1H), 2.95 (s, 6H)Anal calcd for G;H24N,OPtS: C, 52.34;

H, 3.90; N, 4.52. Found: C, 52.25; H, 3.94; N, 5Bf7e*C NMR spectrum could noteb

obtained due to poor solubility.
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3.2.7Synthesis of P¢pib)(acac) (3.6)

Mononuclear comple®.6 was obtained using the same method as that appli&d4for
using pib and Pd(acacs the starting materialRecrystallization of the crude product in
CH.Cl,-hexane afforde®.6 as orange crystals (yield 409%H NMR (400 MHz, CDC},
298.0 K,ii , )p&7d(d, J = 4.8 Hz, 1H), 8.29 (d, J = 7.9 Hz, 1H), 7F (m, 2H),
7.50 (d, J = 7.3 Hz, 1H), 7.4037 (m, 3H), 7.177.14 (m, 1H), 7.147.07 (m, 1H), 6.99
(d, J = 8.2 Hz, 1H 6.86 (dd, J = 6.1 Hz, J =06Hz, 1H); 6.37 (d, J = 8.2 Hz, 1H), 5.45 (s,
1H), 2.18 (s, 3H), 2.08 (s, 3HY*C{*H} NMR (100 MHz, CDCh, i, ppm) : 187. 6,
157.7, 148.7, 140.9, 139.2, 138.4, 138.2, 132.5, 129.6, 129.5, 128.2, 22811,1P3.4,
120.2, 118.7, 117.4, 109.9, 100.4, 28.0, 26.7; Anal calcd £t,£N,O,Pd: C, 6071; H,

4.25; N, 590. Found: C, 60.66; H, 4.21; N, 5.80.

3.2.8X-Ray Diffraction Analysis

Single crystals of comple®.6 was mounted on glass fibers and wadlected on a
Bruker Apex Il singlecrystal Xray diffractometer with graphitsnonochromated K,
radiation, operating at 50 kV and 30 mA and at 180 K. Data were processed on a PC with
the aid of the Bruker SHELXTL software package (version 5>@3d orrected for
absorption effects. All nehydrogen atoms were refined anisotropically. The crystal data
of 3.6 have been deposited at Cambridge Crystallographic Data Ce@€DC No.
860142)and reported in Table-B The selected bond lengthend angles ar given in

Table 32.
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Table 3-1. Crystallographic data for compl&Xx6.

3.6
Empirical formula C24H20N202Pd
Formula weight 474.82
Space group P2(1)2(1)2(2)

a, A

b, A

c, A

U, deg
b, deg
2, deg
v, A3

Z

Density (calculated), gcth
B mm*

2 flax deg
Reflns meads
Reflns used
(Rint)

FinalR[ | > 20¢( |
R1%

wR2

R(all data)
R1?

wR?

GOF onF?

12.1096(18)
12.2832(18)
13.777(2)
90
90
90
2049.2(5)
4
1.539
0.928
52.00
10916
4022
(0.0534)

0.0497
0.1159

0.0720
0.1316
1.074

&Rl = F[|F|

Acl/EFol. ° wR2 = {B[w(Fo

(0.079°)%, whereP = [max.F.2,0) + F7/3.
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Table 3-2. Selected bond lengths (And angles) of complex3.6.

3.6
Pd(1)C(2) 1.968(7) C(2)}Pd(1)0(2) 93.2(2)
Pd(1)}0(2) 1.997(5) C(2)}Pd(1}N(2) 80.8(3)
PA(1}N(2) 2.045(6) O(2)}-Pd(1}N(2) 173.7(2)
Pd(1)O(1) 2.066(5) C(2)-Pd(1)O(1) 173.3(2)
O(1)-C(21) 1.292(8) N(2)-Pd(1}O(1)  92.8(2)
N(1)-C(8) 1.388(9) C(8)}N(1)-C(1) 107.4(5)
N(1)-C(1) 1.394(8) C(8}N(1)-C(14)  124.0(5)
N(1)-C(14) 1.440(8) C(13}N(2)-Pd(1)  123.9(5)
N(2)-C(13) 1.331(9) COFN(2)-Pd(1)  116.3(5)
N(2)-C(9) 1.372(9) C(3)}C(2)-Pd(1) 139.8(5)
C(1)}C(2) 1.371(9) N(1)-C(8)-C(7) 130.1(6)
C(1)C(9) 1.453(10) N(2)-C(9)-C(1) 109.7(6)
C(2)-C(3) 1.418(10)

C(3)}C(4) 1.412(10)

3.3 Results and Discussion

3.3.1Syntheses and Structures

The mononuclear Ru(ll) complex [Rufy)(L1)][PFe]> (3.2 was synthesized
according to Figur&-1, using modified procedures reported previously for polynuclear
Ru(ll) compounds that contain Ruily).(py-im) units.** However, due to its poor
solubility, this molecule cannot be used for the formation of bimeticpounds. Thus,
bis-t-butyl-bipy ligand is then used to replace the simppg/ligand to synthesize ttgel
Using a similar procedure as shown in Figgt® 3.1was obtained in high yield as a red

solid with adequate solubility for further modification
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[PFel2
L1

7 N=
a) ethylene glycol, reflux | SNT £ @N\@N — ;R';(bpy)-m
b) NH,PFg, water N -

N

L1

- s :U\N

a) ethylene glycol, reflux
b) NH,4PFg, water

Pd(acac),

MeOH, reflux PtPhy(DMSO),

THF, 50°C

Ru-Pd 3.4

N
Pd1 3.6 @ _Ph Pt13.5

Figure 3-1. Reaction scheme for the syntheses of metal complexes

To synthesize the bimetallic complexes, Pd(acanll Pt(DMSO)Ph, were used as
the second metal sources, respectively. The bimetallic compddndas obtained by
refluxing 3.1 with Pd(acag) in methanol for 2 days, whil8.3 was prepared by the
reaction of3.1 with PtPh(DMSO),in THF at 56C for 6 hours Figure 3-1). As control

compounds for understanding the photophysical properties of the bimetallic compounds,
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the N'C-chelate mononuclear compoun8s and 3.5 were also synthesized by the
reaction of pib with Pd(acag) and Pt(DMSO)Ph, respectively. All new metal
complexes were characterized by NMR and elemental analyses. Attempts to obtain
single crystals suitable for-kKay diffraction analyses of the bimetallic compounds were
unsuccessful. The crystal structue6 wasdetermined by Xay diffraction and show

in Figure3-2. For 3.6, it has a typical square planar geometry around the Pd(ll) center.
The most important feature shown by the crystal structure is that-geenyl ring is
nearly perpendicular to the indolyl to minimize steric interactions betwe=ortho-

hydrogen atoms

Figure 3-2. The crystal structures 8f6 with 35% thermal ellipsoids
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3.3.2Variable Temperature NMR

syn anti

Figure 3-3. The isomers 08.4.

Variabletemperature'H (Figure 34) and 2D NMR (Figure 35) are employed to
study the behavior &.4 in solution At room temperature, broad peaks are observed for
the pyridyl protons which becomsharp with decreasy temperature. At 25X, two
distinct sets of well resolved peaks in ~1:1 ratio corresponding to two different groups of
2-(26pyridyl)benzimidazolyl were observed, indicating the coexistence o&ritieand
synisomers in solution ashewn in Figure 3-3. With the variableemperaturéH NMR
spectral data, the activation energy for the exchange proces#i@nd syn structures
was estimated to be ~56 kJ/mSIThis energy barrier is attributed to the hindered
rotation of the A2&pyridyl)benzimidazolyl an®-(2-6 p y r i d ydroup withd respegt!
to the central benzene ring, caused bydftbo hydrogen steric interactioms shown by
the structure of3.6 and the chelation of the twohromophore to the Pd/Ru atoms.
Similar restricted réation involving two 2-(26-pyridyl)benzimidazolylgroups inPt(1,4-
bmb)Ph (1,4bmb = 1,4bis[2-( 2pridyl)benzimidazolyllbenzene) compounds has been

observed previousli
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273K

Figure 3-4. Variable temperaturtH NMR spectra 08.4in acetoneds, showing the inter
conversion of theynandanti isomers depicted in Figu@e3.
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Figure 3-5. The partial COSY spectrum 8f4in acetoneds at 223K

3.3.3Electrochemical Properties

The CV diagrams of complex8sl, 3.3 and3.4 display one reversible oxidation peak
in DMF with a nearly identical oxidation potential (0.61, U59 V and 060 V
respectively, relative to that of Fe£B, as shown in Figuré-6) that can be assigned to
oxidation of Ru(ll) to Ru(lll). The similarity of this oxidation potential for all three
compounds suggests that there is little electronic communication between the Ru(ll) and
Pd(I)/Pt(Il) centers in the bimetallic complexes. elfoxidation potential 0f3.2 is
significantly morepositive (0.70 V) than those &1, 3.3, and3.4, indicating that the
HOMO levels 0f3.1, 3.3, and34 are higter than that of3.2 The electron donating

butyl groups thus seem to significantly raise H@MO energy level 08.1, 3.3, and3.4
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by putting more electron density on the Ru(ll) center, compare8.20The weak
electronic communication between the metal centers in these complexes is cleady cause
by the norcoplanarity of the chelate units with the benzene linker and is in agreement
with our earlier observations in homonuclear bimetallic complexes based lomithend

related ligands? The 3.1, 3.2, 3.3 and 3.4 complexes display similar and well resolved
multi-reduction peaks, which can be attributed to the reduction of te22d
pyridyl)benzimidazolyl and ipy ligands in the complexhe fact that the first reduction
potentials for all these compounds are nearly identical and similar to that of
[Ru(bipy)s][PFe]2 supports that LUMO levels for these compounds are localized on the
Ru(ll) unit. Hence, based on the CV data, we suggest that the lowest electronic transition
in these compounds is localized on the Ru(ll) unit. The electrochemical d&ta, 812,

3.3 3.4 and [Ru(lbpy)s][PFe]2 are summarized in Table3

Table 3-3. Electrochemical data of Ru complexes

E,*MV) E®V) En*™V)  EiX(V) Electrochemical
energy gap (V)

3.1 -1.81 -2.08 -2.37 0.61 2.42
3.2 -1.81 -2.02 -2.31 0.70 2.51
3.3 -1.81 -2.07 -2.33 0.59 2.40
3.4 -1.80 -2.07 -2.34 0.60 2.40
[Ru(bipy)s][PFel.  -1.81 -1.99 -2.27 0.75 2.56

All potentials are relative to FeGp, measured in DMF, using NBRR; as the
electrolyte with a scan rate of 10200 mV/s
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Figure 3-6. Cyclic voltammogram of metal complexes, recorded in DMF, usingysRBu

as the electrolyte with a scan rate of BRI mV/s.

3.3.4UV-Vis Absorption Spectra

All photophysical property measurements were done in the degassedtTidém
temperature. fie results are summarized in TaBld. Both free ligand L1 angdib show
an absorption band at around 310 nm, which is attributed to thé transition of the 2
( 2pgridyl)benzimidazolyl or2-( 2pgridyl)indole units. Compared with ligangdib,
ligand L1 has nearly twice the molar absorptivity since it contains two similar
chromophores. The four Ru(ll) complex&sl, 3.2, 3.3and3.4, show similar absorption
spectra as shown in Figude/. Besides the 310 nm absorption band, another high energy
absorption at ~290 nm is observed, which can be assigned to ¥hé transition
introduced by the ipy and {-butyl),-bipy moieties. The lowasnergy absorption iB.1
is a broad metalo-ligand-chargetransfer (MLCT) band, from ~410 nm to ~510 nm.
Compared witt8.1, the MLCT band o83.2is a few nanometers blue shiftedhich is in
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agreement with the relatively low HOMO level 82, as revead by the CV data, that
increases the MLCT energi order to understand the role of the second metal center in
the bimetallic complexes, the spectra3d and 3.6 are also recorded and compared to
those of complexe3.3and3.4. Both3.5 and3.6 display a weak but distinct MLCT band

that is about 30 nm blue shifted, compared to that of the bimetallic compounds. Thus, the
MLCT bands of the bimetallic compounds are predominately from transitions involving

the Ru(ll) center.

90000 L1 pib
80000 1 an
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_60000 33 734

£
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=
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10000

260 310 360 410 460 510 560 610 660
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Figure 3-7. UV-Vis spectra of-1! 10° M solutions of metal complexes and free ligands

recorded in THRat ambient temperature.

3.3.5Luminescence Spectra

The luminescent properties of all the compleasstudied at both room temperature

andfrozenstate. The data are summarized in Ta&xde
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Figure 3-8. Emission spectra &.5in THF (~1' 10° M) at ambient temperature. Inset;
Photographs showing the luminescence coloB.6fsolution under 36%m irradiation

under N (left) and under air (right).

At ambient temperatur8.5 shows interesting dual emission with two peaks at 50
nm and 83 nm, respectively. The excitation spectra monitored for these two peaks are
identical, indicating that the dual emission originates from the same molecule. Based on
its long decay lifetime and the sensitivitwvard oxygen, themission band at 633 nm is
assiged to phosphorescence. The high energy emission band is insensitive to oxygen,
thus attributed to ligandentered fluorescence. The relative intensity of the two emission
bands can be modulated reversibly by using nitrogen and oagsimown in Figur8-8.
The presence of weiksolved vibrational fine features in the 633 nm peak3.6f
indicates that this phosphorescent peak likely has significant contributions from both
3MLCT and>LC states, in agreement with relatetiONchelate Pt(Il) compounds reported

previously'’ The 3.6 complex is not emissive at room temperature. At 77 K, the frozen
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solution of3.6 shows an emission band &8hm with a decayifetime of ~70¢s, which
is attributed to phosphorescent emissasishown in Figura-9.

The Ru complexe8.1, 3.2, 3.3 and 3.4 are all luminescent in solution at ambient
temperatureas shown in Figur&-10. The mononuclear ruthenium compl&@ has a
much lower luminescence quantum yield (627 mmz 0.83%), compared to that of
[Ru(bipy)s][PFe]2 (F = 6.1%), indicating thatipy is more efficient in promoting Ru(ll)
MLCT phosphorescence than L1. In the frozen state (77 K), the emissioBisfblue
shifted to 60 nm with a decay lifetime o#.13¢e s whi ch i s a typical
emission. This blue shift phenomenon can be attributed to the increase rigidity of the
environment at frozen state, whi ch has
ri gi doc Atilenhe absoéption spectra, thmission peak 08.2 is blue shifted,
compared to that &.1 by ~13 nm at ambient temperatue agreement with the trerod

the MLCT absorption energy.
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Figure 3-9. Emission spectra of1! 10° M solutions of metal complexes recorded at

77K in 2-methytTHF.
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Figure 3-10. Emission spectra ofl! 10° M solutions of metal complexes recorded in

THF at ambientemperature.

The emission spectra 8f1, 3.3 and 3.4 are all featureless and resemble each other
with similar decay lifetimes at ambient temperature, and experience considerable
reduction in intensity upon exposure to air. Thus, the luminescence of these compounds
can be attributed to phosphoresce, originating most likely from thdLCT transition
of the Ru(ll) unit. The weak peak at ~507 nm in the emission spectr@m isfbelieved
to be fluorescent and originate from the Pt(ll) unit, as observ8&dbirit is noteworthy
that the emission quéum efficiency 0f3.3is about twice that 03.1 Chelation to the Pt
center and energy transfer from the Pt(ll) unit to the Ru(ll) unit may be responsible for
the enhanced phosphorescent efficiencg.8fIn contrast, the Pd(lIl) unit appears to have
little influence on the emission efficiency of the Ru(ll) unit at ambient temperature. This
difference may be attributed to the fact that the Pt(ll) unit is emissive and its emission
energy is close to that of the Ru(ll) unit, thus effective in facilitatimgrgy transfer to

the Ru(ll) unit.
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Table 3-4. Absorption and luminescence data for complexes/ligands studied

Compound Absorption Emission U (‘es)
Bmax/NM 3max/nm, F phosC
( U /'cmi? 208K 77K 208K 77K
3.1 292 (82600) 640 610 <1 3.93(3)

317 sh (49700)  (0.44%)
471 (14900)
3.2 292(88600) 627 600 <1 4.13(3)
318 sh (53500)  (0.83%)
464 (17200)
3.3 289 (72900) 634 627 <1 3.35(1)
325 sh (37500)  (1.02%)
459 (15500)

3.4 293 (74900) 641 618 <1 10.77(6)
324 sh (40800)  (0.43%)
447 (15600)
3.5 327 (12900) 507 611 0.00087(2) 6.03(2)
364 sh (8260) 633 5.75(4)
431 (3340) 685sh 3.83(6)
(1.0%)
3.6 331 (13900) 608 70.98(3)
360 sh (7240)
434 (3660)
L1 312 (39700) 377
pib 318 (19200) 377

Conditions:2All the spectra of-1! 10° M solutions of free ligands and metal complexes
were recorded in degassed THF at ambient temperdtéiliethe spectra of-1! 10° M
solutions of metal complexeswere recorded in -Bhethyltetrahydrofuran at 77K.
‘DegassedRu(bipy)s](PR)2inCH:CN (0 = 6. 1%) was used as
efficiency measurement&The decay lifetimes were obtained by fitting the decay curve
with a single exponential function.
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3.4 Conclusions

A new ligand L1 that have two distinct chelating e#t for the formation of
heterobimetallic compounds has been achieved. Its use in the synthesis of bif8tallic
and 3.4 compounds has been demonstrated. The electronic and photophysical properties
of the heterobimetallic compounds were investigated and compared to those of the
corresponding monometallic compounds. Our investigation revealed that there is little
electroniccommunication between the two different metal centers bridged by L1, due to
the lack of conjugation of the two chelating units with the central benzene ring. The Pt(Il)
unit is found to enhance phosphorescence efficiency of the Ru(ll) unit via intranaolecul

energy transfer.

88



3.5 References

1 (@) C. W. TangsS. A.Van Slyke, C. H. Cherd. Appl. Phys1989 65, 361% (b) Y.
Shirota,S. Kawami, K. Imai,Appl. Phys. Lett1994 65, 807 (c) Y. Hamada, T.
Sana, M. Fuijita, T. Fujii, Y. Nishio, K. Shibatapn. J. Appl. Phys1993 32,
L514; (d) V. Bulovic, G. Gu, P. BBurrows, S. R. ForresNature1996 380, 29,
(e) M. Braun,J. Gmeiner, M. Tzolov, M. Coelle, F. D. Meyer, W. Milius, H.
Hillebrecht, O. Wendland, J. U. von Schutz, W. BruttidgChem. Phys2001,
114, 9625 (f) H. Schmidaur, J. Lettenbauer, D. L. Wikinson, Maller, O. Z.
KumbergerNaturforsch 1991 46b, 901.

2. (&) M. K. Nazeeruddin, A. Kay, I. Rodicio, RlumphryBaker, E. Miiller, P.
Liska, N.VlachopolousM. Grdzel, J. Am. Chem. S0d.993,115 6382 (b) D.
KuciauskasM. S. Freund, H. B. Gray, J. R. Winkler, N. S. LewisPhys. Chem.
B 2001, 105 392 (c) E. A. M. Geary, L. J. Yellowlees, L. A. Jack, I. D. H.
Oswald, S. Parsons, N. Hirata, J. R. Durrant, N. Roberisorg. Chem2005,44,
242 (d) G. M. Hasselmann, G. J. Meyér, Phys. Cheml999,212 39 (e) N.
Alonso-Vante, J. F. NierengartenJ. P.SauvageJ. Chem. Soc. Dalton Trans.
1994 1649 (f) P. M.JayaweeraS. S.Palayangod&. Tennakone]. Photochem.
Photobiol. A2001,140 173.

3. (@) I. A.Hemmilg Applications of Fluorescence in Immunoass&ysl ed. Wiley,
New York, 1991 (b) D. ParkerCoord. Chem. Re2000,205 109 (c) L. Prodi,
S. Pivari, F. Bolletta, M. Hissler, R. Ziesselr. J. Inorg. Chem1998,1959 17,
(d) A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser, A. Von Zelewsky,
Coord. Chem. Rev1988, 84, 85 (e) X. Q. Guo, F. NCastellano,L. Li, H.
SzmacinskiJ. R. Lakowicz Anal. Biochem1997,254, 179 (f) X. Q. Guo, F. N.
Castellano, LLi, J. R. Lakowicz Anal. Chem1998,70, 632 (g) J. M. Kurner, .
Klimant, C. Krause, H. Preu, W. Kunz, O. S. Wolfb@gconjugate Chen2001,
12, 883

4, (a) M. Getzel, K. Kalyanasundaran@urr. Sci.1994,66, 706; (b) P. Wang, C.
Klein, R. HumphryBaker, S. M. Zakeeruddin, M. &rel, J. Am. Chem. Soc.

89



2005,127, 808; (c) V. FerandezMoreira, F. L. ThorpGreenwood, M. P. Coogan,
Chem. Commur2010,46, 186; (d) A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo, H.
PetterssonChem. Rev2010, 110, 6595 (5) V. Friese, S. Nag, J. Wang, 1.
Santoni, A.RodriguesWitchel, G. S. Hanan, F. Schaper,Bur. J. Inorg. Chem.
2011, 39.

() S-H. Wu, S. E. Burkhardt, J. Yao, W. Zhong, H. D. Abrdéa, Inorg. Chem.
2011,50, 3959; (b) A. Magnuson, MAnderlund, O. Johansson, P. Lindblad, R.
Lomoth, T. Polivka, S. Ott, K. Sterigj S. Styring, V. Sundsim, L.
Hammarstbm, Acc. Chem. Re2009,42, 1899; (c) S. Rau, B. Séfer, D. Gleich,

E. Anders, M. Rudolph, M. Friedrich, H.6Bos, W. Henry, J. G. V@ Angew.
Chem. Int. Ed2006,45, 6215; (d) S. M. Arachchige, J. R. Brown, E. Chang, A.
Jain, D. F. Zigler, K. Rangan, K. Brewédnorg. Chem.2009, 48, 1989; (e) A.
Fihri, V. Artero, M. Razavet, C. Baffert, W. Leibl, M. Fonteca®agew. Chem.
Int. Ed.2008,47, 564.

(&) M. D. Ward, J. A. McCleverty]l. Chem. Soc., Dalton Trang002, 275 (b) J.

L. Chen, Y. Chi, K. Chen, Y. M. Cheng, M. W. Chung, Y. C. Yu, G. H. Lee, P. T.
Chou, C. F. Shunorg. Chem201Q 49, 823 (c) J. A. Treadway, G. F. Strouse, R.
R. Ruminski, T. J. Meyeinorg. Chem2001, 40, 4508.

(&) H. Ozawa, M. Haga, K. Sakal, Am. Chem. SoQ006,128 4926 (b) M.
Schwalbe, M. Karnahl, H. Gorls, D. Chartrand, F. Laverdiere, G. S. Hanan, S.
Tschielei, B. Dietzek, M. Schmitt, J. Popp, J. G. Vos, S. RaulChem. Soc.,
Dalton Trans 2009 4012 (c) S. Rau, B. Schafer, D. Gleich, E. Anders, M.
Rudolph, M. Friedrich, H. Gorls, W. Herny, J. G. V@g)gew. Chem., Int. Ed.
2006 45 6215 (d) M. Elvington, J. Brown, S. M. Arachchige, K. J. Brewer,
Am. Chem. So2007,129, 10644 (e) A. Fihri, V. Artero, M. Razavet, C. Baffert,
W. Leibl, M. FontecaveAngew. Chem., Int. EQ008 47, 564 (f) A. Fihri, V.
Artero, A. Pereirab, M. Fontage,Dalton Trans2008,5567.

(@ R. Zhang, X. Yu, Y. Yin, Z. Ye, G. Wang, J. Yuamal. Chim Acta 2011,
691, 83; (b) D. Saha, S. Das, D. Maity, S. Dutta, S. Baitatkrg. Chem2011,

90



10.

11

12

13.

14.

15.

16.

17.

18.

50, 46; (c) C. F. Chow, B. K. W. Chiu, M. H. W. Lam, W. Y. WodgAm. Chem.
S0c.2003,125, 7802; (d) P. D. Beer, F. Szemes, V. Balzani, CSki, M. G. B.
Drew, S. W. Dent, M. MaestriJ. Am. Chem. Sod997, 119 11864, (e) F.
Szemes, D. Hesek, Z. CheB. W. Dent, M. G. B. Drew, A. J. Goulden, A. R.
Graydon, A. Grieve, R. J. Mortimer, T. J. Wear, J. S. Weightman, P. D. Beer,
Inorg. Chem1996,35, 5868.

(@) S. Tollari, S. Cenini, A. Penoni, G. Granata, G. Palmisano, F. Demartin,
Organomet. Chen2000,608 34. (b) G. Cravotto, F. Demartin, G. Palmisano, A.
Penoni, T. Radice, S. Tollad, Organomet. Chen2005,690, 2017

T. M. McCormick, Q. D. Liu, S. Wand@)rg. Lett.2007,9, 4087

S. Rau, M. Ruben, TBiitner, C. Temme, S. Dautz, Hzdls, M. Rudolph, D.
Walther, A.Brodkorb,M. Duati, C.O6 C o nJa ®.NVgs,J. Chem. Soc., Dalton
Trans.2000,3649

A. Klein, T. Schurr, A. Knodler, D. Gudat, K. W. K. Klinkhammer, V. Jain, S.
Zalis, W. Kaim,Organometallic2005,17, 4125.

SHELXTL Version 6.14, Bruker AXS, 2062003.

W. L. Jia, Y. F. Hu, J. Gao, S. Warigalton Trans2006, 1721.

D. H. Williams, I. Fleming Spectroscopic Methods in Organic Chemistith ed.;
McGrawHill Co. Ltd.: London, 1987; Chapter 3

Q. D. Liu, W. L. Jia, S. Wandnorg. Chem2005,44, 1332.

(a) J. Brooks, Y. Babayan, S. Lamansky, P. I. Djurovich, |. Tsyba, R. Bau, M. E.
Thompson/|norg. Chem2002 41, 3055; (b) Y. L. Rao, S. Wangnorg. Chem.
2009,48, 7698.

(a) S. Wang, GGarzdn, C. King, J. C. Wang, J. P. Facklénporg. Chem.1989,
28, 4623 (b) A. J. LeesChem. Rev1987,87, 711, (c) G. J. FerraudElements of
Inorganic Photochemistrydohn Wiley & Sons, New York, 1988.

91



Chapter 4

Heterobimetallic Re(l) Complexes Based on-2 2 6

Pyridyl)benzimidazolyl and 2-( 2P§ridyl)indolyl Derivative Ligand

4.1 Introduction

Bimetallic transition metal compounds that contain redox activeohatbactive units
have attracted considerable research atteffidrese research interests stem from the
fact that the multicomponent systems often have better performance than single
component systems in various processes and applications including esaegy
conversior?: light harvesting’ catalysis? sensing’ light emitting diode devicésand so
forth. Re(l) complexes are good candidates for incorporation into functional bimetallic or
multimetallic systems because of their good stability and integest
photophysical/photochemical properties. Particularly, Re(l) carbonyl diimine complexes
are a class of extensively investigated molecules for facilitating photochéraiwhl
electrochemicélreduction of CQ, labelingbiomolecules, monitoringpolymerizations*®
and using as optical switching materi#is.

Several bimetdt Ru(ll)-Re(l) polypyridyl complexes where the metal ions are
connected by various bridging ligands have been reported recently and demonstrated to
have potential applications as efficiephotocatalysts for CO fixation.”*® 2 |n
comparison, bimetallic compounds that contain a Re(l) unit and other metal ions such as
Pt(Il) and Pd(ll) have not been extensively investigated with only a few examples known

in the literature?
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As discussed in Chapterabdd Chapter digandL1 has wo different binding units2-
( 2pgridyl)benzimidazolyl py-im) and 2( 2pgridyl)indolyl (py-in) unit linked together
by a benzene rintf We have shown thatl can selectively bind with two different metal
centers such as Ru(ll) and Pt(Il) or Ru(ll) &nd((ll) by taking advantage of the different
binding modes and reactivity of the two binding sites toward metal ions. To further
investigate the utility of ligand.1 in achieving new bimetallic compounds, we have
extended our investigation to f& and RePd systems. The synthesis, electrochemical
and photophysical properties of new bimetallidIRe1t(Il) and Ré¢l)-Pdl) compounds

(Figure4-1) based otigand L1are presented herein.

Re-Pt, 4.3, R = CH,
Re-Pt(dpm), 4.2, R = C(CHj),

Re-Pt(DMSO)
4.4

Figure 4-1. Chemical structures of L1 and L1 based Re(l) complexes.
4.2 Experimental

4.2.1General Considerations

All reactions were performed under dry With standard Schlenk techniques unless

otherwise noted. All starting materials were pagsed from Aldrich Chemical Co. and
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used without further purification. Solvents were freshly distilled over appropriate drying
reagents under Natmosphere. NMR spectra were recorded on a Bruker Avance 400 or
500 MHz spectrometer as stated. Excitation amdssion spectra were recorded on a
Photon Technologies International QuantaMaster Mod®0 CGspectrometer. UWis
spectra were recorded on a Varian Cary 50-\U¥ spectrophotometer. Phosphorescent
lifetimes were measured on a Photon Technologies Intenat(PTI) phosphorimeter
(Time-Master G631F) that was equipped with a xenon flash lamp and a digital emission
photon multiplier tube, using a band pathway of 5 nm for excitation and 2 nm for
emission.

Cyclic voltammetry (CV) was performed using a BAS-60W analyzer, with a scan
rate of 100or 150mV/s. The electrochemical experiments were performed with 0.10 M
NBu4PFs as the electrolyte, and solutions were purged with nitrogen grb€fare CV
diagrams were recorded. The metal complex concentration is 6.5 mM in 1 mL of
acetonitrile. The ferrocenium/ferrocene couple was used as the internal standard (E
0.45 V). The CV cell used was a conventional thwempartment cell, in which atP
working electrode, a Pt auxiliary electrode, and an Ag/AgCI reference electrode were
employed.

Elemental analyses were performed at Elemental Analysis Service, Department of
chemistry, University of Montreal (Montreal, Quebec, Canada). The synthebganaf
[PtMex(SMey)]2, ° complexes Rpib)(acac) (4.6) *° and P¢pib)(dpm) (4.7)*° were
achieved by methods described in the literature. The cadsiructures of.6 and4.7

are shown in Figure-2.
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Pd1 3.6, M =Pd, R = CHj,
Pt(pib)(acac),4.6, M = Pt, R=CHj;
Pt(pib)(dpm), 4.7, M = Pt, R = C(CHj3);

Figure 4-2. Chemical structures &t(ll) and Pd(Il) mononuclear compounds.
4.2.2Molecular Calculation
The computationatalculations were performed using Gaussian09, revision'B.01
software package and the High Performance Computing Virtual Laboratory (HPCVL) at
Queends Uni v e rswie gepmetridshwere fglly optintizeéd at the B3LYP
level using LANL2DZ basis sdor platinum and rhenium as well as3&@G(d) basis set
for all other atom$? The initial geometric parameters in the calculations were employed
from crystal structure data for geometry optimization. Folependent density function
theory (TDDFT) calculatons were performed to obtain the vertical singlet and triplet

excitation energies.

4.2.3Synthesis ofRe-L1 (4.1)
Re(CO}CI (155 mg, 0.43 mmol) and ligand. (200 mg, 0.43 mmol) were dissolved

in 40 mL toluene. The reaction mixture was stirred with reflux for 4 h. After cooling to
room temperature, the yellow powder was filtered and washed with cold toluene and

diethyl ether. A yield of 62% was obtained forstheéaction'H NMR (600 MHz, CDQxCl,,
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298. 0 K,9.16(d, 11, p 79.2 Hz), 8.44 (d, 1H, J = 4.2 Hz), 8.14 (d, 1H, J = 8.2
Hz), 7.88 (td, 1H, J = 8.2 Hz, 1.3 Hz), 7-792 (m, 3H), 7.7/ 54 (m, 7H), 7.49 (d, 1H,

J = 82Hz), 7.357.32 (m, 3H), 7.21t, 1H, J = 7.1 Hz), 7.21 (td, 1H, J = 6.0 Hz, 1.1 Hz),
7.18 (s, 1H) **c{H} NMR (100 MHz, CD.C| 2, 1 198.3 p9m), 189.4, 155.1,
152.5, 151.7, 149.4, 147.7, 142.9, 140.8, 139.9, 139.7, 139.4, 137.9, 137.1, 132.7, 131.1,
130.8, 129.3, 128.9, 128.827.8, 127.7, 126.8, 124.6, 124.4, 124.1, 122.7, 122.1, 122.0,
120.1, 112.3, 110.9, 107.2nal. for GsH2:NsOsReCl : found C 53.50, H 3.20, N 8.51,

calcd C 53.09, H 2.75, N 9.10.

4.2.4Synthesis of RePt(dpm) (4.2)

This bimetallic compound was synthesizedmethods described in the literatut®.
To a 20 mL screweap vid with a stir barareadded one equivalent df1 (0.13 mmol,
100 mg), [PtMg(SMey)]. (37 mg, 0.065 mmol) and 3 mL of THF. The reaction is
allowed to stir 1 bur at room temperature. Then a solution of HOTf
(trifluoromethanesulfonic acid).4 mL, 0.35 M in THF) is added dropwise. The mixture
is stirred for 30 minutes, then a solutiohNa(dipivolylmethane)Na(dpm),0.30 mmol
in 2 mL MeOH) is added. The mixture is stirred for 1&uh and thenpartitioned
between water and GBI,. The organic layer is washed with brine, dried over MgSO
filtered, and concentrated. The residu¢hisn purified by column chromatography using
THF-CH,CI, (1:60) as eluent to give analytically pure material. Recrystallization of the
yellow product in CHGFhexane afforded.2 as orangeyellow crystals (yield 25%)'H
NMR (600 MHz, CDCh, 2 9 8. 0 ): 23 (dii1H, Jp=[5.MHz), 9.12 (d, 1H, J Z 5.
Hz), 8.54 (d, 1H, J = 7.7 Hz), 8.23 (d, 1H, J £8z), 7.857.78 (m, 5H), 7.66 (t, 1H, J =
7.7Hz), 7.59 (t, 1H, J = 7.4 Hz), 75451 (m, 2H), 7.35 (t, 1H, J = 7.0 Hz), 7-324 (m,
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4H), 6.94 (t, 1H, ¥ 6.3 Hz), 6.63 (d, 1H, J&1Hz), 5.94 (s, 1H), 1.40 (s, 9H), 1.33 (s,

9H); *c{*H} NMR (100 MHz, CD,C| 2, U 197.]p p9&Y,:194.6, 193.6, 188.7,
159.2, 154.8, 151.8, 148.3, 147.2, 142.2, 141.9, 141.7, 140.4, 138.5, 138.0, 137.1, 133.6,
132.4, 1301, 129.8, 129.5, 128.8, 127.5, 127.1, 126.5, 125.1, 124.6, 123.6, 121.7, 121.3,
120.2, 118.7, 116.9, 111.3, 109.5, 93.6, 41.9, 41.5, 28.9, 28l. for

C45H3gN50sR€PtC| : found C 467, H 329, N 589, calcd C 47.14,H 3.43, N 6.11.

4.2.5Synthesis ofRe-Pt (4.3
Compound4.3 was obtained using the same method as thad.BrYield 28%.*H

NMR (400 MHz, CDCl,, 298.0 KU, ppm):9.19 (d, 1H, J = 6.0 Hz), 9.03 (d, 1H, J = 5.3
Hz), 8.33 (d, 1H, J = 8.Hz), 8.18 (d, 1H, J = 8.Hz), 7.907.79 (m, 5H), 7.68 (td, 1H, J

= 73 Hz, 10 Hz), 7.62 (td, 1H, J = 7.3 H4,0Hz), 7.587.54 (m, 2H), 7.40 (d, 1H, J =
8.1 Hz), 7.347.28 (m, 3H), 7.20 (td, 1H, J = 6.6 Hz, 1.4 Hz), 6.95 (td, 1H, J = 6.1 Hz, 1.4
Hz), 6.69 (d, 1H, J = & Hz), 561 (s, 1H), 2.10 (s, 3H), 2.05 (s, 3HAnal. for
CagH27NsOsRePtCl: found C 43.32, H 2.36, N 6.29, calcd C 44.09, H 2.56, N BH9.

3¢ NMR spectrum could not be obtained due to poor solubility.

4.2.6Synthesis of RePt(DMSO) (4.4)
A mixture of4.1 (0.060 g,0.08 mmol) anctis-PtPh(DMSQO), (0.039 g, 0.08 mmol)

was dissolved in 30 mL of THF. The mixture was stirred afGdor 6 hrs, and the
solvent was removed under reduced pressure. Recrystallization fro:@l.@ldxane
afforded4.4 as an yellow solid in 57% yieldH NMR (400 MHz, CDCl,, 298. 0 K,
ppm): 9.68 (d, J = 5.Hz, 1H), 9.19 (d, J = 5.Hz, 1H), 8.18 (d, J = 7.9 Hz, 1H), 7.88 (td,

J = 6.7 Hz, 1.3 Hz, 1H), 7.8878 (m, 4H), 7.747.54 (m, 6H), 7.38 (d, J= 8.1 Hz, 1H),

7.347.28 (br, 1H), 7.16.10 (m, 6H), 6.78.66 (m, 2H), 5.81 (d, J = 8.1 Hz, 1H), 2.94
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(s, 6H). Anal calcd for ;H3;:NsO,PtReSCI: C, 8.10; H, 2.79 N, 6.%6. Found: C, 44.39;

H, 2.65; N, 5.99The**C NMR spectrum could not be obtained due to poor solubility

4.2.7Synthesis ofRe-Pd (4.5)
A mixture of 4.1 (60 mg, 0.08 mmol) and Pd(acadB5 mg, 0.15 mmol) was

suspended in 30 mL methanol. The mixture was refluxed for 2 days, and the solvent was
removed under reduced pressure. The residue was washed by diethyBe 10 mL).
Recrystallization from TH#eiethyl ether afforded.5 as a dark green solid in 92% vyield.

H NMR (400 MHz, CDCly, 298.0 K, i, ppm):9.19 (d, 1H, J = & Hz), 8.84 (d, 1H, J =

6.2 Hz), 8.33 (d, 1H, J = 7.6 Hz), 8.18 (d, 1H, J = 7.6 Hz), -7.8® (m, 5H), 7.69.55

(m, 4H), 7.39 (d, 1H, J =8Hz), 7.337.25 (m, 3H), 7.19 (t, 1H, J =%Hz), 7.03 (t, 1H,

J = 5.9 Hz), 6.69 (d, 1H, J =3Hz), 5.53 (s, 1H), 2.21 (s, 3H), 2.12 ). Anal. for
Cs9H27NsOsRePdClI: found C 48.00, H 2.78, N 7.13, calcd C 48.10, H 2.79, N THES.

3¢ NMR spectrum could not be obtained due to poor solubility.

4.2.8X-Ray Diffraction Analysis

Single crystals oft.2 and4.4 were obtained and used fstructural determination by
X-ray diffraction method. The crystals were mounted on glass fibers and the data were
collected on a Bruker Apex Il singtaystal Xray diffractometer with graphite
monochromated WK, radiation, operating at 50 kV and 30 mAydaat 180 K. Data
were processed on a PC with the aid of the Bruker SHELXTL software package (version
5.10)%°® and corrected for absorption effects. Crystals4df belong to the chiral
orthorhombic space group Pnathile those o#.4 belong to the monoglic space group
P2/c. The d&a quality for both crystals {goor due to mostly unesolved twinning of the

crystals. Disordering of the pyridyl ring bound to the Re aton#.thwas partially
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resolved. Some degree of disordering of ligands around the Bifll in 4.2 is also
present. However, we could not model it due to the limitation of data. The very-long a
axis @3.4528(12) A) of4.2 may also be a contributing factor to the poor diffraction
quality of the crystal. As a consequence, it was necessappty constraints on some of

the bond lengths and angles for both crystals. d@npound4.4, disordered solvent
molecules are present in the crystal lattice and were removed by the Platon Squeeze
routine?®?® |n addition, not all norhydrogen atoms could be refined anisotropically.
The crystal data of.2 has been deposited at the Cambridge Crystallographic Data
Centre (CCDC 898415) andp@rted with4.4 in Table 41. Their selected bond lengths

and angles are given in Tabl&€4

4.3 Results and Discussions

4.3.1Syntheses and Structures

To synthesize the bimetallic compounds, we first synthesized the Re(l) conadund
by the reaction of ligantdl with Re(CO}ClI in refluxing toluene, as shown kigure 43.
Compound4.1 was isolated in 62% yield. The reaction 4f with PtPR(DMSO), in
THF at 50C for 6 hours led to the isolation of the bimetallic compodiddn 57% yield
To examine the impact @ncillary ligands on photophysical properties of the bimetallic
compound, two other Rig/Pt(ll) compoundst.3 and4.2 were also synthesized, where
the phenyl and the DMSO ligand 4¥ are replaced by an acetylacetonato (acac) and its
derivative, dipivolylmethane(dpm), respectively. One key advantage provided by the
acac groups thesignificant improvenent of the stability of the compoundtime solution
and solid statefFurthermorethe acac ligand fsea high triplet state which minimizes its

interfererce with phosphorescent emissidn. addition, the acac grougnhanceshe
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rigidity of the Pt portion,thus decreasing the loss of enexgy vibrational radiationless
decay. Compound.3 was prepared by a one spot procedure developed recently by our
group for N\C-chelate Pt(ll) acac compountfsin this procedure4.1 was reacte first

with 0.5 eq. [Pt(CH)2(SMe)]. in THF to attach the PtMe(SM)eunit to the N*Cchelate

site, followed by the addition of HOTf to remove the methyl group, and the subsequent
addition of Na(acac) in methanol to add the acac ligand, resulting iotmation and
isolation of 4.3 as shown in Figure-3. Because the solubility of.3 is poor, we
synthesized!.2 using the same procedure as that4& The4.2 compound shows good
solubility in common organic solvent€ompound4.5 was prepared by theaction of

4.1 with Pd(acag) in methanol in 92% yield. As control compounds for understanding
the photophysical properties of the bimetallic complexes, the-¢lslate mononuclear
compounds3.5, 3.6, 4.6 and4.7 shown in Figure € were also synthesizediang ligand
N-phenyt2 ( -gyfindole pib) and the appropriatet(ll) andPd(ll) precursor compounds.

All new metal compounds were characterized MR and elemental analyses.
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Table 4-1. Crystallographic data for compoundi® and4.4.

4.2 4.4
Empirical formula C45H39CIN505PtRe C42H31CIN504PtReS
Formula weight 1146.55 1118.52
Space group Pna2(1) P2(1)/c
a, A 43.4528(12) 19.0195(5)
b, A 11.8801(3) 8.0623(2)
c, A 8.1619(2) 27.8363(8)
U, deg 90 90
b, deg 90 95.642(2)
2, deg 90 90
v, A3 4213.37(19) 4247.8(2)
Z 4 4
Density (calculated), gcth 1.807 1.749
B mm? 6.302 6.294
2 (ax deg 53.00 52.00
Reflns meads 20645 36370
Reflns used 8183 8313
(Rno) (0.0962) (0.0795)
FinalR[II> 20a( 1) ]
R1% 0.0747 0.1109
wR2 0.1463 0.2899
R(all data)
R1? 0.1346 0.1452
wR2 0.1713 0.3118
GOF onF? 1.035 1.074

2Rl = HFo| FJ/EF ° WR2 = {F[W(Fo," T
(0.079°)%, whereP = [max.F.2,0) + F7/3.
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Table 4-2. Selected bond lengths (A) and angl®sdf compound€.2and4.4.

4.2
Pt(1)C(22) 1.93(2) O(4)yPt(1}N(4) 174.6(6)
Pt(1)0(4) 2.015(13) C(22)Pt(1}O(5)  171.4(8)
Pt(1}N(4) 2.008(16) C(2)}Re(1}N(1) 170.6(7)
Pt(1)0(5) 2.066(14) C(1)}Re(1}N(2) 172.5(7)
Re(1)C(1) 1.92(2) C()Re(1)Cl(1)  176.7(6)
Re(1}C(2) 1.88(3)
Re(1}C(3) 1.96(2)
Re(1)}N(1) 2.157(18)
Re(1}N(2) 2.212(14)
Re(1)}CI(1) 2.455(6)

4.4
Re(1)C(41) 1.86(5) C(41yRe(1}C(40) 86.6(17)
Re(1)C(40) 1.92(4) C(41yRe(1}C(42) 90.1(16)
Re(1}C(42) 1.927(17) C(40yRe(1)C(42)  88.4(15)
Re(1}N(1A) 2.14(5) C(41)yRe(1yN(1A) 94(2)
Re(1}N(2) 2.15(2) C(40yRe(1}N(1A) 96.2(18)
Re(1)}N(1) 2.37(3) C(42)Re(1yN(1A)  174.2(17)
Re(1)}CI(1) 2.454(7) C(41yRe(1)N(2)  94.7(15)
Pt(1)C(25) 2.02(2) C(25)Pt(1}C(32)  92.8(8)
Pt(1}C(32) 2.028(12) C(25)}Pt(1}N(4)  77.5(8)
Pt(1}N(4) 2.144(15) C(32}Pt(1}N@)  169.7(7)
Pt(1}S(1) 2.282(5) C(25)Pt(1)}S(1)  177.2(7)
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Re(CO);ClI " Re:"
toluene, reflux

Pd(acac),

MeOH, reflux

1. [PtMez(SMez)]z

3. Na(acac)
or Na(dpm)
THF/MeOH, rt

Re-Pt, 4.3, R = CHj

Re-Pt(dpm), 4.2, R = C(CH3);

DMSO

PtPh,(DMSO),

e “Ph
THF, 50 °C

Re-Pt(DMSO)
4.4

Figure 4-3. Reaction scheme for the syntheses of metal complexes.
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schemes. Hydrogen atoms are omitted for clarity. Bottom: the packing diagram of

projected down the-bxis.

The structures oft.2 and 4.4 were determined by Xay diffraction analyses. The
crystal quality of botttompounds is poor. Both crystals display some degree of twining
and disordering, which could not be fully resolved. As a result, the crystal data for both
compounds are not of high quality. Nonetheless, the crystal structural data confirmed the

connectivty and geometry of both compounds. The crystal datazéind4.4 are shown
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in Figure4-4 and Figure4-5, respectively. As shown in Figude4, the Re and Pt units
have the typical octahedral and squpl@Ear geometry, respectively. However, fiyein

ard py-im chelate groups for the two metal ions are not coplanar with the central benzene
ring. The dihedral angles between the central benzene ringytimeand thepy-im ring

are 62 and 96, respectively. This lack of eplanarity is characteristic of thel ligand

and can be attributed to the interactionsotho-hydrogen atoms between the chelate
units and the central benzene ring. Interestingly moleculds2afrystallize in a chiral
space group, Pnaand pack in the crystal lattice in a heaehead and taito-tail manner,
forming fistacked badminton ballsodo structur
in Figure 4-4, bottom The basic structural features 4# are similar to thas of 4.2
except that molecules df4 crystallize in a centric space group2and are packed in a

centersymmetric manneais shown irFigure4-5, bottom.

4.3.2UV-Vis Absorption spectra

The absorption spectral data are shown in Figuea#id Table 8. For comparison
purpose, the spectra of the corresponding mononuclear metal comgolydg 3.5and
3.6 were all recorded. Because the dpm and acac ligands are similar and have a similar
impact on the photophysical properties of the Pt(ll) compdutite spectrum of.7 was
not recorded. The absorption bands of the metal complexes in the UV region (< 390 nm)
are assigned to the ligand based ” transition All mononuclear metal complexes
display a distinct weak low energy band in the region of 39@n520 nm, which can be
assigned to MLCT transitions. The bimetaldi2, 4.3 4.4, and4.5 all display weak and
broad absorption bands in the same region as their corresponding mononuclear

components, which may be attributed to MLCT transitions withrdartons from both
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metal centers. The impact of th&" 2netal center on the absorption spectra of the
bimetallic compounds can be illustrated using4.2 as anexample. Compared with the
mononuclea#.l, the incorporation of a Pt metal center shifts ieximum of the ligand
based Y  transitionfrom ~315 nm to ~335 nm, due to the chelation of the ligand to the
4.7 moiety. The’ Y ’ transitionband af max= 335 nm 0f4.2 has nearly twice the molar
absorptivity as that o4.6 due to the contribution from the1 portion. The MLCT band

of 4.2 covess ~390 nmto 480 nm region, which can be considered as the sum of4Heir
and 4.6 mononuclear precursors. Thus, the MLCT bands of the bimetallic compounds
involve both metal centerdhe same conclusion can also be made for the other three

bimetallic compounds.
120000

100000 4.1 4.2 ---43 ---4.4

80000

—45 —46 —35 ---3.6
60000

O(M-lcm2)

40000

20000 §

Wavelength (nm)

Figure 4-6. UV-Vis spectra of~1x10°> M solutions of metal complexes recorded in

CH.CI, at ambient temperature.
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Table 4-3. Absorption anduminescence data

Compound Absorption Emission U (Ces
Amax/NM Amax/NM, F phos
( U rlcmiy? 298 K 298 K&
4.1 230 (60200), 320 (40000), 625 <1
395 (5040) (0.20%)
4.2 250 (41600)335 (35500), 650 2.47(2)
345 sh (32100), 375 (18500 (0.73%)
455 (6780)
4.3 250 (49600), 330 (40200), 650 2.45(2)
345 sh (34500), 375 (19600 (0.78%)
455 (7760)
4.4 330 (31700), 345 (28600), 627 <1
420 (9065) (0.23%)
4.5 230 (103950), 285 (38650), N/A N/A
325 (41240), 345 sh (33960
425 (10750)
4.6 265 (28700), 295 (14200), 657 2.00(1)
330 (21500), 370 (15100), (0.58%)
465 (5720)
3.5 327 (16300), 360 sh (10100 512
430 (3340) 633 4.17(3)
(0.60%)
3.6 230 (28360), 255 sh (21190  77K®, 616 77K, 74.39(5)

330 (14450)355 (8700), 435
(3990)

Conditions® All the spectra of-1x10 > M solutions of metal complexes were recorded in
degassed CiTl, at ambient temperatur8.All the spectra of~1x10° M solutions of
metal complexes were recorded inm2thyltetrahydrofuran at 77 K‘Degassed
[Ru(bipy)s][(PFe)2l inCH:CN (0 = 6.

108

1%) was

used as a

ref e



measurements The decay lifetimes were obtained by fitting the decay curite &
single exponential function.

4.3.3Luminescence Spcetra

The phosphorescence spectra of all compounds were recorded under nitrogen in
CH.Cl, and the data are provided in Figute/ and Table 4. None of the Pd(ll)
compounds are phosphorescent at amiygnperature.

It is known that in a polynuclear system, if the components behave as isolated and
separate identities, they would relax from the excited state in a similar manner as the
corresponding mononuclear precursors. However, if there are interacti@hsctronic
communications between the components, energy transfer/charge transfer would be
expected to occur according to wktiown mechanisms? To understand the
luminescence properties of our bimetallic compounds, we examined all relevant
mononucleacompounds.

1.2 -

41 —42--43

o
o

—4.4 —4.6 —35

©
N

Normalized Intensity
o
()]

400 500 600 700 800
Wavelength (nm)

Figure 4-7. Emission spectra of1x10° M solutions of metal complexes recorded in

CH.Cl, at ambient temperatur@..x = 400~430 nm)
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In CH,CI, and at ambient temperature, compouhi exhibits a weak and broad
luminescent band at 625 nm with a quantum yield of 0.20%, Wl6ldisplays a peak at
657 nm with well resolved vibrational features and a quantum yield of 0.58%. The
bimetallic compoundd4.3and4.2 have an emission band at 63® with quantum yields
of 0.78% and 0.73%, respectively. The emission spectra of the bimetallicFRg(l)
compounds closely resemble that4ob as shown in Figurd-7, thus can be assigned to
the Ptpy-in)(acac) chelate unit. This observation indisatieat the MLCT excited state
of the Repy-im) chelate unit in the bimetallic compound is fully quenched by the Pt unit
via energy transfer. Perhaps because of the efficient energy transfer from the Re(l) unit to
the Pt(ll) unit, the emission quantum eiéiocy of the bimetallic compounds2 and4.3
is substantially enhanced, compared to the mondnteThe phosphorescent spectra of
3.5and4.4 are very similar except th&5 has a distinct fluorescence band at 512 nm.
Thus the emission ofi.4 is also from the Pt portion of the molecule. The lack of
luminescence id.5 can be attributed to the lelying d-d state of the Pd(Il) center that
results in the Pd(ll) chelate unit to be remissive. Intramolecular energy transfer from
the Re(l) unit® the noremissive Pd(Il) unit leads to effective quenching of the emission

of the Re(l) unit.

4.3.4Theoretical Calculations

Density functional theory calculations were performedi@to better understand the
electronic structure of this bimetallic compoufi@-DFT data show that the LUMO and
HOMO of 4.3 reside at the Pt and the Re unit, respectively, as showahle 44, and

the singlet HOMO LUMO has a very low oscilator strength (0.0030).-DBT data

indicate that the first triplet state is in fact domethby HOMG LUMO+1 transition
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(91%) with LUMO+1 being localized on the -Bhelate portion. The TIDFT data

support that the observed phosphorescence of.ieompound is indeed from the Pt

chelate unit. The details of the TDFT data are shown in Table4 and Tabled-5.

Table 4-4. Isodensity surface plot @f.3

4.3

LUMO+3

-5.31 eV (Pt d orbital contribution = 16%

HOMO-1

R

-1.68 eV -5.45 eV (Re d orbital contribution = 38%
LUMO+1 HOMO-2
' <3

-5.56 eV (Re d orbital contribution = 35%
LUMO HOMO-3
s o £
* ¥
s
-2.55 eV -6.05 eV (Pt d orbital contribution = 20%
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Table 4-5. TD-DFT calculation results ¢f.3.

Excitation

Complex  Spin state Transition energy (nm Oscillator
configurations eV) ' strength
S '(?38%)0'1 Yo LU 5774015 00004
S2 ';2%;’ 2 Y LU 5654036 00539
Ss gg%'\)"o Y LUN 51090243 00030
HOMO Y LUN
)
S ,(3%)/0,\),,0 v Luy 283074 00721
(3%) o
S ggf;ﬂ)o"‘ VLU 4320@87 00021
HOMO2 Y LU
0,
S ﬁg{;’g_z v Ly 391(311) 00031
(5%)
HOMO Y LUN
(2%) .
4.3 S g;/o'\)/'o Y LUMN 3930(316) 0.1110
HOMO Y LUN
(37%) _'
Ss gg(l)\z)o-l YUMO*1 3883 (3.19)  0.0000
HOMO5 Y LU
0,
S ,(485),\),,0_3 v Ly 3871(320)  0.0059
(89%)
HOMO-7 Y LU
(4%) )
Sto HOMO-2 ¥ LU 386.1(3211) 00023
(86%)
HOMO2 Y LU
(4%)
HOMO3 Y LU
0,
T (2%) 623.4 (1.99) i

HOMO LUMO+1

(91%)
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4.3.5Electrochemical Properties

The electrochemical redox properties of the Reghtaining complexes were
investigated by cyclic voltammetry (CV) in dry acetonitrile underaNd are shown in
Figure 4-8 and Table4-6. Due to the poor solubility, CV diagrams #8 and4.5 were
not recorded. The binuclear compk2 displays three reduction waves-at73V,-2.42V
and -2.18 V respectively. The two reversible/pseudwersible reduction waves are
assigned to the redtion of 2( 2p§ridyl)benzimidazolyl and 2 2pgridyl)indole
moiety chelated to two metal centers, while the irreversible wave is a-lRegy
reduction, according to previous reports on related -Big§l) compound$® The
reduction wave of mononucledrl is also shown for comparison which displays one
ligand based reversible wave and one Re(l) based igsiblemwave. The introduction of
the Pt(Il) center shifts the irreversible wave potential shift fr@a5 V to -2.18 V,
increasing the electron affinity of the Re(l) cent@ompound4.4 displays one reversible
reduction wave atl.73 V which is similato that of4.1 and4.2 and thus can be assigned
to the reduction of 2 2pgridyl)benzimidazolyl chelating ligand. The Reliased
reduction wave is nothwiousat about-2.21 V. The 3° reduction wave fo#.4 is not
resolved. All three compounds display @idation wave at aboutd) V, which can be
attributed to the oxidation of the Re(l) cerftéThe oxidation peaks are shown in Figure

4-9.
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Figure 4-8. CV diagrams oft.1, 4.2 and4 .4, recordedn acetonitrile, using NB#PF; as

the electrolyte with a scan rate &lmV/s.

Table 4-6. Electrochemical data d@f.1, 4.2 and4 4.

Complex  E2°%(V) E™(V) E,°%V) Ew™(V) Electrochemical
energygap (V)

4.1 -1.73 -2.25 1.02 2.75
4.2 -1.73 -2.18 -242 0.97 2.70
4.4 -1.73 -2.21 1.03 2.76

All potentials are relative to Fegf”*, measured in acetonitrile, using N as the

electrolyte with a scan rate cs@ mV s ™.
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Figure 4-9. Cyclic voltammogram (oxidation peak) of metal comp(& 4.1, (B) 4.2
and (C)4.4 under N. Voltammorgrams taken at 100mV/s in acetonitrile with 0.1M

NBusPFs.
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One important application dfricarbonylhalorhenium(l) complexes of diimines is
catalytically reduction of C® In 1984 Lehn et al. reported that compound
Re(bipy)(CO)CI caneffectively catalyze the reduction of G@ CO on a glassy carbon
electrode in a DMF/water mixtuf8.Inspired by their work, many rhenium bipyridine
based systems have been extensively investigated for either electrochemical or
photochemical reductiorof CO, in the last two decadé$. To determine if our
compounds have any utilities in catalytic electrochemical @@Quction, we carried out a
preliminary study on C@reduction using our mononuclear and bimetallic rhenium
complexesas the catalysts using conditions and procedurssasito those reported for

Rebipy system&?-8>&

and the results are shownFkigure 410.

These tests were conducted in dry acetonitrile solution of the metal complexes with
0.10 M NBuPFs as electrolyte. The CV diagrams underadd CQ, were recorded and
compared.As shown in Figure 40, when the acetonitrile solutions of the metal
compounds are saturated with £@ drastic change of thé"%reduction wave was
observedCompound4.1 shows about-3old increase in peak current B30 mV/s from
nitrogen to CQat-2.25V. By subtracting the contribution from the blank solution under
CO,, the net increase in peak currentdot is about 2fold. Under the same conditions,
the net increase in peak current for Re(Hipy)(COXCI (bipy-t Bu  =di-tert;butyd
2 , -Bipyridine) (Re(bipy)) a well known catalyst in electrochemical reduction oL @O

0.36fold. Thus, under the conditions we used, the perfac@af the newcompoun4.1

appears to be better than Re(bipy).
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Figure 4-10. Catalytic comparison of (A%.1, (B) 4.2, (C) Re(bipy)and (D)4.4 under

both nitrogen and carbon dioxide conditions. In (A) also included a blank scan of
acetonitrile solution (with no catalyst) with.101 NBwPF; saturated with C&No,.
Voltammorgrams taken at 100mV/s in acetonitrile with 0.1M N8y

The bimetallic compound$.2 and4.4 display a0.20fold and0.46fold net catalytic

current increase aR.25V, which are similar to that dRe(bipy). The reasortompound
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4.1 works better than Re(bipy) may be because the more electron ricl{ 2 6
pyridyl)benzimidazolylchelating ligandnakes the Re(l) center more nucleophilic toward
CO, reduction than the simple bipyridyl moiefyor 4.2, the introductio of the Pt center
shifts the reduction potential of the Re(l) center to more positive, thus the Re(l) center
becomes less electrgith for reduction of C@ Over all these preliminary results
indicate the ligand.1-based Re(l) complexes have the potérfoa use in the CQ

reduction process.

4 .4 Conclusions

Bimetallic compolexe.2, 4.3 4.4 and4.5 have been achieved based on ligaid
which has two distinct chelating sites. The electronic and photophysical properties of
these heterobimetallic compounds were investigated and compared with the
monometallic parent compounds. Our investigation indicates that there is communication
betweenthe two different metal centers. At room temperature, the Re(l) unit is found to
enhance phosphorescence efficiency of Pt(ll) wrat efficient intramolecular energy
transfer. The preliminary electrochemistry study also shows thad.fhies promising

cardidate for the electrocatalytic G@duction.
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Chapter 5

Pt(Il) and Pd(Il) Complexes Based on drans-Chelating 2-( 2 6

Pyridyl)indolyl Derivative Ligand

5.1 Introduction

Due to the broad applications in organic synth&saalytic processesbiological
and pharmacological usade?t(ll) and Pd(ll) complexes have attracted considerable
research efforts. For bthelate Pd(Il) and Pt(ll) compounds, the most commonly
observed binding mode @s-geometry’ Examples of NANcis-chelating Pt(ll) and Pd(Il)
complexeswith bipyridyl based ligands are well knowri'’ and their use in
activation and catalysis have also been investigated extensively previousbntrast,
Pd(Il) and Pt(ll) compounds that contairtrans-chelatng ligand arestill relatively rare
but interesting since they often display unusual propertiésnd have found use in
asymmetric catalysisDuring the past few decades, mamns-diphosphine ligands and
their corresponding ®d metal complexes have beereported and investigatet!.
Diphosphine ligands that have an intermediate or large bite angle have been found to
have a significant impact on reactivity of their metal complé®e&® ™ |n contrast,
Pt(Il) or Pd(ll) compounds witltrans-N~N-chelate ligands remain scarce. To our best
knowledge, the only examples dfanschelating bipyridyl ligands are Las(2
pyridylethynyl)benzene anils derivatives reported previously by Bosch and others
The use of thetransPdCL compound with this type of ligands in Heck coupling

reactions has been investigated by several research dfoups.
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Recently we reported a class of interesting antropisontigaads that can readily
chelate to a Cu(l) or a Zn(ll) center, forming chiral coordination compotir@se of
these Igands, bpiL4), is shown in Figure 4 , which codbis[Za(i2p9y t wo
indolyl] binding sites. Compared to phosphine ligamadypyridyl ligands such a4 are
much harder donors, which in turn may enhance the stability of their metal complexes
toward oxidation, in addition to the possible introduction of rich
photophysical/photochemical properties. Based on these consideratimngroup has
alreadysynthesized and investigated thebasedPd(ll) and Pt(Il) complexe¥.We have
found that both Pd(Il) and Pt(ll) compounds adapt an unusarg-chelate geometryn
this chapter, the preliminary study on the catalytic activitythef Pd(OAc)-L4 (2:1)
system in the acetoxylation reaction of benzene, chlorobenzene and toluene with
PhI(OAc), will be presented, which ia well known direct €4 bond functionalization

process?

Pt(bpib)Cl,
5.1

Figure 5-1. Reaction scheme for the synthesest@hitb)CL (5.1) and Ri(bpib)Chk (5.2).
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5.2 Experimental

5.2.1General Considerations

All reactions were performed under dryg With standard Schlenk techniques unless
otherwise noted. All starting materials were purchased from Aldrich Chemical Co. and
used without further purification. Solvents were freshly distilled over appropriate drying
reagents under Natmosphere. NMR speet were recorded on a Bruker Avance 500
MHz spectrometer as stated. Excitation and emission spectra were recorded on a Photon
Technologies International QuantaMaster Modeb@C spectrometer. UWis spectra
were recorded on an Ocean Optics -I$&-Vis spectophotometer. Emission lifetimes
were measured on a Photon Technologies International phosphorimeteraster C
631F) that was equipped with a xenon flash lamp and a digital emission photon multiplier
tube, using a band pathway of 5 nm for excitatiod 2amm for emission. GC analyses
were performed on an HP 6850 network FHT with automatic injector. The column
used was an HB of 30 m in length with an internal diameter of 0.32 mm. The inlet
conditions were 250 eC, 2 B usme d splilessdnjeetor f | o w
with helium as the carrier gas. The met hod
an I mmediate increase to 240 eC wusing a 6
hexamethylbenzene acting as internal standard. Raw fdatgatalytic study were
analyzed using GraphPad Prism version 5.00 for windows, GraphPad Software, San
Diego California USA, choosing one phase association equation. Elemental analyses
were performed at Canadian Microanalytical Service, Ltd. (DeltajsBri€olumbia,

Canada)Ligand L4was prepared using methods reported previotsly.
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5.2.2Synthesis of Pt(bpib)C} (5.1)
KoPtCL( 85 mg, 206 emol ) wWa/E€HEI1sM /6 My5end) i n

DM

mixture solvent. After stirring 30 minutes, a solutiondf( 1 0 0 mg, 187 emol)

CH,Cl, was slowly added. The mixture was refluxad8CC for 6 hours The organic
layer was extraed and washed three times with water. Then solvent was removed under
vacuum and the residual wasdissolved in CHCI,. The undissolved Pt(DMSQXLI,

was removed out through filtration. The resulting yellow solution was allowed to slowly
evaporate to afird orange powders &f1with an overall yield of ~50%. This compound
can be recrystallized from GBl,. *"H NMR in CD,Cl, 500MHz (U, ppm,
(d,J=5.6 Hz, 1H), 8.14 (d] = 7.7 Hz, 1H), 7.87 (d] = 7.7 Hz, 1H), 7.527.49 (m, 2H),

7.47 (d,J = 8 Hz, 1H), 7.39 (dd) = 7.5 Hz,J = 7.5 Hz, 1H), 7.35 (ddJ = 7 Hz,J = 7

Hz, 1H), 7.27 (dJ = 7.5 Hz, 1H), 7.12 (dd] = 7.5 Hz,J = 7.5 Hz, 1H), 6.9%.95 (m,

2H), 6.73 (dJ = 9 Hz, 1H). Due to the poor solubility, th2&C NMR spectrum was not
obtaned. Anal calcd for GH.eN4,PtCLA  €H: C, 52.66: H, 3.17; N, 6.30; found: C,

52.03; H, 3.24; N, 6.33.

5.2.3Synthesis of Pd(bpib)C} (5.2)
A solution of 113 0 Thirgvas(layesed with solution) of 18 mg

of bis(phenylacetonitrilepalladum(l) di chl ori de (280 &emol ) [
red precipitate. The crude product was then purified by retligatson in CHCI,. Red
crystals of5.2 were obtained in 62% yieldH NMR in CD,Cls, 500 MHz (0,
K): 8.43 (d,J = 5 Hz, 1H), 7.83 (d, J = 10 Hz, 1H), 7.62 (dd; 7.5 Hz,J = 7.5 Hz, 1H),
7.54 (ddJ = 7.5 Hz,d = 7.5 Hz, 1H), 7.41 (d] = 5 Hz, 2H), 7.38 (d) = 5 Hz, 1H), 7.30

(d,J = 10 Hz, 1H), 7.267.18 (m, 4H), 7.10 (dd] = 7.5 Hz,J = 7.5 Hz, 1H). Anal cad
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for CagHaeN4PACLA 0 . ,ZI5 C,162.32; H, 3.62; N, 7.60; found: C, 62.32; H, 3.47; N,

7.51. Due to the poor solubility?C NMR spectra were not obtained.

5.2.4Pd Catalyzed Acetoxylation of Benzen®d(OAc)./2 , -Bigyridine
To a mixture of Phl(OAg)(361 mg 1.12 mmol), Pd(OA¢)( 5. 0 mg, 22.4 ¢€n

mol %) and0.BmL (11. 2 e mol , 1.0 mol -bipgldine(bipy)a st oc
(35. 0 mg, 224 emol) in 10 mL AcOH, gl aci al
(0.10 mL) were added. The suspensiwas stirred at ambient temperature for 1 min,

before benzene (1.00 mL, 875 mg, 11.2 mmol, 10.0 equiv) was added. The tube was
sealed and heated to 100 € using a preheated hotplate. At the end of the reaction, the
tube was cooled to ambient temperatumed al mL EtOAc solution containing
hexamethylbenzene (8.11 mg, 0.05 mmol) was added as an internal standard for
guantitative GC analysis. The mixture was diluted with EtOAc (2 mL) and filtered
through a plug of celite. The filtrate was extracted with aratdd agueous solution of

K>CO; (9 M in H,O, 2x 2 mL) to quench and separate the acid. The organic layer was
carefully separated and diluted with additional EtOAc to a total volume of 25 mL. The
resulting solution was analyzed by GC. This same procedwar® also used for

chlorobenzene and toluene acetoxylation reactions.

5.2.5Pd Catalyzed Acetoxylation of Benzen®d(OAc)./L4
The pocedure is identical to theipy system described above. PhI(OA61 mg,

1.12 mmol), Pd(OAg)( 5. 0 mg, 22. 4 1L&4(n0olmg,2.101 .nole Mmol,,
AcOH (0.90 mL), acetic anhydride (0.10 mL) and benzene (1.00 mL, 875 mg, 11.2 mmol)
were reacted at 100 €. For chlorobenzene and toluene substrates, the same procedure

was used.
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5.2.6X-Ray Diffraction Analysis

Single crystals 06.1 and5.2 were mounted on glass fibers for data collection. Data
were collected on a Bruker Apex Il singteystal Xray diffractometer with graphite
monochromated Mo KU radiation, operating
were processed on a PCtlwthe aid of the Bruker SHELXTL software package (version
5.10) and corrected for absorption effects. All structures were solved by direct methods.
Both compounds corystallize with CHCI, solvent molecules (two Cigl, per
molecule), which were modeled and refined successfully. The complete crystal structural
data have been deposited at the Cambridge Crystallographic Data Center (CCDC 879680
& 879681) and reportexh Table 51. Their selected bond lengths and anglegaen in

Table 52.

5.2.7Theoretical Calculations

The computational calculations were performed using Gaussian09, revisiotf B.01
software package and the High Performance Computing Virtual Laboratory (HPCVL) at
Queends Uni v e rswie ggpmetridskre fully optimized at the B3LYP
level using LANL2DZ basis set for platinum ane86G(d) basis set for all other atoffs.

The initial geometric parameters in the calculations were employed from crystal structure
data for geometry optimization. Tirteependat density function theory (TIDFT)

calculations were performed to obtain the vertical singlet and triplet excitation energies.
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Table 5-1.Crystallographic data for complexgsland5.2

5.1 5.2
Empiricalformula C38H26CI2N4Pt/2CH2CI2 C152H104CISN16Pd8CH2CI2
Formula weight 974.47 3543.20
Space group C2/c C2lc

a, A 17.8594(2) 17.8880(11)
b, A 12.3237(2) 12.3483(8)
c, A 17.4634(2) 17.3962(11)
U, deg 90 90

b, deg 103.1340(10) 102.9640(10)
2, deg 90 90

v, A 3743.04(9) 3744.6(4)
Z 4 1
Density (calculated), 1.729 1.571
gem®

g mm* 4.213 0.960

2 dax deg 54.20 54.98
Reflns meads 12925 20469
Reflns used 4117 4255
(Rint) (0.0203) (0.0184)
FinalR[ | > 20 (

R1? 0.0206 0.0255
wR2 0.0468 0.0654
R(all data)

R1? 0.0230 0.0267
wR2 0.0477 0.0663
GOF onF? 1.061 1.069

ARl = H[|Fo| FRJ/EFo) ° WR2 = {EW(F’ T FO) BWFAYZ ¥ = 1/[0%(F,S) +
(0.079°)%, whereP = [max.F.2,0) + F7/3.
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Table 5-2. Selected bond length (A) and angl8% ¢f complexe$.1and5.2

5.1
Pt(1rN(1) 2.019(2) NL)-P(IIN( 1 ¢  164.81(12)
Pt(L)N( 16) 2.019(2) N(L)-Pt(1}C 1 ( 1 88.12(6)
Pt(1}Cl ( 16 2.3061(6) C(19)C(14)N(2) 119.5(2)
Pt(1)CI(1) 2.3061(6) N ( TRA()C1 ( 1 93.23(6)
N(1)-C(1) 1.350(3) N(1)-Pt(1)}Cl(1) 93.23(6)
C(7)}C( 706) 1.476(5) N ( 1R3())}CI(1) 88.12(6)
C(8)-C(9) 1.399(4) Cl (-Rt@)Cl(1) 169.78(4)
C(8)}C(13) 1.406(4) C(1)}N(1)-C(5) 119.5(2)
C(14)}C(15) 1.387(4) C(1}N(1)-Pt(1) 123.63(18)

C(5)N(1)-Pt(1) 116.21(17)

5.2

PA(1}N(1) 2.0205(14) N(L)-Pd(LyN ( 1 ¢ 165.08(8)
Pd(1)}CI(1) 2.3092(4) N(1)-Pd(1)CI(1) 93.22(4)
N(1)-C(5) 1.347(2) N ( EREI(L)}CI(1) 88.70(4)
N(2)-C(6) 1.400(2) CI(1)-Pd(1}C | ( ! 165.23(3)
N(2)-C(14) 1.436(2) C(5)}N(1)-C(1) 119.60(16)
C(1)}C(2) 1.385(3) C(5)-N(1)-Pd(1) 123.97(12)
C(7}C(706) 1.478(3) C(1)}N(1)-Pd(1) 115.97(12)
C(8)-C(9) 1.401(3) C(13)N(2)-C(14) 123.91(15)

C(8)}C(13) 1.408(3)

5.3 Results and Discussion

5.3.1Synthesis and Structures

The ligand L4 was synthesized by our previously reported procétitihe syntheses

of Pt(Il) and Ri(ll) complexes5.1 and5.2 were accomplished by the reactions shown in
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Figure 51. The Pt(Il) compound was obtained by refluxingP¥Cl, and L4 in a solvent
mixture of HO/DMSO/CHCI, in a 5:1:5 raticat 80°C for 6 hours. The DMSO solvent
molecules likely reacted with JRtd, first to generate Pt(DMS@JIl,, which
subsequently reacted with the L4 ligand to produce the chelate cobflesich was
isolated as orange crystals. Compe® was synthesized by layeringn &thyl acetate
solution of stoichiometric amount of Pd(Ph{@ll, with a THF solution of L4 at ambient
temperature. Through slow diffusion of these two layers, the chelatingdligdn
displaced the labilbenzaitrile ligands to generat®.2, which precipitated out as a red
powder. Both compounds were fully chamczed by NMR and CHN analysis. Single
crystals suitable for Xay diffraction analyses for both compounds were obtained by
recrystalization of the compounds in &EH,.

The crystal structures of both complexes are shown in FiguBearis Figure 5-3.
Both molecules belong to thé2/c space group with similar unit cell dimensions. Both
molecules are chiral with a crystallographically imposeg aRis, although both
enantiomers coexist in the crystal lattice. The most important feature revealed by th
crystal structures is thigand L4 is chelated to Pd(Il) and Pt(ll) in a raransgeometry,
forming a large 9membered chelate ring. Both compounds show a considerable
distortion from an ideal squap@anar geometry withthe NI)MT N( 16 ) pmird CI ( 1
i Cl (16) angl dos~168.eThis distortiah @& be attributed to the strain
imposed by the bidl-Phindolyl linker on the chelate liganés commonly observed in
many previously knowrtrans-chelate complexe$® !® ® The ligand L4 has a large
natural bite angle that spans a considerable range. For example, when bGu(ijl and

Zn(11) ions,*it forms distorted tetrahedral geometry with a bite angle of observed to be
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137 to 14F. Thus, thetransgeometry of the Pt(ll) and Pd(ll) owpounds is a
consequence of t he [ThePd(BN(D dond lengtly i@5.261 t e an
2.0205(14) A, which is similar to thdf of transPd[1,2bis(2-
pyridylethynyl)benzene]Gl The dihedral angle between the two indolyl rings is 103.9

for 5.1and104.5°%or 5.2

Figure 5-3. The crystal structure &.2with 35% thermal ellipsoids.
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5.3.2Variable Temperature NMR

Compared to the previously knowntranschelating ligand, 1;bis(2-
pyridylethynyl)benzene that has an extended conjugation and a highly rigid structure to
reinforce thetrans-geometry* the L4 ligand has much rotational freedom, albeit having
a high rotation barrier around the G@) 7 6 ) * WPrewiodsly, using DFT
computational methods, we have establié¥etat the rotation barrier df4 around the
C(7yC706) b &2rkdmol'.Our -efforts to resolve the enantiomers of L4 were not
successfut® Variabletemperature'H NMR spectraof 5.1 show thatthis complex
retains its structure with no evidencet@ns-cis isomerisation in solutiarirhe N-phenyl
groups show a restricted rotation in solution, caused byottigo-hydrogen atom
interactions between the phenyl and the pyridyl ring, as shown by the VT NMR spectra in
Figure 54. The activation energy for the restricted rotation of Myphenyl rng was
estimated to be 62 kJ mol* using an Eyring equation {B),*° where T, is coalescence
temperatureand gs is the frequency separation of the initially sharp lines reading from
proton NMR.The5.2displays a similar solution dynamics as established bytVRMR
as shown in Figure-5, and its activation energy for the restricted rotatiomNgfhenyl
ring was estimated to be ~61 kJ thol similar restricted rotation of thBl-phenyl
groups was alsobserved in the Cu(l) and Zn(Il) L4 compounds reported previdtisly.

gG = RT.[23 + In(TJ/gs ) ](Equation 51)
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Figure 5-4. Variable temperaturtH NMR spectra 06.1in CD,Cl, showing the change
of the N-phenyl proton chemical shifts with temperature. The assignments of the peaks
for theN-phenyl protons are based on COSY NMR data
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Figure 5-5. Variable temperaturH NMR of 5.2 in CD,Cl, showing the change of the
N-phenyl proton chemical shifts with temperatufee assignments of the peaks for the
N-phenyl protons are based on COSY NMR data

5.3.3UV-Vis Absorption Spectra
The absorption spectra of L4 and the two complexes are shown in Figuaadbthe
photophysicaldata are given in Table-& In the absorption spectra there are intense

bands at 234 nm and 310 nm for ligand L4 which were at&ibut t o trahskion. In
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addition, a broad shoulder band at -340
interactions of the two central pyridyl rings, based on our earlier investigation on the
photophysical properties ofithfree ligand'® The absorption spectra 6f1 and5.2 are
similar to that of the free L4 except the presence of a-mesilved metalo-ligand
chargetransfer (MLCT) band with a moderate intensity at ~360 nm for the Pt(ll)
compound and ~380 nm for the Pd(Il) compound. The assignment of the MLCT band is
in agreement with TEDFT data, which shows that the first three singlet transitions all

have significant MLCTcontributions as shown in Table4sandTable5-5.
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. \
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220 295 370 445
Wavelength (nm)

Figure 5-6. UV-Vis spectraof ~1x10°> M solutions of L4,5.1 and 5.2 recordedin

CH.Cl, at ambient temperature.
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Table 5-3. Absorption and luminescence data.

Compound Absorption,? ama/nm  E mi S S janm, U (es)
( U/ Mcmm (quantum yield)
L4 234 (41600) 4478
268 sh (29200) (0.22¥

310 (25200)
340 sh (11400)
5.1 233 (54600) 595 231.8 +2.14
270 sh (27800)
319 (21900)
383 (7920)
5.2 237 (49500)
320 (18400)
362 (10100)
2in CH,Cl, at 298 K,? determined using 9,@iphenylanthracene as the standasad,77
KinCHClbwi t h 150 e€s del ay.

5.3.4Luminescence Spectrum

The free ligand L4 is blue fluorescent. Comple%.1 does not display any
luminescence in solution at ambient temperature. However, in a frozen solution of
CH.Cl, at 77 K, it does emit an orange color withax = 595 nm with a long decay
i feti me (as sh@vh (nZgure §7) which is attributed to a mixedL.C and
3MLCT transition with significant el transition contributions, based on OFT data
The unusually long decay lifetime is attributed to the involvement of-thérahnsition in
the first triplet state, and is responsible for the lack of ambient temperature
phosphorescence in solution, due to collisional quenching by solvent mof82f8s

Not surprisingly, comple%.2 shows no luminescence at either ambient temperature or at
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77 K, which is common for Pd(ll) complexes due to quenching by low lykty d
stateg? ™2™

Table 5-4. Isodensity surface plot &1

5.1
LUMO+3 HOMO-1
{, 3
-1.03 eV -5.23 eV (Pt d orbital contribution = 18%
LUMO+2 HOMO-2
{ 2 {}%
5’

-1.27 eV (Pt d orbital contribution = 40% -5.57 eV (Pt d orbital contribution = 30%
Cl p orbital contribution = 13%)

LUMO+1 HOMO-3

-1.58 eV -5.83 eV

LUMO HOMO-4

-1.69 eV -5.84 eV

HOMO HOMO-6

-5.19 eV (Pt d orbital contribution = 24%
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Table 5-5. Calculated energy levels of the ldwing singlet and triplet states 6f1

Spin state Transition configurations Excitation Oscillator
energy (nm, eV) strength
S HOMO-6 Y L UMO+ 458.1 (2.71) 0.0009
HOMO6 Y LUMO+
HOMO Y L U816} I
HOMO Y LUMO+:
HOMO Y LUMO+
S HOMO-2 Y LUMO+ 453.3 (2.74) 0.0045
HOMO-2 Y LUMO+:
HOMO-1 Y L UMO+1
HOMO-1 Y LUMO+:
HOMO-1 Y LUMO+
HOMO Y LUMO
S; HOMO Y LUMO 442.5(2.80) 0.0185
Sy HOMO-2 Y LUMO 431.2 (2.87) 0.0051
HOMO-1 Y L UMO
S HOMO-6 Y LUMO+ 413.3 (3.00) 0.0304
HOMO Y LUMO+1
HOMO Y LUMO+:
T1 HOMO-2 Y LUMO+ 606.4 (2.04) --
HOMO-2 Y LUMO+:
HOMO-2 Y LUMO+
HOMO-1 Y L U Ny
HOMO-1 Y LUMO+:
HOMO-1 Y LUMO+
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Figure 5-7. Emission spectrum of compléxlin frozen CHCI, at 77K

5.3.5Reactivity of Pd(ll)/L4 in Acetoxylation

To examine the impact of thieans-chelating ligand L4 on catalytic properties of
Pd(Il) compounds, we compared the catalytic activity of L4/Pd(@&a) t h t h-at
bipy/Pd(OAc) in acetoxylation of arenes using Phl(OAes a reagent, where aHC
bondis directly functionalized by an acetoxyl grotig’ The choice of using Pd(OAchs
the Pd reagent is based on the fact that it is commonly used-Hn bGnd
functionalization in previous studié3? thus providing a convenient platform for us to
examine the impact of L4 on Pd catalysisheT mechanistic aspects of benzene
acetoxylation using PhI(OAg)as the oxidnt and Pd(OAg)as the catalyst have been
well established previously.** The first step of the reaction involvesHCactivation at
the Pd(ll) center followed by oxidation of the Pd(llfomplex to high valent Pd
complexes (probably binuclear Pd(lll) complexds) the oxidant. The subsequent
reductive elimination generates the final product. The selectioRht(fOAc) as the

oxidant is based on the faihat it is a common oxidant used in previous stutfieghich
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